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A

TEHEKOMMYHMKaLlMOHHbIe CUCTEMbDI
U KOMIMbKOTEPHbIE CETU

YK 621.397 DOI 10.5862/JCTCS.212.1

B.IO. babkoB, A.B. HukumuHa, B.B. CmapukoB8

ONMPEAENEHUE NMPOCTPAHCTBEHHO-TEXHU4YECKUX NMAPAMETPOB
COTOBOM CETU CTAHAAPTA LTE

V.Yu. Babkov, A.V. Nikitina, V.V. Starikov

DEFINITION OF THE SPATIAL AND TECHNICAL PARAMETERS
LTE NETWORK

IlpennoxeHa MeToOMKa MOCTPOEHUS CETHM HayajbHOro mnpuoamkeHusi ctraHgapra LTE. M3noxeHbl
OCHOBBI METOJIa BBEIOOpA KJIACTEPHOM CTPYKTYpPHI M 3KCIPeCC-aHajln3a CeTeBOM KOHOUIypallny Ha COOT-
BETCTBUE TPeOYEeMBIM ITapaMeTpaM 110 eMKOCTH W TIPOITYCKHOM CITIOCOOHOCTH CETH.

IJIAHUPOBAHUE CTAHIAPTOB CBS3U YETBEPTOT'O ITOKOJIEHUS; YACTOTHBIN KJIA-
CTEP; ITPOITYCKHAA CITOCOBHOCTb; ABOHEHTCKAA EMKOCTDb; BIOJKET ITOTEPD.

This article contains methods of planning the initial approximation LTE network and choosing the
cluster structure. All main problems of RF Planning are inside the initial approximation LTE network. This
network requires the accurate calculation of capacity, subscriber capacity and cluster structure. We have
offered the system of mass service for calculating the subscriber capacity. Spatial and technical parameters
need clarification too. They will depend on MAPL when using the selected MCS and equipment parameters.
Therefore the planning procedure can be started only after defining these parameters. This article presents

the algorithm for generating the initial approximation LTE network.
LTE RF PLANNING; CLUSTER 4G; LTE RADIO LINK BUDGET.

HUctopusi coTOBBIX cuCTEM MOOUJIBHOMI
paguoCBSI3M HACUUTHIBAET YK€ HECKOJIbKO
necaTwieTuii. PazpaboTaHbl O0IIME TPUHIIU-
bl TOCTPOEHUS CeTell MOOWJILHON paauo-
CBSI3M, BKJIIOYAs IMOATOTOBKY MCXOAHBIX JaH-
HBIX, TIOCTPOEHNE HayaJlbHOIo IPUOJIMKEHUS
U CTPYKTYPHO-TIApaMETPUUECKYI0 ONTUMM-
zaiuio [1, 2]. PemeHue 3amauM MOCTPOEHUS
ceTu MoOOWJIbHON cBsA3U ctaHgapta LTE npen-
roJiaraeT MCIOJIb30BaHUE METoAa IpUOJIMXKe-
HUI B COOTBETCTBUU C aJITOPUTMOM YaCTOTHO-
TepPUTOPUATILHOTO TUTAHUPOBAHUSI [2].
AJITOPUTM pacKpbIBaeT MOCIEIOBATENLHOCTD U
colepKaHUe 3TaIlOB MOCTPOEHMs HAYajJbHOIO
NPUOMKEHNST M UTECPAaTUBHON ONTUMU3ALN
CeTU IIpU ILIMPOKOM MCIIOJIb30BAHUU CPEACTB
MPOTPAaMMHOTO O0eCTIEYEHUS, MOAAEPKUBAIO-
X (pYHKIMU CHMHTE3a CeTU M aHajau3a KC-

TUTyaTallMOHHBIX XapaKTepPUCTUK.

CrnenyeT OTMETUTb, UTO Ha CETOOHSIIHUI
JeHb BOIPOCHI YaCTOTHO-TEPPUTOPUATHLHOTO
IUIAHUPOBAaHUSI B CETSIX MOOWJIBHOM CBSI3U
crangapta LTE saBasioTcs HauMeHee pa3pabo-
TaHHBIMU U TPeOYIOT HaJbHEMIIIEro UCCIea0-
BaHMs. B yacTHOCTM, BaXHO pellleHME 3aaa-
YU HA4anbHO020 NpubAudCeHUs, KOTrIa BCS CETh
JEKOMITO3UPYETCSl Ha OJHOPOAHBbIE (DparMeH-
Thl, IPUMEHUTEJIbHO K KOTOPBIM HaXOISITCS
pacmopeneseHusT 0a30BbIX CTAHLIMI MO 30HAM
OOCITy>XKMBaHMSI, TapaMeTphl 0a30BOM CEeTHU U
pacmpenejeHue 4acTOTHOro pecypca. Ilnanu-
pOBaHME HAYaJIbLHOIO IPUOJMKEHUS CETU MO-
ounpHOM cBsA3M cTtaHmapta LTE mMeer MHOTrO
00lLIeTO ¢ TUIAaHUPOBAHUEM ceTell MOOMJIbHOI
cBs13u ctaHmapToB 2G/3G, MOCKONBKY TaKKe
MpeacTaBisieT cOOOM IOIIaroBoe onpeaeieHue

7
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MHdopmaTtmnka. TenekoMMyHUKaUnK. YnpaBneHue

ee IMPOCTPAaHCTBEHHO-TEXHUYECKUX Tapame-
TpoB. B TO ke BpeMs MOCTpoeHUe HayaabHOTO
MPUOIKeHUS [JIsI OOJBIIMHCTBA CTaHAAPTOB
coroBbix cereil 2G/3G ocylecTBIsieTcs IS
«TOTaJIbHOI» YCIYTU, KOTOPOI1 SIBJISIETCS Tepe-
nada peun. HalineHHast B mpoliecce riaHUpo-
BaHMS CETh MOOMJIBHOM PagnoCcBI3u OyAeT pe-
1LIEHVWEM, OTHOCUTEILHO KOTOPOTO MPOBOSITCS
OLIEHKM MO 30HE IOKPHITUS, aOOHEHTCKOM
€MKOCTU, KayecTBY PaIUOCBSI3U, CKOPOCTHU
nepenayu, MPOMYCKHOM CIIOCOOHOCTU U T. II.
JUISL IpYTUX BUIOB ycayr. B omiuuume ot ce-
teit 2G/3G ceTn MOOMJIBHOM CBSI3M CTaHAApTa
LTE sgaBasiorcs ceTsiMU Ilepenadyd IMaKEeTHOTO
Tpaduka, a KayeCcTBO YCJIyT Ha 3Talle IJIaHu-
pOBaHUSI CETU OLIEHMBAETCS JOCTYITHOW [JIsi
MoJIb30BaTejIell CKOPOCTHIO Tiepeaadyu JaHHBIX,
JOMTYCTUMbBIM BPEMEHEM U HaJeXHOCTbhIO J10-
CTaBKM MAKETOB JAHHBIX, KOTOPHIEC 3aBUCST OT
COCTOSIHUSI KaHajla pPaauoCBsI3U, TOMEXOBOM
00CTaHOBKM M MapamMeTpoB Tpaduka.

B Hacrosiiieit cratbe B MOCTAaHOBOYHOM
IUlIaHe OOCYXIaloTC MMEHHO 3TU BOIPOCHI
MPUMEHUTETBLHO K 3ajaye MOCTPOEHUS CeTu
HAYaJIbHOTO MPUOIMKEHUS.

Bbi0op Tna yacroTHoro Kiacrepa. [Toctpo-
eHue cetu LTE uenecoobpa3HO OCYILIECTBISATh
Ha OCHOBE YaCTOTHBIX KJIACTEpOB, MpelCcTaB-
JIIOIIMX COOOM TpyMIly MPUMbBIKAIOIINX APYT
K JIpYTY COT, B KOTOPOU MpU MCIOJb30BaHUU
BCEr0 YaCTOTHOTO pecypca CeTHM OAHO3HAYHO

«[anbHAA» 30Ha

«BbAnXKHAA» 30Ha

MOXET OBITh pellieHa 3aa4a JOCTUKEHUS MaK-
CUMAaJIbHOM €MKOCTH CETHU IIpU COOJIIOACHUU
MPUEMJIEMOIO YPOBHSI BHYTPUCUCTEMHBIX T10-
MeX. B ciydae ycnenHoro pelieHus 3agady mo
(popMUpPOBaHNIO TAKO TPYIIIHI COT, €€ MOXHO
HCIIOJIB30BaTh KaK HEKOTOPYI0 MUHUMAJIbHYIO
CTPYKTYPHYIO €IMHUILY TP ITUIAaHUPOBAaHUU
cetu LTE. CeTb HayalbHOro MHPUOIMKEHMS
OyZleT CTpOUTHCS IMyTeM IMOBTOpA OAHUX U TeX
K€ YaCTOTHBIX KJIACTEpPOB B IIpeAeiaX 30HBI
oocnyxuBanusa. KoHdurypamyss 4acTOTHOTO
Kjactepa OymeT HemOoCpPeACTBEHHO BIMSATh Ha
TaKyle BaKHEWIIIME TapaMeTpbl CUCTEMbI, KaK
YPOBE€Hb BHYTPUCUCTEMHBIX IIOMEX 1 peaausy-
eMasl ceTeBasi eMKOCTb. IIpy 3TOM 3HAUMTEIb-
HO YIIPOIIAeTCs 3aJayda YBEIMYEHUS €MKOCTHU
CeTHU, T. K. KaXIblil YaCTOTHBIN KJIACTEp CETH,
OTBEUaIOLINI TPeOOBAaHUSIM IO YPOBHIO BHY-
TPUCUCTEMHBIX TMOMEX, SIBISETCS OINTHUMANb-
HBIM II0 3TOMY ITapaMeTpy.

YacToTHBIN KjacTep BBIOMpAETCS MCXO.s
M3 0XHJaeMol aOOHEHTCKOM Harpy3kud M 3Ha-
YEHUSI BEPOSITHOCTU TIOSIBJICHUSI BHYTPUCH-
creMHbix nomex P(C), rme C — pa3sMepHOCTh
YacTOTHOTO KJjactepa. MeTonuka BBIYMCIICHUS
BepositHoctu P(C) ommcaHa B [1]. B kauectBe
npumepa Ha puc. 1 npuBeneH GparMeHT HECeK-
TOPUPOBAHHOTO YaCTOTHOTO KjacTepa C Apo0-
HBbIM TIOBTOPHBIM Ha3HauYeHUEM 4YacToT. Bcs
1oJjioca 4acToT, BblIeJIeHHAs! CUCTEME, COCTOUT
W3 4eThIpex paBHBIX nojyioc f1, 12, f3 u 4.

HeT nepegaun
*\
4
[f2]3[4]

Het nepepauu

/ N\
» 4
3 A2 i3] 4

Het nepepayn

2 [

f4 |

— -
-l |

O6was nonoca

AR

Puc. 1. @parMeHT ceT HA OCHOBE HECEKTOPUPOBAHHOTO KitacTepa pazmepoM C = 3
C IpOGHBIM TTOBTOPHBIM Ha3HAY€HHWEM YacTOT
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Ilpu Takoii cCTpyKType Kaxnmass Oa3oBas
CTaHLIMs, BXOASIIAsA B KJIACTEP, UCIIOJIb3YET 0
50 % dvacToTHOTO pecypca CeTH TIPU ITOJHOM
WCIIOJIb30BAaHUU BCEi IIOJIOCHI YacTOT B KJja-
crepe. ITogpoOHO mpolieaypa NOCTPOSHUs Yya-
croTHOTO Kjacrepa B ceTsix LTE nipu npodHOM
U MATKOM Ha3HAYeHUU 4YacTOT pPacCMOTpeHa
B [2].

OCHOBHO# CJIOXHOCTBIO TIPU TTOCTPOSHUU
CTPYKTYpPhl YaCTOTHOTO KJacTepa IIpU 3aJaH-
HOI BEPOSITHOCTU TIOSIBJCHMSI BHYTPUCHUCTEM-
HBIX TIOMEX SIBJISIETCSI MaKCHUMM3allus eMKO-
CTU ¥ TMPOIYCKHOM CIIOCOOHOCTHM KJIACTepHOM
CTPYKTYPbI, UCXOsI U3 JOCTYITHOTO YaCTOTHOI'O
pecypca cetd. DTa 3amada, MO COCTOSIHMIO Ha
CEeTOMHSIIIHUN JeHb, TPeOyeT NOIOJIHUTEIbHO-
To HUCCIIeI0BaHUSI.

Onpenenenne NPOCTPAHCTBEHHBIX IAapame-
TpoB ceTH. B Tipoliecce ompeneneHus Ipo-
CTPAaHCTBEHHBIX I1apaMETPOB CETU IIPOU3BO-
OUTCS OILICHKAa OIOIXKETOB IIOTEpb, PaauyCoB
«OnKHeW» U «JajdbHel» 30H, omnpeaesieHue
MOIIHOCTE! IepeAaTUNKOB [JIs1 «OJIVDKHEW» U
«JanpHeil» 30H U ompeneiaeHue uyucia bC B
OIHOPOHOM ceTu. BlomXeT moTeph ompene-
JISIeT MaKCHMAaJIbHO-IOIyCTUMbIE IIOTEpM Ha
Tpacce pacrpocTtpaHeHus pagnoBoiaH (MAPL)
IJIT KOHKPETHOTO BHAA CUTHAJIBLHO-KOIOBOM
KOHCTPYKIIMM TIPW 3aJaHHBIX ITapaMeTpax
IprueMo-Tiepeaaloniero o0OpyIOBaHUS CETHU.
Bromxer moreph He 3aBHCUT OT BBIOpaHHON
MOJENIM TOTeph paclpOCTpaHEHUS] CUTHaja,
HO JOJDKEH YYMTHIBATh HAIlpaBJIeHUE CBSI3U T10
JUHUU <«BBEPX» W JIMHUU «BHU3», TTOCKOJBKY
B COTOBBIX CHCT€MaX MOILIHOCTb IlepeaaTuyu-
Ka abOHEHTCKOM CTaHIUU OOBIYHO MEHBbIIIE
MOILIHOCTU IlepeJaTynka 0a30BOM CTaHLIMU.
PesynbraThl olleHOK OtomkeTa motephb [2] mpu
pPa3IMYHBLIX KOHMUTypaLUUsIX oO0OpYydOBaHUS
U MHCIIOJIb3YeMBbIX CHUTHAJIbHO-KOIOBBIX KOH-
CTPYKILIMI1 II0KA3bIBAlOT, 4YTO OrpaHUYMBAIO-
IIe II0 JAJbHOCTU CBSI3U SIBISICTCS JIMHMS
«BBEpX», T. K. MOOMJIbHAS CTAHIIYSI, B OTJINYNE
oT 0a30BOM, 00jaJaeT MEHbIIEW MOLIHOCThIO
nepegaTyMka M MMeEeT HEHampaBJICHHYIO aH-
TeHHy. [lpy 3TOM HOMyCTHMMBbIE IOTEPU IIpU
YBEJIMYEHHNH TTOJIOCHI pa0OYMX YaCTOT CUCTEMBI
MagamT, U Uil COXpAaHEHUS DHEPreTUYECKOro
OajaHca MexXIy KaHajlaMM HeoOXOIMMO orpa-
HUYMBATh KOJIMYECTBO PECYPCHBIX OJIO0KOB,
MPUXOASIINXCS Ha aDOHEHTCKYIO CTaHIIUIO:

npu I1ojoce yactor kaHaiaa 10 MI'u mo-
MyCTUMbIE TIOTEPU HAXOAITCS B TIpenesax
125,8—148 nb u uenecoobpa3HoO orpaHUYNBATh
KOJIMYECTBO PECYPCHBIX OJIOKOB, BBIAC/ISIEMbBIX
a0OHEHTCKOU CTaHILIMM, J0 YETHIPEX;

Ipy IIMPUHE II0JOCHI 4YacTOT KaHajia
15 MI'q gonycTUMBbIE TIOTEPU HAXOMATCS B TIpe-
nmenax 121,8—144,2 1b u uenecoobpa3Ho orpa-
HUYMBATHh KOJIMYECTBO PECYPCHBIX OJIOKOB, BbI-
JeJIsieMbIX aDOHEHTCKOM CTAHLIVM, IO BOChMU;

Ipy IIMPUHE II0JIOCHI 4YacTOT KaHaja
20 MTI'u porycTUMmble MOTEpPHM HaAXOISTCS B
npeaenax 117,8—139,9 nb u uenecoodpazHoO
OrpaHMYMBATh KOJMYECTBO PECYPCHBIX OJIOKOB,
BBIIIEJISIEMbIX A0OHEHTCKOMW CTaHIMU, 10 16.

YyBCTBUTEIHLHOCTU IPUEMHUKOB 1 YPOBHU
MaKCHMAaJIbHO JOITYCTUMEBIX ITOTEeph Ha JIMHUM
pPaauoCBI3M CBSI3aHBI C TUIIOM MOMIYJSIIIUA
(BUIOM MCIIOJIb3YEMOM CUTHAJbHO-KOAOBOM
KOHCTPYKIIMM) M TOJIOCOM YacTOT, 3aHMMae-
MOI CUCTEMOIi. YBEIMYEHUE TOJIOCHI YacTOT
B mBa paza (¢ 10 mo 20 MI'm) mpuBomnuT K
YXYILIEHUIO YyBCTBUTEIbHOCTU Ha 3—5 nb u
YMEHBIICHUI0 MaKCUMaJbHO JOIYCTUMBIX I10-
Tepb Ha Tpacce paguocBsI3u (OroaKeTa IMoTeph)
Ha 6—8 nb.

OueHka Oloaxera MoTepb HAUMHAETCS C
KOHKpeTHU3aluuu TpedyemMoro (IomycTUMOro)
OTHOLLIEHUS C/II Ha BXOIE IPUEMHUKOB B
JIUHUSX «BBEPX» U «BHU3». 3HAYCHMSI OTHO-
1LIEHWS C/11I B 3aBUCUMOCTHU OT UCIOJIb3YyEeMOM
MOAYJISILMOHHO-Koaupytomeit cxembl (MCS),
yCJIOBUIA TIpHeMa, YPOBHSI CETEBOM 3arpy3Ku U
KOJIMYeCTBa IPUEMHbBIX aHTCHH IPUBEACHBI B
tabnuie [3, 4].

ITonyuennoe 3HaueHue MAPL ucnonb3y-
eTCd B JaJlbHEHIIeM UIST HaXOXICHUST MaKCH-
MaJIbHOTO paavyca COThl (MaKCUMAaJbHO BO3-
MOXHOTO PAaCCTOSIHUSI MEXIy IMPUEMHUKOM M
MepegaTiuKoMm).

[Ipu mnaHupoBaHUM CETH OKOHYATEILHOE
3HauyeHne MAPL omnpenensercss ¢ yueToM 3a-
MacoB Ha uHmepgepeHyuio, 3amenenue N npo-
HUKHOGeHUe B 3[aHKe/aBTOMOOWIbL. 3amac Ha
UHTEpMEPEHIINIO 3aBUCUT OT YuUCIa TOBTOP-
HO MCIIOJIb3YEMBIX 4acTOT W 3arpy3Ku B COTE
[2]. 3anac Ha 3aTeHEHUE YUYUTHIBACT 3aTyXaHUE
CUTHAJIa BCJICACTBUEC IBUKEHUSI aOOHEHTCKO-
ro TepMUHaja, T. K. IPU 3TOM 4YacTO TepsieT-
csl TpsiMasi BUAMMOCTh MEXIy aOOHEHTCKOI 1
0a30BOIl CTAaHLMSIMU. DTOT 3arac rapaHTUpPyeT
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| -
TpeOyemble 3HaueHus c/m B 3aBucumoct oT MCS
MonynsLuoHHO-KOAMPYIOLas VYcnoBus CereBas Tpebyemoe
cxemMa npuema, ' 3arpyska, % 3HauyeHue c/ui, 1b
EPA, 5 30 —3.,6
QPSK 1/3 EVA, 5 30 —-2,5
ETU, 70 30 —-2,3
EPA, 5 70 0,3
QPSK 1/3 EVA, 5 70 1,8
ETU, 70 70 2,1
EPA, 5 30 -
16-QAM 3/4 EVA, 5 30 5
ETU, 70 30 -
EPA, 5 70 11,6
16-QAM 3/4 EVA, 5 70 12,4
ETU, 70 70 —
64-QAM 5/6 - 30 -
EPA, 5 70 19,4
64-QAM 5/6 EVA, 5 70 19,6
ETU, 70 70 —
BapuaHTHI ycioBuil IpueMa:
Extended Pedestrian A (EPA) — UE HaxomuTcs y meliexona;
Extended Vehicular A model (EVA) — UE HaxoauTcs BHyTpU aBTOMOOWJIS;
Extended Typical Urban model (ETU) — cTtanmapTHas MoAeiIb TOPOACKON 3aCTPOMKHU
MPOLEHT JIOKAJbHBIX 30H B Mpeaeaax MOKpPHI- 3aBUCUMOCTh MAaKCHUMAaJIbHOTO  pamuyca
BaeMOil TEPPUTOPMU, TIE€ YPOBEHb CHMIHaja R =~ OT WUCIOJb3YEMOH MOAYJISLMOHHO-

OyneT BhIlIe TpeOyeMoro 3HaueHMs. 3amac Ha
NPOHUKHOBEHME IPUMEHSIETCS II0 OTHOIIIE-
HUIO K 3MaHUSIM, aBTOMOOWJISIM U T. O., TO
€CTh K TeM 00BbeKTaM, BHYTPUM KOTOPBIX He-
00X0AMMO IIPOU3BECTHU OLICHKY YPOBHS CUTHA-
Ja. BeauunHa 3amaca OymeT 3aBUCETb OT IIO-
TJIOLIAIOIIMX CBOMCTB MaTepuaia 00beKTa, ero
KOHCTPYKTMBHBIX OCOOEHHOCTEl M pabouero
Jrarna3oHa 4yacToT cucTteMbl cBsa3u. Kak mpa-
BUJIO, 3aI1ac Ha IPOHUKHOBEHUE O€PYT paBHBIM
8 n1b mpu ucmoab30BaHNM A0OHEHTCKOI CTaH-
uu BHYyTpU aBToMooOuasg u 20 1b u Gonee —
IpU UCTIOJIB30BAaHUM B 37aHnu [1, 2].

Huxe B KauecTBe mpuMepa IIPeaCTaBICHbI
HEKOTOpble pe3yJbTaThl aHajiu3a, B YaCTHO-
CTU:

rpapuKu 3aBUCUMOCTH MaKCHMAJIbHO I0O-
nyctumbix moreps MAPL (1B) u panuyca
cotel R (KM) IIpU PasIM4YHBIX BUIAX MO-
IYJISALIUA OT YUCJIA PECYPCHBIX OJIOKOB N,, B
nuanasone 2,6 I'To (puc. 2, 3);

10

Koaupymollei cxembl (puc. 4) ipu pabote cetu
B auamna3oHe 2600 MI'l 1 BBIICIEHHBIX I10JIO-
cax 1,4 (6 Pb) u 20 MI't (100 PB).

PesyabpTaThl aHaIM3a MOKa3bIBAIOT CIEAYIO-
1ee:

e C POCTOM IIOJIOCHI YacTOT, BBIPAKEH-
HOIl B KOJMYECTBE BblAeJeHHBbIX cucteMme Pb,
ymeHbinaetcs MAPL 1, COOTBETCTBEHHO,
YMEHbIIIAETCS MAaKCUMaJIbHO AOMYCTUMBIN pa-
JIUYC COTHI;

e npu paboTe ceTM B AMANa30HE YacTOT
2600 MI'u nnpu 6 Pb u 100 Pb orHomeHue

RQPSK1/3
R64—QAM5/6
CKM HE€ MEHSETCI C YMEHbIICHUEM YacCTOThI
CBSI3U.

ITonyyeHHOe 3HauyeHUe OrOMXKeTa IIOTEPh
WUCMOJIb3YETCS B NAJIbHEUIIEM JI HAXOXIE-
HUS paINyCOB <«OJVKHEW» U «IallbHEe» 30H.
3agaBasiCh YaCTOTHBIM OUAIla30HOM M KOJIM-
YEeCTBOM PECYPCHBIX OJIOKOB, MOXHO OLIEHUTHb

MPUMEPHO paBHO 3,5 M MpakTuye-
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MAPL
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Puc. 2. 3aBUcUMOCTh MaKCUMAaJIbHO AOMYCTUMBIX TToTepb MAPL, nb
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Puc. 3. 3aBucumocTts pagumyca coThl R

JIJIsT BCero Habopa CUTHAJIbHO-KOJIOBBLIX KOH-
CTPYKLIMK pacIIpeieIeHUEe CKOPOCTEH Iepena-
YM B COTE MPU Pa3IUYHBIX YCIOBUSIX MpHeMa.
IIpn ompeneneHN MOITHOCTH TIEPEIATYNKOB
B «OJMKHE» U B «JajlbHE» 30HAX MCIIOJIb-
3yIOTCSI CTAaTUCTHYecKre M IudpaKIIMOHHBIS
MoOJAeIN pacueTa CpeJHMX IIOTepb Ha Tpacce
pacripoctpadHeHus. bymem momarath, 4TO OT-
HOILLIEHME MOILIHOCTU U3JIy4eHUS TepeaaTdynKa
0a30BOIl CTAaHILIMU B «OJIVKHE» 30HE K MOIII-
HOCTM B «JajJbHeil» 30HE MPOIOPLUMOHATBHO
OTHOIUEHUIO

P. Y
w63 _ | T 1
o [R) : (1)

W3J1.13

——QPSK 1/3
—8—16-QAM 3/4
64-QAM 5/6

75 90

KM

COTBI max’

rae r — paguyc «OJMKHei» 30HBI COThbl; R —
paauyc coThl; K — TapaMmeTp, XapaKTepus3ylo-
LM ycaoBuUs paguocBsidu (kK = 4 B yCI0BUSIX
ropojga, 2 — B YCJIOBHUSIX OTKPBITOM MECTHO-
CTH).

Ha ocHoBe mosyyeHHOTo 3Ha4eHUsI MaKCH-
MaJIbHO JOMYCTUMOTO pPaauyca COThI IIPOMU3-
BOJUTCSI pacyeT IUIOIIAAM COTBHI U HAXOIUTCS
YKCIIO 0Aa30BbIX CTAHIMI B OMHOPOAHOM (par-

rae S

ceTn

MEHTE CeTu Ny = Sy ,
COThbI

30HBI OOCNIYXMBaHUS CETH, S

0o0cTy>kBaHUsI 0a30BOM CTAHIIUM.

Takum o6pa3om, Ipu OIpeneJeHUU Mpo-

CTPaHCTBC€HHLIX I1apaMETpPOB CCTU HeobXxoau-

— Iuroliaab

— ILIoIaab
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Puc. 4. 3aBucuMoCTh MaKCUMaJIbHOTO panguyca R
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oT I/ICHOJTBSYCMOI‘/JI MOZ[Y)'[H[II/IOHHO—KO)II/IDY}OH_[CI‘/JI CXCMbI

MO 3aJaThCS YACTOTHBLIM JMAIa30HOM, KOIU-
YeCTBOM PECYPCHBIX OJIOKOB, pacrpeacicHueM
CKOpPOCTei mepegauu B coTe, KoHduUrypauuei
000pYyIOBaHUSI U YCIOBUSIMU (DYHKILIUOHUPO-
BaHug cuctembl LTE.

Onenka cpeaHeil MPONyCKHOH CIIOCOOHOCTH
H eMKocTH. [Ipy olleHKEe cpenHeill CKOpOCTH
nepegadyu JaHHBIX B IIPSIMOM KaHaje Oyaem
mojaraTh, 4YTO pachnpeieieHue aOOHEHTCKUX
TEePMHUHAJIOB B 30HE OOCIY:XKMBAaHUS 0a30BbIX
CTaHUMIA paBHOMEpHO. ba3oBele CTaHLUU
OpeaoCTaBISIIOT abOHEHTaM  MAaKCUMAaJabHO
BO3MOXHYIO CKOPOCTh INepelaud B COOTBET-
CTBYIOILLIMX CETMEHTAX B «OJMKHEN» U «dajb-
Hel» 30Hax [2, 5]. B obmem ciyyae cpemHss
CKOPOCTb TepeIadyu B «OJVKHENM» U «IadbHen»
30Hax B MPSIMOM KaHajle HaXxoJauTcs TI0 ¢dop-
MyJie

15
Vo =Y PV, @)

i=1
rme i — HOMep BHYTPEHHEro CerMeHTa B CO-
otBercTByOIIei 30He (mia LTE i = 1...15);
P — BEpOATHOCTb HAaXOXAEHUA abOHEHTa B
[-CETMEHTE COOTBETCTBYIOLIEH 30HBI, V  —
CKOPOCTH Tiepefdaum, obOecrieunBaeMasl B

i-CeTMEHTE COOTBETCTBYIOIICI 30HBHI.

CpenHsst CKOpOCTh Mepenadyn B COTe Ipej-
CTaBJIIET CYMMY CPEIHNX CKOPOCTEeH Ieperadyn
B «OJIIKHEM» 1 «JabHei» 30Hax. CpeaHsIsl CKO-

POCTDb NI€pE€aauYn JaHHbIX 3aBUCUT OT paClpeEac-

12

JIeHUs1 a0OHEHTOB B 30HaX OOCTY>KMBAHUS CETH.
B cBoo ouepenb, cpemHss TMPOMyCKHas CHO-
COOHOCTb CETU 3aBUCUT OT aITOPUTMa pacrpe-
JIEJIEHUS PECYpPCOB MPSIMOTO KaHana (aaropur-
Ma paboThI ITaHMpoBIIMKa). Kak moka3siBaoT
uccaenoBaHus [2], aaroputM pabOThI IJIaHU-
POBIIMKA CYIIECTBEHHO BJIUSET Ha Mapame-
Tpbl KauvecTBa oOciayxkuBaHugd. B cersx LTE
BOMPOC BBIMOJHEHUST 33JaHHOW AUCLUITIUHBI
00CITy>KMBaHMS, HAIpUMEp, YYeT MPUOPHUTET-
HOCTM aOOHEHTOB WJIM abOOHEHTCKOTo Tpadu-
Ka, MPEeNOoCTaBICHUSI PECYpCOB i abOHEHTa
B TOM WA WHOM OObEME W Jp., BO3JIOXEH Ha
TlaHupoBiKa cetd. [lmaHupoBIIMK Mpesd-
CTaBJIIET COOOM MPOrpaMMHBIN MTPOAYKT, TIPO-
W3BOSIILIMI B PEXMME PEaTbHOTO BpPEMEHU
yIpaBjieHWEe YaCTOTHO-BPEMEHHBIMU pecypca-
MU cucTeMbl [2, 5]. Hanpumep, miaHUpOBIINK
0a30BOIi CTAHIIUU MOXKET YIPABJISITH PECYPCOM,
WCXO[d U3 aJropuTMa IMpOIMOpLUUOHAIBHO-
CIpaBeyIMBOro HazHaueHus pecypca. [Ipu ta-
KOM ajroputMe paboThl B KaxaoM cyOkaape
TUITAHUPOBIIMK Ha3HA4YaeT MPUOPUTETHI TMOJb-
30BaTEbCKUM TpPa(hMKOBBIM KaHaJlaM W, CJe-
JIOBaTeJIbHO, MPUHUMAET pELIeHUE O Hayaje
nepegauyu Tpaduka TOro UM MHOTO abDOHEHTA.

Jnsg obecrieueHUsT MaKCUMaJbHOM TIpO-
MYCKHOW CITOCOOHOCTH MOXHO HCITOJIb30BaTh
aJTOPUTM BBbIIEJIEHUS] pecypca Ha OCHOBE
MaKCUMAJIbHOTO I10KAa3aTelsl YPOBHS IIOMEX.
JaHHBIN aJrOpuUTM TMO3BOJSIET CYILIECTBEHHO
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MOBBICUTh MPOMYCKHYIO CIOCOOHOCTBH, T. K.
YUYUTHIBAET ITOKAa3aTesb KauecTBa KaXIoro Ka-
Hajia 1 00CIY>XKMBAET B MIEPBYIO OYEPEIb MOIb-
30BaTesIeil ¢ «xopolnM» KaHajaoM. K ocHOB-
HOMY HEJOCTAaTKy 3TOT0 aJropuTMa MOXKHO
OTHECTU HerapaHTUPOBAaHHOE IPeIOCTaBIeHIE
pecypcoB IIpY BBHICOKOM Harpy3ke Ha ceTh abo-
HEHTaM C HU3KUM cooTHolleHueM c/ul. Ecnu
TpeOyemasi IpOIyCcKHasi CIOCOOHOCTh MPEBbI-
1IaeT JOMYCTUMbIC 3HAYCHMS, TO HEOOXOIUMO
nepepacmnpeneaeHue Tpadprka Mexxay COCeIHM -
MU 0a30BBIMU CTAHLIMSIMU IIOCPEICTBOM 3CTa-
(peTHOIT mepenayn aOOHEHTOB, HAXOISIIIUXCS
Ha TpaHMIIE 30HLI OOCITYKMBaHUSL.

Metoauka OILEHKM 4YKMCIa PaBHOMEPHO
pacmpeneeHHBIX II0 30HE OOCIyXXHUBaHUS
nojb30BaTesieil MoouabHOro MHutepHeTa (Tpa-
(UK npencraBiasgeT coOOi IMyaCCOHOBCKUIA MO-
TOK) B YCTAHOBMBIIEMCSl pexXumMe (QYHKIIMO-
HUPOBAHUS CETU TIpUBeAcHa B [2].

Bapuant cranpapta LTE, ocHoBaHHBII
Ha YaCTOTHOM AYIUIEKCE, MCIIOJb3yeT CUMME-
TPUYHBIC IOJIOCHI YacTOT, MpeaHa3HaYeHHbIC
IJI Tiepedadyyd JaHHBIX Ha JIMHUSX «BBEpX» U
«BHU3» COOTBETCTBEHHO. YUUTHIBas TOT (PaxT,
YTO B MOOWMJIBHBLIX CETSIX Ilepedadyu JaHHBIX
noiast Tpauka Ha JIMHUM «BHU3» COCTaBJISIET
okosio 80 % mepemaBaeMoro B ceTH Tpaduka
(cuTyauust aCCUMETPUYHOro Tpaduka), oLeH-
Ky IOTEeHLIMAJbHBIX Bo3MoxHocTel cetu LTE
Mo OoOCHYXKMBAaHUIO TIOJb30BaTeNEl ClemyeT
MPOBOAUTh C YUYETOM KOJMYECTBAa aOOHEHTOB,
B3ITBIX Ha OOCIYyXXMBaHWE MO MPSIMOMY KaHa-
oy [2].

C yyeToM CIOXHOCTM Tpoduiis Tpaduka
cuctembl LTE cpeanee Bpemst 3aHATUS KaHa-
Jla ofHUM aboHeHTOoM T'. mpeacTaBisieT co0oM
BEJIMYMHY, KOTOpas MOXKeET OBITh MOJy4YeHa
TOJILKO CTaTUCTHYeCKUM oOpa3oM. [Ipu mpen-
BapUTEJbHOM IIPOSKTUPOBAHUM UISI TOIyYe-
HUS OLEHOYHBIX PACYETOB CJIEAYET 3a4aThCs
psnoM 3HayeHuit 7. W YpOBHEM 3arpysku
6azoBoii ctanuuu B YHH. BenuunHy Harpys-
KM MOXHO OIIpeAeIUTh, UCXOAS U3 3aJaHHOTO
YPOBHSI OTKa30B B coeauHeHuUu. JIjisi MHOTO-
kaHajnpHBIX CMO ¢ orpaHUYe€HHOI o4yepeabio
JUTMHOM M BEPOSITHOCTh OTKA30B OIpEAeseT-
csg no gopmyie (cM. Hampumep [2, 6])

n+m

P =2 _p 3)

n"n!

rac
m—l
(3]
P=1+YE P (4)
=n! n=n! 1_P
n

— BEPOSITHOCTb TOTO, YTO BCE KaHAJIbl CUCTE-
MbI CBOOOIHBI; # — 4KMCI0 KaHanoB CMO; m —
JUIMHA OYepenu; p — Harpy3ka OJIHOTO KaHa-
Jna.

3amaBasich JOMYCTUMBIM 3HAYeHUEM BEpO-
STHOCTH OTKA30B, HAXOIUM COOTBETCTBYIOLIICE

. A=
el 3HayeHue p =—7,, rae A — IOTOK 3asBOK

ot Bcex aboHeHToB B YHH. Yucno aboHeH-
TOB B 30HE OOCITY>KMBAaHUS MOXHO OTIPEICIINTD
Kak

__p
a0.I1K 7\‘]7_—; b

rae A, — MNOTOK 3agBOK OT OIHOIo abOHEeHTa
B YHH.

Hampumep, ecam B cucteme 3HauyeHuUe
p =0,3 mpu 100 pecypcHbIX O0Kax (IIyCcTh Ha
OIVH KaHal TpaduKa IPUXOIUTCSI OOUH pe-
CYPCHBII OJIOK), A, = OIHOW 3adBKE B 4ac U
T. = 1/12 4, To 4uca0 aOOHEHTOB, B3SITHIX
Ha oOciyxuBaHue 6a3zoBoii ctaHuueili B YHH,
paBHO 360.

OueBUOHO, YTO 3aJaya OLIEHKU CpeaHei
MPOITYCKHOUN CIIOCOOHOCTM U €MKOCTH CETH
MOXET OBITh pellieHa [JIs1 3aJaHHOTO MPOoduUIs
abOHEHTCKOro Tpaduka M ajJroputMa padoThI
IUIAHUPOBIIMKA, a B YCJIOBMSIX TpaHchopMa-
My Tpadurka OT IyaCCOHOBCKOTO MOTOKAa K
CaMOIIOJ00HOMY TpeOyeT OTAEAbHOIO HCCe-
JOBaHMS.

YacroTHoe mianupoBanue. YacTtoTHoe Iuia-
HUPOBAaHME BKIIOYACT pEIICHHE CICAYIOIIMX
3a7ay:

1) Ha3HaYeHME MOJIOC YACTOT CEKTOpaM Oa-
30BBIX CTAHIIUIA;

2)pacopenenenue unaeHTuukaropos PCI
(physical cell identity — ¢usnyeckuit uaeHTU-
¢duKaTop COThI);

3)maHUpOBaHUE TIpeaMOyJIbl IIPU  CIIy-
yaiiHoMm poctyne B KaHajie PRACH (Physical
Random Access Channel — ¢u3nyeckuii Ka-
HaJ CJIy4aiiHOIO AOCTYIIa);

4) IUTaHMpPOBaHKE MWIOTHBIX CUTHAJIOB.

13
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Ha3znaueHue mojioc 4acToT cekTopam 06a3o-
BBIX CTAHLIMI MPOU3BOOUTCS B COOTBETCTBUU C
YaCTOTHBIM KJIACTEPOM, MCMOJIb30BAaHHBIM TPU
MOCTPOCHUM OTHOPOAHOTO (PparMeHTa CETU IO
aHaJIOTMM C YaCTOTHBIM HAa3HAYEHWEM B CTaH-
napre GSM. B crannapre LTE onpenenexno 504
YHUKaIbHBIX UAaeHTU(duKaTtopa cotbl PCI, ko-
TOpHIC PACCUMTHIBAIOTCS HA OCHOBE IIEPBUYHOTO
Y BTOPUYHOIO CHUTHAJIOB CUHXPOHU3AIMU. AJ-
roput™ npumeHeHuss P-SCH ananoruyen mexa-
HU3MY pacripeaesieHus] CKpeMOJIMPYIOLIETro Koaa
B cuctemax WCDMA [2]. BropuuHblii curHai
CHHXPOHU3AIMU SBISIETCI MIASHTU(PUKATOPOM
cotel. Ilpu mmaHupoBaHMU CceTU IS 0a30BBIX
CTaHIIMI, 30HbI OOCTY:KMUBAHUSI KOTOPBIX HAXO-
IATCSI PSIIOM WIM TIepeKpHIBAlOTCSI, HEOOXOIu-
MO MCHOJIb30BaTh Pa3IMYHbIC UACHTU(UKATOPI
JUISL CHYDKEHMST YPOBHSI B3aMMHBIX ITOMEX.

Bompockl 4acTOTHOrO TIUIAHUPOBAHUS B
o0I1IeM IIaHe pacCcMaTpUBAIOTCS B psae pa-
00T, OIHAKO B HUX OTCYTCTBYIOT KOHKPETHBIE
METOIUKUA U PEKOMEHAAIUU 10 MPUMEHEHUIO
[2, 7, 8].

B crathe paccMOTpeHBI BOIIPOCHI OMpPENE-
JICHUSI TIPOCTPAHCTBEHHO-TEXHUYECKUX IIa-
pamMeTpoB coTtoBoil cetu ctaHmapta LTE Ha
OCHOBE CJIOKMBILIMXCS IMOIXOI0B K PEIICHUIO
3a7a4y TUIAHUPOBAHUS COTOBBIX CHCTEM MO-
OWJILHOM CBSI3M M OTMEUYEHa HEOOXOAMMOCTb
pa3paboTKa METOIUK:

MOCTPOEHMSI YAaCTOTHBIX KJIACTEPOB IIpU
3aJaHHOU BEPOSTHOCTU IIOSBJICHUSI BHYTPU-
CHCTEMHBIX ITOMeX, 00eCIIeUrMBaIOIINX MaKCH-
MU3ALMI0 €eMKOCTH KJIACTEPHOM CTPYKTYPHI;

oIpele/ieHrs] IIPOCTPAHCTBEHHBIX IIapa-
METPOB CETU, MCXOAS M3 KOJUYECTBA BBIAE-
JICHHBIX PECYPCHBIX OJIOKOB, pacIipeicaeHUs
CKOpOCTEeU Tepenadu, KOH(Urypamuum odopy-
JOBaHUS U YCIOBUI (PYHKIIMOHUPOBAHMS;

OLIEHKM CpeIHEN MPOITYCKHON CIIOCOOHO-
CTU U €MKOCTU CETHU IJIS1 3aJaHHOTO PO
aOOHEHTCKOro TpaduKa U airOpUTMOB PadOThI
IUIAHUPOBILMKOB;

YaCTOTHOIO IUIAHMPOBAHMSI M COOTBET-
CTBYIOIIIYX PEKOMEHAALIMI 110 YACTOTHBIM pa3-
HOCaM.
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QUALIFICATION ROUTES MESSAGING FOR DYNAMIC SYSTEMS USING
A LOGICAL-PROBABILISTIC METHOD

B.B. TnasyHo6, M.A. KypoukuH, C.I'. [lonoG

OLIEHKA MAPLUPYTOB NEPEAAYU COOBLLEHUMA
B AMHAMMUYECKUX CUCTEMAX C UCINMOJIbSOBAHUEM
JNNOr'MKO-BEPOATHOCTHOIO METOAA

In this paper we have considered the problem of message routes evaluation in the dynamic network of
mobile subscribers. The network of mobile objects is represented by a graph with the time-varying structure.
The search of the optimal route at any given time has polynomial complexity. As a solution, we suggest the
logical-probabilistic method to build estimates of the routes. This method allows obtaining an analytical
expression of the message delivery probability function for a s-connected graph with the given dimension. In
this case, the time of searching for an optimal route can be considered as a constant.

FUNCTION OF MESSAGE DELIVERY PROBABILITY; MOBILE OBJECT; DYNAMIC SYSTEM;
ROUTE MESSAGING; LOGICAL-PROBABILISTIC METHOD; MESH-NETWORK.

PaccmoTtpeHa 3amava IMOCTPOEHMST OLIEHKM MaplIpyTOB Iepelayd COOOIICHU B TMHAMMYECKON CEeTH
MOOWJIBHEIX a00HEHTOB. CeTh MOOMIILHBIX OOBEKTOB IpeacTaBlicHa rpadoM, CTPYKTypa KOTOPOTO MEHSIET-
cs Bo BpeMeHHU. [Torck onTUManibHOTO MapuipyTa nepefadyu NaHHBIX B MPOU3BOJBHBI MOMEHT BpeMEHU
TPeOyeT MOJTMHOMMAIBHOTO BpeMeHU. [Jig pellieHns 3TOM MPOOIeMBI TIPEIIOKEHO CTPOUTDH OLIEHKU, WC-
MOJIb3YSl JIOTMKO-BEPOSITHOCTHBIN METO/, TO3BOJISTIOIINI TTOIYYNTh aHAIUTUIECKOE BhIpaKeHUe DYHKIIUU
BEPOSITHOCTU JIOCTABKM COOOIIEHMST JJIST S-CBSI3aHHOTO Tpacda 3agaHHOW pa3MepHoOCTH. B aTtom cirydae
BpeMsI IIOCTPOCHUSI ONTUMAJIBHOTO MaplIpyTa MOXHO CYMTaTh KOHCTAHTHBIM.

®YHKILNSI BEPOITHOCTU JOCTABKM COOBIIEHU; MOBUJBHBIN OBBEKT; IVUHA-
MUWNYECKAS CUCTEMA; MAPIIPYT IMEPEJAYU COOBIIEHWN; TOTUKO-BEPOATHOCTHBIN
METO/; MESH-CETH.

Introduction of service in the cloud-oriented environment
is determined by reliability of the third party
hardware equipment and the size of the coverage
area of cellular networks.

As a prospective trend in the development
of information network in the areas with
unstable signal reception is usually considered
as a mobile self-organizing local network of

At the present time, more and more attention
is paid to research problems of building a
cloud-oriented mesh-network of vehicles. The
continuous improvement of data transmission
assets, network equipment, internetworking
methods and cloud services access methods allow
defining new tasks of providing information  yehicles with the access to cloud environment.
services to mobile networks subscribers. A [j this model the exchange of messages between
special interest is given to the problems of  {he vehicle and the cloud can be routed by
improving the quality of messaging between  different paths, then the set of vehicles on
traffic networks participants in the areas with  the road is presented by wireless LAN with
low-quality network coverage [1]. varying topology, with a variable number of

Messaging between a vehicle and cloud  points which can communicate with the cloud
environment is supplied via dedicated channel,  environment. Currently, wireless messaging
which is organized with the support of methods are supported by various techniques
telematics hardware equipment [2]. The quality  such as: Wi-Fi (802.11bg), mesh (802.11s),
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DSRC, LTE4G), UMTS(3G), which are
implemented in vehicle’s on-board hardware
equipment [3].

The probability of delivering messages using
these technologies may vary significantly at any
given moment depending on repeaters location,
terrain properties, intensity of data exchange
and the amount of data.

Thus, at time 7, there arises the problem
of choosing the optimal route between two
messaging nodes.

Mobile objects connected with each other
at the time 7, and using the same connection
technology build a dynamic network. The
network configuration and reliability changes
over time.

It is necessary to develop a formal criterion
for the well-grounded choice of the best data
path at the time moment 7;. In this paper, the
probability of message delivery is considered as
such a criterion.

Problem Analysis

The dynamic network of mobile objects can
be represented as a graph G(U,L), where U,
is a mobile object, L; is communication chan-
nels between mobile objects. Each data trans-
mission technology determines a subnet, i. e.
G,, is the subgraph G, c G(U, L). Set F(G,)
as a function of the probability of message de-
livery, defined on the subgraph G,. T, is the
time of the message transmission. In this case,
the problem will be: at the time moment 7;
determine max{F(Gm)},m =1l...n

The feature of the problem formulation is
the restriction on the computation time F, as
the dynamics of changing parameters G, is
high.

Similar problems have been solved in the
works of Floyd, Dijkstra, Levit, which represent
fundamental research methods to build routes
on graphs. In the work presented Dijkstra's
algorithms [4] to find the shortest distance from
one of the nodes to another, the complexity of
the algorithm in the worst case is O(n*). The
Floyd—Warshall algorithm [5] has complexity
O(n’), and Levit’s algorithm [5], which is
a modified version of the Bellman—Ford
algorithm, in the worst case has exponential
complexity. However, in practice, the algorithms
show good results, with logarithmic complexity

O(M log N), where N is the set of nodes and
M is the set of edges between nodes. These
approaches show good results for the routing
problems on the networks with low dynamics
changes of connected nodes, examples of
software implementation for such algorithms are
dynamic routing protocols: OSPF and IS-IS. At
the same time, their implementation in our task
does not provide a solution to linear or constant
time. Algorithms to find the shortest path on the
graph belong to the class P, and are related to
the problems with polynomial complexity. This
complexity is due to the necessity to recalculate
all routes in the graph, whose structure changes
at the time moment 7.

The current state of the problem solution: the
logical-probabilistic calculus allows connecting
Boolean algebra [6] with the operation of the
circuit, and network data transmission systems.
This allows moving away from the use of
classical routing algorithms on graphs and turn
to recalculating with the notation of logical
variables and probability functions that ensure a
quick evaluation form to submit transmission at
a constant time in a prearranged structure [7].

Assessment of Message Delivery Reliability
by Using a Logical-probabilistic Method

The logical-probabilistic method is to use a
mixed form of the probability function (MFPF)
[8], which describes in a compact form the
set of conditional probabilities. It takes into
account the conditions of the event in the form
of logical variables and functions in terms of
the degree of event probability.

The logical-probabilistic method (LPM)
is originally designed to work with static
structures where communication between
nodes in the graph is given in terms of the
problem, in this structure only communication
channels state changes. In order to turn to a
dynamic system and to ensure the constant
time route calculation the authors propose to
introduce dummy nodes, which will manage
the appearance and disappearance of vehicles
(nodes) at the particular time 7;. Then a LPM
calculation formula could be drawn for the
case of the maximum number of nodes (upper
limit), and the performance of channels in
fictitious nodes until the actual occurrence of
the node .
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Fig. 1. s-connected oriented structure
Consider the application of the logical- For every node the priority links
probabilistic method to build estimates of are defined: ki, ki, ..., ki, ,,(k > s),
message delivery probability from vehicle A, ki, ki, ..., ki, ,(k <s). Assume for defini-

to A at the specified time moment 7; into the
network with incomplete notifying the node of
the network status [9].

The graph structure: the vehicle network
is represented as a directed acyclic graph.
In this graph, each node is represented as a
switching center and receiving messages, i. €.
each message can be transmitted to the n-th
destination, if it exists, or a direct path to the
destination, or by constructing a chain of hops
on workable channels. An example of such a
graph is shown in Fig. 1.

The condition of the working system is
defined as follows: the system works, if there is
at least one workable route from node nto 1. In
its turn, the route is operational, if all its nodes
and links between nodes are operational.

Introduce the following notation:

R, — probability of the k-th node
availability;
C,, — probability of link availability

between k-th and s-th nodes;

n — number of nodes in the graph (net-
work);

s — number of links between nodes in the
graph (network);

/. — logical function of the successful link
between nodes;

ki,, — number of the link priority, which
is given by the availability coefficient for the
k -th link;

P, — total probability of the k-th link
availability;

x, — logical variable of the k-th node avail-
ability;

X, ., —logical variable of the link availability
between k£ —1 and k-th nodes;

0O, — probability of the k-th node failure;

L, , — probability of the link failure between
k-th and s-th nodes.

18

teness, the transmission is over the commu-
nication channel is working properly in the
direction of the lowest numbered node. Then
the priority links for all routes from node & to 1
looks like (k,k—s),(k,k—s+1), ..., (k,k-1)
when k>s and (k,1),(k,2), ..., (k,k-1)
when (k < s).

The condition of the network with incom-
plete input data about elements corresponds to
the uncertainty of the status of all nodes and links
in route, by which the message is transmitted. In
the case of failure of one or more elements of
the route, the message will be lost.

The logical-probabilistic method to estimate
the probability of the message delivery from
node k to node 1, consists of two stages:

1. Building the logical function of a successful
connection between nodes k-th and 1.

2. Building a total probability formula of a
successful connection between nodes k-th and 1.

The second stage is realized by the
substitution method of logical variables and
MFPF building.

Look at the first stage [8].

Find the calculation formula for the
probability R, of the message delivery from
k-th node. Define f, as the logical function
of a successful connection between nodes k
and 1. Then f, is realized in the form of the
recurrence relation:

S =% (o i v x}c,k—s(xk,k—ﬁlf}c—ﬁl V...
-V x;(,k—s (xk,k—2-f;c—2 Vv x}c,k—zxk,k—lf;cfl)"'))’ (1
s+1<k<nn>s,
when 7 is the number of nodes in the graph,
x, is the logical variable of the availability
k-th node, x, is the logical variable which

shows an inoperable state of the k-th node.
The logical function f, reflects all numerous
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routes to deliver a message in a s-connected
oriented graph. For example, the expression
XX s Jis 18 interpreted as sending a message
through a node using the route X, and the
recurrence relation logical function w1th the
value f,_. If the route x;, fails, the next
route — x,, ., will be used and the recursive
function calculated for the next value is f, _,,.
In the case of 2 < k < s, the function will be
as follows:

fe=x (i v x;c,l(xk,zfz 4

Vv x;c,k—3(xk,k—2f}c—2 v xllc,k—2xk,k—l‘f;c—1)"'))’ (2)
2<k<s.

Look at the second stage.

By the orthogonality of the terms in 1
and 2, substitution variables can be carried
out in each term separately. MFPF takes the
following form:

PEOCf s fo)=R(1- Likksx "
k=1 i-k+s
+ > [1L..,0 Lf:{,.)),s+l <k<n-lI;
i=k-s+1 j=1
POy f) = R(1= L], +
k=1i-1 _ 3)
2 [Tl (- LI 25 k< s;
=2 j=1

when P is the estimated value for the total
probability message delivery from n-th node to 1;
0O, — the probability of the k-th node failure;
R, — the probability of availability k-th node;
L., — the probability of the route failure
between k-th and k—s-th nodes; C,, , — the
probability of the availability route between
k-th and k—s-th nodes.

Similarly, the substitution is carried out for
each term of expression 3. It is convenient to
start the substitution in functions with a small
number of k. After the substitution, we obtain
an expression for the total probability of the
message delivery from k-th node to 1. According
to 3 for any numbers k < s we obtain:

P =R(C,, A+ L ,(PC,+ L,(C P+

4)
+ot Ly G B
Similarly for & > s:
Pk=R(Ckk S‘P +kas (5)

XCpssir By + oot Ly 5G4 B))-

Thus, knowing the vector of probabilities of
availability R and C,,, we can calculate the
probability of the message delivery from k-th
node to 1 for each channel technology. For m
available channels by different technologies it is
easy to get m values of the probability message
delivery, and the computational complexity of
the calculation will be no higher than the linear
one.

Example of Calculating the Probability
of Message Delivery

Consider the example of calculating the
probability of message delivery between k-th
nodes with two different channel technologies
a, b i=1..k on each node. Transmitters
of each technology are combined in isolated
networks A and B. In this case, the function for
calculating the probability is used as a decision
in the route selection process of transmitting
messages between nodes through the network
A or B. Let each network be defined by the
fully connected topology, which presented in
Fig. 2.

The calculation example for the first
four nodes is shown below in (6), (7). The
calculation of the elements to the k-th element
is carried out according to the MFPF formula
(4) recurrently substituting the corresponding
k—1 states.

This formula evaluation is based on formula
(1) and (2). Later the logical function of
successful communication between nodes for
each of the two channels becomes:

Jo(B, = 1) = x, (X3, %5 v X /) v X4 X)),

Jo = x50 fs v X0 fy v X4 10D

Fig. 2. Network topology example for different channel technologies
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S = X300 15 v x3310),
5= x(x, 1), (6)
S =x.

For example, for the first four nodes MFPF
takes the following form:

P, = RR,R,
P, = RR (R, + Ly Ry, R R, ),
P, =RR(R, + L,R,R R, + 0
+Ly Ry Ry(Ryy + Ly Ry Ry R, ).

The obtained values P, are the probability of
the message delivery through channels 4 B. For
the k-th node the following form is recurrently
calculated from formula (4).

To calculate the numerical value of the
message delivery probability through the
channel a, it is required to set the vector
probabilities of availability nodes and links of
communication network 4 — vector R, = {r",
Ll Y and vector S, ={r!, .., 4,
L L2 <i <k, 1< j<k-1. For
the channel technology b state of nodes
and links B are determined by the values
of wvectors: R, ={r’,r’,rk, ..., r’} and
SB = {pfa tee ng’ng’pflapgapfl:pfl}' The pro-
bability of availability nodes and links set in
the range: 0<r <1 and 0<r, <1 channels
for both networks technologies.

After all the substitution to R,, S, and
R,, S, obtain the values P and P?’.

The higher of the two values P, for networks
A and B determine the channel a or b node r,
on which the message will be transmitted.

Conclusion

The search for the optimal route of
transferring data during a limited time
interval is a key problem to implementing a
cloud-oriented mobile mesh-network [2, 3].
The logical-probabilistic method of building
the evaluation of messaging routes allows
shortening the time needed to calculate
the probability of delivering a message over
the given channel and define the best route
of delivering the message at any moment
[10]. The strength of such an approach is in
the ability to find an analytic solution in a
common case with the incomplete input data
about the network elements condition. This
paper includes an example with the calculation
of probability of the message delivery for the
network of the fully connected acyclic graph.
The presented example demonstrates the
solution to the problem of searching for a
new route in the case of data transfer session
interruption when the transmission time is
longer than networking the lifetime, which is
important when transmitting a large amount
of data by high-level protocols.
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YcTtponcrea n cuctemMsbl nepeagauu, npuema
M 06pabOTKMN CUTHANOB
YOK 621.315 DOI 10.5862/JCTCS.212.3

M.C. bvinuHa

YCOBEPLWWEHCTBOBAHHASA MOAEJ1Ib U METOAUKA PACYETA
CUTHAJIOB, OTPAXKEHHbIX U3 HEOOQHOPOOHOMW KABEJ/IbHOM LLEMU

M.S. Bylina

IMPROVED MODEL AND COMPUTING TECHNIQUE OF TDR TRACE
FOR A TRANSMISSION LINE WITH DISCONTINUITIES

I KoHTpoJisI omHOponHocTU KabenabHbIX lieneit (KII) u ompeneneHuss mx mmapaMeTpoB IIMPOKO MC-
MOJIb3YETCS] MMITYJIbCHBIA METOH M3MEPEHUI, pealu3yeMblii UMITyJbCHbIMU pediiekromerpamu (MP) wim
pedekroMeTpaMu BO BPEMEHHOI 00JIaCTH, OCHOBaHHBIN Ha 3oHAMpoBaHuu KII KOpOTKMMM MUMITYIbCaMU
HaMpsDKEHMST W TTOCIIEAYIONIeH peTUCTpaliii COBOKYITHOCT CUTHAJIOB, OTPaXKeHHBIX OT HEOMHOPOTHOCTEN 1
THOoBpexXIeHN (00paTHOrO 1moroka). MYHKIMOHATBHEIE BO3MOKHOCTH JAHHOTO METOIA MOTYT OBITH PaCIIIM-
PEHBI IIyTeM HCITOIb30BaHUS LUMPOBOM 00pabOTKM pedieKTorpaMm, 3aperuCTPUPOBAHHBIX CYIECTBYIOIIM-
mu P. B ocHOBY 00paboTKM IOKHA OBITh MOJIOXKEHA afeKBaTHas MaTeMaThdecKash Moiesib HEOTHOPOIHOM
KII 1 obparHoro noroka u3 Hee (peIeKTOrpaMMBbl).

IIpemyoxxeHa yrouHeHHas MaTeMaThdeckasl MoJIeJIb 00paTHOIO MOToKa 13 HeogHoponHoi K11, yuntbisa-
foIIasT KOMIUIEKCHBINM XapaKTep BOJTHOBOTO COIPOTHBIICHUS, a TAKXKe TIPUBEICHEI PE3YJIETaThl TEOPETHUECKUX
¥ 3KCIIepUMEHTAIBHBIX MCCIICIOBAHNIM, TIOATBEPKAAIOIINE HEOOXOMMMOCTh TAKOTO YTOYHEHMS W CIIPABEIUIM -
BOCTb IIPEIJIOKEHHBIX COOTHOIICHMIA. . .

KABEJIbHAA L EIb; UMITYJIbCHbIM METOM; METO/J MMITYJIbCHON PE®JEKTOME-
TPUUN; UMITYJIBbCHBIN PE®JIEKTOMETP; TDR; CUTHAJI OBPATHOI'O ITOTOKA; PE®JIEK-
TOT'PAMMA; HEOOHOPOAHASI KABEJBHAA ILIEITb; HEOOHOPOAHOCTb; MATEMATUYE-

CKAA MOJEJb.

Time domain reflectometry method and time domain reflectometers are used to monitor the state of
continuity for transmission lines. The method is based on probing the transmission line with short voltage
pulses and return stream signal registration. Functionality of existing TDRs can be enhanced by the use of
digital processing TDR traces. The digital processing should be based on adequate models of a transmission
line with discontinuities and return stream signal (TDR trace).

This paper presents the improved mathematical model of TDR trace for a transmission line with
discontinuities. The model allows for the complex character and frequency response of the particular
impedance. The paper also comes up with the results of theoretical and experimental studies. The results
demonstrate the need of the model refinement and validity of the proposed formulas.

TRANSMISSION LINE; TIME DOMAIN REFLECTOMETRY; TIME DOMAIN
REFLECTOMETERS; TDR; TDR TRACE; TRANSMISSION LINE WITH DISCONTINUITIES;
DISCONTINUITY; MATHEMATICAL MODEL.

JIJIs1 KOHTPOJISI OJHOPOIHOCTH KaOeIbHBIX  M3MEPEHUH, peaqus3yemblii  HMMIYJIbCHBIMU
ueneit (KII) u ompenenenus ux mapamerpoB  peduiekromerpamu (MP) nnum pedaexkromerpa-
LIMPOKO MCIIOJIB3YEeTCS MMITYJIbCHBIA MeTon MM BO BpeMeHHoi obnactu (TDR — Time Do-
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main Reflectometer) [1—5], ocHOBaHHBII Ha
3oHaupoBaHuM KII KOpoTKMMU MMIIyJIbCaMU
HaIPSDKEHUST M TOCISAYIONIEH pPerucTpanin
COBOKYITHOCTM CUTHAJIOB, OTpaxk€HHbBIX OT He-
OTHOPOTHOCTEN M MOBPEXICHUI. DTU CUTHA-
JIbI B TEOPUU HAMpaBJISIONIMX CHUCTEM CBSI3U
MPUHSTO Ha3bIBaThb 00PAMHbIM HOMOKOM WU
cuexanom obpamuoeo nomoka 1, 2, 6, 7].

NP peructpupyer pediieKTorpaMmy — 3a-
BUCUMOCTb CHUTHaJla OOpaTHOIO IIOTOKA OT
BpeMeHu (paccrossHus Booib KII), mo koro-
POIi MOXKHO OIIPEAeIsATh XapaKTep HEOTHOPO/I -
HOCTEHI M M3MEPSATh PACCTOSHMS IO HUX IIPpU
OIHOCTOPOHHEM HOCTyIle K JuHuu. B [8, 9]
MOKa3aHO, YTO (PYHKIMOHAJIBHBIC BO3MOXKHO-
CTH JAHHOTO METOJa M3MEPECHUI MOTYT OBITh
paclIMpeHbl, a IIOTPEIIHOCTH OIIpeAcICHMS
pacCTOSTHUIT YMEHBIIECHEI ITyTeM MCIIOJIh30Ba-
HUS1 LUPPOBOI 0O0pPabOTKU pedaeKTorpamMm,
3apErMCTPUPOBAHHBIX CyllecTByOIIUMHU WP,
B ocHOBYy 00paboTKu J0JKHA OBITH MOJOXKe-
Ha aJeKBaTHas MaTeMaTudecKas MOJeb He-
ogHoponHoit KII u obpaTHOro rmoToka u3 Hee
(peaekTOrpaMMBI).

B [10—12] paccMoOTpeHBI pa3IudHEIE TOMI-
XOIbl K MoAeauMpoBaHuI0 HeomHoponHbix KII.
HaubGonee yHMBepcalbHOI SIBISIETCS MOJIENIb
[12], B KOoTOpO# HOIMyCKaeTcsl, YTO HEOMHO-
poanyio KII MOXHO pa3dbuTh Ha HEKOTOpOE
KOJIMYECTBO IIOC/IENOBATEIbHO COEAMHEHHBIX
OTHOPOMHBIX YIACTKOB C Pa3HLIMHU MapaMeTpa-
MU. B cTBIKax y4yacTKOB MOTYT pacrojaraTbcs
COCpEeNOTOYEeHHBIE HEOMHOPOAHOCTH. 7151 pac-
yeTra 0OpaTHOIO ITOTOKAa HEOOXOAUMBI MOIENIN
onHopoaHoro yyactka K1l u cocpenoroueHHOI
HEOTHOPOAHOCTU. MonaenupoBaHHE COCPEIO-
TOYCHHBIX HEOTHOPOAHOCTeH B [12] ocHOBaHO
Ha IIPeIIOoJIOXKEHUH, YTO IIPU UCIIOJIb30BaHUM
1 3oHAMpoBaHua KL KOpoTKMX MMITYJIECOB
MOXHO MpeHeOpeuyb KOMIUIEKCHBIM XapaKTe-
pOM €€ BOJIHOBOTO COTIPOTUBJIEHUS U €ro 3a-
BUCUMOCTBIO OT YaCTOTHI.

B naHHO#i cTathe TipemsiaraeTcs OoJiee
TOYHas1 U (u3Mdecku Oojiee MpaBWIbHASI Ma-
TeMaTudeckass Mofejlb O0paTHOTrO TOTOKa W3
HeomHopoaHoil KII, a Takxke MNpUBOIASITCS
pe3yabTaThl TEOPETUYECKUX M SKCIIEpUMEH-
TaJbHBIX MCCIEOOBaHMIA, IIOATBEpPXKIAIOIINE
CIIPaBeIJIUBOCTh IIPUBEACHHBIX COOTHOIICHUIA
M MOKa3bIBalOIINE, YTO MPEeHEOpEeXKEeHUE KOM-
TUIEKCHBIM XapaKTepPOM BOJHOBOTO COITPOTHB-
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nenust KII ¥ 3aBUCHMOCTBIO €ro OT 4acCTOThI
MOXET CTaTh NPUYMHOM 3HAYUTENbHBIX IIO-
TPEITHOCTEN IIPHU pacyeTe CUTHaja 00paTHOrO
MOTOKa.

HeonnoponHoctu B KadeabHbIx nensax. He-
OMHOPOOHOCTBIO IIPMHSTO HAa3bIBaTh JI000E
U3MEHEHUE BOJIHOBOTO CONPOTHUBIECHUSA Z
Brnonb KII [5, 9—11]. OmHako 3TO ompeneie-
HUE HeE SIBJISICTCS TIOJHBIM, T. K. OXBaThIBacT
HE BCe BUIBI HeogHOpoaHocTel. bymem pas-
JINYaTh CJIEAYIOIINE BUABI HEOAHOPOIHOCTEN:

KOHIIEBbIE, BO3HUKAIOIIME HA BBIXOAE M
Bxone KII n3-3a oTanuus CONpOTUBICHMS Ha-
TPY3KM W BHYTPEHHETO COIIPOTUBJICHUS MHC-
TOYHMKA CHUTHajJa OT BOJHOBOI'O COIIPOTUBJIE-
Hus K1I;

CTBIKOBBIE, BO3HMKAIOIIME IIPU COEIMHE-
HUM CTPOUTEJbHBIX JJIMH, MMEIOIIMX pa3Hoe
BOJIHOBO€ COIIPOTUBJICHUE;

BHYTPEHHUE, 00YCIOBIEHHbIE U3MEHEHMS -
MU BOJIHOBOI'O CONpPOTHUBIEHMSI B IIpeleliax
CTPOUTEJIBHOM JIMHBI,

BHEIIIHUE, OOYCJIOBJICHHBIE BKIIOUYECHUEM
(mpemHAMEPEHHBIM WM BO3HUKAIOIIUM ITIO
€CTeCTBEHHBIM IIpUUYMHAM) Ha OIpeacIeHHOM
pacctossHuu B ceyeHue KII HekoToporo ye-
TBIPEXTIOJIOCHUKA C 3KBUBAJEHTHOM CXEMOM,
colepXallleil COCPENOTOYEHHBIE SJIEMEHTHI
(pe3ucTophl, eMKOCTA U UHIYKTUBHOCTH).

HeomHOpogHOCTH MOTYT OBITH COCPEOOTO-
YeHHBIMU M paclpeneaeHHeIMU. K cocpeno-
TOYEHHBIM OTHOCSAT HEOTHOPOIHOCTH, BpE-
MSl pacIpOCTpaHEHUsI IO KOTOPHIM HAaMHOTO
MEHBIIE JIUTEIBHOCTU 30HIMPYIOIIETO WM-
nyibca U (wix) mocrosHHoi BpemeHu KII
JIJIAHOM, paBHOW YIBOCHHOMY PACCTOSTHMIO 10
HEOMHOPOOHOCTU. B IpoTMBHOM ciy4yae He-
OTHOPOAHOCTb HAa3bIBAETCS pacHpeacICHHONM.
KoHlieBbIe M BHEUIHUE HEOTHOPOTHOCTHU SIB-
JISSIOTCSI COCPETOTOYEHHBIMU.

®opMHPOBAHME CHTHAJIA OOPATHOrO MOTOKA
W3 HEOTHOPOIHOIH KadeabHOoil menn (pedekro-
rpammbl). PaccMorpuM mpolecc ¢opmupoBa-
HUS CHTHaja 0OpaTHOrO MOTOKa, PETUCTPUPY-
emoro MP. YnopolleHHast CTpyKTypHas cxema
WP npencraBieHa Ha puc. 1. 3oHaupylolue
MMIIYJIbChl OT T€Heparopa uyepe3 YCTPONCTBO
BBO/IA/BbIBOJA IIOCTYHAlOT B MCCEIYEMYIO
KL. ITpy1 paccMOTpeHHM MPOLIECCOB paclpo-
CTpaHEHUs 30HIMPYIOLIMX UMITYJILCOB MOXKHO
BBIIEJIUTD MPSIMOI IIOTOK OT TeHepaTopa K Ha-
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Puc. 1. CtpykrypHas cxema MP. DxBuBaneHTHas1 cxeMa U pedaekrorpamma HeogHopoaHoi K1

Tpy3Ke W OOpaTHBIN MOTOK OT HArpy3KM K Te-
HepaTopy.

[IpssMoit TOTOK (POPMUPYIOT MMITYNIBCHI,
pacIpocTpaHsIoOIIMecs OT TeHeparopa K Ha-
Ipy3Ke, a TaKXKe OTPaK€HHbIC UMITYJIbChI, BO3-
HUKAIIe B pe3ylbTaTe MHOTOKPATHBIX (UeT-
HOI KpaTHOCTH) OTpPakeHUI (C yJaCTUEM IBYX
u 0ojiee HeogHOpomHOCTelt). OOpaTHBIN ITOTOK
(opMUPYIOT OTpakeHHBIC WMITYJIbCHI, BO3HU-
Kalye B pe3yJbTaTe KaK OMHOKPATHBIX OTpa-
KEeHUM (C yJacTMeM OJHOIl HEOTHOPOIHOCTHU),
TaK WM MHOTOKPATHBIX (HEYETHON KPaTHOCTHU)
OTPaXEeHUI (C yyacTMeM NOBYX M 0oJjiee HEOMI-
HoponmHocTeit). Ha pucyHke mokaszaH mpoliecc
(opMUpoOBaHUS OMHOKPATHOTO U TPEXKPATHOTO
oTpaxkeHuil. OOpaTHBIA TMOTOK 4epe3 YCTpOii-
CTBO BBOJA/BbIBOAA ITOCTYIIAeT Ha YCUJIUTEb,
a 3aTeM Ha YCTPOMCTBO OTOOpaxkeHMs (IKpaH).
Pa3zBepTka 93KpaHa 3amyckKaeTcs IIepeaHUM
(bpOHTOM 30HIMPYIOLLIETO UMITYJIbCA.

DKBHBAJIEHTHAS CXeMa HEOAHOPOAHOI Ka-
OesbHON memu. /I omucaHus HEOTHOPOMHOM
KII 6yneM ucnonb30BaTh 9KBUBAJEHTHYIO CXe-
My, U300paxeHHylo Ha puc. 1. B janHoit cxe-
Me KII mpeacrapnser coboil mocnaenoBaTeIbHO
COeIUHEHHbIE ¢ OMHOPOMAHBIX YYACTKOB C M-
Hamu [. Jlnsg ydera BCeX BO3MOXHBIX BUIOB
HEOTHOPOAHOCTE! 1 MOBPEXIACHUI MojiaraeMm,
YTO B CTBIKaX MEXOY y4acTKaMU MOTYT OBIThb

BKJIIOYEHBI YETBIPEXITOJIOCHUKM, COAepXKa-
IIYe COCpedOTOUYEHHBIE COIPOTUBIICHMS, WH-
JYKTUBHOCTU M €MKOCTH M TIPEICTaBIISIONINE
co00i1 3KBUBaJICHTHBIE CXEeMbl HEOTHOPOIHO-
creit. [ist ynoOcTBa MaTeMaTHYECKOTO OIHCa-
HUS OyleM CUMTaTh, YTO YETHIPEXITOJIOCHUKH
BKJIIOYEHBI B KaXIOM CTbIKe. Ecii CTBIK He
COJCPKUT COCPEIOTOYCHHON HEOTHOPOIHO-
CTH, COOTBETCTBYIOIIMI €My YeTBIPEXITOJIIOC-
HUK s1BsieTcsl mycThiM. Paccrosinue ot UP 1o
[-TO CTHIKA MOXHO OINPEAEIUTL IO BhIpaxke-
1

Huio [, =»'[,. VyacTku Oynem HymepoBaTh
J

=1
oT i = 1 10 ¢g. CThIKM MeXIly yyacTKamMu — OT
j =0 o g (Bcero g+1).

B oKBUBaJIEHTHYIO CXeMy JUIS TEOPETU-
yeckux wucciaegoBaHuii kpome KII Bxomgar
TeHepaTop 30HAMPYIOLINX HUMITYJIbCOB e(f) C
BHYTPEHHUM COIPOTUBJIEHUEM Z, & TAKXKE CO-
MPOTUBJICHUE HArpy3KU Zq .

B uyacTtoTtHO#l 0o0GJlacTM KaXablit i-ii OIMHO-
ponubiit yauactok KII xapakTepusyercs mocTo-
SHHOW pacrpocTpaHeHus v (jo) = o, + jB, rae
o(o0) 1 B (w) — KO3bOUUMEHTHI 3aTyXaHUs U
dasbl, j — MHMMas eMHULIA, U BOJHOBBIM CO-
npotusiieHneM Z (jo). OH MOXET ObITh Ipe.-
CTaBJIEH YETBIPEXIIONIOCHUKOM, HWMEIOIIUM
pacrnpeneseHHble MapaMeTpbl, IJis KOTOPOTO
MOXHO ONpPEAeSIUTh MepeAaTOuHy0 (QYHKIIUIO
Hjo) [5-7).
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YeThIpeXIOIIOCHUK, TTPEACTABISIONINIA CO-
CPeIOTOYEHHYIO HEOTHOPOIHOCTD B i-M CTHIKE,
B YaCTOTHOI 00JIACTM MOXXHO XapaKTepHu30BaTh
nepeaaTOYHbIMU (QYHKIUSIMU MO OTPaxKeHUIO
R/.(joa) U TI0 MPOIMYCKAHUIO Kj(/‘co).

MaremaTHyecKkas MoJe/Ib 00paTHOro MOTOKA
W3 HEOJHOPOIHOIH Ka0eabHOil Ienu B YaCTOTHO#M
o0jgactu. [yt MareMaTMYECKOIO OIMCAHUS
00paTHOTO IIOTOKAa MpPEACTaBUM €ro B BUIE
CYMMBI OTpaxK€HHbBIX UMITYJIbCOB, BO3HUKIIIMX
B pe3yjbTaTe OOHOKPATHBIX U MHOTOKPATHBIX
(HedyeTHOM KpaTHOCTH) oTpaxkeHuil. Eciu B
KII Goyblie ogHOW HEOOHOPOAHOCTU, TAKUX
MMIIYJIbCOB OyIeT 0eCKOHEUHO MHOro. OgHaKo
MPOBEICHHBIE HAaMU MHOTOYMCJICHHBIC 2KC-
NepUMEHTAIbHbIE MCCASAOBAaHMUSI TOKa3aiu,
YTO TIpU pacuere OOPaTHOIO IMOTOKA OOBIYHO
JOCTaTOYHO YYECTh TOJBKO OTHOKpPATHBIE M
TpeXKpaTHbIC OTpakeHus, T. K. C YBEJIUUYEHU-
€M KPaTHOCTM OTPaKeHHBIE CHUTHAJIbI OBICTPO
yOBIBAIOT.

OnucaHHas BBIIIE CXeMa HEOTHOPOMHOM
KII mo3BossieT mony4uTh 3KBUBAJIEHTHBIE CXE-
MBI JIJIS1 pacueTa MMITyJIbca, OAHOKPATHO OTpa-
KEHHOT'O OT HEOIHOPOIHOCTH, HAaXOISIIEICs
B CTBHIKE [, M UMITYJIbCA, TPEXKPATHO OTpakeH-
HOTO OT HEOTHOPOMHOCTEH, HaXOMSIIMXCS B
cThiKax i, m u n (puc. 1).

IIpencraBieHHbIe Ha pUC. 2 CXEMBI Ipea-
CTaBJIAIOT CO0OI TOCeA0BaTeIbHOE COENMHE-
HHE pPacCMOTPEHHBIX YeThIPEXIIOJIOCHUKOB.
Js1 ux nmepeaaToyHbIX QYHKIUA MTOTyYaeM:

OIHOKpaTHOE OoTpaxeHue (puc. 2 a)

i i-1
erfi :R”.HHE-H(KnJr.an); (1)
k=1 n=0
TpexKpaTHOe oTpaxkeHue (puc. 2 6)

Hrefimn = Ri+Rm—Rn+ ﬁHj ’ t[ H\? x
u=1 v=m+1 (2)

(K, KT (K.K.).

1
u=0 v=m+l

=

X

a) —_
O— — —
BXO,[[ Ko; H] K(;'_|)| H,‘
o — —
P —
O—/ — ] —
Brixon Ko H, Ki-1)- H; R
D— — — -
0)
—
0— b EEE— f—t
Bxon Ko+ H, H{nﬂ 1) K‘;_”- H,- ¢
0_ A 1
m || ||
¢ Hp+1y Kiin H; R+
|| > || ||
Rm []fmﬂ} Kf!"ll* I'{I K{n-l}' H" ¢
-
0_ E— S | —
Beixon Koy H, Hipsy K1y H; K1y H, R,

o— - - - —

Puc. 2. DkBuBajieHTHas cxeMa JJisd pacueTa CHUrHajia, OAHOKPAaTHO OTPakeHHOTO OT i-To CThiKa (a)
U TPEXKPATHO OTPAXKEHHOTO OT CTBHIKOB i, m, 1 (0)
CrpenkaMy MoKa3aHbl HAaMpaBJICHUsI pacpOCTpaHEHUs] CUTHAJIOB
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B Boipaxkenusax (1) u (2) npeamnonaraercs,
YTO IepenaTouyHble XapaKTepUCTUKM 10 OTpa-
KEHUIO U TIPONYCKAHUIO IJISI COCPEAOTOYEH-
HBIX HEOTHOPOTHOCTENM 3aBUCIT OT HaIlpaB-
JICHUSI pacIpOCTpaHEHUsI MMITYJIbca, KOTOpOoe
0003HayaeTcsd MHACKCAMU «+» IJI MPSMOro
HampasJieHUs W «—» i obparHoro. Ilepena-
TOYHbIE XapaKTEePUCTUKU OTHOPOIHBIX y4acT-
koB KII He 3aBUCST OT HaIpaBjeHUS pacIpo-
CTpaHEHUS UMITYJIbCA.

PaccmoTpuM 1mepenaToyHble  XapaKTepU-
CTUKU OTHCIBHBIX 3JIEMEHTOB 3KBUBAJICHTHBIX
CXeM, TIpeICTaBJICHHBIX Ha puc. 2. g mepe-
JATOYHOM XapakKTePUCTUKM (-TO y4acTKa OI-
HopoaHo# cornacoBaHHoi KII cnpaBeainBo
[5, 6, 12, 13]:

H, = exp[-y, - 1. )

IlepenaToyHble XapaKTEPUCTUKKU MO OTpa-
XKEHUIO R, ¥ MpomyckaHuio K, YeTbIpexIo-
JIIOCHUKA, TIPEICTABIISIIONIETO PACTIONOXKEHHYIO
B i-M CTBIKE€ COCPEIOTOYECHHYIO HEOAHOPOII-
HOCTb, HEOOXOOWMO OIpPeAcIsITh C Y4EeTOM
BOJIHOBOTO COIPOTUBIIEHUs] Z  TIPEALIECTBY-
IOIIET0 i-T0 W BOJHOBOIO COIPOTHUBJICHUS
Z,..,, mocrenyiouero (i+1)-ro oxHOPOXHBIX
y4acTkoB. IS KOHIIEBBIX HEOMHOPOMTHOCTEM:
TiepejaTouHble XapakTepucTnku R, u K , He-
00XOAMMO OIIpenesisiTh C Y4eTOM BOJHOBOIO
COTPOTHUBJICHUSI Z, ¢-TO ONHOPOIHOIO y4acT-
Ka M CONpPOTUBJICHWs HArpysku Z, rnepela-
TOYHBIE XapakTepuctuku R, u K, — c yde-
TOM BHYTPEHHETO COIPOTUBIICHMSI MCTOUYHUKA
CUTHaja Z, W BOJIHOBOIO CONPOTHUBIECHUA Z
MepPBOro OAJHOPOIHOIO Y4YacTKa.

Beenem ob6osnauenusa: U, ., I .. — Ha-
NpsSDKeHWE M TOK B BOJIHE, Mafalolleil Ha i-1o
HeoxHoponHocTh; U, .., I . — HanpsbkeHue u
TOK B BOJIHE, MpOILIEAIIe Yyepe3 i-10 HEOIHO-
ponHocTh; U of 19 1 oic — HalpsDKEHHME M TOK B
BOJIHE, OTpPaxk€HHOHW OT i-ii HEOTHOPOIHOCTU.
3HaK «+» COOTBETCTBYET BOJIHE, paclpocTpa-
HSIOLIECcS OT reHepaTopa K Harpyske, 3HaK
«—» — BOJIHE, pacIpOCTPaHSIOLIEHCS OT Ha-
Tpy3KM K reHeparopy. Torma mjs mepenaTtoy-
HBIX XapaKTepuCcTuK R, u K, i-ii HEOOTHOPO.I -
HOCTHU CIIpaBeIlJINBO;

R _ Urefi+ _ Zini+ - vi 4 1
" Uinci+ - Zini+ +Zvi ’ ( ' )

U . U. .
Ki+ = %’ Zini+ = ILCH—’ (41)
R,- _ Urefi— _ Zini— - Zv(i+l)
) Uinci— Zini— + Zv(i+l) ’
U 4.2)
K,-_ — trai— , Z,-,”-_ — inci— .
U 1

inci— inci-—
PaccmoTpumM mpouenypy onpenesieHus ITie-
peIaTOYHBIX XapaKTePUCTUK HEOTHOPOITHOCTH
Ha MpuMepax.
Hau6onee npocTbiM BUAOM HEOAHOPOAHO-
CTU SIBJISIETCSI CTBIK JIByX OJHOPOJHBIX y4acT-
koB KII ¢ pa3HbeiMu nmapametrpamu. Ee cxeMoit

3aMCUICHUSA ABJISACTCA HYCTOI‘/JI YETBIPEXITOJIIOC-

HUK 0€e3 morepb. B atoMm ciydae Z, = Zv(m),
Z, . = Z, TO eCTb Ul TIEPENATOYHBIX XapaK-
TEPUCTUK CIIPaBEIJINBO
R _ Zv(i+l) - Zvi R] _ Zvi - Zv(i+1) (5 1)
‘+ - —’ ;T - - b .
Zvi + Zv(i+1) Zvi + Zv(i+])
K. = —22“”') K._= _ 22 (5.2)
Yz vz, o0t Zzo+zZ T
vi v(i+l) vi v(i+l)

Ha puc. 3 a, 6 npuBeneHbl SKBUBAJICHTHBIE
CXEMBI UYETBHIPEXITOJIOCHUKOB, MOJEIUPYIOLINX
4YacTo BCTpeYalolIyecss MPOCThIE ITPOAOJIbHBIC
U TIoNepeuHble HeomHopomHoctu. Ilpumepa-
MM TIPOCTBIX TPOMOJBHBIX HEOIHOPOMHOCTEMH
(puc. 3 a) 9BASIOTCSI OMMYECKash aCUMMETPUs
(Z — 4nCcTO aKTHUBHO), MHIYKTUBHAS HEOIHO-
pomHocTh (HampuMmep, karymika [lynmuHa)
(Z = jol). IlpuMepaMH MPOCTHIX HOMEPEYHBIX
HeoJHOpoAHOCTel (puUc. 3 0) SBISIOTCS IIO-
HWXEHWE COMPOTUBIEHMST U3OJSLMU U yTeuKa
(Z — 4UCTO aKTUMBHO), EMKOCTHAs HEOJHOPO/I-
HocTh (Z=1 / jo(C).

[Tonyunm BblpaxkeHus1 IJIs1 TIepeIaTOYHbIX
XapaKTepUCTUK OSTUX HEOTHOPOAHOCTEH IO
OTPAXEHWIO U MPOMYCKaHUIO.

7151 IpomoIbHOM HEOTHOPOIHOCTH (pHC. 3 @)
cnpasemso 2, =Z+ Z .\ Z  =Z+Z.C
YYETOM 3THUX COOTHOLICHUIN 13 (4) IOIydrM:

Z + Zv(i+l) - Zw‘
" Z + Zvi + Zv(i+l) ’
(6.1)
Z + Zvi - Zv(i+1)
R = :
- Z + Zvi + Zv(i+l)
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a) 0) 6)
o F—- o o
Z
V4
O O O O

Puc. 3. YeTbIpeXmomMOCHUKHY, SBIISIIOIMECS SKBUBAJICHTHBIMU CXeMaMU MPOIOJIBHOM (a)
¥ TIoTiepeYHOM (6) HEOMHOPOMTHOCTEM, SKBUBAJICHTHAsI CXeMa HEeCOIIACOBAHHOM Harpy3Ku (6)

K- — 2ZV(I.+1)
a Z + Zvi + Zv(i+l) ,
(6.2)
K = 22, .
Z + Zvi + Zv(i+l)
Mg MoTepevHoI HEOTHOPOIHOCTH
(puc. 3 6) cnpasenmso Z, . =Z-Z .. [/ (Z+

¥ 2,0, 2, =27,/ (Z+ 7). Toxcrapnas

3TU BbIpaxkeHUs B (4), TOIyUYUM:
(Zv(i+l) B Zvi)Z B Zvin(i+l)

Ri+ = ’
(Zv(i+1) + Zvi)Z + Zvin(i+1) (71)
R = (Zvi - Zv(m))Z B ZviZV(i+1) )
. (Zvi + Zv(i+1))Z + Zvin(i+l)
2Zv(/‘Jrl)Z
Ki+ = ’
(Zv(i+l) + Zvi)Z + Zvin(i+l) (7 2)
X 27,7

" (Zvi + Zv(i+l))Z + Zvin(i+1) .

AHaJOTUYHBIA MOIXO0A MOXKET OBITh IIpU-
MEHEH K OIpele/IeHUIO MapaMeTPOB KOHILIEBBIX
HeomHOpogHOCTel. g HecoryacoBaHHON Ha-
Ipy3ku (puc. 3 6) OU3NIECKUI1I CMBICT MMEIOT
TOJIBKO TIepeaaTOYHbIe XapaKTepUCTUKU Rq+(p) u
Kq+(p). B orom ciywae Z, = Z = Z , nostomy

()

-7, 27
g+ ’ g+ = :
Z+7Z, Z+7Z,
1T HeOAHOPOIHOCTH, IIPENCTaBISIOLIeH

co00il HapylleHHe COIIaCOBaHUS WCTOYHUKA
CUTHAJIA C JIMHKUEHN, HDUBNYECKUIA CMBICT UMe-
IOT TOJIBKO IIEPENATOYHBIE XapaKTEPUCTUKU
R,_w K.

Ro — Zvl _Zo K = 2Zvl
- Z,+z,) " Z,+Z,
9
2z, )
" Z,+Z,

Broipaxenussmu  (3)—(9) MBI ompeaenuiu
BCE IIepeIaTOYHbIe XapaKTePUCTUKU, BXOISI-
e B (1) u (2). OTMETHUM, YTO BO BCE 3TU Bbl-
paxXeHUsI BXOHAT BOJHOBBIE COIIPOTUBJICHUS
onHoponHbix y4yacTkoB KII, xoropnie sBIsI-
I0TCSI KOMIUJIEKCHBIMU M 3aBUCSAT OT YaCTOTHI.
BonHoBoe compoTuBieHUe i-rO OAHOPOIHOTO
ydyacTka MOXHO OIpPEAeIUTh MO CIAeAYIoLEMY
NPUOIKEHHOMY BhIpaXeHuio [6]:

N M, 1-j
0 ‘\/8 \/5 b
rae Z, — BOJHOBOE CONPOTUBIEHUE i-TO OfI-
HopoaHoro yyactka KII B iuana3oHe BHICOKUX
4acToT; M, — K03(PPULMEHT aNNPOKCUMALIUH,
3aBUCSIIUNA OT KOHCTPYKTUBHBIX Pa3MepoB U
JU3JIEKTPUUECKON MPOHUILIAEMOCTH H30JISILIUN
i-ro ogHoponHoro ydactka KLI. 3nauenus Z
u M pna K1l roponckux TenedOHHBIX CeTei
(I'TC) mpuBeneHsl B Tabauue [6, 7].

I mepenaToyHOR XapaKTepUCTUKUA He-
onHoponHoit KII mo obpatHomy motoky H, o

Zvi = Zvi (10)
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IMapametpsr KII I'TC

Kabenb Z ,Om M, OM/MKc%> T, MKC/KM | T,, MKC/KM?
TIIIT-0.32 100 50,075 4,590 0,730
TIIIT-0.4 100 40,043 4,590 0,497
TIIII-0.5 100 32,017 4,590 0,312
TIIIT-0.7 100 22,844 4,590 0,155
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YYMTHIBAIOIIEH OMHOKpAaTHBIE W TPEeXKpaTHBIE
OTpaxXeHUsI, MOXHO 3aIllCaTh;

q q n-1
SIS )

n=2 i=1 m=0

i
refimn . (1 1)
Tenepb MOXHO paccuUTaTh OOpaTHBIN MO-
TOK U, B YaCTOTHOM 00JIacTH:

U, y=E-H,, (12)

rae F — 30HIMPYIOLIMI CHUTHAJ B YaCTOTHOM
ob6aactu. Beipaxenus (1)—(12) npeacraBiasiioT
coboli MaTeMaTU4YeCcKyl0 Moeslb OOpaTHOIO
notoka u3 HeomHopomHoi KII B yacToTHOM
obacTu.

MaremaTHyecKkasi MoJeJib 0OPaATHOTO TMOTO-
Ka U3 HEOJHOPOIHOW Ka0eJbHO# menu BO Bpe-
MeHHo#i o0sacTu. Bo BpeMeHHOI#T obiacTth 00-
paTHBI MOTOK M3 HeogHopomHo# KII moxHO
HaWTH HemocpeacTBeHHO u3 (12) ¢ IToMoIIbio
obpaTHoro TpeodpasoBaHus Pypre (MpU KC-
MOJIb30BAHUM CHEKTPAJbHOTO METOAa) WU
Jlarmyaca (rpuM MCMOJB30BaHUM OIEPATOPHOTO
MeTOoMa). DTUMH CIIOCO0aMU BO3MOXHO TaKXe
ornpeaesutb u3 (11) uMnyabCcHYIO grej(t) WA
TIEPEXOIHYIO £, (f) XapaKTePUCTUKU HEOIHO-
ponnoit KII, a 3ateM omnpeneanuTb o0OpaTHbIN
MOTOK uref(t) IIpu 110001 hopMe 30HIUPYIOLIE-
ro uMysnbca e(f) ¢ moMolblo nHrerpaia Hoa-
MeJisl (CBEpTKHU):

8y (1) = j H,, (p)exp(pt)dp =
e (13)
q q n-1 i
Z grefz ) + Z gref Imn
i=0 n=2 i=1 m=0
1 “"H,
=5 j Hor P e pryp =
e (14)
q q n-1 i

(1) = j e(v)g(t — t)dt = j e'(Dh(t - t)dr, (15)

—0

rac

o+ joo

grefl(t) L J.

Otjw

ref i (p) exp(pt)dp,

o+ jo

1
37 )

o—jo

grefimn(t) = Href imn (p) eXp(pt)dp’

l o+ joo Hre ,(p)
by () = 5= | === exp(p)dp,
TC_] o— joo
1 e Hre imn(p)
g imn (1) = P g im2 7 exp( pt)dp.

ajoo

Jas1 ycHeurHoro MCIOJIb30BaHUSI BbIpa-
xeHuit (13)—(15) HeoObXoauMO PpaccMOTPETh
BPEMEHHbBIE XapaKTEPUCTUKU i-TO OJHOPOIHO-
ro ygactka KII Bo BpemenHoit obnactu. Ero
nepenaTovyHasl XapakKTepUCTUKa OIpeaeIsieTCs
BeIpaxkeHueM (3). U3 (3) ¢ momMomisio obpat-
Horo mpeoOpaszoBaHusa Jlamiaaca MOXHO IIO-
JIYIUTh AHAJUTUYCCKME BBIPAXKECHUS IJISI €ro
UMITYJIbCHOM g(7) M TepexoqHon h(f) Xapak-

TEPUCTUK:
g1 = Tt - )3/2 exp

h(t) = erfc{

Z(0
" }1(: 1),
(16)

4

i’ }1(: - 1),
Z

rae t, = t,,l’ u t, =1 ], — IOCTOsSIHHAsI BpeMe-
HU ¥ BpeMs 3alepXKu i-ro yuactka KII; 7, ¥
T, — YIeJIbHas KOHCTPYKTUBHAsSI TIOCTOSHHASL 1
yIeJbHOE BpeMs 3alepXKM i-ro ydyactka KII;
1(?) — pyukumsa XsBucaiina, paBHas HyJIO TIpU
t < 0 1 paBHas eauHule npu ¢ > 0.

[Mpu moslyyeHUM aHATUTUYECKUX BbIpaxKe-
Huii (16) nna y(p) ObLIO MCHONB30BAHO IPHU-
OMMKeHHOE BhIpaxkeHue [6]:

1,:(p) = 4t P + b, (17)

3HavyeHusI 1), U T, MOXKHO CBf3aTh C Mapa-
meTpaMu i-ro yyactka KII B wactoTHO# 0061a-
CTU a, M B, ONPENETEHHBIMU Ha YacToTe f= f:
v, = 02()/ (41, - 8,68, — B.(f)/Cnf)
[6]. IIaCTOTa J, nmoixHa GbITb JOCTaTOYHO
0OJIBILION M BBIOMPATHCS M3 AMana3oHa, B KO-
TOPOM 0, IIPOTNIOPLIMOHAJIEH \/7 .

Hwuxe paccMOTpeHbl HECKOIBKO TTPUMEPOB
WCIIOJIb30BaHMUs IpeajaraeMoii MaTeMaTuye-
CKOI Mozenu I pacyeTa 0OpaTHOTO MOTOKa
n3 HeonHopoaHbix KII.

OOpaTHBIA MOTOK W3 OJHOPOIHOI HECOIJa-
COBaHHOI1 MO BbIX0Ay KadeabHoii menmu. O6pat-
HBI TMOTOK OIHOPOIHOW HECOTJIACOBAHHOMN
no Beixony KII cdopmupyercss eqMHCTBEHHBIM
OTpaX€HVWEM OT COMPOTUBJIEHMSI HATPy3KMU.
ITosToMy u3zobpaxkenue Jlamiaca oOGpaTHOro
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nortoka takoi KII nmeer Bua;

U,y (p) = E(p)é—%exp{—zv(pm, (18)
rae Z — COIPOTUBJECHUE HArpy3Ku; y — IIO-
CTOSTHHAsI pacIpoCTpaHEHMsI paccMaTpuBac-
moii KII; Z — ee BOJIHOBOE CONPOTUBIEHUE,
omnpenensgeMoe BhIpaxkeHueM (10), Kotopoe
IUISL TIOJYYEHMST UMITYJIbCHOM XapaKTepUCTUKU
C MOMOIBIO OOpaTHOro rpeodpazoBaHus Jla-
Iiaca npuBeAeM K BUAY:

Z, =7, +M/p. (19)

Pacuer obparHoro mnoroka mpoBeaeM ISt
MPSIMOYTOJIBHOTO 30HIMPYIOLIEr0o MMITyJIbca
e(f) ¢ UIMTENbHOCTBIO ! W aMIUMTyaon E ,
uzobpaxeHue Jlarmiaca %(p) KOTOPOro MMeeT
BUI;

E(p) = E, (1-exp(~t,p))/p. (20)

C yuetom (20) u3 (18) MOXHO TOIYYUTH
aHAJIMTUYECKOE BbIpaXkKeHUe IS pacuera 00-
patHoro notoka KII urej(t):

U, (1) =E,0(E-t) 1(t-1) -

—-v(t-t,—t)-Ut-t -1)), 2D
rae
v(t) = (R +1)-exp(ak) - exp(a’r) x
x erfe(avt + 1, /1) —erfe(t, /1),
a)
Upe / Um re
1.0 / \ i l_Z"{Z\;x::x'
1 2-71Zy,=4.0
3-7/72,.=2.0
0.5 4-717Zn=15
2 \ Voo
00 4 \b“"‘——-:
' T ————
6 //’//’ 5—7/Zu=1.0
05 2 A 16-72/2.,=05
\// T-Z1Zy=025
8 8-7Z/Zy=0
-1.0 I I

0 0.2 04 0.6 0.8 1.0
t —t,, MKC

f = 4ot =2l R =2 "L
T T 747,
M- fa -
a = TZ‘)@ s - TO ) TO I/I TZ KOHCprK_

TUBHasI TIOCTOSIHHAsi U YyOeJIbHOE BpeMs 3a-
Jepxku paccmatpubaemoit KII.

Ha puc. 4 npencraBiieHbl pe3yabTaThl pac-
YeTOB HOPMHUPOBAHHOTO OOpaTHOIO MOTOKA W3
HecornacoBaHHO HarpyxeHHoit KII TIIIT-0.4
(Z, = 100 Om, M = 32 Om/MKC"®) UIMHOM
250 M. Pacuernl mpoBeIeHBI IO BBIPaXKEHUIO
(21) ans 30HAUPYIOLIETrO UMITYJIbCA JJIUTEIbHO-
cteio 100 Hec. Hopmupytonmit koadduiimeHT
pasen 1 / U | 00 TIE U, . 0 — AMIUIATYIA VM-
MyJibCca, OTPaXeHHOro OT oophiBa maHHoi KII.

Ha puc. 5 npeacraBieHbl ¢pparMeHThl 3KC-
MNEPUMEHTAILHO 3apEerMCTPUPOBAHHBIX U TEO-
PETUYECKU pacCYUTAHHBIX IO BbhIpaxkeHU1o (21)
pedaexrorpamMm. [ist cpaBHeHMST Ha IrpaduKu
HaHeCEeHbI TakKe (PparMeHThI pedIeKTOrpaMm,
paccuuMTaHHBIX Oe3 ydyeTa KOMILIEKCHOIO Xa-
pakTepa BOJHOBOIO COIpOTHBIeHUS. BumgHo,
YTO y4eT KOMILUIEKCHOIO XapaKTepa BOJIHOBOTO
COIIPOTUBJICHUSI TIO3BOJISIET O0Jiee TOYHO OIK-
caTh OTPaXEHHBIN cUrHaa. Takxke BUAHO, YTO
MOrPeIIHOCTb, OOYC/IOBJIIEHHAsl MpeHeOpexke-
HHEeM KOMILIEKCHBIM XapaKTepoM BOJIHOBOTO
COIPOTUBJICHUSI, YBEJIMYMBACTCS MPU MTPUOJIH-
KEHMU K PeXMMY COIJIaCOBaHMSI.

0)
Upe / un re
040 L 12/ Zpn=130
2-71Zun=125
0.05 3-71Zun=120
1 4-71Zwn=1.15
k 5-7/Zun=1.10
0.00 WA 62/ Zyo=1.05
\§\“
[
—005 » e ——t
N——
/-
|72/ 2= 1.00
~0.10 N 8~ 7/ Zyw=0.95
9—7/Z=090
-0.15 ] | |
0 0.2 0.4 0.6 0.8 1.0

f — 1., MKC

Puc. 4. Teopetnuecku paccuutaHHbie dparmeHTh pediaekrorpamm KII TTIIT-0.4,
cofiepKallle OTPaKeHHbIE OT HECOTIACOBAHHOW HArpy3kKu UMITYJIbChI
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a)
u r(gf'/ Um refl
0.15 : 1
1, =31.25 e
o101\ Zom 1000w [
\ 2 |3 v h
0.05 ./
0.00 AA W
M/ erdnan o
-0.05
250 300 350 400 450 500

l,m

ur&_?f/ Um ref0
0.25 I |
t,=31.25 e
0:20 \ Z=15090mM | |
0.15 Zye=1000Mm ||
\
0.10 /1 /
NMEAG S
.05
N
0.00 "‘-‘J y —
- Dl N ST
il ) hal" 2 D
-0.05
250 300 350 400 450 500
l,m

Puc. 5. ®parmentsl pedaexkrorpamm KII NEXANS UTP 5e miuHoit 270 M, comepsKaluue OTpaxkKeHHbIE
OT HECOTJIACOBAaHHOM HATpy3KM MMITYJILCHL: 9KCIIEpUMEHTAIBHO 3aperucTpupoBaHHbie (1), TeopeTmaecKn
paccuMTaHHbIe ¢ yueToM (2) u 6e3 ydyeTa (3) KOMILIEKCHOTO XapaKTepa BOJHOBOTO COMPOTUBJICHUS

OoOpatHbiii motok u3 coracoBanHoi KII,
cocTosieil U3 JABYX OJHOPOJHBLIX YYACTKOB C
pa3HbiMM nmapaMerpamu. B jaHHOM ciiydyae 00-
paTHBI MOTOK (opMUpYETCS €IUHCTBEHHBIM
OTpaXX€HMEM OT CThIKAa JBYX OIHOPOMHBIX
YYaCTKOB C pa3HBbIMU ITapaMeTpaMMu:

Uref(p) — E(p) ZVZ(p) Zvl(p)
Z,(p)+Z,(p)

xexp[-2y,(p),],
1—‘I[eZvl = Zvloc + Ml/\/;’ZVZ = Zv2oo + MZ/\/;_
BOJIHOBBIE  COINPOTUBJIEHUS  OTHOPOIHBIX
YYacTKOB; y, ¥ [, — IOCTOSIHHAs pacrpocTpa-
HEHUS U JJIMHA MIEPBOTO Y4acTKa.

O6parneiit morok KII u, e/(t) IPYA UCTOJIb-
30BaHUM  TPSIMOYTOJIBHOTO  30HAUPYIOLIETO
UMIyJIbca OymeT OMpeneysdThCs BbIpaXeHUEM
(21), B xoTOpoMm

v(t) = (R, - R,) exp(ak) - exp(a’t) x
x erfc(at + W) +R, - erfc(\/m),

(22)

Z, -Z
2 — V20 vl
fy =4t .= 2vl, R = m’
R:Mz—Ml _ M, +M,
" M1+M2, Zvlw+Zv2so’
k, = |41y, 2/;, 1) ¥ 1, — KOHCTPYKTHBHAsI 1O~

CTOSIHHAsl U YAeJbHOE BpeMsl 3aIepXKKHu Iep-
Boro yyactka KII.
Ha puc. 6 mokasaHbl (parMeHTBl ped-

JIEKTOTpaMM, COZAEpXKalllue WMITYJbChl, OTpa-
xkeHHble oT cThika AByx KII TIIII ¢ pa3HbI-
MU OyaMeTpaMM KWI. Ha y4JacTke 1 mmameTp
xun cocrapnsan 0,4 mm (£, = 100 Owm,
M = 32 Om/mMkc3), Ha ydyactke 2 — 0,5 MM
(Z,, = 100 Om, M = 40 Om/Mkc"). TTockoJb-
Ky s 3tux KL BOJTHOBBIE CONPOTUBIICHUS B
JHaIa30He BBICOKMX YaCTOT OAMHAKOBLI, IIpe-
HeOpeXeHUe X KOMIUIEKCHBIM XapakKTepoM He
MO3BOJIUT pacCuMTaThb OTPaXKEHHBIM OT CThIKA
CUTHAJI.

Ooparnblii moToK u3 coriaacosanHoii KII,
cocTosleii M3 JBYX OJHOPOAHBIX YYaCTKOB,
B CTbIKE MeXKIy KOTOPbIMH HMMEETCS COCpeno-
TOYEHHAs] OMHYecKasas acummeTpus. B maHHoM
ciiydyae oOpaTHBIN MOTOK (OPMUPYETCS €AUH-
CTBEHHBIM OTpa*K€HHEM OT COCPEAOTOYEHHOM
OMUWYECKON aCHUMMETPUM BEJIMYMHOM Z, pac-
MOJIOXKEHHOM B CTBIKE MEXIY ABYMsI OAHOPO/I -
HBeIMU yyacTkamu KII:

Z+Z -Z
Uy (p) = E(p) 222D = 2D)
Z+Z,(p)+Z,(p)
xexp[-2y,(p)}].
O6parnbiii notok KII u, ej(t) MpU UCMOJIb-
30BaHUM  IIPSIMOYIOJIBHOTO  30HAMPYIOIIETO

UMIysabca OyAeT OMpenessiThCs BbIpaXKeHUEM
(21), B KoTOpOM

v(t) = (R - R,)exp(ak) - exp(a’t) x

x erfc(a\/f + m) +R, - erfc(m),

(23)
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Puc. 6. Teopernyecku paccumtaHHble parMeHThl pedaekTorpamm KII,
COCTOSIIIINX M3 IBYX OTHOPOMHEIX YIACTKOB, COAEPKAIINE OTPAXKECHHBIC OT CThIKA UMITYJIbCHI

5 . Z+Z,, -Z,,
Ro_MoM MM,
M +M,’ Z+7Z,, +2,,"

k =41y, 2], T, ¥ T, — KOHCTPYKTHBHAs T10-
CTOSTHHAsI M yISJIbHOE BpeMs 3aJepXKHU Tep-
Boro yyactka KII.

Ha puc. 7 a, 6 noka3aHbl TEOPETUYECKU
paccuyMTaHHBIE 1O BbhIpaxeHu1o (22) ¢pparMeH-
THI pedIeKTOorpaMM, COAepXKallllie WUMITYIbCHI,
OTpaxXeHHbIe OT cThiKa ABYX pasHbix KII TTIIT
¢ mmameTtpamu xua 0,4 m 0,5 MM, comepkariie-
ro pa3iMYHbIE COCPEOOTOYEHHBIE OMUYECKHUE
acuMMeTpun. JJIMTEIbHOCTh IIPSIMOYTOJIBHO-
ro 30HAVPYIOIIETO MMITyJbca ObUla IPUHSTA
paBHoi1 100 Hc. [Inst cpaBHeHUs Ha TpaduKax
MYHKTUPHBIMUA JIUHUSIMM HAHECEHbI PEe3Yib-
TaThl AHAJOTMYHBIX PACUYETOB, MPOBEACHHBIX
0e3 ydyeTa KOMILJIEKCHOTO XapakTepa BOJHO-
BBIX CONPOTHUBIIEHMIT ydacTKoB. M3 pucyHKa
BUIHO, 4YTO MpeHeOpeXeHHe KOMIUIEKCHBIM
XapaKTEPOM BOJIHOBBIX COIIPOTUBIICHUIA OTHO-
poaHbix ydyactkoB KII mpuBoauT K OGOJbLINM
TMOTPEITHOCTIM OMpeaesieHUsT 00paTHOTO TMO-
TOKa, OBICTPO BO3PACTAIOLIUM C YMEHbBIIICHM-
€M BeJIUYMHBI acUMMETpHu. MakcuMaibHas
MOTPEIIHOCTh ONpeaeJeHUs aMIUIUTYIbl OTpa-
>K€HHOTO MMITyJIbca coctaBwia 40 % st Be-
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JnuuHbl acummeTpun 10 Om, 85 % mng 5 Om
u 6osee 300 % mia 2,5 OM. MakcumanbHast
MOTPEIIHOCTh  OINPENEACHUS IJIUTEIbHOCTH
OTpaxk€HHOr0 MMITYJIbCa Ha YPOBHE ITOJIOBUHbI
aMIUTATYABl COCTaBUJIA COOTBETCTBEHHO 60,
103 u 182 %.

Ha puc. 8 a npeacraBiieHbl pe3yabTaThbl
QHAJIOTMYHBIX pacueToB (hparMeHTOB pediek-
TOIpaMM, COIEPKAIMX WMITYJbChI, OTPakKeH-
HBIE OT OMUYECKOI aCUMMETPHMU B CThIKE ABYX
ogrHakoBbix KII TIIIT ¢ amameTpamu Xui
0,4. I3 pucyHKa BUIHO, 4TO IIpeHeOpekeHe
KOMILJIEKCHBIM XapaKTepOM BOJIHOBBIX COIIPO-
TUBJIEHUA OMHOPOAHBIX yyacTkoB KI[ B sTOM
cllydyae MPUBOIMUT K CYIIECTBEHHO MEHBIIUM
MOTPEIIHOCTSIM OIpenesieHusI 00paTHOro IO-
toka. [lorpemHocTy omnpeneseHus aMIUIM-
Tyl OTPa’K€HHBIX WMITYJILCOB HE IPEBBIIIAIOT
11 %, a nuTeNbHOCTEM HAa YPOBHE ITOJIOBUHBI
amratyasl — 17 %.

OoOpaTHbiii moTtok u3 coracoBanHoi KII,
cocTosmleil U3 ABYX OJHOPOIHBIX YYaCTKOB, B
CTbIKE MEXKIY KOTOPbIMH HMeeTcCs MomnepevyHas
pe3nCTHUBHAS HEOJHOPOIHOCTDh (yTeuka). B naH-
HOM ciy4yae oOpaTHBIN IIOTOK (opMUpYETCs
€MHCTBEHHbIM OTpak€HWEM OT IMOMepeuyHOon
PE3UCTUBHOM HEOMTHOPOAHOCTU BEJIMYUHON Z,
PACIIOJIOKEHHOU B CTHIKE MEXIY NBYMSI OTHO-
poaHbiMu ydyacTkamu KII:



4 YcTponcrea U cucteMbl nepegauun, npmemMa m o6paboTkm CUrHaNoB

a)
uref/ Um refl
0.05 T
3 |1-z=2500m

0.04 n/// 2-7Z=5000m []
0.03

3-7Z=1000m |

[, =250m

\
\I\J

0.02 ! )// 1
0.01 f\f\/ 4
000 % CPRPATR CRP R ’“““””
-0.01 \-‘77?“f
0 0.5 1.0 15 2.0
[ — ., MKC
8)
u!(f/ Um refl ;'1 =250 M
0.00 1 e [y
".-"‘..’__,-" ,,--“'“““
0,02 T e
L
/X —Z =500 Om
008 [" 2-Z=1000Owm ||
-0.08| % \ 3 - Z=20000wm ||
.
-0.10
VN,
-0.12
0 0.5 1.0 15

f{—1;, MKC

urcff/ Um ref0 l'| 250 u
0.06 -
7" [1-2=2.50 Om
o “\7 2-2=5000m ]
0.03 [\V
. 1
0.02
0.01
T AR PPN TR PP, —
0.00 BERRTE T FETPVTTRTY FEEL TR EOLY)
0 0.5 1.0 15 20
{— 1., MKC
2)
u"‘-ff'/ Um refl) 1, =250 m
0.02 T
0.00 - —
.-»-""'""'m ..............
-0.02 _- : " Z " ﬂ"“"' TeTTYY
- A [1-2=5000m 1
-0.04 \V /- VLm0 on
008 3—Z=20000m ||
-0.08 \lf/\/
-0.10 3
0 05 1.0 15
t - tz'r MKC

Puc. 7. Teopernuecku paccuntanHbie pparmeHThl pediektorpamm KII,
COCTOSIIIIMX U3 ABYX Pa3HbIX YUACTKOB, COJAEPXAIINE OTPAKEHHBIE OT COCPEIOTOUEHHON OMUYECKOM
acuMMeTpui (a, 6) U TIOTIEPEeYHON PE3UCTUBHOUN HEOTHOPOIHOCTH (8, &) UMITYJIbCHI.
JuamMeTtp Xuja Ha riepBoM ydacTtke cocrasisietT 0,4 MM (a, 6) u 0,5 Mm (6, 2)

U,y () = E(p)x
« Z,(p)-Z,(p)Z -Z,(p)Z,(p)
Z,(p)+Z,(p)Z + Z,(p)Z,,(p)
x exp[-2y,(p)}].

O6patHseiii motok KII « ](t) MpU UCTIOJIb-
rej

30BaHUU  MPSIMOYTOJIbBHOTO  30HIMPYIOILIETO

UMIIyJIbca OyIEeT OMIpEeneaThCsl BbIpakeHUEM

(21), B KoTOpOM

v(t) = (R - R,) - exp(ak) - exp(a’t) x
x erfe(avt +\Jt, /1) + (R, = 1) - erfc(|J1, /1),

x (24)

2Z -7,
)+Z Z

vl y20

R =
T Z(Z

vloo v2oo
27 - M,
ZM, + M)+ M,Z,,

Rm - +MZZvloo ’
Z(M,+ M )+ MZ
- Z(Z

vl v2rx>

V200+MZ 1o
Y+ Z,,.7Z,,.

k = |41y, 2! =dr L}, 1 =20 L, mt, —
KOHCTPYKTI/IBHaH MOCTOSTHHAsI W yz[eanoe
BpeMs 3a1epxXKu neporo ydactka KII.

Ha puc. 7 8, ¢ 1oka3zaHbl TE€OPETUYECKU
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paccuuTaHHBIE 10 BhIpaxkeHUo (22) pparmMeH-
TH pedieKTorpaMM, CoaepxKalllle MMITYJIbCHI,
OTpaxXeHHbIe OT cThiKa ABYX pa3Hbix KII TTIIT
¢ nuamerpamu xui 0,4 u 0,5 MM, comepxaiiie-
IO pa3IuYHbIC ITONEPEYHbIE PE3UCTUBHBIE HE-
OMHOPOAHOCTHU. JIJIUTEIBHOCTh MPSIMOYIOJb-
HOT'O 30HIMPYIOIIErOo MMIYJIbca Obla MPUHSTA
paBHoi1 100 Hc. [Inst cpaBHeHUs Ha rpaduKax
NYHKTUPHBIMM JIMHUASIMW HAHECEHBI PE3Yib-
TaThl aHAJOTMYHBIX PACUYETOB, MPOBEASHHBIX
0e3 ydJeTa KOMILIEKCHOIO XapakTepa BOJIHO-
BBIX CONpPOTHUBIEHUIT ydyacTKoB. M3 pucyHka
BUIHO, 4YTO TIpEHEOpeXeHUe KOMILICKCHBIM
XapaKTE€pPOM BOJIHOBBIX COIIPOTUBICHUI OTHO-
ponHbix ydyacTkoB KII MoXeT mpHUBOAUTH K
3HAYUTEJIbHBIM IIOTPEIIHOCTIM OIIpeAeIeHUS
obOpaTHOro moroka. MakcuMmajbHas ITOrpel-
HOCTb OIpeAeICHUsI aMILUIUTYIbl OTPaKeHHO-
TO UMITyJibca cocTaBwia 34 % miss BeTMIUHBI
yreuku 500 Owm, 23 % nna 1000 Om u 16 %
g 2000 Om. MaxkcuManbHasl TOTpellHOCTh
oIpelnesieHus] IJIUTEIbHOCTH OTPAXKEHHOIO
MMIIyJbCa Ha YPOBHE ITOJJOBMHBI aMILTUTYIbI
COCTaBWJIa COOTBETCTBEHHO 45, 34 u 23 %.

Ha puc. 8 6 npencrtaBieHbl pe3yabTaThl aHa-
JIOTUYHBIX pacyeToB (pparMeHTOB pedeKTo-
rpamMM, COIepXKalllX WMITYJIbCHI, OTpaXeHHBIE
OT MOTEPEYHON PEIUCTUBHOU HEOTHOPOIHOCTU
B cThiKe IByx oaumHakoBbix KII TTIIT ¢ puname-

a)
ur'(ff/ Um ref0 [, =250m
0.05— : ,
o3 1 -Z=2.50 Om
0.04 ¥ 2-Z=5.000m
; 3-72=10.00mM
0.03
0.02
0.01
0.00 =
0 1.0 . 2.0

{ — ., MKC

Tpamu xun 0,4. I3 pucyHka BUIHO, YTO Tpe-
HeOpexXeHre KOMIUIEKCHBIM XapaKTepoM BOJI-
HOBBIX CONPOTUBJICHUI OMHOPOAHBIX Y4aCTKOB
KII B aTOoM ciay4yae mpuUBOOUT K CYIIECTBEHHO
MEHBIIVM TOTPEIIHOCTSIM OMpeaeJeHUs 00-
patHoro moroka. IlorpemnrHoctd ompeneneHuUs
aMILUIATY OTPaXKEHHBIX UMIIYJIBCOB HE MPEBbI-
warot 10 %, a DauTeabHOCTE Ha ypOBHE ITO-
JIOBUHBI aMIUTATYABI — 18 %.

IIpemyioxxeHHBIE B JAHHOM CTaThe MaTeMa-
TUYECKHE MOIEIN O0OpaTHOIO MOTOKA U3 HEOI -
HoponHoi KII sBasroTcss Hanbo1ee TTOTHBIMHA
M MaTeMaTU4eCKH CTPOTMMU IO CPAaBHEHMIO C
IPYTAMU U3BECTHBIMU MonesiMu. OHHU TTO3BO-
JISIIOT aleKBaTHO omucaTbh (pOpMbI CUTHAJIOB,
OTpaXXECHHBIX OT CTHIKA IIENei ¢ OMMHAKOBBIMU
BOJIHOBBIMU COMNPOTUBICHUSIMU Ha BBICOKOM
YacToTe, HO C pa3HBIMMU KOHCTPYKTHUBHBIMH
napaMeTpaMM, a TaKXKe CUTHAJI0B MHOIOKpaT-
HBIX OTPaXEHMI C Y4EeTOM COIJIACOBAHUII IO
BXOAY Y BBIXOMY LIEMU C MOMOIIbIO aKTUBHbBIX
COITPOTUBIICHUM.

Ha ocHoBe mnpeanaraeMbiXx Moneieil, a
TaKXX€ C MCIIOJIb30BAaHMEM IIpeAjiaracMbIX B
[5, 9] amroputmoB 1UppPOBOK 00pabOTKU
HaMM B HACTOSIIEE BPEMsS CO3MAeTCs MpPO-
TpaMMHBIN ITaKeT IS aHaau3a pedieKkTo-
rpamMM, 3aperUCTPUPOBAHHBIX UM(PPOBBIMU

6)
Hrcf'/ Um refl) 1"1 =250 ™
~0.02 I sl
~0.04 M
/X 1 —Z=500 Om
—0.06 \/ 2-7=10000m ||
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Puc. 8. Teopetnuecku paccuntanHbie pparmeHThl pediektorpamm KII,
COCTOSILIIMX U3 IBYX OJMHAKOBBIX yYaCTKOB, COEPXKallMe OTPaXKeHHbIE OT COCPEAOTOUEHHOM
OMUYECKOUN acuMMeETpuu (@) U MOTNePeyHON Pe3NUCTUBHON HEOTHOPOMTHOCTU (6) UMITYIbChI
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HMP. CozpaBaeMoe mporpaMMHoe obecreue-
HHUE MO3BOJUT Oosiee 3¢@HEeKTUBHO pellaTh
3agaun oueHku kadectBa KII (B mepBylo
oyepeab, OJHOPOTHOCTH) M JOUAaTHOCTUKU
MX COCTOSIHUS (BBISIBJIEHHE CYLIECTBYIOLIUX
¥ BHOBb BO3HUKIIMX HEOIHOPOAHOCTEM,
OLICHKAa WX IapaMeTpPOB — pPacCTOSIHUE [0
HEOOHOPOMTHOCTU, €€ TUIl, KO3(PPUIUEHT
OTpaXeHMsT UM CTeneHb (QYHKIMOHAILHON
MNPUTOTHOCTH) B MpoIleccax IPOU3BOACTBA
Kabejeil, CTpPOUTENbCTBA M OSKCILIyaTalluK
JIMHEWHBIX COOPYXEHUU CBA3MU.
IIpemnaraemMple MaTeMaTUYECKWUE MOJEIIH,
aJiITOpUTMBL M pa3pabOTaHHOE IIPOrpPaMMHOE
obecrieyeHre TIO3BOJISIIOT OTpadaThiBaTh HO-
BblE METOIMKU WM3MEPEHUI, pacIIUpsIOIINe
(byHKILIMOHAIbHBIE BO3MOXHOCTU MMITYJIbCHO-
ro METo/Ia, a TakKe CO3aBaTh MPOTrpaMMbl IS

00yueHus, KOHKYPCOB IpoheCcCUOHATIbHOIO
MACTEpCTBA Ui M3MEPUTEICH IIapaMETPOB
KaOeabHBIX Leneil W CTYIASHTOB, YIayOJeHHO
M3YYarollrX IIPOLECCHl B HEOOHOPOOHBIX Ka-
OeJIbHBIX LensX. ¥ Hac eCThb OIBbIT MCHOJIb30-
BaHUS MOAOOHBIX O0YUYAIONIINX TTPOTPAMM.

Copgep:xaHue CTaTbU MOXKET 3aMHTEPECO-
BaTh paspaborunkoB MP u mporpammHoro
obecrieyeHus] K HUM, a TaKxXe CHelUaarcTOB,
MUCIIOJIL3YIOIIUX MMOYJILCHBIE TPUOOPHI U XKe-
JIaloIIMX M3BJIeKaTh OoJblle MH(pOpMALUU U3
3apEeTUCTPUPOBAHHLIX pedIICKTOTPaAMM.

ABTOp BbIpaxaeT 0JIarogapHOCTb COTPYIHUKAM
Kadenpel doronuku u auHUA cBsizm (CIIOTYT
uMeHn npodeccopa M.A. bonu-bpyesuua)
C.®. I'aronesy u A.C. JIto60By 3a TOMOIIb B 9KC-
MEePUMEHTAIBHBIX MCCIIETOBAHUSX U 3a TUIOAOTBOP-
HOe oOcCyxXaeHue pe3ylbTaTOB TEOPETUUYECKUX U
3KCITIEPUMEHTAIBHBIX UCCIIETOBaHMIA.
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NEJIEHTALLMOHHbIA METOL KOHTPOJIA LLEJIOCTHOCTHU NONA
rMOBAJTIbHbIX HABUTALUUOHHbBIX CITYTHUKOBbIX CUCTEM

A.P. Melikhova, I.A. Tsikin

ANGLE OF ARRIVAL METHOD FOR GLOBAL NAVIGATION SATELLITE
SYSTEMS INTEGRITY MONITORING

PaccMmoTpeH MeTOn KOHTPOJIS LEJIOCTHOCTH TIOJIS TJI00aTbHBIX HABUTAIIMOHHBIX CITYTHUKOBBIX CHCTEM,
OCHOBAHHEBIN Ha aHAJIM3e Pa3INdus MeXIy M3MEpPSIeMBIMA M paCUeTHBIMU TTEJICHTalIMOHHBIMUA TTapaMeTpa-
MM UCTOYHWKOB HABUTAIIMOHHBIX CUTHAJIOB. Ha 0CHOBEe yCTaHOBJICHHBIX pacIpene/icHIIA JaHHBIX TeIeHTa-
IUOHHEIX ITapaMETPOB MPEIIOKEHBI KOJIMYECTBEHHBIC KPUTEPUH W OTpeIe/IcHbl aHATUTHUECKUE BBIpaXKe-
HUS 1T BEPOSITHOCTHBIX XapaKTePUCTUK CUCTEMbI KOHTPOJIS.

HccaemoBaHbl METOI IPUHATHUSI PEIIEHNs] HA OCHOBE aHaJIM3a TOJIBKO OJHOTO M3 IBYX ITEJICHTAIIMOHHBIX
apaMeTpoB (a3MMyTa WJIM CKJIIOHEHUS ), a TAaKKe JIBa pa3IMIHBIX BapMaHTa MX COBMECTHOTO MCITOJIb30BaHMS.
IMpemTokeHBl MyTH JaTbHEUIIIETO TTOBBIIIECHNS 3(POEKTUBHOCTH paCCMOTPEHHBIX METOIOB KOHTPOJIS.

KOHTPOJIb HEJTOCTHOCTHU HABUTALHMOHHOI'O I10JISI; TTIOBAJIBHBIE HABUTAILIM-
OHHBIE CITYTHUKOBBIE CUCTEMBI; TPOCTPAHCTBEHHASI OBPABOTKA CUTHAJIOB; AH-
TEHHBIE PEIIETKMW.

The paper considers the method of monitoring the integrity of global navigation satellite systems based
on using the angle of arrival estimation. The method uses the differences between measured and calculated
azimuths (“azimuth differences”) and elevations (“elevation differences”) respectively. The probability
distributions of the differences are analyzed and probability-based integrity monitoring characteristics are
obtained. The most important of them are the probability of false detection (false alarm probability) and the
probability of missing the violation of integrity (missing probability).

Three kinds of decision-making procedures are analyzed. The first one involves using only one of the
differences for decision-making, whereas other procedures use each of them. In the latter case it is possible
to use two ways of decision-making — when both differences exceed the thresholds simultaneously (logic
“AND”) and at least one of them exceeds the threshold (logic “OR”). Both ways are analyzed and areas
where parameter values, in either way, have advantages are obtained. As a result the probability-based
characteristics improvement methods are suggested.

NAVIGATION FIELD INTEGRITY MONITORING; GLOBAL NAVIGATION SATELLITE
SYSTEMS; MULTIPLE ARRAYS; ANGLE OF ARRIVAL INTEGRITY MONITORING.

Bricokas TpeOyemasi TOYHOCTb OIpeaese-
HUS KOOPIMHAT HAaBUTALIMOHHBIX OOBEKTOB
(HO) B riiobanbHbIX HAaBUTALIUOHHBIX CITYyTHU-
koBeix cucremMax ('HCC) obecrieunBaeTcst B
ciydJae, Korjma OOpTOBbIE TeHEepaTOphl BCEX Ha-
BUTALIMOHBIX KocMuueckux ammapaToB (HKA)
paboTaloT CMHXPOHHO C CUCTEMHBIM BpeMe-
nem THCC, koopmunatel (X, Y, Z;) xax-
nporo i-ro u3 K HKA, mo curHaigam KOTOPBIX

NPOU3BOAATCS U3MEPEHMS, U3BECTHBI C JOCTA-
TOYHO BBICOKOII TOYHOCTBIO B JIIOOOII MOMEHT
BpPEMEHMU.

VYka3aHHbIe YCJIOBUSI MOTYT OBITH HE CO-
O0IeHbl B CHJIY KaKMX-JMOO HapyLIeHWH B
paboTe paccMaTpUBaeMOIl CUCTEMBI, YTO MPU-
BEIET K CHUDKEHUIO JOCTOBEPHOCTHU TTPOBEACH-
HBIX u3MepeHmit [1, 2].

ITpoueaypa aHanu3a CTENEHU IOCTOBEp-
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Hoctu TipuHuMaemoit ot HKA wHdopmanumn
Ha3bIBACTCSI KOHMPOAEM UeA0CMHOCMU HAB8U2a-
yuonrnoeo noas (KIIHIT) [3, 4].

DG HEKTUBHOCTh CUCTEMBI, peaanu3yIollei
npouenypy KIIHII, MOXHO KOJMYECTBEHHO
ONPENENIUTb BEPOSTHOCTbIO P, Tpomycka
(haxkTa HapyleHUs LEeJIOCTHOCTY HaBUTALIMOH-
Horo nosig (HIT) n BeposTHOCTBIO P, JIOXHO-
ro pelieHus o HapylueHuu lesoctHoctr HII
MpU OTCYTCTBUU mocieaHero [3].

B 3aBUCMMOCTM OT HaIMYUS WJINM OTCYT-
CTBUS IOMOJHUTENBLHOTO KaHaia cBsa3u ¢ HO,
METOIbl KOHTPOJISI AEJISITCS Ha IBa Kjlacca: He-
ABTOHOMHBIC ¥ aBTOHOMHBIE COOTBETCTBEHHO,
KaXIblii U3 KOTOPBIX MCIOJB3YET IJIs IOBBI-
LIeHWSI AOCTOBEPHOCTHU OIIpeNesIeHUsI KOOp-
IWHAT Ty WK UHYIO (GOpMy HM3MEPUTEIHHOMN
n30bITOYHOCTHU. ITpy 3TOM 0COO0OT0 BHUMaHUS
3aCIy>KMBalOT MMEHHO aBTOHOMHBIE METOIHI,
WICITOJIB3YIOLIME JIJIT 9TOM LEIU Pe3yIbTaThl U3-
MepeHMi pa3nuuHbix 60pToBbIX cucteM (bC)
HO. B yactHOCTH, pacrpoCcTpaHeHHBIM BUIOM
BC gBnsercss MHOro3JIeMeHTHAsI aHTEHHAST pe-
1IeTKa, UCTIOJIb3yeMasl ISl IIPOCTPAaHCTBEHHOMN
opueHtaumu HO 1o curHanam ot HKA, Ha
OCHOBE KOTOPOl MOXKET OBITh peaJIr30BaHO
YCTPOMCTBO ITI€JICHTallMd MCTOYHUKOB HaBU-
TallMOHHBIX cHUTHaIoB. IlolyyeHHBIE TaKuUM
00pa3oM M30bITOYHBIE U3MEPEHUST MOXHO UC-
MOJIb30BaTh UISI MOBBILICHUSI JOCTOBEPHOCTH
onpeaeaeHuss koopauHat HO, TeM caMbIM pe-
anuzys neneHrauoHHbiin Meton KIIHIT (An-
gle of Arrival Discrimination Method [5, 6]).

W3BecTHBIE pabOTHI B 3TOM 00JacTH (HArIp.
[2, 5, 6]) comepxkaT MHOOPMALUIO O JTAHHOM
METO/I€ MCKJIIOUMTEIbHO Ha YPOBHE WIEH
0e3 pacCMOTpPEHUSI COOTBETCTBYIOLIMX KO-
JIMYECTBEHHBIX XapakTepucTuk. Tak, B [2, 6]
YIIOMUHAETCS BO3MOXHOCTb MCIIOJIb30BaHUS
MHOTORJIEMEHTHON AHTECHHOM PEIIETKU C 1ie-
JIbI0 MACHTU(PUKALINY HaAIWNYUS MEIIAOIIETo
HaBUTALIMOHHOI cucTteMe BO3AeiCTBUS. B [3]
MPUBOIUTCS MPUMEP peaau3aliy IeJIeHralu-
OHHOTO METOJAa C MCIIOJIb30BAaHMEM OBYX aH-
TEHHBIX 3JIEMEHTOB.

B 1o Xe BpeMs mIS MCIIOJIb30BaHUS I10-
TOOHBIX YCTPOWCTB B CEPTUMUIIMPYEMOU aIl-
napatype KIIHII HeoOXomuMBIM SIBJISIETCS
OIpeNe/IeHNEe HUX BEPOSITHOCTHO-BPEMEHHBIX
XapaKTEepUCTUK C YYETOM Kak IapaMeTpoB HC-
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MOJIb3YyEMOTO TIEJIEHraTopa, TaK W BUAA BO3-
HHUKAIOLIMX B CUCTEME HapyIICHUH.

Ilenenranuonnnie mapameTpsl B 3agavye KITHII

M3MeputeabHass U30BITOYHOCTh B TAHHOM
MeTole OOecleyrBaeTCsl IMyTeM IeJeHraluu
WCTOYHUKOB HABUTALIMOHHBIX CHUTHAJIOB, MWC-
MOJIb3YEMBIX IS PEILICHWS HAaBUTALIMOHHOM
3agayu [7], Tak 4TO B KauyecTBe JOIMOJHU-
TEJBbHBIX M3MEPSEMBIX IapaMeTpoB (UTYpPU-
PYIOT a3UMYT |l M CKJIOHEHHE m KaXIoro u3
3TUX UCTOYHUKOB. B CBSI3U ¢ 3TUM BBOASATCS B
paccMOTpeHue uzmepsembie TEJICHTAIMOHHbBIC
rnapameTpel p,. W 1., IPEICTABIAIOLINE
CcOo0Oli OLIEHKM BEJIMYMH [l U .

C apyroii CTOPOHBI, YKa3aHHbIE BEJIMYMHBI
MOTYT OBITh ITOJYYEHBI PACUYETHBIM MYTEM Ha
OCHOBe MH(MOpPMAaIIU, COIepKallleiicsl B HAaBU -
TalIMOHHBIX CHUTHAJaX, MPUHSTBHIX OT JAaHHBIX
WCTOYHUKOB, & COOTBETCTBYIOIIIME TT€JICHTALIM -
OHHBIE TAPaMeTPbl ., ¥ M. KaXIOro M3
WCTOYHUKOB OyIeM Ha3bIBaTb paAcHemHbIMU.

B ciayyae HamMumsl yKa3aHHBIX paHEe BO3-
JEUCTBUMA MOXKET MPOU3OUTU HAPYLICHUE 1Ie-
JIOCTHOCTH HaBUTAIIMOHHOTO IIOJISI, TIPUBOS-
1Iee K TOMy, YTO 3HaYEHUsI W .., ¥ M., OYyIyT
OTJIMYATBCS OT U3MEPEHHBIX p,, W 7., IO-
JlydaeMbIX IyTeM mejieHranuu. [Ipu aTom Bo3-
MOXHBI, KAK MUHUMYM, JIBE CUTYallUH.

B nepBoif M3 HUX MPUUYMHON YKa3aHHBIX
HapylIeHU MOXET OBITh cOOI B paboTe OMHO-
rO WIM HECKOJbKUX «ILTATHBIX» (T. €. OTHO-
CSIIMXCS K TPYIIIMPOBKE paccMaTpuBaeMoOi
T'HCC) HKA (puc. 1 a), mpuBomsdmuii K
OLIMOKaM B U3MePEHUMU TceBAoAaIbHOCTEN [7]
n1o HO wnm ommbkaM B nonyyaemoii or HKA
adeMepunHoll uHGbOpMalMK («anmnapaTHbIe»
HapylLIeHUs).

Bropass cuTyanus BO3HHMKAaeT B Ciydae,
€CJIM HaBUTAIIMOHHBIC U3MEPEHUS IIPOUCXOIAT
MO CUTHaJlaM, M3Ty4YaeMbIM KaKWM-JIU0O Of-
HUM WJIM HECKOJbKMMHU BHEIIHUMU HUCTOYHMU-
Kamu HaBuraumoHHBIX curHaimoB (MHC), ne
OTHOCSIIIMMUCS K pacCMaTpUBAEMOU TPYMIIU-
poBke 'HCC, xorga amMIuiMTyga 3TUX CHUTHa-
JIOB CYIIIECTBEHHO TMPEBbBIIIACT YPOBEHb CUTHA-
JIOB OT «ITaTHbix» HKA.

OnucaHHbIE CUTyallUd B YaCTHOM Ciydae
ogHoro HKA u ogHoro MHC wunmoctpupy-
I0TCS Ha puc. 1, mpuyeM B JII0OOI U3 paccMo-
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HKA'

Puc. 1. Buasl HapylieHU IeTOCTHOCTY HaBUTALIMOHHOTO TTOJIS:
a — anmaparHble HapylieHus; 6 — BmusitHue MHC

TPEHHBIX CUTyallMii BOZHHUKAIOIIIee HapyllIeHNe
LIEJIOCTHOCTM HABUTAalIMOHHOIO MOJISI MOXHO
MHTEPIPETUPOBATh KaK HaJIM4YMe HEKOTOPOTO
«HumMmoro» HKA (Oymem panee o0Oo3Hauyarb
ero HKA'), Haxopgsiierocs B COBEpIIEHHO
MHOU TOYKe IIPOCTPAHCTBA, Ye€M MWCTOUYHUK
CHTHAJIa, 10 KOTOPOMY IPOM3BOIUTCSI U3ME-
peHue.

B ycrmoBusax, Korma eOIWHCTBEHHBIM Me-
HapuM (pakTopoM, BIMSIOIIMM Ha TOY-
HOCTb pabOTBI CUCTEMBI, SBJISICTCS HaJIMIUE
aIIUTUBHOIO IlIyMa Ha BXOAE€ IIPUEMHOTIO
ycrpoiictBa HO, MaTeMaTruuecKne OXUIAHMS
m{x}, m{y}, m{z} OLEHOK X, y, 7 KOOpAU-
Hat HO coBmamamoT ¢ ICTUHHBIMUA 3HAYCHMU -
AMM X, ¥, %, 9TUX KoopauHar [7]. B srtom
clyyae, Kak OydeT TokaszaHo pgajiee (puc.
2—4, 8—13), wmaremMaTuyeckue OXUIAHUS
m{AR} W m,{An) PAsHOCTEl Al =1, — o,
U AN =M — Ny WIS KaKIOTO M3 paccMa-
tpuBaeMblx HKA oka3wiBaloTcs paBHBIMH
HYJIIO.

B TO Xe BpeMs NpW HAJIMYUM YKa3aHHBIX
BBILIE JOIOJHUTEIbHBIX MEIIAIOIIUX BO3IEi-
CTBHUI 3T MaTeMaTUYSCKNE OXXMUIAHUS OKa3bI-
BalOTCSl OTJIMYHBIMU OT HYJSI, U IPEBbILLICHNUE
WX MOIYJISIMM HEKOTOPHIX ITOPOTOBBLIX 3HAYe-
HUI A, W AAn MHTEPIpETUPYETCS Kak (akT
HapyuweHus uesoctHoctu HII. ITpu aToM BbI-
0Op TaKMX IMOPOrOBBIX 3HAYCHUI JOKEH IIPO-

W3BOAUTHCSI C Y4ETOM HEOOXONUMOCTH 00€-
crie4eHusi TpebyeMoro 3HaueHUsl BEPOSITHOCTU
P,» JIOXHOTO PELIEHNs O HapyLIEeHU! LEeJIOCT-
Hoctu HII.

PacueTHble nejieHranuOHHbIE napamMeTpbl

Curnan mo6oro uz K (K >4) HKA, uc-
MOJIB3YeMbIX TMPU PELIeHUWM HaBUTALMOHHOM
3aJa4M, 00JagaeT onpeaeieHHbIMU YaCTOTHO-
BpeMEHHBIMHU I1apaMeTpaMu, IO3BOJISIIOIINMU
BBIAEIUTb €ro Cpead COBOKYITHOCTM CHMTHa-
JoB Beex octanbHbIX HKA. TIpu BeIUMCICHNN
napameTpoB ... M M. Wi gaHHoro HKA
YUMTBHIBAIOTCS KaK 3HA4YeHHUs IIOJYyYEHHBIX
OLEHOK X, Y, Z KOOPAMHAT X,, ¥,, %, HO, Tak u
KoopauHaThel paccMaTpuBaeMoro HKA, conep-
Kallliecsl B €ro HaBUTallMOHHOM curHaje. Kak
MOKa3bIBaeT aHaJKU3 TUCTOIPaMM, IOJydaeMBbIX
Npu MOAEJUPOBAHUM TIpOliecca BBIYMCICHUS
Hpser M Mppeys OTU BEJIMYMHBI MOXKHO CYMTATh
HECMEILIEHHbIMU 1 HOPMAaJIbHO pacrpeneeH-
HBIMU.

Ha puc. 2 u 3 B xauecTBe nmpumMepa Mpu-
BEeIEeHBl TMCTOrpaMMBbl (CILUIOIIHBIE JIMHUKM Ha
PUMCYHKaX JEMOHCTPUPYIOT pe3ybTaT CIaaXu-
BaHUsI THCTOIpaMM COOTBETCTBYIOIIUX HOP-
MaJIBHBIX CJyYalHBIX BEJIMYMH) AJIsI YACTHOTO
cnygags HKA cucremsr GPS ¢ mapamerpamMu
= 44,8526°, n= 67,1638" mpu OTCYTCTBUM
HapymeHus uenoctHocty HIT misg TunmmaHbIX
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ycaosuit /2 = 12 nb tioe A2 — oTHOIIEHWE 3HEP-
ruy o0pabaThIBA€MOIO CUTHAJIa K YIBOSHHOM
CIIEKTPaJbHON TUIOTHOCTU CpeAHEN MOIIHO-
CTU aIJUTUBHOTO 0EJIOro rayCcCOBOro 1lyMa Ha
Bxoae npueMHoro ycrpoiictea HO. IIpu stom
VUTEHO, YTO MCIOJb3yeMble IIPU MOICIUPO-
BaHWM BEJIMYMHBI X, Y, Z pacnpeaeiacHbl HOP-
MaJIbHO C paBHBIMU AucIiepcusMu [7].

BenuuuHbl cpegHeKBaapaTUUECKUX OTKIIO-
Henuit (CKO) o', o) CcOOTBETCTBEHHO
MapaMeTPOB W ...s My, B PAOOUYEM nManasoHe
3HaueHMit A’ MpeacTaBIeHbl Ha puc. 4.

B ciyuae xe HapylleHUsS LEIOCTHOCTU
HII maTemaTuyeckue OXMIAHUS I1OJydaeMbIX
3HAYEHUH X, y, Z OKA3bIBAIOTCSA OTJIUYHBIMU OT
UCTUHHBIX 3HAYEHUH X, Y, 7, KoopauHat HO,
B 4eM, COOCTBEHHO, M MPOSIBISICTCS Hapyllie-
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Puc. 2. T'ucrorpamma pacnpeneacHust
pacyeTHOro yrjia a3uMmyTa

Hue neiaoctHoctu HIT.

[Ipy oTOM pacyeTHble 3HAYEHUS W,
Npaew OYAYT COOTBETCTBOBATb HE  IMOJIOXKeE-
Huro HKA, curHai KoToporo HCIOJIb30-
BaJIC MpU pelleHMd HaBUTALMOHHOM 3a-
Jayu  (3To mor ObiTh M curHar or MHC
Ha puc. 1 6), a monoxenuto HKA' (MHnMoro
HKA).

I/I3MepHeMble NneJICHrauoOHHbIC MapaMeTpbl

YunuTbiBasg yKa3aHHYIO BBIIIE BO3MOX-
HOCTb BBIIEJIUTb HABUTAIIMOHHBIN CUTHAJ JIIO-
0oro ucroyHuka (MM MoxkeT ObITh Kak HKA
rpynnupoBku paccmatpuBaemoit T'HCC, tak
n BHewHuit MHC) M3 COBOKYIHOCTHM BCeX
OCTaJIbHBIX CUTHAJIOB, MCIOJb3YEMBIX MPU pe-
LIEHMM HABUTALIMOHHON 3aauyu, MOXHO OCY-

2000 . -

1500 -
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1000 -

500+ -

67.1635 671638 67,164

Mpacu » TP

Puc. 3. I'ucrorpamma pacnpeneacHust
paCcUETHOTO yIJIa CKJIOHCHMS

T T
| |
I|-0- o), Tparn |
| |

Puc. 4. 3aBucumoct CKO o011eHOK pacueTHBIX YIJIOB a3uMyTa
Y CKJIOHEHUSI OT 3HAYeHUs mapaMmerpa /h?
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LIECTBUTH IEJIEHTallMI0 UMEHHO 3TOr0 MCTOY-
HUKA, TOJYy4YMB IIPU 3TOM MEJICHTallMOHHBIE
rapameTpul .., MN,..,-

WsMepeHne 3TUX IMapaMeTpOB BO3MOXKHO
pPa3nMYHBIMU MeTogaMM, 3(PPEeKTUBHOCTH KO-
TOPBIX OLICHUBACTCS II0 YPOBHIO TPeOYeMBIX
BBIYMCJIMTENIBHBIX 3aTpaT U 00ecIieYyrBacMOM
IpU 3TOM TOYHOCTH Hu3MepeHuil. B mo0om
ciayyae TIpEeArnoJiaracTcsl MCIIOJIb30BaHUE aH-
TEHHOM PELICTKU, IIPUYEM B IIPESACTABISIONINX
MpakKTUYEeCKU MHTEepecC ciaydasx (Hampumep,
NPUMEHUTEIbHO K OECHUJIOTHBIM JIeTaTe/lb-
HBIM amraparaM) Yuciao N aHTeHHBIX 3JeMEeH-
TOB (AD) OObIYHO HE MPEeBbIIIAET 3HAYEHUSI
5-7.

IIpu OGOJBLIMX OTHOILIEHUSX CUTHAI/IIYM
TOYHOCTb OIICHOK, OJM3KYI0 K JOCTHXKUMOU
IIPY UCIIOJB30BAHMU TAKUX METOJIOB, KaK MaK-
CHMaJIBHOTO TIpaBaomogoousd [8, 9], Makcumy-
Ma IIPOCTPAaHCTBEHHOM MOIIHOCTH [8] U T. II.,
obecrieunuBaeT MeTon Mmakcumyma R-gynkuyuu
[9], TpeOyrouuMii CpaBHUTEIHHO HEOOJIBIINX
BBIYMCJIMTENbHBIX 3aTpaT. B aToM ciyyae u3-
MEpPEHHUE MapaMeTpoB ., M,,, OCYLLECTBIIA-
eTCS MyTeM MaKCUMU3aUMu QYHKIUU

R =3 cos(Ad, - A0,), (1)

rme A9, U AB, — COOTBETCTBEHHO OLEH-
Ka pa3sHOCTH (pa3 M 3TajJOHHAs pPa3HOCThH (a3
[5, 10] curHajoB OT aHTEHHBIX 3JIEMEHTOB,
oOpasylommx m-10 06a3y, IMpU NOCTYIUICHUU

Puc. 5. Kondurypauus 7-saeMeHTHOM!
AHTEHHOM pELIETKHU

CHTHaJa OT JaHHOro ucTouHuka;, M =C, =
= N/(N -2)!2! — xonu4ecTBo 6a3 B aHTEH-
HOU pelIeTKe.

OTaJloHHbIE Pa3HOCTU (a3 A, PACCUUTHI-
BaIOTCS TSI BCEX BO3MOXHBIX Tap YIJIOB p, M
no dopmyie [3]:

AB, = (2n/A)(cosmsinp - x,, + 2

+cosncosp-y, +sinn-z,),
rae (x,,¥,,%,) — KOODIMHATBHI m-TO BEKTOpa
6a3pl, A — JIMHA BOJHbBI IPMHUMAEMOTO CHT-
Hana. HaGop tex 3Hauenumit A6,, m=1..M,
npu KOTopbIx (yHKIUSA R B (2) gocTturaer
CBOEro MakCcMMyMa, M OyaeT OIpeaessiTh UC-
KOMBbIE 3HAYEHUS BEJIMYUH W, , M., -

Konourypanms aHTeHHOI pelIeTKyd, McC-
MOJIb3yeMOI B TIeJICHraTope, OKa3bIBaeT CYILIe-
CTBEHHOE BJIMSHME Ha TOYHOCTh IMEJECHIOBA-
HUSL.

C omgHOI CTOPOHBI, IJISI TIOBBIIICHUS TOY-
HOCTU M3MEPEHHUS MapaMeTpoB L, m Heo0Xo-
IUMO O0ECIeYuTh KaK MOXHO OOJbIIME pac-
CcTOSTHUS MexXay AD.

C 1Opyroil CTOpOHBI, IIpM IPEBHILIEHUN
JaHHBIMU PACCTOSIHUSIMU TIOJIOBUHBI JJIMHBI
BOJHBI A MOTYT BO3HUKHYTb HEOJHO3HAYHO-
CTU (ha30BbIX U3MEPEHUI, MIPUBOAIIINE K I10-
SIBJICHUIO aHOMAJIbHBIX OIIMOOK IIPU OIlpee-
JleHuu yriaoB. B To xe BpeMsi ¢ yBeJUUEHUEM
yuciaa AD BepOSITHOCTM aHOMAJIbHBIX OIIM-
0OK YMEHBIIIAIOTCS B CBSI3U C BO3MOXKHOCTBIO
VIIyJIIeHUs] AUarpaMMBl HalpaBJIeHHOCTH aH-
TEHHbI, OMTHAKO IIPU 3TOM CYIIIECTBEHHO BO3-
pacTaroT BBIYMCIMUTENIbHBIE 3aTpaThl, a TaKXe
CTOMMOCTb YCTPOMCTBA.

ITorck onTMMalbHOW KOH(UIypallud aH-
TEHHOI pellIeTK! IIpU 3aJaHHOM KOJMYECTBE
AD M orpaHUYEHUSIX HAa TEOMETPUUECKUE pa3-
MEpbl aHTEHHBI AOJDKEH OCYILUECTBIISITHCS IO
KpUTEpUSIM MUHUMYMa IOUCIIEPCUM BEIUYMH
Woss Musy B 0OJACTM HOPMAJIBHBIX OLIMOOK
¥ MUHUMYMa BEPOSITHOCTY aHOMAaJIbHBIX OILIM-
OOK.

Ha puc. 6 u 7 B KadecTBe IpumMepa Ipea-
CTaBJICHbl THUCTOrpaMMbl (CIUIOLIHBIE JIM-
HUM Ha PUCYHKAX JEMOHCTPUPYIOT pe3yJbTaT
CIUIAXXMBAHUS THCTOTPAMM COOTBETCTBYIOIINX
HOPMAJIBHBIX CJIYYaHBIX BEJWYMH) pacrpe-
NEJICHU OLEHOK BEJIWYMH ., m,,, &I
PacCMOTPEHHOIO paHee WCTOYHUKA C TMa-
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MHdopmaTtuka. TeneKoOMMyHUKaumMn. YnpaeneHue

0.5k 4

I I I I I I T
a4 442 44.4 44.6 44.8526 45 452 454 45.6

Mooy s TPAIL

Puc. 6. T'ucrorpamMmma pacripeaeyieHus
M3MEPEHHOTrOo yrja a3umyTa, 4> = 12 1b

7N

UacroTa.

1
08 0.6 04 02 0 02

Puc. 8. 'mcrorpamma pacmnpeneneHus
BEJIMYUHBI AU, h> = 12 n1b

Yacrora

| |
67.1638 613 674 675
MNusw > TPAN

Puc. 7. I'mcrorpamma pacnpenenacHus
M3MEPEHHOTO yIjla CKIIOHeHus, 4> = 12 nb

7@ AN ,

0
An, rpaj

Puc. 9. T'ucrorpamma pacrpeneaeHust
BEJIWYUHBL An, #*> = 12 1b

-o-o,™, rpan

o

-o-0,™, rpaj

-0-0,,, 'paa

A

Puc. 10. 3aBucumoctu CKO orieHOK
YIJIOB [, 7 OT IapameTpa h?

pameTpamu p = 44,8526°, n = 67,1638° mipu
h* =12 nb npu MCroNb30BaHUM aHTEHHOI pe-
LIeTKY, KOH(PUrypamus KOTOpoil n3o0paxeHa
Ha puc. 5, ¢ mapamerpamu p/P =0,4, P =2\
u o =0. AHaJOTMYHBIE 3aBUCHMMOCTU OBLIM
MOJYY4EeHbI M IJII COOTBETCTBYIOLIMX pPa3HO-
creii Ap, An (puc. 8 u 9).

Ha puc. 10 u 11 npencraBieHbl rpapuku
sapucumocteit CKO o™, o™ M3MepeHHbIX
YyOJIOB p., M., & Takke CKO o,, o,
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Puc. 11. 3aBucumoctn CKO oreHOK
pa3HocTeil Ay, An oT mapameTpa h>

OLIEHOK pa3HocTell Ap, Amn oT mapamerpa A2

AHanu3 MoJyYeHHBIX 3aBUCUMOCTEN ITOKa-
3BIBAET, uyTO NIpu 4° > 5 1B mosydyaemele B pe-
3yJIbTaTe IEJEHTaluu BEJUYMHBL [, ., M,.,>
a Takxe A, An IOCTaTOYHO XOPOLIO amlpoK-
CUMMPYIOTCSI HOPMAaJIbHBIM paclpeacieHUEM.
[Ipu sTOM B yCJIOBUSIX OTCYTCTBUS Hapylile-
Huit nenoctHocty HII Benmmuwubl Ap, An
WMEIOT HYJIEBBIE MAaTE€MaTUYECKUE OXUIaHUS
M, KaK BUOHO W3 CPaBHEHMS 3aBUCHUMOCTEH
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Ha puc. 10, 11 u Ha puc. 4, B NpeacTaBIsIO-
el MpakTUYeCKUi HMHTepec o0JIacTU 3Ha-
wennit A> (h* =10...15 1B) onpenensionmii
BKJIAJ B BEJIMYMHBI O, , O, BHOCAT QMCIEp-
CMY MMEHHO M3MEpPEHHBIX IIeJICHTallMOHHBIX
1apameTpoB [, .., M,y -

BeposATHOCTHBIE XapaKTePHCTHKHA
nejenramuonnoro meroga KITHII

ITonyyeHHBIE pacOpencieHusT BEJIWYWH
Ap, AN MO3BOJNSIOT OLIEHUTH BEPOSITHOCT-
Hble xapakTepuctuku cuctembl KIITHII, pea-
JIU3yIolleH TeJIeHrallMOHHbIN MeToa. B ciyuae
MIPUHATHUS PELICHUSI Ha OCHOBE COBMECTHOTO
WCIIOb30BAHUST UBMEPEHUI IBYX YIJIOBBIX KO-
opauHat HKA Bo3MOXHBI 1Ba BapuaHTa.

B nepBoM M3 HUX HapylleHHE LEIOCTHO-
ctu HII ¢pukcupyercs, eciu XoTs Obl ogHa U3
BEJIUYMH AW WIM A1 MNPEBBICUT COOTBETCTBY-
Iolllee OPOroBoe 3HaYeHue A, wim A, (Jo-
ruyeckoe «UJIN»), a Bo BTOpoM — eciau obe
BEIMYMHBI AQ W ATn OTHOBPEMEHHO IIPEBBI-
CIT COOTBETCTBYIOIIME MOPOTOBBIE 3HAYCHMS
(normyeckoe «M»). Ctporoe pelieHue 3agadyu
HaXOXIEHUSI OINTUMMAJIbHBIX 3HAUEHUN IIOpO-
roB B 000MX yKa3aHHBIX BapuaHTaxX MPUHSATHUS
pellleHnii CBSI3aHBI C OOJBIIMMM BBIYMCIIM-
TeJbHBIMU 3aTpaTaMU.

C npyroii CTOPOHBI, C Y4€TOM (DYHKIIHO-
HaJbHBIX BO3MOXHOCTEH MCIOJb3YEMOTO B
cuctreme KIIHII menenraropa m B 3aBUCH-
MOCTH OT TOM WJIM MHOI 00JjacTu 3HAYeHUt
Wy Mysy MOXKET OKA3aThCH TaK, YTO U3MEPE-
HU€ OJHOTO W3 YIJIOB MPOU3BOIUTCS CO 3Ha-
YUTEJIbHO OOJIBIIEH AucHepcueit, yeM APYroro
(cM., HanpumMmep, puc. 11).

B Takux cutyaluusix pelieHue O HaJluduu
win orcyrcTtBuu uejoctHoctu HII MoxHO
MPUHUMAaTh Ha OCHOBE aHAJIN3a TOJBKO OJTHO-
TO U3 pacCMaTPUBAEMBIX YTJIOB.

Tak, B ciayyae NOpUHATUS pELICHUS Ha
OCHOBE aHajn3a, HallpuMep, TOJIbKO BEJIUYM-
Hbl AN C y4eTOM OTMEUYEHHOIrO BHIIlIE HOP-
MaJIbHOTO pacIpeleeHUs] 3TOil BEJIMYUHEI,
OYEBUTHO, UMEEM:

Pp =1- (3)

A
e}:f A ,
V26,

PHP — le’j‘ AAn +BAn AAn _BAn

2 \/EGAn \/EGAn

rae B, = m{An} — maremaTuueckKoe OXmuaa-
HUE BEJMUYMHBLI AT IPU HAPYLUEHUM LIETOCT-

Hoctu HII, erf(x) = lj‘e"zdt Y BEJIMYMHA
0

Jn
OTHOCHTEJILHOTO nopora A, /c, — BbIOMpaeT-
Ccd UCXOJsl M3 33JaHHOTO 3HAYEHUS BEPOSIT-
HOCTU Py;.

B TO Xe BpeMsl WCIOJIb30BAHUE PE3YJib-
TaTa W3MEPEHMS TaKKe U BTOPOro yria
(B maHHOM ciiyyae ALL) MOXET IIPUBECTU K
VIIYYLIEHUIO XapaKTEePUCTUK aJIropuTMa Mpu-
HSITUST PELIEHMSI.

JleiicTBUTEIbHO, IIyCTh pEIllIeHHEe O Ha-
Juynm HapyweHus uenoctHoct HIT Tenepsn
MPUHUMAETCS B Cllyyae, KOrja He TOJbKO Be-
JIUYKMHA Ar MpEeBbIlIAeT HEKOTOPOE MOPOroBOe
3HaYeHHe A, HO Takxke M BequdMHA Ap
TPEBBIIIAET CBOE IOPOroBOE 3HAYEHUE A'AH
(mornueckoe «M»), TpuyeM B3TH ITOPOTOBEIE
3HAYEHUsI MO-TIPEXXHEMY BbIOMPAIOTCSI UCXOAS
13 33J]aHHOTO 3HayeHus1 P;,. OueBUIHO, 4YTO
B 9TOM CJly4yae

—%eff (@)

PHP:P“P” (5)

ap~ oap’
re BEPOSTHOCTU P;; 178 PH’}, JIOXHBIX pellle-
HUI, MOJlydaeMbIX Ha OCHOBAaHMU aHaIu3a OT-
JEJTbHO KAaXIIOTO W3 YIJIOB, BBIYUCISIIOTCS B
cootBeTcTBUU C (3).

OmHako, B OTJIMYME OT YIIOMSIHYTOTO BBIIIIE
CTPOIOro pellleHUs 3aJauyld MOMCKa ONTUMAaIb-
HBIX 3HAUYEHUU TTOPOTOB A'AH u A}, BbIOEpeM
5T 3HAYEHUS, UCXOIs U3 TPeOOBAHMSI paBEH-
CTBA BEPOSTHOCTEUN PH“P u P:, IIpn sTOM,
O4eBMIHO, A}, /o, = A}, /o, =A,. B nanHom
cllyyae BEpOSITHOCTb P, mpomnycka ¢akra Ha-
pyIIeHUs IeTOCTHOCTA HAaBUTAalIMOHHOTO IT10JIsI
BBIYMCIISIETCS B COOTBETCTBUHU C BBIpAXXECHUEM

Py =1-[1-A(A,,B,,/c,,)] %

6
x [1= A(Aq, By, /o)) ©)

rac

AP J0,) = S erf (A, /N2 4, N3 +
+ et (/N2 =, N2o,).
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MHdopmaTtuka. TeneKoOMMyHUKaumMn. YnpaeneHue
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Puc. 12. BeposTHOCTH JTOXHBIX peLIEHUI MPU UCITOJb30BaHUU

pe3yJIbTaTOB U3MEPEHMST IBYX (———

Ha puc. 12 mpexncraBiieHa 3aBUCHMOCTH
BEPOSITHOCTU P, OT mapamerpa A, (CruioLl-
Hasl KpuBas), BEIYMCIeHHas 1o dopmyre (5).
3nechb Xe IpUBeIeHa 3aBUCUMOCTb Py, OT ma-
pametpa A, /csAn = A, (MyHKTHUpHas KpuBas),
BbIUMCJIeHHas 1o (3).

[IpuBeneHHbBIE KPUBBIC TTO3BOJISTIOT ITPOU3BE-
CTU BbIOOp 3HAYEHUI OTHOCUTEbHBIX IMOPOTrOB

Py 0

10

e
,lum

) ¥ OTHOTO (-------- ) YIJIOB

A, B 000MX pacCMaTpMBAEeMBIX CIIy4yasx IpHU-
HSTUST pellieHUl, T. €. MPY UCTIOIb30BAHUU pe-
3yJIETATOB U3MEPEHUST OJHOTO WJIN JIBYX YIJIOB.
Ha puc. 13 npuBegeHbl 3aBUCUMOCTU
(6) BeposiTHOCTH Py, OT BenmuuuHbl B, /G,
OpU PasIUYHBIX 3HAYCHUSIX B, /csAn , Thoe B
KauecTBe mpuMepa BbiOpaHo P, =107 u
BAH/GA“ = 14 nb (xkpuBas 1), 16 n1b (xpusas 2),

1

ot
e

4

i + < "
10 £ £= ==
£ S S e i i J===
= + =
10 £ = Ef=c=cf=c—SaaG =c=-c===ZD==32g=====
= = - - —
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10 E= £= ===== NSE =
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Puc. 13. BepostHocTu nponycka HapymeHus uenoctHoctu HIT npu mcnonab3oBaHumn
PE3YJILTaTOB M3MEPEHMs ABYX (KpuBble 1, 2 1 3) M onHOro (MyHKTMpHas Kpuas) yrios u P, = 107
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18 nb (xpuBag 3). i1 cpaBHEHUST TyHKTUPOM
MpHUBeneHa 3aBUCUMOCTD (4).

Kak cnemyeT m3 aHaim3a KpUBBIX, Mpea-
CTaBJICHHBIX Ha puc. 13, B pacCMOTPEHHOM
(BapuaHT normueckoro «M») ciydgae mpuHSI-
TUSI PEICHUs 0 OBYM YIJIaM BBIMTPHIIIL IO
BEPOATHOCTU Py, IO CPaBHEHUIO CO Cllyya-
€M, KOrja pellleHHe IIPpUHMMAeTCSI Ha OCHO-
BE€ aHaJaW3a U3MEPEHUS TOJBKO OJHOIO YyIJja,
OyaeT HaOMOmaThCS JMIIb B 00JacTH, KOrma
BAU/GAT] < BAH/GAH :

B npoTtuBHOM cilydyae MCIOJIb30BaHUE M3-
MEpEHUl 00OuX YIJIOB MPUBOIUT K 3HAYM-
TEJIbHOMY IIpOUTpHILLy. OYeBUAHO, YTO IIO-
TOOHBIN BBIBOJ CIIPABEUIMB U B ClTydae, Koraa
paccMaTpuBaeTCs 3aBUCUMOCTb Py, OT Be-
JIMIUHBI BA“ /GA“ MpU Pa3INYHBIX 3HAYECHU-
ax mapametpa B, /o, . Ilpn sTOM 0bGacTh
3HaYeHUn B, /GAH, COOTBETCTBYIOIIASI BBIU-
TPBIILY METOAA IPUHSATHUSI PEIIeHUs MO IBYM
yIjlaM, OYE€BUIHO, ONPENEISIETCS BhIpaXKeHUEM
BAH/GAH < BAn /GAn '

IlpuMeHsIsT TIOMyYEeHHBIE pPE3YAbTaThl K
yacTHOMy ciiydato cuctembl KIIHII, xapak-
TEpU3yeMoOil JaHHBIMM puc. 6—11, momydaem,
4TO NpU P, =107 U UCTONB30BAHUM METOIA

Pryp

TNPUHATUS PELICHUS MO ABYM yriaaM (BapHaHT
Jjornyeckoro «M») HapylleHUs LIeJOCTHOCTH
HII oynyTt 3aduKcupoBaHbl C BEPOSATHOCTBHIO
He MeHee, 4eM 1- B, =1-107, Ipu ycio-
BUM, YTO OTKJIOHEHMS MEJCHTallMOHHBIX Iapa-
MeTpoB OymyT He MeHee 3,5 rpan. u 1,75 rpan.
MO a3UMYTy M CKJIOHEHMIO COOTBETCTBEHHO.
IIpu 3TOM HMCHOIB30BaHUE METOAA IPUHSITUS
peleHus JUIIb 0 OMHOMY YIJIy oOecreunBa-
JIO OBI T€ XK€ BePOSITHOCTHBIE XapaKTEPUCTUKU
cuctembl KIIHII, ecain OTKIOHEHUS II€jEH-
TrallMOHHBIX MapaMeTPOB ObLIM Obl HE MEHEE
4,4 rpan. u 2,2 rpall. COOTBETCTBEHHO.
PaccmoTpuM Tenepb MeTOH HMPUHSITUS pe-
IIEHWSI O HAJIWYWM HapyIIEHUs ILEJIOCTHOCTH
HII mo BapuaHty norudeckoro «AJI»). Ilpu
5TOM OYEBUIHO,
Py =P + P — PP

: (7
Jip - JIp
AHaJIOTMYHO TPEABIAYILIEMY CITydalo 3Haue-
4 n

Hust oporoB Ay m Ay BBIGMpAIOTCS MCXOMS
13 TPeOOBAHMs PABEHCTBA BEPOATHOCTEH P!

n " _ " _ ’
u P". Botom ciyuae A}, [o,, = A}, /o, = Ay,
U BEPOSTHOCTb Py, TIporycKa ¢akra Hapylie-
HUSI LEJTOCTHOCTH HaBUTALIMOHHOTO TIOJS BBI-

YUCIIAETCA B COOTBETCTBUU C BbIPAKCHUEM

4
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Puc. 14. BepostHocTu mporrycka HapylieHus 1ienoctHoctd HIT mipu ucnonb3oBaHUM pe3yibTaToB
M3MEpPEeHUs ABYX YIJIOB Ha ocHOBe Jiornueckoro «MJIW» (kpussie 1, 2 u 3), norudeckoro «M»
(kpuBble 4, 5 1 6) M onHOrO yryia (IyHKTUpHAsa KpuBas) npu P, = 107
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MHdopmaTtuka. TeneKoOMMyHUKaumMn. YnpaeneHue

Py = AN, By [04) - AN, Bay [0.), (8)

rie ¢yHkumum  A(Ay,B,/c.) omnpenenstorcs
BBIpaxkeHueM (6).

Ha puc. 14 npuBeneHbsl 3aBucuMocT (8)
BEPOSITHOCTU Py, OT BEJUYUHBI B, /csArl npu
TeX Xe 3HaYeHusx B, /o, , 4TO U Ha puc. 13
(kpuBbie 1, 2, 3 cooTBeTCTBeHHO). 151 cpaB-
HEHMSI TYHKTUPOM IIOKa3aHa 3aBUCUMOCTD
(3), a Takke paccMOTpeHHBbIe paHee (puc. 13)
3aBUCUMOCTH (6), COOTBETCTBYIOIIIME BapHaH-
Ty Joruueckoro «M» (kpusble 4, 5, 6).

N3 aHanu3a nmpuBeAeHHBIX KPUBBIX Clie-
JIIyeT, YTO BapuaHT IPUHSITHUS pElICHUS Ha
ocHoBe Joruueckoro <«WJIM» B obOnactu
Oonbmmx 3HaueHuit B, /o, ~obecneunBaet
CYIIECTBEHHBI BBIUIPHIII 110 CPaBHEHUIO
C IpYrMMHU pPacCMOTPEHHLIMM BapUaHTaMWU.
OnHako B 00/1aCTH MaJbIX 3HaueHui B, /o,
3TOT BapMaHT, HAIpPOTUB, MOXET HMETh
IIPOUTPHILI MO CPaBHEHUIO C BAPUAHTOM JIO-
ruyeckoro «M», He yctynasi, TeM He MEHee,
BapuaHTy IIPUHATUS peIIeHUs TOJBKO II0
OIHOMY YTIy.

AHaJIU3 MeJIeHrallMOHHBIX MapaMeTpoB Io-
3BOJISIET OCYLIECTBUTH MPUHSATUE PELICHUS O
HAJIMYMU WA OTCYTCTBUM HAPYIICHUS 11eJI0CT-
HocTtu HII paznuyHbiMu MeTogaMu, KOTIa UC-
MOJIb3YeTCs TOJIBKO OIMH U3 9TUX MapaMeTpOB,
JIM0O0 MperosaraeTcsl X COBMECTHOE UCIONb-
30BaHUE.

Bo BTOpOM ciyyae BO3MOXHBI BapuaH-
Thl JIOTUYECKOTO CJIOXEHUs (JoThuyeckoe
«MJIN») nnm noruyeckoro yMHOXeHMs (JI0-

ruyeckoe «M») mMpoMeXyTOUHBIX Pe3yJIbTaTOB
OPUHATHS PELIEHUI MO KaXXKIO0MYy M3 YIJOB B
OTIEJILHOCTHU.

IlepBBIii BapMaHT MO3BOJSIET MOJYYUTH
BBIUTPBILI 110 CPABHEHUIO C METOAOM MCIIOJIb-
30BaHMS TOJIHKO OTHOTO YIJIa BO BCeil 00IacTn
paccMaTpuBaeMbIX 3HAUECHUN MaTEMATUYECKUX
OXMIAHUI OTHOCUTEJIbHBIX OTKJIOHEHUM pac-
YETHBIX MEJECHTALMOHHBIX MapaMeTpoOB OT M3-
MEPEHHBIX.

IIo cpaBHeHHIO CO BTOpPBIM BapUaHTOM
(moruueckoe «M») 3TOT BapmaHT oOecIiedn-
BaeT BBIMTPHIII TOJBKO B 00JACTU OOJBIINX
3HAYEHMUI YKa3aHHBIX MAaTEMaTUYECKUX OXKM-
naHuil. Ilpy 3TOM YNOMSIHYTBIM BBIMTPBIIIL
BBIpaXXaeTcs B CTEIIEHU YMEHBIIECHUS TpeOy-
€MBIX 3HaYEHUI BeIMuuH B, /o, U B, /o,
MpU KOTOPBIX HapylieHue nesoctHoctn HII
OymeT 3a(hMKCHpPOBAHO C 3adaHHON Bepo-
ATHOCTBIO P, IpuU 3alaHHON BeJIUYMHE
Py

IToBbllieHe 3¢ (HEKTUBHOCTU  PACCMO-
TPEHHBIX METOAOB MOXKET OBITh O00eCIeYyeHO
nyTeM ONTUMM3ALMU 3HAYEHUI OTHOCUTEJIb-
HBIX [IOPOTOB IPUHSTHS PELLIEHUM 1O KAXKIOMY
M3 TEeJICHTallMOHHbBIX ITAapaMETPOB, a TAKXKE Ha
OCHOBE COBMECTHOI'O HCIIOJIb30BAHUS PE3Yb-
TaTOB aHaJIM3a 3HAYCHUN ITUX ITApaMEeTPOB Ha
HEKOTOPOM MHTEPBAJIE BPEMEHM.

Kpome TOro, mOMOJHUTEAbHBIA BbIMTPHILLI
MOXET OBITh MOJIYYEH 3a CYET ydeTa Pe3yib-
TaTOB aHaJIM3a MEJCHrallMOHHbIX MapaMeTPOB
BCeX OCTaJbHbIX K — 1 UCTOUHMKOB, CUTHAJIbI
OT KOTOPBIX OBUIM HCITOJb30BAaHBI IIPU pellle-
HWM HAaBUTALlMOHHOM 3amayu.
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CucteMHbIN aHANU3 U ynpaBaeHue

YOK 517.9 DOI 10.5862/JCTCS.212.5

B.H. Ko3no8, I'.A. Ps6oG, N.Y. Tpocvko

OLLEHKA OBJIACTU YCTOMYUBOCTU SHEPTOCUCTEMbDI
HA OCHOBE NPAMOIo METOAA JIANYHOBA

V.N. Kozlov, G.A. Ryabov, I.U. Trosko

ESTIMATION REGION OF STABILITY FOR ENERGY SYSTEM
BASED ON THE DIRECT METHOD OF LYAPUNOV

M3y4yeHbl aHAIMTUYECKUI U YMCICHHBIA METOAbl aHaIr3a YCTOMUYMBOCTU 3JEKTPOMArHUTHBIX U 3JIeK-
TPOMEXaHUUYECKMX MTPOLECCOB JIEKTPO3HepreTuyeckoi cucteMbl (BOC), paboTaltollieii Ha BHEIIHIOW CETh
OCCKOHEYHOI MOIIHOCTU. I MONIyYeHUsT aJIfrOpUTMa OLIEHKM T'PAaHUIIbI 00JACTH YCTOMYMBOCTH MCIIONb-
30BaH IpssMoii MeTona JIsimyHoBa. [IpuBeneHa MeToAMKA aHAJTUTHYECKOTO MCCISHOBAHUS YCTOMUYMBOCTH Ha
OCHOBE 3TOTO METOIa.

PaccmotpeH mpuMep mcciieqoBaHUS KOHKpeTHOU DDC mpemioXXeHHBIM METOIOM M TOJyUYeHUS Tpa-
HUIBI 00JIACTA YCTOMYMBOCTH 3aMKHYTOM CHUCTEMBI YIIPABIICHUS TP BapbMPOBAHUM YaCTOTHI TeHEpaTopa
W pa3IMYHBIX 3HAYCHUSX COOTHOILICHUS JWHEHHBIX W HEJIWHEHHBIX WICHOB B MaTeMaTWUYCCKOM MOIEH
UCCIIEAYEMOUN CUCTEMBI.

OBJIACTb YCTOMYMBOCTU; BJIEKTPOOHEPTETUYECKAS CUCTEMA; ITPAIMOM METO/I
JISITTYHOBA.

The current work is dedicated to analytical and numerical methods of analyzing stability in electromagnetic
and electromechanical processes of the electric power system (EPS). The EPS, considered in the present
article, runs in the external network of infinite power. The algorithm of estimating the stability region's
boundary was obtained using Lyapunov's Direct Method, and an analytical technique to study the system's
stability was developed based on the algorithm.

The suggested technique was used to study the EPS and the boundary of its stability region during the
generator's frequency variation and various ratios of linear and nonlinear terms of the mathematical model
of the studied system.

STABILITY REGION; ELECTRIC POWER SYSTEM; LYAPUNOV'S DIRECT METHOD OF.

PaccmoTpuM  Monelb 2JI€KTPOIHEPreTH-
YEeCKOW CUCTEMBI, COCTOSIIEN W3 TYpOUHBI U
CHMHXPOHHOIO TIeHeparopa, padoTaloluMX Ha
ceTb OECKOHEYHOU MOIIHOCTH, CXeMa KOTOpOi
npuBeAeHa Ha puc. 1.

YpaBHeHHE CHHXPOHHOTO TeHeparopa B
d-q ocsx, ompenensieMblIx IIpeoOpa3oBaHUEM
ITapka—TopeBa, mpeacTaBasieTCsd CHUCTEMOM

OOBIKHOBEHHBIX U depeHInaIbHbIX YpaBHe-
Huit (1)—(6) [1]. dns ynpoieHusT Mbl Oymem
paccMaTpuBaTh B MOAEIN CUMHXPOHHOIO I'eHe-
paropa TOJbKO JBe OOMOTKM BO30OYXACHMUS,
napy nemMngepHbIX OOMOTOK U OIHY U3 ¢a3-
HBIX OOMOTOK.

VYpaBHeHUSsI, OIMCHIBAIOIIEE IPOLIECCHl B
00MOTKax SKOpS:
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eHepaTop

nepeziayu

Harpyska
InHuna

(Re,Le)

7

Puc. 1. Cxema cucremsl

TypbGuHa
. dx
v, =—Ri + ok, + dtq , (D
g =Ly, + L, Gy +0y), )
A, =-Li + L, 3)
VYpaBHeHUe 1j1s1 0OOMOTKM BO30YKACHUSI:
. di di di
Vi = Ryl = L, d_;+ Ly Tf:+ L, d—ktd- 4)
YpaBHeHue mist neMndepHbIX OOMOTOK:
: di di di
0=Ryiy— L, d_;i +L,, d_j;d + L, ﬁ? (&)
: di di,
0= qulkq _Lmd7;+ qu#. (6)

B Mopmenm mpencrtaBieHa BHEIIHSS MOIII-
HOCTb, TTOABEIECHHAsT K TypOWHE, W 3JIEKTPH-
yecKas Harpyska, oOyCJIOBJIGHHAs ITpoliecCaMM
BO BHEWIHEH ceTn. YpaBHEeHUS TypoOuHsHl [1, 2]:

a5 _

dt
do
2H—=T -T - Do,

=T, ~ T, Do ®)

o-1, (7)

rac
Te = (Lq - Ld)idiq + medifdiq +
L

mdlq — Lo ldlmq ’

_ 2 2
V, =4Vt

YpaBHeHUS BHEIIHEH HArpy3Ku:

+ L,

)

v, = Ri, +1, ‘% — oL, + V" cos(d - a), (10)
. di, . .
v, = Ri, + 1, ot oli, +V7”sin(d —a). (11)
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OnpeneneHue BXOIAIIMX B YypaBHEHUS
(1)—(11) BeIMYUH U UX YUCITICHHbIE 3HAYEHUSI,
WCITOJIb30BABIINECS B pacyeTax, CBeJCHbI B Ta-
oy (CM. HIKeE).

Hns mpuBeaeHust cucrembl (1)—(11) k
BUY, YIOOHOMY ISl aHAIUTUYECKOTO MCCIe-
JOBaHUS M YUCICHHOTO MHTETPUPOBAHUSI, BCE
YJIeHbI, colepKallue MPOU3BOAHbIE (Ha30BbIX
KOOPIMHAT, TIEPEHOCATCS B JIEBYIO 4acTh, a
BCE OCTaJIbHbIE YWICHbI YPABHEHUI — B MPaBYIO
YacTh:

di di di
Ly 1) 1, S, T
= (R +R)i, ~ (L, + L)o i, + L, 0i, + (12)
+ V7 cos(6 - a),
di di,
—~(L, + Le)T;Hr Lde: =
=(R +R)i, +(L, + L,)owi, +

+ Lmdm(ifd +1i,)+V7sin(d - a),

(13)

di di, di .
_Lmd d—; + Lfd d—;d + Lmd ﬁ = Vfd - Rxlfd’ (14)
di di, di .
~L,, d_; + L, d_j;d + Ly, f = Risirgs (15)
di di
_Lmd 7; + qu TI;] = qulkq’ (16)

K cucreme (12)—(16) nobaBisiioTcsl ypaB-
HeHus Typounsl (7), (8). Cieayer OTMETHUTD,
YTO BXOJIOM CHMHXPOHHOIO I'eHepaTopa sIBJISI-
eTCsl HAaPsKCHUE BO3OYXACHUS v ,, ONpesie-
JIsieMOe CUCTEMOM yIpaBeHUSI BO30YXKISHM -
€M, KOTOpasl MpeACTaBIsieT COO0O CIOXHYIO
IMHAMUYECKYI0 cucTeMy. B Hacrosuiein pa-
0oTe OTMHAMMKa B3TOW CHUCTEMbl HE YYHUTHI-
BaeTcsi, U oOpaTHBIe CBSI3U (HOPMUPYIOTCS
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IMapameTpb DDC, ucnosib3yemMbie B MOAETHPOBAHNA

IlepemenHast DOU3NICCKHIT CMBICIT Hucrenroe
3HAYEHME
7 IIpsMoe 1 ToriepeyHoe HaIpsKeHUe ocell cTaropa
Vy HanpsixeHue Bo30y:XaeHUs reHepaTtopa
v, BreixomHOe HampsokeHHe TeHeparopa
i, iq Toxu B mpssMOi1 1 MOIIEPEUYHOM OCsIX TeHepaTopa
Iy Tox B 00MOTKe BO30YXKACHUS
[ ikq Toku B MpSIMOI M TIOMEPEUHOM LIeTIsIX AeMIT(epHBIX 0OMOTOK
Ay kq IToTokocuerieHUs1 MPSIMOM U TIONEPEYHON LieTeil reHepaTopa
R, CornpoTtuBieHre 0OMOTOK cTaTtopa 3x1073
Rfd ComnpoTusiaecHe 0OMOTOK BO30YXKICHUS 6,3581x10~
R, qu ConpoTusiaeHre JeMITIPepHBIX 0OMOTOK 22222323:
L, L, KoadduimeHTsl NpsMOit 1 MONepeyHO CaMOUHAYKLIUU 9,84, 4,25
Lfd KoadpdpunmeHT caMOMHIYKIMNA poTOpa 1,083
L., qu Ilpssmas u monepeyHas cCaMOMHIYKIMS JIeMII(PEPHBIX 00MOTOK 0,9568, 0,2321
L.,L, IIpsmas u monepeuyHasi MarHUTHas UHAYKLUS 9’1763X10:I
4 2,1763x107!
® YrioBasi CKOPOCTb TeHepaTropa
3 YT0o1 CKONBXeHUs TeHepaTopa
T, MoMeHT MeXaHUYeCKUX CUJI, IPUJIOKEHHBIX K POTOPY
T, MOMEHT 2JIEKTPOMAarHUTHBIX CUJI, TPUJIOXEHHBIX K POTOPY
D KoadduumeHt ngeMngurupoBaHus TypOUHbI 0
H MoMeHT MHepLMKU poTopa TypOUHbI 3,195
R, AKTHUBHOE COMPOTUBIIEHUE BHEIIIHEH CeTH Iepeaadyn 60x1073
L, WHayKTMBHOCTL BHEILIHEH ceTH Iepenadyu 11,16x1073
V=, a HanpsixkeHue mHbl 6eCKOHEYHOM MOILIHOCTU U €€ (pa3oBbli yro I;0

JVUHEHHBIM PETYJISITOPOM, MOCTPOCHHBIM IIO
METOIMKE aHAJIUTUYECKOTO KOHCTPYHpPOBa-
HUS OTNITUMAaJNbHBIX peryiasgtopoB, AKOP [3,
4]. OTMeTMM TOJILKO, UYTO TpaIuIIMOHHAas
ApXUTEKTypa CUCTEM YIIpPaBJIeHUs BO30YXIe-
HUeM He oOecrneuyMBaeT IOJHYI HalOiogae-
MOCTb U YIIPpaBIsIeMOCTh cucTeMbl (1)—(11),

YTO OOYCJOBJICHO NPUHLUUMNMAIBHONA HEBO3-
MOXHOCTBIO YIpaBJieHUs AeMII(EPHBIMU TO-
KaMU.

IpencraBuB ypaBHenus (12)—(16), (7),
(8) B MaTpuuHOil (opMe, IMOJYYUM IMOJTHYIO
HEJIMHEIHYI0 MOJENb CUCTEMbl CUHXPOHHBIN
TreHepaTop-TypOMHa BUIA
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'R+R 0 0
0 R+R 0
- 0 0 R
fa 0 0 0
g 0 0 0
Xi a | ="
dt ; 0 ~(L, +
@ ~(L, + L) 0
g ) 0 0
0 0
0 0
w1 -1
dt

B (17) unen K5, o) mpencrasisier coboi
3aBUCSIIME OT CUHYCa U KOCHHYCAa HEJIMHEeM-
HbIe WICHBI, OIpEAC/IsieMble YIJIOM CKOJbXE-
HUS U BHEITHUM (pa30BbIM YIJIOM, a BeJIMUYMHA
T, paccuntbiBaetcs 1o Gopmyie (9).

YroObl MCMOJAB30BaTh CTAHAAPTHBIE Me-
TOOBI WHTETPUPOBAHUS cUCTEM JuddepeH-

0 0]
0 0
0 0 |+ o
de 0 l.d
i
0 R ¢
N |+ F5,0), (17)
Ly o 0 L, i
Lmd Lmd 0 i
kq
0O 0 0 |- -
0 0 0
0 0 0|
- Do, a8 _ o-1,
dt

LIMaJIbHBIX YPaBHEHUM, IOJy4eHHas CHUCTeMa
JIOJDKHA OBITh pa3pellieHa OTHOCUTEIbHO Ipo-
W3BOJHBIX TOKOB, IJISI YEro HYXKHO OOpaTUTh
MAaTpUIly COMPOTUBICHUI Y MHIYKTUBHOCTEM.
OOpaTrHasa MaTpuia I MaTpulbl X IojydyeHa
C TTOMOIIIbIO MTaKeTa CUMBOJIBHBIX BEIYMCICHUI
MatLab u umeer Bug

_ﬁ 0 _£ Lmd(Lfd - Lmd)
A A AL, - L,,)
Ll 1 B B 1
AC ¢ AC, AC, C,
X' = _ﬁ 0 LdeZ _ Lfnd _ Lde2 _ Lfnd ,
A A(Lkd - Lmd) A(Lkd - Lmd)
0 0 _1 1 0
D D
Lulw o, __B B 1
AL, AL, AL, L, |
rae CUCTCMbI yHIpaBJICHUA ACMOHCTPUPYET €€
L (L,-L)) YCTOMYMBOCTb NMPU HOMMHAJIBHBIX 3HAYEHUSIX
A=L C. -2 B=_md "/ ki’ - H
‘fd 2 ‘md Lkd _I ) ) apaMEeTpoB K BHCIIHUM BO3MYLICHHAM. a

¢G=L+L.,C,=L+L,D=L,-L,.

IIpaBeie yactu ypaBHeHus (17) mpencraB-
JISIIOT cO00i OunnHelHy10 (popMy (pa3oBhIX Te-
peMeHHBIX. JInHaMyKa TypOWHBI OMTUCHIBAETCS
CUCTEMOMN JIMHEWHBLIX JIuddepeHInaTIbHbIX
YpaBHEHUI C €IWHCTBEHHBIM HEJIMHEWHBIM
YJIEHOM, XapaKTEepU3YIOIIUM 3JIEKTPOMArHUT-
HYIO Harpy3Ky OT BHEIIHEI CeTH.

MogenvpoBaHue AWHAMUKKM 3aMKHYTOM

52

puc. 2 OpUBEACH MEPEXOAHBIM IpollecC IpH
U3MEHEHUM BHEIIHEW HAarpy3Ku Ha ABaalaTOM
cekyHae moaenupoBaHus. OUeBUIHO, UYTO IIPU
HOMUWHAJIbHBIX 3HAYEHUSIX TTapaMETPOB CUCTE-
Ma yIIpaBJIeHHUs YCTOMYMBA 1 00J1amaeT mpruemM-
JIEMbIMU TUHAMUYECKUMU XapaKTEPUCTUKAMMU.
IIpencraBisgeT WMHTEpPEC OLICHKA MOBEACHUS
CUCTEMBI MIPYM BApbMPOBAHUM €€ IapaMeETpPOB,
HanmpuMep 4acTOThl BpalleHUsI pOTOpa TypOu-
Hbl. Ilpy HOpMaJbHO paboTaIoIIEl CHUCTEME
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®dazoBble nepemMeHHble

Bpems, c

Puc. 2. IlepexonHslii pouecc Mpyu U3MEHEHUM BHEIIHEH Harpy3ku Ha 20-ii ceKyHae (pyHKIIMOHUPOBaHUS

cTabMM3alMM 4acTOThl ee (IIyKTyauuu He-
3HAUUTEJbHbI U HE CIIOCOOHBI CEpPbEe3HO II0-
BJIMUSTh HA YCTOMYMBOCTH 3HeprocucreMmbl. Ho
IpU OTKa3e CHUCTEMBI CTAOMIM3AllUU YaCTOThI
ee KoseOaHUsI CTAaHOBATCS 3HAYMTEIbHBIMU U
BO3HUKAaET PUCK MOTePH YCTOMUMBOCTU SHEPIO-
cucteMbl B 11esioM. C 11eJIbl0 OLIEHKM MPeacioB
0e301acHOro KojiebaHus 4acTOThI TIpeIoKeHa
METOIMKA OLIEHKM 00JacTU yCTOMYMBOCTU HE-
JIMHEMHOM CUCTEMBI ITyTEM IOCTPOCHMS HAIJIC-
Xale pyHkuuuy JIsgmyHoBa.

TeopeTHuecKne OCHOBbI
METO/Ia aHAJIM3A YCTOWYNBOCTH

PaccMoTpum cucteMy — OOBIKHOBEHHBIX
nuddepeHINATBPHBIX YPAaBHEHUI IIEPBOTO II0-
psinka:
x'=f(x),x(t)e R", f : R" - R", f(0) = 0.(18)

OmnpenenuMm ¢yHKUMO JIgmyHoBa B BUIE
KBaJpaTUIHON (POPMHEL:

V = x"Px. (19)

W3BecTHO, 4YTO TMOJIOKEHUE PaBHOBECUS
x*= (0 OyzmeT yCTOMYMBO IIPU OTHOBPEMEHHOM

BBIMIOJIHEHUW CJIENYIOIIUX HEPABEHCTB IS
BCEX 3HAUYCHUI (Pa30BOU MEPEMEHHOM:

V(x) >0,
V'(x) < 0.

(20)
(21

ITpousBomHasgs oT ¢yHKIMKM JIssmyHOBa
OepeTcsl BOOJb TpaeKTopuu cucteMbl (18) u
OIpeNeIIeTCS BhIpakeHEM

V'(x) = fT(x)Px + x" Pf(x), (22)

KOTOPOE IOJIKHO OBITh CTPOTO OTPULIATEIbHBIM
171 Bcex x = 0. B ciyyae nuHeiitHOCTH mpaBoOit
yactu (18) ycioBue mpUBOIUT K MATPUUHOMY
HepaBeHCTBY JlsmyHoBa:

f(x) = Ax, A"P + PA < 0. (23)

Hanee paccmarpuBaetrcs oOmasa dopma
(18), mpencraBineHHas1 B BUIE CYMMBbl JUHEMH-
HOM 4acTU Y HEKOTOPOW HEJIMHEMHOU BEKTOP-
GyHKUINU:

x'=Ax+h(x)+ Bu,h: R" — R",u(t) e R".(24)

BexkTop u(?) mpeacrapisier co0oii BHEIIIHEE
BO3/ciCTBUE Ha cUCTeMy (B 4aCTHOM Cilydae
9TO MOXET OBITh yrmpaBjicHue). Moaenu Tako-
ro TUIIA UCIOJIb3YIOT IJI ONKUCaHUs (PYHKIIMO-
HUPOBAaHUS CUHXPOHHBIX TEHEPATOPOB, BXO/ISI-
11X B 2JIEKTPOIHEPIeTUYECKIE O0beIMHEHMS
[1, 2].

Ynopapndioliee BO3IEUCTBUE B CUCTEME
(24) popmMupyeTCs COTrJIaCHO aATOPUTMY

u = Kx, (25)

rie K — Marpuua Ko3dduUUEeHTOB o0pat-
HBIX CBSI3EH, MOJIyYeHHAs] C MCIIOJIb30BaHUEM
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KakKoro-jimbo MeToaa Ux cuHTe3a [4] mus au-
HEWMHOM YacTu cucTeMbl (24) u obecreunBa-
11as YCTOMYMBOCTh 3aMKHYTOM JIUHEMHOM CH-
creMbl ¢ MaTpuLieii A, = A + BK. [lony4yeHHble
3HAYEHUsI MOACTABISIOTCI B (24) M MPpUBOIMIT
K HEpPaBEHCTBY

x"(Ag P + PA, )x + x" Ph(x) + h" (x)Px < 0, (26)

I Bcex x = 0 mimm, B Oojiee KOMITAKTHOM
dopme:

Yy Fy <0, (27)

y=I[x hx]I", (28)

F_ [A;P + PA, P}_ (29)
P 0

N3 (27)—(29) cnemyeT HEBO3MOXHOCTD
obecrieyeHuss BBIMTOJIHEHUS (27) IS TpPOuU3-
BOJIbHBIX 3HAUYEHW1 ¥ BBUAY TOTO, YTO MaTpUlia
F He saBisgeTCS OTpULIATENBLHO OIpPEAEICHHOMN
B obmieM ciydae. HakimanpiBaroTcs orpaHmnye-
HUg Ha BUA GyHKIWM h(x). Ilomaraercs, 4to
JUISL HUX CITpaBe/yIMBa OlleHKa

h"(x)h(x) < a’x"H" Hx,
H:R" - R",H = const,

WIH, B MaTpUYHOI hopMe

{ X T {—azHTH OMM p }
<0
h(x) Opn L LX)

I/ISBCCTHO, 4YTO 1JId CUMMCTPHUYHBIX MaTPUILL

(30)

F, G pa3MepHOCTHU nxn BBITTOJIHEHUE YCIOBUS
(27) cnenyet U3 ycnoBust

y'Gy <0, (31)
€CJIM CYIIECTBYET Takoe uuciio T > 0, I Ko-
TOPOTO CIpPaBEUIMBO MATPUYHOE HEPABEHCTBO
[5—7]:

F-1G<0. (32)

Hcnons3yst 3ToT pesynbrat, (29) mepemnu-
chIBaeTcs B hopme

AiP+ PA, +w’H'H P

P -/

CrnemyeT OTMETUTb, YTO TOCJEIHEEe Hepa-

BEHCTBO HeJIMHEWHO nmo F' 1 K, MOCKOJIbKY pa-
BEHCTBO

A{P+PA, =A"P+ PA+ PBK + K'B'P

} <0. (33)

COAEPXKUT UX MPOU3BEICHUE.

IIpumep aHaM3a 3JEKTPOIHEPreTHIECKOI
CUCTEMbBI

C uenbio MOATBEPXKIASHUS PabOTOCMOCO0-
HOCTM OIIMCAaHHOI B IIpedbIOyIIEM pasieie
METOIMKHU, PACCMOTPUM IMPAKTUYECKUNA TTPU-
Mep aHaiau3a 00JIaCTM YCTOWYMBOCTM CHUH-
XPOHHOTO TeHepaTopa IIpU BapbUPOBAHUU
YacTOThl BpallleHUs poTtopa TypOUHBL. s
3TOTO IIOCTPOMM MATPUILY, HCIIONb3YyS MO-
nenb reHepartopa (17). g Hee MaTpulia 3aM-
KHYTOI CUCTEMBbI, BKJIIOYAlOllIell TeHepaTop U
CUCTEMY BO3OYXIECHUSI:

[~1.0131 1.2860 3.7704 -8.8559 -8.0458]
~0.8326 -4.9178 3.7637 2.9891 2.7154
A =| 17824 35072 -7.8990 5.6657 5.1478 |, (34)
9.1817 83716 8.3716 -1.3503 5.2736
|-8.9651 -8.1741 -8.1741 13184 -—5.8045|

COOCTBEHHBIC 3HAUYCHMSI STOM MATPUIIBI PaBHBI

(-10.8096 —6.9984

-0.1865+ 0.7177i

-0.1865-0.7177i -2.8038),

CJICA0BATCIbHO, IIPU HOMUWHAJIBHLIX 3HAYCHUAX MMapaMETPOB CUCTEMA YIIPpAaBJICHUA B036Y)KI[6HI/I-

eM ycToiturBa. Matpulsl B (26)

-0.0538 0.0341
0.0341 -0.0231
P=|0.0168 -0.0121
0.0082 -0.0094
0.0110 -0.0039
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0.0168
-0.0121
-0.0069
-0.0072
-0.0001

0.0082 0.0110
-0.0094 -0.0039
-0.0072 -0.0001 |,
-0.0153 0.0083
0.0083 -0.0096
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164.6768 150.1465
150.1465 136.8983
150.1465 139.8983
0 0
0 0

H'H =

ITockonbKy MHEPLIMOHHOCTD 3JIEKTpOMeXa-
HUYECKHUX TPOLIECCOB CYIIECTBEHHO OOJblIE,
YeM MHEPLIMOHHOCTb 3JIEKTPOMAarHUTHBIX MPO-
11eCCOB, OTKJIOHEHUE YacTOThl BpaILlEHUS Typ-
OMHBI OT HOMMHAJAa MOXET paccMaTpUBaThCS
KakK TiapaMmeTp, ONpeesiolInii MOBeAeHUE
(ba3oBBIX TEpEMEHHBIX CMHXPOHHOIO reHepa-
topa. pyroii mapameTp — BeauduHa 1 u3 (33),
ONpEACIISIIOIIMI COOTHOLIEHUE MEXIY JTUHEN-
HBIMM 1 HEJIMHEWHBIMU 4YieHaMu B (24), o0e-
CIIEUMBAIONIMI OTPULIATEJIbHYIO OMpeaesIeH-
HOCTb MatTpuibl B (33).

ITocne paspemieHus (17) OTHOCHTENBHO
MPOU3BOJHBIX U TMOACTAHOBKW B MOJIyYeH-
Hble (hDOPMYJIbl 3HAYCHMIA W3 TaOJIWIbI, ObLIa
MOCTPOEHA  TMOBEPXHOCTb  MAKCUMAaJIbHOTO
COOCTBEHHOTO 3HauyeHUs1 MaTpullbl F 13 He-
paBeHcTBa (33) B 3aBUCUMOCTU OT ®, T. DTa
MOBEPXHOCTh MpuUBeAeHA Ha puc. 3. BuaHo,
YTO MPU MaJIbIX 3HAYEHUSIX OTKJIOHEHMS 4Ya-
CTOTHI OT HOMMHAJIA U TIPU MaJbIX 3HAYEHUSIX

150.1465 0 0
139.8983 0 0
136.8993 0 0

0 119.6450 108.7019
0 108.7019  98.7596

YIIPaBJISIIOIIETO TapaMeTpa t €CTh 00JIacTh, B
KOTOpPOil BCce COOCTBEHHbIE 3HAYEHMSI MaTpU-
usl B (33) oTpuLaTeNibHbI, YTO CBUIETEIb-
CTByeT 00 OTpULIATEbHOU OMNpeaeeHHOCTU
caMmoil atoit Marpuilbl. OJHAKO C POCTOM OT-
KJIOHEHUS YacTOThl OT HOMUHAJIa pacllupsieT-
cs 00J1acTh, B KOTOPOI CHUCTEMA BO3OYXKICHMS
HeycTOHYMBa, MPUYEM Ha rpaHulle objactu
YCTOMYMBOCTM BO3MOXHBI TOSBICHUSI OO0Ja-
cTelt ¢ xaoTnueckuM moBeAaeHueM [8—10], xa-
PaKTePU3YIOIIAMCS HETPEPBIBHBIM CITIEKTPOM
CUCTEMbI yIIPaBJICHMUSI.

B crathe npeanoxeH METOn OLICHKM 00Ja-
CTU YCTOMYMBOCTU HEJIMHEWHOW MOJIENIN DJIEK-
TPOSHEPIETUYECKON CUCTEMBI, BKIIOYAOLIECH
MozAead TYpOUMHBI U CUHXPOHHOIO FeHeparopa,
B IIPOCTPAHCTBE ITAPAMETPOB CUCTEMBI.

IIpuBeneHbl MNOJYyYEHHbIE AHAIUTUYECKU
YPaBHEHUS CUHXPOHHOI'O F€HEPATOPA, a TAKXKe
pEe3yAbTaThI YUCJIEHHOTO TOCTPOEHUS 001acTei

MakcumanbHoe co6CTBeHHOE 3HavyeHne Matpuubl F

3HaueHue

OTHOCMTENbHAA YacToTa

" Mapametp

Puc. 3. Xapakrep n3aMeHeHHUs] COOCTBEHHBIX 3HAYeHUI MaTpULBI B (34)
B 3aBUCHMOCTU OT ITAPAaMETPOB U COCTOSIHUSI CUCTEMbI
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YCTOMYMBOCTUA MOJAEJIBHON CUCTEMBI B 3aBUCH -
MOCTH OT M3MEHEHHUS YIJIOBOil CKOPOCTH €ro
BpallleHUsI M KOHCTPYKTMBHOIO TMapamerpa,
OIPEIEISIONIEr0 COOTHOILIEHWE JUHEHHBIX U
HeJIMHEWMHBIX YWIEHOB B HepaBHEeHCTBe (33).
ITonyyeHHBIE pacueThl MOATBEPXKIAIOT pa-
0OTOCIOCOOHOCTL METOMa UM  BO3MOXHOCTD
NPUMEHEHUST YUCICHHO-aHAIUTUYECKUX Me-
TONOB JUISl aHAJIM3a CTEIeHU POOACTHOCTU He-
JIMHENHBIX CHUCTEM YIIPaBJIEHUS, a TaKXKe BbI-

sIBJIEHUs 00JacTell MPOCTpaHCTBa MTapaMeTPOB
CHCTEMBI, B KOTOPHIX BO3MOXHO BO3HUKHOBE-
HUe XaoTudeckux mnpoueccoB [8]. TTocKolbKy
Ha TrpaHuUIle O0JaCTM YCTOMYMBOCTU HEJIM-
HEHHOI CUCTEeMbl MOTYT BO3HHUKATb CJIOXKHbBIC
(B T. 4. XaOTUYECKHE) PEKUMBI (DYHKIIUOHU-
poBaHud [9, 10], mpenaraeMbiii METOI MOXKET
HCIIOJIb30BAThCSl JJISI MOBBILIEHUST 0€30MacHO-
CTU 2KCIUTyaTallMU CYIIECTBYIOIIUX U MPOEK-
TUPYEMbIX SHEPIrOCUCTEM.
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14—15 nHosi0pst 2014 Toma B KocTpome mpolnia Bropas exkerogHas KOH(pepeHIIUs 110 IIpo-
rpaMMHOM MHXXeHepuur « THCTpyMeHTBI 1 MeTOAbI aHaliu3a rnmporpamm — 2014» (Tools & Methods
of Program Analysis, TMPA-2014). TpaguuuonHo CanHkrt-IlerepOyprckuii rocynapCcTBeHHBIN
MOJIUTEXHUUECKUI YHUBEPCUTET ObUI OMHUM M3 €€ OPraHM3aTOPOB.

KoHdepeH1ns Mo3nIMoHUpyeTcs KakK BaXXKHOE COObITME B 00JIACTM MCClIeNOBaHUI Teope-
TUYECKUX U IPAKTUYECKMX acCIIeKTOB NpPOTrpaMMHOI mHXeHepuu. [1o cpaBHeHUIO ¢ IepBOit
KOH(epeHIIMEeN IIPOU3OLLIN OIpeaeIeHHbie U3MeHeHUs1. BnepBble JOKIaabl NpUHUMAINCh Ha
PYCCKOM M aHTJIMHCKOM s13bikax. Ha KoHpepeHMu ¢ mpurialeHHbBIMA TOKJIagaMy BhICTYITWIN
Hxo3ed Bunep (Josef Widder) u Usan KonHos n3 Texunyeckoro yuupepcurera Bens! (Vienna
University of Technology), mpencTaBuBIINe CEpUI0 HOKIAAOB, IMOCBSILIEHHBIX TOCTUKEHMSIM
B obnacTu BepuGMKalMU pacnpeaeseHHbIx aaropuTMoB («Introduction into Fault-tolerant
Distributed Algorithms and their Modeling» n «Parametrized Model Checking of Fault-tolerant
Distributed Algorithms by Abstraction»). Kpome Toro, nmpeacraBuTesIsIM pa3HbIX HAYYHBIX LIKOJ
Poccum mpenoctaBuiiv BO3BMOXHOCTh pacckaszaTb 00 MCCAEA0BaHUSIX, KOTOPble OHW BEOyT B
CBOMX HAy4YHBIX TpYMIIax.

Ha koHdepeHumno «MHCTpyMeHTHI M MeTOAbl aHaiu3a mporpamm — 2014» mnpuciaiu
41 KOHKYpCHBIM MOKJIAH, Ha NOKJIanbl mojyuwin 115 peuneHsuit, 26 Jy4liux AOKJIAIOB OTO-
Opanu 1J1s TIpeacTaBlieHUs Ha KOH(MEePEHUMU B BHIE IOJHBIX WJIM KpPaTKUX COOOIICHUI, OBa
JIO0KJaaa IPUHSUIM B Ka4yeCcTBE MOCTEPOB.

ITocne npoBeaeHUsT KOH(PEPEHIMU YacTh JYYIIMX JOKJIaa0B OblIa peKOMEHIOBaHa ISl 10-
paboOTKM U TOCAeAyIolleil MyOoJuKalluyd B BEAYIIMX POCCUMCKMX PELIEH3UPYEeMBIX KypHalax.
B pamkax 3Toif ”HUIIMATUBEI B JAHHOM paslelie Halllero XKypHaja IpeacTaBlIeHbl TP CTaThH,
PEKOMEHIOBaHHbIE IJIs MyOJIMKAIIMX IMIPOTPaMMHBIM KOMUTETOM KOH(EPEeHIIUN U MPOIIEAIINe
JOMOJHUTENIbHOE PEeLIeH3MPOBaHME B COOTBETCTBUM C MpaBUJaMU XKypHaJa.

Tpetbsa xkoHbepeHuuss «MHCTpyMeHTH M MeTombl aHamm3a IporpamMMm — 2015» (Tools &
Methods of Program Analysis, TMPA-2015) oyaer npoxoauth 12—14 Hos6psa 2015 roma B
Cankr-ITetepOyprckom nonutexHuuyeckoM yHusepcutete Ilerpa Benukoro. Bes nngopmanus
0 mporpamMMme KoH(epeHIIMN, CpoKax MpremMa ITOKIaI0B U MPUTIAIIEHHBIX TOKJIaqduKax oymer
OIepaTUBHO OTpaXxaThcs Ha caiite KoHpepeHMu http://tmpaconf.org

Conpedcedamensv npoepammHo20 KoMumema
Kongepenyuu TMPA-2014
B.M. Hyvikcon
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METOA NOCTPOEHUA PACLUUPEHHDbIX KOHEYHbIX ABTOMATOB
MO HDL-ONMUCAHUIO HA OCHOBE CTATUYECKOIO AHAJIU3A KOAA

S.A. Smolov, A.S. Kamkin
A METHOD OF EXTENDED FINITE STATE MACHINES CONSTRUCTION

FROM HDL DESCRIPTIONS BASED ON STATIC ANALYSIS
OF SOURCE CODE

Cn0XHOCTb LIM(POBOI MUKPOIJIEKTPOHHOI anmapaTypbl HEYKJIOHHO BO3pacTaeT, YTo CYLIeCTBEHHO 3a-
TPYAHSIET €e BepUDUKALIMIO — MPOBEPKY KOPPEKTHOCTU. Upe3BblYaiHO aKTyaJIbHBIMU OKa3bIBAIOTCS METO-
JIbl aBTOMaTU3UPOBaHHOM Bepudukauuu. [TonoOHbIe METOAbI, KaK MTPaBUJIO, OCHOBAHBI HA UCIOJIb30BaHUM
moneneir — (GopMalM30BaHHBIX MPEACTABICHUN TIPOCKTUPYEMOI aImaparyphl, YIOOHBIX IJIS TeHepaluu
TECTOB U/WiK (hOPMaATBHOUN TTPOBEPKU CBOMCTB. HacTo MOJEN CTPOSITCS BPYUHYIO, UYTO UYPEBATO OIIMOKAMU
N MOXKET IIPUBOAUTDL K HCAACKBATHBLIM PE3YyJibTaTaM BepI/I(bI/IKaL[I/II/I.

OHI/IcaH METOA aBTOMATUYCCKOI'O MU3BJICUYCHUA Moz[eneﬁ, NMCIOIIIUX (bOpMy PaClIMPCHHBIX KOHCYHBIX
aBTOMATOB, HEMOCPECACTBEHHO M3 ITPOCKTHbLIX OoNnucaHui almnaparyphbl. HpI/IBGL[eHbI SKCIICPUMECHTAJIbHBIC
JAaHHbIC 11O IMPUMEHEHUIO IIPEATIOKECHHOI0O ME€To4Aa.

LIUDPOBAS AIMAPATYPA; ®YHKILIMOHAJIBHAS BEPUDUKALIUA; SI3bIK OMMMCAHUA
ATITIAPATYPBI; CTATUYECKUM AHAJIU3; TEHEPALIMS TECTOB; IMPOBEPKA MOJEJEN;
JOTUYECKMUM CHUHTE3; PACIHIMPEHHBIMN KOHEYHBIN ABTOMAT; OXPAHSAEMOE JIEW-
CTBHUE.

The complexity of digital microelectronic hardware grows steadily, which complicates its functional
verification and makes the methods of automated functional verification extremely important. Such methods
usually use models that are formal representations of hardware descriptions. Such models are suitable for
functional test generation and/or property checking. These models are often manually built, which can
cause errors or unexpected behavior.

This paper comes up with a new method of automated extraction of extended finite-state machine
models from hardware descriptions. The key feature of the method is automated detection of hardware
module's registers that encode the module's state. The experimental results of the method's application are
also presented in the paper.

DIGITAL HARDWARE; FUNCTIONAL VERIFICATION; HARDWARE DESCRIPTION
LANGUAGE,; STATIC ANALYSIS; FUNCTIONAL TEST GENERATION; MODEL CHECKING;
LOGIC SYNTHESIS; EXTENDED FINITE-STATE MACHINE; GUARDED ACTION.

OyHkuuoHanbHas — BepudUKalus — SIB-
JIsieTCsl OAHUM M3 HaubOosiee TPYAOEMKHUX M
JOPOTOCTOSIIMX 3TAaoB B MpPOILECCE TIPO-
€KTUPOBaHUS LU(GPOBOM MMKPOIIEKTPOH-
Hoil ammapatypsl [1]. st aBTOMAaTHU3aLUK
BepupUKALMY IUPOKO HUCIOIb3YIOTCSI MO-
IeM — MaTeMaTHUYeCKue aO0CTpakKIMW, OIH-
ChIBAWOIINE CTPYKTYPY U/WJIU IIOBEIeHUE pa3-
pabarbiBaemoii cuctembl. [IpuMepamu TUIIOB
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MoeNel, INPOKO IPUMEHSIEMBIX IPU IIPO-
€KTUPOBAHUM aIllapaTyphl, SIBISIOTCS KOHEU-
HBIe aBTOMaThl M cetu lIletpu [2]. Mogenn
MOTYT CTPOMTBLCSI Ha OCHOBE aHajlu3a Tpedo-
BaHU# (TEXHUYECKOTO 3aJaHMsI, BHYTPECHHEMN
JOKYMEHTaUMU W T. I.) JUOO M3BIEKaThb-
Ccs W3 NPOEKTHBIX OIMCAHW aImapaTyphl,
BBINIOJIHEHHBIX Ha  CHeLUaIM3MPOBAHHBIX
s3eikax (Hardware Description Language —
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HDL), nanpumep, VHDL wau Verilog [3].
B crathe paccmarpuBaeTcsl METOI BTOPOTO
THIIAa U €Tr0 NpHMEHEHHWE K BepU(pUKAILIMU.
Hns MoaenupoBaHUS amIapaTypbl MCHOJb-
3yeTcsd (POopMaiM3M pacCIIMPEHHBIX KOHEUHBIX
aproMaToB (Extended Finite State Machine —
EFSM) [4].

PacimpeHHbI KOHEYHBI aBTOMAT (Ha3bI-
BaeMblil Takxke EFSM-Mopenbio) yCTpoeH clie-
IyrolIuM 00pa3oM. Bo-miepBhIX, B JOMOJIHEHNE
K KOHEYHOMY MHOXECTBY COCTOSIHUI, MMEIO-
memycsli B kiaccuyeckoMm apromare (Finite
State Machine — FSM), oH comepxXuT MHO-
JK€CTBO II€PEMEHHBIX (BXOMHBIX, BHYTPEHHMX
U BbixogHbIX). Bo-BTOphiX, B EFSM-Monenu
Mepexoabl MEXAY COCTOSHHUSIMM CHAOXEHBI
OXpaHHBIMU YcCJOBUSIMM (guards) Ha 3Haye-
HUS TIEpeMEHHBIX (BXOIHBIX M BHYTPEHHUX) U
JecTBUSIMHU (actions) MO M3MEHEHMIO 3Haye-
HUI TIepeMEHHBIX (BHYTPEHHUX W BBIXOITHBIX).
Ilepexon paciimpeHHOro KOHEUHOIO aBToMaTa
MOXET cpaboTaTh, TOJBKO €CJIM BBIIIOJHEHO
€ro OXpaHHOE€ YCJIOBHE; IIPU CpadaTbIBAaHUU
mnepexoda BBIINOJHSETCS COOTBETCTBYIOIIEE
JIEVICTBUE.

B EFSM-Monensx ymnpaisiiomiasi JIOTU-
Ka (control logic) ecTecTBEeHHBIM 00pa3oM
oTHensieTcsl OT (PYHKUMN IIpeoOpa3oBaHUS
JaHHBIX (datapath), Kak 3TO TPUHATO TIPU
MMPOEKTUPOBAHNM LM(GPOBOI ammapaTypsl
[5]. SBnssch agekBaTHBIM (OPMaJIM3IMOM
JJI1 MOJIeJIMPOBaHMS IIMPOKOTO KJjacca CH-
cTeM (KOMIBIOTEPHBIX MPOTOKOJOB, CUCTEM
VIIpaBJICHUS U Ap.), paclIMpeHHbIE KOHEY-
Hble aBTOMAaThl aKTWBHO MCIIOJb3YIOTCS B
BepupUKAIMU: JIT ITOCTPOCHHUSI TECTOBBIX
HaboOpoOB, IIPOBEPSAIOIINX COOTBETCTBUE CH-
CTeMbI TpeOOBaHUSM [6]; 151 TeHepaluuu Te-
CTOBBIX ITOCJIEI0BAaTEIbHOCTE!, HalleJI€HHBIX
Ha MaJIOBEPOSTHBIE CUTyallMd B paboTe Cu-
cteMbl [7] (B KOTOpPBIX MOTYT MPOSIBISATHLCS
TPYAHO OOHapyXMBaeMble OIIMOKU MPOECK-
TupoBaHus [8]); misa popManbHON NPOBEPKU
CBOWCTB cucTeMBI [9].

B pabGote mnpemiaraercs MeTON W3BJIE-
yeHuss EFSM-moneneit 3 ucxomHoro koja
HDL-onucaHnuii, oprueHTUPOBAHHBLIM Ha pe-
mieHne 3amad  Bepudukannu. Paspaborka
noaxoaa MOTMBHUPOBAJAch CIEAYIOIIMMU CO-
obpaxeHussMu. Bo-TiepBbIX, aBTOMaTUYECKOE
MOCTPOCHME MOJEIH 0 UCXOAHOMY KOIYy MO-

3BOJIIET M30€XaTh OIIMOOK, MMEIOLIUX Me-
CTO IpU PYYHOM MOIEIMPOBAHUM; YIIPOIIAET
MOIIEPKKY CUCTeM Bepudukauuu (MOIeIb U
HEKOTOpbI€ YACTU TECTOBOIO OKPYXEHUS MO-
I'YyT OBITH aBTOMATHUYECKU IIEPECTPOCHBI MpPU
M3MEHEHMH KOJa IIPOEKTa); MOBBIIIAET TOYU-
HOCTb M HalleJIeHHOCTh Bepudukauuu. Bo-
BTOPBIX, pacIIMpPeHHbIE KOHEYHbIE aBTOMAThI
SBJISIIOTCSI XOPOUIO M3YYEHHBIMM MaTeMaTu-
YeCKUMM O00beKTaMM, IJISI KOTOPHBIX pa3pado-
TaHbl 3(p(PEeKTUBHBIE METOABI aHaaMu3a (Ipead-
CTaBJSIETCS IEPCHEKTUBHBIM aJalTUPOBATh
MMEIONIMICS apceHal METOIOB 1 MHCTPYMEH-
TOB JUIs1 uX IpuMeHeHus: K HDL-onucanusim).
B-tperbux, EFSM-Mopenu mpencTaBIISIFOTCS
YIOOHBIM CPEICTBOM [IJIS WMHTETpallMy pas-
JINYHBIX TEXHUK BepUMUKALIMK amIaparypbl
Kak MMUTALMOHHBIX (simulation-based), Tak
1 GhOpMaIbHBIX.

CraTbhsl SBJSICTCS pacCIIMPEeHHOI Bepcueit
pabotsl [10], mpencTaBlIeHHO HaMU Ha KOH-
deperumun MBOC-2014: B Hell yTOUYHEH aj-
roput™M usBieyeHussi EFSM-moneneitr  u3
HDL-onucanuii 1, KpoMe TOTO, MPUBEICHBI
SKCIIEpUMEHTAJbHBIE JaHHBIE IO TpPHUMEHE-
HUIO MIPEIIOXKEHHOTO METOA.

O0630p pador

HecMmotpst Ha TO, 4yTO MMeeTcsl OOJIbIIOE
YUCJIO paboT, IOCBSIUEHHBIX MCIIOJbh30Ba-
Huo EFSM-Moneneii aist Bepudukauuy mpo-
TpaMMHBIX M amIapaTHBIX CUCTEM, CYIIECTBY-
€T He TaK MHOIO MOJXOA0B, B KOTOPbIX TaKue
MOJIEIM M3BJEKAIOTCS HETOCPEACTBEHHO U3
ucxogHoro koma HDL-onumcanwuii. Anroput-
mbl octpoeHuss EFSM-moneneit mo ncxomnHo-
MY KOJy M3BECTHBI M IIIMPOKO IPUMEHSIIOTCS B
coBpeMeHHBIX CAIIP (Ha HUX, B 9aCTHOCTH,
0a3upyloTCd METOOBl JIOTUYECKOTO CHHTE3a
[11]), onHaKoO mojay4aeMble MPU UX UCITOJb30-
BaHMM MOJEIM HE BCErma aaeKBaTHBI IJIs Iie-
et Bepupukaum [7]. CocTOIHUSIM B TaKUX
MOJIEJISIX COOTBETCTBYIOT OIE€paTOphbl (TOYKH)
B MCXOIHOM KOJE, B KOTOPBIX BBIIOJHSIETCS
OXWJaHWE BXOIHBIX COOBITUI; MpU BBIAEIE-
HUM COCTOSIHUI HMKaK He YYUTBIBAIOTCS 3a-
JaHHbIE B KOIE COOTHOIIEHUS MEXIy Iepe-
MEHHBIMU (YCJIOBUSI BETBJICHUS, BRIPAXKEHUSI B
MPUCBAaUBaHUSIX U T. IL.).

B pabote [12] paccMoTpeHa cpega MyTa-
LIMOHHOTO TeCTUpOoBaHMsI (mutation testing)
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FAST. MyTaluuMoHHOE TeCTUpOBaHUE — 3TO
METOJI OILICHKM aIeKBaTHOCTU TECTOBBLIX Ha-
0OpPOB, OCHOBAHHBII HA BHECEHUM HEOOJIBIIINX
U3MEHEHUI (MyTalrii) B UCXOMHBIN KOJ: eclu
TECTBI HE B COCTOSTHUM OOHAPYXWTb TaKUE U3-
MEHEHMSI, OHU cUMTaloTCsl HemoaHbiMu. HDL-
OIMMCaHUS C BHEAPECHHBIMU B HMX OIIIMOKaMU
(Tak Ha3bpIBaeMble MYTaHTHI) aBTOMaTUYECKU
TpaHcaupylotrca cpenoil FAST B Oonee ab-
CTPaKTHBIE, HO COOBITUITHO BSKBUBaJICHTHBIC
Moaeau ypoBHS TpaH3akuuii (Transaction
Level Model — TLM). Llenb 3Toro npeoodpa-
30BaHMSI COCTOMT B YCKOPEHMHM MpPOroHa Te-
CTOB IIJIsI U3MEHEHHBIX ONUCAHUU (3TO aKTy-
ajibHas 3ajJaya, MOCKOJbKY YKCJIO MYTaHTOB,
KaK MpaBWIO, BEJUKO, a TECThl UMEIOT 3HAUM -
TeJIbHYIO JIMHY). KitodyeBoit yacTbio pabOTHI
SIBJISIETCSL MeTon alOcTpakuuy — IIpeodpa3o-
BaHuss HDL-ommcanuii ypoBHSI perncTPOBBIX
nepenau (Register Transfer Level — RTL) B
TLM-npencraBieHusi, — B OCHOBE KOTOPOTO
ucnonnsytotcss EFSM-monenu. AHanuzupys
u3BjeueHHbli 13 HDL-onmucaHus aBToMmar,
cpena FAST mpeHTMOULIMpPYET onepaliuiy Hax
JaHHBIMM (computational phases) — TyTu B
rpade COCTOSIHUM, BKITIOYAIOIIME NeACTBUS O
TMOJIyYCHMIO BXOMHOW MH(pOpMalnu, ee odopa-
0OTKE 1 BBIYMCJIEHWIO BBIXOJTHOIO pe3yJbTara.
AOCTpaKkiMsl OCYILECTBISIETCS MyTeM OO0BbEaU-
HEHUsI COCTOSIHUII M MepexoJoB aBToMaTa,
OTHOCSIIIIMXCSI K OJHOMY 3Tally OQHOU olepa-
LUMN.
Pan pabot (Hanpumep, [6—S8, 13]) mocs-
1IeH mpobjemMe reHepay (GyHKIMOHATbHBIX
tecToB Ha ocHoBe EFSM-Mmoneneii. Eciau mo-
JeJib U3BJEKaeTcsd U3 ucxogHoro koma HDL-
OIMCaHMUsI, CTEHEPUPOBAHHBIE TECThI OOECIe-
YMBAIOT BBICOKMI YpPOBEHB ITOKPBITHSI Koda
(code coverage). OCHOBHBIM ITOJXOJIOM K TIO-
CTPOEHUIO TECTOB Ha OCHOBE aBTOMAaTHBIX MO-
neneil sBiaseTcss ooxon (traversal, exploration)
rpadpa COCTOSTHMM — IIOCTpOeHME ITyTH (MK
Habopa IIyTeii), coAepxKalllero BCE COCTOSI-
HUS U mepexonbl aBromata [14]. B oriamume
OT KJIACCMYECKMX KOHEYHBIX aBTOMATOB, IIpU
ooxone EFSM-Mopeneit mMeeTcsT CIIOKHOCTb,
CBSI3aHHAs C HAIMYMEM Y IIEPEX0A0B OXPaHHBIX
ycnoBuid. Ecium yciioBust 3aBUCST HE TOJIBKO OT
BXOMHBIX IEPEMEHHBIX, HO U OT BHYTPEHHMUX,
ornpejiesieHue TOCTMKUMOCTU COCTOSTHUM CTa-
HOBMUTCS BBIYMCIUTEIBHO TPYIHOM 3amayeid.
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CyliecTBYIOT TeXHUKHM INPeoOpa3oBaHUSI pac-
IIMPEHHBIX KOHEYHBIX aBTOMATOB, MO3BOJISIO-
1K€ YCTPaHATh (MM MUHUMU3UPOBATh) TaKue
3aBUCHMMOCTU (CM., Harpumep, [6, 13, 15]), HO
OHM, BOOOIIE TOBOPSI, IIPUBOMSAT K KOMOMHA-
TOPHOMY B3pBIBY UHCJIAa COCTOSIHUM. AJBTEp-
HATUBY UM COCTaBJISIOT ITOAXOALI HAa OCHOBE
noucka ¢ Bo3paToM (backtracking, backjump-
ing) [7].

B pabGote [7] omucaH MeTon U3BJIECUECHUS
«IIPOCTBIX IS obxoma» (easy-to-traverse)
EFSM-moneneit n3 HDL-onucanuii. Meton
COCTOMT U3 YeThIpeXx 3TanoB. Ha mepBoM aTare
(W1 Kaxmoro mpoliecca, 3aIaHHOTO B OIMCa-
HUM), WCIIOJb3ysl U3BECTHBIM anroputMm [11],
cTpouTcsl HavyajibHasa (pedepeHcHass) EFSM-
Mozenb (Reference EFSM — REFSM). B 06-
1IeM CiayJyae I1oJydeHHass MOMEJb «TpyaHa JJIst
obxoma» (hard-to-traverse), B 4aCTHOCTH, 13-
3a TOTO, YTO COOEPKUT YCJIOBHBIE OMNEPaTOPHI
B JeicTBUsAX IepexomoB. Ha BTopom sTame B
REFSM-mMmonenbs n00aBisiloTCS MPOMEXYTOY-
HBbIE COCTOSIHUSI, a IIePEeXOmbl IeKOMIIO3UPY-
IOTCA TaKM 00pa3oM, YTOOBI UX NEWCTBUS HE
cogepxanu BerBiaeHuil. [loayyeHHasT Momelb
(Largest EFSM — LEFSM), ctporo roBsops,
HEe DKBUBAJICHTHA MCXOTHOM MOAENIM — OIWH
mrar padbotel REFSM MoXeT cOOTBETCTBOBAaTh
HeckonbkuM ImaraM B LEFSM. JIng obGecrre-
YeHUsI BpeMeHHoi sKkBuBajeHTHOocTH REFSM
n LEFSM B nocnegHeil MOAENIN BBIOJIHSIETCS
paclIeruieHue MPOMEXYTOUHBIX COCTOSTHUN M
00beIMHEHNE COBMECTUMBIX ITepexonoB. B pe-
synbTaTe obpasyercss SEFSM-mopens (Small-
est EFSM). Ha 3aBepiiamwluneM 3Tare, MHC-
noab3ys Metof [13], BeIMOJIHSIETCS YacTUYHAas
crabmwiuzanuss SEFSM-monmenu, HalleneH-
Hasl Ha yCTpaHEHHE 3aBUCUMOCTEIl OXpaHHBIX
YCJIOBUI MEPEXOI0B OT IEPEMEHHBIX, KOIU-
PYIOLIMX COCTOSIHUS. Pe3ynbratoMm sIBisieTCs
S’ EFSM-monens  (Semi-Stabilized EFSM),
KOTOpasi 3KBUBaJEHTHA MCXOOHON MOIEIU U,
O YTBEPXKIECHUIO aBTOPOB, SBISIETCS <«IIPO-
CTOM U1 00X0mar.

PesyabTaThl 9KCIIEPUMEHTOB, IIpEACTaB-
JIeHHble B pabote [7], AeMOHCTPUPYIOT 3P-
(beKTUBHOCTh TIOAXOAa M1 pELIeHMST 3amad
HalleJICHHOW T€HEepaluy TECTOB, OMHAKO IPO-
uenypa mnoctpoeHuss EFSM-momenu 1mo wuc-
xonHoMmy koay HDL-onucaHusi BBI3bIBaeT
BoIIpochl. Bo-TiepBhIX, MpencTaBIsIeTCs CAMII-
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KOM XECTKHUM TO OrpaHUYEHUE, YTO JJIs1 OHO-
ro mpouecca HDL-onucanus ctpoutcsl ogHa
EFSM-monens. C omHOW CTOPOHBI, OIUH
JIOTMYeCcKuii OJIOK ammapartyphl (II0 CyTH, aB-
TOMAaT) MOXET OBIThb OMNpPENEJIEH C ITOMOIIbBIO
HECKOJIBKMX IIPOIIECCOB (TaKMe IIPOLIECCHl UC-
TOJIB3YIOT OOIIME TepeMEHHbBIE M pabOTaloT B
pexuMe B3aUMHOTO McKiIoueHus). C mpyroit
CTOPOHBI, B paMKax OJHOTO Mpolecca MOIYT
OBbITb ONUCAHBl [EHCTBUSI, OTHOCSILMECS K
Pa3HBIM JIOTMYECKUM OJI0KaM (BO3MOXHO, 3TO
HE CaMbIil XOPOIUUN CTWIb KOAUPOBAHUS, HO
oH ponyckaerca HDL-g3bikamu). Bo-BTOpHIX,
MPOLECC MOCTPOSHMSI MOJEIN IIPEACTaBIISIETCS
Ype3MEPHO YCIOXHEHHBIM: aHAJIOTUYHBIX pe-
3yJIbTATOB MOXHO JOOUTHCS 0OJiee MPOCTHIMU
CpeICTBaMM, €CJIM C CaMOro Hayaja oIpenae-
JINTb, KaKue BHYTPEHHUE II€PEeMEHHBIC OIN-
CBIBAIOT COCTOSTHME aBTOMATa.

OcHoBHbIE MOHATHSA

[Tyctb V'—MHOXecTBO mepeMeHHbIX. DYHK-
LMsI, KOTOpasl KaxXOaoul IMEpeMEHHOM CTaBUT B
COOTBETCTBHE 3HAYE€HHUE COOTBETCTBYIOIIETO
TWAMNa, Ha3blBaeTcs osHauuganuem (valuation).
[Tycte Dom, — MHOXKECTBO BCEX O3HAYMBAHUI
Ha MHOXECTBE IepeMeHHbIX V. OxpaHnubim
yeaosuem (guard) HaspiBaeTcsl OyiieBa (PyHK-
Vs, olpenesieHHass HA MHOXECTBE O3HAYMBa-
Huii (otoOpaxenue suna Dom, — {true, false}),
deiicmeuem (action) — mpeoOpa3oBaHNE O3HA-
ynBaHUi (oToOpaxenue suga Dom, — Dom).
ITapa y — 8, rae y — oxpaHHO€ YCJIOBHUE, a § —
NEeCTBUE, HA3BIBACTCS OXPAHAEMbIM Oelicmeu-
em (Guarded Action — GA). B panbpHeiiiiem
OyaeM cyuTaTh, YTO MOMMMO CEMaHTUKU
OXpaHHBIX YCJIOBMI U AEUCTBUI (3agaBaeMBbIX
OTOOpaXKeHUSIMM yYKa3aHHBIX BUIOB) M3BECTCH
HUX CUHTaKCHUC (YTO IO3BOJISIET COBEPIIATh HAl
HUMU CHUMBOJIMYECKHME MaHUIYJISIINN).

Pacwupennvim KOHEUHbIM asmoma-
mom (EFSM-modenvio) Ha3bIBaeTCSI TpOMKa
(S, V, T), tne S — KOHEYHOE MHOXECTBO CO-
croganii; V= 1u O U R — KOHeYHOE MHO-
JKECTBO MEPEMEHHBIX, COCTOSIIEE U3 GXOOHbIX
cuenanos (I), evixoonvix cuenanoe (O) U 6Hy-
mpenHux peeucmpoé (R); T — KOHEYHOE MHO-
JKECTBO nepexodos. Kaxnplil mepexon t € T —
3TO KOpTeX BuUaa (s, y, — 38, s'), rae s, u s’ —
COOTBETCTBEHHO HayaJlbHOE M KOHEYHOE CO-
CTOSHMS NIEpexoa, a y, U 3, — COOTBETCTBEHHO

OXpaHHOE ycioBue U AelicTBue. O3HaUMBaHUE
v € Dom,, Ha3bIBAa€TCsA KOHMEKCMOM aBTOMATa,
amapa (s, v) € §x Dom,— e€ro KoHgpueypayuei.
Ilepexon ¢ Ha3BIBaeTCSA paspeuieHHbiM B KOH-
¢durypauuu (s, v), ecnu s, = s u y(v) = frue.

PacimpeHHbIiT KOHEUHBII aBTOMAT (DYHK-
LIMOHUPYET B IMCKPETHOM BpPEMEHM, YTO He-
SIBHO TIpeAIlojlaraeT HaJauyuhe 4YacoB, IO THU-
KaM KOTOpBIX cpabaThiBaioT mepexonbl. [lox
yacamu (clock) B maHHOII paboTe IOHUMAET-
Cs BIOJIHE KOHKPETHBI OOBEKT — HEIyCTOe
MHOXECTBO co0bimuil, TOE COOBITUE — 3TO
napa, BKJIIOYarolas OJHOOMTHBIM CUTHAJI, Ha-
3bIBAEMBIN CUHXPOCUCHAAOM, VI TUII €r0 PEeru-
CcTpauuu: nepednuil gppoum (U3MEHEHUE 3HAUC-
HUS C HYJISl HA €AVHULY) WIHA 3a0Huil ¢hponm
(M3MeHeHMe 3HAYEHMSI C €IMHUIIBI Ha HYJIb).
Tuxk yacoB ompeaensieTcsl HACTYILUIEHHEM CO-
obiTus. g 3agaHHbIX yacoB C U HayaJbHOU
KOH(Urypauuu (s,, v,) pacIlMPEHHbIA KOHEY-
HbIII aBTOMAaT paboTaeT CJAEAYIOIUM 00pa3oM.
BHauaje BeInosIHsIeTCs copoc (reset) — ycTaHaB-
JIUBAeTCSA HayajbHasl KOHQUrypauys aBTomMara:
(s, v) « (s, v,). Ha Kaxmom TakTe (MIpOMEXYT-
K€ BpPEMEHU MEXIy ABYMS THUKAMM) OIpedc-
JISIETCSI MHOXECTBO Pa3pellIeHHBIX IIePeXOI0B:
E« {teT|s =snvy(v)=true}. Ecmtnm MHOXe-
cTBO E He mycTo, cpabaThiBaeT nepexon t € E,
BBIOpPAHHBIM U3 HETO HeAeTePMUHUPOBAHHBIM
o6pasoM. IIpu BBINIOJHEHMU MepexoJa KOH-
(urypanisi OOHOBISIETCS COOTBETCTBYIOIIUM
obpasom: (s, v) <« (s, 3,(v)).

W3sBaeyenne EFSM-moznenu

IIpennaraemsiit Mmeton u3BiaeyeHuss EFSM-
momenn (TouHee, cucteMbsl EFSM-mopeneii,
Kaxnasi M3 KOTOPBIX OMNMCBIBAE€T OTAEJIbHBIN
npoiecc) n3 ucxomHoro koga HDL-onucanus
COCTOMT U3 CJIECIYIOLIMX 11aroB;

1) cMHTaKCUYeCKUIA aHaJIn3 HDL-
OIMCaHUS U IOCTPOCHUE depesa abcmpaKmHo-
20 cCuRmakcuca,

2) 00xo aepeBa aOCTPaKTHOTO CUHTaKCcHUCa
U TIOCTPOEHUE BHYMpeHHe20 NpedcmasaeHus:

e WICHTU(MDUKALUSI CUHXPOCUSHAN08;
e BBISIBJICHUEC HEABHbIX HNEPEMEHHbIX CO-
CMOAHUS,

3)TpaHcdopmanysi BHYTPEHHETO IIpen-
CTaBJICHUSI B CUCTEMY OXPaHSIEMbIX NEHCTBUIA;

4)aHann3 3aBUCUMOCTEN MEXIy OXpaHsie-
MbIMHM JOEWCTBUSIMA U UIACHTU(UKALIUS Hepe-
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MEHHbBIX COCMOSHUS,

5)aHanu3 yCIoBUIl Ha IepPeMEHHBIE COCTO-
SIHUS Y TIOCTPOCHUE NPOCMPAHCIBA COCMOAHUL
EFSM-monenu;

6) mocTpoeHue
EFSM-monenu.

ITocTpoenne cHucTeMbl OXpPaHAEMBIX JIeii-
cTBHii. Pe3ynbraToM IpenBapUTesIbHONM 0Opa-
OOTKM SIBISIETCS CHCTEMa OXpaHSIeMBIX JIeii-
CTBMI, C KaXIbIM U3 KOTOPBIX CBSI3aHBI Yachl
(CD, vy — 5D}y — Takue AeliCTBUS Ha3bIBa-
10TCs cunxporusuposanuvimu (clocked) [16].

CriocoObl  peanm3anyy mara 1 1IMpoko
n3BecTHHI [17], TO3TOMY Cpasy mepeineM K
mary 2. OnHoit U3 ero 1ejeit siBaseTcs UaeH-
TUDUKALNASI CUHXPOCUTHAJIOB C LIEJIbIO IIOCTPO-
eHus yacoB. st pellieHrs 9TOM 3a1a4uu Ipe-
JlaraeTcsl cienymoolnas 3BpucTUKa. Cuurtaercs,
YTO TIEpEeMEHHas v SBJSICTCS CUHXPOCUSHAAOM,
€CJIM BBITIOJHEHBI CICAYIOIINE YCIOBUSI:

e v SIBJISIETCSI BXOOHBIM OJHOOUTHBIM CUT-
HaJIOM;

e v IIPUCYTCTBYET B CIIHUCKE UYBCTBUTEIIb-
HocTu (OIlpeneiecHrue IaHO HIKE) XOTS OBl
OJIHOTO M3 MPOLIECCOB (MM B OMEePaTope OXKK-
JaHUs COOBITUIA wail);

e v HE MCIIOJB3YETCSI B MPUCBAMBAHUSIX
(Hu B JIeBBIX, HU B IIPAaBbIX YaCTsIX).

HanmomHuum, 4TO chuckom uyecmeumens-
Hocmu (sensitivity list) mpoliecca Ha3bIBaeTCs
HaOOp THUIIOB COOBITUIA, 3aJalOIUX YCJIOBUE
aKTUBAllUM IIpoliecca: MpolecC 3aIlycKaeTcs
Kaxablil pa3, KOrma BO3HUKAET COOBITHE, OT-
Hocsleecsl K OMHOMY 13 YKa3aHHBIX TUIIOB (U
He 3aIlyCKaeTCsl B MHBIX CUTYalUsIX).

Ha mare 2 takxke ompeaesitoTcsi HesIBHBIC
MepeMEHHbBIE COCTOSIHMSI U 100aBJSIOTCS BO
BHyTpeHHee IpeAcTaBieHue. Ilonm Hesenbimu
NnepemMeHHbIMU  COCMOsIHUA TIOHUMAIOTCSI BHY-
TPpEHHUE PETUCTPHI, IBHO HE IMPUCYTCTBYIOLLINE
B KOJE, HO HEOOXOIMMBbIE IJid KOPPEKTHOIO
MpeaCcTaBJcHUs aBTOMAara, CIeLU(UIpPO-
BaHHoro B HDL-onucanuu (0OBIYHO Takue
MepeMEHHbIE MCKYCCTBEHHO BBOOSTCS WH-
CTpyMEHTaMM JIorM4yeckoro cuHtesa [11]).
ILlenp BbISIBIEHMSI M [O00ABICHUST HESIBHBIX
MepPEeMEHHBIX COCTOSIHMSI COCTOUT B I€KOMIIO-
3ULIMUA CIOXHBIX, MHOTOTaKTHBEIX IIPOLIECCOB
Ha OAHOTaKTHbIe MUKpoonepauuu. C KaxXIbIM
MPOLIECCOM p CBSA3aHA HESBHasl IepeMeHHasI
cocTosiHUS (0003HAUUM ee rp), a ¢ Kaxuoi
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OMHOUWEeHUSI  nepexodoé

orepalueldi w TMIIa waif BHYTpU TIipoliecca p
(BKJTIOYAs orepallvio akTUBALMKM TIpoliecca) —
oIpeieJIeHHOE 3HaYeHKE 3TOro perucTpa (00o-
3Ha4uM ero v,). B rpade moroka ynpasiaeHus
npoliecca p aHAJU3UPYIOTCS MyTU MEXIy IMa-
paMu omnepaluvil wait, Ipu 3TOM TIPOBOAUTCS
psin mpeobpaszoBanmii. Ilporecc p ymansercs
W3 BHYTPEHHETrO MpPeACTaBJICHUS; BMECTO HEro
JUISL KaXA0ro MyTh (To4YHee, aluMKIMYeCKOTO
noarpacda ¢ OOHUM MCTOKOM U OOHMM CTO-
KOM) 7t (IIyCTb 3TO OYAET MyTh MEXIY W, U wj)
CTPOMTCSI HOBBIiA IIPOLECC p,. YCIIOBUE aKTUBA-
LUK p_COBIANAeT C YCIOBUEM OINEpALIMU W, a
TEJIO UMeeT ciaenytolmuii Bud: if r=vy, then =;
roi=v, end if. B 1memom, peanmsanus 3Toro
111ara COBIIaJaeT C aJrOPUTMOM, OIKMCAHHBIM
B [11].

Ha mare 3 ni1s KaXmoro sjieMeHTapHOTO
npoiiecca (MUKpoonepalnun) p, MOCTPOSHHOTO
Ha IIare 2, CTPOUTCS MHOXKECTBO BCEX BXOISI-
IIMX B HETO CHHXPOHU3UPOBAHHBIX OXpaHse-
MBIX JIeHCTBUIA {(Cp"'), yp(’) — 8p"'))},.:1’n. B npo-
CTEHIlIeM cJydyae 3TO MHOXECTBO YCTPOEHO
CJIeIyIOIIMM 00pa3oM:

C,? conepXuT BCE CHXPOCUTHAIIBI, 3a/ie¥i-
CTBOBaHHBIC B IIPOLIECCE p;

v, onperiessieT YCIoBKe i BETBU YCIOBHO-
ro omepaTopa BEpXHEro ypoBHS (€CIU TaKOro
orepaTopa HeT, To n = 1 n yp“’ = true);

SP(D CONIEPKUT Bce AelcTBUS i BEeTBU (BCe
TeJIo mpolecca p, eciu n = 1).

B obmeM ciayyae mocie BbIIOJTHEHMS
mara 2 BO3MOXHBI CUTyallMMd, KOTAa oOXpa-
HSIeMble JEWCTBUS COAEpKAT BJIOXEHHbBIC
YCJIIOBHBIE oOIleparophl. g yrpolueHus Io-
CJICIYIOLIETO aHajim3a 3TU OIepaToOphbl <«IIOJ-
HUMAIOTCS» Ha YPOBEHb OXPaHHBIX YCJIOBHIA (C
Y4ETOM 3aBUCUMOCTEM OT IIPeAllIeCTBOBABIINX
MM OIIepaTopoB IIpucBamBaHus). [is1 3TO-
TO MCIMOJb3YIOTCS TEXHWKM CUMBOJMYECKOTO
BBITIOJIHEHUS, BKJIIOYAsl KJIACCUYECKUI METO[
00paTHBIX TOACTaHOBOK [18], mo3BossOIIMi
BBIUMCJIATH cjiabeiiiee mpenaycioBue (weakest
precondition) anMKINYECKONW MTPOTpaMMbl JIJIsI
3aJIaHHOTO TIOCTYCJOBMS (B HAllleM ciydae —
YCJIOBUSL BETBJICHUS). DTO IPUBOAUT K pac-
LIETUICHWIO OXpaHSIeMBbIX NEWUCTBUM: KaXKIOMY
nyTu B rpade IMOTOKa yIpaBieHUs IIpoliecca,
CBS3BIBAIOIIIEMY HayaJlbHYI0 U KOHEUYHYIO Bep-
LIMHBI, CTABUTCS B COOTBETCTBUE CBOE OXpa-
HSI€MOE JIEVICTBUE.
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Puc. 1. IIpumep rpacda moroka ynpaBieHUS

3aech cienyer caesaTh ABa 3aMeYaHMSI.
Bo-niepBbIX, IpemIoXeHHbIA MeTon (B TOM
BUJIE, KaK OH omnucaH) He npuMeHuM K HDL-
OINMMCAHUSIM, COAEpPXAIlUM ILUKIBL C TIepe-
MEHHBIM YHMCJIOM WTEpaldii B paMKaX OIHOM
MUKpooIepauun (3aMeTHuM, 4YTO TaKuhe OIIM-
caHus SIBASIOTCS PeAKoCThbi0). Bo-BTOpBIX, OH
npeamnoaraet, yro npouecchl HDL-onucanuit
UMEIOT CPABHUTEIBHO HEOOJIBIIIYIO CIOXKHOCTD
(OOBIYHO 3TO TaK: CIOXHOCTDH amnmaparyphl J10-
CTUTAETCSI HE CJIOXKHOCTbIO OTACJIBHBIX MPO-
LIECCOB, a UX OTPOMHBIM UKCJIOM).

Jns1 TOro 4ToObl MPOUJUTIOCTPUPOBATH TMO-
CTPOCHUE CHUCTEMBI OXPAHSIEMBbIX ICHACTBUMA,
paccmorpuMm HDL-onucanme b04 wn3 mna-
kera TectoB (benchmark) ITC’99 [19]. D10
apruPMETUKO-JIOTUYECKOE YCTPOMCTBO, MO3BO-
JISIIolee BBIYUCISATH CYMMY, cpeaHee apud-
METMYEeCKOe, MUMHUMYM U MakKCUMyM HaOopa
Henbix ynuces. Ha puc. 1 uzobpaxeH rpag 1o-
TOKa yIpaBjicHus onucanusa b04. KBagpaTHbie
BEPIIMHBLI COOTBETCTBYIOT 0a308biM 0A0KAM,

pOMOUWYECKHNE — @emeaeHUsAM, KPYTJIblE — coe-
Odunenusm. Y 0a30BbIX OJIOKOB OJHA BXOISILAS
Iyra U OdHA BBIXOMMINAS; y BETBJICHMI OIHA
BXOJSIIAsl Ayra U He MEeHee IBYX BBIXOMSIINX;
Yy COEOIWMHEHUI HE MEHEe NBYX BXOISIINX M
OIHA BBIXOMSILAL.

B rpade Ha puc. 1 BblgelieH NMyTb U3 Ha-
YaJIbHOI BEPIIIMHEI B KOHEUHYIO, IJIsI KOTOPOTO
B TabJ1. 1 mpuBeaeHO oxpaHsemoe aeiicteue. B
JIEBOI KOJIOHKE TaOJIMILIBI IPeICTaBIeHbI par-
MeHThI onucaHus b04 Ha g3bike VHDL, coot-
BETCTBYIOLLME BbIACICHHBIM BepIlIMHAM Tpacda
(maTMHCKMMM OyKBaMHu 000O3HaueHbl 0a30BbIe
Onoku, mudpamu — BeTBiaeHUs1). [IpaBas Ko-
JIOHKA COAEPXUT OXpaHIeMOe NOEWCTBHE, ITO-
JIydeHHOE B pe3yJIbTaTe aHajIu3a BbIAEICHHOTO
myTd. OTMETHM, 4TO JIJII JTaHHOTO OXPaHSIEeMO-
ro JeiicTBus (M Mpoliecca B 11eJIOM) B Ka4ecTBe
CHMHXPOCUTHAJIOB ObLIM MACHTUMOUIIMPOBAHBI
CLOCK (mepennuit ¢pont) u RESET (3a-
JHUIA (POHT).

Ha puc. 2 nmokaszaHa cuctemMa oXpaHsI€MbIX
neiictBuii onucanus b04, mojgydeHHas1 ImyTeM
«I10IbEMa» YCJIOBHBIX OIlepaTopoB. BoioeaeH-
HBIf MYTh COOTBETCTBYET pPacCMOTPEHHOMY
oxpaHsieMOMY JeicTBMIO. BUIHO, 4TO yCI0BUS
(poMOMUYeCKHe BepIIMHBI) O0pa3ylT uepap-
XUI0O U Pa3Ie/sioTcsl pa3HbIMU OXPaHSIEeMbIMU
perictBusaMu. CaMuy JOEMCTBUS IIPEICTABISIOT
€00011 mocie0BaTeIbHOCTU, COCTaBJICHHbBIE U3
HMCXOMHBIX 0a30BbIX OJIOKOB (KBaApaTHBIX BEpP-
muH). Takum oOpa3oM, cucTemMa OXpaHseMbIX
JIEWCTBUMA OIHOTO Mpolecca IPEACTABISETCS
B BUJIE CTPYKTYPBI JAHHBIX, OJIM3KOM K BBICO-
KOypoBHeBOI peiatoiieit auarpamme (High-
Level Decision Diagram — HLDD) [20]. M&b1
Ha3bIBaeM 3Ty CTPYKTYPY peuiarouieli ouazpam-
Mot cucmembt oxparnsemvix deticmeuti (Guarded
Actions Decision Diagram — GADD) wiu
npocto GADD-duaepammolil.

Bcero mnsgs HDL-ommcanust b04 ¢ momo-
IO IPEIJOXEHHOro MeToda CcTpourcsa 27
OXpaHSAEMBIX ACHUCTBUII. DTO YMCIO MEHBIIE
0o01Iero KOJMYeCTBa MyTe MexXAy Hadalb-
HOIl M KOHEYHOI BepIIMmHaMu Tpada ITOTOKa
yIpaBIeHMS, T. K. IJIsI HEKOTOPBIX ITyTeil I0-
JIydaeMBle OXpaHHBIE YCJIOBUS SIBJISTIOTCSI He-
BBIIIOJTHUMBIMU.

IToctpoenne EFSM-monemu. Ha mare 4
OCYILLIECTBJISIETCSI aHAJIM3 3aBUCUMOCTE MeX-
Iy oXpaHsieMbIMu aeictBusiMu. [lyctb xu y —
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Taomnuna 1

HOCTpoeHl/le OXpaHsAeMoro JeCTBUSA

®parment HDL-onucanus

OxpaHsieMoe JeiicTBUe

not (RESET ='1") and
1 | (CLOCK'event and
CLOCK ="'1")

OxpanHoe ycJoBUeE:
(stato == sC) and
(DATA_IN < RMIN) and

RES := RESTART;
A | ENA := ENABLE;
AVE := AVERAGE,;

not (DATA IN > RMAX)
and
not(RESTART = "1’) and

not(ENABLE = ’1°)

REG1 := DATA_IN;
stato := sC

stato<= sC JleiicTBue:

3 | not (ENA ="1") RES := RESTART;
4 | ot (RES ="1") and ENA. := ENABLE,

Y LN O gt
B | DATA_OUT <= RLAST; RMIN = DAT A_IN: ’
5 not (DATA_IN > RMAX) REG4 := REG3;

C | RMIN := DATA _IN; REG?2 := REGI;
REG4 := REG3; REGI := DATA_IN;
REG3 := REG2; stato := sC;

D | REG2 := REGI; Yachwr:

CLOCK (nmepenHuit ¢ppoHT),
RESET (3agHuii GpoHT)

OoXpaHsieMble ACHCTBUS, a v — IepeMcHHas.
I'oBopsT, yTO NepeMeHHas1 v onpedeasemcs B
OXpaHsIeMOM ACUCTBUM X (U 0003HAYAIOT 3TO
Kak v € Def), eciu NEHCTBUE X CONEPXKUT
npucBavBaHue nepeMeHHol v. ['oBOpsT, 4TO
nepeMeHHasi v UCnoAb3yemcs B OXpPaHSIEMOM
JeUCcTBUU y (M 0003HAYAIOT 3TO KaK v € Use),
€C/I v TIPUCYTCTBYET B OXPAaHHOM YCJIOBUM )
WIM B IPaBOil 4aCTU HEKOTOPOTO MpHUCBauBa-
HUS ero AelcTBUSA. B 3aBHCHMMOCTU OT TOrO,
KaK MMEHHO MCIOJb3yeTcd IepeMeHHas, B
OXpPaHHOM YCJIOBUM WIN B OEMCTBUU, pa3jiu-
YalT 3A6UCUMOCMU NO YNPABACHUIO U NO OQH-
HbIM.

Ha ocHoBe aHanM3a 3aBUCUMOCTEIl MEXIY
OXpaHSIEMbIMU JEWCTBUSIMU OCYLIECTBIISICT-
cs1 uaeHTUGUKAIUSI ePEMEHHBIX COCTOSIHUS.
[Ton nepemennvimu cocmosnus (Ha 3TOM 1are
BCE MEpPEMEHHBIE SBISIOTCS SIBHBIMM — CM.
mar 2) TMOHMMAIOTCSl BHYTPEHHUE PETHCTPHI,
WUCIIOJIb3yeMbIe I OpraHU3aldu IOTOKOB
yrnpaBieHus mpouieccoB. st uneHTudukauu
TaKMX MMePEeMEHHBIX MCITOJIb3YEeTCs ClIeoyIoliast
apuctuka. [lepemeHHas v sIBIsieTCS nepemen-
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HOU cOCMOsHUSA, €CIU BBIIOJIHEHBI CAEAYIOIIe
YCJIOBUS:

e v HE SBJISIETCS BXOAHBIM CUTHAJIOM;

e B CUCTEME OXPAaHSEMBIX AEUCTBUU IMPO-
1ecca CyIIecTBYeT XOTs Obl OJHO OXpaHseMOoe
IEeCTBUE, KOTOPOE 3aBUCHUT OT v IO YIpaB-
JICHUIO, 1 B KOTOPOM Vv OIpenesercs (Ipsmo
WA KOCBEHHO);

e HU OJHO W3 BBIPAXEHUM, CTOSIIUX B
MpaBbIX YaCTSAX OIEPaTOPOB MPUCBAUBaHUS B
v, HE COAEPXUT BXOAHBIX CUTHAIOB.

Crenyer o0COOEHHO TIOMYEPKHYTh, YTO
NPUBEICHHBIE 3BPUCTUKU (3BPUCTUKA WICH-
THGUKALMKU CUHXPOCUTHAJIOB M BBPUCTHKA
WIeHTU(hUKAIIM TIePEMEHHBIX COCTOSIHUS) He
3a(UKCUPOBAHBI METOJOM, a SBISIIOTCS €ro
napamerpamMu. B 3aBucumoctu oT ueneit u/
WJIA PECYPCOB UX MOXHO YCUJIVMBATh WJIM OCJa-
0s1s1Th. KOHCTpyHpyeMble 171 pa3HbIX 3BPUCTUK
EFSM-monenu MOTYT pa3IndaThbCsl CTPYKTYPOIt
(4MCJIOM COCTOSIHMIA U MEpexoa0B), HO 00s13a-
HBl OBITh (PYHKIIMOHAJIIBHO SKBUBaJICHTHBEIMU
(IoKa3aTeNbCTBO 3TOr0 YTBEPXKIACHUST BBIXOIUT
32 paMKW HACTOSIILIEH CTaThH).
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Puc. 2. IIpumep cuctemnl oxpaHsiembix aeiictBuit (GADD-auarpamMMbi)

Ha mare 5 ctpoutcst npocTpaHCTBO COCTO-
saanii EFSM-mopenu. KimoueBast uaest aToro
1I1ara COCTOUT B CJIEAYIOIIEM: MHOXECTBO BCEX
OTpaHMYCHUII Ha TEPEMEHHBIE COCTOSTHHUS
pazouBaeTcs (MyTeM YTOUYHEHUSI HEKOTOPBIX
OrpaHMYEHMII) Ha IIOMapHO HECOBMECTHBIC
yCciaoBUST (RTOT TIPOLIECC HA3BIBACTCS 0pmoeo-
Haauzayuer [21]); KaxXaoMy U3 TTOJy4EHHbIX
YCJIOBUI COIOCTABISIETCA YHUKAJbHOE COCTO-
aare EFSM-monenu. Peanuzanust aToii uaen
OCYILIECTBJISICTCSI B IBA 3Talla:

1) mocTtpoeHue ycClnoBUW Ha TEPEMEHHBIC
COCTOSTHUSI;

2) OpTOroHajau3alys YCIOBHI Ha IIepe-
MEHHbBIE COCTOSTHUSL.

I TIoCTpoeHMST YCIOBHI Ha TMepeMeH-
Hble cocTosiHUS ucxongHass GADD-auarpamma
TpaHC(OPMUPYETCSI: BETBJICHUS «pPaCICILIsI-
I0TCSI» TaKMM OOpa3oM, YTOObI OTHACIUTH IIe-
PEMEHHBIC COCTOSIHUSI OT IMPOYMX IIepeMEH-
HbIX (OygeM Ha3bIBaThb TaKuWe IIepeMEHHbIC

Kowmexcmuvimu). TlosCHUM, KakKOW CMBbICIT
BKJIANBIBAETCSI B TEPMMH <«PACLICIJICHHUE».
Y3en auarpaMMbl, 3aJalolIvii  BETBJICHUE

Buga if-then-else, omnuceIBaeTCI KOpTEKEM

(s @5 Ayyr Myeds TAE A — MeETKA Y3112, ¢ — oy-

JIEBCKOE YCJIOBUE BETBJICHUSI, A, U A, — MET-
rue “false

KM Y3JIOB, B KOTOpPbI€ BEAYT AYTH, IOMECUCHHBIE
COOTBETCTBEHHO KOHCTaHTaMU frue W false.

Ecmu ysen umeer Bun (A, (¢ v y), A, x/a,sg,
OH 3aMeHseTcs Ha (A, ¢, A, Ay m (A vy,
M Maed- Ecnu y3en umeet Bug (A, (¢ A ),
o kfm), OH 3aMeHseTcsa Ha (A, ¢, A, xfm) /1
(O T W Mae)- Hpyrue jnoruyeckue CBSI3KHU
00pabaThIBAIOTCS aHAJIOTUYHBIM 00pa3oM. 3a-
METHUM, YTO €CJIM B YCJIIOBUE BETBJICHUS BXOIAT
TOJBKO JMOO IIEpEMEHHbBIE COCTOSIHMS, JIMOO
KOHTEKCTHBIE IIepeMEHHbIe, Y3€J1 OCTaeTCs
HEU3MEHHBIM. «PaclieryieHue» OCyIleCTBIIsI-
€TCsl TOJIbKO B TOM CJlyyae, KOrga e€CTh BO3-
MOXHOCTb OTIEIUTH IEePEMEHHBIE COCTOSIHUS
OT KOHTEKCTHBIX II€pEeMEHHBIX (B YCJIOBUE
BETBJICHUSI BXONST IEPEMEHHBIE Pa3HBIX BU-
JOB, HO B HEM IIPUCYTCTBYIOT JIOTMYECKUE
moaGOpPMyJIbI, COIEpXKallle TOJbKO JI0O
TIepEeMEeHHBIE COCTOSIHHSI, JINOO KOHTEKCTHBIE
TepeMeHHbIE).

ITocTpoeHre MHOXECTBa YCJIOBMI Ha Iie-
PEMEHHBIC COCTOSIHUSI OCYIIECTBIISIETCSI ITyTEM
o0xofa IOJYyYeHHON AuarpaMMbl B TJIyOMHY.
711 3TOTO 3aBOIMTCS BCIIOMOTATeIbHBIN CII-
coK (opmyn, mycToit B Havayne obxonma. Ilpu
MEPBUYHOM IIOCEIIEHUM HETSPMHHAIHLHOTO
y3Jla IpPOBEPSETCS, COAECPXKUT JU COOTBET-
cTByIoIIas popMysia mepeMeHHBIE COCTOSTHUS,
M €CIU COOEpKUT, OHAa MOOaBISIETCSI B CIIM-
cok. [Ipm mocTmkeHMM TepMUHAJIBHOIO y371a,
BO MHOXECTBO YCJOBHMII Ha II€peMEHHbIE CO-
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CTOSIHUSI TOOaBJISIETCSl KOHBIOHKIUSA (POpMyII,
BXOIAIINX B c(OPMUPOBAHHEIN cucoK. [1pu
MOBTOPHOM TIOCEIIEHUN y3Jia (IIPU BBITIOJHE-
HUM BO3Bpata) dopmyja yaaasaeTcs U3 CIIM-
cKa. 3aMeTHM, YTO TOCTPOCHHBIC YCJIOBMS Ha
TepeMEeHHBIE COCTOSIHUSI, XOTSI M COOTBETCTBY-
0T pa3HbIM NYTIM auUarpaMMbl, He OOSI3aHbI
OBITH OPTOTOHAIBLHBIMU (IIOIIAPHO HECOBMECT-
HBIMH): KaXJI0€ TaKOe YCJIOBHUE IOJYyYEHO U3
MOJIHOM (hOPMYJIbI IYTH YIAJIEHUEM HEKOTO-
PBIX KOHbIOHKTUBHBIX YJICHOB — OIrpaHUYEHUI
Ha KOHTEKCTHBIE IlepeMeHHbIe. TakxKe OTMe-
TUM, 4TO OOBsSBIEHUS TepeMeHHbIX B HDL-
OIMCAHUSX MOTYT BKIIOUYATh UHBAPUAHMbL
(orpaHuMYeHMS HA BO3MOXHBIC 3HAUCHMS): TIe-
peuyrCiIeHus, TMana3oHsl 1 T. II. Bo Bce ycio-
BUS Ha TIEPEMEHHBIE COCTOSIHUS J00aBIISIOTCS
COOTBETCTBYIOIIMEC MHBAPUAHTHI (€CJIM OHU HE
TPUBHUAJILHBI).

OpToroHanu3anus YCIOBHMM Ha mepe-
MEHHBIE COCTOSIHUSI OCYIIECTBJISIETCS C HC-
MOJb30BaHMEM amIaparta OyJeBoil anreophl.
KaxgoMy KOHBIOHKTUBHOMY YICHY KaxKOIOTO
YCJIOBUSI CTAaBUTCS B COOTBETCTBUE OYKBa — OY-
JileBa MepeMeHHas ¢ oTpullanueM (~) uiau 6e3
HETO: 3aBEJOMO 3KBMBAJEHTHBIM (opmynam
(B 4aCTHOCTH, COBHIANAIOIINM TEKCTyaJIbHO)
COITOCTABJISIIOTCS OIMHAKOBbIE OYKBbI; 3aBe-
JIOMO TIPOTMBOIIOJIOXHBIM (HANpUMep, Koraa
onHa opmyaa SBISIETCS OTPULIAHWEM JpY-
roil) — MPOTUBOIOJOXHBIE (MMEIOIIE BUJ
v 1 ~v). Takum o0Opa3oM, KaxIOMy YCJIOBUIO
Ha IEepPEeMEHHBIE COCTOSIHUSI CTaBUTCS B CO-
OTBETCTBUE CJIOBO — KOHBIOHKIMS OykB. Jljis
BBIACIACHUS 3aBEIOMO SKBUBAJICHTHHIX U 3aBe-
JIOMO TPOTHUBOTIONIOXHBIX (DOPMYJT MCMOJb3Y-
eTCS MpoLenypa KaHOHU3ayuu, YHUPULMpPYIO-
1mas (10 HEKOTOPOI CTEIeHM) 3aIich (hOPMYI
(mns 3TOrO MCHOJB3YIOTCS MpaBuja Iepe-
ganucu (rewriting) Buga (¢ = y)—> (¢ = ),
(@2y)—>"(¢ <y)UT 1)

OpTtoroHanu3aiius BHITIOJHSIETCS Ha YPOB-
He OyJIEBBIX CJIOB IO ClEAyIolIei cxeme (st
HarasIHOCTU 3HAKU OMNepaliy KOHbIOHKIIMU
OIyILIeHbI; 3aMUCh BUaa ~b, rae b = ~v ciemyer
MOHMMATh Kak v) [21]:

1) ecin aBa ciioBa coAepxKaT MPOTUBOIIO-
JIOKHBIE OYKBBI, OHU OPTOTOHAJIBHEIL;

2) B IPOTUBHOM cCJlydyae¢ B OJHOM U3 CJIOB
(0b03HaUMM €ro w) TIPUCYTCTBYIOT OYKBbI
(b, ..., b), ybK MEPEMEHHBIE HE BXOIAT B APY-
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roe cyioBo (w'):

e w = a..ab,..b ocraeTca 0e3 U3MEHE-
HUIA;

e W'=a,.a,Cc,..c, 3aMEHSIETCA Ha CIENYIO-
IIMe CI0Ba:

a,.a.c,..c’b;

a,..ac,..cb b,

a..ac..cb..b ~b.

B pesynbraTe opTOroHaIM3alMM IOJIyYaeT-
cs paclIMPeHHOE MHOXECTBO cioB. Kaxxgomy
W3 HUX CTaBUTCS B COOTBETCTBUE YCJIOBHE Ha
MepeMEeHHbIE COCTOSIHUSI U COOCTBEHHO CO-
crosaue EFSM-monmenu. 3ameTum, 41O He-
KOTOpbIE€ YCJIOBHUS, TOJydYEHHbIE TaKUM O00-
pa3oM, MOTYT OKAa3aTbCS IPOTUBOPECUYMBBLIMU.
Takue ycnoBusl 0OHAPYXKMBAIOTCS C TOMOIIBIO
CPEACTB TIPOBEPKU BBINOJHUMOCTH (HOPMYII
(Hamu ucnonsdyetrcsd SMT-pewatens Z3 [22])
M UCKJIIOYAIOTCS U3 PACCMOTPEHMS.

3aBeplaolyii mar 6 3akioyaeTrcs B MO0-
CTpOE€HMM OTHolIeHus TepexomoB EFSM-
moaenu. s Kaxaoil mapbl COCTOSHUN U
KaxJIOTr0 OXpPaHSIEMOTO ACHCTBUS IPOBEPSICTCS
COBMECTUMOCTb OXPaHHOTI'O YCJIOBUSI C IEPBHIM
COCTOSIHMEM Maphbl, a pe3yabTaTa ACHCTBUS —
CO BTOPBIM; IPU MOJIOKUTEIBHBIX Pe3yJbTaTax
MPOBEPOK COOTBETCTBYIOLIUIA ITepexos 100aB-
JIIETCSI B KOHCTPYUPYEMYIO MOJIEIb:

1) m1s KaxXaoro COCTOSHUS § U KaxXXIo-
r0 OXpaHSIeMOIro AEHCTBMS X, €CIM OXpaH-
HOE YCJIOBUE Y COBMECTMMO C COCTOSAHUEM S
(COBMECTUMOCTh IIPOBEPSIETCS C ITIOMOILLBIO
SMT-pewiaTensi), co3maercsi Hnpomonepexoo
f,.= (s, v, >3, —), 4be KOHCUYHOE COCTOSTHUE
(cocTosiHuUS) ellle He OINpeaeseHO;

2) st KaXA0ro COCTOSIHUSI §” M KaXJI0ro
MPOTOTEPEXO/Ia /, , METOIOM OOPATHBIX TTOACTA-
HOBOK [ 18] cTtpouTtcs cnabeiiiiee npeaycaioBue
JEUCTBUSA §_JUISA MOCTYCIOBUS S (0003HAYMM
ero wp(d,, s')); ecau wp(d, s') U S COBMECTH-
Mbl, miepexon (s, (v, A wp(8,, s')) =3, s') no-
0aBJIsIeTCS BO MHOXECTBO IEPEX0I0B;

3) mepexoabl MEXAY OJHUMU U TEMM XKe
napamMy COCTOSIHWI, MMeEIolUe OAVHAKOBBIC
OXpaHHBIE YCIIOBUSI, «OOBEIMHSIOTCS» (3aMe-
HSIIOTCSI Ha OAMH Iepexol ¢ 00beIMHEHHBIM
JEVCTBUEM).

Oransl 1 u 2 cogepxXaT BI0XEHHbBIC LIUKJIbI,
BHYTPHU KOTOPBIX BBITTOJHSIOTCS CJIOXHbBIE Ma-
Hunyasuuu. Jag ontumMusanuy mnepedopa uc-
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stato==sC

stato==sC

stato==sB
Puc. 3. ITpumep EFSM-monenmn

noJjib3yeTcs cienymwllee coodopaxeHue. Eciau
BBITTOJIHUMA VIMILIMKALWA Y —> S, TO Hadalb-
HBIM COCTOSIHHUEM JIJISI OXPaHSIEMOTO IeiCTBUS
X MOXET OBITh TOJBKO §, M IPOBEpKa IPYTUX
COCTOSIHMI He MMeeT cMbIcia. To xXe KacaeTcs
wp(3,, s') U s. [l morcka KaHAMAaTa Ha poJib
HAYaJIbHOTO COCTOSIHUS JUISl 33JJaHHOTO YCJIO-
BUS aHAJIU3UPYETCS BIOXEHHOCTh (POpMYJ, a
TaKXe MCIIOJIB3YIOTCSI 3BPUCTUKMU.

Ha puc. 3 cxemaTtnuHo nsoopaxeHa EFSM-
monenb njag HDL-omucanust b04, moctpoeH-
Hasg ¢ TOMOIIBIO OMMCAHHOTO BHIIIE METOA.
B xauecTBe mepeMeHHOM COCTOSIHUS ObLia BBI-
IeJleHa TepeMeHHas stato, a B KadyecTBE CO-
CTOSSHUI — OrpaHWYEHUs BUaA stato == c, r1e
¢ — KOHCTaHTA.

CocTossHMS MOAEIM TMOMEUYEHBI COOTBET-
CTBYIOIIIMMY KOHCTaHTaMM, a MEPEXOdbl —
OrpaHMYEHUSIMM Ha TIEpPEeMEHHBIC COCTOSIHUS,
BXOJSIIMMU B COCTaB OXPaHHBIX yCJIOBUMA. JIBa
nepexona (sB — s4A u sC — sA) COOTBETCTBY-
10T cObpocy coctosiHus. Ellle B AByX mepexomax
MPOUCXOIUT U3MEHEHUE COCTOSIHUS (sS4 — sB
u sB — sC). Iletna B BepmunHe sC COOTBET-
CTByeT 23 mepexojaM, peaau3yIIIUM BbIYKC-
JICHUS.

Pesyan aTbl JKCIIEPUMEHTOB

Onucannbeiii MeTon u3BiedeHusi EFSM-
monelieil u3 ucxogHoro koma HDL-onucanuit
ObUI peajn30BaH B IIPOTOTHMIIE MHCTPYMEHTA
HDL Retrascope. Pa3paboTka BbIOJIHEHa Ha
SI3BIKE TIPOrpaMMUpPOBAHMS Java ¢ MCITOJIB30-
BaHueM cpencts Z3 (SMT-pewarens) [22],
JUNG (6ubmmoteka pabotsl ¢ rpadamu) [23],
zamiaCAD (matgopma misi pa3paboTKu U
ananuza HDL-onucanwuit) [24] u Fortress (0u-
o6auoteka pabotel ¢ popmynamu) [25]. IIpo-

TOTUIl TMO3BOJSIET aHAJIM3UPOBATHh OMMCAHUS
muGpoBOil ammmapaTypbl Ha CHHTE3UPYEMBIX
MoaMHOXecTBax (synthesizable subsets) sSI3bIKOB
VHDL u Verilog, cTpouTh 1 BU3yaIU3UPOBATh
CHCTEMY pacCIlMPeHHBIX KOHEYHBIX aBTOMAaTOB,
Moaeaupyomux mnpoueccbl HDL-onucanuit
(B TeKylleil BepcuM He MOAIepKUBaeTCsl aHa-
JIN3 ONMMUCAHWI, WMEIOIINX WEPaAPXUIECKYIO
CTPYKTYpPY, a TakKKe OINMCAaHMI MOBBIILIEHHOMN
CJIOXKHOCTH).

B pamkax paboThl IpoaHaJIM3UPOBAHBI
HDL-onucaHus, BXoasgiiue B MakeT TECTOB
ITC99 [19]. Pe3synpTaTbl IPUMEHEHUS METO-
Jla K TecTaM ITaKeTa MpeacTaBiIeHbl B Tadd. 2.
EFSM-mMonenu ObLId M3BA€YEHBI M1 13 omnu-
caHMi U3 22; OCTaJbHbIE HCIIOJIb3YIOT KOH-
crpykuuu sa3eika VHDL, He mommepkaHHBIE
B IIPOTOTUIIE HA MOMEHT IPOBEACHUS 3KCIIE-
puMeHTOoB (9 onucaHuii). st Bcex onmucaHuit
(u3 13 ycnmemrHo o0pabOTaHHBIX) OBLIU U3-
BJIEUCHBI CMHXPOCHUTHAJIbI, 1 BO BCEX CIydasix
nx MHoxectBa Bkiaouaau CLOCK u RESET.
st Bcex omucaHuid BCe TIEpeMEHHbBIE, B NMe-
HU KOTOPBIX IPUCYTCTBYeT IoacTtpoka STAT,
ObUIM MOEeHTU(ULIMPOBAHBI KaK ITepeMEHHBIC
COCTOSTHUS (TaKne MMeHA MO3BOJISTIOT IIPEIIIO-
JIOKWUTD, UYTO OHU UCITOJIB3YIOTCS MHKEHEpaMU -
MMPOEKTUPOBIIMKAMU [IJISI KOAWPOBAHUS CO-
CTOSTHUIA YIIPaBJISIOIINX aBTOMAaTOB).

OTMeTuM, 4YTO UISI BCeX IIpOaHaIU3MPO-
BaHHBIX ONMCAHUM YMCIIO COCTOSTHUIA B U3BJIE-
YEeHHBIX aBTOMAaTaX OTHOCHUTEIHLHO HEBEJIMKO
U pacTeT C POCTOM YMCJIa BBIIBIECHHBIX I€pe-
MEHHBIX COCTOSIHUS. YMCII0 IMepexoaoB TakKe
pacTeT ¢ YBEIMYEHUEM YMCJa COCTOSHUUA M
yucaa IyTeit BeimoiaHeHus (mmyteir B GADD-
Juarpamme).

PacmmpeHHBle KOHEYHBIE aBTOMAThl aK-
TUBHO HCIIOJB3YIOTCS B 0O0JacCTHM MMMTAIIM-
OHHOM U (popManbHOM BepupUKaLUU LHUP-
poBoil ammapatypbl. M3BECTHO MHOXKECTBO
MMOAXOJA0B K IreHepaluu TeCTOB U (popMalib-
HOM IIpOBEPKE CBOMCTB, OCHOBAaHHBLIX Ha
a"Hanusze EFSM-moneneit (cMm. [6—9, 11—13,
15]). B cTaTbhe paccMOTpeH METOJ MOCTpOe-
HUSI pPacCIIMPEHHBIX KOHEUHBIX aBTOMAaTOB
no ucxogHomy koay HDL-onucanwmii. OT-
JIMYUTEJIBHON 4YEPTON METOHA SBJISETCS aB-
TOMaTUYECKOE BBIJAEJICHNE BHYTPEHHUX IIe-
PEMEHHBIX, MPEICTABISIOIINX COCTOSHUS
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I
Tabnuma 2
Pe3yabraTel npumenenus merona Ha nakere tecros ITC’99
Yucno IlepemeHHBIE Yucio Yucno
Ommcanne CUHXpOCUTHAJTBI .
CTPOK COCTOSTHUSI COCTOSTHUM | TIepeXOI0B
b01 102 clock, reset stato 8 24
b02 70 clock, linea, reset stato 7 17
b03 134 | clock, reset stato, ful, fu2, fu3, fud, 23 467
coda0
b04 101 clock, reset stato 29
b05 310 clock, reset, start stato, flag, mar 9 700
b06 127 | clock, cont_edl, o 7 33
reset, eql
b07 92 clock, reset, start stato, mar 8 21
b08 88 clock, reset, start stato, mar 13
b09 100 clock, reset stato, d_in, old 8 22
clock, reset, rts,
b10 167 rtr, test, start stato 11 33
bll 118 clock, stbi, reset stato, cont, contl 13 46
sl, s2, conta_tmp, mpXx,
b13 296 | clock, dsr, reset, |\t bit, tx_conta, 30 98
eoc .
itfc_state
clock, ready n,
bi5 671 | reset, hold, na_n, | State state2, 24 360
bsl6 n instqueuerd_addr, flush

YCTPOMCTBA, a TAKXKE MCIOJIb30BaHUE TEXHUK
CUMMBOJIMYECKOTO BBIITOJIHEHUS IJIsI ITOCTPO-
€HHSI MHOXKECTBAa COCTOSIHMI M OTHOIIEHUS
epexogoB. DKCIePUMEHTH MOKa3ajdu MPH-
MEHMMOCTh Itoaxona K HDL-onucanusaMm He-
6onpmoil ciroxHoctu (mo 1000 cTpok Koma).
B Onuxaitiiem OyayiueM mjaaHUpyeTcs Yayd-
IIMTh ¥ UCITBITATh CO3MaHHBIN IIPOTOTHIT IJIsI
ONMMUCAHUM CPEeOHEW W IIOBBIIIEHHOW CJIOX-
Hoctu (mopstaka 10 000 cTtpok Koma) ¢ yde-
TOM HEpapXM4ECKOil CTPYKTYphl MOAYJIEH, a
TaKXe IPOBECTH CPaBHECHUE METOIA C APYTH-
MU MMOAXOJaMMU.

Eme omHuWM HampaBiIeHUWEM HCCIeA0Ba-
HUM SIBISETCS pa3BUTHE METONOB BepUU-
kaiun Ha ocHoBe EFSM-momeneit. Croma
oTHocATcsl aHanu3 3aeucanuli (deadlocks) u
KoH@aukmoe docmyna k OdanHbim (races, haz-
ards) [26], KoTopble MOI'YT BO3HUKATh IIPU Ha-
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JIMYMU HECKOJIbKMX TapaJlieIbHO paboTaroINX
EFSM-Mopmeneir Ham oOOIIMM MHOXECTBOM
NEepEeMEeHHBIX. 3AeCh Xe CleAyeT YIIOMSIHYTh
KoHKOAUuueckoe mecmuposarue (concolic [con-
crete & symbolic] testing), ocHoBaHHOE Ha
KOMOMHMPOBAHUU CTAaTUYCCKMX M TUHAMMUYEC-
CKUX TexHUuK Bepudukanuu [27]. Kpome Toro,
u3piedyeHHyio EFSM-Mozaens MOXXHO MCTIONb-
30BaTh UIS1 IIOJYYEHUSI CBEAECHUI O IIOpsIIKe
nogauu Bo3aeictBuit Ha HDL-onmmcanue u
npueMe peakluii oT Hero (T. €. O npomokoae
e3aumodelicmeus C yCTPOUCTBOM). DTU CBele-
HUS MOTYT MCIIOJIb30BaThCs KaK ISl (hopMaib-
HOIT Bepr(pUKaLNM, TaK U IJIs TeHepalluy 111a-
OJIOHOB TECTOBBIX CUCTEM, OCYILECTBIISIOLINX
MMHUTALIMOHHYIO Bepr(PUKAIIHIO.

HccnenoBaHue BBINOJHEHO NP (MHAHCOBOM
noaaepxkxke POPOU B pamkax HAy4HOro IpPOEKTa
Ne 15-07-03834 a.
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VERMONT - CPEACTBO BEPUDUKALIUU
NMPOrPAMMHO-KOH®UTYPUPYEMbIX CETEMN

V.A. Zakharov, V.S. Altukhov, V.V. Podymov, E.V. Chemeritskiy

VERMONT - A TOOLSET FOR VERIFICATION
OF SOFTWARE DEFINED NETWORKS

[MpencraBneHo mporpamMMHo-uHCTpyMeHTambHOe cpenctBo VERMONT (VERifying MONiTor) mis
Bepu(dUKallMY B ONEPaTUBHOM pexume IporpamMHo-koHburypupyembix cereil (ITKC) oTtHocuTeabHO
(opmanbHO crienmduIMpoBaHHBIX MOAUTUK Mapuipytusauuu naketos (ITMIT). VERMONT moxeT ObITh
YCTAHOBJIEH B CETH MEXIY KOHTPOJUIEPOM U KOMMYTaTOpaMu [iJIsi HAOMIONEHUSI 3a CEThIO IMyTeM TepexBaTta
COOOIIEHUI U KOMaH[, KOTOPBIMUA OOMEHUBAIOTCS KOHTPOJUIEP U KOMMYTATOPhI, IOCTPOEHUS MOJIEJIU CETH
U TIPOBEPKU TOTO, B KAKOW Mepe U3MEHEHUS, NPOUCXOAIIME B CETU B PE3YyJbTAaTe BBINIOJIHEHUS KOMAaHI
PEKOHOUTYPUPOBAHUS, MOJKIIOUEHUS U OTKIIIOUEHUST KAHAJIOB CBSI3M U KOMMYTAalIMOHHBIX YCTPOWCTB, CO-
IJ1acyloTcs ¢ 3agaHHbIMU TpeboBaHusIMU [TMII. Tlepen Tem Kak OTIIpaBUTh KOMaHIy PEKOHGUTIYPUPOBAHUS
tabsui kommytaimu, VERMONT MopenupyeT pe3ysibTaT €€ BBITIOJHEHUS] U MPOBEPSIeT BHITTOJIHUMOCTh
tpedoBanuii IIMII nng moguduumnpoBanHoit Mmogenu [TKC. Ecniu VERMONT o6HapykuBaeT HapylieHHue
Kakoro-ian6o tpedoBaHus [IMII, oH Gi10KMpyeT NMepechbUIKy KOMaHAbl U OMOBEIIAEeT 00 3TOM CUCTEMHOTO
aJIMUHUCTpATOpPA.

Ormucana matemaTtudeckast Moaenb [TKC u dopmanbHbiil s13b1k crietiupukanuu [TMI1, ucnonb3yembie
B Haleil cucrteMe Bepudukaiuu. PacckazaHo 00 YCTpOHCTBE M aJTOPUTMUUYECKMX MpPUHLMIIAX (DYHK-
mronupoBanust cucteMbl VERMONT. [lpeacraBieHsl pe3yabTaThl 9KCIIEPUMEHTOB TT0 TPUMEHEHUIO pa3-
paboraHHOI cuctembl sl Bepudukauuu HekoTopbix ITKC, a Takxke mpoBeaeH CpaBHUTEIbHBIN aHAIU3
cuctreMbl VERMONT u npyrux cucrem Bepudukanum [TKC.

BEPUDPUKALIMA B OINTEPATUBHOM PEXHWUME; ®OPMAJIbHAA CINIELHU®UKALIUA; BE-
PUOUKALIMSA MOJEJEN MTPOTPAMM; [TIPOTPAMMHO-KOH®UT'YPUPYEMBIE CETU; KOH-
TPOJUIEP; KOMMYTATOP; ITOJIUTUKA MAPILIPYTU3SALUN TTAKETOB; PEKOH®UTYPUPO-
BAHUE CETEN.

In this paper we present the software toolset VERMONT (VERifying MONiTor) for runtime checking
the consistency of Software Defined Network (SDN) configurations with formally specified invariants of
Packet Forwarding Policies (PFPs). VERMONT can be installed in line with the control plane to observe
state changes of a network by intercepting the exchange of messages and commands between network
switches and SDN controller, to build an adequate formal model of the whole network, and to check every
event, such as installation, deletion, or modification of rules, port and switch up and down events, against
a set of PFP invariants. Before retransmitting a network updating command to the switch, VERMONT
simulates the result of its execution and checks PFP requirements. If a violation of some PFP invariant
is detected, VERMONT blocks the change, alerts a network administrator, and gives some additional
information to elucidate a possible source of the error. We define a SDN mathematical model used in our
toolset, discuss some algorithmic and engineering issues of our toolset. After introducing a formal model of
SDN and a formal language for PFP specification, we outline the main algorithms used in VERMONT for
SDN model building, model checking, and model modification, and describe the structure of VERMONT
and the functionality of its components. Finally, we demonstrate the results of our experiments on the
application of VERMONT to a real-life network.

RUNTIME VERIFICATION; FORMAL SPECIFICATION; MODEL CHECKING; SOFTWARE
DEFINED NETWORK; CONTROLLER; SWITCH; PACKET FORWARDING RELATION; NETWORK
UPDATE.
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Bepudukanmsa B ONMEepaTMBHOM pPEXHMME
(MoHuUTOpMHT, runtime verification, online
verification) — 3To croco® aHaiM3a U BepU-
uxkauuy HMHGOPMALMOHHBIX CHUCTEM, IIpU
KOTOPOM U3BJIeUeHUE UH(OpMALIMY O MOBEeAe-
HUM CUCTEMbI, IPOBEepKa BHIIOJHUMOCTH 3a-
JaHHBIX CBOMCTB MOBEIEHUS U HEOOXOAUMOE
BMEILIATeILCTBO B pabOTy CHCTEMBI B Cllydae
HapylIeHUsI OIIpeNesIeHHbIX TpeOOBaHUIl ee
TOBEJIEHUsI OCYLIECTBIISIETCS HEMOCPEACTBEH-
HO 110 Xoay (PYHKIIMOHUPOBaHUS CUCTeMBbl. OH
3aHUMAaeT MPOMEXYTOUHOE MOJIOKEHUE MEXITY
MOJIHOM (OpMaIbHOM BepudUKaIyein Ipo-
rpaMM M TECTUPOBAHUEM.

ITpn BepudpukaMy B ONEPATUBHOM pe-
XKMUME B OTIMYME OT BepuUdUKaIMA MOACIEH
nporpaMM WM AEOYKTMBHON BepU(pUKAIIAN
nporpaMM aHAJIM3UPYETCS JUIIb OIHA BHIYMC-
JIUTeJIbHAsI Tpacca IporpaMMbl. 3a CYET 3TO-
ro ymaercsl u30exaTb TPYIHOCTEH, CBSI3aHHBIX
¢ 3¢pdekToM KOMOMHATOPHOrO B3phIBa YHCIA
COCTOSIHUI, TIPUCYIIMX TTOJIHONU (hOpMabHOMI
BepuduKaluu 1mporpaMm. JIoCTOBEpPHOCTb pe-
3yJIbTaTOB BepUGUKALUM B OINEPAaTUBHOM pe-
>KMME CYILIIECTBEHHO BHIIIE, TOCKOJIBKY aHAIU3Y
rojiBepraercs cama nHGopMallMOHHasi CUCTeMa,
a He ee MoJesb. Takylo BepudUKaIMI0O MOKHO
MPOBOAMTH JaXke B TOM cilyyae, Korjaa Koj Mpo-
BepsieMoil mporpaMMbl HepocTyreH. Hakonerr,
BepudUKaLys B OIIEPaTUBHOM pPEXHUME IT03BO-
JIIeT TIpefoTBpaliaTh HEAOMYCTUMbIE TCHCTBUS
TMpOrpaMMBbl B TIPOLIECCE €€ BBIOJTHEHMS.

C npyroii CTOpOHBI, IPUMEHEHNE CTPOTUX
MaTeMaTUYECKMX METOIO0B IPOBEPKU BBIITOJ-
HUMOCTU (hOPMATbHBIX CHeU(UKALIMA 10-
BEeIEeHMSI IIporpaMm JarpT 0osiee MH(GOPMAaTHB-
HbIE U coaepXaTeJbHble pe3yJbTaThl, HEXEJIN
CBeIECHMSI, MOJyYeHHbIE MPU IIPOCTOM TECTU-
pPOBaHUU MPOTPAMM.

B CcTaThe OIMCaHO MIpOrpaMMHO-
UHCTpyMeHTajabHoe cpeactBo  VERMONT
(VERifying MONiTor), mnpenHazHaueHHOE
I BepUdUKAUM B OIIEPAaTUBHOM DPEXU-
Me IIpOrpaMMHO-KOH(PUTYpHPYEMBIX CeTeil
(ITKC) u npenoTBpallieHUsT MOSIBJIEHUST CeTe-
BbIX KOH(MUTYpaluii, HApylIalOIIMX 3aJaHHbIC
TpeOOBaHMSI TIOJUTUKM MapIIpyTU3alluKA Tia-
ketoB (ITMII).

IIporpammHo-KoH(HUTrypHpyembIe ceTH

IIKC — »T0 HOBas apxuTeKTypa Tele-

KOMMYHMKALIMOHHBIX CETeH, IpeanoXeHHas
HEIaBHO IS TIPEONOJCHMS MPUHLIMIINATIb-
HbIX TPYAHOCTEH aAMUHUCTPUPOBAHUS CETei
TpaguuyoHHoro Buga [1]. OtauuyutenbHas
ocobenHocTh ITKC cocTtoutr B TOM, 4TO MpO-
CTPaHCTBO MOTOKOB HaHHBIX (data plane) u
MPOCTPAHCTBO IOTOKOB KOMAaHJ YIIPaBICHUS
3TUMM JaHHBIMU (control plane) ¢usndecku
pasnesieHbl, U MPU ITOM HECKOJIbKO KOMMY-
TUPYIOLIMX YCTPONUCTB MOTYT HAXOAUTHCS TOJ
KOHTPOJIEM OOHOU M TOU X€ YNpaBJISAIOLIEH
nporpamMMbl. HaunbGosiee pasBUTBIM CTaHAAp-
toM I1KC saBasiercsa mpotokon OpenFlow [2].

Kommymamopwnr TIKC cHaGXeHBI nopma-
MU, KOTOpbI€ COEIMHEHBI IPYr C APYIOM Ka-
Hanamu nepedauu OAHHbIX, TI0O HUM TIepeIaroT-
cs naxkemol 0auHbix. T1akeThl, MocTynalome B
MOpPTHl KOMMYyTaTopa, 00paOaThIBalOTCS ma-
Oauyeli Kommymayuu, COAepXalleil npasuia
Kommymauuu naxemos. I1paBuao KOMMyTalMU
BKJIIOYAET B CeO0s1 wabaoH, UHCMPYKUUIO, NPUO-
pumem, cuemuuxk U cpoxk akmuenocmu. IlakeTsl
COCTOSIT M3 ABYX YacCTeil: 3ae0106Ka U Haepy3-
Ku. Jna KoMMyTalliM ITaKEeTOB UCIOJb3YIOTCS
TOJILKO WX 3arojIOBKM: KOMMYTAaTOP BbIOUpaET
M3 TabJULBl TO MPABUIO KOMMYTAIMM, Ila-
0JIOH KOTOPOTO MOIXOAUT K 3arojioBKY IMOCTY-
MUBILIEro B ero mopt nakera. Eciu momxonsr
HECKOJIbKO TIpaBWJI, TO BBIOMpaETCs TMpaBUiIO
C HanOOJIBIIMM TTpuopuTeTOM. ECiM B TabM-
116 KOMMYTallMd HET MOAXOASIINUX MPaBUI, TO
MpUMEHSIeTCS CIlelMalbHOe MPaBUJIO AJIsl TIPO-
MYLIEHHBIX TTaKETOB.

Kak TobK0 MpaBuao KOMMYTallMKU BEIOpa-
HO, €ro MHCTPYKILIUS MPUMEHSETCS K TaKeTy.
HNHcrpykiiusg — 3T0 mOCaenoBaTesIbHOCTh deti-
cmeuil, K YMCIy KOTOPBIX OTHOCSATCS JEUCTBUS
KOMMYTallMM KOMUHU IMaKeTa B 3aJaHHbII HOPT
KOMMYyTaTropa, cOpoc IakeTa, OTIpaBJeHUE
MmakeTa KOHTPOJUICPY, HEPENUChIBAHUE HeE-
KOTOpBIX ToJiell 3arosioBka makerta. CueTyuk
CIYXUT JUISl yyeTa yuciia cpabaTbiBaHUM Tpa-
Buna. [lo mMcreyeHUM yCTaHOBIEHHOIO CpOKa
aKTUBHOCTH TPaBUJIO yAAJSIeTCS M3 TaOJIUIIBI.

Kommyratoper TIKC HaxompsaTcs mof
yIpaBJIeHUEM KOHMpOlepa, KOTOPbIM CBSI3aH
KaHaaom ynpaeienus ¢ KaxXIbIM KOMMYTaTOPOM
CeTH; TT0 TOMY KaHajly KOMMYTaTOpbI OTITpaB-
JISIIOT co0OuieHuss KOHTPOJUIepY U MOJY4aloT OT
Hero xomaHndbl. COOOIIEHNUST MOTYT COAEPXAaTh
MaKeThl, OTIPABICHHbIE KOHTPOJLIEPY IJIs1 60-
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Jiee TIyOOKOro aHajiu3a, CTAaTUCTUYECKUE TaH-
Hble 00 MCIOJIb30BAHUM IIPABUJ KOMMYTallUH,
OITOBCILCHUS O JOOABJICHUN U YIAJICHUU TIpa-
BWJI B TaOnuuax Kommyrauuu. Ilpu momoru
KOMaHJI KOHTPOJLIEP MOXET M3MEHATh COIEeP-
KMMOE TaOIMI KOMMYTaIldM, 3allpallnBaTh
JAHHBIE O COCTOSIHUM CETU U TaOJMIL KOMMY-
TalliM, OTIPABJATh 3aJaHHBINM MaKeT U3 TOro
WIM WHOTO ITOpTa BEIOPAaHHOTO KOMMYTATOpA.
bonee mompoOGHO ¢ 3TUMU BO3MOXHOCTSIMU
MOXHO O3HAKOMMTLCS B OIMCAHUM CTaHAApTa
npotokoisa OpenFlow [2].

I'nmaBHoe mpeumyuiectso ITKC coctout B
TOM, YTO AAMUHUCTPATOPY IIPEIOCTABIISICTCS
BO3MOXHOCTh YIIPABJIATh IIOBEACHUEM BCEH
CeTM 3a CYET YCTAHOBJICHUS, WU3BATUS WU
MoauGUKALIMKU IIPaBWI KOMMYTallMU ITaKEeTOB
B Tabnuue a0boro kommyratopa. Ilostomy
ITKC cayxuT ynoOHOI mmapagurmMoi ajisl pas-
PabOTKU U COBEPIICHCTBOBAHUS CETEBhIX IPU-
noxenuit (cMm. [3]). C ee BO3ZHMKHOBEHUEM
MOJYyYWUIM Pa3BUTUE MHOTOYMCJICHHBIE IIPO-
€KTbl, HallpaBJIeHHbIE HAa CO3IaHUE S3BIKOB U
WHCTPYMEHTAJIbHBIX CPEICTB CETEBOIO IIPO-
rpammMmupoBaHus: Frenetic [4], Maestro [5],
Procera [6], Nettle [7]. Kak 1 m1a OGBIYHBIX
MIporpaMM, BOIIPOC O KOPPEKTHOCTU CETEBBIX
MPWIOXKEHUI SIBISIETCS OMHOM CaMbIX OCTPBIX
npobaem. IloBegenue INKC nomkxkHO mogyu-
HSITBCSI TTOJIMTUKE MAapIIPyTU3alUU ITAKeTOB —
Habopy TpebOBaHUI KOPPEKTHOCTU 1 Ge3omac-
HOCTH KOMMYHUKALIMIA MEXAY KOMIIOHEHTaMU
cetn. CeTeBble MPUJIOXKEHNUS, paboTamIINe Ha
ITKC-koHTpoiepe, OOKHBI 0bOecrneynBaTh
TOJILKO TaKyl0 3arpy3Ky TaOJMI KOMMYTallUu,
KOTOpasl yanoBjaeTBopseT 3agaHHoi TTMII.

Pa3paboTka yHUBEpCaIbHOIO TPAHCISATOPA,
npeoodpasyioero ITMIT B mporpammy yrpaB-
nenust [1KC-koHTpoiepoM, MpencTaBisIeTcs
JeJ0M oTaajieHHoro oynyiiero. IToka sBoio-
LU CETeBOr0 IIPOrpaMMHUPOBAHUS ClEIyeT
MMPOTOPEHHBIM IYTEM Pa3BUTUS CHUCTEMHOIO
MIPOTPAMMMPOBAHUS: CO3MAIOTCST SI3BIKA CETe-
BOr0 IIPOTPaMMUPOBAaHUS BBICOKOTO YPOBHS,
CHa0OXEHHbIE UHCTPYMEHTAJIbHBIMU U OUOJIMO-
TEUYHBIMU CPEICTBAMM PELICHUST CTaHAAPTHBIX
3amay pa3pabOTKM, KOMMOWJISIIUM, OTIAIKH,
MOJEIUPOBaHMsI, BepupUKaLIMI U TTOAAepXKa-
HUS KOPPEKTHBIX M 3(P(PEKTUBHBIX MPUKIIALI-
HbIX nporpamm yrpasiaeHus: TTKC.
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YroObl  rapaHTUPOBATh  MPABUJIBHOCTb
paboTel TIporpammbl, yrpasngwomiein  TTKC-
KOHTPOJUIEPOM, HY>KHO MMETb TEXHOJIOTUIO U
cpenctBa Bepupukamuu [NKC oTHocuTeabHO
3agaHHoil IIMII: nns 3amaHHBIX (hOpMaTBHOMN
cnemupukauun [IMIT ®, dopmanbHOIl MO-
nean [IKC M w HavyanbHOM ceTeBoil KOHDU-
rypauud N IpOBEPUTh, YTO BCE BBIYMCICHMUS
monenmn M w3 koHpurypauuu N yIOBIETBO-
pstoT TpedboBanuio ®@. s pelieHusT 3Toit 3a-
Ja4u HY>XHO CO3[aTh CUCTEMY BepuduKaluu,
CIIOCOOHYIO IIPOBEPSITh HEMPOTUBOPEUUBOCTh
TpedoBaHmii [IMII, KOppeKTHOCTh OTHENb-
Heix npunoxenunii [TKC koHTposiepa oTHO-
cutenbHO 3amgaHHbIX [IMII, KOppeKTHOCTh U
6e3onacHocTb padoTsl Beeil [TKC.

DopMaIbHBIE METOObl HPUMEHSUIUCH YXe
paHee Jyis BepuUKaluU TPAIUIIMOHHbBIX TeJie-
KOMMYHUKAIMOHHBIX CeTel, HO C TOsIBIIEHUEM
koHuermuu [IKC wmHATEpeC K 3TUM MeTomam
Bo3poc. ITocae nepBoii paboThl B 3TOM HampaB-
JICHUW WCCIeqoBaHuii [8] OBIIO TpemIokeHo
HECKOJIbKO METOJIOB PellIeHUsT MPO0eMbI BEpU-
¢ukauuu INKC. Mx MoXHO pa3menuTh Ha aBa
KJ1acca: Bepu(UKaIIMIO IIOTOKOB YIIPaBIeHUS U
BepU(PUKaAIIMIO TOTOKOB TaHHbIX.

Bepudukanus notokoB yrpapieHUs 3a-
HUMaeTcsl mnpoBepkoil mpaBuibHOCTU TTKC-
KOHTpoOJIJlepa W  TPUKIAAHBIX [POrpamMm
yIIpaBieHUsT KOHTposuiepoM. st 9Toil Lienm
MPUMEHSIOTCS METOJbl CTAaTUYECKOTO U Jie-
TYKTUBHOIO aHajau3a, BepuguKalus Moaeaei
nmporpaMm u n0p. B cratee [9] onmucana cucre-
Mma Bepudukauuu mopaeaeii nporpamm NICE;
OHa MIpU3BaHa OOHAPYXXMBATh OLIMOKU ITyTEM
MPOBEPKM IIPU TIOMOIIM CHUMBOJBHBIX METO-
JIOB BCEX Tpacc B MOJEJU MPUKIATHOU Mpo-
rpamMmbl ynpaBiaeHus [TKC, npencraBieHHOR
pa3MEUYEeHHON CHCTeMOM IlepexomoB. OmHaKo
WCCIEA0BaHMS TOKa3aJiu, YTO OTOT IIOAXOMd
MPUTO/IEH TOJILKO JIJIsI CETell HEOOJIBIIIOTO pa3-
mepa. IToatromy Kk cucreme NICE 0Obuio 10-
0aBJIeHO CPEACTBO OpraHU3allMd U MpPOBee-
Hus1 tectupoBaHusa [10]. B crarbe [11] nmig
MPOBEPKU KOHTPOJIJIEPOB MCIOJIB30BAH METO/I
BepU(UKALIMM MOJEJEN MporpaMM Ha OCHOBE
aOCTPaKTHBIX MOJEJIell COCTOSTHWN HAaHHBIX U
coctosHU cetu. Haubosee BecOMbIii BKIIaI B
9TOM HaMpaBJIeHUU CHAejaiyd aBTOPbl PadOThI
[12]. B Heit npeacTaBiaeHa cucteMa Bepuguka-
uuu nporpamm yrpasiaeHus ITKC, cnocobHas
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MPOBEPATh UX TMOBEAECHWE Ha BCEBO3MOXHBIX
TOIIOJIOTUSIX U [IJII BCEBO3MOXKHBIX ITOCIIEIO-
BaTeJIbHOCTEN COOBITUM. J[omycTUMBIE TOMO-
JIOTUM CETH OIMCHIBAIOTCS (hOPMYJIaMU MEePBO-
ro mopsiika, a caMa mpolieaypa BeprupUuKaun
0a3upyeTrcsi Ha KJIAaCCHMYECKOM IeIyKTMBHOM
noaxone dnoiiga—/leiikcTpbl MpU TMOAAEPXK-
K€ CHCTEMBI aBTOMAaTUYECKOIO J0Ka3aTeIbCTBa
TeopeM Z3.

g BepuMKalUMKM IOTOKOB MOaHHBIX B
ITKC npuMeHsIUCh pa3Hble Moaxoabl. BHaya-
JIe BHUMaHUE OTIPaHUYMBAJIOCH TOJBKO Cpel-
CTBaMM CTaTuyeckoro aHanuza. OTaelbHbIE
koHourypauuu [TKC npencraBisyinch KoHeu-
HBIMM pa3MeYeHHbIMU CUCTEMaMU IIepeXO/IOB
U 111 HUX obecrieunBallach IIpOBEpKa B pe-
xkuMe off-line CBOMCTB JOCTMXKMMOCTHU Y3JIOB
CeTH, OTCYTCTBHUS LUKINYECKHUX MAapIIpPyTOB
U Op. IIpU TIOMOINM Pa3IMYHBIX aJITOPUTMOB
Bepu(UKALIMKA MOIEJICH IMPOrpaMM: BBIUMCIIC-
Huit Ha ocHoBe BDD (FlowChecker [13]) u
HOH® (Hassel [14]), nmpoueayp pellieHus Mpo-
onembl BeimosHUMOCTH SAT (Anteater [135]).
3areM ObUIM CO3MaHBl TUHAMWYECKUE CHUCTE-
MBI, TIO3BOJISIONINE MPOBOAUTH BEPU(UKALINIO
IIKC B onepatuBHoM pexume: VeriFlow [16],
NetPlumber [17], AP-Verifier [18]. Cucrema
VeriFlow npegHa3HayeHa IJisi MPOBEPKU Ce-
TE€BbIX MHBApMAHTOB — OTCYTCTBMS LIMKJINYE-
CKMX MaplIpyTOB, IIOTEpU IAKETOB U IIp. — B
pexumMme pearbHoro BpeMeHu. B cucrteme Net-
Plumber mns mposepku IIMII ucnonb3yercs
METOJI aHajK3a 3aroJIOBKOB ITaKETOB. ABTOPHI
cucteMbl Bepudukanuu AP-Verifier mpenara-
10T OPUTHUHAJIBHBINA METOH OIMCAHUSI COBOKYII-
HOCTHA BCeX IIa0JIOHOB IMpaBWJI KOMMYTAIlUH
MaKeTOB IIPU IIOMOIIM OIPaHUYEHHOIO0 MHO-
JKeCTBa aTOMAapHBIX (POPMYJI, TTO3BOJISTIOIINX
CYIIECTBEHHO COKpPaTUTh pa3Mep HdaHHbIX U
TEM CaMBIM 3HAYMTEIHLHO YCKOPUTH IPOBEPKY
TpeOOBaHMUIA JOCTVKMMOCTH.

Cucremsbl Bepudukaunu ITKC HoBoro mo-
konenusa — VeriFlow, NetPlumber, AP-Verifi-
er — MO3BOJISIIOT MPOBOAUTH MpoBepky ITMII
B ONEPAaTMBHOM PEXUME, T. €. OHM OOJagaroT
BO3MOXXHOCTBIO MOAMMUIIMPOBATL MOAEIU
I[IKC B 3aBUCMMOCTHA OT TeX COOOILICHWI M
KOMaHII, KOTOPBIMM OOMEHUBAIOTCSI KOMMYTa-
TOPBI U KOHTpoJUiep. Moauduxanuys Moaenein
JIOJKHA BBIIIOJHSTBCS OYEHD OBICTPO, TO3TOMY
monenn [1KC B atux cucremax MMEIOT SIBHOE

npencrasiaeHue B Bume rpagoB. [Ipu Takom
MpeacTaBleHUd MOAEIeil MOXHO IPOBOIUTH
3¢ (HEKTUBHYIO IPOBEPKY JIUIIb IIPOCTHIX TPE-
ooBanuit IIMII. Kpome Toro, siBHoe mpea-
crapneHue Mopeneit [NKC pomyctumo aulib
IUIS1 ceTeid HeOOJIbIIOro pa3Mepa.

ITouyTn Bo Bcex M3BECTHBIX CUCTEMaX BEpU-
¢ukanuu ITKC ans popmaabHOro ornuvcaHus
tpeboBanuii [IMII wucrnons3yorcs (Gopmybl
temnopanbHbIX Joruk CTL u LTL. Hckimo-
yeHne cocTtapiasgeT cucremMa NetPlumber; ee
dopmanbHbIl  A3bIK  crieuudukaumnii  TIMII
OCHOBaH Ha PEryJSIpHBIX BBIPAXKEHUSIX. MBI
mojaraeM, 4YTO TakKMe CIIOCOOBI OIMMCAHUS
IIMII He BHOJIHE COOTBETCTBYIOT 3ajJade Be-
pudukauuu mnotokoB gaHHbIx B IIKC, mno-
CKOJIbKY TeMITOpPAJIbHBIC JIOTUKU U PeTyJIsIpHbIC
BbIpaXE€HUs MpeaHa3HAYeHBbl IJI1 OIMMCAHUS
CBOMCTB BBIYMUCJICHUM, T. €. IPOLIECCOB, MPO-
TEeKaloIllIMX BO BPEMEHU, TOrma Kak KOHMUry-
paunu [NKC gaBagioTcd cTaTUYeCKNMU O0BEK-
TaMM, CEMaHTUKa KOTOPBIX OIPEAC/ISIeTCS He
B TePMUHAX BBIYMCJICHUI, a TIOCPEIACTBOM OT-
HOIICHMUSI KOMMYTAIlM MaKETOB.

IIpencraBiieHHass B 3TOM CTaTbe cUCTEMa
Bepupukanuu ITKC VERMONT Takxe crio-
cobHa paboTaTh B orepatuBHOM pexume. Ee
OTJIMYUTEJIbHBIE OCOOEHHOCTU TaKOBHI.

1. B omimume ot cucteM BepupUKALUU
VeriFlow, NetPlumber u AP-Verifier, B Hell
nns npeacrasiaeHuss mopenein ITKC u npo-
BEpPKM BBIMOJHUMOCTHU TpeboBaHuit ITMII uc-
MOJIb3YETCSl amIaparT AIBOMYHBIX PEIIAIOIIMX
nuarpamMm (BDDs). bnaromapsi cHMMBOJIBHO-
My IIpEICTaBICHUIO MOICICH M OpraHu3aluu
CHMMBOJIbHBIX BBIYMCJICHMIA Hallla CHCTeMa
3HAYMTEJIbHO MEeHEee YyBCTBUTENIbHA K pa3Mepy
ananmusupyemoin [1KC.

2. B ornuune ot cucteMbl BepupUKALIUU
FlowChecker, Hama cucteMa cHaOXeHa IIpoO-
LHeaypamMu OBICTPOl MomMPUKALMU MoOIee
[MKC, mosToMy MOXET ITPOBOIUTH BepUpUKa-
LIMIO B OIIEPAaTUBHOM PEXUME.

3. B ocHOBY (popManbHOIro sI3bIKa CHEIM-
¢ukanuit cucteMbl VERMONT nonoxkeH
(bparmMeHT JIOrMKY BTOPOTO MOPSIAKA, TTOSTOMY
Halll SI3bIK 00JIagaeT OOJIBIIMMU BBIPA3UTEIb-
HBIMKU BO3MOXKHOCTSIMU JIJISI OIIMCAHUS TPeOo-
BaHuit [TMII.

Cpenu CylIeCTBYIOUIMX CPEIACTB BEPU-
¢duxkaumu IIKC VERMONT 3anumMmaer mpo-
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MEXyTOYyHOe TonoxeHue. Hama cucrema
MIPEBOCXOIUT MO CKOPOCTU PabOTHI TaKUE CTa-
Tnyeckue cuctemol Bepudpukauuu IMKC, kak
FlowChecker, Anteater u Hassel, u nuiip He-
MHOTMM YyCTyHaeT mo 3(pOEeKTUBHOCTU TaKUM
IUHAMMYECKUM CHCTeMaM Bepu@UKaluu, Kak
VeriFlow u NetPlumber. IIpu 3TOM BbIpasu-
TeJIbHbIE BO3MOXHOCTH SI3bIKa CITeII(UKALIMIA
IIMII, ncnons3yembie B cucteMe VERMONT,
MO3BOJISIIOT (hOPMaIbHO OIKMCHIBAaTh U BEpPU-
¢uuupoBath Bce TpedboBaHus IIMII, koToprie
MOTYT OBITh IPOBEPEHEI BO BCEX IPYTUX CUCTE-
max Bepudukauuu ITKC.

Mogaens nporpaMMHO-KOH(DUTYPUPYEMOii ceTH

OnuieM ¢opMaabHyI0 MOAEIb KOHDUTY-
pauuii ITKC, koTopast UCIoab3yeTcs B CUCTeE-
me Bepudukanmm VERMONT (cm. [19, 20]).

3arojI0oBKM IaKeTOB, HAUMEHOBAHUS TIOP-
TOB 1 KOMMYTaTOPOB CETU IIPEICTABISIOTCS B
3TOM MOJENW TBOMYHBIMHU BEKTOpaMU. JJTMHBI
3TUX BEKTOPOB BapbUPYIOTCS B 3aBUCUMOCTHU
OT pa3Mepa CeTH, TUIIOB KOMMYTAaTOpPOB, MC-
MOJIb3yEMbIX CETEeBBIX IPOTOKOJIOB U Ap. s
3arojIOBKOB TIaKETOB OydeM MCIOJIb30BaTh
0003HaueHue h; KOMIIOHEHTHI 3ar0JI0BKOB OY-
1eM 0003HaYaTh 3anuchio Ali], 1 < I< |h|; MmHO-
JKE€CTBO BCEX 3aroJI0OBKOB MAKETOB 0003HAYUM
oyksoii H. [lng mMeH mOpPTOB KOMMYyTaropa
OymeM MCIOJIb30BaTh 0003HAYEHUE P, KOMIIO-
HEHTHI KaXJIOro TaKoro BeKTopa OymemM 000-
3Hayarh 3anuceio plj], 1 <j < |p|.

Cpenu mopToB KaXI0T0 KOMMYTAaTOpa 0CO-
00 BbIIESAIOTCS OBa mopta: drop u ctrl. Ilpu
nomajgaHUM IIaKkeTa B MOPT drop OCYIIECT-
BisieTcsa ero copoc. Ilpu momagpaHuy nakera
B IIOPT cfrl OCYILIECTBISIETCS €ro MepechLIKa
koHTposepy ITKC. MHoxecTBO Bcex MMEH
OCTaJIbHBIX ITOPTOB KOMMYTaTOpa O0O03HAUYUM
OykBoit P. JIjsi MMeH KOMMYTaTOpOB OydeM
WCIIOJIb30BaTh 0003HAYEHUE W, MHOXECTBO
BCEX MMEH KOMMYTaTOpPOB O0O3HAUYUM OYK-
Boit W. Ilapel BekTOpOB (p, w) OydeM Ha3bl-
BaTb moukamu cemu, Tapsl BeKTopoB (h, p) —
AOKQAbHbBIMU COCMOSHUAMU NAKemos, a TPOUKU
BeKTOpOB (h, p, w) — enobarbHbIMU COCMOS-
Husmu nakemos. MHOXECTBO BCEX TOUYEK CETHU
0003HaYnM OYyKBO# V, MHOXECTBO JIOKAJIbHBIX
COCTOSIHMI TakeToB — L, MHOXECTBO BCEX
IJI00AJbHBIX COCTOSIHUI MaKeToB — .

Illabaonom 3aroyioBKa TakeTta (ropTa) SIB-
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JISeTCSI TPOMYHBIM BEKTOP COOTBETCTBYIOILIEH
IUIMHBI, COCTOSIIIMI M3 ABOWYHBIX Pa3psiioB
0,1 u rpynnoBoro cumBona *. B monmenu IMKC
11a0JI0HBI UTpalOT ABOSIKYIO POJib. bymeM ro-
BOPUTh, YTO JABOMYHBINM BEKTOP X couemaemcs
¢ wabnaonom X TON Xe IJIUHBI, €CJIM KaxKIbIi
IBOWYHBIN pa3psia X[i] mabiioHa paBeH COOT-
BETCTBYIOLLIEMY pa3psiny x[i] BekTopa x. IBo-
WYHEBIA BEKTOP X npeobpaszyemcs uiabaonom X B
JBOMYHBIN BEKTOpP Y TOI XK€ JUIMHBI, Y KOTOPO-
ro Kaxniablil paszpsn y[i] nubo paBeH x[i], eciu
X[i] = *, nu6o paBeH X[i], eciu X[i] — aT10
JIBOWYHBIN pa3ps.

IIpy nomomMn 1IA0JOHOB OMNPEALISIOT-
cs deticmeus KoMMmyTaTopoB. B paccmarpu-
Baemoii mogenau IIKC monyckawoTcst AeMCTBUS
IBYX BUIOB. [leficTBMe KOMMYTAallMMd ITaKETOB
OUTPUT(Y), rne Y — 1wmabiaoH mopta, IJs
KaXJI0ro MakeTa ¢ 3aroJoBKOM h HampasisieT
KOITMIO 3TOrO ITaKeTa C TeM K€ 3aroJIOBKOM B
KaXIbI NOPT p, KOTOPBIA COYETAECTCS C 1Ua-
0610HOoM Y. JleiicTBe MOAU(MUKALIMU 3aT0JIOB-
ka nakera SET_FIELD(Z), rne Z — 1abioH
3arojioBKa IMakeTa, AJIs KaxkJOoro Iakera ¢ 3a-
roJIOBKOM /i peoOpasyeT 3aroJloBoK 3TOro Ia-
KeTa 11adJJoHOM Z.

Hucmpyxyuei sBnsiercs mobas MoCieno-
BaTeJbHOCTh IOEUCTBUM 0, OKAHUYMBAIOIIASICS
JIENCTBUEM KOMMYTAllMM ITakeToB. [leiicTBus
MHCTPYKUMM BBINOJHSIOTCS MoodyepeaHo. Ta-
KM 00pa3oM, Kaxkaass MHCTPYKLIMS o OTpeae-
JsieT oTHoleHue R, R < HxL: niasa BCAKOro
MakKeTa C 3aroJIOBKOM /i BBIYMCIISACTCS MHOXE-
CTBO JIOKJIbHBIX COCTOSIHUI TTakeToB (h”, p), B
KOTOpBbIE NEMCTBUS 3TOM MHCTPYKILIMU TIPeo0-
pa3yloT 3aroJoBOK A.

Ilpasuso kommymayuu 3anaeTcsl YeTBEPKON
r=(Y, Z, o, n), tne Yu Z — mabi0HbBI IIOpTa
M 3aroJioBKa, o — WHCTPYKLMUS, # — MIPUOPUTET
npasuia. [lpaBuiao r MPUMEHWMO K JIOKaJlb-
HOMY COCTOSIHMIO TlakeToB (h, p), eciu Bek-
TOpPHEl h 1 p coueTaloTcsa ¢ 1radjioHamMu Y u Z.
Ono ompenenser orHowenne R, R < LxL:
JUIS1 KaXKA0TO JIOKAJTbHOIO COCTOSIHUS MaKeTOB
(h, p), K KOTOpOMY IIPUMEHUMO IIPaBUJIO, BbI-
YUCJISETCS MHOXECTBO JIOKAJIbHBIX COCTOSIHUI
{(h", p): (h, (", p’))e R}.

Tabauya xommymauuu tab = (D, B) cocTo-
UT U3 MHOXecTBa mpasun D = {r, r, ..., r}
W MHCTPYKILIMU B /151 MPOMYIIEHHBIX MTaKeTOB.
Ecnu makeT ¢ 3arojioBKOM ki IMOCTyIIaeT B MOPT
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P, TO B U3 MHOXeCTBa ) BIOMpAETCs MPaBUIO
r= (Y, Z, o, n) ¢ HauOOJBIIUM IIPUOPUTE-
TOM, IPUMEHMUMOE K JIOKAJJbHOMY COCTOSIHUIO
naketoB (h, p), U UHCTPYKIHUS o ITOTO Ipa-
BUJIa MPUMEHSETCS K ITaKkeTaM C 3aroJOBKOM
h. Eciu HM ogHO M3 IpaBUJI MHOXecTBa D
HEMMPUMEHUMO K JIOKAJIbHOMY COCTOSIHUIO
(h, p), TO K TaKkeTaMm C 3arojloBKoOM h mpume-
HSIETCSI MHCTPYKLMS IJI MPOITYIIEHHBIX Mpa-
Bun B. Takum obpasoM, TabauIIa KOMMYTALIIA
ompezenser orHouenue R, R < LxL Ha
MHOXECTBE JIOKAJIbHBIX COCTOSIHUM IaKeTOB.
MHOXeCTBO BCeX TaOJMIl KOMMYTalluM 000-
3HAYUM 3anuckio Tab.

Tononorust cetv ompenensieTcss MHOXe-
ctBoM T, TcVxV, kananroe cessu, KaxXIoplii U3
KOTOPBIX 3aMaeTCs Mapoil TOYEK CETU, COEIU-
HEHHBIX 3TUM KaHajioM. Touka ceTw, coenu-
HEHHasI KaHaJOM CBSI3M C KaKOW-I100 Apyroi
TOUYKOM, Ha3bIBAETCS GHYMPEHHel MOYKOU cemu.
OcTajIbHBIE TOYKU CETU HA3bIBAIOTCS GHEUHU-
mu moykamu. K BHEIIHUM TOUYKaM CETU IIOMI-
KJIIOYEHBI TepugepuiftHbIE yCTpOMCTBa (cep-
BEphbl, MEXCETeBhIe IILIIO3bI M JAP.); U3 ITUX
TOYEK IMAKETHI ITOCTYMAIOT B CETh U MOKUIAAIOT
ee. MHOXeCTBO BHEIIIHUX TOYEK CeTH 0003Ha-
yuM 3anucbio EXT.

IIycTh 3amaHO MHOXECTBO KOMMYTaTOpPOB
W n Ttononoruu cetu 7. Torma xougpueypauus
cemu — 310 (pyHkuuss Net. W—Tab, yka3bl-
Balolllasl paclipenesieHre TaOoJaul KOMMYTallu1
0 CeTeBbIM KoMMyTaTtopaMm. Kaxmass KOH-
durypaust cetu Net ompenenisieT OTHOIIIe-
HU€ OJHOIIArOBOM MaplIpyTU3allMKd I1aKEeTOB
R,, : R,,c $xS Ha MHOXECTBE MIOOATbHBIX
COCTOSTHMI makeToB. JIBa COCTOSIHMSI MaKeTOB
(h, p, wyu (h’, p’, w) HaXOAATCS B OTHOILLIEHUU
R,,, TOTIa ¥ TOJILKO TOIrAa, KOraa CoOMoaeHo
OIHO W3 CIAEAYIOIIMX YCIOBUIA:

1) 111 HEKOTOPOTO MOPTa p, BHITOIHSIOTCS
otHoweHnus ((h, p), (h’, po))eRNe,(w) u ((w, p,),
(w’, p))eT, To ecThb MakeT C 3arojioBKoMm A,
MOCTYIUBIIWI B MOPT p KOMMyTaTopa w, BHa-
yajie KOMMYTUPYETCSI C U3MEHEHHBIM 3aroyioB-
KOM h’ B IIOPT p, TOTO X€ KOMMYTaTopa, a 3a-
TeM MepechlIaeTCs 10 KaHaIy CBSI3U B IOPT p~
KOoMMYyTaropa w’,

2) w= w" u p’eEXT, npu stom ((h, p),
(h’, p’))eRNet(w), TO €CTh IMaKeT C 3arojoBKOM
h, TIOCTYNUBIIMII B MOPT p KOMMYTaTropa w,
KOMMYTUPYETCS C M3MEHEHHBIM 3ar0JOBKOM

h’ BO BHEIIHUIA MOPT p’ M BBIXOAUT 3a Mpeje-
JIBI CETH.

Pensiionnass  momens  KOHGUTYpallnn
IMKC szapaerca mapoit M, = (R,,, EXT). [Ina
W3MEHEHUSI CETEBBIX KOH(MUTYpALIUiA KOHTPOJI-
JIEpBI UCITOJIB3YIOT KOMaHIbl PEKOH(MUTYPUPO-
BaHus. Crangaprom OpenFlow [2] npeaycMo-
TPEHBI CJICAYIOLIMEe OCHOBHBIC BUABI KOMAaHI
PEKOH(UTYPUPOBAHUS:

1) add(w, r) nobaBisgeT B TaOJULy KOMMY-
TaTopa w MpaBWIO KOMMYTAlLUU 7;

2) dellw, Y, Z, n) ymanser u3 TaOJUIIBI
KOMMYyTaTopa W BCe IIpaBWwia KOMMYTallUU
MpUOPUTETA K, IAOJIOHBI KOTOPBIX COYETAIOT-
cs ¢ mabnonamu Y, Z;

3) mod(w, Y, Z, a, n) uU3MeHseT B TabauLIe
KOMMYTaTopa w BO BCEX IIpaBUJIaX KOMMYTa-
MU TIPUOPUTETA A, IIAOJIOHBI KOTOPBIX CO-
yeraloTcd ¢ 1abnaoHamu Y, Z, uMmerolyrocs y
STUX MPABUJI UHCTPYKIMIO HA HOBYIO MHCTPYK-
U0 o.

KomManapl peKoH(UTypupoBaHUs TMOCTY-
MalT KOMMYTaTOpaM CETH OT KOHTPOJLIepa Mo
KaHay ynpasieHus. [loayuyuB KoMaHmy com,
KOMMYTATOp MCIIOJIHSIET €€ U U3MEHSET COOT-
BETCTBYIOLLIMM 00pa3oM conaepxKaHue CcBoei
Tabmuubel. B pesynbTaTe o0pasyeTcs HoBas
KoHurypauus com(Net).

dopManbHOE ONMMCAHUE BCEX MepeYrCIeH-
HbIX BbIIlI€ OTHOLIEHUI, OMpPEnessIonX Cce-
maHTuKy [IKC, npencrasieHo B ctaTtee [19].

A3k cnemmdukanmii
MOJUTHK MAPHIPYTH3ALNHA MAKETOB

ITo cymectBy, ITMII — 3T0 onucaHue Tpe-
0OBaHMII, KOTOPBHIM HOJLKHBI YIOBJIETBOPSTH
koHburypanun IIKC, o6pasyrommecss mpu
BBIITOJTHEHUM KOMaHJ pPeKOH(Urypanuu Mo
xony ¢yHkumonuponanus IIKC. 3Hauurenn-
Hasl YaCTb ATUX TPeOOBAHUI KacaeTcsl CBOMCTB
MaplIpyTOB, MPOKJIAABIBAEMBIX B CETU MpPaBU-
JJaMU KOMMYTalMu rmakeToB. s popManibHO-
rO OMMCAaHUS TPeOOBAaHUN TAKOTO POJa MOXHO
BOCITIOJIB30BaThCd (pparMeHTOM L sg3biKka J10-
TMKU MPEeIUKATOB IEePBOro IOpsaKa ¢ orepa-
TOPOM TpaH3UTUBHOro 3aMmbikanusa FO?[TC].
Kak ycraHosneHo B ctatbe [20], aTa joruye-
cKasl cucTeMa OxBaThbIBaeT MHOIME (hbopMaib-
HBIe SI3bIKU crienndukanuii, Takue kak CTL,
LTL, PDL, p-ucuucneHue.
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Hng mocTpoeHUusT (GOopMyJT UCHOIb3YEMOTO
¢dparmenta L noruku FO?TC] mocraroyHo
JIBYX IIepeMEHHBIX X, Y, KOTOpble TPUHUMAIOT
B KayecTBe 3HAYEHWI TBOMYHBIE BEKTOPHI U3
MHOXecTBa .5, 1 AByX npeaukaroB R u E, 060-
3HAYAIOIIMX OTHOILIEHKUE OIHOIIATOBOI MapIll-
pyTU3alMK MaKEeTOB M MHOXECTBO IJI00ATbHBIX
COCTOSIHUI ITAKETOB BO BHEIIIHUX TOYKAX CETHU.
Cneyugurxayueii cocmosHus naxkemos Ha3blBa-
eTcs Bcsikas oysieBa hopmyia ¢(X, Y), kotopas
cTpouTcsl U3 OyneBbIX MepeMeHHbIX X[/], Y[/,
1 <j< N, tne N — 1jiuHa JTBOUYHBIX BEKTO-
POB M3 MHOXXECTBA .S, TIPY MOMOIIM CBSI30K —,
AU V. DT HOPMYJIbI UCIIOJIB3YIOTCS IS OIH-
CaHWSI CBOMCTB COCTOSIHUI TAaKeTOB M OTHO-
IICHUMA MEXIY apaMHu COCTOSIHUM MaKETOB.

®opmynbl g3bika L cTposITCS 1O Clieayio-
1M IIpaBWIaM:

1) Bcsikast cneuudukalims COCTOSTHUM ma-
ketoB ¢(X, Y) sBnsercsa ¢opmynoi si3bika L;

2) Beipaxenus R(X, X"), E(X'), rtone X’
X"e{X, Y}, aBnsiorca ¢hopmynaaMu s3bika L

3) ecim ©(X, Y) — dopmyna s3pika L, To
BoipaxkeHue TC[®(X, V)] aBngerca dhopMmyioi
s3bIKa L;

4) ectu @, u @, — dopmyJbl g3bika L, TO
BeIpakeHuss —®,, ®A®, u O vd,, a TaKxKe
BbIpaXeHHs VX @ 1 JX ® TakxkKe ABIAIOTCS
¢dopmynamu s3bika L.

Cnemudpukauueit [TMIT Ha3piBaeTcs Bcs-
Kas 3aMKHYyTast (popmyiia si3eika L.

OTHOLIEHVE BBIMOJTHUMOCTU (DOPMYI SI3bI-
ka L nna 3agannoit mogemu IKC M, =(R, ,
EXT) Ha 3agaHHO¥ mape I1o0albHBIX COCTOS-
HUIA TTAKETOB S U §” OMPENessieTcs CAeAYIOIUM
o0pa3om:

1) cneuudukauusi COCTOSIHUI IaKeTOB
¢o(X, Y) BeIOJIHAETCA, ecau ¢(s, §’) = true;

2) dopmyna R(X, Y) BBHIIOJHSIETCS, €CIU
(s, s)eR,,,;

3) ¢opmyna E(X) BbIIOTHSIETCS,
s = (h, p, w) u ipu 3TOM (p, w)c EXT,

4) dopmyna TC[D(X, Y)] BemoaHsieTcs,
€CJIM CYLIECTBYET TaKasi KOHEUHas MOoCIeI0Ba-
TEJIbHOCTD TJI00AIbHBIX COCTOSIHUM TTaKETOB &),
S, ..., §,, KOTOpas yIOBJIETBOPSIET PaBEHCTBAM
s,= S8, s, = s 1 npu 37oM O(X, Y) BHIIOIHA-
€TCsl [UISl KaXI0i Mmapbl COCTOSHUM S, §,,,, T
0<i<m—1;

5) BBINOJHUMOCTbL (OpMya ¢ OyJeBBIMU
CBSIBKAMU M KBAHTOpPAMHU OIPEeAeIISIeTCs TakK
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€CJIn

K€, KaK U B KJJaCCUYECKOM JIOTUKE.

IIpumepom cneumpuxkannu [IMIT moxer
CIIY>XUTb (hopMyJsia, BbIpaxkarolias TpeboBaHUE
OTCYTCTBUS LUKIMYECKUX MapIIPYTOB JTBUXKE-
HUS TTAKETOB B CETHU:

“3X(E(X) A 3Y(TC[RX,Y)] A
ATC[R(Y,Y)]).

ITocTpoenne, npoBepka u MoAM(pUKAIMA
mozeneii ITKC

Bepudukanus B omnepaTUBHOM peXuMe
npeaHa3HavyeHa JJIsi IPOBEPKU MPaBUILHOCTU
MOBEIEHUSI IIPOrpaMMBbI 10 XOIy BBIIIOJHEHUS
camoit mporpammbl. B ciayuae TTKC a1y 3ama-
4y MOXHO copMyIupoBaTh TakK: IS 3adaH-
HOW HavyanbHOW Momenu M, = (R, ., EXT),
MOCIEeN0BaTEIbHOCTY KOMAaHI PEKOH(PUIYPU-
posanus (Borauciaenus I1KC) com,, ..., com,

U choucka (opMalbHBIX CHeUMPUKaIi
[IMI1 ¥, ..., ¥, IpOBEpUTD, YTO UL KaXIO1
mozemu TIKC M, monyyeHHO! B pesynbTaTe
MPUMEHEHUSI KOHEUYHO! IMOCeA0BaTeIbHOCTH
KOMaHI com,, ..., COm, K Ha4aJlbHO! KOH(UTY-
patuu Net, BBITIOJTHSIIOTCS BCe crielimdukaiuu
¥, ..., ¥, To ecTb ¢GOpPMYIIBI 3TOTO CITUCKA SIB-
JISIIOTCSI UHBapUaHTaMU JAHHOTO BBIYMCJICHUS
IIKC.

Yto06n1 poBoauTh Bepudukanuio INKC B
OIePaTUBHOM pEXUME, HYXXHO PEeIIUTh CJe-
OyIOIINe TPU 3aJa4yu:

1) nocrpoenust moaenu I1KC: nng 3anaH-
HOI ToIoJIorTuu ceTu 1 W 3amaHHOM KOH(U-
rypauuu [1KC Net moctpouth (HopMasibHYIO
mozxenb M, ;

2) Bepudukauuu momeaun I1KC: npoae-
PUTH BBIIIOJHUMOCTD 33aJaHHOHN crenugpuka-
i ¥ o1 3agaHHONM (hopMaIbHOM Monesn
IKC M,

3) momucdpukauuu mopeau ITKC: png 3a-
nanHoi (opmanbHoit Momenun IIKC M, un
3aJaHHOM KOMAaHAbl PeKOH(UIYPUPOBAHMUS
com TIOCTpouTh (popManbHyio Monenbp ITKC
Mcom(NeI)'

Haitee MBI BKpaTLIe OMUIIEM Halll IIOIX0 K
pELIeHUIO TePeUnCIeHHbIX 3a1ay.

®opmanbHasg mozenb ITIKC M, monHo-
CTBIO oOMpenessieTcsl OTHOILIEHWEM OJHOlla-
roBOM MapuipyTusauumu R, ~Ha MHOXECTBE
IJ1I00QJIbHBIX COCTOSIHUI TTAaKETOB U KOHEUHbIM
MHOXeCTBOM (CBOWCTBOM) y3JioB cetu EXT.
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ITocKOBbKY M COCTOSIHMSI ITaKE€TOB, W Y3JIbI
CEeTU IMPENCTABJSIOTCS IBOMYHBIMM BEKTOpDaA-
MU, MOXHO BOCIIOJb30BaThCS ITBOMYHBIMHU
paspematomiuMu  nuarpamMmmamu (BDDs) s
MpEeACTaBAECHNS yKa3aHHBIX OTHOIIEHUM (CM.
[21]) 1 omHUM M3 UHCTPYMEHTAJIbHBIX ITAKETOB
JIJISl TIOCTpOeHUs1 U npeodbpaszoBaHus BDDs. B
Hallel CUCTEME I 3TOU LIEJU 3aI€HCTBOBAH
nakeT BuDDy, nMeromuii nmpoctoe ycTpoii-
CTBO M ymoOHBIN mHTepdeiic. C ero 1momo-
IIBIO II1aT 3a IIaroM MOXHO MocTpouTh BDDs,
MPENCTaBJISIONINE BCE T€ ONpPeaeICHHbIC BhIIIIE
ortHowieHus R, R, R ,, KOTOpble HEOOXOAUMBI
IJIsl OCTpoeHust R, .

Yrto kacaeTrcsi BTOpOM 3agauyM, TO €€ TaK-
K€ MOXKHO PEIIUTh IIpU IIOMOIIX CPEACTB IO-
crpoenusi BDDs. Kaxayio gopmyny @ s3bika
crienmpukannii L MOXHO IIpeACTaBUTh B BUIE
abCTPaKTHOro CMHTaKcuuyeckoro nepesa 7;. Ero
JIUCTbSIMU CTykaT mepeMeHHble X U Y, a BHy-
TPEHHUE BEPILIMHBI ITOMEYEHBI 6A30BBIMU IIpe-
nukatamMu R u E, a Takke OyJeBbIMU CBSI3KaMU,
KBaHTOpaMM M OIIEPaTOPOM TPAH3UTUBHOTO 3a-
MbikaHuss TC. [Ins mpoBepKy BBITOJTHUMOCTH
3amaHHoi (popMysibl @ B 3agaHHON MOICIH
INIKC M, , 10cTaT04HO BBIYMCIUTH UCTUHHOCT-
Hoe 3HauyeHue 1moacopmyn (Gopmyiibl ® BO BCex
BepumHax aepesa 7, Ha moneau M,,. Jlist Bep-
IIMH, TIOMEUYEHHBIX 0a30BBIMM MpearKaTaMu,
JIOCTaTOYHO MpocTo oOpaTuThes K BDDs, mpen-
CTaBJSIIOIIMM  COOTBETCTBYIOLLIE€ OTHOILIEHMS
Ha ABOMYHBIX BEKTOpaX, MPOBEAI B CIydae He-
00XOAMMOCTU TEPEVMMEHOBAHUE ITEPEMEHHBIX.
Ecmn Bepimna nepesa 7 momedeHa OyJieBoOi
oIrepalreil M KBAaHTOPOM, TO BBI3LIBACTCS CO-
OTBETCTBYIOIIAS ITPOLICAYypa U3 MaKeTa, KOTopast
no paHee BbIUMCICHHbBIM BDDs mis BepluuH-
onepaHi0B Bbiuucisier BDD, nipeacrasisiioliyto
OTHOIIICHWE WJIM HCTUHHOCTHYIO OLIGHKY IS
TOii (pOopMyJIBI, KOTOpasi OTBEYaeT YyKa3aHHOI
BepuiMHe nepeBa. OcobOro BHUMAHUS 3acily-
>KMBAIOT BEpLIMHBI, ITOMEUEHHBIE OIEPaTOPOM
TpaH3UTUBHOTO 3aMmbikauust 7C.

Hns moctpoenust BDDs, nipencrapnsioleit
orHowenne TC(R), Ha ocHoBanuum BDDs,
MPEICTaB/IAIOIENA OMHApHOE OTHOLIEHHME R,
MNPUMEHSIETCSI UTepaTUBHAsI TIPOLeAypa BHIYMC-
JICHUsI TIOCJIeNOBAaTEIbHOCTH OMHAPHBIX OTHO-
LIEHUI R, 110 CJIeAYIOLIEH CXeMe:

R.(X,Y)=3Z(R(X.Z) A R(Z.Y)).

tab’

BrruncieHue mpoBoauTCs A0 TEX MOp, IoKa
He OyIeT TOCTUTHYTO paBeHCTBO R, = R. Drta
npolienypa sIBisieTcss HauboJiee 3aTpaTHOU 1O
BpeMeHU. Tak Kak Kaxmasd crhenugpuKaims
npeacTaBieHa 3aMKHYTON (OpMYJIOii, B KOpHE
nepesa T, Oymer BbIYMCIICHa OyjieBa KOHCTaH-
Ta, Jarolasl OLUEHKY BBIITOJHUMOCTH (hOPMYJIbI
® i 3aganHoi monenu IIKC M, .

D PeKTUBHOCTD pelIeHUST 3aga4y MOIU-
¢ukanuu mMoaeneit ITKC uype3BblyailHO BaxK-
Ha IS TIPaKTUYECKOIo MPUMEHEHMST CUCTEMBbI
Bepu(UKALIMK, IIOCKOJIBKY ITPOU3BOINTEIIb-
HOCTb TIPOLIEAYPHl MOAWU(UKALIMA MOIEIHN
JOKHA COOTBETCTBOBATh TOMY TEMITy U3Me-
Henuit koHburypauuit [1KC, kotopsiii BO3-
MOXEH Ipu (HYHKIMOHUPOBAHUM PpPEATbHBIX
ceteii. [ToaToMy mpuUMeHeHUe IS OTUX Lieeit
npouenypsl octpoeHuss moxpeneit [1IKC mpu-
BOJIMT K HEOIIPAaBIAHHO OOJIBIIIMM 3a7epPKKaM.
Ha camom neite uaMeHeHUe 0a30BbIX OTHOILIE-
Huit B mogenn IIKC MoOXHO mpoBecTH cpaBs-
HUTEJIBHO OBICTpO. BBUAY TOro, 4ro MHOTHE
TpeboBanusa IIMII, HamomoOue OTCYTCTBHUS
LIMKJIOB, JOCTVZKMMOCTH 3aJaHHBIX TOUEK CETU
W Tp., ONMMPAIOTCS TOJIBKO Ha TPaH3UTUBHOE
3aMbIKaHME OTHOILLIEHMSI OQHOIIIArOBOMA MapIll-
pyrusauuu R*, , BaXHO yMeTb OBICTPO MOIM-
(bupoBaTh MMEHHO 3TO OTHOILUIEHME. LI
9TOM LM HaMU ObLUIM IPEIIOXEHBI CIIeLM-
aJIbHbIE TIpHUEeMBl MOIV(PUKALINU OTHOLICHMUS
R*,,, He TpeOylolye WTEPaTUBHBIX BBIYKC-
nenuii. [TogpoOHOE omucaHUe 3TUX ITPUEMOB
MpeacTaBieHo B cTaThe [22].

Cucrema Bepumxkanun VERMONT:
YCTPOUCTBO M (DYHKIIMOHAILHOCTD

Cucrema VERMONT Bepuduxamuu [MKC
B OMEPAaTMBHOM PEXUME COCTOMT U3 YEThbIPEX
OCHOBHBIX KOMIIOHEHTOB, KakK [OKa3aHO Ha
pHUCYHKE:

MPOKCU-CEPBEPA, OCYILECTBIISIONIEro Te-
pexBaT OpenFlow KoMaHI U COOOIIEHUIA, KO-
TOPBIMU OOMEHUBAIOTCS KOMMYTATOPbl M KOH-
tpoep I1KC;

BepudurKaTopa, OCYIIECTBISIONIErO I0-
CTpoeHUe, BepuUKaMIO U MOIAUPUKALIMIO
mogeneit ITKC;

3arpy304HOr0  MOIYJIsl, TMOCTaBJISIONIETO
JaHHbIE JJI1 Ha4yaJbHOTO MOCTPOEHUS MOAEIU
[MKC;
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3arpy3ka Ta0HI KOMMYTaIli!

M TOIOJOTHS
KoHTponnep

CoobLieHuns KomaHabl

ITpokcu-ceprep

Komanast

Monynb 3arpy3ku

3anpocsl TlanHbe

3anpocsl 0 CeTH

Bepudukartop

Bepaukr

BepU(HUKAITTH

Coo0menus Komanuaet

.

[Iporpammuo
KOH(pUTypHUpyemast
ceThb

Crenugukanuu
IMIT

PepakTtop

Cxema yctpoiictBa cucteMbl Bepudpukanuu [IKC VERMONT

penakTopa, IIO3BOJISIIONIETO  CO3/1aBaTh
IIMII cnenudpukaumii 1 TpaHCIUPOBATh UX B
a0CTpaKTHBIE CUHTAKCUYCCKUE IePeBbS.

OpmHa 13 TJIaBHBIX 3a7a4 CETEBOIO IIPOrpaM-
MUpPOBaHUsSI — MOIAEPKUBATh TaKyl 3arpy3Ky
TabJML, KOMMYTAUMU MAKETOB, YTOOBI ObLIM
BeImoHeHBI TpeOoBanus IIMII. VERMONT
MO3BOJISIET 10 HEKOTOPOI CTEIeHU aBTOMAaTU-
3UpOBaTh ee pelleHue. DTO MHCTPyMEHTaIb-
HOE CpEeICTBO MOXHO YCTAaHOBUTb B KaHalle
nepeaavyu yrpaBiIeHUs CETU C TeM, YTOObI OHO
MOTJIO OTCJIEKMBATh T€ M3MEHEHUST KOH(PUTY-
paiuii ceTy, KOTOphle 0OYCIOBICHBI KOMaHAA-
MU PEeKOHGUIYPUPOBAHUS WX IOATBEpKAa-
IOTCS COOOIIEHUSIMA OT KOMMYTAaTOpPOB CETH.
Ha ocHoBanum nepexBaueHHON MH(pOpMaLUN
VERMONT cTpouT U yTOYHSIET aJeKBaTHYIO
MOIEJIb CEeTH, a 3aTeM IIPOBEPSET, B KaKou
Mepe Te¢ WU MHbIE U3MEHEHMSI KOH(UTYypaLuii
ITKC coOTBEeTCTBYIOT 3aJaHHBIM TPEOOBAHUSIM
IIMII. Ilepes TemM KakK OTHpaBUTb KOMAaHIY
peKOH(pUTYpUPOBaHUS HYKHOMY KOMMYTa-
topy, VERMONT MonenupyeT pe3yabraT ee
BBIITOJTHEHUS U MPOBEPSIET, YAOBIECTBOPSIET JIN
nosryaeHHass moxaenb IIKC BceM TpeboBaHM-
am TIMII. Eciu Hu ogHO U3 3TUX TpeOoBaHU
HE HapylIeHO, TO KOMaHAa OTIpPaBJISIETCS MO
Ha3zHaueHuto. B mpoTMBHOM cilyuae ee mnepe-
ChIJIKa OJIOKHpYETCS U (POPMUPYETCS COOTBET-
CTBYIOIIIEE TIPEAYNPEXACHUE TSI CETEBOTO af-
MuHHuCTparopa. OCHOBHBIE (DYHKIIMOHAIbHBIC
Bo3MOXKHOCTM VERMONT TakoBblI.
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IIpokcu-cepBep TOONEPKMBAET CBSI3b C
KOHTPOJUIEPOM, KOMMYTaTOpaMH CETU U BEPH-
¢ukaTopoM. OH TiepexBaTLIBACT BCE KOMAaHIbI
M COOOIIEHUSI, KOTOPHIMM OOMEHUBAIOTCSI KOH-
Tpoyiep U KomMmyTtatophl. IIpokcu-cepBep Ha-
XOIUTCS MOJ yIpaBiaeHreM nojab3oBaresis VER-
MONT, KkoTOpBIif HafeJIeH IIPaBOM BKJIIOUSHUS
U OTKJIIOUCHUST MOAYJIsI, BEIOOpa pexkuma pado-
el (SEAMLESS, MIRROR, INTERRUPT),
HaAcTpoOilKi pabouynx ImapaMeTpoB. B 3aBucu-
MOCTH OT BEIOPAaHHOTO peXXrMa IIPOKCH-CEePBEP
MOXeT 3aIepKUBaTh ISl IIPOBEPKH HEKOTOPhIE
KOMaH/IbI, OTIPAaBJIATh JaHHBIE 00 U3MEHEHMSIX
B ceTH BepuuUKaTopy U OJIOKMPOBATh KOMaH-
Il peKOH(DUTYpUpPOBaHUSI.

Bepudukatop mommepXuBaeT CBSI3b C
MPOKCH-CEPBEPOM, MHMLIMAIA3AaTOPOM U pe-
JAKTOPOM. DTOT MOIYJIb BBIMOJHSIET TPHU IIPO-
LEAypHI:

VHMLMAIA3adsl MOACIU: IJis 3adaHHOTrO
onucanusi koHurypauuu [NKC Bbruucnsercs
BDD-npencrasnenvie monemu I1IKC M, ;

Bepudukauusgs moaenu IIKC: nng 3apaH-
Horo cnucka cneunpukauuii [IMIT Y, ..., ¥,
MIPOBEPSICTCS] NX BBHIITOJIHMMOCTb Ha 3aJaHHOMN
moznemu IKC M, ;

MomuduKauusl MOIEIW: IS 3aJaHHbIX
BDD-npencrasnenus momemu IIKC M e B
KOMaHIbl PeKOH(MUTYPUPOBAHUS COM BBIYKC-
ngercss BDD-nipencraBnenue momenu I[1KC
M

com(Net)*
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Bepudukarop mnoayyaer OT TIPOKCH-
cepBepa JaHHbIe 00 M3MEHEHUM CETeBOM
KOH(pUTrypali ¥ BO3BpalllacT €My pe3yJbTaT
Bepu(UKALIMM  OYEepeIHON KOHGUTYypaluu
OTHOCUTEJbHO MMEIOIINXCI CHelu@pUKaIuni
I[IMII. Bepudukarop Takke IOJydaeT OT 3a-
TPY30YHOI'O MOMYJISI JAHHBIE O TOMIOJOTUU CETH
M 3arpy3Ke TaOJul KOMMYTallMM, a OT peaak-
Topa — crieurpukanuu ITMII.

Monynb 3arpy3ky Mo 3alpocy OT Bepudu-
KaTtopa o0palllaeTcsl K KOHTPOJUIepy, 3a01paeT
Yy HEero JaHHbIe 00 YCTPOMCTBE CETU U MEPECHI-
JlaeT ux BepupukaTopy. Mcrnoib3oBaHue 3T0ro
MOIyJISl JeJaeT Hallly CUCTeMY He3aBUCUMOM
OT TUIIA UCIIOJIb3YEMOr0 KOHTpOJLIIepa.

IIpy noMolu pemakTopa II0JIb30BaTEb
CUCTEMBbI (CETeBOM aIMUHUCTPATOP) MOXET
coctaBiaATh crnucku cnenudukauuin [IKC u
BHOCHUTDH B HUX U3MCHECHMSI.

Cucrema Bepupukaiuu VERMONT ume-
€T TPpU pexXumMa paboThl.

1. B pexxume SEAMLESS cucrema Bepu-
(pukanmy paboTaeT Kak OOBIYHBINA KaHaJ Te-
penadu YIpaBieHUS MEXIY KOHTPOJIEPOM M
KOMMYTaTOpaMU CETH: MPOKCU-CEPBEP HE 00-
paiaeTcs K Bepu(puKaTopy U MPOITyCKAeT BCe
KOMaHIBI U COOOIIEeHMS 0e3 3adepKKHU.

2. B pexume MIRROR mnpoxcu-cepsep
OTIIpaBJIsIeT BepuUKATOpPy AaHHBIE 00 U3-
MeHeHun KoHpurypauuu INKC, Ho nipu aTOM
MPOITYyCKaeT BCe KOMaHALI M COOOIICHUS 0e3
3agepxKK. Bepudukarop Tmpenmyrnpexmaet
MOJIb30BaTe I 00 OOHAPYKEHHBIX HAPYILIEHU-
sx TpeboBanmii [IMII.

3. B pexume INTERRUPT mnpoBomut-
ca moanasi Bepudukauusa [TKC: nepecwuika
KaXJIoil KOMaH/bl, TepeXBaueHHOW IPOKCH-
CcepBepOM, 3alepKUBAETCS A0 TeX IMOop, IMoKa
He OyleT mpoBepeHa JIOMyCTUMOCTD €€ BBITTOJI-
HeHMs1 B paMKax TpeboBaHuii [ITMII.

CpaBHHTEIbHBIN aHAIN3
cucreM Bepudukanun ITKC

J7s1 OLIEHKU TPOM3BOAUTEIBHOCTA CUCTE-
Mbl VERMONT O6b11M TIpoBeIeHBI HEKOTOPbIE
SKCIIEpUMEHTHL. B IIepBoii cepum 3KCIIepU-
MeHToB VERMONT 0su1 mpuMmener K I1KC,
MMEIOIIE TOMOJOTHIO TPEXbSIPYCHOIO «TOJ-
croro» nepesa FT(H), cocrosiero u3 27 Kom-
MYTaTOpOB: JBa KOMMYTaTopa pacIoJiararoTcs
Ha BepXHEM YPOBHE, IISATh ITap KOMMYTaTOpPOB

Ha CpeIHEM YPOBHE U IISITh ITap KOMMYTaTOPOB
Ha HIDKHEM YPOBHE, KOTOPBIC MOMKIIIOYEHBI K
KOHEYHBIM XocTaM B KojmdectBe H ot 50 mo
100. JInunHa 3arojoBka naketa paBHa 40. Kax-
JI0¢ MPaBUJIO0 KOMMYTAllMM UMEET HEKOTOPBIA
CPOK aKTHUBHOCTH, MO MCTEUEHMH KOTOPOTO
oHO ypansgercs. KoHTposuep omoBelaercs
00 3TOM COOBITMM M IIBITAETCS BOCCTAaHOBUTH
KOH(MUIYpallMI0 TIpU IIOMOIIM KOMAaHI J0-
6aBiennst npaBmwi. VERMONT orciexuBaeT
W3MEHEHUs KOH(pUTypaluuii U MpoBepsieT Cle-
ayroouye aBa TpeboBaHus: @, — B CETU OTCYT-
CTBYIOT TOIIOJIOTUYECKUE LIMKIIbI; @, — B CETU
€CTh MAapILIPYTHI JUIMHEI MSITh, HO HET MapIIpy-
TOB JJIUHBI 11IECTb.

Bo BTOpOil cepum 3KCIEPUMEHTOB IIPO-
BOJAMJIACH IIPOBepKa KOHMUTypaluili CceTu
Craadopnckoro yHusepcureta (SUN); ona
COCTOUT M3 16 KOMMYTaTOpOB, B KaXIOM W3
KOTOPBIX €CTb TPU TaOJUILI KOMMYTALIMU.
DTa ceTh MCIOJB3YETCsl B Ka4ecTBe OOIIeNpH-
HSITOTO TIpUMEpa, Ha KOTOPOM CPaBHUBAIOTCS
pa3Hble CpelcTBa aHaiu3a cereii. JlmHa 3aro-
JoBkKa nakera paBHa 128. VERMONT npume-
HSAJICS IJIs IPOBEPKU TpeboBaHusA @, a TaKXKe
IBYX TpeOOBaHWii: ®, — B CETM HET MapLIpy-
TOB JJIMHBI Oojiee Tpex, U @, — B CETU HET
MaplIpyTOB JJIMHEI 00Jiee YEThIPEX.

Pesynbrarhl MpoBeIeHHBIX 9KCIIEPUMEHTOB
npeacTaBieHbl B Ta0d. 1.

Kondurypamum SUN ucmonb3yiorcs B pa-
ootax [13—18] B KauecTBe YHUBEPCAIBLHOIO Te-
CTOBOTO IprMepa. Pe3ybTaThl CPpaBHUTEILHOTO
aHa/IM3a BCeX CPeACTB BepuduUKalmy KOHPUry-
paumii I[IKC npencraBieHsl B TaOI. 2.

Kak BunHo u3 aroii Tadnunsl, VERMONT
MMeeT HamOoJjiee BhIPA3UTENIbHBIN S3BIK CIIEIl-
nukanuit [IMIT 1 moBoMbHO OBICTPO CTPO-
nt Mozaenb IIKC. OmHako HEKOTOpBIE CHUCTE-
Mbl Bepudukamu (VeriFlow [16], AP-Verifier
[18]) mpeBocxomar VERMONT 1o addexTus-
HOCTU MoauduKanyu Moaeau. Takoit GbICTpo-
TON pellleHus 3amadyu MOAMMUKAIIMA MOACIU
ITIKC stm cpeacrBa BepuduKanuuu 00s3aHbI B
MepBYIO o4Yepenb OCOOBIM (hopMaM IIpeACTaBIe-
HUS TIPOCTPAHCTBA COCTOSIHUI IMakeToB. MHO-
JKECTBO 3aroyioBKoB naketoB H pazbuBaercst Ha
KJIacChl 3KBUBAJICHTHOCTU: 3aroJIOBKU h™ u h™’
CUMTAIOTCSI SKBUBAJICHTHBIMM Ha KOH(UTypa-
uuu Net, eClA KaXOblii KOMMYTaTOP MPUMEHSI-
€T ONMHAKOBKIC MPaBMjia KOMMYTAILIMN TTAKETOB
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Taonunpa 1

Pe3yabraTsl akcnepumenTtaibnoii mposepku cucrembl Bepudunkamuu I[IKC VERMONT

FT(60) FT(80) FT(100) SUN (mod)
Komriectso npanin 36900 49300 61500 15484
KOMMYTAIINN TTAKETOB
ITocTpoeHue moaenu 2756 ms 3689 ms 4574 ms 4714 ms
ITposepka @, 0,4 ms 0,4 ms 0,4 ms 51 ms
[Tposepka @, 30 ms 36 ms 32 ms -
ITposepka @, - - — 222 ms
IMposepka @, — - - 316 ms
Monuouxalius mozien, 9 ms 168 ms 172 ms 426 ms
Komanpa add, max
Momm@uxauns monenn, 6 ms 6 ms 6 ms 67 ms
Komanga add, average
Monupukauus Monemd, 178 ms 174 ms 176 ms 307 ms
Komanna del, max
Momudukauus morenn, 8 ms 9 ms 10 ms 99 ms
Komanpga del, avarege
Tabnuuma 2
Cpasaurenbnbiii anam3 cuctembl Bepuukamuu [IKC VERMONT
CpenctBo IMTocTpoenue Momuiaus SI3BIK
BepudUKauIuu MOJICJIN, MS u BepnduKaus cneurdukanumii
’ MOJEIN, MmS
VERMONT 4700 700 FO?[TC]
NetPlumber 37000 1000 CTL
VeriFlow 4000 100 PukcupoBarHbie
CBOWCTBa
AP Verifier 1000 1 (DMKCHP,OBaHHHe
CBOJCTBa
FlowChecker 120000 350—67 000 CTL
Anteater 400000 227 Pukcnporaiiipie
CBOJICTBA

C 3TUMU 3arojIOBKaMU NpHU IOCTYIUIEHUU UX B
OIMH M TOT Xe IOPT. DTOT METOJ IO3BOJISICT
KOHCTPYMpPOBaTh SIBHBIE TEOPETUKO-rpadoBbIe
MNPEIACTABJICHUS  OTHOLIEHWM  OJHOILIArOBOU
MapIUpyTU3alUK TaKeToB R, , HO €ro MOX-
HO UCIOJI30BAaTh TOJIBKO B TOM CJIy4yae, KOraa
npaBWia KOMMYTall HE U3MEHAIOT 3arOJIOBKU
nakeToB. KpoMe TOro, Takoe «Cxaroe» Mpen-
CTaBJIEHUE OTHOILUEHMs R, TIO3BOJISET IPOBO-
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IUTHh MPOBEPKY JUILIb OrpaHUYEHHOro Habopa
npocteix TpeboBanmit [IMII. Cucrema Bepu-
¢ukauuu VERMONT, HampoTuB, crnocoOHa
paboTaTh ¢ IPOU3BOIHHBIMU KOH(PUTYPALTSIMHA
U TIpoBepsATh TpedboBaHus IIMII 3HauuTEeBHO
0oJsiee IIMPOKOro AUara3oHa.

PaGotra BbITOMHEHA TpU (DUHAHCOBOW TIOA-
nepxke POOU, mnpoektet Ne 13-07-00669
u 15-01-05742.
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ABTOMATU3AUMNA UHTETPALLUOHHOTIO TECTUPOBAHMUA
HA NMPUMEPE MOLY/IEX OBMEHA AAHHbIMM MO FIX-MPOTOKOJ1Y

V.V. Brekelov, E.A. Borisov, I.A. Barygin

INTEGRATION TESTING AUTOMATION: CASE STUDY
OF FINANCIAL DATA EXCHANGE MODULES BASED ON FIX-PROTOCOL

B TpeiiIMHTOBBIX CUCTEMaX B KadyecTBE TPAHCIIOPTHOTO MPOTOKOJIA HamboJiee pacpoCTpaHEHHEBIM SIB-
nsietcsa FIX-mporokoi. PyaHoe TecTupoBaHue MOmyeil, MHTETPUPYIOIINX (PMHAHCOBBIE CUCTEMBI ITOCPE/I-
ctBoM FIX-mpoTokona, — BecbMa TpyJOEMKHUI TTpolLiece.

PaccMmoTpeHsl aBTOMaTH3alIMs MHTETPALIMOHHOIO TECTUPOBAHMSI YITOMSIHYTBIX MOMYJICH, TIOIXOM K HaIlCca-
HUIO TECTOBOH JTOKYMEHTAIINN, BO3MOXKHBIE ITPO0IeMbI MHTETPUPYEMBIX KOMITAHWIA 1 UX pelllcHNe, BpeMeHHasT
OIICHKA BBITIOHSIEMBIX TECTOB M JOCTUTHYTOE TTOKPHITHE (PYHKIIMOHATBHOCTA TECTOBBIMM CLIEHAPVISIMMU.

Co3maHbl TecToBasl TOKYMEHTAIIMSI M aBTOTECTHI C OOIIEi CTPYKTYypOi, HEe TOJBKO O0eCTeurBaloIINe
OBICTPOE TECTUPOBAaHWE, HO M MO3BOJISIOIINE OBICTPO amalTUPOBAThCS K HOBBIM (PMHAHCOBHIM CHCTEMaM
VI K HOBBIM TPeOOBaHMSIM.

FIX-ITPOTOKOIJI; ABTOMATU3ALINUA TECTUPOBAHUWSA; NTHTETPALIMOHHOE TECTHUPO-
BAHUE; TECT-KEVC; TPEUJJMHTOBAS CUCTEMA; BUPXA.

The majority of modern trading systems use FIX-protocol as a transport protocol for data services. Manual
testing of trading system integration modules responsible for FIX messaging is an overly laborious process. The
paper describes a complex automated testing approach for this type of integration testing, which incorporates
improvements to test the documentation structure, and tackles the problem of vendors diversity, as well as the
resulting functional coverage and timing estimates of the tests. The major outcome of this work is a complete
and unified auto tests set with associated documentation, which sufficiently accelerates testing procedures and

allows fast incorporation of new vendors and fast adaptation to changes in existing specifications.
FIX-PROTOCOL TEST; AUTOMATION; INTEGRATION TESTING; TEST CASE; TRADING

SYSTEM; EXCHANGE.

CoBpeMeHHas TpeMIMHIOBasI CUCTeMa $SIB-
JISIETCSI CJIOXHBIM IIPOrPaMMHBIM IIPOIYKTOM,
MPeIOCTaBISIONIMM YJYacTHMKAM TOPrOB pas-
JMYHBIE cepBUCHL. Takas cucremMa Iepena-
eT BCIO (PMHAHCOBYI0 WHGOpMaLUID OpoKe-
pam (BeHmopam), ucrojb3ys FIX-mporokon
(Financial Information eXchange protocol —
MpPOTOKOJT OoOMeHa (UHAHCOBOM WMH(pOpMa-
1uel), — MPOTOKOJ Tiepeaauyu MaHHBIX, SIB-
JISIIOIIUICS MEXIYHAPOAHBIM CTAaHIAPTOM JIJIst
oO0MeHa JaHHBIMU MEXAY YyYaCTHUKaMu Oup-
JKE€BBIX TOPTOB B pPeXUME PeaJlbHOTO BPEMEHU.
ITpotokon FIX mommepxuBaeTcsd OOIBIIMH-
CTBOM KPYITHEMIINUX 0aHKOB U 3JIEKTPOHHBIMU
TPEHAMHIOBBIMU CUCTEMaMM, a TakKXe KpyIM-
HelmmMun oupxkamu mupa [1].

JItoboe mporpaMHoe obecrieyeHrue TpedyeT
NpoBepKU KadecTBa. JIist GMHAHCOBBIX CUCTEM

88

0COOEHHO KPUTUYHOIN 00JacTblO SBISETCS
nepenadya MHGOpMalU O TOPIOBBIX 3asiBKaXx.
B maHHOIT cTrathe paccMaTpuUBaeTCsl pellieHHue
psana mpoOJeM MHTErPALIMOHHOTIO TECTUPOBA-
HUS KOMIIOHEHT CHCTEMBI, OTBEUalOIIMX 3a
nepegady M TosydyeHue (PUHAHCOBOUW MHOOP-
Maumn. OCHOBHBIE TPYIHOCTH 3aKITIOUAIOTCS
B HEJOCTaTKax PYyYHOIro TeCTUpOBaHUS (0OJb-
1I10€ BpeMs BBHITIOJTHEHMSI, YeJIoOBeUeCKMit pak-
TOp, HEOOXOAUMOCTL O0yUeHUS TIepcoHaja), a
TaKKe B HETIOJHOM TeCTOBOM ITOKYMEHTAIIMU.
Hns pellieHUs] MEepPeUYMCICHHBIX BBILIE 3agady
MCHOJIb30BaJICd MOAX0A 0000IIeHUs TEroB OT-
HOCUTEJIbHO MHCTPYMEHTOB U BeHmopoB. Ero
eJIb — OJMHAKOBO CTPYKTYPHMPOBaTh M yI00-
HO MOAIEpKMBaTh aBTOTECThI M TOKyMEHTa-
10, a TaKXKe OIIEHMWBATh ITOKPBITHE TeCTaMM
(byHKILIMOHATBHOI YaCTU KOMITOHEHT.
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J1151 pa3pabOTKKM aBTOTECTOB UCIIOIb30BAaJI-
ca a3k Groovy [3], chyXalnuii 11 Hamuca-
HUS QYHKIIMOHAJBHBIX TECTOB B TTpoekTe. st
XpaHeHMSI JOKYMEHTAllUM MCIIOJIb30Bajlach
cuctema Polarion [2], mpumeHsiemass BHYTpHU
BCEX MPOEKTOB KOMITAaHUU.

Oco0eHHOCTH PadOTHI TPEHIMHIOBO CH-
crembl ¢ FIX-mporokosom. PaccmaTtpuBaemasi
TeCTUpyeMasi CUCTeMa MpeamnojaracT B3auMo-
JneictBue ¢ 15 pasaMyHBIMM BeHIOpaMU IIO-
cpeactBom obMmeHa FIX-coobmenusmu. Ha
puc. 1 n3o06paxkeHo B3aMMOJEICTBUE TOPrOBO-
ro NPUJIOKEHUS C OMpKaMU.

H7st coBeplleHUs] CACIKUA KIMEHTY HeoO-
XOIMMO CO3[1aTh 3asBKY Ha MOKYNKY WJIX MPO-
JaxKy BEIOpaHHOTO (pTHAHCOBOTO UHCTPYMEH-
Ta B CUCTEME. DTa 3asiBKa o0OpabaThIBaeTCSI Ha
CTOpPOHE I1I0JIb30BAaTEJISI U MOCHLIAETCS Ha cep-
Bep. 3aTeM oHa mepechiuiaeTcs FIX-Monymsim,
KoTopble ucnoab3yloT FIX-mporokon mjs
KOAMpOBaHUS WH(pOpPMAIlMU, M, HAKOHEI,
nepegaeTcs BeHmopy. IlociemHuii, B CBOIO
ouepenb, oOpabaTbiBaeT mnoaydyeHHoe FIX-
CcOOOIlIEHME W OTIIPABJISIET OTBET, B KOTOPOM
COIEPXUTCSI MH(OpMalLMg O CTaTyce opaepa
KJIMEHTA.

Oco0eHHOCTh MCTOJIb30BaHUS paccMaTpU-
BaeMOT0 IIPOTOKOJIA OpoKepaMU U TOPTOBBIMU
CHCTEMaMM 3aKJII0YAeTCs B Pa3IMYHBIX peaiu-
3alUsIX. DTOT (PAKT YCIOXKHSIET IPOBEPKY Ka-
YyecTBa IIPU OAMHAKOBOM IOAXOIE IS KaXKIOTO
13 BeHIOpoB. MMeHHO IO 3TOi Xe IpUIrHe
HET €IMHOT0 IIPOrpaMMHOro OOeCIeUeHUs,
KOTOpOE€ TPUMEHUMO [Jid aBTOMAaTUYECKOTrO
TECTUPOBAHMSI KOMIIOHEHT, MCIOJb3YIOIIMX
FIX-npotokoi.

FIX-cooomenne. PopmaTr mnepenaBacMoro
COOOIIEHUST O 3asBKE MPEACTABISIETCS B BUIE
CTPOUKHU, KOTOpasi COCTOUT U3 Habopa moseit
ter = 3HaueHue. Ilong paspensrorcss ASCII

kogoMm SOH — Start of Header (0x01). Ha-
npuMep, npu nokynke onuuoHa IBM otmpas-
JigeTCs caenyolee cooblleHre:

8=FIX.4.1|9=169|35=D|52=20140911-22:27:
34|34=403|56=test|49=test|11=2014091-
3000265043[167=0PT|55=IBM|201=1|202=190|

200=2014101205=18138=10|54=1]77=0]
40=2144=5.3159=01204=01439=777147=A|10=212

OO0BsICHEHUE HEKOTOPbIX TEIOB:;

55(Symbol) = IBM — moka3pIBaeT mo Ka-
KOMY MHCTPYMEHTY OTIIPABJIEH OpIEP;

167(SecurityType) = OPT — o3Hauaer, 4To
opIep OTIIpaBJeH IO OIIMOHY;

44(Price) = 5.3 — yka3mIBaeT Ha lLieHy, IO
KOTOpPOI ObUT M3aH Opaep.

B oTBeT KnMEHT moaydyaeT COOOIIEHUE Ta-
Koro xe ¢opmara.

Nuarerpanmonnoe TectupoBanue. IHTe-
IrpallMOHHOE TECTUPOBAHHE — 3TO MPOLIECC
MPOBEPKU B3aMMOACHCTBUS Pa3IMYHBIX Ya-
creil cucteMbl. B 3ToM ciyyae oObeKTamMu
TECTUPOBAHUS SIBISIIOTCI He (YHKIUMU, HE-
MOCPEACTBEHHO BBIMOJHSIEMbIE OTIAEIAbHBIMU
KOMIIOHEHTaMU (MOAYJIbHOE TECTUPOBAHMUE),
a J1o0ble BBI30OBBI, Mepeaauyr KOHTPOJS U Ka-
YeCTBEHHbIC XapaKTEPUCTUKM B MPOUCXOMISI-
1eM MEXAY 3TUMM KOMIIOHEHTaMM B3aMMO-
JICVICTBUM.

CraHmapTHbIE IMOOXOAbl K WHTErpaliuoH-
HOMY TECTUPOBAaHUIO MPEANoJaraloT Kak Mpo-
BEpKHU pabOThl MOIYJIEi ¢ MOMOIIBIO 3arTylIeK
U IpaiiBEPOB B U3OJISLIMU OT KOHTEKCTA BCEH
CHCTEMBI, TaK U TECTUPOBAHME Ha ITOJHOCTHIO
cobpaHHOUl cucteme. B KOHTEKcTe paccma-
TpUBaeMO 3amauyd Hac HUHTepecyeT (PyHK-
LVOHAJbHOE B3aUMOAcHCcTBUEe WHTEepeiicoB
KnueHTa, cepBepa U FIX-KoMmoHeHT, nmpouc-
Xo7siee npu o0paboTKe OpIepOB B TOPTOBOM
MPUIOXEHUU, TOJHOLEHHO (PYHKIIMOHUPYIO-

Our App Vendor
Bu:zmiiss Encoding || FIX Encoding

g Decoding Decoding
process Messages

Puc. 1. BzauMopeiicTBue ¢ BeHIOpaMu
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OTKpbITh MoBTOpUTL! CpaBHUTL
TecT-Keiic Terv
OTnpasnTb MonyunTtb Haiitn opgep
opaep id opgepa B .log

Puc. 2. IIpouecc pydHOro TeCTUPOBAHUS

1LIeM B TECTOBOM cpefe.

PyyHoe TecTHpOBaHHE KOMIIOHEHT OOMeHa
¢unancosoii ungopmanueii. Ha puc. 2 noka-
3aH LIMKJ PYYHOU MPOBEPKU OJHOIO Tera B CO-
obuieHnun o 3asBKe. MHXXeHepy 1Mo KOHTPOJIIO
KayecTBa HEOOXOOUMO CcHejaTh CJeAylolue
111aru:;

BBIIIOJIHUTD BXOI B TPEUIMHIOBOE IPUJIO-
KEHUE;

OTKpPBITh cuctemMy Polarion mis xpaHeHus
TECTOBOM JOKYMEHTALIUU;

OTIIPaBUTh OPAEP COIJIACHO TECT-KEHCY;

TOIKJTIOUMTHCS K cepBepy 1o SSH, Ha ko-
TopoMm 3anyiueHsl FIX-momynu;

Haiitu FIX-cooO1ieHus ais1 oTIpaBIeHHO-
ro opaepa;

CPaBHUTbH TMPOBEPSIEMBbIil TEr ¢ 3HAYEHUEM
B TECT-KEMce.

TecT-Keiic — 3T0 HAOOpP AEUCTBUM C OXMU-
JaeMbIM pe3yJbTaTOM, HEOOXOAUMBINA JIJIst
MPOBEPKM YacTW (PYHKIMOHAIBLHOCTU TIpU-
noxenus. [lpuBeneHHBI LMK HEOOXOIMMO
MPOJAEAbIBATD AJISI KaXKA0TO Tera TeCTUPYEMOTO
BEHIOpA.

HeobxoaumMo OTMETUTDb, UTO TECTUPOBAHUE
FIX-monyneit B paccMaTpuBaeMOM IIPOEKTE
MPOXOAUT C MCIIOJB30BAHUEM COCIMHEHUS K
neMo-TuiaTpopMe BeHIOpa, T. €. 0e3 MCITOJb-
30BaHMS dSMYJIIMiA. Takoil crmocob mo3BOIsSET
HaWTH neeKThl IpYU U3MEHEHHUSIX Ha CTOPOHE
WHTErpUpyeMoii (pMHAHCOBOW OpraHu3aluu,
YTO KaK IOKa3bIBaeT MpaKTHUKa, OYeHb BaxKHO.

IIpo6Gaembl. Mcrnonb3oBaHWE PYyYHOTO Te-
CTUPOBAHUS COACPXKUT PSII IIPOOJIEM.

Yenoseueckuii axkmop. B xome omnucaH-
HOTO BBIIIE PYTMHHOTO IIpoliecca MHXEHEep
MOXET OILIMOMTBCS, YTO BAMSET Ha KaueCTBO
TECTUPOBAHUSI.

Tpydoemkocms. sl TIpoBeNeHUSI perpec-
CHMOHHBIX TE€CTOB (JAHHBIA THUII TECTOB IIPO-
BOAWTCS B KaXIOM LIMKJE pa3pabOTKy MpH-
JIOKEHHUS) IJISI MHOTMX BE€HIOPOB TpeOyeTcs
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0O0JIBIIIOE KOJMUYECTBO BPEMEHU, YTO 3a/EPKH-
BaeT BBIIIYCK IIPOAYKTA.

Obyuenue umuoxcenepa. TecTupyst HaHHYIO
007acTb, HEOOXOAVMMO 3HAThb OW3HEC-JIOTUKY
MPWIOXEHUsI, B T. Y. MPOLIECC B3aUMOJIECi-
CTBHS C BeHIOpaMU. DTO HECET IOMOJTHUTEIb-
HbI€ BPEMEHHbBIE 3aTpaThl.

IToMMMO HEZOCTAaTKOB PYYHOIO TECTHPO-
BaHMSI CYLIECTBYIOT CJOXHOCTH C TECTOBOMU
JoKyMeHTauuen. TecToBass HOKyMEHTALlUS —
3T0 HAabOp TECT-KEMCOB, KOTOPLIM MpOBEpsIET
(YHKIMOHAIBHYIO 00JaCTh TIPUTOKEHMUS.

B nmanHoM mpoekTe OBLIM ONpeaeJeHb
cJIeIyIONIe TTPOOJIEMBI:

YaCTUYHOE OTCYTCTBHE TECTOBOM TOKyMEH-
Taly (HEKOTOPbIE BEHIOPHI IMOJHOCTHIO HE-
JTOKYMEHTUPOBAHHBI);

ycTapeBiass uHdopmanus (4acto paspa-
0OTKa MojA HOBbIE TpeOOBaHUS BeAETCS Obl-
CTPBIMM TeMIIaMM, IIO3TOMY HEKOTOpPHIE YacTU
JOKYMEHTALIMU HE YCMEBalOT OOHOBUTHCS);

HEOINTUMaJIbHASI CTPYKTYypa (CI0XKHAs IO -
JIEpXKa aKTyaJIbHOM TECTOBOW MTOKYMEHTALIU
CBSI3aHA C HEMNpPaBWIbHBIM BEIOOPOM €€ CTPYK-
TYpHI).

ABTOMATH3AIMS TECTUPOBAHUS U JIOKYMEH-
tamusa. [lockonbky pyHKumoHupoanue FIX-
KOMIIOHEHT SIBJISIETCSI KPUTUYECKM BaKHBIM
YCJIOBUMEM TIPM KaXIOM BBIITYCKE TOPTOBOM
CUCTEMBI, pa3pabaTbIBA€MOIl IO UTEPATUBHOM
METOO0JIOTMHU, U XapaKTep TECTOB UISl pa3iny-
HBIX BEHIOPOB UMEET UACHTUYHYIO CTPYKTYPY,
STH TECTHI SIBJISIIOTCS MAcaIbHBIMKA KaHauaaTa -
MM [IJISI aBTOMaTU3aLUH.

J1ns1 BBIMIOJTHEHWSI JAHHOM 331241 ObUIH pac-
CMOTPEHBI CYLIECTBYIOLINE PEILLICHNs, TAKK1E KaK
QuickFix [9], fiximulator [10], mini-FIX [11].
Ho mockoibky OHM MNpearonaraioT HOMOJIHM-
TeJIbHbIE 3aTpaThl Ha BHEIPEHWE W anarTaluio
K peam3anuaM FIX-tiporokona, a Takke He
pelapT Tpo0JaeMy CTPYKTYpU3alMU TECTOBOM
JOKYMEHTAllMKM, ObLIO IPUHSTO PELISHME pa3s-



4 KoHepeHumsa «MHCTpyMeHTbl M MeToAbl aHanm3a nporpamm - 2014»

paboTaTh aBTOTECTBI, OCHOBBIBASICh Ha BHYTPEH-
HeM (peliMBOpKe KOMIIAHWM, W IIOATOTOBUTH
OOILYIO CTPYKTYPY [UIsl JOKYMEHTALIUMN.

IMomxon. IIpoaHanu3upoBaB BCE BO3MOX-
HbIE COOOIIEHUS IJid pa3IWYHbIX TUIIOB WH-
CTPYMEHTOB, a TakKxXe IJIs pa3IM4YHbIX BEH-
JIOpOB [6—8], SMIUMPUYECKUM IIyTeM ObLIA
BBIBEJIeHbI HAOOpHl TErOB W pa3lesieHbl Ha
rpyrmnbl. Ha puc. 3 mpoaeMOHCTpUPOBAHO BhI-
OpaHHOE pa30ueHUE.

Takum o00pa3oM IIOJYYWIOCH BBIIEIUTH
YEeThIPE T'PYIIILI TETOB.

e OOmMe Term I pasaudyHbIX UH-
ctpymeHToB.  Hampumep:  8(FixProtocol),
35(MsgType).

o CriennduuHble TErW IJIs KaXIOTO WH-
crpyMmeHra. Hanpumep: 202(MaturityMonth
Year).

o OOIIME TeTHW TSI Pa3IMYHBIX BEHIOPOB.
Hamnpumep: 167(SecurityType).

e CneumduyHble Tern ISl KaXIOro BEH-
mopa. Kaxpass uHTerpupyemasi (uHaHCOBast
CHCTEeMa HMEET CBOM OCOOCHHOCTH opmaTa
FIX-coob1ueHuii. Hanpumep, 1j1ss HEKOTOPBIX HE -
ooxoamuMo otrpaBisaTh Ter 439(ClearingFirm).

ITonyyeHHOe pa3dMeHUe MCIIOJb30BAHO
711 (hOPMUPOBAHUS CTPYKTYPhl aBTOTECTOB M
TECTOBOUW HOKYMEHTALIUU.

ABromMatuzanua. JIna aBromaTuzaluu Te-
CTUPOBAHUS MCITOJIB3YETCSI BHYTPEHHSIST pa3pa-
0oTKa Hallleil koMnaHuu [5], HamuWcaHHas Ha
sa3bIKe TporpammupoBanus Groovy [3]. s
YIpaBIeHUs 3alyCKOM aBTOTECTOB MPUMEHSIET-
ca TeamCity — cepBepHOe TIporpaMMHOe 00e-
crieyeHue JJIs1 HENpepbIBHON MHTerpauuu [4].

DpeitMBOpK  MMEET BO3MOXKHOCTb  «JI€H-
CTBOBaTb» KaK OOBIYHBII MOJIb30BaTE/b, T. €.
MO3BOJISIET MCIOJIB30BaTh METONBI M KJIACCHI
KJIMEHTCKOTO MPUJIOXKEHUsI. ABTOTECThI OTIEPU-
PYIOT CIAEAYIOIIMMY OCHOBHBIMU OOBEKTAMM:

Order — 0OOBEKT MPUJIOXEHUSI, COAEpKa-
i nHGopMaLuo 00 opaepe (UCIIOIb3yeMOM
WHCTPYMEHTE, COCTOSIHUM OpAepa, aKKayHTe,
LIeHe U T. I.);

FixOrder — o0bekT (peiiMBopKa, coaep-
XKammii 00bekT Order m eMy COOTBETCTBYIO-
e FIX-cooOuieHus;

FixOrderService — o00BeKkT (peitMBoOpKa,
CEepPBUC, OTIPaBJSIOLINI Opaepa, MUCIOIb3Yys
OrderService, unTarommii FIX-cooOumenus ¢
ucnoab3oBaHueM DelayedTailLog u dopmu-
pytoumit FixOrder;

Validator — 00BekT (peiitMBopKa, coaep-
Kalmii ocHOBHBIe MeToabl u DataProvider
JUIS1 TECTOB.

CTpyKTypa KJIaCCOB aBTOTECTOB JJI5T KaXKI0-

O6WMe Teru 4NA pasAUYHbIX +
MHCTPYMEHTOB

CrneyudnuHbIe Tern gna
KKAO0ro MHCTPYMEHTa

i

Future . Utures_.
Option : \ """
Spreaq_s'
o Future ' .
i Spreads :
e Rt g
Options:

: Options

Option
Spreads

+

O6wme Term gnAa
pasnUYHbLIX BEHOOPOB

CneundnyHble Tern ans
Kaxaoro seHgopa

EBEH,U,OD #2

BeHgop #I

Puc. 3. BoiOpaHHoe pa3doueHue TeroB
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Test Option Fix Order Service Delayed Tail Log Order Service GUIl classes Validator
getFixOrder '1
start )
createOrder
P
place F
log line
Fix Order |
—
checkOptionTags ~1
I
Exception if not valid 1
1 1 1 1 1 1
Test Option Fix Order Service Delayed Tail Log Order Service GUIl classes Validator

Puc. 4. Cxema paboThl aBTOTECTa

0 U3 BEHIOPOB COOTHOCHUTCS C YIIOMSIHYTBIM
pa3dreHueM TeroB Ha rpymnmbl. K mpumepy,
IJI1 BeHOOpa, IOMIEP>KMBAIOLIET0 CTOKOBBIE
MHCTPYMEHTBI, KJIAaCChl aBTOTECTOB XPAHSITCS B
nakeTe <Ha3BaHWE BCHIOPA> U HA3bIBAIOTCS B
COOTBETCTBUU C TUIIOM MHCTPYMEHTA:

Common — o0uue u crenuduyHble Teru
BEHIOPA;

Stock — TecTHI IJIsI CTOKOBBIX MHCTPYMEH-
TOB;

Option — TecThI AJISI CTOKOBBIX OIILIMOHOB;

OptionSpread — TecThbl A1 CTOKOBBIX OIT-

/ Description

Test Items

IIMOHHBIX CITPEIOB.

Cxema paboOTHI aBTOTECTa IS OILIMOHOB
MpencTaBieHa Ha puc. 4.

Ha puc. 5 npuBeneH npumep TecT-Keiica.
B paznene Preconditions gaHa cchuika Ha 00-
IIyI0 TECTOBYIO IIPOLIENYpPY, CBOMCTBEHHYIO
uMeHHo 115 nipoBepku FIX-komnoHeHT. Input
specifications COCTOUT M3 BXOIHBIX JTAHHBIX:
TUIIOB OpPAEPOB, KOTOpPHIE HEOOXOOMMO CO3-
JlaBaTh M3 KJIMEHTCKOTO TpuiioxeHus. Output
specification comepXXUT oxXugaeMble pe3ysibTa-
TBI TE€CTa: MPOBEPSMBIC TITU C COOTBETCBYIO-

FIX demoCITI: Ability for sending option order and receiving answer from vendor. Checking set of tags which is the same for all option type orders for CITI.

Preconditions
Use Test Procedurs:
/polarion/#/project TOS_CORE/wiki/FIX/FixTags Test Procedure

Input Specifications

1. Send call Option order, e.g. BUY +10 IBM 100 AUG 14 195 CALL @2.40 LMT

2. Send put Option order e.g. BUY +10 1BM 100 AUG 14 195 PUT @3.20 LMT

Output Specifications

1. Sent, first received with type execution New, second received with type execution Fill messages all contain:

201=1" (PutOrCall)

'202=195" (StrikePrice)

'85=IBM (Symbol)

200=201408" (MaturityMaonthY ear)
205=16" (MaturityDay)

2. Sent, first received with type execution New, second received with type execution Fill messages all contain:

201=0" (PutOrCall)

'202=195" (StrikePrice)

"85=IBM" (Symbol)

200=201408" (MaturityMaonthY ear)
205=16" (MatuntyDay)

Puc. 5. Ilpumep TecT-Keiica
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@DataProvider (name

«stockOptionCallOrPut»)

public Object[] [] stockOptionCallPut() {
return |
[FIX CALL],
[FIX_ PUT],

}

Jlucmune 1. Ipumep DataProvider
protected void checkOptionParameters (String symbol, double quantity) {
FixOrder fixOrder
getFixOrder (symbol: symbol, quantity: quantity,
validator.checkOptionTags (fixOrder)
}

type: OrderType.LIMIT)

Jucmune 2. Ilpumep mecmogoeo memooa

public void checkOptionTags (FixOrder fixOrder) {

String symbol fixOrder.order.symbol
fixOrder.checkSentAndReceivedTags ([

(FixTag.PUT OR CALL) : [routingInfo.getSentPutOrCall (symbol),
getReceivedPutOrCall (symbol) ],

(FixTag.STRIKE PRICE): [routingInfo.getSentConvertedStrike (symbol),
Info.getReceivedConvertedStrike (symbol) ],

(FixTag.SYMBOL) : routingInfo.getConvertedSymbol (symbol),

routingInfo.

routing-

(FixTag.MATURITY MONTH YEAR) :

[routingInfo.getSentMaturityMonthYear (symbol),

routingInfo.getReceivedMaturityMonthYear (symbol) ],

(FiXTag.MATURITY_DAY):
[routingInfo.getSentMaturityDay (symbol),
ymbol) ],
1)
}

Jlucmune 3. [lpumep enympenneco mecmogoeo memooa

UMK 3HAYCHUSIMU.

J1s1 TecTOBOro clieHapusl MpeacTaBlieHa
4yacTh IMPOrPaMMHOTO KOJAQ, MCIOJHSIONIAs
JIeCTBUSI TECTOBOM MpoLeaypbl (JIUCTUHT 1).

B gactu ¢ annoranueit @DataProvider co-
nepxatcs ganHbele u3 Input Specifications. Ile-
pemenHast FIX CALL cooTBeTcTBYyeT MHCTpPY-
MmeHTy Stock call Option, FIX PUT — Stock
Put Option.

Tect umeer aHHoTauuw @Test U CCBUIKY
Ha TecT-Keiic B cucreme Polarion. B Tecte
BeI3bIBaeTcsl MetTod checkOptionParameters
(uctuHr 2).

Merton checkOptionTags nmpoBepsieT OxKu-
naeMble 3HaueHus TeroB u3 Output specification
(JIuctunr 3).

Pe3yabpTaThl pabOThl TECTa MPEACTABISIIOT-

routingInfo.getReceivedMaturityDay (s

cs ¢ nomotpio 6udnmoreku TestNG (puc. 6).

Jlokymentamua. 151 XpaHeHUs] TECTOBOM
JTOKyMEHTALIMU MCTIOIb3yeTcs cuctema Polarion
[2]. OHa cogepXUT yIOOHBII MHCTPYMEHTApUIA
IJI WHXKeHepa I10 KauyecTBy. Tak, Halpumep,
IUIS1 TIPOLEAYPhl, OMUCHIBAIOIIEH OAMHAKOBBIC
1IIarv, HeoOXOIMMBIC IUIST BBITIOJTHEHMST TECTH -
pOBaHMS KaxJI0ro U3 cleHapues (CM. puc. 2),
ObuTa co3maHa oTmenbHas wiki-cTpanuna. Cam
TeCT-KeiC COAEPKUT CChUIKY Ha 3Ty CTPaHMILY.
DTO MO3BOJISIET MUHUMU3UPOBATh TEKCT KaX-
JIOTO U3 TECTOBBIX CLIECHAPUEB, OCTABJISISI TOJIBKO
BXOIHBIC M BEIXOOHBIEC ITapaMeTpbl. BXxomHBEIMM
napameTpamMu SIBJISIIOTCSL TUIIBI OPAEPOB, BIIM-
SIIOIIMIe Ha 3HAYSHUSI TETOB, YTO COOTHOCHUTCS
¢ DataProvider, ucrnojib3yeMbIM B aBTOTECTaXx.
BEIXogHBIMU TTapaMeTpaMy SIBJISIIOTCSI CTPOY-
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Single Class

Test duration: 106,990s

tests.tos.feature.fix.nknight.Common

TOSCore-5575 — FIX - NKNIGHT - Clearing Firm
TOSCore-5575 - FIX - NKNIGHT - Clearing Firm
TOSCore-5575 - FIX - NKNIGHT - Clearing Firm
TOSCore-5573 — FIX - NKNIGHT - Heartbeat to demoNKNIGHT
TOSCore-5574 - FIX - NKNIGHT - Security type
TOs5Core-5574 - FIX - NKNIGHT - Security type
TOS5Core-5574 - FIX - NKNIGHT - Security type

tests.tos.feature.fix.nknight.Stock

TOSCore-5576 - FIX - NKNIGHT - Stock — Constant tags
TOSCore-5581 - FIX - NKNIGHT - Stock - Execution Id
TOSCore-5579 - FIX - NKNIGHT - Stock - Buy and sell orders
TOSCore-5579 - FIX - NKNIGHT - Stock - Buy and sell orders
TOSCore-5579 - FIX - NKNIGHT - Stock - Buy and sell orders
TOSCore-5579 - FIX - NKNIGHT - Stock - Buy and sell orders
TOSCore-5580 - FIX - NKNIGHT - stock - Symbaol
TOSCore-5578 - FIX - NKNIGHT - Stock - Different TIF's
TOSCore-5578 — FIX - NKNIGHT - Stock - Different TIF's
TOSCore-5577 - FIX - NKNIGHT - Stock - Different order types

TOSCore-5577 - FIX - NKNIGHT - Stock - Different order types

2,257s
1,392
1,448s
51,2545
1,381s
1,358
1,368s

1,354s
1,391s
1,371s
1,669
1,382
1,448s
1,3655
1,5255
1,352
1,330s
1,529s

Testmethod  clearingFirm { PENSON, "224" )
Tesrmethod  clearingFirm ( TDA, "188" )
Testmethod  clearingFirm ( TDwW, "615" )

Test method” secur ityType ( "AAPL™, 100.0, {}, "C5" )

Testmethod: securityType ( ".AAPL140920C102", 10.0, [}, "OPT" )

Test method securityType ( ".AAPL140920P102", 10.0, {spread=VERTICAL},
"MLEG" )

Test method side o, —100.0, "5" )
-100.0, 100.0, "1" )
0, 100.0, "1" )

100.0, -100.0, "2" )

C
Test method side (
Test method side (
C

Test method: side

Test method timeInForce ( DAY, "0" )
Test method timeInForce ( GTC, "1" )
Tesr merhod Type ( MARKET, "1 )
Test method type ( LIMIT, 2" )

Puc. 6. IIpumep pesynbTaTa pabOTHI TECTa

K1 Ter=<0XMIaeMoe 3HaYeHME>, YTO COOTHO-
CHUTCSI C KOJIIOM aBTOTECTOB: C IIapaMeTpaMU B
WCIIOJTHSIEMBIX METOMaX.

IIpu pecTpyKTypu3aluyM MW HaNUMCaHUU
HOBBIX TeCT-KeiicoB Oblla BbIOpaHa oOIIas
¢opma HazBaHMii, KoTopasi umeer Bua <Te-
CcTUpyeMbIii BeHmop> - <IIpoBepseMblii TUII
uHcTpyMeHTa> - <IIpoBepsiemas TpyImna Te-
roB>. ODTO MO3BOJIIET OBICTpEe OPUEHTUPO-
BaTbCSl B TECTOBOI MOKyMEHTAlLlMU, YTO yI00-
HO IPU BO3HUKHOBEHUN U3MEHEHUI COTIaCHO
HOBBIM TpebOBaHUIM 3aKa3unka. Heodoxommumo
OTMETUTh, YTO Ha3BaHUSI COOTHOCSTCS C aBTO-
TeCTaMM — KaXXIbI aBTOTECT COACPXKUT €0 B
onvcaHuu (puc. 5).

YT0OBI BOCCTAaHOBUTH TECTOBYIO IOKY-
MEHTalMIo Mo KaxaoMy u3 FIX-KOMIIOHEHT,
OTBEYAIOIIEMY 3a B3aMMOJCHUCTBUE C OITHOM
¢uHaHCOBOI oOpraHu3alueit, ObLIO HEO0O-
XOIUMO <«3a(MKCHUPOBATh COCTOSHUE» IIPU-
JIOXKEHUSI MU METOAOM OTIIPABKU Pa3TUIHBIX
TUIIOB OPACPOB U IOJYYECHHUS Ha HUX OTBe-
TOB OT BEHAOpa, a TaKXe B3aUMOACUCTBHU-
€M C IIpeACTaBUTE/ISIMU BEHIOPOB COCTaBUTh
CIHMCOK BO3MOXHBIX TETOB IS KaXXIOTO U3
clieHapueB.

Pe3ynbTaTbl. OCHOBHBIE PEUMYIIIECTBA UC-
MOJIb30BaHUS pa3padOTAHHOIO MHCTPYMEHTA:

pacipseMocTb Habopa aBTOMAaTUYECKMX
TECTOB C TOUKM 3pEHMSI KaK JOOABICHUSI HO-
BBIX TETOB 1 YCJIOXHEHUS JJOTUKU CIIEHAPUEB,
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TaK M MHTETrpallliy C HOBEIMM BeHAOpPaMU, YTO
BeCbMa BaXKHO NMPU paboTe ¢ U3MEHSIOIIMMM-
csl TpeOOBaHUSIMU OT 3aKa34MKa;

B OTJIMYME OT PYYHOTO TECTUPOBAHMS I10-
SIBUJIaCh BO3MOXKHOCTH Ilepedopa OOJIbIIOro
KOJIMYEeCTBa KOMOMHAIIUI TETOB;

peanu3anus 3amycka aBTOMAaTHMYECKUX Te-
CTOB C UCITOJIb30BAHUEM CUCTEMbI IIOCTOSIHHOM
nHTerpaun TeamCity [4] mO3BoJsSIET TPOBO-
IUTh TIPOLEAYPY PErpecCCUOHHOTO TEeCTUPO-
BaHUs II0 3aJaHHOMY 3apaHee pacIMCaHUIo,
XpaHUTb CTaTUCTUKY U CHM3WTh HArpy3Ky Ha
WHXEHepa 10 KauyecTBY.

WHCTpyMEHT MMeeT Cleaymole Koaumye-
CTBEHHBIE IIOKAa3aTeIUd pPe3yJIbTaTOB pPaOOThI
JJIsl TIpoeKTa ¢ 15 BeHJOopaMu:

HOBasl IpolleAaypa TeCTUpPOBaHUS B 48 pa3
ObICTpee CpedHEero BPEMEHM aHaJOTMYHOIO
PYYHOTO TECTUPOBAHUS, IMPOBOIUTCSI B TeUe-
HUE 4Yaca;

o001l 00beM OOHOBJIEHHON TOKYMEHTa-
UM cocTaBisieT 298 TecT-KelcoB, KaxKablii 13
KOTOPHIX BKJIIOYAaeT B cebsl mepedop pas3imd-
HBIX TOPTOBBIX MHCTPYMEHTOB U MX IPOU3BO-
IHBIX U UMEET OOUH COOTBETCTBYIOIIMIA aBTO-
MaTUYECKUI TECT.

Hcnonbs3oBaHue pa3pabOTaHHOTO MHCTPY-
MEHTa MHTerpalyoHHoro tectupoBanus FIX-
KOMITOHEHT B IIOBCEOHEBHOII paboTe oTmesa
TECTUPOBAHMS MTOKA3aJI0 MPaBUIIBHOCTh TTpe-
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MOCBHUIOK JUISI €T0 CO3MaHUS.
Bpemst oOyueHUs1 COTpYOIHMKOB paboOTe C
WHCTPYMEHTOM CPaBHUTEIBHO HEBEJIUKO, MO-
CKOJIbKY IIpOllgAypa 3aIlyCKa TECTOB HHTYM-
THBHA M HE TpeOyeT IIyOOKOTro 3HAaHUS MeXa-
HU3MOB €T0 padoThI.
PacimpsieMoCcTh MHCTPYMEHTA M OXHWIae-

MO€ ITIOCTOSIHCTBO MCIIOJIb30BaHUS TpeHanMH-
roBoii cucremoii nmpoTokoyuoB FIX mo3poisior
CYIUTDH O AOJTOCPOYHOCTU XapaKTepa ero Impu-
MEHEHMSI, a TOYHOE 3HaHHE 00JaCTU IOKPHI-
THSI TECTOB AAeT BO3MOXHOCTbD JIy4llle OLICHM-
BaTb PHUCKU IIPU COCTABJI€HUM TECT-IUIAHOB
HOBBIX PEJN30B CHCTEMBI.
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41* International IT Capacity and

Performance Conference
\ v November 2-5, 2015

Computer Measurement Group

Call for Papers

The Computer Measurement Group (CMG) calls for papers and presentations for the 41
International Conference to be held in San Antonio Texas, November 2-5, 2015.

For over 40 years, CMG has been and continues to be the source for vendor agnostic expert
advice and information for IT professionals dedicated to managing the capacity,
performance and cost of computing systems across the enterprise. The 2015 CMG
conference will cover a wide range of topics across all computing platforms including but not
limited to, mainframes, server computing systems, operating systems, networks, storage,
Cloud computing and mobile devices.

Performance and Capacity 2015 by CMG Subject Areas will include the following:

Subject Areas Related topics
Server Computing Windows, UNIX & Linux hardware & operating systems.

Android, iOS, Windows mobile, hand held devices and operating

Cloud & Mobile systems, wearable technology. Cloud. Social, Privacy, Big Data

Virtualization VMware, HyperV, PowerVM, Linux on z etc.
Capacity and Performance topics related to IBM mainframe
z/0S systems, and related networking, storage and backup, and
applications.
Network Capacity and LAN, WAN, Internet, wireless networking, capacity and performance
Performance monitoring, forecasting analysis and reporting.
Storage Managing, capacity reporting, performance analysis and prediction

for storage on servers, SAN and Cloud including backup.

Capacity and Performance as a managed ITIL process. Value
IT Service Management  creation though effective management of IT performance and
capacity and cost across the enterprise.

Application Performance Application performance testing and modeling, web performance,

Management & SPE workload optimization, Software Performance Engineering (SPE).
Analysis and Reporting  Collecting, analyzing and reporting of capacity and performance
of Capacity & data, techniques for effectively presenting data including data
Performance Data visualization and reporting.

Industry trends impacting capacity and performance management,
Organizational & Cultural cultural and organization impacts, career management and
information for capacity and performance professionals.

CMG welcomes a wide range of both formal papers and slide presentations related to
measuring, monitoring, predicting, diagnosing, and reporting the capacity, performance and
cost of computing systems, and related technologies and trends. Presentations of case
studies, techniques, user experiences, explanations of how the underlying technologies
function and the impact on managing the capacity, performance, and cost are encouraged.



Authors who request formal peer review and seek publication of their papers will have their
submissions reviewed via the CMG traditional peer-review and acceptance process. Authors
and contributors who wish to make presentations and do not require peer review and
publication are also welcomed. To accommodate both types of authors, CMG will be making
a few changes to the paper and presentation process.

Assigned Subject Area Chairs (SACs) will be soliciting papers and presentations from known
authors and subject matter experts and will review all abstracts submitted during the initial
submittal period. All authors, whether solicited or not, must submit an abstract through the
online process (EDAS) for inclusion in the CMG 2015 program planning. Some papers and
presentations will be selected for inclusion based on the abstract and authors will be
contacted by the SAC to request a complete submission. Authors and contributors may
request a mentor or one may be assighed one to assist with creation and editing of the
submission. Editorial assistance is provided for all accepted papers and presentations.

Important Presentation Submission Dates

Abstract Due (Required) May 18, 2015

Papers for Peer Review Due May 25, 2015

Refereed Paper Review and Mentor Assistance Period June 1 — August 3, 2015

All Papers and Presentations Due August 3, 2015
Conference Agenda Complete August 7-8, 2015
Scheduling Notices to Authors and Contributors August 10, 2015
Editorial Review Period Aug. 17 — Sept. 14, 2015
Final Publication Ready Copy Due September 14, 2015
Presentation Slides Due (with speaker notes) October 5, 2015

Please note: The Paper Abstract Due date is the deadline to submit an abstract of your
paper or presentation. The Papers for Peer Review Due date is the deadline for submission
to the formal peer review process. Once a paper is accepted and edited, the final version is
due on the Final Publication Ready Copy Due date. This is also the date when the paper
must have all updates, corrections or modifications approved and be ready for publication in
the CMG Proceedings and the CMG license to publish must be completed.

CMG will also consider papers on topics and technologies that become available later in the
year. Such papers will be considered for acceptance on a case-by-case basis by the
Program Committee.

CMG uses the paper submission system called EDAS (www.edas.info). Instructions for
using EDAS can be found under the conference section of the CMG web page:
http://www.cmg.org

Please direct all inquiries to:
Elisabeth Stahl, 2015 Program Chair - cmgpc@cmg.org

Computer Measurement Group, Inc.
151 Fries Mill Road, Suite 104
Turnersville, New Jersey 08012
Phone: 856-401-1700
Fax: 856-401-1708
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Committees

General Chair: Prof. A.l. Rudskoy, corr. member of the RAS (St. Petersburg).
Co-chairmen: Prof. F. Breitenecker (Austria); Prof. Yu.B. Senichenkov
(St. Petersburg).

Program Committee: Prof. A. Grebennikov (Mexico); Prof. E.A. Novikov
(Krasnoyarsk); Prof. Yu.B. Kolesov (St. Petersburg); Prof. N.A. Tseligorov
(Rostov-on-Don); Prof. Yu.V. Shornikov (Novosibirsk).

About the Conference

International Scientific and Technical Conference on Computer Modeling
COMOD-2015 addresses all aspects of scientific research, industrial design and
education into complex mathematical models and modern technology required for
development, research and visualization of complex natural, technical and industrial
systems. It covers modern media of visual simulation, EMC, mathematical
modeling in electrical engineering, electric power industry and complex dynamical
systems, new methods and simulation software. Persons who involved in innovative
industrial design are particularly encouraged to submit papers and share their
experience to foster the feedback from design to research.

Participants can choose the preferred working language — English or Russian.
Sections in English and Russian will work independently, and one can listen to the
reports of the parallel sections. Proceedings of the conference will consist of two
parts and include reports of both national and international sections.

Sections of the International and National Parts of the Conference
1. Mathematical and numerical modeling.
2. Development and application of visual modeling environment of complex
dynamic systems.
3. Modeling in electrical engineering and electric power industry.
4. Computer tools in education.
5. Projects of young scientists.
Sections of the National Part of the Conference
6. Author's presentation of new books.
7. Author's presentation of software systems.
8. Information about the planned and completed theses.
9. Author's lectures about the software products.

Important Dates
May 1, 2015 — deadline for the final version of the paper submission.
May 15, 2015 — deadline for the author notification that his paper is accepted.

Contact Information

Address: a.118 of Main Building, Politekhnicheskaya Str. 29, St. Petersburg,
Russia.

Paper submission: Yu.B.Senichenkov, E.A.Slok cm_org@dcn.icc.spbstu.ru

Paper submission system: https://easychair.org/conferences/?conf=comod2015
Rules: http://www.spbstu.ru/conference/2015/COMOD_2015_info_engl.doc
Conference website: http://dcn.icc.spbstu.ru/index.php?id=354&L=vqjirmkksy
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V.V. Efimov, S.V. Mescheryakov, D.A. Shchemelinin

INTERNATIONAL CONGRESS ON ULTRA MODERN
TELECOMMUNICATIONS AND CONTROL SYSTEMS

B.B. EppumoéB, C.B. MewepskoGB, [.A. LllemennuHUH

MEXAYHAPOAHbIA KOHIPECC MO YJ/IbTPACOBPEMEHHbBIM
TENEKOMMYHUKALUUAM U CUCTEMAM YNPABJ/TIEHUA

This paper is a summary of the 6th International Congress on Ultra Modern Telecommunications and
Control Systems (ICUMT) [1]. ICUMT series of the annual conference has been indexed in Elsevier’s
Scopus [2], the largest citation database of peer-reviewed scientific publications in the world. ICUMT
abstracts and proceedings are published in the IEEE Xplore Digital Library [3] though PDF versions of the
author’s papers and even the Internet access to Scopus web site are not free. This paper presents a brief
description of the most relevant presentations of keynote speakers to ICUMT-2014.

TELECOMMUNICATIONS; NETWORKING; AUTOMATED CONTROL
PERFORMANCE; CAPACITY; CLOUD COMPUTING.

IIpencrasien o63op VI MexayHapomHOTO KOHrpecca MO YJIbTPAaCOBPEMEHHBIM TEJIEKOMMYHUKAIIM-
aMm u cucteMam ynpasiaeHus: (ICUMT) [1]. Cepust exeromHeix koH¢pepeHuuiit ICUMT mHoekcupyercs: B
Elsevier’s Scopus [2], KpynHeiiuel B Mupe 0a3e TaHHBIX HUTUPOBAHUS PELICH3MPYEMbIX HayUHbIX U3MaHUMA.
AnnHoTaumu u te3ucsl noknanoB ICUMT nybaukyroTcst B 3iekTpoHHoM oubaunoreke IEEE Xplore [3], on-
Hako PDF Bepcuu aBTOpcKux padboT u gaxe MHTepHeT-caliT Scopus He HaXOAsATCS B CBOOOTHOM IOCTYIIE.
B manHHOI1 cTaThe KpaTKO OIMMCAHBI Haumbosee 3HAYMMBIE TPe3eHTAlluM OCHOBHBIX mokjnaguyukoB ICUMT
B 2014 rony.

TEJEKOMMYHUKAILIUU; CETU; ABTOMATUYECKHUE CHUCTEMBEI YIIPABJIEHHWS; TTPO-
MN3BOAUTEJIIbHOCTD; 3AI'PYXXEHHOCTD; OBJIAYHBIE BLIYMCIIEHUA.

SYSTEMS;

Highlights. The announcement of the Institute of Electrical and Electronics Engineers
ICUMT-2014 was published in the St. (IEEE), not-for-profit world communications
Petersburg  State  Polytechnic  University  society, Russian Northwest region 8; Russian

Journal [4]. St. Petersburg in Russia was
the city hosting the event on October 6-8,
2014. Technical organization and financial
sponsorship were supported by St. Petersburg
State University of Telecommunications; St.
Petersburg State Polytechnic University; the
Institute of Informatics Problems, Russian
Academy of Sciences (RAS); the Peoples’
Friendship  University, Russia; Tampere
University of Technology, Finland; the

Institute of Radio Engineering and Electronics
of RAS (Popov Society); Finnish-Russian
University Cooperation in Telecommunications
(FRUCT).

The papers and presentation slides are
submitted using Editor’s Assistant (EDAS) as
web-based conference and journal management
system [5]. The content of each paper is peer-
reviewed carefully by at least 2 referees with
40 % acceptance ratio of approved papers.
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Final technical program with more than 50
presentations to ICUMT-2014 is also generated
in EDAS [6].

ICUMT-2014 event attracted over 150
registered attendees geographically from all over
the world. In addition to regular sessions, the
round tables on selected topics, the workshops
and exhibitions from ICUMT sponsors are
organized. The keynote speakers, the most
interesting presentations and relevant for IT
companies papers are briefly described below;
the others are summarized in the conclusion.

Keynote Presentations. Presentations of
ICUMT keynote speakers are not followed
up with a printed thesis and, thus, are not
included into conference proceedings. In
2014, the keynote speeches are presented by
Prof. Antonio Bicchi, University of Pisa, Italy
[7], and Dr. Oleg Gusikhin, Ford Research &
Advanced Engineering, USA [8].

The first talk with Prof. A. Bicchi is dedicated
to the theory of automated control systems in
common, and the understanding of feedback
systems in particular. A combination of effective
solutions and powerful analytical tools, coming
from the studies in the neurosciences, resulted
a substantial improvement of the convergence
and, therefore, a better quality of regulating
process. Few case-studies with the examples
of how this technological process is working,

specifically in robotics, are demonstrated.

The second special session with Dr. Oleg
Gusikhin is about Ford vehicle smart devices
and wireless communication links. Vehicle
connectivity is a dynamic and rapidly growing
area of research and development with
many challenges and opportunities. In many
countries, the car connectivity requirements
became mandatory to increase transportation
safety.

Ford Motor Company technologies
combine almost all kinds of two-way data
communication services between a vehicle and
an outside world, including other vehicles,
mobile devices, the infrastructure and the
Internet cloud (Fig. 1):

1. Direct short radio communication
(DSRC) with the road infrastructure objects
and other vehicles (navigation, traffic, safety
warnings and alerts, etc.).

2. Wide area wireless embedded modem
(GPS/GLONASS positioning, remote control,
start/stop, lock/unlock, emergency assistance,
other sync services).

3. Built-in or plug-in devices, either
Bluetooth or WiFi, used for vehicle tracking,
remote diagnostics, hands-free calls, voice

commands, vehicle data statistics and analytics,
vehicle health and other reporting (OpenXC,
OBDII).

FORD
my IR

bile

Fig. 1. Ford Connectivity Solutions
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4. Integration with mobile devices and
smartphones, the Internet networking using
Ford custom cloud-based mobile applications,
push notifications to drivers.

Some features, such as DSRC, require
financial investments in road infrastructure,
but the technologies in connecting vehicles are
tending towards brought-in communication
devices and services, which are compatible with
any car at any place.

Adaptive Control of Cloud Computing
Resources in the Internet Telecommunication
Multiservice System. This topic is submitted
by the authors of this paper [9]. Zabbix, the
enterprise-class monitoring system [10], is
effectively used for a new purpose of adaptive
control system, which allows detecting the
anomalies, such as capacity or performance
degradation, before real impact. The benefits
of new approach are shown in 2 real-world
examples:

1. Java memory leak, a well-known
worldwide chronic problem of Java-based web
applications, also described in [11], can be
predicted in advance if analyze the historical
trends in Zabbix monitoring database. Once
critical degradation of Java free memory is
detected, the predefined auto-remediation
procedure is initiated to safely restart JBoss
service on affected server as shown in Fig. 2.

2. Capacity management in a multi-host
distributed cloud infrastructure is of big effort
and importance. In case of email-to-fax service,
the user’s workload is rather specific having
periodic spikes, which are hard to predict. New

calculated metric is proposed to detect the fast
growing trend just at the beginning of a fax
queue spike. Early detection of the anomaly
gives enough time to automatically allocate
additional computing resources from standby
server pool and meet SLA agreement for fax
processing. The reliability of this approach is
evaluated for the case of 2 fax server pools,
active and standby, using the expression (1). As
a result, the overall estimated server capacity
and corresponding expenses are reduced to
25 % of actual.

n

m,
RS=Z[1—H(P,-,/2)]/”, (1)

i=1

where R is the reliability of entire system;
p,is the probability of a failure or an overload
of one server in pool; # is the number of pool
layers; m, is the amount of servers in the i-th
pool.

First Large TV White Spaces Trial in South
Africa: A Brief Overview. The authors of this
paper are the members of Council for Scientific
and Industrial Research (CSIR), Pretoria,
South Africa; TENET Telecommunication
Company, Cape Town, South Africa; and
Google Company, USA [12].

Lack of affordable remote access to the
Internet from far villages and shanty towns
in urban areas around South Africa sustains
what is often called “digital divide”, hindering
provision of basic services and the local
economic growth. The authors tried new
technology of TV white spaces (TVWS) and the

lad01-p07-jfs01: Java CMS memory free on JFS POD7 (7d)
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Fig. 2. Critical Degradation of Java Virtual Memory
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Fig. 3. Connecting Schools and Clinics Using TVWS in the Limpopo

white space devices (WSD), which are designed

to co-use the frequency spectrum allocated to

TV broadcasting, in the Limpopo (Fig. 3).
TVWS base station, which is connected to

the Internet with a fiber-based backbone and is
controlled by a geographical location database,
is linked over TVWS to the terminals at schools,
clinics, and other customer premises equipment
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Fig. 4. IoT Architecture with Hardware, Middleware and Application Parts
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(CPE). The Internet is then further shared to
the end users via local WiFi access points. The
details of this approach are described in [13].

Using TVWS technology, the high-speed
Internet access is also provided to several
elementary schools in Cape Town. The authors
successfully verified that the White Spaces can
be used causing no interference to TV receivers.
The result of this research would be a motivator
for defining a regulation allowing the secondary
band usage for the Internet access from all far
areas of South Africa.

Internet of Things Scalability: Analyzing the
Bottlenecks and Proposing Alternatives. The
challenges of the Internet of Things (IoT), new
revolution in the Internet supporting a yet more
strong connection between objects and humans,
are analyzed by graduates from Brazil University
[14]. The proposed IoT architecture, consisting
of hardware, middleware and application parts,
is shown in Fig. 4.

Middleware layer collects the Electronic
Product Codes (EPC) from Radio Frequency
Identification (RFID) sensors in real time and
provides the interface for web applications to
access this data. That is why the middleware
scalability is a key requirement for IoT growth.
The authors introduced a benchmark to measure
the most common IoT middleware — Fosstrak.
As a result, some bottlenecks and limitations
are found, for example 200 simultaneous HTTP
requests as maximum.

UAV's trajectory

Origin

Repeller

New ideas on redesign of the IoT
middleware and the directions to solve
scalability problems are proposed, including
but not limited to non-relational database
repository, web services decomposition and
module structure, multithread programming
and parallel processing, cloud virtualization
and the templates for virtual machines.

Synergetic Approach to Quadrotor Helicopter
Control with Attractor-Repeller Strategy of
Nondeterministic Obstacles Avoidance. A novel
analytical procedure for the coordinating vector
control of an unmanned aerial vehicle (UAYVY),
such as quadrocopter, is introduced by the
scientists of the Southern Federal University,
Russia, and partially supported by Russian
Foundation for Basic Research grants [15].

Synergetic control theory is based on full
non-linear models of motion, probabilistic
fuzzy logic and artificial neural networks [16],
which require heavy calculations and, therefore,
cannot be implemented onboard of an UAV.
When using the proposed “attractor-repeller”
strategy, the algorithm of vector control is
simplified to achieve minimal motion resistance
and the shortest bypass way.

The benefits of new control strategy are
shown through the examples of obstacle (repeller)
avoidance of a four-motor UAV bypassing to a
destination point as an attractor (Fig. 5). It also
takes into account the dynamics of the objects
and, thus, can be applied to an environment

Fig. 5. UAV Bypassing Above a Priory Unknown Obstacle
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Fig. 6. Test Environment for TCP SYN Flood

with non-stationary obstacles of various shapes,
which speed can be determined.

Performance Comparison of Defense
Mechanisms against TCP SYN Flood DDoS
Attack. The research of defense methods
against denial of service (DDoS) attack is
presented by the authors from Unitec Institute
of Technology, New Zealand [17].

Various flood prevention mechanisms are
compared to each other divided by 3 types
of defense categories — router based, firewall
based and agent based software. Experimental
measurements of request turnaround time for
TCP packets, CPU utilization of the victim,
network traffic before and during attack, with
and without defense were carried out in the lab
environment like shown in Fig. 6.

As a result, agent based Anti DDoS
Guardian software is found to be the worst
solution while TCP Intercept based on Cisco
router [18] is the best one as it protects from
network consumption on behalf of the server.
With Cisco feature the victim’s CPU utilization
reduced to 1 % and traffic bandwidth rate
increased just a little from 1.342 kbps without
attack to 1.462 kbps with defense. However the
average delay increased from 1.92 to 3.21 ms
that is a payment for defense.

Simulation of Job Allocation in Distributed
Processing Systems. Extending the theory of
communicating sequential processes, new
simulation models and adaptive optimization
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methods of job allocation in distributed
multiprocessing systems are proposed by
the scientists of the Institute of Informatics
Problems, Russian Academy of Sciences, and
Peoples’ Friendship University, Russia [19].

Flexible simulation framework, consisting
of 3 categories of objects: flows, resources, and
agents, is introduced. The term “flow” reflects
the process of incoming jobs. Each “resource”
for task processing is described with such
attributes like capacity, processing rate, state
(busy or idle). Unlike “flows” and “resources”,
which reflect real physical features, the “agents”
are virtual objects to control and associate the
resources with arriving task flow according to
job allocation strategy in either centralized or
distributed dynamic system.

Simulation model of each object is composed
of 4 components: processes, events, parameters,
and event handlers (call, begin, end, fail, etc.).
The term “process” is treated as a sequence
of events. Parameters are divided into static,
which are not changed during simulation (such
as task type, possibility of parallel processing,
capacity and throughput of resource), and
dynamic (indicator to start task processing,
computational capacity required for a task, task
deadline, others).

The term “process” is treated as a sequence
of possible events happening in the system in
parallel and is described mathematically as
follows:
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PROCESS = ()

= FLOWS | RESOURCES || AGENTS,
FLOWS = | ... FLOW, (3)
JOBS = _,j.JOB, 4)
TASKS = | ., 1. TASK, (5)

RESOURCES = | ,_, .RESOURCE, (6)

AGENTS = | wes AAGENT, @)
F-FLOW = MP| JOBS, ()
where || — parallel processing; f — flow of jobs;

F — set of flows; j — job; J — set of jobs; t —
task; T — set of tasks; » — resource; R — set of
resources; a — agent; A — set of agents; MP —
modulated process composed of the arbitrary
sequence of events.

The flow of jobs (3), (4) is synchronized
with MP process (8) via event “call for a
new job”. Resources with “idle” state (event
“breakdown”) are allocated under agent
control and the parallel processing of the
tasks is initiated. Job is completed after all the
tasks within a job have been processed (event
“ringoff”). This logic is described as follows:

- JOBS | (U jJOB|® > @),

FJOB = | _, t. TASK; ringoff > ®, (10)

T:TASK = begin — (r.fail v (11)
v r.breakdown — TASK)|(end — ®),

R:RESOURCE = (fail -

— RESOURCE)|breakdown — ®, (12)
A:AGENT = control - AGENT, (13)
where ® — processing state is “idle” or

“declined”; @ — processing state is “busy”.
The advantage of the proposed framework
is decomposition of a complex system into
simple independent components and simulation
in parallel models. Procedure described in
expressions (2)—(13) is applied in practice
using programming language to simulate a well-
known Markov chain with distributed resources
and parallel processing. Several examples are
given to demonstrate which particular problems

of optimal job allocation can be targeted and
solved.

The goal of further study is implementation
of adaptive strategies, optimization methods
and algorithms into simulation framework to
solve job/resource allocation problems.

Summary of the Congress. ICUMT is
positioned as a major annual event bringing
together leading International players targeted
on fundamental research and new engineering
results. The goal of the forum is to share the
most recent news, knowledge and experience
from both academia and industry. The benefit
of ICUMT, in comparison with the other IT
conferences, is that the problems of automated
control systems are discussed along with
telecommunications and networking. Hot
topics, high availability and low layer issues are
separated. Therefore, all the ICUMT papers are
divided into 2 tracks — Telecommunications
(ICUMT-T) and Control Systems, Automation
and Robotics (ICUMT-CS).

Particularly at ICUMT-2014, a wide range
of issues was discussed. All the topics of interest
are grouped by the following sections, which
can be quickly found along with an author or
the details of a certain paper in IEEE abstracts
and proceedings [3]:

Network modeling, management and
maintenance;

Recent advances in broadband access
networks;

Optical  networking, topology  and
planning;

Short range wireless technologies;

Nano-scale computing and communi-
cations;

Green communications and energy-efficient
networking;

Global Resource Information Database
(GRID), distributed computing;

Mobile Internet, IP-telephony and Internet
TV,

Adaptive control systems, robust control
and engineering;

Vehicle connectivity
traffic models;

Security and attacks prevention.

The next 7th edition of ICUMT will be
held in Brno, Czech Republic, on October
6-8, 2015. The event will be organized by Brno
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technologies and
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University of Technology, Tampere University
of Technology, Wireless System Laboratory of

Brno and Signal Processing Laboratory, as well
as regular IEEE members for ICUMT [20].
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ASE INTERNATIONAL CONFERENCES ON BIG DATA SCIENCE
AND COMPUTING

C.B. MewepskoB, A.O. PydeHko, [.A. LLlemeauHUH

MEXAYHAPOAHbIE KOH®EPEHLIUN ASE MO HAYKE
U KOMMNbIOTEPHOU OBPABOTKE BOJIbLUUX AAHHbIX

This paper is the analytical overview of the series of the International conferences on big data, which
are being organized annually by the Academy of Science and Engineering (ASE) in the USA at Stanford,
Cambridge, Harvard, and other famous universities [1]. The conference proceedings are published with open
Internet access in the ASE scientific digital library [2] while the paper abstracts are indexed in the world
leading citation database Scopus [3]. This article briefly describes the most interesting, to authors’ opinion,
papers and poster presentations having innovative ideas in big data computing area.

BIG DATA; DATABASE; PERFORMANCE; CAPACITY; CLOUD COMPUTING.

Cratbsl mpeACTaBIsSIeT cO00M aHATUTUIECKUT 0030p CepUM MEXIyHAapOIHBIX KOH(MEPEHIMH 10 KOM-
MBIOTEPHOIT 00pabOTKe OOJIBIIMX JAHHBIX, KOTOPhIE OPraHU3YIOTCS €XXerogHo AKageMueil HayKu U TeXHU-
ku CILIA (ASE) B CraHdopae, KemOpumxe, 'apBapae u npyrux u3BecTHbIx yHUBepcuteTax [1]. Tesucsl
KOH(EpeHLIMiI1 OMyOJIMKOBAHbI ¢ OTKPBITBHIM MHTEpHET-IOCTYIIOM B HAy4YHOI 3JIEKTPOHHON OMOJIMOTEKE
ASE [2], aHHOTalu paboT MHAEKCUPOBAaHbI B BeAylleil MUPOBOM 6a3e JaHHBIX LIMTUPOBaHUS Scopus [3].
Kpatko onucaHbl Hanbojee NMHTEPECHBIE, I0 MHEHUIO aBTOPOB, IIPE3eHTALIMMA U CTEHIIOBBIE JOKJIAIbI, CO-

Jepxalllie MHHOBAaLlMOHHBIE UIEW B 00JaCTU KOMITBIOTEPHOI 00pabOTKM OOJIBIINX JaHHBIX.
BOJILIIMNE JAHHBIE; bA3A JAHHDBIX; [TPOU3BOAUTEIBHOCTD; 3ATPYXKEHHOCTD; Ob-

JJAYHBLIE BbIYMCIIEHUA.

What is Big Data?

IT world is a dynamic and data intensive
area, moving towards big data and increasing
Internet network traffic. Big data is now a
growing challenge for many IT companies,
especially based on cloud computing services
[4-9].

There is still no consensus on how to
specify the data volume and define the term
“Big Data” — terabytes or petabytes or exabytes
or zettabytes [9]. Every IT organization refers
to its own data growth to such a big volume
and complex infrastructure, which is hard
for transferring, storing, processing, analysis
and visualization within existing computing
architecture. The customer demands are
increasing along with development of new IT
devices and services, including mobile devices,
cloud-based applications, social media and
networking, audio and video conferencing,
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etc., showing accelerated growth over the past
5 years (Fig. 1).

In 2014, the big data problems were focused
on ASE conferences 3 times at different
places — Stanford University, CA, USA, May
27-31; Tsinghua University, China, August 4-7;
and Harvard University, MA, USA, December
13-16. Each conference is a big international
forum, having average paper acceptance rate of
8.5 %, bringing together industry companies,
academic scientists and other IT specialists
from all over the world to share their experience
and exchange the advanced results in big data
computing.

All the conference sessions and topics of
interest in big data are divided into the following
independent parts [11—13]:

1. Big Data Science and Engineering;

2. Economic Computing;

3. Social and Biomedical Informatics;
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Fig. 1. Big Data Growth over the Past Years,
PB/month [10]

4. Cyber Security;

In addition to industry speeches, the poster
presentations, workshops, exhibitions and
other initiatives are organized by ASE that
allow attracting much more participants with
or without a thesis published in conference
proceedings. The most relevant presentations,
innovative ideas and hot topics of big data
computing are briefly described below.

Big Data Storing and Performance Testing

Most of enterprise-scale environments
are now cloud-based and distributed across
datacenters. In a big cloud infrastructure,
the performance of data storage is the main
bottleneck due to big data flow between
multiple remote hosts, especially database
(DB) servers. Traditional object-relational
approach to data structure developed in early
1980th by Michael Stonebraker [4] is no longer
effective for storing big data due to a lot of DB
rules, dependencies and constraints. In solving
performance, capacity, scalability and other big
data challenges, new noSQL solutions, such
as Cassandra, MongoDB, HBase, Hadoop,
CouchDB, GraphDB, Redis, etc., offer the
following benefits over traditional relational
DBs:

1. Higher performance of noSQL DB that
is important for web applications.

2. Flexible modification of unstructured
data on the fly without downtime.

3. Better scalability of noSQL DB due to
multi-node architecture.

4. Replication and automatic
between primary and secondary nodes.

5. Failure tolerance for a single node
degradation, outage or data loss.

6. Most of noSQL DBs are open source
and free to install.

Failure tolerance is the key idea of noSQL
solutions, meaning that the entire production
system will not fail in case a single node is
down due to automatic replication and physical
sharing between DB nodes, thus increasing
overall system performance. On the other hand,
the architecture of noSQL DB is application
specific and DB tools for benchmarking and
analysis are not yet well developed.

The focus of performance analysis is testing
the stability of both DB and application against
specific workload. Below is the list of products
of leading IT companies, which are the most
popular in noSQL testing.

1. Yahoo Cloud Serving Benchmark
(YCSB) [14]. YCSB is the universal cloud
service client for performance benchmarking
on the noSQL DBs, supporting Cassandra,
Mongo, Redis, etc. Reads, writes and updates
can be tested against a sample DB to evaluate
the performance of various solutions under
specified workload. YCSB can run with an
arbitrary number of query threads and multiple
hosts in parallel, measuring the throughput in
operations per second (IOPS) and the latency
of DB operations.

2. SandStorm from Impetus Technologies
[15]. SandStorm is the automated tool,
providing a load testing and monitoring
resources of Cassandra, Mongo and Kafka
stack. Real world scenarios can be created
to simulate various network conditions and
evaluate the performance and scalability of
entire applications, including web, mobile,
cloud and big data, for the purpose of reducing
the cost of cloud environment.

3. Cassandra and Python Stress Tests
[16, 17]. The popular py stress code written
in Python and the Java-based utility are used
to carry out the stress tests specifically against
Cassandra cluster.

4. JMeter Cassandra Plugin by Netflix [18].
JMeter plugin is the fully configurable client
of Cassandra provided by Netflix Company to
execute different loads on Cassandra clusters.
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The performance of specific noSQL DBslike
Hadoop, HBase in a distributed infrastructure
is evaluated in papers [19, 20]. Obviously,
replication of big data causes a latency lag
depending on replica set. To reach higher write
performance, the DB transaction is committed
right after the data is written to a primary
node without waiting for secondary replicas.
For better read performance, the DB requests
are routed to different nodes in parallel. With
this read-write solution, the overall system
throughput should scale linearly upon adding
new secondary nodes as shown in Fig. 2, or
otherwise there is a bottleneck somewhere in
network traffic.

More valuable conclusions and results of
performance testing are presented in [21, 22],

when comparing Cassandra with MongoDB
(Fig. 3). At the left graph, the correlation with
disk usage is observed. The more disk free
space the higher throughput. At the right graph,
the dependence on the amount of documents
returning from a single query is found. DB
query rate is acceptable as long as the returning
data fits in memory without access to disk,
while the performance of heavy queries can
degrade dramatically to zero. The solution is to
increase DB cache, or install more memory, or
re-implement potentially heavy DB queries.
The results of big data performance testing
specifically for Zabbix monitoring system are
presented in [7, 9]. Fig. 4 shows that Zabbix
DB server is much more intensive in write
rather than read operations. That is reasonable
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Fig. 3. Performance Testing with MongoDB [21]
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Fig. 4. Read-write Performance of Zabbix Monitoring DB Server [9]

because in the monitoring system the bigger International Conference on Big Data Science
data traffic is sent from multiple hosts to and Computing. Automatic Deployment
central DB with specified polling time interval, = System (ADS) is designed and implemented
while read from DB is issued for analysis and at RingCentral Internet Telecommunication
troubleshooting purposes not so often. Thus, = Company for the purpose of automation and
when the monitoring system comesto scalability, = improving the time-consuming process of
Cassandra is more applicable and will scale up  frequently repeatable building over 10K virtual
better in terms of write performance, while  machines (VMs) in big data centers.
MongoDB is better designed for read intensive ADS architecture is based on Puppet,
traffic. Foreman, Opscode software and RingCentral
in-house applications. Puppet [24] is IT product
that helps system administrators proactively
manage the entire infrastructure throughout
This hot topic for big IT companies is the whole lifecycle (Fig. 5), automating
addressed by the authors of this paper [23]  repetitive deployment tasks, scaling from 10s
in their poster presentation to the 2nd ASE to 1000s of VMs, both on-premise and in

Big Software Deployments
in Big Cloud Environments

Application Release Management

Cloud Prou'sionin
Application Deployment Automation . I 9

N
—-fo¢o (G

Development Build Package Test Stage Prod
Repository Environment Environment Environment

Fig. 5. Typical Deployment Delivery Pipeline [25]



HayuHo-TexHMueckune Begomoctu CM6IMY 1'(212) 2015
MHdpopmarnka. TenekoMMyHMKaunn. YnpaBneHume

| >
160 -
1000 -
900 +
800 +
700 -
g 600
S00 -
[
: mLAB
X ao0 STAGE
uPRO

=
==
R

DATE
‘:\
-
-

9/4/2014
9/8/2014
9/12/2014
9/16/2014
9/20/2014
9/24/2014
9/28/2014
10/2/2014 &
10/6/2014
0/10/2014
0/14/2014
0/18/2014
0/22/2014
0/26/2014
0/30/2014
11/3/2014
11/7/2014
11/11/2014
11/15/2014
11/15/2014
11/23/2014
11/27/2014

- e e e e

12/1/2014

12/5/2014

i

=

——
——
—

-
/

12/9/2014
12/13/2014
12/17/2014
12/21/2014 I8
12/25/2014
12/29/2014

1/2/2015
1/6/2015

1/10/2015

1/14/2015 §

1/18/2015

1/22/2015

1/26/2015

1/30/2015

2/3/2015

2/7/2015

2/11/2015

2/15/2015

2/19/2015

2/23/2015

2/27/2015

3/3/2015
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the cloud. Foreman server [26] is the core
of ADS architecture, also providing web user
application. All of the Puppet manifests, VM
images and snapshots are created and stored in
the ADS central DB repository for future VM
updates and possible rollbacks. Opscode Chef
[27] is automation solution that transforms IT
infrastructure into the Ruby code, describing in
terms of cookbooks and recipes the ingredients
and step-by-step instructions for assembling
them together into running system. Chef
definitions are also chosen by leading IT
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companies like Facebook and Amazon.

Big data scalability leads to proportional
increase of software deployment amount and IT
maintenance expenses. With ADS, the duration
of a single VM deployment and customization
is reduced from hours to minutes depending on
the VM image size (Fig. 6). ADS performance
now allows building up to 6 big data locations,
each having about 150 VMs, within 4-hour
IT maintenance period. The benefits of ADS
are obvious — provide high availability and
continuous delivery of IT services without
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outage to business customers, improve the
quality of service (QoS) along with excluding
manual steps and human errors, save operations
efforts and resources in big IT companies.

Big Data Flow and Data Intensive Applications

Information exchange among national
economies, companies and people have
reached previously unimagined levels and
are playing an ever-larger role in modern
digital age. Being unconnected to the global
Internet network means stay behind the high
technologies. According to recent researches
and analytical reports of McKinsey Global
Institute (MGI) [28], the countries with global
network communications and big data flows
increase their Gross Domestic Product (GDP)
up to 40 % faster than unconnected countries
do. Germany, Hong Kong and USA are in the
top of MGI Connectedness Index while some
developing economies, such as Brazil, India,
Saudi Arabia, are climbing up the ranks rapidly
due to expanding their products and services
into global flows.

Mobile Internet and cloud computing
services, which became very popular and
therefore data intensive, are in the top 12 list of
high technologies that had radically changed IT
world. Global online data traffic across borders
grew 8 times since 2012, including 40 % increase
of Skype international communications.
Internet telephony, health care, retail, financial
services, online education, transportation and
navigation, production monitoring, social
media and networking are the leading sectors
of big data application.

Big data stream is often caused by high
workload, and vice versa. Keynote speech about
massive online data flow is provided by Dr.
Kalyan Veeramachaneni from Massachusetts
Institute of Technology (MIT), Cambridge,
MA, USA [11]. Many universities including
MIT offer online courses like [4], which are
commonly known as Massive Open Online
Courses (MOOCs), for millions of students
and postgraduates around the IT world. For a
single MOOC, the traffic is around 200M click
stream events, 10M assignment submissions
and 90K forum posts [11]. On the way to solve
the problem of high load and scalability, the
custom platforms and tools are built at MIT,

which allow MOOC instructors teach more
effectively, see how the students study the
topics, improve student’s engagement, and
prevent possible web service outage.

Big data flow can be caused by network
storm, denial of service (DoS) attack, email
bomb, fax or SMS or media broadcast, and other
undesirable user activity, which is often called
flood. Cyber security questions related to big
data are addressed in the keynote lectures from
the University of Southern California [10]. To
their opinion, current security implications are
intensified by big data, especially on cloud-based
platforms where a victim is exploited remotely.
Cross domain solution (CDS) is proposed as a
firewall, protecting network domain against data
leakage and intrusion from the Internet.

One more keynote presentation of Dr. Amr
Awadallah, CTO and founder of Cloudera Inc.,
leading company in big data management,
refers to Apache Hadoop as noSQL solution,
supporting 700+ hardware and software systems,
15K+ trained big data specialists since 2008
[10]. Hadoop uses prescriptive relational DB
schema for write and descriptive data modeling
for read. New columns are added explicitly to
DB table before it is populated with new data.
Read data flow may start on the fly and will
appear retroactively once DB schema properly
describes it. That gives the benefits of high
performance, providing together a data storing
and real time access for reporting and analysis,
auto-scaling with proven growth to 1PB of data
per 1K nodes, without requiring developers
to redesign data warehouse architecture and
algorithms in data intensive applications.

The future of data intensive applications in
common and Hadoop framework in particular
is outlined by Dr. Milind Bhandarkar, the
founding team member at Yahoo!, contributing
and working with Hadoop since the earliest
version 0.1 [29].

Big Data Analytics and Tools

A promising technique for big data analytics
is online learning. Massive Online Analysis
(MOA) is the popular open source framework
for data stream mining with an actively growing
community [30]. It uses different verification
tools and machine learning algorithms, such as
classification, regression, clustering, outlier and
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Fig. 7. Zabbix Data Delay Statistics for Two Weeks [9]

concept drift detection, and more demanding
issues.

Zabbix [7, 9] can also be used for data
analysis, not only as monitoring system, by
means of SQL language or specially designed
graphs and dashboards in Zabbix application.
Zabbix is the open source enterprise-class
solution and all the monitoring data is stored
in a centralized DB. One more benefit is that
all the data is separated into real time (from
one week to a month) and the history, which
can be stored in separate DBs of different type,
either relational or noSQL. Historical data is
represented in trends as max, min and average
values, allowing significantly reduce DB volume.
The key disadvantage of Zabbix architecture is
data delay up to 6 min between the local host
time and the moment of data availability in
Zabbix DB, depending on the proxy servers’
amount and performance (Fig. 7).

The disadvantage of proxy data delay is
resolved in Sumo Logic [31], where the data
is transferred directly to the cloud storage and
is available for analysis immediately in real
time. Sumo Logic is specially designed for and
is efficient as log analyzer having predefined
dashboards and its own query language like
SQL with regular expressions. In a big cloud
distributed environment, system and application
logs are also big data, producing terabytes of
daily rate and slowing down the performance of
production applications when parsing the logs
locally. The main disadvantage of Sumo Logic,
to opinion of the most IT players [5], is that it’s
rather expensive solution for small and even big
companies like Netflix [18]. Regular payment
depends on the volume of data retention on the
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external storage of the 3rd party vendor. Other
limitations are 500 lines per data collector and
15K events per second as maximum. One more
weak point of any cloud in opposite to in-house
solution is cyber security of collected logs data,
which may contain sensitive information, such
as user accounts and passwords.

In big data analytics, a crucial part is
visualization. With millions of statistical data
values, typical graphics become cluttered, hard
to read and analyze. Reducing and subsampling
the data for better visibility is not good
workaround. At North Carolina State University
[32], new methods of statistical modeling and
scalable interactive representation of a big
data network using (un)directed (un)weighted
graphs are proposed. Good visualization helps
the analysts explore valuable information about
data distribution, clustering, trends, scalability,
performance, and other big data properties.

Using novel methodology of crowdsourcing
(versus well-known outsourcing and insourcing)
for big data analytics and management is
presented by the laboratory of Stanford
University [33]. Traditional entity resolution
(ER) algorithm in relational databases is
challenging for huge data sets because of many
to many checks like “what matches what”,
consuming time and computing resources. To
evaluate efficiently and reduce expenses, the
crowd ER strategy allows obtaining information
for a particular project by enlisting the services
of alot of people, either paid or unpaid, typically
via the Internet (Fig. 8). The idea is to cut the
input data set and verify only critical pairwise
similarities close to a specified threshold. The
key point of crowdsourcing is to use humans
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judiciously, generate questions and consider all
possible combinations.

In [34], the crowdsourcing technique is
investigated in depth, further enhanced using the
power of social networks and is applied to create
a self-sustainable crowd-engagement chain for
big data harvesting and better decision making.

The Future of Big Data

There are five key dimensions of big data,
so-called 5V’s:

1. Volume of big data stored in the IT world
tends to grow rapidly, according to IDC analysis
and forecast [10], from 8 million PB in 2015 to
40 ZB in 2020 that is over 5 TB per person.

2. Velocity of big data streaming in real time
will also accelerate upon network bandwidth
extension and people’s demand. For example,
sharing new data at Facebook is over 2.5 billion
posts per day that is 500 TB daily rate.

3. Variety of big data implementations,
including text, image, audio and video processing,
moves from traditional structured databases
towards semi-structured and unstructured
organization that is of higher performance,
better scalable and flexible for future updates.

4. Veracity, consistency and integrity of big
data will strongly depend on failure tolerance
idea based on multi-node architecture,
distributed parallel computing, replication and
sharing between nodes.

5. Value of global data exchange is hard
to overestimate and, in recent MGI analytical
reports [28], is predicted as a benefit of up to
40 % growth to national GDP, especially for

developing economies.

According to Cisco and other research
reports [35], big data and cloud computing
technologies are now being extended to the
fog computing paradigm, meaning that IT
services are hosted at the network edge close to
end user location, spanning multiple domains
and distributed over heterogeneous platforms.
Even the geographical position of mobile
smartphones and other wireless end devices
are taken into account in real time analytics.
The goal is to reduce network traffic, facilitate
service mobility across platforms, speed up
data delivery to a client and improve QoS. In
the Internet of Everything (IoE) applications,
various computers, vehicles, mobile and other
devices are interconnected around the Internet
backbone. Fog networking supports densely
distributed data collections, hence adding one
more big data dimension to the 5V list.

A long-term strategy of big data programs
and projects in various engineering areas is
to escalate big data concerns to in-depth core
scientific research, promote all-around IT
resources available today and in the future. A
good experience is comprehensive integration
with different fields of inquiry, collaboration of
multi-disciplinary teams and communities. That
gives more opportunities and accelerates the
progress of scientific discovery and development.

ASE International conferences continue
to address a wide range of big data problems.
Such conferences are connecting the scientists
and industry practitioners from leading IT
organizations, who are always focused on new
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solutions to predict, analyze, improve and
resolve big data challenges in practice.

The next International Conference on Big
Data is scheduled to September 17, 2015,

Xian, China [36]. We are looking forward
for innovative ideas and good examples of
successful implementation in big data and high
performance computing.
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YCNOBUA NYBJIUKALUMU CTATEA
B kypHaje «Hayuno-texnnueckue Begomoctu Cankr-IlerepOyprckoro rocyaiapcTBeHHOro
noJMTeXHnYeckoro ynusepcurera. Undopmatuka. TejleKoMMyHUKanMu. YNpaBjieHue»

1. OBLUUE NMOJIOXXEHUA

XKypHan <«HayyHo-TexHuueckue BegoMocTu CaHKT-IleTepOyprckoro rocyaapcTBEHHOIO
MOJUTEXHUUECKOIO YHMBEpCUTETa. TeleKOMMYHMKALUUU. YTpaBiAeHUE» SIBISETCS TEPUOIM-
YeCKMM TMEeYaTHBIM Hay4yHBIM peleH3MpyeMbIM H3gaHMeM. 3apeructpupoBaHo DenepaibHoil
CIykK00li 1O Han3opy B cdepe MHGOPMALMOHHBIX TEXHOJOIMI M MAaCCOBBIX KOMMYHUKAIIWUI
(Pockomuanzop). CeugetenbcTBo 0 peructpanuu [T Ne ®C77-51457 ot 19 okrsa6ps 2012 r.
C 2008 roma BbIMycKaeTcsl B COCTaBe CEepUAJbLHOIO mepuomnyeckoro usgaHus «Hayuno-
texHudyeckre Begomoctu CIIGITIY» (ISSN 1994-2354).

Hznanue ¢ 2002 ropa BxoauT B IlepedyeHp BeayliMX HAyYHBIX PELIEH3UPYEMBIX >KYpPHAaJOB
U u3gaHuil (mepedyeHb BAK) M mpuHuMaeT oI IedyaTu MaTepuabl HayYHBIX HCCJIEIOBaHUA,
a TaKXKe CTaThU JJIsSI ONYOJIMKOBAHUS OCHOBHBIX Pe3yJIbTaTOB AUCCEPTALIMI HA COMCKAHUE YYCHOM
CTETeHN TOKTOpa HayK U KaHAMUJaTa HayK MO CAeAYIOIIMM OCHOBHBIM HAayYHbIM HallpaBIeHUSIM:
NHOOPMATUKA, BBIYNCIIUTEIBHAA TEXHUKA, PAAIMOTEXHUKA N CBS3b,
DJIEKTPOHUKA, USMEPUTEJIIbHAA TEXHUKA, YIIPABJIEHUE B COLMAJIb-
HbIX 1 DKOHOMMWYECKHNX CUCTEMAX. HayuyHble HampaBieHUs XypHaja YYUTBI-
Baiorcss BAK MuHo6pHayku P® mnpu 3ammTe TOKTOPCKUX M KaHAWAATCKUX OUCCEPTALUil B
COOTBeTCTBUU ¢ HoMeHKIaTypoll crielMaabHOCTEe HayYHbIX PAOOTHUKOB.

CeaeHus1 o nyonukanusx npeacrabieHsl B PUHIL, B PedepatuBHom KypHaie
BUHHWUTHU PAH, B MexnyHaponHoii cipaBouHoil cucteMe «Ulrich's Periodical Directory».

[MeproaMYHOCTH BBIXOMIA XypHasla — 6 HOMEPOB B TOJ.

2. TPEBOBAHUA K NMPEAOCTABJISEMbIM MATEPUAJTIAM

2.1. Odopmiaenne MaTepuajon

1. PexoMeHayeMblii 00beM CTaTEi MJISI aBTOPOB C YUEHON CTEIEHbIO JOKTOpa HAyK, 3BaHUEM
npodeccopa, corucKaTelneil yuUeHOU CTeIIeHN JOKTOopa Hayk (mokTopaHToB) 12—-20 crpanui ¢op-
mata A-4 ¢ yuyeToM rpacduyeckux BioxeHuil. KonnyecTBo rpauiyecKux BIOXEHUN (quarpamm,
rpacMKOB, pUCYHKOB, TaOauL, ¢poTorpaduii U T. M.) He JTOJDKHO MPEBLIIIATD 4.

2. PexoMeHayeMbIli 00beM cTaTeil mIsl MperogaBaTesieii, aBTOPOB 0€3 yU4eHOU CTeleHU, COo-
MCKaTejel yueHOM CTeleHM KaHauaaTta HayK — 8—15 crpanunr dopmara A-4; aciupaHTOB — §
crpaHull ¢popmata A-4 ¢ yueToM rpadmyeckux BiaoxeHuii. KoanaecTtBo rpa¢pnIecKux BIOXCHUN
(mnarpamm, rpacMKOB, PUCYHKOB, Tabaull, potorpaduii U T. M.) HE TOJKHO MPEeBbIIATH 3.

3. ABTOpPBI JOKHBI HPUAEPKUABATHCS CAEAYIOIIEH 0000IEHHONW CTPYKTYPhI CTaTbU: BBOTHAS
yacTth (0,5—1 cTp., aKTyaJbHOCTb, CYLIECTBYIOLIME MPo0JieMbl); OCHOBHAs 4acTh (ITOCTaHOBKAa U
oInMcaHue 3aJauyy, U3JIOKEHWE M CYTh OCHOBHBIX pe3yJbTaTOB); 3aKiatouuTesbHas dacth (0,5—1
CTp., IPEIJIOKEeHUsI, BBIBOAbI), cicoK autepatyphl (odopmiaeHue mo 'OCT 7.05.-2008).

4. Yucno aBTOPOB CTAaThU HE JOJDKHO IIPEBHIIIATH TPEX UEIOBEK.

5. Ha6op Tekcra ocymectsisercs B pexaktope MS Word, dopmyn — B pegakrope MathType.
Tabauupr HabMparTCI B TOM Xe (hopMaTe, YTO U OCHOBHOM TEKCT.

6. llIpudr — TNR, pasmep mpudra ocCHOBHOro tekcrta — 14, mHrepBan — 1,5; TaGauLbl
0OJBIIOrO pa3Mepa MOTYT ObITb HaOpaHbl 12 kerneMm. IlapameTpbl CTpaHUMIIBI: TOJSI clieBa —
3 cM, cBepxy, CHM3Y — 2,5 cM, cIipaBa — 2 CM, TEKCT pa3MelaeTcs 0e3 ImepeHOCOB. AO3alIHbIiI
orctyn — 1 cm.



2.2. IIpenocTaBiieHHe MATEPHAJIOB

BmecTe ¢ MarepuanamMu cTaTby JOJDKHBI ObITH 00513aTE/IBHO IIPEIOCTABIICHBI:

e HoMep YIK B cooTBeTCTBMM C KiacCU(DUKATOPOM (B 3arojIOBKE CTaTbH);

e QHHOTAlIMSI HA PYCCKOM U aHIJIMMCKOM SI3bIKAX;

e KJIIOUEBHIC CjI0Ba (5—7) Ha PyCCKOM M aHIJIMIICKOM SI3BIKaX;

e CcBeJcHMSI 00 aBTOpax Ha PycCKOM M aHrimiickoM s3bikax: ®UO, MecTo padOTHI, HOIK-
HOCTb, YUeHOEC 3BaHME, yUeHas CTeIIeHb, KOHTAKTHEIE TeledOHbI, e-mail;

e ACIMMPAHTHI MPEICTABISIOT JOKYMEHT OTAe]a aCIIUPaHTYPhl, 3aBEPEHHbII MeYaThlO;

e aKT 9KCTNEPTU3bl 0 BOBMOXHOCTHU OMYOJIMKOBAHUS MaTepUaJOB B OTKPBHITOM MeyarTw.

C aBTOpaMm cTaTeil 3aKJI04aeTcsl U3AaTeIbCKUM JTULICH3MOHHBINA JOTOBOP.

IIpenocraBneHue Bcex MaTepuaioB OCYIIECTBISIETCSI B 3JEKTPOHHOM BHIE 4epe3 JIMYHBIN
ka6buner DJIEKTPOHHOM PEJAKIINU o anpecy http://journals.spbstu.ru

2.3. PaccMoTpeHne MaTepuaioB

IIpenocraBmeHHbie MaTepuanbl (M. 2.2) IEepBOHAYAJIBHO pPacCMaTPUBAIOTCS PeAaKIIMOHHOMN
KOJUIeTUe U mepenaroTcs M peueH3upoBaHusd. [locine ogodbpeHus MaTepuanoB, COrJIaCOBaHUS
pa3IMYHBIX BOIPOCOB C aBTOPOM (IpU HEOOXOAMMOCTHM) pelaKLMOHHAsl KOJIJIerusl cooOlIaeT
aBTOpY peleHue 00 OIyOJIMKOBaHUM CTaThbu. B ciydyae oTkasa B myOJMKallMM CTaTbU PeIaKIIvs
HaIIpaBJIsIeT aBTOPY MOTUBHPOBAHHBIN OTKa3.

IIpu OTKIOHEHMM MaTepuajoB M3-3a HapyIlIEHUs CPOKOB IoAauyu, TpeOOBaHMIA IO O(opM-
JIEHUIO WJIM KaK He OTBeYalollMX TeMaTuKe XXypHajia MaTepuaibl He MyOJMKYIOTCSI U HE BO3Bpa-
1LIAFOTCSI.

PenakiimoHHasi Kojuierdsi He BCTyHaeT B AMCKYCCUIO ¢ aBTOPaMM OTKJIOHEHHBIX MaTepUasoB.

IIyOnukaiuus MaTepraioB aCIIMPAHTOB OYHOU OIOMXKEeTHOM (hOpMbl O0YUEHMSI OCYILECTBIISICT-
cs OeCIUIaTHO B COOTBETCTBUU C OYEPEIHOCTHIO.

[Ipu mocryrmieHun B peAaklUdO 3HAYMTEILHOIO KOJMYECTBA CTAaTeil MX IPUEM B OYEPEIHOM
HoMep MoxeT 3akoHuYuThes JJOCPOYHO.

Bosee noapoonywo nngopManuo MOXHO MOJYYHTb:

Ha caiite XypHana http://ntv.spbstu.ru

no Tejedony pexakuun +7(812) 552-62-16 ¢ 10 o 18" Tammna AnekcaHapoBHA

wm no e-mail: infocom@spbstu.ru



