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CHHTE3 HOBBIX CEMENCTB
OLTUMAJBHLIX PETVJISIPHBIX CETEN
HA OCHOBE 3BOIIOIIMOHHBIX BHIMUCJIEHUN
U MABJIOHOB ®YHKIINIA

Ormucad alropuTM, OCHOBAHHBIA Ha 3BOMIOLMOHHBLIX BBIYMCACHHUSX U 1MadnoHax
yHKUMH, KOTOpRIM MpeJHa3sHadeH JUI OTKPBITHS AHANNTHYCCKHX OINHCAHHM
HOBBIX IVIOTHBIX CEMEHCTB ONITHMAILHBIX PerynspHbIX ceteil. [Ipeacrasnensl nomy-
YeHHBIE ¢ IOMOIIBIO JAHHOTO AJITOPHTMA HOBBIC CEMENUCTRA PErYIsPHBIX IAPaMET-
PHYCCKH OIIMCHIBAEMBIX CETEH CO CTEMEHAMH 3 M 6, KOTOPBIE YIIYHIIAIOT H3BECTHBIE
PE3YNLTATSI.

Brenenune. IIpoexrupoBaHue pacripelieleHHbIX BBIYHUCIHTENIBHBIX CeTell H
ceTel cBA3M BRIMUCIUTENBHBIX cucTeM (BC) ¢ MaccoBbiM mapanmnenusmom [1, 2],
COAEPKAIMX COTHH THICSY IPOLIECCOPHBIX AIEMEHTOB K UMEIONIMX PEryIIsipHYIO
CTPYKTYpy CBA3cH, TpeOyeT H3ydeHus HEeHANPaBIeHHbIX ONTUMAJILHbIX PETYIIsp-
HBIX Tpad)oB ¢ MaJILIMM TUAMETPAMH M GOSBIIMM YHCIIOM BEPIIHH TIPH 3aJaHHON
creneHu. Beibop onruManbHEIX rpadoB B KauecTBe CTPYKTYp ceTeit crasu BC
obecreYuBaeT MPH 3aJaHHBIX CTOMMOCTHEIX OIPAHHYEHHUAX OITUMYM IOKa3aTe-
JIel HaJIeXHOCTH, CBA3HOCTH U Ipou3BoauTenbHOCTH BC. I'padbl ¢ TAKMMH CBO¥-
CTBAMM BCTPEYAIOTCA B KJ1ACCE TAaPaMETPHYECKH OMTHCHIBAEMEIX PeryNsapHbIX He-
OpHeHTHpoBaHHbIX rpadoB R (N,v, g) [3, 4], rae N — nopsgok rpada, v — cre-
TIIcHb, g — 0OXBAT, § — YMCJIO KJIACCOB 3KBHBAJIEHTHOCTHU BepiuuH. Kinace rpados
R (N, v, g) obobmaer 1 BKITIOYaeT B ceOst GONBIMMHCTBO H3BECTHBIX MOAKIACCOB
OIIHOPOIHBIX IpadoB, HCIIONB3YEMbIX B KauecTse cTpYKTyp BC (runepkyOsl, mup-
KyJISHTbI, KyOMUECKH CBA3aHHBIE LUKIIbI, XOP/IOBbIe KOJBIEBLIE CETH), a TAKKe
KyOnI 1o 'ayccy [5] u np. Cinenyer otMeTuts, uro rpadsl R (N, v, g) Haxoast
IIPHJIOYKEHHE HE TOJIBKO B PEATTM30BAHHBIX CETAX CBA3HM KOMITbIOTEPHBIX CHCTEM,
HO H B €CTECTBEHHBIX IIPOLIECCAX, HATIPUMEP, KaK rpadbl XUMHUYECKUX PEaKLUii, B
KOTOPbIX BEPIIMHEBI CHMBOJIM3UPYIOT XUMHUYECKHUE BEILIECTBA (MOJIEKYIIbI HITH MTPO-
MEXXYTOUYHBIE NIPOIYKTHI pEakUn), a pedpa — MIarH peakuud [6].

B npennaraemoif paGote paccMaTpuBaeTcs HOBEBIH, OCHOBaHHLIN Ha miabno-
Hax (templates) dyHKLHMA, SBONIOMUOHHBIN aITOPHTM AJIsl aBTOMATU3HPOBAHHOTO
OTKPBITHA (CHHTE3a) AaHATUTHYECKUX OMUCAHUI HOBEIX TUIOTHLIX CEMEWCTR OIITH-
MaJleHBIX IpadoB R (N,v, g) ¢ GONbIIMMH OONAaCTAMHM HU3MEHEHHS MOPSIKOB.
OTOT NOAXOA OTINYAETCS OT CTAHIAPTHEBIX CIIOCO00B MOUCKA TUTOTHBIX ceMeiicTB
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JIEM HCIIONIB30BaTh MOHATHS «TpadbDy M «CETH» KaK CHHOHMMEI,

1. OcnoBHbIe onpene/ieHus U cBoHcTBa cereli R (IV, v, g). B atoM pazjene
HPHUBOAATCA OCHOBHblE TEPMMHBI TEOPHHU Tpad)oB, ONpPENEIEHHE M HEKOTOpbIe
cBoiicTBa ceteit R (N,v, g). [lonHOe H3NOXEHHE CBOWCTB ITOrO Kiacca cereit
MOKHO Ha¥iTH B [3, 4].

[Mpocroii rpad G ecTb HekoTOPBIH 00BEKT (¥, E),rae V' — MHOXECTBO BEPILIKH,
a E — MHOXeCTBO pebep, U TOJIBKO OTHO peOpo MOXKET CBS3BIBATE OJHY BEPIIHHY C
apyroit. [Topanok rpacda paseH 4ucTy ero BepmiuH. CTENeHb BEPIIMHbI — YHCIIO
pebep, HHUMACHTHBIX eii. ['pad HazbIBaeTCA PETYIIAPHBIM, €CJIH BCE €r0 BEPILIHHbI
UMEIOT OJIMHAKOBYIO cTeneHb. [1yTh B rpade onpenenseTcs Kak Mocie0BaTellb-
HOCTh CMEXHBIX pedep Takux, YTO HHKaKoe peOpo He BCTPEYaeTCs IBaXKAbI, U
nepsas ¥ NOCJEHAS BEPIUMHBI Pa3IMYHEI; JUTHHA ITyTH €CTh YUCIIO ero pebep.
IpocToit uukia B rpade G ectb MyTh, B KOTOPOM HadallbHAs ¥ KOHEYHAS BEPIIMHEI
COBIIAJIAIOT, a BCe OCTAJIbHBIEC BEPIIUHEI pa3nu4HEL. [THHa KpaTyaflIero mpocro-
ro muksa rpada G HaseiBaercs o6xBaToM rpada. PaccTosHie MEXITY ABYMs Bep-
INHHAMM @ ¥ b ecTh ANMMHA KpaT4yailiero myTH Mexay a H b. [luamerpoM rpada
Ha3BBAETCA HAaOONbINEe pACCTOSHAE MEXTy BepIIvHaMHu rpacda. JuameTp onpe-
JleNiseT MAKCUMAJTBHYIO 3a/IEPXKKY B CETH IPH IIepeAade HHGOpMaI|H.

Onpenenum Teneps NapameTpHIeCKH OIIHCHIBaEMbIE Perylis pHble 1 OCHOBaH-
Hble Ha nomyrpynmnax cetd R (M, v, g).

Iycrs R, (N, v, g) — npocToi rpa(b C TOpSAAKOM N, CTENEHbIO v, 00XBaroM g,

MHO)KGCTBOM sepmuH V' ={1,2,..., N}, MHOXecTBOM pebep E < V% rpymmoit ae-
ToMOpdHU3MOB Auf( R) 1 OTHOLIIEHHEM SKBUBAIIEHTHOCTH |, GDOPMHPYIOIIHM pa3-
JIeTICHHE MHOXKECTBA BEPUIMH V V Ha m < N knaccoB ¥V, Takoe, 9TO JjId KaxAo#

rapel BepituH k, jeV, i =1,m, cymecTByeT aBToMopdu3M ¢ € Auf(R), koto-
phIii IepeBoauT k B j:

V(k, jeV,)3(¢ € Aut(R)) (9 (k) =)). ey

OKBUBAJIEHTHOCThL L HA MHOXKECTBe BeplMH V rpada R (N,v, g), koTtopas
OyneT paccMarpuBaThcs Jaliee, eCTh CPaBHUMOCTh IO MOIYMIO § (aenurens N),
T. €.

p={(a,b)e¥?|a=b(mods)}, )

rae s < N, N =0(mods). Korna 3KBHBaJICHTHOCTS |l ONIPEENsETCs] BEIPAsKEHUEM
(2), mp1 0b03Ha"aem rpadet R (N, Vv, g) xak rpadst R (N, V, g).

Briaenum kiace rpagpos R, s( N, v), koTopblii BuTI09aeT Bee rpadel R (N, v, g)
¢ (MKCHpPOBAaHHBIMH 3HAYEHHUAMH S, NV ¥ v. Takum 00pa3oM, MHOXKECTBO BEPIIHH
Vrpada R (N, V) nenurcs Ha s KJIaCCOB 3KBUBATIEHTHOCTH

V,={alaeV, a=i(mods)},

e i=1,_s.
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ITycts ¥ = N /5. U3 onpenenenus rpagos R, (N,v, g) cnenyer, 4To s Kax-
noimapela,beV,, i=1,s, rpapa R (N,v) cymechyeT apToMOpbu3M ¢ € Aut(R)

Takoi, uto 0 (a) =5, T. €.

b=a+ js(modN), j=1r. 3)

Ecmu B rpade R (N, v) IBe BepIIMHB a U ¢ CBs3aHEl peGpoM (a, ¢) € E
uc—a=Il(modN), rre /- HarypamsHoe uncno u /< N, Torna HasoseM [ OT-
MeTKo#H pebpa (a, ¢). 3aMeTHM, 4TO HaHHOE pebpO HMEET TaKKe OTMETKY
I'=a—c(modN).

Hedopmansao MoxkHO onucars rpad R (N, V) Kak peryiaspHblii rpad cremne-
HH V C BEpLIMHAMH, NIOMEUYEHHBIMH LIEJIBIMU 110 MOXYNIO N, U U1 MOOBIX JABYX
BEPILIVH a U ¢ BEPIIMHA @ CBA3aHA C BEPIIMHOMH ¢, €CIIH U TOJNBKO €CJIM BEPIIMHA
a + s(modN') cea3aHa ¢ BepIuMHOii ¢ + s(mod N ), rae s — nenutens N.

Jlemma [3]. Eciv nee Bepmunni acV,, iel,s,uceV rpada R (N, v)cpaza-
HBI peGpoM (a, c)e E c ormerxoii I, Toraa peodpo (b,d) € E ¢ ormeTkoit | uHIM-
JEHTHO K10 BepmuHe b e V.

Caeacraue. Hycn, B rpa«be R.(N, v) Bepumna g€V, ic 1, 5. O6o3HaTEM

L={l,}, ie Ls, k=1v V, KaK MHOX€CTBO OTMETOK pedep, MHIUICHTHBIX BepLUH-

He a. Torma MHOXKECTBO OTMETOK pebep, MHIMAEHTHEIX 000 BepmuHe beV,
ecTh L,.

HasoBeM MHOKECTBO L={l,}, i=1,s, k=1, v, MHOXeCTBOM OTMETOK pebep

(wnu o6pasyrommx) rpada R (N, v). [IBe Bepuuss! a v b rpada R (N, v) cBi3aHsl
pebpom (a, b) € E, ecnu ¥ TONBKO €CIH CYINECTBYET TAKOE HATypalbHOE YHCIIO
lpy<N,rnel,el, iels, kel,v,uro eciut a = i(mods), 10 b —a = l; (modN),
T. €.

(a,b)e E < (3l € L)(a=i(mods)) & (b —a=1,(modN)).
[ycts E; o6o3nazaeT MHOXECTBO pebep ¢ OTMETKOM /,,
E, ={(a,b)e E|a=i(mods), b=a+1,(modN)},

reie l,_s, ke 1,_v PeGpa u3 MuoxecTBa E;; HMEIOT TakkKe OTMETKY
1, =N-1,, @

e j=i+1,(mods), i,jel,s, k,mel, v, u, cienoBareIsHO, MHOXKECTBA E, n

E, coBnazaror.

[ycts L' 03HAYAET MHHMMAIBHO HEOBXOMHUMOE MHOXECTBO OTMeToK. [lns
TOro 9TO6BI OT MHOXeECTBa L mepeliTi k MHOXecTBY L, HY>@HO U3 MHOXecCTBa L
YAAIMTE 110 OJHOMH OTMETKE B3 K2)KJIOH [apbl OTMETOK, CBS3aHHbIX COOTHONIEHH-
em (4). lns obparroro mepexona ot L' k L TpebyeTtcs HAHTH OTIOTHATEIbHYO
OTMETKY [10 COOTHOMIEHHIO (4) s KXo OTMETKH u3 L.

Taxum obpa3zom, ecii YuCITO BEPIIHH NV, THCIIO KIIACCOB KBUBAJIEHTHOCTH
§ ¥ MHOXeCTBO oTMeToK L (wm L ) 3amaHsy, TO rpad R (N, vV, g) THOTHOCTHIO
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oTpeieieH, M MOXHO [UT HETO TaKXKe UCTIONB30BaTh IApAMETPHYECKOE ONTHCAHUE
G(N; L).

IT p u m e p. PaccmotpuM rpad Ilerepcena (puCyHOK, a) ¢ 10 BepuinHamy,
cocrenennio 3, g =5, s =2. MoXHO yBHAETH, UTO BEPLIHHA / CBA3aHA C BEPLIMHA-
MHI+1,7+2,7+8,ecnu i HedeTHOe, ¥ C BepIIUHaMu i + 4,1 + 6,1+ 9,ecnu I YeTHOe
(Bce gncna Gepytes o moaymo 10). I'pad ITerepcena ects rpad R, (10,3,5)c MHO-
’KeCTBOM OTMeToK (obpazyromux) L ={1,2,8; 4,6,9}. MuauMansHOEe MHOXXECTBO
ormerok L' ={1,2; 4}.

Ha pucyHke, b uzobpaker rpad R, (24, 4,4) co crenenrio 4 4 ¢ 24 BepluMHa-
MH. OH UMeeT JIBa KJ1acCa 3KBUBAIEHTHOCTH BEPIIMH U MHOXECTBO OTMETOK L =
={5,9,15,23; 1,9,15,19}. MuHHMAaILHOE MHOXECTBO OTMETOK L= {5,9,23; 9}.

IMpencraBuM HekoTOpEIe cBoiicTBa rpados R (N, v):

LV =V, V,NV,=@ anai#j, |V|=r,mei=ls.
i=1
2E:U Ezka |E,k|=r,rnei=i:9,k=l,_v, |El=SVV/2
=1

i1k

3. Ecnu Bepimnel a, b € V rpada R (N, v) cBsi3aHbl, TOrAa

b-a Ei zv:l,-kt,k(modN),

i=1k=1

rae ¢, —uucio pebep ¢ OTMETKOM /;, , KOTOpble MPUHAJIENkKAT ITYTH U3 a B b.

4.Tpad R, (N, v) omucsiBaercs nomyrpymnmno# [3] u msomopden rpady nomy-
rpymmnsl npeobpa3oBaHuii KJIaCCOB SKBHBAJIEHTHOCTH.

Teneps nNpescTaBEM HEKOTOPEBIE H3BECTHEIE CETERBIE TOMTOJIOTMH B BHJIE IO~
KkJaccoB rpadoB R (N, v, g).

TunepkyGo1 MOTYT OBITH MpeACTaBleHbl Kak rpadsl R (2% v, 4)c s=2"" 2

Hanpumep, ans N =23 obOpasyroliye mapaMeTpUdecKoro ONMUCAHUS THIEpKyOa
R,(2° 3, 4) umeror Bun L ={1,2,6; 2,6,7}.

Hupkyssauraele rpadei [2, 7, 10] MoryT ObITH MpeacTaBNeHbl Kak rpadbl
R,(N,v,4) ¢ s=1n g =4 UupkynsarHele rpadsl IMAPOKO HUCCICTYIOTCA NPHU
MPOEKTHPOBAHMH M AHATIM3€ BLIYHCIIMTENBHBIX CHCTEM, B TEOPHH rpadoB H JHCK-
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PETHOM MaTeMaTHKe, KpOME TOro, pealHM30BaHbl KaK CETH CBA3M B HEKOTOPHIX
muoromnpoueccopHelx BC (MPP, Intel Paragon, Cray T3D u ap.). Jlaaum s Hux
0OBIYHO HCHONb3yeMoe ommucaHHe. L[UpKyNSHT ecTh HeHampaBlieHHBIH rpad
G(N; 1,1, ... v/2) ¢ N BepIIMHAMHU, IOMEYECHHBIMH YuCaMu 1,2, ..., N, uMero-
i i/, +12, ,111,,(modN) BeplIMHbI, CMEXHbIE C KOKIAOH BEPUIMHON i,
Or™etku L = {l,},toe O< /;<..< Iy <N /2 ecTb 00pazyrolue KOHEYHOit abe-

JIEBOH TPYMITBI aBTOMop(bnzMoa cBA3aHHOH ¢ rpadom. LlupkynsHTHBIE Tpadbl
Buna G(N; 1,1,,...,1,,) ¢ eniHIYHON 00pasyroliel U3BECTHBI €Ll Kak KOIbLe-
BEIE CETH (loop networks).

Hna s =2 n v =3 kiacc rpadoB R (N, V, g) BKIIIOYAET U3BECTHBIE KIJIACCHI
XOpIansHeIX KobLeBHIX ceTelt (chordal ring networks) [9], o6o6mennsix xop-
JlaNTbHBIX KonbLeBhIX ceTeif [12] u obobmennsx rpados Ierepcena [7, 13]. Ha-
IpUMep, 0bpasyrommye MapaMeTpHYecKoro OIMMCAHMS XOPHAATbHBIX KOJMbLEBbIX
cereii R, (N, 3, g)umeror Bua L ={1,a; 1}, 06o6meHHbIX XOPAAJIbHBIX KONbLIE-

BbIX ceTed R,(N,3,g) — Bun L ={a,b; c},tae a,b , € — o0pasytolurue (pas3nuy-

Hble HeYeTHbIE YuCna), ¥ obobumeHHrix rpadop Ilerepcena R,(N,3,g) — BuO
={a, b; ¢}, rue a ~ HeYeTHOE YMUCIIO; b, € — YETHBIE YUCIIA.

2.TIpo6nema onTamMua3anuu 174 ceteii R (N, v, g).3BeCTHEI Clleytomume
HaHubonee U3ydaemble NPoOieMbl ONTUMH3AIMK ceTedl: 1) HaliTH oNTHMAaNbHBIE
CEeTH ¢ MMHHUMAJILHBIM JHAMETPOM IIpH 3aJ@HHEBIX CTEHEHH W mopsiike Tpada;
2) HaliTH IUTOTHBIE ONTHMANbHBIE CEMEICTBA CEeTeH ¢ MAKCMMATLHBIM (M OJTH3-
KHM K HEMY ) YHCJIOM BEPUIMH IIPH 3a/JTaHHBIX CTeNleHH 1 auametpe. [Ipobnema om-
THMH3ALIMH, paccMaTpHUBaeMas B JaHHOH pabote, obbenunser o6e npobiieMbl H
COCTOMT B TOM, 4TOOBI HaifTH onTUMabHEI rpad R (N, V), uMeOWHUi MAHY-
MAaNBHEIH IUaMeTp d IIpH 3aJaHHBIX CTETICHH V M YHC/Ie KIACCOB SKBHBAJIECHTHO-
CTH § M UBMEHEHHH YMCTIa BEPIHHH N B HEKOTOpPOM iHanazoHe. OITUMAIbHEIE Ipa-
(b1 JOCTHraIOT HAWTYYIIHX 3HAYCHUN HAZEXKHOCTH, CBA3HOCTH, CKOPOCTH KOM-
MYHHMKaUMi, 3aJlepxek B Ipolecce nepeaadn uHdpopmauuu [2, 7, 10] npu
HCIIONK30BAaHHMY B KA4ECTBE cCeTell CBA3M B MynsTHIpolleccopurix BC. laHHas
npobiema ecTh NpobiieMa HETOYNUCISHHOTO MPOrPAMMUPOBAHUA ¢ HEJTMHEWHOH
uesesoi dhyHkuueii. s peleHus nepBoii U3 MpUBEAEHHBIX MPOOIEM HCHOB30-
BAJTUCE CIEXyIOIHE ATOPUTMBI MCYEPIBIBAIOINNI TOMCK, aJITOPUTM BETBEN H
rPaHML, FTEHETHYECKUH aITOPUTM, MOJETHPOBAHHE OTXKHIa U CIIYYaiHEI [TOHCK.
TeM He MeHee 3TH aNTOpPHTMEI OOBIYHO UCTIONB3YIOTCA [T PEIIEHHMA OIITUMHU3ALM-
OHHBIX ITPO0IIEM ¢ GUKCHPOBAHHBIMH 3HAYCHUSIMH N NIPY 3a1aHHBIX 3HAYECHUAX V,
S ¥ 1at0T PUKCHPOBAHHbIE 3HAYeHUA oOpasytouux. [ToaroMy HEOBX0NUMO pa3Bu-
BaTh HOBbIE METO/IBI JUTs ITOUCKA IUIOTHEIX ceMeHcTB rpadoB R (N, v, g) ¢ aHamH-
THYECKUMH OTTUCAHUAMH [1apaMETPOB, YTO MO3BOJIUT 3a/1aBaTh MapaMeTphl ONH-
CaHHii ONTHMAaIEHBIX rpadoB QopMyIaMHU U TOPOXKATE GeCKOHEUHbIE CEMEHCTRA
Takux rpa¢hos, a npu npoekruposanun BC oTKa3aThes OT pa3paboTKy KaTanoros
ONITHMAaJIbHBIX CTPYKTYP, 3aMEHMB MX KOMITAKTHBIM aHATUTHYECKHUM ONUCAHUEM
rpagos.

HseecTHH cneqyromue MIoTHLIE ceMelcTBa ceTell R (N, v, g). OHu aBns-
IOTCA ONTHUMAJIEHEIMH HJIM HMEIOT THAMETD, HE IIPEBBIIAIOLINIA HEKOTOPYIO 3a-
JIaHHy1o BenuuuHy. PacemoTpum ceti R (N, v, g)co cTenensamu 3, 4 1 6 kak Hau-
Bornee MHTEpECHBIE CIlyYad [UIs TIPAKTHYECKOTO MPUMEHEHHA B KAYECTBE CETei
cea3u BC, .

1. Ina v =3 B pabore [12] HalineHBI HEKOTOpBIE IUIOTHbIE ceMeNcTBa 0600-
LICHHBIX XOPJATBHBIX KONLUEBBIX ceTell R, (N, 3, g) c MUHUMANBHBIM JIHAMETPOM
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d. Ilpumep AHAJMTHECKOTO OMMCAHMA JULA MOPSIKOB N n obpasyromux a, b, ¢
omHoro cemeiictsa: N =6p* +4p, a=-1,b=—6p—1,¢c=1,d = 2p+1.

2. Jlns o6o6menHbIX rpados [erepcena (v =3)[13] Halineno aHanuTHYECKOE
OTIMCaHHe ceMelicTBa rpaQJOB € caMbIM GOJTBIINM TTOPSIKOM JUT 321aHHOTO Ha-
merpad: N =(2d -3)*> +1,a=1, b=2d ~ 4, c =2d -2.

3. Ina v =4 paborax [10, 11, 14] HalineHO crneyrolee aHATUTHYIECKOE Pe-
wienye. g moboro N >4 onTUMaNbHBIA HHPKYISAHTHBIA rpad HMeeT

L=[(\2N-1-1/2], L=1+1 (%)

4. Ina v =6 B [7, 8] HalineHO IUIOTHOE GECKOHEYHOE CEMEMCTBO LIMPKYIISHT-
HEIX TpadoB (KOMBIEBBIX ceTelf) ¢ qMaMeTpoM, He MpeBbimaromuMm d > 3, re

N =321d/3]* +8[d/3)*+2|d/3],
(6
L=, 4d/3], (4.d/3))*.

3ameTuM, 9TO B OONBIIMHCTBE CTy4aeB OTKPHITHE OECKOHEUHBIX CEMEHCTB
rpadoB ¢ IKCTPEeMAaNbHBIMH CBOHCTBAME IIPOUCXOMUT HA OCHOBE OIBITA ¥ HHTYH-
LMK UcciieoBarenie.

B nanHoit pabote npeiaraeTcs HOBBII MOAXO/, HCTIONB3Y IO BOJIOLIH-
OHHbIe BEMMCIIEHHA [15-18], 4TOGH! aBTOMAaTHYECKH OPOXKAATh AHATTUTHIECKHE
ONMCaHHs KOHEYHBIX U OECKOHEYHBIX ceMeicTB ceTelt R (N, v, g) ¢ 3KCTpeMalb-
HbIMH CBOMCTBAaMH H MOJy4YaTh CEMEHCTBA C JTyYIIUMH JTHAMETPAMH.

PaccMmarpuraeMas npodiema GopMyITupyeTcs CleqyoIuM o6pa3oM: HaWTH
bynxkumu  fi, ..., f,, n=2, 109 aHAMTHYECKHX OIMCAHMN 0Opasyromux

I, = f.(d,N), izf,_n, onTUManeHeIX cetedt G(N; [,,..., 1) npu ycnosuu, ecnu

3ajaHa obnacTe u3MeHeHuss N =N —N_ . wm dysxkmms N = £, (n, d).

3. AJITOPHTM 3BOJIIOHOHHONO CHHTE3a OCHOBaH Ha JBOMOUMOHHKIX BbI-
YUCJICHUAX U MOJIETMPOBAHUU MPOLECCAa ECTECTBEHHOTO OTOOpa B IOILY/ISALIMH
ocobel, KaXkas U3 KOTOPBIX €CTh TOUKA B MPOCTPAHCTBE PELIIEHHH 3a/1a4H OIITH~
Musanmy cetd. OcoOH mpencTaBieHbl CTPOKaMH (PYyHKIHN (aHaIHTHYECKHMHU
OIMUCAHHUAMH MHOKECTB 00pa3yoIux WK XpoMmocomoi). Kaskaas nomynsims se-
JIA€TC MHOXXECTBOM MHOXECTB oOpasylomux fi, ..., f,, 7 =2, 1 ceMeiicTBa
rpados R (N, v, g)cnopaakamu B avanasone N . <N < N, 1u6o BenuuuHa
N Moxer ObITh 33a1aHa Kak QyHKIMS OT n ¥ d.

OcHoBHas njiest 3TOTO AITOPHTMA COCTOHT B 3BONNOLMOHHOM Hpeodpasoba-
HHH MHOXKECTBA aHAIIMTHYECKUX ONHCaHui rpados (hopMyi) B Ipoliecce ecTecT-
BEHHOro 0TOOpa — BEKHBAHHMH «CHNEHeeron. B Hamem cirydae sTHMH ocobs-
MH ABISIOTCS Ipadbl, UMEIOIIUE HANMEHBIUMH BO3MOXHBIH THaMETp. AJITOPHTM
Ha4YHMHaeTCs ¢ FeHepalry HadyasabHOo nomyssiuud. Bee ocoOH B 9To# monynamuu
CO3Jal0TCs CITydaiiHo, 3aTeM OTOMPAIOTCS HAMMYYIIHe 0COOH M 3aTIOMHHAIOTCH,
J1s co3nanMa oMLY CIEXYIOIIET0 MOKoNeHHUs (Cle Iy otIel HTepaliu) Ho-
Bble 0COOHM (hOPMHUPYIOTCS C IOMOIIBIO FeHETHYECKHMX OTlepaluii ceaeKuu (016o-
pa), MyTalHH, KpoccoBepa M NOOaBIeHUs HOBBIX 3JEMEHTOB (U1 COXpaHEHHSA
pazHooOpa3us nmomynaumu). [Ipumem, uto nenesas ¢yuxius (fitness function,
(byHKIMA KauecTBa, QyHKIMA IPUTOHOCTH) F BHIYMCIISET CYMMY AHAMETPOR Ipa-
doBG(N; f1, ..., f,, ) ¢ MHOKECTBOM 00pasyOluX f1, ..., f,, # =2, K IOpSAKAMH
N, N_ <N<Z N e LEJIBIO ANrOPUTMA ABISETCS IIOMCK MUHUMYyMa F.

min =
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Tabnuma 1
IIpamep xpomocomel qns n = 2

h=2 b /2

J=1 sgn Ay by oxy Ady ozp my 5821 @ by xy Ady oz tmy

J=2 | sgn @y by xp Ady oz my Sgn Gp by xyp Ady oz My

3.1. Ilpedcmasnenue dannbix. OCHOBHOW CTPYKTYpOH NaHHEIX B TpOI-
PaMMHOH pealM3allMM aIropuTMa SBISIOTCA MHOXECTBA (QYHKUMHA f), ..., f,,
n>2. Ha ocHOBe aHamM3a CTPYKTYPhI H3BECTHBIX ONMCAHHHN ONTHMAIBHBIX Ce-
MeNCTB rpadoB mpemnaraeTcs Ba 0GOCWICHHbIX ma6moHa (TeMmmeita) s
bynxumit . _

IlepBbiit mabnon ns xaxnoi GyHKuMH f,, i =1, n, UMeeT creqyommii BU:

h
Y [sg;(a/b)N*(d +ad)* 1",
J=1

rme a, be{C}, |x|<n, |z|<n, h<n+l, Ade{0,1,...,2n}, sg; e {+,-},
tre{[ p1, | p]}—rim oxpyrnenns, C — MHOXeCTBO HaTypabHBIX KOHCTAHT. [TpH-
Mep NpeicTaBaeH!s GyHKIHH £, (MHOXECTRO 00pasyOIHX MM XPOMOCOMa) TS
n =2 npusenew B Tabn. 1. .
B st0i1 pabote Tatoke McTons30BaH BTOpoil wabnon ans dyskumii f,, i=1, n:

a[((¥N + 58, ANY" + sg,2)/b]",

rnea, be{C},|x|<n, z,y, AN €{0,1,...,2n}, sg,e{+,~hLtre{p], | pl}-tun

OKPYITIeHHUS.,

Hcnons3ys nanueie mabloHb!, MOPOXIaeM aHAIIMTHYECKHE BRIPAKECHHUSA LTS
byHKUME f, 1 MOXeEM MPOM3BOIUTE MX OLIEHHMBAHHE U Momudukaiyy. Takum
0bpasoMm, 11 GUKCHPOBAHHEIX 3HaueHHH d, N u nmapameTpos [1={a,b,x,y, z
Ad, AN, sg, tr} MOXHO BEMHCIATE GyHkumH f,(d, N), i=1,n.

3

3.2. I]enesan ¢ynxyus. B anroputMe 3BONIOIMOHHOIO CHHTE3a LieeBas
(yHxima F BEMHUCHAETCS ClieqyomuM obpazoM. B mukie usmenenus N or N min
10 Ny, Ha OCHOBE JaHHOTO AHATMTHYECKOTO OIMCAHMs CeMENCTBA TECTHPYEMbIX
rpados nuametp d(G) rpada G(N; f;,..., f,) BeMHCIsETCS LS Kaxaoro N,
3areM 3TO 3HaueHHe CpaBHMBAeTCS ¢ AMAMETPoM d(N) ONTHMAILHOTO rpada.
Eciu onu pasuebl, 10 rpad G(N; f1, ..., f, ) ABIAETCA ONTHMATBHBIM.

Llenesas dynxims F olleHHBaeT CyMMy KBAJIPaToOB OTKIIOHEHHH OT Iuamerpa
d(N) nns ceMeHCTBa TECTHPYEMBIX IpadoB:

F = 3 (d(G(N; f,r [,)) - d(N))”

Nua SN €Ng,

112



Takas nenesas ¢GpyHKIMA MOKa3hIBAET KAYECTBO aHATHTHYECKOIO ONUCAHMSA
rpada G(N; f,..., f,) 1 UCTIONB3yeTCA AJS MOTYYEHHS CEMENCTR ONTUMAJIBHBIX
cerert R (N, v, g).

3.3. Onepamopwi anzopumma. Onepatop Mymayuu NpAMeHsSeTcs K 0co0IM,
ciTy4aiiHO BbIOpaHHBIM M3 TEKYIIeH NOMyIALHH C BepOATHOCTRIO p,, € [0,1]. My-
TalUs COCTOUT B CTy4aiHOM M3MEHEHHH 3HaUCHUS CIIy4aliHO BEIODpaHHOTO Mapa-
MeTpa u3 I1 omucanus 0co0H Ha JIpyTryio, CIlydaiiHO BBIOpaHHY!O, BETHYHHY U3
MHOXECTBa HOITyCTHMBIX 3HaUeHUH.

Omneparop kpoccosepa (CKpelIUBaHUs) NpUMeEHAETCS K ABYM ocobsam (po-
JMTeNAM), CAy4YaiiHO BHIOPAaHHBIM M3 TEKYINEH NOIYISLMUH C BEPOSATHOCTRIO
p. € [0,1]. KpoccoBep cOCTOMT B IOPOXKIECHUH JIBYX HOBBIX 0cobel myTeM obme-
Ha YacTIMH XpomocoM ((QYHKHHSMH M3 MHOXKECTBa OOpasyloumux fi,..., f,,
n > 2) ponutenen.

Oneparop co3fiauus H0go2o snemeHma (0co0M) COCTONT B reHEepaLIUH CiIydaii-
HBIX 3HAYEHMIi TapaMeTpoR mabiaoHOB (GyHKIUH, OMUCHBAIOIIMX CEMEHCTBO Ipa-
$hoB. D10 03BOJISET JOGABUTH SIIEMEHT CIIy4alfHOCTH IIPH CO3AaHUH ITOITYIISLHMH.

Oneparop cerexyuu (oTbopa) peanmsyeT NPUHLMI BEDKWBAHWS Haubosnee
npucnocobiieHHbIx ocobeli. OH BHIOHpaeT HaMIyqIoTHe 0cOOH ¢ MUHHMMAIILHEIMH
JuameTpaMH (ONMCaHHUs HAaWIydIIMX ceMelcTB rpados R (N, v, g)) B TeKymen
TIOITYISIIVIH.

3.4. Hmepayuonnuiii npoyecc. JInsa MOUCKa ONTHMyMa 3aJaHHO# LieleBoH
thyHxupM F uTepaliMOHHBIH IpoLece BEIYUCIEHUH B AlITOPATME 3BOIIOLMOHHOTO
CHHTE3a OPTraHM30BaH CIEAYIOIMM 00pa3oM.

ITepeasa umepayua: nopoxxaeHue HAYAIBHOM NoIynauK. Bee ocobu nomy-
JISLFH CO3/IAI0TCA C IIOMOIIBIO OTIEPATOPA HOBBI L 2/leMeHM, C IIPOBEPKOii H OTCEn-
BaHHWEM BCeX HempHrolHeIX ocobeil. [locne 3amonHeHMs MacCHBa IOMYNISIMAN
JTy4inie ocobH OTOMpAaroTCs M 3aTIOMUHAIOTCS B MaccHBe best.

IIpomesscymounasn umepayua: mar oT TEKyIIEH K CIEAYIOUER MOMYJISILUHA.
OCHOBHO}1 Iar aJropuTMa COCTOMT B CO3[aHWM HOBOTO IOKOJICHHWs 0ocoOel Ha
OCHOBe MaccuBa best ¢ MCIONBE30BaHNEM OTIepalMid CENEKIMH, My TallMH, KPOCCo-
Bepa U 10OABICHUEM HOBBIX SJIEMEHTOB.

Iocne oreHKH HeneBol GYHKIUHM I8 KOKI0W 0COOU B TTOKOJICHUH MPOBO-
JTUTCS CPaBHCHHE BETMUMH STHX (YHKIMI ¢ BETMIUHAMH LETEBRIX (YHKIMA TeX
oco0eit, koTophle coXpaHeHb! B MaccuBe best. B cityuae, eciu aeMeHT U3 HOBOTO
TTOKOJIEHUS ITydIlle, YeM 31eMeHT best[i/] s HeKoToporo i/, IoMelnaeM HOBBIH
SIIEMEHT Ha MECTO i B MACCHB best M CIBUTAaeM B HEM BCE OCTATTBHbIE SJIEMEHTHI Ha
eIUHUIYy BHU3. TakuMm 00pa3oM, JTydIMe 3JIeMEHTHI JIOKAIH3YIOTCS B BEpXHEH
YyacTH MaccuBa best.

ITocneonnaa umepayus (xpurepuil OCTAHOBKH): UTEPALUU 3aKaHUMBAIOTCA
6o nocTe BRIMOTHEHHMS 3aJaHHOT0 Yncia maros 7' = ¢, mubo rmocie HaxoKAeHHS
3aJaHHOTO YMCIIa ONTHMANILHEIX TpadoB B JAHHOM JIHaIla30He MOpSAKoB N.

IMocne BHIONHEHHS JaHHOTO KOMMYECTRA IIAros alrOpUTMa II0Iy4aeM MHO-
xKecTBO PyHKUHUH f, ..., f,, KOTOPbIE OIUCHIBAIOT CEMEHCTBO ONTUMANbLHBIX (MITH
ONMH3KUX K ONTUMANBHBIM) Tpados R (N, v, g).

4, JxcnepEMeHTABHEBIE Pe3YJIbTAThl. AIITOPHUTM 3BOIIOLIMOHHOTO CHHTE3a
ceMeiicTB OBbIT IPUMEHEH T MOMCKa ceMelcTR IpatoB co cTeNeHAMH 3, 4 1 6.
Yucno ureparuii U pazMep MOMyIAIAN BEIOUPAITHCH 9KCIIEPUMEHTAILHEIM Iy TEM,
OCHOBBIBasCh Ha MapaMeTpax u3 [15, 16]. Pe3ynbrar BHINOMHEHUS MPOrPaMMBI
MOKA3aJl, YT0 alrOPUTM HaIlell IapaMeTpHIeckoe oNrucanne Buaa (5) ans onTH-
MalbHBIX IUPKYISHTOB CO CTemeHblo 4 B Oombuiod obnmactv 3HaueHHH N =
=100-5000. Takoe pemenue OvUIO Hal/ieHO B cpenHeM 3a 183 urepanum ¢ uc-
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Tabnuma 2
CemeiicTBa HHPKYJISIHTHBIX ceTell

v=s N (@) 11 I Iy
Cemeiictro | 42(3), 292(6), 942(9), 2184(12), | 1 4 df3) @l d/3)y?

H3 [8] 4210(15), 7212(18)

Hosoe 55(3), 333(6), 1027(9), 2329(12), | 1 82, 2 8 2
CEMEHCTBO 4431(15), 7525(18) od"+3d gd’+2d+2

TIOJIb30BAHHEM OIIEPALIMM KpocCoBepa M 3a 162 urepaiuu 6e3 MCHONL30BaHUSA
olepaiy KpOCCOBEPa NpH pasMepe MoImynaiuH B 40 ocobeli (cpeaHue 3HaYeHHA
TIONTYYEHBI 0 pe3yisTraraM 50 SKCIEPHMEHTOB). OTOT Pe3ynbTaT COOTBETCTBYET
H3BECTHOMY TOYHOMY OIMCAHMIO ONTHMANIBHBIX LIMPKYISIHTHBIX rpadoB ¢ v =41
mobeM N.

JU1s MPKyJISHTOB CO CTENEHBIO 6 NaHHBIM ArOpUTM Hawes onucanue (6) ce-
MevicTea rpados u3 [8]. C ero moMorso G110 Takoke HabiieHo (Tabi. 2) HoBoe ce-
MEHCTBO LIMPKYJIAHTHBIX Ipad)0B CO CTENEHBIO 6 C YHUCIOM BEPILHH /Ul 33JaHHOTO
JIHaMeTpa 3HAYUTENBHO OONBIINM, YeM B (6).

Hosrle pesynerarsl 6bUIH TakKe HOMYYEHBI IS XOPOUIO M3BECTHOTO KIIacca
o6o0mennbix rpados Ilerepcena [7, 13], onuceiBaemuix cetsio R,(N,3,g2) B
naHHOM pabore. C MOMOIINBIO aNrOpUTMa GBUIM ABTOMATHYECKH TTONYYEHBI /10
3TOrO HEM3BECTHBIC ONHCAHUs ceMeiicTBa rpadoe R,(N,3,g) B Bume L =

={1,2d - 4; 2d -2} c s =2 1 MHUHUMAJILHBIM JHAMETPOM d > 4 JUIA KaXKIOrO HC-
OBITyeMOro 4etHoro N 2 16, Hosoe onMcaHHe H HEKOTOPBIE IPUMEPHI TIPEICTaB-
neHsl B Ta0N. 3. 3Hauenue d u3sMeHsnock ot d =4 no d =200. [lanHoe pemeHHe
ObUTO HAlIEHO B Cpe/IHEM 3a 65 UTepaLMii ¢ UCIIOIB30BAHHEM OTIEPAIIMH KPOCCO-
Bepa W 3a 55 uTepauuii 6€3 HCTIONB30BAHHUS ONEPALMH KPOCCOBEPA NIPH pasMepe
nomynsiuuk B 100 ocobeli (cpeHue 3HaYSHUS MOy YEHBI 110 pe3ynsrataM 100 akc-
NIEPUMEHTOB).

TaOnuma 3
Hogoe cemeiicTpo cereit R4 (N, 3, g)

N216 JuameTp a b c
Qd-5%+3<N <(2d-3)%+1 d 1 2d - 4 2d-2
(2d-3P%+3<N <(2d-2%+2 d+1 1 2d ~ 4 2d -2

16-26 4 1 4 6

28-38 5 1 4 6

28-50 5 1 6 8

52-66 6 1 6 8

52-82 6 1 8 10

84-102 7 1 8 10

38028-38810 100 1 196 198
38812-39208 101 1 196 198
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AJITOPHTM 3BOMIOIIMOHHOTO CHHTE3a HAIIIEN TAKKe HOBOE YHU(DHIIMPOBAHHOE
ONTHMANIBHOE OITUCAHHE U1 KKIOTO YETHOTO YHCia BepiukH N > 16 nia 3Toro
K1acca cereil R, (N, 3, g) B cneayiomeM Buze:

L={,2[/N-2/2],2[\[N-1/2]}.

Pemenne Gbito HaltieHo B cpenHeM 3a 404 UTepalliH ¢ UCIIOb30BAHKMEM OMEpa-
LMK KpoccoBepa M 3a 413 urepanuii 6e3 HCIOIB30BAHMS Ollepaliiy KPOCCOBEpa
npu pasmepe noryysauu B 100 ocobeil (cpenHue 3HaYeHUs MOy YEHBI I10 Pe3yIb-
TaraM 50 3KCIIEPUMEHTOB).

3akmouenne. [IpencraBneHHbIN oaxo GBUT yCNEMHO NPUMEHEH K aBTOMa-
TH4YECKOMY ITOPOXKICHUIO OITMCAaHKI ceMeicTB ceTell R (N, v, g) ¢ sKcTpeMab-
HBbIMH CBOMCTBAMH. Peann30BaHHEINM alTrOPUTM 3BOIOIMOHHOIO CHHTE3A [0CTa-
TO4HO OBICTPO HAIIEN paHee H3BECTHBIE ONMCAHUSA CEMENCTB rpadoB cO CTENMeHs -
MH 4 1 6. OH TaroKe IOPOJMIT HOBBIE ONITUMANBHEIE ceMelcTBa ceteli R (N, v, g)
CO CTETEHBIO 3 M HAIIIENI HOBOE CEMEFICTBO Irpad)OB CO CTENEHBIO 6, KOTOPOE 3HAYH-
TEJIBHO YITy4INaeT U3BECTHEIE pe3ynbTarhl. HaliieHHbIe ¢ MOMOLIBIO TIpeIoKEH-
HOTIO IOX0/1a ONUCaHMUS OIITUMAIBLHBIX CEMEHCTB CTAHOBATCS OCHOBOM A7 AN b-
HEWIINX TEOPETHIECKUX UCcCe10BaHMH. TeopeTuuecku ObLIa JOKA3aHa CIIpaBeI-
JIMBOCTH HEKOTOPKIX HAMIEHHbBIX ONIMCAHUH IIPH IFOGOM 3HAYEHUM apameTpa d, 1
TaKuM 00pa3oM MOITy4YeHb! OECKOHEUHbBIE OIITUMANILHEIE CEMENCTRA, YTO O3BOJIA-
eT rpu npoekTuposaHuu BC oTka3aTecs OT pa3paboTKM KATagoroB OIITHMAIBHBIX
CTPYKTYD, 3aMEHMB MX KOMIIaKTHBIM aHATTUTHYECKHM OITMcaHueM rpados. Crejy-
€T OTMETHTD, YTO MOMYUCHHE aHATUTHYECKH 3a1aBAEMEIX CEMENWCTB JAeT TakxKe
BO3MOXXHOCTE aHAJTMTHYECKOTO PEIICHUS 3a/1a4l MOMCKA KpaTdal KX Iy Tei ayis
HHUX U COOTBETCTBEHHO OPraHM3AIUM AJTOPHUTMOB MapIUIPYTH3AIMK CO CIIOXKHO-
cteio O(1) u Ge3 myTeBbix TabuIl.

IIpenokeHHBIN METONL MOXKET OBITh IPUMEHEH ISl IIPOBEPKH TMIIOTE3 O Ka-
YeCTBE 3a[JaHHbIX OITHCAHUH IpadoB H CYIIECTBOBAHMHM CEMEHCTB rpadoB ¢ skerna-
€MBIMHU CBONCTBAMHU. AJITOPUTM 3BOIIOIMOHHOTO CHHTE3a OyIEeT Takke MoJe3eH
NP HAXOX/ICHHH CEMENCTB TpadoB ¢ IKCTPEMAILHBIMU CBONCTBAMH IS PYTHX
K1accoB ceTed. PaciiMpeHMe IpeiCTAaBICHHOIO 3BONIIOLMAOHHOIO aJrOpHTMa,
OCHOB2HHOTO Ha WaboHaX QYHKUHMH, MOXKET ObITH IPUMEHEHO TS CO3JIAHUS Ma-
TEMaTHYECKUX (POPMYJI, 3AKOHOMEPHOCTEN H aHAIMTHYECKHX OMMCAHMMI ApyTruX
MaTeMaTHYeCKHX OOBEKTOB U MOJIEIIEH.
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