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NMHppopMaLMOHHbIE TeXHOTIOTUMU
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CPABHMUTEJ/IbHbIA AHAJIU3 METOLOB OBHAPY)XEHUSA
OCOBbIX TOYEK HA U3OBPAXEHUAX
NMPU PA3JZINYHDLIX YPOBHAX OCBELLLEHUA

A.C. MakapoGB, M.B. bosncyHoBckas

CaHkr-letepbyprckmnim NoMTeXHMUECKMn yHneepcuteT lNetpa Benunkoro,
CaHkr-lNetep6ypr, Poccurckas Peaepaums

ITpoBeneH cpaBHUTENIbHBIN aHAIU3 METOIOB HaXOXIEHUST 0COOBIX TOUYEK Ha M30-
OpaxkeHUU, SIBJISIIOIINICS YacThbio pabOThI MO CO3AaHUIO CUCTEMbI KPYroBOro o03opa
IUIST KPYITHOTa0ApUTHBIX TPAHCIOPTHBIX CpeACTB. TaK KaK OCOOCHHO OITAaCHBIM LIS
BOXICHMS W Hambojiee CIIOXHBIM UIST TPOBEIACHUS CIIMBKM M300pakKeHWI SIBIISI-
eTcs TeMHOE BpeMs, 0co0o¢ BHMMAaHWE B JTaHHON CTaTbe YIEJICHO BO3MOXKHOCTH
TOMCKA OCOOBIX TOUEK M CITWBKHU IIPM HU3KOM OcBellleHnM. Pa3paboTaHa MeTomnKa
W MPOBEAEHbI 3KCIEPUMEHTBI MO HAXOXIEHWIO OCOOBIX TOYEK Ha M300paxkKeHMSIX
metogamu SURF, MSER, BRISK, Harris, FAST u MinEigen. OcyiuecTBieH Mno-
HMCK OOIIMX OCOOBIX TOYEK IS Tapbl U300paXkKeHM, a TaKKe MPOBEASHBI aHAIN3 UX
KOJMYECTBA U CIIIMBKA M300pakeHWI pa3sHBIMM METOOAMM TIPU PA3TMIHBIX YPOBHSIX
OCBEIIEHMUSI.

KioueBbie ca0Ba: MOWCK OCOOBIX TOYEK, CIIMBKA M300pakK€HUI, HU3KUK YPOBEHb
ocseleHust, Meronuka cpasHenusi, SURF.

Ccbuika nmpu murupoBanuu: MakapoB A.C., BbosncyHosckasi M.B. CpaBHUTENbHBINI
aHAJIN3 METONIOB OOHAPYXEHUsI OCOOBIX TOYEK Ha M300pakeHUSIX MPU Pa3TUIHBIX
ypoBHSX ocBelleHUs // HayuHo-texamueckne BemoMmoctn CIIGITIY. Mudopmatn-
ka. TenekommyHnukanuu. Yopasiaenue. 2018. T. 11. Ne 2. C. 7—18. DOI: 10.18721/
JCSTCS.11201

COMPARATIVE ANALYSIS OF METHODS FOR DETECTING
SPECIAL POINTS IN IMAGES AT DIFFERENT LEVELS OF ILLUMINATION

A.S. Makarov, M.V. Bolsunovskaya

Peter the Great St. Petersburg Polytechnic University,
St. Petersburg, Russian Federation

In this article, we have carried out a comparative analysis of methods for detecting
special points in an image, which is part of the study on developing an around view
system for large vehicles. Because nighttime is especially dangerous for driving and
most difficult for stitching images, this article focused on the possibility of detecting
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special points and stitching in low illumination. We made a comparative analysis
of the methods for detecting special points in images, developed a technique and
conducted experiments to find special points in images using such methods as SURF,
MSER, BRISK, Harris, FAST and MinEigen. During the study, we have performed
a search for identical special points for a pair of images, an analysis of their number
and stitching of images by different methods at different levels of illumination. The
results of the experiments are given in graphs and tables.

Keywords: detecting special points, stitching images, low level of illumination,
comparison technique, SURF.

Citation: Makarov A.S., Bolsunovskaya M.V. Comparative analysis of methods for
detecting special points in images at different levels of illumination. St. Petersburg
State Polytechnical University Journal. Computer Science. Telecommunications and
Control Systems, 2018, Vol. 11, No. 2, Pp. 7—18. DOI: 10.18721/JCSTCS.11201

BBenenne

B nocnenHee BpeMsi CTallo yAEISITbCSI MHO-
ro BHUMaHUSI aBTOMATU3ALMU YIIPaBICHUS
0€30I1aCHOCTBIO Ha JOporax.

BoxneHune compskeHO ¢ HEKOHTPOJIMpYe-
MbIM PUCKOM MaJIbIX CTOJIKHOBEHUM 1 Hae310B
Ha TIEIIEXOJ0B M3-3a «CJEIMbIX 30H». ExXeromu-
HO Ha noporax EBpombl B aBapusix, B KOTOPbIX
YYacTBYIOT TPY30Bbl€ aBTOMOOWJIM, IOruOaeT
0oJiee ceMU ThICSY YEJIOBEK, a OKOJIO CTa ThI-
cs4 mosyvaroT noBpexaeHus [1]. EBpormeit-
ckag Komuccust u npeacraButenn MexmyHa-
POMHOIO COI03a aBTOMOOMJIBLHOTO TpaHCIIOPTa
(IRU) mpoBenu uccienoBaHue, B XOAe KOTO-
pOTO BBIICHUJIOCH, YTO OKOJIO 75 % mOpOXKHO-
TPAHCIOPTHBIX MPOUCIIECTBUI C ydyacTUEM
TPY30BbIX TPAHCHOPTHBIX CPEACTB CIIy4aroTCsI
MMEHHO M3-3a «CJIEIbIX 30H» [2].

OCHOBHOI1 11€JIbIO MCCIENOBAHUS SIBIISIETCS
pa3paboTKa CHCTeMBbl KpPyroBoro oo03opa mist
KPYITHOrabapuTHBIX TPAHCIIOPTHBIX CPENICTB.
PesynbraToM JO/KEH CTaTh IIPOrpaMMHO-
arnmnapaTtHbli KOMILJIEKC, COCTOSIIIMM M3 4e-
ThIpEX IIMPOKOYTOoJbHBIX fish-eye kamep, ari-
napatHoro 0j0Ka, MOHUTOpa, MHTepdeiica u
NPOrpaMMHOIO OOeCHeUYeHUs, pPeaTu3yIolIero
pa3paboTaHHbIE aITOPUTMbI 0OPaOOTKN BUIIEO-
CUTHaJAa.

JIaHHBI KOMIUIEKC, IOJydasi M300paxe-
HUS C 4YeThIpeXx KaMep, BBIBEIET Ha MOHUTOD
B peXuMe peaJbHOTO BPEMEHHU €IMHOE H30-
opaxenue TC u ero okpy:KeHMUs «C BBICOTHI
NTUYBLETO TTOJICTa».

TTonyyeHue Takoro u3o0paxkeHuss COCTOUT
W3 IBYX DTaIlOB:

1. TIlomyuyeHue opTorpauueckoro BUIA

CBEpXYy C YEeThIpeX KaMep (3TOT 3Tall OMUCaH B
cTathsx [3, 4]).

2. CiMBKa U300paXkeHU#, MOJIyYeHHBIX Ha
MepBOM 3Tare, B eMHOE U300paKeHue.

B Hacroseil craTbe paccMaTpUBarOTCS
MOAXOMbI K peaiu3aliii BToporo aTamna. Benen-
CTBME TOIrO, YTO HauboOJiee OMAcCHBIM [JISI BO-
KIEHUS W CJTIOKHBIM IS TIPOBEICHMST CIIMBKH
U300paXKeHU SIBISIETCS TEMHOE BpeMs CYTOK,
0co00e BHUMaHME YIEJIeHO BO3MOXKHOCTHU TO-
HMCKa OCOOBIX TOYEK U CLIMBKY M300pakeHUi
MIPY HU3KOM OCBEIICHUU.

0030p CymeCTBYIOIINX METOIOB

B nmanHOM pasmene mpuBeIEHO KpaTKoe
OINMMCAaHWE W CPaBHUTEIbHBIA aHaIWU3 Cyllle-
CTBYIOIIMX METOHOB IOMCKA OCOOBIX TOUYEK Ha
nzobpaxkeHun. Haumbojiee yacTo HCHOIB3Yye-
mbeiMu MeTogamu saBiasitorcs SURF u SIFT.

Memood SURF (Speeded up Robust Features)
[5] oObIYHO MpUMeHsIeTCsT I pelueHUsT ABYX
3a7ay4: ITOMCKa 0COOBIX TOUEK Ha M300paxkKeHUMN
M CO3MaHUs UX ACCKPUIITOPOB (OIMMCATEIbHO-
ro dJeMeHTa, MHBAPMAHTHOTO K M3MEHEHUIO
maciuraba u noBopota). Kpome toro, cam mo-
WCK KJTIOUEBBIX TOYEK TOXKE JOJKEH 00JIamaTh
WHBApPUAHTHOCTBIO, T. €. MOBEPHYThIA OOBEKT
CLICHBbI NOJDKEH o0jagaTh TeM ke HabopoM
KJIIOYEBBIX TOYEK, YTO M oOpasell.

Metoa uieT 0coOble TOYKU C MOMOIIBIO
matpuunl 'ecce. JetepMuHanT MaTpulbl [ec-
ce (T. H. TeCCMaH) OCTUTAaeT SKCTpeMyMma B
TOYKAX MAaKCMMAaJbHOTO W3MEHEHMS TIpaau-
eHTa spkocTu. g aByMepHON (YHKILIUU €e
JETEPMUHAHT OMpenesseTcsl CJAeAYIOIUM 00-
pasoMm [6]:
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rne H — marpuua I'ecce; f (x, y) — dyHKIMSI
M3MEHEHUsI TpaareHTa SIPKOCTH.

CranpaprHas Bepcuss SURF B HeckosibKo
pa3 owicTtpee, yeMm SIFT, u, Kak yTBepxKaaioT
ee aBTOphI, Oojiee MHBapUaHTHA MPOTUB pas3-
JIMYHBIX MpeoOpa3oBaHUl M300paxkeHUl, yeM
SIFT [5].

B memode SIFT (Scale-Invariant Feature
Transform) [7] xiro4yeBble TOYKKM OOBEKTOB
CHavaja M3BJIEKAITCSI M3 HaOopa OIOPHBIX
M300paxkeHUI U COXpaHSIIOTCS B 0a3e JaHHBIX.
OOBEKT pacro3HaeTcsi B HOBOM M300pakeHUU
MyTeM WHIMBUAYaJIbHOI'O CPaBHEHMS KaXKIOro
Npr3HaKa HOBOIO M300paxkeHusl ¢ 0a30ii JaH-
HBIX U TOHMCKa ITOAXOMSIIMX KaHAWIATOB Ha
OCHOBE €BKJIMIOBA PAaCCTOSIHUSI MX BEKTOPOB
npusHakoB. M3 mojiHOro Habopa coBmaaeHUA
NIeHTUDULUPYIOTCSI ITOAMHOXKECTBA KITFOUE-
BbIX TOYEK, KOTOPbIE COIJIACYIOT OOBEKT U €ro
MECTOMOJIOKEHUE, MaciuTad M OpPMEHTAIUIO
Ha HOBOM M300paXkeHUU, YTOOBI OT(UIBTPO-
BaTh Xxopoliue copnaaeHusi. OnpejaesieHue Mo-
cJief0oBaTeJIbHBIX KJIACTEPOB BBIIIOJIHSIETCS ObI-
CTpO, UCTONB3ys 3(PPEKTUBHYIO Peanu3aliiio
X2UI-Ta0AUIBI 0000IIEHHOIO MPeodpa3oBaHUsI
Xada. Kaxaplii kjactep M3 Tpex WJIM Oosee
00BEKTOB, KOTOPHIE COTJIACYIOTCS C OOBEKTOM
M €ro IO3MIMEN, 3aTeM IIoJABEepraeTcs Aajb-
Heilel neTaabHO TMpoBepKe Mojaenau. Bro-
CJICICTBUU JIUMIIIHUE OOBEKThI OTOPACKIBAIOTCS.
HakoHel, BBIUMCIISIETCS BEPOSITHOCTH TOTO,
YTO OTpene/eHHbII HA0Op MPU3HAKOB yKa3bl-
BaeT Ha Hajdu4yre oObEKTa, C YYETOM TOUHOCTHU
COOTBETCTBUSI U KOJIMYECTBA BEPOSITHBIX JIOXK-
HBIX COBMNAICHUM.

OCHOBHBIM MOMEHTOM B JIE€TEKTMPOBAHUU
OCOOBIX TOYEK SIBJISIETCS IIOCTPOCHUE IIMpa-
MUIbl TayCCMAHOB W Pa3HOCTEN raycCHaHOB
(Difference of Gaussian — DoG). I'ayccuanom
(um M300pakeHrWeM, Pa3MBITBIM T'ayCCOBBIM
(ubTpOM) SIBISIETCST U300paKeHUE:

L(x,y,0) = G(x,y,0) * I(x, ), (2)

rae L — 3HaueHMe rayccuaHa B TOYKE C KO-
opauHaTaMu (X, y); 6 — paauyC pPa3MbITUS;
G — rayccoBo saapo; I — 3HaYeHWe UCXOJHOTO
n300paxeHnsT; * — orepalnst CBEPTKH [§].

CylleCTBYIOT M APYTME METOIbl, OCHOBAaH-
HbIC Ha OINMMCAHHBIX BBIIIE METOAAX W PACILIM-
psIoIIMe UX BO3MOXKHOCTHU.

B memoode BRISK (Binary Robust Invariant
Scalable Keypoints) [9] oObHapyXeHHWe KItO-
YeBOM TOYKHU OCYIIECTBISIETCS HA OCHOBAaHUU
MacliluTada: TOYKM MHTepeca UASHTUDULIUPY-
I0TCS KakK 10 pa3Mepy M300paxeHUs, TaK U
Mo MacurTady ¢ KCIOJb30BaHMEM KPUTEPUS
3HAYUMOCTU. YTOOBI MOBBICUTH 3(PHEKTUB-
HOCTb BBIYMCJICHUI, KJIIOYeBble TOUKM OOHa-
PYXKMBAOTCSI B OKTABHBIX CJIOSIX MUPaMUIbI
U300paXkeHUsI, a TakKe B IPOMEXYTOUHBIX
ciosx. PacnonoxeHne M Macmtad Kaxkmaou
KJIIOYEBOl TOYKM MOTYT OBITh MOJYYEHBI B
HEMpEepbIBHON 00J1aCTU C MOMOIIBIO KBajapa-
TUYHON (PYHKLIMM.

Jns necKpuITopa KiaodeBol TOUKM B 1aH-
HOM METOJE¢ MCIIOJIb3yeTcs oOpa3sel] BLIOOp-
K1, COCTOSIIWNA W3 OJHOU TOYKHM, JIEXAILEH
Ha COOTBETCTBYIOIIUM OOpa3oM MaclluTaOu-
POBaHHBIX KOHLIEHTPUYECKUX OKPYKHOCTSX,
KOTOPBII IIPUMEHSIETCS B OKPECTHOCTU Kax-
JIO KJIIOUE€BOW TOYKHU JJIsI MOJYYSHUsST 3HAYe-
HUI OTTEHKOB CEpOTo 1IBeTa: ImyTeM 00padboT-
KM JIOKAJbHBIX TPagUeHTOB WMHTEHCHUBHOCTH
U ompeAceHUs] XapaKTepHOro HallpaBJIeHUS
dyukunm. OpHeHTUPOBAHHBIN 00pa3el] BhI-
6opku BRISK ncrnonn3yercd njist monydyeHus
MapHbIX PE3yJbTATOB CPaBHEHMSI SIPKOCTEid,
KOTOpbIE COOMPAIOTCS B IBOUYHBIN AECKPUII-
top BRISK.

[TpeumymectBamu memoda MSER (Maxi-
mally Stable Extremal Regions) [10] sBus-
I0TCSI:

e THBAPUAHTHOCTb K appUHHOMY MpPeod-
pPa30BaHUIO MHTEHCUBHOCTEI M300pakKeHUsI;

e KOBapualus K rmpeodopa3oBaHuIo (Herpe-
pBIBHOMY) coxpaHeHus1 coceactsa T :D — D
B 00J1aCTU M300pakKeHUS;

e CTaOMJILHOCTD: BLIOMPAIOTCS TOJIBKO pe-
TMOHBI, OIOpa KOTOPBIX ITOYTH OAMHAKOBa B
JIHara3oHe MTOPOroBhIX 3HAUCHUIA;

e MHOrOMAacCIlTaOHbII MOMCK 0e3 KaKoro-
MO0 CriaaxuBaHUS: OOHApYyXKMBaeTCd Kak

9
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MeJKasl, TaK 1 OoJIbIlast CTPYKTYpa;

e TOBTOpPSIEMOCThL: oOHapyxkeHne MSER
TOYEK B MacCIITaOHOW MNUpPaMUIE TOBBIIIAECT
MOBTOPSIEMOCTh, a KOJUYECTBO COOTBETCTBUIA
MeXIy MaciuTabaMy U3MEHSIETCS;

e OIIPEIEIEHHOCTh. MHOXECTBO BCEX 3KC-
TPEMaJbHBIX 00JIACTEN MOXKHO II€PEUYMCIUTh
B xymueM ciaydae O(n), roe n — KOJIUYECTBO
MUKCeJNel Ha U300paKeHUU.

Memoo FREAK (Fast Retina Keypoint) [11]
HCIIONIb3yeT MIEeCKPUNTOP KIIOUEBBIX TOYEK,
TMOXOXXWI Ha CTPYKTYPY 3PUTEIHHON CUCTEMBI
yeJoBeKa, a ToyHee — ceTyaTku. Kackan nBo-
WYHBIX CTPOK BBIUMCISIETCS MyTeM 3(PdeKTUB-
HOTO CpaBHEHUsI MHTEHCUBHOCTE M300paxe-
HUS MO 1Aa0JOHY BBIOOPKM ceTYaTKU. ABTOPBI
yrBepxaaioT, yTo FREAK Touku OOBIYHO OHI-
cTpee BBIUMCISIOTCS ¢ 0oJjiee HU3KOM Harpys-
KOI Ha maMsITh, a TaKXXe OHM 0oJiee HaAeXKHBI,
yeM SIFT, SURF mnu BRISK. Oum npemara-
IOT pacCMaTpPUBAaTh YIJIbl KaK KIIOYEBbIe TOYKU.
B manHOM aeCKpMIITOpe MCHOIbL3YIOTCSI YIJIBI
Harris. IIpumeHsieTcs ceTka 1jig oTOOpa CeT-
YaTKW KPYIJION (hOpMbI, OTIMYaloLIasicsl 0oJiee
BBICOKOW TUJIOTHOCTBIO TOYEK BOJIM3U LIEHTpA.
ITpennaraercs nmompaxxatb OBICTPBIM BEPCUOH-
HBIM JBVDKEHUSIM IJIa3, OCYILECTBIISIIOIIMCS
CKauyKaMU IIpU 3PUTEIBHOM IOMCKE («CaKKa-
JUYECKUI TIOMCK»), TyTeM pa3dopa IeCKpuIl-
TOpa Ha HECKOJIbKO 1aroB. IIpuMeHeHMEe Me-
TOAA HAUMHAETCSl IOMCKOM C MCII0JIb30BaHUEM
nmepBeix 16 OaiitoB neckpuntopa FREAK,
MpeACTaBIsIIoEero HeodopaboTaHHYIO WHGOP-
Maumio. Ecim paccrosiHMe MeHble Iopora,
MPOAOJKAETCS CPaBHEHUE CO CJeAyIIIUMU
OaifTamu 11 aHanu3a 0ojiee TOUHOU MHMOP-
Mauuu. B pesynabrare BBIMOJHSETCS KacKaj
CPaBHEHUI, YCKOPSIOIIMWIA €II¢ OJWH IIar co-
TJIaCOBAHMSI.

Memod KAZE Features [12] ucmonb3yeTt
MHoroMacmtadHpii 2D-meTekTop W airo-
PUTM OIMCaHMUs B HEJIMHEWHBIX MacllITa0-
HBIX TIpocTpaHcTBax. [Ipenbimyinye moaxombl
O0Hapy:XMBalOT U OIMCHIBAIOT IIPU3HAKU Ha
pa3HBIX YpOBHSIX MacliTaba ITyTeM IIOCTPO-
€HMS WJIM aNnpoKCUMAallMM TayCCOBCKOTO
MaciITabOHOTO TPOCTPAHCTBEHHOTO H300pa-
KeHusi. OOHaKO rayCCOBCKOE€ pa3MbITHE HeE
VUUTHIBA€T €CTECTBEHHBIE TPaHUIIBI OOBEK-
TOB U CIJaXuBaeT B paBHOI CTEIEHU Kak
JIeTajqu, TaK W IIyM, CHUXasl TOYHOCTh JIOKa-
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JIM3allMd U OTJAMYUTEIbHOCTh. HampoTus, B
JaHHOM METOJIe OOHApYKMBAIOTCS U OIUCHI-
BaroTcd 2D-(yHKUMN B NPOCTPAHCTBE HEJIU-
HeilHOro Maciutaba mocpeacTBOM HEJIMHEMH-
Holt nud@dy3noHHo duabTpanuu. Takum
00pa3oM, CTAaHOBUTCS BO3MOXKHBIM CIelaTh
pa3MbITHE JIOKAJbHO aTallTUBHBIM K JaHHBIM
M300paxkeHUsI, yMeHbIIIasl 1IIYM, HO COXpaHsIs
TPaHUIIBI O0BEKTOB, MOJydas IMPEBOCXOTHYIO
TOUYHOCTD JIOKAJM3alUU U OTJIUYUTEIbHOCTbD.
HenuneitHoe MacmTaOHOE IIPOCTPAHCTBO
MOCTPOEHO C MKCHOJb30BaHUEM 3(GPEKTUB-
HBIX METOAOB AaIAWTHUBHOIO pPa3JIOXECHUS
onepatopoB (AOS) u auddy3un nepeMeH-
HOU MTPOBOJIMMOCTH.

Memood FAST [13] nmpumMeHsieTcs B Tex
cyyasix, Korja B TPUJIOXKEHMSIX C 4acTOTOM
KagpoB B peXUME peaJbHOr0 BPEMEHU WC-
MOJIB3YIOTCS (PYHKIIMOHAJIbHbBIE TOYKW M HeE-
00X0AUMM BBICOKOCKOPOCTHOM HETEKTOp IIpU-
3HaKOB. OYyHKIIMOHAJIBHEBIE NETEKTOPHI, TAKKE
kak SIFT (DoG), Harris u SUSAN, sgBnsiioTcst
XOpOIIMMHU MeToAaMM, 00eCIIeUrBarOIIMMU
BBICOKOKAYEeCTBEHHbIE (DYHKIIUM, OJHAKO OHU
CIIAIIIKOM TpeOOBaTeIbHBI K BBIYMCIUTEIBHBIM
pecypcaM Uil MCIOJIb30BaHUSI B MPUJIOKEHU -
SIX pEaJbHOTO BPEMEHU 000K CIO0XHOCTHU.
ABTOpPBI MOKAa3bIBAIOT, YTO MAalllMHHOE O0yye-
HUE MOXET MCIIOJb30BAThC ST MOJTYYEHUS
JIeTeKTopa MPU3HAKOB, KOTOPBII MOXKET IT0JI-
HOCTbIO 00pabaTbiBaTh BUAEO B PEAIbHOM Bpe-
MEHU C MCIOJIb30BaHMEeM MeHee 7 % moCTym-
HoOro BpeMeHU oOpadoTku. [lpu cpaBHEeHUU C
paHee OMUCAHHBIMU METOJAMU HEOOXOJMMO
OTMETUTb, YTO HU AeTekTop Xappuca (120 %),
uu SIFT (300 %) He MoryT paboTaTh C MOJTHOM
YaCcTOTON KaapoB.

Ilo MHeHuio aBTOpoB [13], OYEeBUAHBIM
SIBJISIETCSI BBIBOJ O TOM, YTO BBICOKOCKOPOCT-
HOM JeTeKTOp MMeeT OTpaHWYEeHHOE IIpU-
MEHEHHEe, €CJIM CO3JaHHble IPU3HAKU HE
NOAXOAAT AJs Moclieaywollein oopadoTtku. B
YaCTHOCTU, OJHA M Ta e ClieHa, IIpocMa-
TpUBaemasl C ABYX Pa3HbIX MO3UIIMIA, JOJKHA
HCII0JIb30BaTh MPU3HAKU, COOTBETCTBYIOLINE
TeM Xe pealbHbIM 3D-MeCTOIMOJOXEHUSIM.
[ToaTOMY BTOpPBIM BaXKHBIM BKJIaIOM aBTOPOB
SIBJISTFOTCSL  VTJIOBBIE JCTEKTOPHI CPaBHEHUS,
OCHOBAHHbIE HAa 3TOM KPUTEPUM, IPUMEHSIE-
Mble K 3D-cueHam.

Memood Harris [14] nucnonb3yeT ITUCKPET-
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Hble TIpU3HAKU u300paxeHus. [lo MHeHUIO
aBTOPOB, YTOOBI OOECIIEUUTH SIBHOE OTCJICXKM-
BaHME MPU3HAKOB M300paxkKeHUs], MPU3HAKU
M300paxXeHUsI OOJKHBI OBITh AUCKPETHBIMU,
a He (GopMUpPOBATHL KOHTUHYYM, HaIlpuMep,
TEKCTYypy, WIM KpalHWe IHUKCeIU (3IJIephl).
OpHako OTCYTCTBME BO3MOXKHOCTU COCIMHE-
HUSI TOYEK-OOBEKTOB SIBJISIETCSI OCHOBHBIM
OrpaHMYeHMEM JAHHOIO METOoJIa IpHU ToJyde-
HUM JECKPUITOPOB 00Jee BHICOKOIO YPOBHS,
TaKMUX KakK MOBEPXHOCTU U 0O0BEKTHl. B MeTome
HCIIOJIB3YIOTCS IeTeKTOphbl yriaoB MopaBela,
KOTOpbIE pPacCMaTpPUMBAIOT JIOKAJIbHOE OKHO
Ha M300paXeHUU U OIPEACSIIOT CpemHUe
U3MEHEHUs] MHTEHCHUBHOCTU H300paKEeHUS,
BO3HHUKAIOIIIME B pe3yjbTaTe CABUIAa OKHA Ha
HeOOJIbIIIOe KOJUYECTBO TMMKCENeil B pasHbIX
HaIlpaBJIEeHUSIX.

Memoo MinEigen [15] ocyliecTBIsSET BbI-
0Op MHpM3HAKOB M KOHTPOJb (DYHKIMI BO
BpeMsl oTciexuBaHMs. Buibop creuuduye-
CKM MaKCHUMM3UPYET KauyeCTBO OTCJIeXMBa-
HUS M TOBTOMY OITUMAaJEH IO KOHCTPYK-
1LIUM, B OTJIMUME OT OoJjiee CIleLMaabHBIX MEpP
TeKCTYypUpOBaHUSI. MOHUTOPUHT SIBJISIETCS
HEJOPOTOCTOSIIIIMM M HaIeXHBIM B BBIUKC-
JIUTEJIbHOM 00JaCTU W MO3BOJISIET pa3inyaTh
XOpolllMe U IUIOXME IIPU3HAKM Ha OCHOBE
CTETIEHU HECXOICTBA, KOTOpas MWCIIOJb3yeT
IBUXKEHHE KaK 0a30BYI0 MOIE]b M3MEHEHMS
N300paxKeHMUsI.

IIpencraBieHHble oOmUCaHUS OCOOEHHO-
cTeil U (PYHKIIMOHAIBHBIX BO3MOXKXHOCTE Me-
TOAOB OOHApPYXEeHUsI OCOOBIX TOUEK HE MO3BO-
JIIOT cAenaTh 0OOCHOBAaHHBIM BHIOOP MeToaa
0711 (OPMUPOBAHUSI €IMHOIO M300paXkKeHUsI

Ha OCHOBE OpTOrpapuyeckoro BUIA CBEPXY,
MOJIyYEHHOI'O C YeThIpeX KaMep B pa3HOe Bpe-
M$ CyTOK, MO3TOMY OCHOBHAs 3ajaya DKCIe-
PUMEHTAJILHOIO HMCCIENOBaHUS — IIOJydeHUE
JAHHBIX [JJI1 BBIMOJHEHUSI CPaBHUTEIBLHOTO
aHajJr3a METOIOB OOHApPYKEHUSI OCOOBIX TO-
YeK Ha M300paXkKeHMSIX MPU PA3IUYHBIX YPOB-
HSIX OCBEILEHMSI.

Metoauka NpoBeACHUA IKCNIEPUMEHTOB

151 IpoBeaeHUsT SKCIIEPUMEHTOB UCIOJIb-
30BajICsl MHCTPYMEHTApUMl Cpelbl MOJEIUPO-
BaHuss MATLAB. 11 HOBTOPSIEMOCTH IIpel-
JlaraéMbIX 3KCIEPUMEHTOB U BO3MOXHOCTHU
Bepu(dUKALMKU IIOJYYCHHBIX pe3YyJIbTaTOB B
MpOrpaMMHON peanu3aluyd METOIO0B IpHUMe-
HSUIUCh BCTPOCHHBIC (DYHKIIMU ONpeIeeHUS
0Cco0bIX TOUueK (Tab. 1) [16]. 1yis onpeneneHust
O0ILIMX OCOOBIX TOYEK Ha ABYX M300pakeHUSIX
ucrnosab3oBaiachk pyHkuusi matchFeatures.

WcrouHukamMyu MCXOOHBIX HAHHBIX IS
9KCMEPUMEHTANIbHBIX ~ MCCAEAOBAHUN  ObLIU
HECKOJIbKO CIIelIMaIM3MPOBAaHHBIX 0a3 u30-
opaxenuit (Matlab Stitching Example [17],
Adobe Panoramas Dataset [18], Panoramic
Image Database [19], IIIA Panorama Dataset
[20]), comep:kaliyMx B COBOKYMHOCTU 445 Ha-
OOpOB [JIs1 TTaHOPaM, B KaX/blii M3 KOTOPbBIX
BXoAMIO oT 5 g0 32 uzobpaxkenuii (puc. 1, 2),
KOTOpbI€ B IajibHEMIIIEeM CIIMBAJINCh B €AUHOE
“300paxeHue 10 OCOOBIM TOYKAM, MOJIyYyeH-
HBIM pa3HbIMU METOIAMMU.

151 mpoBeneHNsl 3KCIEPUMEHTOB 1300pa-
JKeHUS TTOJBEPraJINCh UCKYCCTBEHHOMY 3aTeM-
HEHMIO, [IJISI Yero MCIOJb30Bajach BCTPOEH-
Has ¢yHkums imadjust cpenst MATLAB [21].

Tabnunpa 1
DyHKIUN NOUCKA 0COOBIX TOYEK
Dyukums Tum ocoOBIX TOUEK
detectFASTFeatures
detectMinEigenFeatures Yrabe1. OgHoMmaciuTabHOe OOHapyKeHUE
detectHarrisFeatures
detectBRISK Features ¥Yrael. MHOromacitabHoe obHapyXeHue
detectSURFFeatures «Kamm» (blobs). MHoroMmaciutabHoe
oOHapyXeHUe
detectMSER Features O06acT¥ OTHOPOIHONW MHTEHCUBHOCTH.
MHoromMacitabHoe OOHapyKeHHNE

11
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Puc. 1. IIpumep ucxogHoro Habopa uzodbpaxkeHuii (Matlab Stitching Example)
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Puc. 2. ITpumep ncxomHoro Habopa M300pakeHU
(cveOlpassadis-cyl-panol0 u3 I1IA Panorama dataset)
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Puc. 3. Habop u3obpaxeHuii rmocie nocaeaoBaTeIbHOTO 3aTEMHEHUS
(ceBa HampaBO — MCXOMHOE M300paxkeHMe, gamma = 2, gamma = 4)

Bech nuama3oH 3HaUY€HMI SIPKOCTU M300paxe-
Hus (0; 255) mpeobpa3oBBIBAJICS B AUAIla30H
(0; 150), xoa(pdULIMEHT TraMMa-KOPPEeKLIUU
gamma MIpy 3TOM ITIOCJIEI0BATEeIbHO MEHSICS
oT 1 1o 6 ¢ mwaroM 0.1, 4TO ITO3BOJIWIIO MOJIY-
yuth Mo 50 MoaUULIMPOBAHHBIX M300paxke-
HUI 11 Kaxaoro Habopa (puc. 3).

B cootBercTtBUM ¢ Taba. 1 Kaxkaplil U3 Ha-
O0opoB monBeprajcsa obpadbotke B MATLAB
IJI TIOJy4YeHUsl eduHOoro uszobpaxeHus. Ha
puc. 4 nmokazaHbl U300paxkeHUs, TTOJyYCHHBIE
IpU CIIMBKE II0 OCOOBIM TOYKaM, KOTOpPBIE
onpeaeaeHbl MeTogoM SURF.

e~

[IpoBeneHue BU3yalbHOIO CpPaBHUTEJb-
Horo aHanu3a 3ddeKTUBHOCTU 00pabdboT-
ku metogamu SURF u MSER u3 Habopa 4
(puc. 5) MO UTOTOBOMY HM300paxKeHUIO IIa-
HOpaMbl AOCTaTOYHO 3aTPYAHUTENbHO. Jls
BBIITOJIHEHUSI OLEHKU 3(P(HEKTUBHOCTU Me-
TOJOB TPEIJOKEHO BBHIIOJHEHUE CPABHEHMUS
pe3yabTaTOB OCYIIECTBISITH Ha 0OoJjiee paH-
HeM 3Tane padOThl aJrOPUTMOB: Ha 3Tare
oIpeaesieHUsI 00X OCOOBIX TOUEK Ha ABYX
n300paxkeHUsAX. MeTpuKoil I CpaBHEHMUS
METOIOB BHIOpaHa OLIEHKA CPEeIHEro KOJIU-
yecTBa OOIIMX OCOOBIX TOYEK Ha M300pake-

Puc. 4. Pe3ynbraThl CIIMBKY HAOOPOB M300paxkeHMWIA ¢ pa3HbIM 3HaueHHeM gamma MetogoM SURF

13
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| -
Puc. 5. CiunBka n300paxkeHuit ¢ MOMCKOM OCOOBIX TOYEK pPa3HbIMU METOAAMM:
cBepxy — metogoM SURF, camzy — metomom MSER
HUSIX IJIS1 Kaxaoro Habopa. Pe3yinbTaThl pac- Pe3yabTaTbl
yera CpeJHEero KOJMWYecTBa OOIIUX OCOOBIX B xome MpPOBEACHMSI SKCIEPUMEHTATBHBIX

TOYECK Ha M300paXKEHUSAX Ul KaXIOTO HA-  pccefoBaHMil KAYeCTBO CLUIMBKU M300paXeHMIA
Oopa i pasHbIX METOIOB IPEACTABICHBI B ompeessyioch MO KOIMYECTBY OOILIMX TOYEK

cjlenyroueM pasaeiae crarbu. MEXy Mapoi aHATM3UPYEMBIX U300paKEHUT.

300

250

——SURF 200
= MSER

——BRISK 150
Harris

= FAST 100

—— MinEigen
50
0
0 1 2 3 4 5 6
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Puc. 6. I'padMK 3aBUCMMOCTH KOJMYECTBA OOILLMX OCOOBIX TOYEK

OT YPOBHSI OCBEILEHHOCTU U300paXkKeHU S
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Taonuna 2

3HavyeHus WHBAPUAHTHOCTH METOI0B NMOUCKA 0COOBIX TOYEK
K CTE€NEeHHU OCBCICHUA

Meton WuBapuaHTHOCTD, %
SURF 9,85
MSER 10,71
BRISK 34,62
Harris 6,88
FAST 34,62
MinEigen 8,99

Ha rpaduke (puc. 6) ImokazaHa 3aBUCH-
MOCTh KOJMYECTBAa OOIIMX OCOOBIX TOYEK OT
YPOBHSI OCBELLIEHHOCTHU.

I'pacduk mokaswiBaer, uro Mmerogq SURF
MMeeT HauJTydllIie pe3ylabTaThl KaK MPU CUIThb-
HOM, TaK U IpU CJ1abOM OCBEIlIEHUU, B TOM
YHCJIE TIPU ChEeMKE HOUbIO.

Hpyroil BaXHBbIN MapamMeTp, MO KOTO-
poMy HaMHM CpaBHUBAaJINUCh METOABI ITOMCKa
0COOBIX TOYEK, — B3TO HMHBAPMAHTHOCTb K
CTEMEHM OCBEIICHUS, pacCUuMThIBaeMas IO
dopmyne:

min

iny =M 100 %, 3)

max

rme max — MakCHUMajJbHOE KOJMYECTBO OOIIMX
TOYEK MEXIY Mapoii M300paKeHMIT; min — MU-
HUMAaJbHOE KOJMYECTBO OOIIMX TOUEK MEXIy
napoil n300pakKeHuiA.

B 1abn. 2 mpuBeneHbl 3HaUYCHUSI MHBAPU-
AHTHOCTH IIJII BCEX METOJMOB.

B cootBeTCTBUM C IOJYYEHHBIMU PE3YJib-
TaTaMd MOXHO CIieJJaThb BBIBOA, YTO METOM
SURF He mHBapuaHTeH K M3MEHEHMIO OCBe-
IIEHMSI, a, CJAEA0BATEIbHO, KaueCTBO CIIMBKM
C ero IpuMeHeHueM OyIeT 3HAUUTEIbHO OTJIM -
YaThCsl B CBETJIOE Y TEMHOE BpeMs CYTOK.

Meroast BRISK u FAST mokazanu omu-
HAaKOBO BBICOKYIO MHBapWaHTHOCTb K OCBE-
IIEHUI0, T. €. OHO HauMeHee 3HAYUTEJIbHO
MOBJIMSJIO Ha Ka4yeCTBO ITOMCKa OCOOBIX TO-
YeK U, COOTBETCTBEHHO, Ha CILIMBKY. 3Hau4M-
TeabHbIM MUHYcoM MeTtona BRISK mpu stom
SIBJISIETCSI OU€Hb MaJIeHbKOE KOJIMYECTBO Hali-

JNeHHBIX OOIIMX OCOOBIX TOYEK IJIsl Haphbl U30-
OpaXeHUI.

Jpyroii WHTEPECHBI BBIBOA, KOTOPbIi
MOXHO cj/ieJlaTb M3 MPUBEIEHHOTO BbIlIE Ipa-
¢uka: meronbl MinEigen 1 MSER 3HauuTe b-
Ho nipeBocxoasAT FAST npu BbICOKOM OCBellie-
Huu, Tipu HU3KoM ypoBHe FAST mokasbiBaer
pe3yabTaThl HEMHOIO JIydllle KOHKYPEHTOB,
YTO rOBOPUT O ToM, 4YTo FAST He TonbKO UH-
BapuaHTeH, HO W B LIEJOM Jydlle padoTaer
MpU HU3KOM OCBELIECHUM.

3akinoueHue

Takum o0pa3zom, HaMM TIPOBEAEHBI DKC-
MEePUMEHTBI I10 HAXOXICHUIO OCOOBIX TOYEK
Ha m3o0Opaxenusix Mmerogamu SURF, MSER,
BRISK, Harris, FAST u MinEigen. Peanuzo-
BaH TIOMCK OOIIMX OCOOBIX TOYEK UIST Maphl
M300paXeHU, a TakKe aHaJlu3 MX KOJIuYe-
crBa. [IpoBeneHa ciumBKa M300pakeHUId pas-
HBIMU METOHAMM IIPU Pa3IMYHBIX YPOBHSX
OCBEILLIEHUA.

Pesynbrarthl 1mokazanu, 4TO U3 HCCIEHO-
BaHHBIX Hamu MetogoB SURF saBnsercst Hau-
JIYYIIUM 110 Ka4eCTBY MOJIyYEHHOU CILIMBKHU, a
meton FAST HamOojiee MHBapMaHTEH K M3Me-
HEHMIO OCBELLEHUS.

B nmanpHeiteM mpenmnonaraeTcst IIpoBeCTU
CpPaBHEHME 3TUX METOMIOB IO UX OBICTPOICH-
CTBMIO, YTO HEOOXOAMMO IISI CIIMBKU B pe-
xume real time. Torma Ha OCHOBaHMM HAH-
HOTO W CJIEAYIOIIEr0 WMCCIEIOBAaHMI MOXKHO
Oyzmer caenaTh BbIBOJIBI O TOM, KAKWe METOMIbI,
B KaKOW KOMOWHALIMM Y MPU KaKUX YCIOBUSIX
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cienyeT mpuMeHsATh. [lmaHupyercss pa3paboT-
Ka HOBOIO METO/Aa, KOTOPBIA MOJIKEH HMMETh
BBICOKO€ KayeCTBO CIIMBKHM, WHBAPUAHTHOCTH

K OCBEIIEHUIO W OBICTPOAEHCTBUE, ITO3BOJISI-
I0lIee MPOU3BOIUTH CIIMBKY M300pakeHU B
pE€UTbHOM BPEMEHM.
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PA3PABOTKA U UCCNIEQOBAHUE CUCTEMbI NMPAAMbIX COEAUHEHUN
D2D C COTOBOU NOAAEP)XKOM LTE

A.B. Msmmaed', C.[. AHdpeeB', E.A. KyuepsaBuiii®

! Poccnmnckmuim yHuBepcuTeT Apy>k6bl HAPOAOB,

MockBa, Poccunckas Pepepauns;

2 HauMoHanbHbIM nccneaoBaTebCKMM YHUBEPCUTET «BbiCllas WKOIa 3KOHOMUKU,
MockBa, Poccuickas Penepaumns

BBuay nomyasipHOCTM MOOWJIBHBIX TOJb30BAaTEIbCKUX MPUIOXKEHUI OMepaTopbl
COTOBOM CBSI3M BCE Yallle CTAJIKMBAIOTCA C 3aadyeil pa3rpy3Kd CBOETO OTrpaHMYCH-
HOTO JIMLEH3UPOBAHHOIO CIIEKTpaJbHOro pecypca. IlpuMeHeHMe ISl 3TUX Liesei
TEXHOJIOTUI pamromocTyIa, (PYHKIMOHUPYIOIINX B HEIWICH3MPOBAHHOM CIICKTpE,
SIBJISIETCSI TIPUBJIEKATEJIbHBIM MIJII COKpallleHUs] COOTBETCTBYIOIIMX 3aTpaT. B cTaThe
OIMMCcaHa CHCTeMa MPSIMBIX coennHeHUT D2D B HeMMIIEH3MPOBAHHOM TTOJI0CE YACTOT
Ha ocHoBe TexHoJioruu WiFi Direct mis1 pasrpy3ku MoOuabHOro tpaguka, o0ciy-
KuBaeMoro cotoBoil cuctemoil LTE. Pa3zpabotaH mpoTokos obecrieueHus CeTeBOM
noaaepxxku coenuHeHuit D2D co croponsl apxutektyphl cetu LTE, a Takxke mpo-
M3BEIeHO MMMTAIIMOHHOE MOIEIMPOBAaHWE HAa CUCTEMHOM YPOBHE IUISI BBISIBICHUS
COOTBETCTBYIOLLIETO MOBbIILIEHUS 3(D(HDEKTUBHOCTU yIpaBieHUsT TpacdhukKoMm. OnucaHbl
ncnbiTanug cBsi3u D2D \a momenbHOI cett LTE.

KmoueBblie cioBa: MoOWIbHBIN Tpaduk, coToBas cBsi3b LTE, npsimble coeanHeHus ¢
noaaepxkoit cetu, TexHonorust WiFi Direct, ucciegoBanue u BHeIpeHUeE.

Ccpuika npu nutaposanun: IlstraeB A.B., AnnpeeB C.J., Kyuepsasoiii E.A. Paspa-
0oTKa 1 MCCllelOBaHWE CUCTEMBI TIPSIMBIX coennHeHnit D2D ¢ coToBoil momaepKKoit
LTE // Hayuno-texunueckue Bemomoctu CITOITTY. MapopmaTuka. TenreKoMMyHM-
kaunu. Ymopasienue. 2018. T. 11. Ne 2. C. 19—34. DOI: 10.18721/JCSTCS.11202

DESIGN AND EVALUATION OF A SYSTEM OF DIRECT D2D
CONNECTIONS WITH LTE CELLULAR ASSISTANCE

A.V. Pyattaev', S.D. Andreev', Ye.A. Koucheryavy?

! Peoples’ Friendship University of Russia (RUDN University), Moscow, Russian Federation;
2 National Research University Higher School of Economics, Moscow, Russian Federation

Due to the growing popularity of mobile user applications, cellular network
operators are increasingly interested in offloading their scarce licensed spectrum
resources. To this aim, using unlicensed-band radio technologies is attractive owing
to its reduced costs. This work designs a system of direct D2D (device-to-device)
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connections to offload mobile traffic that is served by LTE (long-term evolution)
cellular networks. In particular, a network assistance protocol over LTE architecture
is proposed for D2D connections, and its system-level performance is evaluated
to quantify the resulting traffic-steering efficiency. In addition, practical operation
of D2D communication in a test LTE network is described, which allows making
substantiated conclusions about the actual feasibility of the proposed solution in real-
life conditions.

Keywords: mobile traffic, LTE cellular communication, direct connections with
network assistance, WiFi Direct radio technology, design and evaluation.
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BBenenue u 0030p JauTEepaTypbl

JIn1eH3MpOBaHHBIN O0ECITPOBOJHON CIIEKTP
MPOJO0JIKAET OCTaBaThbCsl KpailHe OrpaHuyeH-
HbIM U goporuM. IIOCKOJBKY MMeEMLIEerocs
CIIEKTpa yXe HEHOCTAaTOYHO [Jisl YIOBJIETBO-
peHUsT CYIIECTBYIOILETO CIpPOCa CO CTOPOHBI
OIepaTopoB MOOWJIBHON CBSI3U, MPEANPUHM-
MalOTCsl TOIBITKM JIMIEH3UPOBaTh JOMOJIHU-
TEJIbHBIN CTIEKTpaJbHBIN pecypc [1]. [ToaTomy
WCIIOJIb30BAHUE TIPSIMBIX COCIVMHEHUIA MEXIy
M0JIb30BaTEJIbCKUMM ycTporicTBamu (device-
to-device — D2D) B HelMIIEeH3UPOBAHHOM TO-
JIOCE 4acTOT UISl LeJei BhITPY3KH MOOMIIBHO-
ro tTpaduka MCKIOUYUTEILHO BaxkHas 3amaya.
[Ipy 3TOM HENIMILIEH3UMPOBAHHBIE CIIEKTPaJb-
HBIE PeCypchbl HE MOTYT OBITh 3ape3epBHpPOBA-
HBI TOJIBKO 111 1enieit D2D u, cienoBarenbHO,
coequHeHusT D2D mOKHBI MCIIOIB30BaTh MX
COBMECTHO C CYIIECTBYIOIIIMMM YyCayraMu oec-
MPOBOAHOIO IOCTYIIA.

PacimpenHoe yrpaBieHue uHTepdepeH-
Uei ¢ KOHTPOJIEM AOCTYIa U MOLIHOCTU [2]
TpeOyeTcsl sl MOMIEPKKM HECKOJbKUX CO-
eqnHeHuin D2D Ha OoOHOM M TOM Xe KaHa-
Je. WccnenoBatelibckue pabOThI (Harpumep,
[3—5]) mpennaraior cnoco® KOHTPOJIS MHTEP-
(epeHIIMM, MCTIONB3YIOLIMK WHPOPMALIMIO O
COCTOSIHUM KaHajla B pealbHOM BPEMEHM, Me-
CTOITOJIOKEHUU II0JIb30BaTelIsl, a TaAKXKe O CO-
cTosiHUM cpeabl nepenadu. [Ipu 3Tom cxema
yIpaBieHuss WHTepdepeHlneld ToJDKHA pe-
LIUTh, KaK MOCTYIIUTh C KaXKIbIM COEIVMHEHMU-
em D2D:

pa3nessaTh OOILIME pecypchl JIMLEH3UPO-
BaHHOM ITOJIOCHI CO CTaHAAPTHBIMU COTOBBLIMH
nepenayaMu (MeXIy I10Jb30BaTeIsIMU U 0a30-
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BbIMM CTAaHLMSIMU) U HCIBITHIBATH MHTEpde-
PeHILINIO;

HCIIOJIb30BaTh BbIAEJAEHHBIE PECYpChl U
CTPEMUTHCST 00ecrieunTh UX 3(PHEKTUBHOE UC-
M0JIb30BaHUE;

OoCTaBaTbCsl B paMKaxXx COTOBOM WH(ppa-
CTPYKTYPBHI.

JaHHBII TIpoliecC, M3BECTHBIM TakXke Kak
6bl00p pexcuma, TIPUBJIEK BHUMaHUE KUCCIIE0-
BaTesieil, C(OKYyCUPOBABIIMXCS Ha IIMPOKOM
Kpyre ONTUMM3alMOHHBIX 3a1a4 AJIs1 TAKUX 110~
KazaTesieil, KaKk OTHOIIEHUE CUTHAJIa U TTIOMEXU
K mymy (SINR) [6], mporyckHast CTocOOHOCTD
[7], sHepreTuueckast 3¢dekTUBHOCTL [8], 3a-
JepKKa Iepenadyd JaHHBIX [9], chpaBeainBoe
pacmpeneeHUe PecypcoB M BEPOSITHOCTb OT-
kaza [10]. BonbIIMHCTBO 3TUX MCCIEAOBAaHUI
paccMmaTpuBano D2D-TexHoMoTHIO B TNIICH3M -
POBAaHHOM CIIEKTPE B CHUCTeMaXx J0JTOCPOYHOI
sposoiiu 3GPP LTE (long-term evolution)
[11, 12].

C Ipyroii CTOPOHBI, OIEepaToOp HE MOXKET
00eCMeYnuTh SKCKIIO3UBHOIO HCITOJIb30BaHMS
KaKoro-jimbo HEIUIEeH3MPOBAHHOIO CIEKTpa.
B pesynbpraTe uHTEepdEpeHLIMST CTAHOBUTCS
HeIpeacKa3yeMoi, 4To TpeOyeT HaaexkHOro
KOHTPOJISI AOCTYIIA K Cpele, CIIOCOOHOTO crpa-
BUTbCS C JaHHOW Tmpobiemoit. Hampumep,
Oblu  pas3paboraHbl TexHoysoruu Bluetooth
n WiFi, KoTopble CTaHOBSTCS Bce OoJjiee Mo-
MOYJISIPHBIMU B O€CIPOBOIHBIX IEPCOHATbHBIX
n nokanbHbIX ceTaXx (WPAN/WLAN). OcHo-
BaHHoe Ha ctaHmaptax IEEE 802.11 pemenue
WiFi B HacTtoslIee BpeMs SBIsIETCS TpeodJia-
JAIIUM IS MOAKJIIOUEHMST IO0JIb30BaTe/Ib-
CKHUX yCcTpoKcTB [13].

Onnako nockosbky WiFi He nmeeT rapaH-
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THUPOBAHHOTO KOHTPOJISI MOCTyIa, 3Ty TEXHO-
JIOTUIO 4YacTO KPUTHUKYIOT 3a TO, UTO OHA He
BCErNa yIOBJICTBOPSIET TPeOOBAaHUSIM MO Kaye-
ctBy obciyxuBaHus QoS [14]. Tem He MeHee,
WiFi obGecneunBaeT 0oJjiee BBICOKHE CKOPO-
CTU TIepelayd OaHHBIX U 3HeproaddekTus-
HOCTb, YeM JIto0asi M3 COTOBBIX TE€XHOJIOTHIA.
B npuHuume, npu HaJTUYUKA COOTBETCTBYIOLIMX
MeToaoB ymnpaBiaeHus, misl WiFi-coennHeHus
MOXHO JOOUTHCS CTAOWMJIBHBIX pe3yJbTaTOB
pabotel [15]. C yBenuyeHuMeM KOJMYECTBA
coequHeHuin D2D 1 mepcoHalIbHBIX CETEii, B
TOM YHCJI€ TOCTPOEHHBIX Ha 00Jiee COBPEMEH-
Hoit TexHonorun WiFi Direct, Takoe yrpasie-
HH€ CTAaHOBUTCS HEOOXOIUMBIM.

B pesyiabrare cOTOBBIE CETM MOIYT 00€-
CMICYUTh  MHTEJJIEKTyaJlbHOE  YIpaBJeHUE
pagpopecypcaMu, a TakXe CTOJb HeoO0XOdu-
MYI0 aHOHUMHOCTb MpU ob0cay:kuBaHnuu. Eciu
MOJIb30BATEILCKUE  YCTPOMCTBA  ITOCTOSIHHO
CBSI3aHBI C COTOBOI CEThbIO, OHA MOXKET IIpel-
JIOXUTb pe3epBHOE COEAMHEHUE, Koraa s
HeJIWIEH3UpOoBaHHOI Tiepegaun QoS oKa3bl-
BaeTCsl HEYOOBJIETBOPUTEILHEIM. KpomMe ToroO,
py TOOACPXKKE CO CTOPOHBI COTOBOHM CETH
ayTeHTU(UKAIUST YCTPOUCTB M OE301aCHOCTh
JuHun D2D Moryt ObITh 3HAYUTEIBHO YIyY-
IIEHBI, 4YTO, HaIpuMep, NejaeT Jo00H BuUI
aTakKM <«4eJIOBEK IIOCepelIuHe» IPaKTUYEeCKU
HEBO3MOXHBIM. [IpyrMMu clioBaMu, HaJaddue
MNOIAEPKKU CO CTOPOHBI COTOBO CETH [Jist
D2D-coenuHenuit Ha HEIULEH3UPOBAHHBIX
4yacToTax TakK, KaK 3TO IIpelajiaraeTcsl, HaIlpu-
Mep, B [16], mpeacTaBisieTcs KpaiiHe TepCIieK-
TUBHBIM TTOJIXOIOM.

ApXUTEKTYpHAs peau3aius CUCTEMBI
NPSAMBIX COEIUHEHU

Kak ObL1O cKa3aHO BBbIIE, IS COTOBBIX
OIlepaTOPOB KeJATeJbHOU SIBJISETCS BbITPY3-
Ka MoOumsbHOTrO Tpaduka B cetb D2D Henu-
LICH3MPOBAHHOTO CIEKTpa KaK KOHKYpPEHT-
Hoe peuieHue ¢ LTE- u WiFi-nuHusaMu nias
MyJbTUpaguoyctpoiicts. Ilpu stom Hu WiFi,
a1 WiFi Direct (WFD) He pacrionaratoT ObI-
CTpbIMU U I(PPEKTUBHBIMU METOAAMHU 00-
Hapy:XeHUSI YCTPOMCTB/YCIYT, a TakXKe He
MMeETCSl ITPOCTOTo crocobda BHenpeHus D2D-
B3aMMOJICIICTBUI BCICACTBHE OUCHb KOPOTKHUX
paccTosHUIT MexXny ycTpoiictBamMu. HakoHelr,
AHOHMMHOCTD TPSIMBIX COCIMHEHMII OCTaeTCsI

OTKpBITON 3agaueil miag peweHuii D2D B He-
JIMLIEH3UPOBaHHOM criekTpe. C Le/I0 Mpeono-
JICHUST 3TUX OTPaHUYCHMIA Tajiee TIpeagaracTcs
HOBasl apXUTEKTypa IUIsSI BHEIPEHUS ITOIACP-
KUBaeMbIX ceTbio D2D-peleHuii.

Cxema paboOThl MpU OOCITYKHUBAHUN COEIM-
menmii D2D. [ng Havana ompenennM, Kakue
MMEHHO YCJIYTM JOJDKHBI OBITH OOecIieueHBI
IUI1  KOHEYHOro TMoJib3oBaTessd. EcTecTBeH-
HO, OYE€Hb CJIOXXKHO TapaHTUPOBaTh KaKMe-
MO0 ajeKBaTHBIC YCJIOBUS Tepefadyr Jjist
D2D-nuHuii, a Ka4yecTBO OOCIY:KMBaHUS IJIs
TaKUX COEAMHEHUI MOXKET CYILIECTBEHHO OT-
JINYAThCS B pPa3IMYHbBIE MOMEHTHI BPEMEHU
U B CBS3U C MEpeMEelIeHUEM TMO0JIb30BaTe/IeH.
IToaToMy ycayru, TojiepaHTHBIE K 3aepKKaM,
TaKMe KaK paclpelesIeHHOe KAIIMPOBaHUE U
KooIllepaTUBHAsI mepeaadya, MOTYT paccMaTpu-
BaTbCS KaK IepBble KaHAMIATHl Ha BBITPY3KY
Tpaduka. OmgHako Hauboyiee WHTEPECHLIMU
JIIST MOOWMJIBHBIX T10JIb30BaTeC MpeacTaBs-
IOTCS YCIYTM II0 3ampocy, TpeOymollue cTa-
OMJIBHBIX JIMHUI BBICOKOTO KauyecTBa U, TAKUM
00pa3oM, HUKOTJA He TpearnoaraBiimecs aist
ciydyas mcnonb3oBanust D2D-texHosorumii.

Tem He MeHee, eCIM YCTPOICTBa Haxo-
narcs OJM3KO OPYr K APYrYy U MOXHO Ipe.-
cKa3aTb [JOCTaTOYHO CTaOWJIbHBI YPOBEHb
KauyecTBa CBSI3BIBAIOLIECH WX JIMHUM, MHOTHE
3arpalllBaeMble YCIYTU CTAHOBSITCSI peau3y-
eMbIMi. Ha KOpOTKOM TIpOMeXyTKe BpeMEHU
paboThl IMPWIOXKEHUSI, TaKhe KaK ITOTOKOBOE
BUIEO, WUIPHl CO MHOTMMHM YYaCTHUKAMHU M
T. II., MOTYT OBITHb IPEIOCTaBICHBLI IOCPEI-
crBoM D2D-nunnit. YToOBI cieaTh 3TU YCIIy-
I'M KOMMEpPYECKU IIpUBJIeKaTeJIbHbIMU, He-
o0xomMMBI olpenesieHHble rapaHTuu QoS, a
TaKXKe CIIOCOOBI OIIpeAesieHUsI TOro, B KaKoil
Mepe BBITIOJIHEHBI TIPeIBapUTEIbHBIC YCIIOBUS
11 UcIoib3oBaHus D2D.

ITosToMy KpuUTMYECKM BaxKHBIE TpebOoBa-
HUSI K pa3paboTke apXuTekTypbl cetn D2D
COCTOST B NPENOCTaBJICHUMHU ITOJIb30BaTEIISIM
3HAHMSI O TOM, KOIla MOXHO yCTaHaBJIMBAaTh
D2D-coennmHeHus1, ¢ KeM, KaKO KOHTEHT JI0-
CTyIeH, U 4YTO AejaTh, €CJIM I0YeMYy-TO HET
BO3MOXXHOCTM TojuiepxkuBaTh QoS. s 31o-
ro, B YaCTHOCTH, JOJKHA OBITh IIPEIyCMOTpE-
Ha TIo[iepXKKa CIeIyIonX (PyHKIIWIA:

e YIeHTU(UKALIMU LeIM B3aUMOIEHCTBUS
(XpaHeHMEe M TTOUCK (PAMIOBBIX M MOTOKOBBIX
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JMaHHBIX, UACHTU(PUKALMS YYaCTHUKOB UTPHI U
T. 1.);

e TIOMCKa OJMKalIIMX MapTHEPOB, MPOSIB-
JISIIOIIMX MHTEePEeC K KOHTEHTY;

e ayTeHTU(MUKAIIMM W aBTOPU3ALMU IS
LeJiel nepegayu KOHTEHTA;

o TIOAJEPXKKHU HadexcHo20 AyOJIUPOBAHUS
npu otkaze D2D-nuHun.

TexHu4yecKr HaXOXIeHWE Mapbl, UMEIOIIEH
NOAXOASIIMA KOHTEHT, HE SBJISETCH CIOXHOU
3a7a4eii BCJIEACTBUE IIMPOKOro pacpocTpaHe-
HUS 00JIaYHBIX W COLIMAJIbHBIX ceTeil. BaxHeii-
1rast mpodjeMa COCTOUT B TOM, UTO COEIMHE-
HHe, KOTOpOoe ellle He YCTAaHOBJIEHO, HE MOXET
OBITh TIPEJCTABIEHO TPAAUIIMOHHBIM 00pa3oM:
HET aCCOLUMUPOBAHHBIX C HUM HHTEP(PEHCOB,
Het IP-agpecoB u T. A. EcTecTBEHHbIN BbI-
XOI M3 TaKOH CUTyalluM — HEO0OXOZUMOCTb
CO3IaHUsI HOBOTO OOBEKTa, CHEIMAJbHO pa3-
paboraHHoOro misl yrpasiaeHus D2D-nuxueit
W TPUHATUS PEIIEeHW B peaJbHOM BpPEMEHMU,
OCHOBaHHBIX Ha MO3ULIMOHMPOBAHUU U JI0O-
CTYIHOCTHU pamropecypcoB. IToCKoIbKY Takas
uH(pOpMaLIMsI B CUCTEME YIIPaBJICHUS CBSI3bIO
coOupaeTcs TOJBKO OMEpPaTOpoOM, 3TOT OOBEKT
JIOJKEH OBITh YaCThIO ONEPaTOPCKOM CETH.

C napyroii CTOpPOHBI, TPOTpaMMHBIE WH-
tepdeiichl s npunoxeHuit (API) noctymHbl
TOJILKO mMpoBaiigepy ycayr. Torma mposaiiaep
U omepaTtop JAOKHBI OpPraHM30BaTh B3aUMO-
JeCTBUE IUIST TIPEIOCTABICHUSI KOMIUIEKCHBIX
YCIyr IIOJIb30BaTeN0. DTo Haubojiee ecre-
CTBEHHBII MHTEpP(PENC MEXIy ABYMs pas3jind-
HBIMM TEXHOJIOTUSIMU: CHEUM(PUIHBIMU BO3-
MOXHOCTSIMU KOHTPOJISI JTUHUM (YIIpaBIsgeMOoi
o 3ampocy cepsepom D2D, aensgiommmcst ya-
CTBIO TPAHCMOPTHOM CeTH) M creluduUIecKu-
MU BO3MOXHOCTSIMU OTCJIEKMBAaHWUS KOHTEHTA
(ympapjsieMoro I1o 3alpocy CEpBEepOM IIPUIIO-
>xeHuit). [lpeaioxkeHHOe B 1aHHOM CTaThe pe-
meHue (puc. 1) GyHKIMOHUPYET CAEAYIONIUM
o0pa3om:

1. Kaxmoe moab30BaTeIbCKOE YCTPOMCTBO
MPUMEHSIET BO3MOXHOCTU YPOBHSI IMPUJIOXKE-
HUM 1151 ayTeHTU(UKALIMK C CEpBEPOM TTPUJIO-
xKeHuil (HampuMmep, Facebook). DTo mo3Boss-
eT 00ecreynTh B3aMMOJIEICTBUE C KOHTEHTOM,
KOTOPBI aBTOPU3YETCSI TPETbEM CTOPOHOM, a
TakXke yCTpaHsieT TpeboBaHUs 1O 00paboTKe
MEeTallaHHbIX M MPEIOCTaBIsSIET BO3MOXHOCTh
aBTOPHM3AlIMU CO CTOPOHBI COLMAIBHBIX CETEH.
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2. ITonb3oBaTeabcKoe obopygoBaHue (user
equipment — UE) mosBossier cepBepy D2D
CBOEro orepaTopa MpeacTaBiIsaTb €ro Ha cep-
Bepe MPUJIOXKEHUM Ipu opraHu3auuu D2D-
coenuHeHuit. Ilpu stom cepBep D2D Hukor-
Ja He MOoJIydaeT JOCTYIl K KOHTECHTY WJIM ero
METaJaHHBIM: OCYIIECTBIISIETCS JIMIIb ayTeH-
TUMUKALMS TT0JIb30BaTelIsl, YTOObl YOeIUThCS,
YTO YCTPOMCTBO JEWCTBUTENIBHO IIpMHAIJIC-
SKUT BJIaJeJIbLy 3asIBJICHHBIX YYETHBIX JTaHHBIX
YPOBHS puioxkeHUs. Takum oOpa3oM, cepBep
D2D mno3BojiseTr mpucBauBaTh HMMEHa IIPU-
KJIaJHOTO YPOBHS (DM3MYECKUM YCTPOMCTBaM,
B TOM UYMCJIe U B ClIlydyae, KOrJa MMeeTcsl He-
CKOJIBKO YCTPOMCTB, MPUHAMICXKAIIUX OJTHOMY
U TOMY Xe JIMILY.

3. ITonb30BaTeabCKOE YCTPOMCTBO MOXKET
nyoJIMKOBaTh WIM MCKaTh JIMHUU IS TIepe-
Jayd KOHTEHTa Ha cepBepe MNPUIOXEHUM, U
5TU JIUHUU OYAYyT CChUIAThCS HAa KOHKPETHBIN
KOHTEHT HEKOTOPOTO ITOJb30BaTeNsl (HO He
ycTpoiicTBa). JIMHUM MOTYT OBITh ITIOCTOSIHHBI-
MU, OTPaHUYCHHBIMU MO BPEMEHU WA OIHO-
pa3’oBbIMU B 3aBUCUMOCTU OT ILeJeH MPUJIO-
SKEHMSI.

4. Ilonp3oBaTenb  3ampallliBaeT  CepBEpP
D2D nepen co3naHueM MpsIMOrO COeIUHEHUS,
YTOOBI 00€CIIeUNTh JMHUIO Ha YPOBHE MPUJIO-
KEHMI, a cepBep IPWIOXEHMUIA MpeodOpasyeT
3TOT 3aIllpoc B (paKTUUYECKOEe COeNMHEHHE Ha
ypoBHe JIMHMU U obecneunBaeT IP-ampec, K
KOTOPOMY MOTIYT OBITh IPUBSI3aHbI COKETHI.

5. HakoHel, MoXeT NpOU3BOAUTHCSI 00-
MEH JAaHHBIMU. 3aMETHUM, YTO CEpPBEpP MPUJIO-
JKeHMI He YJacTBYET B OTOM IIpollecce W He
OTCJICKMBAaeT OOMEH KOHTEHTOM HEIOoCpe.-
CTBEHHO, JIMIIb YOOCTOBEPSISICH B TOM, YTO
JIMHUW CJAEAYIOT MOIENW O0e30ITacHOCTH, He
NpUHUMAas y9acTUs B UX JOKAJIbHOM YIIpaBJe-
Huu. Cepep D2D npu 3TOM MOXET OCYILECT-
BJISITb MOHUTOPUHI U pEeryadpoBaTh CBOMCTBa
D2D-nauHun ripu HeoOXOAMMOCTU U B 3aBUCH-
MOCTHU OT eTr0 (PyHKIIMIA.

Jlanee KpaTKO pacCMOTPUM Te OCOOEHHO-
CTU TIPEIIOXKEHHOM CXeMbI, KOTOpbIe AeIaloT
ee NPUEeMJICMbIM pEIIEHUEM C TOYKU 3PEHMUSI
0e301acHOCTU A1 MOAAEPXKUBAEMOM COTOBOM
ceTblo cBs3u D2D.

Kaxnoe coeavHeHUe HayMHAETCsI C IPO-
BEpKM KOHTeHTa JIMHUU. IloTeHIMalIbHBIM
3JI0YMBIIIVIEHHUKAM HEO0O0XO0auMO OyaeT Io-



* A.B. Martraes, C.A. AHgpees, E.A. Kyuepsagbinn, DOI: 10.18721/JCSTCS.11202 >

P
+ TIOJIOKEHUE T10JIB3. YCTP-Ba

EPC

cepBep
=

= agon

Cepaepa

Kiuent

DTamnbl acCOLMAIUU:
& — 1. ABropu3anus B akkayHTe

— — 2. Asropusarus yepe3 oAuth
———=-3. OOMeH JIaHHBIMH TEIEMETPHH
— 4. Hacrpoiika cBsizu D2D

5. OOMeH JaHHBIMH

Puc. 1. IMognepxxka cetu npu co3ganuu D2D-nuHun

JIYUUTh AOCTYI K CEpBepY IMPUIOXKEHUN JIJIst
TMOJIYyYEHUSI CBOMCTB Takoi JUHUM. [loaTomMy
JIT00ast aTaka Ha CUCTEMY TI0 CYIIECTBY OJOKU-
pyeTcs OQHOPAa30BBIM IMapoJieM, paclpocTpa-
HSIEMBIM CEPBEPOM IIPWIOXKEHUIA yepe3 Cyllle-
CTBYIOIIME 3aIMIIEHHBIE KaHAJIBI.

Hu onHO 13 MOJIb30BaTEIbCKUX YCTPOMCTB
HE JOJDKHO IIMPOKOBEIIATEIBHO TPaHCIMPO-
BaTh HUKaKyI0 nHPoOpMaLUio 00 0OHapyXKeHUU
WUJIU TIPOCITYIIIMBATh 3aIpOChl HA OOHApYKEHUE.
ITocKkoabKy yCTpOiicTBa MOAAEPKUBAIOT CBOU

nouyuu

paguounHTtepdeiicel D2D BBIKITIOYEHHBIMU J10
TeX Top, MoKa He OyaeT IojydyeHa COOTBET-
CTBYIOIIIasd KOMaHAa aKTUBalliU, OHU HE MOTYT
OBITH aTaAKOBAHBI MJIM OTCJIEXKEHBI 10 TOTO, KaK
NeperiayT B aKTUBHOE COCTOSIHUE.

HNurerpauysa ¢ COTOBOM  apXMTEKTYpoii
3GPP. IlomuepkHeM, 4YTO TIpPeMIOXEHHBIM

BBIIIIE TIPOTOKOJI SIBJISIETCS pabOYMM peIleHM -
€M M He MpeTeHAyeT Ha ONTUMAajbHOCThb. OH
B 3HAYUTENIbHOM CTEIIEHW OIMpAaeTCsI Ha Cy-
LIECTBYIOLLIME pelleHUs], Takue Kak oAuth u

Cepsep
MPHJIOKEHHIT D2D-cepBep

ne-3GPP

D2D-cBs3b

Puc. 2. IlpeanoxeHHoe pasmelieHue cepepa D2D B apxutektype 3GPP
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SSL, nng aBropusanuu Ha cepsepe D2D npu
VIIpaBJI€HUU COCOIMHEHUSIMU U Iepemade Ko-
MaHI, COOTBETCTBeHHO. Kpome TOoro, mporo-
KOJI IIpearnosaraer, 4ro cepsepy D2D Bcerma
MOXHO JTOBEPSTHh TOJBKO ITOTOMY, UTO OH Ha-
XOIMTCS B ceTu oreparopa. [loaTroMy Ha mpak-
THUKE HEOOXOAWMO OLEHUTh IOTEHIIMAIbHBIE
pUCKU 0€30MaCHOCTU B KOHKPETHBIX CIIydasix,
Korga TmpumeHsieTcsl cBsA3b D2D ¢ momaepx-
KOM CO CTOPOHBI COTOBOM CETH.

[lanee cocpeaoTouMMCs Ha BOMpPOCax MH-
Terpaluyd CUCTEMBI C CYILIECTBYIOIIUMU CETe-
BBIMU apXuTeKTypaMu. bjaromapsi TMOKOCTH
sapa cetu 3GPP oTHOCUTENBHO JIETKO BHIITOJI-
HUTH MHTEerpauuio ceppepa D2D B cyllecTBy-
oy apxutektypy 3GPP LTE. Ha puc. 2
MOKa3aHO, KaK MOoA0OHas MHTErpaluss MOXET
OBbITh OCYILIECTBJICHA.

IIpenyioxxeHHass B JaHHOW CTaThe CXxema
MOXET OBITh COIIOCTaBJIeHA C OObEeKTaMU ap-
xuTeKTypbl 3GPP mnpakTuyecku TOJHOCTBIO,
C ©OUHCTBEHHBIM [OMNOJHUTEIBLHBIM OO0BEK-
ToM — cepBepoM D2D, Haxoasammmcsa B EPC-
(¢parmenTe cetu. Takoe pa3MmelleHUE MO3BO-
nger cepBepy D2D cBsg3bIBaThCS € LIEHTPOM
ornpesesieHuss  MecromnojoxeHust  (SMLC)
IUI TIO3ULIMOHMPOBAHUS TOJIb30BATEIBCKOTO
YCTPOMCTBA, a TakKke dPOEKTUBHO B3aMOILH -
CTBOBAaTh C CEpBEpaMM MPUJIOKEHUI BHEITHUX
NpOBANIEPOB M OMEPATOPOB.

®akTU4ecKn TPOTOKOJ JJISI BBIIPY3KHU
Tpacduka Ha coequHeHus D2D Ha ceromHsIi-
HUU NEeHb YXe SIBISETCS YacThl0 CTaHIApTOB
3GPP. Ilpu sToM HEKOTOpbIE AETalU CTaH-
Japtu3oBaHHoro peureHus 3GPP ornuyaror-
csl OT IepBOHAYAJIBHO IIPEIIOXKEHHBIX HaMU.
B yacTHOCTH, MOTOK COOOIIEHWI, ONTMCAaHHBIN
B mokymeHTax 3GPP, He yuuTwiBaeT mpobiie-

MBI B3aMMOJICUCTBHSI C CepBEpaMM TPHUIIOXKE-
HUM, TTOCKOJIBKY 3TO BBIXOIUT 3a pPaMKU pa-
ootel 3GPP.

Nccnenoanue BoIrpy3ku Tpacguka
Ha mpsAMbIe COeIMHEHHS

B nanHoM pazneiie BBOASITCS CETeBbIe 00b-
€KTBl ¥ COOTBETCTBYIOIINE MEXaHU3MbI, KOTO-
pble TpeOYIOTCS IS TTOAAEPXKUBAEMOI CO CTO-
poHbl coTtoBOM cetnu TexHosorun WiFi Direct.
Hanee mpemiaraercsl omnucaHMe pa3padoTaH-
HOW CHCTEeMbl MMUWTALIMOHHOTO MOJEINPO-
BaHUsI, KOTOpash MOXET HCIIOJb30BaThCs st
LIMPOKOIO KJjacca MepPCreKTUBHBIX MPUIOXKe-
Huit D2D u Moneneit Tpaduka.

IMoaxon kK anamm3y 3¢ (eKTHBHOCTH PAOOTHI.
B Hacrosiielt craTbe OecIpoBOIHAS CETh IIPea-
CTaBJISIETCS KaK CHUCTEMa, COCTOsIIasi U3 psiia
00BEKTOB, UMEIOLIMX BO3MOXKXHOCTb MOIIEPXKM -
BaTh pa3IMYHbBIC PATUOTEXHONIOTUH (pHUC. 3).

Paccmotpum cetb 3GPP LTE, npencras-
JIeHHy10 06a30BbiMM cTaHUMsIMU E-UTRAN
NodeB (eNB). Kaxxgasgs 0a3oBasg cTaHLUs
CBSI3aHA C SIAPOM CETHU, OOecIeyrBaloOIIUM
COTOBBIM JOCTYH MJISI BCeX OECIPOBOMHBIX
YCTPOMCTB, aCCOLIMMPOBAHHBIX C CETHIO.

Jliobast GazoBasg ctaHuus eNB gocrtyr-
Ha  paay  MYJbTUPAIMOIOIb30BATEIbCKUX
YCTPOMCTB, KaXI0€ M3 KOTOPBIX MMEET BO3-
MOXHOCTh B3anMojeiicTBoBaTh Kak ¢ LTE,
tak u ¢ WiFi. Kaxnomy KJIMEeHTY HOCTYIHBI
BO3MOKHOCTM YIPABJICHUS, PeAUTU3yeMble KO-
opauHaTopoM ypoBH# noctyna (MAC), npen-
CTaBJSIONIMM COOOM KOMMYTAaToOp ITOTOKOB
Tpaduka. B 3aBUCHMMOCTM OT peKOMEHIALMiA
KOOpAMHATOPA, KJIMEHT MOXET BOCIMOJb30-
BaTbCs Ui Tepedayd JaHHBIX MHTepdeiicoM
LTE win WiFi.

[losb30BaTE/IBCKOE YCTPOICTBO

eNodeB

(@)

[punoxenune

| Koopaunarop MAC |

L LTE- WiFi-
nntepoeiic nnTepdelic

Coase LTE || macpny)| [vac-pry)

UD2D-CBH3L

HenoBepennas Hejosepennnie
TOYKA JI0CTyNA yYCTpoucTrBa

. WiFi

WiFi-
COETMHEHHE

Puc. 3. Jluarpamma o0bEeKTOB paccMaTpUBaeMOi CeTH
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Heobxonumo Takke MpUHUMATh BO BHU-
MaHue MHTepdepeHLno oT ycTpoiicTB WLAN
B HEJIMIECH3MPOBAHHOM CIIEKTpE, KOTOpPBIE
MOTYT OBITh PACITOJIOXEHBI B HEIMOCPEICTBEH-
HOM O0nm3octu OoT Touek goctyrna WiFi. B co-
OTBETCTBUM C MPUHLIMIIAMH ITOCTPOCHMS CETCH
WiFi, ati ycTpoiicTBa MMEIOT paBHLIE TpaBa
C MYJbTUPAAUOKINEHTAMU CETU C TOUKM 3pe-
HUS JOCTyNa K KaHAJIbHBIM pecypcaM. B 1o xe
BpeMsI OHM HE MOTYT OBITh aCCOIIMMPOBAHBI C
COTOBOI1 CeThIO, a 3HAYUT UX (PYHKIIMOHUPO-
BaHME Ha HEJIUIEH3MPOBAHHBIX YacTOTaX HeE
MOXET KOHTPOJMPOBATHCS WJIM OTCIECXKUBATH-
cg cetbio LTE. OHM MMeHyI0TCS 31eCh «OTyK-
JMAOIIUMW» YCTPOUCTBAMMU.

B cooTBeTCTBUM C METOMOJOTMEN HCCIIE-
JoBaHUM, 3amaHHON pekoMeHpauusMm 3GPP
B [17], mpennonoxum, yto N xknuentoB LTE
(KoTOpBIE B pacCMaTpUBa€MOM CIyyae MMEIOT
TaKkxkKe BO3MOXKHOCTb MCIIOJIb30BAaHUS CBSI3U
D2D) pacrnojioxxeHbl paBHOMEPHO B 30HE IT10-
KpbITHS ceTU. II10THOCTh YCTPOICTB BhIOMpa-
€TCd JIOCTAaTOYHO BBICOKOM, TaK YTO KaXKIbIA
KJIMEHT B 30He aelictBus cBsizu D2D mmeer
BO3MOXHOCTb MPSIMOIO COCIMHEHMS MO Kpaii-
Hell Mepe elle C OOHUM KiueHToM. OgHako
TOJIBKO ITOJIOBUHA YCTPOMCTB MOXKET CIYXKUTh
WCTOYHMKAMM JaHHBIX U TIepenaBaTh Tpaduk,
MOCKOJIbKY TIpPSIMbIE B3aUMOACWUCTBUS SIBJISI-
IOTCA OOHOHampaBieHHBIMU. [lpu aTOM 11t
KaXIOl CECCUU CYIIECTBYET TOJBbKO OIWH KC-
TOYHUK Y OAWH IOJydyaTesIb JaHHBIX.

Taxoit Tpadhuk MomenMpyeTrcsi KaK HachI-
LIeHHBI Oydep ¢ makeTtamu aiauHoi 1500 6aiT
Kaxnplii. Jlajee BMECTO MOAEIMPOBAHMSI He-
KOTOPOTO paclpenesieHnsI KOHTeHTa M 3aIlpo-
COB KJIMEHTOB TIPEAIIOaraeTcs, 4To ONperde-
JICHHBIM IIPOLECHT YCTPOMCTB-UCTOUHUKOB X B
panuyce nerictBust D2D coenmHsIETCST C COOT-
BETCTBYIOLIIMMU YCTPONCTBAMM -TTOTyYaTEIIMMU
JaHHBIX. biayxpalolye ycTpoiicTBa, Ipeno-
CTaBJISIIOIINE OPYTMM IIOJIb30BATE/ISIM  «TSI-
JKEJIbIil» KOHTEHT, TaKXe IIPEICTaBISIOTCS
MOJEIbI0 3aMoJIHEHHOTro Oydepa ¢ makeraMu
nmuHou 1500 OaiiT, HampaBISIEeMBIMU K CBOCIA
Touke pgoctyna. s MOAEeIUupOBaHMSI HHUC-
XoIsiero Tpaduka OTKOPPEKTUPYEM YMCIIO
OJIy>XKmalolMx YCTPOMCTB, YTOOBI TIOIYYUTh
HEKOTOPBI ypPOBEHb KOHKYPEHIIMW Ha HEJIM-
LICH3MPOBAaHHBIX YaCTOTaX.

NMuTanuoHHoe MOJEeIMPOBAHHE CHCTEMBI
D2D. [Ina npoBeaeHus UCCAeA0BaHUI paccMa-
TPMBAEMOW CHUCTEMbI pa3padOTaH HMUTATOP
CUCTEMHOro ypoBHs (system-level simulator —
SLS), 6asupyromuiica Ha meromojorun LTE,
npuBeneHHoi B TR 36.814 [17] u npyrux mo-
kyMeHTax 3GPP, a takxke B crnelupuKauusx
IEEE nnsg olieHKM MpOU3BOAUTEILHOCTU Oec-
MPOBOJHBIX ceTeil [18] 1 B TeKylmx cTraHgap-
tax IEEE 802.11. MMwutatop npeacTabisier
co00i1 TMOKMIT MHCTPYMEHT, KOTOPBI MOXET
MOICP>KUBATh PA3IMUHbIE CIIOCOOBI MTOCTPOE-
HUS ceTeil, Moaeau Tpaduka, XapaKTepUCTU-
KM KaHaJIOB 1 OeCIpOBOAHbBIE TIPOTOKONBLI. OH
MO3BOJISIET  MOJACJMPOBATh  CYIIECTBYIOIIYIO
uHppacTpykTypy cucrembl LTE u Tpedyemoe
pa3MelleHre KJIUEeHTOB.

JIns1 Kaxaoro ycTpOWMCTBa MPeLyCMOTPeH
COOCTBEHHBI BBIACICHHBIM Te€HEpaTop Tpa-
(uka, MO3BOJSAIOLIMIA BapbUpOBaTh €ro IO-
kazatenu. KaHaiabl MOmEIMpyroTCsl C y4eTOM
COOTBETCTBYIOIIMX XapaKTePUCTUK MCTOYHM-
Ka, MoJyiydyaTelsl U Cpeabl paclpoCTpaHEHMSI.
Kaxapiii y3en CcrocoOeH MOAIepXUBaTh He-
CKOJIBKO paguoMHTep(hECcOB, KOTOPbIE MOIYT
HCIIOJIB30BAThCS IJISI BOCXOMSIINX M HUCXOISI -
IIMX COCIMHEHUN U MOACIMPYIOTCS TIPU 3TOM
B IIpeaesax eIrMHOW BPEeMEHHOM IKajabl. DTOT
MMUTATOP ObLI M3HAYAJIbHO MpeaHa3HAYeH JIJIst
IIMPOKOIO Kpyra 3aady U MOXET paccMaTpu-
BaTbCd KaK pacliupseMas CucTeMa, MOIXOMIs -
mast s MOAAEPXKKU pa3IMYHbIX ClIEHapueB
D2D u coToBOro B3aMMOIEICTBUS.

Mg oueHku xapaktepuctuk WiFi Direct
C TOAAEPXKKOM OT COTOBOM CETU PACCMOTPUM
CIENYIOIINMA CLEHApUI, OCHOBAaHHBIM Ha pe-
komeHaauusax 3GPP npu pasBepThiBaHUU ce-
Teit B ropoackux yciaoBusx. Cetb LTE Bxitio-
yaeT B ce0s 19 11ecTMYyrojbHbIX COT C TpeMms
cekTopamMu B Kaxxaoil. bazoBble ctaHuun eNB
NONIEPKUBAIOT TEXHOJOTUUECKUE peIIeHUs
3GPP LTE, paccrosinue mexay Ogm3nexanim-
MU 0a30BbIMU cTaHUMSIMU cocTaBiasieT 200 M,
a paguyc coTel paBeH mpumepHo 110 M. Bce
COTbl pabOTalOT B OIHOM U TOM X€ JIMIIEH-
3UPOBAHHOM CIIEKTpe C IIOJOCOM YacTOT
60 MTI', koTOpas pas3nejeHa Ha TPU Iaphl IO-
jgoc o 10 MTI'u angd (yHKIMOHUPOBAHMS B
pexume FDD.

Kaxmast cora, B cBOIO ouepenb, paziesieHa
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Ha TPU CEKTOpa, U KakXJAOMY CEKTOPY BbIIEC-
Ha mapa nosioc no 10 MTI'u, yro mpuBOAUT K
11a0JI0HY TTIOBTOPHOTO MCIIOJb30BaHUS 4acTOT
1x3x3. Knuentet 3GPP LTE cBsa3biBaroTcs ¢
0a3oBoii ctaHuueil eNB Ha ocHOBe HauJyulle-
ro 3HaueHus DL SINR ¢ moporom nepexiioue-
Hus B 1 ab. JIng noaydyeHus: JOMOJTHUTEIbHOMN
uH(pOPMALIMA O CTaHIAPTHOI KOHMUTrypaluu
LTE MoxXHO 00paTUThCs K Taba. 1 U cOOTBET-
CTBYIOIIMM JOKYMEHTaM IO CTaHAapTU3aluu
(marmpumep, TR 36.814-900 u M.2135-1). Jlns
1eieil MpOBePKU MPOU3BOIUTEILHOCTU TaKXKe
peanu3oBaH cueHapuii kKaauopoBku no 3GPP

TR 36.814-900, Tabn. A-2.1 1 TIpOBEIEHBI CO-
OTBETCTBYIOILLIKE TECTHI.

Jlanee OymeM mnonaraTb, 4TO BCE TOYKU
moctyna WiFi u oTHocsgimecs K HUM KJIH-
€HTHI (T. H. «OJIyXIalolue YCTPOMCTBa») BBI-
MOJIHEHBI T10 OAHOU M TOW XK€ TEXHOJIOTUU
IEEE 802.11-2012. dis1 TOro 4ToObl MOJEIU-
poBaTh peajibHble CETeBbIe CTPYKTYpPbl, TaKUe
YCTPOMCTBA JOJKHBI pacrojaraTbCcsi BOKPYT
COOTBETCTBYIOLIMX TOYEK HOCTyma. Touku Jo-
CTylla MOTYT pa3MellaTbCcsl IMOBCEMECTHO: B
Kade, Ha TpaHCIOPTE, B Mara3uHax, B TOPro-
BBIX LIEHTpax U T. OA. PaccTosiHue OT yCTpoii-

Taoamuna 1

OcHoBHbIE napamMeTpbl MMUTAIIAOHHOIO MOAC/IMPOBAHUA

ITapameTp

3HavyeHWe/MCTOYHUK

OCHOBHBIE TTapaMeTpPhI

[Ipenen MOLIHOCTH yCTpOMCTBA
MpY KOHKYPEHLIMU

23 n1bm Ha uHTepderic

Mopeinb MOOMIIBHOCTH

CiyyaifHOe HarpaBlieHWe ABVDKCHUS, 3 KM/4

Ilepuoa HaGIOOEHUS 10 ¢

Cucrema LTE

Mopenb 3aTyXaHuAd

ITU-R M.2135-1 [19], Tabn. A.2.2-1, Al-3

Mogenb 3aMUpaHuit

ITU-R M.2135-1 [19], pasn. 1.3.1.1

Hoctyn K cpene

KonbLeBoe paciimcCaHuc

VhpasieHre MOITHOCTBIO
U CKOPOCTBIO TIepeaauu

SINR, mtereBoe 3Hauenne B 15 n1b

YacToTHbIE pecypchbl

10 + 10 MI'u FDD B xaxxmgoM cekTope,
kopotkuit CP

Pexxum curnanuzauuu

2 u3 20 cneuuanbHBIX MoakKaapos, Kaap 10 Mc

PannoobopynoBaHue

ITU-R M.2135-1 [19], Tabx. 8-4

KoHpurypauus aHTeHHbI

1x2 (pa3HeceHHBIN TTpueM Ha 6a30Boil ctaHK eNB)

Cucrema WiFi

Mopenb 3aTyXaHuA

OMnupudeckasi, ocHoBaHa Ha [20]

Mopenb 3aMUpaHuit

Tonbko koppensius, ocHoBaHa Ha [21]

HocTyn K cpene

CSMA/CA, msrkuii iopor —76 nbm

VipasieHre MOITHOCTBIO
U CKOPOCTbBIO Tepeaauyu

SINR, mrereBoe 3nauenune 25 nb

YacToTHBIE pecypChl 20 MTI'u TDMA
PeskuM CHIHAIMBALLI OtnenbHbINA, KOHTPOIbHASI CKOpOoCcTh 18 M6/c,
1 RTS/CTS

PagnoobopynoBanue

ITopor myma —95 nbMm

KouHdurypaumsa aHTeHHBI

1x1 (mpocTast aHTeHHa)

26



CTBa JIO €ro TOYKHU JOCTyIla OTPaHUYEHO MaK-
CHMAaJIbHO ITOMYCTUMBIMU IIOTEPSIMU B KaHaJle.
ITpenamnonoXuM Mpu 3TOM, YTO TOYKU TOCTYyTa
U YCTPOMCTBA HE M3MEHSIOT CBOEro ITOJIOXKE-
HUS BO BpeMsI MOJICJIMPOBAHUS.

PaccMoTpum ciyyaii, Korma 4mMciao OJyxK-
JMAlolMX YCTPOMCTB paBHO MaKCUMasb-
HO BO3MOXHOMY 4YMCIy akKTUBHBIX D2D-
CO€MUHEHWI, TMOATOMY TaKue YCTPOMCTBa
MOTYT 3aJeiCTBOBAaTh OKOJIO ITOJIOBUHBI MMeE-
IOIIMXCSI CHCTEMHBIX PECYpPCOB B YCIOBHUSIX
MaKCuMaJbHOUM BHITpY3kM Tpaduka. IIposo-
IUMO€ HCCeIOBaHNE IMpPearojaraeT, 4yTo Bce
WiFi-coenuHeHus1 MUCIOJB3YIOT OOUH U TOT
K€ YaCTOTHBIN AuUara3oH U JOJKHBI YCTYIUTh
JIFO0OM aKTUBHOM Ilepemaye OJaHHBIX, IJISI KO-
TOPO MOIIHOCTb TPEBBILIAET YCTaHOBJIEH-
HBI TIopor. s monydeHUsl IOIMOJHUTEINb-
HOM WHGOpMAIUM O KOH(UTypalluu CeTei
WiFi npusenem T1aba. 1, OCHOBaHHYIO B TOM
YuCie Ha JOKYMEHTAIlMM JapaiiBepa ¢ OTKPHI-
TBIM HUCXOOHBIM KOoJaoM Atheros.

Pe3yabTaTbl npoBeIeHHOT0 MOJEIMPOBAHNA.

H71s1 TOro 4ToOBI MOJIyYUTh HanuboJee IMoJI-
HYI0 MH(MOpPMAIIMIO O MPEUMYIIECTBAX OT BBI-
IPY3KH COTOBOrO TpadukKa Ha COETMHEHUS
D2D (WiFi Direct), npoaHaqiu3upyemMm Mpou3-
BonuTenbHOCTh WiFi Direct ¢ cereBoil mom-
JNEeP>KKOW MpY pa3IddHBbIX YPOBHIX MHTepde-
pennuu. He Oymem otmaBath NpeaIOuTeHUS
MOIEJIMPOBAHUIO KaKOro-anubo KOHKPETHOTrO
BuIa Tpadurka, a BMECTO 3TOIO PacCCMOTPUM

‘ A.B. Martraes, C.A. AHgpees, E.A. Kyuepsagbinn, DOI: 10.18721/JCSTCS.11202 >

Pa3IMYHYIO IIJIOTHOCTb KIMEHTCKUX YCTPOICTB,
YTOOBI MOHSITH, KaK BBIIpy3Ka Tpaduka Ha
WiFi Direct (yHKUMOHMpYET TIIpU pas3iny-
Ho#i 3arpy3ke. [nss aToro OymeM M3MEHSITh
npoueHT WiFi Direct coeguHeHuMil OT HYyJs
10 30 %. OcHOBBIBasICh HA TEKYILEH CTATUCTU-
Ke Tpaduka M MOBEACHUM KIMEHTOB, OyaeM
CYUTATh MaJOBEPOSITHBIM, YTOOBI Oojiee 30 %
M3 HUX HAXOIWJIMCh B Mpeaeiax A0CATaeMOCTU
D2D apyrux KJInMeHTOB.

PesyabpTathl mis o0leil MPOmyCKHOM CIo-
COOHOCTH TIpeAcTaBIeHbl Ha puc. 4. B yactHO-
CTHU, IPUBEJEHbI YPOBHU MPOITYCKHOM CIIOCO0-
Hoctu LTE u WiFi Direct B cymme Ha coty,
OCHOBBIBAsICh Ha accouMalnu MCTOYHUKOB
JaHHBIX C cOTaMU. BuaHoO, 4TO BHITpy3Ka Tpa-
¢uka LTE Ha nunuu D2D npuBoauT K 3Ha-
YUTEJIbHOMY YBEJIIMYEHUIO IIPOIMYCKHOM CIIO-
COOHOCTHU COTHI, (PAKTUUECKHM YABAUBAsI €€ TpU
30 % ypoBHe BbITpY3Ku. OQHAKO, €C/IM IIPU-
CYTCTBYIOT OJIy>KAAIOIINE YCTPOUCTBA, MPUPOCT
MPOITYCKHOM CIIOCOOHOCTH 00Jiee CKPOMHBIM,
HO OH Bce elle coctaisieT oyt 50 % mipu
TOM e YpOBHe BHITpy3Kku Tpaduka B 30 %.

DHepretuyeckast 3¢ (HEKTUBHOCTbL OOBIYHO
u3MepsieTcss B ourtax Ha JIXKoynb U, clenoBa-
TEJIbHO, CYIIECTBEHHO 3aBUCUT OT CBOICTB
KOHKpeTHOIl pamuoTexHojoruu. I[lockonbKy
SHEepreTMYecKre MoKaszaTeand YCTPOMCTB, Kak
NpPaBUJIO, CIIEU(PUYHBI IJI UX ITOCTaBIIUKOB,
HUCIOJIb3yeM KO3(MPULIMEHTHI U3 TabJl. 2, KOTO-
pble HE OCHOBaHbI Ha KaKON-JIMOO0 KOHKPETHOM

650}
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550t

5001

450}

400t

MpousBoanTeNnbHOCTL, M6UT/C

350.

A 4 A

300 - o

L 1 1

0 5 10

15 20
3arpy3ka, %
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Puc. 4. O6was nponyckHasi cnocodoHocTh (cymma o LTE u WiFi)
(——) D2D, 6e3 Onyxxnatolux ycTpoicTs; (—e—) D2D, ¢ 6nyxnarommnmu ycrpoiictBamu; (——) LTE
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MHdopmartnka. TeneKoMMyHUKaUMn. YnpasneHue

Taodonunpa 2

HopmupoBaHHnbie 3aTpaThl SHEPrHU

PexxuM yHKIIMOHUPOBAHUS Cucrema LTE Cucrema WiFi
OxunaHue 0 0
CocTossHuE TTOKOSI 0,1 0,1
[IpocnymmBanue - 0,25
[Tpuem maHHBIX 0,5 0,5
Ilepenaya maHHbBIX 1,0 1,0

peanuzaiuu. 3aBUCUMOCTH JUISI COOTBETCTBYIO-
LIMX 3HAYEHUI dHEepreTUYecKoin 3(pOeKTUBHO-
CTU, TPUBEIACHHBIC HA PUC. 5, SICHO ITOKAa3bI-
BaloT, 4To wucrojb3oBanue WiFi 3HaunTenbHO
addexktuBHee 110 cpaBHeHmIo ¢ LTE.

B yactHOCTH, 3HepreTuyeckast 3(ppeKTUB-
Hocth WiFi Gonee yem B ueThipe pasa Iipe-
pocxonut LTE B pamkax paccMmaTpuBaeMoit
MOJIEIN DHEPronoTpedseHusl. ITo0 BO MHOTOM
CBsI3aHO ¢ 00Jiee BHICOKOU CKOPOCThIO Mepeaa-
uyu gaHHbIX 1o WiFi. Kpome Toro, noJyib3oBare-
JISIM cucteM miuTeabHoit aBoouun LTE Bbl-
JIEJISIIOTCST HEOOJIbIIIME YaCTOTHBIE (DparMeHThI
B HECKOJIbKMX BPEMEHHBIX CJI0TaX, IIO3TOMY UX
IpreMoIlepeIaTYNKN JOKHBI OCTaBaThCsT aK-
TUBHBIMU B T€UEHUE IJIUTEIbHBIX UHTEPBAJIOB
BpeMEeHM, Toria Kak (akTuyeckass CKOPOCTb
nepegayu JaHHBIX OTHOCUTEIbHO Maja. s
cpaBHeHwus1, nportokos MAC WiFi aktuBupyer
nepeaaTyuK TOJbKO TOrda, Korda OH (hakTu-

YyeckM oOpalaeTcsl K KaHaly M KaXIblii pa3s
HCITIOJIb3YET BCIO MOJIOCY IIPOITyCKaHUSI.

Haxe xoraa y noJjib3oBareneidi WiFi Bo3Hu-
KaloT 3aJepxKKKU JOCTYIa K KaHaJay U3-3a CO00-
mweHuii RTS mnnu CTS, ux ycTpoiicTBa MOTYT
MOTPY3UTHCSI B PEXKMM CHaA B Te€UEHUE 3TUX IIe-
puoa0B BpeMeHU. B uTore TOJIbKO HECKOIBKO
panuounTtepdeiicoB WiFi B ceTu MOTHOCTBIO
3a7€iCTBOBAHbI B JTI0OO0 MOMEHT BPEMEHU, U
BC€ OHM JINOO TMepeaaoT, JM00 MoayJaroT JaH-
Hble. Pesynbrarel MomeaMpoBaHUs MOKa3biBa-
10T, YTO BpeMsl JocTyna K cpene (T. €. BpeMs,
KOTOpOE€ TaKeT IPOBOIMUT B Oydepe YpOBHSI
MAC u HuXe) B OTCYICTBMU OJIyXKIAIOLIUX
YCTPOMCTB MHOTAA OKa3bIBaeTCs Iaxke MEHb-
e, yeM y LTE (puc. 6). Bto cBsizaHO, Mpexie
Bcero, ¢ teMm, yto B LTE ckopocTh nepemaun
JAHHBIX 3HAYUTEJIbHO HMXKE.

Korga Gnyxpamwoliue ycTpoicTBa MPUCYT-
CTBYIOT, cuTyauus Oosiee BbirogHa ais LTE,

M6uT/oTHOCUT. en.
=t N
- [9,] N (9]

o
U

0 5 10

15
3arpy3ka, %

20 25

Puc. 5. DHepretuyeckas 3bEeKTUBHOCTh
(—e—) D2D, 6e3 6myxnatoninx yctpoiicts; (—e—) D2D, ¢ 6myxnaromummu ycrpoiictBamu; (——) LTE
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Puc. 6. CpenHee BpeMs JOCTYIIAa K Cpelie
(—e—) D2D, 6e3 onyxnawoumx ycTpoiicTs; (—e—) D2D, ¢ 6ayxnatoimmu yctporictBamu; (——) LTE

OITHAKO 3HAYMTEJIBHOTO YXYAIIEHUS paOOThI He
HaOJomaeTcs, Kak M IIpeXkae ¢ IPOITyCKHOMU
CIIOCOOHOCTBIO, TTOCKOJIbKY BBITPYXaeTcsl BcCe
Oosblie u Oonble Tpaduka. TakuM odpa3oMm,
B YCJIOBUSIX aKTUBHOIM MHTep(dEepPEeHIINN BbIM-
TPBILI OT HMCIIOJIb30BaHUSA cBI3u D2D MeHee
3aMeTeH, HO BCE PaBHO IMOJHOCTbIO OIpPaB/IbI-
BaeT BBITPY3KY Tpaduka.

Buenpenne n ucnpiTanusa cesazu D2D
HA MOJIEJIbHOI ceTH

B sTtomM paszmene paccMOTpUM HEKOTOPHIE
OCHOBHbIE OCOOCHHOCTH pa3pabOTKU, KOTO-
pasi mejaeT IMpeMIOKEHHYIO CUCTEMY BBITPY3KH
Tpacduka Ha coeauHeHuss D2D c cereBoii noa-
JIEPKKOM JOCTATOUYHO PCATIMCTUYHOM 11 MHTE-
rpaluu ¢ COTOBbIMU ceTsiMu U MHTepHeToM. Ha
CETOIHSIIHUI IeHb KIIIOUEBbIE aCIIEKThI IIPOTO-
KOJIa U CepBMCHAsI apXUTEKTypa yXKe SIBIISIIOTCS
yacThto Bepcuii 12 u 13 cranmapra 3GPP LTE.
B nmanHoIt cB3M pa3paboTaH MPOTOTUI TEXHO-
JIOTMYECKOTO PEeIIeHUsI IJIsI BBITPY3KHU Tpaduka
MpU NOAECPKKE COTOBOI CETH, BKIIOUAIOIINI B
ce0s1 TP OCHOBHBIE KOMITOHEHTHI:

1) obcinykuBaHUEe Ha KJIUEHTCKOU CTOPO-
HE, KOTopoe (PYHKUMOHMPYET B (P)OHOBOM pe-
JKMME Ha T10JIb30BaTeIbCKUX YCTPOMCTBAX;

2) 0a3y maHHBIX KOHTEHTa, ITOAAEp>KUBa-
LIyI0 XpaHEHMEe KOHTEHTAa W yIpaBjeHue I0-
CTYIIOM K HEMY;

3) cepBep D2D, KOTOpPBII TaK>Ke BBIMOIHSI-
eT ¢pyHkuun ProSe, yripasisgeT coefUHEHUSIMU

U KOOPAUHUPYET UX.

baza naHHbBIX KOHTEHTa MpEACTaBIsIeT CO-
O0oii  BeO-miaTopMmy,  MPEIOCTABISIONIYIO
YCJIYTM 110 OOMEHY TaHHBIMM CBOMM IOJIb30Ba-
TeasiM. [IpuMepoM citykaT colluaibHbIe CETH,
takue Kak Facebook, Googlet+ u YouTube.
CepBep ProSe mpemgHazHaueH 11 oreparopa
COTOBOIM CETW W/Wau TocTaBiiuka ycayr MH-
tepHeT (ISP). Cnenyer oTMETUTD, YTO ajbTep-
HATUBHO IPEIJOKEHHON apXUTEKType aHajo-
TMYHAas ycJIyra MOXET OBbITh MpenocTaBiIeHa U
Koraa 006a o6bekTa ypaBIsiioTCsl ONepaTopoM.
OnHako IIpU 3TOM IIEPEHOC II0Jib30oBaTeeit
M3 M3BECTHBIX COLIMAJIbHBIX CETEei Ha HOBYIO
miatropMy MOXeT ObITh Oojee CIOXHOUW 3a-
nauyeit.  IlpenymoxeHHOe pelleHue I10Ka3bl-
BaeT, 4To 0a3a JaHHBIX KOHTEHTa U CEpBEP
ProSe nerko uHTerpupylorcsi B O€CIIOBHOM
(bopme B cyliecTBylollyl0 WHGPACTPYKTYPY
Be0-00CHYyKMBAaHUSI M He TpeOyIOT KaKux-
JINOO pelIeHUI, KOTOPbIE€ HE BIMCHIBATIUCH ObI
B TPAJAMLIMOHHYIO BeO-TIapajurmy.

B ucnblTaHMSIX Ha MOJAEIBHON CETU HC-
nojb3oBaiuch Teiaedonbl Sony Xperia ZL
¢ Android OS, a takxke Samsung Galaxy S4.
OnHoli U3 OCHOBHBIX (DyHKIIMI, HEOOXOIUMBbIX
JUJIS1 TI0JIb30BAaTEIbCKOro 000pYyAOBaHUs, ObLia
noaaepxka cotoBeix M WiFi-coenuHeHuit
OJHOBpeMeHHO. I3-3a orpaHuyeHUil B IO-
TpeOJICHUM DHEPTUM OOJIBILIMHCTBO CHUCTEM
n30eraloT Takoi (PyHKUMU, TMOITOMY HeEo0-
XOAUMO ObLIO OOOWTH CHUCTEMY YIpaBIEHUS
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MHdopmatnka. TeneKoOMMyHUKauMn. YnpasneHue

ycayramu Ha 6a3e Android WiFi u Hanpsimyto
B3auMoJeiicTBoBaTh ¢ apaiiBepom WiFi. AHa-
nornyHo GNU Linux Android mpemocrtasis-
€T HeoOXomuMble MHCTPYMEHTBI: MHTepdelic
wpa_supplicant, ynpaBiasSeMblii C TOMOIIbIO
yTUIUThL wpa_cli. K coxalleHu1o, UMEeIOIINeCs
MPOIIMBKA HE TTO3BOJISIOT MOJIYYUTh JOCTYH K
STUM YTUWJIMTAM Oaxe IS pa3paboTYUKOB, U
MO3TOMY MCHOJIb30Bajach MOAU(PUIIMPOBAH-
Has npomwnBka Cyanogenmod.

B xauecTBe MOJEIbHOI CETHU MCITOJIb30Ba-
JIach 3KCIepUMEHTaJbHas COTOBas CHUCTeMa,
pa3BepHyTass JeNapTaMEHTOM  TEJEKOMMY-
HUKauuii TexXHOJOrm4eckoro YyHHBEpPCUTETa

LTE/WiFi-
-EPC-IMS
(peurenne Huawei)

. 0
&A

LTE

04 ©

LTE@ 700 M

crpanctso s UE-IP3

©

NHTepHeT

BUT obwepocTtynHoe

R,,.—
$(m MI'n

Jlomamnsisi eNB

OTeqbHoe ajpecHoe
npoctpancTeo RAN-IP1

TpancnoprHas
ceTb Aocryna

OTtjenbHOe aJipecHoe npo-

a/ipecHoe NpPOCTPaHCTBO

r. bpuo (BUT), Yexug. LTE-cuctema BUT
SIBJISIETCS. TIOJTHBIM KOMMEPYECKM ITPUTOTHBIM
pelieHrueM 11 BCEX BaXKHEWIIMX ITOJCHUCTEM,
BXOJS1IMX B coBpemeHHble cetu 4G (puc. 7).
MopenbHas ceTb ObLla CKOHGUIYypUpOBaHa
IJ1s1 o0ecIieueHsT HeOOXOAUMBIX YCIYT, TaKMX
kak VoIP, moBepx KOHBepreHTHOU WH@pa-
ctpykTypbl paguopoctyna LTE u WiFi. Anpo
cetu EPC obecrieunBaeT BBICOKYIO CKOPOCTb
nepeaavyn JaHHBIX C COOTBETCTBYIOIIMM YPOB-
HeM QoS, MMes BO3MOXHOCTb MOMIEPKUBATh
Ipu 3TOM OO CTa THICSIY OIHOBPEMEHHO 00-
CIIY>KMBaeMBbIX ITOJb30Bateseil. g Buaeo u
TOJIOCOBBIX YCJIYI HCHOJb3YETCSI BBICOKOIIPO-

BUT LTE-A

OT1es1bHOE a/IpecHoe WiFi
npoctpancTo WiFi-1P4

0 g

Ty 3O
\ / OTjeabHoOe apecHoe
\ upocrpancrso IMS-IPS

IMS (CSCFs + RCS)

ba3oBas Tpancnopt-
Hasi ceTh

1P

\

Router /
VPN/
NAT

Cepaepa
NPHJI0KeHH i

Puc. 7. Cerp LTE Texnonornyeckoro ynusepcutera r. bpHo
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u3BoautTeabHasg IP-MynbTuMenuiiHas TOACH-
crema (IMS).

3agayeil MCHBITAHUM CTajgo I0Ka3aTellb-
CTBO HAJIMYUS MPEUMYILIECTB IIPU COBMECTHOM
WCIIOJIb30BAaHUN MOOWMJIBHOW CETM U CHUCTE-
Mbl D2D. OcHOBHBIE 1IEIM OLIEHKW TIPOU3-
BOJIMTEIBLHOCTU OBLIA C(POPMYJIMPOBAHBI Tak,
YTOOBI HOIIOJHUTh PE3YIAbTaThl, IIOJy4YCHHBIE
BBIIIE TP WMUTAIlMOHHOM MOJEIMPOBAHUU.
HauGonpinii MHTEpeC BbI3bIBAJIM TE€ CUTYya-
IIMM, KOTJAa BO3HUKAIU JIOKAJIIbHBIE TTeperpy3-
KM, YTO ITOTEHLMAJIbHO MOIJIO OBl YMEHBIIUTh
aPekTuBHOCTL padoTel D2D-TexHonoruii B
OyaylIUX PEeATbHbIX CETIX. YCTAaHOBJICHUE CO-
OTBETCTBYIOIIMX MPENEIOB IMTPOU3BOAUTEIBHO-
CTU W OrpaHMYEHMI WISl TexHojoruu D2D u
oIpene/leHe TOTO, KaKrie YCIYTU MOTYT ObITh
HauOoJiee MOAXOMSIIMMMU JIsI TAKOTO B3aUMO-
JNEUCTBUSA B 0003pUMOM OyIyIIEM, CTAIN BaX-
HEUIIMMU pe3yabTaTaMU IIPOBEISHHBIX MCIIbI-
TAaHUM.

OnuH M3 INIaBHBIX ITapaMeTpoB IpPHU yCTa-
HOBJIEHUM coearHeHus D2D — maurenbHOCTh
MHTEepBaja BpeMeHU 3aHSTUS JIMHUU. DTOT Ma-
paMeTp MMEET pelnarpllee 3HaueHue, T. K. ero
0oJiee HU3KOE 3HAUYEHME CYILECTBEHHO CHMXA-
eT Harpy3ky Ha uH@pacTpykrypy cetu LTE,
nepeMelias TpaduK Ha ajJbTePHATUBHYIO JIM-
Huto D2D, a Takke yaydlliaeT Apyrue napame-
TPHI paboThl. Bpems oTK/IMKaA IpU 3TOM MOXET
OBbITh pa30UTO Ha HECKOJIbKO KOMIIOHEHTOB,
Kak 2TO onucaHo Huxe. M3-3a HeOoIbLIOro
pasmMepa cooOLIeHMsT Apyrue TpeboBaHUsA K
QoS mnst curHanuzauuu D2D TpuBuaabHBI U
ABJISIIOTCS TAKMMU XK€, KaK U JJIg JIIo00i Ipy-
roit cet moctyna. ViHble aceKThl IIPOU3BOIM -
TeJIbHOCTU JIMHUM D2D, KOoTopble HAIpSIMYIO

HE CBSI3aHBI ¢ MHMPACTPYKTYpOil MOOMIBHOM
CETH, BBIXOIST 32 paMKU JAaHHOU paOOThI.

N3yyasd mpemIoXeHHBIA MPOTOKOI IS
B3aumoneiicteuss D2D, MOXHO YCTaHOBUTb,
YTO KJIIOYEBBIM ITOKAa3aTesieM SBIISIETCS Bpe-
Ml OTKJIMKA cepBepa, KOTOpOe CYILECTBEHHO
3aBUCUT OT Harpy3ku Ha coty. IlojqydeHHBIE
SKCIIEpUMEHTAJIbHbIE PE3Yy/IbTaThl IIPEACTaB-
JIeHbl Ha puc. 8. BuaHo, 4TO 3amepXKa Ha
caMOM Jejie He OOCTUTaeT IMpenesibHbIX 3Ha-
YeHUI, €CJIM cOoTa He 3arpykeHa IOYTHM Ha
100 %, HO Korda 3TO MPOMCXOIUT, BapHallKs
3a7€pPXKKHU PaCTET 10 HEAOITYCTUMBIX 3HAUCHUIA.
Ha mnpakrtuke cucrema OymeT (yHKIIMOHU-
poBaTh HEYAOBJIETBOPUTEIBHO, €CJIN 3aIepK-
Ka IPEeBBICUT 3HAUYeHHUE IIPUOJIM3UTEIBHO B
100 Mc. DTO 03HaAyaeT, YTO CUTHAJIbHBIN Tpa-
¢duxk D2D nomkeH MOJYyYUTh MNPUOPUTET Ha
ypoBHe miaHuponiuka LTE, eciu 310 BO3-
MOXHO Ha IpaKTUKE.

ITpyHuMas BO BHMMaHWE TO, YTO TaKXkKe
MOXET CYIIeCTBOBaTb HEKOTOpas JOMOJIHU-
TeJbHas 3aJepXkKa, CBOEBPEMEHHOE YCTaHOB-
JneHue coenuHeHus D2D gact mojb3oBaTensiM
YBEPEHHOCTD B IMOJIYYEHUM KOHTEHTAa BOBPEMSI,
B TOM 4YHMCJIe WM B Cly4yasix, KOIla OHM Iepe-
MEIIAKTC APYT OTHOCUTENBHO Apyra. MoxXXHO
cIeaaTh BBIBOJ O TOM, YTO B 3aBUCHUMOCTU OT
KayecTBa COTOBOM CBSI3M ITOJE3HOCTb COEIM-
HeHuili D2D Moxet orinuuarbesa. OgHaKo gaxe
C MCTIOJIb30BaHUEM COBPEMEHHBIX TEXHOJIOTUIA
LTE 3amepxxu nepegadyu MHGOpMALUKA MOTYT
ObITb OO AecAITU pa3 OoJbllie, YeM IIPU HC-
noub3oBaHuu D2D mosepx WiFi. Oto o3Haua-
€T, 4yTo TexHosorusi D2D ¢ ucroabp3oBaHUEM
WiFi Direct sgBagercss ype3BblYaiiHO KOHKY-
PEHTOCOCOOHBIM PEIIEHUEM.
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3akinoueHue

Hng onepaTopoB MOOWJIBHON CBSI3U B3au-
mopeiicTBue yepe3 D2D moxeT craTh BechbMa
3¢ @GEKTUBHBIM MEXaHU3MOM [IJIs1  BBITPY3KU
TpapMKa U3 COTOBOM CETH, a Takxke s 00e-
CIeYeHMsI TOAIEePXKKM COLIMAbHBIX MMPUIOXKE-
HUI TOCPEACTBOM JIOKAIM3aluu TPEeI0CTaB-
JleHus1 yciyr. B crathe paccMoTpeHa HoBas
texHonorusg D2D ¢ mopmepXKoil ceTu, Tpo-
BEJIEHO €e MCcCieJJoBaHue U OlucaHa peaiusa-
IIMSI COOTBETCTBYIOIIETO ITPOTOTHIA, a TaKXKe
oIpeleieHbl OCHOBHbIE MPOOJIEeMbl W ITOTEH-
LIMaJbHbIe TIPEUMYIIECTBA MPSIMOTO B3aUMO-
JNEUCTBUS MeEXIYy MOOWIBHBIMHU YCTPOMCTBa-
mu. IToguepkHem HauOoJjiee BaXKHbIE BBIBOIbI
W YPOKM, M3BJICUCHHBIC U3 MPOBEACHHBIX MC-
CJIEIOBAHUI.

e VcnemHag unHterpauuss D2D u o0e-
Crie4yeHWe COBMECTUMOCTHU C CYIIECTBYIOLIEH
apxutektypoit 3GPP LTE noka3sbiBaeT, 4yTo
HeT HMKaKHUX TEeXHUYECKUX IIpoOjeM, KO-
TOpBIE TIPEISITCTBOBAJIM OBl IIpoBaiimepam
npeaiarath npuiaoxeHus D2D cBouM Kiu-
eHTaM yxXe ceiiuac. bojee Toro, HeKOTOphIE
M3 HUX MOTJIM OBl CYIIECTBEHHO YJIYYIIUTh
CBOIO MH(PACTPYKTYPY U MPEAOCTABIAITh HO-
BbI€ YCJIYT'M, KOTOPbIe ObLIM Obl HEBO3MOXK-
HBI 0e3 HeoOXOOUMOCTH HENPEPLIBHOTO OT-
CJIEXXMBAaHUSI MECTOIOJIOXEHUS C MOMOIIBIO
I''TOHACC/GPS.

e CucrteMbl CO3mMaHMs, YIIPABICHUS U 00-
ciayxuBanusi D2D-coenmHeHUt MOXHO OyaeT
JIOCTaTOYHO IIPOCTO peajau30BaTb B paMKax

pa3paboTaHHBIX MPOTOKOJIOB. TOJIBKO He-
KOTOphIe IIaT(OPMbI, KOTOPBIE HE pealu3y-
0T CTaHAAPTU30BaHHBIC CTEKU, MOTYT CTOJ-
KHYTBCS C OIPeAeICHHBIMU TPYAHOCTSIMU IIPU
yrpaBieHUN TpauKoM.

e KauecTBO BOCHpUATUS YCIAYTU IS
D2D-coeauHeHunii 0yaeT npeBOCXOIUTh JIyd-
1IMe COTOBBIE COCOIMHEHUS B IIpeleiax pas-
YMHBIX PAacCTOSIHUN MEXAY MOJIb30BaTEISIMU
(mo 50 m). I1pu atom TexHosnorust WiFi Direct
MO3BOJISIET Tepe1aBaTh MOTOKOBOE BUIEO BbI-
COKOIl 4eTKOCTH, a TaKxkKe MOAAepKaTh IpH-
JIOKEHUSI peaJbHOTO BpPEMEHU C BBICOKOM
SHEpPreTu4YecKoil 3(p(PeKTUBHOCTHIO.

e VYcrex Bceil KoHuenuuu D2D Bo MHO-
TOM 3aBHMCHUT OT IOMAAEPXKKU MOOMJIBHBIM OIIE-
paTopoM MO3UIIMOHUPOBAHUS B COTE, a TaK-
K€ OT TOTOBHOCTM Pa3JIMYHBIX OIIEPATOPOB K
B3aMMOJICICTBUIO. DTO, KaK OOBIYHO, 3aBUCUT
OT HaJM4Musl COOTBETCTBYIOIIMX CTaHIApPTOB
3GPP u pbIHOYHBIX MEXaHNU3MOB.

Bce mpoGiiembl, BBISIBICHHBIE B XOIE KC-
ciaegoBaHusl cucteMbl D2D um  peanuzanuu
MPOTOTUIIA BBITPY3KU TpacduKa, MOXHO OIle-
PaTUBHO PEIIUTh B XOA€ BHEAPEHUS B CETSIX
oIepaTopoB MOOMIbHOU CBsI3U. IlOoCKOIBKY
TpeOOBaHUSI TOJb30BaTEeil K HOBBIM YCIIy-
raM BC€ BO3pacTalT, MOXHO YTBepXKIaThb,
YTO MpeIoXeHHasi B AAHHOW CTaTbe CUCTe-
ma D2D c ceTeBoil momaepKKoi HaliaeT B TOM
WIM WHOU (opMe IMPOKOe TpPUMEHEHUE B
CeTSAX CBSI3U IPU IPAKTUYECKOM BHEIPCHUU
MOOMJIBHBIX CUCTEM UYETBEPTOrO U, B OCOOEH-
HOCTH, IISITOTO IOKOJICHUSI.
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PETAULUMOHHOE NPOrPAMMUPOBAHUE
C MEMOMU3ALUMUEN U OTPUMLLAHUEM

E.A. MouceeHko, A.B. lNodkonaeB

CaHkT-TleTepbyprckum rocyaapCTBEHHbINM YHUBEPCUTET,
CaHkr-letep6ypr, Poccunckas Peaepaumnsa

PensiuroHHas mapaguMrMa Mo3BOJISIET OMUCHIBATH MPOrpaMMbl KakK HAabOp OTHO-
weHui. OTHOLIEHNWSI HE IeIal0T Pa3iMuMil MEXIY BXOAHBIMU M BBIXOJHBIMU Iapa-
MeTpaMu. biarogaps aToMy ofHa M Ta Xe pPelIILIMOHHAsT POrpaMMa MOKET KCIOJIb-
30BaThCsl [IJIS1 PellleHUs] HECKOJbKUX CBSI3aHHBIX MpolyieM. B cTathe mpemcraBieHa
peanusanus ABYX PacCIlMPEHUI PENISILIMOHHOTO MPOrPaMMUPOBAHUSI, TIOJE3HBIX TPH
pa3paboTKe MHTEPIPETATOPOB: TAOJMYHON MEMOU3ALIMU U KOHCTPYKTUBHOIO OTPU-
HaHusl. Memouzarust mo3BoJsieT 3PHEKTUBHO 0OXOIUTh MPOCTPAHCTBO COCTOSTHUIA
MHTEPIIPETATOpa, a OTPULAHKE — IPOBEPSIThH, YTO 3aJAHHOE COCTOSIHME MHTEPIIpe-
TaTopa HeaoCTHKUMO. [10Je3HOCTh JaHHBIX PACIIUPEHUI TPOAEMOHCTPUPOBAaHA Ha
MpUMepe MHTEPIIpETaTopa IjIsi MHOTOMOTOYHOTO MMIIEPATUBHOIO sI3bIKA IIPOrpaM-
MUPOBAHUSI.

KioueBbie ciioBa: pessiliMOHHOE IMPOrpaMMUPOBAHME, JEKJIapaTUBHOE MPOrpaMMM-
pOBaHMe, JOTUYECKOE MPOrpaMMHUPOBAHNE B OTPAHMUCHUSAX, TaOJIMIHAS MEMOM3a-
111sI, KOHCTPYKTMBHOE OTpUIIAHKE.

Ccpuika npu murupoBanun: Mouceenko E.A., [Monkomaes A.B. PensiumonHoe mipo-
rpaMMUpOBaHME C MeMmou3alueid W orpuiiaHueM // HaydyHo-TexHMuYecKue Bemo-
moctu CIIGI'TTY. Unpopmaruka. TerekommyHukauuu. Ymnpasinenue. 2018. T. 11.
Ne 2. C. 35—46. DOI: 10.18721/JCSTCS.11203

RELATIONAL PROGRAMMING WITH MEMOIZATION AND NEGATION

E.A. Moiseenko, A.V. Podkopaev

St. Petersburg State University, St. Petersburg, Russian Federation

The relational paradigm allows to express programs as relations. Unlike functions,
the relations do not distinguish input and output parameters, thus a single relational
program can be used to solve several related problems. Relational interpreters are of
particular interest. These interpreters can execute a program, check that the program
satisfies a set of constraints or generate a program that has specified properties. In
order to take advantages of the relational interpreter, the developer needs to define
the semantics of the programming language as a relation. In this work, we present
an implementation of two useful extensions of relational programming: tabling and
constructive negation. Tabling helps to traverse the state space of the interpreter
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efficiently. Constructive negation allows to check that some state of the interpreter is
unreachable. We show how this extensioncan be used on an example of a relational
interpreter for a concurrent imperative programming language.

Keywords: relational programming,

declarative programming,

constraint logic

programming, tabling, constructive negation.
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BBenenne

PensimonHoe mporpaMMmpoBaHHE — 3TO
BUJ JEKJapaTUBHOIO MPOTPaMMMpPOBaHUS, B
paMKax KOTOpPOro IIporpaMMbl HpeacTaBJIsi-
I0TCSl Kak Habop oTHoueHuid. Cpenn pens-
IIMOHHBIX MPOrpaMM OCOOBI MHTEpeC Ipei-
CTaBJISIIOT  PEJISILMOHHBIE MHTEPIIPETaTOPHI,
CIIOCOOHBIE HE TOJBKO MCIIOJIHATH IIPOTrpaMMy,
HO M MPOBEPSITH YAOBJIETBOPSET JIM MpPOIrpam-
Ma HaOopy OrpaHUYEeHUII WJIM T'€HEepUpPOBaTh
nporpammy, o06Jafarolly0 3a1aHHbIMU CBOM-
crBamu [1]. Takum oOpa3zom, Ha Ga3e OTHOrO
PESILMOHHOIO MHTepIpeTaTopa MOIYT ObITh
pa3paboTaHbl pa3IUYHBIC SI3BIKOBBIE MHCTPY-
MEHTBI, TaKMe KaK CHUMBOJIbHBIM MHTEpHpeTa-
TOp, BepuduKatop, reHepaTop Kojga u ap. s
TOrO YTOOBI BOCITOJIB30BAThCSI BCEMM IIPEUMY-
IIECTBAaMU PESILIMOHHOIO WHTEpPIpeTaTopa,
pa3paboOTYMKY HEOOXOOMMO OIMcaTh CeMaH-
THUKY SI3bIKA B TEPMUHAX OTHOIICHUIA.

Hnsg 3agaHus CEMaHTUMKM MMIEpPaTUBHBIX
MIPOTpaMM YacTO MCIIOIB3YIOTCSI CUCTEMBI I10-
meueHHbIx riepexoaoB (CIIIT) [2]. B naubonee
ob6uiem Buge CIIIT — 310 MHOXECTBO COCTO-
SHUM M OTHOLIEHUE Mepexofa MeEXIy Iapoit
COCTOSTHUM To 3amaHHOW MeTke. [lpu peanu-
3allM¥ CEMAHTUKY MMIIEPATUBHOTO SI3bIKa KaK
CIIIT ocobeHHO MoJje3HBIMU 0KA3bIBAIOTCSI Ta-
KMe paclIMpPEeHUs] PeJSILIMOHHOIO MPOrpaMMM-
poBaHus, Kak TabauuHasi Mmemousauus [9, 11]
M KOHCTpPYKTUBHOe oTpuuanue [3, 7, 8, 10].
MemMomn3zanust Mo3BOJISIET 3aIIOMUHATh U HEO-
HOKpPaTHO MCII0JIb30BaTh PE3Y/IbTaThl 3aIIPOCOB
K OTHOILIEHUSIM, TeM CaMbIM M30erasi IOBTOP-
HbIX BbluMcaeHui. IIpencraBuB MpoCcTpaHCTBO
cocrossauii CIII1 xak oTHOIIEHNE U BBITIOJIHUB
€ro MEMOM3all1io, MOXHO 3aTeM 3(PdOEKTUBHO
BBIMOJHATh €ro 00xoa. KOHCTpYKTMBHOE OT-
pUMlIaHWE MO3BOJSIET IMOCTPOUTH JIOTMYECKOE
oTpunanue 3amnpoca. [Ipu momomm KOHCTPYK-
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TUBHOTO OTPULIAHMSI CTAHOBHUTCS BO3MOXHO,
HaIpuMep, IPOBEPUTDH, YTO 3aJaHHOE COCTOSI-
aue CIIIT HegocTKIMO.

B pamkax naHHoi paboThl MbI peaan30BaIn
TaOJIMYHYI0 MEMOM3ALMI0 U KOHCTPYKTMBHOE
OTpULIAaHME IJIsI SI3bIKA PEISLIHOHHOIO IIPO-
rpammupoBanuss OCanren [17]. Mcnonb3ys
STU pacCIIUPEHMsI, Mbl pa3paboTaii UHTEPIIpe-
TaTOp MUHUMAJIIMCTUYHOIO WMIIEPAaTUBHOTO
MHOTOIIOTOYHOI'O S3bIKa IPOrpaMMUPOBAHUS,
a 3aTeM TMPUMEHWIM JAaHHBI MHTEPIpETaTop
1711 Bepu(UKAIUM HECKOJIbKUX MHOTOIIOTOY-
HBIX QJITOPUTMOB, TaKMX KaK aJfOPUTM B3a-
MMHOTrO MckioueHus Jlekkepa [16], aaroputm
B3amMHoOro uckimodeHus Ilerepcona [18], amu-
TOpUTM Oapbepa U JIp.

1. PeqsanuoHHOe mporpaMMHPOBaHHE

[TapagurmMa peasSUIMOHHOIO IIPOTrpaMMU-
pOBaHMS UCMOJIb3yeT MHOTHE UIEU U3 02uHde-
CK020 NpoepamMmupo8anus 6 oeparHu4eHusx (con-
straint logic programming) [4] 1, B 4aCTHOCTH,
OT s3bIKOB cemeiictBa Prolog [9, 11]. OgHum
W3 MPEICTaBUTENCH PENSIIMOHHON MTapaaurMbl
SBJSIETCS SI3bIK MporpaMMmupoBaHusl MiniKan-
ren [1]. MiniKanren cocTouT u3 HEOOJIBIIO-
ro yuciia IpUMUTUBOB. biarogaps 3Tomy oH
MOXET OBITh JIETKO peajau30BaH KaK BCTpau-
BACMbIi IIPEIMETHO-OPUEHTUPOBAHHBINA S3BIK
(embedded domain specific language). OgHoit
n3 Takux peammsaumii aBiasgerca OCanren
[18], BcTpoeHHBIN B (PYHKIIMOHAIBHBIN SI3BIK
OCaml.

OcHoBbl. IIporiecc mporpaMMupoBaHUs Ha
PESILIMOHHOM $I3bIKE MOXHO YCJIOBHO pas-
JIeJUTh Ha JBa 93Tala: OMpeaesieHHe TUIIOB
JAaHHBIX U OTHOIICHUI M (POpMUpPOBAHUE 3a-
pocoB K oTHolueHusIM. IIpoBens aHajgoruio
¢ s13p1koM SQL, MOXHO cKa3aTh, YTO OTHOIIIE-
HUSI COOTBETCTBYIOT TaOJIMIIaM, a 3aIllpOChl —
SELECT-3anpocam K ©0a3ze mpaHHbBIX. [lpum
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(opmupoBaHUM 3ampoca B PEISLIMOHHOM
SI3bIKe pa3pabOTUYUK IepenaeT HEKOTOpPhIE ap-
TYMEHTBl OTHOIIEHMSA, a OPYyrue apryMeHTEHI
3aMeHsSIeT CBOOOAHBIMU IlepeMeHHbIMU. Ecin
OTHOILIEHUE MOXKET OBbITh BBHIIIOJHEHO B KOH-
TEeKCTe MepedaHHBIX apryMEeHTOB, TO 3aIpoc
3aBeplIaeTcsl ycrnexom (success) UM BO3Bpa-
1IaeT IIOTeHLMAJbHO OECKOHEYHBIN CIIHMCOK
MOJACTAHOBOK JJiI CBOOOAHBIX TMEPEMEHHBIX,
Ha KOTOPBIX BBIMOJHSIETCS OTHolueHue. Ecim
OTHOILIEHUE HE MOXKET OBbIThb BBHIMIOJIHEHO, TO
3aIIpocC 3aBepluaercs: Heygauein (fail).

let append xs ys =
match xs with
[ 1l — ys
| x::xs’” — x::(append xs’ ys)

let append’ xs ys zs =
(xs=[I) A (ys=2zs))
\%
fresh (x xs’ zs’
(xs =x::xs’) A
(zs =x::2z8') A
(append® xs’ ys zs’)

N

Jlucmune 1. ®yHKuMA append U OTHOILEHUE
append®

PaccMoTpuM yHKIMOHATBHYIO TTPOrpaM-
My KOHKAaT€HallMu CIUCKOB append W €€ pe-
JSUMOHHBIKN aHasior appende (auctuHr 1).
[Ipu moMolM OTHOIIEHUSI append® Mbl MO-
K€M BBITIOJIHUTh KOHKATEHAIMI0 CITMCKOB,
CreHepUpoBaTh BCce pa30MeHusi CIKUCKa Ha
napy CHMCKOB WJIM MPOBEPUTh, YTO KOHKaTe-
HalKsl MYCTOTO CIMCKA C JIIOOBIM JAPYTUM HE
U3MEHSET TnocieaHuil (iuctuHr 2). B oTBete
Ha TOCJEAHUIN 3aIPOC MOXHO BUAETh C80000-
HYI0 N02UMecKyio nepemMeHHyl0, 0003HAYEHHYIO
Kak . CBoOomHas Jlornyeckas rnepeMeHHas B
OTBETE Ha 3aIllpoC O3HAyaeT, YTO Ha €€ MeCTO
MOXET OBITh MOJCTABJIEH 000N TEpM COOT-
BETCTBYIOILIETO TUIIA.

PaccMotpum 0Gojiee moapoOHO ompeaesie-
HUE OTHOUIEHUSI append®. MOXHO BUIETH,
YTO OIpe/eieHHe COCTOUT U3 OWHAPHOTO
OTHOLUEHUSI =, BBI30BA JPYTUX OTHOLIEHWN
(B @maHHOM cllyyae pPEKYpPCUBHOIO BbBI30Ba
append®), JOTMUYECKUX CBSI30K A (KOHBIOHK-
LIMK) U V (IU3BIOHKIIMN ), @ TAKXKE KOHCTPYKIIUU
fresh.

run * (append’ [1] [2] q) ~» success {
q=[1; 2]

}

run * (append’ q r [1; 2|) ~» success {
qa= 1, r=[1; 2
q=[1], r=[2];
a=[1; 2], == [

}

run * (append’ || q q) ~ success {

}q=_o

Jlucmune 2. TlpuMepbl 3alpoCcOB K OTHOIIEHUIO
append®

buHapHoe OTHOIlIEHWE SKBUBAJEHTHOCTHU
£ = u ONpeNeIeHO Ha MHOXECTBE JJOTUYECKUX
TepMOB. [IBa TepMa t ¥ u HAXOAATCS B OTHOIIIE-
HUU t = u, €cIM OHU YHUduuupyotea [15],
T. €. CYILIECTBYeT IOACTAaHOBKA, 3aMEHSIOIIasI
BXOXJIEHMSI CBOOOIHBIX IIEPEMEHHBIX B t U u
Ha Apyrue JOrM4yeckue TepMbl TAKMM 00pa3oM,
YTO t U u CTAHOBSITCSI CUHTAaKCUYECKU PKBUBA-
JIeHTHbIMU. Hanpumep, TepMbl Cons (_, Nil)
U Cons (1, _,) YHUDUUUDYIOTCH, T. K. CyIlE-
CTBYET MOJICTAHOBKA, KOTOPAsi CTABUT B COOT-
BETCTBUE TIEPBOI MEPEMEHHON KOHCTAHTY 1, a
BTOPOW MEPEMEHHOU — TepM Nil.

KoHcTpyKius fresh CIyXUT sl BBefe-
HUS HOBBIX «CBEXHUX» IMepeMeHHbIX. CBexas
nepeMeHHass MOXeT ObITb YHU(UIIMPOBaHA C
JOObIM JIpyTMM TepMoM. [lajiee B mporpamme
Takasl IepeMeHHasl MOXET ObITh 3aMEHEeHa Ha
TaHHBIN TepM. B Kome oTHOIIEHUS append® C
MOMOIIIbIO fresh BBOJSITCS TPU HOBBIX Mepe-
MEHHBIX x, xs’, zs’.OTH NepeMeHHBbIC 3a-
TEM MCIIOJIB3YIOTCH IS TOTO, YTOOBI TEKOM-
MO3UPOBATh UCXOJHbIE CIUCKU xS U zs Ha
TOJIOBY U XBOCT.

Orpunanue. IloMuUMO TmepeyMCIEHHbIX
BBIIIE KOHCTpYKLMK B s3biKe OCanren Tak-
K€ WMEETCSl 02paHu4eHue HedIK8UBANeHMHO-
cmu % (disequality constraint). OrpaHudyeHue
t # u BBINOJHIETCH TOTA W TOJBKO TOTAA,
Korma TepMbl t M u HE CBSI3aHbl OTHOILEHM-
eM t = u. C moMouIbl0 OTpaHUYEHUSI £ MO-
JKET OBITh OIpPEAEICHO OTHOIIEHUE remove °
(iucTuHT 3), KOTOpOE CBSI3bIBAET CIMCOK ys
CO CIIMCKOM zs, B KOTOPOM YAQJICHO MEPBOE
BXOXIICHUE X.
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let remove’ x ys zs =

((ys= 1) A (zs=1]))

\%
fresh (ys’)
(ys=x:1ys’) AN (zs=ys')
V
fresh (y ys’ zs’)
(x#y) A

(ys=y::ys’) A
(zs =y::zs’) A
(remove® x ys’ zs')

Jucmune 3. OTHOLLEHUE remove °

OTHolIeHUE # IPEeICTaBIsIeT CO00il OUeHb
OrpaHNYEeHHYIO (DOPMY OTPULIAHUSI B PEJISILIM-
OHHOM TIporpamMmmupoBanuu. K coxaieHuto,
3TOi (OPMBI OTPULIAHUS HEPEIKO HEAOCTATOY -
HO IS BBIPAXXEHUSI MHOI'MX ITOJIE3HBIX MPO-
rpaMM B peJissunoHHON (opme. B wacTtHOCTH,
HEBO3MOXXHO OOOOIIMTH OTHOLIEHWE remove®
TakKMM 00pa3oM, UTOObl OHO BBIMOJHSLIO yaa-
JIeHHEe IIEpBOro 3JIEMEHTa CIIMCKA, YIOBJIET-
BOPSIIOIIETO IIPOU3BOJIBLHOMY IIpEeaUKATy p°
(T. XK. B TpeTbeM [AU3bIOHKTE OTHOLLUCHUS
remove® TpeOyeTcsT MpOBEepKa, YTO SJIEMEHT
CIIMCKA y HE YIOBJIETBOPSET MPEAUKATY p°).

Humxe, B pasgene 4, ommcaH METOI KOH-
CTPYKTUBHOro orpuuanusg [3, 7, 8, 10]. Hdan-
HBIIA METOHI BIIEPBBIC OBLI TPEIJIOKEH JIJIst
SI3BIKOB cemeiicTBa Prolog, ogHako B 3Toi
paboTe, HACKOJIBKO HaM W3BECTHO, BIICPBBIC
peaau30BaHO KOHCTPYKTMBHOE OTpULIAHUE
JIUIST BCTPOSHHOTO PEJISILIMOHHOTO SI3bIKa IIPO-
rpaMMUPOBAHUSL.

Memonzanug. DTO METOA ONTUMM3ALUU
MporpaMM, 3aKJIIOUYAIOIIMIICS B COXpaHCHUU
pe3yibrata paboThl GYHKINN HA KOHKPETHBIX
apryMEHTax M HEOJAHOKPATHOIO MCIIOJIb30Ba-
HUSI 3TOTO pe3yabTaTa MpPU ITOBTOPHBIX BBI30-
Bax ¢yHKuMu [14].

TabauuHblii MeTOon Memousauuu (fabling)
MO3BOJISIET BHIITOJHITh MEMOM3ALIMIO OTHOLLIE-
HUI, KOTOpast CITOCOOHA CYIIECTBEHHO YCKO-
PUTh UCIIOJHEHUE 3apOCOB K PEKYPCHUBHBIM
oTHOIIeHUSIM. Kpome Toro, HEKOTOpPEIE 3aIpoO-
Chl K MEMOM3HUPOBAHHOI BEPCUM OTHOILCHMUS
CIIOCOOHBI 3aBepIIAThCS 3a KOHEUHOE BpEMS,
TOrJa KaK aHaJOTMYHbIC 3alIPpOChl K HEMEMOM-
3UPOBAHHOM BEPCUU HE 3aBEPIIAIOTCS.

TabauuHbId METOH MeMOU3aluu U3Be-
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CTEH B KOHTEKCTE $I3bIKa MPOrpaMMUPOBAHUS
Prolog [9, 11]. Huxe, B pa3mene 3, MBI IIpea-
CTaBUM YJIYYIICHHBIA aJropuT™M TaOJIMYHOM
memom3auuu g OCanren, TOAAEpPKUBAIO-
IIMA OTHOIIEHUSI C OTPAHWYEHUSIMU HEIKBU-
BaJICHTHOCTH.

2. PesnuoHHbIil MHTEPIPETATOP

B manHOM pazmeiie onmcaHa o01Ias CTpyK-
Typa peISILMOHHOrO WHTepIlpeTratopa, T. €.
MHTEpIpeTaToOpa, 3aIaHHOTO KaK OTHOIIEHUE,
IS TIPOCTOTO MHOTOIIOTOYHOI'O MMIIEpaTUB-
HOTO sI3bIKa MporpaMMupoBaHMsI. Takxke mpo-
JEMOHCTPUPYETCS KaK HOaHHbII MHTepIpeTa-
TOP MOXET MCIIOJIb30BaTbCS UISI MPOBEPKU
MHBapUaHTOB IIPOrPaMM.

Pensuuonnsie CIIII. /11t Toro 4To0b! OMK-
caTh CEMAHTHMKY MMIIEPATUBHOTO SI3bIKA IIPO-
IrpaMMUPOBAHUS B PEJISILIMOHHON (opme, KC-
MOJIB3YIOTCST CCTEMbI ITIOMEUEHHBIX ITIEPEX0I0B
(CIIII). B paMkax maHHOI CTaTbW OIPEICINM
CIIIT kak tpoiiky (S, L, R), rne S — 2T0 MHO-
JKECTBO COCTOSIHUM, L. — MHOXECTBO METOK, a
R c Lx§5xS8 — orHoweHue nepexona. CIIII
TPUBUAIBHBIM 00pa3oM IIpeJcTaBMMa KakK pe-
JISILIMOHHAS IIporpaMma; MHOXKEeCTBaM COCTOSI-
HU# S 1 MeTOK L COOTBETCTBYIOT TUIHI JaH-
HBIX State M Label, a OTHOILIEHME Ilepexoaa
R MoxeT OBITh OIIpeleIeHO KaK OTHOIIEHUE
step® Label x State x State.

B xauecTBe MHOXecTBa METOK Oynem pac-
cMarpuBaTh MHOXECTBO map Tid x Action, tne
MEPBBIA BJIEMEHT SBJISIETCS MACHTU(DUKATOPOM
MOTOKA, KOTOPbIMA BBIMOJHAET JEWCTBUE, a
BTOPOIl BJIEMEHT OMpeAessieT caMo ACHCTBUE.
B cnyyae mMmepaTuBHOI IIporpaMmbl, pado-
TAIOLIEW C pPa3neyasieMO MaMsThbIO, AEWCTBUEM
MOXKET OBITh, HAIIPUMEP, YTCHUE 3HAUCHUS U3
pasznessieMoil MepeMeHHOI UJIn 3allMCh 3Have-
HUSI B pa3aelisieMylo IIepeMeHHYIO.

Oo0xox mpocTpancTBa cocrognuii. [1pn mo-
MOIIY OTHOILICHUSI step® BO3MOXHO OIMCATh
OTHOIIIEHUE JOCTHXKUMOCTU reachable® (JIU-
ctuHr 4). JlaHHOe OTHOIIEHUE MapaMeTpu30-
BaHO MPEIMKATOM p° U CBI3bIBa€T HayaJlbHOE
COCTOSIHME t C HEKOTOPBHIM TOCTHKHUMBIM CO-
CTOSTHMEM t’ ', Ha KOTOPOM BBIIIOJHSIETCS p°.
MoXHO BUAETb, YTO OTHOIIEHUE JOCTHXKUMO-
CTH OMpenesieHO MHAYKTUBHO. JIto0oe cocTos -
HUE, Ha KOTOPOM BBITIOJIHSIETCS p°©, JOCTVXKM-
MO u3 camoro ceds. Kpome Toro, cocrostHue
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t’’ DOCTUKUMO U3 COCTOSIHUS t, €CJIU CyLIe-
CTBYeT mnepexoa U3 t B £t/ U t’’ JOCTUXHMO
u3 t’.

let reachable? p° t t/'/ =
((p°t) A(e=t"")) V
fresh (t/)
(step® t t') A
(reachable® t/ t'/)

Jucmune 4. OTHOLLIEHUE JOCTUKUMOCTU

Y TnpuBeOEHHOTO BBIIIE OMNpEeAcICHUS
reachable® MMEETCH CYIIECTBEHHBIM HEI0-
CTaTOK: OHO Hed(@EKTUBHO OOXOAUT MPO-
CTPAHCTBO COCTOSIHMI, ITOCKOJIBKY OOHO U
TO 3X€ COCTOSSHUE MOXET OBITh ITOCEIIEHO
HecKoJbko pa3. Paccmorpum  pomMOoOBuUI-
HYIO CHCTEMY MEPEXOAO0B, M300pak€eHHYIO Ha
puc. 1. IIpennonoxum, 4To TpeOyeTcss 000NTH
BC€ COCTOSIHUS, NOCTWKMMBIE W3 COCTOSIHUS
S,. HayaB 00xox, 3anpoc TyT Ke OOHapyXMWT,
YTO M3 HAYAJIbHOTO COCTOSTHMS CYIIIECTBYET JIBa
nepexona B cocroaHud S, u S,. lanee 3anpoc
3aMyCTUT JBa HE3aBUCHUMBIX IMOA3aMpoca; OIuH
IJ11 00X0Ja COCTOSIHUM, OOCTHXKMMBIX U3 CO-
CTOSHUA §,, U APYTOi It 00X0/1a COCTOSTHUM,
JOCTHKMMBIX U3 S;. Oba moazanpoca Ipomo-
Kar 00xol, OOHApyXWB COCTOSIHUE S, M BCE
COCTOSIHUSI, OOCTMKMMbIE M3 HEro, OJHAaKO
5TH COCTOSTHMSI OyIyT IMOCEIIEHBI TBaXKIIbI.

Hnss Toro 4toObl MCHpPaBUTh 3TOT HEIO-
CTaTOK, HEOOXOIMMO COXPaHSTh MHOXECTBO
MOCEeIIeHHBIX cocTosgHusA. JlaHHoro adgdekTa
MOXHO IOOUTHCS, TTPUMEHUB K OTHOILIEHUIO

ls le

Puc. 1. PomboBuaHas cucrema rnepexomaon

reachable® TaOJWYHBII METOA MEMOM3AIUU
pPeISILMOHHBIX MporpaMM. B pamkax maHHOI
paboThl MojjiepKKa TaOJUUYHON MeMOoM3aluu
obuta mobaBneHa B OCanren.

IIposepka wunBapuanToB. B mnpeabiayiieM
pasgene OBUIO IIOKAa3aHO, YTO OTHOILIECHUE
reachable® MOXET UCMIOJb30BATbCI IS
0o0xoma IIPOCTPAHCTBA COCTOSIHUI CHCTEMBbI
MOMEUEHHBIX TEePEeXOJ0B, COOTBETCTBYIOLIEH
uMIepaTuBHO# nporpamMe. C MOMOILIBIO JaH-
HOTO OTHOIIEHUS MOXET OBITh ONpeaeJeHO
OTHOIIIEHUE invariant® (JIMCTMHT 5), IpoO-
Bepslolliee, YTo JUIsl JaHHOM MPOrpaMMBbl BbI-
MOJIHSIETCS] MHBapMaHT, 3aJaHHBINA IIpeauKa-
TOM safe®. JIJIsI MPOBEPKU HEAOCTHXKUMOCTU
OIIMOOYHOIO COCCTOSIHUSI HEOOXOOUM oOIlepa-
Top oTpunaHusd. B s3pike OCanren OTCyTCTBO-
Bajia IoAAep:KKa OTPULIAHUS, IIO3TOMY B paM-
Kax JaHHOTO MCCJIeJOBaHUs MbI pa3paboTaiu
COOTBETCTBYIOIlIEE paclIMpeHUe, OCHOBaH-
HOE Ha MeTOoJe KOHCTPYKTUBHOIO OTPUIIAHUS
[3, 7, 8, 10].

let invariant® safe® t = - (
fresh (t’)
(reachable® (—safe®) t t’)
)

Jlucmune 5. TIpoBepka MHBapuaHTa

3. Ta0auyHbII METOA MEeMOU3ALMH

Wnes merona TabJIMYHON MeMOHU3alMM 3a-
KJII0YaeTCsl B HEOAHOKPAaTHOM MCHOJIb30BaHUM
OTBeTOB Ha 3amnpoc. C MEMOU3UPOBAHHBIM OT-
HOILLIGHUEM CBSI3bIBA€TCSl TaO/JMLIA, B KOTOPOM
KJIIOYOM SIBJISIETCS 3aIpoc (T. €. Habop mepe-
JaHHBIX apTyMEHTOB OTHOIIEHMS), a 3HaUSHU -
€M — CIIMCOK OTBETOB Ha JaHHBINM 3ampoc. B
JaJlbHEMIIEM, €CJIM B XO[I€ MCHOJHEHUS MpPo-
rpaMMbl BHOBb OyImeT chejaH 3alpoc, IKBU-
BAJICHTHBIIA HEKOTOpPOMY 0oJjiee paHHEMYy, OT-
BEThl Ha JaHHBIN 3aIlpoc OymyT U3BJIECYEHBI U3
tabaunpl. Cxema ajaropuTMa TaOJIUYHONW Me-
MOM3allMM MpeAcTaBleHa Ha puc. 2.

IIpn BbIIONMHEHMM 3ampoca K OTHOLIEe-
HUIO CHayaJla BBIMOJHSIETCS abcmpakyus apry-
MEHTOB. AOCTpaKkiysl apryMeHTOB IO3BOJSIET
YMEHBIIUTh pa3Mep TaOaULbl IS XpaHEHUs
apryMeHTOB WM CIIMCKA OTBETOB: HECKOJIbKO
3alPOCOB C pa3lUYHBIMM apryMeHTamMu I0-
TeHLHUAJAbHO MOIYT ObITb a0CTparupoBaHbI
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Bamnpoc
K OTHOLICHHIO
Ab6crparuposanue
apryMeHTOR

AprymeHTbI
He HaliJIeHbl

Barnpoc
CJI€/1yTOIIETO
orBera

OTser
HaiteH

Orser
MOJTyIeH

TTonck orsera
B TabsmIe

Orser He
Haii1eH

oTBeTa B TabJINILY

Jobasyienue

U

TTonck

AprymeHnTsr

apryMeHTOB 5
’ HaMJIeHbI

B TabJmIe

WsBieyecHne
OTBETOB U3
TabJIULIBI

OTrBeroB
OoJbIe HET

Kor IKpeTu3arpysg
OTBETOB

Puc. 2. bnok-cxema ajaroputMma TabJIMYHON MeMOU3aALUN

no omHoro 3ampoca. CiaeayeT OTMETHUTb, UTO
CWIbHAsI aOCTpakLMs MOXKET IIPUBECTH K
TOMY, UTO 3alpoChl K PEKYpPCUBHBIM OTHOIIIE-
HUSIM TIepecTaHyT 3aBepllaThCs, T. K. IOCIE
a0CTpaKkIMM B PEKYPCUBHBINM BBI3OB MOIMAIyT
CIUIIKOM oOlue aprymMeHThl. B Haieil pea-
JIN3alUu TIpU aOCTpaKILIMKA apTyMEHTOB OTOpa-
ChIBaeTCs BCsl MH(opMausl 00 orpaHUYEHUSIX
HEAKBUBAJEHTHOCTHU. Tak, HarpuMmep, 3ammpoc
reachable® s g{% s’} (roe g — cBOOOI-
Hasl mepeMeHHas) OyaeT abcTparupoBaH 10 3a-
rnpoca reachable® s q.

ITony4eHHBIN TIOCIIE aOCTpaKIIMKU CITMCOK
apryMeHTOB HCIIOJIb3yeTCsl KaK KJIIoY ISl I1O0-
HWCKa 3aluicyu 00 SKBUBAJEHTHOM 3alpoce B
Tabuile. 3arpoChl CYNTAOTCS SKBUBAJICHTHBI-
MU, €CJIM MX apTYMEHTHI a1b@a-3KeueareHmHul,
T. €. CUHTAaKCUYE€CKU pPaBHBI C TOYHOCTBIO IO
neperMEHOBaHUS TepeMeHHbIX. B KadecTBe
CTPYKTYpPbl JAHHBIX IJIsI XpaHEHUsS MHOXe-
CTBa 3alpOCOB AJTOPUTM MCIIOJB3YET XEIl-
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tabauiy. Ilepen BeruMciaeHueM xel-@yHKIUN
OT JIOTMYECKOro TepMa CHavaja BBIIIOJHSIETCS
NeperMEHOBAaHNE BCEX MEPEMEHHBIX B MOPSII-
Ke obxoma TepMa B IIyOMHY (3TO HEOoOXOomu-
MO IUISI TOTO, 4YTOOBI ajib(ha-3KBUBAJIEHTHBIE
TepMbl MMEJIM OJMHAKOBOE 3HAUCHUE XeIl-
GyHKUIMN).

Eciu 3anuch He Oblla HaiiieHa B TaOJM-
11e, HEOOXOAMMO BBIIIOJHUTH 3alpoC K OpU-
TMHAJIbHOM, HEMEMOU3UPOBAHHOM BEPCUU OT-
HOILUEHHUS, YTOOBI IMOJYyYUTh OTBeTHI. Ilocie
MOJIyYEHUSI OYEPEIHOr0 OTBETA BBIMOJIHSIETCS
MpoBepKa: He ObLI JIX TaHHBINA OTBET JOOABIEH
B Tabiuuuy paHee. Eciu Takoii oTBeT BCTpeya-
€TCs BIEPBBIC, OH MT00ABISIETCS B TaOJIUILY.

Ecnu 3amuch Oblia HaligeHa, T. €. 3ampoc
OTHOILIEHUST C COOTBETCTBYIOIIMMU apryMeHTa-
MM Y€ BBIIIOJIHSUICS KOIIa-TO, HEOOXOOUMO U3-
BJIEYb MOJYYEHHBIE paHEe OTBETHI U3 TaOJIUIIbI.

Ilepen Bo3BpallleHMEM CIHCKa OTBETOB
HEOOXOAMMO BBIMOJIHUTh UX KOHKPETU3ALMIO.
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HanmomMHMM, 4TO TaOJWYHBINA aJrOpUTM HayU-
HaeTcsl ¢ abCTpaKIMKM apTyMEHTOB BbI30Ba. AD-
CTPaKIMSI MOXET YIAIUTh HEKOTOPYIO MH(OP-
Maluio 00 apryMeHTax, 4ToObl IMPUBECTU UX K
Oosiee 0o01IEMY BUAY (B YACTHOCTH, B Halllei
peanuzauuu ynausercss nHdopmalus oo orpa-
HUYEHUSIX HEOKBUBAJIEHTHOCTH). AOCTparupo-
BaHHBIC apryMEHTHI 3aT€M MCIIOJIb3YIOTCS IIJIst
BbI30Ba OPUTMHAIBHOU, HEMEMOU3MPOBAHHOMN
BEPCUM OTHOLIECHUS. JIpyruMu c10BaMu, MOy~
YEeHHBIE OTBETHI SIBJISIIOTCS OTBETAMM HE Ha UC-
XOIHBIN 3aIlpoc, a Ha ero abCcTparupoBaHHYIO
Bepcuto. YTOOHI MOJIYYUTh OTBET Ha UCXOTHBIN
3alpoc, HEOoOXOAMMO CKOMOMHMPOBAaTh HH-
(opManio 00 aprymMeHTax, MOTEPSIHHYIO Ha
cTaguy aOCTpaKLMU, W ITOJyYEeHHbIE OTBETHI.
3aMeTM, YTO BO3MOXHA CUTyallMs, TIPU KO-
TOPOIi HEKOTOpPbIE OTBETHI OKaXYyTCSI OTOPO-
IIEHBI, KaK HE YIOBJIETBOPSIONINE UCXOTHOMY
3anpocy. Takum obpa3oM, XOTsI MH(MOpPMAaLIUsI
00 OrpaHMYEHUSIX HEIKBUBAJICHTHOCTHA OTOpa-
CBHIBAaeTCS Ha CTaguMy aOCTpakKLMM, Ha ITalle
KOHKPETU3ALM TPOUCXOIUT MPOBEPKA COBME-
CTUMOCTH OTpaHUYECHMI C MOJYyYEeHHBIMU OT-
BeTaMu. Bo3Bpalasicb K mpuMepy ¢ 3alipocoM
reachable® s qg{# s’}, MOJYy4YUB CIIHMCOK
OTBETOB Ha €ro abCTparupoBaHHYIO BEPCHIO
reachable® s g, Hampumep, IBa OTBETa
reachable® s s’ U reachable® s s’’,
aJITOPUTM Ha CTaaAMU KOHKpETU3alluU OTOpO-
CHUT TIEPBBIA OTBET KaK HEYIOBJICTBOPSIOLIMIA
HMCXOIHOMY 3aIlpocy.

4. KOHCTpYKTHBHOE OTpHIIAHHE

KoHcTpykTuBHoe orpunianue [3, 7, 8, 10] —
3T0 (popMa OTpULIAHUS B PEJISIIUOHHOM IIPO-
rpaMMMPOBAHMU, KOTOpas, MOJYYMB CIIHUCOK
OTBETOB Ha 3alpoc, CTPOMT HA OCHOBE 3TOrO
crucka Habop orpaHmyeHuii. HemHoro ymnpo-
CTUB, MOXHO CKa3aTb, YTO KOHCTPYKTHMBHOE
OTpULIAHME MEHSIET MECTAMU OTHOLICHMSI DK-

let Axy=
let Bxy

_(Xy)

-
X

B
y

BUBAJEHTHOCTM M OTpPaHWYCHUS HESKBUBA-
JICHTHOCTH, a TakKKe KOHBIOHKIIUMU U IU3b-
FOHKIINU.

B pamkax maHHOII paOOTHI peaaIr30BaHO
KOHCTPYKTMBHOE OTPMIIAHME IS SI3bIKa IPO-
rpammupoBanus OCanren. DTta peanu3alus
OCHOBaHa Ha TEOPETHMYECKOM OOOCHOBAHUU
JaHHOI (OpMBI OTpULIAHUS, IIPUBEASHHOM
B [8].

CrpatudunupoBanHbie mporpaMmbl. Meton
KOHCTPYKTMBHOTO OTPUILIAHUSI MMEET OTpaHU-
YeHUS U IIPUMEHUM HEe KO BCEM PEeJISLIIMOHHBIM
nporpamMmMaMm. B 4acTHOCTH, omepaTop OTpH-
LAHMSI MOXET OBITh NPUMEHEH TOJbKO K 3a-
Mpocy, UMEIOIIEMY KOHEYHOE KOJIMYECTBO OT-
BeTOB. bojiee Toro, cemaHTHKa peJsSILMOHHON
IporpaMMbl ¢ OTPULIAHUEM OMpPEaeIeHa TOIbKO
IUISL cmpamuguyupoeanHuix iporpamMm [8].

g Toro 4roObl AaTh OMpeAeeHue CTpa-
TUDULMPOBAHHON PEJISILIMOHHON IPOTPaMMBI,
CBSDKEM C KaxXAOW IporpaMMoOii OpMEHTHUPO-
BaHHBIM TIpad, rae BeplIMHAMHU BBICTYHAIOT
OTHOIlleHUsd. MexXay aByMs BeplIMHamMu A U
B ectb pedpo, ecnu B ompeacaeHUd OTHOIIIE-
HUS A eCcTh BBI3OB OTHOIleHUsS B. bymem mo-
MeyaThb pedpa METKOI «+» ecin B BcTpedaeTcst
B ONpeaeseHud A He MOI OIepaTOpoOM OTPU-
LaHWS, U METKON «—» MHaude. PersgunoHHas
nporpamMma SBISIETCSI CTpaTU(UIIMPOBAHHOM,
€CJIM B COOTBETCTBYIOIIEM rpade HET LIMKIOB,
cofepXKallnX XOTS Obl OMHO pedpo C METKOM
L,

Ha puc. 3 mnpuBeneH mnpumep HPOCTOM
cTpaTUULMPOBAHHONM IIporpaMMbl, a Ha
puc. 4 — mOpuMep HeCcTpaTuPUIIMPOBAHHOMN
MPOTPaMMBI.

I'pad cTpaTuduUMpOBaHHON IpPOrpamMMbl
MOXET OBITh Pa30UT Ha KOMIIOHEHTHI CBSI3HO-
CTH ITO0 OTHOIIEHUIO CBSI3HOCTU MO pedpaM ¢
METKOIM «+». JlaHHbIe KOMIIOHEHTBlI Ha3bIBa-
1o1csd cmpamamu. CTpaThl COEIMHEHBI peOpaMm

Puc. 3. Ipumep crpatuduiimpoBaHHON MporpaMmbl
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MHdopmartnka. TeneKoMMyHUKaUMn. YnpasneHue

let Axy=- (Bxy)
let Bxy=Axy

Puc. 4. TTpumep HecTpaTU(GUIIMPOBAHHOW TTPOTPAMMBI

C MeTKOI «—». OnpezaeneHue cTpaTu@uUIMpO-
BaHHOM IporpaMMbl rapaHTUPYET, YTO MEXIY
cTpaTaMy HET LIUMKJIUMYECKUX 3aBUCUMOCTEN.

WNnTtyutusHoO, HecTpaTU(PUIINPOBAHHAS
nporpaMMa COJAEPXKUT MpOTUBOpeYalue Apyr
Ipyry OTHOILIEeHUsI. B 3ToM ciayyae HEBO3MOX-
HO KOHCTPYKTHBHO TOCTPOUTH HAOOp OrpaHu-
YEHUI IIPU OTPULIAHUU.

CeMaHTHKA KOHCTPYKTHBHOTO OTPHUAHMA.
OnpenenuM mpoueaypy KOHCTPYKTUBHOIO OT-
puuaHug 6ojiee gopmanbHo. s 3TOro pac-
CMOTpPMM TIpOLIEypY OTBETa Ha 3ampoc Kak
MpoLeCC TPaHCISALMU  PEISILIMOHHON  TPO-
rpaMMBbI B JIoTudecKyto ¢gopmyny [8]. Hamom-
HUM, UYTO MBI pacCMaTpvMBaeM TOJIbKO 3aIpo-
Chl, UMEIOIIIME KOHEYHOE MHOXECTBO OTBETOB.
Hng Havyanma OymeM paccMaTpuBaTh MPOCThIE
MporpaMMBbl, CoAepxKallle TOJIbKO OTHOIIEHUS
SKBUBAJECHTHOCTU (=). g Takux Mmporpamm
pe3yJabTaTOM TPaHCISILUUU OyaeT JIoThdecKas
dopmyna:

__ N M,
E, =Elx.i\:/lj/:\1tl»j» = Uj. (1)

B naHHO#l ¢opMysie moa KBaHTOpaMH CYy-
1IECTBOBAHUSI CTOSIT TEePEeMEHHbIC, BBEICH-
Hbl€ B OTHOULIEHWU C MOMOIIbIO KOHCTPYKIIUU
fresh. OTHOILIIEHNS 9KBUBAJEHTHOCTU t = u
B (popMyJie COOTBETCTBYIOT OTHOILEHUSM 3K-
BUBAQJIEHTHOCTH B KONE PESILMOHHONW TpO-
rpaMmbl. HakoHell, 3aMeTUM, YTO KOHBIOHK-
LIMA W JW3BbIOHKIWM B KOJE PeJISIIMOHHOMN
porpaMMbl MOXKHO MEPErpyrnmnupoBaTh TAaKUM
o0pa3oM, 4TOOHI TTOTy4YnTh hopmyny B JTHD.

BbInoOJHUMOCT, KOHBIOHKIIMKU OTHOLIE-
HUM SKBUBAJEHTHOCTM t = u MOXET OBbITh
MpoBepeHa MpU IMOMOIIY aJrOpuTMa YHUGU-
kanuu. PesynbTaToM paboOThl JAHHOTO aji-
ropuTMa B cjlydyae, €CJIi HaOOp OTHOILEHUIA
t = u BBINOJHUM, SIBJSIETCS IOJACTaHOB-
Ka, CBsI3bIBalolllasi CBOOOIHBIE II€pPEMEHHBIE.
Crnucok JAaHHBIX MOACTAHOBOK SIBJSIETCSI OT-
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BETOM Ha MCXOAHBIN 3ampoc. OTpuliaHue 3a-
mpoca MpeacTaBUM B BUAC JTOrMYECKou (op-
MYJIBI:

_ N M,
—E, =vx. A Iy # Uy (2)

Takum o06pa3oM, CIMCOK OTBETOB Ha OT-
pullaHMe 3ampoca JOJDKeH COOTBETCTBOBATH
JIOTM4ECKOMY OoTpuuaHuio dopmyiasl E, (2).
[Tondopmynbl Buaa t # u HAIIOMMHAIOT OTpa-
HUYEHUST HEOKBUBAJIEHTHOCTU, OJHAKO CTOUT
3aMETUTh, YTO TEPMBI t M u MOTYT COIEPKaTh
YHMBEPCAJIbHO KBAHTU(PUUMPOBAHHbIE IIEpPE-
MeHHBIe U3 Xx. OrpaHuyeHue VX.f# u BHI-
MOJHUMO, €CJIM HE CYLIECTBYET MOACTAHOBKU,
CBSI3BIBAIOIIICH TOJIBKO ITIEpeMEHHbBIC U3 X, KO-
Topasi YHU(PUIIMPYET TePMbI t U u:

VX.t#u < —-3Ix.t=u. 3)

Takum 00pa3oM, 3agaya BBIITOJHUMOCTU
OrpaHUYEeHU 0000LIEHUST TaKXKEe MOXKET ObITh
pelIeHa Mpyv NoMOoIIY YHU(PUKALIN.

Teneppr paccmoTpuM Haubojiee OOLLMIA
cllyyaii, Korma Joradeckas dopmyia, COOT-
BETCTBYIOIIIAsl OTBETY Ha 3aIlpoCc, MOXET CO-
JepxKaThb OTHOILUGHUSI SKBUBAaJICHTHOCTU U
OrpaHMYEHMSI HEIKBMBAJCHTHOCTUM C KBaH-
TOpoM BceoOiHocTu. OTpuliaHue (GopMmyJibl,
cojiep:Kallleil OTHOILIEHUSI SKBUBAJEHTHOCTU U
orpaHUYeHUs 00OOILIEeHUS:

_ M,
E=3x.vY, (A4t = uy) A

A (VY. Allgizl VIQ:kl Pu % Uig))

— N M;
—E =X AL (Vg #uy) v

“4)

Uy))-

— L
v (3. Vil /\/Q:k1 D

®opmyna (4) moka3bIBaeT, YTO MPU OTPU-
LHAaHUKM OaHHOUW (OPMYJIBI MOIydYaeTcsl AU3b-
IOHKLIMS AByX noagopmyd. JleBas noadopmyna
SIBJISICTCSI OTpaHNYEHNEM HEIKBUBAJICHTHOCTH,
a mpaBas IToxoxa Ha (POpMYIy ITOJOXUTEIb-
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HOIi TIpOrpaMMBbI, C TEM OTJIUYMEM, YTO TEPMBI
P M U MOTYT COAEPXKAThb KAK 3K3UCTEHLUAb-
HO KBaHTU(PUIIMPOBAHHbBIEC TIEPEMEHHBIC U3 ),
TaK U YHUBEPCAIbHO KBAHTU(PULMPOBAHHLIE
nepeMeHHble M3 Xx. TakuM oOpa3oMm, orpa-
HUYEHUS B IPABOM JAU3BIOHKTE MMEIOT BUI
Vx3dy.p =r. BBIIOJHAUMOCTh KOHBIOHKIIMHA
JAHHBIX OrpaHUYEHUII MOXKET OBITH IIPOBEPEHA
C TIOMOIIBIO MOAM(UIIMPOBAHHOTO aJITOPUTMa
yHupukauuu [7]. AJIroputM mOpuUHMMAaeT Ha
BXOJ MHOXECTBO YHUBEPCAJIbHO KBaHTU(U-
LIMPOBAHHBIX MepeMeHHbIX U, MHOXECTBO K-
3UCTEHIUAIBHO KBAaHTU(UIIMPOBAHHBIX MEpe-
MEHHBIX F, a Tak:ke MHOXKECTBO OTrpaHMYEHUIA
(t = u), CBSI3aHHBIX KOHBIOHKUMEH. AJro-
PUTM BO3BpalllaeT true U IOACTAHOBKY, CBSI-
3bIBAIOIIYIO TOJBKO CBOOOIHBIE MEPEMEHHBIE,
B cllyyae €CJd OrpaHMYEHMS BBIIOJIHUMBI, U
false — B IPOTUBHOM ClIydyae.

Jlornueckast ¢opmyna, COOTBETCTBYIOLIAS
BCel CTpaTUDULUPOBAHHON  peNSILIUOHHON
nporpaMme, CTPOUTCS MO3TAaHO. BhIMomHsIeT-
csl TONOJIOTUYECKasi COPTUPOBKA CTpaT pesisi-
LIMOHHOM MporpaMMBbl. 3aTeéM TPaHCIUPYETCs
MOAIpOrpaMMa, COOTBETCTBYIOIIAsI MTOCIEIHEI
B MOPSIIKE COPTUPOBKM CTparte. 3aTeM paccMma-
TPUBAETCS MPEAbIAYLIAsl B NOPSIAKE COPTUPOB-
KM cTpaTa. BreIMosHgeTcs TpaHCASILUS COOT-
BETCTBYIOLLEH €/ MOANPOrpaMMbl, MPU 3TOM
BCE BXOXIEHMSI oleparopa OTPUIIAHUS 3aMe-
HSIIOTCS Ha OTPUIIAHWE JOTMYECKOW (POPMYIIHI,
MOJIyYeHHOM Ha TmpenabiaylieMm srtame. ITocne
3TOr0 MPOLECC MOBTOPSIETCS TSI MPEeAbIIYIIEi
crpatbl. Tak mpoaoskaeTcs, IMoKa He OymyT
o0paboTraHbl Bce cTpathl. B utore OyneT momy-
yeHa Jjormyeckasi ¢popmysa, COOTBETCTBYIOIIAsI
HMCXOAHOMY 3arpocy. BEIMOJIHUMOCTh AaHHOM
¢GopMyIIBI MOXKET OBITH CBelleHa K IOCJIeI0Ba-
TEJIBHOCTH YHU(PUKALINIA.

5. Anpobanus

Jng anmpobanuy npeajaokeHHBIX B JTaHHOMI
pabdote pacmmpenuii s13pika OCanren ObLIa
paccMOTpeHa 3ajada MPUMEHEHUS pPeJIsiiy-
OHHOTO WHTEpIIpeTaTopa MHOTOIIOTOYHBIX
nporpamMm (CM. pasaen 2) K IpobjaeMaM Bepu-
(pukaumy mporpaMM M CHMHTE3a KOJa CMHXPO-
HU3ALNMN.

Ilepen BbIIOJHEHUEM ampoOaLUU  pesisi-
LIMOHHBIA MHTEPIIPETATOP MHOTIONOTOYHBIX
nporpaMM ObUT 0000ILLEH 11 BO3MOXKHOCTH

WCIIOJTHEHUsI MPOrpaMM B Pasiu4yHbIX Mode-
Asax namamu. Mopenb TaMsTy OIpeneisieT ce-
MaHTUKY B3aMMOJEUCTBMSI MOTOKOB C pasie-
JIsieMO#l maMsThio. Momdenb nocaedosamenvHol
coenacosannocmu (sequential consistency) [6]
sBisieTcsl HauboJsiee Ipoctoil. B pamkax maH-
HOIi MOIENM KaXIo€ BO3MOXHOE ITOBEIECHUE
IpoTrpaMMBbl SIBJISIETCSL PE3yJIbTaTOM HEKOTO-
poro 4epeaoBaHUS WMHCTPYKLIMU pPa3TUdHBIX
noToKoB. CoBpeMeHHbIe SI3bIKA ITPOrpaMMMU-
pOBaHUS W alfapaTHbIE apXUTEKTYpPhl MPero-
CTaBJISIOT pa3paboTuvkamM 0oJjiee CIO0XHbBIE
MOJIEIN, Ha3bIBaeMbIE CAAObIMU MOOeASIMU Na-
mamu. Tlomumo momenu SC B HallleM MHTEp-
IpeTaTope peajaru3oBaHa MOMAEPKKAa MOIENIHN
Total Store Order (TSO) [13], a Takke MomenIn
Strong Release-Acquire (SRA) [5].

B 3amavax Bepupukayum Ha BXOJ UHTEP-
MpeTaTopy MHomaBajach MHOTOIIOTOYHAs IIPO-
rpaMma, a Takke MHBapWaHT, BBITIOJTHUMOCTh
KOTOPOIO CJIeA0BaJI0O MpOBepUTh. bbbl pac-
CMOTpPEHBI IIporpaMma Iiepegadyud COOOILIEeHMUS
MEXIy OBYMSI IIOTOKaMU, aJTrOPUTM B3auM-
Horo wuckmodyeHus Jlekkepa [16], aaroputm
B3auMHOro uckmoueHus Kosna [12], a Takxke
aJiropuT™M Oapbepa Ajs1 IBYX IMOTOKOB. bbuia
pou3BeJicHa TOMBbITKA BepU(GUKALIMKA JaHHBIX
aJIrOpUTMOB B Tpex moaesax namaTtu: SC, TSO
u SRA. MU3BecTHO, uTo anroputm dekkepa 6e3
WCITOJIb30BaHMSI AOITOJHUTEIBHBIX OIepalnii
CHMHXPOHM3allMM KOPPEKTEeH TOJbKO B MOJE-
qu SC. PensdMOHHBII WHTEPNPETaTOp MO~
TBepOWI BTOT (PaKT, HalAsT KOHTPIPUMEPHI
B CJly4yae MCIOJHEHHUs ajroputMa Jlekkepa B
monenax TSO m SRA. [IBa Opyrux ajropur-
Ma ObLIM YCIIEIITHO BepU(ULMPOBAHBI BO BCEX
Tpex mMoaessx. B tabn. 1 mpuBeaeHo cpegHee
BpeMsl pabOThl MHTEpIIpeTaTopa ISl JaHHBIX
TeCcTOB ¢ 95 % mOBEpUTEIIbHBIM MHTCPBAJIOM,
MOJYYEHHOE TI0 JECATU 3aMyCKaM.

B 3agaye cuHTe3a CUMHXpOHM3ALMU ObLIU
paccMOTPEHBI Te Xe aJTOPUTMBI, HO Ha BXOI
MHTEpIpeTaToOpy MOAaBaJicsl IA0JOH IIpo-
rpaMMBbI, B KOTOPOM OBUIM ONYIIEHBI MOOU-
guxamopur docmyna. MoaudukaTopbl 10CTyma
OIPEIEe/ISIIOT YPOBEHb CHUHXPOHMU3ALUM IIpU
YTEHUM WM 3alucu pasieisieMoil IepeMeH-
HOU B ciabbix Mozaensx. Ha mecto momudpu-
KaTOpOB J0CTyMHa ObLIM MOACTaBJI€HBI CBOOO/I -
HBIE TIepeMEHHBIC. 3agadyeil peISILMOHHOTO
MHTepIpeTaTopa ObLIO HAWTU IIOACTaHOBKY
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Taonuna 1
Pe3yabraThl npuMeHeHHs1 MHTEPIPETaTOPa 1 BepupuKanumn
HasBaHue Tecta SC TSO SRA
Message Passing 0.01£0.01 0.02£0.00 0.02x0.01
Dekker Lock 0.11£0.02 1.08%+0.01 0.21%+0.01
Peterson Lock 0.26%0.01 2.91£0.01 0.48%0.01
Cohen Lock 0.11£0.00 0.35%+0.00 0.21%+0.01
Barrier 0.08%0.01 0.14%+0.01 0.124+0.00
Taonuna 2
P €3yJbTaThl NPUMCHECHUA MHTEpHpeTaTopa Ajisd CHHTE3a CUMHXPOHU3AIMA
Hassanue tecta TSO SRA
Message Passing 0.05%0.00 0.36%0.01
Dekker Lock 76.49+0.51 OOM
Peterson Lock 5300.51£10.09 OOM
Cohen Lock 1.00£0.05 2.48%0.07
Barrier 2.39+0.04 238.67£1.79

I 3TX nepeMeHHBIX. B momemm SC Bce
oIepalMy Haj pas3aesseMbIMU IIepeMEeHHbIMU
TOJTHOCTBIO YIOPSIIOYEHBI, TT0 3TOM IPUYMHE
3aJaya reHepaury MOoAu(PUKATOPOB JOCTYIIA B
JaHHOW MOAEJM HeakTyanbHa. Pe3ynbrarhl 3a-
MepoB (cpenHee M 95 % mMOBEpUTEIbHBIN WH-
TepBaJl BpeMEHM PabOThI MO IECITH 3aIycKam)
MpUBEICHBI B Ta0MI. 2.

N3 pesynbraToB ampobauuu ciaeayeT, 4To
PEISILMOHHBINA MHTEPIIPETAaTOP XOPOLIO CIIPaB-
JigeTcs ¢ 3agadeil Bepudpukanuu. B momensx
TSO m SRA mpocTpaHCTBO COCTOSIHHMM IIpO-
rpaMM, Kak TpaBUJIO, CYIIECTBEHHO OOJIble,
yeM B Mogenu SC. Ilo sToit mpuumHe BpeMmst
Bepu(@UKaIMK I 3TUX MOJENEH TakkKe yBe-
JmyuBaeTcd. C 3amadeil reHepauuud Moaupu-
KaToOpoB JOCTyIa MHTEPIPETaToOp CIpaBisieT-
cg HamHoro xyxe. g anroputma Hdekkepa u
Ilerepcona B Mmomenmn SRA mHTEprperaTop 3a-
BepLIMJI paboTy 1O MPUYMHE MCYSPIAHUS BUP-
TyanabHOI mamstu (our of memory). B Moaenu
TSO Ha maHHBIX TecTax WHTEPIIpETaTop 3a-
BEpILIWJ CBOIO pabOTy, OMHAKO 3TO 3aHSIIO J0-
CTaTOYHO MHOro BpeMeHHU. Takue pe3yibTaThl
CBSI3aHBI C TeM, YTO KaXIblil pa3, Koraa pesi-
LIMOHHBI MHTEPIIPETaTOP BCTPEYaeT CBOOOMI-
HYIO TIEpEMEHHYIO B UCXOJHOI MporpaMmmMe, OH
JeJIaeT HeAeTePMUHUPOBAHHbLIN BbIOODP. TakuMm
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00pa3oM, MPOCTPAHCTBO ITOMCKA MOXET pacTh
SKCIOHEHLIMAIbHO C POCTOM KOJIMYECTBA CBO-
OOIHBIX TIEPEMEHHBIX B ITPOrpaMMme.

6. O030p cBA3aHHBIX PadOT

OgHo w3 TIpWIOXeHWN s3bIKa Mini-
Kanren — pa3spaboTka peassurOHHBIX WHTEP-
npetaTtopoB. B wactHocTH, B [1] mpencraBiieH
PeSIUMOHHBIIA MHTEPIIPETaToOp ISl ITOAMHO-
KecTBa (PYHKIUMOHAJIBLHOTO SI3bIKAa IIPOTpaM-
mupoBaHus Racket. TToxka3zaHo, Kak AJaHHbII
UHTEPIIPETATOp MOXKET MCIIOJb30BaThCs IS
reHepaluy IIporpaMM 1o Habopy TECTOB WM
IUISI TeHepaluy KBalfHOB (quines) — mporpamm,
pe3yJabTaTOM BBITIOJHEHUSI KOTOPBIX SIBJISIETCS
HMCXOOHBI TEKCT IporpamMMbl. B ornmume ot
9TOM pabOThI, MBI IIPECTABIISIEM PEISILIMOHHBIIA
WHTEPIIPETATOP AJISI MHOTOIIOTOYHOI'O MMIIepa-
TUBHOTO $I3bIKa MPOrpaMMMpPOBAaHUS U JTEMOH-
CTPUpPYEM, KaK OH MOXKET MCIIOJIb30BaThCS IJIS
MPOBEPKU UHBAPUAHTOB MPOTrpaMM.

TabauuHbBI METOO MEMOM3aLMK TaBHO 13-
BECTEH B KOHTEKCTE CEMeMCTBa SI3bIKOB IIPO-
rpamMmupoBanus Prolog. Hampumep, B I3bI-
ke XSB Prolog [11] TabnuuHas mMemou3alLus
MIPUMEHSIETCSI KO BCEM OTHOIIEHUSIM 110 YMOJI-
YaHUIO.

Meton

KOHCTPYKTUBHOI'O OTpUullaHUAd,



BIIEpBbIC TpeIoXKEeHHBIM B [3], paHee pac-
CMATPUBAJICS B KOHTEKCTE JIOTUYECKUX SI3bIKOB
nporpamMmupoBaHus. B [8] omucaHbl TeopeTu-
YECKHME AaCIEeKThbl KOHCTPYKTMBHOIO OTpHUIIA-
HUS, a TAKKE TIPUBEICH aJrOPUTM MCIIOJTHEHUS
JIOTUYECKOI TIPOrpaMMbl ¢ KOHCTPYKTMUBHBIM
OTpUILIaHUEM [JIs1 CTPaTU(UIMPOBAHHBIX ITPO-
rpamm. Pa6ota [10] 0006111aeT KOHCTPYKTUBHOE
OTpUIIaHKE [0 JIOTMYECKUX MPOrpaMM C Orpa-
HuyeHussmu. B [7] omucana peanuzaiiysi KOH-
CTPYKTUBHOT'O OTPULIAHUS 17151 60JIe€ IIIMPOKOTO
KJacca IporpamMm, 4eM CTpaTU(UIIMPOBAHHBIC
nporpaMMmbl. HecMmoTpsi Ha cyliecTBoBaHUE
MHOXEeCTBa paboT, OMUCHIBAIOILINX TCOPETUYEC-
CKHME acCIeKThl KOHCTPYKTUBHOTO OTPHUIIAHUS,
HACKOJIbKO M3BECTHO HaM, BCE COBPEMCHHbIC
peanuzauuu sg3bika Prolog ucnonb3ytoT 0oJjiee
MPOCTOI METOJ, «OTpULIAHKUE KaK Heynada» (ne-
gation as a failure). JlaHHBI MeTOI HEKOPPEK-
TeH (unsound) B cilyyae, €CJiM B 3aIlpoce II0A
OTpUIIAHWEM BCTPEYAIOTCsS CBOOOAHBIC TIEpe-
MeHHBIe. B Haleil ctatbe mnpeAanpuHsSTa I10-
MbITKA peajru30BaTh KOHCTPYKTUBHOE OTpUIla-
HUE IS BCTPOEHHOTO PEJISIIMOHHOIO SI3bIKa
MporpaMMUPOBAHUSI.

3akinoueHue

B maHHO#1 cTaThe IMpeacTaBlieHa peanan3a-
LIMST IBYX PACIIMPEHUI PEISILIMOHHOIO SI3bIKa

‘ E.A. MouceeHko, A.B. Noakonaes, DOI: 10.18721/JCSTCS.11203 >

OCanren: TabJMYHOI MEMOU3aLUMU U KOH-
CTPYKTMBHOIO oTpuuaHusl. TabiuyHast Me-
Mou3alMs TO3BOJsIeT pa3pabdaTeiBaTh 3(PdeK-
TUBHBIE HHTEPIIPETATOPhl Ha pPeISILMOHHOM
s3bIKe MporpaMmmMupoBaHusl. KoHCTpyKTMBHOE
OTpULIAHNE YBEJIMUMBAET BEIPA3UTEJIbHYIO CUITY
PeJSIIIMOHHOIO $I3bIKa, IIO3BOJISIA BbIpaXaTh
HOBBIC OTHOILICHUSL.

Ucnonwzysa a3k OCanren ¢ JaHHBIMU
paclIMpeHUsIMUA, MBI pa3paboTanu pesslu-
OHHBI MHTEPIPETATOP TSI MHOTOIMOTOYHBIX
MMIIEPAaTUBHBIX IIporpaMM. JlaHHBII MHTEpP-
MpeTaTop IMO3BOJISIET MCCIEeI0BAaTh MOBEACHUE
MHOTOIIOTOYHBIX IIPOTPaMM, a TaKXKe IPOBE-
PSITb UX UHBApUAHTHI.

B xome ampobauuu IIpOAEMOHCTPUPO-
BaHO, UTO pPEJSIMOHHBIM IOAXOM MOXKET
HMCIOJb30BaTbCS IS BepuuKalUU U TeHe-
palliu CUHXPOHM3AIlMM B HEOOJBIIUX MHO-
TOMMOTOYHBIX IIpOrpaMMax, HO IJISI IpHUMe-
HEHUS AAHHOTO TOAXoaa K 0ojee CIOXHBIM
nporpamMMmaMm TpPeOYIOTCS HEKOTOphIe VIIyd-
meHus. MHTerpamusi peasiiiuOHHOTO S3bI-
Ka C COBpPEMEHHBIMU pellaTeJasIMu (hopMYyIT
B Teopugax (SMT solvers) MOXeT YCKOPHUTH
MIPOBEPKY BBHIMIOIHUMOCTA OIPaHUYCHUI.
HpyruM HampaBjieHUEeM pabOThl SIBISETCS
NpUMEHEHUE TEeXHUK CYMNECPKOMIWIALUU U
YaCTUYHOTO MCITOJHEHUS.
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MOJEJ/IMPOBAHUE BO3AYXOPA3AEJ/IUTE/IbBHOU YCTAHOBKU
HU3KOIro AABJIEHUA KAK OBbEKTA YINPABJIEHUSA

n.n. Cynseé’, /].B. Cedo®?

"HopunbCKMUM rocyaapCTBEHHbIA MHAYCTPUANBbHBIN MHCTUTYT,
r. Hopunbck, Poccuickasa Pepepaums;

2 «Hopunbckui HUKenb», r. Hopunbck, Poccuinckas Pegepauns

PaccMoTpena 3amava pa3pabOTKM MaTEMAaTHYECKON MOIEIM TpoLiecca pasiesie-
HUSI BO3/yXa KaK oObekTa yrpabieHus. PasneineHue Bo3ayxa — MHOIOCTaIMITHBINA
MPOLIECC, BKJIIOYAIOLIMI B ce0s HECKOJIBKO MOArOTOBUTE/IbHBIX CTaauid. B3anmo-
JCACTBUE MEXAY CTagusiMU (TIOACUCTEMaMM) MMEET CJAOXHBIA XapakTep, a Hemo-
CTYITHOCTh U3MEPEHMS BHYTPEHHUX ITEPEMEHHBIX HE JAeT BO3MOXKHOCTH ITOCTPOECHUS
OTIENIbHBIX MOJEJIei MOACUCTEM MHOTOYPOBHEBOM CHUCTEMBI.

IIpencraBieHa KOHLENTyalbHAasi MOJAEAb PYYHOrO YIIPaBICHUS YCTAHOBKOM, B
KOTOpPOM BBIIEIEHO HECKOJbKO YPOBHEH MpuHSTUS pelneHuid. [IpoBeaeH cuctem-
HbII aHaIU3 00bEKTA, BLIOPAH TEXHOJIOIMUECKUI PEXXUM, IS KOTOPOTO IPeIoKeHa
CTPYKTypa JIUHEHHON TUHaMUUecKoit Moaean. CorjaacHo MPUHLIMITY MOCIeI0BATE b~
HOTO PaCKPHITHSI HEOTIPEAEIEHHOCTH PACCYMTAHBI ITapaMeTpsl Moaeau. Paspaborana
cxeMa aKTUBHOM MAESHTHU(UKALIMK MOJEIN Ha AeHCTBYIOLIEH ycTtaHoBKe. [IpencTas-
JIEHBI Pe3yIbTaThl aKTUBHOM M TTACCMBHOM MICHTU(MUKALIMKN B PEXUME HOPMAaTbHOMA
oKcrtyatauuu. [lpoBeaeH aHaiu3 pe3yJbTaToB 3KCIEPUMEHTOB M MPUUYMHBI pac-
XOXKIEHU, 00YCIOBIIEHHBIX B OCHOBHOM KOHCTPYKTMBHBIMU OCOOEHHOCTSIMM YCTa-
HOBKH.

KiioueBbie cioBa: BO3ayXopas3aeJe€HEe, KUCIOPOMd, I/II[CHTI/I(I)I/IKEIHI/IH, MaTeéMaTuiec-
CKasg MOJIeJib, CUCTEMHBI aHAJIN3.

Ccpuika npu nmurupoBanun: CynsieB .M., Cenos /I.B. MoaenupoBaHue Bo3ayxopas-
JIENTEILHON YCTAaHOBKM HU3KOTO HaBJICHUs KakK oObekTa ympasiieHus // Hayuno-
texHuuyeckue BegoMoctu CIIGITIY. Mudopmatuka. TeaekoMMyHUKALIMU. YTIpaBJe-
Hue. 2018. T. 11. Ne 2. C. 47—53. DOI: 10.18721/JCSTCS.11204

MODELING OF A LOW-PRESSURE AIR SEPARATOR
AS A CONTROL OBJECT

I.I. Sulyaev', D.V. Sedov?

"Norilsk Industrial Institute, Norilsk, Russian Federation;
2Norilsk Nickel, Norilsk, Russian Federation

The article deals with the task of developing a mathematical model of an air
separator as the control object. We have carried out systematic analyses of the object
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and built a conceptual model with the principle of revelation consistency according to
vagueness. The results of active and passive identification are presented.

The analysis of the experiment results is carried out. The causes of divergences,
which are determined mainly because of structural peculiarities, are established.

Keywords: air-separation, oxygen, identification, mathematical model, systematic

analysis.

Citation: Sulyaev I.I., Sedov D.V. Modeling of a low-pressure air separator as a
control object. St. Petersburg State Polytechnical University Journal. Computer
Science. Telecommunications and Control Systems, 2018, Vol. 11, No. 2, Pp. 47—53.

DOI: 10.18721/JCSTCS.11204
BBenenune

[Tpou3BOACTBO LIBETHBIX METAJIOB aKTHB-
HO WCIIOJIB3yeT KHUCJIOpOd UII MHTECHCU(DU-
KallMd IMPOLECCOB TOPEHUS BO BHYTPEHHEM
o0beMe MaBUJILHBIX Medeil (meyb BaHiokoBa,
TeYb B3BELICHHON IJIAaBKU U 1p.). TexXHoI0rn-
YEeCKMI KMCJIOPOI IIPOM3BOAUTCS B BO3MYXO-
pasnenuteNbHbIX ycTaHoBKax (BPY) Huzkoro
JaBJEHUsT METOAOM TIJIyOOKOTO OXJIaXKIEHUS
[2, 3, 6, 8].

Ha puc. 1 npencraBieHa KOHIENTYyalbHasI
MOJIeJIb CUCTEMbI py4YHOro ympapieHus: BPY.

JIuo, npuHumarwouiee pewieHue (JITTP)
nepBoro ypoBHs, nepemaetr JIIIP Broporo
YPOBHSI 3HAUYEHMSI MPOM3BOJACTBEHHOrO 3aja-
Hus G, KOTOpPOE B COOTBETCTBUM C TEKYLIMMU
3HAYEHUAMMU pacxoia Y, M YUCTOThI IIPOAYKTOB
pasnenenus Y, popmupyer BosaeiictBue G, Ha
yIpasJsiolee ycTpoiicteo YV moacucreMbl

oobema O. B ycinoBusx BIMSIHMSI HEKOHTPOJIY -
PyeMbIX BO3MYIIEeHUI BHelHei cpenbl F JITIP
IEPBOro YpOBHS (hOPMUpPYET YIIpaBJIsIoliee
BO3IEMCTBUE COIJIACHO IIPOM3BOAUTEIIHHOCTH
BPY u ero texHuyeckoro coctossHus. OTMme-
TUM, 4TO OT OOBEMHOrO pacxoja IIPOAYKTOB
3aBUCUT M MX KadyecTBO. VcrmoaHuTeIbHas
nogcucreMa MM, dopmupyionias pacxon
BO3[yXa Ha BO3AYyXOpa3aeJUuTeIbHYI0 YCTaHOB-
Ky B 3aBUCHMMOCTU OT KOJIMYECTBA 3aAcHCTBO-
BaHHBIX KOMIIPECCOPOB, OTHECEHa K OOBEKTY
yIPaBJICHMUSI.

B ycnoBusx BAUSHUS HEKOHTPOIMPYEMBIX
BO3MYIIICHUI (TeMrepaTypa, CTeleHb 3arpsis-
HEHHOCTUM M YPOBEHb BJIAXKHOCTH OKpPYKaro-
1IEro BO3/Jyxa) py4yHOEe ympaBieHHEe He 00e-
CIIEUMBAET TPEOYEMYIO TOYHOCTD MOAACPXKAHUS
3aJJaHHOTO 0OBEMHOI'O pacxoja BO3ayxa M Ka-
YyecTBa KOHEYHBIX ITPOAYKTOB. B padorax [8, 9]

F

Goi u | EYo
. Yo UM —) O : D
T W
; =
_______ |:___________________________.___________-_'__I

JIIP 2-ro ypoeHs
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JIIIP 1-ro ypoeHs
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Puc. 1. KonuenrtyanbHast Moaenb cucteMbl yrnpabieHuss BPY
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paccMOTpPEHbl pa3JIMyHbIC IOAXOIbl K aBTO-
MaTM3alMM OTAEJbHbIX y370B BPY Huskoro
napieHus. JladbHeWIe WCCleIoBaHUS IO
aBTOMATU3AaLMU yIPaBICHUSI YCTAHOBKAMM MO
pa3neyicHUIoO BO3[yXa Ha a30T, TEXHUYECKUM
U TEXHOJOTUYECKUI KHMCIOPOH TpeOyIoT Io-
CTPOCHUS COOTBETCTBYIOLIMX MAaTEMATUYECKUX
MOJIEJIEN.

Pa3zpaboTka amMHEiiHOI cTalMOHAPHOM
JeTepMUHHAPOBAHHOI Moaean BPY

CucreMHbI aHAJIU3 U TEKOMIO3U LU TTPO-
lecca pasie/ieHUs] BO3ayXa BBISIBISIET MHOTO-
ypoBHeBYIo cTpykTypy BPY (puc. 2). Huxuuii
ypoBeHb uepapxuu (L 0) mpencraBasiOT
arperathbl, TIepBblii ypoBeHb (L = 1) obpasyior
MOJACUCTEMbI CXATUsI, OXJIAXKIACHUSI, OUMCTKHU,
KOHJeHcauuu M pasaeneHus. Bosmyxopasne-
JIUTeJbHAsl YCTaHOBKA B 1IEJIOM 00pa3yeT ypo-
BeHb L = 2.

Mopgens BPY, B nmpuHuuie, MoxXeT OBbITh
MoJjlydyeHa arperupoBaHuWeM MOJelel MOoACH-
cteM. MI3BecTHBI JOCTOMHCTBA MOJIEJCH C pac-
KPBITOM CTPYKTYPOU MPUINHHO-CJIEICTBEHHBIX
B3aMMOCBSI3ell ToAcucTeM. AHAIuU3 CBOMCTB
00BEKTOB M CUCTEM IO TaKWM MOJIEJSIM J1aeT
BBIBOIBI KaK KOHCTATUPYIOLIEro, TaK U 00b-
SICHUTeJIbHOTO Xapakrtepa [1, 4, 7]. B ciyuae
BPY He ynaercda MopaenuMpoBaTh IOACUCTE-
Mbl QHAJIMTUYECKUM CMOCOOOM, a HEIOCTYM-
HOCTb M3MEPEHUSI BHYTPEHHMX I€PEMEHHBIX

YCTAaHOBKM MCKJII0YAaeT BO3MOXHOCTH 3KCIIe-
pUMEHTAJIbHOTO crocoba (MaeHTUdUKALIUN).
CkazaHHOe 3acTaBjseT CTPOUTh Monaeab BPY
B LIEJIOM KaK OOBEKT YIpaBJIeHUS C 3aKPbITOM
BHYTPEHHEUW CTPYKTYPOIA.

Tomonorust mopenu BPY mnpencraBieHa
Ha puc. 3. Ilpu aHanM3e anpPUOPHBIX JAHHBIX
(eKcmepTHasg OlleHKa, TeXHuYeckasi U Ha-
y4yHas JuTepaTrypa, PETPOCIEKTUBHBIE MaH-
HbIE) OIpeAe/ieHbl IIepeMeHHbIe IIpoliecca:
U — pacxol BO3IyXa; y, — Pacxol asoTa; ),
¥, — Pacxol TEXHUYECKOrO ¥ TEXHOJIOTUYECKO-
ro KMCJIOpoAa; f,, f,— TemIiepaTypa BO3lyXa Ha
BXOJI€ YCTAaHOBKU U TeMIlepaTypa OXJIaKIaro-
et Bonsl [9, 10]. OcHOBHBIE DOMYILIEHUS W
OrpaHMYEHUsI aJeKBaTHOCTU MOJIEJIU: IOCTO-
STHCTBO YPOBHSI KyOOBOW >XUIKOCTUA B PEKTH-
(bMKALIMOHHBIX KOJOHHAX; ITIOCTOSIHHBIE 000-
POTHI TypOOAeTaHAepa; Majible OTKJIOHEHUST OT
pasrpy3ouHoro pexuma. [IpuHsTa rumoresa o
HE3aBUCHMMOCTU KaHAaJIOB.

CorjacHo MPUHLMUITY I10C/IEIOBATEIbHOTO
packpbITUs HeormnpeaeleHHocTu [4, 7], mocne-
IYIOIIMM 3TaIlOM ITOCTPOSHUSI MOJESIIU SIBJISICT-
cs oIpeneseHrue CTPYKTyp orepartopoB. Ilpe-
oOpa3oBarejieM CUTHaja I10 KaXIoMy KaHay
BBICTYITAET YCTOMYMBOE 3BE€HO MEPBOTO MOPSII-
Ka ¢ 3aIa3ablBaHUEM.

Cxema maccUMBHOIM UAECHTU(UKALIMA ITapa-
MeTpoB Moaeau BPY:

aHaJIu3 JaHHBIX 3a TOJ (MHTEPBAJIOB pabo-

BosnyxopasnenurensHas
yCTaHOBKa

IToncucrema Iloxcucrema Tloncucrema Iloncucrema |[+— —~| Tlomcucrema
CKaTUS MUY L oxa (3055 0 IR OYUCTKU MT TV | KOHOeHcaumu [N T pasaesieHus
o - _ - N B N 2
y 4
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S| = | ._
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Puc. 2. Uepapxuueckast CTpyKTypa BO3AyXOpa3aeIuTeIbHON YCTAHOBKM HU3KOIO JaBICHMUS
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Puc. 3. Tononorust MareMaTU4eCKO MOJIENIN YCTAHOBKM pa3iesieHUs] BO3MyXa

THI Ha Pa3TPy304YHOM pexkume, MHGOpMaLU O
3HAYUMBbIX (paKkTOpax IMpolecca);

(unpTpanusg 1IYMOB U HCKIIOUECHUE 3KC-
TpeMaJIbHbIX 3HAUCHMUIA;

pacdeT mapaMeTpoB IMepemaTOUYHBIX (YyHK-
LM 110 KaXXIOMYy KaHaly;

BeJIMUMHA  3amla3[blBaHWsl  MPUHUMAaET-
Cs Ha OCHOBE MHEHUsI IKCIEpPTOB (HE MeHee
5 MuH).

PesynbTarhl maccuBHON WAEHTUDUKALMU
TMpUBENCHBI B TaOM. 1.

CxeMa aKTMBHOM MIEHTU(DUKALIMA MOAEIN
BPY:

SKCITEPUMEHT TIPOBOIMUTCST OTIBITHBIM TIep-
COHAJIOM B PEXMME HOPMaJIbHOM 3KCIUTyaTa-
uuu BPY (pasrpy3ouHblii pexum);

BXOJHasl TiepeMeHHasi u (hopMUpyeTcsl Kak
WMITYJIbCHOE YITpaBJIsiioliee Bo3neicTBue (1o-
cjieoBaTe/IbHOE TOJK/IIOUYEHUE KOMITPECCOp-
HBIX YCTaHOBOK B OOILIMII KOJUIEKTOP) C Ma-
JILIM OTKJIOHEHHWEM OT HayaJbHOTO 3HAYEHMUSsI
(1e 6omee 10 %);

JUTUTEJIbHOCTb  YIPABJISIIONIET0  BO3/ICH-
cTBUs (pbopMUpyeTCsl Ha OCHOBE TIpeICTaBIIe-
HMSI DKCIEPTOB 00 MHEPLIMOHHOCTH Tpoliecca
(He MeHee 5 MUH);

Ta6numa 1
PeSyJ]])TaTl)I MAaCCUBHOI0 IKCNEPUMEHTA
Howmep kanama XapakTep mpoliecca Hal;{aMeTpH 1ep ez[a;quon (byHKL;HH
1 YcToiyuBbiii 0,15 140 300
YcToiyuBbiii 0,05 140 300
3 YcToiyuBbiii 0,15 140 300
Taobnmumoa 2
Tabomua akTMBHO# HAeHTH(hUKATUI
B Xapaxktep
d30BbIC SHAUCHIA Awmratyna JmMTeTbHOCTD mporecca
nMmnyiabca, % UMIIyJIbca, MUH
u Y Y Vs Vi Vs V3
1 | 169510 | 25357 | 8459 | 25349 +5 15 YcTOMYUBBII
2 | 169950 | 25456 | 8489 | 25497 -5 15 VCeTOMUnBHIT
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Pacxop Boaayxa Ha Bxoa BPY
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Puc. 4. Xapaxkrep nuaMeHeHUs MePEMEHHBIX Tpoliecca MpU aKTUBHOM JKCIIEPUMEHTE

BO3MYILEHUA f, U f, B IPOLIECCE IKCIIEPU-
MEHTa ITOCTOSIHHHEI.

[Ipy BBINOJHEHUM AKTUBHOTO 3KCIIEPU-
MeHTa Obl1a chopMHUpoOBaHa Tabi. 2, KOoTopas
OTpaxKaeT JUIMTEIbHOCTh UMITYJIbCA U XapaKTep
npoiiecca 1o KaHaiam. OTMETHM, 4TO 110 BCEM
KaHajaM Tpoliecc 00JlagaeT caMOBbIpaBHUBA-
HUEM, YTO ITOATBEPKIAeT BHIBOABI M3 I1aCCUB-
HBIX 9KCIIEPUMEHTOB.

Ha puc. 4 mpencraBieHBl MCTOPUYECKUE
TPEHIbl M3MEHEHMSI BXOMHBIX U BBIXOIHBIX
MEPEMEHHBIX Tpollecca TMPU TEPBOM IKCIE-
pumeHTe. BpeMs 3amasabiBaHUs COCTaBJsIET
5 MHH, YTO OOYCJIOBJIEHO IIPOTSZKEHHOCTBIO
nHeBMocucteMbl BPY. I'paduk umeer cry-
MeH4YaTyio (hopMy MO MPUINHE MEPEKITIOUCHUS
pereHepaTopoB YEThIpEX BO3AYXOpa3aeauTe/Ib-
HBIX YCTAaHOBOK, OJHOBPEMEHHO Pa0OTAIOLINX
OT OOLIEro BO3AYIIHOTO KOJIEKTOPA.

XapakTtep W3MEHEHHUSI BBIXOIHBIX TIepe-
MEHHBIX TI0 KaHajy YIpaBJIeHUS COOTBET-

CTBYET CTPYKTYyp€ YCTOWMUYMBOIO 3B€Ha II€PBO-
ro mopsaka. [lapameTpbl Momenu OTpaXKeHbI
B Ta6a. 3. IloacTpoiika mapamMeTpoB MOIEIU
ocyllecTBIIsIach cpeactBamu Matlab/System
Identification Toolbox Mo oTGMILTPOBAHHBIM
3HAYEHUSIM IIEPEeMEHHBIX (CpemHee CKOJIb3SI-
mee ¢ okHoM 120 3HauYeHMIii) ¢ MCIIOJIb30Ba-
HUEM aJropuTMa MOACTPOMKU IO KPUTEPUIO
MaKCHUMaJIbHOTO MpaBaonogoous [5].

AHaIu3 pe3yabTaTOB ITACCUBHOTO U aKTUB-
HOIo 3KCIepuMeHTOB (Tabu. 1, 2) mokas3biBaeT
pacxoxXJIeHue 3HAYEHUN MOCTOSHHOU BpeMe-
HU, YTO OOBSICHSETCS I€PEeMEHHBIM KOJMYE-
CTBOM U IIPOU3BOAUTEIBHOCTHIO OMHOBPEMEH-
HO paboTamIIMX KOMIIPECCOPOB. YBEIUYECHUE
BpEeMEHU IIePEeXOIHOr0 Ipolecca Mpu IacCuB-
HOM DKCIEPUMEHTE CBSI3aHO C BIMSHUEM He-
KOHTPOJIMPYEMBIX BO3MYILUEHUN (IIUTEIbHBIN
3allyCK KOMIIpeccopa M3 pe3epBa, OorpaHuye-
HUSI 110 MOILIIHOCTH KOMIIpECCcOopa, HECOIIaco-
BaHHOCTb JEWCTBMIA IE€pCOHAJIA).

Ta6nmuma 3
Pe3yabTaThl aKTUBHON MAeHTUUKAIMN
Homep kaHana XapakTep mpolecca HapE;CMeprI HepeHaThoHOH q)yHKHHiI
1 YcroitunuBblit 0,14576 58,741 275
YcTounBhIi 0,0495 62,78 275
3 YcToiunBbIit 0,14872 64,16 275
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Puc. 5. CpaBHeHI/IC SKCIIEPUMECHTAJIBbHBIX U TCOPETUYCCKUX JaHHDBIX

Taonuuma 4
CpaBHeHHE Pe3y/IbTATOB AKTHBHOTO M MACCHBHOIO 3KCIEPUMEHTOB
KK CKO
g?{}gig AKTHUBHasI ITaccuBHas AKTUBHas ITaccuBHas
UIEHTU(UKALUS uaeHTUPUKALUS UAEHTU(UKALMS UAEHTU(UKALUS
1 0,98 0,74 6,34 7,1
2 0,98 0,76 4,22 5,17
3 0,97 0,75 6,78 7,22

Pe3ynbpraThl MOmeNMMpoOBaHMS TIpeACTaBIIC-
HbI Ha puc. 5. [I1g IpoBepKU CTEIeH! afieKBaT-
HOCTA MAaTeMaTHU4YECKOM MOIEIM PacCUMTAHBI
koaddunment xoppensuuu (KK) u cpenHe-
kBagpaTuuyeckoe orkiioHeHue (CKO) 1mo Bcem
KaHanaM ynpasiaeHust (taby. 4). AKTUBHBII
OKCMEPUMEHT Mo3BoJuA yBeanuuTth KK Ha
32 % wn ymenbuts CKO Ha 11 %.

3akinoueHue

B crarbe npoBeaeH cucteMHbIi aHanu3 BPY
HU3KOIO JaBJieHUsI KaK OObeKTa yIIpaBJeHUS.
ITokaszaH CIOXHBIN XapakTep B3aMOACHCTBUS

TEXHOJIOTUYECKHUX Y3JI0B U MOICUCTEM YCTAHOB-
KU. BbImeaeHbl mepeMeHHbIe TEXHOJOTUYECKOTO
npoliecca, XapakTepusylolme o0beMHBIN pac-
XOJ, KOMIIOHEHTOB paziesneHus Bo3ayxa. [Ipen-
JIOXKeHa CTPYKTypa MaTeMaTU4eCcKOi MOIEeIu B
knacce LTI-cucrem. IlpoBeneHa maccuBHast u
AaKTMBHAs WACHTU(MUKALMS Ha IECTBYIOIICH
BPY Huzkoro papieHMs1 Mo pa3pabOTaHHBIM
cxeMaM B pexXrMe HOPMaIbHOM 3KCITTyaTalluy
(pa3rpy3o4Hblii pexum). Moaeiab MOXeET Mo-
CIIY>KUTb OCHOBOHM IS pPa3pabOTKM CHUCTEMBbI
yrpaBiaeHus: U TpeHaxkepa BPY ¢ nenbio o0y-
YEHUST TEXHOJIOTMUECKOTo MepcoHaa.
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SEQUENCE-TO-SEQUENCE BASED ENGLISH-CHINESE
TRANSLATION MODEL

Tian Zhaolin, Zhang Weiwei

Peter the Great St. Petersburg Polytechnic University,
St. Petersburg, Russian Federation

In recent years, with the continuous improvement of theory in artificial intelligence,
artificial neural networks has become novel tools for machine translation. Compared
with traditional Statistical Machine Translation (SMT), neural network based Neural
Machine Translation (NMT) transcends SMT in many aspects such as translation
accuracy, long distance reordering, syntax, tolerance to noisy data et al. In 2014, with
the emergence of sequence-to-sequence (seq2seq) models and attentional mechanisms
introduced into the model, NMT was further refined and its performance was getting
better and better. This article uses the current popular sequence-to-sequence model to
construct a neural machine translation model from English to Chinese. In addition,
this paper uses Long-Short Term Memory (LSTM) to replace the traditional RNN
in order to solve the problem of gradient disappearance and gradient explosion that it
faces in long-distance dependence. The attention mechanism has also been introduced
into this article. It allows neural networks to pay more attention to the relevant parts
of the input sequences and less to the unrelated parts when performing prediction
tasks. In the experimental part, this article uses TensorFlow to build the NMT model
described in the article.

Keywords: NMT, seq2seq, LSTM, attention mechanism, encoder-decoder,
tensorflow.

Citation: Tian Zhaolin, Zhang Weiwei. Sequence-to-Sequence based english-
chinese translation model. St. Petersburg State Polytechnical University Journal.
Computer Science. Telecommunications and Control Systems, 2018, Vol. 11, No. 2,
Pp. 55—63. DOI: 10.18721/JCSTCS.11205

MOZEJIb SEQUENCE-TO-SEQUENCE
B AHI/10-KUTAMCKOM NEPEBO/AE

TaHv YoxaonuHw, YxaH BatiBau

CaHkT-TetepObyprckumn nonuTexHMuecknm yuuBepcurer lMetpa Benmkoro,
CaHnkr-letepbypr, Poccunckas Pepepaums

B mocienHue roapl, B CBA3U C MOCTOSTHHBIM COBEPILIEHCTBOBAHUEM TEOPHUH HC-
KYCCTBEHHOTO MHTEJJICKTA, HOBBIMM MHCTPYMEHTAMM MAIIMHHOTO TIEPeBOJA CTaJIN
MCKYCCTBEHHbIE HelipoHHBIe ceTU. HelipoHHbI MalHHbINA nepeBoa (NMT) nmeer
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3HAUYNTEJIbHBIC TIPEUMYIIECTBA IT0 CPABHEHUIO ¢ TPATUIIMOHHO MCIIOIh3yeMbIM METO-
JIOM CTaTUCTUYECKOTO MallIMHHOTO repeBosa (SMT) B Takux acrnekrax, Kak TOUHOCTh
TepeBona, N3MEHEeHNE TTOPSIIKA CJIOB B INTMHHBIX TIPEIUIOKEHUSIX, CHHTAKCHC, TTIOME-
XoycTtoiunuBocTh 1 T. 1. [Tocime Toro kak B 2014 romy mosBMIMCh MOJENM TepeBO-
JIa TI0 CXeME «ITOCJIeI0BaTeIbHOCTh-B-TIOCIEAOBATEILHOCTE» (seq2seq) M MeXaHU3MbI
BHMMaHUsI, BBeICHHBIE B MoJeIb, MeToabl NMT mpomosmkanu coBeplIeHCTBOBAThCS,
yIIydIIajlach WX TIPOM3BOIMTENIFHOCTh. B IMaHHOI cTaThe IS MOCTPOCHUS MOICIN
HEMPOHHOIO0 MAIIMHHOTO MEePEeBOJA C AHIJIMMUCKOIO HAa KUTAMCKUIA MCII0Jb30BaHA
TomyJIsIpHasT B HACTOSIIIIee BpeMsI cxeMa TiepeBoja seq2seq. Kpome Toro, BMecTo Tpa-
IULIMOHHO TIPUMEHSIEMOM PEKYPPEHTHOW HEMPOHHOUW CETU B CTAThE IUISI PELICHUS
BO3HUWKAMOIIEH MPoOIeMBl B3phIBa M MCUE3HOBEHUS TPaIWeHTa IS JUIMHHBIX CTPOK
HCITOJIb30BAaH METON HOJIroit kKpaTkocpouHoii mamsatu (LSTM). Paccmorpen mexa-
HU3M, TTO3BOJISIONINIA HEUPOHHBIM CETSIM YIEIATh OOJbIle BHUMAHUS COOTBETCTBY-
IOIIMM YacTSIM BXOIHBIX ITOCJIEIOBATEIbHOCTEHl M MEHBIIIe — HECBSI3aHHBIM YacCTSIM
NP BBITIOJIHEHWHM 3a7ad TPOTHO3MPOBAHMS. B 3KCIepMMEHTAbHOM YacTH CTAaThU
1711 moctpoeHust onucanHoi moaenu NMT ucnonb3oBan TensorFlow.

KmoueBbie ciaoa: NMT, seq2seq, LSTM, MexaHnM3M BHUMAaHUS, KOIUPOBIIMK-
nexkoaep, TensorFlow.

Ccpiika npu mutupoBanum: TsHbp Yxkaonuub, YUkan Boiiait. Mopmens Sequence-
to-Sequence B aHmIO-KWTalickoM TiepeBoae // HaydHo-TexHuveckue BeIOMOCTH
CIIoI'TTY. Nuadopmatuka. TenekommyHmkamuu. Ympasienne. 2018. T. 11. Ne 2.
C. 55—63. DOI: 10.18721/JCSTCS.11205

1. Introduction

Introducing more reforms and implementing
the One Belt One Road strategy, China is
increasingly participating in international
affairs. However, due to the peculiarity of the
Chinese language, it is difficult for non-native
speakers to master Chinese in a short period
of time. In addition, due to the differences
in grammatical logic between Chinese and
western languages such as English and Russian,
traditional statistical machine translation often
fails to achieve satisfactory results. As more and
more Chinese people travel around the world,
and people in other countries are increasingly
interested in China, Chinese, the world’s most
spoken language, and English, the world’s most
widely used language, produce an inevitable
intersection.

Continuous improvement of relevant
theories of artificial intelligence in the field
of machine translation and the continuous
popularization of high-performance hardware
devices in the 21% century have paved the way
for large-scale application of artificial neural
networks in machine translation and created
a rare opportunity for further development
of neural machine translation. In 2013,
Kalchbrenner and Blunsom proposed an end-
to-end encoder-decoder model for machine
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translation. However, the traditional RNN
used in the decoder has a problem of gradient
disappearance and gradient explosion, making
the model difficult to practically handle long-
distance dependences. Also in 2013, Gravse
et al. applied deep bi-directional LSTM to
speech recognition, paving the way for deeper
applications of bi-directional LSTM in Neural
Machine Translation (NMT). In 2014, Cho
et al. proposed a new sequence-to-sequence
model and used LSTM (actually, LSTM is a
variation of RNN) instead of traditional RNN as
encoder and decoder. In the same year, Bengio
et al. introduced the attention mechanism
into NMT so that the neural network can pay
more attention to the relevant part of the input
sequences and pay less attention to the unrelated
part when performing prediction tasks.

This paper uses a mature seq2seq model to
construct a translation model from English to
Chinese. The structure of this paper is roughly
as follows. The second part introduces data
sources and data preprocessing. The third
part introduces the theoretical part of the
encoder, attention mechanism and decoder
in the seq2seq model in detail. The fourth
part introduces the experimental results, the
approximate implementation of the model,
and the evaluation results of the model. The
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fifth section introduces recommendations for
further research in the future.

2. Data Source and Data Preprocessing

The data used in this paper comes from
the United Nations Parallel Corpus [1]. The
English-Chinese parallel corpus contains
almost fifteen million sentences. All these
materials contain content which was produced
and manually translated from 1990 to 2014,
including sentence level alignments.

Before building our seq2seq model, we
need to do some preprocessing with the parallel
corpus.

e Handling training/testing dataset: We
extract 100,000 sentences from the parallel
corpus as the testing dataset and the remains
are the training dataset.

e Handling source sentences: Add “BOS”
in the beginning of sentences and “EOS” in
the end of sentences.

e Handling dictionaries: Generate two
dictionaries for Chinese and English based on
the training dataset.

e Handling unknown words: If some
vocabularies/words from the testing dataset do
not exist in those two dictionaries, use “UNK”
to replace them.

e Handling input sequences: Generate one-
hot vectors based on the original sentence and
two dictionaries. Then combine these one-hot
vectors as input sequences.

3. The Model
Encoder. Assuming the input sequence
x =(xy, -+, xp), the traditional recurrent

neural network (RNN) calculates the hid-
den state vector h=(h, ---, h,) and output

y=(,, -, y;) by iterating the following
equations from =1 to T:

by = HW X, + Wiph_ +b,), (1

Vv, = Whyh, + by, )

where W, denotes the input-hidden weight
matrix, W), denotes the hidden-hidden weight
matrix, W, denotes the hidden-output weight
matrix, b, denotes the hidden bias vector, b,
denotes the output bias vector and H is the
hidden layer function.

However, we found out that the Long-

Short Term Memory [2] has its advantages by
using a gate mechanism in dealing with long
distance dependences. So we use the LSTM
cell proposed by Gers et al. in 2002 [3]. So
here in our model, H is implemented by the
following equations:

iy =oWyx, + Wyh_ + Wac, . +b),  (3)
[ = G(fox, + thh,_l + chc,_l + bf), 4)
¢, = fic,, +itanh(W x, + W, .h_ +b,), (5)
o, =W x, + W, ,h_+W_,c,+b), (6)
h, = o,tanh(c,), (7)

where o denotes the logistic sigmoid function,
and i, f, o, ¢ denote the input gate, the forget
gate, the output gate and the cell activation
vectors respectively, all of which are the same
size as the hidden vector 4.

A disadvantage of the traditional recurrent
neural networks is that they are not able to
take advantage of subsequent context. In this
paper we use a bidirectional recurrent neural
network [4] to process input sequences in both
directions by using two separate hidden layers,
and then feedforward to a same output layer.
The calculation of the forward hidden state 4,
the backward hidden state 4 and the output se-
quence y is shown below:

b= HOW ;x, + W h_ +b), (8)
y, = Wﬁyiz, + Wﬁyﬁt +b,. (10)

Here we can also use LSTM, which is men-
tioned above, to replace the traditional recur-
rent neural network cell [5, 6]. As a result, bi-
directional long-short term memory is the basic
structure of the model in this paper.

Furthermore, it has been proved that the
performance of a deep neural network is always
better than of that with a single layer. In our
case, it is totally possible to stack several lay-
ers of bidirectional RNN to generate a deep
bidirectional RNN [9]. Assuming all the hid-
den layers are sharing the same function, the
calculation of the hidden state in n'" layer is
shown below:

fl,n = H(Wﬁnqﬁn + Wh‘nﬁnilt,i] + bg), (11)
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(12)

If we define 4° = 4° = x, then the output
of network y, is:

y, = W;;"yhtn + W};nyh,” +b,. (13)

Attention Mechanism. In this paper, we
implement a global attention mechanism [7, 8]
in our model. Firstly, we take the hidden state
h, at the top layer of deep LSTM and gener-
ate a probability distribution based on the con-

text vector ¢, to help predict the current target
word y,. The equations are shown below:

h, = tanh(W,[c,; 1),

E[n = H(Wl,;nfl/;n + Wﬁnh“n Et’i] + b,?)

(14)

P,y < t,x) = softmax(W,h,),  (15)

where 4, denotes attentional vector.
The idea of the global attention mechanism
is to consider all hidden states of the encoder
when calculating the context vector ¢,. In this
mechanism, by comparing the current target
hidden state A, with every source hidden state
h,, we may get a variable-length alignment
vector a,, whose size equals the number of
time steps on the source side:
exp(score(h,, }TS )

(16)

a,(s) =

Zs‘exp(score(h, ,hy)) '

v
-

agreement
on

the
European
Economic
Area

was

L
accord

sur

la

zone
économique
européenne
a

été

signé

en

ao(t

1992

<end=>

The score can be calculated in three ways,
all of which are shown below:

lérié dot
score(h, b)) = W' W, h, ~ general (17)

ng;fu concat

In our model, we use the general score (the
second one in Eq. (17)), which has been proved
to be the best one [7], to compute the align-
ment vector a,. Consider the alignment vector
is weights, we use the weighted average over all
the source hidden states to generate the context
vector ¢,. An example of the attentional vector
is shown in Fig. 1 [8].

Decoder. The decoder is trained to predict
the next word y, based on the given context
vector cand all the previously predicted words
{yi, -+, v} [10, 11]. The calculating function
is shown below:

T
p» =] [pG 11 0 yiahio), (18)
t=1

where y =(y, -, yTy). Here, the conditional
probability in the recurrent neural network can
be also defined as:

p(yt|{y19 cey yt_l}ac) = g(yt_l’ htac), (19)
where gdenotes a nonlinear function that

signed
in
August
1992
<end>

Fig. 1. English-French sample alignments found by RNN search-50. (Bahdanau et al., 2014)
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outputs the probability of y,, A denotes the
hidden state of recurrent neural network [12].

In our model, every conditional probability
described in Eq. (18) is defined as

p(ytlyla ceey ytflax) = g(ytflah]:cz)a

where 7,
equation:

(20)
is computed by the following

b= f(h_, yi,¢). (21)

Be advised, the probability here is
conditioned on a distinct context vector ¢, for
each target word y,. The context vector ¢, can
be obtained by the method described in the
previous section.

4. Experiments

Dependency. First our model is running on
Linux. And we need the following tools to be
ready.

e Python >= 3.5

e TensorFlow >= 1.2

e Numpy >= 1.12

It is preferable to have a GPU to help speed
up the training process [25].

Model Structure. Fig. 2. shows a brief
structure of our model. Here in our model, we
have a double-layer bidirectional LSTM as an
encoder and two-layer LSTM as a decoder. The
detailed initial configuration of the encoder and
the decoder is shown below.

Encoder

e Hidden state size: 1024

e Number of layers: 2

e Input keep probability: 1.0

e Output keep probability: 1.0

Decoder

e Hidden state size: 1024

e Number of layers: 2

e Input keep probability: 1.0

e Output keep probability: 1.0

Other configurations

e Learning rate: 0.0005

e Batch size: 128

e Beam size: 5

e Size of attentional vector: 512

Model Evaluation and Result Analysis. First,
we use cross entropy as the loss of our model.
Fig. 3 shows the variation of cross-entropy dur-
ing the iteration: as the training progresses, the

Input Sequence

Encode Source Sentence
via RNN Encoder

Generate Encoded
Representation

Encoder

Generate Attentional
Vector

Attention Mechanism

Query via Attention
Mechanism

Generate Target
Sentence

Decoder
LSTM LSTM

Cell Cell

LSTM LSTM

\\c? Cell

Output Sequence

Fig. 2. The structure of the EN-CH model
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Cross Entropy Loss
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200000
Global Step

250000 300000 350000 400000

Fig. 3. Cross Entropy Loss

cross entropy decreases gradually and settles at
around 0.5 and between 0.1 and 0.9, showing
that the model is still quite effective.

We also notice that the losses vary in a rela-
tively large range after the model was trained
over 50,000 steps. That’s because the model
performs better with shorter sentences then with
longer ones. When input sentences are short,
the translations by the model are exactly the
same with the standard translation most of the
time, and, therefore, the losses in this moment
may be close to zero. When input sentences are
long, the translations by the model may not be
accurate, but still acceptable, or, compared to

the standard translations, express the idea in
another way. All of this is the reason why the
losses under such circumstances are relatively
larger than those for short sentences.

Table 1 shows some examples of short sen-
tences.

Table 2 shows some examples of long sen-
tences.

Secondly, we use a BLEU score, a kind of
self-evaluation method for a machine transla-
tion model, to evaluate our model. The BLEU
score is computed based on the test dataset.
BLEU score is computed by the following
equations [13]:

Table 1
Example of short sentences
Step/Loss Translations by model Standard Translations
A2 7 p 4k ALy IpFab
229500/ 0.360127 (WFRIHS) (WFRIHES)
KA [ER ez B e WA R etz B RELE
AR AIT WAKIPAIT
277000/ 0.335871 AR E S b MEMHTH
R AL TR R AL 1A
BRI H 40 BRI H 40
283500/0.315215 SRBKIE SwHKE
FLA PN E ML YN AL E SR
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Table 2

Examples of long sentences

Step/Loss Translations by model Standard Translations
ERERUMEER , WAEES | ZRSXUMESESE, IITEEFRE
A TR TS NE BT B A I il e TR B IR ER
AANEREYL ,  WNEEREPESOR | A5 REER , SRR EPESE
276500/0.715091 | ¥, ZEEATH)PRESR TERXNERT] | R, ZAMTAMR wTRER AT TIX—
#

FERR W E ,  BEEERRERFREA
T H A2 B TR

FERIREW L, PRERSRE R — I
A B S LA THIRER 2

277500/0.894594

TEEM SRR S ) M X N BT T3
R RTRrE R, il TR B
SRR PRIRIRAAS QIR R R

fEm M S LR, DT
W T T AT RR RO HE Ok R, IR
i AT AR E B 2R BEIR AR AT B
WAl

T4 IS Kb A O S 51 T 55
WEMES ,  JLEERES B
B BRUEFETHABPEI P B HERA .

H T A b 70 2 A i A T 4 S
FEM S IREME DR , LHAkeR
S 2 BE M PRI SRR L I 7
FHIUERAPE

Z3 DR AT — /> OB n) U Ok IR R
%o, 20014ETE B I — R I TiX — ]
B ERABOF RSN EESLITFRT

R RSP R A — A A ]
FERNREERTA ; 2001485
T8 IX AN [ /8 R 1] 15 J2 2 WIETE

FRTAE, gz,
1 ifesr competitive environment, the NMT technology
BP :{ v/ ; (22) is making significant progress. NMT will also
e ifc<r . ; .
be continuously improved in many aspects,

N
Bleu = BP - exp [an log l’n} (23)

n=l1

N
log Bleu = min (1 _r , 0) + Zm,, log Pn,(24)
¢ n=1

where BP denotes the Brevity Penalty, ¢ denotes
the length of the output sentence, r denotes the
length of the standard translation sentence, N
equals 4 and o, equals 0.25.

In our model, we got a 26.6 bleu score for
the English-Chinese task.

5. Further Development of NMT

In the rapidly developing and highly

including:
e Rare word problem [14, 15]
e Use of single-language data [16, 17]
e Multilingual Translation / Multilingual
NMT [18]
Memory mechanism [19]
Language fusion [20]
Coverage issues [21]
Training process [22]
A priori knowledge fusion [23]
Multi-modal translation [24]
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FOR NAVIGATION OF MOBILE ROBOT AND COLLISION AVOIDANCE
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Developing systems for intelligent navigation is one of the major problems in
world of modern robotics. This problem is particularly urgent when the environment
is unknown. It means that a mobile robot meeting unpredictable obstacles on its
way and has to react according to the current situation fast and in real time. That is
why developing such a system is always a big challenge. This paper studies different
techniques for storing and using the knowledge in order to avoid collisions with
obstacles. Most attention is paid for developing two types of Knowledge Bases to
help the mobile robot to avoid possible collisions and continue its way. A comparison
analysis is provided for these two different types of Knowledge Bases. The advantages
and disadvantages were analyzed and described.

Keywords: mobile robot, intelligent navigation, obstacle avoidance, symbolic knowledge
base, neural network knowledge base.

Citation: Sichkar V.N. Comparison analysis of knowledge-based systems for
navigation of mobile robot and collision avoidance with obstacles in unknown
environment. St. Petersburg State Polytechnical University Journal. Computer
Science. Telecommunications and Control Systems, 2018, Vol. 11, No. 2, Pp. 64—73.
DOI: 10.18721/JCSTCS.11206

CPABHUTEJIbHbIM AHAJIN3 CUCTEM, OCHOBAHHbIX
HA 3HAHUAX OJ11 HABUTALMUU MOBUJIbHOIO POBOTA
MU NPEAOTBPALLEHUSA CTOJIKHOBEHUMU C NPENATCTBUAMM
B HEU3BECTHOM CPEJE

B.H. Cuukap

CaHkr-Tletepbyprckmnim nonnTexHmueckmmn yHmneepcuter Netpa Benukoro,

CaHkr-letepbypr, Poccunckas Pepepauyms

Pa3paboTka crcTeM MHTEUIEKTYaIbHOM HAaBUTAIlMM — OJHA M3 OCHOBHBIX IPO-
01eM B MUpe COBpeMEHHBIX poboToB. OKpy:karllas cpela, B KOTOpoii Oymer pado-
TaTh MOOWITBHEIN pOOOT, He TTocTosTHHA. OH OyIeT BCTpeuaTh MPEIITCTBAS Ha CBOEM
MyTU U TIPU 3TOM JOJIKEH pearupoBaTh B COOTBETCTBUM C TEKYIIEH CUTyallUei ObI-
CTPO M B peaJlbHOM BpeMeHU. B cTaThe paccMOTpPEeHBI pa3IMUHbIe METOIBI XPAaHEHHUS
M VICTIOJIb30BaHMSI 3HAHUM JJIST TOrO, YTOOBI poOOT CMOTr M30exXaTh CTOJKHOBEHUI
¢ mipeniaTcTBUsIMU. Ocoboe BHUMaHUE YAeJIeHO pa3paboTKe ABYX pa3HBIX TUITOB 0a3
3HAHUI, HA OCHOBE KOTOPBIX MOOMJIbHBIN POOOT M30eraeT BO3MOXHBIX CTOJIKHOBE-
HUWIA ¢ TIPETIITCTBUSIMU U TIPOJOJIKAET CBOM ITyTh. [IpoBeeH cpaBHUTEIBLHBIN aHAIIN3
NIBYX pa3HBIX TUIIOB 0a3 3HaHMil. [IpoaHanM3nMpoBaHbl M OMUCAHBI UX TIPEUMYIIIECTBA
W HEeJIOCTATKU.
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KmoueBble cjioBa: MOOWJIbHBIN POOOT, MHTEJJIEKTYyaJlbHasl HAaBUTalLlMsl, MIPea0TBpallie-
HUe MpPEIsITCTBUI, CUMBOJIbHAS 0a3a 3HAHWi, HelipoceTeBast 6a3a 3HaAHUIA.

Ccpuika npu mutupoBanun: Cruukap B.H. CpaBHUTenbHBIN aHAIU3 CUCTEM, OCHOBaH-
HBIX Ha 3HAHWSX JJII HaBUTAllMM MOOMJIBHOTO POOOTa M MPEAOTBPAIeHUST CTOJIKHO-
BEHUIA C MPENSTCTBUSIMU B HEU3BECTHOM cpene // HayuHo-TexHMUYeCcKHe BEIOMOCTH
CIIGI'TTY. Nuadopmatuka. TemekomMmMyHUKanun. Ympasienue. 2018, T. 11. No 2.

C. 64—73. DOI: 10.18721/JCSTCS.11206

Introduction

Creating an autopilot for cars, autonomous
vehicles, mobile robots, rescue robots, etc., is
currently an important task. Autopilot systems
were first developed exclusively for aircraft,
but later automatic control systems were also
switched to land vehicles. Nowadays, there
are three main types of navigation algorithms
for movement control of mobile robots in an
unknown environment [1]:

¢ algorithm based on separation of functions
for processing the information received in the
process of “recognition-modeling-planning-
action”;

e algorithm based on the strategy of targeted
behavior of the mobile robot, which includes
training under supervision, fuzzy logic, neural
networks, and behavior planning based on the
data obtained from sensors;

e hybrid system based on integration of
the two previous types of algorithms, which

allows to overcome difficulties in modeling and
ensure adaptability of behavior in real time and
in uncertain environment.

Navigation in the field of mobile robotics
also can be classified in two types: global
navigation and local navigation [2]. In the part
of global navigation, the preliminary knowledge
of the environment should be available. With
the help of the local navigation the mobile
robot can orient itself using ultrasonic sensors,
camera, lidar sensors, and variety of other
sensors according to the real task.

Problem statement

The study is aimed at comparing different
types of Knowledge Bases for navigation sys-
tem of a mobile robot in an unknown environ-
ment in order to avoid possible collisions with
obstacles. For comparison analysis, two types
of Knowledge Bases were chosen and they are
a Symbolic Knowledge Base and a Neural Net-

Sensor 1

Sensor 6

Sensor 5

Sensor 2

Sensor 3

Sensor 4

M Alarm

Warning

[[] safety Zone

Fig. 1. Radar chart with zones
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work Knowledge Base. This study shows the
implementation of two types of Knowledge
Bases and provides analysis of advantages and
disadvantages of both of them.

A mobile robot acts in unknown environ-
ment inside a building with static obstacles such
as furniture, walls and doors.The surface of the
floor is smooth with a small number of low ob-
stacles like thresholds in door frame which are
not higher than two centimeters.

The navigation system uses six ultrasonic
sensors that monitor different directions while
the mobile robot is moving. The type of the
sensors is HC-SR04 that can measure distance
in the range from 2 to 400 cm and with a step
of 1 cm. This range is sufficient for recognition
of obstacles in the room. Based on this data
(types of obstacles and features of sensors),
three zones were developed: Alarm, Warning
and Safety. Each zone covers its own space
around the mobile robot. Fig. 1 shows a radar
chart with zones and Table 1 shows intervals
for each of three zones.

The sensors are located along the perimeter
of the mobile robot creating a kind of bubble
around it. System sends requests to the Know-
ledge Bases and asks for the current statement
for all sensors each time when an obstacle pene-
trates inside this bubble. For getting results, sys-
tem uses two types of the Knowledge Bases in
parallel. Each sensor works independently and
shows in real time the current value which is
the distance to the nearest object. The naviga-
tion system processes data from all sensors and
with the help of Knowledge Base obtains the
three statements in each of the six directions.
These statements are safety zone, warning zone
and alarm zone. After getting this information,

the system slows down the mobile robot and
applies an algorithm for maneuvering to avoid
the obstacle, or completely stop the mobile ro-
bot if there is not enough space to turn left or
right.

As shown in Table 1, the range for the
alarm zone is between 2 and 30 cm for sensors
number 1 and 4 that are front and back sensors,
and between 2 and 14 cm for four side sensors.
The minimum distance was set to 2 cm due to
the blind zone of the chosen ultrasonic sensors.
It means that if an object approaches closer, a
collision happens. Since the step with which the
sensors can measure distance is 1 cm, the three
zones have a gap of 1 cm between each other.
That is why, for example, the alarm zone for
sensor 1 ends in the 30th cm and warning zone
begins with the 31st cm.There is no maximum
limit for the safety zone because the system
does not consider everything that is far from
the warning zone as an obstacle.

Symbolic Knowledge Base

The Symbolic Knowledge Base can be
shown graphically and parametrically. For the
parametric method of representation, the Se-
mantic Web Language (SWL) is used. This
technique allows not just to save the data-
base but to show the relationships between the
data. In symbolic representation by SWL, the
Knowledge Base consists of ontology [3, 4]
which includes individuals and their properties.
Ontology describes state-independent informa-
tion, the logical component concept model
with particular syntax, ontology class graph.
The core of this Knowledge Base contains
state-independent information, the actual data
component contains all individual instances,

Table 1
Intervals for each zone
Sensor Alarm min, Alarm max, Warning min, Warning max, Safety,

cm cm cm cm cm
Sensor 1 2 30 31 60 > 61
Sensor 2 2 14 15 40 > 41
Sensor 3 2 14 15 40 > 41
Sensor 4 2 30 31 60 > 61
Sensor 5 2 14 15 40 > 41
Sensor 6 2 14 15 40 > 41
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the ontology instance graph. To use informa-
tion from the ontology instance graph, the Re-
source Description Framework (RDF) triples
[5] are used. For this study, the RDF store was
developed with triples in order to have an op-
portunity to query the Knowledge Base and get
the resulting information from it. The queries
will be provided by SPARQL query language
[6] and the system will get the current state-
ment of each ultrasonic sensor in real time.

A flowchart with a graphical representa-
tion of the Knowledge Base is shown below in
Fig. 2. For this flowchart, the graphical tool
was used and it is called Concept Map. It helps
to organize and represent knowledge by con-
cepts with boxes or circles of specific types.
Relationships between concepts are connected
by line and words on the line. The words or
phrases specify the relationship between the
two concepts [7].

This flowchart describes the intervals in
which the system has Alarm and Warning
statements. Alarm and Warning here are the
concepts that are connected with the State
concept by the linking phrase «a kind of»
(AKO). These two concepts describe statements
of the system and they are connected with the

V.N. Sichkar, DOI: 10.18721/JCSTCS.1 ]206>

concepts of intervals by the appropriate sensor.
These sensors are represented here as Pl,
P2, P3, P4, P5 and P6. Each interval has its
own value for maximum and minimum. The
intervals are different for Alarm and Warning
concepts. Using the Symbolic Knowledge Base
is easy because it is easy to change values, add
more concepts and link them all together.

Neural Network Knowledge Base

There is another way how to store and que-
ry the Knowledge Base of the system by us-
ing the Knowledge-Based Neural Network. It
means that all data of the system will be inside
the Neural Network and asking for the current
state of the system is done through the Neural
Network. The Neural Network for the system
is shown in Fig. 3 below.

The designed Neural Network has an input
layer, a first layer, one hidden layer and an
output layer. The input layer represents signals
from sensors S1—S6 and sends this information
to neurons N1—N24 in the first layer. The first
layer processes the received data and sends the
results to neurons HI—H12 in the hidden layer.
The hidden layer also processes data and sends
it further to the final output layer. The chosen
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Fig. 3. Neural Network Knowledge Base

number of neurons in the first layer and the one sensor was in the critical interval. Each
added hidden layer are needed because of the layer has an extra neuron called «bias» and it
complexity of the conditions for calculating is marked as letter B on the scheme. The bias
and finding out one from two statements for is an artificial threshold with its specific value
each sensor, Alarm or Warning. The output for each connection and it plays the role of a
layer activates one of two neurons if at least kind of «helper» to adjust weights giving more
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or less significance to the appropriate neuron.
Bias is always activated. To provide comparison
analysis for querying time with the Symbolic
Knowledge Base, the output layer was improved
to show the results for each sensor separately.

The main specific characteristic of the
Knowledge-Based Neural Network is that the
knowledge is put inside in advance by adjusting
the appropriate weights and there is no need to
train the Neural Network and it can be used
straight away. This can be done if the conditions
are known from the very beginning.

The character of relationships in the
developed Neural Network is a feed forward.
It means that all communication is directed
strictly from input neurons to output ones
[8—13].

Algorithm of the system operation

The primary task in constructing the algo-
rithms for overcoming obstacles for the mobile
robot is intellectualization and automation of
the control processes themselves. The mobile
robot has to perform the task of navigation in
an unknown environment. The goal is to ex-
plore the unknown environment, collect data
about the distances from the ultrasonic sensors,
send them to the central computer and come
back to the initial point.

The mobile robot is equipped with ultra-
sonic sensors that will be used for the decision-
making process. At the same time, the operator
will be able to control the mobile robot at a
distance by remote control if some urgent situ-
ation happens [14, 16]. The sensors will read

Beginning

Scanning
Yes No
| Changing Moving
direction further
No
b Destination
Yes
Stop
End

Fig. 4. Flowchart of the algorithm for overcoming an obstacle
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the data from the environment and record the
distance to the objects around the mobile ro-
bot. If there is a probability of a collision or the
current situation may cause an accident, the
system slows down the mobile robot and runs
the obstacle-overcoming algorithm.

Fig. 4 shows a simplified algorithm for the
movement of the mobile robot.

Equipment

A six-wheel base, namely, 6WD Smart
Carwas chosen as the mobile robot for the
implementation of the hardware part of the
project. It has active suspension that helps to
go in rough terrain. Also, the advantage of this
mobile robot is in its ability to carry heavy
equipment. The own weight of the mobile
robot is about 2 kg and it can carry about
3 kg, which is enough for all needed sensors,
microcontrollers, batteries, wires, etc. Other
parameters:

e size: 28x21x11.5 cm;
weight: 2 kg;
maximum load: 3 kg;
number of DC motors: 6;
working voltage: 12 v.

Ultrasonic sensors HC-SR04 were chosen

15

1)

as sensors for scanning the environment around
the mobile robot. Selection of this type of
ultrasonic sensors is due to their low cost and
quite good quality for the purposes of scientific
experiments. They have a good accuracy, which
is 1 cm, and the distance of measurement
up to 4 m. All these features and six sensors
together make it possible to carry out scanning
of the environment around in 360 degrees
and recognize necessary objects and detect
obstacles. The main disadvantage of this type
of ultrasonic sensors is that if the environment
is too dusty, it can cover the sensors and make
it difficult for them to work properly.

To collect data received from the sensors, a
single-board microcontroller Arduino Mega is
used. All data are sent to the central computer
which processes information. Exchange of
information is provided via a Bluetooth
module. Also, Arduino Mega controls the six
motors by sending commands to move and
directions to go.

Implementation results

For the implementation of the theoretical
part of the system, the C Sharp Windows
Form application was developed. As a result,

18

125

257

95

—

109

Execution time for SPARQL Querying 00:00:00.0192592

Execution time for Neural Network

00:00:00.0000449

Fig. 5. C Sharp Windows Form application for representing the results
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the application shows the system working in
real time with an interface that is intuitively
understandable for the operator. The application
is directly connected with the mobile robot via
a Bluetooth connection providing transmission
of data in both ways. Fig. 5 shows the main
window of the application.

As shown in the main window, the operator
can see and control the zones around the
mobile robot in six different directions. If the
area is clear and there is no Warning or Alarm
statements, the system allows the mobile robot
to enter and pass through the checked area.
The values from all ultrasonic sensors are being
checked continuously 5 times a second. This
feature provides enough data for the algorithm
of the system and based on the results it makes
a decision which allows to avoid any collision.

All data received from the sensors are being
processed in two different threads in parallel.
One thread is developed for querying the
Symbolic Knowledge Base and another one
is developed for querying the Neural Network
Knowledge Base. This approach allows to
check and compare the execution time for
each thread. In the program, the Symbolic
Knowledge Base is loaded as a graph and
querying is done by SPARQL language through
this graph. The Neural Network Knowledge
Base is represented by matrices in the program
and results are being obtained by sending data
to the input layer.

As seen in the main window in Fig. 5, the
processing time is shown for both threads in

real time. Comparison analysis was provided
by collecting information about execution
times from two threads for two different
types of Knowledge Bases. The results were
evaluated through a variety of tests in different
conditions for the mobile robot. Table 2 shows
the execution time in ten experiments.

These experiments were done in different
situations. Experiment number 1 was done
with no obstacle detected in the Warning
zone, and the result shows that the execution
time is minimum for both types of Knowledge
Bases. Experiment number 2 was done when
all sensors detected an obstacle in the Warning
zone. Although the situation when the mobile
robot is completely surrounded with obstacles
was not possible for current research, it was
important to understand how fast the system
will react on this condition. Other experiments
were done by different combinations with the
number of obstacles in different zones, and
these conditions are described below.

Experiment 3: side sensors number 3 and
6 detected obstacles in Warning zone, back
sensor number 4 detected obstacle in Alarm
zone; other sensors did not detect obstacles in
Alarm and Warning zones.

Experiment 4: side sensors number 2 and 6
detected obstacles in Alarm zone, front sensor
number 1 detected an obstacle in Warning
zone; other sensors did not detect obstacles in
Alarm and Warning zones.

Experiment 5: side sensors number 5
and 6 detected obstacles in Warning zone in

Table 2

Testing results for the execution time for two different Knowledge Bases

Experiment Symbolic Knowledge Base Neural Network Knowledge Base
1 0.0125929 0.0000458
2 0.9172391 0.0009884
3 0.1740155 0.0005356
4 0.2929742 0.0000854
5 0.5692983 0.0000973
6 0.0926548 0.0003466
7 0.8287374 0.0009266
8 0.0284718 0.0000774
9 0.0413314 0.0005626
10 0.0155394 0.0003917
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the border close to Alarm zone, back sensor
number 4 detected an obstacle in Alarm zone;
other sensors did not detect obstacles in Alarm
and Warning zones.

Experiment 6: front and back sensors
number 1 and 4 detected obstacles in Alarm
zone; other sensors did not detect obstacles in
Alarm and Warning zones.

Experiment 7: side sensors number 2, 3, 5
and 6 detected obstacles in the Alarm zone;
other sensors did not detect obstacles in Alarm
and Warning zones.

Experiment 8: side sensors number 3 and
5 detected obstacles in Warning zone; other
sensors did not detect obstacles in Alarm and
Warning zones.

Experiment 9: side sensors number 2 and
3, front sensor number 1 detected obstacles in
the Warning zone; other sensors did not detect
obstacles in Alarm and Warning zones.

Experiment 10: only one side sensor number
6 detected an obstacle in Alarm zone; other
sensors did not detect obstacles in Alarm and
Warning zones.

Experiments number 1 and 2 showed a
strong dependence between detecting the
obstacles and the execution time for both two
types of Knowledge Bases. When no obstacle
was detected in experiment number 1, the
execution time was one order less for both thre-
ads than it was in experiment number 2, when
all sensors detected obstacles in Warning zone.
Experiment number 2 showed the maximum
execution time over all 10 experiments.

Experiments from 3 to 10 showed that a
different number of obstacles detected by the
sensors has a different effect on the execution
time for both threads, and can vary due to
the zone in which the obstacle was detected.
These experiments revealed that it takes more
time to process data for an obstacle detected in
Warning zone in the border with Alarm zone
than for an obstacle detected in Alarm zone.
This situation occurs because requests are sent
first to check if the obstacle was detected in
Warning zone close to Alarm zone, and if it
was, then requests are sent further to check if
the obstacle was detected in Alarm zone also.
That is why execution time is longer for cases
when the obstacle is in the border between
Warning and Alarm zones.
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Execution time is longer when more obstacles
are detected because each sensor that detects
obstacles in Warning or Alarm zones starts to
send data to be processed. A minimum difference
of around 500 times between the execution time
for two different approaches was recorded. A
maximum difference of around 11,000 times was
recorded. Absolutely in all cases the thread with
the Neural Network Knowledge Base was much
faster, which is a big advantage for using this
approach in real time systems with the ability for
fast decision-making.

Conclusions

In this paper, the system that controls
the statements around the mobile robot was
developed. The system has six sensors that
control the environment around the mobile
robot creating a “bubble” and if there is any
penetration inside this “bubble”, then system
reacts immediately. The system automatically
takes control of the mobile robot if there is a
probability of collision.

The main research was put into two
different types of Knowledge Bases that are
implemented in the system. Each of them
have advantages and disadvantages. The main
advantage of the Symbolic Knowledge Base is
in the ease of creating, adding and changing
data inside it. However, the comparison
analysis made on a series of experiments
showed that the Neural Network Knowledge
Base was always much faster and the difference
was in the range from 500 to 11,000 times.
The main advantage of the Neural Network
Knowledge Base is in the speed of processing
data. The main disadvantage of this type of
Knowledge Base is in the necessity to adjust
the weights inside the Neural Network each
time it is needed to be correct and it also
makes it more complicated to add and update
data.

For the systems where data is stable and
there is no need to update it too often, the
Neural Network Knowledge Base is more
suitable. For the systems where data has to be
updated very often, the Symbolic Knowledge
Base is more suitable as it can be done easier.
Also, the processing time has to be considered,
as the Neural Network Knowledge Base gives
the results much faster.
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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. TeleKOMMYHMKALUU. YTIIpaBieHUE» SIBISETCS IMEPUOIM-
YeCKMM TMEeYaTHBIM Hay4YHbIM pelLEH3UpYyeMbIM H3gaHMeM. 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) M mpuHuMaeT 1Sl IedaTu MaTepuaybl 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, YIIPABJIEHWUE B COLMAJIb-
HbIX 1 DKOHOMMWYECKHNX CUCTEMAX. HayuyHble HampaBieHUs XypHaja YYUTBI-
Baiotcss BAK MuHo6pHayku P® mnpu 3ammrte TOKTOPCKUX M KaHAWAATCKUX OUCCEPTALUil B
COOTBETCTBUM ¢ HoMeHKIaTypoll crieliMajJbHOCTE HayYHBIX PAOOTHUKOB.

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

IlepuoanyHOCTh BbIXOAA XXKypHayiia — 4 HOMepa B TOf.

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. KonnuecTBo rpauyeckux BIOXEHUI (AuarpaMmm,
rpacuMKOB, pUCYHKOB, TaOauL, (poTorpaduii U T. M.) He JOJDKHO MPEBLIIATH 4.

2. PexoMeHayeMbIli 00beM cTaTei mIsl MperogaBaTesieii, aBTOPOB 0e3 yU4eHOI CTerNeHU, COo-
HMCKaTeJel yueHOM cTeleHM KaHaumaTta HayK — 8—15 crpanuin dpopmara A-4; acliupaHTOB — §
crpanull ¢popmata A-4 ¢ yueToM rpadmyeckux BiaoxeHuit. KoanuaecTtBo rpa¢pnuecKux BIOXCHUI
(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 pa3MellaeTcd 0e3 ImepeHOCOB. AO3allHbIiI
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 peliecHUe 00 OIyOJIMKOBaHUM CTaThbu. B ciydae oTkasa B MyOJMKalMM CTaTbU PeIaKiIvs
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



