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A

TEHEKOMMYHMKaLlMOHHbIe CUCTEMbI
U KOMIMbKOTEPHbIE CETU

YOK 621.397 DOI 10.5862/JCSTCS.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

IIpennoxeHa MeTonMKa MOCTPOEHUSI CETHM HavyajbHOro mnpuoamkeHusi ctraHgapra LTE. M3noxeHbl
OCHOBBI METOJa BBIOOpA KJIACTEPHOM CTPYKTYpPHI M 3KCIPeCC-aHajln3a CeTeBOM KOHMUTypalluy Ha COOT-
BETCTBUE TPeOYeMBIM ITapaMeTpaM 110 eMKOCTH W TIPOITYCKHOM CITIOCOOHOCTH CETH.

IJIAHUPOBAHUE CTAHIAPTOB CBS3U YETBEPTOT'O ITOKOJIEHUS; YACTOTHBIN KJIA-
CTEP; ITPOITYCKHAA CITOCOBHOCTb; ABOHEHTCKAA EMKOCTDb; BIO/JKET 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.

Hctopusi coTOBBIX cuUCTEM MOOWMJIbHOM
pagudoCBSI3M HACUUTHIBAET YK€ HECKOJbKO
necatwieTuii. PazpaboTaHbl oOIIME TPUHIIU-
bl TOCTPOEHUS CeTeil MOOWJILHON paauo-
CBSI3M, BKJIIOYAsl MOATOTOBKY MCXOAHBIX JAaH-
HBIX, TIOCTPOEHNE HayaJlbHOIo IPUOJIMKEHUS
U CTPYKTYPHO-TIApaMETPUUECKYI0 ONTUMM-
3aiuio [1, 2]. PemeHue 3amaymM mOCTpOEHUS
ceTu MoOMJIbHOU cBsA3M ctaHgapta LTE npen-
roJiaraeT MCIHOJIb30BaHUE METoAa IpUOJIMXKe-
HUI B COOTBETCTBUU C aJITOPUTMOM YaCTOTHO-
TepPPUTOPUATILHOTO TUTAHUPOBAHUSI [2].
AJITOPUTM pacKpbIBAaeT MOCIEIOBATEILHOCTD U
colepKaHUe ATaIlOB MOCTPOEHUsI HAYaJbHOIO
NPUOMIKEHNST M UTESPAaTUBHON ONTUMU3ALN
CeTU IPU ILIMPOKOM MCIIOJIb30BAHUU CPEACTB
MPOTPaMMHOIO OOECTIEYEHUS, MOAIEPKUBAO-
X (pYHKUIMU CUMHTE3a CEeTU M aHajau3a KC-

TUTyaTallMOHHBIX XapaKTePUCTUK.

CrnenyeT OTMETUTb, UTO Ha CETOAHSIUIHUI
JIeHb BOIPOCHI YaCTOTHO-TEPPUTOPHUATHLHOTO
IUIAHUPOBAaHMUSI B CETSIX MOOWJIBbHOM CBSI3U
crangapta LTE saBastoTcss HauMeHee pa3pabo-
TaHHBIMU U TPeOYIOT HaJbHEMIIIEro UCCIea0-
BaHMs. B yacTHOCTM, BakHO pelleHME 3aaa-
YU HA4aAbHO020 NpubAUdICeHUs, KOTIa BCsl CETh
JEKOMITO3UPYETCSl Ha OJHOPOAHBbIE (DparMeH-
Thl, HNPUMEHUTEJIbHO K KOTOPBIM HaXOISITCS
pacnpenefieHusT 0a30BbIX CTAHILIMIA MO 30HAM
0o0CITy>XKMBaHMSI, TapaMeTphl 0a30BON CEeTHU U
pacmpenejieHue 4acTOTHOro pecypca. Ilnanu-
pOBaHME HAYaJIbHOTO IPUOJMKEHUS CETU MO-
ounpHOM cBsA3M ctanpapta LTE mMeer MHOTrO
00l1IeTO ¢ TUIaHUPOBAHUEM ceTeit MOOMJIbHOI
cBs13u ctaHmapToB 2G/3G, MOCKOIBKY TaKxKe
MpeacTaBisieT cOOOM IOIIaroBoe onpeneieHue

7
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MHdopmaTnka. TenekoMMyHUKaUnK. YnpaBrieHue

ee TMPOCTPAaHCTBEHHO-TEXHUYECKUX TlapamMe-
TpoB. B TO ke BpeMs MoCTpoeHue HayaabHOTO
NpUOIKEeHUs [JIs1 OOJBIIMHCTBA CTaHAAPTOB
coroBbIx ceTeil 2G/3G ocyluecTBIsIeTcsT IS
«TOTaJIbHOI» YCIYTU, KOTOPOI SIBJSIETCS Mepe-
naya peun. HalimeHHas B mpoiiecce IIaHUPO-
BaHMS CETh MOOMJIBHOM PaauocBsI3u OyAeT pe-
1IEHWEM, OTHOCUTEIbHO KOTOPOTO MPOBOJSITCS
OLIEHKM MO 30HE IOKPHITUS, aOOHEHTCKOM
€MKOCTU, KayecTBY PaIMOCBSI3U, CKOPOCTHU
nepenayr, MPOMYCKHOM CIIOCOOHOCTU U T. TI.
JUISL IpYTUX BUIOB yciayr. B omiuuue ot ce-
teii 2G/3G ceT MOOMIBHOM CBSI3M CTaHAApTa
LTE sgaBasiorcs ceTsiMU Ilepenadyd MaKeTHOTO
Tpauka, a KauecTBO yCJAyr Ha 3Tamne IIaHMU-
pOBaHUS CETU OLIEHUBAETCS JOCTYIMHOMW st
MoJib30BaTejieli CKOPOCTHIO Tepeaauyu JaHHBIX,
JIOMYCTUMbBIM BPEMEHEM U HaJEeXHOCTbhIO J10-
CTaBKM MAKETOB JAHHBIX, KOTOPbIC 3aBUCST OT
COCTOSIHWSI KaHajla pPaauoCBsI3U, TMOMEXOBOM
00CTaHOBKM M MapamMeTpoB Tpaduka.

B Hacrosiiieit cratbe B MOCTAaHOBOYHOM
MIaHe OOCYXIalTCS MMEHHO 3THU BOIPOCHI
MPUMEHUTEIBLHO K 3ajaye MOCTPOEHUS CeTU
HAYaJIbHOTO MPUOIMKEHUSI.

Bbi0op Tna yacroTHoro Kiacrepa. [Toctpo-
eHue cetu LTE nenecooOpa3HO OCYILECTBISATh
Ha OCHOBE YaCTOTHBIX KJIACTEpOB, MpelCTaB-
JIIOIIMX CO0OM TpymIly MPUMbBIKAIOIINX APYT
K JIpYTy COT, B KOTOPOU MpPU MCIOJb30BaHUU
BCETr0 YaCTOTHOTO pecypca CeTU OAHO3HAYHO

«[lanbHAA» 30Ha

«BbAuXHAA» 30Ha

MOXET OBITh pellieHa 3aa4a JOCTUKEHUS MaK-
CUMAaJIbHOM €MKOCTM CeTU IIpU COOJIIOACHUU
MPUEMJIEMOIO YPOBHSI BHYTPUCUCTEMHBIX T1O-
MeX. B ciydae ycnenHoro pelieHus 3agady o
(bopMUpPOBaHNIO TAKO TPYIIIIHI COT, €€ MOXKHO
HCIIOJIb30BaTh KaK HEKOTOPYI0 MUHUMAJIbHYIO
CTPYKTYPHYIO €IMHUILY TpU TUIAHUPOBAHUU
cetu LTE. Cerb HaualbHOro MHpUOIMKEHMUS
Oy/leT CTpOUTHCS IMyTeM IMOBTOpPA OAHUX U TeEX
K€ YaCTOTHBIX KJIACTepOB B IIpeAeiaX 30HBI
oocnyxuBanus. KoHdurypalysi 4acTOTHOTO
Kjactepa OymeT HemOoCPeACTBEHHO BIMSTH Ha
TakKyle BaKHEWIIME TMapaMeTpbl CUCTEMbI, KaK
YPOBEHb BHYTPUCUCTEMHBIX IIOMEX U peaausy-
eMas ceTeBasi eMKOCTb. [1py 3TOM 3HAUMTEb-
HO YIIPOIIAeTCs 3amayda yBEJIMYEHUS eMKOCTHU
CeTHU, T. K. KaX/Iblil YaCTOTHBIN KJIACTEp CETH,
OTBeUaloLIMiA TPeOOBAHUSIM IO YPOBHIO BHY-
TPUCUCTEMHBIX MOMEX, SIBISECTCS ONTHUMAab-
HBIM I10 3TOMY ITapaMeTpy.

YacToTHBIN KjacTep BBIOMpAETCS MCXO.s
M3 0XMJIaeMOl aOOHEHTCKOM Harpy3kud M 3Ha-
YEHUSI BEPOSITHOCTU TOSIBICHUS BHYTPUCH-
creMHbix nomex P(C), rme C — pa3sMepHOCThb
YacTOTHOTO KJjactepa. MeTonnka BBIYMCIICHUS
BepositHoctu P(C) onucana B [1]. B kauectBe
npumepa Ha puc. | npuBeneH GparMeHT HECEK-
TOPUPOBAHHOTO YaCTOTHOTO KjacTepa ¢ Apo0-
HBbIM TIOBTOPHBIM Ha3HaueHUEeM 4YacToT. Bcs
1oJjioca 4acToT, BblIeJIEHHAs! CUCTEME, COCTOUT
W3 4eThIpex paBHBIX nojyoc f1, 12, {3 u 4.

HeT nepepaun

LY
[f2]f3]f4 ]

HeT nepegaun

¥4
[i2 [f8]74 ]

Het nepepa4u

y 4
4 R 2[73 [id]

S o
O6was nonoca

2 (A

f3 L1

Puc. 1. @parMeHT ceT HA OCHOBE HECEKTOPUPOBAHHOTO KitacTepa pazmepoM C = 3
C IPOGHBIM TTOBTOPHBIM Ha3HAYEHHUEM YacTOT
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Ilpu Takoii cTpyKType Kaxmass ©Oa3oBas
CTaHLIMsI, BXOASIIAs B KJIACTEP, UCIIOJIb3YET 0
50 % dvacToTHOTO pecypca CeTH TIPU ITOJTHOM
HCIIOJIb30BAaHMU BCEi IIOJIOCHI YacTOT B Kija-
crepe. IloagpoOGHO mpoleaypa MOCTPOEHUS Ya-
cTOTHOTO Kjactepa B ceTsix LTE nipu npodHoM
M MITKOM Ha3HAYeHWW YacCTOT pPacCMOTpeHa
B [2].

OCHOBHOM CJIOXKHOCTBIO TPU ITOCTPOCHUU
CTPYKTYpPbl YAaCTOTHOTO KJlacTepa IpU 3aJaH-
HOIi BEPOSITHOCTU TTOSIBIEHUST BHYTPUCUCTEM-
HBIX TIOMEX SIBJISIETCSI MaKCUMM3allus €MKO-
CTH U TIPOMYCKHOM CITOCOOHOCTHM KJIaCTePHOM
CTPYKTYPbI, UCXOsI U3 JOCTYITHOTO YaCTOTHOI'O
pecypca ceTd. OTa 3amada, IO COCTOSHMIO Ha
CEerOMHSIIIHUN AeHb, TPeOYeT AOIIOJIHUTEIbHO-
TO MCCIIEOBAHMS.

OnpeneneHne NPOCTPAHCTBEHHBIX IAapame-
TpoB ceTd. B mpolecce ompeneseHUs: Mpo-
CTPAHCTBEHHBIX ITapaMETPOB CETU IIPOM3BO-
IUTCSI OlieHKa OMOMXKETOB IIOTepPb, PAIUYyCOB
«ONIVDKHEW» U «JaJibHEW» 30H, OIpeae/ieHue
MOIIIHOCTE! IMepenaTunuKoB TSI «ONMZKHEH» U
«1ajibHel» 30H u ompeneienue uucia bC B
OIHOPOJHOM ceTu. BlomkeT moTtepb ompene-
JiSeT MaKCUMaJbHO-JOMYCTUMbIE TOTEPU Ha
Tpacce pacrnpocTpaHeHus1 paaroBojH (MAPL)
JUISI KOHKPETHOTO BUJA CUTHAJIbHO-KOIOBOM
KOHCTPYKIIMM TIpW 3aJaHHBIX ITapaMeTpax
npueMo-nepeaarero odopyIoBaHUsS CETH.
bromxer morepb He 3aBUCUT OT BbIOpaHHOI
MOIEJM MOTepb PaCIpPOCTPAaHEHMSI CHUIHAaJja,
HO JOJDKEH YYUTHIBaTh HalpaBJIeHHUE CBSI3U MO
JIMHUU <«BBEPX» U JIMHUU <«BHU3», MOCKOJIbKY
B COTOBBIX CHCTE€MaX MOIIHOCTb IepemaTdu-
Ka a0OHEHTCKOUW CTaHIMU OOBIYHO MEHbIle
MOIIIHOCTH TepeJaTunuka 0a30BOi CTaHIIMU.
PesynbTaThl OlICHOK Olo/KeTa ToTeph [2] mipu
pa3IMYHbIX KOH(UTypalusax o0OpyaOoBaHUS
M MWCIIOJIb3YEMBIX CHUTHAJIbHO-KOJOBBIX KOH-
CTPYKLIMI TTOKa3bIBAIOT, YTO OrpaHUYMBAIO-
1€l MO MaJIbHOCTU CBSI3U SIBJSIETCSI JIMHUS
«BBEpX», T. K. MOOWJIbHAS CTAHIIMS, B OTJIMYKE
OoT 0a30Boli, 00JamaeT MEHbIIEeHl MOIIHOCTBIO
rnepejaTyMkKa M UMeEeT HEHaIlpaBJIEHHYIO aH-
TeHHY. Ilpn 3TOM momycTuMble ITOTEpU TIpHU
YBEJIMYEHUU I1OJIOCHI pab0YMX YaCTOT CUCTEMBbI
MajaloT, U JJIsI COXpaHEHUS] DHEPTreTUYECKOro
OasaHca MeXIy KaHajaMM HEeoOXOAUMMO Orpa-
HUYMBATh KOJMYECTBO PECYPCHBIX OJIOKOB,
MPUXOJSIIMXCS Ha A0OHEHTCKYIO CTaHIIUIO:

npu mnojoce 4dactoT KaHaia 10 MI'u go-
MyCTUMbIC IIOTEPU HAXOAITCAI B IIpeaeliax
125,8—148 n1b u nenecoodpa3zHo orpaHMYMBATD
KOJIMYECTBO PECYPCHBIX OJIOKOB, BBIACISIEMBIX
A0OHEHTCKOI CTaHLIMU, IO YEThIPEX;

Npv IIMPUHE TIOJOChI YacTOT KaHajla
15 MTI'u nomycTrMble MOTepU HAXOOSTCS B TIpe-
nemax 121,8—144,2 nb u memnecoodpa3Ho orpa-
HUYMBATh KOJMYECTBO PECYPCHBIX OJIOKOB, BBI-
JIeJIIeMbIX d0OHEHTCKOM CTaHLIMU, 10 BOCHMMU;

Npv  IIMPUHE TIOJOCHI 4YacTOT KaHajia
20 MTI'u pomycTMMble MOTEpPU HaXOAATCS B
npenenax 117,8—139,9 nb u uemecoobpazHo
OrpaHUYMBATh KOJMYECTBO PECYPCHBIX OJIOKOB,
BBIIEJISIEMbIX AOOHEHTCKOM CTaHIUHU, 10 16.

YyBCTBUTEIBHOCTU IPUEMHUKOB U YPOBHU
MaKCUMAaJIbHO IOMYCTUMBbIX MOTEPh HA JIMHUU
pamuoOCBSI3U CBSI3aHBl C TUIOM MOMYJISILIUMA
(BUIOM UCIOJIb3YEMOI CUTHAJIbHO-KO/I0BOM
KOHCTPYKIIMU) M TMOJIOCOW 4YacTOT, 3aHMMae-
MOM CUCTEMOM. YBeIWYEeHUE TOJIOCHl YacTOT
B nBa paza (¢ 10 go 20 MI'm) mpuBomuT K
YXYILIEHUIO YYBCTBUTENBLHOCTU Ha 3—35 n1b m
YMEHBIIEHUI0 MaKCUMaJIbHO JOIMYyCTUMBIX I10-
Tepb Ha Tpacce paguocBsI3u (OroaKeTa MoTeph)
Ha 6—8 nb.

Ounenka OlomkeTa MOTEph HAYMHAETCI C
KOHKpeTHU3alum TpedyemMoro (JIomycTUMOro)
OTHOILIEHUS C/II Ha BXOIE IPUEMHUKOB B
JIUHUSIX «BBEPX» M «BHU3». 3HAYCHMSI OTHO-
HIEeHUs C/11I B 3aBUCMMOCTU OT UCIOJIb3yeMOM
MOIYJISIIMOHHO-Koaupyoweit cxembl (MCS),
YCJIOBUIA NpYeMa, YPOBHSI CETEBOI 3arpy3Ku U
KOJIMYECTBA IPUEMHbBIX aHTCHH IPUBEICHLI B
tabnuie |3, 4].

ITonyyeHHoe 3HaueHue MAPL ucmoan3y-
eTcsl B JaJIbHEHIIEeM JJIsI HaXOXIEHUS MaKCH-
MaJIbHOTO paavyca COThl (MaKCUMAaJbHO BO3-
MOXHOTO PacCTOSIHUSI MEXAY MPUEMHUKOM U
MnepegaTiuKoMm).

[Ipu nmnaHupoBaHUM CETM OKOHYATEIbHOE
3HaueHne MAPL ompenpensiercst ¢ ydeToM 3a-
MacoB Ha uumeppepeHyuio, 3amenenue N npo-
HUKHOBeHUe B 3[aHue/aBTOMOOWIbL. 3amac Ha
UHTEPDEPEHIIMIO 3aBUCUT OT YuCIa TOBTOP-
HO MCIIOJIb3YeMBbIX 4acTOT M 3arpy3Ku B COTe
[2]. 3anac Ha 3aTeHEHUE yUYUTHIBACT 3aTyXaHUe
CUTHAJIa BCJICACTBUE IBUKEHUSI aOOHEHTCKO-
ro TepMuHana, T. K. TPU 3TOM 4YacTO TepsieT-
cs TpsiMasi BUAMMOCTb MEXIy aOOHEHTCKOI 1
0a30BOU CTAHLMSIMU. DTOT 3arac rapaHTUpPyeT
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| -
TpeOyemble 3HaueHus c/m B 3aBucumoct oT MCS
MonynsiLiMOHHO-KOAMPYIOLLas 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 —
BapuanThl ycinoBuit ipueMa:
Extended Pedestrian A (EPA) — UE HaxomuTcs y meliexona;
Extended Vehicular A model (EVA) — UE HaxomuTcs BHYTpY aBTOMOOWJIS;
Extended Typical Urban model (ETU) — cTtaHmapTHast MOejib TOPOACKON 3aCTPOMKU
MPOLEHT JIOKAJbHBIX 30H B Mpeaeaax MOKpPHI- 3aBUCMMOCTh MAaKCHMAaJbHOTO  paauyca
BacMOil TEpPpUTOPUM, TAE YpOBeHb curHama R OT HCIIOJb3YeMON MOMYJISLINOHHO-

OyzeT BhIlIe TpeOyeMoro 3HaueHMs. 3amac Ha
NPOHUKHOBEHME MPUMEHSETCS II0 OTHOIIIE-
HUIO K 3MaHUSIM, aBTOMOOWJISIM U T. O., TO
€CTh K TeM 00beKTaM, BHYTPU KOTOPBHIX He-
00X0AMMO IIPOU3BECTHU OLICHKY YPOBHS CUTHA-
Jla. BeanunHa 3amaca OymeT 3aBUCETb OT IIO-
IJIOLIAIOIIMX CBOMCTB MaTepuaia 00beKTa, ero
KOHCTPYKTMBHBIX OCOOEHHOCTEl M pabouero
JMarna3oHa 4yacToT cucTteMbl cBsa3u. Kak mpa-
BUJIO, 3aI1ac Ha IPOHUKHOBEHUE O€PYT paBHBIM
8 n1b mpu ucmoab30BaHNM A0OHEHTCKOI CTaH-
uuu BHYyTpU aBToMoouns u 20 1b u 6onee —
pU UCTIOJIB30BAaHUM B 31aHnu [1, 2].

Huxe B KauecTBe mpuMepa IPeaCcTaBICHbI
HEKOTOpble pe3ybTaThl aHajiu3a, B YaCTHO-
CTU:

rpapuKu 3aBUCUMOCTH MaKCHMAaJIbHO IO-
nyctumbix moreps MAPL (n1B) u panuyca
cotel R (KM) IIpU PasIM4YHBIX BUIAX MO-
IYJISALIUA OT YMCJIA PECYPCHBIX OJIOKOB N,, B
nuanasone 2,6 I'To (puc. 2, 3);

10

COTbl max

Koaupymollei cxembl (puc. 4) ipu pabote ceTu
B auamna3zoHe 2600 MI'l 1 BbIACIEHHBIX I10JI0-
cax 1,4 (6 Pb) u 20 MI't (100 PB).

PesyabpTaThl aHaIM3a MOKa3bIBAIOT CAEAYIO-
1ee:

e C POCTOM IIOJIOCHI YacTOT, BBIPAsKEH-
HOI B KOJMYECTBE BblAeJeHHBbIX cucteMme Pb,
ymeHbiiaetcs MAPL 1, COOTBETCTBEHHO,
YMEHbIIAETCSI MAaKCUMaJIbHO AOMYCTUMBIN pa-
JIIYC COTBHI;

e 1pu paboTe ceTM B AMANa30HE YacTOT
2600 MI'u npu 6 Pb u 100 Pb orHomeHue

RQPSK1/3
R64—QAM5/6
CKM HE MEHJETCd C YMEHBIIEHUEM YacTOTBI
CBS3MU.

ITonyyeHHOe 3HauyeHUe OrOMXKeTa IIOTEPh
UCMOJIb3YEeTCSd B JaJIbHEUIIEM I HaXOXIe-
HUS paJINyCOB <«OJVDKHEW» U «IaJlbHEei» 30H.
3agaBasiCh YaCTOTHBIM OUAIla30HOM M KOJIM-
YEeCTBOM PECYPCHBIX OJIOKOB, MOXHO OLIEHUThb

MPUMEPHO paBHO 3,5 M MpakTuye-
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MAPL
160
150
140 —6—QPSK 1/3
——16-QAM 3/4
130
64-QAM 5/6
120
110
0 15 30 45 60 75 90 N, PB
Puc. 2. 3aBucuMOCTh MaKCUMaJIbHO AOMYCTUMBIX TToTepb MAPL, nb
R, km
4
3,5
3
2,5 —e—QPSK 1/3
2 TT— ¢ —#—16-QAM3/4
1,5 A—64-QAM 5/6
1 A
A—y
0,5 A Y A
0
0 15 30 45 60 75 90 N, PB
Puc. 3. 3aBucumocTts paaumyca coTbl R KM

JIIsT BCero Habopa CUTHAJIbHO-KOJAOBBIX KOH-
CTPYKLMI pacnpeneaeHue CKOpOCTel mnepena-
4u B COTE TPU PaA3JIMUYHBIX YCIOBUSIX TIPUEMA.
IIpn ompeneneHn MOITHOCTU TEPEIATUNKOB
B «OJMKHE» U B «JajlbHE» 30HAX MCIIOJb-
3yIOTCSI CTAaTUCTUYeCKMe U IU(paKIIMOHHBIC
MOJIeJIM pacyeTa CpPeAHUX IIOTEPh Ha Tpacce
pacripoctpanHeHus. bymem momarath, 4TO OT-
HOIUEHWE MOIIHOCTU U3JIy4EHUS TepeaaTurnKa
0a30BOIl CTAHLIMU B «OJIVKHE» 30HE K MOIII-
HOCTU B <«JaJIbHEN» 30HE MPONOPLUOHAIBLHO

OTHOILIEHUIO
k
P r
= E ,

131.03

P

13113

(1)

cOTBI max’

rae r — paguyc «OJMKHei» 30HbI COTbl; R —
paauyc cOThbl; kK — TapaMmerp, XapaKTepusylo-
LM ycaoBuUs paauocBsdu (kK = 4 B yCI0BUSIX
ropojga, 2 — B YCJIOBHUSIX OTKPBITOI MECTHO-
CTH).

Ha ocHoBe mosyyeHHOTo 3HaUeHUsI MaKCH-
MaJIbHO JIOMYCTUMOTO paauyca COThI IPOU3-
BOJUTCSI pacyeT IUIOIIAAX COTHl U HAXOIUTCS
YKCI0 0Aa30BbIX CTAHIIMM B OMHOPOAHOM (par-

CCTH

MeHTe ceTu Ny, = , Toe S,

ceTn

— ILJIOLIAIb
COThbI

30HBI OOCIYXUBaHUSA CETH, S

00cy>kKBaHUsI 0a30BOI CTAHILIUM.

Takum o6pa3om, Ipu OIpeneJeHUU Mpo-

CTPAHCTBC€HHLIX I1apaMETpPOB CCTU HeobXxonu-

— IIoIaab
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6 Pb

R, Km

IS

w

N

[S

QPSK 1/3 16-QAM 3/4 64-QAM 5/6

Puc. 4. 3aBucuMocTb MaKCUMaJIbHOTO paauyca R

100 Pb

QPSK 1/3 16-QAM 3/4 64-QAM 5/6

COTBI max

oT I/ICHOJTBSYCMOI‘/JI MOZ[YJTHHI/IOHHO—KOI[I/IDY}OH_ICI‘/JI CXCMbI

MO 3a/1aThCs YaCTOTHBIM AXAara30HOM, KOJIM-
YeCTBOM PECYPCHBIX OJIOKOB, pacrpeacieHueM
CKOpPOCTEi mepegauu B coTe, KOHduUrypaluei
000OpYIOBaHUSI U YCIOBUSIMU (DYHKIIMOHUPO-
BaHus cuctembl LTE.

Onenka cpeaHeil MPONyCKHOH CIIOCOOHOCTH
U eMKocTH. [Ipu olieHKe cpemHeil CKOpOCTH
nepegauyu JaHHBIX B TIPSIMOM KaHaje Oyaem
rnoJyiaratb, 4TO pacmpeaeneHrue aOOHEHTCKUX
TePMUHAJIOB B 30HE OOCIY:KMBaHUS 0a30BbIX
CTaHLIMII paBHOMepHO. ba3oBble cTaHLUU
NpeaoCTaBASIIOT a0OHEHTaM  MAaKCUMAaJbHO
BO3MOXHYIO CKOPOCTb Ilepelauyd B COOTBET-
CTBYIOLLIMX CETMEHTAX B «OJIMIKHEH» U «Jajib-
Hel» 30Hax [2, 5]. B obmem ciyyae cpemHss
CKOPOCTb Tepeadyn B «OJMKHEN» U «IadbHein»
30HaX B IIPSIMOM KaHaljle HaxOduTcs Io ¢op-
MyJe

Vo =2 BV, @)

rme i — HOMep BHYTPEHHEIo CerMeHTa B CO-
otBercTByOIIei 30He (miag LTE i = 1...15);
P — BepOSATHOCTb HaXOXAEHUA abOHEHTa B
[-CETMEHTE COOTBETCTBYIOLIEH 30HBI, V  —
CKOPOCTH Tiepefdaum, obecrieumBaeMas B
i-CeTMEHTE COOTBETCTBYIOIICI 30HBHI.

CpenHsst CKOpOCTh Mepenadyn B COTe Ipej-
CTaBJIIET CYMMY CPEIHUX CKOPOCTE# Ieperaun
B «OJIIKHEM» 1 «JabHei» 30Hax. CpeaHsIsl CKO-
pOCTh Mepeauyy JaHHBIX 3aBUCUT OT pacIipejie-

12

JIeH!s1 aOOHEHTOB B 30HaX O0CTY:KMBaHUSI CETHU.
B cBoo ouepenb, cpemHssl MPOIMyCKHas CHO-
COOHOCTh CETU 3aBUCUT OT aJITOPUTMa paciipe-
JIEJIEHUS PeCypcoB MPsIMOTO KaHazia (aaropur-
Ma paboThI IIaHMpoBIIMKa). Kak mokasbsiBaoT
uccaenoBaHus [2], aaroputM paboOThI TJIaHU-
pOBILIMKA CYILIECTBEHHO BIIMSIET Ha Ilapame-
Tpbl KauecTBa oOciyxkuBaHusg. B cersx LTE
BOIIPOC BBIIIOJIHEHUST 3aJaHHON OUCUUILIAHBI
00CIy>KMBaHUS, HANPUMEp, yYeT MPUOPUTET-
HOCTM aOOHEHTOB WJIM aOOHEHTCKOTo Tpadu-
Ka, MPEeIOoCTaBICHUSI PECYpCOB i abOHEHTa
B TOM WJIM MHOM OObeMe M Ap., BO3JIOXKEH Ha
MaHupoBika cetd. [lnaHupoBIIMK Mpes-
CTaBJISIET COOOI MpOrpaMMHBIM MPOAYKT, MpPO-
M3BOSIIIMI B PEXMME PEaTbHOTO BpPEeMEHU
yIpaBJieHre 4acTOTHO-BPEMEHHBIMU pecypca-
MU cucTeMbl [2, 5]. Hanpumep, miaHUPOBIIMK
0a30BOIi CTAHLIMKU MOXKET YIIPABJISITh PECYPCOM,
WUCXOMd U3 aJropuTMa IMpOMopUUOHAIBHO-
CIIpaBeUIMBOro HazHaueHMs1 pecypca. Ilpu Ta-
KOM aJITOPUTME pabOThl B KaXXAOM CyOKaape
IUIAHUPOBIIMK Ha3HA4yaeT MPUOPUTETHI I10Jb-
30BaTeJbCKUM TPa(hMKOBBIM KaHaJlaM W, CJie-
JIOBaTeJIbHO, IPUMHMMAaET pelleHue O Hadaje
nepeaauyu Tpaduka TOro MM MHOTO abDOHEHTA.

Jng obecrieueHUs MaKCUMaJbHOM TIpO-
MYCKHOW CITOCOOHOCTA MOXXHO HMCIIOJb30BaTh
aJiITOPUTM BBIJAEJCHUSI pecypca Ha OCHOBE
MaKCUMaJIbHOTO ITOKa3aTesisi YpOBHS TOMEX.
JaHHBIA aJropuTM IIO3BOJISIET CYIIECTBEHHO
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MOBBICUTH MPOMYCKHYIO CIOCOOHOCTb, T. K.
YUYUTBHIBAET ITOKAa3aTe/b KauecTBa KaxIoro Ka-
Haja 1 00CIYKMBAET B TIEPBYIO OYEPEIb MOIb-
30BaTesIell ¢ «xopolnM» KaHajaoM. K ocHOB-
HOMY HEJOCTAaTKy 3TOT0 aJropuTMa MOXKHO
OTHECTU HerapaHTUPOBAaHHOE MpPeIOCTaBIeHE
PecypcoB IIpY BBICOKOM Harpy3ke Ha ceThb abo-
HEHTaM C HU3KUM cooTHolleHueMm c/ui. Ecnu
Tpebyemasi pomyCcKHasi CMOCOOHOCTh MPEBbI-
1IaeT JOMYCTUMBbIe 3HAUEHUsI, TO HEOOXOAUMO
nepepacnpeneaeHue Tpadprka MexXay COCeaHM -
MU 0a30BBIMU CTAHLIMSIMU IIOCPEICTBOM 3CTa-
(beTHOIT mepenauyn aOOHEHTOB, HAXOISIIUXCS
Ha I'paHUIIE 30HbI OOCTYKMBaHUSI.

MeTtoanka OLEHKM YMCIa PaBHOMEPHO
pacmpeneeHHBIX II0 30HE OOCIyXXHUBaHUS
nojb3oBaTesieil MoouibHOoro MurepHera (Tpa-
(UK npencraBiasgeT coOO MyaCCOHOBCKUI MO-
TOK) B YCTAaHOBMBIIEMCSl pexXuMe (QYHKIIMO-
HUPOBAHUS CETU TIpuBeAcHa B [2].

Bapuant cranpaptra LTE, ocHoBaHHBII
Ha YaCTOTHOM AYIUIEKCE, MCIIOJb3yeT CUMME-
TPUYHbBIC IOJOCHI YacTOT, MpeaHa3HAYeHHbIC
IJI Tiepedayyd JaHHBIX Ha JIMHUSIX «BBEpX» U
«BHHU3» COOTBETCTBEHHO. YUUThIBasi TOT (paxT,
YTO B MOOWJIBHBIX CETSIX Mepedayd daHHBIX
nonast Tpauka Ha JIMHUM «BHU3» COCTaBJIsIET
okosio 80 % mepemaBaeMoOro B ceTH Tpaduka
(cuTyauust aCCUMETpUYHOro Tpaduka), oLeH-
Ky TOTEeHLIMAJbHBIX Bo3MoxHocTell cetu LTE
Mo OoOCAY:KMBAaHUIO TIOJb30BaTeNel CleayeT
MPOBOAUTH C YUYETOM KOJIMYECTBa aOOHEHTOB,
B3ITBIX Ha OOCIYyXXMBaHWE MO MPSIMOMY KaHa-
oy [2].

C yyeToM CIOXHOCTU TIpoduis Tpaduka
cuctemsl LTE cpegnee BpeMs 3aHATHS KaHa-
Jla ofHUM aboHeHTOM T mpeacTaBisieT coOoM
BEJIMYMHY, KOTOpass MOXKET ObITh MOJIyYeHa
TOJILKO CTaTUCTUYEeCKUM oOpazoM. [Ipu mpen-
BapUTEJbHOM IIPOSKTUPOBAHUM IUISI TOIyYe-
HUS OLEHOYHBIX PACYETOB CJIEAYET 3a4aThCs
psaoM 3HayeHuit 7. W YpOBHEM 3arpysku
0azoBoii ctanuuu B YHH. BenuunHy Harpys-
KM MOXHO OIIpeAeInTh, UCXOASl U3 3aJaHHOTO
YPOBHSI OTKa30B B coeauHeHuu. s MHOTO-
kaHajnpHbIX CMO ¢ orpaHMYe€HHOI o4Yepeabio
JUTMHOM M BEPOSITHOCTh OTKA30B OIpEACsieT-
csg no gopmyie (cM. Hampumep [2, 6])

n+m

P =2 _p 3)

n"n!

rIe
m -1
+1 1_(‘))
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-
Ja.

3amaBasich JOMYCTUMBIM 3HAYEHUEM BEpO-
STHOCTU OTKA30B, HAXOIUM COOTBETCTBYIOLLICE

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

ot Bcex aboneHToB B YHH. Yucio abonHeH-
TOB B 30HE OOCITY>KMBAaHUS MOXKHO OTIPEICIINTD
Kak

_ e
a0.I1K 7\‘]]_—; b

rae A, — NOTOK 3asBOK OT OIHOIo abOHEeHTa
B UYHH.

Hanpumep, ecau B cucteme 3HaueHue
p =0,3 mpu 100 pecypcHbIX O0Kax (IIyCcTh Ha
OIUH KaHall TpaduKa MPUXOIUTCSI OOUH pe-
CYPCHBII OJIOK), A, = ONHOW 3adBKE€ B 4ac U
T. = 1/12 4, T0 yuci0 aOOHEHTOB, B3SITHIX
Ha oOciyxxuBaHue 60a3zoBoii ctaHuueii B YHH,
paBHO 360.

OueBUAHO, YTO 3aJaya OLIEHKU CcpeaHeit
MPOITYCKHOM CIIOCOOHOCTM U €MKOCTH CETH
MOXET OBITh pellieHa JJIs1 3aJaHHOTO TTPOMuUIIs
abOHEHTCKOro Tpaduka M ajroputMa padOThbI
IUIAHUPOBILMKA, a B YCJIOBMSIX TpaHchopMa-
MM Tpaduka OT IyaCCOHOBCKOTO MOTOKAa K
CaMOITIOJO0HOMY TpeOyeT OTAEJAbHOIO HCCIe-
JIOBaHMSI.

YacroTHoe mianupoBanue. YacTtoTHoe ruia-
HUPOBAHUE BKJIIOYAET pPEILICHUE CISAYIOIIMX
3a7ay:

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

2)pacopenenenue unaeHTUukatopos PCI
(physical cell identity — ¢usnyeckuii uaeHTU-
¢duKaTop CoThl);

3) iaHupoBaHUe TipeaMOyJbl TPU  CIIy-
yaitHoM goctyne B kaHaie PRACH (Physical
Random Access Channel — ¢usnueckuii ka-
HaJl CJIydaliHOIo AOCTYyIIa);

4) nnaHupoBaHUE MUJIOTHBIX CUTHAJIOB.

13
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Ha3znaueHue mojioc 4actoT cektopam 0a3o-
BBIX CTAHLIMI MPOU3BOIUTCS B COOTBETCTBUU C
YaCTOTHBIM KJIACTEPOM, MCMOJIb30BAHHBIM TMPU
MOCTPOCHUM OTHOPOMHOrO (PparMeHTa CETU IO
aHaJOTMM C YacTOTHBbIM Ha3HAYeHWEM B CTaH-
napre GSM. B crannmapte LTE onpenenexno 504
YHUKAJIbHBIX MaeHTudukaTopa cotel PCI, xo-
TOpHIC PACCUMTHIBAIOTCS HA OCHOBE ITEPBUYHOTO
¥ BTOPUYHOTO CHUTHAJIOB CUHXPOHU3AIMU. AJ-
roput™ npumeHeHuss P-SCH ananormieH mexa-
HU3MY pacrpeaesieHus] CKpeMOJMPYIOILIETro Koaa
B cuctemax WCDMA [2]. BropuuHblii curHai
CHHXPOHU3AIMU SBISIETCS MIASHTU(PUKATOPOM
cotbl. [Ipu mmaHupoBaHMU ceTU IS 0a30BBIX
CTaHIIMI, 30HbI OOCTY>KUBAHUSI KOTOPBIX HaX0-
IATCSI PSIIOM WIM TIePeKpPhIBAlOTCSI, HEOOXOMU-
MO MCIOJIb30BaTh Pa3IMYHbIe UACHTU(UKATOPI
JUTSL CHVDKEHMST YPOBHST B3aMMHBIX ITOMEX.

Bompochkl 4acTOTHOrO TIUJIAHUPOBAHUS B
o0I1IeM IJIaHe paccMaTpUBAIOTCS B psiae pa-
00T, OIHAKO B HUX OTCYTCTBYIOT KOHKPETHBIE
METOAUKMA U PEKOMEHIAIUU 10 MPUMEHEHUIO
[2, 7, 8].

B crathe paccMOTpeHBI BOIIPOCHI OMpPENe-
JICHUSI TIPOCTPAHCTBEHHO-TEXHUYECKUX IIa-
pamMeTpoB coTtoBoil cetu ctaHmapta LTE Ha
OCHOBE CJIOKMBILMXCS IMOIXOI0B K PEIICHUIO
3a7a4y TUIAHUPOBAHUSI COTOBBIX CHCTEM MO-
OWJIBHOIM CBI3U M OTMEUYEHA HEOOXOAMMOCTb
pa3paboTKa METOINK:

MOCTPOEHMUsI YAaCTOTHBIX KJIACTEPOB IIpU
3aJaHHON BEPOSTHOCTU TIOSBJICHWUSI BHYTPU-
CHCTEMHBIX ITOMeX, 00eCIIeUrMBaIOLINX MaKCH-
MU3ALUI0 €eMKOCTH KJIACTEPHOM CTPYKTYPHI;

OIpele/ieHrs] IPOCTPAHCTBEHHBIX IIapa-
METPOB CETU, MCXOAS M3 KOJUYECTBA BBIAC-
JICHHBIX PECYPCHBIX OJIOKOB, pacIipeicaeHUs
CKOpOCTe# Tepenauu, KOH(Urypamuu odopy-
JIIOBaHUS U YCIOBUIA (PYHKIIMOHUPOBAHMUS;

OLIEHKM CpeIHEl MPOITyCKHOW CIIOCOOHO-
CTU M €MKOCTU CETHU IJIs1 3aJaHHOTO PO
aOOHEHTCKOro TpaduKa U airOpUTMOB PadOThI
IUIAHUPOBILMKOB;

YaCTOTHOIO TUIAHUPOBAHMSI M COOTBET-
CTBYIOIIMX PEKOMEHAALMIA 110 YACTOTHBIM pa3-
HOCaM.
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QUALIFICATION ROUTES MESSAGING FOR DYNAMIC SYSTEMS USING
A LOGICAL-PROBABILISTIC METHOD

B.B. lnasyHoB, M.A. KypoukuH, C.I. [lonoG

OLIEHKA MAPLUPYTOB NEPEAAYU COOBLLEHUMA
B AMHAMMUYECKUX CUCTEMAX C UCIMTOJIbSOBAHUEM
JNNOrMKO-BEPOATHOCTHOIo METO1A

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.

PaccmoTpeHa 3amava IOCTPOEHUST OLIEHKM MapIIpyTOB Ilepelayu COOOIIeHU B TMHAMMYECKON CEeTH
MOOWJIBHEIX a00HEHTOB. CeTh MOOMIIBHBIX OOBEKTOB IIpeacTaBlicHa rpadpoM, CTPYKTypa KOTOPOTO MEHSIET-
¢ Bo BpeMeHM. [TorcK onTUMabHOTO MapuipyTa repeaadyy TaHHbBIX B IIPOM3BOJIbHBI MOMEHT BpeMEHU
TPeOYeT MOJTMHOMMAIBHOTO BpeMeHU. I peleHns 3TOM MPOoOIeMBl TIPEIIOKEHO CTPOUTDH OLIEHKU, MC-
MOJIb3Y$l JIOTMKO-BEPOSITHOCTHBIN METOJI, MO3BOJISTIOIINI MTOJIYYUTh aHATUTUYECKOE BhIpaKeHUe (DYHKIIMU
BEPOSITHOCTU JIOCTAaBKM COOOINEHMST JJIsT S-CBSI3aHHOTO Tpacda 3agaHHON pa3MepHocTH. B aTtom cirydae
BpeMsI TIOCTPOCHUSI ONTUMAJIBHOTO MaplIIpyTa MOXHO CYMTAaTh KOHCTAHTHBIM.

®YHKILNWSI BEPOITHOCTU JOCTABKM COOBIIEHUM; MOBUJIbHBIN OBBEKT; IMHA-
MUWNYECKAS CUCTEMA; MAPIIPYT ITEPEJAYU COOBIIEHWN; TOTUKO-BEPOATHOCTHBIN
METO/; MESH-CETMH.

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 =1...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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n n-1 n-2 n-s n-s-1 2 1
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,
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. e.
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

ki, ki, ..., ki, ,(k <s). Assume for defini-
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:

fe = xk(xk,k—xfk—s Vv xk,k—s(xk,k—ﬁlf;c—ﬁl V...
eV x;c,k—s (X s2fia Vv x}c,k—Zxk,k—lf;cfl)"'))a (1)
s+1<k<nn>s,
when n 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 i Jrs 18 interpreted as sending a message
through a node using the route X, and the
recurrence relation logical functlon with 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 =%, (xk,lfl v x;c,l(xk,zfz Vv

Vv x}c,k—3(xk,k—2ﬁc—2 v x}c,k—2xk,k—l.fk—l)'“))’ (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:

PEO( Sy o fi) = R(1= Ll +
k-1 i—k+s
+ > JIL(1-Li)),s+1<k<n-1;
i=k-s+1 j=l1
PEY(fyy v )= R (1= L} +
Kt il (3)
+ZHL/<1/(1 )2<k<s
i=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 By))-
Similarly for k£ > s:
Pk=R(CkksP +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
(I) 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

. 4
ko - 4

Fig. 2. Network topology example for different channel technologies

3

2 1
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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 = RRR,
B = RR (R, + Ly R;,R,R,)),
P, =RR(R, + L,R,R R, + 0
+ Ly R Ry (Ryy + Ly Ry, Ry R, ).

The obtained values P, are the probability of
the message delivery through channels A4 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",
L Y and vector S, ={r!, ., 4,
Ko L L,2<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
Sy ={Dj -r Diss Pip> Pars Pyy> Psy» Pyy}- 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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M.C. bvinuHa

YCOBEPLWWEHCTBOBAHHAA 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 KoHTpoJist omHOpomHoCcTU KabenabHbIX lieneit (KII) u ompeneneHuss ux mnapaMeTpoB IIMPOKO MC-
MOJIb3YEeTCSl MMITYJbCHBIA METON M3MEPEeHUI, peau3yeMblii UMIYyIbCHbIMU pediekTomerpamu (UP) wnu
pedaekToMeTpaMM BO BpeMEHHOI 00J1acTH, OCHOBaHHBIN Ha 3oHAMpoBaHMU KII KOpOTKMMU MUMITyJIbCAMU
HaMpsDKEHUST W TTOCIIEAYIONIeH peTUCTpaliii COBOKYITHOCTH CUTHAJIOB, OTPaXKeHHBIX OT HEOMHOPOIHOCTEN 1
THOoBpexXIeHN (00paTHOTrO MmoToKa). MYHKIMOHAIBHBIC BOSMOXKXHOCTH TaHHOTO METOIA MOTYT OBITh PaCIIIM-
PEHBI TTyTeM MCITOIb30BaHUS LIMMPOBOI 00pabOTKM pedieKTorpamMm, 3aperuCTPUPOBAHHBIX CYIIECTBYIOIIM-
mu MP. B ocHOBY 00pabOTKM I0OKHA OBITh MOJIOXKEHA afeKBaTHas MaTeMaThyecKasi Moiesib HEOJHOPOIHOM
KII u obpaTHOro rnoroka u3 Hee (peeKTorpaMMbl).

TIpenoxeHa yToYHEeHHAss MaTeMaTU4ecKash MOJIeJTb 00OpaTHOTO MOToKa 13 HeomHoponHoit K1, yuuteisa-
foIIIasT KOMIUIEKCHBIN XapaKTep BOJTHOBOTO COIPOTUBIICHUSI, a TAKKe TIPUBEICHBI PE3YIETaThl TEOPETHUECKUX
¥ 3KCITepUMEHTAIBHBIX MCCIICIOBAHNI, TTOATBEPKIAIOIINE HEOOXOIMMOCTh TAKOTO YTOYHCHMS W CITPABEUIH -
BOCTb IIPEIJIOKEHHBIX COOTHOIICHMIA. . .

KABEJIbHAA LEIb; UMITYJIbCHbIM METOI; METOJ MMITYJIbCHON PE®JIEKTOME-
TPUU; UMITYJIBbCHBIN PE®JIEKTOMETP; TDR; CUTHAJI OBPATHOI'O ITIOTOKA; PE®JIEK-
TOTPAMMA; HEOOJHOPOOHAS KABEJIbBHAS LHEITb; HEOOHOPOOHOCTb; MATEMATHUYE-

CKAA MOJEJIb.

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.

JIJ1s1 KOHTPOJISI OJHOPOIHOCTH KaOeIbHBIX  M3MEPEHUM, peaqus3yemblii  MMITYJIbCHBIMU
ueneit (KII) u ompeneneHus ux mapamerpoB  peduiekromerpamu (MP) nnm pedaekromerpa-
LIMPOKO MCIIOJIB3YEeTCS WMMITYJIbCHBIA MeTon MM BoO BpemMeHHOi obiactu (TDR — Time Do-
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main Reflectometer) [1—5], ocHOBaHHBIII Ha
3oHaAMpoBaHun KII KOpOTKMMM UMITyJIbCaMU
HampsDKeHUST W MOCEAYIONIE perucTparun
COBOKYITHOCTHM CUTHAQJIOB, OTpPaxk€HHbBIX OT He-
OTHOPOAHOCTEN W MOBPEXIACHUI. DTU CUTHA-
JIbL B TEOPUU HAMpPaBISIONIUX CUCTEM CBSI3U
MPUHSTO Ha3bIBaTb 00pAMHBIM NOMOKOM WA
cuenanom obpamuoeo nomoka |1, 2, 6, 7].

WP peructpupyer pedaekrorpaMmmy — 3a-
BUCHMOCTb CHUTHajJla OOpaTHOTO MOTOKA OT
BpemeHM (pacctosinus Baosab KII), mo koto-
POl MOXKHO OTpeesiITh XapaKTep HEOTHOPO/I -
HOCTE M M3MEPSATh PACCTOSIHUS IO HUX IIPU
OTHOCTOPOHHEM Ja0CTyle K JuHuu. B [8, 9]
MOKa3aHO, YTO (DYHKIIMOHAJbHBIE BO3MOXHO-
CTU JAHHOTO METOJa M3MEPEHUI MOIYT ObITh
paclIMpeHbl, a IIOTPEIIHOCTU OIIpeAeICHUs
pacCTOSIHUI YMEHBILIEHBI IyTeM MCII0JIb30Ba-
HUS UUDPOBOK 00pabOTKU pedieKTorpaMm,
3apeTMCTPUPOBAHHBIX cyluecTByommmMu MP.
B ocHoOBYy 00paboTKM HOJKHA OBITH MOJIOXKE-
Ha anekBaTHas MaTeMaThyeckasi MOjesib He-
omHopoaHoil KII u obpaTHOro MOTOKa U3 HEe
(pedyiekTorpaMmel).

B [10—12] paccMoTpeHBbl pa3audHbIe MOJ-
XOAbl K MOJAEIUPOBAHUIO HeoaHOpoaHbIX KILI.
Haubosiee yHuBepcalbHON SIBJISETCS MOIE/b
[12], B KOTOpOIi MOIyCKaeTcsl, YTO HEOAHO-
poanyio KII MoxHO pa3duUTh Ha HEKOTOpOe
KOJIMYECTBO IOCJIENOBATEIbHO COCIMHEHHBIX
OJIHOPOAHBIX YYACTKOB C pa3HLIMU MapaMeTpa-
Mu. B cThIKax yyacTKOB MOTYT pacroJjiaraThbCsl
COCpPeIOTOYEHHbIC HEOAHOPOAHOCTH. 1151 pac-
yera 00paTHOro MOTOKAa HEOOXOAMMBI MOJAEIU
ogHopoxaHoro yyactka KII 1 cocpenoroueHHoit
HEOoJHOPOAHOCTU. MoneanpoBaHUe COCpeao-
TOYEHHBIX HEOJHOpOoAHOCTe! B [12] ocHOBaHO
Ha TIPEIITOJIOKEHUM, YTO ITPU MCIIOIb30BaHUN
s 3oHaupoBaHusa KII KopoTKux MMIYJIbCOB
MOXHO TpeHeOpeub KOMIUIEKCHBIM XapaKTe-
pPOM €€ BOJIHOBOI'O COIIPOTUBJICHUSI U €ro 3a-
BUCUMOCTBIO OT YaCTOTHI.

B naHHOli cTaTthe mpemsiaraeTcs 0OoJiee
TOYHas U (pu3MYecKu Oojiee MpaBUJibHAS Ma-
TeMaThyeckass MojeJb OOpaTHOIO MOTOKa U3
HeogHopoaHoi KII, a Takxe nOpuUBOASTCS
pe3yabTaThl TEOPETUYECKUX M 3SKCIEepUMEH-
TaJbHBIX MCCJIEIOBAaHUI, TOATBEPKAAIONINE
CIPaBeIIMBOCTb MPUBEACHHBIX COOTHOILIEHUIA
M TTOKa3bIBaIOIIME, YTO MPEeHEOPEeKEeHNEe KOM-
IUIEKCHBIM XapaKTepOM BOJHOBOI'O COIIPOTHUB-
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genust KII ¥ 3aBUCHMOCTBIO €ro OT 4acCTOThI
MOXET CTaTh MPUYMHONM 3HAYUTENbHBIX IIO-
TPEIIHOCTEN IPHU pacyeTe CUTHaja 0OpaTHOTO
MOTOKa.

HeonnopoaHoctu B KadeabHbIx nenax. He-
OMHOPOTHOCTBIO IIPMHSITO HAa3bIBaTh J1000E
U3MEHEHUE BOJIHOBOTO CONPOTUBIECHUS Z
Brnonb KII [5, 9—11]. OmHako 3T0 ompengee-
HU€ HE SBJSIETCS MOJHBIM, T. K. OXBaTbIBaeT
HE BCe BUIBI HeogHOpoaHocTel. bymem pas-
JINYaTh CJIEAYIOIINE BUAbI HEOAHOPOIHOCTEI:

KOHIIeBbIE€, BO3HMKAIOIIME Ha BBIXOAE M
Bxonae KII n3-3a oTanums CONpOTUBICHUS Ha-
IPY3KM U BHYTPEHHETO COIIPOTUBJICHUSI MUC-
TOYHMKA CHUTHaja OT BOJHOBOI'O COIIPOTUBJIEC-
Hus KI1I;

CTHIKOBBIE, BO3HMKAIOIIME IIPU COEIMHE-
HUM CTPOUTEJBHBIX IJIMH, MMEIOIINX pa3Hoe
BOJIHOBOE COMPOTUBJICHUE;

BHYTPEHHUE, 00YCIOBJIEHHbIE U3MEHEHUSI -
MU BOJHOBOTO COIIPOTUBIICHMUSI B IIpelesiax
CTPOUTEJILHOM IJIMHBI;

BHEIIHWE, OOYCJIOBJICHHBIC BKIIFOUCHUEM
(mpenHaAMEepPEeHHbIM WM BO3HUKAIOIIUM IIO
€CTeCTBEHHBIM IIpUUMHAM) Ha ONpeAcICHHOM
paccrossHuu B ceyeHue KII HekoToporo uye-
TBIPEXTIOIOCHNKA C SKBMBAJICHTHON CXEMOIA,
colepxKallleil COCPeNOTOYEHHbIE 3JIEMEHThI
(pe3ucTOphl, EMKOCTA Y MHIYKTUBHOCTH).

HeomHopoaHOCTH MOTYT OBITH COCPEaOTO-
YeHHBIMH M pacnpeneneHHBIMU. K cocpeno-
TOYEHHBIM OTHOCST HEOJHOPOIHOCTU, BpE-
MSI pacIpOCTpaHEHUs IO KOTOPHEIM HAaMHOTO
MEHbIIE IJUTEJIbHOCTU 30HIMPYIOIIErOo HM-
nyiabca u (wim) mocTtosHHoOW Bpemenm KII
JIUIAHOM, paBHOI YIBOCHHOMY PACCTOSHMIO 10
HEOMHOPOAHOCTU. B TMpoTMBHOM ciyyae He-
OJHOPOAHOCTb HAa3bIBAETCSl paclpeacieHHOM.
KoHIIeBbIE 1 BHEILIHWE HEOTHOPOMTHOCTH SIB-
JISIIOTCSI COCPEIOTOYEHHBIMMU.

®opMHupoBaHHE CUTHAJA OOPATHOTO MOTOKA
U3 HEOJAHOPOIHOIT KadesbHO nenu (pedyiekTo-
rpammbl). PaccMorpuM mipouiecc opmupoBa-
HUS CUTHaja 0OpaTHOro MOTOKa, PEruCTpUpPY-
emoro MP. YnopollueHHasi CTpyKTypHas cxema
WP mpencraBieHa Ha puc. 1. 3oHaupylolue
WMITYJIbChl OT TeHeparopa 4Yepe3 yCTPOWCTBO
BBOJA/BBIBO/IA IIOCTYIAlOT B MCCIEAYEMYIO
KII. ITpu paccMOTpeHUM TPOLECCOB pacHpo-
CTpaHEHUS 30HIMPYIOIIMX UMITYJILCOB MOXKHO
BBIIEJINTD MIPSIMOM TTIOTOK OT TeHepaTopa K Ha-
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Puc. 1. CtpykrypHas cxema MP. DkBuBaneHTHas1 cxeMa u pedaekrorpamma HeogHopoaHoit K1

rpy3Ke M OOpaTHBIM MOTOK OT HArpy3KH K re-
HepaTopy.

[IpssmMoit MOTOK (hOPMUPYIOT MMITYJIbCHI,
pacnpocTpaHsIoOIIMecss OT TeHepaTopa K Ha-
Ipy3Ke, a TaKXKe OTpak€HHbIE MMITYJIbChI, BO3-
HUKAIOIMe B Pe3ybTaTe MHOTOKPATHBIX (YeT-
HOI KpaTHOCTH) OTpaxke€HUIi (C yJacTHEM IBYX
1 0osiee HEOTHOPOIHOCTei1). OOpaTHBIN MOTOK
(opMUPYIOT OTpakeHHbIE WMITYJIbChI, BO3HU-
Kalye B pe3yJbTaTe KakK OMHOKPATHBIX OTpa-
JKeHUM (C yJacTMeM OJHOIl HEOTHOPOIHOCTHU),
TaK M MHOTOKPATHbIX (HEYETHOW KpPaTHOCTH)
OTPaXEHUI (C yyacTMeM NOBYX M 0oJjiee HEOM-
HopoxHocTei). Ha pucyHke mokaszaH mpoliecc
(bopMupoOBaHS OMHOKPATHOTO U TPEXKPATHOTO
oTpaxeHuil. OOpaTHBI MOTOK Yepe3 YCTpOii-
CTBO BBOJA/BbIBOAA ITOCTYIIAeT Ha YCUJIUTEb,
a 3aTeM Ha YCTPONCTBO OTOOpaxkeHMs (9KpaH).
Pa3zBepTka 9KpaHa 3amyckaeTcs IIepeaHUM
(bpOHTOM 30HIMPYIOLLIETO UMITYJIbCA.

DKBHBAJIEHTHAS CXeMa HEOJAHOPOAHOI Ka-
OesibHOM memu. /11 onucaHuss HEOQHOPOMHOM
KII 6yneM ucnosb30BaTh 9KBUBAJEHTHYIO CXe-
My, u3obpaxkeHHyio Ha puc. 1. B maHHoii cxe-
me KII mpeacrapisier coboil mociaenoBaTeIbHO
COEIMHEHHBIE ¢ OMHOPOMIHBIX YYACTKOB C M-
Hamu [. Jlng ydera BCeX BO3MOXHBIX BUIOB
HEOIHOPOMIHOCTE! 1 MOBPEXKACHUI Mojiaraem,
YTO B CThIKaX MEXAY YYacTKaMU MOTYT OBITh

BKJIIOYEHBI YETBIPEXITOJIOCHUKM, COAepXKa-
LIME COCPENOTOUYECHHBIE COMPOTUBIIEHUSI, WH-
JYKTUBHOCTU M €MKOCTU M ITIPEJCTaBIISIIOLINE
Cc000lf KBUBAJICHTHBIE CXEMbl HEOTHOPOIHO-
creit. st ynobcTBa MaTeMaTUYECKOTO OIMCa-
HUs OylIeM CUMTATh, YTO YETBIPEXITOIIOCHUKU
BKJIIOUEHBI B KaXXIOM CTbIKe. Ecin CTBIK He
COICPXKUT COCPEIOTOYCHHON HEOTHOPOIHO-
CTH, COOTBETCTBYIOIIMI €My YeThIPEXITOJIIOC-
HUK sBjsgeTcs nycthiM. Paccrosinue ot UP 1o
i-TO CThIKA MOXHO OIPENENUTH MO BbIpaxke-

Huio [, =»'I,. Vuactku Oynem HyMepoBaTh
Jj=1

oT i = 1 go q. CTBIKM MEXIy ydacTKaMu — OT
Jj =0 1o g (Bcero g+1).

B oSKBUBWJIEHTHYIO CXeMy JUISl TEOPETU-
yeckux wucciaegoBaHuii kpome KII Bxomgar
TeHEepaTop 30HAWPYIOIINX HMITYJIbCOB e(f) C
BHYTPEHHUM COIPOTUBJIEHUEM Z, & TAKXKE CO-
MPOTUBJICHUE HArpy3KU Zq .

B uyacTtotHO#i 00slacTM Kaxablit i-ii OIHO-
ponusbiit yaactok KII xapakTepusyercs MocTo-
SHHOW pacmpocTpaHeHus v (jo) = o, + jB, rae
o(0) 1 B(0) — KOIPOUUUEHTL 3aTyXaHU U
asbl, j — MHMMas eMHULIA, U BOJHOBBIM CO-
npotusiieHneM Z (jo). OH MOXET ObITh Ipe/-
CTaBJIEH YETBIPEXIIOJIOCHUKOM, WMEIOIIUM
pacnpeneseHHble MapaMeTpbl, IJisi KOTOPOTO
MOKHO OMpeneSUTh NMepeaaTouHyto (ByHKIIMIO
Hyjo) [5-7).
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YeThIpeXTOIIOCHUK, TTPEACTABISIONINIA CO-
CPeIOTOYEHHYIO HEOJHOPOIHOCTD B i-M CTHIKE,
B YACTOTHOI 00JIACTM MOXXHO XapaKTepru30BaTh
nepeaaToOuHbIMU (DYHKIUSIMU MO OTPaXKEHUIO
Rj(joa) M TI0 MPOIMYCKAHUIO Kj(/'co).

MaremaTHyeckas MoJe/ib 00paTHOro MOTOKA
W3 HEOJHOPOIHOI Ka0eabHOil Ienu B YaCTOTHOM
obaactu. [ MareMaTMYECKOIrO OITMCAHMS
00paTHOTO TIOTOKAa MpPEACTaBUM €ro B BUIE
CYMMBbI OTpaxK€HHbBIX MMIIYJIbCOB, BO3HUKIIIMX
B pe3yabTaTe OAHOKPATHBIX U MHOTOKPATHBIX
(HeueTHOU KpaTHOCTU) oTpaxkeHuid. Eciu B
KII Gosblie ogHONW HEOOHOPOAHOCTU, TaKUX
MMIIYJIbCOB OyIeT 0eCKOHeUHO MHOro. OgHaKo
MPOBEIEHHbBIE HAaMU MHOTOYMCJICHHBIC 3KC-
NepUMEHTAIbHbIE MCCASAOBaHMUSI TOKa3alu,
YTO TIpU pacuere OOpaTHOIO IMOTOKA OOBIYHO

OnucaHHas BBIIIE CXeMa HEOJHOPOAHOM
KII mo3BossieT monyYnuTh 9KBUBAJIEHTHBIE CXE-
MBI JIJIS1 pacueTa UMITyJIbca, OAHOKPATHO OTpa-
JKEHHOT'O OT HEOIHOPOMHOCTH, HAaXOISILEics
B CTBHIKE [, U UMITYJIbCA, TPEXKPATHO OTpakeH-
HOTO OT HEOTHOPOMHOCTEH, HaXOISIIMXCS B
cThiKax i, m u n (puc. 1).

IIpencraBieHHbIe Ha pUC. 2 CXEMbI Ipea-
CTaBJISAIOT cO0OI TMOCaeA0BaTeIbHOE COSNMHE-
HUE pPacCMOTPEHHBIX YeThIPEXIIOJIOCHUKOB.
Js1 ux mepeaaToyHbIX (QYHKIUI MoayvyaeM:

OIHOKpAaTHOE OTpaxeHue (puc. 2 a)

i-1

erfi :Ri+':!{:1[H13-H(Kn+'Kn—); (1)

n=0
TpexKpaTHoe oTpaxkeHue (puc. 2 6)

n ]
H, =R R R _-T|H*- H? x
NIOCTAaTOYHO YYECTb TOJBKO OJHOKPATHBIC U e dmn e g “ VEIH Y ’
TPEXKPATHbIE OTPAXKEHMsI, T. K. C YBEJINYEHU- n-l i1 2)
eM KPaTHOCTU OTPaXe€HHbIE CUTHAJIBI OBICTPO < [T(K.K)]] (K,.K,).
yOBIBAIOT. u=0 yemsl
a) o
o_ — —
Bxon Ko+ H, K1y H;
O_ — —
-
O_ — — —
Brixon Ko H, K1y H,; R+
O_ — — —
0)
—>
o_ — ——7
Bxon Ko+ H, Hnr1 Ky H; ¢
o— — —
< | |
¢ Hpy K1y H; R
| —_t | ] |
Ry Hpy K1y H; K1)+ H, ¢
-
O— — | — —  c— — —
Beixon Ky H, Hpey K1y H; K1y H, R+
o_ — ——  co— — —

Puc. 2. DkBuBajeHTHasI cxeMma JJis pacueTa CHUrHaja, OJHOKPAaTHO OTPakKeHHOTO OT i-To CThiKa (a)
U TPEXKPATHO OTPAKEHHOTO OT CTBIKOB i, m, n (0)
CrpenkaMy MoKa3aHbl HapaBIeHUs pacpoCTpaHEHUs] CUTHAJIOB
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B Boipaxkenusx (1) u (2) npeamnonaraercs,
YTO IepenaTouyHble XapaKTePUCTUKU [0 OTpa-
KEHUIO U TIPONYCKAHUIO [JISI COCPEAOTOYECH-
HBIX HEOTHOPOTHOCTEWM 3aBUCIT OT HaIlpaB-
JICHUSI pacIIpOCTpaHEHUsI MMIIYJIbca, KOTOpOe
0003HayaeTcsd MHACKCAMU «+» IJI MPSIMOro
HampasJieHUs 1 «—» s obparHoro. Ilepena-
TOYHbIE XapaKTEePUCTUKU OJHOPOIHBIX y4acT-
koB KII He 3aBUCIT OT HampaBJeHUS PacIpo-
CTpaHEHUS UMITYJIbCA.

PaccmoTpuM mepenaToyHble  XapaKTepU-
CTUKU OTHCIBHBIX 3JIEMEHTOB 3KBUBAJICHTHBIX
CXeM, TIPeICTaBICHHBIX Ha puc. 2. Ing mepe-
JATOYHOM XapaKTePUCTUKM (-TO y4acTKa OI-
HopoaHo# cornacoBaHHoW KII cnpaBeainBo
[5, 6, 12, 13]:

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

IlepenaToyHble XapaKTEPUCTUKKU MO OTpa-
XKEHUI0 R, ¥ MpomycKaHuio K, YeTbIpexIo-
JIIOCHUKA, TIPEICTABIISIIONIETO PACTIONOXKEHHYIO
B i-M CTBIKE€ COCPEIOTOYECHHYIO HEOAHOPO/I-
HOCTb, HEOOXOAMMO OIpENeNsiTb C Y4eTOM
BOJIHOBOTO COIPOTUBJIEHUs] Z  TIPEALIECTBY-
IOIIET0 i-T0 W BOJHOBOIO COIPOTUBJICHUS
Z,,.,, mocrenyiouero (i+1)-ro 0xHOPOXHBIX
y4acTkoB. TSI KOHIIEBBIX HEOMHOPOMTHOCTEM:
TepeaTouHble XapakTepucTnku R, u K , He-
00XOAMMO OIIpenesisiTh C Y4eTOM BOJHOBOIO
COTPOTHUBJICHNUSI Z, ¢-TO OJHOPOIHOTO y4acT-
Ka M CONpPOTUBJICHUs HArpysku Z, nepela-
TOYHBIE XapakTepucTuku R, u K, — c yde-
TOM BHYTPEHHETO COIPOTUBIICHMSI MCTOUYHUKA
CUTHaja Z, W BOJIHOBOIO CONPOTHUBIECHUA Z
IepPBOro OAHOPOIHOIO Y4YacTKa.

Beenem ob6osnauenus: U, ., I ., — Ha-
NpsSDKeHWE M TOK B BOJIHE, Majaolleil Ha i-1o
HeoaHOpoaHOCTb, U, ., [ .. — HamlpskeHWUe u
TOK B BOJIHE, MpOLIEAIIe Yyepe3 i-10 HEOIHO-
ponHocTh; U o £ I i — HalpsDKeHWEe M TOK B
BOJIHE, OTpPaxK€HHOW OT i-ii HEOOAHOPOIHOCTU.
3HaK «+» COOTBETCTBYET BOJIHE, paclpocTpa-
HSIOLIIECS OT reHepaTopa K Harpyske, 3HaK
«—» — BOJIHE, pacIpOCTPaHSIOLIEHCS OT Ha-
Tpy3KM K reHeparopy. Torma njsi mepenaroy-
HBIX XapaKTepucTuK R, u K, i-ii HEOTHOPO.I-
HOCTH CIIpaBeIJINBO:

v, Z

R _ refi+ ini+ vi

v Z. +Z.

mci+ mni+ vi

4.1)

U . L
Ki+ = ﬁ’ Zini+ = LH—’ (41)
Umci+ 1inci+
Ri _ Urefi— _ Zini— - Zv(i+l)
S U Z. 47,

inci— ini— v(i+l)

(4.2)

U U, .
Ki_ — Ufl‘al , Zini— — ['l}’lC'l .
mci— mci—

PaccMoTtpum mpolieaypy onpenesaeHus mne-
PeIaTOYHBIX XapaKTePUCTUK HEOTHOPOTHOCTHU
Ha mpuMepax.

Hawnbosee mpocTbIM BUIOM HEOTHOPOIHO-
CTU SIBJISIETCS CTBIK JIBYX OJHOPOJHBIX y4yacT-
koB KII ¢ pazusiMu mapamerpamu. Ee cxeMoit

3aMCLICHUA ABJISACTCA HYCTOI‘/JI YETBIPEXITOJIIOC-

HUK 0€e3 morepb. B atoMm ciyyae Z, Zv(,+1>’
Z, . = Z, TO eCTh Ul TIEPENATOYHBIX XapaK-
TEPUCTUK CIIPaBEIJINBO
Ri _ Zv(l+l) - Zvi R7 ZV' B ZV(HI) (5 1)
" Z + Zv(1+1) . Z + Zv(H])
27 2Z,
K =——>2@b g —__ "% (52
Y Z,+Z . Z + Z -5-2)

v(i+l) v(i+1)

Ha puc. 3 a, 6 npuBeneHbl SKBUBAJICHTHBIE
CXEMBbI UYETBHIPEXITOJIOCHUKOB, MOJCIUPYIOLINX
YacTo BCTpeYalolrecsl IPOCThiE IPOAOJbHBIC
U TIOINepeuHbie HeomHopomHocTu. [Ipumepa-
MM TIPOCTBIX TPOMOJBHBIX HEOIHOPOMHOCTEH
(puc. 3 a) 9BASIOTCSI OMMYECKash aCUMMETpPUs
(Z — 4nCcTO aKTUBHO), MHIOYKTUBHASI HEOIHO-
ponHocTh (HampuMmep, kartymika [lynnuHa)
(Z = jol). IlpumepaMH MPOCTHIX HOMEPEYHBIX
HeoJHOpoJHOCTeN (puc. 3 6) SBISIOTCS TO-
HWXEHWE COMPOTUBACHMST U3OJSLMU U yTeuka
(Z — 4uCTO aKTUMBHO), EMKOCTHAsl HEOJHOPO/I-
HocTh (Z=1 / jo().

[Tonyunm BblpaxkeHus1 IJIs1 TIEPeIaTOYHbIX
XapaKTepUCTUK STUX HEOTHOPOAHOCTEH IO
OTPAKEHWIO W MPOMYCKAHUIO.

151 IpoaoIbHOM HEOTHOPOIHOCTH (pUC. 3 )
cnpaseymso 2, =Z+Z .\ Z  =Z+Z, C

vi+1)? “in i
YYETOM 3TUX COOTHOLLICHUI U3 (4) HOJIy‘{I/IM.

Z +Zv(1+l) _Zvi
" Z+Z +Zv(,+1)
(6.1)
Z+Z, —va)
R =
S Z+Z,+7

v(1+l)
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MHdopmartnka. TeneKoMMyHUKaUMn. YnpasneHue

a) 0) 6)
o— }—o o o 0 o—
Z u B
“ L L
T ) I
o ') o & ‘o) o—

Puc. 3. YeTbIpeXmoarOCHUKHY, SIBIISIIOIIMECS SKBUBAJICHTHBIMU CXeMaMU MPOJOJIBHON (a)
¥ TIOTIepeYHOM (6) HEOOMHOPOMTHOCTEM, SKBUBAJICHTHAsI CXeMa HECOIIACOBAHHOW Harpy3Ku ()

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

¥ 2,0, 2, =27,/ (Z+ 7). Toxctanss

3TU BbIpaxkeHUs B (4), TOJIYYUM:

(Zv(i+l) - Zvi)Z B Zvin(i+l)

R7'+ = s
(Zv(i+1) + Zvi)Z + Zvin(i+1) (71)
& _ (Zvi B Zv(m))Z B ZviZV(i+l) )
: (Zvi + Zv(i+1))Z + Zvin(i+1)
Q’Zv(i+1)Z
Ki+ = ’
(Zv(i+l) + Zvi)Z + Zvin(i+l) (7 2)
X 27,7

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

AHaJIOTUYHBIA MOIXO0A, MOXKET OBIThb TIpU-
MEHEH K OIpele/IeHUIO MapaMeTPOB KOHLIEBBIX
HeomHOpoaHOCTel. [ HecorymacoBaHHON Ha-
rpy3kn (puc. 3 6) OU3NYECKMiI1 CMBICT MMEIOT
TOJBKO TIepeaaTOYHbIe XapaKTepUCTUKU Rq+(p) u
Kqu). B orom cywae Z, = Z = Z , nostomy

®)

-7, 27
g+ ’ g+ = :
Z+7Z, Z+7Z,
Hns1 HEOMHOPOAHOCTU, IIPEACTaBIISIOLICH

co0oli HapyllleHME COIJIaCOBaHMUSI MCTOYHMKA
CHTHAJIa C JIMHUEH, (PU3NUECKUIA CMBICT MME-
I0T TOJBKO TIepeJaTOUYHbIe XapaKTepPUCTUKU

RO— n I(Oi
Z, —Z 2Z
R07 — Zvl ZO , K()+ — Z vl ,
vl + 0 0 + Zvl
9
o 9)
" Z,+Z,

Boipaxenussmu  (3)—(9) Mbl ompeaenuiu
BCE IIepemaTOYHbIe XapaKTePUCTUKU, BXOISI-
e B (1) u (2). OTMETHUM, YTO BO BCE 3TU Bbl-
paxXeHUsI BXOHAT BOJHOBBIE COIIPOTUBJICHUS
onHopoaHbix ydyacTkoB KII, koropnie sBIsi-
I0TCSI KOMITJIEKCHBIMU 1 3aBUCSAT OT YacCTOTHI.
BonHoBoe compoTuBieHUE i-TO OAHOPOIHOTO
ydyacTka MOXKHO OIPEAC/IUTh MO CJAeAYIOLIEMY
NPUOINXKEHHOMY BbIpaxXeHuio [6]:

N M, 1-j
0 \/6 \/5 b
rae Z, — BOJHOBOE CONPOTUBIEHUE i-TO OfI-
HopoaHoro yyactka KII B imana3oHe BHICOKUX
4acToT; M, — K03(PPULMEHT aNNPOKCUMALIUH,
3aBUCSIIUIA OT KOHCTPYKTUMBHBIX Pa3MepoB U
JU3JIEKTPUUECKON MPOHUILIAEMOCTH U30JISILIUN
i-ro ogHoponHoro ydactka KLI. 3nauenus Z
u M pna K1l roponckux TenedOHHBIX CeTei
(I'TC) mpuBeneHsl B Tabauie [6, 7].

Hns1 mepenaToyHON XapaKTepUCTUKU He-
onHoponHoit KII mo obpatHomy motoky H, o

Zvi :Zvi (10)

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
TIIIT-0.5 100 32,017 4,590 0,312
TIII1-0.7 100 22,844 4,590 0,155

28



4 YcTponcrea U cucteMbl nepegauu, npmemMa m o6paboTkm CUrHANIoOB

YYMTHIBAIOIIEH OMHOKpATHBbIE W TPEeXKpaTHBIE
OTpaxkeHUsI, MOXHO 3aIllCaTh;

q q n-1
SIS 33

n=2 i=1 m=0

i
refimn . (1 1)
Tenepb MOXHO paccuUTaTb OOpaTHBIN MO-
TOK U, B YaCcTOTHOIM 00JIacTu:

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

rae F — 30HIMPYIOIIMI CHUTHAJ B YaCTOTHOM
obaactu. Beipaxenus (1)—(12) npeacrapiasiioT
co00li MaTeMaTU4YeCKyl0 Moeslb OOpaTHOIo
notoka u3 HeomHopoaHoi KII B vacToTHOM
obsacTu.

MaremaTHyecKkasi MoJeJib 0OPaATHOTO MOTO-
Ka U3 HEOJHOPOIHOW Ka0eJbHOI menu BO Bpe-
MeHHo# o0sacTu. Bo BpeMeHHO# obiacth 00-
paTHBII MOTOK U3 HeogHopomHol KII moxHO
HalTH HemocpeacTBeHHO u3 (12) ¢ IToMoIIbio
obpaTHOTrO TIpeodOpasoBaHus Pypre (MpU KC-
MOJIb30BAaHUM CHEKTPaJbHOTO METOAa) WU
Jlannaca (rpuM MCMOJIB30BAaHUM OIEPATOPHOTO
METOoNa). DTUMH CIIOCO0AMM BO3MOXHO TaKXe
ornpenesntb U3 (11) uMnyabcHYyIO grej(t) WIN
TIEPEXOIHYIO /1, (f) XapaKTePUCTUKM HEOIHO-
ponHoit KII, a 3atreM omnpeneanuTb O0OpaTHbIR
MOTOK uref(t) IIpu J11000# hopMe 30HIUPYIOIIIE-
ro uMmysbca e(f) ¢ moMmolbio nHrerpaia Hoa-
MeJis (CBEpPTKHU):

8 () = I H,,(p)exp(pt)dp =
e (13)
q g n-1 i
zg"‘gfl ) + Z greflmn( )
i=0 n=2 i=1 m=0
1 “¢°H,,
h(t) = 2 J- exp(pt)dp -
o (14)
q g n-1 i
Z hrEfl (t) + Z Z href imn (t)
i=0 n=2 i=1 m=0

(1) = j e(0)g(t -~ Ddt = [ e(Vh(t - v)d, (15)

—0

rac

o+ joo

Ereri () = J.

0./00

wr1(P) €Xp(pt)dp,

1 o+ joo
gref mn (t) TJ ref imn (p) eXp(pt)dp’

a—jo

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

aljoo

J1s1 yCHeUIHOro MCIIOJAb30BaHUSI BbIpa-
xeHuit (13)—(15) HeoOXoaAUMO PpaccMOTPETh
BPEMEHHbBIC XapaKTEPUCTUKU i-TO OJHOPOIHO-
ro yuactka KII Bo BpemeHHOIT obyiactu. Ero
nepeaaTovyHasl XapakKTepUCTUKaA OIPeaeIsieTCs
BeIpaxkeHneM (3). M3 (3) ¢ momMouibsio obpat-
Horo mpeoOpaszoBaHus Jlamiaaca MOXHO IIO-
JIYIUTh aHAJUTUUYECKNE BBIPAXKEHUS IJISI €ro
UMITYJIbCHOM g(f) M TiepexoqHon h(f) Xapak-

TEPUCTUK:
g1 = Tt - )3/2 exp

h(t) = erfc{

t()
" }1(: 1),
(16)

Z

i’ }1(: - 1),
Z

rae t, = t,,l’ u t, = 1 ], — NOCTOsIHHAsI BpeMe-
HU U BpeMs 3anepxku i-ro ydactka KLI; 7, u
T, — yIeJbHAs KOHCTPYKTUBHAsS TIOCTOSAHHASL 1
yIeJIbHOE BpeMs 3alepXKM i-ro ydyactka KII;
1(?) — pyukumsa XsBucaiina, paBHas HYJIO TIpU
t < 0 u paBHas eauHulie npu ¢ > 0.

[Tpu noayyeHUM aHATUTUYECKUX BbIpaXKe-
Huii (16) nna y(p) ObLIO MCHONB30BAHO TPHU-
OJIMKeHHOE BhIpaxkeHue [6]:

1,(p) = J4t, [P + 1, (17)

3HavyeHust 1), U T, MOXKHO CBfI3aTh C Mapa-
meTpaMu i-ro yyactka KII[ B wactoTHO# 061a-
CTU a, M B, ONPENETEHHBIMU Ha YacToTe f= f .
v, = 02()/ (41, - 8,68, — B.(f)/Cnf)
[6] qaCTOTa J, nmoixHa GLITB JOCTAaTOYHO
0OJIbIIION M BHIOMPATHCS M3 AMana3oHa, B KO-
TOPOM 0, IPOTIOPLIMOHAJIEH \/7 .

Hwuxe paccMOTpeHbl HECKOIBKO TTPUMEPOB
WCIIOJIb30BaHMsl IpeajiaraeMoil MaTeMaTuye-
CKOI Mozenu JJisg pacyeTa 0OpaTHOTO MOTOKa
n3 HeonHopoaHbix KII.

OOpaTHBIA MOTOK W3 OJHOPOIHOI HECorJa-
COBaHHOII M0 BbIX0AY KadeabHoii menu. O6pat-
HBI MOTOK OIHOPOIHOW HECOTJIACOBAHHOMN
no Beixony KII dopmupyercss eqMHCTBEHHBIM
OTpaXEHVWEM OT COMPOTUBJIEHMSI HATPYy3KMU.
ITosToMy u3zobpaxkenue Jlaminaca oOGpaTHOro
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nortoka takoil KII nmeer Bua;

U,y (p) = E(p)i—%exp{—zywm, (18)
roe Z — COIPOTUBJIEHUE HArpy3Ku; y — IIO-
CTOSTHHAsl pacIpoCTpaHEHMsI paccMaTpuBac-
moii KII; Z — ee BOJIHOBOE CONPOTUBIEHUE,
omnpenensgeMoe BheIpaxkeHueMm (10), KoTtopoe
IUISL TIOJYYEHMST UMITYJIbCHOIM XapaKTepUCTUKU
C MOMOIIBIO OOpaTHOro rnpeodpazoBaHus Jla-
Iiaca npuBeaeM K BUAY:

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

Pacuer obparHoro mnoroka mpoBeaeM ISt
MPSIMOYTOJIBHOTO  30HIMPYIOLIEro MMITYJIbca
e(f) ¢ IUIMTENbHOCTBIO ¢ W aMIUMTynon E ,
nzobpaxeHue Jlarmiaca %(p) KOTOPOTrO MMeEeT
BUII;

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

C yuerom (20) u3 (18) MOXHO MOJYYUTH
AHAJIMTUYECKOE BbIpaXKeHUe IUIsl pacueTa 00-
patHoro notoka KII urej(t):

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

— (it —1,—1,) (11, -1,)), 2
rac
v(t) = (R +1)-exp(ak) - exp(a’r) x
x erfe(avt + 1, /1) —erfe(t, /1),
a)
Uor/ U,
10— \Wfo T —
y 2-7Z/Zw0=40
3-7/Zy=2.0
05 2 \ 4_Z/Zvoo=1-5
g \\‘h
00 3 \: ——
' 5 P e
6 77 5-Z/Zw=1.0
05 N\ AT 16-2/Z0=05 |
¥ 77/ Zy=025
8 8-7/7,,=0
-1.0 T T
0 02 04 06 08 10

{—t,, MKC

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

TUBHasI TIOCTOSIHHAsT U YyIEJIbHOE BpeMsl 3a-
Jepxku paccmatpuBaemoit KII.

Ha puc. 4 npencraBiieHbl pe3yabTaThl pac-
YETOB HOPMHUPOBAHHOTO OOpaTHOIO MOTOKA U3
HecornacoBaHHO HarpyxeHHoit KII TIIIT-0.4
(Z, = 100 Om, M = 32 Om/MKC"®) UIMHOM
250 M. Pacuernl mpoBeneHBI 1O BBIPAXKEHUIO
(21) ans 30HAUPYIOLIETrO UMITYJIbCA JJIUTEIbHO-
cteio 100 He. Hopmupytomnmit koapduimeHT
pasen 1 / U | 00 TIC U, . o0 — AMIUIATYIA VM-
MyJbca, OTPaKeHHOro OT oophiBa maHHoi KII.

Ha puc. 5 npeacrapieHbl ¢pparMeHThI 3KC-
MNEPUMEHTAILHO 3aperuCTPUPOBAHHBIX U TEO-
PETUUYECKU pacCUYUTAHHBIX IO BbhIpaxkeHU1o (21)
pedaexrorpaMm. [ist cpaBHeHMST Ha IrpaduKu
HaHeCEeHbI TakKe (PparMeHThl pedIeKTorpaMm,
paccuuMTaHHBIX 0e3 ydyeTa KOMILIEKCHOIO Xa-
pakTepa BOJIHOBOIO COIpOTHBIeHUS. BumgHo,
YTO y4eT KOMILUIEKCHOIO XapaKTepa BOJIHOBOTO
COIPOTUBJICHUSI TIO3BOJISIET 00Jiee TOYHO OTIH-
caTh OTPaXXEHHBIN cuUrHaa. Takxke BUAHO, YTO
MOTPEeIIHOCTb, OOYC/IOBJIEHHAsl MpeHeOpexe-
HUEeM KOMIUIEKCHBIM XapaKTepoOM BOJIHOBOTO
COIPOTUBJICHUSI, YBEJIUYMBACTCS MPU MPUOJIH-
JKEHMU K PeXHMY COIJIaCOBaHMUSI.

0)
Wt U,
P il 1-Z/ Zyo=130
2-71Zyp=125
3-Z/ Zyw=1.20
0.05 A\ v
¥ 4-7/Zys=1.15
k S—Z/Zu=1.10
0.00 | N _ —
N\t
~0.05 N
| e S
\\_///7—Z/ZV®:1.OO
—0.10 (N 8 —Z/ Zyo=0.95
9 =71 Zyp=10.90
-0.15 I I ]
0 0.2 0.4 0.6 0.8 1.0
t— 1, MKC

Puc. 4. Teopetnuecku paccuutaHHbie dparmeHTsl pedaekrorpamm KII TTIIT-0.4,
cofiepKalliie OTpaKeHHbIE OT HECOTIACOBAHHOW HArpy3Ku UMITYJIbChI
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Uyef / '\«’Tiiz,y"‘u
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t,=31.25 He
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Puc. 5. ®parmenTtsl pedaexkrorpamm KII NEXANS UTP 5e mmuHoit 270 M, comepsKalliue oTpaskeHHbIe
OT HECOTJIACOBAaHHOM HATPy3KW MMITYJILCHI: 9KCIIEpUMEHTAIBHO 3aperucTpupoBaHHbIe (1), TeopeTnuecKn
paccuMTaHHbIe ¢ y4eToM (2) u 6e3 ydyeTa (3) KOMILJIEKCHOTO XapaKTepa BOJHOBOTO COMPOTUBICHUS

OoOpatHbiii moTok u3 coracoBanHoi KII,
cocTosieil U3 JABYX OJHOPOJIHBIX YYACTKOB C
pa3HbiMi mapametpamu. B maHHOM ciydyae 00-
paTHBIN MOTOK (hOPMUPYETCS] €AMHCTBEHHbBIM
OTpaXEeHHWEM OT CThIKa JABYX OJHOPOIHBIX
Y4acCTKOB C pa3HbIMU TMapaMeTpamu:

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

xexp[-2y,(p),],
1—I[eZvl = Zvloo + Ml/\/;’sz = ZVZoo + MZ/\/;_
BOJIHOBBIE  COINPOTUBJIEHUS  OJHOPOMHBIX
YYacTKOB; y, ¥ [, — IOCTOSIHHAs pacrpocTpa-
HEHUS U JJIMHA MIEPBOTO Y4acTKa.

Oo6parnbiit motok KII um/(t) P UCTIOJIb-
30BAHUM  TPSIMOYTOJILHOTO  30HAUPYIOLIETO
UMIyJIbca OyIeT OMpenessaThCs BbIpaXEHUEM
(21), B XoTOpoM

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

(22)

Z, —-Z
2 — V20 vl
tO = 4'[011] 5 tz - 2Tzlll’ Rz = m:v
Rm=M2_M1 _ M + M,
M1+M2’ Zvlw+Zv2nc’
k, = \J41y, 2;, 1) ¥ 1, — KOHCTPYKTHBHAsI 1O~

CTOSIHHAsl U yAeJbHOE BpeMsl 3alepXKKu Iep-
Boro ygactka KII.
Ha puc. 6 mokasaHbl (parMeHThI ped-

JIEKTOTpaMM, COJAEpXKalllue WMITYJbChl, OTpa-
xkeHHble oT cThika AByx KII TIIIT ¢ pa3HbI-
MU AVaMeTpaMM KWJI. Ha y4JacTKe 1 mmameTp
xkun cocrapnsan 0,4 mm (£ = 100 Owm,
M = 32 Om/mMkc3), Ha ydyactke 2 — 0,5 MM
(Z,, = 100 Om, M = 40 Om/mMkc"?). TTockoJb-
Ky s 3tux KL BOTHOBBIE CONMPOTUBIICHUS B
JIMana3oHe BBICOKMX YaCTOT OAMHAKOBHI, IIpe-
HeOpekeHNe NX KOMIUIEKCHBIM XapaKTepoM He
MO3BOJIUT PacCYMTaTh OTPAKEHHBIN OT CThIKA
CUTHAJI.

Ooparnblii moTOK U3 coriaacosanHoii KII,
cocTosIeii W3 JABYX OJHOPOIHBIX YYACTKOB,
B CTbIK€ MeXKIy KOTOPHIMH HMMeEETCS COCpeno-
TOYEHHAs] oMHYecKass acummeTpus. B maHHOM
cayyae oOpaTHBII MOTOK (pOpMUPYETCs SAUH-
CTBEHHBIM OTpa)K€HHEM OT COCPEAOTOYEHHOM
OMMYECKOI acUMMETPUM BEJIWYMHON Z, pac-
MOJIOXKEHHOM B CThIKE MEXAY ABYMSI OJHOPO/I-
HbeIMU yyacTkamu KII:

B Z+Zv2(P)_Zvl(p)><
Uy (p) = E(p)~ +Z,(p)+ Z,(p)

xexp[-2y,(p)/,].

O6parnbiii notok KII u, ef(t) MpU UCMOJIb-
30BaHUU  TMPSIMOYTOJIBHOTO  30HIMPYIOILIETO
UMILyJIbca OyIeT OMIpeneasaThCsl BbIpakeHUEM
(21), B xoTOpPOM

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 paccunmtaHHble pparMeHThl pedaekrorpamm KII,
COCTOSIIIINX M3 IBYX OOTHOPOMHBIX YIACTKOB, COMEPKAIINE OTPAXKECHHBIC OT CThIKA UMITYJIbCHI

L, Z+Z,, -Z,,
fy=dwolt, 1= 20,0, R = Z+ Zv; + Zv:ao ’
RooM-Mo Mo M,
M +M,’ Z+7Z,, +2,,"
k =41y, 2], T, 1 T, — KOHCTPYKTHBHAs T10-

CTOSIHHAsI M yIOEJIbHOE BpeMsl 3alepXKKU Iep-
Boro yyactka KII.

Ha puc. 7 a, 6 nokazaHbl TEOPETUYECKU
paccuyMTaHHBIE MO BbhIpaxeHu1o (22) ¢pparMeH-
THI pedIeKTOorpaMM, CoAepxKalllle WUMITYIbCHI,
OTpaxkKeHHbIe OT cThiKa ABYyX pasHbix KL TTITT
¢ mmameTtpamu xua 0,4 m 0,5 MM, comepkariie-
ro pa3iIMYHbIE COCPEAOTOYEHHBIE OMUYECKHUE
acuMMeTpun. JJIMTEIbHOCTh IIPSIMOYTOJBHO-
ro 30HIUPYIOIIETO MMITyJbca ObUla TPUHSTA
paBHoi1 100 Hc. [Inst cpaBHeHUs Ha TpaduKax
MYHKTUPHBIMUA JIUHUSIMM HAHECEHbI Pe3Yib-
TaTbl AHAJOTMYHBIX PACUYETOB, MPOBEACHHBIX
0e3 ydyera KOMILJIEKCHOTO XapakTepa BOJHO-
BBIX CONPOTHUBICHMIT ydyacTKoB. M3 pucyHka
BUIHO, 4YTO MpeHeOpeXeHWe KOMIUIEKCHBIM
XapaKTepOM BOJTHOBBIX COIIPOTUBIICHUI OIHO-
poaHbix yyacTkoB KII mpuBoauT K OOJbIINM
MOTPEILIHOCTSIM OIIPenesIeHUsI 00paTHOTO IIO-
TOKa, OBICTPO BO3PACTAIOLIUM C YMEHbBIICHM-
€M BeJIUYMHBI acUMMeTpuu. MakcuMmaibHas
MOTPEIIHOCTh ONpeaeeHUs aMIIUTYAbl OTpa-
>KEHHOTO MMITyJIbca coctaBuia 40 % st Be-
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JnuuHbl acummeTpun 10 Om, 85 % misg 5 Om
u 6osee 300 % mia 2,5 Om. MakcumanbHas
MOTPEIIHOCTh  OMNpPENEAeHUS IJIUTEIbHOCTH
OTpaxk€HHOr0 MMITYJIbCa Ha YPOBHE ITOJIOBUHbI
aMIUTATYABl COCTaBUJA COOTBETCTBEHHO 60,
103 u 182 %.

Ha puc. 8 a npencraBieHbl pe3yJabTaTbl
AHAJIOTMYHBIX PacueToB (pPparMeHTOB pedeK-
TOIpaMM, COIEPKAIIMX WMITYJbChI, OTPakKEH-
HbIE OT OMUYECKOI aCUMMETPUU B CThIKE ABYX
ogurHakoBbix KII TIIIT ¢ amameTpamu Xui
0,4. I3 pucyHKa BUIHO, UTO TpeHeOpekeHue
KOMILJIEKCHBIM XapaKTepOM BOJIHOBBIX COIIPO-
TUBJIEHUI OMHOPOAHBIX yyacTkoB KI[ B sTOM
cllydyae MPUBOIMUT K CYIIECTBEHHO MEHBIIUM
MOTPELIHOCTSIM OIpene/ieHUsI 00paTHOro IO-
toka. IlorpemrHocTy omnpeneseHUsT aMILIM-
Tyl OTPa>k€HHBIX WMITYJIbCOB HE IPEBBIIIAIOT
11 %, a nUTeIbHOCTE HAa YPOBHE IMOJIOBUHBI
ammutyasl — 17 %.

OopatHblii moTok M3 coracoBanHoi KII,
cocToslIeil M3 JABYX OJHOPOIHBIX YYaCTKOB, B
CTBIKE MEXKIY KOTOPhIMH MMEETCS IomepedHas
pe3uCTHBHASI HEOAHOPOAHOCTH (yTeuka). B maH-
HOM cJilyyae OOpaTHBIM MOTOK (opMupyeTcs
€AVHCTBEHHBIM OTpaKeHHWEM OT IIOIePEeUYHOM
PE3UCTUBHON HEOMHOPOMTHOCTHU BEJIUYMHON Z,
PacIoI0XEHHOM B CThIKE MEXIY IBYMSI OHO-
poaHbiMu ydyactkamu KII:



4 YcTponcrea U cucteMbl nepegauu, npmemMa m o6paboTkm CUrHANIoOB

I] =250M

0.05 — :

3 -
o 1-Z=2.50 Om
0.04 /4
0.03 -t

2-7Z=5.000m [}
0.02

3-Z=10.00m ||
A%
0.01 A 7

%
0.00 @
0

..............

......... R PR YNy

~0.01
g 5 1.0 15 20
! —1t,, MKC
8)
tref/ Un repy 51=250m
000N—— T e e
G .‘_.4,,-4--“ ““‘4.-.441.
00z LB [T e
W
/X 1-Z=500Om
o ‘v:’ 2-7Z=1000 Owm [
~0.08| 3 - Z=2000 Owm ||
Ja
~0.10
VN,
-0.12
0 0.5 1.0 15
t—1t,, MKC

uref/ Um ref0 l] 250 m
0.06 5
vZ 1 —Z=2.500M
0:05 f‘\j S 2-Z=5000m
0.04 12 s 3-Z=10.00m ||
0.03 l\’v
4 \ 1
0.02 f\
0.01 -
0.00 B SRLLLIEIY| YYYVIVETS PPTTRE)
0 05 1.0 15 2.0
t—t,, MKC
2)
uref/ Um ref0 L =250mM
0.02 7
2
000 r\ e e —————— T
~0.02 WM ) Aﬂmﬂ"ﬂ'ﬂ
1-Z=500 Om
—0.04 A |
\ / 2 — Z=1000 Om
-0.06 3-72=20000wm ||
-0.08 \V/\/
~0.10 .
0 0.5 1.0 15
t—1t,, MKC

Puc. 7. Teopernuecku paccuntanubie pparmeHThl pediektorpamm KII,
COCTOSIIIIMX M3 ABYX Pa3HbIX YUACTKOB, COJAEPXKAIINE OTPAKEHHBIE OT COCPEOTOUEHHON OMUYECKOM
acuMMeTpui (a, 6) U TIONEePEeYHON PE3UCTUBHOUN HEOTHOPOIHOCTH (8, ) UMITYJIbCHI.
JlnameTp Xuj Ha repBoM ydactke cocrasisietr 0,4 MM (a, 6) u 0,5 Mm (6, e)

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

O6parnbiii morok KII u, e](t) MPpU UCTIOJIb-
30BaHUU  MPSIMOYTOJIbBHOTO  30HIMPYIOLIEro
UMILyJIbca OyIeT OMIpeneaThCsl BbIpakeHUEM
(21), B KoTOpPOM

v(t) = (R - R,) - exp(ak) - exp(a’t) x
x erfc(a\ﬁ + m) +(R,-1)- erfc(ﬂ),

x (24)

2Z -7,
)+Z Z

vl v200

R =
T Z(Z

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

Rm B + MZZvloo ,

_ Z(M, +M)+MZ
- Z(Z

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

vl v2oo

k = 4y, 2! =dr L}, 1 =2t [, mt, —
KOHCTpYKTI/IBHaﬂ MOCTOSIHHAsA U yz[eanoe
BpeMs 3amepxkku neporo ydactka KILI.

Ha puc. 7 8, ¢ moka3zaHbl T€OPETUYECKU
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paccuuTaHHBIE 10 BhIpaxkeHUo (22) ¢gpparmMeH-
Thl pedieKTorpaMm, coaepxKallle MMITYJIbCHI,
OTpaxkeHHbIe OT cThiKa ABYX pasHbix KII TTIIT
¢ nnametpamu xui 0,4 u 0,5 MM, comepkaiiie-
TO pa3JIMyHbIC ITONEPEYHbIE PE3UCTUBHBIE HE-
OMHOPOAHOCTU. JIJIUTEIbHOCTh MPSIMOYTOJb-
HOT'O 30HIMPYIOIIErO MMMYJIbca Obla MPUHSITA
paBHoi1 100 Hc. [Inst cpaBHeHUs Ha rpadukax
NYHKTUPHBIMM JIMHUSMW HAHECEHBI PE3Yib-
TaThl aHAJOTMYHBIX PACUYETOB, MPOBEACHHBIX
0e3 ydyeTa KOMIUIEKCHOTO XapakTepa BOJIHO-
BBIX CONpPOTHUBIECHUIT ydyacTKoB. M3 pucyHka
BUIHO, 4YTO TIpEeHEOpeXkeHUEe KOMILIEKCHBIM
XapaKTePOM BOJIHOBBIX COIIPOTUBIICHUI OTHO-
ponHbix ydyacTkoB KII MoXeT HpUBOAUTH K
3HAYUTEJbHBIM IIOTPEIIHOCTIM OIIpeAcICHUS
oOpaTHOro moToka. MakcuMmajibHas IOrpel-
HOCTb OIpeAeICHUsI aMILUIATYIbl OTPaKeHHO-
TO UMITyJibca cocTtaBuia 34 % 1t BeTWIUHBI
yreuku 500 Om, 23 % mna 1000 Om u 16 %
ans 2000 Om. MaxkcuManbHasi TOTpeluHOCTh
oIpeneseHnus] IJIUTEIbHOCTU  OTPaKEHHOIO
MMIIyJbCa Ha YPOBHE ITOJJOBMHBI aMILIUTYIbI
COCTaBWJIa COOTBETCTBeHHO 45, 34 u 23 %.

Ha puc. 8 6 npencrtaBieHbl pe3yabTaThl aHa-
JIOTUYHBIX pPacyeToB (pparMeHTOB pedeKTo-
rpamMM, comepxKallllX WMITYJIbCHI, OTpaXeHHBIE
OT MOTEPEYHON PEZUCTUBHOU HEOTHOPOIHOCTU
B cThiKe aByx oamHakoBbix KII TTIIT ¢ puname-
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tpamu xun 0,4. I3 pucyHka BUIHO, YTO Tpe-
HeOpexXeHe KOMILUIEKCHBIM XapaKTepoM BOJI-
HOBBIX COMPOTUBICHUI OTHOPOAHBIX Y4ACTKOB
KII B aTOoM ciy4yae mpuUBOOUT K CYIIECTBEHHO
MEHBIIMM TOTPEIIHOCTSIM OMpeaeJeHUs 00-
patHoro moroka. IlorpeirHoctu ompeneneHuUs
aMILUIATYJ, OTPaXKEHHBIX UMIYJIbCOB HE MPEBbI-
warot 10 %, a IauMTeabHOCTE Ha ypOBHE ITO-
JIOBUHBI aMIUTATYABI — 18 %.

IIpenyoxxeHHBIE B JAHHOM CTaThe MaTeMa-
TUYECKMEe MOJEeJIM OOpaTHOTO MOTOKA U3 HEOI-
aoponHoii K1 gaBnsgrorcs Hanbosee MOTHBIMI
M MaTeMaTUYEeCKU CTPOTMMU MO CPaBHEHMIO C
JIPYTAMU U3BECTHBIMU MonessMu. OHU TTO3BO-
JIIIOT aJeKBaTHO OMucaTh (POPMbI CUTHAJIOB,
OTpaXXE€HHBIX OT CTHIKA IIENeil ¢ OMMHAKOBBIMU
BOJTHOBBIMU COIPOTUBJICHUSIMA Ha BBICOKOI
4acToTe, HO C Pa3HBIMMU KOHCTPYKTUBHBIMH
napamMeTpaMu, a TakXKe CUTHaJI0B MHOTOKpaT-
HBIX OTPaXEHMIA C Yy4eTOM COIJIACOBAHUII IO
BXOJy Y BBIXOAY LENU C ITOMOILBIO aKTUBHBIX
COMPOTUBJIICHUIA.

Ha ocHoBe npemsaraeMbix Mojeseii, a
TaKXKXe€ C HMCIIOJIb30BaHMEM IIpeAjiaracMbIX B
[5, 9] anroputmoB 1M(DpPOBOK 00pabOTKU
HaMM B HaCTOSILIEEe BpeMs CO3HAETCs MpPO-
rpaMMHBIN MakeT s aHanu3a pedaekTo-
rpamMM, 3aperucTpUPOBAHHBIX UMQGPOBBIMU
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Puc. 8. Teopetnuecku paccuntanHbie pparmeHTsl pediektorpamm KII,
COCTOSILIIMX U3 JIBYX OJMHAKOBBIX YYaCTKOB, COEPXKallMe OTPaXeHHbIe OT COCPEAOTOUEHHOM
OMUYECKOUN acuMMeTpuu (@) U MOTEePeyHON Pe3UCTUBHON HEOITHOPOMHOCTU (6) UMITYJIBChI
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MP. CozpaBaeMoe mporpaMMHoe obecrneue-
HHUE MO3BOJUT Oosiee 3((HEeKTUBHO pellaTh
3agaun oueHku kadectBa KII (B mepByrto
oyepeab, OJHOPOMHOCTH) M JTUAaTHOCTUKU
MX COCTOSIHUS (BBISIBJIEHHE CYLIECTBYIOLIUX
U BHOBb BO3HUKIIWX HEOIHOPOAHOCTEH,
OLICHKa MX IMapaMeTpPOB — pPacCTOSIHUE [0
HEOOHOPOMTHOCTU, €€ THUIl, KO3(PPUIUEHT
OTpaxXeHWsT UM CTerneHb (QYHKIIMOHAIbLHOMN
MNPUTOTHOCTH) B Mpoleccax IPOU3BOACTBA
Kabejeil, CTpPOUTENbCTBA M OSKCIIyaTallUK
JIMHEVHBIX COOPYXEHUU CBS3U.
IIpemnaraemple MaTeMaTUYECKUE MOJEIIH,
aJiIrOpUTMbL M pa3pabOTaHHOE IIPOrpPaMMHOE
obecrieyeHre TIO3BOJISIIOT OTpadaThiBaTh HO-
Bble METOIMKU M3MEPEHUM, paclIupsIoIIne
(byHKIIMOHAIbHBIE BO3MOXHOCTU MUMITYJIbCHO-
To METOJIa, a TAKXKe CO3/1aBaTh MPOrpaMMbl JIJIsI

0o0yueHUsl, KOHKYPCOB IpodeCcCuOHaIbHOIO
MAacCTepCTBA Ui UM3MEPUTEICH IIapaMETPOB
KaOeabHbIX Leneil W CTYAEHTOB, YIayOJeHHO
M3YYalollnX MPOLECChl B HEOOHOPOOHBIX Ka-
OeJIbHBIX LeMnsX. ¥ Hac €CThb OIBbIT MCHOJb30-
BaHUS MOAOOHBIX 00YUYAIONIINX TTPOTPAMM.

Copaep:xaHue CTaTbU MOXKET 3aMHTEPECO-
BaTh paspabortuukoB MP u mporpammHoro
obecrieyeHusl K HUM, a TakKxKe CIelUaarcTOoB,
MCTIOJIL3YIOIIUX UMOYJIbCHBIE TPUOOPHI U XKe-
JIaloIIMX M3BJIEKaTh OoJblle MH(pOpMALUU U3
3apEeTUCTPUPOBAHHLIX PeIICKTOTPAMM.

ABTOp BbIpaxaeT 0JIarogapHOCTh COTPYIHUKAM
Kadenpel doroHuku u auHUA cBszu (CIIOTYT
uMeHu npodeccopa M.A.  bonu-bpyesuua)
C.®. I'aronesy u A.C. JIto60By 3a TTOMOIIb B 9KC-
TMIEPUMEHTAIBHBIX UCCIIENOBAHUSIX U 32 TUIONOTBOP-
HOe OOcCyxXaeHue pe3ylIbTaTOB TEOPETUUYECKUX U
3KCITepPUMEHTAIBHBIX MCCIICTOBAHUIA.
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A.ll. MenuxoBa, N.A. UukuH

NEJIEHTALLMOHHbIA METOL KOHTPOJIA LLEJIOCTHOCTU 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 TTOJIS TJ100aJTbHBIX HABUTAIIMOHHBIX CITYTHUKOBBIX CHCTEM,
OCHOBAHHBIN Ha aHAJIM3e Pa3INIus MeXIy M3MEPSIeMBIMA M PACUCTHBIMU TTEJICHTAalIMOHHBIMUA TTapaMeTpa-
MM UCTOYHWKOB HABUTAIIMOHHBIX CUTHAJI0B. Ha 0CHOBEe yCTaHOBJICHHBIX pacIpene/IcHIIA JaHHBIX TeJIeHTa-
IMOHHEBIX TTapaMeTPOB TPEIJIOKEHBI KOJIMYECTBEHHBIC KPUTEPUH W OTIpeIeSIcHbl aHATUTHUECKHUE BBIpaXKe-
HUS IS BEPOSITHOCTHBIX XapaKTePUCTUK CUCTEMbI KOHTPOJIS.

WccaemoBaHbl METON MIPUHATHUST PEIIEHNs] HA OCHOBE aHaJIM3a TOJIBKO OJHOTO M3 IBYX ITeJICHTAIIMOHHBIX
rapaMeTpoB (a3MMyTa WJIM CKJIIOHEHUS ), a TAaKKe JIBa Pa3IMIHBIX BApHaHTa MX COBMECTHOTO MCITOJIb30BaHMS.
IMpemTokeHBl yTH JaTbHEWIIIETO TTOBBIIECHNST 3(PMEKTUBHOCTH paCCMOTPEHHBIX METOIOB KOHTPOJIS.

KOHTPOJIb HEJTOCTHOCTHU HABUTALHMOHHOI'O I10JISI; TJIOBAJIBHBIE HABUTAILIU-
OHHBIE CITYTHUKOBBIE CUCTEMBI; TPOCTPAHCTBEHHASI OBPABOTKA CUTHAJIOB; AH-
TEHHBIE PEIHIETKMU.

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.

Bricokass TpeOyemasi TOYHOCTb OMpeese-
HUS KOOPIMHAT HaBUTALMOHHBIX OOBEKTOB
(HO) B riiobanbHbIX HAaBUTALIMOHHBIX CITYyTHU-
koBbix cucremMax (THCC) obecrieunBaeTcsi B
cyyae, Korjma O0pTOBbIE TeHEepaTOphbl BCEX Ha-
BUTALIMOHBIX KocMuYeckux ammapaToB (HKA)
paboTaloT CMHXPOHHO C CUCTEMHBIM BpeMe-
nem THCC, koopmunatel (X, Y, Z;) xax-
poro i-ro u3 K HKA, mo curHaigam KOTOPBIX

NpPOU3BOAATCS U3MEPEHMS, U3BECTHBI C JOCTA-
TOYHO BBICOKOI TOYHOCTBIO B JIIOOOII MOMECHT
BpPEMEHMU.

VYka3aHHbIe YCJIIOBUSI MOTYT OBITH HE CO-
OoIeHbl B CHJIY KaKMX-JUOO HapylIeHWH B
paboTe paccMaTpUBaeMOIl CUCTEMBI, YTO MPHU-
BEJET K CHUXKEHUIO JOCTOBEPHOCTHU TIPOBEACH-
HBIX u3MepeHuit [1, 2].

ITpoueaypa aHanusza CTENEeHU JOCTOBEP-
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Hoctu TipuHuMmaemoit ot HKA unHdopmanyun
Ha3bIBACTCSI KOHMPOAEM UeAOCMHOCMU HAB8U2a-
yuonrnoeo noas (KIIHIT) [3, 4].

D HEKTUBHOCTL CUCTEMBI, peaanu3ylolei
npouenypy KIIHII, MOXHO KOJMYECTBEHHO
ONPENENIUTb BEPOSTHOCTbIO P, Tpomycka
(haxkTa HapylIeHUs LEJIOCTHOCT HaBUTALIMOH-
Horo nosig (HIT) n BepossTHOCTBIO P, JIOXHO-
ro pelieHus o HapyueHuu uesoctHoct HII
MpU OTCYTCTBUU mocieaHero [3].

B 3aBUCMMOCTM OT HaqWuMs WM OTCYT-
CTBUS IOMOJHUTENBLHOTO KaHaia cBsa3u ¢ HO,
METOIbl KOHTPOJISI AEJISITCS Ha JBa Kjlacca: He-
ABTOHOMHBIC M aBTOHOMHBIE COOTBETCTBECHHO,
KaXIbIii M3 KOTOPBIX MCIOJB3YET IJIs IMOBBI-
LIEHUSI AOCTOBEPHOCTHU OIPENeIeHUSI KOOp-
IUHAT Ty WK WHYIO (OpMy HM3MEPUTEIHHOI
n30bITOYHOCTHU. [Tpy 3TOM 0COO0OTO0 BHUMaHUS
3aCIy>KMBAalOT MMEHHO aBTOHOMHBIE METOIbI,
WCITIOIb3YIOLINE JISI 9TOM 1IeJIN Pe3yabTaThl U3-
MepeHMii pa3nuuHbix 60pToBbIX cucteM (bC)
HO. B yacTHOCTH, pacrpoCcTpaHEHHBIM BUIOM
bC siBnsieTcss MHOTORJIeMEHTHAsi aHTeHHasl pe-
1IeTKa, UCTOJIb3yeMasl IS IIPOCTPAaHCTBEHHOM
opueHtauuu HO 1o curnanam ot HKA, Ha
OCHOBE KOTOPOM MOXET OBbITh pPeaJM30BaHO
YCTPOMCTBO II€JIEHTallMd MCTOYHUKOB HaBU-
ralMoOHHBIX cuUTHajoB. IlolyyeHHBIE TaKuUM
00pa3oM M30BITOYHBIE U3MEPEHUS MOXKHO WC-
MOJIb30BaTh UISI MOBBILIEHUSI JOCTOBEPHOCTH
onpeaeaeHus koopauHat HO, TeM caMbIM pe-
anusys neneHrauroHHbslii Mmeton KIIHIT (An-
gle of Arrival Discrimination Method [5, 6]).

WM3BecTtHBIe pabOTHI B 3TOM 00JacTH (HAIIp.
[2, 5, 6]) comepxkaT MHOOPMALUIO O JAHHOM
METO/IE MCKJIIOUMTEIbHO Ha YPOBHE WIEH
0e3 pacCMOTPEHUSI COOTBETCTBYIOLIMX KO-
JIMYECTBEHHBIX XapaKTepucTHK. Tak, B [2, 6]
YIIOMUHAETCS BO3MOXHOCTb MCIIOJIb30BaHUS
MHOTORJIEMEHTHON AHTECHHOM PEIIETKU C 1ie-
JIbI0 MACHTU(PUKALINY HaINYMs MEIIAroIIero
HaBUTALIMOHHOI cucTteMe Bo3AeicTBUS. B [3]
MNPUBOIUTCS IIPUMEP peaau3aldu IeJIeHralu-
OHHOTO Me€Tofa C MCIOJb30BaHMEM JBYX aH-
TEHHBIX 3JIEMEHTOB.

B 10 Xe BpeMs miIsl MCIIOJIb30BaHUS IIO-
JMIOOHBIX YCTPOWCTB B CEPTUMUIMPYEMOU arl-
naparype KIHII HeoOXoauMbIM SIBsSETCS
OIpeNe/ieHe WX BEpPOSITHOCTHO-BPEMEHHBIX
XapaKTEepUCTUK C YYETOM KakK IapaMeTpoOB HC-

38

MOJIb3yEMOTro TIeJIeHraTopa, TaK W BUAA BO3-
HUKAIOLIUX B CUCTEME HapyIICHUIA.

Ilenenranuonnnie mapameTpsl B 3agavye KITHIT

M3MeputeabHass M30BITOYHOCTh B TAHHOM
MeTole oOecreynBaeTcsl MyTeM IeJIeHTaluu
WCTOYHUKOB HAaBUTAILIMOHHBIX CHUTHAJIOB, MC-
MOJIb3YEMBIX IS PEILIeHMST HaBUTALIMOHHOM
3agayMu [7], Tak 4TO B KauyecTBe JOIMOJHU-
TEJBHBIX M3MEPSEMBIX IapaMeTpoOB (UTYpPU-
PYIOT a3UMYT |l M CKJIOHEHHE m KaXIOoro u3
3TUX UCTOYHUKOB. B CBSI3U ¢ 3TUM BBOISTCS B
paccMOTpeHue uzmepsembie TeJCHTAllMOHHbBIC
rnapameTpel p,. W 1., IPEICTaBIAIOLINE
c00011 OLIEHKM BEJIMYMH L U ).

C npyroii CTOpOHbI, YKa3aHHBIC BEJIMYMHBI
MOTYT OBITh IOJYYEHBI PaCUYETHBIM MYyTEM Ha
OCHOBe MH(MOpPMAIIU, COIepKallleiicsl B HAaBU -
TAalIMOHHBIX CHUTHAJaX, MPUHSTBHIX OT JAHHBIX
WCTOYHMKOB, & COOTBETCTBYIOIIME TT€JICHTALIM -
OHHBIE TIAPAMETPbl .., ¥ M., KaXKIOTO M3
WCTOYHUKOB OyneM Ha3bIBaTb pactemHbIMU.

B ciayyae Hanmuumsi yKa3aHHBIX paHee BO3-
JEUCTBUMA MOXKET MPOU3OUTU HAPYIIECHUE 1Ie-
JIOCTHOCTA HaBUTAIMOHHOTO IIOJISI, TIPUBOSI-
1Iee K TOMy, YTO 3HAYCHUS W ., ¥ M., OYIyT
OTJIMYATBCS OT U3MEPEHHBIX p, W 1., 1O-
JlydaeMbIX IyTeM mejieHramuu. [Ipu aTom Bo3-
MOXHBI, KaK MUHUMYM, JBE CUTYalLlWH.

B mepBoil M3 HUX NMPUUYMHON YKa3aHHBIX
HapylIeHU MOXET OBITh COOI B paboTe OHO-
IO WM HECKOJbKUX <«IITaTHBIX» (T. €. OTHO-
CSIIMXCS K TPYIIIMPOBKE paccMaTpuBaeMoi
T'HCC) HKA (puc. 1 a), mpuBomsdmuii K
OolLIMOKaM B U3MEpPEHUHU TMceBaoAaabHOCTE [7]
1o HO mnu ommmbkaM B nonyyaemoii ot HKA
adeMmepunHoil uHGboOpMauKU («armapaTHbIe»
HapylLIeHUs).

Bropast cutyamusi BO3HUKaeT B cCiydae,
€CJIM HaBUTAIIMOHHBIC U3MEPEHUS TIPOUCXOIAT
MO CUTHajlaM, M3JIy4aeMbIM KaKWM-JIMOO O-
HUM WJIM HECKOJbKMMHU BHEIIHUMU MUCTOYHMU-
Kamu HaBuraumoHHBIX curHajmoB (MHC), ne
OTHOCSIIIIMMUCS K pacCMaTpUBAEMOU TPYMIIU-
poBke 'HCC, xorma aMmuiuTyga 3TMX CHUTHa-
JIOB CYIIECTBEHHO IPEBbIIIACT YPOBEHb CUTHA-
JIOB OT «1TaTHbix» HKA.

OnucaHHbIE CUTyallMM B YaCTHOM Ciydae
ogHoro HKA u ogHoro MHC wunmoctpupy-
I0TCSI Ha puc. 1, mpuyeM B J1000I U3 paccMo-
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Z

Puc. 1. Buasl HapylieHUi eTOCTHOCTU HaBUTALIMOHHOTO TOJIS:
a — anmaparHble HapylieHus; 6 — BmustHue MHC

TPEHHBIX CUTyallMii BOZHHUKAIOIIIee HapylLIeHIe
LIEJIOCTHOCTM HABUTAallMOHHOTO MOJISI MOXHO
MHTEPIPETUPOBATh KaK HaJIM4Yde HEKOTOPOTO
«MHuUMoro» HKA (Oymem panee o0Oo3Hauyatb
ero HKA'), Haxopgsiierocs B COBEpIIEHHO
MHOUM TOYKe IIPOCTPAHCTBA, YeM MWCTOUHUK
CHTHAJIa, 10 KOTOPOMY IIPOM3BOIUTCSI U3ME-
peHue.

B ycrnoBusax, xKorma eOWHCTBEHHBIM Me-
HapuM (pakTopoM, BIMSIOIIMM Ha TOY-
HOCTb pabOTBI CUCTEMBbI, SIBISICTCS HaJIN4YUE
aIIUTUBHOIO IlIyMa Ha BXOJAE IIPHUEMHOTIO
ycrpoiictBa HO, MaTeMaTruuecKue OXKUIAHMS
m{x}, m{y}, m{z} OLEHOK X, y, 7 KOOpAU-
Hat HO coBmamamT ¢ ICTUHHBIMUA 3HAYCHMU -
AMM X, ¥, %, 9TUX KoopauHar [7]. B srtom
cilyyae, Kak OyaeT TokaszaHo paajee (puc.
2—4, 8—13), maremMaTuyeckue OXUAAHUS
m{Au} W m{An) pasHOCTel Ap = [, — Ky,
U AN =M — Ny WIS KaKIOTO M3 paccMa-
TpuBaeMblx HKA oka3biBaloTCcsl paBHBIMH
HYJIIO.

B TO Xe BpeMsI Mpu HaIMYNKM YKa3aHHBIX
BBIIIE JOIOJHUTEIbHBIX MEIIAOIIUX BO3IEi-
CTBUIA 3TU MaTeMaTUYSCKNE OXXMIAHUS OKa3bI-
BalOTCSl OTJIMYHBIMU OT HYJSI, U IPEBBILLICHUE
MX MOIYJISIMM HEKOTOPHIX ITOPOTOBBLIX 3HAYe-
HUI A, W AAn MHTEPIpPETUPYETCs Kak (akT
HapyuweHus uejioctHoctd HIIT. ITpu aToM BbI-
0Op TaKMX IMOPOrOBbIX 3HAYECHUI JOJKEH IPO-

W3BOIUTHCSI C Y4ETOM HEOOXOOUMOCTH 00€-
crie4yeHusi TpebyeMoro 3HaueHUsl BEPOSITHOCTH
P,p JIOXHOTO PELIEHNs O HapyLIeHU! LeJIOCT-
Hoctu HII.

PacueTHble mejieHrauuOHHbIE napamMeTpbl

Curnan moboro uz K (K >4) HKA, uc-
MOJIb3YeMbIX TMPU PELIeHUM HaBUTALMOHHOM
3a/JauM, 00JaJaeT onpeaeIeHHbIMU YaCTOTHO-
BpeMEHHBIMHU I1apaMeTpaMu, IO3BOJISIIOIINMU
BBIIEIUTb €ro Cpead COBOKYIMHOCTM CHUTHa-
J0oB Beex octanbHbIX HKA. TIpu BeIUMCcIeHNN
napameTpoB ... M M. Wi gaHHoro HKA
YUMTBHIBAIOTCS KaK 3HA4YeHHUsI IIOJYyYEeHHbBIX
OLEHOK X, Y, Z KOOPAMHAT X,, ¥,, %, HO, Tak u
KoopanHaThel paccmatpuBaeMoro HKA, conep-
Kallliecsl B €ro HaBUrallMoOHHOM curHaje. Kak
MoKa3bIBaeT aHaJKU3 TUCTOIPaMM, IOJydaeMbIX
Mpu MOJAEJUPOBAHUM TIpoliecca BBIYMCICHUS
Hpser M Mpyeys OTU BEJIMYUHBI MOXKHO CYMTATh
HECMEILIEHHbIMU 1 HOPMAaJIbHO pacrpeneeH-
HBIMU.

Ha puc. 2 u 3 B KauecTBe mpumMepa Mpu-
BElIEHbl TMCTOrpaMMbl (CIUIOIIHbIE JIMHUKU Ha
PUMCYHKaX JEMOHCTPUPYIOT pe3ybTaT CTaaXu-
BaHMSI THUCTOIPAMM COOTBETCTBYIOIIMX HOP-
MaJIBHBIX CJIy4YalHbBIX BEJIMYMH) JJIsI YACTHOTO
cayqag HKA cucremsr GPS ¢ mapamerpamu
= 44,8526°, n= 67,1638" mpu OTCYTCTBUM
HapymeHus uenoctHocty HIT mig TunmmaHbIX
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ycaosuit 42 = 12 nb tioe A2 — oTHOIIEHWE 3HEp-
ruy o0padaThIBA€MOIO CUTHaJIa K YIBOSHHOI
CIIEKTPaJbHON TUIOTHOCTU CpEAHEN MOIIHO-
CTU aIJUTUBHOrO OEJIOro rayCcCOBOro IilyMa Ha
Bxoae npueMmHoro yctpoiictsa HO. IIpu stom
YUTEHO, YTO MCIOJb3yeMble IIPU MOICIUPO-
BaHUM BEJIMYMHBI X, Y, Z paclpeacicHbl HOP-
MaJIbHO C paBHBIMU AUcCIiepcusmMu [7].

Benuuunbl cpeaHeKBaApaTUUYECKUX OTKIIO-
Henuit (CKO) o', o} cOOTBETCTBEHHO
MapaMeTPOB W ...> Mye, B PAOOUYEM nManasoHe
3HaueHMit A’ MpeacTaBieHbl Ha puc. 4.

B ciyyae ke HapylleHUs LEJOCTHOCTU
HII maTtemaTuyeckue OXMIAHUS I1OJydaeMbIX
3HAYEHUM X, y, Z OKA3bIBAIOTCS OTJIUYHBIMU OT
UCTUHHBIX 3HAYEHUH X, Y, 7, KoopauHat HO,
B 4eM, COOCTBEHHO, W MPOSIBISICTCS Hapyllie-
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Puc. 2. T'ucrorpamma pacnpeneaeHust
pacyeTHOro yrjia a3umyTa

Hue neiaoctHoctyu HIT.

[Ipy oTOM pacyeTHbIe 3HAYECHUS W,
Npaew OYAYT COOTBETCTBOBATH HE  TMOJIOXKE-
Huro HKA, curHaar KoToporo HCIOJIb30-
BaJicsi MpU pelleHMd HaBUTAMOHHOM 3a-
gayu  (3To mor ObiTh M curHar or MHC
Ha puc. 1 0), a monoxenuto HKA' (MHnMoro
HKA).

I/ISMepHeMble MNeJICHrafMOHHbIC MapaMeTpbl

YuuTbiBasg yKa3aHHYIO BBIIIE BO3MOXK-
HOCTb BbIJIEJIUTb HABUTALIMOHHBIN CUTHAJ JIIO-
0oro McroyHuka (UM MoxkeT ObITh Kak HKA
rpynnupoBku paccmatpuBaemoit T'HCC, tak
n BHewHuit MHC) M3 COBOKYIHOCTM BCeX
OCTaJIbHBIX CUTHAJIOB, UCIOJb3YEMbIX MPU pe-
LIEHMY HABUTALIMOHHON 3aauyu, MOXHO OCY-

2000 Y, -

1500 -

Yacrora

1000 -

500 -

67,1635 671638 67,164

Mpaeu » TP

Puc. 3. I'ucrorpamma pacnpeneacHust
pPacUeTHOTO yTJla CKJIOHCHMS

Puc. 4. 3aBucumoct CKO 011eHOK pacyeTHBIX YIJIOB a3uMyTa
Y CKJIOHEHUSI OT 3HAYeHUs mapamerpa h?
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LLIECTBUTH IEJIEHTallMI0 UMEHHO 3TOT0 MCTOY-
HUKAa, IOJYYUB IIPU 3TOM II€JICHrallMOHHbLIC
MapameTpul W, ., M., -

H3mepeHne 3THX mapaMeTpoB BO3MOXKHO
Pa3nMYHBIMU MeToAaMM, 3(PPEKTUBHOCTH KO-
TOPBIX OLIEHUBACTCSI II0 YPOBHIO TPeOYeMBIX
BBIYMCJIMTENBHBIX 3aTpaT U O0ecreyrBacMOou
Ipyu 3TOM TOYHOCTM Hu3MepeHuili. B mro0om
cayyae TIpEeArnoJiaracTcsi MCIOJIb30BaHUE aH-
TEHHOI PELICTKU, IIPUYEM B IIPEACTABISIONINX
MpakTUYECKUIT MHTEepec ciaydasx (Hampumep,
NPUMEHUTEIbHO K OECHUJIOTHBIM JIeTaTe/lb-
HBIM amraparaM) Yuciao N aHTeHHBIX 2JeMeH-
TOB (AD) OObIYHO HE MPEeBbILIAET 3HAYEHWUSI
5—7.

IIpu OGOJBLIMX OTHOILICHUSX CUTHAI/IIYM
TOYHOCTb OIICHOK, OJM3KYI0 K JOCTMXKUMOU
MIPY UCIIOJBb30BAHMU TAKUX METOIOB, KaK MaK-
CHMaJIBHOTO TIpaBaomnogoous [8, 9], Makcumy-
Ma IIPOCTPAaHCTBEHHOI MOIIHOCTH [8] U T. II.,
obecrieunuBaeT MeTon Mmakcumyma R-¢ynkuyuu
[9], TpeOyrowuMii CpaBHUTEIbHO HEOOJBIINX
BBIYMCIMUTENIbHBIX 3aTpaT. B aToM ciyyae us-
MepeHHue MapaMeTpoB w, ., M., OCYLIECTBI-
eTCs MyTeM MaKCUMU3AUMU QYHKIIUU

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

rme A9, U A, — COOTBETCTBEHHO OLEH-
Ka pa3sHOCTH (pa3 M 3TajJOHHAsI Pa3HOCThb a3
[5, 10] curHajoB OT aHTEHHBIX 3JIEMEHTOB,
oOpasylolux m-10 0a3y, Ipu IOCTYIUICHUU

Puc. 5. Kondurypauus 7-saeMeHTHOMI
AHTEHHOM pELIETKHU

CHTHaJa OT JaHHOro ucrouHuka; M =C, =
= N/(N -2)!2! — xonuvecTBo 6a3 B aHTEH-
HOW pelIeTKe.

OTaJloHHbIE Pa3HOCTU (a3 AB, PACCUUTHI-
BaIOTCS JJIST BCEX BO3MOXKHBIX Tap YIJIOB p, M
no dopmyie [3]:

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

+cosncosp-y, +sinn-z,),
rae (x,,¥,,%,) — KOODIMHATBHI m-TO BEKTOpa
0a3pl, A — JIMHA BOJHbBI IPMHUMAEMOTO CHT-
Hana. HaGop tex 3Hauenumit A6,, m=1..M,
npu KOTopblx (yHKIUsA R B (2) mocTturaer
CBOEro MakCcMMyMa, M OyaeT OrpeaessiTh UC-
KOMBbIE 3HAYEHUS BEJIMYUH W, , M.y -

Kondurypauusg aHTeHHOW peLIeTKU, HC-
MOJIb3yeMOM B TEJEHTaTOPe, OKa3bIBaeT Cyllle-
CTBEHHOE BJIMSIHME Ha TOYHOCTh IMEJEeHIOBa-
HUSL.

C OogHOI CTOPOHBI, JJIST TTOBBILLICHUST TOY-
HOCTU M3MEPEHHUSI MapaMeTpoB W, m Heo0Xo-
IUMO O0ECIeYuTh KaK MOXHO OOJbIIME pac-
CTOSTHUS MexXay AD.

C 1Opyroil CTOPOHBI, IIpU IPEBHILIEHUU
JaHHBIMU PACCTOSIHUSIMM TIOJIOBUHBI JIMHBI
BOJHBI A MOTYT BO3HUKHYTb HEOJHO3HAYHO-
CTU (ha30BbIX U3MEPEHUI, MIPUBOAIIINE K I10-
SIBJICHUIO aHOMAJIbHBIX OIIMOOK IIPU OIlpeae-
JleHuu yriaoB. B To ke BpeMs ¢ yBeJnueHUEM
yuciaa AD BEepOSITHOCTM aHOMAJIbHBIX OIIM-
0OK YMEHBIIIAIOTCSI B CBSI3U C BO3MOXKHOCTBIO
VIIYJIICHUs] AUarpaMMBbl HalpaBJIeHHOCTU aH-
T€HHbI, OTHAKO IIPU 3TOM CYIIECTBEHHO BO3-
pacTaloT BBIYMCIUTEIbHBIE 3aTpaThl, a TaKXe
CTOMMOCTb YCTPOMCTBA.

TTouck onTuManbHON KOHGUTypalUUud aH-
TEHHOH pelIeTKU IIPpU 3aJaHHOM KOJMYECTBE
AD 1 orpaHMYEHMSIX Ha TEOMETPUYECKUE pa3-
MEpbl aHTEHHBI JOJDKEH OCYIIECTBISTHCS IO
KpUTEPUSIM MUHHMYMa OUCIEPCUM BEJIMYMH
Woss Musy B 00JACTM HOPMaJIBHBIX OLIMOOK
¥ MUHUMYMa BEPOSITHOCTY aHOMAaJIbHBIX OILIM-
0OK.

Ha puc. 6 u 7 B KadecTBe Ipumepa Ipei-
CTaBJI€Hbl THUCTOrpaMMbl (CIUIOLIHBIE JIM-
HUM Ha PUCYHKAaX OEMOHCTPUPYIOT pe3yJbTaT
CIUIAXXMBAHUS TUCTOTPAMM COOTBETCTBYIOIINX
HOPMAJIBHBIX CJIyYaliHBIX BEJWYMH) pacrpe-
JEJICHUI OLEHOK BEJIWYMH p, ., m,,, ML
paccMOTpPEHHOro paHee MCTOYHMKA C Ta-
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0.5k 4

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

Mgy TPAIL

Puc. 6. I'mcrorpamma pacripenesieHust
M3MEPEHHOro yrija a3umyTta, 4> = 12 1b

7N

Yacrota

1
08 0.6 0.4 02 0 02

Puc. 8. T'mctorpamma pacripeneneHust
BEJIMYUHBI Al, A> = 12 n1b

Hacrora

I L
67.1638 67,3 674 67,5

Nane» TPAA

Puc. 7. I'mcrorpamma pacnpeneacHus
M3MEPEHHOTO yIjla CKIIOHeHus, /> = 12 nb

] AN ]

EETIHY

[]
An, rpag

Puc. 9. T'ucrorpamma pacnpeneaeHust
BEJIUYUHBL An, 4> = 12 1b

e

-G, , rpan

e

-o-0,™, rpaj

-0-0,,, 'paa

A

Puc. 10. 3aBucumoctu CKO orieHOK
yIJIOB W, , M, OT napameTpa h’

pameTpamu | = 44,8526°, n = 67,1638° mipu
h* =12 nb npu McMoNb30BaHUU aHTEHHOI pe-
1IeTKY, KOH(pUrypalus KOTOpoil n3o0paxeHa
Ha puc. 5, ¢ mapamerpamu p/P =0,4, P =2
u o =0. AHaJIOTMYHbBIE 3aBUCHUMOCTU ObLIM
MOJIY4EeHbI M IJIT COOTBETCTBYIOLLIMX pPa3HO-
creii Ap, An (puc. 8 u 9).

Ha puc. 10 u 11 npencraBieHbl rpadpuku
sapucumocteit CKO o™, o™ M3MepeHHbIX
YOJIOB p., M., & Takke CKO o,, O,
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Puc. 11. 3aBucnmoctn CKO omeHok
pa3HocTeil Ap, An oT mapameTpa h?

OLIEHOK pa3HocTell Ap, Amn oT mapameTpa A2

AHau3 MoJydYeHHBIX 3aBUCUMOCTEN ITOKa-
3BIBAET, uyTO Nipu 4* > 5 1B mosy4yaemble B pe-
3yJIbTaTe IMEJEHTalluu BEJWYMHBL [, ., M,.,>
a Takxe A, An IOCTaTOYHO XOPOILIO arlpoK-
CUMMPYIOTCSI HOPMAaJIbHBIM paclpeacieHUEM.
[Ipu sTOM B yCJIOBUSIX OTCYTCTBUS Hapylile-
Huil nenoctHocty HII Benmmuumubl Ap, An
MMEIOT HyJIeBble MaTeMaTU4YeCKUE OXUAAHUS
M, KaK BUIHO W3 CPaBHEHMSI 3aBUCHUMOCTEM
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Ha puc. 10, 11 u Ha puc. 4, B NpeacTaBisIO-
el MpakTUYeCKUi MHTepec o0JIacTU 3Ha-
wennit A> (h* =10...15 1B) onpenensionmii
BKJIaJl B BEJIMYMHBI O, , O, BHOCAT AMCIIEp-
CMY MMEHHO M3MEpPEeHHBIX IIeJICHTallMOHHBIX
1apameTpoB W, .., M,y -

BeposiTHOCTHBIE XapaKTePHCTHKHA
nejenramuonnoro meroxa KITHII

[TonyyeHHble pacrmpenefeHuss BeJIUYMH
Ap, AN MO3BOJSIOT OLIEHUTH BEPOSITHOCT-
Hble xapakTepuctuku cuctembl KIITHII, pea-
JIU3yIollel MeJIeHrallMoOHHbIN MeToa. B ciyuae
MNPUHATHUS PELICHUSI Ha OCHOBE COBMECTHOTO
WCITOJIb30BaHMS U3MEPEHUI ABYX YIJIOBBIX KO-
opnuHaT HKA B0O3MOXXHEI IBa BapuaHTa.

B nepBoM M3 HUX HapylleHHE LEIOCTHO-
ctu HII duxkcupyercs, eciu XoTs Obl OgHa U3
BEJIUYMH AW WJIM AT NPEBBICUT COOTBETCTBY-
Iolllee OPOroBoe 3HaYeHue A, wim A, (Jo-
rnueckoe «MJIM»), a Bo BTopoM — eciu 006e
BeJIMYMHBI AW M Arn OZHOBPEMEHHO IIPEBHI-
CIT COOTBETCTBYIOIIIME MOPOTOBBbIE 3HAYCHMS
(noruueckoe «M»). Ctporoe pelieHue 3agadyu
HaXOXIEHUsI OINTUMAJIbHBIX 3HAUEHUI IIOpO-
roB B 000OMX yKa3aHHBIX BapuaHTaxX MPUHSITUS
pellleHnii CBSI3aHBI C OOJBIIMMM BBIYMCIIM-
TEJIbHBIMM 3aTpaTaMM.

C npyroii CTOPOHBI, C Y4eTOM (DYHKIIHO-
HaJbHBIX BO3MOXHOCTEH MCIOJb3YEMOTO B
cuctreme KIIHII meneHraropa m B 3aBUCH-
MOCTH OT TOM WJIM MHOI 00JjlacTu 3HAYeHUIt
Wosns Mysy MOXKET OKA3aThCS TAK, YTO U3MEPE-
HUE OJHOTO M3 YIJOB MPOU3BOJAUTCS CO 3HA-
YUTEJIbHO OOJIbIIEH aucHepcueit, yeM APYyroro
(cMm., HanpumMmep, puc. 11).

B Takux cutyauusix pelieHue O HaJluduu
win otTcyrcTtBuu uejioctHoctu HII MoxxHO
MPUHUMATh Ha OCHOBE aHaJN3a TOJBKO OIHO-
ro U3 paccCMaTpUBAEMBbIX YIJIOB.

Tak, B ciayyae NOpUHATUS pELICHUS Ha
OCHOBE aHaju3a, HalmpuMep, TOJIbKO BEJIUYM-
Hbl AN ¢ y4eTOM OTMEUYEHHOIrO BBIIlIE HOP-
MaJIbHOTO pacIIpeleeHUs] 2TOil BEJIMYUHEI,
OYEBUIHO, UMEEM:

Pp =1- (3)

A
erf 4,
V26,

PHP :lelyp AAn +BAn AAn _BAn

2 \/EGAn \/EGAU

rae B,, = m{An} — marematuyeckoe oxua-
HUE BEJIMUMHBI AN TIpY HApyLIEHUU 11EJI0CT-

Hoctu HII, erf(x) = l‘[e"z dt v BeIMYMHA
0

Jn
OTHOCHUTEJIBHOTO TIopora A, /csAn BbIOUpAET-
Cd UCXOJsl M3 33JaHHOTO 3HAYEHUSI BEpOSIT-
HOCTU Py;.

B To xe BpeMs WCIOJb30BaHUE PE3YJib-
TaTa W3MEPEHMs TaKKe UM BTOPOro yria
(B maHHOM ciiyyae ApL) MOXET IIPUBECTU K
VJIYUILLIEHUIO XapaKTEePUCTUK aJrOpuTMa Mpu-
HSITUST PELICHMUSI.

JleliCTBUTEIbHO, IIyCTh pEIlIeHWEe O Ha-
Juunmn HapyweHus uenoctHoctu HIT Tenepsn
MPUHUMAETCS B Cllyyae, KOrja He TOJbKO Be-
JIMYKMHA Ar MpeBbIlIAeT HEKOTOPOE MOPOroBOe
3HaYeHHe A, HO Takxke M BeludMHA Ap
MPEBBIIIAET CBOE IOPOroBO€ 3HAYEHUE A'AH
(noruuyeckoe «M»), mpuyemM 3TU MOPOrOBbIe
3HAUEHUS MO-TIPEeKHEMY BbIOMPAIOTCS UCXOs
13 33J]aHHOTO 3HayeHus1 P;,. OueBUIHO, 4TO
B 9TOM CJiy4yae

—%eff . (4)

PHP:P“P" (5)

ap~ oap’
T7I€ BEPOSTHOCTU P; " PH’}, JIOXHBIX pellle-
HUIA, TOJlydaeMbIX Ha OCHOBAaHWU aHau3a OT-
JIEJTbHO KaXIIOTO W3 YIJIOB, BBIYUCISIOTCS B
cooTBeTcTBUU C (3).

OnHako, B OTIMYME OT YIOMSIHYTOTO BBIIIIE
CTPOIOro pelleHuUs 3aJauyy MOMCKa ONTUMAab-
HBIX 3HAYEHUU TTOPOTOB /\'AH u A}, BbIOEpeM
9THU 3HAYEHUS, UCXOMS U3 TPEeOOBAHMSI paBEH-
CTBA BEPOSTHOCTEU Pﬂ“P "u P“r:’. ITpu sTOM,
oueBMIHO, A}, /o, = A}, /o, =A,. B nanHom
cilyyae BEpOSITHOCTb P, mpomnycka ¢akra Ha-
pylleHUs LIEeJOCTHOCTA HAaBUTalIMOHHOTO T10JIsI
BBIUMCIISIETCS B COOTBETCTBUU C BBIpAXXECHUEM

Py =1-[1-A(A,,B,,/0,,)] %

6
x [1= A(Aq, By, /o)) ©)

rac

AP J0,) = S erf (A, /N2 4, N3 +
+ et (/N2 =, N2o,).
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Puc. 12. BepoaTHOCTHU JTOXHBIX pellIeHUI MPU UCITOJIb30BaHUU

pe3yJIbTaTOB U3MEPEHUST IBYX (———

Ha pwuc. 12 mpexncraBiieHa 3aBUCHMOCTH
BEPOSAITHOCTU P, OT mapameTrpa A, (CruioL-
Hasl KpuBasi), BeIYMCIeHHas 1o dopmyie (5).
31echb Xe IpUBEIeHa 3aBUCUMOCTb Py, OT mna-
pamerpa A, /csAn = A, (MyHKTHUpHas KpuBas),
BbIUMCJIeHHas 1o (3).

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

) ¥ OTHOTO (-------- ) YIJIOB

A, B 000MX pacCMaTpMBAEeMBIX CIy4yasx IpHU-

HATUST pelIeHUi, T. €. IPY UCIOJIb30BAHUU PE-

3yJIbTaTOB M3MEPEHUST OMHOTO MJIM IBYX YIJIOB.
Ha puc. 13 npuBegeHbl 3aBUCUMOCTU

(6) BeposiTHOCTH Py OT BenmuuuHbl B, /G,
NpY PasIMYHbIX 3HAYeHUsX B, /o
KauecTBe TMpHUMepa BBIOPAHO

BAH/GAH

s> THE B
Pp=10" mu
= 14 nb (xkpuBas 1), 16 1b (xpusas 2),

AAL i
[ L Ly

/

Co

I
IS
I

*lu i

g
FLL LT

Puc. 13. BeposgTHocTu nponycka HapymeHus uenoctHocty HIT npu mcnonab3oBanumn
PE3YJILTaTOB M3MEPEHMs ABYX (KpuBble 1, 2 1 3) M onHOro (NMyHKTMpHas Kpusas) yrios u P, = 107
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18 nb (xpuBag 3). [Inst cpaBHEHUST TyHKTUPOM
MpUBEJeHA 3aBUCUMOCTh (4).

Kak cnemyeT m3 aHaim3a KpUBBIX, MpPEa-
CTaBJICHHBIX Ha puc. 13, B pacCMOTPEHHOM
(BapuaHT jormyeckoro «M») ciydae mpuHSI-
TUSI PEIICHUs IO OBYM YIJIaM BBIMTPHILIL IO
BEPOATHOCTU Py, 10 CPaBHEHUIO CO Cllyya-
€M, KOrja pelleHHe IPUHUMAETCS Ha OCHO-
BE aHajJaM3a U3MEPEHHUS TOJBKO OJHOIO YyIJja,
OyneT HaOaomaThCs JMIIb B 00JaCTH, KOrma
BAH/GAT] < BAH/GAH :

B npoTtuBHOM cilydyae MCHOJIb30BaHUE W3-
MEpEeHUl 00OUuX YIJIOB MNPUBOAMUT K 3HAUM-
TEJIbHOMY IIpOUTphIlry. OQYeBUAHO, YTO IIO-
JIOOHBIN BBIBOJ CIIPABEUIMB U B ClTydae, Koraa
paccMaTpuBaeTCs 3aBUCUMOCTb Py, OT Be-
JIMIUHBI BAPL / Oy, TIpU DPa3IMYHBIX 3HAYCHU-
ax mapametpa B, /o, . Ilpu sTOM 0bGsacTh
3HaYeHUH B, /GAH, COOTBETCTBYIOIIASI BBIU-
TPBIIIY METOAA IPUHSTHUSI PEIIeHUs] MO IBYM
yIjaM, OYE€BUIHO, ONPENEIISIETCS BhIpaXKeHUEM
BAM/GAH < BAn/GAn )

IlpuMmeHsIsT TIOMyYeHHBIE pPE3YaAbTaThl K
yacTHOMYy ciiydato cuctembl KIIHII, xapak-
TEepU3yeMoil JaHHBIMM puc. 6—11, momydaem,
4TO NMpU P, =10~ U UCIOJIb30BAHUM METONA

Prp

MNPUHSATUS PELICHUS MO ABYM yrjiaaM (BapHaHT
Jjornyeckoro «M») HapylleHUs LIeJIOCTHOCTHU
HII oynyTt 3adukcupoBaHbl C BEPOSTHOCTBHIO
He MeHee, 4eM 1- B, =1-107, Ipu ycio-
BUM, YTO OTKJIOHEHMS MEJCHTallMOHHBIX Mapa-
METpOB OymyT He MeHee 3,5 rpaa. u 1,75 rpaxn.
MO a3UMYTy M CKJIOHEHMIO COOTBETCTBEHHO.
[Ipu aTOM HCHoOAB30BaHUE METOAA IPUHSITHUS
peleHus JUIIb M0 OMHOMY YIJIy o0ecreunBa-
JIO OBI T€ K€ BEePOSITHOCTHBIE XapaKTePUCTUKU
cuctembl KIIHII, ecan OTKIOHEHUS TI€JEH-
TallMOHHBIX MapaMeTPOB ObLIM OBl HE MeHee
4,4 rpaa. u 2,2 rpal. COOTBETCTBEHHO.
PaccmoTpum Temepb MeTOI MPUHSITUS pe-
IIEHWSI O HAJIWYWM HapyIIEHUs ILEJIOCTHOCTH
HII mo BapuaHty noruueckoro «MJIM»). Ilpu
5TOM OYEBUIHO,
Py =P + P — PP (7)

Jip - JIp

AHAJOTMYHO MPEBIIYIIeMY CITydalo 3Haue-
Hust oporos Ay, u A BBIGMPAIOTCS MCXOMLS
13 TpeOGOBaHMs PaBEHCTBA BeposTHOCTEH P!
u P". Botom ciyuae A}, [o,, = A}, /o, = Ay,
U BEPOSITHOCTb Pp, mporycka (akTa Hapyle-
HUSI LIEJIOCTHOCTH HaBUTALIMOHHOTO TIOJS BBI-
YUCIISIETCS B COOTBETCTBUY C BBIPAKEHHEM

g L L
[l

il
|

il
[
[

L0 LOHUL L

—_

o3
(=}

Puc. 14. BepostHocTu mporycka HapyuieHus 1iesioctHoctu HIT mpu ucrnonb3oBaHuM pe3yinbTaToB
M3MEpPEeHUs ABYX YIJIOB Ha ocHOBe Jiornueckoro «MJIW» (kpussie 1, 2 u 3), noruyeckoro «M»
(kpuBble 4, 5 1 6) 1 onHOrO yryia (IyHKTUpHAasa Kpusas) npu P, = 107
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MHdopmartnka. TeneKoMMyHUKaUMn. YnpasneHue

Prp = A(AG, By, [04,) - AN, By [04)5 (8)

rie ¢yHkunun  A(Ay,B,/c.) omnpenenstorcs
BbIpaxkeHueM (0).

Ha puc. 14 npuBeneHbl 3aBUcuUMOCTH (&)
BEPOSITHOCTU Py, OT BEJUYUHBI B, /csArl npu
TeX Xe 3HayeHusx B, /o, , 4TO U Ha puc. 13
(kpuBbie 1, 2, 3 cooTBeTCTBEHHO). [y1s1 cpaB-
HEHMSI TYHKTUPOM IIOKa3aHa 3aBUCUMOCTD
(3), a Takke paccMOTpeHHbIe paHee (puc. 13)
3aBUCUMOCTH (6), COOTBETCTBYIOIIIME BapHaH-
Ty Joruueckoro «M» (kpusble 4, 5, 6).

W3 aHanu3a mpuBeAEHHBIX KPUBBIX CJie-
JIyeT, YTO BapUaHT MPUHSATUS PELICHUS Ha
ocHoBe Joruueckoro <«WJIM» B obOnactu
Oonbumx 3HaueHuit B, /o, ~obecneunBaet
CYIIECTBEHHBIN BBIUTPBILI 110 CPaBHEHUIO
C IpYrMMHU pPacCMOTPEHHLIMM BapUaHTaMWU.
OnHako B 001aCTH MaJIbIX 3HaUeHUil B, /o,
9TOT BapMaHT, HAIpPOTUB, MOXET MMETb
MIPOUTPHILI MO CPaBHEHUIO C BApUAHTOM JIO-
ruyeckoro «M», He yctynasi, TeM He MeHee,
BapUaHTy TMPUHATUS pPeELIeHUs TOJbKO IIO
OJHOMY YTIy.

AHaJIU3 MeJIeHrallMOHHbBIX MapaMeTpoB Io-
3BOJISIET OCYLIECTBUTh MPUHSATUE PELICHUS O
HAJIMYMU WA OTCYTCTBUM HAPYIICHUS 11EJIOCT-
HocTtu HII paznuyHbiMu MeTOogamMu, KOTaa UC-
MOJIb3YeTCs TOJIBKO OMH U3 9TUX MapaMeTpOB,
JIM0O0 MperosaraeTcsl X COBMECTHOE UCIONb-
30BaHUE.

Bo BTOpOM ciyyae BO3MOXHBI BapuaH-
Thl JIOTUYECKOTO CJIOXEHUs (JoThuyeckoe
«MJIN») nam 10TMYecKOro yMHOXEHMs (JIo-

ruyeckoe «M») mMpoMeXyTOUHBIX Pe3yJIbTaTOB
MNPUHSITUSL PELICHUM MO0 KaXXIOMY U3 YIJIOB B
OTIEJIbHOCTHU.

IlepBBIif BapuaHT TIO3BOJISET TMOJIYYUTh
BBIMTPBILI 10 CPAaBHEHUIO C METOIOM HUCIOJb-
30BaHMSI TOJILKO OTHOTO YyIJIa BO BCeit 00IacTn
paccMaTpuBaeMbIX 3HAYEHUI MaTeMaTUYECKUX
OXMJIAHUUN OTHOCUTEJIbHBIX OTKJIOHEHUM pac-
YETHBIX MeJIEHralMOHHbIX MapaMeTPOB OT U3-
MEPEHHBIX.

Ilo cpaBHEHUIO CO BTOPHIM BapUaHTOM
(mornueckoe «M») 3TOT BapmaHT oOecIieun-
BaeT BBIMTPHIII TOJBKO B 00JaCTU OOJBIINX
3HAYEeHUM yKa3aHHBIX MaTeMaTUUYECKUX OXKMU -
naHuil. I[lpy 3TOM YNOMSIHYTBIM BBIMTPBIIIT
BbIpaXkaeTcs B CTEIIEHU YMEHBIIEHUS TpeOy-
€MBIX 3HaYEeHU I BequuuH B, /o, U B, /0,
MpU KOTOPBIX HapylieHue mnesoctHoctr HII
OymeT 3aMKCHpPOBAHO C 3adaHHOW Bepo-
ATHOCTBIO P, TNpuU 3alaHHON BeJIUYKMHE
Py

IToBbllieHre 3¢ (HEKTUBHOCTU  PACCMO-
TPEHHBIX METOAOB MOXKET OBITh O00ecIeYyeHO
nyTeM ONTUMM3ALMM 3HAYECHUI OTHOCUTEJb-
HBIX TTOPOTOB MPUHSITHUS PEIIEHUI MO KaXXIOMY
M3 MeJeHTallMOHHBIX ITapaMeTPoB, a TakKXkKe Ha
OCHOBE COBMECTHOTI'O MCIIOJIb30BAHUS PE3Yb-
TaTOB aHajM3a 3HAYCHMUI ATUX MapaMeTPOB Ha
HEKOTOPOM MHTEpBajie BPEMEHU.

Kpome Toro, mONOIHUTENIbHBIA BBIMIPHILI
MOXET OBITh MOJIYYEH 3a CYET ydeTa Pe3yib-
TaTOB aHaJIM3a IeJeHTallMOHHBIX ITapaMeTpOB
BceX OCTaJIbHbIX K — 1 MCTOUHUKOB, CUTHAJIbI
OT KOTOPBIX OBLIM HCITOJb30BaHBI TP peIlle-
HUM HaBUTALMOHHON 3amauu.
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CucteMHbIN aHANU3 U ynpaBieHue

YOK 517.9 DOI 10.5862/JCSTCS.212.5

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

OLLEHKA OBJIACTU YCTOMYUBOCTU SHEPTOCUCTEMbI
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

M3ydyeHbl aHAIUTUYECKUI U YMCICHHBIA METOAbl aHalr3a YCTOMUYMBOCTU 2JEKTPOMArHUTHBIX U 3JIeK-
TPOMEXaHUUYECKMX MPOLIECCOB JIEKTpOIHepreTuueckoi cucteMbl (DOC), paboTarollieii Ha BHEIIHIOW CETh
OCCKOHEYHOI MOIIHOCTHU. I TOIy9eHUsT aJIfOpUTMa OLIEHKU TPAaHUIIbI O0JACTH YCTOMYMBOCTH MCIIONb-
30BaH TIpssMoii MeTona JIsimyHoBsa. [IprBeneHa MeToAMKa aHATUTHUUECKOTO MCCISIOBAHMS YCTOMUMBOCTH Ha
OCHOBE 3TOTO METOJA.

PaccmotpeH mpuMep mcciieqoBaHNUS KOHKpeTHOU DDC mpemioXkKeHHBIM METOIOM M TIOJIyUYeHUS Tpa-
HUIBI 00JIACTA YCTOMYMBOCTH 3aMKHYTOM CHUCTEMBI YIIPABIICHUS TPW BapbHUPOBAHWM YAaCTOTHI TeHEpaTopa
W PasIMYHBIX 3HAYCHUSX COOTHOIICHUS JWHEHHBIX M HEJIWHEHHBIX WICHOB B MaTeMaTWUYCCKON MOIEH
UCCIEAYEMON CUCTEMBI.

OBJIACTb YCTOMYNMBOCTU; DJIEKTPOOHEPTETUYECKASI CUCTEMA; ITPIMOM 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  Monesb  2J1€KTPOIHEPreTH-
YEeCKOW CUCTEMBI, COCTOSIIEN M3 TYpOUHBI U
CHMHXPOHHOIO TeHeparopa, padoTaloluMX Ha
ceTb OECKOHEYHOU MOIIHOCTH, CXeMa KOTOPOi
npuBeAeHa Ha puc. 1.

YpaBHeHHE CHHXPOHHOTO TeHeparopa B
d-q ocsx, ompenensieMblx IpeoOpa3oBaHUEM
ITapka—TopeBa, mpeacTaBisieTcss CHUCTEMOM

OOBIKHOBEHHBIX U depeHInaIbHbIX YpaBHe-
Huit (1)—(6) [1]. dns ynpolieHusT Mbl Oymem
paccMaTpuBaTh B MOAEIM CUHXPOHHOIO I'eHe-
partopa TOJbKO JBe OOMOTKM BO3OYXXACHMUS,
napy nemMngepHbIX OOMOTOK M OIHY M3 ¢a3-
HBIX OOMOTOK.

VYpaBHeHUS, OIMCHIBAIOIEE IPOLIECCHl B
00MOTKax SKOpS:
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Harpyska
lFenepatop JNnuus
nepega4u
(Re,Le)
S =I >
TypbuHa + 7
Puc. 1. Cxema cucrtemsl
dn OnpeneyieHne BXOMSIIMX B YpaBHEHUS
v, =—Ri, + ok, + p tq ; (1) (1)—=(11) BennumH 1 MX YKUCIECHHBIE 3HAUCHUS,
WCITIOJIb30BABIIMECS B pacyeTax, CBEICHbI B Ta-
My ==Ly, + L,y +iy), (2)  Oaumy (cM. HuXeE).
Hns mpuBeaeHust cucrtembl (1)—(11) k
A, =—Li, + L, (3)  Bumy, yIoOHOMY Ul aHAJIUTHYECKOTO UCCIE-
VpaBHeHMe st OGMOTKH BO3GYKICHIUS: JIOBaHUSI Y YUCJIEHHOTO MHTETrpUpPOBaHUSI, BCE
) di i YJIeHbI, colepKallude MPOU3BOAHbIE (HA30BbIX
v. =R —L di, + L L + L diyy (4) ~ KOODIMHAT, IMEPEHOCATCS B JIEBYIO 4acTh, a
e BCE OCTAJIbHBIC YJIEHBI i —
ypaBHEHUI1 — B MPaBYIO
YpaBHeHue ais aeMnpepHbIX OOMOTOK: 1acThb:
di di di di, diy diy,
0=R i —L Za, gy A1 2k (5 -(L,+L)—"*+L,—+L,, —*
kd " kd ‘md dt ‘md dt kd dt ’ ( ) ( d ) dt d dt d dt 12
i i = (R +R)i, ~(L, + LYo i + L, oi, + (12)
_ ; d q
0=R,i, L., ot L, 7R (6) + V7 cos(d — o),

B Mopenu mpencraBieHa BHELIHSIS MOIII-
HOCTh, IIOABEACHHAs K TypOUHE, W 3JICKTPU-
yecKasl Harpyska, oOyCJIOBJICHHAs IpolieccaMu
BO BHEIIHE! ceTu. YpaBHeHUS TypOuHHI [1, 2]:

a5 _

dt
do
2H—=T -T - Do,

=T, ~ T, Do ®)

o-1, (7)

roe
7; = (Lq - Ld)idiq + medifdiq +
L

ma'lq — Lo la'lmq ’

_ 2 2
V, =4Vt

YpaBHeHUST BHEIIHEN HArpy3Ku:

+ L,

)

v, = Ri, +1, ‘% — oL, + V" cos(d - a), (10)
. di, . .
v, = Ri, + 1, EJF oLi, +V7”sin(d-a). (11)
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di di
(L +LY—2 ., Tk _
(L, + ‘”)dt+ " dt

=(R +R)i, +(L, + L,)owi, +

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

(13)

di di, di .
o g+ gy e g =V~ Rl (19
di di, di .
~L,, d_; + L, d_/;d + Ly, f = Risirgs (15)
di di
_Lmd 7; + qu TI:] = qulkq' (16)

K cucteme (12)—(16) nodaBisitoTcsl ypaB-
HeHus Typounsl (7), (8). Cieayer OTMETHUTD,
YTO BXOJIOM CHMHXPOHHOIO I'eHepaTopa sIBJISI-
eTCsl HAalPsKCHUE BO3OYXACHUS v ,, ONpeie-
JIIeMO€ CUCTEMOI yIpaBieHUS BO30YXKISHM -
€M, KOTOopasl MpeAcTaBisieT cOO00l CIOXHYIO
IMHAMUYECKYl0 cucteMmy. B Hacrosiieil pa-
0oTe OTMHAMMKA BTOM CHUCTEMbl HE YYUTHI-
BaeTcsi, U oOpaTHBIe CBS3U (OPMUPYIOTCS
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IMapameTpbr DDC, ucnosib3yemMbie B MOAETUPOBAHUA

[Tepemennas DOU3NICCKHIT CMBICIT Hucrenroe
3HAYEHME
7 [IpsMoe 1 ToriepeyHoe HaIpsDKeHUe ocelt cTaropa
Vy HanpsixeHue Bo30y:KaAeHUs reHepaTtopa
v, BreixomHOe HampsokeHMe TeHeparopa
i, iq Toxu B mpsiMOi1 1 MOIIEPEUYHOM OCsIX TreHepaTopa
Iy Toxk B 00MOTKE BO30YKACHUS
[, ikq Toku B NpSIMOI M TIOMEPEUHON LIeTIsIX AeMIT(hepHbIX 0OMOTOK
Ay kq TToTokocueruieHUs1 MPSIMOM W TOMEPEYHON LieTeil reHepaTopa
R, CornpoTtuBieHrue 0OMOTOK cTaTtopa 3x1073
Rfd ComnpoTusiaecHe 0OMOTOK BO30YXKICHUS 6,3581x107*
R, qu ConpotusieHre JeMITpepHbIX 0OMOTOK 222223282
L, L, KoaddulimeHTsl NpsIMOi 1 TTONEPEYHON CAMOUHAYKLIUN 9,84, 4,25
Lfd KoadpduumeHT caMOMHIYKIMNA poTOpa 1,083
L, qu IIpssmas u monepeyHast cCaMOMHIYKLIMS IeMITI(PEPHBIX 0OMOTOK 0,9568, 0,2321
L.,L, IIpsimast u monepeyHasi MarHUTHasl UHAYKLUS 9’1763X10:I
4 2,1763x107!
® YrioBast cCKOpoCTb TreHeparopa
3 YToN CKONBXEeHUs TeHepaTopa
T, MoMeHT MeXaHUYECKUX CUJI, IPUJIOKEHHBIX K POTOPY
T, MOMEHT 2JIEKTPOMArHUTHBIX CUJI, TPUIOXKEHHBIX K POTOPY
D KoadduumeHT nemndurupoBaHus TypOUHbI 0
H MoMeHT MHepLMKU poTopa TypOUHbI 3,195
R, AKTHUBHOE COMPOTUBIIEHWE BHEIIIHEHN CeTu Iepeaadyn 60x10-3
L, WHayKTUBHOCTL BHELIHEH ceT Iepenadyu 11,16x1073
V= a HanpsixkeHue mHbl 06CKOHEYHOM MOILIHOCTU U €€ (pa3oBblii yro I;0

JIMHEHMHBIM PETryJISITOPOM, MOCTPOCHHBIM II0
METOIMKE aHaJIUTUYECKOTO KOHCTPYyHpPOBa-
HUS OTNTUMAaJNbHBIX peryiastopoB, AKOP [3,
4]. OTMeTUM TOJILKO, UYTO TpaIuIIMOHHAas
apXUTEKTypa CUCTEM YIIpPaBJICHUs BO30YXKIe-
HUeM He oOecreuyMBaeT IMOJHYI0 HaOmoaae-
MOCTb U YIIpaBIsieMOCTh cucTteMbl (1)—(11),

YTO OOYCJOBJICHO NMPUHLMUIMAIBHON HEBO3-
MOXHOCTBIO YIpaBJieHUs AeMII(EPHBIMU TO-
KaMu.

IMpencrasuB ypaBHenus (12)—(16), (7),
(8) B MaTpuuHO#l (opMe, IOJYUYUM IOJTHYIO
HEJIMHEIHYI0 MOJE/Nb CUCTEMbl CUHXPOHHBIN
reHepaTop-TypoOMHa BUIA
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>
I
'R+R 0 0 0 0]
0O R+R 0 0 0
. 0 0 R, 0 0|+ -
i 0 0O 0 R, 0 i
v d K 0 0 0 0 R, 4 6.0
| =" - 1|2 + ,a),
dr| * 0 ~L+L) o o L,]|/ (a7n
o I O A S S D A A N
el el 0 0 0 0 0|
0 0 0 0 0
0 0 0 0 0
I 7 7 pe, By,
dt dt

B (17) unen K5, o) mpenacrasisier coboii
3aBUCSIIME OT CUHYCa MU KOCHHYCAa HEJIMHEeM-
HbIC YICHBI, OIpEAC/ISIeMbIe YIJIOM CKOJbXE-
HUS U BHEITHUM (pa30BbIM YIJIOM, a BeJIMUMHA
T, paccuntbiBaetcs 1o opmyie (9).

YroObl MCMOJAB30BaTh CTaHAAPTHBIE Me-
TOABl WHTETPUPOBAHUS CcUCTEM JuddepeH-

LIMaJIbHBIX YpPaBHEHU, IOJIydeHHasl CHUCTeMa
JIOJKHA OBITh pa3pellieHa OTHOCUTEIbHO IpO-
W3BOJHBIX TOKOB, IJISI YEro HYKHO OOpaTUThb
MAaTpUILly COMPOTUBICHUI M MHAYKTUBHOCTEN.
OOpartHas MaTpula I MaTpulbl X IojydyeHa
C TMOMOIIIbIO MTaKeTa CUMBOJIbHBIX BEIYMCACHUI
MatLab u umeer Bug

_ﬁ 0 _£ Lmd(Lfa’ - Lmd)
A A AL, - L,,)
Ll 1 B B 1
AC ¢ AC, AC, C,
X' = _ﬁ 0 LdeZ _ Lfnd _ LdeZ _ 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 yHnpaBJC€HUA ACMOHCTPUPYET €€
L (L,-L)) YCTOMYMBOCTb NMPU HOMMHAJIBHBIX 3HAUEHUSIX
A=L.C. -} B=_m"H ki’ na H
G md> L, —L. ) paMeTpoB K BHEIIHMM Bo3MylleHusiM. Ha

¢G=L+L.,C,=L+L,D=L,-L,.

IIpaBeie yactu ypaBHeHus (17) mpencraB-
JISIIOT cO00i OunnHeltHy1o (popMy (pa3oBhIX Te-
peMeHHBbIX. JInHaMrKa TypOWHBI OMTUCHIBAETCS
CUCTEMOI JIMHEWHBIX nuddepeHInalIbHbIX
YpaBHEHUI C €IWHCTBEHHBIM HEJIMHEWHBIM
YJIEHOM, XapaKTEePU3YIOUIUM 3JIEKTPOMArHUT-
HYIO Harpy3ky OT BHEIIHEIl CeTH.

MonenpoBaHue JIUHAMUKM 3aMKHYTOM
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puc. 2 OpUBEACH MEPEXOAHBIMA Tpoliecc IpHU
U3MEHEHUM BHEIIHEW HAarpy3kKu Ha ABaALaTOM
ceKyHae moaenupoBaHusi. OUeBUIHO, UYTO IIPU
HOMUWHAQJIbHBIX 3HAYEHUSIX TTapaMETPOB CUCTE-
Ma yIpaBJeHUs YCTOMYMBa 1 00J1amaeT mpruemM-
JIEMbIMU TUHAMUYECKUMU XapaKTEPUCTUKAMU.
ITpencraBiseTr WHTEpeC OLIEHKA MOBEACHUS
CUCTEMBI MPY BApbMPOBAHUU €€ IapaMETpPOB,
HanmpuMep 4acTOThbl BpallleHUsI pOTOpa TypOu-
Hbl. IIpy HOpMalbHO paboTaloIlIell CUCTEME
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®dazoBble nepemMeHHble

Bpems, c

Puc. 2. IlepexonHblii mpouecc Mpyu U3MEHEHUM BHEIIHEH Harpy3ku Ha 20-ii ceKyHae (pyHKIIMOHUPOBAaHUS

cTadMIM3alMM 4acTOThl ee (IyKTyauuu He-
3HAUUTEJbHBI U HE CIIOCOOHBI CEepPbe3HO II0-
BJIMSTh HA YCTOMYMBOCTH 3HeprocucteMmbl. Ho
pU OTKa3e CHUCTEMbI CTAOMIM3AallUM YaCTOThI
ee KosiebaHUsl CTAaHOBATCS 3HAYMTEIbHBIMU U
BO3HUMKAET PUCK MOTePU YCTOMUMBOCTU SHEPIO-
cucteMbl B 11esioM. C 11eJIbl0 OLIEHKM MPeAeioB
0e30MacHOro KoJjiebaHusl 4acTOThI IIPeIIOKeHa
METOMKA OLIEHKM 00JacTM yCTOMYMBOCTU HE-
JIMHEMHOM CUCTEMBI ITyTEM IOCTPOCHUS HAJJIe-
Kale pyHkumuy JIsgmyHoBa.

TeopeTHueckne OCHOBbI
METO/Ia aHAJIN3A YCTOWYNBOCTH

PaccMoTpum cucteMy — OOBIKHOBEHHBIX
nuddepeHINaTbHBIX YPAaBHEHUI IEPBOTO I10-
psiaka:
x'=f(x),x(t)e R", f : R" - R", f(0) = 0.(18)

Omnpenenum ¢yHKumnio JIgmyHoBa B BUIe
KBaapaTUIHON (POPMBEL:

V = x"Px. (19)

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

BBIMIOJIHEHUW  CJIENYIOIIUX HEPaBEHCTB sl
BCEX 3HAUYCHUI (Pa30BOUN MEPEMEHHOI:

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

(20)
(21

ITpousBomHas oT ¢yHKIMKM JIssmyHOBa
OepeTcsl BOOJb TpaeKTopuu cucteMbl (18) u
OIpenesieTCs BbhIpakeHUeM

Vi(x) = fT(x)Px + x" Pf (x), (22)

KOTOPOE IOJIKHO OBITh CTPOTO OTPULIATEIbHBIM
s Bcex x = 0. B cyyae nuHeiiHOCTH mpaBoit
yactu (18) ycinoBue MpUBOIUT K MATPUUHOMY
HepaBeHCTBY JlsgnyHoBa:

f(x) = Ax, ATP + PA < 0. (23)

Hanee paccmarpuBaeTrcs oOmrasg dopma
(18), mpencrtaBieHHas1 B BUIE CYMMBbl JUHEMH-
HOW 4aCTU U HEKOTOPOW HEJIMHEMHOU BEKTOP-
GyHKUINU:

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

BexTop u(?) nmpeacrapisier co0oii BHEIIIHEE
BO3/ciCTBME Ha cCUCTeMy (B 4aCTHOM Ciydae
3TO MOXET ObITh yIpaBieHMue). Monaenu Tako-
ro TUIIA UCIOJIB3YIOT [IJIs OMUCaHUs (PYHKIIMO-
HUPOBAHUSI CHHXPOHHBIX T€HEPaTOPOB, BXOISI-
11X B 2JIEKTPOIHEPTeTUIYECKIE OO0BhEIMHEHMS
[1, 2].

Yhopapigioliee BO3ICUCTBUE B CUCTEMeE
(24) popmupyeTCcs COTIaCHO aATOPUTMY

u = Kx, (25)

rie K — Marpuua Ko3dduUUEeHTOB o00par-
HBIX CBSI3CH, MOJyYeHHAsl C MCIIOJIb30BaHUEM
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KaKoro-imbo MeToaa ux cuHTe3a [4] mus nau-
HEMHOM yacTu cucTeMbl (24) u obecreunBao-
11ast yCTOMYMBOCTb 3aMKHYTOM JTUHEWHOW CH-
creMbl ¢ MaTpuLieii A, = A + BK. [lonydyeHHble
3HAYEHUsI MOACTABISIOTCI B (24) M MpUBOIMIT
K HEpPaBEHCTBY

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

o Bcex x = 0 mimm, B 0Oojiee KOMITAaKTHOM
dopme:

Yy Fy <0, (27)

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

F_ [A,{P + PA, P}' (29)
P 0

N3 (27)—(29) cnemyeT HEBO3MOXKXHOCTD
obecrniedeHus BBIMTOJIHEHUS (27) IS MpOuU3-
BOJIbHBIX 3HAUEHUI1  BBUY TOTO, YTO MaTpUILIA
F He sBIseTCS OTpULIATENBLHO OIPEAeICHHOMN
B obuieM ciaydae. HaknagpiBaloTcsl orpaHuye-
HUg Ha BUA GyHKUMM h(x). Ilomaraercs, 4yto
JUISl HUX CIIpaBe/yIMBa OlleHKa

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

WIM, B MAaTpUUYHOI (hopMe

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

I/ISBCCTHO, 4YTO 1JId CUMMETPUYHBIX MaTPpUIL

(30)

F, G pa3MepHOCTHU nxn BBITTOJIHEHUE YCIOBUS
(27) cneayet U3 ycaoBust

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

F-1G<0. (32)

Hcnonw3yst atoT pesynbraT, (29) mepemnu-
chIBaeTCs B (hopme

AiP+ PA, +w’H'H P

P -/

CrnemyeT OTMETUTb, YTO IOCJEIHEEe Hepa-

BEHCTBO HeJIMHEMHO nmo F 1 K, MOCKOJIbKY pa-
BEHCTBO

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

} <0. (33)

COACPXKUT MX MPOU3BEICHUE.

IIpumep aHaM3a 3JEKTPOIHEPreTHIECKOI
CUCTEMbBI

C uenbio MOATBEPXKIAESHUS PabOTOCIOCO0-
HOCTU OIIMCAHHOM B MpPEABIAyIIEM pasieiie
METOIMKHU, PACCMOTPUM MPAKTUYECKUN TPU-
Mep aHaiauM3a 00JIaCTM YCTOWYMBOCTM CUH-
XPOHHOTO TeHepaTopa IIpU BapbUPOBAHUU
YacTOThl BpallleHUs poTopa TypOuHBL. s
3TOTO IIOCTPOMM MATPUILY, HCIIONb3YS MO-
nenb reHepartopa (17). 1 Hee MaTpulia 3aM-
KHYTOI CUCTEMBbI, BKJIIOYAlOllell TeHepaTop U
CHUCTEMY 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 3HAUCHMSI TO MATPUILIBI PaBHBI

(-10.8096 —6.9984

-0.1865+ 0.7177i

-0.1865-0.7177i -2.8038),

CJICAOBATCIbHO, IIPU HOMMWHAJIBHBIX 3HAYCHUAX MMapaMETpOB CUCTEMaA YIIpaBJICHUA B036Y)KI[6HI/I-

eM ycToiturBa. Matpuiisl 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

ITockobKYy MHEPLIMOHHOCTD 3JIEKTpOMeXa-
HUYECKHUX TMPOLIECCOB CYIIECTBEHHO O0JblIE,
YeM MHEPLIMOHHOCTb 3JIEKTPOMAarHUTHBIX MPO-
116CCOB, OTKJIOHEHUE YacTOThl BpalLlEHUS Typ-
OMHBI OT HOMHMHAJIAa MOXET paccMaTpUBaTbCS
KakK TapaMmeTp, OINpeIesIoNInii MOoBelIeH e
(ba3oBBIX TIEPEMEHHBIX CMHXPOHHOIO reHepa-
topa. Hpyroii mapameTp — BeJauuuHa 1 u3 (33),
ONPEACIISIIOIIMI COOTHOIIEHUE MEXIY JUHEH-
HBIMM 1 HEJIMHEWHBIMU 4YeHaMu B (24), o0e-
CMICUMBAIOIIMIA OTPULIATEJIbHYIO OMpeaesIeH-
HOCTb MaTpuibl B (33).

ITocne paspemienus (17) OTHOCHUTENBHO
MPOU3BOJHBIX W TOJICTAHOBKWA B MOJIyYeH-
Hble (DOPMYJIbl 3HAYCHMI W3 TaOJUIbI, ObLIa
MOCTPOEHA  TMOBEPXHOCTb  MAKCUMAJIbHOTO
COOCTBEHHOTO 3HauyeHus1 MaTpulbl F 13 He-
paBeHcTBa (33) B 3aBUCUMOCTU OT ®, T. DTa
MOBEPXHOCTh MpuUBeJAeHA Ha puc. 3. BugHo,
YTO MPU MaIbIX 3HAYEHMSIX OTKJIOHEHMS 4Ya-
CTOTBhI OT HOMMHAJIA U TIPU MaJbIX 3HAYCHUSIX

150.1465 0 0
139.8983 0 0
136.8993 0 0
0 119.6450 108.7019
0 108.7019  98.7596

YIIPaBJISIIOIIEro TapaMeTpa t €CTh 00JIacTh, B
KOTOpOW Bce COOCTBEHHbIC 3HAUYEHUSI MaTpU-
bl B (33) oTpuuaTesibHbI, YTO CBUIETE/Ib-
CTByeT 00 OTpULIATEbHOU OMNpeaeeHHOCTH
camoiil atoit Marpuilbl. OJHAKO C POCTOM OT-
KJIOHEHUS 4acTOThl OT HOMUHAJIa pacllupsieT-
cs 06J1acTh, B KOTOPOI cHCTEMA BO3OYXKICHMUS
HeycTolWYMBa, MPUYEM Ha rpaHulle objactu
YCTOMYMBOCTM BO3MOXHBI TTOSIBJICHUSI OO0JIa-
cTelt ¢ xaoTnuecknuM moBeAaeHueM [8—10], xa-
PaKTepU3YIOIIAMCS HETPEPBIBHBIM CITIEKTPOM
CHUCTEMbI yIIPaBJICHMUSI.

B cratbe mpeanoxeH METOn OLIEHKM 00Jia-
CTU YCTOMYMBOCTU HEJIMHEWHOW MOJIENIN DJIEK-
TPOSHEPIETUUYECKON CUCTEMBI, BKJIIOYAOLIECH
MOJIeJIM TYPOUHBI U CUHXPOHHOI'O TeHepaTopa,
B IIPOCTPAHCTBE IMAPAMETPOB CUCTEMBI.

IIpuBeneHbl MNOJYyYEHHbIE AHAIUTUYECKU
YPaBHEHUS CUHXPOHHOI'O F€HEPATOPa, a TAKXKe
pe3yJabTAThl YUCIEHHOTO MTOCTPOEHUS 00IacTei

MakcmMmanbHoe co6CTBeHHOE 3HavyeHne Matpuubl F

3HaueHue

OTHOCMKTENbHAA YacToTa

3
x10

Mapametp

Puc. 3. Xapakrep n3MeHeHMsI COOCTBEHHBIX 3HAYCHUI MaTpULBI B (34)
B 3aBUCHMOCTU OT ITAPAMETPOB U COCTOSIHUSI CUCTEMbI
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YCTOMYMBOCTUA MOJEJIBHON CUCTEMBI B 3aBUCH -
MOCTH OT M3MEHEHHUSI YIJIOBOil CKOPOCTH €ro
BpallleHUsI M KOHCTPYKTMBHOIO TMapamerpa,
OIPEIEISIIONIEr0 COOTHOLIEHUE JUHEHHBIX U
HEeJIMHEMHbBIX YWIEHOB B HepaBHEeHCTBe (33).
ITonyyeHHBIE pacueTsl MOATBEPXKIAIOT pa-
0OTOCIOCOOHOCTL METOa UM  BO3MOXHOCTD
NPUMEHEHUST YUCICHHO-aHAIUTUYECKUX Me-
TOMOB JUISl aHAJIM3a CTEIeHU POOACTHOCTU He-
JIMHENHBIX CHUCTEM YIIPaBJIEHUS, a TaKXKe BbI-

sIBJIEHUsI 00JacTell MPOCTpaHCTBa MapaMeTPOB
CHCTEMbI, B KOTOPHIX BO3MOXHO BO3HUKHOBE-
HUe xaoTudeckux mnpoueccoB [8]. TTocKoJbKy
Ha TrpaHUIe O00JacTM YCTOWYMBOCTU HEJIM-
HEHHOI CUCTEeMbl MOTYT BO3HUKATh CJIOXKHbBIC
(B T. 4. XaOTUYECKHE) PEKUMBI (DYHKIIUMOHU-
poBanus [9, 10], mpenaraeMbiii METOJ MOXKET
HCIIOJIb30BAaThCsl JJISI MOBBILIEHUST 0€30MacHO-
CTU 2KCIUTyaTallMu CYILIECTBYIOIIMX U MPOEK-
TUPYEMbIX 9HEPIrOCUCTEM.
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14—15 nos1i0pst 2014 roma B KocTpome mpolnia Bropas exkerogHas KOH(pepeHIUs 110 IIpo-
rpaMMHOM MHXKeHepuur « THCTpyMEHTBI 1 MeTOAbl aHau3a nporpamm — 2014» (Tools & Methods
of Program Analysis, TMPA-2014). TpaguuuonHo Cankrt-IlerepOyprckuii rocynapcTBeHHBIN
MOMUTEXHUUECKUI YHUBEPCUTET ObUT OMHUM M3 €€ OpPraHM3aTOPOB.

KondepeH1ns No3UIIMOHUPYETCI KaK BaXXHOE COOBITHE B 0O0JIACTH MCCIIENOBAHUIA Teope-
TUYECKMX U MPAKTUYECKUX acIIeKTOB IIPOrpaMMHOI MHXXeHepuu. Ilo cpaBHEHMIO C IepBOit
KOH(epeHIIMEeH TIPOU3OLIIN OIpeaeIeHHbIe U3MeHeHUs1. BepBble JOKIaabl MpUHUMAINUCh Ha
PYCCKOM M aHIJIMKCKOM si3biKaX. Ha KoHdepeHIuy ¢ npurialieHHBIMM J0KJIaJaMy BBICTYUIN
Hxo3ed Bugep (Josef Widder) u MBan KonHoB 13 TexHuueckoro yHuBepcutera Bennl (Vienna
University of Technology), mpenctaBuBllie CEpUI0 AOKIAAOB, ITOCBSILIEHHBIX TOCTUKECHUSIM
B objactu BepuGMKallMKU pachpeaeeHHbIX aaropuTmMoB («Introduction into Fault-tolerant
Distributed Algorithms and their Modeling» n «Parametrized Model Checking of Fault-tolerant
Distributed Algorithms by Abstraction»). KpomMe Toro, mpeactaBuTeIsIM pa3HbIX HAYYHBIX IIKOJ
Poccum mpenoctaBuiv BO3MOXHOCTb pacckazaTb 00 MCCAeA0BaHUSX, KOTOPble OHU BEIyT B
CBOMX HAyYHBIX TpymIax.

Ha xondepenumnio «MHCTpyMeHTHI M MeTOAbl aHanuza TmiporpamMm — 2014» mpucnanu
41 KOHKYpCHBIM MOKJAH, Ha OOKJIanbl Mmojyuwin 115 peueHsuit, 26 ay4iinx AOKJIAIOB OTO-
Opanu ns mpeAcTaBleHUs HAa KOH(pEpeHIMU B BUJAE MOJHBIX WM KPAaTKUX COOOIIEHUIA, IBa
JIOKJaaa IMPUHSUIM B Ka4eCTBE ITOCTEPOB.

Ilocne npoBeaeHUsT KOH(GEPEHIUN YacThb JYUYILIMX JOKIag0B OblIa peKOMEHIOBaHA IJIsI 10-
paboTKM U TOCJeayolei MyOoJuKalMy B BEAYIIMX POCCUMCKMX PELEH3UPYEMbIX KypHasax.
B pamMkax aToif MHUIIMATUBBI B JAHHOM pa3lelie Halllero XKypHaja IpeacTaBlIeHbl TPU CTaTbH,
PeKOMEHIOBaHHbIEC IJIsI IyOJIMKALMX IIPOrPAaMMHBIM KOMUTETOM KOH(EPEHIIUN U MPOIISAIINe
JIOTIOJIHUTEJbHOE PELIeH3MPOBAaHUE B COOTBETCTBUU C TpaBUJIaMU KypHaJa.

Tpetbst KoHDepeHuus «MHCTpyMeHTBI MU MeToabl aHanuza nporpamm — 2015» (Tools &
Methods of Program Analysis, TMPA-2015) Oyner npoxomutbh 12—14 Hos16pst 2015 roma B
Cankr-IletepOyprckom nonutexHudeckoM yHuBepcutete I[lerpa Benukoro. Best madopmanms
0 IIporpaMMe KOH(MEpEeHIIMM, CpoKax MpreMa JOKJIaI0B U MPUTIALIeHHBIX TOKJIaauuKax OyaeT
OoIlepaTMBHO OTpaxkaTbCsl Ha caliTe KoHdpepeHuuu http://tmpaconf.org

Conpedcedamenv npoepammHo20 Komumema
xougepenyuu TMPA-2014
B.M. Huvixcon
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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

CH0XHOCTb LIM(PPOBOI MUKPOIJIEKTPOHHOI anmapaTypbl HEYKJIOHHO BO3pacTaeT, YTo CYLIeCTBEHHO 3a-
TPYAHSIET €e BepUDUKALIMIO — MPOBEPKY KOPPEKTHOCTU. Upe3BblUaliHO aKTyaJIbHBIMU OKa3bIBAlOTCS METO-
JIbl aBTOMaTU3UPOBaHHOM Bepudukauuu. [TonoOHbIe METOAbI, KaK MPaBUJIO, OCHOBAHbBI HA UCIOJIb30BAHUU
mozeneir — (GopMalM30BaHHBIX MPEACTABICHUIN TIPOSKTUPYEMOI aImaparyphbl, YIOOHBIX IJISI TeHepaluu
TECTOB U/Win (hOPMaTIbHOUN TTPOBEPKU CBOMCTB. HacTo MOJEIN CTPOSITCS BPYUHYIO, UYTO UYPEBATO OIIMOKAMU
N MOXKET IMPUBOAUTL K HCAACKBATHLIM PE3yJibTaTaM BepI/I(l)I/IKaL[I/II/I.

OHI/IcaH METOZ aBTOMATUYCCKOI'0O MU3BJICUYCHUA Moz[eneﬁ, NMCIOIIIUX (l)OpMy PaClIMPCHHBIX KOHCYHBIX
aBTOMAaTOB, HEMNOCPECACTBEHHO M3 ITPOCKTHbLIX OonucaHui almnaparyphbl. HpI/IBeHeHLI SKCIICPUMECHTAJIbHBIC
JAaHHBbIC 11O IMPUMEHEHUIO IIPEATIOKECHHOI0O ME€To4Aa.

LIUDPOBAS AIMAPATYPA; ®YHKILIMOHAJIBHAS BEPUDUKALIUA; SI3bIK OMMMCAHUS
ATITIAPATYPBI; CTATUYECKUM AHAJIU3; TEHEPALIMS TECTOB; NMPOBEPKA MOJEJEN;
JOTUYECKMUM CHUHTE3; PACIHIMPEHHBIMN KOHEYHBIN ABTOMAT; OXPAHSIEMOE JEW-
CTBUE.

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.

DyHkuroHanbHas  BepudUKalus  SIB-
JISIeTCSl OAHUM M3 HaubOosiee TPYAOEMKHUX U
JMOPOTOCTOSIIMX 3TAaoOB B MpPOILECCe Tpo-
€KTUPOBaHUS LU(GPOBO MMKPOIIEKTPOH-
Hoil ammapatypsl [1]. Hust aBTOMAaTHU3aLUKU
BepuUKALUN IIUPOKO HUCIOJIb3YIOTCSI MO-
eI — MaTeMaTHUYeCcKue aO0CTpaKIMW, OITH-
ChIBAWOIIME CTPYKTYPY U/UJIU IMOBEIEHUE pa3-
pabarbiBaeMoii cuctembl. [IpuMepamu TUIIOB
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MoeNel, IUPOKO IPUMEHSIEMBIX IIPUA IIPO-
€KTUPOBAHUM aIllapaTyphl, SIBISIOTCS KOHEU -
HBle aBTOMaThl M cetu lIletpu [2]. Mogenn
MOTYT CTPOMTBLCSI Ha OCHOBE aHajlu3a Tpedo-
BaHU# (TEXHUYECKOTO 3aJaHMsI, BHYTPECHHEH
JOKYMEHTaUMMU U T. I.) JUOO M3BJIEKaThb-
Ccs M3 TPOEKTHBIX OIMCAHWI armapaTyphl,
BBIIIOJIHEHHBIX Ha  CHeLUaIM3MPOBAHHBIX
s3bikax (Hardware Description Language —
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HDL), nanpumep, VHDL wau Verilog [3].
B crathe paccmarpuBaeTcsi METOI BTOPOTO
TUIIA U €ro TpUMMEHEHUe K BepuduKaluu.
s MoaenupoBaHUS amIapaTypbl MCIOJb-
3yeTcs (popMaan3M PaCIIMPEHHBIX KOHEUHBIX
aBproMaToB (Extended Finite State Machine —
EFSM) [4].

PacuivpeHHBIN KOHEYHBII aBTOMAT (Ha3bI-
BaeMblil Takxke EFSM-Moeipi0) YCTPOEH clie-
IyIoIIMM obpa3oM. Bo-nepBhIX, B TOMOJHEHME
K KOHEYHOMY MHOXECTBY COCTOSIHUI, UMEIO-
memycsli B KkiaccuyeckoM aBtomaTe (Finite
State Machine — FSM), oH comepXuT MHO-
JKECTBO II€PEeMEHHBIX (BXOOHBIX, BHYTPECHHUX
U BBIXOAHBIX). Bo-BTOphix, B EFSM-monenu
Mepexoabl MEXIY COCTOSIHUSIMM CHAOXKEHBI
OXpaHHBIMU YycjoBusMU (guards) Ha 3Hade-
HUS TIepeMEHHBIX (BXOIHBIX M BHYTPEHHUX) U
JIelicTBUsSIMU (actions) IT0 M3MEHEHMIO 3Haye-
HUI MMepEeMEHHBIX (BHYTPEHHUX U BBIXOAHBIX).
Ilepexon paciiMpeHHOrO0 KOHEYHOIO aBToMaTa
MOXET cpadoTaTh, TOJBKO €CJIM BBLIIIOJIHEHO
€ro OXpaHHOE YCJIOBHUE;, NIpU CcpadaTbIBAaHUU
rmepexofa  BBINOJHSCTCS  COOTBETCTBYIOLIEE
JIEVICTBUE.

B EFSM-Mopengx ynpaBigolnasi JOTH-
ka (control logic) ecTecTBEHHBIM 00pa3zoM
otnengercd oT (GYyHKUUMIA mnpeodpa3oBaHUs
JaHHbIX (datapath), Kak 3TO HPUHATO HpU
MPOEKTUPOBAHUU LIMGPOBOM  ammapaTypbl
[5]. ABnsisick agekBaTHBIM (OPMaIU3MOM
JJIs MOJIEJMPOBaHUS IIIMPOKOTO Kjacca CH-
creM (KOMIIBIOTEPHBIX IPOTOKOJOB, CUCTEM
yIpaBAeHUSI U Op.), paclIMPEHHbIE KOHEY-
HbIe aBTOMAaThl aKTUBHO UCIIOJB3YIOTCS B
BepuUKALUMU: [Js TOCTPOCHUS TECTOBBIX
HabOpPOB, IIPOBEPSIOIINX COOTBETCTBUE CHU-
CcTeMBbl TpeOOBaHUAM [6]; 11 reHepalnu Te-
CTOBBIX IIOCJIEAOBATEIbHOCTEH, HalleJeHHBIX
Ha MaJoBEepPOSITHBIC CUTyalluM B paboTe CHU-
creMbl [7] (B KOTOpPBIX MOTYT IIPOSIBISITHCS
TPYAHO OOHaApyXuBaeMble OIIMOKU TPOEK-
TUpoBaHus [8]); 11 opMaabHON IIPOBEPKU
CBOMCTB cucTeMsbl [9].

B pabGote mpennaraercss MeTom U3BJIE-
yenusds EFSM-mMoneneii M3 MCXOOHOTO Koja
HDL-onucanuii, opueHTUPOBaHHBIII Ha pe-
leHue 3amady  Bepudukauuu. Paszpabdorka
noaxoaa MOTMBUPOBAJach CIEAYIOIIUMU CO-
obpaxeHussMu. Bo-TiepBbIX, aBTOMaTu4yecKoe
MOCTPOCHME MOJEIH 110 UCXOAHOMY KOIY I10-

3BOJIIET M30€XaThb OIIMOOK, MMEIOIIUX Me-
CTO IpU PYYHOM MOICIMPOBAHUM; YIIPOIIAET
MOAAEPXKKY CUCTeM Bepudukanuu (Moaeiab U
HEKOTOPbI€ YaCTU TECTOBOIO OKPYXEHUSI MO-
TyT OBITh aBTOMATUYECKU IEPECTPOCHBI MpU
M3MEHEHMHU KOJa IIpOeKTa); MOBBIIIAET TOY-
HOCTh M HalleJICHHOCTh Bepudukamuu. Bo-
BTOPBIX, paclIMpPEeHHbIE KOHEYHbIE aBTOMAThI
SIBJISIIOTCSI XOPOIIO M3YYEHHBIMM MaTeMaTu-
YeCKUMHU O0BEKTaMM, IJISI KOTOPBIX pa3pado-
TaHbl 3(pPEeKTUBHBIE METOAbI aHanu3a (mpej-
CTaBJISIETCSl IIEPCHEKTUBHBIM aJalTUPOBATh
MMEIOIINICS apceHall METOI0B U MHCTPYMEH-
TOB JUTs uX mpuMeHeHust K HDL-onucanusm).
B-tpetbux, EFSM-Moaenu mnpeacTaBisilOTCS
yIOOHBIM CPEICTBOM [IJisI MHTETpalluy pas-
JUYHBIX TEXHUK BepUUKALIMKU anmaparypbl
KaKk MUMUTAUMOHHBIX (simulation-based), Tak
U (popMabHBIX.

Cratbsl SBISETCS pacIIMPEHHOI Bepcueit
pa6otsl [10], mpeacTaBaeHHONH HaMMU Ha KOH-
depenunn MBOC-2014: B Hell yTOYHEH aj-
roput™M usBiaeuyeHuss EFSM-mopeneit  u3
HDL-omucanuii u, KpoMe TOTO, TIPUBEACHBI
SKCIIepUMEHTAJbHbIE JaHHBIE IO IPUMEHE-
HUIO TPEJIOKEHHOTO METOo/Ia.

00630p pador

Hecmotpsi Ha TO, 4yTO MMeeTcsl OOJibllIOE
YUCJIO PaboOT, TIOCBSIIEHHBIX MCIIOJIb30Ba-
a0 EFSM-Mopeneit mist Bepudukanum mIpo-
TPaMMHBIX U almnapaTHbIX CUCTEM, CYIIECTBY-
€T He TaK MHOI'O MOJIXOA0B, B KOTOPBIX TaKue
MOJEIN M3BJIEKAIOTCSI HEMOCPEACTBEHHO U3
ucxogHoro koga HDL-ommcanwuii. Anropurt-
MbI toctpoeHust EFSM-Mopeneii mo ucxomHo-
MY KOJYy M3BECTHBI 1 IIIMPOKO IMPUMEHSIIOTCS B
coBpeMeHHBIX CAIIP (Ha HuMX, B 4aCTHOCTH,
0a3upyloTcsl METO/Abl JIOTMYEeCKOTOo CHUHTe3a
[11]), omHako TIOJyYyaeMble TIPU WX UCITOJb30-
BaHUM MOJEIM He BCerjaa afeKBaTHBI JJIS 1ie-
Jneit Bepudukauuu [7]. CoCTOSTHUAM B TaKUX
MOJIE/ISIX COOTBETCTBYIOT OIEpaTophbl (TOYKM)
B MCXOJHOM KOII€, B KOTOPBIX BBIITOJHSIETCS
OXUJAaHWE BXOOHBIX COOBITHIA; MPU BbIACIIC-
HUM COCTOSIHUI HUMKAK HE yYUTHIBAIOTCS 3a-
JAHHBIE B KOJE COOTHOIICHUS MEXAY Iiepe-
MEHHBIMU (YCJIOBUSI BETBJICHUSI, BBIPAXKEHUSI B
NpUCBAaUBaHUSIX U T. II.).

B pabote [12] paccMmoTpeHa cpela MyTa-
ILIMOHHOTO TecTMpoBaHusg (mutation testing)

6l



HayuHo-TexHMueckmne segomoctu CI16ITY 1'(212) 2015
MHdopmaTtnka. TeneKoOMMyHUKaUMn. YnpasrneHune

FAST. MyTauuMoHHOe TeCTUpOBaHUE — 3TO
METOJ, OLICHKM AaIeKBaTHOCTU TECTOBBIX Ha-
OOpOB, OCHOBAHHBII HA BHECEHUU HEOOIbIIINX
U3MEHEHUI (MyTalrii) B UCXOIHBIN KOJ: eclu
TECThl HE B COCTOSIHUM OOHAPYXUTh TaKUE 13-
MEHEHMSI, OHU CUMTaloTCsl HenmoaHbiMU. HDL-
OIMKCAHMSI C BHEAPEHHBIMU B HMX OLIMOKaMu
(Tak Ha3bIBaeMble MYTaHTbI) aBTOMaTUYECKU
TpaHcaupylorcs cpenoii FAST B Gonee a6-
CTpPakTHBIC, HO COOBITUIHO 3KBUBAJICHTHBIC
moaenau ypoBHS TpaH3akuuii (Transaction
Level Model — TLM). Ilens aToro mpeobpa-
30BaHUs COCTOUT B YCKOPEHUHU IPOrOHA Te-
CTOB JJISI U3MEHEHHBIX OINMMCAHUI (3TO aKTy-
aJbHasl 3aJaya, ITOCKOJIbKY YMCJIO MYTaHTOB,
KaK IpaBUJIO, BEJINKO, a TECThl MMEIOT 3HAYM-
TeJbHYI0 UIMHY). KioueBoii yacTbio pabOThI
IBJSETCS MeToh aOcTpakuum — IIpeodpas3o-
Banugd HDL-onucanuii ypoBHS PErMcTPOBBIX
nepenad (Register Transfer Level — RTL) B
TLM-npencraBieHusi, — B OCHOBE KOTOPOTroO
ucnonbsytorcs EFSM-monenu. AHanusupys
usBneyeHHbli M3 HDL-onucaHust aBToMmar,
cpena FAST uaeHTUULIMPYET ornepaliii Haf
JaHHbIMU (computational phases) — nyTu B
rpade COCTOSIHUIA, BKJIIOUAIOIIME ISHCTBUS 1O
MOJYYCHUIO BXOJHON MHMOpMalLnuu, ee odpa-
0OTKE U BBIYMCIICHUIO BBIXOIHOTO Pe3yJibTaTa.
AOCTpakiIisl OCYIIECTBISICTCSI MMyTeM OObeaU-
HEHMsI COCTOSIHUII M TIEpPeXOJ0B aBTOMaTa,
OTHOCSIIIIMXCSI K OOHOMY 3TaIly OOHOI oIepa-
LIMN.

Psn pabor (Hampumep, [6—8, 13]) mocBs-
LIeH MpobieMe reHepaluu (pyHKIMOHATbHbBIX
tectoB Ha ocHoBe EFSM-moneneit. Eciin mo-
JeJib U3BJeKaeTcsl U3 ucxoaHoro koga HDL-
OIMMCAaHUSI, CTCHEPUPOBAHHBIC TECTHI OOeCIe-
YMBAIOT BBICOKUIA YPOBEHb IIOKPBHITUSI KOIa
(code coverage). OCHOBHBIM ITOAXOAOM K IIO-
CTPOEHUIO TECTOB Ha OCHOBE aBTOMATHBIX MO-
nenei sBisieTcst ooxon (traversal, exploration)
rpacda COCTOSIHWMII — TOCTpoeHue MyTu (Uau
Habopa IIyTeii), COAEpXKallero BCE COCTOSI-
HUS U Tiepexolbl aBTomara [14]. B oTiamune
OT KJIACCMYECKMX KOHEYHBIX aBTOMATOB, IIPU
ooxone EFSM-Mopeiieili uMeeTcsl CIOXKHOCTD,
CBSI3aHHAs ¢ HAUIMYMEM Y IIEPEXOI0B OXPaHHBIX
ycinoBuid. Ecim yciioBust 3aBUCST HE TOJIBKO OT
BXOIHBIX TIEPEMEHHBIX, HO U OT BHYTPECHHUX,
orpejesieHue JTOCTMKUMOCTU COCTOSSHUIT CTa-
HOBUTCS BBIYMCIIMTEIBHO TPYJIHOW 3agaydeid.
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CylecTBYIOT TeXHUKM MpeoOpa3oBaHuUs pac-
LIMPEHHBIX KOHEUHBIX aBTOMATOB, IO3BOJISIIO-
1IMe YCTpaHITh (UM MUHUMU3UPOBATh) TaKue
3aBUCHUMOCTH (CM., Harpumep, [6, 13, 15]), HO
OHM, BOOOIIIC TOBOPS, MPUBOASAT K KOMOMHA-
TOPHOMY B3pBIBY YHCJIa COCTOSIHUI. AJBTEp-
HATUBY MM COCTaBJISIIOT TOAXOIbl HAa OCHOBE
noucka ¢ Bo3BpaToM (backtracking, backjump-
ing) [7].

B pabore [7] ommcaH MeTOn M3BICUECHMUS
«[IpOCTBIX JJid obxoma» (easy-to-traverse)
EFSM-moneneit u3 HDL-onucanuii. MeTon,
COCTOUT 13 YeThipex aTanoB. Ha mepBoMm aTamne
(I Kaxkmoro Impoliecca, 3aJaHHOTO B OIKMca-
HUW), WCIIOJIb3Yysl M3BECTHBIN anroput™m [11],
cTpoutcsl HavajabHas (pedepeHcHas) EFSM-
mogaenb (Reference EFSM — REFSM). B 06-
LIEeM cliydae IOJIydeHHas MOACIb «TPYAHa JIJIs
obxonga» (hard-to-traverse), B 4aCTHOCTM, W3-
3a TOrO, YTO COAEPKUT YCJIOBHBIC OIEPATOPLI
B JelicTBUsIX TepexonoB. Ha BTopom 3Tame B
REFSM-Monens mo0aBISIOTCSI IIPOMEXKYTOU-
HBbIE COCTOSIHMSI, a IepPeXOJbl JeKOMIO3UPY-
IOTCSI TAKUM 00pa3oM, YTOOBI UX OCUCTBUS HE
comepxanu BeTBaeHuil. IlosydyeHHass momenb
(Largest EFSM — LEFSM), ctporo rosops,
HE 9KBMBAJCHTHA MCXOAHOW MOIEIW — OIWH
wmar pabotsl REFSM MokeT cooTBeTCTBOBATh
HeckojbkuM 11aram B LEFSM. [ling oGecme-
yeHUsI BpeMeHHo# 3kBUBajieHTHOCTM REFSM
u LEFSM B nocnegHeit MOAeIN BBIIIOJIHSIETCS
paciierieHre MPOMEXYTOYHBIX COCTOSIHUIT M
00beAMHEHNE COBMECTUMBIX MepexoaoB. B pe-
synbrare oopasyercss SEFSM-momens (Small-
est EFSM). Ha 3aBepmiaiomem 3Tame, HC-
nob3yst MeToxn [13], BBEIMOIHSIETCS YacTUYHAs
crabmwmmzanmsgs SEFSM-Momenn, HarmeleH-
Hasl Ha yCTpaHEHME 3aBUCHMOCTEil OXpaHHBIX
YCJIOBUIA TIEPEXOJOB OT IEePEMEHHBIX, KOAU-
PYIOILIMX COCTOSIHMSI. Pe3ynbTaToMm SIBIISICTCS
S’ EFSM-monens  (Semi-Stabilized EFSM),
KOTOpasi SKBMBAJICHTHA MCXOOHOM MOIEIU M,
M0 YTBEPXICHUIO aBTOPOB, SIBJISIETCS <«IIPO-
CTOW 1UIsT 00Xomar.

Pesynbrathl  SKCIEPUMEHTOB, IIPEICTaB-
JIeHHble B pabote [7], AeMOHCTPUPYIOT 3P-
(beKTUBHOCTh TIOAXOAAa IS PELIeHMST 3amad
HalleJICHHOM T€HepalMyi TECTOB, OJHAKO IPO-
uenypa mnoctpoenuss EFSM-momenu 1mo wuc-
xonHoMmy koay HDL-onucaHusi BbI3bIBaeT
Bompochl. Bo-miepBhIX, NIPEACTABISICTCS CJIMIII-
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KOM XECTKHUM TO OrpaHUYEHUE, YTO I OTHO-
ro mnpouecca HDL-onucanus ctpoutcst ogHa
EFSM-monens. C omHOW CTOPOHBI, OIWH
JIoOTHUYeCcKuii OJIOK ammapatyphl (II0 CyTH, aB-
TOMAaT) MOXET ObITh OMNpPENEJIeH C ITOMOIIbBIO
HECKOJIbKMX IIPOLIECCOB (TaKMe IIPOLIECChl UC-
MOJIB3YIOT OOIIMEe TepeMEeHHbIE U pabOTaoT B
pexuMe B3aUMHOTO McKiIoueHus). C mpyroit
CTOPOHBI, B paMKax OJHOTIO IMpolecca MOIYT
OBbITb ONUCAHbI [EHCTBUS, OTHOCSILMECS K
Pa3HBIM JIOTMYECKUM OJI0KaM (BO3MOXHO, 3TO
HE CaMbIil XOPOIUWK CTWIb KOIAUPOBAHUS, HO
oH ponyckaetrcsa HDL-g3bikamu). Bo-BTOpBIX,
MPOLECC MOCTPOSHUSI MOIEIN MPEACTaBIISICTCS
Ype3MEepPHO YCJIOXHEHHBIM: aHAJOTUYHBIX pe-
3yJIbTAaTOB MOXHO JOOUTHCS 0O0Jiee MPOCTHIMU
CpeICTBaAaMM, €CJIM C CaMOro Hayaja ompeie-
JINTb, KaKue BHYTPEHHUE IIePEeMEHHBIC OIM-
CBIBAIOT COCTOSTHME aBTOMarta.

OcHoBHbIE MOHATHSA

ITyctb V—MHOXecTBO nepeMeHHbIX. DyHK-
LM, KOTOpas KaxXOaoul IMEpeMEHHOM CTaBUT B
COOTBETCTBUE 3HAUCHUE COOTBETCTBYIOLICTO
TWUIIa, Ha3bIBaeTCsl o3Hauusanuem (valuation).
[Tycte Dom,, — MHOXKECTBO BCEX O3HAYMBAHUI
Ha MHOXECTBe TIepeMeHHbIX V. Oxpanubim
yeaosuem (guard) HaspiBaeTcs OyiieBa (QyHK-
11Ms1, onpeaeaeHHass Ha MHOXECTBEe O3HaYMBa-
Huii (otoOpaxenue suna Dom, — {true, false}),
deticmseuem (action) — mpeobpa3oBaHUE O3HA-
yuBaHuil (oTrobpaxenue Buga Dom, — Dom,).
ITapa y — 8, rae y — oxpaHHO€ YCJIOBHUE, a § —
NEUCTBUE, HA3bIBACTCS OXPAHAeMbIM Oellcmeu-
em (Guarded Action — GA). B panbHeiiiiem
OymeM cyuTaTh, YTO IIOMUMO CEMaHTUKU
OXpPaHHBIX YCJIOBUI M AEUCTBUI (3adaBacMBbIX
OTOOpaXKEHUSIMM YKa3aHHBIX BUIOB) M3BECTCH
MX CUHTAKCUC (YTO MO3BOJISIET COBEPIIATh HaL
HUMHU CUMBOJIMYECKUE MAHUITYJISILIVN).

Pacwupennvim KOHEeUHbIM asmoma-
mom (EFSM-modenvio) Ha3bIBaeTCsI TpoMKa
(S, V, T), tne S — KOHEYHOE MHOXECTBO CO-
croguuii; V= 1u O U R — KOHEUHOe MHO-
JKE€CTBO NEPEMEHHBIX, COCTOSIECE U3 GXOOHbIX
cuenanos (I), evixoonvix cuenanoe (O) M 6HYy-
mpennux peeucmpoe (R); T — KOHEUHOE MHO-
JKECTBO Mepexo0os. Kaxplii nepexon t € T —
3TO KOpTeX Buaa (s, y, — 38, s'), rae s, u s’ —
COOTBETCTBEHHO HayajbHOE€ M KOHEUHOE CO-
CTOSIHMSA TIEPEX0/a, a Y, U §, — COOTBETCTBEHHO

oXpaHHOE ycioBue U aelictBue. O3HaUMBaHUE
v € Dom, Ha3bIBa€TCsA KOHMEKCMOM aBTOMATa,
amapa (s, v) € §x Dom,— ero KoHgpueypayuei.
Ilepexon ¢ HaA3BIBACTCS paspeuieHHbiM B KOH-
¢durypauuu (s, v), ecnu s, = s u y(v) = frue.

PacimpeHHbIiT KOHEUHBII aBTOMAT (DYHK-
IIMOHUPYET B AVMCKPETHOM BpPEMEHM, UTO He-
SIBHO TIpeAIriojlaraeT Hajauyuhe 4acoB, IO THU-
KaM KOTOpBbIX cpabaTbiBaloT mepexonbl. [lox
yacamu (clock) B maHHOI paboTe IIOHMMAaET-
Csl BIOJIHE KOHKPETHBI OOBEKT — HEIyCToe
MHOXECTBO co0bimuil, TOE COOBITUE — 3TO
napa, BKJIIOYarolas OJHOOMTHBIM CUTHAJI, Ha-
3bIBAEMBII CUHXPOCUCHAAOM, W TUII €r0 PEeru-
cTpauuu: nepednutl gppoum (U3MEHEHUE 3HAUC-
HMSI C HYJISl Ha €IUHULY) WU 3a0HUl (pporm
(M3MEHeHME 3HAYCHMSI C €AMHUIIBI Ha HYJb).
Tuk yacoB ompeaensieTcsl HACTYILUIEHUEM CO-
oblTus. g 3agaHHbIX yacoB C U HayaJbHOU
KOH(puUrypauuu (s,, v,) pacIIMPEeHHbIA KOHEY-
HbIII aBTOMAT paboTaeT CAeAYIOLIUM 00pa3oM.
BHauaite BeinostHsieTcs copoc (reset) — ycTaHaB-
JIUBaeTCs HayajbHasl KOHQUIrypauys aBToMara:
(s,v) « (s, v,). Ha Kaxmom TakTe (IIpOMEXYT-
K€ BpPEMEHU MEXIy ABYMS THMKAMM) OIpeAc-
JISIETCSI MHOXECTBO Pa3pellieHHBIX IePeXOm0B:
E« {teT|s =snvy(v)=true}. Ecinm MHOXe-
cTBO E He mycTo, cpabaThIBaeT nepexon t € E,
BBIOpPaHHBIM U3 HETO HeIeTePpMUHUPOBAHHBIM
obpazoM. IIpu BBIMOJHEHUU TMepexoJa KOH-
(urypauusi 0OHOBJSIETCS COOTBETCTBYIOLLIMM
obpasom: (s, v) <« (s, 3,(v)).

W3sBaeyenne EFSM-monenu

IIpennaraemoiit MmeTon u3BiaeyeHust EFSM-
momenn (TouHee, cucteMbsl EFSM-mopenei,
Kaxnasi M3 KOTOPbIX OMNMCBIBAE€T OTAEJIbHBIN
npouecc) n3 ucxomHoro koga HDL-onucanus
COCTOMT U3 CJIECIYIOLIMX 11aroB;

1) cMuHTaKCUYeCKUIA aHaIn3 HDL-
OITMCaHUS U IOCTPOCHUE depesa abcmpaKmHo-
20 CUHmMAKcuca,

2)00xo aepeBa aOCTPaKTHOTO CUHTaKCcUca
U TIOCTPOEHUE BHYMpeHHe20 NpedcmasaeHUs::

e WICHTUMUKALUS CUHXPOCUSHANO8;
e BbLISIBJICHUE HEABHbIX NEPEMEHHbIX CO-
CMOAHUSL,

3)TpaHcopmanmsi BHYTPEHHEro Ipei-
CTaBJICHUSI B CUCTEMY OXPaHSIEMbIX NEHCTBUIA;

4)aHayn3 3aBUCUMOCTEH MEXIYy OXpaHsie-
MbIMM JEWCTBUSIMU U UIACHTU(DUKALIUS Hepe-
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MEHHbBIX COCMOSHUS,

5)aHanu3 yCIoBUI Ha IepeMEHHBIE COCTO-
SIHUS Y TIOCTPOCHUE NPOCMPAHCIEA COCMOAHUL
EFSM-monenu;

6) mocTpoeHue
EFSM-monenu.

ITocTpoenne cucTeMbl OXpaHSAEMBIX JIeii-
cTBHii. Pe3ynbraToM IpenBapUTesIbHONM 0oOpa-
OOTKM SIBJISIETCSl CHUCTEMa OXpaHSIeMBbIX Jeii-
CTBUIA, C KaXIbIM M3 KOTOPBIX CBSI3aHbI Yachl
QD v — 503y — Takue AelCTBUS Ha3bIBa-
10TCa cunxponusuposanuvimu (clocked) [16].

CriocoObl  peanm3anuy mara 1 IIMpoKo
u3BecTHHI [17], moaToMy cpa3sy IepeiimeM K
mary 2. OnHoit U3 ero uejeil siBaseTcs uaeH-
TU(DUKALNS CUHXPOCUTHAJIOB C LI€JIbIO ITOCTPO-
eHus yacoB. s pellieHus 9TOi 3a1a4uuy Tpe-
JlaraeTcsl ciemyolas 3BpucTuka. Cuurtaercs,
YTO TIEpEMEHHAs v SBJSIETCS CUHXPOCUSHANOM,
€CJIM BBITIOJHEHBI CJICAYIOIINE YCIOBUSI:

e v SBJISIETCSI BXOOHBIM OJHOOUTHBIM CUT-
HaJIOM;

e v IIPUCYTCTBYET B CIIUCKE UYBCTBUTEIIb-
HoCTM (OoIpelnesieHMe AaHO HIUXE) XOTs Obl
OJIHOTO M3 TIPOLIECCOB (MM B OMepaTope OXKu-
JaHUs COOBITUI Waif);

e v HE MCIIOJB3YETCSI B MPUCBAMBAHUIX
(HM B JIEBBIX, HU B TMPaBbIX YaCTSIX).

HanmomHum, 4TO chruckom uyecmeumenv-
Hocmu (sensitivity list) mpoliecca Ha3bIBaeTCs
HaOOp TUIIOB COOBITUIA, 3aJalollUX YCJIOBUE
aKTUBALUU TIpollecca: MpPoIEecC 3arycKaeTcs
KaXIblil pa3, KOrma BO3HUKAET COOBITHE, OT-
HOCSIIIeeCs] K OQHOMY U3 YKa3aHHBIX TUMOB (U
HE 3aIlyCKaeTCsl B MHBIX CUTYalUsX).

Ha mare 2 takke omnpenelsitoTcsi HesiBHBIS
MEepPEeMEHHBIE COCTOSIHMSI U 100aBJSIOTCS BO
BHYTpeHHee TmpeactapieHue. Iloa wesgubimu
NnepemMeHHbIMU  COCMOsAHUA TIOHUMAIOTCSI BHY-
TPEHHUE PETUCTPHI, IBHO HE IIPUCYTCTBYIOLINE
B KOJE, HO HEOOXOIMMBIE IJid KOPPEKTHOIO
MpeICTaBJICHUST aBTOMaTa, CIeHU(pULIIPO-
BaHHoro B HDL-onucanuu (0ObIYHO Takue
MepeMeHHbIE HCKYCCTBEHHO BBOISTCS WH-
CTpyMEHTaMM Jioru4yeckoro cuHrtesa [11]).
Llenp BbISIBACHUS U J00aBJICHUS HESIBHbBIX
MEePEeMEHHBIX COCTOSIHMSI COCTOUT B JI€KOMIIO-
3UIAM CJIOXHBIX, MHOTOTAKTHBIX IIPOLIECCOB
Ha OAHOTaKTHbIe MUKpoonepauuu. C KaxIbIM
MPOILIECCOM p CBsI3aHA HeEsIBHAs IIepeMeHHasI
COCTOSIHUS (0003HAUUM ee rp), a ¢ Kaxuoi
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OMHOUWIeHUSI  Nepexodoé

orepauMeli w TUMNA wail BHyTpU IIpolecca p
(BKJTIOYAsT orepaluio akTUBALUKM TIpoliecca) —
OIpee € HHOE 3HAUEHUE 3TOro perucrpa (000-
3HauuM ero v, ). B rpade nmoroka ymnpapieHus
npolecca p aHATU3UPYIOTCS TIyTH MEXIy Ma-
paMu orepauuvil wait, Ipyu 3TOM TIPOBOAUTCS
psn mpeoOpazoBaHuil. Ilporecc p ymamsgercs
U3 BHYTPEHHETrO MpPeACTaBJICHUS; BMECTO HEro
IUIS KaXJoro IyTy (TOYHee, alMKINYEeCKOTro
noarpaga ¢ OOHMM HMCTOKOM U OJHUM CTO-
KOM) 7 (TIyCTb 3TO OYyAET MyTh MEXIY W, U wj)
CTPOMTCSI HOBBIiA TIPOLIECC p,. YCIOBME aKTUBA-
WU p_COBIANAET C YCIOBUEM ONEpaLvK w, a
TEJIO UMEET ciaenyroluii Bud: if r,o=vy, then =;
roi=vy, end if. B 1memom, peanmsanuys 3TOro
11ara COBIIaJaeT C aJrOPUTMOM, OIHMCAHHBIM
B [11].

Ha mare 3 nig KaXmoro 3JeMeHTapHOIO
npoiecca (MUKpOONEpPaIm) p, MIOCTPOEHHOTO
Ha lIare 2, CTpOUTCSI MHOXECTBO BCEX BXOIS-
IIUX B HETO CHMHXPOHM3UPOBAHHBIX OXpaHse-
MBIX JEeNCTBUIA {(Cp"'), yp(i) — 8p"'))},.:1’n. B npo-
CTeiIIeM cilydae 3TO MHOXKECTBO YCTPOEHO
CJIeayIOIIMM 00pa3oM:

C,? conepXuT BCE CHHXPOCUTHAIIBI, 3a/e¥i-
CTBOBaHHBIE B IIpoOlLIecce p;

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

SP(D COJIEPKUT Bce AeicTBUS i BeTBU (Bce
TeJIo mpolecca p, eciu n = 1).

B ob6meM ciayyae mocie BbIIOJTHEHMS
mara 2 BO3MOXHBI CHUTyallMd, KOIJa OXpa-
Hs€Mble JEUCTBUS coAepXkaT BJIOKEHHBIE
YCJIOBHBIE oIlepaTopbl. st ympolueHus: mo-
CJeAYIOIIEro aHajau3a 3TU OIepPaTOPhl <«IIOMI-
HUMAaIOTCSI» Ha YPOBEHb OXPaHHBIX YCIOBUI (C
Y4€TOM 3aBUCHMMOCTEM OT MpeaIeCTBOBABIINX
WM OIepaTtopoB TmpucBauBaHus). [ng 3T1o-
TO WCMOJIB3YIOTCSI TEXHUKU CUMBOJUYECKOTO
BBITIOJIHEHUSI, BKJIIOYasl KJIACCUYECKUI METOJ
00paTHBIX TOACTaHOBOK [18], mo3BosstOIIMi
BBIYMCINTL cllabeiilnee npeaycioBue (weakest
precondition) auMKIMYECKON MporpamMMbl AJisl
3aJaHHOTrO IIOCTYCJIOBMS (B HallleM cllydyae —
YCJIOBUSI BETBJEHUsI). DTO MPUBOAUT K pac-
LIETUICHUIO OXPaHSIeMbIX NEUCTBUIA: KaxXaoMy
nyTu B rpade MoToka yrnpapjieHus Ipoliecca,
CBSI3BIBAIOIIIEMY HayaJbHYIO U KOHEUHYIO BEP-
LIMHBI, CTAaBUTCS B COOTBETCTBME CBOE OXpa-
HsIeMOe JIefiCTBUE.
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Puc. 1. I[Ipumep rpacda nmoroka ynpapjieHUs

3aech cieayeT caesaTh ABa 3aMeYaHMSI.
Bo-niepBbIX, NpemIoXeHHbIA MeTon (B TOM
BUJE, KaK OH omnucaH) He npuMeHuM K HDL-
OIMCAaHUSIM, COAEpPXKAIIUM ILUKJIBl C Mepe-
MEHHBIM YMCJIOM WTEpaldii B paMKaX OIHOI
MUKpooIepauuu (3aMeTuM, 4TO TaKuUe OIIM-
caHus SIBISIIOTCS PENAKOCThbi0). Bo-BTOpBIX, OH
npeamnosaraet, yro npouecchl HDL-onucanui
UMEIOT CPABHUTEIHLHO HEOOJIBIIIYIO CIOKHOCTD
(OOBIYHO 3TO TaK: CIOXKHOCTDH anmaparyphl J10-
CTUTAETCSI HE CJIOXKHOCTbIO OTACJBbHBIX MPO-
LIECCOB, a UX OTPOMHBIM UKCJIOM).

1751 TOro 4ToObl TPOUJUTIOCTPUPOBATH TMO-
CTPOCHUE CHUCTEMBbI OXPAHSIEMbIX HICHCTBUMA,
paccmorpuMm HDL-onmmcanme b04 wu3 ma-
kera TectoB (benchmark) ITC’99 [19]. D10
apruPMETUKO-JIOTUIECKOE YCTPOMCTBO, MO3BO-
JISIIo1Iee BBIYUCISITH CYMMY, cpeaHee apud-
METMYEeCKOe, MUMHUMYM M MakKCUMyM Habopa
Henbix ynces. Ha puc. 1 n3obpaxeH rpag I1mo-
TOKa yIpaBjicHus onucanus b04. KBagpaTHbie
BEPILUMHBI COOTBETCTBYIOT 0a3068biM 0OA0KAM,

poMOMUeCKUE — 6emeaeHUsM, KPYTAble — coe-
OJunenusm. Y 0a30BbIX OJIOKOB OJHA BXOISILAs
JIyra W OJHA BBIXOASIAS; y BETBJACHUI OaHA
BXOIsIIast Ayra U He MeHee ABYX BBIXOMSILINX;
Yy COENMHEHWI He MeHee ABYX BXOAAIIMX U
OlIHA BBIXOISIAs.

B rpacde Ha puc. 1 BwigeneH myTh U3 Ha-
YaJIbHOI BEPIIMHEI B KOHEUHYIO, IJIsI KOTOPOTO
B TabJ1. 1 mpuBeaeHO oxpaHsemoe aeiicTeue. B
JIEBOI KOJIOHKE TaOJIMILIBI IPeICTaBIeHbI (par-
MeHThI orcanus b04 Ha sa3mke VHDL, coort-
BETCTBYIOILME BBIIEIEHHBIM BepIllIMHAM Ipacda
(maTMHCKMMM OyKBaMu 00O3HauyeHbl 0a30Bbie
Oonoku, mudpamu — BeTBieHus). [IpaBas Ko-
JIOHKA COAEPKUT OXpaHseMoe NeHCTBUE, I0-
JIydUeHHOE B pe3yJibTaTe aHaju3a BbIIEJICHHOTO
nytu. OTMETUM, YTO JJI JaHHOTO OXPaHSIeMO-
ro JeicTBUS (M mpolilecca B 1IeJIOM) B KauecTBe
CUHXPOCUTHAJIOB ObLIM WACHTU(ULMPOBAHBI
CLOCK (mepennuit ¢pontr) u RESET (3a-
JHUIA (POHT).

Ha puc. 2 nokazaHa cucteMa oxXpaHsSeMbIX
geiictBuii onucanusg b04, mojgydyeHHast myTeM
«I10AbEMa» YCJIOBHBIX OIlEpaTOpOB. BuimeacH-
HBIIl IIyTh COOTBETCTBYET PACCMOTPECHHOMY
oXpaHSIeMOMY JAeiicTBMIO. BugHo, 4yTo ycaoBus
(poMOuUecKkre BeplIMHBI) O0pa3yloT Huepap-
XUI0 W PA3IC/sIOTCSI Pa3HBIMU OXPaHSIEMbIMU
nerictBussmMu. Camu JeWCTBUS TIPEACTABISIOT
€000i1 moce10BaTeIbHOCTU, COCTaBJICHHBIC U3
MCXOIHBIX 6a30BbIX OJIOKOB (KBaApaTHbIX Bep-
muH). Takum 006pa3oM, cucTeMa OXpaHSIEMbIX
JIEWCTBUIL OMHOTO Mpoliecca MPeaCcTaBIsSIeTCs
B BUIE CTPYKTYPBI JaHHBIX, OJIM3KON K BHICO-
KOYpoBHEBOW petatoiieil nuarpamme (High-
Level Decision Diagram — HLDD) [20]. Mu1
Ha3bIBaeM 3Ty CTPYKTYPY peuiarouieli ouazpam-
Mot cucmembl oxpansembix deticmeuti (Guarded
Actions Decision Diagram — GADD) wunu
npocto GADD-duaepammoii.

Bcero nns HDL-omucanus b04 ¢ momo-
b0 MPEIJIOXKEHHOT0 MeTojga cTpouTcst 27
OXpaHSIEeMbIX IEUCTBUI. DTO YMCIO MEHbIE
O0ILIeTO KOJIMYECTBA IyTEH MEXIy Hadajlb-
HOIl M KOHEYHOU BeplIMHaMM rpacda MoToKa
yIpaBjieHus, T. K. IJISI HEKOTOPBIX IIyTel IIO-
JlydaeMble OXPaHHbBIC YCJIOBUS SIBISIIOTCS He-
BBIITOJTHUMBIMU.

IToctpoenne EFSM-monenn. Ha mare 4
OCYIIIECTBJISIETCS aHAJIU3 3aBUCUMOCTEN MeX-
Iy OXpaHsSIeMbIMU AeicTBUSIMU. [TycTb x 1 y —
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Taonunoa 1

HOCTpoeHl/le OXpaHsgeMoro JIeCTBUA

®parment HDL-onucanus

OxpaHsieMoe neiicTBue

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

OxpanHoe ycJioBUE:
(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 JeiicTue:
3 | not (ENA="1") RES := RESTART;
4 | not (RES ="1") and ENA := ENABLE,
SIS SN N
B | DATA OUT <= RLAST; RMIN ‘= DATA_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; Yacbl:

CLOCK (nepenHuii ppoHT),
RESET (3agHuii ¢ppoHT)

OoXpaHsieMble ACHCTBUS, a v — IepeMecHHas.
l'oBopsT, yTO NEepeMeHHas1 v onpedeasemcs B
OXpaHsIeMOM JIeUCTBUU X (M 0003HAUYAIOT 3TO
Kak v € Def), eciu NEHCTBUE X CONEPXKUT
npucBaMBaHUE IlepeMeHHOI v. ['oBopsT, 4TO
nepeMeHHast v Ucnoav3yemcs B OXpPaHSIEMOM
JeiicTBuM y (M 0003HAYAIOT 3TO KaK v € Usey),
€C/I v TIPUCYTCTBYET B OXPAaHHOM YCJIOBUM )
WJIM B IPaBOil 4aCTU HEKOTOPOTO MpHUCBauBa-
HUS ero AelcTBUSA. B 3aBHCHMMOCTU OT TOrO,
Kak MMEHHO MCIOJb3yeTcs IepeMeHHas, B
OXpaHHOM YCJIOBUM WIM B OEUCTBUU, pa3jiu-
4aloT 3a6UCUMOCIU NO YNPAGACHUIO N N0 0aH-
HbIM.

Ha ocHoBe aHanu3a 3aBUCHMMOCTEH MEXIY
OXpaHSIEMbIMU JEHCTBUSIMUA OCYILECTBIISICT-
¢ uaeHTU(GUKALUS TEPEMEHHBIX COCTOSIHUSL.
[lon nepemennsvimu cocmosinus (Ha 3TOM 1are
BCE IMEpPEeMEHHBIC SIBISIOTCS SIBHBIMM — CM.
mar 2) MOHMMAIOTCSI BHYTPEHHHWE PErMCTPHI,
WUCIIOJIb3yeMbIE 11 OpraHM3aldu IOTOKOB
yIIpaBjieHUs ITpoleccoB. s nneHTruduKamumn
TaKUX MePEMEHHBIX MCITOJIb3YETCS ClIeayIomIast
apuctuka. [lepemeHHas v sIBisieTCs nepemen-
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HOLl COCMOsHUSA, €CJI BBIIIOJHEHBI CIIeAYIOIIe
YCJIOBUS:

e v HE SBJISETCS BXOOHBIM CHUTHAJIOM;

e B CHUCTEME OXpaHSEMBbIX NEHCTBUI TPO-
1ecca CylIecTBYeT XOTsI Obl OJHO OXpaHseMOe
JIEUCTBUE, KOTOPOE 3aBUCUT OT v MO yOpaB-
JICHUIO, 1 B KOTOPOM Vv OIlpeaesisieTcs: (IIpsiMo
VI KOCBEHHO);

e HM OIHO W3 BbIPAXCHUIA, CTOSILMX B
MpaBbIX YaCTSIX OMNEPaTOPOB IPUCBAMBAHUS B
v, HE COIEPXKUT BXOIHBIX CUTHAJIOB.

CrnenyeT OCOOEHHO MOMUYEPKHYThb, YTO
MpUBEACHHbBIC 2BPUCTUKU (IBPUCTUKA WICH-
TU(UKALIMKU CUHXPOCUTHAJIOB M 3BPUCTUKA
UISHTU(PUKALIMA TIEPEMEHHBIX COCTOSIHHMSI) HE
3a(DUKCUPOBAHbl METOAOM, a SBISIOTCS €ro
mapameTpamMu. B 3aBucummoctu oT uenei u/
WA PECYPCOB UX MOXHO YCUJIMBATh WM OCJa-
ossTh. KoHCTpyrpyeMble 11 pa3HbIX 3BPUCTUK
EFSM-mMmonenu MOTyT pa3inJyaTbCsl CTPYKTYpOit
(4MCI0OM COCTOSIHMI U TIepexonoB), HO 00si3a-
Hbl OBbITh (DYHKIIMOHAJBbHO BSKBUBAJICHTHBIMU
(IOKa3aTeNbCTBO 3TOTO YTBEPKIACHMST BBIXOIUT
3a paMKM HACTOSIILIEH CTaTbu).
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Puc. 2. IIpumep cuctemnl oxpaHsiembix aeiictBuii (GADD-auarpamMmbi)

Ha mare 5 ctpoutcst npocTpaHCTBO COCTO-
auuii EFSM-monenu. KitoueBast uaest aToro
11ara COCTOUT B CJIEAYIOIIEM: MHOXKECTBO BCEX
OrpaHMYEHUII Ha TEPEMEHHBIC COCTOSTHMUS
pazouBaercst (IyTeM YTOUHEHUSI HEKOTOPBIX
OrpaHMYEHMII) Ha TIOMAPHO HECOBMECTHBIC
yCI0BUSI (TOT IIPOLIECC HA3BIBAETCS 0pmo2o-
Haauzayuer [21]); KaxXaoMy U3 TIOJyYEHHbBIX
YCJIOBUI COMOCTaBJISIETCSI YHUKAJIBHOE COCTO-
saHue EFSM-monenu. Peanuzanust atoil uaeun
OCYILIECTBJISIETCS B IBa 3Tama:

1) mocTpoeHre yCIOBHW Ha TEpEeMEHHBIC
COCTOSIHUS;

2) opTroroHaju3alys YCJIOBUII Ha Tepe-
MEHHBIE COCTOSIHUSI.

I TIocTpoeHMsT YCIOBMIT Ha TIepeMeH-
Hble cocTossHUS ncxonHasgs GADD-aguarpamma
TpaHcGOPMUPYETCS: BETBJICHUS «PaCIICTIISI-
I0TCSI» TaKMM O0Opa3oM, YTOObI OTHCIUTHL IIE-
peMeHHBbIE COCTOSIHUSI OT IIPOYMX TIepeMEH-
HbIX (OymeM Has3bIBaTb Takue IepeMeHHBIe

Konmexcmuoimu). TloSICHUM, KaKoOMl CMBICTT
BKJIANBIBAETCSI B TEPMMH <«PACLICIIJICHUE».
V3en muarpamMmbl, 3agalolldii  BETBJICHUE

Buna if-then-else, omnuchiBaeTcss KopTexkeMm

M 0, A xfa,se>, IIe A — MeTKa y37ia, ¢ — Oy-

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

KM Y3JIOB, B KOTOpPbIE BEAYT AYTH, IOMEUCHHBIE
COOTBETCTBEHHO KOHCTaHTaMU frue W false.

Ecmu ysen umeer Bun (A, (¢ v y), &, x/a,sg,
OH 3aMeHsieTcs Ha (A, ¢, A, Ay m (A,
M Maed- Ecnu y3en umeet Bung (A, (¢ A y),
o kfm), OH 3aMeHseTcsa Ha (A, ¢, A, xfm) /1
(O T M M- [pyrue norudyeckue CBSI3KU
00pabaThIBAIOTCS aHAJIOTUYHBIM 00pa3oM. 3a-
METHUM, YTO €CJIM B YCJIIOBUE BETBJICHUS BXOIAT
TOJBKO JMOO II€pEeMEHHbIE COCTOSIHMS, JIMOO
KOHTEKCTHBIE IIepeMEHHbIe, Y3€J1 OCTaeTCs
HEU3MEHHBIM. «PacleryieHue» OcCyIleCTBIIsI-
€TCsl TOJIbKO B TOM CJlyyae, KOriga e€CTb BO3-
MOXHOCTb OTIEIUTH IEePEeMEHHBIE COCTOSIHUS
OT KOHTEKCTHBIX IIEPEeMEHHBIX (B YCIIOBHUE
BETBJICHUSI BXOIST IE€PEeMEHHBIC Pa3HBbIX BU-
OB, HO B HEM IIPUCYTCTBYIOT JIOTMYCCKUE
nondopMysbl, coaepXallhe TOJbBKO JIMOOo
TIepeMEHHBIE COCTOSIHUSI, JTMOO KOHTEKCTHBIC
nepeMeHHbIe).

ITocTpoeHre MHOXKeCTBa YCIOBMUII Ha Iie-
PEMEHHBIE COCTOSTHMST OCYIIECTBISIETCS IyTEM
o0xoma IIOJYyYeHHOI AuarpaMMbl B TJIyOMHY.
J71g 3TOro 3aBOAMTCS BCIIOMOTAaTEIbHBINA CIU-
cok ¢opmyi, mycTroil B Hauane obxoma. Ilpu
MEPBUYHOM IIOCEIIEHUM HETEPMHUHAIBHOTO
y3Ja IIPOBEPSIETCSI, CONEPXKUT JIM COOTBET-
cTByIoIIasd popMysia MEPEMEHHBIE COCTOSTHUS,
U €CIU COIOEPKUT, OHA IOOaBISIETCS B CIIM-
cok. IIpn mocTmXeHuM TepMUHAJbHOIO y37a,
BO MHOXECTBO YCJIOBHUII Ha II€peMEHHbIE CO-
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CTOSIHUSI TO0ABJISIETCS KOHBIOHKIUS (POpMYyII,
BXOISIIUX B c(hOPMUPOBAHHBIN cucoK. [1pu
MOBTOPHOM TOCEIIEHUN y3J1a (IIPpU BBIMOJHE-
HUM BO3Bparta) dopmyja yaaasaeTcs U3 CIIU-
cKa. 3aMeTHM, YTO TOCTPOCHHBIC YCIOBMS Ha
MEepPEMEHHBIE COCTOSIHUSI, XOTSI U COOTBETCTBY-
0T pa3HbIM TYTIM JAuUarpaMMbl, He OO0SI3aHbI
OBITb OPTOTOHAILHBIMU (IIOIIAPHO HECOBMECT-
HBIMU): KaXJI0€ TaKOe YCJIOBHUE IMOJYyYEeHO U3
MOJIHOKM (hOPMYJIbI IYTH YAAJIEHUEM HEKOTO-
PBIX KOHbIOHKTUBHBIX YJIEHOB — OIrpaHUYEHUI
Ha KOHTEKCTHBIE IepeMeHHBbIe. Takxke oTMme-
TUM, 4TO OOBSBIEHUS TepeMeHHbIX B HDL-
OMUCAHUSIX MOTYT BKJIIOYATh UHBAPUAHMIbL
(orpaHMYeHMST Ha BO3MOXKHbBIC 3HAUCHMS): TIe-
peuyuciIeHus, TMana3oHsl 1 T. II. Bo Bce ycio-
BUS Ha TIEPEMEHHbBIC COCTOSIHUS J00aBIISIOTCS
COOTBETCTBYIOLIME MHBAPUAHTHI (€CJIM OHU HE
TPUBHUAJILHBI).

OproroHanu3anus YCJIOBUII Ha mepe-
MEHHBIC COCTOSIHUSI OCYILECTBISIETCS C UC-
MOJIb30BaHMEM amIapara OyJeBoil anreOophl.
KaxknoMy KOHBIOHKTUBHOMY 4ICHY KaxKOIOTO
YCJIOBMSI CTABUTCS B COOTBETCTBUE OYKBa — OYy-
JieBa MepeMeHHast ¢ oTpulianueM (~) uiau 6e3
HETO: 3aBeJOMO 3KBMBAJEHTHBIM (popmysiam
(B 9aCTHOCTM, COBHIANAIOIINM TEKCTyaJIbHO)
COITOCTABJISIIOTCS  OIMHAKOBbIE OYKBBI; 3aBe-
JIOMO TIPOTMBOIIOJOXHBIM (HANpuMep, Koraa
onHa dopMmysa SBISETCS OTPUIIAHWEM ApPY-
roil) — MOPOTUBOIOJOXHBIE (MMEIOIIE BUJ
v 1 ~v). Takum o0Opa3zoMm, KaxIOMy YCJIOBUIO
Ha TepeMEHHbIE COCTOSIHUS CTAaBUTCSI B CO-
OTBETCTBUE CJIOBO — KOHBIOHKIMS OyKkB. Jljist
BBIZICJICHUS 3aBEIOMO SKBMBAJICHTHBIX U 3aBe-
JIOMO TPOTHUBOTIONIOXKHBIX (DOPMYJT MCMOJb3Y-
eTCs Mpolenypa KaHOHU3ayuu, YHUPULIMPYIO-
1mast (10 HEKOTOPO# CTeTNeHM) 3anuch Gopmy
(I 3TOrO MCHOJB3YIOTCS MpaBuja Iepe-
ganucu (rewriting) Buga (¢ = y)—> (¢ = ),
(0=2y)—>"(¢ <y)UT ).

OproroHayin3aius BbITIOJHSIETCS Ha YPOB-
He OyJIeBBIX CJIOB IO ClEAyIolIei cxeme (st
HarJsIHOCTU 3HAKU OMepaly KOHbIOHKIIMU
OIyILIeHBI; 3aMUCh BUaa ~b, rae b = ~v caemyer
MOHMMAaTh Kak v) [21]:

1) ecin aBa clioBa CoAepXKaT MPOTUBOIIO-
JIOXHBIE OYKBbI, OHU OPTOTOHAJIbHBI;

2) B IPOTMBHOM CJlydyae¢ B OJHOM U3 CJIOB
(0obo3HaUMM €ro w) TMPUCYTCTBYIOT OYKBbI
(b, ..., b), ybK MEPEMEHHBIE HE BXOIAT B APY-
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roe cioBo (w'):

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

e W'=a,.a,c,..c, 3aMEHIETCS Ha CJIENYI0-
LIe CJI0BAa:

a,.a.c,..cb;

a,..ac,..cbb,;

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

B pesynbraTe opTOroHaanM3alyy IMOJIydaeT-
cs paclIMPEeHHOE MHOXECTBO cyoB. Kaxxmgomy
W3 HUX CTaBUTCS B COOTBETCTBUC YCJIOBUE Ha
MepeMEHHbIE COCTOSIHUSI U COOCTBEHHO CO-
crogane EFSM-monmenu. 3aMeTMM, 4YTO He-
KOTOpbIE€ YCJIOBHUS, MOJydeHHbIE TaKUM 00-
pa3oM, MOTYT OKAa3aTbCs IPOTUBOPCUYMBBLIMU.
Takue ycnoBusi 0OHApPYXMBAIOTCS C TTOMOIIBIO
CPEACTB TIPOBEPKU BBINOJHUMOCTA (HOPMYJI
(Hamu ucnonwsdyetrcss SMT-pewarens Z3 [22])
M UCKJIIOYAIOTCS U3 PACCMOTPEHMSI.

3aBeplarolyii mar 6 3akitouaercs B MO0-
CTpOEHUM OTHolIeHus TepexonoB EFSM-
moaenun. JIas Kaxaoil mapbl COCTOSHUN U
KaxJI0ro OXpaHSIEeMOTO ACHCTBUS IPOBEPSICTCS
COBMECTUMOCTb OXPAHHOTI'O YCJIOBUSI C IEPBLIM
COCTOSIHMEM Mapbl, a pe3yabTaTa ACUCTBUS —
CO BTOPBIM; MPU MOJIOKUTEIBHBIX Pe3yJbTaTax
MPOBEPOK COOTBETCTBYIOLIUIA ITepexon 100aB-
JIIETCSI B KOHCTPYUPYEMYIO MOJIEIb:

1) o1 Kaxaoro COCTOSIHUSI § U KaXXIo-
rO OXPaHSEMOro IEUCTBUS X, €CJIU OXpaH-
HOE YCJIOBUE Y _ COBMECTMMO C COCTOSAHMEM S
(COBMECTUMOCTh IIPOBEPSIETCS C ITIOMOILLIBIO
SMT-peiiaTensi), co3maeTcsi Hpomonepexoo
t,,= (s, v, >3, —), 4be KOHCUYHOE COCTOSTHUE
(cocTostHUSI) ellle He OIpPenesIeHO;

2) st KaXJA0ro COCTOSIHUSI §” M KaXJoro
MPOTOTEPEXO/Ia £, , METOIOM OOPATHBIX TTOACTA-
HOBOK [ 18] cTpouTtcs cnabeiiiiee npeaycioBue
JEUCTBUSA §_JUIS TTOCTYCIOBUS §™ (0003HAYMM
ero wp(d,, s')); ecau wp(3, s') U S COBMECTH-
Mbl, miepexon (s, (v, A wp(8,, s')) =3, s') no-
0aBJIsIeTCS BO MHOXECTBO TIEPEX0I0B;

3) mepexombl MEXAY OOJHMMU U TEMHU Ke
rnapamMu COCTOSIHMIA, MMEIOIINe OIMHAKOBbHIE
OXpaHHbIE YCJIOBUSI, «O0BbEIMHSIOTCS» (3aMe-
HSIIOTCSL HAa OIMH ITIepexoi ¢ O0beAMHEHHBIM
JIECTBUEM).

Ortansl 1 1 2 cogepkaT BIOXEHHbBIE LIUKJIbI,
BHYTPHY KOTOPBIX BHITIOJHSIIOTCSI CJIOXKHBIC Ma-
HUIyJssuuu. s onTuMu3anumn nepedopa mc-
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stato==sC

sC,

“Kstato==sC

Puc. 3. ITpumep EFSM-monenn

noJib3yeTcs cienywllee coodopaxeHue. Eciu
BBITTOJIHUMA VMILIMKALWA Y —> S, TO Hayalb-
HBIM COCTOSIHHEM JIJISI OXPaHSIEMOTO IeiCTBUS
X MOXET OBITb TOJBKO §, M IPOBEpKa NPYyTHUX
COCTOSIHMIA He MMeeT cMbIcia. To ke KacaeTcs
wp(3,, s') 1 s. [lnd morcka KaHAMAaTa Ha poJib
HavyaJbHOIO COCTOSIHUSI IJIg 3aJaHHOTO YCJIO-
BUS aHAJIU3UPYETCS BIOXKEHHOCTh (POPMYJ, a
TaKKe MCIIOJIb3YIOTCSI 3BPUCTUKMU.

Ha puc. 3 cxematnuHo nsoopaxeHa EFSM-
monenb njag HDL-omucanust b04, mocTpoeH-
Hasg ¢ TOMOIIBIO OMMCAHHOTO BBIIIE METO.A.
B xauecTBe mepeMeHHOI COCTOSIHUS ObLia BbI-
JeJieHa TepeMeHHas stato, a B Ka4ecTBE CO-
CTOSIHUI — OrpaHWYeHUs BUaA stato == c, r1e
¢ — KOHCTaHTA.

CocTosiHUSI MOJIEIM TIOMEUEHBI COOTBET-
CTBYIOIIIMMU KOHCTaHTaMM, a MEPEXOAbl —
OrpaHMYEHUSIMM Ha TEePEeMEHHBIC COCTOSIHUS,
BXOJISIIIIMMM B COCTAaB OXPaHHBIX yCJIOBUA. JIBa
nepexona (sB — sA u sC — sA) cOOTBETCTBY-
10T copocy coctosgHus. Ele B 1ByX mepexonax
MPOUCXOIUT U3MEHEHUE COCTOSIHUS (SA — sB
n sB — sC). Iletnsa B BepiunHe sC COOTBET-
CTBYeT 23 mepexoiaM, pealu3yIoIIUM BBIUKC-
JICHUS.

Pe3y.l'leaTbl IKCIIEPUMEHTOB

OnucanHbelii MeTonm usBineueHus: EFSM-
Moneiieil u3 ucxogHoro koma HDL-onucanuii
ObUT peann30BaH B IIPOTOTHUIIE MHCTPYMEHTA
HDL Retrascope. Pa3paboTka BbIoaHeHa Ha
SI3BIKE TIPOrpaMMUpOBaHMs Java ¢ MCIIONB30-
BaHueM cpenctB Z3 (SMT-pewarens) [22],
JUNG (6ubnmoteka pabotsl ¢ Tpadamu) [23],
zamiaCAD (mnatgopma mist pa3paboTKu U
ananu3a HDL-onmcanmii) [24] u Fortress (6m-
O0auoteka paboTel ¢ dopmynamu) [25]. IIpo-

TOTUIl MO3BOJISIET aHAJIM3UPOBATh OMNMCAHUS
mr¢poBOil ammapaTypbl Ha CHHTE3UPYEMBIX
noaMHoxecTBax (synthesizable subsets) SI3bIKOB
VHDL u Verilog, cTpouTh U BU3yaau3upoBaTh
CHCTEMY pacCIlMpPeHHbIX KOHEUHBIX aBTOMATOB,
moaeaupyromux mnpoueccbl HDL-onucanuit
(B TeKylleil BepcuM He MOIIepKUBaeTCsl aHa-
JIN3 ONMUCAHUI, WMEIOLINX MEPapXUIECKYIO
CTPYKTYpPY, a TakKKe OINMCAaHMUI MOBBIILIEHHOM
CJIOXKHOCTH).

B pamkax paboThl TpoaHaJIM3UPOBAHBI
HDL-onucaHus, BXoasiuue B MakeT TECTOB
ITC’99 [19]. Pe3ynabTaThl MpUMEHEHMSI METO-
Jla K TecTaM ITaKkeTa IpeacTaBieHbl B Ta0d. 2.
EFSM-Monenu ObLI M3BA€YEHBI WIS 13 omu-
caHMil U3 22; OCTajJbHbIE HCIIOJb3YIOT KOH-
crpykuuu sa3eika VHDL, He momumep>kaHHBIE
B MPOTOTUIIE HA MOMEHT MPOBEACHUS 3KCIIE-
pumeHTOB (9 onucanuii). JIist Bcex onucaHuii
(13 13 ycmemrHo o0paOOTaHHBIX) OBLIA W3-
BJICUEHBI CUHXPOCUTHAJIBI, 1 BO BCEX CIIydasix
nx mHoxecTBa Bkmouamn CLOCK u RESET.
g Bcex omycaHuid BCe TIepeMeHHbIE, B NMe-
HU KOTOpbIX mpucytcTByeT noactpoka STAT,
ObUIM MIEHTU(ULIMPOBAHBI KaK IePEeMEHHBIC
COCTOSIHUS (TaKue MMeHAa MO3BOJISIIOT MPEAro-
JIOXKUTb, UYTO OHU HUCITOJIb3YIOTCS MHKEHEepaMu-
MPOEKTUPOBIIMKAMU [JIsI KOAMPOBAHMUSI CO-
CTOSIHUIA YIIPaBJISIIOIIUX aBTOMATOB).

OTMeTHM, 4YTO IS BCeX ITpOAaHAIU3MPO-
BaHHBIX OTIMCAHUN YUCIIO COCTOSHUI B U3BJIE-
YEeHHBIX aBTOMaTaX OTHOCHUTEIHLHO HEBEJIMKO
M pacTeT C pOCTOM 4YMCJIa BBISIBJIGHHBIX MEpe-
MEHHBIX COCTOSTHMSI. YMCIIO Iepexoa0B TakxKe
pacTeT ¢ yBEJIMYEHUEM YuCJa COCTOSIHUM M
yucia myrteir BoinmojsHeHus1 (myteit B GADD-
JrarpamMme).

PacmmpeHHble KOHEYHBIE aBTOMAThl aK-
TUBHO MCIIOJB3YIOTCS B 00JaCTM MMUTALIU-
OHHOI U (opMasibHOU BepudUKaLUU LUP-
poBoil ammapatypbl. M3BeCTHO MHOXKECTBO
MOAXOM0B K reHepaluu TeCTOB M (popMalib-
HOM IIPOBEPKE CBOMCTB, OCHOBAHHBIX Ha
anaimmze EFSM-moneneit (cm. [6—9, 11—13,
15]). B cratbe paccMOTpeH MeTOH IIOCTPOE-
HUSI pacIIMPEeHHBIX KOHEYHBIX aBTOMAaTOB
no ucxomHomy kony HDL-omucanuii. Ot-
JIMYUTEJIbHOI 4YepTO MeToda SBISIETCS aB-
TOMAaTUYECKOE BBIAEJeHNE BHYTPEHHUX IIE-
PEMEHHBIX, TIPEACTABASIOIIUX COCTOSHUS
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_a
I
Tabnuma 2
Pe3yabraTel npumenenus merona Ha nakere tecros ITC’99
Yucno IlepemeHHbIC Yucno Yucno
Ommcanne CUHXPOCUTHAJTBI .
CTPOK COCTOSTHUSI COCTOSTHUI | TIepeX0I0B
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 1p7 | 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,
bl10 167 rtr, test, start stato 11 33
bll 118 clock, stbi, reset stato, cont, contl 13 46
sl, s2, conta_tmp, mpXx,
bl3 296 clock, dsr, reset, next_bit, tx_conta, 30 98
eoc .
itfc_state
clock, ready n,
bl5 671 reset, hold, na_n, ‘state, state2, 24 360
bsl6 n instqueuerd addr, flush

YCTPOMCTBA, a TAKXKE MCHOJIb30BaHUE TEXHUK
CUMBOJIMUYECKOTO BBIIIOJIHEHUS IJIsI ITOCTPO-
€HUSI MHOXKECTBA COCTOSIHMIA UM OTHOILIEHUS
Mepexoa0oB. DKCIIEPUMEHTHI MOKa3adu MPU-
MEHMMOCTh Ioaxoaa K HDL-onucanusMm He-
06onpmoil cioxHoctu (mo 1000 cTpok Koma).
B Gnuxaiiiem OyaylueM miaaHUpPyeTcs Yayd-
IIMTh W WUCIIBITAaTh CO3AaHHBIN IIPOTOTHIT IJIsI
ONMUCAHUM CPEeOHEW W ITIOBBIIIEHHOW CJIOX-
Hoctu (mopstaka 10 000 cTtpok Koma) ¢ yue-
TOM HepapXUYECKOil CTPYKTYpbl MOAYJICH, a
TakKe IIPOBECTH CPaBHEHME METOIa C APYTU-
MU [MOAXOJaMMU.

Eime omHMM HampaBiIeHHMEM WCCIeA0Ba-
HUM SIBISETCS pa3BUTHE METOAOB BepubU-
kamuu Ha ocHoBe EFSM-momeneit. Croma
oTHocaTcsl aHanu3 3aeucanuii (deadlocks) u
KoH@aukmoe docmyna Kk OanHbim (races, haz-
ards) [26], KoTopble MOTYT BO3HMKATh IIPY Ha-
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JIMYUU HECKOJIbKUX ITapajuIe]IbHO padOoTaIoLINX
EFSM-Mopmeneit Hag oOOIIMM MHOXKECTBOM
MepeMEHHBIX. 31eCh Xe CcleAyeT yHOMSHYTb
KonKoAuueckoe mecmuposarue (concolic [con-
crete & symbolic] testing), ocHOBaHHOE Ha
KOMOMHMPOBAHUU CTAaTUUYCCKMX M TUHAMMUYEC-
CKuX TexHUuK Bepudukauuu [27]. Kpome Toro,
n3BieyeHHyi0o EFSM-Momens MOXHO MCIIOIb-
30BaTh [UIS1 TOJIyYEHUSI CBEACHUII O MOpSAKe
nogauu BoszaeictBuit Ha HDL-onucanue u
npueMe peakuuii oT Hero (T. €. O KpomoKose
e3aumodelicmeusi C yCTPONCTBOM). DTU CBele-
HUSI MOTYT MCITOJIb30BaThCs KaK ISl (popMaib-
HOIT Bepr(pUKaLMM, TaK 1 IJIs TeHepalluy 111a-
OJIOHOB TECTOBBIX CHUCTEM, OCYILECTBIISIOIIMX
MMUTALIMOHHYIO BepU(PUKALINIO.

HccnenoBaHue BBINOJHEHO NpU (UHAHCOBOM
noaaepxkke POPU B pamkax HaydHOro IMpPOEKTa
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 mnporpamMMHo-uHCTpyMeHTabHOe cpenctBo VERMONT (VERifying MONiTor) mis
Bepu(dUKallMKY B ONEPaTUBHOM pexuMme IporpamMHo-koHburypupyembix cereit (ITKC) oTtHocuTeabHO
(bopmanbHO crienmduMpoBaHHBIX MOAUTUK Mapiipytusanuu naketoB (ITMIT). VERMONT moxeT ObITh
YCTAHOBJIEH B CETU MEX/y KOHTPOJUIEPOM U KOMMYTaTOpaMu [iJisi HAOMIONEHUS 3a CEThIO MyTeM TepexBaTta
COOOIIEHUI U KOMaH[, KOTOPBIMUA OOMEHUBAIOTCS KOHTPOJUIEP U KOMMYTATOPbI, IOCTPOEHUS MOJEJIU CETU
U TIPOBEPKU TOTO, B KAKOW Mepe U3MEHEHWUS, NPOUCXOALIME B CETU B PE3YyJIbTAaTe BBINIOJIHEHUS KOMAaHJ
PEKOHOUTYPUPOBAHUS, TTOAKITIOUEHUS U OTKJTIOUEHUS KAHAJIOB CBSI3M M KOMMYTAIlMOHHBIX YCTPOMCTB, CO-
r1acyroTes ¢ 3agaHHbIMU TpeboBaHus MU [TMII. Tlepen Tem Kak OTIpaBUTh KOMaHIy PEKOHGUTYPUPOBAHMS
taosui, kommytaimu, VERMONT MopenupyeT pe3ysibTaT €€ BBITIOJHEHUS] U MPOBEpsIeT BHITTOJIHUMOCTD
tpedoBanuii ITMII nng moguduumupoBanHoii Mmoaenu [NTKC. Ecniu VERMONT oGHapykuBaeT HapylieHue
Kakoro-ian6o tpedoBaHus [IMII, oH Gi10KMpyeT NMepechbUIKy KOMaHJbl U OMOBEIIAeT 00 3TOM CUCTEMHOTO
aJIMUHUCTPATOPA.

Ornucana matematudeckast Mozenb [TKC u dopmanbHbiil s3bik crietiupukanuu [TMI1, ucnonb3yembie
B Haueil cucrteMe Bepudukaiuu. PacckazaHo 00 yCTpOHCTBE M aJTOPUTMUYECKMX MPUHLMIAX (DYHK-
mroHupoBanust cucteMbl VERMONT. [lpencraBieHsl pe3yabTaThl 9KCIIEPUMEHTOB TT0 TPUMEHEHUIO pa3-
paboraHHOI cucTtembl s Bepudukauuu HekoTopbix [TKC, a Takxke mpoBeaeH CpaBHUTEIbHBIN aHaIU3
cuctreMbl VERMONT u npyrux cucrem Bepudukanuu [TKC.

BEPUDPUKALIMA B OINTEPATUBHOM PEXWUME; ®OPMAJIbHAA CINIELHU®UKALINA; BE-
PUOUKALIMSA MOJEJEN MTPOTPAMM; [TPOTPAMMHO-KOH®UT'YPUPYEMBIE CETU; KOH-
TPOJUIEP; KOMMYTATOP; ITOJIMTUKA 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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Bepudwukannsi B oOmepaTUBHOM peEXUME
(MoHuTOpMHT, runtime verification, online
verification) — 3To cmoco0 aHalM3a W BEpU-
(ukanuu WHQOPMALIMOHHBIX CHUCTEM, TIpU
KOTOPOM M3BJieueHUe NH(pOpMaLINK O MOBe/e-
HUW CUCTEMBbI, NTPOBEPKA BbIMOJHUMOCTU 3a-
JAHHBIX CBOWCTB TOBEJAEHUSI U HEOOXOIMMOE
BMeIIATeJIbCTBO B PabOTy CHUCTEMbI B cllydyae
HapylIeHUs OINpeAeIieHHbIX TpeboBaHUU ee
MOBENIEHNSI OCYIIECTBIISIETCSI HEMOCPEACTBEH-
HO 110 Xo1y (PYHKIMOHUPOBaHUS cucTeMbl. OH
3aHUMAaeT MPOMEKYTOUHOE MOJIOKEHUE MEXITY
MoJHOK ¢opMalbHON BepudUKaLMEil Tpo-
TpamMM W TECTUPOBAHUEM.

Ilpu Bepudukalu B ONMEpaTUBHOM pe-
XWMe B OTJIMYKME OT BepudUKalUU MOJeJei
MnporpaMM WJW JeAyKTUBHOW BepudUKaluu
MporpaMM aHajau3upyeTcs Jullb OfHA BbIUKC-
JIMTebHAsI Tpacca MporpaMmbl. 3a CUYET 3TO-
ro ynaercsl uzbexaTb TPYAHOCTEH, CBSI3aHHbBIX
¢ a¢pdekToM KOMOMHATOPHOTO B3pbiBAa UYKCIIA
COCTOSTHWM, TPUCYIIMX TOJHONW (HOpMaTbHOM
BepuduKamu mporpaMm. JloCTOBEPHOCTb pe-
3yJIbTaTOB BepU(MUKAILIMU B OINEPaTUBHOM pe-
KM€ CYIIIECTBEHHO BBIIIE, TTOCKOJIbKY aHATTU3Y
TOJBEPTaETCs caMa MH(MOPMAIIMOHHAS CUCTEMA,
a He ee MoJesb. Takyo BeprudHUKAIUIO MOXKXHO
TMPOBOJIUTH JIaXKe B TOM CJlydae, KOrjaa KoJ Mpo-
BepsieMoil nporpaMmbl HepocTyrieH. Hakonerr,
BepuduUKalus B ONepaTUBHOM peXUMe MO3BO-
JISIeT TIpeoTBpaliaTh HeIOMyCTUMbIE IeCTBUS
MpOrpaMMbl B MPOLIECCE €€ BbIMOTHEHMUSI.

C apyroii CTOpOHbI, IPUMEHEHNE CTPOTUX
MaTeMaTUYeCKUX METOAOB TPOBEPKU BHIIMOJ-
HUMOCTU (OpMajbHbIX CreluupuKauui mo-
BEICHMS TIpOrpaMm JarT 6osiee MH(MOPMaTHB-
HBbIE W COAEPXATEJIbHBIE PE3YJIbTATHI, HEXEIU
CBEJIEHUsI, TTOJYYeHHbIE TIPU MPOCTOM TECTH-
POBaHWUM MIPOTPAMM.

B cratke  ommcaHo  MPOrpaMMHO-
MHCTpyMeHTalbHOe cpeacTBo  VERMONT
(VERifying MONiTor), mnpenHazHaueHHOE
Uit BepudUKAlMU B OMNEPATUBHOM PEXU-
M€ MPOrpaMMHO-KOH(MUTYPUPYEMbIX CeTelt
(IMKC) n npenoTBpalieHUs1 MOSIBIEHUST CeTe-
BBIX KOH(MUTYpaluii, HapylIaloluX 3aJaHHbIC
TpeOOBaHUSI TIOJUTUKM MaplIpyTU3alMKU Ma-
ketoB (ITMIT).

IIporpammHo-KOHpUTYpUpyeMbIe CETH

IIKC — »T0 HOBas apxuTeKTypa Tele-

KOMMYHMKAIIMOHHBIX CETel, TMpeMIOXeHHas
HEAaBHO IS IPEONOJEeHUS IPUHLIUITHATb-
HBIX TPYIHOCTE aaMUHUCTPUPOBAHUS CETei
TpaguuyoHHoro Buaa [1]. OtauuyutenabHas
ocobenHocts ITKC cocToutr B TOM, UTO MpO-
CTPAHCTBO MOTOKOB HaHHBIX (data plane) u
MPOCTPAHCTBO MOTOKOB KOMAaHI YIIPaBJICHUS
9TUMU JAaHHBIMU (control plane) duzuyecku
pasnesieHbl, U MPU ITOM HECKOJIbKO KOMMY-
TUPYIOIINX YCTPOMCTB MOTYT HAXOMUTHCS ITOL
KOHTpPOJIEM OJHOM M TOM X€ YNpaBJISIOLIEN
nporpamMMbl. Hawnbosee pa3BUTBIM CTaHAAp-
toMm TTKC gsngercsa nporokos OpenFlow [2].

Kommymamope: T1IKC cHabGxeHBl nopma-
MU, KOTOPbIE COCAMHEHBI IPYyr C APYIOM Ka-
Haramu nepedauu OAHHbIX; TI0O HUM IIepeIaroT-
cq naxemst dannbix. T1akeTbl, TTOCTyNAapIINE B
MOPTHI KOMMYTaTopa, oOpabaThIBAIOTCS ma-
Oauyell Kommymayuu, colepxalleit npasuia
Kommymauuu nakemos. I1paBuio KoMMyTaluu
BKJIIOUAET B ceOsl wabdaon, uHCmpyKuuo, npuo-
pumem, cuemyuk N cpox akmuenocmu. ITakeTol
COCTOSIT M3 JBYX YacTeil: 3ae0106Ka W Haepy3-
Ku. Ing KoMMyTalyMy MakeToB MCMOJb3YIOTCS
TOJBKO MX 3arOJOBKM: KOMMYTAaTOp BBIOMpAET
U3 TaOJMIBI TO IMPaBWIO KOMMYTAllMM, Ila-
0JIOH KOTOPOIO MOIXOAUT K 3aroJIOBKY IOCTY-
MNUBIIEro B €ro IopT makera. Eciau moaxoaar
HECKOJIbKO IIpaBWJI, TO BBbIOMpaeTcsl MpaBUJIO
¢ HamOonpIIMM TipuopuTeToM. Ecim B Tabnm-
1Ie KOMMYTalliy HET MOIXOASIINX IIPaBUI, TO
MPUMEHSIETCS CIeliMaabHOe MPaBUJIO JIJIs1 TPO-
MYILIEHHBIX TTAKETOB.

Kak ToJIBKO TIpaBMJI0O KOMMYTallMX BBIOpa-
HO, €ro MHCTPYKLIMS TPUMEHSETCS K TaKeTy.
MHcTpyKiusa — 3T0 mocaenoBaTeIbHOCTh deli-
cmeutl, K YUCy KOTOPBIX OTHOCSITCSI N1€HACTBUS
KOMMYTallMM KOIIMHY MaKeTa B 3aJaHHbBIA MOPT
KOMMYTaTopa, cOpocC IlakeTa, OTIpaBJeHUe
nakera KOHTpOJUIEpY, IIepenuchbiBaHUEe He-
KOTOpPBIX ITOJIeil 3arojioBka makera. CueTuymk
CIIY>KMT IJISL yuyeTa 4yucia cpabaTblBaHUI mpa-
Buja. Ilo uMcTeyeHUM yCTaHOBJIEHHOTO CpOKa
AKTUBHOCTH TPABUJIO yJAAIsIeTCsl U3 TaOJMIIbI.

Kommyratoper TIKC HaxompsaTcs mof
yIpaBJIeHUEM KOHMpOLlepa, KOTOPbIM CBsI3aH
KaHanom ynpaseneHus ¢ KaxXabIM KOMMYTaTOPOM
CeTH; IO ATOMY KaHaJly KOMMYTaTOPhI OTIIPaB-
JISIIOT c000uieHus KOHTPOJIIEPY U MOJIydaloT OT
HEero kKomaHdbl. COOOIIEHUSI MOTYT COIEPKATh
MakKeThbl, OTIPaBICHHbIE KOHTPOJUIEPY sl 00-
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Jiee TIyOOKOro aHaiu3a, CTaTUCTUYECKUE TaH-
Hble 00 MCIOJIb30BAHUM IIPABUJ KOMMYTALUU,
OIOBEIIeHNS O T00ABJIEHUN U yAAJEHUU Tpa-
BUJI B Tabauuax KoMmmyrauuu. [lpu momoru
KOMaHJI KOHTPOJIIEP MOXET M3MEHSATh COICP-
KMUMOE TaOJMI KOMMYTallMu, 3amnpaiiuBaTh
JAHHBIE O COCTOSIHUM CETU U TaOJMIl KOMMY-
TalliM, OTIPABJATh 3aJaHHBINM MaKeT U3 TOro
WJIX WHOTO MOpPTa BHIOPAHHOTO KOMMYTAaTOpa.
Bonee mompoOGHO ¢ 3TUMU BO3MOXHOCTSIMU
MOXHO O3HAKOMMTLCS B OIMCAHUM CTaHAApTa
npotokojia OpenFlow [2].

I'naBHoe mpeumyuiectso ITKC coctout B
TOM, YTO AAMUHUCTPATOPY IIPEIOCTABIISICTCS
BO3MOXXHOCTh YIPaBJIsITh TTOBEJEHUEM BCei
CeTM 3a CYET YCTAHOBJICHUS, WU3BATUS WU
MoauGUKALIUKU TIPaBUI KOMMYTAllMU ITaKeTOB
B Tabiuue Job6oro kommyraropa. Iloatomy
ITKC cayxuT ynoOHOI mapagurmMoi ajisl pas-
PabOTKU U COBEPILICHCTBOBAHUS CETEBBIX IPU-
noxenuit (cMm. [3]). C ee BO3ZHMKHOBECHUEM
MOJYYWUIM Pa3BUTUE MHOTOYMCJICHHBIC ITPO-
€KTbl, HaIllpaBJIeHHbIE HAa CO3laHUE S3BIKOB U
WHCTPYMEHTAJIbHBIX CPEJCTB CETEBOro Tpo-
rpammMmupoBaHus: Frenetic [4], Maestro [5],
Procera [6], Nettle [7]. Kak 1 m1g OOGBIYHBIX
MporpamMM, BOIMPOC O KOPPEKTHOCTU CETEBBIX
MPWIOXKEHUI SIBISIETCS OAHOM CaMbIX OCTPBIX
npobaem. IloBegenue INKC nomkHO mogyu-
HSITbCSl TIOJIMTUKE MapUIpyTU3allMu TTAKEeTOB —
Habopy TpebOBaHMI KOPPEKTHOCTU 1 Ge3omac-
HOCTM KOMMYHUKALIMIA MEXAYy KOMIIOHEHTaMU
cetn. CeTeBble MPUJIOKEHNSI, paboTaIINe Ha
ITKC-koHTpoaiepe, HOKHBI 0bOecreynBaTh
TOJILKO TaKyl0 3arpy3Ky TaOJIML KOMMYTallUu,
KOTOpas ynoBjieTBopseT 3amanHon [TMIT.

Pa3paboTka yHUBEpCaAIbHOIO TPAHCASATOPA,
npeoodpasytouero ITMIT B mporpammy yrpaB-
nenus [MKC-koHTposiepom, mpencTaBisieTcst
JeJoM oTaajieHHoro oynyiiero. IToka sBoto-
LU CETeBOr0 IIPOrpaMMUPOBAHUS ClEIyeT
MPOTOPEHHBIM TYTEM pPa3BUTUSI CUCTEMHOTO
MPOrpaMMMPOBAHMST: CO3MAIOTCS SI3BIKM CETe-
BOr0 IIPOTPaMMUPOBAaHUS BLICOKOTO YPOBHS,
CHAOXEHHbIE UHCTPYMEHTAJIBHBIMU U OMOJINO-
TEYHBIMU CPEACTBAMM PEILICHUS CTaHAAPTHBIX
3amay  pa3pabOTKM, KOMMOWJISIIUMM, OTIAIKH,
MOJIEIMPOBaHUs, BepudurKaluu v moaaepxa-
HUSI KOPPEKTHBIX 1M 3(POEKTUBHBIX MPUKIIALI-
HbIX niporpamm ynpasiaeHus I[TKC.
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YroObl  rapaHTUpOBaThb  MPaBWILHOCTH
paboThl TporpaMmbl, ympabisomein TTKC-
KOHTPOJUIEPOM, HYXKHO HUMETh TEXHOJOTHUIO M
cpeactBa Bepudukauuu I1KC orHOCHTEIBHO
3agaHHoi TTMII: gis 3amaHHBIX (opMaIbHOMN
cneunpukauuu [IMII ©, ¢dopmanbHOIl MO-
penu ITKC M v HavyalbHOI ceTeBOil KOH(MU-
rypauuu N MIpPOBEPUTH, YTO BCE BBIUYMCICHUS
monenn M w3 KoHpurypauuu N yIOBIETBO-
psitoT TpedboBaHuo @. JIjIsT pelieHus 3Toil 3a-
Ayl HY>XKHO CO3[aTh CHUCTEMY BepU(pUKaIIUU,
CIIOCOOHYIO IIPOBEPSITh HEMPOTUBOPEUUBOCTh
TpeboBanuii ITIMII, KOpPpeKTHOCTb OTOE/b-
Hbeix npuioxeHuit [IKC koHTposiepa oTHO-
cutesibHO 3agaHHbIX TTMII, KOppeKTHOCTh U
6e3omnacHocTb paboTsl Beeit [TKC.

dopMaabHble METOOLI MPUMEHSUIUCH YXKe
paHee I BepuPUKALIMK TPagUIIMOHHBIX TeJIe-
KOMMYHUMKALIMOHHBIX CETell, HO C MOSIBIICHUEM
konuermuu [IKC wmHTEpEC K 3TUM MeTomam
Bo3poc. ITocae nepBoii paboThl B 3TOM HampaB-
JIeHUM uccaenoBaHuii [8] ObLIO MpeaioXeHO
HECKOJIbKO METOAOB PEILICHUS ITPOOIeMbI BEPU -
¢ukauuu ITKC. Mx MOXHO pa3neJuTb Ha JIBa
KJ1acca: BepuUKalIMIO IIOTOKOB yIIpaBIeHUs U
Bepu(}UKaIMIO IOTOKOB JaHHbIX.

Bepudukanmss MOTOKOB ymOpaBieHUS 3a-
HUMaeTcs TmpoBepkoil mpaBumibHOCTH [TKC-
KOHTpoJJIepa ¥  TPUKJIAOHBIX IIpOrpaMm
yIpaBIeHUs] KOHTposuiepoM. st 3Toil Lienun
MPUMEHSIIOTCS METOIBl CTaTUYECKOTO M Je-
IYKTUBHOIO aHaju3a, BepuduKalus Moaesei
nporpamMM u np. B cratbe [9] onucaHa cucte-
Ma Bepudukauuu mopaeaeii nmporpamm NICE;
OHa TIprM3BaHa OOHAPYXXWBATh OLIMOKW MyTEM
MNPOBEPKU IIPU IOMOIIM CHUMBOJIBHBIX METO-
JIOB BCEX Tpacc B MOJEIM MPUKIATHON Mpo-
rpamMmbl ynpasieHus [T1KC, npencraBieHHO
pa3MeueHHOl cucteMoii mepexoaoB. OmHaKO
HUCCeA0BaHMSI IMOKa3ajiu, YTO 3TOT IIOIXOM
MPUTOACH TOJBKO ISl ceTeli HeOOIbIIOTO pas-
mepa. Ilostomy Kk cucreme NICE 6buto mo-
0aBJIEHO CPEACTBO OpraHM3allMd U MPOBEe-
Hust tectupoBanusa [10]. B craree [11] nmig
MPOBEPKU KOHTPOJIEPOB MCIIOJb30BaH METOJ
BepuUKaLlM¥ MOJEJIel IporpaMM Ha OCHOBE
aOCTPaKTHBIX MOJeJIeli COCTOSIHMIA JAaHHBIX U
coctosiHUi ceTtu. Haubosee BecoMblii BKJIal B
9TOM HampaBJeHUU CHaejaiyd aBTOPbl PadOThHI
[12]. B Heit nmpeacTaBiaeHa cucteMa Bepuguka-
uuu nporpamm ynpasienus [1KC, cnocobHas
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MPOBEPSITh UX TMOBEACHME Ha BCEBO3MOXKHBIX
TOITOJIOTUSIX U IJII BCEBO3MOXKHBIX ITOCIEIO-
BaTeJbHOCTEH COObITHIA. JlomycTUMBbIE TOMO-
JIOTUM CETH OIMCHIBAIOTCS (hOpMYJIaMU IEPBO-
ro Mopsiika, a cama mpoleaypa Bepudukanuu
0a3upyeTcsl Ha KJIACCHMYECKOM IeIyKTMBHOM
noaxone Mnoiiga—/leiikcTpbl TpU TMOAAEPK-
K€ CHCTeMBl aBTOMAaTUYECKOIo J0Ka3aTeJIbCTBa
TeopeM Z3.

Jna BepudUKaMM TMOTOKOB [IaHHBIX B
ITKC npumMeHsIuCh pa3Hble Moaxoabl. BHaua-
Jie BHUMaHUE OrpaHUYMBAJIOCh TOJIBKO Cpel-
CTBAaMHU CTaTUYeckoro aHanmsa. OTaenbHbIe
koHdurypauuu [1KC npeacraBisiiuch KOHEY -
HBIMM pa3MeYeHHBIMU CUCTEMaMU IIepeXOI0B
U I HUX obecrieynBayiach TMPOBEpPKa B pe-
xkuMe off-line CBOMCTB JOCTIDKMMOCTHU Y3JIOB
CeTH, OTCYTCTBHUS LUKJINYECKUX MapIIpyTOB
W JIp. TIpU TIOMOIIM Pa3IUYHBIX aJTOPUTMOB
BepuUKALIMA MOJIEJIe ITpOorpaMM: BBIUMCIIC-
Huit Ha ocHoBe BDD (FlowChecker [13]) u
JOH® (Hassel [14]), pouenyp pelieHUs IIpo-
O0nembl BoimoJHUMOCTU SAT (Anteater [15]).
3areM ObLIM CO3JaHbl AMHAMUYECKUE CUCTE-
Mbl, TTO3BOJISIIOLLNE IIPOBOINTHL BepU(PUKALINIO
I[NKC B onepatuBHoM pexkume: VeriFlow [16],
NetPlumber [17], AP-Verifier [18]. Cucrema
VeriFlow mpemHa3HadeHa Ijisg IIPOBEPKU Ce-
TE€BBIX MHBAPMAHTOB — OTCYTCTBMSI LIMKJIMYEC-
CKMX MAaplIpyTOB, ITIOTEPU MMAKETOB U IIp. — B
pexuMe peasbHOro BpeMeHu. B cucteme Net-
Plumber mns mpoepku ITTMIT ucmonb3yercs
METOJ aHaju3a 3aroJIOBKOB MaKeTOB. ABTOPHI
cucteMbl Bepudukanun AP-Verifier mpennara-
10T OPUTMHANbHBINA METOJ ONMMCAHUS COBOKYII-
HOCTM BceX I1a0JIOHOB IIpaBMJ KOMMYTAaLlUU
MaKeTOB IIPY ITOMOIIM OTPAaHUYEHHOTIO MHO-
JKE€CTBa aTOMAapHbIX (POPMYJ, MO3BOJISIOLINX
CYIIECTBEHHO COKPAaTUTh pa3Mep HOaHHBIX U
TEM CaMbIM 3HAYUTEIbHO YCKOPUTh IPOBEPKY
TpeOOBaHMIT OCTVKMMOCTH.

Cucrtembl Bepudukanuu [TKC HoBoro no-
konenns — VeriFlow, NetPlumber, AP-Verifi-
er — IIO3BOJISIOT MPOBOAUTH MpoBepky ITMII
B OIIEPATUBHOM PEXMUME, T. €. OHU 00JIagaloT
BO3MOXXHOCTBbIO MOAMMULIMPOBATL MOMAEIU
I[IKC B 3aBUCHMMOCTH OT Te€X COOOIICHMIA U
KOMaH]l, KOTOPbIMU OOMEHMBAIOTCSI KOMMYTa-
TOPBI U KOHTpoJUIep. Moaudukanys Moaesein
JIOJKHA BBITIOJIHSTHCSI OYEHD OBICTPO, TTIO3TOMY
monenn ITKC B aTuX cuctemMax MMEIOT SIBHOE

npencTtasaeHue B Buuae rpacdoB. Ilpu Takom
MpencTaBIeHUM Mofeleil MOXHO IIPOBOIUTH
3 HEKTUBHYIO MPOBEPKY JIUIIb MPOCTHIX TPE-
ooBanuii IIMII. Kpome TOro, ssBHoe Ipen-
crapneHue mopenei ITKC momycTumo Jnuliib
IJIS ceTell HeOOJIBIIOTo pa3Mepa.

ITouTr BO BCEX M3BECTHBIX CUCTEMaX BEPU-
¢uxkauuu I1KC nas dopmaabHOro ONMMcaHUs
TpeboBanuii TTMIT ucnoab3yroTcss (popMysbl
temriopajibHbix Joruk CTL u LTL. Wckmo-
yeHue cocTtabasgeT cucreMa NetPlumber; ee
(opManbHBIil  93bIK  crienudukanuii  [TMII
OCHOBaH Ha PETyJSIPHBIX BBIPAXEHUSIX. MBI
noyjiaraeéM, 4YTO TaKKWe€ CIIOCOOBI OIMCaHUS
IIMII He BMOJIHE COOTBETCTBYIOT 3aJade Be-
pudukanum 1norokoB maHHeiX B IIKC, mo-
CKOJIbKY TEMITOPAJIbHBIE JIOTMKU U PETYJISIpPHbIC
BBIpaXKEHUsI TIpeAHa3HAYeHbI [JIs OIMCaHUs
CBOMCTB BBIYMCJICHMIA, T. €. MPOLECCOB, IPO-
TeKalolIMX BO BPEMEHU, TOIrJa KaK KOH(UTY-
pauun ITKC gaBasiioTcsl cTaTU4ECKUMU OObEK-
TaMU, CEMaHTHUKAa KOTOPBLIX OIIpeAesieTCs] He
B TEpPMMHAX BBIYMCJIECHUI, a TOCPEACTBOM OT-
HOIIEHUSI KOMMYTAllMM TaKeTOB.

IlpencraBieHHass B 3TOW CTaTbe CHUCTEMa
Bepudukauuu I[TKC VERMONT Ttakxke cro-
coOHa paboTaTh B orepaTUBHOM pexume. Ee
OTJIMYUTEJIbHBIE OCOOEHHOCTU TaKOBBI.

1. B ormimume ot cucrem BepudUKaALUU
VeriFlow, NetPlumber u AP-Verifier, B Heit
nna npeacrtaBiennst momeneit I[IKC um mpo-
BEPKU BBIMOJTHUMOCTU TpeboBaHuii ITMII wnc-
MOJIB3YETCS allnapar ABOMYHBIX PEIIaloIINX
nguarpamMm (BDDs). bnaromapsi cMMBOJIBHO-
My IpPEeNCTaBAEHUIO MOJEIe 1M opraHu3aluu
CUMBOJIbHBIX BBIYMCJICHMIA Hallla CHUCTeMa
3HAUUTEIbHO MEHEee UyBCTBUTEbHA K pa3Mepy
ananusupyemoii ITKC.

2. B ommmume oT cucTteMbl BepupUKaLUU
FlowChecker, Hama cucreMa cHaOxeHa Mpo-
HexypaMu OBICTpOil MommGUKaLIMA MOIesei
ITKC, mosToOMy MOXET MpOBOAUTHL BepU(pUKa-
L0 B OIIEPAaTUBHOM PEXKUME.

3. B ocHOBY (bopManbHOTO sI3bIKa CITEIN-
¢ukanuit cucteMbl VERMONT nosnoxkeH
(bparMeHT JIOTMKM BTOPOTO ITOpsiaKa, II03TOMY
Halll SI3bIK 00J1afaeT OOJIbIIMMU BbIPA3UTEIb-
HBIMM BO3MOXXHOCTSIMM TSI OITMCAaHUST TPebo-
panuit I[TMII.

Cpenu CyLIECTBYIOIIMX CPEACTB BEpU-
¢puxkauuu ITIKC VERMONT 3aHuMmaer mpo-
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MEXyTO4HOe TonoxeHue. Hama cucrema
MPEBOCXOIUT IO CKOPOCTH pabOThI TaKUE CTa-
Tnyeckue cucteMmbl Bepudpukauuu IMKC, kak
FlowChecker, Anteater u Hassel, 1 Juiip He-
MHOTMM YyCTyHaeT Mo 3(POEeKTUBHOCTU TaKUM
ITUHAMMYECKUM CHCTeMaM BepudUKaluu, Kak
VeriFlow n NetPlumber. IIpu 3ToM BEIpa3u-
TeJbHbIC BOBMOXHOCTH SI3bIKA CIICLIM(PUKALINIA
IIMII, ucnons3yembie B cucteMe VERMONT,
MO3BOJISIOT (POPMaJIbHO OIMCHIBATH U BEpU-
¢uuupoBath Bce TpedboBaHus ITMII, koToprie
MOTYT OBITh IPOBEPEHEI BO BCEX IPYTUX CUCTE-
max Bepupukanuu ITKC.

Mopaesis mporpaMMHO-KOH(DUTYPUPYEMOii ceTH

OnuieM ¢opmaabHyl0 MOAEIb KOH(DUTY-
pauuii ITKC, koTopas UCIOab3yeTcsl B CUCTeE-
me Bepudukanun VERMONT (cm. [19, 20]).

3arojloBKM MakeToB, HAMMEHOBAaHUS TIOP-
TOB U KOMMYTaTOpPOB CETH MPEACTaBISIIOTCS B
3TOI MOAEJIM JABOMYHBIMU BeKTOpaMu. JIJIMHBI
3TUX BEKTOPOB BapbUPYIOTCS B 3aBUCUMOCTHU
OT pa3Mepa CeTH, TUIIOB KOMMYTAaTOpPOB, HC-
MOJIb3YEMbIX CETEeBBLIX IPOTOKOJIOB U Ap. s
3aroJIOBKOB TAKETOB OyIeM MCIOJIb30BaTh
00o3HaueHue h; KOMIIOHEHTHI 3arOJIOBKOB OY-
neM 0603HavaTh 3anuchio Ali], 1 < I < |h|; MHO-
3KECTBO BCEX 3aroJI0BKOB MaKETOB 0003HAYUM
oykBoil H. i MMeH MOpTOB KOMMYTaropa
OyaeM MCIOoJb30BaTh 0003HAYEHUE p, KOMIIO-
HEHTBI KaXKJ0ro TakKoro BeKTopa Oyaem 000-
3Havarh 3anuceio plj], 1 <j < |p|.

Cpenu mopToB KaKI0T0 KOMMYTAaTOpa 0CO-
00 BbIIESIOTCS ABa rnopta: drop u ctrl. Tlpu
nomnajgaHUM IIaKeTa B IOPT drop OCYLIECT-
BisieTcsa ero copoc. Ilpy momagaHuM TakeTa
B IIOPT cfrl OCYLIECTBIISIETCS €ro IepechbLIKa
koHTpoytepy IIKC. MHoOXecTBO Bcex MMeEH
OCTaJIbHBIX ITOPTOB KOMMYTaTOpa 0O0O03HAUYMM
OykBoit P. JIiT MMeH KOMMYTaTOpOB OydaeM
WCIIO/Ib30BaTh O0O3HAYeHUE W; MHOXECTBO
BCEX HMMEH KOMMYTAaTOpPOB O0OO3HAaYMM OYK-
Boit W. Ilapbl BekTOpOB (p, w) OyaeM Ha3bl-
BaThb mouxkamu cemu, Iapbl BeKTopoB (h, p) —
AOKANbHbIMU COCMOSHUAMU NAKemos8, a TPOUKU
BekTOpOoB (h, p, w) — er0b6arvHbiMU COCMOS-
Huamu naxemos. MHOXECTBO BCEX TOUYECK CETHU
0003HaYUM OYKBOW ¥, MHOXXECTBO JOKaJbHbIX
COCTOSIHMI T1akeToB — L, MHOXECTBO BCEX
I00AJTbHBIX COCTOSIHUM MakeToB — .

Illa6baonom 3aronoBka makera (Iopra) SiB-
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JIIETCS TPOWYHBIA BEKTOP COOTBETCTBYIOIIEH
IJIAHBI, COCTOSIIMI M3 JBOWYHBIX pa3psioB
0,1 n rpyrmmoBoro cumBoia *. B momemu ITKC
11a0JIOHBI UTpaloT IBOSIKYIO pojib. byaeM ro-
BOPUTbH, YTO ABOMYHBIA BEKTOpP X couemaemcs
¢ wabaonom X TOWN Ke IUIMHBI, €CJIM KaKIbIi
JBOUYHBIN pas3psn X[i] mabjsoHa paBeH COOT-
BETCTBYIOLIIEMY pa3psiny x[i] Bekropa x. [IBo-
WYHBIIA BEKTOP X npeobpazyemcs uiabnsonom X B
JIBOUYHBIN BEKTOpP y TON X€ IUIMHBI, Y KOTOPO-
ro Kaxnawiii paspsn y[i] nmbo paBeH x[i], eciu
X|i] = *, nubo paBen X|i], ectu X[i] — 3To0
JBOWYHBIN pa3psi.

IIpu mnomomu 11a0JIOHOB OMpPENEJISIIOT-
cs deticmeuss KOMMYTaTopoB. B paccmarpu-
BaeMoit mogeau I1KC momyckaroTcs neiicTBus
IBYX BUIOB. [lefiCTBME KOMMYyTallMHd TaKeTOB
OUTPUT(Y), roe Y — mabnoH mopra, IS
KaXI0ro makeTa ¢ 3arojjOBKOM /i HaIlpaBisIeT
KOIMIO 3TOTO MaKeTa C TeM K€ 3aroJIOBKOM B
KaXIbIii TTOPT p, KOTOPBIA COYETaeTCd C Ila-
ooHoM Y. JleiicTBue Moau¢UKaLMUA 3aro0B-
ka nmaketa SET FIELD(Z), rone Z — wabjoH
3aroJIoBKa MakeTa, ISl KaXIoro rnakera ¢ 3a-
TOJIOBKOM h mpeoOpasyeT 3arojoBOK 3TOr0 Ma-
KeTa 11abJioHOM Z.

Hucmpykuyuetl BASETCS J100asi TOCHEA0-
BaTE€JIbHOCTh JEUCTBUUA 0, OKAHYMBANOIIASCS
NECTBUEM KOMMYTAIIMM ITakKeToB. [eilcTBus
MHCTPYKLMHU BBITIOJHSIIOTCS MMooyepeaHo. Ta-
KUM 00pa3oM, Kaxkaas MHCTPYKIIUS o OIpeae-
JseT oTHOIeHue R, R < HXL: niasa BCAKOTO
MakeTa ¢ 3aroJIOBKOM i BBIUMCIISIETCS MHOXE-
CTBO JIOKQJIbHbBIX COCTOSIHUI TIakeToB (h”, p), B
KOTOpbIE NEUCTBUS 3TONH MHCTPYKIIAM TPE00-
pa3yloT 3arojIoBOK A.

Ilpasuso kommymayuu 3anaeTcsl YeTBEPKOW
r=(Y, Z, o, n), tne Yu Z — mabi10HbBI ITOpTa
M 3aT0JIOBKA, 0. — MHCTPYKIUS, # — IPUOPUTET
npaBwia. I[lpaBmio r IpUMEHNMO K JIOKalb-
HOMY COCTOSIHMIO TlakeToB (h, p), eciu Bek-
TOpbl h 1 p codeTatoTcs ¢ wabgsoHamMu Y u Z.
Ono ompenenser orHowenne R, R < LxL:
JUUIS. KaXKIOro JIOKAJIbHOTO COCTOSIHUSI TTaKeTOB
(h, p), K KOTOpOMY IIPUMEHUMO IIPaBUJIO, BbI-
YUCJISIETCSI MHOXKECTBO JIOKAJIbHBIX COCTOSTHUI
{(h", p): (h, (", p’))e R}.

Tabauya xkommymauuu tab = (D, B) cocTo-
UT U3 MHOXecTBa mpasun D = {r, r, ..., r}
W MHCTPYKLMU B JJIs1 MPOMYIIEHHBIX MaKeTOB.
Ecnu makeT ¢ 3arojioBKOM A IMOCTyIIaeT B MOPT
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P, TO B 3 MHOXecCTBa ) BbIOMpaeTCs MpaBUIo
r= (Y, Z, o, n) ¢ HauOOJBIIUM IIPUOPUTE-
TOM, IPUMEHMUMOE K JIOKAJJbHOMY COCTOSIHUIO
naketoB (h, p), U UHCTPYKUHUS o ITOTO Ipa-
BUJIa MPUMEHSETCS K ITaKkeTaM C 3aroJOBKOM
h. Ecniu HU ogHO M3 IIpaBUJI MHOXecTBa D
HENMPUMEHUMO K JIOKAJIbHOMY COCTOSIHUIO
(h, p), TO K makeTtaMm C 3arojloBKoM h npume-
HSIETCS MHCTPYKLMS [JI MPOIYIIEHHBIX Mpa-
Bun B. Takum obpasoM, TabauIIa KOMMYTALIUA
ompezenser orHourenue R, R < LxL Ha
MHOXECTBE JIOKAJIbHBIX COCTOSIHUM MaKeTOB.
MHOXeCTBO BCeX TalJWIl KOMMYTallMM 000-
3HAYUM 3anuckio Tab.

Tononorust cetv ompenensieTcss MHOXe-
ctBoMm T, TcVxV, kananroe cessu, KaXIoplii U3
KOTOPBIX 3aJaeTCs Mapoil TOUEK CETU, COEIU-
HEHHBIX 3TUM KaHajioM. Touka ceTu, coemu-
HEHHasI KaHaJOM CBSI3M C KaKOW-I100 Apyroi
TOUYKOM, HAa3bIBACTCSl GHYMPEHHel MOUYKOU cemu.
OcTajibHBIE TOYKU CETU Ha3bIBAIOTCS GHEUlHU-
mu moukamu. K BHEIIHUM TOUKaM CETU IOMI-
KJIIOYEeHBI TNepudepuitHble yCTpoiicTBa (cep-
BEpbl, MEXCETeBhIe 103l M AP.); U3 ITUX
TOYEK IMaKEThl ITOCTYIAIOT B CETh U MOKUIAAIOT
ee. MHOXeCTBO BHEIIHUX TOYEK CeTH 0003Ha-
yuM 3anucbio EXT.

IIycTh 3a7aHO MHOXECTBO KOMMYTaTOPOB
W u tononoruu cetu 7. Torna xougueypauus
cemu — 310 (pyHKuusa Net. W— Tab, yka3bl-
Balolllasl pacipenesieHre TadJaul KOMMYTallu1
MO0 CeTeBbIM KoMMyTaTtopaMm. Kaxmass KoH-
urypanusi cetu Net ompenessieT OTHOIIIE-
HUE OHOIIArOBOM MapLIPyTU3allMy IMaKeTOB
Ry, : R, c Sx§ Ha MHOXECTBE I00AILHbIX
COCTOSTHMI makeToB. JIBa COCTOSIHMSI MaKeTOB
(h, p, wyu (h’, p’, w) HAXOAATCS B OTHOLLIEHUU
R,,, TOTIa ¥ TOJIbKO TOIrJa, KOrja CoOMoaeHo
OJTHO U3 CJEAYIOIIMX YCIOBUIA:

1) 111 HEKOTOPOTO MOPTa P, BHITOIHSIOTCS
otHowenus ((h, p), (h’, po))eRNe,(w) u ((w, p,),
(w’, p))eT, To ecThb MakeT C 3arojioBKoM A,
MOCTYIMUBIIWI B MOPT p KOMMyTaTopa w, BHa-
yajie KOMMYTUPYETCSI C UBMEHEHHBIM 3arojioB-
KOM h’ B IIOPT p, TOTO X€ KOMMYTaTopa, a 3a-
TeM MePechlIaeTCs 10 KaHaly CBSI3U B IOPT p~
KOoMMyTaropa w’,

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

h’ BO BHEILIHUIA MOPT p” M BBIXOAUT 3a Tpeje-
JIBI CETH.

Pensimuonnass momens  KOHGUTYpallnn
IMKC szapaerca mapoit M, = (R,,, EXT). [Ina
M3MEHEHUSI CETEBBIX KOH(MUTYpALIiA KOHTPOJI-
JIepBl UCITOJIB3YIOT KOMaHIbl PEKOH(MUTYPUPO-
Banus. Cranmaprom OpenFlow [2] mipexycmo-
TPEHBI CJICAYIOLIUEe OCHOBHbIE BUAbI KOMAaH]I
PEKOH(UTYPUPOBAHUSL:

1) add(w, r) nobaBasgeT B TaOJUIy KOMMY-
TaTopa w MpaBWJIO KOMMYTALIUU 7;

2) dellw, Y, Z, n) ymanser u3 TaOJULIBI
KOMMYyTaTopa w Bce IIpaBWIa KOMMYTallUu
MpUOPUTETA A, IIAOJIOHBI KOTOPHIX COYETAIOT-
cs ¢ mabnonamu Y, Z;

3) mod(w, Y, Z, o, n) u3BMeHsIeT B TabJaULIEC
KOMMYTaTopa w BO BCEX IIpaBUjIaX KOMMYTa-
LUK TIPUOPUTETA A, IIAOJIOHBI KOTOPBIX CO-
yeTaroTcs ¢ wadiaoHaMmu Y, Z, uMerollyocs y
STUX MPABUJI MHCTPYKIMIO HA HOBYIO MHCTPYK-
U0 o.

KoManabsl pekoHpUrypupoBaHUs MOCTY-
MalT KOMMYTaTOpaM CETH OT KOHTPOJLIepa Mo
KaHaiy ymnpasieHus. [lonyuuB komaHmy com,
KOMMYTaTOp MCIIOJHSIET €€ U U3MEHSIET COOT-
BETCTBYIOILIMM 00pa3oM coaepXaHWe CBOEU
tabnuupl. B pesynbraTe oOpasyercsd HoOBasg
KoHurypauus com(Net).

®opMmanbHOE ONMMCAaHUE BCEX MepeyrCcIeH-
HBIX BBIIIE€ OTHOLICHUI, OMNpPEHe/ISIOIINX Ce-
maHTuky [T1KC, npencrasieHo B ctaTtee [19].

A3k cnemmdukanmii
MOJUTHK MAPUIPYTH3ALUWHA NAKETOB

ITo cymecrBy, ITMII — 310 onucaHue Tpe-
0oBaHUIi, KOTOPLIM JOJIKHBI YIOBJICTBOPSTDH
koHpurypauu T1KC, oOpasyomimecs: 1pu
BBIMOJIHEHUM KOMaHJ PEeKOH(Urypauuu 1o
xony ¢yHkumonuponanus ITKC. 3xHauurtenn-
Hasl 4acTh 3TUX TpeOOBaHUI KacaeTcsl CBONCTB
MapILPYTOB, MPOKJIAAbIBAEMbIX B CETU MPaBU-
JJaMU KOMMYTalMu mmakeToB. s opManibHO-
To OmnrcaHus TPeOOBAHUI TAKOTO POJa MOXKHO
BOCMOJIb30BaThcsl (parmMeHTOM L s3bIKa J10-
TMKU TIPEAMKATOB IEPBOr0O MOpSAKa ¢ orepa-
TOpoM TpaH3uTuBHOro 3ambikanusi FO?[TC].
Kak ycraHosneHo B ctatbe [20], aTa joruye-
CKasl CHUCTEeMa OXBaThIBaeT MHOTME (OpMallb-
HBIe SI3bIKU crieundukanuii, Takue kak CTL,
LTL, PDL, p-ucuucneHue.
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Hng mocTpoeHusT (GopMysT UCHOIb3YEMOTO
¢dparmenta L noruku FO?TC] mocraroyHo
JBYX TIepeMeHHbBIX X, Y, KOTOpble TPUHUMAIOT
B KayeCcTBe 3HAYEHWI TBOUYHBIE BEKTOPHI U3
MHOXecTBa .S, U AByX npeaukaroB R u E, 060-
3HAYAIOIIMX OTHOILICHNE OIHOIIATOBOI MapIll-
pyTU3alMK MTaKeTOB M MHOXKECTBO TJI00ATbHBIX
COCTOSIHUI ITAKETOB BO BHEIIHUX TOYKAX CETHU.
Cneyugurxayueil cocmosHus naxKemos Ha3blBa-
eTcst Besikas oysiea hopmyina ¢(X, Y), kotopast
cTpouTcsl U3 OyaeBbIX nepeMeHHbIX X[j], Y[/,
1 <j< N, tne N — nauHa OBOMYHBIX BEKTO-
POB M3 MHOXECTBA .S, TIPY MOMOIIM CBSI30K —,
AU V. OTU HOPMYIBbI UCIIOIB3YIOTCS ST OIM-
CaHUSI CBOMCTB COCTOSIHUI TAKETOB M OTHO-
IICHUM MEXIY HapaMKu COCTOSIHUM MAaKETOB.

®opmynbl g3bika L cTposITCS 1O Clieayio-
LIUM IIpaBUIaM:

1) Bcsikas cnieuudukaius COCTOSTHUM ma-
ketoB ¢(X, Y) sBngercsa ¢opmynoit s3bika L;

2) Beipaxenus R(X, X"), E(X'), tne X'
X"e{X, Y}, asasiorcs popmynamu si3bika L;

3) eciim ©(X, Y) — dopmyna s3pika L, TO
BeipaxxeHue TC[D(X, V)] aBasgeTcsa dpopmynoit
s13bIKa L;

4) ectn @, u @, — dopmyJbl g3bika L, TO
BbIpakeHuss —®,, ®A®, u <¢v®P,, a TaKxKe
BbIpakeHUs VX @ 1 JX ® TakxkKe ABIAIOTCS
¢dopmynamu s3bika L.

Crneuudukanueit IIMII1 Ha3biBaeTcsl BCsI-
Kast 3aMKHyTas1 (popmyna ga3bika L.

OTHoOIIEHVE BBINOJTHUMOCTU (DOPMYJI SI3bI-
ka L nna sapannoit mogemn IIKC M, =(R, ,
EXT) Ha 3agaHHOI Mape I1o0albHbBIX COCTOS-
HUIi TAKETOB S U §~ OMPENessieTcs CASAYIOIIUM
obpaszom:

1) cneuuMdukauusi COCTOSIHUI I1aKeTOB
o(X, Y) BoIOJIHSACTCA, ecau ¢(s, §’) = true;

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

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

4) dopmyna TC[D(X, Y)] BemomHseTcs,
€CJIM CYLIECTBYET TaKasi KOHEUYHas IOoCIeI0Ba-
TEJILHOCTD TJI00AIbHBIX COCTOSIHUM TTaKETOB &),
S, ..., §,, KOTOpas yIOBJIETBOPSIET PaBEHCTBAM
s,= S8, s, = s unpu 3roM O(X, Y) BHIIOIHA-
€TCs [UISL KaXI0i Mmapbl COCTOSHUM §,, §,,,, TI€
0<i<m—1;

5) BBINOJHUMOCTb (OpPMYa C OyJeBbBIMU
CBSI3KAMU M KBAHTOpaMU OIPEAeIISIeTCsI Tak
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cCn

K€, KaK U B KJIACCUYECKOI JIOTUKE.

ITIpumepom crnenmudpukanum [TMIT moxer
CIYXUTh opMya, BbIpaxalolasi TpeboBaHue
OTCYTCTBUSI LIMKJIMYECKHUX MapIIPYTOB ABMXKE-
HUS MAKETOB B CETU:

“3X(E(X) A IY(TCR(X,Y)] A
ATC[R(Y,Y)]).

ITocTpoenne, mpoBepka U MOAMMUKAIMSA
moxeneii ITKC

Bepudukanuss B omnepaTUBHOM peXuMe
npeaHa3HavyeHa JJIsi MPOBEPKU MPaBUIbLHOCTU
MOBEJEHUSI IIPOrpaMMBbl 10 XOIy BBIIIOJHEHUS
camoit mporpammbl. B cayuae TTKC a1y 3ama-
Yy MOXHO c(opMyJIMpoBaTh TakK: IUISI 3adaH-
HOW HavanbHOW Momein M, = (R, , EXT),
MOCJIEeN0BaTEIbHOCT KOMAaHI PEKOH(MUTYPU-
posanus (Berauciaenus I1KC) com,, ..., com,

U chnucka (opMalIbHBIX CHenrdUKani
[IMIT ¥, ..., ¥, IpOBEpUTD, YTO UL KaXIO1
mozemu TIKC M, nonyyeHHO! B pe3ynbTaTe
MPUMEHEHUsI KOHEUHOM IOCe0BaTeIbHOCTH
KOMaHI com,, ..., COm, K Ha4aJlbHO! KOH(UTY-
patuu Net, BBITIOJTHSIIOTCS BCe crieludukaiuu
¥, ..., ¥,, To ecTb (GOpMYIIBI 3TOTO CITUCKA SIB-
JISIIOTCSI UHBapUaHTaMU JAHHOTO BBIYMCJICHUS
IIKC.

Yto06n1 poBoauTh Bepudukanuio INKC B
OIlEPAaTUBHOM pPEXUME, HYXHO PEIIUTh CJe-
Jylollue TpU 3aJa4ui:

1) nocrpoenust moaenu TNKC: nnsg 3anan-
HOU Tomosioruu cetTu 71 W 3agaHHON KOH(U-
rypauuu [1KC Net nmoctpouth (hopMasibHYIO
moznenb M, ;

2) Bepudukauun moxaeau ITKC: mpose-
PUTH BBIMTOJTHUMOCTH 3aJaHHOU crHenuguKa-
i ¥ s 3adaHHOM (pOpMasIbHOM Monesn
I[MKC M,

3) momucdukauuu mopeau ITKC: png 3a-
naHHoi (opmanbHoit Momenu IIKC M, un
3aJaHHO KOMAaHIbl PEKOH(MUIYPUPOBAHUSI
com TIOCTpouTh (popManbHyto Moneiab I1KC
Mcom(NeI)'

Haitee MbI BKpaTLie OMUIIEM Halll TTIOJX0 K
pelIeHUIO TepeurCIeHHbIX 3a1ay.

®opmanbHasg mozenr ITIKC M, monHo-
CTBIO OMpeessieTcsl OTHOLIEHUWEM OJHOIa-
roBOM MapuipyTu3auumu R, ~Ha MHOXECTBE
IJ1I00aJIbHBIX COCTOSIHUI TTAKETOB U KOHEUHbIM
MHOXeCTBOM (CBOWCTBOM) y3JioB cetu EXT.
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ITockobKY M COCTOSIHMSI ITaK€TOB, W Y3JIbI
CeTU MPENCTABJSIOTCS IBOMYHBIMM BEKTOpDA-
MU, MOXHO BOCIOJb30BaThCsI ITBOMYHBIMHU
paspemaromiuMu  nuarpamMmmamu (BDDs) nis
MpeacTaBAeHNS yKa3aHHBIX OTHOIIEHUM (CM.
[21]) u omHUM M3 UHCTPYMEHTAJIbHBIX ITAKETOB
JIJISl TIOCTpOeHUs1 U npeodbpaszoBaHusi BDDs. B
Hallel CUCTEME I 3TOU LIEJU 3aa€MCTBOBAaH
nakeT BuDDy, uMelomuii mpocTroe yCTpoii-
CTBO M ymoOHBIN mHTepdeiic. C ero 1momo-
IIbIO 11T 3a IIaroM MOXHO MocTpouTh BDDs,
MPENCTaBJISIONINE BCE T€ ONPENeICHHBIC BhIIIE
orHowieHus R, R, R ,, KOTOpble HEOOXOAUMBI
Uil IOCTpoeHust R, .

Yto kacaercs BTOpoOii 3amgaud, TO €€ TaK-
JK€ MOXKHO PelIUTb IIpU IIOMOLIY CPEACTB IO-
ctpoeHusi BDDs. Kaxnyio ¢dopmyny @ s3bika
crietpukannii L MOXHO TIpeACTaBUTh B BUJIE
abCTPaKTHOIO CMHTaKcuyeckoro nepesa 7;. Ero
JIUCThSIMU CTyKaT mepeMeHHble X U Y, a BHYy-
TPEHHHWE BEPIIMHBI TTOMEUYEHBI 0a30BLIMU TIpe-
nukatamMu R u E, a Takke OyJeBbIMU CBSI3KaAMMU,
KBaHTOpaMM M OIEPaTOPOM TPAH3UTUBHOTO 3a-
mbikaHus TC. JIisg npoBEepKU BBITTOJIHUMOCTH
3amaHHoi (opMynbl @ B 3agaHHONM MOIEITHN
[IKC M, , nocTaTo4HO BBIYUCIUTH UCTUHHOCT-
Hoe 3HaueHue Troadopmyn ¢popMyJibl @ BO Beex
BepiumHax aepesa 7, Ha moneau M,,. Jlist Bep-
IIMH, IIOMEYEHHBIX 0a30BBIMM MpeauKaTaMu,
JIOCTaTOUYHO MPOCTO obpaTuThes K BDDs, mipen-
CTaBJISIIOIIMM  COOTBETCTBYIOIIE€ OTHOLIEHUS
Ha ABOMYHBIX BEKTOpax, MPOBEAS B CIydae He-
00OXOOMMOCTH TIepeMEHOBAHUE ITePEMEHHBIX.
Ecmm Bepimna nepesa 7, momedeHa OyJieBoOi
orrepalyeil MM KBaHTOPOM, TO BBI3BIBACTCS CO-
OTBETCTBYIOLIAS TTPOLICAYypa M3 MaKeTa, KOTopast
o paHee BbluMCIeHHbIM BDDs mis BepiumH-
ornepaHaoB Beruucisier BDD, nipencrapisronyio
OTHOIIICHWE WIM WCTUHHOCTHYIO OLIGHKY IS
TOI (POpMyJbI, KOTOpas OTBeYaeT YKa3aHHOI
BepiurHe aepeBa. OcoOOro BHMMaHMS 3aciy-
JKMBAIOT BEPLIMHBI, MOMEUEHHBIE OIEPaTOpoOM
TpaH3UTUBHOTrO 3ambiKaHus 1C.

Hns moctpoenust BDDs, nipeacrapnasioneit
orHowenue TC(R), Ha ocHoBanuu BDDs,
MPEICTaB/IAIOIE OMHApHOE OTHOIIEHHME R,
MIPUMEHSIETCSI UTepaTUBHAsI TIPOLeAypa BHIUMC-
JICHUsI TIOCJIeI0BAaTEIbHOCTY OMHAPHBIX OTHO-
LIEHUI R, 1O cileayomiei cxeme:

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

tab®

Brrunciaenue mpoBoauTCs 10 TeX MOp, IToKa
He OyIeT IOCTUTHYTO paBeHCTBO R, = R. Drta
npolienypa sIBisieTcss Hanbosiee 3aTpaTHOM MO
BpeMeHU. Tak Kak Kaxmaas chenupuKaims
npeacTaBieHa 3aMKHYTON (pOpMYJIOii, B KOpHE
nepesa T, Oymer BbIYMCIICHa OyjieBa KOHCTaH-
Ta, Jarolast OLEeHKY BBITOJHUMOCTH (hOPMYJIbI
® i 3aganHoi monenu IIKC M, .

DPPeKTUBHOCTh pelIeHUsT 3aga4u MOIU-
¢ukanuum moaeneit ITKC uypesBblyailHO BaK-
Ha IS TIPaKTUYECKOIro MPUMEHEHMST CUCTEMbI
Bepu(UKALIMK, IIOCKOJBKY ITPOU3BOINTEIIb-
HOCTb TIPOLIEAYPHl MOAU(DUKALIMA MOIEIN
JIOJKHA COOTBETCTBOBATh TOMY TEMITy M3Me-
Henuit koHdurypauuit [1KC, kotopwiii BO3-
MOXEH IIpu (HYHKIIMOHUPOBAHUM PpPEATbHBIX
ceteii. [TosToMy mpuUMeHeHUe IS OTUX LieNeit
npotuenypbl noctpoeHus moaeneit [NKC npu-
BOJIMT K HEOIPAaBIAHHO OOJIBIIIUM 3a7ePKKaM.
Ha camom neiie uaMeHeHUe 0a30BbIX OTHOILLIE-
Huit B Mogenu I1KC MoxHO IpoBecTH cpaBs-
HUTEJIbHO OBICTpO. BBUAY TOro, 4Tto MHOTHE
TpeboBanusa IIMII, HamomoOue OTCYTCTBUS
LWKJIOB, JOCTKMMOCTH 3aJaHHBIX TOYEK CETH
M Tp., ONMMPAIOTCS TOJIBKO Ha TPaH3UTUBHOE
3aMbIKAHME OTHOILEHMSI OAHOIIIArOBOM MapIl-
pyrusauuu R*, ., BaXHO yMeTb OBICTPO MOIM-
(pupoBaTh MMEHHO 3TO OTHOIUEHME. s
9TOM LieM HaMU ObLUIM IPEIIOXKEHBI CIIEeLIM-
aJbHbIE TpHUEeMbl MOIU(PUKALINU OTHOLICHMUS
R*,,, He TpeOylolne WTEPaTUBHBIX BBIYKC-
nenuii. [TogpoOHOE omucaHue 3TUX TTPUEMOB
MpencTaBieHo B cTaThe [22].

Cucrema Bepuukanum VERMONT:
YCTPOHCTBO U (DYHKIIMOHAILHOCTD

Cucrema VERMONT Bepuduxamnuu [MKC
B OIEPATUBHOM PEXMME COCTOUT U3 YEThIpEX
OCHOBHBIX KOMIIOHEHTOB, KaK IIOKa3aHO Ha
pUCYHKE:

MPOKCHU-CEPBEPA, OCYIICCTBISAIONIETO Tie-
pexBaT OpenFlow KkoMaHI U COOOIIEHMI, KO-
TOPLIMU OOMEHMBAIOTCSI KOMMYTATOPbl M KOH-
tpoJnep I1KC;

BepuduUKaTOpa, OCYILICCTBISIOLIETO IIO-
CcTpoeHue, BepudUKalMio U MOIAUPUKALIMIO
mogeneit ITKC;

3arpy304HOrO  MOJYJSI, ITOCTaBJISIOLIETO
JaHHbIE JI1 Ha4aJbHOTO MOCTPOEHUS MOAEIU
IKC;
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3arpy3ka TabIun KOMMYTalul

TOIIQJIOTUA

KoHTponnep

Monynb 3arpy3ku

>
w

A

CoobuieHun L Komanapi

Komanasl

3anpocs Tlanusie

3anpock Lo cetu

IIpokcu-cepsep

Bepudukarop

A

Komangs:

IIporpammuo

KOHGHUTYypUpyeMast
ceTh

Bepaukr A
BepuUKATTHH
Ir T v

Cremudukanmu
IIMII

Pepgaktop

Cxema yctpoiictBa cucteMbl Bepudpukanuu [IKC VERMONT

pedaakTopa, IO3BOJISIIONIETO  CO3/1aBaTh
I[IMII cnenmdpukaumii 1 TpaHCIUPOBATh UX B
a0CTpaKTHBIE CUHTAKCUYCCKHE JIePEeBbS.

OpHa 13 JIaBHbIX 33J1a4 CETEBOTrO MpOorpam-
MUpPOBaHUSI — MOIAEPKUBATh TaKyl0 3arpy3Ky
TabJML, KOMMYTALUMKU MAKETOB, YTOOBI ObLIM
BeImoHeHBI TpeboBanuss IIMII. VERMONT
MO3BOJISIET 10 HEKOTOPOI CTEIeHU aBTOMAaTU-
3MpOBaTh €€ pelleHue. DTO MHCTPYMEHTAIb-
HO€ CpPElICTBO MOXHO YCTAaHOBUTb B KaHalie
nepeaavyu yrpaBiIeHUs CETU C TeM, YTOObI OHO
MOTJIO OTCJICKMBATh T€ M3MEHEHUST KOH(PUTY-
paluii ceTv, KOTopble 00YCIOBIEHbBI KOMaHAA-
MU PEeKOH(UIYPUPOBAHUS WX TOATBEpKAa-
I0TCS1 COOOIIEHUSAMU OT KOMMYTaTOPOB CETH.
Ha ocHoBanum nepexBaueHHON MH(pOpMAaLIUN
VERMONT cTpouT M YTOYHSIET aleKBaTHYIO
MOJIeIb CeTM, a 3aTeM IIPOBEpseT, B KaKou
Mepe Te WU MHbIE U3MEHEHMSI KOH(UTYypaLuii
ITKC coOTBEeTCTBYIOT 3aIaHHBIM TPEOOBAHUSIM
IIMII. Ilepem TeM Kak OTIIPaBUTb KOMaHIY
peKOH(UTYpUPOBaHUSI HYKHOMY KOMMYTa-
topy, VERMONT MonenupyeT pe3yabraT ee
BBITTOJTHEHUSI W TIPOBEPSICT, YIOBICTBOPSIET JIN
nosryueHHass mozaenb IIKC BceM TpeboBaHM-
gam TIMII. Eciu Hu ogHO U3 3TUX TpeOoBaHUA
HE HapyllIeHO, TO KOMaHJa OTIpaBJseTCs IO
HazHaueHuto. B mpoTuBHOM cilyyae ee mnepe-
ChLJIKa OJIOKUpYyeTCsl U (DOPMUPYETCSI COOTBET-
CTByIOIIEE TPeAyNpeXIeHUe sl CETeBOTO aji-
MuHucTparopa. OCHOBHBIE (DYHKIIMOHAIbHbBIC
Bo3MOXHOCTM VERMONT TakoBhI.
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IIpokcu-cepBep MNONNEPKMBAET CBSI3b C
KOHTPOJUIEPOM, KOMMYTaTOpaMH CETU U BEPU-
¢ukaTtopom. OH mepexBaTbLIBACT BCE KOMAaHbI
U COOOILIEHUS, KOTOPHIMU OOMEHMBAIOTCSI KOH-
Tpoyiep U KomMmytatophl. [Ipokcu-cepsep Ha-
XOIUTCH MO yIIpaBJeHUuEM Ttoib3oBaTess VER-
MONT, koTophIif HafeaeH MPaBOM BKITIOUEHUS
U OTKJIIOUEHUSI MOJYJIsI, BhIOOpa pexkrma pado-
te1 (SEAMLESS, MIRROR, INTERRUPT),
HACTpOWKM pabouynx MapamMeTpoB. B 3aBucu-
MOCTHU OT BBIOPAaHHOTO pexkrMa IPOKCHU-CEePBEP
MOXKET 3a7epP>KUBATh JJIsI IPOBEPKU HEKOTOPbHIC
KOMaH/IbI, OTITPABJIATh JaHHBIE 00 M3MEHEHMSIX
B ceTH BepuUKaTOpy U OJIOKMPOBATh KOMaH-
Il peKOH(MUTyprupoBaHUs.

Bepudukarop mnomaepXuBaeT CBSI3b C
MPOKCH-CEPBEPOM, MHMIIMAIU3aTOPOM U pe-
JAKTOPOM. DTOT MOIY/Ib BBIIIOIHSIET TPU IIPO-
11 (S1RY0) 38

VHULMAIU3adsl MOAEIU: IJIsd 3adaHHOIO
onucanus kongurypaunu [TKC Beruncasercs
BDD-npencrasnenune monenu IKC M, ;

Bepupukauusgs moaenu IIKC: nns 3apaH-
Horo cnucka cneunbukauuii [IMIT Y, ..., ¥,
TIPOBEPSIETCS UX BBIITOJIHMMOCTD Ha 3aJaHHOMN
moznemu IMKC M, ;

MomuduKauuss MOAEIW: IS 3aJaHHbIX
BDD-npencraBnenus momemu I[IKC M e W
KOMaHIbl PeKOH(MUTYPUPOBAHUSI COM BBIYKC-
ngercs BDD-nipencraBnenue momenu I[1KC
M

com(Net)*
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Bepudukarop mnoaydaer oOT TPOKCU-
cepBepa JaHHbIe 00 M3MEHEHUM CETeBOM
KOH(UTrypallii W BO3BpalllaeT €My pe3yJbTaT
Bepu(dUKALIMM  OYepeIHON  KOHGUTYypaluu
OTHOCUTEJBHO MMEIOIINXCI CHelu@puKaui
I[IMII. Bepudukarop Takke I0JydaeT OT 3a-
TPY30YHOIO MOMYJISI JAHHBIE O TOTIOJOTUY CETH
M 3arpy3kKe TaOJul KOMMYTallMM, a OT peaak-
Topa — creurpukanuu ITMII.

Monynb 3arpy3ky Mo 3alpocy OT Bepudu-
KaTtopa oOpalaeTcsl K KOHTPOJUIepy, 3a0upaeT
Yy HEero JaHHbIe 00 YCTPOMCTBE CETU U MEPECHI-
JlaeT ux Bepudukaropy. Vcrnoib3oBaHue 3TOro
MOJIYJIsS JieJlaeT Hallly CUCTeMY HE3aBUCHUMOM
OT TUIIa UCIIOJIb3YEMOro KOHTpOJLIIepa.

I[Ipu nomomm penakropa TMOJb30BATEb
CHUCTeMbl (CETeBOM aaAMMHUCTPATOP) MOXKET
cocTapiATh crucku crneuudukauuin [MTKC u
BHOCUTH B HUX M3MEHEHMUSI.

Cucrema Bepupukanmu VERMONT ume-
€T TpU pexXuma paboTHI.

1. B pexxume SEAMLESS cucrema Bepu-
¢ukanum padboTaeT Kak OOBIYHBIN KaHa Me-
penadu yIrpapieHUsS MeXIy KOHTPOJUIEPOM M
KOMMYTaTOpaMU CETU: MPOKCU-CEPBEP HE 00-
palaeTcst K BepuduKaTopy U IMporycKaeT Bce
KOMaHIBl U COOOLIEeHMST Oe3 3aIepKKU.

2. B pexume MIRROR mnpoxcu-cepBep
OTIpaBisieT BepudUKATOpy AaHHBIE 00 WM3-
meHeHun KoHdurypauuu [MKC, Ho ipu aTOoM
MPOIYCKAeT BCE KOMAaHIbI U COOOIIEHUS 0e3
3ajepXKu. Bepudukarop npenynpexaaer
MOJIb30BaTEsI 00 OOHAPYKEHHBIX HAPYILICHU-
gax TpedboBaHuii I[TMII.

3. B pexume INTERRUPT nposogut-
ca monHas Bepudukauusg ITKC: nmepechlika
KaXIOM KOMAaHIbI, MEPEXBAYEHHOU IIPOKCU-
cepBepoM, 3aAepXKMBaeTCs 10 TeX MOop, IoKa
He OyIeT mMpoBepeHa JOIMYCTUMOCTh €€ BBIIOJI-
HEeHUs B paMKax TpedoBanuii ITMII.

CpaBHUTE/IbHBIN aHAJIN3
cuctem Bepuukamuu [TKC

JIns1 OL@HKU TIPOM3BOAUTEILHOCTU CUCTE-
Mbl VERMONT 6b111 mpoBeieHbI HEKOTOPhIS
aKCcMepuMeHThl. B TepBoii cepun aKcrnepu-
mMeHToB VERMONT 6511 mpumeHeH K TTKC,
UMEIOIIE TOMOJOTUIO TPEXbSIPYCHOTO «TOJ-
croro» aepesa FT(H), cocrosimiero u3 27 KoM-
MYTaTOPOB: JIBA KOMMYTaTopa pacriojararoTcs
Ha BEpXHEM YpOBHE, IATh IIap KOMMYTaTOpPOB

Ha CpeIHEM YPOBHE U IISITh Map KOMMYTaTOPOB
Ha HIXKHEM YPOBHE, KOTOPbIC MOIKJIIOUEHBI K
KOHEYHBIM XocTaM B KojqudectBe H ot 50 mo
100. InuHa 3aronoBka makera paBHa 40. Kax-
J0€ MPaBUJIO KOMMYTallUM UMEET HEKOTOPBIN
CPOK AaKTUBHOCTH, MO MCTCYCHUU KOTOPOIO
oHO ynansercsa. KoHTpostep omoBelaercs
00 BTOM COOBITMU U IIBITAETCS BOCCTAaHOBUTh
KOH(UTYpallMi0 TPy IOMOIIM KOMaHI J0-
oaBnenus1 npaBwi. VERMONT orcinexuBaeT
U3MEHEHUs KOH(UTYpaluuili U MpoBepsieT Cle-
ayrolmue aBa TpeboBaHus: @, — B CETU OTCYT-
CTBYIOT TOIIOJIOTUYECKUE LIUKIIbI; @, — B CETU
€CTb MapLIPYTHI JUIMHEI MISITh, HO HET MapILpy-
TOB JJIUHBI 11IECTb.

Bo BrOpoii cepum 3KCIEPUMEHTOB IIPO-
BOJAMJIACH IIPOBepKa KOHMUTypaluili ceTu
Craadopnckoro yausepcureta (SUN); ona
COCTOUT M3 16 KOMMYTAaTOpPOB, B KaXIOM W3
KOTOPBIX €CTh TPU TaOJMLBI KOMMYTALIUU.
DTa CeTh MCIIOJIB3YETCS B KaUeCTBE OOIICIIPU-
HSITOTO TIpUMEpa, Ha KOTOPOM CPaBHUBAIOTCS
pasHble CpelcTBa aHanu3a ceTeid. JIinHa 3aro-
soBka nakera paBHa 128. VERMONT mnpume-
HSAJICA IJ1s IPOBEPKU TpeboBaHus @, 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.

Kondurypaimu SUN ucnosb3yroTcs: B pa-
0otax [13—18] B KauecTBe YHMBEPCAJIBbHOIO Te-
CTOBOTO IIprMepa. Pe3ynbraThl CpaBHUTEILHOTO
aHa/IM3a BCeX CPEACTB BepudpUKalmy KOHPUTY-
pamuii I1TKC mpencraBieHbl B a0, 2.

Kak BunHo u3 aroii Tabnunsl, VERMONT
MMeeT HauboJjiee BbIpA3UTEJbHbIN SI3BIK CITCLI-
ndukauuii [IMI1 u moBoabHO OBICTPO CTPO-
ut monenb ITKC. OgHako HEKOTOphIE CHUCTe-
Mmbl Bepudukauuu (VeriFlow [16], AP-Verifier
[18]) mpeBocxogar VERMONT 1o addexTus-
HOCTH MoaudUKauu Moaeiau. Takoi ObICTpO-
TOI pelleHus 3amadyd MOAMMUKALIMKA MOACIU
INIKC »tn cpencrtBa BepuduKamum o0s3aHbI B
TEPBYIO oUepeab 0COOBIM (hopMaM IIpeaCTaBIe-
HUS TIPOCTPAHCTBA COCTOSIHUI MakeToB. MHO-
JKECTBO 3arojIoBKOB naketoB H pa3ouBaeTcs Ha
KJIaCChl 9KBUBAJIEHTHOCTU: 3arojioBku h” u h””
CYMTAIOTCSl SKBMBAJCHTHBIMU Ha KOHQUrypa-
uuu Net, eCli KaXIblii KOMMYTaTOp ITPUMEHSI -
€T OIIMHAKOBBIC TTpaBUIa KOMMYTAlIMM MaKETOB
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Taonunpa 1

Pe3yabraTsl akcnepumenTtaibnoii mposepku cucrembl Bepuukamuu [IKC VERMONT

FT(60) FT(80) FT(100) SUN (mod)
Komriectso npanin 36900 49300 61500 15484
KOMMYTAIIMN TTAKETOB
[TocTpoeHue 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
[Mposepka @, — - - 316 ms
Monuduxawus monex, 9 ms 168 ms 172 ms 426 ms
Komanpga add, max
Mommguxauns monem, 6 ms 6 ms 6 ms 67 ms
Komanga add, average
Momuukawus moxem, 178 ms 174 ms 176 ms 307 ms
Komanna del, max
Momiguiaums moreH, 8 ms 9 ms 10 ms 99 ms
Komanpga del, avarege
Tabnuua 2
Cpasuurenbnbiii anamm3 cuctembl Bepuukamuu [TIKC VERMONT
CpenctBo IMTocTpoeHue Momguiaus SI3BIK
BepudUKauu MOJICJIN, MS u BepnuKaus cneundukanmii
’ MOJIEJIM, MS
VERMONT 4700 700 FO?[TC]
NetPlumber 37000 1000 CTL
VeriFlow 4000 100 PukcupoBanHbie
CBOICTBa
AP Verifier 1000 1 PukcupoBanHie
CBOJICTBA
FlowChecker 120000 350—67 000 CTL
Anteater 400000 227 Pukcnporaiibie
CBOJICTBA

C TUMU 3aroJIOBKaMUW NpHU IOCTYIUIEHUU UX B
OIMH M TOT Xe IOPT. DTOT METO[ IO3BOJISICT
KOHCTPYMpPOBaTh SIBHBIE TEOPETUKO-rpadoBbIe
NPEJACTABJICHUS  OTHOLIEHWW  OJHOIIArOBOU
MapILUpyTU3alUy TaKeTOB R, , HO €ro MOX-
HO UCIIOJIb30BAaTh TOJBKO B TOM Cily4yae, KOraa
MpaBWjia KOMMYTall HE U3MEHSIOT 3arOJIOBKU
nakeToB. KpoMe TOro, takoe «Cxaroe» Mpen-
CTaBJIEHUE OTHOILUEHMs R, TIO3BOJISET IPOBO-
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JIUTh MPOBEPKY JHUILb OFpaHUYEHHOro Habopa
npocteix TpeboBanmii IIMII. Cucrema Bepu-
¢ukauuu VERMONT, HanpoTuB, cnocoOHa
paboTaTh ¢ MPOU3BOIBHBIMU KOH(PUTYPALTASIMUA
U TIpoBepsATh TpeboBaHus IIMII 3HauMTENbHO
0oJiee LIMPOKOro Juarna3oHa.

PaGota BbIMIOMHEHA TpU (DUHAHCOBOW TIOA-
nepxke POO®U, mnpoektst Ne 13-07-00669
n 15-01-05742.
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ABTOMATU3AUMNA UHTETPALLUOHHOTIO TECTUPOBAHMUA
HA MPUMEPE MOLY/IEX OBMEHA AAHHbIMU 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 TpeliAIMHTOBBIX CUCTEMaxX B KadyeCTBE TPAHCIIOPTHOTO ITPOTOKOJIA HamboJiee pacpoOCTpaHEHHBIM SIB-
nssetcsa FIX-miporokoi. PyaHoe TecTupoBaHue MOayeil, MHTETPUPYIOIINX (PMHAHCOBBIE CUCTEMBI ITOCPE/I-
ctBoM FIX-mpoTokona, — BecbMa TpyJOEMKHUI TpoLece.

PaccmoTrpeHsl aBTOMaTH3alIMs MHTETPAlIMOHHOTO TECTUPOBAHMSI YITOMSIHYTBIX MOIYJICH, TIOAXO K HaIlrca-
HUIO TECTOBOI JTOKYMEHTAIINN, BO3MOXKHBIE ITPO0IeMbl MHTETPUPYEMBIX KOMITAHWIA 1 UX pellicHNe, BpeMEeHHasT
OIICHKA BBITIOHSIEMBIX TECTOB M JOCTUTHYTOE TTOKPBITHE (DYHKIIMOHATBHOCTA TECTOBBIMM CLIEHAPVISIMMU.

Co3maHbl TecToBasl TOKYMEHTAIIMSI MU aBTOTECTHI C OOIIei CTPYKTYypOli, HEe TOJBKO 00eCTIeurBalOIINe
OBICTPOE TECTUPOBaHUE, HO M MO3BOJISIOIINE OBICTPO amanTHUPOBAThCSl K HOBBIM (PMHAHCOBLIM CHCTEMaM
VI K HOBBIM TPeOOBaHMSIM.

FIX-TTPOTOKOIJI; ABTOMATU3ALINUA TECTUPOBAHUWSA; NHTETPALITMOHHOE TECTUPO-
BAHUE; TECT-KENC; TPEUJJVHTOBAS CUCTEMA; BUPXKA.

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.

CoBpeMeHHasl TpeMaAMHIOBasI CUCTeMa $SIB-
JISIETCSI CJIOXHBIM IIPOrPaMMHBIM IIPOAYKTOM,
MPeaOCTaBISIONIMM YYacTHUKAM TOProB pas-
JIMYHBIE cepBUCHL. Takas cucremMa Iiepena-
eT BCIO (DMHAHCOBYIO WHGOpMaLUO OpoKe-
pam (BeHmopam), ucrojb3ys FIX-mporokon
(Financial Information eXchange protocol —
MPOTOKOJ OoOMeHa (UHAHCOBOM WMH(pOpMa-
1uMel), — MPOTOKOJ Tiepefauyu MaHHBIX, SIB-
JISIIOIIUMCS MEXIYHAPOAHBIM CTaHIAPTOM JIJIst
oOMeHa JaHHBIMM MEXAYy YyYaCTHUKaMu Oup-
JKE€BBIX TOPTOB B PeXUME PeaJlbHOTO BPEMEHM.
ITpotokon FIX mommepxuBaeTcsd OOIBIIMH-
CTBOM KPYITHEMIINX 0aHKOB U 3JIEKTPOHHBIMU
TPEHAMHTOBBIMU CUCTEMaMU, a TakKXe KpyI-
HelmmMun oupxkamu mupa [1].

JItoboe mporpaMHoe obecrieyeHrue TpedyeT
MpoBepKU KayecTna. /111 GMHAHCOBBIX CUCTEM

88

0COOEHHO KPUTUYHOIN 00JacTblO SBISETCS
nepenadya MHGOpMalMU O TOPIOBBIX 3asiBKaXx.
B maHHOI#T cTraThe paccMaTpUBaeTCsl pellieHUue
psiia MpoOJieM MHTErpallMOHHOIO TeCTHUpPOBa-
HUS KOMIIOHEHT CHCTEMBI, OTBEUalOLIMX 3a
nepegady M TosiydyeHue (PUHAHCOBOUW MHOOP-
Mauuu. OCHOBHBIE TPYIHOCTH 3aKJITIOUAIOTCS
B HEJOCTAaTKax PYYHOTro TeCTUPOBaHUS (0OJb-
1I10€ BpeMsI BBHITIOJTHEHMSI, YeJIOBeUeCKUit pak-
TOp, HEOOXOAUMOCTL OOyUeHMS TIepcoHaja), a
TaKKe B HETOJHOM TECTOBOM ITOKYMEHTAIIMU.
Hns pellieHUs] MepevYMCIeHHBIX BBIIE 3agady
MCHOJIb30BaJICd MOAXOA 0000IIEeHUs TEroB OT-
HOCUTEJIbHO MHCTPYMEHTOB U BeHmopoB. Ero
LeJIb — OJMHAKOBO CTPYKTYPHMPOBaTh M yI00-
HO MOMIEp>KMBAaTh aBTOTECThI M JTOKyMEHTa-
10, a TaKXKe OIEHMWBATh ITOKPBITHE TeCTaMM
(byHKIIMOHAIBLHON YaCTU KOMITOHEHT.
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J17151 pa3pabOTKKM aBTOTECTOB UCIIOIb30BaJI-
cs s3bIK Groovy [3], cayxalluii 1isl Hamuca-
HUs (PYHKIIMOHANIbHBIX TECTOB B mpoekTe. s
XpaHEHUs JOKYMEHTAlMM HCIOJIb30Ballach
cuctema Polarion [2], mpuMeHsieMass BHYTpU
BCEX MPOEKTOB KOMITAHUM.

Oco0eHHOCTH Pa0OThI TPEHIMHIOBON CH-
crembl ¢ FIX-mporokosom. PaccmaTtpuBaemasi
TecTUpyeMasi cUcTeMa IperoaraeT B3auMo-
JeictBue ¢ 15 pasjaMyHBIMM BeHIOpPaMU IIO-
cpeactBom obMmeHa FIX-coobmeHusmu. Ha
puc. 1 n306paxkeHO B3aMMOAEIICTBUE TOPIrOBO-
To MPWJIOXKEHUS ¢ OUpKaMU.

H7st coBeplleHUs] CACIKUA KIMEHTY HeoO-
XOJMMO CO3[1aTh 3asIBKY Ha MOKYITKY WU MPO-
JlaXXy BRIOpAHHOTO (PUHAHCOBOTO MHCTPYMEH -
Ta B CUCTEME. DTa 3asiBKa oOpabaThIBaeTCs Ha
CTOpPOHE I10JIb30BAaTEJISI U MOCHLIAETCS Ha Ccep-
Bep. 3aTeMm oHa mnepecbuiaeTcs FIX-Monymsim,
KoTopble ucnoub3yoT FIX-mporokon mjs
KOAMpOBaHUSA WHGOPMALMK, M, HAKOHEI,
nepenaercsa BeHupopy. [lociaeaHuii, B CBOIO
ouepenb, oOpabaTbiBaeT mnoaydyeHHoe FIX-
COOOILIEHNE U OTIPABISICT OTBET, B KOTOPOM
coiepXuTcs uHGpOpMalMs O cTaTyce opjaepa
KJIMEHTA.

Oco0eHHOCTb MCITOJIB30BaHUSI pacCMaTpU-
BaeMOTO IIPOTOKOJIA OpoKepaMu 1 TOPTOBBIMU
CHCTEMaMHM 3aKJTI0YAeTCs B Pa3IMYHBIX peaiu-
3aluUsIX. DTOT (PAKT YCIOXKHSIET MPOBEPKY Ka-
YyecTBa ITPU OAMHAKOBOM ITOAXOIE IS KaXKIOTO
U3 BeHA0pOB. MIMEHHO MO 3TOil Xe MpUYuHE
HET eAMHOro MPOTrPaMMHOIO OOecleueHus,
KOTOpO€ NPUMEHUMO MIJIsI aBTOMATUYECKOIO
TECTUPOBAHUS KOMIIOHEHT, WCIOJIb3YIOIINX
FIX-nporoko.

FIX-coobomenune. DopmaT IepemaBaeMoro
COOOILIEHUST O 3asiBKE MPEACTaBJsSIETCS B BUIE
CTPOUKHM, KOTOpasi COCTOUT U3 Habopa moJjeit
ter = 3HadeHue. [long paspensiorcss ASCII

kogoM SOH — Start of Header (0x01). Ha-
npuMep, npu nokynke omniroHa IBM otmpas-
JIIeTCS crenytollee CooOIeHre:

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=5.3|59=01204=01439=777147=A|10=212

OO0bBsICHEHUE HEKOTOPbIX TErOB:;

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

167(SecurityType) = OPT — o3Hauaer, 4To
oplep OTIpaBJeH IO OILMOHY;

44(Price) = 5.3 — yka3mIBaeT Ha lLieHY, IO
KOTOpPOI ObUT M3aH OpIep.

B oTBeT KIMEHT moaydyaeT coOOIEeHUE Ta-
Koro xe ¢gopmara.

Nuarterpanonnoe TectupoBanue. IHTe-
rpallMOHHOE TECTUPOBAHHE — 3TO MPOLIECC
MPOBEPKU B3aMMOIEHCTBUS pPa3IUYHBIX Ya-
creil cucteMbl. B 3TOM ciyyae oObeKTamMu
TeCTUPOBAHUS SIBIISIIOTCSI He (YHKLMM, HE-
MOCPEJACTBEHHO BBIMOJHSEMbIE OTAEIAbHBIMU
KOMIIOHEHTaMU (MOJYJIbHOE TECTUPOBAHMUE),
a J1o0ble BHI3OBbI, MepeJauyr KOHTPOJSI U Ka-
YeCTBEHHbIE XapaKTEPUCTUKU B IIPOMCXOISI-
eM MEXAY 3TUMU KOMIIOHEHTaMM B3auMMO-
JIEVICTBUM.

CraHmapTHblE IMOIXOAbl K WHTErpaluoH-
HOMY TECTUPOBAHUIO MPEANoJjaraloT Kak Mpo-
BEepKHU pabOThl MOIYJIE ¢ MOMOILbIO 3arIylIEeK
U IpaiiBEPOB B M3OJISLIMU OT KOHTEKCTA BCEH
CHCTEMBbI, TaK U TECTUPOBAHME Ha ITOJHOCTBIO
coOpaHHOU cucteme. B KoHTekcTe paccma-
TpUBaeMoOli 3amauyd Hac HUHTepecyeT (PyHK-
LHUOHAJIBLHOE B3aMMOACKCTBUE WHTEpQEicoB
KnueHTa, cepBepa U FIX-kKommnoHeHT, nmpouc-
Xo7siee npu o0paboTKe OpIepOB B TOPTOBOM
MPUIOXEHUU, TOJHOLEHHO (PYHKIIMOHUPYIO-

Our App Vendor
Bulzmiiss Encoding || FIX Encoding

9 Decoding Decoding
process Messages

Puc. 1. BzaumopeiicTBue ¢ BeHIOpaMu
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OTKpbITh MoBTOpPUTBL! CpaBHUTL
TecT-Keiic Terun
OTnpaBuTb Monyuntb Haiitn opgep
opaep id opaepa B .log

Puc. 2. IIpouecc pyyHOro TeCTUPOBAHUS

1IeM B TECTOBOI cpeje.

PyyHoe TecTHpOBaHHE KOMIIOHEHT OOMeHa
t¢unancosoii undopmanmeii. Ha puc. 2 noka-
3aH LIMKJ PYYHOI IMPOBEPKU OJHOIO Tera B CO-
ob1uieHnun o 3asiBKe. MIHXXeHepy 1Mo KOHTPOJIIO
KayecTBa HEOOXOOUMO chejaTh CJeAylolue
11aru:

BBIIIOJIHUTD BXOJIl B TPEMIMHIOBOE IPUJIO-
KEHUE;

OTKpPBITh cuctemy Polarion mis xpaHeHus
TECTOBOM JOKYMEHTALIUU;

OTIIPaBUTh OPAEP COIJIACHO TECT-KEHCY;

MOIKJTIOYMTHCS K cepBepy 1o SSH, Ha ko-
Topom 3anyuieHsl FIX-monynu;

Haiitu FIX-cooOiueHus ais1 oTIpaBieHHO-
ro opaepa;

CPaBHUTb TMPOBEPSIEMblil TEr ¢ 3HAYEHUEM
B TECT-KEMcCe.

TecT-keiic — 3T0 HAOOP AEUCTBUI C OXMU-
JaeMbIM pe3yJbTaTOM, HEOOXOAUMBINA  JIJIst
MPOBEPKU YacTh (PYHKUMUOHATBLHOCTU TMPU-
noxenus. [lpuBeneHHBI LMK HEOOXOIMMO
MPOJAEAbIBATh JJISI KaXKA0TO Tera TeCTUPYEMOTO
BEHIOpA.

Heob6xonumMo oTMETUTD, UTO TECTUPOBAHUE
FIX-momyneit B paccMaTpuBaeMOM TPOEKTE
MPOXOAUT C MCIOJb30BAaHUEM COCIMHEHUs K
neMo-TuiaTpopMe BeHIopa, T. €. 0e3 MCIIOJb-
30BaHUS dSMYJIIIKi. Takoil crmocod mo3BOsSET
HaWTHU IeeKThl TP U3MEHEHUSIX Ha CTOPOHE
WHTErpupyemMoii (pMHAHCOBOW OpraHu3aluu,
YTO KaK MOKa3bIBaeT MpPaKTHUKA, OYeHb BaxKHO.

IIpo6aembl. Mcrnosnb3oBaHWE PYyYHOTO Te-
CTUPOBAHUS COACPXKUT PsII IIPOOJIEM.

Yenoseueckuii axkmop. B xome omnucaH-
HOTO BBIIIE PYTMHHOTO IIpoliecca MHXEHEep
MOXET OLIMOMTBCS, YTO BIMSET Ha KauyeCTBO
TECTUPOBAHUSI.

Tpydoemkocms. [s1 TIpoBeIeHUSI perpec-
CHMOHHBIX TE€CTOB (JAHHBIA TUII TECTOB IIPO-
BOJAWTCS B KaXIOM LIMKJE pa3pabOTKy MpU-
JIOKEHHUS) JISI MHOTMX BEHIOPOB TpeOyeTcs
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00JIBIIIOE KOJIMYECTBO BPEMEHHU, UTO 3aIE€PKU-
BaeT BBIIIYCK IIPOAYKTA.

Obyuenue umuocenepa. TecTUpysT HaHHYIO
007acThb, HEOOXOAMMO 3HAThb OU3HEC-JIOTUKY
NPUIOXEHUs, B T. Y. MPOLECC B3aUMOJIECH-
CTBUSI C BeHIOpaMU. DTO HECeT NOMOJTHUTEIb-
HbIe BPEMEHHbBIEC 3aTpaThl.

I[ToMMMO HEZOCTAaTKOB PYYHOIO TECTUPO-
BaHUS CYILIECTBYIOT CJIOKHOCTH C TECTOBOM
JoKyMeHTauuel. TecroBass HOKyMEHTALIUS —
9TO HA0Op TECT-KEWCOB, KOTOPBIA IPOBEPSIET
(byHKILIMOHAIBHYIO 00J1aCTh MPUIOXEHMS.

B nmaHHOM mpoekTe OBLIA OMNpeneIeHbI
cJIeIyIole MMpoOJIeMBbI:

YaCTUYHOE OTCYTCTBME TECTOBOU JOKYMEH-
Taly (HEKOTOPhIE BEHIOPHI IMOJHOCTHIO HE-
JTIOKYMEHTUPOBAHHBI);

ycTapeBiass uHdopmailus (4acto paspa-
0OTKa MojA HOBbIE TpeOOBaHUSI BeAETCSl Obl-
CTPBIMM Te€MIaMM, IIO3TOMY HEKOTOpPhIE YacTU
JOKYMEHTALIMU HE YCIEeBalOT OOHOBUTHCS);

HEOITUMAaJIbHAsI CTPYKTYpa (CI0XKHAsI IO -
JIEpXKKa aKTyaJIbHOM TECTOBOW JTOKYMEHTALIUU
CBsI3aHA C HENpPaBWIbHBIM BHIOOPOM €€ CTPYK-
TYpBHI).

ABTOMATU3ANMS TECTUPOBAHUS U JIOKYMEH-
tamus. [Tockonbky pyHKumonupoanue FIX-
KOMIIOHEHT SIBJISIETCSI KPUTUYECKM BaKHBIM
YCJIIOBMEM TIPM KaXJOM BBIITYCKE TOPTOBOM
CUCTEMBI, pa3pabaTbIBA€MOIl TT0 UTEPATUBHOMI
METOMIOJIOTUH, U XapaKTep TeCTOB IS pa3iny-
HBIX BEHIOPOB UMEET UACHTUUYHYIO CTPYKTYpY,
5TH TECTHI SIBJISIIOTCS MAcaIbHBIMK KaHIUaaTa -
MM [IJIsI aBTOMaTU3al1H.

J11s1 BBIMOJTHEHWSI JAaHHOM 33124 ObUTH pac-
CMOTPEHBI CYILIECTBYIOLINE PELIeHUs, TAK1e KaK
QuickFix [9], fiximulator [10], mini-FIX [11].
Ho mockonbky OHM MpearosaraioT AOMOJIHM-
TeJIbHbIE 3aTpaThl Ha BHEIPEHWE W anarTaluio
K peamsanuaMm FIX-miporokona, a Takke He
pelaT TpodaeMy CTPYKTYpU3allMU TECTOBOM
JOKYMEHTALMKM, ObLIO IPUHSITO PELISHME pa3-
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paboTaTh aBTOTECThbI, OCHOBBIBAsSICh HAa BHYTPEH-
HeM (peliMBOpKEe KOMITAHUHM, W ITOATOTOBUTH
OOILYIO CTPYKTYPY [UIsl JOKYMEHTALIMM.

IMomxon. IlpoaHanu3upoBaB BCe BO3MOX-
HbIE COOOIICHMS IJI Pa3IMYHbIX TUIIOB MH-
CTPYMEHTOB, a TakKxXe IJis pa3IMYHbIX BEH-
JI0pOoB [6—8], SMIUMPUYECKUM IIyTeM ObLIA
BBIBEICHBI HAOOpHI TETOB U pa3lejicHbl Ha
rpynmsl. Ha puc. 3 npoaeMoOHCTpUPOBAaHO BbI-
OpaHHoOe pa30oueHue.

Takum 00pa3oM TMOJYYUTIOCH BBIICIUTH
YETBIPE IPYMIIBI TETOB.

e OOmMe Term I pasauyHbIX MH-
crpymeHToB.  Hampumep:  8(FixProtocol),
35(MsgType).

o CrienmnmduuHble TErW IJIs KaXKJIOTO WH-
crpyMmeHta. Hanpumep: 202(MaturityMonth
Year).

e OOwIMe Teru IJis pa3JUYHBIX BEHAOPOB.
Hamnpumep: 167(SecurityType).

o CrienMduYHbIE TErd M1 KaXI0ro BEH-
mopa. Kaxmasg wHTerpupyemast (uHaHCOBas
crucTeMa MMEET CBOM OCOOEHHOCTH opmara
FIX-coobwmenwnit. Harmpumep, It HEKOTOPBIX He -
o6xoamMo otrpabisaTh Ter 439(ClearingFirm).

ITonyyeHHOEe pa3dOueHUe MCII0Jb30BAHO
1151 (popMUPOBaHUS CTPYKTYPHI aBTOTECTOB U
TECTOBOU NTOKYMEHTALIWU.

ABromMatu3zanua. Jlig aBromaTuzaluu Te-
CTUPOBAHUS UCITOJIb3YETCSI BHYTPEHHSIST pa3pa-
0oTKa Hallleil KomnaHuu [5], HamucaHHas Ha
a3bike  mporpammMupoBanusg Groovy [3]. Jnsa
YIOpaBICHUS 3allyCKOM aBTOTECTOB MPUMEHSIET-
ca TeamCity — cepBepHOe TTporpaMMHOe 00e-
crieyeHue JJIs1 HeIpepbIBHOM MHTerpauuu [4].

DpeitMBOpPK  MMEET BO3MOXKHOCTb <«JI€ii-
CTBOBaTb» KaK OOBIYHBII TMOJIb30BaTE/b, T. €.
MO3BOJISIET MCIOJB30BaTh METONBI U KJIACChI
KJIMEHTCKOTO MPUJIOXKEHUsI. ABTOTECThI OTIEPU-
PYIOT CIAEAYIOIIMMU OCHOBHBIMU OOBEKTAMM:

Order — 0OBEKT MPUJIOXEHUSI, COAEpKa-
it nHGopMaLuo 00 opaepe (UCIIOJb3yeMOM
MHCTPYMEHTE, COCTOSIHUM OpAepa, aKKayHTe,
LIeHe U T. I.);

FixOrder — o0BekT ¢peiiMBopKa, coaep-
XKamuii 00bekT Order M eMy COOTBETCTBYIO-
e FIX-cooOlieHus;

FixOrderService — o00BeKkT (peitMBOpKa,
CEpPBUC, OTIPABJSIOLINI Opaepa, MCIONb3Yys
OrderService, ynTarommii FIX-cooOmenus ¢
ucnoab3oBaHueM DelayedTailLog u ¢opmu-
pytoummit FixOrder;

Validator — 00bekT (peiiMBopKa, coaep-
XKaluyii ocHOBHBIe Meroabl u DataProvider
IS TECTOB.

CTpyKTypa KJIaCCOB aBTOTECTOB JJI5T KaXKI0-

0O6LMe Tern AN pasnnyHbIX +
VHCTPYMEHTOB

CneuucumyHble Terv gns
KaXX[,0ro MHCTPYMeHTa

Future "
Option

Future
. Spreads

Futﬁi’e"
Options:

Stock
Option
Spreads

+

O6wue Teru gnsa
pasNnYHbLIX BEHAOPOB

CneuudmuHbie Terv Ans
KXKA0ro BeHfopa

Puc. 3. BoiOpaHHoe pa3dueHue TeroB
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Test Option Fix Order Service Il Delayed Tail Log Order Service I GU| classes Validator
getFixOrder 'l
start .
createOrder »
place '
log line
r Fix Order I
chackOptionTags
I I b . h‘1
Exception If not valid ‘1
1 1 | | | 1 1
Test Option Fix Order Service I Delayed Tail Log Order Service " GUI classes Validator

Puc. 4. Cxema paboThl aBTOTECTa

ro U3 BEHIOPOB COOTHOCUTCS C YIIOMSIHYTBIM
pa3oreHueM TeroB Ha rpymnmbl. K mpumepy,
IJI BeHAOpa, IOMIEP>KMBAIOLIETO CTOKOBBIC
MHCTPYMEHTHI, KJIaCChl aBTOTECTOB XPAHSITCS B
nakere <Ha3BaHUE BEHIOpPA> W HA3bIBAIOTCS B
COOTBETCTBUU C TUIIOM MHCTPYMEHTA:

Common — o0une u cneluuIHbIe TEeTH
BEHI0pA;

Stock — TecThI IJIsI CTOKOBBIX MHCTPYMEH-
TOB;

Option — TecThl AJISI CTOKOBBIX OMILIMOHOB;

OptionSpread — TecTbl A1 CTOKOBBIX OIT-

/ Description

Test Items

IIMOHHBIX CITPEIOB.

Cxema pabOTBI aBTOTEeCTa UIST OITIIMOHOB
MpeacTaBieHa Ha puc. 4.

Ha puc. 5 npuBeaeH npumep TecT-Kelica.
B pasnene Preconditions gaHa cchuika Ha 00-
IIyI0 TECTOBYIO IIPOLIEAYpPY, CBOMCTBEHHYIO
nuMeHHo 1715 nipoBepku FIX-komnoHeHT. Input
specifications COCTOUT M3 BXONHBIX JTaHHBIX:
TUIIOB OPAEPOB, KOTOpPHIE HEOOXOAUMMO CO3-
JlaBaTh M3 KJIMEHTCKOTO TpuiioxkeHus. Output
specification comepXUT oxXuIaeMble pe3yybTa-
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

IIUMH 3HAYCHUSIMU.
JI1s1 TecTOBOrO ClieHApusl MpeacTaBlieHa

YacTb IIPOrPaMMHOIO KOIa, MCIIOJTHSIONIAS

JeCTBUSI TECTOBOI MpoLeaypbl (JTUCTUHT 1).

B gactu ¢ annortanueit @ DataProvider co-
nepxatcs gaHHbele u3 Input Specifications. Ile-
pemenHas FIX CALL cooTBeTCTByeT MHCTPY-
MmeHTy Stock call Option, FIX PUT — Stock
Put Option.

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

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

Pe3ynbraThl paOOTHI TeCTa MPEICTABIISIOT-

routingInfo.getReceivedMaturityDay (s

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

JlokymenTamua. 151 XpaHeHUsI TECTOBOM
JTOKyYMEHTALIMU MCTIOIb3yeTcs cuctema Polarion
[2]. OHa cogepXUT yIOOHBII MHCTPYMEHTApUii
IJIS WHXKeHepa I10 KauyecTBy. Tak, Halpumep,
IUISL TIPOLIEAYPhI, OMUCHIBAIOLIEH OAMHAKOBBIC
1Iarv, HeoOXOOUMBbIC IUIST BBITTOJTHEHMST TECTH -
pOBaHMS KaxKJ0ro 13 cleHapueB (CM. puc. 2),
ObuTa co3maHa oTmesbHas wiki-ctpanuna. Cam
TeCT-KeIC COAEPKUT CChUIKY Ha 3TY CTPaHMILY.
DTO MO3BOJISIET MUHUMU3UPOBATH TEKCT KaxK-
JIOTO U3 TECTOBBIX CLIEHAPUEB, OCTABJISISI TOJIBKO
BXOIHBIC M BEIXOOHBIC ITapaMeTpbl. BXomHBIMI
napameTpamMu SIBJISIIOTCSL TUIIBI OPAEPOB, BIIM-
SIIOIIMe Ha 3HAYCHUSI TETOB, YTO COOTHOCUTCSI
¢ DataProvider, ucrnojib3yeMbIM B aBTOTECTaXx.
BeIxogHBIMU TTapaMeTpaMU SIBJISTIOTCSI CTPOU-
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Puc. 6. IIpumep pesynbTaTa pabOTHI TeCTa

K1 Ter=<0XMIaeMoe 3HaYeHME>, YTO COOTHO-
CUTCSI C KOJIIOM aBTOTECTOB: C IapaMeTpaMU B
WCIIOJTHSIEMBIX METOIaX.

Ilpu pecTpyKTypu3aluyu M HaNUCaHUU
HOBBIX TeCT-KeicoB Oblla BbIOpaHa oO1Iast
(opMa HazBaHMIi, KoTopasi umeer Bua <Te-
cThupyeMblii BeHmop> - <IIpoBepsieMblil TUII
uHcTpyMeHTa> - <IIpoBepsiemasl rpyImmna Te-
roB>. ODTO MO3BOJIIET ObICTpEe OPHUEHTUPO-
BaTbCSl B TECTOBOI MTOKyMEHTAlLlMU, YTO yI00-
HO IPU BO3HUKHOBEHUN U3MEHEHUI COTIacHO
HOBBIM TpeboBaHUIM 3aKa3zunka. Heobxogumo
OTMETUTh, YTO Ha3BaHUSI COOTHOCSTCS C aBTO-
TeCTaMM — KaXXIbId aBTOTECT COACPXKUT €0 B
onucaHuu (puc. 5).

YT10OBI BOCCTAaHOBUTH TECTOBYIO JOKY-
MEHTalMIo Mo KaxaoMy u3 FIX-KOMIIOHEHT,
OTBEYAIEMy 3a B3aMMOIEUCTBUE C OJHOWM
¢uHaHCOBOI oOpraHu3alueit, ObLIO HEoO-
XOAUMO <«3a(hUKCHUPOBATh COCTOSIHUE» IIpU-
JIOXKEHUSI U METOAOM OTIIPABKU Pa3TUYHBIX
TUIIOB OPACPOB U IIOJYYECHHUS Ha HUX OTBe-
TOB OT BEHAOpa, a TakKXe B3aUMOICUCTBU-
€M C IIpeACTaBUTENISIMU BEHIOPOB COCTaBUTh
CIMCOK BO3MOXHBIX TETOB IS KaXXIOTO U3
clieHapueB.

Pe3ynbTaTbl. OCHOBHBIE MPEUMYIIIECTBA UC-
MOJIb30BaHUS pa3pabOTaAHHOIO MHCTPYMEHTA:

pacupseMocTb Habopa aBTOMAaTHUYECKMX
TECTOB C TOUKM 3PEHMSI KaK JOOABIEHUSI HO-
BBIX TETOB U YCJIOXHEHUS JIOTUKU CLIEHAPUEB,
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TaK U MHTETpally ¢ HOBEIMM BeHAOpPAMU, YTO
BeCbMa BaXKHO MPU paboTe ¢ U3MEHSIOIIUMM-
cs1 TpeOOBAaHUSMU OT 3aKa3uMKa;

B OTJIMYME OT PYYHOTO TECTUPOBAHMS I1O-
SIBWJIACH BO3MOXHOCTb IIepedopa OOJIBIIOrO
KOJIMYeCTBa KOMOMHAIIUI TEroB;

peaau3anms 3alycka aBTOMAaTHMYECKUX Te-
CTOB C UCITOJIb30BAaHUEM CUCTEMBbI TOCTOSIHHOM
nHTerpauun TeamCity [4] MO3BOJISIET TPOBO-
IUTh TIPOLEAYPY PErpecCUMOHHOTO TeCTUPO-
BaHMS IO 3aJaHHOMY 3apaHee pacIUCaHUIO,
XpaHUTb CTaTUCTUKY U CHMU3WUTh HArpy3Ky Ha
WHKEHepa IO Ka4yeCTBY.

MHCTpyMEHT MMeEeT cleayolue Koauye-
CTBEHHbIC II0KA3aTeIUd pe3yIbTaTOB pPabOThI
JJIS TIpoeKTa ¢ 15 BeHAOpaMu:

HOBasl Ipoleaypa TeCTUpoBaHUS B 48 pa3
ObICTpee CpedHero BPEMEHM aHaJOTMYHOIO
PYYHOIO TECTUPOBAHUS, MPOBOIUTCSI B TeUe-
HUE 4Yaca;

001l 00beM OOHOBJIEHHON TOKYMEHTa-
LIMK cocTaBisieT 298 TeCT-KeMCcoB, KaxXKablii 13
KOTOPBIX BKJIIOUaeT B cebsl mepedop pas3imd-
HBIX TOPTOBBIX MHCTPYMEHTOB U MX MPOU3BO-
JIHBIX U UMEET OIMH COOTBETCTBYIOILIUII aBTO-
MaTUYECKUIA TECT.

Hcnonwp3oBaHue pa3pabOTaHHOTO MHCTPY-
MEHTa MHTerpauuoHHoro tectupoBaHust FIX-
KOMITOHEHT B IIOBCEOHEBHOII paboTe oTmesa
TECTUPOBAHMS TTOKA3aJI0 MPaBUIIBHOCTh TTpe-
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MOCBUIOK JUISI €r0 CO3AaHus.
Bpemst oOyueHUs1 COTpYOIHMKOB paboTe C
WHCTPYMEHTOM CPaBHUTEIBHO HEBEJIMKO, MO-
CKOJIbKY IpolieAypa 3aIlycKa TEeCTOB HHTYU-
THBHA M HE TpeOyeT MIyOOKOro 3HaAHUS MeXa-
HU3MOB €T0 padoThI.
PacimmpsieMocTh MHCTPYMEHTA M OXHWIae-

MO€ TIOCTOSIHCTBO MCIIOJb30BaHUS TPEeHAMH-
roBoii cucremoii nmpoTokoyuioB FIX mo3poisior
CYIUTDH O AOJTOCPOYHOCTU XapaKTepa ero Mmpu-
MEHEHMSI, a TOYHOE 3HaHuEe 00JaCTU IOKPHI-
THSI TECTOB AAeT BO3MOXHOCTbD JIy4llle OLICHM-
BaTb PMCKU IIPU COCTaBJIEHUM TECT-ILUIAHOB
HOBBIX PEIN30B CUCTEMBI.
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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.I. 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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O630p MeXAyHapOoAHbIX KOHepeHUMN

UDC 004=111 DOI 10.5862/JCSTCS.212.9

V.V. Efimov, S.V. Mescheryakov, D.A. Shchemelinin

INTERNATIONAL CONGRESS ON ULTRA MODERN
TELECOMMUNICATIONS AND CONTROL SYSTEMS

B.B. EpumoB, C.B. MewiepsakoGB, [.A. LlemennuHUH

MEXAYHAPOAHbIA KOHIPECC MO YJ/IbTPACOBPEMEHHbIM
TENEKOMMYHUKALUUAM U CUCTEMAM YINPABJ/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.

IlpencraBiaeH 0630p VI MexayHapoJHOro KOHrpecca Mo YJbTPaCOBPEMEHHbBIM TeJIeKOMMYHUKAIM-
aMm u cucteMam ynpasiaeHust (ICUMT) [1]. Cepust exxeronHbeix kKoHpepeHuuiit ICUMT uHnekcupyercs: B
Elsevier’s Scopus [2], KpyITHeiileit B Mupe 0a3e JaHHBIX IUTUPOBAHUS PELICH3NPYEMBIX HAYYHBIX U3TaHWI.
AnHoTaumu u te3ucsl noknanoB ICUMT nybaukyroTcs B 3iekTpoHHoM omnbaunoreke IEEE Xplore [3], oxn-
Hako PDF Bepcuu aBTOpcKuX padoT u gaxe MHTepHeT-caliT Scopus He HaxXOoAsITCs B CBOOOTHOM TOCTYIIE.
B manHoi#i craThe KpaTKo omucaHbl HanboJiee 3HAYMMBbIE MPE3eHTALMM OCHOBHBIX NoKjaaguukoB ICUMT
B 2014 rony.

TEJEKOMMYHUKAILIMU; CETU; ABTOMATUYECKHUE CUCTEMEI YITPABJIEHHWSA; TTPO-
N3BOJIUTEJIBHOCTD; 3ATPYKEHHOCTD; OBJIAYHBIE BEIYMCJITEHU .

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,

) | OpenXC l

&~

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).

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,

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

N iad01-p07-jfs01: Java CMS memory free on JFS POD7 (7d)
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Fig. 2. Critical Degradation of Java Virtual Memory

103



HayuHo-TexHuueckmne segomoctn CM6IMY 1'(212) 2015

MHpopmaTtnka. TenekoMmmMyHMKaumu. YnpasneHue >

Geolocation
channel database

F

- DT -
~
v
’

University -

1 ; % i TVWS CPE
o Q
Qg Elementary school Db
<
‘ U \

=
\./ WiFi

L SR L S N

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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(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 (UAV),
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

UAV

Repeller vector

:/\ttractor

Fig. 5. UAV Bypassing Above a Priory Unknown Obstacle

105



HayuHo-TexHMueckmne segomoctu CI16ITY 1'(212) 2015
MHdopmaTtnka. TeneKoOMMyHUKaUMn. YnpasrneHune

Monitoring PC

Attacker

o’
\V

&

Attacker

0 192.168.2.1

1 192.1868.1.20 _ e

\’/

S

Cisco 2811

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

106

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 = ., f-FLOW, 3)
JOBS = ,_,j.JOB, 4
TASKS = | _, t. TASK, (5)

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

AGENTS = | wes A AGENT, @)
FFLOW = MP|| JOBS, (8)
where || — parallel processing; f — flow of jobs;

F — set of flows; j — job; J — set of jobs; t —
task; 7T — 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 — (12)
— RESOURCE)|breakdown — ®,

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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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. LLlemenuHUuH

MEXAYHAPOAHbIE KOH®EPEHLIUN ASE MO HAYKE
U KOMMbIOTEPHOWU OBPABOTKE BOJIbLUUX JAHHbIX

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 MpeACTaBISIET COO0N aHATUTUYECKUIT 0030p CepUM MEXIyHAapOJIHBIX KOH(MEPEHIIMH 0 KOM-
MBIOTEPHOI 00pabOTKe OOJBIINX JAHHBIX, KOTOPbIE OPraHU3YIOTCSI €XXKerogHO AKageMueil HayKu U TeXHU-
ku CILIA (ASE) B CraHdopne, KemOpumxe, 'apBapae u npyrux u3BecTHbIx yHUBepcuteTax [1]. Tesuchl
KOH(EepeHLIM1 OMmyOoJIMKOBAHbI ¢ OTKPBITBHIM MHTEPHET-IOCTYIIOM B HAY4YHOI 3JIEKTPOHHOIN OMOIMOTEKE
ASE [2], anHOTanmMm pabOT MHIESKCUPOBAHbBI B BeIyIlIeil MUPOBOI 0a3e MaHHBIX HUTUpOBaHUS Scopus [3].
KpaTtko onucanbsl Hanbojee UHTePEeCHbIE, 10 MHEHUIO aBTOPOB, MPE3eHTALlMU 1 CTEHIOBbIC TOKJIAIbl, CO-

JepKalllie MHHOBAaLIMOHHBIE UIIEW B 00JaCTU KOMIIBIOTEPHOI 00pabOTKM OOJIBIINX JaHHBIX.
BOJIBIIMNE JAHHBIE; bA3A JAHHBIX; [TPOU3BOAUTEIBHOCTD; 3ATPYXKEHHOCTD; Ob-

JJAYHBIE BbIYMCJIEHHMA.

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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Fig. 2. Scalability for Read and Write Traffic [21]

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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Zabbix server: Disk read/write (6h)
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Fig. 4. Read-write Performance of Zabbix Monitoring DB Server [9]

because in the monitoring system the bigger
data traffic is sent from multiple hosts to
central DB with specified polling time interval,
while read from DB is issued for analysis and
troubleshooting purposes not so often. Thus,
when the monitoring system comes to scalability,
Cassandra is more applicable and will scale up
better in terms of write performance, while
MongoDB is better designed for read intensive
traffic.

Big Software Deployments
in Big Cloud Environments

This hot topic for big IT companies is
addressed by the authors of this paper [23]
in their poster presentation to the 2nd ASE

International Conference on Big Data Science
and Computing. Automatic Deployment
System (ADS) is designed and implemented
at RingCentral Internet Telecommunication
Company for the purpose of automation and
improving the time-consuming process of
frequently repeatable building over 10K virtual
machines (VMs) in big data centers.

ADS architecture is based on Puppet,
Foreman, Opscode software and RingCentral
in-house applications. Puppet [24] is IT product
that helps system administrators proactively
manage the entire infrastructure throughout
the whole lifecycle (Fig. 5), automating
repetitive deployment tasks, scaling from 10s
to 1000s of VMs, both on-premise and in

Application Deployment Automation

?

Cloud Provisioning

A ° A

Build

Development Package

Repository

Environment

G+6 (G

Test Prod

Environment

Stage
Environment

Fig. 5. Typical Deployment Delivery Pipeline [25]
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Fig. 6. Amount and Durations of ADS Deployments, min/host [23]

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 Ievels 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 [I11]. 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 NYBJIUKALUMNU CTATEM
B xkypHaje «Hayuno-texnnueckue Begomoctu Cankr-IlerepOyprckoro rocyiapcTseHHOro
NMoJIMTeXHNYecKoro ynusepcurera. Mngopmatuka. TejJeKoMMyHUKAaNMU. YNpaBjieHue»

1. OBLUUE MOJIOXXEHUA

KypHan <«HayuyHo-TexHuueckue BegoMocTu CaHKT-IleTepOyprckoro rocyaapcTBEHHOIO
MOJUTEXHUUECKOIO YHMBEpcUTETa. TeJeKOMMYHMKALUU. YTpaBAeHUE» SIBISETCS TMEPUOIM-
YeCKMM TMEeYaTHBIM Hay4YHbIM pelLEH3UpYyeMbIM Hu3gaHMeM. 3apeructpupoBaHo DenepaibHoil
CIIy>K00li 1O Ham3opy B cdepe MHGOPMALMOHHBIX TEXHOJOIMI M MAaCCOBBIX KOMMYHUKAIIMI
(Pockomuanzop). CeunetenbcTBO 0 peructpanuu [T Ne dC77-51457 ot 19 okrsabps 2012 r.
C 2008 roma BbIMycKaeTcsl B COCTaBe CepUaJbHOIO mepuoanyeckoro usaaHus «Hayuno-
texHnueckue Begomoctu CITIOITIY» (ISSN 1994-2354).

WMznanne ¢ 2002 roga Bxoaut B IlepeyeHb BeaylIMX HAyYHBIX PeLEH3UPYEMBIX KYpPHAJIOB
u u3gaHuil (nepeyeHb BAK) v mpuHMMaeT s IedyaTu MaTepuasbl HayYHbIX MCCJIEIOBaHUIA,
a TaKXKe CTaThM Il OIYOJIMKOBAHMUSI OCHOBHBIX Pe3yJIbTaTOB AUCCEPTALIMI HA COMCKAHUE YYCHOM
CTETEeHU IOKTOpAa HAayK U KaHAMJaTa HayK 1O CJAEAYIOIIMM OCHOBHBIM HAayYHbIM HaIpaBIECHUSIM:
NMHOOPMATUKA, BBIYNCIIUTEJIBHAA TEXHUKA, PAAIMOTEXHUKA N CBS3b,
DJIEKTPOHUKA, USMEPUTEJIIbHAA TEXHUKA, YIIPABJIEHUE B COLMAJIb-
HbIX 1 DKOHOMMWYECKHNX CUCTEMAX. HayuyHble HampaBieHUs XypHaja YYUTBI-
Baiotcss BAK Muno6pHayku P® mnpu 3ammrte TOKTOPCKUX M KaHAWAATCKUX OUCCEPTALUil B
COOTBETCTBUM ¢ HoMeHKIaTypoll crieliMajJbHOCTE HayYHBIX PAOOTHUKOB.

CeaeHus1 o nyonukauusix npeacrasieHbol B PUHIL, B PedepatuBHom KypHaie
BUHWUTHU PAH, B MmexnyHaponHoii cipaBouHoil cucteMe «Ulrich's Periodical Directory».

INeprogMYHOCTH BBIXOMIA XypHasla — 6 HOMEPOB B TOJ.

2. TPEBOBAHUA K MPEAOCTABJISEMbIM MATEPUATIAM

2.1. Odopmaenne MaTepuaion

1. PekoMeHayeMblii 0OBEM CTaTEl I aBTOPOB C YUEHOW CTEMEHBIO JOKTOpPA HAayK, 3BAaHUEM
npodeccopa, corucKaTenell yUeHO! CTeIIeHU JOKTopa Hayk (mokTopaHToB) 12—-20 cTpaHui dop-
mata A-4 ¢ yuyeToM rpacduyeckux BioxeHuil. KonnuyecTBo rpaduyeckux BIOXEHUN (quarpamm,
rpacuMKOB, pUCYHKOB, TaOauL, (poTorpaduii U T. M.) He JOJDKHO MPEBLIIATH 4.

2. PexoMeHayeMbIli 00beM cTaTei mIsl MperogaBaTesieii, aBTOPOB 0e3 yU4eHOI CTerNeHU, COo-
MCKaTeJell yueHOM cTeleHu KaHaumaTta HayK — 8—15 crpanuln dpopmara A-4; acliupaHTOB — §
crpaHull ¢popmata A-4 ¢ yueToM rpadmyeckux BiaoxeHuii. KoanmaecTBo rpa¢pnuecKux BIOXCHU
(mmarpaMm, rpadmKOB, PUCYHKOB, Tabaui, (poTorpacduii u T. I1.) HE JOJDKHO IPEBBIIIATE 3.

3. ABTOpPBI JOKHBI MPUAEPKUBATHCS CAEAYIOIIEH 0000IIEHHON CTPYKTYPhI CTaTbU: BBOTHAS
yactb (0,5—1 cTp., aKTyaabHOCTb, CYLIECTBYIOLIME MPOOJeMbl); OCHOBHAs 4acTh (ITOCTAaHOBKAa U
oInucaHue 3aJauyyd, M3JIOKEHWE M CYTb OCHOBHBIX pe3yJbTaTOB); 3aKjatouuTesbHas dacth (0,5—1
CTp., IPEIJIOKEHHUsI, BBIBOAbI), cIicoK autepaTyphl (odopmiaeHue mo 'OCT 7.05.-2008).

4. Yucno aBTOPOB CTAaThU HE JOJDKHO IIPEBHIIIATH TPEX UCTOBEK.

5. HaGop Tekcra ocymectsisgercs B pexakrope MS Word, dopmyn — B pegakrope MathType.
Tabauupl HabMpaTCI B TOM Xe (hopMaTe, YTO U OCHOBHOI TEKCT.

6. llIpudr — TNR, pasmep mpudra ocHOBHOro tekcrta — 14, mHrepBan — 1,5; TaGauLbl
0OJIBIIOrO pa3Mepa MOTYT ObITb HaOpaHbl 12 kermeMm. IlapameTpbl CTpaHUIBL: TOJSI ClieBa —
3 cM, cBepxy, CHM3Y — 2,5 cM, cIipaBa — 2 CM, TEKCT pa3MelaeTcd 0e3 ImepeHOCOB. AO3alIHbII
orctyn — 1 cwm.



2.2. IIpenocraBiieHHe MATEPHAJIOB

BmecTe ¢ MarepuanamMu cTaTby AOJDKHBI ObITH 00513aTE/IbHO MPEIOCTABICHBI:

e HoMep YIK B cooTBeTCTBMM C KjacCU(UKATOPOM (B 3arojiOBKE CTaTbH);

e QHHOTAIIMSI HA PYCCKOM M aHIJIMMCKOM SI3bIKAX;

e KJIIOUEBBIC CjI0Ba (5—7) Ha PyCCKOM M aHIJIUICKOM SI3bIKaX;

e CBeJCHMSI 00 aBTOpax Ha PycCKOM M aHrimiickoM s3bikax: MO, MecTo pabOTHI, HOK-
HOCTb, YU€HOC 3BaHUE, YUeHas CTeIIeHb, KOHTAKTHHIE TeaedOoHbI, e-mail;

e ACIMPAHTHI MPEICTABISIOT JOKYMEHT OT/Ie]a aCIIUPaHTYyPhl, 3aBEPEHHbII MeYaThlO;

e KT DKCTEPTU3bl O BOBMOXHOCTHU OTMYOJIMKOBAaHUS MaTepUaJOB B OTKPBITOM MeyaTi.

C aBTOpaMu cTaTeil 3aKJII04YaeTcsl U3AATeIbCKUM JTULICH3MOHHBIN JOTOBOP.

[IpenocraBneHue Bcex MaTepuaioB OCYIIECTBJSIETCSI B 3JEKTPOHHOM BME 4epe3 JIMUHBIN
ka6buner DJIEKTPOHHOM PEJAKIINU o anpecy http://journals.spbstu.ru

2.3. PaccMoTpeHne MaTepuaioB

IIpenocraBmeHHble MaTepuanbl (M. 2.2) IEepBOHAYAJIBHO pPacCMaTPUBAIOTCS PeAaKLIMOHHOMN
KOJUIeTHel M mepenaroTcs s peueH3upoBaHusd. [locie ogoOpeHus MaTepuanoB, COrJIACOBaHUS
Pa3IMYHBIX BOMPOCOB C aBTOPOM (MpU HEOOXOAMMOCTHM) pelaKLMOHHAasl KOJIJIerusi cooOlIaeT
aBTOPY pelieHUe 00 OIyOJIMKOBAaHUM CTaThbu. B ciydae oTkasa B MyOJMKaLMKM CTaTbU PeAaKIIvs
HaIIpaBJIsIeT aBTOPY MOTUBUPOBAHHBIN OTKAa3.

IIpn oTKIIOHEHUM MaTepUaNoB M3-3a HApyIIEHUSI CPOKOB Moaauyu, TpeOoOBaHUM 10 0(hOopM-
JIEHUIO WJIM KaK He OTBeYalollMX TeMaTuKe XXypHaja MaTepuajibl He MyOJIMKYIOTCS U HE BO3Bpa-
LIAI0TCAL.

PenaxiimoHHasi Kojuiersi He BCTyHaeT B AMCKYCCUIO ¢ aBTOPAaMM OTKJIOHEHHBIX MaTepHUasoB.

ITyonukanms MaTepuajioB aCIUPaHTOB OYHON OIOMKETHON (POPMBI 0OOYUEeHUST OCYIIECTBIISICT-
cs1 OecriaTHO B COOTBETCTBUU C OYEPEIHOCTHIO.

[Ipu mocTymieHU B peAaKiio 3HAYMTEILHOIO KOJMYECTBA CTaTe MX MPHUEM B OYEPEIHOM
Homep MoxeT 3akoHuuThess JJOCPOYHO.

Bosee noapoonywo nngopManuo MOXHO MOJYYHTD:

Ha caiiTe XypHana http://ntv.spbstu.ru

no Tejedony pexakuun +7(812) 552-62-16 ¢ 10 mo 18 Tammna AnekcaHapoBHA

wm no e-mail: infocom@spbstu.ru



