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Beenenue

JpoOHoe ucuncnenre npruoOpeno BaXXHOE 3HAYEHUE 3a MOCIIeIHUE TPH JECATUIICTUS 13-
3a ero MPUMEHUMOCTH B Pa3IMYHbIX 00JaCTIX HayKH U TeXHUKU. Hannuue B ypaBHEHUAX Jpo0-
HOWM KOHEYHOM pa3HOCTH MHTEPIPETHPYETCS KaK OTPakKEHUE CBOMCTBA MaMATH Ipolecca. B
HacTos1Iee BpeMs O0JIbIlI0e BHUMAHUE YAENAeTCs pa3padoTKe U pa3BUTHIO KAYECTBEHHON TEO-
pun auddepeHInanbHbIX ypaBHEHUH IPOOHOT0 MOpsIKa U COOTBETCTBYIOIIUX PAa3HOCTHBIX
ypaBHEHUH IpoOHOTO nopsiika. Mcxons U3 TeopeTH4ecKuX U MPaKTUUECKUM IPUI0KEHUH, pa3-
paboTKa KaueCTBEHHOW TEOPHH 3ajlad ONTUMAJILHOTO YIPaBJIEHUs, 00bEKT U AUHAMHKA KOTO-
POTO OIMUCHIBAIOTCS PA3IMYHBIMU PA3HOCTHBIMU YPABHEHUSIMH APOOHOTO MOPSAKA, TAKKeE SB-
asieTcs akTyasibHOM. OTMETHM, YTO KadecTBeHHas Teopust AuddepeHInalIbHbIX U Pa3HOCTHBIX
ypaBHEHUU IPOOHOTO MOPsI/IKA, a TaKkKe TEOPHsT HEOOXOAUMBIX YCIOBHI ONTUMAIbHOCTH JJIS
3a]1a4 ONTUMAJILHOTO YIIPAaBICHUSI, OIIMChIBAEMbIE Pa3HBIMHU PA3HOCTHBIMH YPABHEHUSIMH JIpO0-
HOTO TIOPsZIKA, OTHOCUTETHLHO Mayio pa3paborana. O630p COOTBETCTBYIOMUX pabOT UMEETCH,
Harpumep, B padorax [1—4].

B npennaraemoii pabote paccMaTpuBaeTcs TEpMUHAIbHAS 33/1a4a ONTUMAaJIbHOTO yIpaB-
JIEHHS TPOILIECCOM, OMUCHIBaeMasi CUCTEMON HETMHEHHBIX pa3HOCTHBIX YpaBHEHUI JpoOHOrOo
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nopsiaka. [Ipu npeanonokeHuu BIMYKIOCTH 00JacTH YIpaBiIeHUS J10Ka3aHO JIMHEAPU30BaH-
HO€ YCIIOBHE ONTHUMAJIBbHOCTH. OTIEIBHO pacCMOTPEH Cyyail BBIPOXKJIECHUS JIMHEAPU30BaH-
HOTO yCJIOBHSI MakCUMyMa (KBa310COOBIi citydaif). B crarse ucnonb3yercs npeicTaBieHue pe-
LIEHUs] JINHEApU30BaHHOM 3aJ1aud, IOJyYEHO CIELMAIbHOE IPUpAIIEHUE BTOPOro MOpsiaKa
KpuTepus kadectBa. C MOMOIIBIO MOTYYeHHON 3TON (hOpMyIbl MpUpallieHus: UCciaeloBaH KBa-
3MO0COOBIN CITy4ail U JOKa3aHO HEOOX0IMMOE YCIOBHE ONTHUMAIbHOCTH KBa3HOCOOBIX yIpaBiie-
HUH.

1. OcHoBHbIE MOHSITUS H BCIIOMOTaTe/IbHbIEe YTBEP KAeHHUA
[TpuBeneM HEKOTOPBIE MMOHSATHS U ONPEACTICHIS, KOTOPBIC B JAIbHEUIIEM Oy Iy T UCTIOJb-
30BaHbI.
Crnenyroumue onpeeneHus, IBsisach crangapTHeiMu [S—10], ciay’kaT oCHOBOM 115 oripe-
JIeJIeHUs pa3HoCTel APOOHOTO MOPSAKA.
[Tycte N MHOXECTBO HaTypaJibHBIX YHCEN BMeCTe ¢ HyJeM. ljis a € Z BBeeM Clie1yto-
mue obosnauenus: N = {a,a+ 1, a+2,..,},c(t) =t+1,p(t) =t —1.

Onpeneﬂeﬂne 1. I[p06Ha}I CyMMa nopsakKa o OnpeaAcirsieTCs CICAYIOIIUM O6pa30M:
n-—1 n-—1

seu= 3 (75 w3155
j=0 =

a IpOOHBIH orepaTop MopsIKa o ONPEALIISCTCS CICIYIOIIMM 00pa3oM:
n-—1

scum = Y (17" dutm ) =
7=0

_ n-—j-—a-1y = m—-—a-1
_Ex n—j )u@)( n—1)um)
j=1
3nech OMHOMHUANIBHBIN KOADQHUITEHT (Z) omnpenensiercs mo popmyse
I'a+1)
(a) _Jra—-n+1Drn+1’
n 1, n=0,

0, n <0.
r'(x+1)

r(x+1-y)’
BeInoaasercs Toxaectso I'(x + 1) = xI' (x).
3amMeTuM, 4yTo IPpOOHYI0 CyMMY U IpOOHBIH orepaTop NopsaKa oL MOXKHO OIIPEIEIUTD ellle
U TaKUM 00pa3oM:
[Tycth a — mpou3sBosibHOE eicTBUTENbHOE U b = k + a,3necb k € N, k > 2;
T={aa+1,..,b}, T"={a,a+1,..,b— 1}, a T — MHOXecTBO QYHKIIHIi OTIpe/eIcH-
HeIX Ha T.
Onpenenenue 2. I[Iycts f € T. Jns Hero neBble U mpaBbie APOOHBIE CyMMBI TOPSIIKA
a > 0 onpeAenstoTcs COOTBETCTBEHHO CIEAYIONTUM 00pa3oM:

1 t—-a vt
BT = s ) (6= 0() VS Gs),

n>0,

[Tycte nns moboro x,y € R, xW) = rae I’ — ramMa-QyHKIUs, 1715 KOTOPOi

b
SO = s Y (5= 00)f)

s=t+a

Onpenenenue 3. [lycth 0 < a <1lupu=1—a, Torna mia Gyakuuu f € T neBoie u
paBbie APOOHBIE CyMMBI MOPSAIKA o OMPEACTISIOTCS CIECTYIOIUM 00pa3oMm:
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aAtaf(t) = A( aAt_”f(t)),

D f () = —A( tAb_#f(t))-
OTMeTHM HEKOTOPOE M3BECTHHIE CBOMCTBA APOOHON CYMMBI U APOOHOM PA3HOCTH:
1. A%AP F (D=0 £ (D);
2.A7%A%f(t) = f(t) — £(0);
3.A%07F (t) = f(b);
Nmeer Mecto ciienytoias Teopema (cM., Harpumep, [1]).
Teopema 1. (0 dpoonoii cymmuposanuu no uacmam). [lycmo fu g — neompuyamenvHvie

dynkyuu ¢ OelicmeumenvubimMu 3Havenusmy, onpederennvivu na T* u T coomeemcmeento.
Ecud0<a<luu=1-a mo

b-1 b-2
Z F(OB%9(©) = f(b - Dg(b) — f(@g(@) + ) A7) g°(6) +
=a b1 t=a

(u-1)
———=g(a) Z(”“ —EV O - Y (t+u-o@)* V@ |
F ( +1)
t=o(a)
PaccMOTpUM CIIEYOIIYI0 CHCTEMY JTMHEHHBIX HEOAHOPOIHBIX PA3HOCTHBIX YpaBHEHUH
JIPOOHOTO TTOPSIIKA:

A%y(t+1) = AWy () + g(0),
tefty,to+1,..,t;,—1}, (D
C HaYaJIbHBIMHU YCIIOBUSMH
y(to) = Yo (2)
3neck Y = (V1, Y2, r Vn)' — n-MepHblii BekTOp cronben, g = (g1, 9z, rgn) 3aMaH-
HBIA n-MEpPHBIA BEKTOP, Yo — 3aJaHHBIA MMOCTOSHHBIA n-MEPHBIM BEKTOp cToiben, ty, t; — 3a-
JaHHbBIE YHCTIA,

a11(t) a12(0) ... a1, (t)
A(t) = @21(1) Az2(1) - An(6) ) _ 3aIaHHast N X N- JMCKPETHAs MaTpuuHas (QyHK-
anl(t) anz(t) ann(t)
M.

3anava (1)—~(2) sBAsieTcst TUCKPETHBIM aHAIOTOM 3a7aur Komm 1ist cucTeMbl TUHEHHBIX
HEOJTHOPOAHBIX (P (PepeHIINATbHBIX YPaBHEHUM IpOOHOr0 MopsIKa.

HmeeT MecTo creayrolee yTBepKICHUE.

Teopema 2. Ilycts 0 < a < 1 u u = a — 1. Pewenue y(t) cucmemol nuneinvlx, Heoo-
HOPOOHbBIX PA3HOCMHbBIX YPAGHEHUL OPOOHO20 NOPsAOKA ( 1 ) (2) donyckaem npedcmaenerue

t—1
y(© =yo | [[1+Ralt = 1,)AG] + Z Re(t = 1,)g() %
j=to j=to
t—-1
x 1_[ [1+ R, (t — 1,)AK)].
k=j+1
3nech
N _(t—jta-—-1
Rt = ("0,
JoxkazarenbcerBo: [Ipumensiss A™* obeuMm ctopoHaMm ypaBHeHus (1) umeem
A~ (a%y(t + 1) = A (A®y(@®) + g()) 3)



06 onmumanbHOCMU KBA3UOCOOBIX YNPAsIeHUll 8 0OHOU 3a0aye YNPAeIeHUs ...

Tenepb paccMOTPHM JIEBYIO CTOPOHY ypaBHeHUs (3):
A~ (A%y(t + 1)).

Y4uuThIBask CBOMCTBA ONEPATOPOB APOOHOIN CyMMBI U APOOHON pa3HOCTH MPOBEIEM
CleyIoIIMe MPeoOpa3oOBaHUs:

A (A% (t+ 1)) = A*(AYHy(t + 1)) = A *AH*(Ay(t + 1)) =

Ayt + 1) =35, (vG+ D —y()) =y + 1) —y(ty).

[IpeobOpazyem Temepsr mpaByro cTopoHy ypaBHeHus (3). Mcmonwssys ompenencHue 1,
UMEEM:

A Ay + g(0) =

> (LT oy +90)) =

4 ]
J=to

t
= > R NAGYH) + 9())
Jj=to
Takum o6pa30M, MOJIYYHJIA YTO

t
y(t+ D =y(t) + ) Re (6NADYD + g(D))

Jj=to

NI

t-1
YO = y(t) + ) Ra (¢ = LNAGDYD + 9())
j=to
U3 nocneaneit popmyisl momyuum 4o [6],
t-1

t—1
y(©) =yo | [[1+Ralt = LA+ D Relt = 1,Dg() X
j=to j=to
t-1
X [1+R,(t—1,k)A(k)]. (4)

Teopema nokasana.

2. IlocTanoBKa 3alavuM OIITUMAJBHOI'O YIIpaBJICHUS
PaCCMOTpI/IM 3aavy O MUHUMYME TCPMHUHAJIIbHOTO (I)YHKI_II/IOHaJ'Ia

S(w) = o(x(ty)), (5)
IIpU CIEAYIOIINUX OTPAHUYCHUAX:
u(t) eUCR",teT, (6)
A% (t+ 1) = f(&,x(8), u(®),
teT ={t,t,+1,..,t; —1}, (7)
x(to) = xo. (8)

3nech x(t) — n -MepHbIiA BEKTOP (Pa30BbIX IEPEMEHHBIX, U(t) — r'-MEepPHBI TUCKPETHBIH
BEKTOD YIPABISIONINX Bo3/eHcTBHM, U — 3alaHHOE HEMYCTOE OTPAHHYEHHOE U BBIMTYKI0E€ MHO-
’KECTBO, 4mCIa t,,t; U TOCTOSHHBIA BEKTOp X, — 3amanbl, [ (t,X,u) — 3agaHHas n-MepHas
BEKTOP-(QYHKIMs, HENPEPHIBHASL 110 COBOKYITHOCTH MEPEMEHHBIX BMECTE C YACTHBIMH TIPOH3-
BOJIHBIMHU TI0 X W U, IO BTOPOTO MOPSIKA BKIFOYHUTENHHO, @ (X) 3aMaHHas JIBaXIbl HEpe-
peiBHO muddepenimpyemas ckansprast Gynakmust, a A%x(t),0 < a < 1-1po6HbIiA omepaTop
nopsiaka a [5—10].
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VYrpaisonyo (QyHKIHIO Ha30BEM O0ONYCMUMbIM YApAsieHueM, €CITH OHO YIOBJIETBO-
psieT orpaHU4eHuUIO (6).

[Ipeamonaraercsi, 4YTO MPH KaXKIOM 3aJaHHOM JIOITYCTHMOM YIIPAaBICHUH JUCKPETHBIN
anasor 3anauu Komm, T. e. 3agaua (7)—(8) uMeeT eqMHCTBEHHOE PEILICHHE.

Jomyctumoe yrpasierue u(t), gocTapistoniee MUHUIMYM (QyHKIHOHATY (5) mpu orpa-
nuuenusx (6)—(8), HasbiBaeTcs onmumanvhuim ynpasienuen, anapa (u(t), x(t)) — onmumans-
HbIM NPOYECCOM.

B pa6ote [11] nnsa paccmarpuBaemoii 3aade ynpasiaeHus (5)—(8) mokazaHo HeoOX0au-
MO€ YCJIOBHE ONTHMAIHHOCTH MEPBOTO MOPSAKA TUTIA MPUHIKIA MakcumyMa [lonTpsiruna. B
cllydae OTKPBITOCTH 00JIacTH yrpaBiieHus: B paboTe [12] momydeHsl yCIoBHsS ONTHMAIbHOCTH
MIEPBOTO U BTOPOTO MOPSIIKA.

B npennaraemoii pabore i paccMaTpuBaeMOM 3aJlaud B ClTydae BBITYKJIOCTH 00JIacTh
yIpaBlIeHUs TOKA3aH aHAJIOT JIMHEAPU30BAHHOTO MPUHITUIIA MAKCUMyMa U HUCCIISIOBaH ClIydait
€ro BBIPOXKJEHUS (KBa3UOCOOBI ciyyaii [3, 4, 13—16]).

3. ®@opmy.a npupameHns KPpUTepus KauyecTBa H He00X0AMMoe YCJI0BHE ONITUMAJIb-
HOCTH
[Toctpoum popmyity mpupalieHust KpUuTepus: KauecTna.
ITycTh (u(t),x(t)) (UKCHPOBAHHBIM, a (ﬁ(t) = u(t) + Au(t), x(t) = x(t) + Ax(t)) -
HPOM3BOJIbHBIN 1OITYCTHMBIE ITPOLIECCHI.
VuurteiBasi BBeIICHHbIE 0003HAUeHUs moydaeM 4to, Ax(t) (mpupaiieHue TpacKTOpUH
x(t)), coorBercrByromee Au(t) (npupamenuio yrpasierus u(t)), 6yaer yaoBIeTBOPSATH CH-
CTeMe ypaBHEHUH

A%(Ax(t + 1)) = f(6, 2D, u(®)) — £(t, x(), u(t)), 9)
C HaYaJIbHBIMU YCJIOBUSMU
Ax(ty) = 0. (10)

C apyroit CTopoHBI, SICHO, YTO, TpHpalieHre GpyHkrnoHa a S(u), oTBevaromee mpupa-
mennio Au(t) yrpaBiieHus, UMEET CIIEAYIOIINI BUI:
S =S@) -Sw =

= p(x(t) + Ax(t) — p(x(t)- (11
Yepes Y (t) 0003HAUNM MOKA HEM3BECTHYIO 11 —MEPHYIO BEKTOP-CTOIOCI H TOJIOKUM
H(t' XU, IIJ) = lp,(t)f(t, X, u)-
3nech ¥ B JANbHEHIIEM, IITPHUX U BEKTOPOB O3HAYAET OINEPALUIO CKAJISIPHOTO TPOH3-
BEJIICHUS, a [T MaTpull — TpaHcnoHupoBanue. Oyukuuio H (t, x, u, ) HazoBeMm GyHKImeii ['a-
MuIbTOHa—TlOHTpSATHHA I paccMaTpUBaeMOM 3a/1a4u ONTHUMAIBHOTO yripaBiaeHus (5)—(8).
YMHOXkast 00e yacTu cootHoteHus (9) cneBa ckanspHo Ha P (t), a 3atem, cyMmMupYst 00¢€
YacTHU IMOJIYYEHHOTO TOXJAECTBA IO t OT ty A0 t; — 1 M mpuHMMas BO BHUMaHUE BBIPAKEHUE
¢yukuuu 'amunsrona—IloHTpsruHa, mosyyaem, 4To
t—1 t1—1
D WO (ax(e+ D) = ) PO [f(670,30) - £(6x(0,u®)] =
t=to t=to
t—1
= > 1650, 70,9 ©®) - H(t,x(0, u(0),$(®)]

t=t0
C yderom aToro ToxectBa npupaiienue (11) GyHkunoHana noaydnm, 4To

10
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ASw) = @(x(t) + Ax(ty)) — o(x(t) + Z W'(0) A%(Ax(t + 1)) -
t,—1 _
— Z [H(t, (@), u(®),v(©) — H(t, x(@®), u®), p(0)]. (12)

Tenepp 3aitmeMcst mpeoOpa3oBaHUEM JIEBOM YacTH cliaraeMoro 3Toi ¢opmyibel. C 3Toi
LEJIbI0 PACCMOTPHUM BBIpaKEHUE

t1—-1
Z P (6) A%(Ax(t + 1))
CrnenaB B HEM 3aMEHY Hepe;[:etl(-)IHBIX t + 1 = s u yuuTbIBasi Ha4aJIbHOE YCIOBUE, MOJIY-
qyum b1
Z ' (6) A%(Ax(t + 1)) = Z Yt — 1) A%(Ax(D)) =
t=to+1 -
=9’ (t; — DAY (Ax(ty)) — ' (to — DA*(Ax(ty)) + z Y (t— 1) AY(Ax(D)) =
- t=t
=9’ (6 — DA%(Ax(ty)) + Z P'(t — 1) A%(Ax(1)). (13)
t=t,

I[anee, C YUCTOM TCOPEMBI O I[pO6HOM CYMMHUPOBAaHHU 110 YaACTAM, HpHBeHeHHOﬁ BBIIIC,
HNMEEM

D (= 1) A(Ax(D) = ¥ty — DBx(ey) = ' (t — DAx(eo) +
o t1-2
£ B%h(t - DBX() + - )Ax(to) x
t=t,
2<t+u—to)<ﬂ D) - Z (c+1—0(t) " ax(® | =
t=o(a)
t1-2
= /(6 = DAx(e,) + Z Ay = DAX(E). (14)

C yuerom toxnectsa (14) uz (12) moxyuum
AS(u) = @ (x(t) + Ax(t)) — @(x(t) +

ty—2
P/t = DAX(E) + ) A% (t = DAX(E) —
- Z [H(t, %0, a(6), p(©)) — H(t, x(1), u(®), p(®)]. (15)

11
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B ,I[aJ'IBHCfIH.IeM 6y,Z[YT HCITOJIBb30BAaHbI O603H8H€HI/ISI THUIIA
H,[t] = Ho (6, x(®), y(©), u(©), Y (1)), Hyx[t] = Hye (£, x(8), y(£),u (), (1)),
Hy[t] = Hy(t,x(6), y(®),u®), ¥ (©), filt] = fo(t, 2, y(©),u®)),
flt] = £,(6x(@®), y®),u®), fult] = £,(6,x(@©), y(®), u(®)).
HpI/I CACIIaHHBIX Hpe,Z[HOJ'IO)KeHI/I}IX (bOpMy.]'Iy npnpameHHﬂ Hn3 (15), HCIIOJIb3Ys (bOpMYJ'Iy

Teitnopa u dynkiponana S(u), COOTBETCTBYIOIINX TOMYCTUMBIM yrpaBiaeHusM U(t) u u(t)
MO’KHO TPE/ICTABUTH B BHIIC:

1
AS() = @ (x(£2))Ax(ty) + 5 A% (t1) P (x(£2) ) Ax(t1) +

ti—-1
F (6 = DAX() + D (= DAX() -
t2 i
D B (£ = DAX(E) = ) [HLEIAX(0) + HL[1u(e)] -
t=tg t=to
1 ti—1
—3 Z [Ax' (t)H,[t]Ax(t) + Ax'(t)H ., [t]Au(t) +
+2Au’ (t)Hy, [t]Ax(t) + Au' () H,,,, [t]Au(t)] +
ti—1
+o; (lAx(t)II?) — z ox[llAx (Ol + llAu(®) 11> (16)
t=to

Teneps npeamnonoxuM, uto Y (t) ABIIETCS PENIEHHEM CIIEAYIONIENH CHCTEMbI JIMHEHHBIX

OJIHOPOAHBIX IPOOHOI0 MOPSKA PA3HOCTHBIX YPaBHEHUI:
t-2

Z tA“p(tl)zp’(t —1) =H,t],t =t; — 1,t; — 2, ..., to,
tzto

Yty — 1) = =gy (x(t).

DTy cucTeMy YpaBHEHHUH € 33JaHHBIM HAYaJIbHBIM YCIIOBUEM HA30BEM CONPANCEHHOU CU-
cmemotl 8 paccmampusaemoti 3adave (5)—(8).

[Tpu BbIMONHEHUU cooTHOoweHMH (17) dopmyna npupamenus (16) npuMeT cieayouuii
BUJI:
t—1

1
AS(0) = 5 A% (6) g ((6)x(t1) = ) Hylelu(e) -

—1 [Ax' (t)H,[t]Ax(t) + Ax'(t)H ., [t]Au(t) +
+2Au’ (t)Hy, [t]Ax(t) + Au' () H,,,, [t]Au(t)] +

+o, (IAx (t)II?) — Z oz [llAx (Il + llAau®II]* . (17)

tzto

12
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B cuily BBINYKIOCT MHOKECTBO U CIienuanbHOE MpUpalleHie ONTHMAILHOTO YIIpaBiie-
aus u(t) onpeneauM ClaeayIoIuM 00pa3oMm:
Au(t; e) = g[v(t) —u(t)]. (18)
3neck € € [0,1] —mpousBonbHOE yncio, a v(t) € U,t € T.

Yepes Ax(t; €) 0603HaYMM CIIECIMATIBHOE TPUPAICHUE ONTUMAIBHOM TpackTopuu X (t),
OTBEYAIOIIEH CrenUaIbHOMY TIpUpaIleHuto yrpasienus u(t), onpeaensemoe Gopmyioii (18).

Hcnonb3ys cxemy paboThl [15] mo aHanoruu, qoKa3biBaeTCs OIEHKA
t-1

e+ DIl < L [ [+ Acenisumn,
j=to
3nech Ly =const > 0,t €T Ut;.
W3 3T0r0 HepaBeHCTBA I10Iy4aeM, 4YTO

t—1 -1
lax Il < 1y | |+ e plldugyiel) < oL, | [ave) - wid. 19)
C yuetom OHGHKI/IJ(= ltg) MOJIy4aeM, YTO i
lAx(t; )| < ellv(e) —u(®)l].

MosxHO TToKa3aTh, 9YTO
Ax(t:€) = €l(t) + o(g; t), (20)
rae [(t) — n-mepHast BeKTOP-(QYHKIMS ABIACTCS PEIICHUEM CHCTEMBI YPaBHEHHIA
A“U(E + 1) = AU + fltl(v(0) — u(®), 1)
C HaYaJbHBIM YCIIOBUEM

[(ty) = 0. (22)
[Tpuaumast Bo BHUMaHue Gopmyisl (18)—(22) uz popmyisl npupaiesus (16) nomyunm

S(u(®) + Au(t: &) — S(u@®)) =

t1-1

62
=—¢ z H[t](v(®) — u(t)) + 7Al’(t1)<pxx(x(t1))Al(t1) —
t=to
,ti1
Y [V () Hyex [E11(6) + U () Hy [E] (v (D) — u(®)) +

+(v(6) — u(t)) Hy [E]L(t) +
+(v(®) —u(®) (OHw[t](v(e) —u@®)] + o(e?). (23)

Paznensis o6e yactu pasznoxenus (23) Ha € U nepexons npeaeny npu € — 0 noiaydaem,
YTO

t1—1

> B HlA(r(® - u®) < 0. (24)

t=t0

Takum 00pa3oM I0Ka3aHO CICAYIOIIEE YTBEPKICHHUE.
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Teopema 3. (tuneapuzosannviii npunyun maxkcumyma). Jias ONTUMAIBLHOCTH JOIYCTH-
Moro yrpasierus u(t) HeooxoaumMo, 9ToObI HepaBeHCTBO (24) BBIIOIHAIOCH I Beex V(t) €
U teT.

CootHomrenue (24) npeacTaBisieT coOOM aHAIOT JTUHEapU30BaHHOTO (nuddepeHnmab-
HOTO) YCIIOBHSI MAKCUMYMa U SIBJISIETCS HEOOXOJMMBIM YCIIOBHEM ONTHMAJILHOCTH IIEPBOTO I10-
psiKa.

N3yunm ciryyaid €ero BeIpOXKICHUS.

Onpenenenne 4. Jlonyctumoe yrpasieHue U(t) HA30BEM K6A3UOCOObIM YNPAGLEHUEM,
ecim s Beex v(t) e U, t €T :
t1-1

Z HLE (v(6) — u()) = 0. (25)

U3 paznoxenus (23) ¢ yuerom (25) cpasy cieayert, 4To JUisl ONTUMAJIbHOCTH KBa3HOCO-
6oro ynpaeienus u(t) HeoOXOOUMO, 4TOOBI HEPABEHCTBO

t1—-1
U (t1) @ (x(£1))1(t1) — Z [/ () Hyx [E1L() + 21 () Hy [E]1 (v (D) — u(@®)) +
+(v(t_) _ u(®)) ®OHu[tl(v(®) —u®)] =0. (26)

BBINONHUIOCH 11 Beex v(t) E U, t € T.

HepaBeHctBo (26) siBiisieTcsl HESIBHBIM HEOOXOAMMBIM YCIOBHEM ONTHMAIBHOCTH KBa-
3M0CO0BIX yrpaBieHUH. HO MCronb3yst ero MOXXHO MOJYYUTh HEOOXOJUMOE YCIOBHE OINTH-
MaJIbHOCTH, BBIPAKEHHOE HEMOCPEICTBEHHO Uepe3 MapaMeTphbl paccMaTpUBaeMOH 3a/1auu.

VYpaBHenue (21) sBusercss TMHEHHBIM HEOAHOPOIHBIM PAa3HOCTHBIM YpaBHEHHUEM JIpO0-
HOT'O MOpsiIKa OTHOCUTENBHO [(t) ¢ HauanpHbIM ycioBueM (22). [loaToMy pemieHue 3anaqu
(21)~(22) Ha ocHOBe pe3ynbTaTa TEOPEMBI 2 I0IyCKAET IPEICTaBICHNE

t—-1
1O = ) Re(t = LNAII(G) —u()) X

J=to
t—1

x 1_[ [1+ Ro(t — 1K) K] . 27)
k=j+1
Ucnons3ys npencrasnenus (27), 3aiitmeMcs mpeodpa3oBaHUEM OTACIIBHBIX ClaraéMbiX B
HepaBeHcTBe (20).

SIcHo, uTo
U (t)prx (2 () Uty) =
= tlz_l tlz_l Ro(t = 1, Df,[7](v(7) — u(2)) x
x ﬁ [1+ Re(t = 1, k) fie [k (2(£1)) X
k=T+1 )
X R (t — 1,9) fu[s1(v(s) — u(s)) 11_[ [1+ Ro(t — 1, k) f[K]]-
k=s+1

14
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Hepasenctpo (26) MoxxHO nTpeoOpazoBaTh K BUILY

t1—1t,-1
. D Relt =LA@ — u@) x
x| 11+ Rat = LD 0 (x(2) X
k=t+1
ti-1
X Rq(t = 1,5)fu[s1(v(s) — u(s)) ]_[ [1+Ra(t = LK) fe[k]] =
k=s+1

B Z Z Ra(t — 1, D) f[r](v(r) — u(D)) X

t—1
X 1_[ [1 + R, (t—1, T)fx[T]] Hyx[t] X

k=max (t+1,5+1)

X [14 Ry (t = 1, 8) fe[sl]Ra(t = 1, ) fiu[s1(w(s) — u(s)) +

t1-1[¢t-1
+2 Z Z R,(t—1, T)fu[‘[](‘l](‘[) — u(r)) X
t—1
x | | 1+ Ralt = LOALE] Ha 1 (00 - u(®)
k=t+1
+(v(t) — u(®)) (OHL[t](v(®) —u®)] 2 0. (28)
Iycte @(1,s) — (n X n) marpuuHas GyHKIHU, onpeaeaseMas GopMyIoi
t;-1
(D(T, S) = _Ra(t -1, T) 1_[ [1 + Ra(t -1, k)fx[k]](pxx(x(tl)) X
k=1+1
ti—1
X Ry(t —1,7) H [1+ Ra(t — 1,K)f[K]] + (29)
k=s+1

ti—1

+R,(t —1,7) H [14 R (t — L, D)fe[r]|Hex[E][1 + R (t — 1, 5) fi[s]]-

k=max(t+1,5+1)
VYuureiBas ¢popmyiy (29), HepaBeHCTBO (28) 3anuchIBaeTCs B BUJE

—1t-

z Z (v(z) — u(T))f [T]@ (7, s) fuls](v(s) — u(s)) +

T=tg S=to

-1 t-1

+ZZ Z Re(t — 1, D[] (v(0) — u(®) x

Ttofto

x | | 11+ Ralt = LOL K| Hal) (v(0) — u(®) +

k=t+1
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t1-1

+ Z (v(@®) - u®) Hultl (v(@®) — u®) < 0. (30)

t=t0

Teopema 4. JIjis ONTHMAILHOCTH KBa3HOCOOOTo yrpasienus u(t) B paccMaTrpuBaeMoit
3aja4e HeoOX0auMOo, 4T0ObI HepaBeHCTBO (30) BhImOIHUTOCH it Beex u(t) € U,t € T.

[IpuBeneM OHO CJICICTBUE, BBITEKAIOIISE U3 TCOPEMBI 3.

CnencrBue. Eciu u(t) kBaznocoboe ympasieHue, TO Ut €r0 ONTHMAILHOCTH HEOOXO0-
JTIUMO, YTOOBI HEPABEHCTBO

(v —u(®) fi[612(8,0)£,[61(v — u(®)) +
+(v —u(®)) Hyu[0](v —u(®) <0 (31
BBITIOJIHSIIIOCE A Bcex 0 E Tuv € U.

Jloka3atesibeTBO: VCrosb3ys Mpou3BOILHOCTE V(t), ONpeaenM ero CaeayoImuM 00-
paszom:
vt=0€T,
v(t) = {u(t), t+60€T, (32)
rae 8 € T u v € U npou3BOIBHBIA BEKTOP.
VYuursiBas Gopmyisl (32) B HepaBeHcTBe (30), mpuxoauM K HepaBeHCTBY (31). Otum
CJIEZICTBHE JI0KA3aHO.

3akJiilouenue

B paccMarpuBaeMoil TepMHHAIBHOM 3a/1aue ONTUMATBHOTO YIIPaBIECHUS, IPHU MPEATIOINO-
YKEHHUH O BBIITYKJIOCTH 001aCTH JOMMYCTUMBIX YIIPABICHUM, [TOJIy4Y€H aHaJIoT JIMHEAPU30BaHHOTO
YCIIOBUSL ONTHUMAJIbHOCTH, MPEACTABISIONIEr0 COO0M AUCKPETHBIM aHANOr MPHUHIIMIIA MaKCU-
myma [lontpsruna. Oco0oe BHUMaHUE YACICHO CIIy4aro, KOTJa JIMHEapU30BaHHOE YCIIOBHE
MaKCHUMyMa BBIPOXKJIA€TCs, TO €CTh CTAHOBUTCS TpUBHAIbHBIM. Takue yrnpaBieHUs Ha3bIBa-
I0TCSI KBA3MOCOOBIMU U TPEOYIOT OTJEIBHOTO aHanu3a. JlJis KBa3noCcoObIX yIIPABICHHH MOITY-
YEeHbI KBaJpaTHUHbIe HEOOXOIUMbIE YCIOBHS ONTHMAIBHOCTH, KOTOPBIE SIBIAIOTCS OoJiee WH-
q)OpMaTI/IBHBIMI/I, YCM JIMHCAPU30BAHHLBIC YCIIOBUA.

[TonmyueHHBIE pe3yabTaThl MOTYT OBITH UCIIOTB30BAHBI JIJIS PEIICHUS MPAKTUUYECKUX 3a71a4
yIOpaBJIeHUS CUCTEMaMHU C APOOHON TUHAMUKOMN, B YaCTHOCTH, B YKOHOMHKE, B OMOJIOTHH U TEX-
HUKe. B kauecTBe MEpCHEKTUBHBIX HANPABICHUM JAIBHEUIINX HUCCIEAOBAHUM MOXKHO OTMeE-
TUTDH pa3pa60TI<y YHUCJICHHBIX METOHOB /I PCIICHUA 3aaa4 OIITUMAJIBHOTO YITPABJICHUS C KBa-
3M0COOBIMU YIPABICHUSIMH Ha OCHOBE MOJYYEHHBIX YCJIOBUMU, pacHIMpEHHE PE3y/lbTaToB Ha
Ciy4yall HEBBITYKJIBIX OOJIaCTed yIpaBJICHHS, UCCIICIOBAaHNE BIMSHUS TTApaMeTPOB JPOOHOTO
MOpsIIKa Ha CBOMCTBA ONTHMAJbHBIX yhpaBineHH. Takum oOpazom, naHHas paboTa BHeclna
BKJIaZ B TCOPUIO ONTUMAJIBHOI'0 YIIPABJICHHUA PA3HOCTHBIMU CHUCTEMaMU HpO6HOFO nopsAaKa u
OTKPBIBAET MEPCIEKTUBBI IS JATHHEUIITNX UCCIEIOBAHHA B 3TON 001acTH.
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BBenenue

Kak u3BecTHO, Iporecchl u3 NpakTUKU ynpasisieMbl. Ho ympasmsitonye GyHKINNA MOTYT
ObITh pa3HbIMU. M O3TOMY MpHU MCCIIE0BaHUM KOHKPETHBIX MIPOLIECCOB BO3HUKAET BOIIPOC O
HAXOXXICHUM HaWIydlled ympaBisiomedl (QyHKIHH, KOTOPYIO Ha3bIBAIOT ONTHMAIBHBIM
ynpasineHueM. Teopuss ONTHUMaabHOIO  YNpPAaBJIECHHUA  MPEACTABISAECT  3HAYUTEIIbHBIN
TEOPETUYECKUM M mpakThyeckuil uHTepec. CaMbIM CHIBHBIM U yJOOHBIM HEOOXOIUMBIM
YCIIOBUEM ONTHUMAIBHOCTH siBisierca npuHuun Mmakcumyma JI. C. IlonTpsaruna, BHepssle
JIOKa3aHHBIN 1151 CiTydasi OOBIKHOBEHHBIX AU depennmanbubix ypasaenuii [1]. C mosiBinennem
9TOr0 NPHUHLMIIA CTaJla MWHTEHCHBHO DAa3BUBATHCSA KAdye€CTBEHHAs TEOPHUsS ONTUMAJIbHOIO
yropasiieHusl. PazHpIMM clienuanucTaMyd pacCMOTPEHbI Pa3iIUYHbIE ACIEKTbl ATOH TEOPUH U
0030p psaa pe3yJbTaToOB UMEETCs, Hanpumep B [2—4].

JluneiHble TMHAMUYECKUE CUCTEMBI SIBJISIFOTCS YAOOHBIMU OOBEKTAMHU UCCIIEI0OBAHUS B
TEOPUM ONTHMAJIBHOIO YNPABIEHUS U HMEIOT ONpeAEJCHHbIE OCOOEHHOCTH (CM.,
Harpumep, [5—7]).

B pab6ote [5] paccmoTpeHa oiHa 3ajada ONTUMAIBHOTO YIPABICHMS, ONMMCHIBaeMas
cuUcTeMoi uHTerpo-auddepeHInaIbHbIX ypaBHeHUN Tuna Bonbreppa. Kputepuii kauecta
SBJISIeTCA HETUNOBBIM. CunTasi 006JacTh yIpaBJI€HUS! OTKPBITHIM, BBIYHUCIICHBI IIEPBast U BTOPas
BapralMu (yHKIMOHAJa KadecTBa. M3 paBeHCTBa Hy/IO MEpBOil Bapuanuu (yHKLIHMOHAIA
KauecTBa BJOJb ONTUMAIBHOIO MpOLiecca MOJMYUYEH aHAJIOT ypaBHEHMs Jinepa. 13 ycnoBus
HEOTPULATEIbHOCTH BTOpPOM Bapuanuu (yHKIMOHAJA KauecTBa IOJYYEHbl pa3IU4HbIE
HEOOXO/MMBbIE YCJOBUS ONTUMAJIBHOCTH BTOPOrO TMOpPs/IKA, HOCAILIME KOHCTPYKTHBHBIM
xapakTep. Taxke OTAeNbHO U3yUeH CIydail 0COOBIX, B KIIACCHUYECKOM CMBICTIE, YIIPaBICHUH.

Ho s nunelinbix cuctem npuHuun makcumyma JI. C. IloHTpsiruHa npeBpariaercs enie
U B IOCTaTOYHOE yCIIOBHE.

B pabore [8] mnomydeHo HeoOXOAMMOE U JIOCTaTOYHOE YCIOBHE TIJI00AIbHOM
ONTUMAJIBHOCTU JJISl 33Jay ONTUMHU3aLMU Oe3 OorpaHuuYeHui, Koraa ueneBas (QyHKUUS HE
00513aTeNIbHO SIBJIETCSl BBIMYKJION. ABTOpPBI MCHONB3YIOT auddepeHuupyeMocts no I'ato
neneBoi (yHKIUMU U ee OuconpsikeHHOM (YHKIUU (TOCIETHSS M3BECTHA U3 BBIMYKIIOTO
aHajmza).

Hecmotps Ha TO, 4TO wHCcnenoBaHue ApoOHO-TU(D(EpEeHIINATIBHOIO HCUUCICHUS
Hayanoch eme B XIX Beke, MUPOKO OHO CTajl0 NPHUMEHATHCA TOJBKO B IIOCIEIHUE
JIEeCATHIIETUSl. YpaBHEHUS C JApPOOHBIMH IPOW3BOJHBIMU MPHUMEHSIIOTCS Ul ONHCAHUSA
JUHAMUYECKHUX MPOIIECCOB B 33jjauaxX KJIACCHUECKOW MEXaHWKH, TMJIPOAUHAMUKH, TUhdy3uH,
TUHAMHUKE TypOYJEHTHOH cpeibl, MoJean (a30BbIX MPEBpAIICHHH, MPOCTPAHCTBEHHBIX U
BPEMEHHBIX KOPPEJSALUAX B KUIKOCTAX, (PUIBTpALIMK B TIOPUCTHIX cpeliax, u T. II.

3aauy ONTUMAJIbHOTO YIIPABIIEHUS, ONTMChIBAEMBIE PA3IMYHBIMU TU(DPepeHInanbHBIMU
YpaBHEHUSIMU JPOOHOTO MOPSAJIKA, B HACTOSIEE BpEMs HHTEHCHBHO HCCIenyroTcs. B atom
HaIpaBJIEeHUU MOXKHO TTOKa3aTh, HAIpuMep, padboTsl [9—12].
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TouHoe MOzIEMPOBAaHUE MHOTHX JUHAMHYECKUX CHCTEM MIPUBOJIUT K CUCTEME TPOOHBIX
muddepennmansabix ypasaenuit (FDE). B pabote [12] paccmoTpena obmias popmynupoBka u
cXeMa peuleHus i Kjacca ApoOHBIX 3aaauy onTuMmanbHoro ymnpasieHus (FOCP) mns stux
CHUCTEM, B KOTOPOM JpoOHasi MpPOU3BOAHAS SBIAETCS NPOU3BOAHOW Pumana—JInyBuiiis.
Wuaexc npou3BOAUTENBHOCTH IPOOHBIX 3a/1ad ONTHUMAJIBHOTO YIPABICHHS pacCMaTpUBAETCs
KaK (DyHKIIHSI, KaK IGPEMEHHBIX COCTOSHUS, TaK ¥ IEPEMEHHBIX YIIPABICHHS, & THHAMUYECKHE
OTpaHMYEHUSl  BBIpAXAalOTCI  HAO0OpPOM  ApOoOHBIX  Au(depeHIrnanbHbIX  ypaBHEHUH.
Bapuaunonnoe ucuncienue, MHOXUTENb Jlarpanxka u ¢popmyia IpoOHOTO MHTETPUPOBAHUS
[0 YacTsIM HCIOJNB3YIOTCS [JIs TOJy4YeHHsl aHajora ypaBHeHuiM Oinepa—Jlarpanxka s
JIpOOHBIX 33124 ONTUMAaIbHOTO yrpasieHus. [IpencraBiennas GopMyIHMpOBKa U MOTyUYeHHBIE
YpaBHEHHUS OYEHb IIOXOXKM Ha Te€, KOTOpbIEe IMOSBJSIOTCS B KJIACCUYECKOW TEOpUU
ONTUMAJILHOTO yHpaBieHusa. Takum oOpa3oMm, paccMaTpuBaeMas 3ajava, IO CYLIECTBY,
pacuImpsieT KIaCCHYECKYI0 TEOPUIO YIIPaBIIEHUS Ha IPOOHYIO TUHAMUYECKYIO CUCTEMY.

A B pabore, Hampumep, [13], paccMoTpeHa 3amavya ONTHMAIBLHOTO YIIPABIICHUS,
omnuchiBaeMasi UHTErpo-auddepeHanbubM - ypaBHeHHEM Tuna Bonbreppa ¢ apoOHoit
npou3BonHoi KamyTto. @yHKIMOHAN KadyecTBa SBISAETCA (PYHKIMOHAIOM TEPMHUHAIBHOTO
tuna. [lpumenss aHamor MoAU(UUIMPOBAHHOTO METOAA MPHUPALICHHUM, YCTaHOBIEHO
HEO00X0JMMOE YCJIOBHE ONTHUMAJIBHOCTH IMEPBOro IMopsjka B (opMe MpUHLIMIIA MaKCUMyMma
JI. C. IlonTpsiruna.

B nanHo# paboTe ¢ mMOMOIIBIO aHAJIOra METoa MpUpalIieHuil (cM., Hanpumep, [2, 4, 5,
7]) wuccnemyercs oOIHA 3alada ONTUMAIBHOTO YIpPaBIEHUS, OIKChIBaeéMas HHTETPO-
Qg depeHraIbHBIM YpaBHEHHEM JIpoOHOTO Topsiaka KamyTo ¢ muHeHbIM (QyHKIIHOHAIOM
kauecTBa. OOnNacTh ymHpaBlEHUS SBISETCS HEMYCTHIM U OrPAaHUYCHHBIM MHOXKECTBOM.
VYnpasmsromas GyHKIHS OepeTcst U3 Kiiacca KyCOYHO-HEMPEPhIBHBIX (MMEIOIINE KOHEYHOE
YHCIIO TOYEK pa3pbiBa MepBOro pona) pyHkumii. J[okazaHo HEOOXOAUMOE U JOCTATOYHOE
yCIJIOBHE ONTUMAJIbHOCTH B pacCMAaTpUBaeMoi 3ajaue. A B cilyyae HEJIMHEMHOro pyHKIIMOHANa
KauecTBa — OTJEJIBHO JOKA3aHO JOCTaTOYHOE YCIOBUE ONTUMAIbHOCTH.

1. IlocTaHoBKa 3aga4u
[lycTte ympaBisieMblii TOpoOLIECC ONUCHIBAETCA CHUCTEMOM JIMHEMHBIX HMHTETPO-
b depeHIIMATbHBIX YpaBHEHUI:

t
thf‘x(t) =A(t)x(t) + f(t,u(t)) + f[B(t, T)x(1) + g(t, T,u(r))]dr, (D
C HAYaJIbHBIM YCIIOBUEM ¢

x(to) = Xo, (2)
rie

t
1 x™ (1)
=) J (t_T)1+a—ndT’ n=[a]l+1,a €R,
to

neBas apoOHas npousBoaHas KamyTto (cm. Hanmpumep [13-15]).

3nech X = (X4, Xy, ..., Xp)' — N-MEPHBIIl BEKTOP COCTOSHUS YIPABIIEMOT0 00BEKTa, U =
(ug, Uy, ..., Uy)" — r-MepHast KyCOYHO-HETpEphIBHAs (MMEMOMIas KOHEYHOE YHCIO TOYEK
pa3pbiBa MEPBOTO POJa) YIPABISIONIAs BEKTOP-QYHKIINS, NPHHAMAIOIIAST CBOU 3HAYCHHS U3
3aJIaHHOTO, HEIyCTOTO U OTPaHMYEHHOTO MHOKecTBa U, T.€.,

u(t) EUcCR", t€T =ty ty] (3)

3nech (') 03HAYACT AJIsl BEKTOPOB OMEPALHIO CKAISIPHOTO TIPOM3BEICHUSI, a TSI MATPHIL —

OTepaIuio TPAHCITIOHMPOBAHUSL.

thtax(t) =
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[Tpenmonoxum, 4to ty, t1, Xo — COOTBETCTBEHHO 33/IaHHbIEC YHCIIa U TOCTOSHHBIN BEKTOP,
A(t) — 3amannas (n X n)-mepHas HenmpepbiBHast MatpuuHas-GyHkuwys, f(t, u) — 3agaHHas n-
MepHast BEKTOP-(QYHKIIHS, HEMPEePhIBHAS 10 COBOKYITHOCTH MEPEMEHHBIX.

Ha pemenusax 3amaun Komm (1)~(2) COOTBETCTBYIOIIMX BCEM YIIPaBICHUSM,
YIOBJIETBOPSIONIMM yCIOBHUIO (3), ompeaenrM TepMUHAIBHBINA (yHKIIMOHAT:

S(u) = c'x(ty). (4)

3/1ech ¢ — 3aJJaHHBIN N -MEPHBIN MOCTOSTHHBIN BEKTOP.

3amauy HaxX0XKJICHHUS MUHUMAIBHOTO 3HaueHUs (yHKIMOHAa pu ycsoBusx (1)—(3) ms
KpaTkocTH HazoBeM 3amaueit (1)—(4). Kak BugHO, (yHKIIMOHAT TUHEHHBIA M MpaBas 4acTh
ypaBHEHHUS JTUHEHHA OTHOCUTENIBHO X.

Jomyctiumoe yrpasienne u(t), HOCTaBisiolice MHHHMYM (GyHKIHOHATY (4), mpu
orpannyeHusix (1)—(3), HazoBeM onmumanvubimM ynpasienuem, a COOTBETCTBYIOIIMI MPoOIIecC
(u(t), x(t))— ONMUMATLHBIM NPOYECCOM.

2. Beiuncienue npupamenust pyHKumnoHama
[TycThb (u(t),x(t)) —  (DUKCUpOBaHHBINA, a (ﬁ(t) =u(t) + Au(t), x(t) = x(t) +
Ax(t)) — MPOU3BOJIBHBIN JOMYCTUMBIE MPOLIECCHI.
Hanwmem npupamenne ¢yHkumonana (4), COOTBETCTBYIOUIEE JIOIMYCTHMBIM
ynpasienusm U(t) u u(t):
AS(u) = S(m) — S(u) = c'Ax(ty). (5)
SIcHo, uto mpupamenue Ax(t) Tpaektopuu Xx(t) SBISETCS pEIICHUEM CIICIYIOIICH
3a7auu:

EDEAx () = ADAx(®) + [f(t, u(®) — f(t,u(®)] +
+ f [B(t, 7) Ax(7) + (g(t, 7,u(1)) — g(t, r,u(r)))] dr, (6)

%1
Ax(t,) = 0. (7)
VYpaBHenue (6) sBIsSETCS JINHEHHBIM, HEOJHOPOIHBIM YPAaBHEHHEM, OTHOCUTENIBHO AX.
[Iycte 1 =(t) moka Mmpou3BOJbHAS nN-MEpHas BEKTOP-QYHKIHMSA. YMHOXKas 00e
CTOpOHBI YpaBHEeHUsI (6) ckansapHO Ha Y(t) ¥ MHTErpHUpPYsl MOTYUYCHHOE ypaBHEHHUE 110 t OT t
J10 t, IOJIyYUM

f P'(t) EDFAX(E) dt = f P’ () A(t) Ax(t)dt + f P'(©) (f(t,a(t)) - f(t,u(t))) dt +

t
+ f P'(t) [B(t, T) Ax(T) + (g(t, T,ﬁ(r)) — g(t, T,u(‘r)))] dt| dt. (8)

ITo popMyIie YaCTHYHOTO MHTETPUPOBAHUS JIsl IPOOHBIX UHTErpaioB [14] umeem:
tl tl

f () EDFAX()dt = f A (DASDEW(O)E + JE“Ax () (D)]| =
to

to
t1

= f Ax' (OASDEY )t + (IE*Ax(t)P(ty) + L Ax(te)(ty) =

to
ty

— [ A ADEPOde + T Bx(E (). 9

to
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ITo dopmyne Jupuxie (cM., Hapumep, [16]) umeem, 9To
f f Y |B 1) Ax(1) + (g(6.7.0(D) - g(t7,u(@) )| dr | de =
_ f f ¥'@ B0 ax(@ + (9(r.t.20) - g(x. tu®))] de | dt. (10)

to
VYuuteiBas Toxaectsa (9) u (10) B popmyne npuparenus (5), noaydum
%1
AS(w) = ¢'Bx(ty) + f M’ (6)SDE WO + T Bt (ty) —

to

- f P’ (6) A(t) Ax(D)dt — f ' @© (F(6a®) - f(6u®)) dt -
to to
t; [ty

= f j '@ B 6) ax(t) + (g(r, 6, 7(0) - g(z.t,u(®)) )| dz| dt. (11)
to |t
IMpenamonoxuM, 4To BeKTOP-QyHKIUsA P (t) SIBISETCS PENIEHHEM CIICAYIOMIEH CHCTEMBI

YPaBHEHUM:
ty

SDEY(E) = A'(0) (D) + j B'(z, OP(2)dr, (12)

t
tItll_aI/’(tﬂ = —c. (13)
3anaua (12)—(13) Ha3BIBACTCS CONPANHCEHHOU CUCEMOU Ol PACCMAMPUBAEMOU 3A0a4U
U SBIISETCS JIMHEHHON HeonHoponHoW 3amaueil Komm st uHTerpo-augdepeHnuaibsHoro
ypaBHEHHUS ¢ APOOHBIMH NMPOU3BOAHBIMHU (12).
Torna ¢popmyna npupamenus (11) pyHknronana Oy1eT UMeTh CIeTyOInH BUI:

t1
AS(u) = — J w'(© (F(Law) - f(eu®))de -
to

— f Y' (1) (g(r, t,ﬁ(t)) — g(T, t,u(t))) dt| dt. (14)

to |t

BBezem ananor Gpyukimyu ['amusibToHa—[[OHTpATHHA CIIEAYIONM 00pPa3oM:
t1

H(t,u®),v(®) =" (©)f(t,u®) +J V' (Dg(z t,ut))dr.

t
Torna dhopmyna npupamienus (14) mpeoOpa3yeTcs K CAeAYIOIMIEMY BHIY:
ty

a5 = = [ [H(6:a(0.9(©) - H(t,u@,p©)]de (15)
to
Hoxazannas ¢dopmyna mpupamenus (15) MO3BoJsAE€T MOMYyYUTh HEOOXOAMMOE W
JIOCTaTOYHOE YCIOBHE ONTUMAIILHOCTH CIIETYIOIIUM 00pa3oM.
Teopema 1. J[yist ONTHMAILHOCTH JOIYCTHMOTO yripaBieHus u(t) B paccMaTpuBaeMoit
3aa4e He0OX0IMMO, YTOOBI PABEHCTBO

max H(0,v,9(0)) = H(6,u(6),¥(6)), (16)
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BBIIIOJIHSIIOCH Ui BeeX U € U, 0 € [ty,t).
Touka 6 € [t,,t;) sBAsSETCS MPOU3BOIBHOM TOYKON HENMPEPHIBHOCTH yIpaBieHust U(t).
Jloka3aTeIbCTBO

Heooxonumocts. [lycth ynpasienue u(t) sABIsSETCS ONTUMAILHBIM YIPABICHHEM, U €
U mnpousBoOJbHBIA BEeKTOp, O € [ty,t1), a &> 0 Takoe JOCTATOYHO MaJ0€ YHCIIO, YTO
BBITIOJIHSETCS] HEpaBeHCTBO O + € < ty.

Ormpenenum creluaibHOe MpUpaIieHne yrnpasieHus U(t) crieayomum oopa3om:

Auts €) = {v —u(t),t €1[0,0 +¢), 17)
0, t eT\[O,0 + ¢).

Torna, UCMoNB3ysl TeopeMy O cpeiHeM u3 GopmyIibl npupanieHus GpyHkiuonama (15)

MOJIYYHM, YTO
S(u(t) + Au(t; e)) — S(u(t)) =
= —¢[H(6,v,%(6)) — H(6,u(8),(6))] + o(e) = 0.

Orcrona nomyyaercst yciioBue Makcumyma (16).

JloctaTouHocTh. [lycTh BhIMONHSCTCS ycnoBue mMakcumyma (16). ITokaxkewm, uro B
TAaKOM Ciydae ympasieHue uU(t) SBISETCS ONTUMAIBHBIM YIpPABICHHEM. BhIMOIHEHHE
ycinoBuss Makcumyma (16) o3Hauaer, uto ans Joboro ympasienus v(0) € U, 60 € [ty,t,)
BBIMOJIHSCTCSI CIICIYIOIIEE YCIOBHE:

H(6,v(6),%(0)) < H(6,u(8),y(6)).

Torna o ¢popmyse npupamienus (15) MokeM HanUcaTh, 4TO

Sw)—-S) =

=— f (H(8,v(0),w(8)) — H(6,u(6)),¥(6)) db 2 0,

S(w) = S(w).
A 3TO0 03HaYaeT, 4To ynpasieHue U(t) ABIAETCS ONTHMAIBHBIM YIIPaBICHHEM.
DTHUM JI0Ka3aHa TeopeMma.

3. JlocTaTo4HOoe YCJOBHE ONTHMAJBLHOCTH B CJIy4ae HEJMHEHHOro (PYHKIHMOHAJIA
KayecTBa

[Tpeanonoxum, 4ro ¢@(x) 3amaHHas HENpepbIBHO-AU(QepeHMpyeMas U BbITyKJas
cKansgpHast QyHKIHS.

PaccMoTpuM 3aauy 0 HaX0XAEHUHY MUHUMAJIBHOTO 3HaYeHUsI (PYHKIIMOHANIA

Sw) = p(x(ty)) (18)
npu orpannuenusx (1)—(3).

AHQJIOTUYHBIMM  PACCYXKACHUSMH, NPUBEACHHBIMA B Hadaje paboOThl, 3amHILEM
npupamnienne (yakiponana (18), cooTBeTCTByIOIIEe TOMYCTUMBIM yrpaBieHusM U(t) u
u(t) = u(t) + Au(t):

AS(u) =S(m) — S(w)

t1

= (x(t) —o(x(t)) + f Ax'(®)EDEY(R)dt + A8 Ax () (ty) —

to

- f W' (t) A(t) Ax(t)dt — f v (F(ea®) - f(tu®))dt -
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_ f f W (DB, ) de| Ax(D)dt —
—f flp’(r) (g(r,t,ﬂ(t))—g(‘r,t,u(t)))d‘r dt. (19)

3neck P(t) moka NpoU3BOJIbHAS N-MEPHAst BEKTOP-(QYHKIIUS.
Hcnonw3ys muaeapuzanuio no Gopmyne Teinopa, hopmyny npupamenus (19) moxHo
3amKcaTh CICAYIOIUM 00pa3oM:

a<p(x(t1))
0x

ty

Ax(t1) + oy (I Ax (D) + f SDE (' () Ax(D)dt +

to

AS(u) =

+Y (E)0x(0) — [ (0 4@ 8x@de — [ W@ (£(670) - £(6u(®)) de -

—f fl[}’(T)B(T, t) dt| Ax(t)dt —
to Lt
- f W' (1) (g(r,t,ﬂ(t))—g(‘r,t,u(t))) dr| dt. (20)
to Lt
3nech |||l — Hopma BekTOpa @ = (a4, ay, ..., ay)’, onpenensemas dopmyioi |||l =

n o(a)
izqla;l, a o(a) ectb Benmuumna Gosiee BEICOKOTO MOPSAKA YeM «, T. €. — - 0 mpu a — O.

[Ipenmnonoxum, 4to BeKTOp-QyHKIHs Y (t) SBISETCS pElICHUEM CIICAYIONIeH 3a1aun:
t1

DEY(E) = A' () P(t) +f B'(z, t)y(7) dr, (21)
tltll_alp(ﬁ) = —%51))-

Beens ananor Gpynkimu ['amuiisrona—TloHTpsArMHA CiieyommM 00pasoM,
t1

H(t,u@®),v©®) =¢'f(t,u(®) +f V' (0g(z, t,ut))dr,
t

(22)

npupauerne (20) pynkunonana (18) MokHO 3amucarb B TAKOM BUJIE:
ty

AS(u) = — f H(t,x(6), u(0), (@) — H(t, x(6), u(®), (@) dt + o (1 Ax(t)ID. (23)

ITo ycnosuio 3amaun @ (x) — Beimykitas u audpdepenrmpyemast pyHkmus. [lostomy, mo
CBOWCTBAM BBINYKJION (DYHKIIMH, BBIITOJIHSAETCS HEPABEHCTBO

o1 (Il[Ax(t)I) = 0.
CnenoBatenbHO, U3 ¢GopMynsl (23) moiydwm, 4TO JJs MpUpamnieHus (QyHKIIHOHAIa

KauCCTBA BBITIOJIHACTCS HCPABCHCTBO
t1

AS(u) = — f H(t, x(@®),u(6), ¥ @) — H(t, x(t), u(®),y(¥)) dt. (24)
to
3 HCPAaBCHCTBA (24) MOJIYYaceTCd CIIPaBCAJIMBOCTD CICAYIOMICTO YTBCPIKIACHUS.
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Teopema 2. J[yiss onTUMaIBLHOCTH JTOMYCTUMOrO yIpaBjieHus u(t) B paccMarpuBaeMoit
3anade (1)—(3), (18) mocTtatouHO, 4TOOBI COOTHOIICHHE

max H(6,v,9(0)) = H(0,u(6),%(6))
v
BBIMIOJIHSIOCH ISt Beex O € [tg, t1).

3akiarovenue

B kiacce KyCOYHO-HENPEPBHIBHBIX YNPABISAIOMUX (YHKIMA €O 3HAYCHHSIMU U3
HEMyCTOTO W OTrPAaHUYEHHOTO MHOXECTBa (00JIacTh YIIpaBIEHHUs) PACCMOTpPEHA 3ajada
MUHHMH3ALUU JTUHEWHOTO (PYHKIIMOHAJA B MPOIIECCAX, OMMUCHIBAEMBIX JTUHEHUHBIMUA HHTETPO-
g depeHaIbHBIME ypaBHEHHSIME BosbTeppa qpoOHOoro nopsixa.

[Toctpoena Qopmyia npupamieHus: (GyHKIMOHATA Ka4eCTBa, MO3BOJISIOIIAS JOKA3aTh
HEOO0X0IMMOE W JOCTaTOYHOE YCIOBHE ONTHMAIBHOCTH B (hOpMe NpPUHIMIIA MaKCUMyMa
[TouTpsirnHa. B cioy4yae HEMTWHEHHOTO BBIMYKJIOrO (PYHKIMOHANA JIOKA3aHO JOCTaTOYHOE
YCIIOBHE ONITUMAIILHOCTH.
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¢ u = 7 umeer mapameTpsl k = 4952 + 49s + 7,s € {1,2,7}. B paboTe 10Ka3aHo, 4TO JBY-
JOONMBHBIA  JUCTAHIMOHHO  PETYNMSApHBIA  rpap C  MaccMBOM  TiepecedeHuit
{105,104,98,7,1; 1,7,98,104,105} He cymecTByeT. Kak crneactsue, CHILHO perysp-
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Beenenue

PaccmarpuBaroTcsi HeOpHEHTHpOBaHHbIC rpadbl O0e3 merenb M KpaTHbIX pedep. Ecnm
a, b — BepmmnHbl Tpada I', To yepes d(a, b) ob6o3HaUaETCsT pacCTOSIHHE MEXIY a U b, a depe3
[;(a) — monrpad rpada I, MHIYIHPOBAaHHBIA MHOKECTBOM BEPIIWH, KOTOPBIC HAXOIATCS Ha
paccrosinuu i B I' ot Bepmmnsl a. [lonrpad [ (a) Ha3bIBaeTcs okpecmuocmuvio eepuiuHbl A N
o6o3Havaercs yepes [a]. Uepes at o6o3nauaercs noarpad, asiasionuiics mapom paauyca 1 ¢
HEHTPOM d.

I'pad I' Ha3bIBaeTcs peeyusipuvim epagom cmenenu k, eciu [a] conepxut TouHo k Bep-
e s 1r000# BepimHbl a u3 . I'pad [ HaseiBaeTcs pebepro pezynsaphvim epagom ¢ napa-
mempamu (v, k, A), ecnu [ copepKUT v BEpIIMH, SIBISCTCS PETYISIPHBIM CTENCHH k, 1 KaX10€
pebpo u3 I' nexxur B A TpeyronbHukax. ['pad [ Ha3biBaeTcs enonne peeynapuvim epaghom ¢ na-
pamempamu (v, k, A, 1), eciu I' peGepHO pEryiIsipeH ¢ COOTBETCTBYIONIMMHE IMapaMeTpamMu H
noarpad [a] N [b] conepxut u BepimH B ciryyae d(a, b) = 2. BnonHe perynspHsiii rpad nua-
MeTpa 2 Ha3bIBACTCS CUNbHO pecynapHbim epagom. Yncno BepmuH B [a] N [b] 06o3HaumM ye-
pe3 A(a, b) (uepes u(a, b)), ecm d(a,b) = 1 (ecmu d(a,b) = 2), a COOTBETCTBYIOIUHI MO~
rpa¢ HazoBeM (U-) A-nooepagom.

Ecim BepmuHb! U, W HaxonaTces Ha pacctosiHuu i B I, To wepe3 b; (u, w) (dgepes c;(u, w))
0003HaYMM YHCIIO BepIInH B riepecedennu [, 1 (u) (B mepeceuennn [;_4(u)) ¢ [w]. ['pad nna-
MeTpa d Ha3blBaeTCsd JUCTAaHLIMOHHO  DETYJISIpHBIM C  MacCUBOM  IE€peCceUeHHi
{bo,...,bg_1;C1,...,Cq}, €cm 3Ha4eHUs b; = b;(u, w) u ¢; = c;(u, w) He 3aBHCHUT OT BbIOOpa
BEPINVH U, W Ha pacctosiauu i. [Tonoxum a; = k — b; — ¢; u k; = |I;(u)| (3Hauenue k; He 3a-
BUCHUT OT BbIOOpa BepiuHbl U). Uncna nepecedyennii rpada pf ; 1 mapametpsl Kperiaa qf ;j ompe-
neneHbl B [1] (cTp. 43 u 48 COOTBETCTBEHHO).

OcoOblif HHTEpEC MPEACTABIAIOT CUIIBHO peryisipHble Tpadbl 0e3 TpeyroabHUKOB. Takue
rpadbl 001a1a0T YHUKAIBHBIMU CBOMCTBAMU U CBSI3aHBI C KJIACCHYECKUMH 00BEKTaMH KOMOU-
HATOPUKH, BKJItoUas rpadsl Mypa auamerpa 2. HenBynonbHbIN CHIIBHO PEryIsIpHbIN rpad 6e3
TPEyroNbHUKOB C [ = 7 uMeeT crenenb k = 49s2 + 49s + 7 qna s € {1,2,7}. Ecu s = 1, 10
rpa¢ umeet napametpsl (1666, 105, 0, 7) Ecnu s = 2, To rpad umeer napametpsl (13202, 301,
0, 7), aecmu s = 7, To rpad umeer napametpsl (1083502, 2751, 0, 7). UccnenoBanuto nomy-
CTUMOCTH TIapaMEeTPOB JJII CHIIBHO PETYISpHBIX IpadoB 6e3 TPeyrolbHUKOB MOCBAIICHBI pa-
00TbI burrca [2], B KOTOPBIX YTOUHSIOTCS YCIOBUS CYIIECTBOBAHUS TaKUX I'padoB M pa3BHUBa-
IOTCSI METO/IbI IPOBEPKH MX PEaTU3yeMOCTH.
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Cunvro pezynspusiil epagh ¢ napamempamu (1666 ,105, 0, 7) ne cywecmayem

3amMeTHM, 4TO CHJIBHO PEryJsapHBIi rpad ¢ mapamerpamu (1666, 105, 0, 7) cymecTByer
TOT/Ia U TOJIBKO TOT/Ia, KOT/a CYIIECTBYET €ro JIBYJ0JIbHOE YABOCHUE (IMCTAHIIMOHHO PETYIISp-
HeId Tpad ¢ maccuBoMm mnepeceuenuit {105,104,98,7,1;1,7,98,104,105}). CBsizp Mexmay
CWJIBHO PEryJsipHbIMHU TpadaMu U UX JABYJOJIbHBIMU YABOCHHUSIMH MOAPOOHO OOCYXAaeTcs B
MoHorpaduu [ 1], rme paccMaTpUBarOTCSI KOHCTPYKITUU IBYJIOIBHBIX YIBOCHHUHN U UX CBOHCTBA.

Teopema 1. Jlucmanyuonno peeynapuuili  epagp ¢ maccueom  nepecedenull
{105,104,98,7,1;1,7,98,104,105} ne cywgecmayem.

Teopema 2. Cunvno peeynsipuviti epag ¢ napamempamu (1666,105,0,7) ne cywe-
cmeyem.

Jloka3aTrenbCTBO STUX TEOPEM OCHOBAHO HAa COBPEMEHHBIX METOJaX TEOPUU AUCTAHIIU-
OHHO PETYISPHBIX TpadoB, BKIIOYAs aHAIH3 TPOWHBIX YHCEN MEPeCeUueHui, Kak 3TO IPOJAEMOH-
CTPUPOBAHO, HarpuMep, B padote [3] amns rpadoB ¢ MOXOKUMH IMapaMeTPaMHU.

1. Tpoiinble Yncia nepecevyeHni

B nokazarenbCcTBE TEOpEM HMCHOJIB3YIOTCS TPOWHBIE YMCIIA HepeceyeHnii. Meton Tpoi-
HBIX YHCEJl IePEeCeUCHUH, pa3BUTHIN B pabotax [4—6], sBisercs 23pPEeKTHBHBIM HHCTPYMEHTOM
JUTSI I0KA3aTeNIbCTBA HECYIIECTBOBAHUS TUCTAHIIMOHHO PETYIISPHBIX IpadoB ¢ 3aJaHHBIMU Mac-
CHUBAaMH IIEPECEUCHUN.

[Tycts I' — muctanmonHo perynspHsii rpad auamerpa d.

Ecnmu uy, uy, uz — Bepmunsl rpada I', 1y, 75,73 — HEOTpUIIATENIbHBIE 1LIETbIE YMCIIa, HE

UUr U3
oonpine d, TO { . } — MHOKECTBO BepIIMH W € [' TakuXx, 4TO
17273
d UiUr U3 UiUp U3
UiUp U3 . . o
Yucia [ T ] Ha3BIBAIOTCSl MPOUHbIMU Yuciamu nepeceveruti. JIjist GUKCUpOBAHHOMN
11273

U UL U3

rATyTs ] Oynem mucars [17,73].

TPOWKHU BEPIIMH Uy, Uy, Uz BMECTO [

[Tycts u, v,w — Bepumnsl rpada I', W = d(u,v), U = d(v,w),V = d(u,w). Tak kak
UMeeTCsl TOYHO OJfHA BEpIIMHA X = U Takas, 9To d(x,u) = 0, To gucno [0jh] paBro 0 wmn 1.
Orcrona [0jh] = 8y 6py, tae 6 — cumBon Kponekepa.

Amnanoruano, [[0h] = 8y 6py 1 [(j0] = 8;y by

JIpyroe MHOXXECTBO ypaBHEHHI MOKHO MOJIYYHUTh, (GUKCHPYS PACCTOSIHUE MEXKTY TBYMSI
BEpIIMHAMH U3 {U, U, W}, ¥ COCUMTAB YUCIIO BEPIINH BCEX PACCTOSHHUIA OT TPETHEH, OIYyUUM:

Xi=a[Uh] = pj, — [0jh], Eiz [ ilh] = pij, — [i0R], B [if1] = pij — [ij0], (1.

IIpu 3TOM HEKOTOpPBIE TPOWKHU UCUE3AIOT.

IMpu |i —j| > W umn i +j < W umeem p}/]'-’ = 0, nmostomy [ijh] =0 ans Bcex h €
{0,...,d}. B pabote [4], TOCBAICHHON HCCIIEIOBAHUIO AKCTPEMATBHBIX 1-KOIOB B JMCTAHITH-
OHHO PETYISIpHBIX Tpadax auamerpa 3, cucTeMa ypaBHeHHH (1) B cOYeTaHHMU C YCIOBHIMHU
CHMMETPHH MPUMEHSIETCS JIJIsl CYIIECTBEHHOTO COKpAIIEeHHs epedopa BO3MOXKHBIX KOHPUTY-
panuii TpoeK BEPILIHMH U MOTY4YEHHs [EIOYNCIICHHBIX PEIICHUH JUTS TPOMHBIX YHCEIN Iiepecede-
HUI.

_ wd uvw . ho_
Honoxum S;jp (W, v, W) = Y5 g 1=0@riQs;Q¢n [ st | Ecmu napamerp Kpeiina q;; = 0, o
Sijn(u, v,w) = 0. Mcnonp3oBanue napameTpos Kpeiina 1y1s moiry4eHus JIMHEHHBIX COOTHOMIE-

HUN MeXIy TPOWHBIMH YHCIIaMH TiepeceueHuil ObUIo mpeanoxeHo B padore Kyncera u FOpu-
mu4a [4], Tae aBTopbl MPUMEHIIA PaBEHCTBO B yCIoBUsAX KpeliHa a1 1oKa3aTesbcTBa HECy-
[IECTBOBAHUS OMPEACIEHHBIX JUCTAHIIMOHHO PETYISIPHBIX TpadoB.
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3adukcupyeM BEpIIMHBI U, U, W JTUCTAHIIMOHHO peryisipHoro rpada [ u nonoxum

uvw
{ijh} = { ijh },

uvw
[kl = [ 1 |
(k1" = s |
iy - [1)
t] = [y ]

Berurcienue mapametpos [ijh]’, [ijh]* u [ijh]™ (cumMeTpu3aius MacCHBa TPOMHBIX YH-
CeJl IIepeceveH i) MOXKET J1aTh HOBBIE COOTHOILICHHUS, ITO3BOJISIOIINE JI0KAa3aTh HECYILIECTBOBA-
Hue rpada.

Jlns HaXOXKAEHUS TPOWHBIX YMCEN B CTAaThe MCIIONIB30BAJICA MakeT sage-drg, MpuMeHeH-
HBIN B cTarhe [J].

2. CgoiicTBa rpaga ¢ maccuBom nepeceuennii {105,104,98,7,1;1,7,98,104,105}

B stom pasgene I' — nuCTaHIIMOHHO pETYISpHBIA rpad C MacCHBOM IepeceueHUit
{105,104,98,7,1;1,7,98,104,105}. AnTunonanpHoe YacTHOe Tpada I sBisieTcss CUIIBHO pery-
nsapHBEIM Tpadom ¢ mapamerpamu (1666,105,0,7). Hamee, I' umeer 1+ 105+ 1560 +
1560 + 105 + 1 = 3332 Bepmmnbl, crnektp 105114560 71105 71105 14560 _ 1051 y
JyaTbHYI0 MAaTPHILy COOCTBEHHBIX 3HAUYCHUM:

1 560 1105 1105 560 1
224 221 221 224

1 3 3 3 3 !
. 14 17 17 14 .
0= 3 3 3 3
. 14 17 17 14 )
3 3 3 3
. 224 221 221 224 .
3 3 3 3

1 -560 1105 -1105 560 -1

Jlemma 1. Yucna nepeceuenuii epagha I' pasnul:

P11 = 0, piz = 104, p3; = 1456, p3, = 104, pis = 1,

pi1=7.pi, =0, Pf3 = 98, p3, = 1461, p3, = 98, P§3 = 543, P?%s =1 pi=7,
Pz = 98, p3; = 1461, p3, =98, p3s = 1,

pis = 104, pis = 1, p3, = 1456, pfs = 1, p3, = 104, p3; = 1456,

p3, = 105, p3; = 1560.

Hokazamenvcmeo. Ilpsmble Beraucnenus. O

uvw uvw
[Tycts u, v, w — Bepumnsi rpada I, {ijl} = { ijl }, [ijl] = [ ijl ] [Monoxum X = [, (w),

A = X,. Torna A — perynspHslii rpad crenenu p3, = 1461 na k, = 1560 BepimHax.

Jlemma 2. Ilycms d(u,v) = d(u,w) = 2,d(v,w) = 4. Toeda mpotinsie uucna nepece-
YeHUll pasHbl.

[113] = [131] =7, [133] = 91;

[222] = 1364, [224] = [242] = 97;

[313] = [331] =97, [333] = 1364, [315] = [351] =1,

[422] = 91, [424] = [442] =7,
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Cunvro pezynspusiil epagh ¢ napamempamu (1666 ,105, 0, 7) ne cywecmayem

[533] =1.

Hoxazamenvcmeo. YnpoieHue GopMyI1 U3 IpeabLIyIero pasaena. 0

Jns uncna pebep d mexay A(v) u A — ({v} U A(v)) B rpade A BepHO paBeHCTBO d =
1364 - 104 = 141856.

C npyrotii croponsl, d = 1461(1460 — 1), tne A — cpeanee 3nauenue napamerpa A(A).
[Tostomy 1460 — A = 97.095u A = 1362.905.

Jlemma 3. Ilycmo d(u,v) = d(u,w) = d(v,w) = 2. Toeda mpotinsie uucia nepeceue-
HUL PABHbL:

[111] = -1, + 7, [113] = [131] = 7y, [133] = —7y + 98;

[222] = 1, + 1362, [224] = [242] = —1; + 98, [244] = 1y;

[311] = ry, [313] = [331] = —r; + 98, [333] = 1, + 1362, [335] = [353] = 1;
[422] = —r1 + 98, [424] = [442] =1y, [444] = -1y + 7;

[533] =

e0e 0 < r1 <7

Hoxazamenvcmeo. Yupouenue GpopMyl U3 MpeablIyniero pasaena. 0

[To nemme 3 umeem 1362 < [222] =r; + 1362 < 1369.

[Tycts d(u, v) = 2. IlogcunTtaem 4ucio f, map BepiuH y, Z Ha pacctosiHun 4 B rpade I,

ey € {2 4} uze {12“27} C oxHoil cTopoHsl, 10 JleMMe 2 umeeM [224] = 97, noatomy f, =

98 - 97 = 9506. C nmpyroii cTopoHsl, 1o Jemme 3 umeeM [244] = ry, mostomy 9506 = f, =
YiriuY;r /1560 = 6.09.

IIpotuBopeune ¢ TeM, uto A = 1362.905 = ¥;[222]*/1560 = ¥; 7 /1560 + 1362 =
1368.09.

Teopema 1 nokazana.
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O NUPCOBCKUX CJI0SX MOJYKOJIeL ¢ HOPMAJIbLHOH HHBOJIIOLUEH
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AHHoTanus. B pabote ucciemyercs cBA3b JOKAIBHBIX U TIIOOATBHBIX YCIOBUH (TI0ITY )HOP-
MaJbHOCTH MHBOJIIOIMHI B *-ITONyKoJdbLaX. [lon HOpMasHON MHBOMIOIMEH TOHUMAETCs Ta-
Kasi ’HBOJTIOIIMS, TIPH KOTOPOii u3 paBeHcTBa aa” = 0 cnenyer a = 0; moiyHOpMasibHast HH-
BOITIOIHSI ompeziessieTcs: bonee cnadbiM yciosueM: aSa® = 0 Biedyer a = 0. YcTaHOBIEHO,
YTO B PUKKAPTOBBIX *-MOJTYKOJBIAX JIF00Ash MHBOIIONHS SBISETCS HOPMANbHOH, a B pq-
09pOBCKUX — MOITYHOpPMaIbHOU. Jl0Ka3aHo, YTO TPU HAJIWYMH MOJTYHOPMAaIbHOW HHBOIIO-
IIMA MHOXXECTBO IICHTPAIBHBIX IOIMOIHIEMBIX HIEMIIOTEHTOB COBITAJAaeT C MHOXXECTBOM
LEHTPATBHBIX MPOEKIUH, YTO MOXKET OBITh WCIOJIB30BAHO TP W3YYEHUH MHPCOBCKOTO
myuKa *-mojykosel,. OCHOBHOH pe3yabTar paboThl — I0Ka3aTeNbCTBO CIEAYIOMINX Pe3yib-
TaTOB: 1) MHBOJIIOIHUS B *-TIOJYKOJIbIIC S SBISETCS HOPMAIBHOM TOT/Ia M TOJIBKO TOT/IA, KOTIa
OHa HOpMaJIbHA BO BCEX CIIOSAX IMHUPCOBCKOTO ITyYKa *-TIOIYKOJbIA S; 2) WHBOIIOLUS B *-
MOITyKOITbIIe S, OyieBa anredpa MEeHTPATBHBIX MPOSKIMKA KOTOPOTO KOHEYHA, SIBISIETCS TI0-
JYHOPMAaJIbHOM TOTAA M TOJILKO TOTHA, KOTJa OHA MOJYHOPMalibHa BO BCEX CIIOSIX MMUPCOB-
CKOTO Iy4Ka *-TIOJTyKOJIbIa S.

KiroueBblie €10Ba: *-noayKoabyo,; noayKoIbyo ¢ UHBOOYUEL,; HOPMATbHASL UHBONIIOYUS, HO-
JIYHOPMATbHASL UHBOTIOYUSL, PUKKAPIOBO NOTYKOILYO € UHBOMOYUEl, Pq-09p08CKoe Noy-
KOAbYO ¢ UHBOTIOYUELL, NpoeKyusl, OYlea aneedpa YyeHmpaibHblX NPOeKYUll, NUPCOBCKULL ny-
YOK, CAMOCONPANCEHHBIU dTeMeHM.
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On the Pierce Stalks of Semirings With Proper Involution
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Abstract. In this paper, we study the relationship between local and global conditions for
proper and semiproper involutions in *-semirings. An involution is said to be proper if aa* =
0 implies @ = 0. A semiproper involution is defined by a weaker condition: aSa* = 0 implies
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a = 0. It is established that in Rickart (pg-Baer) *-semirings any involution is proper (semi-
proper). It is proved that in the presence of a semiproper involution, the set of all central
complemented idempotents coincides with the set of all central projections, which can be
used in the study of the Pierce sheaf of *-semirings. The main result of the paper is the proof
of the following results: 1) an involution in a *-semiring S is proper if and only if it is proper
in all stalks of the Pierce sheaf of *-semiring S; 2) an involution in a *-semiring S whose
Boolean algebra of central projections is finite is semiproper if and only if it is semiproper in
all stalks of the Pierce sheaf of *-semiring S.
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BBeaenune

Crnenys [Ix. ['onany [1], noa nonrykonsyom HaMu IOHUMaeTCs alredpandeckas CTpyKTypa
<S§,+,->, ecnmu < S, +> — KOMMyTaTUBHas Moiyrpymnmna, < S,-> — MOJyrpyla, oneparus
YMHOXEHHS JUCTPUOYTUBHA OTHOCUTENBHO CIOKEHHS ¢ 00eux CTOpoH. B cTarbe Mbl paccMat-
pYBaeM Mojaykoibla ¢ aaauTuBHbIM HysieM 0, mpudeM 0s = 0 = sO nys gro6oro s € S, u enu-
Huuen 1.

Iycth e € S. Drnement el HasbiBaercs dononnenuem x e, eciue +elt =lune-et =
el - e = 0. MHOKeECTBO BCEX LIEHTPAILHBIX JOMOIHAEMBIX HIEMIIOTEHTOB MOJIYKONIba S 060-
3Hauaercs uepe3 BS. Eciu nonoxuts e @ f = elf + eft, o < BS,@®, > cranoBurcs Oyiie-
BBIM KoJIbIloM. Eciv sxe monoskuth e V f = eft + f = elf +eue A f = ef, To nomyuum Gy-
neBy peweTky < BS,V,A>.

Onpenesaenue 1. [Tomykonblio S Ha3bIBAETCS *-1OAYKONbYOM (U NOTYKOILYOM C UHBO-
Joyuetl), €CIIU CyILeCTBYET aHTHABTOMOP(U3M *: @ = a TOIyKoJbla S:

a*=a, (a+b)" =a"+b*, (ab)" =b"a".
Hanee S — poU3BOIIBHOE *-ITOTYKOJBLIO.

Omnpenesienue 2. J[ononHsemMblid UAEMIIOTEHT € € S Ha3bIBAECTCS npoeKyuell, eCliu e =
e”; MHOYKECTBO BCEX MPOEKIUH *-TOTyKoIbla S 0003HAYUM uepes S.

OO6pa3 snemeHTa a € S OTHOCUTENIFHO HMHBOJIOLUM * OylAeM Ha3bIBaTh CONpANCEHUEM
JIIEMEHTA a.

DJieMeHT @ € S Ha3BIBACTCS CAMOCONPANCEHHBIM, €CITA OH COBIAAaeT CO CBOUM COIIPSI-
YKESHHEM, TO €CTh €CJIi @* = a. DJIEMEHTHI @, b € S Ha3BIBAIOTCS OPMO2OHANbHLIMU, €CTTU ab =
ba = 0.

O‘-ICBI/I,Z[HO, 0 u 1 gBusgroTcs MMpOCKOUAMU, 4 TPOU3BCACHUC CAMOCOIIPAKCHHBIX 3JICMCH-
TOB ABJISICTCA CaMOCOIIPSXKEHHBIM B TOYHOCTH TOrAa, KOTJa 3JIEMCHTBI KOMMYTHUPYIOT.

VkaxkeM gajee HEKOTOPBIC IPUMEPHI *-ITOJTYKOJICII.

IIpumep 1. JIro60e KOMMYTaTUBHOE MOJYKOJIBLIO SIBISIETCS *-TIOJTYKOJIBIIOM C MHBOJIIO-
IUel * TakoH, 4yTo a* = a (TOXKJAECTBEHHAs: MHBOIOLHS ) JUIS JTF0O0TO JIEMEHTa MOTYyKOJIbLIA.
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IIpumep 2. ITonykonpiio MaTpuil HaJl MPOU3BOJILHBIM KOMMYTATHBHBIM MOJTYKOJIBILIOM SIB-
JISIETCS *-TI0JTYKOJIBIIOM, B KOTOPOM 101 MHBOJIIOLIUEN MOHUMAETCS ONepalusi TPaHCIIOHUPOBa-
HUSL.

IIpumep 3. ITone C KOMIUIEKCHBIX YUCEI ¢ OOBIYHBIMU OIEPALUSMH CIIOKECHUS U YMHO-
KEHHS, B KOTOPOM B KQU€CTBE WHBOJIOIMH BBICTYTAET ONEPAIHsi KOMIIJIEKCHOTO COTIPSIKEHHS.

B dacTHBIX ciIy4asx HHBOJIONHUS 00J1aaeT TeM CBOMCTBOM, 4TO yciaoBre aa” = 0 BiedyeT
a=0.

JleficTBUTENBHO, B YCIOBHX IMpUMepa | pacCMOTPHUM TOJTYKOJIBIIO HATYPAIBHBIX YHCEIT.
Torna ycnosue aa® = 0 o3HayaeT a? = 0, a3Haunr a = 0.

B ycnoBusix mpumepa 3 ycnoBue z - Z = 0 ansg gaHHOTO 4yucla Z = a + bi o3HadaeT
(a + bi) - (a — bi) = a? + b? = 0, orkyna noayuum, yro a = b = 0.

B ycnoBusix npumepa 2 pacCMOTpUM IMOJIYKOJIBIO MATPHI] HaJl MOJIYKOJIbIIOM HaTypalib-
HBIX yucen. PaccmorpuM Marpuiy

aix t Qan ai; v Qna
A = H . Uu AT = . i H
apy  ° Qpn Ain  ° Qpn
Torma
2 4+ .4 g’ . + -+ .
aii Ain Ai1 * Ana A1n " Ann
AAT = : - :

2 2

Ap1 Qe+ + App - Q1 o Apy t+ -t Apn

CornacHo ycnosuto, AAT = 0, uTo 03HayaeT, B YACTHOCTH, YTO 2JEMEHTHI YKa3aHHOM
MAaTpHIIBI, CTOALIME HA IIABHOM JMAroHaiu, pasHbl Hymo. ClieoBatenbHo, by = a + - +
a?, = 0, OTKy/1a IOTy4HM, 4TO BCE IEMEHTHI (-0l CTPOKH MCXOIHOM MATPHIIBI PaBHBI HYJTIO,
MOATOMY HYJIEBOM OKa)keTcsa U MaTpuia A.

Omnpenenenue 3 [2]. Ecnu B MOMTyKOJIbIIE S ¢ UHBOJIONMUEH * BBIMOTHACTCS UMILTAKAIIAS
aa®* = 0 = a = 0, ToO UHBOJTIOIHS * HA3BIBACTCS HOpMAIbHOU (proper).

OCHOBBIBasICh JTUIIIb HA IPUBEICHHOM ONPEIEICHUH, MOXKHO 3aKJIFOUUTh, YTO €CIIH B MO-
JYKOJIBIE HET JEUTENICH HYJIs, TO JII00ast MHBOJIOLMSI B HEM SIBJII€TCS HOPMaJIbHOU. J[ecTBu-
TEJbHO, MyCTh B TOJYKOIbIIE S O6e3 aenuTeneil Hyms 3aJaHa WHBOMIONHMS * U MYCTh JAJISl HEKO-
Toporo a € S BeimoHeHO aa” = 0. Torma BBUAY OTCYTCTBUS JEIUTENCH HYIS MOXKHO 3aKITIO-
yuTh, uT0 @ = 0 unu a* = 0. Bo BTOpoM cnyuae, 1eiCTBYSI HHBOIIOIMEH Ha YKa3aHHOE PaBEH-
CTBO, TIOJy4YUM TpeOyeMOe YCIOBHUE, a 3HAUUT * — HOpMaJIbHAsi HHBOJIOIIHSL.

Wcxonst U3 3TOr0, MOYKHO TOJYYHMTH IPUMED *-TI0JIYKOJIbIIa, B KOTOPOM HHBOIIOIHS HE
ABJIAETCA HOPMAbHOU. JIeHCTBUTENBHO, pacCMOTpUM *-Toiykombiio N[x]/(x?) ¢ Tpusnans-
HOM MHBOJIIOIMEH — (PAKTOPIOIYKONIBIO MMOIyKoablia N[x] Mo KOHrpysHIUH, TpH KOTOPOM
CPaBHMMBIMH SIBJISIFOTCSI MHOTOUJIEHBI, UMEIOIIHE paBHBIE KOO(Q(PHUIINEHTHI IIPH TIEPBOU U HYJIE-
BOU CTETEeHH TIepeMeHHO# X. 711 HEHYJIEBOTO 3JIEMEHTA X YKa3aHHOTO MOTYKOJIbIA BEPHO, YTO
xx* = x? = 0, a 3HAYNT yKa3aHHAS UMIUTHKAIUS HE BBITOTHIETCS.

OnHako 3TO HEe 03HAYaeT, YTO HOPMAJIBHOCTh MHBOIIOIMH BJIEUET 3a cO00i OTCYyTCTBUE

JENATENECH HyIIA B MOIMYKOJbLE. JJOCTaTOYHO pacCMOTPETH MOITYKOJIBIO MATPUIL] C TPAHCIIOHH-
0 1

pPOBaHMEM HaJl MHO)KECTBOM HaTypaJibHbIX uncedn. [lpu atom, Harpumep, Mmarpuna A = ( 0 0)

SIBJISIETCS IEJIUTENIEM HYJIS, TaK KaKk A% =0.
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Takum 00pa3oM, yCJIOBHE HOPMaIbHOCTH HHBOJIIOIIMK TO3BOJISICT TApaHTHPOBATh, YTO B
*-ITOJTYKOJIbIE OTCYTCTBYIOT HECHYJIEBBIC CAMOCOIPSIKCHHbBIC HUJIBIIOTCHTHBIC SJIEMEHTHI (OTpe-
JSNISIOTCS TakK JKe, Kak ¥ JuIs Kojell). [IpearmoiokuM, 4To B OJYKOJIbIE S ¢ HOPMaJbHOW HH-
BOJIIOLIMEN HAIIEJICS] HUWIBIIOTEHTHBIM CaMOCOMPSHKEHHBIN AJIEMEHT A, OTJIMYHBIA OT HyJs. To-
IJ1a I HEKOTOpOro N BepHo, uto a™ = 0. IIpexnonoxum, uto n = 2k, torna a® = a* - a* =
a® - (a®)* = 0, uto Bueuer a* = 0, nporuBopeune. [peanonoxum, uro n = 2k + 1, Torna
paccmotpuM b = a®*1. 3amerum, uto b* = b. Torna bb* = b? = a™*! = a™a = 0a = 0, or-
Ky/la, COITIACHO TOMY, UTO * SBJISETCS HOPMAbHOM, monydnum b = 0. Cnenosarensho, a*t! =
0 s k +1 < 2k + 1, nporuBopeune.

Omnpenesenue 4 [3]. Eciiv B M0yKoJiblie S ¢ UHBOJIOLUEH * BBIMOIHACTCS UMILTAKALIAS
= = 0, TO UHBOJIFOIIMS * HA3bIBACTCS NOLYHOPMAILHOU (Semiproper).
aSa*=0=>a=0, *

OTMETUM TaKXKe, YTO €CJIM B IOIYKOJIbIIE S 3aj1aHa IOJyHOPMAaIbHAs UHBOJIIOLKS *, TO
xSx = 0 Bueyer x = 0. ITycts xSx = 0. Torma xsx*Sxs*x* = xsx*S(xsx*)* = 0 mus jro-
6oro s € S. CienoBaTebHO, B CHIIY MOAYHOPMAJIbHOCTH HHBOJIOLUH * TIOIYYHM, 4TO XSX* =
0, a sgaunt x = 0.

Onpenenenue 5. [Tonykonbiio S Ha3bIBACTCS KOMMYMAMUBHBIM 8 HYJle, €CIIH B HEM BbI-
nonusercs uMmmukanus ab = 0 = ba = 0.

Yr1Bep:xkaenue 1. B nonykonvye S 1106as HOpMAnbHASL UHBONIOYUA ABIAEMCA NOTYHOD-
ManvHou. B kommymamuenvix 6 Hyle NOIYKOIbYax yKa3anHvle NOHAMUSA CO8NAOAIOM.

Jloka3aresabcTBo. [lycTh B nmomykosnblie S 3ajaHa HOpMasbHas UHBOIOLMS *. [Ipeano-
JIOKHUM, 4TO JJIS HEKOTOPOTO 3JIeMeHTa a € S BepHo, uTo aSa” = 0. Torma, B 4aCTHOCTH, MPH
s = a*a moayunmM, uto 0 = aa*aa® = (aa*)(aa*)” orkyna, B CHIy HOPMaJIbHOCTH HHBOJIO-
LM, MOYKEM 3aKJIFOUNTh, uTo aa” = 0, a 3Hauut u a = 0.

[TokaxkeM BTOpYIO yacTh yTBepkAeHus. IlycTh B KOMMYTaTUBHOM B HYJI€ MOTYKOJBIE S
3aJaHa TOTyHOpMalbHas HHBOMONUs *. [IycTh Hamencs: Takoi anemeHT a € S, uto aa™ = 0.
Toraa s moboro s € S BepHo, uto 0 = 0s = aa’™s = a(a*s) = (a*s)a = a*s(a*)*. Cneno-
BarenbHO, a*S(a*)” = 0, oTKyna, B CUITy MOJYHOPMAIbHOCTH HHBOJIOLMH, MOKHO 3aKJIFOUHUTb,
yro a* = 0, a3Hauntru a = 0.

Jlnis paccMOTpeHHsl MEeHee OYEBUIHBIX IPUMEPOB MOTyKOJIel] ¢ (II0y)HOPMaIbHON HH-
BOJIIOLIMEN * BBEJIEM CIICAYIOIINE ONPEIETICHHUS.

Onpenenenue 6. [Tomykonbio S ¢ HHBOMIOLUEH HA3BIBACTCS pUKKAPMOsbim (Pq-63p0s-
CKUM) * -TIONIYKOJIBIIOM, €CNU Uil J00oro a € S Haiimercs Takas MpoeKIus e € S, 4to
ann,(a) = eS (ann,(aS) = eS).

Yepes ann,(a) 0603Ha4YeH MpaBblii aHHYJIATOP IEMEHTA @, TO €CTh MHOXECTBO TAKHX
37eMeHTOB S € S, uto as = 0. Yepes ann,(aS) 0603HaueH MpaBblii aHHYJISATOP IIABHOTO TIpa-
BOTO HJIeaia, MOPOKICHHOTO IEMEHTOM A, TO €CTh MHOXECTBO 3JIEMEHTOB t € S TakuX, 4To
1713t 1000r0 S € S BhIMONHsIETCs yenoBue ast = 0.

Yr1Bepxaenue 2. /lobas ungonioyust 8 puKKapmoom nOJIYKoabYye A6NAEnCsi HOPMAIbHOU.

Joka3areabcTBO. [1ycTh B pUKKapTOBOM MOJTYKOJIbIIE 3aJaHa MHBOJIIOLHUS * U IYCThb AJIs
HEKOTOPOTro dyieMenTa a € S BeimosHeHo ycinosue aa™ = 0. Torma a* € ann,(a) = eS, a 3Ha-
yuT a* = ea”. JlelicTBys MHBOIIOIMEH Ha YKa3aHHOE PaBEHCTBO, MmoyyuM a = ae. CornacHo
omnpezeenuio, e € ann,(a), a 3Haunt a = ae = 0.

AHAJIOTUYHO MOKHO YCTAaHOBUTB, UTO BEPHO U CICAYIOLICC.
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YrBep:xkaenue 3. JIro6as uneontoyusi, 3a0anHast 8 Pq-63po6cKom NOIYKOIbYe, SN S
NONYHOPMANLHOU.

Jloka3aresbcTBO. [lycTh B pg-05pOBCKOM MONYKOJNbIIE 3a7jaHa WHBOJIOLUS * U IYCTh
JUISI HEKOTOPOT'O dJIeMeHTa a € S BeIoiHeHo ycaoBue aSa”® = 0. Torma a* € ann.(aS) = eS, a
3HaYUT a* = ea”. JIeliCTBysh MHBONIOIMEH Ha YKa3aHHOE PaBEHCTBO, moinyuuM a = ae. Co-
[JIaCHO onpezenenuo, e € ann,(as), a snaunr a = ae = 0.

OTMeTHUM TaKXe, 4TO B [4] YCTAaHOBJICHO, YTO JIJISl IPOU3BOJILHOIO MOJIYKOJIbIA S C UHBO-
JTIOIMEH BOSHUKAIOT YIOPAI0YEHHOE MHOKECTBO BCEX TPOEKIHil S 1 1Be OyleBbl PeIeTKy —
BCEX IEHTPAIBHBIX JIOTOIHAEMBIX HAEMIIOTEHTOB BS U Bcex LIeHTpaJIbHBIX IpoeKiuii B*S co-
OTBETCTBEHHO. [IOHATHO, YTO yKa3aHHbIC OyJIeBBI PEIICTKH CBSI3aHbI paBEeHCTBOM B*S = BS N
S B 11060M IOITyKOMIbIIE C 33aHHOM MHBOMIONMET *. B ciyudae mosykoner ¢ (1ojy)HOpMaTbHOM
MHBOJIIOLIMEH CTPOEHUE YKAa3aHHBIX PEIIETOK MOKHO YTOUYHUTH, O YEM TOBOPUT CIICAYIOLIEe

YrBep:knenue 4. Ecniu 6 nonykonvye S 3a0ana (nony)HopmManbHAasi UHBOIOYUSL *, MO MHO-
aorcecmea BS u B*S cosnaoarom.

Joka3areabcTBo. OueBUIHO, 94TO B*S © BS, MO3TOMY TOCTATOYHO MOKA3aTh JIUIIL 00-
paTHOE BKIIFOUCHHE. Y UHTHIBAs YTBEPKICHUE |, IPOBEAEM JTOKA3aTEeIbCTBO JIUIIb JIJIS CITydas,
€CJIM B TIOJYKOJIbLIE 33/1aHa MOTyHOpMaIbHAst MHBOMIOLWSA. BriOepeM /15t 5TOro mpou3BOIbHBII
LIEHTPaJIbHBIH JOMOJIHAEMBbIH HAEMIOTEHT e € BS, paccmorpuM anement h = e(el)* u conps-
JKEHHBII ¢ HUM s1meMeHT h* = e*eL. [oab3yach yclIOBHEM JOMOIHAEMOCTH 3IEMEHTA €, He-
TpynHo mokaszath, uto (el)* = (e*)! . Torma hSh* =e(et)*Se*et = e(e*)1Se*et =
eetSe*(e*)t = 0-S -0 = 0. U3sMeHeHHeE NOPAIKA MHOKUTENEH B TPETHEM PABEHCTBE JIOITY-
CTHUMO COTJIACHO YCJIOBHIO IIEHTPAILHOCTH 3IeMeHTa €. [10CKOIbKY MHBOIFOIUS SBISETCS TI0-
JyHOpMaJIbHOM, moay4yuM h = 0, ciemoBatenbHo, U h* = 0. Takum ob6paszom, e* = e*(e +
el) = e*e+e*el = e*e. JleiicTBys MHBOMOLMEH HA MOTyYEHHOE PABEHCTBO, MMEEM € =
(e*e)* = e*e = e*, a 3HAUNT e — CAaMOCONPSKEHHBIH IIEMEHT.

Kak crnencrBue, ykaxem, 4To B PUKKAPTOBBIX U Pq-03POBCKUX *-TIOTYKOJbLAX JII00O0I
LEHTPAJIBHBIA JOTIOJIIHAEMBIN HIEMIIOTEHT SBJISETCSA LEHTPAIBHOM IPOEKIUEH.

OOparHoe yTBEepKIEHHUE MPU ITOM HEBEPHO. PacCMOTpUM TpeXxdIeMEHTHOE MOITYKOJIBIIO,
rne 0 < a < 1, cinoxxeHne — BBIOOP MaKCUMAJIbHOTO 3JIEMEHTa ¢ HEHTpaibHBIM 3eMeHTOM 0.
KoMMyTaTuBHOE YMHOXKEHHE UMEET MOMIOIIAaoui aeMeHT 0, HeHTpabHBIH 1eMeHT 1, ane-
MEHT A — HWIBIIOTEHTHBIN 2JIEMEHT UHACKCA 2. 3a1aIuM B TIOIYKOJbLE S TPUBHAIBHYIO HHBO-
moruro. I[lockonmpky aa* =aa =0 npu a # 0, a B CHIIly KOMMYTaTUBHOCTH YMHO)KEHHUS,
MOXHO 3aKJII0YUTh, 4T0 0 = 0§ = aaS = aSa = aSa” npu a # 0, nony4uM npuMep UHBOJIO-
LIMH, KOTOPasl HE SBJISETCSI HU HOPMaJIbHOM, HU MTOJyHOPMaJIbHOW. OHAKO B YKa3aHHOM IOy~
KOJIbIIE MHO)KECTBA IIEHTPAJIbHBIX JOMOJIHAEMbIX HJAEMIIOTEHTOB M LEHTPAJIbHBIX MPOEKIUI
COBIMAJIAIOT.

HeHTpaHBHBIe IMPOCKIHHU B TCOPUHU *-TTOJTYKOJICI] ABJIATOTCA y,2106HI)IM HHCTPYMCHTOM JJIsA
MOCTPOEHUS (PaKTOP-TIOTYKOJIEl], UHBOMIONHS B KOTOPBIX coxpansercs. O003Ha4nM uepe3
Max BS MHOXECTBO MaKCHMaJIbHBIX HIealioB OyneBa koibia BS. Jlns mroboro M € Max BS
OTIpeeTUM KOHTPYIHIIUIO Oy

a = b (mod 0y) & ae = be s HekoToporo e € BS \ M.

JleiicTBysl HHBOJIOITMEH HA YKa3aHHOE PABEHCTBO, ITOJIyYnM, 4To a*e” = b*e*. CnenoBa-
TEJIHO, DJIEMEHTBI, CONPSHKCHHBIC C @ U b, S5KBUBAJIICHTHBI 110 MOJYJIIO YKa3aHHOW KOHIPY?IH-
yu JIMlIb B CJIy4dac, €CIIN MaKCUMAaJILHBIN nacai M 3aMKHYT OTHOCUTCIIbHO MHBOJIFOIINH. 910
BBIMOJIHSAETCSI, B YaCTHOCTH, Korna BS = B*S. Byjaem Ha3bIBaTh KOHIPYSHITHIO O, /I KOTOPOW
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BBIMOJTHACTCS] UMILTUKAIMS afb = a*0b”, KOHTpYIHIUEH, YCmouuusol OmHOCUMeNbHO UHBO-
moyuu * (*-konepysuyueit). OaKTOp-NOIYKOJIBIO IO *-KOHTPYSHIIMH OyldeM Has3bIBaTh (hax-
mop-*-nonykonvyom. s xkaxaoro M € Max BS nonykomisiio S/0,, Ha3bIBaeTCSI nUpCOBCKUM
cnoem [5]. 3aMeTHM, YTO B *-IOJYKOJIbIIAX C (TI0JTy)HOPMaJIbHOW WHBOIIOIMEH JTFO0as KOH-
IPY3HIIUSL, COIIACHO YTBEPKJAEHUIO 5, yCTONYMBA OTHOCUTEIBHO UHBOJIIOIUH, @ 3HAYUT JIF0O0H
MUPCOBCKUIA CIIOM SIBIISICTCS *-TIOTYKOJIBI[OM.

Onpenenenne 7. Tpoiika (I1, W, X) Ha3sIBacTCA nyukom *-noiyKonely, €CIA BBIIOIHSI-
I0TCS CJIEAYIOIUE YCIOBUS:

1) I1, X — Tomonoruvyeckue mpoCcTPaHCTBa,;

2) m: [1 » X — nokanbHbIi roMeoMophu3Mm;

3) ansa mo6oro x € X I, = m~1(x) — monmykonbLo ¢ UHBOMOLHE];

4) cinoxeHue, yMHOKEHUE U WHBOJIOLIHS, OTpeielIeHHbIE TOTOYEUHO, HEITPEPHIBHBL

5) oroOpakeHHs, COMOCTABISAIONINEe KaxaoMmy X € X Hynb W eauauny u3 I, HEnpe-
PBIBHBI.

[Ipoctpancta Il u X, ykazaHHbIE B ONPEICICHUH, Ha3bIBAIOTCSI HAKPbIBAIOWUM U OA3UC-
HbIM COOTBETCTBEHHO, *-moJyKonbia [1, HaswiBatoTcs crosmu. HempepblBHOE OTOOpaKeHHE
f: X — I, onpenesnienHoe Ha BceM 0a3MCHOM MPOCTPAHCTBE, U Takoe, 4to f(x) € 1, amst mro-
0oro x € X, Ha3bIBAETCA 2100A/IbHbIM CeYeHUEM.

[Tycth Ga3ucHBIM MPOCTPAHCTBOM ITy4Ka sIBIIsieTCs Max B*S, a HakpBIBaIOIIMM — JIH3b-
IOHKTHOE 00beTMHEHUE (PaKTOp-*-monyKoien S/0,,, rme M € Max B*S. Takoil my4oK *-TIOTy-
KOJICIl Ha3bIBACTCS NUPCOBCKUM NYUKOM *-noaykoney [5]. B yka3anHo# paboTe yCTaHOBJIEHO,
YTO JIF000E *-TIOIYKOJIBIIO *-U30MOP(HO *-ITOTYKOJIBILY ITI00ATBHBIX CEYCHUH CBOETO MUPCOB-
CKOTO TTyYKa.

HOpMaHBHOCTL HWHBOJIIOIINH MOXXET OBITh 0XapaKTCPU30BaHA COOTBCTCTBYOIIUMU CBOU-
CTBaMHM MHBOJIFOIUU B MMUPCOBCKHUX CJIOAX, O UEM I'OBOPHUT CJICAYIOIIAad

Teopema 1. Husonioyus é nonykonvye S aeisiemca HOpMaibHOU mo2oa u moavbKo mozoa,
K020a OHA ABNAEMCsl HOPMATLHOU 8 KAXCOOM NUPCOBCKOM CIlO€.

Jloka3aresibeTBO. JloKaKeM MpSIMy 0 UMILTHKAINI0. [TycTh S — MOIyKOJIBIIO ¢ HOpMaJIb-
HoOU mHBoOMtOIMEH. [IycTh U1 HEKOTOpPOro MakcuManbHOTO Hicana M € Max B*S u HeKoTo-
poro ay € S/8, BepHO, uTO ) ay = 0. DTO 03HAUAET, YTO I HEKOTOpOoro e € B*S \ M BbI-
nonueHo aa*e = 0. Torma 0 = aa*e = aa*ee = (ae)(ae)”. TIOCKOIBKY WHBOJIOIHUS * SIBJISI-
€TCsl HOpMaJIbHOM, mony4duM, uto ae = (0, a 3HauutT ay = 0. [IpsMas uMIuiMkanusi yCTaHOB-
JICHA.

OO0parHO, TyCTh BCE MTUPCOBCKUE CIIOU *-TIOJIYKOJIbIIA S SBIISOTCS OJTYKOJIBIIAMHU C HOP-
MaJbHON WHBOMONHEH. PaccMoTpuM s € S Takoid, 9To sS* = 0. [ToCKOIBKY *-TIOTYKOJIBIIO S
*-M30MOP(HO *-TTOJYKOJIBIYYy ITIO0ATBHBIX CEYCHUI CBOETO MUPCOBCKOTO IMyYKa, YKa3aHHOMY
3JIEMEHTY COOTBETCTBYET Io0anbHoe ceuenne § € I, mus koToporo Beimomnasercs § - (§)* = 0.
Otmerum, uto $(M) = sy anst mo6oii Touku M GasucHOro mpoctpanctBa Max B*S. Takxke
YKa)KEM, YTO WHBOJIIOIHS B *-TIOJYKOJIbIIE TII00ATBHBIX CEUYCHUN OMpEIeTICHa MOTOUEUHO, T10-
ITOMY (§(M))* = s*(M) = s;; . Torma, ana moboro M € Max B*S Bepuo, uro $(M) -
(§(M))* =38(M) - s*(M) = sy - sj; = 0, oTKyaa, B CUIIy HOPMAILHOCTH MHBOIIOLMH B ITHP-
COBCKHX CIOSIX, Mony4yuM Sy, = S(M) = 0. CrenoBatesbHO, T00ATLHOE CEUEHHE § COBIAIaeT
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C HYJIEBBIM CEYEHHEM B KaXx/10# Touke, a 3Ha4uT S = 0, MO3TOMY MHBOJIIOLUSA B S sABIsETCA
HopMaiibHOU. Teopema nokasana.

[TonBITKM YCTAaHOBUTH MOXOXKYIO B3aUMOCBS3b IS TTOJTYHOPMAJIbHONH MHBOJIIOIMH TIPHU-
BOJIST K JIONIOJTHUTEILHBIM OTPAHIUYEHUSM Ha CTPYKTYpY OyJIeBOH anreOpsl IICHTPATbHBIX ITPO-
EKIUH.

Teopema 2. Paccmompum credyiowue yciosust Oisk UHBOTIOYUU *.
1) umneontoyus * A€M NOTYHOPMANLHOU 8 S

2) umneonmoyus * A6711emcs NOJYHOPMANbHOU 8 KAHCOOM NUPCOBCKOM CIO€ *-NOTYKOIbYA
S.

Tocoa umnauxayusa 2) = 1) evinonusiemcs 6cezoa, vinoinenue umniuxayuu 1) = 2)
B03MOJICHO 8 Cyuae, Ko2oa bynesa anceopa B*S koneuna.

Jloka3areabcTBo. [lokakeM BbimonHeHHe UMIUHKanuu 2) = 1). Ilycrs s nro6oro
M € Max BS uHBomIONUs * B MOJYyKOIblEe S/0,, sBIsSeTCS MomyHOpMalbHOU. Paccmorpum
a € S rakoii, uto aSa” = 0. Yka3aHHOMY 3JICMEHTY COOTBETCTBYET ITI00anbHOE ceueHue d@ € [
takoe, uto al'(@)* = 0. Torna ayS/Oyay = 0, B CHIy MOJYHOPMAIBHOCTH HWHBOJIOIUH B
MUPCOBCKKUX CJIOSIX, TOIYy4nM, 4To ap = 0 st aroboro M € Max B*S. CnenosarenbHo, d =
0, a 3HauuT u a = 0. OOparHas UMIUTHKAIUS [TOKa3aHa.

[Toka)keM BBIMOJHEHHUE UMILIMKAIMK 1) = 2) MpU YCIIOBUHM KOHEYHOCTH OYyJIeBOM ai-
reopel B*S. [IpennonoxuM, uro st Hekotoporo M € Max B*S Hamencst Takoi ay € S/0),,
uro ay, - (S/0y) - ay; = 0 npu ay, # 0. Torma st ar060ro S € S HaiieTcst Takas [EHTPallb-
Has npoekuus eg € B*S \ M, uto asa®ey; = 0. PaccMoTpuM mpou3BObHEIA atoMm f € B*S '\
M. Takoii CylecTByeT, MOCKOIbKY M — cOOCTBEHHBIH uaean pemerka B*S. Jlns moboro s € S
npoekuus eg nexur B M, u fed = 0. 3amerum, uTo asa* = asa*ei, nosromy asa*f = 0.
[Mony4aem (af)s(af)” = 0 misa moboro s € S, otkyna af = 0 u ay = 0. CrienoBarenbHo,
npsiMasi IMILTHKAIHS BBIMOIHsETCs. Teopema JoKka3aHa.

[Tony4yennsie B paboTe pe3ylbTaThl €CTECTBEHHBIM 00pa3oM MOPOXKIAIOT PsiJT BOIIPOCOB,
TpeOyromux aanpHeiero uccienoBanus. [Ipu qokazarenscTBe uMIUMKamuu 1) = 2) tpedy-
€TCs JIOKAJIM30BaTh JIEMEHT a € S B OTJEIBHBIX CJIOSX MUPCOBCKOTO Mydka. KoHeuHOCTh Oy-
JIeBOM anreOpbl — JOCTATOYHO CUIILHOE YCIIOBHE, OTKPBITHIM OCTAETCS BOTIPOC, MOXKHO JTH OCJIa-
OuTh mpeIokeHHoe ycroBre? MOXKHO JIM 0XapaKTepHU30BaTh BCE IMOTYKOJbIIA, B KOTOPBIX JIFO-
0ast M”HBOTIOIMS (TIOJTy )HOpMaJbHa? SIBISIFOTCS T PUKKAPTOBHI (Pq-03pOBCKHUE) MOIYKOIbIIA C
WHBOJTIONAEH MaKCUMAITEHBIM TaKUM KJIacCoM?

ABTOp HMCKpeHHE OJ1aroflapuT Hay4HOrO PYKOBOIUTENS, TOKTOpa (PU3HKO-MareMaThye-
ckux Hayk UepmHbix B. B., 3a mocTaHoBKy 3a/1aui, BHUMaHUe K paboTe, KOHCTPYKTUBHBIE 3a-
MeuYaHus IIPU BBITOJTHEHUH UCCIIeI0OBaHMUSI.
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1. BaeaeHue H IOCTAHOBKA 33/1a4M

Uranbsiackuii MaTematuk DpHecto Yesapo B 1890 roay [1] npemioxun HOBBIH 2 dek-
TUBHBII METOJI CYMMUPOBaHUS pacXosmuxcs psaaoB. [IpuBeneHHblil MeTO] yCpeTHEHUS JIeT
B OCHOBY MHOTHX Hay4dHBIX pabot. X. [loMmmepenke B [2] 3aHMMalICs HCCIEIOBAHUEM OIIepa-
TOpa, KOTOPBI MPU HEKOTOPOM YCIIOBUU SIBJISETCS KJIacCHMYECKHUM orepatopoM Yeszapo.
JI. @eiiep B [3] mist mOMydeHHs CXOIAMIETOCS QYHKITMOHATBLHOTO Psiia TIEPEXOIIII K MOCIE0-
BaTEJIbHOCTH CpelHeapu(PMETUUECKUX 3aJaHHOW (YHKIMOHAJIBHOW IOCIEI0BATEILHOCTH.
Cpenu paboT, MOCBSIICHHBIX 0000IICHUIO METO1a yCpeaHeHus Ye3apo, MOKHO OTMETHUTH [4]
u [5]. B manHoii paboTe OyneT HCIoab30BaThCs ONpeneaeHne 0000IeHHOro (averaging) ome-
patopa Yezapo, nanHoe B 1994 rony B [4].

CaoiicTBa oneparopa Ye3apo 1 pa3aIu4HbIX ero 0000LIEHUI UTPAIOT BaXKHYIO POJIb MPH
U3yYEHUH CUHTYJISIPHBIX M (PyHKIMOHATBHO-IUpPEepeHnaTbHbIX YpaBHeHuil. Takue ypaBHe-
HUS BO3HUKAIOT B XUMHYECKOM peakrtope [6, ¢. 176—179], B 1eBoil 4aCTH OAHOPOJHOIO ypaB-
HeHus Dinepa [7, c. 154], B ypaBHenuu Ipénunrepa ans onHomepHoi yactuusl [8, ¢. 116] u
JIpYrHX 3a/a4yax. 3/1ech yJ0OHO OCYIIECTBUTH MEPEX0] OT (PYHKIMOHATbHO-AU(PEepeHInatb-
HBIX YPaBHEHUH K ONEPAaTOPHBIM, TAKOW MPUEM U30aBIISIET OT TPOMO3JKUX pacueToB. OTcroa
BBITEKACT BaYKHOCTb HCCIIEJIOBAHUS CBOICTB ONEPAaTOPOB B pa3HbIX (YHKIIMOHAIBHBIX IPO-
CTPAHCTBAX M yCTAaHOBJICHHE YCIOBHI UX OrpaHNYeHHOCTH. [lepexo oT pyHKIMOHAIBHO-TU (-
dbepeHnaIbHBIX YpaBHEHUN K ONIEPaTOPHBIM MOKHO YBUAETH B pabotax [9], [10] u [11], B Hux
aBTOPBI UCMOJb3YIOT ONMCAHHBIN BbIIIE IEPEXO] JJIs 10Ka3aTeIbCTBA JOCTATOYHBIX YCIOBUI
pazpemuMoctu 3anayu Koy u uist 1oka3aTeNnbCeTBa CyIIeCTBOBAHUS €IMHCTBEHHOTO pellle-
Hus. B [12] onepaTop Yezapo ucnonb3yercs B U3y4EeHUH CBOMCTB MOJIETILHOM 3a1aul, KOTOpast
BO3HUKAET B HEKOTOPBIX XUMHUYECKUX peakuusx. Emie o0 01HOM MHTEPECHOM MPUIIOKEHUU
MO>HO pouecTs B [13].

OpnHuM U3 BaKHEHIINUX CBOMCTB oneparopa Uesapo sABiiseTcsi CBONCTBO OrPaHUYEHHOCTH.
Hanuuue 3Toro cBoicTBa M3y4ajaoch B Pa3IMYHbIX MPOCTpaHCTBaX. B mpemnaraemoii padore
paccmaTpuBaeTcsi BOIPoc 00 OrpaHUYeHHOCTH onepaTopa Yesapo i aHATUTUYECKUX (PYHK-
il B A = {z: |z| < 1}, KOTOpBIE MPHHAUIEKAT JIHHEHHO-UHBAPUAHTHBIM CEMEHCTBAM.

[TonsiTue nuHelHO-MHBapuaHTHOro cemeiictBa nan X. Ilommepenke B 1964 roay B
[14, c. 109].

MuoxecTBo I aHATUTHUUYECKUX U JIOKAJIBHO OJTHOJIMCTHBIX (PyHKIUH B kpyre A

oo

9@ =2+ ) an(g)z" (1)
n=2

Ha3bIBACTCS JINHEHHO-MHBAPUAHTHBIM CEMENCTBOM (JI.H.C.), €CITi 1Jist Jiioboi hyukimu g(z) €
I u i modoro koHPopMHOTO aBToMOpdu3ma @ kpyra A pyHKuus

o) =92 ~9(2©@) _ S e
=2

g (@@)e'(0)
TAaKXEC HpI/IHa,Z[.IIC)KI/IT EIR

Yucmo ord M = supla,(g)| Ha3bIBaETCS NOPAOKOM MUHEUHO-UHBAPUAHMHO20 CEMEll-
geEM

cmea.
MuoxectBo U,, KOTOpOE€ COCTOUT U3 OOBEIUHEHHUs BceX JLU.C. Wi 1T KOTOPBIX
ord M < a Ha3BIBaeTCS YHUBEPCATHHBIM JINHEHHO-MHBAPHAHTHBIM CEMEHCTBOM TIOPSIIKA (.
W3BectHO, uTo mopsiyiok ord WPt = 1 [14] mxns mrodoro nu.c. P. Tlopsgok cemericTra,
KOTOPOMY NPHHAUIEKAT AHATUTHYECKUE U JIOKAJIbHO OAHOJIMCTHBIE (YHKIIMU, OKa3bIBAET BIIH-
SIHU€ Ha sl CBOMCTB 3TUX QyHKuil. [Ipumepsl .u.c. npuBenexst B [15, c. 8]. Cpenu HUX U3-
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BECTHBIE KJIACChl aHAIUTHYECKUX B A pyHKIuit ¢ pasnoxenueM (1): U; = K — kiacc BBITTyK-
71X QyHKIMH, oToOpaxkarommx A Ha BBIIYKIBIE 001acTu, kiacc S = U, — Klacc BceX OIHO-
TuCcTHBIX (pyHKIUH, Mo Teopeme bubepbaxa ord S = 2 [16], u npyrue npumepsl. [lanee pac-
CMaTPUBAIOTCS TOJIBKO JI.U.C. KOHEYHOTO MOPSIIKA.

B cuny Toro, 9To (hyHKIIMU U3 JI.U.C. UMEIOT pa3ioxeHue (1), 3To mo3BOJIIET YTOUHUTH
BUJ orieparopa Ye3apo B JaHHOM KJlacce U MOJYYUTh YCIOBHS €r0 OTPaHUUYEHHOCTH.

2. Omnepartop Ye3apo B 1HHeliHO-UHBAPMAHTHBIX ceMelcTBaxX QYHKIMIA
Jlist mro00ro KOMIUIEKCHOTO uucia b nanee ucnoiab3yeM cumboi [loxrammepa:
I'(b+n
B)p=bb+1)B+2)..(b+n—-1)= %,

1 0003HAYUM AB ([i; i ,apuuem, (1), =1-2-3-...-(14+n—-1) =nlu(b), =1.

[ycts Y(z) = Ype &nz™ ananmutuueckas yuakmust B A. B [4] (em. Takxe [17]) mis
B €CcRef >—1 misa pyukuuii Y (z) 0600menHsIi oneparop Yesapo ObLI ONpeIesieH cie-

IyIIUM 00pa3om:
CPp(2) = Z( ,MZAn i 1)2 . @)

n-1 k=
[Tpu f = 0 B (2) momy4aem KJIaCCUYECKHIA onepaTop Yesapo:

=Y (%Z ék_1>z"-
n=1 \ k=1

YTounum (2) is aHAIMTHYECKUX GYHKIHKA B A, uMmeromux pasioxenue f(z) =

Yimeq Apz™. PaccMOTPUM TOXKIECTBO:
z 1 z

1-z (1-2)8 (1-2z)8+1’
B KOTOPOM KasKIyI0 JpOOb HpeI[CTaBI/IM B BHJIE CTENIEHHBIX PAJIOB:

n=1

z
1—zzzzn “ (1—2)3’r1 ZA" 12"

MoJTydaeM BhIpaKeHHe, YKBUBalleHTHoE (3):

<§: Z") <§: AP 2gn- 1) = i AP o, (4)
n=1 n=1 n=1

Packpoem ckoOku J1eBoit yacTH (4), BBIIOJHUM TPYIITUPOBKY U MOJIYUYUM CIIEAYIOLIee
BbIpaXEHHE:

oo oo [ee] n oo n

(z ) (z s ) 3 (z Ag;;)zn -y (z Ag;;>zn.
n=1 n=1 n=1 \k=1 n=1

Ortcrona cnenyer, 4to (4) SKBUBAJIEHTHO

oo n oo

> (3 2)er-S
n=1 \k=1

[MpupaBHuBas K03(GUIMEHTHI TpU Z", MOITyYuM

neN

(3)

ITockonbky

ES
1l
=
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n 1 n
-1 _ B B-1 _
ZAn_k _A‘n—l’ T. €. Aﬁ—z An—k = 1.
k=1 n-1k=1
Iycte f(2) = Yopeq Qpz™ anamuruueckass ¢yukius B A. Onpenensem onepatop Ye-
3apo nopsiaka § > 0 B IPOCTPAHCTBE aHATMTHYECKUX (PYHKIUI B A CIICIyIOIIUM 00pa3oMm:

[ee] 1 n
CBf(2) = Z (TZ Aﬁ:i ak>zn. (5
n=1 An—l k=1

B yactHocth, npu f = 1 momyyaem Kjaccudeckuii oneparop Yesapo.

Takum 00pa3oM, MMoJyueH YTOYHEHHBIH BU 00001IeHHoro oneparopa Yesapo mopsiaka
(wm B — onepatopa Yezapo), KOTOPBIH MOKHO IPUMEHSATh K (PYHKITUSM U3 JI.HU.C.

3. Ouenka moayJs oneparopa Yesapo

[Tycts M — n.u.c. koHeuHoro nopsiaka. O6o3nauum LI Kilacc aHATUTUYECKUX PYHK-

i B A:

LI = {f(Z) =log g'(2) = Z an(f)z": g € im}
n=1
3aeck log w 0003HaYACT TIIaBHYIO BETBh KOMILICKCHOTO JIOrapudma.
Teopema 1. [lns mo6oit dyukuuu f(z) € LUy, a > 1,8 > 0, B — oneparop Ueszapo
OrpaHHYEH H

|Cﬁf(z)| < 2afrd(r,1,B) +r2e (a — ﬁ) <% —Bo(r, 1,8 + 1)),

n
rne |zl =ru®(z,s,a) =X (ni—a)s — TpaHcueHaeHTHas GyHkius Jlepxa.

Jloka3aTeabcTBO: J{J1s JOKa3aTenbCTBA UCTIONB3YEM OLIEHKH KOA(P(PHUIIMEHTOB B KJIacce

LU,. O603Haunm A, (@) = sup |a,(f)|, s a > 1un > 2 Brnacce LU, B[18] (cMm. Takxke
fELU,

[15,c. 102], [19]) Obutn mOKa3aHBI CIETYIONTUE OLICHKHU:
N ]
((X—l)(1+ﬁ)<A(a)< R n <e<a_i>

n-1 —°m - n-1 — :

(1--2)° (2-2)(-7) "

Takoke u3 onpenenenus U, cienyer, uro A;(a) = sup |a,(f)| < 2a.
FELUG

O6o03naunm r = |z|, B > 0. Ouenum mMoayis oneparopa Yesapo:

e} n
1 -1
|Cﬁf(z)| = Z <B—Z Aﬁ_k ak>z =
n=1 An—l k=1
= |a, Z ﬁ_Aﬁj 2"+ Z (Tz A ak>zn <
n;lATl—l n;Z An—l k7=12
1 _
< Iallz 3 Aﬁ_irn+z<ﬁ— Aﬁ_ilak|>r" <
n=1%n-1 =\ o
< ZaZw:LAB_lr"+e<a—i>§: LG:Aﬁ_l rh
- A[)’ n-1 da Aﬁ n—k
n=1%'n-1 n=2 \*'n-1k=2
Tak kak qys mo6oro f > 0un €N
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A (BpeWpy TE+n—DIE+1)
A Wpa(B+Dny TOTE+1+n-1)
_ T@B+n-1Bre) B
S TB@B+n-Dr+n-1) (B+n-1)

CJIeI0OBATEIILHO,

“20) e e L (- Gran)

1 1
= 2afro(r,1,B) +rle (a - E) (E —Bo(r, 1,8+ 1)).

Teopema nokasana.
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1. IocTanoBKa 3agaun

B cBs3u ¢ ykecToueHHEM MEXTyHApOIHBIX TPeOOBaHUM 1O IIIyMYy Ha MECTHOCTH JJIsl CaMO-
JIeTOB ¢ TypOOpEaKTUBHBIMU JIBUTaTEISIMU MPOSIBIIAETCS MOBBILICHHBIH HHTEPEC K Pa3IMUHbIM
MEpPONPUITHIM, HAlIPAaBJICHHBIM Ha CHIKEHHUE IIyMa aBuazasurarenei. Hambonee rpdpexrus-
HBIM CPEJICTBOM CHMKEHMS IIIyMa SIBJISIFOTCSI PE30HAHCHBIE COTOBBIE 3BYKOIIOMIOIIAIOIINE KOH-
crpykuuu (311K). I1pu coznanuu 3ByKONMONIOMAONUX KOHCTPYKIIUNA aBUAIIMOHHOTO JIBUTaTess
LIMPOKO HUCIIOJNIB3YIOTCS pe3oHaropsl I'enbMronbua. Aueliku corosrix 311K npeacrasiustor co-
00l OT/IeNIbHBIE PE30HATOPBI TAKOTO TUIIA.

Jlna onpenenenus akyctuueckux xapakrepuctuk 311K cymecTByroT pasinyHble DKCIEPU-
MeHTaJbHbIE MeTOABI [ 1—4]. DKcriepuMeHTaIbHOE ONpeieTICeHIe aKyCTUYECKUX XapaKTePUCTUK
NPOBOAMTCS B aKyCTUYECKUX MHTEp(epoMeTpax, B KaHae C MOTOKOM, B peBepOepalioOHHbIX
KaMmepax. M3amepenust kak mpaBuiIo MPOBOASTCS B IMaNa30He YacTOT, MPU KOTOPHIX B YCTAHOB-
Kax PaclpOCTPaHSIOTCS TOJIBKO IJIOCKHE BOJIHBL. DKCIEPUMEHTAIbHBIE 3HAYEHMS aKyCTHUeE-
CKOTO JIaBJIeHHs 0OpalaThIBAIOTCS MaTeMaTHUYECKMMHU TporenypamMu. B manHoil pabore uc-
NOJIb3YyeTCsl HHTEP(EpOMETp ¢ HOPMATIBLHBIM Ma/IEHUEM 3BYKOBBIX BOJIH U CTaHJIapTU3UPOBaH-
HBIM IBYXMHUKPOGOHHBIN MeToA nepenarouHoit ¢pynkuuu [2, 5]. IlpuHuunuanbHas cxema UH-
Tepdepomerpa nzobpaxeHa Ha puc. 1.
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MHHEPOHOHDI

fMKCaTa Dﬁpaaua\‘i'
T

TpyBa

OTpaHeHHaA B0 HA —_—

nagakaad eoaHa

K

NP WA MHO A r L :
nneiiedHs  obpaszel, AHAMME
Puc. 1. Cxema sxcnepumenmanvuou ycmanosxku. Munedancnas mpyoa

HuTtepdepomerp cOCTOUT U3 TPYOBI C TOJCTHIMU CTEHKAMHU, IByX MUKPO(GOHOB, TUHAMHIKA
U (uKcaTopa HCIBITyeMoro oopasia. B Hauane TpyObl yCTaHOBIICH TUHAMUK, BO30Y K IAIOIINI
3BYKOBBIC KosicOanus. B koHie TpyObl 3akperuisiercss ucnbiTyeMbiii oopasen 3I1K. JlanHbIi
AKCIIEPUMEHTAJBHBI METOJl HE TMO03BOJISIET JETAJbHO MPOAHAJIM3UPOBaATh (PU3MUYECKHE
MPOLIECChI, TPOUCXOAIINE BHYTPU pe3oHaTopa lenpbmroinblia, U ONPENeInTh B SIBHOM BUIE
OCHOBHBIC NPUYUHBI 3aTyXaHUS 3BYKOBBIX BOJIH, TaK KaK HAOIIONATENh SKCIICPUMEHTA BUAUT
TOJILKO TMOKa3aHusi MUKPO(OHOB B IBYyX Toukax. J[ms Gosee AeTanpHOro M3ydeHus mpoliecca
3BykonomiomieHus: B siueiike 3IIK wucnonb3yercss mnpsMoe YHCIEHHOE MOESIHPOBAHUE,
MIPOBOIMMOE B KOMMEPUYECKOM MPOrPaMMHOM MPOIYKTE, HaIIpUMep, Kak B padote [6].

HGJIBIO JaHHOT'O UCCIICAOBAHUSA ABJIACTCA OMPCACIICHUC JIOKAJIbHBIX aKyCTUUCCKUX XaPaKTC-
PUCTHUK STYCHKH SBYKOHOI"J'IOH_[aIOH_[eﬁ KOHCTPYKIIUHK PE30HAHCHOI'O THIIA. I[J'ISI JOCTHKCHUA
IMOCTaBJICHHOM II€JIH CTaBITCS CICAYIOUC 3a1a4un:

1. OmnpenenuThs SKCIEPUMEHTAIBHBIM METOAOM HMIIEAAHC M KOI(PPUIMEHT MOITIOMICHUS
obpasma 3I1K.

2. IlpoBect TpexMepHOE Ta30MHAMUYECKOE MOJEIMPOBAHUE 3BYKOBBIX BOJH B
uHTepdepomerpe B oTeuecTBeHHOM IporpaMMHoM nakere JIOT'OC Aspo-I'uapo.

3. BpINONHNTE BalIMIALUIO pacdyeTa IO pe3yibraTaM 3KCIIEpUMEHTA IPU HMCCIENOBAaHUU
aKyCTHUYECKHMX XapaKTepUCTUK OJIMHOYHOIO PE30HATOPa, BKJIOYAsl YUCIEHHYIO [7].

B kauecTBe 00beKTa UCCIENOBAHUS B3ST OJIMHOUYHBIM PE30HATOP LWIMHIPUIECKOH (OpMBI,
YCTaHOBJICHHBIN B HHTEp(EpOMETP HOPMAILHOTO MajieHus. JJIiHa ropyia u XxapakTepHbIi paz-
Mep TMOJIOCTH Pe30HaTopa JOJKHBI ObITh MHOTO MEHbIIE JJIMHBI BOJIHBI, IJIOLIA/(b CEYECHUS
ropJjia JOJKHA ObITh MHOTO MEHBIIE IUIOUIa/Id CEYEHUsI ON0CTU. [ eoMeTpust OAMHOYHOTO pe-
30HATOpA MPEICTABICHA Ha PUC. 2.

Puc. 2. Pezonamop [ 'envmeonvya

B xone mpoBeneHust skCiepuMeHTa JUHAMHIK BO30YK/1aeT 3BYKOBBIE KOJICOAHHUSI C 4aCTOTaMU
B nuana3zone oT 500 I'n mo 3000 ', u 3anuChIBatOTCS 3HAYEHUS] aKyCTUUYECKOTO JTABJICHUS C
JIBYX MHUKPO(GOHOB, pACHOJOXKEHHBIX, KaK TOKa3aHO Ha puc. 1. 3areM C MOMOIIBIO
CTaHJAPTU3UPOBAHHOTO IBYX-MHUKPO(POHHOTO METO/IA TIEPEIATOUHOM (DYHKITUU OTIPEACIISTIOTCS,
COOTBETCTBEHHO, KOA((OUIIUEHT OTpaKEeHUs, UMITETAaHC U KOI(PPHUIIHEHT 3BYKOMOTIIOMICHHUS [2,
5] mo dpopmynam:
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T fi
—e ¢ (=l onf
R(fi) = legr];k)l l el
e K-t — Hy1(fx)
1+ R(fi)
Z(fix) =———,k=0..N—-1

19 =T2Rery

a=1-—|R|%

3neck Hz1 — nepenarodnast pyHKIMS, f; — 3HAYCHHE YaCTOThI, kK — HHJIEKC COOTBETCTBYIOIIHUIA
4acToTe, ¢ — CKOPOCTh 3BYKA, /1, [ — paccTostHHSI 10 MUKPOGOHOB (cM. puc. 1).

2. MeTtoauka pacuera

MuorodyukunoHanbHbI nporpammubiii komruiekc JIOTOC, paspaborannbiii B8 OI'YII
"POALI-BHUND®", npeaHazHadeH Jyisl YUCICHHOTO MOACIMPOBAHUS POIIECCOB, TPOTEKALO-
[IUX MPU PACCMOTPEHUM a3PO- U TUAPOANHAMUKH, TEIIJIOMACCONIEPEHOCa, CTATHUYECKON, TUHA-
MUYECKON U BUOPALIMOHHOW MTPOYHOCTH U Pa3pyIICHUs, HIEKTPOAMHAMUKH, a TAKKe ISl TIPO-
BEJICHUS CONPSKCHHBIX WJIM CBSI3aHHBIX MYJIBTUIMCIUTIIIMHAPHBIX PACUETOB.

HecranmonapHoe TedeHHME BS3KOro cxxumaemoro TerutonposonHoro raza B [10 JIOI'OC
Abspo-I'mapo onuceiBaercs cuctemoil ypaBHeHudd HaBbe—CTOKca, KOTOpas B MHTErpajibHOU
¢dbopme B 1€KapTOBOM crcTEME KOOPIUHAT 3allUChIBACTCS CIEIYIOIUM 00pa3oM:

9 wdv F—Gl-dS=0
g ||| wav + [[[F 1 -as -

p pu
pu pu® +p
w=|pv| E=| pw |,
pw puw
\PE puH
pv
pvu pwu
F,=|pv’+p |, F = PWU
puw PW +P
pvH
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Gy = Tyx
TZ
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0
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TZ
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[7ie p — IUIOTHOCTb Ta3a, U, V, W — KOMIIOHEHTBI BEKTOpA CKOPOCTH, E — monHas sneprus, 7;; —

KOMIIOHEHTBI TEH30pa BSA3KUX HAIIPSKCHUM, ¢; — KOMIIOHEHTBI BEKTOPa TEIJIOBOIO IIOTOKA, £ =
P

H— , ~ TONHAA SHEPIHA, B KOTOPYHO BXOZIHT

u? + v +w?
2

noJiHas SHTanbnus; e h = C,T — sHTanenus, p — nasinenue, Cp — TEIIOEMKOCTD TIPU MOCTO-
SIHHOM J1aBJICHUH.

H=h+

Cucrema ypasaenuii HaBbe—CTOKCa 3aMbIKaeTcsi ypaBHeHUeM coctosiaust p = p(p, T), e
T — Temneparypa. B pacuerax [uist 3aMbIKaHHs 3a/1a41 UCII0JIb30BaJI0OCh YPABHEHNUE COCTOSIHUS
MJIEAJIbHOTO Ia3a ¢ MaTepUaIbHbIMU KOHCTAHTAMM, COOTBETCTBYIOLIUMU BO3AYXY.

B pacuerax ucnonp30Baguch JBa MOAXO/A: MPSAMOE YUCIEHHOE MOJIEINPOBAHUE U MOJIEIIb
typOynentHocti SST. HecTpykTypupoBaHHas ceTka cofepxaia 4 MIH y3JI0B U M300pakeHa
Ha puc. 3.

Puc 3. Pacuemnas cemka

Ha Bxozne B pacueTHyro o0nacTh 3aJaeTcs CUTHAN B BHUJE AABJICHMS, 3aBUCSILETO OT Bpe-
MEHH, U300paKEHHBIN Ha puc. 4.
60

P, I1a
404,

20+

20

404"

-60 T T T 1
10 10.1 10.2 10.3 10.4

Puc 4. @®paemenm cuenana na éxooe
AMIMTYa curHana cocrasisuia nmpuMepHo 40 [a, yTo cOOTBETCTBYET peaqsbHOMY JKCIIe-
PUMEHTAIBHOMY 3HAUYEHUIO.
3. Pesyabrarsl

[TonmyuyeHHble pe3ynbTaTbl YHUCIECHHBIX PAacyeTOB CPAaBHUBAIOTCSA C JKCIIEPUMEHTAIbHBIMU
naHHbIMU. Ha puc. 5 npencrasiena 3aBUCUMOCTh K03 (UIIMEeHTa MOITIOUIEHHS 3BYKOBOTO CHUT-
Haja o IJIs pa3HbIX YacToT.

['padpux kodpduieHTa NomIoUEeHUS MOKa3bIBAET, HA KAKOM YacTOTE JTy4Yllle BCEro paboTaeT
pe3oHatop. BugHo, 4To 00€ 3aBUCMMOCTH UMEIOT XapaKTepHbIH MAKCUMYM, YTO TOBOPUT O TOM,
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YTO pacueT OTpa)kaeT CBOMCTBA HCIIOJIb3YEMOT0 pe30HaTOpa MOIIOATh 3ByK Hanbosee apdek-

THUBHO Ha yactoTe nopsaka 700 I'.

1_
o [\\noroc
0.8 [
i 1-~
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K . :
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-..--"-—.‘-
0 —

T T
200 400 600 800 f,I'n
Puc. 5. 3asucumocms xoappuyuenma nocnowenuss om 4acmomul 36yKa

OKCIIEpUMEHTAIIBHBIC U PAaCUYCTHBIC JAHHBIC 110 UMITCJAHCY H300paKeHBI HA PUC. 6 IS
pa3HbIX 3HAYEHUI 4acTOThl. BUHO, YTO MakCUMyM JTaHHOM BEJTMYUHBI TAKKE BOCIIPOU3BO-

AUTCA B XO04€ YHUCIICHHOI'O MOACITIUPOBAHMA.

Z
b
JIOTOC I’\ - DKci.
1.5 '.’ \
Ay
I- /
| .
0 T ‘—’—I’ ~

T
200 400 600 800 f,I'm
Puc. 6. 3asucumocms umnedanca om uacmomul 38yKa

[Ipu Gonee BBICOKHMX YacCTOTax HaOMOAAETCs OOJBIION pa3dopOC Pe3yabTaTOB YMCICHHOTO
MOJIETUPOBAHUS ¥ SKCIIEPUMEHTAIbHBIX JaHHBIX KakK A Ko dUIIMEeHTa MOTIOMIEeHUs, TaK U
umnenanca. [IpuunHy cTONb BBICOKOTO pa30poca Ha JaHHBIM MOMEHT BBISIBUTH HE yAAJIOCh.

TpebyroTcst nanpHene ucciea0BaHusl.
Ha puc. 7 n3o0pakeHo moJje 1aBjieHus B 0CEBOM CEYEHUU JIJIsi MOMEHTa BpeMeHnu ¢ = 0.4 cex
B XOJI€ UMCJIICHHOTO MOJIENUPOBaHus. BUAHO, 4TO ¢ XOpoIIel TOUHOCThIO (PPOHT BOJHBI SIBIISA-

€TCA MJIIOCKUM, T.C. UMCCT MCCTO OJHOMCPHAA ITPOJ0JIbHAd 3BYKOBasl BOJIHA.

Pressure [Pa]
101337.883

101335.707
101333.532
101331.357

I D $4 .
101327.006
101324.831

101322.655
101320.480
101318.305

Puc. 7. llone oasnenus 6 umnedancrou mpybe u pezonamope
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Temperature [K]
288.010

288.008
288.007

288.005

I +$©EE

288.001
288.000
287.998
287.996
287,995
Puc. 8. Ilone memnepamypwi 6 umnedancnoti mpybe u pe3onamope

Hecmortpst Ha HajOKeHUE YCIIOBHS aAMa0aTUYHOCTH CTEHOK B XOJI€ PACU€TOB, IPU IMPOXOXK-
JICHUH 3BYKOBOMW BOJIHBI B COOTBETCTBUU C OXKUJAHUSAMM HaOIroqaroTcs KojeOaHMs TeMmIepa-
Typsl. Ha puc. 8 n3obpakeHo mose temmeparypsl B oceBoM ceuenuu npu ¢ = 0.4 cex. Buano,
YTO TeMIepaTypHas Oeryiuas BoJHa OJHOCThIO IIOBTOPSET MOJIE AABICHHUS.

OTOT pe3yJIbTaT XOPOIIO COITIACYETCS ¢ MPOCTHIM AHAIMTUYECKUM BBIPAKEHUEM, CIIPABEl-
JIMBBIM JUIS IUIOCKUX 3BYKOBBIX BOJIH, COITIACHO KOTOPOMY OCLIWIISLIMYU AABJIECHUA p' U TEMIIE-
patypbl 7' 0IHO3HAYHO CBS3aHbI APYT C IPYTOM CIEAYIOLIUM U3BECTHBIM COOTHOIIEHUEM [8]:

TI= ﬁT p!.
PC,

3nech [ — K0P PUIMCHT TEIUIOBOTO pacimpenus, 7 — abcomoTHas TeMIeparypa.

Ilo pe3yibTaTaM YUCICHHOTI'O MOACIIMPOBAHUS Ha PUC. 9 I/I3o6pa>1<eHa poaoJIbHAA IO OCHU Z
KOMIIOHEHTAa CKOPOCTH B OCEBOM CEUCHHUM AJIsI MOMCHTA BPEMCHHU [ = 0.4 cexk.

Velocity Z [m/s]
0.221

0.172
0122
0.073
0.023
-0.026
-0.075

-0.125
Y

l -0.174
Z

-0.224

Puc. 9. Kovnonenma cxopocmu no ocu Z

Kak u oxumanoch, MakCHMyM MO MOJYJIO CKOPOCTH HAONIIOaeTcss B TOpJe pe3oHaTopa.
BuaHo, 4To B JaHHBIIT MOMEHT BPEMEHH BO3JIyX Y€pe3 OTBEPCTHE MPEUMYIIECTBEHHO MOCTY-
naeT B pe3oHarop. OqHako He OyaeM 3a0bIBaTh, UTO ypaBHEHUS TUAPOIMHAMUKY paccMaTpuBa-
I0TCSl IPUMEHUTENBHO K CXKMMaeMol cpezie. JluBepreHIys CKOpOCTH He paBHa HYIII0, TO3TOMY
BIIOJIHE €CTECTBEHHO, YTO IUIOTHOCTh raza B pe3oHarope OylaeT MEHSThCS MEepUOTUYECCKU
BOJIM3U HEKOTOPOTO CPETHETO 3HAYCHHUSI.

4. JaxkiaoyeHue

Takum 00pazoM, pacueTsl MOKa3bIBalOT, yTo nporpammHoe obecredenue JIOTOC Anspo-
I'mapo Heroxo onuckiBaeT 3((GEKT MOIIOMIEHHS 3ByKa pe30HATOPOM [ ebMrospa, yCTaHOB-
JICHHBIM B UMII€JJAHCHOM TpyOe, B ClIydae UX PeaJTMCTUUYHBIX Pa3MEPOB U IMPHU HAJIOKEHUH MTPAK-
THYECKHU PEaN3yeMbIX TPAaHUYHBIX YCIOBHH. A IMEHHO, B XOJI€ YHCICHHOTO MOAEIHPOBAHUS
BOCIIPOU3BOAATCS MAaKCUMYMBbI Ha rpadukax kod(duimenTa noromeHus 3Byka 1 UMIIEAaHCca
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B 3aBUCHMOCTH OT 4acToThl. HabmomaemMoe pacxoxaeHue Mexy 4acTOTaMH, COOTBETCTBYIO-
IMMU MaKCUMyMaM UMIIe/IaHCca U KO PHUIMEHTa 3ByKONOITIOMICHHUS B YHCICHHOM MOAEITUPO-
BaHUU U HATYPHOM DKCIIEPUMEHTE, BEPOSITHO 00YCIIOBIIEHO ABYMSI OCHOBHBIMU (hakTopamu. Bo-
NIEPBBIX, B paMKaxX YMCIEHHOW MOJEIN HE Y1aJ0Ch TOYHO BOCIPOU3BECTH IIPOCTPAHCTBEHHO-
BPEMEHHBIE XapaKTEPUCTUKU NAJAarOlIed aKyCTHUECKOW BOJIHBI, PEAIM30BaHHBIE B JKCIIEPU-
MEHTAJIbHBIX YCIOBUIX. BO-BTOpBIX, B pacueTax HE YUUTHIBAIUCH TEPMOAMHAMUYECKOE B3aU-
MOJIEIICTBHE MEX/y ra30M M CTEHKaMU UMIIEJaHCHON TPYObI, B YACTHOCTH — TEIJI000MEH, KO-
TOPBIM MOXKET CYIIECTBEHHO BIIUATH Ha JIOKAJIbHBIE aKyCTUYECKHUE CBOMCTBA CPEJIbI U, KaK CIIE/I-
CTBHE, — HA PE30HAHCHOE ITOBEJICHNUE CUCTEMBI.
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Annoranusi. B pabore mnpeacraBieHbl pe3ynbTaThl pa3pabOTKU W KOMILICKCHOTO
WCCIIETOBAHUSI KOMITO3UTHOW MOMU(PUIAMEHTHON XUPYPrHYECKOH HUTHU C PEryInpyeMbIM
CpoKOM Ouozerpamanuy. OKCIEPUMEHTAJIbHO M3YYEHBl MEXaHMYECKHE CBOMCTBa
€AMHUYHOTO BOJIOKHA M JKI'yTa, pa3paboTaHa MaTeMaTH4ecKas MOJENb OHOJErpamalu,
OCHOBaHHasi Ha W3MEHEHWHU IUIOIIAJU TONEPEeYHOro CEYEeHUS HUTH M TOJIIMHBI
HNOJMMEPHOro MOKpbITHA. [logoOpaH onTHUMasibHBIA COCTaB THOPUIHOIO HOKPBITHSL,
o0ecreunBaOMIMA KOHTPOIMPYEMOE paccachiBaHne B quamna3one 15-30 cyTok. Merogom
KOHEYHO-3JIEMEHTHOTO  MOJEJIMPOBAHUS  ONPEJCIECHBl  ONTUMAJIBHBIE  [apaMeTpPhI
HaJIOKEHHS IIBa Ha KOXXY, MUHUMHU3UPYIOLINE PUCK MOBpexaAeHus TkaHed. lIposenen
CPaBHUTEJbHBIN aHAIN3 pa3pad0TaHHONW HUTH C KOMMEPUECKUMH aHAJIOTaMH, TOKa3aBIIHHA
€e NPEHMYIIECTBA B BO3MOXKHOCTH TOYHOW HACTPOMKHM CpOKa JAErpajallid U BBICOKHMX
MPOYHOCTHBIX XapaKTepUCTUK. Pe3ynbTaThl paboTBl MOTYT OBITH HCIOJB30BAaHBI IS
MIPOM3BOJICTBA HOBBIX BBICOKO()(EKTUBHBIX LIOBHBIX MAaTEpUAJIOB AJSl IUIACTUYECKOIA,
JIETCKOW W 00IIel XUpypruu.
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Abstract. The paper presents the results of the development and comprehensive study of a
composite polyfilament surgical suture with a controlled biodegradation period. The
mechanical properties of a single filament and a bundle were experimentally investigated.
A mathematical model of biodegradation was developed, based on the changes in the cross-
sectional area of the suture and the thickness of the polymer coating. An optimal
composition of a hybrid coating was selected, providing controlled resorption within 15—
30 days. Using finite element modeling, the optimal parameters of skin suturing were
determined, minimizing the risk of tissue damage. A comparative analysis of the developed
suture with commercial analogues has been carried out, which demonstrated its advantages
in terms of the possibility of precise adjustment of the degradation period and high strength
characteristics. The results of the work can be used for the production of new highly
effective suture materials for plastic, pediatric, and general surgery.
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Beenenue

CoBpeMeHHast XUPYprusi MPeAbsBIsIeT BHICOKHE TPeOOBaHMS K IIOBHBIM MaTepHaliaM.
OHU JOKHBI 00JIaJlaTh BBICOKOW MPOYHOCTHIO, HAIEKHOCTHIO, YI00CTBOM B paboTe,
OMOCOBMECTHMOCTBIO, @ B CIy4ae paccachIBAIOLIUXCS MaTEpUaJOB — KOHTPOIUPYEMBIM U
MpeicKazyeMbIM cpokoM Onoaerpaaamuu [ 1—3]. HecmoTpst Ha IMPOKHIT aCCOPTUMEHT, MHOTHE
KOMMEpPUYECKHe HUTH UMEIOT (PUKCHUPOBAHHBIC, YACTO HEONTHUMAIBHBIE CPOKH PACCACHIBAHUS:
CITMIIIKOM KOPOTKHE CPOKH MOTYT IIPUBECTH K MPEKICBPEMEHHOMY PACXO0XKIECHUIO KPAeB PaHBbI,
a CJIMIIIKOM JUTMHHBIE — CIIPOBOLIMPOBATh 00Opa30BaHUE KOJIOHMM OakTepuil (BocmajaeHue) Ui
obpasoBanue rpyoObsIx pyoros [4, 5].

Pa3paboTka COBpeMEHHBIX XHPYPTrHYECKHX IIOBHBIX MaTepUATIOB HampaBlIeHa Ha
co37jaHNe OMOCOBMECTUMBIX, BBICOKONPOYHBIX W MHUHHUMAIBHO TpPAaBMATHYHBIX HHUTEH C
KOHTPOJIUPYEMBIM CPOKOM PaCCACHIBAHMUSL.

OcoOblif uHTEpeC MPEACTABIAIOT MOJU(UIAMEHTHBIE HUTH, KOTOpPBHIE 3a CYET CBOEH
CTPYKTYpbl 00JaJal0T BBICOKONH MPOYHOCTHIO HA pa3pblB, THOKOCTb M XOPOIIUMHU
MaHUITYJISIITMOHHBIME CBOMCTBaMH [6, 7]. OgHAKO MX CYIMIECTBEHHBIM HEJOCTATKOM SIBJISICTCS
"musmui 9pQexT"”, Koraa KecTkasi CTpYKTypa HUTH TPaBMHUPYET TKaHU MPU HAJIOKEHUU TBA.
Pemenue 3To# mpo6IeMbl 3aKTI0YAETCSl B HAHECEHUH TIOTMMEPHOTO MOKPBITHSI, KOTOPOE TAK)KE
MOYKET CIIY’)KUTh HHCTPYMEHTOM JUIs yIIpaBJICHUsI BpeMeHeM Onozaerpaganuu [8, 9].
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Llenbr0 JaHHOTO UCCIEOBAaHUS SABIISAETCS pa3paboTKa KOMIO3UTHON MOIU(PHIAMEHTHOM
XUPYPIUYECKON HUTHU C PETYIUPYEMBIM CPOKOM Onoierpaianiu, 00eceynBaromeil BBICOKYIO
IPOYHOCTh, OHWOCOBMECTUMOCTh M MHUHUMAJIbHOE TpPaBMUPOBaHME TKaHEW 3a cyer
ONTUMM3ALMH COCTABA ITOJIMMEPHOTO MOKPBITUS U CTPYKTYPBl HUTH.

3aa4y UCCIIeIOBaHU:

1. DOxcneprMEHTaIbHOE ONPEIEICHUE MEXAHUUYECKUX XAPaKTEPUCTUK €IMHUYHOIO BOJIOKHA
noJMu(UIAMEHTHON HUTH.

2. MopenupoBaHue U aHAIU3 MPOYHOCTHBIX CBOMCTB MOMM(MUIAMEHTHOTO JKI'yTa 3aJaHHOM
CTPYKTYpBL.

3. Pazpaborka Maremarndyeckol  Monenu  OuWonmerpajalyu,  CBA3BIBAIOINAS — BpeMs
paccacblBaHUs C TEOMETPUYECKUMU MApaMETPAMU HUTH U MTOKPBITHS.

4. Tlon6op n 060cHOBaHUE COCTaBAa TMOPUAHOTO OJIUMEPHOTO HOKPHITUS C KOHTPOJIUPYEMOM
CKOPOCThIO aerpaganuu [8, 10].

5. KoneuHo-31meMeHTapHOE MOIEIMPOBAHUE NPOLECCa HAJOXKECHUs LIBA Ul ONPEACICHUS
[1apaMeTpPOB, MUHUMHU3HUPYIOIINX ITOBPEKICHUE TKAHEH.

6. CpaBHMTEJbHBIM aHaIU3 pa3padOTAaHHONH HUTH C CYIIECTBYIOLIMMH KOMMEpPYECKHMHU
aHanoramu [4, 11, 12].

OKcnepuMeHTalbHask 4acTh Pa0bOTh! BBINOIHEHA Ha 0a3e LleHTpa sKcreprMeHTaIbHON

MeXaHUKH [ [epMCKOro HalMOHAaIBbHOTO UCCIIEI0BATENIBCKOTO IIOJMTEXHUYECKOTO YHUBEPCUTETA
(IOM TTHUITY).

1. MexaHu4ecKHe HCIIBITAHUS MOJUIVIMKOJIUIHBIX BOJIOKOH

B nannoii paboTte 3KCTIEpIMEHTAIBHBIE UCCIIETOBAHHS TPOBOIMIINCH HA YHUBEPCATBHOM
ucnelTaTeNbHOM cucteMe Instron 5965 B COOTBETCTBUM C pEKOMEHAALMAMM CTAaHIAAPTOB IS
WCIIBITAaHUS TOHKHX TOJUMEpHBIX BosiokoH [1, 3, 13, 13]. HcmbeiTanuto mnoaBEprainch
OTJIeJIbHBIE BOJIOKHA MOJU(PHIAMEHTHOM MOJUIIIMKOIUIHON HUTH. CKOPOCTh MepeMenieHus
TpaBepchl coctaBisia 10 mm/MuH. [ BU3yanu3amuu ¥ U3MEPEHUs] JUAMETpa BOJOKOH
ucronb3oBaics MoAyibHbI  crepeomukpockon ZEISS  SteREO  Discovery.V12 ¢
MOTOPHU30BaHHBIM 12-kpaTHbIM yBenauueHueM [15]. IlomyudeHbl auarpaMMbl pacTsKEHUs
BOJIOKOH (puc. 1).

+ 1 opasen

. 2
E o1z o2 nn:paseu,
% 0.1 » 3 obpasey
= @4 oGpasen
= 008 o5 oGpasey

& 5 oGpasen

o
=1
=

0 1 2 3 - 3 6

[lepeMemerne, MM

=1
=]
o

Puc. 1. I'pagpux 3asucumocmu "Haepysxa (H) — [lepemewerue (mm)"
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2. MoaeanpoBaHue M aHAJIU3 MPOYHOCTHBIX CBOMCTB MOJTH(PUIAMEHTHOIO KI'yTa

[lo pe3ynbTaraM HUCHOBITAHUW U OINPEAETICHHBIX OCHOBHBIX T'€OMETPUYECKUX U
MEXaHUYECKUX TapaMeTPOB BOJOKOH (CPeIHMI OuUaMeTp, MOAYJb YIPYTOCTH, Tpeae
MPOYHOCTH) ObLJIa MOCTPOEHA FeOMETpHUECcKasi MOJEIb JKI'yTa, COCTOsIIEro u3 19 BoIoKoH ¢
COOTBCTCTBYOIIMMU YCPCAHCHHBIMU MCXAaHUYCCKUMU XaPAKTCPUCTUKAMMU. MOI[GJII/IPOBEIHI/IG B
cucteme ANSYS (puc. 2) mokaszano ero BBICOKYIO HECYIIyl0 crnocoOHOCTh. Jlnarpamma
HArpy»XeHus JKryTa JEMOHCTPUPYET JUHEHHOE YNPyroe MoBeACHHE BIUIOTh J0 Pa3pyILICHUs
npu Harpyske F = 28H [2].

ryTa

Puc. 2. Mooenuposanue sccyma uz éonoxon 6 cucmeme ANSYS

PacueTHast MPOYHOCTh KaHATHOM CTPYKTYpPbl 3HAUMTEIBHO INPEBBIIIAET HEOOXOIMMBbIE
JUIE XUPYPTHYECKOW NpakTUKW Harpy3kd (1m0 SH) oOecrmeunmBas MIECTHKPATHBIA 3amac
IIPOYHOCTH.

3. MaremaTrnueckasi MoJeJib OMoAerpagauu
Jlyist aHamM3a mpoIieccoB OMOIerpaIaiil MOJUIIMKOIUIHOTO BojlokHa B [[OM ITHUITY
OblTa TIPOBEICHA CEpUsl DKCIEPUMEHTOB IO OINpPEACNICHUIO TIpenesia TPOYHOCTH (GCs)
MOJUTIIMKONIMTHBIX ITyYKOB BOJIOKOH (HUTeH) 3pdextuBHOTO Ariamerpa 0,3 MM, BIIEpP>KaHHBIX
B M30TOHMYECKOM PACTBOPE HATpHsl XJIopuaa B KoHIeHTpauu 0,9 %-Hoi TuCTHIIITMPOBAaHHON
Bonbl pu 37 C. Ecnu NpUHATH THMNOTE3y O JIMHEHHOW CBSI3U Tpefelia MPOYHOCTH HHUTU C
3¢ (}eKTUBHOMN IUIONIA/IbIO CEYEHHS My4yKa BOJIOKOH, TO U3 PE3y/lIbTaTOB HCIBITAHUNA HMEeM
HOPMHpPOBaHHYIO (hyHKIHMIO Orozaerpaaanui (f») (puc. 3):
i
fo =735 - (M
IJie 0} — HpesieN IPOYHOCTH BHLICPKAHHOTO B PACTBOPE ITydKa BOJNOKOH i-r0 SKCIIEPHMEHTA,
o)) — cpenHee 3HaYEHME TIPEIENa MPOIHOCTH CYXOTO ITyUKa BOJOKOH (HHTH).
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Puc. 3. Hopmuposannule pe3yibmamol UCHbIMAHUL HA PACMANCEHUS NOAULTIUKOIUOHBIX HUMEL,
BbLOEPICAHHBIX 8 USOMOHUYECKOM PACMBOpe

KOHCTp}/KHI/IH KOMIIO3UTHON HHUTH npeaAcCTaBJIsACT coOoi CCPALCBUHY B BUAC XKI'yTa U3
MOJIMTJIMKOJIMIHBIX BOJIOKOH B HOHHMepHOfI obosouke. Ee ceueHne cxeMaTHYHO MOYKET OBITh
MMpCACTAaBJICHO TAK, KaK IIOKa3aHO Ha PUC. 4,

Puc. 4. Cxema koncmpykyuu KoMno3umHou Humu (dyp — ouamemp nyuxa noJuSIUKOIUOHbIX 60J0KOH, h
— MOMUYUHA NOTUMEPHOU 000I0UKL)

Jlis mpOrHO3MpOBaHUs CpOKa paccachlBaHUs HHUTU pazpaboTaHa MareMaThyecKas
MO/1€J1b, YUUTHIBAIOIIAs TUIOMIA (b TIONIEPEUHOT0 CEYEHUSI U CBOMCTBA MOJIMMEPHOTO MOKPBITHUSI.
Mozens onucsiBaeTCs KyCOYHO-3a/1aHHON (QyHKIMeEH (2):

2
Tiotal ey 0 < t <t
4 ) _— —_— COnSt,

A(t) = m(0,3—2h)2 2
( ) AtOtal - (T) * (t - tconst)' €CJIN tconst < t S (tconst + T)’ ( )
0,ecnut > (teonse + T)-

rue:

A(t) — moniame MONEPEYHOTO CEYeHUsI B MOMEHT BPEMEHH t,

h — TonMHa NOAMMEPHOTO MOKPHITHS,

tconst — BPEMS IeTpaJlallui TOKPBITHS,

T — Bpemst MOTHOM AeTpalallii BHYTPEHHETO BOJIOKHA 0€3 yueTa MOKPBITHS,

Atorar — OO HavaNbHAS TUIOMIAAb TOTIEPEYHOT0 CEUEHHSI HUTH (C TIOKPBITHEM).
[IpencraBieHHas KycouHO-TUHEITHAs MOJAENb (2) SBISETCS YNPOILIEHHEM, OCHOBAHHBIM

Ha TUIOTE3€ O IOCTOSHHOW CKOpOCTH YyOBIBaHUS IUIOIAAM cedeHus. OIHAKO peaybHBIN
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polecc TUAPOJUTHUYECKONW Jerpajallid IOJIMMEPHBIX BOJIOKOH HMEET BBIPAKEHHYIO
HEJIMHEHHYI0 KHHETUKY, 00YCIOBICHHYIO oM (pu3ndeckux (Gaxkropos [16].

Asmokamanumuueckuii 3¢ppexm: IIponyKThl pacnaza IOJIUMEPOB (Hampumep,
KapOOHOBBIE KUCIOTH Tpu Tuaponuse PGA u PLA) cHmxkator nokanbHblid pH, 4T0, B CBOIO
ouepeslb, YCKOpsieT AajlbHEHIIMH ruapoiau3. OTO NPUBOAUT K HEIMHEHHOMY, 3a4acTylo
YCKOPEHHOMY, Pa3pyLICHUIO MaTepuaa U3HYTPH MOCIE JOCTUKEHUS ONPEICIICHHON CTENEHU
KOHBEPCUH.

3aeucumocmv ckopocmu om naouwiadu nogepxnocmu: CKOPOCTb TUAPOIU3A
IPONOPLMOHATIBHA MJIOLIAM KOHTAKTa MOJMMepa ¢ BOAHOHM cpenoil. B HauanbHbIi nepuon,
II0Ka ITOKPBITHUE 1LIEJI0, 3TA ILIOIAb MUHUMANbHA. [locie pa3pylieHns NOKPHITHS U OSBICHUS
MHUKpPOAE()EKTOB B BOJIOKHE IUIOIIAb PEAKLIMOHHON TOBEPXHOCTH PE3KO BO3PACTAET, YTO BEJET
K YCKOpeHMIO nerpazanmuu. Ha ¢uHampHOW CTajuu, KOTJAa CEYEHHUE CTAHOBHUTCS MAJIbIM,
CKOpOCTh MPOIlecca BHOBb MOXKET CHUXKAThCA.

Haxonnenue noepesxcoenuit u ux cunepzemuyueckuii 3pgpexm: CiyuaiiHoe
BO3HUKHOBEHHE U POCT MUKPOIOP M TPEUIMH CHUXKAIOT HArpy304HYI0 CIIOCOOHOCTh BOJIOKHA
HENPONOPIUOHAILHO NOoTepsiM Macchl. HeOoublioe yMeHbIIEHUE IJIOLAAN CEUYEHUSI MOXKET
IOPUBOAUTh K 3HAUUTEIBHOMY (HEITMHEHHOMY) pOCTYy MEXaHHYECKHUX HalpsyKeHUH B
OCTaBILIEMCS] MaTepHasle, yCKOPssl €ro pa3pyLIeHue.

Jns ydera 3tux 3¢ ¢eKToB MpeiokeHa 0000IEeHHAs YKCIOHEHIIMAIbHO-CTEeCHHAs
¢ynkuus Omonerpamammu (3), KOTOpasi SBISAETCS PEIICHHEM KHHETHYECKOTO YPaBHEHHUS C
HEPEMEHHBIM (3aBUCSIINM OT TEKYIIET0 COCTOSHUS) MOPAIKOM PEAKIIUU:

fb(t) = Ag - e« maxOt=tV - ecny g > ¢, 3)

rjae:

0. — KO3 UIMEHT CKOPOCTH JIerpasialiii. YeM OH BbIIIe, TEM ObICTpee UIET pa3pylIeHHE;

B — xoadduurenT uHTeHCUBHOCTH Aerpanauuu. Otpaxaer "dopmy" KpuBOil paspylieHHs
(3amMenneHHOE/YCKOPEHHOE )

to — BpeMsI HayaJia gerpaaamnuu.

B nanno# napamerpusauuu:

[lapamerp o sBHAsSeTcs OOOOIIEHHOM  KOHCTAHTOM CKOPOCTH  JIerpajalvi,
arperupyrolel BIUsSHUE XUMUYECKOTO COCTaBa MOJIMMEpa, TeMineparypsl 1 pH cpensl.

[Tapametp B oTpakaeT cTeneHb HEIMHEWHOCTH (KOONEpaTUBHOCTH) mpouecca. [lpu
> 1 Monenb oNMMUCHIBAET YCKOPEHHYIO JIerpaslaliiio (aBTOKaTain3, ObICTPBIM POCT IIIoLaan
MOBEPXHOCTH), XapaKTEpHYIO Al BHYTpPEHHUX 30H myuka. IIpu B <1 mozens omuceiBaer
3aMeUICHHYIO JIerpaJaltio, HaIpuMep, Ha Ha4aJbHOM 3Talle IIPH 3aIlUTe NOKPBHITUEM WM Ha
¢buHaNbHON cTaTuu.

Bpems to COOTBETCTBYET MHIYKLIIMOHHOMY IIEPUOAY, B TEYEHHE KOTOPOrO MPOUCXOINUT
HaOyxaHHe MoJIMMepa U pa3pylleHHe 3alIUTHOTO MOKPHITHS 10 Hayaia akTUBHOM Jerpaialuu
OCHOBHOT'O BOJIOKHA.

Takum oOpa3zoM, mozensb (3) He SABISETCS MPOCTO MaTeMaTHYeCKOM '"MoAroHkou", a
npejcTaBisieT co00il (EeHOMEHONIOTHYECKOe ONMCaHMe, YYUTHIBAIOIIEE KIIOYEBbIE (U3UKO-
XUMHUYECKHE MEXaHU3Mbl HEJTMHEWHOW Ouojerpaganuy NOJU(HIAMEHTHBIX CTPYKTyp. OHa
Mo3BOJIIET Oojiee aJleKBaTHO, YeM JIMHEWHas MOJeNb, ONMHUCaTh HW3MEHEHHE MPOYHOCTHBIX
CBOWCTB HUTH BO BPEMEHH, OCOOCHHO Ha KPUTHUYECKOW CTaJMH, MPEAIIECTBYIOMIEH TOJIHOMY
pa3pyuLIeHHIO.

Jnist pe3yNibTaToB KCIIEPUMEHTOB, PEACTABICHHBIX Ha pUC. 3, mapameTpsl Mojenu (3)
MOTyT OBITh TOJY4YEHbl METOJIOM HAUMEHBIIUX KBaJIpaToB. 3HAYEHUS MOJyYEHHBIX
TnapaMeTpoB IpescTaBiIensl B Tadn. 1 (R? = 0.98).
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Taoauua 1. Ilpumep napamempos modenu dezpadayuu
NOAULTUKOAUOHO20 NYYKA B0A0KOH duamempom 0,3 mm

[Tapamerp Ay to T a B

3HaueHue, e/. 0.99 10 40 0.00065 2.77

I'paduk SKCIOHEHIMATIEHO-CTEIIEHHOW MOJICITH JIETPAJAliH 10 IapamMeTpam u3 1adm. |
MIPEJICTABIICH HA PUC. 3 MYHKTUPHOMN JTUHUEH.

Takum o0Opa3oM, gaHHas MOJENb IIO3BOJSET aJCKBATHO ONKUCATh HW3MEHCHUE
IPOYHOCTHBIX CBOMCTB HUTH BO BpEMEHH, OCOOEHHO Ha KPUTHYECKOH CTaJuw,
IPEIIECTBYIOLIEHN TIOJTHOMY pa3pyLIEHUIO.

4. Pa3padorka ruOpUAHOIO NOJTUMEPHOI0 NOKPbITHS

B pesynbTarte npoBeeHHBIX UCCIEAOBaHUN ObLIO MOI00paHO THOPHUIHOE TOKPHITHE Ha
OCHOBE KOMOWHAIMM MOJMUTIHKOIeBOH KUCIOTHI (PGA, 60-70%), xpaxmana (25-35%) u
nonuMoiouHoit kucnotel (PLA, 5-10 %) [8, 17, 10]. bbut BeluKcieH onTUMaibHBIA COCTaB,
o0ecreunBarOIINIA ISTPaIaINIo TOKPBITUS 32 5—7 CYTOK M 00IIee BpeMs paccachlBaHUSI HUTU
15-30 cyrtok (tabm. 2). Takoil coctaB mo3BoJsieT 3a cueT ObicTporo rujaponusa PGA u
Kpaxmaja Cco3/1aTh MOPUCTYIO CTPYKTYpY, OOECHEUMBAIONIYIO JOCTYI THUIPOIUTUUYECKUX
areHToOB K CepACeYHUKy, B TO Bpemsi kak PLA oOecneunBaer HEOOXOIMMYIO HAYalbHYIO
MEXaHHYECKYIO MPOYHOCTh U 3aMEIUISCT MPOIECC ISl MPEIOTBPANICHUS CIIMIIKOM PAaHHETO
ociabienus mea [9, 18, 19].

Tabémuua 2. /lpeumywecmso 2ubpuoa no cpasHerur ¢ OmMoeIbHbIMU KOMHOHEHMaMU

Kommo- [IpeumymectBa Henocrarku Kax rubpun nx
HEHT yCTpaHseT
PLA Bricokast nmpounocTh, |ZKeCTKOCTH, pUCK BOCIAJICHHUS Kpaxman u PGA
MEJIEHHAs Aerpajanus U3-3a JUINTEIBHOIO YCKOPSIIOT JETpalaliuio,
(1m0 2 ner) paccachIBaHUs CHUXAasl ’KECTKOCTh
PGA beicTpoe paccaceiBanue | XpynKoCTb, KACIIAs Cpena PLA neittpanusyer
(30-90 nneit), xoporas npu pacnanae (puck KHCJIOTHOCTh, Kpaxmall
ACTUYHOCTh BOCTIAJICHUS) CMSATYaeT XPYNKOCTh
Kpaxwman [emeBusHa, Huskas npodHoCTS, PLA u PGA
0MOCOBMECTHMOCTb, THIPOJIUTHYECKAS CTaOMIIN3UPYIOT
YCKOpEHUE JeTpagaun HeCTaOUIIbHOCTD CTPYKTYpY,
IIpeIoTBpaLas
MIPEKIEBPEMEHHOE
paspyleHue

5. MoaeanpoBaHue XUPYPru4ecKOro CIUMBAHUSA KOKH

B nporpammuom komiuiekce ANSY'S mpoBezieHO MOIeIMpOBaHUE MTPOIECCA HATTOKEHUS
1IBa JIJIsl ONpPEAENICHHs] MapaMeTpPOB YIIMBAHUS, MUHUMHU3UPYIOIIMX PUCK pa3pbiBa TKaHHU.
MopenupoBaicsi MPOIECC CTATUBAHUS KBAaIpaTHOTO JIOCKyTa Ononorudeckoit Tkanu (10 x 10 x
0,2 MM) ¢ pa3IMYHBIM KOJTUYECTBOM HUTEH, YCUIIMEM HATSKEHUS U PACCTOSIHUEM I1IBA OT Kpast
nockyTa [20]. B Xome 4uciaeHHOTO HCCNEOBaHUS aHATM3WPOBAIOCH BIMSHUE KOJMYECTBA
HUTEW Ha €IMHULY JITMHBI I1BA, YCUJIUS HATSHKEHUSI, PACCTOSHUS OT Kpasi TKAaHU U IIPEITI0KEHO
ONTUMAIBHOE KOJMYECTBO CTEKKOB IS MMPEJOTBPAILICHUS pa3pbiBa TKaHM (Tad. 3.).
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Tabéauua 3. Pexomenoayuu 011 npe0omepaujeruss paspyulenus mrkanu
8 pe3yabmanme UCNONb30BAHUS HUMU

[uamerp HUTH, MM 0,3

Tun TKagu Koxa tommunoi 0,2 Mm

OpHEeHTHPOBOYHOE
yennue yrsruapns | Os1 0,5 1 2 3
TKaHen, H
Ouenounoe
paccrosmme orkpas, |1 | 2 |1 |2 |3 (1|23 1121314111234
MM
Pexomennyemoe
L (Y 201 3|21 |53 2|6 (4|2|1]7 5|21
CTEXKOB Ha 10 Mmm
JUTMHEI 111Ba

[Ipumep pacnpeneneHuss YKBUBAJICHTHBIX HaNpsHKeHUH Mo Musecy sl ONTUMAaIbHOTO
ciIyuas Tipe/icTaBiieH Ha puc. 5 [8, 20].

Puc. 5. Pacnpeoenenue nanpsasicenuii npu HAn10MCeHUU ued
(2 Humu, ycunue 1H, paccmosinue 3 Mm om Kpas)

6. CpaBHHMTEJbHBbIH aHAJIU3 U PEKOMEHIALNHU

KitoueBbIM  mpeuMyIiecTBOM — pa3pabOTaHHONW  HUTH  SBISETCS  BO3MOXKHOCTH
peryIupoBaHus CpoKa OMOJeTpagalii B TUAla30He, KPUTHIECKH BaKHOM IS BPEMEHHBIX
mBoB (15-30 cyTok), B TO BpeMsi Kak OOJILITUHCTBO aHAJIOTOB UMEIOT (UKCHPOBAHHEIE U O0Jee
nnuTenbHbie cpoku [4, 11, 12]. [Ipu »ToM HUTH HE yCTymaeT, a 0 HEKOTOPBIM IapaMeTpam
MPEBOCXOUT aHAJOTH MO MpPOYHOCTU. B Tabn. 4 mpeacraBieH CpaBHUTENIBHBIN aHaIN3
pa3paboTaHHON HUTH ¢ KOMMEPYECKHMH aHAJIOTaMH. DTO JejaeT HUTh NMEePCIIEKTHBHOMN s
MPUMEHEHHUS B Pa3HBIX 00JACTAX XUPYPTUH, rae TpeOyeTcs KpaTKOBPEMEHHas, HO HaJlexHas
(uKcanys TKaHEeH ¢ TOCIeAYIONIM OBICTPHIM U TIOJTHBIM PacCaChbIBAHUEM.
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Tabauua 4. Cpasnumenvuvlii anaius pazpabomanHo Humu
¢ ananocamu ouamempom 0,3 mm

[Tapametp | Pa3paborannas Vicryl PDS II Maxon Polysorb
HHTH (PGA+PLA) | (ITomumgmokca- |(ITomurmmkonar)| (PGA+PLA)
(PLA+kpaxmai+ HOH)
PGA)

CKopoCTh 15-30 nmmeit 50-70 mmeir | 180-210 mmeit | 180-210 mueit | 5670 muei
Jerpananuu | (peryiampyemas)

[IpounocTs 23-27 H 2025 H 1822 H 25-30 H 22-26 H
Ha pa3phiB
KonTposb Tounas dukcupoBaHHbIH|@UKcHpoBaHHBIHDUKCHPOBaHHBINDPUKCUPOBAHHBIH

JIeTpaialiuu HacTpoiika

[IpakTUueckre peKOMEHIAlUH JIJIsl TPUMEHEHUS pa3pab0TaHHONW KOMITO3UTHOW HUTH:

O06u1acTi UCMIONIB30BAHUS: TNIACTUYECKAsI XUPYPIHsl, I€TCKas XUPYPIUsl, BP€MEHHBIE IIIBbI
(15-30 nneii).

[TapameTpsl xupypruueckoro msa: nuamerp HUTd 0,3 mm. ycunue Hatsbkenus -2 H,
paccrosinue ot kpast 2—-3 MM, 3—5 CTEXKKOB Ha | CM JIJTMHBI 1IBa.

7. BbiBOABI

B xome mpoBemeHHOro —mccienoBaHus ~ Obia  paspaboTaHa  KOMIIO3HMTHAs
nojauduiIaMeHTHas: XUpyprudeckas HUTb ¢ THOPUIHBIM MOJIMMEpHBIM NoKpbiTHEM (PGA 60—
70 %, xpaxman 25-35%, PLA 5-10%), oOecneunBaroliuM peryjaupyemMblii  CpOK
O6uoxerpaganuu B quanazoHe 15-30 cyTok, YTO KPUTHUECKH Ba)KHO JJIsI BDEMEHHBIX LIIBOB B
IJIACTUYECKOM, IETCKON U 001Iel XUpypruu. DKCIEPUMEHTAIbHO ONpeAeIeHbl MEXaHUYECKUE
XapaKTEPUCTUKU EUHUYHOTO IOJUTTIMKOJIMIHOTO BOJIOKHA U )KTyTa U3 19 BOJIOKOH: pacu€THas
NPOYHOCTh KryTa cocrapisieT 28 H, yTo obecrneumBaeT MIECTUKPATHBIM 3amac MPOYHOCTH
OTHOCHUTEJIBHO THUIIOBBIX XHPYpPrHuecKHX Harpy3ok no 5 H. Jlns mporHosmpoBaHus Cpoka
CITy>KOBI pa3zpaboTana u BepupuIIMpOBaHA MaTEeMAaTHYECKasi MOJIENIb OMOIeTpalallui Ha OCHOBE
SKCIIOHEHIIHATbHO-CTENEHHONH (YHKIMKM ¢ KodduimeHToM nerepMuHaiuu R> = 0,98,
YUUTHIBAIOIIasi HEIMHEHHYI0 KUHETUKY THAPOJUTHYECKON Nerpajaluy, aBTOKaTaTUTUYECKUI
3peKT U HaKOIUIEHHE MOBpexJIeHUH. ONTUMU3UPOBAaHHBIN COCTaB TMOPUAHOTO MOKPBITUS
yCTpaHsi€T HEJOCTAaTKU OTAENbHbIX KoMmmoHeHToB: PLA obOecneunBaeT HavallbHYIO
MEXAHUYECKYI0 MIPOYHOCTH, Toraa Kak PGA u kpaxman yCKOpPSIIOT AeTpajalliio U CHUXKAKOT
KECTKOCTb, MUHUMU3UPYS PUCK BOCTIAJICHUS U «IMIIALIETO d3PPEeKTar.

MeToloM  KOHEUYHO-3JIEMEHTHOTO  MOJEJIMPOBAHMSI  ONPENEIEHBl  ONTHUMAJIbHbBIE
napaMeTpbl HaJIOXKEHHUS 111BAa, MUHUMHU3HUPYIOIIME PUCK pa3phiBa TKAHU: YCUIIUE HATSHXKEHUs 1—
2 H, paccrostaue oT kpast TKaHu 2—3 MM U 3—5 cTeXKOB Ha | cM JuinHbI 11Ba. CpaBHUTENbHBIN
aHaJIN3 MOATBEPNII IPEUMYILIECTBA pa3padOTaHHON HUTH Mepes KOMMEPUECKUMU aHAJIOTaMU,
a MMEHHO: BO3MOJKHOCTb TOYHOM HACTPOHMKHM CpOKa JErpajlaliid ¥ ONTHUMAJIBHBIA CpPOK
paccacbIBaHUs AJI1 KPaTKOBPEMEHHOM (PUKCalluy TKaHEeH.
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AHHoTanus. B xoz€ 3T0#1 Hay4YHOU CTaTbM CTAaTUCTUYECKUE METONOIIOTUN aHAIN3a BPEMEH-
HBIX PSJIOB, B YaCTHOCTH Z-OlleHKa U MoAu(UIIMpoBaHHast Z-0leHKa, ObUIN pAaCCMOTPEHBI B
KOHTeKcTe OoOHapyxeHUs arak Port Scan u pacnpesmeneHHOro OTKaza B OOCITY>KUBaHUU
(DDoS). bputo mocTpoeHo MecTh pa3InYHBIX BPEMEHHBIX PSAIOB C HCITOIB30BAHUEM CIICIY-
IOLINX XapaKTEPUCTHK TpaduKa: CpeaHee KOJIMYECTBO AKETOB, IEPEIABAEMBIX OT HCTOUYHH-
KOB K IOJIy4aTelisiM, CKOPOCTh Mepeladyr AaHHBIX OT MCTOYHHKA K IMOJTy4aTelto, CKOPOCTh
MepeAadn OTBETHBIX AAHHBIX, IPONODKUTEIBHOCTh COSIMHEHNSI MEXIY NCTOUHHKOM U aji-
pecaroM, BEIYMCICHHAs SHTPOIHSI HA OCHOBE [TIOPTOB HAa3HAYEHUsI, CBA3aHHBIX C KaXKIbIM [P-
HMCTOYHHUKOM, M KOJINYECTBO YHUKAJIBHBIX TOPTOB HAa3HAUEHUs, TOCTYIHBIX Kaxkaomy [P-uc-
TOYHHKY. J{J7151 OIIEHKH BBIIEYTIOMSIHYTBIX CTATUCTUYECKUX METONOJOTHI HCIOIb30BAINCH
MOKa3aTeNn HaJle)KHOCTH, TOUHOCTH, BpPEMEHH OTKJINKa 1 moka3arenu F1. Ilomyuennsie uunc-
JICHHBIE PE3yJIbTaThl OKA3BIBAIOT, YTO MOAH(DUIIMPOBAHHAS Z-0lIEHKa CHIKAET KOJIMYECTBO
JIOKHBIX cpabaThiBaHuUii (TI0 CPaBHEHUIO ¢ Z-OLEHKO) TPH BBISIBJICHUH UCCIICIOBAHHBIX CE-
TEBBIX YIpO3, UTO BIUSET HA OLEHKY ATHX MOKa3arenei. Pesynprarel uamepenus F1, nomy-
YEeHHBIE C MCIIOJIb30BaHUEM MOIU(PHUIIMPOBAHHON Z-0lIeHKH pu 00HapykeHnu DDoS-arak,
BapbUpOBAUCEH OT 93 10 98% B 3aBUCMMOCTH OT KOHKPETHBIX NMPOAaHATM3UPOBAHHBIX Xa-
paxrepuctuk Tpaduka. 1 Hao6opoT, nmokaszarens F1 B koHTekcTe 0OHapyxkeHus Port Scan B
caMOM ONTUMAJIBHOM cily4yae He mpeBbimaeT 58%. KoMmuekcHsIi aHamu3 mokasal, 4Tto Bce
9K3EeMIUIPBI, BhIIBIEHHBIE Port Scan, OTHOCATCS K Kareropuu OBICTPOrO CKaHHWPOBAHUS
MIOPTOB, MOCKOJIBKY UMEHHO 3TOT METOJ CKAHUPOBAHUS IPUBOAUT K PE3KOMY YBEITHUEHHUIO
ceTeBOro Tpaduka. ITo ABJICHUE MPOSBISIETCS B JIOKAJHbHOM HAPYIIEHHH CTALMOHAPHOCTH
BPEMEHHBIX PSAA0B. DTH BBIBOABI ObUIN MOATBEPKACHBI CTATUCTUYECKUMHU TeCcTaMu JIuKu—
Oymrepa (ADF) u Kesarkockoro—@ummunca—IlImunara—Illuaa (KPSS), npoenenHbMu
JUIS1 OLECHKH PA3JIMYHBIX THUIIOTE3 OTHOCUTENIFHO CTALIMOHAPHOCTH BPEMEHHBIX PSIIOB.

KiroueBble ciioBa: ananus epemennsix psioos; oonapyscenue anomanuti;, Port Scan; DDoS;
Z-score.
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Introduction
Intrusion detection systems (IDS) play a vital role in safeguarding computer networks
by continuously monitoring and analyzing network traffic to identify potential security threats.
As network environments grow more complex and data volumes expand, traditional static
detection methods often fail to recognize sophisticated or evolving cyberattacks. Time series
analysis offers a dynamic alternative by focusing on how network behaviors change over time.
By treating indicators such as connection rates, packet flows, and data volumes as temporal
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data, IDS can detect subtle irregularities or evolving trends that may indicate malicious activity.
This temporal perspective enhances the system's ability to identify both sudden and gradual
attacks, paving the way for more adaptive and intelligent intrusion detection mechanisms.

Port scanning is a common reconnaissance technique used by attackers to discover open
ports and available services on a target system. Detecting such activity is crucial for maintaining
network security as scans often precede more severe intrusions. Traditional detection methods,
which rely on predefined rules or threshold limits, may fail to capture slow or stealthy scans
designed to evade detection. Time series analysis provides a stronger alternative by examining
temporal patterns and anomalies in connection attempts. By modeling these attempts as time-
dependent data, it becomes possible to identify deviations from normal behavior that signal
scanning activity, even when it occurs gradually or covertly. This approach not only improves
detection accuracy but also enables earlier and more proactive responses to potential threats.

Distributed Denial-of-Service (DDoS) attacks remain a persistent threat to online
services, aiming to overwhelm targeted infrastructures — such as servers, networks, or
applications — with massive amounts of malicious traffic, thereby denying access to legitimate
users. Traditional signature-based detection systems often struggle to cope with new or rapidly
changing attack patterns. Time series analysis (TSA) offers a data-driven alternative by
analyzing the temporal dynamics of network traffic, allowing for the identification of subtle or
emerging anomalies that may signal the onset of a DDoS attack.

1. Literature review

The centralized architecture of software-defined networks (SDN) makes them ideal tar-
gets for flood attacks such as DDoS and port scanning. Addressing this issue, G. F. Scaranti et
al. [1] proposed an intrusion detection system (IDS) based on online clustering to detect attacks
in evolving SDN networks by leveraging the entropy of the source and destination IP addresses
and ports. The proposed system eliminates the need for data labeling, paving the way for com-
prehensive analysis by projecting cluster structures into the feature space and providing infor-
mation on the intensity, seasonality, and type of various attacks. The system is built on the
DenStream algorithm [1], utilizing multiple databases targeted by DDoS and port scanning at-
tacks with varying intensity and duration. C. Birkinshaw et al. in [2] also designed an SDN-
based Intrusion Detection and Prevention System (IDS/IPS). The proposed system is a software
application that monitors the network for malicious activity or security policy violations and
takes measures to mitigate such activity. Special emphasis is placed on protection against port
scanning and Denial-of-Service (DoS) attacks. In their study, the authors described and tested
the Port Bingo (PB) algorithm as a defense mechanism against port scanning and implemented
two connection-based methods: Credit-Based Threshold Random Walk (CB-TRW) and Rate
Limiting (RL). Botnets are responsible for some of the most significant malicious attacks on
the internet: DDoS attacks, email spam, brute-force attacks, port scanning, and others. Their
danger stems from the coordinated actions of infected hosts targeting a single objective. R.
Abrantes et al. in their article [3] focused on identifying botnet traffic to prevent communication
between the botmaster and infected hosts. For analyzing hosts in the Botnet2014 dataset, they
employed the CICFlowMeter algorithm and machine learning methods — Random Forest (RF)
and Decision Tree (CART). The results show that the analysis scenario using IP addresses and
L4 ports achieves higher accuracy but a lower F1-score compared to equivalent scenarios with-
out IP addresses or L4 ports. Detection of low-frequency attacks requires additional computa-
tional overhead compared to regular traffic. In [4], D. Ono et al. proposed a method for detecting
port scanning by analyzing the characteristics of Packet-In messages sent from an OpenFlow
(OF) switch to the controller. Port scanning typically generates a large volume of Packet-In
messages. The proposed method monitors the flow rate of Packet-In messages sent by each host
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to the switch, identified by their addresses. Upon detecting an abnormal increase in this rate,
the controller requests statistics from the switch and implements an algorithm based on the
collected data to identify port scanning. The employed algorithm significantly reduces compu-
tational costs compared to conventional methods. Port scanning, commonly used as a recon-
naissance tool in attacks, can create significant performance and bandwidth challenges for ap-
plications. In [5], B. Hartpence et al. describe an architecture of recurrent neural networks
(RNN) for packet classification, TCP datagram separation, TCP packet type identification, and
port scanning detection. Recurrent neural networks enable detecting temporal dependencies in
prolonged port scanning sequences that unfold over time. Testing the proposed model in this
work with real NMAP application pcap files demonstrated successful detection of open ports
and scanning attempts with high accuracy and a low false-positive rate. Q. Abu Al-Haija et al.
in [6] proposed a novel inclusive port scanning detection scheme that evaluates five machine
learning classifiers, including logistic regression, decision trees, linear/quadratic discriminant
analysis, naive Bayes, and ensemble boosted trees. Studies conducted on the modern PSA-2017
dataset demonstrated the best performance for the logistic regression-based detection scheme,
achieving 99.4% accuracy, 99.9% precision, 99.4% recall, 99.7% F-score, and a detection time
0f 0.454 psec. SNORT is an intrusion detection and prevention system (IDS/IPS) and a popular
tool for monitoring network traffic in real-time and performing rule-based packet analysis.
These rules act as signatures for various types of attacks. Each packet passing through SNORT
is thoroughly analyzed to identify matches with predefined rules. In their work [7], M. Almsei-
din et al. propose a novel approach for detecting slow port scanning using a Fuzzy Rule Inter-
polation (FRI) rule set, which also determines the maliciousness level of detected attacks. These
rules are based on the following parameters:

— number of packets sent between the source and destination;

— average Time between Packets received by the victim, in milliseconds;

— number of Packets Received by the destination (victim) per second.

The majority of approaches proposed in the literature for detecting slow port scanning
are focused on identifying slow port-scanning attacks within a static period. Mehr u Nisa et al.
[8] proposed a technique to detect slow port-scanning attacks not only during static time inter-
vals but all attacks conducted with a gradual increase or decrease in duration over time. The
proposed system is divided into four main modules. In the first module, real-time data packets
are captured from a live network for analysis. In the second module, the captured data is ana-
lyzed to detect signs of port scanning and labeled accordingly. The third module categorizes the
labeled packets into parallel and single scans based on the scanner's IP address and other se-
lected features. Finally, in the last module, a decision is made based on time duration analysis
to determine whether the scan was a fast or slow attack. The generated reports can then be used
to block the attacker' IP address or take other necessary measures. E. S. Sagatov et al. [9] pre-
sented methods for detecting and countering the initial stages of cyberattacks, including TCP
and UDP port scanning. The proposed methods analyze outgoing traffic to identify response
packets such as ICMP 3.3 and TCP RST, which indicate the onset of an attack. The authors also
described two countermeasures based on developed modules for software-defined network con-
trollers and Linux OS utilities. Testing of the developed methods was conducted on a cyberse-
curity testbed and demonstrated that the accuracy of detecting open TCP ports did not exceed
15%, while for other ports (closed TCP ports and UDP ports of any type), the accuracy remained
below 2%. E. K. Baah [10] employed seven machine learning classifiers for port scan detection
after successfully applying the Principal Component Analysis (PCA) algorithm for reducing
dimensionality and selecting the most relevant features. A comparison of the results from vari-
ous models and prior studies identified the XGBoost model as the best classifier, achieving the
highest accuracy of 99.98%, with no false positives detected, a precision of 99.99%, a recall of
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99.98%, and an area under the curve (AUC) of 99.99%. M. Ring et al. [11] propose an innova-
tive approach to preprocessing streaming data, designed to detect slow port scanning. The pre-
processing process generates new objects based on domain knowledge and information on the
network structure collected over a specific period. The computed objects are used as input data
for further analysis; based on these, two distinct approaches for detecting slow port scans were
proposed. One approach employs sequential hypothesis testing, while the other utilizes classi-
fication algorithms. The proposed methods were tested on the CIDDS-001 dataset.

2. Materials

The CIC-IDS-2017 dataset is one of the most widely used cybersecurity datasets for
evaluating IDS. The Canadian Institute for Cybersecurity (CIC) created it at the University
of New Brunswick (UNB). The data was captured using realistic user behavior and attack
scenarios, therefore it contains both benign and malicious activities such as botnets and web
attacks.

The data capturing period started at 9 a.m., Monday, July 3, 2017 and ended at 5 p.m. on
Friday July 7, 2017, for a total of 5 days. The daily traffic classification and attacks were pre-
sented in Table 1.

Table 1. CIC-IDS-2017 daily traffic classification

Day Type of traffic Attack types present

Monday Normal traffic only None

Tuesday Brute Force attacks SSH Brute Force, FTP Brute Force

Wednesday |DoS and Heartbleed |DoS Hulk, DoS GoldenEye, Heartbleed

Thursday  |Web and Infiltration ~ |Web Attack (XSS, SQLi, Cmd Injection), Infiltration
Friday Botnet and Port Scan  |Botnet, Port Scan, DDoS

In this work, I will explore time series analysis techniques used to detect Port Scan and
DDoS attacks.

2.1. Port scan attacks. By performing port scans, attackers can gather information about
a host's port numbers, operating system, and running applications by sending specific data to
network ports and analyzing the responses. For example, a simple port scan can be performed
by a method called a TCP scan, which checks whether a port is in use by attempting a 3-way
handshake on the target port. However, since a 3-way handshake is performed even in standard
TCP connections, it is difficult to distinguish between a port-scan attack and regular communi-
cation on a packet-by-packet basis. Therefore, it is necessary to extract features from multiple
packets in order to identify port scans, such as the number of port accesses per unit of time from
the same host to different hosts or the amount of traffic per port. There are many behaviors
characterizing a scanning activity, such as:
— numerous connection attempts: a scanning mechanism dispatches a multitude of
connection requests directed toward various ports on a designated machine;
— sequential or patterned approach: ports are typically examined in a sequential manner
(for instance, 1, 2, 3, 4...) or according to a predetermined pattern (prioritizing common
ports, e.g., 22, 80, 443);
— transient connections: connections are frequently of a fleeting nature — they are
sufficiently brief to ascertain whether the port is open, closed, or filtered;
— anomalous traffic volume: relative to normative behavior, port scanning engenders an
elevated number of connection attempts, frequently within a condensed period;
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2.

unexpected origin: scanning activities predominantly originate from external or
unrecognized IP addresses.

There can be distinguished different categories of scans:

SYN scan (half-open): transmits SYN packets while abstaining from completing the
TCP handshake;

FIN, XMAS, NULL scans: dispatch unconventional TCP flags to circumvent firewalls
or to discreetly identify ports;

UDP scan: since UDP has no handshake, traditional scanning (like SYN scan for TCP)
doesn't work. Instead, a UDP scan sends an empty or protocol-specific packet to a
port and analyzes the response.

Depending on variations in scanning timing, scans can be divided into:

aggressive (rapid scans with heightened likelihood of detection);

stealthy (deliberate scans over extended periods to mitigate the risk of detection).

2. Distributed Denial of Service (DDoS) attacks. DDoS attacks remain a persistent

threat in cybersecurity, evolving in scale and sophistication. Proactive defense strategies, com-
bined with rapid incident response plans, are essential for minimizing their impact. Unlike a
traditional Denial-of-Service (DoS) attack, which originates from a single source, a DDoS at-
tack leverages a distributed network of compromised devices (a botnet) to amplify its impact,
making mitigation more challenging.

DDoS has a variety of attack vectors, such as:

— volume-based attacks: flood the target with high traffic volumes to exhaust bandwidth.

3.

work

Examples include UDP/ICMP floods, which consist in sending spoofed UDP or ICMP
packets, and amplification attacks exploiting protocols such as DNS or NTP to
magnify traffic by triggering large responses to small requests.

protocol attacks: overwhelm the TCP handshake process, leaving connections half-
open (SYN floods), or send malformed packets to crash systems (Ping of Death).
application-layer attacks: target specific applications (e.g., web servers) with resource-
intensive requests, mimicking legitimate user traffic to overload servers (HTTP floods,
e.g., repeated page requests) or keeping server connections open indefinitely to exhaust
resources (Slowloris).

Methods
Effective anomaly detection is essential for maintaining the security and stability of net-
infrastructure. One method for identifying unusual network behavior is through time se-

ries analysis. In this study, I have analyzed the time series corresponding to the features listed
in Tables 2 and 3, which were derived from the columns of the CIC-IDS-2017 dataset.

Table 2. Selected features for DDoS detection

Features Descriptions

Mean number of forward packets per source |Average number of packets transmitted from
IP sources to receivers

Forward speed Data transfer rate

Backward speed Response data transfer rate
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Table 3. Selected features for Port Scan detection

Features Descriptions

Connection lifetime Duration of connection between source and
destination

Destination ports entropy per source [P Computed entropy based on destination ports

of each IP source

Unique destination ports count by source I[P | Count of unique destination ports connected
by each IP source

To examine these time series and identify potential anomalies, I apply a statistical Z-score
computation to each i-th point using a sliding window of size n. The Z-score is calculated as
follows:

z; =1k (M
where the local mean
uw) = 2- Tl % @)
and
o) = 5 512 ol — uw) ®

is the standard deviation. The primary assumption underlying the use of the Z-score is that the
analyzed features follow a normal distribution.
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An empirical study of the distribution of these features is shown in the graphs in Fig. 1.
These distributions are near to Gaussian distribution, therefore the decision to use the Z-score
in this work is justified. Below is a sample algorithm, based on the Z-score, to detect outliers
in time series.

Algorithm 1. Detection of anomalies in time series

1: T ={xq,,x,}— time series
2: d — size of window

3: t — threshold

4:fori € {1,---,n}do

5: select window w; = {x;_q, X;i_q41, »Xi—1}
. L Ximp(w)
6: compute Z-score Z;:= WD)

7 if |Z;| =t then

8: label x; as anomaly
9: else

10: label x;as benign
11: end if

12: end for

Due to several factors that will be discussed in the next section, the algorithm based on
Z-score calculations with sliding windows may prove inefficient. In such cases, I employ the
modified Z-score, which can be calculated as follows:

__ 0.6745*x;—median
Zmodifiedscore -

: 4)

where MAD stands for median absolute deviation and can be calculated as follows:

mad

~ 2
mad = \/% i n(x; — median)”. (%)

4. Results and discussion

This section presents the results of the experimentation. Figs. 2—7 depict the time series
obtained from the features for DDoS detection described in Table 2; Figs. 8—13 show the rep-
resentation of the time series obtained from the features for Port Scan detection presented in
Table 3. In these figures, green points on the time series indicate actual threats (DDoS and Port
Scan), whereas red points indicate predicted threats. Points with overlapping colors indicate
correctly predicted threats. A quick visual inspection of these results reveals that the modified
Z-score algorithm achieves a high level of DDoS detection, as evidenced by the large number
of bicolored points in this case. More formal performance evaluation metrics are presented.
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Time Series Anomaly Detection

pck_per source [P

Mean_fwd

1600

1400

1200

1000

800

600

400

200

JubDB:2O17

——— Mean_fwd_pck_per_source_IP time series
e Actual Mean_fwd_pck_per_source_IP anomalies
= Predicted Mean_fwd_pck_per_source_ IP anomali

04:00 04:30 05:00

Date

Fig. 2. Z-score with mean forward packets time series (DDoS)
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Fig. 3. Modified Z-score with mean forward packets (DDoS)
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Time Series Anomaly Detection
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Fig. 4. Z-score with forward speed time series (DDoS)
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Fig. 5. Modified Z-score with forward speed time series (DDoS)
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Fig. 6. Z-score with backward speed time series (DDoS)
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Fig. 7. Modified Z-score with backward speed time series (DDoS)
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Time Series Anomaly Detection

17

Connection_live_time time series
® Actual Connection_live_time anomalies

16 = Predicted Connection_live_time anomalies

15

14

Connection_live_time

13

12

Juld,:B017 02:00 03:00

Date

Fig. 8. Z-score with connection lifetime time series (Port Scan)
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Fig. 9. Modified Z-score with connection lifetime time series (Port Scan)
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Time Series Anomaly Detection
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Fig. 10. Z-score with unique destination ports count (Port Scan)
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Fig. 11. Modified Z-score with unique destination ports count (Port Scan)
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Time Series Anomaly Detection
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Fig. 12. Z-score with destination ports entropy (Port Scan)
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Fig. 13. Modified Z-score with destination ports entropy (Port Scan)
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For a more detailed assessment of the performance of the two methods, I will use a con-

fusion matrix (whose structure is explained in ) to compute the metrics — accuracy, precision,
recall, and F1 — using the following formulas:

and

Accuracy =
Precision =

Recall =

TruePositives+TrueNegatives

TotalPredictions

)

TruePositives

TruePositives+FalsePositives’

TruePositives

TruePositives+FalseNegatives’

__ 2xRecall«Precision

F1=

Recall+Precision

Table 4. Confusion matrix structure

Predicted Negative  |Predicted Positive
Actual Positive |False Negative (FN) | True Positive (TP)
Actual Negative |True Negative (TN) |False Positive (FP)

Table S. Confusion matrix for DDoS attack detection

a. Z-score with mean forward packets

Predicted Predicted
Benign DDoS
Actual
DDoS 14 7
Actqal 63 9
Benign

¢. Z-score with backward speed

Predicted Predicted
Benign DDoS

Actual

DDoS 13 8

Actual = 3 9

Benign

e. Modified Z-score with forward speed

Predicted Predicted
Benign DDoS

Actual

DDoS ! 20

Actl}al 70 5

Benign

86

b. Z-score with forward speed

Predicted Predicted
Benign DDoS
Actual
DDoS 13 8
ActL}al 63 9
Benign

d. Modified Z-score with mean forward packets

Predicted Predicted
Benign DDoS
Actual
DDoS ! 20
Actl_lal 7 0
Benign

f. Modified Z-score with backward speed

Predicted Predicted
Benign DDoS
Actual
DDoS ! 20
Actgal 70 5
Benign

(6)
(7
®)

)
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Table 6. Confusion matrix for Port Scan detection

a. Z-score with connection lifetime

c. Z-score with destination ports entropy

b. Z-score with unique destination ports count

Predicted Predicted Port Predicted Predicted Port
Benign Scan Benign Scan

Actual Port Actual Port

Scan 14 13 Scan 16 11

Actual Benign Actual Benign
109 14 103 20

d. Modified Z-score with connection lifetime

e. Modified Z-score with unique destination ports count

Predicted Predicted Port Predicted Predicted Port
Benign Scan Benign Scan

Actual Port Actual Port

Scan 17 10 Scan 16 11

Actual Benign Actual Benign
98 25 118 5

f. Modified Z-score with destination ports entropy

Predicted Predicted Port Predicted Predicted Port
Benign Scan Benign Scan

Actual Port Actual Port

Scan 16 11 Scan 16 11

Actual Benign o A Actual Benign 123 0

Based on the confusion matrices presented in

Table 5 and Table 6, I calculated the metrics summarized in Tables 7 and 8. The results
lead to the following observations:
— low accuracy in the evaluation corresponds to a higher number of false positives,
— low recall indicates a higher number of false negatives.

When applying the sliding window algorithm with the standard Z-score, both DDoS and
Port Scan detections yielded low accuracies and recalls (generally below 50%) across all
selected features. In contrast, the global modified Z-score achieved strong performance for
DDoS detection, with accuracy, recall, and F1-score typically exceeding 91%. However, its
effectiveness for Port Scan detection remains less consistent.

The main hypothesis explaining the strong performance of the sliding window Z-score
algorithm is the non-stationary nature of the time series. To confirm this hypothesis, I computed
the p-values of the ADF and KPSS tests, as shown in Table 9, and examined how the mean and
standard deviation of the time series evolve over time (see Fig. 14).

To better understand the performance of the modified Z-score in detecting port scanning
activities, Fig. 9, Fig. 11, and Fig. 13 are particularly insightful. They show that the detected
threats exhibit high variance, while those with low variance often remain undetected.
Comparing the time intervals of high-dispersion threats with the original dataset and
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considering the number of flows labeled as Port Scan, we can see that these intervals correspond
to fast Port Scan attacks. This leads to a conclusion that the modified Z-score method effectively
detects fast port scans but fails to identify slow ones.

Table 7. DDoS detection metrics (accuracy, precision, recall, and F1)

Accuracy Precision Recall F1 Support
z
. BENIGN 0.82 0.88 0.85 72
2 2 0.75
2 g
= @ DDoS 0.44 0.33 0.38 21
= N
g N
E o BENIGN 0.99 1 0.99 72
& - 3
I & 0.99
g S g DDoS 1 0.95 098 |21
= 3 =5 ° ' '
BENIGN 0.83 0.88 0.85 72
g 0.76
b DDoS 0.47 0.38 0.42 21
= N
% 1
2 N
& BENIGN 0.99 0.97 0.98 72
= =
5 = 0.97
z S 2
5 S 3 DDoS 091 0.95 0.93 21
= =3
BENIGN 0.83 0.38 0.85 72
g 0.76
b DDoS 0.47 0.38 0.42 21
= N
8 1
& N
= BENIGN 0.99 0.97 0.98 72
5 g5
z = 0.97
=< = 2
2 S 3 DDoS 091 0.95 0.93 21
- =

The following paragraph examines how local non-stationarity in feature time series affects
the detection of port scanning activities. To achieve this, we calculate the p-values of the ADF
and KPSS statistics. The p-value can be expressed as follows: pyqiue = P(Xops V Hy), where
H, is the null hypothesis, x,s is the calculated statistic (ADF or KPSS). The general form of
the ADF test regression is:

Ay, = a+ Bt +yye 1 + X 54 + € . (10)
Null hypothesis ( Hy): ¥ = 0 = unit root is present (non-stationary). Alternative
T As
SE(y)

Pvaiuels more than 0.05, 1 fail to reject the null hypothesis. In the next step, 1 estimate the KPSS
Test statistic formula as:

hypothesis (H;): ¥ < 0 —no unit root (stationary). Then we can compute ADFg;qr =

Kpss = LL=tst (11
where:
T: The number of observations;
Sy = Xf_, 6 : The cumulative residuals from the OLS regression of the time series on a

constant (or constant + trend);
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o2: Long-run variance of the residuals, estimated using a Newey-West estimator (or similar),
which accounts for autocorrelation.

Null Hypothesis (Ho): The series is stationary (level or trend stationary). Alternative
Hypothesis (Hi): The series has a unit root (non-stationary). I reject Ho (stationary) if the
Poaiue < 0.05 (KPSS statistic is greater than the critical value).

Table 8. Port Scan detection metrics (accuracy, precision, recall, and F1)

Accuracy Precision Recall F1 Support
BENIGN 0.813 0.89 0.89 0.89 123
=
uEa ; Port Scan 0.48 0.48 0.48 27
E N
i N BENIGN 0.860 0.88 0.96 0.92 123
=]
= s 2 Port Scan 0.69 0.41 0.51 27
S | £8
z BENIGN 0.76 0.87 0.84 0.85 123
s
2 o
=] [
: S Port Scan 0.35 0.41 0.38 27
S 7
E N
z N BENIGN 0.867 0.88 0.97 0.92 123
D
ey | 3
= @ =
= s 2 Port Scan 0.73 0.41 0.52 27
58| 23
BENIGN 0.72 0.85 0.80 0.82 123
=
sl o
= Bt
= ; Port Scan 0.29 0.37 0.32 27
@ 1
ko N
)
:‘ N BENIGN 0.893 0.88 1.00 0.94 123
S =
1 D
= =
< = & [PortScan 1.00 0.41 0.58 27
2 | 23

Table 9. ADF and KPSS statistics and p-values of the time series

ADF KPSS

ADF Statistic | p-value Kpss Statistic p-value
Mean forward packets -2.68053 0.0774668 0.279649 0.1
Forward speed -3.6409978 0.0050239 0.3529392 0.0974400
Backward speed -3.6409978 0.0050239 0.3529392 0.0974400
Connection lifetime -4.8111134 5.1785264e-05 0.1351005 0.1
Unique destination ports count -1.9973058 0.2877557 0.5839902 0.0240918
Destination ports entropy -1.9618836 0.3035317 0.6503301 0.0180609
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Fig. 14. Rolling statistical characteristics for the feature time series

From the p-value results of the KPSS test applied to the time series used for port scan
detection Table 9, we can conclude that the 'Connection lifetime' time series is stationary,
while the 'Unique destination ports count' and 'Destination ports entropy' series are non-
stationary. The non-stationarity of the latter series results from traffic spikes caused by rapid
port scanning activities, as illustrated in Fig.14 (d, e, ). Consequently, a high KPSS statistic in
the local stationarity analysis can serve as a useful indicator of periods characterized by fast
port scanning behavior.

Conclusion

This study evaluates the effectiveness of statistical methods — specifically the Z-score and
the modified Z-score — for processing time series data in the detection of Port Scan and DDoS
attacks. The findings indicate that the modified Z-score is better suited for identifying anomalies
in time series with asymmetric distributions. Experimental results demonstrate that DDoS at-
tacks can be readily detected using statistical approaches. However, the effectiveness of these
methods in identifying port scans varies depending on the scanning type. The analysis shows
strong detection performance for fast scans but complete ineffectiveness for slow ones. Further
investigation reveals that this difference arises from local disruptions in the stationarity of time
series during fast scans, as evidenced by a high KPSS coefficient. Consequently, two main con-
clusions are drawn: slow scans exhibit statistical characteristics similar to normal traffic; the
analysis of local stationarity in time series can serve as a foundation for detecting fast port
scans.
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npumepe Kennn, Yraunel u TaH3aHUN) ¢ MPUMEHEHHEM MOJENIe MAIITHHOTO OOYYEHUSI.

B ocHoBe ananm3a nexuT HabOp JaHHBIX, comepkamtii 1 048 576 3ammcel 0 BaKaHCHSX,

coOpaHHBIX ¢ oHIaiH-TuIaTGopm, Brirodas LinkedIn u Indeed. [TpoBeneHo cpaBHuTEIBHOS

HCCIIeIOBaHNE MPOTHO3HBIX MOJIENIEN aBTOPErPECCUOHHON MHTErPUPOBAHHON CKOJIb3AIIEH

cpenneii (ARIMA), cezornoir ARIMA (SARIMA), cetn ¢ T0iToi KpaTKOCPOIHOMN ITamMsi-

Thi0 (LSTM) 1 nuneiiHOTrO TpeHaa XoiTa ¢ LeNblo MPOrHO3UPOBAaHUS AUHAMHUKH 3aHATO-

CTH, CE30HHBIX KOJI€OaHUH 1 OCTATOUHBIX MaTTepHOB. J{J1s1 onieHku 3pdekTUBHOCTH Moze-

JIel MCIONIE30BaJICh METPHUKHU cpemHel adcomoTHow ommoOku (MAE), cpennei kBaapa-

tnaHoi ommOku (MSE) u cpennexBanparuyeckoit ommbku (RMSE). Hannyumme pe3syis-

TaThl nokasana moaens LSTM, nponemoncTpupoBasias 3HaueHust MAE 2.75, MSE 15.90

u RMSE 3.99. 3nauenne RMSE, paBHoe 3.99, cBUAETEIHCTBYET O TOM, YTO PACXOKICHUS

MEXIY IPOTHO3UPYEMbBIMH U (DaKTHUECKUMU 3HAYECHUSIMH B CPETHEM COCTABIISIIOT IIPUOIIH-

3uTeNbHO 4 BakaHcuu. [lomydeHHbIe pe3ynbTaThl HOATBEPKIAIOT IPUMEHUMOCTD METOJIOB

MAIIMHHOTO 00yUYeHHMS TSI JOCTOBEPHOTO IPOrHO3UPOBAHMS PETHOHAIBHOTO PhIHKA TPYyAa

U IIPEIOCTABIIIOT CTEHKXoIAepaM B chepe 00pa3oBaHus, TOCYIaPCTBEHHOTO yIIPABICHUS

1 Ou3Heca HeHHYI0 HH(OPMALIUIO TS COTIACOBAHUS CTPATETHH C PHIHOYHBIMH TCHCHIIU-

SIMU.
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Introduction

The Information Technology (IT) sector represents a critical component of economic de-
velopment in East Africa, characterized by rapid growth and changing skill requirements. Ac-
curate forecasting of labor market dynamics within this sector has become essential for organ-
izational strategy, educational planning, and policy formulation. While traditional forecasting
techniques offer valuable insights, they often struggle to capture the complex, non-linear pat-
terns that define contemporary job market data in emerging economies [1].

In time series forecasting, future values are estimated by the assessment of prior data,
which has a timestamp. This approach is important in many fields because it helps ensure ac-
curate decision-making and provide accurate forecasts. It involves using data gathered in the
past to build models that will determine how an organization is going to chart its course in the
future. Forecasting differs from other forms of analysis because producers cannot predict future
events at the time of analysis. Instead, the process relies on assumptions that are derived from
thorough research. Planning is enhanced by the use of statistical and modeling techniques to
analyze data and make forecasts [1]. The uncertainty is inherent because of other factors, and
larger datasets lead to greater accuracy. However, forecasts do offer an indication of the likeli-
hood of specific occurrences [2].

This study focuses on an approach based on deep learning neural networks, intended to
replace statistical methods such as the Auto-Regressive Integrated Moving Average (ARIMA)
used in time series forecasting. The ARIMA model is recognized for its linearity and high ac-
curacy in predicting results across various domains [3]. The model, an analytical instrument
introduced by Box and Jenkins, is used more frequently in forecasting. However, there is a
problem of decreased efficiency, especially when working with noisy data, this reducing the
model's stability and accuracy [3]. The following three parameters need to be defined before-
hand: the autonomy term (p), the distinction term (d), and the mean advance term (q), where:
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(p) stands for the number of previous values used in the formula, known as a lag order; (d) is
the degree of difference used to transform the series to stationary; (q) reflects the size of the
moving average smoothing or the order of the moving median [4].

A common approach to identifying the level of difficulty of a particular task is through
the use of the forecasting horizon. While single-step forecasting is already quite difficult, multi-
step forecasting presents even more difficulties such as the accumulation of errors, reduced
precision, and enhanced variability [5]. In addition, it has its concept limitations on uncertainty
and there may be consequences of unpredictability. While appropriate for some data, temporal
series prediction is not appropriate across the board [5]. Since there is no consensus on the best
forecasting methods, data teams and strategists need to be aware of the limitations and features
of their computerized models. [5]. Data cleaning and timestamping are critical for accurate
forecasting since they help one to determine the changes and trends in prior data. In addition to
being able to parse fluctuations and discern trends from cyclical patterns, analysts need to detect
outliers and fluctuations due to random events. It is believed that accurate predictions will shed
light on the direction that these changes are likely to take in the future; looking at the progres-
sion of the time series analysis, it is possible to see a gradual evolution in people's perception
of the world [5].

Machine learning presents a compelling alternative for time series forecasting, demon-
strating a superior capacity to identify intricate, non-linear relationships that often challenge
conventional statistical models. Among these advanced techniques, Long Short-Term Memory
(LSTM) networks have gained prominence for sequence prediction due to their designed ability
to capture and learn from long-range temporal dependencies. Machine learning algorithms are
a source of several functions [6] such as sampling, classification, regression, and replication.

Research Problem and Methodological Gaps

The East African IT job market presents unique forecasting challenges due to its dynamic
nature and limited research coverage. Previous studies in labor market analysis exhibit several
methodological limitations that our research addresses. Existing works often rely on single data
sources, such as particular online job portals or Google Trends queries, which provide frag-
mented market perspectives and introduce source-specific bias [3, 8]. Many analyses remain
predominantly retrospective, utilizing historical datasets that may not capture real-time market
shifts driven by rapid technological adoption in the region. A significant research gap exists in
a transparent rigorous comparison between modern machine learning approaches and estab-
lished statistical benchmarks. While previous studies have applied advanced algorithms like
Long Short-Term Memory (LSTM) networks, they often lack systematic evaluation against ro-
bust methods such as ARIMA and SARIMA for multi-step IT job forecasting [7, 9]. Further-
more, there is limited research focusing specifically on the East African context, where labor
market dynamics differ substantially from developed economies. This study aims to address
these gaps by developing a comprehensive forecasting framework that simultaneously ensures
data comprehensiveness through multisource aggregation, enables transparent model compari-
son across different algorithmic families, and provides specific insights into the East African IT
labor market.

Research Novelty and Contribution
The primary objective of this research is to develop and validate a robust forecasting
framework for the IT job market in East Africa through comparative analysis of statistical and
machine learning models. The specific objectives include:
— acquisition and pre-processing of a large-scale, multi-source dataset of IT job postings
from platforms including HeadHunter, LinkedIn, and regional job boards across Kenya,
Uganda, and Tanzania;
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— mplementation of diverse forecasting approaches, including statistical methods
(ARIMA, Seasonal ARIMA, Holt's linear trend) and deep learning models (LSTM);

— arigorous comparative analysis using established error metrics (MAE, MSE, RMSE,
MAPE, NRMSE) to objectively identify optimal forecasting approaches;

— extraction and analysis of the interpretable components trend, seasonality, and residuals
within the East African IT job market dynamics.

The scientific novelty of this research lies in its integrated methodological approach that
addresses multiple prior limitations simultaneously. The practical significance includes provid-
ing educational institutions with insights for curriculum development, enabling organizations
to optimize talent acquisition strategies, and supporting policymakers in designing effective
workforce development programs for the region's growing digital economy.

Methods and Materials

Data collection and geographical scope

This study utilizes a comprehensive dataset of 1,048,576 IT job postings collected from
multiple online platforms between January 2020 and December 2023. Primary data sources
include Indeed, LinkedIn, and regional job portals across East Africa, with specific focus on
Kenya, Uganda, and Tanzania (East Africa). The dataset encompasses detailed job parameters
including position titles, required skills, company information, location data, salary ranges, and
posting dates. Data preprocessing followed the Pareto principle (80/20 rule) for feature selec-
tion and resource allocation [7]. The preprocessing pipeline included data cleaning, handling
missing values, outlier management, timestamp normalization, and feature engineering to cap-
ture temporal patterns and regional characteristics specific to East African labor markets.

Forecasting methods

a. Long Short-Term Memory

In the Train-Test Split phase, data is divided based on the sequence and rolling cross-
validation. Model selection is the process of choosing the most suitable model when solving a
particular problem. In model evaluation, different metrics, such as RMSE and MAE, are used
to check the model's effectiveness. Where results contain confidence intervals. Model Deploy-
ment puts the generated model into practice in making real-time predictions, while monitoring
and updating the model if necessary.

The modeling involved various algorithms such as LSTM, ARIMA, SARIMA, and Holt-
Winter Multiplicative. This technique is based on the Autoregressive Integrated Moving Aver-
age (ARIMA), SARIMA, and the Exponential Smoothing models, which are very popular in
analysis [7]. Since ARIMA models are particularly designed to capture temporal dependencies
in data, they are suited to capture time-varying information such as job openings in a field like
information technology. On the other hand, the complexity of Information Technology Business
requires an enhanced approach based on improved methodology. The integration of a machine
learning algorithm with the ARIMA model could act as a potent feature since the technology
has the potential to learn from patterns. Neural networks endow the model with the ability to
learn from experience and see patterns that are not discernable to a statistical model [5, 7].

b. ARIMA and SARIMA

These are two of the most commonly used models. One significant advantage of SARIMA
is the ability to take seasonality into account in the received data. While SARIMA extends the
basic ARIMA elements of the structure by adding seasonality and forming a decomposition of
seasonally differenced values along with an autoregressive and moving average component,
ARIMA essentially features only a simple form of the difference structure, as well as auto-
regressive and moving average components geared more towards non-seasonal data [9], [10].
This allows ARIMA to process co-variance better for the cases where seasonality changes over
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time, making SARIMA invaluable for historical data that massively change during the year, for
example, monthly retail sales or financial indicators for the quarters [8].

¢. The Holt-Winter Multiplicative

This method is one of the most popular forecasting techniques that is used in cases where
trend and seasonality factors come into play categorized in two variants: additive and multipli-
cative variations. This forecasting method often goes by the name of the Holt-Winter technique
and is a prevalent technique under the umbrella of exponential smoothing techniques. The rea-
son for its popularity, however, lies in its simplicity, minimal space requirements, and the fact
that its lender can be fully automated. However, in the Holt-Winter Multiplicative method, sea-
sonality is handled as a relative factor or percentage rather than an absolute value, allowing
seasonality to scale proportionally with the trend. Referring to LSTM as a type of RNN, the
author notes that LSTM networks are "designed to overcome the difficulties of conventional
RNNs with capturing long-term time dependencies" [11]. LSTMs use memory cells to store
data for extended durations and control gates for data entry and output within the memory cells
[12]. This architecture puts LSTMs in charge of processing repetitive tasks where temporal
context is helpful [13]. For this reason, LSTMs are fitting for complex sequence prediction
problems since these models and storage. Long Short-Term Memory (LSTM) is a popular arti-
ficial neural network technique that is being used a lot [11].

Results and Experiments

Experiment description

The model was trained using four different models, as shown in Table 1, with a dataset of
1,048,576 job records and was evaluated using different metrics including MAE, RMSE,
NRMSE, MAE, and MAPE. Understanding patterns, regularity, and fluctuations in data is a
crucial factor for making efficient decisions. The primary goal of forecasting when it comes to
IT demand for jobs is to accurately predict the future market trends in employment based on
previous information. By developing robust models that capture the essence of routine and cy-
clical activities, this research endeavors to provide reliable forecasts that inform consumers
about strategic planning and informed decision-making. Accurate employment forecasting re-
mains critical for ensuring that curricula, human capital development plans, and organizational
hiring strategies in the IT field align with the required supply, thus minimizing imbalances in
the job market.

The primary purpose of this research is to enhance the capability of the computing indus-
try to improve both the responsiveness and the latency of forecasting functions within organi-
zations. A key objective is to develop a system with the ability to approximate future values
based on past data.

This involved the development of predictive models that capture the underlying charac-
teristics of the data itself, thus producing accurate forecasts that are useful for decision-making.
The construction of the predictive model involved the use of ARIMA, SARIMA, LSTM, and
Holt-Winter Multiplicative methods. The dataset contains 1,048,576 jobs, and every job is pre-
sented through more than 15 fields. The proposed method was tested against three metrics,
including MAE, MSE, and RMSE.

Experiment results

The evaluation of the forecasting models has revealed distinct performance differences,
quantified by standard error metrics. The results can be interpreted as follows: a lower value
for all metrics (MAE, MSE, RMSE, MAPE, NRMSE) indicates a more accurate forecast; MAE
(Mean Absolute Error) represents the average magnitude of the errors, in the same units as the
original data, for instance, the volume of job postings; MSE (Mean Squared Error) and RMSE
(Root Mean Squared Error) penalize larger errors more severely. RMSE is also in the same
units as the data, which makes it more interpretable than MSE.

96



IT Job Market Forecasting in East Africa: An ML Approach

MAPE (Mean Absolute Percentage Error) expresses the error as a percentage of the actual
values, providing a scale-independent measure of accuracy. NRMSE (Normalized Root Mean
Squared Error) allows for comparison between datasets with different scales. As shown in Table
1, the LSTM model demonstrated superior performance, achieving the lowest scores across all
key metrics (MAE: 2.75, MSE: 15.90, RMSE: 3.99). This indicates that the LSTM predictions
were, on average, closer to the actual values and contained fewer large errors compared to other
models. For instance, its RMSE of 3.99 suggests its forecasts were typically within about 4 jobs
of the actual value. While SARIMA was the best among the statistical models (MAE: 3.40,
RMSE: 4.62), it was consistently outperformed by the LSTM. The traditional Holt's and
ARIMA models showed the weakest results in this comparison.

Table 1. Models used and the metric values

Model MAE MSE RMSE MAPE NRMSE
ARIMA 3.80 24.60 4.96 0.0835 8.4498
SARIMA 3.40 21.30 4.62 0.8952 6.7381

LSTM 2.75 15.90 3.99 0.0762 5.4832

Holt's 3.60 23.80 4.88 0.9153 3.4523

a. Holt's Additive Model

Holt's Model includes the following measures: MAE was 3.60, MSE was 23.80, and
RMSE was 4.88, as in Table 1 above. The values provide the estimated accuracy of the model
and the magnitude of prediction errors.

b. ARIMA Forecast

The performance indicators for the ARIMA model using the formula below had a mean
absolute error of 3.80, mean squared error of 24.60, and root of mean squared error of 4.96, as
demonstrated in Table 1.

c¢. SARIMA

The SARIMA model had an MAE of 3.40, 21.30 MSE, and 4.62 RMSE. The metrics
describe how accurate the model is in its predictions as well as the degree of error. The model
shows improved values as compared to ARIMA, as observed in Table 1 above. Although the
SARIMA model achieves reasonable accuracy, it is still possible to fine-tune its predictive ca-
pability for future fluctuations.

d. LSTM Forecast with 100 Epochs

Over 100 epochs, the LSTM method showed the training loss in gradual decline from
0.0320 before stabilizing at 0.0201. The training data set and the experimental data set had a
smaller yield, which indicates the effectiveness of the training process with improved loss and
reasonable generalization ability on unseen data. The model also yielded 2.75 MAE, 15.90
MSE and 3.99 RMSE, as seen in Table 1.

Forecast Results

The forecast for the next 6 months from the last observed date, as illustrated in Fig. 1,
involved a study of the historical datasets on the trends and seasonality and shows the forecast
area, the forecasted data, and the historical data section.
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Forecast Results with 95% Confidence Interval
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Fig. 1. Forecast results from the last observed data

Conclusion

This research work establishes a comprehensive framework for IT job market forecasting
in East Africa through a rigorous comparison of statistical and machine learning approaches.
The demonstrated superiority of LSTM models in capturing complex market dynamics provides
valuable methodology for labor market analysis in the region. The findings hold significant
practical implications across multiple domains. Educational institutions can leverage these fore-
casting capabilities to align curriculum development with evolving regional industry demands.
Organizations can benefit from enhanced workforce planning and talent acquisition strategies
tailored to East African markets. Policymakers can gain valuable insights for regional develop-
ment planning and educational policy formulation. Job seekers can make more informed deci-
sions concerning skill development and career paths within the local context. Future research
directions include implementation of sliding window techniques for enhanced model adapta-
bility, development of hybrid modeling approaches combining statistical and machine learning
methods, and extensive validation across other East African countries. Further investigations
will explore real-time forecasting capabilities and integration of regional economic indicators
for improved prediction accuracy to emerging economies.

References

1. Senthurvelautham, S. and Senanayake, N. (2023), "A Machine Learning-Based Job Fore-
casting And Trend Analysis System To Predict Future Job Markets Using Historical
Data", I[EEE 8th International Conference for Convergence in Technology (I2CT),
Lonavla, India, pp. 1-7, doi: 10.1109/12CT57861.2023.10126233.

2. Li, W. and Law, K. L. E., (2024), "Deep Learning Models for Time Series Forecasting:
A Review", [EEE Access, vol.12, pp.92306-92327, doi: 10.1109/AC-
CESS.2024.3422528.

3. Ray, S., Lama, A., Mishra, P., Biswas, T., Sankar Das, S. and Gurung, B. (2023), "An
ARIMA-LSTM model for predicting volatile agricultural price series with random forest
technique", Appl Soft Comput, vol. 49, p. 110939, doi: 10.1016/J.ASOC.2023.110939.

4. "Introduction to ARIMA models", (2024), URL: https://peo-
ple.duke.edu/~rnau/411arim.htm (accessed: 02.04.2025).

98



IT Job Market Forecasting in East Africa: An ML Approach

10.

11.

12.

13.

Alrweili, H., Probab, H. F.-J. S. A. and undefined (2024), "Forecasting crude oil prices
using an ARIMA-ANN hybrid model", digitalcommons.aaru.edu.jo, URL: https://digi-
talcommons.aaru.edu.jo/cgi/viewcontent.cgi?article=1505&context=jsap (accessed:
02.04.2025).

Sarker, 1. H., (2021), "Machine Learning: Algorithms, Real-World Applications and Re-
search Directions", SN Comput Sci, vol. 2, no 3, pp. 1-21, May 2021,
doi: 10.1007/S42979-021-00592-X/FIGURES/11.

C. D.-I. J. of E. E. and Policy and undefined (2024), "The performance of hybrid
ARIMA-GARCH modeling and forecasting oil price", zbw.eu,
URL: https://www.zbw.eu/econis-archiv/bitstream/11159/2094/1/1028123450.pdf (ac-
cessed: 02.04.2025).

Lim, B. and Zohren, S. (2021), "Time-series forecasting with deep learning: A survey",
Philosophical Transactions of the Royal Society A: Mathematical Physical and Engi-
neering Sciences, vol. 379, no 2194, doi: 10.1098/RSTA.2020.0209.

Hoong Lem, K. "The STL-ARIMA approach for seasonal time series forecast: a prelim-
inary study", doi: 10.1051/itmconf/20246701008.

Tihi, N. and Popov, S. (2024), "The Higher Education Technical School of Professional
Studies in Novi Sad, a comparison of Arima and random forest time series models for
urban drought prediction", Computer Science, and Data Science, doi: 10.15308/Sinteza-
2024-51-56.

Casolaro, A., Capone, V., lannuzzo, G. and Camastra, F. (2023), "Deep Learning for
Time Series Forecasting: Advances and Open Problems", Information 2023, Vol. 14,
Page 598, vol. 14, no 11, p. 598, doi: 10.3390/INFO14110598.

Nazir, A. et al., (2024), "A deep learning-based novel hybrid CNN-LSTM architecture
for efficient detection of threats in the 10T ecosystem", Ain Shams Engineering Journal,
vol. 15, no 7, p. 102777, doi: 10.1016/J.ASEJ.2024.102777.

Zhu, W. et al., (2023), "An optimized long short-term memory (LSTM)-based approach
applied to early warning and forecasting of ponding in the urban drainage system", Hy-
drol Earth Syst Sci, vol. 27, no 10, pp. 2035-2050, May 2023, doi: 10.5194/HESS-27-
2035-2023.

Information about the authors:

R. Ndungi — Postgraduate student, St. Petersburg State University (7/9 University Embank-
ment, St. Petersburg, Russia, 199034), ORCID: 0000-0002-0389-9758, Scopus Author
ID: 58106191000, ResearcherID: RID66654;

I. S. Blekanov — Candidate of Technical Sciences; Associate Professor at St. Petersburg State
University, Head of the Programming Technology Department, St. Petersburg State Univer-
sity (35/267 Universitetsky Prospekt, Peterhof, St. Petersburg, Russia, 198504), SPIN-
code: 7473-1900, AuthorID: 700009, Scopus Author ID 56149559700, ORCID 0000-0002-
7305-1429, ResearcherID G-8844-2015.

HNudopmanus o6 apropax:

P. Haynru — actimpant Cankr-IletepOyprckoro rocynapctBenHoro yauBepeutera (199034,
Poccus, r. Cankr-IlerepOypr, YauBepcuterckas Habepexnas, 1. 7/9), ORCID: 0000-0002-
0389-9758, Scopus Author ID: 58106191000, ResearcherID: RID66654;

. C. brnekaHoB — KaHIUIAT TEXHUYECKUX HayK; moreHT CankT-IlerepOyprckoro rocynap-
CTBEHHOTO YHHMBEPCHTETa, 3aBeAyIOUIMHA Kaeapoill TEXHOJIOTHH MNpPOrpaMMHUPOBaHUS
(198504, Poccus, 1. Cankr-IletepOypr, Ilereprod, YHuBepcuTeTckuid mpocmekt, a. 35,
koM. 267), SPIN-kom: 7473-1900, AuthorID: 700009, Scopus Author ID 56149559700,
ORCID 0000-0002-7305-1429, ResearcherID G-8844-2015.

99



BECTHUK INIEPMCKOI'O YHUBEPCUTETA
2026 Marematunka. Mexanuka. HadopmaTuka 1(72)

O030pHas craThs
VAK 519.71 : 519.21 : 004.93
DOI: 10.17072/1993-0550-2026-1-100-117

https://elibrary.ru/bpojeg

COBpeMeHHLIe METOABbI MOACTUPOBAHUA TUHAMUKH
H OTCIC/KUBAHUA TPACKTOPHUH CUCTEM
C BBICOKOM CTENEHbIO CBOGOIII)I

Wabs Usanosny Kosajenko!, EBrenus AjlekcaHapoBHa AXpeMeHKo?,
Aunexcanap Uropesnu Anapees’, Mapuna Asexcanaposna bapyauna*

1.2.3. 4 [IepMcKuii rocyapCTBEHHBIN HAIIMOHATBHBIN UCCIIEI0BATENLCKUI yHUBEpCUTET, IlepMb, Poccus

lilyaandko@ya.ru

2ahremencko.ev@yandex.ru

Si@mnium.ru

‘mab@psu.ru
AnHoTanus. PaboTta nocesimeHa aHain3y KIOUYEBOr0 METOAOIIOTHIECKOTO CIBUTa B KOJIU-
YECTBEHHOM OLICHKE MTOBEICHUS OMO-00BEKTOB: MEPEXoAa OT Kiaccu(UKAMK OTAEIBHBIX
MOBEJICHYECKHUX aKTOB K aHAIN3Y X JTUHAMHUYECKOHU CTPYKTYpbl. [locTaHOBKA TpobieMbl 3a-
KITIOUaeTcss B HaJMYUM METONIOJIOTMYECKOTO Pa3phiBa: TPAIUIIMOHHBIE METOIBI TPEKWHTa
YHPOLIAIOT MOBEACHHUE 10 TPACKTOPUH LICHTPA MaccC, a COBPEMEHHbIE aITOPUTMBI IITyOOKOTO
o0y4eHus1, oOecreunBas BBICOKYIO TOUHOCTh PACIO3HABaHMUS 1103, YaCTO UTHOPHUPYIOT Bpe-
MEHHOW KOHTEKCT M SIBIISIOTCS BBIYMCIIUTENBHO 3aTPaTHbIMU "depHbIMU smukamu". Llens
PpaboTHI — aHAIH3 CYIIECTBYIOIIHNX ITOIXOIOB K BUAE000padOTKe 1 000CHOBAaHHUE THOPUIHON
METOIIOJIOTHH, OOBEIUHSAIOMICH NeTalu3alui0 HeMPOCEeTEeBOIO aHaau3a ¢ CUCTEMHBIM IO~
XOJIOM K JWHAaMUKe. 3aJadd BKIIOYAIOT 0030p METOJOB OT PYYHOTO aHHOTHPOBAHHS 0
TpaHCc(HOPMEPHBIX apXUTEKTYP M BBISBICHHE WX OTPAaHMYCHUH B 3aj7a4ax JIOJITOCPOYHOTO
MPOTHO3UPOBaHMsL. MeTopl Ucceq0BaHUs 0a3UPYyIOTCSl HA CPABHUTEIILHOM aHaJIM3€ ajiro-
PUTMOB KOMITBIOTEPHOTO 3PEHUSI, IITYOOKOTO O0YUEHHsSI M CTOXaCTHYECKOTO MOJICTTHPOBAHHS
B KOHTEKCTE 00pabOTKH BH/ICOIaHHBIX SKCIIEPUMEHTOB € J1Ta00paTOpHBIMH )KUBOTHBIMHU. Oc-
HOBHBIE PE3YJbTaTbl MOKA3BIBAIOT, YTO HEHPOCETH ONTHMU3UPOBAHBI MIPEUMYIIECTBEHHO
JUIs1 JIOKaJIbHOHU Kiaccudukanuu. B pabore npeniokeHa METon0JI0rnYecKas OCHOBA, HHTE-
rpupyomas KiaccupuKaniio Ha YpOBHE KaJpOB C IIOCTPOCHUEM HHTEPIPETHPYEMBIX CTO-
XaCTHYECKUX Mojeiel (MaTpull BEpOATHOCTEH mepexonoB). 1 1aBHbIE BBIBOIBI CBHIAECTEIb-
CTBYIOT O TOM, YTO MCIIOJIb30BAaHHE MAaPKOBCKUX MPEACTABICHUHN B AUCKPETHBIX MMPOCTPaH-
CTBaX COCTOSIHUH MO3BOJSIET 3PPEKTUBHO BBISABIISTH YCTOWYNBEIE TOBEJCHYESCKHIE PEKUMBI
(aTrTpakTOphl) M aHOMaJIHMHU, CO3/1aBasi HAJEKHYIO0 0a3y JJIsl CUCTEM MOMJICPKKHU TPHHSTHS
pemeHnii 6e3 U30BITOYHBIX BEIYUCIUTENBHBIX MOITHOCTEH.
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BBenenue
AHanu3 moBeaeHus 1a00paTOPHBIX KUBOTHBIX, HIIM B OOIIEM CMBICIIE — OM0-00BEKTOB,
SIBJISIETCSI OCHOBOW MCCJIEIOBAaHUN B MIUPOKOM CIIEKTPE HAyK O *KU3HH, BKJIIOUas (papmakoio-
TUI0, HEHPOOHUOJIOTHIO, TOJIOTHIO U TEHETUKY. B TOKIMHUYECKHUX UCCIIEOBAHUSAX TTOBEICHYE-
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CKH€ TeCThI Ha TaOOPATOPHBIX KUBOTHBIX CIYXkAaT KIIIOYEBBIM HHCTPYMEHTOM JJIsl OLICHKH 3(-
(eKTUBHOCTH M 6€30IaCHOCTH HOBBIX JICKAPCTBEHHBIX IPENapaToB, H3yUCHHUs MaToreHe3a 3a-
0oJIeBaHUN IIEHTPAIBHOM HEPBHON CHCTEMBI, a TAKXe IS BBISIBICHHUS (QyHKIMI reHoB [1].
OOBEKTUBHOCTD, JIOCTOBEPHOCTh U BOCIPOU3BOAMMOCTH JIAHHBIX, MTOJIy4aeMbIX B XOJ€ TaKUX
SKCIEPUMEHTOB, HAMPSMYIO BIMSIOT HA IPUHATHE PEIICHUN O JalibHenIIel pa3paboTke Tepa-
MEBTUYECKUX IMOAXOJ0B, UTO ONPEAEIISIET BHICOKYIO 3HAYMMOCTh M aKTyaJIbHOCTh COBEpIICH-
CTBOBAHMSI METOJIOB ITOBEJICHYECKOTO aHAIH3A.

C TOuKHM 3peHUs] CUCTEMHOTO aHaJM3a, IOBEACHUE OMOIOTUYECKOT0 00bEKTa MPEICTaB-
nsieT co00M BBIXOJTHOM CHUTHAJI CJIOKHOM TUHAMUYECKON CHCTEMBI, XapaKTepu3yIolleics cTo-
XaCTUYHOCTHIO, HEJTMHEHHOCTHIO U HAJIMYMEM MHOXECTBA B3aUMOCBA3aHHBIX BHYTPEHHUX CO-
CTOSIHHM [2]. AEKBaTHOE ONMCAHKME TAKOH CHCTEMBI TpeOyeT He MPOCTO (PUKCAIIUU OTAEITHHBIX
MOBEICHYECKUX aKTOB, HO U aHAJIM3a UX MOCIEN0BAaTEIbHOCTH, IIIUTEIbHOCTH, BEPOSITHOCTEN
MEPEX0/I0B MEX 1y HUMHU U UHBIX CBOMCTB. IMEHHO BpeMeHHOI KOHTEKCT U JTUHAMHYECKHe NaT-
TEPHBI HECYT B C€0¢ KPUTHUCCKH BAXKHYIO HH(POpMAIIHIO 0 (DYHKITMOHATLHOM COCTOSTHIH Opra-
HusMa [3]. CriegoBatenbHO, KIIIOYEBOM HAyYHOH 3a7a4eil aBiseTcs pa3padoTka TaKUX METO/IOB
aHaJu3a, KOTOpble CIOCOOHBI MPEOOPA30BHIBATh HETPEPHIBHBIN MOTOK BUACOAAHHBIX B HH(DOP-
MaTHBHYIO MOJEJb, COXPAHSIONIYI0 KJIIOUEBbIE JUHAMUYECKHE XapaKTePUCTUKH MOBEICHUS
JUISL KX TIOCTIEAYIOUIEN KOIMYECTBEHHON OLIEHKH.

HcToprueckn aHanu3 MOBEICHUS ONMUPAJCA Ha PYYHYIO 00pabOoTKy BHAE03amUCeil dKc-
nepTaMu, 9T0, HECMOTPS Ha TIyOWHY 3KCIIEPTHOW OIICHKH, COMPSDKEHO C PSAJIOM CHCTEMHBIX
OTpaHHYEHUH, TAKUX KaK BBICOKAsh TPYAOEMKOCTb, HH3Kasl MPOIYCKHAas CIIOCOOHOCTh U, YTO
Haubosee BaXHO, MIEMEHT CYyOBEKTUBHOCTH, CHI)KAIOIIUNA BOCIIPOU3BOAUMOCTh PE3yJbTaToB
[4]. TosiBIeHne aBTOMATU3UPOBAHHBIX CUCTEM BUACO-TPEKHHIa YACTUYHO PEHIMIIO 3THU IPO-
0JIeMbI, TTPEI0CTaBUB OOBEKTUBHBIE METPUKH, TAKUE KaK MPOUICHHAs JUCTAHIIUS WA BpeMs,
IIPOBEICHHOE B OIPEAEIICHHBIX 30Hax. OJIHAKO 3TU TPaJULIMOHHBIE TOIX0/bI, KaK IIPABUIIO, pe-
OYLUPYIOT CIOKHOE TOBeAeHNE OMOOOBEKTa 0 aHaIN3a TPACKTOPUH LIEHTPa MacC €ro Teja,
UTHOPHPYS MPH 3TOM OOTaThlil penepryap Mo3 U KOPOTKUX MOBEACHYECKUX akToB [5]. B mo-
CJIeTHUE TOJbl BEAYLUIMMH METOJaMH B JJaHHOM 00JacTH CTajlu METOJbl, OCHOBAHHbIE HA Ma-
IIMHHOM U, B YaCTHOCTH, TITyOOKOM 00y4yeHHH. COBpeMEHHBIE apXUTEKTYPhl HEHPOHHBIX CeTei
MO3BOJISIOT C BEICOKOM TOUHOCTBIO OTCJIEKMBATh MHOKECTBO TOUEK Ha TeJI€ dKUBOTHOT'O U KJ1ac-
cU(UIIIPOBATH CIOKHBIE TOBEIEHYECKHE COCTOSHUS C IeTau3aluei, paHee HeJOCTYTHOM st
ABTOMATHU3UPOBAHHBIX CUCTEM TpeKUHTa [6, 7]. Tem He MeHee, 3TH MOIIHbIE MHCTPYMEHTHI IPH-
BOJIAIT K HOBBIM OTPAaHMYEHHUSM: OHU 4acTO TPEOYIOT 3HAYUTENbHBIX BBIYUCIUTENBHBIX pecyp-
cOB, OOJIBIINX pa3MEUEeHHBIX HAOOPOB JIAaHHBIX JJI 00y4EHHUS U MOTYT HPEACTaBIATh cOOOM
"yepHble AMMKA", 3aTPyAHAS UHTEPHPETALMIO MOJTYUYEHHBIX PE3YJIbTaTOB U UHTETPALUIO Bpe-
MEHHOTO KOHTEKCTa Ha JITTUTEIbHBIX TPOMEKYTKAX BPEMECHH.

Taxum 00pa3om, Ha TEKYIIEM dTare pa3BUTHsI TEXHOJIOTUN aHaIM3a MOoBeIeHUs ChOpMU-
poBaics "HayuHbIN Mpooen" MEXTy MPOCTHIMHU, HO OTPAHUYEHHBIMU B IPOIYCKHON CIIOCOOHO-
CTH UM WH()OPMATHUBHOCTU TPATUIIMOHHBIMH METOAAMH, ¥ MOIIHBIMH, HO BBIYHUCIUTEIHHO
CJIO)KHBIMHU COBpEMEHHBIMU ToaxofamMu. CyIiecTByeT oCTpas MOTPeOHOCTh B pa3pabOTKe KOM-
TUIEKCHBIX METOJIOB, KOTOphIe oOecrieunBaiy Obl OallaHC MeXAy JeTalu3alueil aHnainmsa, Cro-
COOHOCTHIO 3(PPEKTUBHO WHTETPUPOBATH BPEMEHHOM KOHTEKCT M BBIYMCITUTEIIFHONW TTPOU3BO-
JUTEIbHOCTBIO.

[enbto nanHOrO 0030pa ABSETCS MPOBEACHNE aHAIN3a CYIECTBYIOIINX MOIX0/I0B K 00-
paboTke BuaeOnH(GOPMAIH O MOBEICHUN OBICTPOABIKYIIUXCS OMOOOBEKTOB B CTAaHAAPTU3HU-
POBAHHOM 3KCIEPUMEHTAJILHOM MPOCTpaHCTBE. B Xoze aHanu3a OyayT BBIABIEHBI UX KIIOUE-
BbIE€ METOJOJIOTHYECKUE U CUCTEMHBIE OTPaHUYCHHsSI, YTO MO3BOJIUT OOOCHOBATH HEOOXOMIHU-
MOCTb pa3pabOTKH HOBBIX MOZIENIEN U METOJIOB, a TAK)KE OIPENIeIUTh HauOoJee NePCIEeKTHBHbBIE
HaIpaBJIeHUs 7151 CO3/1aHUSI KOMIUIEKCHBIX CUCTEM MOAJEPKKU MPUHITHS PEIIEHUN B TOKIIU-
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HUYECKUX UCCIIeIoBaHMAX. I TOCTUKEHHUS OCTaBIEHHOM LM ObUI MPOBEIECH aHAIU3 CO-
BPEMEHHBIX METOJIOB MOJIETUPOBAHUS BBICOKOPA3MEPHBIX CUCTEM C aKLIEHTOM Ha MAalllMHHOE
oOy4yeHue u MeToJbl U3BJIeUeHUs 3HaHUU. B pabore npeanaraercs merofonoruyeckas 0asa,
00bEIMHSAIONIAs AKTyaJIbHbIE TEXHOJIOTUH PACIIO3HABAHUS C MOJEISIMHU, TOUHO OTPAKAIOLIUMU
JUHAMUKY HcciaeLyeMblX cucteM. OCHOBHBIE pe3y/IbTaThl pA0OThI 3aKII0YAI0TCS B CIEYIOLIEM.

1. Ilpoananu3upoBaHbl TPaJAULMOHHBIE METO/Ibl, OCHOBAHHbIE HA TPACKTOPUIX U Kjlac-
CHUYECKHX aJITOPUTMaX KOMITBIOTEPHOTO 3pEHUsI, a TAK)KE COBPEMEHHBIE ApXUTEKTYPbI
IyOOKOro 00y4YeHHs, TPUMEHAEMBbIE sl Oe3MapKepPHO OIEHKH 1103 U KiIacCu(puKa-
LM [TOBEJICHUS. BblIIM pacCMOTPEHBI KIIIOUEBBIE MPEAIOI0KEHUS OTHOCUTEIBHO AU-
HAaMHUKHU [TOBEJICHUS U BPOXKICHHbIE OIPAaHUYEHUS KaKIOW METOAUKU B paMKax CH-
CTEMHOTO MOJX0/A.

2. BbIsBIEH METOONIOTUYECKUI Pa3phIB MEXy TOUHOM JIOKAIbHOW KIacCU(pUKAIIEH 1
KOMIUIEKCHBIM CHUCTEMHBIM aHAJIN30M AUHaMUKU. Oco00e BHUMaHUE YIEIEHO OTCYT-
CTBUIO CHUCTEMAaTUYECKOW CTPYKTYpbl, MO3BOJISIONIEH HMHTErpUpOBaTh IOCIEI0Ba-
TEJIbHOCTU METOK C MOJIEISIMU OOIIeH CTPYKTYphl IPOCTPAHCTBA COCTOSIHUN U INHA-
MUKHU [IEPEXOJI0B.

3. IlpencraBieHa 4eTblpexcTyleHYaTas CTPYKTypa JTUHAMHUYECKOTO M3BJICUEHHs 3Ha-
HUH, BKJIIOYAIOIAsi BHICOKOYPOBHEBOE HaONIoeHHE, 00yUYeHUE [103aM WM MpU3Ha-
KaM, JUCKPETH3aLUI0 POCTPAHCTBA COCTOSIHUM, a TAaKXKe CTOXAaCTUYECKOE MOJIENIHU-
pOBaHME MEPEXOAOB C NPUMEHEHUEM MaTpUll BEPOSTHOCTEN MEPEXOAOB U MOJENEH
Mapxoga.

4. TlpennokeH UCCIIEAOBATEIbCKHI TUIaH, HAIPABICHHBIN Ha co3aanne YQPEKTHBHBIX U
UHTEPIPETUPYEMBIX BBIYMCIUTEIbHBIX METOJOB, 00BEIUHSIOMINX TEXHOIOTUH [ITy-
00KOro 00y4eHHUs] C MApPKOBCKUMH MOJIECIISIMU M TpadOBBIMHU TOIXOJAMH K aHAIH3Y
noBezieHus. PazpabareiBaeMble METO/IbI 00J1a/1at0T 3HAUUTEIbHBIM IOTEHLIUAJIOM IS
NpUMEHEeHHS B cpepax MEXaHMUECKHUX CHCTEM, pOOOTOTEXHUKU W (DEHOTHITH3ALUU
MIOBEJICHUS.

JlaHHbBIN TOX0J] OPUEHTUPOBAH HAa MEPEXO] OT YIyYIIEHUs METPUK KiIacCU(PHUKAIMKU K
pa3paboTKe KOMIUIEKCHBIX CKBO3HBIX Pa0OYHX MPOIIECCOB, 00ECIeYMBAIOIIUX TPe0oOpa3oBaHHe
UCXOJHBIX TAHHBIX CEHCOPOB B CTPYKTYpHUPOBAHHBIE W MHTEPHPETUPYEMbIE aHATUTUUYECKUE
CBEZICHUS O INHAMUKE CIIOKHBIX CUCTEM.

1. TpagunuOHHBbIEe METOAbI NOBEIEHYECKOTI0 AHAIU3Aa U UX OTPAHUYEHUSI

Jlo mmpoKoro pacmpocTpaHeHHsI IITyOOKOTo 0Oy4eHUs HHCTPYMEHTHI JIJIs aHaIu3a IUHA-
MHUKH CJIO)KHBIX OOBEKTOB OBLIM TMPEJCTABICHBI JBYMS OCHOBHBIMHU KaTETOPHSIMHU: MPSIMOE
HaOJIOIeHNe YKCIIEPTaMU U paHHUE aBTOMATU3MPOBAaHHBIE CHCTEMBI, OCHOBAaHHbBIE Ha KJIACCH-
YECKOM aJITOPUTME KOMITBIOTEPHOTO 3pEeHUsI U 00paOOTKU CUTHAJIOB. DTH TPATUIIMOHHBIE Me-
TOJIbI CTAJIM OCHOBOM /17151 KOTMYECTBEHHOI'O ONMHUCAHUS JMHAMUYECKUX IIPOLECCOB U Ha MPOTH-
JKEHUW MHOTHX JIET IIUPOKO MCIIOJIb30BAIKMCH B IKCIIEPUMEHTAIHHOM MEXaHWKE W BHJICOaHa-
nuze. TeM He MeHee, 3TH OJX0/Abl UMEIOT Psii CUCTEMHBIX OTpaHUYEeHHUI. AHAIN3 3TUX Orpa-
HUYEHUH HEOOXOAWM /Ji TOHMMAHHS TOTO, IMOYEeMY COBPEMEHHBIE METObI Pa3BUBAIUCH
MMEHHO TaK.

1.1 Py4Hoe aHHOTHpPOBaHME: 30J10TOM CTAHAAPT U €r0 OrPAHUYCHUSA
Jlonroe BpeMsi OCHOBHBIM METOJIOM aHAlIM3a CIOKHOW NWHAMUKU OBLIO MpsMoe HaOIro-
JIEHWE W PYYHOE MPOTOKOIMPOBAHNE (AHHOTHPOBAHME) COOBITHI KBATU(MUIIUPOBAHHBIM JKC-
neptoM. VMccnenoBarens aHaIM3upoBall BUI€03aMKUCH U, OCHOBBIBAsICh HA 3apaHee ONpe/IeeH-
HOM KJIacCHU(UKATOPE COCTOSHUM, (PUKCHUPOBAT MOMEHTHI HadaJla U OKOHYAHMS, a TaKXKe Ya-
CTOTY KaXKJIOTO TUHAMHYECKOTO COOBITHs [8]. DTOT MOAXO IO CHUX MOP CYUTAETCS "30JI0THIM
cTtangapToM" 1Sl BepuUKAIINN aBTOMATH3UPOBAHHBIX CUCTEM, TIOCKOJBKY YEJIOBEK CIIOCOOCH
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YJIaBJIMBATh HIOAHCHI U KOHTEKCTyaJIbHbIE I€TaIN ABU)KCHUS, HEJOCTYIIHBIE IPOCTBIM AJITOPUT-
mam. Hampumep, skcepT MOXKET OTIMYUTH L1eI€BOE (PYHKIIMOHAIBHOE JBM)KEHUE OT Xa0THYe-
CKOTO MJIM COOMHOIO pekMMa Ha OCHOBE CIIOKHO (POPMAaJIM3yeMbIX PAa3IN4YMi B KHHEMaTHKe.
VIMeHHO Takue JeTanbHble, JTUTeNbHbIe HAOMIOACHHS TIO3BOJISIOT BBISBIATH ClIeHU(pUYECKHE
(eHoMeHoIorn4eckre 0COOEHHOCTH JUHAMUKH, KaK, HallpUMep, B 3a7a4ax JUarHOCTUKU CHU-
CTEM C HaKOIUIEHHEM YCTAJIOCTHBIX MOBPEXKACHUM UM Jerpajalrel IapaMeTposB, I11e Clenu-
¢duueckre 0cOOEHHOCTH MOBEAECHUS 00bEKTa OOHAPYKUBAIOTCS JIMIIb IIPU AJTUTETLHOM MOHH-
TOPUHIE B LITATHBIX PEKUMaxX dKCIuTyarauuu [9].

Hecmotps Ha cBOXO MH(MOPMALMOHHYIO IIEHHOCTb, PyYHOE aHHOTHMpPOBaHME OOJIafaeT
KPUTHYECKUMU CUCTEMHBIMU OI'PaHUYEHUSIMU, KOTOPBIE MPENSATCTBYIOT €10 HIMPOKOMY IIpUMeE-
HEHMIO B COBPEMEHHBIX MCCIEJOBAHUAX € OOJIBIIMMU 00b€MaMU JAHHBIX.

Cy0beKTHBHOCTbL M HH3Kasi BOCHPOM3BOAMMOCTH: OlleHKAa JUHAMUKU YEIOBEKOM
HEU30€XKHO HeceT B cede eMEeHT CyObeKTUBHOCTH. Bocipon3BOIMMOCTh pe3ybTaToB Cylle-
CTBEHHO 3aBHUCHUT OT COIIACOBAHHOCTH MEX/1y Pa3HbIMU IKCIIEPTAMHU — MEXIKCIIEPTHAs HAEK-
HOCTh, U JlaKe OT CTAOUJILHOCTH OLICHOK OJJHOTO U TOI'O K€ CHEIMAIUCTa B Pa3HOE BpeMs —
BHYTpHUIKCIIEpTHAs HaAexKHOCTh [10, 11]. YcranocTs, uamMenenne ¢poxyca BHUMAHUS U pa3Has
MHTEPIIpETAlMsl IOIPAaHUYHBIX CIIy4aeB NPUBOIAT K BAPUATUBHOCTH JaHHBIX [12], uTO sBIA-
€TCsl Cephe3HON MPOOIEMOH I CTaHIapTU3ALMK UCCIIEIOBAHMIA.

Hwu3skas npomyckHasi ciocOOHOCTBL U BBICOKasi TPYA0EMKOCTh: [Iponiecc pyuHoro aH-
HOTHPOBAHUs YPE3BbIYAMHO MEJICHHBIN. AHAIN3 OAHOTIO Yaca BUACO3AIINCENH MOXKET 3aHUMATh
BpEMs1, KPAaTHO MPEBBIIIAOLIEE JJIUTENBHOCTD 3alIUCH, B 3aBUCUMOCTH OT CJIOXKHOCTH KJIaCCH-
¢ukatopa u onbiTa 3Kcnepta [13]. DTo nenaer AaHHBIN NOAXOA NMPAKTUYECKU HEMPUMEHUMbIM
JUI KPYITHOMACIITaOHbBIX KCIIEPUMEHTOB, aHAJIN3a JJIUTENIbHBIX BPEMEHHBIX PSAJI0OB HJIU 33]1a4,
BKJIFOUAIOIIMX B3aUMOJICHCTBHE MHOXKECTBAa 00BEKTOB B rpymie [14].

OrpaHuyeHHasi JeTaJH3alMsA: KaK [IPaBUJIO, SKCIEPT (PUKCHUPYET JIMIIb KaTeropuaib-
HBIC JIaHHBIC (TUI PEXUMa/COOBITHS) U UX BPEMEHHBIC XapaKTEPUCTUKU (IUTHUTEIBHOCTD, Ya-
crota). Ilpu aTOoM Tepsiercs nnpopmanys 0 TOHKOH KHHEMAaTUKe: TOUHbIE TPAEKTOPHH JIBUXKE-
HUS OT/EIbHBIX IEMEHTOB CUCTEMbI, MTHOBEHHBIE CKOPOCTH, YCKOPEHHUS U IJIABHOCTbH Iepe-
XOJIOB. DTH MapaMeTpbl MOT'YT HECTH BaKHYIO IMAarHOCTUYECKYIO0 MH(OPMAIIMIO O COCTOSIHUN
CUCTEMBI, HO UX TOYHAasl KOJINYECTBEHHAs OLIEHKA IIPU PYYHOM aHaJIN3€ HEBO3MOXKHA.

1.2 ABTOMATM3MPOBAHHBINH BHICO-TPEKHHI B CTAHAAPTU3HPOBAHHBIX YCTAHOBKAX
CrpemiieHue npeojoaeTh OrpaHUYEHNs PyYHOTO aHHOTHPOBAHUS IIPUBEJIO K CO3/IaHHUIO
aBTOMATH3UPOBAHHBIX CHCTEM BHJICO-TPEKMHIA, KOTOPBIE CTAJIM CTaHAAapTOM Je-(hakTo B 3a1a-
yaxX KHHEMaTU4YeCKOro aHalln3a MOJBUKHBIX OOBEKTOB [5]. DTH cucTeMBbl, KaKk MpaBUIIO, pHU-
MEHSIOTCS B TAHJEME CO CTaHJAPTU3UPOBAHHBIMU IKCIIEPUMEHTAIbHBIMU MTOJIUTOHAMM, TIPEJ-
CTaBJISIFOIIIMMHU CO0O0M OrpaHNUEHHBIE ABYMEPHBIE UM TPEXMEPHBIE 00JIaCTH, TEOMETPHUS KOTO-
PBIX HAKJIAbIBAECT IPAHUYHBIE YCIOBHS HAa AMHAMUKY UCCIIEAyeMoU cuctemsl [15].
[TpuHIMI pabOTHI TAKMX CUCTEM 3aKJIFOYAETCS B PEAYKILIHUU CII0)KHOTO MHOTOKOMIIOHEHT-
HOTO 00BEKTa K OJHON MaTepHalbHON TOYKE — €ro LEHTPY Macc (LIEHTPOUIY) WK TeOMeTpH-
YECKOMY IIEHTPY NMPOEKIUH, C MOCIEIYIOIINM aHaIN30M TPACKTOPUH 3TOM TOUKU B MPOCTPAH-
cTBe U BpemeHH. [Iporpammuoe obecnedenue, Takoe kak EthoVision XT [5] unun ANY-maze
[16], B pexxrMe pealbHOTO BpEMEHU OIpeieNsieT KOOPAUHAThl 00bEKTa Ha OCHOBE KOHTpAcTa ¢
¢doHOM (HarpuMep, TEMHBII 0OBEKT Ha CBETIION MoIokkKe). Ha ocHOBE MoyuyeHHbIX BpeMeH-
HBIX PSJIOB KOOPJMHAT PACCUUTHIBACTCS HAOOp 0OBEKTUBHBIX U JIETKO HHTEPIPETUPYEMBIX KU-
HEMaTUYECKUX UHBAPUAHTOB:
1. JIOKOMOTOpHBIE METPHUKH: JUIMHA TPACKTOPHUH, BEKTOPbl MTHOBEHHBIX CKOPOCTEU H
YCKOPEHMM, paclpeeeHue EPUOA0B IBUKEHUS U TTOKOSI.
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2. TIpocTpaHCTBEHHO-TOMOJIOTMUYECKUE XapaKTEPUCTUKH: BpeMs MPeObIBaHUS B 3a/1aHHBIX
MIOJIMHOXECTBaX KOHPHUTYpAIMOHHOTO MPOCTPAHCTBA (30HMPOBAHHKE), YACTOTA TIEpece-
YEeHHsI TPaHMI] 30H, TApaMETPhl B3aUMOJICICTBHUS CO CTEHKAMH.

3. CoObITHIiHBIE METPUKHU: KOJIMYECTBO TUCKPETHBIX COOBITUH, OMpPEIEIsIeMbIX Iepeceye-
HUEM BUPTYaJIbHBIX TPUTTEPOB WJIH JIOCTHXKEHUEM IIeJIeBbIX 00NacTel MpOCTpaHCTBA.

[maBHBIM JOCTOMHCTBOM TAaKOTO IOAXONA SIBIAETCS OOBEKTHBHOCTBH, BOCIPOM3BOIM-
MOCTb M BBICOKasi IPOIyCKHAsI CIOCOOHOCTh. AHAIN3 MPOBOIUTCS MO JETEPMUHHUPOBAHHBIM
IrOpUTMaM, UCKIIIOYAIOLINM OLIMOKY OIepaTopa, U Mo3BoJseT 00padaTsiBaTh OOIbIINE Mac-
CHUBBI JaHHBIX, YTO KPUTHUYECKHU BAXKHO JIJISi MOZJEIIMPOBAHUS.

OpHaKo ¢ TOUKM 3pEHHUS] CUCTEMHOTO aHAJIM3a AMHAMUKH MHOTOMEPHBIX CUCTEM, TAKOU
MOJXOJ] ABJISIETCS IPUMEPOM IITyOOKOT0 MH(POPMAIIMOHHOTO PeAyKIMOHU3MA. Best CIoKHOCTh
(a30BOro MPOCTpaHCTBA CUCTEMBI, 00T Jar0IIel MHOXXECTBOM BHYTPEHHUX CTEIIEHEH CBOOOIBI
(Harpumep, MIApHUPHBIE MEXaHU3MBI, Ie(hOpMUpYEMBbIE Tea), CBOAUTCS K aHAJIU3y MPOCKIIUN
Ha IUIOCKOCTh JBM)KEHHUS LIEHTpa Macc. DTO MOpOKIaeT GyHIaMEHTaIbHOE OTpaHUYEHUE: CU-
cTeMa He CIOCOOHA pa3nuyaTh TUHAMHYECKUE PEKUMBI, KOTOPhIE PEATU3YIOTCs B OJHOU U TOM
K€ TOUKE MPOCTPAHCTBA IIPU HYJIEBOM CKOpOCTH LieHTpoua. Hanpumep, 0ObEKT MOXKET HaXo-
JUTHCS B CTAIIMOHAPHOM COCTOSTHUU (HYJeBasi TPAHCISIIUOHHAS CKOPOCTD), HO IIPHU ATOM UCIIBI-
TBIBaTh CIIOKHBIC BHYTPEHHHE MEPECTPOCHUS (BpallleHne, BUOpamus, n3MeHeHne KOH(pHrypa-
[[UU) WIA HAXOJUTHCSI B COCTOSIHMM MOJTHOTO MOKOs. J[JIsl KITacCHYeCKUX TPEKUHT-CUCTEM 3TH
NPUHIUIHAIBHO pa3Hble TEPMOJMHAMUYECCKUE WIIM MEXAHUYECKHE COCTOSHUS OyIyT KIIACCH-
(bUIHUpOBaHbI OAMHAKOBO — KaK "MMMOOMILHOCTE" B 3a1aHHOM 30HE [17]. Takum obpazom, Te-
pseTCS KpUTHUYECKU BaykHAsI MH(OpMAIKs 0 BHYTPEHHEH AMHAMUKE U (ha30BBIX NEPEXOAax CH-
CTEMBI, YTO MOXKET IPUBOAUTH K HEBEPHOU UACHTU(DUKAIIMY PEKUMOB (HYHKIIHOHUPOBAHUSI.

1.3 Pannue moaxoabl KOMIBIOTEPHOI'0 3peHUS I PACHIUPEHHOT0 AaHAJIHU3A
JlJ1st 9acTUYHOTO TIPEOIONIEHUsI OTPAHUYEHHI LIEHTPOUTHOTO TPEKUHTa ObUIA TPeanpu-
HSTHI IIONBITKH MCIIOJIL30BaTh 00JIee CIOKHBIC, HO BCE ellle ""KJIaccCuuecKue' METOIbI KOMIILIO-
TEPHOTO 3peHUs U 00paOOTKH CUTHANIOB, HEe TPeOyIOIUe MPUMEHEHHs TTyOOKUX HEHPOHHBIX
ceTeld. DTH METOBI MO3BOJUIIN TIEPEUTH OT aHATU3a MaTePUATILHOM TOUKH K aHAJIM3Y pacIipe-
JIEJICHHBIX XapaKTePUCTUK OOBEKTA.

Bouruuranue pona

OTOT MeTo[ sABNAeTCs 6a31ucoM [T OOJBIINHCTBA CUCTEM BUIACOAHATUTUKH U JETEKIINN
JBUXKEHMSI. ATTOpUTM (POPMHUPYET 3TAJOHHYIO MOZIENb CTATUYECKOH ClIeHHI ((hoHa), a 3aTeM U3
Ka)KJIOTO MOCJIEAYIOLIEeT0 KaJipa BEIYUTAET 3TOT (hoH. OcTaBiIMecs HEHyeBbIE TUKCEIN UHTEP-
NPETUPYIOTCA KaK O0BbEKThI nepeanero 1iana [18]. [TaBHbIM HeJOCTaTOK METO/Ia — BBICOKAs
qyBCTBUTEIBHOCTb K HECTALMOHAPHOCTU YCJIOBHMNA: U3MEHEHUSAM OCBELIEHHOCTH, MOSBICHUIO
JUHAMHYECKUX TeHEeH WM MeJIeHHOMY Ipeidy nmapameTpoB (oHa, HapuMep, Npu BUOpauu
KaMephbl, YTO MPUBOJUT K CYIIECTBEHHBIM OIIMOKaM CETMEHTAlMH U MOSIBICHUIO apTe(aKkToB
[19].

AHaJH3 CHIIYITA

[Tocne cermenTanuu 0ObeKTa METOJJOM BBIYMTaHMS ()OHA CTAHOBUTCS BO3MOXKHBIM aHa-
JU3 HE TOJBKO MOJIOKEHHS LEHTPa Macc, HO M TEOMETPUH €T0 MPOEKIUH (crity3Ta). Takue ne-
CKPUOTOPBI (OPMBI, KaK IIIOMIA/b, IEPUMETP, KOIPPHUIIMEHT IKCIIEHTPUCUTETA (BBITSIHYTOCTh)
WA KOMITAaKTHOCTB, O3BOJISIIOT C HEKOTOPOM JI0JIeH BEpPOATHOCTH KJIACCH(PULIMPOBATh MIPOCTHIE
KOH(UrypallMOHHbIE COCTOSIHUSI cHcTeMbl. HanmpumMep, n3MeHeHne OpHEeHTAlUU BBITIHYTOTO
00bEKTa OTHOCUTENILHO BEPTUKAILHON OCH UJIH NIEPEX0/ U3 KOMITAKTHOTO COCTOSIHUS B pa3Bep-
HYTOE XapaKTepU3yeTcs 3SHAYMMbIM U3MEHEHUEM SKCLIEHTPUCHUTETA U TToIaau mpoekuuu [20].
Tem He MeHee, TaHHBIA MeTOJ 00J1aZlaeT HU3KOM CEIEKTUBHOCTBIO: OH CHJIBHO 3aBUCHT OT pa-
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Kypca HaOmoaeHus (MPOEKIIMOHHBIE HCKAKEHUS) U YaCTO HE CIIOCOOEH pazIuiyuTh KUHEMAaTu-
YECKH Pa3HbIE COCTOSIHUS, UMEIOIINE CXOKUE TPOCKIIMOHHBIC TUIOLIAAN — HAIPUMED, OTJIMYUTh
BpaIlleHUE CUMMETPUYHOTO 00BEKTa OT ero mokos [21].

Onruyeckuii NOTOK

DTOT METOJ OLIEHUBAET I0JIE CKOPOCTEH BUANMOTO JBIDKCHUS HAa M300paKCHUH MyTEM
BBIYUCIICHHS BEKTOPOB CMEILIEHHSI TTMKCEIeH MM MX TPy MEX/y MOCIe0BaTeIbHBIMU KaJI-
paMH Ha OCHOBE TUIIOTE3BI TIOCTOSHCTBA IPKOCTH [22]. AHaNINU3 BEKTOPHOTO MO ONTHYECKOTO
MIOTOKA MO3BOJISIET JIETEKTUPOBATh HAIMYKE JBIKCHHS M OLICHUBATh €r0 MHTEHCUBHOCTD JIaXKe
0e3 SBHOW CErMEHTAIMU TPaHuUIl 00bekTa. MeTos yCIenHO MPUMEHSIICS IS IETEKIIUU BBICO-
KOYAaCTOTHBIX HU3KOAMIUTUTYIHBIX KOJI€OaHUH (MUKPOBUOPAIIUH, IPO’Kb) U KPATKOBPEMEHHBIX
UMITYJIbCHBIX BO3MYILIECHUH. OHAKO ONTHYECKHI TIOTOK IJIOXO CIIPABIISIETCS C 3a7a4eii ceMaH-
TUYECKOM CerMEHTAINU CIIOKHBIX TUHAMUYECKUX PEKUMOB, UyBCTBUTEJIECH K IpobiIeMe arep-
TYpPbI — HEOJTHO3HAYHOCTh JBIKECHUS B OJHOPOAHBIX TEKCTYpaX, U CHIIBHO 3alIyMJICH B YCIIO-
BUSIX pPEaJIbHBIX SKCIIEPUMEHTOB C U3MEHSIOLIMMCS OcBeleHueM [23].

1.4 CucremMHble OTPAHUYEHHUSA TPAAUIUOHHBIX MOIX0/10B

[TonBoas uTOr aHanM3y TPAIAULUOHHBIX METO/OB UCCIIEAOBAaHUS AUHAMHUKH, MOKHO 3a-
KJIFOUUTh, YTO OHU, HECMOTPS Ha CYIIECTBEHHBIN BKJIa/ B CTAaHAAPTU3ALUIO SKCIIEPUMEHTAb-
HBIX METO/AMK, 00J1aAatoT OOIIMM CHUCTEMHBIM HEJOCTATKOM: MCCJIEI0BATEb CTAJIKUBACTCS C
BBIOOPOM MEK/y HU3KOW BOCIPOU3BOAMMOCTBIO SKCIEPTHBIX OLIEHOK U OOBEKTUBHOCTBIO, J10-
CTHTaeMO [IEHOW KapHMHAJIBHOTO YIPOIIECHUS MOAETH (MHPOPMAITHOHHOTO PEIYyKIIHOHU3MA).
PaccMmoTpenue cioKHOI MHOIOKOMIIOHEHTHOW CUCTEMbI KaK MaTepuajabHON TOUKU WU 0000-
IIEHHOT'0 T€OMETPUYECKOro npumMuTHBa ('cruinysTa") IpUBOIUT K UTHOPUPOBAHUIO KUHEMATH-
YECKOM CTPYKTYypbl OOBEKTa U CII0KHOM BPEMEHHON TOIMOJIOTHH MEPEXOJJ0B MEXY JUHAMUYE-
CKHMH PEKUMaMHU.

[TorbITKM W3BIEYD TOMOJHUTENBHYIO HH(GOPMALIMIO C TIOMOLIbIO KJIACCUYECKUX JEeTep-
MUHUPOBAaHHBIX AJITOPUTMOB KOMIIBIOTEPHOT'O 3pEHUSI OKa3aJICh HEJOCTATOYHO POOACTHBIMU
K BapualysIM yCIOBHH 3KCIIEPUMEHTa U IUIOXO MacIITaOUpyeMbIMH Ul 3ajjad BBHICOKOW pa3z-
MepHOCTH. DTa (hyH/IaMeHTalbHasi HECIIOCOOHOCTh TPAAUIIMOHHBIX MOAX010B 3D (PEKTUBHO U
O00BEKTUBHO PEKOHCTPYHPOBATh BHYTPEHHIOIO CTPYKTYpY IWHAMUKH, OTPAaHUYMBASCh JIUIIb
MHTETPaIbHBIMU IIPOCTPAHCTBEHHO-BPEMEHHBIMH XapaKTEPUCTUKAMU, MOCITYKUJa TJIaBHBIM
CTUMYJIOM JUIsl IOMCKA MPUHIMIINAIBHO HOBBIX PELICHHM, CTAaBIINX JOCTYIHBIMU C Pa3BUTUEM
METOJI0OB MAIIMHHOTO OOy4YEeHUSI U HEHPOCETEBOT0 MOICIMpOBaHus [24].

2. CoBpeMeHHBbIE MOAXO0ABI HA OCHOBE MAIIMHHOIO U ITy0OKOro 00y4eHus

PanukanbHble OrpaHUyYeHUs] TPAJAMLIIMOHHBIX METOJOB aHajIW3a JAWHAMUKU IMOCIYKUIIU
KaTaJIM3aTOpPOM MTOMCKA MPUHIUINAIBHO HOBBIX MO/XO0/I0B, CTABIINX BO3MOXHBIMH Onarofaps
CTPEMUTEIHLHOMY PAa3BUTHIO MAIIMHHOTO O0y4Y€HHUs U, B 0COOEHHOCTH, ITyOOKUX HEHPOHHBIX
ceTeil. DTOT nepexo] 03HaMEHOBAJI CMEHY MapaJurMbl B MHKEHEPHOM aHAIN3€ U TEXHUYECKOM
3pEHUU: OT aHaJIN3a OJJHOMEPHBIX TPACKTOPUI LIEHTPOUI0B U MPOCTHIX FEOMETPUUECKUX TPHU-
MHUTHBOB K JIETaIbHOMY MHOTOMEPHOMY OIUCAHMIO KOH(PUTypallii 1 KHHEMAaTUKH pacupese-
neHHbIX cucteM. COBpeMEeHHbIE METO/IbI ITO3BOJISIFOT aBTOMATU3UPOBATh HE TOJILKO TPEKUHT, HO
U UJIEHTHU(DUKALUIO CIOKHBIX TUHAMHUYECKUX PEKUMOB C TOYHOCTHIO, COMIOCTAaBUMOM C 3KC-
MEPTHOM OIIEHKOM, OTKPbIBasi HOBbIE TOPU3OHTHI JJIsi AMATHOCTUKU MEXaHHUUECKUX CUCTEM, PO-
OOTOTEXHUKHU ¥ OMOMEXaHHKH [4].

2.1. PeBosnronys B OLIEHKE 1103bI: 0e3MaPKEePHBbI TPEKHHI KJIKYEBbIX TOYEK
KiroueBbIM TEXHOJIOTMUECKUM ITPOPHIBOM, ITO3BOJIUBIINM ITPEOJI0IIETH PodIeMy HHGOp-
MAIMOHHOTO PEIYKIIMOHU3MA KJIIACCHUECKOTO TPEKHUHTA, CTAJIO MOSIBIICHHE WHCTPYMEHTOB ISt
Oe3mMapKkepHOi olleHKH o3kl (markerless pose estimation). BMecTo penykiuu ci0XHOro 00b-
eKTa K MaTepHaIbHON TOYKE, ’TH CHCTEMBI TIO3BOJISIFOT C BEICOKOH TOYHOCTHIO BOCCTAHABIIUBATh
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KMHEMaTHUKy MHOTO3BEHHBIX MEXaHU3MOB, OTCJICKMBasi KOOPAMHATHI MHOXKECTBA 3apaHee ompe-
JIeTICHHBIX KITIOUYEBBIX Y3JI0B (HampuMmep, IMapHUPOB MaHUITYJISTOPA, TOYEK KperyieHus aedop-
MUPYEMBIX KOHCTPYKIIHI WIIM CyCTaBOB OMOMEXaHUYECKUX MOJIeNel ), (PaKTHYeCKU PEKOHCTPY-
upys "CKeIeTHYI0" MOAETh OOBEKTa B KaXKIOM KaJjpe BUAEOMOTOKa [25].

B ocHOBe 3THX WHCTPYMEHTOB JieXKaT IIyOoKkue cBepTouHble HelpoHHbIE ceTh (CNN)
[26], B 4aCTHOCTH apXHUTEKTYpHhI ¢ ocTarouHbIMU cBsi3saiMu (ResNet) [27], npensaputenbHo 00y-
YeHHBbIC Ha MacITaOHBIX Habopax JaHHBIX, Takux kak ImageNet [28]. 3a cuer MexaHu3Ma
Tpancheproro odyuenus (transfer learning) 3tu cetr crocoOHBI aIaANTHPOBATHCS K HOBBIM 3a-
JladaM Ha OCHOBE OTHOCHUTEIIBHO HeOObIX BEIOOPOK (100—200 kaapoB), pa3MEUeHHBIX BpYY-
HY!0. DTO [T03BOJISIET C BBICOKOW TOUHOCTBIO MPEACKA3bIBATh MOJI0KEHUE Y3JIOBBIX TOUEK HA HO-
BBIX N300paKEHUSIX JaKE B YCIOBUSX CIIOKHOTO (JOHA U MEHSIOIIETOCS OCBELICHHUS.

Opnnum n3 HanboJiee U3BECTHRIX MHCTPYMEHTOB, aAallTHPOBAHHBIX JJIS IIUPOKOTO CIIEK-
Tpa 3aja4 AMHAMUKH, siBisgeTcs oubmmoreka DeepLabCut [6]. Ee apxuTektypa cienana TeXHo-
JIOTUIO OLICHKM KMHEMAaTHKU JOCTYIHOM Ui JabopaTtopuil, HE CIELUATU3UPYIOIUXCS Ha [Ty-
6okom oOyuenuu. DeepLabCut mo3BosisieT moiabp30BaTeN0 THOKO OMPEAENsATh TOMOJIOTHIO OT-
CJIE)KMBAEMOU CHCTEMBI, YTO 00ecreurBaeT MPUMEHUMOCTb KaK JJIs aHaju3a OMOIOTHYECKUX
00BEKTOB, TaK M JJISl JUATHOCTUKHU MTPOMBIIIICHHBIX POOOTOB MJIM UCTIBITAHUN MEXaHUYECKUX
y3710B. JlanpHeilliee pa3BUTHE UHCTPYMEHTApHs MO3BOJIWIIO MEPEHTH K TPEXMEPHOW pPEKOH-
CTPYKLIUU TBUKECHUS U aHAJIN3y B3aUMOJCHCTBHUS HECKOJIbKUX OOBEKTOB B €IMHOM pabodyem
npocrtpaHctse [7, 29].

Hpyrum momnbiM uHcTpymMeHToM siBisieTcsi SLEAP (Social LEAP Estimates Animal
Poses), apxurekrtypa KOTOPOro M3HA4aJIbHO ONTUMHU3MpPOBAHA I 334a4 MYJIbTHOOBEKTHOIO
TPEKHMHTa, BKIIIOYasi CLIEHAPUU C NEPEKPBHITUSIMH B3aumozaeicTByromux areHToB [30]. Cospe-
MeHHble Bepcuu SLEAP 1eMOHCTpHUpYIOT BBICOKYIO CKOPOCTh MH(EpPEH A, YTO JIENAET UX MPel-
MOYTUTENBHBIM BEIOOPOM /17151 00pa0OTKH BHICOKOCKOPOCTHBIX BUJICOTIOTOKOB B PEAIbHOM Bpe-
MEHH.

[Tosmyuenue BpeMEHHBIX PSAOB KOOPAMHAT KIIFOYEBBIX TOYEK KAPAMHAIBHO MEHSET ypo-
BEHb JIOCTYITHOM nHpopMaruu. McecnenoBaTenu noiy4daroT JOCTYI K OJTHOMY (ha30BOMY MOPT-
pETy CUCTEMBI: yIJIaM B COWIEHEHUSIX, YITIOBBIM CKOPOCTSIM, (ha30BBIM CABUIaM MEKIY JIEMEH-
TaMu U JeopManusM. ITO MO3BOJIAET MEPENUTH OT Bompoca '"rae HaxoauTcess o0bekT?" K Bo-
npocam "B KakoM pekuMe OH (QyHKIMOHUpYyeT?" U "HaOMI0Na0TCs 1M MPU3HAKU JeTpajaluu
KMHEMaTH4ecKkoil nenu?", oTKpbIBas BOZMOXKHOCTH JJIsl MPEAUKTUBHON JUArHOCTHKU U aHa-
JIM3a TOHKOW CTPYKTYyphl ABMKEeHMs [31].

2.2. ABromaruueckasi Kjiaccu(puKalus nopeaeHnst

Hannune BBICOKOTOUHBIX TJAHHBIX O KOH(DUTYpallly CUCTEMBI SIBIISIETCSI OCHOBOM JUISI Clie-
JYIOILIETO I1ara — aBTOMaTU4eCKON UACHTU(DUKALIMY TUHAMUYECKUX PEKUMOB U AUATHOCTUKHU
COCTOSIHUH. 37€Ch IOMUHUPYIOT MOJXOAbI HA OCHOBE MALIMHHOTO M ITyOOKOro 00y4yeHHs, KO-
TOpBIE METOAO0IOTHUYECKH MOXKHO Pa3/IeIUTh HA JIBE KAaTETOPHH.

IlepBblii monmxonm sBiseTcs IByXdTanHbIM. (CHauajga C IIOMOIUBIO CHCTEM THIIA
DeepLabCut unu SLEAP 13 BuzeonoTroka n3BIeKatoTCsl BpEMEHHbIE PsiJIbl KOOPAMHAT KIItoue-
BBIX Y3JIOB. 3aT€M 3TH KMHEMAaTHYECKHUE JaHHbIE, @ TAK)KE UX IIPOU3BOAHBIE (CKOPOCTH, YCKO-
PEHMUSI, YIVIbI), UCHIOIB3YIOTCS KaK BEKTOPBI MPU3HAKOB JJIs KJIACCUYECKUX Mojenel o0yueHus
C y4HTEJIEM. DKCIEPT pa3MedyacT BPEMEHHbBIE HHTEPBAJIbI, COOTBETCTBYIOLIME Pa3INYHBIM pe-
KUMaM paboThl (Harpumep, "mTaTHeId pexxum”, "nucbananc”, "nmepexoanslii npouecc”), U Ha
ATHUX JTAaHHBIX 00yYaeTcsi KIacCU(pHUKaTOp, TAKOW KaK MeTOJ] OMOPHBIX BeKTOpoB (SVM) [32],
ciyyvaiiabiii tec (Random Forest) [33] unu rpaguentssiii 6yctunr (Gradient Boosting) [34,
35]. OToT Merox obnamaeT XOpolled MHTEPIPETHPYEMOCThIO, TaK KaK IO3BOJSET OICHUTh
BKJIaJ] KaX/10r0 KWHEMaTHYeCKOIo mapaMeTpa B MPUHITHE PEIICHUS, HO €r0 TOYHOCTh KPUTH-
YECKH 3aBHCHUT OT MOJHOTHI C(hOPMUPOBAHHOTO MPOCTPAHCTBA MPU3HAKOB.
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bonee coBpeMeHHBIC MTOAXOABI CTPEMATCS K CO37aHUI0 CKBO3HBIX (end-to-end) Momenei,
00y4aronuxcsi KIacCU(PUIIUPOBATh COCTOSHUS CUCTEMBI HETIOCPEICTBEHHO M3 "CHIPBIX'" CEH-
COPHBIX JIAHHBIX (ITUKCEJIeH BUJICO WJIM CUTHAJIOB JATYUKOB), MUHYS Tall IBHOT'O KOHCTPYHPO-
BaHUsI TPU3HAKOB [36]. DTO MO3BOJIAET MOJIEIN CAMOCTOSITEILHO BBIICNATh CKPBIThIC HEJIMHEH-
HBIC MATTEPHBI, KOTOPBIC MOTYT OBITh HEOUEBUIHBI JIsl SKCTIEPTA-YEIOBEKa.

AHaJIN3 OT/AeJBbHBIX KaApoB ¢ nomMombo CNN

[Ipocreilmmii BapuaHT peann3aluy — UCIOJIb30BaHNUE CTAHAAPTHBIX CBEPTOUYHBIX apXu-
TekTyp (Hanpumep, ResNet, Inception) m1st kaccupuKauyu COCTOSHUS CUCTEMBI B KaXKJIOM OT-
nenpHOM Kazape [37]. Monens oOydaeTcst pacrio3HaBaTh CTaTHYECKHE KOH(UTYpalluH, Xapak-
TEPHBIE JJIS1 TOTO WM WHOTO pesknMa. OJJHAKO 3TOT MOAX0] MMEeT (PyH/IaMEHTaIbHOE OrpaHu-
YeHHe: OH UTHOPUPYET BPEMEHHON KOHTEKCT. MHOTHE AeeKThl, HAIpUMEDP, TaKue KaK, HU3KO-
4acTOTHAas MOAYJISALUS, IIPELIECCUs BaJla, SIBISIOTCS JUHAMUYECKUMU IIPOLECCAMU U HE MOTYT
OBITh UACHTU(DULIMPOBAHBI 10 MTHOBEHHOMY CHHUMKY.

AHAaJIU3 M0CJ1e10BaTeILHOCTEN ¢ IOMOIIBIO PeKYPPEHTHBIX U TPaHC(OPMePHBIX ceTeli
Jl1st mpeoionieHust OrpaHUYeHUN CTAaTUYECKOTO aHaIM3a HE00X0IUMO UCTIONb30BAHHE ap-
XHUTEKTYp, CIIOCOOHBIX 00pabaThIBaTh MOCIIEAOBATEIBHOCTH. MICTOpHYECKN ISl ATOTO TpUMe-
HSUTHCH peKyppeHTHble HelipoHHble ceTu (RNN) [38] u ux monuduxanuu LSTM [39], obnana-
fomre "maMsaTeio" o npeapicropuu npotecca [40]. OgHako B MOCIEIHUE TOABI JOMUHUPYIOIICH
ApXUTEKTYpOW i1 aHaiu3a BPEMEHHBIX pAJOB B MEXaHHUKE CTaldu TpaHchopMepbl
(Transformers) [41]. Mozaenu, ncnonp3yronme Mexanu3M BHUMaHus (Attention) [42], mo3Bo-
7s10T 3(p(PEeKTUBHO B3BEIIMBATH 3HAYUMOCTh PA3JIMYHBIX BPEMEHHBIX OTCUETOB U YIaBIMBATh
KaK KpPaTKOCPOYHBIC MMITYJbCHBIC BO3MYIICHHSI, TaK M JOJITOCPOUYHBIC TPEHIBI JETPaaIiu.
OTO JaeT UM 3HAYUTENbHOE MPEMMYILECTBO B 3a/1auax MPOTHO3UPOBAHUS OTKA30B U JTMArHO-
CTHKH CJIOKHBIX HEJTMHEWHBIX cucTeM [43].

2.3. [IpumeHeHre U METOI0JOTHYECKIE MHHOBALIMHU

CoBpemeHHbIE METO/IbI IITyOOKOro 00y4eHHUs YK€ J0Ka3alu CBOIO 3(PEeKTUBHOCTD MpH
pelIeHnH 3a1a4 UICHTU(UKALIUYA COCTOSIHII B CCTEMax ¢ BBICOKOM cTOXaCTHYHOCTHIO. [Toka-
3aTeIbHBIM IPUMEPOM MOXKET CIYKHUTh KOJIMYECTBEHHAs OI[EHKA Crieln(PUYEeCKUX BBICOKOYA-
CTOTHBIX TATTEPHOB, B YAaCTHOCTH, aKTOB T'PBI3CHUS], Y JTaOOpATOPHBIX OMOMONENed TUHUU
S5xFAD [44]. [IpumeHneHne HEUPOCETEBBIX AITOPUTMOB MO3BOJIAIIO (POPMATH30BATh U OOBEK-
TUBHO U3MEPUTH NMOBEACHYECKUN (PEHOTHUTI, XapaKTEPUIYIOLIUICS CIOKHOU MUKPOCTPYKTYpPOil
JBIDKEHUN, KOTOPBIA paHEe OCTaBaJICA HEJOCTYITHBIM JUIsl PUKCAMUA TPATUIIMOHHBIMA UHTE-
rpaJbHBIMH METOJAMHU. DTOT PE3ybTaT JEMOHCTPHUPYET MOTEHIIMAT METOa HE TOJILKO B OHO-
JIOTUU, HO U KaK YHHUBEPCAIHHOTO MHCTPYMEHTA JIJIsl IETEKTUPOBAHUS TOHKUX JUHAMHUYECKUX
AQHOMaJIHil B IFOOBIX CIIOKHBIX CUCTEMAX.

TeM He MeHee, BbICOKas! BBIUMCIUTENbHAS CI0KHOCTh TPAaHC(POPMEPHBIX MOJIENEN orpa-
HUYUBAET UX MPUMEHEHHE B allllapaTHBIX CUCTEMAaX peajbHOro BpeMeHH. B cBsi3u ¢ 3TuM nep-
CMIEKTUBHBIM HANpaBIICHUEM SIBISIETCSl pa3padoTka >(PQPEKTUBHBIX METOMIOB MpeaoOpaboTKu
JTAHHBIX, KOAUPYIOLIUX BPEMEHHYIO JMHAMUKY B KOMIIAKTHBIE CTaTHUYECKUE MPEICTABICHUSI.
[TpumepoM Takoro mojxoja SIBISETCS METOJA MPOCTPAHCTBEHHO-CEIEKTUBHOIO BPEMEHHOIO
netokoaupoBanus (LIBK) [45], koTopslii mpeoOpa3yeT mociaeq0BaTebHOCTh KaJlpoB JIBUXKE-
HUSl B €IMHOE KOMIIO3UTHOE M300pakeHue, I1ie BETOBbIE KaHAIbl KOAUPYIOT U3MEHEHUE CO-
CTOSIHMSL CHCTEMBI BO BpeMeHHU. Takas npenoopaboTka Mo3BOSET COXPAaHUTh UH(OPMAIIHIO O
(da30Boi1 TpaeKTOpUHU, CYIIECTBEHHO CHUKasl TpeOOBaHUS K BBIUMCIUTEIbHBIM pecypcam Kiiac-
cudukaropa.

2.4. HoBbIe BO3MOKHOCTH U HOBBIE BBLI3OBbBI
[TonBOSt UTOT, MOKHO YTBEPKAATh, YTO METOBI HA OCHOBE TITyOOKOTO 00y4eHUs Kapau-
HaJBHO PACHIMPWIA UHCTPYMEHTAPH CHCTEMHOTO aHalln3a JTMHAMHKH, 00€CTIEYUB BHICOKUM

108



COGpeMeHHble Memoobl MO@éJZUpOGCZHI/l}Z OUHAMUKU U OMCNEHCUBAHUSL mpaekmopuu...

YpOBEHb aBTOMATHU3alMU U OOBEKTUBHOCTH. OHU TO3BOJSIOT HE MPOCTO PErHUCTPUPOBATH
(axThl 0TKA30B, @ KOJIMYECTBEHHO OMUCHIBATh U3MEHEHHE TUHAMUYECKUX COCTOSIHUN, OTKPBI-
Bas MyTh K MPEIUKTUBHON aHAIUTHUKE.

Bwmecre ¢ Tem, 3TH MOIIHbIE HHCTPYMEHTHI OPOX/IAIOT U HOBBIE BBI30BBL. K HUM OTHO-
CATCS MOTPEOHOCTh B OOJBIINX, KAYECTBEHHO Pa3MEUEHHBIX Ha0opaxX JAaHHBIX AJs 00ydeHus,
BBICOKass TPeOOBATEIBLHOCTh K BBIYHCIUTEIBHBEIM pecypcaM, a Takke mpobiema '"depHoro
A1MKa', Korjna NpuHsATOEe MOJIENbIO PEIICHUE CI0KHO HHTEPIPETUPOBATH € (PU3HUECKON TOUKU
3peHHsl, a MOMBITKH post-hoc 00bscHEHMsI MOTYT OBITh HEHAI)KHBIMU [46]. AHaIN3 3THX Orpa-
HUYEHUH ¥ TIOUCK myTer ux npeogoneHus (Explainable Al, XAl) sBisieTcst Kiro4eBoi 3aaa4ueit
Ha COBPEMEHHOM 3Tare pa3BUTHS BHIUMCIUTEIHOW MEXaHUKH U JIUATHOCTHKH.

3. AHAJM3 OrpaHN4YeHn il COBPEeMEHHBbIX MOIXX010B

Buenpenune meronoB riryOokoro oOy4eHus, CyIIECTBEHHO M3MEHMJIO O0JacTh aHajIu3a
MOBE/ICHUs, MTPEIOCTABUB UCCIIEIOBATESAM HHCTPYMEHTHI ISl AETAbHOM 1 00BEKTUBHON KO-
JUYECTBEHHOM onleHKH. OHaKo, KaK U Jr00asi TEXHOJIOTHS, METObI TITyOOKOTo 00yueHus 00-
Ja/1al0T COOCTBEHHBIM HA0OPOM CUCTEMHBIX OTpaHUUYeHUI U KommpomuccoB. [Ipoctoro ctpem-
JICHUS K TIOBBIIIICHUIO METPUK TOYHOCTH KIIACCH(PUKAIIUN HETOCTATOUHO JJISI [IOCTPOCHUS aJIeK-
BaTHBIX MOJIETICH CIIOKHBIX IUHAMUYECKUX cucTeM. Kputuueckuii ananus BeIABISET psl QyH-
JTAMEHTAJIBHBIX MPo0JIeM, KOTOphIe MPEISATCTBYIOT IMOJHOMY PACKPBITUIO TOTEHIIAANA COBpE-
MEHHBIX MOAXO0A0B U (GOPMUPYIOT "HaydHBIN TpoOen" qaHHON 001acTu.

3.1. IIpoGsieMma BpeMeHHOI0 TOPU30HTA M MOTePS J0JITOCPOYHON JUHAMUKH

OnHuM u3 Hanbosee CylIeCTBEHHBIX OrpaHHMUEHHH SBJsIETCS HECIIOCOOHOCTh OOJIbIINH-
CTBa COBPEMEHHBIX Mojelieil APPEeKTUBHO aHATM3UPOBATh JTWHAMHKY B JIOJITOCPOYHOH Iep-
CHeKTHBE. ApXUTEKTYpbl, OCHOBaHHbIE Ha aHaIM3€e OTAeNbHBIX KaJpoB (CNN), o cBoeil cytu
WHBapUAHTHBI K BPEMEHHOMY KOHTEKCTy. bornee mponBuHyThie Moaenu, Takue kak RNN wmm
TpaHchOopMepBI, PEIIAIOT 3Ty IPOOIEMY, HO JIUIIb B paMKaX OrPaHUYEHHOTO BPEMEHHOT'0 OKHA
— KaK MpaBWIO, OT JOJIeH CEKYHIbI 0 HECKOJIBbKUX CeKyHI [47].

OnHako (QyHKIIMOHUPOBAHUE CIOKHOM CUCTEMBI — 3TO HE MPOCTO CyMMa HE3aBUCUMBIX
COOBITHI CEKyHIHOMN WU CyOCEKYHIHON JITUTENbHOCTH. DTO CTPYKTYpUpPOBaHHAs MOCIIE10Ba-
TEJILHOCTb, 00Ja1atoliasi COOCTBEHHON BHYTPEHHEH JIOTMKOM M Mepapxuel BpeMEHHBIX Mac-
mtadoB [31]. loarocpouHble SKCIUTyaTalluOHHbIE CTPATETUH, MEAJIEHHBIE TPEH bl I€TpaJaliii
napameTpoB (Ipei¢), HUKIbl HAKOIUIEHUS! YCTATOCTH M, YTO OCOOEHHO Ba)KHO, MEPEXO/IHbIE
MIPOIIECCHI MEXKIY PEKMMAMH — BCE 9TO OCTAETCS 32 paMKaMH aHaJi3a KOPOTKUX BPEMEHHBIX
oTpe3koB. Takum 00pa3oM, IPOUCXOIUT NOTEps MH(POpMAIMK Ha MAaKpPOYPOBHE CUCTEMHOM JTU-
HaMHKH, YTO HE TIO3BOJISIET OTBETUTH Ha BOTIPOCHI O TOM, KaK OpraHW30BaHa II00aIbHast CTPYK-
Typa (a30BOro NpoCcTpaHCTBA M KaK OHA TPaHCHOPMHUPYETCs MO BIUSHUEM BHEIIHUX (PaKTo-
POB WJIM BHYTPEHHUX U3MEHEHHUI TapaMeTPOB CUCTEMEI.

3.2. BperuucanTebHast CJI0KHOCTh KaK 0apbep 1JIsl MPAKTHYeCKOro NPMMEHEeHHUs
CrpemiieHue ynoBUTH 0o0Jee CIOXKHBbIE MPOCTPAaHCTBEHHO-BPEMEHHBIE 3aBUCHUMOCTH
HanpsMyIo BEJET K JIpyroil CUCTEMHOW MpobieMe — BBICOKOM BBIYMCIUTENBHON CIOKHOCTH.
Mopnenu, neMoHCTpupyrouue Hamtydiryio To4HOCTh (SOTA), ocobenno 3D-CNN u Buaeo-
TpaHchopmepsl, TpeOyIOT sl 00yueHUs] U HH(pEepeHca 3HAYUTEIbHBIX BEIYUCIUTEIbHBIX pe-
cypcoB: MoOmHBIX Tpaduueckux nporeccopoB (GPU) u cymecTBeHHOro BpeMeHu Ha oOpa-

601Ky [48]. DTO OrpaHMUEHHE UMEET HECKOJIBKO KPUTHUECKUX MPAKTUYECKUX CIIEICTBUI:
1. Bapbep g BHeapenus: Beicokue TpeboBaHus K anmapaTHOMy 00eCIIedeHUI0 3aTpy/I-
HSIOT MHTETPALIMIO 3TUX METOAOB B IPOMBIIIUIEHHBIE CHCTEMbl MOHUTOPHHTA U BCTPO-

CHHBIC CUCTEMbI JTUArHOCTUKHU C OIr'PaHUYCHHBIM 3HepFOHOTpe6J'IeHI/IeM.

2. HeB03MOXXHOCTH aHaJIN3a B pealbHOM BpeMEHHU: 00padOoTKa TaHHBIX YacTO MPOUCXO-
JUT B peXHUME post-processing U MOXKET 3aHMMATh BpeMs, IPEBBILIAIOIIECE AJTUTENb-
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HOCTh CaMOro Ipouecca. IT0 UCKII0YaeT BO3MOKHOCTb CO3JJaHMs aJallTUBHBIX CH-
CTEM YIIpaBIEHHs ¢ OOPaTHOH CBA3BIO, TJIE YIPABIIONIEE BO3ICHCTBHIE JOIDKHO KOP-
PEKTUPOBATHCSI B 3aBUCUMOCTH OT MTHOBEHHOI'O COCTOSIHMSI OOBEKTA.

3. IIpobnema macmTabupyeMocTH: AHATU3 JUIMTELHBIX BPEMEHHBIX PSI0B (HarIpuMep,
PECYPCHBIX MCIBITAHUI WM HENPEphIBHOIO MOHUTOPHUHIA) CTAHOBUTCS BBIYMCIIU-
TEJIBHO HEpa3pelIuMON 3aJa4yeld, YTO OrpaHUYMBAET UCCIIEJOBAHUS KYMYJISTUBHBIX
3¢ (}HEKTOB B peaKUX COOBITHIA.

3.3. IIpoGiema "yepHoro smuka' u 1epuUUT HHTEPNPETHPYEMOCTH

I'myGokue HeMpOHHBIE CETH YaCTO XapaKTepU3YIOTCs Kak "depHble smuku'". HecMoTps Ha
BBICOKYIO TOUHOCTb allIIPOKCUMALIUN, BHYTPEHHSIS JIOTUKA IPUHATHUS PELIEHUH MOJIENbIO OCTa-
eTcsl Herpo3pauHoi [46]. Momens MOKET HayYUuThCs KIIaCCU(PUITMPOBATh PEKUMBI, OCHOBBIBA-
ACh Ha apredakTax CUrHaia win (oHa, a He Ha (PU3NYECKH 3HAYMMBIX KHHEMaTHUECKUX WHBA-
pHaHTax. JTO CO3JAeT PUCK MOTy4deHHs] (OpMAIbHO TOUYHBIX, HO (PU3MUYECKH HEKOPPEKTHBIX
PE3yIbTaTOB U MOPBIBAET I0BEPUE K aBTOMATU3UPOBAHHOM CHCTEME TUAarHOCTUKHU. J{71s nHxke-
HEPHBIX PUIIOKEHUH U 3a/1au 00ecrieueHus: Ha/IeKHOCTU KPUTHUUECKH BaKHA HE TOJBKO TOU-
HOCTB JICTEKIIMH, HO ¥ IOHUMaHKE TOTO, Ha KAKMX MMEHHO MpH3HaKax ((PU3MYeCcKuX mapamer-
pax) MOZIeNIb OCHOBBIBAET CBOM BBIBOJI.

3.4. Cmemenue Gokyca ¢ aHAIN3a CUCTEMbI HA TOUHOCTH KJaaccuPuKanuu

BelenepeunciieHHble OrpaHu4eHusl IPUBOIAT K 0OIIeH METO0JIOTHYECKON Mpobieme:
OOJIBIITMHCTBO COBPEMEHHBIX PadOT B 00JIaCTH MAIIMHHOTO 00y4YeHHsI POKYCHPYIOTCS Ha pele-
HUM JIOKAJIbHOM 3a7]a4M — JOCTH)KEHUH MAaKCUMaJIbHOW TOYHOCTH KJIACCU(DUKALIMU OTAEIbHBIX
coctosiuuii. [TyOnukanum 4acTo orpaHUYMBAIOTCA AEMOHCTpallUel BEICOKUX 3HaueHui F1-met-
puky. O1HAKO, C TOYKH 3pE€HHsI CHCTEMHOI'0 aHAJIN3a, KJIaCCU(UKALUSA — 3TO HE KOHEYHasl 11eb,
a JIMIIb STall MPeIBapUTENbHON 00pabOTKU: Mpeodpa3oBaHne CHIPHIX JAHHBIX B CHMBOJIbHBIN
BPEMEHHOH s (I10CIe10BaTeIbHOCTh COCTOSIHUMN).

HctuHHas HayyHas 3ajjadya HAYMHAETCS JaJiblle — ¢ aHAJINU3a 3TOro psia JUisl TOHUMaHUS
TOIIOJIOTMM M IMHAMUKH CUCTEMBI KaK €JMHOrO Lenoro. KirroueBoi mar oT IUCKpeTHOM Kiac-
cu(UKaluu K CACTEMHOMY aHaJIM3Y 3aKJII0YaeTCsl B CMEIIEHUH (POKyca ¢ caMUX COCTOSIHUM Ha
JUHAMHKY TIEPEXOI0B MEXAy HUMHU. MIIFOCTpaTUBHBIM IPUMEPOM TAaKOTO MOJAXOJA SBISAETCS
MCIIOJIb30BaHUE MaTpHI] epexoJHbIX BeposiTHocTel (Transition Probability Matrices) kak uH-
CTPyMEHTa JJIs ONHUCAHWS AMHAMMYECKOro 'TopTpeTa" cucTeMbl. AHAlU3 CHEKTPaJbHBIX
CBOMCTB TaKMX MAaTpUIl MO3BOJSET KOJIMYECTBEHHO OIIEHUTHh BEPOATHOCTH IEPEKIHOUECHUMN
MEXIY peKHMaMH, BBIABUTh YCTOMUYMBBIE LIUKJIBI U aTTPAKTOPbI, U, CaMO€ INIaBHOE, 00BbEK-
TUBHO CPaBHUTb 3TH JTUHAMHYECKHE MATTEPHBI JJIS PA3IUYHBIX COCTOSSHUM CUCTEMBbI (Hampu-
mep, "HopMa" i "aedexr"). DTOT MOAXO/ MO3BOJSAET U3BJIEUb HHPOPMAIIIO O BHYTPEHHEH
OpraHM3ali MPOLECCOB, KOTOpasi MOJHOCTBIO TEPSETCS MPH aHAINU3€ JIMIIb MUHTErpajIbHbIX
CTaTUCTHUK MPEeObIBAaHUS B COCTOSHUAX [49].

Taxum 00pa3zom, cyliecTBYIOLIUI "Hay4HbII TpoOen" 3aKiroyaeTcst He CTOJIBKO B HEO-
CTaTOYHOM TOYHOCTH KJIaCCH(UKATOPOB, CKOJIBKO B OTCYTCTBHM METOIOJIOTHYECKOTO MOCTa
MEXJly Pe3yibTaToM UX paboThl U MHCTPYMEHTAMU JJISl MOCIEIYIOIIEr0 CHCTEMHOTO aHaIn3a
JUHAMHUYECKON CTPYKTYpPBI IIPOLIECCOB.

3akirouenue

B nacrosiem 0630pe mpociiexeHa 3BOIOLUS METOIOJIOTHH KOJTMYECTBEHHOTO aHaIu3a
JTUHAMHUKU CUCTEM C OOJBIINM YHUCIIOM CTETeHEeNW CBOOOIbI: OT MHTEPIPETUPYEMBIX, HO PEAYK-
IIUOHUCTCKHUX KJIACCMUYECKUX MOAXO/0B (pyuyHOE aHHOTHPOBAHHE, LIEHTPOUIHBIA TPEKUHT) J10
COBPEMEHHBIX METOJIOB ITTyOOKOTr0 00yueHusl, KOTOpble 00ECIeUrBaOT BBICOKYIO JI€TAIU3AIHI0
ONKCaHUs KOH(UTYPALUH, HO OTPaHUYECHBI BEIUUCIUTENIEHON CIIOKHOCTBIO U ¢1a00i 00bsACHH-
MOCTBI0. KiTt0oueBON BBISBIEHHBI METONOJIOTMYECKHIM Pa3pblB 3aKIHOYAETCS B OTCYTCTBHH
YCTOMYMBBIX MPOLENYp Mepexosa OT MOCIeI0BaTeIbHOCTH JOKAIbHBIX KIaCCU(PUKAIIMOHHBIX
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peleHni K 00bEKTHO-OPUEHTUPOBAHHOMY CUCTEMHOMY aHAIM3y JUHAMUKH, ONMpAroIIeMycs
Ha MI00AIbHYIO CTPYKTYPY (pa3zoBOro mpocrpancTsa. i ero mpeonoieHust Mbl MpejiaraeM
paccMaTpuBaTh COBPEMEHHbIE KIIACCU(PHUKATOPhl HE KaK KOHEUHYIO 11€/lb, @ KaK MepBbId L1ar B
pipeline u3Bie4YeHns 3HAaHUMN: "BBICOKOPa3MEPHBII CEHCOPHBII MOTOK — OIEHKA MO3bI/IIPU3HAa-
KOB — JMCKpEeTH3alMs NPOCTPAHCTBA COCTOSIHUNA —> OLIEHKA MaTpUL] IEPEXOAHBIX BEPOATHO-
CTEH 1 MapKOBCKHMX MOJIEJIEH — aHaJIu3 YCTOMYMBOCTH, aTTPAKTOPOB U aHOMaJIMi".

B xoHTeKkcTe MalIMHHOTO 00Y4€HUs ¥ W3BJICUCHMSI 3HAHUM TaKOH B3IV ONIPEAEIseT He-
CKOJIBKO IIPMOPUTETHBIX HAIIPABJICHUM JaJIbHEHUIINX UCCIEIOBAHUM.

1. KoMmnakTHOe KOoAMpOBaHHE BPEMEHHOM TuHaMHUKU. PazpaboTka MeTo0B npeodpazo-
BaHU JUIMHHBIX BPEMEHHBIX PAI0B B HH(OPMATUBHBIE CTaTHUECKUE MTPEICTABICHHUS,
COXPAaHSIIOIUE CTPYKTYPY NEPEXOI0B MEX/y COCTOSHUSAMU U IPUTOJHbIE I 00yde-
HUS JIETKUX KJIACCU(PHUKATOPOB U PErPECCOPOB.

2. CoBMecTHOE 00ydeHue coCTOsTHUM U nepexooB. [locTtpoenne ruGpuHbIX apXUTEK-
TYp, B KOTOPBIX MOZEIH ITyOOKOTr0o 00y4YeHHS JJIsl pacTiO3HABAHMS TI03bI M COCTOSTHHUM
ONTUMH3UPYIOTCS COBMECTHO C MapKOBCKMMM MOJEIISIMHU, OTPaXKarOIUMH OXXKHJae-
MYIO CTPYKTYPY MEPEXOI0B, YTO JIOJIKHO TIOBBICUTh YCTOWYMBOCTH K IIIyMYy U yBEIH-
YUTh UHTEPIPETUPYEMOCTb.

3. HWurerpanus ¢ Explainable Al. Ucnionb3oBanue rpadoB COCTOSHUN, MAaTPHIL TIEPEXO/-
HBIX BEPOSITHOCTEH M POU3BOJHBIX OT HUX METPUK (SHTPOIUH, BPEMEH MIEPBOTO BO3-
Bpara, yCTOMYMBBIX IIMKJIOB) B KAUECTBE IMIO0AbHBIX OOBSICHEHNH TIOBEACHUS CIIOXK-
HBIX MOJIeJIe U OCHOBBI JUISl IMAaTHOCTUYECKUX IOKa3aTesei, MOHATHBIX 3KCIEpTY
WH)KEHEDY.

4. Macmrabupyemble aIrOpuTMbl aHAIN3a TUHAMUKU. Pa3paboTka BEIYMCIUTEIBHO -
(EKTHBHBIX MPOLEYP OLUEHKH U PETYISIPH3AIMU TEePEXOAHBIX MATPHIL IJIs ITTHHHBIX
BPEMEHHBIX DPSJIOB, BKJIIOYas 0OpabOTKY pPEAKUX COOBITUH, HECTalMOHAPHOCTh U
MepapXUIeCKHe YPOBHU OIMCAHMS.

5. MynsrunomenHas Banuaanus. CHcTeMaTH4ecKoe TECTUPOBAaHUE MPEIIOKEHHOTO
¢bpeliMBOpKa Ha 3a/1auaxX U3 MEXaHUKH, pOOOTOTEXHUKHU U TIOBEIEHYECKOW OMOIOTHN
C COIOCTaBJICHUEM BapMaHTOB pa30MEHUsI NMPOCTPAHCTBA COCTOSHUM M Pa3IMUHBIX
CEMENCTB CTOXaCTUYECKIX MOJICIICH.

Pa3Butue 3TUX HanpaBlIeHUI O3BOIUT MEPENUTH OT Y3KO OPHEHTUPOBAHHBIX CUCTEM pac-
MIO3HABAHUS OTJIEIbHBIX COOBITUN K KOMITJIEKCHBIM, BEIYUCIUTENHHO 3P PEeKTUBHBIM U (pr3mnye-
CKU MHTEPIPETUPYEMBIM CHCTEMaM AMHAMUYECKOTO aHaJIN3a, 3aMBIKAIOLIUM IIHKJI OT U3BJIeYe-
HUS IPU3HAKOB M KITACCU(UKAINHN JT0 M3BJICUECHHUS 3HAHUH O TII00ATBHOM CTPYKTYpE OBEIACHUS
MHOTOMEPHBIX 00BEKTOB U MOJIEPKKU NPUHATHS HHKEHEPHBIX pEeIICHU.
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AnHoTanusa. llenblo wuccienoBaHust sBiIsSeTCAs pa3paboTka U ampoOalus MOIEIH
WHTETpalH FeHMU(PUIIIPOBAHHOTO 00YYaIOIIero MOIYJIS B IPOLIECC H3YUCHUSI alTOPUTMOB
copTupoBKU. Pa3zpaboranHOe BeO-IPMIIOKEHHE OPUEHTUPOBAHO HA YYAIIUXCS CTapIIMX
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Abstract. The aim of the study is to develop and test a model for integrating a gamified
learning module into the process of teaching sorting algorithms. The developed web
application is aimed at high school students, undergraduate students (including those in
humanities), and individuals learning programming independently. The theoretical
framework is based on Galperin's theory of the stage-by-stage formation of mental actions.
The novelty of the approach lies in the use of classical didactic theory in the development of
a gamified resource and the application of artificial intelligence technologies for its
implementation. The effectiveness of the model was evaluated in a pilot experiment involving
24 students, measuring the level of satisfaction with the learning process. Statistically
significant differences in favor of the experimental group were revealed (U=143.5, p<0.001,
r=0.84). The obtained evidence suggests that the proposed model may contribute to increasing
student satisfaction and engagement during the initial stage of learning algorithms in small
groups.
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BBenenmne

AJNTOPUTMBI COPTHUPOBKHU SIBIIAIOTCS OJHOM M3 (yHIAMEHTAIBHBIX TEM B Kypcax
uHbpopMaTUKU © mporpamMmupoBaHus. OpHako UX aOCTPAaKTHOCTh, OINEPUPOBAHUE
(bopMaIbHBIMU CTPYKTYpPaMH JAHHBIX U UKJIAYECKUMH MPOILIECCAMH CO3JAI0T 3HAYUTEIHHBIC
TPYOHOCTH JUIS Y4YalldXcsl Ha DJTare MEePBUYHOTO OCBOCHHUA. THUMUYHBIMH TpoOlieMaMu
ABJISIIOTCS  (pOopManbHOE 3aydyMBaHUE IIaroB 0Oe€3 MOHWMAaHWUSI CYTH U CMEIIEHUE JIOTUKH
pa3auuHbIX anropuT™oB [1]. B 9T0ii cBsi3u akTyanbHOM 3a7aueit siBIsieTCs pa3paboTKa HOBOTO
IIPOrpaMMHOT0 oOecrieueHus A yaydiieHus 3QPpeKTUBHOCTH Ipoiecca 00yueHusl.

[IprMeHeHre TPUHIIMIIOB aKTHBHOTO 00y4eHHUs U rediMuuKanuu criocoOHO MOBBICHTD
MOTHBAILIUI0 W BOBJIEYCHHOCTHh OOyuaromuxcs. CoBpeMEHHBbIE BEO-TEXHOJIOTHU TMO3BOJISIFOT
CO3/aBaTh MHTEPAKTUBHBIE CpEIbl, TIe aOCTpaKTHbIE MPOIECCHl MOIYYAIOT KOHKPETHOE
BU3yaJIbHOE W JIEATEILHOCTHOE BOIUIONIEHHE. B TocnenHue Toapl aKTHBHO HCCIEAYeTCS
NMOTEeHIMaN TeMH(HUKAIMH B OOyYEHUM MPOrPaMMHUPOBAHUIO, a TaKXKE BO3MOXKHOCTH
HMCKYCCTBEHHOTO HMHTEIIJIEKTA JUIsl CO3/aHMs 00pa3oBaTelbHOTO KOHTeHTa. OMHAKO padoTHI,
00BEAMHSIIOIINE STH HATIPABIICHHUS B paMKax eAMHON MOJIETH, OTIMPAIOIIEICS Ha KJIACCUYECKYIO
TEOPHIO YCBOCHUS 3HAHUM, TPAKTUUECKH OTCYTCTBYIOT.

[lenpro nanHOM pabOTHI ABISETCS pa3paboTKa M OMUCAHHE TeHMHUQPHUIIMPOBAHHOTO BEO-
MPUWIOKEHUS JUI U3YYEHHUS] alTOPUTMOB COPTHPOBKHU, a TAKXKE OIPEIEICHHE BO3MOXKHBIX
HANpaBlIEHUH €ro MpUMEHEHUs: B 00pa30oBaTENLHOM MpOIlecce I Pa3UYHBIX KaTeropuil
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oOydaromuxcs. B gaHHON cTaTthbe mpeacTaBlieHa MOJENb, OCHOBaHHAas Ha HCIOJIb30BaHUU
pazpabortanHoro BeO-pecypca "Ilyts Maructpa Anropurmudeckux MckyccTs".
Pazpaborannoe BeO-npunokenue "Ilyte Maructpa Anropurmudeckux HckyccTs"
npeJCTaBisieT co00i Crenualin3upoBaHHOE MPOrpaMMHOE OOecrieueHue, MpeIHa3HaueHHOe
JUTSL BU3yallu3allii U MHTEPAKTUBHOTO OCBOCHHS 0a30BbIX aJITOPUTMOB COPTHUPOBKHU.
B kaudecTBe TEOPETHKO-METOAOIOIHYECKONH OCHOBBI Ui pa3pabOTKU BeO-TPUIIOKEHUS
ObL1a BEIOpaHa TEOpHUs MOATATHOTO (OPMHUPOBaHUS YMCTBEHHBIX aeicTBui I1. S. 'anpnepuna

[2].

TeopeTnyeckuii 0630p

HccnenoBanust B 00JNAaCTH BH3YyalIM3allMU ajJTOPUTMOB M HMHTEPAKTUBHBIX METOOB
00y4eHHUs TPOrpaMMUPOBAHUIO IPOBOASTCS JOBOJIBHO JIaBHO U IIPECTABICHBI 3HAUUTEIbHBIM
KOJINYECTBOM HAy4YHBIX pabOT. AHaIM3 COBPEMEHHBIX ITyOJHKAIMi IMO3BOJSET BBLICIHTDH
HECKOJIbKO TJIAaBHBIX HAIPaBJICHUN, OTHOCSIIUXCS K TeMe pa3paboTKu MPOrpaMMHOTO
oOecrnieueHus Uil U3yUEHHsI alITOPUTMOB COPTUPOBKH.

[lepBoe HampaBieHHE CBSI3aHO C CO3JIaHUEM  CIECHHUATU3UPOBAHHBIX  CHCTEM
Bm3yanu3anuu  airoputMoB. Eme B 1980-1990-x romax Obuto pa3paboTaHo TIepBOE
porpaMMHOe oOecrieueHue M3 Cepur MacCUBHOrO HaOMIoAeHMs, Takue kak Balsa u Zeus,
MO3BOJIAIOIINE CIEINUTH 3a pa0OTOM aIrOPUTMOB B pEXKUME peaibHOro BpeMeHu. COBpeMEHHbIE
WCCJIEIOBAHMSI B 9TOM 00JIaCTH HaMpaBlIeHbl HA HHTETPALIMH aJITOPUTMUYECKON BU3yaTH3allul
B BeO-cpeanl 1 LMS-matdopmel. B paborax psia aBTOPOB OTMEYACTCS, YTO BU3YaTH3aAIUsI
a0CTPaKTHBIX CTPYKTYp HOAHHBIX SBIAETCS KIIOYEBBIM (aKTOPOM ISl MOHHUMAHUS JIOTHKHU
paboThl arOpUTMOB, OCOOGHHO Ha JTale NEPBUYHOrO 3HAKOMCTBa ¢ Temou [3]. OmHako
MAaCCUBHOE HAOI0/IEHUE 32 aHUMalMel 0e3 aKTUBHOTO BOBJICUEHHS 00YYarOIIEerocsl B MPOLIecC
94acTO OKA3bIBAETCS HEJOCTATOYHO () (HEKTUBHBIM.

Bropoe Hanpasnenne — npuMeHeHue reiMupukanuy B 00y4eHHH MporpaMMHUPOBAHHUIO.
B coBpemeHHOIi uTepaType TeiMUpUKAIIS PACCMAaTPUBACTCSl KAaK MHCTPYMEHT IOBBILICHUS
BOBJICUEHHOCTH B 0Opa30OBaHWU, MPU STOM BBIICISIOTCS TPU YPOBHA: MOTHUBAIIMOHHAsS
HaJCTpoiika (0abl, 3HAYKN), 1€ATEIbHOCTHAS reiMudukanus (o0yueHue yepes3 NpakTuky) u
cpenoBas reiiMuukanus (o0ydeHue B UTpoBOM IpocTpaHcTBe) [4]. [ng 3amad ocBoeHus
QITOPUTMOB Hanbosiee NMEePCHEKTUBHBIM IMPEJCTABIAETCS BTOPOM MOJAXOJ, KOTJa HIrpoBas
MeXaHHKa He MPOCTO MOTUBHUPYET, HO U MOJICJIUPYET JIOTUKY BBIITOJIHEHHS aIrOPUTMHUYECKUX
onepaunui.

TpeTbe HampaBieHHE CBA3aHO C NPUMEHEHHUEM COBPEMEHHBIX BEO-TEXHOJOTHH JUIs
co3aaHus o0pa3oBaTeNbHBIX pecypcoB. B HayuHOI nuTeparype moJIpoOHO paccMaTpUBarOTCs
0COOEHHOCTH COBPEMEHHBIX METOJIOB CO3/1aHUsl BeO-pecypcoB, BKJIIOYas HpUMEHEHHE
00BEKTHO-OPUEHTHPOBAHHOTO ToaxoAa B JavaScript, aCHHXpOHHOE IPOrpaMMHUPOBAHUE U
coBpeMeHHbIe TexHojoruu Bepcetku CSS Grid u Flexbox [5]. OTu TexHonoruu odecnevynBarOT
KpoccIIaTpOpMEHHOCTh U aAalTUBHOCTh 00pa30BaTENbHBIX MPUIIOKEHUH, YTO OUYEHb BaXKHO
JUI UX WCIOJb30BaHUS Ha PA3IMUYHBIX YCTpoiicTBaX. B KoHTekcTe 0OyueHHs anroputMam
0COOBIi MHTEpeC MPEJCTABIAET BO3MOXHOCTh pEaIM3al[MM IOLIArOBOTO BBIOJHEHUS
orepanuii ¢ aCHHXPOHHOM aHMMalMeil, 4ToO MO3BOJISIET CTYAEHTY BUAETh HE TOJIBKO pe3yJIbTar,
HO U MIpOoLecC pabOThl aJrOpUTMA.

[Tpumepbl neATEeNbHOCTHONW TeWMHUGHUKAIMKU MOIPOOHO aHaIM3UPYIOTCA B padoTax,
MOCBANICHHBIX ~ BHEJPEHUIO  aJanTUBHBIX  00pa30BaTeNbHBIX WP B  IH(POBYIO
o0pa3oBaTenbHyI0 cpefy [6]. ABTOpPBI OTUEPKUBAIOT, YTO aAaTUBHOCTh UTPOBBIX MEXAHUK K
YPOBHIO TOJIFOTOBKM OOYyYaromlerocst sBISETCS KPUTHUECKUM (akTopoM 3(hdexTUBHOCTU
TaKUX CPEJCTB.

Eme onHo coBpeMeHHOE HalpaBlieHHE — UCIHOJIb30BaHUE MCKYCCTBEHHOTO MHTEIUIEKTa
npu pa3paboTke 00pa3oBaTeNbHOIO KOHTEHTAa. B HayuHBIX MCCIeI0BaHUAX PacCCMaTPUBAIOTCS
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BO3MOKHOCTH NPHUMEHEHHUS TE€HEPAaTUBHOI'O HCKYCCTBEHHOTO WHTEIUIEKTa M1 CO3[aHUus
00pa3oBaTeNbHBIX pecypcoB 1Mo nHpopMatuke [7]. OTMedaeTcs, 9T0 COBPEMEHHBIC SI3BIKOBBIE
MOJIeJIM MOTYT BBICTYNAaTh B POJM aCCHCTEHTa pa3pabOTUMKa, MO3BOJISIS MPENoaaBaTessiM-
METOJUCTaM, HE SBISIIONIMMCS MPO(PEeCCHOHANBHBIME — MPOTPAMMUCTAMH,  CO37aBaTh
(byHKIIMOHATIbHBIE TPOTOTHUIIBI 00Pa30BATEIBHBIX MPUITOKECHHH.

B koHTekcTe Teopun OOYYEHHS alrOpUTMaM BaKHOE 3HAUYCHHUE HMEET TIOHSATUE
OpPUEHTUPOBOYHOM OCHOBBI  JeWcTBUA. AHamusupys Teoputo Il . Tambnepuna,
UCCIIEIOBATENH MOTYEPKUBAIOT, YTO KA4eCTBO (POPMHUPYEMOTO ACUCTBHUS HAIPAMYIO 3aBHCUT
OT TIOJHOTHI OPUEHTUPOBOYHON OCHOBBI, Ha KOTOPYIO ONUpAETCs OOydYaroluiics IpHU €ro
BbIMONHEHNH [8]. B mpuMeHeHnn K OOydYeHHIO0 alropuTMaM 3TO O3HAYAET HEOOXOJAMMOCTh
CO3IaHMS TaKOW MPOTPaMMHON cpenbl, The Kaxias omepaius (cpaBHeHHE, 0OMEH, BBHIOOD
MUHUMYyMa) OblTa OBl TMpeACTaBlIeHAa B MAaTEPUAIM30BAHHON (GopMe M COMPOBOXKIAIACH
MOONEPALUOHHBIM KOHTPOJIEM.

[Tpumepsl peanu3anuy IeSTEILHOCTHOTO TOAX0/1a B 00pa3oBaTEIbHBIX CpelaX MOKHO
HaliTh B paboTax, aHANM3UPYIOUUX MpPUMEHEHHEe TredMuUKaluu B DIEKTPOHHOMI
oOpa3oBatenbHOl cpene By3a [9]. bonee mupokuii KOHTEKCT MPUMEHEHMSI CUMYJIALUUA U
reiMupuKaluu B COBPEMEHHOM OOpa30BaTeIbHOM IIPOCTPAHCTBE paccMaTpUBAaeTCs B
HCCIIEIOBAaHHSX, TOCBSIIEHHBIX (DOPMUPOBAHHIO MTPAKTHYECKUX HABBIKOB [10].

Cratuctudeckre MeTo/ibl 00pabOTKH TaHHBIX MPAKTUYECKUX IKCIIEPUMEHTOB MOAPOOHO
paccMmaTpuBalOTCS B JIMTEpAType, IZle OOOCHOBBIBAETCS NPUMEHEHHUE HENapaMeTpUueCKHX
KPUTEPHUEB NMPU MaJbIX 00beMax BBIOOPOK M IMOPSAKOBON mpupozae maHHbIX [11]. Monenu
OLICHMBAHMs pe3yJbTaTOB oOOydYeHHs, BKJIOYas Mozaenb Kupkmarpuka, moapoOHO
MIPOAHAIU3UPOBAHBl B Pab0Tax, BBIACSIOUINX YETHIPE YPOBHS OIICHKHU: PEaKIusi, yCBOCHUE,
NOBEJIEHUE, pe3ynbTathl [12].

AHanu3 3apyOeKHbIX HCCIEIOBAHUN TMOKA3bIBAE€T, YTO B MUPOBOM MPAKTUKE aKTUBHO
pasBuBaetcs HampasieHue Algorithm Visualization (AV) u Program Visualization (PV).
CoBpemeHHbIE pabOThl B ATOW 00JAacCTH COCPENOTOYEHBI HA HMHTErPAllMU BU3yaIU3allUU C
TEXHOJOTMSIMU MAalIMHHOTO OO0y4YeHHus JUIsl aJanTaluy CIOKHOCTH MaTepuaia IoJ
WHAWBUAYaIbHbIE OCOOCHHOCTH oOyuatomerocsi. OnHako, Kak oOTMe4aeTcs B 0030pax,
OOJIBIIMHCTBO CYIIECTBYIOLIUX CHUCTEM OPHUEHTHUPOBAHBI Ha IMAaCCUBHOE HAOJNIO/IEHHWE U HE
o0ecrevynBarOT TMOJHOIEHHOTO JIEeATEIbHOCTHOTO BKIIIOUEHHUS CTYACHTa B BBIMIOJHEHUE
AITOPUTMUYECKUX ONEPALIUM.

Pa3paboTka BeO-mpriiokeHus 17151 00y4eHUS allTOPUTMAaM COPTUPOBKHU, OOBEIMHSIOIIETO
COBPEMEHHBIE TEXHOJIOTUU MPOTrPaMMHUPOBAHUS, METOJbI TeMMH(DUKAIUU U TEOPETUUYECKU
000CHOBaHHBIN TUIAKTUYECKUI TU3aliH, SBJISETCS aKTyalbHOW 3ajadeid, Jexalied B OCHOBE
BBIYHMCIIUTEIFHOM MAaTeMaTUKH, TEOPETUYECKOW MH(POPMATUKU W TEXHOJOTHH pa3paboTKu
nporpaMMHOro obecrieuenus. [Ipu 3ToM KiIr0UeBBIMU TPEOOBAHUSAMHU K TAKOMY MPHIIOKEHUIO
BBICTYMAIOT:  BU3yalIW3alus AaOCTPAaKTHBIX  OMEpalMii, JESITEIbHOCTHBIM  XapakTep
B3aMMOJICHCTBYSI, TOOMIEPAIIIOHHBIN KOHTPOJIb, aJaTUBHOCTh UHTEep(delica U TOCTYIMHOCTh Ha
Pa3JINYHBIX YCTPONCTBAX.

IIpoexTHpOBaHHMe UTPOBBIX MEXaHHUK HA OCHOBE TEOPUM NMOITANHOIO (opMHPOBAHMA
AeHCTBUH
Pa3paboTka CTpyKTypbl YpPOBHEM U UIpPOBBIX MeXaHUK BeO-mpuioxenus "IlyTh
Maructpa Anroputmuyeckux VckyccTB" onmpaercs Ha TEOPHIO MOITAMHOTO (POPMUPOBAHUS
yMmcTBeHHBIX aevictBuit [1. S1. Ianpnepuna [8]. CormacHo 3TO# TE€OpHHU, BCIKOE YMCTBEHHOE
neiictBue popMUpyeTCs U3BHE Yepe3 pa3BEPHYTYIO MaTepHaIbHYIO (OpMY, B KOTOPOH OOBEKT
U T0CJIEI0BATeIbHOCTh ONepaluil NpeAcTaBlIeHbl O0ydYaroleMycsl HEMOCpeACTBEeHHO. B
pa3paboTaHHOM NPUJIOKEHUU JaHHAs (QYHKUUS peaqu3yercsl 4epe3 UIpoByI0 MeTradopy:
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a0CTPaKTHBI MacCHB TaHHBIX MAaTEPUAIN3YETCS B BUJIE BH3yaJIbHBIX OOBEKTOB — JIATYIICK HA
KYBIIMHKAaX, OJIOKOB MOCTa, MAarHYeCKUX KPUCTAILIOB HIIM OTPsia BOMHOB (pucC. 1).

28 MocT Buibopa

TTocTpou ycToMuMBLETA MOCT M3 Marvyeckux Gnokos!

Waru: 0 HaoiiaeHo muramymos: O

Crabunumocts: 100% Craryc: Bubepi camssii maneHsioi 6nok

=

OrcoprvipoBanHas 4acTb Heorcopruposannbie 6noku

: |,

] Tpaeuna ctpoutenscrea
@ Haxoau cameni maneHbKuiA 6NOK CPEAM HEOTCOPTUPOBAHHSIX
B Tepenoou ero Ha moer - knmKHM NO HeMy AsaKALD
& Cnenm 3a yoroltumeocTbio! HenpasunbHELIA BI6Op PAIpyLIAET MOCT

@ Lens: TTOCTPOUTS MOCT OT CAMOrO MANEHBKOTO A0 CAMOro Bonsworo 6noKa

N > 1 Ll

Puc. 1. Chumox sxpana yposus 2 "Mocm ewvibopa” (copmuposxa swibopom). Ilone cnpasa —
Heomcopmuposantas nocie008ameIbHOCHb, NOJe Cledad — opMupyemas Omcopmuposanas
noCe008amenbHOCHb

Omnepanyu cpaBHEHHs, OOMEHa, BHIOOpa MUHMMYyMa WA DPa3JEIICHUS BBIIOIHIIOTCS
I0JIb30BaTENEM KakK MpsMble JEHCTBUS C 3TUMHM OO0bEeKTaMu. Takoil moaxon coriacyercs ¢
COBPEMEHHBIMU UCCIICIOBAaHUSMHU B O0JIACTH MPOEKTHUPOBAHUS IUPPOBBIX 00pa30BaTEIbHBIX
CPEJCTB, e MOAUYEPKUBACTCS BAXXKHOCTh BU3YyaIH3aI[ul a0CTPAaKTHBIX MOHATHI [3, §].

Pa3paboranHoe BeO-IIpUIIOKEHNE OPUEHTHPOBAHO HA IIMPOKUHN KPYr IMOJIb30BaTeleH,
OCBaMBAIOIIMX AJITOPUTMbI COPTUPOBKU. OCHOBHBIMM LIEJEBBIMH TIPYIIAMH  SBISIOTCA:
yyaliecs CTaplux KiaccoB 001eo0pa3zoBaTesbHbIX MKOI (14—17 1er) npu n3ydyeHuH Tembl
"Anroput™Musanus M INporpamMmHpoBaHue" B Kypce WH(GOPMATHKH; CTYJEHTHl MIIaJLIMX
KypCOB BBICIINX Y4Y€OHBIX 3aBEICHMM, oOydaroIiuecs 10 HalpaBJIE€HUSM, HE CBSI3aHHBIM C
yIIyOJIeHHBIM M3yYeHHEM MPOTrpaMMUPOBaHUS (TyMaHUTApHBIE, COLMATIBHO-I)KOHOMHUYECKUE
CHENHATBHOCTHN), JUISI KOTOPBIX BH3YyalIH3amus a0CTPAKTHBIX TOHSATHH SIBISETCS KPUTHYCCKU
Ba)XHOI; a TaKKe JIUIa, OCBaHBAIOIIME OCHOBBI POrPaMMHUPOBAHUS CAMOCTOATENBHO B paMKax
JIOTIOJTHUTEIBHOTO 00pa3zoBaHus. s KaXaol M3 yKa3aHHBIX TPYII HPUIIOKEHUE MOXKET
UCIOJIb30BaThCsl Ha 3Tale MEePBUYHOIO 3HAKOMCTBA C alropUTMamu sl (GOPMHPOBAHMS
0a30BBIX MPEACTABIECHUHN O JOTUKE UX PAaOOTHI.

[TpunoxeHne MoXeT ObITh UCHOIB30BAHO B PA3IUYHBIX (hOpMaxX OpraHu3aluu yueOHoH
NesSTeNIbHOCTH. B pamkax ayauTopHOM paboThl pecypc MOKET NPUMEHATbCA s
JIEeMOHCTpalMy paboThl aJTOPUTMOB IPENOAaBaTeNIeM C MOMOLIbI0 MPOEKTOPa, a TaKkxKe s
WH/IMBUIYAITBHOW pabOTHI CTYy/IEHTOB Ha TPAKTHYECKUX WM JTAOOPATOPHBIX 3aHATHSAX MpPU
3aKpeIUIEHUH TEOpPEeTUYECKOro MaTepuayia. B ycloBHSX CaMOCTOSATENBbHOM  paboOThI
MPUIOKEHUE TOCTYITHO 00yYarouIumMcst Ui TOBTOPEHUS U CAMOKOHTPOJISI BO BHEAYAUTOPHOE
BpeMs Onaronaps pazmernenuto Ha miatgdopme GitHub Pages. [Ipu nuctanunonHom o0yueHun
pecypc MoXxeT ObITh HHTETPUPOBAH B 3JIEKTPOHHBIE Kypchl (Hanpumep, Moodle) B kauecTe
MHTEPAKTHUBHOI'O TPEHAXepa JUIsl CAMOCTOATEIBHOTO OCBOECHUS TEMBI.

CtpyKTypa NpUIIOKEHHS BKIIIOUAET YEThIPE YPOBHS, KaXAbI U3 KOTOPHIX MOJEIUPYET
KOHKPETHBIN aJITOPUTM COPTUPOBKHU: ITy3bIPEKOBYIO, BHIOOPOM, BCTaBKaMU 1 ObICTpYI0. Be160Op
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UMEHHO 3TUX aJITOPUTMOB OOYCJIOBIEH UX (YHIAMEHTAIBbHOCTBIO B Kypcax AHCKPETHOMN
MaTtemMatuku u uHbopmatuku [1]. Ha kaxmom ypoBHE peanm3oBaHa CHUCTEMa
MOOMEPAIMOHHOTO KOHTPOJISi: Cpella pearupyer Ha KakJIoe JeHCTBHE I0JIb30BaTeds,
NOJATBEPKJ1asl KOPPEKTHOCTh onepauuu. Korjga nmosb3oBarenb BbIAEISET Napy JIATYLIEK IS
CPaBHEHHSI, MIOJICBEYMBAIOTCS UMEHHO T€ AJIEMEHTHI, KOTOPBIE JODKHBI ObITh COMOCTAaBJICHBI.
[Ipn nombITKEe BCTaBUTh KPHUCTAl B HEMOIAXOMSILYIO IO3ULMI0O MApKEpP HE aKTUBHUPYETCS.
Takoil moaxoa COOTBETCTBYET I'aJbEPUHCKOMY HMPUHLIUITY KOHTPOJIS 1O XOAY BBIIOJHEHUS
KaXXJI0M orepaluu, a He TOJIBKO [0 KOHEYHOMY pe3yJibTary [8].

B pecypce opueHTHpPOBOYHAasi OCHOBa BBICTPAMBAECTCSA MHOIOYPOBHEBO. ApXumar
AnakTuk (puc. 2) BHIIOJHACT PYHKIUIO HACTABHUKA: OT MOCTAHOBKH 3a/1a4i K UHCTPYKIHH U
nocinenyromeid pediexkcun. Pacmmpennas cnpaBka ot IIpodeccopa Copruyca naer
Pa3BEpHYTOE TEOPETUUYECKOE ONIMCAHUE AJTOPUTMA.

Apxumar Anaxtuk

TTepen To6oii bonoto Myapbix AMqubuii — apesHss nabopatopus,
rAie U3yuyanu norapHeie cpaBHeHus. JISryiuKmM-opaky bl Koraa-1o
npefckasbisany byayliee, BEICTPAUBASCH B LIEMOUKW. Tenepb OHU

MeuyTca B 68CI‘|OP$I}1K€, n nx FIPOPOHCCTBCI cTanu 6eccmbICNeHHBIMA.

BepHu naryuiex Ha UX KyBIIMHKM B NOPs/Ke BO3PACTAHUS PA3MepoB.
TTpuHUMN NpoCT: cpaBHUBAN COCe/iel U MeHsili UX MecTamu, ecnu
OHV CTOST HenpaBuIbHO. Cambre KpyrHbIe OSKHLI MOCTeneHHOo
"BCNIIBIBATE" K KOHL LIEMOYKM — 3T0 CyTb TTy3bIpbKoBOM

COPTUPOBKW.

MpopomkuTs

Puc. 2. /[uanoeosoe oxkuo ¢ Apxumazom Anaxkmux (UHCMPYKYUs K YPOBHIO)

Yposens 1 "Ilyzvipvkosutii pyueii” MonenupyeT mMy3bIpbKOBYIO COPTHUPOBKY.

[Iycts A[0..n — 1] ucXOHBIM MacCUB. AITOPUTM Iy3bIPEKOBOM COPTUPOBKH BBITIOIHSET
1ocjae10BaTeNbHbIe MPOXOJbl MO0 MAaCCHUBY, CPaBHMBAas M IpPU HEOOXOJUMOCTH OOMEHHBas
COCE/IHUE DJIEMEHTBI:

fori=0 ton-2
for j =0 to n-2-i
if A[j]> A[j+1] then
swap(A[j], A[j+1])
B xynmewm cinydae (A oTcopTHpoBaH MO YOBIBAaHUIO) BBITOJIHAETCS @ = 0(n?)

CpaBHEHHUU U CTOJIBKO k€ 00MeHOB. B mydmiem cimydae (A yke oTcoptupoBad) n — 1 = 0(n)
cpaBHeHHe U 0 0OMEHOB (TIPH ONTUMU3AILUH C (IIarom).

[Tonp30BaTeNh MOCIEIOBATEIEHO CPABHUBALT NAPhl COCETHUX JIATYIIECK HA KYBIIMHKAX U
npyu HEeoOXOAMMOCTH BBINONIHSAET oOMeH. Kaxnoe neiicTBUe COOTBETCTBYET 3J€MEHTapHON
oTiepanuy aJropuTMa.
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Yposenw 2 "Mocm evioopa".

AJNTOPUTM COPTHPOBKH BEIOOPOM JIETUT MACCHB HA OTCOPTUPOBaHHYIO YacTh A[0..i — 1]
1 HEOTCOPTUPOBaHHYIO A[i..n — 1]. Ha xaxxaom miare i ot 0 10 n — 2 B HEOTCOPTUPOBAHHOMN
YaCTH MIIETCS MUHUMAJIbHBIN 3JIEMEHT U MEHsIeTCsl MecTamH ¢ A[i]:

fori=0ton-2

minlndex =1
for j=1i+1 ton-1
if A[j] < A[minIndex] then
minlndex =
swap(A[i], A[minIndex])

Yucno cpaBHeHHM Bcerga paBHO O(n?) HE3aBUCUMO OT MCXOIHBIX JaHHBIX. YHCIIO
o6menoB poBHO O (n). [Tocre i maros (i oT 0 10 n — 1) mepBbIe i IIIEMEHTOB MACCUBA COJIEPIKAT
[ HaVMEHBIIMX 3JIEMEHTOB MCXOJHOTO MAacCCHUBA, YIOPSJOYEHHBIX IO BO3pPACTaHUIO, W
HaXOJATCSI HA CBOMX OKOHUYATEJIbHBIX MTO3ULUAX.

VYpoBeHb peanusyeT COPTUPOBKY BBIOOPOM uepe3 MEXaHUKY CTPOUTENbCTBA OalllHU U3
MUHUMAaJbHBIX 0;10K0B. [loap30BaTeNb HIIET HAUMEHBIINH OJI0K B HEOTCOPTUPOBAHHOM YacTU
U mepememaer ero Ha OammHio. MHTepdeiic BuU3yaldbHO pa3ienseT OTCOPTUPOBAHHYIO U
HEOTCOPTHUPOBAHHYIO 00J1aCTH, YTO HAIVISIAHO IEMOHCTPUPYET MHBAPUAHT aJIrOPUTMA.

Ypoesenv 3 "Mazus ecmaeox”"’.

CoprupoBka  BCTaBKaMHU  CTPOUT  OTCOPTHUPOBAHHYIO  IOCJEI0BATEIbHOCTD,
MIOCJIEIOBATEIbHO BCTABIISIS 3JIEMEHTHI U3 HEOTCOPTUPOBAHHOW YaCTH B MPABUIIbHYIO TIO3ULIUIO
Cpelu YK€ OTCOPTUPOBAHHBIX:

fori=1ton-1

key = A[i]

j=1-1

while j >= 0 and A[j] > key
A[j+1]=A[j]
j=J-1

Alj+1] = key

Cnoxnocts 0(n?) B cpeaHeM u XyauieMm, O(n) B Iy4mieM. AJIFOPUTM COXPaHSET
OTHOCHTEJIbHBIN MOPSIOK JIEMEHTOB € OAMHAKOBBIMU 3HAYEHUSMHU (CBOMCTBO YCTOWYMBOCTH).

YpoBeHb MOJENUpPYET COPTHPOBKY BCTaBKaMH 4Yepe3 IOCeI0BaTeNIbHBIN MEepeHoC
KpUCTAIZIOB Ha antapb. (CucTeMa JMHAMMYECKMX MAapKEpOB BHU3YaIM3UPYET IIPOLECC
CPaBHEHHUSI U CABUTA AIIEMEHTOB.

Yposenwv 4 "Bvicmpuie epama’ peanuzyet ObBICTPYIO COPTUPOBKY.

BbricTpas copTupoBKa peKypCUBHBIN aNrOpUTM THNA "pa3fesnsii u BnacTByi". Ha kaxnom
miare BBIOMpAeTCs OMOPHBIM 3JIEMEHT, MacCUB MEPEyNopsI0YMBAECTCS OTHOCHTEIBHO HETO,
MIOCJI€ YEro aITOPUTM PEKYPCUBHO NMPUMEHSETCS K JIEBOM U MPaBOM 4acTsIM.

B cpennem ciydae BoimonHsiercs O(nlogn) cpaBHeHU u oOMeHOB. B xyamem ciydae
(HampuMmep, Ha y>Ke OTCOPTUPOBAHHOM MacCHBE ITPU HEYAAYHOM BBIOOPE OMIOPHOTO 3JIEMEHTA)
CIOXHOCTH 0 (n?).

[Tonb30BaTenb BbIOMpAET OMOPHOTO BOMHA M PACHpPENENsieT OCTAJbHBIX M0 JIEBBIM U
MpaBbIM BpaTaM, MOCJI€ YETr0 OTKPBIBAKOTCS HOBBIE BpaTa JUIsl KaXK0M TPYyNIIbl, BU3YAIH3UPYS
PEKYPCUBHBIN CITyCK.

C TeXHMYECKOM TOUYKM 3pEHUsl MPUIOKEHHUE IMPEJCTaBIsAeT COoO0OW KIMEHTCKOe BeO-
npuioxenue, peanu3zoBanHoe Ha HTMLS, CSS3 wu JavaScript (ES6+). Apxutextypa
MOCTPOeHa Ha OOBEKTHO-OPMEHTHUPOBAHHOM TIOAXOJE C HCIOJIb30BaHHEeM kiaccoB ES6.
Kaxnaplii HMrpoBoil ypoBEHb TNPEACTABICH OTIEIbHBIM KJIAaCCOM, HWHKAINCYJIHPYIOIIUM
COCTOSIHUE M MeTo/Abl 00pa®oTku coObITHH. s ynpaBieHHs aHUMalUed HpuMeHseTcs
ACMHXpPOHHOE TpOorpaMMHUpOBaHHME Ha OcHOBe mpomucoB (Promise) u KoHCTpyKuuit
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async/await. Hampumep, B MmeTonie confirmSelection() cHauana 3JIeMeHTY MPUCBANBASTCS KJ1acce
CSS, 3anyckaromuii aHMMalKIo, 3aT€M BBIIIOJIHEHNE IPUOCTAHABINBAETCS HA 3aJJAaHHOE BPEMSI
¢ nomomipto await this.delay(1000), u ToapKO MOCEe 3aBEpIICHUS aHUMAIMH MPOUCXOIUT
(dakTHUEeCKOE W3MEHEHHME CTPYKTYpbl JaHHBIX. OJTO 0oO0OecmeyrMBaeT CHHXPOHU3AIHIO
BU3yaJIbHBIX 3P(PEKTOB C JJIOTUKOW anropuTMma [5].

O06paboTKa Mmoab30BaTEIBCKUX B3aUMOJICHCTBUH OCyIIeCTBIsIeTCs uepe3 coObituss DOM
(Document Object Model). Jlns CIIOXKHBIX CIIEHAPHEB MPUMEHSIOTCS KOMOWHUPOBAHHBIC
COOBITHSI, HATPUMEP TIOATBEPIKICHIE BHIOOPA MUHUMATLHOTO JIEMEHTA Yepe3 JTBOMHON KITHK.
Nutepdetic moctpoen Ha TexHosorusx CSS Grid u Flexbox, 4To rapanTupyer alaiTUBHOCTh
0TOOpaykeHHsI Ha YCTPOICTBAX € pa3IMYHBIM pa3pelieHueM dKpana [5].

[Tpunoxenue pazmenieHo Ha matdopme GitHub Pages, obecnieunBarornieit moCcTOSHHBIN
OecrutaTHBIA XOCTHHT M JOCTYIHOCTh 0e3 cepBepHOW HMH(pacTpyKTypsl. JlaHHOE pelieHue
JIEMOHCTPUPYET MOJIB30BATEISAM MPAKTUYECKUI TpUMEp TOro, Kak co3nanubie Ha HTML, CSS
u JavaScript pecypchl MOTYT OBITh JIETKO Pa3BEPHYTHI B TJI00ATBHON CETH.

BoiOpanHblii  TEXHOJOTMYECKH  CTEK  0oOecreyrBaeT  KpOCCIUIaT(OPMEHHOCTD,
ABTOHOMHOCTb  (DYHKIIMOHHUPOBAaHHSI M  OTCYTCTBHE 3aBHCHUMOCTH OT  CEpPBEpHOMU
UH(GPACTPYKTYPhl, YTO OUYEHb BAXKHO JJS HUCIOJB30BaHUS B 0O0pa3oBaTENbHON Cpele ¢
pa3IMYHBIM YPOBHEM TEXHUYECKOTO OCHAIIICHHS.

IInsoTHOE HCC/IEN0OBaHNE TPUIIOKEHUS

C uenbio mpeABapUTENbHON OLEHKH (YHKIMOHATBHOCTA pPa3pabOTaHHOTO BeO-
IPWIOKEHUS U BBISBICHUS HANpPABJIEHUN €ro JaJbHEWIIEro COBEPIIEHCTBOBAHUS OBLIO
MIPOBECHO MUJIOTHOE HCCIENOBaHUE C ydacTueM 24 CTyAeHTOB 4 Kypca HalpaBlIEHUA
noarotoBku  44.03.05  "Ilemaroruueckoe oOpazoBanue" (mpodunu  "duzuka" wu
"Undopmaruka"). O6e noarpynmnsl (o 12 yenoBek) U3yYUIH OJUHAKOBBIM TEOPETHUUYECKUN
Marepuag MO ajJropuTMaM COPTHUPOBKH, IOCIE 4Yero J3KcrnepuMmeHTanbHas rpynma (21
pabotana ¢ npunoxenueMm "[lyts Maructpa Anroputmudeckux MckyccTB", a KOHTpOJIbHAS
rpynna (KI') 3akperuisiia 3HaHUS 1O TpaJMLIMOHHBIM Y4e€OHBIM MaTepuanaMm (TEKCTOBOE
onucanue ¢ GIF-anumarnueit).

B kauecTBe 3aBHCHMBIX IEPEMEHHBIX PACCMATPUBAIUCH yI0BIETBOPEHHOCTh IPOLIECCOM
o0ydeHus, CyObeKTHUBHAS TMOHATHOCTh MaTepuaja U AMOILMOHAIBHOE OTHOIIEHHE K TeMeE.
W3mepeHne mnpoBOAMIOCH C TIOMOIIbIO ONPOCHHKA, COCTAaBJICHHOIO HAa OCHOBE MOJIEIH
YAOBIETBOPEHHOCTH U BoBieueHHOCTH Kupknarpuka [10]. OnpocHuk Brmatoyan 13
YTBEPKIACHHUM, OLIEHUBAEMBbIX 110 5-0aJUIbHON HIKaJIE.

Pe3ynbTarhl CTaTUCTUYECKOrO aHAIM3a MOKAa3alld, YTO CTYAEHThI YKCIIEPUMEHTAIbHOMN
rpynnsl (3@, n = 12), paboTaBiIue ¢ HOBBIM PECYpCOM, NMPOJIEMOHCTPUPOBAIHN 3HAUUTEIHHO
Oosiee BBICOKHI YpOBEHb YAOBIETBOpeHHOCTU (M = 4.34,SD = 0.12), 110 CpaBHEHUIO C
koHTposnbHOM Tpynnoi (KI', n = 12), uzyuaBmeil Te *e aJropuTMbl MO TPaTULUOHHBIM
matepuanam (M = 3.72,SD = 0.23). CBoiHbIE CTATUCTHKU MPUBEJCHBI B TAOIUIIE.

Taoauna. Ceoonvle cmamucmuieckue noxazameni no epynnam

Cpeannii | CranaaptHoe
1 e 0aJa OTKJIOHEHHE Sl
or 4.34 0.69 4.0
KT 3.72 1.13 4.0

Pasnuuns Mexay rpynmamMu OKa3ajduch CTAaTHCTHYECKM 3HAYMMBIMH coryacHo U-
kputeputo ManHa-Yutau (U = 143.5,p < 0.001). BBugy mamoro oObema BBIOOPOK U
MOPSIIKOBOM MPHUPOJABI JaHHBIX, HCIIOJIB30BAJICS HElapaMeTpU4ecKud Kpurepuil MaHHa—

125



Mooens unmezpayuu ceimupuyuposannoco obyuarue2o MoOYyi...

Yutau. [Ipu 3TOM cTOUT OTMETHTB, UTO KpuTepuid [Ilanmnpo—Yuika He BeISIBUI (POpMaTbHBIX
OCHOBAHMU JJIS1 OTKJIOHEHHS THIIOTE3bl O HOPMAJIBHOCTH B 00eux rpymmnax (p > 0.05) [11].

PaBenctBo Mmeauan B o0eux rpynmnax (Me =4.0) He HOPOTHUBOPEUUT HATHUUUIO
CTaTUCTHYECKH 3HAYMMBIX PA3IHuUil, a CBUAETEIBLCTBYET O CHEHU(HUKE OMpoca MO MOJEIH
Kupknarpuka. Pazmep adpdekra (r = 0.843) mpeBblacT MOPOroBoe 3HaAUCHUE JJIsI OOJIBIIIOTO
spdekra (r > 0.5 mo KodsHy), 4TO MOXKET CBUACTEIHCTBOBATH O BBICOKOH MPAKTHUECKOMN
3HAYMMOCTH BBISIBJICHHBIX pa3iauuuii [11].

[Tonmy4yeHHbIe TaHHBIE TTO3BOJIIOT CHOPMYITUPOBATH TUTIOTE3Y O TOM, UTO HCIIOJIb30BAHHE
pa3paboTaHHOTO MPHIIOKEHUS MOXKET CIOCOOCTBOBATH IOBBIIICHUIO YIOBIETBOPEHHOCTH
CTYJEHTOB Ha »3Tale IEePBUYHOIO 3HAKOMCTBA C QJIrOpPUTMaMH COpTUPOBKU. OJHAKO
HEO0OXO0JJUMO OTMETUTD CYIIECTBEHHBIE OTPAaHHYEHUS TPOBEICHHOTO UCCIIEIOBAHUS:

— Mauiblii 00beM BhIOOpKH (7=12 B Ka)XIOM rPYIIIe) HE MO3BOJISAET JeNIaTh CTAaTUCTUYECKH
000CHOBAHHBIE BBIBO/IbI O F€HEPAIBHON COBOKYITHOCTH,

— u3MepeHHe CyObEeKTUBHBIX MOKa3aTeneil 6e3 OleHKH 00BEKTHUBHOM YCIIEBaeMOCTH,

— OTCYTCTBHE OTCPOYEHHOT'O KOHTPOJIS 3HAHUH.

Hns  monarBepkneHust A((EKTUBHOCTH  NPHIIOKEHUS  TpeOyercss  IpoBeleHHE
PaCIIMPEHHOT0 UCCIIEIOBAHUS C BKIFOUECHHEM OOJbIICH BHIOOPKU, OOBEKTUBHBIX IMOKa3aTeneit
YCIIEBAEMOCTH M OTCPOYEHHOI'O KOHTPOJIA 3HaHMU. B pamMKkax NaHHOM CTaTbHU pPE3YJIbTATHI
MUJIOTHOTO MCCIIEOBAHUSI PACCMATPHUBAIOTCS KaK MPEIBAPUTEIbHBIE U CIIy’KaT OCHOBOM ISt
dbopMyTupOBaHUS HANIPABJICHUH JAalbHENIEH PaOOTHI.

OO0cy:kaeHne pe3y1bTaTOB

[IpoBeneHHOE MNWJIOTHOE MCCIEIOBAHHWE MO3BOJSET IPEIBAPUTENIBHO  OLEHHUTH
(YHKIMOHAIBLHOCTh Pa3padOTAHHOTO BEO-TIPUIIOKEHUS W ONPEACIUTh HAIpPABJICHUS €ro
JanpHeimero  copepiieHCTBOBaHUSA.  [lomyueHHble  JaHHBIE O  Oojee  BBICOKOM
YAOBJIETBOPEHHOCTH  I0JIb30BAaTENEl  SKCIEPUMEHTAIBHON  IpyHIbl  COIJIACYIOTCS €
TEOPETUYECKUMHU IOJIOKEHUSIMU O POJM HHTEPAKTUBHOW BH3yallM3allid B OCBOCHHUHU
AITOPUTMUYECKUX CTPYKTYp, OJIHAKO BBUJLy OIPAaHUYEHHOCTH BBIOOPKU JaHHbBIE PE3YJIbTaThl
clleflyeT paccMaTpHuBaTh Kak IpeBapUTeNIbHbIE, @ OCHOBHYIO LIEHHOCTh pPabOThl COCTaBIISET
ONMCAHNE APXUTEKTYPhl U TEXHUUYECKOM pealn3aluy MPpUI0KEHNUS.

C TeXHOJNOTMYECKOM TOUYKM 3peHMs pa3padOTaHHOE MPHIIOKEHHE TEMOHCTPUPYET
3¢ (HEeKTUBHOCT, NPUMEHEHUS OOBEKTHO-OPUEHTHPOBAHHOIO II0AXO0/a U ACHHXPOHHOIO
IpOTrpaMMHUPOBAHUS Ul CO3JaHHUs 00pa3oBaTeIbHBIX MHTEPAKTUBHBIX cpel. Mcnonp3oBaHue
HaTUBHOro JavaScript 0e3 IOMOJHUTENbHBIX OHOIMOTEK U (PpEeHMBOPKOB 0OECIIEUUBAET
JIETKOCTb Pa3BEPTHIBAHUS, KPOCCIUIAT(OPMEHHOCTh U OTCYTCTBUE 3aBUCUMOCTH OT CEpBEpHON
uHppacTpykTypsl. Pasmemenue nHa mnatpopme GitHub Pages pnemaer npunoxxenue
JOCTYNHBIM  JUId IIMPOKOrOo Kpyra THojb3oBareneid 0e3 3aTpaT Ha XOCTHHI H
aMUHHCTPUPOBAHUE, YTO OCOOEHHO BaXHO JJsi 00pa30BaTENbHBIX YUPEKICHUH C
OTpPaHUYEHHBIMU TEXHUUECKUMH PECYpCaMHu.

3akaiouenue

[IpennoxxkeHHass MoOJAENb MPOCKTHPOBAHHS HWIPOBBIX MEXAaHHK Ha OCHOBE TEOPUHU
Mo3TarHoro  (POPMHUPOBAHMS JCHCTBHIA TIOKa3ajia CBOK pealM3yeMOCTh B paMKax
COBpEMEHHBIX BeO-TexHonmoruid. Matepuanuzanuss aOCTPaKTHBIX OIEpalyii CpaBHEHUS,
0oOMeHa 1 peKypCHBHOTO pa3/IeNIeHUs B BUJIE BU3yaJIbHBIX O00OBEKTOB U ICUCTBHUI C HUMH MOXKET
OBITh TOJIE3HA MJII HAYalbHOTO dTama OCBOCHHUS alTOPUTMOB, IMPH ATOM TEeXHUYECKas
peanu3anus TaKuX MEXaHHUK He TpeOyeT CIOXHBIX MPOrPaMMHBIX PEHIEHUH U MOXET ObITh
BBITIOJTHEHA CUJIAMH TIPEToaBaTeNIei-METOJUCTOB C IPUBIICYCHHEM T€HEPATUBHBIX S3BIKOBBIX
MOJCIICH.
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AHanmu3 pe3ysbTaTOB MNHJIOTHOTO HCCJIEAOBAHMS ITO3BOJSET BBIACIUTh HECKOJIBKO
HaIlpaBJICHUM JAIBHEHUINEro pPa3sBUTHs MpUIIOXKEHHs. IlepBoe HampaBlleHHE CBS3aHO C
pacuiupenreM (YHKIHMOHAIBHOCTH MyTeM J00aBJICHUS BU3YalH3al[UH JOMOJIHUTEIbHBIX
QITOPUTMOB, TAKUX KAaK COPTHUPOBKA CIMSAHMEM M IUPaMUIAIbHAs COPTUPOBKA, a TaKKE
peanu3alnuyu BO3MOXKHOCTH CpPaBHEHHsI UX pabOThl HA OAHMX M TEX € HMCXOJHBIX JTaHHBIX.
Crnenyroliiee HanpaBJIeHUE MIPEIIOIaracT MHTETPALUIO C CUCTEMAMHU YIIPaBJIEHUs 00yUeHUEM
yepe3 pa3paboTKy coorBercTByIomero APl 4TO MO3BOIUT aBTOMAaTUYECKH YUYHUTHIBATH
pe3ysbTaThl padOThl CTYACHTOB B Takux Mmiatdopmax, kak Moodle wm OpenEdX. B
JaNbHEWIEM, B KayeCTBE COBEPIICHCTBOBAHUS BEO-NIPHIIOKEHUS, HEOOXOAUMO 100aBUTH
UCIIOJIb30BAHUE  MCKYCCTBEHHOI'O  MHTEIUIEKTAa Ul aBTOMAaTUYECKOW  IeHEpalUH
WHJUBUIyaJIbHBIX BAPUAHTOB HMCXOJHBIX JAHHBIX U MPOBEPKH NPABUIBHOCTHU BBIIOJHEHUS
QITOPUTMOB, YTO OCOOEHHO aKTyaJIbHO B yCIOBUAX MaccoBoro oOyuenwus. [locne nobasnenus
COBEpIICHCTBOBAHUN  BeO-pa3pabOTKM  HEOOXOAMMO  MPOBEACHHE  IOJHOLIEHHOTO
OKCIEPUMEHTa C yYacTHEM HE MEHEee CTa PEeCHOHICHTOB M3 Ppa3HBIX 00pa30oBaTEIbHBIX
YUpEeXKJIEHUHN, BKJIIOYEHHE OOBEKTHUBHBIX IOKa3aTeleld yCIeBAeMOCTH M OTCPOYEHHOTO
KOHTPOJI 3HAaHUH JJIs IPOBEPKHU BBIABUHYTOU TMITOTE3BI.

Heo0xoaumMo OTMETUTh OrpaHHYEHUsI MPOBEACHHOTO uccienoBanus. [lomumo masoro
o0beMa BBIOOPKH, B paMKax JaHHOW paboOThl HE OIEHHMBAJIAch HEMOCPEACTBEHHO
¢ dexTuBHOCT,  (HOPMUPOBAHMS  AITOPUTMHUECKOTO MBILIUICHUS, H3MepsAiach JIMIIb
CyOBEKTHBHAs YJOBIETBOPEHHOCTh IPOLIECCOM O0yUCHHS.

Oco0yro 3HaUMMOCTh pa3pabOTaHHOE MPHUIIOKEHNUE MOXKET MPEICTABIATh AJIS IIKOIBHBIX
yuauTeneil ”HPOPMATUKH PU N3YIEHUH TEMBI « AJITOPUTMBI COPTUPOBKI» B CTAPIUINX KIJIACCAX,
a TaKXke Ui TperojaBaresieil, paboTalommX CO CTyJIeHTaMU T'YMaHUTApHBIX HaMpaBlICHUN
MOJTOTOBKH, Y KOTOPBIX BH3yalHu3anus aOCTPAaKTHBIX MOHITUN M JEATEIbHOCTHBIA TOIXO.
Croco0CTBYIOT POPMHUPOBAHUIO 0A30BBIX ATTOPUTMUYECKHUX MPEACTABICHU. B 3THX yClnoBUsAX
NPUIOKEHNE BBICTYMAaeT HE KaK 3aMeHa TPAJUIMOHHBIM METoAaM, a Kak 3(p(deKTHBHOE
JOTIOTHEHHE, TO3BOJISIIOIIEE CHeNaTh MEepBble IIard B OCBOGHUU alroOpUTMHU3aluU Ooliee
HArJSIIHBIMA M JAOCTYHHBIMH. Takum  o0Opa3oMm, pa3paboTaHHOE BeO-TIPHIIOKEHHE
npejcTaBisieT coboil paboumii MPOTOTUI, JAEMOHCTPUPYIOUIMHA BO3MOXKHOCTH COUYETAHUS
KJIACCUYECKON TUIAKTUYECKONW TEOPUU C COBPEMEHHBIMHU BeO-TeXHOJOTUAMH. [lanpHeirme
UCCIICIOBAaHMUS JIOJDKHBI OBITh HANpaBlI€Hbl KaK Ha TEXHUYECKOE COBEPILICHCTBOBAHUE
NPUWIOKEHUS, TAK M Ha IpOBeZeHHE 0oJiee MAcIITAOHBIX MPAKTUYECKUX IKCIEPUMEHTOB IS
IPOBEPKHU BBIABUHYTOH THIOTE3bl O MOTEHIUATbHOW 3(()EKTUBHOCTH MPEIOKEHHOTO
oAXoAa.
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AnHoTanusi. B cratee onmceiBaeTcs TnpoOiieMa IONY4YEHHsST CBOCBPEMEHHOH W
KaueCTBEHHON OOpaTHOM CBSI3M 10 HAYYHOW CTaThe OT PEIEH3EHTOB U pacCMaTpPUBAETCS
nenecoodpasnocts npumenenns MU nns ee pemenus. llpuBoaures cucteMHOe OnycaHue
CYILIECTBYIOIIMX KOMMEPUECKHUX U UCCIIE0BATENbCKUX PEIIEHUH Al CTPYKTYpHUPOBaHUSA
u oueHku kadectBa Tekcra (Writefull, Grammarly, Quillbot, ChatGPT wu np.),
AHATTM3UPYIOTCS MX MPEUMYLIECTBA U HEAOCTATKU. M3ydaroTcsi pasindHble MOAXOIbl U
ApXUTEKTYPHl U BBHIMOJIHACTCS cpaBHEHHE d()()EKTUBHOCTH MX HCIOJNB30BAHUS B 3a/ade
CTPYKTYPUPOBAHHUS M OLIEHKH TEKCTa HaydyHOW paboThl. B KauecTBe 1eneBoil CTpyKTypHhI
Hay4yHOU cTaThu BbIOpaHa IMRAD, obnagaromasi yHHBEpCATbHOCTHIO, THOKOCTBIO U
BO3MOXXHOCTBIO IPUMEHEHHSI B Pa3IMUHbIX 001acTsaX. Ha ocHOBE BBINOJIHEHHOTO aHAIN3a
chopMynupoBaHbl TPeOOBaHUS K CUCTEME CTPYKTYPHUPOBAHMS U OLIEHKU TEKCTa HAyYHOH
cratbu. llpemmaraercs MonynbHash  CEKIMOHHO-OPHUEHTHUPOBAaHHAs  apXUTEKTypa
WH(GOPMAITMOHHOW CHUCTEMBI, MHTETPUPYEMOI B TEKCTOBBIN pemakTop. CucremMa COCTOUT
u3 ueThipex Moaynei: "llabmons npeanoxenuit”, "OueHka cTpyKTyphl Tekcta'", "Onenka
ctins Tekcta' W "OmeHKa IMOHSATHOCTH M JIOTMYHOCTH TekcTa". OcoOeHHOCTHIO
ApXUTEKTYpPHI sBIseTCs Hcnoib3oBaHue MM-areHToB (3K3eMIUISphl OOJIBIION S3BIKOBOM
MOJIENIN) IJIsl aHAIN3a OTAETbHBIX aclleKTOB TEKCTa C COXPAHEHHEM KOHTEKCTa KaXKIIO0ro
pasnena crpykrypsl IMRAD  (BBeneHuwe, MeETOABI, pe3yJIbTaThl, OOCYXJICHHUE).
OO6cy)Xaar0Tcsl TEXHUIECKUE U METOAOIOTHYECKUE OTPAHUUCHHSI Pealn3aluy MoJO0HbBIX
cucreM. IlpeacraBieHHOe uCCleIOBaHUE MOMKET CTAaTh OCHOBOW Ui pa3pabOTKH
WHQOPMAIMOHHONH CHUCTEMBI, KOTOpas MOXET OBITh ToJie3Ha 00pa30BaTENbHBIM
YUPEKACHUSM 1151 O0y4EHHsI aKaZeMUYECKOMY MHUChMY .

KawueBble ciaoBa: cmpykmypuposanue u OYeHKA Kayecmea meKkcmda, obpabomxa
ecmecmeennozo szvika (NLP); Oonvuue szvikosvie moodeau (LLM); axademuueckoe
RUCLMO, UCKYCCMEEHHBIL UHMETEKN.
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Abstract. The article describes the problem of obtaining timely and high-quality feedback
on scientific articles from peer-reviewers and considers the feasibility of using Al to solve
it. A systematic description of existing commercial and research solutions for structuring
and text quality evaluation (Writefull, Grammarly, Quillbot, ChatGPT, etc.) is provided,
their advantages and disadvantages are analyzed. Various approaches and architectures are
studied, and their effectiveness in structuring and evaluating scientific texts is compared.
IMRAD was chosen as the target structure for scientific articles due to its versatility,
flexibility, and applicability in various fields. Based on the analysis, requirements for a
system for structuring and evaluation of the scientific article text were formulated. A
modular section-based architecture of an information system integrated into a text editor is
proposed. The system includes four modules: "Sentence Templates", "Text Structure
Evaluation", "Text Style Evaluation", and "Text Clarity and Logic Evaluation". A
distinctive feature of the proposed architecture is the use of Al agents (instances of a large
language model) to analyze individual aspects of the text while taking into an account the
context between sections of the IMRAD structure (introduction, methods, results,
discussion). Technical and methodological limitations of implementing such systems are
discussed. The presented study can serve as a basis for the development of an information
system.

Keywords: structuring and evaluation of the text; natural language processing (NLP);
large language models (LLM), academic writing, artificial intelligence.
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Beenenne

AKaJeMH4YecKoe MICHMO SIBJISIETCS] OHUM M3 CaMBIX BKHBIX HABBIKOB B HAYYHOH cepe
HapaBHE ¢ NPOQHIBHBIMU JUCLMUIUIMHAMU. be3 yMeHus 4eTko, SCHO M apryMEHTHPOBAaHHO
OMKCaTh MPOBEJECHHOE HUCCIIEJOBAHUE HEBO3MOXKHO JOHECTH IOIY4YEHHbIE pe3yJbTaThl 10
MIMPOKOH ayauTopuu. OCBOEHHE TaHHOTO HaBbIKA CTYAEHTOM WJIM ACIIMPAHTOM — JOCTATOYHO
JUTMTENLHBIA TIPOIECC, TaK Kak TpeOyeT He TOJNBKO MOCTOSHHON NMpPaKTUKW, HO M 00paTHOU
CBSI3U OT HAYYHOT'O PYKOBOJUTENs, IPEroiaBaTelsi U perieH3eHToB. 1 ecnu o6beM mpakTuku
3aBHCHUT HANPSMYIO OT CTYyJICHTa/aclIUpaHTa, TO MOJYUYCHNE KOHCTPYKTUBHON M pa3BUBAIOMICH
00paTHOW CBsI3U, OCOOEHHO OT PEIEH3EHTOB, MOXKET CUJIBHO PACTAHYTHCS BO BPEMEHH.
CBs13aHO 3TO B MIEPBYIO OYEPE/b C YBEIUUECHUEM KOJIMYECTBA OTIPABIISEMbIX HAYYHBIX padoT.
Hanpumep, no opunnansHoMy 3asBIeHUI0 opranu3atopoB koHpepenuu "Neural Information
Processing Systems" B 2025 roay 6buto nogano 21575 crateil, B To Bpems kak B 2020 roay
3asBOK ObL10 Beero 9467 [1]. Eciu yuecTb, UTO KaXkIyr0 CTaThiO IPOBEPSIOT TPU PEIICH3EHTA B
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T€UYEHHE MUHUMYM OJHOTO Yaca, TO MOJIy4aeTcsl, 4YTO Ha MPOBEPKY BCEX OTMPABICHHBIX B 2025
rofy paboT ObLJIO 3aTPayeHO HE MEHBIIE CEMH JIET KCIEPTHOTO BpeMeHU. OUeBHIHO, UYTO B
TaKHUX YCJIOBHSX y PEIICH3EHTOB HET BO3MOKHOCTH OBICTPO AaTh OOPATHYIO CBSI3b.

Pemenunem nanHoM MpoOIeMBl MOXET CTaTh UCKyCCTBEHHBINH MHTEIUICKT (M), KoTOpBIi
ABIIIETCS OAHOW M3 CaMBIX MOMYJSPHBIX U OBICTPO Pa3BUBAIOLIMXCA TEXHOJIOTUH HAIETro
BpemeHn. HeiipoHHsle cetu, a ocobeHHO Oombiwe s3pikoBbie Monenu (LLM), Haxomst
MPUMEHEHHE HE TOJBKO B IMOBCEIHEBHOM >KM3HU, HO U B HAay4yHOU nesTenbHOCTH. Hanbomnee
NOKa3aTeJIbHBIM TPUMEpOM sBIsieTcs nporpamma Ha ocHoBe MU "AlphaFold", kotopyto
WCIIOJIb30BAJIM JUISl PEIICHUs 3a/1a4u MpeAcKa3aHusi CTPYKTYphl Oenka. J[aHHbIM moaxos cran
PEBOJIONMOHHBIM B CTPYKTYPHOM OHOJIOTMM W MaTepHallOBEICHUH, W OTKPHUI HOBBIC
BO3MOKHOCTH JIsl CO3/ITaHMs JIEKapCTB [2, ¢. 5].

[Tomumo  pemieHHs  Y3KOCHELMaIM3UPOBAHHBIX  3aJad  aKTUBHO  HUCCIELyeTcs
BO3MOKHOCTH ucnosib3oBanus MU B akamemuueckoM nmucbme. Hanpumep, Weixin Liang u ap.
ucnonb3oBa GPT-4 mis penieH3upoBaHusl HAYYHBIX CTATe M ONpeeNwin, yTo "oOpaTHas
CBsI3b, CT€HEPHpPOBaHHAs OOJBIION S3BIKOBOM MOJIENBIO CXOXa C TOM, YTO HCCIEA0BaTENb
MOJKET MOJyUUTh OT pereH3eHToB" [3, c. 4]. TenuupbiHa A. O B 0030pHOI cTaThe NPUXOIUT K
BBIBOJY, UTO "MHCTPYMEHTHI, OCHOBaHHbIe Ha M, MOTYT aHanM3upOBaTh HAMMUCAHHBIA TEKCT
U IpejiaraTh yJy4YlIEHHs, HAllpUMEp, MO CTPYKTYPE, SICHOCTH HM3JI0KEHUS U YCTPaHEHUIO
noBTOpoB" [4, c. 225]. K moxoxum BeiBoam nipuiid Adam Cheng u ap.: "Haubonee sTuaHbIM
npumenenreM ChatGPT sBnsieTcst u3MeHEHHE CTPYKTYphbl paHEe HallMCAaHHOTO TEKCTa WIIU
CYLIECTBYIOIIUX HWJCH, BKIOYas rpaMMaTukKy U opdorpaduio, MOHATHOCT, W MEPEeBOJ Ha
npyroit sa3eiIK" [5, ¢. 5]. BCE 3T0 1M03BOJIsAET MPEANOI0KUTD, YTO HA OCHOBE OOJIBIIION SI3BIKOBOM
MOJIEJTM MOKHO TIOCTPOUTH CHUCTEMY, KOTOpas OyAeT BBICTYyNaTb B POJU IMOMOIIHHKA-
peleH3eHTa Mpu padoTe ¢ TEKCTOM HAyYHOU PabOTHI.

B nanHOW cTaTbe MpeNNpPUHUMAETCS TOMBITKA CHCTEMHOTO OMUCAaHUS METOAOB MJis
aHaJM3a CTPYKTYpPbl M KadyecTBa TEKCTAa HAy4YHBIX pabOT M ONpPENENeHUs] BO3MOXKHOCTH
CO3/IaHUSI CHCTEM, CIOCOOHBIX BBICTYTATh B POJIM pEleH3eHTOB. Takum 00pa3oMm, 1IeTIbI0 CTaThU
SBIISIETCS 0030p COBPEMEHHBIX METOJOB M TEXHOJIOTHH JJIsl aBTOMATUYECKOH CTPYKTYPHO-
CTHJIUCTUYECKON OLIEHKH Hay4HbIX paboT U (popMupoBaHMs peKOMEHIALUN MO YIIyUYIIEHUIO
TekcTa crared. s JOCTHKEeHUs JaHHOW LEeNH PeIlaloTes CIeIyIoINe 3a/1auu:

1) ompeneneHue 1eaeBON CTPYKTYpPbI TEKCTa HAyYHOU pabOThI;

2) Qopmanuzanus 3a1a4, perIaeéMbIX CUCTEMON OIIEHKU TEKCTa HAYYHBIX paboThI;

3) aHanmu3 CyMIECTBYIOUIMX MOJeNell 1 MHCTPYMEHTOB, IPUMEHSIEMbIX Ul aHAJIN3a U

yIIy4IlIEHUs! Ka4yecTBa U CTPYKTYpbI TEKCTA;

4) onucaHue apXUTEKTYPbl BO3MOXXHOM MH(OPMAIIMOHHON CHCTEMBI;

5) BbISBICHHE OTPaHUYEHUN  CYLIECTBYIOIIUMX TEXHOJOTMH UM  ONpelelIeHue

HaIPaBJICHU! JAJbHENIIErO Pa3BUTHS.

Peanu3zanus 3TuX 3a7a4 MO3BOJIUT CPOPMYIUPOBATH TpeOOBaHUS K MH(POPMAIIMOHHBIM
cUCTeMaM OIIEHKM TEKCTOB HayuyHBIX palOT, ONpEIeTUTh BO3MOXKHOCTH U OTpPaHUYEHHUS
IPAKTUYECKOT0 IPUMEHEHHUsI B 00y4YEeHUU U HAYYHOH JeATeIbHOCTH.

Onpenesnenue neaeBo CTPYKTYpPbl HAY4YHOH CTaTbH

CoOmroieHne CTpOroi CTPYKTYphl HaydyHOW paboThl — 3TO 0azoBoe TpeOoBaHHUE.
PerieH3eHThl U pelakToOphl CUIBHO OTPaHMYEHBI BO BPEMEHU U OXMJIAIOT ONPEIETICHHOTO
CTaHJapTa OT aHAIU3UpyeMoil paboThl. UeTkas CTpyKTypa cTaThU YIPOIIAET YTEHHUE, [IOMOTAEeT
OBICTPO HAXOAUTH HYXHYI0 MHPOPMALMIO U KPUTHUECKU OLIEHUBATh KA1yl YacTb pabOThI
MO-OT/AEIbHOCTU:  OLUEHUTh METOJbl, BaJUAMPOBATH IMOJYyUYEHHBIE pE3yNbTaThl U
000CHOBaHHOCTb BBIBO/IOB.

OpHUM U3 OOMICNTPUHATHIX W YHUBEPCATIBHBIX CTAHIAPTOB CTPYKTYPHI HAYYHBIX PadoOT
apnsiercs IMRAD. B 1980-x rr. ngansbelii gopmar Obul caMbIM pPACIpPOCTPAHEHHBIM HU
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(aKTUYEeCKU €MHCTBEHHBIM CTaHIApPTOM B HAy4YHBIX CTaThsiX [6]. COrmacHO HMCCIEeOBAaHUIO
Moskovitz C. u np. k 2024 rony ctpykrypsl IMRAD cTporo nmpuaepuBaroTCs MOYTH BO BCEX
pabotax o 6uosnoruu u Meauuuse (94%) u npuMepHO B MOJIOBUHE CTaTell B MHKEHEPHBIX U
conmnanbHeix Haykax (40%) [7]. Takum o6pasom, IMRAD ocraercs OIHUM U3 CaMBbIX
pacrpocTpaHeHHbIX (HOPMATOB aKaJIEeMHUECKOro IMchbMa B HacTosulee Bpems. [lomynspHocTs
JaHHOTO (popmaTta 0OyCIIOBIIEHA €r0 YHUBEPCAIBHOCTBIO M TMOKOCTBIO, TaK KaK OH 3aaeT
JOTMYECKHE TpaBWiIa CTPYKTypUPOBaHMsS TEKCTa, KOTOpble HE 3aBUCAT OT 00JacTu
uccienoBanusl. ENUMHCTBEHHBIM orpaHudeHueM cTpykTypsl IMRAD wmoxHO cuuTtaTh ee
HAIlEJICHHOCTh Ha KCIEPUMEHTBI, UTO C OJTHOW CTOPOHBI 00ECIeUnBaeT BOCIIPOU3BOAUMOCTh
UCCJIEIOBAHMSL, a C APYroil — orpaHnuuBaet odiaactb npumeHeHuss STEM nucnumuinHamuy, T.€.
oTHocsmuMHuCs K Hayke (Science), TexHomoruu (Technology), mmxenepuun (Engineering) u
maremaTrke (Mathematics).

Crpykrypa IMRAD coctout 13 4eTbipex OCHOBHBIX pa3zeiioB: BBeAeHuUe (Introduction),
metonel (Methods), pesymbratel (Results) um oGcyxnenmne (Discussion). Kitaccuueckas
CTPYKTYpa OOBIYHO JOMNOJHSAETCS aHHOTAlMeH, 3aKI0YEHUEM U CIIMCKOM HCIHOJIb30BaHHBIX
UCTOYHUKOB. Bo 66edenuu HeoOXonuMo 0003HAYUTH MpoOIeMy, 0OOCHOBATh aKTyalbHOCTh
UcclieI0BaHusl, COPMYIHPOBATH OCHOBHYIO LIEJIb M YETKO 0003HAUUTh 4TO OyJeT caenaHo. B
pasgene Mmemoow: TpeOyercs OmHMcaTh HCHOJIB30BAHHBIE TPOLEAYPHI, HHCTPYMEHTHI,
MaTepuaibl, JaHHble U METOJbl OOpabOTKM JaHHBIX, YTOOBl YHUTATENb MOI IOBTOPHUTH
HKCIEPUMEHTHI U MOIYYUTh TakoW ke pe3yibTaT. Paznen pesynvmamul NOMKEH COIAEPIKATh
HOJIyYeHHbIE pe3yJibTaThl (KaueCTBEHHbIE U KOJIMYECTBEHHBIE ITOKA3aTeNl) UCCIeI0BaHUs B
yInoOHOM JUist u3ydeHus Buae (rpaduku, Tabauipl), HO 6e3 pa3BepHyTOH MHTEpIpeTanun. B
obcyscoenuy  TIPUBOJIUTCS HUHTEpHpeTalyds IOJIyYEHHBIX pE3yJbTaTOB B KOHTEKCTE
0003HaYeHHOHN npoOsemMbl. B 3TOM paszerne Takke BBIIOJIHSAETCS CpaBHEHHE PE3YJbTAaTOB C
paboTaMu Ipyrux HUcciieoBaTelel, aHAIM3UPYIOTCS OTPaHUYEHUS TEKYIIEro UCCIIe0BaHM U
(bopMyIIUPYIOTCS MPEATIOKEHUS A1 Oy AyuX padoT.

Kak Obu10 OTMEueHO paHee, B CTPOIOM BHJE AAHHOM CTPYKTYpbl MPUAEPIKUBAIOTCS B
OCHOBHOM TOJIbKO B 00JIaCTH OMOJIOTMH M MEIULIMHBL. B OCTanbHBIX JOMEHaX MCCIEA0BaTENH
3aMEHSIOT Memoobl Ha HECKOJIBKO Y3KOCHEIMAIM3UPOBAHHBIX Ppa3JeNioB, a o0cycoeHue
O0BEAMHSIOT C 8b1600aAMU/3aKIIOUEHUEM W/UTU BBIHOCIT O2panuyeHuss B OTAEIbHYIO TJIaBYy.
BaxxHO OTMETHTB, UTO TaKHUe CTaTbU BCE PaBHO OyJIyT COOTBETCTBYIOT TpeboBaHusM IMRAD,
MyCTh U B HESIBHOM BUJI€, TAK KaK JIOTUKA IOBECTBOBAHMSI OT IPOOJIEHNUS pa3/IesiOB HE MEHETCSI.

Taxum 006pazom, IUPOKOE pacpoCTpaHEHHE, HE3aBUCUMOCTb OT 00J1aCTH UCCIIEI0BAHMS
U THUOKOCTb HCIIOJIb30BAHMSI B COUETAHUHU C YETKO OOO3HAYEHHOW JIOTMKOM MOBECTBOBAHUS
NO3BOJIAIOT BBIOpaTh cTpykTypy IMRAD B KauecTBe 1eneBoil B MHPOPMALMOHHON cucTeMe
CTPYKTYPHO-CTUIIMCTUUECKOMN OLIEHKH T€KCTa HAyYHBIX padoT.

O030p MeTO10B aHAJIN3A TEKCTA
Texymuii mporpecc B o61actu 00paboTku ectecTBeHHOTo s3bika (NLP) mpenocraBusier
3¢ (EeKTHBHBIN HHCTPYMEHTAPUI JIJIST aBTOMATH3AIMH TTPOIecca HATMCAHMSI U PETaKTHPOBAHUS
TEKCTa, B TOM YHCJIE B aKaJIeMHUECKOM cTujie. bonblue s3pIKOBbIEe MOETH U HHCTPYMEHTHI Ha
WX OCHOBE MTO3BOJISIFOT Tepe)pa3upoBaTh TOTOBBINA TEKCT M OICHUBATH:
1) JTOTMYHOCTH TOBECTBOBAHUS U COOTBETCTBHE OMPECICHHON CTPYKTYPE;
2) TOHSATHOCTB W JIETKOCTH BOCIIPHSITHSI;
3) cooTBeTCTBHME  3aJaHHOMY  CTHIIIO (akajeMUYecKoMy,  FOPUIUYECKOMY,
XYyJI0KECTBEHHOMY H T. 1I.).
B pamkax mnpencraBieHHOro naajgee 0030pa OMHCAHBI CYIIECTBYIOIIUE MOIXOABI U
pEIIeHUs TSI aBTOMAaTHYECKOTO aHAJIN3a TeKCTa HayYHBIX padoT.
OaHUM U3 TOTOBBIX MHCTPYMEHTOB /ISl akaieMudeckoro nuchMa sisnsiercss Writefull. B
OCHOBE JJAaHHOTO MHCTPYMEHTA JIEKAT OOJBIINE SI3BIKOBBIE MOJIETTH, 00OYUYEHHBIE Ha OOJIBIIIOM
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KOJIMYECTBE PELIEH3UPYEMbIX HAYYHBIX CTaTeil, HaXOAAIIUXCS B OTKPHITOM JOCTYIIE.
Bnaronapst 3ToMy JaHHBIA HHCTPYMEHT MOXET BBIITOJIHATH CIIEAYIONIHe (DYHKIIMUA B KOHTEKCTE
aKaJeMUYECKOro MUChMa!

1) BBIMONHATH MOUCK TPAMMATHYECKUX U CTUIIMCTUYECKUX OMINOOK U ONEYaTOK;

2) mnepedpa3zupoBaTh NPEIIOKEHUS, U3MEHITh CTUJIb U TOH TEKCTA;

3) reHepupoBaTh AaHHOTALMIO, KJIFOUEBBIC CJIOBA U 3aroJIOBOK HAa OCHOBE aHHOTALUHU U

TEKCTa.

Hecmotpst Ha oOmmpHbI (QyHKIHOHAN, pa3paOOTaHHBIA CHENHATBLHO IS HAYYHOTO
coo0111ecTBa, JaHHOE pelIeHHe MpoOJeMaTHYHO HCIOJIb30BAaTh MPU HAMMCAHUU CTaThbU Ha
PYCCKOM $I3bIKE, TaK KaK I10 CIETYIOIIUM MPHUYNHAM:

1) LLM oOyueHbl TONBKO HA AHIJIOS3BIYHBIX CTAThAX M HE YUYUTHIBAIOT ClieUU(UKY

PYCCKOTO f3bIKa, OCOOCHHO B HAYYHOW JIUTEPATYPE;
2) cucrema oOpabaTbIBaeT TEKCT HA MHOCTPAHHBIX CEPBEpax, YTO CTABUT IOJ YIpo3y
KOH(HIEHIIHATbHOCTD TAHHBIX.

[Tomumo Writefull s paGoThl ¢ TEKCTOM aKTMBHO MCIOJIB3YIOTCS U JIPYTMe TOTOBBIC
uHcTpyMeHThl: Grammarly, Quillbot u ChatGPT. Tokdemir Demirel npoananusupoBai, Kakue
(GYHKIIUM TaHHBIX CEPBHCOB CTYJIEHTHI UCIIOJIB3YIOT MPU HAMKMCAHUU TEKCTOB, M OMpPEIEiHI,
yro yame Bcero ChatGPT, Grammarly u Quillbot ucnonm3yrorcs mnst "ucnpaBieHUs
rpamMMatudeckux U opdorpadudeckux omubok (83,3% ompoiieHHBIX), BbIOOpa Oolee
noaxoaauux cioB (68,1% onpolIeHHbIX) U YIY4IIEHUs CTPYKTYypbl npemioxenus (58,3%
onpomieHHbIX)" [8, c. 16]. JlaHHas craTucTHKa MOATBEpkaaeTcsa ucciaeaopanuem Khalifa M.,
coryiacHo kKotopomy MW iydime Bcero cmpaBisieTcs C 3aJadaMd  CTPYKTYpPHUPOBAHHS,
penakTupoBaHUs (yJIydllIEeHUE KaueCcTBa M UCIIPaBJICHHUE OIIUOOK) U PElEH3UPOBAHUS TEKCTa
[9]. DddextuBHOCTE Mcionb30Banus Grammarly u ChatGPT mist cTtpykTypupoBaHus TEKCTa,
UCIPABICHUSI TPAMMATUYECKUX OIIMOOK M YIYYIIEHUS CBSI3HOCTHM U CTUJIMCTHYECKOE
eanHOOOpa3us Tekcra nmoarBepxkaaer u Granjeiro J. M. u np. [10]. OnHako BMecTe ¢ TeM
OTMEUAETCsl, YTO JaHHBbIE CEPBUCHI IUJIOXO CHPABISIOTCA C Y3KOCHEIHATU3UPOBAHHBIMU
HayuyneiMu TepmuHamu [10]. Kak u Writefull, Bce mepeuncieHHbIe CUCTEMBI TPEOYIOT
OTIIPABKH TEKCTA HAa UX CEPBEPHI, YTO CTABUT O] COMHEHUS O€3011aCHOCTh UX MCIIOIb30BaHMU.

OpHUM H3 CIOCOOOB PEIINTh MPOOJIEMY C JaHHBIMH — CaMOCTOSTENBHO pa3padoTaTh
CHCTEMY Ha OCHOBE OOYyUEHHOH MOJIENH M Pa3MECTUTh €€ Ha COOCTBEHHOM KOMIIbIOTEpE WU
cepsepe.

[Tpumepom coznianust cucteMsl Ha ocHOBe 00yueHHbIX Mozienelt (ChatGPT-3 u ChatGPT-
3.5-turbo) sBasiercs Manubot Al Editor [11]. Pividori M. u Greene C. mnpemaioxumim
CEKI[MOHHO-OPHUEHTUPOBAHHbII MOAXOJ JJIsl aHAIN3a TEKCTa CTAaThbH U NMPHIIUIA K BBIBOAY, UTO
"MOJIENT TOHUMAIOT OCHOBHBIE WU TEKCTA U BHOCST H3MEHEHUS, KOTOPbIE 4acTO 00JIee YETKO
U JJAKOHUYHO TMepeaaroT 3aiokeHHblM cmbicn” [11, c. 15]. OcHoBHas uaess CEKIMOHHO-
OPUEHTHPOBAHHOTO TIOAXOJA 3aKII0YaeTCs B aHAIM3E KaXIOro pasjeia CTaThbH II0-
OTJIENIBHOCTH: Ha BXOJ MOJIEJIM MOJAETCs TEKCT CEKLIMU U MHCTPYKIUS HA €CTECTBEHHOM SI3bIKE
(mpoMnT) ¢ MOAPOOHBIM ONMHMCAHUEM TOTO, YTO HEOOXOAMMO MPOAHAIU3UPOBATh U MO KAaKUM
KpuTepHusiM. OCHOBHBIM OTPaHUYEHUEM JJAHHOTO MOX0/1a aBTOPhI OTMEYAIOT HEBO3MOKHOCTh
COXpaHEHHsS KOHTEKCTa MEXIy paslielaMd: H3-3a TOTO, YTO CEKIHW aHAJH3UPYIOTCS II0-
OTJENIHOCTH, CHUCTEMa, HAmpuUMep, HE YUYHUTHIBAeT KOHTEKCT "MeTonoB" mpu aHammse
"PesynbraroB".

CoBpeMeHHBIE PeIIeHUs HE OTPaHUYHUBAIOTCS TOIBKO OOJIBIINMU S3bIKOBBIMH MOJCTISIMH.
Ceitvac Bce OOJBIIYIO MOMYJISIPHOCTH HAOMPAIOT pelieHnst Ha ocHoBe MI-areHToB, Takue Kak
MARG [12], AgentReview [13] u Agent Laboratory [14]. B maHHBIX cucTeMax moJ| areHTOM
umeroTcss B Buay onauH sk3emmuisip GPT-4 (Moxer ObITh ucrmosib3oBaHa mrobas LLM) c
OTJEeNBHONW HcTOpHel cooOueHnid U npoMnToB. OCHOBHAs Hjes 3aKJIIOYaeTcs B TOM, YTO
KaXIbI areHT CIIEeUATN3NPYETCS HAa KAaKOM-TO OJIHOM acIieKTe: JHM3aifiHe DKCIIEPHMEHTOB,
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SCHOCTH M3JI0KEHHUSI WJIM HOBU3HE pe3yibTarToB. Vcmoiib30BaHHWE HECKOIBbKUX areHTOB B
paMKax OJTHOW CHUCTEMBI IMO3BOJISIET TEHEPUPOBATH 0OJiee TOUHBIC U MOJIE3HBIE KOMMEHTAPHUH.
ABtopel MARG Takum 00pa3om AOOMIUCH CHMKEHHUS KOJMYECTBA OOIMMX KOMMEHTApHUEB C
60% no 29% [12]. OCHOBHBIM HEIOCTAaTKOM areHTHBIX CHUCTEM SIBJISCTCS BBIYMCIUTEIbHAS
CJIO)KHOCTh M BBICOKAsi CTOMMOCTb, TaK KaK CHCTeMa IeHEpUpYyeT B HECKOJbKO pa3 Oouiblie
TOKEHOB M YBEIMUMBALET 00IIIee BpeMsi 00paOOTKH OJTHOU CTaThH.

Hecmotps na 3amernyto 3¢ dextuBHocts MM B pabote Haa TekcTaMu Hay4YHbBIX padoT,
€CTh psJ OTrpaHWYCHUH ¥ HEJOCTATKOB, KOTOpPHIE HEOOXOIMMO YYHUTHIBATH IPHU
MPOEKTUPOBAHUM CUCTEM OLIEHKH TEKCTa.

OpnHol U3 Takux MPoOJeM SIBISIOTCS CIUIIKOM MOBEPXHOCTHBIC MPABKH, KOTOPBIC HE
VUYUTBHIBAIOT COJEpX)aHus ab3ama/pasaena/crarbi. Chen u Op. B CBOEM HCCIEIOBAaHUU
npoaemonctpupoBai, uto GPT-40 Ha 3ampoc oTpenaktupoBaTh ad3al ¢ mpodieMaMu B
apryMeHTaluyd MpocTO "yJIydllWiI YUTAEMOCTh TEKCTa, HO HE YCTpaHWI MpolieMy ¢
JIOTUYECKUM 00OCHOBAHKEM BBIBOJIOB, OCTaBUB ab3al] BCe TAaKUM ke HeyoenuTenbHbIM" [15, .
2].

Takxe ormeuaror, yto Oo0dbIIMHCTBO WMM-pemieHnil He Y4YUTBHIBAET HUTEPATHUBHYIO
npUpoy paboOThI C TEKCTOM, a, HAOOOPOT, IPEANONATaI0T OAHOKPATHOE BHECECHHE N3MEHEHU.
O} PeKTUBHOCTh HCIIONH30BAHKS MUTEPATUBHOTO MOJXOAA C YYSTOM BHOCHMBIX H3MEHEHUI
JIeMOHCTpupyeTces B pabotax [16, 17]. Nguyen A. u ap. B paMKaxX UCCIIEIOBAHUS ONPEACTUIIN,
YTO CTYJCHTHI, IPUMCHSIIOIINE UTEPATUBHBIN MTOIXO0/T P Hconb3oBannu MU yist Harmcanus
CTaTei, AEMOHCTPUPYIOT 3HAUUMO OoJiee BHICOKHE pe3yabTaThl [17].

HauGonpime omaceHusi y uccienoBaTeiell BBI3BIBACT CHIDKEHHE OPUTHHAIBHOCTH W
KPUTHYECKOTO MBIIUICHUS] MPU AKTUBHOM HCHOJIb30BAaHUM HCKYCCTBEHHOTO HWHTEIJICKTA.
Promethi Das Deep u Yixin Chen npusHatoT 3¢)()eKTHBHOCTh TakuX pemennid kak Grammarly,
QuillBot u ChatGPT, Ho B TO ’xe Bpemsi 0oOpalialoT BHUMaHHE Ha TO, YTO 'CTYICHTHI
CTaHOBSTCS 3aBHCHUMBIMU OT WMHM-WHCTpYMEHTOB, W3-32 4Yero NpomnajaaeT HEOOXOJIMMOCTHh
pa3Butus coocTBeHHBIX HaBBIKOB" [18]. I[loaTromy MU B KoHTEKCTE pabOThI C TEKCTOM JOKEH
BOCITPUHUMATBHCS KaK BCIIOMOTaTeNIbHBIA MHCTPYMEHT, a HE TIOJIHASI 3aMEHa YeJIOBEKa.

PesyabTarsl
B pesynbpraTe aHann3a BO3MOYKHOCTEH U OIPAaHUYEHUN COBPEMEHHBIX MHCTPYMEHTOB H
METOJI0OB pabOThl C TEKCTaMHM ObLIM C(HOPMYIHPOBAaHBl OCHOBHBIE TPEeOOBaHHS K CHUCTEME
OLIEHKU TEKCTOB Hay4HBIX paboT:

1) cucrema AOIKHA COCTOSTH U3 MOAYJEH, KaKIbli M3 KOTOPHIX OTBEYAET 3a OAMH
aCIEKT OLIEHKU TEKCTA: CTPYKTYPY, COOTBETCTBHE CTHIIIO, KAYECTBO, IIOHATHOCTD U T.
n. Kaxnaenii momynb moxkeT ObITh mpenctaBiieH MU-arentom Ha 0aze OOmbIIONf
S3BIKOBOM MOJIEINH;

2) cucreMa J0KHAa OOHapyKMBaThb NpPOOJIEMbl Kak B CaMOM TEKCTE, TaK U B €ro
CTPYKTYp€, HO HE JIOJ’KHAa CaMOCTOSATENbHO MX MCIPABIAThH. Pe3ynpTaTromM paboThl
CUCTEMBI JOJDKEH OBITh OTYET C ONMHCAaHHEM KaXJOoW OOHapyKEHHOH OIMOKH U
peKOMEHAALMsAMU [0 MX HCIpaBleHHio. BaxHo, 4YroObl MOJb30BATENb
CaMOCTOSITEJIbHO aHAJIU3UPOBAJ U UCTIPABIISUT HallIEHHbIE OIIMOKH;

3) cucrema JOJDKHA aHAIM3MPOBATh TEKCT IO CEKIMSIM, YUUTBIBAsE IPU 3TOM KOHTEKCT
npyrux ceknuii. Hampumep, mpu anamuze "PesympraroB" mim "OOcyxaenus"
HE00X0UMO 00s13aTENbHO YUUTHIBAaTh "MeToab!";

4) cucreMa JI0JKHA IPEIOCTABIIATH BO3MOXKHOCTD IOJIH30BATEIN0 UTEPATUBHO pabOTaTh
C TEKCTOM, T. €. YUUTBIBATh paHee 0OHAPY>KEHHBIE M UCIIPABIICHHbIE TPOOIIEMBI;

5) 1eneBoi CTPYKTYpOH CUCTEMBI 10JKHA ObITh cTpykTypa IMRAD;
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6) S3BIKOBBIE MOJEIH, JIS)KAIME B OCHOBE CHUCTEMBI, TOJKHBI MOJACPKUBATH PYCCKHIMA
S3bIK M OBITH JOCTATOYHO HEOOJBIIMMHU, JUII TOTO YTOOBI HMX MOXHO OBLIO
HCII0JIb30BaTh HA COOCTBEHHOM KOMIIBIOTEpE/CcepBepe.

B coorBercTBUM € mepeyHCICHHBIMH TpeOOBaHMSMH Oblla  CIIPOEKTUPOBAHA
ApPXUTEKTypa CUCTEMBbI OIICHKU TEKCTOB HayYHBIX paboThl, cocTosmas u3 4 moayinei. Cucremy
IpeJUIaraeTcsl pealn3oBaTh B BUJE HAJICTPOUWKM Ui TEKCTOBOTO PENAKTOpa, YTOOBI Cpasy
WHTETPUPOBATH MHCTPYMEHT B MIPOLIECC HAMMMCAHUS TEKCTa HAYYHOH paOOTHI.

Monayns 1 "llIaGnonHs! npemioxkenuit" — pycckos3bunblid ananor "Sentence Palette" u3
Writefull. JlanHBIH MOIYIh COACPIKUT CHHCOK MPEIIOKEHUN-TIA0JIOHOB, OTCOPTUPOBAHHBIX
o pazaenam IMRAD. CucreMa aBTOMAaTUYECKH BCTABJISICT BHIOPAHHBIHN MIA0JI0OH B MECTO, T
YCTaHOBJIEH Kypcop TMoib3oBaTens. lIpoToTun naHHOrO MOAYJs peanu3oBaH B BHUIE
HazcTpoiiku Microsoft Word. BHemnuit Buj u npumep paboThl HAJACTPOIKH MTPECTaBICHBI HA
Puc. 1. Moaysns "[11a610HBI TIPEUTOKEHUIA.

Oaiin  Tnaguan Bcraeka Maker Ccwinkn  Peuewsvposanve Bua  Cnpaexa O Mpumenarin | | & v
Ijv @ Aptos (ocHoB.. v 12 v X K 4 \54 v & v E R |OﬁbIHHhH7I ‘v Q v Q; v E v

Scientific Writing Assistant
LWIaB0HEI NpeANoXEHI AAS HayUHbIX CTaTeil
Llensbto cTaTsk ABNASTCA

Introduction  Methods  Results  Discussion

Puc. 1. Mooynw "lllabronwt npeonosicenuil”

[Ipeamnonaraercs, 4To JaHHBIA MOy b OYJIET UCIIOIB30BAThCs HA PAHHUX 3Tanax padoThl
C TEKCTOM Hay4HOM cTaTbH. Kak TOJBKO MOJIB30BATENb PELIUT, YTO TEKCT CTATbU T'OTOB U €T0
MOJKHO IIepeAaBaTh Ha IPOBEPKY, OH MOXKET BOCIOJIb30BATHCA MOLYJIAMU 2—4.

Monyns 2 "OneHka cTpyKTypbl Tekcra", Moayib 3 "OueHka cTuis Tekcra" U MoJyJb 4
"O1eHKa MOHATHOCTH U JIOTHYHOCTH TEKCTA" SIBIISIOTCS OTEIbHBIMU K3EMIUIIpaMy OO0JIBIION
A3BIKOBOM MOJIENH, T. €. areHTaMu. [lepen TeM, Kak 3alyCTUTh KaKON-IM00 U3 ATHUX MOAYJIEH,
cuctemMa BbIMONHAET nouck pasgenoB IMRAD mno tekymemy TtekcTy. B pesynbrare
BBIIIOJIHEHMS JJAHHOTO IlIara CHUCTEMa ONPEIEIUT, KaKhe Pa3esibl TEKCTa KAaKOMY JJIEMEHTY
IMRAD cooTBeTcTBYIOT. 3aTeM MOJb30BATENb BBIOMPAET, OLEHKA KAKOI'0 XapakTepa emy
HY’KHa: aHaJINU3 CTUJIS, CTPYKTYPhl WJIM JIOTUKU NoBecTBOBaHMs. OT BbIOOpA IMOJIb30BATENS
3aBHCUT, KaKOW MOAYJb OyJeT 3aIyIeH.

Jl1s OLIEHKH CTPYKTYpbl TEKCTa 3allyCKaeTcsi MOAYJIb 2, KOTOPBIA MOCIEI0BATEIbHO
AHAIN3UPYET KaKIblid pasznen Ha coorBercTBUe IMRAD. AHanu3 cekuuil BBIOJHAETCS I10
NOPSAIKY "BBEIEHHE — METOAbl — PE3YJIbTAaThl — 00CYXAE€HUE" JUIsl TOTO, YTOOBI MIPHU aHAIHU3E
KQXJIOTO CIEAYIOLIETO pa3/iella YYUTHIBAJICS KOHTEKCT MPEABbIAYIIET0, U BCE MOCIEAYIOIINE
pexomMeHaauuu ObUTM c(hOPMHUPOBAHBI C YUYETOM YK€ CreHEpUpOBaHHBIX. JlJii TOTO 4TOOBI
paboTa MOAYNS U KPUTEPUU OLIEHKH ObUIM MOHSATHBIMM IS TOJIb30BaTeNlel, U 4TO HE MEHee
BaXXHO, YTOOBI pe3yJIbTaT OLEHKH ObLI BOCIPOM3BOAMMBIM, MPEAJIaraeTcs COCTaBUTh CITUCOK
TpeboBaHuil B popmate yek-nucra s Kaxaoro paznena IMRAD. DToT yek-11cT Heo0X0AUMO
WCITOJIB30BaTh B IIPOMIITE, KOTOPBIA OTIPABISAETCS B MOAYJIb IPH €ro 3alyCKe BMECTE C
TeKkcToM crathu. [IpuBenem npumep npomira Juis pa3aena "O0cyxaenue":

"Tpebyercs:

1. OnpenenuTh, NPUCYTCTBYIOT JIU B TEKCTE KIIFOUEBBIE DJIEMEHTHI 00CYKICHHS:

1.1. uHTEpOpEeTalsi OCHOBHBIX pPE3YyJbTAaTOB M OTBETHl Ha BOIPOCHI/TUIOTE3BI,
3asiBJICHHBIC BO BBEICHUU;
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1.2. cpaBHeHHE C pe3yabTaTaMu APYTHUX HCCICAOBAaHUN (CXOJICTBa, pa3iuyms,
BO3MO>KHBIE IPUYMHBI);
1.3. oOcyxeHre OrpaHNYCHUIN CCIICIOBAHNS,
1.4. npennokeHus o HAMPaBJICHUAM JTaJbHEUIIUX UCCIEIOBAHUM;
2. OueHuTh, HE COACPKUT JIM ATOT pa3fes "d4UCThIX" Pe3ysbTaTOB, KOTOpbIE TpeOyeTcs
IepeHecT B cexumio "Pesynbrarsl”;
3. JlaTb OeHKY MOJHOTHI U kadecTBa "OOCYXIeHUS" U MPEIIOKUTh KOHKPETHBIE IIaru
10 YJIYYIIECHUIO CTPYKTYPBI U CONEPKaHUA".

B xone paGotsl Moayib chOpPMUPYET OTUET C pe3ysibTaTaMH aHallu3a CTPYKTYpPhI TEKCTa
U PEKOMEHJalusMU 10 ee yiaydmeHuto. Ortduer coctour u3 5 paszpenos: "Bsenenue",
"Metonpl", "Pe3ynbrarer”, "O0cyxaenune" u "OOmmii BIBOJ U OleHKA". B MepBBIX 4eThIpex
CEKIIUAX yKazaHo, KakuM TpeboBanusiM IMRAD TekcT cTaThi COOTBETCTBYET, @ KAKHM HET U
nouemy. B ¢unansHOM paznene maercs obmias oneHka B ¢popMmaTte "INIOXO COOTBETCTBYET',
"COOTBETCTBYET YaCTUYHO", "IOJHOCTBIO COOTBEICTBYET" C KOPOTKUM IIOACHEHHUEM,
OMKCHIBAIOTCS CHJIbHBIE CTOPOHBI TEKYIIEH CTPYKTYphl U OCHOBHBIE MPOOJIEMBI, a TaKkKe
PEKOMEHIalMHK 10 UX yCcTpaHeHu 0. OTYeT BBIBOJAUTCS MOJIB30BATEIIO B OTJACIHHOM OKHE.

[lonb3oBareny aHATU3UPYET MOJYYEHHBIM OTYET, BHOCUT COOTBETCTBYIOIIME IPABKU B
TEKCT CTaThb M MOXKET 3allyCTUTh MOBTOPHYIO MPOBEPKY, KOTOpas YUYUTHIBACT pPE3yJbTaT
NpeAbIaylIed MPOBEPKM M BHECEHHblE W3MeHeHus. [Ipy moBTOpHOM 3armycke B MPOMIT
ABTOMATHYECKU Jo0aBisieTcs (paza O HEOOXOAMMOCTH YydeTa MPEAbLIYIINX TPaBOK U
W3MEHEHUM.

Mopyne 3 u Moaynb 4 paboOTalOT TOUYHO TaK K€, KaK U MOyJb 2. OTIUYaloTCsa TOJIBKO
MIPOMIITHL, TPEOOBAHUS B HUX, U, KaK CJIEJICTBUE, HAIIOJIHEHUE OTUETA C pe3yIbTaTaMU OI[CHKU
Y peKOMEHIalusIMH (CTPYKTypa oTueTa Takas xe). [[pu Heo0X0IMMOCTH MOXHO 3aITyCTUTh BCE
TPHU MOAYJSI OMHOBPEMEHHO, TaK KaK pe3yIbTaThl X padOThl HUKAK HE 3aBUCAT APYT OT ApyTa.

st HarnsiAHOTO MPECTABICHUSI CTPYKTYPbI, KOMIIOHEHTOB U MCIOJIB3YEMbIX METO0B
Ha puC. 2 mpuBeeHa 0J0K-CXeMa CUCTEMbI, BKITIOYAIOIIEH KII0YEeBbIE MOAYIN U MEXaHU3MBbI
B3aUMOJICHCTBUS C TIOJIb30BATEIIEM.

O0cyxnenne

Hecmotpst Ha 3HauMTENnBHBIN Mporpecc B 00JaCTH 00paOOTKM €CTECTBEHHOTO SI3bIKA,
CYILLIECTBYIOIINE PEIIEHUS U HHCTPYMEHTBI, BCE €11[€ UMEETCA PsIi TEXHUUECKUX OIPAaHUYECHUN,
KOTOpBIE MTPEJICTOUT PEIIUTh B OyAyLIEM.

OnHuM M3 OYEBHIHBIX OTPAaHUYEHUN Ha JAHHBIH MOMEHT SIBIISIETCS HEIOCTATOYHAsS
cnenuanu3anus npenodydenusix LLM Ha akajemudyeckoM nucbMe U peAMeTHOH obmactu. B
NIEPBYIO OYEPENb ITO MPOSBISAETCS B MOBEPXHOCTHBIX KOMMEHTAPHSX, KOTOPBIE OTHOCSTCS K
(dbopMe NpeasioKeHus, a He K ero cojiepkanuto. JlanHyro npobiemMy MOKHO pelIuTh, 1000y4HB
MO/JIeJIb Ha crelnuaibHOM Habope AaHHbIX. OHako cOOp M pa3MeTKa Takoro Jara-cera, Kak U
oOydeHre OOJIbIION SI3BIKOBOM MOJENH, SBISIOTCS OYEHb JIOPOTMMH M 3HEPro3aTpaTHBIMU
IIPOLIECCAMM.

JpyruM  cepbe3HbIM  OTPAaHWYEHUEM  SBISAETCA  JIOPOTOBU3HA  MCIOJIB30BAHUSA
HKCIUTyaTalsi CUCTEMbl C HECKOJbKHMH areHTaMH, Tak Kak He0O0XOAMMO OJHOBPEMEHHO
colepKaTh HECKOJIbKO 3K3eMIuisipoB LLM. Kaxnplii areHT mpu 3TOM NOCJIEI0BATEIBHO
oOpabaTbIBaeT BCe CEKLMU HAy4YHOH paboThl, M3-3a 4ero Juisi OOpabOTKH OJHOW CTaTbu
TpeOyeTcst Oobliiee KOJTMUECTBO TOKEHOB U BpeMeHu. J1Jisi penieHus JaHHOU po0aeMbl MOXKHO
nonpoOOBaTh UCMOIb30BaTh KBaHTOBaHHbIE LLM, T. €. yMeHbIlIeHHbIE Bepcun Mojenei. Tak
KaK MpU YMEHBUIEHHMH MOJIEJIM KaueCTBO U TOYHOCTb €€ paboThl CHUXKAIOTCS, TpedyeTcs
IPOBECTU JONOJHUTEIbHBIE UCCIEIOBAaHHUE, YTOOBI ONPEIEIUTh MAKCUMAJIbHO O0JIETYeHHYIO
BEPCHIO, CIIOCOOHYIO KAUECTBEHHO pellaTh MOCTABJICHHYIO 3aa4y.
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OpnHuM u3 HanboJiee cepbe3HbIX MPEMATCTBUNA, KOTOPOE HEOOXOAUMO MPEOJOIETh s
pellleHusl IOCTABJIEHHOM 3ajaud, SBISETCS  CIIO)KHOCTb  KOJIMYECTBEHHOM  OLIEHKHU
KOPPEKTHOCTH M KadecTBa paboThl cucTeMbl. Ha naHHBI MOMEHT HET OOIENnpUHATON
METPUKH, C TIOMOIIbIO KOTOPOH MOXHO H3MEpPUTh pabdOTy CHUCTEMBbl U CpPaBHUTH C
AQHAJIOTUYHBIMU MHCTpyMEHTaMHM. B KauecTBe pelieHus JaHHOW IpoOJeMbl MOYKHO
nonpo0OoBaTh UCIIOJIB30BATh METPUKH U3 001acTu MammHHOrO nepesoja. Hanpumep, BLEU,
METEOR, ROUGE wmu TER. [lng pacdyera g1aHHBIX METPUK, TIOMUMO MCXOJIHOTO TEKCTa U
CT€HEpUPOBAHHON OOpAaTHOW CBS3M OT CHCTEMBI, HEOOXOJMMAa TaKXKe 3TAJOHHAs oOpaTHas
CBS3b OT 3KcIepToB. [loaroroBka Takoro Habopa AAHHBIX TAKXKE SABJSETCSA MPENATCTBUEM IS
pean3alnuy CUCTEMBI.

OpHako, Jake ¢ y4eTOM BCeX MEepedYMCICHHBIX ONpaHUYEHUH, MpejiaraeMoe peleHue
MOYET CYIIECTBEHHO MOBBICUTDH 3(P(HEKTUBHOCTH pabOTHI C TEKCTOM HAy4HOU pabOThI, B CBA3U
C MPE/ICTaBIEHHBIMU HUXKE 0OOCHOBAHUSMM:

1) cucrema mo3BosiseT OBICTPO U OOBEKTHBHO OICHUTH CTPYKTYpY, JIOTUKY U

MOHATHOCTh HAIMCAHHOI'O TEKCTAa U IOJIyYUTh PEKOMEHJALMU I10 €ro J0paboTKe;
BaYKHO, YTO OHA HE UCIIPaBIISIET paboTy 3a MOJIb30BaTeNs, a, HA0OOPOT, MOTUBUPYET
€ro UTEPaTUBHO A0PabaThIBaTh TEKCT;

2) npo3payHOCTb U TOHSATHOCTh KPUTEPUEB OLEHKU YCKOpPSET OCBOCHHE U
COBEpPILEHCTBOBAHHE aKaJJeMUYECKOI0 IIMCbMa I0JIb30BATENIEM;

3) uHTerpauus peuieHus B TEKCTOBBIM PEJaKTOp JETaeT MPOLECC HAlKMCaHUS CTaTbU
IUIABHBIM M "OECIIOBHBIM", TaK Kak I10JIb30BATEII0 HE HYXHO JeNaTh JUIIHUX
JEHCTBUI: KONUPOBAaTh TEKCT, OTKPBIBATh JIPYroe MPUIOKEHUE WIH CEPBUC,
BCTaBJIATh B HErO CTAaThlO M JKAATh OTBETA OT IPHUJIOKEHMS; TO €CTh CHUCTEMa
MO3BOJISIET MTOJTHOCTBIO COCPEAOTOUNThCS Ha (POPMOIA U coJiepKaHneM paboThl U HE
paccenBaTh BHUMaHHUE HA [IOCTOPOHHUE CEPBUCHI;

4) monynp "[laGioHBl NpeIOKEHUH" MO3BOJSIET NPEOAOJIETh BHYTPEHHUN Oapbep,
KOTOPBIN MelaeT HayaTh padboTy ("00A3Hb UUCTOrO JIMCTa'"), 3HAKOMUT MOJIb30BATEIS
C YCTOSIBUIMMHCSI M OOIIENPUHATHIMU (POPMYJIHUPOBKAMHU, & TAKXKE 3a1a€T HYKHbBII
TOH U CTUJIb I0BECTBOBAHUS.

Taxkum oOpazoM, pazpadoTka d3)PEeKTUBHON CHUCTEMBI TPEOYET HE MPOCTO MHTETPAIUN
00JIBIION A3BIKOBON MOJIENIN B TEKCTOBBIE PEAAKTOPHI, HO €Ille U pa3paboTKU METOA0JOIHH, B
LEHTPEe KOTOpPOH JOJKHO OBITh pacKpbeITHE NOTEHLMada HMCCIeNoBaTeNs, oOecleyeHue
IIPO3PAaYHOCTH U YJIy4IIEHNE Ka4eCTBA HAYYHON KOMMYHUKALIHH.

BriBoabI

Texymuii mporpecc B 00JaCTHM HCKYCCTBEHHOT'O MHTEJUIEKTa YXe ceddac Jernaer
BO3MOXKHOM aBTOMATH3alLlMIO TIpolLlecca OLIEHKM TEKCTa U CTPYKTYphl HAay4HBIX paboT.
CoBpemeHHbIe 00JIbIINE SI3bIKOBBIE MOJIENN C OTKPBITHIMU JIMLIEH3UAMH, Takue kak DeepSeek-
V3, Qwen-3 nnu Mistral, yxe ceifuac mo3BOJSIOT 0€3 JOMOJHUTEIBHOIO 00YUYeHHUsl pelarhb
3a/1aud, KOTOpBIE HE TPEeOYIOT rITy00KOM SKCIIEPTU3BI B paccMaTpuBaeMoit oosactu. Hampumep,
OLIEHUBATh CTPYKTYpY, CTHJIb U MIOHATHOCTh TeKcTa. TeM He MeHee, Ha JaHHbIi MoMeHT LLM
HE MOTYT MOJHOCTBIO 3AMEHUTh PEIIEH3EHTOB, OCOOEHHO MPH OLIEHKE HOBU3HBI U 3HAYMMOCTH
UCCIJIEJOBAHMSL.

Opnaxo nepej MUPOKUM BHEJIPEHUEM CHCTEM OLIEHKH TEKCTa HEOOXOAUMO IPEOA0IETh
CYLIECTBYIOIIME MPOOJIEMbl U OrpaHUYEHUs: TpeOOBaHUS K BBIYUCIUTEIBHBIM pecypcaM s
o0OydeHus u paboThl MOJIeNel, HeTIOCTaTOK HAaOOPOB IaHHBIX Ha PYCCKOM SI3bIKE, OTCYTCTBUE
€IMHOr0 TMOJX0/a K OIEHKEe KayecTBa paboThl mozenu. Ilepex mcmonb3oBaHuMEM JaHHBIX
CHUCTEM BaXHO TaK)K€ YUYUTBIBATb M JTHUYECKHUE BOIPOCHI, CBS3aHHBIE CO CIIEHAPUEM
WCIIOJIb30BAaHUSl M BIIMSHUEM HAa KPUTHUYECKOE MBILIUIEHHWE B JIOJITOCPOYHOM IEPCIEKTHUBE.
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Pemennie JaHHBIX BOMPOCOB TpeOyeT NalbHEHIINX NCCIe0BaHUH U pa3pabOTKU METOOJIOTUU
ucnonb3oBanus M B akageMnyeckoM nmucbMe 1 00pa3oBaTeIbHOM MPOIECCe B LIETIOM.

HCKYCCTBGHHBIﬁ HHTCIUICKT YKE€ CTall HEOTHEMJIEMOM YaCThIO HaIlCH JKU3HU, [TOITOMY

KPUTHYECKH BAKHO HAYYUTHCS MAKCHMAJbHO ITHUYHO W 3(PPEKTUBHO HUCIOIB30BaTh €r0 B
00y4eHUHU U HAYYHOHU JAEATeIbHOCTH.
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MPABUIA NOLAYN U OGOPMIEHNSA PYKOMCEM

HayuHbin nepuogunyeckuii xxypHan "BectHuk MNepmckoro yHnBepcuTteTa. Matematvka. Mexanuka. MHdopmaTtmka" 3ape-
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CraTtbn, 0hOpMMNEHHbIE B COOTBETCTBUW C HUXKEWU3MNOXEHHBIMU MpaBunaMu, AOMKHbI ObiTb OTNPaBMNeHbl Yepe3 NMUYHbIN
kabuHeT aBTOpa Ha cauTe XypHana. CTaTby OTNPaBnsOTCS B ABYX hopMaTax: TEeKCTOBbIN AOKyMeHT u pdf-chain 6e3 AaHHbIx
06 aBTOpe (AN9 opraHnsaLmmn Crenoro peLeH3npoBaHnst). Bmecte ¢ pykonucblo OTNPaBAAOTCA KOHTaKTHbIE AaHHbIE aBTOPOB B
csoboaHon opme B TeKCTOBOM AokymeHTe (PUNO, gomkHOCTb, MecTo paboThl C ykasaHMeM MOfHoro agpeca, e-mail, Homep
TenedoHa), CONPOBOANUTENBHOE NUCbMO M IKCNIEPTHOE 3aKrio4YeHe 0 BO3MOXHOCTW OTKpbITOro onybnunkoBanus. Ons nybnuka-
Lmn cTaTbn HeobXoAMMO 3aMonHUTL M NOAMMcaTh cornacue Ha 06paboTky NepCcoHanbHbIX AaHHBIX U NIMLEH3NOHHBIV JOTOBOP.

AHHOTaUuA cTaTby (Ha PYCCKOM W @aHIMUINCKOM A3blkax) AOMMKHA COAEepXaTb OCHOBHbIE KpaTkue CBeAeHMUs: onncaHue
npobnemsl, BKNtoYasi Lenu 1 3agayv nccrnegoBaHus; MeTobl NCCrefoBaHus ¢ ykadaHWeM HOBU3HBbI, ECIIV UMEETCS; NoMNyYeHHble
pe3ynbTaThl 1 BbiBoAbl. O6beM aHHOTaUmm npumMepHo 250 cnos

TekcT cTaTbM JOMKEH coaepxaTb pasaensl: BeegeHne, MNoctaHoska 3aaayun, MeTtoael nccneposanus, Pesynetatel, O6-
cyxgeHusi, 3aknoyeHue, bnarogapHocTu Ang pycckossbldHONM cTathby; Introduction, Materials and Methods, Results, Discussion,
Conclusion, Acknowledgements ans aHrnossei4yHol cratb. O6bEM pyKonvicu — He MeHee 6 CTpaHuML, MaLLMHOMMUCHOrO TEKCTa.

OdopmneHue. TekcT cTaTby Heobxoammo odopmnTe B peaakTope Word. dopmaT nucTa, ncnonb3dyemblin 4ns Hannca-
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HabupatoTcs B pegaktope dopmyrn.
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Ha anrnuickom sa3bike ®@.U.0. aBTOpa (-0B) nonHocTbio (WpudT Times New Roman — 12 nT, nonyXvpHbIi).
MecTo paboThl (C ykazaHMeM nogpasgerieHusi), ropoa U cTpaHa Ha aHrmuickoMm sbike (wpndT Times New Roman — 11 nT),
e-mail.
AHHOTaUuA Ha aHrnMuMUcKoM a3bike (WpudT Times New Roman — 11 nT).
KntoueBble crioBa Ha aHIMUIACKOM Ai3biKe: 5—7 CrioB v crioBocodeTaHui (WpmudT Times New Roman — 11 T, kypcvs).
UHdopmauums Ans uMTUPOBaAHUA Ha aHINMMACKOM A3bike (LWpndT Times New Roman — 11 nT).
BnaropaapHocTy Ha aHrnuinckom Asbike (WpudT Times New Roman — 11 nT).
[atbl nocTynneHus, ono6peHns U NPUHATUA PYKONCU Ha aHIMMCKOM si3bike (LpudT Times New Roman — 11 nT).
OcHoBHoOM TekcT cTaTby (WwpndT Times New Roman — 12 nT) HabupaeTcs B LUMPUHY CTPaHWLpbl, ab3aLHbIn OTCTYN OCHOBHOIO
Tekcta — 1.0 cm (3apgaeTca aBTomMaTuyecku, He npobenamu). [ipyrie oTcTynbl He AoMycKalTcs. BeipaBHMBaHWe TekcTa no Ln-
puvHe.
CnUCOK UCTOYHUKOB 0hOpMIIsSieTCs B eAnHoM copmate, B cootBeTcTBum ¢ FOCT P 7.0.100—2018, 6e3 ucnonb3oBaHusi Tupe.
Ecnu B cnncke nutepartypbl MCNOMNb3yeTcs NCTOYHUK U3 3MEKTPOHHOIo pecypca, HeobxoanMo ykasaTb Aaty obpatleHus. Cebinka
Ha nUTepaTypHbIA MCTOYHMK YKa3biBaETCA B TEKCTE CTaTbM B KBaApaTHbIX CKOBKax nocne ynoMuHaHus umtatbl. Cnncok ncnonb-
30BaHHbIX NMTEPaTYPHbIX MCTOYHMKOB HEOOXOAMMO NPEeACTaBUTb Ha PYCCKOM M aHrmuiickoMm s3bikax (References). Cnmcok nu-
TepaTypbl Ha naTUHULIe, Ha3biBaeMbIn References, rotoButcsa otaensHo ot Cnncka nutepaTypbl M pa3meLLaeTcs cpasy 3a yka-
3aHHbIM crinuckoM. CCbinNku Ha 3apybexHble UCTOYHMKM Heobxoammo noBTopsATb B Cnucke nutepatypbl U References. B
References HepgonycTtumo vcnones3oBatb poccuiickne FOCTbl. Heobxoaumo cnefoBaTe TpeboBaHWAM MexayHapOAHbLIX CTaH-
napToB. MHCTpyKUmMs No odbopMIIeHMIO CnMcKa NnuTepaTypbl B natuHuue — References, ctaHgapT "Harvard" Haxogutcst no cebinke
http://www.psu.ru/files/docs/ob-universitete/smi/nauchnyj-hurnal/metodicheskie_materialy/standart_Harvard.doc.

MOPALOK PELIEH3VPOBAHWSA U MYBNNKALINV CTATEN

Bce pykonucy npoxoasT ABOMHOE Crienoe peLeH3poBaHue ABYMs crneumanmctamm B HayqHon o6nactv nccrenoBaHust.
Mpy BO3HWMKHOBEHWW CMOPHON CUTyaLMW HasHayaeTcs TpPeTU peleH3eHT. OKoHYaTenbHOE peLleHne O nyGrmkauum pykonmucu
NMPUHUMAET FNaBHbIN PefaKTop XypHana.

[aTtoi nocTynneHnsi CTatbi CHATAETCS AeHb €€ OTMPaBKV Yepe3 NMUYHBIA KabUHET Ha caiiTe XypHana Unu no 3NeKTPOHHON
rnoyTe >ypHana (rnaBHoro pegaktopa). Pykonvcu paccmaTtpyBaroTcs B NOpsiake UX NOCTYNMeHUs B TEYEHWE OHOrO MecsiLia B 3aBUCH-
MOCTU OT CFIOXHOCTW cUTyauum 1 oGbema paboTbl. Pegakums octaensieT 3a coboli npaso 6e3 cornacoBaHysi C aBTOPOM NMPOBOAUTL
nUTEpaTYPHYH NPaBKy TEKCTOB CTaTel, He U3MEHSIOLLYYHO X OCHOBHOTO CMbICHa.

OpobpeHHble cTaTby NybnukytoTcs 6ecnnaTtHo. MonHOTEKCTOBas BEPCUS Kaxa0M PYKOMMUCHU BbICTABIISIETCS HA CalTe Xyp-
Hana u B cucteme PUHL| (e-library).
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RULES FOR SUBMISSION AND STRUCTURE OF MANUSCRIPTS

Scientific periodical journal "Bulletin of Perm University. Mathematics. Mechanics. Computer Science" is published
since 1994 in the series of the journal "Bulletin of Perm University". Then it was registered as an independent publication
in 2007.

An author is allowed to publish no more than one article (also as co-author) in any section for each issue of the
journal.

Article’s structure should be accordant with the rules below and should be sent through the author's personal
account on the journal's website. Articles should be sent in two formats: a text document and a pdf-file without infor-
mation about the author(s) (for review). Authors contact data (name, position and place of work with address, e-mail,
phone number in a text document), a cover letter and an expert letter on the open publication possibility should be sent
with the manuscript. Author(s) must make and sign consent to the personal data processing and an agreement.

Abstract (in Russian and English) should contain main information of research: a problem including the goals and
objectives of the study; research methods with novelty indication, if any; significant results and findings. The abstract size
is approximately 250 words.

Text should contain sections: Introduction, Materials and Methods, Results, Discussion, Conclusion, Acknowledg-
ments. The manuscript size is at least 6 typewritten pages.

An article text must be formatted in the editor Word. The sheet format is A4. The top and bottom margins are 2.6
cm, the right and left margins are 2.5 cm. The distances to the header and footer are 1.25 cm. Times New Roman Cyr
font, size — 12 pt, single spacing. Legends for figures and tables are typed in italics style. Formulas are typed in the
Equation editor.

The structure of the article

Article’s type

ubcC

Dol

EDN

TITLE in Russian (Times New Roman font — 16 pt, bold).

Name: author (s) name in full (Times New Roman font — 12 pt).

Place of work (with departments), city, country (Times New Roman font — 11 pt), e-mail

Abstract in Russian (Times New Roman font — 11 pt).

Keywords in Russian: 5-7 words or phrases (Times New Roman font — 11 pt, italic).

Information for citation_in English (Times New Roman font — 11 pt, italic).

Acknowledgments in English (Times New Roman font — 11 pt, italic).

Submitted, approved, accepted dates of receipt in English (Times New Roman font — 11 pt, italic).

TITLE in English (Times New Roman font — 16 pt, bold).

In English author (s) name in full, place of work (with departments), city, country (Times New Roman font — 11 pt),
e-mail.

Abstract in English (Times New Roman font — 11 pt).

Keywords in English: 5-7 words or phrases (Times New Roman font — 11 pt).

Information for citation_in English (Times New Roman font — 11 pt).

Acknowledgments in English (Times New Roman font — 11 pt).

Submitted, approved, accepted dates of receipt in English (Times New Roman font — 11 pt).

The article text (Times New Roman font — 12 pt) is typed the paragraph indent is 1.0 cm (set automatically, not spaces).
No other indents are allowed. Justify the text in width (Times New Roman font — 16 pt)..

References are formed in a single format with using GOST R 7.0.100-2018 without a dash. If a source from an electronic
resource is used, the author should indicate the request date. To indicate a source in text author uses square brackets
after the quotation mention. References must be submitted in Russian and English.

The References list in Latin, called References, is prepared separately from the References List in Russian and placed
below. Foreign sources references should be repeated in the References Lists in Russian and English. It is inadmissible
to use Russian GOSTs in References. It is necessary to follow the requirements of international standards. Instructions
on the References in Latin script design — References, Harvard standard can be found at http://www.psu.ru/files/docs/ob-
universitete/smi/nauchnyj-zhurnal/metodicheskie_materialy/standart_Harvard.doc

REVIEW AND PUBLICATION OF ARTICLES

All manuscripts are double-blind peer-reviewed by two research scientists. If a disputable situation arises, a third
reviewer is appointed. The final decision on the manuscript publication is made by the editor-in-chief of the journal.

The receipt date of the article is the day of its submission through the personal account on the journal's website or
by e-mail of the journal (or editor-in-chief). Manuscripts are reviewed in the order they are received within one month,
review period may be changed depending on a situation complexity and a works amount. The journal editors can to edit
the article text without basic meaning change.

Approved articles are published free. The full-text version of each manuscript is posted on the journal's website
and in the RSCI system (e-library).
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