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Algorithm for Finding Feedback in a Problem with Constraints for One

Class of Nonlinear Control Systems
M. G. Dmitriev!, Z. N. Murzabekov?, G. A. Mirzakhmedova? DOL: 10.18255/1818-1015-2021-3-220-233

!Federal Research Center “Computer Science and Control” of Russian Academy of Sciences, 44/2, Vavilova str., Moscow 119333,
Russia.
2Al - Farabi Kazakh National University, 71 al-Farabi Ave., Almaty 050040, Republic of Kazakhstan.
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For a continuous nonlinear control system on a finite time interval with control constraints, where the right-hand side of
the dynamics equations is linear in control and linearizable in the vicinity of the zero equilibrium position, we consider the
construction of a feedback according to the Kalman algorithm. For this, the solution of an auxiliary optimal control problem
with a quadratic functional is used by analogy with the SDRE approach.

Since this approach is used in the literature to find suboptimal synthesis in optimal control problems with a quadratic
functional with formally linear systems, where all coefficient matrices in differential equations and criteria can contain state
variables, then on a finite time interval it becomes necessary to solve a complicated matrix differential Riccati equations,
with state-dependent coefficient matrices. This circumstance, due to the nonlinearity of the system, in comparison with
the Kalman algorithm for linear-quadratic problems, significantly increases the number of calculations for obtaining the
coefficients of the gain matrix in the feedback and for obtaining synthesis with a given accuracy. The proposed synthesis
construction algorithm is constructed using the extension principle proposed by V. F. Krotov and developed by V.I. Gurman
and allows not only to expand the scope of the SDRE approach to nonlinear control problems with control constraints in the
form of closed inequalities, but also to propose a more efficient computational algorithm for finding the matrix of feedback
gains in control problems on a finite interval. The article establishes the correctness of the application of the extension
principle by introducing analogs of the Lagrange multipliers, depending on the state and time, and also derives a formula
for the suboptimal value of the quality criterion. The presented theoretical results are illustrated by calculating suboptimal
feedbacks in the problems of managing three-sector economic systems.

Keywords: optimal control problem; Lagrange multiplier method; nonlinear system; quadratic functional; feedback; SDRE
approach; three-sector economic control object
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MOAENNPOBAHUNE N AHAJTN3 MHPOPMALIMOHHBLIX CCTEM, TOM 28, Ne 3, 2021

/
” r CanT XypHana: www.mais-journal.ru
UL

lnormation Sysem: ALGORITHMS

ANTOopuTM HaX0>KIeHNsI OOpaTHOJ CBA3M B 3ajaye ¢ OTPaHNYEeHISIMU

AJIA OJHOTO KJjIacca HeJIMMHEeMHbBIX YIIpaBJIIA€MbBIX CIICTEM
M.T. Imutpues’, 3. H. Myp3za6exkos 2, I'. A. Mup3saxmenosa > DOI: 10.18255/1818-1015-2021-3-220-233

!demepanbHBIIT MCCIeROBaTENbCKMIT HeHTp “UHpopMaTuka u ynpasnenne” Poccuiickoit akageMun Hayk, yi1. Basunosa, 1. 44/2,
r. Mocksa, 119333 Poccus.
?KasaxcKmil HallMOHAIHHBIIT YHUBEPCUTET UMEHI am:—(l')apa6m, IIPOCIIEKT a.nb—(l)apa6m, m. 71, r. Anmartsl, 050040 Kazaxcran.

YIK 517.977.55 ITonyuena 20 aBrycra 2021 r.
Hayunas cratbesa TTocie mopaGorkm 31 aBrycra 2021 r.
ITonHBIN TEKCT HA PYCCKOM fI3BIKE Ilpuusara k my6aukanum 1 ceHTsOpst 2021 1.

Jlns HeNpepHIBHOI HEJIMHEHOI yIIpaBiIsgeMoll CCTeMbl Ha KOHEUHOM MHTepBaJle BpeMeHI C OTpaHMUeHNAMMI Ha YIIpaB-
JIeHue, Tfle ITpaBas YyacTh ypaBHEHNI NVHAMUKM JIMHEIHA 110 yIIpaBIeHUIO I JIMHeapu3yeMa B OKPeCTHOCTY HYJIEBOTO
TIOJIO>KEHMA PaBHOBECHS pacCMaTPMBAETCA IIOCTPOeHMe 00paTHOI cBA3M 10 cxeMe anropurma Kanmana. [[na sToro mc-
IIOJIB3YeTCs pellleHNe BCIIOMOTaTeIbHOI 3aaul ONTUMAJIBHOTIO yIIpaBJIeHMs C KBaAPaTUUHBIM (YHKIMOHAIOM II0 aHa-
noruu ¢ momxonoM SDRE.

Tak Kak 3TOT IIOJIXO0J] B IMTepaType IpUMeHIeTCs NI HaXOKAeHNUA CyOOITHMaIBHOTO CYHTe3a B 3a7ja4ax OITUMAJIBLHOTO
yIpaBiIeHMs C KBaAPATUUHBIM QYHKIIMOHAIOM ¢ POPMaIbHO JIMHETHBIMIY CHCTEMaMII, Tie BCe MAaTPULIbI KO3hdULMEHTOB
B quddepeHnMaNbHBIX YPaBHEHNAX M B KPUTEPUM MOTYT COJepKaTh IlepeMeHHbIe COCTOTHMS, TO Ha KOHEYHOM MHTEpPBa-
Jie BpeMeHH 37eCh IOABIIAeTCA HeOOX0MMOCTD PelIeHN) yCI0KHEHHOT0 MaTPIUHOro nuddepeHInanbHOro ypaBHeHNS
PukkaTi, ¢ MaTpuiamMu K03 UIMEeHTOB 3aBUCILIUMI OT COCTOSIHMSA. TO 00CTOATEIBCTBO BCIEACTBUE HEIMHETHOCTI
CHICTEMBI, TI0 CpaBHeHNIO ¢ anroputMom KanmaHa [ nmHeHO-KBaJAPATMYHBIX 3a7a4, 3HAUNTEIbHO yBeIMUMBAET KO-
JIMYECTBO BBIYVMCICHUII M MOJNydeHNUs Ko3pduImeHToB MaTpyULbl KO3(QQUIEHTOB yCIIeHNS B 00paTHO CBA3M 1
UL TIOJIyYeHMsI CUHTe3a C 3a{aHHOI TOYHOCTHI0. IIpeyIoxKeHHBI B paboTe aITOPUTM IIOCTPOEHNS CUHTe3a CTPOUTCS
C TIOMOIIBIO IIPMHINIIA paclIMpeHns, IpeayoxeHHoro B. ®. KporossiM n passuroro B.W. I'ypmaHoM, u nosposseT He
TOJIBKO pacimpuTs cdepy mcnonb3oBanus nogxona SDRE Ha HenuHelHbIe 3aauM yIpaBJIeHN C OTPAHMYEHUIMN Ha
yIpaBileHMe B BUE 3aMKHYThIX HEPaBEHCTB, HO I IIPEIIOKUTH 6oJiee 3¢ (eKTUBHBII BHIUMCIUTETbHBII AITOPUTM HaX0XK-
JeHMsA MaTPUIbI K03 UIMEeHTOB ycleHNs 06paTHOII CBA3Y B 3a/jauax yIpaBJIeHIsa Ha KOHEYHOM MHTepBase. B pabore
yCTaHaBJIMBAETCS KOPPEKTHOCThL NMPMMEHEHN NPUHIMIA PACIIMPEHN C TIOMOIILI0 BBeIEHMs aHAJIOTOB MHOXUTEJel
Jlarpamska, 3aBUCSIIMX OT COCTOSHIS M BpEeMEHN, a TakKe BBIBOAUTCH GopMyIia cyOONTUMAIBHOTO 3HAUEHIUS KPUTEPUS
KagecTsa. IIpuBejeHHbIe TeOpeTHUECKIE Pe3yJ IbTaThl JULTIOCTPUPYIOTC Ha pacueTax Cy6oITIMAIbHBIX 0OpaTHBIX CBA3EIT
B 3a7jauax yIpaBJIeHNs TPEXCEKTOPHLIMY 3KOHOMIYECKUMMI CUCTEMaMI.

KiroueBrle croBa: 3a/1auya ONTIMMAIBHOTO YIIpaBJIeHN; METO MHOXITeNeil Jlarpar:ka; HelIMHelTHas CICTeMa;
KBaJpaTHMUHbIA QYHKLIMOHAN; 06paTHas cBA3b; moaxox SDRE; TpexceKTOpHBII 3KOHOMMIYECKIIT 00BEKT yIIpaBIeHNA
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Beegenue

3amaun ¥ BOIPOCHI TEXHMKY IIOCTPOEHNS CUHTE3UPYOIINX 3aKOHOB yIIPABIEHNS IIPOJO/DKAIOT ObITH
aKTyaJIbHBIMI, B CBS3U C HEOOXOAMMOCTBIO IIOCTPOEHNS 3aKOHOB OOPATHOI CBS3U B PA3IMUHBIX IIPIIIO-
KEHMSIX. ITO MPOMCXOAUT Ha (POHE YCIOKHIIOIIMXCS MaTeMaTIUUeCKUX MOJeJell 13-3a HeoOX0AMMOCTI
yduera HeJIMHETHOCTeN, BO3MYILEHNI, IOBBIIIEHUI PA3MEPHOCTII BEKTOPOB COCTOSHMA U YIIPaBJIEHUI I
T. 1. B CBAA3M € 3TMIM IPOVMCXOAMUT ITOCTOSHHBIN ITOVCK HOBBIX ITOIXO0OB K IIOCTPOEHIIO CHTE3UPYIOIIIX
3aKOHOB yIIpaBJIeHMS B HeJIMHEITHBIX 3alauaXx M pa3BUTIE NMEIOIIIXCS CIIOCOO0B IIOCTPOEHMSI 3aKOHOB 00-
PaTHOII CBSI3M B AMHAMIUECKUX cucreMax. [Ipu aToM Hajmmume orpaHN4YeHNIL, KOHEUHO, OCIIOKHSIET ITOVCK
TaKUX QJITOPUTMOB yIipaBieHus. [ mpubIIKeHHOro peleHns 3afayu CIMHTe3a B HEJIMHETHOM cIyJae
¢ 90-x TOOB IIPOIIIOrO BeKa B JIMTepaType aKTMBHO pa3BUBaeTCs Tak HasbiBaeMblil moaxox SDRE (cm.,
Hanpumep, [1—6]) I 3a1a4 ONTMMAIBHOTO YIPABIEHNS B KJIACCUUECKO IIOCTAHOBKe 6e3 OrpaHmYeHII
Ha yIpasiieHue. [[yis MpuOIVKeHHOTO pellleHys HeJIMHEHbBIX 3aau ONTMMAaJIBHOIO YIIpaBJIeHNs KaK Ha
OeCKOHEUHOM MHTepBaJe, TaK ¥ Ha KOHEYHOM, 3[[eCh IIpaBble YacTU OOBIKHOBEHHBIX My depeHIaNTbHbIX
ypaBHEeHUIT IMHAMUKM CHadaja IPUBOAITCI K (GOPMAIBHO JIMHEITHOMY BUAY IO COCTOSHIIO U YIIpaBile-
HIIO, The K03 PMUMeHThI BceX MaTPUIl MOTYT OBITh 3aBUCAIIMMU OT cocTosiHmst. OOpaTHast CBsI3b, IIPY
3TOM, CTPOUTCS C IIOMOIIBIO PELIeHNs COOTBETCTBYIOIIIX JIMHETHO-KBaAPATUIHBIX 3a1a4 OIITIMAJIBHOTO
ympasieHus, rae K03¢uimeHTsl BECOBBIX MATPUI[ B KPUTEPUM ONTUMAIBHOCTY TaKKe MOTYT 3aBICETh
OT IIepeMeHHBIX COCTOSTHUA. 3aTeM MaTpuua K03(QULUMEHTOB YCUIeHNS PeTyIaTopa HaXOJUTCS C IIOMO-
I[BIO peLIeHNsT MaTPUYHBIX ypaBHeHuIT Tuna Pukkaru, Kak anrebpamdecknx uis 3a4ad CTaOMIIM3aL
Ha IIOJIyoCH, Tak M AuddepeHIaNbHbIX, U 3afad yIpaBleHNs Ha KOHEUHOM IHTepBajle BpeMeHN
cooTBeTCTBeHHO. Kak rmokasasaym MHOroumciIeHHbIe 9KCIIEPUMEHTHI, TAKOI 9BPUCTUUECKIII IIOAXOM BCIE-
CTBIE HEOTHO3HAUHOCTY IIPECTABIEHSI HEJIHEIHO CUCTEMBI B BUJIE€ CUCTEMBI JIMHEIHOM CTPYKTYPbI
U IIOTPELITHOCTEN, BOSHMKAIOIIMX IIPY YMCIEHHOM pellleHNy MaTPUYHBIX ypaBHeHuit Pukkary, koaddn-
L{I€HTHI TAK)Ke 3aBUCIT OT COCTOSTHYIS, IIOPOXKAaeT MHOYKECTBO BO3MOKHBIX CyOONTUMATBHBIX PeLLIeHNIIL.
Ho yumTbIBast CJI0KHOCTH IIOCTPOEHNUS ¥ BXKHOCTD JIs IIPYUIOKEHNII yIIPaBJIeHNs B BIie 3aKOHOB 00paT-
HOJI CBSI3Y B HEJIMHEHBIX cucTeMax, rmoaxorn SDRE mosyunr minpokoe pacripocTpaHeHIe B JuTepaType
IpY IpUOIVHKEHHOM pelLIeHN) HeJIVHENHBIX 3aJau OINTMMAJIBHOIO yIIpaBjleHMs 0e3 OrpaHMYeHMII Ha
yIIpaBieHIe.

3mech, IS OMHOTO KJIacca HEeJMHENHBIX YIPaBISeMbIX CHCTeM Ha KOHEUHOM MHTepBasle BpeMeHI,
IIOKa3bIBAETCSI BO3MOYKHOCTh 000cHOBaHMs noaxona SDRE npu mocrpoenny o6paTHOIL CBA3Y B 3afavax
C OrpaHMUYEHUSIMI Ha yIpaBieHye C IOMOLIbI0 PUHIAIIA PACIIMpenus, npenioxennoro B. @. Kporo-
BBIM [7] u passutem B. V. Typmanom [8]. IIpu sTom, mpemiaraercs 6oitee 9 GeKTUBHBIN AITOPUTM C TOUKI
3peHus 06’beMa BbIUNCIIEHNIT, He TPEOYIOIIIT MHOTOKPATHOTO MHTEIPUPOBAHIS MATPUUHBIX AuddepeH-
[{MaIbHBIX ypaBHeHNIT Pukkaru ¢ koadduimeHTaMm, 3aBUCAIIINMI OT COCTOSIHIUA. OTMETUM, UTO BIIEPBBIE
puUMeHeHMe IpMHIMIa paciumpenns Kporosa B pamkax nmoaxona SDRE, murroctpupoBanocs B [9] mis
3aJauM IIOCTPOEHNMs CTaOMIM3NPYIOIIEro peryisiTopa 6e3 orpaHIUeHNIT Ha yIIpaBjeHre Ha 6eCKOHEeUHOM
UHTEepBaJle BpeMeHI.

B xoHIle HacTOsIIIell paGOThI IPUBOAITCA Pe3yIbTAaThl BEIUMCIUTEIBHOTO 9KCIIePUMEHTA, YILIIOCTP-
pyIoILIe Tpe/IaraeMblil aITOPIUTM IIOCTPOEHNs 00PATHOI CBSI3M Ha IIPUMepe PelIeHNs 3aJault O TAMAJIb-
HOTO YIIpaBJICHNUS IS TPEXCEKTOPHOI HeJIMHEeITHOI MOe IV 9KOHOMIUECKOT0 00BEeKTa, C OTpaHNYEeHUSIMI
Ha yIIpaBJIeHIe B BUe 3aMKHYTBhIX HEPABEHCTB.

1. Teopermueckue pe3yIbTaThI
HYCTI) HeJIMHeTHasa yIipaBisdeMasa CUCTEMA IMEET B
y(1) = Ay(2) + B(y)u(t) + h(y),  y(to) = yo. t€[to, T], (1)

rae y(t) € R", u(t) € R™ BeKTOp-QYHKIIMY COCTOSIHUS ¥ YIIPABIEHM, N x 1 MaTpuua A — IIOCTOSHHadl,
K03 duimeHTs! N x M Matpuubl B(y) u KOMIIOHEHTHI BeKTOpa h(y) orpaHmYeHbl 1 HenpepbIBHO audde-
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peurmpyemsr 1mo y(t) € R", a ympasnenne u € R™ — KycouHO-HeIIpepbIBHasI BeKTOp-pyHKuuS; f), T —
3aJjaHHble HAUAJIBHBIM M KOHEUHBII MOMEHT BpeMeHN, yIpaBieHue u(t) B KaKIbIii MOMEHT BpeMEHI,
YIOBJIETBOPSIET OTPaHNYEHUAM

u(t) e U(t) ={u : y1(t) < u(t) < y2(t), t € [t0, T); 11, y2 € C™[to, T} (2)

Bup (1) cBsI3aH ¢ paccMOTpeHMEM HENNMHEHBIX 3a7au YIIpaBJIeHNUs, KOTAa MCXOMAHAs CUCTEMA YpaB-
HEHIIT JUHAMUKYU MOKET METh HEHYJIEBOE IOJIO)KEHNE PaBHOBeCHs X° IIPU HEKOTOPOM IIOCTOSHHOM
yIpaBieHUu v, a HEOQHOPOAHOCTD h(y) cBsAsaHa ¢ mpeoOpasoBaHueM y = X — x° U BbIeJIleHUEeM JIMHEI-
HOII uacTu 1o y, 1.e. h(0) = 0.

Bynmem uckarb ynpasieHue, Ha ocHoBe nogxona SDRE, 1CIonb3ys KpUTepuii ONTUMaIbHOCTI

T
J) = 5 (D0 + 5 [ /00y + Ry, ®)

rae Marpuna Q MpeanoaaraeTcs MOJI0KUTENBHO Oy OIPeNeIeHHOI IPU BCEX AOMYCTUMBIX ), & MATPULIBI
F, R mOCTOSIHHBIE U TIOJIOKUTENBHO OIIpe/ieIeHHBIE.

Tereps 3a1aya COCTOUT B TOM, UTOOBI HAWITH yIIpaBjieHue u(t) B Buge 0OpaTHOI CBI3M IyTeM IToabopa
marpuipl Q(y) Tak, uToGBI HOCTHUrajcs MUHUMYM KpuTepus (3) BEONb TpaeKTopuil cucreMmsbl (1) mpu
BBITIOJIHEHN Y orpaHnuenui (2). Takoil ogxo/ CBI3aH, C OMHOI CTOPOHBIL, CO CTPEMIIEHNEM, UTOOBI BIOJIb
TAKOTO yIIPABIEHNS TPAEKTOPUU 3aMKHYTOI CUCTEMBI, KAK MUHUMYM, OCTABAIIUCH OTPAHNUYEHHBIMI, a, C
OPYTOIl CTOPOHBI, SIBIISLIACE OBbI PAIIOHATBHBIMY B HEKOTOPOM CMBICIIE.

3ameTum, uto BecoBas Matpuua Q(y) B Kpurepuu OyIeT MPeACTABISATHCA B BUIE

Q) = (K+ W HByR B (y)(K + W) = (K+ W HBR'B(K + W)+ 0y, (4)

rae Bs = B(0), Q1 — HEKOTOpAas MOJIOKUTENBHO OIpe/ieIeHHasl IIOCTOSIHHAS MaTpuLia U OyaeT Ioa0MpaThes
tak, uro0sr Marpuua Q(y) mpu Bcex y ObLIa GBI MTOJIOKNUTEIBHO IOIYOIpeneNeHHol, MaTpuua K saB-
JsIach OBl pellleHreM HEKOTOPOTO MAaTPUUHOTO ajIreGpamdeckoro ypaBHeHUss PUKKATU ¢ TTOCTOSHHBIMU
koaddunmeHTaMn, a HeBBIpOXKAeHHasd MaTpruua W OyneT OmpenesaThCs HILKE.

Urak, 6ymem mckaTh ONTHMMAJIbHOE yIpaBieHne B ¢popme obpartHoit cBsasu u(y,t) B 3amaue (1)-(3).
[s pelieHNsT MCIIONb3yeM IPUHLMII paciuupeHus [7, 8], KOTOPBIL COCTOUT B TOM, UTO MCXOXHAS 3a-
Iaua ONTUMAJBHOTO YIIPABJIEHUS ¢ OTPAHUUEHUSIMI CBOIUTCA K 3ajiaue 0e3 OTpaHMUEHUI U TIPU STOM
pellleHre HOBOJ 3afauy SIBJSIETCS OJHOBPEMEHHO M pellleHMeM IIepBOHAuaIbHON 3amaun [9—13]. dus
aToro 3amauy (1)-(3) 3ameHsieM 3amaueir 6e3 OrpaHNUEHNIT C UCIIOTb30BaHMEM MHOKUTeNeN Jlarpanxka
M(t), Aa(t), As(t), p(y, t). Heorpunarennusie pyHkumu Ay(t), A2(t) orBewaroT orpaHmyeHNsIM Ha yIIpaBe-
Hue, MHOKMTeNnb Jlarpamxka p(y, t) BBomuTcs At yuera audepeHIManbHbIX CBs3ell B (1) M uieTcs B Buje
u(y,t) = Ky + q(y,t), a pyuxims As(t) orBeuaer BBOOMMOII cBA3M Tua paBeHcTsa y(t) - W(t)q(y,t) = 0.

Urak, pyukumonan (3) mo cxeme [7, 8] 3aMeHsIeM CIIeQYIOLLIIM

T
LUy = 30/ (DFYD)+ [ (5500 + o Rus 3, 0y + ByYu+hiy) -
- )+ 2l -l + Al - el + Ay - WO}

” BBeZeM QyHKIUK

M(y, u, t) = %y’Q(y)y + %u’Ru +(Ky + q)'(Ay + B(y)u +
+h(y) + ¥ g+ 2y - ul + 5[u -yl + B[y - W(t)ql,
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GOw YT = ¥/ (D(F = K)UT) - ¥ (D(T) + 2 y(6) Kylto) + ¥t (1), o)

1
v(y,t) = gy’Ky +3 q(y, 1). (8)

[epenuiiem (5) B Bue

T
L(y,u) = %y’(T)Fy(T)+ [v(y0, to) = v(W(T), T)] + /t M(y, u, t) dt. )

BBeeM MHOECTBO BCeX MOIMYCTUMBIX YIIPABJIEHUII, YIOBIeTBOpsAoImx yeinosuwo u(t) € U(t), t €
[to, T] mn coorBeTCcTBYIOIIMX UM TpaeKTopuit y(t) cucremsl (1), onpeneneHHbIX Ha oTpeske ) < t < T,
T. €. MHOXKECTBO BCeX moryctuMbix nap {y(t), u(t)}, koropoe o6o3HaUMM

Alto, T, yo) = {(y, w) = u(t) € U(t), y(t) = Ay + B(y)u(t) + h(y), y(to) = yo, to < t < T}. (10)

YuureiBas (7), L(y, u) npuHnMaeT BUL

T
Ly, w) = G(yo,J/(T))+/t M(y(t), u(t), t) dt, (11)

e MCXOQHAs 3a/1aua ¢ OTPAHNUEHNMSIMY CBeJleHa K JPYToil 3aj1aue, HO yKe 0e3 OrpaHnueHMIL.
Teneps o6paruMcs K HenpepbIBHO Auddepenunpyemoit pyHskimm v(y, t) B (8), ¥ BBIUMCINM ee IOTHYI0
MIPOM3BOIHYIO I10 BpeMEHNI % = (%;)/ p + 90
Hike 6ynem mcmosns3oBaTs 0603HaueHUA My = inf{M(y, u, t), {y, u} € A(t, T, )},
Gunin = inf{G(y0, Y(TY), {30, Y(T)} € Alto, T, y0)} iput riowrst meex ¢ € [1o, ).
Hmeet mecTo
Jlemma. IlycTh BBIIIOJIHEHEBI YCIOBUL:
1) Tapa {y(2), u(t)} € Alto, T, y0);
2) Cymectsytor A1(f) = 0, A5(t) = 0 Takue, uto Ha onTuMainbHoit ape (J(t), u(t)) € Aty, T, o), KoTOpas
IOCTaBJIsIeT MUHUMAIbHOE 3HaueHre GpyHKumroHany (11), BBITOIHSIIOTCS YCIOBUS

My - @) =0, 45(iL - y2) = 0. (12)

Torna CIIpaBE€AJIMBBI CJIEAYIOIINE COOTHOIIEHMS

T
L(y,u)=/ M(y(2), u(t), t) dt + G(yo, Y(T)) = J(u),  L(y, &) = J(&), (13)

rme (y(t), u(t)), (y(t), u(t)) momycTumas u ONTUMAIbHAs IAPbI COOTBETCTBEHHO.
Hoxa3arenbcTBo. 11 pyukiun v(y, t) us (8) umeem

Ao, ) _ 0.0 0.0 e

,dq(y(t), 1)
dt dy ot '

dt

(14)

WuTterpupys (14) 1 cymMMupys nojydeHHOe BhIpaKeHMe ¢ QYHKIOHATIOM (5), IoJIydaeM

T
Uy = [ 157/ Q00 o/ Ru (Ky + 0 (Ay + B+ hy) + -

- S0 N - ul s Bl yel + By - WOQ) de sy Fy(D,
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Orcrona umeewm, ¢ yuerom (6) u (7), uro L(y, u) = ftOT M(y(1), u(t), t) dt + G(yo, Y(T)) u

Glow. Y(T) = 5/ (T)E = K)UT) - ¥ (1) + 5/ (0)Ky) + ¥/ (t0)q(t),

J(u). HeitctBu-

IToxaxxeM, UTO Ha JOIYCTUMBIX PeLIEeHVIX BBIIOJHIETC HepaBeHCTBO L(y(t), u(t)) < J(u).
) = 0, Ay(u - p,) <

TenbHO, mmycthb (y(t), u(t)) € Alto, T, o), Torma B cuny (1) us (5), yunrsisas A;(y1 — u
0, 5[y - W(t)q] = 0, nonyuaem

T 1 / 1 / /
Ly, u) = /t 15y QW)y + SwRu+(Ky + qf (Ay + B(y)u + h(y) -
- )+ 20 - ul + A4l - el + Ky - WOQT} de + Sy (TFY(T) = (15)
T
-J@+ [ I+ 2lu vl + Kly - WOl de < S

U3 1ermoukn paccyxpmenuit B (15) BUgHO, UYTO BHOJb omrtuManbsHOM mapsr (y(1), u(t)) € Alty, T, ),
yunTsiBas (12), BBIIOJIHSIETCA CIEQYIOLIEE PABEHCTBO

T

L(y(2), u(t)) = [ [A1(r1 = w) + A3(u = )] dt + J (@) = J(d)
0

7, TAaKUM 00pasoM, yTBEpIKAEHIEe JIEMMBI IMEET MeCTO.

Hns onpenenenns napst { y(t), u(t) }, MuHNMU3UpYyIoei pyHKkumoHa (11), Heo6X0MMO HATH YIIPAB-
nenne u(t) u onpepenuts muoxurenn p(y, t) = Ky + q(y, t), A1(¢), A2(t) Tak, aT00bI IpU KaXKIOM PUKCUPO-
BaHHOM ? € (), T) mogeraTerpanbHas pyukuus M(y, u, t) B (11) rocTuraia HaMMeHBIIIET0 3HAUEHNS CPeu
(¥, w) € Alto, T, yo)-

YuntsiBas, uropu t = T pyuximsa G(yy, y(T)) nprHuMaeTr MUHNMAaIbHOE 3HaUeHNe, amtapa {j(t), u(t)}
ymoBieTBOpsieT (1) mpy BBIIOTHEHNY OrpaHMYeHu (2), Torga 13 HeoOXOAMMBIX YCIOBUII MIUHUMYMa II0
ynpasieHuso mist GyHxkuuu M(y, u, t) mojaydaeM BbIpakeHMe IS yIIPaBIeHNS

u=-R'B(y)(Ky+q) - R (A - 1), (16)

a M3 MUHIMI3auuy TepMuHanbaoit uactu (7) pyukimonana (11) maxogum qi-1 = (F - K)y(T).
Tereps onpenenum HeusBecTHble MaTpuUbl K, W(t) u BeKTop-pyHKUMIO ¢ KAK PEIIeHUs Ha OTPE3KE
t € [t, T] cnemyromux ypaBHeHMIt

KA+ A'K -KBR'BIK +Q; =0, (17)
W= WA + A W-Bi,, W()=(F-K), (18)
g =—(A-B;R'BiK)Y g+ W(t)(h(y) - (Bi(y) - Bis)(Ky + q) + B(y)¢(y. 1)), (19)

q(y, T) = W H(T)u(T),

re IOCTOSIHHBbIE MaTpULbI A 5, By s MMeroT Bug A s = A - BSR‘IBQK, Bis = BsR‘lBg, U IIpeJIioaraeTcs,
uyro K IIOJIOKUTENBHO OIIpefiesieHHas MaTpuLa, MaTpuiia W (t) HeBbIpOKIAeHHAs, IOCTOsIHHAs MaTpuua F
takad, uto F >> K, a o ¢ moHMMaeTcs IIoJIHas IIPOM3BOIHAS 110 BpEMEHI.

IToxaxxeM, UTO ecVM CYLIECTBYIOT pelreHus ypaBHenuit (17), (18), Torga 3aMKHyTas crucTeMa BIOJb
yrnpasineHus (16) IpuHUMAET BU

y = A1(y)y - Bi(»)q + B(y)e(y, t) + h(y), y(to) = Yo, (20)
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rae

Al(y)=A-B()R'B(YYK,  Bi(y)=B»R'By),  ¢y.t) =R [0 -ty 1),
Ay, t) = Rmax{0; y; - w(y,t)} = 0, A2(y, t) = Rmax{0; w(y,t) - y2} = 0, (21)
w(y, t) = -R'B'(y)(Ky + q).

NeiictBuTensHo, T.X. ¢ = q(¥, 1), qli=1 = (F — K)y(T) u mb1 ee BBenu kak bynkumio q(y,t) = W(t)y(t)
wim y = Wq, To BbIauCnas Tenepsb y = Wq + W u yuursisas ypasaenus (17)-(19), monyuaem

Ai(y)y(t) - Bu(y)q(t) + B(y)g(y, t) + h(y) = (WA + AisW = By j)g + W4
ITocite mpeoGpa3oBaHms I€BOI YACTH, MCIONB3Ys ypaBHeHUs B (17), (18) umeem

(A1(y) - ALs)Wq + AL sWq - (Bi(y) - Bis)g = Bisq + B(y)e(y, t) + h(y) =
= (WA, + AisW - B )g + W4,

~(By(y) - Bus)(Ky + q) + B(y)g(y. 1) + h(y) = WA] ; + W,

Ortcroma HaXOOUM, UTO

g =~(Ars) g+ WD) - (Bi(y) - Bis)(Ky + q) + B(y)e(y, 1),

Gt = W) (1. 2

Pesynbratsl, ycraHoBieHHBIe it 3agaun (1)—(3), copmyiupyem B Bue CIeAYIOIIEr0 YTBEPKACHIUS.

Teopema 1. [TycTh BBITOIHSIIOTCS YCIOBYSI JIEMMBI U JOIIOJIHUTEIBHO IIPEIIIOIO0XIM, UTO:

1. CymiecTByeT ITOCTOSTHHAS ITOJIOKITEIBHO OIpeeleHHas MaTpuua Qr, uro Marpuua Q(y) mpu Bcex
Y ABIIETCS TOJIOKUTENBHO IOy OIIpeesIeHHOIL.

2. TTapa mocrosuubIx MaTpull { A, B;} yOOBIETBOpPSIET YCIOBMIO YIIPABIIEMOCTI.

3. IlocTostHHAS ITOJIOXKNUTEIBHO OIpefesieHHas MmaTpuna F Takas, uro F — K Takke SBJISIETCS IIOJOKI-
TEJIHO OIIpeNeIeHHON MaTPIIIEI.

4. Oyuxuus q(y, t) yOOBIETBOPSIET COOTHOIIEHMIO (22).

Torma

a) CYILLECTBYeT ITOJIOKUTEJIBHO OIIpe[esleHHOe pelleHNe MAaTPUYHOIO ajarebpanuecKoro ypaBHEHUS
Puxxarnu (17);

b) perrenne W(t) nuddepennnansruoro ypapaerus (18) cyiiecTByeT eqMHCTBEHHO U IBJISETCS HEBHI-
POKIEHHO MaTpUIlelt Ipu Beex t € [y, T1;

¢) omTuManbHOe yrpasieHue u(y,t) B 3agaue (1)—(3) nmeer Bug

u(y, t) = -R'B'(y)(Ky + q(y, 1)) + ¢(y, 1), (23)

rre q(y, t), ¢(y, t) oupenensercs B (19), (21).
Jloka3aTeabCcTBO. YUNTHIBAs yTBEP)KIECHMsSI JIEMMBI, BCIEICTBIUE IIEPBBIX ABYX YCJIOBUII TeOpeMSBI,
IIOJBIHTETPAJIbHOE BhIpaKeHMe B (3) HeoTpUIaTeIbHOe IIPU BCeX MOIMYCTUMBIX mapax (Y, u). [lostomy us

0
H€06XOI[I/IMBIX YCIIOBUNM OIITMMAJIBHOCTIL 7 = 0 muMeeM, UTO 9KCTpEMAJIPHOE YIIpABJICHIIE ITPEOCTABIIA-
u

erca kak u = ~R[B/(y)(Ky + q) - A4; + A2], KoTopoe ¢ yueTom o6o3Hauenuit B (21) mpunumaet Bup (23).
Hanee onpenensem MuHOXuTenu Ay = 0, Ay = 0 TakuM 00pas3oM, UTOGBL, C OMHOV CTOPOHBI, BHIIIOJIHSINCEH

YC.TIOBI/IH
Myp-a) =0, A(i-y)=0, (24)
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a ¢ Opyroii, ocyliecTBIsieM BBIOOp Ay, Ay, ¢ Tak, UTO MMEIOT MeCTO IIpeCTaBIeHSI

Ay, t) = =Rinf(0, o(y, 1) = y1(1)),  A2(y, £) = =Rinf(0, ya(t) - w(y, t)) (25)

o(y, t) = =inf(0, w(y, t) - y1(t)) + inf(0, ya(t) - w(y, 1)). (26)

Teneps onpenenum ¢pyukiuio M(y, u, t) Ha ynpasiaerun (23). IlogcraBnsas ynpasieHue (23) B BeIpaxkKe-
Hue (6) ¥ Ipynnupys MogoOHbIe WIEHBL, B pe3yJIbTaTe IONyunuM (GyHKIIIO

1 1 .
P(y, 1) = gy’Q(y)y +(Ky + q)' Ay - S Ky + q/B(y)R'B'(y)(Ky + q) +
1 1
+ 5(p’R<p +(Ky + q)’h(y) + y’q = 5y’[Ql +KA+AK - KBSR_lB;K]y +
. 1 1
+ Y (Alq+ ) + Efp’pr +(Ky + q)'h(y) - gq’Blsq-

Torga BRONB IMOJNOKUTEIBHO olpeneneHHoit Marpuipl K ns (17) u byuxunu q(t, y) us (22), gus
{y(®), a(t)} € Ay, T, yo) nmeem

. T L1 1 .
L(p, ) = / {y/(Alsq+q) + Ew’Rqo +(Ky +q)'h(y) - Eq’Blsq} dt + G(yo, Y(T)), (27)
to

rpe B rouke t = T dpyukuusa G(y,, Y(T)) B (7) Takke IpuHUMAaeT MUHIUMAIbHOE 3HAUEHIE, UTO OIIPEeIsieT
MUHUMAaJIbHOE 3HaueHe (27) B LIeJIOM.
Hrak, umeem

MG, 1), 1) = 4 () - (Bu(3) = Bi)(Ky + @) + BO)o(y. 0) + 3¢/ Ro+ (Ky + 9/ h() - 54/ Busg

GO, H(T) = 29/ (IF = K)T) + 25/ (0K () + ¥ (10)q(t). 28)

Tereps HeTPYQHO II0KA3aTh, YTO yIIpaBieHue (23) ABIAETCS ONTUMAIBHBIM, T.€. BIOJIb HETO KpUTe-
puit (3) npuHrMaeT MuHNMAaIbHOe 3HaueHue. [IycTs cyiectBytor dpyukummu A1(y, t), A2(y, t) ymosnerso-
PSIIOIIIIE YCIIOBUIO TEOPEMBI U IIPOM3BONIbHas momycrtumas napa (y(t), u(t)) € A(ty, T, yp), TOraa coriacHo
(24) 6ymem umetn

J(u) = J(@) = L(y(2), u(t)) - L(3(2), u(t)) =

T
= / [M(y(2), u(t), t) = M(y(2), u(2), t)] dt + G(yo, Y(T)) = G(yo, W(T)) =

to

T
= [ MO0, 10~ M) e+ GOb HD) = Gin = 0.
0
orcrona cienyert J(u1) = L(y(t), t(t)) = infixuyeaL(y(t), u(t)) u, Takum o6pazom, TeopeMa JOKas3aHa.

3ameuanue 1. [Ipuem B mogxome SDRE ¢ mogGopom Q;, urober Marpuua nogobuas Q(y) 6suia moso-
JKUTEJIBHO OIIpeNesIeHHO IIPY BCeX 3HAUEHMSIX BEKTOpA COCTOSIHIIS, JeEMOHCTpUpoBacs B [14].

Nmeet mecTo

CnencrBue 1. B ycioBusix TeopeMsbl 1 BIOIb OIITUMATBHOTO yIIpaBieHys (23) MUHUMAIbHOE 3HAUEHIE
kpurepus B 3amaue (1)-(3) umeer Bug

T
J@) = Loin(y. ) = [ G Ro+y/ (K- WOROY) de + 25{(K + Wy @)
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Hoxa3aTenbcTBO. B ycimoBuax Teopems! 1 cupaBennuso Belpaxkenue (27). YuursiBas (23) u (24) BbI-
YVCIIMM IIPOM3BOAHYIO OT BCIIOMOTATENbHON KBaIpaTMUHOI GOpMBI %q’ Wq. Umeem

i(lq’ Wq) = ¢ W[-(A1) g + W'(t, T)(A(y) - (Bi(y) - Bis)(Ky + q) + B(y)e(y. 1))] +
dt 2 (30)

1 / 4
+ Eq [WAIS + A]sW - Bls]q,

1 IpeobpasdyeM MIUHIMaIbHOe 3HaueHNe GyHKUMoHaNa (27) cienyroiuM obpasom. CHauara IOACTaBUM
(30) B BeIpakenme (27). ['pynnupys uiaeHsl, moxydaeM

T1 _ 1 .
Loin(y) = [ Gy Ro+ /(K + W) de+ S35(K + W5 e 31
fo

Temneps npeobpasyeM MUHUMAaNbHOE 3HaUeHNe QyHKumoHana (3). s atoro B (3) momcraBisieM ONTH-
MaJpHOe yrpasieHue (23) u Beipakenue nyst Q(y) us (4).

T
1@ = [ Y00y SRl de+ Ly MRy =
T
= /t [%y’Qly - %(Ky +q)Bis(Ky + q) + (Ky + q)'By(y)(Ky + @)] dt +

T
o [ Ky + /B o' Reld s 5y (DFY(D)

3arem, ncnons3ys aupdepeHnnansHoe ypaBHeHne B (20) u aarebpanueckoe MaTpUUHOE YpaBHeEHIeE
Puxxkatu (17), mocenHee BbIpaxkeHue IIpeobpasyercs K BUAY

i T1, 1 , . 1,
J@) = [ 15y Q= Ky @/ Bulky+ )+ (Ky+ -3+ Ay+ hy) + 5o/ Relde +
o (32)

1 T 1 ) 1 1
+ Ey’(T)Fy(T) = / [V Alq - Eq/Blsq +(Ky + q)(-y + Ay + h(y)) + 5¢’R¢] dt + Ey’(T)Fy(T)-
fy

Tenepsb, BBIYMCIISSA IPON3BOHYIO OT KBAIPATUUIHOM GOPMBI % Yy (K+W™1)y cyuerom nuddepeHmambHbx
cBaseir B (18), umeeM

1 1 .
LY W) = K+ W - SV (Www Ty -

dr2 (33)

1y 1
=Y/ (K+ W™y - Zq [WAL + AW - Bilg,

ainee, mpeobpasyeM MUHMMaIbHOe 3HaueHMe PpyHKumoHana (32) ucnonbays (33) u nmonxyuaem

~ T / 1 / 1 / 1 / -1
J(@) = /t [(Ky + q)"h(y) + 5 Re]dt + 5y (TYFy(T) - 5y (TYK + W (T)y(T) +

+ %y’(to)(K + W) y(t).

Teneps, yuurbiBas npencrasienue q(y, t) = W1(t)y(t) u ycnosue, uto q|-1 = (F - K)y(T) nonyuaem,
uro ¢popmyina (29)

~ 1 , -1 Tl / / -1
J@) = 4K+ W o+ [ T Re v/ (K + WD de
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VIMeeT MecCTo.
3ameuanue 2. OrmeTum, yto Popmyia (29) BKIOUAET B ceOs M3BECTHOE MPECTABIEHIE HAUATBEHOTO
ycioBus s pyHKiumy Bennmana B 3amaue ONTHMAIBHOM CTAGVIM3AIN IS CTALMOHAPHOI JIMHEIHO
KBaJpaTUYHOI 3aauyl Ha II0JIyocu Oe3 OrpaHMUeHniT Ha yIIpaBieHue, I B Hell ellle, eCTeCTBEHHO, OTpa-
)KaeTcs BO3pacTaHye MUHIMAIBHOIO 3HAUEHNMs M3-3a HaJIMUMs OTpaHMUYEHNIT Ha yIpaBJlIeHNe, a TaKKe
YUMTBIBAETCS BINSHIE HEOTHOpPOTHOCTHI h(Y).
OmnnitieM alrOpUTM pelIeHus 3a4auy ONTUMAaIbHOro yupasienus (1)—(3).
1. Haxommrcs IOI0KMTEIBHO OIpeqeieHHas MaTpuiia Q; Takas, uto Q(y) Taxke 6ymer II0I0KUTETIHHO
OIIpeNeJIeHHON MaTpULIEN TP BCEX ).
2. Pemrarorcs cucTeMsl anrebpanueckux u auddepeHIMaNbHbIX ypaBHeHnit (17) u (18) mis ompenele-
Hust matpunl K u W(t) Ha orpeske [1o, T).
3. 3amatorcs ycnosus Y(ty) = Yo, v Bbrumcnsercs q(ty) = W (ty)y(to).
4. Vurerpupyrorcs Ha otpeske [ty, T] cucremsl nuddepeHunanbHbIX ypaBHeHnii (20), (22) mpu Haua b-
e yemosmx y(k) = Yo, qlto) = W (to)(to)
2. UYmcieHHBbIE SKCIIEPUMEHTDI

PaccmarpuBaercs 3ajaua ONTHMAIBHOTO YIIPABIEHNS Ui 9KOHOMIUECKO MOJeNn 0OBbeKTa yIIpas-
JIEHNsI, COCTOSIIIIETO U3 TPEX CEKTOPOB: | = 0 (MaTepmaIbHBI CEKTOP), | = 1 (POHIOCO3TAIOLINIT CEKTOP),
i = 2 (mOTPeOUTENBCKUIL CEKTOP), MAaTEMATUUECKAs MOENIb BKIouaer [15, 16]:

a) Tpu auddepeHUNATBHBIX YPABHEHNS, OIMCHIBAIOIINX QMHAMUKY (OHIOBOOPYKEHHOCTEIL:

k= A+ a0 k0 = KA >0, (=0, 1, 2) (34)

b) Tpu dpyHkuum ynenasHoro Boimycka Tuia Ko66a-dyriaca:
xi = Ak, Ai>0, O0<a<1 (i=0,1,2), (35)

C) Tpu GaIaHCOBBIX COOTHOIIEHNS:

So+sp+s=1, s=20, s=20, s=0, (36)
Oh+6,+6,=1, 6 =0, 6, =0, 6 =0, (37)
(1 - ,BO)X() = ﬂ1x1 + ,Bz.X'z, ,80 = 0, ,Bl = O, ,32 > 0. (38)

3mech cocTosTHIE 9KOHOMIYECKOI crcTeMBI ((POHIOBOOPYKEHHOCTD) OUChIBaeTcsa BekropoM (k, ki, kz),
a (8o, 51, S, 6, 61, 65) — BexTOp yrmpaBmeHu, (S, S1, Sz) — DOJU CEKTOPOB B paclpeeleHUN MHBECTULOH-
HBIX pecypcoB, (6, 01, 62) - monu ceKTOPOB B pacIpeeIeHUI TPYIOBBIX PECYPCOB; X; — YIEIbHBIN BBIITYCK
IIPOAYKLMY B COOTBETCTBYIOIIEM CEKTOPE; f3; — IPSIMble MaTepUabHbIe 3aTPATHI B i-OM CeKTope; i = 0, 1, 2.
HauanbHoe cocrosiame cuctembl paBHo (kg, kY, k), rie kY = k;(0). [l perenns sagauu nepeBona HeJIMHe -
HOI CHCTEMBI U3 HAUAJIBLHOTO COCTOSHUSA B XKeJlaeMOe COCTOsSHME Ha oTpeske Bpemenu [0, T]. B kauectse
xKejaeMoro kKoHeuHoro cocrosHus (k§, ki, kj) mcronpayercss cocTosHMe paBHOBECHS CUCTEMBI, KOTOpOe
ompepeseHo B pabote [12] B cieqyroieM Buje:

$o 01 Aq (k7)™

kS = ,
0 060

(g st

i = A 27 L0,

3uauenus poHmoBoopyxeHHocreit ki, (i = 0, 1, 2) B cralmoHapHOM COCTOSHMMU (39) 3aBUCAT OT yIIpaB-
JeHmI (8o, $1, S2, O, 61, 62), M1 KOTOPBIX B paboTe [12] moTydeHsI cTal[IOHAPHBIE 3HAUSHU (S, 57, S5, 63, 07, 05).
[IpuBenem Terepb MaTeMaTUYECKYI0 MOJesb 00 beKTa yrpasnenns (34) k Buay (1) u 3amuiieM B Bue Ci-
CTeMBI

y(t) = Ay(t) + B(y)u(t) + D(y)o*  y(t) = yo, £ € [to, T]. (40)
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MCIIONIB3YS CleAyiole 0003HaueHus y; = ky — ki, =k -k}, ys=ko—-ky, u=s -9,

0 0
= 2 vy, Uz = oA v, v =5y, $60/6;=v;, s5560//60; = vs,
b, 6o
Hy) =+ kD% LO2) =2+ k)%, f3(ys) = (y3 + k)™,
M+ by (KH)“ oy 0 0 b(y; + k)™ 0 0
A=| ba(k) 'y <A o, B=| o by + k§)® o |
bn(k)™ 0} 0 —Ao 0 0 by k)
diyy 0 0
B(0)=Bs, D(y)=| 0 d(») 0 [, D)=by+k)™ - (k)™ - (k)™ .

0 0 d(y)

3mech mocrosiHHbIe 3HaueHus k* u v° onpepeisrorcs B (40) U QI HUX MMeEET MeCTO anrebpamyeckast
CBS3b
AK® + BD(k*)v® = 0.

IIJ'IH IIPVIMEHEHNA AJITOPUTMA pEIICHNI 3aa4ull B IIPVIMEPE NOIIOJHMUTEIBHO BBEIEM CI)YHKI_II/H/I

) =+ kD™, £0n) =02+ k)% f(ys) = (v3 + k3)*™,

BiA1fi(y1) + BeAsfo(y2)(1 = uy — v1)/(uz + v3)

- , (41)
: (1= Po)Aofs(y3)(1 = ur = )/ (uz + v3) + BoAzfo(y2)(1 — wy = v7)/(u + v3)
KOTOpble 00eCIIeurBalOT BBIIIOJIHEHME YCI0BUA (38); IpM 9TOM MHBECTULIIOHHBIE PECYPCHI
si=u+0, S=01-81-u-v), so=E&1-u -0, (42)
o0ecIieunBaroT BBIIOJIHEHME YCI0BUA (36); a TpyHOBbIE PECYpPChI
1 1- 1-15)0 1-15)0
1+ (s0)/(us + v3) + (s2)/(ug + v} Uy + U3 us + U3

00ecIIeunBaloT BBIIIOIHEHE YCIOBUA (37).
Bbuiu npoBeieHbl UMCIeHHbIE pacyeThl Ha KOMITbIOTEpE MIPU CIIeTYOLIMX 3HAUEHUAX [TapaMEeTPOB:

a =0,46; o =0,68; a=0,49; fo=0,39; fi=029 f=0,52
Ai=0,051i=01,2 Ay=619 A =135 A,=271;
5 =0,2763; s$=0,4476; 5 =0,2761; 65 =0,3944; 65 =0,2562; 65 =0,3494;
ki = 966,4430; k{ = 2410,1455; kS = 1090, 1238;

HauaneHbie ycnosus sagatorcs cienyrowmue y(f) = (=700, =300, 300)’, a matpuust R, Q;, K umeror Bua

350 0 0 49-107* 0 0 0,4598 - 1072 0,6894-10 0,5129-107°
R=[0 70 0f, Q= 0 9.107* 0 |,K=]0,6894-10" 0,8888-10"° -3,5598-107°|.
0 0 55 0 0 9.107* 0,5129-107 -3,5598-10"° 0,7926-1073

PesyipTarhl pacueToB COCTOSIHMS CUCTEMBI IIpeCTaBIeHbI Ha pucyHKe 1(a). I3 pucynka 1(6) BuaHoO,
YTO OITMMAJbHbIE YIIPaBJIeHMUs He BBIXOIT 3a Ipemensl objactu U, ompemesnseMoil OrpaHMYEHUSIMU
-0.3477 < u; < 0.4523, -0.1024 < uy < 0.6976, -0.07945 < u3 < 0.7205.
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Fig. 1. Graphs of trajectories y(t) (a) Puc. 1. Tpadukn TpaekTopuit y(t) (a)
and the optimal control u(z) (b) 1 ONTMManbHOro ynpasneHns u(t) (b)
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(b)
Fig. 2. Graphs of the distribution of investment (a) Puc. 2. Tpadukn pacnpegeneHns NHBeCTULMI (a)
and labor resources (b) 1 TPYAOBbLIX pecypcos (b)

3mech Bce KOMIIOHEHTHI yrpapiieHus uy(t), up(t) m us(t) mexxar Ha rpanune obmactu U Ha oTpeske
[0, 1], [0, %] m [0, #5] coorBercTBeHHO, 3atem mpu t € (t,T], t € (&, T] m t € (3, T] 3axonsIT BHYTpPD
obmactu U. TlepeknoueHue ynpaBiIeHUIT IPOUCXOAUT B MOMEHT BpeMeHU t; = 1,439 mia KOMIIOHEHTa
u(t), a s up(t) mpu tp = 0,4, mua us(t) mpu t3 = 9,785, yi(T) = —4.8692 - 1076, 15(T) = -1.7315 -
107%;  y3(T) = 0.229 - 1073, u onTUMAaTbHBIE 3HAUEHWA YIIPABIEHUI B KOHEUHBI!I MOMEHT BpeMeH! TIpu
T = 20: u(T) = 2.2873- 1078,  uy(T) = 6.5404 - 107°; u3(T) = -3.4357 - 10”7, Ha pucyHKe 2 moKa3aHbI
M3MEHEHUS PECYPCOB, KOTOPBIE YIOBIETBOPSIOT OaIAHCOBBIM COOTHOILIEHMAM (36), (37). 3HAUeHUST MHBe-

crurmit (so(t), s1(t), s2(¢)) m Tpymosbix pecypcos (Gy(t), 61(t), 02(t)) B KOHEUHBIII MOMEHT BpeMeHU IIpU
T = 20 cTpeMATCA K CTAIMIOHAPHOMY COCTOSIHUIO.
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3axkiroueHue

IIJ'IH YaCTHOTIO KJacca HeJIMHENHBIX YIIpaBIA€MBbIX CUCTEM Ha KOHE€UHOM MHTEPBAJI€ ITOKA3bIBACTCA

BO3MOXKHOCTB IIpuMeHeHus noaxona SDRE npu nmocrpoeHny o6paTHOM CBI3M Ha 3ajade C OrpaHIYeHN-
AMI Ha yIpaBjeHle, IPMMeHdsd IPUHINI paclIMpeHnsd, npeaiaoxeHHoro B. ®. KpoToBbIM 1 pa3sBUTHI
B.U. T'ypmanoM, u npu 3ToM Ipejiaraercs 3GGeKTUBHBIN aJTOPUTM, He TPeOYIOIINII MHOTOKPATHOTO
MHTerprpoBaHmsa quddepeHINANIBHOTO ypaBHeHNa Pukkatu ¢ koadduumentamu, 3aBUCAIINIMI OT CO-
CTOSHMNS.

Tax>ke IpuBeI€HbI UICIEHHbBIE 9KCIIEPMMEHTEI, MJITTIOCTPUPYIOIIILEe IIpeAJIaraeMblii aJIFOPUTM IIOCTPO-
€HA ONITHMMAaJIbHOIO CMHTE3a PV HaJIMUNY OTPaHMUEHNI Ha yIIpaBJIeHNIE B BU/I€ 3aMKHYThIX HEpABEHCTB
Ha IpUMepPE TPEXCEKTOPHOI HEJIMHEIHOM 3KOHOMIYECKOM CUCTEMBI.
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This article describes an algorithm for obtaining a non-negative basic solution of a system of linear algebraic equations. This
problem, which undoubtedly has an independent interest,

in particular, is the most time-consuming part of the famous simplex method for solving linear programming problems.
Unlike the artificial basis Orden’s method used in the classical simplex method, the proposed algorithm does not attract
artificial variables and economically consumes computational resources.

The algorithm consists of two stages, each of which is based on Gaussian exceptions. The first stage coincides with the main
part of the Gaussian complete exclusion method, in which the matrix of the system is reduced to the form with an identity
submatrix. The second stage is an iterative cycle, at each of the iterations of which, according to some rules, a resolving
element is selected, and then a Gaussian elimination step is performed, preserving the matrix structure obtained at the first
stage. The cycle ends either when the absence of non-negative solutions is established, or when one of them is found.

Two rules for choosing a resolving element are given. The more primitive of them allows for ambiguity of choice and does
not exclude looping (but in very rare cases). Use of the second rule ensures that there is no looping.

Keywords: linear equation systems; nonnegative solution; linear programming; the rule of choosing a resolving element
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IIpocToii aITOPpUTM OTBICKAHNMS HEOTPUILIATEIHHOTO 0a3MICHOTO peleHNs

CHCTEMBI JIMHEITHBIX ajIre0panuyecKnx ypaBHeHUIT
I'. 1. Crenanos! DOI: 10.18255/1818-1015-2021-3-234-237

'BopoHeXcKuit rocyapcTBEHHbIN MeJarornueckuii yuusepcuTet, yii. Jlenuna, 1. 86, r. Boponesx, 394043 Poccus.
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B maHHOI cTaTbe ONMMCHIBAETCS ANTOPUTM IIOJyUeHMsS HEOTPMLATENIbHOro GasMCHOIO peIUeHMs CUCTeMbI JMHEHBIX
anrebpanuecKux ypaBHeHMit. 1a 3ajaua, B UaCTHOCTY, SIBJISIeTCsl HanboJsiee TPYJOEMKIM 3TalloM 3HaMEHUTOTO CHMILIEKC-
MeTOfa pellleHNs 3aad JIMHETHOTO IPOrpaMMIPOBAHMS, XOTsI GeCCIIOPHO IIpeCTaBIIfeT ¥ CAMOCTOSATEIbHBII MHTepec. B
OTJIMUMY OT METOMA MCKyCCTBeHHOro Gasuca OpeHa, IpUMeHsIeMOro B KIACCUYEeCKOM CUMILIEKC-METO/IE, IIpe/iIaraeMblil
aJTOPUTM He UCIIOIb3yeT MCKYyCCTBEHHBIX IIePeMEHHBIX I 9KOHOMHO PAaCcXOAyeT BEIUNCINTEIbHBIE PeCYPCHL.

AJNTOPUTM COCTOUT M3 [BYX 3TAIIOB, OCHOBY Ka’KJOT'O M3 KOTOPBIX COCTaBIANT ['ayccoBrl mckmoueHusd. [lepBriit sTamn
COBIIaflaeT C OCHOBHOJ UaCThI0 MeTOJa IIOJHBIX JCKIIoueHmil I'aycca, B KOTOpOM MaTpmIa CUCTEMbI IPUBOIUTCI K
BUJY C eUHIYHOI IToAMaTpuieit. Bropoit aTam npepcrasiser u3 ce0s UTePaIMOHHBIN [IMKII, HA KaXXXO U3 MTepariii
KOTOpPOTO II0 HEKOTOPBIM IIpaBMJIaM BBIOMpaeTCs paspellalolMil 3JIeMeHT, a 3aTeM BBIMOJIHIEeTCS IIar MCKIIoUeHNs
Taycca, COXpaHSIOIINII CTPYKTYPY MATpULIbI, IIOJYUEHHYI0 Ha IlepBoM drtare. L{uki 3aBepiaercs, aubo Korga Oymger
YCTaHOBJIEHO OTCYTCTBYIE HEOTPMLATENbHBIX PeLeH T, 11100 Korjga OyxeT HailjeHO OXHO 13 HIUX.

IIpuBomsTCS ABa IMpaBuUiIa BBIOOpa paspelllaiolero ajJeMeHTa. bojlee IpMMUTIBHOE U3 HUX JOITyCKaeT HEOMHO3HAUHOCTh
BBIOOpA 1 He MCKII0YAeT 3al[MKIMBaHus (HO B OUEHb PelKNX CIydasx). VIcroap30BaHMe BTOPOTO IIpaBuUiIa TapaHTIPyeT
OTCYTCTBUE 3AI[MKJIVBAHNA.

Kirouesple coBa: cyucTeMa JIMHEIHBIX ajlrebpaluecKux ypaBHeHMIT; HEOTPUIIATeIbHOE PellleHIie; IMHEeTHOe
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Stepanov G.D.

Cpasy oTMeTIM, UTO pacCMaTpMUBAEMBIIT AITOPUTM IIOJIYUEH B XOIe YCOBEPIIIEHCTBOBAHMS CUMILIEKC-
MeTOa, KOTOPBII B TEUEHIE MHOTUX HECATKOB JieT (cM. [1—8]) aBiseTcss OCHOBHBIM METONOM pPeLIeHs
Ba)KHOIl MPUKIAMHON 3agaum — 3amaun JuHerHoro nporpammupoBanus (3JIII). Cama mo cebe oueHb
ecTeCTBEHHAs 3afaua OThICKAHUS HEOTPULIATENHHOTO PEIIEHNS CUCTEMBI

a;n Xy + apeXxy + ...+ AipXy = djo,
aAg1X1 + ApaXy + ...+ AapXy = Ao, (1)

Am1 X1 + AmaXo + oo + AmnXn = Amo,

rge m < n, IpeiCTaBiIseT OCOOBII MHTepeC MMEHHO B CBS3M C T€M, UTO SIBJISIETCS OJHUM N3 ITAIOB
CUMILIEKC-METOA.
3amaua IMHEHOTO MPOrPaMMUPOBAHMS 3aKIFOUAETCS B IIOMCKE MAKCUMyMa VI MUHUMYMa JITHE-
HO pyHKLIMY Ha MHOXKECTBE HEOTPULIATEIbHBIX perreHnit cucreMsl (1). C anrebpandeckoil TOUKM 3peHNs
CUMILIEKC-METOJI MOXKHO PacCMaTPUBATh Kak 0000IIeHe MeTOa ITONHBIX ucKiIouenuit [aycca. Tak ke
Kak MeTox 'aycca cumMIurekc-mMeTon yxo0HO GopMynmMpoBaTh B TEPMUHAX IIPe0Opa3sOBaHMII pacIIpeH-
HOJI MaTpUIIBI cUCTeMBI (1), KOTOpbIe He MEHIIOT MHOKECTBA pellleHuit 3Toit cuctembl. O6a aTHX MeTona
peanusyoTcs B BUe IIOCIEN0BATEIbHOCTH [IIAT0B MCKIIOUEHNS, Ha Ka)KIOM 13 KOTOPBIX B MATpUIE CU-
CTeMBbI BBIOMpaeTCa HeHYIeBOi paspelatolil 3JIEMEHT dpg, & 3aTe€M 3JIEMEHTbI PACIIMPEHHO MaTPIUITBI
rpeobpasyioTcs no popmyaam
ap; = apj/dpq (G €{0,1,...,n}), @

aj; = aij - apjaig/apg (1€ {1,...,m}\p, j€{0,1,..,n}),

rze uepes a}*} 0003HaUEeHBbI 3JIEMEHTHI II0CJIE IIIara MCKIIUYeHNH.

CUMIIIEKC-METO COCTOUT U3 TPEX STAINOB, MIPUUEM IEPBBIN 9TAll, [0 CYIIECTBY, COBIIAAET C OC-
HOBHOJI UaCTHI0 METOMA MOJHOTO ucKioueHns [aycca. Ha aTom aTame pacimpeHHas MaTpUIa CUCTEMbI
npeoGpasyercs K BUITY

aio ai .. Ap-m 1 0O ... 0
a a v Qop- o 1 .. 0

20 21 2n-m , (3)
dmo Ami - Amn-m 0 0 ... 1

VI OTINYAIOINEMYCS OT (3) ImepecTaHOBKOM CTOJIOI[OB C HOMepaMy GOJBIIMMM HYJIA. Takue MaTPUIIbI
3mech Oynmem HasbiBaTh G-marpuuamn. IlepecTaHoOBOK cTONONOB, mpuBomamux G-marpuny K suny (3),
MO’KeT OBITh HECKOJBKO. [Ipu BhIieIeHHO KaKNM-1160 06pa3oM OQHOI M3 HUX Uepes S, Sy, ... , S, 0003Ha-
UMM COOTBETCTBYIOIIYIO II€PECTAHOBKY MCXOLHBIX HOMEPOB CTOIOIOB. HOMEpa 71 = Sp_mi1s 72 = Spoms2s -+ s
Ym = S, U IepeMeHHbIe C 3TUMIU HOMepaMM HasbIBaroTCs OasmcHbIMU. Bextop (X1, xo, ..., X,), B KOTOPOM
BCce BHe0Oa3MCHbIe IlepeMeHHbIe PaBHbI HYJIIO, a 6a3MCHbIe IlepeMeHHbIe Xy, = —aj (i = 1,2, ... m), aBasgeTcs
pellleHneM CUCTeMbI ypaBHeHUIT. Takue pelreHnss Ha3bIBAalOTCI 0a3MCHBIMIL.

Bropoii aTan cuMILIekc-MeToa 3aKiIoUaeTcs B IpeobpasoBanuy G-MaTpULbl B aHATOTUYHYI0 MaTpH-
11y, C HEOTPULIATEIbHBIMI 3JIEMEHTaMI HYJIEBOTO CTOJIOLA, T.e. B OTHICKAHUI HEOTPULATEIHHOrO 6asuc-
HOTO pellIeHys. ITOT ITAIl B CUMILIEKC-MeTO e ABIseTCs Hamboiee TPy JOeMKIIM.

Ha tperpem srare, HasbIBAIOIIEMCSI OCHOBHOI IIpolenypoii, G-MaTpuia ¢ HeOTpULATEIbHBIM HYJIe-
BBIM CTOJIOLIOM ITpeoOpasyercs B TaKYIO )K€ MATPUIY TaK, YTOOBI COOTBETCTBYIOIIee Ga3MCHOE pelleHe
YIOBJIETBOPSLIIO KPUTEPUAM OITUMAIBHOCTH 11eJIeBOI PYHKIIUIL.

STanm 2 CUMIUIEKC-METOa OKasbIBaeTcs Oojiee TPYIOEMKUM, UeM 9Tl 3, IO TOI MPUUMHE, YTO OH
TPaAMLIMIOHHO CBOAVTCS METOJOM MCKYCCTBEHHOTO 06asyica K IIpMMEHEHNI0O OCHOBHOI IIpouenypsl. Me-
TOJI CBsI3aH C q00OAaBJIEHIEM B CUCTEMY HOBBIX IIepeMEHHBIX U (JOPMUPOBAHIEM MCKYCCTBEHHOI I[€1€BOII
¢byHKUMy. IBHBIM HETOCTATKOM 3TOTO IIpMeMa SIBJIIETCS YBelnUeH e pa3Mepa 3a8aun, YTo KpailHe Hexe-
JIaTeJIbHO IPU GOJBILINX M U N.
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Ha camom pese anropurm sramna 2 mpolie COCTABUTD 10 aHAJIOTUN C AJITOPUTMOM 3rtana 3, Ho ¢ Gosee
IPOCTBIM TIPABIJIOM BBIOOpA Pa3peIlarollero 3JeMeHTa dyq M 6ojiee IPOCTHIMM YCIOBUAMY OKOHUYAHI.
ITepBblit BapMaHT TaKOrO IpaBuiia BEIOOPA BBIMJISIANT CIIETYIOLUM 00pa3oM.

IIpasumo 1. [ns G-mampuypt p Hado évibupamb max, umo ay < 0. IIpu ysxce vi6panHom p, Haodo
6bl6UPamMb q Mak, umo dapq < 0.

CaM anropurM npepcraBiser 13 ceOs MTePAlMIOHHbIN LMK, Ha KaXAOI 13 urepanuil Koroporo B G-
MaTpuIle 0 IpaBuiTy 1 (MM €ro yTOUHEHNI0) BEIOMPAeTCA PaspelIatoliii 3JIeMEHT d,q, @ 3aTeM MaTpuIa
npeobpasyercs 1o popmynam (2). Luki 3aBepriaercst aubo MIpyU OTCYTCTBUM TPEOYEMOTO p, UTO O3HAYAET
HeOTPUILIATENBHOCTH HYJIEBOTO CTOJIOIA I COOTBETCTBYIOIIETO 0a3MCHOIO PellleH s, 1100 IIPY OTCYTCTBIN
TpebyeMOro ¢, YTO CBUAETENLCTBYET 06 OTCYTCTBUM Y CUCTEMBI YPaBHEHMIT HEOTPMUIIATENbHBIX PEIIEHMIL.

JIro60i1 13 ABYX BapMaHTOB OKOHUAHMS I[MKJIa, O3HAYAET PellleHNe 3aaull, CTOsIIel ITepe] 3TaroM 2.
Ho mpu ucriosnb3oBasmy npasmiia 1 He MCKIIOUEHO ellle U 3arukiBanue. [Ipasuio 1 onpenesier BBIGOp
paspelIaolIero sJeMeHTa HeOMHO3HAYHO I IIPU UCIIOIb30BAHNM €T0 IIPUXOAUTCSA YTOUHAT. BO3MOXKHBI
GoJlee yaauHble YTOUHEHMs U MeHee yaauHble. [Ipy KOMIBIOTEPHBIX 9KCIIEPMMEHTAX C €CTeCTBEHHBIMU
BapMaHTaMI YTOYHEH IIpaBIUIa 3ajlavua pelazach OueHb ObICTPO, T.e. IM00 HaXOAIIOCh HEOTPILATe b~
HO€ pellleHe CUCTeMbI ypaBHEHNII, 11100 BBIABIISIIOCH €r0 OTCYTCTBME. 3aUMKINBaHNE ObLIO BBISIBICHO
JIUIUB TIPU OU€Hb BBIUYPHBIX YTOUHEHMSX. [0 CyTH, MOKHO CKa3aTh, YTO HEKOTOPBIE YTOUHEHUS IIPABU-
Ja 1, IpUBOAT K JOBOJIBHO 3 PeKTUBHBIM 3BPUCTUUECKIM AITOPUTMAM, [JIsI KOTOPBIX ITOKa He HaliIeHbI
[IpUMepBI, IPUBOMASIINE K 3al[MKINBaHIIO. Bojiee TOro, yJasocs moay4yuTs yTOuHeHIe IpaBuiia 1, KoTopoe
rapaHTHUpyeT OTCYTCTBUE 3AI[MKIVBAHNA.

IpaBwino 2. [ns G-mampuybl 6 Kauecmee HOMEPA pazpewiarowjeil CmpoKu u3 6cex p, npu KOmMopwvix
apy < 0, Hado 6pamb Homep ¢ HaumeHbwiuM ry. ITpu ysice 6v.6panrHom p Hado 6pamv HauMmeHbuiee G, NPu
KOMOopom dpq < 0.

Teopema 1. /s G-mampuy, umepayuoHHbLi YUK, MeT0 KOMOopPozo coCMoum u3 6v.60pa paspeularnuyezo
a/leMeHma no nPasury 2 u nocredynujeco ulaza UCKITlUeHus, KOHeUeH.

Hecmorps Ha mpoctoTy ¢GopMyIMpOBKM IIpaBmia 2, JOKa3aTeJIbCTBO TEOPEMbI BeCbMa HEIIPOCTO U
CBsI3aHO ¢ 000CHOBaHMEM KOHEYHOCTM 3TAIlOB Cpasy yeThbIpex aaroputmoB pemtenus 3JIII [IBa n3 arux
aJITOPUTMOB IIpeAHA3HAUEHBI I YIPOLIEHUs CUMILIEKC-METONA, a ABA — SIBJISIOTCSA BOVICTBEHHBIMU
K HIM.

O TpyXOEMKOCTH ITOJyUEHHOTO aJITOPUTMA MOXKHO JIMIIb CKa3aTh, UTO IIPY BBIUMCINTENbHBIX 9KCIIE-
pPMMeHTax KOJIMYEeCTBO UTEPALINIL, 3aTpaurBaeMoe Ha pellleHe 3a1ad, ObLII0 CPaBHIMO C 1, HO, HaBEepHOE,
BO3MOXKHBI I "ILIOXME" IIPUMEPBI, KaK IpuMep u3 [9] A1 OCHOBHOI MPOLeAyPhI CUMILIEKC-METO/A.
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The paper considers methods for estimating stability using Lyapunov functions, which are used for nonlinear polynomial
control systems. The apparatus of the Grobner basis method is used to assess the stability of a dynamical system. A de-
scription of the Grobner basis method is given. To apply the method, the canonical relations of the nonlinear system
are approximated by polynomials of the components of the state and control vectors. To calculate the Grébner basis, the
Buchberger algorithm is used, which is implemented in symbolic computation programs for solving systems of nonlinear
polynomial equations. The use of the Grobner basis for finding solutions of a nonlinear system of polynomial equations
is considered, similar to the application of the Gauss method for solving a system of linear equations. The equilibrium
states of a nonlinear polynomial system are determined as solutions of a nonlinear system of polynomial equations. An
example of determining the equilibrium states of a nonlinear polynomial system using the Grébner basis method is given.
An example of finding the critical points of a nonlinear polynomial system using the Grobner basis method and the Wol-
fram Mathematica application software is given. The Wolfram Mathematica program uses the function of determining the
reduced Grobner basis. The application of the Grobner basis method for estimating the attraction domain of a nonlinear
dynamic system with respect to the equilibrium point is considered. To determine the scalar potential, the vector field of the
dynamic system is decomposed into gradient and vortex components. For the gradient component, the scalar potential and
the Lyapunov function in polynomial form are determined by applying the homotopy operator. The use of Grobner bases
in the gradient method for finding the Lyapunov function of a nonlinear dynamical system is considered. The coordination
of input-output signals of the system based on the construction of Grébner bases is considered.

Keywords: nonlinear systems; polynomial systems; Lyapunov functions; Grobner bases
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C.H. Yyxkanos!, 1. C. Yykanos* DOI: 10.18255/1818-1015-2021-3-238-249

1I/IHCTI/ITyT martematuky um. C.JI. Co6oneBa CO PAH, Omckmit ¢punman, yi. [leBuosa, a. 13, r. Omck, 644043 Poccust.
2Ypanbckuit penepanbHbIil yHUBEpCHUTET, Y. Mupa, fi. 19, r. Exatepun6ypr, 620002 Poccus.
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Hayunag craresa ITocne mopaborku 28 aBrycra 2021 r.
TToyHBIN TEKCT HA AHTJIIUIICKOM S3BIKE IIpunsTa kK nyoaukanum 1 ceHtsopst 2021 r.

B pa6oTe paccMaTpMBAIOTC METOABI OLEHMBAHNA YCTOYMBOCTI C IOMOIIBbI0 GyHKImII JIAyHOBa, IpUMeHAeMble I
HeJIMHENHBIX MOJIMHOMUANBHBIX CUCTeM yIpaBiaeHNs. [[14 olleHMBaHMA yCTONUMBOCTY MCIIONIb3yeTCs alapaT MeToja
6asncoB I'péOuepa. [IpuBoauTca omucanme Merona 6asmcos I'pébuepa. [t mprMeHeHMs MeTORa KaHOHMYECKHe COOT-
HOIUEHNM HEJIMHEHO CUCTeMbI alllIPOKCUMUPYIOTCA IMOJMHOMAMM KOMIIOHEHT BEKTOPOB COCTOSHUIL U YIIPaBJIECHUA.
Jna Beramcienns 6asuca I'pébuepa npumenseTcs anroputm ByxGeprepa, KOTOpEIiT pealn3oBaH B IPOrpaMMax CYMBOJb-
HBIX BBIUMCIIEHIIL )i pellleHNs CUCTEM HeJIMHEeHbIX ITOIMHOMMANILHBIX YpaBHeHMIT. PaccMaTpuBaeTca MCIIONb30BaHNE
6asuca ['pé6Hepa IIpy HaXOXKAEHMS PEIIeHNII HeJIMHETHON CUCTeMbI TOJNHOMIAIBHBIX YPaBHEHN T aHAJIOTUYHO IIPK-
MeHeHIIo MeToja ['aycca 714 pelieHys CUCcTeMbI TMHETHBIX ypaBHeHMiT. ONpeensoTcs paBHOBECHEIE COCTOTHISA HeJlM-
HEeHO IOJMHOMUAILHONM CUCTEMBI KaK pellleHUs HeJIMHEIHOM CUCTeMBbI IIOJMHOMMANILHBIX ypaBHeHuit. [IpuBogurca
IpUMEpP ONpeeseHNs PaBHOBECHBIX COCTOSHUI HEJIMHEHON MOJMHOMMAIBHON CUCTEMBI C MICIIOJIb30BaHIIEM METOIa
6asncoB I'pébuepa. IpuBoaMTCS MpIMep HAXOXKAEHMSI KPUTUUICCKMX TOUEK HeJNMHEIHOI IOMMHOMMAIBHON CICTEeMBI C
JCIIONB30BaHMeM MeTofa 6asucos I'péGHepa 1 IMPUKIagHOTO MporpaMMHOro obecreueHns Wolfram Mathematica. ITpn
VICIIOTIB30BaHMM IPUKJIAJHOTO IIporpaMMHoOro obecreuerns Wolfram Mathematica mpumensiercst QyHKIs onipegesteHis
pemyumpoBaHHOro 6asuca I'pé6Hepa. PaccmarpuBaercs mpuMeHeHMe MeTofa 6asica I'pé6Hepa 11t OIleHMBAHNS 06IacTI
NIpUTSKEHUS HeIMHETHOW OMHAMIYECKON CICTeMbl OTHOCUTENBHO TOUKM paBHOBecus. [[14 ompeseneHMnd CKaJIapHOTO
MOTEHIaa BEKTOPHOE I0JIe JMHAMIYECKON CUCTEMbI JeKOMIIO3MPYETC Ha FPaJUeHTHYI0 M BUXPEBYI0 KOMIIOHEHTHL.
ITo rpafMeHTHOMY KOMIIOHEHTY CKaJIAPHBIIL TOTeHIMAN 1 QYHKIM JISIIyHOBa B IOIMHOMMAIBHOI GOpMe OIIpemeNIioT-
cq Ha OCHOBe IIpMMeHeHMs ollepaTopa romoronuu. PaccMorpeno ucmonb3oBanme 6asmcos I'péGHepa npu rpafreHTHOM
MeToze HaxoKAeHus GyHKIY JIAyHOBa HelIMHEeITHOM TMHAMIUECKOIl cucTeMbl. PaccMoTpeHo corslacoBaHie CUTHATIOB
BBOJIa-BBIBOJIA CMCTEMBI Ha OCHOBE IIOCTpoeHNs 6asucos I'péGHepa.

KirroueBrble cj10Ba: HeJIMHEIHbIE CYCTEMBI; ITOTMHOMMATIbHbIE cucTeMbl; QyHKImY JIanyHoBa; 6asucsl I'pébaepa

MHPOPMALIMA Ob ABTOPAX

Cepreit Hukomnaesnu YykaHoB
aBTOP [JI KOPPECIOHAEHII

orcid.org/0000-0002-8106-9813. E-mail: ch_sn@mail.ru
I-p TeXH. HayK, pogeccop.

orcid.org/0000-0001-9946-7484. E-mail: chukanov022@gmail.com
CTYZEHT.

Wnpa CranncnaBosud UykaHOB

PuHaHCcupoBaHmIe: PaGoTa BBIIONHEHA IIPY IOAAEP)KKe IPOrpaMMbl GpyHAaMeHTAIbHBIX HayuHbIXx mcciaegoanmit CO PAH
Nel.5.1., mpoext Ne 0314-2019-0020.

s yurupoBanus: S. N. Chukanov and L. S. Chukanov, “The Investigation of Nonlinear Polynomial Control Systems”, Modeling
and analysis of information systems, vol. 28, no. 3, pp. 238-249, 2021.

© Yyxkanos C. H., Uykanos 1. C., 2021
Jra crarks oTKphITOro pocrymna nox jurensueir CC BY license (https://creativecommons.org/licenses/by/4.0/).

239


http://www.mais-journal.ru
https://doi.org/10.18255/1818-1015-2021-3-238-249
https://orcid.org/0000-0002-8106-9813
mailto:ch_sn@mail.ru
https://orcid.org/0000-0001-9946-7484
mailto:chukanov022@gmail.com
https://creativecommons.org/licenses/by/4.0/

Chukanov S. N., Chukanov I.S.

Introduction

The most of the dynamical systems in technology and nature are nonlinear dynamical systems. The
canonical relations of a nonlinear system can be approximated by polynomials of the components of the
state and control vectors. Stability testing using the method of Lyapunov functions is widely applied to
nonlinear systems.

There are several methods in the literature to identify candidates for Lyapunov functions [1]:

« decomposition of the sum of squares [2];

« using the Grobner basis to select parameters [3];

« use of homotopy operators for decomposition of the vector field of states of the system [4, 5];

« the assumption that the derivative of the Lyapunov function is negative definite, and then obtain by
integration and check the positive definiteness (gradient method) [6].

Grobner bases are used to solve problems in the theory of nonlinear systems. Some of the applications of
the Grobner basis can be named: estimation of equilibrium states of a nonlinear system; finding the critical
points of a given nonlinear system with the Lyapunov function; coordination of input-output signals of the
system.

Grobner bases facilitate the solution of a system of multidimensional polynomial equations in the same
way as the Gaussian elimination algorithm makes it possible to solve a system of linear algebraic equations.
In lexical ordering the Grobner basis has a triangular structure, reminiscent of the triangular structure in
the Gaussian elimination method.

The theory of control of dynamic objects can be divided into two subgroups [7]:

(1) systems in which the principle of superposition operates, and linear control methods can be used,;

(2) systems in which the superposition principle does not work, and it is necessary to use nonlinear
control methods. To improve the quality of the dynamic object control system, it is necessary to take into
account the nonlinear features of the system.

1. Grobner bases

The objects in the theory of Grobner bases are polynomial ideals and algebraic varieties [8]. Let
P1, - ps be multidimensional polynomials in variables xi, ..., x,, whose coefficients lie in the field k (we will
consider the field of real numbers R). The variables xy, ..., x, are considered “place markers” in the polyno-
mials: py, ..., ps € R[xy, ..., x,]. Algebraic variety defined by the polynomials p, ..., ps is the collection of all
solutions in R" of the system of equations:

jul (Xl, ey xn) =0,
(1)
Ps (%1, o0y %) = 0.

Formally:

V(p1, .o D) = {(a1,.s an) € R" 2 pi(x1, .y xp) = 0,0 = 1,..., s} (2)

The polynomial ideal I, which is generated by py, ..., ps, is a set of polynomials obtained by combining
these polynomials by multiplying and adding with other polynomials:

I=<p1,...ps) = {f = Zgipi P gi€ ]R[xl,--->xn]] : ®3)
i=1
The polynomials p;,i = 1,..., s form the basis of the ideal I. A useful interpretation of the polynomial

ideal I is in terms of the equations (3). Multiplying g; by arbitrary polynomials g; € R[x, ..., x,] and adding
them, we get the consequence from (1):
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f=gp1+ ...+ gps =0,

and f € I. Therefore, I = {py, ..., ps» the ideal contains all "polynomial consequences” of the equations (3).

The Grobner basis method is based on the concept of monomial ordering (a monomial is a polynomial
consisting of one term), since it introduces a corresponding extension of the concept of a leading term
and a leading coeflicient, familiar for one-dimensional polynomials, to multidimensional polynomials. Let’s
consider lexicographic or lex order [8]. Let a, 8 be two n - tuples of integers @ = (a,...,a,) € N" | f =
(B, ..., Bn) € N™. n -tuple « follows S (in lex order), which is denoted as a > f, if in the difference of vectors
a-B=(ar - pi,..., a — Bn) the leftmost nonzero element is positive. For the polynomial f = x7x,x35 + 2x7 x3
using lex order x; > x, > x3 results in x}x,x3 follows x}x§, since the multidegrees of monomials satisfy:
(3,1,3) > (3,0,4). In this order, the leading coefficient and the leading term are respectively LC(f) = 1 and
LT(f) = x3x,x3. When using lex of order x; > x; > x; senior term: LT (f) = 2x}x§, since (4,0,3) > (3, 1,3).

The ideal I has no unique basis, but for any two different bases {p, ..., ps) and <gy, ..., gm of the ideal
I, the varieties V(py, ..., ps) and V(gi, ..., gm) are equal; the variety depends only on the ideal generated by
its defining equations. If all polynomials in a given basis of an ideal have a degree lower than the degree
of any other polynomial in an ideal, then this basis is the simplest. For an ideal I and a given monomial
order, we denote the set of leading terms of elements I as LT(I). The ideal generated by elements from LT(I)
is denoted by (LT(I)). The Grobner basis is formally defined as a set of polynomials gy, ..., gm, for which
(LT(I)) = {LT(g1),...,LT(gm)>. When calculating Grobner bases, a monomial order is specified. We note
two properties of Grobner bases for a given monomial order:

1. Each ideal I < R[xq, ..., x,], different from the trivial {0), has a Grobner basis.

2. For the ideal I < R[xy, ..., x,], different from the trivial <0), the Grobner basis of the ideal I can be
calculated using a finite number of algebraic operations.

For a given set of polynomials P, there is an algorithm that computes the Grobner basis for the (ideal
generated by) P in a finite number of steps [9]. Buchberger’s algorithm generalizes algorithms: Gaussian
elimination for a system of linear algebraic equations and Euclid’s algorithm for calculating the greatest
common divisor of a set of one-dimensional polynomials. This algorithm was implemented on computers in
symbolic computation programs using Grobner bases for solving systems of polynomial equations [10-12].

2. Finding equilibrium states of a nonlinear dynamical system

The use of the Grobner basis in finding solutions to a nonlinear system of polynomial equations is
similar to the application of the Gauss method for solving a quadratic system of linear equations. Consider
an example of reducing a nonlinear system of polynomial equations: p; = x; — x5 = 0, py = xp + x2 = 0,
p3 = x3 — 2x2 = 0, to a triangular form using the Grébner basis method for lex order: x; > x; > x3. In the
WOLFRAM MATHEMATICA package, the function call

GroebnerBasis[{p1, p2, p3}, {x1, x2, x3}, { }]
leads to a triangular Gaussian form of polynomial equations:

x1—x§1:0,
Xy + x5 =0,
-x3 +2x5 = 0,

which allows us to get a solution to this system.

Consider a nonlinear system without inputs x(t) = f(x(t)); x, f € R", t € R, where f(x) = 0 is a vector of
polynomials in x. The equilibrium states for this polynomial system are obtained as solutions of a nonlinear
system of polynomial equations: f(x) = 0.
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Example 1
Equilibrium states of the [8] polynomial system:

x1=x1+x2—x§,

X2 = XF + x2 - x3,

X3 = =X + X5 + X3,

can be obtained as solutions of system polynomial equations:

. 2
P1 = X1+ X2 — X3 =0,

P2 i=xf

xXp + X2 —x3 =0,
P3 i=—x; + X2 +x3 = 0.

The Grobner basis for the ideal (p, ps, p3) using lex order: x; > x, > x3, has the form:

g1 = 4xy - 2x% —4xd + xft + x0,
g 1= —xt+ x{ - 23 + 2x2x,
g3 1= —xp + X2+ xp + X2,

g1 1= —XF - xp + X3.

Algebraic equations g; = 0,i = 1,2,3,4 has the same solutions as p; = 0,j = 1,2, 3. The polynomial g4
depends only on x3; from the algebraic equation g4(x3) = 0, you can determine x;. If the numerical value of
x; substitute in g5(xz, x3) = 0, then you can define x,; from go(x1, x2, x3) = 0 you can define x;.

Table 1. English

X1 X2 X3
Solution 1 : x; = -1, x3 = 0.5 - 1.32i, x3 = 0.5 - 1.32i,
Solution 2 : x; =0, Xy = 0, x3 =0,
Solution 3 : x; =1, X3 = 0, x3 =1,
Solution 4 : x; = 1.18, Xy = —0.69, x3 = 0.70,
Solution5 : x1 = —-0.59-1.74i, | x, = -2.35+1.031, | x3 = -5.04 + 3.09i,
Solution 6 : x1 =-059+1.74i, | x =135-1.03i, | x3 =-1.35-3.09i,
Solution 7 : x = -1, x3 = —-0.5 + 1.32], x3 = 0.5+ 1.321,
Solution 8 : x1 =0, X = -1, x3 = -1,
Solution 9 : x1 =1, X, = -1, x3 =0,
Solution 10 : x; = 1.18, xy = —0.31, x3 = 1.08,
Solution 11 : | x; = -0.59 — 1.74i, | x, = 1.35-1.03i, | x3 = -1.35 + 1.03],
Solution 12 : | x; = -0.59 + 1.74i, | x5 = -2.35 + 1.03i, | x3 = -5.04 — 1.031.

In the WOLFRAM MATHEMATICA package: Form an ideal of polynomials:
pl=x1+x2-x3% p2 = x12 + x2 - x3; p3 = —x1 + x2% + x3.
Let us define the Grobner basis:
grbas = GroebnerBasis[{p1, p2, p3}, {x3,x2, x1}, {}],
grbas = {4x1 - 2x1% - 4x1% + x1* + x1%, -x1? + x1* - 2x2 + 2x1%x2,
-x1+ x1% + x2 + x22, -x1% - x2 + x3}.
To find the roots of x;, we define the reduced Grobner basis:
grbas = GroebnerBasis [{p1, p2, p3}, {x3, x2, x1}, {x3, x2}],
grbas = {4x1 - 2x1% - 4x13 + x1* + x1°} .
Let’s execute: Roots[4x1 — 2x1% — 4x13 + x1* + x1° == 0, x1].
To find the roots of x, with known x;, we define the reduced Grobner basis:
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grbas = GroebnerBasis [{p1, p2, p3}, {x3, x2, x1}, {x3}],
grbas = {-x1+x1% + x2+ x22 } .

Let’s execute: Roots[-x1 + x1% + x2 + x2% == 0, x2].

To find the roots of x3 with known x;, x2, execute:
Roots[-x1? — x2 + x3 == 0, x3]. The results are shown in Table 1.

g

3. Application of the Grobner basis method in the theory of the method of Lyapunov
functions

3.1. Estimation of the area of attraction

The set of all initial conditions of a dynamical system, which converge to the same equilibrium state,
is called the area of attraction of this equilibrium state [3, 13]. One way to get an estimate of the domain of
attraction is to use the Lyapunov functions.

The standard result of Lyapunov’s theory is that if x = 0 is an equilibrium point for a system with
continuous time: x = f(x),x € D ¢ R", is a domain containing x = 0 and V : D — R is a continuously dif-
ferentiable Lyapunov function such that V(0) = 0 and V(x) > 0, V = V,f(x) < 0,Vx € D~ {0} ; then the point
x = 0 is asymptotically stable. For such a Lyapunov function, consider the sets Q = {x € R" : V,f(x) < 0}
and By = {x € R" : V(x) =< d}. If there is a value d > 0 such that B; c Q, then the set By is an estimate of
the domain of attraction.

For polynomial systems with a polynomial Lyapunov function V, the Grdbner basis can be used to
determine B,. You can determine the largest B; by finding a d such that B; < Q. For polynomial systems
with polynomial Lyapunov functions, V(x) - d and V. f(x) are polynomials and the boundaries of the sets B;
and Q are varieties Z(V - d) and Z(V,f(x)), respectively. At the points of contact Z(V - d) and Z(V,f(x)),
the gradients V and V. f(x) are parallel [14]. Using this information, we obtain a system of n + 2 polynomial
equations in n + 2 variables (xy, ..., x,, d, A), where A is the Lagrange multiplier (see Appendix):

V-d=0,
fo =0, (4)
V(Vof) - AVV = 0.

In the case of the vector of Lagrange multipliers A = (A;,...,4,)7 € R™ we obtain a system of n + m + 1
equations from n + m + 1 variables xi, ..., x,, d, A1, ..., Apy.

Calculating the Grobner basis for this system, where the variable d has the lowest rank in the lex order,
we obtain a polynomial equation for d. The smallest positive solution of this equation (the value dy;, > 0),
is the best estimate of the area of attraction.

Example 2

Consider a second-order system:

4 2

8xy + 4x
2 3 ) X = 4x12+4x1x2+3x§,therefore: V= ( ! 2 ) ;

and choose the Lyapunov function V(x) = x ( 4, + 6%,

V = Vof = —8x% + 12x,x5 — 8x1%, + 8x7x% — 6x2.
The fact that the gradients are parallel (V(V,f) - A - VV = 0) gives additional equations:

g1 = 8x; + 4x — A(=16x; + 12x; — 8%, + 16x1x7),
82 = 4x; + 6x3 — A(36x1x% — 8x1 + 16x12x2 - 12x3).
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Let us calculate the Grobner basis for four polynomials {V - d, V. f, g1, g2} in ordering: d < x; < A < x,.

This reduces the system to a polynomial: 4d* - 147d° + 768d? + 2048d, which results in the values of the
roots: { 0 29.71 -1.92 897 } . The smallest nonzero positive value of d for which there is a solution to
the system is d ~ 8.97.

In the WOLFRAM MATHEMATICA package: Vd = 4x1? + 4x1x2 + 3x2° - d;

Vxf = -8x1% - 8x1x2 - 6x2% + 8x1%x2? + 12x1x2%;

g1 =8x1 +4x2 - lam(-16x1 - 8x2 + 16x1x2% + 12x2%);

g2 = 4x1 + 6x2 — lam(-8x1 - 12x2 + 16x12x2 + 36x1x22).

grbas = GroebnerBasis[{Vd, Vxf, g1, g2},{d, x1,lam, x2}, {x1, lam, x2}],

grbas = {20484 + 768d% - 147d° + 4d* }

Roots[2048d + 768d% - 147d° + 4d* == 0,d] = d ={ 0 2971 -192 897 }.0

3.2. Decomposition of the dynamical system vector field x = f(x)
7]
For a dynamic system: x = f(x); x € R”, f(x) € R", f(0) = 0, form a vector field X = f(x)a—. Form
X

0
the corresponding differential form w = f(x)dx in the dual basis <dx,~, a> = §;j. Let us construct a scalar
Xj

potential from the vector field X by using the homotopy operator centered at the point x; = 0 for the form
w = f(x)dx :

1 9 1
H(w) = [ (xa) 1(f(Ax)dx) dA = [ xTf(Ax)dA.
0 X 0
We will assume that ¢(x) = Hw(x) is a scalar potential.
Example 3
Consider an example of dynamic equations:
Xp = -Xx1 + xzz,
J&'g = =Xz — x12.

Let’s construct a dual differential form:
w=(-x + x22)dx1 +(=xy — xlz)dxz,

to which we apply the homotopy operator with xy = 0 :

oo

o) =Bt = [x'f () ad= [ (=) (50005 )
0

0 -Axy — A2x?

1 1
= —E(xl2 +X3) + g(xlxz2 - x%7).

Let us choose the function as the scalar Lyapunov function:
Vi(x)=-6-¢(x)=3(xf+x3) +2 (3% - xpx?)
2
. -X1 + X,
V:foz( 6X1 + 2x2 — 4x1x2 63X — 2X2 + 4x1 %, )( 2 ):
—X2 — X1

= —6x7 - 6x% - 6X2x1 + 6x2x.

Let’s find the solution of the system V_d = V(x) - d = 0 in the WOLFRAM MATHEMATICA package:
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V_d =3x% +3x% + 2x2x; - 2x2xy — d,

Vif = —6x% — 6x2 — 6x2x; + 6X7x3,

g1 = 6x1 + 2x5 — 4x1x + lam(=12x; — 6x% + 12x1 %),

82 = 6x + 4% — 2x7 + lam(=12x; — 12x2%1 + 6x2),

grb = GroebnerBasis[{V_d, V.f, g1, g2}, {d, x1, lam, xp } , {x1, lam, 2 }],
grb={54d - 29d* + d* } .

The roots of the polynomial 54d - 29d? + d®are : d; = 0,dy = 2,d3 = 27.
The smallest nonzero positive value d, for which there is a solution to the system: dp;, = 2.

3.3. Gradient method for finding the Lyapunov function [6]

The method is to first assume that V is negative definite and then get V by integration. If V is
positive definite, then the stability of the system can be determined.
Consider a nonlinear system:

% = f(x); x, f € R", £(0) = 0. (5)

The assumed Lyapunov function V = V(x); that is: V = Vy - f(x). Let V.l = W, where the vector W satisfies

the condition: R
i (R

= i,j=1,..n). 6

o = o O ) ©)

X

X

Then the function V can be found as an integral: V = [ Vidx = [ WTdx; since this integral does not depend
0 0

on the integration path, then:

X1

V=/W1(T1, 5y aee dT1 /W(Xl,.. Xn- 1,Xn)dfn (7)

0

It is necessary to choose such a function V, so that the V obtained from (7) is positive definite; then the
equilibrium state x = 0 of the system (5) is stable.

Consider the variable gradient method. Using this method, you can find the Lyapunov function, assum-
ing that W = VI = Bx, where B = (b;j) must be determined; b;; can be a function of x, and b;;(x) = b;i(x). The
choice of B = (b;j) must ensure the fulfillment of the condition (6) and x” B f(x) must be positive definite.

If f(x) = A(x)x, then V takes the form V = xTH(x)x, where H(x) = BT A(x). For the matrix H(x), the
following condition is selected:

{ (hii < 0) v (hi; < 0), (8)
hij+hj; =0;i=1,...,n,

to ensure that V is negative definite. The function V(x) can be defined by the integral (7) and check whether
it is positive definite.

Example 4
Consider the system:
X1 = =X,
Xy = =Xy + X3,
. -1 0 bii b2 ( X1 )
that is A(x) = . Suppose W = .
(x) x2 -1 } PP [ bar b X2

Then from H(x) = BT - A(x) = [ ZE Zi; ] [ ;1; _01 } and (8) follows:
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hit = =bi1 + byx? < 0, hyp = —byp < 0, hyg + hay = —bay — byz + bopx? = 0.
byy > 0,b11 > 0, by1x? < byy, byy = —byg + by x?.
Choosing by; = by = 1, by = 5, we get by; = -5 + x? and:

1 5 X X1 + 5%
W= 5+x2 1 X “\ 5 3 ’
1 2 X1 + xl + X2
The function V :

T
. 5 -
V=WTf(x)=< x1+3xZ > < x13>=—x12—5xf+x16—x22.

=5x1 + X7 + X -Xp + Xj

Performing the integration, we obtain:

X1 X2

V= [(n+5%0)dn+ [(-5x +x} + n)dry =
1 ‘ 01

= 5"12 +(=5x1 + X)Xz + Exzz

In the WOLFRAM MATHEMATICA package:

V.d = x?+2(-5x; + x})x, + x¢ - d,

Viof = =x% = 5x} + xP - x2,

g1 = 2x1 + 2(=5 + 3x3)xy + lam(-2x; - 20x3 + 6x7),

82 = 2(=5x1 + x}) + 2x3 + lam(-2x,),

grb = GroebnerBasis[{V_d, Vxf, g1, g2} ,{d, x1, lam, x2} , {x1, lam, x2}].
As a result, we get a polynomial:

{235480000d + 22210004 + 382824847d° — 112046495d*+
+5932816d° + 117990d® + 6561d" },

whose roots are: d; = 0.0, dy =4.99, d5=9.28, dy5=-16.04+32.48i, ds7 = -0.09 £ 0.76i. The smallest
nonzero positive value d, for which there is a solution to the system: di,, = 4.99.

4. Conversions of input-output signals of a nonlinear system

Consider a differential ring - a ring on which the differentiation operation is defined. It is assumed
that differentiation is carried out with respect to the implicit variable t. A differential ideal is an ideal that is
closed under differentiation.

A polynomial system in the state space is a system of differential equations:

%1 = filx, u), ..., %y = fulx, w), vy = h(x, u),

where h, f; € R[x, u], vi.
Thus, every polynomial system in the form of a state space corresponds to a differential ideal in R[x, u, y] :

I = [(Pl,---,(Pnay_ h]a
where ¢; = x; - fi(x,u),i=1,...,n.

The problem of transformation from the state space to the input-output form: let I be a differential ideal;
find a generator for the differential ideal I n R[u, y].
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Example 5

Suppose that it is necessary to find a differential relationship between u and y from the description
in the state space of the system:

X1 = —2x] + xzz;a'cZ =-X1X + WY = X

Differentiating the equations of the system with respect to t and replacing x; by f;, we get:

g1=y-%3g&=y-(u-x%)g =79~ -2x)x - x(-xx)).

Replace y — y0, ¥y — y1, ¥ — Y2, u — Uy, U — uy in g;, calculate the Grobner basis G for:
(yo = X1, V1 — U + X1 %2, Y2 — ug + (X2 — 2x1)%y + X1 (g — X1x3)) relative to lex order:

U =< U < Yo <Y1 =)V2=<X1 <X

Therefore, the input signals u, # and the output signals y, y, j are related by:

2U-U+2v+ Y+ yV)Y: + (=312 + 3uy - Vv + .
y+y+yy)y 0 Y=Yy )yt

In the WOLFRAM MATHEMATICA package:

g1 =70 - x1,

g2 =y1 - u0 + x1 * x2,

g3 =v2—ul+(x2% -2« x1) * x2 + x1 * (u0 - x1 = x2).

grbas = GroebnerBasis[{g1, g2, g3}, {u0, u1, y0, y1, y2, x1, x2}, {x1, x2}],
grbas = (=2ug — u + 2y1 + y2 + Yoy1)yg + (=3u5 + 3uoys - y))y1 + 5.
O

Example 6

Let’s consider a method for finding the observability of the components of the state vector of a

system based on the construction of a reduced Grébner basis. Let us choose the system from Example 5.
Suppose that it is necessary to find the influence of the variation of the component of the state vector x; on
the output signal y. Differentiating the equations of the system with respect to ¢ and replacing x; by f;, we
obtain the polynomials gy, g, g5 similar to the polynomials of Example 5 in the absence of u,#. Replace
y — ¥0,¥ — y1,¥ — y» in g;, calculate the Grébner basis G for: (yy — x1, y1 + X1%2, Yo (x5 — 2x1)%2 — X7 X3)
relative to lex order: yy < y1 < y2 < X1 < Xa.

In the WOLFRAM MATHEMATICA package:

81 = Yo~ X2,

&2 = Y1+ x1X2,

=+ (xz2 - 2x1) Xy — xlzxz.

Reduced Grobner basis with the exception of x;:

grbas = GroebnerBasis [{g1, g2, 83}, {x1, %2, Yo, Y1, 2} - { %2 }] .

One of the polynomials of the resulting reduced Grobner basis:

XY +y1=0=xy+y=0,
where you can find the expression for the variation §x;:

Sx1y+y=0= 6x; =y lyif y#0.

O

Conclusion

The paper considers methods for estimating stability using Lyapunov functions, applied to nonlinear
systems. The canonical relations of a nonlinear system are approximated by polynomials of the
components of the state and control vectors. To assess the stability, Grobner bases are used. A method for
finding the critical points of a given nonlinear system is proposed. The coordination of input-output signals
of the system based on the construction of Grébner bases is considered.
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Appendix [14, ch.11]

We introduce vector-valued functions h = (hy, ..., hp,) and write general nonlinear programming
problems as minimizing f(x) for h(x) = 0,x € Q. Restrictions h(x) = 0 are called functional constraints.
A point x € Q satisfying all functional constraints is called admissible. Introduce the subspace M =
{y : Vh(x")y = 0} and investigate under what conditions M is a tangent plane at the point x".

A point x7, satisfying the constraints h(x") = 0, is called a regular constraint point if the gradient vectors
Vhy(x*), ..., Vhp(x") are linearly independent. If the functions h are affine (h(x) = A-x+b), then the regularity
is equivalent to the condition rank(A) = m regardless of x. At a regular point x* of the surface S, defined by
the expression h(x) = 0, the tangent plane is M = {y : Vh(x")y = 0}.

Let x* be a regular point of constraints h(x) = 0 and a point of local extremum of the function, taking
into account these constraints. Then for y € R", satisfying Vh(x")y = 0, must hold: Vf(x")y = 0. This means
that Vf(x") is a linear combination of gradients Vh in x”; relations lead to the need to introduce the vector of
Lagrange multipliers A.

Let x* be a local extremum point of the function f subject to the constraints h(x) = 0. Then there
exists a vector of Lagrange multipliers A € R™, such that:

VF(x*) + ATVA(x") = 0.

First order necessary conditions Vf(x*) + ATVh(x*) = 0 together with the constraints h(x*) = 0 give n+ m
equations with n + m variables x*, A. Introduce the Lagrangian: I(x, 1) = f(x) + ATh(x). Then the necessary
conditions can be expressed in the form:

Vil(x,A) =0,V I(x, A) = 0.
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B craThe CpaBHMBAIOTCS XapaKTEPUCTUKM yPOBHEI CIMBOJIOB, CJIIOB M PUTMA A Bepu(UKanmyu aBTOPCTBA XymOXKe-
CTBEHHBIX TeKCTOB 19-21-ro BekoB. Koprmyca TeKcTOB cofepKaTr pparMeHTsI pPOMaHOB, KaXKIblil pparMeHT nMeeT pasMep
oxosto 50 000 3HakoB. {151 Kaxoro aBropa npusogurcs 40 ¢pparmenToB. PaccmartpuBarorcs 1o 20 aBTOPOB, MICABIINX Ha
QHTJINIICKOM, PYCCKOM, (PpaHIy3CKOM SI3BIKAX, I 8 MCIIAHOA3BIUHBIX aBTOPOB.

ABTOpBI CTaTb! MCIIONB3YIOT CYLLECTBYIOIE aJITOPUTMBI JJIs BHIYMCIEHMS IIOIYJISPHBIX B COBpEMEHHOI KOMIIBIOTEP-
HOJ JIMHI'BUCTUKE HU3KOYPOBHEBBIX XapaKTEPUCTMK M PACIPOCTPAHEHHBIX B XYJO0KeCTBEHHON JINTepaType pUTMIUe-
CKIX XapaKTepuCTuK. HuskoypoBHeBble XapaKTepPUCTUKIU BKJIIOYAIOT B ce0s N-rpaMMbI CJIOB, YaCTOTHI BCTPEUAEMOCTI
OyKB 1 3HAKOB IIyHKTYaI[Ull, CPeJHIO JJIMHY CJIOBA U IpPeIUIOKEeHMs U T. 1. PUTMMUecK1e XapaKTepUCTUKI OCHOBA-
HBI Ha JIEKCUKO-TPaMMaTIUYeCKIX CpefcTBax: aHadope, snudope, CUMILIOKe, allo3MoIIese, SIIaHAIeIICUCe, aHAXNUIITIO3NUCE,
IUaKoIle, SIIM3eBKCIICe, XM1a3Me, MHOTOCOK0311e, IIOBTOPAOIINXCA BOCKIMIATEIBHBIX 1 BOIPOCUTENBHBIX IIPeI0KEeHIAX.
JlaHHBIe XapaKTepPUCTUKN BKIIIOUAIOT B Ce0s YaCTOTHI ITOSBIEHNUSA OTAEJIbHBIX PUTMUYECKUX CPeACTB Ha 100 Impemiroxe-
HI, KOJIMUECTBO YHUKAIBHBIX CJIOB B aCIIEKTaX PUTMA, JOJIM CYLIeCTBUTENbHBIX, IpMJIaraTeJIbHbIX, HApeumil I IJIaroJI0B
B acrektax purMma. Bepuduxaus aBTopoB paccMaTpuBaeTcs Kak 3afada OuHapHOI Ki1accuuKanmm: MpUHaIIeKUT TEKCT
KOHKpPETHOMY aBTOpY MM HeT. B kauecTBe alropmrmoB Kiaccubukaunm paccMarpusaroTcs AdaBoost i HelipoceTs co
cioem LSTM. OkcriepuMeHTHI eMOHCTPUPYIOT 3¢ (PEeKTUBHOCTD PUTMUUECKMX XapaKTEPUICTUK IIpM BepupUKanmm KOH-
KpPeTHBIX aBTOPOB U IIPEBOCXOJCTBO KOMOMHALVII TUIIOB XapaKTEPUCTUK HaJ OTHEJbHBIMIU TUIIAMY XapaKTePUCTUK B
cpenueM. Jlyullee 3HaUeHMe TOYHOCTY, IMOJHOTHI U F-Mepnl mist kmaccuduraropa AdaBoost mpeseimraer 90%, Korna
KOMOMHIPYIOTCS BCE TPU TUIIA XapPAKTEPUCTUK.
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Introduction

The authorship verification is the task of determination whether the text belongs to a given author or
not. It is based on the assumption that the author has the individual set of style markers that can distinguish
the author from others, but occurs in each of his/her texts [1].

In the state-of-the-art of the authorship verification and close text classification tasks there is no set of
style features that would be versatile for different texts. Some feature types like character-level, word-level,
and syntactic features appear in many investigations, but are often combined with more complex linguistic
features [2, 3]. Researchers admit that the influence of different types of features on the quality of text
classification remains underexplored [4].

Rhythm features are the subtype of the linguistic features that most often describe the style of literary
texts [5]. They can be applied for authorship verification [6], but are rarely compared with other feature
types [2].

The goal of this paper is comparing how different feature types affect the quality of the authorship
verification of literary texts. We analyse rhythm features and popular low-level features based on statistics
of text elements. The comparison is performed on the corpora of English, Russian, French, and Spanish
literary texts.

1. State-of-the-art

The task of authorship verification is usually performed for the texts from the Internet: news articles,
emails, reviews, etc. [2, 7].

In many cases the researchers modeled texts using only standard low-level features and experimented
with classification. Halvani et al. [8] used stylometric features based on n-grams. The verification was
realized by the determination of the proximity of the numerical feature vectors of the texts. Experiments
were conducted in five European languages: Dutch, English, Greek, Spanish, and German. The F-measure
varied from 67.37 % for Greek up to 83.33 % for Spanish. The method also showed good results at the PAN-
2020 competition [9].

Potha and Stamatatos [7] introduced an intrinsic profile-based verification method that apply latent se-
mantic indexing for topic modeling and low-level features: word and character n-grams. Then the algorithm
calculated the text model that represents all texts of the same author as a common vector. Then it identi-
fied the authors by searching for test texts the closest vector from the authors’ train ones. The researchers
compared in experiments corpora of prose, newspaper articles, reviews in four languages: Dutch, English,
Greek, and Spanish. The method achieved more than 80 % of the AUC.

Boenninghoff et al. [10] proposed a new neural network topology to identify whether two documents
with unknown authors were written by the same author. This approach showed the best results of the
precision, recall, and F-measure 84 % for short multi-genre social media posts.

Adamovic et al. [11] searched a wide range of word and character-based language-independent text
stylistic features. Then they applied the SVM-RFE feature selection method to remove redundant and ir-
relevant characteristics. Authorship verification of articles in four languages: English, Greek, Spanish, and
German showed a high result over 90 % of the accuracy.

To improve the quality of authorship verification and take into account domain peculiarities and the
authors’ idiolect, the researchers frequently applied linguistic features.

Al-Khatib and Al-qaoud [12] verified native and non-native speakers of online opinion articles. The
feature set included statistical and linguistic features: number of unique words, complexity, Gunning-Fog
readability index, character space, letter space, average syllables per word, sentence count, average sentence
length, and the Flesch-Kincaid Readability. The accuracy varied for text corpora from 47 % to 77 %.

Lagutina et al. [6] investigated application of rhythm features to the authorship verification of the
artistic prose. They found the features based on repetitions of words and sentences (anaphora, epiphora,
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aposiopesis, etc.) and verified authors of English, Russian, French, and Spanish prose. The F-measure
achieved from 60 % to 95 % for different authors and about 80 % in average.

The literary texts are usually analysed not in the authorship verification but in the close task of the
authorship attribution. For example, Stanisz et al. [13] created adjacency networks with words frequently
appearing in texts, and their co-occurrences as vertices and edges’ weights. Then the authors computed vari-
ous graph characteristics: clustering coefficients of vertices, an average shortest path length, an assortativity
coefficient, and modularity. The experiments showed the accuracy of 85-90 % for English and Polish books.

The analysis of the state-of-the-art papers shows the lack of comparison of different feature types with
linguistic ones, especially for artistic texts. The authors usually rely on standard statistical features based
on words and characters and try to extend them by relatively small number of syntactic, topical, or other
linguistic features. Deep linguistic features remains under-researched, most probably, because of their com-
plexity in search. Although such features are directly identify the author’s style [5] and can be the most
interpretable ones.

2. Style features

We compare three types of features: character-level, word-level, and rhythm-level ones. The first two
feature types are the popular effective features from the state-of-the art. The rhythm features describe the
specific style marks of the authors that frequently appear in literary texts.

Before feature calculation we search in plain texts the following elements:

+ Top-40 unigrams and top-40 bigrams of words among the text corpora. They will be used for computing

frequencies of occurrences for n-grams.

« Lexico-grammatical rhythm figures. For each text we found the lists of the following figures: anaphora,
epiphora, symploce, anadiplosis, diacope, epizeuxis, epanalepsis, chiasmus, polysyndeton, repeat-
ing exclamatory sentences, repeating interrogative sentences, and aposiopesis. Their definitions and
search algorithms are taken from the works of Lagutina et al. [6, 14]. The quality of figures search
achieves 80-95 % of precision.

We compute the following style features:

+ Character-level features:

— Average sentence length in characters including punctuation marks and spaces.
— Frequencies of occurrences of each letter among all letters. The uppercase letters are previously
reduced to lowercase ones.
— Frequencies of occurrences of each punctuation mark ( .!?:, etc.) among all punctuation.
« Word-level features:
- Average sentence length in words.
— Average word length in characters.
— Frequencies of occurrences of unigrams and bigrams among top-40 n-grams.

« Rhythm features:

— The density of the figure — the number of occurrences of the rhythm figure (anaphora, epiphora,
etc.) divided by the number of sentences.

— The fraction of unique words—words that appear only once in rhythm figures.

— The fraction of words of a particular part of speech (noun, verb, adverb, and adjective) in rhythm
figures.

All features are calculated separately for each text. Character and word-level features represent the base
statistics of the text style. Rhythm features represent the density and linguistic structure of the text rhythm.
So the text is modeled as the vector of statistical and linguistic features.
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3. Authorship verification
3.1. Design of authorship verification

After feature extraction we get the matrix where rows are texts of particular authors, columns are feature
types. We verify each author separately using the whole matrix for the author’s language. His/her texts are
labeled as belonging or not belonging to him/her. Then the binary classification is performed.

Two classifiers are compared: AdaBoost and Bidirectional LSTM. They have already show their quality
in solution of state-of-the-art text classification tasks [15].

The AdaBoost classifier combines the results of 50 Decision Tree classifiers. The Bidirectional LSTM neu-
ral network contains the Bidirectional LSTM layer with 64 units and a dense output layer with the sigmoid
activation function. The loss function is categorical cross-entropy, the optimization algorithm is Adam, the
number of epochs is 100.

In order to estimate the stability of classifiers, we apply the five-fold cross-validation technique: 80 %
of texts are the training samples, 20 % are the test ones. The estimation is performed with three standard
measures: precision, recall, and F-measure [16], and also their standard deviations.

The code for the feature selection and authorship verification is published at https://github.com/text-
processing/prose-rhythm-detector. It is written in Python programming language and uses Stanza 1.1.1
NLP library for text representation and determination of parts of speech. For the verification it uses Scikit-
Learn 0.23.2 and Keras 2.4.3.

3.2. Text corpora

We compare literary texts of four languages: English, Russian, French, and Spanish. The corpora were
created manually collecting famous works of famous authors written in their native language.

In order to make texts equal in size, we extracted 1-4 fragments with the size about 50 000 characters
including spaces from each prose text. In such a way each author is presented by 40 text fragments. English,
Russian, and French corpora contain texts of 20 famous authors of 19th—21st centuries, 800 texts per corpora.
The Spanish corpus has texts of 8 authors of 19-th—20th centuries, 320 texts in total.

4. Experiments

During experiments we compare features of three types: 36—43 character-level features (the letters differs
for corpora in different languages), 82 word-level features, and 17 rhythm features.

Comparing two classifiers, we discover that AdaBoost outperforms the neural network by 10-15 % of
precision, recall, and F-measure. Most probably, it happens due to the fact that the training sample has
the insufficient size for better performance of the LSTM network. So the tables in this section contains
classification quality for the AdaBoost algorithm.

Table 1 describes authorship verification quality for all feature types and their combinations. Ch means
character-level features, W — word-level ones, Rh — rhythm ones, + marks the combination of two feature
types, All — the combination of three feature types. Precision, recall, and F-measure are calculated as the
averages for all authors. Bold marks the lines with best quality and best F-measures.

From Table 1 we can see that rhythm features provide the good classification quality. It is lower by 3-
11 % of F-measure in the most cases, but has quite high values of 78-87 %. Besides, the number of rhythm
features is several times less than character- and word-level ones, so the relatively small number of specific
style parameters allow to achieve significant authorship verification quality.

Any combination of feature types improve quality by 2—14 %, but the combination of all types is slightly
higher than of the two types.

Authors of Russian, French, and Spanish texts in most cases are verified better than English. In English
and French texts the best feature type is character-level, In Russian and Spanish texts it is word-level.
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Table 1. Mean measure values of the authorship verification
Language Feature type Precision Recall F-measure

English Ch 87.8 80.7 84.1
English w 85.8 78.2 81.8
English Rh 82.0 74.2 77.9
English Ch+W 92.2 84.0 88.0
English Ch + Rh 90.8 80.9 85.6
English W + Rh 88.8 81.7 85.1
English All 94.7 854 89.8
Russian Ch 91.2 814 86.0
Russian w 92.0 81.9 86.7
Russian Rh 84.7 76.7 80.5
Russian Ch+W 96.9 86.7 91.5
Russian Ch + Rh 94.3 85.4 89.6
Russian W + Rh 92.2 82.6 87.1
Russian All 96.9 87.4 91.9
French Ch 93.7 86.5 90.0
French W 91.8 80.1 85.6
French Rh 83.5 75.9 79.5
French Ch+W 954 89.2 92.2
French Ch + Rh 96.2 86.6 91.2
French W + Rh 93.3 83.0 87.9
French All 97.5 90.0 93.6
Spanish Ch 89.9 85.0 87.4
Spanish w 92.3 87.9 90.1
Spanish Rh 88.5 86.3 87.4
Spanish Ch+W 92.5 87.8 90.1
Spanish Ch + Rh 94.5 88.8 91.6
Spanish W + Rh 93.7 88.6 91.1
Spanish All 94.1 90.0 92.0
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Table 2. Verification of English authors

Author Feature type Precision Stddev Recall Stddev F-measure Stddev
W. Scott Ch 95.4 8.4 88.0 6.9 88.5 5.7
W. Scott w 95.9 6.6 91.7 9.0 92.1 5.9
W. Scott Rh 89.6 5.6 88.8 5.6 89.1 5.5
W. Scott Ch+W 99.5 0.3 92.6 11.6 91.9 7.6
W. Scott Ch + Rh 98.1 2.2 76.9 16.6 89.1 2.7
W. Scott W + Rh 98.1 2.2 94.2 7.7 88.7 12.6
W. Scott All 97.7 33 93.5 6.1 95.2 4.6
Z. Smith Ch 94.4 10.0 86.8 16.6 82.6 10.5
Z. Smith W 48.4 0.5 57.2 10.1 59.1 20.4
Z. Smith Rh 62.0 6.7 62.5 7.8 63.4 54
Z. Smith Ch+W 89.0 19.8 83.2 21.0 87.0 11.8
Z. Smith Ch + Rh 90.2 114 85.0 14.6 82.7 10.7
Z. Smith W + Rh 53.5 10.2 67.7 19.1 52.0 5.5
Z. Smith All 99.3 0.6 77.3 13.5 66.4 16.4
N. Gaiman Ch 91.5 7.7 77.5 114 64.5 11.2
N. Gaiman \%% 64.2 9.6 66.8 12.2 67.5 15.5
N. Gaiman Rh 81.5 6.7 74.6 10.3 78.7 8.0
N. Gaiman Ch+W 94.5 5.6 68.7 12.4 81.3 6.5
N. Gaiman Ch + Rh 92.5 7.5 69.5 13.8 82.2 8.6
N. Gaiman W + Rh 94.3 8.5 69.1 12.6 74.1 7.3
N. Gaiman All 90.0 7.5 75.1 12.6 80.8 8.7

Table 3. Verification of Russian authors

Author Feature type Precision Stddev Recall Stddev F-measure Stddev
M. Bulgakov Ch 84.2 19.9 66.7 10.5 66.4 154
M. Bulgakov A% 76.0 22.4 68.2 11.2 83.8 18.7
M. Bulgakov Rh 73.7 22.6 68.3 13.0 68.5 17.6
M. Bulgakov Ch+W 99.3 0.5 76.7 12.2 82.3 11.9
M. Bulgakov Ch + Rh 89.0 19.5 74.0 13.1 81.9 9.6
M. Bulgakov W + Rh 75.7 22.0 60.0 8.8 75.2 13.2
M. Bulgakov All 89.2 19.9 78.2 19.3 78.2 18.4
N. Leskov Ch 99.3 0.6 70.7 12.2 69.1 11.5
N. Leskov W 89.3 19.9 72.8 17.3 75.2 21.8
N. Leskov Rh 85.0 8.9 78.7 8.4 80.7 11.7
N. Leskov Ch+Ww 94.5 10.0 77.5 12.2 87.7 6.7
N. Leskov Ch + Rh 88.4 13.1 80.1 16.5 87.8 10.8
N. Leskov W +Rh 824 21.0 82.0 16.5 914 5.6
N. Leskov All 89.5 20.7 85.3 18.1 96.6 6.8
A. Prokhanov Ch 98.0 3.2 98.8 2.2 89.0 19.7
A. Prokhanov W 96.9 34 94.1 4.9 96.0 6.7
A. Prokhanov Rh 98.1 3.2 98.9 1.7 96.3 3.6
A. Prokhanov Ch+W 98.2 3.3 98.5 2.8 97.9 2.9
A. Prokhanov Ch +Rh 99.9 0.2 98.6 2.9 96.7 3.2
A. Prokhanov W + Rh 96.1 4.5 95.7 3.7 97.1 2.5
A. Prokhanov All 96.9 5.6 93.1 8.6 98.4 2.0
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Table 4. Verification of French authors

Author Feature type Precision Stddev Recall Stddev F-measure Stddev
S. Colette Ch 95.2 1.4 94.1 2.2 96.3 2.9
S. Colette \W% 94.1 3.3 88.3 35 92.6 3.8
S. Colette Rh 92.3 3.7 88.1 3.6 90.2 4.6
S. Colette Ch+W 97.0 1.8 96.1 2.3 95.6 2.0
S. Colette Ch +Rh 99.6 0.2 95.1 3.9 98.1 2.2
S. Colette W + Rh 96.0 1.8 94.2 5.2 95.0 3.6
S. Colette All 99.6 0.3 97.7 3.4 98.6 1.2
V. Hugo Ch 94.9 4.7 81.7 7.2 81.4 6.7
V. Hugo W 92.4 6.0 73.3 6.7 80.4 3.9
V. Hugo Rh 73.1 8.5 66.1 3.8 70.3 8.4
V. Hugo Ch+W 99.0 0.7 80.3 6.2 83.3 8.1
V. Hugo Ch + Rh 94.9 5.6 76.6 10.7 88.6 4.6
V. Hugo W +Rh 85.1 14.0 75.9 6.2 82.4 6.8
V. Hugo All 93.9 5.8 85.0 5.8 83.9 11.9
A. Exupery Ch 96.1 6.4 80.3 16.7 67.6 10.7
A. Exupery W 89.2 20.1 63.8 19.7 65.2 20.6
A. Exupery Rh 99.3 0.5 69.2 11.7 70.5 12.0
A. Exupery Ch+W 84.3 20.1 78.5 16.6 82.4 18.6
A. Exupery Ch + Rh 89.6 20.0 73.6 17.0 81.7 12.6
A. Exupery W + Rh 99.3 0.5 58.3 10.6 65.5 15.9
A. Exupery All 99.6 0.3 75.3 8.5 91.4 15.0

Table 5. Verification of Spanish authors

Author Feature type Precision Stddev Recall Stddev F-measure Stddev

V. Ibanez Ch 92.8 2.0 88.5 4.9 90.0 8.0
V. Ibanez A% 98.2 1.5 94.6 3.7 97.1 2.2
V. Ibanez Rh 96.7 3.3 95.1 3.9 93.0 3.2
V. Ibanez Ch+W 95.1 4.0 95.6 4.2 95.4 2.2
V. Ibanez Ch + Rh 96.9 2.1 94.8 1.3 96.3 3.0
V. Ibanez W + Rh 99.3 0.6 99.2 1.2 99.2 1.0
V. Ibanez All 994 0.8 97.4 1.7 98.5 1.8
J. Dicenta Ch 79.3 24.5 79.8 24.4 71.1 19.7
J. Dicenta \W% 79.1 244 85.0 20.0 88.3 11.7
J. Dicenta Rh 82.4 21.3 62.9 19.8 61.1 14.6
J. Dicenta Ch+W 78.8 24.7 70.0 194 79.5 19.9
J. Dicenta Ch + Rh 89.2 20.0 65.0 20.0 78.2 23.8
J. Dicenta W + Rh 89.4 20.1 70.0 24.5 74.4 20.9
J. Dicenta All 79.4 24.9 60.0 20.0 71.1 19.7
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Tables 2—4 illustrate the typical cases of the authorship verification. Columns “Std dev” contain standard
deviations of the measures in the left.

Almost all authors have very high precision of verification 78-99 %. Recall is varied significantly more:
60-98 %.

Several authors are verified with high quality 88-96 % of the F-measure by any feature type: W. Scott, A.
Prokhanov, S. Colette, V. Ibanez. The combination of feature types improves classification even more up to
96-99 %. We can say that the chosen features describe the style of such authors quite effectively.

Several authors are verified with lower quality 66—-88 % of the F-measure: Z. Smith, M. Bulgakov, V. Hugo,
J. Dicenta. They also have very high standard deviations of 10-20 %. We can point out the feature types that
provide quite good precision and recall (usually there are word-level features or combinations with them).
But we can conclude that the proposed feature set does not describe common details in the style of such
authors.

For some authors the F-measure grows significantly for combination of features. For example, texts
of N. Leskov are verified with 69-80 % of F-measure, combinations of two feature types provides the F-
measure of 87-91 %, and the combination of all features allows to achieve the best value of 96 %. Besides,
the N. Leskov’s style is better described by rhythm features than by others, because rhythm features provide
higher F-measure of 80 % against 69 % and 75 %. Texts of A. Exupery show the same tendencies.

Several authors are verified significantly better by rhythm features than by statistical ones, for example,
N. Gaiman, N. Leskov, A. Exupery.

Thus, all feature types can provide good verification quality. The specific linguistic features — rhythm
features — achieve in many cases high precision, recall, and F-measure with small standard deviations. So
they are as useful and stable style markers as standard statistical features: character and word level ones.

Verification of particular authors shows that the many authors have the same style in different fragments.
They can be successfully separated from others using only one feature type or the combination of standard
and rhythm features. Nevertheless, texts of several authors are verified with very high standard deviations,
so there are needed other linguistic features to verify reliably their text fragments.

Conclusion

We applied three types of style features: character, word, rhythm-level features, and their combinations
to the authorship verification of literary texts in English, Russian, French, and Spanish. Experiments revealed
the same tendencies for all four languages. In average combinations of features provide higher classification
quality than the single feature type. Moreover, rhythm features are almost as good style markers as popular
low-level features.

The more detailed analysis of authorship verification allowed to discover the fact that many authors
write text fragments in the same style, so they can be successfully verified by the single feature type or by
the combination. But several authors are verified with significantly lower quality than others. The future
investigations can be devoted to the error analysis of classification of their texts and search of the larger set
of linguistic style markers that help to verify more authors.

References

[1] E. Stamatatos, “A survey of modern authorship attribution methods”, Journal of the American Society
for information Science and Technology, vol. 60, no. 3, pp. 538-556, 2009.

[2] K. Lagutina, N. Lagutina, E. Boychuk, I. Vorontsova, E. Shliakhtina, O. Belyaeva, and 1. Paramonov,
“A survey on stylometric text features”, in Proceedings of the 25th Conference of Open Innovations
Association (FRUCT), IEEE, 2019, pp. 184-195.

[3] T. Neal, K. Sundararajan, A. Fatima, Y. Yan, Y. Xiang, and D. Woodard, “Surveying stylometry
techniques and applications”, ACM Computing Surveys (CSUR), vol. 50, no. 6, pp. 1-36, 2018.

258



Comparison of Style Features for the Authorship Verification of Literary Texts

[9]

[10]

[11]

[13]

[14]

[15]

[16]

C.-G. Lim, Y.-S. Jeong, and H.-J. Choi, “Survey of Temporal Information Extraction.”, Journal of
Information Processing Systems, vol. 15, no. 4, pp. 931-956, 2019.

E. Boychuk, I. Paramonov, N. Kozhemyakin, and N. Kasatkina, “Automated approach for rhythm
analysis of French literary texts”, in Proceedings of 15th Conference of Open Innovations Association
FRUCT, IEEE, 2014, pp. 15-23.

K. Lagutina, N. Lagutina, E. Boychuk, V. Larionov, and 1. Paramonov, “Authorship Verification of
Literary Texts with Rhythm Features”, in Proceedings of the 28th Conference of Open Innovations
Association FRUCT, 2021, pp. 240-251. po1: 10.23919/FRUCT50888.2021.9347649.

N. Potha and E. Stamatatos, “Intrinsic author verification using topic modeling”, in Proceedings of the
10th Hellenic Conference on Artificial Intelligence, ACM, 2018, pp. 1-7.

O. Halvani and L. Graner, “Rethinking the evaluation methodology of authorship verification
methods”, in International Conference of the Cross-Language Evaluation Forum for European Languages,
Springer, 2018, pp. 40-51.

O. Halvani, L. Graner, and R. Regev, “TAVeer: an interpretable topic-agnostic authorship verification
method”, in Proceedings of the 15th International Conference on Availability, Reliability and Security,
2020, pp. 1-10.

B. Boenninghoff, R. M. Nickel, S. Zeiler, and D. Kolossa, “Similarity learning for authorship verification
in social media”, in ICASSP 2019-2019 IEEE International Conference on Acoustics, Speech and Signal
Processing (ICASSP), IEEE, 2019, pp. 2457-2461.

S. Adamovic, V. Miskovic, M. Milosavljevic, M. Sarac, and M. Veinovic, “Automated
language-independent authorship verification (for Indo-European languages)”, Journal of the
Association for Information Science and Technology, vol. 70, no. 8, pp. 858-871, 2019.

M. A. Al-Khatib and J. K. Al-qaoud, “Authorship verification of opinion articles in online newspapers
using the idiolect of author: a comparative study”, Information, Communication & Society, pp. 1-19,
2020.

T. Stanisz, J. Kwapien, and S. Drozdz, “Linguistic data mining with complex networks: a
stylometric-oriented approach”, Information Sciences, vol. 482, pp. 301-320, 2019.

K.Lagutina, A. Poletaev, N. Lagutina, E. Boychuk, and I. Paramonov, “Automatic Extraction of Rhythm
Figures and Analysis of Their Dynamics in Prose of 19th-21st Centuries”, in Proceedings of the 26th
Conference of Open Innovations Association FRUCT, IEEE, 2020, pp. 247-255.

K. Kowsari, K. Jafari Meimandi, M. Heidarysafa, S. Mendu, L. Barnes, and D. Brown, “Text classification
algorithms: A survey”, Information, vol. 10, no. 4, 150 (1-68), 2019.

M. Sokolova and G. Lapalme, “A systematic analysis of performance measures for classification tasks”,
Information processing & management, vol. 45, no. 4, pp. 427-437, 2009.

259


https://doi.org/10.23919/FRUCT50888.2021.9347649

MODELING AND ANALYSIS OF INFORMATION SYSTEMS, VOL. 28, NO. 3, 2021

,7? r journal homepage: www.mais-journal.ru
LR

Sinormation Syems THEORY OF DATA

Analysis of the Impact of the Stylometric Characteristics of Different

Levels for the Verification of Authors of the Prose
A.M. Manakhova!, N.S. Lagu’cina1 DOI: 10.18255/1818-1015-2021-3-260-279

'P. G. Demidov Yaroslavl State University, 14 Sovetskaya str., Yaroslavl 150003, Russia.

MSC2020: 68T50 Received June 25, 2021
Research article After revision August 23, 2021
Full text in Russian Accepted August 25, 2021

This article is dedicated to the analysis of various stylometric characteristics combinations of different levels for the quality
of verification of authorship of Russian, English and French prose texts. The research was carried out for both low-level
stylometric characteristics based on words and symbols and higher-level structural characteristics.

All stylometric characteristics were calculated automatically with the help of the ProseRhythmDetector program. This
approach gave a possibility to analyze the works of a large volume and of many writers at the same time. During the work,
vectors of stylometric characteristics of the level of symbols, words and structure were compared to each text. During the
experiments, the sets of parameters of these three levels were combined with each other in all possible ways. The resulting
vectors of stylometric characteristics were applied to the input of various classifiers to perform verification and identify the
most appropriate classifier for solving the problem. The best results were obtained with the help of the AdaBoost classifier.
The average F-score for all languages turned out to be more than 92 %. Detailed assessments of the quality of verification
are given and analyzed for each author. Use of high-level stylometric characteristics, in particular, frequency of using N-
grams of POS tags, offers the prospect of a more detailed analysis of the style of one or another author. The results of the
experiments show that when the characteristics of the structure level are combined with the characteristics of the level of
words and / or symbols, the most accurate results of verification of authorship for literary texts in Russian, English and
French are obtained. Additionally, the authors were able to conclude about a different degree of impact of stylometric
characteristics for the quality of verification of authorship for different languages.
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AHanmN3 BIMAHUAA CTUJIOMETPUMYECKNX XapaKTEePUCTUK Pa3HOTO YPOBHA

Ha BepI/I(bI/IKaIII/IIO aBTOPOB XYIIO)KCCTBCHHBIX HPOMSBeHeHl/Iﬁ
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JlaHHas cTaThsl IOCBAIIleHA aHAJIN3Y BIMSHUS Pa3IMYHBIX KOMOMHALMI CTIUIOMETPUUECKUX XapaKTEPUCTUK PasHOro
YPOBHSI Ha KauecTBO BepM(MKaLMM aBTOPCTBA PYCCKMX, aHIIMIICKMUX M (PaHIly3CKUX IIPO3andecKux Tekcros. Vcciemo-
BaHIIe ITPOBOJVIIOCH KaK ISl HU3KOYPOBHEBBIX CTMIIOMETPIYECKIX XapaKTePUCTUK, OCHOBAHHBIX Ha CJI0BaX I CMMBOJIAX,
Tak U Juist 60Jiee BBICOKOYPOBHEBBIX — CTPYKTYPHBIX.

ITomcuér BceX CTUIOMETPUUECKMX XapAKTEPUCTMK ObLI BBIIOJIHEH aBTOMATMUECKM C IIOMOIIBI0 IIPOrPaMMBI
ProseRhythmDetector. Takoit I0AX0/ II03BOJIIUI IIPOBECTI aHAIN3 IPOU3BENEHIIT GOJIBIIOro 06BEMa 1 MHOTUX IIVCaTe-
JIe’l OHOBpeMeHHO. B xome paGoThl K&XKXOMY TEKCTY ObLIN COIIOCTABIEHBI BEKTOPBI CTMIOMETPIYECKUX XapaKTePICTUK
YPOBHSI CUMBOJIOB, CJIOB M CTPYKTYpBL. IIpy IIpoBeieHuM sKCIIepMMeHTOB HabophI ITapaMeTPOB 3TUX TPEX ypOoBHel ObLIN
CKOMOMHMPOBAHBI MeXAy CO00II BceMM BO3MOKHBIMM criocobamu. ITosryueHHbIe BeKTOPBI CTIIOMETPIUECKUX XapaKTe-
PUCTMK ObLIN IIOAHBI HA BXOJ Pa3IMUHBIM KiIaccuUKaTOpaM AJIs BBIIIOJIHEHVSI BepuduKaumuy 1 BeIABIeHNUs Hanbojee
MTOAXOMALIEro KiaccudukaTopa A pelleHMs IOCTaBIeHHOI 3afayn. Jydime pe3ynbrarsl ObLINM MOTyUeHBl C IIOMO-
o knaccuduraropa AdaBoost. Cpennss F-mepa 11 Bcex S13bIKOB OKasayach 0ojiee 92%. [leTalbHbIE OLIEHKM KauecTBa
BepudmKaumMy IprBeeHbI IIS KOKIOTO aBTOpa I IPOaHANIN3UpPOBaHbL. VICII0Ib30BaHe BBICOKOYPOBHEBBIX CTIUIIOMET-
PMUECKMX XapaKTepUCTUK, B UACTHOCTI, YaCTOTHI MCIIOIb30BaHMss N-rpaMmm POS-TeroB oTKpbIBaeT IepcIieKTuBy Gosee
JeTaJTbHOTO aHaJM3a CTMJISA TOTO VUIM MHOTO aBTOPA. PesyspTaTsl SKCIIEPUMEHTOB ITOKA3BIBAIOT, UTO IIPU COETMHEHNI
XapaKTepUCTUK YPOBHSI CTPYKTYPhI C XapaKTePUCTUKAMI YPOBHS CJIOB J/YUIVM CMBOJIOB IIOJyYalOTCsl Hanbojee TOUHbIE
pesysbTarsl BepuduKayy aBTopcTBa A Xy J0KECTBEHHBIX TEKCTOB Ha PYCCKOM, aHIVIMIICKOM U (ppaHIly3CKOM SI3bIKAX.
JlomoTHNTeNBHO aBTOpaM y[AJIoCh CAeNIaTh BBIBOM O PA3HON CTENEeHN BIMSHMS CTUIOMETPUUECKNX XapaKTePUCTUK Ha
KauecTBO BepU(UKALIII aBTOPCTBA JIS PA3IMUIHBIX SI3BIKOB.

KnroueBbie cioBa: CTMJIOMETPUA; CTUJIOMETPUUYECKNE XapaKTEPUCTUMKIL; Bepmdmxam/m aBTOPCTBA; 06pa60TKa
€CTECTBEHHOTI'O A3bIKa
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Beegenue

OpxHoit n3 mpo6ieM U3BJIeueHns MHPOPMALNY M3 HeCTPYKTYPUPOBAHHBIX JAHHBIX ABJIAETCI Bepudu-
KaIlys aBTOpa TeKCTa Ha eCTEeCTBEHHOM g3bIKe [1]. Pemrennme sToit 3amaum 3akiaoyaercs B OIpemeIeHNN
IIPUHAIJIEKHOCTY TeKCTa 3aJJaHHOMY aBTOpy. OCHOBHAS 4acTh MCCJIETOBAHMII B 9TOM 00IaCTH IOCBIIIIe-
Ha BepUQUKAIII aBTOPOB 3JIeKTPOHHBIX IIIICEM U COOOIIEHNI B COLMAIBHBIX CeTAX [2]. AHAIOIMUHOI
3ajjaveii IBJIETCS paspellleHle CIIOpoB 00 aBTOPCKMX mpasax [3]. Kpome aHanmsa coBpeMeHHBIX TEKCTOB,
aKTyaJIbHOII IIP006JIeMOIt OCTaéTcsl BepuUKaIs aBTOPOB XyX0KeCTBEHHBIX ITPOM3BeaeHumit [4—6].

OCHOBHBIM METOIOM aBTOMATIMYECKO} BepMUKAIIMI aBTOPCTBA ABJIAETC KIacCu UK TeKCTOB C
IIOMOIIIBIO BEKTOPOB CTMIIOMETPIUUECKIX XapaKTepUCTHK [7]. B mepByIo ouepenb TaKMMM XapaKTePUCTUKA-
MU FBJISIOTCS IIPOCTHIE TEKCTOBBIe QYHKINMM, HAIIPMMep, YaCTOTHI CJIOB M CUMBOJIOB, N-TPaMMBI CIMBOJIOB
U CJIOB, IUVIMHBI CJIOB ¥ IIpeJIoKeHuI1. B mociienHee Bpems Bcé 6osblile aBTOPOB 00palllaloT BHMMAHMeE Ha
oIpefeiieHNe 0COOEHHOCTENI CMHTAKCyca U TpaMMaTuky. KomyecTBo Takux ImapaMeTpoB OUeHBb BEJIMKO,
MO>KeT JOCTUIaTh HECKOJIbKMUX ThIcad. OgHAKO He BCe XapaKTePUCTUKM BHOCAT ONUMHAKOBBIN BKJIajd B pe-
mieHne 3amaun. Hamboee CI0XKHBIM Ui aHANIM3a CTUIIEM OOJNTaNaloT XyJO0)KeCTBEHHBIE ITPOM3BEeIeHN.
[TosTOMy aBTOpBI IIOCTABIIIM IIepel COOOI 3aJady JMCCIe0BATh BIUAHIE PA3INYHBIX IPYIII CTUIOMET-
pUYECKUX MTapaMeTpOB Ha BepU(UKAIMIO aBTOPOB II0OBeCTell Ha aHIVIMIICKOM, (paHIy3CKOM I PyCCKOM
A3BIKAX.

1. CoBpeMeHHOe COCTOSIHUE JICCJIEOBAHUII B 001acTH BepudMKaI aBTOPCTBA
TEKCTOB

3amaua BepuMKaLUM aBTOPCTBA MOXKET pacCMaTpPMBATBHCA KaK MaTeMaruMuecKas 3ajada OMHapHOI
KJIacCUUKAIIN, IPUHAIUISKNT JIM pacCMaTPUBAEMBbIil JOKYMEHT OIIpeeIé HHOMY Kiaccy MM Het. [
TEKCTOB Ha €CTECTBEHHOM fg3bIKe (POPMUPYIOTCI XapaKTEePUCTIUECKIIE YNCIIOBbIE BEKTOPHI, 3aTeM IIpIMe-
HAETCS OJVIH 13 METONOB KIacCU(MKaIN, KOTOPBIM OUeHb YaCTO IBJIETCA METOM MAIITHHOTO 00y YeHN .
Mmaorue uccienoBaTenn A BBIUNMCIEHNI BeKTOpa IIPU3HAKOB JOKYMeHTa MCIIONIb3YIOT, CTaBIIINe Kilac-
CHYECKMMI B KOMITBIOTEPHOII JIMHTBIUCTYKE, TApaMeTPhI: YaCTOThI CMBOJIOB M CJIOB, N-TPaMMEI CJIOB, 3M-
Oemauuru cios [7]. IlomynspHele HUSKOYpOBHEBbIe TeKCTOBbIe (DYHKIMN: YHUTPAMMEBI CJIOB 1 N-TPaMMBbI
CMMBOJIOB JICIIOJIb30BAJIN aBTOPEI cTaThy [8]. OHM paspaboTain MeTOX IIPOBEPKM Ha OCHOBE BHYTPEHHETO
HIpodIIT aBTOpa, KOTOPBII CO3AET TEKCTOBYIO MOJEJIb, IIPeACTABIIAIOIIYIO BCe TEKCThI OJJHOT'O aBTOPA Kak
o6mmit Bextop. VcciremoBaTey aKCIepMMeHTIPOBAIN C KOPITyCaMI IIPO3bI, Ta3eTHBIMY CTaThIMU, 0030-
paMu u gpyrumu skaHpaMmu n3 copesHoBaHUi PAN-2014 n PAN-2015 Ha yeThIpex si3bIKaX: TOJIJIAHMICKOM,
AQHIVIMIICKOM, I'pe4eCcKOM M MCIAHCKOM. PaspaboTaHHBIN IOAXOMN IIOKA3al B SKCIIEPMMEHTAX TOYHOCTD
(accuracy) 6osee 80 % 1 IO3UIIMOHMPOBAJICS aBTOPAMI KaK He3aBUCHUMBII OT A3bIKa. E1ié 6oiee BBICOKMIT
pesyubTar 90 % I0Ka3aj METOX, OMMCAHHBIN B paboTe [9]. ABTOPBI BBIEIIUIIN IIapaMeTPhl CTIUIS TEKCTa,
He 3aBUCSIIIE OT A3bIKA U UCIOJAb30Banu MeTox Bbibopa npusHakoB SVM-RFE (Support Vector Machine
Based on Recursive Feature Elimination) mis ynaneHus n30bITOUHBIX M HepeJIeBaHTHBIX XapaKTePUCTUK
u3 Imporecca ooyueHns. Meron 6L MpUMeHEH K BepuUKAIMM aBTOPCTBA CTAaTell HA UETBHIPEX A3BIKAX:
aHTJIMIICKOM, TpeYeCKOM, MICIIAHCKOM V1 HEMELIKOM.

OpnHaxo MCII0Nb30BaHINE TAPAMETPUYECKIX BEKTOPOB I3 IIPOCTHIX XapaKTepUCTUK MIMeeT CBOM OTPaHM-
YeHVI U HeJOCTaTKU. ABTOPBI paboTsl [10] oOpaliatoT BHMMaHNe, YTO HATEeXKHOCTb MCIIOIb30BAHMS TAKIX
IIapaMeTPOB B AITOPUTMAX MAIIMHHOTO 00yUeHN 3HAUNTEIILHO CHILKACTCS I KOPOTKIX VM TeMATIUeCKI
Pa3sHOOOPa3HBIX TEKCTOB B COLMAIBHBIX CETAX. ABTOPBI PEIIAIOT 3Ty IPO06IeMy ITOIBITKON BU3yaJIN3UpPO-
BaTh IIPOLIECC NIPUHATHUS PeLIeHniT HeIpOHHOI ceThio. {1 BepuduKaimm aBTOPCTBA KOPOTKMUX 0030pOB
Amazon McciiefoBaTeNN ICIIONb3YIOT CUAMCKIe HelIpoHHBIe ceTu. IIpy o6cykaeHnn pesyabTaToB aBTOPBI
IIPOBOIAT JIMHIBUCTIYECKIII aHATIN3 BHYTPEHHIX BeCOB CETH C LIeJIbI0 IIPMBA3aTh Pe3yJIbTaT K HEKOTOPBIM
TPaAVIMOHHBIM JIMHIBUCTIYECKMM KaTeropusaM. B maHHoIl paboTe MCIOIB3yeTcd KOPIYC TeKCTOB 60JIb-
roro o0séma 9052606 OT3BIBOB, HAIIMCAHHBIX 784649 aBTOpamm, UTO, KOHEYHO, CIIOCOOCTBYeET ITOBBILIE-
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HIIO KauecTBa pelLreHMs 3agaun. [Ipyrue mcciaegoBaTesu UCIOIb30BaIN IIPOCTOE MOIEIPOBAHIIE TEKCTa
C IIOMOIIBI0 H9MOeANHTa Ha OCHOBE BEKTOPHOTO IIpencrasieHns ciaoB Word2vec [11] mns Bepudukaumn
aBTOPCTBa KOPOTKMX CTaTell Ha aHTIMIICKOM f3bIke. OHM DOOMINCH YBeNIWUeHN KauecTBa Kiaccuduka-
LMY B MOJEJIM MAIIMHHOTO O0yUeHVsI, OCHOBAHHOI Ha CIMSHUN TPeX PasHbIX apXUTEKTypP: CBEPTOUHBIX
HEeJPOHHBIX CeTell, peKyppPeHTHO-CBEPTOUHBIX HEMPOHHBIX CeTell ¥ MAIIMHHBIX KJIAcCU(PUKATOPOB OIop-
HBIX BeKTOpoB. OKOHUATEJIbHOE pellleHNe IT0IyYaeTcs IIyTeM o0 be JMHEeHS Pe3yJIbTaTOB TPeX MOJeNell ¢
JICIIONIb30BaHNEM MeTOMa roJI0OCOBaHM. B pe3ynprare sKCIIepMMEHTOB TOUHOCTH (accuracy) okasajach OT
91 % mo 97 %.

OnHaxo 6GoNbIIOEe KOJIMYECTBO COBPEMEHHBIX MCCIIeOBAHNIL IIPOOIeMbI BepUPIKALIMI aBTOPOB MIET
I10 IIYTU COBEPIIEHCTBOBAHNS XapaKTePUCTUUECKINX BEKTOPOB TeKCTOB. B KauecTBe mapamMeTpoB qo0aBis-
10TCs 6oJiee CJIOKHBIE TEKCTOBBIE (PYHKIIMI.

JIn u coaBTOpbI [12] IpeaIIpUHAIN IOMBITKY IPUMEHNTh QYHKUMY CleldUyuHbIe A IIpeqMeTHOI
obsactu. OHN Mcmonp3oBanu 233 GyHKUMY, BKIoUasd 227 CTUIOMETPUUECKNUX QYHKIUIL U IIeCTh HOBBIX
creruUUecKnx AT COUManbHBIX ceTell ¢pyHKumii. CrmmoMerpudeckne GyHKIMY BKIOUAIN YPOBEHb
CHMBOJIOB: UACTOTHI OTHEIBHBIX OYKB, IPOIMCHBIX OYKB, CIIELMANBHBIX CYMBOJIOB; YPOBEHB CJIOB: 00liee
KOJIMUECTBO CJIOB, CPeIHSI AIMHA CJI0BA, KOJIMUECTBO CJIOB C OJHVIM CMBOJIOM M T. [T .; CUHTaKCHUYeCKIe: KO-
JIMYECTBO 3HAKOB IIpeHaHMs U PYHKIMOHAIBHBIX CJIOB, 001Ilee KOJIMUECTBO mpemnokeHuit. HaGop cre-
LMGUUHBIX IS COLMATIBHBIX ceTeil GYHKIMI BKIOYAJ CMajlJIMKY, COKpAIleHNs, HAaualo IIpeIoKeHI
0e3 3ariaBHOI OYKBbBI, OKOHUAHME IIPeNIOKeHNs 6e3 3HaKa IPEIMHAHNS U OTCYTCTBYIE yIOMMHAHMS «SI»
nn «MsI» B coobiieHun. OHM paspaboTany aJrOpUTMBL U MCCIeNOBAIN pasiIUuHble KIacCu(UKATOPhI
IUISL OTIpefieNleHus TIOQIMHHOCTI KOPOTKMX cooOenuii cormanbHoil cetn Facebook. PesynbraTs! akcie-
PMMEHTOB II0 IIPOBEPKe, IBISLETCS JIV YKa3aHHBII II0JIb30BaTeNIb aBTOPOM JAHHOTO COOOIIICHS, ITOKA3aJIu
CpeIHIOI TOUYHOCTB 79,6 % mid 30 mosb3oBaTeneir u 9259 coob1ieHniT. ITO KaUecTBO OBLIO JOCTUTHYTO
3a CYeT CTUIIOMETPUUECKUX XapaKTepucTuK. PyHKIMM Ha OCHOBE IIPEeJIOKEHNI IT0Ka3aIy Xy LIYIO IIPO-
M3BOAUTEIHFHOCTE C TOUHOCTBIO 53,6 %. OCOOEHHOCTM COLMATIBHBIX CeTell He YIYUIIIIIN KiacCcupUKaLIo.
Tot ¢axr, uTo 0COGEHHOCTY, OCHOBAHHBIE HA IIPEIIIOKEHNAX, He ITOBIMSIIN Ha KAaUeCTBO Ki1acCupUKaLmi,
MOKHO OOBSICHUTH OCOOEHHOCTBIO KOPOTKUX COOOIIEHMUIT B COIMANBHBIX CETAX, IIOCKOJIBKY OHM PenKO
COCTOAT U3 OOJIBIIIOTO KOIMYECTBA IIpeyIosKeHit. bojiee MHTepecHO, UTO CIelMabHble CYIMBOJIBI COLIM-
aJBHBIX CeTeil BIMSIIOT Ha pellleHVe NaHHOV KOHKPEeTHOJ 3aJauyl ropasfgo MeHbIlle, UeM JIEKCIUYecKue I
CUHTAKCUYeCKye 0COOEHHOCTIL.

OmpeneneHne aBTOPCTBA XYOOXKECTBEHHBIX IIPOVM3BEEHIT CBA3BIBAECTC B IIEPBYIO OUepenhb CO CIIOXK-
HBIMM CTUJIMCTUUECKMMI XapaKTepUCTUMKaMy TeKcTa. IIpu pelieHNy BOIpoca O IOQIMHHOCTY TEKCTOB
IInmans [13], oeHKN NPUHANJIEKHOCTI CIIOPHOTO npousBeneHus [aute [5], penteHns mpoGieMsl Ipo-
BEpKM aBTOpCTBa ['éTe 110 OTHOIIIEHNIO K aHOHMMHBIM CTaThAIM [4] paccMaTpuBaOTCS CTUIOMETPIUECKUE
rapamMeTphbl OCHOBaHHBIE Ha CIienpuIecKux ppasax, XapaKTepHbIX IJIsI aBTOPA VI BpEMEHU HATIVICAHSL.
OpHaxo aBTOPHI IOTUEPKIUBAIOT HEOJHO3HAUHOCTD II0JIYUEHHBIX Pe3yIbTaTOB 11 HEOOXOOMMOCTb IIPOKOII-
JKEHUS MCCIIeqOBaHMIT. BasKHOCTD BHIOOpA peJIEBAHTHBIX XapaKTEPUCTUK IIOAUEPKIMBAIOT ABTOPBI PAabOTHI,
MOCBSILLIEHHON BepUMKAINI aHTUUHBIX aBTOPOB [14].

HccnemoBarey MCIIONB3YIOT TapaMeTPhl, BEIUNCIEMbIE HAa OCHOBE CTPYKTYpPHI TeKcTa. B crarbe [15]
MpefCTaBIeH IMOAXO0N K PeLIeHIIO IPOOIeMbl IIPOBEPKI aBTOPCTBA B 00IacT cyne6HOoM MeAUIHEL. Pa3s-
paboTaHHBII METO[ MCIIOIB3yeT rpadbl NI MPeCTABIEHNS JIEKCUUECKUX U CUHTAKCUUECKNX aACIEKTOB
TeKCTOB. Ha 0CHOBe 3TMX CTPYKTyp HaHHBIX BBIUNCIAIOTCS JIMHIBUCTIUECKIIE QPYyHKLMY, KOTOPBIE IT03BOJIS-
0T BBIIBUTH CTIIIb IICbMa aBTOpa. [IpeqnaraeMplit METOR IIPUMEHSETCI K aHTTIOA3bIUHBIM JOKYMEHTAM.

CremyeT OTMETUTD, UTO JICCIIEOBATEIY HAMIOHAJIBHBIX A3BIKOB TAaK:Ke 00Opall[aloT BHUMaHNe Ha 3¢-
(eKTUBHOCTD MCIIONB30BAHNS CTPYKTYPHBIX XapaKTepuCTUK TeKcTa [16]. B aroit pabore 3amaua Bepudu-
Kal[/J aBTOPOB pelaeTcs [JIs KHUT Ha KJIacCUYecKoM apabCKoM s3bIKe. MeToq, peaiaraeMblil yUéHbIMI
OCHOBaH Ha CXO[ACTBE JIMHIBUCTUUECKNX OCOOEHHOCTEN TeKCTa UM IPMMeHSIeT PN JEeKCUMUEeCKUX, MOp-
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¢dosornueckux M CUHTAKCUMUECKUX IPU3HAKOB 1 aHcaMOjell IpU3HaKOB. B pe3yibrare sKCIIEpUMEHTOB
TOYHOCTh gocturia 87,1 %, oMHaKO KOPITyC TEKCTOB COCTOSJI BCETO 13 31 KHUTUL.

Crnenyer o6paTuTh BHIMAaHIE, UTO IOSIBJIEHIE CJIOKHBIX TEKCTOBBIX (PYHKIIMIT IIO3BOJISIET HE TOJIHKO
IIOJIYYNTh OTBET Kilaccudukaropa, Kak UEPHOTO SAIINMKA, HO ¥ IIPOBOINUTH aHAJIN3 PE3yJIbTATOB B paMKaXx
IpeaMeTHOI 06JIACTY U IMHTBUCTUKI. TaKme mccaeqoBaHms MOTYT OKa3aThCsl OU€Hb ITOJIE3HBIMIU, TaK KaK
AT BO3MOXXHOCTH COOMPATh MH(POPMALIVIO O AeTaJSIX CTIUIA HAMCAHNS TEKCTa, IPOBOAUTH KaueCTBeH-
HBIIT aHAIN3 OIINOOK, BHISBIISITH OTPAHIMYEHISI METOLOB, IPOTHO3MPOBATH BO3MOKHOCTH UX IPIMEHEHUS B
mpenMeTHbIX ob6nacTsax. Hanpumep, aBropam pa6oTs! [17] ymanocs IT0Kasarh, UTO y KaXKIOTO IIMCATENS eCTh
CBOII CTUJIb, KOTOPBIN IIPOSBIAETCSA B ICIIOJIb30BAaHUI HECKOJIBKIX TUMOB CTUJIOMETPUYIECKNX XapaKTepH-
CTUK, VHUKAIBHBIX [JIT OTHEIBHBIX aBTOPOB. TakyuM 06pa3oM, BbIfeIeHe HECKOJIBKIX IPYIIII [IApaMETPOB
TeKCTa Ha Pa3sHbIX yPOBHAX: CIMBOJIOB, CJIOB, CTPYKTYPbI IIPEAJIOKEHUII, U VICCIIEAOBAHNE UX BIUSHNIA Ha
KauecTBO BepuQMKaILly aBTOPCTBA SIBJILETCI aKTyaIbHOII 3aaueil B 00IaCTV aBTOMATIUECKOi 00paboTKm
€CTeCTBEHHOTrO SI3bIKa.

2. 00630p xapaKTepUCTUK

CTuroMeTpuyuecKIiI aHAIN3 TEKCTa BKIIIOUAET B ceOst IIOVCK U ITOJCUET PA3IMUHBIX CTUIIOMETPUYECKIX
XapaKTepUCTUK. BbIOOp 9TUX XapaKTEPUCTUK TEKCTA SBJISETCS BAKHENIINM ITAIIOM €ro MCCIIeTOBAHMS.
Cpenu Takux XapakTePUCTUK MOKHO BBIEIUTH HECKOJIBKO KATETOPUIL:

1. YpoBeHb CUMBOJIOB:

(a) xOMMUECTBO OTHENBHBIX OYKB;
(b) obirree kKonmuecTBO OYKB;
(C) KOMMUECTBO OTHENBHBIX CUMBOJIOR;
(d) obrree KomMUECTBO CUMBOJIOB
(e) cpemuaAs muIMHA IpeIIOKEHUSI B CMBOJIAX;
2. YpoBeHB CIIOB:
(a) xoNMMUECTBO CJIOB;
(b) xommMUecTBO IIpemIOKeHIIIL;
(c) cpemusasa nIMHA IpeIOKEHNUI IO KOJIMUECTBY CIIOB;
(d) cpemmsist muHa cioBa;
(e) uacrora BcTpeuaemocTu N-rpaMm 13 OJHOTO, ABYX U TPEX CIIOB;

3. CTIpYKTYpHBIl ypOBEHb:

(a) uacrora Bcrpeuaemoctu POST N-rpaMm 13 0XHOTO, ABYX, TPEX U YETBIPEX CIIOB.

[l IpoBe e HUs UCCIeOBAHMIT B 00IacTI BepUUKAIIUIM aBTOPCTBA ABTOPAMMU ObLIN BEIOPAHBI MMEH-
HO 3TU CTWJIOMETPUUECKIE XaPAKTEPUCTUKIA, IIOTOMY UTO OHU IT03BOJISIIOT Hambojiee TOUHO OIIPEeNeIUuTh
ABTOPCKUIL CTIUIb Ipou3BeneHus [18].

3. Knaccudukamms TeKcToB

Knaccuduraums sBisgeTcss OMHON 13 BXXHBIX 3a[jad B paMKaxX 00paboTKy ecTeCTBeHHOro s3bika. OHa
pelaeTcs ¢ IOMOIIBIO CIIeNATBHBIX AaHATUTIYECKNX MOJIeJIell, Ha3bIBaeMbIX Kiaccudukaropamu. B Ha-
CTOsIII[ee BpeMs CYIIIECTBY€ET OOIBIIIOE KOIMUECTBO Pa3INUHbIX BIUAOB KIACCU(PIKATOPOB, AJIS IIOCTPOEHIS
KOTOPBIX MICIIOJIb3YIOTCS KAK CTATUCTUUECKIIE METOIBI (JIOTMCTIUECKast PErpecCuist), TaK I METONbI MAIITIH-
HOTO 00yueHus (HellpOHHBIE CeTH, JePeBbs pellleHn t, MeTox K-OaroKaiimx coceelt, MalHbl OTIOPHBIX
BekTopoB). OqHMM U3 HanboJee BAYKHBIX 9TAIIOB B 3ajaue KIacCu(UKAIUM TEKCTA SBISETCA BHIOOD Kiac-
cudukaropa. Bes aToro He BO3MOXXHO oIlpenennTh Hanbosiee 3¢pHeKTUBHYIO MOIENb I aTOpUTMa KJIac-
cupUKALUU TEKCTA. ITO OOYCIOBIEHO TEM, UTO PelllaeMble 3aaul MOTYT MMETh 0COOEHHOCTH, CBA3aHHbIE
C UMCJIOM KJIACCOB MM C OOBEMOM U KaUECTBOM MCXOMHBIX TAHHBIX.

J1s1 peltieHMs IIOCTaBIEHHON 3aauyl aBTOPaMM OBLIN MCIIOJIb30BAHbI CJIeNYIOIIE KIacCU(PUKATOPBL:
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1. Kiaccnduxarop DecisionTree: Ogunum 13 IOMyJISIPHBIX aJITOPUTMOB KiIaccudmKanuy Ijisd aHanu3a
TEKCTa M JAHHBIX ABIIETCA HepeBo perrenuit [19]. CTpykTypa 3TOro Meronma IpencTaBisieT co0oit
MepapXIYecKylo HeKOMIIO3MLMIO IIPOCTPAHCTBA IIPM3HAKOB. KakIplil IMCT mepeBa IIpeiCcTaBiIIeT
co00711 3HaUeHNE LIeJIeBOII ITePeMEHHOI, Ka>KIbIl BHYTPEHHUI Y3€JI COOTBETCTBYET ONHOMY M3 IIPU-
3HAKOB. [[epeBo MOxeT OBITh IIOCTPOEHO pas/esIeHIIeM JICXOMHBIX HaOOpOB XapaKTepUCTHK Ha IO
MHO>KECTBa, OCHOBAaHHBIE Ha IIPOBEPKe 3HAUCHMI 3TUX IPpU3HAKOB. KasKIbIN y3el qepeBa COmep>KUT
yCJIOBUE BeTBJIEHMS II0 OJJHOMY W3 IIPM3HAKOB.

2. Kiaccudukarop Random Forest: Random Forest siBnsiercss aHcaM61eM MHOKeCTBa JepeBbeB pellle-
Huit [20]. 9To O3BOMIAET IMOBBICUTH TOYHOCTD KIACCU(UKALMY II0 CPABHEHUIO C OJHIM IEePEBOM.
Pesyubrar ki1accudukanmy moxydaeTcs B UTOTe arpernpoBaHIA OTBETOB MHOXeCTBA IepPEeBbEB.

3. Kiaccudmnxarop SVM: 3agaua OuHapHO KiIaccuduKaiuy ¢ IOMOIIBI0 METOHa OIIOPHBIX BEKTOPOB
(SVM) cocTouT B MOCTpOEHNN ONTUMAIBHOI paselaoliell IMIepITIOCKOCTI B IIPOCTPAHCTBE IIPU-
3HAKOB TEKCTOB BBICOKOJI pa3MepHOCTI. 3afaua KiacCuUKalmMy Ha HeCKOJIBKO KJIACCOB C IIOMOIIIBIO
MeTOZIa OIIOPHBIX BEKTOPOB 3aKJIIOUaeTcsd B Ilepexofe OT 3aJauM Kiaccu@MKanuy Ha MHOKeCTBO
KJIACCOB K MHO)KeCTBEHHOII 3aiaue pa3OueHns Ha [Ba Kiacca. [lepBblil BapMaHT IIepexofa COOTBET-
CTBYeT CTpaTeruy «OIOVH IIPOTUB Bcex». OOyuyaeTcs HECKOJIBKO KIacCu(pUKATOPOB, B COOTBETCTBIUI
C KoImMuecTBOM KiaccoB. Kimaccuduxarop ¢ caMbiM aydimm 3HaueHMeM (QYHKIMM BBIXOAA IIPU-
CBaMBAeT TEKCT K COOTBETCTBYIOIIEMY Kilaccy. Bropoif BapmaHT Iepexofia COOTBETCTBYeT CTPATeTr I
«OIVH IPOTUB OTHOro». Takxke 00yuaeTcss HECKOIBKO KIACCU(PUKATOPOB IO KOJIMUECTBY KIIACCOB.
Texcr x1accuduuupyerca B COOTBETCTBUN C TeM K KAaKOMY KJIACCY €r0 OTHECIO OONBIINHCTBO KJIac-
cuUKaTOPOB.

4. Knaccudukarop Gaussian Naive Bayes: MeTon HanmBHOTO 06aiiecOBCKOTo KiaccuduKaropa, Ipume-
HAEMOTO0 I KiaccubuKanmy TeKcToB [21], ocHoBaH Ha TeopeMe Baiteca:

P(d|c) = P(c)

P(c|d) = D)

rae, P(c|d) — BeposTHOCTB, uTO TeKCT d mpuHamIeRuT Kiaccy c¢; P(d|c) — BeposiTHOCTH BCTpeTUTH
TeKCT d cpedy BceX TEKCTOB Kiacca ¢; P(c) — 6e3yciioBHAs BEPOSITHOCTb BCTPETUTH TEKCT Kiacca ¢ B
Kopryce TeKcToB; P(d) — Ge3ycioBHas BEPOSITHOCTH TeKCTa d B KOPIIyCe TEKCTOB.

5. Knaccupurarop AdaBoost Kinaccupnkarop AdaBoost mcrons3yeTcs ¢ 1e1bi0 ITOBBILIEHNS TOUHO-
¢ty anroputMoB kiaccudukanym. OH syulire Bcero paboraeT ¢ 00yJarmoIMMy alrOpUTMaMu, KO-
TOpbIE [TOKA3bIBAIOT HAMMEHee TOUHbIE Pe3yibTaThl (ciabble obyuaromue anroputmsel). HanGoee
pacIpocTpaHeHHBIMI aJITOPUTMaMIU, UCIOIb3yeMbIMu ¢ AdaBoost, IBISIOTCS OXHOYPOBHEBBIE Jie-
peBbs perreHuit. Kpome toro, ciradbre KinaccudKaTopbl JIETKO BEIUNMCIISIOTCS, Y [I09TOMY IOSIBIISIETCS
BO3MOXXHOCTb OOBEMHSATh MHOTO CYIITHOCTEJI alIrOPUTMa, [JIs CO3JaHMs 6ojlee CUJIBHOTO KJIACCU-
¢dbukaropa ¢ MOMOILBIO OyCTUHTA.

BeKTOpBI CTIIOMETPUUECKUX XaPAKTEPUCTIK ObUINM ITOJAHBI Ha BXOI KAXKIOMY U3 KIaCCU(PUKATOPOB

TSI IIOCJIEAYIOIIEro aHaI3a.

C wespio MPOBEPKY YCTOMUMBOCTY KITacCU(pUKATOPOB ObLIa IpUMeHeHA TEXHIKA IIATUKPATHON Kpocc-
Banuparumn. TeKcTsl ObUIM pasfesieHbl Ha MATh dacTeil, 80 % M3 KOTOPBIX COCTABIISIN TPEHUPOBOUHYIO
BBIOOPKY, a ocrasimecs 20 % — TecToByo. OlieHKa KauecTBa BBIIIOJIHSIACH C IIOMOIIBI0 TAKUX TAPAMETPOB,
KaK TOYHOCTb, ITosiHoTa 1 F-mepa.

4. IJKCIepUMEeHTbI
4.1. Kopmyc TekcToB

[ IpoBeeHMs 9KCIEPMMEHTOB JCIIOIb30BANIICh KOPITyca XyHOXKEeCTBEHHOI JIUTEepaTyphl Ha pyc-
cKkoM s3bIKe (724 ¢pparmenTa 3a mepmox ¢ 1832 mo 2020 roma), Ha aHIJIMIICKOM sI3bIKe (664 pparmenTa 3a
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nepuopf ¢ 1816 mo 2019 roma) u Ha (bpaHuy?,CKOM s3bike (500 (bpaI‘MeHTOB 3a mmepuon ¢ 1823 roma mo 2019
roga). B Ka)Xmom 13 KOpIIycoB ObUIM IpeNCTaBIeHbI IpousBeneHus 20 aBTopoB. Pasmeps! pparmMeHTOB
BapbupyoTca oT 15,000 mo 20,000 ciioB.

4.2. IlocTaHOBKA 3KCIIepMMEHTOB

Pacuér cTmroMeTpuuecKux XapaKTepUCTHUK IS IOCIeAyIOIIeil KiaccuuKamy TeKCTOB BbIIIOTHIII-
cs1 aBroMatmuecku. I1opsAnoK IpoBeqeHnsl 9KCIEPUMEHTOB ObLI caenyomuM. C IOMOIIBIO aJITOPUTMOB,
pa3paboraHHBIX paHee B pamkax Ipoekta ProseRhythmDetector [22], nns TekcToB OBLIM ITOACUMTAHBI
CTIIIOMETPUUECKIE XapaKTEePIUCTUKY Pa3HOTO YPOBHS, a 3aTeM 3aIlMCAHBI B CSV-TaOIIIMIIbI.

Csv-1abnuifbl ObLIM CKOMOMHMPOBAHHBI MEKIY COOOI pa3IMUHBIMU CIIOCO0AMIL:

+ XapaKTepUCTUKIU YPOBHSI CHMBOJIOB;

« XapaKTepUCTUKU YPOBHS CJIOB;

+ XapakTepuCTUKN CTPYKTYPHOTO YPOBHS;

« XapaKTepUCTUKI YPOBHSI CMBOJIOB I CJIOB;

+ XapaKkTepuCTUKM YPOBHS CUMBOJIOB ¥ CTPYKTYPHOTO YPOBHS;

« XapaKTepUCTUKU YPOBHI CJIOB U CTPYKTYPHOTO YPOBHS;

+ XapakTepuCTUKN YPOBHS CUMBOJIOB, CJIOB U CTPYKTYPHOIO YPOBHSL.

C moMo1IbI0 aIropuTMa, pa3paboTaHHOTO paHee B paMKax rpoekra ProseRhythmDetector, 6511a mpoBeieHa
KJIacCU(UKAIVII TEKCTOB 110 aBTOpaM. Pe3ynbraThl 9KCIIepMMEHTOB ObLIN IIPeCTABIEHbI B BUe TaOImLI.

4.3. Pe3ynbTaThbl 3KCIIEPUMEHTOB

na 0603HaUEHNA CTIIIOMETPUYECKUX XapaKTePUCTUK PasIMYHOTO YPOBHSA B TAaOIMIAX C pe3yJIbTa-
TaMy ObUIM IIPUMHATHI CIeIyIOLI/e YCIOBHBIe 0003HAUeHM: XapaKTepUCTUKYU ypoBHs cuMBoioB — Ch,
XapaKTepUCTUKY YPOBHSA cI0B — W, XapaKTepUCTUKY CTPYKTYPHOTO ypoBHS — St.

Jlng BBIABIIEHNSA HAMIyd4IIero Kiaccupukaropa 6bII0 IIPOBENEHO CpaBHEHNE Pe3yJIbTaToOB, IIOKA3aH-
HBIX BCEMJ BBIIICONMCAHHBIMY KJIacCU(UMKATOpPaMI Ha OCHOBE COBOKYIIHOCTM XapaKTEPUCTUK YPOBHSI
CIIMBOJIOB, CJIOB U CTPYKTyphl. CpaBHEHIE OCYIIECTBIIAJIOCH IO IOKa3aTeIaIM TOUHOCTM, ITOJNHOTHI 1 F-
MepBL.

TouHOCTB — 3TO YMCIIO IMPABMIBHO ITOJIOXKUTEIBHO KIACCU(PUIMPOBAHHBIX TEKCTOB, ITOJEJIEHHOE Ha
YIICJIO BCEX ITOJIOKUTEIBHO KIACCU(PUIIIPOBAHHBIX TEKCTOB:

TP

P=———r.
TP + FP

IlonHOTOV Ha3bIBAIOT UMCIIO IIpaBUJIBHO K.]'IaCCI/I(bI/II_U/IpOBaHHbIX TEKCTOB, IIOOCJIEHHOE Ha YJICJIO BCEX

MOOXOOAIIIX TEKCTOB:
TP

TP +FN’
F-mepa — 910 cpeqiHee rapMOHMYECKOe TOYHOCTH Y TIOJTHOTBI:

R

2PR
F = .
P+R

CpaBHeHUe IIPOBOAMIIOCH 110 YCpeJHEHHBIM IToKaszaresaM. Hinke IpecTaBiieHbI IOIyUMBIIIeCsS Tab-
JIMITBIL.

Ha ocnoBe Tabauis 1, 2, 3 MOXHO CHeJIaTh BBIBOM, UTO JIYUIIINe Pe3yJIbTaThl IT0Ka3al Ki1accuduraTop
AdaBoost ¢ HauBBICIIIIMY 3HAYEHIAMIU IT0 BCEM II0Ka3aTelIM JJII BCeX MCCIeyeMbIX A3bIKoB. Vicxons us
3TOTO OH OBbLI BBIOpAH IS ITOJIyUeHMs Gojiee pasBEPHYTHIX Pe3yJIbTaTOB.

Paccmorpym moppoGHee pe3ybTaThl, IOJTy4YeHHBIe Iocse paboThl knaccudpukaropa AdaBoost. B Tab-
nuuax 4, 5, 6 ImpencTaBIeHbl pe3yJIbTaThl PaboThI KIacCU(pUKATOpa Ha OCHOBE PA3IMYHBIX KOMOMHAIIII
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Table 1. Russian (Ch + W + St, average metrics) Ta6nuua 1. Pyccknin a3bik (Ch + W + St,
cpeaHmne MeTpUKK)

Knaccudukarop Cp. rounocts Cp. monnora Cp. F-mepa
AdaBoost 97.2 90.4 93.7
DecisionTree 78.9 77.8 78.4
GaussianNB 64.2 77.7 70.3
RandomForest 72.4 60.0 65.6
SVM 94.4 80.4 86.9
Table 2. English (Ch + W + St, average metrics) Tabnuua 2. AHrAnincknin s3eik (Ch + W + St,

cpeaHmne MeTpUKK)

Kiaccupukarop Cp. tounocts Cp. monnora Cp. F-mepa
AdaBoost 97.2 87.6 92.2
DecisionTree 79.8 79.8 79.8
GaussianNB 64.1 79.5 71.0
RandomForest 68.5 58.9 63.3
SVM 94.1 81.8 87.5
Table 3. French (Ch + W + St, average metrics) Ta6nunua 3. PpaHLysckuii asbIk (Ch + W + St,

cpeaHmne MeTpUKK)

Kiaccudpukarop Cp. tounocts Cp. mornnora Cp. F-mepa
AdaBoost 98.0 88.6 93.1
DecisionTree 78.7 77.8 78.2
GaussianNB 67.1 80.6 73.2
RandomForest 70.4 61.4 65.6
SVM 96.7 85.5 90.8

XapaKTEepPUCTUK YPOBHS CUMBOJIOB, CJIOB U CTPYKTYPBI, OIMCAHHBIX B IPEIbIAYIIeM pasaeie. B rabnuiax
OTpa)KeHbI CpeHME ITOKA3aTEN 110 KaXKIOMY 13 TPEX ITapaMeTpPOB.

IlepBoe, Ha uTO CTONUT OGPATUTH BHUMAHIUE, 3TO BHICOKUE (60IbIiIe 90) 3HAUEHISI TOUHOCTH [JIS KAXKOTO
Habopa XapaKTEPUCTUK BO BceX TPEX Tabiuiax. EqMHCTBEHHBIM MCKIIOUEHIEM 113 9TOTO IIPABILIIA IBJIAETCS
3HayeHJe YPOBHA CHMBOJIOB, pacCUTaHHOE Ha OCHOBE KOpPIIyca aHIVIMIICKMX TEKCTOB. 31lech 3HAUeHNe
YpOBHA CUMBOJIOB paBHseTca 85,3. CpeqHue 3HaueHUs IIOJHOTHI JJIT BCeX TPEX SI3BIKOB HAXOAATCA B
npepeinax ot 80,0 mo 90,0 3a peaKMM MCKIIOYEHUEM.

HamGosee BayKHBIM IIOKa3aTeseM sBisercs F-Mepa, neMoHCTpupyIoiias 6aIaHc TOYHOCTY 1 ITOJIHOTHL.
ITOT IMOKas3aTeslb BO BCeX TPEX Tabimiiax MMeeT 3HaUeHNE He MeHee 79,5, UTO YBEpEHHO MOKHO Ha3BaTh
XOPOILM Pe3yJIbTaTOM.

AHanu3upys TabINUIbI MOXKHO CHeNIaTh BBIBOJ, UTO HamboJjiee BEICOKOe 3HaueHue F-Meppl mocTuraercst
MpU COEAMHEHUN XapaKTEPUCTUK Ha BCEX TPEX YPOBHAX. B ciiyuae ¢ pycckum u PppaHITy3CKUM S3bIKAMU
YPOBHM CHMBOJIOB, CJIOB M CTPYKTYPBI II0 OTAEIHHOCTY BHOCIT IPUMEPHO OJMHAKOBBIN BKJIAX B OOV
pe3ynbTaT, OMHAKO aHTIJIMIICKUI I3BbIK He IIOTUMHAETCA JaHHON TeHAEHIMI: OCHOBHOM BKJIAJ B UITOTOBOE
3HaueHNe BHOCUT YPOBEHb CJIOB, a HaMMEHBIINI (¢ pasHMIIEl IpakTUuecku B 10 IIyHKTOB) YpOBEHBb
CUIMBOJIOB.

Pesysprarel, monyueHHbIE IpU KIACCH(PUKAINY HA OCHOBE ITOTIAPHOTO COEOMHEHMS XapaKTePUCTUK
YPOBHS CIMBOJIOB, CJIOB U CTPYKTYPBI, TAK)KE He ITO3BOJISIOT IPUIITH K OMHO3HAUHOMY 3aKJIIOUEHUIO CPasy
IUTSL TPEX sI3BIKOB, KacaeMo BOIIpoca 0 Haubomee 3¢ GeKTUBHOI KOMOMHAIIIN XapaKTePUCTUK PasINIHOTO
ypoBHS. {7151 pycckoro 1 ¢ppaHIy3CKOTo S3bIKOB HaMIyylllee 3HaUeHNe ObUIO IOJyUeHO IIPK COeqMHEHNN
CHMBOJIBHOTO U CTPYKTYPHOI'O YPOBHSHI (92,0 1 92,2 COOTBETCTBEHHO), OMHAKO JJIST AHTJIUIICKOTO SI3BIKA JIyU-
LMt IoKasaTelb F-Mephl ObLI JOCTUTHYT IIPY COEQMHEHNN CTPYKTYPHOTO YPOBHS C ypOBHEM cJI0B (91,7).
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OﬂHaKO CTOMUT OTMETUTD, UTO OJIA BCEX TpéX A3BIKOB PA3JINMYHBIE ITIOIIapHBIE KOM6I/IHaI_H/H/I XapaKTEPUCTUK
Jany IpUMEPHO OAVMHAKOBBIE PE3YJIbTaThI.

Table 4. Russian (AdaBoost, all metrics) Ta6nuua 4. Pycckuii sa3bik (AdaBoost,
BCE METPUKMN)
YposHU Cp. rounoctes Cp. momrora Cp. F-mepa
Ch 90.4 83.4 86.8
w 94.6 83.0 88.4
St 93.2 82.4 87.5
Ch + St 96.0 88.3 92.0
Ch+W 95.4 86.8 90.9
W + St 96.2 86.5 91.1
Ch+W + St 97.2 90.4 93.7
Table 5. English (AdaBoost, all metrics) Ta6nuua 5. AHrnnincknin a3bik (AdaBoost,
BCE METPUKWN)
YposHHI Cp. rounoctes Cp. momuora Cp. F-mepa
Ch 85.3 74.4 79.5
\Y 92.7 84.0 88.1
St 90.6 81.6 85.9
Ch + St 93.1 86.7 89.8
Ch+W 94.5 85.3 89.7
W + St 95.2 88.4 91.7
Ch+W + St 97.2 87.6 92.2
Table 6. French (AdaBoost, all metrics) Ta6nuua 6. PpaHuysckmii 93bik (AdaBoost,
BCE METPUKWN)
Yposan Cp. Tounoctes Cp. mosmHota Cp. F-mepa
Ch 93.7 84.6 88.9
w 90.5 82.2 86.2
St 91.2 79.6 85.0
Ch + St 96.4 88.4 92.2
Ch+WwW 95.9 87.3 91.4
W + St 95.3 86.1 90.5
Ch+W + St 98.0 88.6 93.1

CreyoLmM 11aroM pacCMOTPUM PACIINPEHHbIE TAOINIbI, JEMOHCTPUPYIOIIIE BCE BBIIIIEOICAHHBIE
KOMOMHAITIM XapaKTePUCTUK Pa3HOro ypOBHS Ha IIpUMepe KOHKPETHBIX aBTOPOB. [loMmmo 3HaueHMII
TpEéX OCHOBHBIX IIAPaMETPOB, B 3TUX TabIMIIaX IPEACTABIEHHO U 3HAUEHME CTAHJAPTHOTO OTKIOHEHUS
IUI KayKIOIO M3 HIIX.

Tabanusr 7, 8, 9, comeprKaliye pe3yIbTaThl UCCIeOBAHMS Ha MaTepuaje PyCCKOS3bITHOTO KOPITyca,
[T03BOJISIOT CAEJIATh BHIBOJ O TOM, UTO KOMOMHAIMS XapaKTEPUCTUK CTPYKTYPHOTO YPOBHS C YPOBHEM CUM-
BOJIOB MJIM YPOBHEM CJIOB ¥ ITO3BOJISIET ITOJIYUUTD €CJIM He caMoe BbICOKOe 3HaueHue F-Mepsl, To 6im3koe
K aToMmy. CouetaHme BcexX TPEX YPOBHEN HAJIO JIyUIINI pe3yapTar At (parMeHTOB aBTOpCTBa Typrene-
Ba, Anekces Toncroro, JleckoBa, IleneBuna, I'opskoro, ITukys, [JocroeBckoro, Pybanosa u Ctpyranxkmx.
A mpu momapHOM COUYETAaHUM XapaKTEPUCTUK CTPYKTYPHOTO YPOBHS C YPOBHEM CJIOB VIV YPOBHEM CUM-
BOJIOB, JIVUIIINIL Pe3yJIbTAT OBLI OCTUTHYT Uit pparmMeHTOB aBTOpcTBa HabokoBa, MakanmHa, AKCeHOBa,
Cnasuuxkosoii, JIbBa Toscroro, Bogonaskmuua, Comskenuimaa u ['oromd.
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K Tomy ke ciengyer o6paTuTh BHMMaHMe Ha MITHIMAIBHOCTD CTAHJAPTHOTO OTKJIOHeHMs F-MephI mpu
KOMOMHMPOBAaHUM XapaKTEePUCTUK Cpasy TPEX ypOBHEl: B OONIBIINHCTBE CIydYaeB OHO He IIpeBbIIaer 5,0.

Table 7. Russian (AdaBoost, all metrics, all authors) Ta6bnuua 7. Pyccknin sa3bik (AdaBoost,
BCE METPUKWN, BCE aBTOpr)
XapaKTepUCTUKI ABTOp Tounocts  Crt. Otkin.  Ilommora Cr. Orkin.  F-mepa  Cr. Otxin

Ch N C Typrenes 95.1 4.7 79.4 10.5 86.5 6.4

w U C Typrenes 87.8 10.5 81.8 10.5 84.3 5.2

St N C Typrenes 92.0 5.1 86.6 4.8 88.2 2.0

Ch + St N C Typrenes 94.8 5.2 90.8 8.1 85.9 9.7
Ch+W U C Typrenes 95.0 6.1 86.8 8.8 92.5 5.0
W + St N C Typrenes 92.6 6.3 86.9 8.5 91.4 5.9
Ch+W + St U C Typreues 95.9 6.3 91.9 7.5 93.5 1.3
Ch A K Toncroit 91.8 8.9 83.1 13.8 84.1 3.2

W A K Toncroit 94.2 45 814 7.7 88.4 5.0

St A K Touncroit 92.2 8.7 86.1 10.9 83.6 8.0

Ch + St A K Toncroit 91.5 8.5 85.7 2.6 90.2 6.5
Ch +W A K Toncroit 95.9 4.2 84.3 11.5 91.3 5.0
W + St A K Toncroit 91.9 4.0 87.1 11.4 92.9 4.7
Ch+W + St A K Toncroit 92.5 6.0 90.7 8.3 93.5 2.3
Ch H C Jleckos 77.4 16.8 71.6 12.9 74.8 13.2

w H C Jleckos 89.2 12.6 78.2 8.9 79.7 3.2

St H C Jleckos 84.6 18.3 74.5 5.7 75.7 15.2

Ch + St H C Jleckos 91.9 9.9 76.3 7.5 75.4 5.4
Ch+W H C JleckoB 99.3 0.3 81.0 6.7 83.9 5.2
W + St H C Jleckos 87.6 19.2 71.9 12.7 89.7 12.6
Ch+W + St H C Jleckos 94.4 10.2 77.5 9.0 93.0 4.5
Ch B O IleneBun 91.5 12.8 91.0 5.2 87.8 8.5

w B O IMeneBun 96.6 4.9 80.1 8.9 86.7 6.2

St B O IleneBun 88.8 33 83.9 2.2 84.7 7.4

Ch + St B O IleneBun 94.9 4.0 89.9 7.1 92.0 5.6
Ch+W B O IMeneBun 97.0 33 94.6 6.6 97.3 2.8
W + St B O IleneBun 93.0 35 89.5 4.2 89.8 7.3
Ch+W + St B O IleneBun 96.5 3.9 95.1 4.1 96.7 1.9
Ch B B Ha6oxos 91.5 6.3 81.5 7.6 85.7 4.1

W B B Ha6Goxkos 96.4 3.8 73.2 11.5 71.5 4.6

St B B Ha6oxos 86.1 9.6 74.8 10.0 85.9 5.5

Ch + St B B Ha6oxoB 95.4 4.8 76.3 14.5 90.3 6.5
Ch+W B B Ha6oxkos 91.9 7.0 82.2 6.5 89.1 5.8
W + St B B Ha6oxkos 93.5 7.3 72.4 5.5 82.1 13.1
Ch+ W + St B B Ha6oxkos 93.3 7.4 89.5 7.0 88.0 7.5
Ch M Tl'opbxuit 95.9 6.7 87.8 5.5 90.9 6.1

w M Tl'opsknit 95.2 5.9 80.9 8.7 89.8 4.3

St M T'oppxuit 99.3 0.4 84.5 5.9 94.3 43

Ch + St M l'opbxuit 98.2 2.8 93.7 5.3 92.0 2.9
Ch+W M Tl'opsknit 99.8 0.2 91.8 8.5 94.3 4.6
W + St M T'oppxumit 99.1 0.9 88.3 6.5 93.5 1.7
Ch+W + St M l'opbkuit 99.6 0.4 91.9 5.4 96.3 2.5
Ch M A Bynrakos 86.0 11.5 75.9 14.8 69.0 13.8

w M A Bynrakos 96.9 4.9 78.0 17.4 81.2 10.7

St M A Bynrakos 82.1 20.9 72.6 17.3 71.8 7.0

Ch + St M A Bynrakos 86.7 8.6 83.0 11.0 74.3 15.2
Ch+W M A Bynrakos 96.0 6.5 81.4 17.6 88.1 10.5
W + St M A Bynrakos 99.2 0.3 78.0 12.9 77.9 15.1
Ch+W + St M A Bynrakos 99.4 0.3 82.6 9.5 87.7 11.7

Paccmorpum Tabomier 10, 11, 12, B KOTOPBIX OTpa)KeHBI pe3yJIbTAThl MICCIeNOBAHNS, IIOTyYeHHbIe Ha
MaTepuaje aHTJIO0A3bIUHOIO KOpITyca. AHAIN3 IMOJyUYeHHBIX 3HaUeHNU F-Mephl A1 Kask0i1 M3 BO3MOXK-
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Table 8. Russian (AdaBoost, all metrics, all authors)

Ta6nuua 8. Pycckunin a3bik (AdaBoost,
BCE METPUKW, BCE aBTOPbI)

XapaKTepuCTUKMA ABTOp Tounocts  Cr. Otkn.  Ilomsora  Cr. Otkn.  F-mepa  Cr. Otk

Ch B C IIukynp 94.3 4.2 88.9 7.0 88.8 7.4

w B C Ilukyns 96.9 5.1 87.1 114 92.7 4.7

St B C IIukyns 99.5 0.4 93.7 5.8 96.2 4.7

Ch + St B C IIukyns 98.2 2.9 94.3 5.1 94.9 2.9
Ch+WwW B C Ilukyns 97.0 3.3 90.5 5.8 95.2 4.1
W + St B C IIukyns 98.6 2.0 89.5 5.8 96.5 24
Ch+W + St B C Ilukyns 98.6 1.7 92.7 9.8 97.5 3.0
Ch IO U Py6una 94.9 3.2 81.8 10.1 85.0 7.4

w O U Py6una 93.4 7.0 86.7 6.9 89.1 1.4

St IO U Py6una 93.9 6.7 72.0 7.3 82.0 5.8

Ch + St IO U Py6una 96.1 3.8 81.2 4.3 85.0 9.3
Ch+W O U Py6una 95.7 5.3 91.5 5.2 94.2 3.0
W + St O U Py6una 99.0 04 89.0 4.7 86.2 7.1
Ch+W + St IO U Py6una 97.8 2.7 87.6 4.9 92.9 4.2
Ch B C Makauun 96.9 4.7 90.8 9.4 91.9 4.7

w B C MakaHnu 97.9 3.2 88.4 4.3 95.9 5.1

St B C MakaHnu 99.4 0.3 88.1 7.3 88.2 6.1

Ch + St B C Makanun 98.6 2.1 95.0 4.5 97.6 4.8
Ch+W B C MakaHnu 99.6 0.3 91.8 4.1 95.7 4.7
W + St B C MakaHnu 98.2 3.3 94.3 5.3 95.9 3.7
Ch+W + St B C Makannu 99.6 04 94.3 6.8 96.4 33
Ch B IT Axcenos 82.3 14.0 73.9 9.7 71.9 8.0

w B IT Axcenos 88.2 20.3 73.7 11.1 74.4 6.4

St B IT Axcenos 85.6 13.6 68.0 7.8 78.3 8.2

Ch + St B IT Axcenos 95.5 6.3 79.3 7.7 82.4 7.4
Ch+WwW B IT Axcenos 84.0 17.9 76.0 15.4 83.3 3.1
W + St B IT Akcenos 98.8 0.7 79.1 8.5 87.4 6.6
Ch+W + St B IT Axcenos 99.0 0.6 88.6 8.2 85.4 4.8
Ch ® M [locToeBCKMit 86.7 7.0 90.0 7.4 86.4 6.8

w ® M JTocToeBCKMit 88.8 7.9 77.7 3.7 89.0 4.3

St ® M [JocToeBcKmit 94.6 3.2 94.5 3.1 93.2 2.4

Ch + St & M JlocToeBcKMin 94.9 4.6 95.7 4.6 94.1 6.0
Ch+W ® M JTocToeBCKMit 88.8 7.9 77.7 3.7 89.0 4.3
W + St ® M [locToeBCKMit 95.3 3.9 94.5 1.7 93.9 5.0
Ch+W + St ® M JTocToeBCKMit 98.5 2.2 97.7 3.0 95.6 1.6
Ch A B Py6anos 97.4 2.7 92.3 44 95.5 4.6

w A B Py6anos 98.1 3.0 93.5 5.6 91.2 5.5

St A B PyGanos 97.1 3.8 88.8 3.0 93.9 3.7

Ch + St A B Py6anos 99.8 04 91.3 1.6 95.5 5.0
Ch+W A B Py6anos 98.1 2.6 93.2 9.3 96.4 3.5
W + St A B PyGanos 98.1 3.0 93.5 5.6 91.2 5.5
Ch +W + St A B Py6anos 99.8 0.3 95.8 3.6 97.2 3.5

HBIX KOMOMHALNIT CTMIOMETPUYECKUX XaPAKTEPUCTUK IIOKA3BIBAET, UTO MCIIOIb30BAHME XaPAKTEPUCTUK
CTPYKTYPHOTO YPOBHS YACTO ITO3BOJIAET YJIYUIINTH Pe3yIbTaT. ITO BUAHO Ha IpuMepe counHeHuit ['eH-
™ (G A Henty), Moama (W S Maugham), Yecreprona (G K Chesterton), Moitec (J Moyes), dxuor (G
Eliot), Komnuusa (W Collins), Tpommona (A Trollope), JIsura (A Lang), IIparuerra (T Pratchett), Cmur (Z
Smith), Teitmana (N Gaiman), [Ixxeitmca (H James), Xapau (T Hardy), Poynaunr (J K Rowling) u MakbosHa
(I McEwan).

CoueraHue XapaKTepUCTUK BceX TPEX yPOBHEN TOKe MO3BOJILET MOOUTHCA YIAyUIlleHUsS pe3ysbTara
BepuUKALNI, XOTS 3TO IIPOCIEKNBAETCSI He TaK SBHO, KaK IJII PYCCKOS3bIUHBIX aBTOPOB. [l TEKCTOB
AHIUIOSI3BIYHOTO KOPIyca HAWIYUIIE PE3YJIbTATHI IPU KOMOMHAIIUN XapaKTEPUCTUK BCEX TPEX YPOBHEN
YIAJIOCh IIOJyYNTH IJIS TEKCTOB 6 aBTOpoB: 'eaTn, Moama, Snmora, Cmut, Xapau u MakeiosHa. K Tomy xe,
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Table 9. Russian (AdaBoost, all metrics, all authors)

Ta6nuua 9. Pycckuin a3bik (AdaBoost,
BCe METPVIKW, BCE aBTOPbI)

XapaKTepUCTUKI ABTOp Tounocte  Cr. Otkn.  Ilommora  Cr. Otkn.  F-mepa  Cr. OTxin

Ch O A CnaBHUKOBaA 98.4 2.9 93.1 5.5 96.3 4.4

w O A CnaBHUKOBaA 99.6 0.2 88.7 11.3 97.3 2.5

St O A CrnaBHUKOBa 99.7 0.4 96.7 44 98.8 1.5

Ch + St O A CnaBHUKOBaA 99.9 0.1 96.6 4.3 98.4 2.0
Ch+W O A CnaBHUKOBaA 99.4 0.3 94.7 6.9 95.9 3.8
W + St O A CrnaBHUKOBa 99.6 0.2 88.7 11.3 97.3 2.5
Ch+W + St O A CnaBHUKOBaA 99.9 0.2 97.3 3.3 98.0 2.5
Ch Crpyraukue 83.6 3.9 81.4 13.3 86.5 7.9

%% Crpyraukue 91.7 3.9 82.8 3.4 87.3 6.1

St Crpyraukne 91.9 8.4 68.5 7.5 73.4 12.7

Ch + St Crpyraukue 95.0 5.4 87.6 8.4 87.0 5.7
Ch+W Crpyraukue 95.6 5.2 88.5 9.5 88.3 7.9
W + St Crpyrauxue 91.7 3.9 82.8 3.4 87.3 6.1
Ch+W + St Crpyraukue 95.2 3.8 92.4 4.1 89.5 5.8
Ch JI H Toncroit 71.7 15.7 63.8 13.0 66.6 10.0

w JI H Toncroit 87.3 11.0 73.2 8.6 83.1 13.6

St JI H Toncroit 94.0 6.5 71.1 4.8 83.8 10.5

Ch + St JI H Tosncroit 944 9.9 77.6 7.4 87.9 5.0
Ch+W JI H Toncroit 83.6 18.7 74.4 8.9 68.5 12.7
W + St JI H Toncroit 87.3 11.0 73.2 8.6 83.1 13.6
Ch+W + St JI H Toncroit 88.9 20.2 75.0 13.9 87.5 44
Ch E I Bogonaskuu 96.9 4.9 87.2 5.1 92.5 1.8

w E T Bomonaskmu 99.7 0.4 94.1 3.0 90.0 7.1

St E I Bogonaskuu 94.0 5.3 90.6 7.2 91.8 5.7

Ch + St E I Bogonmaskuu 99.7 0.1 100.0 0.0 97.5 2.2
Ch+W E I’ Bogonaskuu 99.7 0.3 87.0 10.5 96.5 2.0
W + St E I Bogonaskuu 99.7 0.4 94.1 3.0 90.0 7.1
Ch+W + St E I Bogonaskuu 99.9 0.2 97.1 5.7 96.8 3.9
Ch A A IlpoxaHoB 95.4 4.8 96.8 3.8 95.2 4.9

W A A TlpoxaHoB 96.4 3.2 98.3 33 97.2 1.6

St A A TlpoxaHOB 96.4 4.8 93.0 4.7 95.2 5.9

Ch + St A A IlpoxaHoB 97.2 3.1 98.7 2.5 96.1 4.7
Ch+W A A TlpoxaHoB 99.9 0.2 97.5 3.2 100.0 0.0
W + St A ATlpoxaHoB 96.4 3.2 98.3 33 97.2 1.6
Ch+W + St A A IlpoxaHoB 99.7 0.3 98.1 3.2 97.9 2.7
Ch A Y ComkeHUIBIH 914 6.6 86.0 9.1 83.5 4.0

w A U ComKxeHNLbIH 98.3 2.1 90.9 5.3 94.6 3.0

St A U ComKeHNIbIH 93.2 49 85.2 9.4 90.7 4.4

Ch + St A Y ComxeHnIbIH 98.0 2.9 89.8 5.8 92.1 4.0
Ch+W A U ComKeHNLbIH 94.2 4.6 91.7 5.6 934 4.2
W + St A U ComkeHNIbIH 98.3 2.1 90.9 5.3 94.6 3.0
Ch+W + St A U ComkeHUIbIH 96.6 3.4 87.7 4.6 91.8 3.8
Ch H B l'oronp 89.1 9.7 72.4 5.0 78.4 2.7

W H B I'orossb 99.4 0.5 71.7 12.5 76.6 18.0

St H B I'orons 99.4 0.4 75.5 12.8 87.9 6.4

Ch + St H B l'oronp 99.5 0.7 83.7 10.7 88.3 6.9
Ch+W H B l'oroanb 97.1 52 76.4 12.6 85.8 114
W + St H B I'orons 99.4 0.5 71.7 12.5 76.6 18.0
Ch+W + St H B l'oronp 99.4 0.3 84.7 13.8 81.6 17.2

CTaHAapTHOEe OTKIOHeHUe F-Mephl Mg KOMOMHAIIMY XapaKTePUCTUK BCeX TPEX YPOBHEN B GOJIBIINHCTBE
cilydaeB He IIpeBhIlIaet 5,0.

Tabnuier 13, 14, 15 1eMOHCTPUPYIOT pe3yIbTaThl SKCIIEPUMEHTOB, IIPOBEAEHHBIX ¢ KOpITycaMu (paH-
LIy3CKMX TEKCTOB. B pesyiprare aHammsa 3TuX TaOINI YHANIOCh OIPEIENNUTh, UTO CTUJIOMETPUUECKUE
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Table 10. English (AdaBoost, all metrics,

Ta6nuua 10. AHrnnincknin a3eik (AdaBoost,

all authors) BCE METPUKM, BCE aBTOPbI)
XapaKTepuCTUKMI ABTOp Tounocte  Cr. Otkn.  Ilommora  Cr. Otkn.  F-mepa  Cr. OTkiL

Ch G A Henty 93.9 44 78.2 5.5 82.1 5.0

W G A Henty 94.9 5.1 81.4 10.8 84.3 10.0

St G A Henty 81.3 17.3 88.0 11.9 86.4 5.5

Ch + St G A Henty 89.8 8.7 87.8 6.7 88.4 7.4
Ch+W G A Henty 92.7 6.3 83.2 13.3 86.4 33
W + St G A Henty 93.3 7.0 82.0 8.3 88.4 5.9
Ch+W + St G A Henty 95.9 3.8 94.0 5.5 88.7 44
Ch W S Maugham 87.7 8.2 78.2 9.0 77.4 6.4

AW W S Maugham 92.1 5.8 90.8 10.8 88.2 8.7

St W S Maugham 92.8 3.0 86.3 6.1 82.1 9.3

Ch + St W S Maugham 93.1 5.2 86.2 7.5 82.0 8.8
Ch+W W S Maugham 96.0 4.1 86.5 9.2 84.9 5.6
W + St W S Maugham 97.0 33 87.7 7.9 924 5.4
Ch+W + St W S Maugham 96.5 34 86.6 8.4 93.1 4.3
Ch G K Chesterton 83.7 11.8 62.2 4.2 68.6 6.5

W G K Chesterton 98.4 23 85.1 5.3 93.8 3.8

St G K Chesterton 97.9 2.9 83.7 12.2 92.8 2.4

Ch + St G K Chesterton 92.6 9.8 91.1 8.6 84.3 8.8
Ch+W G K Chesterton 97.0 3.2 90.7 5.8 90.6 6.8
W + St G K Chesterton 99.5 0.3 89.4 6.5 96.2 3.2
Ch+W + St G K Chesterton 97.9 3.0 89.4 9.4 93.1 4.6
Ch J Moyes 74.4 16.2 69.3 9.8 65.9 12.3

W J Moyes 83.4 18.0 83.9 5.2 84.2 10.2

St J Moyes 97.2 4.2 81.3 7.0 82.3 8.8

Ch + St J Moyes 97.1 3.8 84.0 9.1 89.5 6.6
Ch+W J Moyes 96.7 5.2 81.9 5.4 87.7 5.0
W + St J Moyes 97.1 44 85.5 6.5 92.2 6.6
Ch+W + St J Moyes 97.6 3.4 87.0 7.9 91.7 4.8
Ch G Eliot 66.6 16.5 60.6 8.1 64.6 8.6

W G Eliot 88.7 12.2 73.8 11.4 85.3 6.7

St G Eliot 92.0 9.7 68.4 9.7 81.5 6.4

Ch + St G Eliot 91.4 9.9 80.2 11.1 89.6 4.2
Ch+W G Eliot 99.1 0.6 76.5 9.8 81.8 7.2
W + St G Eliot 96.4 6.4 85.2 11.4 78.7 6.2
Ch+W + St G Eliot 94.0 7.4 85.9 6.1 92.8 7.3
Ch W Collins 91.6 6.2 75.2 5.9 84.3 1.6

w W Collins 98.2 2.1 86.6 3.8 92.4 6.3

St W Collins 93.3 4.9 82.3 8.0 93.0 6.4

Ch + St W Collins 96.3 5.9 87.6 6.8 88.1 9.4
Ch+W W Collins 97.7 3.2 84.2 18.4 91.5 3.6
W + St W Collins 98.2 3.1 92.0 7.0 92.0 5.0
Ch+W + St W Collins 97.3 4.3 89.1 4.2 92.2 6.8
Ch A Trollope 96.7 3.1 83.2 6.1 95.1 3.0

w A Trollope 96.9 4.7 91.8 5.2 96.4 1.8

St A Trollope 97.7 3.8 93.3 6.2 95.3 2.9

Ch + St A Trollope 96.7 3.6 94.2 6.0 95.7 23
Ch+W A Trollope 98.3 2.4 94.6 5.0 94.7 5.4
W + St A Trollope 99.8 0.2 94.5 2.9 97.3 1.6
Ch+W + St A Trollope 98.4 2.2 90.9 3.2 96.6 1.9

XapaKTEPUCTUKN CTPYKTYPHOTO YPOBHS BHOCAT 3HAUMTENIbHBIN BKJIAA B yJIyUllleHIE KadueCcTBa BEPU-
¢dukamum aBTOpCTBA. JTO MOATBEPKIOAIOT PE3YJbTATHI, MONyUeHHbIE HA OCHOBe mpousBeneHuit Ppan-
ca (A France), I'apa (R Gard), Konerr (Colette), ITarkons (K Pancol), Monaccana (G Maupassant), 3o05s
(E Zola), Troro (V Hugo), Posutana (R Rolland), Kupa (A Gide), Jlesu (M Levy), Bansszaka (H Balzac)
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Table 11. English (AdaBoost, all metrics, Ta6nuua 11. AHrnnincknin a3bik (AdaBoost,

all authors) BCE METPVKI, BCe aBTOPbI)
XapaKTepuCTUKMI ABTOp Tounoctes  Cr. Otkn.  Ilomsora  Cr. Otkn.  F-mepa  Cr. Otk

Ch H Bindloss 90.4 6.6 78.9 11.6 84.6 8.8
w H Bindloss 98.5 1.7 88.1 3.5 89.1 3.6
St H Bindloss 97.1 3.6 91.4 7.9 88.5 3.7
Ch + St H Bindloss 99.7 0.3 91.6 2.7 93.9 4.0
Ch+W H Bindloss 98.2 2.3 92.5 6.3 96.6 3.2
W + St H Bindloss 97.8 2.9 91.0 6.2 92.9 4.7
Ch+W + St H Bindloss 99.5 0.5 94.9 4.5 95.2 4.2
Ch K Atkinson 94.3 6.8 86.1 10.1 89.5 9.2
w K Atkinson 99.3 0.7 93.8 5.2 98.5 3.0
St K Atkinson 96.9 5.7 80.0 17.5 86.4 12.0
Ch + St K Atkinson 99.5 0.4 89.1 8.1 95.9 3.4
Ch+W K Atkinson 99.9 0.2 98.8 2.5 97.0 2.5
W + St K Atkinson 99.8 0.2 94.0 8.0 95.6 4.0
Ch+W + St K Atkinson 99.9 0.2 95.1 6.1 93.4 7.0
Ch Sir W Scott 92.7 6.7 81.6 8.6 89.8 6.2
w Sir W Scott 93.2 9.8 88.3 8.3 91.3 7.3
St Sir W Scott 95.4 7.9 87.5 7.3 84.6 7.3
Ch + St Sir W Scott 93.1 6.0 89.3 9.7 94.5 4.7
Ch+W Sir W Scott 97.7 4.1 92.6 4.7 95.7 3.9
W + St Sir W Scott 97.8 3.3 97.0 3.6 95.2 4.2
Ch +W + St Sir W Scott 97.1 4.8 91.7 5.8 94.1 3.4
Ch C Kingsley 87.5 8.4 77.2 7.9 79.7 7.9
\%% C Kingsley 93.0 8.2 91.0 7.4 94.9 3.1
St C Kingsley 91.1 4.9 83.4 6.0 84.4 8.0
Ch + St C Kingsley 96.6 3.6 90.3 5.9 92.2 3.9
Ch+W C Kingsley 98.2 3.1 87.3 9.1 93.7 8.8
W + St C Kingsley 97.9 3.3 97.1 5.9 91.1 8.9
Ch+W + St C Kingsley 99.5 0.5 94.3 5.0 93.7 4.9
Ch A Lang 71.6 20.3 73.3 12.4 78.5 13.3
w A Lang 87.8 9.7 71.8 3.5 78.4 6.5
St A Lang 90.2 7.5 72.4 6.8 84.5 8.1
Ch + St A Lang 96.8 4.0 76.6 8.4 89.9 5.2
Ch+W A Lang 85.9 8.3 74.8 6.2 79.6 9.4
W + St A Lang 89.0 21.0 83.3 10.9 86.7 43
Ch+W + St A Lang 99.1 0.4 79.3 8.6 84.1 10.1
Ch T Parsons 90.0 12.2 85.9 6.5 87.6 7.3
w T Parsons 99.1 0.3 84.2 12.1 92.3 8.1
St T Parsons 95.1 5.2 72.7 18.6 85.1 6.2
Ch + St T Parsons 84.5 18.6 97.2 3.5 94.4 4.9
Ch+W T Parsons 99.6 0.2 96.0 5.0 97.3 3.3
W + St T Parsons 99.5 0.2 88.6 9.1 92.7 2.0
Ch + W + St T Parsons 99.6 0.5 89.1 9.6 92.2 11.6
Ch T Pratchett 92.0 6.6 88.2 7.4 86.4 9.3
w T Pratchett 98.9 1.9 97.3 3.1 95.1 6.0
St T Pratchett 100.0 0.0 93.0 5.6 98.7 1.7
Ch + St T Pratchett 99.9 0.2 99.9 0.2 96.1 5.3
Ch+W T Pratchett 98.8 1.9 94.8 6.7 95.3 2.0
W + St T Pratchett 97.7 3.1 99.1 1.6 97.3 1.6
Ch+W + St T Pratchett 97.4 3.3 99.1 1.6 97.7 2.9

n IIpycra (M Proust). Kom6uHanms cpasy Tpéx ypoBHeI CTIIIOMETPUUECKUX XapaKTePUCTUK ITOMOIJIA I10-
JYUNThb JIydlllye pe3ynbTaTel Ang 3 aBTopoB: ®panca, 3onsd, Ponnana m JleBu, uTo MeHblle, ueM IJs
PYCCKOSISBIYHBIX M aHTJIOA3BIUHBIX IKcaresell. CpeqHee OTKJIOHEHME IJiA 3HaueHNT F-Meprl 1o xopiycy
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Table 12. English (AdaBoost, all metrics, Tabnuua 12. AHrnnincknin s3eik (AdaBoost,

all authors) BCE METPUKM, BCE aBTOPbI)
XapaKTepUCTUKI ABTOp Tounocts  Cr1. Otkn.  Ilommora  Cr. Otkn.  F-mepa  Cr. OTkin

Ch Z Smith 83.3 18.1 64.0 9.9 75.5 8.2

W Z Smith 95.7 6.8 79.9 13.6 89.8 7.4

St Z Smith 75.7 224 76.6 12.5 75.0 8.4

Ch + St Z Smith 99.3 0.7 81.5 12.1 87.4 8.5

Ch+W Z Smith 93.6 7.0 84.4 14.1 90.8 53

W + St Z Smith 95.5 7.8 85.0 9.4 85.9 7.9

Ch+W + St Z Smith 99.5 0.3 78.3 18.0 94.3 7.0

Ch N Gaiman 86.2 8.6 75.1 7.7 80.3 7.0

w N Gaiman 91.1 6.7 74.9 8.2 74.8 11.1

St N Gaiman 87.3 6.0 79.4 8.7 81.3 6.6

Ch + St N Gaiman 84.9 5.9 78.9 8.1 88.1 5.5

Ch+W N Gaiman 89.6 9.3 76.2 7.9 81.1 10.2

W + St N Gaiman 92.9 7.9 84.9 13.3 82.8 7.1

Ch+W + St N Gaiman 92.3 5.2 79.6 8.8 75.8 14.0

Ch H James 64.2 20.0 52.8 6.7 49.3 0.2

\W H James 64.2 20.2 73.7 14.0 74.7 13.1

St H James 59.2 20.0 71.7 12.5 69.6 19.0

Ch + St H James 59.2 20.2 76.6 20.7 76.7 174

Ch+W H James 79.2 24.9 55.0 10.0 76.7 17.3

W + St H James 69.2 24.7 74.4 21.3 67.0 14.4

Ch+W + St H James 89.3 19.9 66.6 18.3 70.3 11.2

Ch T Hardy 88.4 10.1 74.5 3.7 81.1 5.9

W T Hardy 91.5 9.7 82.2 5.1 81.2 11.1

St T Hardy 86.7 5.0 84.4 7.4 83.9 8.7

Ch + St T Hardy 97.7 2.6 82.8 7.0 87.8 5.8

Ch+W T Hardy 83.1 17.6 82.1 4.2 87.6 6.0

W + St T Hardy 95.7 4.6 83.8 12.7 80.1 5.6

Ch+W + St T Hardy 954 4.5 81.6 9.7 90.0 3.5

Ch J K Rowling 90.2 5.2 65.7 9.8 70.8 12.9

w JK Rowling 93.7 9.8 78.3 9.9 78.3 9.8

St JKRowling 90.7 7.5 80.1 11.6 91.4 3.1

Ch + St JK Rowling 99.3 1.0 89.5 3.3 91.8 5.2

Ch+W J K Rowling 92.3 8.0 82.9 7.1 86.3 7.4

W + St JKRowling 96.6 5.4 83.7 5.9 89.6 8.6

Ch+W + St J K Rowling 99.4 0.5 87.8 4.2 91.2 3.4

Ch I McEwan 81.4 5.7 78.5 8.4 79.0 7.7

W I McEwan 95.4 6.5 82.9 10.7 85.6 5.1

St I McEwan 94.7 5.2 76.9 10.8 83.6 6.4

Ch + St I McEwan 94.2 5.6 79.5 4.8 86.7 6.3

Ch+W I McEwan 96.4 3.1 90.8 3.2 88.8 8.9

W + St I McEwan 94.1 10.5 90.7 6.1 89.0 6.8

Ch+W + St I McEwan 99.3 1.0 90.8 6.2 91.2 3.9

(paHKOA3BIUHBIX TEKCTOB 0KA3aJI0Ch HECKOJBKO BBIIIIE, UeM [JISI TEKCTOB, PACCMOTPEHHBIX paHee: 3/1eCh
B OOJIBIIINHCTBE cilIy4aeB OHO IIOIIafajIo B IIPOMEXYTOK oT 5,0 1o 10,0.

5. 3axiaroueHue

Ha ocHOBe mpoBeJEHHOTO MCCIIeIOBAHNIA MOYKHO CIIesIaTh BBIBOL O BBICOKOJ 3HAUVMOCTY CTUJIOMETPH-
YECKMX XapaKTePUCTUK CTPYKTYPHOTO yPOBHS B pellleHnM 3afauy Bepudukanuy apropcrsa. CoenHeHne
XapaKTepUCTUK CTPYKTYPHOTO YPOBHSA C XapaKTEePMUCTMKAMMU YPOBHS CJIOB M/VJIM CUMBOJIOB II03BOJINJIO
IIOJIyUNUTH HanboJee TOUHBIE Pe3YIIbTATHL BO BpeMs 9KCIIEPUMEHTOB Ha KOPIIYCe PYCCKOA3BIUHBIX (85,0 %),
aHIIOI3bIYHBIX (75,0 %) 1 dpaHKosa3bIUHBIX (60,0 %) XyHOKECTBEHHBIX TEKCTOB (3HAUEHUS B MPOLEHTAX
paccuMTaHO KaK OTHOILIEHVIE KOJIMYECTBA aBTOPOB, MJIS KOTOPBIX JIYUILNIl pe3yJbTaT yOaloCh IIOJIYUYUTh
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Table 13. French (AdaBoost, all metrics, all authors) Ta6nuua 13. ®paHuy3cknii a3bik (AdaBoost,

BCe METPVIKW, BCE aBTOPbI)
XapaKTepuCcTUKI ABTOp Tounocts  Cr. Otkn.  Ilommora  Cr. Otkn.  F-mepa  Cr. Otk

Ch G Flaubert 99.1 0.7 89.7 6.7 92.5 5.5
w G Flaubert 97.9 4.0 97.9 4.0 95.5 4.1
St G Flaubert 98.0 3.4 95.5 5.9 92.7 4.7
Ch + St G Flaubert 99.7 0.3 90.7 8.7 92.0 8.7
Ch+W G Flaubert 96.6 4.2 95.1 6.5 98.3 2.3
W + St G Flaubert 99.9 0.2 98.0 4.0 95.2 4.4
Ch+W + St G Flaubert 99.9 0.2 96.6 6.6 97.9 2.6
Ch A France 97.1 4.4 77.5 14.0 83.3 10.4
w A France 95.7 7.0 89.9 8.7 83.5 9.6
St A France 95.4 53 81.8 9.7 87.2 7.6
Ch + St A France 99.8 0.3 91.4 8.0 94.7 34
Ch+W A France 97.4 3.7 89.5 6.6 89.7 8.3
W + St A France 99.3 0.5 95.2 6.0 91.5 7.3
Ch+W + St A France 99.4 0.6 88.7 11.5 96.0 3.7
Ch F Cusset 83.9 19.7 76.8 13.0 73.4 16.2
w F Cusset 89.0 19.7 67.7 11.0 81.4 8.1
St F Cusset 83.7 20.5 68.8 5.4 72.6 3.5
Ch + St F Cusset 96.5 45 73.3 16.5 84.7 7.6
Ch+W F Cusset 76.9 23.7 79.1 12.9 88.1 8.2
W + St F Cusset 84.8 19.3 75.8 15.6 77.9 10.1
Ch + W + St F Cusset 94.0 7.1 83.7 10.7 85.3 9.3
Ch F Beigbeder 92.3 9.9 92.3 6.8 94.9 2.8
W F Beigbeder 97.0 43 87.1 6.6 75.7 14.5
St F Beigbeder 97.3 3.6 82.5 9.6 85.1 10.0
Ch + St F Beigbeder 99.6 0.5 90.4 7.7 92.1 4.1
Ch+W F Beigbeder 99.7 04 94.2 7.3 97.7 4.6
W + St F Beigbeder 97.4 4.0 84.6 12.7 92.2 5.7
Ch+W + St F Beigbeder 97.6 4.1 90.6 8.1 95.3 4.4
Ch R Gard 94.2 6.6 85.4 8.4 86.7 8.8
w R Gard 75.3 9.8 77.4 9.2 78.0 4.9
St R Gard 93.3 6.9 76.4 3.2 85.1 5.4
Ch + St R Gard 99.0 0.9 88.8 9.5 90.4 2.8
Ch+W R Gard 97.0 3.6 83.6 7.4 86.5 6.8
W + St R Gard 96.6 44 82.1 12.7 85.6 7.3
Ch+W + St R Gard 93.3 5.0 80.3 9.0 85.5 5.6
Ch Colette 99.6 04 92.1 6.6 97.2 4.0
w Colette 87.5 13.0 76.0 13.0 79.7 11.5
St Colette 91.0 12.7 89.9 5.1 76.5 11.2
Ch + St Colette 99.7 0.3 94.6 4.9 99.2 1.6
Ch+W Colette 97.1 5.1 92.1 7.0 91.0 5.6
W + St Colette 99.3 0.5 80.4 8.3 94.3 5.1
Ch + W + St Colette 99.4 0.6 91.6 7.1 91.0 7.5
Ch K Pancol 93.5 7.2 93.6 4.3 88.7 6.3
W K Pancol 98.0 2.4 81.5 7.7 87.3 6.0
St K Pancol 92.2 4.4 85.2 3.1 86.8 10.7
Ch + St K Pancol 95.7 7.8 94.7 4.8 97.1 2.4
Ch+W K Pancol 99.3 0.4 91.1 2.5 95.0 6.4
W + St K Pancol 94.3 5.0 88.4 9.7 91.9 6.6
Ch+W + St K Pancol 99.8 0.3 96.1 5.1 93.8 2.7

OyTEM CO€OIVHEHNS CTPYKTYPHBIX XapaKTePUCTMK C XapaKTepUCTMKAMU YPOBHS CUMBOJIOB VI/VJIN CJIOB
K 00IIeMy UMCIy aBTOPOB B Kopmyce). Kpome Toro, 3HaueHMs cpeqHero OTKJIOHEHUs i mapamerpa F-
Mephl B GOJIBIIIMHCTBE CIyUaeB He IpeBBIIAaeT OTMETKY 5.0 O PYCCKUX M aHIVIMMCKNUX TeKCToB 1 10.0
1 ppanysckux. Takum 06pa3om, IOTyUeHHbIE Pe3yIbTaThl IT03BOJISIOT BEIABUHY T TUIIOTE3y O Pa3HOII
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Table 14. French (AdaBoost, all metrics, all authors) Ta6nuua 14. dpaHuyscknin a3bik (AdaBoost,
BCE METPUKW, BCE aBTOPbI)
XapaKTepUCTUKI ABTOp Tounocts  Cr. Otkn.  Ilommora  Cr. Otkn.  F-mepa  Cr. OTkiL

Ch A Nothomb 97.4 4.0 88.4 10.3 82.1 17.4

W A Nothomb 91.3 10.2 90.2 14.3 95.0 6.9

St A Nothomb 92.0 10.0 85.5 14.9 80.3 10.7

Ch + St A Nothomb 96.2 6.7 80.0 12.3 90.0 11.2
Ch+W A Nothomb 99.7 0.4 84.1 9.1 96.8 4.2
W + St A Nothomb 96.1 6.9 89.1 9.6 92.0 7.8
Ch+W + St A Nothomb 99.8 0.3 90.0 8.2 86.4 10.9
Ch G Maupassant 89.7 12.7 77.4 10.2 83.5 7.8

W G Maupassant 92.8 7.8 79.0 13.8 76.4 9.6

St G Maupassant 83.4 21.1 74.7 7.4 79.3 8.2

Ch + St G Maupassant 95.4 6.4 80.3 10.2 81.6 17.2
Ch+W G Maupassant 78.9 25.0 78.3 12.5 83.7 17.8
W + St G Maupassant 86.8 11.7 79.8 43 90.3 6.0
Ch+W + St G Maupassant 99.1 0.5 84.6 15.6 84.1 9.5
Ch E Zola 99.5 0.3 83.0 12.0 87.2 19.2

W E Zola 84.1 20.1 77.8 13.6 77.1 7.4

St E Zola 94.0 9.8 81.4 11.0 87.1 13.7

Ch + St E Zola 99.7 0.3 91.7 10.5 91.8 8.5
Ch+W E Zola 99.5 0.6 81.2 17.6 84.5 18.4
W + St E Zola 99.2 0.4 75.7 10.1 87.9 4.3
Ch+W + St E Zola 98.0 3.2 89.8 19.9 92.2 5.6
Ch J G Verne 99.5 0.5 90.3 9.3 89.0 19.7

W J G Verne 97.2 3.9 93.2 6.0 89.5 7.6

St J G Verne 92.1 8.0 79.1 5.0 81.3 15.0

Ch + St J G Verne 99.7 0.3 96.0 8.0 96.5 7.0
Ch+W J G Verne 99.4 0.8 93.5 5.4 97.0 4.1
W + St J G Verne 99.0 0.3 81.3 12.0 95.8 5.2
Ch+W + St J G Verne 99.5 0.8 91.6 5.5 96.9 4.0
Ch J P Modiano 85.6 20.5 74.9 13.4 91.2 4.5

w J P Modiano 99.7 0.4 87.3 12.6 94.9 4.6

St J P Modiano 89.2 19.9 83.3 11.8 79.0 17.4

Ch + St J P Modiano 99.5 0.6 87.4 12.4 83.7 19.4
Ch+W J P Modiano 99.6 0.6 90.8 7.6 93.6 6.3
W + St J P Modiano 99.6 0.4 85.2 9.9 91.0 10.7
Ch+W + St J P Modiano 99.6 0.2 94.7 6.9 91.9 9.5
Ch V Hugo 86.7 9.6 66.6 12.2 83.2 10.9

w V Hugo 88.6 9.6 69.9 10.7 72.8 15.1

St V Hugo 91.8 8.2 66.3 16.4 74.5 14.3

Ch + St V Hugo 75.1 22.9 86.5 17.7 74.6 14.3
Ch+W V Hugo 96.6 4.8 64.3 15.2 74.1 10.7
W + St V Hugo 98.7 0.6 83.7 5.5 84.8 7.1
Ch+W + St V Hugo 95.6 6.7 74.9 3.2 77.1 10.8
Ch G Musso 99.6 0.4 96.1 5.1 93.6 6.6

W G Musso 78.9 24.4 78.2 14.5 81.5 9.6

St G Musso 75.7 23.0 66.5 13.9 87.2 7.5

Ch + St G Musso 99.7 0.3 86.4 18.8 91.6 7.6
Ch+W G Musso 99.9 0.2 90.1 9.4 90.7 10.6
W + St G Musso 86.4 20.0 94.0 8.0 88.0 7.2
Ch+W + St G Musso 96.5 6.6 85.5 10.9 91.6 5.6

CTEIIEHU BIMAHMSA CTVIJIOMETPUUECKUX XaPAKTEPUICTUK Ha KaUECTBO Bepmbmxaur/m aBTOpPCTBa AJId pa3jiny-
HBIX A3BIKOB. ITO O3HAYaeT, UTO OJId KaKIO0T0 A3bIKa H606XOIU/IMBI CaMOCTOATEJIbHbIE MICCIIEMOBAaHIMIA OJIA
IIOTYUYE€HUA Hanbosee Sq)(beKTI/[BHI)IX AJTOPUTMOB PEIICHNA 3aJad OIIpEAETIEHNIA aBTOPCKOTO CTIUIIA.
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Table 15. French (AdaBoost, all metrics, all authors) Ta6nuua 15. ®paHuy3scknin a3bik (AdaBoost,
BCe METPVIKW, BCE aBTOPbI)
XapaKTepUCTUKI ABTOp Tounocte  Cr. Otkn.  Ilommora  Cr. Otkn.  F-mepa  Cr. OTkiL

Ch A St Exupery 89.3 20.4 76.6 19.9 77.3 10.3

w A St Exupery 96.1 7.1 80.9 18.7 83.9 19.2

St A St Exupery 87.3 14.3 64.0 18.7 75.0 16.2

Ch + St A St Exupery 89.4 20.2 86.7 8.1 87.1 10.9
Ch+W A St Exupery 89.7 20.1 85.0 13.3 95.4 6.7
W + St A St Exupery 99.1 0.4 87.6 10.5 86.6 13.3
Ch + W + St A St Exupery 99.4 0.7 84.1 12.2 86.5 19.5
Ch R Rolland 99.4 0.6 81.0 16.8 82.5 9.4

W R Rolland 80.4 18.3 68.1 8.1 80.8 13,5

St R Rolland 93.5 11.0 71.2 13.8 83.0 12.4

Ch + St R Rolland 99.2 0.4 80.0 8.3 78.1 17.8
Ch+W R Rolland 99.0 0.6 83.8 18.3 83.3 0.7
W + St R Rolland 86.7 19.9 82.8 12.0 84.1 12.1
Ch + W + St R Rolland 97.3 3.7 81.3 6.3 87.0 8.2
Ch A Gide 99.6 0.6 93.6 5.9 94.3 3.1

w A Gide 87.1 9.4 81.2 2.7 87.0 8.9

St A Gide 95.9 4.0 86.3 3.4 85.9 7.7

Ch + St A Gide 95.2 5.5 96.2 4.7 97.1 3.8
Ch+W A Gide 96.4 6.8 97.1 3.7 93.2 6.6
W + St A Gide 89.8 9.5 87.1 6.5 82.1 7.7
Ch+W + St A Gide 99.7 0.4 92.6 4.9 91.9 7.2
Ch M Levy 84.2 18.5 82.5 9.3 86.5 4.6

w M Levy 82.9 9.7 76.6 16.1 72.5 13.6

St M Levy 84.6 18.6 73.8 12,5 83.2 6.9

Ch + St M Levy 89.0 20.2 81.8 6.7 90.9 8.4
Ch+W M Levy 99.4 0.6 92.6 6.2 84.7 17.9
W + St M Levy 95.8 6.8 78.7 13.0 88.4 6.4
Ch + W + St M Levy 96.0 7.1 80.6 9.1 91.4 5.8
Ch H Balzac 87.1 8.7 75.6 11.8 68.6 123

W H Balzac 92.4 10.0 87.8 9.2 90.2 7.0

St H Balzac 93.6 7.1 81.5 5.7 88.9 49

Ch + St H Balzac 99.5 0.6 91.2 5.3 93.2 2.1
Ch+W H Balzac 95.6 6.9 84.8 11.0 89.7 5.9
W + St H Balzac 99.3 0.3 94.2 5.2 95.3 4.7
Ch + W + St H Balzac 97.5 3.5 94.3 4.8 93.4 6.0
Ch M Proust 97.8 34 98.6 2.9 98.8 1.5

w M Proust 98.9 1.5 96.1 5.2 94.9 4.9

St M Proust 99.7 0.4 98.3 3.3 99.5 1.0

Ch + St M Proust 100.0 0.0 100.0 0.0 95.2 5.7
Ch+W M Proust 99.9 0.2 95.2 4.1 98.5 1.9
W + St M Proust 98.3 3.3 99.0 2.0 100.0 0.0
Ch+W + St M Proust 99.7 0.6 100.0 0.0 97.3 5.4

Hcnonp3oBaHMe BEICOKOYPOBHEBBIX CTUIOMETPMUECKMX XapaKTePUCTUK OTKPBIBAET Ilepes YUEHBIMU
LIMPOKYIO EePCIIeKTUBY IS MICCIeJOBAHMUIL B 00JIaCTI aBTOMATIYECKOI 00paGOTKM TEKCTOB Ha €CTECTBEH-
HOM fA3bIKe. AHAJIN3 YaCTOTHI MCI0JIb30BaHMa N-rpaMM POS-TeroB aBisfeTcs I1aroM B CTOPOHY ITIOCTPOEHS
CTPYKTYPHBIX IIIa0JIOHOB, KOTOPBIE MOTYT OBbITh MCIIOJIb30BAHBI IJIs O0JIee NeTaJIbHOTO aHAIN3a CTIIS TOTO
MJIM MHOTO aBTOpa.
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The article is devoted to the analysis of the rhythm of texts of different genres: fiction novels, advertisements, scientific
articles, reviews, tweets, and political articles. The authors identified lexico-grammatical figures in the texts: anaphora,
epiphora, diacope, aposiopesis, etc., that are markers of the text rhythm. On their basis, statistical features were calculated
that describe quantitatively and structurally these rhythm features.

The resulting text model was visualized for statistical analysis using boxplots and heat maps that showed differences in the
rhythm of texts of different genres. The boxplots showed that almost all genres differ from each other in terms of the overall
density of rhythm features. Heatmaps showed different rhythm patterns across genres. Further, the rhythm features were
successfully used to classify texts into six genres. The classification was carried out in two ways: a binary classification for
each genre in order to separate a particular genre from the rest genres, and a multi-class classification of the text corpus
into six genres at once. Two text corpora in English and Russian were used for the experiments. Each corpus contains 100
fiction novels, scientific articles, advertisements and tweets, 50 reviews and political articles, i.e. a total of 500 texts. The
high quality of the classification with neural networks showed that rhythm features are a good marker for most genres,
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languages. Text corpora contains 300 texts for each language.
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Krnaccumpukamms TeKCTOB 10 )KaHpPaM Ha OCHOBE PUTMIYECKIX

XapaKTEPUMCTUMK
K.B. Jlaryruna', H. C. Jlarytuna', E. 1. Boituyx® DOI: 10.18255/1818-1015-2021-3-280-291

1Hpocnch1<m7[ rocynapcrBeHHbIN YHuUBepcureT uM. ILT. lemunosa, yin. CoBerckad, a. 14, r. SIpocnasis, 150003 Poccns.
25IpocaBCKuit rOCy JapCTBEHHBI Iefarorideckuit yausepenter uM. K. [l Yumuckoro, yir. Peciy6imkanckas, g. 108/1,
r. SIpocnasis, 150000 Poccnms.

YK 004.912 ITosmyuena 20 aBrycra 2021 r.
Hayunag craTea TTocne nopa6oTku 30 aBrycra 2021 T.
TTosHBII TEKCT Ha PYCCKOM SI3BIKE Ilpuusra k my6ankanum 1 ceHTsOpst 2021 1.

CraTbs IOCBAIIEHA AaHAIN3Y PUTMA TEKCTOB Pa3JIMUHBIX KaHPOB: XY10>KeCTBEHHBIX POMAaHOB, peKJIaMbl, HAyYHBIX CTaTell,
OT3BIBOB, TBUTOB I ITOJIMTUUECKIUX CTaTell. ABTOPBI BBIAENMIIN B TEKCTaX JIEKCUKO-TpaMMaTIyecKe CpeCcTBa: aHadopy,
snudopy, ANAKOILY, AII03MOIE3Y U T. IT., KOTOpBIE SIBIAIOTCI MapKepaMyl puTMa TeKcTa. Ha ux ocHOBe 6L IIOACUMTAHBL
CTATUCTUYECKIE XapAaKTePUCTUKY, ONMCHIBAIOIIE€ KOJIMYECTBEHHO 1 CTPYKTYPHO JaHHbIe pUTMIYECKIE CPeJCTBa.
TTonryueHHass MOJeJb TeKCcTa ObLIa BU3yaan3MpOBaHa I CTATMCTUYECKOTO aHaIM3a C IIOMOIIBIO JUarpaMM pasMaxa I
TEIUIOBBIX KapT, KOTOpBIE IIOKA3aJIM OTJIMYMSA B pUTME TEKCTOB PasIMUHBIX KaHPOB. [[marpaMMspl pazMaxa I10Kasaju, UTo
MPaKTUYECKN BCe KaHPBI OTIIMYAIOTCS APYT OT ApyTa IO OOIIeil IIOTHOCTY PUTMUYECKUX XapaKTepUCTUK. TerioBse
KapThI ITOKA3IN PA3IMIHYIO0 CTPYKTYPY PUTMA y XKaHpPOB.

[anee puTMmUUecKue XapaKTePUCTUKI YCIIEIITHO MCIIOIB30BANNICH IS KIacCuUKany TEKCTOB 10 IIIeCTH KaHpaM. BoI-
COKO€e KauecTBO KiIacCU(MKauMy IIO0Ka3ajlo, UTO PUTMUYECKVE XAPAKTEPUCTUKI SIBISIOTCS XOPOIUVM MapKepoM IS
GOJIBIIIHCTBA KAHPOB, B 0COOGEHHOCTM MJIS XYHLO’KECTBEHHOI JIMTepaTyphbl. IKCIIEPUMEHTHI IPOBOAVIINCH C IIOMOIIBIO
nporpaMMHoro uHcrpymenTa ProseRhythmDetector nuis pycckoro u aHIIMiickoro si3bikoB. Kopmyca TekcToB comepixar
110 300 TEeKCTOB I Ka)KOOTO SI3bIKA.

KnroueBble ci1oBa: CTUIIOMETPU; 06p360TKa €CTECTBEHHOTO fA3bIKA; PUTMIYECKIIE XapaAKTEPUCTUKIUL; JKaHPbI;
Knaccmbmxaum{ TEKCTOB
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Beegenue

Pa3Burme MeTOHOB aBTOMATUUECKOI OOpaGOTKM €CTECTBEHHOIO SI3bIKA ITO3BOJISET JICCIIENOBATEISIM
CTaBUTH U pellaTh CJIOXKHBIE 3a1a4ull Ha yPOBHE AMCKypPCa, XapaKTepU3YIOIer0 CMbICIOBYI0 OpPIaHM3aI[II0
TeKcTOB. MneHTndukanms kxaHpa TeKCTa, KaK ero (GpyHKUMOHAIBHON XapaKTepUCTUKY, IT03BOJISET Cle-
JIATh aKI[E€HT Ha MepapXMUeCcKOil IPUPOIe TEKCTA B IIPOTUBOIIOI0KHOCTh MOAEINPOBAHNIO I3bIKA B BUJIE
ILJIOCKOJI II0CJIeOBATEIbHOCTY JUIM HEYIIOPSJOUEeHHOTO MHOYKeCTBa CJIOB Juin OyKB [1].

OmnpepnesneHne jkaHpa TeKCTa SBIISETCS BaKHOI 3aJadeil KaK A3BIKO3HAHNS, TaK U CO3JaHMUSA KOPIIY-
COB TEKCTOB, 0€3 KOTOPBIX HEBO3MOJKHO pellleHNe 3aJau KOMIIBIOTEPHOI JMHIBUCTUKK [2]. DTOT (akT
oTMeuarT u poccuitckre yuénsie [3]. Knaccndmkaumss TeKCTOB O JKaHPY MCIOJIB3YeTCs B MCCIET0BaA-
HISIX KJIaCCUYECKOI JIUTEPaTyphl U JINTEPaTyPHOro s3bIKa 4], OKaspIBaeTCs aKTyaJbHOI IS aHAIM3a 1
u3BIeueHNs NHGOPMALMU U3 MHTEPHET-PECYPCOB [5], UrpaeT CyIeCTBEHHYIO POJIb [ KAUeCTBEHHOTIO
MAIIHHOTO [TEPEBOA TEKCTOB [6].

Yare BCero mMcCiemOBaTeNN PacCMaTPMBAIOT (PyHKLIMOHAIbHbBIE CTIUIM TEKCTa, COOTBETCTBYIOLI(VE
HAayUHOMY, XyX0’KECTBEHHOMY, O(QUIIMAIBHO-AEIOBOMY U IMyOIMIucTHIecKoMy xaHpaMm. Kpome Toro,
yuéHble pelIaroT Oosee crienmduuecKye 3agaun o OIpegeseHII0 KaHPOB Xy0XKeCTBEHHOII JIITepary-
p&I [4, 7] wnu web-crpanui [5]. B atux 3amauax MeTOABI pelIeHNs MOKHO YCIOBHO OTHECTY K OMHOMY 13
IBYX OCHOBHBIX ITOAXOMOB: CTATMCTIUECKOMY aHAIN3y CTUIOMETPUUYECKNX XapaKTepUCTUK TeKcTa [8] u
KJIacCU(UKAIMI Ha OCHOBe MAIIMHHOTO 00yueHus [7]. OmHako B 060MX CiIydasx y4éHble ITOTIEPKUBAIOT,
YTO caMasl BayKHas 4aCTh pabOThI CBSI3aHa C 0OTOOPOM peJIeBaHTHBIX IIapaMeTPOB TEKCTa I MCCIIeJOBaHIEM
POJIV Pa3IMUHBIX TUIIOB XapaKTEPUCTUK IS aBTOMATUUECKON KIACCUPUKALUI T10 )KaHpPaM € KOHETHOII
LIeJIBI0 BBISBIEeHN Hanbosee 9QpdeKTMBHBIX 110 KAUECTBY.

B cBoux paGorax aBTOPBHI JAHHOTO MCCIETOBAHVS MPEIIOKIIIN KOMILIEKC BEICOKOYPOBHEBBIX I1apa-
METPOB XYIOKECTBEHHOTO TEKCTa, OCHOBAHHBIX Ha (Urypax peum oOpa3yeMbIX IIOBTOPEHMEM CJIOB U
cioBocoueranmit [9, 10]. 9Tu mapameTpsl ONUCHIBAIOT PUTM TEKCTa, KOTOPBIN IT03BOJISIET BBISBUTH YHII-
KaJBHBIII ABTOPCKUIT CTUJIb M YCIIELIHO KIACCH(UIMPOBATh TEKCTHI 110 BpeMeHM U aBropam. Iloaromy
B TaHHOJI paboTe ObLIA IOCTABJIEHA 3afavua IIPOAHATN3MPOBAThH BIIVSHIE PUTMUYECKIX XapPaKTEPUCTUK
TEKCTOB, KaK HOBOTO THIIA CTMJIOMETPUUYECKMX [TapaMeTpPOB, Ha OIIpefesIeHMe KaHpa. [y 9TOro BBIIOJN-
HSETCSI CTATMCTIYECKUIT aHAIN3 PUTMUUECKIX XapaKTePUCTUK U KiaccuuKanms TEKCTOB I10 yKaHpaM:
XyIOOKeCTBEHHbIE POMAHBI, HAYUHbIE CTAThI, IOJIUTUYUECKIIEe CTATHY, PEKJIIAMHBIE CTATBY, OT3BIBBI, TBUTEI.

0030p cMe>KHBIX padoT

Hamnbonee pacmpocTpaHEHHBI ITOAXOM K KIacCuUKalyy TEKCTOB, B TOM YICJIe II0 sKaHpaM, OCHO-
BaH Ha I000pe U afanTalii MeTO0B MAIIHHOro o0yueHus. B crarse [11] mpoBenéH cpaBHUTEIBHBIN
aHaJIN3 ISITY PasIMUHBIX 0a30BBIX aJTOPUTMOB Kiaccudmkauy (HauBHBIA 0aitleCOBCKMIT Kiaccuduka-
TOp, METOJ OIIOPHBIX BEKTOPOB, JIOTMCTIUECKAs perpeccusi, MeTox K-Guipkaifiumx cocemeil M alrOpUTM
«CJIyYaIHBIIT JIeC») B COUETAHNM C METOOAMI aHcaMOJieBoro o0yuenns (takumn kak Boosting, Bagging u
Random Subspace). Ha ocHoBe amnupuueckoro aHaIm3a npeacTaBieHa cxeMa Kiraccupukary ancamoern,
KoTopas obpenuHser Random Subspace u ciryuaiiHOrO Jieca ¢ UeThIPbMs TUIIAMU [IPU3HAKOB ([IPU3HAKI,
UCIIOJIb3yeMble B aTpMOYLIMI aBTOPCTBA, N-TPaMMbI CMBOJIOB, N-TPaMMBbI YaCTI peuy U YacTOTa PeIKUX
cioB). s kopmyca TekcToB LFA HamBbIcIIas cpefHss IPOTHOCTHYeCKas 3¢ GeKTUBHOCTD, ITOIyUeHHas
II0 IIpeJIOKEHHOI cxeMe, cocTaBiuseT 94,43 %. OmHaKO HeMaJOBa)KHYIO UacTh 9TOJ paboThI 3aHMMAaeT
CpaBHEHMe U ITOAO0pP MOAXOMAIINX XapaKTePUCTHUK TeKCTa.

Ha ananuse mogxoqaimx MeTOLOB MAIIVHHOTO 00yueH s 6a3MpyI0TCs MHOTIE MICCIe0BaTeIN Hally-
OHAJIPHBIX I3bIKOB. YUEHBIE IIPOBeJIN KIACCH(PUKALIMIO apaOCKUX TeKCTOB 10 OHOMY 13 YeThIpeX KaHPOB:
pexsiamMa, HOBOCTH, JIMUHBIE ¥ Hay4HbIe MOKYMeHTHI [12]. OHM MCIIONB30BaNIM Te Ke KiIacCupUKaTopshl,
uro n B ucciaegoBanun [11]. KauecTBo ompenenenns >kaHpa 0KasaJoCh OUeHBb BBICOKMM: F-mepa Goiee
90 %. ABTOPBI OTMETWJIN, YTO ITOAXOM K BBIUVCIEHNIO XapaKTePUCTUK TEeKCTa Ha YPOBHE «MEIIIOK CJIOB»
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Ioan Hu3Kyio 3¢QeKTMBHOCTD, IO3TOMY OHU MCIIONB30BajIy Oojiee CIOKHBIE ITapaMeTphbl CTIIIS TEKCTa.
WHTepecHO, UTO IIpeicKa3aHue TeKCTOB JIMYHOIO ¥ HAYYHOTI'0 KaHpa 6oJiee TOUHO, YeM IIPOrHO3MPOBaHIE
pexiaMbl 1 HoBocTell. CaMBblil JTyUIInil pe3yJIbTaT ollpefeeHNs KaHpa Jaly JepeBbs pelleHnIT, Ho OHU
OBLIN ITIOCTPOEHBI Ha OCHOBE CTATMCTUUECKOTO aHAIM3a KOHKPETHOTO KOPIIyCa TEKCTOB, II03TOMY BBICOKOE
KauecTBO O’KMaeMO, HO He HOCUT 00OOII[AIOIIIIT XapaKTep.

Boiee yHUBepcanbHBIN OAXOM K aHAIN3Y TEKCTOB C TOUKY 3pEHUS OIIpeReJIeHUs X KaHPOBOI IIpU-
HaJJIe)KHOCTYI OCHOBaH Ha IPMMEHEHUN CBEPTOUYHBIX HEMPOHHBIX ceTeil [13]. ABropamm paspaboraHa
apXUTeKTypa CBEpTOUHOI HEIIPOHHOM CeTH C MCIIOIb30BaHIEM BEKTOPHOTO IIpeCTaBJIEHNS CJIOB Ha OC-
HOBe Mogjenu word2vec. 9pdeKTUBHOCTS paGoOTHI ITOCTPOSHHON MOJENN IIpOBepeHa IS ISITU >KaHPOB:
MCTOPYS, MEeTEKTUBBI, AeTCKas JIUTepaTypa, I033usd, GaHTacTiuka. TOUHOCTh KiaccuduKauuy coOCTaBuIiIa
78,64 %. B xauecTBe 00yUamOIUX JaHHBIX ObLI BHIOPAH KOPIIYC PYCCKOSI3BIUHBIX TEKCTOB Makcuma Morir-
KOBa.

IKCHepMMEHTHI IO OINpeNeeHUI0 CTIUIIEN U KAHPOB IOITUMUYECKUX TEKCTOB (Oma, ajerms, Oaiana,
3MMrpaMma U T. A.) C MCIIOJNb30BaHMEM KOpIIyca TeKcToB jmieiickoit nupuku A. C. Ilymikmua ommca-
HBI B paboTe [14]. ABTOpBI BbIOMpaIN Hanboyiee TOUHBI AJITOPUTM KIacCU(UKAII C MCIIOIb30BaHIEM
M3BECTHBIX NIPMEMOB aHCaMONIMpoBaHusa 6a30BhIX AITOPUTMOB, TAKMX KaK B3BeIlIEHHOE r0JI0COBaHIe, Oy-
CTUHT U CTEKMHT. B KauecTBe XapaKTepMCTUUECKNX IIPU3HAKOB TEKCTOB MCIIOJNB30BAINCH YHUTPAMMBEL,
OGUrpaMMBbI 1 TPUTPaMMBI CJIOB. BBITIO yCTaHOBIEHO, UTO HasKe ¢ IIOMOIIBIO IIPOCThIX KJIacCU(pIKaTOPOB Ha
OCHOBE 3TUX JIEKCMUECKUX IIPU3HAKOB MOXKHO ITOJTYUMUTh XOPOILINI pe3yIbTaT pellleHus 3agaun. Jlyurag
TOYHOCTB OKa3ajachb y MHOTOCJIOIHOTrO IepCenTpoHa 99 % Ipy MCIOJIb30BAHMUM B KaUECTBE XapaKTepu-
CTUK TEKCTOB TPUTPAMM CJIOB. ABTOPBEI OTMETIUJIN BaXKHOCTDH IIPMMEHEHMs TaKOro aHalusa I033UM OIS
9KCIIepTa-JIMHTBUCTA.

XoTs cTaHZapTHBIE AITOPUTMBI KIacCupUKALI [T0Ka3bIBAIOT BHICOKOE KAUeCTBO ONpefeIeHNs KaH-
POB TEKCTa, BCE aBTOPBI OIMCAHHBIX BbIllle paboT B OOJbIIEN MM MEHbIIEN CTelleHM oOpalljaloT BHU-
MaHJe Ha BBIOOp XapaKTepMUCTUK TekcTa. O600Ias ux pe3ynbTaThl MOXXHO OOpaTUTh BHMMAaHMeE Ha TO,
UTO MCIIOJIb30BaHMe Oojiee CIOKHBIX CTVIOMETPUUECKNX IIapaMeTPOB, TAKMX KaK N-TPaMMBI CJIOB, JaéT
Jyulllee KauecTBO pelleHMs 3amaun. K TakoMy 'ke BBIBOAY NPUXOOAT aBTOPHI paboThI [5], KoTopEele mIpo-
aHAJIM3MPOBAIN BKIIAM PAa3IMUHBIX TUIIOB XapaKTEPUCTUK B pellleHue IPoOIeMbl OIIpefesleHNs KaHpa B
KOMITBIOTEPHOI! JIMHTBUCTUKe. AHAJIIOTMUHAS 3aJjada pellaeTcs B uccienoBanuy [8]. B HéM oTmeuaercs,
YTO KJIIOUEBYIO POJIb UTPAIOT CUHTAKCUUECKUe OCOOEHHOCTY TEKCTa, BIMSHIE KOTOPBIX, pa3jiNyaeTcs B
3aBMCUMOCTH OT JKaHpa.

UccnemoBarenu pyccKoro s3bIKa, 0OOpallfasich K IpobiieMe onpemeNeHUs KaHpa TEKCTa, BBIIBIIAIOT
CJIOXKHBIE JIEKCUUEeCKVe 0COOEHHOCTM CTIUISL, OTJIMYAloIye pasHble KaHpbl. B pabore [15] BbIgBUraer-
¢ TUIIOTE3a O TOM, UTO KO3((MIMEHTHI COOTHOLIEHNS YAaCTOT CEMAaHTMUECK! IIPOTUBOIIOCTABIEHHBIX
IIPEIIOTOB PYCCKOTO SI3bIKA MOTYT yKa3bIBaTh Ha CTIUIEBYIO IPUHAJIEKHOCTh TeKCTOB. MaTepuaiom mjis
9KCIIEPUMEHTOB IIOCTYXIIN KOPIYChI TEKCTOB PasHBIX (PYHKIIMOHAIBHBIX CTIIIEN M pAa3HO TeMaTUKIL:
0011, XyXOKECTBEHHBIN, ITyONIMIMCTIUECKIII, HEXYJO’KeCTBEHHBIN, YCTHBI 13 HalmoHanbHOro Kop-
nyca pycckoro sa3bsika (HKPA), kopmycoB Araneum Russicum Russicum m Araneum Russicum Externum,
KOpIIyca TEKCTOB U3 COLMaNbHbIX ceTeit Facebook m Twitter, koprryca XyoKeCTBEHHBIX TEKCTOB C caiiTa
JInbpycek. DKCIIEpUMEHTHI ITOATBEPAVIIN 3HAUMMOCTD Psifa K03 dULIMEHTOB B AMATHOCTMKE CTIJIA M THIIA
TeKCTOB. Tax ke ObLiIa IMoJyueHa MHPOPMALMI O CEMAHTIUUIECKOM HAMOTHEHUN IIPEIJIOKHBIX KOHCTPYK-
LA, KOTOpad BaXKHA JJIA ONpeJeJIeHN CTUIIEBBIX U KAaHPOBBIX XapaKTEPUCTUK TEKCTOB.

Hpyrue yuéHsble IIpeIaraloT BMecTe CO CTMJIOMETPUYeCKMIY ITapaMeTpaMI MCII0JIb30BaTh JOIIOTHU-
TeJIbHbIE CTATHCTIYECKIIE YVCIOBbIE XapaKTePUCTUKI. ABTOPBI paGoThI [16] KiIacCUpUINPYIOT 10 KaHpaMm
¢dparMeHTHI HayUHBIX M HAYUHO-IIOMYJISIPHBIX TEKCTOB akageMuka Anexkcanngpa Esrensesnua Pepcmana,
BBIIAIOIIETOCS YUEHOTO M IoIyJspusaropa Hayku. OHM MCIOJB3YIOT XapaKTePUCTUKY YPOBHSI CHMBO-
JIOB, MHAEKCHI Ha OCHOBE YAaCTOTHI IVIACHBIX OYKB, UacTOT OUIpaMM ¥ TPUTPaMM CUMBOJIOB, VHIEKCHI
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SHTPOIIMM U CKUMAaeMOCT! TeKCTOB. OXHAKO BHIOPAHHBIN VI 9KCIIEPMMEHTOB KOPIIYC OUeHb MaJl, BCETO
44 ¢pparmeHTa, UTO CKOpee BCEro 0OYCIOBIEHO TPYHLOEMKOCTBIO cO0Opa M KAUECTBEHHON PAa3METKM TAKUX
pecypcos.

B crartpe [17] mpoBOOMINCEH SKCIIEPMMEHTHI HA MaTepUalle PYCCKOA3BIUHBIX KOPIIYCOB TEKCTOB, IIPH-
HaJJIEeXAIUX YeTHIPEM (PYHKIIMOHATBHBIM CTIISIM: HAYUHOMY, Xy JO’KECTBEHHOMY, OQULIMATHHO-JEI0OBOMY
U IyOIMIICTIYECKOMY. B KauecTBe XapaKTepPUCTIUK TEKCTA MCIIOIb30BANICH YaCTOTHI MOP(OIOTMUECKIX
[1apaMeTpoOB, YaCTOTHI POS-TErOB, HEKOTOpbIE OMIrpaMMBbl, AJUHBI CIOB U mpegioxeHuii. Kpome rtoro,
pacCUNTHIBAIICT KOMOMHMPOBAHHBIN ITapaMeTp [, OTpakaroLMil COOTHOIIIEHIe AMHAMUYHOCTI U CTATIY-
HOCTH TeKCTOB Kojutekuuu [18]. Ha ocHOBe CTaTMCTUUECKOTO aHATN3a ObLIa ONpefesieHa CICTeMA TIPABILT
IUTs KitaccUUKALY TEKCTOB II0 )KaHpaM I ITOJIyueHbI BBICOKHUE pe3yisTarhsl. F-Mepa cocraBmiia 99 % mis
XyIOXXE€CTBEHHOTO ¥ OEJI0BOro CTHUiIelN, 83 % g Hay4dHoro, 70 % mid HYGHI/IIH/ICTI/IIICCKOI‘O. PesynbTaThl
MCCIIeIOBAHMS aHATIOTMYUHBI IIPOTHO3MPOBAHNUIO )KaHpa TeKCTa Ha OCHOBe JepeBa pelireHnit [12], oqHako
00BEM MCIIOIB30BAHHOTO KOPIIyCa TEKCTOB 3HAUNTEIHHO MEHBIIIE, 110 65 TEKCTOB IS KAXKIOTO CTULIISL.

Takum o6pa3oM, aHAMN3 UCIOAb30BAHUS CJIOKHBIX CTMJIOMETPUUECKUX XaPAKTEPUCTUK TEKCTA MJIS
OIIpefesIeHS €T0 sKaHpa SIBJIAETCS IIePCIIeKTUBHOM 1 aKTyalbHON 3agaueil. OmpeneneHne CTeIeHN BN~
HUS PA3JIMYHBIX TUIIOB IAPAMETPOB IT03BOJNT CTPOUTE 9P PEKTUBHBIE CUCTEMBI M3BIIeUeHNsI MHPOpMALIUU
13 TEKCTOB Ha €CTECTBEHHOM f3BbIKE I IIPOBEIEHM JIMHTBUCTUYECKNX MCCIE€TOBAHNIA.

PurMmurueckue XapaKTEePUCTUKN

YUucnoBele pUTMMUUECKMe XapaKTEepUCTUKU OCHOBBIBAIOTCA HAa PUTMUUECKNX CpelCcTBaX, HeIllocpem-
CTBEHHO ITOSIBJIFIOINMXCSA B TEKCTe. B JaHHOM MCCIIeJOBAaHUN MCIIOJNB3YIOTCS JIEKCUKO-TpaMMAaTIIecKye
cpenctBa: anadopa, snndopa, CMUMILIOKA, aHATUILIO3YC, STIAHAJIEIICIIC, MHOTOCOIO31e, AMAKOIIa, STIM3EBK-
CIC, X11a3M, aIllo31olles3a, IIOBTOPSIOI[Mecs BOIIPOCUTENIbHBIE 1 BOCKIMIATENbHbIe IIpeaoxkeHns. Ompe-
IeJeHNsT PUTMUYECKUX CPEICTB M JITOPUTMBI MX IIOMCKA MPUBEHEHbI B IPeNbIAYLINX paboTax aBToO-
posB [9, 10]. Ano3uormnesa U IIOBTOPSIIOIIECS BOIIPOCUTEIbHbIE U BOCKIMLIATEIbHBIE IIPEIIOKEHNSI OCHO-
BBIBAIOTCS Ha IIOSBJICHUSX 3HAKOB ITpenmHaHMA. OCTaTpHbIe PUTMIUECKIIE CPECTBA COCTOAT 113 IIOBTOPSI-
IOIIMXCI CJIOB MJINM CJIOBOCOUETaHUIL.

[ mIeKCUKO-TpaMMaTUUeCKIUX CPeNCTB ObLIM BHIUMCIIEHBI CIeyIOIe CTUIOMETPIUECKIE XapaKTe-
PUCTUKML:

1. KomuecTBO IOSIBIIEHUI B TEKCTE€ KOHKPETHOI'O CPECTBA, HeI€HHOE Ha KOJIMYECTBO IIpeI0KeHIII;

2. KOJIMUYECTBO IIOABJIEHUI B TEKCTEe BCEX CPEMICTB, eIEHHOe Ha KOJIMUECTBO IIpeJIoKeHII;

3. IO YHMKAJIBHBIX CJIOB CPEAM BCEX, COCTABJIAIOIIMX CPENCTBA, T.€. T€X, KOTOphIE ITOBTOPSIOTCS

TOJIBKO OJVIH pas;
4. monu CyLUIeCTBUTENIBHBIX, IPIUJIaraTeIbHbIX, TJIaTr0JIOB U HapeUMil CpeU CJIOB, COCTABJIAIOUINX Cpefl-
CTBa.

HanHbIe pUTMMUUECKME XapaKTePUCTIKY OMMCBIBAIOT KaK OTHOCUTEIBHYI0 YACTOTY ITOSIBJIIEHIS JIEKCUKO-

rpaMMaTHUeCcKIX CPeACTB, T. €. MX INIOTHOCTbh, TaK U CTAaTUCTUKY JJIZ CTPYKTYPBI JJeKCIMUeCKIUX CPeICTB.

CraTucTmuyecKmii aHAJIN3 PUTMHNUYECKHIX XAPAKTEPMCTUK

JI71s1 CTaTMCTIUeCKOTO aHANN3a PUTMIUECKIX XapaKTepUCTUK ObLIN cOOpaHbI KOpIIyca TeKCTOB B Iile-
CTM >KaHpaX Ha PYCCKOM M aHIJIMIICKOM f3bIKaX. KakmbIil KOpIyc comepsXuT 1o 100 XymosKeCTBEHHBIX
pOMAaHOB, HayUYHBIX CTaTell, peKIaMHBIX TEKCTOB ¥ TBUTOB, 110 50 OT3BIBOB M IIOJUTUUECKUX CTaTell,
T.e. cymMmMapHO 500 TekcToB. PoMaHpl ObUIM B3SATHI M3 KOpIIyca M3 IPEeNbIOYIINX JICCIeJOBAHUII aBTO-
posB [10]. Hayumsie crarbu 6511 cobpansl n3 xypHanos ['pamora, duanor, International journal of digital
evidence u Philosophical Transactions of the Royal Society of London. PexiiamubIe TeKCTBI OBLIN B3ATHI
¢ caitroB auto.ru, detmir.ru u smartmedicalbuyer.com. OT3piBBI GBLIM cOOpaHBbI C caitra tripadvisor.com.
[TosmTiYecKue CTaThy MIPEACTABISIOT COOO0I TEKCTOBBIE paclIn(pOBKI peyell Ipe3NIeHTOB X MUHUCTPOB
Poccun un CIIIA.
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PurMuueckme XxapaKTepUCTUKY BBIUMCIIIOTCS HE3aBUCUMO AJIS KXKIOTO TeKCTa I BU3YaIN3UPYIOTCS
C ITOMOIIIBIO TEIIOBBIX KapT U AyarpaMM pasMaxa.

TerutoBbIe KapThl IIpeAcTaBIeHbl Ha puc. 1. CTpOKM COOTBETCTBYIOT sKaHpPaM, CTOJIOIBI — CAMBIM YacTO
BCTpEYAIOIIMIMCS PUTMIUECKIM CpefCcTBaM. B sueiikax ykasaHo, CKOJIBKO pa3 B CpeiHeM JaHHOe CPeCTBO
IOSBJISIETCS B OJHOM IIpeJIOKeHUN B TeKCTaX JAHHOTO >KaHpa — IUIOTHOCTh PUTMIYECKOTO CPe/ICTBA.

B Texcrax JIeKCUKO-TpaMMaTUdecKIe CpeICTBa IOSBIISIOTCS Yallle BCEro B pOMaHaX M HAyYHBIX CTaThIX,
pexe Bcero — B peKyiaMe, OT3bIBaxX 1 TBUTaX. CaMble IOy IIPHbIE JIEKCUKO-TpaMMaTH4ecKye CpejcTBa —
JMaKoIla, MHOTOCOI031e 1 aHadopa. PomaHe! comepikar Gosblile pa3HOOOpPA3HBIX PUTMUUECKUX CPECTB,
YeM TeKCTBI APYTUX SKAaHPOB, B HAYYHBIX CTAThIX OOBIYHO ITOSBIAETCSA OMAKOIIA U OYeHb PeIKO — ApyTHe
cpencrBa. TBUTEI IPaKTIMUECKN He COREPKAT PUTMUUECKUX CPECTB.

OT3bIBBI Ha AaHTJIMIICKOM S3BIKE COMIEP)KAT B CpPeIHEM B HECKOJIBKO GOJIbIlIe MapKepOB PUTMa, UeM Ha
PYCCKOM, I 10 IUNIOTHOCTY PUTMIUECKUX CPEACTB OJIM3KM K peKiiaMe. B ocTaIbHOM >KaHpbI Ha PasHBIX A3bI-
Kax II0XOKU 110 TeHAEHLMSIM PUTMa C TIOIIPABKOIL Ha TO, UTO aHIJIOS3bIUHBIE TEKCTHI COIEPKaT B CpeJHEM
6oJIbIIIe PUTMIUUECKUX CPEACTB, YeM PYCCKOS3bIUHbIE TEKCTHI B TEX Ke KaHpax.

Boinee moapo6HO pacnpefesieHye IUNIOTHOCTU JIEKCUKO-TPaMMaTIYeCKUX CPEJICTB IIPEJCTaBIeHO Ha
IamarpaMmax pasmaxa 2. I[IpsMOyToJIpHMK IT0Ka3bIBaeT IPAHMIIBI IIEPBOTO M TPEThero KBapTIUIell pacipe-
JesleHus, YépHas BepTUKaIbHAS JIMHYUS BHYTPU HEro — MeQMaHHOe 3HaueHue, OesIbIil KpyTr — cpedHee
3HaveHMe. YépHas TOpM3OHTaIbHAsA JIMHNUSA [T0Ka3bIBAaeT IPAHIUHBIE 3HAUCHNS pacIipefeIeHNsI, UépHble
POMOBI — BBIOPOCEL

JyarpaMMBbl ITOKa3bIBAIOT, UTO OT3BIBBI U IIOJIMTHMYECKIE CTATBM JOCTATOUHO OJHOPOIHBI IIO0 KOJIN-
YeCTBY PUTMUUECKNX CpeAcTB. Cpeayt pyCCKOSI3BIUHBIX TeKCTOB Hambosee pa3HOOOPa3HbI 10 IITIOTHOCTH
pUTMa TBUTHI ¥ HAyUHBIE CTAThH, CPEAM aHITIOI3bIUHBIX — PeKJIaMa M pOMaHBI.

B menom rpaduku u gmarpaMMbl ITOKa3bIBAIOT, YTO KayKABII JKaHp MMeeT CBOM 0COOEHHOCTM PUTMA,
U TI0 COBOKYITHOCTH XapaKTePUCTHK )KaHPBI OTJIMYAIOTCS APYT OT Apyra. 9TO 03HAUaeT, YTO PUTMIUECKUE
XapaKTePUCTUKI MOTYT OBITh XOPOIIMMI MapKepaMI )KaHpa, YTO HOJDKHA MOATBEPIAUTDH KIacCUpIKas
TEKCTOB.

Knaccndmxkamms 1o >xaHpam

OmnmcaHHBI KOPIIYC TEKCTOB OBbLI KiIAcCUUIIMPOBAH I10 KaHPaM Ha OCHOBE UMCIOBBIX PUTMIUECKIX
xapakrepuctuk. st kiaccudmraryum GbUIN B3ATHI BCE PUTMIUECKIIE XapaKTEPUCTUKN, KPOMe KOJIMYECTBA
IIOSIBJIEHNII B TEKCTE BCEX CPENCTB, NEJEHHOTO Ha KOJMYECTBO IPEIOKEHNIL, TIOCKOIBKY OHA SIBIISIETCS
CYMMOIJT OPYTUX XapaKTePUCTUK.

Kitaccugukanms mpoBoamiacs qByMs CIiocobamu:

+ OuHapHas KIaccupUKanMs A1 KaXKIOTo XKaHpa, KOrjga TeKCThI KiaccuUUMPOBANINCh Ha IIPUHA-

JIeKallyie U He IpUHAJIe)Kalyie KOHKPETHOMY JKaHpY;

+ MYJIBTMKJIACCOBAS KiaccuUKaLMs Ha [IECTh KAHPOB: XyX0KECTBEHHbIE POMAaHbI, HAyYHbIE CTAThI,
ITOJINTIYECKIE CTAThH, PEKJIAMHBIE CTAThU, OT3bIBBI, TBUTHL

st 060X CrI0co0OB IPUMEHSIINICH OJHI U T€ K€ KJIACCUPUKATOPDI:

« xiaccugurarop AdaBoost — MeTa-aIropuTM MAIIVHHOTO 00YYeHN, KOTOPBIIT 00beIVIHAET Pe3yJIb-
Tarhbl 50 Ki1accuprUKaTopoB-AepeBbeB pelLIeHNIT, KOPPEKTUPYIOLMX HEIPABIIBHO KiIaccuuumpo-
BaHHBIE TEKCTHI;

« nByHanpasieHHas LSTM — pekyppeHTHast HEIIpOHHAsI CEeTh CO CJIOEM ABYHAIIPABJIEHHON OOl
kpaTkocpouHoit mamsatu (LSTM) ¢ 64 6;10KkaMu U ITOTHOCBSI3HBIM BBIXOTHBIM CJIOEM, MICIIOIB3YIOIIIM
¢dyHkuo aktuBauy Softmax s MyIbTUKIACCOBOM Kiaccudukanuu u Sigmoid mits GuHapHOIL;

« GRU — pexyppeHTHas HeltpoHHas ceTh co cnoeM Gated Recurrent Unit (GRU) ¢ 4 6irokamu 1 OJTHO-
CBSI3HBIM BBIXOJHBIM CJIO€M, MCIIOIB3YOIMM (PYHKIMIO aKTHBALmy Softmax [JIst MyJIBTUKIIaCCOBOIL
kiaccudukanuu u Sigmoid s GMHaApPHOIL.
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Table 1. Binary text classification by genres for Ta6nuua 1. buHapHas knaccnourkaums TeKCToB Mo
Russian language aHpaM A/ PyCCKOro si3bIKa

Kanp Knaccudukarop Toumocts Cra. otkn. Ilommora Cra. otkin.  F-mepa  Cra. oTki.
Pexiama GRU 44.8 1.3 50.0 0.0 47.3 0.4
Pomamnsr GRU 94.2 2.8 92.5 23 94.1 1.9
[Tonurt. cratbu GRU 44.6 1.6 50.0 0.0 47.1 0.9
OT3BIBBI GRU 71.1 18.0 69.6 10.8 66.1 17.4
HayuHn. ctateu GRU 79.3 2.7 76.1 6.9 77.5 5.1
TBuTHI GRU 83.3 3.2 81.0 5.2 81.1 3.3
Pexnama LSTM 68.5 213 52.7 3.5 52.5 7.4
Pomans! LSTM 96.6 1.9 94.6 2.6 96.7 1.9
[Mosmt. cTaTen LSTM 85.3 6.7 67.9 11.5 68.0 16.0
OT3BIBBI LSTM 81.0 11.2 87.3 12.1 86.9 6.3
Hayus. craten LSTM 80.5 2.8 76.1 4.6 78.5 2.2
TBUTEI LSTM 85.3 7.3 83.3 7.1 86.2 2.4
Pexmama AdaBoost 58.1 7.2 56.5 5.4 56.7 6.3
Pomansr AdaBoost 97.0 1.5 97.9 1.0 97.4 1.0
[lonurt. craTtbu AdaBoost 95.7 4.8 92.1 5.6 93.3 3.9
OT13BIBBI AdaBoost 83.5 17.1 79.4 15.5 81.2 16.0
HayuH. ctatbu AdaBoost 84.6 1.3 84.3 3.3 84.1 1.7
TBuTHI AdaBoost 90.9 2.7 89.5 4.1 89.9 3.0

s o6yuenns Heitponusix cereii LSTM u GRU npuMensercst KaTeropmanbHas KpOCC-9HTPOINS Kak
GYHKLIMA TOTEphb ¥ AJITOPUTM onTumMusanyy Adam.

JaHHBIe KIacCMPUKATOPHI yKe JOKa3aJIl CBOe KaUeCTBO B PEIlIeHNI COBpeMEeHHBIX 3a/1a4 00paboTKI
puTMa TekcToB [9, 10], moaTOMy OHM GbLIM BHIOPAHBI [JIS SKCIIEPUMEHTOB.

Hna knaccudukanum KopIyc ObLT pasmelIéH CIydaiiHbBIM o6pa3oM Ha 00yYaloIIyI0 M TECTOBYIO BBI-
Gopky B OTHOIIeHNUN 4:1. ITO IMO3BOJIMIIO IIPOBECTM IMATUKPATHYIO KPOCC-BATMAALNMIO IJIS aHANIM3A CTa-
O6mmpHOCTM pe3yabTaToB. OlleHKa KauecTBa BBIITOIHAJIACH C IIOMOIIIBIO TPEX CTAHJAPTHBIX Mep: TOUHOCTH,
nosHoTa u F-mepa [19], a Takke UX cTaHAApPTHBIE OTKJIOHEHMA.

ANTOPUTMBI BU3yalIM3alMyi PUTMUYECKNX XapaKTePUCTUK, KIACCUPUKAIMN TI0 KaHpaM M OIeHKI
pesyJIbTaTOB pealn3oBaHbl B MHCTpyMeHTe ProseRhythmDetector, kotopsiit qoctynen B VHTepHeTe 10
agpecy https://github.com/text-processing/prose-rhythm-detector. On Hanmcan Ha s3bIKe IPOrPaMMIUPO-
BaHus Python n ucnonesyer 6ubnmoreku StanfordNLP 0.2.0, Scikit-Learn 0.23.2 u Keras 2.4.3.

Pesynprarsl 6uHapHOI KIaccuUKaL IpeACTaBIeHbI B TabImIax 1 1 2 I pycCKOTo U aHIJIUICKOTO
A3BIKa COOTBETCTBEHHO. /|11 TOUHOCTH, IOTHOTHI U F-MepEI cripaBa yKasaHbI CTAaHAAPTHBIE OTKIOHEHNT
IIpU KPOCC-BaTMAALI.

Cpenu Bcex »KaHPOB JIyUllle BCETO OTHEJAIOTCI OT OCTAIBHBIX XyI0KeCTBeHHBbIe poMaHHI ¢ F-mepoit
Goitee 97 % u moxuTIUecKue cTateu ¢ F-mepoii 6osee 92 %. OT3BIBBI, HayUHBIE CTATBY VM TBUTHI TOXKE XOPOILIO
knaccuduiupyores (F-mepa 6osee 76 %). CireyeT OTMETUTD, UTO HayUHbIe CTAThJ HA AHTJIMIICKOM S3BIKEe
KJIacCUPUIUPYIOTCS JyYllle, YeM Ha PYCCKOM, a TBUTHI — HAa000poT. PyccKkos3pIuHas peKkiiaMa OTeeTcs
OT APYTUX KAHPOB Xy’Ke€ OCTAJIbHBIX.

CraHgapTHBIE OTKJIOHEHMS B OOJIBIIMHCTBE CIy4JaeB HU3KU: MeHee 5 %, UTO TOBOPUT O BBICOKOII CTa-
OGUIBHOCTM KiTacCuUKaImm.

Cpenu Tpéx kiaccmdMKaTOPOB JIyUIINX 3HAUEHMIT TOUHOCTH, ITOJHOTHI U F-Meps! yame mocturaer
AdaBoost 3a uCKIOUEHMEM PYCCKOS3BIUHBIX OT3bIBOB, rae LSTM mpeBocxogut ero mo F-mepe Ha 5% u
ITOKa3bIBaeT CTAHJAPTHOE OTKJIOHEeHMe HIbKe Ha 10 %. Pomansb!I k1accuduuupyrores od4eHb XOPOIIIO BCeMI
xiaccuduraropamu: F-mepa 6omee 94 %.
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Table 2. Binary text classification by genres for
English language

Ta6bnuua 2. brHapHas knaccndurkaums TeKCToB Mo
XaHpam ASif aHIINNCKOro A3bIKa

Kanp Knaccudpuxarop Touwmocts Cra. orkin. Ilomnora Cra. otkin. F-mepa Cra. oTxi
Pexmama GRU 73.4 2.2 67.6 2.4 68.4 4.3
Pomarbr GRU 93.4 1.7 94.3 4.1 94.3 1.9
[Tonurt. cratbn GRU 82.5 18.8 64.8 9.2 63.8 20.8
OT3bIBBI GRU 45.4 0.8 51.0 2.0 47.4 0.5
Hayun. craten GRU 87.1 2.0 83.5 3.1 83.0 3.1
TBuThI GRU 79.1 5.8 72.9 3.0 76.8 4.9
Pexnama LSTM 78.3 33 72.9 5.1 71.8 3.7
Pomansr LSTM 96.5 2.6 95.8 2.5 95.8 1.9
ITonwur. cratbu LSTM 87.7 7.6 80.5 12.1 83.0 6.2
OT3BIBBI LSTM 68.1 16.5 58.0 6.7 61.5 11.6
Hayus. craten LSTM 88.2 5.3 85.5 3.5 86.4 3.8
TBuTsI LSTM 824 5.7 73.9 3.8 74.8 5.4
Pexnama AdaBoost 75.6 44 73.3 4.3 74.3 4.4
Pomansbr AdaBoost 98.3 2.0 98.0 2.3 98.1 2.1
[Tonurt. craTen AdaBoost 94.3 2.7 92.1 6.6 92.7 3.8
OT3BIBBEI AdaBoost 79.3 11.8 74.2 8.1 76.3 9.3
Hayusn. cratbn AdaBoost 91.6 3.9 88.3 3.5 89.7 3.6
TBuThI AdaBoost 78.5 4.0 76.4 3.1 77.1 3.1

Table 3. Multi-class text classification by genres for
Russian language

Ta6bnunua 3. MynbTrknaccoBas knaccmdukaums
TEKCTOB MO XaHpaM A/ PyCCKOro s3bIka

Knaccmdurarop Tounocts Crpa. otkin. Iloxmora Crpo. otkin. F-mepa Cra. oTkiL
GRU 71.5 11.2 69.7 4.0 65.5 2.9
LSTM 77.1 5.6 77.5 5.5 77.5 6.8
AdaBoost 43.3 14.0 43.3 9.0 36.7 12.1

Tabnuier 3 u 4 DeMOHCTPUPYIOT Pe3yNbTaThl IS MYJIBTUKIACCOBON Kiaccuukaumu. 3mech yxe
kiaccupmkarop Ha ocHoBe Helipocetu LSTM cylilecTBEHHO MPEBOCXOAMUT OCTalbHBbIE: OH mocTuraer F-
Mepsl 6onee 74 %, Torna kak AdaBoost He rmokassiBaet u 40 % F-mepsi.

B 11es10M pe3yJIpTaThl y MyJIBTUKIACCOBOI KIacCUUKAIIN HIDKE, UeM B JIYUIINX CIydasx y OMHapHOIL,
a CTaHJapTHbIe OTKJIOHEHM TaKUe ke HusKue. TeM He MeHee TOUHOCTb, ITOJIHOTA 1 F-Mepa 3HAUNTEIbHO
BBICOKI: Oosee 72 %. MynpTukiaaccoBas kiraccudukaius BelnonHsgeTcs 6osee 3ppexTuBHO I pyCcCKOro
A3bIKa: [JI1 HeT0 TOYHOCTB, IToJaHoTa U F-mepa cocTaBnsaoT 77 %.

Jnst TOro, UTOOBI OOHAPY>KUTH U IPOAHATM3NPOBATH OLIMOKM KIacCupUKaLy, IS MYJIbTUKIIACCOBOIL
kinaccupukarmy anropurMoM LSTM 61111 coGpaHbl HeBepHbIe Ipenckasanys atropurma. OHU arpernpo-
BaHBI B TaOJINIaX 5 U 6 KaK IIpUMep OIIMOOK M3 OXHOTO payHAa KiIacCu(pUKaIy IpU AeJeHUN KOPIIyCOB
TEKCTOB CIyUYaifHbIM 00pasoM Ha 00YUAIOIIYI0 M TECTOBYIO BEIOOPKY B OTHOIIECHMN 4:1.

Crpoxnu TabauLIbI COOTBETCTBYIOT MICXOQHBIM )KaHpaM TeKCTOB, a CTOJIOLBI — KaHpaM, peacKa3saHHbIM
HeBepHO. B syelikax yKasbIBaeTCs, CKOJIBKO TEKCTOB JICXOIHOTO ’KaHpa ObLIO OMINMOOUHO NPUUNCICHO K

Table 4. Multi-class text classification by genres for
English language

Ta6bnunua 4. MynbTrknaccoBas knaccndukaums
TEKCTOB MO XaHpaM A/18 aHMINNCKOTO A3blKa

Knaccndurarop Tousocts Cra. otkin. Iloxmora Cra. otkin. F-mepa Cra. oTki
GRU 71.0 4.6 71.7 3.4 68.9 5.1
LSTM 72.4 2.7 75.3 2.2 74.1 3.7
AdaBoost 42.7 8.0 46.6 2.7 39.5 3.5
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Table 5. Errors of the multi-class text classification Ta6nuua 5. OLINGKN MYNbLTUKIACCOBOM
by genres for Russian language knaccumkaLmm TEKCTOB MO XaHPaM Ha PycCKOM
A3blKe
Hcxonusiii ;xaHp Pexmama Pomansr Ilomur. cratbu  Ot3eiBel  Hayun. ctateu  TBUTHI
Pexnama - 0 5 0 4 3
Pomans! 0 - 0 0 0 0
IlonuT. craTtbu 0 0 - 0 1 0
OT3BIBBI 0 0 0 - 0 2
Hayun. craten 0 0 3 0 - 3
TBuTH 1 0 0 0 2 -
Table 6. Errors of the multi-class text classification Tabnunua 6. OLLINOKN MYNbTUKIACCOBOM
by genres for English language knaccnurkaLmm TeKCTOB Mo XaHpam Ha

aHINACKOM A3blke
Ucxonusbiii xxa"Hp Pexnama Pomanmbr Ilonwmt. crarbu  Ot3piBel  Hayun. cratbu TBUTHI

Pexnama - 0 0 2 0 4
Pomanbr 0 - 2 0 0 0
Ilomut. crateu 0 1 - 0 0 0
OT3BIBHI 3 0 0 - 2 0
HayuHn. cratbn 1 0 1 1 - 0
TBuTH 7 0 0 2 -

JKaHpY, yKasaHHOMY B cTosbite. Hanmpumep, Tk peklaMHBIX TEKCTOB Ha PYCCKOM sI3bIKe OBLIN IIPUHSATHI
3a IOJIMTUYECKUE CTaThI.

V3 pe3yspTaToB arpernpoBaHys OMINMOOK MOKHO CHeJIaTh BBIBOM, YTO KJIACCU(IKATOP HEPEIKO IIpU-
Y1CIsIeT peKIaMy K JII060My jKaHpy, KpOMe XyI0KeCTBEHHBIX POMaHOB. TBUTHL U peKjlaMa UacTO CMeLLI-
BalOTCA MKy co60it. OIIMOKY B OCTATIBHBIX )KaHpPaX JOCTATOYUHO CJIYUAaiTHBI I, BEPOSITHO, BBISBIBAIOTCS
0CO0EeHHOCTSIMI KOHKPETHBIX TeKcToB. Hampumep, nBa aHIIOS3BIUHBIX pOMaHa, KOTOpbIe ObLIN OmuboU-
HO KJacCU(UIIPOBAHbI KaK IIOJUTUUECKUE CTAThI, CONEPKAaT MaJI0 PUTMIUUECKUX CPECTB, UTO OOBIUHO
He XapaKTepHO JJI UX >KaHpa.

OO6cy>xpeHNe pe3yIbTaTOB € IMHIBUCTIYECKON TOUKU 3pEeHNS

ITonyueHHBIe pe3yabTaThI 10 KOJIMYECTBY PUTMIUECKUX CPEJICTB B TEKCTaX Pa3sHBIX >KaHPOB II03BOJIAET
CYOUTh O PUTMIUECKOII CItel((yKe TOr0 MM MHOTO KaHpa B paMKax OJHOTO sSI3bIKa. B pycckoM s3bIKe,
B KOTOPOM I10 CPAaBHEHUIO C APYTMMM SI3BIKAMI, KaK ITOKA3aJIM PAHHIE MCCIeqOBaHUA [9], YaCTOTHOCTD
PUTMUYECKNX CPEICTB HIDKE, UEM B APYTHUX SI3BIKAX, UTO HOTBEPIKAAIOT IIOKA3ATEI N 110 KaHpaM. ITo Oes-
YCJIOBHO CBSI3aHO C $I3bIKOBOJ CIEIM(PIUKOI, TUIIOJIOIMUECKUMY 0COOEHHOCTIMM SI3bIKa, B 0COOEHHOCTH C
KpUTepPUSIMI yacTepeuHoit Kiraccudukarun. Hanpumep, B aHIINIICKOM sI3bIKE 3HAUMM KaK Mopdoiornye-
CKMUIA, TaK M CMHTAKCUMUECKUI KPUTEPUIl B YACTEPEUHON Knaccmbmxaur/m, HO O onHOMopq)eMHblx CJIOB
BayKeH CUHTAKCUYECKUIT KpUTEPUI, X ITO3VLNA B IIpeayioxkeHnu. KpoMe TOro, aHITIMIICKII A3BIK OTJIIUA-
ercst 6OJIBIIIEN CTEIIeHbI0 HOMIHATUBHOCTY B COIIOCTABJIEHNUN C pycCKuM. HOMMHATHBHOCT aHTTIMIICKOTO
sI3bIKa YBEJIMUMBAETCS TAK)Ke 33 CUeT repyHans. Takoe cTpeMieHNe K HOMMHATUBHOCTY 00y CIIOBIEHO 3T-
HOCOLIMOKYJIBTYPHBIMI (PaKTOpaMIL, 2 MMEHHO MCTOpUUECK) CPOPMIUPOBABIINMCS B paMKaX OpUTaHCKOIL
KYJIBTYPBI YBaKeHMEM K (aKTy U HAYYHON TOUHOCTM B pasroBope [20]. Pycckuit a3bIK IO CpaBHEHMUIO C
aHIIUIICKUM obJamaeT OOJIBIIIENT CTeIeHbIO TIarOIBHOCTH, IIPY 9TOM JOBOJIBHO MHOIO B PYCCKOM SI3bIKE
[JIArOJIOB, IIEPENAIOIINX SMOLMOHATIBHOE COCTOSIHIE (BOJIHOBATHCS, THEBATHCS, PA3IPasKaThCA, PA{OBATHCS
M T. [I.), YTO ITOAUEPKUBAET 3HAUMMOCTH 3MOLIMOHAIBHOTO Hauaa [21].

[aHHbIE 0COOEHHOCTM Ba)KHBI IJISI XapaKTEPUCTUKM PUTMUUECKUX CPEICTB, IIOCKOJIbKY OOJNbIIAT UX
YaCTh BBIPAYKAETCS IPU IIOMOIIY CYLIECTBUTEIbHBIX, UTO OOYCJIOBJIEHO IPAMMATUYECKON CTPYKTYPOIL
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MpeaJIoKeH!sI, B KOTOPOM BTOPOCTEIIeHHBIE WJIEHBI peske BCEero BhIpakKeHbI IJIaroJIoM, HO Yallle MMeHeM
CYLLECTBUTEJIBHBIM, a TaKKe IpMJIaraTeIbHBIM MM HapeureM. TakuM oOpasoM, aHIJIMIICKMII S3BIK B
1fe1oM o6yamaeT GOJIBIIIENI CTEIIeHbI0 PUTMM3AIMY TOJIBKO Ha OCHOBE CBOEN CTPYKTYpHI, & MMEHHO Ha
OCHOBE CTpeMJICHN K HOMIUHATUBHOCTY B MOP(OIIOrnm.

UYro xacaeTcs pasiIMUHBIX ITOKasaTejell B pasiIMUHBIX >KaHpaX, TO HECOMHEHHBIM SIBJIAETCS IIpeol-
JlaflaHMe PUTMUYECKNX CPEACTB B XyMOKE€CTBEHHOI JIMTEPATYpe, IIOCKOJIbKY IO3TUYHOCTD M3JIOKEHN,
TBOPYECKUII IIOOXO/ II03BOJIAIOT COCPEJOTOUNTHCI Ha 00pas3ax, KOTOpble MOTYT peall30BbIBAThCI Uepes
pasnnuHble TUNIBL TOBTOPOB. OOBICHEHEM TOTO, UTO HAYUHBIN TEKCT OJIM30K K XyLOKECTBEHHOMY, MO-
KeT OBITh OIIpeJieNIeHHAast CTPYKTYPUpOBaHHAs, OTJIaKeHHAA TEPMIHOCHCTEMA, XapaKTepHas [JIT HayUHbIX
TEKCTOB B IeJIOM. B 3TOM ciyuae 1oBTOPHI 00y CIOBIIEHBI HEOOXOIMMOCTHIO OIIEPIPOBAHMS KOHKPETHOII
I KaKAO0M AMCUUILIMHBI ¥ OTPACIM 3HaHUS JIEKCUKIL

UYro KacaeTcsa TBUTOB, KOTOPBIE COflepKaT HaMeHblIlee KOJIMYECTBO CPeACTB, TO B KauecTBe OCHOBHOII
IPUYMHBI 3TOT0 MOXXHO OTMETUTD UX IIPAarMaTMUECcKy0 GYHKLMIO — BhIpaXKeHYE COOCTBEHHOTO MHEHN,
yeTKoe, KpaTKoe, He IM03TU3MpoBaHHOe. To 5Ke I [JIT OT3bIBOB, KOTOpPbIE B PYCCKOM fI3bIKE TaKKe MMEIOT
HU3KUI YPOBEHb PUTMIUECKUX cpeAcTB. OHAKO B aHIJIOA3BITHBIX OT3bIBAX, KAK I B peKJIaMe B 000MX I3bI-
Kax, pUTMIYeCcKIe CpecTBa 0oJiee aKTHBHBI, UTO TAK)Ke MOKET 00BACHATHCS OOJIbIIIel HOMIHATIBHOCTBIO
AHTJIMIICKOTO A3bIKA.

3axkiroueHue

B cTaThe oneHMBanoCh BIMAHNIE pUTMITIECKIIX XapaKTEPUCTIK TEKCTOB Ha OIIpeiesIeHIIe )KaHpa. 3agaua
ObLIa BBIITOJIHEHA B JBA 9TAlla: CTATUCTMUECKUI aHAIN3 PUTMIUECKIX XapaKTepPUCTUK U KIaccupurarms
TEKCTOB IIO IIIeCTH KaHpaM: Xy0KeCTBeHHbIE POMaHBbI, HAyUHBIE CTaTbH, IIOIUTIUECKIE CTaThl, PeKJIaM-
HbI€ CTaTbU, OT3BIBBI, TBUTHIL. Buayanmsanms cTaTUCTUUECKUX JAHHBIX O PUTMMYECKUX XapaKTepUCTMUKaX
IIOKa3aJIa, YTO TEeKCTHI PA3JIMUHBIX )KAaHPOB OTINMYAIOTCA 110 MapKepaM cTyud. [Ipn kiaccmbukanmm Tek-
CTOB ITO ’KaHPaM C IIOMOILIBIO 3TUX XapaKTePUCTUK U cOBpeMeHHbIX anroputmos AdaBoost u LSTM 6s11m
TOCTUTHYTBI JOCTATOYHO BBICOKME 3HAUEHNA METPUK KauecTBa: He MeHee 76 % F-MephI 1y1g Bcex »KaHPOB,
KpoMe pekiaMbl. C HaMBBICIINMM KaueCTBOM OKOJIO 98 % TOUHOCTM, IOJIHOTHI U F-Meps! 6bu1M Kitaccudm-
LMPOBaHBI XyJOKeCTBEHHbIE POMAHBI.

[TepcrieKTMBHBIM HaIpaBIeHNMeM HaJbHENIINX MCCIeJOBaHMII OymeT aHaIM3 OMIMOOK KiaccupuKa-
LY, KOTOPBII ITO3BOJIUT JIyUIlle M3YUUTh PUTMIYECKIE OCOOEHHOCTI TEKCTOB UM YUYECTh UMX B MOJEJIIX
TEKCTOB.
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It is known that in the tasks of natural language processing, the representation of texts by vectors of fixed length using
word-embedding models makes sense in cases where the vectorized texts are short.

The longer the texts being compared, the worse the approach works. This situation is due to the fact that when using word-
embedding models, information is lost when converting the vector representations of the words that make up the text into
a vector representation of the entire text, which usually has the same dimension as the vector of a single word.

This paper proposes an alternative way for using pre-trained word-embedding models for text vectorization. The essence
of the proposed method consists in combining semantically similar elements of the dictionary of the existing text corpus by
clustering their (dictionary elements) embeddings, as a result of which a new dictionary is formed with a size smaller than
the original one, each element of which corresponds to one cluster. The original corpus of texts is reformulated in terms of
this new dictionary, after which vectorization is performed on the reformulated texts using one of the dictionary approaches
(TF-IDF was used in the work). The resulting vector representation of the text can be additionally enriched using the vectors
of words of the original dictionary obtained by decreasing the dimension of their embeddings for each cluster.

A series of experiments to determine the optimal parameters of the method is described in the paper, the proposed approach
is compared with other methods of text vectorization for the text ranking problem — averaging word embeddings with TF-
IDF weighting and without weighting, as well as vectorization based on TF-IDF coefficients.

Keywords: word embedding; Fasttext; TF-IDF; averaging; clustering; text similarity; distance; text ranking
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BekTopu3anusa TeKcToB Ha ocHOBe word-embedding monesneit

C IICITIOJIb30BAaHINEM KJIaCcTeEpM3anmm
B.U. I0depes’, H. A. Pasun® DOI: 10.18255/1818-1015-2021-3-292-311

! MemapramenT uadOpMauMoHHbIX TexHOMornit llenTpanpHoro G6anka Poccuiickoit ®enepauyn, MHHOBauMoHHas TaGopaTopust
«HoBocubupck», yi. Hermuunas, x. 12, r. Mocksa, 107016 Poccust.

?JlemapraMeHT IPOTUBOIEICTBIS HeJOGPOCOBECTHBIM MpaKTuKaM, [leHTpanbHblit 6ank Poccuiickoit ®emepartun, yi. Hernuunas,
o. 12, r. Mocksa, 107016 Poccus.

YK 004.8 ITonyuena 23 mions 2021 r.
Hayunad cratbs TTocie mopaGotkm 16 aBrycra 2021 r.
IToTHBIA TEKCT Ha PYCCKOM SI3BIKE [Ipunsara x my6nukarmu 25 aBrycra 2021 r.

H3BecTHO, uTO B 3aayax 00pabOTKI eCTeCTBEHHOIO I3bIKa IIPe/ICTaBIeHIIe TEKCTOB BeKTOpaMit (PMKCUPOBAHHOI JIIMHBI
¢ ucrnonb3oBaHneM word-embedding Momesneit onpaBaaHo B Tex Ciydyasx, KOI/la BEKTOPM3yeMble TEKCThI SIBIISIOTCS KO-
porkumMu. YeM cpaBHMBaeMble TEKCTHI IVIMHHeE, TeM II0AX0[ paboTaeT xysxe. Takas curyauns o0ycIoBIeHa TEM, UTO IIPK
ncnoibs3oBanny word-embedding mMoeseit mpoucxoauUT norepst MHGpOpMAIUN IPY IPeoOpa3soBaHNM BEKTOPHBIX IIPeX-
CTaBJIEHMI CJIOB, COCTABIISIIOIIX TEKCT, B BEKTOPHOE IIpe/ICTaBIeHIe BCEI0 TEKCTa, MMelolllee OObIUHO Ty JKe pa3MepHOCTb,
YTO U BEKTOP OT/EeJIBHOTO CII0BA.

B macrosimeit pabore mpepsaraeTcs aJbTePHATUBHBIN CIIOCO0 UCITONB30BaHMs Ipenobydennsix word-embedding mope-
Jell qyis BekTopmsauuu tekcroB. CyTh IIpejiaraeMoro crocoba 3akiodaeTcss B 00beAMHEHNUY CeMaHTUYeCKN OIM3KUX
3JIeMEHTOB CJIOBAps MMEIOLIErocsi KopIryca TeKCTOB IIyTeM KiacTepusaluy ux (3JeMeHTOB CI0Baps) SMOeIANHIOB, B pe-
3yJbTaTe uero (OpMIUpyeTcs: HOBBII CI0Baph pa3MepOM MeHBbIIIe NCXOTHOI0, K&KABIIL 9JIeMEHT KOTOPOrO COOTBETCTBYET
oxHOMY KiacTepy. VICXOmHBIII KOPITyC TEKCTOB IepeopMyInpyeTcs B TEpMUHAX 3TOTO HOBOTO CJIOBAps, ITOCJIe Yero Ha
nepeopMyIMpPOBAHHBIX TEKCTaX BBIIIOIHAETCS BEKTOPM3Alys OXHUM 13 CIOBApPHBIX IIOAXOOB (B paboTe IpMMeHsIICS
TF-IDF). ITosryueHHOe BEKTOPHOE IIpe/CTaBIeHIIe TEKCTA JOTIOTHIUTEIBHO MOXKeT 000TalIlaThCs C UCII0Ib30BaHIEM BEKTO-
POB CJIOB YICXOHOTO CJIOBApS, ITOJyUeHHBIX ITyTeM YMEeHBIIeHNs Pa3sMepPHOCTH UX 9MOeAMHTOB 110 KaKAOMY KJIacTepy.
B paGoTte ommcaHa cepys KCIIEPMMEHTOB I10 OIIPENEIeHII0 ONTMMAIbHBIX IIapaMeTpPOB IIpeAIaraeéMoro ImoAXoaa; Ajs
3aJjauM paHKMPOBAHUS TEKCTOB IIPUBeeHO CpaBHEHME ITOXO0a C APYTUMI CII0CO0aMM BeKTOPM3ALI — yCpeJHEeHeM
aMOenauHroB cioB co B3BermBanueM 1o TF-IDF u Ge3 B3BelmBauHus, a Takke ¢ Bekropusaiuelil Ha ocHoBe TF-IDF
K03 duLIEeHTOB.

KiroueBsle ciroBa: smbenauurossie mogenn; Fasttext; TF-IDF; ycpenHeHnue; knacTepusanus; ceMaHTIUeCKOe CXOLCTBO
TEKCTOB; OIIpefieJIeHVe pAaCCTOSIHII; paH)KMPOBaHMIE TEKCTOB
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Beegenue

PacnpoctpanenHoi 3amaueil B 061acTit 06paGOTKM eCTECTBEHHOTO S3bIKa SBISETCS PaHKUPOBaHIE
TEKCTOB, TO €CTh OIIpefiesieHe, KaKoil 13 qByX TeKcToB T; mnu Ty cemaHTUUecku Oamke K TeKCTy T.

Ba3oBrIil moaxox AJsA OIpemesIeHNsI CEMaHTMUECKOTO CXONCTBA TEKCTOB COCTONUT M3 ABYX OCHOBHBIX
9TAIOB: IIpeICTaBJIEHe CPaBHUBAEMbIX TEKCTOB B BEKTOPHOM BIJe, OTPaKAIOIeM CEMaHTHUKY TeKCTa, U
IoCJIeAyIolliee OIpeesieHIie PACCTOSHMI MeKAY IOMyUeHHbIMY BeKTopamu [1].

CyIecTBYIOT pasjMuHble CIIOCOOBI IIPECTaBIeHNs TEKCTOB B BEKTOPHOM BHJE: C JMCIIOJIb30BaHUEM
cJIoBapelt, ¢ ucronb3oBaHneM word-embedding Mozesneit, ¢ MCIIONB30BaHNEM A3BIKOBBIX MOJEJEN, OCHO-
BaHHBIX Ha apxurtekType Transformer.

K HemocTaTkaM CIIOBapHBIX MOIXOMOB, B YacTHOCTU ocHOBaHHBIX Ha TF-IDF [2], MoxHO oTHecTM OT-
CYTCTBIE yueTa CEMaHTUKM CJIOB [3] Ipu oIpeqeeHNu 6IM30CTI TEKCTOB, €CIIV COCTABJIIOINE UX CI0Ba
He IIepeceKaroTcs, TO OHM OYAyT ONpefeseHbl KaK JaleKye OPYT OT Apyra, He3aBUCUMO OT TOTO, COIEpsKaT
JIVL TEKCTBI CJIOBA, IIOXO0KMe 110 cMbIcTy. [[prMeHeHIe COBpeMeHHBIX S3bIKOBBIX MOJENIENl, OCHOBAHHBIX Ha
apxurektype Transformer, Tax:ke uMeeT HEKOTOpPbIE OTPAHUUEHS: BBICOKIME TPEOOBAHMS K BBIUMCIIUTENb-
HBIM pecypcaM U IpefesbHbI pasMep Bxoga [4—6].

IIpumenenne word-embedding mozmeseit A BeKTOpMU3ALI TEKCTOB BBITVIAIUT OIPAaBIAHHBIM B CIIy-
yasx, KOIJa MIMEIOT MeCTO yKasaHHbIe BbIIle OTpaHMYeHNs APYyTUX MoaxoqoB. OcoOeHHO aKTyalbHO IpU-
MeHeHMe npenobyuenusrx word-embedding Momeesi, Korga MMEIOIUIICS KOPIIYC T€KCTOB CTPAfaeT OT
HefoCcTaTKa MJaHHBIX [7].

HamGoee nmpocToit u 4acTo NpUMeHIeMBI ITOAX0N 0 (GOPMIPOBAHNIO BEKTOPHOTO IIPeNCTABIEHS
TeKCTa C UCcHoyib3oBaHmeM word-embedding mopereit 3akiouaercss B GopMupoBaHUM 3MOeJINHTOB BXO-
ISIIINX B TEKCT CJIOB C MOCJIeAYIOMM GOpMUPOBaHNEM BEKTOpa TEKCTa IIyTeM yCcpemHeHUs (CI0KeHs)
[TOJIyU€HHBIX 9MOEINHIOB CJIOB [8, 9]. B kauecTBe YIIyUILLIEeHNd II0AX0Aa SJOIIOJHNUTEIBHO MOKET BBIIIOJ-
HSTHCS B3BEILIMBAHNE TIOJyUEHHBIX BEKTOPOB 9MOEJIMHIOB CJI0B, Hanpumep, o TF-IDF [10].

Perrenne npukiIagHbIxX 3a1au 06pabOTKIL €CTeCTBEHHOTO A3bIKA IOATBEPIKIAET, UTO IPUMEHEHME TI0N-
XOMla ¢ BeKTOpM3anyel TEKCTOB IIPY ITOMOIIM yCpeTHeHNs (CI0KeHMsT) 9MOeIAMHIOB CJIOB, KaK IIPaBUIIO,
DAéT mpuemiieMoe KauecTBO (KOHKpETHble METPUKM M MX 3HAUEHUs 3aBUCAT OT 3ajauy) Ha KOPOTKUX
TeKCTax (Ha MpemIosKeHMIX U MeHbllle) [11] 1 o Mepe yBelIMUeHNs AIMHBI TEKCTOB KAUECTBO CHIKALTCS
IO HeIIpMEeMJIIEMOTO.

Hwuskoe kauecTBO npu ycpeaHeHUN (CI0KEHNM) Ha JIMHHBIX TEKCTaX MO>KHO OOBACHUTH CJIEAYIOIIIM.
OMmOeqANMHT CI0BA IPENCTABIIET ero CEMAaHTUKY B BUIe BeKTOpa. YcpenHeHue (CyMMa) OBYX dMOeIIyIH-
roB (o6o3Hauum A m B) taxxke mpepcrasisger co6oit Bektop (0603uHaumm C) 1011 ke pasmepHOCcTH. [Ipu
3TOM BO3HMKaeT HeOollpefesIeHHOCTh, CBI3aHHAasd ¢ TeM, uTo BeKTop C MoKeT ObITh MOIyUeH yKa3aHHOI
KoMOuHaruen (ycpegHeHue, CyMMa) KaK MCXOMHBIX BEKTOPOB A 1 B, Tak 1 HEKOTOPBIX APYTUX BEKTOPOB
D u E, oTpaskaroiux ceMaHTUKY, OTJIIMUHYIO OT CEMaHTUKM, Kogupyemolt Bekropamu A u B. Coorser-
CTBEHHO, UeM OOJIbIIIe MCXOMHBIX dMOEIIUHIOB YCPEIHIETCI, TEM BBIIIE y PE3YIBTUPYIOIIEr0 BEKTOpA
HeOIIpeleIeHHOCTh OTHOCUTEIBHO CEMAHTIUKI MCXOXHBIX CIIOB.

ITonbITKa yBeJIMUEHNS pa3sMEpPHOCTY BEKTOpa TEKCTa II0 CPABHEHUIO C BEKTOPaMIM CJIOB IIPUBORUTCS
B [12—14]. Kak u B omuchpIBaeMOM B HAcCTOSIIEl paboTe IIOAXOMAe B 3TUX paboTax NpeasiaraeTcs BbIIIOJN-
HIUTH KJIACTEPM3ALMIO Ha CJIOBape Koplryca TekcToB. OMHAKO yKa3aHHBIE IIOOXOABI MMEIOT CIeRyIoIue
OTpaHNYEHN: HeOOXOMMOCTh HaIMUM JOCTATOUHO OOJIBIIIOTO KOpITyca TEKCTOB It 00yueHus wod2vec
MOJeJIN, OTCYTCTBYIE OIIMCAHNST BO3MOXXHOCTY IIPUMeHEHNUs I N-TPaMM.

1. Omnmucanme mogxopa

Yro6sl 00OMTI OTpAHUUEHMS AJITOPUTMOB I10 BEKTOPUBALINYU TEKCTOB — CJIOBAPHOTO M OCHOBAHHOTO
Ha word-embedding — npeqaraeTcss COBMECTUTh TaHHBIE IIOAXO/BI.
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IMomerTku coBmetttenns word-embedding u TF-IDF npennpunumanuce u panee. CyTh TaKUX yIyulile-
HUIL COCTOUT B MCIIOIb30BAHNUN IIPU yCpeTHEHNN SMOeIIIHTIOB CJIOB BECOBBIX KO3 (UIMEHTOB, COOTBET-
crByroiux TF-IDF stux cioB. OqHako onncaHHad BhIllle BO BBeqjeHUN HEOJHO3HAUHOCTD He YCTpaHIeTcd,
IIOCKOJIBKY pasMepPHOCTh UTOTOBOTO BEKTOPA OCTAETCSI HEM3MEHHOIA.

Hanee mpuBogurcs aaroputMm GopMmupoBaHUSI BEKTOPHOTO IIPEACTABIEHMS TEKCTA B paMKax Mpeqia-
raemoro roaxoxna. [Ipy aToM HEOOXOAMMO YUUTHIBATH, UTO BEKTOPM3ALMS TEKCTA OOBIUHO BBITIOIHIETCS
B paMKax pellleHus] KaKo-nubo MpuKiIafHoit 3agaun. [[prBeieHHbIN AITOPUTM aKTyasleH AJIsS pelieHus
3aaum paHKMPOBaHU TeKCcToB (omucaHa Bo Beemenumn).

1. Vmeercs mcxogHOEe MHOXECTBO TEKCTOB T, Ha KOTOPBHIX TpeOyeTcs: BHIIONIHATD PAHXKMPOBAHUE, TO
ecTh A 3aJaHHOTO Tekcra t; 3 T ymopsamounts MHOXecTBO T 10 creneHu Gnmsoctn K tj. Takxe
nmeetcs npenobyuentas word-embedding momens M.

2. Ha muoxectBe T cTpoutcs cioBapb V BCeX CJIOB, BXOOAIINX B TEKCTHI tj 13 T.

3. [ Kaxmoro cijioBa v M3 cioBaps V ImojyuaeM ero sMOeqIMHI IIpM IIOMOIIM Npeno0yueHHO
momenu M: e; = M(v;). Bce e; B COBOKYITHOCTH COCTABIISIIOT MHOKeCTBO 3MOenauHroB E.

4. BrimosyHsgeTCd KilacTepusaliisg Ha MHOXecTBe E, B pe3ysbpraTe KOTOPOI ITOJTydaeTcs KIacTepu3yro-
mas momens C, KoTopas 1o 9MOeqOUHTY CJI0Ba BBIAAET KJIAcTep, K KOTOPOMY OH oTHOcuTcs. [{is
kaxporo e; n3 E onpenensercs ero knacrep ¢;=C(e;). MHOKecTBO Bcex KiacTepos ¢; momein C Takxe
o6o3uaunm cumBosioM C.

5. s kaxporo Tekcra tj u3 T moayuaeM HOBBI TEKCT t% CIERYIOIIMM CIIOCOOOM:

5.1. Kommupyem t; B t¢;
5.2. Iy Ka>KOooro cjioBa Wj U3 TEKCTa t%
a) ompegnengeM ero kiacrep ¢ = C(M(w;));
b) samensgem B TekcTe t°; CIOBO Wj Ha HOMEp COOTBETCTBYIOILETO KIAaCTepa Cj.
B pesynbprare mytem 3aMeHsI Beex t; u3 T Ha t°; monyueHo HoBoe MHOXecTBO T.. Bce TekcThI aTOTO
MHO>XECTBa COCTOAT V3 HOMEPOB KJIACTEPOB C CUMBOJIAMU-PA3AEIUTENIMYU MEKIy HUMA.
6. BrermomHsaercs Bekropusanuusa TekctoB T, mpu momormu TF-IDF Ha n-rpammax cioB. B pesyibrare
Yero IoJIyyaeTcs:
+ MHOXecTBO X, TF-IDF-BekTopoB x°; s kaxmporo t% us T,
+ CJIOBaph N-rpaMm V., a Takxe
¢ Npin ¥ Nmax — 3aJJaHHBIE B KaueCTBe BXOJHBIX ITapaMeTpPOB aITOPUTMa MUHUMAJIbHAA U MaK-
CUMaJIbHAA JJIMHBI N-TPaMM, JCIIOJIb3yeMBbIX 1JI IocTpoeHud ciaoBaps TF-IDF.

7. Hna xaxporo t; u3 T x¢ u3 X, majee paccMaTpuBaeTcs Kak BEKTOpPHOe IIpeficTaBJIeHNe TeKCTa tj.

ITockonbKy 00beqMHEHHbBIE B OJMH KJIACTEp OHU CJI0BA VICXOTJHOIO CJIOBAps MOTYT ObITH OJIVKe APYT
K OpYry, ueM Apyrue, oboraijeHne BeKTOPHOTO IIpefCcTaBleHNs MHpopMalmeil O B3aMMHOI OI130CTHI
CJIOB KJIaCTepa MOYKET ITOBBICUTH KaueCTBO 3TOT0 BEKTOPHOTO IIpeAcTaBiaeHMs. YTOObI yuecTh B BEKTOPHOM
MpeCTaBIEHU TEKCTOB B3aMMHYI0 GJIM30CTH CJIOB APYT K APYTY B paMKax OJTHOTO KJIACTEPA, IIPEAIATaeTCs
cIemyIolee yIy4lleHre II0AX0Aa B BUAE JOIIOTHUTEIBHBIX IIIar0B aJITOPUTMA.

dopmupoBaHme 060TAIIAOIINX BEKTOPOB CIIOB.

8. Ilo xaxxmomy kiacrepy c; u3 C.

8.1. [na KasKI0ro OTHOCAIIETocs K C; 9MOeIIMHTa €] CI0Ba Wj MICXOHOTO CJI0BapsA V BBIIONHAETCS
CHIDKeHIEe Pa3sMepHOCTY OO OFHOTO (pacrosararoTcsa Ha OQHOI uncioBoit ocu). [lonyueHHbIe
B pe3yNbTaTe UNMCIOBbIe 3HAUEeHMsI 0003HAUMM uepes €'j.

8.2. C mcrosnp30BaHMEM Min-max—HOPMAaIN3aI(MY BBIIOJIHAETCS MacCIITa0MpOBaHUE UIMCIOBBIX
npeJcTaBIeHNUI e'j SMOeJIMHTOB €j CIOB W; KJacTepa ¢; Ha oTpe3ok [0;1]. Orpesox [0;1] pastu-
BaeTcs Ha D-1 uacteit (D — pasmMepHOCTb 000raIaoIfero BEKTopa CJI0Ba, 3aJaeTCs B KaUeCTBe
OJIHOTO M3 BXOAHBIX IIAPAMETPOB AJIITOPUTMA), IPOHYMEPOBAaHHBIX 0T 1 1o D-1.
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8.3. [lna KaxKOoro cIoBa Wj MCXOJHOTO clloBaps V BhINOMHAeTcs GopMupoBaHye 000ralaoIero
BeKTOpa e°j cieyromum o6pasom. Hysepas mosunms BeKTopa BCerna 3aroIHAETCA 3HaUeHEM
«1». [lanee o kasxmomy 13 D-1 oTpeskoB, Ha KOTopble pasout mHTepBal [0;1], ecin ej momagaer
B k-1 mHTepBasI, TO k- O3NUIMS BeKTOpa 3aIIOJIHACTCSA 3HaUeHMEeM «1», MHaue «0».

dopmupoBaHye 000raleHHbIX BEKTOPOB TEKCTOB.
9. g kaxporo Tekcra t¢ ms Te.
Kaxxmas mosunus (o6o3naunm urmekcom j) TF-IDF Bektopa x¢;
coorserctByer TF-IDF-xoaddunmenty x°; mia n-rpammer W€ u3 ciosaps V.. [Insa Kaxmoit j-it mo-
3uIuy BeKTopa X°; copMmpyem oboramaronuii BeKTop e*¢j caemyrommm o6pa3om.

9.1. Ha ocHoBe Tekcra t; u3 T chopmupyem oboramaroiye BeKTOPbL BCEX BXOAAINNX B tj N-rpaMM
IIMHOM OT Npin 10 Nmay ITyTeM KOHKaTeHaIM 000TalaoIIX BEKTOPOB BXOAAIINX B HIX CJIOB
(mosyueHHBIX Ha Iare 8.3). MakcuManbHas IUIMHA KaXKIOTO TAaKOTO BEeKTOPA paBHA Npax D.
Ecny BeKTOp IOJNy4YeH U3 N-TPaMMBbI IJIMHOM MeHbIIe Np,c, BEKTOp NOIIOJHAETCS CIIpaBa
HYJISAMI OO MaKCUMAJIbHOI IJIMHBL

9.2. Kaxxpoit n-rpamMe 13 t; COOTBETCTBYyeT HEKOTOpAd n-rpaMma us V.. BeimonHnM ycpenHenune
o0oraIfaIX BeKTOPOB N-TPaMM M3 tj II0 COOTBETCTBYIOIIMM MM n-rpaMmaM u3 V.. Takum
00pa3oM, IToy4eHbI 00OTaIlaolye BEeKTOPBI I TeX IO3MINII BEKTOpa Xj, IUIS KOTOPBIX
COOTBETCTBYIOIINE N-TPaMMbI W°; 13 V. BXOAAT B t€;.

9.3. Eciu cooTBeTCTBYIOIIME j-If MO3MINMM U3 X j N-TPaMMBI OTCYTCTBYIOT B t°j, TO COOTBETCTBYIOILIIIE
oboraIaIye BeKTOPBI COCTOAT U3 Nyax 'D HyJIeBBIX 271eMEHTOB.

9.4. OboralleHHBII BeKTOp X ¢; TeKCTa t; BRIUMCIAETCS KOHKaTeHaIell BeKTOpoB X “e*¢; (mpous-
sefenne TF-IDF-koadduimenTa n-rpammbr wej Ha ee oborararmit BEKTOP).

Taxum 06pasoM, IOJIyueHO MHOKECTBO 00OTrallleHHBIX BeKTOPHBIX IIpeICcTaBIeHMIT X TeKCTOB T.

2. Amnpobanusa momxona
2.1. YciaoBmusa nmpoBefeHUs anpoGaunn

IIpoBepka kauecTBa IIOAXO0Ma 110 BEKTOPU3ALIMIM TEKCTOB OCYIL[€CTBJIANIACh B KOHTEKCTE pelleHNd 3a7a-
Uy pAaH)KMPOBAHUSA TEKCTOB II0 CEMaHTIUECKOI OIM30CTIL.

[l mpoBepKy KauecTBa IOAXO0a MMeNOCh B pacropsbkenuu 13772 npumepa suga: (Tq, Tz, T), rme Ty,
Ty u T — Texkcrol, Takue uro T 6amxe k T, uem T,.

Bce texcts u3 13772 mpumepoB chOpMMpPOBAHBEI Ha OCHOBe 940 TEKCTOB, IIPENCTaBIIIOIIUX CO0OIT
BHYTpEeHHIOIO ITlepenucky B banke Poccuu.

KauecTBo Imomxoma 1o pamK1poBaHII0 TEKCTOB OIIpeeNseTCs 10 TOUHOCTH (Accuracy) Kak OTHOLIIeHe
KOJIUECTBA KOPPEKTHO OIIpeNeIeHHBIX IIPUMEPOB K OOII[EMY UX KOJIUYUECTBY.

Pacnpenenenue myinH TeKCTOB KOpIlyca IIpeAcTaBleHo Ha pucyHKe 1. Ilo ropu3oHTaIbHON OCH OTJIO-
’KeHBI JJIMHBI TEKCTOB B cCMMBOJax. [lo BepTUKaIbHOM — KOJIMYECTBO TEKCTOB 3aJaHHOM AJIMHBL

TekcTeI KOpITyca IIpeABapUTeIbHO OBLIN IIPUBEAEHBI K HYDKHEMY PeTUCTPY, U3 HUX ObLIN OT(PUIBTPO-
BaHbI CMBOJIBI, He SBIIAIOLIMECS IIpo6eIoM miau 6yKBaMIM PYCCKOTO MM JIATMHCKOTO a1(aBUTOB.

Pasmep cioBapg KopIryca TeKCTOB cocTaBigeT 73731 cioBo.

B xauecTBe Mepsl, IPY IIOMOILM KOTOPOII OIpemesiaeTcs GIM30CTh MeXAY BEKTOPHBIMIU IIpeaCTaBIIe-
HUSMU TEKCTOB, YICIIOJIB30BaNIaCh KOCUHYCHAs GJIM30CTb.

2.2. OmpepesieHne ONITMMAJIBHBIX IIAPaMETPOB
2.2.1. IIapameTpsI aJdropuT™Ma

B pamkax npepyiaraemMoro noaxoja:
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Fig. 1. Distribution of text lengths in the corpus Puc. 1. PacnpegeneHve A1vH TEKCTOB B Kopriyce

- B KauectBe word-embedding momenu mcronbs3oBanach FastText momens ot DeepPavlov1 , 00yueH-
Has Ha pycckosasbryHol yactn Wikipedia coBmectHo ¢ HaGopom maHHBIX Lenta ru news. PasmepHoctb
BbIXORHOro BekTopa 300. Mcmonb3oBannas B pabote Mmomens Fasttext popmupyer smGeqouHr cIoBa ¢ yC-
MOJIB30BaHNMEM BXOIAIUNX B 3TO CJIOBO CHMMBOJIBHBIX ITOCJIEHOBATEIBHOCTEN, UTO II03BOJIAET NIPMMEHATh
ee k cioBaM out-of-vocabulary, To ects TakuMm, KoTopsie B 00yuenun FastText Momenn He yuacTBOBAIIL.

- B KauecTBe MeToJa KiIacTepu3aliiy UCIoibp3oBad Kmeans,

- B KayecTBe MeTOMa CHIDKEeHMA pa3MepHOoCTH Ha mare 8.1 ucnonb3oBaH t-SNE,

- npn Bekropusaruu TF-IDF ycranaBiamBaercs GuiIbTp Ha MUHUMAIBHOE KOJMUECTBO JOKYMEHTOB,
B KOTOPBIX BCTpeUaeTcd N-rpaMMa, paBHasd ABYM.

HsmeHseMbIMU ITapaMeTpaMI IS AJITOPUTMA ABJISIOTC: KOJMYECTBO KIACTepOB, AMAIla30H N-TpaMM,
PpasMepHOCTb 00OTaIAI0IIer0 BEKTOpa CJIOBA.

[IpumeHUM npeaaraeMslit ITOIXOM AJIS BCEX BO3MOXKHBIX KOMOMHAIMII TapaMeTPOB U3 IIpeCTaBIeH-
HbIX B Tab:uiie 1, BHIITOJIHNB CEPUIO 9KCIIEPUMEHTOB 110 TPU ISt KXKX0T KOMOMHALIY ITapaMeTpoB. 31ech
pa3MepHOCTb 000ralaIero BeKTopa cJI0Ba, paBHas HyJII0, 03HayaeT, uTo oboralrjeHue He IIPOU3BOIUTC,
a ucnoJyp3yorcsa HerocpeactBeHHO TF-IDF-BexkTopEI.

'http://files.deeppavlov.ai/embeddings/ft_native_300_ru_wiki_lenta_lower_case/ft_native_300_ru_wiki_lenta_lower_case.bin
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Table 1. The values of the parameters to be Ta6nuua 1. MpoBepseMble 3HaUEHNsI NapamMeTpoB
checked anropuTtma
ITapameTp 3HaueHNA
KosmruecTBO Ki1acTepoB 100, 1000, 3000, 5000, 10000, 15000, 20000, 25000,
45000, 65000
PasmepnOCTB 000ralawoIero BEKTOpa CJI0Ba 0, 2,5, 10, 15, 20
JuamasoH n-rpaMmm (1,1), (1,2), (1,3), (1,4)

2.2.2. Pe3ynbpTaThbl

Tabnuna ¢ IOIHBIMM pe3yJIbTaTaMIU SKCIIepMMEHTOB IpuBeneHa B [Ipunosxenun A.

3HaueHNs ITapaMeTPOB, Ha KOTOPBIX IIOJIYUEHBI JIYUIINe IToKa3aTeI) TOUHOCTY JJI pasIMUHBIX q1a-
I1a30HOB N-TpaMM, IIpeJcTaBiIeHbl B Tabmue 2.

U3 Tabyibl BUAHO, UTO JIyUIlINe pe3yIbTaThl IONyUeHbI I CIeAyIolell KoMOMHAIY ITapaMeTPOB:
KOJINUECTBO KiIacTepos 25000, pazmMep 00OraIaolero BEKTopa cJIoBa 2, QuanasoH n-rpamm (1, 4).

Table 2. Parameters that give the best results Ta6bnuua 2. NapameTpbl C AyYLINMU pe3yibTaTamu
AuarnasoH Koanuectso PasmepHOCTB TounocTh CranpaptHOe
n-gram KJIaCTepOB 000TraIarIero OTKJIOHEeHI1e

BEKTOpa CJI0Ba

(1,1) 20000 0 0.934 1.321
(1,2) 25000 0 0,940 1.151
(1,3) 25000 2 0.944 1.156
(1,4) 25000 2 0.947 1.16

2.2.3. HuTepmperanus pe3yjIbTaToOB

OrmMmernM, uTo 3HaueHMe B 25000 KiacTepoB, Ha KOTOPOM IIOJy4eHO Jyulllee 3HaueHMe TOUHOCTI,
COCTaBIsIeT MPMUOIN3NTEIHHO OTHY TPETHIO UACTh OT pa3Mepa cJIoBaps Kopiryca TeKcTos (73731 ciioBo).

Hwke npuBeneHbI rpadgyKy 3aBUCHUMOCTI TOYHOCTH OT IIapaMeTpOB alrOPUTMA.

Ha Pucynke 2 npuBeneH rpa¢pmk 3aBUCHMOCTY TOUHOCTY OT KOJMUECTBA KJIACTEPOB I pasHOII pas-
MEpHOCTH 000rallaoIero BeKTopa cjoBa. 3HaueHMs TOUHOCTY VIS rpaduKa IIOJyUeHbl yCpegHeHeM
TOYHOCTM IJI BCEX NMAla30HOB N-TPaMM.

U3 rpaduka BUOHO, UTO yBeJMUEHNE KOJIMUECTBA KIACTEPOB OO OIpeNesIeHHOTO 3HAueHUs IIPUBO-
INT K 3HAUUTEJIbHOMY IOBBILIEHNIO TOUHOCTU. IIpy KonuuecTBe KinacTepoB 25000 TOUHOCTH HOCTUTAET
MaKCUMAaJIbHOTO 3HAUeH s, II0CJIe UeTO0 HauHaeT YObIBaTh.

3aBeprraercs rpaduK ropM30HTATBHBIM YUaCTKOM, YTO MOYKHO OOBSICHUTDH CIEYIOLIMM: ueM Ou-
e IapaMeTp «KOJIMYEeCTBO KJIACTEePOB» IIPM KIACTepU3aLMU K KOJIMUYECTBY KJIACTePU3yeMbIX OOBEKTOB,
TeM OOoJIbIIIe ITOTYYaeTCs «IIYCThIX» KIACTEPOB, TO €CTh, HECMOTpPS Ha yBeJMdeHUe 3HAUeHN IapaMeTpa
«KOJIMYECTBO KJIACTEPOB», CIOBAPb V. OIMCAHHOI'O AJITOPUTMA pacTeT He3HAUNUTEIBHO.

3aBUCUMOCTb TOUHOCTM OT PasMEpPHOCTY OOOralllalolliero BeKTOopa CJIOBa MMEeT PasHBIl XapakTep,
B 3aBMICUMOCTH OT KOJIMYECTBA KJIACTEPOB, B CBA3M C UeM AJI 3aBMCUMOCTY TOYHOCTM OT pa3MepHOCTH
o6oraIraoIero BeKTopa CjIoBa IPUBOLATCI ABa rpaduka: rpadmk [ KOJIMUYECTBa KiacTtepoB go 20000
npuBeneH Ha Pucynke 3, a rpadmk misa Koixmuecta kiactepoB 20000 u Gostee mpuBeneH Ha Pucynke 4.
3HaueHNUs TOUHOCTY AJIA rpadyKOB ITOIYUEHbI yCpeqHEeHIeM TOUHOCTY [JIsS BCeX QUAra30HOB N-TPaMM.

V3 rpadmkoB BUAHO, UTO UeM MeHBbIIle KOIMUECTBO KIacTepOB, TeM OOJIBIIINIT IIPMPOCT TOUHOCTY JaeT
Ipoleypa oboraieHns, a HaunHas ¢ OIpeesIeHHOr0 KOJIMYeCTBa KIacTepoB, B LIeJIoM, 00oTallleH1e I10-
HIKaeT TOUHOCTb. [Ipy aToM Hanbotee CyIeCTBEHHBII IIPUPOCT TOUHOCTY HaOJII0KaeTcs Ha pa3MepHOCTIH,
paBHOI OByM. TaxKe BUIHO, UTO IIPU MCIIOJIb30BAHUY 00OTallleHNsI MaKCUMAaJIbHBIN IPUPOCT TOUHOCTHU
Ha MaJIOM KOJIMUeCTBe KJIACTepOB OOJIbIIIe, YeM MaKCUMAalIbHOe CHIDKEeHME Ha OOJIBIIIOM.
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Fig. 2. Dependence of accuracy on the number of Punc. 2. 3aBNCMMOCTb TOYHOCTU OT KONMYeCTBa
clusters knactepoB

I'padmk 3aBMCUMOCTI TOUHOCTM OT KOJMUECTBA KJIACTEPOB IUIS PA3jIMUHBIX OUAIIa30HOB JICIIOIB3Y-
€MBIX N-TpaMM IHpuBefeH Ha PucyHke 5. 3HaueHUs TOYHOCTM I IpaduKa IOJyUeHbI YCpeTHEeHUEM
TOYHOCTH [JIS BCEX pa3MepHoCTell oboramaoniero Bekropa. 113 rpaduka BUIHO, YTO YeM OO0JIbIIIe MCIIONb-
3yeMBbIIl QMAala30H N-rpaMM, Te€M TOYHOCTD BBILLIE.

2.3. CpasBHaenue c baseline-mogxomamu

CpaBHMBAIOTCA CIeAYIOLINE TIOIXObI:

- IpefyIaraeMslit B HacTosel padore (oboramernbie TF-IDF-BekTOpBI HA HOMEpPaxX KIACTEPOB),
- TF-IDF na Tekcrax KopIyca,

- TF-IDF Ha teMMaTH3MpOBaHHBIX TeKCTaX KOpIlyca,

- ycpenHeHue 9MOeAIMHIOB,

- ycpemHeHUe sM0OeIIMHIOB, B3BelleHHbIX 110 TF-IDF.
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Fig. 3. Dependence of accuracy on enriching word Puc. 3. 3aB1NCNMOCTb TOYHOCTW OT Pa3sMEPHOCTHU
vector for the number of clusters less than 20,000 oborallatoLLero BekTopa cnoBa A1 Konm4yecTsa
Knactepos MmeHee 20000

2.3.1. TF-IDF

BexTopusauus texcroB Ha ocHoBe TF-IDF mis ciemyrorux mgmama3oHoB n-rpamm: (1, 1), (1, 2), (1, 3),
(1, 4).

Bexropusauus TF-IDF ocyiectisnack ¢ ucroib3oBanueM oubiamoreku sklearn.

IIpu Bexropusarun TF-IDF ycraHoBneH ¢puabTp Ha MMHUMAIbHOE KOJIMYECTBO JOKYMEHTOB, B KOTO-
PBIX BCTpeUaeTcs n-rpaMma, paBHast JBYM.
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Fig. 4. Dependence of accuracy on the dimension Puc. 4. 3aBNCMOCTb TOYHOCTU OT Pa3MepPHOCTH
of the enriching word vector for the number of oboraLlatoLLero BeKTopa c1oBa 419 KonnyecTsa
clusters of 20,000 or more knactepos 20000 » 6onee

2.3.2. TF-IDF ¢ nemmaTu3anmenn

IpakTuka pemeHus 3amau 06paboOTKM €CTECTBEHHOTO I3bIKa IT0KA3bIBAET, UTO IIOCKOJIBKY B PyCCKOM
A3bIKe pa3Hble (QOPMBI CI0BA YACTO MMEIOT pasHOe HAIIMCAaHVE, HEIIOCPeACTBEHHOe IPUMEHEHIe II0-
xoma TF-IDF pmus BekTOpmM3auum TeKCTOB B OOJBIIMHCTBE CIyuaeB paboTaer xyxKe, UeM B CIyuae, eCin

BBIIIOJTHEHO IIpeiBApUTeIbHOE IIPUBeIeHIe CJIOB TeKCTa B HOPMAIBHYIO opMy.
B sxcnepuMeHTe NpuBeieHMe CJIOB B HOPMAJIBHYI0 (GOPMY BBIIIOIHAIOCH ITyTeM JIEMMaTU3AII TP

oMoty 6ubanoreku Mystem oT kommanuu SHgexc.
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Fig. 5. Dependence of accuracy on the number of Puc. 5. 3aBMCMMOCTb TOUHOCTU OT KOJIYeCcTBa
clusters for different n-gram ranges KNacTepoB A/19 pa3HbIX AMana3oHOB N-rpamMm

BexTopusauus rekctoB Ha ocHoBe TF-IDF BhImosHsIaCh IUI CIeQyIOINX BUAOB n-rpamm: (1, 1), (1, 2),
(1, 3), (1, 4).

Bexropusauns TF-IDF ocymecTsisiacs ¢ ncroiap3oBanueM 6ubanorekn sklearn.

Ipu Bexropusarun TF-IDF ycranoBieH puabTp Ha MUHUMAIbHOE KOJIMYECTBO JOKYMEHTOB, B KOTO-
PBIX BCTpeuaeTcss N-rpaMMa, paBHasi ABYM.

2.3.3. YcpepueHmue 3MOeIIMHIOB

Ycepenuenne sMOeqAMHIOB AJIsT TEKCTA 3aKII0OUAETCS B IPeoOpa3oBaHNUM KaXIOTO CI0BA TEKCTa B BEK-
TOpHOE NpeacTaBneHue npu momoiryu word-embedding mopmennu u mocnegyroiemM ycpegHeHUM sMOe I IH-
TOB CJIOB C MOJIyYeHUEM UTOTOBOTO BEKTOPA TEKCTA TOM sK€ Pa3MEPHOCTH, UTO M BEKTOPHI SMOEIIMHTOB.
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2.3.4. Ycpenuenue ambenmuHroB, B3BenieHHbIX Mo TF-IDF

ITopxon oTsmyaercs OT MPOCTOTO yCpeqHeHns SMOeAIMHTOB TeM, UTO IPU YCpeqHeHny 3MOeaIIHII
cJI0B OepyTcsi ¢ BeCOBBIMU KoadduimeHTamu, coorBercTByooumy nx TF-IDF-koaddurmenram, paccun-
TAHHBIM Ha MMeIoIeMcs Kopiyce TekctoB [10]. B Hacrosieit pabore koadduimenrs: TF-IDF paccunrsi-

BaJIIICh HA BCEM KOpIIyce JOKYMEHTOB.
2.3.5. Pe3ynbTaThl cpaBHEHUS IOAX0XOB

PEBYJIbTaTI)I CpaBHEHNA IIOAXO0O0B IIPMBENEHBI B Ta6m/me 3.

Table 3. Methods comparison Ta6bnunua 3. CpaBHeHMe NOAXOA0B

Huamaszon| TF-IDF TF-IDF co | YcpenHeHnue Ycpennenne Oo6oramennbie TF-
n-rpaMm CTEMMMHIOM | 3MOEIIHIOB 3MOENIMHIOB IDF BekTOpBI Ha
Fasttext Fasttext cOo | KJacTepax
B3BelIMBaHIIEM
no TD-IDF
(1,1) 0,9287 0,9279 0,779 0,8679 0.9302
(1,2) 0,9333 0,9364 | He MPUMEHNMO He IPUMEHUMO 0.9405
(1,3) 0,9366 0,9396 | He MPUMEHUMO He IPUMEHUMO 0.9459
(1,9) 0,9381 0,94 | He MpMMEHMMO He NIPUMEHNMO 0.947
3akIroueHue

B macrosiieit pabore mpemIoKeH MOAXO0N 110 BEKTOPM3ALMM TeKCTOB Ipu oMoty word-embedding
MogeJIell, 9KCIepUMeHTAIbHO OIIpe/esIeHbl ONTMMAaNlbHbIE IIapaMeTpPhl MAJIT PellleHNs 3aRaul PaHKIpo-
BaHW TEKCTOB, IIPENCTABIAIONINX co00it 940 miceM BHYTpeHHell nepenncku Banka Poccuy, BhIToNHEHO
CpaBHEHIe NPeIJIOKeHHOI0 II0X0/Ia C PacIIpOCTPaHEHHBIMIY IIOJX0XaMI.

IIpensraraeMslit ITOAXOM B CPABHEHNN C IIpeACTaBIeHHBIMU baseline-miogxomaMu MoKasbpIBaeT JIyUILIie
Pe3yIbTaThI.

Vcnonp3oBaBiiniics B IpegiaraeMoM Iroaxome anroputMm Kmeans mis xiactrepmsanmy sMOeqmuH-
T'OB 3JIeMEHTOB CJIOBapsd B KauecTBe BXOIHOIO ITapaMeTpa IIPMHMMAaeT KOJINYeCTBO KiacTepos. [Ipu sTom
0CTaeTCcsl OTKPBITHIM BOIIPOC, HACKOJIBKO KOMIIAKTHBIMIU ITOJYUAIOTCS KJIACTephbl, YTO MOKET BINMATH Ha
KaueCTBO IPEICTABIEHNS TEKCTA IIPY IIOMOIIM KIACTEPOB.

[ peltreHMst JaHHO IIPOGIeMBI BUAATCS IIEPCIIEKTUBHBIMIU CIIeAYIOLIE HATIPaBIeHUs JaTbHeNIINX
JICCJIEe JOBAHMIAL:

+ AHann3 KOMIIAKTHOCTY ITOJIyYaeMbIX KJIACTEPOB IJII yJIyUIIEeHNSI IpefCcTaBIeHNUs TEKCTOB B BI-

Ie HOMEepOB KJIACTEPOB, HAIIpUMep, (PUIbTpalys 3JIeMEHTOB KJIacTepa II0 IIOPOrY PacCTOSHUS O
LIEHTPOMA.

« Vcmonp3oBaHme TaKOro IOAX0MA A KJIACTEPM3ALY, IIPY KOTOPOM IIapaMeTPhl OIIPeaessIioT pac-
CTOSIHMS MEKOY 0OOBEKTaMI, a He KOJIMUeCTBO KiacTepoB. OnHako, 1o cpaBHeHuio ¢ Kmeans, takme
rmoaxons! 6osee TpeGOBATENbHBI K BEIUMCIUTEIBHBIM pecypcaM. COOTBETCTBEHHO, B KOHTEKCTe HaH-
HOTO HaIlpaBJIEHNSI aKTyaJbHO pelIeHNe 3a[aun HoucKa 3¢¢deKTUBHOTO crocoba KiIacTepusanun
9JIEMEHTOB CJIOBapA.

Ipenyo)KeHHBII ITOAXOM [JIS BEKTOPM3aLMI allpoOMpOBAaH B paMKax pellIeHNs 3aJaull PaHXMPOBAHMS
TeKcToB. Heobxommumo yccaenoBaTh IIOAX0M Ha IPUMEHUMOCTD Ui PelleHys OPYIuX 3ajau o0paboTKu
€CTeCTBEHHOTO SI3bIKA.
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Appendix A. Experimental results
IIpmro>xenne A. Pe3yibTaThl 3KCIIEPIMEHTOB

Ne KosmmuectBo Hduamnaszon Pa3zmepHocTB Tounocts | CraHpapTHOe
n/n KJIaCTepOB n-rpamMm BeKTOopa OTKJIOHEHIe
odoralueHms
cJI0Ba

1 100 (1,1) 0 0,858 1,051
2 100 (1, 1) 2 0,863 1,058
3 100 (1,1) 5 0,87 1,066
4 100 (1,1) 10 0,871 1,067
5 100 (1,1) 15 0,871 1,067
6 100 (1,1) 20 0,873 1,069
7 100 (1,2) 0 0,86 1,054
8 100 (1,2) 2 0,871 1,066
9 100 (1,2) 5 0,877 1,074
10 100 (1,2) 10 0,878 1,075
11 100 (1,2) 15 0,878 1,075
12 100 (1,2) 20 0,879 1,076
13 100 (1,3) 0 0,862 1,056
14 100 (1,3) 2 0,882 1,08
15 100 (1,3) 5 0,888 1,087
16 100 (1,3) 10 0,89 1,09
17 100 (1,3) 15 0,891 1,091
18 100 (1,3) 20 0,892 1,092
19 100 (1, 4) 0 0,867 1,062
20 100 (1,4) 2 0,895 1,096
21 100 (1,4) 5 0,901 1,104
22 100 (1,4) 10 0,903 1,106
23 100 (1,4) 15 0,903 1,106
24 100 (1,4) 20 0,904 1,107
25 1000 (1,1) 0 0,91 1,115
26 1000 (1,1) 2 0,912 1,118
27 1000 (1,1) 5 0,915 1,121
28 1000 (1, 1) 10 0,915 1,12
29 1000 (1,1) 15 0,915 1,12
30 1000 (1,1) 20 0,915 1,12
31 1000 (1,2) 0 0,918 1,125
32 1000 (1,2) 2 0,923 1,13
33 1000 (1,2) 5 0,924 1,131
34 1000 (1,2) 10 0,924 1,132
35 1000 (1,2) 15 0,924 1,131
36 1000 (1,2) 20 0,924 1,132
37 1000 (1,3) 0 0,924 1,132
38 1000 (1,3) 2 0,93 1,139
39 1000 (1,3) 5 0,931 1,14
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40 1000 (1,3) 10 0,932 1,141
41 1000 (1, 3) 15 0,931 1,14
42 1000 (1, 3) 20 0,931 1,141
43 1000 (1, 4) 0 0,928 1,136
44 1000 (1, 4) 2 0,935 1,145
45 1000 (1, 4) 5 0,936 1,146
46 1000 (1, 4) 10 0,936 1,147
47 1000 (1, 4) 15 0,936 1,146
48 1000 (1, 4) 20 0,937 1,147
49 3000 (1,1) 0 0,92 1,126
50 3000 (1,1) 2 0,921 1,128
51 3000 (1, 1) 5 0,922 1,129
52 3000 (1,1) 10 0,923 1,131
53 3000 1,1) 15 0,923 1,13
54 3000 1,1) 20 0,923 1,13
55 3000 1, 2) 0 0,929 1,138
56 3000 1, 2) 2 0,933 1,142
57 3000 1, 2) 5 0,932 1,142
58 3000 (1, 2) 10 0,934 1,144
59 3000 (1, 2) 15 0,934 1,144
60 3000 1, 2) 20 0,934 1,144
61 3000 (1, 3) 0 0,934 1,143
62 3000 (1, 3) 2 0,937 1,148
63 3000 (1,3) 5 0,936 1,147
64 3000 (1,3) 10 0,937 1,148
65 3000 (1,3) 15 0,938 1,148
66 3000 1,3) 20 0,937 1,148
67 3000 (1, 4) 0 0,937 1,147
68 3000 (1, 4) 2 0,94 1,151
69 3000 (1, 4) 5 0,94 1,151
70 3000 (1, 4) 10 0,941 1,152
71 3000 (1, 4) 15 0,941 1,152
72 3000 (1, 4) 20 0,941 1,152
73 5000 (1, 1) 0 0,926 1,134
74 5000 1, 1) 2 0,927 1,135
75 5000 (1,1) 5 0,927 1,136
76 5000 (1,1) 10 0,928 1,137
77 5000 (1,1) 15 0,927 1,135
78 5000 (1, 1) 20 0,927 1,136
79 5000 1, 2) 0 0,934 1,144
30 5000 1, 2) 2 0,936 1,147
81 5000 (1, 2) 5 0,937 1,148
82 5000 1, 2) 10 0,937 1,148
83 5000 1, 2) 15 0,937 1,147
84 5000 (1, 2) 20 0,936 1,147
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85 5000 (1,3) 0 0,937 1,148
86 5000 (1, 3) 2 0,94 1,151
87 5000 (1, 3) 5 0,94 1,151
88 5000 (1, 3) 10 0,941 1,152
89 5000 (1, 3) 15 0,94 1,151
90 5000 (1, 3) 20 0,94 1,151
91 5000 (1, 4) 0 0,941 1,152
92 5000 (1, 4) 2 0,943 1,155
93 5000 (1, 4) 5 0,944 1,156
94 5000 (1, 4) 10 0,944 1,156
95 5000 (1, 4) 15 0,944 1,156
96 5000 (1, 4) 20 0,944 1,156
97 10000 (1,1) 0 0,928 1,137
98 10000 (1,1) 2 0,927 1,135
99 10000 (1, 1) 5 0,928 1,137
100 10000 1, 1) 10 0,927 1,136
101 10000 1, 1) 15 0,927 1,136
102 10000 1, 1) 20 0,927 1,136
103 10000 (1, 2) 0 0,936 1,147
104 10000 (1, 2) 2 0,938 1,149
105 10000 (1, 2) 5 0,938 1,148
106 10000 (1, 2) 10 0,938 1,149
107 10000 (1, 2) 15 0,938 1,149
108 10000 1, 2) 20 0,938 1,148
109 10000 (1, 3) 0 0,94 1,151
110 10000 (1, 3) 2 0,942 1,153
111 10000 (1, 3) 5 0,941 1,153
112 10000 (1, 3) 10 0,941 1,153
113 10000 (1, 3) 15 0,941 1,153
114 10000 (1, 3) 20 0,942 1,153
115 10000 (1, 4) 0 0,943 1,155
116 10000 (1, 4) 2 0,945 1,158
117 10000 (1, 4) 5 0,945 1,158
118 10000 (1, 4) 10 0,945 1,158
119 10000 (1, 4) 15 0,946 1,158
120 10000 (1, 4) 20 0,945 1,158
121 15000 (1,1) 0 0,928 1,136
122 15000 (1,1) 2 0,93 1,139
123 15000 (1,1) 5 0,929 1,138
124 15000 (1,1) 10 0,929 1,138
125 15000 (1, 1) 15 0,929 1,138
126 15000 1, 1) 20 0,929 1,138
127 15000 1, 2) 0 0,936 1,146
128 15000 1, 2) 2 0,938 1,149
129 15000 (1, 2) 5 0,938 1,149
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130 15000 (1, 2) 10 0,938 1,149
131 15000 (1, 2) 15 0,938 1,148
132 15000 (1, 2) 20 0,938 1,149
133 15000 (1, 3) 0 0,94 1,151
134 15000 (1, 3) 2 0,942 1,154
135 15000 (1, 3) 5 0,942 1,154
136 15000 (1, 3) 10 0,942 1,154
137 15000 (1, 3) 15 0,942 1,153
138 15000 (1, 3) 20 0,942 1,154
139 15000 (1, 4) 0 0,943 1,155
140 15000 (1, 4) 2 0,945 1,157
141 15000 (1, 4) 5 0,945 1,157
142 15000 (1, 4) 10 0,945 1,158
143 15000 (1, 4) 15 0,945 1,157
144 15000 (1, 4) 20 0,945 1,158
145 20000 (1,1) 0 0,934 1,143
146 20000 (1,1) 2 0,931 1,14
147 20000 (1,1) 5 0,931 1,14
148 20000 (1,1) 10 0,931 1,14
149 20000 (1,1) 15 0,931 1,14
150 20000 (1,1) 20 0,93 1,14
151 20000 1, 2) 0 0,94 1,151
152 20000 1, 2) 2 0,939 1,15
153 20000 (1, 2) 5 0,939 1,15
154 20000 (1, 2) 10 0,94 1,151
155 20000 (1, 2) 15 0,939 1,15
156 20000 (1, 2) 20 0,939 1,15
157 20000 (1, 3) 0 0,943 1,154
158 20000 (1, 3) 2 0,943 1,155
159 20000 (1, 3) 5 0,943 1,155
160 20000 (1, 3) 10 0,943 1,155
161 20000 (1, 3) 15 0,943 1,155
162 20000 (1, 3) 20 0,943 1,155
163 20000 (1, 4) 0 0,945 1,158
164 20000 (1, 4) 2 0,946 1,159
165 20000 (1, 4) 5 0,946 1,159
166 20000 (1, 4) 10 0,946 1,159
167 20000 (1, 4) 15 0,946 1,159
168 20000 (1, 4) 20 0,946 1,159
169 25000 1,1) 0 0,933 1,143
170 25000 1,1) 2 0,932 1,142
171 25000 (1,1) 5 0,932 1,141
172 25000 (1,1) 10 0,932 1,141
173 25000 (1,1) 15 0,931 1,141
174 25000 (1,1) 20 0,932 1,141
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175 25000 (1,2) 0 0,94 1,151
176 25000 (1, 2) 2 0,939 1,15
177 25000 (1, 2) 5 0,938 1,149
178 25000 (1, 2) 10 0,939 1,15
179 25000 (1, 2) 15 0,939 1,15
180 25000 1, 2) 20 0,939 1,15
181 25000 (1,3) 0 0,943 1,154
182 25000 (1,3) 2 0,944 1,156
183 25000 (1,3) 5 0,943 1,155
184 25000 (1, 3) 10 0,943 1,155
185 25000 (1, 3) 15 0,943 1,155
186 25000 (1, 3) 20 0,943 1,155
187 25000 (1, 4) 0 0,946 1,158
188 25000 (1, 4) 2 0,947 1,16
189 25000 (1, 4) 5 0,946 1,159
190 25000 (1, 4) 10 0,947 1,16
191 25000 (1, 4) 15 0,946 1,159
192 25000 (1, 4) 20 0,946 1,159
193 45000 (1,1) 0 0,93 1,139
194 45000 (1,1) 2 0,926 1,134
195 45000 (1,1) 5 0,927 1,135
196 45000 (1,1) 10 0,927 1,135
197 45000 (1,1) 15 0,927 1,135
198 45000 (1,1) 20 0,927 1,135
199 45000 (1, 2) 0 0,938 1,148
200 45000 (1, 2) 2 0,936 1,146
201 45000 (1,2) 5 0,937 1,148
202 45000 (1, 2) 10 0,937 1,147
203 45000 (1, 2) 15 0,937 1,147
204 45000 (1, 2) 20 0,937 1,147
205 45000 (1, 3) 0 0,941 1,153
206 45000 (1, 3) 2 0,941 1,153
207 45000 (1,3) 5 0,941 1,153
208 45000 (1,3) 10 0,941 1,153
209 45000 (1,3) 15 0,941 1,153
210 45000 (1, 3) 20 0,941 1,153
211 45000 (1, 4) 0 0,943 1,155
212 45000 (1, 4) 2 0,944 1,156
213 45000 (1, 4) 5 0,944 1,157
214 45000 (1, 4) 10 0,945 1,157
215 45000 (1, 4) 15 0,945 1,157
216 45000 (1, 4) 20 0,944 1,157
217 65000 (1,1) 0 0,93 1,139
218 65000 (1,1) 2 0,927 1,135
219 65000 (1,1) 5 0,927 1,135
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220 65000 (1,1) 10 0,927 1,135
221 65000 (1,1 15 0,927 1,135
222 65000 (1,1 20 0,927 1,136
223 65000 (1, 2) 0 0,938 1,148
224 65000 (1, 2) 2 0,938 1,148
225 65000 (1, 2) 5 0,938 1,149
226 65000 (1,2) 10 0,937 1,148
227 65000 (1,2) 15 0,937 1,148
228 65000 (1,2) 20 0,938 1,148
229 65000 (1,3) 0 0,941 1,152
230 65000 (1,3) 2 0,941 1,152
231 65000 (1, 3) 5 0,941 1,153
232 65000 (1, 3) 10 0,941 1,152
233 65000 (1, 3) 15 0,941 1,152
234 65000 (1, 3) 20 0,941 1,153
235 65000 (1,4) 0 0,943 1,154
236 65000 (1,4) 2 0,943 1,155
237 65000 (1,4) 5 0,943 1,155
238 65000 (1, 4) 10 0,943 1,155
239 65000 (1, 4) 15 0,943 1,155
240 65000 (1, 4) 20 0,943 1,155
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the Graph Isomorphism Problem”, Modeling and analysis of information
systems, vol. 27, no. 1, pp. 86-94, 2020.

DOI: https://doi.org/10.18255/1818-1015-2020-1-86-94

V. V. Vasilchikov! DOI: 10.18255/1818-1015-2021-3-312-313

'P. G. Demidov Yaroslavl State University, 14 Sovetskaya str., Yaroslavl 150003, Russia.

MSC2020: 68W10 Received August 25, 2021
Research article After revision August 25, 2021
Full text in Russian Accepted August 25, 2021

In the article by V. V. Vasilchikov “Parallel Algorithm for Solving the Graph Isomorphism Problem” ( Modeling and analysis
of information systems, vol. 27, no. 1, pp. 86-94, 2020; DOI: https://doi.org/10.18255/1818-1015-2020-1-86-94) there was a
misprint in the layout. In the Table 1, in the last column of the row “Degree of graph” the value should be 3000 (instead of
300). The corrected “Table 1” is shown below. The editors apologise for the inconvenience.
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Kirrouessble ciioBa: n3omMopdusMm rpados; mapamieabHblil anroputM; pekypens; NET
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B cratse 10.B. KoconanoBa «O6 oGHapyXKeHUM 3KCILTyaTalMyl YsS3BUMOCTE, IIPUBOALIIE K 3allyCKy BPELOHOCHOTO
xoxa» (MopesnmpoBanme n aHanu3 NHGOPMALIMIOHHBIX cucTeM, ToM 27, Ne2, ¢. 138-151, 2020; https://doi.org/10.18255/1818-
1015-2020-2-138-151) momyieHa HeTO4UHOCTh B ommcaHuy anropurma CheckTrace. KoppekTHoe ommcaHme aaropmrma
CheckTrace npuBeneHo HIKe. ABTOp IIPMHOCUT M3BMHEHNS 3a IPpUUNHEHHbIE HEYT0OCTBA.
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Kosolapov Y. V.

Koppexrtnoe onncanne anropurma CheckTrace npuBeneHo HIDKe.

Auaropurm 1: CheckTrace

Hcxomusblie mapamerpsr: 1) [Tocienosarensuocts Pathy, (P(I)) Buna (1) muuust ny (I ¢ I(P)),
2) npodmis D, (P) Buna (5) u npoduis C;, (P, I) Buna (6),
3) mopor T o6HapyXeHUs HETUIINYHOTO BBIIIOTHEHNS
Pesyawrat: CoobiieHne o HeTunuuHoi (not typical) mam tunuusoit (typical)
nocnenoBaTenbHOCTH API-BBI30BOB
1 result = typical, counter = 0
2 IMKI k = 1,..., n] BBITIOJIHATH

3 eciu k >l u (n,tjglm, n,tf’l) ¢ C, (P, 1) Torma
4 result = not typical

5 Boriitu 3 nukia

6 KOHEI[ YCJIOBISA

7 ecin k < n; - 1 Torma

o || -

9 ecmu d € [d?, (P) : d, (P)] Torma
10 ecxt d € D,iy1 .11 TOTHA

11 counterk: clg;nter +1

12 ecan counter > T + 1 Torma
13 result = not typical

14 BreritTy u3 nukia

15 KOHeIl YCJIOBUS

16 KOHeI| yCJIOBUS

17 KOHEIl YCJIOBUS

18 nHauye

19 result = not typical

20 Beuiitu 13 1ukia

21 KOHEIl YCJIOBUS
22 KOHEII YCIIOBUS

23 KOHeIl IIIIKJIa
24 BO3BPATUTH result
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