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VIIK 621.39

O6 olleHKe BpeMeHH NpeObIBaHUA B ovYepeu B
IIPOrPaMMHO-KOH(PUT'YPUPYEMBIX CETIX

II. O. AGaes, B. A. BecuacTHbiii,
A. C. ITapés, K. E. Camyiinos

Kaghedpa npuraiadroti urndopmamuru u meopuu eeposmuocmed,
Poccutickuti ynusepcumem opyotcbv, Hapodos,
ya. Muxayxo-Maxasasa, 0.6, Mockea, Poccua, 117198

AnHoTanums. 3a7epKKa B COBPEMEHHBIX CETSIX SIBJISIETCST OJHOM U3 KJIIOUEBBIX
XapaKTEPUCTUK KadeCTBa OOCTYKUBaHUsI U MMeeT 0coDOe 3HAUEHUE IS TAKUX
NPUJIOKEHUA, JJId KOTOPBIX HE JOMYyCKAIOTCs IMay3bl IPU Mepeaadn JaHHbix. K
TaKUM TPUJIOKEHUSIM MOXKHO OTHECTU MHTEPAKTUBHOE BUJEO U CETEBbIE UTPHI. B
9TOi pabore JUIs pelieHus 3a1adu obecredeHus KadecTBa obctykusanus (QoS,
Quality of Service) mo 3amepKKamM UCIIOIL3YIOTCS TPEUMYIIECTBA APXUTEKTY DB
SDN (Software Defined Networking). B pa6ore npon3BouTCst OIEHKa 3a1ePrKeK
B Mmozenun SDN-cern B ycioBusix mocTymaromniero tpaduka, TpubInKeHHOrO 0
XapaKTEPUCTUKAM K PEajIbHOMY, a TaK»Ke CKBO3HOI'O yIIPAaBJIEHUsI KAIECTBOM 06-
ciyKuBaHusi. Ha OCHOBe IOCTPOEHHON MOJE/M MPEIJIOXKEH METOJ, yIIPABJIEHUS
o0111eii 3a/1epXKKOIl B CeTH, KOTOPBIii 1103BoJisieT obecriedanBaThb QoS-TpeboBanus
C HOMOINBIO JMHAMUYECKOrO [TEPEKJII0YEHNs] TOTOKOB JIAHHBIX MEXKJIy y3JIaMH,
06JIAIAIOIINX PA3TUYHBIMU XapaKTEPUCTUKAMU.

1. Bsenenune

Obecrieuenne KadecTBa 0OCTYKUBAHUS UMEET 0C000 BayKHOE 3HAYCHUE
JUTsT TAKUX TPWIOXKEHWH PeajbHOrO BPEMEHHN, KAK BUJICOKOHMEPEHIUN U
cerenble urpbl. Apxurekrypa SDN nmokazasia ¢Boo 3hHeKTUBHOCTD, TO3BO-
JIUB PEAJIN30BATH IEJIBIA PsiJl IPUJIOXKEHUI, UMEOIINX aKTUBHOE IIPUMEHE-
HUE B COBpEMeHHBIX cersx [1,2|. [Ipuannm pasmesnenus ceTeBbix QyHKIMI
Ha YpOBEHb YIPABJICHUS W YPOBEHb TAHHBIX MO3BOJIIET T00OUTbCs Hosiee
rubKOTO M aJAITUBHOTO yIPAaBJIEHWs. B YaCTHOCTHU, IEHTPAJIbHbBIA KOH-
TPOJLIED MOXKET OTCJIEKUBATH COCTOSTHUE BCEH CETHU, 9TO MO3BOJISIET IIPUME-
HSITh JOBOJIBHO IIPOCTHIE METO/IBI YIIPABJIEHUsI. DTO CBOUCTBO UMeEET 0coboe
3HAYEHUe JjIs OOJIBIIMHCTBA MPUJIOXKEHUI, KOTOPBIM HEOOXOIMMO COXpa-
HATH OAJTAHC MEXKTy TPOU3BOIUTEILHOCTHIO U AJITOPUTMHUIECKON CII0XKHO-
crhio. VIHTEpaKTHUBHBIE CeTeBble MPUJIOKEHNS PeabHOIO BpeMeHnu Tpedy-
10T BBIIOJIHEHUsT TPeDOBAHUN K 3aJIepyKKaM Ha HMPOTSIKEHUH BCETrO IMEPH-
o/1a cBoero pyHKIMoHNpoBanus. OTHAKO 33JI€PKKUA B CETH TOABEPIKEHDI
GOJIBIIM KOJIEOAHUSIM B YCJIOBUSIX ITPOU3BOJILHOTO TpadUKa U Ieperpy-
30K B ceru. llesb paboOThI COCTOUT B ONEHKE BPEMEHU OXKUJIAHUS HAJAIA
obcyKuBaHus U ympasjiennn oomeit 3amep:xkkoit B SDN-ceru. B pabore
PEIIAIOTCs CJIEJYIONIUE 3a/adu:
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— MogenmpoBanue 3a/IepKKHU B y3JI€ CETU C YI€TOM €0 XapaKTEPUCTHK,
TaKuX Kak pasmep Oydepa, MpoIycKHas CIIOCOOHOCTh, HOMEP 06CTy-
2KMBAEMOT'O TIOTOKA JAHHBIX U 33JePKKa PACIPOCTPAHEHUs] CUTHAJIA,
BhrancJisieMas ¢ momMotnbio SDN-koHTpOLIEPOB;

— Pacmmpenne Mojesn st ONEHKH OOIIEl 3aJIepKKU Ha IIPOTSI?KEHUH
BCEro MapIIpyTa IIPOXOXKIEHUS [TOTOKA;

— Pazpaborka mMeToma ympaB/ieHUsT 3a/IepKKaMU JIJIs TIOTOKOB B CpeJe
SDN, cocrosiiiero u3 Tpex dacreii: mogoop nmapaMeTpoB CETH, OIEHKA
3aepKKA U JIAHAMUYIECKOE MEPEKI0YEHIE TOTOKOB MEXK/Iy Y3JIaMUI
CeTHu.

2. OmnwucaHume Mo/eiu

B pabore npemionaraercs, 9To 3a/epKKa I1epegadn JAHHBIX TOCTOSTH-
Ha, BEJIMIUHON 3a/Iep:KKH 00PabOTKN MOYKHO ITpEeHEOPEb, a BpeMs HAX0XK-
JEHNs B OUePeI ABJIACTCA CIIydaliHON BeINYINHON I COCTaBAAECT OCHOBHYIO
JacTh 00IIelt 3a/1epKKi. B KadecTBe OCHOBHOTO ITOKA3aTEJIsl JIJIsl aHAJIN3a
CUCTEMbBI UCIIOJIB3YETCsT CPEJTHSIS 3a/IePIKKa, TAK KaK ¢ ee TOMOIIBI0 MOXK-
HO TIOJIyYUTh OIEHKM 3aJePXKKH, B TO BpeMsi KAK MIHOBEHHAs 3aJIeP:KKa
(ZKuTTEP) MOXKET OBITH HUBEJUPOBAHA 38 CUET OUEPEICi.

B kagecrse momenu tpaduka Boibepem TCP-tpaduk, tak kak TCP
SIBJISIETCsT HAUOOJIee TMOIYJIIPHBIM MTPOTOKOJIOM TPAHCHOPTHOTO YPOBHS B
coBpeMeHHBIX ceTsX. Tak kak B TCP mpumensiercsi ynpapjieHue Iepe-
IPY3KaMU, TO HHTEHCUBHOCTD IMOCTYILICHUS 3asiBOK OTIMIAETCS OT MOJIEIN
UDP-rpaduka. Cuagasma Oymer paccMOTpeHA MOJMEJb C OIHUM ITOTOKOM
TCP-rpaduka, 3arem OyjieT pacCMOTPEH CJIy4dail ¢ HECKOJbKUME IIOTOKa~
MU, 3HAYUTESHHO JIYUIle OTOOPAXKAIONINIT peasbHbIe JJAHHBIE.

3. IIpeumymiecrBa mogesiu Ha ocHoBe SDIN

C Touku 3penusi BbiOOpa napamerpos, SDN MoxkeT m03BOJIATH TTOCTPO-
uTh OOJiee MPOCTYIO W MPAKTUIHYIO MOJEIb. Biarogaps MeHTpaIn30BaH-
HOI apXUTEKType YPOBHs YIIPABJIEHUsI CETU, MOXKHO IOJIYIUTh TAKHe Iia-
paAMeTPBI, KaK KOJIMYECTBO MOTOKOB, TOIMOJIOTHIO CETH, COCTOSHUSI O9epe-
Jieil U 3aJIepXKKY Tepe/ladn JTaHHBIX. Y YUThIBas HEYACThIE N3MEHEHUs I1a-
pPaMeTpOB, 3a WCKJIFOYEHHEM KOJIMYECTBa, IIOTOKOB, OY/eM HU3MEPSTh ITH
mapaMerpbl Cpa3y I0CJIe WHUINAIM3AINN CEeTH, & TaKXKe I0CjIe PeKOHDU-
rypanuy U COOBITHUI, BIUSIONUX Ha COCTOsiHUE ceTu. TakuM obpasom, 3a-
Jlada U3MepeHusl IapaMeTpPOB CTAHOBUTCS JTOBOJIBHO IPOCTOii. B KadecTBe
SDN koutposnepa 60bi1 Beibpan Floodlight, manucanmsiit Ha s3biKe mpo-
rpaMMUpPOBaHUsi Java, KOTODPBIA siBJIsSIeTCsi CBOOOIHO PACIIPOCTPAHSIEMbBIM
[IpOrpaMMHBIM ODecIiedeHneM U 1ojyiep:kuBaeT nporokos OpenFlow.
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C touku 3penus Beibopa napamerpos, SDN MoxkeT mo3BoJAThH MOCTPO-
uTh 6oJIee MPOCTYIO U MPAKTUYHYIO MOJIeIh. Biarogaps meHTpan30BaH-
HOIl apXUTEKTYpe yPOBHs YIPABJEHUsI CETH, MOXKHO ITIOJIyIUTh TaKHUe Ia-
paAMeTphl, KaK KOJIMYECTBO MOTOKOB, TOIMOJOTUIO CETH, COCTOSTHUSI 0Yepe-
Jleii 1 3aJIepKKY Iepellavn JIaHHBIX. Y YUThIBas HEYACThle U3MEHEHUs I1a-
pPAMETPOB, 3a HCKJIIOYEHHEM KOJIMYECTBA TOTOKOB, OyJeM H3MEpSATh STH
apaMeTpbl cpa3y I0Cje WHUINAJIN3AIUNN CETH, & TaKXKe II0CjIe PEKOHMH-
rypanuy U cOOBITHUI, BJIUSIONUX Ha COCTOsiHUE ceTu. TakuMm obpasom, 3a-
Jlada U3MepEeHusl MapaMeTpOB CTAHOBUTCS JTOBOJIBHO MPOCTOii. B kadecTBe
SDN kouTposnepa 6b11 BoiOpan Floodlight, nanmucanmsiit Ha s3bIKe pPO-
rpaMMUpPOBaHUs Java, KOTOPBIH fABJISE€TCS CBOOOJHO PAaCIIPOCTPAHSIEMBIM
IporpaMMHBIM obecriedeHreM U mojep:kuBaer nporokos OpenFlow.

3ajiepKKa [epeJIatiu JIAHHBIX - 9TO OJINH U3 [1apaMeTPOB, HCIIOJIb3ye-
MBIX JIJIsI OIIEHKH ODIIeil 3aJIePXKKHU, [TPeJICTABIISIIONINN BpeMsI ITPOXOK Ie-
HUsI CUTHAJIA B ceTH 0e3 yJueTa 3a3JIePXKKU B odepe/in. 3aJIepKKY [MepeIadn
JIOCTATOYHO M3MEPUTh TOJIBKO OJIMH pa3, KOIJ/a HArPpYy3Ka B CETH HU3Kasl.
ITockonbky OpenFlow mMmeeT BO3MOXKHOCTH [1JIsi OTIIPABKY IIAKETOB B CETh,
MBI MOYKEM TIOJIYyYUTh KAHAJIBHYIO 3a/1epKKy 11 OpenFlow, kak mokaszaHo
B [5,6]. Eciin Harpyska Ha ceTh HU3Kasl, TO KAaHAJIbHASI 33/16PXKKA PABHSIETCSI
3aJiepxkKe repegaan. Jliist Toro, 9To0bl M3 KAHAJIBHOI 33 I€PXKKHU Oy IUTH
3aJIEPXKKY Mepeiadn Ha MPOTAXKEHUN BCETO ITyTH, HEOOXOIUMO OTIPABUTH
[MakKeT ¢ IePBOr0 KOMMYTATOpa S1 Ha IMOCJeTHII KOMMYyTaTop Sy,. [lepesn
U3MEPEHNEM JIAHHBIX OTIPABJIEHHOIO ITAKETa, HEOOXOMMO HACTPOUTE dJIe-
MEHTBI MMOTOKa COIJIACHO IPaBUJIAM IepeHanpaBjenus. Ha nepBoM 1mare
KOHTPOJLIIED, NHKAICYJIMPOBAB BCe HEOOXOJMMBIE II0JIsI TIAKeTa, OTIIPABUT
ero Ha KOMMYyTaTop S7. 3areMm S HAIPABUT €ro CBOEMY KOMMYTATODY-
cocety So, Jlajiee 3TO IMar OyJeT MOBTOPSTLCS, MOKA MAaKeT He MONaJeT
Ha TOCJeIHuil KoMMyTaTop B myTu S,,. Ha mocnemssem mrare maker Oy-
JIeT BO3BPAIIEH 0OPATHO HA KOHTPOJIJIEP C KOMMyTaTropa S,,. Kourposiep
3alMCHIBAET 2 OTMETKN BPEMEHU JJIsi 9TOTO MAKeTa KaK BPEeMsl OTIIPAaBKU
Tornpas 1 BPEMsT BO3BPAIEHUS 1 5ospp. C yIETOM JIONOTHUTENBHOIT 3a1€PK-
KU MEXKJy KOHTPOJUIEPOM M KOMMYTATOPOM, KOHTPOJIED TAKXKE JOJIZKEH
PacUYUTaTh BpEMs IPOXOK IEHUS CUI'HAJIA B 00oux Hanpaseauax RTTo_g,
u RTTe_g,, MeXIy KOHTPOJIJIEDOM H JIBYMsI KOHEIHBIME KOMMYTATOPAMI
UCIIOJIB3Ysl TOT ke MeTon. Obmiast 3aJiepKKa paclpocTpaHeHus: 1, MOKeT
OBITH BhIpaskeHa Kak (1).

Tq = TBo3Bp — Lorupas — O, 5 - (RTTC—5’1 + RTTC—Sm) (1)

Tlocnenusas Bepcusi OpenFlow He obecrnednBaeT BO3MOXKHOCTEH [jist
yIIpaBJeHusl 04epe/ibio. KOHTPOJLIEp MOXKeT 3alpalinBaTh TOJbBKO HEKO-
TOPYIO OIPAHUYEHHYIO U CTATHYECKYI0 KOH(DUTYDPAIUIO MapaMeTpOB IO-
cpeacrtBoM OpenFlow, Hanpumep, MAKCUMAJIBHYIO WM MAHIMAJIBHYIO WH-
TEHCUBHOCTh, HO CO3/[aBaTh WJIA M3MEHSATH O4Yepe/ib [IPOTOKOJI HE MOXKET.
O iHaKOo, B HEKOTOPBIX paboTax ObLIM PACCMOTPEHBI aJbTePHATUBHBIE Me-
TOZBI YIIPABJIEHUSI OYepeIsiMu B cucTemax, basupytomuxcs #Ha OpenFlow.
B jmanHOIT MOie/ I IPUMEHUMBI JIB& METO/Ia, OIUCAHHBIE HUXKE.
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B [4] onucan meron yupapjieHus IpaBUIAMU [LIAHUPOBIIUKA O9ePen
[TOCPEJICTBOM OTIIPABKY U 3aIIpOca NH(MOPMAIIMH O IIPOCTPAHCTBE siJIpa KOH-
Tposiepa. Januniit meton ocuoBan Ha Netlink, KoTopslit ucmob3yercs B
kadecrBe IPC (MexKIPONECCHOrO B3aUMOJIECHCTBHS) MEXKIY MOJIb30BATE b
CKOM IIpOCTpaHcTBOM Linux m npocrpancrBoM syipa. Coollenust obeciie-
qenust QOS oT KOHTpoJIepa orobpaxkarorcs B Buje Netlink-coobmienmst,
KOTOPOE 3aTeM TOCBLIAeTCs MMojicucTeMe Linux mo yupaBieHuio TpaduKoM
SLIIPA.

Kpowme Toro, cymectByer ere oauH cocod pacliupuTh MPOTOKO KOH-
durypamuu OpenFlow (OF-CONFIG) miaga obecriedenus BO3MOXKHOCTU
yupasierus odepesnpo. 3agada OF-CONFIG zakmrogaercs B ymageHHONR
HaCTpoIiKe mmyTeiil moToka jganubix B OpenFlow. Paccmarpuaembrit meTon
ocHOBBIBaeTcss Ha Mozenn manubix Netconf m Yang [3]. Touka xordwury-
parmmu OpenFlow MoxkeT OBITH CEepBHUCOM, IIPEIOCTABJISIEMBIM IIPOTPAM-
Moii, Takoit Kak OpenFlow KoHTpOJLIED, JINOO OHA MOXKET OBITH CEPBUCOM,
[IPEIOCTABJISIEMBIM TPAIUITHOHHBIMA CPEIAMU YIIPABJIEHUS CETHIO.

4. OcHoBHbIE 0003HAYEHUS U IIapaMeTpbl MOoAdeJIn

TIporokos OpenFlow nossosisier orciiexusarh Tpaduk (T.e. TUII TPO-
TOKOJIa U HOMED IIOTOKA) B KaXKJIOM coeauHeHuu. KoHTposuep 1o 3ampo-
Cy MOXKeT cOOMpaTh CTATUCTUKY KarXKIOr0 MOTOKA. KOJMIecTBO MOTOKOB
MOXKET OBITh PACCYMTAHO B MOMEHT ITOCTYIIJIEHHs HOBOTO IIOTOKa Ha KOH-
TPOJLIED.

B cpene SDN, koneunbie y3ibl nogkioueHbl uepe3 SDN OpenFlow
KOMMYyTaTopbl, KouTposmpyembie Floodlight xomtpostepom. Ilyctn N
TCP mnorokoB ormpasisitorcs ¢ y3ia Hy Ha yzen Hs. W - pa3mep okHa
notoka. Winin, Winar 1 Wep TIPEACTABIAAIOT MUHIMAJBHBIN, MaKCHMAIh-
HBI ¥ CpeHuil pa3Mep OKHa COOTBETCTBEHHO. Ha KaXKIoM KOMMYTaTope
COBIAETCS HECKOJILKO OUepe/ieil ¢ HakomuTeieM pa3Mepa B u 06CIy »KuBato-
meit criocobHocThIo C'. [ToToKM Oy 1y T 06C/IyKUBATHCSI B PA3HBIX OY€PEISTX
B 3aBUCUMOCTHU OT TpebOBaHUil K KadecTBY OOCTyKWBaHus. Kcan mHTEH-
CHUBHOCTH MOCTYILICHUsT 3asBOK BBIIIE TPOILYCKHON CIIOCOOHOCTH, pa3Mep
ouepenn L, yBenmuusaercsa. KoHTposIep mMeer 10CTy K HHPOPMAIIAT O
pa3Mepe HAKOIUTE sl ¥ OOCIIyKUBAIOIIEH CIIOCOOHOCTHIO TIOCPEJICTBOM 3a-
IpoCcoB K KoMMyTaTtopaM. Kpome mudopmarun o6 ouepein, TakxKe Heob-
xoJuMa, HHGOPMAIHS O 3aJepKKe Iepefadn Ha Iy TH 1), 1 Yicie HOTOKOB
B ouepeid, YTOObI OLEHUTD 33/IePKKY HaxoxKJaeHud B ouepenu T, Takum
00pa3oM MBI IOIy4YHM KOHEYHYIO 33JlepKKy Ha BceM nytu I =T, + T,.
Heo6xoauMo OeHUTH CPEHIO 3aIepKKY IyTu (2) Ha OCHOBE IapaMeT-
pOB ceTH.

Tep =Ty + Tq_CP (2)



Abaes I1. O. u ap. 13

5. OrmeHkKa cpeaHeiil 3aaep>KKu B ciay4dae ogHoro TCP-moroka

Kak mis ciyuass oguHounoro TCP moroka, Tak M Jjisi HECKOJIBKUX
ITIOTOKOB, 3aJI€PYKKA HAXOXKJIEHUsI B OYEpeIN HANPSIMYIO 3aBUCHT OT WH-
TEHCUBHOCTHU OTIIpaBKH coobmenuii (pasmepa okua). Harpyska ma TCP
CeTh M3-3a pa3Mepa OKHA YBEJIUIMBAETCS JIMHEHHO U yMEHBINAETCsS B IO-
JIOBUHY, KOTJIa IIPOUCXOJIUT TIOTEPSI [TAKETa, U, B CBOIO OYEPEIb, BJIASIET HA
JUIMHY OYeper U 3aJIePXKKU HAXOXKJeHusl B ouepenu. Ilocie mocrarodno
GOJIBITIOrO KOJUYIECTBA HAOIONEHU, MOYKHO YTBEPKIATH, UYTO pa3Mep OK-
Ha ommHOYHOrO motoka TCP mMmeer paBHOMEpHOE pacipejiesieHue.

YunreBasg, ato Ty op B (2) MokHO moyunts u3  (3), rae Ly op -
9TO CPeJHds JUIMHA 04epelH, Ly, - pa3mep nakera (B Haiitax). TobaBum
MHOXKUTED 8 Jis Tpeobpa3oBanust Ly, n3 6aiiT B 6ut, a C - mpomyCcKHas
CITOCOOHOCTD, TTOJTY M

T _ Lq_cp : LHKT -8

p = e 3)
HemonreepkaeHmble MakeTsbl OYIYT PACIPEIEICHbl B COSIMHEHNN OYe-

penu, a cBs3b Mexkay L, u W MoXKHO BBIpasuTh Kak (4). Ly cp MOXHO

paccuuTaTh Kak W, co cMerieHueM:

2.T,-C
e (50) W

W3-3a nuueiinoro pocra pasmepa okHa, Wep = (Win + Wiax)/2, oKHO
TCP yMeHbIIaeTCsl HAIOJOBUHY, JgocTUras 3HadeHus Winin = Winax/2, TO-
rma Wop = 3Whax/4. B cayuae MakCHMasIbHOIO HCIOJIB30BAHNS KaHAJA,
KOTIJIa 04epe/ib OyJIeT HOJIHOCTBIO 3aHsdTa, moaydnmM (5):

2.T,-C
Wmaz - BO + <8LnKT) (5)

Cpenuasa 3anepxka Te, omunounoro TCP noroka mon By BbIpazkeHa
B (7):

1 3 B Ly -8
To=shty —0¢ — (©)
B
Tep = Tep +0.002 - B—; (7)

6. OmeHKa cpeHell 3a1ep>KKHU B CJIy4Yae HECKOJIbKUX
TCP-nmorokos

B ciyuae HECKOIBKHUX HECHHXPOHU3WPOBAHHBIX IIOTOKOB, BPEMs Ha-
XOXKJIEHUST B O4Yepeay OTOOPaXKaeT COBEPIINEHHO MPYIYI XapaKTePUCTHU-
Ky, B OTJIMYME OT CJIy4das C OJIHUM IIOTOKOM. B JaHHOM ciiydae, TaK Kak
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HECKOJILKO ITOTOKOB 3aHUMAIOT OHY OU€pe/ib, Pa3Mep OUepeIin CBA3aH C CO-
BOKYITHBIM pa3MepoMm okHa. [Ipu yBemiueHnn qncia moTOKOB, pa3Mep OKHA
Pa3JIMYHBIX [IOTOKOB OKa3bIBAETCS JeCUHXpoHu3npoad. CHadaja Mbl pac-
CMOTPHUM pacupeaeeHne arpernpoBaHHOIO pa3Mepa OKHa, a 3aTeM BpeMst
HAXOXKJIEHUSI B OYePe In.

[Ipun yBenudenwmm dYucsaa MOTOKOB, pacIpeeeHne arpernpoOBAHHBIX
pa3MepoB OKHA Oy/IeT M3MEHSATbCS B CTOPOHY OOJIBINErO CPEIHErO 3Hae-
HUsI U MEHbBINEro OTKJIOHEHMS. JTO ITPOUCXOJIUT ITOTOMY, UYTO H3MEHEHHe
arperupoBanHoro pasmepa TCP okHa yMeHBIIAeTCS C yBeJIMYEHHEM KO-
JINYECTBA TIOMEX MEXKJIy Pa3JUIHBIMU IIOTOKAMU B OJHOI 00IIeil odepenu.
B [7] ycranosaeno, uro B cayvae Heckoabkux TCP MOTOKOB KaxKIblil 3
ITOTOKOB COOTBETCTBYET FaMMa-PaCIIPEIC/IEHIIO, a He PABHOMEPHOMY, yIIO-
MsHYTOMY BbIIle. Kpome TOro, COBOKYITHBII pa3Mep OKHA M3 HECKOJIHLKUX
TCP 10TOKOB IPUHAMAET BUJI HOPMAJLHOTO pacupejesenus [8] npu enu-
HOBpeMeHHOM uucje coeaunenuit 6osee 1000. Ogaako Ha JAHHLIA MOMEHT
YCTAHOBJICHO, YTO arperupOBAHHBIN pa3Mep OKHA ITOKA3bIBAET XOPOIITNE 10~
Ka3aTesu JIECUHXPOHU3AINN TPU KOJNIeCcTBe MoaKIoYeHnit 6osbire 10. B
JAHHOIT paboTe IMPEearoaraeTcs, 9TO HOPMAJbHOE pacIpeaeeHne COOT-
BETCTBYET KaK MAaJIOMY, TaK U OOJIBIIOMY KOJUYIECTBY IIOTOKOB.

B cnydae HecKOIBKUX MTOTOKOB, pa3Mep OUYepen MMEeT TO Ke pacipe-
JeJIeHne, 9TO W arperupoBaHHON pa3Mep OKHA.

Cpeasis 3a/epKKa 110 MapupyTy Jjisi N IOTOKOB COCTOUT U3 3aJ[€PXK-
KU TI€PEIadr U CPEIHEr0 BPEeMEH! HAXO0XK/IEHUS B OUepen, M MOXKeT ObITh
BbIpaXKeHa Kak (8):

M- LIIKT -8
Tep (N) =T, + — (8)

CorsacHo pesysbratam u3 |8, TeopeTmdeckuii pasMep odepeu s
HECKOJIBKUX TIOTOKOB BbIpazkeH B (9):
o 2T, C o)
T8 Loy VN
cp
Ilpunsas B; 3a yCTaHOBJICHHBIN pa3Mep O4epeH, 9TO 3HaueHUe Mo-
JKeT He YIOBJIeTBOPATL By IJIa HeCKOJILKHX [IOTOKOB. EC/I MBI IpeInosIo-
JKHM, 9TO (¢ - KO3(DDUIIUEHT COOTBETCTBHUA Pa3Mepa 0depe. i, OCHOBAHHBIIM
Ha (QYHKIUU OMUOKHM HOPMAJILHOIO paclpejiesleHus pa3Mepa ouepeiu, TO
B (10) MOXKHO TIOJIyYNTH OTPAHUIEHUS BEPOSTHOCTH WCHONB30BAHUS TIPU
a < 1:

3\/§ a
(63

2\/5 1+ VN

3 Teopum O HOPMAJBHOM pacupejesieHnn umeeM ¢ (a) =

P{X <(u+a-0)}, tue yu - cpejnee 3HaUeHue, a o - OTKJIOHEHUE HOP-
MaJbHOro pacupesesenus (11):

min {(PX < B;)} =erf (10)
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2.T,-C
8'anr + Bl

o= —mr (11)
3-V3-VN
ITycrs mano min {P (X < B;)} = ¢ (a), Torga kosddumuent « B (10)
MOKeT ObITh oTbicKaH. [IpesmosnoKum, 4o By 9KBUBaJIEHTHO (U + o - 0),
Torga jt = By — @ - 0, U COOTBETCTBEHHO CPEeJHSsA KOHEYHAs 3aePrKKa
Tep(N) mast N moTOKOB MOXKeT OBITH HOIydeHa Kak (12):

8 By - Luyer 2.T,-C+ By - Lex - 8
+— = —a-

TcP(N):TP C 3\/5\/N

(12)
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Amnnoranus. Ilyacconosckmii Togeansiit nponece (IITTI), 0oCHOBHBIM TpenMy-
IIECTBOM KOTOPOTO SIBJISIETCSI OTHOCUTEIbHAS JIETKOCTh AHAJUTHIECKUX METOIOB
€ro aHaJn3a, sIBJISIONIASICS CIEICTBHEM CYIIECTBOBAHUS PACIIPE/IEIEHUI PACCTO-
SHUIA [0 N-COCea B SBHOM BHJIE, IMUPOKO MPUMEHSETCS JJIsi aHAJIN3a ITPOU3BO-
JUTEIHHOCTH OECIPOBOIHBIX CETeil.

B 1o ke Bpemsa B IITII momyckaercst cKoJIb yroiHO MaJio€ PACCTOSTHUE MEXK LY
B3aUMOJENCTBYIOIIMMI YCTPOUCTBAMH, UTO BBIPAKAETCS HE TOJIBKO B PaCXOXK-
JeHUH C peajbHBIMH JAHHBIMHU, HO U B CJIO2KHOCTH AHAJIN3a C HUCIOJIH30BAHHEM
MOJIeJIEN PACIIPOCTPAHEHUS] CUTHAJIA, BKIIFOYAOIINX CTETIEHHBIE 3aBUCUMOCTH Xa-
pakTepucTuk. B KauecTBe albTEPHATUBHOIO MOIXO0/1a YACTO MPUMEHSIIOT TPOIIEC-
CBI TBEPJIOTO SIIpa, B KOTOPBIX BCErJa COOJIONAETCST OMPEIeTEHHAS MUHUMAIb-
Has JUCTAHIUS MEXKJy TOYKAMHU IPOIEcca, Oarofaps 9eMy TaKhe MIPOIECCHI
smrrensr HepoctaTkoB, mpucymux [ITII. Oxnako mis mporeccoB TBEPAOTo sSapa
HE CYINECTBYET AHAJIUTUIECKUX BBIPAXKEHUI PaCYéra PaCIpeIeeHU PacCTOsI-
Huit. B pabote mcciaenoBanbl pacmpe/iesieHnsi paCCTOSTHUNM B IIPOIECCe TBEPIOTO
anpa MarepHa, a TakyKe IPEIJIOKEH METOJ[ AIIPOKCUMAIINN Ha OCHOBE aJIro-
purma EM-Ttumna. IIpecraBiens! pe3ybTaTel pacyeTa apaMeTPOB alllPOKCHMU-
PYIOIIUX raMMa-paclpeeseH il JjIsi pa3INIHbIX HHTEHCUBHOCTEN NCCIIEyeMOro
MpoIecca.

KurroueBbie ciioBa: mpoliecc TBEPIOTO siipa, allPOKCUMAIHs, [IyacCOHOBCKUI
mportecc, pacupeaenenne paccrosauii, SINR.

1. Bseneunwne

CroxacTudaeckast TeOMEeTPHs He TaK JIABHO CTaJIa UCIOIb30BATHCS CIIe-
[AAJUCTAMA 110 OECIPOBOIHBIM TEXHOJOTUSIM B Ka4eCTBE HHCTPYMEHTA
U3YyYEHUs XapaKTEPUCTUK ITPOU3BOIUTETLHOCTH COBPEMEHHBIX U MEPCITeK-
TUBHBIX GECIPOBOHBIX TexHOJ0TH [2,4,5]. [lepBpiM 3TanoM npu Moesm-
poBaHUM OOJIBITUHCTBA OECIIPOBOIHBIX CUCTEM SIBJISETCsI BHIOOD ITPOCTPaH-
CTBEHHOI'O IIPOIECCA, OIIPEJIEIIAIONIET0 MECTOIOJIOKEHNE y3JI0B ceTH. Bo
MHOIOM 0OJ1arofiapsi TOMy, YTO IpeJCKa3aTh pa3MeIleHre I10JIb30BaTeel
Ha IJIOCKOCTU 3apaHee He IIPECTABIISAETCS BO3MOXKHBIM, JIJIS MOIEINPO-
BaHMSI WX PACIIOJIOXKEHUSI, KaK PABUIIO, UCIOJIB3YIOTCA CIydaiiHbIe TPO-
CTPAHCTBEHHBIE MIPOIECCHI. B 3aBMCMMOCTH OT KOHKPETHBIX IieJieil BHIOOD
MOXKET [TACTh HA OJINH U3 IIPOIECCOB, TAKUX KAK: IIyaCCOHOBCKUIT TPOCTPaH-
CTBEHHBIH TIPOIECC, KJIACTEPHBI ITyaCCOHOBCKU ITpoIiecc, OMHOMUATbHBI
NPOCTPAHCTBEHHBIH ITPOTIECE, MTPOTIECC TBEPIOTO Aapa u ap [3].
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CooTHoltreHrne CUTHAJI-UHTEPMEPEHINS IUIIOC MIyM SBJISeTcsS (QyHIa-
MEHTAJIbHBIM [TOKa3aTeJIeM, XapaKTePU3YIOMUM TPOU3BOIUTEIbHOCTD MO-
OuwibHBIX GecpoBoaHbIX cucreM [6]. Paccamras SINR moxHO mepeiitn
pacYeTy TeOpeTUIECKH MAKCUMAILHO BO3MOYXKHOU CKOPOCTH [IEPEIavu JIaH-
HBIX, KOTOpasi MOYXKeT ObITh BhIpaskKeHa Kak €éMKOCTb KaHaJja 1o [1leHHoHY
C = Blogy(1 + 5), rue S npeacrasisier SINR. Hasee, 3amaB tun Mo-
JLYJISITTAN M CXEMBI KOJIMpOBaHus curuasa, ¢ momomnisio SINR moxkuaO pac-
CYNTATh CHEKTPATHHYIO 3D HEKTUBHOCTS M EMKOCTH CEIMEHTa CeTHu Ha Oa-
3€ MPOU3BOJILHOM HecripoBoHOI TexHoorun. Popmasibao SINR 3a1aercs

- =
dopmyaoit S(d, Pr, f) = %, rue Pg,(do, Pr, f) - cuekrpasibHas
[UIOTHOCTh [PUHAMAEMOTO CUTHAJIA Ha paccrosuuu do, I(Pr,d, f) - cym-
MapHas crekrpaibias mwiorocTsb curuana (CIIC) or unrepdepupyomux

ncrounnkos Ha npuemuuke, Ny - CIIC myma Ha mpuemauke, d - BEKTOD
paccrostHuii 0T HHTEPQEPUPYIOIINX UCTOYHUKOB JI0 IIPHeMHUKa, f - pabo-
qas 9acToTa.

st momenuposanust uarepdepennun u SINR, kak mpaBuso, ucmosib-
3yIOTCsI IIyaCCOHOBCKHE IIPOCTPAHCTBEHHbIE IPOIecchl. [Ipuyunna B ToM, 9T0
pacmpeiesieHus PACCTOSTHUN MOTYT OBITH BBIPAYKEHBI AHAJIUTUIECKU B BHJIE
006001IeHHbIX raMMa-pacipeesnenuii [1]. OHaKO IpH MX MCIOIb30BAHUA
BO3HUKAET CJIEYIONAs CJIOXKHOCTb: OHU TIO3BOJISIIOT PACCTOSHUSAM MEXKTY
TOYKAMU OBITH OECKOHEYHO MAJIBIMU. JTO CBOMICTBO HE IMMO3BOJISET MM COOT-
BETCTBOBATH PEAJIbHOCTH, IIOCKOJIBbKY MEXKIYy IMOJIb30BATE/ISIMI CETH BCEra
[IPUCYTCTBYET HEeKoTOopas nucraHius. K ToMy 2Ke, OHO IPUBOIUT K TOMY,
9TO CcpefiHee 3HaUYeHNe MHTEPQEPEHIINN He BCErya CyIIeCTBYeT: MHTErPAJT
Ell = [y° f(z)1/z7Vdx, rae f(z) — paccrosnne 10 GuiKaiimero coce-
J1a, ¥ — KOdpDUIMEHT 3aTyXaHUs CUI'HAJIA B CPeJle, PACXOIUTCs, ITO SIBHO
OTJIMYIAETCS OT JAeHICTBUTEIHHOCTH.

BoJtee mpaB0110/100HY 10 OIIEHKY MOXKHO ITOJIyYUTH C TOMOIIBIO IIyacCo-
HOBCKOI'O IIPOIECC TBEPJIOTO Spa, TAKyKe HA3BIBAEMOIO IIPOIECCOM TBED-
noro sapa Marepua (anria. Matern Hardcore Process, MHC), koropbiii
MOXKET OBITH IOJIYYEH C IIOMOIIBIO CIENUAIbHON MPOIELyPhl «IIPOCEUBa-
HUsT»> (<«IIPOPEKUBAHUST» ) MCXOHOTO TIyaCCOHOBCKOrO Tiporecca [8]. Orme-
M, 9to st MHC-tiporieccoB He cymiecTByeT BhIpasKeHni, TO3BOJISIIOIIX
BBIUHCJIATDH PACIPEIETCHUs PACCTOSHUN 10 OJImKaimux coceseit, 9To Je-
JlaeT HEBO3MOXKHBIM IIPUMEHEHUE AHAJIUTUIECCKUX METOJOB HCCJIeI0BAHIUSI
6ecrrpoBoiHBIX ceTeil. B pabore mcciiemyercst pacupeaeienns pacCTOSHT
B MHC-mporiecce, a Takke IOKa3aHO, ITO AIMMIPOKCUMAIUS HA OCHOBE IIPO-
cestaroro [ITII nmpuBoanUT K 3HAYUTEIBHOI TOTEPU TOYHOCTH PACUYETOB KaK
B OTHOIIIEHUN PACIIPE/IEIEHUIl PACCTOAHNN, TAK U B OTHOIIEHNN nHTePde-
peHIUN, OCODEHHO ISt HECKOIBbKUX OJIMZKANIIAX coceieil, KOTOpPbIe BHOCST
HanboJIBINIKIT BKJI&J, B 3HaUYeHne unrepdepennun. Jlajiee mpejioxena ai-
[IPOKCHAMAITUS TUX PACIPEEICHII PACCTOAHNAN C UCIIOIH30BAHUEM AJITO-
purma EM-tuna. [IpeacraBiersr mapaMerpsl ammpoOKCHIMUPYIOIIIX TaMMa-
pacipe/ie/ieHUuil PpACCTOSTHUI JI0 HECKOJIBKUX OJIMKANIIINX coce el st pas-
sumaabix naTencusHocreit MHC-mporecca.
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2. IlyaccoHoBckme TO4YedHBbI€ MPOIECChl U IIPOIeCChl TBEPIAOTO
sapa

ITyacconoBckue toueunbie nporecchl (anri. Poisson Point Process,
PPP) ucnosb3yercst i1t MOJEINPOBAHUS NN aBCTPAKTHOTO MPEICTABIIE-
HUsI CETH, COCTOSIIIEN U3, BO3MOXKHO, DECKOHETHOTO YHUCJIa Y3JIOB, TPOU3-
BOJIbHO U HE3aBUCUMO PACHPEEIeHHBIX HA KOHEYHOUW WM OEeCKOHEUHOMN
30HE MOKPBITUsL. B 1mporecce TBeporo sinpa MaTtepHa BBOJUTCS YCIOBUE
MUHAMAJIBHOM JIUCTAHIIUN 7 MEXKJIY JIOOBIMHU JIByMsI TOYKAMHU IIPOIECCA.
OH MOXKeT OBbITH IOJIYY€H C IIOMOIIBIO 3aBUCUMOro npoceuBanusi PPP: B
nopoxkgarorem PPP kazkmoit Touke nmpucBanBaeTcs CaydaiiHas MeTKa M
paBHOMEPHO pacupejiesentas Ha [0, 1], 3areM yIaisdoTcs Bce TOUKH, HAXO-
JISAIINEeCs Ha PACCTOSTHUU MEHee 7 OT TOYKHU C MEHBIINM 3HAYEHUEM METKH.
Taxkum 06pa3oM, OCTAIOTCS TOJBLKO TOYKHU, UMEIONINE HAUMEHBIIYIO METKY
B CBOEM r-OKpYy:KeHHH. B pesysibrare B MOCTPOEHHOM IIPOIECCE TBEPIOrO
siJIpa He HalJeTcss HU OJHOW Iaphl TOYEK C PACCTOSIHHMEM MeHee I MeXKIy
HUM.

TlyaccOHOBCKUUM TOYEUHBIM IIPONECCOM HA3BIBAETCS TOYCUHBINA IIPO-
necc IT = {z;;i=1,2,3,...} C R? torga m TosbKO TOI/IA, KOTJA MHCIIO
TOYEK B IIPOM3BOJIBHOM KOMIIAKTHOM HoaMHOXKecTBe B C RY apisiercs
ciydaiinoii BequanHON C pacupenenenneMm Ilyaccona, a KOaMdecTBO TO-
Y€K B IIOJIMHOYKECTBE HE 3aBHCUT OT KOJUYECTBA B JIPYTOM [POU3BOJIb-
HOM HellepecekaoreMcst noaMuoxkecTse. JIpyrumu ciaosamu: I siBiisiercs
PPP torma m Tonabko Torma, Korjga g Joboro k = 1,2,3,... B3auMHO
nernepecekatormuecs A; C RY, rne i = 1,...,k, (I (A1), ..., 11 (Ax)) asnser-
Csl BEKTOPOM HE3aBUCHUMBIX CJIYyYaWHbIX BeJIYUH, NMEIOIUX IIYaCCOHOBCKUE
pacupegesenus ¢ napamerpamu A (A1), ..., A (Ax) coorBercBeHHO.

[Iporecc TBepOro sijipa - 9TO TOYEUHBIA POIECC, B KOTOPOM JIIO-
Oble B€ TOYKH PACIIOJIOKEHBI JIPYT OT JApyra Ha PACCTOSIHUU HE Me-
Hee 3aJ[@aHHOI'O IapaMeTpa TBepAoro siupa r. Todewnsrit mporecc I =
{2;;1=1,2,3,..} C R?% gngerca mpomeccoM TBEPAOTrO fapa TOTIA H
TombKO TorMa, Korma B 1 = {x;;i=1,2,3,..} C R |[a; —zj|| > r
Vo, x; € 1, j # 4, tme v > 0 npejonpeneséHHbIi IapaMeTp TBEPIOro
sIpa.

B [1] upescraBiensl BhIpaXKeHUs! JJisi PACUéTa pacrpe/ieseHnii paccro-
SHUH OT TPOU3BOIBLHON TOUKHM IJIOCKOCTH JI0 N-OJTM2Kaitiiero cocena B BUIe
raMma-pacnpe/enenuit (1):

2(mA)"
f(r,n)dr = <:r_i)!r?"le””’Q,r >0,n=12,.. (1)
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[Iporiece TBEPAOrO apa MOXKET OBITH TOJIyUeH U3 nmopoxkaatomero PPP
C TIOMOIIBIO TIPOIEyPHI pocenBanust. B pe3ysibraTe MpoCcenBaHUs TOJIY-
qaeTCst HOBBIi ITPOIIECC MeHbIIel b0 paBHOM HHTEeHCUBHOCTH. Takoit mpo-
[IeCC Ha3BIBAETCs MPOIeCcoOM TBEpIoro sapa Marepra. [Tockombky mpoce-
UBaHUe SIBJISIETCS 3aBUCUMBIM (TOYKHU YJAJSIFOTCSI B 3aBUCUMOCTH OT Dac-
crogaus Mexxy aumu), MHC ne obiiazaer cBORCTBOM HE3ABUCUMOCTH, ITO
MIPUBOJIUT K HEBO3MOXKHOCTHU BBIBOJIA AHAJTUTUICCKUX BBIPAYKCHUIA.

Cravasia Ha marax 1-4 MpPOM3BOIUTCS TIOCTPOEHUE IOPOXKIAIOIIErO
PPP ¢ unrencusnoctoio A = X\ - S, roe S — mwiomaab paccMaTpuBaeMOi
wtockoctu (puc. l.a). Takxke Ha mmare 3 KayKJIOH TOUKE NPUCBAUBAETCSI
cllyJaiiHast MEeTKa 171;. 3aTeM PACCUNTHIBAIOTCS PACCTOSHUS MEXKIY BCEMU
mapamu To4ek. Eciin paccrosinue MeHbIIe IIPeyCTaHOBIEHHOI'O IIapaMeTPa
7, TO TOYKA C MEHBIINM 3HAYEHUEM METKHU OCTA€TCs, a JIpyras YIaJIseTCs.
Ilocsie Toro Kak Bce mapbl TOYEK OOPAOOTAHDI, B PE3y/bTaTe IOJIYIAeTCs

MHC (puc. 1.6).

o . . LR R S S N2 L L
D a0 e a0 w0 w0 w0 wo w0 o G 10 0 a0 @0 S0 @0 W0 w0 %0l

a) 6)

Puc. 1. ITopoxnatoumit PPP (a) u nosygennstit MHC-mporece (6).

Hecmotps Ha 10O, 9TO 11pobsieMa GECKOHEYIHO MAJIbIX PACCTOSHII MEXK Ly
toukamu B PPP n3BecrHa yke Ha MpOTS2KEHUN MHOTUX JIET, IIyaCCOHOBCKHE
pacIpe/iesieHns UCIIOIb30BAJINCH B PsAle (PYHIAMEHTAIBHBIX HCCIIEI0BAHMIA
[IPOM3BOIUTEIHHOCTH MOOMIHLHBIX OECIIPOBOIHBIX ceTeil. B HekoTOpBIX U3
HUX IIPEJJIOXKEHBI HEINPsIMbIE METOIbI, ITO3BOJIAONIAE OT HEE OTOWTHU: Ha-
npumep, B [7, 8] aBTOpBI IIpeIONAraloT, YTO BOKPYT NPHEMHUKA BCETIA
HaMIeTCs JOCTATOYHO MaJiast 00JIACTb PAINyca 7', BEDOATHOCTD ITOTIAIAHUS
Touku PPP B koTopy1o 6y1eT HUITOXKHO MaJIOit TaK, YTO €l MOXKHO TIpEeHe-
6peub. OTHAKO OHU TAKXKE OTMEYAIOT, YTO BBIOOD T SIBJISIETCS CIIyJailHbIM,
9TO MOXKET HOBJUATH Ha nrorosoe 3Haderune SINR B cucreme. g anann-
3a paccrosgHuit Mexkay ysinamu cetu PPP ¢ npocesHHoit ”HTEHCUBHOCTHIO
JIAeT JIOBOJIBHO HETOUHYIO ANPOKCUMAIuIo [§].

3. Amnanm3 pacrpefiejieHuii pacCTOTHUMN

B sTOM pasgesie mpoBOAUTCH CPABHUTEILHBIA aHAJIU3 PACIIPEIEICHUIT
paccroguuii B8 PPP u MHC. Corsacuo [9], ycrpoiicrBa, pacrosioKeHHble
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Ha PACCTOSHUE D0Jiee YeM 27 OT IPUEMHUKA, OKA3BIBAIOT OJMHAKOBYIO MH-
TepdepeH o B 000ux TUIax mporeccos. 1o 3Toit mpudunHe B pabore pac-
CMaTPUBAIOTCS PACCTOSHUS OT IEJIEBOr0 IePeIaTInKa 10 OJIMKANIIIX UH-
tepdepupyoomux. Kpome Toro, 6e3 ydyera MOIIHOCTE mepegadn CUTHATA
UHTEePMEPUPYIOIINX YCTPONCTB YeM OJIMzKe pacIIOJIoZKEHO YCTPOICTBO OT
[IPUEMHUKA, T€M OOJIbIIIE OHO OKA3bIBAET BJIMAHUE HA IE€PEJAYIy CHUIHAJIA.
Ha puc. 2 npeacraBienb! pacupeaeaeHnst pacCTOSTHUN 10 TpeX OJIHMKaNIIMIX
coceneit B PPP u MHC oiunakoBoif MHT€HCUBHOCTH.

[punnunuaiasaoe oranane mex iy PPP u MHC 3akmouaercs B ToMm,
qaro B PPP paccrosiiue mex 1y 1iesieBbiM 1 mHTEPGhEPUPYIONTUMA UCTOYHU-
KaM1 MO2KeT 6eCKOHe“IH MaJIbIM B HE3aBUCUMOCTHU OT ITapaMeTpPOB CE€TU, 9TO
MIPUBOJIUT MPAKTHIeCKH K obnysernio 3uaderns SINR u e coorBercTByeT
neiicreuTesbHOCTH. Bostee Toro, B PPP unciio Touek Hudem He orpanndeHo
U MOYXKeT OBITH CKOJIb YTOJHO OoJIbIuM. B mporteccax TBEPIOTO sijipa, Ha-
[IPOTHUB, BCETJA CYIIECTBYEeT MAKCHUMAJILHOE YHCJIO TOYEK, KOTOPBIE MOTYT
OBITH PaCIpeesIeHbl TI0 TJIOCKOCTA KOHEYHOU T1ommaau. CTOUT OTMETHUTD,
9TO TOYKM B IIPOIECCE TBEPJIOTO sijpa 1o cpasHenuio ¢ PPP pacmonara-
IOTCs IUIOTHEE K OKPYZKHOCTU PAJIUYCA T C IEHTPOM, COOTBETCTBYIOIIAM
[OJIO’KEHUIO [IEJIEBOr0 IIpUeMHuKa, (puc. 2

0.25

Ao 1-rococepa s MHC  ——
po 2-ro cocega B MHC = = - -
10 3-ro coceja B MHC ~ =+=+=
10 1-ro cocepa B PPP
710 2-r0 cocepa B PPP

A0 3-ro cocena B PPP

0.05

0 50 100 150 200 250

Puc. 2. Pacnpenenenusi paccrossuuit 10 Tpéx oamkaitimux coceneit B8 PPP u

MHC.

OueBHHO, YTO IOrPEITHOCTh M3MepeHuil ¢ ucrnojab3oBanneM PPP B
OOJIBIIMHCTBE CJIy9aeB OKAXKETCs HEeJOMyCTUMOI, OCOOEHHO TIPU pacdére
SINR. ITockosbky mas MHC He cyrmiecTByeT aHATUTUYECKUX BBIPAXKEHUI,
HEOOXOIMMa TIPUEMJIEMAst ATIMTPOKCUMAITUST PACIIPE/IEJIEHUN PACCTOSTHU 10
O6mmKaimmx coceneir. Tak Kak TOYKH 33 PAIILycoM 2r B 0OOMX THUIAX IIPO-
[IECCOB IIPUBHOCSIT OJMHAKOBBII BKJIAJ[ B 3HAUEHNE MHTEP(EPEHINN, J1ajlee
AIIIPOKCUMAITHS OY/IeT TPOU3BOIUTCS TOJBKO JIJIsi TOUYEK B pajmyce 2r oT



22 DCCN—2016

nesieBoro npuemanka. CreqoBaTesibHO, HEOOXOAMMO OIMPEIeUTh KOJIUIe-
cTBO Osmzkadmux cocefieii N, pacCTOsSTHUSI IO KOTOPBIX OYJIyT allpOKCH-
MHUpPOBaThCs. M3 coobpazkennit 3[paBoOTO CMbICTA, IUCT0 N He MOXKET Ipe-
BBIINATD JIEBSTH, MIOCKOJbKY HEBO3MOYKHO BIIUCATH DOJIEE JIEBSITH OKPYK-
HOCTel pajiyca T B OKPY?KHOCTb pajuyca (2r + r), rjue 2r cCOOTBeTCTBYeT
paJnycy AIMpOKCUMUPYEMOil 00JIaCTH, & 1 — PaJUyCcy OKPYKHOCTH, IIEHTD
KOTOPO# MOYKeT IIOMAacTh Ha e€ TpaHully. TakuM 00pa3oM, JeBITH PacCTOs-
HUIi BCErJa JIOCTATOYHO, YTOOBI IOy IUTh TOUHYO ammpokcumarmio MHC.
st coKpalieHnst BBIYUCIUTEIBHON CIOXKHOCTH TIPE/IJIATAETCS HCIIOJIH30-
Barh (2), rje ¢ — Tak HA3BIBAEMBbIHl «yPOBEHb 3HAIUMOCTHY.

N =infN Vn,n€N=>/f(p,77)dp<so ; (2)
2r

2(m\ " —-1 _— 02
vte f(p,n) = 2Epase)” pan=te=Aunome’,

Yem MemHbIlle 3HAYEHUE ©, TE€M OOJIbIIIE TOYHOCTH U BBIYUCIUTEHHAS
CJIOKHOCTB pacderoB. B 3Toit pabore paccMaTpuBaeTcs: 30Ha 0OCIIyKUBa-
HUS B BHJE IIJIOCKOCTH KB3JIPaTHOI (hopMbI co cTopoHoit 10° meTpos. Pe-
meHne HepaseHcTBa (2), Te ¢ = 0.05, MOXKHO TIPEJICTABATH B CJIEIYIOIIEM
Bume: N = 6mpu A =107%:55x10"*, u N = 7Tupr A = 5.5x107* : 1073,
Iyt MEHBINMX WHTEHCHUBHOCTEH AIIPOKCUMAIINS HE WMEET CMBICJA, TaK
kak MHC, cocrosimmuii Bcero m3 HECKOJIBKUX TOYEK JOCTATOYHO XOPOIIO
armmmporcumupyercss PPP Toit ke maTerncusrocTH.

4. Metoa annpoKCUMaIUU U YUCJIEHHBIA aHAJIN3

B sToM pasmesie mpeioyKeH MeTOJ, AIlIPOKCUMAIMH PACIIPEIeIeHn i
paccrostauit B MHC-miporiecce. [Tpuemitemast anmpoKCuMAIust JOJKHA, Y10~
BJIETBODPATH ABYM TpeboBanusaM: (1) MOIENb IOJKHA HO3BOJSThH AIIIPOK-
CHMUPOBATH SMIUPUIECKUE IUIOTHOCTU ¢ JII0OO0H 3aJaHHON TOYHOCTHIO, U
(ii) anmpokcuManus JOJZKHA IIO3BOJIATH [IPOBOJUTL AHAJIMTUIECKUI aHa-
Jin3 OeCrpOBOJHBIX KOMMYHUKAIMOHHBIX CHUCTEM. B pabore mpeijioxkeH
METO/T AIIPOKCUMAIINN, KOTOPBI MO3BOJISIET MOCTPOUTD IIPOIECE, 0100~
HBI Tporieccy TBEporo siapa Mareprna. Meros BKJIIOYaeT AMMPOKCH-
maruio N-O/mKaifiimmx cocefieil U UCHOJb3yeT ajropurm EM-tuma s
pacueTra mapamMeTpoB TraMma-pachpejesenunii. Bojee KOHKpeTHO st 3a-
JlaHHO# nHTeHCUBHOCTH anmpokcumupyemoro MHC-nporniecca Burauciisier-
Csl MHTEHCUBHOCTH mopoxkaroiiero PPP-tporecca o dopmyne Appp =

ln(lfkijcﬂ'T‘z)

mr2
3areM pacCINTHIBAIOTCS SMIMPUIECKUE PACIPEICICHIST PACCTOSHIAN 10
N-6mKafmx coceieli, 13 KOTOPBIX BRIYUTaETCs mapamerp 7. damee ¢ mo-
moripio EM-anropurma BBIYUCIISIOTCS HapaMeTPhl allPOKCHMUPYOIIIX
ramMa-pactpenenennii. B pesymbrare momydarorcs N map mapaMeTpoB

(k. 0).
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Pesynprupyronuit  anmpoKCUMUPYIONUI TOYEIHBINA MPOIECC MOYKET
OBITH IOCTPOEH CJICJIYIOMNAM 0OOpa30M: TeHepUpyeTcss Yucio Nap ~
Pois (A) Touex Ha IUIOCKOCTH, U3 KOTOPbIX N TOYEK pacupeiesieHbl 10
Ha e HHBIM TAMMAa-PACIIPEIETICHUIM ¢ qobaBienneM casura r. OcrajibHbe
(Nap — N) TOUeK MOAEIUPYIOTCsI ¢ TOMOIBI0 Bbipaxkenusi (1). TouarocTs
anmpokcumaruu Ha npumepe SINR mpowurocrpupoBasa Ha puc. 3.

0.16 T T T

T
MHC-npouecc

0.14 = raMma-annpoKCcUmauna = = - -
NyaccoHOBCKMi npouecc

0.12
0.1

p(S) 0.08

Puc. 3. Pacupenesienne SINR u annpoxkcuMupyrommx pacipe/iesieHuii.

5. 3akJiroyenue

B pabore mpomenen ananu3 pacnpenenennii paccrosiauit 8 MHC-
mporecce a TaK»Ke IMOKa3aHOo, 49To Jiist Jioboit muTencuBroctu MHC-
[IpoIlecca BCerjia CyIIecTBYeT HEKOTODBIi HoMep N, HAUMHAA C KOTOPOIO
pacnpejiesieHnsi PACCTOSHUI [0 O/mKaiimmx coceneit B mpocesaaom PPP
n MHC wmnentununsl ¢ Touku 3penusi pacdera SINR. [Inasa pacmpenesne-
Huit paccrosauit 10 N-TIepBbIX COCe el TTPE/JIOKEH METO T, AlllTPOKCUMAITAN
Ha OCHOBE TaMMa-pacripejesieHnii. BayKHbBIM OTJIHYINUTETbHBIM CBOWCTBOM
[IPEJIJIOZKEHHOIO0 METO/Ia AIMIPOKCUMAIIAN SIBJISETCs] BO3MOXKHOCTD ITPUMeE-
HEHUsI QHAJIUTUIECKUX METOJIOB aHAJIM3a OECIIPOBOIHBIX TEXHOJIOTHH, 9TO
[TO3BOJIUT PEMIATD 3319 HEJIMHEHHON ONTUMU3AIIH, KOTOPhIE BOSHIKAIOT
[IpY IJIAHKPOBAHUU CETH, HAIPUMED, 3aJIa4M 110 TIOBBIIIEHUIO HEProdd-
(BEKTUBHOCTHA CUCTEMBI.
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Tractable distance distribution approximations for
hardcore processes

P. O. Abaev, V. A. Beschastny, K. Ye. Samouylov

Department of Applied Probability and Informatics
Peoples’ Friendship University of Russia
Miklukho-Maklaya str. 6, Moscow, 117198, Russia

The Poisson point process (PPP) is widely used in performance analysis of
wireless communications technologies as a basic model for random deployment
of communicating entities. The reason behind widespread use of PPP is ana-
lytical tractability in terms of closed-form distributions of distances to the n-th
neighbour needed for performance analysis. At the same time, the process al-
lows for infinitesimally close distances between communicating stations not only
contradicting the reality but presenting fundamental difficulties in analysis when
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used with power-law propagation models. As an alternative suggested in the lit-
erature and free of abovementioned deficiencies are the hardcore processes where
a certain separation distance between points is always presumed. Unfortunately,
no closed-form expressions for distance distributions is available for these pro-
cesses. We study distance distributions of Matern hardcore process and propose
analytical approximations based on acyclic phase type distributions. The nature
of approximation as a mixture of exponentials allows for their use in analytical
performance analysis. Results for a range of process intensities are reported.

Keywords: hardcore process, approximation, Poisson process, distance dis-
tribution, SINR.
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YIK 004.057.4

WUccnenoBanue 3aBUCUMOCTH IIPOILyCKHOI CIIOCOOHOCTH
GecnIpoBOIHOTO KaHAaJIa CBSI3W OT MapaMeTpPOB
HAaCTPOMKM TOYKHU JOCTyIIa

JI. 1. A6bpocumos, M. A. PynenkoBa

Havyuonaavrot uccaedosamenvckuti unemumym «MOH»

Awnvoranusi. B 1okiajie mpuBoauTCs METOIMKA U3MEPEHUS C TOMOIIBIO IIPOTO-
kosia SNMP nporycknoit criocobHoCTH GECIPOBOIHOIO KaHAaja CBA3U B COCTABE
KopropatusHoiil BeraucauTeabHoit cern (KBC) st oneHKH 3aBUCHMOCTH OT Ba-
PbUPYEMBIX [IapAMETPOB HACTPOWKHU TOYKM JIOCTYIIA IIPU CUHXPOHU3AIUU H3Me-
pEeHUil OTHOCUTEJILHO CUCTEMHOIO BPEMEHM TOYKH JocTyna. [IpuBojasarcs pe3yib-
TaThl U3MepeHuii /1151 Tpaduka oprannzoBanHoro nporokogamu TCP u UDP. Pe-
3yJIbTAThl U3MEPEHUN HCIOJIB3YIOTCS ISl aIalTallii [IPOIYCKHOM CIOCOOHOCTH
CEerMeHTOB OeCIIPOBOIHON ceTn K TpeboBaHUsM neperasaemoro Tpaduka KBC.

KuaroueBbie cjioBa: KOpHopaTuBHbIE 6ECIIPOBOIHBIE CETH, OIEHKA MPOILYCKHOM
CIIOCOOHOCTH.

1. Bsenenne

PazButne 6ectipoBomubix Texnosornit crangapra [EEE 802.11 mpwu-
BOJUT K YBEJMYEHUIO PA3HOPOJHBIX IOJIb30BaTebcKuX ycrpoiicts IEEE
802.11 BuyTpu KoproparusHoit 6ecripososuoii JIBC (KBJIBC). B BKJIBC
Tpebyercsi 00eCIednTh COTVIACOBAHHOCTD IIPEIOCTABJISEMON ITPOILYCKHON
CIrocOOHOCTH U TpadUKa II0JIb30BaTEIbCKUX ITputozkeHuii. st aToro Tpe-
OyeTcs OCYIIECTBIATH U3MEPEHN XapPaKTEPUCTHK IT€PeIaBAEMbIX JTaHHBIX
u ux obpaborku cereBbimu ycrpoiictBamu. KBJIBC npencrasiena 6a3o-
BbIME HabopaMmu obciyzkuBanust (0T aHr. - Basic Service Set, BSS) u xom-
MYTAI[HOHHOM CeThI0, 00ECIIEYNBAIOIIEHl JOCTYII K PeCypcaM KOPIIOPATHUB-
HO# cerm mym BbIXOH B ceTh UuTeprer. Tpebyrorcst cpeicTBa Jjisi OIEH-
KU MPOILYCKHOM CriocobHOoCTH, obecriedmBaeMoil KaxkabiM BSS. [ljs oren-
KJ IIPOIYCKHOI CHOCOOHOCTH WCIOJB3YIOTCS 3aXBaT M aHajan3 Tpaduka
UJIM TOJIyY€HHe CTATUCTUKK CUCTEMHBIX CYETIMKOB BXOJHBIX /BBIXOJHBIX
KaJ[pOB/TIAKETOB C CETeBOTO yCTpoiicTBa. B nmanHON pabore jyis ompee-
JIEHUsI TIPOILYCKHOU CIocOOHOCTH ObLIa pa3paboTaHa METOIMKa Ha OCHO-
B€ IIPOTOKOJIA TIPOCTOTO CETeBOro ynpasienusi (ot adr. - Simple Network
Management Protocol, SNMP) mjist CHEXPOHU3AIMK [IOJIY YEHHBIX JAHHBIX
CTATUCTUKU OT CETEBOI0 YCTPOUCTBA, YUNUTHIBAJIOCH 3HAYEHUE CUCTEMHOIO
BPEMEHH CETEBOI'O yCTPOiicTBa. Takke C MOMOIIBIO pa3pabOTAHHON METO-
JIVKY TTPOU3BOIMIOCH BAPbUPOBAHUE [TAPAMETPOB KAHAJIBLHOTO YPOBHS JJIst
BBISIBJIEHNSI 3aBUCUMOCTH ITPOILYCKHOI CIIOCOOHOCTU OT JIAHHBIX IIapaMeT-
pOB Jjiytst KOHKpeTHOTO BSS. M3Mepenus: 3Ha9eHUsT MPOIYCKHOM CIOCOOHO-
CTH OT 3HAYEHUI KOHKPETHOrO MapaMeTpa KaHAJbHOTO YPOBHSI [TO3BOJISIET
[IPOM3BOJIUTH AJAITUBHYIO HACTPOiiKy BSS.
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2. Metoauka n3MepeHus: MPOILyCKHOM CITOCOOHOCTU
2.1. DopmyaupoBKa 33/aUn

PaccmarpuBaerca GecripoBonnast cets crangapra 802.11 paborarorias B
uadpacrpykrypaoM pexkume (IleHTpasbHoe yeTpoicTBO JAHHONE CeTH TOY-
ka gocryna AP (or anrin. - Access Point) ofpasyer ¢ moaK/IrO9eHHBIME
craniuamu STA (ot anr. - Station) 6ecnpoBoHO#l KaHa OBIIEro MOJIL30Ba~
HUs, [Iepejiada JAHHBIX IPOUCXOAUT ToJIbKO depe3 AP). AP ycranasiusaer
3HaveHust apaMeTpos {2z} } sanHoro xanaia {p;} (k = 1,n) u ynpasiuser
nepeiadeil JanubIX 13 OeCIPOBOIHOM ceTr B 1IpoBoaHyio. Takum obpaszom,
XapaKTEPUCTUKN GECIPOBOHOIO KaHAJA Tepesadn JaHHbIX {7} (z = H)
OTIpeJIeNIAIOTC s OecnpoBOIHbIM nHTEpdeiicom AP, a xapakrTepucTuku me-
peJlaHHbIX /IPHHATHIX JIAHHBIX B HPOBOAHYyI0 cpeay {e;} (] = 1,T) po-
BogubiM uHTepdeiicom AP Tpebyercs onpenenuth HaAGOp 3aBUCHMOCTEH
i (21) 1 ex; (2k)-

2.2. DrTanbl METOAUKHN U3MEPEHUsI XapaAKTEPUCTUK CETEBBIX
uaTepdeiicoB

1. Omnpenenurs HabOp XapakTepuctuk naTepdeiicos AP:

(a) gurst 6ecipoBosHOTrO HHTEpdeiica crannapra IEEES02.11 - {r; };
(b) must mpoBoxHoro unTepdeiica cranmapra IEEE802.3 — {e;}.

2. Cunxponuzamusa sBpemenu Server u AP. 3adukcupoBarh CUCTEMHOE

JoKasibHOe Bpems Server TV u ormpasuts 3anpoc SNMP GET na AP

TS yCTAHOBKH CHCTeMHOTO Bpemenn 19 p;

Cdopmuposars zanpoc SNMP BULK mas nabopa {r; };

4. BadukcmpoBaTh CHCTeMHOe JoKaabHoe Bpems Server T} m ormpa-
BuTh chopmmupoBanubil B 1m.3. meromuku 3ampoc SNMP BULK. 3a-
dbuxcupoBath noJyuennble 3Havenus {x;} 1 nabopa {r;}. Thip =
T3, + (T2 — T0) ms

5. Cdopmuposats 3ampoc SNMP BULK st HaGopa {e; }.

6. 3adurcupoBarh CHCTEMHOE JIOKAJIbHOE BpeMs Server 1'S2 m ormpa-
BUTH cHOpMUPOBaHHBIN B 11.5. Merogukn 3anpoc SNMP BULK [1].
Badukcuposarh IojyveHHble 3Hadennst {y;} aus Habopa T3, =
Tip+ (T2 = T) [ms].

e

2.3. DTanbl METOAUKU U3MEHEHUsI IIapaMeTPOB KaHAJbHOTO
YPOBH#A

1. OnpesienuTh HAOOP PETYIUPYEMBIX APAMETPOB KAHAJIHHOTO YPOBHSI
s uceaemyemoii BSS {pg} .
2. Ompenenenne  Habopa  3HaveHmit  {z;} [  HapaMeTpoB

{pr} (k =T1,n);
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3. Oupeznenurh 3HadeHue HaOOpa 3HAYEHUil {2y} peryaupyembIx mnapa-
MeTpoB {px };

4. Ucnomwzys dyrkmuio SNMP SET ycranoButs onpejieseHHbIe 3HAUE-
Hust {2y} perynmupyembix napamerpos {px} [1].

2.4. DTanbl METOAUKU U3MEPEHUs IIPOILyCKHOI CIIOCOOHOCTU

1. Ucnonb3ys meroauku 1. 2.2. u 1. 2.3. OUpEeIeuTb HAOOPHI Xapak-
repuctuk {r;} u {e;}, perymupyembIx mapamerpos {pj} u ux nabop
snadenuit {2 };

2. Ha mare s onpe/ienurs 3Hadenns Habopa napamMeTpos {2z} };

3. 3. Ucmonb3yst MeTomuky 1. 2. 3. U METOAWKY II. 2. 2, YCTAHOBUTH
3HAUECHUs [IAPAMETPOB {zj} M IHOJYYIUTH 3HAYEHUS XapPAKTEPHCTUK
unrepdeiicos {rf} u {ej } xax dynkumo f(z]) , mocienoBaTebHO
HOJIyYUTh (DYHKIMIO 3HAYEHUs] XapaKTepucTHK uHTepdeiicos {ri} u
{e? } TIOCJIETOBATE/IHHO U3MEHsIsl 3HAYEeHHs Habopa {zz +m} rapaMeT-

pa pj,,,(m = 1,n). lIponyckuyio cnocobrocts BSS onpenemmm u3
XapaKTEePUCTUK IIPOBOAHOrO MHTEpdeiica, ¢ MOMOIILI0 KOTOPOro Tpa-
dbux nosbzoBaTesell EepesaeTcs M0 BOCXOUSIIEM / HUCXOISIIIM KaHa-

aam KJIBC:

Aein . o Aeout 3 o ) X
At Cout = Tt’c = Cin + Cout;

rie C - mporyckraas crocobnocTs uarepdeiica, Cj, - I BXOISIIETO TPa-
duka, Cyyp - ISl UCXOISIIETO TPAhUKA; €y, - KOJMIECTBO BXOJISIIUX OK-
TeToB Tpaduka Ha NpoBoaHOM uHTepdeiice AP; e, - KOJIMIECTBO MCXO-
JAIIAX OKTETOB TpadrKa Ha HpoBoAHOM HHTEepdeiice AP;

Cin =

3. Peanuzanus MeTOIUKN U3MEPEHUs IPOIIYCKHOMN
CII0COOHOCTHU

PaccmarpuBaercst TeCTOBBIH cTeH 1 6eCIIPOBOIHON KOPIIOPATUBHOI ceTn
craggapra IEEE 802.11 st n3MepeHus mpoIycKHOR crriocodHocTu puc. 1.:

1. 6ecupoBomnasi Touka goctyna AP, upemcrasnennast Cisco AIR-
LAP1232AG; Nnrepdeiicor AP:
dotllradioO0 — wmntepdeiic GecrpoBoamoit cetu crammapra IEEE
802.11;
fa0/0 — unrepdeiic nposoaHoii ceru cranmapra IEEE 802.3.
2. MobuibHbIN KoMIbioTep STA | mpejcTaBeHHbI KOMIIBIOTEPOM ¢ Oec-
uposogubiM ajanrepoM Cisco Aironet 802.11a/b/g Wireless Adapter;
3. cepBep Server, IPe/ICTABIIEHHBIH KOMITBIOTEPOM, TOAKJIIOUEHHBIM C 10~
MorIbio nHTepdeiica crammapra IEEE 802.3 k KJIBC;
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Puc. 1. Cxema cTeHia m3MepeHUsI MPOITYCKHOM CITIOCOOHOCTH

Tpebyercs: C momompio pa3pabOTAHHBIX METOJUK OIPEIeUTh 3aBUCHU-
MOCTbH ITPOITYCKHOMU CITOCOOHOCTHU OT 3HAYEHUI PEryJIMpPyeMbIX apaMeTPOB
KAHAJILHOTO YPOBHSI.

Srai. 1. Habop xapakrepuctuk nuarepdeiicoB AP, mojryyaeMbIx 110 po-
Tokosry SNMP:

a. jysa 6ecipoBosiHoro maTepdeiica crangapta IEEE802.11, crangapt-
uble napamerpsl u3 IEEE802dot11-MIB [2];
dotl1TransmittedFragmentCount — cuerduk ycremno mnepegan-
oeix MPDU ¢ unauBuaya bHBIM aJIpPecoM WU C TPYIIIOBBIM
aPecoM C JAHHBIMY WJIN YIIPABJIAIONINE;

dotl11MulticastTransmittedFrameCount — cuervynk ycuemmo
nepeganabix MSDU ¢ rpyIimmoBbIM aipecoM;

dot11FailedCount — cuerynk yBeMUMBAETCs IPHU OIMMUOKE Iepe-
nmaan MSDU no ncredennn Taiimepa JIOMOJHATEIbHBIX HOMbI-
TOK, onpegeinsemoro mapamerpoM dotllShortRetryLimit nan
dot11LongRetryLimit;

dotl1RetryCount — cYeTYNK yBEIUIUBAIONIMICS [PU YCIEITHON
nepegade MSDU mociie 0HO#M MJIM HECKOJIBKUX IIOIBITOK I10-
BTOPHOU Ilepenadu;

dotl1MultipleRetryCount — cueruuk, yBeIMYUBAIOMIMIACS IIpU
ycrerroit iepegade MSDU mociie HECKOJBKUX TONBITOK IT0-
BTOPHO! Ilepeavu;

dotl1FrameDuplicateCount — cueruyuk ay6simpoBaHHBIX dpeii-
MOB;

dot11RTSSuccessCount — cuerunk orseroB CTS Ha 3ampocs
RTS;

dot11RTSFailureCount — cueruynk nenosrydennbix CTS na 3ampo-
co1 RTS;

dot11ACKFailureCount — cuyeTynK HEMOJyYEHHBIX OXKUJIAEMbIX
ACK;

dot11ReceivedFragmentCount — cuYeTYuK yCIIENIHO NPUHATHIX
MPDU ¢ unauBuaya bHBIM JIPECOM HJIN C TPYIIIOBBIM ajpe-
COM C JAHHBIMU UJIU YIIPABJISIOIINE;

dot11MulticastReceivedFrameCount — cueT4uk ycremso mpu-
HaThIXx MSDU ¢ rpynmoBsiM apecoM;
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dot11FCSErrorCount — cuerank MPDU c ommubounoit KOHTPOJIb-
HOI1 ITOCJIeI0BATEILHOCTBIO;

dotll1TransmittedFrameCount — geTunK Bcex yCIeNHO mepeIaH-
ueix MSDU.
b. — unrepdeiic nporoauoit cern cranmapra IEEE 802.3. [2]
ifInOctets — cuerynk KoJMIECTBa BXOAAIINX OKTETOB Tpaduka,
ifInUcastPkts — cuerynk KoJmdecTBa BXOISIINX OHOAIPECHBIX Ta-
KETOB 00pabOTAaHHBIX Ha JAHHOM IIOYPOBHsI JJIsI II€PeJIadn Ha
BblecTosmue (0/-) yPOBHH;

ifInNUcastPkts — cuerunk Kom4yecTBa BXOISIIUX [TAKETOB I'PYII-
IIOBO¥ WJIVM IIMPOKOBEIATEIBbHON PACCHIKM 00pabOTaHHBIX Ha
JAHHOM MOJYPOBHsI JJIsl II€pelladd Ha BblecTosiue (mog-)
YPOBHU;

ifInDiscards — cyeTYnK KOJIMYECTBa BXOISIIHUX OTOPOIIEHHBIX IIaKe-
TOB, JlaKe eCJIn He ObLI0 OOHAPYKEHO HUKAKUX ormuboK. O1Hoi
13 BO3MOXKHBIX IPUYUH MOYXKeT OBITH OCBOOOXKIeHue Oydepa;

ifInErrors — c4eTynk KOJMUYECTBa BXOJISIIUX OTOPOIIEHHBIX IIaKe-
TOB, COIEPXKAIINX OIIUOKM;

ifOutOctets — cyeTunK KOJIMYECTBA BBIXOAAIINX OKTETOB TPa(UKa;

ifOutUcastPkts — cueTynk KOJIMYeCTBa BHIXOISIIUX O/IHOAIPECHBIX
[IaKeTOB O0OPabOTAHHBIX Ha JAHHOM IIOAYPOBHS IJIS IIepeIadn
Ha BbIIIECTOsAIIHNE (II0/I-) YPOBHHU;

ifOutNUcastPkts — derunk KoJm4decTBa BBIXOAAIIUX IIAKETOB
TPYIIOBOl WJIN IMHPOKOBEIATEILHON PACCHIIKI 0OpaboTaH-
HBIX Ha JIAHHOM IIO/YPOBHSI JIjIsI IIePe/lad4l Ha BBIIIECTOSIIIHE
(moz-) ypoBHu;

ifOutDiscards — cueTynk KOJU9IeCTBa BBIXOJANINAX MAKETOB I'PYII-
[TOBOM WJIM IIMPOKOBEIIATEIBHON PACCHIIKE 00pabOTaHHBIX HAa
JAHHOM IIOJIYDPOBHsI JIsl II€pelladd Ha BblecTosinue (Iom-)
YPOBHU;

ifOutErrors — cyeTynk KOJIUYECTBa BBIXOJIANIUX OTOPOIIEHHBIX A~
KETOB, COEPKAINX OIHOKMH.

Habop perymupyembix mapameTpoB OecripoBogHoro unrepdeiica AP,
YIPaBJIFEMbIX ¢ MOMOIIBIO poTokojga SNMP : [2]

dot11CFPPeriod — VYcranasiuBaer uepe3 Kakoe KOJIMIECTBO MHTEPBaA-
sgoB DTIM naunerca CFP (contention-free period — uepuog pabo-
ThI 6ECIIPOBOHON CpeJibl 6e3 MeXaHN3Ma IPEeIOTBPAIEHUs KOJIU3UH
CSMA/CA);

dot11CFPMaxDuration — MaxkcumaabHas IPOIOIKUTETLHOCTh Pe-
xuma CFP;

dotl1PowerManagementMode — Ompeiesisier BO3MOXKHOCTh B DEXKH-
Me PKOHOMHUU 3Hepruu. JIaHHBIA PEeXKWM BJIMSIET HA [POM3BOIUTE b~
HOCTB, T. K. BKJIOYasl €ro KJIHEHTHl MOryT OyddepusupoBars cBou
KaJIpbl BMECTO aKTHUBHOIO JOCTYTa K OECIPOBOJHOIO KAHAJA, OCBO-
60X 1asi JOCTYII APYTUM CTAHIIASM;
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dotl1OperationalRateSet — Oupenensier HAOOP cKOpoCTe s TOM-
KJIIOUaeMbIX CTAHIIUN;

dotl1BeaconPeriod — VYcranasimBaer mepuoji BpeMEHHU ITOCBLIKNA KaJl-
poB Beacon;

dot11DTIMPeriod — Ilepuwos depes KOTOpBIi OyIeT IepeiaH Kajp
Beacon ¢ DTIM Count = 0;

dot11RTSThreshold — Konuuecrso okreros 8 MPDU(medium access
control (MAC) protocol data unit (dparmMent maHHBIX IPOTOKOJIA
YPOBHsI JIOCTYIIa K CpPeJie)) JJIsi KOTOPOTO He TPeGyeTcs MeXaHU3M
RTS/CTS;

dot11ShortRetryLimit — MakcumaabHOE KOJTHYECTBO MOIBITOK I€pe-
IaTh Kaap, pasmep kor. menbine win pased dot11RTSThreshold,
[IPeXK/Jie 9eM OIPeJIeJUTh HEBO3MOYKHOCTD IePe/Iatin;

dotllLongRetryLimit — akcuMaabHOE KOJMYECTBO TOMBITOK MEPEIATH
kaJip, pasmep kor. Bosbire dot11RTSThreshold, mpexme dem ompe-
JIEJIUTH HEBO3MOXKHOCTD II€PeIati;

dotl1FragmentationThreshold — MakcumaabHOE KOJTMIECTBO OKTETOB
MPDU, koropsie OyyT nepenanbl Ha (HU3HIECKHIT yPOBEHD;

dotl1MaxTransmitMSDULifetime — Maxkcumasbsuaoe Bpemss B TU,
II0CJIE KOTOPOI'O JaJIbHENINNE MONBITKH IepeIaTh Kajap OyIyT mpe-
KPAIIEHBI;

dotl1MaxReceiveLifetime — Makcumasbuaoe spems 8 TU, mocite Koro-
pPOTO IajbHERINNE TOIBITKI IPUHATH KaJIp Oy/IyT IpPEeKpaIeHbl.

Dtan 2. HavasbHble 3HAYMEHNs] PEryJINPYEeMbIX [IApAMETPOB KaHAJIbLHO-
ro ypoBHs B Hadaje Meroanke (cM. Tabur. 2). Dram. 3. IIlar 1. Ha Server
JUTsI IAHHOM METOMKY HAIMCaHa mporpaMMa Ha s3bike C, HCIoJIb3yIomast
oubsmoreky NET-SNMP 11 oTrnipaBku u moJIydeHusi 3ampoCcoB IO MPO-
tokosry SNMP Ucnonb3yst MeTofuKy 11. 2.3. MOCIe0BATEIHHO YCTAHABIIH-
BaeM 3HadeHus rapaMerpoB Tabi. 2. s cunxponusanuu Bpemenn AP u
Server corsacuo meromnuke 1. 2. 2. Ucnonbsyerca dynkius gettimeofday ()
st Server (Mkc), upu nosydenun coobmenus SNMP GET cucremuoro
Bpemenu AP — sysUptime - Bpemsi or nagana paboretr T/] B Tukax u B
COTBIX JIOJISIX MUJUIMCEKYHJI IOocae nocieinell nepesarpysku (SNMPv2-
MIB:sysUpTimelnstance). ITo meromuxke 1. 2. 2. u 2.3. Iocaenosarenbno
u3MeHsieM 3HadeHrne napamerpa pl u dukcupyeM 3HaUYEHHE XapaKTePH-
cTHK nHTepdeiicoB U MPOU3BONM PacueT MPOIyCKHOl criocobrocTH f(21).
Ilepexoum K mapamerpy p2, yCTaHABIUBAEM CJIE/LYIOINEE JTOCTYIIHOE 3HA-
qenne napamerpy p2. Ilo meromuke m. 2. 2. u 2.3. Ilocienosarensno us-
MeHsieM 3HadeHue mnapamerpa pl u GUKCHpyeM 3HAUCHHE XapaKTEPUCTUK
unTepdeiicoB 1 MPOM3BOANM pacHeT IIPOIyCKHoit criocobnocTn f(22) n tax
Jrajee.
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Tabymma 1

PeryﬂnpyeMme mapaMeTpbl KAHAJIBHOTO YPOBHA U UX NUAIIA30H 3HAYCHUN

O6-1ue Hazpanue 3uauenne
pl dot11CFPPeriod [0-255] /kosmmaecTBo
DTIM unrepsaaos
p2 dot11CFPMaxDuration [0-65535] /kosmmuecTBo TU
p3 dot11PowerManagementMode [active(1),powersafe(0)]
p4 dot11O0perationalRateSet [1-126] /bytes
p5 dot11BeaconPeriod [1-65535] /kosmmraecTBo TU
p6 dot11DTIMPeriod [1-255] /kosiraecTBO
dot11BeaconPeriod
p7 dot11RTSThreshold [0-2347] /xosmaecTBo
OKTETOB
p8 dot11ShortRetryLimit [1-255] /kostiaecTBO
HOIBITOK
p9 dotl1LongRetryLimit [1-255] /kosmaecTBo
HOIBITOK
pl0 dot11FragmentationThreshold [256-2346] /kosrraecTBO
OKTETOB
pll dot11MaxTransmitMSDULifetime [1-4294967295]/
kosmuectso TU
pl2 dot11MaxReceiveLifetime [1-4294967295]/
komaectso TU

Tabymua 2

Perynupyemble napaMerpsl KaHAJIBHOIO YPOBHS M MX 3HAYEHUS

ITapamerp | pl | p2 | p3 | p4 | pb | p6 | P7 | P8 | P9 | pl0 | pll | pl2
Suauenue | 0 0] 0 1 1 1 0 1 1 | 256 1 1
4. PesyabTraTbl

st TpoBepKU MeTOANKN OBITT COOpaH TECTOBBIHM cTeHa cM. puc. 1. Ha
STA sanymen iperf client nys renepanuu Tpacduka TCP u UDP ¢ xapax-

TEPUCTHUKAMU PeaJIbHON OeCIIpOBOJIHOM ceTH u3 paboTh

[3]. B nokmnane

IPUBOAATCS IPAMUKH IOy IEHHBIX 3aBUCUMOCTEH.
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5. 3akirouyenune

Paspaborannast MeToMKa IMO3BOJISIET TOYHO (PUKCHUPOBATH 3HAYEHUE
XapaKTEPUCTUK, UCIIOJb3Ys CUHXPOHUBAIUIO JIOKAJILHOT'O CHCTEMHOTO Bpe-
menu Server u cucrtemuoro Bpemenu 1JI. Mcnons3ys 3anmpoc GETBULK
— YBeJIMUMBAETCsI TOYHOCTH 3HAYEHUN, T.K. 3HAUEHHS IEPEIAITCs 110 Ce-
TH B OJIHOM TAKeTe W OJHUM 3ampocoM. J[aHHYIO METOINKY MOXKHO HC-
MIOJIb30BATh B PEAJBHON KOPIIOPATUBHON CETH MJI ONPEIETEeHUS COCTO-
siHUsT OECIIPOBOHOIO KaHaJja, yCTAHABJIMBAs B TAKOl CETH MPOrPaMMHO-
ammapaTHble CPeJCTBa aHAJIM3a HCIOJb3YEeMBIX TPOTOKOJIOB MOXKHO WC-
MIOJIb30BATh JAHHYIO METOINKY IJIsi IPOBEICHUST aJAIITUBHON HACTPONKN
TJI. Tak:ke B JaHHON METOAMKE HCIIOJIH30BAINCH CTAHIAPTHLIE OA3bI Ia-
pamerpos(MIB) mis napaMeTpoB KaHAJILHOIO YPOBHSI, XapaKTEPUCTHK UH-
tepdeiica Ethernet TI. Vcnonp3oBanue craHIapTHBIX 6a3 TO3BOJISIET UC-
[T0JIb30BATH JAHHYIO METOJIUKY C JIFOOBIME YCTPOUCTBAME Pa3HBIX IIPOU3BO-
auTeseil mojepkuBaionmx nporokos SNMP, B HacTosiiee BpeMst TaHHBII
IIPOTOKOJI 00SI3aTEJIEH JJIsI YCTPOICTB KOPIIOPATUBHOTO YPOBHS, IYTO TAK¥KE
OIPaB/IBIBAECT BLIOOD JAHHONW METOAMKH 1 KoprnopaTusabix BJIBC.

JIureparypa

1. Net-SNMP Project Manual pages for SNMP. //Net-SNMP Project,
2016. —: http://www.net-snmp.org/docs/man//.

2. Pierrick  S.SNMP  MIB  Resource //SNMPlink.org. —
: http://www.snmplink.org/resource/mib/.

3. Na C., Chen J. K. ,Rappaport T. S.. Measured Traffic Statistics
and Throughput of IEEE 802.11b Public WLAN Hotspots with
Three Different Applications. — Wireless Communications, [EEE
Transactions on In Wireless Communications, IEEE Transactions on,
Vol. 5, No. 11. (19 December 2006). — P. 3296-3305.

UDC 004.057.4

Analysis of Throughput Wireless Media and Settings
for Access Point Date Layer

L. I. Abrosimov, M. A. Rudenkova

National research university “MPEI”, Moscow, Russia

In this paper describes methodology for measuring throughput of wireless
LAN, using SNMP protocol. Also this methodology describes how sets settings
for access point and studies how this modification can change throughput of
wireless LAN.

Keywords: corporate wireless networks, throughput analysis .



34 DCCN—2016

YIK 519.691
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Awnnoramus. PaccmarpuBaercst cucreMa MOHUTOPWHTA, IUKJIAIECKA COOMPATO-
masi JAHHbIE O COCTOSHUN TEXHUYIECKHUX CPEJICTB JIATALIEHTPA C U3BECTHBIM IIe-
puozom ompoca. Pazpaboranbl MareMaTHIeCKUE COOTHOIIEHUS, YIUTHIBAIOIIIIX
0COOEHHOCTH (DYHKIIMOHUPOBAHIS HATAIEHTPA U CHCTEMBI MOHUTOPUHTA, HA OC-
HOBAHHNU KOTOPBIX IPEJJIOYKEHA METO/IMKA ONTUMHUIAINYN PEIIeHUs 3a/1a91 MIUHU-
MU3aIUy 3aTPaT IPU ITOCTPOEHUN CUCTEMBI MOHUTODPHHIA COCTOSIHUS TeXHUYe-
CKHUX CPeJCTB. B mokiiajie mpuBOAsATCS IPUMEPHI UCIIOIb30BAHUS METOIUKH.

KuaroueBble ciioBa: 6ecripoBofHAasi CETh JATA-IEHTPA, CHCTEMa MOHUTOPUHTA
JaTa-meHTpa.

1. Bsenenwne

C KaKJIbIM TOJIOM PacTyT HoTpebHOCTH 6u3Heca B gara-rienTpax (1),
COOTBETCTBEHHO, HEOOXO/IMM BCE HOJIee KAUeCTBEHHBIH YPOBEHD IIPEIOCTAB-
JIEHUsI YCJIYT W BMECTE€ C ITUM YCJIOXKHSIETCH ceTeBas UHPPACTPYKTypa
IeHTpOB 00paboTkn AanHbIX. Baagensmam /11 Heobxoaumo 6ecriepeboitHo
[IPEIOCTABJIATh BCIO HEOOXOAUMYIO MHMPACTPYKTYPY, MJis ITOTO HEOOXO-
JIUIM TTOCTOSTHHBIM KOHTPOJIb CHCTEM IHEPrOCHAOXKEHUsI, TIOKAPOTYIIEHNUS,
KOH/IUIIMOHUPOBAHUs, & TaKXKe CJIe’KeHHEe 33 allllapaTHO-TEXHUIECKUMHI
CpeJiCTBaMUu.

IIpu pazpaborke u mogepuuzanuu /11 BosHUKAIOT ciiemytomue mpodJie-
MBI

- Heobxomumo mocrpoenne 3¢pdEKTUBHON aBTOMATU3UPOBAHHON MIn
ABTOMATHYECKOI CHCTEMbI YIIPaBJIEHUsI IIPOIECCAMU B IEHTPaX 00paboT-
KU JIAHHBIX;

- HomKHbI OBITH MOCTPOEHBI CUCTEMBI MOHUTOPUHTA, KOTOPBIE ODecIie-
JaT HEeOOXOMMMOE BPEMsl PEaKIIUU B CJIydae BHENITATHOW CUTYAIlUU.

st 3TOr0 HEOHXOIUMO TPUCYTCTBUE CIIEIUATBHBIX BBITUCIUTEIbHBIX
ceTell, KOTOPbIE CMOT'YT ODECIIeYnTh HEOOXOAMMbIE MMOKa3aTeau. Takxke B
cJlydyae aBTOMaTU3UPOBAHHBIX CUCTEM, HEOOXOIMMO YI00HOE JIJIsl OIlepaTo-
POB OTOOparKeHHe TEeKYIIEro COCTOSTHUS TEXHUIECKUX CPEJICTB.

B macrosmee Bpemsi, ¢ pasBuTueM OECIIPOBOIHBIX TEXHOJOTHUH, €CTh
BO3MOXKHOCTBb OITEPATUBHOIO COOpa Pas/indHONl MH(MOPMAIMH, [IPA 3TOM
BpEMsI Ha MOCTPOEHUE TAKON CETH YMEHBINAETCS M0 CPABHEHUIO C ITPOBOJI-
HBIMU PEAJTU3AIMSME, KOTJ[a HEOOXOIUMO UMETh OITPE/IeJICHHBIN 3a11ac mpo-
BOJHOW CpeJIbl MJIN sKe HeOOXOIMMO BpeMsi Ha IIPOKJIAIKY HOBBIX IIPOBOJIOB.
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OOBIYHO I aHAJIN3a COCTOSIHUSI CETH MUCIOJIB3YETCs OIPOC yCTPOUCTB
o nporokosry SNMP, a Tak:Ke KOCBEHHBIH aHaJIN3, UCXOIsl U3 OOMEHA
YIPABJISIONIeH nHMOPMAIel MeXK/y CETEBbIMU y3JIaMU, HAIIPUMED, B CHU-
TyaIlud, KOTJIa TepAeTcd KaHaJ MeXKIy IBYMsS YCTPOHCTBAMU.

Ha pucynke 1 npencrasimen marmuaubii 3a1 Il ¢ MoHnTOpUHrOM HA
OCHOBE IIPOBOJIHOI Cpebl.

CepBepHble CTOVKM

MPOBOAHbIE KaHa/b! CBAM

Puc. 1. MamuaHbIN! 3271 ¢ TPOBOIHOMN Cpesoii MOHUTOPUHTA

B sTom cityaae, Bo3aMoKHA cuTyarusi, KOTJIa B Pe3yJIbTare 0OpbIBa PO-
BOJIOB TEPSIFOTCS KaK JaHHBbIE, TaK U MH(MOPMAIUs O COCTOSTHIHN YCTPONCTB,
YTO YCJIOZKHSET OlpeJe/IeHIe aBapUiiHON CUTyaluu.

BecnipoBonnast yke T€XHOIOTHS TO3BOJISIET OCYIIECTBJISATH OMPOC HE3a-
BHCHMO OT OCHOBHOI CeTeBOH MH(MPACTPYKTYPHI U, CJIJ0BATEIHHO, 00pa-
3yeTcst TAKUM 00Pa30M OT/IeIbHBIN CeTeBOH CJIOif MOHUTOPUHTA.

Ha pucynke 2 mpencrasimen mammHHBIN 3a1 Il ¢ MornTOprarOM Ha
OCHOBE OECIIPOBOHBIX JIATIUKOB.

Tak coBpeMeHHbBIE IPOM3BOIUTEIIN IPEJJIATAIOT B CETEBOM U CEPBEPHOM
000pyIOBaHUU UMETh YCTAHOBJIEHHBIE ITPOU3BOIUTE/ISIMA JTATIUKHI, C KOTO-
pPBIX O6YIET BO3MOXKHOCTD, IOCTEe 0OpabOTKHU, BBHIBOJAUTH UH(MOPMAIIMIO HA
9KpaH OIIepPaTOpaM.

IMukmyeckn omparuBast JaTINKU, MOKHO TOYHO y3HABATh U 0Opaba-
TBIBATh HEOOXOIUMBIE JIAHHDLIE, & TOT JATYUK, KOTOPBII HE OTBEYaeT Ha
0dYepeIHOM dTane cOopa eCcTbh BO3MOXKHOCTH OIEPATHBHO JIOKAJIM3NPOBATD.

2. MunuMmusamnusa 3aTpar

B I 1y1s KJmeHTa COCTABJISIETCsI COTJIANeHne 00 yPOBHE IPEIOCTAB-
nenust ycayru (SLA), HanpuMep, TOCTYIHOCTD CETEBOrO CEpPBUCA WJIH JI0-
CTYIIHOCTBb CE€PBEPOB. u OIIpeaeJIAI0TCA TaKhue I1apaMeTpPbl KaK:
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BecnposoaHble AaTuMKu

CepBepHble CTOMKKU

Puc. 2. Mammanstit 3a1 ¢ 6€CIPOBOIHBIM MOHUTOPHHIOM

CorutacoBantoe BpeMsi paborocnocobroctu (CBP) — orpaxkaer Bpemen-
HOIf [IEPHOJT, B PAMKaX KOTOPOTI'O CEPBHUC JIOJI?KeH (DyHKIIMOHUPOBATH B HOP-
MaJIbHOM pexkume. Hampumep: KpyriocyTodHasi IOCTYIHOCTH, 7 JHEH B
HEJIeJIIO.

CorutacoBannoe Bpemst ojyiepkku (CBII) — ykasbiBaer Ha BpeMEHHOI
[IEPHOJT, B KOTOPBI OCYIECTBIIAETCS MOJIEPXKKa cepiuca co cropons JI1T.
Hampumep: 10:00-18:00, moHe e IbHUK-TISITHATIA.

ITepuon okazanust ycayru (IIOY) — nepuon, B Koropslit cepuc 6ymer
peocTaBsaThCst. Hampumep, KasteHapHblil MeCsIII.

Bpewms peaknuu (BP) — onpezenserca Kak BpeMsi OT MOMEHTa HOJLY de-
Hust nEGOpMaImu 0 GYHKIMOHATBLHOM OTKa3e (OT CHCTEMBI MOHUTOPUHTA
UM OT KJIMEHTA) JO MOMEHTa CTapTa BOCCTAHOBUTE/BLHBIX PabOT MO BOC-
CTAHOBJIEHUIO PAOOTOCITOCOOHOCTHU CEepBUCA.

Bpemsa npocros (BII) — cymmaphoe BpeMsi pocTosi B paboTe cepBuca
3a epUo/T OKA3aHUs YCIYTH.

Hocrynsocrs (/1) — MakcuMaJIbHBII IIPOIEHT JIOCTYITHOCTU CEPBUCOB 32
MEPUOJT, OKA3AHUST YCIIYTH.

Takum 006pa3oM JOCTYITHOCTH OIPEJIESETCS KaK:

Tesp — T
P i e 144 4
Tesp
Hanpuwmep, npu cymmapuom BIT pasaomy 3 waca, npu ITOY - 30 ngmeit,
CBP — 24 gaca, 7 nHeil B HeIeIO:
30-24-60—3-60
= - 100
A 30-24-60 (K

I = 99.58%
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JocrymHOCTh 3a Mepuos, yKa3blBaeT Ha HApPYyIIeHHe pabOTOCIIOCOOHO-
CTH U JOCTYIIHOCTU CEPBMUCOB U, CJIEJOBATEJIbHO, OIPeessieT pa3Mep Je-
HEKHBIX KOMITeHCAIIn KinenTy. B Tabsmie 1 npuBeieH npumMep mpoIeHTa
KOMIIeHCAUU (OTHOCATENLHO CTOMMOCTH IPEJOCTABJICHUS CEPBUCA) HPU
PAa3JIMYHBIX ITOKA3aTENIX JIOCTYITHOCTU TAKUX CEPBUCOB, KAaK IIPEJI0CTaABIIE-
HU€ CeTH U CePBEPHOU MHGPPACTPYKTYPHI.

Tabymua 1
IIpumep mokasaresieil TOCTYIHOCTH K pasMepPy KOMIIEHCAIUU

[Tokazaresu gocrynmnoctu (%) | Pasmep komnencaruu (%)
99.91>/1>9.73 5
99.73> J1-99.44 10
99.44>J1>98.9 15
98.9= 1T 20

Barparsr 1T (3111) HAIPSIMYO 3aBUCAT OT pasMepa KOMIEHCAIHIA.
Takum 06paszoM, HEOOXOINMO YBEIUIUBATD MOKA3ATEIb JOCTYITHOCTH.
IIpu 9TOM JOCTYITHOCTH 3ABUCHT OT BPEMEHU PEAKITUU:

I ~ Tsp.

A BpeMmsi peakIy 3aBUCHT OT BPEMEHHU OIIPOCA COOTBETCTBYIONINX TEX-
HUYECKHUX CPEJICTB:

Tsp ~ Tom.

IIpu momomm aBTOMATU3UPOBAHHON CHCTEMbI MOHUTOPHWHIA HA OCHO-
Be OeCIIPOBOJIHOM CETH MOXKHO YBEJIMYHUTH JOCTYIIHOCTH 110 CPABHEHUIO C
TPAIUIINOHHBIM TPOBOJIHBIM MOHUTOPUHIOM, YMEHBIIUB TEM CAMBIM BO3-
MOXKHbBIe YOBITKY 1151 Biajesbies JI1T.

Ha pucynke 3 npezncrasnena 6ecripoBonnast cets 11, B KoTopoit gar-
YUKU ONPAITMBAIOTCS UKJIMYECKH (JIeTePMUHUPOBAHHBIA IIOTOK JAHHBIX).

IIpoucxoauT ompoc KaxkIoro Jarduka 3a BpeMsi 1'd;, olnparimBaromnii
y3es noJsydaer Qd; 6aitT manabIX. [losydeHHBIE HaHHBIE IIEPEIAIOTC Ye-
pe3 MEnoYKy MPOMEXKYTOUHBIX y3JI0B aKKyMYyIUpyoomeMy cepsepy. Mexty
KasKJIbIM JIATIMKOM U y3JI0M — GecripoBosHoii kanast cesasu (BKC) ¢ mm-
punoit nmosocel nponyckanus W. B ceru Nd parankos.

VuauTsiBas MUKJIMIHOCTD OIIPOC JIATUYNKA IIPOUCXOIUT C KBAHTOM 1q Ha
KaK/JIbIil JaTYuK.

[TosubIit UKIT TOJTy 9€HUS TAHHBIX COCTOUT U3 ITUKJIA OIPOCA JATINKOB,
nepesaan 1o npoBoAubM KanajgaMm csasu (IIKC), o6paboTke Ha aKKyMy-
spyiorieM cepepe(C):
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Puc. 3. BecupoBognas cucrema mouutopunra JII1

T = Tu.ompoca+ Txc+ Tobp.c
Ob611ee BpeMsi UKJIA OMPOCa JTATIHKOB:

Tm.onpoca = Nd - Tq
[Ipu 5TOM HOJIYKHO BBITOIHATHCS YCIOBHE:

Nd
Qd; + Qs
Nd-Tq > —+7T4d;
q ;( Wokce i)
Bpems epeiadn o mpOBOIHBIM KAHAJIAM CBSI3U CEpBEPY:
Nd

> (Qd; + Qs)

~
Txe =
Wike

Bpemst 06paboTku HA aKKyMYJIUPYIONEM JTaHHbIE C JATINKOB CepBepe 3a-
BHUCHUT OT IIPOM3BOJIUTEIHLHOCTH CEPBEPA:

Nd

> Qd;
Tobp.c = ==
obp.c P

c
Takum 06pa30M, TOJIHBIN UK

Nd Nd
Zl(Qdi +Qs) 21 Qd;
Tu=Nd-Td+ = =

H + Wikce Pc
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Bpemsi peakiuu Ha cOObITHE CKJIJbIBACTCS U3 peaKiyu oleparopa (npu
ABTOMATHU3UPOBAHHON CUCTEME) M BPEMEHU TIOJIyI€HUsT TAHHBIX (depes mme-
PHOJI, TIUKJIA):

Tsp = T+ Tpeak

A Bpems npocrost omnpeessiemoe B SLA onpeesisiercst Kak CyMMa Bpe-
MEHU PEAKIUU U BPEMEHU BOCCTAHOBJICHUS:

Ten = Tsp+ TBocct

Takum obpazom, mpu mepexoje K OeCIPOBOIHOMY OIIPOCY IATIUKOB,
yMenbInaercs: T11, a ciieoBaTesibHO, 3TO YMEHBIIIAET BPEMsl IIPOCTOS.

Yunreisas napamerps! (Qd;, Td;, Woke, Wrke, Nd, Pc), ymenbienne
T, murnmusupyert 3arparsr JII1:

upu T |, 3ai — min

3. 3akirouyenwue

Brnaronapst nerepMHHIPOBAHHOMY TOTOKY €CTh BO3MOXKHOCTH PEIIUTH
HECKOJIBKO 3a/1a4: KOHTPOJMPOBAThH KaXKJIbIil JJATYNK, a B CJIydae OTCYyT-
CTBHA JIAHHBIX OIIEPATUBHO pearupoBaTh depe3 aBTOMATU3UPOBAHHYIO CH-
cremy. llepexos OT MOHUTOpPUHra IO CYIIECTBYIONIUM KaHAJaM CBS3U K
0ecIIpOBOIHOMY MOHUTOPUHIY JATYMKOB B ODOPY/IOBAHUU YJIYUIINAET IIO-
KazaTeJl JIOCTYIIHOCTH CEPBHUCA M, T€M CaMbIM, MUHUMU3UPYET 3aTPaTbl
AL

B nambHeiiniem BO3MOXKEH ITepexo]i K aBTOMATUIECKON CHCTEME, KOTO-
past TI03BOJIUIA OB JOIIOJTHUTEIBHO YMEHBIITUTH BPEMsI BOCCTAHOBJIEHUS 32
CYET aBTOMATHU3AIUN IIPOIECCOB, HAIIPUMeD, 3a CUYET BBOJA PE3EPBOB IIPU
aBapUIX.
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Minimization of Data Center Cost Creating
Monitoring System with Determinate Data Flow

L. I. Abrosimov, A. A. Larin

The article consider monitoring system with cyclic poll of data center equip-
ment status data with definite polling period. There are developed mathemati-
cal relationships in view data center and monitoring system functional features.
Optimisation methods of data center cost with monitoring system based on this
relationships was offered. Examples of using methods consider in report.

Keywords: wireless network of data center, monitoring system of data cen-
ter.
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O 3agave 06 yCIOKOEHUM CHUCTEMbI yIIPaBJIEHUS C
nmocJjieeiicTBueM

A. IIT. AxxamoBa, A. JI. Ckybaueckuii

Kagedpa npuraadnoli mamemamuruy,
Poccutickuti ynusepcumem dpyorcbor 1apodos,
ya. Muxayxro-Maxaas, 0.6, Mockea, Poccus, 117198

Annoranusi. PaccmarpuBaercst 3ajiada 00 YCIIOKOGHHHU YIIPABJISIEMONW CHCTE-
MBI C IIOCJIe/IefiCTBIEM, OIIUCBIBAEMOi cucTeMoil ud depeHImaabHO-pa3HOCTHBIX
ypaBHeHni HefiTpanapHOro tuma. Vccienyercs cBA3b MeXK/1y BapHAIMOHHON 3a-
Jadeil 1718 HeJIOKAJIbHBIX (OYHKIIMOHAJIOB, OIICHIBAIOIINX MHOIOMEPHYIO CUCTEMY
yIpaBJIeHUsI C 3alla3JblBaHUEM, U COOTBETCTBYIOIIEH KpaeBOU 3ajadeil Jijid Cu-
creMbl TuddepeHnraIbHO-PA3HOCTHBIX YPABHEHHIH, NCCJIE/LyeTC sl BOIIPOC O CyIiie-
CTBOBAHUU M €IMHCTBEHHOCTU OOOOIIEHHOTO pEeITeHrsl JAHHON KPAaeBoi 3a1a9u.

KuroueBble cjioBa: cucreMa yIpaBJIEHHs C IIOCJIeIeHCTBHEM, HEJIOKAJIbHBIE
KpaeBble 3aJa4uu, 0OOOIIEHHOE PEIlIeHHeE.

1. Bsenenne

B mocrmennme rompr maTEpec K auddpepeHnmaabHO-PA3SHOCTHBIM YPaB-
HEHUsIM CBSI3aH C MPUJIOXKEHUSIMA B TaKUX O00JIACTSX, KAK TEOPHUsi MHO-
TOCJIOMHBIX IIACTUH U 0D0JIOYEK B aBHAIMH, TEOPUH MHOTOMEPHBIX IHUd-
GbY3MOHHBIX TTPOIECCOB B TEOPHUH ILJIA3MBI, TEOPUH HEJTUHEIHBIX JTa3€PHBIX
cucrem u jpyrux. B pa6ore [1] H. H.Kpacosckuit copmysuposas u
U3yYUI 33249y 00 YCIIOKOEHHH CHCTEMBI C IIOCJIE/IEfICTBIEM, OIMCHIBae-
Moit muddepeHITnATBHO-PA3HOCTHBIM yPABHEHIEM 3AI1a3/IbIBAIOIIETO TUIIA.
Omn cBest 9Ty 3a/1ady K KpaeBoil 3aja4e jiisi cucTeMbl uddepeHIaabHo-
DPa3HOCTHBIX YPABHEHUI C OTKJIOHSIONIMMCH apryMEHTOM B MJIAJIIINX JIe-
nax. Kpaesbie 3amaan 1 quddepeHnuaabHO-pa3HOCTHBIX YPABHEHMIT CO
CJIBUIaMU apryMeHTa B CTapIINX WIeHaX ObLIM U3ydeHbl B padorax [2,3].
A. A. Cky6auesckuii B pabore [4] o6obmun 3amaay H. H. Kpacoscko-
ro Ha CJyd4aii, KOrjia ypaBHEHHE, OIICHLIBAIONIEE YIPABISIEMYIO CHCTEMY,
COJIEPXKUT TaK?Ke CTapIIne YIeHbI C 3ama3zipiBanneM. Ho Bo Bcex BblIlle
YKa3aHHBIX paboTax pacCMaTpPUBAJIACh OJHOMEDHAsS 3aja4a. PeabHON cu-
cTeMe YIPAaBJeHHsl COOTBETCTBYeT MHOIOMEpDHasi MOjesib. B pabore [5]
JL.J1. JleonoBeiM paccmaTpuBaercst 000bIenne 3aa4qu, nsydeHuoit A. JI.
CkybadueBCKUM, KOT/Ia YHCJIO BXOJIOB CHCTEMbBI yYIIPABJICHUS DPABHO UHUCILY
BBIXOJIOB, HO IIPH 3TOM KO3(DPUIIMEHT IIPH CTapIeM djieHe 6e3 3a1a3/ibiBa-
HUs ypaBHEHUs paBeH eauHuIle. B 91oil pabore paccMaTpUBAETCs JIMHE-
Hasl CHCTeMa, YIPABJIEHUsl, OIMChIBaeMasi CUCTEMOi nuddepeHITna bHbIX
YPaBHEHUI C 3ala3/blBaHueM, Ijle KO3(DPUIMEeHTh — KBaIpaTHbIE TIOCTO-
SIHHDBIE N-MEPHBIE MATPHUIIHL.
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2. OcHoBHas 4acThb

Paccmorpum snHelinyIo cucTeMy yIpaBJI€HHUS, ONUCHIBAEMYIO CHCTe-
MO#l T PepeHITUATBHBIX YPABHEHUI ¢ 3aIa3/(bIBAHIEM

Ay (t)+ By (t — 7) + Cy(t) + Dy(t — 7) = u(t),t > 0.
Y1 (t) Ul (t)

y(t) = : su(t) = : ;
yn(t) Un, (t)

rine A, B, C, D — KBaJipaTHbIE N-MEPHBIE TIOCTOSTHHBIE MATPUIIBI, 3aIIa3/IbI-
Banue 7 > 0 — koncranra, u(t) — yupasienue [Ipeabicropust 310l cucreMb
oIpeiesisieTcsl Ha4aJIbHBIM yCJI0BAEM

e1(t)
y(t) = Qp(t)at € [77—7 O]a Qﬁ(t) = ) (1)
en(t)
rue o(t) - 3anannas QyHKIUS.

Mper pacemorpuM 3asady o npusegernn cuctembr (??), (1) B momoxe-
Hue paBHOBecusi. Haliziem Taxkoe ynpassienue u(t), 4ro:

y(t) =0,te [T_ T, T]’ (2)
roe 1T > 27 .

Bekrop-byukuus y(t), ymosnersopsiomas ycaosusm (?7) — (2), me
eZMHCTBeHHA. 1109TOMY Tak»Ke Oy/IeM Mpe/IoaraTh, ITo

T
/ w(®)||*dt — min,
0

rae ||| — eBkangoBa HOpMa. TakumM 0GPA30M, MBI OJIyUaeM BapUAIIHOH-
HYIO 38729y O MUHAMyMe (DYHKIIMOHAJIA, SHEPIUU

T
J(y) = / 14y/(8) + By'(t — 7) + Cy(t) + Dy(t — )[%dt. — min  (3)
0
¢ kpaesbiMu ycaoBusamu (1), (2).
Iycts y € WHn(—7,T) — pemtenue papuanuonHoii sagaan (1) — (3) ,

e p € W (—7,0). O6oznaamm

W ={veW"(—r,T):v(t) =0,t € [-7,0] U[T — ,T]}.
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Tycrs v(t) € W — npomssosbHast (UKCHPOBAHHAS dyHKIUS.

Omnpepnenenne 1. Oynxumio y € WH"(—7, T) nasosem 06061IeHHBIM
pelieHneM KpaeBoil 3a1a49u

T (ATA+B"B) +y"(t —7)BTA+ T (t + 1) AT B + (4)
+y/T(t —1)BTC +yT(t + 7)ATD + /T (t)(BTD + ATC)+
+yT () (CTC + DTD) +yT(t — 7)DTC + yT(t + 7)CTD — /T (t)(CT A+
+DTB) —yT(t —7)DTA—yT(t+7)CTB =0,t € (r,T — 1)

¢ KpaesbiMu yesoBusivmu (1), (2), ecsin BBIIOJIHSAETCS yCIIOBHE
yT(ATA+BTB) +y/(t = 7)BTA+yT(t + 1)ATB e WH™ (7, T — 1)

u dyukuus y(t) yaoBiersopsier cucreMe ypaBHeHuil (4) u KpaeBbIM yCJI0-
susm (1), (2).

Vreepxaeane. Oyuxuus y € WHn(—7,T) apisercs o6061eHHbIM
pemenueM 3anaun  (4), (1), (2) rorza u TOJIBLKO TOrZA, KOLAA OHA YIO-
BJICTBOPAT UHTEIPAJTBLHOMY TOMKJIECTBY

Bly,v) = / (Y (ATA+ BTB) +y"(t - )BT A+

+y/ Tt 4+ 1)ATBW' (t) + [y’ (t — 7)BTC + y/'*'(t + 1) AT D+
+y/T(t)(BTD + ATC) +y* (t)(CTC + DTD) + 4T (t — 7)DTC+
+yT(t+7)CTD —yT(t)(CTA+ DTB) —y/(t — 1) DT A—
—y'T(t + 7)CT Blu(t)}dt =0

qist Beex v € OWL™(0, T — 1) u kpaesbim yeqosusm (1), (2).

Bbutu moJIyYeHbl CIIe/[yIoNHe Pe3yIbTaThL:

Teopema 1. Oynkuust y € W (—7,T) peamusyer MunumyMm hyHK-
muonama (3) ¢ kpaesbiMu ycsoBusimu (1), (2) Torja m ToJBKO TOrjIA,
KOTJIa OHa sABJIsieTCst OBOBIIEHHBIM perleHneM Kpaesoit 3amaaun  (4), (1),
(2).

Teopema 2. [z mo6oro ¢ € W™ (—7,0) cymecTsyer eJuHCTBEHHOE
o6o6mennoe permenne y € Wh™(—7,T) kpaesoit zagaun  (4), (1), (2),
[pH ITOM

[yllwrn(—r1) < ellellwin—r0;

rae ¢ > 0 1 He 3aBUCHUT OT (.
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About damping problem for control system with delay

A. S. Adkhamova, A. L. Skubachevskii
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Miklukho-Maklaya str. 6, Moscow, 117198, Russia

We consider damping problem for control system with delay described by the
system of differential-difference equations of neutral type, complete the proof
of the theorem on the relationship of the variational problem for the nonlocal
functionals and the corresponding boundary value problem, prove the existence
and uniqueness of generalized solutions of the boundary value problem for the
corresponding system of functional differential equations.

Keywords: control system with delay, nonlocal boundary value problem,
generalized solution.
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Abstract. Queuing systems with priority-based queuing disciplines are consid-
ered for heavy traffic conditions when utilization ratio is near 1. We analyze
properties of systems represented by models with infinite buffer capacity us-
ing simulation and analytical modeling. We offer a method to approximately
estimate metrics of such queuing systems using two moments of probability dis-
tributions of respective system parameters. To calculate sojourn time variation
(jitter) and estimate buffer capacity for a given loss probability, the multiexpo-
nential probability distributions are used for approximation.

Keywords: queuing theory, priority queues, infinite capacity queuing nodes,
utilization ratio, heavy traffic queues, queuing discipline, sojourn time, jitter.

1. Introduction

Analytical priority queuing models are typically used to analyze com-
puter networks with multiservice kinds of traffic that have varying Quality
of Service (QoS) requirements [1-3]. A request in such models usually
represents a protocol data unit (e.g. an Ethernet frame or an IP packet)
traversing a switch or a router which thus represents the server of the queu-
ing model. QoS requirements for each kind of traffic usually differ and are
typically represented as constraints on the following metrics: probabil-
ity of packet loss due to limited queuing buffer capacity, average sojourn
time and sojourn time jitter (delay variation in terms of [4]). To satisfy
these constraints individually for each class, different priority disciplines
are used, along with specific buffer space allocation policies.

Most of current results in the field (see [5,6]) are analytical models
for one-processor stationary multi-class queues with offered load below 1
with no means to calculate delay variation. At the same time, processes
in computer networks often impose non-stationary high loads on network
devices. In this paper we consider a queuing system to be highly loaded if
utilization parameter exceeds 0.9.

Simulation of highly loaded queuing systems has known convergence is-
sues. This can be illustrated using M/M/1 model in which an insignificant
increase of utilization parameter from 0,98 to 0,99 leads to an astonishing
two-fold increase of average sojourn time. It means that simulation results
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will have a very wide confidence interval. So the preferred method is an-
alytical modeling that allows getting either exact results or upper/lower
bounds for QoS metrics.

In real systems with high utilization, requests may be rejected due to
a limited physical buffer capacity thus leading to a low system efficiency.
Using infinite buffer capacity queuing models (IBCQM) to analyze such
systems is impossible because performance metrics in these models are
undefined for utilization parameter close to 1. On the other hand, using fi-
nite buffer capacity queuing models (FBCQM) is also problematic because
these models have a very limited scope: they exist only for exponentially
distributed inter-arrival and service times with no priority segregation.
Our idea is to use FBCQM to estimate buffer capacity of IBCQM for a
given upper bound of loss probability.

In this paper, multiclass single server priority queues with infinite buffer
capacity are considered for the so-called mixed-priority queuing discipline.
This discipline allows mixing non-preemptive priority (NPP) and FCFS
queuing rules within a single queuing system. It enables aggregating sev-
eral request classes into FCFS groups between which non-preemptive pri-
ority queuing may be applied. We analyze how performance metrics of
different classes depend on the utilization parameter. The metrics being
analyzed are average sojourn time, sojourn time jitter (delay variation)
and loss probability.

Examples of real-life systems that could be modeled by described queu-
ing systems are a network router and a data link in a computer network.
In the latter case, the model describes the process during which link layer
frames of different classes are waiting in a NIC buffer before being sent.
Since the QoS requirements of respective classes may to be different, one
has to use priority queuing in order to differentially satisfy individual re-
quirements.

2. Statement of the Problem

Consider a queuing system with H classes of requests each arriving ac-
cording to Poisson process with rates A1, ..., Ay per unit time respectively.
Service time 7, for requests of h-th class (h = 1,..., H) has a general

distribution for which at least three moments are known: b, = b}(ll), bf)
and bf’) : bff) = [ 75, dF (7, ), where F(7,) is the cumulative distribution

0
function (CDF) of 7, . Requests are serviced in the order defined by a
mixed-priorities matrix (see [7]): Q = [gi;] (4,5 =1,..., H), where ¢;; =1
if 4-th class has non-preemptive priority over j-th class and g;; = 0 if i-th
and j-th class form an FCFS (First-Come-First-Served) group. Matrix @
is considered consistent if

— elements in every row form a non-decreasing sequence as row index
increases;
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— elements in every column form a non-increasing sequence as column
index increases.

It means that higher class index always means lesser or equal priority.
Inside an FCFS group requests of all classes are serviced in the first-in-
first-out order. Assume also that all buffers for storing requests of different
classes have infinite capacity and the queuing system utilization parameter

H
Y approaches 1 from below. Note that Y = Y y, where y, = A\pby is
h=1
the load offered by requests of h-th class. In the described case (IBCQM)
utilization parameter is the same as offered load factor because buffer
capacity is infinite.

In [7], the described model is analytically solved in the form of Laplace
transforms for the sojourn time. Respective transforms can be used to
calculate any moment of sojourn time distribution. However, this solution
can’t be used if offered load is > 1. Using FBCQM is also hardly possible
because there is no analytical solution for an NPP queuing with limited
buffer capacity. Simulating such systems is extremely resource-consuming
because of convergence issues. So in this paper we had to use a combined
research approach to get analytical approximations for FBCQM and verify
them using simulation for a limited amount of baseline cases.

3. Analysis of Queues with Infinite Buffer Capacity

Using the approach offered in [7], we calculate mean sojourn time up,

and its second moment uf) for requests of h-th class as follows:

S A
i=1

2(1 - R,)(1 = Ry)

up = + bn, (1)
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where Rh = E 0,5¢in(3 — qin)\ib; and Rh = Z(l —0,5qn:(3 — qni)) Aibi
i=1
are loads cumulatlvely offered by all requests having priority higher than
h and by requests having priority not lesser than h respectively. Thus,
R = Rg) represents the total utilization parameter or the total offered
load.
Values u, and uf) can be used to calculate coefficient of variation (CV)

of sojourn time of the requests of h-th class: v, =1/ uf) — u% /up. Average

amount of requests inside the queuing system and second moment of that
amount for class h can be caluclated as follows (see [7]):

mp = )\huh;mf) = )\%Uf) + )\huh.

From that we can derive CV of requests amount of class h as v,,, =
vi +1/my. By using uj, and ugf) one can approximate distribution

function of sojourn time to calculate jitter (delay variation).

4. Analysis of FCFS Queues

In order to narrow the range of varied parameters we first analyze
non-priority case in which requests of all classes are serviced on a First-
Come-First-Served basis. Suppose that distribution of service time is the
same for all H classes in the sense of being defined by the same first three

moments of the service time distribution: b, = b,bgf) = b(2),b§5’) = b3,
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Figure 1. CV of sojourn time for FCFS queue

Sojourn time of all classes will also be the same given that all classes of
requests arrive according to Poisson process.

Using (1) and (2) we analyzed how CV of service time v, = vb(2) — b2 /b
influences sojourn time average and CV v,. On Fig. 1 we show how v, is
affected by total load Y for different values of service time CV. Presented
plots suggest that 1, depends only on utilization parameter, second and
third moments of service time. It means v, doesn’t depend on the first
moment of service time (apart from its contribution to utilization). As
utilization parameter approaches 1, the value of v, approaches 1 (dashed
line marks values of v, for v, = 1). For Y = 0,98 values of v, lie in the
range from 0,88 to 1,1 for v, < 10. In practice, any v, may be considered
pretty close to 1 for R > 0.9.

Note that the third moment of service time may significantly influ-
ence v,. For example, for two-phase hyper-exponential distribution of
service time, the third moment depends of the probability ¢ of chosing
one of the phases where 0 < ¢ < ﬁ (see [8]). For ¢ = 7 f”f the third

moment reaches its minimum at 5@ = b%) = 1,5(1 4 12)2b3. On Fig. 1

we also show how v, is influenced by b(®) for utilization parameter 0,9.

The plot also suggests that in a highly loaded system as v} increases
v, is also increasing almost reaches its asymptotic maximum somewhere
between 3 < v, < 5. A further increase of 1, does not affect v,. For
example, increasing b(®) ten-fold is unable to increase v, above 1,8 even
for big values of v,,. This enabled us limiting amount of further experiments
by varying v} in the interval between 1 and 5.

5. Analysis of Priority Queuing Systems

Assume a queuing system with H = 5 classes in which smaller class
index corresponds to a higher priority in the NPP queuing rule. Analyzing
formulae (1) and (2) one can see that sojourn time average and its standard
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Figure 2. Average and CV of sojourn time for different classes

deviation (SD) for class h don’t depend on inter-class priority assignment
of all other classes. In other words, any ¢;; (¢ = 1,...,H;i # h;j =
1,...,H;j # h) value doesn’t affect h-th class performance metrics. An
intuitive explanation for this fact is that the sum of service times of higher-
priority requests standing in the queue doesn’t depend on the order in
which they get serviced.

Another point is that both sojourn time average and its SD increase as
class index increases: we see that higher priority means lesser sojourn time
average and SD (left plot on Fig. 2). However, CV of sojourn time is not
always monotonous as may be seen on the right part of Fig. 2 where for
Y =0,99 the CV of service time significantly affects average sojourn time
whereas it almost has no influence on CV of sojourn time. Note also that
b®) affects high priority classes more than it affects low priority classes.

Next we analyzed the influence of offered load structure on performance
metrics. Suppose that total load is Y = 0,95 and per-class loads that
constitute Y form a decreasing sequence: y; = 0,8 > yo, = 0,08 > y3 =
0,04 > y4 = 0,02 > y5 = 0,01. On Fig. 3 we see that as v}, changes in
the interval from 1 to 5, the values of v, are almost left unchanged: their
relative difference is less than 3%.

On the contrary, changes of bf) (with b, and vy, being fixed) may reverse
the influence of priority on sojourn time CV': increasing priority may lessen

v, for small bgg) and decrease it for bigger bf). At the same time, the class
with the smallest priority doesn’t follow this pattern: v, ,—5 is almost not

influenced by bé?’). Besides that, when b®) = bgzn, CV of sojourn time of
the highest-priority class is much less than that of all other classes — this
is because highest-priority class offers the biggest load.

Suppose now that per-class loads that constitute Y form an increasing
sequence: y; = 0,01 < o = 0,02 < y3 =0,04 < yq4 = 0,08 < y5 = 0,8.
The least-priority class offers the biggest load. As shown on Fig. 3, CV
of sojourn time are almost not affected by CV of service time (just like in
the previous case). Increasing third moment of service time ten-fold leads
to a four-fold increase of sojourn time CV of the highest-priority class. At
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Figure 4. Sojourn time CV for varying load scenarios

the same time CV of the least-priority class approaches 1 independent of
service time moments. Also note that classes 1-4 have almost identical CV
of sojourn time — this is because respective classes offer a very modest
load.

A generalization of load structure influence is shown on Fig. 4 for v, = 1
and v, = 5. Each plot reflects three scenarios: a) loads decrease as priority
decreases: y; > y2 > ... > ys5 ; b) all loads are equal: y; = y2 = ... = ys;
c¢) loads increase as priority decreases: y; < y2 < ... < ys. The total
offered load is Y = 0,99 in all scenarios.

Scenarios a) and ¢) yield an upper and lower bound of sojourn time
CV range respectively. Scenario b) yields a curve in between a) and c) as
expected. As CV of service time is increased, the range of sojourn time CV
decreases at the expense of the lower bound with upper bound almost left
unchanged. An interesting point in scenario b) is that CV of sojourn time
of the least-priority class is unexpectedly less than that of higher-priority
classes. Besides that, least-priority class CV of sojourn time approaches 1.
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6. Estimating Jitter in Priority Queuing Systems

Following the approach offered in [4], we define jitter (delay varia-
tion) of sojourn time .J,, as upper bound for (1 — d)-quantile of so-
journ time probability distribution minus the minimal value of sojourn
time (often considered 0). Upper bound of jitter J,, < T, can be de-
termined using equation F,, (Ty,) = 1 — 05, where F,, (7) is cumula-
tive distribution function (CDF') of sojourn time, J, is the probability of
sojourn time exceeding T,,. For example, for exponential distribution
Fu, (Ty,) = 1 — exp(=Ty, /un), so jitter is T,,, = —uy, Indy, where uy, is
the average sojourn time. In computer networks 8, = 1073, so exponential
jitter is Ty, ~ 6, 91uy,.

To estimate J,, the following two-moment approximation is possible
using formulae (1) and (2). Values up, and v, can be used to approximate
CDF of F,, (1) by first two moments using one of the multi-exponential
distributions: 1) Erlang distribution for v, < 1; or 2) hyper-exponential
distribution for v, > 1 (see [8]).

For vy, < 1, Erlang distribution with shape parameter & (k = 1,2,...)
approximates a chosen probability distribution by selecting k as follows:
k = ceil(1/v?), where ceil(x) returns the nearest integer not less than .
This allows to get an upper-bound approximation for T, by solving the
equation Fy, (Ty,) = 1 — 0y for respective Erlang distribution. E.g. for
§n = 1073 and different k we get T, ~ 4,6u; (for k = 2,v, ~ 0,71),
Tu, =~ 3,74uy, (for k = 3,vp, =~ 0,58), Ty, =~ 2,27uy (for k = 4,v, = 0,5)
and so on.

For v, > 1, hyper-exponential distribution approximates a chosen
probability distribution using the following CDF: Fj, (1) = 1 — ge~ /%,

2
where ¢ = ﬁ and t = %uh (this turns out to be the Cox distribution

which is a special case of hyper-exponential distribution). After solving
the equation F,, (Ty,) = 1 — 0p, we get this (see also [8]):

Tw, = —0,5(1+v2)1In (0,50, (1 + v))up,. (3)

Offered analytical model allows to estimate average sojourn time wuy,
and its jitter J,, < Ty, , but doesn’t allow to estimate probability loss mp,
for a given class h in an FBCQM. Exact analytical solution is only possible
for queuing systems that can be represented by a Markov process. In
general case, however, only rough estimation methods have to be applied.
We offer one such method that is based on estimating buffer capacity
of FBCQM using an existing analytical model for IBCQM in which we
calculate such queue size that is not exceeded with a given probability
equal to 7,. Resulting queue size is than used as an approximation for
buffer capacity in FBCQM that ensures required loss probability 7.
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7. Estimating Buffer Capacity in Priority Queuing Systems

The offered method implies two-moment approximation of amount of
requests CDF. As before, Erlang and hyper-exponential distributions are
used. Doing so we have to interpret the amount of requests as a continuous
random variable (whereas it is inherently discrete) because existing discrete
distribution functions (e.g. Negative Binomial) don’t allow to solve the
problem explicitly.

In case of the Cox distribution the following formulae (analogous to
(3)) was derived to estimate the maximal amount of requests that can be
exceeded with probability less than 7j,:

My, = ceil (—0,5(1 +v2, )In (0, 5m, (1 + 12, ))my) .

So if buffer capacity Ej for class h is greater than or equal to My,
then we expect loss prabability for class h to not exceed 7. However,
this is a rough two-moment approximation. In order to use three-moment
approximation one may have to use normal-distribution approximation
proposed in paragraph 8.2.4 of [4]. To do so, however, one would have to
derive a formula for the third moment of sojourn time from [7] by analogy
with formulae (1) and (2).

8. A numerical example

Effectiveness and correctness of the offered approach of estimating
priority-queuing metrics was confirmed by multiple simulation experiments
using GPSS World environment. We present one such experiment here.

Consider a queuing system with 5 classes of requests each arriving
according to Poisson process with rates 0,05; 0,025; 0,01; 0,008 and 0,005
per second. Average service time is the same for all classes: 10 s. Total
offered load is thus 0,98. CV of service time is 0,5; 0; 0,7; 1 and 2 for
respective classes. Third moments of service time are 1000; 1000; 1000;
6000 and 37500 s respectively. NPP queuing discipline is used with the
following priority-assignment rule: higher class index corresponds to lower
priority.

Table 1 is used to present performance metrics that were obtained
using three different methods under assumption that the following loss
probability constraint is used: 7, < 0,001 = 0,1%. Method 1 is based
on the offered approach described in previous sections. Method 2 is based
on using Chebyshev’s inequality to estimate upper bound of respective
performance metrics. Method 3 is based on simulation in GPSS World
environment and is aimed at verifying correctness of Method 1 (500 million
transactions were used to get the result so confidence interval is too narrow
to be shown).

In table 1 one can see that loss probabilities calculated by Method 1 for
each class are guaranteed to be less than the chosen constraint for 7. Note
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that Method 1 allows to improve the accuracy of buffer capacity estimation
up to several times as compared to Method 2. This conclusion is not
weakened if Vysochanskij—Petunin inequality (extension of Chebyshev’s
inequality for unimodal distributions) is used to estimate buffer capacity
in Method 2.

9. Conclusions

The purpose and main novelty of the paper was to offer an analytical
solution for QoS-based computer network metrics of a priority queuing
model in heavy traffic conditions. Problems of simulating highly-loaded
priority queuing systems require development of analytical methods to
calculate different performance metrics. As a result, several analytical
approximations were offered to estimate jitter (delay variation), average
sojourn time and required buffer capacity for heavy traffic case. Besides
that, an exact solution was developed to calculate first and second moment
of sojourn time.

Table 1
Comparison of Simulation Results with Proposed Approximations

Requests class index
1 2 3 4 5
Average sojourn time (s) 24,3 | 67,4 | 201,2 | 692,9 | 51314

Average amount of re- | 1,22 1,68 2,01 5,54 25,66
quests

Performance metric

CV of sojourn time 0,60 | 0,92 1,15 1,19 1,23
CV of amount of requests | 1,09 1,20 1,35 1,27 1,24
Sojourn time jitter (s) 120,6 | 435,8 | 1583,7 | 5634,4 | 42986,2
Buffer capacity FE; for 10 14 19 48 218

m, = 0,1% according to
proposed approximations
Buffer capacity for m, = 42 64 86 222 1009
0, 1% according to Chebi-
shev’s inequality

Loss probability (%) ac- | 0,041 | 0,071 | 0,082 | 0,058 0,026
cording to simulation for
buffer capacity Fj
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Amnnoranusa. C suegpenuem cranmapra NB-IoT oneparopsr Tpagumonsoit co-
TOBOI CBSI3W CMOTYT HOJKJIIOYUTH K CBOMM CeTsIM COTHHU Thicsid [oT-ycTpoiicTs.
IIpenmnonaraercs, aro ceru NB-IoT naiijyT mmpokoe npuMeHEHUEe B PEIIeHUSIX
JJIsl YMHBIX TOPOJIOB, YMHOM YTHIN3AIMN MycOpa U MHOTUX JAPYTUX 33a7a4. B pa-
0oTe IpeyIOXKeHa aHAIUTHIECKAs MOJENb /I AHAJIN3a OCHOBHBIX ITOKa3aTesei
sddexkTuBHOCTH (hyHKIMOHUpPOBaHus OecripoBoanoit cetn LTE ¢ mommepkkoit
NB-IoT, a umeHHO, BEpOSITHOCTH TIOTEPU COODIIEHUSI U CPEJTHETO 3HAYEHUS Bpe-
MEeHU 33JIep>KKH COOOIIEHUsT B cucTeMe. J[Jist MoJie/in IpeICTaBIEHbI PE3YJIBTATHL
YHCJIEHHOTO 9KCIEPUMEHTA It COT ¢ pajauycoM mokpbitusa 10 u 30 xmiomer-
pos. llpemioxkennass MaTeMaTwIecKass MOJETb MOYXKET OBITh WUCIIOIB30BAHA IS
aHAJIM3a XapaKTEPUCTUK paccMaTpuBaeMoil Texnonornu VHTepHeTa Bereit B Te-
JIEKOMMYHUKAITMOHHBIX CETSIX.

Kuarouessle caoBa: Uuarepner semeit, NB-IoT (Narrowband IoT), mogens cu-
crembl, LTE (Long Term Evolution).

1. Bsenenune

Huskoe suepromorpebiienue, JoCTynHAS [EHA JATINKA, BBICOKAS TAJIb-
HOCTB Tepeiadn PaJIMOCUTHAJIA, & TAKZXKE MOIEePKKa OOJIBIIIOr0 YUCIa CO-
€JINHEHUIl SIBJISIIOTCSI OCHOBHBIMU TPEOOBAHUSIMHU K OECIIPOBOJIHON CeTH C
nogepkkoit Murepuera semeit (Internet of Things). Jdns takux tpe6o-
BaHMil pazpaboran HOBLIN Tun cereit NB-IoT, mmst KoTopoit mporece cran-
Jmaprusanun 3asepineH (B utoe 2016 roga) u 9ta TeXHOIOrHs ODUIUATEHO
sriiodena B LTE Rel. 13 [1,2]. NB-IoT MmokeT GbITh OTHOCHTEIHHO JIETKO
BHEJIpEHA B CyIIeCTBYIoNe cetu coToBo# cBa3u LTE, 1o6aBisis HECKOJIBKO
HOBBIX KATErOPHUil yCTPOICTB, PA3PA0OTAHHBIX CIENUAIBLHO C IEJIHI0 YMEHb-
IIEHUsT CJIOYKHOCTH OKOHEUYHBIX YCTPOHCTB. UTOOBI JTOCTHYDb HEOOXOMMMOM
3ddekTuBHOCTH, MUPUHA OECITPOBOIHOTO KaHaJsa Oblaa cHuKeHa ;10 180
k['1, ¥T0 MO3BOIMIIO TONTyunTh ycuitenne curnasia Ha 20 n1b. lanabe us-
MEHEHUsI II03BOJISIIOT 3HAYUTE/IBHO yBEJIUIUTh 3(MPEKTUBHYIO JTAJbHOCTD
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Puc. 1. Mogens cucremsr NB-IoT

mepesiain HeOOIBIMUX 0OBHEMOB JAHHBIX JJIsl MAJIOMOIIHBIX YCTPOMCTB U
TIOBBICUTh UX aBTOHOMHOCTb PabOThI OT Oatapen j1o 10 u Gosee jeT B 3a-
BHCHMOCTH OT CIIEHADPUS [TPUMEHEHUSI.

B pabore nposegen anaan3 mpousBoauTeabHocTH TexHogornn NB-IoT
C TOYKHU 3peHHnd BEPOATHOCTHBIX XapPaKTEPUCTUK O6C.}'[y)KI/IBa.HI/ISI7 TaKUX
KaK BEPOSATHOCTD ITIOTEPHU COOOINEHNUsI, PACIIPEIE/IEHNE U CPETHsIA 3aePKKa
coobiienust B cucreme. IlpecraBieHHast MOMEIb MO3BOJISIET OMPEIETUTD
JMANa30Hbl HAIPY30K IIPU KOTOPBIX BBIIOJHAIOTCH 33/ IaHHbIE ITapaMeTPhI
KavIeCTBa 00CJIyKUBAHUS yCTPOUCTB.

2. Mogeanb cucreMbl

Paccmorpum crienapwuii, mpejcrasiennbiii Ha Puc. 1.IIpemmosoxum,
9TO 30HA OOCTYKUBaHUA 0A30BOY CTAHIINKM MMeeT (POPMY OKPYKHOCTH C
pamgumycom R ¢ paBHOMEpPHO pacipele€éHHbIME B Heil N ycTpoiicTBaMu.
[LroTHOCTH JaTamkoB Ha 1 KMm? ompenenserca dopmynoit o = N/mR2.
MHTeHCMBHOCTD TOCTYILICHUST 3asBKU OT OJHOTO yCTpO#CTBa OymemM 00o-
3Hadarh A¢;. Torma A; = A\A MHTEHCHMBHOCTH IIOCTYIIJIEHHS COOOIIEHMIMA
OT OJIHOTO yCTPOUCTBA 3a CJIOT, Tie A — AauTebHOCTD ogHoro Kajapa LTE.
Jatynku oTnpasisgior coobrnenne pazmepom 100 6ut. Takum obpazom, fj1st
epeiatu Jr00ro coodbmenus: Tpedyercs: oguu pecypcubiit 610k NB-IoT.

AHnaju3 onmcaHHOW B pasjelie CHCTEMbI IIPOBEIEH C IIOMOIIBIO CHCTe-
MBI MACCOBOTO ODCITY KUBAHUSI B JINCKPETHOM Bpemenu. CyMMapHBIil TOTOK
TOCTYTIJIEHUsS COODIIEHN OT BCeX MATIYNKOB 30HE O0OCTyKUBAHUS COTHI SB-
JISIETCSI IIyacCOHOBCKUM ¢ mHTeHCHMBHOCTBIO A = N ;. Iloxg NB-IoT BbIIe-
sgstercst K = 6 X 12 = 72 BupryaJbHbIX KaHaja B OHOM cjore. B urore mo-
JIeJINPYETCS CUCTEMa MACCOBOTO OOC/IY2KUBAHUSI B JIUCKPETHOM BPEMEHU C
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CPYIIOBBIM MTOCTYIJIEHHEM U OOCTyKUBaHUEeM coobmieHuii. /[ TuTebHOCTD
00CITyKUBAHUS KAXKJIOM 3asIBKY ITOCTOSTHHA.

Coo0l1IeHusT TTOCTYMAIOT B CHCTEMY B MOMEHT BPEMEHU HEIOCPEICTBEH-
HO TIepe;]; OKOHYaHueM cjioTa. OOC/IyKUBAIOTCs 3asiBKY IPYIIIIAME Pa3Mepa
He OoJiee, 4eM INTYK, OKOHYAHUE OOCIIYyKUBAHIS I'PYIIIIbI IPOUCXOIUT B MO-
MeHT OKOHYaHusI cjiora. COCTOSTHUE CUCTEMbBI PACCMATPUBAETCST B MOMEHT
BPEMEHM HEIOCPEJICTBEHHO IMOCJe OKOHYAHUS ODC/Iy’KUBAHUS OUEPETHON
rpyunsl. [Ipr 3TOM BHOBB HpHIIIEIIIE 3asiBKA HE MOI'YT MOMEHTAJIBHO I10-
CTYIHUTh Ha OOCTyKUBAHUE B CJOTE, B KOTOPOM OHH HPHUIILIN, & OyayT 00-
CJIy?KEHBI TOJIBKO B CjleyomeM. ['pymmna u3 ¢ cooOIeHuit, MOCTYUBIIas B
CHCTEMY, B KOTOPOIl y2Ke nmMeeTcs k COOOIEHNI, IPUHIMAETCS IIOJIHOCTBIO,
ecin k + i < L, B mporuBHOM caydae k + ¢ — L coOOIIeHuit u3 TpyIIbl Te-
psieTcsi.

st onmcaHHO CUCTEMbl AHAJM3UPYIOTCS PACIIPE/IETIEHIe BEPOSITHO-
creil morepu i COOOIIEHNUI, cpe/iHee 3HAYEHNE BPEMEHH 3aJIePKKH COODIIe-
HUsi B cucteMe. J[aHHble 3HAUEHNS IO3BOJIAIOT BHIOUPATD ILJIOTHOCTH CEHCO-
POB TakuM 06pa30M, ITOOBI 0OECIIETNBAINCH TPEOOBAHUS 110 JOCTABKE CO-
OOITNIeHNsT B IIpeJieiax 3aJaHHOTO WHTEPBAJa BpeMeHu. Takke Ceayer OT-
METHUTb, YTO 3aJeP:KKa HESIBHO BJIMSET Ha SHEProdd@HEeKTUBHOCTH PAbOTHI
CeHCOopa, OIpeJIeisisl CpejHee BpeMsl HaXOXK/ICHHsT B PEYKUME TTOBBIIIEHHOTO
SHEPromoTPEOIIEHNST TIOKA CEHCOP OXKUIAeT HAYAJIA [TEPEIAatn JAHHDBIX.

3. 3akirouyenue

B mpencrasiennoit pabore, MCIOMB3ys allapaT TEOPUH OvYeperneii B
JIMCKPETHOM BPEMEHU, ITOCTPOEHA MOJIE/b OOC/IY>KUBAHUs COODIIEHUIT TeX-
nomorun NB-IoT. Jlnsg mpemioKeHHOW MOMENN TOJYIeHBI BEPOSITHOCT-
HbIE€ XapaKTEPUCTUKU OOC/Iy’KUBaHUS, BKJOUYAS DPACIPEIe/ICEHAe KOJIIIe-
CTBa IOTEPSHHBIX COODINEHUI, BEPOATHOCTD IIOTEPH COOOINEHUSI, PaCIIpe-
JleJIeHne U cpegHee BpeMs OOC/TIyKUBAaHUS OHOTO coobmenus. [IpuBenensr
YHUCJICHHBIE Pe3YJIbTAThI g coT pajamyca 10 m 30 kumomerpos. Ilpemnmo-
JKEeHHAas MOJIEJIb MOYKET ObITh UCIIOIHL30BAHA JIJIS OIPEACTICHNIST MaKCUMAIb-
HOT'O JIOILyCTUMOI'O KOJIMYECTBA CEHCOPOB B 30HE IOKPBITHS OIHON COTHI IIPH
3aJIAHHBIX [TApaMeTpax KadecTBa 00C/IyKUBaHUS.

BuaaromapuocTtu
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In this paper we develop an analytical model for recently standardized NB-IoT
technology. For the proposed model we derive the probability of message loss as
well as the distribution and the mean value of the message delay in the system.
We then proceed illustrating the numerical results for cells of different sizes. The
proposed model can be used as a baseline for analysis of the NB-IoT technology
deployments and its various improvements.
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CranuoHapuble perlieHusi ypaBHeHuit BiacoBa ais
BBICOKOTEMIIEPATYPHOU NBYKOMIIOHEHTHOI I1JIa3Mbl

FO. O. Bessena*, A. JI. Ckyb6aueckuii*

* Kagedpa npuraadnoli mamemamuruy,
Poccutickuti ynusepcumem dpyotcbo. Hapodos,
ya. Muxayzo-Maxaas, 0.6, Mockea, Poccus, 117198

Amnnoranusi. PaccmarpuBaercs niepBasi cMeliaHHast 3a/1a49a JIjisi CUCTEMBbI yPaB-
nenuit BiracoBa-Ilyaccona B 6eCKOHEYHOM IHUJIUHJIPE, ONMMCHIBAIOINIAST IBOJIIOIIAIO
IJIOTHOCTEN PACIIPE/IeJIEHNSI HOHOB U 3JIEKTPOHOB B BLICOKOTEMIIEPATYPHO 11J1a3-
Me I[IpY HAJIMYHUK BHEIIHEro MarHuTHOro mouisd. [locTpoens! crarmonapHbie perie-
HUSI C TPUBUAJBHBIM ITOTEHIIMAIOM CAMOCOTJIACOBAHHOIO 3JIEKTPUYECKOTO ITOJIst
C HOCHUTEJISIMU TLIOTHOCTEN PACIIPE/Ie/IEHUST 3aPsI?KeHHBIX YACTHUI] BO BHYTPEHHEM
UTIHHIPE.

KuaroueBbie ciioBa: ypasHeHwmit Bitacosa-lIlyaccona, cmernannas 3ajada, cTa-
IIMOHAPHBIE PENIEHNs, OJHOPOIHOE MArHUTHOE II0JI€.

1. Bsenenne

VpaBuenusi BiacoBa, wiy KUHETHYECKHE YPaBHEHUsI C CAMOCOIJIACO-
BaHHBIM TI0JIEM, BIEPBbIE Obutn mosydeHbl B 1938r B paGore [3]. B na-
CTOsIIee BPEMsI OHU TIPEJICTABJISIIOT OJHY U3 HAMOOJee M3BECTHBIX MaTe-
MaTUIeCKUX MOJIejiell KWHeTHYeCKOi Teopuu razos. llomysisipHOCTB 9THX
YPaBHEHUI CBsI3aHa MPEXKJIe BCETO ¢ MHOTOYNCIEHHBIMU TPUIOKEHUSIMUA,
CpeJii KOTOPBIX HAMOOJIBINNI MHTEPEC BHI3BIBAECT HCIIOJIB30BAHUE ypaBHE-
Huii BiracoBa B M3y4eHUM BBICOKOTEMIIEPATYPHOM, Pa3peKeHHON I1JIa3Mbl
U TPEXKJIE BCEro IPOIECCOB yIPABJICHUS TEPMOSIEPHBIM CHHTE30M. [U10-
GaJibHasI Pa3peInMOCTDb “CrIaXKeHHBIX ypaBHeHmit BiiacoBa mcciaenoBaHa
B paborax P.JI. Hobpymmuua u B.II. Macnosa [6, 8]. CymecTsoBanue u
YCTONYIMBOCTH CJIabbIX PENIeHN HAYAIbHBIX U HAYAJIBHO-KPAEBBIX 3318
ans cucreMbl ypaBHenuit Binacosa—Ilyaccona n Bnacosa—Makcseia ugy-
qajmuch B paborax A.A. Apcenbera, B. B. Koszsosa, P./Ix. Tullepua u
I1.J1. JIuoncom, FO. Beknepowm [1, 7, 5, 12] u up. Boupoc o cyuiecrBoBa-
HUU TyIOOAIbHBIX KJIACCHMYECKUX perneHuil 3agadn Ko s ypaBHeHMit
Baacosa—Ilyaccona ucciemnosasicst B paborax FO. Barra, K. Ildaddens-
mozepa u Ix. eddepa [2, 9, 10] u paue apyrux pabor. CymecrBoBanue
KJIACCHIECKUX PEIeHnil Hav9aIbHO-KPAaeBbIX 3ajad s ypaBHeHuit Bira-
coBa—Ilyaccona uccienoBaHo B 3HAYNTEIBHO MeHbIIeil cremeHu. B pabore
d. Tyo [4] noxasano cymiecTBoBaHUE ITIOGAIBHOIO KJIACCHIECKOIO Dellle-
HUsI BTOPOI HAYAJIbHO-KPAEBON 3aJladu Jjis CUCTeMbl ypaBHeHuii Biraco-
Ba—IIyaccona B momynpocrpanctse. A.JI. Ckybauescknm [11] 6bur Oy 1€H
pe3yJIbTAT O CYIIECTBOBAHUU U €IMHCTBEHHOCTH KJIACCUIECKOTO PEIICHUS
B HEKOTOPOH OKPECTHOCTH CTAI[MOHAPHOI'O PEIeHUs] ¢ HOCUTEJISIMU ILJIOT-
HOCTEH pacIpe/ie/ieHns 3apsi?>KeHHBIX YACTHUIL, JIEXKAIUMI Ha HEKOTOPOM
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PACCTOSTHIY OT IUJINHIPAIECKON IpaHuIbl. B mpempcrasienHoit pabore mo-
CTPOEHBI IIPUMEPHI CTAIIMOHAPHBIX PEIIeHUIT ¢ TPUBUAJIBHBIM HOTEHITNAIOM
CaMOCOIVIACOBAHHOTI'O JIEKTPUYECKOI'0 I10JIS.

2. OcHoBHasI 4acThb

Paccemorpum cucremy ypasuenuit BiiacoBa—Ilyaccona B beckoneaHOM
[AJIAHJIPE

—Acp(xt—47re/26f (z,v,t)d (xeQ, 0<t<T), (1)
orP
N O G R vvfﬁ) =0 )

(reQ, velR? 0<t<T, f==+1)

C HAYaJIbHBIMU YCJIOBUAMN

FPlavt)),_,= @)  (z€Q, veR’, g=1+1) (3)
" KpaeBbIM ycioBueM lupuxire
o, t) =0 (xedQ, 0<t<T). (4)

3aecy Q = GxR, G C R? — orpaundennas obracTs ¢ rpanueii 0G € C™,
0Q = 0GxR, f8 = fP(x,v,t)— OyHKIUA IUIOTHOCTU pACIpEIEIIeHIsT
HOJIOKUTEIHHO 3aPAKEHHBIX UOHOB, eciu 3 = +1, u 3JIeKTPOHOB, ecju
B = —1, B TOUKe Z €O CKOPOCTBIO ¥ B MOMEHT BpeMeHHU t; ¢ = ¢(x,t) —
MOTEHIMAJ CAMOCOTJIACOBAHHOTO 3JIeKTPUIecKOro mnoJs; V, u V, — rpajiu-
€HTHI 110 T ¥ ¥, COOTBETCTBEHHO; M1 U 1M _1 — MaCChl HOHA U 3JIEKTPOHA;
€ — 3apsAJl 3JEKTPOHA; ¢ — CKOPOCTh CBeTa; B — MHIyKIs BHEITHEro Mar-
HuTHOTO TIOgis; (-, - ) — CKasgpHoe Tipomssesienue B R3; |- -] — BexTopHOE
npousseieHne B R3.

Iycrs B,(zg) = {x € R®: |z — zo| < p}, u nycts B, = B,(0), Torma
|B,| = 4mp?/3.

Just onpesiesiennst Kiaccudeckoro penternst 3agaqu (1)—(4), BBesieM Heko-
Topbie (DYHKIMOHAJNbHBIE npocrpancrBa. O6osmaunm uepes C¢(R™)
(C*(Q)), s > 0, n € N, npocrpancrso ['é/1b1epa HelmpepbIBHBIX DyHKIIi
B R™ (Q), nmMeromux Bee HempepbIBHBIe Tpon3Boanble B R™ (Q) BtoTs 10
k-ro nopszika, k = [s], ¢ KoHeYHON HOPMOIi

|lu||s = max sup |[D%u(x)|, ecoms=keZ, 0<k,
la|<k 2

llulls = |lulle + |ulo, ecmus=k+o0, 0<keZ 0<o<1,
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rae 2 C R™ — obnacrs ¢ rpanuneii 92 € C°° wm mummbap Q = GXR C
C R3,

july = max sup |z — 317 [D*u(a) - Du(y)|

AI=r zty

o\ 9\
Da< ) < ) ) Oé:(Oéla...,Oln), |a|:a1++an

oz, Oy,

onoxxum C(R") = COR"™) u C(Q) = C°Q). Amamormano Mb MO-
sxeM BBecTn mpoctpanctso CH(QxR3x[0,T]), cocrosimee U3 Hempepbis-
HBIX, OIPAHUYEHHBLIX (DYHKIHMI, UMEIONHUX HEIpEepPBhIBHBIC, OrPAHUICHHBIC
POM3BOIHEIE TTepBoro mopsaaka B QxR x[0, 1.

Onpeaenenne 1. Bexrop-dbynxmmo {p, %1, » € C([0,T],C217(Q)),
P e CHQxR3 x [0,T]), Mbl HA30BEM KJIACCHYECKHM DEIIeHHeM 3a,1a-
an (1)-(4), ecmm {, f?} ynosnersopsier ypasmennsm (1), (2), HagansbHbM
ycnosusiM (3) u KpaeBoMmy ycioBuio (4).

Baxkuyio poJib B HCCICIOBAHUN ypaBHeHuit BiiacoBa UTpaioT CTAIMOHAP-
HBIE DeIeHHUs.

Onpenesenne 2. Bekrop-dyskimo {@, fOB}, ¢ € C(Q), /8 e
CH(QxR?), MBI HA3OBeM cTalMOHAPHBIM permenuem ypasennit (1), (2) ¢
KpaeBbIM ycioBueM (4), eciu {, fﬁ} VIOBJIETBOPSET yPABHEHISAM

~Ag(w) = ame [ 351w v)dv (v €Q),
Rs B
(Uavmfﬁ) + % <_vm¢+ i[U;B]vvva> =0 (SE € Qa v e RB? B = i]‘)
B

U KPaeBoMy YCJIOBHIO (4).
CdopmynupyeM Tenepb yca0BUsl, KOTOPBIM JIOJIZKHBI Y/IOBJIETBOPATD Mar-
HHUTHOE ToJie B ¥ HadajbHBIE DACIPEIEICHUS IIOTHOCTEH 3apsiKeHHBIX

qacrun f (2, v). O6osuauny G5 = {2’ € G : dist(z',0G) > 6}, Qs = {z €
Q : dist(z,0Q) > 6}, tne § > 0. IIpexnomnarasi, uto Gas # 0, obo3HauHM
4epes g = 0p(0) > 0 mambosbluii paguyc Kpyra, BIucaHnaoro B Gog.

Veaosue 1. Iyers B = (0,0,h) aaa o € Q, tae h > 0 He 3aBUCAT OT T I

cpmay
ed

YcaoBue 2. Ilycrs féa € C°(QxR3) — meorpunarenbuble GyHKIME, U

IIyCTh suppfOﬁCQQ(; X B, 4, tme p > 0 69 > 6.

B pab6ote [12] 6bu1 101y9eH CIeayIonui pe3ysibTar:

32 < h.
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Teopema 1. Ilycts 6 > 0 takoBo, uro Gos # & u dg > 0, U MyCTh JJIst
9TOro § u HEKOTOPHIX A, p > 0 BbIONIHsIeTCsT yesroBue 1. Torma jist Jir06oro

« > () cymecTByeT CTAIMOHAPHOE DENICHUE YPABHEHNUIT ¢ KPAeBbIM yCIIOBU-
em (4) {0, fP}, obnamatomee ceyromuvu coiictsamit: ff € C°(QxR3),

suppf? C Qa5 B,

OcHOBBIBasICh Ha TeopeMe 1 M UCIOJIb3ysl METOJ, HEOTIPEIETIeHHBIX KO-
GUIMEHTOB TIOJIyYeH PE3YJIbTAT:

Caeacrue 1. IlycTh BBIIOJHEHBI yCIOBHSA TeOpeMbl 1, Torma GyHKIun

{071316]‘225} u {O’ngﬁfo?)ﬁ}v rae
A7 (@ 0) = v (0P?),
4 4
J;2ﬂ($ﬂf) = ¢§ ((ﬁehﬂh + 3112) + (Mfﬂz - 501) ) ,
Cm,g Cm/g

2m 2m
Jg3'8(3?7v) = ¢§ ((ﬂeile +5U2> + (ﬂei;@ - 501) > ;

cm cm

SBJISIIOTCS CTAIMOHADHBIME PEIIEHUAMU cucTeMbl ypasuenuii (1)-(2), yao-
BJIETBOPAIOMUME yeaosmio (4) n obiasator ceoiictpamu: 2 € C(QxR3),

Suppfoﬂ C Q25XBp/4~ BrHer folﬁ(xvv)v fDQH(va)v f3ﬂ(x7v)' HEOTpUIATEIb-
Hble YeTHbIe (DYHKINU, TAKHE, ITO wf, 1/)5, 1/)?6(.700 (R), 1/){3 (0):1115 (0)=
=y (0)=1, suppyy' C (—p.p3), tae p1 = (15p80/d), suppyy' C

(—p3,p3), Tae p2 = (15p80/d)?, supps' C (—p3,p3), Tae p3 =
(15p80/3)™.
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We consider the first mixed problem for the Vlasov-Poisson equations in an
infinite cylinder. This problem describes the evolution of the density distribution
of ions and electrons in a high temperature rarefied plasma under an external
magnetic field. In the present paper we construct stationary solutions of the
Vlasov-Poisson equations for a two-component plasma with trivial potential of
the self-consistent electric field.

Keywords: Vlasov-Poisson equations, mixed problem, stationary solutions,
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Abstract. Transport systems was studied using neural networks technology.
Neural networks (NNs) capability of mapping the nonlinear functions of vari-
ables describing the behaviour of objects and the simplicity of designing their
configuration favours their applications in transport. This paper presents rep-
resentative examples in the scope of prediction of road traffic parameters, road
traffic control, measurement of road traffic parameters, driver behaviour and au-
tonomous vehicles, and transport policy and economics. The features of the
solutions are examined. The review shows that feedforward multilayer neural
networks are the most often utilised configurations in transportation research.
No systematic approach is reported on the optimisation of the NN configurations
to achieve a set level of performance in solving modelling tasks.

Keywords: transportation problem, economical process simulation; dynamics
of complicated systems, neural networks.

1. Introduction

The solution of problems of mathematical simulation of complex trans-
port systems at this stage is more difficult because of the large amount of
data that must be analyzed [9]. For example, a huge number of possi-
ble options of traffic makes it difficult to obtain sufficient economical plan
through empirical or expert. Application of mathematical methods and
computing in transport planning gives considerable economic benefit. The
transportation problem can be solved by simplex method but the matrix
of the constraints of the transportation problem is often so complex that
its solution developed special methods. These methods, like the simplex
method, allows to find the initial reference solution and then improving it
to an optimal solution, but this approach is costly.

The recent research of the dynamics of complex systems using neural
networks. A model for a large network of "neurons" with a graded response
(or sigmoid input-output relation) was studied [5]. The idea was used in
biological systems was given added credence by the continued presence of
such properties for more nearly biological "neurons". In the paper [2] [3]
was given existence and uniqueness results for the equations describing the
dynamics of some neural networks for which there were infinitely many
cells. Such system was considered and neural nets which were modelled
were described by the infinite system of ordinary differential equations.

Haiying Huang, Qiaosheng Du and Xibing Kang [6] studied a class
of neutral high-order stochastic Hopfield neural networks with Markovian
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jump parameters and mixed time delays. In paper [11] Xiao Liang, Linshan
Wang, Yangfan Wang and Ruili Wang focused on the long time behavior
of the mild solution to delayed reaction-diffusion Hopfield neural networks
(DRDHNNS) driven by infinite dimensional Wiener processes. They ana-
lyzed the existence, uniqueness, and stability of this system under the lo-
cal Lipschitz function by constructing an appropriate Lyapunov-Krasovskii
function and utilizing the semigroup theory.

In the paper Hanialhossein Abolfazli, Seyed Masoud Asadzadeh,
Salman Nazari-Shirkouhi, Seyed Mohammad Asadzadeh, Kamran Rezaie
[1] presented the application of time series and artificial neural network
for improvement of energy forecasting in rail transport section. Sustekova
D., Knutelska M. [10] investigated possibility of using neural networks
in the road transport, the advantages and disadvantages of using neural
networks, brief description of neural networks — definition and basic ele-
ments. Rahman S.A.,; Ansari M.S., Moinuddin A.A. [8] explored a problem
of minimizing a linear cost function subject to linear constraints. They
employed non-linear feedback, in the form of unipolar comparators, to
introduce transcendental terms in the energy function ensuring fast con-
vergence to the solution. The proof of validity of the energy function was
also provided. The hardware complexity of the proposed circuit compared
favorably with other proposed circuits for the same task.

In this paper [7] a modified Hopfield network was developed for solving
linear programming problems. The internal parameters of the network
was obtained using the valid-subspace technique. A complexity analysis
between the main neural networks used in linear programming was also
developed.

In this work, based on detailed analysis of the basic methods of numeri-
cal simulation of the transport task using the technology of neural networks
for the transport systems built a mathematical model taking into account
the cost. This paper presents a recurrent neural circuit for solving linear
programming problems using methods from [7].

2. The Modified Hopfield Network

Besides providing a new approach for solving linear programming prob-
lems, artificial neural networks provide a method for exploring intrinsically
parallel and adaptive processing architectures. In this paper, a modified
Hopfield network with equilibrium points representing the problem solu-
tion has been developed. As introduced in [5], Hopfield networks are single-
layer networks with feedback connections between nodes. In the standard
case, the nodes are fully connected, i.e., every node is connected to all
others nodes, including itself. The node equation for the continuous-time
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network with n-neurons is given by:

wi(t) = —nui(t) + 5, Tiyvs(t) + 17,

vi(t) = g(ui(t)),

where u;(t) is the current state of the i-th neuron; v;(t) is the output
of the j-th neuron; I? is the offset bias of the i-th neuron; nu;(t) is a
passive decay term; and T;; is the weight connecting the j-th neuron to
i-th neuron; g(u;(t)) is a monotonically increasing threshold function that
limits the output of each neuron to ensure that network output always lies
in or within a hypercube. It is shown in [5] that the equilibrium points of
the network correspond to values v;(t) for which the energy function E(t)
associated with the network is minimized:

1
E(t) = —§VTTZ/ A

The mapping of linear programming problems using a Hopfield network
consists of determining the weight matrix 7' and the bias vector I® to
compute equilibrium points. A modified energy function E,,,q(t) is used
here, defined as follows:

Emod(t) = Econf (t) + Eopt (t),

where Econf(t) is a confinement term that groups all the constraints im-
posed by the problem, and E,,.(t) is an optimization term that conducts
the network output to the equilibrium points. Thus, the minimization of
Enoa(t) of the modified Hopfield network is conducted in two stages:

i) minimization of the term E,opf(t):

1
Econf(t) = _§VTTcoan - VTIconf7

where v(t) is the network output, Teop s is weight matrix and I.on s is bias
vector belonging to Eco,s. This corresponds to confinement of v(t) into
a valid subspace that confines the inequality constraints imposed by the
problem.

ii) minimization of the term Ey,;(t):

1
Eopt(t) = _inToptV - VTIopt7 (1)

where T,,; is weight matrix and I, is bias vector belonging to Eop(t).
This moves v(t) towards an optimal solution (the equilibrium points).

Thus, the operation of the modified Hopfield network consists of three
main steps.
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Step 1. Minimization of E.,,f(t), corresponding to the projection of
v(t) in the valid subspace:

V(t) = Tconfy(t) + Iconfa (2)
where T,ony is a projection matrix (TeonfTeonyf = Teons) and
Teonglcony = 0. This operation corresponds to an indirect minimiza-

tion of Eeon .
Step 2. Application of a nonlinear symmetric ramp activation function
constraining v(t) in a hypercube:

Ling, if Ling > mi,
di(vi) = < Misif Ling <0 < Lsup,
Lsup; Zf Lsup < i,
where v(t) € [Ling, Lsup) -

Step 3. Minimization of E,,;(¢), which involves updating of v(¢) in
direction to an optimal solution (defined by T,,; and 4,,) corresponding
to network equilibrium points, which are the solutions for the linear pro-
gramming problems, by applying the gradient in relation to the energy
term Fopy.

dv(t) . OEopt ()

——l =V =——",

dt v
Ay(t) = —AEopt(V)At = (ToptV(t) — Iopt)At.

Therefore, minimization of E,,; consists of updating v(¢) in the opposite
direction of the gradient of E,,;. These results are also valid when a
hyperbolic tangent activation function is used. Each iteration has two
distinct stages. First, as described in Step 3, v(t) is updated using the
gradient of the term E,, alone. Second, after each updating, v(t) is
projected directly in the valid subspace. This is an iterative process, in
which v(t) is first orthogonally projected in the valid subspace (7) and then
thresholded so that its elements lie in the range v(t) € [Linf, Lsup| - Thus,
the mapping of a linear programming problem using a modified Hopfield
network consists of determining the weight matrices Tiony and Ty, and
the vectors Icons and Icon .

3. Transportation model

Transportation model is a special type of networks problems that for
shipping a commodity from source (e.g., factories) to destinations (e.g.,
warehouse). Transportation model deal with get the minimum-cost plan
to transport a commodity from a number of sources m to number of
destination n. Let sy is the number of supply units required at source
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i=1,2,3,...,matt=12,3,...,T, di; is the number of demand units
required at destination j =1,2,3,...,nat¢t=1,2,3,...,T and c;; repre-
sent the unit transportation cost for transporting the units from sources 4
to destination j. Using linear programming method to solve transportation
problem, we determine the value of objective function which minimize the
cost for transporting and also determine the number of unit can be trans-
ported from source i to destination j. If x4;; is number of units shipped
from source 4 to destination j at ¢. The objective function

Minimize Zy =y, ;”:1 CijTtijy
Z;nzl Ttij = Sti, fOTi =1,2,...,m,
S wyy =dy, forj=1,2,...,n,
Ttij > 0, VZ,]

A transportation problem is said to be balanced if the total supply from
all sources equals the total demand in all destinations

m n
E St; = E dyj,
i=1 j=1

otherwise it is called unbalanced. We assume that s4; and d;; are stochastic
where sy o< W (84, 04) and dy; o< W(dyj, 04;). This problem we can solve
using methods of a linear programming problems by the modified Hopfield
network.

4. Formulation of Linear Programming Problems by the
Modified Hopfield Network

A linear programming problem is a problem of minimizing or maximiz-
ing a linear function in the presence of linear constraints of the inequality
and/or equality type. Since equality constraints can be easily converted
in inequality constraints, it is considered in this formulation only inequal-
ity constraints. Consider the following linear programming problem, with
m-~constraints and nvariables, given by the following equations:

Minimize Eqp = cTv(t),

Eeonf(v) : ATu(t) <, (3)

Vmin S V(t) S Vmazx-

where A € R"*™ b € R™, and ¢, V, Vmin, Vmaz € R"™. The conditions in (3)
define a bounded convex polyhedron. The vector v must remain within this
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polyhedron if it is to represent a valid solution for the optimization problem
(3). A solution can beobtained by a modified Hopfield network, whose
valid subspace guarantees the satisfaction of the condition (3). Moreover,
the initial hypercube represented by the inequality constraints in (3) is
mapped by the symmetric ramp function (3) used as a network activation
function.

The parameters Tion¢ and Icony are calculated by transforming the
inequality constraints in (3) into equality constraints by introducing a
slack variable w € R™ for each inequality constraint:

gi(v(t)) = Z dij wj =0,

where w; are slack variables, treated as the variables v; , and §;; is defined
by the Kronecker impulse function.

After this transformation the problem defined by equation (3) we can
rewritten as:

Minimize Eqp = cTv(t),
Eeonr(v) : ATt :5,
f( 1 ( ) (4)
Vmin S V(t) S Vmazx 1= 172a-- -, N,
0<7(t) <Vpmaz,i=n+1,n+2,...,N,
where N = n + m, and 07 = {T/T wT} € RN is a vector of extended
variables. Note that E,,: does not depend on the slack variable w. If the

rows of A are linearly independent, a solution for(4) is given by:
v=AAT A

and the expression of the valid subspace in (2) must take account this
solution, i.e.,

Lony = A(AT A)~1b. (5)

From (5) the parameter Te,, is derived as follows:
U= Tcon v+ Icon )
: ;U Seondy (6)
UV ="Teonv+ A(AT A)~ 1.

Inserting the value of (4) in (6), the expression for Tconf is given by:

Ieong = I — A(AT A)~* AT
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where [ is identity matrix. The parameters T,,; and I,, in this case
are such that the vector 7 is updated in the opposite gradient direction
that of the energy function E,,;. Since conditions (3) define a bounded
convex polyhedron, the objective function (4) has a unique global minimum
Topt = 0. Thus, the parameters T,,; and I,,; are obtained by comparing
equation (1) and (4). After this comparison, these parameters are given
by:
Iopt = —C, Iopt =0.

The architecture analysis of an algorithm based on neural networks allows
to estimate the resources for network implementation, such as the number
of necessary logical gates and/or amount of necessary memory.

5. Conclusions

In this paper, it is developed a modified Hopfield network for solving
linear programming problems related to operations research. The inter-
nal parameters of the network were explicitly computed using the valid-
subspace technique that guarantees the network convergence. Simulation
results proved that the proposed network is a feasible alternative for solv-
ing such problems efficiently. A complexity analysis is also presented and
shows the computational behavior involved in each neural approach used
normally for solving linear programming problem. The analysis showed
that this approach is effective for solving a wide range of technical and
technological problems of design, construction and operation of transport
systems. In this approach manages to create an efficient algorithm for
minimizing the cost of design, construction and operation of such systems.
The numerical analysis shows the effectiveness of the proposed approach.
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Abstract. It is not uncommon that delay-sensitive requests cannot be pro-
cessed repeatedly in case of delivery failures, especially in real-time systems.
Hence, there is a strong need to enhance reliability of requests’ delivery to des-
tination nodes (servers). It is therefore proposed to use redundant transmission
of requests, when copies of a request are distributed concurrently through the
network over multiple routes to a number of similar servers. However, the re-
sulting increase in the initial flow of requests leads to the rise of the network
load and the average residence time and possibly to the excess of the ultimate
residence time. In the research, the usefulness of redundant distribution of re-
quests through the network was estimated, with the maximized probability of
successful delivery and the minimized average residence time. Thus, the range of
efficiency of redundant multipath transmissions was defined. It was also found
that there existed the optimal redundancy order for a given set of parameters,
namely the intensity of the flow of incoming requests and the bit error rate.

Keywords: reliability, request, redundancy, multipath routing, queueing sys-
tems.

1. Introduction

The constantly growing complexity of distributed computing systems,
which is ahead of the pace of the increasing reliability of storage, pro-
cessing, and transmission devices, gives rise to the need for developing
methods to ensure high reliability, availability, and security of distributed
resources for data processing and storage [1-8]. High availability of dis-
tributed resources is particularly important for real-time systems, which
are critical to delay-sensitive requests. It is commonly provided by intro-
ducing redundant elements into the structure of a given network and by
designing the network in the way that lets arrange redundant data trans-
mission and processing. In delay-sensitive systems, sending requests twice
or more times to the destination, where they are somehow processed, is
often impossible or pointless. This is due to rapid changes in the state of
such systems, occurring under complex internal or external influence. As
a result, methods to introduce redundancy into such systems turn out to
be topical and prospective for in-depth exploration.

The proposed way of redundant data transmission should be employed
when it is not possible to transmit data (a request, a data packet) through
the network and/or process it at the destination node (a server) more than
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once. This approach relies on the mechanism of multipath data transmis-
sion, particularly on multipath routing, which implies at least two appro-
priate routes (paths) between the sender and the receiver, or receivers —
in case of multicast transmission. In this paper, the receiver is one of the
servers belonging to the same group (or cluster). The servers have similar
principal characteristics and serve incoming requests in the similar way.

Multipath routing is widely used for multicast transmission, when data
packets undergo fragmentation and the resulting fragments are sent over
different paths to be brought together again at the destination. This is
intended to hasten the process of transmission of large data packets and
to secure them, especially when it comes to the secret data. Packet frag-
mentation based on multipath routing is mostly applied to load balancing.

Alternatively, using several paths for data transmission proves benefi-
cial for enhancing reliability and fault-tolerance of the system. The tradi-
tional approach thereto suggests that one route is regarded as the main,
the "best" path from some point of view, i. e. a given criterion, or metrics:
bandwidth, average residence time, router and link load, and so on. Other
routes are considered as alternate ones, used in case the main path fails.

Another approach is presented in [9], where requests — more precisely,
numerous copies of each request — are sent over multiple paths concur-
rently. There is no need to choose the "best" path, because all of them
are regarded to be appropriate, based on some metrics, with no ranking.
On the one hand, redundant distribution of requests through the network
causes an increased network load and a higher average residence time as
well as possible excess of the ultimate residence time. On the other hand,
sending copies of a request over multiple paths results in the enhanced
chance that at least one copy will be delivered successfully. The goal of
current research is to estimate the efficiency of redundant distribution of
requests through the network when their repeated transmission is impos-
sible, and therefore, to discover if there is a way to resolve this technical
contradiction.

2. Problem Statement

Current study focuses on the process of redundant distribution of re-
quests through a network with the rigid requirements for the maximum
period of time during which the requests are to be processed. In the known
systems without redundancy, a request is sent from the source of requests
to the single receiver, which might be a switching node or a server. In case
of redundant systems, two or more copies of a request are transmitted from
the sender to the multiple receivers (in this paper — servers) over a number
of routes, as shown in Figure 1.

2.1. System Design

It is assumed that there are m appropriate paths to deliver a request to
one of the servers; in this research, all those paths are considered disjoint.
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S
server
request receiver

request sender link segment switch/router

Figure 1. A possible network configuration for redundant data transmission.

Each path ¢ leading from the source of requests to one of destination
servers includes a set of d; switches or routers K;; and d;+1 link segments j
between them; all units of network equipment have specified characteristics
of reliability and performance. Each node K;; can be represented as a
single-channel non-preemptive M/M/1 queueing system with the infinite
queue [10,11].

Any errors and faults of switching nodes and link segments as well as of
destination servers lead to the situation when requests cannot be delivered
and served. Suppose that the bit error rate B;;, which is a measure of
transmission errors for the link segment j of the path 4, is known. It is
possible that a request reaches one of the destination servers, with no bit
errors, but finds it unavailable due to faults or temporary shutdown or
due to the fact that the server is overloaded with the requests which have
arrived earlier than the one in question and been waiting for service in
the queue of the server. Thus, the probability of a server’s availability Py,
introduced in [9], is taken into account.

Requests are distributed through the network over k (k=2,...,n) routes,
where k is the rate of redundancy, or the redundancy rate. It is said that
a request is delivered successfully if at least one copy of it arrives at the
destination, contains no bit errors, and is placed into the server queue.
Here, we admit that no copies of the request are discarded after one of
them has been delivered successfully. This leads to the upper (pessimistic)
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estimation of the average residence time, or the time in the system, needed
for error-free transmission of a request from the source to the destination.

2.2. Probability of Error-free Transmission

To start with, let us estimate distribution of requests through the network
on the basis of server availability Py and the bit error rate B;;, which is
in fact the probability of bit errors which might occur while transmitting
a request over the link segment j of the path 4.

The probability of successful transmission of a data packet over the
path ¢ can be calculated as following;:

d;
R, =[Ja-Biy",
j=1

where d; is the number of link segments of the path ¢ and N is the average
data packet length in bits. Provided that all routes under consideration
are identical, the bit error rate can be regarded as a constant and the
formula (2.2) can be replaced with

R=(1-DB)"

When requests are being transmitted over k redundant paths concur-
rently, the probability of error-free transmission of at least one copy of
some request over any path is

P.=1-(1-PyR)".

Here, P, is the probability of a server’s being available, or ready to serve
incoming requests, meaning that it is powered up and in working order
and there is enough place in its queue for the requests coming from the
network. In this paper, we suggest that all servers of the interest, i. e.
belonging to the same group (cluster) and hence serving requests from the
same source, have similar availability Pj.

2.3. Average Residence Time

Let us estimate the average residence time for data packets being trans-
mitted through the network to the destination, depending on the intensity
of the request flow A. The delay T; in the path i is defined as the sum of
delays in all segments of that path:
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where T;; is the delay in the segment j of the path i, or the average time
needed to transmit a data packet through the node j of the path i (with
respect to transmission velocity of the output port):

(%%
_ ’U,;jk?A .
1 n

d;

Tij =
j=1

Here, v;; is the average time of transmission in the segment j of the path

1 and computed as follows:
N

L’LJ ’
where N is the average data packet length and L;; is the transmission
velocity.

When a data packet is sent over k identical routes simultaneously, the
average residence time in the system T is defined as equal to the delay
in some path — if the packet has been transmitted with no bit errors and
accepted for further processing by the destination server. Assessing the
average residence time for that path in the described way gives an upper
(conservative) estimate. This is because the estimation does not take into
account the probability that in at least one path used to transmit copies of
data packets, the delivery time of the copy under consideration can be less
than the resulting value of T, due to the stochastic nature of the processes
of servicing.

Uiy =

2.4. Criteria of Efficient Delivery

Efficiency of redundant distribution of requests through the network de-
pends on the average residence time 7, which is to be minimized, and
the probability of error-free transmission P., which is to be maximized.
The combination of these two single criteria produces a new multiplicative
criterion Multl:

P,
Multl = ¢
v T

For the situation when the ultimate residence time ¢ is known, another
multiplicative criterion can be defined, namely

Mult2 = P,(ty — T),

which describes the average stock time between the ultimate and the av-
erage residence time for the packets that have been delivered successfully.

Last but not least, let us estimate the efficiency of redundant trans-
mission of requests through the network based on the following additive
criterion, with the normalized residence time:

to—T
Add=P, + 20—~
* tO - Tmzn
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where tg is the ultimate residence time, while T},,;,, is the minimal residence
time.

3. Calculations and Discussion

The efficiency of redundant distribution of requests (data packets)
through the network to the destination servers is to be evaluated depending
on the redundancy rate and according to the multiplicative criteria Mult!
and Mult2 and the additive criterion Add. Suppose that there are ten
disjoint routes between the sender of requests and the receivers (servers),
n=10. Each route contains d=5 intermediate nodes (switches or routers)
and d-+1 link segments between those nodes.

For the sake of simple calculations, we assume that the average time of
transmission v;; is the same for all segments and is equal to v. If the average
data packet length N equals to 2048 (bit) and transmission velocity L;; is
100 (Mbit/s), then the average time of transmission v=2.148x107° (s). Let
us define the minimal residence time T}, =dv=1.074x10"%, considering
that there are no queues in the switching nodes of any route, and the
maximal residence time ¢y = 7.6x107%.

Suppose that the probability of server availability P, is reasonably high:
Py=0.9; and the intensity of the flow of requests A varies, for example
Ay = 9x10%, Ay = 1x10%, A3 = 2x10*, A4 = 3x10* (1/s). The further
estimations demonstrate that for the given values of other parameters, the
plausible values of the bit error rate B are in the range 10~7 to 10~°. The
results of calculations, shown in Figure 2, are derived from the bit error
rate B=10"".

Figure 2 illustrates the efficiency of redundant distribution of requests
over k routes, which is computed on the basis of the multiplicative cri-
terion Mult! (a), the multiplicative criterion Mult2 (b), and the additive
criterion Add (c¢). The displayed curves 1-4 in each of the three graphs
correspond to the intensities of the request flow A; —A4. It can be seen
that sending data packets through the network in the redundant manner
increases the efficiency of transmission but only up to a certain point (the
maximum value of the criterion in question). This confirms the need to
solve the problem of optimization, in order to determine the redundancy
rate that provides the maximum efficiency across all proposed criteria. It
is particularly important for the systems with the limited residence time.

It is important to note that the higher the intensity of the request
flow A is, the lesser the values of all criteria under consideration are —
Multl, Mult2, and Add. With the increase of A, the maximum values of
the criteria correspond to lesser values of the rate of redundancy % than
before, as shown in Figure 2.
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Figure 2. The efficiency of redundant data transmission estimated on the basis
of criteria Mult!(a), Mult2(b), and Add(c).

4. Conclusion

The results of the conducted study support the initial hypothesis that
introducing redundancy in the process of data transmission in delay-
sensitive systems, under conditions of possible transmission errors and
server unavailability for processing incoming requests, is likely to enhance
those systems’ efficiency. The efficiency is understood in terms of the in-
creased probability of errorless delivery of requests (data packets) and the
decreased average residence time.

The range of efficiency of redundant distribution of requests through
the network to the destination servers was determined.

On the basis of the proposed additive and multiplicative criteria, it
was found that there existed the optimal redundancy order, or the optimal
number of routes needed to transmit requests through the network in the
redundant manner.

It was discovered that the redundancy order depended on the intensity
of the flow of incoming requests as well as the probability of transmission
errors (the bit error rate).

The results of the research may appear useful for those who need to
decide for the redundancy order when sending data packets through the
network, with the purpose to improve reliability of data transmission and
accelerate distribution of requests to the destination servers.
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Abstract. Tikhonov-type Cauchy problems are investigated for systems of ordi-
nary differential equations of infinite order with a small parameter p and initial
conditions. It is studying the singular perturbated systems of ordinary differen-
tial equations of infinite order of Tikhonov-type & = f(z(t, 9z), y(¢, gy), 1), py =
= F(z(t,92),y(t, gy),t) with the initial conditions z(to, gz) = g=, y(to, 9y) = gy,
where z, f € X, X € R"™ are n-dimensional functions; y,F € Y, Y C [; are
infinite-dimensional functions and ¢ € [to,t1] (to < t1 < 00), t € T, T € Ry
gz € X and gy, € Y are given vectors, 4 > 0 is a small real parameter. The
results may be applied to the queueing networks, which arise from the modern
telecommunications.

Keywords: systems of differential equations of infinite order, singular per-
turbated systems of differential equations, small parameter,countable Markov
chains.

1. Introduction

The recent research of service networks with complex routing discipline
in [16], [17], [18] transport networks [1], [4], [5] faced with the problem of
proving the global convergence of the solutions of certain infinite systems
of ordinary differential equations to a time-independent solution. Scat-
tered results of these studies, however, allow a common approach to their
justification. This approach will be expounded here. In work [11] the
countable systems of differential equations with bounded Jacobi opera-
tors are studied and the sufficient conditions of global stability and global
asymptotic stability are obtained. In [10] it was considered finite closed
Jackson networks with NV first come, first serve nodes and M customers.
In the limit M — oo, N — oo, M/N — X > 0, it was got conditions
when mean queue lengths are uniformly bounded and when there exists a
node where the mean queue length tends to infty under the above limit
(condensation phenomena, traffic jams), in terms of the limit distribution
of the relative utilizations of the nodes. It was deriven asymptotics of the
partition function and of correlation functions.

Cauchy problems for the systems of ordinary differential equations
of infinite order was investigated A.N.Tihonov [13], K.P.Persidsky [12],
O.A Zhautykov [19], [20], Ju.Korobeinik [7] other researchers.
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It was studied the singular perturbated systems of ordinary differential
equations by A.N. Tihonov [14], A.B.Vasil’eva [15], S.A. Lomov [9] other
researchers.

A particular our interest is the synthesis all these methods and its
applications in telecommunications. In this paper we apply methods from
[11] for the singular perturbated systems of ordinary differential equations
of infinite order of Tikhonov-type.

2. Tikhonov-type Cauchy problems for systems of ordinary
differential equations of infinite order with a small parameter

Let us consider Tikhonov-type Cauchy problems for systems of ordinary
differential equations of infinite order with a small parameter ;1 and initial
conditions:

(1)

x<t07gm) = Yz, (2)
y(t07gy) = Gy;

where z, f € X, X € R"” are n-dimensional functions; y,F € Y, Y C [4
are infinite-dimensional functions and t € [to,¢1] (to < t1 < o0), t € T,
T € R; g € X and gy € Y are given vectors, 1 > 0 is a small real
parameter; z(t,g,) and y(¢,g,) are solutions of (1)-(2). Given functions
flx(t,92),y(t, gy),t) and F(x(t, 9), y(t, gy), t) are continuous functions for
all variables. Let S is an integral manifold of the system (1)-(2) in X x Y x
T. If any point t* € [to, t1] (z(t*), y(t*),t*) € S of trajectory of this system
has at least one common point on S this trajectory (z(t,G),y(t, g),t) € S
belongs the integral manifold S totally. If we assume in (1)-(2) that 4 =0
than we have a degenerate system of the ordinary differential equations
and a problem of singular perturbations

; (3)

where the dimension of this system is less than the dimension of the
system (1)-(2), since the relations F(z(t), y(t),t) = 0 in the system (3) are
the algebraic equations (not differential equations). Thus for the system
(3) we can use limited number of the initial conditions then for system (1)-
(2). Most natural for this case we can use the initial conditions z(tg, g.) =
gy for the system (3) and the initial conditions y(to,g,) = g, disregard
otherwise we get the overdefined system. We can solve the system (3) if
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the equation F(z(t), y(t),t) = 0 could be solved. If it is possible to solve we
can find a finite set or countable set of the roots y,(t, 92) = uq(z(t, g2), )
where ¢ € N.

If the implicit function F'(x(t),y(t),t) = 0 has not simple structure we
must investigate the question about the choice of roots. Hence we can use
the roots y4(t, gz) = ug(x(t, g),t) (¢ € N) in (3) and solve the degenerate
system

Tq = f(xd(tagx)vuq(xd(t>gw)at)vt)§
Ya(to, 9z) = Gu-

(4)

Since it is not assumed that the roots y4(t, gz) = uq(x(t, g2), ) satisty
the initial conditions of the Cauchy problem (1)-(2) (yq(to) # 9=, ¢ € N),
the solutions y(t,g,) (1)-(2) and y,(t, g,) do not close to each other at
the initial moments of time ¢ > 0. Also there is a very interesting ques-
tion about behaviors of the solutions (¢, g..) of the singular perturbated
problem (1)-(2) and the solutions x4(t, g..) of the degenerate problem (4).
When t = 0 we have x(tg, g.) = 24(to, g). Do these solutions close to each
other when t € (¢p,t1]? The answer to this question depends on using roots
Yq(t, gz) = ug(x(t, g),t) and the initial conditions which we apply for the
systems (1)-(2) and (3).

3. Local existence theorem for Cauchy problems for systems

of ordinary differential equations of infinite order

Let Tikhonov-type Cauchy problems for systems of ordinary differen-
tial equations of infinite order with a small parameter p > 0 and initial
conditions (1)-(2) has a form:

2= P(z(t,G,p),t, p); z(to, G, ) = G,
z = (.’171,{1}2, cey Ty Y1, Y2, '“)Tu

P(Z(ta Ga ,u')7t7/1‘) = (fl» f27 ) fna /’L_lFlvll‘_lF27 "')Ta
G = (g:rlvg:nQa ooy Gzns Gyl Gy2, )T

(5)

where P(z(t,G, p1), t, 1) is the infinite-dimensional function; G is the given
vector; t € [to, t1] (to < t1 < 00).

Let z(t,G, u) be a continuously differentiable solution of the Cauchy
problems (5) then there are ®(t,G,u) = 0z(t,G,n)/0G, ¥(t,G,u) =
0z(t, G, )/ O where ®(t, G, ) and ¥ (¢, G, ) satisfy of the system of or-
dinary differential equations in variations:

2= P(2(t,G,p),t, 1),
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D(t,G, ) = J.(t, G, p)@(t, G, p),

U(t, G p) = J.(t, G, p)U(t, G, 1) + Au(t, G, p); (6)
Z(t()?G’/“L) = Ga CD(t()vGa :u) = I» \I/(t()valu) = 07 tO € Ta

where J,(t, G, i) = (0P;/02;){5_, is Jacobi matrix, I is an identity oper-
ator and A, (t,G, p) = (OP;/0p)2, is a vector.

Theorem 1 (local existence theorem).  Let P(z(t,G,u),t, pn),
J(t, G, n), Au(t,G,p) be continuous and meet Gelder’s local condition
with z € U(G) then the system (6) has only one solution, which meet the
conditions z(to,G,u) = G, z(t,G,u) € U(G). Thus z(t,G, u) continu-
ously differentiable with respect to the initial condition, and its derivative
meet the equation (6).

Proof. This statement is following from [3] (theorem 3.4.4) when the
unlimited operator be A = 0. End proof.

The behavior of the solution z(¢, G, ) (5) and the nonnegative condi-
tion for the off-diagonal elements of the matrix J, (¢, G, u) is demonstrated
by the following theorem.

Theorem 2.  Let the solution z of (5) be z(t,G,pu) € l1 for any
t>0,Gely and p. The following claims are equal: (i) the off-diagonal
elements J,(t,G, u) are non-negative for any G; (ii) for any G and any
vector h € l1,h > 0,2(t, G+ h,u) > 2(t,G, 1) .

Proof. Let us examine a convex set Z, and z(¢t, G, u) € Z for any G € Z,
derivative ®(t, G, u) of function z(¢, G, u) can be specify by simultaneous
equations (6). In that case the following formula is fair for any G, G* € Z:

Z(taGlnu) - Z(t,GO,‘U) =

! (7)
~ [ 220G - 6is
0
where v(s) = (1 — s)G? +sG1,0 < s < 1.
In fact the function z(¢, G, ) transfer the segment ~(s) into the curve
z(t,7(s), 1) in (7). The following formula is fair because of the continuous
differentiability of function z(t, G, )

2(t,y(7), 1) = 2(t, GO, ) +/T W‘Z&

0

By the formula of complex derivative

OtAC ) _ 02 (e
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Recalling that 9z/0G = ® and 7/(s) = G* — G°, with 7 = 1 we get (7).
Let us suppose that statement (i) is fair. So because of (7)

1
2(t,G+ h,pu) — 2(t, G, 1) = /0 O(t,7v(s), p)hds

where y(s) = G + sh,0 < s < 1. Because of non-negativeness of func-
tion J, (¢, G, n) outside of diagonal from (7) we get ®(¢,v(s), ) > 0, so
D(t,~v(s), )h > 0 whence we get statement (ii).

Let us suppose that (ii) is fair. Under the conditions of Theorem 1
P, J, with z € U.(G) be continuous and meet Gelder’s local condition. Let
Gelder’s local condition be || P|| < My, ||J|| < Mi, and there are numbers
§ > 0,6 = min(e/Moy,1/My). Let z(t,G, n) = G+ z*(t, G, u) be a solution
of (7), where z*(t,G, 1) is a fixed point of Picard’s mapping ([][6)(¢) =
j;to P(G+0(7))dr under conditions t € [tg—d1,t0+91],01 < . Mapping []
is contraction with coefficient A = d; M; < 1. Consider the approximation
to solution Z(¢, G, ) = G+ 2*(t,G, ) = G+ (t —to) P(z(t, G, ), t, ). We

can see that ~
HZ(t,G”L) - Z(ta G,,LL)” =
= [[2*(t, G, p) — 2" (¢, G, p)|| <

1 - .
S ﬁ” HZ(t,G,,U,) - Z(thvﬂ)Ha

HE(t,G,u) —Z(t,G,p) =
- tP(G+(T—to)P)dT— pdr =

t(] t()

t
- / (P(G + (v — to)P) — P)dr = D.
to

Because of the derivative of the function P is limited and P meet
Gelder’s local condition with the constant M;, where |[P(G + (7 —
to)P(G)) — P(G)|| < Mi[|(t — to)P(G)|| < Mo M|t — to|, so | D] <
Mo My (t—t9)?/2(1 =), or ||2(t, G, p) — 2(t, G, ) || < Mo My (t—1t0)?/2(1—
A). Using this estimation and for all small ¢ > 0 we have that

0< Z(t7G+<€j7u)7z(taGa :u') = Cej+(t*t0)[P(G+<6j)7P(G)}+’Y(G7t)a

where ||v(G,t)|| < My M;(t —t9)?/2(1 — \) and e; is a vector, which has
all coordinates equal to 0 but j-th coordinate equal to 1. Component i # j
of this inequality is given by 0 < (t — to)[Pi(G + Ce;) — P;(Q)] + vi(G, t).
Dividing by ¢ — t9 > 0 and directing t — to on the right, considering
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7i(G,t)/(t — to) — 0 we get 0 < P(G + Ce;) — P(G). Let us divide last
expression by ¢ and direct ( — 0

. P(G+{e;)—P(G) 0OPR
<1 ; _ 9% g,
0< Mg, ¢ oG, =
what is mean the fairing of statement (i). End proof.
Theorem 3. Let & be Markovian mapping and G°,G' € X, t > 0,
B> 0 than HZ(t,Gl,‘LL) - Z(taG()?N’)” < HGl - GOH
Proof. Using (6) from the proofing of theorem 4 we have

2(t, G, ) = 2(t, G, )| S/ 12 (t, v()(G' = G°)llds
0

Let function ®(t,~(s)) is Markovian mapping for any
It >0, 5 €0,1], [@(t,()(G" =G < [|G" = G°.

Estix;lating the integral, considering this inequality, we get required. End
proof.

This theorem shows us the following sufficient condition for the bound-
edness of the norm-solution z(t, G, ).

Corollary fact from theorem 3. Let 3G* € X: 2(t,G*, u) = G*.
Then ||z(t,G,pu) — G* < |G — G*|| witht > 0,G € X.

This fact we can use for solutions analysis of the systems (5).

4. Conclusions

The boundaries of applications and possible generalizations. Some
works in the routing disciplines. All systems can be analyzed for the global
stability but with some condition that the convergence to the steady-state
solution will not coordinate-wise, but the norm. We have seen that the
most serious constraints of our methods are non-negativity of the Jacobi
matrix off-diagonal elements and the availability of the first integral, which
equal to the sum of the components. It would be interesting to understand
the physical meaning of these conditions. It is necessary to remember that
such systems describes the behavior of the queue lengths on the devices.
Roughly speaking, zj is the proportion of units in the queue for a service,
to which there is at least k requests (including requests, which are serviced
at the moment). Non-negative elements of the Jacobi matrix indicate that
the rate of change of 2z (i.e., the time derivative of z;) can only grow at
the expense of z; with j # k. It can be reduced (or decrease) only due
to u. Thus, with the increase of the portion of queues with a minimum
number of requests j in the system, the percentage change in intensity
with the minimum number of queues requests k # j can only increase.
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Abstract. The optimal control of systems with gradual and sudden failures in-
cludes the evaluation problem of some stochastic parameters such as the failure
probability, the average time before failure, the average cycle length etc. Some
parameters may be calculated analytically if the degradation process is Markov-
ian. But a problem arises for a non-Markov process. To this end, in more general
cases we need to use simulation. If the failure within a regeneration cycle is a
rare event then the regenerative version of Splitting method can be applied. We
propose the Splitting method modification for estimation of degradation pro-
cess characteristics. The point estimators are built by simulation of regenerative
cycles.

Keywords: rare event simulation, splitting method, regenerative approach,
degradation process.

1. Introduction

Consider a degradation process {X (¢),¢ > 0} in the system with grad-
ual and sudden failures discussed in [1]. By simulation it is planned to
construct the estimator for failure probability (which assumed to be rather
small) and receive the other stochastic characteristics.

Following [1] we similarly use the regenerative approach but offer speed-
up simulation technique (Splitting method) which can be particularly use-
ful for non-Markov case. It is proposed to apply the regenerative version
of the Splitting method [5,6] to estimate the probability of sudden failure.

The suggested approach also allows to estimate the cycle length be-
fore refusal, length of cycle without failure, the total length of cycle and
calculate the reliability function asymptotic.

2. Splitting for degradation process

Retaining the notation from [1] describe the degradation process in
more details using Fig. 1), where the system state space defined by set
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Figure 1. Realization of degradation managed process with two types of cycle

E ={0,1,...,1,...,m,...,k,F}. The process X (t) starts from 0 stage
and restored after stage k. Denote by [ the return stage, by m the stage
of sudden failure, by T; the time of sitting in the stage i until transition
to the j + 1 stage, S;; = Zi):‘ T,. Since the degradation proccess can
be accelerated in time T;,0 < i < k are independent but not necessary
identical distributed r.v. To enable analytical calculations in [1] T} are
taken exponentially distributed but with different parameters.

The figure Fig. 1) shows that after hitting m stage either sudden failure
happens during the time V or the transition to preventive repair stage
occurs during the time S,,x. So, there are two types of cycles in the
system: with and without failure.

The main purpose is to estimate pg := P(Sp,, > V) at the regeneration
cycle and compare the results obtained by Splitting with Monte-Carlo re-
sults. A standard Splitting algorithm [2—4| accelerates the rare event emer-
gence due to resplits of the process trajectory in defined levels. Features
of the Splitting algorithm allow to give the regenerative interpretation of
the method |5, 6].

In our setting, we focus on modifacation of Splitting where the stages of
degradation process used as a thresholds with R; number of copies of r.v.
T;,,m<i<k-—1, R, = 1. Splitting procedure begins at the regeneration
moment, when the process reaches the stage m. As in a standard Splitting,
the total number of pathsis D = R,, - - - Rx_1 and each path can be treated
as a part of regeneration cycle, started from stage m and truncated at the
stage k.

In this way each path started from m gives the bunch of D dependable
regeneration cycles. The cycles from different bunches are independent
by construction. The cycles from one bunch have a common parts before
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stage m and after stage k. The total number of bunches is the random
variable R,,_1 and is related to the number of transitions from stage m —1
to m. So, the pp estimator is

_Ne
Rm—1- Ry’
where N is the number of cycles with failure.

pr =

3. Conclusions

In this paper, we propose the accelerated technique for rare event simu-
lation for degradation process. This approach complements the analytical
methods discussed in [1] and can be useful when the system parameters are
not exponential. The simulation results show a significant advantage of the
proposed method in comparison with standard Monte-Carlo simulation.
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Ananus CTPYKTYPbI ceTell cBsi3u Ha O0a3e OeCIMJIOTHBIX
JieTaTe/JIbHbIX aIlllapaToOB

Y. H. Tao, A. N. ITapamoHos

Kagedpa Cemeti ceasu u nepedavwu dannovir, Cankm-Ilemepbypacruil
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np. Boavwesukos 0.22, xopn.1, Canxm-Ilemepbype, Poccus, 193232

Awnnporanusi. B crarbe npuBojsTcs pe3ysibraThl aHaM3a ClIOCO00B IIOCTPOEHUS
cereii cBsi3u Ha Ga3e GeCHMIOTHBIX JeTaTesabHbIX annaparos (BITJIA). Pacemor-
PEeHBbI OCHOBHBIE BapHaHThI CTPYKTYD ceTeil cBsi3u obpasyemoii rpymmoit BITJIA,
kak mex iy BITJIA B rpynme, Tak u mexxay BIIJTA u nearpom ynpasienusi. Pac-
CMOTPEHBI OCHOBHBIE OTJIMYHUTE/IbHBIE OCODEHHOCTH M XapaKTEPUCTUKU PA3JIAY-
HBIX CITOCOOOB OpPraHU3aIlMi CeTH, UX JOCTOMHCTBA M HemocTarku. llosydennsre
B paboTe pe3yIbTaThl Jal0T BO3MOXKHOCTH BBIOMPATH ONTHMAJILHBIN CIIOCOO Op-
ranuzanuu ceru BITJIA B 3aBucuMOcTH OT TpeGOBaHUI, OIIPEIEIISIEMbIX [EJIEBLIM
Ha3HAYEHUEM CETH U ee IapaMmerpaMu, Takumu Kak kojumdecrBo BILJIA, gucio
TPYII, MacIITaObl CETH, XAPAKTEPUCTHKHU IBUKEHUSI.

KuroueBbie cioBa: Becnmmorabie neraromue amnmapatsl, llenTpann3oBanubie
cBsi3u, JlereHTpan3oBaHHAas CETh.

1. Bsenenune

B nacrosiee Bpemst mccieqoBanus B 0OJIACTH BCEITPOHUKAIONIEH CEH-
COPHOII CEeTHU IMOCTEIEHHO ITEPEXOIAT OT U3y I€HUS XaPAKTEPUCTHUK Ha III0C-
KOCTU K MOJIE/ISIM B TPEXMEPHOM IIPOCTPAHCTBE — ITO JIETAIOIINE CEHCOP-
ubie cetn [1]. [Ipu 3TOM B KadecTBe JIETAIONIMX Y3JI0B UCIOJIB3YIOTCS ObIIe-
npocrynsble Gecrmiorabie Jeraomue anmnaparsl (BILJTA). BIIJTIA mwmpoko
UCIIOJIB3YIOTCS KaK B 00JIACTH 33129 BOEHHOT'O XapaKTepa, TaK U JJIsd pe-
HIeHMs 33129 MPaKIAHCKOrO Ha3HAYeHWs (pPa3BEIUUKM, MUIIEHU, SKOJIO-
IUsl CEJIbCKOE XO3HAMCTBO, yIIPaBJIEHNE TPAHCIOPTHBIMUA MTOTOKAMY HA aB-
rorpaccax u T.1.) Vcronp3oBanue KBajpokonTepos nin ubbix BILJTA s
pa3BepPTHIBAHUS CEHCOPDHOW CeTH, HAeT DsJi MPENMYIIECTB, TaK KaK OHU
CIIOCOOHBI OBICTPO MTEPEMENIATHLCS, He TPEOYIOT HAJINYUsT aBTOIOPOT, & TaK-
2K€ MOT'YT BBICTYIIATh B Ka4eCTBE MOOMJIBHBIX IILJIIO30B, C JIPYTUMU CETAMU
CB#3M, B TOM YHUCJIE U C CETHIO CBsI3U ODIEro noJib30Banus. Vcronbp3oBanne
BILJIA Bo MHOruX cjydasix IO3BOJISIET CYIIECTBEHHO CHU3UTH CTOUMOCTH
BBIIIOJIHEHUS pa3IndHbIX 3a7a4. [Ilupokast 1O0CTYIHOCTD 1 HU3KUE IIEHBI Ha
BIIJTA pacmupsior Kpyr ux TpUMEHEHUs. 3aJ1a9a MOKPBITUS - 3TO KJIIO-
4JeBOil Bompoc ist oprafusaruu cBsasu mexay BILJIA. /s moctuzkenust
9TOIl 1esin TpebyeTcs PeIaTh 3aJa4du TaKue 3aJa9i Kak:

-3asiaun yupasienus BIIJTA (cBa3b ¢ HEHTPOM YIPABJIEHUS WA JPY-
rumu BIIJTA| B 3aBucumocru or criocoba OpraHu3aliy YIPABJIEHNUs ),
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-3aJ1a4u 1oty derns uHgopManuu (CeHCOPbI, BUJIEO, U.T.J1.) U IePeIadn
ee B IIEHTP YIIpaBJIEHUS],

-3aj1a9a rpynmnoBoro ynpasienus BIIJTA o4uens mepcrekTuBHA, TaK KAk
npumenenue rpymmsl BILJTA cymecreenno nmosbimaer 3(hGeKTUBHOCTD BbI-
[TOJTHEHMS 3 IaHKsI, [IPU ITOM MHOTHE 33J[a9l CYIIECTBEHHO YIIPOIIAOTCH.
TlostBisieTcst BO3MOXKHOCTD ITPOBEJICHUS MOHUTOPHUHTA OOJIBIITNX TEPPUTO-
puii 38 KOPOTKOE BpeMsl 6e3 YIIyIeHUs BayKHBIX Jerajei [2].

B cBs13u ¢ 3THM IIpejicTaBIIsSIeT WHTEPEC 3a/1ada 00eCedeHns U MoJJIep-
xauus dddexktuBnoit ¢Bsa3u Mexay BILJIA. B o6mem ciayuae BITJIA mo-
IyT ABUTATbCsSI ¢ PA3HON CKOPOCTBIO W 110 PA3JIMIHBIM TPACKTOPHUSIM, UTO
[IPEJICTABJISIET OYEBUJIHBIE CJIOXKHOCTH ODECIIeYEHUs] HEIPEPBIBHON CBSI3U
mexky Humu. Cers BILJTA nmeer pukcrnpoBaHHOE WM IIEPEMEHHOE YUCTIO
V3JI0B U CBsi3eil, a TaK»Ke ¢ U3MEHSIOIMMecss KOOPAMHATH! y3J0B. [loaTomy,
obecrievenne CBI3U MEXKJIy y3JIaMU Takoi ceTu TpebyeTcss BHIOOpa OJIX0-
J41eil ceTeBOil apXUTEeKTYPhI.

2. OcHoBHasI 4acThb

PaccMoTpuM J1Be OCHOBHBIX apXUTEKTYPhI IOCTPOEHUSI CETU CBSI3U JIJIsT
rpymmbsl BITJTA Takue Kak 1eHTpaan30BaHHAS U JEIEHTPAJIN30BAHHAS CE-
i [3] u ux KombuHanuu. Ha puc.1. cxeMaTHaHO N300pasKeHbl ApXUTEKTY Db
ceTel JJIsl TeHTPAIM30BAHHOIO, JIEIEHTPAIN30BAHHOTO U KOMOUHUPOBAH-
HBIX CITOCODOB.

e

Puc. 1. Cuocobsr opranusanuu cetu BIIJIA, ciesa namnpaso:
EeHTPAJIU30BAHHBIN, JTEeIeHTPAJIN30BaHHBIN (ad hoc ceTL)7 MHOTI'OIPYIIIOBOI U
MHOTOCJIOWHBII CIIOCOOBI

O/HMM ¥U3 OCHOBHBIX IOKa3aTeseil (DYyHKIMOHUPOBAHUSI CETU CBSI3U C
BILJTA sBisiercst CBA3HOCTD, TOKA3aTEEM KOTOPOU SIBJISIETCS BEPOSITHOCTD
CBSIBHOCTH Peop - 1Ipu pabore rpynmnbt BITJIA M0XKHO pa3indaTh CBSI3HOCTH
BILJIA ¢ nenTpom yrpasiieHust p. u cBs3HocTb Mexk iy BILJIA p,,.

Henrpanu3oBanHasi ceTb. B arom ciryuae Bce BIIJIA moakiodenst
HEIMOCPEICTBEHHO K ONHOMY WU 6ojiee IEHTPAJILHBIX y3J0B (Ha3eMHbIE
craniun) u Bee casu Mexxay BIIJIA opranusyrorcs mapuipyramu depes3
HA3EMHYIO CTaHIWIO (ceTh cTaHumii). B Takoil cTpyKType 06JIacTh CBSI3U
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¢ BILJTA orpanuuena Bo3moxkHOCTSME pajuokanaia BILJTA — nazemuast
CTaHIWs, TAKXKe BECh TPaUK CO3/aBaeMOil I'PYIIIOl yCTPOWCTB JIOJIZKEH
00CTyKMBATHCS HA3EMHONM CTAHIUEH, YTO MOYKET IIPUBECTH K IIePerpy3Ke
" Kak cjieficTBue K morepe cBsizu co Becemu BILJTA. TIpu meobxommmocTn
cBsizu Mexay BILJTA tpaduk Takxke /0J2KeH OOCILy’KUBATHCS HA3EMHOIMA
CTAHIMel, YTO IPUBOIUT K POCTY 3a/epkKku. [Ipu oTkaze HazeMHO cTaH-
[IUU WU CBsI3U ¢ Hell, Best cerb BILJIA moiHOCTBIO TepsieT CBA3HOCTh. DTa
APXUTEKTYPa JIOCTATOYHO YACTO UCIIOJIb3YETCS B PA3JIMIHBIX IPUJIOKEHM-
sIX, KOrja He Tpebyercs opranmsanuu cBa3u Mexkay BILJIA B rpynme. B
JIAHHOI apXUTEKType ceTu TpedyeTcs obecreueHne JOCTaTOIHON IPOITyCK-
Hoit cmocobnocTn Jimauil cBs3u BIIJIA - masemHasi cranius, JOCTUXKH-
Masl BEJINYIMHA KOTOPOW OrpaHWYIMBAET O0JIACTh JACHCTBUS BCEH T'PYTIIHI.
B manmoM cityuae BeposiTHOCTH cBsizHOCTH MexK 1y i-M BILJTA u nentpom
YIPAaBJIEHUS P, OIPEJIEIIETCS TOJIBKO BEPOSATHOCTBHIO CYIIECTBOBAHUS Ka-
Hasta cBsi3u Mexk 1y BITJIA u 1ieHTpoM yIpaBIeHus Py, T.€.

Pc = Puc

Bepositnocts cBsiznoctu Mexkay aByms BILJTA ¢ u j onpenessiercs kak
BEPOSITHOCTD CYIIIECTBOBAHUS JIBYX KAaHAJIOB

Pu = PicPcj

rJe P;jc — BEPOSITHOCTH CYINECTBOBaHMS KaHaja Mexiy i-m BILJIA u
LHEHTPOM YIIPaBJICHUHA; P.j — BEPOATHOCTh CyIIECTBOBAHUS KaHaJsa MEXKIy
neHTpoM yrpasjenus u j-m BITJIA.

HpH DPic = Pcj = Puc

Pu = Do

HenienTpann3oBanHas ceTb. B GosbimuncTse ciaydaes, BILJTA cu-
creMbl pabOTAIOT B JIMHAMUYHO U3MEHSIONIEHCsI Cpejle, Pean3als ajro-
purMa rpynmnoporo esaumogeiicreust BILJTA wucrosb3yer cxemy cBsi3u, B
koropoii omun u3 rpynnbl BILJTA sasisercss «rosoBHbIM». B ciiydae uz-
MEHEHUsI YCJIOBUI paclpoCTpaHeHus PaJuocuruasia, Hekoropoie u3 BIIJIA
MOI'YT ITOTEPATH CBsI3HOCTH. Ecym cers BILJIA moppep:kuBaer apXuTeKTy-
py FANET, 10 ¢BsI3b C TOJIOBHBIM y3JIOM MOXKET ObITH ObecrievdeHa depel3
apyrue BILJTA. JTenenTpaiu3oBantasi CeTh SIBJISETCA HAMOOJIEE ABTOHOM-
HOI1, OHa obecrieunBaeT HaJIEXKHYIO CBs3b Mexk 1y BILJIA 1.x. He umeer 06-
el TOYKH, MOTEPst CBA3HOCTH C KOTOPOI IPUBOJIUT K OTKA3y ceTu. Takas
ceTb obecrieunBaer (QYHKIMOHUPOBAHME MPU OTKA3aX OTIEIbHBIX CBsI3€i
u y3Ji0B. Takasi cucrema cBsi3u TpebyeT m3MeHeHmit Ha ypoBHaAX MAC u
CETEBOM YPOBHE, KOTOPBIE JIOJI2KHBI 00ECIIEINBATh BO3MOXKHOCTH CaMOOP-
raHu3anyu, ObITh TOJEPAHTHBIMU K 33JIePXKKaM, UMeTh T'MOKUil aBTOMATH-
3UPOBAHHBIN KOHTPOJIb. JlaHHasi apXUTEKTypa OPraHu3alud ceTu obecrie-
qUBaeT HAMOOJIBIIYIO HAAEKHOCTh. CyIIeCTBYIOT TPU apXUTEKTYPhI TAKON
ceru: BILJTA ad-hoc-cern, muororpynmosas BILJIA ad-hoc-cets u mMHOTO-
cnoitaast BITJTA ad-hoc-ceTs.

ad-hoc-cers BIIJIA. B BIIJIA ad-hoc-ceru Boimensiercss rojioBHOM
BILJIA, koropsiii ciayzxut nutro3oM ad-hoc ceru. Yepes Hero npoxoist Bce
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MapIIPYTHI IIePeIadn JaHHBIX MEXKIy Ha3eMHOI crannueit u gpyrumu BII-
JIA, kak 310 TIOKa3aHo Ha puc.l. [Ipuemonepenatomiee ycrpoiicrso BILJTA
MOXKeT OBITH HEJIOPOTHM W UMEeTh MaJjyio Maccy. Jlanmubrit cmocobd mo3Bo-
JsieT pacmupuTth obacth geiictBust BILJTA 3a cuer opranuzanuu csi3eit
BHyTpHU rpymibl. BepositHoCTh cBsiznoctu Mexty i-M BILJTA u nenrpom
YIPABJIEHUS OIPE/IEIISIETCS BEPOATHOCTHIO CYIIECTBOBAHUS KAHAJA CBI3U
Dic, & TAKZKE BEPOSATHOCTHIO CYIeCTBOBaHMs MapiipyTa depe3 ad hoc cerp
Do ¥ BEPOSITHOCTBIO CYIECTBOBaHUs KaHaja XoTs 661 oguoro BILJTA ¢ nes-
tpom yrpasienus. Ctpykrypa mapipyTta BILJIA - nentp yunpasienus B
ad hoc cern nmpusemena Ha puc.2.

Puc

Pa )n—l

p 1_(1_Puc

Puc. 2. Crpykrypa mapupyra BILJIA - nentp ynpasienus B ad hoc cern

Pe=1—(1—puc)(l —pa(l—(1 *puC)nil))

TJle Pg — BEPOATHOCTH cBsizHocTr Mexky BITJTA B rpymie;

Puc — BepoaTHOCTD cBa3noctu BILJIA ¢ nenTpoM ympasieHus.

n — kosmaectso BILJTA B rpymrre.

BepositHocts cBsizaoctu Mexay jBymst BILJTA ¢ u j onpenesnsiercs Be-
POSITHOCTBIO CyIecTBOBaHMs MapiipyTa depe3 ad hoc ceTb p, u BeposaT-
HOCTBIO CBSI3U Y€pe3 NeHTp ynpasienust (puc.3).

1- (] - puc)n_]

1_(1 - puc)n_l

Puc. 3. Crpykrypa mapmpyra BIIJIA - BIIJIA B ad hoc cern

Pu=1-(1=pa)(1 = (1~ (1=puc)"")?
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I7ie Pg — BEPOATHOCTD cBsizHocTu Mexky BITJTA B rpymre;

Puc — BeposiTHOCTB cBsizHOCTH BILJTA ¢ merTpoM yupapjieHust;

n — koaudectso BITJTA B rpymnre.

Mmuororpynnosast ad-hoc-cers BIILJIA. DTa apxurekTypa cxoxka
¢ ad-hoc-cernio BIIJIA. B pannoil apxurekType (hOpMUPYIOTCS HECKOJIb-
ko rpyrn BILJTA, B kaxj0if u3 KOTOpBIX BbIjessiercs rososaoil BITJTA,
KOTOPBI coequHdeTrcd ¢ Ha3eMHON CTaHIMell, KaK 9TO II0OKa3aHO Ha PUC.
3. JlaHHBI BapuaHT apXUTEKTYPBI COYETAET B cebe MPUHIIUII IIeHTPAJIA30-
Baunoit cetn u ad-hoc ceru. OHa HOAXOAUT MJIs CHEHAPUs C OOJIBIIUM KO-
smgectBoM BITJTA u paziuunbiMu XapakKTePUCTUKAMY TIOJIeTa WU XapaK-
TepUuCTuKaMmn KaHaJIOB CBA3U. HOCKOHbe B Hell 9aCTUIHO HCIIOJIB3YyeTCsA
[IEHTPAIN30BAHHBIN IPUHIIAII, TO 9TA APXUTEKTYPA CBI3U B Psiie CIIyIaEeB,
He 00ecIeunBaeT JOCTATOIHON CBI3HOCTH. B paMKax OT/e/IbHBIX TPy Be-
positHOCTH cBsizHOCTH BILJIA ¢ meHTpOM yupaBiieHUsi, a TaKyKe CBSI3HOCTH
mexky BILJIA B rpyime aHaJOrmdHbl COOTBETCTBYIONIMME TOKA3ATEJSIM
qutst ad hoc cern, T.e. onpenesnsiorcst Boipaxkerusimu (3) u (4). Cesi3b Mex-
gy BITJTA paziudaubix rpyni BO3MOXKHA TOJIBKO Yepe3 IEHTP yIPaBJIeCHUs

(puc.4).

ky i
%0 17(17191“')”" !

71,—1

1_(1_171«;) 8

Puc. 4. Crpykrypa mapmpyra BIIJTA — BIIJIA B mHOrOrpynmnosoii cetu

Bepositaocts cBsiznoctn Mexay BILJTA pazmauansix rpymm Oyaer ompe-
JIeJIIeTCsl Kak

pgkg) = pfzk)pfzg)(l - (1= puC)nk_l(l - puC)ng_l)

rje p&k) u p&g ) BEPOSITHOCTH CBSI3HOCTH B Ipylmnax k u g;

ny 1 ng — konmudecrso BILJIA B rpymmax k u g;

puC — BepoaTHOCTD cBszHoctu BILJIA ¢ nenrpom ynpasienus (Hazem-
HOIT craHimeii).

Mmuorocaoitnaa BIIJIA ad-hoc-cers. Crpykrypa MHOTrOCTIOWHOI
CeTHU IMOXOXKa Ha CTPYKTYpy MHOrorpymnmnosoil ad-hoc cerm, 3a mckimote-
HUEM TOT'O YTO UMEIOT MECTO HEIIOCDPE/ICTBEHHBIE CBS3M MEXK/Iy DPa3HBIMU
rpynnamu BILJIA, 6e3 yuacrus nenrpa yrupasierus. CeThb BEPXHETO CJIOST
BILJIA npencrasisier coboit ad-hoc ceTb, KOTOpasi COCTOUT U3 T'OJIOBHBIX
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BILJTA Bcex rpymim. st obMeHa TaHHBIMI MEKTy JTIOOBIMU JIBYMsI IPYTINa-
vu BIIJTA He Tpebyercsi poIycKaTh JaHHBIE Yepe3 HA3EMHYIO CTAHIIUO.
Hazemnuas crannust nosydaer naHHBbIE, KOTOPBIE IIPEIHA3HAYEHBI TOJIBKO
JUIs Hee, 9TO MPUBOIUT K 3HAYUTETBHOMY CHUKEHHUIO TPEOOBAHUII K ee
npoiryckHoii criocobroctu. Muorocoitnasi BITJIA ad-hoc-cerb siBisieTcst
nanboJiee HAJIEXKHOI, IIOCKOJIBKY HE COMEPXKUT €IMHON TOYKM, IIPUBOIs-
meit K 0TKa3y Bcell ceTn. B pamMKax OTIeIbHBIX IPYII BEPOSATHOCTD CBA3-
noctu BILJIA ¢ nmentpom ynpasienusi, a Takxke cBsa3HocTu Mexk 1y BILJTA
B I'PYIIle AHAJIOTUYHBI COOTBETCTBYIONUMH ITOKa3aressam i ad hoc cern,
T.e. onpeensitorcs Boipaykenusmu (3) u (4). Ceasp mexiay BILTA pas-
JINYHBIX I'PYII BO3MOXKHA KaK Yepe3 IEHTD YIPABJIEHUs, TaK U HAIIPAMYIO

(puc.5).

"
pc[z )

1*(1 *Puc)nk -

A

1,1

1_(]_1711(,‘) g
Puc. 5. Crpykrypa mapmpyra BIIJTA — BIIJIA B muOrocsoiiHoi ceru

Bepositnocts cBsiznoctn Mexkay BILJTA paziauanbix rpymm Oyaer ompe-
JIeJIsIeTCs Kak

p;kg) = pgk)pfzg)(l — (L= prg)(1— (1 - Pue)™ T (1 = pue)™ )

e pgk) U Py’ BEPOSITHOCTHU CBSI3HOCTHU B I'pyIax k u g;

ny 1 ng — Kommdecrso BILJIA B rpymmax k u g;

Puc — BepoaTHOCTD cBst3nocTu BILJIA ¢ nenTpom ympas/eHust;

Dkg — BEPOSTHOCTDL CBS3HOCTH MEXKJY I'DylIaMu k u g.

CpaBHutesabHasl XxapakTepucrtuka. [lo cpaBHeHnio ¢ meHTpaIn30-
BAHHOU CTPYKTYPOIi, JeleHTPAJN30BAHHbIE CETU SABJISIIOTCS 60jiee THOKU-
MM, Ha/IE2KHBIMH U UMEIOT JIy YIlle SKCILIyaTaIOHHbIE XapaKTePUCTUKU. B
nerneaTpaaunzoBannoii cern BITJTA cBsizanbl MexK 1y c000i HEMOCPEICTBEH-
HO WJIM 4Yepe3 HECKOJIbKO TPAH3UTHBIX y9IacTKOB (cKaukos). B Tabuune 1
[IPUBE/IEHO CPaBHEHUE YeThIPEX OCHOBHBIX APXUTEKTYD IOCTPOEHUS CETH
CBSI3U It TPYIIIBI OECIMJIOTHBIX JIETATEIBHBIX armaparoB. [losHOCBs3-
Hble OEeCIPOBOJIHBIE CETH UMEIOT MPEUMYINEeCTBA B 9acTU OE30MIACHOCTU U
HaJIe’KHOCTH. B IereHTpaIn30BaHHON apXUTeKType 0CoOble TpebOBaHMs
[IPEIbSBIISIOTCS K MIPOTOKOJLY MapPIIPYTU3AIINN, KOTOPBIN JTOJI?KEH obecIre-
YUTH JOCTaBKY IIAKETOB OT MCTOYHMKA K y3jy. OH H0/KeH obecriedynBaTh

gg)
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Tabymma 1

CpaBHeHne 4eTbipex 6a30BOIl apXUTEKTYPHI TIOCTPOEHUS CETH CBSI3U JIJIsT

rpynner BILTA

Msuoro- Muoro-
XapaxkTe- Ilenrpasn- ad hoc N
TpyIIIOBast cJToitHast
puUCTHKA 30BaHHas ceThb
ad hoc cerp | ad hoc cern
Yceroitanocth | Huskas Cpenuass | Cpemasist Bricokasa
MapIIpyT | MapIIpyT MapIIpyT
Ceasnoctnb qepes LY B ad hoc | B ad hoc B ad hoc
ceTn cetn cetn
Pazmep cern MaJiast cpenHsasa | GosbImast GoJIbITIAas
OUH MHOTO MHOTO MHOT'O
MaprmpyT
CKav0K CKa4KOB CKa4KOB CKa4KOB
OI'paHUYEHO | OIp. orp. omp.
[TokpprTne CBA3BIO YUCJIOM IUCJIOM YHUCJIOM
c 1Y BITJTA BITJIA BILJIA
XapakTe
p p OsHOD. OsHOD. Pasnop. Pasnop.
3a1ad

BBIOOP MApIIPYTa, OTBEYAIONIEr0 TOCTABIEHHBIM TpeboBanusamM. [IpoTokot
MapIIpyTU3AIMIHA obecrevunBaeT camMooprannsarmio ad-hoc cetn. Hazemmas
CTaHIMS TAaK¥Ke MOXKET 00pabaThIBATD JMaHHBIE JJIs JJIs TMOAJIEPKKH Perle-
Huil 0 KoHbuUryparmu cetn [5].

3. BriBoan:

Ananu3 crpykryp mocrpoenusi ceru cBsizu BILJIA moseosin cuenarsb
CJIEJTYTOIIIEe BBIBOJIBI:

1. g mocrpoenust cereii BITJTA MoryT 6bITh HCHIOIB30BAHBI IIEHTPA~
JIT30BaHHAas, JEIEHTPAJIN30BaHHAS U KOMOMHUPOBAHHAS apXUTEKTYPHI.

2. Ilpumenenue MEeHTPAIIM30BAHHON aPXUTEKTYPHI [1€JIECO00PA3HO IIPU
OTHOCUTETHLHO MaJioM KosimdecTBe BITJIA u BbICOKOH BEPOSITHOCTH CBSI3HO-
cru BITJTA — nenTp yupapjeHus.

3. Ilpumenenue ereHTPAIM30BAHHON APXUTEKTYPBI, 0ODECIeInBaeT
GOJIBIIIYI0 THOKOCTb, HAJIEXKHOCTb U JIyUIUe JKCIIYyATAIINOHHBIE XapaK-
TepucTuku. Ee mpuMeHeHue 1e/1eco00pPa3HO MPU OTHOCUTETHHO OOIBITOM
kosmuectBe BITJIA 1 naeT BO3MOXKHOCTD IIOBBIIIEHHUSI HAIEXKHOCTU CBSI3H,
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Kak ¢ eHTpoM yrpasjenus, Tak u BIIJTA mexy coboii, a TakKe paciim-
penust obsiactu jgeiicrBust rpymbl BILTA.

4. Mmuororpynmnosast apXUTeKTypa IIOCTPOEHUS CETU ODeCIIednBaeT
CBSI3b MEXKJTy OTHOCUTEIBHO OostbiiM dncoM BILJIA| npu sToM B paMkax
OJTHOI T'PYIIIBI €€ CBOHCTBA aHAJIOTUIHBI CETU C JCIEHTPAJIU30BAHHON ap-
XUTeKTypoit. Ee mpuMenenue 1e/1ecoo0pa3Ho Mpu OTHOCUTEILHO OOIBITOM
qncyie BITJIA u mamom Tpaduke MEXKIy IPyIHIaAMU.

5. MHorocsoitHast apXuUTeKTypa sABJseTcd Hanbojiee yHHUBEPCAJILHOM,
oHa 00eCHeYNBAET CBA3HOCTH, KAK B IPYIIAX, TaK M MEXKIy CPYIIaMn
BILJTA. Ee npumenenue 11e/1eco00pa3HO IPU OTHOCUTEIHHO GOJIBIIIOM YUC-
sie BITJTA u HeOOXOAMMOCTH OpraHU3AIMH CBSI3U MEXKJLy IDYIIIaMHu.
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The article presents the results of the analysis methods for constructing net-
works based on unmanned aerial vehicles (UAVs). The main options for the
structure of communication networks formed by a group of UAVs as between the
UAV in the group, still between the UAV and the control center. The main fea-
tures and characteristics of the various ways of networking, their advantages and
disadvantages. The results obtained make it possible to choose the best way to
organize the network of UAV based on the requirements defined by the network
purpose and its parameters such as the number of UAVs, the number of groups,
the network scale, the characteristics of the movement.

Keywords: unmanned aerial vehicles, centralized network, decentralized
network.
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VIIK 004.4

Mogesie-opueHTUpPOBaHHAdA MPOBEpPKa MPaBUJIbHOCTHI
CeTeBOr0 B3aMMOIeICTBUS

B. B. /IeBarkos, M. T. Hayur

Kagedpa un@opmayuontvix cucmem u mesekomMmyHuKayul,
Mocxroscrozo eocydapcmeennozo yrusepcumema um. H.3.Baymana,
ya. 2-as Baymanckasn, 0. 5, Mockea, Poccus, 105005

Annoranusi. Hacrosiinast craTbs ocBsiieHa pa3BUTHIO METOIUKHA (hOpMaJIbLHOM
IIPOBEPKU PABUILHOCTU CETEBOTO B3amMojieiicTBus. B KadecTBe si3bIKa JJTs pe-
MeHus 337249 (GOPMAaJILHON IMPOBEPKH IPABUJIBHOCTH CETEBOI'O B3aMMO/IEACTBUSI
BBIOpaHa JIOTUKA TA/IOB, & B Ka4eCTBe sI3bIKa /1T (POPMYJTUPOBKHU ITUX CBOICTB
- BpeMeHHasl MOJIajibHasl JIOTUKa. B cTarhe 000CHOBBIBAETCSI TAKON BBIOOP, pac-
CMATPHUBAIOTCA PUHIUIBI IIPOBEPKU IIPABUILHOCTH (JI0OKA3ATEHLCTBA) CETEBO-
r0 B3aMMOJAENUCTBUA KaK IPOBEPKHU ITPABUJIBHOCTU B3aWMOJIEHICTBUS areHTOB B
MyJbTHAN€HTHON cucTeMEe. ABTOMATH3AIUIO ITPOBEPKHU INPABUIBLHOCTU B3AWMO-
IeficTBUSI NIpeJIaraeTcsl OCYIIeCTBJATh JIOTUYEeCKUMHU ITporpaMMaMU, IIOJIydvae-
MBIMHU B pe3yJbTaTe Ilepexo/ia OT ONMCAHUA CETEeBOI'0 B3aUMOJIEHCTBUSA B JIOTH-
Ke TaijioB u TpebOBaHUl MPaBUILHOCTH B3aUMOJIEHCTBHS Ha SI3bIKE MOIAJIBHOM
JIOTUKHU K IIpOorpaMMe IIPOBEPKU IIPABUJIBHOCTH HA A3BIKE JIOTMIECKOI'O IIPOrPaM-
mupoBanust Visual Prolog. Meronuka dbopMaibHOM TPOBEPKU TPABUILHOCTH Ce-
TEBOT'O B3aMMOJIEHCTBUA MJITIOCTPUPYETCA MPUMEPOM IIOJIyUeHUs ONUCAHUSA II0-
BEJIEHNSI ar€HTOB B JIOTUKE TAMJIOB, CBOMCTBA 00SA3aTE/IbHON PEAKIINY B MOJAIb-
HOII JIOTHMKE U JIOTMYIECKON IIPOrpaMMO# JJId CJIydad TPeX B3aUMOAEHCTBYIOIINX
areHTOB: PYKOBOAMTENS U ABYX mcroaHuTesnei. O6Cy K Aai0TCss IEPCIEKTUBbI NC-
IOJIb30BaHUA IIpejyiaracMoii MeTOJMKHU JIJId JIPDYTUX CBOMCTB U IIPUJIOZKEHUN.

KiroueBble CJIoBa: CETEBOE B3AaMMOJEHCTBUE, JIOTUKA TAWIOB, MOJAIbLHAS JIO-
IUKa, TPOBEPKa MPABUJILHOCTU, UHTE/IEKTYabHbIE areHTbl, SI3bIK JIOTUIECKOTO
nporpammuposanus [IPOJIOT..

1. Bsenenwne

B pabore [1] paccMarpuBauch CBOHCTBA MYJIBTUMOJAILHBIX MHTEJI-
JIEKTYAJIbHBIX MHTEPQENRCOB, peam3alys KOTOPhIX, 110 MHEHHIO aBTOPOB,
obecIreanBaeT €CTECTBEHHOE «0Oe30apbepHOe» B3AMMOIEHCTBHE TOJIH30BaA~
Tens ¢ mammHOi. Kakme m3 9TuxX CBOWCTB HEOOXOIMMO BOILIOIIATH, KO-
HEYHO, 3aBUCUT OT KOHKDETHOI CHCTEMBI, Ijie TPeDdyeTcsi COOTBETCTBYIO-
mmit uarepdeiic. B oboMm caydae, ecam Kakoe-a1nb0o CBONCTBO mHTEpdeii-
ca JIOJKHO OBITH PEAJIM30BAHO, TO, BO-IEPBBIX, HEOOXOAMMA €r0 TOUHAS
crierudUKaIys, & BO-BTOPBIX, BOBMOXKHOCTb (POPMaJIbHOM IIPOBEPKU ITOIA
crienupUKaIIy MPUMEHUTETHHO K HHTepdeicy KOHKpeTHO# cucTtembl. [1o-
CKOJIBKY P€Yb HJIET, KaK MIPABUJIO, O IPOTPAMMHOIl cuCTeMe, TO, IO CyIIe-
CTBY, YIIOMsIHyTasi CIIeIu(pUKAIs CBOACTB nHTEpdelica 1 ux (opMajbHasI
[IpOBEpKa, MOXKET PACCMATPUBATELCA Kak crernududeckas 00JacTh IIPOBEpP-
KU MPaBUJIBHOCTU CETEBOI'O B3aUMOJIEHCTBHUS ITPOIPAMMHBIX CHCTEM B I~
JioM. K HacTosilieMy BpeMeH! U3BECTHO TPU OCHOBHBIX II0JIX0/a K IIPOBEPKE
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TPaBMJILHOCTH IIPOTPAMMHBIX CUCTEM: TeCTUPOBAHNE HAJUINSA TPABUIHHO-
cri, GopMabHOE JI0KA3aTEILCTBO IMPABUILHOCTH B PaMKaX KaKOI0-JIu0O
HUCYUCJIEHUSI U MOJIeJIe-OPUEeHTUPOBAHHOE M0Ka3aTeIbCTBO IIPABUILHOCTU.
Paznumane mexmy sTmMu mogxomaMu cCOCTOUT B citejryromeM. [Ipu Tectupo-
BaHUM Ha BXOJ MOJEJU IOJAI0TCH 3apaHee MOJAINOTOBJIEHHBIE U ITPEICTaB-
JIEHHBIE B KQKOM-JIN0O S3BIKE II0CJIC0BATEAbHOCTI AeHCTBUAI (BOCHpI/IHTHﬁ
U PeaKIuii areHTOB) U IIPOBEPSIETCs], IPOSIBISAET JIM MOJIEJb IIPABUIIBHOE 110~
BejieHne. MI3BeCTHBIM HEJIOCTATKOM TECTUPOBAHUS SIBJISETCS TO, UTO MOIII-
HOCTb MHOKECTBa TECTUPYIOIIUX I10CIeJ0BATEIbHOCTEH JIeiCTBUNA (HI/ITeﬁ)
MOKeT OBITH CJIMIITKOM BEJIMKA, 9TO MPUBOANT K KOMOMHATOPHOMY B3PBHIBY
¥ BBIYUCJIUTEJIbHBIM ITPO0JIEMaM TeCTUpOBaHUsi. Kpome TOro, MHOXKECTBO
TECTUPYIONMINX MTOCIEI0BATEIHLHOCTEN, KaK MPaBUI0, (DOPMUPYETCS IKCIIEP-
TOM, ¥ HET HUKAKON TapaHTUU MOJHOTHI 3TOTO MHOXKECTBA JJISI IIPOBEPKU
npasubHOCTH. I1pu bopMaIbHOM JTOKa3aTeIbCTBE HAJINIHUS [TPABUIBHOTO
TIOBEJICHUST B PAMKaX KaKOTO-JTUO0 MCUMCIEHUs 9TU CBOWCTBa (DOPMYIAPY-
10TCsl B Buje TeopeM (1esieil) Ha g3bIKe COOTBETCTBYIOIIErO UCUUCJICHUS,
KOTODBIE 3aTeM J0Ka3bIBAIOTCs (BBIBOIATCS) M3 HAYAJIBHBIX 3HAHUN (aK-
CHOM ), TIPEJICTABJIEHHBIX HA TOM K€ SI3BIKE, MCIIOJIb3Ysl CHeUATbHbIE IPa-
BWJIA BBIBOJIA. Ecm cTparernsi BHIBOJA IMOJHA, TO YCIEX JIOKA3ATETHCTBA
HAJINYUs NPaBUJIBHOCTU 3aBUCHUT OT IMOJHOTHI aKCHOMATHU3AINN HadaJIb-
HBIX 3HaHUit. Kpome Toro, moHas cTpaTerus BBIBOJA MOMKET OKA3aThCs
BBIUHMCJINTEBHO CJI0yKHOM. Ho rimaBHOe, 94TO OorpaHMYuBaeT HCIIOJIb30Ba-
HUEe UCYUCJIEHNN, — 3TO CJIOKHOCTH MHTEPIIPETAIINN U aKCUOMATU3AIINN Ha
SA3BIKE 9TUX UCUNCICHUH HeOOXOMUMBIX CBEICHUN YIACTHUKAME IIPOIECCa
MMPOBEPKU MPABUIILHOCTHU, KOTOPhIE, KAK IIPABUJIO, HE SIBJITIOTCS CIIEI[AAJIH-
craMu B 00J1aCTH ncuucaeHuit. MoJieme-opueHTHpOBaHHOE TOKA3ATETHCTBO
HAJIUIAS PABUILHOCTH, B OTJUYHE OT (POPMAaJbHOIO JOKA3ATEIHLCTBA B
paMKax MCYHUCJIEHUS], UCIOJIb3YeT MOJIEIN apXUTEKTYPHI U IOBEJIEHUS CH-
CTeMbl, B KOTOPO# peajm3yercsa B3amMmojeiicTsue. Eciam co3marenb 3Tux
MOJeJIell cuauTaeT, YTO, CO3JaBasl apXUTEKTYPY U ONUCHIBas IIOBEJICHUAE CU-
CTEeMbI, OH BBITIOJTHIJI BCE TPEIbSIBIIIEMbIC K HUM TPEeOOBAHUS, TO JIJIsI TIPO-
BEPKU MPABUWJILHOCTH MOJEJIN OCTAETCS TOJBKO J0KA3aTh, ITO €€ apXUTeK-
Typa U TIOBEJIEHUE TUM TpPeDOBaHUSM YIOBJIETBOPSOT. [ljist 1mog006HOrO
J0Ka3aTeIbCTBa 3/1eCh TaK:Ke MCIIOJIb3YIOTCs IIpaBUja BbIBOJIA, HO CeMaH-
TUKa TUX MPABUJ CYIIECTBEHHO OPUEHTUPOBAHA HA ITPUBBITHBIE JJIT TEX
IV WHBIX TPUJIOXKEHUI MOHITHS M CMBICIBI. HacTosimast paboTa 0CHOBa-
Ha KaK pa3 Ha MOJleJIe-OpUeHTUPOBAHHOM JI0Ka3aTeJIbCTBE CBOCTB CUCTEM.
OHMME U3 CAMBIX IIOIYJISPHBLIX MOZeJIelH, NCIO/Ib3yEeMbIX sl 3TUX LeJIe,
SABJIAIOTCS IIPOLIECCHBIE MOJIEIN OIMCAHUS apXUTEKTYPbl U IOBEJIEHUS CH-
crem. [IpapouTresem 1e10oro Kaacca TaKUX MOJIENIEH STBIISIeTCs, HATIPUMED,
S3BIK IPOLECCHBIX BBIPAXKEHUIT [IPOIIECCHOl aarebpsl (nu-ucaucienus) Po-
Gepra Mumaepa [2]. I3BecTHO, UTO MPOLECCHBIE ANTEOPHI NPEITIATAIOT
JTOCTATOYHO €CTECTBEHHBIN MyTh OMMCAHUS MapPaJIEIbHBIX CUCTEM, COCTO-
SIIUX W3 areHTOB, B3auMOJIEHCTBYIOMUX 10 obmmM KaHayiam. Onucanue
JUHAMAYIECKOTO ITOBEJIEHNSI areHTOB OOBITHO WCIOJIB3YeT OIEePAIMOHHYIO
CEeMaHTHKY, IIPEeJICTaBJsieMyIo B Buje npaBui. K coXKaJieHUI0, SI3bIKUA ITPO-
IECCHBIX aJiredp XOTsI M U3AINIHBI C MAaTEeMATUYEeCKOW TOYKU 3PEHUsI, HO
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3a9aCTYIO CJMIIKOM a0CTPAKTHBI I IIPUMEHEHH, a yIPABJICHAE IIPABU-
JIaMU BBIBOJIA B 3THX A3BIKaX TpebyeT NOIMOJHATEIbHBIX YCUJIHIA, He Beera
CJIEAYIONX HEIIOCPEJCTBEHHO U3 KOHTEKCTa. B CBAZH ¢ 3TUM MOy JIIPHBIM
ABJIAETCS MCIOJIb30BAHIE TAK HA3BIBAEMBIX A3BIKOB APXHTEKTYPHOIO OIHU-
canus (Architecture Description Language — ADL) [3], koropsie 1mo3BoJisi-
IOT Ha Pa3HBIX YPOBHAX a0CTPAKIUH ONHUCHLIBATH CTPYKTYDY U IIOBEJCHUE
cucreM. B HacTosimee BpeMs TIPETIOZKEHO JOBOJBHO GOJIBIIOE IUCIO Pas3-
JIMIHBIX SI3bIKOB apxurekTypHoro omucanus [4] [5] [6] [7], paccunranHbIx
Ipeskjie BCero Ha OIMCaHUe W IIPOBEPKY MPOrPaMMHBLIX CUCTeM. B HacTosI-
mieil craThe JJIg ONUCAHUS MOBEIEHNAA CUCTEM U JOKA3ATEIbCTBA IIPABAIb-
HOCTH B3aMMOZEHCTBUSA IPeIJIaraeTcsa UCIOIb30BaTh (pOPMabHbIEC CHCTE-
MBI, OCHOBAHHBIE Ha IpABHUJIAX, Ha3biBaeMblX Taitnamu (tile). Ha pycckuii
A3BIK TEPMHH tile IepeBOAMTCA KaK 9epenuna, IJIMTKA, U3pasel, 9To He
OYeHb eCTEeCTBEHHO UCIOJIb30BaTh JJIs Hamux meneil. IlosToMmy B HacTos-
1miedi crarbe Gy7ieM UCIIOIb30BATh AHIVIMI3M «JIOrHKa Tailiosy (tile logic).
IIpunnumel 10Ka3aTENbCTBA KAKUX-IU00 CBOWCTB WH(MOPMAIMOHHBIX CH-
CTeM Ha OCHOBE JIOTUK TailJIoB M3BECTHBI JocTaTouHo nasHO [8]. Ho st
TOT0, YTOOBI KaKyl0-INn00 U3 3TUX JIOTHMK MOYKHO OBLLIO MCIIOJIb30BaTh It
TOr0 WJIM WHOTO IPUJIOKEHHs, HEOOXOIUMO CO3JATh MHOXKECTBO TailJIOB,
COOTBETCTBYIONIUX 3TOMY IIPUJIOYKCHMIO. HAIIUM IIPUIOKEHUEM SBJISeT-
sl TIPOBEPKa (I0KA3aTeIbCTBO) MPABUIbHOCTH B3anMmojeiicTusi. CeTeBbix
IpOrpaMMHBIX cucTeM. JlajabHelnass CTPyKTypa MaTepHaJa CTaTbU CJie-
nyomad. B cienyromem pasugene OyJdyT IIPUBEICHBI OCHOBHBIC NMOHATHS,
CBSI3aHHBIE C TaiijlaMu. 3aTeM Ha IPOCTOM HPHUMEpe IIPOBEPKH IIPABHIIb-
HOCTHU B3aUMOJEHCTBHS, Ha3bIBAEMOT0 00S3aTe/IbHOI peakiuu, Oy1eT BBe-
JIEHO HEOOXOIUMOE JJIsl 3TOTO IMPHMEpPa MHOXKECTBO Tailios. Ilocse sToro
OyIeT MOKAa3aHO, KaK 9TO MHOXKECTBO HCIIOJIB3yeTCd I JOKAa3aTeIbCTBA,
00s13aTeIbHON peakiyu, cOPMYJIUPOBAHHOIO HA SA3bIKE MOJAJIBHON JIO-
ruku. B 3akmodennn oOCyKIAIOTCS HAIPABJIEHUS JAJbHEHINX PadoT B
00JIaCTH POBEPKH IPABUILHOCTH B3aNMOJICHCTBUS

2. TIlpuHiunsl IpPOBEPKU MIPABUJIBHOCTUA CETEBOTO
B3auMoJeiicTBus

Taitnbr n oneparum Haj HUMHU. /JIOCTOMHCTBA JIOTUKU TAMJIOB CBSI3aHbI
CO CTPYKTYPOIl ee IpaBUJI BEIBO/IA, KayKJI0€ U3 KOTOPBIX MOXKET OBITH IIPeJI-
cTaBJIeHO B BuJIe Tajiia (tile), crpykTypa KOTOporo B 061eM BUJie OKA3aHa
Ha puc. 1.

3recba- uMst Taiisia. Tailal Mo3BOJISIET ONUCHIBATDH TOBEJEHNIE YaCTHY-
HO OIIPEJIEJIEHHBIX KOMIIOHEHT CHCTEMBI, COJIEPKAINNX MePEMEeHHbIe W Ha-
3bIBAEMbBIX KOH(MUI'YPAIUSIMHU. DTO IOBEJIEHUE OIUCHLIBAETCS B TEPMUHAX
BO3MOYKHBIX B3AMMOJIEHCTBUI ¢ BHEITHeH niu BHyTpeHHeit cpenoit. [ToBeme-
HHUE€ CUCTEMBI B IIEJIOM BBIIVIAANT KaK CKOODJAMHUPOBAHHOE B3anMOAelCTBHAE
OTIeIbHBIX TailyioB. CMbIca 0DO3HavYeHUil Ha puc. 1 Tailjga CjeiyroImii:
?4;,— HaYaAJIbHBIN BXOJHOM nHTEp(eiic Tailna;?s; — HaYaIbHasd KOH(PUIYpa-
st Taiiia;?o; — HaYaJbHBIA BBIXOIHON uHTepdeiic Taiiia; i, — KOHeTHBIT
BXOJIHO# mHTepdeiic Taiiia; !s, — KoHeuHasi KOHUryparus Taiia,lo, —
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Haareran
KoMz payua
Herams wntil 2 5. Heavame nuail
exoonoii P} ! ()lo, sowonoi

uHmeppeaic urmepetic
Boc ? la  Pex
crpusmue (. la Pecyun
Rongumwdl Roneunpil
exaomoii 7 10} P ."0, SBLIOAHOT
- = v -
unmeppetic LS uHmepgetic

Kone-ran
KoHuz\payua

Puc. 1. Taiin

KOHEYHBIIl BBIXOJHOU mHTepdeiic Tailna; Ta; — BocupuaTue Taiiaa; !a, —
peaknus Taityia. BocupusaTus u peaknun HA3BIBAIOTCS TAKKe AefICTBUSIMUA.
Wurepdeiicor Taita 3a7a0T (GopMaThl €10 B3aUMOJIEHCTBUS C BHEITHUM
okpyxKenueM. Tailn a Ha puc.l B oTBeT Ha BoOCHpHUSITHE a; 3aJaeT Ipe-
obpa3oBaHie HavYaJIbHON KOH(MUIypalun ¢S; B KOHEYHYIO KOHMUIYPAIIUIO
1s, , mpousBojs peaknuio la, . Takoe npeobpa3zoBaHue BO3MOKHO TOJBKO
TOTJIa, KOIJIa Taij He TOJIBKO OCYIIECTBHJI BOCIPUSTHE [d;, HO U KOTIA
dbopMaThl TAHHBIX BHEITHETO OKPY2KEHUsI Tailjia yIOBJIETBOPAIOT opma-
TaM MHTEPQENRCOB Tailja.

Taitbl, y KOTOPBIX Bce MHTEPAEHCHl O/IMHAKOBBI HA3BIBAIOTCH CEKBEH-
tamu. ObozHadenust nHTepGERCcoB B CEKBEHTaX olryckaoTcsd. ['paduaeckoe
n300pakeHne CeKBEeHTa IOKA3aHO Ha PHUC. 2 . U MMapauleJIbHO JJjisl TOrOo,
9TO00BI 33/1aBaTh DOJIee cyioxkHOe ToBejieHne cucteM. Oreparnusi TOPUT30H-
TAJLHON KOMIOZUIIUY TailjoB obo3HagaeTcsa cumbosoMm *.lopusonTanbaas
KOMIIO3UIUSI JIBYX TAMJIOB oM [SIIOKAa3aHa Ha PUC. 3 .

lopusoHTaabHasi KOMITO3UIUS JABYX TayioB an 3 BO3MOXKHA TOJIBKO
LU YCIOBUH, 4ITO Gon =!ai8, 10ia =i, 100a =71;3. CMBICI rOpU30HTAIIL-
HOI KOMIIO3UIIUU TAWJIOB 3aKJIIOYAETCS B MOJIEIUPOBAHNN (DOPMUPOBAHUS
6oJtee CIOYKHBIX KOHMUTYpaInii 1 u3 60Jiee IPOCTHIX IIPH YCJIOBUU BBIMOJI-
HEHUsI PABEHCTB Ao =!aig, 100 =718, 1000 =71;3. Onepaiust BepTHKAIb-
HOI KOMITO3UInK 0D03HAYAETCSI CUMBOJIOM ®. BepTukajibHasi KOMIIO3HUITHST
JIByX TaiuioB au  noka3aHa Ha puc. 4 .

BeprukasibHass KOMIIO3UIUS MOJIEIUPYET MOCIEI0BATEIHFHOE Mpeodpa-
30BaHMEe KOHMUTrypanuu 7s;, B S, COOTBETCTBEHHO CHaYAaJsa C IIOMOIIBIO
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Heameras
KoRGUIPalL
?s,

. Praxmpm

KoR duIpaaLa

Puc. 2. Cexsenr

Puc. 3. T'opuzonTanbHas KOMIIO3UINSA TaI0B

napbl BOCHPUATHE? A, PEAKIUs!dy, , & 3aTeM IIapbl BOCIpHUSATHE Ta;g ,
peakusi!a,g , U IPU yCIOBUH, UTO!Soq =758, 1000 =71i, 100a =71ig.

Ounepanus napaJjie/bHON KOMIO3UINNA 0003HaYaeTcst CUMBOJIOM 7. ITa-
paJiiesibHasl KOMIIO3UIIMS TAMJIOB IIOKa3aHa Ha PHUC. b.

[MapajutesbHass  KOMIO3UIUS ~ JBYX TailloB au [ BO3MOXK-
HA TOJBKO IPU YCJAOBUU IAPAJUIEIHLHONO  BBIMOJHEHUS COOTBET-
CTBEHHO TIaD BOCHPUSATUNUoq,Gi3, PeAKIUN oq,'a;3, BXOAHBIX
KOHUIypanuit?soq,?S;g, BEIXOAHBIX KOHbUrypamnuil !sqq,!S05 -

Ta uau uHas JIOrMKa TAiI0B OIydaeTcs B Pe3y/IbTaTe BBEIEHUS MHO-
JKeCTBa 0a30BLIX TAMJIOB M HEKOTOPON COBOKYIIHOCTU BCIIOMOIaTEIHHBIX
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Puc. 4. BeprukasnbHasi KOMIIO3UINST TAI0B

TailjI0B, HaJ, KOTOPBIMIA MOI'YT COBEPIIATHCA BBEJIEHHBIE BBIIIE OllePaIliy,
IIPUBOJISIIIE K PA3JIMIHOTO POJIa IPeodpa30BAHUIM TAHIOB, B YACTHOCTH,
C TEJIBIO JOKA3aTEIbCTBA CBOMCTB MHTEJIEKTYAJbHBIX HHTEPQENHCOB.

2.1. IlIpexcraBjieHuUEe CETEBOro B3aMMOAENCTBUS

st IpoBepKU IPaBHJILHOCTU CETEBOrO B3amMoJleiicTBus (uHTEPdENRCcoB)
OOJIBIIAX ¥ CJIOXKHBIX CHCTEM TpeOyeTcs MPEeJICTABASITh CUCTEMY KaK
MepapxuIecKoe MHOXKECTBO HE3ABHCHMBIX IIPOIECCOB (areHTOB) M KAHAJIOB
CBSI3W MEXKJYy STHMH IIPOIECCAMHU, KOTOPbIE MOTYT PEKOH(MUTYPUPOBATH-
csa. Jlormka TaityioB B HambOOBINEH CTENEHW MMOAXOIUT JJIsi ITPOBEPKU
[IPaBUJIBHOCTUA CETEBOI0 B3AaMMOIENCTBUsI OOJIBIINX U CJIOXKHBIX CHCTEM,
MTOCKOJIBKY UHTEPQEHChl ABIIIOTCS 0A30BBIMU O0BHEKTAME, KOTOPBIMH 3T
JIOTMKA CHOCOOHA MAHWITYJIMPOBAaThb. Pa3jindHble CXeMBl COeMHEHM WH-
TepdeiicoB MOTYT CO3/IaBATHCS B JIOTUKE TANIOB Girarogapst napajiiebHOR
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Puc. 5. [TapasesibHast KOMIIO3UIAS TARIOB

U TOPHU3OHTAJIBHON KOMITO3UIUSM, HMOPOMKIAIONIMM PA3IUIHBIE CHCTEM-
Hble KOH(MUIYpaInd, KaxKIad N3 KOTOPBIX 33JaeT IIPOCTPAHCTBEHHOE
IpeJICTaBIeHne OOINEro COCTOSTHUSI CHUCTEMbI, COCTOAIIErO M3 JIOKAJIbLHBIX
cocrosaunii. I'opusoHTANbHAS WIN HapAJLICIbHAA KOMIOSUIMHA O0EeCIIedn-
BAIOT TAK2K€ BO3MOXKHOCTH KOHTEKCTHOI 3aBHCHMOCTH JAHHBIX OJIaromaps
unTepdeiicam. IloBegenne cucTeMbl B IIEJIOM ONPEIETISETCA MHOKECTBOM
TalJIOB, 3aJAI0NMUX JIOKAJIBHBIE H3MEHEHHS KOH(MUIYPAIUil CHCTEMBI,
ABJIAIOMNAXCA JIOKAJLHBIMA COCTOSHUSAMA CHCTeMBI. g Toro, 49rToObI
cKazaHHoe ObLIO 0GoJiee IMOHATHBIM, BBEJEM CJELYIONye OOO3HAYCHHUS.
ApxXnuTeKTypy CHCTEMBI JI0O0OT0 YPOBHS HEPAPXUH OyIeM IIPEICTABIATH
qerBepkoit S=P, L, I, O, rme

e P — MHOXKECTBO IIPOIECCOB CUCTEMBI, H300paskaeMbIX IPIMOYTOJLHIKA-
MH,

e L — MHOXKECTBO KaHAJIOB CUCTEMBbI, COSJTUHSIONIMX MPOIECCHI,

o I — MHOXKecTBO mogMHOKeCTB I(p) CL BXOMHBIX KAHAJIOB IPOIECcoB PEP,
e O — muoxecrso noamuokecTs O(p)CL BBIXOAHBIX KAHAJOB IPOLECCA
peP.

Kaxprit porecc pEP BepXHETO YPOBHSI CHCTEMBI MOYKET 38 IABATHCS
cucremoit 6ostee nuskoro yposusa S(p)=P(p), L(p), I(p), O(p), ei(p), eo(p),
riae o P(p), L(p), I(p), O(p) mmeror Tor ke cmbica, gro u P, L, i, o, HO
TOJIbKO KaK BHYTPEHHsISl CTPYKTYPa [IPOIECCa P.

e ¢ei(p) — dbyHKIUS, 0OTOOPAKAIONIAS BHYTPEHHIE KAHAJIBI IIPOIECCA P B €0
BHEITHUE BXOJHBIE KAHAJIBL,

e co(p) — dbyHKIMsA, 0TOOPAXKAIOIAs BHYTPEHHUE KAHAJIBI IIPOIECCA P B
€I'0 BHEIIIHME BBLIXO/IHbIC KaHaJIbl.

PaceMoTpuM mpuMep, WILTIOCTPUPYIOMAH MPEJIATAeMBIE TTPUHITATIBL
IPOBEPKH IIPABUJIBHOCTH B3aUMOJEHCTBUsL. DTOT IPUMED B HEKOTOPOIA CTe-
[eHN WCIOJb3yeT MPUMEP KIIMEeHT-CEPBEPHOIl CHCTEMBI, 3aMMCTBOBAHHOI
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Fmsum g TC Faewm 1z TC

T = 2 ITc i cc

Taam Croas Fausnm uz C3
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Puc. 6. Kiinent-ceppepnasi cucrema S

u3 paborsr [10]. Cucrema cocrout u3 ruasaoro cepsepa (I'C), orsevaro-
niero 3a unrepdeiic ¢ Kauenramu, cepsepa 3aiepxkku (C3), nepepacipe-
JIEJISIIONIErO KJIMEHTOB B CIydae UX JJIATEILHOTO O0C/IyKUBAHUS [JIABHBIM
cepsepoM, rereparopa (I'), dpukcupyIOImero KJINeHTOB U HAIIPABJIAIOIIETO
ux rIAaBHOMY ceppepy, u cepsepa crarucruku (CC), dukcupyrorero o6-
CJIy?KEHHBIX KJMEHTOB M CEPBEPa, UX O0CIy KUBIIKE. KJIMEHTBI, CIUIIKOM
JIOJITO OZKMJIAIONIHE OOCIIY X KUBAHUSI [VIABHBIM CEPBEPOM, MOI'YT OTKA3AThCS
OT €ro yCJIyI' U O0OPaTUTHCA K cepBepy 3a1epKeK. CepBep 3a/IepKeK sBJIs-
€TCsl KOHKYPEHTOM TJIABHOTO CEPBEPA W MOXKET OKA3bIBATH T€ K€ YCJIYTH,
YTO U IVIABHBIN cepBep, HO 3a Gojiee jyiuTesibHoe BpeMs. Kaskaplil KiuenT
caM pEINaeT, CJEeLyeT JIU eMy OTKA3BIBATHCA OT YCJIYT IJIABHOTO CepBepa
6€3 WX TPeIOCTABJIEHUSI W TIEPEXOJNTHh HA OOCTyKMBAHWE K CEPBEPY 3a-
JIep’KeK. WM HeT. IIpuMep apXWTeKTypbl KJIMEHT-CEpPBEPHON CHCTEMBI S
BEPXHEro yPOBHsI IpadUIeCcKn MPEICTAaBIeH Ha puc. 6.

CornacHO MPUBEIEHHBIM BBIIIE OMPEIETEHASAM JJIsl KJINEHT-CEePBEPHOI
CHCTEMBI IIePBOI'0 YPOBHS, IIPEJCTABJICHHON Ha puc. 6, OyueM uMeTh
e P =I'T'C, CC, C3,
o I =Kimment B I'C, Ksiment u3 ['C, Takr, Orka3s, Kmuent uz CC,
e [=I(I"C), I(CC), I(C3),
o ()0,
o I(I'C)=Kiment B I'C, Taxr,
CC)=Kument u3 I'C, Ksnent uz CC,
C3)= Takr, Orka3s,
— O(T), O(IC),0(C3),
(T=Kument B I'C, Taxr,
(I'C)=Kmmerr n3 I'C, Orkas ,

S~—"
I
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Frusrm_g ITC L

Conapmn

Puc. 7. Apxurekrypa rmasroro cepsepa (I'C)

0 O(CC)=0 ,
o O(C3)=Kiment u3 C3.
ITpumep apxuTeKTypbl BTOPOro YPOBHS JIJIsl [JIABHOIO cepBepa Ha puc. 6
moka3aH Ha puc. 7. 3aeck C - 6ydep, K — kimenrckuii cepsuc.
JJis apXUTeKTYphl IVIABHOTO CepBEpa, IPeJCTaBJIeHHOH Ha puc. 7
OyeM MMeTh
e P(I'C)=C, K,
e L(I'C)=Crapr, Konen, Ynanurs,
e [(TC)=I(C), I(K),
o I(C)=Kumuenr B I'C, Konery
o I(K)=Taxr, Crapr, Ynamurs
e O(T'C)=0(C), O(K),
o O(C)=Kumenr uz I'C, Orkaz
o O(K)=Koumer
e ¢i(I'C)=I(I'C)=Kument B I'C, Takr
e co(I'C)=0(I'C)=Kuuerr B I'C, OTka3s

st mpocTorsl Tallibl OymeM NMEHOBATH MMEHAMHU IIPOIEcCcoB (areH-
TOB), KoHdUrypanuu Taiijios OygeM 0603HAYATH TTOIAMHOKECTBAMA UX Ka-
HaJIOB, a JIefCTBUAA HaJl HUMHM II0 IIOMEIIECHUIO U II0Jy4YeHUI0 KOHKPETHbLIX
COODIIEHNT B KAHAJIBI, - ITOJIMHO2KECTBAMU UMEH KaHAJIOB C YKA3AHUEM Jeii-
cTBUil moMecTuTh (put) WK mostyunTh (receive), coBepIIaeMbIX HaJl HUMA.
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Puc. 8. MHO>XKeCcTBO TaiiJIOB JIOKAJIBHOTO MOBEJIEHUsT CUCTEMbBI S

e Frwanm_o L.

Puc. 9. Komnosunus taitios cucreMbr S

MHo02keCTBO TailI0B, 33/IAI0IIIX JOKAJIHHOE IIOBEIEHUE IIPOIECCOB IIeP-
BOI'O YPOBHsI CHCTEMBI S, MOKa3aHO Ha puc. 8. Kommosurus Taitios, 3a-
JIafolnasi BO3MOXKHOE IOBEJIEHHE IIPOIECCOB IIEPBOIO YPOBHSI CUCTEMBI S,
omnpeiesisieMoe BBeJeHHBIMI Ha pHUC. 8 TallylaMu, MOKa3aHa Ha puc. 9.

2.2. 3asgaHue ycJIOBHUII NPaBUJIBHOCTU B3aMMOAEHCTBUSA

B pabore [1| aysi dpopmysupoBku ycsioBuil npaBusibHOCTH MHTEPdEcoB
[IPEJIJIAraeTCsl UCIIOIB30BATH IMTUPOKO IIPUMEHSIEMbIi It TIOIO0HBIX TIeJIei
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SI3bIK BPEMEHHOU MOJIaJIbHOMN JIOTUKU. [I0CKOIBKY 3TOT S3BIK XOPOIIO U3Yy-
YeH U ero IpuMeHeHue Jjisi (POPMYJIMPOBKHU IIPABUIBHOCTH TaKXKe MTHPOKO
M3BECTHO, TO MBI B HACTOSINEH cTaThe He OyJAeM YIeasaTh €My CJIUITKOM
MHOI'O BHUMaHUs. PAcCMOTpUM JIUIIIh IPUHIATIBL (POPMYIUPOBKU yCJIOBUMA
MIPABUJIBHOCTH B3aUMOJIEHCTBUSL C TPUBSI3KOW K IOHATHUSIM TaMIOB, C
TTIOMOIILIO OTIEPAITIiT HAJT KOTOPBIMU 3TU YCJIOBUSA OYIyT MPOBEPSTHCA. B
KavIecTBe MPUMepPa OJHOTO M3 TAKUX CBOWCTB BBIOEpEM IpOCTEiiIiee CBOIi-
CTBO 00s13aTe/ILHOM peakiuu. B mpocTeiieM ciydae CyTh 9TOTO CBOMCTBA
MIPUMEHATEILHO K B3aUMOJCHCTBUIO, HAIIPUMED, areHTa-pPYyKOBOIUTE IS
AP u xakoro-nubo arenra-ucnonauress AU cocrour B ciexyromem. Ha
KaXKJIYI0 peakiuio areHTa-pykoBojuresss AP, B pesysbrare KOTOpPOil B
€ro BBIXOJIHOM KaHaJIe X, SABJISIIONIEMCST OJJHOBPEMEHHO BXOJIHBIM KAHAJIOM
st arednra-ucnognnTesas AV, okaxkercs Kakoe-aiubO COOOLIEHUe, IIPe/-
Ha3HAYEHHOE JIJIs [IOCJIeJIHEr0, ITOT areHT-uciojHuTe b Al obsi3aresibHO
JIOJIZKEH TIOJIyINTDh 9TH COOOINEHNE W PearmpoBaTh Ha HEro MOMEIEHUEM
B KaKON-IMOO BBIXOIHOW KAHAJ Y, SBJISIONINIA OJHOBPEMEHHO BXOJHBIM
JI7IsI areHTa-PYKOBOIUTE s, OTBETHOrO coobtnenust. Ha s3biKe MOmaIbHOM
Jioruky (POPMYJIUPOBKA ITOTO YCIOBHUS I HAIIETO TPOCTEHINEro IpuMepa
MOXKET BBIIJISIZETh, HAIIPUMED, CJELYIOIMUM 00pa3oM:

Otile(ad p, 25k o Fput(AP())), 15} )]
O [tile(alyr, 7sYyr, freceive( AU (z))), !shy)]

A ltile(aZy, 55y, f(put(AU (2))), 155y )]
D [tile(a® p, 754 p, [ (receive(AP(x))), 's% p)]]-

3nech kaxpiit npenukar tile(a, 7s;, f(), !s,)upencrasisier Tait, rue a-
ums Taitna, f() — GyHKTOD, CTPYKTYpa KOTOPOIO MOZKET ObITh JIOCTATOTHO
CJIOZKHOM B 3aBHCHMOCTH OT CTPYKTYPBI BOCHPUSITUN U peaKImii, 78;,!s,—
KOHMUTYpaInm.

OueBUIHO, 9TO JJI PeabHBIX CHUCTEM OOJIBIION Pa3MEPHOCTH, BKJIFO-
YAIONUX N B3aUMOJEHCTBYIONIMX AT€HTOB, KAXKJIBIH U3 KOTOPBIX CBI3aH
JIpyT C JPYroM m KaHajaMHl, PeHepalius HaDOPOB BOCHPHUATHI W peak-
nuii ¥ TpPOBEpPKa Ha HUX TPeOYyeMbIX YCJIOBUIl MPaBUJIBHOCTA BPYYHYIO
TPY/IHO OCYIECTBAMA U TPEOyeTCs aBTOMATU3AIUS IT0J0OHOI MTPOBEPKH.
IlepcrieKTUBHBIM TTyTEeM ABTOMATH3AIMU SIBJISIETCS] UCIOJIH30BAHUAE JIOTH-
YeCKOro MPOrpaMMHUPOBaHUsI, HAIIPUMED, HA OCHOBE sI3bIKA, JIOTUIECKOIrO
nporpammuposanust VISUAL PROLOG [9]. Crpykrypa momo6HOi Jso-
PUYECKON TTPOrpaMMbl MPOBEPKH MTPABUIBHOCTH B3aUMOJECHCTBUSA B IIPO-
crefilieM ciIydae BKJIIOUAET, KaK MUHUMYM pasgensl domains, predicates,
clauses, goal. Paznen domains, KOTOpBIit COIEPKUT OMUCAHUE CTPYKTYPDI
BCeX HCIOIb3yeMbIx (byHKTOpOB. Pasmen predicates, koropsrii comepkut
OIIMCaHUE IIPEIUKATOB, IIPEJICTAB/ISIFOIINX BCE TAilJIbl, YIACTBYIOIINE B IIPO-
BepKe MPABWILHOCTH B3aMMOJIEHCTBUsT M HAYHHAIONINECS ¢ npedukca tile.
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Pasznen clauses, koropsiit comepkut HEOOXOUMBIE (DAKTHI U IIPABUIIA, 10~
JIyIYEHHBbIE B COOTBETCTBHUM C YCJIOBHUSIMHU IPABUJIBLHOIO B3aMMOJIEHCTBUSI,
chOopMyTUPOBAHHBIMU Ha SI3bIKE MOJAJILHON Jormku. Pazmen goal, koTo-
DBIil COIEPKUT ITPOBEPSIEMOE YCJIOBAE TPABUILHOCTH B3aUMOIEHCTBUS.

3. 3akirouyenue

B macrosimieit ctarbe U3JI02KEHbl TPUHIUAIIBI MOJIe/Ie-OPHEHTHPOBAHHOMN
[IPOBEPKU IIPABUILHOCTH CETEBOI'O0 B3aMMOJIEHCTBUS Ha OCHOBE HCIIOJIb-
30BaHUs] TAMJIOB. Bejie/cTBre KPATKOCTH CTaThHU IPEJICTABUTH B JIOCTa-
TOYHO MPEJCTABUTEILHOM 00bEME BCE BO3MOXKHOCTH, KOTODBIE OTKPBIBa-
€T WCIIOJIb30BAHUE TAMJIOB JJIsi AHAJIN3a MPABUJIBHOCTH B3aMMOJEHCTBUS
zarTpyauuTesibHO. Cleayer 3aMeTUuTh, YTO NPaBUJIbHBINA BBIOOD U IIOJIHO-
Ta MHOXKECTBA 0a30BBIX TANJIOB MO3BOJIAIT 1) 3bdeKTuBHO yupaBisiTh
JIOKA3aTeIhCTBOM ITPABUILHOCTH B3aUMOJIEHCTBUS, TPeOOBaHUS K KOTOPO-
My DOPMYIUPYIOTCsI HA SI3BIKE MOJAJIBHOMN JIOTUKH; 2) TECTUPOBATH MPa-
BWJIBHOCTH B3aUMOJEHCTBHs B IIPOIECCE MEPEXOJIa OT OJHUX KOH(PUTYpa-
Uit K JIPYTUM [IPU BBIIOJHEHUN MHOXKECTB HUATEH C MTOMOIIBI0 BEPTUKAJIb-
HOJ KOMIIO3UIMHA TafyIoB; 3) TECTUPOBATH NPABUIBHOCTH HEPAPXUIECKOTO
¥ KOHTEKCTHO 3aBUCHMOT0 B3aUMOJIEHICTBHUSI B IIPOTIECCE TIEPEXOJIA OT OTHUX
KOH(MUTYypaIuii K APYrUM IIPU BBIMOJHEHUN MHOXKECTB HUTEH C ITOMOIIBIO
FOPU30HTAJIBHOM KOMIIO3UIMK TailyIoB; 4) TECTHPOBATh IPABUJILHOCTD Ia-
DPaJIIeIBHOTO B3aNMOIEHCTBHUS B IIPOIIECCE TIEPEX0a OT OJHUX KOHMUTrypa-
Ui K APYTUM IIPU BBITOJTHEHUN MHOXKECTB HUTEHN ¢ MOMOIIBIO TapaJiie/ib-
HOIt KoMmmio3uiuu TaitiioB. OmmMcanHast B CTaTbe METO/INKA PEAM30BaHa B
sI3bIKE JIOTUYIECKOTO mporpamvupoBanus Visual Prolog m mokaszasa cBoro
BBICOKYO 9 (HEKTUBHOCTb .
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Model-oriented check the correctness of network
interaction

V. V. Devyatkov, M. T. Naung

Department of Information Systems and Telecommunications
Bauman Moscow State Technical University
2-nd Baumanskaya st. 5, Moscow, 105005, Russia

In this article we developed the methodology for formal checking validity of
interfaces. We selected tiles logic as a language for solving problems of checking
validity of interfaces and temporal modal logic as the language for validity de-
mands formulation. of checking validity (validity proof) of the interfaces as the
validation of the agents’ interaction in multi-agent system. The article explains
the choice, considers the principles of validity proof of the interfaces as the val-
idation of the agents interaction in multi-agent system. For automation of the
verification we use the logic programs. The transition from the description of
agents’ interaction in tile logic and validity demands formulation in modal logic
in logic programming language Visual Prolog are considered. The methodology
is illustrated by a description of the agent’s behavior in the tiles logic, valid-
ity demands formulation in the modal logic and logic program structure. The
prospects of using the proposed methodology and applications is discussed.

Keywords: network interface, logic tiles, modal logic, validity demands for-
mulation, intelligent agents, logic programming language Prolog.
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Paspaborka u uccjieijoBaHne MeTO/I0B MHCTAJISIITUN
0ecpoBOIHBIX CEHCOPHBIX y3JI0B C OECIIMJIOTHOI'O
JieTaTeJIbHOI'O allrmapara

Y. 3. uns, P. B. Kupuuek

Kagedpa cemeti ceasu u nepedayu daHHbLT,
Canxm-Ilemepbypeckuil 2ocydapcmseertbill YHUBEPCUMEM MEACKOMMYHUKAUUL
um. npop. M.A.Bonu-Bpyesuna,
np. Boavwesukos 0.22, xopn. 1, Cankm-Ilemepbype, Poccus, 193232

Annoramus. B crarbe mpejcraBiieHbl pa3paboTKa W CpaBHEHHE CIIOCOOOB WH-
CTAJIISIIAA CEHCOPHBIX Y3JIOB JJIs MOKPBITHAS 3aJaHHON OOJIACTA IPHU HCIIOIb-
30BaHUe Pa3JIMYHBIX CIIOCOOOB: CIIyYaifHOrO pa3MelleHus U JIe€TePMUHUPOBAHHO-
ro pa3Mernenusi. PaccMoTpeHbl MeTO/1bl TIOBBIIIIEHHST SHEPTrOddDHEKTUBHOCTU CEH-
CODHBIX Y3JIOB M KBaJpokonrepa. VccienoBanbl MeTOAbI MHCTAJUISIMA CEHCOP-
HBIX y3JI0B ¢ nucnosib3oBanneM BILJTA pazauanoro Tumna.

KuroueBsbie ciioBa: BCECIPOHUKAIOIINE CEHCOPHBIE CETH, JIETAIOIIAs CEHCOPHAS
ceThb, OECITMIIOTHBIN JIETATENIBHBIN anmapat, 6eCIIPOBOIHON CEHCOPHBIN y3€sI, UH-
CTAJLIIALASL, TOKPBITHE.

1. Bsenenne

B macrosiiiee Bpemsi pasBuTHe CceTeil CBSI3W OCYIIECTBJISIETCS Ha,
ocHoBe Koumemuu uTteprera Bemeit [1, 2|. Texnomornveckoit Ga3zoit
I peanu3anun Koumennuu Vnreprera Bemeit aBistioTcss 6eCIIpoOBOSHbIE
ceHcopHble cetn [3,4]. Paspurne TexHOIOrHN GECIIPOBOJHBIX CEHCOPHBIX
cereil IPUBEJIO K UX IIOBCEMECTHOMY BHEIPEHWIO M ITOSBJIEHUIO TEPMUHA
Beenponnkaonue cencopuble cern (BCC) (Ubiquitous Sensor Networks -
USN). Takue ceru crasu 0HON U3 OCHOBHBIX TEXHOJOIMYECKUX I1aThOPM
ans Uurepuera Bereit.

B nocnennne ronel ncenenosanus B obsactu BCC nocrenenno mepexo-
JISIT OT U3YUeHUs] XapAKTEPUCTUK Ha IIJIOCKOCTU K MOJIEJISIM B TPEXMEPHOM
npocrpaucrBe. OHUME W3 HOBBIX OOJIACTEH MPUMEHEHNS TEXHOJIOIHI
BCC siBasitorcst seraromue cencopsble ceru (JICC). Ilpu arom B Kavyectse
JIETAIOIIUX Y3JI0B UCIIOJIB3YIOTCSI OOIIEIOCTYIIHBIE OECIINIOTHbIE JIETAIOIIIIE
anmnaparsl obiero HazHadenusi (BILJIA) [5].

B craTbe nmpoBosuTes pazpaboTKa U UCCJIEOBAHNE METO/IOB HHCTAJIIIS-
uu GECIIPOBOIHBIX CEHCOPHBIX Y3JI0B € OECIUIOTHOIO JIETATEILHOTO AIIIIa~
pata. IIpoBoguTcst 0630p MOTHOTO KU3HEHHOT'O ITUKJIA, TOCTPOEHUSI JIETAIO-
1eil CeHCOPHOM CeTH U KOHKPETU3UPYIOTCS 3aJIa9i, OPHEHTUPOBAHHBIE HA
rapaHTHPOBAHHOE TIOKPBITHE 3aJaHHOI 00JIaCTH CEHCOpaMu C OECIIMIOTHO-
r'0 JIETATEJBHOTO annapara. B pabore pazpaboTaHa MaTEeMATHIECKAs MO-
JIeJIb ¥ UMHATAIIMOHHAS MOJIEJIb PACIIPEJIEIeHNs CEHCOPHBIX y3710B ¢ BITJTA
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Puc. 1. Anropur™m u pe3ysabpTar MOIEINPOBAHUS IIPU CJIYIAHHON MHCTAJIISIIIN
CEHCOPHBIX y3JI0B

CaMOJIETHOI'O X BE€PTOJIETHOI'O THUIIA. HOJIy‘{eHHLIe JaHHbIEe MOTYT OLITE UC-
IIOJIB30BaHbI JJId IIJITaHUPOBaHUSA JIETAIONMINX CEHCOPHbIX cerei.

2. OcHoBHad 4acTb

Jleraformasi ceHcopHasi CeTh — CTPOUTCS Ha 0asze OOIIEeTOCTYITHBIX
Gecrimtornpix Jeraromux annaparos (BIIJTA), koropble npumensorcs
Jutst ¢bopa JAHHBIX C CEHCOPHBIX IOJIEH U JIOCTABKH ITHX JAHHBIX B CEThb
cBs13U 00IIEero mosb3oBanus [6,7].

Jlerarormast ceHCOpHAsT CEThb MPEIOIAraeTCs JIBA CEIMEHTA: HA3EeMHBIIH
U JIETAIONIH, KOTOPbIe B3aUMOJEHCTBYIOT Mexiy coboit. OjHa u3 mep-
BOCTEIIEHHBIX 3a/la9 B JIETAIOIINX CEHCOPHBIX CETAX 3aKJI0YaeTCsd B TOM,
aro BITJTA Heo6x0oaMMO MHCTAJLIMPOBATH CEHCOPHBIE Y3JIbl Ha MECTHOCTH
(Ha3eMHBIl CerMeHT) it OKPBITHsI TEPPUTOPUH U OLTHMAJIBHOIO cO0pa
nadopmarmu. B Hameil pabore, MCHOIb3yeM KBAJIPOKONTED — OJIUH W3
sugoB BILJTA. Kak wusBecTHO, CcylmecTByeT JBa CII0COO6a WHCTAJIISIIAN
y3JI0B B OECIIPOBOIHON CEHCOPHOM CeTH: CaydaifHOe pa3MeIeHne u JIeTep-
MuHUpOBaHHOE pasmernenue [8]. CeHcopHBIE y3/Ibl MOTYT ObITh CJLy aiiHbIM
obpazoM pas3bpocaHbl MO HEKOTOPOW TEPPUTOPUU WJIM ITPEIBAPUTETHHO
pa3MeleHbl B COOTBETCTBHH C IIJIAHOM IIOCTpOeHusi ceru. EcrecTBeHHO,
9TO AJrOPUTMBI pAaCHpede/IeHNs] JTAaHHBIX MEXKJy CEHCOPHBIMU y3JIaMHU B
IIEPBOM U BTOPOM CJIy9ae MOTYT OBITH CYIIECTBEHHO PA3JIUIHbI.

B janHoit pabore [9], paccMoTpeHa BEPOSITHOCTH IIOKPBITHsI IIDH
CIIyJaiiHOM Ppa3MeIeHNN CEeHCOPHBIX Y3JI0B Ha 33JIAHHOI TEPPUTOPUN.
Mbl ucnosb3oBaju JBOUYHYI0 Moeab [10], B KOTOpoil Mozjesn, KaxKIblil
CEHCOPHBIIl y3eJI MMeeT OJIMHAKOBBIA WM IOCTOSHHBIA PaJMyC JIeHCTBUS
cencopa. OOJsiacTb OOC/Iy>KHBaHUsT HAKPOEM CETKOW JIMHMII N X m, C
pa3sMepoM KaxKIoi sdeiiku cerku pasBeH 1. i onucanms TOKpBITHS
y3ia0B cerku G(X, y) BBejeM JIBOMYHYIO (DYHKIUIO, 3HAYEHUE KOTOPOMH
paBHO 1, ecsin y3es IIONAJAET B 30HY IOKDBITUs ceHCOpa S;(Z;,y;) u 0, B
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Puc. 2. Anropur™m u pe3ysbTarT MOJIEIUPOBAHUY JIE€TEPMUHUPOBAHHOI
WHCTAJIJIAIIAN CEHCOPHBIX Y3JI0B.

IIPOTUBHOM CJIydae.

I(z,y,5:) = é V@ —z) + (y—9) < Ry

)

s ananmmsa 3aBUCUMOCTH JIOJIU HOKPBITHS 30HBI OOC/IY>KUBAHUS OT
9UCIa CEHCOPHBIX Y3JI0B Oblaa pa3paboTaHa MMHUTAIMOHHAS MOIe h. B
obstactu ¢ pasmepom 500 m #Ha 500 M paszmerneno k = 0...240 ysyoB ¢
pamuycom nokpoeiTust R = 50 M. Touku pasmerieHust y3J/10B OLPEIETISIOTCS
koopauHaramu (;,y;), 1 = 1...k rae x; u y; ciaydaiiable ducia, uMeroIme
paBHOMepHOEe pacuperenenne B wunarepBase or 0 mo 100. Pesysbrar
MOJIeJINPOBaHUSI [IPUBEJIEH Ha puc. 1.

Takxke OBLT pPACCMOTPEH METOJ, JIETEPMUHUPOBAHHON WHCTAJLISIIAN
CEHCOPHBIX Y3JI0B Ha 3aJaHHOM Teppurtopuu [11]. B nanHOM Merome uc-
[IOJIB3YIOTCS [IPABUJIbHBIE MHOI'OYTOJIbHUKH, B KOTOPBIX CEHCOPHBIE y3JIb
pPa3MEINAIOTCs B BEpUIMHAX DPABHOCTOPOHHUX TPEYrOJbHUKOB [12-14].
s onenku 3ddekTuBHOCTH MOJeeil MOKpbITHs, ObLia paspaboTaHa
MMUTAIMOHHAs MOJIe/Ib Ha Oase makera Anylogic. B obiacru ¢ pasmepom
500 m ma 500 M pa3MemeHbl CEHCOPHBbIE Y3Jbl C PAJUyCOM ITOKPBITHUS
R = 50 M, n1a cbopa MaHHBIX HCIOJIB3YETCs KBAJIPOKOITED CO CpeHei
ckopocrbio 10 M/c. Pesyibrar MojgesmpoBanuu npuBejieH Ha puc. 2.

U3 pe3ysibTaToB BUJIHO, UTO IPH CIydaitHoM pasmernrennn (180 y3ios),
st obecriedennst 6mmskoro kK 100% mokpeiTus Tpebyercst Gosee, deMm
BTpOe GOJIbINE Y3JI0B, YeM IIPH UX JIETEPMUHUPOBAHHOM pasMernennn (58
y3710B). OJIHAKO, CTOMT OTMETHTb, YTO IPH TOM XKe duncie y370B (58)
IIpHU CJIyYaiiHOM UX pacupenejeHnu obecreunBaerca 6osee 80%MOKpBITA
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Papguyc nepepain @ Tonosvie cencopHbie e HanpasneHHe Nepeaqn
CEHMCOPHBIX Y3Nos yanel HWHOPMALMK

Puc. 3. Asropurm BbIGOpA TOJIOBHBIX y3JIOB JJIsI JETEPMUHHPOBAHHOIO
Pa3MemeHnsl CEHCOPHBIX Y3JI0B B CEHCOPHOI 00JIACTH C MCIIOJIH30BAHUEM
KBaJIPOKOIITEPa

teppuropuu. [Ipu gerepmMuarpoBaHHOM pasMemnennn y3ya08 100% mokpbI-
THe JIOCTUIAeTCs JIUIIb B MIeajJbHOM CJIydae, Ha IPAKTHKE UMEET MECTO
ommbKa UX TMO3UITUOHUPOBAHMS, KOTOpas MPUBOINT K YMEHBITIEHUIO JTOJIN
mokpeiTus. C y9eToM MOC/IeIHEr0 MOXKHO IIOJIaraTh, YTO 00a MeTOIa
COIOCTABUMBI 110 (P (EKTUBHOCTU U JIOJ2KHBI BBIOMPATHCS HCXOIs W3
KOHKPETHBIX YCJIOBHIL.

Hapsity ¢ 3amadeil pasmerennsi CEHCOPHBIX Y3JI0B ISl TTOKPBITHS
MAaKCHMAaJbHOI'O 00beMa TEPPUTOPUU, AKTYAJIHHOU 3aJadeil IIOCTPOEHUS
BCC sBnsiercst 3ama1a nosbiierns 3p@HEKTUBHOCTH JHEPTONIOTPEOICHNS.
IIpr wcrosb30BaHUE KBAJIPOKOIITEPOB, HEOOXOIUMO OOECIIEIUTH IKOHO-
MWIO HE TOJBKO SHEPIUU HA3EMHOT'O CEIMEHTa CEeTH, HO U TaKXKEe SHEPTUIO
KBaJIPOKOIITEPA.
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Puc. 4. Pe3yJII)TaTI)I MOJZEJIMPOBaHUA PacXo/a dHEPTUu CEHCOPHbIX Y3JIOB U
KBaJIPOKOIITEPa

Ha ocnose pabor [9,11] 6611 paspaboTas ajropuTM BeIGOPa TOJOBHBIX
y3JIOB KJIACTEPOB IMPHU JIETEPMUHUPOBAHHOM DPa3MENIEHUN CEHCOPHBIX
y3J0B B obOjiacTu 0OCIyKUBaHUS U cOOpa MHMOPMAIUU C HAX C ITOMOIIHIO
KBaJIpOKONTEPa. JIaHHBIA aJITOPUTM IMIPEJIIOJIAraeT, UTO KaXKJbId U3
Y3JIOB CETU MOYKET BBIOJHATH (DYHKIMKA MOJIOBHOTO y3Jia. DTH (DYHKINN
JIEJIETUDPYIOTCS €My TEePUOJUIECKH, TaK dTOObI KaXKJbI U3 y3JI0B CeTH
[IEPUO/INYECKU CTAHOBUJICSI TOJIOBHBIM y3JI0M. Pabora ajropurma MpounJ-
JocTpupoBaHa Ha puc. 3. T'OJIOBHOI y3es KJacTepa BbIIEJEH 3eJIeHBIM
[BETOM, YJIEHBI KJIACTEPA CBI3AHBI C HUM OpaHKeBbIMU JiuHusME. Ha 3roM
PHCYHKe IpuBeJieHbl 4 payHaa paboThl cetn (CMeHbI poJn y3710B). 3a 4 pa-
YHIA KaXKJIBII 13 y3JI0B CETU €MHOXK/IbI BBIIOITHSIET POJIb TOJIOBHOTO Y3JIA.

Ha puc. 4 nmpuBesnieHbl pe3yabTaThl MOJASTUPOBAHUS PACXOA SHEPTUN
IIPU OIIPOCe KazKJIOTO M3 Y3JIOB CETH U IIPU HMCIOJIb30BAHUU AJTOPUTMA
KJIACTEPU3AINY U OITPOCE TOJBHKO TOJIOBHBIX y3JI0B KjaacTepoB. Kak BuIHO
U3 IPEJCTABJIEHHBIX DPE3YJIbTATOB, IIpeJjlaraeMasi MOJEIb ODecliednBaeT
CHHUZKEHHE 3aTpadynBaeMoOil Ha KarKJ/IOM IHKJIe JIBUXKEHUs KBaJPOKOIITEePa
SHEPI'UU U SHEPIUU CEHCOPHBIX y3JI0B IIOYTHU BJIBOE.
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Tabymma 1
Cpasuenune BITJTA paszimanoro Tuma jjist perieHuns 3aa9u Pa3MeIleHusl Y3108
CEHCOPHOH ceTun

BILJIA camosernoro | BIIJTA BeproserHOro
THITA, THIA
[IpomomkuTeIbHOCTH 60 30
moJieTa, MUH.
CkopocTb noJiera, KM/ q 40 - 100 20 - 60

MunnMmaabHAsT 555M X Hd5M 275M x 275Mm
00J1aCTh TOKPBITHS

MaxkcumabHas 880m x 880m 480Mm x 480Mm
00J1aCTh TOKPBITHS

Hajee B nanHoit pabore 66110 paccmorpeno npumenenne BILJTA pas-
JINYHOT'O THIIA JIJIs WHCTAJLISIIIAN Y3JI0B HA36MHOI'O CEIMEHTA, C ITOMOIIBIO:

1. BIIJTA camoserHoro tumna. Vmeer mpubin3uTe/IbHYI0 TOYHOCTH WH-
CTAJLISITIAN CEHCOPHBIX Y3JI0B, BCJIEJICTBAU MOCTOSTHHOTO JBuskenust BITJTA
JIAHHOTO THIIA;

2. BIIJIA Beprosierroro tuna (Mysabrukonrep). ViMeeT BBICOKYIO TOY-
HOCTb WHCTAJUIAIMK, B CBsA3U ¢ Xapakrepom asukenust BILJTA jpamrOro
THUIIA.

Cpasuenne panubix BITJIA mig perienust 3aja4u pa3MeleHus y3JI0B
CEeHCOPHO# ceTn mpuBeaeHbl B Tabsurie 1. [lo manmoit Tabaure BUIHO, UTO
BILJTA BeproserHoro tumna 6oJbIle TOAXOIAT s OOJiee TOYHOIO pasMe-
IIIEHNUsI CEHCOPHBIX Y3JI0B Ha, HeDOJIbINoi rrormau, Toraa kak BILJTA camo-
JIETHOT'O THUIA IOJAXOMAT JJIsl CJIYyYallHOIO Pa3MeIeHUs] CEHCOPHBIX y3JI0B
Ha, OOJIBIION TJTOIIAIN.

3. 3akirouyenwne

B pesysnbrare mamHOit paboThl OBLIO ONPEIETEHO, UTO JIETEPMUHUPO-
BAHHBIA CI10COO pa3MeIleHns Y3JI0B, [IPU YCJIOBUU JIOCTATOYHO TOYHOI'O WX
pasmerrennst obecrednBaeT OOBITYI0 3PPEKTUBHOCTD TIPH OTPAHUIEHHON
TOYHOCTHU Pa3MEIIEeHUsT Y3JI0B, & TAKXKe IIPU MEHee YKECTKUX TpeboBaHU-
sIX K JI0JIe TIOKPBITUsI. DBIJIO yCTAHOBJIEHO, YTO CJIydaiiHOe pa3MelleHne
V3JI0B MOYKET OBITH COIMOCTABUMO IO (P PEKTUBHOCTH C JETEPMUHUPOBAH-
HBIM. BBIT pazpaboran MeTo 1 OpraHr3aIuu OeCIIPOBOIHON CEHCOPHO ceTh
[IpU JIETEPMUHUPOBAHHOM Pa3MeIeHIH Y3JI0B U UCIIOJIb30BaHUU KB IPOKO-
nTepa Jijis BBIIOJHEHUS oreparuii cbopa JmaHubx. [IpeyioyKeHHbIi MeTO,T
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KJIACTEPHOU OPTaHW3aIluU CETU MO3BOJISIET CYIIECTBEHHO CHU3UTH SHEPTO-
3aTpaThl KBaJ[PAKOITEPa HA PabOTy 10 cOOPY MaHHBIX. TakyKe ObLIN MPOo-
AHAJIM3UPOBAHBI XapaKTEPUCTUKN KaxK1oro n3 TunoB BILJIA u mosrydennt
pPe3yJIbTAThI, ONMKUCHIBAIOIINE CJIyIal, TPU KOTOPBIX ONTUMAJIBHO UCIOJIb30-
Barb BIIJIA caMojieTHOro mjin BEPTOJIETHOTO THUIIA.

Buaaropmapaoctu

UccnemoBanue BuITIOHEHO TPU (pUHAHCOBOI mToiepkKe POPU B pam-
kax HaygHoro npoekta N15-07-09431a "PaspaboTka TpUHIMIIOB TOCTPOE-
HUsI ¥ METOJIOB CAMOOPTAHW3AINH JIJIsl JIETAIOINX CEHCOPHBIX cereit.
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Development and research of methods of installation
of wireless sensor nodes from UAV

T. D. Dinh, R. V. Kirichek

Department of communications networks and data transmission
The Bonch-Bruevich Saint-Petersburg state university of communication
22 - 1, Prospekt Bolshevikov, 193232, Saint-Petersburg, RUSSIA

In this article, we present the development and comparison of methods of in-
stallation of sensor nodes to cover a given area using different methods: random
and deterministic placements. We study methods for improving the energy effi-
ciency of sensor nodes and quadrocopter . The methods of installation of sensor
nodes using UAVs of different types have been researched.

Keywords: Ubiquitous Sensor Networks, flying sensor networks, UAVs,
wireless sensor node, installation, coverage.
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O630p BO3MOXKHBIX BIUJOB U METOJIOB TECTUPOBAHUS
NaTepuer Bemieii

P. A. Joarymes, P. B. Kupuiék

Kagedpa cemeti ceasu u nepedavwu 0aHHOIT,
Canxm-Ilemepbypeckuti [ocydapecmeennoiti Ynusepcumem Teaexommyrurauyut
um. npogp. M. A. Bowu-Bpyesuna,
np. Boavwesuxos, 0.22, Canxm-Ilemepbype, Poccusa, 193232

Awnnporanusi. Crarbsi nocssiieHa 0630py BHJIOB U METOJIOB TecTupoBaHus VH-
Tepuet Bemeit. [IpoBoauTcst anains cymecTByOINNX METO/IOB TECTUPOBAHMUS, KO-
TOpBIE MCHOJIB3YIOTCSI B CETsX CBA3M B HacTosIee Bpemsi. Ha ocHoBe 0630pa
MPEJIJIOYXKEH KOMILIEKC TECTOBBIX CIIEIUMUKAIUN JIJIs TPOBEIEHUsT KOMILIEKCHOTO
TecTupoBaHus ycrpoiictB MuTeprera Bereit. B pesynbraTe TecTupoBaHusi BO3-
MOYKHO OIEHUTH Pa3JINYHbIE KPUTEPUM: BEPOSITHOCTHO-BPEMEHHBIE TTAPAMETPHI,
CBsI3aHHBIE C OOMEHOM JaHHBIMEU MeXKIy Bemamu, a TakXKe C UCIOTH30BAHIEM
CETEBBIX PECYPCOB, MPOTOKOJIOB W T.JI. B KadecTBe ampobanuu IpeiaraeMbIX
TECTOBBIX CHEIUMUKAINN TPOBEIEH HATYDPHBIN SKCIEPUMEHT M0 TECTHUPOBAHUIO
dparMeHTa ceTu CBSI3U C IEJIbI0 BBIOOPA IMPUKJIAIHOIO HPOTOKOJA JJIsT THUIIO-
Boit lurepuer Beru. Buibop mporokosia ocyrecTsiisieTcss Ha 6a3e ompe/iesieHust
cpenmero BpemMenu orkiaunka Ha 3anpoc (RTT) mpm mcmosb30BaHnM TPOTOKOJIOB
MQTT, CoAP u HTTP.

Kuarouessie ciaoBa: Uuarepuer Bemb, UB, IoT, JICC, FUSN, Ethernet, Wi-Fi,
Bluetooth, ZigBee, MQTT, CoAP, HTTP.

1. Bsenenne

B ausape 2016 roma ra Becemuprom sxonomuteckoMm opyme ObLIT OTMe-
9€H TOT (DAKT, 9TO B JAHHBI MOMEHT BPEMEHU YEJIOBEIECTBO HAXOAUTCS HA
Kpak HOBOIl YeTBepToil TexHOMOrnveckoi pesomonuu (Industry 4.0), ko-
TOpasi XapaKTEPU3YETCsl CIAUTHIEM TEXHOJIOI I, CTUPAIOIINX TPAHUA MEXK LY
dusndeckuM u 1U@POBBIM MUPOM, a TakkKe mnosBieHunem arepHera Be-
miedt [1] m yesyr, KoTopble OH MOYKET IIPeJJIOXKATh.

TpaaunuoHHO HA POTSXKEHUU JOJITUX JIET MHOI'HE YCTPOWCTBA TECTH-
POBAJINCH M30JIMPOBAHHO, 1 HUKTO HE 3a00THIICS O TAKHUX BEIAX, KaK [0JIb-
3oBaTesIbCcKuil nHTepdeiic (ecau TakoBoOil BOOOINE ObLI) UM O MOJKJIIOUE-
HUAU 3TUX ycTpoiicTB K ceru Wurepuer. Onnako, B mocjenamne roasl Mu-
TepHer Bereil npuobpesi 60JIBIIYI0 MOIMYJIsIPHOCTh, TAK KAK KOJMYECTBO
YCTPOHCTB, MOJIKIIOYEHHBIX K ceTu VHTepHeT HeyKJIOHHO pacrer. Kiaccu-
YeCKUI TIOXO0/] K TECTUPOBAHUIO CETEBBIX YCTPONCTB U AKTUBHOIO CETEBOIO
000pyI0BaHUsI He BCET1a MOXKET OBITh MCIIOJIb30BAH JIjIsl TeCTUpoBaHusi MH-
Tepuer Bemeit. Hyxmo BbipaboTaTh HOBBIE CTPATETWH, KOTOPHIE TIOMOTYT
J06UTHCS CTabMIIBHON PAbOTHI BCEX KOMIIOHEHTOB ceTh. Bejencreue 9Toro,
BOIIPOC 00 UX TECTUPOBAHUU SIBJISIETCS Ha JAHHBIA MOMEHT OTKPBITHIM U
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AKTYaJIbHBIM, TIO9TOMY IMOsIBIJIACH HEOOXOAMMOCTH B paspaborke sdder-
TUBHBIX METOJIOB T€CTUPOBAHIUSI, KOTOPHIE MOMOIVIM OBl PEIUTh JAHHYIO
pobIemy.

IIpeamonaraercs, uro Uarepuer Beru 6yayT pa3aesasaTs BOIIPOCHL pas3-
paboOTKU U TeCTUPOBAHKS BO BCTPAUBAEMBbIX IIPOIPAMMHBIX CUCTEMAaX, TaK-
JKe KaK 9TO MPOUCXOJUT U B Tpaauimonubix 1T- u web-cucremax. C po-
croMm uncia ycrpoiicts uTeprera Berreit n mporpaMMHBIX ITPOEKTOB IO~
TPeOHOCTh B TECTUPOBIIMKAX U OCOOBIX IOJIXO0/aX K TECTUPOBAHUIO TaKXKe
BospacreT. CHenuajmcThl B 3TOI 00JIACTH CTOJIKHYTCS C MHOXKECTBOM Pa3-
JINYHBIX MPOOJIEM U BO3MOXKHBIX OITUOOK.

Y0661 TapaHTUPOBATH KAYIECTBO MPOAYKTOB U yeayT uTepuera Berteit
Heo0XOIMMO BBIPAOOTATH TAKWE PEIIEeHUsl JjIs TECTHPOBAHUS, KaK:

1) Hpoxgymannasi crparerus TecTupoBanus. Hy»KHO COCPEIOTOIUTHCS
Ha 3O PEKTUBHBIX METO/IaX U MPAKTUKAX TeCTUpOoBaHus. JeTkue TpeboBa-
HUsl, JeTAJbHBINA IIJIAH UCIBITAHUN JTOJIKHBI OBITH YaCTHIO JAHHONM CcTpaTe-
TUU, YTO TO3BOJIUT B JabHENIIEM BBIITYCTUTh KAIeCTBEHHBIN TPOIYKT WA
YCITYTY;

2) Hosble uncrpymenThl U 11aTGOpPMbL TeCTHPOBaHus. HoBble mwiar-
dOpMBI OYIYyT HEOOXOAUMBI JJIsi U3BJICUYEHUSI MOJIE3HON MH(MOPMAIUMN W3
OI'POMHOTO KOJIMIECTBa HEOOPAOOTAHHBIX JTAHHBIX, 00ECTIeInBast IPU STOM
OCHOBY JIJTsl CHCTEM TE€XHUYIECKOH MOIepKKU. TaKKe MOHAI00ATCs TOTOJ-
HUTEJIbHbIE UHCTPYMEHTBI, YTUJIUTHI U CUMYJISITOPBI JJjIs T€CTUPOBAHMUSI,
TaK KaK B MPOTUBHOM CJIydae JIAHHBIN mporiece Oyer sarpyaneH [2,3];

3) TecTupoBaHUe METOJOM <«9EPHOTO sumkas. g paspaborku -
(bEKTUBHBIX TECTOB HY2KHO YMETH BBISIBUTH apXUTEKTYPY YCTPOICTBA, THII
OTIEPAINOHHON CHCTEMbI, IPOTOKOJIbI B3aUMOMIEHCTBUS O€3 3HAHWS BHYT-
PEHHUX MEeXaHU3MOB TECTUPYEMOI0 OO'bEKTa.

2. Amnajgm3 MetromoB M BuJ0B TectupoBanusi Murepuer Bereii

Pekomenanus MCO-T Q.3900 «ApxuTeKTypa MOJIETHHON CeTH U Me-
TOJbI TECTUPOBAHMS TEXHUIECKUX CPEJCTB CeTeil CB3W HOBOIO IIOKOJIE-
aug (NGN) ju1s BCIosib30BaHus B CETAX CBA3M OOIIEro IOAb30BAHU> [4],
BeimymerHad B 2006 rojry, cTaia OCHOBHBIM CTaHIAPTOM JIJIT TECTHPOBA-
uust NGN-cereit [5]. JTaHHYI0 KOHIEIIUIO MOYKHO MCIIOJIB30BATh U OTHOCH-
TeabHO TecTupoBanus Murepuer Bermeit, ognako, pekomenamuss Q.3900
He ompejesnseT cTpyKTypy loT-TectupoBanusi.

Kak yxke 6b110 ckazano, TectupoBanne Marepuer Bermeit Tak min nna-
9e OTHOCHUTCS K IPOBEPKE PA3JIUYHBIX ACIIEKTOB, KACAIONUXCs (DYHKIMO-
HUPOBAHUS CAMHUX YCTPOMCTB, UX B3aUMOJEHCTBUS C CETHIO U OE30IIacHO-
cru [6]. TIpobiemMbl TecTUPOBAHUS BBIXOAAT 38 PAMKHA YCTPOUCTB U JIATYHU-
KOB, TaK KaK BKJIFOYAIOT B Ce0sl JIOTIOJIHUTE/IbHBIE CJIOXKHOCTH, CBSI3aHHBIE C
KOHIIENeH OOIbINX JaHHBIX, T.€. OOJBINO 00beM U pa3HoOOpa3ne reHe-
pupyemoii uadopmarnuu. Kpome Toro, Ha TeKyImnii MOMEHT, He CYIIECTBYEeT
€JINHOTO IIO/IX0/Ia K TeCTUpOBaHuIio ycrpoiicts HTepHeTa Bemeil, KoTopbie
CYIIECTBYIOT JJIsl Y3JI0B CETH CBSI3W CJIeaytomero nokosenns [2|. Taknum
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annapatoe obecneyenne - CKOPOCTL Nepeaay AaHHbIX
BcTpoeHHoe 10 - 06paBoTKa 60ILLIOTO KOAMYECTEA OAHOBPEMEHHbIX 3aNPOCOB
- npunoxenus - CHHXpOHM3aUNA

mma TECTUPOBAHME KOMIMOHEHTOB HATPY304HOE TECTUPOBAHUE

- 06nayHas uHdpacTpykTypa - NPOMU3BOAMTENLHOCTL YCTPOICTE
- cereabie nopnloveHHs
a < - 11O CTOPOHHMUX NpoU3BOAUTENEH

TECTUPOBAHUE ®YHKLIUOHAJIBHOCTU TECTUPOBAHUE BE3OMACHOCTU
- B33UMOAEACTBUE MEAY YCTPOCTEAMM - NpoBEpKa NaKETOB AAHHBIX
((‘X)) - 0BpaGoTKa owMGOK ire————

Puc. 1. O6mnacru recruposanusa Unrepuer Bemeit

obpazoM, co3IaHne MOJIEJIFHON CETH U PA3IUIHBIX METOJIOB TECTUPOBAHUST
ITOMOYKET PEIIUTh JAHHYIO IIPODJIeMy.

IIporecc TectupoBanust Kpaiine BakeH. BciencTsue 3Toro HeoOXO M-
MO HCHOJIB30BATH CHENUAJIbHBIE CUMYJISITOPBI, KOTOPBIE MOTYT UMUTHUPO-
BaTh paboTy ceTeBBIX y3j0B u ycrpoiictB Mureprera Bemeit, uro mos-
BOJIUT COKPATUTH PACXOJbl Ha 000OpyJOBaHUE. B Ie10M, BOIPOCHI, Kaca-
IOIHECsT TECTUPOBAHUST OXBATHIBAIOT OOJIBIITYIO 00/IACTh, HAYNHAS C CAMUX
YCTPOICTB, BCEBO3MOXKHBIX JIATINKOB [1] 1 3aKaHIMBas pA3IMIHBIMUA [IAT-
dbopmamu, KOTOpble COOUPAIOT U AHAIU3UPYIOT Hanubie MuTeprer Berreit.
CyrmecrByeT 4eThipe OCHOBHBIE 001acTu TectupoBanust loT-ycrpoiicTs, Ko-
TOpBIE JIOJIZKHBI YUUTBHIBATHCS IIPU paspaboTKe JIF0O0T0 MPOILyKTa, MMEIO-
IIEro BO3MOXKHOCTH IIOAKJIIOYeHHs K ceTu urepuer [7].

Tak Kak JieTarome CCHCOPHBIE CETU TPEICTABIIAIOT COOO0 OHO U3 IIpU-
JiokeHuit KoHnennuu VHTepHera Berrei, To 9T0 M03BOJISIET TPUMEHUTH
obmactu Tecruposanust loT-yerpoticts u myst JICC [8]. TIpu noctpoernn
JIETAIOIINX CEHCOPHBIX ceTeil ocoboe BHUMAaHNE HEOOXOAMMO OOPATHUTDL Ha
6€e3011aCHOCTD, JIJIsl TOT0, YTOOBI HE JOMYCTUTH BTOPYKEHUS B CETh, & TAKKE
[IPOBEPUTH TOJINHHOCTD Y3JI0B JIETAIONIEr0 U HA3EMHOIO cermMenTa. [Ipu-
soxkenusi arepuera Bereit 6a3upyorcst Ha 09€Hb MIPOCTHIX U JEIIEBBIX
y3J1axX. TO MOKET IPUBECTH K KJIOHUPOBAHUIO JIEMEHTOB, IIO9TOMY HE00-
XOJMMO U3y4nuTh pobiemsbl Gesonacuoctu cereit FUSN.

BoJtee mogpobro obsracTu TeCTUPOBAHUS TPUBEIEHBI Ha, pUCyHKe 1.

ITomumo TecTupoBaHUs yCTPOHCTB (PU3MIECKOIO MHUDPA, TAK¥Ke €CTb
OTIpeJieJIeHHbIE BUJIBI TECTUPOBAHUS BUPTYAJBHBIX Berleil. Bupryaibibre
Bl CYIIECTBYIOT B MHMOPMAIMOHHOM MUPE, UX MOXKHO XPaHUTh, 00pa-
6aThIBATH U TOJIYYaTh K HUM JOCTYIL IIpuMepoM Takux Bereil siBJisieTcst
npukjagaoe [10 u myaprumenuitnbiii Koarent. Haubostee pacipocTpanen-
HBbIe MeTOJIbI Jiyist TecTupoBanus [10:

1. MogympHOe TecTupoBaHue. B TaHHOM METOJIE C IEJIHI0 BBISIBJICHUS
BO3MOXKHBIX ONMUOOK KOMIIOHEHTBI TPOIPAMMBI TIPOBEPSIIOTCS B OT/IETBLHO-
cru. Ilpy 3TOM HEOOXOAMMO XOPOIIO 3HATH COCTAB IIPOIPAMMBI, CJIEI0Ba~
TEJILHO, 9TOT BUJ TECTUPOBAHUSI OCYIIECTBISETCS IIPOTPAMMUCTAMMY, a He
TECTHPOBIIUKAMI.
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2. Nnrerpanuonnoe rectupoBanue. B 0OCHOBHOM BBISIBJISIET ONTUOKY WH-
Tepdeiica. KoMIoHEeHTBI TpOrpaMMBbl, KOTOPbIe OBLIN ITPOBEPEHBI B XOJIe
MOJTyJIBHOTO TE€CTUPOBAHUS, UHTEIPUPYIOTCS JPYT € JPYTOM, & 3aT€M Te-
CTUDYIOTCSl Ha, HAJIMYUE HEIOJIAJIOK.

3. Cucremnoe recrupoBanue. Ha nanHOM sTale aHau3upyercsi pabora
BCell CHCTEMBI B [IEJIOM ITPU B3aWMOJIEHICTBUN €€ allllapaATHBIX U IIPOTPAMM-
HBIX COCTABJIAONINX.

OcHoBHBIE BUJIBI TeCTOB Jjisi ipoBepku 110:

1. TectupoBamnne Ge3omacHocTr. Takoit TUIT TECTUPOBAHUS MIPOBEPSIET
TO, obecrieunBaer Jin KOHKpeTHOe 110 KOHDUAEHIMATLHOCTD U DYHKIAN
ayTeHTU(OUKAIIN.

2. Crpecc-tecrupoBanue. 110 momBepraercst TakKuM ycJaoBUsIM pabo-
ThI, KOTOPbIE BBIXOJSAT 33 PAMKM HOPMaJjbHBIX yciaouil. [Ilpm mocruxke-
HUU HEKOI KPUTUIECKON TOUKM PE3yJIbTAThl TECTUPOBAHUS AHAJU3UPYIOT-
cs. JlaHHBI TOAXOM, TIPpeIHA3HAYEH JiJTsl BbisiBJieHus ycroitausoctu [10 k
HaTrpy3KaM.

3. TectupoBanue copmectumocTu. B xose Tecra 1O mposepsiercss Ha
COBMECTUMOCTH C JIDYTUMHU OIEPAIMOHHBIMYU CHCTEMAMH, ANIapaATHBIMI
mwrardpopMamu, web-opaysepamu u T.11.

4. TecrupoBanue 3¢pdexTuBHOCTH. AHAJIM3UDPYETC 0O'bEM UCIIOJIb3Yye-
MBIX AIMAPATHBIX PECYPCOB MIPU BBIMOJHEHUHU ITPOrPAMMOil OJTHON U3 Ole-
pamuii.

5. TectupoBanue yja06CTBa MOJB30BAHUS. DTOT TECT HAIIPABJIEH HA BbI-
sIBJIEHUE CTeleHn yao6cTBa u npakTuIHoCTH 110 JjIsT KOHEYHOrO MOJIb30-
BaTeJIsl.

3. Buzasl B3aumogeiictBuss nrepuer Bereit 1 Bo3Mo>kKHbIe
TeCTOBbIE crienudUKaAIun

Cornacuo pekomenganuun MCD Y.2060 [9] Bo3MOKHBI ciieyionue Bu-
ZIbl B3auMogeiicTBusl pa3iaudubix Tunos urepuer Bemeii (pucyHnok 2):

1. O6MeH JaHHBIME C HCIIOJIL30BAHUEM CETU CBI3H U€pe3 MLII03;

2. O6bMeH JaHHBIMU C KCIIOJb30BAHUEM CETH CBA3U 0e3 ILII03a,;

3. OOMeH JaHHBIMU HAIPSIMYIO, T.€. 0e3 UCIOJIb30BaHUsI CETU CBIA3MU;

4. CoderaHue mMepBOro U TPETHETO CIIEHAPUER;

5. CoderaHue BTOPOI'O M TPETHErO CIIEHAPUEB.

Caenyer orMeTuTh TOT (PAKT, YTO XOTS Ha JAHHOI CXeMe IIOKa3aHbI
B3aUMOJIEHCTBYS MexK 1y 00beKTaMu (husndeckoro Mupa (0OMeH JaHHBIMU
MEeXKJIy YCTPONCTBAMN), OHU TAKKE [IPOUCXOMST U B UH(MDOPMAIIOHHOM MU-
pe (B3amMoeficTBIE BUPTYAJIBHBIX Bellleli), a TakyKe MeXKY (PU3MIeCKuM
1 UHGOPMAIMOHHBIM MUPOM.

Jlajiee ipuBeI€HBI HEKOTOPBIE BUIBI BO3MOXKHBIX TECTOB Jjist IlHTepHeT
Bereii, orHOCHTE/IBHO UCIIOJIB3YEMbBIX CETEBBIX TEXHOJIOIHUIA:

1. TecrupoBanue KoHPUIypamyMu CETH, IOCTPOEHHOH IO TEXHOJIOIHH
Ethernet (cranmaprer 10Base-T, 100Base-T, 1000Base-T, 10GBase-T);
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2. Komutekcroe tectupoarne WLAN nHa 6a3e cranmapra IEEE 802.11
(Wi-Fi);

3. Onpenenenne KoadpuipmenTa OUTOBLIX OIMMUOOK MIPH Mepegade JaH-
ubix o crargapry IEEE 802.15.1 (Bluetooth, Bluetooth LE);

4. Omnpenenenne koddduimenTa OMMUOOYHBIX TAKETOB IIPU ITIepejade
JaHHbIX 110 crangapry IEEE 802.15.4 (ZigBee, 6LoOWPAN);

5. Onpesienienne cpeIHEro 3HAYEHUsT CKOPOCTH MTEPEIAdN TAHHBIX K TPH-
€MHOMY TepMUHAJIy [IPU UCIIOJIb30BAHUU TEXHOJIOTUN MOOUIBHON CBSI3U;

6. Tecr c mesbIo BbIOOPA TPUKJIAIHOTO TpoToKoJia i Uarepuer Bemu
OTHOCHUTEJIBHO CPEJIHEro BpeMeHn oTkimKa Ha 3anpoc (RTT) npu ncnoss-
zoauuu nporokosioB MQTT, CoAP u HTTP.

4. IIpoBeneHue HATYPHOIO SKCIIEPUMEHTAa

st ampobarun mpejiaraéMbIX TeCTOBBIX CIIEMpUKAIIiT OB IPOBe-
JIEH HATYPHBIH 3KCIEPUMEHT, OCBAIIEHHBI TECTUPOBAHUIO ITPOTOKOJIOB
MQTT, CoAP u HTTP ornocuTe/bHO BpeMeHH OTKJIMKA CepBepa Ha 3a-
mnpoc. Cjre1oBaTe/ibHO, B XOJe TeCTa HY?KHO OTIIPABJIATH 3aIIPOCHI HA CEp-
Bep u orciekuBarh 3HadeHuss RI'T, KkoTopbie B JajbHERIIIeM HEOOXOIUMMO
[IPOAHAIM3NPOBATH, U BBISIBUTH HANOOJIEE TIOIXOISIIIII IIPOTOKOJ JIJIs UC-
nosib3oBaHus B manHoit UaTeprer Bemu. PesyipraTsl mpoBeeHHONO 9KC-
[IEPUMEHTa OTPA’KEHBbI HA PUCYHKE 3, KOTOPBIil TI0KA3bIBAET, YTO HANMEHbD-
mee BpeMsl OTKJINKa HaBJIIOIAeTCsl TP UCIONIb30Banun mpotokosia CoAP.

CoAP neficTBUTENHLHO ABJISETCS XOPOITUM PENICHUEM JIJIsi MEYKMAIIHH-
obix KommyHukanuit B urepuere Bemeit. /[anubIil TPOTOKOJ TOCTATOTHO
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JIETKOBECHBI 1 OBICTPBIN, K TOMY Ke UMeeT pasJsindHble omiuu. Ho K coxa-
JIEHUIO, KireHTcKas 4acTh B COAP He MOXkeT ObITh pean30BaHa P TOMO-
1y OOBIYHBIX Web-CTpaHuIl, HAIIMCAHHBIX Ha, I3bIKe JavaScript, BeaeacTsue
9€ro, MPUXOUTCS UCIIOJIB30BATH JOMOJHUTETFHbIE HHCTPYMEHTHI, HAIIPH-
mep, Copper. Takzke nporpamvuas peasmsanust CoAP-cepepa mamuOro
cnoxuee, veM y MQTT u HTTP.

5. 3akirouyenue

B crarbe ObLIM pacCMOTpEHBI pPa3jUYHBbIE BUILI U METOJbI TECTH-
poBanus ycrpoitctB Wuarepnera Bemeit. /lannble MeTOIbI W TECTOBBIE
crierudUKAIMY MOTYT OBITh MCIIOJIB30BAHBI [P IMPOBEJIEHUNA TECTUPOBa-
nust Murepaer Bemeit nys obecneyenust ux crabuiabHoil paborsl. Ha 6a3e
OJTHOM M3 TECTOBBIX crenumpUKaImii MPOBEICH HATYPHBIN SKCIIEPUMEHT U
[IPEJICTABJICHBI €10 PE3YJIHbTATHI.
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This paper is devoted to the study of existing testing types and methods, that
are used in communication networks, and to the selection of test specifications
applicable in the field of the Internet of Things, which allow to estimate the vari-
ous criteria, associated with the exchange of data between things, using network
resources, protocols, etc. In addition, the full-scale experiment has been made
in order to select an application protocol for the Internet thing concerning the
definition of the average response time to a request (RTT) using such protocols
as MQTT, COAP and HTTP.
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* Kagedpa npuraiadnoti un@opmamury U meopuy 6epoammHocmet,
Poccutickuti ynusepcumem dpyorcbor 1apodos,
ya. Muxayxro-Maxaas, 0.6, Mockea, Poccus, 117198

Y JTa6opamopus ungdopmaruonmsx mexroroeud,
066edUHERHBIT UHCMUMYM, A0EPHBIT UCCAD08aHUT,
ya. 2Koauo-Kropu 6, Jlyona, Mockosckas obaacms, Poccus, 141980

¥ JTabopamopus meopemuueckoli Pusury,
066edUHERHBIT UHCMUMYM, A0EPHBIT UCCAD08aAHUT,
ya. 2Koauo-Kropu 6, Jlyona, Mockosckan obaacmv, Poccua, 141980

Awnnoragusi. [TPEANOCHIIKY CHouHOpBL ABJISIOTCA 0OJIee CIEenUaIn3nPOBAH-
HBIMH OOBEeKTaMH, deM TeH30DpbI. [losToMy obsazaror OOIBIINM KOJIUIECTBOM
CBOWCTB, Hekesu Oojiee obiine OOBEKTHI, TaKHMe KaK TeH30pbl. ['pymma JjiopeH-
[IEBBIX 2-CIUHOPOB SIBJISIETCsl HAKPBIBatolei rpyrmoit rpymnmns! Jlopenna. 1E/Tb
Ilockompky rpynmna Jlopenna ssisiercss rpymnmoil cuMMmerpun ypasHeHuit Maxkc-
BeJIIa, TO IPEAIIOJIAraeTcs ONPaBIAHHBIM HCIOJIB30BATh IIPU 3aIIUCH YPaBHEHUI
MakcBesta ctmHOPBI BMECTO TeH30pOB. METO/Ibl ¥V paBHenust MakcBeia 3amnu-
CBIBAIOTCs B (hOPMeE JIOPEHIIEBBIX CIIMHOPOB. TaKKe UCIOJB3YeTCs YI0OHOE TPeT-
CTaBJIEHHE JIOPEHIIEBBIX CIIMHOPOB Ue€pe3 KOMILJIEKCHBIE BEKTOPBI SUIbOEPIITEH-
Ha. PE3VIBTATH B cnmnopuom dopmasnusMme (B IpencTaBIeHHM JIOPEHIIOBBIX
CIMHOPOB M BEKTOPOB 3WJILOEPHINTENHA) MOCTPOEH FAMHUJILTOHUAH MAKCBEJITIOB-
ckoit orrrukn. [Ipu cnmHopHO# 3anucu ypaBHenus: MakcBesuia IprobperaioT Bu,
noobubIil ypaBuHenusaM Jupaka. BeiBOAbI Ilpu 3amucu ypasuennit Makcsesta
B AUPAKOIOZOOHOM BHJI€ IIPEICTABIISETCA BO3MOXKHBIM PACIIAPUATH HHCTPYMEH-
Tapuil UCCIETIOBAHUS 38 CIET METO/IOB KBAHTOBOI Teopuu moJjisi. B sToM Bue Ha-
TJISITHO TPEJICTABJISIETCST CBA3b MEXKJIy TaMUJIBTOHUNAHAMH €OMETPUIECKON, Ia~
PaKCHAJIbHOI U BOJIHOBOI OIITHKHU.

KuroueBble ciioBa: comHOpBI, ypaBHeHus: MakcBesia, IpeACTaBICHUE SHUIb-
GeprreitHa.

1. Bsenenwne

VYpasuenus MakcBesia UMeI0T GosbIIoe YHCIO mpeAcTasieHuii [1].
ITpuniun uxX BBEACHUS CJICAYIOMUHA: KayK[Oe PEJCTABJICHHE JOJIZKHO
YIPOIIATh KOHKPETHOE T€OPETHIECKOe HJIM IIPAKTUYECKOE HCCIIEJI0BAHHE.
K mammm unTepecaM IpH HCCIeNOBAHNE ypaBHenuit MaKcBeIa OTHOCSAT-
sl UX DeOMEeTpPHU3als U FaMUJILTOHOB (popMainmu3M. B namnoii pabore Mbl
IpejiIaraeM Ha OCHOBE CIIMHOPHOT'O OIcanust ypasHenuii Makcseswa [2-4]
CKOHCTPYHPOBATDH IUPAKOBCKU-IIONOOHLIN raMuibToHnan. IIpenmomaraer-
cst, 4TO JaHHAsA hopMa HO3BOJIUT IPHMEHATH AIIApaT, pa3paboTaHHLIN B
paMKax KBaHTOBOII T€OPHH, K M3ydeHUIO ypaBHeHnuii Makcseswia.
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CrpykTypa craTbu cieayiomiasi. B pa3zesne 2 BBeIeHbBI OCHOBHBIE 000-
3HAUYEHUs] W CoIJialleHus. B pasmene 3 maércsi KpaTKoe ONUCAHWE yPaB-
nennit Makcsenna. B pasnene 4 BroauTcs KOMILIEKCHOE TIPEICTABICHNE
ypaBuenuit Makcsemna. [laiee, B pazzesne 5 JaéTcd CIMTHOPHOE MPEJICTaB-
Jienne ypasHenuii Makceesuta. U B paszeie 6, Ha OCHOBE KOMOUHAIIMK Pe-
3yJIBTATOB JBYX IPEIBIIYIINX PA3/IEI0B, IOJIyYeH JIUPAKO-TIOA00HBINA Tra-
MWIHTOHMAH ypaBHeHuii Makcpesuia.

2. OO6o3HauYeHUsI U COIJIAIIIEHUS

1. B pabore ucrnosnb3yercst Hotarusi abCTPAKTHBIX MHIEKCOB [5]. B nan-
HOIl HOTAITMU TEH30p KaK IEJTOCTHBIN OOBLEKT 0003HAYMAETCS MPOCTO
nHjieKcoM (Harpumep, °), KOMIOHEHThI 0603HAYAIOTCs MOTY98PKHY-
THIM HHJEKCOM (HAIpuMep, zb).

2. Bynmem mpumepKuBaThcs CIeAYIONUX corylantenuii. I'pedyeckne nHeK-
col (a, ) GYIyT OTHOCUTHCS K UETHIPEXMEPHOMY IIPOCTPAHCTBY U B
KOMIIOHEHTHOM BHJE OyIyT HMETh CJIeLyIollie 3HadeHns: o = 0, 3.
Jlaruuckue uHmekcsl u3 cepenusbl aadasura (i, 7, k) OyLyT OTHO-
CUTHCs K TPEXMEPHOMY ITPOCTPAHCTBY U B KOMIIOHEHTHOM BHJE Oy Ty T
HMETD CJIeIyIONHe 3Ha9eHus: i = 1, 3.

3. BamsToil B HHAEKCe 0603HAMACTCS YACTHAS POU3BOIHAS IO COOTBET-
cryIomeit koopauuare (f; := 0; f); TOUKOl ¢ 3aIATOl — KOBApUAHT-
Has npomussontas (f,; =V, f).

4. s 3ammcu ypaBHEHHUI 3JIEKTPOJAMHAMUKN B PabOTE MCIIOIB3YeTCst
cucrema CI'C cummMerpuyHast.

3. VYpasHenus MakcseJjuia

Ypasuenns Makcpesia B 3-X MepHO# hopMe UMEIOT BU/IL:

VoB' = —e'*V;Ey;

V,D! = 47 p;
, i 4T (1)
VoD' = e’"V;H) — — 5
V;B'=0.
rae etk aJIbTEPHUPYIOMINIl TEH30pP, BBIPAKAIONIMICA [Yepe3 CUMBOJI

Jlepu-Yusuter 25

g 1 ..
ijk ijk
€ijk = \/ 29€ijk, €= ed=,
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SanumreM (1) wepe3 T€H30PHI IEKTPOMArHUTHOTO moNst Fog 1 Gog [6]:
Valpy+VgFya +VyFop = F[aﬂ;v] =0,

o 4

rjie TeH3opsl Fug, F B G g G o UMEIOT CIIEYIONIIe KOMIIOHEHTHI

0 B E B 0 -D' -D* -D?
Fopo |"B1 0 =B B e [DY0 —Hy Hy
= |-B B 0o -B D> Hy 0 —H

-E; —-B? B! 0 D?* —-H, H 0
EL HY i =1,3, — KOMIOHEHTBHI BEKTOPOB HAIPSIXKEHHOCTU 3JIEKTPUIECKO-

0 ¥ MAarHUTHOTO ToJeil coorBeTcTBenHO; D;, B;, i = 1,3, — KOMIOHEHTDI
R 1

BEKTOPOB JIEKTPUIECKON ¥ MATHUTHOW MHJIYKI[HH COOTBETCTBEHHO
4. KowmiuiekcHoe mpezicTaBjieHne ypaBHeHuit Maxkcsesia
Kommiekcroe mpencraBienue ypasuenmit Makcpenana paccMaTpuBa-
JIOCh pa3HBIME aBTOpamu [7-9].
4.1. Ob6i1ee npeacTaB/IeHUE

3aa MM COOTBETCTBHE YITOPSIIOYEHHON Tapbl U KOMILUIEKCHOTO 3-BEKTOpa
F:~ (ELBY), F:=FE:+iB%
Gt~ (DY HY), GL=Di+iH.

BpraBI/II\/I HaHpH)KéHHOCTL 1 MHAYKINIO 9€Ppe3 COOTBETCTBYIOIMINE KOM-
IIJIEKCHbIE BEKTOPbI

,_ F' 4 F ,_ F' - F
EFP=—~— B ="
2 ’ 2 ’
Di:G+G’ HZ-:G—.G.
2 2i
BBG‘,ILéM ABa OJOIIOJITHUTE/JIbHBIX KOMIIJICKCHBIX BEKTOpPa
KZ = %7 LZ - T (3)

LCnenyer 3ameruTs, uTo MMeHHO B? MMeer bU3MUECKMiT CMBICI HAIPSZKEHHOCTH Mar-
HUTHOIO TIOJISI.
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Torna ypasaenus (1) upumyT Buj

Vi(K' + L) = 4mp;

) ) - A . 4
—iVO(Kl — Ll) + e”ij(Kk — Lk) = i%jl. ( )

4.2. KowmriekcHoe npeacraBjgeHne ypaBHeHnuit MakcBesia B
BaKyyMe

U3 coornomtenuit D' = B!, H' = B' u (3) noiyJaem
K'=FE'+iB'=F', L'=0.
Torna ypasuenus (4) 6yayT umers Bu

ViF' = 4np;
. e 4 . (5)
—iVoF' 4 e9F VY, Fy = i—j°.
c
4.3. KowmmiiekcHoe npeacraBjieHne ypaBHeHuit Makcsesia B
OHOPO/THOI M30TPOMNHOIT cpejie

B osHOpOIHO N30TPOIHOIT cpejie ClIpaBe/JINBbI CJIEYIONNE COOTHOIICHUS
D'=¢FE', uH' = B*, riie € u i — AUSJIEKTPUYIECKas U MATHUTHAS [IPOHM-
[AEMOCTH.

st yupoleHus IOJIyvYaeMbIX BbIPDAXKEHUN BO3MOXKEH CJIEILy FOIIHiA

/o C
rpiok. B (5) nenaem dopmasbhyio 3ameny ¢ — ¢ = NG (To ecTb 3ame-
o

HSIEM CKOPOCThb CBETa B BaKyyMe Ha CKOPOCTb CBETa B cpelie) u j& — NG

Torma moryanm

. . 1 .
F'=\eE' +i—B'". (6)
NG
Torna ypasuenus Makcsesuia (1) npuobperaror By
. Ar
VZ'FZ = —=pP;
Ve’ .
LOF" o A (™

€ijijFk — 17.]2

Yot T Ve Ve

Hannoe npejcrasienne ypaBuenunii Makcpesura nMeer HECKOJBKO Ha-
MMEHOBaHM. B 9acTHOCTH, OHO M3BECTHO KaK IIPEJCTaBJICHHE 3UIbOep-
mrrefina |7, 8].
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5. ChnuHopHas 3anuch ypaBHeHUi MakcBeja

Tenzop snekTpoMarsnTHOTO MoNA Ffog U ero KoMmmoHeHTH Fog, o, B =

0,3, MOXKHO paccMaTpuBaTh B CIIMHOPHOIN (opMe [5] (aHaJIorI/Iqu U JJisd
Gaﬂ):
Fopg = FaaBp;
Fap=Fanppga== 9577,
é7é/a§a§l:ma g7ézma
rie gaéé/, a= 0,3, — cumBousl MHensna—BaH nep Bepiena, ompees-

eMble B JefiCTBUTEIbHOM CIMHOPHOM Basuce € 4 g cieyromum obpazom [5]:

ggéé = ggaEAégA’é R géé/g = ggoﬁ:Aé{‘:A é/, (8)

0 1 A. B B 10
EAB = €A B = 5 e Ep— = Ep— = (9
L= e = -1 0 44 - 0 1 )

Samnuiem ypasHeHust MakcBeJlia 4epe3 CIIMHOPHI.
ITockonbky Tenszop Fig JeficTBUTENEH W aHTUCUMMETPHYEH, TO €ro
MO2KHO IIPEJICTABUTH B BHJIE

Fop = 0aBEA'B +€4BPA' B,
’ ’ ! ’
OB — _jpABA'B | j ABSA'B' (10)
31eChb QOAB - CHI/IHOp SJIeKTpOMaI‘HI/ITHOI‘O I10J14d:

1 / ]. ! 1 B>V
SDAB = §FABC’C :iFAA’BB’EAB = = aﬁEAB. (11)

AHaJIOI‘I/I‘{HO MOXKHO 3allncaTb
!’ ! ’ 7
Gaﬁ — ’YABSA B + €AB’7A B , (12)
* . . —
Gap = —ivaBeap +icaByarp .

Samensiss B ypaBHeHun (2) abGcTpakTHble mHuekchl o Ha AA’ n B Ha
BB’, zanumewm:
’ ’ 47'(' . ’
VauGAABB _ 2T BB
Ucnonp3ys coorromenue (12) mosryaum

’ ’ ’ 47'[' ’
VAB' (B gBA B _ 7T BB
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Anasormano, u3 (10) mosyanm
A'B, A AB’ ZA’

Takum 06pa30M II0JIHad CUCTEeMa ypa,BHeHI/IfI Maxcsesuia B CIIMHOPHOM
opeacTraB/JI€eHUN UMeEET BUJL

A'B,_A AB' A’
\Y ¥YB — \Y ¥YB = 07
AB'_ B A’ B _ 4T .pp
v Ya + \Y Yar = ?j .
Cucrema ypasaenuii MakcBesuia B BakyyMe B CIHHOPHOIT hopme 3ariu-
IeTCsl B BUJIE OJHOIO ypaBHeHus [5]:

’ 271' ’
VAB' ,B — ?jBB )

Bpmmmem koMmoneHTHI CIIMHOPAa 3JICKTPOMAIrHUTHOI'O IIOJIA:

1 ’ ’7
pap =S Fape g% a a9 p,
é7é/a§a§l:ma gvﬁzm

Ucnonssys (8), (9) n oboznauns F; = E; — iB;, MOXKHO 3aIHCATD:
1 . 1
Yoo = 5 (F1 —iF2), o1 = 10 = 515,

1 :
Y11 = 75 (F1 + IFQ) .

6. JIupako-nmogoOHBII raMUJIbTOHUAH

U3 cumuopa BrOpoii BasienTHOCTH Wap (11) CKOHCTpyHpyeM CHHHOD
nepBoii BasenTHocTH ¥®. IIpu aToM npumeHnM TPIOK (6).

wl (,000 _Fl + iF2
o e .y 01 _ 3
w3 (plo F3
w4 @11 Fl + 1F2
COOTBETCTBEHHO TOK IIpUHUMAaET BUJI:
il 42
a _ 7* = Vep
7%+ Vep

jl + 1]2
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Torna cucrema ypasaenuii (7) npuobperaer CJepyONUi JIUPAKO-
MMOJTOOHBIN BUJT:

o c piik

_ A
Ve

- ¢,

~ a b
ot /75/11 v] Yk bw

W3 crpykTyps! ypaBuenus Jlupaxa

0 = [ey'pi +APme?) = Hy

MOZKHO 3alliCaTb ,[LHpaKO—HO,HO6HBII71 raMUJIbTOHHNAH ypaBHeHI/IfI Maxkcsesuia
opu OTCYTCTBUU TOKOB:

cC ..
— ijk a
H—_ 6J Vj’yk b-

NG

7. 3akJirodyenue

B craTthe mpejscraBien crocob 3amucu ypasHeHuit MakcBesnia B cru-
HODHOM IIPEJICTABJICHUN M 3aIMCAaH aMUIJILTOHHAH ypaBHeHuil Makcses-
Jla B IupakonoooHoM Buje. IlpecraBisercs, 910 faHHOe [IPEJCTABICHIE
MOXKeT OBITh MHTEPECHO B IIJIAHE IPUMEHEHHUS METOI0B KBAHTOBOW TEOPUH
K U3YYEHUIO 3JIEKTPOMAaTHUTHBIX SIBJICHUM.

Buaaromapuoctu

Pabora gactuuno mommepkana rpantamu POOU Ne 14-01-00628, 15-
07-08795 u 16-07-00556.

JIureparypa

1. Kulyabov D. S., Korolkova A. V., Korolkov V. I. Maxwell’s Equations in
Arbitrary Coordinate System // Bulletin of Peoples’ Friendship Univer-
sity of Russia. Series “Mathematics. Information Sciences. Physics”. —
2012. —mno. 1. —P. 96-106. — arXiv : 1211.6590.

2. Laporte O., Uhlenbeck G. E. Application of spinor analysis to the
Maxwell and Dirac equations // Physical Review. — 1931. — Vol. 37,
no. 11. — P. 1380-1397.

3. Aste A. Complex Representation Theory of the Electromagnetic
Field // Journal of Geometry and Symmetry in Physics. — 2012. —
no. 28. — P. 47-58. — arXiv:1211.1218v3.

4. Bialynicki-Birula I. Photon Wave Function // Progress in Optics. —
Elsevier, 1996. — Vol. 36. — P. 245-294. — 0508202.

5. Ilenpoy3 P., Pummrep B. Cnwmnopst m mpocrpancrBo-spemsi. JlBa-

CIIMHOPHOE WCYUCJEHNE U peaTuBucTckue moss. — M. : Mup, 1987. —
T 1.



136 DCCN—2016

6. Minkowski H. Die Grundlagen fiir die electromagnetischen Vorgonge in
bewegten Korpern // Math. Ann. —1910. — H. 68. — S. 472-525.

7. Silberstein L. Elektromagnetische Grundgleichungen in bivektorieller
Behandlung // Annalen der Physik. — 1907. — Vol. 327, no. 3. —
P. 579-586.

8. Silberstein L. Nachtrag zur Abhandlung iiber ,Elektromagnetische
Grundgleichungen in bivektorieller Behandlung” // Annalen der
Physik. —1907. — Vol. 329, no. 14. —P. 783-784.

9. Crparron /1. A. Teopus snekrpomaraerusama. — M.-JI.: TUTTJI, 1948.
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Spinor representation of Maxwell’s equations

E. G. Eferina*, O. V. Kuznetsova®, A. V. Korolkova*,
D. S. Kulyabov*f, L. A. Sevastianov*!

* Department of Applied Probability and Informatics
RUDN University
Miklukho-Maklaya str. 6, Moscow, 117198, Russia

t Laboratory of Information Technologies
Joint Institute for Nuclear Research
Joliot-Curie 6, Dubna, Moscow region, 141980, Russia

¥ Bogoliubov Laboratory of Theoretical Physics
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Joliot-Curie 6, Dubna, Moscow region, 141980, Russia

BACKGROUND Spinors are more special objects than tensor. Therefore pos-
sess more properties than the more generic objects such as tensors. Group of
Lorentz two-spinors is the covering group of the Lorentz group. PURPOSE Since
the Lorentz group is a symmetry group of Maxwell’s equations, it is assumed
to reasonable to use when writing the Maxwell equations Lorentz two-spinors
and not tensors. METHOD We write the Maxwell’s equations using Lorentz two-
spinors. Also used a convenient representation of Lorentz two-spinors in terms
of the Riemann-Silberstein’s complex vectors. RESULTS In the spinor formalism
(in the representation of the Lorentz spinors and Riemann-Silberstein’s vectors)
we have constructed the Hamiltonian of Maxwellian optics. With the use of
spinors Maxwell’s equations take the form similar to the Dirac equation. CoON-
cLUsIONS For Maxwell’s equations in the Dirac-like form we can expand research
methods at the expense of the methods of quantum field theory. In this form,
clearly visible the connection between the Hamiltonians of geometric, beam and
Maxwellian optics.

Keywords: spinors, Maxwell’s equations, Riemann-Silberstein’s vectors.
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Pacno3znaBanme To4uek IMPUBA3KUA TPEXMEPHBIX
00'bEKTOB MO CTEPEON300PA>KEHUI0 B CUCTEMAaX
TEXHUYECKOTO 3PEeHUs!

M. B. ®omun*, A. E. IBanos*

* Kagedpa un@opmayuonnvlix mexnonozul,
Poccutickuti ynusepcumem dpyorcbor 1apodos,
ya. Muxayxro-Maxaas, 0.6, Mockea, Poccus, 117198

Annoranusi. B nporecce pekoHcTpyKInu (pbOPMBI TPEXMEPHOI'O TeJIa 110 CTEPEeo-
n300paKeHNI0 BO3HMKAET 3aJ/iada PACIIO3HABAHWS TOYEK IIPUBA3KU HA IIOBEPX-
HOCTH O0'bEKTA. DTU TOYKHU UCHOJB3YIOTCS B AJIOPUTME TPUAHTYJISIIIUN, KO/
dopmupyercs onucanve Mojeau oobekra. OuH u3 ciocob0B yTOYHEHUST KOOP/IY-
HaT TOYEK IMPUBS3KNA — aHAJU3 KapThl JUCIAPUTETA, JIJIsI BbIJIEJIEHHOI'O CEIMEHTA
crepeonsobparkenns. [IpejaraemMblil MeTOs pacio3HaABAHNUST OCHOBAH Ha UCIIOJIb-
30BAHUU MaPKOBCKOI CETH JIJIsI ONMUCAHUS KApThI IUCIIAPUTETa, TPeobpa30oBaHUI
rpada 3Toil ceTr MyTEM aHAIN3a PACIIPE/IEIEHUsT SIPKOCTEN TUKCceeil m300pazKke-
Hus1. BO3MOXKHOCTB BBIOOpA MPUOPUTETHOTO HAIIPABJIEHNSI CMEIIEHUs Tpu 00X01e
rpada KapThl gucnapuTeTa obecrnednBaeT 3pHEKTUBHOCTH paboOThl aIropuTMa,
OCHOBAHHOT'O Ha OIMCAHHOM METOJIE.

KuroueBsbie ciioBa: crepeon3obparkeHne, SIUTOJIsIPHAS T€OMETPUs, KAPTa JINC-
ImapuTeTa.

1. Bsenenune

Sasaga PEKOHCTPYKIIUM  TPEXMEDHOTO  OIMCAHMS 110 nHOpMAIH,
[IPEJIOCTaBIAEeMON CUCTEMOIl TEXHHUYECKOI'0 3PEHHs], BO3HUKAET IIPU IIO-
cTpoeHnn peabeda MECTHOCTH, 3aJaHUN (DOPMbBI TPEXMEPHOTO TEJIa, OIPe-
JIeJIEHUY MECTOIIOJIOXKEHUsI U opueHTanun obbekTa. [lpu eé periennn mo-
2KeT ObITH UCIIOJIb30BAHA I1apa N300PaKeH i, CIeJIAHHBIX CTEPEOKaAMEPON —
OTKAJIMOPOBAHHON CHCTEMOM JIBYX KaMep C M3BECTHBIMU IPE0OPA3YIONAMA
XapaKTEePUCTUKAMU. SHAHUE TUX XaPAKTEPUCTUK IMIO3BOJISET BBITOJHUTH
pexkTuduKaIno 1300parKeHnil — COIIOCTABJIEHIE CTPOK, COOTBETCTBYOIIIX
OJIHOU TOPU3OHTAJIBHON JimHuK Ha cuene [1]. Takag npeasapuresbHas M0/
POTOBKA ITO3BOJISIET IIEPEHTH K aHAJM3y U300pPakKeHuil U BBIJIEJUTH COOT-
BETCTBYIOIIHE JPYT JAPYTY Hapbl TOYEK.

2. IlocranoBKa 3ama4du

ITocsie BbInONIHEHNST PEKTUMUKAIIUN [TOSABIISETCH BO3MOXKHOCTD IIOCTPO-
YEeYHOIO CPABHEHUS JIEBOI'O WM IIPABOIO H300PaKEHUil C IIeJIBI0 BBISBJIE-
HUsI CBA3AHHBIX NMKcesei. [lapa Takux nmkcesiei, TPUHAJIEIKAIIITX Pa3-
HBIM HM300paKEeHUsSIM, COOTBETCTBYET OJHON M TOH JKe TOYKe Ha IOBEpPX-
HOCTU OOBEKTA CIEHBbI. PermuTh 3a/1ad9y pPACIIO3HABAHUS CBI3aHHBIX ITHK-
ceJieil MOXKHO IIyTeM aHaJli3a Paclpe/leleHusd APKOCTU B COIOCTABJIAEMbIX
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CTPOKAaX M300parkeHwil, BHISBJICHUEM I[BETOBBIX CET'MEHTOB M YCTAHOBJIE-
HUEM COOTBETCTBUSI M€Ky TPAHUIAMHU IIBETOBBIX CEI'MEHTOB, Hall[eHHBIX
Ha JIEBOM U MPABOM H300paskeHusix. B mporiecce cOmocTaBIeHusT TOCTeI0-
BAaTEJIbHO (PUKCUPYIOTCSA MUKCEJM B CTPOKE JIEBOTO M300DAXKEHUsI, U JIJIst
KaXKJIOro BBIODAHHOIO IIUKCE/Isl BBIJEJISEeTCs JUAla30H B CTPOKE IIPABOrO
n300parKeHMs, KOTOPBII COJIEPKUT MUKCETh, COOTBETCTBYIONNT 3abUKCH-
poBanHOMYy. Pacmosnars B quamnasoHe mpaBoro m300parKeHusi STOT TUKCEIb
MOXKHO IIyTe€M aHAaJIN3a CTATUCTUIECKUX XapPaKTEPUCTUK PACIIPEIeIEHSsT
SIPKOCTH B JIEBOIl M MPABOIl CTPOKAaX B CJIydae, €CJIM 9TU XapaKTEePUCTUKU
OJIM3KH.

IIpu aHajm3e pacupejesieHus SIPKOCTH B OKPECTHOCTU BBIOPAHHOI'O
MTUKCEJIsT JIEBOTO M300paskeHusl U B BBIJIEJIEHHOM JTHANIA30HE [TPABOTO M300-
paXKeHusi MOYKET BOZHUKATH CUTYAIMsS HEOJHO3HATHOTO BhIOOpa mmaphl. Bos-
MOYKHBI Pa3Hble IPUYNHBI BOSHUKHOBEHUsI Takoi curyaruu. [lukcery nHa
OJTHOM M300PaKEHNU MOXKET COOTBETCTBOBATHL HECKOJIBKO IHKCEseill Ha
JIPYTOM BCJIEJICTBUE PA3JIMYMUS PAKYPCOB. DJIEMEHTBHI CIIEHBI, MMEIOIINecst
Ha OJHOM M300parkKeHu’, MOTYT OTCYTCTBOBAThH HA JPYTOoM u3-3a dhdeK-
Ta 3aropakuBaHus. HakoHer, HanboJiee 9acTON NPUIMHON SIBJISAETCS MO-
HOTOHHOCTB TEKCTYPbI H300PaKeHHBIX 00bEKTOB, 3aTPY/IHSIONIAs IIPOIECC
coroctaBjieHnsi. B Takux CUTyalusix yTOYHEHHE BAPUAHTA BBIOOPA MAPbI
[IAKCesIeil MOXKHO MMPOU3BECTU IIyTEM 3aMEHBI UCIIOIb3YEMBIX ITOKAa3aTe el
KOPPEJISIIIUN sIDKOCTEel MJIM I[yTeM aHaJn3a siPKOCTHBIX XapPaKTEPUCTUK B
CTPOKAX, JIEYKAIUX BBINIE U HUXKE AHAJM3UPYEMON CTPOKH.

3ajiada pacHoO3HABAHUS MAp CBI3AHHBIX ITUKCEJEH PEITaeTcs YCIEITHO
[IpU YCJIOBUH, 9TO ITUKCEJIU JIEXKAT Ha I'PAHMIIAX [[BETOBBIX CEIMEHTOB CTe-
peomzobpaxkenus. B pesysbraTe COMOCTaBICHUST Ha CTEPEOn300parKeHUN
BBIJIeJIsI€TCS HADOP Tap MUKCeJIeid, [IJIsi KOTOPBIX MOXKET ObITh IIPOU3BEIEHA
rporieaypa TpuaHryssiun. OHa [M03BOJISIET ONPEIEIUTh IJIYOUHY 110 KOOP-
auHare Z Jjis COOTBETCTBYIOIIUX IHUKCEJsIM TOYEK CIeHbl. KoopamHaTh!
9THUX IUKCEJIel MOTyT OBITh UCIOJIb30BAHbBI JJIs 3aJaHUsI TOYEK ITPUBSI3KA
IPU MOJIETUPOBAHNUH TIOBEPXHOCTEH 06hekTOB creHbl [2]. Kpome Toro, ma-
PAMETPBI THUX TUKCEJeH MOIYT OBbITh HCIOJIB30BAHBI B 33/1a1€ IKCTPATIOJISI-
[AU TIPY TIOCTPOEHUH TOJTHOM KAPThI JUCIIAPUTETA, KOTOPasi (POPMUDPYETCs
Ha 6aze JIeBOro m300pakeHusi, I B KOTOPOU JIJIs KAarKJIOT'O HMHUKCEJIs 3aJ1a-
€TCsl JIONMOJIHATEIbHBIN mapaMeTrp — Z-KOOPAMHATA COOTBETCTBYIONIEN eMy
TouKH crieHbl. OTHOBPEMEHHO JIJIst KaXKI0T0 MUKCEJIS P 33/ 1aeTCs 3HAUEHNEe
caBura £ — M3MEHEHne JJIsi KOOPAWHATHI X MUKCE s, KOTOPOe HEOOXOIMMO
Y9I€CTb, YTOOBI Oy INTh 3HAYECHUE KOOPAUHATHI X JIJIs MIUKCEeJIsd, IPUHAI-
JIEZKAIIETO TIPABOMY M300PaKEHUI0 U COOTBETCTBYIOIMIETO TUKCEII0 KAPThI
JIACTIAPUTETA!

fp = Xpr - Xpl7

rge pl = p — NUKCeIb Ha Kapre JQucrapurera (OH XKe — IUKCEIb JIEBOrO

u300pazkeHusi), pr — COOTBETCTBYIONIUI eMy IIMKCeJb IPABOro H300pazke-
HUS.



®omur M. b., Uranos A.E. 139

Jj1st Bcex muKcesiei CABUT MMEET OTPUIATEHbHOE 3HAUCHUE WA PABEH
Hy/I0 (B CJIydae «OYeHb GOJILIIOrO» YIAJEHUs COOTBETCTBYIOMIEH eMy TOY-
ku cuenbl). s nukceseil, napaMerp Z Jjisi KOTOPBIX IIOJIYYEH IKCTPa-
[TOJISIIel, 3HAYEHUE CIBUTa MOXKET OBITh HelleJibIM. B 3TOM cjydae OHO
JIOJIZKHO OBITH OKPYTJIEHO JI0 OJIMZKANIIIEro TEeJIOT0 3HAYEHUS.

AutropuT™ pacrno3HaBaHUsI TPAHUIL I[BETOBBIX CETMEHTOB OTHOCUTCS K
3aJ1avaM PaCIIO3HABAHMUs, CYIIECTBEHHO 3aBUCUT OT 0COOEHHOCTEN n300pa-
JKeHUsT ¥ XapaKTePU3yeTcsi HU3KOI TOYHOCTHIO. B ciieicTBre 9T0r0 mocrpo-
eHHas KapTa JUCIIapUTeTa, KaK MPABUJIO, OMUCHLIBAET CIEHY C IOTPEITHO-
CTBIO, KOTOPAasi BEIPAXKAETCsI B PE3KUX IIEPENaiaX 110 IJIyOrHe Ha [IOBEPXHO-
CcTaxX 00beKTOB. I/ aIeKBATHOTO ONMMCAHMST CIIEHBI TPEOYETCsT MPOU3BECTH
YTOYHEHUE KAPThI JUCIAPUTETA.

3. VYTouHeHMe KapThl OUCIIAPUTETA

Kapra qucniapurera, moJsiydennas Ipyu aHajIl3€e CTEPEON300parKeHUs B
pe3ysibTaTe MOCTPOYETHOrO CPABHEHUSI, COJEPYKUT TOIPEITHOCTH, BhI3BAH-
Hble HETOYHBIM PACIIO3HABAHUEM I'DAHUIL IIBETOBBIX CEIMEHTOB (pe3yJsibrar
— pe3Kue meperajibl 3HaYeHus Z 110 TOPU30HTAJN KapThl) ¥ HE3aBUCHMbIM
AHAJIM30M CTPOK M300pazkeHusi (PE3yJIbTaT — <«JIECTHUIA» 110 BEPTUKAJIN
Kaprhl). g yrajsenus ¢ KapThl JUCHAPUTETa ONUCAHHBIX IOTPEITHOCTEN
MOXKeT OBITh HCIIOJIb30BaH IJI00AJBHBIN aJrOPUTM, TO3BOJISIFOIIUN T0ONThH-
CsI BBIPABHUBAHUS 3HAUEHUN KOOPAWHATHI Z B 00/1aCTIX M300parXKEeHUsI, CO-
OTBETCTBYIOIINX IIOBEPXHOCTSIM OOBEKTOB CIIEHBI, €3 YCPEeHEeHUS IO TJIy-
OuHe B Tex MecTaxX M300parKeHWsl, B KOTOPBIX PE3KOe U3MEHEHUe KOOPIIu-
HaThl Z ODOCHOBAHO — B MeCTaxX Iepexoja C OJHOr0 oObeKTa Ha JIPYToif,
PACIIOJIOXKEHHBIN Ha oTyimdaromieiicss riayoune. s KOJUIecTBeHHOTO aHa-
JIn3a «He TJIAJKOCTH» KapThl JUCIAPUTETa MOYKHO 110 aHAJOTUHA C IOJ-
XOJIOM, WCITOJIb3YeMBIM B TEPMOJIMHAMUKE, BBECTH (DYHKITUIO «IHEPTHUUY,
3HAYEHUE KOTOPOH YBEJUINBAETCSI IPU HAJIMYUN Ha KApTe «BO30YKICHUN»
1o napamMerpy Z. BelpaBHUBaHUE MOXKHO IIPOU3BOJUTH C UCIIOJIb30BAHUEM
[IPUHITUITA MUHUMUABAINT (DYHKIIAN «3HEepruny. [TocTponmM 1iist KapThl JIuc-
napurera rpad G = (P, E), y3jaMu KOTOPOro fABJIMIOTCs NUKceau p € P,
a pebpamu e € E — cBsa3u Mexk 1y OJMKaWIIuMu muKcesiMu. 11pu Bbrauc-
JIEHUH «9HEPIUU» KAPThI OY/IEM HCIIOJIB30BATH (DOPMYITY

E(G) = Edata(G) + Esmooth(G)7

rie

Eiata(@) = 3 m(p),

peEP
— YHAPHBIA IIOTEHIUAJI, ABJIAIOIINNACA MEepOi [IBETOBOI'O CXOLCTBA,

m(p) = ‘Ipr - Ipl| )
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Iy, m I, — 3HaYeHNs APKOCTH IHUKCETIA P COOTBETCTBEHHO Ha MPaBOM I
JIEBOM M300PaKeHUX,

Esmooth(G) = Z S(e)
eckE
— IIApHBIA IIOTEHIMAJI, SIBJISIOIMUANACI MEPOIl «He IVIaJKOCTU», 3aJaHHBII
4epes mrpaduyio Gysknuo S(e), KOTOPYIO MOXKHO OLIPEIEUTh C UCIIOIb-
30BaHUEM 3HAYECHUI Z-KOODAWHAT MUKCEJIeH p U ¢ HA KapTe JUCIAPUTETA,
onpegessomux pebpo e. Hlrpaduas dbyuximsa S(e) Moker ObITH 3a1aHa
Pa3HBIMU CIIOCODAMU:

S(e) = Const x |Z, — Z,| ,

nJjim

0, |Z, — Zg| < M
Const, |Zy,— Z4| > M,

M — HEKOTOpOE ITOPOTOBOE 3HAYUECHHUE.

Bropoit BapuanT 3azanust GyHKImE S(e) B Mponecce BHIPABHUBAHUS
KapThl JUCIIAPUTETa IIPUBOJUAT K MEHbBIIEMY YCPEJIHEHUIO rapaMerpa Z B
TeX MeCTax n300paKeHus, B KOTOPBIX UMEETCs [IEPEXOJT C OJTHOTO 00BHEKTA
CIIeHBI Ha, JPYTOil.

I'pad kapToI gUcapuTeTa € 331aHHOM Ha HeM DYHKIIUEH SHEPIUN MOXK-
HO paccMaTpUBaTh KaK MapKOBCKYIO ceTh. [Ipm aToM pebpa rpada mHTEp-
MIPETUPYIOTCST KAK CBSI3W MEXK/IY ITHUKCEJISIMU, OMUCHIBAIOIIIE 3aBUCHMOCTH
MEXK/Iy 3HA4YeHUsMU IapaMeTpa Z STUX IHUKCeJel, KOTOpble HEOOXOIIMO
YIUTHIBATH P BHIPABHUBAHUU KAPTHI JUCIIAPUTETA.

Beinosiaenue riiobaibHOrO aJIrOpUTMa COCTOUT B MHOI'OKPATHOM O0OXO-
e rpada KapThl auctnapureTa. Ha Kaxk1oM mrare o0Xo/1a aHAJIH3UPYETCs
ofH U3 y3710B p rpada. Ilpnm sTom cpaBHmBaioTCA &), — 3HAYUEHHE CIIBUTA
JYIS 9TOTO y3J1a 1 & — Cpe/iHee 3HATEHNE CJIBATA IO ITHKCEJIsAM, CMEZKHBIM C
mkcesieM p. B cnyuae ecim |5 — €| < Ly, tae Ly — HEKOTOpOe MOpOToBoe
3HaYeHne, /S MUKCeJIs p 3HAUeHNe CMeIeHns &, MeHAeTCA Ha BeJININHY,
1pub/IMzKAIoNLyIo ero K &7. DTo n3MeHeHne BHIOMPAeTCst TAKUM 00pas3oM,
9TOOBI 3a/1aBaeMasi UM BapHalls COOTBETCTBOBAJIA JIOKAJHHOMY MUHUMY-
My suepruu. OIHOBPEMEHHO IPH BBITOIHEHNH YCIoBus €y —&,| < Lo , rme
p* — y3eJ1, CMEXHbI ¢ nKcesaeM p, a Lo — HEKOTOpPOe IIOPOroBoe 3HAYEHUE,
n3 rpada Kaprhl AUCIapUTeTa MOXKET YIAJISATHCA PEOPO, COeIUHSIIONIIE
p u p*. MoryT OBITH yJaJeHbl OJHO BEPTHKAJIHLHOE U OJHO TOPU30HTAJIH-
HOe pebpOo, IPU ITOM IIPHUOPUTET OTIAETCs pedpam, /It KOTOPBIX MOJIYJIb
pPa3HOCTHU 3HA4YEHU cIBUTOB MeHbIre. [lociie 06xoma rpada mpon3BoauTCs
repepacyer 3HaYEeHU rapaMerpa Z KapThl JUCIIAPUTETa B COOTBETCTBUU
C YTOYHEHHBIMU 3HAYEHUSIMU CABUTA JJIs y3JI0B rpada.

S(e) =
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Omnwmcannasi mporeaypa 00xoma rpada KapThl JUCIAPUTETA BBITOJIHS-
erTcsi MHOI'OKpaTHO. B KadecTBe yCJIOBHsI IIPEKPAIeHHs TOrO IPOIECCca
MOYKHO HUCIIOJIb30BATH YCJIOBUE BBITOJHEHUST HEPABEHCTBA

EZ(G) — Ei+1(G) <eg,

rie ¢ u ¢+ 1 — HOMepa uTepanuii, € — MaJIblil TapameTrp.

T106a/ibHBII aJIropuTM JOIyCKAeT paclapaJijie/IMBAHUE BBITOJTHEHMSI.
st pacapajeinBanus HeoOXoIuMo pa3dbuTh rpad Ha JacTH, U PEIInTh
3aJ1a9y MAHAMMU3AIMN SHEPIUH JJI KAXKJI0T0 U3 MOArpadoB.

Jpyroe BO3MOXKHOE HAIIPABJIEHUE OIITUMHU3AINH [IODAJIHHOTO aJTOPHUT-
Ma — orpaHudeHre Hadopa MHKCeJell, aHAJTM3NUPYEMBIX Ipu 00X0/1€ KapTh
jucrapuTera. /leficTBUTEIBHO, ¢ BBICOKON BEPOSATHOCTHIO HEOOXOINMOCTD
[IEPECTPOMKY KapThI AUCIIAPUTETA BOSHUKAET JIAIIb JIJIsI IIUKCEJIEN, JieXKa-
X HA T'PAHUIE IBETOBBIX CErMEeHTOB. MOXKHO OrpaHMYUTHCS AHAJIA30M
TOJIBKO 9THX ITUKCEJIEH.

CTpyKTypa ajJropuTMa TaKOBa, 9TO UCIOJb3yeMble B HEM BBIUYUCJIEHUSI
MOT'YT OBITH BBIIIOJIHEHBI C TOMOIIBI0 Oubsmorekn DirectX na Bumeokap-
Te. I[ToCKO/IbKY aJIrOPUTMBI HCIIOJIB3YIOT TOJIBKO IIPOCThIE AJIredpandecKue
BBIYMCJIEHNUS], 9Ta BO3MOXKHOCTH OTHOCUTCH KaK K 3a/ia4e IIOCTPOEHUS Kap-
THI JIUCIIAPUTETA, TAK U K TVIOOAJTHHOMY AJITOPUTMY, YTOUHSIOIIEMY KapTy
aucnapurera. B ciydae ecin pecypebl oubanorekn DirectX peasim3oBaHb
Ha BHJEOKapTe, PabOTa aJrOPUTMa MOXKET ObITh 3HAYUTEIHHO YCKODEHA,
B TOM 9HCJIE U 3a CUYeT pa30umeHus rpada KapThl AUCIAPUTETA HA IACTH
U BBIITOJTHEHHS] AJITOPUTMAa, JIJIs PA3HBIX YacTell B PA3HBIX IIOTOKAaX paciia-
pPaJIIeIeHHBIX BBIYUCJICHUI.

4. 3akJjo4yeHue

B pabore 6b11 paccMOTpeHBI BAPUAHTHI YIIYUIIEHHST CIIOCO0a TOCTPOe-
HUsT KAPTHI JUCIIAPUTETA JIJIsI CTEPEON300parKeHNs Ty TeM IPUMEHEHUST MO-
JMDUIITPOBAHHOIO IVI00AJBHOIO aJIfOPUTMA, B KOTOPOM rpad KapThl JIHC-
MApUTETA, UCHOJIB3YEMBIH TPU IPeodPa30BAHNN 3HAYEHUN KOODIUHATHI Z
JIJIsT OIACAHUST BO3MOXKHBIX CIABUTOB ITHUKCEJIE, YIIPOIIAETCsS 38 CUeT yia-
JIEHHST 9acTH pebep, a aHaJM3 sIPKOCTH IIMKCeJIeil TPOU3BOUTCS TOIHKO Ha
IPAHUNAX BBISBJIEHHBIX I[BETOBBIX CEIMEHTOB. AJITOPUTM MOXKET BBIMOJI-
HSIThCA HAa BUJIEOKAPTE C WCIOJb30BaHueM 6ubamorexku DirectX B pexu-
Me pacnapaJjuiesuBanus. [Ipu 5ToM B ciIydae yrpasieHust OeCIUIOTHBIM
CPEJICTBOM ITE€PEJIBIUKEHIS, OCHAIIEHHBIM CHCTEMON TEXHUIECKOIO 3PEHMUSI,
MOXKeT OBITH ODecrieueHa CKOPOCTh, JOCTATOYHASI JIJIsi BOCCTAHOBJICHUS B
pexumMe on-line mapamMeTpoB TPEXMEPHOTO OIMUCAHUST Pesibeda MEeCTHOCTH.
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Recognition of anchor points on three-dimensional
objects by stereo images in machine vision systems

M. B. Fomin*, A. E. Ivanov*

* Department of Information Technologies
Peoples’ Friendship University of Russia
Miklukho-Maklaya str. 6, Moscow, 117198, Russia

The problem of anchor points’ recognition on the object surface occurs in the
process of reconstruction of the three-dimensional shape of the body from the
stereo image. These points are used in a triangulation algorithm that generates
description of the object model. One way to recognize reference points — analysis
of the disparity map for the selected segment of the stereo image. The proposed
detection method is based on Markov network that describes the disparity maps,
transforming the graph of this network by analyzing the distribution of pixel
brightness in corresponding image segment. Ability to select priority directions
of displacement when traversing image segment provides the effectiveness of the
algorithm, based on the described method.

Keywords: stereo image, epipolar geometry, disparity map.
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WUccnenoBanue u pa3paboTka MeTO/I0B yIpaBJIeHUS
y3JI0M CEHCOPHOII CeTU Ha OCHOBEe HEWPOHHBIX ceTeil

M. A. I'epacumeHko

Henapmamernm Komnwvromeprol unotcenenuu Mockosckozo uncmumyma
ANEKMPOHUKY U MAMEMAMUKY
Hayuonaavrozo uccaedosamennckozo yrusepcumema Buicwas wroaa
IKOHOMUKY (8LINYCKHUUA,),
ya. Taanunckasn, 0.34, Mockea, Poccusa, 123458

AnHoTanus. B pabore mpeacTaBieHbl pe3yIbTaThl UCCIEIOBAHUS U Pa3paboT-
KM METOJ[a TOBBIIIEHNsT YSHEPTOI(MDMEKTUBHOCTA M KAYECTBA YIIPABJIEHUS Y3JIOM
B GECIIPOBOIHBIX CEHCOPHBIX ceTsix. [Ipescranisiercss Moaeas 6eCIIPOBOTHON CEeH-
COPHOII ceTH, y4UTBIBAIOAA MOA3APAINKY OT OKPYzKalollell Ccpeabl, MEeTOJ, pac-
MpefieJIeHns HATPY3KU Ha Y3JIbI OECIIPOBOIHON CEHCOPHON CeTH Ha OCHOBE HEM-
POHHBIX ceTeil. YTpaB/ieHre CEHCOPHOI CEeThI0 CBOAMUTCA K 3aJade KaacCuduka-
IIUX 110 HECKOJIBKUM COCTOAHUAM y3Jjla U TeCTUPYEeTCA Ha UMUTAIIMOHHON MOes
CEHCOPHOI ceTH, BbIOJIHEHHON B Matlab.

KuroueBbie ciioBa: CEHCOPHBIE CETU, UMHUTAIIMOHHOE MOJIETUPOBAHUE, SHEPTO-
3 HEKTUBHOCTD, HEMPOHHBIE CETH, TPOTOKOJIBI JIJIsi CEHCOPHBIX CETEM.

1. Bsenenwne

CraTbsi MOCBSIIIIEHa aKTyaJbHOI TemMe — HCCJIEIOBAHUIO U pa3paboTKe
METO/IOB TOBBIIIEHUS SHEPT0dIDHEKTUBHOCTH OECIIPOBOIHON CEHCOPHOM ce-
tu, gajgee BCC. BCC — cerp 3 MaJOMOIIHBIX [IPUEMOIEPEIATINKOB, KO-
TOpbIE OCHAIEHBI JATINKAMU JIJIs CHATUS XapPaKTEPUCTUK OKPYKAIOIIei
CpeJibl, HAIIPUMED, TEMIIEPATYPBI, BJIAXKHOCTHU, JIBUXKEHUS, PAIMOAKTUBHO-
ro M3JIyYeHus U JAPyrux xapakrepuctuk. B cospemennom mupe BCC uc-
[TOJIb3YFOTCSL KAK IIPOMBIIIJIEHHbIE CUCTEMbI MOHUTOPHUHTA, HAIIPUMED, Hec-
MIPOBOJIHAST CUCTEMa, OXPAHBI TPY/a Ha BPEIHOM ITPOU3BOJICTBE, a TAKKe
6eCcIpoOBO/IHAST CUCTEMA MOHUTOPHHTA MAPAMETPOB MAIIUH U MEXaHU3MOB
HA CT&MU [IPUEMO-CATOUHBIX UCIbITaHuil [1].

Ocobernnoctsimu BCC  gBigioTcs MaJiasi MOITHOCTb, OTPAHUYCHHBIIN
00beM aKKyMyJIITOPA U BHYTPEHHEH TaMsATH, IOITOMY UCCIEJOBAHNE BO3-
MOXKHOCTH TIOJ3aPSIIKH y3J1a OT OKPY2KaIOIIEeil cpeibl U 3Hepro3d ek Tun-
HOE YIIPABJIEHUE Y3JIOM SIBJISIETCST AKTYaJTbHBIM.

Ilennro ucciteoBaHms SIBJISIETCS MOBBIIIEHNE 3(DMEKTUBHOCTH METOA
YIPaBJIEHUS Y3JIOM CEHCOPHOW CEeTH, UCIIOJIb3Ys METO/I Ha, OCHOBE HEHPOH-
HBIX ceTell, 1Jisi BepuUKAIUU TUIOTE3bI O BO3MOKHOCTH OPTaHU3aIuH PaC-
npeneneHubix Buraunciaennii B BCC.

st TOCTHYKEeHUsI TOCTABIEHHOM TEJIN BBIIEJISIETCS PsIJ] 331a4:

— O630p u aHaAIU3 CYIIECTBYIOMMX MeTOI0B yipasienus y3igamu BCC.
— OumupesiesieHre KOMITOHEHTOB UMUTAIIMOHHON MOJIEIN, U UX CBOUCTB.
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— Ompenenenne pazpaboransoro meroma yupasieans BCC Ha ocHoBe
HEWPOHHBIX CETell U ero 0COOEHHOCTEIA.

— TecrupoBanue pe3ybTaTOB MPUMEHEHUsT PA3pabOTaHHOIO METOJIA.

2. OcHoBHas 4acThb

Vzuer BCC Tobko mosiyuarorT mHGMOPMAIIMI0 OT CBOUX JIATIUMKOB, HO
He 00pabaTHIBAIOT €e, TTOITOMY JIjIsI TOTO, ITOOBI YCTPOHUCTBO 0OPabOTKU
(anaymm3a) ganHbix (cepsep, 6a30Bas CTAHIWS U APYTUe AHAJIOIU) HOJLY IU-
JIO JIAHHDIE, HEOOXOJMM CIenuaIbHbIA poTokos st BCC, crpemsanuiics
HanboJsiee BBITOJIHO, ¢ TOYKHU 3PEHUs MUHUMU3AIUNA TOTPeOJIsieMOil sHep-
IUu, TepeJaTh JaHHBIE OT Y3JI0B K 6a30Boil craniuu. Takux TPOTOKOJIOB
CYIIECTBYET MHOI'O, HO IPUHIUN JeficTBuga ux pasyinder. K npumepy, mpo-
ToKOJIBI [t BCC MOYXKHO pa3iesinTh Ha MPOTOKOJIBI MIPSIMOTO IIPUOJIAZKE-
HUs, IPOTOKOJIbI, OPUEHTUPOBAHHBIE HA MECTOIIOJIOKEHUE Y3JI0B (B TAKOM
caydae IpU MapUIpyTU3alid YUUTBIBACTCS TOJBKO MECTOIOJIOKEHUE y3-
J0B, 3a cyer GPS npueMHuKa MaJoil MOIIHOCTH, BCTPOEHHOI'O B Y3JIBI),
aTpubyTHO OPMEHTHUPOBAHHBIE IMPOTOKOJMBL [2]. TakKe, IPOTOKOJBI JJIst
BCC moxHO pasgenuTh Ha MTPOTOKOJIBI, CBOJLANINE CETh K JIPEBOBUIHON
CTPYKTYpe€, U MMPOTOKOJIbI, pa3dbWBAIoIne ceTh Ha KaacTepbl. B Tabmmre 1
MpeJICTaBJIeH CPABHUTEIbHBIN AHAJIN3 HEKOTOPBIX ITPOTOKOJIOB.

Tabnuma 1
CpasHuresbHbBIN anajan3 nporokoiaos BCC
Tun Oddek- | Orpanu- | Y3ibl Crabuib-
THUB- qeHue HOCTH
HOCTh
LEACH | Knacrepsr | 1 K-Bo ro- | Craruunbe | 1
JIOBHBIX
y3JI0B
SEER | lepeBbs 1 Her Crarnunbie | 2
FEAR | Hepesbs 2 Her CrarnyHbie
DECA | Knacrepsr | 2 Her Craruanbie | 2

1 - cpesnee 3nateHUE;

2 - BBICOKOE 3HAYEHUE.

ITporokos LEACH (Low Energy Adaptive Clustering Hierarchy) —
OJTH M3 MEPBBIX HEPro3(PHEKTUBHBIX TPOTOKOJIOB JIJIsi CEHCOPHBIX CETeiH,
1 Ha MOMEHT Pa3pabOTKH J1aBaJl CYIeCTBEHHE YMEHbIIECHNE II0TPeOICHI
sueprun. IIpoTokosI ncnonp3yercs ceifaac n IMeeT MHOYKECTBO BAPUAIH 1
nopaborok. LEACH wucnonbsyercs juis crarnanbix y3i108 BCC u KoHTpO-
JIUPYyeT TOIOJIOTUIO CETH, IOCTOSHHO pa30uBas ee Ha KJIACTEPHI COIVIACHO
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00beMy JTAHHBIX, KOTOPBIH HEOOXOINMO TeperaTh. BHyTpu Kjaacrepa mpo-
UCXOUT BBIOODP rosioBaoro ysia (cluster head). Drto npoussomurcsa st
[IPEIOTBPAIIEHNs IPE3MEPHOIr0 TOTPeOIIeHNs SHEPTUN 1IPU TTepeiatie 00Jb-
moro obbeMa Ha OOJIBIIIE PACCTOSHUST KAXKJIBIM Y3JIOM CAMOCTOATEIHHO.
IIporokos BK/OUaeT B cebsi arpernpoBaHue JAHHBIX U COKPAIIEHUE Pac-
CEeUBaHUS YHEPIUU B 8 Pa3 [0 CPABHEHUIO C CYIIECTBYIOIMIMMHI HA MOMEHT
coznanus [3].

LEACH 6bu1 BeiOpaH Kak 6a30BblIii, HA OCHOBE IIPUHIIUIIOB KOTOPOIO
pa3pabaThiBaeTCsl COOCTBEHHBIN MPOTOKOJ Ha OCHOBE HEHPOHHBIX CETEil.
LEACH nokasbiBaer cTabuibHbIE PE3Y/IbTaThl, HO HYKJIAETCS B MOBBIIIE-
nun sHeprodddexrusaoctu U nogxoaut s BCC ¢ GosbimuM KoJimte-
CTBOM Y3JIOB, a TaKKe OPraHu3aIy B OOJBINON CETH PACIPEIETICHHBIX
BhIuncseHnii. B tabsiniie 2 npuBsejieHO cpaBHEHHE Pa3pabOTAHHOI'O IPOTO-
KoJia ¢ cymectBymomeil Bepcueit LEACH.

P

T(n) — 1—Px(rmodn)’ (1)
0,7G

E = Nd(n).En — (ETX + EDA) % (4000) Emp * 4000 = (dst*))  (2)

dst = /((Nd(n).xd — Nd(n + 1).xd)? + +(Nd(n).yd) — (Nd(n + 1).yd)?)
(3)

ETX =5 (10)~8

ERX =5%(10)78

Efs=(10)"1

Emp =13 (10)~16

EDA=5x(10)7?

I — TEKYIUil payHJI, HA KOTOPOM 3aHOBO BBIOMPAETCs TOJIOBHON y3eur;

P — BeposiTHOCTH BBIOOpA TOJIOBHBIM Y3JIOM, KOTOpas 3aJaeTCsl U3HA-
YAJBLHO

n — ykazaresb Ha TeKYIIHii y3eJ.

Nd(n).En — 3anac sHepruu ysia n;

dst - paccrosiHre MeXKy y3JIaMHu;

Nd(n).xd — koopaunara X y3ia n;

Nd(n).yd — xoopaunaTa y y3ia n.

Takum 06paszoM, OKUIAETCs MOBBINMIEHNE YHEProdddeKTuBHOCTH OJTa-
rojiapst MCIOJIb30BAHUIO HOBOI'O METOJ[a Ha OCHOBE HEHPOHHBIX ceTell, a
TaKyKe MOJLYJIS TO/3APSIKE OT OKPYKAOIIEH CpeJibl.
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Tabymma 2
Cpasuenue nporokosia LEACH ¢ pazpabaTbiBaeMbiM
LEACH PaszpabarpiBaembrit
IIPOTOKOJI
Crarmaeckne y3- | [a Ha
JIBI
Knacrepnt Ha Her xkectkoro pa3tu-
€HUs Ha KJIACTEPHI
Hamwaue rosios- | a Ha
HOTO Y3712
Croco6  BbIOOpa | Y3esa n, TPOU3BOJBHO | Y3€1 XPaHUT IPO-
TOJIOBHOTO y3J1a TEHEPUPYeT  CHUMBOJ | FpaMMy Ha  OCHOBE
mexx ity 0 mim 1, 3areM | HEHPOHHBIX cereii,
IIPOUCXOJUT  pacder | KOTOpas KJIACCHU-

dopmyspr (1), Ecau | dumupyer — Texymiee
CTeHEPUPOBAHHLIH y3- | COCTOSIHHE y3J1a IO
JIOM CHMBOJI MEHBIIE | HECKOJIBKUM  COCTO-

T(n), To ysemn cra- | auuaM.  Cocrogmue
HOBUTCSI ~ TOJIOBHBIM | y3JIa H3MEHsSeTcs C
Y3JI0M. TeYIeHNeM BPEMEHN.

Ilogzapsagka ot | Her Ha

OKpYzKaloleni

CpeJIpl

Orpannuenne ro- | [a Ha

JIOBHBIX Yy3JI0B

Pacuer norpebasi- | Corstacao ¢opmysnam | CoryiacHo ¢dopMmysiam
eMoii sHeprun (2), (3). (2), (3).

Paspa6orannas mogens BCC st mpoBeieHnsl TECTOB ABJISIETCA NMMU-
TaIMOHHOM, BhITOJTHEHA B cpene Matlab u nperncrasisier coboit coBoky-
HocTh THIOB y3/10B BCC, mmomerenusi, B KOTOPOil OHU HAXOJSITCs, CIleHa-
pUs UX HOBeJeHHUsI. THUIAMU y3JI0B SABJISIOTCS: y3eJ-BbIUUCINTEb, Y3€J-
epeJiaTInK, y3ea B MoJ3apsifike, y3ea B 0a30BOM cocTosiHUU. THIIbI y3-
JIOB QHAJIOTUYHBI (DU3UIECKUM COCTOSIHUSIM, B KOTOPBIX MOXKET HaXO/IUThCS
y3est BCC: npuem, nepenada, noazapsijika, BblUucjIeHue, oxujganue (CIis-
it peskum). OCHOBHBIM HCCJIE/LyeMbIM IIaPaMETPOM MOJIEJIH sIBJISIETCS [0~
TpebJisieMas 3HEPrusi, KOTOpas 3aBUCUT OT TEKYIIErO COCTOSHUSI.

Meron, yupaBieHUs WMHUTAIIMOHHOW MOJEIBI0 OCHOBaH Ha HEHPOH-
HBIX CeTSIX — OJHOM M3 METOJOB aBTOMaTHYECKOI'O YIIPABJIEHUsI, KOTOPBIii
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VCIIEIITHO PEIAeT 3aJa4n KJIACCU(MUKAINT, CaMOOOYIAeTCsl, & TaK¥XKe MPO-
rHo3UpyeT pe3ysbrarhl. I[lockobKy 3amada yrnpasienus ysiom BCC cre-
JIach K 33/1a4e KJIaCCU(MUKAIIH 110 HECKOJIBKIM COCTOSHUSIM, TO METO, Heli-
DPOHHBIX CeTeil TOAOUIeT /Il PEIIeHns STON 3aa4u, a CaMOODydeHne Me-
TOJ[@ — YHUKAJIBHBIN CIIOCOD MOBBICUTH KadecTBO yipasieHus: y3jiom BCC.

Heiiponnasi cerb COCTONT MHHHUMYM U3 OJHOT'O CJIOSI HEHPOHOB, y KaXK-
JIOTO U3 KOTOPBIX €CTh HECKOJIBKO BXOJOB, C HEKOTOPBIMU BECAMH TS KaXK-
JIOro, u BBIXOJIOB. Ha BXOj mojjaeTcst Jiub0 BHEITHUI CUTIHAJ, JIUOO BBIXOJ
IpebIIyInero cjios neiiponos. Heitpon — dyHKIus, COMOCTABIAIONAS BXO-
JIbI ¥ BBIXOJIbI. BXOmbI HEITpOHA — 3aKOINPOBAHHBIE YHCJIOM CBOWCTBA BCEX
BO3MOXKHBIX cocTosiHuil y3j1a BCC, a BBIXOJbI — YUCJIO, COOTBETCTBYIOIIEE
OIHOMY W3 5 THIIOB y3J/I0B. 10 €CTb, 3ajadeil HEHPOHHON CETH SBJISETCH
ompenesieane cocrosiaus y3iaa BCC, B KOToOpoe OH JIOJKEH Iepeiitu B 3a-
BHCHMOCTH OT CBOMX IIapaMETPOB, KOTOPbIE M3MEHAIOTCH CO BpeMeHeM. B
KavyecTBe BXOJOB BBIOpAHbI ciefyomue arpudyTol: duar «3amadasy, dJar
«/laHnHbIEY, 3a1AaC HEPIUHU, TPUOPUTET, TpeOyeMmasi JHEPIHUs.

Mertos yke OBLT TPOTECTUPOBAH, U ObLIN BBISBICHBI 3aBUCHMOCTHU IO~
TpeOJIeHUST SHEPrUh OT UNCJIA Y3JI0B, IJIOTHOCTH PACIPEIESIEHUs y3JI0B,
[TO3TOMY HEOOXO/IMMO IOBBIMIATH 3(DPMEKTUBHOCTh METOa HEHPOHHBIX Ce-
teii. Kpurepuem sphekKTUBHOCTH METOJA SIB/ISIETCS MPOIEHT y3J0B, KO-
TOpbIe OBLIN BEPHO KJIACCU(DUIIMPOBAHBI 110 TUMAM, B 3aBUCUMOCTH OT WX
COCTOSAHUI.

CyIecTByeT HECKOJIbKO BapHAaIliil UCIIOIH30BaHUsT HEHPOHHBIX CeTeil,
[IO9TOMY HEOOXOIMMO BBIOJHUTHL CpaBHeHue. IS cpaBHEeHUsI BHIODAHBI
pa3/IndHbIe METOJbI 00y YeHNs] HEHPOHHON ceTr: ODyJYeHue ¢ 3apaHee Olpe-
JIeJICHHBIMU 3HAYEHUSIMU HA BXOJAX U BBIXOJAX (C y4uurejeM) u obydeHue
TOJIBKO € OIIpejieIeHHbIME BXogamu (6e3 yuuress). st merosa 6e3 yunre-
Jisi He TPEOYIOTCs 3apaHee MO/Ir0TOBJIEHHbIE BBIXO/IHBIE TAHHBIE, & IIPEJIIIO-
JIAraeTcsl, 9To ceTh o0yunTcs camocroarenbuo [4]. Cpena Matlab, rie npo-
BOIUTCS MOJIEJIMPOBAHNE, [IPEJJIATaeT TUIl HepoHHOU cetn «CaMoopranu-
3YIOIIMECs] KapThl», KOTOPbIE 00YYaioTCsl KJIACCU(DUKAIINN BXOIHBIX BEKTO-
POB IO CXOJICTBY W HCIIOJB3YIOTCS I 337a4 Kiaccudukanuu. «Kaprors
MOT'YT COXPaHSTh TOIIOJOIUIO BXOIHBIX BEKTOPOB, HA3HAYAs OJIN3/IeXKAIIIe
BXOJIbI K OJIM3JIEKAIINM KaTeropusiM  [5], & 9T0 NOIXOAUT TI0J] OCTABIIEH-
HYIO 3a71a4dy.

CpaBHeHMe Pa3/IMIHBIX TUIIOB HEHPOHHBIX CETell IPEeICTABJIEHBI B Ta0-
jimtie 3. CyIeCcTBEHHBIM OTJIMYMEM MEXKJIy TUIIAMU SIBJISIETCS OTCYTCTBHE
MaccuBa lejeil y HedpoHHOI cetn «6e3 yduumress». DTO, C OJHON CTOPO-
HBI, YIIPOIIAET MPOIECC OOyJIeHusl, HO C JAPYTOii, MOBBIMIaeT TPeOOBAHUS K
Ka4YeCTBY BXOJHBIX JAHHBIX.

Heitponnas cetb «6e3 yauTesiss» He CMOTJIa CAMOCTOSITETHHO KJIACCUpU-
[IUPOBATH 33IAHHYO BRIOOPKY Ha 5 KJIACCOB, B OTJIMIME OT HEHPOHHOI ceTn
«C yuuresieMs. B nasjpHeilem npejmosaraeTcs UCIIoIb30BaTh HEHPOHHYIO
CETH «C YUHUTEJIeM», a TaKKe MOBBIIIATH KAIeCTBO 00yJaroIeil BHIOOPKH.
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Tabymma 3

CpaBHeHnEe METOI0B HEHPOHHBIX CeTei

C yuuresrem

Be3 yaurens

ommbKn U ee
obpaTHOe pacipo-

Bxonnbie nannbie P, T P
Boraucienne BoI- | a Ha
XOJHOTO  CUTHAJIA

A

Cpasuenne A ¢ T | Ja Her
Broruncitenne Ha Her

cTpaHeHue

VcooBue 3aBepine- | Ecan ommbka mmke | Ecom wHa  BBIXOIE

HUsl 00yUeHUsI 3aJIAHHOIO IIOPOra, 10 | COIJIACOBAHHBIE  BEK-

BceMy MaccuBy P. TOPBI.

KoppekTuposka Ha Ha

BECOB

Ureparnuit o mox- | 6 100

6opa BecoB

Omubka orkione- | 10-5 OrcyrcTByer

HUSA SI0X 00yde-

HUs

DddekTuBHOCTDL 18% ™%

MeTOoJIa,

P = [i;j] — MaccuB BXOZHBIX CUTHAJIOB, TJ€ 1 — CTPOKH, SIBJISTIOIIHECST
IprMepaMu BO3MOXKHBIX 3HAYEHUI [apaMeTpoOB TUIOB y3JOB (B JAHHOM
ciydae, i = 5), a j — CToJOIB, ABJSIONIUECT CAMUME HapaMerpamu (B

JAHHOM CJIydae, j = O, TaK KaK PeIIeHO HCIO0Jb30BaTh 22 TEeCTOBBIX IIPH-
Mepa i HeHPOHHO# ceTn).

T = [1;4] — maccuB 1ieJieil, KOTOPBIl IIOKa3bIBAET IPUHAJIEXKHOCTD CO-
BOKYITHOCTH ITApaMETPOB CTPOKM Ha Iare 1 K ONpeaeIeHHOMY THUITY y3JIa.

3. 3akirouyenune

B pabore nipescraBiieH cpaBHUTEIbHBIN AHAIU3 CYIIECTBYIOIIUX ITPOTO-
KoJIOB yipasjienusi y3jaamu BCC, ompejie/ieHbl KOMIIOHEHTHI MMUTAIMOH-
noit moziesiu BCC u MeTo/1 ynpaBJieHust Ha OCHOBE HEPOHHBIX CeTel, TaKKe
MIPOTECTUPOBAHB