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Bichuk XapKiBCEKOTO HAIliOHATTLHOIO YHIBEPCHTETY
Cepia «Maremaruase MozienioBaHHA. [HpopManiiHi TexHONOTI. ABTOMAaTH30BaHi CHCTEMH
yTIPABITiHHSD

YJK 517.968.519.6 Ne 733, 2006, ¢.117-133

Matemarudeckas MoJelb Il pacyeTa ropupoOBaHHOTO
BOJIHOBOJIa Ha 6a3e CUHTYJISIPHBIX UHTETpaIbHBIX YPaBHEHHH U
METO/a IUCKPETHBIX 0COOEHHOCTEH

C. B. [lyxonensHHUKOB
Xaporosckuil Hayuonansretit ynugepcumem um. B.H. Kapasuna, Yxpauna

The discrete mathematical model of axially symmetrical diffraction problem for a
monochromatic wave in a round waveguide with a finite number of fill in dielectric
extensions was constructed. The system of singular integral equations are derived. The
numerical solution of these systems was performed by the method of discrete
singularities.

1. Beenenmue.

[ocTpoena JUCKpETHAs MaTeMaTHYECKAs MoJeNb s pacuera
MEKTPOMATHUTHOTO T10Jisi B KPYIJIOM BOJIHOBO/IE ¢ KOHEYHOH CHCTEMOMN paciiMpeHHi.
Hacrosmas pabota sBisercs npoaormkenueM pabGotsr [1]. PaccmarpuBaetcs 3anmava
paccesHHs TIEPBMYHOIO NOJISA B CiIyyae, Koraa pabouas 30Ha M pacmmpenus (puc.l)
3ATOJIHEHBI JUAIEKTPHUKAMH € Pa3IMYHBIMH JHICKTPUYCCKAMH MPOHULIAEMOCTAMH. B
pabote [1] ypaBHeHuss MakcBesia pacnajajlich Ha JB€ CHCTEMbI COOTBETCTBYIOIINE
NONEPEYHOM JMEKTPUYECKONH BOJIHE M TONEepevyHON MarHUTHOHM BoyiHe. Yero Henb3s
CkasaTb O paccMaTpuBaeMod B 1ol pabore 3anmade. IlocTpoennas B pabore
MaTeMaTH4ecKasi MOJIeNIb paccMaTpuBaeMoN KpaeBol 3anaun MakcBesuia CBOIUTCS K
CHCTEME JIBYX CBA3AHHBIX MEXTY CO00# CHHIY/IIPHBIX HHTEIPAJIbHBIX Y PABHEHHUMA.

2. IlocranoBKA 3aAa9H.

TIeomempusa 3a0ayu.

Beenem cnepyromye oGosnavenns L, = (aq,bq) k Iq =b,-a,, R, =R+ hq 2

m
L=ULq , CL=(-,0)\L. B o1ux 0603Ha4ennsx, «paboyas 30Ha» — MHOXKECTBO:
q=1
P3= {z e (-o,%),p€(0,R), <0, 27:)} , 4 «30Ha pACIUHPEHHS» — MHOMKECTBO:
= { zel,pe (R, R, ),¢ € [0,27:)} . Ilpu 3TOM «BHYTPEHHOCTBIO BOJIHOBOJA» Oynem

Ha3BIBATD obveanHeHNe paboueit 30HBI 1’} 30HBI paciuupeHus
P J3plJ {z eL,p=R,¢€[0, 27t)} . MeraiHueckas NOBEPXHOCTh BOJHOBOJA —

MHOXKECTBO F={z€CL,,0=R}U{ZE L,P=R4}U

U0(-a0pe[2RJUE-R e[ ])

PaCCManHBaCTCﬂ AKCHAJIbHO-CHMMETPHYHAA 3a4aya, rnmoJid HEC 3aBUCAT OT ¢ .
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Pabouas 30Ha

PACLIp eHUA

Puc. 1. Ocegoe ceyenue 80NHOB00A C PACUIUPEHUSIMU.

Mamemamuueckas mooens.

3aBHCHMOCTE NOJIEH OT BpeMEHH FrapMOHHYECKAs M 33Ja€TC MHOXKHTENIEM T

3anMieM cTalHOHApHBIC ypaBHeHHs MakcBelula, B JalbHeHIIeM — YpaBHEHUA
Makcsena, [y1si KOMIUIEKCHBIX aMIUTUTYA:

rotH = —iweE (1)
rotE =iouH )
rae & — abcomoTHas OUANEKTPUHECKas NPOHMLIAEMOCTh, 4 - abCoMOTHas

MAarHUTHAsi IPOHHUIIAEMOCTb.
B ciy OTCYTCTBHS HCTOYHHKOB «BHYTPH BOJIHOBO/@) BBINOJIHSIOTCS YC/IOBHS:

divE=0 divH=0 3)

Ha mnoBepXHOCTH LWIMHAPA BBIIOIHACTCS TIPAaHHYHOE YCIOBHE (KacaTelbHEIE
KOMITOHEHTBI 3JIEKTPHYECKOro NOJisi Ha FPaHKile BOJTHOBOJa 0OpaInatoTces B HOJIb):

[E,n]lr =0 0)

rae n — eJUHAYHAS HOPMAaJIh K MOBEPXHOCTH BOTHOBO/A.

BonHoBox mpencraBumM B BuAe 00beAMHEHHS ABYX HelepeceKalomuxcs obnacrei:
«30HBI paciuMpeHHil» W «paboveil 30HB, W 3aNmUIIEM ypaBHeHHA Maxceeria 1
KaxXI0¥ 00,1aCTH OTAEIBHO.

Vpaprenns MakcBeiuia is «30HBI PaCIIHPEHHH»

rotH™ (p,z)=-iwe, E" (p,z), q=,...m pe(0,R), ze(-w,) )
rotE” (p,z)=iouH (p,z), pe(0,R), z€(—0,») (6)
3/eCh KOHCTAHTA £, — IMANIEKTPUYECKAs NPOHMIAEMOCTS CPEibl B PACHIHPEHHSX,

TpH 4Y€M B KQOKIAOM U3 pacumpemlﬁ MOJKHO 33/1aTh CBO€ 3HA4YCHMEC, U L — MarHuTHas

MPOHUIIAEMOCTh, KOTOpas BO BCEX PAaCHIMPEHUIX IOCTOSHHA.
I'paHH4HOE yCIIOBHE B «30HE PAaCIUMPEHHNA» NPUHMMAET BU/L:

E;(R,.z)=E;(R,,z)=0, ze L, g=1,..,m )
E; (p,aq)=E; (p,bq)=0, qg=1..m 8)

B «paboueii 30He»:
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rotH"™" (p,z)=—-ioe*E™" (p,z), pe(0,R), ze(—0,») 9)
rotE™" (p, z) =iouH"" (p,z), pe(0,R), ze(—0,») (10)
rJie KOHCTaHTa £ — JM3JIeKTpHYecKas IPOHULAEMOCTh cpesibl B paGoueii 3oue. U
J4 — MarHMTHas MPOHMUIIAEMOCTH, KOTOPas COBNAAET CO 3HAYCHHEM B PACUINPEHHSX.
['pannunoe ycnoBue B «paGoyeit 30He» NPUHAMAET BUA:
E™(R,z)= ES™ (R,z)=0, zeCL (11
Ha GeckoHe4HOCTH BBINOIHEHBI yCnoBus u3nydenus. «Ha peGpax» BoimonHsiorcs
yenorus MaiikcHepa.
ITockonbKy MO/ He 3aBHCAT OT KOOPAMHATHI ¢, B 9TOM cilyyae ypasHenus (1-2)
NPUHUMAIOT BUL [2]:

Efjrl—iaJ.ﬁ:E (12)
& 4
10
——I| pH,)=-iweE, (13)
pap( ¢)
oH
FibweerdH, | ~iweE, (14)
&, op
aE’_ 4
——a————zw,qu (15)
4
10
——|\pE; ) =iouH, (16)
pap( ¢)
OE
_p_._aﬂzia)ﬂH’ a7
oz Op

ycnoBus (3) NpUHUMAIOT BUA!
1 0 OE
——\pE, )+—%=0
pap(p P) Oz
10 OE
by N L 18
)% (18)
10 OH
—— H +—-—z=
pap(p P) oz
10 oH
LAY 5 ) e 19
pap( P) oz ( )

Bysiem uckate none B «paGoueii 30He» B BUE:
H™ (p,z)=H"(p,z)+ Hy(p,z)
E™ (p,z)=E*(p,z)+E,(p,2)
e Hy(p,z) 1 Ey(p,z) — «nepadHOe 0N€», NPe/ICTABUMOE KAk CyTepro3HLIAs

KOHEYHOro umclia COOCTBEHHBIX BOJH KpYIJIOro BOJIHOBOJAa pammyca R,
pacpoOCTPAHSIOMIMXCS B HATIPDABIICHHH BO3PACTAIOIUX 3HAYCHHH Z .
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YCloBusL CONMpSDKEHMs BBIIONHAIOTCA HA IePecedYeHUM 3aMbIKaHuM «pabouen
30HBI» M «30HBI pacHIMpEeHHUH» {PJﬂ3p} {(p, z):p=R, zeL}, TaHreHIMAIbHbIE

COCTABJISIOLIME DJIEKTPUYECKOr0O M MArHHTHOTO ToJel «30HBI paCIIMpEHHID H
«pabo4eii 30HB» COBMANAIOT:

H;(R,z)+H,,(R,z)=H;(Rz2),z€L,, q=1,...m (20)
H? (R,z)+ Hy, (R,2)= H; (R.z), z€ Ly, g=1,..,m @1)
E;(R,z)+ Eoy(R,2)=E; (R, z), z€L,, q=1,...m 22)
E; (R z)+Ey,(R,z)=E;(Rz), zeL, q=1,...m (23)

Hcnone3ys COOTHOINEHUS MEKAY KOMITOHEHTaMM 3/IEKTPHYECKOr0 M MAarHMTHOIO
NoJIeH, 3anuuIeM ycosus conpspxenus (20-23) B Buze:
Tak paBeHCTBO (23), ¢ ucronb3oBarueM (13), npumer BuA:

1 x40 1 ¢ =

L2 o) o)
a paBeHCTBO (21) 3anmimneM B BUAE:

1@ b 10 =

wap\PE )+ Hhe =l es) ‘25’

KOMIIOHEHTHI NEPBUYHOTO NMOJIS YAOBIETBOPAIOT YCIOBUAM:
Eo¢ |p=R =0 E, |p=R =0

b 0
—5[;(/’1{0&) |pin=0 a(PHoz) lp=2=0

Vcenosus conpsokerus (20), (22), (24) u (25) ¢ yyeroM yCIOBUH Ha INEpBHYHOE
10J1e UMEIOT BHA:

H;+H0¢=H; ' (26)
0 . 8

;1:5;(/”’«» )=€la—(PHa ) @7)

E;=E; 28)
0 0 d( .

Lap( £ )+i5;(PEc¢)+Hoz L ap(,aE,) (29)

3.MaremaTu4eckas MoJe/Ib PacCesHHs.

Hcnons3ys u3lioxeHHbIe cOOOpaKeHUs M JEHCTBYIO Tak e Kak B [1], BBeneM B
paccMOTpeHUe HOBble HeWsBecTHble QyHkuMH. B To Bpems kak B [1] nocrarouso
BBECTH TOJIBKO OJHY HEM3BECTHYIO (yHKIMIO, B paboTe BBOJUTCA JBE HEH3BECTHHIE
($yHKIMH, KOTOpBIe HEOOXOMMO HAWTH U1 pellicHHs NIOCTaB/ICHHON 3a/1auu:

g(z)=-a%E: (R.z) 30)

h(z) =%§;( pH; )(R,z) 31
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B cuiy ycnoeus conpsokenus (28) v rpanuyHoro yenosus (11) dymxums .g(z)
obnmagaeT cneayroIMMH CBONCTBAMM:

8(:) -2 £ (R7), zeL, (32)
g(z)=0, zeCL (33)
[g(&)dg=0, g=1,..m (34)
I,

M B CHIy YCNOBHA conpsbkenus (27) m rpanuynoro yenosus (11) dyskums h(z)
ofnanaer cnenyloumMH CBOHCTBAMM:

h(z) ——-—(pH")(R z), zel, 35)

h(z)—O, zeCL (36)
W3 cucrembl muddepennmanbieix ypaeHenuit (12-17) cnemyer, 9to KOMIOHEHT
E,(p,z) n H,(p,z) ynoBnetBopsioT ypasHenuio [esMromnbia,
B «pa6oueit 30He» uMeem:

. o100

__._E““ k+ _0’ - - y :

o ¢+ap(pap(”E )J “(£') £ =0. pe(0.8), z¢(m2) €
o o(1 8 2

—H? H* k) H =0, O,R), 7

P ap(pap(p ‘))+( ) H; =0, p&(0.R), z&(-0,) (38)

e k¥ =&t pw?,
B «30He pacmupenuii»:

E . . &{12 - A
ro +6p( ap(pE )]Jr(k,,) E; =0, pe(R.R,), ze(~0,%), (39)
A " o e
S, +ap(pap(pH¢ ))+(kq) H; =0, pe(R,R,), z&(—0,) (40)
rae k, =&, pa*
Ilpennonaraercs, 4ro cpena umeeT HeGONBLINE IOTEPH: MPOBOAMMOCTDH CPEIbI
0>0, k; — cooTReTcTBylomiee BONHOBOe uucno Ky =k* +i6, 0<d<<k.

Komnorenty E; 3meKTpHdeckoro noss B «paGouei 30He» MLeM B BHJe:

()1 (730)

Es(pz)= |G (A)— oo B e*dA @41
- 1

e y3 =A% - (k; )2
a C; (A) - npeoGpasopanue Dypbe dynkipn g(z):
+ 1 =i
€} (4)= o [g(¢)e*as (42)
od
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A
23 ll”l’z
® R.m,q
3 ,;\ » \;:‘l Al’ k
k 11 2 ll 1 \f 1 '11
16,41

f lm.,oz

Puc. 2. ITonoca nodunmezpaneHoil pyrryuu 8 gvipaxcenuu (41) ons E; 5

Bripakenue (41) MOXHO HMHTEpNIPETHPOBaTh, KaK MHTErpan oTr ¢yHKIMH
KOMILIEKCHOTO TIEPEMEHHOTO A BJIOJb BEMIECTBEHHOM OcH. 3ameTHM, uTo npu o =0
JMIOb KOHEYHAs 9acTh MOJIOCOB MOABIHTErpaibHON (yHKuMM (41) pacnonoxeHa Ha
BELIECTBEHHOH OcH (CM. puc.2)

et
A =sign(n)1/(k+)2-(1;é") , 0<|n|<N;;

OCTaJIbHBIE MOJIFOCA JIEHKAT Ha MHUMOM OCH

A, =isign(n) [j‘") -(&) >,

3nece j,, - Hynu QyHkumuu beccens 1-ro nopsaka Jl(x), N, onpenensercs u3

HEPaBEHCTB Jy v, <k'R, jiy . >k'R.
JedopmupyeM KOHTYp MHTErpHpOBaHHMS TakWM oOpa3oM, 4TOOBI OOOMTH TOUKH
Ags 0<|n| <N, u 0 10 MONOBHHAM OKPYXXHOCTEH Masoro paauyca ¢ u 0603HauuM

KOHTYpP MHTETPUPOBAHUA I’f;’.
3uauenne mHTerpata (41) mpu 3TOM He H3MEHHMTCS, MOCKOJBKY AehOpMHpYeM
KOHTYP B 00/IACTH aHATATUYHOCTH HHTErpUpyeMoi QyHKIIMH.

Ej (p.2)=limE;,; (p.2)=~i [ C (,1)( L ( ’) e da (43)
) (}' R)
rae 7+ 3 12 _(k+)2
V6emnumes, 9T0 TaK BHIOpaHHEBIM KOHTYp OOecreuuBaeT BBINOJHEHHE YCIOBHi

wanydenus. I[IpuMeHsis TeopeMy O BBIYETaX, VIS PAcCESHHONO TNOJSL B IPaBOM
nony6eckoHedHOM BoNHOBOAE (NIpH b, < Z < 0 ) NIOJTy9dM

E; (p.2)=- z"" ((f;) 4 fa()e™ g




=3

M
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Bxoasmue B 3TO BHIPOKEHUS cllaraemble Ipd 7 < N, MpPeACTABISAIOT BOJHBEI,
PacIpOCTpaHSIOIMECS BHE <«30HBl pacliMpeHHit» (z>b,) B HamnpaBneHWH

BO3pacTarOMX 3HaYeHUH z . OcTanbHble claraeMble SKCIIOHEHIHANLHO YOBIBAIOT [IpH
z—» 0. AHAIOTHYHO, VIS PACCEAHHOT'O OIS B JIEBOM [OTy0ECKOHEYHOM BOJIHOBO/IE,
BHE «30HBI pacUIMpeHHID (IpH —0 < Z < @, ) MOMY4YHUM

Tipu nSN1 [PEACTABNAIOT  BOJHBI  BHE  «30HBI  PACIIMpPEHHiD»,

pacmpoCTpaHsIOIMeCcs B HanpapieHMd YOBIBaIOIMX 3Ha4YeHMM z. OcrtanbHble
claraeMble HKCIOHEHHMANbHO yObIBarOT mpu z —» —oo. TakuMm o6pa3oMm, ycioBue
H3TyYeHUs BHITIOJIHSETCS.

W3 npencrasnenus (43) cnenyer, 4ro

aE;

o0

E; (pz)=—7

(R )=~ j c; (4) 411(( +R)) A (44)

Hmeer mecTo cnenylomasl ACHMIITOTHYECKAS OLIEHKA:

MJ—A—I-LLQ(,%‘?), A 45)
,ul(fR) 2R A

noncrasas (45) e (44) nmeem:

6E¢ (R,..)"' ch-k(ﬂ)l l lizd/{ 2IR J’Cvgz)eiﬂzdl_
— j'g(f)Kf (z-¢)d¢ (46)
”L
rac
; |
srn W, 1 7 L(rR) |sinay FA
K (Y)"J A R I,(}/*R) 1 dA+ nz_; Sm(’lln)’) (47

IoxeiaTerpanbhas QyHkiys uMeeT OCOOEHHOCTM B TOYKAX 4,,, W HHTErpai

noHMMaeTcss B cMbicie rnaBHoro 3Hadenus no Komm. Ilocnemnee cnaraemoe
npencraiser Cco0OM  pe3yibTaT MHTCTPHPOBAHMS 1O JyraM OKpY>KHOCTeH,
obxoasmum TouKH 4, , .

Hcnonb3ys napaMeTpudeckoe npejcTaBneHue npeobpasoBanus ['minbepra [4] u
CBOHCTBO (33) (i) :181171%1 g(z) VIS IEpBOro MHTErpana B (46) umeemM:

ECJIH ze Lq , TO U1 BTOPOTO MHTETpaina B (46) nomyyaem:
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. <« C 2' . z
?lzi f —g—)e'“dz:—f; [2(£)de (“49)

VuuteiBas Bce npeo6pa3oBaHus MpUBEACHHbIE Bbie, 3amMineM (46) npu z€ L, B

00

BHIEC!:
O g (ro)=-L (B ge - L To(2)ae-
or 0o (R7) = zi[;’—zdf 2Ra{g(g)d§
- [g(¢)KS (z-¢)de, zel, g=1l..,m (50)
L

Tomy4yum aHATIOTHYHOE TIPECTABNICHHE LIS KOMIIOHEHTs! F; MarHWTHOTO ToJis B
«pabouyeti 30He». [Ipenmonokum, YTO cpefa HMeeT HeOONLIIME TMOTEPH, T.€.
NpOBOAMMOCTH cpeapl o >0, k; — coOTBeTCTBYIOLIEe BOMHOBOE uncno (ky =k* +id,
0<d <<k). Torpa:

b = B (A)1,(7;r)
A ) A e
- Y5l (75R)

rae B (A) - npeoGpasosarue Dypbe dynxumn h(z):

eda (51)

- 1 b4
B (1)=5~ [n(&)edg (52)
3
A
: Aong2
Agger
A gz K
Bl \!gt n2
k luz a-ﬂ1 R.«'
® Agn 1
T Aonge2

Puc.3 Iomoca nodunmezpanvhoti gyHrkyuu 6 soipadicenuu (51) ona H;_ £

Boipaxenue (51) MOXKHO WHTEPHpETHPOBaTh, KAaK MHTErpan oOT (QyHKIHH
KOMIUIEKCHOTO MEPEMEHHOT0 A BJOJIb BEINECTBEHHOM OCH. 3aMeTHM, uTo np o =0
JMIIbL KOHEYHAs YacTh MOJOCOB MOABIHTErpaibHON (yHkimu (51) pacrnonoxeHa Ha
BEIIECTBEHHOH ocH (cM. puc.3)

TIINg
Ao, =sign(n) (k*)2 —(%) , 0<|n|<Ny;

OCTAJIbHBIE MOJIIOCA JIeXKAT HA MHUMOM OCH
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s isignto) [ 2] (k' b,

3necy j,, - Hynu ¢ynkumu beccens 0-ro mopsaxa J (x) , N, onpenensercs u3

HEpaBeHCTB jo v <Kk'R, joy . >k'R.

HedopmupyemM KOHTYp HHTErpHpOBaHHs TakuM o6pa3om, 4ToObl OGOWTH TOYKH
o> 0 <|n| <N, u 0 0o nonoBHHAM OKpY)XKHOCTEH Maoro paguyca & W 0603HaAYHM

KOHTYp MHTETpUpoBaHus [ ‘(,0).
3nayenue uHTerpana (S51) mpu TOM He M3MEHHTCS, TIOCKOJBKY aedopMupyeM
KOHTYp B 00/1aCTH aHAJTUTUYHOCTH MHTErPUPYEMOM QyHKLHM.
B (A)L(y'r) .
H; (p.2)= hmH;J(p,z) I —15—4-—)e’”’dﬂ (53)
o 7 I,(7*R)

YOenumcs, 4ro Tak Bmﬁpax-muﬁ KOHTYp obecnevnBaeT BBINOJHEHUE YCIOBMIMA
wnydenns. Ilpumenss Teopemy o BhIYeTaX, VIS PACCEAHHOTO TOJIS B IIPABOM
nony6eckoHeqHOM BonHOBOE (TIpH b, < z < %0 ) NOMy4HM:

® ‘] j()n_1 : y
H ( ,Z) nz—lﬂj _TE(_R)).eMO,nZi"h(g)e-Mo,nfdg

Bxomsnme B 310 BBIPOXKCHHE CllaracéMei€ IIpH # SN, NPEACTABIAOT BOJIHBI BHE

(30HBI PAacCHIAPEHUID), PACHPOCTPAHSAIOHECS B HANPABICHUM BO3PACTAIOMIMX
3HaveHwii z . OcTanbHBle ClaraeMele SKCIIOHEHIHAIBHO yOBIBAIOT NIPH z —> .

AHAJIOTHYHO A1 PacCeSsHHOTO MO/ B JIEBOM MOJIyOECKOHEYHOM BOJHOBOJIE (TIpH
~0 < z < @) NOJNYyYuM

AN 1)
H+ (p, 2) i 1 l(-]():" R e-—ijo_,,z J‘h(é:)el)o,,{dg
n=1"0,n Jl (]O,n) L

[lpa  »2<N;  [0pencTaBNAOT  BONHBI  BHE  «30HBI  pACINMPEHHID,

pactipocTpaHsOlMECs B HampaBleHMM yObBaroluX 3Havenwii z. OcraubHble
(naraeMele SKCIIOHEHIMANbHO YOBIBAaIOT mpH z — —co. Takum o6Gpasom, yciosue
H3NY4EHUS BBITIOTHSIETCA.

W3 npencrasnenns (53) cwezlyer YTO

OH;

(R z)=i [ B} (,1) Al e*dA (54)
o Ih(r'R)
HWmeet MecTo clieayIowas aCHMITTOTHYECKAs OLIEHKA:
A(r'R) |4 1 1,
y'IL(y'R) 2 2R;/ A
W torna (54) umeeT Buja:

+0(47), Ao (55)
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aH¢ (R z)—z_[B*(ﬂ.)l l A — i J.B}/l)_l%](m
+; [n(&) K (z-¢)ae (56)
L
rae
- Al (y*R) N
P & in ZydA+ 23 si 57

IoapmarerpansHas (GyHKIMsS MMEET OCODEHHOCTH B TOYKaX A,,, M HHTErpai

MOHMMAeTcs B CMBIcTe TaBHOro 3HaveHws no Komm. ITocneamee cnaraemoe
npencrapiser coGolM  pe3yNbTAT HMHTEIPUPOBAHMA 1O JAyraM OKPYIXKHOCTEH,
O6XOAALAM TOYKH A , .

Hcnons3ys mapameTpudeckoe MNpeAcTaBieHue oneparopa [wisGepra U cBOKCTBO
(36) dynxumm h(z) ans nepeoro uHTerpana B (56) nveeM:

4 7(&) 4
j B; ()= |d,1 e Lj (58)
A st BTOpOro MHTErpaia B (56) MTOJTyYHM:

i tB A |lz-¢|
2Rj B dAi= i"h(f)z__fd§+

i A )sinA(z-¢)
=

ITostomy, ecm z € L, TO (56) umeer Bu:

—aa—z-H:(R,z)=% ji’-(:‘f-gdf _[h(f)d.f —2_:1 [n(£)as-
Z Ih(é)dcf+-—jh(§)Ko (z-&)dE, zeL, g=l...m  (60)

TepexoauM K NpeaCTaBIEHUIO MOJIEH B «30HAX PaCIIUpPEHHID.
Komnonenty Ej @ ( p,z) 3MEKTPUYECKOT0 TIOJIS B PaCIIMPEHHUIX MILEM B BHJE!

E;(q) (p’z)ziy;n(q)E (P)C;,(nq) sin 4\%) (Z—aq) (61)
1 Kl(}, (q)R ) (y'@) ')_ (},‘(‘I)R ) (},'(9) )

A’SG) ( ‘(‘I)R )I( (‘l)R) ( (G)Rq) ( ‘(q)R)

720 = (39)= [ (o)

Hcnone3ysi aCHMOTOTHYECKYIO OLIEHKY

rae V9F (p)=
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V(‘l)E

( )=- 2R 44) +0(n?), n—> e (62)

npe06pa3yeM (61) c yuetom (62) K BUAY:
(9)
aE‘ (R )= zc*f') ‘”’ (R)smz;q) (s24)=

1 -(q)

_-ZC'(q)sm (")(z a) - Co smﬂ,f")(z -a )+

q 2R,,, @)
E
~a) 1 (@)
Z;c "[ (R)+1+ 2R/1,$)}sm"q (z-a,) (63)
H3BecTHO, uTO mmarpa.nbﬂmﬁ oreparop
b,
F"L Y W
(HqW)(z)=—I—-sm—I7£(z—aq)I ps ) " d¢ (64)
Y "q°°s;q‘(z—aq)—°°sg(§ -a,)

AelicTBYeT Ha Ga3sHCHbIE HNIEMEHTSI crieayoumM obpasom [3]:
H, :cosﬂ,sq’ ({ —aq) —> —sin A9 (z —aq), é,z2el,n=12,.
Hcnons3ys cpoiictro (33) dpynknuu g (z) , TIOJTy4aeM BbIpa)K€HUE IJISi NEPBOTO
pana B (63)
> C;,(,,q) sin {9 (z -a, ) =

n=1

1 y (£)
=——sin£(z—aq) I £ dé (65)
gl o a cos;”—(z—aq)—cosll({—aq)

q q

) z
Tak Kak E(")(R z)= Z sin (q)(z—aq)= Ig(g)df, TO IS BTOPOro

9

uHTerpana B (63) nomyyaem
1 C_(,,)
“3R2 ;'('q) sin A% (z-4a,) Ig(:,")dé‘ (66)
aE"(q)
¢
Jins koapduumenTos Pypre GyHKIMH % (R,z) nmeem:
G =1 f g(¢)cos 4 (& -a,)dé (67)
Iy a,

OxoHuaTenpHO Ag (63) nomy4aem:
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6 —(q) o " g(é‘) "
VR )agcosﬁ(z_a) cos ¢ - i
lq

—-1; zj'g(e‘)d§+

+- | g((,’)Z[ (")V(")E(R)H-f-————ﬂ:(%]sin ) (z-a,)cos A4 (£~a,) (68)

n=1

Komnonenty H (@) (p,z) MarHuTHOTO NONS B PaCIIMPEHMAX HILEM B BH/E:

HD (p,8) =Y.V (p) B;') cos A1? (z-a,) (69)

n=1

: K( (q)R) (},%q)p) (%a)R) (;(q)p)
72 Ky (7R, ) 1o (72 OR)~ 1o (7R, ) Ko (72O R)

I/ICHOIILByﬂ ACUMIITOTHYECKOC BBIPAXKCHUE

rae VI (p)=

@)y Aa)H .

2" (R)= 1+2R2£q)+o( ?), n—> e (70)
MOy Y¥M

aH;(q)

(R z) 4 -—ZB_(‘I)Z.,Sq)V(q)H (R)sm /?.,,q) (Z a )

% (q)

=iB;(;')sin (q)(z—a) Z (q) sin (")(z—aq)—

n=l n=1

_ZB*")[J,E")V(")”(R)+1+——-A£q):lsmﬂ,(,q)(z a,) (71)

n=1

Hcnonb3ys cBOMCTBAa HHTETPaIbHOIoO oneparopa (HqW)(z) (64) u cBoiictso (36)

dynxumu h(z) ans nepsoro psaa B (69) umeenm

—i B;,(,,q) sin 49 (z -a, ) =

n=1
bq
=—sinZ(z-a,) | -0, de ™)
l 1 1 9 cos—’i(z—a )-—cos—’i(.f—a )
- 1 % 4
szgn(@)l( - ), 0<|fl<27,710

n=]
~(4)
i:{‘:) sin (q)(z -a )=_ jh(g)z_msmﬂén(z_aq)cos («;)(e’r_aq)a,g=
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- L THE)E e g9 620 i
by

Mot J'h(;‘)[l -z-¢+2a, +sign(z- g‘)(l -|z- fl)]

q dg

q

aBue by
=fh(§)d§-z % [h(&)as (73)

oH9
Hcnone3ys BeipaxeHus nis koddouimento @ypbe dyHKuuM —éi-—(R,z) U
z

cBoiicTBO (36) ymkumu h(&), okoHuaTenbHO, NoMyuaeM:
b,

8 _(q)(R )___Tlsmﬂ'(z_a)j‘ h(f) A&+
o bk a4 cos—’-t—(z -a )—cos—(f -a )
Iq Iq
- | =
o et f"('f)"‘f"

—f—-— _“h(.f)Z{ (")V(")H(R)+l+ &Elq)]sm (")(z -a )cos (")(f -a ) (74)

n=1

TlepeiineM K BBIBOY CHHTYJISPHBIX MHTETPAILHBIX YPABHEHMHA,
Ycnosue conpxmemm (19) 3KBHBaJIeHTHO BBIPAKCHUSIM:
0

6_ 5 (R, z)+ HW(R z)— H'(R z), z€L, q=1,...m, (75)
b

j H; (R,z)dz + jHo, (R,z)dz = j H; (R,z)dz, g=1,..,m. (76)

% 9 %

IMoncrasnss BeIpasKeHUs A/ KOMIIOHEHT MarHWTHOTO mond (60), (74) B ycnoBue
(75-76) u cnenas npeacTaBIeHHC HEM3BECTHON DYHKLMK:
0, zeCL

h(z)= w, (2) fi

,ZE
J-a),-2) "
me w,(z), z €L, —rankas GyHKums.
umeem CHY
Lpe@) _ de
e -2 \/(f—aq)(bq —§)

-+
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& 1o ’ w, (€) dg

+——sin—(z-gq,
el Iq( )a{cos;@(z a) cos f a (5 —a, (b ‘f)

q

{l_g);_R zjw(‘f)\/(g ajf(b —§)+‘

+ K"(z,f)w & de
i ,{ SN

=_§Ho, (R.2) zel, q=),...m a7

rac

Kz(z,§)=-§—l_—z+Kf(z—§)+z%, p<q
K”(z,é)=L+K£’(z-f)—i, p>q
K (2.6)=KZ (z- ;)+————_————-—+

& 2n g 1
N5 [ (")V(")(R)H+—Z’$q)]sm2,,q)(z a, )cos (")(f -a,)

q n=l
C IlOl'lOJIHHTeJIBHHM YCJIOBHEM

F,(&)w, {—-——é—-——-+
51 Jnome =t

bq
+VO(")”(R)IW,,(§) L - [H,(REdE  g=l..m ()

\/(‘f_aq)(bq g
w3 L(Y'R) sini(a,-&)-sin (b, - &)
F O Z
msin (o, =) -sin L (3, 2)

R (%an)
N, onpenenserca w3 HepaseHCTBa Jjo v <KR, joy . > kR, jo, - HymH QyHKIMH

rae

di+

(79

T p
2
Becceis HyzieBoro nopsaaka, u A, = (k*) —(%) , 0<n<N,.

Wmem dpynxumo g(z) B Buze:
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0, zeCL
g(z): vq(z) ,zel,
W(=-a,)(3,~2)

rie v,(z), ze€ L, - rnankas pyHKums.

[loacranss B ycnosue conpsokeHus (29) npexacrasnenms i yHKumit
KOMIIOHEHT 3JieKTpraeckoro nojs (50), (68) oxoHYaTeNBHO MOMyYaeM CHHIYJIAPHOE
UHTErpaJIbHOE YpaBHECHHE!

T TG
B CEPRTOR)

SR " %(£) &
+-——sm—(z—aq) f S i
L aq cos%r—(z—aq)—cos%(.f —aq) \Kg—aq)(bq —5)

q

dé
+ z,$)v, (¢ =
o LR e

=E0¢(R,z)+H0¢(R,z)+—éa;Eo¢(R,z) zel, q=1,...m (80)
1
K,i, (z,§)=E:;+KOE(z—§), q#p

KE (2 §)=KE(Z—§)+

avl?
+l “[ (R)+1 2R;L’E)Jsm (")(z a )cos (")(5 a)

q
U IOTIOTHUTENBHBIC YCIIOBHA

1
& jv =0, g=1,...m. (81)
7 aq . \/(g_aq)(bq—é)

4, /{acKkpeTHAs MaTEeMATHIECKAs MOAEJb.

JMckpeTuzanMs TPOBOAMTCA 1O METOAY [HMCKPETHEIX ocobeHnocred [5].
[lpubnmkenHbie pellieHus 3aa4d WINEM B BUJE HMHTEPNONAIHOHHBIX MOJMHOMOB

Jlarparoka crenenu n, —1 ¢ yanamu t,(:’ ) i t(l ") = cos =—~ 2’; 17:' k=1,..n.
n

PaccmarpuBas cunryssipaeie ypaBHenus (77), (80) B Toukax ts.z’""), J=k.,n, -1
i IPUMEHAA K HHTerpanaM KBapaTypHbie (GOpMYJIBI HHTEPINONSLMOHHOIO THMA
01y4aeM CHCTEMY W3 1, +...+ 1, JiHHeHHbIX amrebpanyeckux ypasuenmii (CJIAY) ¢

7 I,
TaKHM K€ YHCJIOM HEU3BECTHBIX: vg ) (t,{ ")), k= 1,...,nq, qg=1...m.
X
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B cOOTBETCTBHM ¢ BBIII€ CKa3aHHbIM, NPUOMKCHHBIC 3HAYCHMSI PEIUCHMH
cuctembl CHY ¢ nponmonuutensHbiMu ycioBusmu (78), (81) vgn")(f) B TOYKax
(o) _ta (1m0) | Bat 4y

q,k 2 k 2 4 k=1""’nq’ q=1""’m HﬂleMHBCJIAYI
T (ng) )
g Sm—(z i o’ )
_1_2': 1 +_7£ Iq o ’ w("v)(:(":))
n, n, n n : o
b g ) s () - ) con (8-,
A l,
1 n, n n,
e 3 g (sl Yol (el )+
q k=1
o3 L3 ke (). Yol (4l))-
p=1 q k=1
P*q
0 n :
== Hos (R’zt(:,f)), Jj=l.n,, g=,...,m @1

C JOIIOJTHUTEJIBHBIM YCIIOBHEM

i s ( ("")) 0, g=1,...m (82)

qk:l
12 L5 ¥ D
rae z((lj)=—§—t£2' ")+ q;a", j=heun, -1, g=1...m
nu
T (ng) )
b n sm—(z_. -a 4
dngte 1 ¢ 68 I Nial v(m(g(;q)}
n n > n % q q
DE P M e W
q q
1 o n, n, n, v n,
-3 (.8 o (859«

+3 3k (e A ()=
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Ry ki
=H,, (R, z‘(l’;’.)) + 5 Fu (R, zf,_})), j=Luuny, g=l.sm (83)

C [IOMOJIHUTENIEHBIM YCIIOBHEM:

L3 re (et )HrV“””(R)] &)+

qk—l
bq
iy, 3 fF”( ) )('f,'j,f))= [Hog(RE)AZ, g=1,..m (84)
p=1 qk=l ay

p=q

HauGonee TpyJOeMKHMH SBISIOTCS BBIMMCIICHHS MHTErPAloOB BXOAALIMX B spa
E H

K (y) @Du K (y) (57).
Jlerko BUAETH, YTO TPH &, =const — &*, g =1,..,m Mbl NONy4aeM B npenene u3

cucteMsi (83) coOTBETCTBYIONLYIO CHCcTEMY B ctathe [1] ans H-BonHbL.

Pe3ysibTaThl YMCICHHOTO 3KCMIEpHMeHTa Ha Oa3e MaremaTHYecKOW Moaenu OymayT
oy 6IMKOBaHEI.

Asrop Onaromaput npod. I'anpmens FO. B. 3a mocraHOBKy 3ajauM M MHTEpec K
pabote.
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Bicunk XapKiBCEKOro HalliOHATBEHOTO YHIBEPCHTETY
Cepis «Matemaruure MozesmoBanss. [npopmaniiini TexHONOTIl. ABTOMaTH30BaHi CHCTEMH
YIpaBIHiHHL)

YK 517.958 Ne 733, 2006, c.134-140

Pemenue TpeTheil KpacBo¥ 3aa4M Ui ypaBHEHHS
TEMIONPOBOIHOCTH B MOMyOecKOHEUHO! 001acTH €
HEOJHOPOJHBIMH CBOMCTBAMH Cpebl

B. . Jymxun

Boennviit uncmumym enympennux gotick MBJ] Vxpauwuvl, Ykpauna

The method of heat conductivity equation solution is considered in the domain where
the coefficient of heat diffusivity is non-constant. The solution of initial third
boundary-value problem was reduced to the solution of the Volterra integral equation.
This equation can be solved by the of consecutive iterations method.

1. O6maa NOCTAHOBKA 3a/124H H €€ aKTyaAIbHOCTH

MHorue 3agaYm  COBPEMEHHOM TEXHMKM TNPUBOAAT K  HEoOXOIMMOCTH
MCCIIEJOBAaHNUS HECTALMOHAPHBIX TEMINEPATYPHBIX TOJeii B HEOAHOPOAHBIX Cpenax.
IMosroMy B HacTosimee BpeMs MO-TIIPEKHEMY OCTAETCs aKTYalbHBIM BOIPOC
YHCJICHHOTO MOMAEIHMPOBAHHS HECTALlHOHAPHBIX TEMIMEPaTypHBIX IOJIEH B TakuX
cpenax.

2. McTokn HCC/IeA0BAHASA

B pa6orax [3,4] 6bu1 mpeiokeH cnioco0 CBeNEHHs TMEPBOH KpaeBOH 3aJayud K
PELIEHHIO HMHTErpajibHbIX ypaBHeHHH Tumna BosbTepa, Ais YHUCICHHOTO pelleHus
KOTOPHIX TPMMEHHAM METOJ TIOC/ie/IOBaTeNIbHbIX WTepamii. B  nanHol paGore
npedsiaraeTcs MeETOH PeIIeHHs KpaeBOM 3aJadd ¢ YCIIOBMSMH TpPEeThEero pona Ha
rpaHule HcclieayeMon obnacTy.

3. IlocTaHoOBKA 3a1a4H
PaccmarpuBaeTcs kpaeras 3aaqa:

o Ay (x)iz_'; (1)
ot o
u(x,0) = p(x) )
%(1, D+h-u(l,t)=0 3)

e @(x)e C*(—0,l], u a(x)=a, xeQ,, Q, =(-x0), Q =(0)
Ha rpanunax pasgena obnacrteit BHIIIONHAIOTCS YCIOBHS CONPSKCHUA:
u(—0,t) =u (+0,1) 4

TR
ke u0D =k — u=01) 5)
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4. Cpenenne MCXOQHOH 32]a4H K HHTErPAJIbHOMY YPaBHEHHIO THOA
BoanTeppa.

Jns yno6erea nansHemmx npeobpazoBanuii BBeneM GyHkipmio V(1) crenyoumm
obpazom:

0 0
=k, —u(-0,0)= k -—u(+0,1). 6
vO=k S u-00= k-~ u01) ()
Pemenne 3anauu B obmactu €2, = (— oo,O), YIOBJIETBOPSAET CHCTEME YPaBHEHHIA:
ou 0’
Y a z(x);’: )
u(x,0) = p(x) ®)
ou v 9
a(_o’ t ) g k2 ( )

Ine v(r)- dyHuxims, KoTOpas MOAIEKHT ONPELETEHHIO.
Pemenue 3a1auu B o6nacta €2, WIMeM B BHJE:

0 [} ‘%
u(nt)= (&), (0 &,1) dE + -2 [ 560 YD) 4 (10)
<)_£¢(5>2(§):k2\/;0fe i
rae
1 _(x—:z)’ _(x+g)
G, (%, & )= —=—sude 1% 40 sl 1 11)
(%o 202\/7_11. :
¢yHKIHs, xoTOpas 06agaeT CBONCTBOM:
9G,
—= =0 12
ag x=0 ( )

Pemerue 3anaun B obmactn €, =(0,/) ynoenersopser cucreme ypasHenui:

DL A0 |
%=a oL (13)
u(x,0)=@(x) (14)
%(l,t)+h-u(1,t)=0 (15)
2".(+0,t)=_‘_’_(t_) (16)
ox k,

I'ne v(t)- GyHKims, KOTOpas MOJUIEKHT ONpPEIENIeHHIO.
Pemienue 3anauu B o6iactu £,  mpeacTaBUMO B BHJE:

u(x,t)= ]¢(§)C;1(xs ‘fat)d‘f_% 1 ]G,(x,O,t—z‘)y (T)dT (17)

e G, (x,&,t) - dynxums I'puna B obaactu |, koTopast oGnagaer cBoicTBaMu:
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oG itniedorii=0 (18)
o¢ "
W UMEET BUI.
G &0 =Y expl-a? 2, )°°S(‘ﬁ— ﬁ‘) "["s(‘/— ) (19)
n=0 X
rae x, = cos (ﬁ . x) pemenus 3axayu Lltypma-Jlnysuuis:
X"+ Ax=0 (20)
xX(0)=0 x()+h-x(1)=0 Q1)
U
{
iy posiaf 7 caYoon o de SR dog dvgmmfrudent 22
bl = Jeos? (V7 -)ag = Lo st 2+o(n2) 22)
Benu4unbl A, SBISIOTCA PELICHUAMH ypaBHEHHUS:
ctgl7, -1)= Vh 23)

h
W UMEIOT CJICAYIOLICC aCUMIITOTHYECKOE MPEACTABIICHUE!

\/_—-~—+—+O(l), n—w (24)
n

2
A,,:(—@) +—2~’1+O( i ), n—w. 25)
/ /5 n?

WUz ycnosuit HernpepbiBHOCTH nonst npu X =0, monmydaeM HHTErpaibHOE
YpaBHEHHME:

fooe,0.60dz+ j ALz =

o A
= oG 050de =3 [G001-ow @dr. o

Vpasuenue (26) npeacTaBuM B BHJE:

4. a)vO®, (4Kelv® y
f[kz k.)wt_r e R
rae
! 0
(1) = [p(&)-G(0.£,1) dE ~ [p(£)-G,(0.£,1) d¢ @9)
0 00
1

u K (t—1)=G,(0,0,t —7)— 29)

2
anlt—-7
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Beenem B paccmotpenue dymkmmio G (x,£,f), koropas sBusercs QyHKimeH
I'puna 3anaun Heiimana Ha oTpeske [O,I ] ¥ MMe€€T NPEe/ICTaB/ICHHE:

G (x,&,0)= ;+%i exp(—a,2 (ZZIEJ 'thos(%-x)-cos(%{) =

n=1

1 2 _(x-¢+2n1) _(x+g-2x,-2nl )
4akt 4a2t

= e T te y (30)

2a,Vm-t ,.Z;

U obnanaer coiicTBOM:

Fx 2 ) (n~{)z
G (0,0,t)=%+%2exp(—af-(%"~) 'tJ=;—\/—1”~—.7[1+22e ] (1)
1

n=1 n=1

Hcnonssys npencrasnenns (19) (30) u croiictBa (25) cOGCTBEHHBIX 3HAYEHMA
A, Oy4HM ClIe/lyIomee PaBeHCTRO:

o “oemalie) 1o ,aaler) -a?{ & 2+2h}<-f)
GI(O’Oat_T)zz e—f_=z e*lzt—_g'e (1) : i

75
o |, wl| o |Ix

nij

2h 2 2h
cdiler) M) a2 ) o 3601 o)
& i + 1+2-) e at (t-r)

o SRR TR i - = | [

(32)
HecnoxHo nokazars, 4To:
i 5 afrfake
s =0l =) now (33)
A R ¢
a u3 dpopmyas! (30) cnenpyer:
e-alz,zlh.(,-f) NS, (m) 2;,(

L2 e |

al1fﬂit—1'j n=1

13 popmyn (32-34) cnenyer orpanmdentocts dyuxuwin K, (1 —7) npu 7 € [0,00) }

)
-G(0,0,2-7), (39
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VMHOXXKHM JieByl0O M TpaByld duacTh ypaBHeHus (27) Ha (z-t)-?
npounterpupyeM no t or 0 go z. Ilocne 3aMeHBl MoOpsiAka MHTErPUPOBAHUS H
HECNIOXKHBIX Npeobpa3oBaHu# MOTyqaeM:

J;[kz +k—])jv (r)dr+jF(z )v (r)dr_j' (') -t | (35)
rae
Flz=%)= f Kol-(z ”]“z “T & F(0)=0 (36)

I G T

Iocne muddepenimposanus mm:rpanmoro ypaBHeHHus (35) mo mnepeMeHHOM
Z OMy4aeM:

z

4, 4 12 F (s s fR 37
J;(kz+kl)v(z)+6[azzr(z 7)v (r)dr 0 oy dt 37

0 T Kylx-(z—- r)}s/z_7
A S pi =

I'ne:

‘ dx
6[{«/2——1 —G,[0,0,x-(z-1)]+G,[0,0,x(z-7)] YF —r}J(l 3

(38)

Uccnenyem QyHKIHIO z—‘t%Gl [0,0,x-(z—r)], KOTOpas BXOAMT B SIpO

oneparopa (3 8)
Vz—-1— G 0,0,x-(z-17)]=—xa] \/ﬁz lx l -Aalx(z=7) _ (39)
n=1 j X
1..2._h.x z=T . —
=K[x- -]z T ’.aG(O’O’;z (z=7) (4
rae: .

n=l

il 2+~2£ -x(z~7
K/[x-(z=7)]==xalvz~ rz -‘an’x(t—r)__z_.(ﬂ)ze—a'{(') '] ; )]
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HecioxHO moKasath 4TO psifi, KOTOpBIA CTOMT B NpaBoii 4actd (opmynsl (41)
cxogurcst  abCOMOTHO M crenoBaTensHo  ynkims K| [x-(z—r)]xnmercx

OrpaHUYEHHOM.
IIpeobpazyem BripaxkeHue:

oG 0,0, - ) § i 2 ""12'{'(2)2*'—2—& x(z-7)
o) ()

0z

-1 &
= 142. ) e 9957 4
201\/7—1;.[2-1']% nz=l

an/mc(z r)z[ (nl)zJ e _(_ (_Z_:ITT ) 2,

I[J’Ul YOPOLMIEHHA TOCICYOIMX 3anucel BBeeM 0003HAYCHHE:

2h 2h
slresa)l s o —a{.Tx.(z—r) ) 0G(0,0,x - (Z i T)) -a,z-—’—x-( 259 1

Kz[x (z r)] Jz-1-e = vt zal\/a.[z_r]

(43)
U3 (43) cnenyer, uro:
[ ( )] Tx(z o Z ) ( )2 3 af(n(l)z )
K X AZ—~—T)l= ( P, 2 x(z-1

2 a, \/E -} 45 .
(44)

Me ¢yHKumMA, KOTopas BXOJMT B MpaBYlO 4acTh paBeHCTBa (45) smisercs
OrpaHM4eHHON (yHKIMEl CBOMX apryMEHTOB:
Taxum obpazom:

x(z-1)
1
2 p(z-r)=2 | Kolx-c-2)] - e { ) oy
aZF(z T)_az(;[ P +K1[x (2 r)]+K2[x (z T)]+2(211/_7E'[Z—T] i)
(45)
Y3 orpanudensocTy Qynkimi K, [t], i=0,1,2 cnenyer, uro
AR . ) (46)

z z-7T
e Q(z - T) - OrpaHUYeHHas QPYHKLHS CBOUX APTYMEHTOR,

Ilocie npeoGpazoBanms mnpaBoi HacTh ypasHeHHs (37) m wcnomssys (47)
ToTy4aeM CIEHYIOLIee IPEACTaBJICHUE 5TOr0 MHTErpalbHOrO YpaBHEHHMs THIIA
Bonprepa

J;(kz )Iv(r)dz'+IQ( v (r)dr = 2j<1> (Wz-tdt,

47
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6. BoiBoABI H HANIPABJICHHUS JaNbHEHINAX ACC/IEOBAHMI

[loryyeHHOe MHTerpanbHOe ypaBHeHHe Tuna BosibTeppa MoXeT ObITh peIIeHo
METOAOM NOCHEAOBATENBHBIX NpUOIKeHuil. B kayecTBe HaIpaBIeHHs JaTbHEHIIAX
MCCIIEIOBaHMI MpPEeANoJIaraeTcsi pacCMOTPEHHE 3aJadd, B KOTOpoM KoddduImeHT
TeMIIepaTy pOTIPOBOJHOCTH B obGmactH €, =(O,l) npencrapiser cobod KycO4HO-

MOCTOSHHYIO QYHKIMIO KOOPAMHATBIL.
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IlocTpoeHue cxeMbl pesIUHOHHOM 0a3bl JAaHHBIX
10 HEpeKypPCHBHOM mOycXxeme

A.T. Xurapiok, T. B. Cemenosa
Xapvrosckuil nayuonaneniil ynusepcumem um. B.H. Kapasuna, Yxkpauna
In the present paper the problem of the information system modeling and the approach

to the data modeling using the scheme was considered. The algorithm of relational
database structure building by non-recursive scheme was developed.

1. O6mas HOCTAHOBKA 3aa4H H €€ AKTYaJbHOCTH

XapakTepHbIH Uil COBPEMEHHOro OOIIECTBA MPOLIECC MACCOBOTO BHEIPEHHS
HHGOPMALMOHHBIX TEXHOJIOrHH, Gasupyrommxcs Ha obpabotke HHpOpMaLMM Npu
TNOMOUIM BBIYUC/IUTENBHON TEXHHKH, IPUBOIMUT K POCTY CIPOca Ha WHPOPMAIIHOHHbIE
CHCTEMBI pa3M4HOro HasHaueHus. [lia mnoseleHus >¢dexTMBHOCTH mpouecca
pa3paboTkH noAo0HBIX chcTeM uenonb3ytotes CASE-cpencrea pasnuyusoro tana [1].

Anamuz mmpoko ucrionbzyembix CASE-cpescts [2-3] mokasan, 9to CymecTByeT
pasaesIeHHe MEXAY CPEACTBAMH MOIEPKKH MPOCKTHPOBAHMA M pa3zpabOTKM caMux
CHCTEM M Cpe/ICTBAMH pa3paboTku XpaHWIHIL AaHHBIX (B gacTHOCTH CYB/]), KoTopsie
fyner mcmonb3oBaTh cucTeMma. [lomo6Hoe pasjieNieHHE He SBIISIETCH €CTECTBEHHBIM,
TNOCKOJIBKY ~MMEHHO  CTPYKTYPHO-JIOTMHECKas MoJenb MNpeAMeTHOW obmacty,
NOJyYEeHHAsl Ha 3Talle aHa/IK3a, ABJIAETCA OCHOBOM MpH pa3paboTke KOHUENTYaIbHOMH
mopemu Ga3pl JaHHBIX. DTOT (hakT MrHopupyercs GombumHcTBOM CASE-cpencts B
CHITy TOro, 4TO CTPYKTYpPHO-JIOTHYecKass MOJENb NPeAMETHOM 00nacTu He ABNseTcs
$opmanmsosanHbiM moHaTHeM. Kax cnencreue atoro, CASE-cpencrea He comepkar
QUMOPATMOB  INPOBEPKH KOPPEKTHOCTM M HENPOTHBOPEYMBOCTH  CTPYKTYpPHO-
JOTHYECKON MOMENH, KOTOpas SBISETCH OTHPABHOW TOYKOH JUIs JajbHEHInero
POCKTHPOBAHHA.

C unenslo dopmanuzalm¥ NPEACTaBIECHHS CTPYKTYPHO-JIOTHYECKOM MOMIENH
npeAMeTHOH oOnacTH aBropamMu B pabotax [4-5] Geula mpemiokeHa — Teopus
TOMYCXEM .

2. Ien paGornl

IlpencraBnensie KOHLENTyanbHOW MoJenM IpeaMeTHON o0nacTH B TepMHHAX
TEOPHM MOTYCXEM MMO3BOJIAET paspaboTaTs GOpMaIbHBIE METOIbI MOCTPOCHHS CXEMBI
penAMOHHOM 6a3hbl JaHHBIX KaK XpAHWIMINA JAHHBIX Ui T[POEKTHPYMOM
uHpopMaLMOHHOM cucTeMbl. OIHAKO 3a/1auya IeHepaluu CXeMbl 0a3bl JaHHBIX 110
NPOM3BOJIBHOM MONycXeMe SBISETCS AOCTAaTOHHO TpyaHoH. OcHoBHas mnpoGnema
COCTOMT B HEOAHO3HAYHOM NpEICTABICHUM PEKYPCHBHO ONpPENENSiEMbIX MOHATHMN
CpEACTBAMM  PENIIMOHHOM MoJend MaHHBIX. Bcenencteue storo,  obsacte
HecneioBaHMA Oblna Cy)KeHa JI0 HEPEKYyPCHBHEIX MOMycXeM [6] ¥ MOAMHOXECTBA
NMPOM3BOJIBHBIX TIOJNYCXEM, YAORJIECTBOPAIOMIMX OIpeJeNeHHbIM cBoicTBaM. Llensio
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AaHHOM paboThl SBISETCS ONMCAHHE ANTOPUTMOB [EHEPALAM CXEMbI PEJILIHOHHON
6a3pl JaHHBIX 110 HEPEKYPCUBHOM MOTyCXEME.

3. KpaTkuii 0630p Teopu# NoJaycxem

Ilycte N — KOHEYHOE MHOXECTBO, HTEMEHTBI KOTOPOrO COOTBETCTBYIOT HMEHAM
MOHATHAM TpeaIMETHOM obnacti, R — KOHEYHOE MHOXKECTBO, 3JIEMEHThI KOTOPOro
COOTBETCTBYIOT HMEHAM pOJIeH, T.e. CCBUIKAM BHYTPH 3K3E€MIUIApA TIOHATHS HA €ro
CTPYKTYPHBIC 9aCTH.

Hcnons3yembie 0603HaueHUS:

M (R,N ) - MHOXECTBO YaCTHYHBIX oTOOpaxkenuii uz R B8 N ;

dom( i 4 ) - obnacts onpenenenus orobpaxenuii [ € M ( R.N );

s - orobpaxeHue ¢ IMycToli 06NacThIO OINpe/IeICHHA;
*

R - MHOXeECTBa BCeX C/ioB Hax R ;
oL

R - MHOMXECTBO HEMyCTHIX CJIOB Haja K ;

e - IMyCTO€ CJIOBO.

Honycxemoii npenmerHolt obnactd  HaseiBaercs Tpodika S = (N I D) , I
KOTOPO# BBITIONHSIOTCS CIIE/YIOI{HE YCIOBHS:
1) mns moboro nelN, eCIHn (n,e) eD, TO

{feM(R,N)'(n,f)eD} ={a};

2) aas moboro "€ N u mis mobbix AByX BapHaHTOB ONpejeNeHHs
f.ge M(R,N) Taxmx, uro (n,f)eD, (n.g)eD u
re dom( i i ) N dom( g), rie re€R, BHIOJHEHO  CBOWMCTBO

f(r)=g(r).

N - MHOXeCTBO TIOHSATHH NpeaMeTHOM obacTy,
R - mHOXecTBO ponei,

DcNxM (R,N ) - OTHOLICHHE, 3a/Ial0NIEe COOTBETCTBHE MEXIY TOHATHIMH
¥ BAPMAHTAMH OIIpe/ieIICHHs.

3amaerca uacThyHoe orobpaxkenne T:N xR —> N crenyromum obpasom:
\'c(n,r) ONpeJeNieHo B TOM M TOJIBKO TOM Cilydae, eciu cymectsyer f € M (R,N ),

118 KOTOPOrO (n,f) eD,re dom(f) TIPH 3TOM t(n,r) = f(r).

Hmenyroweii Humpio TIOHATAS 7 HA3bIBACTCA 3JIEMEHT (n, W) M3 MHOKECTBA

*
N x R, xotopsiii y/IOB/IETBOPSIET OHOMY M3 CIIEAYIOLIMX YCIOBHIA:
1. w=eu(ne)eD;
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2. mia W=Hhr,...F, B IOCHENOBATENbHOCTH Wy =N, N, = ‘t(n,._l,r,.), rae

i=1,...,k, BCE YieHBI ONpeesieHsI.

Jns nomycxemel S = (N,R,D) noHsiTHe # € N Ha3pIBaeTCcs 6a3065IM, €CIIA JUI
sesxoro f € M, (R,N) eemonnsercs (n,f) ¢ D .

Oyuxkuus [ e M (R,N ) HA3bIBACTCH CUZHAMYpol nowamua n € N , ecim

(n,f) eD.
P = {f :M (R, N)‘(n,f) € D} - MHOYKECTBO CHTHATYD TIOHSTHS 71 .

[onsatve m yuacmeyem 6 onpedeneHuu NOHAMUA N, €CIA CYWECTBYET [ #e -
HMEHYIOLIAst HUTh, Takas, 4to T(n,f) =m.

TloHsiTHE M HENOCPeOCMEEHHO YHACHMEYem 6 OnPedeNeHuU NOHAMUA N, eCIH
cymectByer Takas curharypa f € F, u cymectsyer r € dom(f) Takue, uro
f(r)=m.

TMousTve N HA3BIBAETCS PEKYPCHBHO ONpPEJeINeMbIM TOHATHEM, €CIIH
CYIIECTBYET TaKas HMEHyIOmas HUTh [ # €, uro T(n,f) =n.

[Tomycxema Ha3bIBACTCH HepeKypCUBHOU, €ClId OHA HE COIEPKHUT pPEKYPCHBHO
OnpeAenieMbIX OHATHH.

Jins nipecTaBieHUs NONYCXeM MCIONB3YeTCs Caeayomas rpapuyeckas HOTalus.
nousTHe (CYLIHOCTh) NPEeAMETHOMH 061acTH,

@ BAPUAHT OMpEIeJIEHHs OHATHS

4. Tenepanus cxembl 6a3bl JAHHLIX 110 HePEKYPCHBHOH mouIycxeme

Kaxpgomy nousitiio n € N CTaBUTCS B COOTBETCTBUE OTHOIICHHME B 6a3e JaHHBIX
Wi arpubyT OTHOIICHHS. A  arperdpyroufie CBS3d MEXAY MNOHATHIMH
npeoOpa3syloTcsi B CBS3H MEXAy OTHOIIEHMSMH, PEAJW30BAHHBIE C TOMOLIBIO
BHEIIHUX KITIOYEH.

B MHoXxecTBe 0a30BBIX MOHATHI BBIAENSETCS MOAMHOMKECTBO NO CTaHJAPTHO

ompelieNiieMbIX MOHSTHH, Hanmpumep String, Integer u np. Takue norsTus ckopee
331I0T THI APYroro MOHATHS HEXENM ONpeesioT KayeCTBEHHO HOBBIE MOHSATHS.
[lo3TOMy CTaHZAPTHO OMPENENAEMBIM TOHSITHIM CTABUTCS B COOTBECTBHE aTpHOYT B
OTHOIEHMH.

Bcem octasibHBIM Ga30BBEIM MOHATHSAM COOTBETCTBYIOT OTAEIbHBIE OTHOLICHHMS.

HeGa3oBsie MOHATHS B CBOIO Odepelb pa30OHMBAIOTCS HA [Ba MOJMHOXECTBA B
3ABHCHMOCTH OT KOJIMYECTBA BapUAHTOB ONpPEJESCHHS, KOTOpblE ¢ HHMH
accoumupoBanbl. Takoe paz6uenne o6yclIoBIEHO TeM, 4TO MpaBHia MpeoOpa3oOBaHUsA
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TaKMX TOHATHH B HaOop OTHOmMEHHWM peNAUMOHHON 0a3pl JAHHBIX ABJISIOTCA
Pas/IMYHbBIMH.

3

Hwxe copmymupoBans! npasuia nocrpoenus cxems! PB/I.

Ecnu nonstHe »n  sBisercs 0a30BbIM, HO HE CTaHOAPTHO OMNpeEeIseMbiM
NOHATHEM, T.€. n € N . \N o» TO CO3/1aeTCH OTHOLICHHE 6a3el JJaHHBIX

Rel_n(id_n : Integer, atr_n : String),
rae id_n — ucKyccTBeHHBIH Kmo4 oTHouieHHs Rel_n.

Eciu nonstue n € N\ N HMeeT eQMHCTBEHHYIO CHrHaTypy f, TO cosjiaercd
OTHOIIEHME ¢ MMeHeM Rel n, B KOTOpOM KoOIHYecTBO aTpUOYTOB 3aBHUCHT OT
bynxumu f . Il Bcex poneit ¥ € dom( f 3 ) BBINOJTHAETCS CIIeAyIowee:

1) Eciu m= f (r) € N, 1o B otHowenue Rel_n noGasnsercs arpubyr
¢ uMeHeM Qf¥r _ ¥ W THIOM M.

2) Ecou m= f (r) & No’ T0 B orHomenwe Rel n pgobGasnsercd

atpubyTt ¢ umeHeM Ref m, xoropeiii sBisieTcs cChUIKON Ha aTpubyT
id_m orromenus Rel_m.

Eciu monatne n e N\ N , ACCOLMHPOBAHO C HECKONBKMMHM BapHaHTaMH
onpeneneHus, TO CO3/laeTcs OTHOolleHMe ¢ aByms atpubyramu Rel n(id n,
type n), rzae aTpubyT ¢ mMeHeM type n mMmeer THN SIFing, ¥ CONEPXKHUT B
KayecTBe 3Ha4YeHUH aTpHOyTOB HMEHa BapHAHTOB ONpeNeNeHHs MOHATHSA n. Jin
BceX BapuaHTOB ompenenenus f € M (R,N)rtakux, 49ro (n, i d ) eD

BRINIONIHSAETCA crnepytomee: Co3naercs oTHomeHHe ¢ umeHeM Rel _f, B xoTopom
NpUHLMT (POPMHUPOBAHHUS aTpHOYTOB aHAJIOTHYEH IYHKTY 2.

Ipumep 1.

ITonstne Kamra xapakrepusyercs CTPOKOH, Koropas - A
BBICTYIIAET B POJIM Ha3BaHUS KHUTH.

MMoustue  String sensercs  6a30BBIM,  CTAHAAPTHO
ompenenseMbIM moHsTHeM, T.e. Siring € N,, noromy shtial
coznaercs otHomenue ¢ umeHeM Rel _Knura, xotopoe 6yner
HUMETH CIeAYIOUIMHM BUL! String

Rel_Knnra (id_Kunura : Integer, atr_na3sanmne : String)

Hpamep 2.

IMousrne Knura xapaxrepusyercs noHsTueM AKanp.
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lonstue Kaupe N, sensercs G6asoBeIM, HO He SBISETCH CTAHZAPTHO

onpefeNseMbIM, IIOTOMY MpPEABApHTENbHO TpeOyeTcs co34aTh OTHOINEHHE Oasbl
JIaHHBIX, COOTBEeTCTBYrOLIee noHaTHIO Kanp. CornacHo npaswiy 1, oHo Gyzmer umeTs
CleIYYOIIMH BH:

Rel_XKanp (id_JKanp : Integer, atr_Kanp : String)

Knnara
B croio ouepenp noHstHro Kuura crasurcs B

cootBercTBMe oTHouieHHe Rel Kunra, copepxamee
cchUIKy Ha oTHowleHue Rel XKamp. Takum oOpasowm,
ornomen#e Rel Kamra Gyner umers cnemyronmii Bua: HKAHD
Rel Knnra (id_Kamra : Integer, ref skamp :
Integer), XKanp
rae ref sxaHp — cchuika Ha arpubyr id JKamp
orHomieHust Rel JKanp.

Hpumep 3.

[lonsiTve n HMeeT JBa BapMaHTa ONpeleNieHHs,
CIE/IOBATENBHO, TIOCTPOEHUE CXeMbl 0a3bl JaHHBIX n
NPOXONNT COTNIACHO MpaBMITy 3.

Ha nepsoM mare co3gaercs OTHOIICHHE, KOTOPOE . 2
HMEET CJICAYIOIUH BHL: Iy r;
Rel n(id_n : Integer, type_m : String), rne
JoMeHOM aTpuOyTa type n ABISETCS MHOXECTBO HMEH my my

BAPWAHTOB omnpe/enenus noHaTys n. OtHomenue Rel_n
cpa3y k€ MOXeET ObITh 3aTIOJTHEHO.

id n type_n
1 f
R ¢

Ha cnenyromem mare cosnaerca apa otHouwreHuss Rel f u Rel g cormacHo
npaBAiTy 2.

Ormcannpii HaOoOp mNpaBMI MOXKET MPHMEHSTHCS TONBKO B ONpPEAETCHHON
TOC/IEJOBATENBHOCTH. JT0 OOYCNOBJIEHO TEM, YTO K MOMEHTY IOCTPOSHHS
OTHOLUEHMS, COOTBETCTRYIOLIETO 3a/JaHHOMY TIOHATHIO 7, JOJ/DKHBI OBITE HOCTPOEHSBI
BCE OTHOLUEHHSA, COOTBETCTBYIOLIME MOHATHIM, KOTOPhIE YHACTBYIOT B OINpeeICHUH
TOHATHA 7 .

Mnave roBops, MOHATHS AO/DKHBI PACCMATPHBATBCA [0 MEPE YCIOKHEHHS HX
CTPYKTYpBI.

Ha nepsom miare a0/KHBEI OBITH NOCTPOEHB! OTHOLICHHS, COOTBETCTBYIOIIHE
0a30BBIM TOHATHAM, KOTOPhIE HE ABNAIOTCS CTAHNAPTHO ONPEACTICHHBIMH.

Ha BTOpoM miare HOJDKHBI ObITH PACCMOTPEHEI MIOHATHS, B ONPEENEHHH KOTOPBIX
HETIOCPEACTBEHHO YYaCTBYIOT TOJIBKO 0A30BEIE TIOHSTHS.
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Ha TperpeM Inare CTpOSTCS OTHOINEHMS Ul TaKMX TOHSTHH, B ONpeNeNeHHH
KOTOPBIX y4acTBYIOT 6a30BbI€ NMOHATHS, & TAKKE OHATHUS, PACCMOTPEHHBIE Ha BTOPOM
mare.

Takum 06pa3om, Ha K&KIOM CIIEIYIOLIEM IlIare MOXeT OBITh paCCMOTPEHO BIIOJIHE

ONPEACIICHHOE MHOXXECTBO TTOHSATHMA:
i-1

N,={ne N\N_|(¥f eF,) im(f)<|JN,}.

k=0
HWnaue r OBOpA, MHOXCCTBO N i 6yﬂeT COCTOATh M3 TEX ﬂOHﬂTﬂﬁ, B ONpeac/ICHUU
i~1
KOTOPKIX YHAaCTBYIOT TOJIBKO INOHATHSA U3 MHOXECTBa U N, T
k=0

AJIrOpHTM reHepanni cxeMbl 0a3bl JAHHLIX 0 HEPEeKYPCHBHOM Hoaycxeme

Iycres S = (N, R, D) - HepekypcHBHast IOTycXema.

Ha nepBoM 1uare CO34AI0TCS OTHOLICHUS CXeMBbl Ga3bl JaHHBIX, COOTBETCTBYIOMIHE
nowsrusm w3 N, \ N, .

Bropoii mar paboTsl aropuT™Ma 3aKmoyaeTcs B IOCTPOSHHH T10C/IeJ0BATeTbHOCTH
MHOKECTB {N,.}:‘=1 i

Jlanee  WTEpaTMBHO NOCTPOSTCS  OTHONIEHMS  CXeMbI  0asbl  JaHHBIX,
COOTBETCTBYIOLIME MOHATHAM W3 MHOXecTB N,. CHauana CTPOSTCS OTHOLICHHS,

COOTBETCTBYIOLMEe NoHATHeM M3 N,, nmanee 3 N, u Tak janee, moka He Oymyt
paccmotpers! Bce N, . IIpu MOCTPOCHHHM OTHOWIEHHMMH, COOTBETCTBYIOIIMX IOHATHAM

3 N,, OTJAeNBHO pacCMaTPUBAIOTCS MOHATHSA C OJHHUM M HECKOJIBKHMH BapHaHTaMu
onpeieNieHHs, TIOCKOJIbKY OHHM TpeOYIOT pa3/IMuHbIX AJINOPUTMOB.

CTpyKTypHas cxeMa aJirOpUTMa NpUBe/ieHa Ha pUCYHKe 1.

Bxoa: nomycxema S = (N, R, D)

Boixoa: cxema pensSiHOHHOM 0a3bl JaHHBIX

Hcnoab3yemblie QyHKIHE:

SignatureCount(n) —  GyHKIMS, BBYHACIMIONIAS  KOJIMYECTBO  BApUAHTOB
OMNpeaeNeHusi, aCCOUNMPOBAHHBIX C IOHATHEM 77}

CreateSingleDefinedConcept(n) -~ (yHKIMS, BBIIOJHAIOINAA ITOCTPOCHHE
OTHOLIEHHH, COOTBETCTBYIOUMX MOHATHIO # C OJHUM BapHaHTOM OIIPE/IC/ICHHU;

CreateMultiDefinedConcept(n) — ¢yHKUMs, BBINOJIHAXOLIAS nom:poemle
OTHOWIEHHWM, COOTBETCTBYIOIMIMX TIIOHATHIO 7 C HECKOJIBKMMH BapHaHTaMH

OMNnpeaciieHuA.
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IOCTPOEHHE OTHOIIEHUH,
COOTBETCTBYIOIUUY MOHATHAM
ns N \H,

l

Hoctpoenue
NOCHEAOBATENLHOCTH

MHOXECTB {It*g]f'_l

< for each N, from {N;}:.x >—>
[
¥
< for each # from N, >

Her

Sigrnature Countfn)=1

Createlulti DefinedConcepiin) CreateSingleDefined Conceptin)

l |
L

Puc.1. Ancopumm nocmpoenus cxemer B/ no nepexypcusnoi noiycxeme

S. Hepemennble npofjieMbl B HeJiH patoThi

Cnemyer OTMETHTh, YTO INPHUBEACHHBIE AITOPUTMBI MO3BOJSIOT CTPOHTH CXEMY
0asbl MaHHBIX TONBKO MO HEpeKypcuBHOM momycxeme. Ombitr  paspaGoTku
MHGOPMALIHOHHBIX CHCTEM [7] MO3BOJIAET yTBEPXKAATh, YTO B GONBLIMHCTBE CIyYaeB
(TPYKTYPHO-JIOTHYECKHE MOJENH TpeIMeTHBIX obnacTeif comepikaT ompeaeiieHHOe
KOTHYECTBO PEKYPCHBHO ONpEAeNseMbIX IMOHATHH. VCKYCCTBEHHOE HCKIIOYEHHE
TKHX TOHSTHH M3 pacCMOTPEHHs, CHENAHHOe B JaHHOM pabore, ABngeTCa JWIIb
BPEMEHHBIM pPELICHHEM.

6. BeiBoabl 10 pe3yIbTaTaM M HANPAB/ICHHS JaTbHelINX HCCIeA0BAH M

B pabGote paccmoTpeH anroput™M (GOPMHPOBAHHS CXEMBI PENSLMOHHON 6a3bl
JAHHBIX 110 CTPYKTYPHO-JIOTHYECKONH MOZETH NpeIMeTHON 06macTi HHPOPMALHOHHO-
IOHCKOBOM  CHCTEMbI, NPEACTABICHHOH B TEPMHHaX TEOpPHM  IOMYCXEM.
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PaccMoTpeHHBI  anropuTM mpeanonaraer o6paGoTKy JMIIB HEPEKYPCHBHBIX
nonycxeM. Ot1o oOBsSCHseTCs TeM, YTO MpolecCe MPOEKTHPOBaHUA 06a3 JaHHBIX
BKJIIOYAET JIEMEHT TBOPYECTBA M HE MOXET OBITh MOJHOCTBIO ABTOMATH3HMPOBAH.
OcobeHHO eclM peub HOET O MpEeCTABICHMH B pELUMOHHOM 6ase JaHHBIX
PEKyPCHBHO OTIpe/ieNIsieMbIX TTOHATHIM.

B nmanepHelimemM MOXKHO paclUMpHUTh NOJYyHEHHBIH pe3y/bTaT, PacCMOTPEB Kiiace
MOJTyCXeM, KOTOPbIE€ COAEPHKHT CTAHAAPTHHIE PEKYPCHBHBIC KOHCTPYKIHMH, HAIIpUMeED,
CIIHCOK.

Ho npaxke npH MOCTPOCHHMH CXEMBI PeNIALIMOHHOM Ga3bl JaHHBIX IO IPOM3BOJIBLHON
HoJTycXeMe NMpHUBEAeHHbIH B paboTe aropuT™M MOXKET OBITh MOTHOCTHIO HCIIONE30BaH,
KaKk OOWH M3 3TanoB npeoOpasoBaHus. Tak, Hanpumep, MOCTPOEHHE CXeMbl 0a3bl
AaHHBIX 0 IIPOM3BOJBHOM Mmonycxeme pa3OHBaeTCs Ha TPH 3Tara:

BBIZICJICHHE B IOJIyCXeMe MHOMKECTBA PEKYPCHBHO OINpPEAC/ISEMBIX TOHATHIA;

npeobpa3oBaHHe HEPEeKYPCHBHBIX MOHATHH COIJIaCHO NpHWBEIEHHOMY B pabore
ITOPUTMY;

HWHTEPAaKTHBHOe TMpeoOpa3oBaHWEe pPEKYPCHBHBIX IIOHATHH COBMECTHO ¢
paspaboTuuxom 6a3kl JaHHBIX.
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On the Decidability of Propositional Metric Temporal Calculus
PTC(MT)
Natalya Keberle

Dept. of Information Technologies, Zaporozhye National University"

The paper introduces propositional metric temporal calculus PTC(MT) dealing with
metric properties of time — traunsitivity and distance between time points. The paper
proves that PTC(MT) is decidable.

1. Introduction

Temporal logic is a kind of symbolic modal logic [1] dealing with domain
description statements, which are interpreted over the time flow, either point-based or
interval-based. First introduced by Prior in 1957, temporal (or tense) logics relate
tenses and modalities, and provide a basis for description of the semantics of the
evolving world.

The reviews of known logical systems involving temporal modalities can be found
in [2-4]. Among these systems are Lemmon’s minimal system K, (with the unary
operators F — “somewhere in the future”, G — “always in the future” and their
mirrors), von Wright system “And then” (the binary operator 7,, and basic construct
pT, q — “p and then ¢”), Scott’s system “And next instant” (the unary operator T,
basic construct 7 p — “in the next time point will be p”), logical system with Kamp’s
binary temporal modalities U — “until” and S — “since” [5].

Temporal aspect is also of great interest for hybrid logics, where it is possible to
directly refer to worlds/times/states in logical formulae. E.g. Rescher’s chronological
calculus [6] introduces the operator of chronological realization, which binds an event
to the particular real date/time.

Temporal logics are widely accepted languages for specifying properties of
reactive systems and their behaviour over time [7-8], and for the description of
concurrent object-based systems: process controls, fault tolerant systems, distributed
Al [9]. Its application to the description of evolving behaviour of dynamic domains is
under detailed investigation, particularly for the purposes of knowledge representation
on the Semantic Web (see e.g. [10-11]).

The examples of propositional temporal logics for linear time are LTL [12], PTL
[13], Timed PTL (8], and the set of Propositional Linear Temporal Logics from [4].

Metric temporal logic with modalities 7 (“it will be the case after n time points™)
and Pn (“it was the case n time points ago”) allows in addition to description of
precedence of events to explicitly state distances (in time points) between the
occurrences of events.

This logic is positioned between non-metrical temporal logics and hybrid logics.

tkenga@zsu.zp.ua
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Indeed, from the one point, constructs like Fnpv Fmg tell that p will be true in n

time moments or ¢ will be true in m time moments, thus one can use primitive
arithmetic operations to calculate the difference between time moments when the p or
g occur. At the same time, non-metrical modal operators of other systems (like F, G,
T, U and S) can be easily presented via metric one (see e.g. [1]). From the other point,
it is impossible to set or get absolute values of time moments when p or ¢ occur.

However, the review of other researches in temporal logics has showed that the
complete propositional metric temporal calculus with temporal modalities Frn and Pn,
as they were introduced in [5], was not investigated with respect to the logical
properties of an arbitrary formal system: completeness, soundness and decidability.

The aim of the paper is to introduce propositional metric temporal calculus
PTC(MT), and to prove decidability of PTC(MT). The work on PTC(MT) , particularly
soundness and completeness analysis, was presented in [15].

The paper is structured as follows: Section 2 introduces the PTC(MT); Section 3
describes the tableau procedure for checking formula satisfiability; Section 4 analyses
decidability of PTC(MT); Section 5 concludes the paper.

2 PTC(MT)

Propositional metric temporal calculus considers time having linear discrete
structure, infinite into the past and to the future, assumes that time points are
organized with reflexive and transitive ordering relation.

Such structure of time is isomorphic to the structure(Z, <), where Z - is a set of
integers, and < - is a strict ordering relation.

Formal system is defined if defined are alphabet, rules of formulae construction,
the set of axioms, and the set of the deduction rules.

2.1 Alphabet and formulae construction rules

The alphabet of PTC(MT) consists of:

(a) Propositional variables p,q,7,s,... ;

(b) Primitive propositional connectives —, D, and additional connectives A,v,=,
defined over primitive ones in the usual way;

(c) Temporal operators Fn, Pn (Fn —« it will be the case after » time pointsy, Pn -
«it was the case » time points ago»);

PTC(MT) terms are:

(a) v,v;,v,,... are natural numbers and «0»;

(b) i,i,..., J, Ji,-.. are numerical variables;

(c) if n,,...,n, are natural numbers and «0» or numerical variables, and & — m-ary
operator, then &(n,,...,n,,) —is a term.

Formulae are constructed following the rules:

(a) Every propositional variable is a formula;

(b) If ¢ and y are formulae, then —@, ¢DW, AV ,pVY ,p=y are also
formulae;

(c) If Pr™ is a predicate letter denoting m-ary predicate, defined over integers (e.g,
«=», «>»,...), and n,,...,n, —are terms, then Pr”(n,,...,n,,) - is a formula;




On the Decidability of Propositional Metric Temporal Calculus ... 151

(d) If ¢ —is a formula, then Fne,Pne, 3ip,Vip - are also formulae.

Alphabet of PTC(MT) is defined.

Definition 1.

Numerical variable / occurs free in a formula ¢, if it is not within the scope of any
quantifier in ¢@.

Definition 2.
Term n is free in a formula @ for a numerical variable j, if there are no free

occurrences of j in ¢, such thatj is within the scope of any quantifier Vi, , where i,
is a numerical variable in the term 7.

2.2 Axioms and deduction rules

PTC(MT) axioms set consists of all axioms of the propositional calculus and some
axioms of temporal logic, taken from [1-3].

Following formulae are axioms (propositional axioms are correspondent to L4

system, see [14, p.49]):

(A1)  p>(g>Pp):

A2) (Po@>MN)>(r29)>(P>r);

(A3) prgop

(A4) pArgog

(A5) po(pve)

(A6) g>(pvyg)

(A7)  p>(@>(prg)

(A8) (Pog)>((r29)>((pvr)Dq)

(A9) (po9)o>(p>—9)>-p)

(A10) —p>p

(AMT1) (—Fn—(p D q)) © (Fnp > Fnqg)— logical homogeneity in the future
(AMT1.1) (—Pn—(p 2 q)) D (Pnp D Png)— logical homogeneity in the past
(AMT2) Fn—-Pn-pop

(AMT2.1) Pn—Fn—-p>p

(AMT3)  Fm3iFip D 3iFmFip

(AMT3.1) Pm3iPip o JiPmPip

(AMT4)  Fm3iPip o JiFmPip

(AMT4.1) Pm3iFip o JiPmFip

(AMTS) F(m+n)p> FmFnp

(AMT5.1) P(m+n)p D> PmPnp

(AMT6)  —Fnp D Fn—p — infinity into the future
(AMT6.1) —Pnp o Pn—p— infinity into the past

(AMT7)  Fn—p D —Fnp —nonbranching in the future
(AMT7.1) Pn—p > —Pnp — nonbranching in the past
(AMT8)  FmFnp > F(m+n)p — transitivity in the future
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(AMT8.1) PmPnp > P(m+ n)p — transitivity in the past
(AMT9) (m=n+k)>(FmPnp D Fkp) — iteration of temporal modalities

Propositional axioms are independent with respect to PTC(MT), the same applies

for temporal axioms.
Deduction rules for calculus PTC(MT7) are:

(R1) . e — Modus Ponens
v
R2) .Y N substitution rule (y is obtained after replacing in ¢ all
w(ply)
occurrences of a propositional variable p with formula y )
(R3) 4 — the rule of deriving “always in the future”
—Fn—-@
(R4) L4 — the rule of deriving “always in the past”
—P n—=Q

Let @ be a PTC(MT) formula that does not contain numerical variable i, @[j/i]

be a PTC(MT) formula with all free occurrences of a numerical variable j replaced
with 7. Then the following deduction rule may be applied:
(RS) M — the generalization rule
Vigp
If @ is a PTC(MT) formula which contains numerical variable i, and @[i/n] bea
PTC(MT) formula with all occurrences of a numerical variable i replaced with term z,
which is free for i in ¢, then the following deduction rule may be applied:
Vip
@li/n]
Calculus is constructed.
Throughout this paper we restrict the discussion with binary operations “+”, “~” for
PTC(MT) terms construction and use the only binary predicate “="(“equality™).

Definition 3.
Formula @ is called atomic, if ¢ is either a propositional variable or its negation,

(R6)

or a formula of the view Pr” (n,,...,n,,) or its negation.

Definition 4.
Formula ¢ is in negation mormal form (n.n.f), if for every subformula —y

formula y is atomic, and the whole formula ¢ is constructed without binary
propositional connectives O,=.

Theorem 1.

Let ¢ be a formula from PTC(MT).

Then p—¢ =y , where y - is a formula in negation normal form (n.n.f.).

The proof of this fact is shown in the [15].
Definition 5.
Formula ¢ is in FnPn-normal form (FnPn-n.f.), if it can be presented as:
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1 2
poeNg Ny
e=Vv(A Fv ¢ . A AN PV 0 5, A
k=1 ,1_¢ ke’ T kr r2-0 cpmd <o
3 4
Ny N

. . . 1
AT Pritl(i 5, vy V,) A 4/\0\7’11”4 e (P
r o=

I 3 ViV I A
F =

A a/\zé—avkrjﬂtkrj] a’krfn"'ﬁ’krfd ai_; @ ;)
d=0,D]
where
- N - is a number of disjuncts in a formula,
- k - is an internal index for referencing disjuncts within the formula,

- N/ 20 - is a number of conjuncts of a particular conjunct form within k-th
disjunct

- j=1,.,2*" _is an index of a particular conjunct form within -th disjunct,

- a € {F, P} - is a symbol, partially denoting one of temporal modalities,

- Be {3V} -isasymbol denoting one of quantifiers,

- r/ =0,..,N] - is an internal index for referencing formulae of a particular
conjunct form within 4-th disjunct,

- d =1,...,D,{ - is an internal index for referencing elements of the form

i @, ;i ; within a formula in the r’ -th conjunct of the particular conjunct form

within A-th disjunct,

- D/ < D, - is the number of quantifiers in the particular conjunct form within &-th
disjunct,

- D, - is the maximal number of quantifiers among all particular conjunct forms
within &-th disjunct,

- @, ; - are atomic formulae.

FnPn-n.f. of a PTC(MT) formula is a list of alternative histories of states of some
object from a domain.

Theorem 2.

Let @ be a formula of PTC(MT) in n.n.f. Then |—¢@ =y , where y is a formula in

FnPn-normal form. The proof of this fact is shown in the [15].

A

r

(24

3 Tableau procedure for checking PTC(MT) formula satisfiability .

Construct a model of an arbitrary PTC(MT) formula. It is a widely accepted
technique [7-8, 10-11, 16] to use tableau rules to construct a model for a modal
system.

Definition 6.

Let ¢ be a formula in FnPn-n.f, and ¢ be a subformula of ¢. A sequence of

formulae lists< ,875s8 61506, >, linearly ordered with a binary relation R
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(reflexive and transitive), forms a chain Z, for the formula ¢, if this sequence is

constructed following the set of rules, presented in the Table 1.

Table 1. Rules for construction of a semantic tableau for checking PTC(MT) formula

satisfiability.
(0-rule) Condition: ¥ =¢
Action: So =V
(A -rule) Condition: 1. y =y, Ay,
2. {ypyrind =9
Action: =SV,
(Vv -rule) Condition: 1. y =y, vy,
2. {y,ping =90
Action: Either { ={ Uiy}
org =g U{y,}
( Fv -rule) Condition: 1. ¢ = Fwy,
2.yed;
Joviel
Action: 1. If there is no &, :¢;,; €Z,, then such list is
created and new formula y '= F(v 1)y, is added
to the ;k+1’ v & ¢k+l
2. If exists &,y :84a €2Z,, then y'=F(v-Dy,
is added to the &,,, ¥ '€ {4y
3. Between ¢, and ¢, relation R({:,45.) 18
set.
( Py -rule) Condition: 1. y = Pvy,
2.y e,
3. vzl
Action: 1. If there is no ¢§;_;:¢;, €Z,, then such list is
created and new formula y '= P(v 1)y, is added
tothe &y, '€,
2. If exists ¢, : ¢ €Z,, then y'=P(v-Dy, is
addedto the &, '€,
3. Between &, and ¢, relation R({,$;) is
set.
JiFi -rule Condition 1. y =3iFiy,

2. WG,V €6
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Action Either v, € §,
or new formula y'=F13iFiy, belongs to
Sis W'ey
3iPi -rule Condition 1. yw =3iPiy,
2. €0k W1 ECy
Action Either v, € ¢,
or new formula  '=Pl13iPiy; belongs to
‘;k9 4 ‘e gk
ViFi-rule Condition 1. y =ViFiy,
2. WECLY €6,
Action 1.y, ed,
2. For each Gipnd eZ¢,j>k, such that the
relation R(¢,.& ;) isset, e
ViPi-rule Condition 1. ¢ =ViPiy,
2. W EC:Y €6,
Action 1.y, e,
2. For each ¢;:{,€Z,,j<k, such that the
relation R({,¢ ;) isset, wed;
3iPr’(i,0(v,,v,)) Condition 1 4 = 3iPr’(i,0(v,,v,))
-rule 2. e,
(for predicate .
letter “=") Action If there is no ¢, € Z,,, such that i =6(v;,v,), then
such list is created.
ViPr2(i,8(v,,v,)| Condition 1y = ViPr’(i,6(v,,v,))
-rule 2.y e,
(for  predicate
letter “=") Action If there is no ¢, € Z,, such that i=6(v,,v,), then

such list is created.

Table 1 does not contain rules for resolving formulae like y = Fiy,, where i is a

numerical variable, or like y =Viy,. Such formulae can be presented in the form
YjFjy, with application of the deduction rules RS, R6.

It also should be pointed out that the ViFi- and ViPi-rules reflect the transitivity
and reflexivity of the relation R between possible worlds at different time points.
According to the definition of a model for a modal system (see [16]) the model of the

propositional metric temporal calculus PTC(MT), constructed according to the rules
from Table 1, is S4-model.
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Definition 7.

A set {Z ;,,...,Z ",f} of chains constructed according to the rules enlisted in the Table

1, is called a construction C,, .

Definition 8.
Chain Z, is closed, if it contains a formulae list £ such that for some

propositional variable p both p and —p are in ¢'. Construction C, is closed if all
chains in it are closed.

Given a PTC(MT) formula @, its construction creation procedure can be described
as follows. Construction creation starts from applying O-rule, then apply Vv -rule until
there will not be any unresolved subformulae y having disjunction, then apply A -
rule until there will not be any unresolved subformulae y having conjunction. After
that apply 3iPr’(i,0(v,,v,))- and ViPr’(i,8(v,,v,))-rules, which will introduce new
(though empty) formulae lists, then apply Fv- and Pv -rules until there will not be
any unresolved subformulae of that form. Finally, apply 3iFi-, 3iPi-rule and then
ViFi- and ViPi-rules. This process will be continued until for each chain there will
be a formulae list, which fulfills one of the following two conditions: either this chain
is closed, or this chain with the same set of formulae is already in the construction.

Definition 9.

Construction C,, is complete if no tableau rule is applicable to it.

Definition 10.
Let ¢ be a formula of PTC(MT). A model for ¢ will be any chainZ,, which is

not closed.
Definition 11.
Formula ¢ is satisfiable if and only if @ has a model defined over the

construction gt

Definition 12.
Formula ¢ is logically valid (denoted as |= ) if and only if —¢ does not have a

model defined over the construction C_,, (in other words, —¢ is unsatisfiable).
Metatheorem 1.

PTC(MT) is sound.
The proof of this fact is shown in the [15].

Metatheorem 2.
b—o iff |=¢ (completeness of PTC(MT))
The proof of this fact is also shown in the [15].

4 PTC(MT) decidability
A formal theory is decidable if there is an effective decision procedure of checking
whether a given formula is satisfiable.
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Let lel be cardinality of a construction C, of a formula ¢ — the number of chains
Z, for the formula ¢. Let IZ,,,I be cardinality of a chain Z, — the number of
formulae lists £, in the chain. Finally, let |§ | be cardinality of a formulae list £ from
the chain Z, of the construction C, of formula ¢ — the number of formulae in the
formulae list £ .

Lemma 1.

For arbitrary PTC(MT) formula ¢ the process of completing a construction C,
always terminates after finitely many steps.

Proof: according to the Theorem 2 without loss of generality let ¢ be in FnPn-n.f.
Construction C, is finite if and only if it consists of finite set of chains Z,, each

chain Z, is also finite, i.e. consists of finite set of formulae lists £, and each

- formulae list £, also consists of finite set of subformulae of the formula ¢.

The analysis of the rules from Table 1 shows that
RZ, <C, |Z¢I = |Z¢| +1 in case of application of Fv-, Pv-, 3iFi-, 3iPi,

3iPr’(i,0(v,,v,)) -, ViPr’ (i,0(v,,v,)) - rules, and remains the same otherwise.

Consider a chain Z, and evaluate the number of formulae in a given formulae list:

V¢, eZ, |[]=|¢|+1 in case of application of Fv-,Pv-,3iFi-,3iPi-, ViFi-,
YiPi-, v - rules,

VE eZ, |§‘ ,.I = lc_‘,‘ ,.| +2 in case of application of A - rule, and remains the same
otherwise.

Recall that there are no more than 2°”* different conjunct forms in the k-th
disjunct in @, and no more than N/ conjuncts within each conjunct form. The
cardinality of the initial formulae list, £, for the formula ¢ is bounded:

] .

2.,
1 2 2
NI: +N,‘ +...+Nk

6o <2 -1

It is obvious, that |§“ ,| S|§ 0| for any ¢, €Z,, as far as only in ¢, will be conjuncts

: s+l . S+l
of the forms 3 Pro(a,v,ev,), V’h’ Prv s e y).

The cardinality of the chain, corresponding to the whole formula ¢ is also
bounded:
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|Z,|<max{v: Fvp, , eSub((o),Fv,B iy @i B, @i, o € Sub(p)}+

+ max{v : Pv;o ,eeSub(¢),Pvﬂzkr,l A ﬂzkrjdazkrjdcpkr, e Sub(p)}

where:

- @, -are atomic formulae within ¢,

- Sub(@)- is the set of all subformulae of ¢.

According to the definition of a chain and a construction, one may observe that one
chain corresponds to one subformula ¢.

Denote 4] =1+ Nf/ + Naj - the number of subformulae, constructed for j-th
particular conjunct form in k-th disjunct of @. Here Np/ =Dj - is the number of
quantifiers within the particular conjunct form (generally, N3/ can also be equal to 0,

for example for the /-th and the 2-nd conjunct forms of FnPn-n.f), Na] - is the
number of temporal modalities within the particular conjunct form in &-th disjunct of
@(Naj can be equal to zero, e.g. for the 3-rd and the 4-th conjunct forms of FnPn-
L)
22D
Now it is possible to evaluate M, = ZA,{ N/ - the general quantity of
=
subformulae across all conjuncts in &-th disjunct of ¢ (again, ¢ is assumed to be in
FnPn-n.f).

Then the cardinality of the set Sub(¢), and, consequently, of the construction C,
N

2 My
for the formula @ can be restricted as ‘C¢| <2 -1, i.e. it is finite. End of proof.

Metatheorem 3.
PTC(MT) is decidable.
The proof of this fact is based on Lemma 1.

5 Conclusions

The paper introduces propositional metric temporal calculus PTC(MT). The work
on PTC(MT) logical analysis, particularly on soundness and completeness, was
presented in [15]. The paper proves that PTC(MT) with temporal modalities Fn and
Pn is decidable.

The work will be continued in the following direction: all results obtained for the
propositional metric temporal system PTC(MT) will be considered for the Description
Logics family, which are de facto standard for presentation of ontologies on the
Semantic Web.
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O6 oHOI BEpOSATHOCTHOM MOJENH
TEIUIOBBIX PEXXUMOB pa/ioalnapaTypsl

JI. B. Kinumoga, A. 1O. Ilerposa, M. A. IIponenxo, H. B. Yepemckas
T'IT Hayuno-uccne0o8amenbCKkuii mexHON02UYeCK Ul uncmumym npubopocmpoenus, Yxkpauna
Xapokoeckuii zymanumapnvlii ynusepcumem « Hapoonas ykpaunckas akademus», Vipauna
I'lT Hayuno-uccnedoeamensCkuii mexHonoSUYeCKull uHcmumym npubopocmpoenus, Yxpauna
Xapuvkosckuii HayuonaneHerii mexnudeckuil ynusepcumem «XIIH», Yxpauna

The representation for correlation function of the solution of a thermal conduction
equation describing thermal mode in a final length rod which is under effect of
exterior statistically non-stationary sources is obtained. The numerical analysis of a
dispersion depending on spatial coordinate and time is given. The obtained results can
be used at calculation of thermal modes of radio equipment which is under effect of
exterior non-stationary fluctuations.

1. Ofman NOCTAHOBKA 3a1249H M e aKTyaIbHOCTh

[Tpu paborte paguoanmaparypsl, BXOASINEH B CHCTEMbI KOCMMYECKHX arIapaToB
(KA), B KOCMHYECKOM TPOCTPAHCTBE YACTO BO3HUKAIOT TeMIIEpaTypHble (UIyKTyaluy,
u3-3a Harpesa nosepxHocTH KA u conneunsix Garapeii 3a cueT B3aMMOJAEHCTBHA ¢
KOCMHYECKOM cpenoi, HarpeBa or wuanmydenus ConHua, niaHer M paboTtarommx
npuratened [1]. Tlpum orcyTcTBMM conHeunbIX Jjy4ed Temmeparypa KA pesko
nioHmkaercs. CMeHa mporecca NepeoxJIaKICHU NPOLIECCOM Harpeea oT COJIHEYHOr0
H3IyYeHUS TNPUBOJMT K TOMY, YTO KOHCTPYKIMH M anmaparypa, pasMeliacMbie Ha
BHEIIHed moBepxHocTH KA, rmofBeprarorcs — IMIJIM4ECKOMY  BO3JEHCTBHIO
TEMIIEpATyp, YTO MPECTaBIseT ONACHOCTh Il MaTepHaIOB M M3/E/HH, BXOIAIIHUX B
COCTaB anmaparypsl M CcoNHeyHbIX Oarapeii. IloBrimieHMe TeMriepaTyphl BbI3BIBAET
yXy[QUIEHHe H3O/SLIMOHHBIX CBOWCTB MAaTepHalioB, HW3MEHEHHE ILUIOTHOCTH H
MOJBIKHOCTH HOCHTEJICH 3apsiia B IOJYNpPOBOJHHKAX, CHIXXKEHME WMHIAYKTHBHOCTH
HACHIEHHS B CepJeYyHHKaX, ofmiee yBEIMYEHME HWHTEHCUMBHOCTH CTapeHu
MarepuaioB 4 T. I. Bce 3TH akTopsl MOTyT NMPHBECTH K HCKA)KEHHIO CHI'HAJIOB HA
BBIXOJI€ anmapara WM Jaxke K BIXOAY M3Ae/Ius U3 CTPOs.

CnenoBarebHO, LIS obecniedeHuss HOPMaJIbHOTO TEIUIOBOrO PEXXHMMa aIlIaparyphl
M ONpeleseHHs XapaKTePUCTHK CHCTeMBl TEPMOPEryJIHpOBaHHS HEO0OXO0IUMO
MPOBOUTH TETUIOBOE MIPOEKTHPOBAHHE NPHOOPOB.

IMpu pabore paguoanmnaparypsl cucteM KA B KOCMHYECKOM IPOCTPAHCTBE TaKke
BO3HUKAIOT W HEKOHTPOJIUPYEMBIE TeMIepaTypHble (GIyKTyaly, CBA3aHHBIE, B
YACTHOCTH, ¢ HECTALMOHAPHBIMH HEKOHTPOJIIMPYEMBIMH MPOLIECCAMH, IPOHCXOM-
muvyd Ha CojHile, MOMANaHHEM KOCMUYECKHX OOBEKTOB B 0Ojaka KOCMHYECKHX
YacTHL IUIa3MBI COJTHEYHOIO BeTpa 4 T. 1., KOTOpHIE Yamie BCEro IPOMCXONAT Ha
KOHEYHOM HHTEpBajlle BPEMEHHU H JIOKAIM30BAHbI B MPOCTPAHCTBE, M MO3TOMY, B
OpUHLAINE He MOryT OBITh CMOJETMPOBAHBI CTALMOHAPHBIMH  CIIyYaiHBIMA
MPOLIECCAMM WU OJHOPOJHBIMH CITy4aiHBIMM TOJISIMH.
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ITostomMy BO3HMKaeT HEOGXOMMMOCTh B pacyeTaX TEIUIOBBIX PEXKHMOB, KOTOpPHIE
HOCAT CTATUCTHYECKH HECTALMOHAPHBINM WM HEOXHOPOAHBIM XapakTep.

2. llocraHOBKH 3a/1a49H

Hurepec npezacTasiseT cleaylOmMN Clyyai: TeMnepaTypa cpebl, OKpyKalowei
WIMd TpOTeKalomed uYepe3 ammapar, HM3MEHAeTCS BO BpPEMEHH; HeoOxXommmo
ONpe/IeNITh HECTALIMOHAPHOE TEMIIEPAaTypPHOE TOJie anmapara.

PaccMOTpUM clieQyIOILyIO CTOXAaCTHHECKYIO 3aJauy pacrnpOCTPaHEHHs Telvia B
KOHEYHOM TOHKOM CTEpIKHE:

2
ol s,
Ul = fo(), (M
U'no . UL=( =0,

rae U — npeobpazoBaHHas Temmeparypa; ! — Bpems, a — KO3(pduumeHT
TEMIIEPaTy pOIPOBOAHOCTH; f(X) — IIOTHOCTH TEIUIOBBIX HCTOYHHKOB.

3. Pemenne

Iycts f(x,t) umeer Bun f(x,7)= f(x)&(7), rne &(¢) — cmyqaitnbiii npouecc,
ME(t) =0 u xoppensumonHas ¢yukumst (K®) &(r) 3amana. Torma, mpeacrasnss
pemenne (1) B Buge U=U, +U,, rae U, — pemenue 3anaun ¢ f(x,6)=0, a U,
COOTBETCTBEHHO ¢ fo(x)=0, u, ucrmonb3ys pasnoxkeHue pewieHus 3agaud (1) nmo
COOTBETCTBYIONIMM coOCTBeHHBIM pyHKumsM, g KO U, umeem (2):

S

Q8%
Ky, (e :6,9)= [
000

0

G(x, x,1=1)G(Y, ¥,,5 —T) K (7,,7,) fo (%) fo 0y Jdxdyydrdr,

2
2\~ -ol(t-r) . MAX . N m
rae dyskps 'puna G(x, y,7 —7) = —Ze U=t simrorresin i 4 Yt a(——) -
. ewr 4 4 ¢
B ciyyae, xorna TemnepaTypHbie HEOJHOPOIHOCTH, OINMChIBaeMmble f(X,1),
JOKaJTW30BaHEl B MPOCTPAHCTBE, TO ecTh fo(x)= f;-d(x—x,), 0<x, </, wia KO

U, nomy4aem npe/cTaBieHue:
ts
Ky, (x,3, 1, 8)=fy ”'G(x,xo,t = 1)G(V, X5 — 1)K (7),7,)dr\d7, . 3)
00

OrmeTHM, 9TO TemiepaTypHsie (urykTyaumu Oonbmieli 49acThlo  HOCAT
CTATHCTMYECKH HECTALMOHApHBIA Xapakrtep, mnostomy mns K..(7,7,) MOXHO

HCTIO/IB30BaTh Te MPEACTABICHUS, KOTOphIe Mony4eHsl B [2]. B wacTHocTH, B clly4ae
KOria BPEMEHHOM NUCKPETHBIM CHEKTP CIy4alHOro BO3MYIIEHHS PpACIOJIONEH B
BepPXHEH KOMIUIEKCHOM TOJYIUIOCKOCTH, YTO COOTBETCTBYET AaCHMITOTHYECKOMY
3ATYXaHHIO CITy4YaliHbIX BO3MYIIeHHH, Bpipaxenue st KO (3) npuaumaer Buxg:
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Ky, (x.3:1,8) = fy [@(x,1,0)8(y,s,7)d7 , ()
0
t N<xo
raoe ¢(x’t, T) o IG(x,xo,t— Tl)(D(Tl 14 t)dtl ,»a ¢(t)= deAk(t)9
0 k=1

k : 2
A=Y cye™ , =a; +1'82 ,BCuydae, korma A, #A, i#j.
Jj=1
Ipencrasnenue (4) sBASETCS MCXO/HBIM JUIS KOHKPETHBIX pac4etoB. B ciywac,
Korja Bce A, pasnudsbl, To ans Ky, (x,y,1,5) umeeM

K, ( )f4°°°°. .mzaczdZ e o
X, Y:1,8)= fo— sm—-—— sin X
- s gO el / k=1 Jj=1 k’ 0) +1/1
nmx R e'“”%‘ i1
Zsm sin ° Zd,,Zc e dr =
n=l k=1 =l m +M, :
Ngxo m,%t
. nm,
-f sm-— in d
03 S0 55, S0, O
N<o —Mjs —-m’%s
nzx, 1
stm——sm 0 deZc —.
n=1 = =l a) +1}£ ,Bj
Ecmu n=,N=1,j=1,10
4 dck Lu-de, . X e-ihs — gmofs
Ku;(x,y,t,s)=lg'—4—L7-sm—sm—79’—s 1= (e“l' 2') B

Orciona MoryT ObITh moiiyueHsl mpeiactasinenus mis KO suza: KU2 (x,y,L,1),
Ky, (x,x,t,5) u K, (x,x,t,t) . Bommem Re K, B kakaoM ciydae:

Re Ky, (x, y,8,8) =
_4fo _dich sin” sin 2 sin2 0. e 20 4 oAt _2e7 A2 cosant

2,2
ReKUz(x’x t S)—%—-—dl—c%l——;-smzi?—smz 7‘;0 12( —ﬁlz%i COS(Z](I—S)—-
o7 + 4| B

—R24- 23 —~A25_52 ——
—e T cosayt —e AT cosays + e "’1('*‘))

=y .y o 2,
4 fod2ch sin2 & gin2 0. € 2ft 4 g Bl _ 2 120 cos oyt

gzlwlz % ,'Allz 1 4 BE

Re Ky, (x,x,t,8) =
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PaccMOTpUM Kparko «CHIBHYIO» HecTalMOHapHOCTh y &(f), Korga CHekTp
cOCTOMT W3 ofHOM ToukH A =0, oqHaKo OECKOHEYHOM KPaTHOCTH.

P
B sTom cirydae ¢(f) = I q,(v)J, («/ 2tv }Jv , rae Jo(x) — cootBercTRyromas (pyHKuus
0
beccens [3]. Ecmn ¢q,(v)=¢q,0(v-v,), 0<v,<p, @(f) npHHAMaeT BHL

()= lj[qo W/, (\/-ZW )dv ,amia O(x,t, ) us (4) umeem:
0

t
O(x,t,7)= J'G(x, Xg,t — 7 )@(7; + 7)dT; =
0

24, & '
=__Zo-zsin_r%zx_sinf%je—mﬁ(t—n)ljo(m)dﬁ.
n=1

0

HaneHelimee W3ydeHHE 3TOrO CIydas CBS3aHO C YHMCIECHHBIM WHTETPHPOBAHHEM
t 3
HHTErpana |e 1JO(JZV()(11+1'))drI.
0

AHaIOTHYHO MOXKHO HCCJIEAOBATh CTy4alHbId TETIOBOM PEXUM MPSMOYTrOIbHOM
WIACTHHEI U 00/1aCTH B BUE Kpyra (MeHsieTcs BhipaxkeHue 11 QyHkumu ['puna).

PaccMoTpuM Temepp KpaTko ciydaill, KOraa CBOMCTBA Cpeabl MEHSIOTCS
crygaitHeIM 06pa3om ¢ TeueHueM BpeMenu. Ilpu sToM duykryaumn koddduimenta
TeMIIEPATY POIIPOBOTHOCTH TPECTABIAIOT co0o# cmyyalinsiii nipouecc. B pesynbrare
OpUXOAMM K  CleAyrolled HayaJbHOH KpacBOM 3ajaye Juis  ypaBHEHMA
TEIUIOTNPOBOJHOCTH:

U(x,t) ., 0 U(x,t)

g —é”(t)———ax2 ; )
U|r=0 =U,y (%),
lj‘x=0 = le:l =0.

3aMeTHM, YTO €CIIH KpaeBble YCJIOBUS HEOAHOpOAHbIE, TO 3aMeHod U(x,f) oHM
CBOAATCS K OTHOPOIHBIM.
Iycts &(1) — ciy4aiiHbiii MAPKOBCKUHI AMXOTOMHYECKHH NMPOLIECC, MPUHAMAKOIIMI

ki,
IBa 3HAYECHUS f(t)=[kl

2

BBeneM MapKOBCKMM JMXOTOMMYECKMH TIIpOLECC

2 2

L,
a(t)=[ ' CnenosarensHo, £(f)= o(t). Torma (5) npuHHMaeT

BUI:
§g=kl+k2 62U+k1'—k2 U

! 3
RGN YA AN ey

6
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OTMeTHM, YTO 3a7a4a HAXOXKIEHHs AMCIIEPCHH pellieHHs ypaBHeHus (6) ceoamres K
aHaJIOrMYHOM 3a/1aye, ec/ii ypaBHeHHe (6) nepenucarh B BHAE CUCTEMBIL:

AU(x,1) aV(x, 0}

o =& '
AU(x,0) =V(x,1)

ax 2

, MCnonb3ys TOT dakt, uto V(x,f) yAOBIETBOPAET CHOBA ypaBHeHMIO (6), MOXHO
nonyuuts s V; =U?, V, =UV , V3 =V? cucremy

2 —2e0{ 220

ov, oW, o,
- t St k

o N

W _oyp,

E

4. BoruBcaHTeAbHbIA JKCIEPHMEHT

202t , -pi ~p212~0kt
L AT . LTy €01 e P =2e™" 1" cosayt
Ha puc.1 gan rpaduk GyHKUMH sm27sm27—- 1

npu yenoBusx {£=6+15, B =1, oy =1, a=0,41-10"°, x=x, =5 }[5].

1.4 7N\

0.8 7

0.6 i/

0.4 ‘.r‘
0.2

e 3 i 8 & TANAD
Puc. 1

20t | -pi ~pt12~0k
b M g e ket e " cosayt
Ha puc.2 nan rpadmk ¢pyHkimn sin’ -Tsm2 i - ;

npu yenosusix {£=3+10, =1, &4 =1, a=97,5-10"°, x=x, =2} [5].
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:

1.44;
1.2
0.8
0.6

0.4

0.2~

i 2] 4 " =] B 10
Puc. 2

5. BbIBOAbI 10 pe3yJIbTATAM H HANPABJICHHA JATbHEHIINX HCCACTOBAHMI

HccnenosaHel  TEMIOBRIE  PEXXWMBI € LEJNBIO  OnpefeneHus  obumx
3aKOHOMEPHOCTEH  YMpPaBlICHHS  TNPOCTPAHCTBEHHO-BPEMEHHBIM  HM3MEHEHHEM
TEMIEPATYPHOIrO MOJs B CIOXKHOM CHCTEME IIPH Y4YeTe BIMSHHA Pa3TAYHBIX
KOHCTPYKTHBHBIX M (PM3HYECKUX NTapaMeTPOB.

IlonydeHo  mpejcTaBjieHWe /i KOPPENALMOHHOM  (QYHKUMH  pElIeHHS
HECTALMOHAPHBIX YPAaBHECHMS TEIUIONPOBOAHOCTH VI CTEPIKHA KOHEYHOW [UIMHBEI,
HAXO[AIETOCs MO/l BO3/CHCTBHMEM BHEMIHMX CTATHCTHYSCKH HECTALMOHAPHBIX
HCTOYHHKOR.

AHAJIOTHYHOE TIPE/ICTABIEHUE /Ul KOPPEISLIMOHHON (QYyHKIMH MOXHO MOTYyYHTH
JUisl STIEMEHTOB PajiHoaInapary phbl, MMerommei GopMy NpsMOYTroJIbHUKA WM 1aitel, 1
HCTIONIB3YS CIIEKTPAJIGHBIC DPA3/IOKEHMS HECTALMOHAPHBIX CITy4alHBIX TPOLECCOB,
NOJYYHTh CIEKTPaJbHOE TPEACTABICHUE PELICHMS, COOTBETCTBYIONIEE HAYAIBHO-
KpaeBOH 3a/1a4e /i YPABHEHUS TETUIONPOBOTHOCTH.

AHanu3 TEIUIOBBIX PEKMMOB Pa3MYHBIX PAaJHOYIEKTPOHHBIX anmaparoB Oymer
HCTIONB30BAH B NpOLECCE NMPOSKTHPOBAHUSA Ui BHIOOpAa ONTHMANBHOM CHCTEMBI HX
OXNaXIEHHUS U pasMEIeHHs ONpeeleHHBIM 00pa3oM OTHENBHBIX YacTeli ammapara
OTHOCHTENIBHO JIpYT Apyra.
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Anroput™ GopMHpPOBaHHSA HEUETKUX IKCIIEPTHBIX TPaBUI
JUId BEIOOpa MeTooB 00paboTKK MOBEpXHOCTe! AeTanei

M. B. Jlana

Hayuonaneneii aspoxocmuseckuti ynugepcumem “XAH” um. H. E. XKykoeckoeo, Yxpauna

Development and using of systems of flexible automated design of production
processes with elements of an artificial intellect assumes creation of technological base
of knowledge of the enterprise with use of fuzzy expert rules. In article the algorithm
is considered, allowing forming fuzzy expert rules for a choice of surfaces processing
methods with use of reference database of the enterprise.

PazpaboTka ¥  HCMONB30BAaHME CHCTEM THOKOr0O  aRTOMATHU3HUPOBAHHOTO
IIPOEKTHPOBAHUS TEXHOJIOTMYECKHX TIIPOLECCOB C 3JIEMEHTAaMH HMCKYCCTBEHHOIO
MHTEUICKTa TpeJnoNiaraeT CO3JaHUE KOHCTPYKTOPCKO-TEXHOJOTHYeCKOH —Gasbl
3HAHMA TPEMINIPUSTHS C MCIONB30BAHHEM HEYETKMX OSKCIEPTHRIX npaBwi. B
npeaslAyuX paboTax OnucaH MeToA TUOKOro NpOEKTHPOBAHHS TEXHOJIOTHYECKUX
nponeccoB (TTI) usrororienus aetaneid npuGOPOB, MO3BOJSIOLIMHA MPOU3BOIUTH
MHOroBapHaHTHoe npoektupoBanue TII ¢ yderom ocoGeHHOCTEH MeIKOCepHHHOro
npousBoacTsa [1,2,3,4], cnocobel npeAcTaBICHUS KOHCTPYKTOPCKO-TEXHOJOTHYECKHX
3HAHUH C WCHOJIb30BAHMEM HEYEeTKHMX MHOXecTB [4,5], MeTombl ONTHMM3alUM U
NPUHATHA pelieHuii Npu ruOKOM MPOEKTHPOBAHMM TEXHOJIOTHYECKHX Ipoueccos [6].
Baza 3HaHuii npeanpHaATHS pencrasnser coboit HaGop Moxyneill 3HaHMI, KOTOpBIH
NOMOJIHAETCA B Tpouecce JKcIuryaTaimy cucremel. OpHOM w3 mpoGaeMm sBnsercs
CIIOXHOCTE  HMCTIONIB30BAHHS 6a3 KOHCTPYKTOPCKO-TEXHOJIOTHYECKHMX [aHHBIX,
XPaHWIHILl JaHHBIX, HAKOIUICHHBIX Ha IIPEANIPHATHM B pe3yJbTaTe HCIOIb30BAHAL
pa3MYHBIX JIMAJIOTOBBIX MOACHCTEM mpoekTHpoBanusa TII mpu cospaHmu Gasel
3HaHmii. Pemenuwe 9TOM mpoGieMBl BO3MOXHO cieAyommM obpasom: 1-
HCTIONb30BaHHe pasTMYHBIX CIPABOYHMKOB, XpaHsmuxcs B 0a3zax AaHHBIX
MpeINpPUATHS, 2- UCIIONIb30BAHHE apXMBa TEXIPOLIECCOB AJIS U3BJICYEHH 3HaHui. B
[7] paccmoTpeH anroput™ GOPMHPOBAHHSA HEYETKMX SKCTIEPTHBIX MpPaBuJI UId BeIGOpa
MeToZIoB 00pabOTKM TOBEPXHOCTeH AeTalell ¢ MCMNOAL30BAHUEM HMEIOLUEHCS Ha
NpEeNNpPUATHA  COpPaBOYHOM 6a3sbl naHueX. [lpemnoxkennwliit B [7] Meron
$opMHpOBaHMs HCXOAHOTO MHOXECTBA TeXHonormyeckux ajprepHatus (MMTA) na
BbIGOpa MeTOIOB 06paboTKH MOBEPXHOCTEH MO3BOJISET UCIIONB30BATh HMEIOLLYIOCS Ha
NPEANPUATHH CTIPaBOYHYIO 0a3y NaHHBIX VIS T€HEPUPOBAHMA HEYETKMX SKCIIEPTHBIX
npasu 0a3bl 3HaHMH npeanpusTHsi. HegocTaTkoM M3BEeCTHRIX B data-mining METO/I0B
ABJISETCA TO, YTO IPHM HX HCIOJB30BAaHUM TIeHepupyercsd OONbIIoe KONIHYECTBO
npaBWii, MPENOCTABASEMBIX OSKCIEpTy B mNpoOiieMHOM o6nacTé i OLEHKM MX
«MHTEPECHOCTH» C JaNbHEMIIAM WCIOJIB30BAHHEM AITOPHTMOR GmibTpauuu [8§].
CrnoxHocTh npeacTarByiser Takoke ¢GopMmyanposka noceutok npasuwi ECJIUM-TO ¢
NpUBJIeYECHHEM DKCIIEPTOB NpoGieMHOM 061acTH.
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Kak npaBuio, Ha nNpeANpHATUAX MMEIOTCS COpaBOYHBIE 0a3sl JaHHBIX,
HCTIOJIE3YEMBIE TEXHOJIOTAaMH NPH JHANOTOBOM IIPOEKTHPOBAHHM TEXHOJIOTMYECKHX
NPOLIECCOB, OJHAKO HMEIoIMecs (hOPMaTU30BAaHHBIE MaTePHANIbI HEAOCTATOYHBI JJIst
pelICHHs BCEro MHOrooOpasHs 3ajad aBTOMATH3MPOBAHHOIO TEXHOJIOTHYECKOrO
NPOEKTHPOBaHUA. B CBA3M ¢ OTCYTCTBHEM CHELMATHCTOB I10 3HAHUSM CO3JaHue 6a3sl
SHAHMH ¥ €€ 3aMOJIHEHWE NPEACTaBIseT TPYAHOCTH I mpexnpustusa. Ilosromy
BONPOCHI  CO3JaHMS  ANTOPUTMOB  JUIS  aBTOMATH3MPOBAHHOIO  M3BJICYEHHSA
KOHCTPYKTOPCKO-TEXHOJIOMHYECKUX 3HAHUM ¥ (POPMHUPOBAHUS HEUETKHUX DKCITEPTHBIX
NpaBHJI C MCNOJB30BAHHEM CIIPABOYHHKOB KOHCTPYKTOPCKO-TEXHOJOTMYECKHX 06a3
JaHHBIX, apXMBA TEXNPOLIECCOB NPEATIPUATHS CBOEBPEMEHHBI U aKTYabHEI.

Iennb cTaTen

B JaHHOMH CTaThe paccMaTpHBaeTcs AITOPUTM Reference-
Knowledge_module_discovery (RKMD), pa3paGoraHHbiii aBTOPOM, NO3BOISIONIMIA
ABTOMATHU3UPOBATh MNPOLECC MEHEPALlMH HEYeTKMX 3KCNEPTHBIX MpaBWiI [is BhIGOpa
MeTo0B 06paboTkM nosepxHOCTeH AeTaneif 6a3sl KOHCTPYKTOPCKO-TEXHOIOTMYECKHX
JHaHMH C HCMONB30BAHMEM CIPABOYHOH 6a3hl KOHCTPYKTOPCKO-TEXHOJOTHYECKHMX
JIAHHBIX TIPEATIPUITHSL.

Kak 6bu10 cKaszaHO Bbile, HEJZOCTATKOM M3BECTHBIX B data-mining MeToz0B
ABSETCA TO, YTO NPH MX MCMONB30BAHMH TeHepupyercd OOoNbIIoe KOMMYECTBO
NpaBMI, MPENOCTABNAEMBIX 3Kcnepry B mpoGneMHOM o6nacTd 1is OLIEHKM MX
«MHTEPECHOCTH» ¢ JaJbHEHIIMM MCIIONB30BAHUEM AITOPUTMOB QunbTpaunu. Takue
aIroOpUTMBI IreHepupyroT nopsiaka 5 000 -250 000 npaBun npu pa3mTMYHBIX 3aJaHHBIX
NOPOrOBBIX 3HAYEHMSAX  CTENCHH JIOBEPUS NPH MCIONB30BaHMM 6asbl HaHHBIX,
cocrosimedi u3 300-400 Teicsu 3ammceif, 30-40 arpuGyToB. Bosbluas 9acTe W3 3THX
NpaBWJ NPH3HAETCH (HEMHTEPECHBIMMY» SKCIIEPTOM M He Mcmofb3yerca. ClokKHOCTH
npeacTaBiser Takke dopmymuporka nocsuiok npaswi ECJIM-TO ¢ npusieuernem
skcneproB  npobnemHod  obmacth. Takoit moaxon TpeGyeT  3HAYMTENBHBIX
$puHAHCOBBIX 3aTpar (OnyiaTa TPyZAa BBICOKOOIUIAYMBAEMBIX JKCIIEPTOB MpPOGIEeMHOM
obmactn). CymecTByeT /JBa NMOAXONA MPH IOCTPOCHUM AJITOPUTMOB, FEHEPHUPYIOLINX
NpaBWJla — MCIOJNB30BAHME JIOTMYECKMX M BEPOSTHOCTHBIX Meromos [9].
PaspaGoranubiii  aBTOopoM amroput™  Reference-Knowledge module_discovery
NOCTPOEH HAa OCHOBE JIOTMYECKHUX METOOB. [IperMyImecTBaMu ero ABiseTcs:

1. B03MOXHOCTE reHepaLMM IPEANOChUIOK HEYETKMX SKCICPTHBIX MpaBHII
s mMoxyns Beibopa MetonoB o6paboTku moBepxHocTel 6e3 yyacTHs
skcnepra Gnarozaps HCHONB30BAaHHIO CIpaBoyHOW WHObOpMamu Gassl
KOHCTPYKTOPCKO-TEXHONIOTHYECKHX AAHHBIX.

2. Anroput™m Reference-Knowledge module_discovery reHepupyeT
MHMHMMAJIbHOE MHOXECTBO MpaBWi, MPEJOCTABIAEMBIX O3KCHEPTY B
npoGneMHoOl 06nacTH (IKCnepry-TexHonory) 6naroaaps HCIOMB30BAHMIO
CNIPaBOYHUKOB Ga3bl JAHHBIX MPEITPUATHI.

JaHHBI# alrOpUTM MO3BOJISET N'€HEPHPOBATh MUHHMAJIBHOE MHOMKECTBO HEYETKHX
KCTIEPTHBIX npaBun (Wi BeiGOpa MeTONOB 06paGOTKM MOBEPXHOCTH) CTPYKTYPBI,
npeacrasienHoi B [7]. Ilpeanoceuika npaBuia COMEPXKHT ABA aTOMApPHBIX YCIOBHS
puna valuel <=attribute <= value2 (8 nanHoM ciy4dae s atpuOyToR - kBanutera IT
u wepoxoBarocTH R, mnoeepxHocTH). OnpHako BO3MOXKHAa ero aopaboTka |
HCTIONB3OBAHWE JUIS APYTUX KOHCTPYKLMH NPaBUIL.
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Onpenenenne. Ilycte U - KkOHeYHOE MHOXKECTBO OKCIEPTHBIX IpPaBHI
KOHCTPYKTOPCKO-TEXHOMOTHYeckoi 6a3bl 3Hanuil. Ilog MogyneM KOHCTPYKTOPCKO-
TEXHOJIOTHYECKUX 3HaHU# OyneM noHmMate noamHoxecteo M < U askcriepTHbIX
npasun Ga3bl 3HAaHMI, MCIOJIB3YEMBIX HA OINPEJEICHHOM 3Tane NPOEKTHPOBAHMS
TEXHOJIOTHYECKOr0 Mpouecca.

Asroputm  Reference-Knowledge _module_discovery  ucmons3yer  merox
dopmupoBanus Heuetkoro MMTA, mnoapo6Ho omnmcanueii 8 [7]. Ha pue. |
NpeJICTaB/IeHa CXeMa aJIrOpPHUTMA.

Tabmauoe
npencTaBIeHe
AAHHbIX \\
Bt fyeei ol
N7
Ipadrueckoe |
npecTaBlIeHNe 7
Tlpenukarnoe |
ONHCaHHE L_J\,

; ofitactef
__| Lloctpoenne = \\
CTPYKTYPHOTO
rpada S
DopumpoBanne [
—’“ " | S—
€4eTKOTO JB’

AMTA

J DOpPMHpOBaHHE
| HeyeTkHX
| SKCTIePTHRIX

| TpaBHn

Puc. 1. Popmposanue Hewémrux sKCHEPMHLIX NPABUL C UCNONL308AHUEM CRPABOYHOT 6a3bl
npednpusamus

Ha puc.2 npeacrapineH ¢parMeHT NPOTrPaAMMHOM pealu3allid  aaropuTMa
Reference-Knowledge module discovery.

- e === P2BN2 . PAS
ogram Refevence_lnowledge _modale_discovewyy;

bkcolor.sh color.sh tip:integer
end; s

obl=record

sterangl®ls
rang:hyte
énd;
db=array 11..20,1..281 of hyte;
-401 of veal;
=arvay I1..20]1 of weal;
mas_rapis=appray [1..20] of method;

ar TQ:mas_zapis;
il B8 o .

Puc.2. Opazmenm npozpammHol peanusayuu arzopumma
Reference_Knowledge mobule_discovery
HcxonHbiMu JaHHBIMEU 17151 paboThl NPOrpaMMsl SBJISETCS CIpaBoYHas Tabiamua o
IpPUMEHSEeMBIX MeToJax o6paboTkM AN [OOCTH)KEHHS ONpe/eNeHHBIX 3HaYeHH
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KBIATETa M  LIEPOXOBATOCTH  HAPYXKHBIX LMIMHAPUYECKUX TOBEPXHOCTEH,
npeaCTaBlIcHHas B Tabmuue 1.
Tabnuya 1. Tounocme u kawecmso nogepxHocmu npu 06pabomxe HapYHCHBIX
YUNUHOPUNECKUX NOBEPXHOCTMEH.

Ne Obpaborka . Ra Ra
R; obrauuBanue yepHOBOE 14 12 50 6,3

R, ofra4yuBaHue NOMY4HCT., OZHOKpAT. 13 11 25 1,6
R; ofTaumBaHMe 4HCTOBOE 10 8 6,3 0,4
R; ofTaumBanue TOHKOE 9 6 1,6 0,2
Rs numdoBanue npeasapuTesbHOE 9 8 6,3 0,4
Rs uuiMoBaHHE YUCTOBOE 7 6 3.2 0,2
R; uumdoBanue ToHKOE 6 5 1,6 0,1

Rs  nputhpka, cynepduHUIUpOBaHKE 5 4 il s

Ry anMa3sHOe BEINIZKUBaHUE 10 5 0,8 0,05

Kaxerii 6110k anropurMa, NpeACTaBIEHHOrO Ha puc.l, peanmsyercsa oTaenbHOM
npouexypo#. IIpoGnema BriGOpa anbTepHATHBHBIX METOJOB 06pabOTKM CBOAUTCA K
3a7ia4e COCTOAHWM W ToMCKy Ha rpade (puc.3). Bepmmust rpagpa R; - R
COOTBETCTBYIOT MeTOAaM 00paboTKH W3 Tabnuusr 1.

Rs(Pr1,P1aP13,Pig Prs)

Ra(P7Pg Popiz PrsPia,Prs) Rg(Pis,Pis)
Ry(P3,P3)
L
Ry (Py,P2)
L]
& R PisPyP P5.PaPoPuPisP i PP
Ra(P4,PsPe.P3Pg) Rs(Pe,P7Pp) il e e e A

Puc.3. Cmpyxmyprviii epag) memooos 0bpabomku HapyHCHbIX
YUNUHOPUHECKUX NOBEPXHOCTET

Jlna xaxa0# napel 3Ha4€HUH UCXOMHBIX aTPHOYTOB (KBAIMTETA M LIEPOXOBATOCTH)
mig 3arotoBkd (NZ) u nerama (ND) mpousBogurcs MOMCK BCEX aIbTEPHATHBHBIX
MeTofoR 06paboTku noBepXHOocTH. Hampumep, ecnu 3Hauenus ksamurera IT u
mepoxoBaTocTd R, 3arotoBku (13, 6.3), uto cooTBercTBYeT 06nacTu P; , TpeGyemsbie
sHavenus IT , R, neramm (9,1.6) — o6nacte P;, 10 cymecTByeT TpH myTH Ha rpade
G(R,E) (puc.3): :

Q]I R1—>R2—* R3

Qz: R1—>R2 [ R3 —>R5

Q:Ri—=R— R3— Ry
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WM COOTBETCTBYET TPH AIbTEPHATUBHBIX MeTOAa 06paboTKH TaKOH MOBEPXHOCTH.
HcexonHoe MHOXKECTBO TEXHONOTHYECKHX ANBTEPHATHR {2 COCTOUT M3 TPEX SJIEMEHTOB.
I'eHepHupyeTCsi HEYETKOE IKCTIEPTHOE MPABHIO BHIA

ECJIM nosepxnocms = (OCHOBHAS, HAPYICHAA, KPY2Nas 8 NONEPEUHOM

ceueHuu, YWIUHOpUYeckas)

U 3acomosxa(Il, R, &P,

W mpebyemuie(IT R,) €P i

TO memoowr o6pabomru ={( 2, u1), ( $25, pz), ... ( 2n, pn)},
colepikaillee HEKOTOpPOE€ KOJNMYECTBO AJbTEPHATMBHBIX METOHNOB 00paboTku
MOBEPXHOCTH  (KOJMMHMECTBO  MeTOMOB  00pabGoTkM €Y  BBIUMCHISETCS  MyTEM
NIePEMHOKEHHS. MaTpHLbl CMEKHOCTH rpada W Xxpanurcs B nepemenHod PUT).
[MpomexyTouHsie pe3yasTaTsl paGoThI AJITOPHTMA NPEICTABASHBI Ha PHC.4.

alternat 1anyls P S S A
me todov ohrabotkis neztndov Ohvab

JPLA RS2

P15
g i ¥

4,P1L5, P16, P18

Padohisst cagotouki:

1
Podohlast devalis

Puc.4. Pesynemamer pabomer anzopumma Reference Knowledge mobule discovery

CreHepupoBaHHBIE MpaBWIa B [HAJIOTOBOM pEXHME BBIBOAATCA Ha OKpaH
3KCIEPTY-TEXHONOTY i 3afaHud QYHKUMH NPUHAIIEKHOCTH KaXKION albTepHATHBE
¥ YJAICHHS «HEWHTEPECHBIX» M HEKOPPEKTHBIX ¢ TOYKH 3PEHUS TEXHOJIOra MpaBui
yTeM 3a/iaHus 3HadeHus p=0.

KonuyectBo mnpaBun, Kotopbie Obuld OBl CreHepHpOBaHBI IMyTEM MOJHOTO
nepebopa BapHAHTOB, BBIYHUCISETCS KaK 2"=2°=512, (nr — KOJMHYECTBO METO/OB
obpabotku B Tabnuue 1), npudeM GONBIIUHCTBO U3 HUX OKAXKETCH OTBEPTHYTHIM IpH
nanpHelIneM aHaM3e JKCIEepPTOM-TeXHOJOoroM. JIaHHBIA anropUT™M  IO3BOJISET
reHepUpOBaTh MUHHMAJIBHOE KOIMMYECTBO MpaBwi N, KOTOpOE BBIMHCIAETCS IO

dopmyne 1:
N=3 p-i) ()

i=1

rae np=19 — xonuuecTBo nopobnacreit Pi (puc.5), mz - xkonugecrso nogobnacreit
Pi 3nauennii IT, Ra qnsa 3aroroBku Aetanu (yKasbiBaeT dKCHEpT-TeXHouor). Puc. 5
WUTIOCTPUPYET Pe3ysbTaThl rpaMyecKoro MpeACTaBIeHUs CMPABOYHBIX JAHHBIX O
MeTonax o0paboTKH HAPYIKHBIX LMTMHAPHYECKHUX NMOBEPXHOCTEH ¢ YHETOM TOUHOCTH
M KayecTBa TMOBEPXHOCTH, XpaHAluecs B 0Oa3e NaHHBIX mNpeanpusTvs (3Tanm 2
aIrOPHUTMA, MIPEACTABICHHOIO Ha puc.1).
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Puc.5. I'pagpuneckoe npedcmagnenue OAHHbIX 0 MemMooax 06pabomKy ONa HAPYHCHBIX
YUTUHOPUYECKUX NOGEPXHOCHEN ¢ YYemOoM MOYHOCIU U Ka4ecmea NoGepXHOCMU.

B Tabnuue 2 mnpuBeneH QparMeHT NpPEeIUKAaTHOro OnucaHus — obmactei
nepecedenus P; (i=1,19) — sran 3 anropurMma, npeacrasneHHoro Ha puc.l. IlogpobHo
cnoco6 MOTyUeHHs TAKOTO TPEJCTaBIEHHs OIHCcaH B [7].

Tabnuya 2. Onpedenenue KOIUHECmM8a anbMePHAMUBHLIX Memoooe ocbpabomiu Ons
yuacmroe 1-19 (hpazmenm)

KoHBIOHKIIAN Jsowunoe | Paur | OGmacts
NpPEACT.

Rin3Ryn 7 Rar 7 Rin g Rsq Rey Roeg Rgq Ry | 100000000 | 1 P, 30

RirRy 71 Ry 1 Rin Ry Rep Ry Rey Ry 110000000 |2 P,

1R12Ry2 1 Rsn 7 Rinq R Remy Rip Ry Ry | 010000000 | 1 P,

1Rin7R22 7 R3r 7 Ran 7 Rs7 Ren Ryn Ren Ry 000000111 13 Pis

1R1q Ry R3 7R 7Ry Req RinRgp Ry | 000000010 | 1 Py

Taxum ofpa3om, mporpaMma caMa TE€HEPUPYET KOHEYHOE MHOXKECTBO
npeanocsutok ECJIM 6e3 yuacTus okenepra IyTeM MCIONb30BaHMSA TabGIHHHBIX
CTPaBOYMHBIX JAHHBIX 0a3pl KOHCTPYKTOPCKO-TEXHOJIOTMYECKMX AaHHBIX (Tabm.l),
IpUYeM HX KOJIMYECTBO MMHHMMAIIBHO, (POPMUPYET HEUeTKME SKCIEPTHhLIE MpaBUIia,
IPeIOCTABNSAET BO3MOXKHOCTh MX AHANM3a W 3aJaHMA 3HAYCHUH (QyHKUMH
NPUHAIUIEXKHOCTH HSKCIIEPTOM-TEXHONIOTOM B JHAJIOTOBOM pekuMe. Takoi moaxon
NO3BOJIAET COKPATUTD 3aTPATh! Ha COo3/1aHue 6a3bl 3HAHUH NPEANPUATHUA.

Janueii anroput™ GbuT anpoOMpOBaH Ha NpHMEpe CIPaBOYHOHN MHpOpPMaLUM O
Metogax oOpaGOTKHM HapyXHBIX LWIMHApUYECKUX mosepxHocTed. IIporpamma
(reHepUpoBajia 51 HeYeTKoe JKCIEpTHOEe MNpaBHIO I 3KCIepra-TexHonora. B
JaTbHEHIIEM ¢ TIOMOWIBIO JAHHOIO AJIrOPUTMA MOXHO CIEHEepUpOBaTh MOIYNIH
sHaHui g BeiGopa MeTonoB 00paboTKM JpyrMX THIIOB TNOBEPXHOCTEH — M3
KnaccuuKaTopa NOBEPXHOCTEN MpeANpHATHS.
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Takum oOpa3oMm, HaydHyl0 HOBHW3HY Ipe[cCTaBiiieT pa3paGoTaHHBII METOA M
AITOPUTM Ha €ro OCHOBE aBTOMATH3MPOBAHHOIO W3BJIEYEHHS 3HAHMH M
(bopMHpOBaHHMS HEYETKHMX 3KCHEPTHBIX NpaBUiI Ins Bbibopa MerofioB o6paGoTku
MOBEPXHOCTEH JeTainei npu riOKoM NpOeKTHPOBAHUH TEXHOJIOTHYECKUX MPONECCOB C
UCTIONTb30BaHHEM KOHCTPYKTOPCKO-TEXHOJIOTHYECKHX CIIPABOYHHKOB NPENIPHATHS.

BriBopI:

‘Tloctpoenne 6a3bl 3HaHMI TpexnpuaATHS B BHAe Habopa Moayned 3Hanuit
NO3BOJISET ABTOMATH3HPOBATh MpOILECC 3anoJHEHWs Oa3bl 3HAHWMH, HWCIOIB30BATh
cripaBOYHBIE 0a3bl JAHHBIX MPEINPUATHS AJIS GOPMHPOBAHMsS IpPaBHJI, HapalMBaTh
6a3y 3HaHMi B Mpolecce ee IKCIUTyaTaliH.

[TpeuMymiecTBOM  MpPEAIOKEHHOTO  AIrOPUTMa  SBJMETCA  BO3MOXKHOCTB
aBTOMATM3HPOBaTh  TEHEpalMIO INPEANOoChUIOK HEYeTKHX SKCHEPTHBIX IpaBMi
OGnaromaps MCHOJIB30BAaHHIO CHpaBo4YHOW HHpopMauuH ©6a3 KOHCTPYKTOPCKO-
TEXHOJIOrHYECKHX JaHHBIX, YTO MO3BOJISET COKPATHTh CPOKH CO3/1aHUs Ga3bl 3HAHMI
NpenpUsITHS.

PaspaGoranueni amroput™m Reference-Knowledge module_discovery renepupyer
MMHHMMAJIBHOE MHOXKECTBO NPABWI, NPEJOCTABIAEMBIX JKCIEPTy B IpoOGieMHOM
obnacti (3KCmepTy-TexHonory) Gnarofaps HCIONE30BAHHMIO CIPABOYHMKOB Gasbl
JAHHBIX NPEeNPHATHS, YTO MO3BOJISET COKPATUTH 3aTPATHI HA CO3/iaHHe 6a3bl 3HAHMIL,

B npanereffimeM  OyayT  pacCMOTpeHBl  AITOPHTMBI  JUIi  HM3BJICYCHHA
KOHCTPYKTOPCKO-TE€XHOJIOTHYECKHX 3HaHMH ¢ HCMOJIL30BAaHHEM  apXMBa
TEXIPOLECCOB MPEANPUATHS.
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