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IOASAKA

[lepir HK MPUCTYNUTH A0 BUKIAIEHHS Marepially CBO€l AMCEpTaIiifHOT poOOTH 5
XOTIB OU MOASIKYBaTH BCIM, XTO TaK UM 1HAKIIIE JOMOMOTJIM MEHI B ii HallMCaHHI.

[To-nepuie, s XOTIB OM NOJSKYBaTH CBOEMY MOINEPEAHbOMY KEPIBHUKOBI, [.T.H.,
npodecopy Jlynpkomy ['eopriro MuxaiinoBudy. 3 HUM S TIOYMHAB CBOIO POOOTY SIK
HAyKOBEIb 1 caMe 3aB/sKM MOro HacTaHOBaM JAIMIIOB TyaH, € € 3apa3. Bin 3apkau ymiB
MIATPUMATH B Il TSKKI Yacu 1 SIK HaCTaBHUK 1 SK JIFONMHA, HAAUXHYTH HA MOMTYK HOBUX
171ed, TOMOMOI'TH 3 MPAaBUJILHOIO PO3CTAHOBKOIO aKIEeHTIB. [IsKyto BaMm 3a Bce, yuuTeno!
CnouuBaiite 3 MUpPOM.

[To-npyre, xouy NOASKYBaTH KEPIBHUKY HHUHIIIHBOMY, K.T.H., JOIEHTY Bomokwurti
Apremy MukonaiioBuuy. CKUIBKM 4yacy OyJIO IPOBEAEHO Y PO3YMOBHUX MOILIYyKax IO
Oe3KpaliHIM NOJISIM HayKH, 1110 HaBUMJIO MEHE IyMaTu I10-HayKOBOMY, IIIYKaTH HOBI 171€f,
pobutn Ta odopmiroBaTU CBOI MOCHIKEHHA. [[Kyi0 BaM 3a Hauly COUIbHY poOOTy i
CMOAIBAIOCH, 10 B MOAAJBIIOMY MU 3pOOUMO Iiie Oarato HayKOBUX BIKPUTTIB.

[To-Tpete, xoTiB OM moasikyBaru pigHid kadenpi OOUMCTIOBANIBHOI TEXHIKH Ta
pinaomy KuiBcekomy [lomitexuniunomy [HetuTyTy imMeHi Irops Cikopebkoro. [{sikyro Bam 3a
HaBYaHHA, IIKYIO BaM 3a 3HAHHS, 1110 B JIJaBaJIM MCHI Ha OakajiaBpari, B MaricrparypiTa B
acmipanTypi. Bxke ckopo s chmojiBaioch MPHUENHATUCH 10 Bac HE SK 3m00yBad, a K
MOBHOTMPABHUI HAyKOBEllb, 1 Pa3oM 13 BaMU PO3BUBATH HAlly piAHY Kadeapy Ta Hail
YHIBEPCUTET.

I, 3BicHO, XOTIB OM MOJSIKYBAaTH PIAHOMY YKpaiHCbKOMY HApOJAy Ta Hallllii HEHbIIi
VYKpaiHi 32 MOXJIMBICTH OTPUMATH OE3KOIITOBHY BHILLY OCBITY, 1110 J1aJI0 MEH1 3MOTY J1HTH
710 HAITMCaHHA JaHo1 KBampikaiiitHoi poOoTu. Sk HayKoBellb 1 pOOUTHMY BCE IO BT MEHE
3aJIKUTh JJI1 PO3BUTKY YKPATHCHKOT HAYKH SIK B KJIFOU1 MUPHOMY, 11100 HACTYTTHI TOKOIIHHS
TEX MOIJIM OTPHUMYBATH IIeH MIAaHC 1 KOPUCTYBATHUCh OjaraMy IWBLTI3AIl], TaK 1 B KITFOY1
BOEHHOMY, JUId TIOKpalleHHs Haumoi O0OOpOHO3IaTHOCTI B  YMOBaxX Cy4acHoi
BHUCOKOTEXHOJIOT1YHOT BIfHHU.

Jskyro Bam ycim!



AHOTANIA

Tonuapenko O.0O. Meronu Ta 3aco0M MIJBUIIEHHS BIAMOBOCTIMKOCTI Ta
€(heKTUBHOCTI TOMOJIOTIN KOMIT'IOTepHUX cucteM. — KBamidikamiiiHa HaykoBa mpais Ha
npaBax pyKOIHCY.

Juceprariis Ha 3100y TTSI HAYKOBOTO CTYIIEHS JoKTOpa (piocodii 3a crieriaibHICTIO
123 — Komm’rotepHa iHXKeHepiss 3 raiy3i 3HaHb 12 — [HdopmariiiiHi TeXHOMOril. —
Hamionanpauit Texaiuauii YaiBepcuter Ykpaiam «KuiBcbkuii [lomitexHiuamii [HCTUTYT
imeHi Irops Cikopcekoro», Kuis, 2025.

Po6ora npucBsiueHa po3poOiii METOMYy CHHTE3y TOTOJIOT1i Ha OCHOB1 HAJJIMIIIKOBUX
KOJIIB Ta METOJy CHUHTE3y l€papXi4HUX TOIMOJIOTIM, M0 JO3BOJSIOTH IiJIBUIIUTH
BIIMOBOCTIMKICTh MAaCHITA0OBAHUX BUCOKOIIPOIYKTUBHUX CUCTEM, & TAKOXK MOKPAIIUTH 1X
€(PEeKTUBHICT.

Po3po0ieHo HOBY MaTeMaTU4Hy MOJIENb TOTIOJIOTIi HA OCHOBI HAJJIMIIKOBOTO KOY,
10 BIIPI3HAETHCA BiJl ICHYIOUUX MOJI€NIC BUKOPUCTAHHSM aji(aBiTy, OCHOBH YUCIICHHS Ta
JTOBKUHHN KOAY JUI BU3HAYEHHS KUILKOCTI aJbTEPHATHBHHUX MPEICTABJICHb JOBLIHLHOIO
JyCiIa B 3aJaHii CHCTEM1 YHCIICHHS, Ta JO3BOJISIE MPOTHO3YBaTH MAKCUMAJIbHY KUTbKICTh
BEPIIMH 3 OJHAKOBUM HOMEpPOM Yy Tpadi, KUIbKICTb BEPIIMH 3 YHIKaJbHUMH (HE-
HAJUTMIIIKOBUMH ) HOMEpaMH.

3anponoHOBaHO HOBUH cIOCIO (POpPMYBaHHS IMILUTIIUTHUX KJIACTEPiB B HAJIJIMIITKOBHUX
TOTOJIOTIX, IO BIAPI3HAETHCA B/l ICHYFOUMX BUKOPUCTAHHSM CIEelialbHO1 0araroBUMIPHOL
MaTpHUIll HAJIMIIKOBUX TPEACTABICHh Ta KOIYBaHHS I1HJEKCIB B CIICIIAJbHIM CHUCTEMI
YUCIIEHHS Ta J03BoJisie (popmyBaTu pedpa MK TaKMMU BEpIIMHAMH [IJIs1 TOTIOJIOTIN Ha
OCHOBI KOJIIB 13 IEBHUMH CITIBBITHOIIIEHHSIMU MOTY>KHOCTI aji(aBiTy Ta OCHOBHU YHUCJICHHS.

HaGyB po3BHTKYy MeTOI CHHTE3y BIAMOBOCTIMKMX TOIIOJIOTI Ha OCHOBI
HAJJIMIIIKOBOTO KOAY, IO BIAPIZHAETHCS BiJ ICHYIOUMX BHUKOPHUCTAHHSIM KOJIOBHX
MePETBOPEHb, B TOMY YHCII IOCTIIOBHOCTeW nae bpyiiHa, B HaIJUIITIKOBHX CHCTEMax
YHCJICHHS Ta CTBOPEHHSAM HOBHUX 3B’S3KIB Y TAKUX TOIOJOTISX 32 JOTIOMOTOO IIEPETBOPEHD

BaMiHICHHSI Haa KOJaMH, K1 OIMMUCYIOTh iHI[GKC AJIbTCPHATUBHOIO INPCACTABJICHHA B
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OaraToBUMIpHIA MaTpUIll HAJJIHWIIKOBHX IMPEACTaBICHb, IO 03BOJIIE CHHTE3YyBaTH
BIIMOBOCTIHKI TOTIOJOT11 331aHOTO MOPSIAKY, B TOMY YHKCII 3 IMIUTIIUTHUMH KJIACTEPaAMHU.

3anpornoHOBaHO HOBHUM METOJ MAacHITa0yBaHHs 1€papXIYHUX TOMOJOTIH, 10
BIJIPI3HSIETHCS BiJl ICHYIOUMX BHKOPHUCTAHHSIM JIEKApPTOBOTO JOOYTKY, J1€pEBOBHUIIHUX
CTPYKTYp Ta PEKypPEHTHOTO BKJIAJICHHS KJIACTEPiB, IO J03BOJISIE MOETHATH BiIMOBOCTIHKI
TOTIOJIOT11, CHHT€30BaHI Ha OCHOBI HAJJIMIIKOBOTO KOAY, 13 KJIACHYHUMH TOTIOJOT1SIMH,
TaKUMH sIK TinepkyO Tta dragonfly.

3anporoHOBaHO HOBHMM CIOCIO MOJEIOBAaHHS BIAMOB B  TOMOJOTIAX, IO
BIIPI3HSAETHCS BIJl ICHYIOUMX BHKOPHUCTAHHSM PI3HUX MIAXOAIB O BHITAJKOBOTO
dbopMyBaHHS UepTH BIAMOB, B TOMY YHCII 3 YpaxyBaHHIM KO€(DIIIEHTY MOCEPEIHULITBA, Ta
J03BOJISIE TPU 33/aHii KUIBKOCTI BIAMOB BY3JIB aHaNI3yBaTh IMOBIPHICTH PO3pPUBY
3B’SI3HOCTI Tpada, migpaxyBaTH TOIMOJOTIYHI XapaKTEPUCTUKU Ta iX 3MIHY BIJHOCHO
MOYaTKOBOTO (O€3B1IMOBHOTO) CTaHy TOTIOJOTTII.

J1J1s ekcriepMMEHTaIbHOTO IOCIIIKEHHS 3apOIIOHOBAHUX METO/I1B OYJ10 pO3pO0seHO
PAT IHCTPYMEHTAJIbHUX 3aC001B 3 BUKOPUCTAaHHIM MOBU Python ta 6i0mioreku NetworkX.

Po3po0neno iHCTpyMeHTaIbHMI 3aC10 JIJIs1 MOZCIIIOBAHHS XapaKTEPUCTUK TOTIOIOTIN
Ha 0CcHOBI 010mi0oTeKn NetworkX, axuii 3a paxXyHOK 3aIpOTIOHOBAHOTO CITOCO0Y (opMyBaHHS
IMIUTINMTHUX KJIACTEPiB B HAIJIMIIKOBHUX TOTOJIOTISX JO3BOJISIE MOCTIIUTHA TOIOJIOT1UHI
XapakTepUCTUKU TpadiB, OTPUMAHUX 3 BUKOPUCTAHHS 3aMpPONOHOBAHMX METO[IB, Ta
BHUKOHATH iX NOPIBHSAHHA 13 KJIACHYHUMU TOMOJIOT1IMH, TAKUMU SIK TIIEPKYO, JKUPHE J1EPEBO,
dragonfly Ta dragonfly+, a Takox OararoBUMIpHI TOPH, BKJIIOYAIOUH TOIOJOTIIO
cynepkomir’'torepHa Fugaku.

Po3po6mneHo iHCTpyMeHTanpHuH 3aci0 /1711 MOACIIIOBAHHS BIZIMOB B TOTIONIOT 15X , SIKUN
€ peasi3alli€ro 3arpoIOHOBAHOTO CIIOCOOY MOICITIOBAHHS BI/IMOB B TOTIOJIOT15IX Ta I03BOJIIE
JTOCHIIATHA TTOBEIIHKY TOTIOJIOTIM B YMOBaX HApOCTAIOYOTO YHCIA BIAMOB 1 TAKUM YHHOM
MOPIBHATH BIIMOBOCTIHKICTD 3alMPOMIOHOBAHUX Ta ICHYIOUUX Tpadib.

[IpoBeneHo ekcriepUMEHTaNbHE JIOCHIIPKEHHSI 3alpOIOHOBAHUX METO/IB, IO
BKJIIOUa€ B ceOe aHalli3 TOTONOTIUHUX XapaKTEPUCTUK Ta aHai3 BIIMOBOCTIMKOCTI OKPEMO
g 0e3M0CepeHbO-3B’A3aHNX (HA OCHOBI HAJJIMIIKOBOIO KOAY) Ta KOMYTOBAHMX

(iepapxiuHux) Mepex. Po3poOneHi MeTonu NpOoAEMOHCTPYBaIM CYTTEBE IM1JIBUILICHHS
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BIJIMOBOCTIHKOCTI Ta €(EKTUBHOCTI, AO3BOJIIIOUM ITOKDPAIUTH 3arajbHI TOITOJOTIYHI
XapaKTePUCTUKHU, TaKl SIK MYJIbTUILTIKATUBHA XapaKTEpUCTHKA CTyIeHs Ta Aiamerpa (SD),
JUIS SIKO1 IPOJIEMOHCTPOBAHO MOKPAIIeHHs B 11ana3oHi 6.7-69.2%. 3anpornoHoBaH1 pillIeHH
npoaeMoHCTpyBad Ha 26,3% Buiry BigMoBOCTIMKICTE nipu 50% BinmoB g rpadis
Oe3nocepeaHo-3B’s13aHuX Mepex 1 Ha 15,7% Bumy npu 40% BIAMOB 17151 KOMYTOBaHUX
MEpEeK.

Po3risaHyTi rpady € KOHKYPEHTOCIPOMOXXHUMHU Yy TOPIBHSHHI 13 MOIYJISIPHUMU
PIMIEHHSIMHU B MPEIMETHIN cepi, TaKUMH SIK TOIIOJIOTis KUpHOTO AepeBa Ta dragonfly.
[TopiBHsIHHS 13 TomOJNOTIE cymepkomin totepa Fugaku (HaiteeKkTUBHIIINN HA CHOTOHI
cynepkoMir 1otep 3 Touku 30py Tecty HPCQG) nmokazano 3HauHy mepeBary po3poOsieHHx
pimieHs (nokpaienssa SD Ha 69,2%, kpamnia TononoriuHa epekTuBHICTh Ha 103,4%).

Po3po0neHi TOMONOTIYHI PIMIEHHS MOXYTh OyTHM 3acTOCOBaHI IpU po3pooLi
KOMIT FOTEPHHX CHUCTEM 3 MacOBHM Iapajiei3MOM, KJIACTEPHUX CHUCTEM Ta JIaTalleHTPIB, a
TAaKOX KOMIT'IOTEPHUX MEpEeXK, BKIIOYAIOYM MEPEeXKi, M0 KEPYIOTHhCS MPOTrpaMHUM
3a0€31EUCHHSM.

Knrouoei cnoea: BITMOBOCTIUKICTD, € PEKTHBHICTh, TOTIONOT1s, MEpEXKa, MaTeMaTHIHE
MOJICITIOBAHHS, 1€papXidHl CTPYKTYpPH, MEPEKEB1 TOIOJOTIYHI OpTaHi3allli, >KHBYUYiCTh,
nporpamMHuii 3aci0, airopuTM, 0araTopiBHEBI CTPYKTYpPH, BUCOKOTIPOAYKTHBHI CUCTEMH,
napaseibHi OOYMCICHHS, PO3MOALICHI O0UNCIEHHs, MacITa0yBaHHs, MOCTIJOBHOCTI /i€

bpyliHa, HaIMIIKOBUI KOX.



ABSTRACT

Honcharenko O.0O. Methods and tools of increasing the efficiency of scalable high-
performance computing systems. - Qualified scientific work on the rights of the manuscript.

Dissertation for the degree of Doctor of Philosophy in the specialty 123 - Computer
Engineering and 12 - Information Technologies. - National Technical University of Ukraine
"Igor Sikorsky Kyiv Polytechnic Institute", Kyiv, 2025.

The work is devoted to the development of a method for synthesizing topological
organizations based on redundant codes and a method for synthesizing hierarchical
topological organizations, which allow increasing the efficiency of scalable high-
performance systems, as well as ensuring their fault tolerance.

A new mathematical model of topology based on redundant numeral code has been
developed, which differs from existing models by using the alphabet, base of number, and
code length to determine the number of alternative representations of an arbitrary number
in a given numeral system, and allows predicting the maximum number of vertices with the
same number in a graph, the number of vertices with unique (non-redundant) numbers

A new method of forming implicit clusters in redundant topologies is proposed, which
differs from existing ones by using a special multidimensional matrix of redundant
representations and encoding indices in a special number system and allows forming edges
between such vertices for topologies based on codes with certain ratios of the power of the
alphabet and the base of the number.

A method for synthesizing fault-tolerant topologies based on redundant numeral code
has been developed, which differs from existing ones by using code transformations,
including de Bruijn sequences, in redundant numeral systems and creating new connections
in such topologies using exchange transformations over codes that describe the index of an
alternative representation in a multidimensional matrix of redundant representations, which
allows synthesizing fault-tolerant topologies of a given rank, including those with implicit
clusters.

A new method for scaling hierarchical topologiesis proposed, which differs from

existing ones by using the Cartesian product, tree structures, and recurrent cluster nesting,
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which allows combining fault-tolerant topologies synthesized based on redundant numeral
code with classical topologies such as hypercube and dragonfly.

A new method of modeling failures in topological organizations is proposed, which
differs from existing ones by using different approaches to random formation of a failure
queue, including taking into account the betweenness centrality coefficient, and allows, for
a given number of node failures, to analyze the probability of a graph disconnection,
calculate topological characteristics and their change relative to the initial (fault-free) state
of the topology.

For experimental research ofthe proposed methods, anumber oftools were developed
using the Python programming language and the NetworkX library.

A tool for modeling the characteristics of topologies based on the NetworkX library
has been developed, which, due to the proposed method of forming implicit clusters in
redundant topologies, allows us to investigate the topological characteristics of graphs
obtained using the proposed methods and compare them with classical topologies, such as
hypercube, fat tree, dragonfly and dragonfly+, as well as multidimensional tori, including
the Fugaku supercomputer topology.

A tool for modeling failures in topological organizations has been developed, which
is an implementation of the proposed method for modeling failures in topological
organizations and allows you to study the behavior of topologies under conditions of an
increasing number of failures and thus compare the fault tolerance of the proposed and
existing graphs.

An experimental study of the proposed methods was conducted, which includes an
analysis of topological characteristics and a fault tolerance analysis separately for directly
connected (based on redundant numeral code) and switched (hierarchical) networks. The
developed methods demonstrated a significant increase in fault tolerance and efficiency,
allowing to improve general topological characteristics, such as the multiplicative
characteristic of degree and diameter (SD), for which an improvement in the range of 6.7-
69.2% was demonstrated. The proposed solutions demonstrated a 26.3% higher fault
tolerance at 50% failures for graphs of directly connected networks and a 15.7% higher at

40% failures for switched networks.
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The considered graphs are competitive in comparison with popular solutions in the
subject area, such as fat tree topology and dragonfly. Comparison with the topology of the
Fugaku supercomputer (the most efficient supercomputer today in terms of HPCG test)
showed a significant advantage of the developed solutions (SD improvement by 69.2%,
better topological efficiency by 103.4%).

The developed topological solutions can be applied in the development of massively
parallel computing systems, cluster systems and data centers, as well as computer networks,
including software-controlled networks.

Keywords: fault tolerance, efficiency, topology, network, mathematical simulation,
hierarchical structures, network topological organizations, survivability, software tool,
algorithm, multilevel structures, high performance computing, parallel computing,

distributed computing, scaling, de Bruijn sequences, redundant numeral code.
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HEPEJIIK YMOBHUX ITIO3HAYEHD

KC — xomm’roTepHa cucreMa (KOMIT F0TEpHI CUCTEMHU )

HPCG - High Performance Conjugate Gradient (BUCOKONpOAYKTHUBHHUIA
CHPSHKEHUN TPa/Ii€HT)

MTBF — Mean Time Before Failure (cepenniit uac Mi>x BiJIMOBaMHM)

CPU - Central Processing Unit (ieHTpaapHUN MIPOLIECOP)

GPU — Graphics Processing Unit (rpadgiuamii mporecop)

FPGA —Field Programmable Gate Arrays (mporpamoBaHi BEHTHIbHI MaTPHIL)

TMR — Triple modular redundancy (norpiitne MmoxynbHe pe3epByBaHHs0

NMR — N-modular redundancy (N-kpaTHe MOnyJbHE pe3€pBYBaHHS)

[13 — nporpamHe 3a0e3neUeHHS

RAS — Reliability, Availability, Security (HaaiiiHICTh, 1OCTYIHICTb, O€31EKA)

ABFT - Algorithm-based fault tolerance (BIZMOBOCTINKICTb Ha OCHOBI
aJrOpUTMY )

[T — mTyyHnii IHTENEKT

I'A — reHeTMUHUH AJITOPUTM

RISC — Reduced Instruction Set Computing (ckopoueHuii Hab1p IHCTPYKIIiif)

CGRA - Coarse Grain Reconfigurable Architecture (kpymHo3epHucra
peKoH(pIrypoBaHa apXiTeKTypa)

RBR - Redundant binary representation (HaqIMILIKOBE JBIHKOBE
MIPE/ICTaBJICHHS )

CY — cucrema yucneHHs

ICY — ignekcHa cucreMa 4MCIIEHHS

HDB — Hyper de Bruijn (rimep ne bpyiin)

DDB - Dragon De Bruijn ([Iparon ne bpyiin)
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BCTYII

AkTyajabHicTb.  Baxmueum aCIIeKTOM, 0  XapakTepusye Cy4dacHi
HalnpoaykTuBHiil koM totepHi cuctemu (KC), € BUKOpHUCTaHHS HAJABEIMKOI KUTHKOCTI
saep — BiJl COTHI THUCSAY JO JCCATU MUILMOHIB. Take BeIMKe YHCIO OOYHMCITIOBAJILHUX
CJIEMEHTIB JIa€ 3MOTY OTPHUMATHU IIUPOKI MOKJIMBOCTI ISl MapaielibHOT 00poOKH, ajie
MOOIYHUM €(DEKTOM I[bOTO € HASIBHICTh B CHCTEMI BEJIHMKOI KIJIBKOCTI TMOTEHIIIHHUX TOYOK
BimiMOB. Bimomi wmerogum 3abe3medeHHsS BIAMOBOCTIMKOCTI, Takli SK pe3epBYBaHHS,
T03BOJISIIOTh BUPIIIUTH 1110 TTPOOJIeMy, BTIM iX BUKOPHUCTAHHS B 3araJlLHOMY BHIJISI/II BEJIE
710 CYTTEBOTO YAOPOXKYAHHS CHCTEMHU, IO VISl CYTIEPKOMIT I0TEpa € KPUTUIHUM.

He MeHI BaXJIMBUM MUTAHHSM € 1 MUTAaHHS € (PEKTUBHOCTI, OCKIJIbKA HE JUBJISTYHCH
Ha BHUCOKY HOMIHAJbHY MPOAYKTUBHICTh, CY4YaCHI CyHEPKOMIIIOTEPU JIEMOHCTPYIOTh
BIJTHOCHO TIoCepenHio epekTuBHICTh. 3rigHO M0 naHux perrtunry TOP 500 ma mMomeHT
miucronana 2024 poky cepenne 3HaueHHs epekTtuBHOCTI Ha Tectax LINPACK cranoBuio
62,94%. OkpemMO BapTO 3a3HAYMUTH, IO 1[I TECTHU BUMIPIOIOTH pEaJbHY CHUCTEMHY
NPOAYKTUBHICTE 1 HE BpPaxXxOBYIOTh 0ararbO0X KOPUCTYBAIbKHX AaCIEKTiB, TAaKHX K
3aJIOKHOCTI 110 TAaHUM MDK TI1A3a/1adaMH 1 TIOB’s13aH1 13 IUM TTePeCHIIKH.

OnHUM 13 MOXIJIMBUX PIIIEHb MOCTABJICHOT 33/7a4l € BUKOPUCTAHHS CIEU(pIUHNIX
TOTIOJNIOTIM, IO JO3BOJISIIOTH 3aKJIacTd B CHUCTEMY HAQUIMIIKOBICTh II[€é Ha eTar
KOHCTPYIOBaHHSI, KEPYIOUHM IPH I[bOMY TOIOJOTIYHHUMH TapaMeTpaMu 1 JOCATAIO0HH
KOMIIPOMICY MK B1JICTAHHIO J10 HalBIJJaJICHIIINX By3JIiB Ta IIUIbHICTIO KOMyTauii. BTiM
BapTO 3a3HAYMTH, IO i7Ies KepyBaHHS XapaKTEPUCTHKAMHU MEPEKi uyepe3 TOIOJIOTII0 HE €
HOBOIO. IcHye Oararo HAayKOBHIX Mpallb, NPHUCBIYEHUX CHHTE3y TOIOJOTIN JUIT 3a1ad
00YHUCITIOBAJIbHOT TEXHIKU 1, 30KpeMa, BUCOKOTIPOAYKTUBHUX OOYHCIeHb. B ToM e vac
KOKEH 13 ICHYIOYHMX METOJIB Ma€ CBOi OCOONMBOCTI, TepeBaru 1 Hemaomikd. OKpeMoro
pOOJIEMOIO € Te, 110, HE JUBIITYNCH HAa aKTyaIbHICTh MMUTAHHS BIAMOBOCTIMKOCTI, came i
B ICHYIOYHX pO3pOOKax MPUCBSIYEHO JTOCHTHh HeOararo yBaru. Lle mopomxkye morpedy B
HOBUX METOJ]aX Ta aKTyaJl3y€ MOUTyK TaKuX KOMO1HAIH pillieHb, iK1 O T03BOIIN TOCATTA

KOMITPOMICY MIXK €()EKTHBHICTIO, BApTICTIO Ta CTIMKICTIO 1O BIIMOB.



18

3B’S130K po00TH 3 HAYKOBUMH NPOTrpaMaMu, JIaHAMH, TeMaMH. J{ucepraitiiina
po60Ta BXOIUTH B IUIaH HAyKOBO1 poOoTH Kadenpu oduuncmoBaibHoi TexHiku KITT im. Irops
CikopchKOTO 1 BUKOHAaHa B paMKaX HACTYITHUX MOIIYKOBUX JOCTIIKEHb (1HIIIATUBHUX
TEeMaTuK): «BHCOKONPOIYKTHBHI KOMIT FOTEpPHI CHUCTEMH Ta MEpPEXl: Teopis, METOAH 1
3aco0u amapaTHOi Ta mporpaMHoi peamizauii» (pakyiabrer 1HQOpPMATUKH Ta
00uYMCTIOBAIbHOT TEXHIKU — KepiBHHMK: noi. A. M. Bomokuta), Noe morosopy: /p
Ne0121U108261, nara peectparii: 11.02.2021.

Meta Ta 3aBAaHHs AocCail:KeHHs. MeToro nmcepramniitHoi poOoTH € moOynoBa
TOTIOJIOT1M KOMIT IOTEPHUX CHUCTEM, SKi 3a0e3MeuyloTh BHCOKY BIIMOBOCTIMKICTH Ta
e(eKTUBHICT, iX (YHKIIOHYBaHHS, 3a PaxXyHOK IOKpAIIEHHS MYJIbTUILTIKATUBHOTO
KPUTEPIIO CTYIIEHS Ta AlaMeTpy Ta 3a0e3NEUEeHHs BULLIOT IMOBIPHOCTI 30epexeHHs rpadom
3B’SI3HOCTI B YMOBAaX 3pOCTAal0YOr0 YMCIa BIIMOB €JIEMEHTIB.

Jlist 1 qocsirHEeHHsT HEOOX1AHO BUPIIIUTH HACTYIIHI 3aBIaHHS:

1. Bukonarn aHami3 BIZOMHUX METOHIB 3a0€3II€YeHHS BIIMOBOCTIMKOCTI Ta
e(PEeKTUBOCTI KOMIT'IOTEPHUX CUCTEM, 3 METOIO0 BU3HAYCHHS MTPOOIEMaTUKH Ta
MOCTAHOBKHU 3a/1a4 B 001acTi po3poOseHHs €(heKTUBHUX Ta BIAMOBOCTIMKHX
TOTIOJIOT1H MapajeIbHUX KOMIT IOTEPHHUX CHUCTEM.

2. Po3po6uTu MmaremMaTuyHy MOZAENb TOTOJIOTIi Ha OCHOB1 HAJIMIIKOBOTO KOJY,
sKa JI03BOJISiE HA OCHOBI XapaKTEPUCTUK KOAY, TaKuX AK aj(aBiT Ta OCHOBa
YUCIICHHSI, BU3HAUMUTU YKCIO aJbTEPHATUBHUX IPEACTABICHb JOBLIHHOTO
yyciaa B IbOMY KOJI, III0O B KOHTEKCTI CHHTE3y TOIOJOTIA Ja€ 3MOry
MPOTHO3YBard MaKCHUMaJlbHE YHUCIIO BEPUIMH 3 OJHAKOBUMHU HOMEpPaMHU,
KUTBKICTh BEPIIUH 3 YHIKaJbHUMU HOMEpPaMHU.

3. Po3poOutu croci6 ¢GopMyBaHHS IMIUTIIIUTHUX KIACTEPIB B HAJIMIITKOBUX
TOTIOJIOTISAX, IO 3 BUKOPHUCTAHHSAM CIIEIlaJIbHOI OaraToBUMIPHOI MaTpHII
HAJJIMIIIKOBUX TIPEACTaBJICHb Ta KOAYyBaHHS 1HACKCIB B CIICIIAJIbHIN CHCTEMI
YHCJICHHS T03BOJIsI€ (hOpMYBaTH pedpa MK BEpIITHHAMH 3 OJTHAKOBHM HOMEPOM
JUIsl TOTOJIOT1d HA OCHOBI KOJIIB 13 TIEBHUMM CIIBBIJHOIICHHSIMH MOTYKHOCTI

angapiTy Ta OCHOBH YHCJIECHHS.



19

4. YIOCKOHAIUTH METOJ CHUHTE3y BIAMOBOCTIMKMX TOMOJOTIH Ha OCHOBI
HAQ/UTMIITKOBOTO KON, SIKWI J]a€ 3MOTY CTBOPUTH HOBI IMILUTIIIUTHI KJIacTEPH B
TOTIOJNIOTIi HA OCHOBI JIOBUTLHOTO HA/JIMIITKOBOTO KOy, a TAKOK BUKOHYBATH
JEKOMITO3UIIII0 HAJTMIIKOBOTO Tpada Ha miarpadu Hanepes BiioMoi (GOpMH.

5. Po3poOutu merox macmitaOyBaHHSI 1€papXiYHUX TOMOJOTIN, IO JI03BOJIIE
MMOEAHATH BIJIMOBOCTIHMKI TOMOJIOT1i, CHHTE30BaHl HAa OCHOBI HaJJIMIIIKOBOIO
KOJTy, 13 KJIACMIHUMU TOTIOJIOT1SIMH, TAKUMH 5K Tinepky0 Ta dragonfly.

6. Po3pobutn cmoci® MojenroBaHHS BIIMOB B TOIOJOTISAX ISl aHAJI3y
IMOBIPHOCTI PO3pHBY 3B’ SI3HOCTI Tpada Mmpu 3a7aHii KUTbKOCTI BIIMOB BY3JIiB,
MiIPaxyHKy TOMOJOTIYHMX XapaKTEePUCTHK Ta I1X 3MIHM  BIIHOCHO
0€3B1IMOBHOTO CTaHy TOIOJIOTII.

7. Po3poOuTH 1HCTpYMEHTAJNbHUNM 3aci0 ISl MOJIETIOBAHHS XapaKTEPUCTUK
TOTIOJIOTM, SIKE JIO3BOJISIE EKCIIEPUMEHTAIbHO JOCHIIMTH TOTOJIOT14UHI
XapakTepUCTUKH TrpadiB, OTPHUMAHUX 3 BHKOPUCTAHHS 3aIpOITOHOBAHKX
METO/[IB, Ta JIOBECTH iX BHINY €(EKTHBHICTh y MOPIBHSIHHI 13 KJIACUUHUMHU
TOTIOJIOT1SIMH.

8. Po3pobuTu iHCTpyMeHTaIbHUM 3aCi0 11T MOICITIOBAHHS BITMOB B TOTIONOT 15X,
AK€ JO3BOJISIE €KCIIEPUMEHTANLHO OCTIUTH TOBEIIHKY 3aIpOIOHOBAHIX
TOTIOJNIOT1H B yMOBaX HApOCTAKOYOTO YHCIIA BIIMOB 1 TAKMM YHHOM JIOBECTH 1X
BUIIY BIIMOBOCTIHKICTb Y MOPIBHSHHI 3 TinepkyooM, Topom Ta dragonfly.

O0’€eKT AOCTIAKEHHS] — MIPOLECU CUHTE3Y TOIOJIOTIM KOMITI FOTEPHUX CUCTEM WIO
MOPO/KYIOTh TIpoOsieMy moOyqoBH €(QEKTUBHMX Ta BIMOBOCTIMKHX TOTOJOTIHA
KOMIT' FOTEPHHUX CHCTEM.

IIpeamer nociaiTKeHHsI — METOAM Ta 3aCOOM CHHTE3Yy TOIMOJIOTIM MapalieibHUX Ta
PO3IOAUICHUX KOMIT FOTEPHUX CHCTEM Ta METOAW MIJABUIIEHHS BIAMOBOCTIMKOCTI Ta
€(PEeKTUBHOCTI TOTIONOT1H KOMIT FOTEPHHUX CHCTEM.

Metoau gociigxenHsi. METOTUIHOIO OCHOBOKO JUCEPTAIIHHOTO JOCIIIKCHHS €
CHCTEMHE OIPALIOBAaHHS Ta aHAJI3 TEOPETUYHOTO MaTepiady, MPUCBSIYEHOTO M1ABUIIECHHIO
BIJIMOBOCTIMKOCTI Ta  €(EKTHMBHOCTI  KOMIT'IOTEpHMX  cuUCTeM  (0cOOIMBO  —

cynepkoMIl 10tepiB). B mpoieci gocmigkeHHs: OyJio BUKOPUCTAHO METOAU Teopii rpadis,
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NCPCTBOPCHHA B HAAJIMINKOBUX CHUCTECMAX YHCIICHH:A, a TaKOX nporpaMHi 3aco0u pIRjL |

MOJIETFOBAHHS TOMOJIOT 1.

HaykoBa HOBH3HA OTPUMAHMX pPe3yJbTaTIB:

l.

Po3pooneno nogy mamemamuuny mooeib TOTIONOTIi HA OCHOBI HA/JTUIIIKOBOTO
KONy, 11O GIOPI3HAEMbCA 6i0 ICHYIOYUX MOJEIEH BUKOPUCTAHHSAM aji(aBiTy,
OCHOBH YHCJICHHS Ta JOBKWHHU KOy JIUI1 BU3HAYEHHS KUILKOCTI aJIbTepHATHBHUX
MpeACTaBleHb JOBUILHOTO YHCIIA B 3aJIaHIM CHUCTEM1 YHWCJICHHS, Ta 00360J1A€
MMPOTHO3YBaTH MaKCUMaJIbHY KIJTbKICTh BEPIIIMH 3 OJHAKOBUM HOMEPOM Y rpadi,

KUTBKICTh BEPIIUH 3 YHIKaJIbHUMU (HE-HAIJIMIITKOBUMHU) HOMEPaMH.

. 3anpononogéano Hoeuil cnocié (HopMyBaHHS IMIUTIIMUTHUX KJIACTEpiB B

HQ/UIMIIKOBUX TOTOJOTIAX, IO GIOPI3HAEMbCA 6i0 ICHYIOUUX BUKOPUCTAHHAM
CHeLlaJIbHOT 0araToBUMIPHOT MaTPHULI HAJIMIIKOBUX ITPEICTABIIEHb Ta KOy BAHHS
IH/IEKCIB B CIIELIaJIbHINA CUCTEMI YHUCIEHHS Ta 003601a€ (HopMyBaTu pedpa MDK
TaKUMU BEpIIMHAMHU I TOMOJOTIM HAa OCHOBI KOMIB 13 TICBHUMH

CHIBBITHOIIEHHSIMU MOTY>KHOCTI aji(paBiTy Ta OCHOBU YUCIICHHS.

. Haoye po3zeumky memoo cuHTe3y BIIMOBOCTIMKHX TOIIOJOTIA HAa OCHOBI

HAJIJTUIIIKOBOTO KOJY, IO BIOPI3HAEMbCA 8I0 ICHYIOUUX BUKOPUCTAHHAM KOJOBHUX
MEepEeTBOPEHb, B TOMY YHCII TOCTiIOBHOCTeH 1e bpyitHa, B HaIIMIIIKOBUX
CHCTeMaxX YHCJICHHA Ta CTBOPEHHSM HOBHUX 3B’S3KIB Y TaKhX TOIOJOTISIX 3a
JIOTIOMOTOI0 TIEPETBOPEHb 3aMIIICHHS HaJ KOJaMH, $KI OMNHUCYIOTh 1HJIEKC
aJbTEPHATUBHOTO TPEACTABICHHS B OaraTOBUMIPHIN MaTpulll HAJIMIIKOBUX
MPECTaBIIEHb, 10 00360/1A€ CUHTE3YBaTH BIJIMOBOCTIWKI TOTOJOTI 3aJaHOTO

MOPSJKY, B TOMY YHCII 3 IMIUTIIUTHUMH KJIaCTEPaAMHU.

. 3anpononosano Hoeuil Memod MacIITAaOyBaHHS l€pApXIYHUX TOTIOJOTIH, IO

GIOpi3HAEMbBCA  6I0 ICHYyIOUUX BUKOPUCTAHHSAM JICKQpPTOBOTO  J1O00OYTKY,
JIEPEBOBUIHUX CTPYKTYP Ta PEKYPEHTHOTO BKJIAJICHHS KJIACTEPiB, 110 0038071€
MMO€THATH BIIMOBOCTIHKI TOTIOJNOT11, CHHTE30BaHI Ha OCHOB1 HAJIMIIIKOBOTO KOTY,

13 KJIACHYHUMHU TOTOJIOTISIMU, TAaKUMU SIK Tinepky0 Tta dragonfly.

. 3anponoHoéano Hoeull cnocié6 MOJCITIOBAHHS BIAMOB B TOIOJIOTISAX, WIO

GIOPI3HAECMbCA 6I0 ICHYIOYUX BUKOPUCTAHHSM PI3HUX MIAXOAIB /10 BUIAIKOBOTO



21

dbopMyBaHHS uepru BiIMOB, B TOMY YHCIl 3 YpaxyBaHHSM KOE€(ILIE€HTY
MOCEPEHUIITBA, Ta 00360/14€ TIPU 3aJIaHil KUTHKOCTI BIAMOB BY3JIiB aHAJII3yBaT!
IMOBIPHICTb ~ PO3pHUBY  3B’A3HOCTI  Tpada, mMigpaxyBaTd  TOMOJOTIYHI
XapakTEepUCTUKA Ta iX 3MIHY BIJJHOCHO IOYaTKOBOTO (O€3BIIMOBHOIO) CTaHy
TOTIOJIOTi.

I[IpakTHYHe 3HAYEHHS OTPUMAHUX Pe3yJbTATIB. 3ampONOHOBAaHI METOIU Ta
oZIeprKaHi pe3yJIbTaTh JO3BOJSIOTH CHHTE3Y BATH HOBI TOTIOJIOT1 JJIs KOMIT FOTEPHUX CHUCTEM,
SK1 JTO3BOJISIFOTH IMIABUINHUTH iX BIIMOBOCTIHKICTh Ta €(heKTUBHICTB. J[7s mocmimKeHHT
3aMmpoONOHOBAHUX METOIB Oyi0 po3pobieHo 2 3acobu, a came:

1. IncTpymeHTanbHUM 3aci0 1J1s1 MOJIETIOBAaHHS XapaKTEPUCTHUK TOTIONIOT1i HA OCHOBI
0106motexkun NetworkX, sikuii 3a paxyHok 3anrpoOnIOHOBAHOTO cIIOCO0y (hOpMyBaHHsI
IMIUTIIUTHUX KJIACTEPIB B HAJJIMIIKOBUX TOMOJNOTISAX 0038014€ AOCIIUTH
TOTNOJIOTIYHI ~ XapaKTepUCTUKU  rpadiB, OTPUMAHMUX 3  BUKOPHUCTAHHA
3apONOHOBAaHUX METO/IB, Ta BHUKOHAaTH iX TOPIBHSAHHA 13 KIACUYHUMU
TOTIOJNIOTIIMH, TAKUMU SK TINEpKyO, kupHe aepeBo, dragonfly ta dragonfly+, a
TaKOXX OaraTOBUMIPHI TOPH, BKJIFOUAIOYH TOTIONOT 110 cyniepkoMit totrepHa Fugaku.

2. IHcTpyMeHTalbHAM 3aci0 A1 MOJICIIOBAHHS BIAMOB B TOTIOJIOTISAX, SIKHUH €
peanizayiero 3apONOHOBAHOTO CIOCOOY MOJICTIOBAHHSI BIIMOB B TOIOJIOTIAX Ta
003607151€ TOCNIAUTH MIOBEIHKY TOIOJIOT1i B yMOBaX HAPOCTAIOYOTO YK CIIa BIMOB
1 TaKUM YWHOM MOPIBHATH BIJIMOBOCTIMKICTH 3alPOMOHOBAHUX Ta ICHYOUUX
rpadis.

byno BHKOHAHO ekcriepUMEHTaJbHE JOCTIKEHHS 3 BUKOPUCTAHHSAM PO3POOJICHHX
MPOTPAMHHUX 3ac00iB, SKE MOKa3ayo, U0 3alpONOHOBAaHI METOAM J03BOJSIIOTH OTPUMATU
HOBI TOTIOJOT1i 1711 KOMIT FOTEPHUX CUCTEM, K1 3a0€3MeUyIOTh Kpalluii MyJIbTUILTIKATHBHUMI
KPHUTEPIN CTYTICHS Ta JIaMeTPy, a TAKO)K MEHIITY IMOBIPHICTb PO3PHBY 3B’ SI3HOCTI rpada rpu
3a/IaHIM KUTBKOCTI B1JIMOB BY3JiB MOPIBHSIHO 3 ICHYIOUMMH TOIIOJIOTISIMH, 1 TAKUM YHHOM
JO3BOJITIOTH JOCATTH MOCTABJICHOT METH ITIBUIIICHHS BIIMOBOCTIMKOCTI Ta €(heKTUBHOCTI
KOMIT' FOTEPHUX CHCTEM.

OcoOucruii BHecok 3100yBaya. Jlucepraiiis € pe3yabTaToM CaMOCTIMHUX Hay KOBHX

JOOCIIIKEeHb, B SIKAX BKJIAJEHO aBTOPCbKUN MIAXIA JO BHUPIMIEHHA MNOpoOIeMu
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BIIMOBOCTIMKOCTI KOHIT IOTepHUX cucTeM. HayKoBi MOIO’KEHHS Ta OCHOBHI1 Pe3yJIbTaTH, 1110
MICTATbCA B JAHCEpTallii, OTpuMaHi 3100yBaueM CaMOCTIHHO Yy TpOIeCi HayKOBO-
AoCIAHUIBKOT pobotu. B poborax, omyOnmiKOBaHHMX Yy CHIBaBTOPCTBI, JIHCEPTAHTY
Hajexath: [1] — MexaHi3Mu 0OMeXeHHSI MacIITabyBaHHS Ta HACHUEHHS Tormoorii Dragon
de Bruijn, [2] — MeTO1 CHTE3Yy BIIMOBOCTIHKHUX TOIIOJIOT1H HA OCHOBI HAJIJTUIITKOBUX KOJIIB,
a TakoXK CHoci0 MOJENIOBAHHS BIAMOB B TOMOJOTIAX 3 ypaxXyBaHHSAM KOE]ILi€HTY
MOCEepPEIHUIITBA, [3] — amroputrMm OaraTokaHaJIbHOI MapIIpyTHU3allli HA OCHOBI1 KOJIOBHX
nmepeTBopeHb, [4] — cmocid ¢GopMyBaHHS IMIDIIIIUTHUX KJIACTEpIB B  HAJIUIITKOBHX
TOTIOJIOTISIX Ta OTNKC CHHTE3Y TOTOJIOT1M Ha OCHOBI MIEPETBOPEHD B HAJJIMIIIKO BOMY KO/, [5]
— crnocid cuHTe3y AepEeBOBUIHUX TOMOJIOTIM Ha OCHOBI iHTerpauii rpadiB Ta TOMOIOTI
Dragonfly, [6] —MeTo1 i€papX14HOTO CUHTE3Y TOIOJIOT1i Ha OCHOBI PEKYPEHTHOTO CUHTE3Y,
[7] — cnoci® cuHTe3y OaraTopiBHEBOI HAIMIIIKOBO1 TOIOJIOTIT HA OCHOBI JEKapTOBOIO
NO00YTKY 3 TOTIOJIOTIEI0 Ha OCHOBI HAJJIMIIIKOBOTO KOmy, [8] — MexaHi3M B1IMOBOCTIHKOI
MapHIpyTH3allii B Mepexax Ha OCHOBI HAJIJIMIITKOBOTO IBINKOBOTO KOAY, III0 0a3yeThCsl HA 2 -
3HAKOBUX «I1a0JI0OHAX», [9] - alropuT™MH NONTYKY aJIbTEpHATUBHUX MapIIPYTIB B TOTIOJOTI
HaJJIMIIIKOBOTO Ji¢ bpyiiHa Ha 0CHOBI1 BJIaCTUBOCTEH HAJIMIIIKOBUX KOIB.

Anpooauisi pe3yjbTaTiB Aucepranii. OCHOBHI pe3y/IbTard poOOTH OITyOIIKOBAHO Ta
00TOBOpPEHO Ha BCEYKPATHCHKUX Ta MIKHAPOAHHUX KOH(EPEHIIsIX, 30KpeMa:

1. 2019 IEEE International Conference on Advanced Trends in Information Theory
(ATIT) (18-20 December 2019, Ukraine);

2. ICCSEEA2020: The Third International Conference on Computer Science,
Engineering and Education Applications (21-22 January 2020, Kiev, Ukraine);

3. ICCSEEA2021: The Fourth International Conference on Computer Science,
Engineering and Education Applications (January 23 - January 24 , 2021 , Kyiv,
Ukraine);

4. ICCSEEA2023: The 6th International Conference on Computer Science,
Engineering and Education Applications (March 17 - March 19, 2023, Warsaw,
Poland);

5. ICSFTI2024: International Conference on Security, Fault Tolerance, Intelligence

(June 07, 2024, Kyiv, Ukraine).
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Ilyonikauii. 3a pesynpraramMu JUCEPTAIIMHUX JOCIKEHb OIyOIKOBaHO 5
HAyKOBHMX MyOmiKaiiii, 110 BXOATh [0 HACTyNMHMX HAyKOMETpUYHUX 0a3 JaHuX 3
MDKHApOAHUM 1HIEKCOM LIUTYyBaHHs: Scopus —4, ¢paxoBi BuAaHHs YKpainu kareropii b — 1.

Crpykrypa Ta o6car podotu. [{ucepraiiiina podoTa CKIa1a€ThCs 31 BCTYITY, I SITU
PO3ILIIB, 3arajbHUX BUCHOBKIB, CIIUCKY BUKOPHMCTAHUX JKepen 13 252 HailMeHyBaHb Ta
J0/1aTKiB. 3arajlbHUM 00CAT AUcCepTallli CTaHOBUTh 276 CTOPIHOK, 3 sikux 151 cropiHok
OCHOBHOTO TEKCTy, 7 moAarkiB Ha 75 cropinkax. [ducepraiis mictuts 41 puCyHOK, 56

dbopmyn, 12 Tabmuib.
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PO3JILI 1
OVISII ICHYIOUMX METO/IIB MIIBUIEHHS BUIIMOBOCTIIMKOCTI TA
E®EKTUBHOCTI KOMII'IOTEPHUX CUCTEM

1.1. Bu3dHa4yeHHsI OCHOBHHMX NOHATH TA ACNEKTIB BUCOKONMPORYKTUBHUX KC

CyuacH1 KOMIT FOT€pHI CUCTEMH JOCSTIIN BPpKAIOYMX MOKAa3HUKIB, 1 HAUTIOKA30 BIIIIHM
NPUKIAJIOM € CTaH CydyacHUX cymepkoMmirtotepiB. IlikoBa mnpoaykTuBHICTH 1679.82
neradmonc 1 mpoayktuBHICTE 1194 meradmornc Ha Tecrax LINPACK, — Takumu €
MOKa3HUKHK cymnepkomm ’otepa Frontier, mo Ha mucromaa 2023 poky 3aiimMaB 1 Micrie B
peittuary TOP 500 [10]. BtiMm, iHIIa CTOpOHA IUX JOCATHEHb € HE MEHII BPa)Karouolo.
Matoun B cBoemy ckmaal 8 699904 sapa, naHa cucreMa Ma€ KOPHUCTYBAalpbKY
npoayktuBHIcTh 14 054 tepaduomnc [11] —1 3aiimae 2 micue B peiitunry tectyBanHs High
Performance Conjugate Gradient (HPCG). Takum umHOM, MOXKHA BUAUIMTH 2 KJIFOUOBI
npoOIeMHu, BII BUPIIICHHS SIKUX 3aJICKUTh MOAABIINN PO3BUTOK JIaHOT raly3l.

OnHi€ro 13 KIIFOYOBUX € Mpo0sieMa BiIMOBOCTIMKOCTI. MUTbHOHU si7iep 1 TUCA Y1 BY3J1IB
— 11€ MUTBHOHU 1 TUCAY1 TTOTEHIIMHUX TOYOK BiAMOB. 1100 sickpaBiiie BUCBITIIUTH JTaHUI
aCIeKT, 3BEPHEMOCH A0 Teopii HamiMHOCTI. KIF0OY0BMM MOKa3HUKOM, IO XapaKTepHu3ye
HAJIIWHICTh CHUCTEMH, € HampaloBaHHs Ha BiAMOBY (aHr1. Mean Time Between Failure,
MTBF) [12]. Leit mapamerp mokasye 4ac, 10 B CEpeAHbOMY IMPOXOAUTH MK JBOMA
BiIMOBaMH B cucteMi [13]. [HIIe BU3HAYEHHS — IMOBIPHICTb, IPOTATOM SIKOI CHCTEMaA
npatoBatumMe 0e3 BIIXWJIEHB Bijl y3TOKEHO1 MOBEAIHKHU MPOTATOM BU3HAYEHOTO Yacy. Y
BUIAJIKY, KOJIM KOMIIOHEHTH CUCTEMHU € OJHOTUITHUMHU 1 HAJIHHICTh KOXKHOTO R| 3 HUX He
3aJIeKUTh BlJ HAIIMHOCTI 1HIIMX, HAAIMHICTL BCl€l cucTeMd 3 N KOMIIOHEHT OJM3bKa 10
00epHeHO mpomnopiiiHoi [14]:

3BiCHO, BapTO PO3YMITH, 110 TaKa 3aJISKHICTh MK HAJIIMHICTIO By3J1a Ta HAAIHHICTIO
CUCTEMH Tepea0avyae He3aIeKHICTh HATIMHOCTI KOYKHOTO KOMITOHEHTA BiJI 1HIIKX, 110 € HE
ITIJIKOM KOPEKTHO Yepe3 BIACTUBICTH BIIMOB MOIIUPIOBATUCH. BTIM qaHa HaOmKeHa O1liHKa
UTIOCTPY€ OCHOBHY CYTh MPOOJIEMU: 3pOCTAHHS KUTbKOCTI KOMIIOHEHTIB Bee A0 MaJiHHI

HAJIAHOCTI CUCTEMH SIK IIJIOTO.
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[TinTBEepMKEHHS TaHOT Te3U MPOTMOHYETHCS B HAYKOBUX pOOOTaxX, MPHUCBSIYCHUX TeMl
BIIMOBOCTIMKOCTI BUCOKOTIPOAYKTUBHUX OOuucCieHb. JloCHiaKeHo, 110 HaBiTh SKIIO
1HIMBilyaJIbHE HAIPAIFOBAHHS HA BiJIMOBY €JIEMEHTIB CTAHOBHTH OJHE CTONITTS, CUCTEMA,
o ckiagaerbes 31 100 000 noxidHux enementiB, Matume MTBF mpubmuszno 9 roaus.
[Momo cucrem 3 1000000 xoMIOHEHT, TO JJsI HUX Yac pPOOOTM MK BIIMOBaMH
CTaHOBUTHUME B cepeanbomy 53 xBwmHu [15, 16]. Ili gaHi OiATBEPIKYIOTHCA
po3paxynkamu st cucremu IBM Blue Gene/L, sixka mae y ckmamai kmactepy 131 000
MPOIIECOPIB 3 cepeaHiM HampaioBaHHsIM Ha BigMoBy 876 000 rogun (mpubmm3uo 100
pokiB). [Ticia o6paxynky MTBF knactepy Oyno orpumano 3HaueHHs 6.68 ronus [ 14], o
BIJIIOBIJIa€ JaHUM, HaBEAECHUM BHUIIIE.

[Hmoro npo6ieMoro € npodiaeMa HU3bKO1 €PEKTUBHOCTI CYNEPKOMIT FOTEPIB, KOJIU
MOBa /i€ IPO peanbHy KOPUCTYBallbKy 3a1auy. [1in eQekTuBHICTIO cynepkomn tomepis B
JaHOMY BHIIQJIKy MA€ThCsl Ha yBa3i BinHoLIeHHs npoaykTuBHOCTI (R, y Flop/s) Ha neBHiit
3a/1a41 0 MaKCUMaabHO1 TEOPETUYHO MOXJIMBOI (MiKoBO1, Rpeak) mpoayktuBHocTi. ["apHim
NPUKIJIAIOM IIOTO € Bumiesragane rectryBanass HPCG, sike € aabTepHATHBOIO KIIACHYHOTO
tecty LINPACK 13acTocoBye 00UMCIEHHS HaJl TPUBUMIPHUMH PO3PIIKEHUMH MaT PULIMUA
B sikocTi 3ama4i[17]. B Tabm. 1.1 npuBeneHo e(heKTUBHICTD IEIKUX CyTIEPKOMIT FOTEPIB, 10
nociganu nepiui micug 3a pedtuarom TOP 500 (cranom Ha yepBenb 2024 poky).

Tabn. 1.1
EdextuHicts cynepkomir’ torepis 3a Janumu TOP 500 na yepBens 2024 poky [10] 3rigHo

no pesyabratiB Tecty HPCG (nmoBHa Bepcis — Taoi. J1.1)

Peiitunr | Peittuar | Cynepkomin roTep I[TikoBa Pesynbrar | EpexTuBHICTH

TOP HPCG MPOYKTUBHICTh HPCG 3a HPCG
500 (Rpeak) (R)

1 2 Frontier 1679818.75 14054 0.84 %

4 1 Supercomputer 537212 16004.5 2.98 %

Fugaku
5 3 LUMI 531505.15 4586.95 0.86 %
6 4 Leonardo 304465.92 3113.94 1.02 %
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Ak mpomeMoHCTpoBaHO B Tabmuil 1.1, HAUMOTYXKHIII CydacHI CyNepKOMIT FOTepr
MaroTh €(peKTUBHICTh Ha PiBHI 1-3%. Takum 4MHOM, aKTyaJbHUM MUTAHHIM € HE JIHIIE
3a0e31e4YeHHs BIAMOBOCTIMKOCTI, @ ¥ MOIIYK NUIAXIB JJIs MiIBUILIEHHS €()EKTUBHOCTI.

BTim, nepiir Hixk IepexoIuTH 10 TIOCTaHOBKY 33/1a4l, BAPTO BUALUTUTH OJJUH BasKJIMBUN
aCIIeKT, MOB’I3aHUM 3 TTOHATTAMU «CYTIEPKOMIT FOTEP» Ta «BUCOKOTIPOYKTUBHA CUCTEM).
3rigHo 13 BHW3HAYCHHSAM, IMpPHUBEICHUM Yy cTarTi [18], cymepkoMm’roTepoM MPHUNHSITO
HA3WBaTH HAWMPOMYKTUBHIIIMKA THUI KOMITIOTepa, IO BUKOPUCTOBYETHCS IS
CIIEI[1aJTI30BaHUX JOJATKIB 3 BEIUKOIO KIJIBKICTIO MAaTeMaTUYHUX OOYHCIEHb, B TOH Yac K
rajgy3b BHCOKOTIPOIYKTHBHHMX OOYHMCIIEHb TependOadae i iHII (OpMU CUCTEM BHCOKOI
NPOAYKTHUBHOCTI, TaKi sIK KJIACTEPH, XMapH, po3MoiieHi cucremu, oo [19]. Btim, BapTo
PO3YMITH L0 TaKe CIIBBIAHOIIEHHS LINX BU3HAUYEHb HE € O€3aIbTEPHATUBHUM: TAK, Cy4acHe
BU3HAUEHHS CYNEKOMII'IOTEPIB 3HAUYHOK Miporo Oasyerbcs Ha peuturry TOP 500
BHCOKOIPOAYKTUBHUX cucTeM [20], KpiM TOTO, B paMKax Cy4aCHOTO HayKOBOTO JUCKYPCY
BUJIUSIIOTH P13H1 BUW CYTIEPKOMIT IOTEPIB, TaKI SIK:

- Kunacuuni cynepkoMIii’toTepu Ha OCHOBI MYJBTHKOMII FOTEPHOT YU KIJIACTEPHOT

apxitektypu [21, 22]

- OnopryHICTHYHI CynepKoMIT FoTepu [23—25], ki 0a3yrOThCs Ha PO3MOIIICHHUX
OOYMCIICHHSX 1 HE TapaHTyIOTh JOCTYIHOCTI pecypciB. [Ipu 1iboMy Taka cucrtema
MOXKE SIK MaTH BHY TPIIIHIO CTPYKTYPY, TaK 1 HE MaTH ii B3arasi. Y TakoMy BUIAJIKY
MOXKHA Ka3aTu MPO MOBHICTIO PO3MOAUICHUIN CYNEepKOMII'I0TEp, BY3JIH SKOTO
B3a€EMOJIIFOTh MDK C00010 uepe3 IHTepHeT / JoKaJbHy MEPEXY 3 BUKOPUCTAHHAIM
KJIACHYHHUX MEPEKEBUX MPOTOKOJIB.

- KBazionmopryHicTuuHi cynepkoMin 1otepu [26, 27], 1110 6a3yr0ThCs HA TEXHOJIOT
GRID, xmapnux (cloud) Ta tymannux (fog) o6uncnens. anuii miaxin nependadae
HasSBHICTh MIEBHOTO ITPOMDKHOTO ITPOTPAMHOT0 3a0€3IIeUCHHS, IO TaPaHTYE ITCBHY
SKICTh OOCIyTroByBaHHS. SIK TpaBUjIo, TepeadadacTbes, M0 Taka CHCTEMa Mae
MeBHY (MPUXOBaHY BiJ KOPHUCTYBadiB) BHYTPIIITHIO MEPEXKY IJIsI MIKBY3JI0BOL
KOMYHIKAaLli 1 B3a€MOJII€ 3 IHTEpHETOM JIMIIE 111 HAJIaHHSI CEPBICY.

Takum 4YuHOM, JIs1 3a0€3TEUEHHS OJHO3HAYHOCTI TEPMIHIB HEOOXIJHO J1aTH

BHU3HAYCHHS ITOHATTIO « CyHepKOMH’I-OTep» .
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[Tix cymepkoMIT tI0TEpOM PO3YMITUMEMO TapajeabHy KOMIT I0TepHY cuctemy, 1o (1)
Ma€ MPOAYKTUBHICTh Ha TIOPSIIKY BUIIY, HIK Y 3BUYAHUX KOPUCTYBAIIbKUX CHCTEM Ta (2)
Ma€ TMEBHY BHYTPILIHIO OpraHi3auio (KOMYyHIKaTUBHY MEpEXKY), 110 J03BOJSIE By3JaM /
IpOLECOpaM CHUCTEMH KOMYHIKYBaTh MK c00010. Take BHU3HAUEHHS Y3TOIKYEThCS 13
TEPMIHOJIOT1IO€E, III0 BUKOPUCTOBYEThCS B poboTax [18] ta [20-22].

Ockibku mpoOieMarika poOOTH MOB’si3aHa 13 CYINEPKOMIT FOTepaMH, Jaji T

KOMIT IOTEpHUMH CUCTEMaMHM B TIEPIIY YEPTY PO3YMITUMEMO caMme iX.

1.2. Anani3 npobsemaTuku edextuBHocTi macmradoBanux KC

1.2.1. Obcpynmyeannsn npoonemamuku macuimadoeanux 00UUcieHs.

KimouoBoro omoporo mera- Ta eK3aIONCHUX OOYMCICHb ChOTOJIEHHS €
MaciTaOyBaHHs. [3 pOKy B pIK JIFOICTBO HAMAraeThCsl MOOUTH BIACHI PEKOPAU, PO3BUBAKMU
CTapl CUCTEMHU Ta PO3pOOJISI0YN HOBI, CTBOPIOIOYM HOBI MIAXOAHU 1 TUM CaMUM CHPUSIOUU
PO3BHUTKY C(epH BHCOKOMPOAYKTUBHUX oO4ucieHb. Came pPO3BUTOK Taiy3i, — a He il
MOTOYHUKM CTaH SK TaKhh, — Ma€ KIIOYOBE 3HAYCHHS. TakuM YHWHOM, IOHSTTA
Macumab0o6anoi CUCTEMH B KOHTEKCTI CYTIEpKOMIT I0TEPiB MOKe Oy TH BU3HAYEHO HE JIUIIIE
SIK CHCTEMA, PECYPCH K01 AUHAMIYHO 3MIHIOIOTHCS MPOTATOM POOOTH (TaKy CHCTEMY BapTO
HA3BaTU JUHAMIYHO MacIITabOBaHOIO), MPOTE 1 AK CHUCTEMA, IO 3 MEBHUMH 1HTEpBaIaMH
4yacy HapoUIy€ CBOIO MOTYXKHICTh — TOOTO, MacIITa0y€eThCsl CTaTHYHO.

3aranbHOBIIOMOIO € Kiacu(ikariss MeToaiB MaciTaOyBaHHS HA 2 OCHOBHUX KJIacH:
BEpTUKAJIbHE MacliTa0yBaHHsS, TOOTO, 3aMILIECHHS €IEMEHTHOI 0a3u OUIbIl Cy4acHUMHU
pIIIEHHSMHU, Ta TOPU30HTAJbHE MaciiTadyBaHHS, 110 Mepegdadyae HapOILyBaHHI
MPOIYKTUBHOCTI yepe3 30UIblleHHsl eneMeHTiB [28, 29]. byne momMuikoio ckazatd, IO
HUHIIIHS TaTy3b BUKOPUCTOBY€ JIUIIIE HA IIIOCh O HE, — 00MIBa 111 HAPSMH 3aCTOCOBY IOTHCS
1 pO3BHBAaIOTHCI. BTIM mpuHIMIHM Ta MacmTaOW iX 3aCTOCyBaHHS IPUHIIAIIOBO
BIJIPI3HSIOTHCS.

Tak, BepTuKambHE MacITaOyBaHHS NIepe0avac OHOBJICHHS anlapaTrypu, YaCTKOBY YU
MOBHY 3aMiHY CTapuX €JIEMEHTIB Ha OUTbLI cydacHl. [ Ipuknanom € cynepkomm rorep Jaguar,
110 MPOXOJMB KUJIbKA €TaIliB TAKOTO MaclITadyBaHHA. Tak, B paMKax JaHOTO KOMIT I0TEpa B

pI3H1 IEp10IN Yacy BUKOPUCTOBYBaIMCh Takl npouecopu ak Cray X1, XT3, XT4 ta XTS5,
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AK1 TaKOXX MICTHJIM B COOl1 CIOYaTKy 4OTHPHOX, a MOTIM 1 mectusaaepHi AMD Opteron.
3aranom 3a 7 poKiB iCHyBaHHS CynepkoMIl 1otepa Jaguar Oyno 3pobieHo 6 oHosieHb [30].
B 2011 pout cynepkoMIir’toTep OyJio CIIMCAHO 1 Ha 10T0 OCHOBI pO3POOJIEHO 1HIILY CUCTEMY
— Titan [31-33].

[Hmuit ¢akT momsrae B TOMY, IO 3 4YacOM 3’SBIISIIOTBCS HOBI CHUCTEMH, IIIO
BUKOPUCTOBYIOTh HOBIIY €JIEMEHTHY O0a3y 1 3a paxXyHOK IBOIO JOCSTal0Th BHILUX
MMOKA3HUKIB HOMIHAJIbHOT MPOAYKTUBHOCTI. I{e He € B YuCTOMY BUIJISA I MacIITa0yBaHHSIM,
OCKIJTBKH PO3pOOJIIETHCS MIOBHICTIO HOBA CUCTEMa, TPOTE 3 TOYKH 30py Tajly3l IIe MOXKHA
BBAKaTW TIEBHUM OHOBJICHHSIM, SIK€ JI03BOJISIE BBECTH B MPEAMETHY O0O1acCTb HOBY
eNIEMEHTHY 0a3y Ta MoB’s3aHi 13 HEIO0 TeXHOJOTIi.

BTiM OCHOBOIO BHCOKOiI MPOMYKTUBHOCTI CYYaCHHUX CHCTEM € TOPU30HTaJbHE
MaciiTaOyBaHHs Ta MOB’A3aHUH 13 HUM napajenizM. KojkeH cydyacHHil cynepKoMIT FOTep €
napasebHOK CHUCTEMOIO Ti€l YW 1HIIOI apXiTeKTypH, MPUYOMY YHUCIO MapalielIbHO
MPAIIOIOY UX MPOIIECOPHUX €IIEMEHTIB (s/1€p ) B TAKUX CUCTeMax Moxke csiraTi 10 MUTbHOHIB.
OxkpiM TOrO, OUIBIIICTH CYTIEPKOMIT FOTEPIB € T€TEPOT€HHUMU, TOOTO, MOKYTh MICTUTH HE
muiie 1eHtpaibHi mpouecopu (CPU), ane 1 rpadiuni npuckoproBaui (GPU), i ixmm
70/1aTKOB1 (PYHKITIOHAJIbHI €IEMEHTH, Ha KIITAAT MPOTPaMOBAaHUX BEHTHUJIHBHUX MAaTpPHIlb
(field-programmable gate arrays, FPGA).

AHa3y 041 NiIX i po3poOHUKIB 0 BUOOPY elneMeHTHOT 0a31, BapTO 3a3HAUUTH, L0
OUIBIIICT, BUKOPUCTOBYOTh BXKE TOTOBI arlapaTH1 pIIIEHHs, @ HE pO3pOOIIsIOTh CBO1. X0oua €
1 BHUKJIIOYEHHS: Tak, Kommadis Fujitsu, cTBOpuia BIAaCHYy MIKPOApXITEKTypy B
ciBpoOITHUIITBI 3 KoMITaHi€0 ARM 1 po3pobunanpouecop A64FX st cynepkomi 1oTepa
Fugaku [34, 35]. [IpoTe Taka cuTyailisi He € TUIIOBOTO. [HIITMM BayKJTMBUM TPEHIOM OCTaHHIX
POKIB € BUKOPUCTAHHS MPOIIECOPIB 3 BEIMKOIO (710 96) KITBKICTIO si7IEp, 10 T03BOJISI€ 3HATHO
3MEHIIIUTH YHCIO BY3JIIB B CHCTEMI 1 THM CaMHAM MIHIMI3yBaTH 3BEPTAHHI 10
MDKITPOIIECOPHOT MEpExi.

Ha pwuc. 1.1 mpeacraBneHo maHi s HaWmpoAyKTuBHIMUX 3rigHo tecty HPCG
CYIEpPKOMIT I0TEP1B, OUMHaOUU 3 ucronana 2017 poky 1 3aBepuryrouu suctonaaom 2023
poky. I'padik 3;1iBa nokasye, ik 3pOCTaio YUCIO AJI€p B IUX CUCTEMAaX. 3arajiom, Hao LIk

BUP@XEHUM PICT MPOSIBISIBCA NPH MepeAadl JiaepcTBa BiJl OJAHOTO CYNEpPKOMIT F0Tepa
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HILIOMY, ITpoTe OyJI0 JeKiTbKa MOMEHTIB, MOB’SI3aHUX 13 MacITa0yBaHHSIM BXKe 1CHYIOUOI
cuctemu. Tak, Summit Hapo1yBaB uncio siaep 2 pasu: B mucronani 2018 tas uepsHi 2019.
Yucno saep B Fugaku 3mintoBanock 1 pa3: B mucronaai 2020 poxy. BignosigHo, rpagik
ClIpaBa JICMOHCTPY€E peaibHy KOPHUCTYBAIbKY MPOAYKTUBHICTh BIAMOBIIHUX CHUCTEM.
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Puc. 1.1. XapakTepuCTUKH CyTIEpKOMIT IOTEPIB 3 HAUBUILIOK KOPHUCTYBAI[LKOIO

MPOAYKTUBHICTIO 3 JiucTonana 2017 no mucronan 2023: (a) — uucino sauaep, (0) — peanbHa
KOPHUCTYBallbKa MPOTyKTUBHICTD.

Jani puc. 1.1. Ha0OUHO TEMOHCTPYIOTH JiBa (PaKTH: MO TIEpIIe, PICT MPOTYKTHBHOCTI
0e3nocepeHbO 3aB’I3aHUI Ha YHCIIO SIAAeP,, 3pOCTaHHS OIHOTO MapaMeTpy IPHU3BOAUTH 10
3poctanHs iHWoro. Ilo-apyre, 3aBKAu € MEBHA MeXa pealbHOI MPOIYyKTUBHOCTI, IO
MOB’si3aHa HE JIMIIIE 13 YUCIIOM SIJiep, aJie 1 3 IHITMMU MTapaMeTpaMu, TAKUMH SIK CTPYKTypa
CUCTeMHM, TMPUHIUNM OpTaHizauii oOOYHMCICHb Ta TEXHOJOril, W0 MJIi IHOIOo
BUKOPUCTOBYIOThCSA. CyTh 1€l MeXI MOXKHA BHUPA3UTU HACTYIIHUM YHHOM: MPOTSITOM
MEBHOTO Yacy HE3aJISKHO Bij TOTO, SIK 3pOCTa€ HOMIHAJIbHA MPOAYKTUBHICTh, MAKCUMYM
peanbHOT MPOAYKTUBHOCTI HE 3MIHIOETHCSA. ['apHUM MNPUKIAIOM € CYIMEpKOMIT I0Tep
Frontier, mo nepeBaxkae Fugaku i3a uncnom sijiep, 1 3a IOKOJIIHHSAM €JIEMEHTHO1 0a3y, 1 3a
pesynbraramu Tecty LINPACK, npote mae peanbhy (3a Tectrom HPCG) npoayKTuBHICTh
MeEHIITy puOmm3HO Ha 2 meraduorncu (quB. Tadm. 1.1).

[NmoreTnaHo, e OOMEXEHHSI HE € KPUTHYHUM. BpemTi pemnT, icTOpudHO pealibHa
NPOAYKTHBHICTH MOCTYIOBO 3pOCTAE, X0U 1 Habararo noBuIbHilIe, HXK HOMiHaJbHA. L{iHOo0
30UIBIIICHHS 4YHUCNAa siiep, 4Yepe3 TMOKpAIIeHHs eNeMEeHTHOI Oa3u Ta CKOpOYEHHS
MDKIPOIIECOPHOI B3aEMOJIIi 3@ PaXyHOK YKPYIIHEHHSI BY3JIB € MOXJIMBICTH 30LIbIINTU

peabHy IPOIYKTUBHICTh, HE BUXO/ASYU 32 MEXI1 ICHYFOUUX MIAX01B. [IpoTe iCHYy0Th 1 1HIII
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npoOIeMHu, Taki K €HePTOCIOKUBAHHS, BUTPATH IO, CKIaHOIIII OXOJIOI>KEHHS, TOIIIO,
K1 31 CBOTO OOKY YHEMOXJIMBIIIOIOTh HECKIHYCHHE BUKOPUCTAHHS TAaKOTO MIAXOMY.
TakuMm 4yKMHOM, HEOOX1AHUM KPOKOM € MiJIBUILIEHHA €(PEKTUBHOCTI KOMIT IOTEPHHX
cucreM. OCKUIbKY B IaHOMY BUIJIKy MOBA i1€ PO MPOIYKTUBHICTh Ta €)EKTUBICTH 032
KOHTEKCTOM KOHKPETHO1 3ajadl, MiJl egexmusHicmio KOMN IOMepHOi cucmemu Yu
CYTEPKOMIT I0TEpa PO3yMITUMEMO KOMILJIEKCHY XapaKTEpHUCTHUKY, L0 BKIIOYAE B ceOe Taki
acreKkTy sIK €(eKTUBHICTh MapalieIbHUX OOYMCIIeHb, €(DEKTUBHICTH (IIBUIKICTH) OOMIHY
JAHUMH MDXK By3JIaMH Ta siIpaMy CUCTEMH, BapTICTh CUCTEMH, a TaKOXK 8i0MOB0CMILIKICMb,
AKY PO3TIISLIATUMEMO B SIKOCTI OKPEMOTO KPUTEPII0, 3a0€3MEUEHHIO SIKOTO OYJIO MPUIITICHO
OKpeMy yBary.
1.2.2. Odcpynmyseanna kpumepiie epexkmueocmi KC
[IpobGnema ninBuUIIEHHS €()EKTUBHOCTI KOMIT IOTEPHUX CHUCTEM € BKpall IIMPOKOIO 1
BKJItO4YA€ B ceOe MpoOsieMu TaKUX MPEAMETHUX oOnacTeil sk mapalielibHi Ta pO3MOJLIeH]
00YHCIIeHHS, MaclITa0yBaHH 00YNCIIECHb, TUIaHyBaHHS 00UKCIIeHb, KOMIT IOTEPHI MEpeXi,
HAIWHICTh Ta BIAMOBOCTIMKICTh, TOIIO. PO3IIsAT BCIX KOHKPETHUX MPOOIeM Ta iX aHai3 €
HETPHUBIAJLHOIO 33/1a4€l0, BTIM, B JAUCEpTaIliiHIi poOOTI OCHOBHUMU OOMEKEHHSIMH SIKI
BHUIUIMBAIOTh HA €(PEKTUBICTh BU3HAYCHI HACTYIIHI:
o  Oomedicenns napanervHux oobuuciens [36]. B nepury yepry 1ie 0OMEXeHHs Ha
po3napaentoBaHHs 3a/1a41, BEPXHIO TPAHULIFO SIKOTO BU3HAYa€ 3aKOH Amaa.
Kpim TOro, icHye OOMEXKEHHsA mapajieflbHOi apXITeKTypHu, IOB’sA3aHe 13
00pOOKOIO TapasieNbHUX YaCTHH 1 B3aEMOJIIEI0 MK ITPOIIECOPOM Ta ITaM’ATTIO.
Takox croau MOXHA BITHECTH MPOOJIEMY 3aJIEKHOCTI IO JaHWUM, IO
BUJIMBAETHCS y JI0ATKOBI 3aTPUMKH, Ta MPOOIEeMy IJIaHy BaHHSI, 110 TIOJISITa€ B
MOITYKY SKHAHKPAIIOTo PO3MOAUICHHS MiA3a/1ad MIXK MPOIIECOPaMU 3 OTIIIIY
Ha Pi3HI MapaMeTpPH.
o [Ipobnema cmpykmypnoi opeanizayii [37]. OCKUIBKA Cy4acHl CHUCTEMU
MPAIIOIOTh 3 Mapaiei3MOM Ha PiBHI MUILHUOHIB €JIEMEHTIB, BUHUKAE MTUTAHHS
110/I0 KOMIIOHOBKH Tako1 cucteMu. OZHUM 13 KIIOYOBUX MIAXOJIB Cy4acHOI

rajgy3l € BUKOPHCTaHHA OaraTopiBHEBOTO IMIAXOAY, KOJIM NPOIECOpU 3
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necAaTKaMH (K paBuiio, 32—64) sep 13 BIaCHOO MapaJieIbHOI0 apXITEKTypPOIO
PO3MINIYIOTHCSI HA OJHOMY 4illl, BOHU 00’ €IHYIOTbCS B TpPyIH, 13 Tpyml
YTBOPIOIOTHCSI KJIAaCTEPH, a 3 HUX CKIAJA€ThCA cama cucreMa. BrTim,
BOXIIMBUMU NPOOJIEeMaMU BCE OFHO 3aJIMIIAIOTHCS JUCTAHIIIS MK BY3JIaMU,
oOMexeHa TMPOMYCKHA 3aTHICTh, 3aTpUMKa Ta SIKICTh MapIIpyTH3AaIi,
3aTPUMKHU IPU TIEpe/iadi JaHuX, 1110 0e3MoCcepeIHhO BILTUBAE Ha €(DEKTUBHICTH
MDKIIPOIIECOPHOT B3a€MO/III.
o [Ipobnema eiomosocmitikocmi [16]. B KOHTEKCTI MUILHOHIB I€p BaKIUBOIO
npoOIeMOI0 CTa€ BUX1J] €IEMEHTIB 3 JIay, III0 MOXKE MPU3BECTH SIK MIHIMYM JI0
CYTT€BOI JAerpazaiii IpoAyKTUBHOCTI, IK MAaKCUMyMy — J0 BIIMOBH CaMmoi
cucteMu. OCKUTLKH JJ1s1 OLTBIITIOCTI BEIMKUX CUCTEM 3YIMHKA Ta MEePE3aIrycK €
TPUBAJIIMMU OTIEpAIliIMU, a HAIpalfoBaHHS Ha BIIMOBY, SIK MPaBUIO, €
HEBUCOKUM, ICHy€ mpoOiiemMa HaJifiHOCTI OOYMCICHb Ta CEPBICIB, @ TaKOK
Haj1iHOTO 30epiraHHs Ta nepenadi manux. KpiMm Toro, BUSBJICHHS BiJIMOBU
notTpelye MBUAKOI Ta aBTOMAaTHYHOI peakiiii 3 00Ky CUCTEMH, 0 TTOPOKYE
NUTAaHHS MAacKyBaHHS Ta BHIIPABJIECHHS NOMWIOK. Bix BupilIleHHsS LbOro
MUTAHHS 3aJISKUTh €(DEKTUBHICTH POOOTH CUCTEMH B MPOIIECI EKCILTyaTalli.
{1 mpoGnemMu BU3HAYEH], IK OCHOBH1 OOMEXEHHS, [0 BIUIMBAIOTh HA €()EKTUBHICTb.
Takum ynMHOM, B IHCEpTaliiiHIi poOOTI BU3HAUYEHI HACTYIIHI TPU KpUTepii e(HEeKTUBOCTI
KOMIT'IOTEPHUX CHCTEM : €(EKTHBHICTb MapajeabHOi OOpOOKH JaHUX, €(PEKTHUBHICTh
TOTIOJIOT1YHOT CTPYKTYPH CUCTEMH Ta BIIMOBOCTIHKICTbD.
1.2.3. Ananiz icnyrouux piuiens onsa niosuuienusa epexmugocmi KC
3arayiom, KoXKHa 13 3a3Ha4€HUX OCHOBHHX MPOoOJeM € 100pe OMUCAaHOI0 B HAYKOBHX
myOmKarisax, OUTBII TOTO — KOKHA 13 HUX € OCHOBOIO OKPEMOi ImpeaMeTHOoi oonmacTi. Tak,
BEJIMKA KUJIBKICTh POOIT MpHUcBsSYeHa pooiemMam napaienizmy [38—40], BITMOBOCTIMKOCTI
[41-43], cuATEe3y CTPYKTYpPHHUX OpraHi3ariil 1Jis1 BUCOKOTIPOIYKTHUBHUX cucTeM [44-46].
KoxHa 3 iux cdep mpononye cBiit Hadip pillleHb 03HAYEHUX MPOOIIEM.
OnHi€ro 13 HAOUTBII AOCIIKEHUX € mpoliemMa BIAMOBOCTIMKOCTI. ICHY€e Benukwuii
CHEKTP METOJIB, 1110 MOXYTh OyTH 3aCTOCOBaH1 AJis 1l BUPILIEHHS, BTIM, OMMPAIOYUCh HA

kJacu(ikailio piBHIB, MO’KHA BUIUIUTH HACTYIIHI OCHOBHI TPy IIH:
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1. HagnumikoBicTe Ta pe3epByBaHHA [47], 110 € OJHUM 13 KIFOYOBHUX METOJIB
BUPIIIEHHS TPOOIEMH 1 3aCTOCOBYETHCS HA BCIX PIBHSIX.

2. BinHOBIEHHS cTaHy Ta Kopekiis noMuiok [48—50]. 3amaya nmaHoi rpym
METO/[1B — yCYHEHHS IOMUWJIKH, 5IKa BXKE CTaach, BTIM 1X PIBHI AEIIO PI3HATHCA.
BigHOBIEHHS cTaHy € METOJOM, MEPEBAXHO, CUCTEMHOTO Ta MPOTPAMHOTO
PIBHSI, B TOM 4Yac K KOPUTYIOYl KOJAM 4YacTillle 3aCTOCOBYIOTHCSI Ha PIBHI
armapaTtypu Ta MEpexi.

3. TecryBanHs Ta BUsBICHHA mMOMUIoOK [41]. Mera maHOTO Kiacy METOMIB —
BUSIBUTU NIOMUJIKY YU BIIMOBY. SIK PpaBUIIO, KOXKEH PIBEHb CUCTEMH Ma€ CBOI
METOAM [JIsl TECTYBaHHSA, Takl fK amapaTHl TECTH, NpHUIMalibHI TECTH,
BI3aHTIAChKE Y3TOJKEHHS Ta 1H. TakoX BUAUIAIOTH CAMOTECTYBAaHHS Ta
B3a€MOTECTYBaHHS.

4. MackyBannsa BiamoB [S1, 52]. Ines maHoro kiacy monsrae B NPHUXOBaHHI
HECITPaBHO1 OIMHMIII Bl KOPUCTYBaya Ta IHIIUX CKJIQJOBUX YaCTUH CUCTEMHU.
CBoi1 MeTOAM MacKyBaHHS ICHYIOTh Maike Ha KOXKHOMY PIBHI.

5. IlepenOauenns BimMOB Ta Mirpaiis aanux [53, 54] € meTogaMu CUCTEMHOTO
PIBHS 1 3aCTOCOBYIOTHCS JUIA NPEBEHTHBHOTO pearyBaHHS HA BIAMOBY, IO
OYIKY€TbCS HAUOMIKYUM HaCOM.

6. BimMOBOCTIMKICTh Ha piBHI aJropuTMiB [55] € MeTogoM, IO JO3BOJSIE
3aKJIACTU METOJM BUSIBJICHHA Ta KOPEKIi MOMWIOK B CaM aJTOPUTM 1
BUKOPUCTOBYETbCS 11 PO3pOOKM  BIAMOBOCTIMKOTO  IPOTPAMHOIO
3a0€e3MeueHHs.

Ha npotuBary npoOnemi Bullle, 3ajiadya ONTUMAJILHOTO TOIMOJIOTIYHOTO CUHTE3y HE
Ma€ OJTHO3HAYHOIO BUPIIICHHS, TOXK B PaMKaX Cy4aCHUX BUCOKOTIPOIYKTHBHHX 0OYHUCIICHD
PO3IVISIAETHCS BENTMKA KUTbKICTh PI3HUX IMIXO/IIB Ta X Bapiamiid. 3arajaoM, BapTo Ka3aTu HE
PO KOHKPETHI TOTOJIOTIi, a MpO CiMEHCTBA TOMOJOTINH, M0 00’€THAHI CHIIPHUMU YU
CXOKHMH MeToiaMu cuHTe3y. CIHCOK HMXKYE HE € BUUEPITHUM 1 MPUBOAUTH JIMUIIE JESK

METO/IH, 10 BUKOPUCTOBYIOTHCS B cpepi neTadaorncHux 0OunCiIeHb :
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1. K-apue N-gepeBo [56, 57], Takoxk BimoMe SIK )KUPHE JEPEBO, € MOIMYJISTPHOO
MEpPEXEBOIO Oprasizamielo [Jisg JaraleHTpiB, a pi3Hl i Bapiamil
BUKOPHUCTOBYIOTHCSL B C(pepl BUCOKOTIPOIYKTUBHUX OOUYHCIICHb

2. Dragonfly [58, 59], nonynsipHa TOMOJNOTIA CYNEPKOMIT FOTEPIB, OCHOBHOIO
MepeBaroto sIKOi € BUKOHAHHS MEPECUIIOK PIBHO 3a 3 KPOKHU.

3. nD top [60-62], mo Bkmrouae B cebe Taki Bapiamii sik 3D, 5D, 6D Top i
BUKOPUCTOBYE€ThCSI B Takux cucreMax sk K Computer Ta Supercomputer
Fugaku.

4. HyperX [63, 64], u10 6a3y€eTbcs Ha MOE€HAHH] PENIITKH Ta KyO14HO-3B’ SI3aHHUX
IUKITIB, MPOTIOHY€ Kpallli XapaKTePUCTUKH HIXK >KUPHE JI€PEBO.

Tpers nmpeamerHa o0OnacTe € HAWOUIBII PIZHOMAHITHOK, OCKUIBKM IPOOIEMHU
napajienisMy € BKpall OOIIMPHMMH 1 BKIIOHAIOTh B ce0€ 1 JEKOMIIO3MIII0 3aj1adl, 1
IJIaHYBaHHS, 1 MDKIIPOLIECOPHY KOMYHIKAIII0, 1 METOAM CUHX POHIi3allii. 3arajioM ii pilieHHs
MO)KHA MOJIMTHA HA JIEKUIbKa OCHOBHUX TPYT:

1. Tlepexim Ha 1HITY OOYHCITIOBAILHY MOJIETh UM apXITEKTYpy, IO BKIIIOYAE B
cebe, ajie He BUUEPITY EThCSI TAKUMU PIILIEHHSIMH SIK KBAaHTOB1 00YHUCIIEHHS [65,
66], cyuacHi Bapiallli Mojem MOTOKYy aaHux [67, 68] Ta iX MmoegHaHHA 13
CyIepcKalIapHOI0 apXxitektyporo [69, 70], ribpuani oOuucnenns [71, 72],
TOIIO.

2. BukopucraHHs HOBITHIX METO/IB IUIaHYBaHHA [73, 74]

3. Meroau aBTOMaTU4HOTO po3napajeitoBaHHs [75, 76]

4. Meronu 0OYMCIIEHHSI 3 BUCOKUM CTYNEHEM BHYTPIIIHBOIO MapajenizMy Ta
mUpoKoro cdeporo 3actocyBaHHs [77—79], Taki K MallMHHE HABYAHHA Ta

€BOJIIOLIIHI OOYMCIIEHHS.

1.3. AHaxi3 geaxkux MeroaiB miaBuuieHHs BixMoBocTiikocTi KC

1.3.1. Knacugikayin anomanibHux cmamnis

B cyuacHiii HaykoBiil jiTeparypl pO3IISAIOTh psifi HECIPABHUX CTaHIB — L€
HecnpaBHicTh / 3011 (fault), Bigmoma (failure) Ta momunka (error) [80-82]. Ilix

HECIIPABHICTIO BapTO pPO3yMITH O€3MOCepeHId CTaH KOMIIOHEHTa abo NpoTpamu:
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HanpukiIaa, (Pi3WdHl MOIIKOMKCHHS, IIOMUJIKA B KOAI, 3001 amapaTHOro 3abe3IedeHHs
BHACIZIOK /11 30BHIITHLOTO CEpEIOBHINA, TOIO. [[posiBOM HECHpaBHOCTI € TIOMHJIKA —
CIIOCTEPEKYyBaHE KOPHUCTYBAueM BIIXWICHHS B po0OTi cucteMu. BigmMoBa )k BU3HAYAETHCS
K HE3/JaTHICTh KOMIIOHEHTa BUKOHYBATH CBO1 (DYHKIIIT UM HATABUTHU KOPEKTHUH cepBic [ 83 ].

HecnpaBni craHu Kinacu(iKyrOTbCS 3a PSJOM XapaKTEPUCTHK: 3a TPHUBAIICTIO
(mocCTIiiiHI, peryisipHl Ta TUMYacoBl HECHPABHOCTI), 3a 3JOBMHUCHICTIO (BUIAAKOBI Ta
3JIOBMHCHI), 32 MICIEM Ta 4acOM BUHUKHEHHS MOMMIKK (HEKOpEKTHa crenugikaris,
MTOMMWJIKH B IMIUIEMEHTAIIi, mpoOieMu B TporpaMHOMy 3abe3medeHHi, Tomro) [80].

[Ile omHMM BUMIpOM, 32 SIKMM BUKOHYETHCS PO3PI3HEHHS aHOMAaJbHUX CTaHIB, €
HACTIJIKH, J0 SIKUX MPU3BOAUTH HECIPABHICTD: 1€ MOKe OyTu abo MmoBHA 3yNMUHKa poOOTH
KOMIIOHEHTa, 110 BUMIIOB 13 jany (fail-stop error) — abo Horo po6ora 3 HEKOPEKTHUMHU
pesynbsraTramu (fail-continue error) [83]. Takoxk g0 gaHO1 Kiacu@ikailii MOXKHA BIIHECTH 1
TaK 3BaH1 «TUX1 TOMIIKW» (silent errors), 1110 HE MPOSBJIISIOTH ceOe OE3MOCEePEIHBO, a JIUIIIE
OTIOCEPEKOBAHO (HAIIPUKJIIA, Yepe3 MOIIKOKEHHS NIEBHUX JIaHUX ) Ta/a00 yepe3 NeBHUIM
MpOMiKOK yacy [16].

butbmn moknmamHuMi aHasi3 TPUYKH BIIMOB Yy CYTIEPKOMIT FOTEpax Ha OCHOBI JKEper
[84—88] mpuBeneno y Honmarky .1.

1.3.2. Haonuwkogicms AK 0CHO8a 8i0M0O80CHINIKOCHI

Bkpaii He0e3Me4HOI0 BIACTUBICTIO BIAMOB 1 MOMUJIOK € IX CXWJIBHICTH JIO
po3noBcromkeHHs. Lle craButh nepea po3poOHUKaMU BIIMOBOCTIHKUX CUCTEM 3a1a4y — (a)
CBO€YACHOTO BUSIBJICHHS B1JIMOBH (TecTyBaHHs) 1 (0) i 130141111 BiJ Ipane3aaTHuX 4acThH
cucremu (MackyBanHs ). [IpoOnemoro € Te, 1110 11e Mae Oy Tr 3p00JIeHO MaKCUMAaIbHO HIBUIKO
— B IHIIIOMY BUTAJIKy «THXa» BiIMOBa MPHU3BEE 10 PO3MOBCIOIKEHHS TIOMHUIIOK IO CHCTEMI
1 3poOUTh TONIYK JKepera TMOMWJIKH 3a/ladel0 HeTpHUBIabHOW. [HIIOI mpobieMoro
3aJIMIIAETHCS TOH (aKT, IO HeCPABHUH CIEMEHT 10 BIIMOBH MaB NEBHY (DYHKITIIO, STKa Ma€E
BUKOHYBAaTHUCh MOIPH BIAMOBY — TaKMM YHWHOM, JO TPHUBEACHUX BUIIE 3a7a4 Mae OyTH
n01aHo (C) TKOMOTa MIBUIIE 3aMIIIEHHS HECTPABHOTO KOMIIOHEHTY CIPaBHHM.

Taka mocraHoBka mHpoOIEMU CTBOPIOE HEOOXIAHICTh B pe3€pBl — JOIATKOBUX
eJIEMEHTAaX, By3JlaX UM MPOTPaMHHUX MOIYJSX, sKi O y3sum Ha cebe pojb HEeCHpPaBHOTO

MPUCTPOIO 1 TUM CaMUM MPUXOBAJHU (PaKkT BIAMOBH B1J] CTOPOHHBOTO KOpUCTyBaya. Lle moxe
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OyTu 3po0ieHo Ha OaraThbOX PIBHAX: BiJ amapaTHUX MOMYJIB Ta JIOTTYHUX BEHTHIIIB 0
nporpamMHoro 3a0esnedeHHs Ta cepBiciB [83, 89]. Takum 4YMHOM, HAJIMIIKOBICTH €
KITFOYOBUM €JIEMEHTOM Oy/b-KOi BIAIMOBOCTIIKOI cuctemu [90].

OnHUM 13 OCHOBHHX MIAXOJIB A0 HAJUIUIIKOBOCTI € PE3epByBaHHS, IKE BKIIIOUAE B
cede Taki apXITeKTypHu SIK AyIUleKkcHa Ta TpuiviekcHa [91, 92]. Takox BUAUIAIOTH
CUMILIEKCHY Ta N-TuleKCcHYy apxitektypy [93, 94].

Taka apxitekTypa nependayae NOpIBHIHHS pe3yabTaTIB BCIX MOAYIIB, IO JA03BOJSIE
BU3HAYUTH (DAaKT HASBHOCTI MOMWIKH, MPOTE 3aJMINAE HEBUPIIIEHUM MUTAHHSA MPO il
JIOKaJji3aIio Ta MacKyBaHH: [95, 96]1 moTpelye 1omaTkoBUX 3aC001B — TAKWX SIK amaparHe
TECTYBaHHS, MPUIMalbHI TECTH Ta MPSIME BIAHOBICHHS 3 BUKOPHUCTAHHSIM JI0/IaTKOBOIO
nepeBipstodoro eaementa [80]. Po3mupeHHsaM qaHoi apxIiTeKTypu € napa-peseps [84, 97,
98] ta mymnekc-tpuruiekcHa [99] apxIiTekTypa, 110 BUKOPUCTOBYE IYIUIEKCH B SIKOCTI
CTPYKTYPHHUX €JIEMEHTIB JJIs peaii3amii OUIbI BiIMOBOCTIMKMX KOHCTPYKIiH [80].

TakuM 4yWMHOM, aKTyaJlbHUM 3aJIMINAETbCS MUTAHHS aBTOMATH3allil TECTYBaHHS Ta
MacKyBaHHSI BiIMOB. PO3IMOBCIOIKEHUM arapaTHUM IMIIXOJ0M € ToJoCyBaHHs. JlaHwuit
MiAX11 3aCTOCOBYIOTh Y BUnaaky #>2 [100], Takum 4MHOM, MiHIMAJIbHUM YUCIIOM MOYJIB
TUTsL peatizarii cxemu royiocyBaHHA € 3. Taky cXeMy Ha3WBalOTh MOTPIMHUM MOIYJIHHIM
pesepByBanHsaM (Triple Modular Redundancy, TMR) [101]. Ilpu Bukopucransi
Ma)XOpPUTApHOTO TOJIOCYBAaHHS JaHa cxema mependavae HasBHICTb B cucTeMi n=2m-1
MOJYJIB 1 I03BOJISIE€ BUSIBUTH 10 m TIoMUIOK [102]. Toni kaxxyTh npo N-KpaTHE MOIYJIbHE
pe3epByBanHs (N modular redundancy, NMR). Crnabkum MiciieM J1aHOi CXeMH € MOJYJIb
rOJIOCYBaHHs, TOMY PO3PI3HSAIOTh MOAYJIbHE PE3EPBYBaHHSA 3 OAMHAPHOIO Ta KPAaTHOIO
cxeMamu rosiocyBanHs [ 103], o mpoaemoncTpoBano Ha puc. J1.1 B lomarky /| Ha mpukiai
TMR.

Takooxk NMR monminsaroTe Ha cTaTWdHWN (MPHUBEACHUN BUINE), JUHAMIYHUANA Ta
riopugauii TMOUM. B OCHOBI JMHAMIYHOTO JIGKHWTH Te3a, IO HEBEIMKI TIOMHIKH €
MPUAHATHAMH, TTOKH CHUCTEMa 3/aTHA 3aMIHUTH HECHpaBHUN MOIylb pe3zepBoM [104].
3riIHO 10 BU3HAUYEHHS, IPUBEAEHOr0 B po0oTi [ 80], ioro cxema CKIa1aeThesi 3 1 OCHOBHOIO
Ta n-1 pe3epBHUX EIEMEHTIB, & TAKOK — CXEMH BUSBJICHHS BIIMOB Ta peKOH)Irypaiii.

["OpuaHui MiIXiJ € MO€HAHHAM BUIICONUCAHUX 1 NIepe0ayae HasiBHICTh N OCHOBHHUX Ta
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K pesepsaux enementiB. Puc. /1.2 B JlogaTtky /] Ha0uHO moKa3ye pi3HUIIO MK IIMMH JIBOMA
1X0TaMH.

BaxxnmBUM HEJOJIKOM, SIKUH CTOCYETHCSI BCIX CXEM 3 MaKOPUTAPHUM TOJIOCY BAaHHSM,
€ morpeba B HAasABHOCTI Mpane3farHoi Ouibmocti. OOMEXEHOI albTEpPHATUBOKD €
BUKOPUCTAHHS HE-Ma)XOPHUTAPHUX IMPHUHIIMIIB TOJIOCYBaHHS, TaKUX SK 3BAKCHUHU ITiJIXIT,
BUKOpUCTaHHA k-O11b110cTi 60 HabmkeHoro nopiBHsHHS [80].

[HIIMM pilIeHHSIM € BUKOPUCTAHHS BijicitoBaHHs. Taka cxema 103BoJIsie€ 3a0e3MeunTu
poOOTY cucTeMH TIOKH Xo4da 0 2 enmemeHTa 13 N JocsATaroTh 3TOAM 1Moa0 pe3yiabrary [105,
106]. Ti xmo4oBMM HeONIKOM € 4YyTIMBICTH BifciroBaHHs. KpiM TOro, pU3sMKu Hece
HEBU3HAUYCHICTh, IO MOXXE BHUHUKHYTH, KOJM KiJTbKa €JIEMEHTIB MAaloTh OJHAKOBY
HECITPABHICTb 1 TEHEPYIOTh OJJHAKOB1 PE3YJIbTATH.

['0510BHOIO TPOONEMOIO BCIX paHIille PO3MISHYTHX METOAIB € BHUCOKI amaparHi
BUTPATH 1, K HACIIJOK, BHCOKA BapTICTh CHCTeMH. L{e poOUTh akTyalbHUM TTUTAHHS HE
JMILIE pe3epBYyBaHHA amapaTypH, a 1 pe3epByBaHHS MpoleciB Ta / ado MpOrpamHOIO
3a0e3nedyeHHs. Meroau 3a0e3nedyeHHs TaKkoro POy BiIMOBOCTIMKOCTI OynaM OMuUCaHi
aropamu poOirt [14, 80, 107—109]. Ockimbku 111 acleKTH HE MaroTh O€3IT0CEpPeITHBOTO
BIJTHOIIICHHS 10 TEMATUKH TOCITIKEHHS, ajieé € BKIUBUMU JIJIST PO3YMIHHS MPEIMETHOL
obmacTi, ix o Oyno BuHeceHo B Jlomatox J1.2.

HeoOximHO 3a3HAa4uTH, IO METOAW 3a0e3MeYeHHS BIIMOBOCTIMKOCTI Uepes3
pe3epByBaHHs MOCTIHHO po3BUBaIOThCA. Ha ocHoBi myOmikamii [89, 92, 110—112] Oymo
BUKOHAHO OTJISAJI PO3BUTKY ICHYIOUMX METOJIB pE3EpBYBaHHS, IKHM TAKOXK MPUBEICHO B
Honarky [1.2.

OKpeMHM BUJIOM HAJJIUIIKOBOCTI € iH(popMalliiiHa HaJIMIIKOBICTb. Ii CcyTh monsrae
B J10/1aBaHHI /10 1HPOpMaIlii IEBHOTO 00CATY TOAATKOBUX JaHUX, SIK1 JOTIOMararoTh BUSBUTH
1, — 1HO1, — BUNpaBuTH NoMUIKy. Cdepa 3acrocyBaHHs 1HPOPMAIIIMHOT HAIJTUIITKOBOCTI —
11¢ 1 BUSIBJICHHS TIOMUJIOK MPH OOYMCIICHHSX, 1 30epiranHs JaHuX, 1 0OMiH 1HpOopMaIIi€ro Ha
pPI3HUX PIBHAX. byJ0 BHKOHAHO KOPOTKHI OTJISA OCHOBHHUX MIAXOMIB 110 1H(OpMAIIIHHOT
HAJJIMIIIKOBOCTI Ha OCHOB1 poOiT [80] Ta [113]. Marepianu HbOTO OIVISIAY TAaKOXK

npencrasieHi y Jlogarky J1.2.
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1.3.3. 3abe3neuennsa 6iomosocmiilkocmi Ha pieHi mep e ci

OnHI€TO 13 KITFOYOBUX YaCTUH Oy/ib-sIKO1 BUCOKOIIPOYKTUBHOT CUCTEMH € MEPEIKA, 110
3’€IHYy€ 11 KOMIIOHEHTH MIXK cO0010. 3a piBHEM MOYKHA BUJUIMTU PI3HI TUIIM MEPEX, Bij
BHYTPIIIHbOI MEPEKI BY3J1a, 1110 3’ €JHY€ HOTO BHY TPILLIHI CKJIaJ0BI1 (IIPOLIECOPH, TIaM’ATb Ta
1H.), J10 3arajibHO1 MEpEeX1, 10 MOEAHY€E By3JIM, TPYNH BYy3JB Ta KJIacTepu. 3a TUIAMHU
MEpEXi pO3AUIIIOTh HA KOMyTOBaH1 Ta 0€3M0CepeIHbO 3B sA3aHi.

[Ipo6Gnema BiAMOBU B MEpPEX1 BIAPI3HIAETHCA BiJl aHAJIOTTYHOI arapaTHOi Mpooemy,
OCKIJTBKM MaJjio MPOCTO 3aMacKyBaTH €JIEMEHT — HEOOX1THO 3a0e3MEeUHUTH BiIHOBIICHHSI
(GYHKIIOHYBaHHSI MEPEXi, a TOJIOBHE — BIIHOBUTH KOPEKTHY MapIIpyTH3alit0. Takum
YUHOM, MOKHA BUJIUTMTH 3 METOAW JIJIi BUKOHAHHS I1bOTO. [pyOWil migxin mojsirae B
peaykuli padry Tononorii. L{e no3Bonsie 30eperti MapiupyTr3ailito, IpOTe BUIAISE YACTUHY
npane3JaTHUX BY3JiB, TOX L€ METOJ HE € NPUAATHUM. TOHKMHA NIAX1A MOJsIrae y
BUJIAJICHHI JIUIIIE TOTO BYy3J1a, IO BiMOBHB. [Ipu 1IbOMy anropuTMoM MapIIpyTH3aIlii Mae
OyTu peasi3oBaHO 00X17 HECIIpaBHOCTI. TpeTiit MeTo — 3aMillleHHsI By3Jia pe3epBoM. Puc.

1.2 HAOYHO UTIOCTPYE OMUCAHI 3 METO/IH.
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Puc. 1.2. Tpu 6a30Bi MeTOIM YCYHEHHSI BIIMOBH B MEPEXKi
TakuM 4YMHOM, KOJIM MOBa /1€ TTPO BIAMOBOCTIMKICTh MEPEKEBOTO PiBHS, BUILIAIOTH
JleKibka OCHOBHMX 3ajad. llepmia 3ajaua — ILie BiAMOBOCTIHKA MaplipyTu3amis. li
MOCTAHOBKA HACTYIIHA: € BY30JI-BIAIIPAaBHUK MOBIIOMJICHHS Ta By30J1-IIpuiiMad. € MapuipyT,
MO0 SIKOMY MpsIMY€ (UM Ma€ MpsIMyBaTH) MOBIIOMJIEHHS 1 Ha LIbOMY MapIIpyTi € BiIMOBa
(omHa YU JEKUTbKA), IPUIOMY TOYKOIO BIIMOBU MOXKE Oy TH SIK By30J1 TaK 1 3B’s130K. [ IuTaHHs

CTAaBUTHCS HACTYITHUM YHWHOM: SIK, 3HAIOYW TOYKH BIIMOBH, OOIWTH iX 1 JOCTaBHUTH
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MOBIJOMJICHHSI, BUTPATUBINN SKHaWMEHIIMH dYac Ha MoAuQIKaIlil0 aJTOPUTMY
MapuIpyTu3arii’?

OnHe 13 MOXJIMBHX PIIIEHb IMOJSATAE Y BUKOPUCTAHHI BJIACTUBOCTEN KOHKPETHOI
TOTOJIOT1i 711 00XO0/ly BIIMOBH. B IKOCTI IPUKJIa 11B MOXKHA HABECTH CErMEHTHO-0a30 BaHUi
aJrOPUTM MapIIpyTU3aLlli sl pelriTk Ta Topy [ 114], knacrepHuii MeTon Mapiipy TH3arii
st Topy [115], anroputM Ha OCHOBI TPHOXKOMITOHEHTHOT 3B I3HOCTI JJ1s1 Tinepkyoa [116]
Ta iH. SIK MpaBuIIO0, TaKki aJITOPUTMHU ONIUPAIOTHCS HA TIEBHY TOTMOJIOTIIO, IO 1 € X KITFOUOBUM
0OMEXEHHSIM.

[Hmwuii BapiaHT BUpINIEHHS JaHOT MPOOIEMH — 1€ BUKOPHUCTAHHS YHiBEpCaJIbHHX
METO/IB MapuIpyTU3allii, Ha KIITaAT TaOIMYHHUX, JOMOBHEHHX AaJrOPUTMOM OOXOmy
HeOe3neuHnx 4vactuH Tononorii. [lpuknagamu Takoro pilleHHS €  aJanTUBHA
MapiipyTtuzauid [117], BuauieHHs KicTsikoBuX AepeB [118] Ta BUKOpUCTaHHS BUMAIKOBUX
rpadiB [119]. OueBUAHUM HENOMIKOM TaKUX METOMIB € Te, IO BOHH, SIK IPaBUIIO,
CTBOPIOIOTH OUIBIIY 3aTPUMKY HIXK TOIOJIOTIYHO-OPIEHTOBaHI METOAM Ta/abo MOTpeOyIOTh
O1IBIITUX 0OCSATIB TaM’SITi.

Mertonu BiIMOBOCTIHKOT MapuHIpyTH3allli € OJHWM 13 HEBII'€MHHUX AacCIIeKTIB
MEpEXKEBOi BIIMOBOCTIMKOCTI, BTIM 3arajbHOI IMPOOJIEMOI0 aJTOPUTMIYHUX METOIB
3aIMIIAE€ThCSA 1X HaAKIaAHI BUTpaTtd. Yac MONIIYKYy MapHIpyTy € BKpail BaJIMBUM
MOKa3HUKOM, OCKLUTbKH BiH 0€3M0CepeIHbO BKIIIOYAETHCS B Yac Nepeaayi MoBiIOMIICHHS. 3
HIIOTO OOKY, BUTPATH [1aM’SIT1 aITOPUTMY MAapUIPyTU3allii BILIMBAIOTh HA IIHY MEPEKEBUX
npuctpoiB. Ll1 acmekTu A0JaTKOBO YCKIAJHSAIOTh MOIIYK ONTHUMAJIbHOTO PINICHHA B
KOYXHOMY KOHKPETHOMY BHUIAJIKY 1 HIOPOIXKYIOTh HOTPEOy B (@) MaKCMMaJIbHO MPOCTUX 1 (0)
MaKCUMaJIbHO BIZIMOBOCTIHKHAX METO/IaX.

Tpertiit BapiaHT BUpilIeHHS NpoOIeMU 0a3yeThCsl HA BUKOPHUCTAHHI CIICIUBIYHUX
MIPOTOKOJIIB Ta/ab0 BIACTUBOCTEH Mepexi. Hampukiam, mpoTrokonm mMapripyTu3amii Jis
CEHCOPHO1T MEpeKi, MpoaeMOHCTpoBaHui B poOoTi [120], mependavae perymsipHUi MOITyK
aJbTEepHATUBHUX MapLIPYTIB, 10 MOXKE Oy TH MPUHHATHUM JJI1 CEHCOPHUX MEPEX, aJie IpU
EKCTPanosILil Ha KOMYHIKALIFHI MEpEeXl CyNIEpKOMII FOTEPIB HE € 3aCTOCOBHUM 4epe3 1X

BEJIMKI pO3MIPH.
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BTiM, Xxo4a BiAMOBOCTIMKAa MapuipyTH3allii 1 BHpPINIyE€ YacTHHY mpooieM, ii
MOKJIMBOCTI € OOMEKEHUMH. TaKuM YUHOM, aKTyaJIbHIM MTUTAHHSIM € He JIUIIe 00Xif, a i
MacKyBaHHS BIiIMOB, a TaKOXX pe3epByBaHHS By3JiB. B KOHTEKCTI Mepexi 3agada
pe3epByBaHHS YCKIAQIHSAETHCS THM, IO SIK OCHOBHI TaK 1 pPE3€pBHI BY3JM IO€IHAHI
MEpEeKEr0, 1 KOJIM pe3epBHUIM By3071 Oepe Ha ceOe pOoIb OCHOBHOTO — BiH Ma€ B3SITH HE JIUIIIE
00YHCTICHHS, a 1 3B’SI3KH, IKUMH OCHOBHUI €JIEMEHT OB’ sI3aHUH 13 CYyCiJIaMH.

Knacnunuii migxia 3BOAWTHCS JO BHKOPHCTAHHS OCOOMMBOCTEH TOMOJOTII Ta
JIOTaBaHHS 10 HEl HOBHMX €IEMEHTIB 3 METOIO BITHOBHUTH ii CTPYKTYPHI B1acTUBOCTI. J[aBHO
BIJIOMUMHU € METOIY TaKOTO Pe3epBYBaHHS IS TinepkyoiuHoi[121, 122], pemityactoi [80,
123] ta TopoinanpHOi Tomonoriit [124, 125]. BaxkxiauBuMm acmiekToM TYT € Te, IO came
TOTIOJIOTISI BU3HAUA€ KOHKPETHY CTPATETi0 PO3MIIIEHHS PE3EpPBHUX BY3JIB Ta IUIAH I
I10/10 3aMilLIeHHS [IPY BUABJICHHI BIIMOBH. 3B1ICH TaKOK (DOPMYIOThCS 1 HAKJIQH1 BUTPATH.

[Ile omuH IiKaBUM MIAX1J MOJSITAE Y CaMOBIJHOBIIEHHI MEpEeXi 3a paxyHOK
JI0IaTKOBUX pedep, 6e3 oaaBaHHs By3.iB. [CHY€ psiJT aJITOPUTMIB TAKOTO CaMOB1THOBJICHHSI.
Hampuxknan, asropamu po6it [126, 127] 3anpononoBado anroputMu Forgiving Tree Ta
Forgiving Graph, siki nependadaroTh, 10 MPH BiIMOBI BEPIIUHU 11 CYCIIU 3aMIIYIOTh ii
neBHUM Triarpacdom. [1pu 11oMy BEpITHHH ITLOTO BITHOBIIIOIOUOTO Tpada € BIpTyaIbHIMHU 1
CUMYITIOIOTHCS CYClJTaMH HECTIPaBHOT BEPITMHU — (DAKTUYHO JOJAI0THCs Jiuiie pedpa. b

HaoO4YHO poboty anmroputMmy Forgiving Graph npoaemoncTpoBaHo Ha puc. 1.3.

o
T o 0,0 o e

o N 00 % _¢o¢ 3
P e &

(2} CTpwveTvpa Mapawl 00 EHTIPIENSHHA (8]} JloriaHa cTOVE VDA MEpEE] THCTA (2]} FizHaHa CTOVETVDA MepeEl MO

simuoEn EHMpEET ST EiIMOEH EHMpIETEHET B IMOEH
Puc. 1.3. IIpunnun po6otu anroputmy Forgiving Graph
B crarTi [128] Takoxk po3IsaaaroThes iHII HoAi0Hi anroput™u — xheal Ta xheal+. Ix
OCOOQJIMBICTIO € T€, 1110 Ha BIIMIHY BiJl TONIEPEIHIX aJITOPUTMIB, 1110 IPH IIEBHUX 0OCTaBUHAX

JOMyCKAaIOTh HE JIMINE JOJaBaHHS HOBHUX, ajie 1 BHUAAJICHHS ICHYIOUMX pedep, aaHi
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aJTOPUTMHU Tiepen0adaroTh pedepHy MOHOTOHHICTD, IO JO3BOJSE CKOPOTUTH HAKJIAIHI
BUTpATH, TTOB’SI3aH] 13 BUIAJICHHSIM ICHYIOUUX pebep.

3arajpbHOI0 MPOOJEMOI0 KJIaCy CAMOBIIHOBIIOIOUUX AJTOPUTMIB € TIOTpeda B
pexkoH(pIrypoBaHiii Mepexi, OCKUIbKM 3MiHA TOTIOJOT] 3aJISKUTh BiJl TOUYKH BIIMOBH 1, SIK
HACIIIOK, € CKJIaJHO mependauyBaHoto. [Hma npolnema — 1€ HAKJIAAHI BUTPaTH, IO
BUHUKAIOTh MPU peKoHPirypaitii. OCKUIbKY 3aMilly 04 UM 00’ €KTOM € rpad), a 3aMilily BaHUM
— OJIHA BEPIIHHA, 11€ MOPOKYE 3MIHY B TOTOJOTIYHUX XapaKTEPUCTUKAX 1, SIK HACIHIIOK,
BIUTMBAE HA Taki MapaMeTPH K MPOITyCKHA 3MaTHICTh Ta Yac nepeaadi mosimomieHHs . Ll
OUThII CYTTEBUM € BIUIMB BIIHOBJICHHS Ha CTYIIHb: HANPUKIa, A anroputmy Forgiving
Graph mokazaHo, 1[0 y MakCUMaJbHOMY TEOPETHYHOMY BHITAJKy II€Hd TOIOJOTTUHUNA
MOKA3HUK MOKE MOTPOITUCH BIIHOCHO HOTO MOYaTKOBOTO 3Ha4YeHHs [ 127].

Okpemo TyT BapTO BUJIUIMTH aJITOPUTM CaMOBITHOBJICHHS HA OCHOBI KOJ[IB KOPEKITii
nommiok [129]. Moro ocoGmuBicTIO € IOCSATHEHHS BHCOKOI BiIMOBOCTIHKOCTI 63
3pPOCTaHHS CTYMEHS MOPIBHSHO 13 HE-BIIMOBOCTIMKOIO cuctemoro. KpiM Toro, BiH €
JAETEPMIHICTUYHUM 1 3aMICTh TMOBHICTIO PEKOH(IrypoBaHOI Mepexi Mependayae Juiie
YaCTKOBY peKoH(IrypoBaHicTh. B Toi1 Jke yac KiFo40BUMHU HOTO HETOMIKAMH € 0OMEXEHICTh
B YHCII BIIMOB, II0 MOXYTh OyTH YCYHEHI, 1 HaJJIMIIKOBICTH IO KOMyTaTopam, siKi 1
3a0e3Me4yI0Th BUIIE3TaJaHy HE3MIHHICTb CTYIICHS.

Takum 9MHOM, TOEMHYIOYM TEXHIKA 00XOMy Ta 3aMill[eHHS BIIMOB MOYKHA JTOCSATTH
JOCUTh BUCOKHMX IOKAa3HUKIB MEPEXKEBOI BIAMOBOCTIMKOCTI. BTiM, y3arajabHIOHOYM JaHl
10710 MEPEKEBOT HAJIJIMIITKOBOCTI, BAPTO 3a3HAYUTH TOU (PaKT, 11O 11 KIIFOYOBUM €JIEMEHTOM
€ TONOJOT 151 Mepexi. Big Hel 3anexars 1 aJIropuTMHU 00X0AY BIAMOB 1 10CTYITHI MOXKJIUBOCTI
1010 iX 3amimeHHs. YacTKOBO 11€ CTOCY€ThCS HABITh TOIOJIOTTYHO -HE3AICKHUX METO/IIB.
Tak, amanTBHA MapUIpyTH3AIlisl OMMUPAETHCSA HA aJFTEPHATHBHI MapIIPyTH, YUCIO SKUX
3aJIOKATH BiJ rpady CUCTeMH. AHAJOTIYHO, METOAM CAMOBITHOBIICHHS, K1 3arajoM He
nepeaoavaroTh MMPYB’I3KU 10 KOHKPETHO1 CTPYKTYPHOI OpraHi3aiiii, oB’s3aHl 13 Hero uepes
HaKJIQTHI BUTPATH, 10 O0e3IM0CEPEeTHBO 3aJIeKaTh BiJ BUX1THOTO Tpady.

OkpemMuM acneKkToM MEpEeXeBOi BIIMOBOCTIMKOCTI € 3aXMCT BiJI BI3aHTIMCHKUX

MOMWIOK, onucaHuii aropamu poOit [41, 80, 102], KOpOTKHIl OIS IKUX TMPUBEICHO B

Honarky /1.3.
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1.3.4. Bucokopienesi memoou 3a0e3neueHns 6ioMoeoCcmillkocmi

[Tin BUCOKOPIBHEBUMH METOAAMHU TYT PO3YMITUMEMO TaKi, 110 HE MAaCKYIOTh BiJIMOBY,
a HaMararoTbCsl BUPIIUTH NpoOJeMy IHIIMMU CHOCOOaMHU: BIIHOBUTH POOOYUN CTaH
CUCTEMHM, 3aXHCTUTH CEPBICH / OOUYMCIICHHS / MaHl BiJl MOTEHIIMNHOI BIIMOBH, sIKa 1€ HE
BiJ10y/1ack, a00 3pOOUTH caM aJITOPUTM CTIMKHUM /10 TIOMUJIOK Ta BIAMOB.

BigHoBJ1eHHS micId BiAMOBH

Cxy1aIHO MEPEOIIHUTH BKIMBICTh HAUIMIITKOBOCTI B KOHTEKCTI BIIMOBOCTIMKOCTI,
npore edekTuBHa OOpoThOa 3 BiIMOBaMH Mependadac HE JMINe iX MacKyBaHHS 3a
JOTIOMOTOIO PE3EPBHUX €JIEMEHTIB, ajie 1 BUMPaBJICHHS cuTyallii. JloBeneHum GakToM € Te,
10 MOXJIMBICTh PEMOHTY CKJIAaJIOBUX YacTUH TICIs BIIMOB CYyTT€BO, — Ha JEKUIbKa
MOPSJIKIB, — MOJOBXKY€ HAITPAI[IOBAaHHS HA BIIMOBY CUCTEMH SK Takoi [92]. TakuMm 4nHOM,
B1JIHOBJICHHSI TICJIA BIIMOBU MOXKE OyTH HE MEHIII BaXKJIMBUM, HIXK ii 3aMIIIIEHHS.

Ha »anb, npoOiema anaparHOro BiITHOBJIEHHS € TOCUTh CKJIAJHOIO 1, SIK MPaBUJIO,
notrpedye Brpy4yaHHs JronuHd. 11010 caMOBITHOBIIIOIOUHMX aJITOPUTMIB, TO BOHU 1CHYIOTH,
NpoTe 3a3BUYail € CEKPEeTOM BHUPOOHUKA 1 HE € JOCTyIMHUMHU IIUPOKOMY 3araiy. BTim,
JOCTYIIHUM € YacTKOBE BUPILIECHHS MPOOJEMHU Yepe3 BUKOPHUCTAHHS MOIbOBUX 3MIHHHX
omoxkiB (field replaceable units) [130—132]. Imes Takux OJOKIB IMONATAE y HASBHOCTI
BOY/IOBaHMX TECTIB, IO JO3BOJISIIOTH IMIBUAKO BUSBUTH HECIPaBHICTh, 3aMacKyBaTd i
MOBIAOMUTH TPO Hei 0OCIyroByrouuid mepcoHai. TakuM YUHOM, BIIMOBa OIEPATUBHO
11eHTU(IKY€E€THCS, @ HECTIPABHUI OJIOK — BPYUHY 3aMiHS€THCSI TOUHO TAKUM K€ PE3EPBHUM.

[HmuM BapiaHTOM poOOTH 3 MOMWJIKAMHU € iX 00poOKa Ha MPOTpaMHOMY PIBHI
3arajioM TyT MOXKHa BUJUIMTU JI€KUIbKa OCHOBHUX METOJIB: 1€ MpPSME BIJIHOBIJICHHS
(forward recovery) [133-135], Biakar (rollback) [136-138] Ta cemanTHKH
BimMoBocTiiikocti [139, 140].

Ines mpsiMOTO BIIHOBIICHHS MOJATAE Y MOXKIIMBOCTI BUIPABUTU MOMUIIKY, 11O BXKE
crajacs, 6e3 MOBTOPHUX 0OYHMCIIEHB Ta MTOBEPHEHHS /10 TOTIEPEIHBOTO cTany. J{anuit meTon
€ aKTyaJIbHUM, KOJIM IP1IOPUTETOM € HeTraiiHe BITHOBJICHHS pOOOTH — HAITPUKJIa I, B CUCTEMAaXx
peanbHOro yacy. BTiM JaHuil MeToa € CKIaJHUM Yy peajii3alli, a TakoX HEe Ja€ rapaHTiid

BIJTHOBJICHHSI ()Y HKLIIOHYBaHHSI CUCTEMHU.
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Takum 9uHOM, B CHCTEMax, /¢ 4ac BITHOBIICHHS HE € KPUTUIHUM, 3aCTOCOBY €ThCSI
IHIIUKA METON, LI0 HOCUTh Ha3BY 3BOPOTHOTO BIAHOBIIEHHA a0o Biakary. Posaiisrors
B1JIHOBJICHHSI HA OCHOBI *ypHaJIy Ta Ha OCHOBI KOHTPOJIbHUX TOUOK [ 14]. B cBotO uepry,
BUJIUISIFOTh BEJIUKY KUTBKICTh MIAXOAIB 10 CTBOPEHHS KOHTPOJIbHUX TOUOK: CKOOPAMHOBAHI
Ta HECKOOPAMHOBAHI, OJIOKYI0U1 Ta HEOJIOKY041, HA PIBHI CUCTEMH, Ha PiBHI KOPUCTyBaua
Ta Ha pP1BHI JI0JATKIB, IEpapX14H1 KOHTPOJIbHI TOYKH, KOHTPOJIbHI TOUKH B I1aM’sTi, TOIIO [ 16,
83, 141]. Januii mMeToa € 3HAYHO JACHICBIIMM 1 MPOCTIIIMM B peali3alii HDK MpsMme
BITHOBJICHHSI, IPOTE BiH HE 3aXHIIA€ B/l MOMUJIOK MTPOEKTYBaHHS , sSIKI MOXKYTh BIITIpaBUTH
CHCTEMY Y HECKIHYEHHHUH IIUKJI «ITOMUJIKA-BITHOBJICHH». TakoXK ICHYIOTb CUTYallli, KOJIH
3BOPOTHE BiJHOBJICHHS CTaHy HEMOXUIMBO . TaKiM YUHOM, BUKOPHUCTOBYBAaHHUM € TTO€THAHHS
PI3HUX METOMAIB IPSIMOTO Ta 3BOPOTHOTO BITHOBJICHHS.

CeMaHTUKH BIIMOBOCTIMKOCTI, B CBOIO YEPTY, 03BOJISIOTh BA3HAYUTH PEAKIIIO HA
TOM YM IHIITUNA OY1KYyBaHUI HECIIPABHUM cTaH. TakMMH CTaHAMU MOXXYTh Oy TH, HAIPUKIIA/,
MOBHA BiMOBa By3Jla, BTpara IMOBIJIOMJICHHS, MOIIKOMXKEHHS AaHuUX Ta 1H. Cucrema,
BUSIBIISIFOUM TIPOOJIEeMy, 37aTHA BipearyBaTh BU3HAYEHUM YMHOM 1 BUKOPHUCTATH METOIH
BIIHOBJICHHSI, 11O SIKHAMKpaIe MIX0ATh KOHKPETHIM cuTyarii. BTiM HemomkoM 1boro
MIIXOAy € HOTo mpUB’sA3Ka 10 34aTHOCTI PO3POOHUKIB MPOTHO3yBaru mpooiemy. [lpu
BUHUKHEHHI HECHPAaBHOCTI, 1m0 He Oyna 3a3manerinp nepeadadeHa y BiIMOBITHIM
CEMaHTHIIl, CUCTEMa HE 3MO)Ke KOPEKTHO BITHOBUTH CBO€ (DYHKITIOHYBaHHS.

Ilepen0ayeHHss TAa YHMKHEHHS BiIMOB

OCHOBHMMH MeTOJAaMU TNiepea0aueHHs] MOMWIOK, [0 II€ He BIAOynUcs, €
cratuctTuuHuil Metoy [142—144], meron kopensii [145—147] Ta BUKOpUCTAHHS METO/IIB
MaIllMHHOTO HaB4YaHH: [148].

CratucTUYHUN METOJ BHKOPHCTOBYE JATYMKA Ta MOHITOPWHT JUIA BUSBJICHHS
aHOMAaJIbHUX CTaHIB, sIK1 I1JBHUINYIOTh IMOBIPHICTh BIIMOBH TOTO YH 1HIIIOTO KOMITOHEHTY.
Kopensiiiinnii — BUKOPHUCTOBY€ Ky pPHAJI 111 300py JaHUX 1 MPUITYCKAE, 0 B 3aJICKHOCTI
B1JI THITY HECIPABHOCTI Ta pO3TallyBaHHS By3Jja ICHYE KOPEJSIlisA MK MOAIIMH BUXOY 13
Jany.

BukopucTanHs MallTiHHOTO HABYaHHS 711 BUSIBJICHHSI BIIMOB MO €EIHY € 1HHOPMALIIFO

MOTEpEIHIX METOAIB 1 epeadavae BUKOPUCTAHHSI TAKUX THCTPYMEHTIB SIK Kjiactepu3aris k-
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cepenHix [149], mamuau onopHux BektopiB [150, 151], morictuuHa perpecis Ta aepepa
pimrens [152]. Kpim Toro, B myOmikarisix po3misiAa€ThCsi BUKOPUCTAHHS HEHPOHHUX MEPEX
3 TOBrO10 KOPOTKOCTPOKOBOIO am’sITTio (LSTM) [153] Ta mtyunoro inTenexkty AIOps [83].

MoxHBICTE TPOTHO3YBaHHS Ja€ 3MOTY BijpearyBaTH Ha BiJIMOBY, IO 1€ He
BiI0y/nach, 1 TUM CaMHUM CKOPOTUTH IIKOAY BiA HEl 10 MiHIMyMy. BTiM 3arajibHOIO
npoOJeMOI0 BCIX METOAIB MPOTHO3YBaHHS € iX HETOYHICTb, /10 TOTO Y, CTBOPEHHS
e(heKTUBHOI cucTeMH Tiepea0adeHHsI € HEITPOCTOO 3a/1a4el0 KOJIM MOBA HJ1e PO MacIITadbu
CyJacHHX cyrepkomi roTepis [154, 155].

OCHOBHMM METOIOM peakilii Ha BIAMOBY € wmirpaiiis manux [85]. Po3pizHsrorh
HIBUAKY MIrparlito, Mirpaiito 3 nornepeaHiM KOMIOBaHHSIM Ta IMOCTKOIIOBAHHIM, CTATUYHY
(3 ouucTKOI0) Ta AUHAMIYHY (3kUBY) Mirpauito [ 14, 156]. Takox BUAUIAIOTH MITpaLilO Ha
pIBHI TPOLIECIB Ta Ha PIBHI BIPTyaJdbHUX MAalIWH. [0JOBHUM HEAOMIKOM MIrpamii € ii
3aJIeKHICTh BIJ] MPAaBUIBHOCTI NepeadavyeHHsl BIIIMOBH, a OTXKE, MPHU 1i BUKOPUCTaAHHI
HEOOX1THUMH € JT0AATKOB1 METOIX BIIMOBOCTIMKOCTI.

BinMoBocTiliKicTh HA PiBHI AJITOPUTMIB

Inest anropuTMiuHO-0a30BaHOI BimMOBOCTIMKOCTI (algorithm-based fault tolerance,
ABFT) momsarae B TOoMy, IO A8 JCAKHX aJTOPUTMIB ICHYE B3a€EMO3B’SI30K MDK
pe3ylpraraMy BUKOHAaHHS Ta KOHTPOJBHUMHU cyMamu. lLle mo3Bomsie peanizyBaru
BIIMOBOCTIHKICTh 3 MiHIMaJIbHUMH BUTpATaMH Ha PiBHI caMoi 3a1a4i 1 THM CaMUM TTO10JIaT!
BIJIMOBY IOTIPY HEJIOJIIKU MONIEPEIHIX METOIIB.

Pozninsitote odaiin Ta onnaitH migxoau ABFT. Ilepmuii monsirae B mepeBipin
KOHTPOJILHUX CYM IIICIISl TIOBHOTO 3aBEPIIECHHS O0YHCIIEHb, 1[0 CTBOPIOE CKIAIHOIIII, KOIH
KUTbKICTh TIOMUJIOK TIEPEBUILYE MOMXJIMBOCTI KOPUTYyIOUMX KOAIB. OHIalH miaxig
nependayvac mepeBipKy B MPOIIeCi 0OUUCIICHHS, MPOTE HOTO HEAOIKOM € BUCOKA CKIIQTHICTh
PO3POOKH TaKMX aJITOPUTMIB.

I'onoBHoOTO 1 KIMOYOBOTO TTPOOIEMO0 ABFT ik MeTony BIIMOBOCTIMKOCTI € TOM (hakKT,
[0 ICHy€ OOMEKEHE YHCIIO aJITOPUTMIB, SIKI MOXKYTh OyTH BHKOHAHI 3 BHKOPHUCTAHHAM

AaHOIo MCTOOY.
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1.3.5. Ananiz icnyrouux memooié nioUU{eHHA 8I0MO60CMIIKOCHLI

Po3risnaroum 3a3HavueHi METOAM, BapTO 3a3HAYMTU NeBHI iX Hemomiku. [lo-mepire,
AKII0 MOBA M€ PO METO/IU, OPIEHTOBAH1 Ha anaparHe 3ade3neueHHs, Takl sk TMR/NMR,
BapTO PO3YMITH, IO SK MPABWIO TPH PO3POOI CyNEepKOMIT FOTEPIB BUKOPHUCTOBY ETHCS
CTaHJapTHA eleMeHTHa 0a3a. TakuM YMHOM, 3a0€31eUEHHS TAKOTO POy BIIMOBOCTIHKOCTI
notrpelye po3p0oOKH BIACHOT €lIEMEHTHOT 0a3H 1 OB SA3aHO 13 BIANOBIIHUMU CKJIaHOIIaMH
Ta BUTPaTamH.

[HITMMY € METOTM CHCTEMHOTO PIBHS, TaKi SK BITHOBJICHHS, TIepe10avYeHHs B1JTMOB Ta
mirpartisi, a Tako)k ABFT. KoxkeH 13 HUX € MOTyXKHIUM, 0OCOOJIMBO B MO€HAHHI 13 1HITUMH,
npoTe 1 TyT € psia BaxauBux HenomikiB. Hanpukian, ABFT € omauM 13 Haiikpanimx MeTo1iB
B KOHTEKCTI CHIBBIIHOIIEHHS €()eKTUBHOCTI Ta HakJIaaHuX BuTpar [16, 80, 83]. B Toii xe
4ac 1010 OOMEXEHHSM € ITPUB’A3Ka 10 KOHKPETHUX ATOPUTMIB. 3 1HIIIOT CTOPOHU, MITpaliis
JaHUX J03BOJISIE€ HIBEITIOBATH HETaTUBHUH BIUIMB BIJIMOBH Ha CHCTEMY — IIPOTE IIEeH METOT €
HETOYHUM. BiIHOBJIEHHS, B CBOIO YEPTY, € HEOOX1THOIO CKJIaI0OBOIO BIIMOBOCTIMKOCTI, BTIM
TYyT TeX € cBoi mpoOnemu. HaBith He Oepydu 10 yBaru BIACYTHICTh TapaHTId MO0
BIJIHOBJICHHSI CTaHy, IIell METOJ| HaIllpaBJICHUI Ha BHIIPABICHHS NOMUIOK, @ HE 6i0M06. B
CUTYyaIlli, KO By30J (PI3MUYHO HEIOCTYITHUA UYMW 3HAXOAWUTHCS B CTaHI Bi3aHTIACHKOI
MIOMMWJIKH, BITHOBJICHHSI MOKE CTaTH HEIIPOCTOIO 331a4CrO.

[IporpamHi MeTOM BIIMOBOCTIMKOCTI, Taki ik N-BepciifHe MporpamyBaHHS, TEX
MaloTh cBoi mpobOnemu. Komm muTaHHS CTOITH MPO BUKOPHUCTAHHS MAKCHUMYyMY
00YHNCITIOBaIbHUX MTOTY>KHOCTEH CHCTEMU JIJISl BUPINIEHHS MacITaOHOT MPUKIIQTHOT 3a/1a4i
(HayKOBI1 Ta JOCTIIHUIILKI TPOEKTH), po3podka napajenbHoro 113 nmorpedye cepiio3Hux
KaIliTAJIOBKJIAZICHh. TakuM YHHOM, pPE3EpBYBaHHS MPOTPAMHOTO PIBHS CTHKAETHCS 3
MPOOJIEMOIO CTPIMKOTO 30UTBIITEHHS BAPTOCTI.

Okpemo BapTo 3a3HAYUTH, 110 KOJICH 13 BUIIEPO3TVITHY TUX METOI1B HISIK HE BIUTHBAE
Ha KOMYHIKaIlIiHYy MEPEXy CHUCTEMH, BIIMOBA SKOi IPU3BEES A0 KOJANCy HE3aJIeKHO Bif
XapaKTePHUCTHK arapaTHUX, CHCTEMHUX Ta MPOTPAMHMX 3aC001B BIIMOBOCTIHKOCTI.

[Ilomo BiIMOBOCTIMKOCTI MeEpeXi, TO ICHYHOYl METOIHM, B OLIBIIOCTI CBOIH,
OTMPAIOTHCS Ha ii TomoJoriro. lle MeBHOI MipOI CTOCYEThCS HABITH TOTOJIOTIYHO-

HE3JICKHUX MIAXOAIB. SIKIO Ka3aTu Mpo MUTAHHS 00XOAY BIIMOB, TO SIK MPABWJIO Takl
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aJTOPUTMH € CKJIQIHIIIMMH HIK X HE-BIIIMOBOCTINKI aHAJIOTH, 110 TOTJIMOIIOE TIpOOIeMy
e(heKTUBHOCTI: 3aTpUMKa Ha MapLIPyTU3alLlilo MakeTa Oe3mocepeaHbo BXOIUTh B 4ac HOTo
nepeaadi. TakuM YMHOM, YUM CKJIQJIHIIIUNA aJITOPUTM — TUM TMOBUIbHIIIE MapIIpyTH3AIl,
TUM MEHUIIOIO € MPOAYKTUBHICTh CUCTEMH. 3 IHIIOTO OOKY, MMTAHHS 3aMilll€HHS B1JIMOB
TaKOX HE € TPOCTHM, aJ)K€ pe3epBYBaHHS KOXKHOTO By3Jia € JOPOTUM, a Bi/THOBIICHHS Ha
OCHOBI pebep moTpedye peKoH(IrypoBaHOI MEpEkKi, IO HEMOXKJIWBO MPW HUHINIHINA
KUTBKOCTI BY3JIIB Y CYTIIEPKOMIT IOTEpax.

TakuM YWHOM, Bpa3JMBHUM MICIIEM KOMIT FOTEPHOI CHCTEMH € 11 KOMYHIKalliiiHa

Mepeka, a BIIMOBOCTIHKICTh MEPEKEBOTO PIBHS OMMMUPAETHCS HA TOTIOJIOTIIO IIET MEPEXKI.

1.4. Orusp pessikux MeroaiB migBuieHHs egexTuBHocTi KC

1.4.1. IIpuuunu nuzvkoi epekmusocmi napaneavnux KC

OCHOBOIO ~ BHCOKOI  NPOAYKTHMBHOCTI  Cy4YaCHHX  CYNEPKOMIT'IOTEpiB €
IIMpOKOMacIITabHe po3napase/toBaHHs, IKe JO3BOJISIE BUPIITYBATH 3a/1a41 3 HaJIBEJIMKOIO
PO3MIPHICTIO 32 IPUUHATHUM yac. TakuM 4YWHOM, MUTbHOHU s/Iep Aal0Th 3MOTY pO30UTH
BUXIHY 3a/1a4y Ha MUJTbHOHM YaCTHH 1 THM CaMUM JIOCSTTH MIPUCKOPEHHS, HEI0CSKHOTO
TSl 3BUYAHNUX MapaiebHUX CUCTeM. BTiM, BUKOpHUCTaHHS IMapasielbHOT 00pOOKH B SIKOCTI
«OCHOBW» MOPOJIXKYE MPOOIEMH, SIKi CyTTEBO MOTIIMOIIOIOTHCS, KOJIM MOBA i1 PO CUCTEMH
HAJBEJIMKOTO MacHITaly.

3aranom, B JTEpaTypi poO3MIANAIOTh Pl MPOOIeM, MOB’I3aHUX 13 HapalieNi3MOM.
Kopotko y3araapHUBIIHN iX, MOYKHA BUIIJIMTH HACTYITHI:

1. Ilpobnema oexomno3zuyii 3a0aui [157], sika nonsrae y po3AUICHHI 3a7a4l Ha
napajienabHi mia3anadi. 3 ogHOTo OOKYy, ICHy€e BepXHsS Mexa €(eKTUBHOCTI
po3mapa’jefoBaHHs, MPOIUKTOBaHA 3akOHOM Awmpana. 3 iHIIOTO OOKYy,
MaKkCHUMallbHE pO3MapaseioBaHHs HE 3aBKIU € ONTUMAILHUM 3 MPAKTUYHOI
Touk# 30py. llle omHuM acnekToM € To#t (paKT, M0 7S JESKHX 3a/1a4 iICHy€E
OlNbIIE OJHOTO AJTOPUTMY BHPIIMICHHS, TOX, BapilOBaHHS aJITOPUTMOM B
CTOpPOHY BapiaHTy 3 KpaIluMH IMapajieibHIMHU XapaKTEPUCTUKAMU TAKOXK MOXKE

PO3IIISLAATUCH K MOYKJIMBHI MiAX1]1 1O BUPILIEHHS MPOOIEMHU.
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2. Ilpobnema 3anexcnocmi no oanum [158, 159], sska mow’s3aHa 3 TUM, IO
napanenbHl Mif3anadi, K OpaBUiIo, 3alieKaTh BiJ pe3y/bTaTiB BUKOHAHHS
IHIIMX mia3aaad. [le npu3BoauTh 10 HEO0OX1THOCTI Iepeaayl JaHUX BiJl TOTOKA-
JKEpena 0 MOTOKa-CIoKMBaya, a TaKoXK MOTPeOdr B CUHXPOHI3allii.

3. Ilpobnema baecamozaoaunocmi ma 6azamonpoyecopro2o sukonanus [160].
Jlana mpoOnema mojsrae B HAKJIAQAHUX BHUTpaTax, I[IOB’SI3aHUX 13
NepEMUKaHHIM KOHTEKCTY MK MapajebHIMH NPOIeCaMH B paMKax OHOTO
00YHMCITIOBATIHbHOTO MOJYJIS. 3arajioM, Cy4acHi MpOIECOPH, SK TMPaBHIIO,
BUPIIIYIOTh IO MpoOieMy uepe3 CKOPOUYEHHS KOHTEKCTY, IO J103BOJIIE
BUKOHYBATH MEPEMUKAHHS IOCUTH IIBUJIKO.

4. Ilpobnema naamyeanns [161], nop’a3aHa 13 PO3NOAUICHHAM MapajeiabHUX
mija3agad MK OOYUCTIOBAJIBHUMU MOAYJSIMH CUCTEMHU Y BIAMOBITHOCTI 13
4yeproto npioputery. Bapro 3a3HaunTy, 1110 Ha 1IeW MPOLIEC CYTTEBO BILUIMBAE
pPO3MIp Ta CKIAAHICTh CHUCTEMH, OCKIJIbKM MUIBMOHHM Ta JECATKU MUIbHOHIB
napajieabHUX MOTOKIB MalOTh OyTH PO3MOAUIEHI MK MUTbioOHamu sijep. Lle
MOPOJIXKY€E MOXITHY MPOONIEMY Oa1aHCY8AHHS HABAHMANHCEHHSL, TIO TIONATAE Y
TOMY, IO JJI BEJIUKOi CHCTEMH JOCHTHh CKIAJTHO 3a0€3TCUUTH PIBHOMIPHE
HaBaHTAKEHHS Ha By3JM Ta sapa. SIK HacHiOK, BUHUKAIOTh TaKl sIBUIIA SIK
pOCTOT, YepTH, KOH(PIIKTH TOCTYIY 0 PI3HOMaHITHUX PECYPCIB Ta MEPEXKI.

5. Ilpobnema midxicnpoyecopnoi komyHikayii [162], sika nondrae B CKJIaJHOIIAX
IIpU NapaJielibHii epeaadl 1aHuX 0 MEPEXKI1, TAKUX SIK KOH(DIIIKTH MepeCUIIKH,
0OMEXEeHHsI MPOIYCKHOI 3[aTHOCTI, moTpeda B 00X0o/1 BiAMOB, mpobiema
BIJICTaH1 MK JKEPEJIOM Ta IpuiiMaueM, TOIIIO.

OnHUM 13 pillIeHb, 1[0 AKTUBHO BUKOPHUCTOBYIOTHCS B Cy4aCHUX CUCTEMAX, € T10pU/IHI
o6uucneHHs. Ix cyTs nomsrae B 06’ eqaanai CPU, GPU, FPGA Ta iHmux ¢yHKIIiOHAIBHIX
MOAYJiB B paMkax omHiei cuctemu [72]. OcoOauBOI0O TOMYJSPHICTIO Y PO3POOHUKIB
KOPHUCTYIOThCA Tpadiuai MPHUCKOPIOBadl, OCKUTLKM BOHH 3a0€3I€UyIOTh BHCOKY ITIKOBY
NPOAYKTUBHICTb NPU LIHI, HWXKY1M HIK y kiactepiB CPU [163]. Takox nepcrneKTuBHUM
HaMpsSIMOM BBaXKaeThcsi BUKopucTaHHS FPGA, 1m0 103BONSIOTH 3aBASKM CHeLiasi3arii

00YHCIIEHb JOCATI'TH BHUCOKO1 HpOI[YKTI/IBHOCTi Ha KOHKPCTHUX 3aJladax. Xo4ya B KOHTEKCTI
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IIBUIKOCTI 00YHCIIEHb Ta POOOTH 3 TIaM’SITTIO PEKOH(IrypOBaHi MPUCTPOT MOCTYMAIOTHCSA
rpadiyHUM MpoIlecopam, BTIM iX eHeproe(eKTUBHICTh 3arajoM 3HaXOAUTHCS Ha TOMY K
pieHi [164]. [Ipote, Ha BigMiny Bif riOpugnocti CPU-GPU, nanuii miaxin Bce 1e Mae
3HauHy KUIbKICTh npobiem [165].

B xontekcTi npoOneMu eheKTUBHOCTI TOpUAMN3allis € TapHUM PILIEHHSIM, 0COOJIMBO
KOJIM MOBa #/ie PO MaTPUYHI/ TEH30PHI OOYKCIICHHS Ta CHeIliali30BaHl aJrTOpUTMH. BTim,
npoOIeMOI0 € YCKJIQIHCHHS IUIAaHYBaHHS, TMOB’sI3aHE 3 TOEIHAHHIM PI3HUX MOJeINeh
oOuncneHds. Buaukae HEOOX1THICTh PO3PIZHATH Pi3HI THUIK 33jad, 10 MPU3BOAUTH JIO
YCKJIaIHEHHSI TIPUKIaaHOI mporpamu. lle po3pi3HeHHs BigoOpakaeThCsl Ha CHCTEMI, 1
notpedye BIAMOBITHOTO YCKIIaIHEHHSI TUIaHy BaJbHHUKA, a TAKOXK IMIUIEMEHTAIlil anapaTHUX
MeXaHI3MIB MBHAKOI mepenadi ganux Mk CPU Ta nogaTkoBUMU MOIyIAMU. Takox
CTPYKTYypa3ajadl He TapaHTy € HAsIBHOCTI MOTPIOHO1T KUIBKOCTI BIJIMTOBIIHUX OOYUCIIECHD JIIs
GPU taFPGA. TakuMm 4MHOM, T1OpUIHICTh MOKE HE JIMIIE HE MABUITYBaTH € QEKTUBHICTD,
a ¥ HaBMaKH, MOPOXKYBAaTU MPOCTOT UM BY3bK1 MICIIS.

Oxpemo BapTo 3a3HAYMUTH, 110 cynepkomIT roTep Fugaku, 110 € omHUM 3 HallKpanmx
3a peajabHOI0 MPOAYKTUBHICTIO HA ChOTOTHIMIHIN yac, He BukopuctoBye Hi GPU, H1 FPGA.

1.4.2. O2n20 KC na ocnosi K6anmoeozo napanenizmy

Sk Oyno 3ragaHo BUILE, OCHOBHOIO NMPUYMHOIO HU3BKO1 €(EKTUBHOCTI CYyYacHHX
cucTeM € mpoOieMu mapaseni3my, OlbIlla YacTUHA SKMX MalOTh HernepeOOpHUl XxapakTep.
Takum 4MHOM, €TMHUI CIOCIO MOBHICTIO 1X MO0JIATH — 1€ BIJIMOBUTHUCH B1J1 Mapayesi3My B
KJIACHYHOMY PO3YMIHHI 1 IEPEUTH 0 TaKO1 MOAEI OOUYHUCIIEHb, KA 3 OAHOTO OOKY J1acTh
MOYKJIMBICTh BUKOHYBAaTH IIBUAKY OOpPOOKY HaJBENMKUX JIaHUX, a 3 1HIIOI — JO3BOJIUATH
paAuKaIbHO 3MEHIITUTH YHUCIIO €JIEMEHTIB, K1 MPAIIOI0Th MapajeabHo.

TakuM pilIEHHAM € KBaHTOBI OOYHMCIEHHS. I1X ifes TONSArae y BHKOPHCTaHHI
KBAaHTOBUX OO0’€KTIB B SAKOCTI HOCIiB iH(popmari. Ile mgo3Bomse mparoBath HE Hal
OKpPEMUMHU JJaHUMH, a HaJT BCIM MPOCTOPOM 3HAYCHb. TaKUM UMHOM, 3’ SIBJII€THCS TaK 3BAHUI
KBaHTOBHUH mapajiemsMm. [Ipore BapTo 3a3HAYMTH, IO TaKi OOYHMCICHHS MalOTh CTPOIO
IMOBIPHICHUI XapakxTep.

Ha ocHoBi po6iT [166—190] Oysi0 BUKOHAHO OTJISJT Cy4aCHUX CUCTEM Ta €JIEMEHTIB

JJI KBAHTOBHUX O6‘—II/ICJ'IGHL, BKJIFOUAIOYH TaK1 KJIacH SIK yHiBepcaJ'IbHi KBaHTOBI KOMH’IOTepI/I,
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MaJli KBaHTOBI IIPUCTPOI Ta CIIeIiani30BaHl KBAaHTOBI 00YHCIIOBavl. BuaineHo ix Kimo4oBi
npo6nemu. Lleit o mpuBeneHo B Jlogarky J1.4.

VY3aranpHIOIOUH Pe3yabTaTH IIbOTO OTJISAY, MOKHA BHJIUIUTH HACTYIHE. 3 OJHOTO
00Ky, ICHy€ BEJIMKHUI TMOTEHI1a]l BUKOPUCTAHHS (CIEI1alli30BaHNX ) KBAHTOBUX CUCTEM SIK
NPUCKOPIOBAYIB B paMKax MapagurMu TiOpUAHUX OOYHUCICHb, IO JO3BOJIUTH CYTTEBO
MIIBUIIUTH €(PEKTUBHICT, B paMKaX OOMEXKEHOIO CHEKTPY 3ajaad. 3 1HIIOTOo OOKY, paHo
Ka3aTH TpO Te, IO KBAHTOBUU Mapayieli3M MOXKE 3aMIHATH KIACH4YHI TapalienbHi
oOuncneHdas. HasBHICTh TEXHIYHUX 0OMEKEHb, BUCOKA BapTICTh, CKJIQTHICTh MPAKTHIHOTO
3aCTOCYBaHHS — Il MPOOJEMH CYTTEBO OOMEXKYIOTh pealibHe BUKOPHCTAHHS KBAHTOBHX
CHCTEM.

1.4.3. O2na0 KC, AKi Kkepylomsca nomoKom 0QGHUX

[ToreHuiiHUM pimieHHSIM TpoOneMu €(EeKTUBOCTI NapaselbHUX KOMIT IOTEPHHX
CUCTEM € apXITEKTYypa, 1110 KePY€EThCs MOTOKOM JaHux (dataflow), 3aBnsiku CBOi# 31aTHOCTI
JVHAMIYHO KEepyBaTH MapaJieIbHUMHU OOYHMCIEHHSIMU 03 HEOOXIJHOCTI 3aCTOCYBaHHS
JI0/IaTKOBHX 1HCTPYMEHTIB CMHXPOHI3alLii MOTOKiB. Ii paHHi peamisauii mMamu Mmacy
HE/IOMIKIB, B TOM € Yac OCHOBHI 1i aCleKTH OyJIM IHTEpIPETOBaHI Ta IHTETPOBaHI B TaKHX
chepax sax mporpamyBanHs [191], omTumizarmis kommuratopiB [192], aBromarnune
posnapanemoBanss [193], Big Data [194], Tomro.

B sixocti ocnHoBu napagurmu dataflow MokHa BUIUTMTH HACTYTIHI aCTIEKTH:

1. IlpencraBneHHs mpoTrpaMu y BUIJISIAL, 1O Tepeadadae JTOMOBHEHHS OTepariii

(KoMaH[T) 1X 3aJIKHOCTSMH I10 JTAHUM.

2. Ilo3zaueproBe BUKOHAHHS (110 TOTOBHOCTI JTaHUX).

3. ABTOMaTu4HE MPU3HAYCHHS 33/1a4 0OYHCIIOBAIILHIUM pecypcam.

B cyuacHoMy CBITI icHy€ Gararo pilieHb, siki YaCTKOBO YU MOBHICTIO peaTi3y0Th JJaHy
MOJICITb 3 TIEBHUMU JOMTOBHEHHIMHU / MOIH(IKAIISIMU, BUKOPHUCTOBYIOUH ii OE3ITOCEPCIHBO
JUIs1 0OYMCIICHB. 3arajioM iX MOYKHA PO3JIUIMTH Ha HACTYITHI OCHOBHI KaTeropii:

1. ApXITeKTypHI pillIeHHs, 110 TependadarTh HAIBHICTh (DI3MYHOTO IPOIIECopa,

akuii MicTuTh B co01 emementn dataflow. IlpukimamamMu 1poro € cydacsi
cynepckalsipui npouecopu [195], Bektopni dataflow npomnecopu [196, 197],

riopuaHi cuctemu [198], Toio.
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2. OGuucmoBaIbHI MOJIENI, III0 MOXKYTh JIOITYCKaTH arnaparHy peati3aliio, IpoTe He
npuB’s3aHi A0 Hel. SIckpaBuM mpuKIagoM Mojeni, 3acHoBaHoi Ha dataflow, €
MoJ1iitHO-OpieHTOBaH1 oOuncIeHHs, — Hanpukiiaz, Codelet [199].

3. Posnoaineni dataflow cucremu [200], 1o 6a3yr0Thcsi Ha MpoTpaMHiil peaizarii
napagurmu dataflow 1 (ocUTh 4acTO) BUKOPUCTOBYIOTH 11 JUIsl 3a/1a4 00OpOoOKU
BEJIMKUX JAHUX Ta MAIIMHHOTO HaB4yaHHS [201].

Posrnsnaroun anapathi peadnizaiii, He MoxHa He BuauuTH RISC Ta cynepckasipHy
apXITEKTypy, MO (HaKTHIHO € MPSIMUMH HACTYIHUKaMH KjacudHOi mapagurmu dataflow
[202]. Ix ocHOBOIO € KOHBeepu3allis Ha 0OMexeHoMy Habopi komans [203], mo 3aranom
MaJo nepeTuHaeThes 13 koHienmiero dataflow, BriM B HUHINIHIN Yac iCHy€ TEHIEHIS 10
noenHanHa Habopy koMang RISC [204] ra cynepckansipHocTi [195] 3 acniekramu Kepy BaHHS
Ha OCHOBI1 IIOTOKY J1aHUX. Ba)JMBOIO OCOOIMBICTIO 1aHOT IHTErpaliii, SIKy BapTO BIAMITHTH,
€ TOM (haxT, 10 BU3HAYECHHS 3aJIEKHOCTI 110 JJAHUM B IIMX CUCTEMaXx Bii0yBa€ThCs allapaTHo,
— TO0OTO, MpOTrpaMa aBTOMAaTUYHO MEPETBOPIOETHCS IpouiecopoM 13 control-flow B dataflow.
BTim, HacmiakoM 1bOTO € CYTTEBE 3pOCTaHHS anapaTHoi ckiaaHocTi. KpiM Toro, 11e omHe
0OMEXEHHSI HAKJIaIa€ThbCI KOHBEEPOM KOMAaH] Ta MPOOJEMOI0 TIEPEXOIiB, 10 MOTpedye
OKpEMOi CXeMH-OpaKya JJjIs repeadoadeHas po3ranyxeds [205]1 B KIHIIEBOMY pe3yJIbTari
TaKOX 30UIbIIIY€ armapaTHi BUTPATH.

3 iHmoro OOKy, MporpaMHa peai3aiis IHUX AacHeKTiB Iependadae CHpOIEHHS
araparypu, npore ii mpo0ieMoro € Toi (axT, 110 anapaTHe MPUCKOPEHHS CUCTEMU 30epirae
OOMEXEHHS, TMOB’A3aHl 13 (PI3UUHOI apXiTekTyporo. lIpuyomy 1€ CTOCYeThCS SIK
NporpamMyBaHHS, TaK 1 aBTOMAaTHYHOTO PO3MapajieiIOBaHHS Ta KEPYBaHHS KOHBEEpamu
BUKOHAHHS.

Takoxx He MOKHA HE 3rajiaT 1 Mpo 1HImMN HanpsiMok — dataflow mpuctpoi Ha 6a3i
FPGA. 3araiom iCHye BEIMKHN CIEKTP TaKOTO POAYy IMPHUCTPOIB, IO BKIOYAE B cebe
npucTpoi kommnanii Maxeler [206, 207], kpymHO3epHHCTI pekoHIrypoBaHi MacuBh (Coarse
Grain Reconfigurable Architecture, CGRA)[208—210], cucromiuni macuBu [2 11 ]. Baxmmso
BIIMITUTH, 10 TAKOTO POy pillIeHHs MPUHIIMIIOBO BIIPI3HAIOTHCS Bil KiiacuuHoi dataflow
apXITEKTypH 1 nepeadadaroTh, O CyTl, CTBOPEHHS allapaTHOro 3a0€3MeUeHHs M1l KOXKHY

KOHKPETHY Iporpamy 4 3agauy. BianosigHo, mporpaMoro TyT € He Tpad 3aaaul, a Ko Ha
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MoBi porpamyBanHs cxemu (VHDL, Verilog, To1110), 1110 pekoHITYypye€e cXemy i1 4eproBy
3ajauy.

3 onHOTO OOKY, TAKUM MAX11 AIMCHO MOXE J1aTU NPUCKOPEHHS, aJ[’)K€ CUCTEMA CTa€e
171eaJIbHO BIJITOBITHOTO IO KOHKPETHOT 3a1a4l. Takok 3HUKAIOTh TPOOJIEMU IJIaHy BaHHS Ta
HaKJIaJH1 BUTPATH, OCKUIbKH BCIO POOOTY 110,10 0OPOOKH 3aJIeKHOCTEH 10 TaHUM Oepe Ha
cebe anmaparypa, 1110 BUKOHY€ 00YUCIICHHS. 3BICHO, 1€ IPU3BOIMUTH 10 BUHUKHEHHS 1HIIIOT
npoOIeMu: B KOXKEH MOMEHT 4acy MPUCTPIil MOXKe BUKOHYBATH JIMIIE OOMEKeHUN HaOip
3a1a4. Bukopucranas quHaMidHOT 4acTKOBO1 pekoHbiIrypaitii [ 2 12] Morke 3MEHIITUTH BILIUB
JAQHOTO HEAOJIKYy, MPOTE€ TaKWi MPHUCTPIM BCE OAHO BTpadaTHME MPOAYKTHBHICTH Yy
BUIA/IKaX, KOJM BHHUKAaTHUME MoTpeda y 3MiHI 3agadi. [HIIKMM acrekTtoM, 1o oOMexye
Bukopuctanis FPGA B cydacHHX CyNepKOMIT 10Tepax € IpoOiIeMU HETOCKOHAIOCTI CaMHX
FPGA y nopiBHsIHHI 3 IHIIMMH aJIFTEPHATUBHUMU pillIeHHAMH. MoBa Hae Mmpo HIDKJY
TaKTOBY YacCTOTY, MPOOJIEMHU 3 €HEProeHEKTUBHICTIO Ta 3aTPUMKHU POOOTH 3 MMaM ’ATTIO, SKI
pOONATH €PEeKTUBHICTh MOAIOHMX NPUCTPOIB AUCKYCIitHOIO [ 164, 165].

1.4.4. ITiosuwenns eghekmuenocmi Ha 0CHOGI HAMXHEHHUX RPUPOOOIO 00UUCIEHD

Icnye criekTp 3amad, 11 AKUX 1€ajJbHUM PIIIEHHSM € BUKOPUCTAHHSA KBAHTOBOIO
aJrOpUTMY, IPOTE CyUYacCH1 KBAHTOB1 KOMIT FOTEPU MarOTh CYTTEBI 0OMEXeHHs. B To ke uac
0OYMCTICHHSI HA OCHOBI MOTOKY JJAHUX B PI3HUX iX Bapiallisix J103BOJSIOTH AaBTOMATHU3YBaTh
KEepyBaHHS Tapajielli3MOM — TMPOTE€ BOHU HE3AaTHI NOAONaTH (PyHIaMEHTaJILHOTO
O0OMEXKEHHSI, SIKE JISKUTh B OCHOBI MpoOneMaThku. TakuM 4MHOM, SIKILIO 3MiHA arnapaTHOi
OCHOBHM HE MOXK€ BUPIIIUTH MPOOIEeMy, aJbTepHATUBOIO CTA€ 3MIHA METOJY BHPIIIECHHS
3ajaul.

OmHUM 13 TAXOIB € BUKOPUCTAHHS HATXHEHHUX MTPHUPOI0I0 OOYHCIICHB, 10 MAFOTh
HIMPOKY cepy 3acTOCyBaHHS, 1 B TOW K€ 4ac MarOTh BHUCOKY CTYIiHb BHYTPILIHBOIO
napasnenizmy. Jlo HUX BIZHOCITHCS TeHETUUH1 anropuT™u (I’A), a TakoK IITYYHUN THTETIEKT
(IIII). B poborax [172, 213—222] onucano 3aCTOCYBaHHS JaHUX METOJIB JJIsl PIIlICHHS
KJIACUYHUX 3a]a4, 110 JO03BOJISAE PO3LIMPUTU HapajielbHl MOXIMBOCTI 3amadi. [HImmM

migxoaoM € BukopuctanHs [A Tta Il nns pimeHHs 3amay posmnapajestoBaHHS Ta
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TUTaHyBaHHs, 110 OyJI0 PO3IIISIHYTO aBTopamu mpanp [223—-230] deTansHIIMN OIS ITUX
po6iT npuBeneno y Honarky J1.5.

1.4.5. Ananiz pozenanymux memooie nioguuienns epexkmuenocmi KC

[Iepi HIK MIAOMBATH MiICYMOK pO3IISIHY THM METOIaM, BApTO 3a3HAUUTH, 1110 METOIH
MBUIICHHS €()EKTUBHOCTI HE 0OMEXYIOThCS OTMCAHKUM TepeTikoM. Po3nisnaroThes pi3Hi
M1AXO/H, 110 BKJIIOYAIOTh B ce0e 1 MPUHLMIIOBO HOBY €JIEMEHTHY 0a3y, 1 MPUHILIUIIOBO HOBI
METOJIM B3a€MO/IIi, 1 Oararo HmMUX peder. Jleski 13 HUX € TOCUTh MEePCIeKTUBHUMH, 1HIII
MTOKHM 110 OJFDKYE 10 HAyKOBO1 (haHTACTUKH, ajie 3arajioM iX MO)KHa pO30WTH Ha HACTYITHI
KaTeropii:

1. Anapammi, wo nepedbauaromo Ho8y enemenmny 6aszy. CIonu MOXHa BITHECTH
KBaHTOBI, onTtuuHi [231], HeillpoHHl komm’rotepu [232], ximiuni [233] Ta
reHeTuuHi [234] npuctpoi aJia 30epiraHHs JaHuX.

2. AnapamHi, Wo 6UKOPUCMOBYIOMb ice ICHYIoUY enemenmuy 6a3y. Cronu MOXKHA
BIIHECTH OUTBIIICTh METO/IB, 11O BKE BUKOPHUCTOBYIOTHCS: T1OpHIHI 0O0UHCIICHHS
Ha ocHoBl GPU Tta FPGA, pi3HOMaHITHI napasienbHi (MIKpO)apXiTeKTypH, SIK1 €
PO3BUTKOM TaKUX KIaCHYHUX pimieHb gk dataflow (cymepckansipHa apXiTEeKTypa),
VLIW (apxitektypa EPIC), NUMA (mikpoapxitektypa AMD Zen) Ta iH.

3. Mepeoicesi piwienns, MO HANpaBJeHI HA MPUCKOPEHHS MEPECUIIKY, MIHIMI3aIliio
MDKBY3JIOBUX BIJICTaHEH Ta MaKCHMi3alli0 MPOITYCKHOI 31aTHOCTI.

4. Ilpoepammi piwenns, O BKIIOYAIOTH B C€0€ P13HOMAaHITHI METO/IM aBTOMATH3aIl1
napajieiisMy Ta ONTHMI3alil IUIaHyBaHHS, a TAKOX OPIEHTOBaHI HA MapaJeni3Mm
o0UHnCITIOBaILHI MOJEITI.

AHaN3y04u MPUBEJEHI KaTeropii, BapTo BIAMITUTH, IO HOBA €JleMEHTHa 0a3a
nependadae morpedy B po3poOIlll MUJIOTO CHEKTPY HOBOTO CHCTEMHOTO Ha IPOTPaMHOIO
3a0e3IMeueHHs, CKJIQIHO1 IHTEerpallli HOBUX Ta CTAPHUX CUCTEM, PO3POOKH HOBUX ITPOTOKOIIB
Ta 3ac001B B3aeMoIii. Bkpait 6aratoo0isg0anMu cepe/l HOBUX €JIEMEHTIB € KBAaHTOBI, BTIM
BOHHM MAalOTh KYyITy HEIOJIKIB, mo Oynao mokazaHo B maparpadi 1.3.2. Illomo iHmmx
HABEJICHUX PIIICHb, BOHM MOXYTh MPH TMEBHUX OOCTaBWHAX /1aBaTH TapHI MOKA3HUKHA

NPOAYKTUBHOCTI Ta €HEProe(PEeKTUBHOCTI, BTIM iX BIUIMB HAa €(EKTUBHICTb OOYHUCIICHb B
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KOMIT'IOTEPHUX CHUCTEMax [y>K€ JajlieKud BiJ TOTO, IO MPOMOHYETHCS KBAaHTOBHMHU
KOMIT FOTEPaMH.

Icnytoua enemeHTHa 0a3a Ha OCHOBI JAaBHO BIIOMHUX MapajiejbHUX apXITEKTyp, B
CBOIO UEPTY, aKTHBHO BUKOPHUCTOBYETHCS B Cy4aCHUX cUcTeMax. JlOCUTh 1iKaBUM PIlICHHSM
B KOHTEKCTI €(eKTUBHOCTI HapaienisMy € napagurma dataflow, BTiM 1i BUKOpUCTaHHS Ha
amapaTHOMY PIBHI Bel€ 110 3pOCTaHHS anapaTHOl CKJIAJHOCTI. 3arajioM jJaHa Kareropis
pIIIEHb BXKE 3aCTOCOBY€ThHCS B Cy4aCHUX CYTIEPKOMIT I0TE€pax, OTKe, IPUBEICHI paHillIe aaHi
TOP 500 Bxe BpaxoByIOTh OUTBITY 9acTUHY €(eKTy Bijx HUX. TOX iX MojasibIia iHTerparis
MOJKE JaTH JIeAKUi e(eKT, ajie He BUPIIIUTH MPOOJIeMy 3arajioM.

bararoo06iisitouuMu € TiAX0AU aBTOMAaTUYHOTO po3MnapaientoBantsi. Buaimutu Tyt
MOJKHA TPU Mail’ke pIBHOLIHHI «IHTEJIEKTYaJIbHI» METOJIM: IITYYHUN IHTENIEKT, €BOIOLIIHI
0OYMCIIEHHS Ta HEYITKY JIOTIKY, Ta BEJMKHUI CIEKTP KJIACUYHUX PILIEHbB, 110 BKIIIOUAE B ce0e
aHaJIi3 MOTOKIB JaHUX, aHaJi3 3aJeKHOCTEH, aHam3 IUKIIB, Toio [235, 236]. CyTTeBuM
0OMEXEHHSAM KOKHOTO 13 TIPUBEICHUX METOJIB € TE, 10 OTPHUMAHHS ONTHUMAJILHOTO (YU
xo4a 6 CyOONTHMAILHOTO) PE3yJIbTaTy HE TapaHTy€EThCS.

PimeHHsM, sike Ha ChOTOIHIIIHIN Yac ITUPOKO BUKOPUCTOBY €ThCS Ta PO3BUBAETHCS, €
IUIaHyBaHHS OOYHCIICHh B KOMIT IOTEPHUX CHUCTEMax, IPOTe iX e(eKT 3HAYHOI MIPOIo
3aJIKUTh Bl CTPYKTYpH CHCTEMH — Yy BHUIAAKY CYINEPKOMIT'IOTepa I CTPYKTypa

OTHCY€ETHCA KOMYHIKAIIITHOIO MEPEXeElO.

1.5. TomoJioriyHi pilieHHs Cy4YacCHUX BUCOKONPOAYKTUBHUX KC

PosrisnyTi B maparpadax 1.3 ta 1.4 pimeHHs 31a10ThCs TPUBAOIMBUMH Ha TIEPIITUA
MOTJISIT, IPOTE MArOTh PSJA CyTTEBUX HEHOJIKIB, TAKUX SK BPA3JIMBICTh KOMYHIKAIIHHOT
MEpeXl B KOHTEKCTI BIJIMOBOCTIMKOCTI Ta BIJICYTHICTh JI€BHX PIIIEHb B KOHTEKCTI
eexTuBHOCTI 00YHMCIIeHb. BTIM, TOUKOIO MEpeTHHY IMX JBOX IMPEAMETHUX OOJIAcTed €
KOMYHIKaIlliiHa Mepeka KOMIT IOTEPHOI CHCTEMH, B SIKOT 3aJIeKUTh 1 OOYHMCITIOBAJIbHA
¢(PeKTUBHICTD, 1 BaPTICTh, 1 CTIHKICTh CHCTEMH SIK IIIJIOTO O BIIMOB OKPEMHUX €IEMEHTIB.

XapakTepUCTUKU TaKOi MEpEeXkI1 3aJIekaTh BiJ 6ararbox PakTopiB, TAKUX K MEPEKEBI
MPOTOKOJIM, 0OJIaIHAHHS, TEXHOJIOT1 Mepeadl JaHux, Tono. BTiMm, 111 peul, ik npaBuio, €

CTaHJAPTHUMHM, TOX iX BIUIMB HA BIAMOBOCTIMKICTh Ta €(QEKTUBHICTb CUCTEMU €
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obMexeHnM. 3 1HIIOTO OOKy, Takuii (PaKTOp SK TOTOJOTISA KOMYHIKAIIHHOT Mepexi
KOMIT'IOTEPHOI CHCTEMH, HalpOTH, € BHU3HAYAJIbHUMHU I XapaKTEPUCTHK MEPExKi
HE3aJIKHO B1JI KOHKPETHOTO O0JIaHaHHs (Xo4ya OOJIaHAHHS Ta TEXHOJIOTIi HAKJIAaloTh
NeBHI OOMEKEHHSI Ta BAMOTHU JI0 MEPEKEBOI TOTIONOT1).

3agada moOyI0BU ONTUMAJILHOT TOIIOJIOT1T HE € HOBOIO, BTIM BiOMHUM (DaKTOM €
BIJICY THICTb 1J1€aJIbHOTO JIJIsl BCIX BUNIA/IKIB PIIIEHHS. AJIE MOKJIMBUMH € YaCTKOBI1 PILLICHH,
HampaBJieH Ha TMOKPAIICHHS OKPEMHUX XapaKTEPUCTHK YW JOCATHEHHS KOMIIPOMICY MDK
PI3HUMH TTapamMeTpaMi. 3a paXyHOK IIbOTO CHHTE3 HOBHUX TOTIOJIOT1H T03BOJISIE TTiIBUIITUTH
€(heKTUBHICTH Ta BIAMOBOCTIMKICTb KOMIT FOTEPHUX CHCTEM.

1.5.1. Tononoziuni xapakmepucmuxku ma Kpumepii egpexmuenocmi mononozii

OCHOBHMMH TOIOJIOTIYHUMH XapaKTEpUCTUKaMU Tpada € 4ucio By3JiB N, 4HCIO
pebep R, cryminb S (iHOZI Takoxk Mo3HauaeThes Ak A), niamerp D, cepenniit miamerp D,
TonojoriyHui Tpadik 7, JokajabHa 3B A3HICTh L Ta rio0anbHa 3B s3HICTh G.

B miteparypi, npucBsiueHi BIIMOBOCTIHKUM MepexkaMm, HalOUIbI aKTyalbHUMHU
XapaKkTEePUCTUKAMU BBAKAIOTHCS MYJIBTUTUTIKATUBHUM KpUTEPiH cTymieHs Ta giamerpy (SD),
KUl 6azyeThes Ha mpoonemi (A, D) [237] ta niameTrpoctabinbHicT DS [80], neTanpHimmmii
omnuc KX HaBeneHo B Jlomatky J1.6. B Toii e gac, 3amada e(pekTHBHOCTI BKITIOUa€e B cebe
MUTAHHS BIIMOBOCTIMKOCTI 1 MOB’sI3aHi 13 HUM MapaMmeTpu, MPOTe JI0JA€ CBO1 aKIEHTH, a
came:

e [Iponyckna 30amHicmu, O B KOHTEKCT1 TOMOJIOT1i BU3HAYAETHCS A1aMETPOM,
KPaTHICTIO 3B’A3KIB Ta KUIbKICTIO aJIbTEPHATUBHUX MapIIPYTIB MK By3J1aMHU.

o 3ampumxa mapwpymusayii, sKa 3aleKUTh BiA O0OpPaHOTO METOMy Ta
CKJIQJTHOCTI aJITOPUTMY 1 B KOHTEKCTI TOTIOJNOTIi BU3HAYAETHCS METOJOM ii
CHHTE3Y.

Sk Oyno 3rajiaHo paHillie, egheKmuHiCmb KOMN TOMepHUX cucmem TOAUIAETbCS Ha
epekmugnicmsb obuuciens (To0TO, BITHOIIEHHS MPUCKOPEHHSA NapaielbHIUX 00UHCIEHb 10
qucna siaep), epekmugnicms nepedaui 0anux (AKa BU3HAYAETbCS MPOITY CKHOIO 3/1aTHICTIO
Mepexi), sapmicmob cucmemu (110 3aJICKUTH Bl XapaKTEPUCTUK MEPEKEBOTO 00JIaTHAHHS)

Ta 8i0mMogocmilikicmb. B KOHTEKCTI TOMONOT1i HEMOXJMBO Ka3aTH MpPO OOYHUCIICHHS,
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OCKUTbKH TIEH MapameTp 3aJIeKUTh Bl 0ONMagHaHHs, BTIM 3 XapaKTEPUCTUKaMU TOTIOJOTIi
MOYKHA 3B’513aTH 1HII napaMmeTpu. Po3rsiHemo ix geranpHime:

o FEexmusHnicmsb nepedaui Oanux 3aJIeKUTh BiJl BIICTaHEH MK BepITMHAMU y Tpadi
(Tomosorii). KillOUOBUMHU TOTONOTIYHUMHU XapaKTEPUCTHUKAMHU JUJIsl HBOTO €
miamerp D Ta cepenniif miamerp D. Takoxk CIOTH MOXHA BiJHECTH METPHKY
TOTTOJIOTTYHOT € PEKTUBHOCTI E, 1110 BU3HAYAETHCS K CEPEAHSI MYIBTUILIIKATABHO
oOepHEeHa BiICTaHbh MK BCIMa BepIIMHAMHU Tpada.

e Bapmicmb cucmemu 3aleKUTh BiJl BapTOCTI MEPEXKEBOTO 00T HAHHS, IS KO
KIIIOUOBOIO € CTYMIHb S, a Takok (MEHIIOK Miporo) vucio pedep R (ski
BU3HAYAIOTH I[IHY JIHKIB 1 MJISATAI0Th MiHIMI3aIlli).

e Biomosocmitikicmb € KOMITICKCHOIO XapaKTEPHUCTUKOIO, IO MTOTPEOy€E OKPEMOTO
aHaJi3y Ta JOCTIKEHHS, BTIM OJHO3HAYHO 3aJICKHUTh BIJ] JJOKAJIHLHOT 3B I3HOCTI L
Ta yncna pedep R (ki MOKa3yroTh pe3epBHI KaHAM 1 MAATal0Th MaKcuMizallii).

{06 BupIiIUTH MPOOIEMy HEOMHO3HAYHOCTI TPAKTYBaHHS XapaKTEPUCTUKHU R, BapTO

BUJIUIMTU aCNEKT epekmusHoCmi suKkopucmarnts pebep, T00TO, MOTEHIIMHI MOXIUBOCTI
CHCTEMH JI0 3aBaHTKEHHSI HASIBHUX 3B’sI3KIB. B KOHTEKCTI TOTMONOTIH 1€l mapameTp MoxKe
BBA)XATHUCh €KBIBAJICHTHUM XapaKTEPUCTHUII TOTOJIOTIUHOTO Tpadiky 7.

Ha mizgcraBi BuIiieHamucaHOTO, BUAUIMMO HACTYIHI KpHTepii egexmusHnocmi

mononoeii (rpadiB, TOMOJOTIYHUX OPTaHI3aIllNA, TOMOJIOTTYHUX PIIICHB):

o  Mynvmunnikamusena xapaxmepucmuka cmyneti ma diamempa (SD), 110 103BONsIE
BU3HAYUTH €PEKTUBHICTH rpada 3 TOUKH 30py npodiemu (A, D). lanuii nmapamerp
MOENHYE B cOO1 BapTICTh 1 MAKCUMAJIbHY 3aTPUMKY Ilepeadl, a OTxKe, MiAJIArae
MiHIMi3allii.

o Tononoeiunuti mpadghix T, 1110 TTOKA3y€ MOBHOTY BUKOPHUCTAHHS CHCTEMOTO 3B’ S3KIB
1 T03BOJISIE KOMIUIEKCHO aHaJIi3yBaTH MapaMeTPH BapTOCTI Ta HAJJIUIITKOBOCTI, a
TaKOX BH3HAYATH MIOTEHINIITHE BUHUKHEHHS BY3bKHUX MICITh. [lepenbadaeTsbcs, 110
iIeanbHUM 3HaYeHHSIM 1 € 1, BTIM, BpPaxOBYIOUH IMOTPEOH BiIMOBOCTIHKOCTI,
MPUAHATHIMHI MOXKHA BBKATH TAKOXK 3HaYeHHS B Aiana3oHi 0,5 — 1,0. 3nadyeHns

Hkue 0,5 moka3yroTh 3aBUCOKY HAUIMIITKOBICTh, B TOM Yac ik 3HaueHHs Butie 1,0
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CBiA4aTh TPO PHU3HUK 3HIKEHHS e(EeKTUBHOCTI TmTeperadl JaHuX dYepes
NepeBaHTAKEHHS 3B’ SI3KIB (1110, TOTEHLIHHO, 30UIbIIYE 1 pU3UK BIIMOBH).

o Tononociuna epexmusnicme E, sika MoXke BHKOPUCTOBYBATUCH IJIsi T'pyOOro
TEOPETUYHOTO BHM3HAYEHHSI MPOIMYyCKHOI 31atHocTi Mepexi KC 1 mimsirae
MakcuMizailii. BTim n1anuii mapameTp € CyTo TEOPETUYHUM 1 TOTpeOy € BpaxyBaHHs
MOXKJIMBOCTEH CHCTEMH 11010 BUKOPHUCTAHHS II€T MPOITYCKHOT 31aTHOCTI (TOOTO,
Ma€ aHaJI3yBaTUCh CYKYITHO 13 TOTIOJOTIYHUM Tpadikom).

1.5.2. Tononocii cywacnux cynepkomn’romepie

B cydacHOMy HayKOBOMY IHUCKYpPCI PO3TJIIAAETHCS YK€ BEIMKA KIUIbKICTh

PI3HOMAaHITHUX TOTIOJIOT1M Ta MeToMiB cuHTe3y. [loBHUIT Oorisia ICHYIOUMX PIIIEHb HE €
MOKJIUBUM, TOX € CEHC 0OMEXUTH HOTO0, 3pOOUBIIM P UITYILICHHS : HAHAKTYaJIbHIITAMHU JIsT
ODJIANY € Ti TOMOJIOTIUHI PIIICHHS, M0 BUKOPHUCTOBYIOTHCS B HAWUIPOYKTUBHIIINX

cynepkomir torepax. CIUCOK IUX PIlIeHb MPOAEMOHCTPOBAHO B Tadmuii 1.2.

Tabn. 1.2.
TononoriuHi pimeHHs cyyacHux cynepkomin rotepis TOP 10
Ne | HazBa TomoJiorist Ne | Ha3Ba TomoJioris
1 | Frontier Dragonfly [238] | 6 | Leonardo Dragonfly+ [243]
2 | Aurora Dragonfly [239] |7 | Summit Non-blocking fat
tree [244]
3 | Eagle I'inepky6 [240] |8 | MareNostrum 5 ACC | Fat tree [245]
4 | Supercomputer | 6D Top [241] 9 |Eos NVIDIA DGX | Leaf/spine [246]
Fugaku SuperPOD
5 | LUMI Dragonfly [242] | 10 | Sierra Fat tree [244]

BaxmBo BiAMITHTH, 11O TPHUBEACHI PIMICHHS B OLIBIIOCTI CBOIN € BapiarissMu
NEBHUX CTAHJAPTHUX MEPEXEBUX OpraHizauii. Tak, 1 KUpHE JepeBo, 1 Tonosnoris leaf/spine
€ 1IepeBOBUIHUME Mepekamu. Lleit ¢akT 103B0oJsI€ BAKOHATH arperaiio iCHy FoUMX PIIICHb,

TUM CaMUM CIIPOCTUBIIN X OIIAL.
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1.5.3. /lepesosuoni mononocii

XKupne nepeBo, Takox Biiome siK k-apHe n-aepeBo, 6a3zyeTbcs Ha TyKe MPOCTOMY
OPUHIMML: OMKYe 1O KOpPEHs — BHILE MNPOIMyCKHAa 3[aTHICT,. B wmid Tomoiorii
00UYHCITIOBaIbHI BY3JIM arperoBaHi B JIUCTI, a BEPIIMHU BUILE Peasi30BaHl KOMYTaTOPaMHU,
7€ MK pIBHSIMU MPUCYTHI HAJJIUIIKOBI 3B s13KU [189].

Po3misiatoThest pi3Hi BapiaHTH TOOYI0BH JKUPHUX JIEPEB B 3aJI€KHOCTI B1JI TOTO, SIKUI
acreKT € OUThII MPIOPUTETHUM: KUTBKICTh BY3JIIB HA KOMYTAaTOpP UM MPOIYCKHA 31aTHICTb.
Ha puc. 1.4 nmpogeMoHCTpOBaHO 4 MPHUKIAIN KUPHUX AEPEB, 110 BKIIOYAIOTH B C€0€ MMOBHE,

KOHIYHE, OJTHOTJIAHOBE Ta 0araToIIaHOBE JKHPHE JIEPEBO.

e e

&) Single rail gingle plane (ull) b) Single rail single plans (lapered) £) Dual rail zingle plane d) Dual rail dual plane
8 nodee, 10 swilches 12 nodes, T awitehes 4 nodes, 10 awitches & nodes, 20 awitches

Puc. 1.4. Bapiamii >kupHUX JEpEB 3a CTPYKTYpoto [248]

B Toii ke wac icHye mpoOneMa, moB’s3aHa 31 3MIHOIO MPOITYCKHOT 31aTHOCTI MDK
piBHSIMU iepeBa. TakuM YWHOM, OKPIM KJIACUMYHOTO (TIOBHOTO ) )KUPHOTO JIepEBa BUALISIOTH
y3arajJbHeHe )KUpHE JIePeBO, /1€ 3aMICTh 3MIHU MPOIYCKHOI 3[aTHOCTI BUKOPHUCTOBY €THCS
GaraTokopeHeBicTh. BTiM Taka 3aMiHa HOPOKYe MOXIHMBICTH OnOKyBaHHS. Moro
HiITUTIAMH € PO3IIUPEHE y3arajbHEHE XUPHE JEPEBO, SIKE JIO3BOJISIE€ Pi3HY KUIBKICTh
3’€/IHaHb MDK piBHSAMH [249], Ta mapanenbHO-IOPTOBE y3arajbHEHE KUPHE JIEPEBO, 1110
BUKOPHCTOBYETHCS B pEAIbHUX CUCTEMaX Ta 3aCTOCOBY€E KPaTHI 3B’ SI3KH JIJIsl 3a0€3 e CHHS
HEOOX1AHOT 3MIHU NPOMYCKHOI 31aTtHOCTI [250].

OCcHOBHOIO POOIEMOTO JKUPHHUX JEPEB € OJOKYBaHHS, SIKI BUPIITYIOTHCS a00 depes
YCKJIaTHEHHST MEPEKEBO1 CTPYKTYpH, a00 uepe3 Mapiipy Th3ailito. TyT BapTo 3a3HAYHTH, 110
JJ1 TOBHOTO (HEOJIOKOBAHOTO) KUPHOTO JiepeBa MPOIyCKHA 3aTHICTh Mae 3pocTati B K
pa3iB 3 KOXKHUM TI1111OMOM Ha PiBEHb, 110 CYTTEBO YCKIAIHIOE JOCATHEHHSI HEOJIOKOBAHOCTI
yepe3 KpaTHi 3B’A3KH. [HIIOIO MpOOIIEeMOI0 € JOCHTh BUCOKHUH aiaMeTp — OMU3bKHUA 110
JiamMeTpa3BUYaiHOTO epeBa. TakuM YMHOM, 3 MacIITaOyBaHHIM CKIIA/IHICTh TaKO1 MEpexi

HEYXWJIBLHO 3pOCTaTuMe, a XapaKTePUCTUKH — MOTIPITyBaTUMYThCSI.
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Jlemo iHmry koH1eniro npononye leaf/spine. L{e nepeBo, oOmMexeHe 3 piBHAMU, € €
00YHMCITIOBaJIbHI BY3J1M, KOMyTaTOPH JIUCTA Ta KOPEHI, IPUUIOMY KOXKEH KOMYTaTOp JIUCTS

3B’s13aHUM 3 yCiMa KOPEHEBUMHU, a KO’KEH KOPEHEBUI — 3 yCIMa KOMYTaTOpaMu JIMCTS (PHUC.

1.5).

Fabric Link
Speed = C;

Edge Link
Speed = C;

N Servers
per Leaf

Puc. 1.5. Tononoris leaf/spine [251]

OueBuaHOIO MPOOJIEMOIO JTaHOI MEPEKEBOI OpraHizailii € BeJIWKa CTYIiHb, IO
BUHUKA€E BHACIIOK MIKPIBHEBOI MOBHO3B A3HOCTI. KpiM TOT0, OCKUTbKM MPUHLIMIT 3MIHU
MIPOITYCKHO1 3IaTHOCTI Ty T TOM K€, 1110 1B dKUPHOMY JIEPEBI, I1€ MOPOIKYE Ti cami Mo OreMu
13 OJIOKYBaHHSIMH Ta CIIOCO0AMM 1X YHUKHCHHS.

1.5.4. Topoioanvni ma 2inepKyoiuni mono.nozii

B nmanomy kiaci BapTo BUAUMTH 2 O0cHOBHI Tomojorii — 1ie 3D Ta 6D Top. Ilepima
MepexeBa opraHizallis € TOCUTh IPOCTOIO: Ha BIIMIHY Bif] kKilacuyHoro (2 D) Topy, BoHa Mae
3 BUMIpH 1 MacITaby€eTHCS IO OCSIM X, Y, Z.

BTim, ko MoBa e npo 6D Top, sSIKMiI BUKOPUCTOBYETHCS B CYNEPKOMII FOTEP]
Fugaku, BapTo po3ymiTH, 1110 11€ 6araropiBHeBa Mepesxa, 110 MOAUISE€THCS Ha 30BHIIIHIN 3D
TOp Ta rpymy 3 12 By3JiB, MIOE€JHAHUX Y HECUMETPUUHUM TOp po3MipHOCTI 2x3x2 [241].
Takum yuHOM, KOJIM MOBA /i€ Ipo MaciITalyBaHHs, HOTO MapaMeTPH BIAPIZHATUMYThCS BT
nependadyBaHuX A1 «HOpMaJbHOTO» 6D TOpa.

["apHo BimomMuMmH € 1 rinepKyOiuHi Mepexi. Kimacnanuii rinepkyo € ieaasHUM 3 TOUYKA
30py TOMOJIOTIYHOTO Tpadiky, IPOTe Ma€e MPoOIEMy, OB’ A3aHy 13 BIIMOBOCTIMKICTIO, IO
norpedye BBEACHHS B CUCTEMY JOJATKOBUX By3JiB. TakuM UYHHOM, PO3TIISIAETHCT
MOKpAaIIeHUH TINepKyO, M0 Mae JOMAaTKOBI 3’€THAHHS MDK HaWBiIIaJICHIIINMH BY3JIaMU

KOYXHOTO TPUBHUMIPHOTO Mmijiky0a (puc. 1.6).
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Tabmuns 1.3 1eMOHCTpY€E OCHOBHI MapaMeTPU OMUMCAHUX TOTMOJIOTTYHUX OpraHi3ariil

BIJIHOCHO paHry MacIITa0yBaHHS 7.

Ta6n. 1.3
OCHOBHI XapaKkTEepPUCTUKH TOPOINAIBLHUX MEPEX
XapakTepucTukKa Top [nepky6
2D | 3D | 6D | 6D (Fugaku) | Knacuunmii | [Tokpamenuii
Yucno By3mB N | r? | ¥ | 16 1273 2r 2r
Crymnisab S 416 |12 12 r r+1
Hiamerp D rlr|vr r+3 r r-1

BaxmiBuMm HemomkoM 000X BHIIB MEPEX € iX TOMOJOTIUHI XapaKTECPUCTHKHU. 3
OHOTO OOKy, TOp Ma€ HE3MIHHY CTyMiHb, IO TapHO [IJs OONagHAHHS, OCKUIbKU
MaciITaOyBaHHS TAKO1 CHCTEMU HE NMOTPeOyBaTUME 3aMIHU KOMYTalllHO1 €IEMEHTHO1 0a3u.
B Toii e yac cTymiHb 6, (pakTUYHO, € 1€aJIbHOIO U1 0e3M0CEPEIHBO 3B 13aHUX MEPEXK,
TaK caMO SIK 1 CTymiHb 12, g SKOT JOCTAaTHBO YK€ MPOCTHX KOMYTaTopiB Ta/abo
IBOKaHAJIBHUX 3B’ 3KiB. KpiMm TOTO, TOpOiganpHa Mepexa TOCUTh POCTO MACIITA0yEThCS:
HEMae HEOOXITHOCTI JOIaBaTh €JIEMEHTH IO BCIM OCAM — 3a HEOOXIJHOCTI II€ MOKHA
3pOOUTH 114 JIUIIIE O/IHI€T OCl. 3 THIIOTO OOKY, MPOOIEMOIO € 3pOCTAHHS IIUX XaPaAKTEPHUCTUK
3 MacIITadyBaHHSIM: HaBITh YaCTKOBE PO3MIUPEHHS MePEeXk1 (IT0 OIHIN 0Cl) TPU3BOIUTH JI0
TOTO, L0 IIaMEeTP POCTE TaK, HIOM MaciiTaOyBaHHS OyJI0 MOBHUM. B CBOIO uepry, mBHIKICTH
MOBHOTO MaciiTa0yBaHHsS € KyOI4YHOIO, IO JOCUTh MOBUILHO JJIsi CUCTEMH, KA Mae
BKJIIOUaTH B ceOe MiIbiiOHM By3JiB. Taka cucteMa MaTuMe BUCOKUIN PaHT, a 1€ IPUBELE 10
JOCUTBH BUCOKOTO JiaMeTpy.

[nma Tomonoris, rinepky0, Mae BUCOKY HIBHUJIKICTh MacIITaOyBaHHS, MPOTE 3MiHA

CTYNEHsI CTBOPIOE MpoOieMy: mo0 pPO3MMPUTH TaKy CHCTEMY, HEOOXITHO 3MIHUTH
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MepexeBe 00alHaHHsl, 1110 MOPOKY€e BUTpaTu. Kpim Toro, Mpu BUCOKUX PaHTaxX CTYIiHb
rinepky0a Oyze 3aHaITO BUCOKUM JJisi O€3M0CEpeIHb0-3B’I3aHUX Ta CIa0KO-KOMYTOBaHHX
Mepex, ajge B TOW ke 4ac 3a kputrepiem (A,D) Taka TOMOJOTIS MOCTYMAaTUMETHCS
MOBHOI[IHHUM KOMYTOBAaHUM MEpPEeXKaM.

1.5.5. Yacmko60-no6n036’a31i mononoziy

KoHiterist 4acTkoOBO1 TOBHO3B SI3HOCTI MOJIATAE B AYKE MPOCTOMY (DaKTi: 17eanbHa 3
TOYKH 30py J1aMeTpy TOTOJIOTis — MOBHO3B s13HA. BOoHA X € 17€albHOIO 1 3 TOYKHU 30Dy
B1IMOBOCTIHKOCTI, OCKUTLKH YHCIIO aJIbTePHATUBHUX ILIAX1B (MOTEHIIHHUX 00XO/1B) B Hilt
PSIMO MTPOTIOPITIHE YMCITy BEPIIUH. AJie Taka Mepexka € YTOMIYHOIO B KOHTEKCTI Cy4acHUX
CHCTEM.

BTiM, ansTepHAaTHBOIO MOBHO3B SI3HOCTI CIIPaBKHBO1 € MOBHO3B’SI3HICTh YaCTKOBA:
KOJIM JIMLIE JI€AKl YaCTUHH CUCTEMU (TPYIH) MOB’A3aH1 IOBHOIO CUCTEMOIO 3B SI3KIB 1 MDK
[IUMH TpyTlIaMH TaKoXK iICHy€ TIOBHA cucTema 3B’si3KiB. [Ipukiamom Takoi Mepexi € 6abka
(dragonfly).

[i cxeMy 3B’A3KiB MOXHa OIMCATH HACTYITHUM YMHOM: KOYKEH KOMYTAaTop B IpyIi
3B’sI3aHMI 3 KO)KHUM 1HIITUM KOMYTaTOpOM B 11 TpyTtii. [Ipy iboMy KOKeH KOMyTaTop mMae
OJIMH YU JIEK1JIbKa 30BHIITHIX 3B’ sI3K1B, TaK 10 KOXKHA T'PyTia MO€HAHA 3 OY/Ib -SIKOTO 1HIIIOK0
rpynoto. [Ipu npomMy 10 KOXKHOTO KOMyTaTopa MiJKIIOYeH] JEKUIbKa OO0YMCITIOBAIBHUX
BY3JiB (Tak caMo SIK 1€ BIIOyBaeThbCs y kKupHOMy nepeBi). Dragonfly € BapiatuBHOO
TOTIOJIOTIEI0, CTPYKTYPA IKOT BU3HAYAETHCSI UETBIPKOIO IapaMeTpiB (p, a, g, /). [lpu npomy
p — KUIbKICTh TEpMIHAJIbHUX MIJK/IIOYEHb BY3JB J0 KOMYyTaropa, a — L€ KUIbKICTb
KOMYTAaTOP1B a KOXKHIN I'PyTIl, g — YUCIIO TPy, a /1 — YUCIIO 30BHINIHIX 3B’SA3KIB MK FpyI1aMu
[58, 187].

BTiM HaBITh YacTKOBa IMOBHO3B’SI3HICTh € CKJIQIHOIO JIJI peadi3arlii, TOX i
MABUIIEHHS MapaMmerpy p Oyso 3amponoHOBaHO BUKOPHUCTaHHs leaf/spine Tomomorii Ha
piBHi rpymnu. Taka moaudikariis HocuTh Ha3By dragonfly+. B Hill koMmyHiKaIli€ro 3 p By3aamMu
3alMarOThCs [ IMCTOBUX POYTEPIB, 1[0 MAIOTh MOBHY CHCTEMY 3B’SI3KIB 13 § KOPEHEBUMU
poytepamu. T1i, B CBOIO Uepry, KOMyHIKYIOTb 13 /# KOpEHEBUMU poyTepamu HIIUX rpyn. Hi/
Hi § pOyTepH HE MalOTh 3B’S3KIB 13 poyTepaMu «cBoro» tumy. Ha puc. 1.7 npencransieHo

NopiBHSAHHA CTpyKTypu rpynu dragonfly Ta dragonfly+.
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(a) (©)
Puc. 1.7. I'pyma B Tonosorii (a) dragonfly, (0) dragonfly+ [58, 253]

3 TOYKM 30py JilaMeTpy OOHJBI TOMOJOTil € Maibke 1/1ealbHUMH, OCKLIbKH
3a0e3neuyroTh CTATUUHUN JlaMeTp 3 Ta 5 BIANOBIAHO (SKILO paxyBaTH BiJ KOMYTaTopiB
mucts). [Ipu ubomy Bepceisi Dragonfly+ 3abe3neuye OUTbII1 po3MIpH TPy, 1 IK HACTIJOK —
MEHIINI cepennii agiamerp. [Ipore cTymninp TONosorii B 000X BUMAKAX € JYXKE BUCOKHM,
0 MoTpedy€e TOHKOTO OallaHCyBaHHS MK IapamMeTpaMH TOIIOJIOTIT Ta MOXKJIMBOCTSIMH
amapatypu. Xoda TEOPETUYHO MacIITa0yBaHHA € MPOCTUM, MPOTE 3 OISy Ha 1er (PakT
peanbHe J0/IaBaHHS BY3JIiB MOXKE TIOTpeOyBaTH 3aMiHU K MIHIMYM YacTHHU MEPEKEBOTO
00naiHaHHS.

[Ile onHI€IO TOMOJOTIEI0, KA TAKOXK MOXE OyTH BiIHECEHAa JI0 KJacy IICEBIO -
NOBHO3B s13HUX, € HyperX. Bona nependauae HassBHICTb JIEKUTbKOX BUMIPIB, B paMKaX SIKHX
ICHy€ MOBHa cuctema 3B’s3KiB. [Ipu 11boMy, sik 1 B Tonosiorii dragonfly, By3zmamu HyperX e
KOMYTAaTOPH, 10 SKUX MPUETHYIOTbCS 00UUCTOBaIbHI By 3. [Ipukinaau 1anoi Tonosorii B

pI3HUX 11 BapialisgX NpoAeMOHCTPOBaHO Ha puc. 1.8.

Puc. 1.8. JIsoBumipna Tonosoris HyperX: (a) 4x2, (6) 3x3 [44]
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VY nopiBusHHI 3 dragonfly Taka MepexeBa opraHizailisi MOXKE MaTH MEHIITUH JiaMeTp.
Kpim toro, i mapurpyTusaiisi mpocTiia: JOCTaTHbO MPOCTOi omeparii 3aMillleHHsT Ha
KOJOM BepIIHHU. [IpoTe ii e(heKTUBHICTh TaKoXK YIUPAETHCSA B IpooieMy (A, D), OCKUIbKU

rinepky0 Ta Top, 5Ki JieXaTh B OCHOBI, MalOTh IMOCEPEIHI XapaKTePUCTUKH.

1.6. Y3arajbHeHHSI IP00JIEMATHKH TA MOCTAHOBKA 3a/1a4 IU CePTalIiiHOI po0oTH

B nanomy po3sait Oyno po3misiHyTo 2 mpoOieMu: mpobieMa BiAMOBOCTIMKOCTI Ta
npoonema edekruBHOCTI. KoxkHa 13 HEX mepembadae CBOi MIAXOAW IO BUPIMICHHS, TPOTE
ICHy€ 1 CIUTbHUM acneKT, noB’si3anui 13 Tononoriero KC. Byno BUKOHaHO OIS iICHY FOUMX
TOTIOJIOTTYHUX pillleHb, Takui sk Fat tree Ta Dragonfly, o Hapasi BUKOPUCTOBYIOTHCS B
cynepkomit torepax TOP 10, a Takoxx aJlbTepHaTUBHUX BapiaHTiB, Takux ik HyperX.

IcHyroui pimieHHs, 0COOJMBO YacCTKOBO-TIOBHO3B’SI3HI, 3/1al0OThCSl MPUBAOIMBUMY,
MPOTE MAIOTh PI3HOMAHITHI HEJTOMIKH, TaKi SIK BUCOKA BapTICTh Ta 3aBUCOKA HA/IJIUIITKOBICTh.
Ile B pe3ynbrari NpU3BOIUTH 10 3HIKECHHS € (PEKTUBHOCTI.

TakuM 4YKMHOM, aKTyaJbHOIO € PO3POOKA METO/IIB MIABUIIIEHHS BIIMOBOCTIHKOCTI Ta
€()eKTUBHOCTI KOMIT'IOTEPHUX CHUCTEM Ha OCHOBI CHHTE3y HOBHUX TOTOJOTIN JIA IUX
crucreM. MOKHA BUAUIMTH 2 KIFO4OB1 BUAHA TOTIOIOTIM:

e Tomnoorii a1 6e3nocepeaHbo-38’s13aHux Mepex (b3M), taki sik rinepkyOiuHi Ta

TOpoOinaibHI rpadu

e Tomonorii 17151 KOMyTOBaHUX Mepexk, Taki sk Fat Tree, Dragonfly, HyperX, Tomro.
B xoHTEKCTI AucepTariiiHoro JOCIIKEHHS JOIUIBHO Oy/ie po3IJIsiHyTH 0OH/IBa BapiaHTH,

OCKLJIbKM BOHW MalOTh CBO1 IIepeBaru, CBOi c()epr 3aCTOCYBaHHS, a TAKOXK CBOT 0OMEKCHHSI.
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BucnoBok 10 po3ainy 1

AHaJi3 MOXIIMBOCTEN Cy4yacCHUX KOMIT FOTEPHUX CHUCTEM II0KAa3aB, 110 HA CbOTOIHI
aKTyaJIbHOIO € po3poOKa METOMIB Ta 3aco0iB MIABUINCHHS €(QEKTUBHOCTI Ta
B1JIMOBOCTIHKOCTI TOTIOJIOT1 KOMIT IOTEPHUX CHUCTEM, SKi 32 PaxyHOK CHHTE3y HOBHX
TOTIOJIOTTYHUX OpraHi3alii 103BOJISIOTh MIBUIIUTH €PEKTUBHICTh KOMIT IOTEPHUX CUCTEM
Ta 3a0€3MEYUTH BUCOKHM PiBEHb BIAMOBOCTIMKOCTI O€3 HAAMIPHOT HAJIMIIIKOBOCTI.

B mporieci oy MeTomiB MiABUIICHHS BIAIMOBOCTIMKOCTI Ta METO/IIB 11 ABHUIIICHHS
€(heKTUBHOCTI KOMIT FOTEPHUX CUCTEM OyJI0 BUIJICHO, 1110 XapaKTEPUCTUKH TaHUX METO/IIB
3aJeXarh BiJl XapaKTePUCTUK KOMYHIKAIIIHOI Mepeki KOMIT'IOTEPHOI CHCTeMH, SKi
BU3HAYAIOTHCSl TOMOJOTIEKD JaHOI Mepexl. TakuM UYHMHOM, CHHTE3 HOBHMX TOMOJOTIN
JIO3BOJIUTH MIJIBUIIUTH €(QEKTUBHICTb KOMIT IOTEPHUX CHUCTEM, JO SKOI BXOJSTh
e(peKTUBHICTh Mepeadi JaHuX, BapTICTh Ta BIAMOBOCTIMKICTb.

AHai3 IiTepaTy pHUX JIXKEPEI1 I0Ka3aB, 1110 X04a TOIMOJIOT1i Cy4YaCHUX KOMIT FOTEPHHX
cucreM 3a0e3MeuyroTh HHU3bKUW Jl1aMeTp, BHCOKY TOIOJIOTIUHY €(EeKTUBHICTh Ta
nepen0avyaroTh BENMKY KUIBKICTh ajbTepPHATUBHUX MapuipyTiB. OJHUMUM 13 TakKux
MOMYJIIPHUX PIlICHB € XupHE AepeBo Ta dragonfly. [Ipote iX cyTTeBUMHU HemoikaMu €
BHCOKa BapTICTh, 3MiHA CTYIIEHS 3 MaCIITa0yBaHHSM, 110 MIOPOJIKYE OTPeOy B OHOBJICHHI
oOnaHaHHS MPU PO3MIMPEHH] CUCTEMH, a TAKOXK CKJIAIHICTh €(DEKTUBHOTO BUKOPHUCTaHHS
HAsIBHUX HAUIMIIKOBHX 3B’SI3KiB. [HIII pillleHHs, Taki AK TinepKyO Ta TopoinaibHi rpadu
(BKJIFOUAIOUM TOMOJIOTIIO cynepkomil torepa Fugaku) MaroTh Kpali mOKa3HUKH CTYTICHS Ta
TOTOJIOTTYHOTO TPadiKy — MPOTE MAIOTh MPOOJIEMH 13 TOMOIOTTYHOIO € PEKTUBHICTIO. AHAJI3
pillIeHb HA OCHOB1 HAyKOBUX ITyOJIKallli MOKa3aB, 1110 3 yCiX PO3IJISIHY TUX TOTIOJIOT1i HEMae
TaKuX, 5Kl O TO3BOMIIM OJTHOYACHO 3a0€3MEYMTH HU3bKI 3HAUCHHS MYJIbTUILTIKATUBHOTO
KPHTEPIs CTYIICHS Ta JlaMeTpa, TOMIPHO BUCOKI MTOKa3HUKH TOTIOIOTTYHOT € DeKTHBHOCTI Ta
MPUHAHATHI TMOKA3HUKKA TOMOJOTIYHOTO TpadiKy, MpH I[bOMY 3a0€3MEUYIYHU BHCOKY
BIZIMOBOCTIHKICTb.

TakuM 4MHOM, HA OCHOBI1 OIVIIHY TOTO MaTepiary OyJo OCTaBJICHO HACTYIIHI 3a/1ayl:

e Po3poOutu MareMaTHuHy MOJIENIb TOMOJOT1i Ha OCHOBI HAJJIMILIKOBOTO KOY,

JKa OO3BOJIIE Ha OCHOBI XapaKTCPUCTHUK KOAY IPOTHO3YBATH MAKCHMAJIbHC
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YUCIIO BEPIIIHH 3 OJTHAKOBUMHU HOMEPaMH Ta KIJIbKICTh BEPIITWH 3 yHIKaJIbHUMI
HOMEpPaMH.

Po3pobutu cnoci®6 ¢opMyBaHHS IMIUTIIMTHUX KJIAcTEPiB B HAJJIMIITKOBUX
TOTIOJIOTIAX, 110 A03BOJIsIE GOpMyBaTH pedpa MK BEpIIMHAMH 3 OJTHAKOBUM
HOMEPOM JIJIs1 TOTIOJIOT1H Ha OCHOBI JICSTKUX HAJJIMIITKOBUX KOJIIB.
VYIIOCKOHAIUTA METOJ CHUHTE3y BIAMOBOCTIMKMX TOMOJOTIH HAa OCHOBI
HA/JTMIITKOBOTO KON, SIKMM Ja€ 3MOTY CTBOPUTH HOBI IMILUTIIIUTHI KJIacTEpH B
HAJIJTMIIIKOBIM TOTOJIOT1i, @ TAKOX PO3KJIACTH HAJIMIIKOBUM Ipad Ha miarpadu
Harepes BiioMoi popMmu.

Po3poOutu meton wmaciitaOyBaHHS 1€papXIYHUX TOTOJNOTINA IO J103BOJIE
MOEAHATH BIIMOBOCTIMKI TOIIOJIOT1i, CHHTE30BaHl Ha OCHOB1 HAaJJIMIIIKOBOIO
KOJTy, 13 KJIACHIHUMU TOTIOJIOT1SIMH, TAKUMH 5K Tinepky0 Ta dragonfly.
Po3poOutn cnoci®0 MoaenoBaHHS BIAMOB B TOMOJOTISAX JJIsI  aHAJI3Y
IMOBIPHOCTI PO3pHBY 3B’ SI3HOCTI 'pada Mpu 3a7aHiil KUIbKOCTI BIIMOB BY3JIiB,
NiApaxyHKy TOMOJOTIYHUX XapaKTEPUCTUK Ta I1X 3MIHM  BIJHOCHO
0€3B1IMOBHOTO CTaHy TOIOJIOT1i.

Po3poOutu mporpamue 3a0e3meueHHs] ISl MOJCNIIOBAaHHS XapaKTEPUCTHUK
TOTIOJIOTIA 3  METOI  EKCIEPHMEHTAJIbHO  JOCTIIUTH  TOIOJIOTIYHI
XapaKTepUCTUKH TpadiB Ta JOBECTH BUINY €()EKTHBHICTH 3apOTIOHOBAHHX
TOTIOJIOT1H Y MOPIBHSAHHI 13 KIIACHYHUMH.

Po3po6utu nmporpaMue 3abe31edeHHs 111 MOACTIOBAHHS Bi/IMOB B TOTIOJIOTISIX
3 METOK EKCIEPUMEHTAJbHO JOCHIIWTH TOBEIIHKY 3alpOTIOHOBAHHX
TOTIOJIOT1M B yMOBAaX HapOCTAKOYOTO YHCIIa BIIMOB 1 TAKUM YHHOM JIOBECTH iX

BUIIY BIZIMOBOCTIMKICTb Y MOPIBHSIHHI 3 KJIACHYHUMU TOTIONOTISIMH
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PO3JILI 2
MATEMATHUYHA MOJEJb BIIMOBOCTINKUX TOIMOJIOTTIA HA OCHOBI
HAJUIMIIKOBOTO KOIY

2.1. B3aemMo03B’130K BiIMOBOCTIIKOCTI Ta ¢()eKTUBHOCTI TOMOJIOT il

Ak Oyno mnpomemoHcTpoBaHo B Pozmimi 1, Tomonmorisi € OCHOBOKWO 1 Ui
BIIMOBOCTIMKOCTI, 1 mmsi1 edektuBHOCTI mnepenadi ganux B KC. B xoHTekct
BIJIMOBOCTIHKOCTI B@XJIMBUMH € aJbTEPHATUBHI MapHIPyTH, JOKaJbHA/TJI00abHa
3B’SI3HICTh Ta MOXKJIMBICTh 3pYYHOT0 BUKOHAHHS 00X0/ly/3aMillieHHsI BITMOB. B KOHTeKcTi
e(heKTUBHOCTI Mepeayi TaHuX KIIOYOBUM € JiaMeTp, MPOCTOTa MapLIpyTU3allli Ta BUCOKA
IPOIYCKHA 3/1aTHICTh. BTIM, HE MOkHa 3a0yBaTH 1 PO IHIIUH acliekT — BapTicThb. [Ipobnema
HE JIMILE B TOMY, 11100 CIIPOEKTYBaTH BIAMOBOCTINKY Ta IPOAYKTUBHY CUCTEMY, aJI€ 1 Y TOMY,
o0 3poOUTH ii €KOHOMIYHO JOIUIbHOIO. | 11e Mae OyTw 3akiajeHo Ie Ha eTarl
npoeKTyBaHHs Tomnojorii. Ha puc. 2.1 Ha04HO MpOAEMOHCTPOBAHO Pi3HI XapaKTEPUCTUKU
TONIOJIOTIA Ta BJIACTUBOCTI IIOB’SI3aHMX 13 HAUMH acHeKTIB, 1[0 MAalOTh Ba)KJIUBICTH A

KOYKHOI 13 OTMCAHUX TPOOIIEeM.

iAMOBOCTiNKicTb

nepeaadi gaHux

* JlokanbHa 3B8’A3HicTb L
* TnobanbHa 3B’A3HICTb G
* ARicHM1 anropmtm
obxoay Bigmosu
(mapwpyTusauii)

* fKicTb pe3epByBaHHA
(BMCOKA HaANULLIKOBICTb)

* KinbKictb
aNbTepHATUBHMX
MapLLpyTiB

* fliameTpocTabinbHicTb
DS

* OiameTp D
* LLIBMAKICTb Map WpyTM3aL,il
* TononoriyHnii Tpadik T<1
* MponycKHa 34aTHICTb

* MiHimanbHa 3aTpPUMKa
mepexi

BigmoBocTiliKa
MapLipyTM3aLia Ha
OCHOBi e/1leMeHTapHU
onepauin

* flIkHaMKpawa
XapaKTepucTuKa (4, D)
(D)

* MiHimanbHa
KOMYTOBaHiCTb

* MpocToTta 06xoay
BigMoBK

* banaHc HaANMLLKY Ta
KOPUCHOTO pecypcy

* CTyniHb S

* Tononoriynnin Tpadik T > 1

* MpocToTa MapLup yTmsauii

* MpocToTa mepexeBoro obnaaHaHHA

* MiHimasibHa Ha AU KOBI
Baprictb

Puc. 2.1. Aciekt €(peKTUBHOCTI TOIOJOT1i
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3arasoM BapTICTh € NyXe CHenu(IYHOI0 XapaKTEPHUCTUKOIO 1 B MEpIIy dYepry
3aJIeKUTH BiJ 00aJHaHHA (CUCTEMHUI piBeHb). BTiM, JAesKi TOMONOT14HI XapaKTePUCTUKU
Oe3nocepeIHb0 BU3HAYAIOTH BUMOTH JI0 LLOTO OONaIHAHHS, SK-OT CTYIiHb, Bl SIKOI
3aJIeKUTh YHUCIO MOPTIB KomyTaTtopiB. KpiM Toro, Bapro po3yMitd, 110 Oyab-sika
HA/JIMIITKOBICTH (UM TO BY3JIM, YU TO pedpa) B KOHTEKCTI BapTOCTI — 1€ JIOIATKOBI arlapaTHi
BUTpaTu. Te )k MOXKHA CKa3aTH 1 PO MapIIPy TU3ALII0: YUM CKIIQJHIIINM € aITOPUTM — TUM
OUIB1I0F0 Ma€e Oy TH CKIIA/IHICTh MAPIIPYTU3aTOPIB IS MiATPUMKH IPUHUHITHOT IPOITY CKHO1
3patHoCTi. Ile mpuBOaANUTE 70 TOTPEOU MOMIYKY 30J10TOT CEPEAMHN: MaKCUMaIbHUN 00Xi,
MpOTe MiHIMaJIbHA CKJIAHICTh aJTOPUTMY; MiHIMaJIbHA CTYIIIHb Ta MiHIMAJbHUHN JTiaMeTp
(SD) nns MakcMMaJIbHOTO YHCia BY3JIiB; CyTT€BAa HAJIMIIKOBICTh, MPOTE HE 3aBENUKA.
3ara’snom 1i mapamMeTpH € B3aEMOBUKIIIOUHUMHU, IIPOTE B KOHTEKCTI TOTO, IO MOBA iJ1e Mpo
tonosiorito KC, € ogHa Touka, J¢ MOXIMBUN MaiKe 1AeaJbHUI KOMIIPOMIC — II€
MapuipyTu3auisa. BigMoBOCTIiika MaplIpyTH3allis Ha OCHOBI €JIEMEHTAPHUX KOJIOBHX
NEPETBOPEHb. A 1€, B CBOIO UEPTry, MABOUTH J0 1HIIIO1 33/1a41 — TOMOJIOT1YHOTO CHHTE3Y Ha
OCHOBI IIUX CaMHUX MEPETBOPEHb.

Takum 9uHOM, 3aBAaHHSAM JAHOTO PO3ALTY € CHHTE3 TOIOJOTIYHUX OpTaHi3aiii 3
BUKOPHUCTAHHSM (ITOBHICTIO UM HA MEBHUX PIBHIX) METO/LY KOJOBHUX IIEPETBOPEHD 3 METOIO
OTPUMAaHHS PpIlIeHb 13 MIHIMAIbHOI SD-XapaKTepUCTUKOIO Ta SKHAHUIPOCTIIION
BiIMOBOCTIMKOIO MapIIPyTHU3AII€IO.

Icnye Gararo metoxiB cunTesy rpadis. OnHUM 13 HaWOPOCTIMIMX 1 B TOM K€ vac
J0BOJIl €(PEKTUBHUX € CUHTE3 Ha OCHOBI KO1B. [IpukiagaMu Takux TTONONOTIH € TIIepKyo
Ta rpad 3CyBIB-BCTABOK, III0 CMHTE3Y€ThCS Ha OCHOBI MOCHiIOBHOCTEN ae bpyitHa (ne
bpeiina, ne bpioiina, de Bruijn). Ockinbku pedparpada popMyroThcs uepes nepeTBOPEHHs
HaJ1 IEBHUM N-PO3PSITHUM KOJIOM, KO>KEH By30J1 MOXKE 3aITPOCTO BU3HAYUTH CBOIX CYCIiJIIB Ta
c(hopMyBaTH LIUJISIX, 3HAIOYH JIMIIE BIACHUN KO 1 KOJI By3J1a pu3HaueHHs. Lle o3Hauae, 1110
JUTSI MapIIpy TU3AIII1 He TTOTP10H1 HI TPOMI3IKI TAOMMIN, Hi CKJIaJHE HAJIAIITYBAHHS — JIUIIES
eJIeMEHTapH1 MePEeTBOPEHHS HaJl KOJJOM MEBHOT CUCTEMHU YUCIICHHS.

3BICHO, HAUIIOMYJIIPHIIIUM y TAKOMY CUHTE31 € O1HAPHUI KOJI, BTIM 1HILI BUIH KOZIB
Ta CUCTEM YMCIEHHS (TpIMKOBA, YETBIPKOBA, H-KOBA) TAKOXK PO3IIISAAIOTHCS HAYKOBIISIMH.

HpOTe KJIaCUYHUMN MCTOJ Hepe/:[6aqa€ BHUKOPUCTAHHSA JIMIIC «YUCTHUX» CHUCTCM, TO6TO, 3
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MO3UTUBHOIO OCHOBOIO b 1 andasitoM Bix 0 10 b-1. B TOi ke yac Teopist CHCTEM YHUCIICHHS
3Ha€ | IHII1 BapiaHTU — TaKl K Hera-Mmo3uilifHa cUcTeMa YM-OT HaJIMIIKOBA O1HApHA, HA
AKIA BapTO 3yMUHUTHUCH JI€TabHIIIE.

Crnenudikoro HAIUIIKOBOTO O1HapHOTO TipeAcTaBieHHs (RBR) Ta inmux noaioHmx
cucTeM € ToW (akT, 1Mo OAMH 1 TOW K€ HOMEp B HId MOX€ MaTu 0araTto KOJOBHX
npenacrasieHsb. Lle 103Bosse CTBOPUTH NIEBHE MIATPYHTS AJIs BIIMOBOCTIMKOCTI, /1K€ P13HI
BEPIITMHU TOTIOJIOTIi MOXKYTh PEIPE3CHTYBATH OHY 1 TY CaMy CyTHICTb, a IIe Ja€ 3MOTy 0e3
3MIH Ha pIBHI MapIIpyTH3allli 9M CHUCTEMHOTO TPEACTABJICHHS pPOOWTH Taki MIii sK
MacKyBaHHs, 00X1]] Ta 3aMIIICHHs] BiIMOBH, OalaHCYBaHHS HaBAHTAKEHHS, BIJHOBJICHHS
TICJISl IOMWJIKH Ta CUTyaTUBHE PE3EPBYBaHHS, TOIIIO.

Tox, Koy, 1110 MAIOTh HAJIMIIIKOBICTh HA PIBHI MIPECTABIICHHS, 11€ MaJIOJ0CIIIJI>KEHA
npeaMeTHa 007acTh, Ka B TIOETHAHHI 3 BIJOMUMH METOAaMH CHHTE3Y Ma€ HaJIaTu JOCUTh

MIPOCTE Ta €JIEraHTHE PIIICHHS ICHYI0YO01 TPOOIEMH.

2.2. lociaKeHHsI HANJIMIIKOBHUX KOXIB AJIsl CHHTe3y TONOJIOTii

2.2.1. Ocnoea meopii HAONUUIKOBO20 KOOYBAHHA

HanmikoBe OiHapHE MPEACTaBICHHS € JOCUTh MPOCTUM, MPOTE HE E€IUMHUM
MOXJIMBUM. B TOI ke yac came Koj] BU3HAUAE, sIKi TIPEICTABICHHS € aJbTepHATUBHUMU, a
Kl — Hi, 1[0 ()aKTUYHO € OCHOBHOIO CYTTIO Ta BIJIMIHHICTIO METOJY HAaJIJIMIIKOBOIO
TOTIOJIOTTYHOTO CHUHTE3y. TakKMM YWHOM, PO3UIUPEHHS METOAY MOTpely€e AeTalbHIIION0
pPO3IIILAY TEOPIl CUCTEM YUCIICHHS.

bynp-ska mo3umiitHa cuctema uucieHHs (CY) A4, moxke OyTd omucaHa JaBOMA
napamerpamu — andasitom A = {k, k+1, ..., m-1, m}, mo mictuth nudpu cucremu, e k<m,
Ta OCHOBOIO YHCIICHHS b, sika BU3HAYA€E Bary po3psiaiB. BiAmoBigHO, 0CKUTLKH MOBa H1e TIPO
CHUCTEMYy YHCICHHS, JIOTI4YHO, W0 [JisI Oyab-sKOTO n-po3psgHoro komy D, =
dp_1dp_5 ...d;dy (1€ koxHe d; € A) icHye 3HaUeHHS V, Take, 1IO:

n1 2.1)
V=v(D,)= ) db
=0
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Tox, icHy€e 4iTKa BIANOBIAHICTh MI>K MHOKUHOIO KOZAIB Ta MHOKMHOIO 3HAYEHb, 1110
MOXYTb KOIYBAaTUCh h po3psiaamu. B 3anexHoCTi Big 3HaYeHb b Ta ckiagy A BUAUISIOTH
pI3H1 BUIU cUCTeM yucieHHs. Hanpuknan:

o Knacuuni cucmemu yucnenns, ne A = {0, ..., k-1}, b >2 1 k= b. Tunosum
NPUKJIAJIOM TaKUX CHUCTEM € JBIKOBAa, TPIMKOBA Ta JIECATKOBA CHCTEMH
YUCIICHHS. XapaKTePHOIO iX 0COOIMBICTIO € YHIKAIbHICTh KOXKHOTO YHCIIOBOTO
npenacrasienus, tooto, VV > 03! D, € A,,nen= log,(V + 1).

o Heea-no3uyitini cucmemu wucnenus, ne A = {0, ..., k-1},b < -2 1k = -b.
OcoONMBICTIO TakMX CHCTEM YHUCICHHS € MOXIUBICTb IMPOCTOTO
npeCcTaBIeHHs B’ eMHUX yucen. [Ipu 1iboMy J01aTHI YKcia MaloTh IMapHe
yucno uudp, a Bix eMHl — HenapHe. KokeH koj B 111l CHCTEM1 MpeCTaBIsie
yHiKanbHe uncio, npudomy n = log,(V + 1) + 1.

o 3uako-po3psaoui cucmemu yucnenus, e A= {l, ..., m-1},1e b>21k =m-I-1.
Crenudikoro CUCTEM JaHOTO KJIacy TaKOXK € MOXJIMBICTh MPEACTaBIICHHS
HEraTUBHUX YMCEN, ajie, Ha BIIMIHY BiJ] HEra-MO3UIIHHOTO MPE/CTABJICHHS,
HeMae TOTpedu poOUTH 1€ 32 PaxyHOK JOBKHHU KOMY: BiJI’€EMHE YHCIO
(bopMyeThCSl BUKITIOUHO 3a paxyHOK 3HaueHHs uudp. Kpim Toro, 3akomyBaru
91 PO3KOAYBATH YUCIIO B TAKUX CUCTEMaxX 3HAYHO MPOCTIIIIE.

Cami o co01 111 KJIACH CUCTEM HE € HAJIMIIIKOBUMH Y He-HaJIUIIIKOBUMH, OCKIUILKA
IIPOCTO OTIMCYIOTH MOYKJIMBI CITIBBITHOIIICHHS] OCHOBH Ta aJi(DaBiTy 1 BU3HAYAIOTh MOKITUBHUIA
CKJIaJl OCTaHHBOTO. KpiM TOTO, Il KIacH HE € 1 BUYSPIHUMU: TaK, IependadaeThes, Mo
andasit mictuth Bcl mudpu Big Aesikoro [ € Z\N 1o m € N piBHO B 01HOMY €K3eMILISIPL.
[{ro BIACTHBICT MM Ha3BEMO HOpManvbHicmio andapity / KoAy, a NIpPU HEBUKOHAHHI
BUIIEBKA3aHUX YMOB Ka3aTUMEMO MPO aHOMAJIbHICTb.

Tox, JTOTIYHOIO € 1HIIIa TTOCTAaHOBKA MUTAHHSA: SIK OTPUMATH HAJ[JIMIITKOBY CUCTEMY ?
BianoBinp HacmipaBai JOCUTH MpocTa: andaBiT CUHCTEMHU Ma€ MICTUTH Oulbie 1udp, HOK
nepeadadeHo ocHOBOIO [254]. Tak, HAMMIPOCTIMIO TAaKOI0 CHCTEMOIO € paHille 3rajaHe

HaJJTMIIIKOBE JBIMKOBE MpeIcTaBIeHHs, 10 Mae aidarit {0,1, 1} 1 ocHoBy 2. B Toli ke gac
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30aaHcoBaHa TPIMKOBA CHCTEMa Ma€ TOM ke ayiaBiT 1 OCHOBY 3, MPOTE HAIJIMIIIKOBOIO HE
€.

BianosinHo, 1151 Oy/ib-sIKOTO HOPMaJbHOTO ajihaBiTy HAJJUIIKOBICTE MOXE OyTH
JTOCSATHYTa MPOCTUM 3MCHIICHHSM OCHOBHU. ICTHHHO 1 3BOpPOTHE: HAIJIMIIIKOBA CHCTEMa
Moyke OyT c(hopMOBaHa HAa OCHOBI1 KJIACHYHOT Yepe3 pOo3IIUpPeHHs alihaBiTy B JOJATHIN UK
BI1JT €MHIN IUIOIHHL.

Kimo4oBUM MHUTAHHAM TYT € BJIACTUBOCTI CHCTEMH, IO OTPHUMYIOTHCS BHACIIIOK
Takoi TpaHcdopmarii. B mepmry depry moBa iae mpo Ti 13 HHX, [0 BIUIMBAIOTH Ha
TOTIONIOTIYHUN cuHTe3. HecknagHo BH3HAYMTH, IO €IUHAM KOJOBUM IMapaMeTpoM,
BXJIMBUM [IJIS1 TOTIOJIOTIYHUX XapaKTEPUCTHK (YHciia BEPIIUH, CTYICHsS Ta JlaMeTpa) €
po3Mip andasity k. lle BUIUIMBAE 13 caMUX BJIACTHUBOCTEH MEPETBOPEHD, 110 MPALIOKOTH
IIEHTUYHO SK JUIS 3BUYANHUX, TaK 1 IS HAUIMIIKOBUX KOJIIB.

BtimM, € piu, BracTMBa JIMINE HAJIMIIKOBHM KOJaM — II¢ aJibTepHATHBHI
MIPEICTaBIICHHS OJTHUX 1 TUX Ke Yrced. | mepIioro xapakTeprucTHKo0, — MaOyTh, OCHOBHOIO,
— € pO3MOLT abTepHATUBHUX TipencTaBieHb a (V). CrnpaBa B TOMY, 110 HE BC1 TU(PU MAIOTh
OJIHAKOBE 4YMCIIO TpeacraBiaeHb. Hanmpukmana, mis 4otupboxpospsaHoro RBR ugucno 1
penpesenryetbes kogamu 0001, 001T, OITT, 1TTT, a uucno 8 mae nuie OUH BapiaHT
npencrasnenns — 1000. Takum unnom, al®t(1), =4, a al°1(8), = 1.

IcHye nBa criocoOu oTpuMaHHS JaHOT XapakTepUCTUKH. [lepimwii monsirae y renepartii
BCIX MOXIJIMBUX T-PO3PSTHUX KOMIB JUIA 3a7aHOT CHUCTEMH YHCIICHHS 3 IOaJIBIINM
BU3HAYEHHIM YHCEJI, [0 HUMU PENpe3eHTYI0Thcs. Lle € 3arpaTHiM, Kou 3a1a4ua roJsirae y
BH3Ha4YeHHI KoHKpeTrHoro a(V), ame MouiIbHO, KOMM HEOOX1THO BH3HAYUTH ¢ Ha BCIH
0071acTi BUZHAYCHHS.

Hpyruit miaxia 6a3yeTbcs Ha Teopli mabnoHIB 1 mepeadadae, Mo Ajisg IeBHOTO V
reHepyetbesa 0a3oBuil koa. s cucremu TO1 6a3oBUME € KOIU, 11O BKJIIOYAIOTh B ceOe
mutie uudpu 01 1 (amst V>0 ) abo tmdpu 01 T (a1 V <0). Jlami BUKOHY€THCS MOIITYK BCIX
HasBHUX IIA0JIOHIB Ta T'€HEPYIOTHCS MOXI1JIHI KOAM 4epe3 iX ajbprepHaliio (To0To, ofHa
dbopma mabiioHa 3aMimmaeTbcst Ha 1HITY). JIJIa MOX1AHUX KO/IIB BUKOHY€THCS aHAJIOT14HUNA

aHaJ3, 1 NOIIYK TPUBAE JOTH, JOKHU BCl (hopMu npeacTaBieHHs] V He OyAyTh 3HaAWIEHI.
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Ha ocHoBI po3moity MOYKHA BUIUIMTH III€ J[Ba IMapaMeTpH — 11€ MaKCUMAaJIbHE YHCIIO
aJbTEPHATUBHUX NPEICTABICHb (p,,, Ta KUIBKICTh YHIKaJIbHUX KOIIB IJI 7-pO3PSIAHOL
CUCTEMH N,—;. SIKIIO PO3MOALT 33J]a€ YUCIO MPEACTABICHb JJIsi KOHKPETHOTO V 1 Mae
MpaKTUYHE 3HAYEHHS IS BIIMOBOCTIMKOCTI KOXKHOTO KOHKPETHOTO JIOTTYHOTO By3Ja, TO
Qg BU3HAYAE MAKCUMAJIbHY KIJIBKICTD MPEICTABICHD OHOTO YHCIIa 1 T03BOJISIE€ BU3HAYNTH
CKJIQJIHICTh CTBOPEHHSI IMILTIITUTHUX KJIaCTEPIB JJIsl CUCTEMH 3arajioM. Jpyrwuii mapamerp,
YUCII0 YHIKAJILHUX TPECTaBIICHb, TO3HAYAE YHCIIO BPA3JMBUX BEPIIUH, AKI HE MOXYTh
OyTH 3axuIleHl 3a3Ha4eHUM MeToJoM. Bapro 3a3HaumTH, M0 TaK camMo SIK PO3TONLT
3MIHIOETBCSA 3 POCTOM 7, TaK 1 Ll JBa MapaMEeTPHU 3pOCTal0Th: YUM JIOBIIUM € KO — THUM
OUIbIIY «OKUPHICTb By3JIIB» BIH nepeadayvae 1 TUM OUIbIIE HE3aX UIIEHUX BEPILIMH 3a3BUYal
nopokye. TakuM YMHOM, caMe PO3TOL, HOTo (hopMa Ta EKCTPEMYMHU € KITFOUOBHMH JIJIsI
OTIHCY KOJY.

[Ipote, OCKUILKKM MOBa i€ PO CUHTE3 TOMOJIOTi, MOXHA BUILIUTH 1€ JEKUTbKa
BJIACTHBOCTEH, SIKI MOXKYTh OyTH KOPHCHHMH, a CaMe:

e al-cTabUTBHICTD, SIKA TIOJSITAE B TOMY, III0 HE3AJIEKHO Bl JOBKUHU Koxy CU
nepenbavac KOHCTAHTHE YUCIIO yHIKaJIbHUX PeACTaBieHb. To0To, n,_, (1) =
const. IlpakTuyHe 3HAYEHHS JAaHOT BJIACTUBOCTI B TOMY, MO 3
MacTa0yBaHHSM KUIbKICTh BPa3JIMBUX BY3JIB HE pocTe. TakuM YHWHOM, IIi
BY3JIM MOXKYTh OyTH 3aXHIICHI KJIAaCHYHUMHU MeTtoaamu (Hampukiaa, TMR), a
py MaciiTabyBaHHI — TIEpEUMEHOBAHI.

e CUMETpUYHICTb, II0 MNepeadadyae CUMETPII0 CUCTEMH BIAHOCHO HynsA. Taka
BJIACTHBICTH TapaHTYE, IO 3HAIOUM NIIX 13 A B B 3aBKIU MOKHA BU3SHAYUTH
mnsx i3 A B B. Lle Moxxe OyTH KOPHCHMM JJIs1 BU3HAYEHHS aNbTEPHATHBHUX
IIJIIX1B, @ TAKOX JIUIA OpTaHi3allli 00YHCIeHb (TOTONOTIS 3aBK AN MOXKE OyTH
JIEKOMIIOHOBaHA Ha YaCTUHU 3 Hamepen Bigomoio (opmoro). Kpim Toro,
3aBOAKU I BIACTUBOCTI IIEHTP PO3MOAUTY HE 3MIN[yBaTUMEThCI 3
MaciITadyBaHHSM, 10 CYTTEBO CIIPOIIY€E caM HOTO MpOIEC.

e PiBHOMIpHICTB, 1110 TIepeadavac Ky CKOBO MOHOTOHHY (hOpMY pO3IIOLTY, 1€ IpU

Vmax—Vmin : . .
Ve [Vmin’ f) a(V) 3pocrae, a Ha IHIIOMY BiIPI3Ky — HAaBIIaKH,
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cnagae. Ha mpaktuii me o3Hadae, M0 y TOMOJOTIl € (hakTUIHE «SIpO» 3
NOTYXHUMHU KJacTepamu 1 «mepudepis» 3 By3iamu HeBeIMKoi kpaTHocTi. Lle
TAKOXK CHPOIIY€ OpPraHi3alio 00UHCICHb.

Tak, ko 01T, € cumerpuunuM, asie HecTaOUILHUM 1 HepiBHOMIpHUM. Ko 012T, —
al-crabuibHuil 1 piBHOMIpHUH, ane He cumerpuuynuil. 012TZ; — oal-ctabuibHMI 1
CUMETPHUYHHM, ajie He PIBHOMIPHHMIA.

2.2.2. lIllabnon sk ocnosa enacmueocmeil Kooy

3BICHO, TIOCTA€E MUTAHHS: YOMY KOJM MalOTh BJIACTHBOCTI, SIKi BOHU MarOTh? 3BiaKu
11 BJACTUBOCTI OEpyThCS 1 UM MOYKHA 1X LUIECIIPSMOBAHO copmMmyBatu?

OueBUIHO, 1110 OCHOBOIO CUMETPUYHOCTI € ajihaBiT. OCKUILKH B Takii cuctemi V d €
Add €A ->Vec=d,_d,_,..dy3'¢c=d,_,d,_,..d,. OTxe, SIKIITO BCl
abTepPHATHBHI IIPEICTABICHHS Yica V HoNaTH y BUIVILAI MHOKUHM W, = {c,Cyp, ..., Cpl,
cnpasenmuso, mwo V V: W, = {cq,cy,...,c,y A= V:W_, = {¢3,¢5,...,C,}. Sk Hacminox,
a(V)= a(-V)=n.

BTim, 1HII1 XapaKTepUCTUKH, TaKi K PIBHOMIPHICTh Ta o1-CTaOLIbHICTD, 3aJI€XKAaTh
BiJl cTpyKTypH po3noainy a(V), a Takox Bif MpuHIUITY ioro macmtabyBanus. [lonepenni
TOCTIDKeHH [254] moka3anm, 1m0 JJIsl KOAIB 3 OJHAKOBHM pPO3MipoM aidaBiTy k 1
OJTHAKOBOI0 OCHOBOIO b a(V),. Bimpi3HAIOTHCS JIUIIIE 3MIIIIEHHSIM B3I0BX Oci abcmmc. Takum
4uHOM, Oyna cpopMOBaHa HACTyIHA r1OTE3a:

TI'inome3a 2.1. JIna Oyap-KOTO KOAYBaHHS 13 HE-aHOMaJIbHUM aliaBiToM (opma
a(V), a TaKOXK 4, 1 Ng=q 3QJIEKATH JMIIE BT TPHOX IMApaMETPiB: po3Mipy andasiTy k,
OCHOBHU YHCIIEHHS b 1 MOBXWHU (paHry) koxy ». BmicT andaBity He BIUMBaE Ha Gopmy
PO3IOALTY, POTE 3CYB a(aBiTHOT MOCIIJOBHOCTI MMPHUBOIUTH JI0 3MIIIIEHHS TaK, 1110 HOBUA
posnoxin a' (V) = a(V + t).

JJ1 nepeBipKy 1aHOTO MPUITY IIEHHS OyJI0 BUKOHAHO JOCIIIKEHHS, IKE Iepe10adalio
reHepauio pO3MOALIIB JIJIs HAIJIMIIKOBUX KOMIIB 3 pO3MIpoM ali(haBiTy Bijg 3 10 7 BKIIIOUHO.
Taki napamerpu Oynu oOpani 3 1Box npuuuH. [lo-nepuie, e(heKTUBHICT METOAY CUHTE3Y Ha
OCHOBI KOJIy 3aJICKUTh B1J] TPOCTOTH O1HAPHOTO MPEACTABICHHS LIU(P, TOK BUKOPUCT AHHS

BENMKUX aJIDaBITIB € HEAOUUIPHUM (y TaKuX BHUMNAQAKaX OITHICTh KOJAyBaHHs Oyre
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3aBenukolo). [lo-mpyre, TonosnoriuHi mapaMeTpu 3ajexaTh Bia po3mipy andasity. s
Tonosorii ne bpyitHa ceMu3HauHui andasiT 1a€ cTymiHb 14, 1110 BUXOAUTH 32 PAMKH «BiKHA
e(eKTUBHOCTI» J1JIsi 6e3M0CepeITHh0-3B A3aHUX MePEX. TakKMM YMHOM, EKCIIEPUMEHT XOY 1
HE € TIOBHUM, IPOTE MOKPUBAE OUIbIIICTh MOTEHUINHUX CUTYyalliii BUKOpucTanHs. Puc. 2.2 1

2.3 UIIOCTPYIOTh YacTUHY EKCIIEpUMEHTAJbHUX PEe3y/ibTariB. [HII JaHl NpPUBEACHO B

Honarky B.
(3,2, 4) (4,2, 4)
6 10
a
P My, TN N
2
0 0 -
-30-26-22-18-14-10 -6 -2 2 6 10 14 18 22 26 30 -45-40-35-30-25-20-15-10-5 0 5 10 15 20 25 30 35 40 45
10 =====T(] (012 EZTO ZT01 TO12 0123
(a) k=3, b=2, =4 (6) k=4, b=2, =4

Puc. 2.2. Po3noxain npexacrasiess 1151 RBR 3 pizaumu andasiramu, =4

012T, aifikoBuiA 0123, peilfikoBMiA 0123T, gBiriKoBKMIA
64 64
56 56
48 a8
40 40
32 32
24 24
16 16
0 0 [+ -
. ~ O ] & ™~ o h @ o o
NBFSRBEEEG TR NERSREERER
012T, TpiiikoBUiA 0123, TpifikoBuiA 0123T, TpiiikoBuiA

-]
@
=]
—

274
548
822
1096
1370
1644
1918
2192
2466
2740
3014
1
366
731
1461
1826
2191
2556
2921
3286
3651
4016

Puc. 2.3. Posnonin uucna npeacrasieHs 11 koaiB 012T, 0123 ta 0123 T 3 aBilikoBOO Ta
TPIHKOBOIO OCHOBOIO, 7" € [2,8].

Leit excriepuMeHT (3 TIEBHUMU 0OMEKEHHSIMH ) TOBOJIUTD, 1110 TIMCHO, IS PO3ITOALTY

a(V) Bwmict andaBiTy HENPUHUMNOBHHA. TakMM YMHOM, KOIM € HEOOXITHICTh

abcTparyBaTuCh BiJ] KOHKPETHOTO Habopy IMQp KOAy, € CEHC Ka3aTH MPO HOTo THI,

MpeICTaBICHUH yepe3 mapy mapamerpis (k, b).
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[IpoTe HEBUpILIEHUM 3aJMIIAETHCA TOJIOBHE MHUTAHHS — YOMY HAJJIMIIKOBI KOIU
MaroTh Tl BJIACTUBOCTI, SIKi BOHU MArOTh?

Binomo, 1110 HaltMEeHIII0I0 OAMHHMIICIO, III0 MOYKE MAaTH HaJJIMIIKOBICTh, € 1Ia0I0H —
ABOPO3pAIHA MANOCIIAOBHICTh. JIOT1UHO, 1110 Oyb-SIKUN KOJ CKIAHAEThCA 13 PAY TaKHUX
mabIoHIB, MPUYOMY JJIsI KOAY JAOBKHHHU I ICHy€ pIBHO r-1 mabnoH, mo Moxke abo
peai30ByBaTH HA/UIMIIKOBICTh (MaTH KiTbKa MpeACTaBieHb) a0 X OyTH yHIKaJIbHUM.

Hexait mano ko a,_, a,_, ... ay. [l03HAYMMO KOKHY IBOPO3PSAHY ITOCIITOBHICTD K
T;, ne i — HOMEp MOJIOJIIOTO PO3psiay mocmigoBHOCTI. Toai Oyab-aKuit Kom Moxxe OyTh
PO3KJIQICHNH Ha 2 «CHEKTPW», L0 B 3aJEXKHOCTI BiJ MapHOCTI YW HEMApHOCTI 7
NPUIMATUMYTh HACTyIHHM BUIVISA (KpamkamMH IMO3HAYEHI «TOYKUA PO3PUBY», MO SKHM
PO3IUILETHCS KON):

Ay 1Ay Qp_3Q0p_4.Qp_s5 ... A305.a109 > T._;T,_,T._¢ .. T, T,

JAnd napHux r: {
Ap1-QppQp_3.Ap_4Qp_c. .. A3.0501.09 = Ap_q.1 _3T,_sT,_5 ... T;T;.q,

Ap 1Qp_9.Ap_30p_4.0p_s5 ... A3.050,.09 2> T, _,T._,T, ¢ ..T3T;.q
Apq-ApgQp_3.0p_4Ap_5. ... A305.A1A9 > Ap_q. 1 3T, _cT._5 ... T, T,

/11 HenmapHUX 7 {

Takum 9MHOM, MOXKHA Ka3aTH IMPO Te, 0 KOXKEH KOJ Ma€ piBHO r-1 1rabioHiB, e
MOXXYTb CPOPMYBATUCh aJIBTEPHATUBHI TPEACTABICHHS. SKIIO BiIOMO, 1110 JESIKHI KOJT Ma€e
Wa0bOHM 3 MAaKCUMaJIbHOK KUIBKICTIO TPEACTABIEHb 4y » = B, L€ O03HAYAE, IO
MakKCHMaJIbHa TeOPETHYHA MEKa KUTBKOCTI IPEACTaBleHb A, » = BT 1.

Hactymaum kpokoM, 1110 J03BOJIMTH OTPUMATH BIATIOB1Ih HA TOCTABJICHE 3aUTAHHS,
€ JOCIHIJKEHHSI PO3IOALTIB &, . Tabmuiis 13 mabJoHaMu 71 TeSKUX HAIJIUIITKOBUX Ta He-
HAJJIMIIKOBUX KOAIB npuBeneHa B Jlomarky [ (tabn. J[.2). Tak, Oyno BcTraHoBieHo al-
CTaOUIbHI KOIM MAlOTh JiMIe 10 4 Bpa3iuBi madnonu. Sk npukiafn, mis koxy 0123 me
mabnonu 00, 01, 32 1 33. b Toro: mi mabioHy po3TalloBaH1 MO KpasiM po3Moaiy, 2 3
HUX MaloTh ogHakoBl mudpu (00 1 33), a 2 iHml € ix cycimamu. Lle mo3Bosnsie€ moscCHUTH
omucany BiacTuBicTh. Tak, 2 komu (00..0 Ta 33..3) HIKOIM HE MICTUTUMYTH >KOJIHOTO
HA/UTMIITKOBOTO madyoHa. [1osiBa x y ko1 1 4 2 mopoauTh HAIIMIITKOBICTh Y OyIb-SIKOMY
BUIAJKY, KpIM ABOX: KO Lu(ppa 1 un 2 croaTume y KiHIIl, BIAMOBIIHO, IOCIIIOBHOCTI

00..0 um 33..3.
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[le oxHe 1iKaBe CIIOCTEPEKEHHS OB 3aHE 13 PIBHOMIPHICTIO KOY: TaK, KOAU TUITY
(4, 2) MaroTh TpamnemieBUIHUNA PO3MOLT, a 1X MAOJOHH TaKoXK (GOPMYIOTh Tparelito, 3 4
OJMHApHUMH A0JOHAMH MO KpasiM 1 MOJABIMHUMU 1Ia0JOHAMH B LEHTp1. B Toil ke uac
1HIUH al-cTabimbHul THI KOy (5, 2) TaKoX Ma€ «3aKpUTUM IIEHTP», MPOTE B PO3IMOALUI
HasiBH1 «CTPUOKM»: IESAK] IIa0JJOHU MarOTh 10 3 aJbTEPHATHBH, B TOW Yac K y OUIBIIOCTI
ix crporo 2. [Ipu 11bOMy >KOJI€H KOJ, III0 Ma€ «MPOTaJNHY» Cepell IEHTPaIbHUX 3HAYECHb
(To6TO, HE-HAUIMIITKOBUH 11a0I0H), a1 -CTaOUTbHIM TaKOX HE €.

Takum YUHOM, JOIUTBHO MPHUITY CTHTH, IO IIEPEKPUTTS 1 KIIPOTATTMHI B PO3ITOALUT
Q, BIUIMBAIOTH HA (POpMY po3Mnoaty a,. BTiM, monanbiiie mpooBKEeHHS aHali3y noTpedye
BBEJICHHS JJOJATKOBOTO OTMCOBOTO amapary JJIs peAcTaBiIeHHs iH(popMmaIrii.

[TornsHREMO yBaXKHIIIIE HA T€, K, BJACHE, HAJIMIIKOBI IIIA0JI0HM 3’ SIBJITFOTHCS B KOJIL.
B He-HammmmkoBid cucTeM1 YHMCICHHS KOJAW CHIYIOTh OAHE 3a OMHHMM. J[pyra KOJIOHKa
tabmumi JI.2 UTFocTpye Take KomyBaHHS — 30aj1aHCOBaHY TPIMKOBY CHCTEMY YHCIICHHS.
[IpoTte y HagIMIIKOBOMY KOJ1 MEBHI KOAM «HAIMOB3aIOTh» OJHE HA OHE, MOPOKYIOHH
HAUIMIIKOBICTh. [lpyu 1IbOMYy TOUKaMM NEPETUHY 3aBXKAM € MICLs, A€ crapla uudpa
3MIHIOETbCS. TOXK, € CEHC BBECTM Take IOHATTSA SK JIAHIIOT. JIaHIForoM Ha3BeMo
BIOPSIJIKOBAHY MiATIOCIIOBHICTb ABOPO3PSIHUX KOAIB ax, € @ — Hanepea BijgoMa mudpa, a
X — 3MIHHA, 10 TTOCIIOBHO 3MIHIOE 3HAYEHHS y BIATOBITHOCTI 10 andasity [4].

Maroun mei omMcoBHMI MEXaHI3M, BapTO 3BEpHYTH yBary Ha kox 0123, mo € 1
piBHOMIpHUM, 1 al-crabimpHuM. OCKUTbKH Horo andaBit MICTUTh 4 1UGPHU, B HHOMY
ICHyBaTUMe pIBHO 4 JaHLord AoBKUHOK 4. [Ipu nboMy ocHoBa koay — 2. Takum yuHOM,
PI3HUII MK pO3MiIpoM aii(haBITy Ta OCHOBOIO JI03BOJISIE BUBHAYUTHU INIMOMHY HaK/IaJaHHS,
IO BUTIKA€ 13 BJIACTUBOCTEW MO3UIINHMX CHUCTEM YHUCICHHS. BiJbIl HAOYHUM TYT €
CXEMaTHU4HE MPEACTABJICHHS, 1110 JaHO HA puc. 2.4.

BinmoBigHO, CIIBBIIHONICHHS JOBXKHWHU JIAHIIOTIB Ta IVIMOWMHHM HaKJIaJaHHS
rapadTye, M0 KOKHE 3HA4YCHHS KpIM KpalHIX Oy/e «IOKPHUTO» 3a PaxXyHOK TEPETUHY
3HAYCHHSM 13 CYCITHBOTO JIAHITIOTa, TPUYOMY PiBHO 1 paz. Y3aramsHrowouu el (hakT, MOyKHA

BHUCYHYTH HACTYTIHY T1IOTE3Y:
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TI'inomesa 2.2. bynp saxuii He-aHOMaJIbHUH KOJI € 1 o 1 -cTabUThbHUM 1 PIBHOMIPHUM TO/,
KOJIU B HbOMY BUKOHYEThCS JICSKE CITIBBIIHOIIEHHS M1’ OCHOBOIO YHCJICHHS b 1 po3mipom
andasity k.

[Tocrae nutanHs — skuM Mae Oyt e criBBigHomeHHs ? Kox 0123, BiTHOCHTBCS 110
tutny (4, 2), TOX, TOULIHHO MPUITY CTUTH, 110 1HII KO BULY (2b, b) TakoX MaTUMYTh CXOXKI
BractuBocTi. KomyBanus 0123TZ; BimHOCHTBCS n0 Tumy (6, 3) 1 TakoX BIAMOBIIAE

O3HAaYEHUM MapaMeTpaM. TaKuM YUHOM, € CEHC JOCTITUTHA WOTO JIAHIIFOTOBY CXEMY TaKOX.

I:']-T2 | T I L n i 10 I I.I.|

| oF | M

D]_ETE | T I o Il T2 2 iT | 10 | 11 7]

o7 | ok § oo f o | 2T | 20 .21|22|

02 | o7 § oo | O0a IHl

DlzTZE |.|‘.IIITI.|‘.|:|- 1 I2 11 iT 10 1] {17

| Tz TT T} T2 T2 ey Fl o 21 I 22 |

|a|n|m:.:1;3mmmmmm3ﬂmnzza

D123T23 o]l ulele]lo|lolulelafa]a]ao]a]=] =]

Puc. 2.4. Jlanmrorosa cxema g koaiB 01T,, 012T,, 012TZ,, 0123TZ;.

Ak BUAHO 31 cxeMH, 00HIBa KO MAlOTh TpanelieBuaHuNA po3noair. Lle mo3Bomsie
NPUITYCTUTH, 110 1 PO3MOILI O, B HUX Oy/le MaTH CXOXY BJIACTUBICTh. Puc. 2.5 imoctpye

PO3IOAUIM JJIsl PI3HUX KOJIIB 31 CHIBBIAHOIIEHHSM (2D, b).

01237z, ™vn (6, 3), n=2..7 01234TZE, vn (8,4),n=2..7 Koa (18,9),n=2..5
18
64 64 16
56 56 14
12
48
48 10
a0 40 8
32 32 6
4
24 24 2 I
16 16 0
WA ~OmMmT o0
8 fi3g9228888
M~ W = mod M O oMo
O o o~ + N O o MM~ MMN AW o ~m 5 4
ERGRIDEEE POEEEYRESAsE T
I = oA %ﬂlﬁl" N33 N=3 em— =2

Puc. 2.5. Po3noainu xoxaiB (6, 3), (8, 4) ta (18, 9)
I miticro, ¢popma po3moalTy € TpamemieBuaHO0. [[ikaBuM acmekToM, SKAHA BapTo

TaKOXX BIIMITUTH, € T€, 1[0 YUCIO YHIKAJIbHHUX MPEICTaBICHb 3aBKIN € PIBHUM KUTHKOCTI
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YVHIKQJIbHUX JBOPO3PAIHUX KOJIB (SKE 3aBKIW € PIBHUM 2b), a YWCIO TPENCTaBIICHb —
3aBKIU PIBHUM 2’/ HE3aJIeXKHO Bl CUCTeMHU 4yucieHHsA. ToOTo, Ha IEHTpabHUX TOYKaX
PO3TIOALTY Ui TaKWX KOJIB JOCSATAETHCS MaKCHMajbHE TEOPETUYHO MOXKIIMBE YHUCIIO
MIPEICTABJICHb.

3BICHO, 3JIMIIAETHCS MUTAHHS: SIK II1OJI0 IHIITUX CIIBBIAHOIIEHB kTa b? U MaTUMyTh
BOHHU NOA10H1 BiactuBocTi? Ha puc. 2.6 npeacrasieHo po3noAun aist koay tumy (6, 2) B

KJIaCU4HIN Ta jgorapudmidHiii Gopmi 32 OCHOBOIO 3.

Ositkosuin 0123TZ, Tvn (6, 2), Ositkosuin 0123TZ, Tvn (6, 2),
KnacuyHa dpopma norapudmiyHa dpopma

729 729
648 a3
567
486 81
405 27
324
243 ?
162 3

81 ) n

0 - PRSI RAZINREIIEIBRIIR

IRENSIRSANERAENERLY  HAAAA T T TTUCIASNRAES

— =7 n=6 n=>5 N=4 s—)=3 e—=2 — =7 n=6 n=>5 N={4 s—=3 e—=)

Puc. 2.6. Poznoain kony (6, 2) B 3BUuaiiHiil Ta JorapudmidHii popmi
AHanoriugHo, e ko € al-cTabiabHUM 1 PIBHOMIPHUM, a MaKCUMaJibHa KUIbKICTh

HOr0 MPENCTaBNenb Uy g, () = 3”. AHanoOriuno, po3IIsAAarOdHu JAHIIOTOBY CXEMY KOy
(puc. 2.7), MaeMO CUTYyaIlll0 HaKJIaJaHH, IPUUOMY (OopMa HAKJIQJAHHS € CTYMIHYaCTOIO,

YUCIIO MPEACTABICHb 3POCTAE IO IIEHTPY PO3MOILTY, a IOTIM CIaJIacE.

a=2 . a=3 v a=2 1 a=1
0z oT 00 01 02 03 3z 3T 30 31 32 | 33 |

a=1

TZ TT 1 70 | T1 T2 | T3 2z 2T 20 21 22 23

O 1 2 3 -I-Zz | 2z | T 0 1 22 3 1z T 10 11 12 13 .

Puc. 2.7. JlanitoroBa cxema koay (6, 3)
TakuM 4YHMHOM, JIOTTYHUM MUTAHHIM OyJl€ — YU MOKHA IMO€JHATU BIACTUBOCTI al-
cTabUILHOCTI, PIBHOMIPHOCTI Ta CAMETPUYHOCTI B paMKaX OJTHOTO KOy, 3a0€3TEUMBIIHY NIPU
IIbOMY YHCJIO MPECTABIICHb PIBHE CTETIEH] JESKOTO I1i1oro urcna? Jlocmaumo ko tamy (9,

3). Lleii kox Mae HEMapHE YUCIIO MUQP — TAKUM YHHOM, ajadaBiT 13 meHTpoM B Touri ) Oyme
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CUMETPUYHUM, a OTXe, 1 cucremMa uucieHHs Oyae cumerpuyHoio. [lpu 1pomy
CHIBBIJHOIIEHHS KOJIB J1a€ IIaHC AOCIITH PIBHOMIPHOCTI 1 a1-cTtabuibHOCTI. Ha puc. 2.8

MMpCaACTABJICHA JJAHIIIOTOBA CXCMaA TAKOI'O KOIY.

10 | 11 | 12 | 13 | 14 | 4Q | 4E | 4Z | 4T | 40 | 41 | 42 | 43 | 44

03 | 04 (3Q | 38 | 3Z | 3T | 30 | 31 | 32 | 33 | 34

2E 2Z | 2T | 20 | 21 | 22 | 23 | 24

Puc. 2.8. Jlanitorosa cxema kogyBandst QEZTO01234;, tun (9, 3)
[Toni6Ho 110 (6, 3), 6aunMo, 1110 CTPYKTYpa CXEMH € CTYHYACTOIO 1 M€ MaKCUMAJIbHY
KpaTHICTh 3. TakuM YMHOM, MO>KHA TEOPETUYHO Nepe0auNTH HACTYITHI TAPaMETPHU TAKOTO
KOJyBaHHS: MakCUMaJjbHY KpaTHICTb MPEACTaBJICHb 3!, YMCIO YHIKaJIbHUX BY3JIIB 6
HE3aJICKHO B1Jl PAHTY.
Ha puc. 2.9 npeacrasneno rpadik, moOy1oBaHUI Ha OCHOBI eMIIPUYHUX JTaHUX. SIK
BHJIHO, XapaKTEPUCTUKH JIHMCHO BIAMOBIAAIOTH TCOPETUYHOMY Mepe10adeHHIO, 110 BKa3ye

Ha TIPaBUJILHICTH TIMOTE3H.

Po3noain koay (9, 3), KnacuyHe Posnoain koay (9, 3),
npeacTaBieHHsA norapudmiyHe npeacTaBAeHHS

2
567 243
. g
324 27
243 9
162 3
81 X

0 - N O TN OTNET OWNWRSO

88 83852 85852588 RBS7 83852 85882538

283853959 ¥RIS3ER3E TRAIIDS AR

Puc. 2.9. Po3nonain xogyBanust QEZT01234;, tum (9, 3)

KpiMm Toro, orpumanuii pesyapbTaT Mae ACIKHM NPAKTUIHUN CEHC: OCKLIBKH
HAQ/UTMIITKOB1 BJIACTUBOCTI TOIIOJIOTI] 3aJieXKaTh BiJl BIACTHBOCTEH KONy, @ BJIACTUBOCTI, B
CBOIO YEPTYy, OITUPAIOTHCS Ha IIeBHI CITIBB1THOIIICHHS MTapaMeTPIB CHCTEMU YHUCIICHHS, 1€ J1a€
3MOTy 3aKjajaTh B KOJ TIEBHI BJIACTHMBOCTI, 11O B IMOAAJBIIIOMY MaTUMYyTh BIUIMB 1 Ha

CUCTEMY, CIIPOEKTOBaHY Ha OCHOBI HAJJIMIIIKOBO1 TOTIOJIOTI.
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2.3. ®opmadJizanisi Teopii HANJIUIIKOBOTO KOAY

JlaHi, mpuBeneHI BUIIE, OTPHMAaHI EMIIIPUYHO HA OCHOBI psAy TIiNoTe3, 3
BUKOPUCTAHHIM PI3HOMAHITHUX €BPHUCTUK Ta IHIYKIi HA OCHOBI Hepedopy BapiaHTIB.
3BICHO, TaKui MiAX1A X0U 1 Ia€ pe3yibTar, IPOTE 1€ HE € MOBHOLIHHUM JIOBEICHHAM. 3
IHIIOTO OOKY, EMIIIPUYHE BUSIBJICHHS YITKOTO CIIOCTEPEKYBAHOTO 3B’SA3KY MK KOAOM 1
napaMeTpaMM Ja€ 3MOry ToOydyBaTH MaTreMaTH4Hy Mojelb 1 (opMalibHO JIOBECTH
rinore3u, o Oy BUCYHYTI B X011 HOTIEPEIHIX MIATOTOBUYMX JOCTIKEHb. TaKuM YHHOM,
BU3HAYMMO HACTYyTIHI IOHSTTS:

OcHnoeononoxcna nocnioosnicms — 1€ TOCTIIOBHICTE TP BiT ACSIKOTO
MIHIMaJILHOTO 3Hau€HHS | 10 MakCMMaJbHOTO 3HAYEHHS M, IO OIMUCYE HOPMaJIbHHN
asnQa,it.

bazoeuii po3nodin a, — HaUIPOCTIIINI PO3TO/ILI, BIACTUBUI CUCTEMI1 YHCICHHS.

Jlanyioz L,— 11€ IOCIIOBHICTh KOAIB BUAY ax, € a € Hamepe BigoMoro udporo, a
X 3MIHIOETBCA BIAMOBIIHO IO OCHOBOIIOJOKHOI ITOCIIIOBHOCTI. HakimameHHs JaHIIOTB
OJIHE Ha OJTHE MOPOIKY€E OA30BUMA PO3IOILL.

Hlabnon — nesxuii IBOPO3PSAAHUN (PIAIIE — N-PO3PSIHNIN) KOJ B CHCTEM1 YHMCIICHHSI.
[lepenbauaeTncs, 1o mabloH MOXKE MaTH JEKijbKa aJbTepHATUBHUX (POPM, IO MOXKYTH
OyTH peamizoBaHi.

KirouoBoto BiaacTuBicTIO 11a0NOHY € TO (akT, 1110 Npu Horo peaizaiii (3aMiIieHHi
OJIHI€1 KOJIOBO1 MOCJIJOBHOCTI IHINOK) 3MIHAM TMIJJISITAE JIMILE YacTUHA KOy, IO
MOKPHUBAETHCS MAOJOHOM. [HIIII YacTuHU KOy HE MiHAOThCA. Llel ¢akT € GararokparHo
NEePEeBIPEHUM EMITIPUYHO, MPOTe MOTpedye MaTeMarnyHol (opmamizamii. Takum YuHOM,
HACTyTHa TeopeMa Moxe OyTu chopMyIbOBaHa:

Teopema 2.1 (npo 3amiwgennsn). J11s Oyib-s1KOTO HAIJTMIITKOBOTO KOy Buay AT, 1e
A 1 W € TOBUTLHUMH KOJOBHUMH MOCITITOBHOCTSIMU, a T — M1a0IOHOM, 110 Ma€ aabTepHATHBHI
MIpeACTaBIICHHS, BJAaCTUBO, 110 3aMimieHHs T Ha Oyab-sAKy HOTo aabTepHAaTUBHY hopmy T

nactb ko AT*y, Takuid, o A 1 |\ 3aJUIIaThCa HE3MIHHUMH 1 9UCIoB1 3HaUueHHs V(ATW) =

VLT ).
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JloBecTu ii HECKIaAHO. 3arajabHOBIIOMO, 1110 YKCIOBE 3HAYEHHS Oy/b-sIKOTO KOTY
nosuiiaoi CY dopmyerbes 32 Gopmynoro v(a,_qay_p ... ag) = N1zt a;b'. Bpaxosyroau
BJIACTUBOCTI CYMH, SIKIIIO 3aMIHUTH JESKY YaCTUHY KOIY HEBIJIOMOIO P-PO3PSIHOIO
nocmgosHictio T Tak, IO  Ap_1Qp_p Q1 QAiq e Ay A pQj_p_q - Qg =

Ar_1Qr_p .. jTA;_p_1 ...ag = ATU, 1€ j>p, GyHKIIIA 3HAYEHD TEXK MOXKE Oy TH IEPETBOPEHA
Hactymaum  uuHoM:  V(a,_1Ay_y .. Gy) = D123 a;bt = Z’ Pl bt + Zl o _paib' +
_ yi-p-1 p—1 e
a;bt = Yico a;b* + b/~ Py ab‘+b12i=0 a;bt =
1 Gy o) F W PV(a1a;, ai )+ b (arqar;y a) = V(W) +
b’ ~Pv(T) + bj v().

3 ma"oi GopMyJIH CIiTy€ HACTYIHE TBEPIHKCHHS: SKIIO 3aMIHUTH TMOCTITOBHICTE T

v(a a;

OyIb-SIKOO 1HIIOIO TOCTIOBHICTIO T, KOI MaTUMe Te caMe 3HAYCHHS 3a YMOBH, IO iX
noexkuHa € oxnakosoro i v(T*) = v(T). 3a BU3HAYECHHAM, MAOIOHH € N-PO3PATHUMU
MOCTITOBHOCTSIMH, TOX anbrepHartis T-> T 3apxnu nependadae oqHakosi qopxuan T 1 T,
AHaIorivyHo, 32 BU3HAYEHHAM 3aMiHa 0 MabIoHy rapaHTye, 1o 4uciaoBi 3HadenHs T 1 T"
ofHakoB1. Tox TeopeMy MOXKHA BBa)KaTH JIOBEICHOIO.

Kpim Toro, nana reopema Mae nacuiook: ko mabdiaod T mMae q mpeacTaBiieHb, TO 1
AT Mae He MeHIIIe HIXK ( IpeACTaBiIeHb, Takux, mo skimo T > T!, T2, ..., T4, o ATy 2>
AT!u, AT?, ..., ATau.

B sxocti HacTymHOro KpoOKy HEOOXIZHO OUIBIN JETajlbHO IPOAHAI3YyBaTH
BJIACTUBOCTI KOA1B. 3 eMIIPUYHUX TAaHUX B1JIOMO, 1[0 ICHY€ TIEBHA 3aJICKHICTh M1 KOJIaMU
nopsaky »tar-1. KpiMm Toro, Taki BIaCTUBOCTI SIK PIBHOMIPHICTB Ta & 1 -CTaO1IbHICTh TaKOXK
HAJIeKaTh J10 TAKKX, 10 NEPEAI0ThCA MK PO3NOALIIAMU PI3HUX MOPSAIKIB. TOX HaraabHAM
MMTAHHIM € (opmaltizarlisl Ta MaTeMaTUYHE JOBEICHHS JaHUX 3aJICKHOCTEH.

[Touatu BapTO 13 HACTYITHUX JIEM:

Jema 2.1. bazoBuii po3moi OyIb-A1K0i HOpMaIbHOT CUCTEMU YUCIeHHs TuMy (k, b)
MICTUTh PIBHO k JIQHIIIOTIB JOBXHUHOIO k, a po3Mip iX 00JacTi HakjIanaHHS § BU3HAYa€e

XapaKTEPUCTUKU LIbOTO PO3MOJILTY
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JloBeneHHsT 1aHO1 JIeMH MOJisira€ y BU3HA4eHHI JaHiora L,=ax. OCKUIbKH a €
udporo andasiTy, B CHCTEM1 YHUCIEHHS ICHY€E PIBHO A JaHIIOTIB. BiANMoBiAHO, X — TaKoX
mudpa andasiry, sika NpU CTAJIOMY a NpHiiMae BCl 3HAUYEHHA, BIAacTUBI andasity. 3a
BU3HAUEHHAM HOPMaJbHOCTI ajipaBIT € HOPMAaJbHUM, KOJIM MICTUTh BCl Ludpu 3i
3HAYEHHAMHU Bij [ 10 m piBHO B ogHOMY ek3eMmiuiipi. Takum umnom, x € [[,m]; Lm €
Z; m— 1+ 1 = k. Tox, aiiicHO, JOBKHHA KO)KHOTO L, 3aBKau Oye piBHOIO k HE3aJIeKHO
BIJI d.

Tenep MoroBopuUMO MPO XapaKTEPUCTUKU PO3MOALTY. 3a BHU3HAUYCHHSM, 0a30BUM
PO3TOLI TpeACTaBIIsie cO0010 QYHKIIIIO, /1€ KOy a00 3HAUEHHIO CTAaBUTHCA Y BIIMOBIIHICTD
YHUCII0 MOTO aJIbTepHATUBHUX Mpe/cTaBieHb B 3aaaHiil CYH. OueBuaHO, 10 KOXKEH JIAHIIFOT
caM Mo co0i He MICTHTh >KOJHOT HA/UIMIIKOBOCTI, OCKUIbKH X € [[,m], a orxe, B
HOpMaJIbHOMY ajiaBiTi CyCIJIHI €IEMEHTH JIAHITIOTA 3aBK/IM MAaTUMYTh YUCJIOBY P13HHUIIIO B
1. TakuM 4yMHOM, camMe CTHMK JIAHIIOTIB (opMye HaIIMIIKOBiCTh. Komu B ofHiN TOYIN
HAKJIQTAFOTHCS JIBA CyCITHI JTaHIFOTa 0,=2, KOJIH MEePETUHAIOTHCS TPU — TO 02=3 1 T.1I.

Binomo, 110 moyaTkoBi TOYKM BCIX JIAHIIOTIB MalOTh BUIVISAA al, IPUYOMY MDK
JdaHmoraMu a € [, m] — takum umHOM, IS BOX JIAHILIOTIB YMCIOBA PI3HULIS MIXK
MOYaTKOBUMU eneMeHTaMu (x;=x;=[) € piBHOWO (a+I[)/-al, 10 B YHUCIOBOMY BHIJISII
npenacrabiseTbes sk (at1)b+l-ab-1=b. Takum unnom Vk > b3 =k —b:V L, L, q,a €
[[,m—1]3v, € [v(al),v(al+ b — 1)],v, € [v(al + b),v([a+ 1]m — b)],v; €
[v([a + 1lm —b+ 1), v([a+ 1Im)]: a5** (v)) = 1,05 (v,) = 2,05 (v;) =
1,a2* (v ¢ [v(aD),v([a + 1]m)]) = 0, ne a>**" npencrasmse co6or0 po3moin THme

IS IBOX OKPEMO B3SITUX CYyCIIHIX JIaHIIOT1B. OueBUIHO, 110 3arajbHuid po3noaia, (V) =

k/2  2i2i+1
2ito &y

(V). Takum umnOM, 3amumaetbes gosectd, mo v([a + 1lm—b) —v(al +
b)+1=k—b =¢. Poskpuemo niBy wactuny Bupasy. Maemo v([a + 1]Jm—b) —
v(al+b)=(a+1)b+m—-b—ab—1l—b+1=ab+b+m—ab—b—-1—b+
l=m—-Il—-b+1=|m—-1+1=k|=k—b.

Takyum yuHOM, JemMy 2.1 MOKHa BBaXKaTH J10BEJICHOIO.

Jema 2.2. JIna 6ynp-axoi napu 1udp ax KiIbKICTh albTepPHATUBHUX TPEICTABIICHD

Moxke OyTH BU3HauYeHa 3a GOpPMYJIOI0:
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—1 — 2.1
X m x) (2.1)

b b

[TogaTn BapTo 13 TOTO, SIK 3MIHIOETHCS KOA MpH peam3arii madmony. OCKITbKH

alax) = min (m —a, ) + min (a — I,

aJbTEPHATUBHI MIA0JIOHW MArOTh MPEACTABIATH OJHAKOBI YHMCIIOBI 3HAYEHHS, TO, 3TITHO
BJIACTUBOCTEM CUCTEM UMCJIEHHS, MPH 3MIHI CTaploi Hudpu Ha Aeske +p MOJOAIIA Mae
3MIHUTUCH Ha -bp. CrpaBensmBO 1 3BOPOTHE: 3MIHA @ B OIK 3MEHILEHHS Ma€ BECTH JIO
aHAJIOTTYHOI 3MIHU X B OUIBIILY CTOPOHY 3 KPOKOM b.

Posrsnemo 2 curyauii. Hexail pyx mo crapiuiii uudpi BinOyBaeTbcs B CTOPOHY
301mbIeHHs . OY4EeBUAHO, IO @ < M, TAKUM YUHOM, p = [ ...(m-a). [IpoTe icHy € 0OMeKeHHs,
1110 HAKJIAAA€ThCSA MOJIOAIIONO IIU(POIO: MPH 3MEHIIIEHH] HAa bp BOHA HE MOXKE CTAaTH MEHIIIE

HiXK [. TakuM YMHOM, MO’KHA BUBECTH HACTYITHY HEPIBHICTh: X — bp =1l —-> bp <x —1 -
x—1 x—1

< —->p=1..[—]
p=<—F"D =]

TakyM 4MHOM, YKCIIO MIPEACTaBieHb OyAe BIAMOBIIATH MakCUMasbHIN MeXi p, 1110

. . x—1 . . . .
piBHa & = min (m —a, T) AHaJIOI‘II-IHO, IIpu pycC1 B O1K 3MEHILIEHHSA CcTapuiol I_[I/I(pr

ICHy€ €KBIBaJICHTHE OOMEXEeHHs X + bp < m 1, IK HacJi10K, MeXa p MPU TAKOMY HarpsiMi

pyxy Oyne a; = min (a —1, mb_x).

BianosinHoO, 3arajibHe YKCJIO NMPEACTABICHb BpaxoOBYy€e OOMIBA MOXKIIMBI HaIPsIMU
pyxy i € piBanm a(ax) = a; + a.

Jema 2.3. ]Ins Oyab-aKOTO KOAY Yax YUCIIO albTepHATHBHUX MIPEACTaBIeHb a5 (Y ax)

MOke OyTH OTpUMaHO 3a (GOPMYIIOFO:

i=m-y

as(yax) = Z a, (v(la — ib]x)) (2.2)

i=l-y
He v(ax) — dpynkuis 3Ha9enns kony i a, = 0 ma v(ax) € [v(D), v(mm)].
JInst moBeeHHS BUKOHAEMO PO3KIIAJ KoAy yax Ha 2 cnekrpu YT Ta Ox. 3rimHO
Hacliaky Teopemu 2.1, skmo 7 mae p = a, (T) npencrasneds 77, 72, ... TP, TO 1 yax Takox

Mae mipeactasnenus y1t, y1?, ..., y1v.
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Tenep 3ocepennmock Ha HemapHiil yactuHi criekTpy Ox. Hexait icnye q = a,(0)
aJIbTEpHATUBHUX MPEICTABICHb 01,62,...,09. 3rigHo nemMu 2.2, MOKHA BM3HAUMTH I
npencraieHds uepes popmyny ' = [y +illa—ibl,i=1—-y.. m—y.

TakuM YMHOM, Mepexiz o mabnony 6 nopomsxye HoBi mabnonu y'T;, ne a, (T;) =

p;. JloriuHo, 110 KOJ BKJIFOYATUME 1 11l MPE/ICTABICHHS TaKoK. TakuM YHUHOM, a(yax) =

i=m-y . o .
> i=i—y (T;), fKe BKIIOYa€ B cebe i mouaTkoBuii BapiaHt y7T.

BTim, Taka gopmysna He € MOBHICTIO KOpekTHOI0. CripaBa B TOMY, 1110 IIPH TIEPEXOTi
a' = a—ib MOXIMBa CHUTYyaIlis, 110 @ BHiiAe 3a MeXi miarmazony [/, m]. Ilpore, mpu

bx—D>l—a-x Zl_Ta—l qyu b(m—x)>a—-m-x S%+m MOYKJINBA

CHTYaIIis, [0 TTOYAaTKOBO HEMPaBUIIbHHM KOJT MATUME B CUCTEMI MTPaBUJIbHE MPECTaBICHHS,
[0 TPHU3BEIE 0 PO3XOKCHHS MK TCOPETUYHHUM 1 MPAKTHYHHM Pe3yIbTaToM. TakuMm
YUHOM, JIJIs1 KOPEKIIii BapTo BuKopucTatu (yHkiito 3nadeHHs v(7T;) 3amicts camoro T;.

Posrnsnemo mpukiazn. Hexait nano cucremy uuncnenns 0123T,. Bimomo, mo kox 01 B
Hiii Mae 3 anmprepHaruBHi nipeactasiens: 01, T3 1 1T. Hexait mano xox 001, anst stkoro
MOTPIOHO OTPUMATH BCl HMOTO aJbTEPHATHUBHI MpeACTaBleHHSA. Tomi, 3T1AHO 3BHYANHOI
bopmymu:

1) 001=6x = 6=00. 00 mae 2 npeacranienns: 00 1 T2. TakuM YHMHOM, OTPUMYEMO
koaqu yT =001 1y!T!' =T21.

2) agamizyemo T 1 T a(T)=3, a(21)=3. [Ipu ipomy T! Mae Taxi mpeacTaBICHHS K
21, 13 1 3T. Takum undHoMm maemo a(001) = a(01)+ a(21) = 6.

3riguo emmnipuynux ganux o (001)=7. Jle momunka? [Ipoanamnizyemo Koau, ki Oysio
3HANICHO TEOPETUIHO Ta eMImpudHO. Teoperrnano Oymu BusHadeHi 6 koxis: 001, 0T3, 01T,
T21,T13 1 T3T. Brim, emmipuuHi faHi BKa3ytoTh Ha 11e oauH BapianT 1TT, skuit He Oyro
BUSIBIICHO Tpu aHati3i. Yomy? CripaBa B TOMy, 1110 Nepexif no npeacrabieHHsM 0 He ae
’KOJAHOTO BapiaHTy, e O crapmoio uugpoto 6yna 1. BTiMm, SKIIO NPUMYCTUTH, IO MU
MOXXEMO TIOpPYITyBaTH MpaBuUja KOMYBaHHS MPHU TEpexoji Mo 6O, cuTyarlis 3MIHIOETHCSL

Takum 4yrHOM, 3’SIBISETHCSA HACTYITHA MTOCIIOBHICTD JTii:
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1) 6=00. Buxonaemo nepeGip BCix BapiaHTiB Mo cTapirii uugpi 0, mpuiy ckarou, mo
Monoaia iudpa Moxke HadyBaTy PH IbOMY HEKOPEKTHUX 3HAa4eHb. Maemo:

0'=T2, 6°=00, 6'=1[-2], 62=2[-4], 63=3[-6].

2) Anamizyemo orpumani 7. T-/=21, T'=01, T'=[-2]1, T°=[-4]1, T3=[-6]1. OueBuaHo,
o T1, T?1 T3 He Tak mpocTo MpoaHaIi3yBaTH, TOMY CKOPUCTAEMOCH (Y HKITIEFO 3HAY CHb [T
xopuryBaaHa. Maemo: v(T™1)=2x2+1=5v(T°) =0+2+1= 1;v(T!) = -2«
2+1=-3;v(T?) =—4+2+1=-7;v(T}) =—-6x2+1=—-11-> a(T™1) =
a,(5) =3; a(T?) = a,(1) = 3; a(T") = a,(=3) = 1; a(T?) = a,(=7) = 0; a(T?) =
a,(-11) =0 - a;(00D) = a(v(T™1))+ a(v(T®)) +a(v(TH))=3+3+1=7.

2.3.1. Pexypenmmne oouucinenns o(v) 0isa KoOyeaHHs po3paoHocmi r

Takum urHOM, HaHA JeMa MPUBOAUTH 0 HACTYITHOI TEOPEMHU:

Teopema 2.2 (npo npeocmasnennsn). Uucno anbTepHATUBHUX IMPEACTABICHb Oy/ib-

SIKOTO T-PO3PSATHOTO KOy MOXKe OyTH OTpUMaHo 3 (popmyu:

m—|v /pT1| v
)= B e[ @3)
i=1-lv /pT1]

Hosenennss ganoro Qakrty mns =3 mnpencraBieHo Jemoro 2.3. Btim, #oro
PO3IIMPECHHS Ha 3arajbHUN BUMAJO0K MOTPeOy€e MEBHOTO JOAATKOBOTO MOsCHEeHHsA. [1o-
nepiie, 118 Oynb-sSKOTO Yucia V, 1Mo MOXe OyTH TPEICTaBICHO CHCTEMOIO UYHCIICHHS,
3aBXK]IM ICHY€ 0a30Be MPEICTABICHHS — TaKe, 1[0 MOXEe OyTH OTPUMaHO Yepe3 MOCIIIOBHE
JJICHHS 4YHWCIa Ha OCHOBY 3 3alMCOM oOcTadl. BiamoBigHO, SKIIO 3amucaTH 1ie
npencrapieHus sk y7, ne T € KoaoM JOBKHHH 1-1, cTapiia iudpa y Moke OyTH OTpUMaHa
yepe3 MIJIOYHCENTbHE AUICHHS Ha OCHOBY B CTEIEHI r-1 3 OKpyIieHHSM BHU3. ToOTO, y =
|V / b"~1]. Bignosigno, v(T) =V —yb™ 1 =V — |V /b 1| b 1.

Tenep po3rsiHeMo yBaxkHiIe Jokas jiemu 2.3. B Hili T 1 0 € komamu nosxunu 2. BTiMm,
SKIIO TPUITYCTUTH, 110 T Mae TOBKHHY I-1, MaeEMO HaCTyITHE:

1. dns 6ynb-axoro kony Buny yT a(T) € a(yT). Lle TBepaKeHHS CIiaye i3 HACTiAKY

Teopemu 2.1 1 He 3aJICKUTh BiJl TOBKUHU 1.
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2. J1ns oy BUy X cripaBeIMBO, 110 peatizailis mabiaony 6 mpu3BOAUTH /10 OSBU

HoBUX mabnouiB y'T;, ne y' € [, m],a' € T;,a' = a + b(y —y"). 3riguo Teopemu 2.1
nopxkuHa T TyT TaKOXK HE Ma€ 3HAYCHHS — €TMHUMH YMOBAMH € CKBIBAJICHTHICTh JIOBKUHH

Ta 3HAYCHb, 1110 TAPAHTYETHCS BU3HAYCHHIM I1a0JIOHY.
3.V Bignosinnocri go n.1 i n.2: a(yT) 3 {a(T),a(Ty),....a(T,)} - a(yT) =
?:1 a(T;). Ipumyckaroun, 1o y* mpuitMae BCi ZOMyCTUMi B paMKax andaiTy 3HaueHHS,
maemo: a(yT) = X7 a([a + b(y — i)]x). Ananoriano, X Moxe OyTH 3aMiHEHO Ha OyIIb-
SKe | 1, y BIAMOBITHOCTI 70 1.1 1 1.2, nana popmyina Takox Oyze cripaBenivBa.

TakuM 4MHOM, NpEJCTaBIIEHA Yy YACIOBOMY BUITIS I popmyna Matume Bursan a (V) =

ma(la+bly —DIw) = Zl o ya(v([a+ bilw)) —Zl o ya(v(au)+
b 2u([bi]) = lap =TI = X152 a (V — |5 | 71 + bi+ b72) ) =

st e (v G- [ hery).

AHaJOTI4HO, 1 (popMysia MOXE OyTH CHOpPOILECHOI, SKIIO MPAaLIOBATH JIUILIE 3

6azoBuM npenacrasieHHsaM Buay yT. Toal Bona HaOyBaTiMe HACTYTHOTO BUIVISAY [4]:

m-=y

a,(yT) = Z a,_,(v(T) +ib"™ 1) (2.4)

i=l-y
3rifHO [0 JaHOi TEOpEeMH, MOXKHA BCTAHOBUTH PEKYPEHTHHUH 3B’S30K MDK
po3noauIaMu nopsaky rrar-1. Kpim roro, MoxkHa copmMyIntoBaTy HacIiA0K JaHOT TEOPEMU
y HaCTYIHOMY BUIJISIAL:

Hacniook (npo naxnadawnns). JInig BCix r>2 po3MOILT O MOXKE OyTH TP EACTaBIICHUMA

yepe3 MOCHiI0BHE HAKJIAIEHHS pO3MOALUIIB paHry 1-1 13 kpokoM b, Haiikpatum ciocobom
HAO4YHO 1€ NPEACTABUTH € JIAHIIOTOBa cxeMa. Tak, Ha puc. 2.10 npeacraBieHo cXeMy Koy
012T,, ne uyepes JNaHIIOTU 300PaXKY€ETHCS PO3MOALT 0. Tabnuig nokazye Te, ik 4 Takux
PO3IOAUIM HAKJIQJAIOTHCSl OJTHE HAa OJIHE B 3aJIGKHOCTI BiJ cTapiioi mudpu, a HIDKYC
NpeacTaBieHa Ta caMa CXeMa, JE JIAHIIOTH 3aMICTh KOJIB TOKa3ylTh YHCIIO

aJbTEPHATUBHUX TMPENCTABIICHb, IO 3a0€3MEYYIOThCS 3CYHYTHM PO3MOAUIOM O Il
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BiZimoBiiHOTO yncna V. OCTaHHIH JaHITIOT TIPEACTaBIIIE COO0I0 PO3IMOALT O3, CPOPMOBAHHUIA

B pGSYHBTaTi ObOT'0 HaKJIaJaHHA.

-7 6 5 4 -3 -2 -1 0 1 2 3 4 5 6 7 8 9 10 1 12 13 14

TTITOITIITZ‘IT|10||11|12

o‘r|no|01|oz|z'r|zu|zl|zz|

012T2 ] TT]TDITIITZ‘IT|10||11|12

lﬂlTOlTllT2|1T|10|11||12

. 7
| oT | 00 | 01 | 02 | 2T || 20 || 21 | 22
1 T

[ecwy |[1]2]2]2]2]2]2]2]1]1]

[1T1T2T2]2][2]2]211]1]
[Ala]2]2]2][2]2]2]1]1]
[1]a]2]2]2]2]2]2]2]1]

[ e [a]a]2]2]3][3]4]4a]a]afa]a]a]a]4a][a]3]3]2]2]1]1]

Puc. 2.10. YTBOpeHHs po3moaiTy a; 4epe3 HaKJIadaHHS o

HasBHICTD 4iITKOTO CIHIBBIAHOIICHHS MK PO3MOAIAMHU PI3HUX PaHTIB J1a€ 3MOTY
HEepEeNTH 10 aHai3y TifoTe3, 0 OyJIu BUCYHYTI paHiie. | kiodoBoro i3 HUX € rinoresa 2.1.

2.3.2. /losedennsn nezanexcHocmi a-po3nooiiy 6io emicmy aigaeimy.

Takum yrHOM, HACTYTHA TeopeMa Moke OyTH chopMyIbOBaHa 1 JOBEICHA:

Teopema 2.3 (npo angpasimnuii 3cye). JIns Oynb-s1K0T0 HOPMAIHLHOTO aI(PaBiTY 3CYB
OCHOBOIIOJIOKHOT TTOCTIIOBHOCTI Ha P BeAC JO 3MIIEHHS PO3IMOAUTY 3a HACTYITHOIO
bopmyIoro:

a,(V) = a.(V+p —1)) (2.5)

[Tounemo 13 BiacTuBOCTEM 0a3oBOrO po3moALTy. Hexail ajis OCHOBOIOJIOXKHOL
MOCTIIOBHOCTI [/, m] maHo po3moail ap. 3rigHo jemu 2.1, 1medl 0a3o0BHil PO3MOAUT
PO3KIanaeThCst Ha MAHUIOTH Ly, Lyyp, o) Ly (x—1)p-> @ HOTO XaPAKTCPUCTHKU BU3HAYAIOTHCS
JOBXKHUHOIO HakiagaHHsi ¢ = k — b. Ockuibku jiema 2.1 TOBOAUTD, IO XapaKTEPUCTUKU
0a30BOT0O PO3MOIUTY OMMPAOTHLCS BUKITIOYHO Ha &, 1€ JO3BOJISIE JOBECTH MEPIITY YACTHHY
teopemu: a,(V) =a,(V+3). Busnmauumo muei 3cyB 6. Bimomo, mo 3MmiHeHa
OCHOBOTIOJIO’KHA TIOCIITIOBHICTh 3a/laHa Ha BIAPI3Ky [/+p, m+p]. BianosigHo, 3MIIIeHHS
MDXK JIBOMa PO3MOALIaMU MOKHA BUSHAYUTH BIHSBIIH iX MMOYaTKOBI Koau [[+p][l+p] — [,

110 B YMCIOBOMY BUIVISI1 IPEACTaBIATUMEThCA K (I+p)b+(I+p)-Ib—I = pb+p
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Tenep po3misiHEMO BHUITAOK JTOBXKUHHU 7. 3TiAHO Teopemu 2.2 Ta ii HACHIAKY Tpo
HaKJIaJaHHs, PE3yJbTYIOUUN PO3NOALT MOXe OyTH ONUCAHUN SIK k PO3MOAUIB (_q,
HAaKJIaJeHUX Ha OAHE ONHOTO 13 KpokoM b/, CrnpoOyemo neperBoputH Gopmyiny 2.4 y

BIAMOBIIHOCTI 10 3MIHEHOT OCHOBOMOJIOXKHOT ITOCIIIOBHOCTI. MaeMo:

m+p—y m-=y
a.(yT) = z a._ (u(T) + ib™1) = z ' (u(T) + (p+ Db™)
i=l+p— =1
‘ fnfy Y (2.6)
- z . ((T) + ib™ + pb™1)
i=l-y

Taxum unnOM, 3Harouu, o as (V) = a,. (V + pb + p), a V=v(yT), MOKeMO OTpHUMaTH

bopmyny  mm az(yT) = X757 a; (w(T) +ib* +pb?) = 177 a, (w(T) +ib" " +

pb® +pb+p) = X757 a,(v(T) +ib" ™' + X7, pb’). OcKinpKn Viopur =
const: ¥i_opb’ = const » LY a, (v(T) +ib" ' + X5 pb ) = az(V +
f= oPb’). Binnosinno, MoxxeMo neperBOpUTH GopMysTy 2.6 y HACTYTHHIA BUIJISIL:

m-=y

a,.(yT) = Z oy (v(T) +ib" T+ Er__lpb‘) (2.7)
j=0

i=l-y

Ile exBIBaJIGHTHO 3CyBYy CKJIAQJOBHX YaCTHH PO3MOAUTy @, Ha OJHY 1 Ty caMmy
KOHCTaHTy B370BX oci abcuuc. Ilpu 1mpomMy BigHOCHA CKIIagoBa, IO BHU3HAYAE KPOK
HaknagaHas [b" 1, 3ammmaerbcs HesMiHHONO. OCKIIBKHM XapakTEPUCTUKH PO3IOILTY
BHU3HAYAIOTHCS CaMe BITHOCHUM HAaKJIAJaHHSIM CKJIQJIOBHX YaCTHH, KOHCTAaHTHHUN 3CYB HE
Oy/le BIUIMBATH HA BIACTUBOCTI PO3MOJILIY.

OcranHiM, 110 BapTO 3pOOUTH — 1€ CIPOCTUTU (GopMyiay 2.7, 3aMIHUBIIA CyMy
creneniB b cymoro BimmosigHoro psmy. Tox, X723 pb' = pXiZgb' = p(b" — 1). Ilics
JaHO1 3aMIHU TIpe/cTaBieHa popMyiia BiANoBIIaTUME GopMyi 2.5, MpUBEIEHIN paHille.

Marouu 1mi JOBeJEHHS, MOXKHA TepedTu A0 Tinore3 2.2 ta 2.3, 00’eaHaBIIN iX
BO€EJIMHO. BTIM, miep1ir HIX MepeXoauTH 10 Oe3mocepeaHboi poOO0TH 13 HEt0, € HEOOX1HICTh

O3IVIIHYTH PAJ IPOMDKHUX TBEPIUKEHD, ITIOB’ SI3aHUX 13 BJIACTUBOCTIMHU KOIY.
2
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Jema 2.4. I1pu k=tb dopmyeTtbes piBHOMIpHHMIA po3noain a, (V). [lpu upbomy V p =
1..t—1:V €[Vyn + (0 —1)b,V,iry + ©b) U Voo — Pb, Voo — (0 — 1)b] -
a,(V)=p. dmaV €[V, + (@t —1)b, V0 — (t —1)b] > a,(V) = t. Takum uunOM,
icHye piBHO n,_,(2) = 2b yHIKaJILHUX KOJIB.

JloBeneHHs aHOi1 JIEeMH TaKOX € JOBOJI TPUBIAJIbHUM. 3T1IHO Jemu 2.1 crucrema
PO3KIAAAETHCS Ha & JTAHIIOTIB TOBKHUHOO k. [Tprdaomy 111 TaHITIOTH HAKIIaJar0ThCS OTHE Ha
OJTHE 13 KPOKOM b, sik 11€ OyJi0 MPOAEMOHCTPOBaHO paHimie, Ha puc. 2.4 ta 2.10. Takum
qypaoM, M —Ll+1=th->(a+t)b+l=ab+th+1l= ab+m+ 1. Sx HacTIOK,
Va<m-—t3aLy . L,3[ab+Lab+m]—> Ly, 3[lab+m+ 1,ab+2m—1+ 1].
Ile NpUBOIUTL JO TAKOTO IOHATTS SK METAJNAHIIOr — IOCTIMOBHICTH KOmiB L2, 1m0
MMOYMHAETHCS B1JI AE€IKOTO0 al, IKUH € YaCTHHOIO JaHLora L,, 1 BKJIrouae B ceOe BCl KOAH, 110
HAJIEKATh JTAHIIOTaM L+, ¢ p=1 ...t-1. SIk Hacminox, nepma rpyna auced [V, Viin + b)

«IIOKPUBAETHCS» JIUIIE OJHUM MeTamadiorom L7, rpyna [V, + b, Vi + 2b) — neoma

MeTaJIaHIIoraMH Lzl, L% +11 T.0. JIoT14HO, IO SAKIIO B METAJAHLIOI BXOMASATH JIAHLIIOTH 3

. . : . . k
KPOKOM £, TO ICHY€ PIBHO { METaJAHIIOrB, IPUYOMY IX JIOBXKHHA € piBHOW V) = " k=

th . ) ) ) ) : .
~ tb = tb?. BinmoBigHO, HA KiHIIAX METaJIaHIIOTiB CUTYyallls] TOBTOPIOETHCA: OCKUIBKHU 1X

TOBKWHU € PIBHUMHU, HAKJIaTaHHS Ma€ CTymHAYacty dopmy. Tox, 3araiabHe YHCIO0 YHCEN,
10 MPeACTaBISIIOThCs cuctemoto Vy, = V. ., — Vi MOXe OyTH 3amucano uyepes GopMymy

Vo, = Vigader + Vinchain = b(t — 1) + th?> = th?> + tb —b. TakuM 4YMHOM, PO3NOIIN €
pIBHOMIPHMM 3a YMOBH, 1110[;—" <V,—> th> +th—b<2th> >t—1<th— 1—% <b.

3ragaBmu, o t € N, a b = 2 MoXeMO MOMITUTH, 110 BUII[e3a3HAYEHA YMOBa 3aBK/IH OyJie

ICTUHHOIO HE3aNleXkKHO BiJ KOHKPETHMX 3HaueHb ! Ta b. Ile rapanrye, mo a,(V) ¢

(Vmax_Vmin)]

3pocratouor0 npu V' € [V, »

[ama dvactmHa (QyHKIN, BIATOBIIHO,

CUMETPHUYHA BIITHOCHO CEPEAUHHU PO3IOILTY, OTKE, PIBHOMIPHICTh &, JOBEICHO.
Yucno yHIKaIbHUX KOJIB JOBECTH IIE MPOCTIIIC: OCKUIbKM « = 1 nuiie Ha
mpoMikKax [Vyin, Vinin + b) 1 cumerpuanomy iomy (V,gy — b, Vinax ], 3Bincui ng-, (2) =

2b.
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2.3.3. Bracmueocmi kooie muny (tb, b). I[lonammasa 6azamosumipnoi ghopmu.

Takum urHOM, MOXKEMO C(HOPMYITFOBATH HACTYITHY TEOPEMY:

Teopema 2.4 (npo ideanvne cniggionowennsn). Kon tuny (tb, b) 3amxau € al-
crabutbHUM 1 piBHOMIpHUM VYVt € N,t > 2, npuyoMy HOro MakCUMaJlbHE YHUCIO
IPENCTABNIECHD (U, , (1) = t", a 4nMCI0 yHIKAIBHUX IIPEACTABIEHD N,—; = 2b.

J11s1 TOBEIEHHS BapTO 3BEPHYTHCH /10 HACTIJIKY TEOPEMH 2.2 1 TIPEACTABUTH PO3ITOIUT
y (opmi HakmageHux daHIforiB. BigoMo, 10 KpoK HaKJIaJgaHHS Ha KOXKHOMY €Tami T €
piBHUM b/, PosriasiHemo az. O4eBHIIHO, 110 YMOBAa PIBHOMIPHOCTI BUKOHYBATHUMETHCH,
SKIIO METAJIAHITIOTH KOKHOTO O MOXYTh OyTH 00’€/HaHI B JIAHITIOTH O1IBII BHCOKOTO
MOPSIKY.

Tox, mpoananizyeMo HasiBHI MeTajaHlioru. B HakmanenHi OepyTh yuactb k=th
PO3IOILIIB, KOXKEH 13 SIKUX, 3T1JTHO JieMU 2.4, pO3KJIaIa€ThCs Ha t METAJIAHIIIOT1B 1O BKUHOIO
th?. O4eBUIHO, IIIO OCKUIbKU KPOK HAaKJIaJlaHHA € b?, a JOBKHHA KOXKHOTO METaJIaHITtora —
tb? TO icCHyBaTMMeE PIBHO t JJAHLIOTIB OLIbII BUCOKOTO MOPSIKY, 1110 BKIOUATUMYTh B ce0e
1o k/t=b merayaHIIOTIB. 3arajoM, HECKJIaJJHO BCTAaHOBUTH, IO TaKUM YHHOM JOBKHHA
KO’KHOTO BUCOKOPIBHEBOTO JIQHITIOTA CTA€ PIBHOIO th3, a X 4mcio — BIAMOBIAHO, . [IpoTe
rmojtasibIa po0oTa 3 JIAHIIOTaMH BUIITUX MOPSIKIB B TaKi hopmi € IpoOIeMaTHIHOFO, 1110
MPUBOINTDH 0 MOTPeOU BBEACHHS HOBOI (DOPMHU OTHMCY Ta MPENCTABICHHS TAKOTO POIY
CYyTHOCTEM.

Tox, BBeAeMO Take TOHATTA SK TMOPAAOK JAHIIOra. 3BUYalHI JIAHIFOTH
PO3TISIATUMEMO SIK JIQHITIOTH MOPSAKY 1. MeranaHiiory, mo BKIIOYAI0Th B cede Jeske
YUCIIO JIAHITIOTIB — SIK JIAHITIOTH MOPSAKY 2. CTPYKTYpH, 110 BKIIIOYAIOTh B €0 JIAHITFOTH
MOPSAIKY 7~/ — SK JIAHITIOTH TOPSAKY 7. Takok IMpU3HAYaTUMEMO iM iHJekcH Bix 0, THM
caMUM a0CTparyro4yuch BiJ] KOHKPETHOTO ajdaBiTy 1 pO3MIISAAl0uM JIMIIE iX B3aEMHE
po3TanryBaHHs. TaKuM YHHOM, TIPEICTABIMO PO3IIOIUI TOPSAAKY 2 B HACTYITHOMY BHIJISIII:

Ly L L, L(b—l)t
a, 3 L21 35 L.l Lt-+1 l-‘1+gb—1)t 2.8)

th:—1 Le_y Ly th—1
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Tenep BapTo PO3IIAHYTH BIACTUBOCTI JaHOT MaTpUI. 1i pSAIKM MiCTATH eleMeHTH,
110 BXOJIATH IO €IMHOTO METaJIaHITfora. SIK BUIHO, iX 1HACKCH 3MIHIOIOTHCS 13 KPOKOM 7, a
3arajibHa KUIbKICTh € PIBHOIO b?, 110 MOBHICTIO BIJNOBIIA€ T€OPii. 3BIACH K MOXKHA JIETKO
3HAWUTH 1 JOBKUHY KOXKHOTO METAJIAHITIOTA: OCKUIbKU KOXKEH JIAHITIOT Ma€ JOBKUHY bf 1 psf
MICTHUTb b JTaHIIOT1B — MaEMO JOBXKUHY b’f. [HIII1 mapaMeTpu, Taki K KPaTHICTh HAKJIQAaHHS
Ha KO)KHOMY 13 BIIP13KiB, MOKHA JIETKO BUSIBUTH, SIKILIO [1aM’SITATH, 110 JIAHITIOT 3 1HAEKCOM
Ha OJIMHUIIIO BUIIUM € 3CyHYTHUM Ha b.

Temep BuKopuCcTaEMO 1€ peacTaBiIeHHS 13 popmymu 2.8 1 cmipoOyeMo mpeIcTaBuTA
PO3TIISIHY THH B Jiemi 2.4 po3noaut mopsaky 3. JIis iporo po3kiiageMo HakjIaAeH1 po3moaui
O, Ha k MaTpullb HACTYIHOIO BUIVIAAY (BEPXHIN 1HIEKC MOKA3y€ 3MILIEHHS [ BIIHOCHO

HaNWMOJIO/IIIIOTO PO3TOLTY):

2
/ LO \ LO Lt th—t
ag 3 szl — Ly Ly - Litpe—t
\L%_lj Ly Lapq v Lpey
2
L, Ly Lowe = Lpypes
1 Lb 1 _| Lo+ b +1+t b +1+bt—t
az 3 = : o (2.9)
L2b+t—1 Lyyer Loszer 0 Lyipey
2
L(k—l)b Lk-1)p Le-1)p +¢ Lae-1)b +pe—t
a(k—l) 3 Lz(k_l)b +1 — L(k—l)b +1 L(k—l)b +1+t L(k—l)b +1+bt—t
2 . .
Lz(k—l)b +t—1 L1 +e-1 LO1b w201 Lgm1yb bt

OuyeBuIHO, IO OCKUTLKH k=bt, ICHY € b pO3MOALTIB, YU1 JIAHITIOTH BIAPI3HIIOTHCS OTHE
BiJl OTHOTO Ha KPOK bt. TakuM 4uHOM, MO’KEMO C(POpMyBaTH MATPUIITIO, TOCTABUBIIH Y OIFH

PAIOK Ti PO3MOJLIH, SIKI 11€aJIbHO MPOIOBKYIOTh JIAHLIIOTH OTHE OJHOTO.

b—1)¢
ad af ag )
1 e L+ (b1t
a; 3| %2 ay " o & (2.10)
t—1 2t—1 bt—1
a; aj e 0
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Temnep 3amiHUMO PO3TOALIHN iX MeTanaHIoraMu. OTpUMY€EMO TPUBUMIPHY MATPHIIFO

HACTyIIHOT'O BUITAAY:

{%\ 12 /%Hn\
12 2

L2t+1 L1+(b—1)t

\L%—1/ L3y L3, , \L%_I/

3
12 2., /L2b+(b—1)t \ Ly
2 L 1 Ly
b+1 b+t+1 o | Eoro-e+r |

a3 9 . . . = E (2.11)
2 2 ) L3
Lyye-q Ly y2t-1 L3 peen b1

L%(t—ﬂ
Ly -1y Ly (ae-1) L% (be-1) B
t—1)+1
Lye-1+1 Lye-ve1 | .. | Lbwe-ner | ... | : |
E E E \L?Eb (e 1)/
+ p—
Lzb(t—1)+t—1 L%(Zt—1)+t—1 Lzb(bt—1)+t—1

BTim, nana ¢opma npencTaBieHHs € 3aHAATO TPOMI3AKOI0. TOX JOTTYUHUM KPOKOM
Oyle TpaHCIIOHYBaTH YaCcTHUHU, IO HAJEXKATh PI3HUM PO3IOAUIAM, JJIsi OTPUMAaHHS

HACTYITHO1 MaTpPHILIL:

[ » -,

3 3 3

wad4,=| o P Do (2.12)
L3y Lye-n+r = Lbsne

TyT MeTananmroryu, 300paxeHi B OTHOMY PSIKY, HE 3JTMBAIOTHCS, @ HAITPOTH — ICHYIOTh
napaJie’abHo oxHe ogHoMy. [Ipw 1IbOMY X JTOTOBHSIOTH JIAHITIOTH B CTOBIIIISAX , SIKI TAKOXK
ICHYIOTh TapalieIbHO JIaHIforaM B psakax. [Ipu mpoMy, Sk MOKHA OAQ4UTH 13 PO3IIOALTY,
YHCIIO0 €JICMEHTIB B PSIAKAX 1 CTOBMISX € CKBIBAJICHTHUM 1 PIBHUM 1.

Takum 9uHOM, (QOPMYETHCS KIFOYOBE TMWTAHHSA: SKI YacTUHU A3 B3a€EMHO
HAKJIaJaI0ThCs, a K1 — Hi? OCKUTbKH €IEMEHTH PSJIKIB HAJIEKaTh OJHOMY PO3TIOJILTY, 3TIHO
JeMH 2.4, BOHM MarOTh HaKJIaJ1aTUCh MK C0O0010. B TOIi ke yac eJleMEHTH OJHOTO CTOBIIIA
TaKOK MAalOTh HaKIagaThch. Hexall maHO MOYATKOBHMM €JIEMEHT CTOBIIIS 1 Ta KiHIICBHM
enleMeHT i+b(t-1). Toai iX cTapTOBI TOUKH PiBHI, BIAMIOBIAHO, ib Tath?— b’ + ib. Bimomo, 1110
JIOBKMHA L% piBHa tb?, TOX HOTO KiHIIEBAa TOYKa, BIAMOBIAHO, ib+ tb3-1. Takum umHOM,

orpumyeMo  HepiBmicte  th? —b?* +ib<th®* +ib—1->b(t—1)<th*—-1. 3
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ypaxyBaHHSAM TOTO, 1110 1 b He MOXKYTb Oy TH MEHIIIE 2, MO’KEMO HalleBHO CKa3aTH, 1110 JaHa
YMOBA 3aBXAH € ICTUHHOIO.
HaiickianHiIuM MHUTaHHSAM 3aJIMIIAEThCA JiaroHaIbHUN niepeTrH. OueBUIHO, 110

AKINO HalBimmaneHimni Jnadmorn L3 Ta L:zb +1)(¢—1) TEPETHHAIOTBCS, TO 1 BCI IHIII

NEPETUHAIOTHCS TAKOXK. TOXK, MiJICTABUBIIMN Y HEPIBHICTh KIHLIEBY TOUKY IEPILIOTO JAHLIOra
1 CTQpTOBY TOUKY OCTaHHbOTO, MAEMO:

b+1
b+1({—-1)b Stb3—>tb—b+t—1Stb2—>b+1—TSb2

" (2.13)
- (b + 1)(1—;) < b?
JlaHa HepIBHICTb OMMpaAETbcad Ha 2 mapamerpu b 1 ¢ BTiMm, sKmio miacraButi
MiHiMaJIbHi 3HaueHHs, oTpumyemMo (2 + 1)(1 — 1/ 2) <4 - 1,5<4. Tenep crpobyemo

OI[IHUTHU MOBEIIHKY HepIBHOCTI 2.13 3 pocToM ¢ 1 b. 3Hatoum, 10 CTAPTOBE 3HAYEHHS JIBOL

YaCTUHM MEHILE HDK Yy MpaBoi, NPeICcTaBUMO OOMABI YaCTUHU HEPIBHOCTI SIK JEsKi

(rceBno)HEnEpEpPBHI yHKIi f(b,t) =+ 1)(1 — 1/t) ; (b, t) = b2,
[IponudepenuiroBaBiu ix no b, Maemo: Z—Z < Z—‘Z - (1 — 1/ t) < b. Tyt Bxe, 3arajom,

OYEBHJTHO, IO JIiBa YaCTHMHA POCTHME MOBUIBHIIIE 3a MPaBy HE3aJCKHO BiJl f, OCKLIbKH

lim 1 — l/t =1-(1- 1/t) € [1/2 ,1]. 3 inmoro Ooky, b € [2,00). Takum dYuHOM,

too
vbh,t:f(b,t) < (b, t).

Ile moBoauTh Bimpazy Jaekimbka pedeid. OCKUIBKH BCl JIAHIIOTH TOPSAKY 3
HAKJIQJAl0ThC MDK CO00I0, TO (3 TapaHTOBAaHO € PIBHOMIPHOIO, OCKUIBKU CIIEpIIY
B11I0YBa€ThCS HAKJIQJAHHS BCIX ICHYIOUHMX JIQHLIIOT1B MOPSAKY 3, a MOTIM, KOJU JIAHLIFOTH
3aKIHIYIOTHCS — 3 SABIIIETHCS CUMETPUYHA 00J1aCTh CriagaHHsa. AHAJOTIYHO, MaKCUMAaJIbHE
YHUCIIO 11 IPeACTaBJIeHb PIBHE YMCITy B3a€EMHO HAKJIAJIEHUX JIAHIIIOT1B — TOOTO, . 3BIICH X 1
TPETS BJIACTUBICTb — a1-CTaOUIBHICTh: B O, JMINIE KIHIEB1 JaHIIOTH Lo 1 Lp.; MaroTh
HeHakyazeHl dactuHH. [Ipw mepexoni 10 a3 HEHAKJIAJACHI YaCTHHHM ICHYIOTH JIUIIEC B

MeranaHiorax L} ta L3(b +1)(¢—1)- [IpOTE, OCKUIbKH o3 MOBHICTIO BKIIFOYAE B ceOC O, TO

JOBXHWHA IMX HCHAKJIaJCHUX YaCTHUH 3aJIHUIIAEThCA CTAJIOHO.
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Jlane mOBeAEHHS JTOBOMMTH Maike Ti cami TBEPKCHHS, II0 1 Jema 2.4, mpote
37a€ThCS 3HAUYHO TpomizakimmM. [Ipore, Ha BigMiHy Bing jemu 2.4, BOHO MOxe OyTu

NOIIMPEHUM Ha BUNAAOK r=n. Tak, 00’€IHaEMO I17€aJIbHO HAKJIAJIEHI PpPO3IOIUHI

b-1)t ..
ag ) a;, 4 g )ty €IIMHY JIAHIIIOTOBY TPyIy A3, 1€ BEPXHIM iHIEKCOM MO3HAYATUMEMO

MOPSI0K, 8 HIDKHIM — IHIEKC TTO9aTKOBO1 ToukH. Tol, meperBopumo dhopmynu (2.10)1(2.11)

B HaCTyrIHI/Iﬁ BUTIAA:

0 t (b—Dt
3
I af -1 AO
1 1+t +W—-1Dt 3
a; 5| %2 @ X = 4 2.14)
1 2t-1 bt—1 A3
a; - a;j e A -t
A3 Ly Ly o Ly
3 3 3 3
a3 /1.1 5 L:b Lb:+1 : Lb+:t—1 (2.15)

Aiq Li(t—l) Lz(t—1)+1 L%b+1)(t—1)
VY3aranpHUMO 11 GOPMYIH AJIsL IEAKOTO PaHry 7. 3TiIHO Teopemu 2.2, Oynb-sKui
PO3IOMLI paHTy T MICTUTB B CO01 k =tb po3moaiIiB paHTy -/, HaKJIaJAEHUX 13 KpOKOM b’/
OueBuaAHUM € TOW (PaKT, 11O SAKIIO I POIMOALIM MICTITh £~ JAHITIOTIB paHry -/, To ix

JOBXKHUHU € PIBHUMU th"! — 3HauuTh, hopmyna 2.14 npuitme BUIIIAA:

0 t b-Dt
Ao Ar—1 QArq = Xy
r 1 1+t 1+(b-Dt
a3 B || % &l @l (2.16)
1'1 \ t—1 2t1: bt—l/
A1 Qg™ - g

o x BimOyBaTUMEThCS 13 JIAHIIOTOBOIO Marpuuero A4, (popmyna 2.12)? Ilpu
PO3IIMPEHHI 0 A4 MaTPULIS CTaHE TPUBUMIPHOIO, OCKUTLKH HOBI 1HIEKCH, 3T1IHO (popmys
2.11, He BIMBaTUMYTHCS B YK€ ICHYIOUY CHUCTEMY IHIEKCYyBaHHS 1 MOTpeOyBaTUMyTh
BHJIUICHHS JTOAATKOBOTO mpocTopy. IIpu 11boMy, OCKITBKH KPOK HaKJIaAeHHS — b3, To iX
1H/ICKCH 3MIHIOBAaTUMYThCS pOTOpLidHO b2, [IpogeMOHCTpyBaBIM TPUBUMIPHY MaTPHIIFO

yepes JeKUIbKa IBOBUMIPHUX, MAEMO:
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Ay
4 4
Ly L3 e LY Leoayp? Liecnpin Li-n@sn
4
= L: Lb+1 : L‘;’*;t‘l ‘(Lt—l)b2+b L‘(Lt—l)b2+b+1 L(t‘l)(bz*'l)*'b (2.17)
\L%(t—l) Lb(t—1)+1 L%b+1)(t—1) \L4 L 2 e LA 2 /
(t—1)(b +b) (t—-DB"+b)+1 (t—1D) (B +b+1)

3a aHaJIOT1€10, MOYKHA MPEACTABUTH 1 (7-1 )-BUMIPHY MATPUITIO y HACTY THOMY BUTJISII

(1St 3py9HOCTI TIepeHeceMO MOPSAI0K Y BEpXHIN 1HIEKC):

Ar 2 Abr 3 A(t 1)b1‘ 3
r—2
A Abr 2 A2 vy At +e-1yp=3 (2.18)
. s :
Abr-Z(t » Aprteinwre T Al =2

Tyt A™"? ¢ (r-3)-BUMIPHUMHM MATPHLSAMM, KOKHA 3 SKUX MICTHTH -3 JaHIFOTIB
HOPSIAKY T, YTBOPEHUX Yepe3 3JIUTTA PO3NOAUIB 3T1IHO A0 Gopmynu 2.16.
Tenep noBenEeMO pIBHOMIPHICTh. 3HAIOYM JIOBKUHY JIQHLIOTIB th" 1 BHUIBI

ocTanHborO iHgekcy (t — 1) Zf;oz b, migcraBuMo ix y HepiBHICTH 2.13. BianoBinHO:

1 r—2 . (2.19)
(1— ?)z bi < bt
i=0
AHAJOTIYHO, MiICTAaBUBIIY TTOYATKOBY TOUKY (2, 2), Maemo:
(2.20)

r—2
%2 Zi < 21‘—1 N %(27‘—1 _ 1) < 2r—1

3BijcH poOMMO BUCHOBOK, 1[0 TTOYATKOBE 3HAYEHHS JJIsI JTIBOT YaCTUHU MEHIIE HIXK
Ul TIpaBoi. AHANOTIYHO, TEPETBOPHBIINM YaCcTHHU HEpIBHOCTI Ha (yHKIIT Ta
npoaudepeHIIitoBaBIIN MO b’-?, OTPUMY€EMO Ty 3K CaMy HEPIBHICTh MOX1THUX (1 - 1/ t) <
b, 110 rapaHTye BIACYTHICTb Oy[b-SIKUX NEPETHUHIB MK HUMH, a OT>KE€, HEICHYBaHHS TaKoi
napu (¢, b), mo nopyuryBaia 0 3a3Ha4eHy HEPIBHICTb. 3BIJICH MOKEMO 3POOUTH BUCHOBOK,
1o Bci JaHmooru L € A" nepeTuHaroThCs, OTKe, PO3IMOLT 3aBKAN € PIBHOMIPHUM, HOTO

t"™"1, a umMcno yHIKaNBHUX KOOiB Ny, (1) =

MaKCHMYyM TIPEICTABICHb gy (T) =
Ng=1(2) = 2b.

Takum 4MHOM, BUCYHYTI TIIOT€3U OTPUMYIOTh MaTeMaTHUYHE JOBEJCHHS .
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2.4. MaTeMaTH4YHA MOJ€eJb TOMOJIOTI HA OCHOBI HAJIHIIKOBHX KOJXIiB

Po3rnsiHyTi TeopemMu T03BOJISIIOTH PO3PAaXyBard XapaKepUCTHKH HaJIMIIKOBOCTI
TOTIOJIOT i 111€ 10 CUHTE3Y, ONUPAIOYNCh HA 0OPaHUil KOJT, IPOTE 3aJIMIIAIOTHCS L€ JEKUIbKa
HEBUPINIEHUX MUTAHb:

1. B noBenenHi iemu 2.3 BUHUKAE CUTYallisl, KOJIM 3BUYailHUH CTIEKTpaIbHUI pO3KIaj
HE JIa€ KOPEKTHOI BIJIOBI/I1 HA MUTAHHS PO YHUCIIO MPEACTaBIICHb, OCKUIbKA BUHUKAIOThH
CHUTYyallli, KOJIM HEKOPEKTHI Ha MEPIIUi MO KO MalOTh B CHCTEM1 KOPEKTHI aHAJIOTH.
L{s1 mpoGireMa BUpIIyeThCS yepe3 (PyHKITIO0 3HAYECHb 1 0a30B1 KOAH, MPOTE JIaHE SBUIIC
CTaBUTh MTUTAHHS MPO 3B’SI30K MK PI3HUMU ajipaBiTaMu.

2. B teopemi 2.4 3anrponOHOBAHO MEXaHI3M IPEICTaBICHHS po3NoALTy uepes (n-1)-
BUMIpHY MaTpuilto. Lle BUKOPUCTOBYETHCS JIUIIE SIK 3pyYHE NPEICTABICHHS, IPOTE TaKUM
HiAX1T TOPOMKY€E MUTAHHS MPO MOXKIMBICTb BUKOPUCTAHHS TaKOi CTPYKTYpH I
0e31ocepeAHbOr0 OTPUMAHHS 3HAYEHHS PO3NOALTY Ta aJIbTEPHATUBHUX NPE/ICTABIICHD.

OTpuMaHHA BIJNOBIJIeN HA Il MUTAHHA JACTh 3MOTY HE JIMIIIE TPOTHO3YBaTH NIEBHI
XapaKkTEepPUCTUKA HAJJIMIIKOBUX TpadiB, a ¥ po3poOMTH MIAXOAH, SIKI JO3BOIMIM O
YAOCKOHAJIUTH METOJI CUHTE3Yy Ha OCHOBI HAJIJTUIIIKOBOTO KOAY.

2.4.1. Bukopucmanusa 6azamosumipnoi gpopmu ons oouucienusn o, (V)

[Tounemo 13 IpyTroro MUTAHHS, OCKUILKM BOHO MA€ BUILY NPAKTUYHY LIHHICTh. [[s
MOYaTKy MEePETBOPUMO MATPHUITIO A” 1 BBeIeMO 0araToBUMIpHY 1HJEKcallito. Tak, KoxKHOMY
JIAHLIIOTOBI MOPS/IKY 7 CTABUTUMEMO Y BIATOBIAHICTh MHOXKHHY HOTO 1HAEKCIB B MATPHIIL
Jlji ipuKIiaay, HACTYTHUM YMHOM BUIVISIIATUME MATPHUILIS TOPSAKY 4:

4 4
L%1,1.1) L‘(L1,1,2) Ly L%t.m) L%m,z)  Ligae
|5 |5 e A LA LA e A

A, = |tz Baz2 a2zt || Heen  E22) (t2t) (2.21)

L L P . | oo
\L(l,t,l) L(l,t,Z) o L(l,t,t) / \L(t,t,l) L(t,t,Z) e L(t,t,t) /
Takum ynHOM, Marou KOpTeX 1HACKCIB [ = (i;_1,iy_5, ..., i1, 1y ) MOXKHA OJJHO3HAYHO

BCTAHOBUWTH 3MIIICHHS JIAHITIOTa BITHOCHO MTOYATKy PO3MOALTY 3a (GOpMYIIO0:

s, = Z(i — 1)1/ (2.22)
j=0
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Ax MoxHa OaunTH, 1 GopMysia Maibke ekBiBalieHTHa (opmyii 2.1, mo omucye
OTpUMaHHsI 3Ha4YeHHs KoAy B no3uuiiHiii CY. Takum yrHOM, MOYKHA Ka3aTH PO ICHY BaHHS
OKpeMoi injekcHoi cuctemu uucnenns (ICH) tumy (¢4, b), koxeH pospsno; = i; — 1 Axoi
OTIMCY€E MICIICTIONIOKEHHS BIAMIOBIIHOTO JIAHIIOTa B 0OaraTroBUMIPHIA MaTpHIl, a HOTo
3HAYCHHS KOJy€ 3MIIMICHHS JTaHOTO JIAHITFOTa BIJHOCHO TOYaTKy po3smoairy. Lle Takok
o3Hauae, mo npu >b ICYU craHe HaAIHUIIKOBOIO, & 3HAYMTH, ICHyBaTUMYTh HaJJIUIITKOBI
JIAHITIOTH 3 TUM CaMUM 3MIIIEHHSM, 0 17IeaJIbHO MOKPUBATUMYTh OHE OJHOTO.

BtiM, cipoOyeMo BUKOPHCTATH BIACTUBOCTI JIAHIIIOTIB JJI BUPILIEHHS MPOOIeMH
NOIIYKy NIPEACTaBJIeHb. 3a1aiiMO Ha JIaHLIorax omnepauioo orpumanHs kogy L,(V), mo
MOBEpTAaE KOJl 3HAYCHHS SKIIO JIAHIIOT HOTO MICTUTh a00 MOPOKHIO MHOXKHHY.

JloriuHo, 110 77151 3BUYAMHOTO JIAHITIOTA TTOPSAKY 1, 1€ HYKHIM 1HIEKCOM TT03HAYEHO
nepiny 1udpy, 1aHa onieparlis ga€ koxa al V-ba]. BinmosinHo, OTpMaHHS HEKOPEKTHOTO KOy
CBITYHUTB MPO TE, IO YUCIIO HE MOXKeE Oy TH MPEICTABICHO 3a1aHIM JIAHITIOTOM. BiamoBimHO,
3MiHa 1HJEKCYBaHHA Ha TPOMDKOK [..k 49m 0...(k-1) HE € KPUTUYHOK: 3HAIOYH
OCHOBOTIOJIOKHY TIOCIIOBHICTh, 3aBXIU MOXKHA BUKOHATH TPUBEACHHS 110 MOTPiOHOT
dbopMmu.

Tenep po3rIsTHEMO JIAHITIOTH TOPSAKY 7. JlaHa CTPYKTypa CKIagaeThCsi 3 BEIUKOI
KUTLKOCTI1 3BUYAHUX JIQHITIOT1B, SIK1 CIIIIYIOTh OJTHE 32 OJHUM 3 KPOKOM fb. TakuM 4HUHOM,
3HAIOYW TMOYATKOBY CTapIry nudpy a 1 Marodu jaeske V, HeoOXiIHO Creplry BU3HAYHUTH
HOME) JIAHITFOTa B METAJIAHITI031, JIJI1 9YOT0 BITHIMEMO Bijl V' 3HaUCHHS HAlMOJIOIIIOTO KOTy
(mpuBeaeMoO HOTOo 10 TPOMIKKY (...th") 1 pO3ALIMMO Ha TOBKHWHY OJTHOTO JIaHITiora. Takmm
YUHOM, OTPUMYEMO:

V —ba-—1 (2.23)
=[5 —

J—>a =a+tp—> LN(V)=a'l[V-ba'l

Buznauuty, 1o V He Mae MpeACTaBICHHS B JIAHITIOTY, TAKOXK HECKJIQTHO: KOPEKTHE
3HaueHHs icaye mpu p € [0,b" 1) i He icHye npu iHIKUX 3HaueHHAX. BaknmBo BigmiTuTy,
110 aHa popMylia He TOTPeOy€ 3HATU caMl 3HAYEHHS, [0 BXO/ATh B JIAHIIIOT — JJOCTATHHO
JIMIIE XapaKTePUCTUK CUCTEMH Ta MepIry mudpy MeTallaHIora.

BTim, mie nBa nuraHHS 3anMinaroThes HeBupimeHumu. [lo-nepie, popmymna 2.23

J03BOJIsIE€ BUBHAYUTH 2 LIMPPU OCHOBHOTO KOAY, a HE BeCh KoJI. [Ipu 11boMy HE0OX11HO 3HATH
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nepiry nudpy nocainoBHocTi a. [lo-apyre, HEBUPIITIEHNUM 3aJIUIITAETHCS TUTAHHS KOP eKITi
V'3 ypaxyBaHHSM TOTO, 10 JIAHITIOT, JJISI IKOTO MTPOBOIUTHCS aHAI3, € 3MIIIIEHUM BiJTHOCHO
MOYaTKy PO3MOALTY.
3HOBY-TaKH, MOYHEMO 3 JAPYroro MuTaHHA. [IpuITycTHMO, IO OCHOBOIIOJIOXKHA
NOCIiIOBHICTB icHy€ 11 mpomikky [0, tb). Toxi posrsaatumemo AT (V) sik nepeTBopeHss,
anasnoriuae L,(V), 1m0 BHUKOHY€ThCA HajJ ycCIMa €IIEMEHTaMH MAaTpPHIl. 3HAIO4H, IO
crapiuii (epiruii) iHIeKC KOAy€ 3MIMEeHHS Ha b2, MaeMo:
RT=A (V)= (V) A7 (V—b2) — A7V —(c—Db2)  (2.24)
Hana ¢dopmyna € pEeKypeHTHOIO 1 ONHMCY€ MOCIIIOBHUI MOPSAIOK PO3PaXYHKY
3MimieHHs. BTiM, 3HarouM, 110 1HAEKCOM MaTpuill € ko B iHAekcHii CY, MokHa 3HAYHO
CIIPOCTHUTH ITt0 orepariiro. Hexaii Bigqomo, mo L € enementom A”, a p; — BIIIOBITHAM iH

enmemerToM matpuiii R”. Toxi:
r—2
or=1r|v- Z(ij D | =V =000y o)) = E(V —5)  (2.25)
=0

Hacrymna 3aga4a — BCTaHOBUTH BUIJISLT CTApIIUX PP, Marouu Koj B iHaAeKcHI CY.
BaxxmmBo nomituty, 1o ICY BimHOCUThCS 10 THILY (¢, b), @ BuxigHa — 1o tany (b, b). Tox,
BUHUKAE MATAHHA — SIK CITIBBIIHOCITHCA MK COOOFO KOOH IIMX JIBOX CHCTEM?

Posrnsaemo Bunamok »=2. @opmyna 2.8 ommcye MaTpuito po3MipHOCTI b X t, 1e
KOXH1 b JIaHIIoriB 00’€IHaH] B ¢ JIAHITIOTIB MOPSAAKY 2, a iHaeke (Monoama nudpa ICYH)
BKazye Ha MOAYJb BiJ JUJICHHS Ha ! TOYATKOBOI HU(pPH JaHIIOra, MPUBEICHOI JI0
OCHOBOMOJIOKHOI HOCH10BHOCTI [0, th). ToOTO, SKILO IIyKaHUI KOJ MPEACTABICHO Y BU/II
Ar_1Qr_5 ...Ay, TO 0¢ = (a; — ) mod t.

Tenep po3nsaemo 1=3. 3riguo hopmynam 2.10,2.1412.15 po3noau1 po3KiIa1aeThCs
Ha MEHII PO3MOILIH, IO 3JIUBAIOTHCSA MK CO00F0. 3T1HO TeopemMu 2.2 3arajbHe YUCIO
0a30BHUX PO3MOJIUIIB pIBHE bt, a iX «30BHINIHIM 1HIEKCOM» MOYKHA BBaXKATH UMDY a», KA
BIJIMOBIa€ KOHKPETHUHA po3moaii. IIpore, ockimbku kKpok Hakimamgadndas — ¢, To B ICU me
3HA4YEHHs MPEACTaBIEHO Bce Ti€w X (opmyrnoto g; = (a, — ) mod t. HactymnHi kpoxu,
aHaJIOT14HO, PO3IIUPIOIOTH CUCTEMY Ha bt, aje KOXHI b JaHIIOrIB MOTJIMHAIOTHCA

JJaHOYoraMm BUIIOTO ITOPAOKY. TakuMm 4HMHOM:
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o;= (a1, —1)modt (2.26)

Sk xKe BITHOBUTU KO Ay_qAy_y ... Ay, MAKOUHU 1HAEKCHUHN KON [ = Op_50p_3 ...0¢ 1
ckopuroBane 3HaueHHs V' =V — s;? 3Hatoun, mo V' = 0 Bka3zye Ha IOYaTOK KOHKPETHOTO
JIAHITIOTa TOPSJIKY 7, a JIOIyCTUMHI Jiana30H 3HA4YCHb € PiBHUM th", MoXeMo Biapasy
nepeBipuTH KopekTHicTh. Takum unnom, V V' & [0,tb™) - L(V') = @. B iHmomy Bunauxy
o6 orpumatd V'-ii eJeMeHT JaHIfora, HEOOXITHO 1 JOCTaTHbO 3HAWTH Koma P =
Dr—2Pr—3 - Do B cuctemi tuny (b, b).

Po3rnsineMo neranbHile 1€ KoJyBaHHs. Bi1oMo, 1110 JaHIIoT NOPSIAKY 7 MICTUTh b
JIAHITIOTIB TMOPSAKY 7-1. P-Koj BKa3ye Ha HOMEP KOXKHOTO IMiJJIAHITIOra B JIAHII031 BUIIOTO
MOPSKY, TOXK, CTapIll HUPPH MIYKAHOTO KOAY MOXYTh OyTH BIHOBJIEHI 32 (OPMYJIIOIO:

A1 =tp; +o;+1 (2.27)

BianoBigHO, 3a7MIIA€THCS JUIIE BU3HAYUTH P-Koj. 3HAIOUM CEHC KOJyBaHHSA, 1€

MOJKHA JIETKO 3pOOUTH, BUKOPUCTOBYIOUH HACTYTHY (hopmyIy:

Vil |V —tXapb Vv’ r=i . (2.28)
bi = 50| = i =|zzl— ) P+l
th th th 2,=1

Jlorika naHoi oopMynu B TOMY, 11100, pyXarOuucCh Bi CTapuIOil LU(pU 10 MOJIOAIIOL,

3HAWTH, HA SKUH ITJIAHITIOT BKa3ye V. 3HAI0YM JOBKHUHY KO)KHOTO 1-pPaHTOBOTO JIAHITIOTA,
MO)KHAa TOYHO BHM3HAYHUTH, B SIKAW Jialla30H IMOTpAIUIsie 3HAYEHHS V, BUKOPHCTOBYIOMU
ninenns Hamino. ITpore HeoOXixHO BpaxoByBary, 0 KoxkHe V'; Mae OyTH BUpIBHSHE IO
Jlana3oHy Tak, 00 BKa3yBaTH Ha TOYATOK ITIJIAHITIOTA MOPSAKY i+/ (o peami3yeTses
yepe3 BIAHIMAHHS BKE 3HAMICHUX YacThH). [HIIuit BapiaHT — 3HAWTH aOCOIFOTHUN HOMEp
JIAHIIIOTA (-TO TIOPSKY B JIAHITIO31 TIOPSAKY 7, 1 BKE MOTIM BUKOHATH KOPEKIIIO, BiAHSIBIIN
YUCIIO i-PAHTOBUX JIAHITFOTIB MK TIOYATKOM JIAHITIOTa MOPSAKY T 1 JTJaHIIora MopsiAKy i+ 1.
Ocranns nudpa agp, TaKUM YUHOM, MOKE OyTH OTpHUMaHa HACTYTHUM YHHOM:
r—2
a,=V'— Z pjb) —1=V—-bv(a,_,a,_,..a,)+1 (2.29)
j=0
Takum urHOM, J1HCHO, ICHYE Croci0 oTpuMaHHs &, (V) depes mepeTBopeHHs Ha (7-
1)-BUMIPHOIO MATPUIICIO, MPOTE €K CMOCIO HE € BHUTITHUM 3 TOYKH 30py MPAKTUIHOTO

3aCTOCYBaHHS, OCKUIbKM Niepei0avyae BEMKY KUTbKICTh OIepalliii MHOKEHHS Ta J1UICHHS.
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2.4.2. Imnaiyummui knacmepu na ocHoe6i 6azamosumiproi popmu

BTim, € e oguH acmekT, skui BUIUMBAE 13 OararoBumipHoi dopmu. Hexait mms
neBHOTO V mana Marpuis R, 110 MICTHTh BCi OTO HAJIMIITKOBI MTPEACTABICHHS. 3HAIOMH
npo MeToj IMIabOHHOT MapIIpyTH3allli Ta PO3KIA] HA CIHEKTPH, MOKEMO MPEACTaABUTH
KOeH eneMenT pR gk cnexrp madnouis (T, _,, T, _s, ..., Ty), a HEpEXi Mo KOXKHOMY i3 1HX
a0JIOHIB — SIK KOJIOBE MEPETBOPEHHS, IO CIIY>KHUTh OCHOBOIO JIJISI CHHTE3Y JESKOTO Tpady
Qy, 110 CIiBICHYE€ 13 3arajbHUM IpadoM G', OTpUMaHUM B PE3yJbTaTl 3aralbHOTO METOTY
CHHTE3y Ha OCHOBI HAJJIUIITKOBOTO KOTY.

Takum 4MHOM, 2 TUTAHHS MOXKE Oy TH IIOCTABJICHO:

1) sxuii Bursag mae rpad Q) ?

2) sikum unHOM cniektp (T, _,, T, 3, ..., Tyy) CHIBBITHOCUTHCS 3 KOJAOM Oy _5 0y _3 .. Og B
iHaekcHii CY 1 sik mepeTBOpEeHHs HaJl CIIEKTPOM BIUIMBAIOTh HA 1HIEKCHE KOJTyBaHHs?

[Tounemo 31 ciBBigHOIIEHHS. Bimomo, mo g;, hakTuaHO, Koxy€e Moayib nudpu a; , .
[IIabmoH, B CBOIO Uepry, € maporo mudp, e crapiia mudpa mpu peaizaiiii 3MIHIOEThCS 3
KpokoM 1, a Momofa — 13 KpokoMm b. O4eBHUIHO, 1110 MOYJIb CTApIIOi IU(PPH MPHU 1TLOMY
3MIHIOBAaTUMEThCs. BUHWKAE TMUTaHHSA: 9M MOXKE€ BHHHKHYTH CHTYallisg, KoM 2 (GopMH
OJTHOTO IIA0JIOHY MaTUMYTh OHAKOBY (hopmy? [Ipumycrumo, 110 11e MOkIuBO. [[i1s 115010
crapmia 1udpa Mae 3MIHUTHCh Ha #f, a MOJIOJIIA — BIMOBIAHO, Ha +bt. [Ipu Takii 3MiHI
Moloama Irdpa rapaHTOBAHO BHUHIE 3a MEXKI OCHOBOIIOJOXKHOI ITOCTITIOBHOCTI, TOX,
MO)KHa Ka3aTH PO ICHyBaHHS B3aEMHO-OJHO3HAYHOTO 3B’ SI3KY MK ITa0JIOHOM 1 MOTYJIeM
BiJI IJIEHHS Moro crapiioi uudpu Ha ¢. Takum 4MHOM, 1HIEKCHUI KOJI MOXKE CIIyTyBaTu B
SIKOCTI CKOPOUYEHO1 (DOPMH OIIHCY CHEKTPY.

BTim, HasBHICTh 3B 3Ky MK CIIEKTPOM Ta 0araTOBUMIPHOIO (POPMOIO HE rapaHTye
OJTHO3HAYHOCTI IIEPETBOPEHb. X04a OJHY MO3MIII0 Y MaTPHIIlI TAPAHTOBAHO 3aiiMae JIUIIC
OJIMH KOJI, ICHy€ PIBHO b 3HA4Y€Hb, III0 MOXKYTh 1ICHTU(]PIKYBATUCh KOHKPETHOIO IU(PPOIO
ICY. Ile o3nauae, mo aBa xoau ICY, 1o BiAPI3HAIOTHCS Ha OAHY IUPY, HEOOOB I3KOBO
BIIPI3HITUMYThCS Ha OTMH 11a010H B 3arajibHii CY. BipHO 13BOPOTHE: OCKUTBKH ITa0JIOHHE
3aMIIeHHs Iepeaoavae 3aMiHy Bipa3y ABOX muQp, BIAMIHHICTb Ha OTMH TA0JI0H TapaHTye

XEeMIHTOBY BificTaHb 2 M kogamu ICY, 110 iX BigoOpakaroTh.
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[Ipote, cam (pakT BUKOpPUCTAHHS 3aMIIIEHHS B SIKOCTI 0a30BOTO TMEPETBOPEHHS
J03BOJISIE€ 3pOOUTH MPUMYIIEHHS 111010 (CY0)ONTUMAIBLHOT CTPYKTYpHU «0araroBUMIPHOTO
KJacTepy». BurimsgaruMe BOHO HACTYITHUM YHHOM:

T'inomesa 2.4 (npo 6azamosumipnuii karacmep). bararoBumipHuii (IMIUTILIUTHAN )
KJIacTep i r-paHroBoro koxy (¢b, b), mpencrasineHoro y Bursial ICY BiamoBigHOT
OaratoBuMipHOi ¢dopMu, MOxke OyTH 3BeaeHuil 10 (7-1)-BUMIpHOTo Trinepkyba 3
HAIJIUIIKOBOIO OCHOBOIO f.

Jlnst iepeBipKM JaHO1 TIMOTE3W 3BEpPHEMO yBary Ha ImabjonHe 3amimieHHs B [CU.
Ockinpku 1HACKCHA CY BUKOPHUCTOBYE apU(PMETHKY MO MOOYNIIO [, 1I€ O3Hauae, 10
BAXJIMBHUM JIJIS1 HET € HE CaM pe3yJbTar onepailii, a i Moayiab. Takum uuHoM, T; — Ti+p =
a;.1a; = la;.; +plla; — bpl, mo exsiBanentno o;0;_; = [(0; + p) mod t][(c;_; —
bp) mod t].

Buainumo nedxy ABOBHUMIPHY HIAIUIOMIMHY (IAMATPHUIIIO) ‘P/{ ,,0araToBIUMIpHOL
dopmu, Taky, mo VA, u € Ag;o;_Lu€Il’,r>23 ‘P/{'l'i_l: Aoo;_u € ‘P/{# Yo;,0,_, €L
Takum YuHOM, €JeMEHTaMM JaHOI CKIHYEHOI IUIOMWHH € TO4YKd BuAy (0;,0,_;), ne
0;,0,_, € Zi1mudbpu g;, 0;_, € YUCIaMU B CKIHUCHHOMY TIOJIl 3aJIMIIIKIB 32 MOjyJieM t. Tox
vx,y € Z: (x,y) = (x mod t,y mod t).

Taxkum YUHOM, V (0;,0i_1) € ‘P/{M de(o0;,0i_1)(0; +p,0i_ —bp) EE €
Qu: (g, +p,0;_1 —bp) € ‘P/{ 4+ SHAOYH, 110 EPETBOPCHHS HA/l TOYKAMU BUKOHYETHCS B
MOJYJIbHIN apu(METHIl, MOKEMO MPEACTABUTH OJUHUIHHUHI 3CYB MOJIOAIIIOTO PO3PSIY SIK
6 = b mod t. Toxi iHAEKCHUH KOJI CYCIIHBOTO By3Jla MaTuMe BULIIA (0; + p,0;_; — Op).
3BiJICH HECKJIAJTHO BCTAHOBUTH, 0 TIpu & = ( mepeTBOpEHHS MabJOHHOTO 3aMIIEHHS €
TOTOXKHIM KJITaCHIHOMY 3amimieHHro B [CU.

Bunukae muranns, mo x pooutu, komu & # 0. Toxi BuHUKae HEOOXIMHICTH B
TIepPETBOPEHHI LP;f‘# tak, mo6 (o;+p,0,_; —6p) = (0;+p,0,_;). Takum umHOM,

i

orpumyemo amprepHarusay W

0 Mae JAesIKy HeUTpalibHy TOUKYy (0;,0;_1),

eKBiBaJICHTHY BiAMOBiAHIN Touwi B W} 1> @ THIII TOYKH SIKOT IIEPETBOPIOIOTHCSI 38 IPABUIIOM:!
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{ 1,[),1' =0; = 0; + f (230)
Vi1=014+8 =04 +6(0";—0)
3 TOYKH 30py TOTO, 110 ‘P/f, 4 MOXke Oy TH IIpe/ICTaBIIeHa SIK IBOBUMIPHA MaTPHULIS KOAIB,

1
ALy

MaTUME BHUIVIST CXOXO1 3@ CBOEK CTPYKTYpOIO MaTpulll, A€ AESKUM psaok Oyne
€KBIBAJICHTHUI LP/{"M, a BCl HACTYIHI PANKH 3 1HIEKCaMU +¢ — MUKIIYHO 3CYHYTI Ha 8¢
BIIHOCHO JaHoro. BiamoBimHO, mpu 1IabJOHHOMY TEpexoii MK CYCIIHIMHU PsiIKaMH
MIEPETBOPECHHS B ‘P'fl, 4 MaTHMe BUIIISAL
{ Y, =yY+1 (2.31)
Y=Y -0+ 5(¢i - 'J"i) =4

BianoBinHO, TakuM YMHOM MOXKHAa Ka3aTH MPO MOXIIMBICTh TMEPETBOPCHHS
OaratoBuMipHOi (QOpMHU y Takuil BUITLA, A€ mepexin no 1madmony B ICH Oyme
€KBIBaJICHTHUM IIPOCTOMY 3aMIIICHHIO.

Posrmsanremo npuknan. Hexait nano cucremy 0123 TZ tumy (6, 2). Ii mapamerpu =3,
b=2 -> 6=2. Hexaiti r=4, a pgocmimxyBaHa Touka — 0. Bona mae 27 mpencraBieHb
HacrymnHoro suay: 0000, T200, 1200, T120, 2320, 0T20,01Z20,T3Z0, 1TZ0,T112,7Z312,
0T12,T032,72232,0232,00T2,T2T2,172T2,0012,T2172,17172,T13Z,7337Z,0T3Z,01TZ,
T3TZ, 1TTZ. Cnpobyemo pUCBOITH iM 1HAEKCH 3TiAHO mpaBuiaM neperBopeHHs [CU
(merami muB. y Tab6mn. /1.3). Togi moxkemo copmyBaT 6araToBUMIpHY GOpMy IS HEl, 110
MaTUMe€ HACTYITHUM BUJ:

1Z1Z  1ZT2 1200\ ,T112 T120 T13Z\ ,01Z0 OI1TZ 0732 (2.32)

R" = <1TZO 1TTZ 2232> <T21Z T2T2 TZOO) <0T12 0T20 0T3Z>

7312 7320 733Z/ \T3Z0 T3TZ T032/ \001Z 00T2 0000

Sk BUIHO 13 AaHO1 GopMH, 3aMillIEHHS MOJIOIIOIO MA0JOHY 3aBKIHU BIJIMOBIIAE
OJTHOP O3PS THOMY 3aMIIIICHHIO 110 MOJIOAIIOMY 1HAEKCY (asie He HaBmaku). [Ipote mis iHmmx
1HEKCIB 11€ HE € MPaBIO0I0 — JJIsI KOPEKTHOCTI HeoOX11HO 3MiHIoBaTH 2 1udpu. B Toii xe
gac, BUKopucToBytoun popmymu 2.301 2.31, MokeMO TIEpeiHIeKCYBaTH €IeMEHTH (HOPMH,
00 OTpHUMaTH aJibTepHATUBHY (hopMy. B SKOCTI HEHTPaAIBLHOTO €JIeMEHTY 00epeMO TOUKY
(0, 0, 0). Takum YMHOM, MOYKEMO BU3HAUMTH HACTYIIHI MTpaBUIiIa JaHOT MepeiHaeKcallii:

1. Crapmuii iHAEKC KOXKHOTO €JIEMEHTY (MaTpuIls) HE 3MIHIOEThCS (P, = 05)
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2. Cepenniil iHAEKC (PSAI0K) 3MIHIOETHCS B 3aJIKHOCTI BiJ] HOMEpPY MAaTPHIIL
Enementu matpui 0 He 3MiHIOIOTECS. B pamkax matputli | psaku 3cyBaroTbcs BBepX Ha 1,
B paMmKax Marpuili 2 — BHM3 Ha 1 (Y; = 0, + 20,)

3. Monoauuii 1HAEKC 3MIHIOETHCS B 3aJIEKHOCTI BiI HOMEPY psiJiKa B MaTpulll. Psiiok
0 HE 3MIHIOETHCS, PSIOK 1 3CyBa€eThCs BIIIBO, PANOK 2 — Ha 1 enemeHT Bmpaso (Y, = g, +
204)

Takum 9MHOM, OTPUMYEMO HACTYIIHY 3MiIHEHY O0aratoBUMIpHY GOpMY:

1717  1ZT2 1700 T21Z T2T2 T200 001Z 00T2 0000 (233)
R'" = 11Tz 7232 1TZ0 T3TZ TO032 T3Z0 01TZ 0Z32 01Z0
72337 7312 7320 T13Z T112 T120 0T3Z 0T12 0T20

KnrouoBoto BiacTuBicTIO faHoi GopMH € Te, IO 3aMiIeHHs Ma0IoHy BEIe 0
Nepexo/ly B OIHOMY BUMIpIi, ajie HE B KUIbKOX OAHOYAcHO. B Takomy pasi kazatumemo mpo
BIJIMOBIJIHICT 10 KOHKPETHOMY I1abi0Hy. Tak, MK MaTpHUISIMU €KBIBAJICHTHI €JIEMEHTH
MaloTh €KBIBAJICHTHY YacTHHY A, 4, (T2-BiAmoBigHICTH). B pamMkax CTOBMIIB, BiATOBIIHO,
EKBIBaJICHTHUMU € a,ia, (T1-BiAMOBIAHICTE), a B paMmkKax psAKiB — asa, (TO-
BIJIMOBIJIHICTE). 3BICHO, II€ EKBIBAJEHTHICTh JIEKOJIM MOpylIyeThes. Po3misiHeMo 11
BUKJTFOYEHHSI JIETAJIBHIIIIE:

1. Bci enementu 6araroBUMipHOi (popMU BUKOHYIOTh YMOBY T2-BiAMOBIAHOCTI

2. T1-HeBiANMOBIIHICTH BJIACTHBA HACTYITHUM €JICMCHTaM:

a. (020) Z33Z. lllabnon 33 He Mae IHIIUX TMPEACTABICHb, TOX HE
dbopmyBaTUME 3B 530K B KIIACHIHOMY PO3KJIAII.

b. (001) 1ZT2. Aranoriuno, ZT He Ma€e abTepHATHBHUX (HOPM.

c. (022)Z320. IlocniaoBHICTh 32 € yHIKAIbHOIO.

3. TO-HEeBIANOBIAHICTh XapaKTepHa JJIsl HACTYTHUX €JIEMEHTIB:

a. (011)Z232. Monoamuii m1abaoH 32 B Hiil € yHIKaJIbHUM, TOX PO3KJIaj Ha
CHEKTPU HE JacTh JKOAHOTO 3B’S3Ky, WLI0 HE mepeadadaBcs Ou
0araroBUMIpHOIO (HOPMOTIO.

b. (111) TO32. Ananoriuno, mepexif 1o 32 € HEeMOKJIMBUM.

c. (211)0Z32. Curyarris aHaJoT14HA THITHM.
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Takum uMHOM, MOYKHA Ka3aTH MPO MOKIIMBICTh TIPUBEACHHS O0araroBUMIpHOT hopmu
70 TaKOTO BUIVIANY, IO JJIs1 OyAb-SKOTO MOXIIMBOTO IIA0JIOHHOTO MEPEXOAY i1CHYBaTHME
€KBIBAJICHTHE HOMY OJTHOPO3PsAIHE 3aMillleHHs B 0araToBUMIpHIN (popMi (ajie HE HaBIaKu!).
Sk HACHIIOK, MPUPOAHBOIO TOMOJOTIE0 I KiIacTepy, C(hopMOBAHOTO HA OCHOBI TaKOi
dbopMu, € rinepkyO 13 HAJIMIIKOBOIO OCHOBOIO f, 1€ BHYTPIIIHIM 1JE€HTHU(IKATOPOM
BepIIMHM € 11 kog B [CY.

2.4.3. Cnocio ghopmysanns imnaiyumHnux K1acmepie 6 HaOIUUWIKOBUX MON0J102IAX

Ha ocHoBi 3ampomnoHoBaHOi MaTeMaTHYHOI Mojeml Oysno po3pobieHo crmocio [4]
(opMyBaHHS IMIUTIHUTHHUX (MPUXOBAHMX ) KJIACTEPIB B HAJIMIIKOBUX TOIOJIOTISIX JIJISl KOZIB
tuny (tb, b). KoxkeH Takuii Kiactep v BKJIIOYaE B ceOe BCl By3JM, 110 KOIYIOTHCS
aJbTepHATUBHUMH NP EACTABICHHAMH V. 3aIPOTIOHOBAHUH CIIOCIO BKITIOUA€ B ce€0€ HACTYIIHI
KPOKHU:

1. dopmyBaHHSI MHOKHHHM BCiX 7-po3psaaanx koAiB C B nesakiii CU 3 andasitom A =
{,L+1,..,m—1,m} ta ocHOBOIO yucieHHs b. Jlana MHOXXHHa Ma€e B3aEMHO-
OJTHO3HAYHY BIAMOBIIHICT 3 €JIeMEHTaMU MHOXKMHHU BY3JIiB Jieskoro rpada G.

2. lna xoxuoro V € [v(ll..1);v(mm..m)] BuUKOHyeTbCS BHMIUIEHHS BCIX
aJbTEpPHATUBHUX TMPENICTABICHb B MHOKHMHY aJIbTEPHATUBHUX MPEICTABICHD S.

3. ®opMyeMO MHOXKHMHY 1HACKCIB /, 1110 MICTUTh 1HAeKCHI koau B ICY BiamoBigHOT
CY, Mae B3a€EMHO OJIHO3HAYHY BIATIOBITHICTH 3 €JIEMEHTaMHU MHOXWHU S 1
(popmyeTbes 3a mpaBunoM: VS = a,_1Qp_p ...Qg €SI L = 0,_30,_3 ...0¢: 0 =
(ajy; — )modtVj=[0;r—2]

4. TlinpaxoByeMo koedimieHT HeBiANOBIAHOCTI § = bmod t. Slxkmo 6 = 0 — nei
KPOK  mponyckaerbcs (Y; = 0; Vj). IHakumie  BHKOHYETbCS — JOJIATKOBE
NEPETBOPEHHS Yy_p = Op_p; Y = 0; + 60,V = [0,7 — 2).

5. V BianoBigHOCTI 10 oTpuManux kofiB B ICU BUKOHYeThCS CHHTE3 Tinepkyoda 3
BUKOPHCTAHHSIM METOy CUHTE3y Ha OCHOBI KOJIOBHX IEPETBOPEHB (OMUCAHUIA B
Pozaimi 3). HeicHytoui Kol MOXYTb SIK IPOITY CKaTUCh (11 BEPIIMHU 3B’ A3KU 10
HUX HE JOJIa0ThCS ) TAK 1 J0/1aBaTUCh B rpad (Mpu 11bOMY B3a€MHA OJHO3HAYHICTh

1HJEKCHUX KOMIB Ta KoaiB ocHOBHO1 CY Oyne mopyiieHa).
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2.4.4. Illopaook angpaeimy ma Haoauuwikosa camonooionicmeo

3aBepUIUBIIN ONTUC OaraToBUMIPHOT (POPMH, MOKEMO MOBEPHYTUCH 10 OCTAHHHOTO
NUTaHHS — TUTaHHA andasiTy. 15 andapity Kiro40BUME XapaKTEPUCTUKAMHU € 1OT0 po3MIp
k Ta OCHOBOTIOJNIO)KHA TOCIIIOBHICTh, SIKA BU3HAYAEThCs MHOXUHOKO 1dpp A = {[, [ +
1,...,m — 1,m}. Hexaii nano inmmii andasir A’ = {I',I' + 1,...,m’' — 1,m’}. BBenemo mix
naHuMy and)aBiTaMu BiJHOLIEHHS MOPSAIKY, Take, o ko A D A’, o A € andasirom Ha
|A| — |A’| = p € nopsaaxis BumM. O4eBUIHO, A0COMOTHHI MOPAIOK ajdaBity 4 € piBHUM
fioro kapauHaabHOMy unciy |A| = k, nmpore sikimo A » A’, To B TakoMy pasi KazaTMMeMO,
10 iX TOPSA0K € HEMOPIBHIOBAHUM.

BukopuctoByroun 111 andaBiTi [J1s1 CHHTE3Y TOTOJOT1, OTpUMy€eMo aBa rpadu G Ta
G'. OcKUIbKY BC1 KOJIH, 1110 HaJIeXkKaTh 4A', MICTIThCS 1 B A, 11e 03Ha4ae, 110 Bcl Bepiiuau G’
TakoX Hajexarsb 1 G. 1llo cTocyeTbes 3B’ S3K1B, TO 11€ 3aJI€KUTH BiJl IEPETBOPEHD CUHTE3Y.
BBeneMo Taky XapakTepHUCTHKY TIEPETBOPEHHS SK camMomofiOHicTh. IlepeTrBopeHHs f €
camononiOHuM Toxi i Timbku Tomi, komu VA € A,C = a,_a,_, ..a, € A: Fy(C) =
F,(C). BuHrKae muTaHHS: YU € MEPETBOPEHHS 3CYBY Ta 3aMiIlIEHHS, K1 PO3IJISLIaUCh
paHiiie, caMmonogiOHUMu?

[Tounemo 13 meperBopeHsb 3cyBy. Hexait nesikuit koq C = a,_4 a,_, ... @4 Gy HAJICKUTH
1o andasity A'. OdeBUIHO, IO OCKUTBKU A’ C A 1eli KoJI € KOpeKTHHM 1 B A. [Ipuimyctimo,
[0 TEPETBOPEHHS 3CyBy HE € CAMOMOMIOHMM — II¢ O3Hadae, IO MPH BHUKOHAHHI
MIePETBOPEHHS f B A’ MOXKIIMBO OTPHUMATH IHIIIMKI PE3ynbTart, aHik B 4. [lo3HaYnMO BCTaBKy
ax d. Tomi Sl;(C)=a,_,..a,d Sry(C) =da,_ja,_,..a,. OueBugno, d €A’, a
ockiibk A' € A 1o d € A. TakuM YUHOM, BUHHKAE TIPOTUPIYYS: ISt OYIIb-SIKOTO 3CYBY 3i
BCTaBKOIO d B A’ iCHy€ €KBIBaJICHTHE MEPETBOPEHHS B A.

Te came cTocyeThes 1 3amimnenns. He3anexxHo Big Miciyt 3aminieHsst, sskio C € A’ €
A, 10 VdeA3IE,(C)=a,_,a,_5...a;4.,da;_;...a.a,= E,,(C). Amnanoriuso,
OCKUTbKHU Oaratopo3psiHe 3aMilleHHs MOYKHA PO3KJIACTH Ha JIEKUTbKA TIOPO3PSIHUX, OY/Ib-
SKe 3aMIlEeHHS 0€3 T0MaTKOBUX YMOB € CaMOTIOIOHUM.

Te came cTocyeTbCs BCIX MEPETBOPEHD, OB’ SI3aHUX 13 MEPECTAaHOBKOIO UGP KOIy

(UIMKTYHUA 3CYB, PEBEPCUBHHI KOj, TOMIO0). OCKUlbKHM BCi IUGpPU KOy OJHOYACHO
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Hanexath 1 A'1 A, Oyab-saKa iX KOMOIHAIIA TaKOXK 3JIMIITATUMEThCS KOPEKTHOIO JIJIsT 000X
[IUX CHUCTEM.

BTim, He-caMomnoniOHI IEpEeTBOPEHHS TAakoX 1ICHYIOTh. Hanpuknaz, 3aMillieHHs 1o
MOAYJIO k mependayae, o nepHa 1udpa Koay 3aMmillyeThCsl HE HA BUIIAJKOBE d, a Ha
KOHKpPETHE a; + A 3 ypaxyBaHHSM TOTO, 110 OCHOBOIIOJIOXHA MOCIIAOBHICTb YTBOPIOE
co0010 CKIHUGHHE KUIbIIC 3aJMIIKIB 3a MOAyJeM k. BiamoBigHO, OCKUTBKH I€ KUIbIIE
0a3yeThCsl Ha OCHOBOIIOJIOXKHIM TTOCTIIOBHOCTI B IIJIOMY, BOHO BIAPI3HATUMETHCS 111 4 Ta
A', TOX pe3ynbTrar ornepaiiii Heo00OB SI3KOBO Oy/e €KBIBaJICHTHHUM.

BianoBigHo, 3acTocyBaBIH 111 (DaKTH 70 TOTIOJIOT1H, OTPUMYEMO HACTYITHY TEOPEMY:

Teopema 2.5 (npo camonodionicms epaghis). 151 6ynp-saxoro rpady G yTBOPEHOIO
Ha OCHOBI andaBiTy A 1 caMONOAIOHUX KOJJOBUX MEPETBOPEHB ICHYE JEKOMIIO3MUIIIS HA &
rpadiB G', mo 0a3yroThCs Ha andasitax A', yuil opsAa0K Ha 1 HUKYE HIXK y andaBiTy A.

JloBeieHHs TaHO1 TEOPEMU € eJieMeHTapHUM. TBepakeHHs po Te, o rpad G'(V', E)
e miarpagpom G(V, E) V A' € A 6asyerbes Ha ABOX iHIMX TBepmkenusx: V' c V,E' Cc E,
Ockinbku V' yTBOPIOETHCS Ha OCHOBI ajdasity A’, Bci MoxkmBi kogu C € A’ B T0i1 e yac
Hayexatb 1 4. [1{ogo 3B’A3KiB, X BIAIOBIIHICT JOBOAUTHCS BU3HAYCHHIM CaMOITOA10HOCTI
NIEPETBOPEHD: OCKUIBKH KOXKHE MEPETBOPEHHA B A ' Ma€ BIAMOBIAHY €KBIBaJIEHTHY (OpPMY B
A, 1ie o3Hayvae, o Bci 38’513k G’ icHY10Th 1B G.

BianoBigHo, KUIbKICTh G’ ciigye 13 TOTO (pakTy, IO KUIBKICTh MIAMHOXHUH, IO
MICTSTh Ha | €eIeMEeHT MEHIIIE, € PIBHOIO YHCITY €JIEeMEHTIB — TOOTO, .

PosrnsgHemo 1t npuknany rpad ne BpyiiHa Ta HajmMiikoBy GiHapHy cuctemy. Ii
andasir {—1,0,1} poskmanaerecs Ha 3 andasitm {0,1}, {—1,0}, {—1,1}, 2 3 sKux €
HOPMaJbHUMH, a | —aHoManbHUH. Y BIIMOBITHOCTI 10 KOAOBOTO CHHTE3Y, BC1 111 3 andaBiTh
TAaKOX MOXYTh OyTH BUKOPUCTAHI ISl CHHTE3y TOMOJIOTi], TAKUM YHMHOM, MaeMo 3
niceBnoOiHapHI Tomonorii. B Toi ke 9ac 1l TOmosnorii, 3riHO CaMOTOAIOHOCTI 3CYBY,
MOXKYTb OyTH BUAUIECH] B €KBIBAJIEHTHIN IM HaJUIMIIKOBI1M Tononorii. Puc. 2.11 nemoHnctpye

NOJ1I0HY JEKOMITO3UIIIIO.
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Ipat Aebpyina {0, 1}

3cyB BABO | 30/B BNpaBO
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(a) 3 mceBnoOiHapHi rpadu (0) camonoiOHA IEKOMITO3HITIS HATHIIIKOBOT
tonosiorii nie bpyitHna

Puc. 2.11. ®opmyBaHHs TONONOT1i HaAMIIKOBOTO i€ bpyiiHa panry 2 13 3 Tomnosnorii
(mceBmo)6inapHoro e bpyitHa panry 2.

Sk BUAHO 13 JEMOHCTpaIlli, He BCl 3B’SI3KH, NMPUCYTHI B IUIICHINA TOIIOJIOTII,
MpeACcTaBlieHl y aekoMmo3wumii. Tak caMmo, B HIA MOXYTb OyTH MpEICTaBiCHI 1 HE BCl
BEpIIMHKA. Bi3bMeMO B SKOCTI NPUKIAAy BepImuHy 13 komom TO1, mo Hamexatnve
HQUIMIITKOBIN Tomosnorii ne bpyitHa panry 3. OueBHIHO, IO JKOJEH 13 BapiaHTIB
nexommo3wuii mo migandasitam {0,1}, {—1,0}, {—1,1} He BrrOuaTHMe B ceOe TaKWil KO
TakuM 4YMHOM, KOXKEH €JIeMEHT (BEpIIMHA UM 3B’A30K), MPUCYTHIM B JEKOMIIO3UIIIi, Oyzie
MIPUCYTHIH 1 B IUTIH TOTOJIOT1i, MPOTE I1iJIe He Oy/Ie 11eaIbHO CYMOIO CBOiX CKIaioBuX. Lle
O3HAYae, 110 JEKOMIIO3UIIIi 1e0pyHHIBChKUX MATpadiB HA qepeBa He OyAyTh €KBIBAJICHTHI
BIJIMOBI/IHIN JEKOMITO3UIIIT 3arajpHOTO rpady. KpiM Toro, »oaHa BepIiiuHa KpiM TUX, 10
ckianarThes 3 ogqHakoBux udp (00..0, 11..1, TT..T), He Moke HanekaTu 1BOM miarpadam
OJTHOYAaCHO — TaKUM YHHOM, JIEKOMIIO3HMIIS KOXXKHOTO Mmarpady MICTUTHME YHIKaJIbHI
JepeBa, 1110 He € TOTOKHUMHU Hi OIHE OJTHOMY, H1 JiepeBaM OCHOBHOTO rpada.

2.4.5. @opmanvhuii onuc mamemamuiHoimooeni ma 006e0eHH it A0eKeammocmi

BXigHUMU JaHUMH JIJIT MOJICTII €:

e HagmmkoBuii Koj, 110 Ma€ HOPMaJIbHUN aji(aBiT 4 TMOTYKHOCTI k Ta OCHOBY

yucieHHs b.
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e [leperBOpeHHs f; ... f;, B 3alaHOMy HAJJIMIIKOBOMY KOJIi, 32 IKUMU BUKOHY €ThCSI
CUHTE3 HaJJIUIIKOBOTO Tpady.

BuxigHumMu BETUYHHAMM €:

o KiIbKICTh aJbTEpHATUBHUX TNPENCTaBlIeHb «,(V) IEIKOTO 4Yucia v B 7-
PO3PSIHOMY KO, 10 (PaKTHUIHO MTOKA3Yy€ PO3MIP IMILTIIIUTHOTO OaraToBUMIPHOTO
KJIacTepy 3 HoMepoM v. J[aHe 3HaueHHs 0OUHCTIOETHCS PEKYPEHTHO 3a (DOPMYJIOH0
2.4) 1k a,(v(yw) = Z:ny a,_, (v(u) +ib"1), ne 4 — mesxuii kox MOPSAKY
r-1, ay — uudpa, o AOAAETHCS I POSIMIMUPEHHS U4 10 TOPAIKY 7.

e MakcuMalbHE YUCIIO AJIbTEPHATUBHUX MPEACTABIICHD Uy = max(ar(v)) Vve
Z. Ta 9UCIIO YHIKaJILHUX TPEICTABICHb M,_q, AKE I 0Ol-CTablIbHUX KOJIIB
BUMIPIOETHCS SIK Ny—q = 2b.

e (OCHOBHI XapaKTEPUCTUKHU TOIOJIOT1i HA OCHOBI KoAy Tuny (b, b) 3 ypaxyBaHHsIM
IMILTIITUTHUX KJIacTePiB, Taki K CTYIIHb Ta JAlaMeTp.

o §< S, +1log:(amax), A€ Sy — CTymiHb CHUHTE30BaHOTO Tpady 0e3
ypaxyBaHHSM IMIUTIIUTHAX KJIacTEPiB.

o D £ D, ne Dy - niamerp cuHTe30BaHOTO Tpady 0Oe3 ypaxyBaHHIM
IMILTIIIUTHUX KJIaCTEPIB.

e [papu, Ha sKi Moxke OyTH BHUKOHAHA JIEKOMIIO3MIIS 3amaHoro rpady: k
HQ/UIMIIKOBUX TMiArpadiB TOro > TUIYy Ha OCHOBI andaritiB mopsaky k-1,
CIUTbHUMH BEPIIMHAMM SIKHX € BEPIITUHU 3 OlHAKOBUMHU Itudpamu (Taxi sk 00..0)
Ta KUIBIEBI rpadu, M0 HE BXOAATH 10 BIAMOBIIHUX HiATpadis.

JloBecTH aIeKBaTHICTh JTaHOT MOJZIET MOXKJIIMBO, TOMY IO 1i CKJIaJOB1 OMUPAIOTHCS HA
rapHO BiJIOM1 MaTeMaTHYHI TEOPii, TaKi K TEOPisi CHCTEM YUCIICHHS, TEOPis MHOKHH, TEOPIS
rpadiB. OCKUIbKM cama MaTeMaTuyHa MOJENb Oylia 3alpoOlOHOBaHA 1100 MOSICHUTH Ta
OOTpYHTYBaru J€AKl EMIIpUYHI pPe3yJlbTaTd 4Yepe3 BIJOMY MAaTeMaTHUYHy TEOPito
MO3UIIMHUX CHUCTEM YHCIIEHHS, a TaKoX BHUKOPHUCTATH 11 Il PO3POOKH Crocoly
dbopMyBaHHS IMIUTIIIUTHUX KJIACTEPiB B HAJIMIIKOBHUX TOMOJOTiSX. TOXX, HEOOX1IHHUM 1
JIOCTaTHIM € JIOBEIEHHS TOTO, IO 3alpOIIOHOBAHA MOJENb IIHCHO KOPEKTHO OTIHCYE

emmipudHi gadi. [le moBeaeHHS € HACTYTHUM:
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e BiactuBocti  Qopmymu  (2.4) TOIATBEPAXKYIOTHCS  €KCIIEPUMEHTAJIbHUMHU
nocmkeHasamu (nuB. {lomarok B), mo oxommoBaso Bci koau 3 k =3 ...7,b =
2.k lpim=-"9m, =9. Imes nmaHoro AOCHKEHHA moisirajia y
BHKOPHCTaHHI JOOpe BIAOMHUX BIACTHBOCTEH mo3uminanx CY it oTpuMaHHS o-
PO3MOALTB I BIAMOBIMHMX KomiB. OTpumMaHi pe3yiabTaTd IOBHICTIO
BI/INOBIJIAI0Th 3alPONOHOBAHIA MaTeMaTUYHINA MOJIEII.

e BriactuBocti n,_,; CHAyIOTh 13 BU3HAYCHHS Ol-CTaOUIBHMX KOJIB, OTIXKE,
JOBEIICHHS HE MOTPEOYIOTh.

e Crymninps rpada BU3HAUaE MaKCUMaJlbHE YUCIO pedep, IHUUACHTHUX BEPIIUHL
Binomo, 1o 6araroBUMIpHMI KJIacTep Mae TiNepKyOldHYy (OopMy 3 OCHOBOIO f,
OT>Ke HOTO CTYTIIHB € piBHOIO Sy, = 10g; (45 )- HETIOBHI rinepky0OivHi KJIacTepu
MarOTh MEHIIIE BEpPIIUH Ta pedep, ajie BEPUIMHH, 10 BXKE MalTh pedpa, HOBHUX
pebep mpU YCMIYEHHI HE OTPUMYIOTh, oTxke, S, < S,. Haiiripmum
HaJJIMIIIKOBO1 TOTIOJIOT 11 BUTIAIKOM € CUTYAIlisl, KOJIHM Y BEPIITUHY 31 CTYIIHHIO S; =

So IHTErpyeThCs BIANOBiAHA BEpIIMHA rimepkyda i3 s; = S,. Tonmi 3arasbha

cryminb S = Sy + S, =Sy +109:(Amay). B 1HIIUX BHUMankax cTymiHb Oyne
MEHIIIOIO.

e AHaNOTIYHO, JUI1 J1aMeTPy HEMOXJIMBUM € 3MEHIIEHHS, OCKUIbKH 3B SI3KU
nojawTbeca B rpad, aje He mNpuOuparoTbes. TakuM UYMHOM, TINOTETUYHO
JOTYCTUMOIO € CUTYaIlisl TIaIiHHS JiaMeTpy, IPOTe MPUHIIUIIOBO HEMOKIIMBUM €
HIOT0 3pOCTaHHS.

e XapaKTepHUCTUKH JCKOMITO3MIlli rpada TOBOAIATHCS TEOPEMOIO 2.5 Ha OCHOBI
100pe BIIOMUX MaTEMaTUIHUX TEOPiil, TaKuX sik Teopist mo3utiiiaux CY ta reopist
MHOHUH. OCKiIbKH Tomonoris (rpad) cama mo cobi € go0pe BiTOMOIO
MaTEeMaTHIHOI0 MOJCIUTI0 JeAKOi Mepexi, il aJeKBaTHICTh HE IMOTpedye
JIOBEJICHHSI.

Takum 4YKMHOM, TTOKA3aHO, 110 PO3POOIIEHA MOJIENTb MOXKE Oy TH 3aCTOCOBaHa J1Jist

JOCIIJIPKEH BIZIMOBOCTIMKMX TOTIOJIOT1M HA OCHOB1 HA/UIMIITKOBUX MO3UIIIMHUX CUCTEM

YUCJIICHHS.
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BucHoBok 10 po3ainy 2

B po3znini nmpencraBieHo 10 CiIKEHHS HaJIMIIIKOBUX KOJIIB JIJISi CHHTE3Y TOTIOJIOTIH,
BUJIJIEHO OCHOBHI BJIACTUBOCTI TaKMX KOA1B. MaTeMaTuyHO JOBEJEHO, 1110 JIJII OCHOBHUX
(B KOHTEKCTI CUHTE3Y TOIOJIOT1#) BJIACTUBOCTEH KOJIB, a caMe, JIJIi MAaKCUMAaJIbHOTO YKClia
aJbTEPHATUBHUX  MPEACTABICHb gy, UWCHA  YHIKAJIBHUX  (HE-HAJJIUIIKOBHX)
MpeACTaBlIeHb N,—; Ta GOPMH PO3IOAUTY YHCA abTEPHATUBHUX TMPEACTaBICHb (V)
JESKOTO YHCIIa v, KIIFOYOBUMHU IMapaMeTpaMu € TIOTY)KHICTh kK HOpMaabHOTO ajdaBiTy A Ta
OCHOBa YHcIieHHs b. BmicT camoro andasity, MiHIMaIbHI Ta MAKCUMAaJIbHI 3HAYEHHS ITUP
HE BIUIMBAIOTH HA L1 XapaKTEPUCTUKH 1 BU3HAYAKOTH JIMILIE 3MILLEHHS A-PO3IOALTY BITHOCHO
o6nacti BusHauenns (a4t (v) = a??(w+ d), k = |A1] = |A2)).

[Ipoanami3oBaHO BJIACTUBOCTI HAUIMIIKOBUX KOAIB Tuity (tb, b), omucaHo
XapaKTepUCTUKU X O-pO3MOILUIIB Yepe3 KOHIEMIio OaratoBuMipHoi Gpopmu. BuBeneHo
MOHATTA 1HAeKcHOiI cuctemu uucieHHs (ICYH), mo m03BoJisi€e BCTAaHOBUTU B3a€EMHO-
OJTHO3HAYHY BIJIMOBIIHICTh MK JITEPHATUBHUM TPEICTABICHHAM JIESIKOTO V Ta 1HIITUM
Ko7ioM y BiamoBinHii ICY, a oTke, po3msIaTy By3JIM 3 OJJHAKOBUMHU HOMEpaMHU 5K JESIKy
TOTIOJIOT10, OTPUMAaHY 3a JIOTMIOMOTOI0 METOJTy CHHTE3y Ha OCHOBI KOJIOBUX MEPETBOPEHb.

[IpencraBieHo MareMaTHIHy MOJIEITb TOIIOJIOT1H Ha OCHOB1 HAJJIMIITKOBUX KOJ1B, IO
Jla€ 3MOTY PO3paxyBaru BJIAaCTUBOCTI TpadiB Ha OCHOBI 33JIaHUX HAIMIITKOBHX KOJIB, a
TaKOXX JJO3BOJISE ICKOMIIOHYBATH JOBUILHUIM HAIJTUIITKOBUH rpad) Ha IiArpadu TOTO K THITY
Ha OCHOBI a/I(paBiTy MEHIIIOTO TTOPSIKY.

[IpencraBneno cnoci® CTBOpPEHHS OaraTOBHUMIPHOTO IMIUTIIIMTHOTO KJacTepy B
TOTIOJIOTISIX HA OCHOB1 HAJJIMIIIKOBUX KOAIB TUIly (tb, b), sIkuil O3BOJISIE TIEPETBOPUTH
OaratoBuMipHy (OpPMY aJbTEPHATUBHHUX MPEACTABJICHb Y TaKUW BUIVIAM, 1€ Mepexia Imo
1abJIOHY BIJMOBIAATUME OHOPO3PsTHOMY 3aMiliieHHIO B [CY, 1110 eKBiBaJICHTHO KOJOBOMY
MIEPETBOPEHHIO CUHTE3Y TiNepKyoa.

B sikocTi mepCcneKTHBHOTO HAIPSMY J10CIIKSHHS HE0OX1/THO 3BEpHYTH yBary Ha KoJl
(4,2), axuii nocuTh OMM3bpKuiA 10 (3,2) 1 Mae Kparr XapakTepUCTHKU. Tak, pu 7=8 HOro

Amax = 128 (npotu 34), an,—, = 4 (upotu 17).
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PO3ILI 3
METOJI CHHTE3Y BUIMOBOCTIMKHNX TOIOJIOTTII HA OCHOBI
HAJUIMIIKOBOTO KOIY

3.1. KnacuyHuii MeTo CHHTE3y TONOJOTH HA 0CHOBI KOJOBUX IEPETBOPEHb

[Touatn omuc BapTO 3 KOPOTKOTO OIS KJIACHYHOTO METONY. 3arajioM, CHHTE3 Ha
OCHOBI KOJIIB TIepeadavae HacTyITHI KPOKHU:

1. O6panns powxunu kopy (paury tononorii) 7 = 10g,(Ngesireq — 1) + 1, ne
Nyesirea — OaXkaHe YUCIIO BY3JIiB CUCTEMH, 7 — TUMN (OCHOBA) CUCTEMH YHCJCHHS, L0
BUKOPHUCTOBY €ThCS.

2. ®opmyBaHHS MHOXHHH KoAiB C, mo Mae MOTYXHICTb N = n’ 1 MiCTUTh BCi
MOMKJIMBI T-pO3PSIAHI KOAU Ay_q Ay ... A1 Ay OOPAHOT CUCTEMU YUCIICHHS.

3. ®opmyBanus MHOKUHU V BepiiuH rpada G (V, E), eneMeHTH K01 MaloTh B3aEMHO-
OJTHO3HAYHY BIATIOBITHICTG 13 eJeMeHTaMu MHOKUHU C.

4. OOpanHsi OakaHUX KOJOBUX IMEPETBOPEHb fi,f5, ..., f;m B 3aAaHill cucTeMi
YUCIICHHS.

5. ®opmyBanus MHOXUHU E pedep rpada G (V, E) 3anmpaBwiomVi=1..m&Vc €
C:filc)=c'y,c';€C— Fe. EE.

BianoBigHo, «spoM» METONY € 1B1 pedi: oOpaHuil Koj 1 IepeTBOPEHHS, B3SITI I
cuHTe3y. CIHCOK UX TEPETBOPEHB € TOCUTh MICTKUM 1 BKJIFOUA€E B ce0€ BEIHMKY KUTbKICTh
Bap1aHTIB, BTIM, CEPE]] HUX MOKHA BUIUIUTHU JAEK1IbKa OCHOBHUX:

e 3amillleHHs, 10 NoJsirae B 3aMiHl Jeskux nudp oOpaHOro Koay 3a MEBHUM
npaBuwioM. HacTynHi migBuau MOXyYTb OyTH BUAUIEHI:
o Ilopo3spsiane (kJacu4He) 3aMIIIeHHS
E; (@, _1Qr_5 .Qjp1Q;Q;_q . Q1) = ApqQp_y (i Q01 .. A1,
o I'pynose 3aMIIICHHS
Eij(@r1ar 010,01 1 Qg 10,05y ...Q100) =
AroqQpog o Qi1 @A g @004 . a4,

o Tosne 3amimenns Ef (a,_a,_, ...a;a,) > a',_ja’',_, ...a';d,.
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e TacyBaHHs, IO MONATaE y 3CyBaHHI KOAY YHM HOTO YacTHHU 31 BCTaBKOIO
MEBHOTO 3HAYEHHS. AHAJIOTTYHO, ICHY€ JEKUIbKa MIJBU/IIB JAHOI omepailii, a
came:

o 3suyaiine  TtacyBamnHa  SL  (a,_a,_, ...a.ay) 2 Ap_y ...aiapd i
SR (a,_1a,_, ...a,ay) > da,_;a,_, ...a,.

o Ineamsne tacysannsg PS(a,_ Q,_, ...a100) = Qp_y .0y AgQp_q.

o 3BoporHe TacyBannsa US(a,_1a,_; ...a,0) = Qgy_qAp_y ... 4.

o IlinTacyBanHs Shi(Ay_1Qr_y A p1Q;G;_1 ... Q1Ap) =
Ar—1Qr—2 - Aj41Qj-1 ... A1 Q;

o Hanracysanns Sp;(ay_10y_p ..y 10;A;_1 ...A1Ag) =
AiQy_1Qy—2 - Aj11Aj—1 ... A14y.

e [lepecranoBka KoJiB, 110 0a3y€ThCS Ha MEPECTAHOBIII OOpPaHUX YACTHUH KOy
0e3 3CyBaHHS YU IHIIKX 3MIH HaJ IHIIMMU HOro yactTuHamu. HacTynHi TUnu
BapTO PO3IVISTHYTH YBaXKHIIIIE:

o OmHopo3psaHa TiepeCcTaHOBKA
Bl-,j(ar_lar_2 e Qg A e Ay 1 QA alao) -
Ap_1Qpp oo Qg AjQi_q oo Qi A0 q ... Qg Oy

o Ipymosa MepeCTaHOBKA
Bi_j’k_m(ar_lar_z e Qg1 Qe Qg e Qg Qe e Ay A q e alao) -
Ar_1Qp_p e Qg Qg oo Ay Qg wen Qg1 Ay won Qi1 o A A

o PesepcyBanns R(a,_,a,_, ...a,ay) = AgQq ... Qp_y0p_y.

I3 onmcanux nmepeTBOpeHb B KOHTEKCTI HAHOUTBIN I[IKaBUMH € JIBa — 1€ TIOPO3PSIHE
3aMillleHHs i TacyBaHHs. [X 0COOMMBICTD MONATaE B TOMY, 1110 BOHH € OCHOBOIO CHHTE3Y JIIA
JIBOX TOTIOJIOT1i, a came, rinepky0a Ta rpady 3cyBiB-BCTaBOK, BIH ke ToToJIoris Ae bpyiiHa,
Ha3BaHa Ha YE€CTh ToJlaHAChKkoTo MaTemarnka Hikomaca I'oBepra ne bpyiina (ne bpeiina, ie
bprotina, anrn. de Bruijn). Ilepmmuii rpad Bimomuii CBO€I 17€aNbHICTIO 3 TOYKHA 30py
TOIOJIOTIYHOTO Tpadiky, mo mepeadadae MiHIMAIbHY KUIBKICTH 3B’S3KIB BOJHOYAC 13
MaKCHUMaJIbHUM I1X BHUKOPHCTAHHSIM, a TAaKOX BIJCYTHICTb TOTIOJIOTI4HO-3yMOBIICHHX

3aTpuMoK. OCOONMBICTIO APYTrOro € OIU3BKICTh JO ONTUMAIbHOTO OajlaHCy 3 TOYKH 30py



110

npoonemaruku (A, D) [237]. To6t0, 3 omHOTO 00Ky BiH niependadae pict N sk n”, 3 1HIIIOTO
— CTAaTW4HY CTyMiHb S=2n TpH AOCUTh HEBEIUKOMY niamerpi D=r. Takum YuHOM,
3a0e3Meuy€eThcs MiHIMaJIbHA [1HA 1 IPOCTOTA MacIITadyBaHHS, 1 B TOM K€ Yac JOCSATAEThC
HEBHCOKA BIJICTaHb MIEPECUIIOK.

Cuntes aBox rpadiB B OiHapHIN cucTeMi NpoumocTpoBaHo Ha Puc. 3.1. B Tabmuii
cuHTe3y 11 rpada ae bpyiiHa TeMHO-3€lI€HUM KOJLOPOM TOo3HaueHi et (Ha rpadi He

300paxeH1), OJTaKUTHUM — KpaTHI JyTH.

Finepky6

Byson 3amiuienra 333:10 i Jcoye enpaso @ g ) @
Bir2 | birl | BiTO Byoon 0T et T 0| 155 !
000 100 | 010 | o001 ooo | ooo | oot ooo | 100 e
001 101 011 000 001 010 | o011 000 | 100 @
010 110 | 000 | 011 010 100 | 101 001 | 101
011 111 001 010 011 110 | 111 001 | 101
100 000 110 101 100 | ooo | oo o10 | 110 _ @ _
101 001 111 100 101 010 011 010 110 = e
120 [ 010 [ 100 | 111 10 | 100 | am  oilf ddl @ @
111 011 101 110 111 110 | 111 011 | 111 ., -

Puc. 3.1. Cunre3 Tononoriit B 6iHapHOMY KOAi
BaxnBoto crienudikor KOAOBOTO CHHTE3Yy € Te, 110 MaplIpyTH3allis Moxe OyTu
BUKOHAHa 3a JOMOMOTOI0 THX K€ IMEPETBOPEHb, 110 BUKOPUCTOBYBAJIUCH MPU CHUHTE3I
neBHOTO rpada. HacmigkoM 11010 € MOXKIIMBICTh BUKOHAHHS MapIIIpyTHU3aIlii 3a JO0TOMOTOI0
eIEMEHTapHUX omepalii — To0To, 6i1TOBUX 1HBepciid Ta 3cyBiB. Ha Puc. 3.2. HaouHo
MPOUTIOCTPOBAHO BC1 MOXKIIMBI BapiaHTH (IIJIIXM) MapIIpyTH3allii MiXK BOMAa BEpIIMHAMU

JUTS TIUX TOTIOJNIOT1M 3 BUKOPUCTAHHSIM aJITOPUTMY Ha OCHOBI OMMCAHUX TIEPETBOPECHb.

1007 |¢m 1011 yumm '0011 sup 0001 i o 1101 = 1010 == 0100
T T T B B Y o ,, \
1000 4’ mln 1- 0010 wb 0000 i 1000 0110 [pad Jle bpyitra ’IEJEJI
| S T T o oY 001 m 001 mb 0010
110 - mn% nmnanjn
| S L

1101 -1111- EIllI‘EIlﬂI -111[31
r 1 1 . L
(1007 Jjmm D011 gum 0011 map 0001

Puc. 3.2. MapmpyTtu3sauis B rinepky0i ta rpadi ae bpyiina [3 ]
[Ilo BaxMBIIIE, OCKUIbKA B CHUHTE31 BHKOPUCTOBYIOTHCS BIIpa3y JAeKUIbKa

OJTHOTUITHUX TEePETBOPEHb (MOOITOBI 3aMillleHHS HaJl KOXKHUM i-M OiToM 1 2 Bepcii
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TacyBaHHS 3 PI3HUMU HaNPsIMaMU Ta PI3HUMH BCTaBKaMM) — 1€ BIApasy XK 3aKjiaiae mepiry
MiABaJMHYy IJI1 BIIMOBOCTIMKOCTI Ta OaraTokaHaibHOI mepenadi, mo Oyna omucaHa B

myOmikartii [3].

3.2. MeTon cuHTe3y TOIOJIOTI HA OCHOBI HAJIMIIKOBOIO KOXY

MoaudikoBaH1il METOA CHHTE3y Ha OCHOBI HAJIMIIKOBOI CHCTEMHU YHUCIICHHS
nepeadavae Cxoxy MOCHIIOBHICTh J1H, MPOTE 10Ja€ HOBI KPOKH.

1. O6panns cucremu yncnenas (CH) 13 MaHOkuHOTO TIdp (andaBiToMm) A, SKAK Ma€e
HOTYXHICTh k Ta OCHOBY YUCIIEHHA b, mpuyoMy AJisi HaamuimkoBux CY k>b.

2. O6panns noxkunu kopy (panry tononorii) 7 = logy (Ngesireq — 1) + 1, 1€
Nyesireq — O@XKaHe YHCIO BY3JIiB CUCTEMH.

3. ®opmyBaHHS MHOKHHH KomiB C, 1o Mae MOTYyXHicTb N = k™ 1 MICTHTH BCi
MOXKJIMBI I-pO3PAIHI KOAU Ay_q Ay ... A1 Ay OOPAHOT CUCTEMU YUCICHHS, Ta (HOPMYBaHHSI
Ha il 0ocHOB1 MHOKMHHU BepmvH rpada G (C, E).

4. OOpanHsi OakaHUX KOJOBUX IMEPETBOPEHb fi,f5, ..., f;m B 3aAaHill cucTeMi
YHUCIICHHSI.

5. ®opmyBanHs MHOXKUHU E pedep rpada G (C, E)3anpaBuiomVi=1..m&Vc €
C:filc)=c'y,c';€C— Fe. EE.

6. ®opmyBaHHs MHOXUHH £’ 1ogaTkoBux pedep rpada, siki J03BOJISIOTh CTBOPUTH
IMIUTIONKTHI  kimactepu B rpadi G, 3B’A3aBIIM BEPIIMHUA 3 OJHAKOBUMHU YHCIOBUMH
3HAYCHHSIMHU.

3.2.1. Cunme3 Ha 0CHOGI HAOTUWKOB020 DIHAPHO20 NPEOCMABIeHH A

RBR € onHi€ro 13 HaUTIPOCTIIIUX 1 HAUOLIBIIT JOCHTIIKEHUX HAJIMIIIKOBUX CUCTEM,
sIKa BUKOPUCTOBY €ThCSI JJISI TAKKX ITUICH SIK MIBUJIKE JT0aBaHHS Ta MHOKEHHS1. ToX rmepimm
KPOKOM BapTO PO3IVIIHYTH caMe ii BHKOPHUCTAHHS B 3alpoINOHOBaHOMY MeToxi. [laHa
CHCTEMa Ma€ OCHOBY 2, SIK 1 KJIaCHYHA JIBIKOBA, TPOTe Ha goaady a0 udp 0 1 1 MicTuTh
Takox 1udpy 1, o Mae Bix’eMHe 3HaueHHS -1 i B KOJOBOMY 3aITiCi MOKe OyTH 3pYydHO

MO3Ha4YeHa JIATUHCHKOIO JIiTepoto T.
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[Tpu Bukopucranai RBR 3amicts 6iHapHOTO KOy BigOyBarOThCs Aesiki 3MiHu. [1o-
nepie, B MeTo/Ii CUHTe3y N = k # b (e k mo3Haudae po3mip andasity i nopiBHioe 3, b —
OCHOBY YHMCJICHHS, 110 CKJIaaae 2). BiamoBiaHO, 1 IPUPICT BEPIIINH, 1 CTPYKTYpa KOy BaHHS
0a3yroThcsl Ha 30aJ1aHCOBAaHOMY TEPHAPHOMY asi(paBiTi.

[To-gpyre, 3MIHIOIOTHCS MEPETBOpPEHHs, BiacTuBl g rpadiB. lleperBopeHns
TacyBaHHS BKJIIO4aE B ceOe He 4, a 6 BapiaHTIB (B 2 HanmpsMHu 31 BcraBkoto 3 1udp). [llomo
3aMIIEHHSA, TO BOHO IIe¢ OUTBbINE YCKIQITHSAETHCA: JO OYCBUIHUX BaplaHTIB JTOMAAETHCH
MOXKJIMBICTh BUKOPHUCTAHHS HETHUITOBUX (HAMPWKIAJ, YHUCTOI IHBEPCIi, IO 3adilae JIMIIe
MPOTUJICKHI 32 3HAKOM U(PHU, UK ITUKITIYHOTO 3aMIIIIeHHS, JIe 3aMiHH Bi0yBalOThCs HE Ha
BCl Bap1aHTH, a 3@ KOHKPETHUM MPaBUJIOM). BTiM, HaBITh 3BUYaiiHE 3aMILLIEHHS KOKHOTO I-
ro pO3psiAy Ha BCl MOXIIMBI aJIbTEPHATUBYA BHOCUTH CBOI1 OCOOJIMBOCTI.

Sk HacHiIOK, CTPYKTypa Tomnojorii Ha0yBae 30BCIM 1HIIOI popmu. 3 ogHOTO OOKY,
30epiraloTbCsi BCl 3B’SI3KM, 110 ICHYBaJIM B HE-HA/JIMIIKOBIA TOMOJOTIi. 3 1HIIOIO,
3’ SIBJISIFOTHCSl YaCTKOB1 MIOBTOPU: HAJJIMIIIKOBA TOTIOJIOT1SI BKJIFOUAE B c€0€ sIK MIHIMYM 2 HE-
HAJUTMIIIKOBUX Bepciii cebe camoi, 0 4acTKOBO MEPETHHAIOTHCA. ['apHUM TIPUKIAIOM €

HaJJIIIIKOBHUH T1IEpKY0, 1110 BHACIIJOK HAJIMIITKOBOCTI HA0yBa€ BUCOKY OCHOBY (puc. 3.3).
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Puc. 3.3. HagmmmkoBuii rinepky6 (30ub11eHa Bepcist — Ha puc. J1.1)
€ nexinbka cmoco0iB 3acTocyBaHHS I1i€l ocoOmmBocTi. [lo-mepiie, Bucoka ocHOBa
TIOPOJIKY € IPUPOHIN pe3epB: TaK, KOXKHA IUIONTHHA TAKOTO TIIEpKyOy € 3ape3epBOBaHOIO,
MPUYOMY KOXKHA BEPIIIMHA Ma€ 3 pe3epBU 1 KOXKEH pe3epB 3axuinae 2 Bepiuau. [Ipuxmanom
€ 3B a3ku 7151 Bepunnu 110, sika pezepByerbest ogHouacHo BepmmHamu 11T, 1TO ta T10,

10 TIPOJIEMOHCTPOBAHO 3€JICHUMH, (PI0OJIETOBUMU Ta OJTAKUTHUMH 3B’ I3KaAMH.
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[To-gpyre, B TOMONOTIT ICHY€ I1Ie OMH O1HAPHMIA MiA-TIMEepPKyO, III0 HE 3a1F0ETHCI B
pe3epBYBaHHI OCHOBHOTO 1 MepETHHAETHCS 3 HUM Juiiie y BepiuHi 000 (mo3HaueHMi TEMHO -
CHHIM KoibopoM). Lle mae MOXIMBICTH PO3MOAUIMTH KOPUCTYBAIbKI 33a4l MK LUMU
YacCTUHAMU, YHUKAIOYU TUM CAMHM B3a€MHHX 3aBaJl Ta BEJIMKUX YepT BUKOHAHHSI.

[To-Tpere, HilIO HE 3aBa)Ka€ BUKOPUCTOBYBATH PE3€PBHI BEPIITNHU TAKO1 TOIIOJIOTI B
AKOCTI TOMIATKOBUX O0OUMCIIOBAJILHUX PECYPCIB, TUM CAMUM 30UIbIIYOYU NPOAYKTUBHICTD
[IHOIO BIAMOBOCTIHKOCTI. [I[pruomMy B OAMH MOMEHT 4Yacy AOJATKOBI BEPUIMHU MOXKYTh
CIlyTyBaTH pe3epBaMH, B IHIINH — BUKOPHCTOBYBATHCh K OCHOBHI OOYMCIIOBAdYi, 1 II¢
NepeMHUKaHHs He TOTpedye KOaHOT pekoHpIrypaiii.

3.2.2. Haonuwrkoea mononocia oe bpyiina

Te came crpaBenIMBO 1 /ISl HITUX MOAIOHUX TOMOJOTIA, TaKUX SIK HAJJTUIITKOBUA
rpad ne bpyiina [3]. Ha BinmiHy Bif rinepky0a, 4usi CTyIiHb 3 MaciiTaOyBaHHSIM 3POCTaE,
a B HAJUUIMIITKOBOMY BapiaHTI — 3pOCTae AyKe MBHUAKO, crenudikoio rpada ae bpyiina €
HE3MIHHICTh CTYIIEHS 3 MaciiTaOyBaHHSIM. 3 TOYKHU 30py KOHCTPYIOBAHHS CHCTEMU II€
O3Hayae, MO i1 PO3MIUPEHHS HE MOTPIOHO 3aMIHIOBATH MEpPEXEBE OOJIaTHAHHA —
JOCTaTHHO MPOCTO MOAMPIKYBaTH CTPYKTYpy Mepexi. Lle m03Bosie CyTTEBO CPOCTUTH
MoJIaJIbITy MIATPUMKY 1 PO3BUTOK CUCTEMHU, TOOYT0BAHOT HA OCHOBI TAKO1 TOTOJIOT11. butbII
TOTO, sSIK MOKa3zye nocBia Fugaku, nmpu crymneni 10 12 BKIIOYHO MOxke OyTH BUKOPHCTaHA
0e3mocepeHb0-3B’s13aHa MEpEXka, 110 JOJATKOBO 3/CHIEBIIOE CUCTEMY Ta IMPUCKOPIOE
B3a€EMO/IIO.

Puc. 3.4. nemoHCTpy€e MeTON CHMHTE3y HaUIMIIKOBOTO rpada me bpyitHa. /ana
TOTIOJNIOTISI BKIIOYae B cebe piBHO 3 Bepcli He-HaMIIKOBOTO rpada ne bpyiiHa, ski

BH/IUJICH], BIIMOBIHO, YSPBOHUM, CHHIM Ta 3€JICHUM KOJIbOPaMHU.
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Hagnwvwroewia rpad Oe BpyiiHa

3CVE BRiBO 3cyB BNpaBo
B!,taon << T w«:«: (1] << ] T = T D:a-:a-p 1 == 3Hau.
1T T0T | TT0 17l TIT | OTT 17T -7
110 TOT | TOO | TO1 TIT | OTT 17T -6
TT1 TiT | T10 | T11 TIT | OTT 1T -5
T0T OTT | OTO | OT1 170 | dro 110 -3
TOO 00T | 000 | 001 110 | dro 110 -4
TO1 01T | 010 [ 011 110 | dro 1T0 -3
TiT 1TT | 1710 | 1Tl 171 ari 111 -3
T10 10T | 100 | 101 171 ari 1T1 -2
111 11T | 110 | 111 171 ari 171 -1
aTT 117 | TT0 171 TOT | 00T 10T -3

] TOT TOO TO1 TOT 00T 10T -2
0Tl T1T T10 T11 TOT 00T 10T -1
00T oTT 0To (1] ! TOO 000 100 -1
000 [ 000 001 T0O 000 100 0
001 01T | 010 011 T0O0 | 000 100 1
01T ITT 1TO 1T1 T01 001 101 1
010 10T 100 101 TO1 001 101 2
011 11T 110 111 TO1 001 101 3
1TT 11T 10 1Tl TIT 01T 11T 1
1T0 TOT TOO TO1 TIT 01T 11T 2
1T1 T1T T10 T11 TIT 01T 11T 3
10T aTT 010 [1] ! T10 010 110 3
100 00T 000 001 T10 010 110 4
101 01T 010 011 T10 010 110 5
11T 1TT 1TO 1T1 T11 011 111 5
110 10T 100 101 T11 011 111 ]
111 11T 110 111 T11 011 111 7
a 0

Puc. 3.4. Hagmmkosuii rpad e bpyiina: (a) — MeTon cuHTe3y Ta (0) — BUIIIA L
(popma «candip», 301IbIIEHA Bepcis — Ha puc. J1.3).

[lle onauM pakToM, K 1 Yy BUNAJKY TilepKyOa, € MOBHA CUMETPUYHICTh TOTIOIOT I
BimHOCHO HYJIs. 1o 11e mae? 3aranom me 3HaYuTh, 0 I KOXKHOTO Uiy (A — B) icHye
annnsx (A — B), Taxuii, mo sxmio Bepmmaa C € (A — B) To BepImuHa 3 00epHEHNM
no uei xonom C € (A - B).

I{ixaBO¥0 0COOIMBICTIO TAKO1 TOIIOJIOT1I € MOKJIMBICTB 11 JICKOMIIO3HIIII HA 3 OJHAKOBI
nepesa. I1lo 1e qae? Sk Oys0 npo1eMOHCTPOBAHO paHillie, y MOPIBHAHHI 13 TIEepKyOoM rpad
3CYBIB Ta BCTaBOK HAajJa€ 3HAYHO MEHIIE MOXJIMBOCTEH IS TOMIYKY aJbTePHATHBHUX
nurixiB. CraHmapTHa elleMEeHTapHa MapIIpyTH3allisi J03BOJIIE BUSBUTH PIBHO 2 TaKWX
MapIIpyTH, 1 11€ BIACTUBO BCIM BUAaM JAeOpyHHIBCHKUX rpadiB HE3aI€KHO Bl KOAYBaHHSL.
ToOT10, Mpy BUHUKHEHHI BIAMOBH CTaHJIapTHA MapIIPyTU3aIlis JO3BOJISE€ BUKOHATA 00X
JIVIIIE OJTHI€T HECTIPABHOCTI.

Ha puc. 3.5 nokazaHo inmry ¢opmy Ti€i 3 TOMoorii, mo chopmMoBaHa i3 3 pi3HHUX
JiepeB (MOKa3aH1 YepBOHUM, 3€JIEHUM Ta CHHIM KOJIbOPaMH), OOy 0BaHUX Y€PE3 3CYB BJIBO.

KimrouoB0o¥0O BIaCTHBICTIO oux OJ€peB € TC, IO MHOXHWHU X HGTCpMiHaJILHI/IX BCpIIMH HEC
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MNCPCTUHAIOTHCA. Takum YMHOM, KOXHa BCpIIMHA TOIOJIOT ] 3aBXKJH1 3HAXOOUTHCA Y JIUCTI

JIBOX JIEPEB.

a 0

Puc. 3.5. Hagmumikosuii rpad ne bpyiina. (a) — dopma «cmaparn» ta (0) —

JIEKOMIIO3MIIIS Ha 3 JepeBa MapIIpyTH3allii 3 MPUKIAIoM (30UIbIIIeHa BEPCisl — Ha PHUC.
J1.5).

Taka BracTUBICTH € I1iKaBOIO 3 BOX cTopiH. [lo-mepiire, e poouTh 00X1]1 BIIMOBH
CIEMEHTAPHOIO OIEpaIli€0: SIKIO JECh Ha MapUIpyTl TPaIUIIEThCS HECIPaBHICTb,
HEOOX1JTHO TIPOCTO B3SITH MAPIIPYT 3 1HIIIOTO AepeBa. TaKuM YHWHOM, JIJIT BUXOMY CHCTEMHU
13 many HeoOXinHa mosiBa SK MiHIMYM 3 BigMoB. J[pyruii acmekT He MEHII IIKaBHIA:
HasBHICTh 3 JIEpEB rapaHTye€ ICHYBAaHHA SIK MIHIMYM 3 aJbTEpHATUBHUX MapUIPYTIB, K
MOXXYTh OyTH BHKOPHUCTaH1 I NapayenbHoi nepenadi gaHux. KpiM Toro, sik BUIHO 13
NPEICTAaBICHOTO HA PUCYHKY MPUKIIAIY, IIi MApIIPYTH JIMIIE YaCTKOBO MEPETHHAIOTHCS 13
MapIuIpyTaMmu, OTPUMaHUMHU CTAHJIAPTHUM aJrOPUTMOM (TIEPETUHH MO3HAYEHI IITPUXOM Ta

MyHKTUPOM BIAMOBIHO JJI 3CyBY BIIPaBO Ta 3CyBY BIiBO). Lle 103BossI€ BUKOpUCTATH 1X



116

I po30uTTS 4u arperamii Tpadiky, pO3MOAUIAIOYM HABAaHTAXKCHHS IO MEPEeXi Ta
MIHIMI3Yy 104U 3aTpUMKH [3].
3.2.3. Ilpakmuyunuii cenc HAONUWIKOB8020 npedcmagienHa 6 zpagi oe bpyiina
BTim, Bumie3a3naueHi BJIaCTUBOCTI XapaKTEPHI HE JIUIIE HAJJIUIITKOBIMN, a 1 OyJIb -sKI1id
tonojyiorii  ne bpyliHa Ha oCHOBI HeOlHapHOro koayBaHHA. [locrae muUTaHHA: 4YUM
HAJJIUIIIKOBUH METOJT CUHTE3Y BIJIPI3HAETHCS BiJl ICHYIOUOTO 1 YOTO J03BOJISIE TOCATTU?
BinmoBiak Ha 11€ TUTAHHS TIOJIATAE Y BIACTUBOCTIX aJbTEPHATHBHUX MIPEICTABIICHb,
XapaKTepHUX HAIJIMITKOBAM KojaMm. SIk Oyno 3ramaHo padimie, mepeadadaeTbes, mo Il
MPEACTaBICHHS JTO3BOJIATH IMIBUIUTH BIAMOBOCTIMKICTE. IIpore mist Toro, mob 1ie
nepeadadeHHs Moriio OyTH BTUJIGHO B pealibHICTh, HEOOX1/1HI BIOBIAHI TPOMIXKHI METOIH.
OCHOBHHM TYT € METOJ] CTBOPEHHS KJIaCTEPiB HAa OCHOBI OJJHAKOBOTO 3HAYCHHS, KU
nependavae, 0 BCl BEPIIMHU 3 PI3HUMHU KOJlaMU Ta OAHAKOBHUMH HOMEPAMU € «OJIHIEIO
CYTHICTIO». 3BICHO, 1€ HE O3Ha4ae, 110 1151 CyTHICTh Mae Oy TH OyKBaJILHO OTHIEI0 BEPIIIMHOIO
— MOBa Hjie pajlile Mpo MEeBHUN IMIUTIMTHUN KJIacTep — MiAMEPEXKY, HEBUAUMY Ha pPiBHI
3aranbHO1 Mepexi. [luranHs peanmizallli TakoTo KjIacTepy € JOCUTh KOMILICKCHUM 1 Oyne
pO3MITHYTO Mi3HINIe. Jlo TuX mip mpuitMemo 3a ¢akT, Mo IS BEPIIUH 3 OJHAKOBUMHU
HOMEpaMH ICHy€ HEBHJIMMHUI 3B’A30K. TakiuM YMHOM, BEPIIUHH 3 OHAKOBUMH HOMEpaMU
MOXXYTh OyTH BIpTyalIbHO CKJIGEHI 1 MPEACTaBJICHI SIK OfHA <«JIOT1YHA BepuinHay. [l

HAJUJTMILIKOBOT TOMONOTii Je bpyliHa 11e MaTiMe BUIVISLA, MPEACTaBIeHHU Ha puc. 3.6.



117

111

110 011 1T1
6 £ 3 1 10T

101

5 010
11T 2 170
— 001
100 oIt
j4 1/ 17T
000
T11 ||
onlk] -4 00
00T
T10 _2 _5 TT1

0TO0
TOT

T01 '3 '6

T1T |OTT TT0

-7/

TTT

Puc. 3.6. HagmukoBa tonosnorist ae bpyiina 3 iMmunuutHuME Kiactepamu. Dopma
«miamaHTy» [4].

J171s1 BUKOpHCTaHHS JOTATKOBUX 3B’ SI3KIB MPOIIOHY ETHCS METO MapIIIPy TH3AIII1, STKHIA
TMOJISITAE Y TOMY, 110 Ha OCHOBI ITEPETBOPEHD HAJT KOJIOM KOHKPETHOT BEPIITUHU MOXYTh OyTH
OTpHUMaHI BCl 11 aJIbTepHATUBHI IpecTaBiieHHs.. OCHOBOO TaHOTO METO/lY € TaKE MOHATTA
K 1m1a0JOH — JIBOPO3PSIHA KOJOBA MiMOCIAOBHICTh, 110 MOXE MaTH aJIbTepHATHUBHI
MpeACTaBJICHHST — TakKi 11abJ0OHM J1aJll HA3UBATUMYThCS allbTepHaIliiHUMU. B matepianax
koH(pepeHiii [8] Oyno mpencraBieHo 2 anbTepHAIiiHI IA0JOHW ISl HAJJIMIIIKOBOI
nsirikoBoi cucremu: 01-1T (1) Ta OT-T1 (-1). 3 HUMU NOB’SI3aHO HACTYIIHE TBEPAKECHHSI:

OyIb-SIKW KOJT B HAJIJTMIITKOBIM CHCTEMI, TI10 MICTUTh X04a O OMH ajbTepHAIlIHHNN 11a0I0H
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Ii€T cucTeMu, MOXe OyTH TIEpeTBOPEHUH Ha 1HITUN KOJT 3 €KBIBAJICHTHUM 3HAUCHHSM Yepe3
mabioHHE 3aMilleHHsT — ToOTO, 3aMiHy 11abJ0Ha Ha OAHY 13 ekBiBaJieHTHUX ¢opm. [Ipu
bOMY PE3YJIbTaTOM TaKO1 3aMIHU MOK€ OyTH 3MiHA XapaKTEPUCTUK IHIIUX I1a0JIOHIB, K
pO3TallloBaHi MOPSI.
Taka BJIacTUBICTh O3HAYaE, 110 TP BUHUKHEHHI BIIMOBH B OJJHOMY MICIll CUCTEMH
MOBIJOMJICHHSI MOX€ OyTH «TEJIENOPTOBAHE» B 1HINY YaCTUHY CHCTEMY 3a JIOIOMOIOIO

MapuIpyTH3allii Ha OCHOBI 3rajjaHux maodnoHiB. Puc. 3.7 mpeacraBieHo MPUKIA TaKOro

00X01y BIIMOBH y BHWIIQAKY, KON paHIIIe MPEACTaBICHI JepeBa MapHipyTH3aiii He
T03BOJISIIOTH IIHOTO 3POOUTH.
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Puc. 3.7. [lomyk ansTepHaTUBHUX (0OX1THUX) MapIIPyTiB HA OCHOBI

MapIIpyTH3allii uepe3 MmadIOHHE 3aMIISHHS

BaxmiBoro miepeBaroro Takoro METOAY € HOTo MOTYKHICTh: TYKEe MaJIOWMOBIPHO, IO

’KOJIHA Tpalle3/1aTHa BepIIMHA HAa KOXKHOMY 13 B)K€ BHUSBIICHMX MapIIPYTIiB HE MaTuMme
aJbTEepHATUBHUX MPEACTABICHb. AHAJIOTIYHO, HEBUCOKHUM € 1 IIaHC TOTO, 1110 HA KOKHOMY
3HalJIEHOMY 00X1IHOMY IIJIIXY TPANUThCs BIAMOBA. TaKMM YMHOM, JaHUW METO/]] € 1OCUTb
MOTY>KHUM, KOJIM MOBA /i€ PO BIIMOBOCTIHKICTb.

[Ipote € 1 Henomiku. [To-nepiiie, «BUIbHA TEAECIOPTALISH TPU3BOAUTH 0 TOTO, 1110 BKE
3HalJIeHni MapuipyT 30uBaeTbcsi. HeoOX11HO MOBTOPHE BUKOHAHHS MapIlpyTH3allii BT

HOBOTO JIKEpeTa, 10 € CyTTEBOIO IpooieMoro. [1o-apyre, icHy € BeMKUH IIaHC TIEPETHUHY 13

y)K€ BIJIOMHUMH MapIIpyTaMH, IO HE JO3BOJISIE PO3IVISAIATH IIEH METOI B KOHTEKCTI
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OaraTtokaHajapHOI MapiupyTu3saiii. [lo-Tpere, cam mo coOi mepexia € JOCUTh HEMPOCTUM:
X0ua ormepaiis 3aMmilleHHs 1 BIAHOCUTBHCS [0 €JNeMEHTapHHUX, ajie MOIIYK BCIX
aJbTEpPHATUBHUX TMPE/ICTABICHb TAKUM METOAOM MOXe OyTH 3aHa[TO €EMKOIO 3a71auelo.

TakuM 4uHOM, iICHYIOUHI METO TIOTPE0y€E PO3BUTKY.

[To-nepire, mabnoHHE 3aMillleHHsT — 1€ KOJJOBUIM METOII, a HE JICPEBHUM, TOXK HEMA€e
CEHCY pPO3MIIsiJIaTH MO€EAHAHHS LKMX METONIB 0e3 HaraibHOoi morpebu. Ilo-mpyre, oOxin
BIJIMOBH — L€ OTIepailis, sika He MOTpeOy€e 3HAXOIKEHHS BCIX abTIpeicTaBlieHb. JlocTarHbo
MO>KJIMBOCTI ITYKATH HOBI MPEICTABICHHS TPU HEMOXKIIMBOCTI BUKOPHUCTATH HASBHI.

Tox, onrc pO3BUHYTOrO METOAY IMTAOIOHHOT MapIIPyTH3allii BAPTO MOYATH 13 O1IBIIT
JIeTanbHOTO OISy KIACHMYHOI MapIIpyTH3alii Ha 3CyBax. [i CyTh IOIArae y ToMy, IO
YaCTUHHM KOJy IMPU3HAYCHHS IMOETAIHO BCTABISIOTHCS B KOJA JIKEpesa, TaKUM YUHOM,
dopmyroun maptipyTt. Hanpuknaz, ais nepecuiku 10100 = T1T10 mapipyT uepes 3cyB
BIIPABO BUIJISAIaTUME TaK:

101000 = 01010, = 10101, > T10105 > 1T1014 > T1T10s

[linkpecieHHsIM Ta KypCHUBOM TYT BUAUIEHI YaCTUHH, 110 BCTaBIIOTHCS. HipkHi
1HACKCH TMO3HA4YalOTh HOMEpP BEPUIMHU HAa MapHIpyTi. TakuM 4YWHOM, KOA OyJb-sKOi
npomikHO1 (1—4) Bepminan MOXe Oy TH 9ITKO PO3IUICHUM Ha 2 YaCTUHM: BiJT JHKepesia Ta Bif
npu3HauYeHHS. TakUM YWHOM, HACTYTHI CUTYyallli MOXKYTh OyTH BUSIBJICHI.

Curyaris 1. 3amilneHHss B 4YacTWHI Jpkepena. bynb-skuil malnoH, 3aMiHEeHWNA B
YacTHHI J)Kepena, HE BIUIMBAE Ha KIHIIEBY TOYKY MapuipyTy. Lle moB’si3aHo 13 TUM, 110
yacTUHA JpKepena (HemiKpecieHa) MOCTYIMOBO «BUIITOBXYEThCS» 3 Komy. Hampukman,
Hexail BepIIMHa 2 NUIAXY € HecnpaBHO. Toai HACTYNMHUN aJbTEpPHATUBHUN IILITX MOXE

OyTu oTpuMaHo (11a0JI0H 3aMillleHHS BUAUIEHO CIpUM):

101000 = 01010, >> 011TO0y+ = 1011T, > T10115 > 1T1014 > T1T10s

Sk BUAHO, MAOJOH TMOBHICTIO YCYBAETHCH 31 IUIAXY, TOXK BHUKOHAHHS TaKOTO
3aMIIIEHHS «B1J JPKepernay He moTpelye )KOTHUX TOAATKOBUX IH.

Curyamig 2. 3aMiHa B 4YacTHHI Mpu3Ha4YeHHs. byab-sakuii 1m1abnoH, 3aMIHEHUN B
YacTWHI NPU3HAYEHHS, MOXE OyTH «BUIPABJICHUID» 3BOPOTHIM NEPEXOJOM B TOYLI

NPU3HAYEHHS. AHAJIOTIYHO, HEXall TOUKOIO BIAMOBH € BepiunHa 4. Toxi:

101000201010, 10101,> 110105 >> 0T0105+> 10T014+>T10T0s+>> T1T10s
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BaxxniBo po3ymity, 1110 3MiHa B YaCTHHI MPU3HAYCHHS €KBIBAJICHTHA 3MiHI TOUKH
npu3HadeHHs. ToX, SIKII0 MapILIpyTU3allisi BUKOHY€ETHCS BiJl JpKepena, abo K SKIIOo Y
BepuIuHi |1 cTajo BiAOMO PO BIAMOBY 3, € MOXIIMBICTH CKOPOTUTH YKCIIO MEPEXOIIB 1
noyaty oOX1AHUI MaHeBp 1€ y BepuiuHi 1. [{ell «cTpuboK 13 BUNIEPEIIKEH HSIMY

BUITEI JATUMC HACTYITHUM YHHOM:

101000201010, 70101,+> 070103+ 2 10T014+>T10T0s+>> T1T10s

Curyaitig 3. 3amiHa MK yacTUHaMU. Bynb-sakuii m1abnoH, 3aMIHEHUI B TOUIIl CTUKY
YacTUH JIKepesia Ta MPU3HAYEHHs, Ma€ OyTH «BHUIPABJICHUID 3BOPOTHIM MEPEXOAOM 3a 1
KPOK J10 TOCSITHEHHS TOYKU MpU3HaueHHs. HacTynmHMii npuKkiag UTIOCTpy€E TaHy CUTYaIilo

(TOYKOIO BIAMOBH € BepIIUHA 2):

101000=>01010,>> IT010+> 1ITO1+>T1ITO3+> IT1I T4« >> IT1014>T1T105

3aBISKM TOMY, IO B ONHMCAHMX CUTyallsiX paHille MNPOWIECHUN MapuIpyT
30epiraeTbcsi, Take 3amillleHHs He NOTpeldye€ HiI MOBTOPHOTO MOLIYKY MapuIpyTiB, Hi
YCKJIQIHEHHSI aJITOPUTMY: JIOCTaTHBO 3HATH KPOK, Ha SIKOMY BIIOYBCS «CTpHUOOK», Ta
MO3UIIII0 3aMileHHs], [M00 JOCTaBUTHU TIOBIIOMJICHHS, BUKOPUCTABIIM Jamie -2
JOaTKOBHX Xomu it o0xomy. Cutyariiss 3 0araropasoBOIO «TENEHOPTAIIIEI0» TaKOK
BUPIIIY€ETHCSA TOCUTHh MPOCTO: SIKIIO MOBA HJe MPO 3aMilleHHsS MPU3HAUYEHHS YU CTUKA,
JAOCTAaTHLO MPOCTO JIOJIaTH 0 3aroJIOBKY 1H(OPMAIIiIO PO 11 1 BUKOHYBATH IOBEPHEHHS B
TOMY MOPSIKY, B IKOMY OyJIM BUKOHAHI 3aMiHU, 3Ba)KAIOUH, 10 3aMIIIEHHS CTUKY Ma€ OyTu
00po0IIeHO 3a KPOK J0 TOUKU MPU3HAUEHHS, a BC1 3aMIll[eHHS MPU3HAYEHHS MOXYTh OyT!
«PO3KpUTI» B caMii TouLll Tpu3HayeHHs. TyT BapTo 3a3HAUYNTH, 1110 X0Ya TFIIOTETUYHO 3aMiH
B TOYLIl MPU3HAUYEHHS MOXe OyTu Oararo, mpoTe, OCKUIbKM MOBa i€ Mpo OAHY 1 Ty X
JIOTIYHY BEpIIMHY, 3BOPOTHIM TMepexii Moxke OyTH 3HAYHO MPOCTIIIUM HDK e
nependavaecTbCsl JTOTIKO MapIIpyTH3AIli.

3.2.4. Ocobnueocmi memoody cunme3sy Ha 0CHOGI HAOMUUIKOBUX KOOI

Sk Oyn0 MpPOAEMOHCTPOBAHO BWIIE, METOJA TOTMOJOTIYHOTO CHHTE3Y Ha OCHOBI
HAJJIMIIIKOBOTO O1HAPHOTO KOJIY € JOCUTH IIKaBUM SIK 3 TOYKH 30Py BIIMOBOCTIMKOCTI, TaK 1
3 TOUKH 30py €(EeKTUBHOCTI. 3arajioM, HaCTyIHI HOT0 MepeBaru MOXXyTh OyTH BUILICHI:

e HeBucoka cCTyIiHb, L0 J03BOJSIE CKOPOTUTU BUKOPUCTAHHS MEPEKEBOIO

o0naiHaHHS 1 3pOOUTH MepexKy Oe3mocepeaHb0-3B’ I3aHOTO.
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e Husbkuii giaMeTp Ta BHUCOKAa MIBUAKICTh MacHITaOyBaHHS MOPIBHSHO 13
KJIACUYHUMU TOTIOJIOTIAMU J1JIs1 0€310CEPEIHbO-3B’ I3aHUX MEPEK.

o [linTpyMka TPOCTHX METOMIB MapUIPyTHU3allli HAa OCHOBI KOJOBHX
MEPETBOPEHb, 10 MOXKE JaBaTH Kpallly IIBUIKOII0 1 MEHII BUTPATH I1aM STl
JUIsL JITOPUTMY, HDK BUKOPHUCTaHHS TaOJMYHUX METOIB.

e [linTpuMka MapupyTu3alii Ha OCHOBI JEpEB, NMEPEBArO0 SKOI € IIBUAKA
peakiisi Ha BIAMOBY / TMEpPEBAaHTAXEHHSA, IO JO3BOJSE SIK TiABUIIATA
B1JIMOBOCTIHKICTb, TAK 1 CKOPOTUTH YaC MEPECUITKH.

o [linTpumMka MapuipyTu3ailii Ha OCHOBI IAOJIOHIB, 1110 CyMiCHA 3 €JIEMEHTAPHOIO
MapuIpyTU3ALI€I0 HA OCHOBI KOJIB 1 mependayae MakCUMaibHO OTNEpaThuBHE
pearyBaHHS SIK Ha BIIMOBY, TaK 1 Ha BUCOKHN Tpadik, Ta 103BOJISIE BAKOHATH
00X11 1IHOIO BCHOTO Juiie 12 101aTKOBUX KPOKIB.

e CrTBOpEHHS IMIUILMTHUX KJIACTEpiB B TOMOJIOTII MEpPEXi, IO J03BOJIIE
MIPUXOBATU pEajibHy MEPEKEBY CTPYKTYpY 1 BUKOPHUCTATHU KJIacTEPU30BaH1
€JIEMEHTU B SIKOCTI PE3EpPBY, TUM CAMUM BIIHOBIIOIOUHM MEPEXKY MPHU BiIMOBI,
30epiraroduu Mpu IbOMY MOXJIMBICTH OKPEMOi aapecarlii TakKux eJIEMEHTIB
gyepes Kof.

Sk BUAHO 13 0O3HAYEHUX MEepeBar, METO € JOCUTh IIKABUM 3 TOYKH 30PY MTOCTABJICHOI
3a1a4i. 3 0MHOTO OOKY, BiH JO3BOJISIE TOCATTH BUCOKOI €()EKTHBHOCTI Iepenadi TaHuX, 3
HIIIOT — HaJla€ BUCOKY BIIMOBOCTIHKICTh. OCOOIMBO IMIKAaBUMU TYT € IMIUTIIIUTHI KJIaCTEPH,
aJl’Ke EJIEMEHTH «JIOTTYHOTO BY3JIa» HE 000B’I3KOBO MAIOTh BUKOHYBaTH JIUIIIE OJTHY 3a/1a4y.
Tak, 3amaul MOXyTb OyTH PO3IOAUICHI MK €JIEMEHTaMHU BCEPEIMHI JIOTTYHOTO By3J1a, IpU
bOMY OJHI 3a]1a4l MOXKYTb OyTH 3aXUIIEH] rapsuUM PE3EPBOM JJis1 yHUKHEHHS] TOMUJIOK,
1HIII1 — 3aXUILIEH1 POTPaMHO, 11100 3a0€3MeUNTH MaKCUMaJIbHY MPONYKTUBHICTh BUKOHAHH,
MPUYOMY anapaTtHoO PoJii eIeMEHTIB (OCHOBHUI YM pEe3€pPB) MOXKYTh 3MIHIOBATHUCH.

3BICHO, y METOIY € 1 HEIOMKH. [aes IMIUIIIUTHUX KJIacTepiB 3ByUYUTh TapHO, MPOTE
HE JOCIIIKCHUM € TUTaHHA iX ()aKTWYHOi opraHizaiii. Ik camMe BOHM MaiTh OyTH
opTaHi30BaHi, 00 3a0e3MeYNTH BUCOKY BITMOBOCTIHKICTh Ta € (DeKTUBHICTH? Po3TisiHyTa B

Po3maimi 2 Teopis HAAIMIIKOBOTO KOy MPOIIOHY€E peai3alliio uepe3 baratoBumipHy (opmy
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18 KomiB BUmy (th, b), mpoTe TakWili KOOy € NOCUTh crnenudiuauM. TakuM YUHOM,
pPO3MIIsiHYyTa MareMaTuyHa MOJIEb TOTIOJNIOTIM Ha OCHOBI HAJIMIIKOBOTO KOAY MOTpelye

IHTErpailii B 3alpONOHOBAHUNA METO/I CUHTE3Y JIJIsl HOTO PO3BUTKY.

3.3. Po3BUTOK MeTOIYy CHHTE3Y HA OCHOBI HAJIMIIKOBOTO KOXY

3.3.1. Cmeopenns imnaiyumHux Kiacmepie Ha 0CHOBI 0a2amoeuMipHoOi popmu

Ha ocHOBI Teopii HAIITUIIIKOBOTO KOY BaHHS MOYKHA 3aITPOIIOHYBATH JIEKUTbKA IIJIIXIB
PO3BHUTKY ICHYIOUOTO METOY. | KITFOUOBUM 13 HUX € BUPIIIICHHS MTUTAHHS 3B’ sI3yBaHHS BY3JIB
13 omgHakoBMM HoMepoM. [lomepemHiii MeTon He mepedadae SKOTOCh YHIBEPCAaJIbHOTO
aJIrOpUTMY BHUKOHAHHS JaHOi omeparii, mpore rimore3a 2.4 Mokaszye, M0 TIimepKyo 3
OCHOBOIO { € OITUMAJILHOIO TOTIOJIOTIYHOIO CTPYKTYPOIO JIJIsl TAKUX KJIacTepiB.

BTim, npo061eMaTnuHOI0 EPETYMOBOIO 1aHO1 TIIOTE3H € OCOOIMBUI TUIT KOIY — TaK,
JlaHe pILICHHS € COpPaBeIJIMBUM Il KoaiB BUAY (th, b). TakuM 4yMHOM, MOCTa€ MUTAHHS
1110710 OpMyBaHHS KJIACTEPIB JJIs JOBUILHUX KOJIB. | HAUMPOCTIIIIUM CIOCOOOM BUPIIIUTH
JaHy npoOyiemMy € MITYy4YHE IPUBEACHHS KOAY 10 MOTPIOHOTO BUITISY.

Sk came 11e MmoxxHa 3poouTH? Hexall mano aesky Torosorito G, oTpuMaHy Ha OCHOBI
CUCTEMH YHCIIeHHS 3 andaBiToM 4 1 0OCHOBOI0 b. OUeBHAHO, IO SIKIIO JaHa CHUCTEMa
YHUCJICHHSI € HAJUIMIIKOBOIO, TO B Hil ICHYBaTUMYTbh By3JIM 3 OJHAKOBUMHU HOMEpPAMHU, IO
MaroTh OyTH OKpeMo 3rpyroBani B kiacrepu Q. Terep posmisHeMo iHmmid rpad G, mo
OTPUMAaHHi Ha OCHOBI CUCTEMHU YMCJIEHHS 3 OCHOBOIO b, MPOTE 3 HOpMaJIbHUM asaBiToM
A’, oTpuMaHUM Yepe3 pO3MIMPEHHs BUXigHOTO andaBity 4 10 po3mipy, IO BiAMOBiIae
criBBigHOMIEnH!O (¢h, b). 3rigHo 10 Teopemu po camonoaioHicTs, skmo A € A' 101G €
G'. TIpu upomy, siko posmip A" nponopuiiinuii b, To ineansHow Gopmoro g Oy €
rinepkyOu 3 OCHOBOIO .

3BICHO, MOBHOLIIHHE MiJIBUILEHHS MOPSAKY 1 mepeTBopeHHs OaxkaHoro rpady G B
poswmupennii G' € CKIaaHO 1 BKpail JOPOIO0 ONEpaLi€lo, i HaUIMIIKOBICTL CUCTEMH Y
[[bOMY BHIIQJKy Ha MOPSIOK IMEpPEBUIYBaTUME pealibHi motpedu. Tox, Iisi BUpIilIEHHS

3a/1a4l MPOTIOHYETHCS BIpTyasibHE MIABUIIICHHS TMOPSIKY 3 KEPOBAHOK HA/IMIITKOBICTIO.
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B yomy cyTth manoro meroxy? Hexail mano noBuibHMid Q) € G. O4eBUAHO, 1O
pillleHHs1 CTPYKTYpHOI pobiemu i Q,, icuye B G', ane He B G. IIpoTe, SKIIO 3anucard
OararoBumipny ¢popmy Q, mias G', i eleMeHTH MOKHA Oyle YMOBHO DPO3IIMTH Ha 2
YACTUHM: Ti, IO OJHOYACHO HaJIEXKaTh 1 G 1 G', 1 Ti, 1110 Halexarh juiie G'. 3 IepIIUMH BCe
OYEBHJTHO: 11€ OCHOBHI BY3JIM TOIIOJIOTi, 110, 3 OJTHOTO OOKY, MalOTh 3B 30K 13 3arajbHOIO
MEpeXKero, ajic B TOM e Yac Mo€eIHaHl 1 Mk co0oro. [llogo apyroro kmacy By3JiB, TO 1ie
pe3epBHI By3JM: BOHU ICHYIOTH JIMIIE B pamMKax Kiacrepy @y, ajge He MarOTh BJIACHOTO
3B’s13Ky 13 3araibHUM rpadom G. TexHIYHO, AJis 3arajibHOI MEPEX1 IX MTPOCTO HE ICHYE, a 1X
KOJI € HEJIOIyCTUMHM B paMKax 0OpaHOi CUCTEMU KOIYBaHHS.

Tenep moroBOprUMO Mpo 0COOIMBOCTI ITUX Pe3epBHUX By3JiB. [lo-niepiie, oueBuIHO,
iX KIJIBKICTh OyJ1e JOCHTD BEJIMKOI0, OCKUILKH BOHH JIOTIOBHIOIOTH (), 10 po3mipy (tb)" . Ilo-
JpyTre, BOHU HEBUAMMI JIJIS 3arajbHOT MEPEXi 1 HOMIHAJIBHO HE MalOTh KOJTHUX 30BHIIITHIX
3B’S3KIB, & OCKLJIBKH 1X KOJW HEBHUJHMMI 330BHI — iM HE MOYKHA HAIIPaBJICHO MPU3HAYUTH
KOAHMX 3a/1a4. TakuM 4YMHOM, Ha JlaH1 By3JId MOXYTb OyTH MOKJIa[eHl HACTYTHI (PyHKIIIi:

- 36’a3yeannsa. OCKiIbKM JOJATKOBI By3JM JOMOBHIOIOTH Kiactep 10 (opmu
rinepky0a 3 HaJIMIIKOBOIO OCHOBOIO, 1€ TPUBOIUTH [0 TIOSBH HOBHX
aJbTEpPHATUBHUX NUBIXIB BcepeauHi Q.

- YHucmuii pezepe. OCKUIbKY T0JaTKOBI BY3JIM ICHYIOTh JIMIIIE BCEPEMHI KilacTepa,
aje HE 330BHI, BOHM MOXYTh OyTH BHKOPHUCTaHI JJI 3aMilICHHS BIJMOBH
OCHOBHHX BY3IiB. [Ipu 11bOMy KOJ Ta 30BHIIIHI 3B’SI3KM MalOTh OyTH MepeaaHi
pEe3epBHOMY BY3Jy Bl OCHOBHOTO.

- Ilpuckopennsa. OCKUIBKM JONATKOBI BY3JM BCE M€ € OOYHMCIIOBAJILHIMU
OPUCTPOSIMU, BOHU MOXKYTh OyTH BHUKOpHCTaH1 1Jsi oOuncieHs. Lle morpedye
J0JJaBaHHA J10/1aTKOBOTO 3a0e31eueHHsl, BIMOBIAAIbHOIO 32 INIAaHyBaHHS, MPOTE
JO3BOJIUTh 3aJIATH 11 «HEICHYIOUl» BY3JIM [IJs 3a0e3NeueHHs Oe3MeYHuX,
IIBUJKHUX Ta JIOKAJII30BaHUX OOYUCIIEHb, MOKJIABIIA HA OCHOBHI BY3JIM (PYHKILii
AUCTpuUOyLIi Ta arperauii Tpadiky.

TakumM YMHOM, MOXKEMO BHCYHYTH KiUTbKa MPOTO3MINN IMIOAO THUIIIB OIMCAHUX

JOJTATKOBHX BY3JIIB:
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- Bipmyanvnuit micm. PeanizyeTbcsi uepe3 MNPHUCBOEHHS OKPEMOMY By3Iy
JEKUIbKOX PI3HUX KONiB. € OZHUM BY3JIOM 3 TOYKH 30py OOYMCIIEHb, MPOTE
OararbmMa — 3 TOUKHM 30pYy MapiipyTusailii. Mae peanizyBaTH BCl 3B’SI3KH, IO
TOTIOJIOTTYHO HaJeXaTh KOTO KOIaM.

- Bipmyanvnuii eyzon. Peanizyerbcs y BUINISAI KOHTEWHEpY. Binpi3HseThes Bif
MOCTY THM, II0 € OKPEMOIO OOUYMCIIOBAJIHLHOIO CYTHICTIO (MOXXE BHUKOHYBAaTd
O0OYHMCIIEHHSI HE3aJIKHO BiJ 1HIIMX BIPTyaJIlbHUX BY3JiB). 3BICHO, Y TaKoOMy
BHIAJIKy peallbHa MPOAYKTHUBHICTh (DI3UYHOTO By3Jia PO3AUIIETHCS MDK ycCiMa
JOTIYHUMH (BIPTyaJIbHUMH) BY3J1aMHU, PO3TOPHYTUMH Ha HbOMY.

- DBonvoseanuii ¢izuunuir eyzon. € Gi3UUHUM BY3JIOM 3 yCiMa HEOOXiTHUMH
3B’sI3KaMU BCEPEAUHI1 KJIacTepy, IpOoTe 0€3 MOKIMBOCTI KOMYHIKAIIli 13 3arajibHOI0
CUCTEMHOIO Mepexkero. He Moxke anpecyBaTHUCh 330BHI, a OTKE, Ma€ OTPUMYBAaTU
3aBIaHHSl Bl I1HIIMX KOMIIOHEHTIB BCEpPEAWHI KllacTepa — HaNpHUKIajd, Bif
OCHOBHUX BY3JiB. Takoro poay By3JM MOXYTh BUKOPHUCTOBYBATHChH JJISI
JI0OTIATKOBOTO PO3IMapaJIeIFOBaHHS OOYMCIICHb Ha PIBHI KJacTepy, a TaKOX JJil
3a0e3MeueHHs BUCOKOT Oe3MeKH 00UUCIICHb.

- Pezepenuii gy3on. Peamzye Bcl TOTpi0HI BHY TPIIITHHOKJIACTEPHI 3B SI3KH, a TAKOK
Ma€ MOXJIMBICTh JOCTYTATHCS JO 30BHINIHIX 3B’SI3KIB OJHOTO YHM KUIBKOX
OCHOBHUX BY3J1iB. TaKUM UMHOM, TIPU BIIMOBI OJTHOTO 13 p€3€PBOBAHUX OCHOBHHX
BY3JIiB IaHUI By30J1 MOXKE IPUIHATH HA ce0e 10ro HoMep B 30BHIILIHINA MEpexi i
MPOIOBKUTU POOOTY BiJ] HOTO IMEHI, TUM CaMHUM 3aMacKyBaBIIIU (DaKT BIAMOBH.

Sk BUIHO 13 3alPOTIOHOBAHUX THUIIB, KOXXEH HACTYMHHUA THUI By3Jia PO3IIMPIOE

MOKJIMBOCTI MOMNEPEAHbOTO. Tak, B CTaHl HOPMaJIbHOI pOOOTH OCHOBHUX BY3JIIB PE3€pBHUI
BY30J1 IUJIKOM MOK€ BUKOHYBATH POJIb 130Jb0BAHOTO (DI3UYHOTO By3Jia, HA SIKOMY, B CBOIO
4epry, MOKHa PO3TOPHYTH AEKUIbKa EK3EMIUIIPIB BIPTyaJdbHUX BY3JIB, THM CaMUM
3MEHILMBIIY anapaTHy CKJIAIHICTh KiacTepa. B cBoto uepry BipTyaJabHUH MICT € TTOBHAM
aHAJOTOM BIPTYaJlbHOTO By3Jla 3 TIEI PIZHUICIO, IO ICHYE JHINE IS TiATPHUMKA
MapuIpyTu3aiii B 6aratoBumipHiii popmii He Moxke Opatu Ha cebe xKoaHux oouunciens. Le
J03BOJISIE YHUKHYTH O€33MICTOBHOTO PO3MHOXKEHHSI OOYHCIIOBAJILHUX CYTHOCTEH

BUKJIFOYHO 3 METOI0 3a0€3IeUEHHS TOMOJIOTTYHOT HLTICHOCTI MEPEXKI.
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3.3.2. /lekomno3uuin Ha 0CHOBL cAMONOOiIOHOCMI

JIpyTruM acriekToM, 110 PO3IIUPIOE KIIACHYHHUM CHHTE3 Ha OCHOBI HAJJIMIIIKOBOTO KOy,
€ JIEKOMIO3HLIA 3arajbHoro rpady Ha miarpadu TOro K TUILY 1 paHry, ajie JJjisi CUCTEMU
YUCIIEHHS MeHIIoTo nopsiaky. Lle mae Biipa3y qekijabka HaCIIKIB.

[To-nepiire, B OyAp-KOMY HaJJIMIIKOBOMY I'padi MOXKHA 3HAUTH MiArpapu MEHIIOTO
nopsaKy. Takum 4YHMHOM, OOUYMCIIOBAJbHI PECYpPCH MOXYTh OyTH 3a HEOOX1IHOCTI
PIBHOMIPHO PO3MOAUIEHI MK KOPUCTYBAallbKUMM 3aBIaHHAMH, II0 B TMO€JHAHHI 13
PO3KIaAOM Ha JeOPYHWHIBCHKI JiepeBa Ta IMIUTIIWATHI KJIACTEPHU-TIMEPKYOHU 1a€ 3MOTy
HA/JaBaTU KOPHUCTYBAIbKUM 3a/ladaM MEpexXi, 10 MalTh CTaHIapTHY (a00 ONMHM3bKY 10
CTaHJapTHO1) TOTIOJIOTIYHY CTPYKTYpY.

[To-gpyre, Takoro pony po3kiaa Moxe OyTH BHUKOPUCTAHUM I MapUIpyTH3aLlil.
Oco0a1BO AICKpaBO 1€ BUIHO Ha TONoJoTii j1e bpyiiHa, OlHUM 13 METO/1B MapIIpy T3 ALl
JUI AKO1 € PO3KJIa]] TOIMOJIOTII Ha JiepeBa 1 MOIIYK NUIAXIB BXE y HUX JAepeBax. OCKUIbKU
CaMOTIOA10H1 AEKOMITO3HIIIi MOKYTh SIK IIEPETUHATHUCH, TAK 1 HE MIEPETUHATUCH B 3aJIS)KHOCTI
Bl po3Mipy aindaBity, 1ie J103BOJIsi€ (MpU MepeThHi aiaBiTiB HE OUIbII HIK OIHOIO
1u(poI0) BUAUIUTH B TOTIOJNOTII PSAI HE3AIEKHUX 1€0pYHHIBCHKUX JEPEB.

Takum 4YWHOM, HEOOXIMHO OUTBII JOKJIATHO PO3TISIHYTH BIIACTHBOCTI TaKoi
aexommno3uiii. Jlias OuibInoi HAOYHOCTI Bapro modatd 13 npukiaay. PosmisHemo
HAJUTMIIKOBY TOMONOTiI0 Je bpyiiHa, oTprMaHy Ha OCHOBI HAJJIMIIKOBOTO JIBIMKOBOIO
npeacrabieHHs. Sk Oyno nmokaszaHo Ha puc. 2.11 B Po3num 2, Taka Mepexa Moxe OyTtu
pO3KJIaJeHa Ha 3 KIlacCU4HI JeOpyHHIBChKI MEPEX], a T, B CBOIO YEPTY, MICTAThH B cO01 1O 2
nepesa. Btim, po3knan 0e3 3aiuIlKy, HOKa3aHUN Ha PUCYHKY, XapaKTEepHUM JIUILIE MEpexi
panry 2. [lounHatoun 13 panry 3 B Mepexi 3 SIBISITUMY ThCsl By3JI, 1110 HE BITHOCSATHCS JI0
’KOJTHOT I IMEPEXKi.

OCKUTbKY TIIAMEPEX] BKIIIOYaTUMYTh B C€0€ BC1 BEPIITUHU, 110 MICTITh 2 BUIU TP
y CBOEMY Kol (2 BEpIIMHU 3 MU(ppaMu OTHOTO THUITY 3aBXKIH € KOPCHSIMHU JIEPEB), HE
BITHOCHUTHMYTHCS J0 T1AMEPEXK JIUIIIE T1 BEPIITHMHM, UMK KO MICTHTH B c001 BCi 3 Bum udp
B TIi YM 1HIIM MOCHITOBHOCTI. Tak, /st TOMOJIOTIi paHry 3 MO)KHA Ha3BaTH 6 TaKUX KOJIB,
PUYOMY BOHU MOXYTh OyTH 3TpyHOBaHi B 2 KuUIbLisl, C(POPMOBAHI Uepe3 LUKIIYHUN 3CYB

nocmigoBHocTe 01T ta 0T1 BianoBiiHO. 3aranaom, TOBKHUHA KUTbIA 3aBXK 11 Oy/ie piBHOIO
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paHry TOMOJIOTIi, 10 JAeKoMIIOHyeThesi. Ha puc. 3.8 mpencraBieHo AEKOMIO3UIIIO AJIs

TOTOJIOT1i paHry 3.

Puc. 3.8. Jlekomno3uiiis TONOJIOT1] HAJIUILIKOBOTO Ae bpyiiHa panry 3

Meton mapiupyTu3alii 3 BUKOPUCTaHHIM JeKOMIO3UIIii [9] nependayvae HaCcTyIHE.
Mepexa noauisieTbcsi Ha MiAMEpPEkKl AeOpYHHIBCHKOT Ta KUIBLIEBOI CTPYKTYPH, 1 KOXKHIM
BEPIIHHI y BIJMOBIAHICTh CTABUTHCS MHOXKMHA BHXOJIB JI0 1HIIUX miamepex. [lomanbia
JIOTIKa JyKE MPOCTa: aJroOpuTM MapIIpyTH3allii B KOXKHIM IMIMEpeXl 3HAE JHIIe ii
CTPYKTYPY 13B’3KH 3 IHITUMH IiaMepexamu. Komu moTpiOHO niepeaaTy TOBIIOMIICHHS 3a
MEXI TiaMepexi — HeoOX1JHO 3HAUTH BUXIJ 0 HEl, a AKII0 HOro HeMa — TO BHKOHATH
cripoOy mnepenaydi uepes NpOMbKHY MiIMEPexKy, BiIal0un NepeBary miamMepexam iHIIOro
TUILY.

Cam anroput™ MapuIpyTH3alLli B paMKax HIAMEPEXKI IPU LIbOMY HE PETYIIOETHCS: 11E
MOXXe OyTH SK OylIb-SKMI TOIOJIOTTYHO-3aJICKHUM aJITOPUTM, TaK 1 OUIbII CKJIQJHU,
HaNpUKIaJ, aJanTUBHA MapUIpyTU3allis. 3aBAsIKA pO30UTTIO HAa MIAMEPEXK] MOJIe MOUIYKY
piteHs Ta o0car HeoO0X11HO1 iHpOopMaIlil CyTTEBO 3MEHIIY €THCS, 1110 J03BOJISIE €PEKTUBHO

BUKOPUCTATH MEPEBArk alaiTUBHOTO aJTOPUTMY, MIHIMI3yBaBIIIU HOTO HEIOMIKH.
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BucHoBok 10 po3ainy 3

B posznini mpeacTaBieHo yaI0CKOHAJICHUH METO CHHTE3Y BIIMOBOCTIHKUX TOTIONOTII
Ha OCHOBI HAJJIMIIIKOBOTO KONy, IO BIAPI3ZHSAETHCA BiJ ICHYIOYOTO BUKOPUCTAHHSIM
HAJUTMIIIKOBOT CUCTEMHU YHUCIICHHS JUIS KOJYBAaHHS HOMEPIB BY3JIB 1 JJO3BOJISIE OTPUMATU
TOTIOJIOT11, IIT0 MAIOTh Kparlli (MOPIBHSAHO 13 KJIaCHYHUMHU T'padaMy Ha OCHOBI JIBIHKOBOTO
KOJTy) XapaKTEpPUCTUKH CTYTICHS Ta JlaMeTpy, a TAaKOK MICTATh IMIUTILUATHI KJIacTepH, sIKi
CKJIQIAIOTHCS 13 BEPIINH, KOJU SKHX € aJbTePHATUBHUMU NPE/ICTABICHHSIMU OJTHOTO YHUCIIA.

[IpencraBneno cmoci®0 ¢opMyBaHHS IMIDIIUTHUX KJIAcTepiB  HA  OCHOBI
O6aratoBuMIipHO1 (popmHu, 1110 103BOJISIE B Tpadi Ha OCHOBI OY/Ib-SKOTO HAJIUIITKOBOTO KOy
chopmyBaTH IMIUTIITUTHI KJIaCTEPH 1 THM CaMUM 3a0€3MEYUTH BUCOKY BiIMOBOCTIHKICTh
TOTIOJIOT 1.

3a JOTIOMOTOI0 yIOCKOHAJIEHOTO METO/Y CHHTE30BaHO TOTIOJIOT1I0 HAJIUIIKOBOTO
rinepky0a, 1mo 0a3yeThCsi Ha TIEPETBOPEHHSAX 3aMill[EHHs B HAJUIMIITKOBUX Kopax. Jlanuii
rpad € eKBIBaJCHTHUM TiMepKyOy 3 HAAJIUIIIKOBOIO OCHOBOIO, IPOTE J03BOJISIE ChOPMYBATH
B rpadi IMIUTIIMTHI KJIACTEPH, a TaKOXK 3a0€3MEYUTH MPOCTy MapIIpyTU3allil0 HA OCHOBI
KOJIOBUX IEPETBOPECHb.

3a IOMOMOTOI0 YIOCKOHAJIEHOTO METO/y CHHTE30BAaHO TOTIOJIOTII0 HAJIAIIKOBOTO
rpada ne bpyitna (ne bpeitna, de Bruijn), mjo 6a3yerscs Ha 3CyBax Ta BCTaBKax B
HAJUTMIIKOBUX Kojax. Jlanuit rpad Mae He3MiHHY 3 MaciiTaOyBaHHAM CTYIIIHbB 1 JiaMeTp,
110 €KBIBaJICHTHUI A1aMETPy aHAJIOTTYHOTO HA/IIMIIIKOBOTO rinepkyoa. OcobmmBicTio rpada
€ MOXKJIMBICTh MOTO JICKOMITO3UIIIT Ha JiepeBa (T.3B. JaepeBa jae bpyiina).

[IpencraBneHo aaropuT™M MapuIpyTH3allii HA OCHOBI KOJAOBHUX IEPETBOPEHb, IO
J03BOJIsI€ BUKOPUCTATH IEPETBOPEHHS CUHTE3Y JIJIsl MOLTYKY MapIIpyTiB y Tpadi Ta 06xomy
HEBEJIMKOTO YHCia BIIMOB.

[IpencrapieHo anaropuTM MapIIpyTH3allii Ha OCHOBI JepeB jac¢ bpyiiHa, skuii
J03BOJISIE BAKOHATH 00X 1T KUTbKOCTI BIIMOB, IO Ha 1 MeHIe HiX mopsaok andasity k CY,
BUKOPUCTAHOI Il CHHTE3Y Tpada.

[IpencraBiaeHo anropuT™M MapuIpyTU3allii Ha OCHOBI IIAOJOHHUX MEPEXOIB, L0
J03BOJISIE BAKOPUCTATH IMIUTILIMTHI KJIACTEPH JIJIsi 00XO/y BIIMOB, pPO3IISIHY T 0COOIMBOCTI

TaAKOTO I1a0JIOHHOTO Iepexony.
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PO3/ILI 4.
METOJ, MACILITABYBAHHSI IEPAPXITYHUX TOMOJIOTTi

4.1 Onuc meroay MaclITa0yBaHHA i€papXiYHUX TONMOJIOTIHN.

Mertoz cunTesy, po3risiHy THid B Po3in 3, Mae BeMKy KUIbKICTh MEpeBar, BTIM HOTO
nmpoosieMa TakoX € JJOCUTh BaroMOI0. 3BICHO, ICHYIOTh METOJU JJIsl HIBEIIOBAHHS TaKOTO
BILIMBY — HAIIPUKJIaJ, PI3HOMaHITHI yHIBEpCaJlbHI 3aCO0H, 5K, Y TO€THAHHI 13 TOMOJIOTTYHO -
OPIEHTOBAHUMH METOJIaMHU Ta JEKOMIIO3HIIIEI0 T03BOJISTEL 0 01iTH poomeMy. BtiM, € ceHc
PO3TIISIHYTH 1 aJbTEPHATUBHUN MIAXIA — M0 SK JaHO1 mpoOieMyd MOXKHA YHHUKHYTH,
BUKOPHCTOBYIOUH 1HIII METOJM CUHTE3Y ? Uu MOXKe 11e JaTh Kpallle pillieHHs 1 Ui MOXYTh 1l
pluieHHs OyTH MO€NHAHI JJIs1 OTPUMAaHHS KyMYJISITUBHOTO €(ekTy?

Haii0ub111 mepcrieKTUBHUM B JJAHOMY KOHTEKCTI € METOJ] TOTOJIOTT4HO1 IHTEerpaitii,
AKUM niependavae moeIHAHHA AEKUTbKOX IpadiB 3a NIEBHUM IpaBuiioM. MeTo1B IHTerpalii
iCHy€e Oararo: 3aMillieHHs] BEPIITHUH KJIaCTepaMH, JEeKapTOBUMN JOOYTOK, 10/IlaBaHHS 3B’ SI3KIB,
To110. OCKUTbKY BUX1THUMHU JAHUMHU B I[bOMY METOJI1 € HE KOAM Ta MEPETBOPEHHS, & BKE
roToBl rpadwu, e maae Biapasy Jaekiuibka neperar. [lo-mepiime, 3Ha04M mepeBaru TOro 4u
iHImoro rTpady, 3aBKAM MOXKHA CKOHCTPYIOBAaTH MEpPEXy Tak, N[00 Ii TIepeBard
MakcumizyBatu. [lo-npyre, BUKOPHCTOBYIOUH B SIKOCTI OCHOBH HOIYJISIPHI TOTIOJOT1i, TaKi
SK )KUPHE 1epeBo, rinepky6 un dragonfly, MokHa OTpUMaTH rapHy CyMICHICTH PO3POOJIEHHX
pILIEHB 13 YXKE ICHYIOUUMHU.

[To-Tpere, MeTO/ HE HAKIIAAAE KOAHOTO OOMEKEHHS Ha T YU CTPYKTY Py Tpadis, 110
iHTerpytothes. Tak, e Mmoxke Oyt rpad, OTpUMaHU IHIIUM METOIOM CUHTE3Y, BKITIOYAI0UYH
Ha/UMIIKOB1 Tomosnorii 13 Po3nimy 3. Ilpu upomy iX OCHOBHa CTPYKTypa BUSBHUTHCH
MIPUXOBAHOIO BCEPENMHI 3arajlibHOI MEpexi, IO J03BOJIWTh BBECTHU III€ OJWH PIBCHb
abcrparyBaHHs. 3aBIsKM I[bOMY KOPHUCTYBadeBI HE MOTpIOHO Oyae mpaimroBatd 13
HaJIMIIIKOBUMH KOJAMH B3araji — JJIsl HbOTO I1e Oye 3BudaiiHa Mepeka, 1o, 6e3yMOBHO,
CYTTEBO CIIPOCTUTH MPOrPaMyBaHHS Ta MIATPUMKY CUCTEMHU.

TakuMm urHOM, TIEpeBary pizHUX rpagiB MOXKYTh OyTH MaKCUMI30BaHi, a HEJTOIIKU —
HIBEJIbOBaHI.

q)OpMaJIBHI/Iﬁ OIIUC 3aIMPOITIOHOBAHOTO MCTOY Hepez[6aqa€ HaCTyrIHi KpPOKHU:
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1. Bubip rpada G, mo € HeiepapxiuHuM rpadom (0a30BUM KIIacTepom) 1 moTpedye
MaciITadyBaHHS.

2. Bubip rpada G, 110 onucye CTPyKTypy l€epapXii BULIOTO / BUILUX MOPSIKIB.

3. ®opmyBaHHs l€epapXxii y BIAMOBIAHOCTI 10 0OpaHOro TUIY i€papxii Ta crnocoly
MaciTaOyBaHHS.

4. ®opmyBaHHS J0JATKOBHX 3B S3KIB (32 HEOOX1IHOCTI) Y BIIMOBIAHOCTI 10 TIPaBUII

TOIIOJIOTIYHOT IHTErparfii

4.2. Cunre3 rpagis 3i BKiI1aJeHOI0 iepapXiyHicTIO

[Tix 1€epapXIYHICTIO TAKOrO POAY PO3YMITUMEMO CHUTYallll0, KOJIM B 3arajbHiid
tonosiorii KC € sik MiHIMyM 2 piBHI: HAWHWXYUI piBEHb, BiH ke (0a30Buil) Kiactep abo
rpyna, 1 piBHI BUIIOTO MOPSAKY, IO CKIAJAIOThCS 13 psiAy rpadiB HUXKYOTO PIiBHH,
00’€JHaHNX IEBHUM YMHOM. Tak, piBE€Hb 2 CKIAJAEThCS 13 0A30BUX KJIACTEPIB, PIBEHb 3 —
13 rpadiB piBHA 2 1 T.1.

TunoBuM NpUKIAAOM KJIACHYHOI 1€papXi14HOi TOMONOT1i MOKHA BBakatu dragonfly.

4.2.1. Cunme3 Ha 0CHOBI 0eKapmoe020 000ymkKy

OnHuM 13 HaWOpOCTIMIMX METOAIB CTBOPEHHs OaraTopiBHEBOTo Tpady €
BUKOPUCTAHHS J1eKapTOBOTO A00YyTKY. [Ipn nbomy oauH rpad «BCTaBISETHCS» B IHUIWH,
MOPOJKYIOUH KJIACTEPU. Y BUIIAJKY TOIOJIOT1 HA OCHOBI HaJIJIMIIKOBOTO KO JOLLIbHUM
pIIIEHHSIM € BUKOPUCTOBYBAaTH HAJIMIIKOBICTh Ha PIBHI KJIACTEPY, «IIPUXOBABILIM» ii
BCEpPEMHI TOMOJOTI 3 KITaCHYHUM KOAYBaHHSIM BEpLIUH [7].

Takoro poay cTpykTypa Mae BaXJIMBY MepeBary: aOCTparyBaHHsS MaplUIpyTH3allil.
Tak, B Mepex1 iICHY€ 2 alrOpUTMHU MapuIpy TU3aIlil, POAUH 3 SIKMX BIHOCHUTHCS 1O MEPEXKI,
IHIUH — 70 Kaactepy. Ha piBHI 3aranbHOT CUCTEMHOI TOTIONOTII MepeXka € KIACHIHOIO 1
peasi3ye 3BHYaifHi TPOTOKOJIM MapIIpyTH3allii. B Toi ke gac Ha piBHI KJlacTepy Mepexka €
HAJJIMIIIKOBOIO 1, MOTCHIIIMHO, peaji3ye IMIUNIHUTHI KJIACTEPH, MOPOIKYIOUH «KpPOTOBI
HOPW» B MEPEXK1 — TOOTO, MPUXOBAHI 3B’ SI3KH, 1110 JIOJIAIOTh MEXI1 KJIacTepy 1 J03BOJSIOTH 3
HEOOX1AHOCTI JOCTYNUTUCH IO BIAJAJIEHOTO CErMEHTY CUCTEMH, TUM CaMUM OOXOIsT4YH
BIIMOBH Ha 3BUYAHOMY HUIAXY. AJTOPUTM MapUIpyTU3aLii TAKO1 MEPEX1 Mae CTIMKICTh /10

B1JIMOB, 1110 TaKOX JO3BOJISE MIABUIIUTU MApaMETPH BITIMOBOCTIMKOCTI.
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[Ipuknamgom Takoro poxy Tomnosoriie Hyper excess De Bruijn [8], 110 € moegnanssam
rinepky0iyHOT Ha HAAJIMIIKOBOI 1€ bpylHiBchkoi Mepexi. PosmisiHyTMH € 2 BHIM
CUCTEeMM: 3 30BHINIHBOI KJIACHYHOIO TOMOJOTIE0, IO J03Bojsie abcTparysard
HAQ/UTMIIKOBICTh B KJacTepax, 1 3 30BHINIHBOI0 HAJIMIIKOBOIO TOMOJOTIEI — I
PO3IIUPEHHS CaMHX KJIACTEpiB, YKPYMHEHHs OOYHUCIIOBAILHUX TPYIN Ta arperarti
00YHMCITIOBaJILHUX BY3JIIB.

4.2.2. Cunme3 Ha 0CHOBI peKypeHMHUX 6K/1A0CHb

Bigomo, mo mpo6nema (A, D) onupa€eTbcst Ha 3 XapaKTEPHUCTUKH, a CaMe CTYITiHb,
JlaMeTp Ta YUCIIO BEepIIWH. bamaHc mux mapamerpiB BHU3HA4Ya€ 1 MUTaHHS BapTOCTI, 1
BIIMOBOCTIHKICTh, 1 MPOMYCKHY 3[aTHICTh. 3MeHmieHHs S 1 D mnpu cramomy N €
HETPUBIAJIILHOIO 33/1a4€H0: ONITUMI3Allisl OTHOTO MapamMeTpy BiApasy K BeJe 10 MOTIPIIEHHS]
1HIIOrO0. BTIM, SIKIIIO KOHTPOJIOBATH OJMH 13 apaMETPIB 1 3pOOUTH TeMIU 3pOocTaHH N
OyXe BUCOKHUMH, € IIIaHC Ha TEBHOMY KpOIll » OTPUMAaTH TOMOJOTii0, sika 3a SD-
XapaKkTEePUCTUKOIO Oy/e BKpaid OM3bKOIO JO ONTUMAJIBHOCTI [6].

OpmHuMY 13 HAUIIBUAIIMX B MacIITa0yBaHHI € METOAU KOJIOBOTO CUHTE3Y, K1 Ta0Th
MIBUIKICTE pocTy k', ne k — posmip andasity. [Ipu mpboMy Taki TOMONOTIT MOXYTh
3abe3meuyBary, MPOTe HE TapaHTYIOTh CAMOTOAIOHOCTI, TOOTO, HAsIBHOCTI B TOTIOJOTI
niarpadiB TOro  THITy, aje MEHIIOTO MOPSAKY ado paHry. Sk Oyao mpoaeMOHCTPOBAHO
panimre, y Po3mim 2, 111 BIaCTUBICTH € JOCUTH ITIHHOIO, OCKUIbKH Ja€ 1 €(EeKTUBHY
BIIMOBOCTIMKY MapLIPyTH3ALlil0, 1 MOXKJIUBICTb OUTbII TOHKOTO YIIPABIIHHS MEPEKEIO.

Tox, sik 3a0€3MEUUTH 1 CaMOTIOA10HICTh, 1 BUCOKHM picT N? BiAnoBib Ha 11€ MUTaHHS
JexuTh B cneuudiuHomy Mertoai cunredy. lllo sik Tomosoris paHry 7 OyKBaJIbHO
CKJIaZIaTUMETHCSA 13 KJIACTEPIB paHry 7-1, Ti, B CBOIO UEPry, MICTUTUMYTh MiArpadu paHry 7-
2 1 tak pami?! 3BICHO, TyT Ha 3aBajl CTAIOTh XaPAKTEPUCTUKU SD, OCKIILKH TakKe
MacmTa0yBaHHA Tpu3BeAe abo 10 CTPIMKOTO POCTY CTymeHs, abo — 0 CYTTEBOIO
30uIpIIeHHST AiamMeTpa. BTim, 1 g mpoOiema Mae BHPINMICHHS: IICEBIOMMOBHO3B SI3HI
TOTOJIOT 1, Taki Ik Dragonfly, MaroTh HEBHCOKHI1 iaMeTp 1 NpUHHATHY CTyHiHb. Lle poouTs
iX TapHUM BUOOPOM 1151 (GOpMYyBaHHS B3a€EMO3B’SI3KIB MK PI3HUMH PaHTaMU.

q)OpMaJIBHI/Iﬁ OIIKUC AAaHOTO CHOCO6y CHHTC3Y BUITILOA€ HACTYIIHUM YUHOM!
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1. Hano G, noBubHOI QopMH 3 YUCIOM By3JiB N;, HOMEpH BY3JIB SIKOTO
MpeCTaBIIEH1 KoJlaMU JIOBKUHU p aesikoi CU
2. Hacrynuwuii piBenb G mictuth N; rpadiB G,., KOIM BEPIIUH SKOTO MOXYTh
MIPEACTaBISATUCH SIK b.a, Ae a, b € C 1a € HOMepoM By3Ja B kiactepl G., a b €
HomepoM kiacrepa B G, |a| = |b| = p.
3. 3oBHIIIKA 3B’S30K  QopMyeThcs 3a TpuHOHMNOM: Vb.a,a # bTaa, b €
C:f(b.a) = a.b.
4. Ins rpada piBHs iepapxii r rpad G, mictutb N, _; rpadiB G, _,, 1 KOXKEH By30I1
G, ™oxe Oytu 3akofoBammii six b.a, |a|=|b|=2""1p. Ilpu wusomy
MEPETBOPEHHS f 3aJMIIAETHCS HE3MIHHUM JJIs1 OyIb-SIKOTO 7.
4.2.3. IIpocmuii pekypenmnuuit zpacgh
3anponoHnoBanuii meroxa [1, 6] moxke OyTH omHMCaHO HACTYIMHMM YuHOM. Hexaii €
JeSKUA BUXITHAW KIacTep, BEPUIMHU SKOTO KOAYIOThCS OyIb-SKUM CIIOCOOOM.
Haiinpocrimuid BapianT — rinepky0 nopsaky 1 (mHig 13 2 By3mB, 0 Ta 1), skuil mu
pO3IIIIHEMO B sIKOCTI npuKiany. Lle — Trononoris panry 1. Tomosoris panry 2 BKito4uae B
ceOe pi1BHO 2 KJIacTepH paHry 1, siki y BUMAKy rinepKy0a KoayBaTUMYThCsl, BIAOBIIHO, 00,
01, 10 ta 11. Sk chopmyBatu 3B’s13ku Mk HUMU? OueBunno, 00 38’ s13annii 3 01,a 10 —3
11, ockinbpku 1€ BiAnoBiae 3B’ s13kaM panry 1. [1logo 3B’s13kiB paHry 2, BOHU (OPMYIOTHCS
HAaCTYITHUM YHHOM: PO3IUIMMO KO Ha 2 YaCcTUHH, @ 1 b, K1 MPE3EHTYIOTh, BIAMOBITHO,
HOMEp KJIacTepa Ha HOMEpP BEpINMHM y Kiactepi. Toxi, And KoKHOI BepmwHH V = a.b
ICHyBaTUM€ €MHUI 30BHIIIHINA 3B 530K 13 BEpUINHOIO V™ = b.a. BukiroueHHsIM € Juie
BEpILHHA d.a, 1110 MICTUTh METIIO 1, TAKUM YUHOM, HE Ma€ 30BHIIIHLOTO 3B’SI3KY.
[leit >xe MeToA cOpaBeMJIMBUKA 1 Mg paHry 3, 1€ MOBHUWA KO BEPLIMHU
KOJTyBaTUMEThCSl YOTUPHOXOITOBOIO MOCIIIIOBHICTIO, KA PO3AUIITUMETHCS HA 2 TBOOITOBL
A kjacrtepiB, BIAIOBIIHO, Oyne 4 — sIK 1 BEpIIMH B KoKHOMY 3 HuX. [Ipuknan Tomosnorii

TPETHOTO PaHTy MPOJIEMOHCTPOBAHO Ha puc. 4.1.
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Cluster 01 Cluster 11
System
Ranlk 3

Puc. 4.1. Ilpocruii pekypentruii rpad panry 3 [6]

[Ilo me mae? 3 KOXKHUM KPOKOM JOBXKHHA KOAY MOJABOIOEThCA. CTymiHb — 3pOcTae
piBHO Ha 1. €quHOor0 mpoOneMolo € aiameTp. 30BHIIIHI 3B’SI3KM KOXKHOTO PaHTy 7 €
MIOBHO3B SI3HUMHU, TOXK 13 KOXKHOTO KJacTepa MOYKHA JOCITTH Oy[b-sSKOTO I1HILOTO, ajie
JlaMeTp KJIacTepiB HE € OJMHUYHHUM: BIH BIJINOBIIA€ TOMOJOTIT paHry r-I, sika TakKox
nependayae 2 Mapupy TU3alii BCEpeArHI KJIacTepiB 1 piBHO 1 X0 10 LUTLOBOTO KIIACTEPY.

[To3naunmo nmapameTpu BuxinHoro rpady ax N;, S; ta D;. Toxi, s XapakTepUCTHK

TOTIOJIOT11 JIEIKOTO PaHTy 7 CIpaBeIuB1 HACTYIHI popmynu [1, 6]:

N, = N2, = N*¥ 4.1
Sr=Sr_1+1=51+1"—1 (4.2)
D,=2D, ,+1=2""1D,+1)—-1 (4.3)

Takum 9uHOM, SIK 1 y BUHAJAKY OLIBIIOCTI KJIACHYHHUX TOTIOJIOTIH JIESIKl BJIACTUBOCTI
PEKYpPEHTHOTO rpady MoKy Th Oy TH pO3paxoBaHi TEOPETUYHO, Oe3 HEOOX1THOCTI CHHTE3Y Ta
CUMYJIAIII1. 3BICHO, 1070 (JOPMYJI BUIIIE TIOCTAE MUTAHHS: 1€ TaPHI XapaKTEPUCTUKHU YU Hi?
BrnactuBocti pekypeHTHOro rpady, sk OyJo NOKa3aHO BHINE, 3aJIeKaTh BIA JBOX
napameTpiB: rpada, IO JEKUTh B OCHOBI, Ta KOMY, SIKUA BUKOPUCTOBYETHCS I
penpeseHrailii BepuuH. Tox, 0a3yrouuch Ha TOMY, 10 OIHApHUI TiNepKyO Ta MpOCTHUid

pPEKypeHTHHI Ipad MaroTh CNUIbHUN «0a30BUM KiIacTep» 1 CHUIbHE KOAYBaHHS, MOXKEMO
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BUKOHATH PO3PaXyHKH 1 OPIBHATH OTPUMAHUH pe3ynbTaT (Xapaktepuctuka SD B Ta0m. 4.1,
noBHa Bepcis — tabm. [1.3).

Kpim toro, € cenc momatu g0 nopiBHsiHHS dragonfly-mogiOHy cutyailito, Koid B
OCHOBI JIKUTh MOBHO3B I3HUH KiacTep. TakoK, OCKUIbKM Ha JaHUA MOMEHT HE ICHYE
CYTEPKOMIT I0TEPIB 13 COTHAMHU MUJIbHOHIB BY3J1IB, € CEHC TO3HauuTH (Tabm. /1.3 ) 3eneHum Ti
TOTIOJIOTIYHI PAHTH, 10 BIAMNOBIAAIOTH CyYaCHUM NOTpebdam JIIOACTBA, KOBTUM — Ti, IO
FIIOTETUYHO MOXYTh OYyTH KOPUCHUMHU, & YEPBOHUM — Ti, 1110 € CYTO TEOPETUUHUMHU 1 HE

MarOTh IPAKTUYHOTO CEHCY.

Tabm. 4.1
[TopiBHsiHHS XapakTepucTUKU SD pekypeHTHOTro rpada Ta rinepkyoda
Yucuio OiTiB KOAY 2(4 (8 16
Yucsao BepuiuH N 416 |256| 65536
['iepky6 4116|64 |256
Pexypentauii rpad 62160 | 155
PexypentHuii rpad Ha OCHOBI MOBHO3B’si3HOrO kimacrepy 3 4 [3(12(35 |90

BEPIINH

Sk BUIHO 13 MpPEACTaBICHUX JAHUX, 3alPONOHOBAHUI METOJ| 3a0e3Meuy€e JOCUTh
Hernoradi xapakrepuctuku SD. [Ipu npboMy MapuipyTH3allis B Takiii MEpexi TaKoXK HE €
CKJIaJIHOIO 1 0a3yeThCs HAa 3BWUYAHIN mepectaHoBIl OiTiB kKoxy. Hemae ckmagHOMIB 1 3
BIJIMOBOCTIMKICTIO TIEPECHIIOK: OCKIJIbKA B OCHOBI 3B’SI3KIB JISKUTH Tomosoriss Dragonfly,
BC1 METO/IH, IPUAATHI JUIA HEl, MOXKYTh OyTH BUKOPHUCTaH1 1 B peKypeHTHOMY rpadi.

4.2.4. Hacuuenna mononozii

Xoya 3anmpornoOHOBAaHUN METOJI 1 € JIOCUTh MOTY)KHUM, MPOTE BiH BCE II€ Ma€ Psi
npoOsemM, 6e3 BUPILICHHS AKUX NPaKTHYHA peai3alis Takoi CUCTEMHU He OyAe TOLUIbHOIO.
I mepuioro B IbOMY CIIMCKY € TOMOJOTIYHA MpOoOJIeMa — HEJOBUKOPUCTAHHS 30BHILIHIX
3B’s13KIB [ | |. B KO)KHOMY KJacTepi Ha KO)KHOMY KpOLll MaclITa0yBaHHA 3’ IBJISIETHCS P1BHO |
BEpIIMHA, YN 30BHIIIHIN 3B 430K 3aMHUKaeThcs B eTr0. Ko Taka BepiiivHa ojjHa — 11 HE
CTpPAILHO, IPOTE JIJISi KOXKHOTO PaHry » € N,; KIacTepiB 1 PIBHO CTUIBKH K «BUCSUHX)»

BEPIIIUH, B SIKUX, B CBOIO UEPTY, € TI0 N, > TAKUX BEPIINHU HA 7-/ PaHTy MaclITa0yBaHHS.
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3arayiom e, JJI1 paHry 7 4UCIO TeTelb Ha BCIX paHrax MOXKHa OTPUMATH 13 HACTYITHOI

T T
L. = Z N.N,_, = z N3, (4.4)
i=2 i=2

Bupimurtu 1m0 npo0ieMy MOXHa JTIOCUTh MPOCTO: OCKUIbKKA Ha KOKHOMY PaHry €

dbopmymu [1, 6]:

piBHO N,.; BUCAYMX BEPIINH, MO 1 Ha KjacTtep, HEOOXITHO MPOCTO JOJATH «PE3epBHUID
KJlacTep Ha 1bOMY piBHI. TakuMm 4YuHOM, JJIs1 Oy[b-sKO1T BEPUIMHU 3 KOJOM BHUIY da.d
ICHyBaTUMe€ OJIMH 30BHIIIHIN 3B’ 30K A0 BepuInHU X.a, Ae X T03HaYaE « HEHYMEpOBaHHUID
KJacrep.

OxkpiM 0YEBUIHOTO BUTPAITY 3 TOUKU 30Py NMpoodiaeMaTuku (A, D), 11e TaKokK CTBOPIOE
M1JIBAJIMHM JIJIS1 KpAIlloi BIAMOBOCTIMKOCTI, a[e KiacTep X MOXKE PO3TIISIAATUCH 151K PE3€PB.
BianoBiHO, 3aBASKY IIbOMY 3 SBJISIETHCS MOXKJIMBICTh BITHOBUTH CTPYKTYPY TOIOJIOTI Y
BUMAAKY BiAMOBH. Ha puc. 4.2 npoaeMOHCTPOBAHO HACUYEHY TOIOJIOTIIO paHry 3, e

HacCUYEHHs OyJI0 BUKOHAHO JBIY1 — HA PaHry 2 Ta paHry 3 BiANOBIAHO.

Puc. 4.2. Hacuuenuii pekypentauii rpad [1]
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BTim, y nboro merony € i meBHi npoonemu. [Ipu HacuueHH1 Ha OTHOMY PiBHI BCE
no0pe, MpoTe NpH MOAAJIBIIOMY MacIITaOyBaHH1 3’ SIBJISIOTbCS «HAIIBKOJIOBAaHI» KJIACTEPH,
AK1 YCKJIaTHIOIOTh MapLIpyTU3aiito. ExeMeHTapHuM pillleHHAM L€l TpoOieMu € BIAX1 B
YUCTOTO KOAOBOTO MPEACTABIICHHS Ha KOPUCTh TNCEBNO-Koa0BOr0. Hexail imenTudikarop
KO)KHOTO PaHry € JIOJATHIM IUIUM YUCIOM — TICEBIOUM(POIO, IKa Ma€ BJIACHY OCHOBY.
[lepruii (Mononuii) 11eHTU(DIKATOP 3aKOJOBAHUMN IBITKOBUM KOIOM 1 Ma€ TPH KJIACTEPH.
Hpyruii — 3akogoBanuii TpiikoBuM kogom 012 1 Mae 7 kiactepiB. BianosigHo, TpeTiii paHr
KOJTyBaTHMETHCS CEMIPKOBOIO cHCcTeMO0, ueTBepTrii — CY 3 ocHOBOIO 43 1 Tak jari.

TakuM yuHOM, MapUIPyTH3ALs B TONOJIOTT] TEX YCKIAAHIEThCA. SIKIIO paHilie BOHa
nojsrajia B TPOCTIM MEepecTaHOBIll YAaCTHH KOy, TO Telep ajJrOpUTM Y TMCEBIOKOIl
BUIJISIIATUME HACTYITHUM YHHOM:

route (Sr¢ = S,_1S;_y ... Sy, Dest = d,._,d,_, ..d,, k=r):

if s, = d,:

route (Src, Dest, k-1)

return
V[r-1: k+1] € d;
Vik] = s,

V[k-1: 0] € decompose d;, = Vj,_1Vy_, ...V
# nexopekmmue 3nauenns o3navae, wo d, € no3sHaueHHAM HeKOO0BAHO20 Kaacmepy paney k
if notis _correct (V [k-1: 0]):
V[k-1: 0] € decompose s, # wykaemo mapupym 0o eepuiunu 6uoy a.a
route (Src, V, k-1) # eukonyemo snympiwinio mapupymusayiro 6io dxicepena
# BUKOHYEMO CIMPUOOK NO 308HIUHBOMY 38 A3KY
Jump (V k) >>W = dp._1d,_; .y Wy Wy .. Wy
route (W, Dest, k-1) # suxonyemo eHympiwinio mapupymu3ayito 00 NpU3HaAYeHHsl
CxnagHICTh TYT MOJISITAE B onepauli decompose, anTOPUTM SIKO1 € HACTYTTHUM:
decompose (value, b, k):
fori= k-1 ... 0:
code [i] € value mod b [i]
value €< value div b [i]

return code
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[leit eneMeHTapHUN aJTOPUTM Ma€ CyTTEBHM HEMOMIK: OaraTOKpaTHE BHUKOHAHHS
omeparliii AiieHHs Ta oTpuMaHHs Mmoxayns. [lomiOHi oneparlii € TOCUTh TPUBAIUMHU, SIK
HACJIIOK, IIIBUJIKICTh BUKOHAHHS TAKOTO aJITOPUTMY Oy7ie HEBUCOKOIO.

Takum 9UHOM, IPAKTUYHUA CCHC MA€ JIUIIE HACHUEHHS TOIIOJIOTIi CTapIoro paHry,
aJpKe y TakoMy pas3i He Oyle 3MiHM KOAYBaHHS, a CTaHAapTHA MapIIpyTH3aIls yepes
MEPECTAaHOBKKM YCKJIQJHUTHCS JIMIIE OJIHIEI0 JOJAaTKOBOI YMOBOIO: SIKIIIO BEpIIIMHA
MIPU3HAYEHHS 3HAXOUTHCS B KJIacTepi X, TO MPOMIKHOIO BEPIITUHOIO MA€ Oy TH Sp.Sh, JI€ Sh,
BIJIMIOBITHO, CTapIlla YaCTHHA KOy BEPIIHHM JHKEpera.

4.2.5. Pedykuia mononocii

Jlpyroto mpo6nemoro, 1mo Mae OyTH BHUpIIIEHA AJI 3alpOMOHOBAHOTO METOMY, €
roJIOBHA MOTO0 0COONMMBICTh — HAAIIBUAKUH picT [1]. I{e € ronoBHOO MepeBaror0 TOMOOTI
Ak rpady, IpoTe B TOM K€ 4Yac € I HEJOJIKOM $K TONOJOriyHOi opranizauii. [lpu
MIPOCKTYBaHHI CUCTEMU 3aBXKIU € OOMEXKEHHs, OB’ A3aHl 13 (DIHAHCOBUM aCIIEKTOM, TOX
TOTIOJNIOTisl Mae OyTH HE JIMIIIE MOTYKHOIO, a 1 THYUYKO0, ITOAI0HO 110 paHimie 3raganux Fat
Tree Ta Dragonfly. Takum unHOM, BUHHMKA€E 3aja4a peayKIlii TOMONOT1i, TOOTO, 3HUKEHHSI
Yyuclia BEpIIMH Oe3 BTpaTh TOMOJOTIYHUX XapaKTePUCTHK (a B imeam — 3 JEIKUM iX
nmokpamieHasiM). Tpu Ti pimeHHs e mpsMa PeayKIlis, peAyKIlisa YCIYeHHSIM Ta PeayKIls
po3pimxeHHsMm [1].

[Ipsima penykiuisg noiarae B npoctoMy (axTi: SIKIIO 3MIHUTH 30BHILIHIO TOTIOJIOTIIO
TO 1 MeTOA MacimITaOyBaHHS 3MIHUTHCS. Tak, K0 OaKaHUM YUCIIOM BY3JIIB CUCTEMH € N,
OJIMH 13 HAUIIPOCTIIIUX CMOCOOIB IIbOTO JOCATTH — 11€ BUKOHATH HACTYIIHI Jii:

1. B3atu pexkypentHuii rpad 13 M < N By3namu, Takumu, mo N mod M — 0
S . a2 N
2. O0Oparu TOMOJOT1IO 13 KUIBKICTIO By3JiB M~ = o> TAKY, 110 337I0BOJIbHSE BUMOraM

IIOI0 TOMOJOTTYHUX XapaKTEPUCTHK Ta MAcIITa0yBaHHS

3. IIpoBecTu nekapToBE MHOKEHHSI PEKYPEHTHOTO rpada 1 00paHoi TONoJorii

[HI11 MiaAXoAM BIAPIZHAKOTHCS TUM, 110 YUCIIO BEPIIUH M BUX1THOTO PEKYPEHTHOTO
rpada nependavyaeTbest OUTbIINM, HK Oaxkane N. IIpuuomy pi3HUIS MOXe OyTH Iyxke
CYTTEBOIO: HANpPHUKIAA, PO3poOIsieThCs cucTeMa Ha mpuomuzHo 256 000 By3miB, a

HaOmDKIUM miaxoasum M > N 11st peKypeHTHOTO rpady € 4 MUTbSIpIu.
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YciuenHst 6a3y€eThCsl HA TOMY, 11O PO3PSATHICTD KOAYBaHHS «00PI3a€ThCS» B CTAPIIIIM
yactuHi. Tak, 32 po3psaau KoayoTs 4 MUTbsipau BepiiuH, npote Ayt 256 000 gocratHbo 18
O1TIB, 3 sIKUX 16 € KOJOM BCEpENMHI I€EpAPXIYHOTO KJIACTEPyY, 2 — KOAYIOTh HOMEP KJIacTepa.
[Tpu 11bOMy 30BHIITHI 3B’SI3KM HE 3HUKAIOTh, & «3alUKIIOIOTHCS HA ICHYIOU1 KJIACTEpH 3a
TaKUM MIPUHIIMIIOM, 1110 JIMIIIE MOJIOJIII PO3PSIU MPUHMAIOTh yuacTb y oOmiHi. ToOTo, nist
MPUKJIAIy BUILE BEPUIMHA 3 KOJIOM d;d¢.bis...babiby Mae 0ogHOTO 30BHIIIHBOTO Cyciga —
bi1bo.bis...bajap. lle poOUTH 30BHIIIHI 3B’SI3KM MIUILHIMIMMU 1, SK HACTIJIOK, 3MEHIITYE
aiaMeTp, ajmKe IS Mepexoay MK KiacTepaMH HaWBHIIOTO PIBHS JIOCTaTHHO BiJIIIYKATH
HAOMKYy BEpIIUHY 13 TMOTPIOHMM HOMEPOM B MOJIOAIIIN yacTwHi. Sk mpaBwio, 11e
norpedye MapHIpyTH3allii JMIIe HAa OJHOMY YM JABOX MOJOAIIMX PIBHAX l€papXidyHOTO
KJIacTepy, IO €KBIBAJICHTHO 3 KpOKaMm JJii CHUCTEMHU Ha OCHOBI TOBHO3B’S3HOTO
YOTUPBOXBEPIIMHHOTO Ki1actepy. [[pu iboMy J1amMeTp 1€epapXiuHOTO KIacTepy € piBHUM 15.
BianoBiiHO, TaKUM YMHOM MMOBHUH JlaMeTp cucteMu 3HWKyeThes 13 31 1o 18, a SD crae
piBHUM 126. B mopiBHAHHI, JJIs1 €KBIBAJIEHTHOTO TiMepKy0a 1ei MOKa3HUK J0piBHIOE 324.

Po3pimKeHHs TaKoXK € JOCUTh MPOCTHM: HUM Tepen0adacThes, Mo ACsKi KIacTepH
«BWJIyYaIOThCA» 13 TOMOJOTIi pa3oM 13 iX 30BHIIHIMU 3B’si3kamu. lle He mo3BoOmIE
MNOKPAIUTH XapaKTEPUCTUKH LIIHOIO 3MEHILIEHHSI YKCla BEPUINH, IPOTE MA€E 1HIITY TIepeBary:
yepe3 cneur(piky MapIpyTU3allii He BaXKIJIMBO, SIKi caMe HOMepH Oyl BUITy YeH1 — aJITOPUTM
HIKOJIU HE CTUKHETHCA 13 CUTYalI€l0 MEpEeCcCUsIKU B HeicHytouni knacrep. Lle o3Hagae, mio
HeMae He0OX1THOCTI AKOCh 3MIHIOBATH MapLIPyTU3AIIIO0 YK 3a1aM SITOBY BaTH «3a00pOHEHD
HOMEpH.

4.2.6. Haonuwrkoeuii pexypenmnuuii cunmes. DDB mononozia

3BiCHO, KOJIM MOBA iJI€ TPO CUHTE3 HAa OCHOBI KOJIIB, 3aBXKIH € MICIIC MUTAHHIO: & UM
MOXXHa 3MIHUTH KOJ 1 3a paxyHOK I[bOTO OTPUMATH IIe SKICh BuUrogu? OueBWIHAM
KaH/IMJIaTOM €, 3BICHO, HA/IJTUIIIKOBI KOJIH, 32 TOIIOMOTOIO IKUX MOYKHAa OTPUMAaTH BUTpalll ¥
BIZIMOBOCTIHKOCTI.

Sk Oyno MpOAEMOHCTPOBAHO BHILE, KOJIOBOIO OCHOBOIO PEKYPEHTHUN CHHTE3Y €
0azoBuil knacrep. KogyBaHHS HOTr0o BEPIIMH «PO3MOBCIOLKY€ETHCS» B MPOLIECI CUHTE3Y 1
CTa€ OCHOBOIO /ISl MapIIpyTH3allii. TaKiuM YMHOM, B3SBIIIH B IKOCT1 KJIACTEPy HAJIUIITKOBY

TOTIOJIOT110, MOKHA 0€3 KOJTHUX CKJIQJHOIIIB OTPUMATH HAJIUIIIKOBUHN pEKypEeHTHUM rpad.
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Puc. 4.3 npencrasisie pesynbrar 1poro — tomnosoriro Dragon De Bruijn (DDB) [6],

OTpUMaHy 4yepe3 MO€EAHAHHS PEKYPEHTHOTO Ta HAJMIIKOBOTO METO/IIB CUHTE3Y.

(a) xkmacuunuit DragonDeBrujin (6) nacuuenuit DragonDeBrujin

Puc. 4.3. Tononorist DragonDeBrujin [1, 6]

Take moegHaHHSA Mae Ayke IikaBl Hacmiaku. Kiactepm Temep TakoX KOTYIOTHCS
HAJJTMIIIKOBO — a TI€ 3HAYUTh, II10 Ha X PIBHI TAKOXK 3 ABJIAIOThCA m1adnonn. [Ipuaomy BoHM
Bke 3rpynoBaniy 4 kinactepu 01-1T10T-T1. 3BicHO, m1ab10HM ICHYIOTh 1 MIXK KJIaCTEpaMHU.
Knacrepu moxyTb Oytu 00’eanani B 3 manioru TT-TO0-T1, 0T-00-01 1 1T-10-11. I1pu
bOMY MDK KJIAaCTepaMM B paMKax JIAHIIora ICHYBaTMMYTb TPHUKpaTHI KBa31-KBAHTOBI
3B’S13KM, @ caml JIQHIJIOTM TO€aHaH1 1mabjJoHaMu, 110 €KBIBAJIEHTHO J€B’SITHUKPATHUM
3B’s13kaM. Ha mpakTuiii 1ie o3Havae, 1110 HaBiTh IMPHU BIIMOBI BCIX 3BHYANMHMX 30BHIINIHIX
3B’SI3KIB ICHYE MOXJIMBICTH 30€perTd 3B’SI3HICTh 3@ YMOBH, 1[0 BHYTPIIIHbOKIACTEPHI

3B’SI3KU HE MOIIIKOKEHO.

4.3. CuHTe3 icpapXiYHUX TOIOJIOTi HA OCHOBI NMOEIHAHHS BKJIAJAEHOCTI Ta
JepeBOBHIHOI iepapxii

[Tin AepeBOBUIHOIO iEpAPXIEI0 Aadl PO3YMITUMEMO CTPYKTYPY TOMOJIOTIi, IPH SKiii
3arajibHAl rpad mMoxe OyTH pO3AUICHUN Ha MEBHI PiBHI. B Takiii Mepexi 3aBKAM ICHYye
KOpEHEBUH pPiBEHb (T00t, core), SIKUii BBAKAETHCS OCHOBOIO TOTIONOTI 1 3B A3y€ ii B €1UHE

e, 1 € HWKYl PiBHI, 110 3B’SA3yIOTh JIMIIE AESKI OKpEeMi YaCTHHU Mepexki. 3arajom
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JepEeBOBHUIHA MEPEKA MOXKE SIK MICTUTH 0OMEKEHE YHCII0 PIBHIB (1 MacIITabyBaTUCh BIIUP),
TaK 1 OyTH HEOOMEXEHO MacIITa0OBAaHOO BIVIHO.

TumoBUM MPUKIAIOM TAKOTO POy i€papXii € KUpHE JepPeBo, 10 MICTUTH By3JM 4
TUIIB: KOPEHEBI, arperaropu, KpaiioBl KOMyTaTopu Ta 00YUCIIOBaJIbHI By3iu. Kilacuune
JKUPHE JIEpPEeBO MaciITaby€eThCsl BITUP Y€pe3 HAPOITyBaHHs uyncia MoAy B (pods). [Himwmi
NPUKJIA] — KJIIJACHYHE N-apHe JEPeBO, 1110 MacIITa0y€eThCs Yepe3 HapOIllyBaHHS TITMOWHHU.

4.3.1 Cunmes 0epesosuonuxmepeirxc3 6UKOPUCMAHHAM MON0A02IYHOT IHmezp auii

lepapxiunicTh y BUITISIAI BKJIAJICHUX PIBHIB € TapHUM CIIOCOOOM oOpraHizari
KpynHOMacmTabHOT Mepexi, BTIM KOJIM MOBa W€ MPO MEpPexXi CEepeIHbOTO YU Majioro
po3Mipy, Iel METOJT HE A03BOIIsI€ €(DEKTUBHO peallizyBaTH BC1 MOTPi0H1 piBHI. TaKMM YUHOM,
BHUHUKAE NMOTpeda B iEpapXI14HIi CTPYKTYP1 IHIIOTO THILY, 10 3 OTHOTO OOKY MaTUME YITKHUI
pPO3ALT Ha PIBHI, a 3 IHIIOTO — MICTUTUME MIHIMYM pIBHIB BKiIageHOcTl. Knacuunum
MPUKJIAJIOM TaKol CTPYKTYPH € I€PEBOBHUIHA TOMIOJIOTIYHA OpTaHI3allisl.

BTim, po6riemMoro KJTacHYHUX JAepeB (BKITIOYAI0YH JKUPHE JEPEBO ) € BIITHOCHO MOTaHi
TOTIOJIOT1YHI XapaKTEPUCTUKHU. 3 OJTHOTO OOKY, ICHY€ HEOOX1THICTh B yIIUIbHEHHI KOPEHEBHX
3B’S13KIB, BiJl YOTO CTPAX/IA€E CTYIIIHb, a 3 THIIOTO € TIPOOJIEMH 13 1IaMETPOM, OCKITTBKH JIJIST
MEPECUIIKA MK PI3HUMHM I'JIKaMH HEOO0X1THO 3BepTaTUCh 10 KopeHs. KpiMm Toro, He MO)KHA
3a0yBaTy 1 PO aJbTEPHATUBHI MAPIIPYTU: X0Ua )KUPHE JEPEBO LITYUYHUM YHUHOM BBOJIUTH
JI0JIaTKOBI1 3B’SI3KH, MTPOTE 1X KUIHKICTh € OOMEKEHOI0, a JIOKaJILHICTh — BHCOKOTO. L1lo 11e
3HauuTh? Lle 03Hauae, 110 OCHOBHI 1 PE3€pPBHI MAPLIPYTH PO3TAILIOBAHI B paMKaX OJIHI€l
CTPYKTYPHOI YaCTUHM TOMOJOTrIi, @ 3HAYUTh, SKIIO B LI YacTUHI CTaHeTbcs 3011 — 3
BHUCOKOIO IMOBIPHICTIO MiJ] yAap MOTPaIuisiTh BOHU BCI.

Ak Bunpasutu 1o npodbremy? He-gepeBoBuani Tomonorii, Taki sk dragonfly um
rinepkyo, Takoi mpoOjaeMHu HE MarOTh: BIIHOCHO PIBHOMIPHE pO3TAalllyBaHHS BY3JIIB OJIHE
BIIHOCHO OJTHOTO YPIBHOMIPHIOE 1 pU3UKH, TOK BIZIMOBA B OJTHOMY MapIIpyTi Ma€ HEBUCOKI
IIAHCH 3a4eNUTH BCl IHIIL. TakuM YHWHOM, TIOCTa€ TMHTAHHSA: SK, HE BTpavardu
JI€PEBOBUITHOCTI, 3a0€3TIEUNTH TTO/110HI BIaCTUBOCTI?

BianoBins Ha e MUTaHHS BIJOMa BXKE JIABHO: II€ METOJI CHUHTE3y Ha OCHOBI

TOTOJIOTTYHOT IHTErpallli, SIKUi I03BOJISIE MIOETHATH JIeKUIbKa rpadiB B OUH. 3BICHO, TYT €
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JIBa TUTaHH: SIK1 Tpadu MoeHYBaTH 1 K came 11e poOuTr? Takum YMHOM, JJIs1 TPAKTUIHOTO
3aCTOCYBaHHS 1Iei MeTo NOTpedy€e MEBHOTO PO3BUTKY.

[IpononyeThcst HacTynHe pimenHs. [lo-mepie, iHTerpailiss Mae BUKOHYBAaTUCh Ha
KOXXHOMY 13 piBHIB jaepeBa. CaMe BHYTpPIUIHBOPIBHEBI 3B’SI3KM, a TOYHIIIE, iX IOBHA
BIJICYTHICTb € KJIFOYOBHUM HEJIOIIKOM JiepeBa. bublll TOTO, IHTErpallis Ma€ 3adinarv pi3Hi
I'UJIKK — TAaKUM YHHOM, MK JIBOMA By3JIaMU B MEPEXK1 ICHY BaTUMY Th aJIbTEPHATUBHI ILJISIXU
NPUHIIMIIOBO PI13HOTO Xapakrtepy. Lle HiBemoe npobieMy JTOKaIbHOCTI, a 3a0/{HO 3IJIa/IUTh
rocTpy moTrpedy >KUPHOTO JepeBa B CTPIMKOMY HApOIIEHHI MPOITyCKHOI 3MaTHOCTI 31
3pOCTaHHSM PIBHS.

[To-npyre, HEOOOB’SI3KOBO BUKOHYBATH IHTETpallil0 OAHOTUIIHO. KnacuuHuii meron
cyMillleHHsI rpadiB niepeadaydae, M0 MOEIHAHHS HA PI3HUX PIBHAX Ma€e OyTHU OJIHAKOBHM,
IpoTe L€ HE 3aBKIu MOxe OyTh JouuibHUM. Ilo-Tpere, OCKUIbKM mependavaeTses
BHUCOKOTIPOAYKTUBHA MEpeXka 13, BIAMOBIAHO, BEJIMKOIO KUIBKICTIO BY3J1B, HEMA€ CEHCY
PO3IVISIaTH KOXKEH BY30J1 OKpeMO. bibII pOIyKTUBHUM IT1IX0I0M € po0O0Ta 13 KJIacTepamHu,
[0 TOTEPEIHhO THTETPYIOTHCS B JIEPEBO 4Yepe3 AeKapToBuii goOyTok. Lle mo3BoymTh
OJTHOYACHO 1 MIHIMI3yBaTH TOTMOJOTIYHI XapaKTEPUCTHUKU, 1 TEBHUM YHHOM IMO€IHATU
BiJIpa3y JIEKUIbKa IEPEB B OJTHE 3arajbHe JIEPEBO, 110 TO3BOJUTH Y CBOIO YePTy MIHIMI3yBaTH
YUCIIO PIBHIB.

TakuM YWHOM, 3aMPONOHOBAHWN METOJA JIO3BOJHMTH CHUHTE3yBaTH TOTOJOTI 3
KpalllMH BJIACTUBOCTAMHM HIK Yy 3BUYAMHUX )KUPHUX JEPEB UM KIACUYHHUX 1HTEI'POBAHUX
TOTIOJIOT1H.

4.3.2. Onuc memoody. Tononozia Tree-Dragonfly

OcHoBoto cuntesy € tpu rpabu — Gr, G¢c Ta G.. [lepmuii rpad Gr npeacrabisie
JEPEBOBUIHY CTPYKTYPY PAHTy 77, Y IKO1 € KOP1Hb, MPOMDKHI BY3JM 1JTUCTS. AIpeca KOKHOT
BEPIIMHM B TaKid TOMOJIOTIi MOXKe OyTH MpecTaBiIeHa 1BOMa rmapamerpamu (L, m), ne L
BH3HA4ae piBEHb JepeBa (Big KopeHs () 10 mucTs 7r-1), Ha SKOMy po3TallioBaHa BEpIINHA, a
m — TIOJIOKCHHSI BEPITMHU Ha BIAMOBITHOMY PiBHI. B 3a7€KHOCTI BiJl 30BHINIHIX 3B’ SI3KIB

MOXKHa BUJUIMTA HACTYIHI BUJIU IEPEBOBUITHUX CTPYKTYP:
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e Crpore IEPEBO, v (Lm) € Grra(l/,m') €
G 3B'I30KMOXKe iCHYBaTH Tozi i Tiibku Tofi, kou |[L—L'| = 1. To61o,
3B’s13aHi JIMIIIE BEPIIMHU CYCIIHIX PIBHIB.

e Hecrpore nepeBo, e Moke iCHyBaTH AesKa KUIbKICTh JOMTATKOBUX 3B'S3KIB 13
HECYCITHIMHU PIBHIMU.

e PerymsipHe nepeBo, A€ 3B’SI3KM MK CYyCIIHIMHU PIBHSIMU MarOTh PEryJsspHUNA
XapakxTep.

e Heperymsapse, n1e MOKpIBHEBI 3B SI3KU 3MIHIOIOTHCS 3@ TIEBHUM TIPABUIIOM.

BianmosinHo, Taki Tomosorii sk Leaf/Spine, xupHe Ta 3BM4aitHe k-apHE aepeBoO
BITHOCSITHCS IO CTPOTHX PErysipHuX AepeB. JlepeBa ne bpyiiHa, po3mIssHYTI paHimie — 10
CTPOTHX HEPETYIIPHUX, OCKUTLKH BIJ] KOPEHS B HUX ¥1e Ha | 3B’SI30K BHU3 MEHIIIE, HIXK BT
THIITUX HEKIHIIEBUX BEPIIUH.

I'padp G¢ BiANOBIAAE 3a KiacTep, LIO IHTErpyeTbesa B JepeBo. He icHye >komHuX
oOMEXeHb Ha CTPYKTYypy Kiacrepy, HpOoTe€ ONTHUMAJIbHUMHU € rpadu 3 MiHIMaJIbHUM
napamerpoM D. IHrerparis BigOyBaeTbcs depe3 AeKapToBUN AOOYTOK, TAKUM UYHHOM,
MIHIMI3YIOTbCSI BTpatu Alamerpy. [Ipu ibomy Hymepailisi BepIIuH TpaHCPOPMY €ThCs 13 TTapu
napamerpiB y Tpivky (L, m, k), ne mapamerp m BKe BHU3HaUa€ HOMEp KiacTepa Ha piBHI
7epeBa, a k — HOMEep KOHKPETHOTO By3Jia y KJIacTepi.

I'pap G, mpexacrasnsie MixpiBHeBI 3B’s3ku. [Ipu npomy npaBuio (HopMyBaHHS
MDKpPIBHEBUX 3B’SI3KIB HE 00OB’SI3KOBO € OJTHAKOBUMH JIJIsI BCIX BEPIIHH KJIACTEPY — BOHO
MOXe 3a7aBaTuch (popmyisHO, Ae BepuiuHi (L, m, k) craButhcs y BIANOBIAHICTH iHIIA
BepuirHa (uu Bepmunan) (L, m’, k).

["apHUM MPUKIIAAOM, IO UTIOCTPY€E (PYHKIIIOHYBaHHS 3alIPOMOHOBAHOIO METONY, €
tomonorist Tree-Dragonfly [5]. [lana cTpykTypa 6a3yeThcsl Ha MOEIHAHHI TPHOX MPOCTUX
rpadiB — OIHAPHOTO JAepeBa, MOBHO3B SI3HOTO KiacTepy 3 3 BepmwuH 1 dragonfly, mpudomy
I10/T0 OCTAaHHBOTO BBOJIUTHLCS OOMEKEHHS : JIJIs1 KOXKHOT BepITuHM icHYy € e 4=/ dragonfly
3B A30K.

Cunres rpada Tree-Dragonfly moxke OyTu onucanuii HactynHUM YuHOM. Hexaii naHo

panr r 6axanoro rpada. TakuM 4MHOM, BUXITHUMH IHTETPOBaHUMHU rpadamu € OlHapHEe
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aepeBo panry 7 (3 N=2r"1-1 BepmuHaMu ), TOBHO3B I3HUM TPUKY THUK (Nc=3) 1 Dragonfly
Ha 4 Tpynu, 1€ rpylamMH € MOBHO3B’SI3HI TPUKYTHUKU. Yucno BepuminH N pe3ylbTyroHOl
TOTOJIOTIT € PIBHUM N7*Ng, 110 0€3M0CEepeIHhO BUTIKAE 13 BJIACTUBOCTEH JEKapTOBOIO
106y TKy. Lle 103BOIsC YiTKO BU3HAYMTHU 00JIACTi 3HaYeHb napamerpis L € [0,7 — 1]; m €
[0,25%1 — 1]; k € [0,2]. Jlng 3py4HOCTI IOTYKHICTH MHOKMH 3HA4€Hb JIIS IIApAMETPIB
Ta k TakoX MOKHA MO3HAYUTH K M 1 K BIAMOBITHO.

Bigomo, 1o GiHapHE AEPEBO € TOMOJIOTIEIO 31 CTaTHYHKUM CcTynieHeM 3. Ilpu mpomy
KJIACTep HE MaclITaOyeThCs, TOXK TAKOXK Ma€ CTaTUuHy cTymiHb 2. I, ockuieku Dragonfly
3B’SI3KM 0OMEXEHI YMOBOIO CHHTE3Y, TO JIJIsl KOXKHOT BEPIIMHU ICHY€ PiBHO 1 Takuii 3B S30K.
TakuMm 4wmHOM, IJI1 KOXKHOI BEpPIIMHHM 3 Hamepen Bimomum HomepoM (L, m, k) moxiuBo

BU3HAUYUTH PIBHO 6 CyCiiB, TaKKX, LIO:

V, =(L— 1,?, k); (4.5)

V, = (L+1,2m,k); 4.6)

V,=(L+1,2m+1,k); 4.7)

V, =(L,m,(k+1) modK); (4.8)

Vs = (L,m, (k + 2) mod K); (4.9)
V, = (Lm k) (4.10)

[Tepmi 3 ¢opMynu TyT BUTIKAIOTh 3 BJIACTMBOCTEH OIHApHOTO JAepeBa 1 € Jo0pe
Bigomumu. ®@opmyinu 4.8 ta 4.9, BIANOBIAHO, OEPYTh TOYATOK y BIACTUBOCTAX KJlacTepy i
TOMY TaKOXX He mpeacTaBisaioTh iHTepecy. lllogo dopmymu 4.10, BoHa Oa3zyeThbes Ha

nepecraHoBkax HoMepiB. HactymnHi ¢popMyiu onucyoTh 30BHilIHI 3B’s13ku B dragonfly 13 4

KJIacTepiB:
,_{ kk <m 4.11)
“lk+1L,k>m
k’:{ m,m <m’ (4.12)
m—1m>m'

BriM, ¢opmymn 3.11 ta 3.12 He miAXOAATH JUId OMHUCY OyAb-SKOTO €TaIy
MacITadyBaHHs — JIMIIIE AJIs eTay 13 4 KiacTepis, 110 BIANOBIAA€E paHTy 3 MaciITa0yBaHHs

JepeBa.



143

Puc. 4.4 imoctpye tomonorito Tree-Dragonfly panry 3 [5]. YopHi 3B’S3kH €
TUTMOBUMH JIJIsI IEpEBa, AEKapTOBO MOMHOKEHOTO Ha IMOBHO3B’ SI3HUIM Kiactep. 3ejeHl — Ti,
0 3’SIBJSIIOThCA BHACHIOK iHTerpamii Dragonfly. BinmoBigHo, KOpeHeBU piBEHb HE
puiiMae y4yacTi B IHTErpauii, a Ha NepuioMy piBHI (OCKUIbKM ICHY€ JIMILE 2 KJIACTEPH)
Dragonfly noBHO3B’ sI3HICTb BUPOIXKY€ETHCS Y JIeKapTOBUM 3B’ 430K. LlikaBicTh mpeacTaBisie
TPETS IPyIa, OCKUILKHU B HiH 1 JOCATAETHCA ICEBIOMOBHO3B I3HICTh, TPUUYOMY 3a1STHUMH €
BCl BepiIMHU. L{e mopoKye MUTaHHA: SKUM YHHOM BUKOHYBaTH MaclITa0yBaHHs qaii? s
TOTO, III00 TMPOLIFOCTPYBATH BUCOKOPAHTOBI TOTIOJNOT11, 3pYYHIIIIE BUKOPHUCTATH KIacTEPHE
MpEACTaBIeHHS (11 TOTOJOTI paHry 3 BOHO TakoX 300pakeHo Ha puc. 4.4). B Hbomy
BEPIIMHAMU € KJIACTEpH, TOABINHI JIHIT IPeaCTaBIAIOTh JEeKapTOB1 3B’ I3KH (TOOTO, KOXKHA
BEpUIMHA KJIaCTEPy @ 3B’sA3aHa 3 BIAMOBIIHOIO BEPIIMHOO Ki1acTepa b), a MyHKTUPHA JiHIs,
aka noeanye 4 BepmnHua — 1e dragonfly-noBHO3B’s3HICTE. TOOTO, KOKEH KIIACTEp Mae
3B’SI3KM 31 BCIMa 1HIIUMHU, TP LbOMY SIKILIO KJIACTEPIB MEHILIE HIXK BEPIIUH y KilacTepl —

3B’SI3KU YIIUTbHAIOTHCS (MK IEIKMMU TapaMu KJIacTepiB BUHUKAE OUTbIIE OJJHOTO 3B ’S3Ka).

(a) xmacu4He MpeaCTaBICHHS (6) xmacTepHe MpeaCTaBICHHS

Puc. 4.4. Tree-Dragonfly, paunr 3 [5]

Takum 4uHOM, JEKUTbKa MiIXOMIB MOXKYTh OyTH 3allpOINOHOBaHI JJIsl TO1aJIbIIIOT0
MacimitabyBaHHs. Ines rpymyBaHHs mojisirae y TOMYy, IO piBeHb L 3 M Kiactepamu
pO30MBaeThCs HAa TpynH 10 K+ KacTepiB, Kl 1 MOEAHYIOTHCA MK co00t0. I{e mo3Bomse
30eperTy CTaTUYHY CTYIIHb 1 IPH [IbOMY CKOPOTHUTH JiaMeTp. ImeansHuM i1t O1HAPHOTO
JepeBaTyT € BUNIAJIOK, kKoiu K = 21, ne t — Oynb-sKe HaTypajibHe yuciio. B Takomy BUnaaky
po3AUIeHHS BiOyBaTUMEThCS Ha OJIHAKOBI 32 PO3MIpPOM TpyIH, L0 JO3BOJISIE 3HAYHO

CIPOCTUTH POOOTY 13 HUMH.
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Ha puc. 4.5 mpencraBneno 3 cmocoOu Takoro po3auieHHS. bmmwkHiid crocid
nepeadayvae rpyIyBaHHs CyCIIHIX KJIacTepiB, NaJIbHIN — IpyITyBaHHs 3 IEBHUM KPOKOM, 1110
N03BOJIIE 00’ €AHYBaTH BiAAajeHl Touku. KomOiHOBaHMII METOM, BIAMOBIIHO, peaiizye

YCpryBaHH:A, I10 IMOKJIIMKAHO MaKCI/IMiBYBaTI/I CKOPOYCHHA I[iaMeT Py

(a) OmmoxHIM miAXia (6) mampHi# migxix (B) xoMOiHOBaHU MiAXif

Puc. 4.5. Cnoco6wu rpymyBanns Tree-Dragonfly [5].

BianoBigHO, TUTaHHS TMOCTa€ y TOMY, SK MaTeMaTUYHO OMHUCATH BHUKOHaHI
TpaHcdopmMariii. 3BICHO, KIIFOYOBUH IHTEPEC TYT MPEICTABISIOTH JIUIIIE OIMKHIN Ta JabHINA
MiAXOAHW, OCKUIbKM Oynb-sfika Bepcis KOMOIHOBAHOTO TIAXOAY TaK UM I1HAKIIE
0a3yBaTHMeEThCA Ha onepeaHix ABoX. Ha nepmuii norsia, ang popmyn 4.11 ta4.12 icaye
npobsema po3rairykeHb. [Ipote, K110 MpoaHai3yBaTy iX yBaXkHille, pO3rayKeHHs k | k+1
Ta m | m-1 ICHyIOTb BUKJIFOYHO /I YHUKHEHHSI CUTYyallli, Koau By3Ju Buny (L, k, k) He
MaTUMYTb CyCiiB. ToX A1 ypaxyBaHHS BIUIMBY I'pyITyBaHHS 111 pO3TaTy>KEHHS HE BXKITUBL.

[Ilo6 cnpoctut hopmynn 4.11 1 4.12, BBeaemMo ABa 10JaTKOBUX TapaMeTPpu — g, 1110
BKa3ye HOMEp TPYIIH, 10 SKOT HAJICKNUTh MOTOYHA BEPITNHA, 1 G — KUIbKICTh TPYII HA PiBHI
L. Hexaii maHo izeanbHUN BUNIAIOK B O1HAPHOMY JepeBi (SK 1€ MPOLIFOCTPOBAHO HA PUC.
4.5). Tomi:

_Mo 2 (4.13)
K+1 K+1 20—-1+1

Binomo, 1110 B OIMKHBOMY METO1 FPYIYIOThCS CYyCIAHI KJIACTEPH, a B JAJIbHbOMY — 3

G

MIEBHUM KPOKOM, 1110 3JICKUTh B1J] KUIbKOCTI IpyI. OOuBa 11i BUTIAAKHU JOCTATHLO MPOCTO

BpaxyBaTy, BUKOPUCTOBYIOUH, BIAMOBITHO, 3MIIIEHHS Ta OCTavy, TOX:

_.m _m (4.14)
Gomx = K+1 2t

9pan = mmod G = mmod 24"+ 4.15)



145

Ak mokHa 6auuTH, X04a 111 popmysu epeadadaroTh MIJICHHS Ta OTPUMaHHS MOTYJIO,
NpOTe, OCKUTLKA B OCHOBI JIGKHUTh CTYMiHb 2, BOHM MOXYTb OyTH 3aMiHEH1, B1IMOBIIHO,
3CYBOM BIpaBO Ha t pPO3psiAIB Ta BWIyYEHHSAM L-f+/ Momonmux OITIB 4yucha 3
BUKOPHCTAHHIM MacKu. 3BICHO, 3a3HaueH1 ((OpMYJIH € CIPaBEIMBUMU JIUIIIE Y BUTIAJKY L
> t, TOOTO, Ha KOHKPETHOMY pIBHI Ma€ iICHyBaTH xoua 0 2 rpymu.

Takum unHOM, hopmyina 4.11 HaOyBae HACTYITHOTO BUIIISY:

o _{ g+kk<m-—g (4.16)
bmx g+ k+1,k=m—g
m_
g+Ghk<9 (4.17)
r G
m,uan_ m-—g
g-l-Gk-l—l,kZT

BignosigHo, o6 i3 m orpuMmaru k', HeoOXiJHO BUKOHATH 3BOPOTHE IIEPETBOP EHHS.

Tox popmyna 4.12 npuiiMae HaCTyITHUAN BUI:

Iy _{ m—gm<m (4.18)
OJIK — m—g—l,mZm’
m_
_Egm<m, (4.19)
K an = m-g_
v ,m=m

[IpakTiuHe 3HaUYEeHHS LUX (POPMYI MOJsiTae, 3BICHO, Y MapLIpyTU3alii. 3arajaom, 3
Takol TOYKU 30py OMKHIA METOA € JOCHTh MPOCTHM, OCKUIbKM mependadae Juiie
eNIeMEHTapH1 MepPEeTBOPEHHs 3CyBY, MOJaBaHHs Ta BigHIMaHHsA. Ha mpotuBary, manbHe
rpylyBaHHsl mepefdadyae BUKOHAHHS OIepaniii MHOXKEHHS Ta JAUICHHS, $IKI € JOBO
TPUBAJIUMHU.

4.3.3. /lepesosuona meperica 3 HeOOHOPIOHOIO IEPAPXIEI)

3anponoHOBaHUH BUIIIE METOJT JO3BOJISE MMOKPAIITUTH TOITOJIOTTYHI XapaKTEPUCTHKH 1
3poOuTH MepexKy OLIBIN edeKkTuBHOIO. [IpoTe HOro HEMOMKOM, SK BHUIHO, € CKIQIHICTD
MapuIpyTH3allii, IO 3pOCTaTUME 13 KO)KHUM HACTYITHUM KPOKOM MacliTaOyBaHHS BHUS.
BTim, € i iHITUH BUXIM: IO SK OOMEKUTH YUCIIO PIBHIB JepeBa JSIKUM HaIllepe 3a1aHuM
YUCJIOM 1 BHUKOHYBaTu MaciutaOyBaHHA He BIMO, a Bmup? OCKUIBKM METOA, IO

MIPOTIOHY€ThCA, HE TIepei0avae noTpedu B 00’ €THAHHI HAJBEIMKOT KIJIbKOCT1 By 3JIiB, TAKUI
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X1 T03BOJIUTH CIPOCTUTH MapIIPyTHU3AIliI0, & KPIM TOTO — pO30UTH TOBHOBAXCHHS MK
PI3HMMHU PIBHSIMHU JI€PEBA.

B sKOCTI OCHOBM MpPOMOHYETHCS B3ATH paHillle PO3MIAHYTy Tomosorito Tree-
Dragonfly, nogasmiu 1o Hei neBHi 3MiHM. Tak, mo-nepiie, IMUOUHY JepeBa 0OMexumo 4
PIBHSIMU (HE BKJIIOYAIOUM KOpiHb). [Ipu Takiil mmOuH1 1epeBO MICTUTUME SIK MiHIMYM 31
KJIacTep 3 sIK MiHIMyM 3 By3JIaMH B KO)KHOMY. BpaxoBytouu, 1110 By3JaMH MEPEXKI MOXKYTh
OyTH HE cami OOYHCITIOBAJIbHI €IEMEHTH, a KOMYTaTOPH, 0 AKUX MOXKE MIKIIOYaTUCh SK
MIHIMYM TI0 2 BY3JIM — MaeMO Bxke 186 00UnCIOBaIbHUX BY3JIiB, YOTO IIUTKOM JOCTaTHBO
TSl HEBEJIMKOTO CYTIEPKOMIT I0Tepa.

[To-npyre, ropuzonTansHi 3B’si3ku  dragonfly po3misgatumMemMo SK —TCEBIO-
MOBHO3B SI3HY CTPYKTYpY B MeXax piBHA. TakMM 4YMHOM, BCl KJIaCTEPU PIBHS MAaTUMYTh
OpSIMUA 3B’SI30K 13 1HIIMMH KJIACTEPAMHU TOTO K PIBHS, IO CyTTEBO 3MEHUIUTH J1aMETp.
AJIbTEpHATUBHUM PILIEHHSAM MOXK€ Oy TH pO30UTTS Ha JEKUIbKa MIAMEPEK 3 HACTKOBUMHU iX
NepeTHHaMU, 110 MOXe OyTH JOIUIbHUM B YMOBAax, KOJIM YHUCIIO KJIACTEpPiB OCTAHHBOIO
PIBHS € IOCUTh BEJMKHUM.

Puc. 4.6 imocTpye 3ampornoHOBaHy CTPYKTYpy B 1i MiHIMAJIbHOMY BUIJISIL
TpukyTHHKamMM TyT MO3HA4Y€HI KJIACTEPH, a 3€IEHUMM IIMHAMU — ICEBIOIOBHO3B SI3HI

3B’s13ku TUMy dragonfly.

Puc. 4.6. Y3aranpHeHa 1epeBOBHIHA MEPEKa 3 OJTHOPITHOO 1€PAPXIEI0
OkpeMo BapTo 3BEpHYTH yBary Ha Kjlactepu. B maHoMmy npukiiaai BOHU CKIaJal0ThCs
13 8 KOMyTaropiB, TMO€JHAHMX BHYTPINIHBOI Mepeker. Takok Ha PUCYHKY
MPOJEMOHCTPOBAHO 2 THMHM OOYHMCIIOBAJLHUX BY3JIB: BJACHI, IO TMpueaHaHi 10 1

KOMYTaTopa, 1 CIUJIbHI, 1[0 MAIOTh 3B SI3KH 3 2 CYCIIHIMU KOMyTaropamu. Taka cTpyKTypa
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703BOJIsI€ 30UIBIIMNTHA BIAMOBOCTIMKICTD I[IHOIO 3MEHILIEHHS 4YHUClia OOYMCIIIOBAYIB Ha
KOMYTaTop.

3 TOYKM 30py TOMOJOTIYHOI OpraHizamii Ta MapuIpyTu3alii Taka CTPYKTypa €
HabaraTo MpoCTILIOO 3a paHiiie 3anponoHoBany Tree-Dragonfly. Tak, nepecunka B Taxii
Mepexi MOX€ BUKOHYBATHUCh Y 2 KPOKHU: CHOYATKY TOBIIOMIICHHSI TIEPECUIIAETHCS Ha
LUTbOBUH pIBEHb JIEPEBA, & MOTIM — Yepe3 FOPU30HTANbHI 3B’ SI3KM /10 LUIbOBOT BEPIINHH.
AHAJOTIYHO, aJbTEPHATUBHI MapUIPyTH B TakKiii MeEpexi TakoK MOXYTb OyTH JIETKO
3HAWIEHI.

BTim, 3 Touku 30py opranizaiiii 009UCIEHb TaKa CTPYKTypa MOXKe Oy TH MOKpaIeHa.
JIist IbOTO PO3IUIMMO MEpEeXy Ha 4 piBHI: piBeHb sAnpa (core), rmmbokuii (deep), MTKU
(fine) Ta kpaiiouii (edge). BinnoBigHO, KOPIHB 1 IEPUINHI pIBEHB JI€PEBA BIIHOCUTUMETHCA
70 siApa, a 1HII1 3 PiBHI JepeBa BIANOBIIATUMYTh HABEACHUM IHIIMM 3 PIBHIM MEpEXI.
3B’S3KU MK PIBHSAMU (POPMYBATUMYTbCS HACTYITHUM YHHOM: SIIpO 1 TIMOOKHUI PiBEHb
1oB’s3aHi leaf-spine Tomosori€ro Tak, 1Mo KOXKEH KJIacTep KOpEeHs JeKapTOBO 3B’ SI3aHUM 13
KOYXHUM TJIMOOKHM KJIACTEpOM. 3B’ SI3KM MK TITMOOKOIO Ta MIJIKOIO YaCTHHAMU Peali30BaHl
3a norikoto k-apHoro n-mepeBa. Mikuil piBeHb Ta Kpail 3B’s3aH1 3BHYAHUM K-apHUM

nepeBoM. Puc. 4.7 Ha0OYHO UTIOCTpPYy€E TaKe HEOTHOPITHE IEPEBO.

Anpo

FRKb oKKia
piEeHb

Puc. 4.7. JlepeBoBUIHA MEpEkKa 3 HEOJHOPITHOIO 1€pAPXIEI0
CyTb Takoro po3AUICHHA MOJIsirae B HacTynHoMy. [lo-niepiire, cynepkoMIt toTepu, siK
NpaBUIIo, € reTeporeHHUMu cucremamu. OnHI iX By3JM MPU3HAUYEHI I OUIbII CKIQIHUX
3a/1a4, Il — 7S OUIbII NMPOCTUX. TakuM YMHOM, 3alIPOTIOHOBAaHA CTPYKTYpa J103BOJIIE

30CEPEIUTH HAWOLIBII TOTY)KHI Ta MaJO4YMCENIbHI OOYHCIIOBAIbHI €IEMEHTH B IILIBHO
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3B’SI3aHOMY S/Ipl Ta TIMOOKIM YacTWHI, TUM CaMUM JO MIHIMyMYy CKOPOYYIOYHM Yac
NEepecusoK MK TakMMHU eJeMeHTaMHu. B Toil ke yac OUIbII MPOCTI Ta YMCIIEHHI BY3JM
MOXYTh OyTH PO3HECEHI MO MUIKI Ta KpaioBiil 4YacTHHI MEpexi, IO J103BOJIE
BUKOPHCTOBYBATH X JIJIsl BEJIMKO1 33141 JIUIIIE TO/1, KOJIU JJISl I[LOTO € MoTpeda, a B IHIIHNI
4ac — 3aBaHTAXHUTU MPOCTIIIMMH Ta MEHIII BUMOTIIMBUMHU TI0 Yacy 3aBIaHHIMHU.
[To-apyre, 31 CIyCKOM MO AEPEBY POJIb TOPU3OHTAIBHUX 3B’ SI3KIB 3pocTae. Tak, sipo
B3arai He MicTUTh dragonfly-moBHO3B’sI3HOCTI: ii TOBHICTIO 3aMiHSIE AEKAPTOBUH 3B S30K.
Ha rmi6okomy piBHI TOpHU30HTabHI 3B’ SI3KM YIIUIBHEHI, TaK 110 iCHy€e Oubire 1 mpsiMoro
3B’SI3Ky MDK JIBOMa KjiacTepamu. BaxJMBO 3a3HauMTH, 10 B OOMIBOX BUMAJKAX TaKe
YIIUTbHEHHSI He MOTPe0ye€ MITyYHOTO BTPYYaHHs: BOHO BUHUKAE CaMe, Yepe3 Te, [0 YUCIIO
BY3JIIB y KJacTepl OUIbIIE HIK YUCIIO KJIACTEPIB, K1 MalOTh OyTH 3B’s13aH1. B TOH ke yac
3B’sI3yBaHHSA BCIX KJIACTEPIB MUIKOTO PIBHS 4YM, TUM Iaue, Kparo, HaBITh B MIHIMAJIbHOMY
BapiaHTi «1 3B’S30K 10 KOXKHOTO IHIIOTO KJIACTEPy» MOXKe MOTPeOyBaTH BHUKOPHUCTAHHS
JOTATKOBUX TOPU3OHTAJIBHUX 3B’SI3KIB. TakMM YHMHOM, 3MiHA IIUJIBHOCTI MIKpPIBHEBUX
3B’S13KIB, OKPIM OYEBUAHOTO €(PEeKTY MiABUIIIEHHS BIAMOBOCTIMKOCTI IITMOOKUX P1BHIB, Ma€e

Ha MeTi 111e 1 OajlaHCyBaHHS YKCTIa 3B’ SI3KIB HA KOYKEH OKPEMO B3SITHH BY30I1.
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BucHoBok 10 po3ainy 4

Ichnytoui momymnsipHi pileHHs B OUTBIIOCTI CBOTH € i€epapXiYHUMU rpadamu,
OpIEHTOBAHUMH HAa KOMYTOBAHI Mepeski. [X He[0NiKOM € 3aBHCOKHIA CTYIIiHb, I[0 HEraTUBHO
MO3HAYAETHCS HA BAPTOCTi, 3pOCTaHHS CTyNEHS 3 MaclITa0yBaHHSIM, a TAKOXK 3aHU3bKUN
TOMIOJIOTTYHUN Tpadik, IO YCKIaIHIOE €(PEKTUBHE BUKOPUCTAHHS aJIbTEPHATUBHUX
MapuIpyTIiB JUIsl Iepeadl JaHUX 4u 3a0e3MeUeHHs BIIMOBOCTIHKOCTI.

Byno BuaineHo 2 Buau i€papXiqHOCTI, Takl K BKJIaJeHa Ta AepeBoBUIHA. B po3aim
OyJI0 PO3TIISTHY TO BKJIaICHHUH ITiIX1]T, HA OCHOBI IKOTO OTpUMaHo Torojorii hyper de Bruijn,
a TakoK OMNHMCAHO PEKYyPEHTHHUM croci0 CHUHTE3y, 3a JOMOMOTOI0 SIKOTO CHHTE30BaHO
pexypenTHHii rpad Ta Trononorito dragon de Bruijn. Takox po3risiHy TO 1epeBOBHIHUIA BU
1EpapXI4HOCTI, omucaHo cuHTe3 Tononorii Dragonfly-Tree, po3misiHyTO pi3HI BUIU
rpyiyBaHHs. /|1 po3mIsiHY THX TONOJIOT1# OyJ10 3apONOHOBAHO TOMOJIOTTYHO-OPIEHTOBAHI
aJTOPUTMH MapIIPyTU3AIlii HA OCHOBI iX BIIACTUBOCTEH, 1110 Ma€ 3HAYCHHS JJIs1 TP AKTUIHOT
peasizailii CUCTEM Ha OCHOBI JJaHUX Tpadis.

3anponoHOBaHUI METOJ] J03BOJsIE BUKOPUCTOBYBATH JJII CHHTE3y SK KJIACHYHI
rpadu, Tak 1 rpadu, OTpUMaHi 3a JOMOMOTOIO paHillle PO3MIAHYTOTO METOYy CHHTE3Y
BIJIMOBOCTIHKHMX TOIIOJIOT1 HAa OCHOBI1 HAJJIMIIKOBOTO KOAY. Takoro pojay THYYKICTh €
MOTEHIIIHHOIO TEPeBarol0 3alpONOHOBAHOTO METOAY, OCKUIbKU JO3BOJISE€ IHTErpyBaTH
3alpONOHOBaHI 3acO0U MIABHUILEHHS BIAMOBOCTIHKOCTI Ta €(EeKTHUBHOCTI 13 Cy4YacHUMHU
HNOMYJIIPHUMU PIIICHHSIMH, TUM CaMUM TOKPAIYOUH X XapaKTePUCTUKH 1 3a0e3neuyodu
CYMICHICTb 13 BIJOMHUMHU MEPEKEBUMHU MPOTOKOIAMH Ta aJITOPUTMaMHU.

He pochimkeHMM 3aiuIIaeTbCs 3acTOCYBaHHS — ajaBiTHOI — JEKOMITO3UIL
HA/JTMIIKOBUX rpadiB B KOHTEKCTI CHHTE3Y 1€apX14HUX TOTIONOT1H, a TAKOK MaclITa0yBaHHI

HQ/JTMIITKOBUX TOTIOJIOT1M 3 BUKOPUCTAHHSAM JI€PEBOBHUIHOTO TUITY 1€papXI14HOCTI.
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PO3ILI 5
EKCNEPUMEHTAJIBHE JOCTKEHHSA HA OCHOBI PO3POBJIEHUX
3ACOBIB

5.1. Onmc 3ac00iB OMIHKH €(PeKTHUBHOCTI Ta BiIMOBOCTIIKOCTI TOMOJIOT il

Jlist  aHamizy 3ampoONpOHOBAaHUX METOJIB PO3POOJICHO psii 1HCTPYMEHTAJbHUX
MpOTrpaMHUX 3ac001B Ha OCHOBI paHillie PO3MITHYTUX CIIOCOO0IB:

- 3aci6 g MoaemoBaHHs rpadiB, IO T03BOJISIE CHHTE3YBaTH rpadu 3a 3aTaHIMA

MpaBUJIaMH, a TAKOXK BUMIPIOBATH 1X TOTIONOTIYHI XapaKTepUCTUKH. Moens, 1110
JISKUTH B OCHOBI 3ac00y, 0a3yeThCsl Ha Kiacu4HiN Teopii rpadiB. Mera po3podku
JAHOTO 3aco0y NoJsirae B EKCHEPUMEHTAbHIN MepeBipll 3ampONOHOBAHUX
METOZIB I JIOBENIEHHS BUTpamly B egekTuBHOCTL. l[le MoxHa 3pooOury,
BUKOPHCTOBYIOUH 3arajbHOMPUAHATI TOTOJOTIYHI XapaKTEPUCTHKH, TaKi sK
CTyMiHb, J1aMeTp, TOIIIO.

- 3aci0 s MOJeIIOBaHHS TOTIOJNOTIT B yMoBax BiAMoBHU. KoHiiemnis 1mie€i Moaen
MOJISiTae B TOMY, OO MpOaHalli3yBaTH 3MIHY TOMOJIIOTTYHUX XapaKTEPUCTUK rpada
B CUTYyaIlii, KOJIM BY3JIH CHCTEMH TIOCTYTIOBO BIIMOBIISTFOTE. MeTa po3po0Ku 3aco0y
— JIOBEJIEHHS BUTpaIlly BIIMOBOCTIMKOCTI Y PillIeHb Ha OCHOBI 3aIIPOTIOHOBAHKX
METO/11B MOPIBHSAHO 13 KIACUYHUMHU.

Takoxx B mpoueclt aHallizy € CEHC PO3AUIMTA OKPEMO aHajl3 TOMOJIOTIN s
oesnocepeanbo 3B’s3aHux Mepex (b3M) Ta rpadiB ang komytoBaHux Mepex. lle
HEOOX1/THO 3 IBOX MPUYUH: MO-TIEPIIIE, € JACTh 3MOT'Y CKOPOTHTH YUCIIO EKCIIEPUMEHTIB, a
no-Jipyre, 1€ J03BOJMTh BpaxyBaTh OCOONMBI BUMOTH PI3HHUX MEPEKEBUX KiIaciB Ta

BUKOHYBAaTH aHaJII3 3 YPaxyBaHHIM ICHYIOUUX JJIsI HUX OOMEXEHb.

5.2. 3aci06 xjsa MoaeII0BaAaHHA TOMOJIOTIH

Kox po3pobaeroro nporpamuoro 3aco0y npuseneHo B Jlomatky A (maparpad 1).
5.2.1. Onuc mooeni

Jlana Monenbp mojsirae B aHaji3l MacmiTaboBaHOro rpada 3a TOIMOJOTTYHUMU

XapaKTCPUCTUKaAMHU. BXiI[HI/IMI/I JaHHMMH MOI[e.Hi €.
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- Tun rpada (rinepky06, rpad e bpyitHa, To110)

- Tmapamerpu cuHTe3y (Hanpukian, andasit CH)

- TOpAAKU MaCIIITa6YBaHH$I, 3a AKMMH BUKOHYBATUMCTBLCA aHaJi3

PGBYJ'IBTELTOM € Ta6JII/I]_[$I, A€ KOXXHOMY HpOaHaJ'IiSOBaHOMy KpPOKY MaCHITa6YBaHH}I

CTaBUTUMETHCSI Y BIJMOBIAHICT HAOIP TOIMOJIOTIYHUX XapaKTEPUCTHK rpada. 3arayiom,

MpOaHaJli30BaHl XapaKTePUCTUKHA MOKHA TIOJLJTMTH Ha HACTYIIHI KJIACH:

1. KnacuuHi TONOJOTIYHI XapaKTEPUCTUKU: BU3HAYAIOTh MPOAYKTUBHICTD, BAPTICTh

Ta 4Yac MEePEeCHWIOK B CHCTEeMi, TTOOyI0BaHIi Ha OCHOBI Tpada. s OubIocT

XapaKkTEePUCTUK ONTUMAILHUMHU € HIDKY1 3HaYeHHS (KpiM N, e ONTUMAaIbHUM €

BUIIIC 3HAUYECHHS, Ta T, e ONTUMAJIbHUM € 3Ha4YCeHHS 1)

a.

Yucno By3miB N: B KOHTEKCTI CHCTEMH BHU3HA4Ya€ 1i HOMIHAJIbHY
MPOAYKTUBHICTE. € CEHC MOPIBHIOBATH JHilIe rpapu 3 OIU3bKUMHU

MOKa3HUKaMu N.

. Hucno pebep R: Bu3Hauyae (akTUUHY BapTicTh Tpada, ToOTO, KUIBKICTH

3B’SI3KIB, 10 MalwTh OyTH MoOyqoBaHI MDK By3Jiamu. B cucremHOMYy
KOHTEKCTI 3 pOCTOM R POCTYTbh BUTPATH Ha 3B SI3KU 1 CKJIATHICTh KOMYTallii.
Crymiap S: (akTHdHO, BU3HAYa€ KUIBKICTh IOPTIB MapIIpyTH3aTOPiB /
KOMYTaTOPIB, 0 MalOTh 3aCTOCOBYBATUCH Y CUCTEMI.

JliameTp 11: BU3HA4Ya€ MiHIMAJIbHY BiJICTaHb, @ OTKE 1 Yac MepeCcUIoK MbK
HaWBIJIJIAJICHIIIUMU By 3JIaMHU.

Cepenniit miamerp D (abo aD): mokasye, HACKUILKU BY3JIH CHCTEMH B
cepeaHbOMY BiJIIajIeH1 OTHE B1J 0HOTO. BapTo ouikyBaTH, 1110 YUM O1JIbIIIe
CepenHiil JilamMerp — TUM OLIbIIE 4Yacy B CEpPEeIHbOMY 3aMaTHUMYTb
MIEPECUITKH, a OTKE — TUM MEHIIIOI0 Oy/ie €(heKTUBHICTD.

Tomomoriuauii Tpadik 7: 1EMOHCTPY€E, HACKIIbKHA €(EKTUBHO pedpa rpada
3a0e3MevyyloTh MEpEeCcCHIKM B YMOBAaX MaKCHUMAaJbHOIO TMapalelbHOIro
Tpadiky.

Bapricts C: Bu3Ha4ae BapTicTh rpada 3 ypaxyBaHHIM TOTO, 1110 BY3JIH, YU
CTYIIHb MEHILIa HDK CTyHiHb rpada, OTpUMYBATUMYTh HOB1 3B SI3KU I

MaKCHUMaJbHOTO BUKOPHUCTAHHS MOXJIMBOCTEH KOMYTATOPIB.
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XapakTepuCTUKHA BIIMOBOCTIHKOCTI: TIOKa3yIOTh, HACKUTLKHA CKJIQJHO 130JIFOBATU
OKpeMi BEpIIUHU (COPUYMHHMBIIM THM CaMHUM CHUTYallil0, KOJIM TEXHIYHO
nparie31aTHHA By30J1 HE MOYKE BUKOHYBATH CBO1 (PYHKIII1) Y1 pO30OUTH MEPEXKY Ha
HE3B’SI3HI YacTMHM (TUM CaMHM  CIOPUYMHSIOYM  BIJIMOBY  CHUCTEMH).
OnTumMaabHAMU € BUIII 3HAYCHHS.

a. JlokanbHa3B’SI3HICTD L: MOKa3ye MiHIMYM peodep, K1 MatoTh Oy TH pO3ipBaHi
JUTST 130JIA1111 OJTHI€T 3 BepIIHH rpada.

b. I'mo6anbpHa pedbepHa3B’a3HICTh G a00 Ge: MiHIMaTBLHE YUCIIO0 pedep, pO3pyB
SAKUX J03BOJISIE po30uTH Tpad Ha HE3B s13HI miATpadu.

c. I'moGanpHa By3noBa 3B’s13HICTE G7: MIHIMaJbHE YHCIIO BY3JiB, BIIMOBA
AKUX J03BOJISIE po30UTH rpad Ha HE3B sA3HI miATpadu.

JlonaTKoOB1 XapaKTEPUCTUKU:

a. JlokanbHa edexkTuBHICTh E/: MOKa3y€e, HACKUIbKU IIBUIKO B CEPEIHHOMY
BY3JM 3/1aTHI KOMYHIKYBaTH MDK c000I0 B pamkax miarpadis, IO
CKJIQJIAtOTHCS 3 CYCIAIB KOXKHOT KOHKPETHOT BEPIITHUHH.

b. I'mobanpHa edexTuBHICTh £ abo Eg: mokasye, HACKUIbKH €(EKTHBHO
KOMYHIKYBaTUMYTh M1 COO00 BEpIITHMHH BChOTO T'pada (cepeIHe 3HAUCHHSI

€(heKTUBHOCTI AJIs1 BCIX MOXIIUBUX Tap).

OcCKUIbKH 1HTEpIIpeTallis JaHUX XapaKTePUCTUK € PI3HOI0, CIIi 30MpaTH iX OKpPEMO.

[IepenbauaeTbCcs HACTyIHA Cepis JOCHIIKEHb 3 BUKOPUCTAHHAM JIaHO1 MOJIENI:

1.

B110ip Ha OCHOBI KJIJaCHYHUX TOMOJOTTYHUX XapaKTEPUCTHK.

2. Bigb6ip Ha OCHOBI BIIMOBOCTIMKOCTI Ta €(DEKTUBHOCTI.
3.
4

. ITopiBHSIHHS pe3ysbTaTIB 3aMPONOHOBAHOTO METOAY 13 KIIACHYHUMU PIllICHHSIMU

AHani3 BIUIMBY JI0AaBaHHS 3B’ sI3KIB HA OCHOB1 OaraToBUMIpHOI popMu.

3a IUMU 3 KPUTEPISIMHU.

[Ticnst 360py MaHUX JJI KOKHOTO OKPEMOTO HAa0OPY BX1HUX JAaHUX MEePea0adacThCs

BHKOHAHHS HACTYITHHX €TaIllB aHaJI3Y:

l.

2.

['pynyBaHHs, 10 IOJISITa€ B pO30UTTI BUX1IHHUX JaHUX HA TPYIH Y BIATOBIIHOCTI
710 4MClia By3JIB.

YcepenHeHHs JaHuX AJisi KOKHOTO rpada KoKHOI rpyIu
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3. IlpuBeneHHs 0 COUIBHOTO BHY, IO MOJSTAaE y TpaHchopMallii XapaKTepUCTHK
TaKUM YMHOM, 1100 MiHIMabHI 3HAYEHHS OyJId ONTUMAIbHUMHU.
a. Jlna XapakTepuCTUK, /1€ ONTUMAJIbHE HAWBUIIE 3HAUCHHS MPUBEICHHS
[IOJIATAE B TOMY, 110 JJIS KOKHO1 IPYIIM BU3HAYAETHCA MAKCUMYM X4, TA
MiHIMyM X,,,;,, . Jasi Tpascdopmaltist BAKOHY€E€ThCs 3a hopmynoro: X' = 1 +
Xoax — X)/Xpin. Lle mo3Bomsie 0OHOYACHO BUKOHATH 1 HOPMAJII3aIlifo
3HAYCHb.
b. Jlns TomonoriuHoro Tpadika mepeTBOpEHHs BiOYBAETHCS 3a (POPMYIIO0
T"=2-T
4. Hopmamizauisi, sika nojsirae B JUICHHI BCIX XapaKTEPHUCTUK KOXKHOI T'pyIlu Ha
MiHIMaJIbHE 3HAUYCHHS B i TpyTIl.
5. OTpuMaHHS HOpPMaJi30BaHOI OIIHKK, W10 TOJSIrae B  IJICYMOBYBaHHI
HOPMaJII30BaHUX 3HAYEHB JIJI1 KOXKHOTO HA0OPY BXIAHUX JaHUX.
5.2.2. Biooip epagpie b3M na ocHosi KnacuuHux xapakmepucmuk
3aBIa”HAM JAHOTO €TaIy € MiHIMI3aIlls MOJABIITNX eKCIIEPUMEHTAIHLHHUX IEPEBIPOK
IUIIXOM BiJIKHJIaHHS TUX HA0OPIB MapameTpiB, 110 AIOTh PE3YJbTaT, 3aHA/ITO TAJICKUI Bil
onTuMyMy. [lis mepeBipKu pO3IISAAIOTHCS JHIIE T'padu, OTpUMaHl 3 BUKOPHUCTAHHAM
METOJly CHHTE3Y Ha OCHOBI HaUIMILIKOBOTO KOy 0€3 ypaxyBaHHS HOBUX 3B’3KiB. 3HAIOUH,
10 XapaKTEPUCTUKU YUCTUX rpadiB 3aJ1€KaTh JIMIIE B/l JOBKUHU aJi(DaBITy K 1 HE 3aJIeXKaTh
HI B1J MOTO BMICTY, HI B1Ji OCHOBHU YHUCJICHHS b, MOYKHA BUKOPHUCTATU MIHIMAJIbHUN HAOIp

EKCMEPUMEHTAJIbHUX MapaMeTpiB, 0 npuseneHuit B Tabmui 5.1.

Tabn. 5.1.
ExcniepumenTansHi mapaMeTpu 1 BITOOPyY
[Tapamerp Mo>xi1B1 3HaUEHHS
Tun neperBopeHHs 3amimienHss (rinepky0); 3cyB ( ae bpyiin)
[lopsanok andasity k 2-10
[Topsimok Tomosnorii » 2-12
MakcumanbHe 9nciio By3miB Nmax | 4096
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[lepm HIX TPUCTYNHUTU A0 3arajbHOrO EKCIEPUMEHTY, PO3IITHEMO MOTIepeaHii
eKCIIEpPUMEHT 3 MEHIIIMM Jlarna3oHoM 3HaueHb napameTpiB. B sxocTi Takux Oyno oOpaHo
Nmax=729tak=2,3,4,5,7. lle 103BOIUTL OTpUMATH JESKi IOTIEPEIHI pE3yJIbTATH Ta
MIPOTECTYBATH PO3POOJIEHY MOEIb.

OTtpumani gaHi Oyso 310paHo B 3 rpyIiy, yMOBHO [M03HAUY€HI aHTTIHUCHKUMU JIITEpaMHU
S (mana, 1-32 By3nm), M (cepennsi, 33—216 By3niB), L (Benmuka, 217—729 By3mniB). Ha puc.
5.1 mpencraBieHa TicTorpamMa HOPMai30BaHUX OIIHOK, 3TPYNOBAaHUX 3a THUIIOM
MIePETBOPEHb I10 TpyTaMm, Je Ha JISTSH/I1 KOJIhbOpaMH IMMO3HAYEHO Pi3Hi A.

MopiBHAHHA HOPMANiI30BAHMX XaPAKTEPUCTUK A5 TONOJOTIN
npu pisHux k
20

15

: I I I I
0 I I I I I I
M L S M L

Finepkyb [Oe bpyiH

(9]

Puc. 5.1. I'icrorpama HOpMa1i30BaHUX 3HAYECHb

Ak mMoxHa Oauuty 13 puc 5.1, BapiaHTH 3 MEHIIMMHU k 3arajoM MarOTh Kpali
XapakTepUCTUKU, HDK 1HIII. HalikpanuMu MoxHa BBaXXaTu pe3yabTaTd JUisl TPIMKOBOI Ta
yeTBipKoBOi CY, OCKUTLKH B TaKOMY pa3i 3a0e31euy€eThCsi IEBHUM OalaHC MK CTYIIIHHIO Ta
aiamerpoM. Harpotu, Mmepesxi 3 BEIMKUMHU k TIOKa3yI0Th ce0e ripliie, BTIM Ha TaKOMy Habopi
rapameTpiB HEMOXKJIMBO BUSBHUTH sIKO1 O TO He OyJI0 3arajabHO1 TCHICHIIII.

TakuM yuHOM, PO3UIMPEHHS Alana3oHy eKCIepUMEHTAIbLHUX MMapaMeTpiB Mae JaTu
OUTbIII 3arajibHe YSBICHHS PO MOBEIHKY MEPEX Ha pI3HUX eTarnax MaciuradyBanHs. B xoni
aHaJi3y eKCrepuMeHTalbHi AaHi 0yso po3outoHa 4 rpynu S (0—63), M (64-255), L (256—
1023), XL (1024-4096), npoBeieHO HOpMAaJIi3allil0 Ta OTPUMaHO HOPMAaJIi30BaHy OIIHKY.
Puc. 5.2 nemoHcTpye€ ricrorpamu, mnoOya0BaHi HA 0CHOBI HOpMaJII30BaHUX OI[IHOK. YMOBHI
no3Hauku HC Ta DB mno3nayatore Meron MacmTaOyBaHHS (TINEpKYyOIYHUN Uu

neOpyUHIBChKHI), a Tiudpa mopsia — po3Mip andasity k. MeHIi 3Ha4eHHSI HOpMaJli30BaHOT
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OLIIHKK € KpamuMmu. BiacyTHI CTOBMII TricTOrpamM O3HA4yaroTh, [0 MAacIITa0yBaHHS
BIJIMIOBIAHUX TOTIOJIOT1i HE TIepeAdayae >KOJHOTO KPOKY 3 YUCIIOM BEPILIHH, 1110 MOTPATUIIIO
0 y BIANOBiHY 00sacTh BU3HaueHHs rpynu. L1 Tonosnorii MatoTh OyTH NpOIyLIEH] Ipy

aHaJIi31 KOHKPETHOI IPYIIH.

HopmanizoBaHi OuiHKuU
30
25
20

15

: ‘| ‘ ‘“ ‘ ‘ ‘l “|||‘ ‘ “ “‘
0 II III |I | | ‘
S M L XL

mDB2 mDB3 DB 4 DBS5 mDB6 mDB7 mDBES8 mDBS mDB10

9]

EHC2 EWHC3 EHC4 HC S5 HC®6 HC7 HC8 mHC9 HC 10

Puc. 5.2. [lopiBHSHHS TOTIONOTIH 32 HOPMaJI30BaHOIO OIIHKOIO
Takox, B JOJATOK 10 HOPMAaJi30BaHUX OI[IHOK, € CEHC 3BEPHYTH yBary Ha
KOMIUIEKCHUNA mapamerp SD, 10 A03BOJisI€ TOPIBHIATH Tpadu 3a JBOMA KIHOUYOBUMHU
XapakTepUCTUKAMU, — CTYTIEHEM Ta AiaMeTpoM. Huxue 3HaueHHsa SD nokasye, 1110 cucreMa
3abe3reuye Kparile CIiBBIHOIIEHHS IIIBUIKOCTI Mepeaaydi JaHuX Ta BApTOCTI HIK aHAJIOTH
3 BUIIUM Noka3HUKoM. Llelt rpadik npuBeaenuii Ha puc. 5.3.

160
140
120
100
80
60

40

|

20
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e H(C 2 DB 2 DB3 e=@==DB4 ==@==DB5 DB 6

Puc. 5.3. [lopiBHSIHHS TOTIOJNOTIH 32 XapaKTEPUCTHKOIO SD
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Ha ocHOBI mMX OIIHOK MOYKHA BIAMITHTHA HACTYITHI TEHJEHINI: 3arajioM, MEpexi,
noOynoBaHi Ha OCHOBI JI€OpyHHIBCHKUX TMEPETBOPEHb, 3a0e3MeuyloTh Kpari
XapaKTEPUCTUKH MOPIBHAHO 13 MEpeKaMu TinepKyOiuHoTo THiy. KirouoBOIO NMpUYMHOO
L[bOTO € CTYIHb, IKa CUJIBHO 3POCTAE SIK 13 pOCTOM k, Tak 1 3 MaciitaOyBaHHsM. B Toii xe
yac, HalKpaluMH 3 TOYKH 30py XapaKTEPUCTHK € JeO0pyHHIBChKI Mepexi 3 k=3 Ta 4. S0
Kazaru rpo rpymny XL, 1110 € HalI[IKaBIIIO0 3 TOYKU 30Py BUCOKOTIPOAYKTUBHUX OOUYHUCIIEHD,
BapTO TaKOX BUAUIUTH JIeOPYHWHIBCbKY MEpexy 13 k=0, 1110, sIK 1 TOTEpEHI BapiaHTH,
oTpuMaJia OIIHKY 8, (7151 TOPIBHIHHS, HOpMaJli30BaHa OIliHKa O1HAPHOTO TinepKyoa B ik
rpymi — 11,01).

BinnoBigHo, B MOAANBIINX €KCIIEPUMEHTAX HEMAE CEHCY PO3IIIsAIaTH MEPExi3 £>7, a
TAKOXK BaplaHT k=5. AHAJIOT1YHO, HAJJIMILIKOBHUI TIIEPKYO X0U 1 € IIKaBUM 3 TOUKHU 30Dy
H[UJIbHOCTI 3B’SI3KIB, BTIM € 3aHAJITO JOPOTUM, OCOOIMBO HA BUCOKUX N.

5.2.3. Ananiz giomosocmiiikocmi ma monono2iunoi eghekmuenocmi

BubOpaBmiu 13 MHOXKHUHM TOMOJOTIM Ti, IO € HAUKpalUMH 3 TOYKH 30Dy
XapakTEepUCTUK, MOXKHA BUKOHATH OLIHKY iX BIAMOBOCTIMKOCTI (3B’SI3HOCTI) Ta
TOTNOJNIOTIYHOT edekTuBHOCTI. [y aHamizy NpPOMOHYEThCS PO3MISHYTH AeOpyHHIBCHKI
MepeXi Ha OCHOBI JIBINKOBOTO, TPIMKOBOTO, YETBIPKOBOTO Ta IIECTIPKOBOTO KO/IB, a TAaKOXK
O1HapHUII TinepKy0O B SKOCTI KOHTPOJIBLHOTO EKCIIEPUMEHTY.

Puc. 5.4 npexacrasinsie oTpumani pe3ynbTaTu (MoBHa Bepcis — puc. [1.6).

nobanbHa ebexkTnsHicTb Eg HopmanizoBaHi oLjiHKK 3B'A3HOCTI Ta
edeKkTMBHOCTI (De3 ypaxyBaHHA KnacTepis)
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Puc. 5.4. Tononoriuna edekTuBHICTL TpadiB Ta HOPMaIi30BaHI OIIHKU
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[IpencraBneni naHi MOKa3yHOTh pPE3YyNbTAaTH A TOMOJNOTiH Oe3 IMILTIIUTHUAX
KJIacTepiB. 3arajiom, 3B’sI3HICTh rinepKyda Ma€e TeHJEHIIII0 0 MOCTIHOIO MOKpAaIleHHs, B
TOM 4ac sk 7eOpyiHIBCbKa MepeKa 3aJIMIIAE€THCS BITHOCHO CTaTUYHOIO.

BtiM, oTpuMani pe3ynsratu He € oflHO3HaYHUMU. [lo-niepiie, s BCiX pO3TISHYTHX
rpadiB JoKabHa, II00a1pHa pebepHa Ta rio0alibHa By3J10Ba 3B’ I3HOCTI Oyiu piBHUMHU. [le
O3Hayae, M0 €IUHUNA CIOCIO pO3ipBaTH TaKy MEPEXY — 130JI0BAaTU OJHY BEPIIUHY, III0
3arajioM He € KPUTUYHHUM. TakuM YHWHOM, B TOJAJBIIIOMY aHaJi31 € CEHC OOMEKHUTHCH
JIOKAJIbHOTO 3B’ I3HICTIO K O 11 IPOCTHM JIJIs1 BAMIPIOBAHHS ITApaMeTPOM. 3 THIITOTO OOKY,
JoKaJbHa € QEeKTUBHICTH TrirepKyoda BUsIBUIACH PIBHOIO (), 4epe3 1110 I1ei apameTp T0BEIoCh
BUKJTIOYMTH 13 HOPMaJII30BaHOT OIIHKY 33711 YHUKHEHHS TIOMUJIKH.

B nopanbmiomMy, 1006 yHUKHYTH IpOOJIEM 13 aHa30M, MPOIMOHYETHSAC OOMEXHUTH
aHaJl3 3B’SI3HOCTI JIOKAJbHOIO 3B’SI3HICTIO, @ aHaJl3 TONOJOTIYHOI €(EKTUBHOCTI —
r7100aJIbHO0 €(DEKTUBHICTIO.

5.2.4. Ananiz ennugy imnaiyumnux Kaiacmepis

HactymauM KpokoM € BBEIAEHHS JOJAaTKOBUX 3B’A3KIB Yy BIAMOBIAHOCTI JI0
O6aratoBuMipHOi dopmu. Tabm. 5.2 imocTpye 3MiHY XapaKTEpUCTHK MICTS JA0JaBaHHSI

IMIDTIUTHUX KJIACTEPiB Y MOPIBHSIHHI 3 TOMOJIOTISIMHU 3 THM K€ PO3MIpoM aJihaBiTy.

Tabn. 5.2
3MiHA XapaKTePUCTHUK MICIIs 10/1aBaHHS KIIaCcTepiB

Kpok | Xap.|(3,2)|(4,2)[(4,3)| (6,2)|(6,3)| Kpok | Xap.|(3,2)| 4, 2)]| (4, 3)
1 N 9 16 16 36 36 4 N 243 11024 {1024

AS |0 1 1 2 1 AS |4 4 4

AD |0.00 |-0.02]-0.01]-0.03|-0.01 AD |-0.32]-0.48|-0.19

AEg | 0.000 | 0.008 | 0.004 | 0.013 | 0.007 AEg [ 0.031 | 0.036|0.013
2 N 27 64 64 216 |216 |5 N 729 | 4096 | 4096

AS |1 2 2 4 2 AS |5 5 5

AD |-0.07 [-0.15|-0.07 | -0.23 | -0.13 AD |-0.43]-0.62-0.22

AEg | 0.020 | 0.033 | 0.014 | 0.043 | 0.024 AEg | 0.028 | 0.031{ 0.010
3 N 81 256 |256 | 1296 | 1296 |6 N 2187 | - -

AS |3 3 3 6 3 AS |6

AD |-0.19|-0.31-0.14|-0.49|-0.28 AD |-0.52

AEg | 0.030|0.039|0.016| 0.051 | 0.028 AEg | 0.023
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BapTto 3a3Ha4uuTH, 1110 TaKi XapaKTEPUCTHKH 5K JIIaMeTp Ta JOKaJbHa 3B’ SI3HICTb MPH
[[bOMY HE 3MIHIOBAJINCH. SIK MOXKHA OAYUTH 13 TAONUIIl, CTYMIHb AEMOHCTPY€ TEHICHIIIO J0
MOTIPIIIEHHS, B TOM Yac K CEPeHIN iaMeTp crnajae, a eeKTuBHICTh — pocte. [Ipudomy
OUTBIII BUPAKEHUMU 111 «CTPUOKI € y TOTOJIOT1H Ha Kojiax Tuity (¢b, b), a Takox y rpadis 3
MEHIIIO¥0 OCHOBOO YHUCIICHHs. TakuM YMHOM, € CEHC PO3IIsiaT Koau (4, 2), (6, 2)Ta (6, 3)
B SIKOCTI1 KJTFOUOBHX, a TaKoXK Koj (3, 2), sikuil € OMM3bKUM 3a MMapaMeTpamu.

5.2.5. llopienanns pezynomamie i3 KiacCUUHUMU PIUEHHAMU

B sixocti kmacnuHux rpadis Oyio odpano rinepky6, 2D top, 3D Top Ta 6D Top. Ak
nokasye anai3 B Po3nini 1, 1ie Ti rpadu, 1o HaitgacTiie BUKOPUCTOBYIOTHCS 17151 TOOYIOBH
Bb3M B cynepxomm’iorepax. Cepen rpadiB, OTpUMaHUX Ha OCHOBI METOAY CHHTE3y 3
BUKOPUCTAHHIM HaJUJIMIIKOBOTO KOIY, pO3MISAaTUMYThCS KilacTepu3oBaHl rpadu (4, 2),

(6,2) Ta (6,3). Pe3ynprar Takoro nOpiBHAHHS MPOLIFOCTPOBAHO Ha pUc. 5.5.

HopmanizosaHa oLuiHKa
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SEM mL mXL

Puc. 5.5. [lopiBHsHHS 3anponOHOBaHUX rpadiB 13 KJIACHIYHUMU PIIIICHHSIMU
B mporeci anamizy Oyno BusBieHo, mo 2D Top 3abe3meuye onHI 3 HAMTIPIIHX
XapaKkTepUCTUK Ha BUCOKHUX N. OTpuMaHi pe3yabTaTy CBiIuaTh PO HACTYTHE: HE3BAXKAIOUH
Ha HETaTUBHUI BIUIMB CTBOPEHHS KIJIACTEPIB, 3alPONOHOBAHI TOMOJOTIT 3a0€3MEUyrOTh
XapaKTEepPUCTUKU Ha P1BHI KJIACHYHUX pllIeHb. B TOM e yac iX noKa3HUKU €(DEKTUBHOCTI €

3HAYHO KpalluMH.
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5.2.6. Ilopienannus iz nOnyaapHuUMU Cy4aCHUMU PILEHHAMU

AHai3 BUIlIe MOPIBHIOE PE3YJIbTATU 13 TUIIOBUMHU TOTIOJIOTTYHUMU OpraHi3allisiMy,
BTIM HE BPaxOBY€ CyUaCHUX TPEHAIB B c(pepl BUCOKONIPOAYKTUBHUX OOUHCIIEHb. K Oylo
npoJAeMOHCTpOoBaHoO B Po3auii 1, OUIbIIICTh CyYacHUX MOMYJIIPHUX PIIIEHb ONIUPAIOTHCS HA
2 Tomoorii: 1e xxupHe aepeno Ta dragonfly. Takum 4uHOM, HEMOXKIIMBO POOUTH BUCHOBKU
110710 €(HEKTUBHOCTI METOy 0€3 ypaxyBaHHS I11€1 YAaCTHHH aHai3y.

Jlis  piBHOMIpHOCTI MacuiTaOyBaHHS JJig  >KUpHOTO JepeBa Ta dragonfly
O3V IaTUMEMO YHCIIO TIOPTIB KOMYTATOPIB B IKOCTI PaHTy, PO3MLISIOYHN 3B’ I3KH HABITLT
MDK 30BHIIIHIMU Ta BHYTPIIIHIMA KOMYTaIlISIMU.

Tako, OCKITBKM MOBA ¥jie PO KOMYTOBaHI MEPEXK1, € CEHC JOAATH 0 TOPIBHIHHSA
TOTOJIOT1i, OTpUMaHI 1€epapXi4HUM MeTogoM. Po3msinatumemo tonosnorito Hyper de Bruin
3 TPYIOI0 y BUITISL 1€OPY MHIBCHKOT MEpexX1 MOPAAKY 3 HAa OCHOBI koiB (3, 2) Ta (4, 2),a
Takox Tonosnoriro DDB 3 rpymnoto Ha ocHOBI koxy (3, 2).

Bapro monaru, 1110 B iepapXiuHUX MEpexax pO3TIAAI0ThCS BUKIIOYHO MEpEexl 3 2
piBHSIMU ITMOMHU. [ [pUYMHOTO IIbOT0 € 3a0e31IeUeHHs CIPABEIJIMBOCTI MOPIBHAHHS, & TAKOK
YHUKHEHHS CHTYaIlil, KOJIM MIBUIKE MaclITa0yBaHHs YHEMOXKJIMBUTh aHAJI3 Yepe3 HeCTady
00YHCTIOBAIBHUX pecypciB. Takok TpW PO3MIAAI TOIOJOTIH HE PO3TIISIaTHMEMO
0oO4MCIIOBaJIbHI BY3JIM, OCKUJIbKM BOHM € KIHIIEBUMH JIJIsI MEPEXi 1 HE BIUIMBAIOTh Ha il
dyskiionyBanHs. Takox, 1100 3poOUTH OTpHUMaHI pe3yabTaTy OUIbI HAOIMKEHUMU JI0
peanbHOCTI, OyJlO MpoaHal30BaHO TOPOIAAIbHY TOIOJIOTIIO, IO BUKOPHCTOBYETHCS B
cynepkomit torepi Fugaku (1 micue 3a HPCG). Puc. 5.6 nemoHcTpye rpadiku HOpiBHSHHS
XapakTepucTuku SD I YUCTHX TOTONOTIH ne bpyiiHa, a Takox IS iepapXiuHUX, TaKKUX
ax Hyper de Bruijn Ta Dragon de Bruijn. Hopmanizaris a5t nux rpadis He BUKOHYBaJIach,
OCKUIbKH IIBUKICTh MacIITaOyBaHHs 1I€papX14HUX TOTIONOT1H € 3aBUCOKOIO HAaBITh 13 yciMa
HaKJIaJICHUMU 0OMEXKEHHSIMU, 1110 HE J]a€ 3MOTH pPO30UTH EKCIIEpUMEHTaJIbHI pe3yJIbTaTH Ha

rpymH 3a KUTbKicTiO BepmuH. [ToBHa Bepcis (Tabmuii ta rpadiku) — y Jomarky T
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Puc. 5.6. [lopiBHsaHHS 3 momysipHAMHA rpadamu 171 (a) 1e0pyHHIBCBKUX MEpex, (0)

lEpapXIgHUX MEPEeK
Sk MmoxkHa MoOaunTH 13 TpadikiB, 3arajaoM 3arpoIOHOBaHI MEPEXi MTOKa3YIOTh KpaIlli
XapaKTePUCTUKU IIOAO CTYMNEHs HDK OUIBIIICTh KIACHYHUX MEPEX, MPOTe MPOrparoTh B
niamerpiTacepennboMy aiamerpi. [Ipu npomy xapakrepuctuka SD 1e0pyiiHIBCbKHX MEPEK
TpOXH Kpaioro. Mepexi aepeBoBuanoro tuity Ta Hyper de Bruijn nepeBaxatoTs OUIb1111CTh
TOTOJIOT1H 32 mapameTpoM SD (ane nporpatots dragonfly), B Toi e yac mepexa Dragon de
Bruijn 3abe3neuye kpamuii pesynsrar Hixk dragonfly. Ha puc. 5.7 mpoaeMoHCTpoBaHO

mMaTtok rpadiky SD i mux ABOX TOTOJIOTIM.
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Sk BUAHO 13 pe3ysbTariB, 3aPOTIOHOBAH] PIICHHS IIHCHO TO3BOJITIOTH OTPHUMATH

BUTpAIl B TAKUX KPUTEPIAX €(PEKTUBHOCTI AK Xapakrepuctuka SD.

5.2.7. Kinvkicna oyinka epekmusnocmi 3anponoHo6aHUX PilleHb

OCKUIbKHY TTOCTABJICHOIO B JUCEPTALIMHOMY JTOCTIIKEHH] 3a7a4ei0 € TTOKPAaICHHS
e(peKTUBHOCTI, € CEHC MOPIBHIOBATH JIMIIIE HAMKpAIIl OTpUMaH1 PIIlieHHs 13 HalKparuMu
KJIACHYHUMHU, K1 BUKOPUCTOBYIOTHCS B CyUaCHUX CYNEPKOMIT IOTEpax Ta JaTaleHTpax.

3 TOYKH 30py XapaKTEPHCTUK HaWKpaIIUM{ 3alpONOHOBAHUMH PIIICHHSIMH €
tonosioria ne bpyiina Ha koxai Tamy (4,2) (Moxe po3maaatuck ik bB3M uu komyToBaHa) Ta
tonosoriga Dragon de Bruijn (e komytoBanor). Cepen kimacuunux b3M BapTo BUILIUTH
TOPOifadbHy TOMOJNOTI0, aHAJIOTIUHY A0 Tomojiorii cynepkomi torepa Fugaku, a Takox
KJIaCHYHUM O1HApHMI T1epKy0, 1110 A0CI € MOMYJIIPHUM B AesIKUX cucTtemax. Kpim Toro, 3a
BU3HAYCHHAM HEMAaE€ CEHCYy TOPIBHIOBATH Mayll Tpadu, OCKUILKM MOBa ijae mpo
BrucokonpoayktuBHi KC, siki Ha T1aHW Yyac MarOTh IIIOHAHMEHIIIE TUCAYY OKPEMHX BY3JIB.
Takum 9MHOM, TTOPIBHIOIOTHCS MAIOTh 3HAYEHHS JIJI1 HAUBUIIMX IIPOaHATI30BaHUX V.

Cepen KoMy TOBaHUX MEPEX po3MsigaruMeMo Mepexy ae bpyitna (4, 2) ta Dragon de
Bruijn, i nopiBHIOBaTuMeMo ii 3 xupHUM nepeBoM, dragonfly ta dragonfly+.

JIJ1 MOpIBHSHHS BIIHOLIEHHS XapaKTEPUCTUK CKOPUCTAEMOCH (hopmyioro 5. 1.

5X (topo) — Xdefault topo — Xtopo (5-1)

Xdefault topo

Takum 94MHOM, TIO3UTHBHI 3MIHM (JIJIT XapaKTEPHUCTHK, J¢ MEHII 3HAYCHHS Kpalili)
BIJOOpaXaTUMyThCsl TMO3UTHUBHUMHU 3HAUEHHSMHU, HEraTUBHI — HeratuBHuUMU. Iy
XapakTEepUCTUK, A€ KpallMMH € OUIbIII 3HAY€HHS, 3MIHMMO 3HAYEHHS B UYMCEJIbHUKY
MICISIMH (TaKUM YUHOM, TOKpAaIleHHs BiZ0OpaKaTUMEThCs TO3UTUBHUM YHCIIOM BiTHOCHO
«KJIACUYHOTOY 3HAUEHHS ). J{J1s1 XapaKTepUCTUKU TOMOJOTIYHOTO Tpadika, /e 11eaJbHuM €
3HaueHHs 1, BapTo BukoHatH npuBeneHHs VT < 1:T' = 2 — T. [y 3py4HOCTI YATAHHS
TaKOX € CEHC MPEJICTABUTH 3MIHY XapaKTEPUCTUKH SIK BiICOTOK.

Pe3ynbsraTil MOpIBHSAHHAS METOIIB 3a XapaKTEPUCTHKAMHU €(DEKTUBHOCTI TIPEACTaBIICHI

B Ta0ym 5.3.
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Tabn. 5.3.

[TopiBHSHHS METOAIB CUHTE3y Ha OCHOBI XapaKTEPUCTUK OTpUMaHuX rpadin

Xapakrepuctuka | B3M 3anponoHosaHi | KomyToBani Mmepexi
pILIECHHS
I'imep- | Fugaku | [le DDB | Kupne | dragonfly | dragonfly+
KyO bpyiin TepPEBO
(4,2)

Ninax 4096 3888 4096 |3672 | 3920 |3856 3480
SD (Nay) 196 132 78 84 224 90 120
88D (oe bpyiin) | 60% 69.2% 65.1% | 15.3% 35%
6SD (DDB) 57.1% |36.4% 62.5% |6.7% 30%
E (Nunay) 0.186 ]0.117 |[0.238 |0.243 |0.34 0.359 0.288
OF (oe bpyun) | 28% 103.4% -30%  [-33.7% | -17.4%
6FE (DDB) 30.6% | 108% -28.5% (-32.3% | -15.6%
T (peanvre) 1.000 |1.152 |0.709 |0.780|0.141 |0.191 0.408
T (npuseoene) 1.000 |1.152 |1.291 |1.220]1.859 |1.809 1.592
6T (0e Bpyiin) -29,1% | -12,1% 30,6% |28,6% 18,9%
6T (DDB) 22%  1-5,9% 34,4% | 32,6% 23,3%
L 12 11 6 9 30 28 12
SL (0oe bpyun) |-50% |-45,5% -80% | -78,6% |-50%
6L (DDB) -25% | -18,2% -70% | -68,9% | -25%

AHaN3yI04YU pe3yJbTaTh, BAPTO 3a3HAUYUTH, IO MON0o102iuHa €(DEKTUBHICTh TYT HE €
PIBHOIO haxmuyrili e peKTUBHOCTI cucteMu. e nuine mapamerp, 1o mokasye, HaCKUIbKU
KOPOTKMMH € MapIIpyTH MK By3Jamu. JIOT14HO, 10 HIUTHHO3B A3aH1 MEpEeX1 Ha KIITaIT
dragonfly marumyTh Habarato BHIIY TOTIOJOTIUHY €()EKTHBHICTh, HIXK 1HIIII.

BTim, miHa Takoi «e(eKTUBHOCTI» — Ay’K€ BHCOKA HAJJIMIIKOBICTh, IO MOPOKYE
HILY MpoOseMy: Mepeka TEXHIYHO HE 374aTHa BUKOPUCTATU TI MOXKJIIMBOCTI, 11O B HEI
3aknageHi. TakuM 4YMHOM, mapaMeTp TOMOJOTIYHOTO TpadiKy TYyT Ja€ 3MOTY OLIHHUTH,

HACKUIbKH pc€ajlbHO MCpPCKaA 34aTHA BHUKOPHUCTATH Ti 3B,513KI/I, IIo B Hii €. HeBemmka
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HA/UTMIITKOBICTh (3HAYEHHS MeEHIe 1) MOXke CBIJYUTH MPO HASBHICTH MOTEHINATY 0
BUKOPHCTAHHS HOBHX 3B’SI3KIB Y BUMAIKy BUXOMY 3 JIaly CTapuX, MPOTE 3aHU3bKUI Tpadik
— 03HaKa 30UTKOBOT HAUIMIIIKOBOCTI, 1110 HE WJIe Ha KOPUCTh CUCTeMi. SIK MO)kHA OauuTH, 3
TOUKU 30py Tpadiky BUTpall, SKAA KOMYTOBaHI TOMOJOTii MarOTh BiJl TOMOJOTIYHOI
€(PEeKTUBHOCTI, HIBEMIOETHCA CKIAJHICTIO (Maibke HEMOXJIMBICTIO) ii MPAKTUYHOIO
3aCTOCYBaHHSI.

3BICHO, JIOCATHEHE MIABHINCHHS €(PEKTUBHOCTI Ma€ 1 HEMOMIKH, OAUH 13 SKUX —
MPOOJIEMH 3 TIaMETPOM Ta CEPEAHIM JlaMeTPOM. Xo4a y TOPIBHIHHI 3 TUTIOBUMHU (T1IEPKYO,
TOp) TpadaMu 3ampONOHOBAHI PIIEHHS JEMOHCTPYIOTh BUTPAIIl, BTIM, Cy4YacH1 pilICHHs
(xupne gepeso, dragonfly) 3abe3meuyBarumMyTh Kpally CEpeIHIO0 HMIBUAKICTb Hepenadl
nanux. Takum 4uHOM, BUTrpaml B SD Ta TonojorivHoMy Tpadiky IpU3BOAUTH 10 BTPATH
HILIOTO KPUTEPIS — TOMOJOTTYHOI €PEKTUBHOCTI. TaKMM YMHOM, OCTAaTOUHE PIIIEHHS 00
HAMKPAIIOTO PIllIEeHHS Ma€ MPUIMATUCh 3 ypaxXyBaHHSM KOHKPETHUX BUMOT JI0 MEPEXi /
CHCTEMH, 110 TPOCKTYETHCH.

BTim, 3aripoHOBaH1 pillieHHS MatOTh 1 HEOMIKH, CEpeJl IKUX:

e [ipma nmokanbHa 3B’S3HICTH (10 -80% MOPIBHSIHO 13 JKUPHUM JEPEBOM), IO

pOOUTH OKpeMi By3JIM TOTIOJIOT1i OLIbII BPa3IMBUMHU.
e [lopiBusiHO 3 dragonfly Ta XuUpHMM JI€peBOM — BHUIIMN JlaMeTp Ta HUXKYA

TOTIOJIOT1YHA €(DEKTUBHICTh

5.3. 3aci0 MmogeIr0BaHHS BiIMOB y TOIOJIOTisIX

Kon po3pobneroro nmporpamuoro 3aco0y HaBeneHo B Jlogatky A (dactuHa 2).

5.3.1. Cnocio mooenosannsn i0moe8 y mononoziax

3anpornoHOBaHO HOBUM croci0 [4] MojemoBaHHA BIIMOB VY TOIMOJIOTIAX 3
BUKOPUCTAHHAM MPUHIUNY (opMyBaHHS 4eprd BiAMOB (IIOTOKY BIJIMOB) Ha OCHOBI
KOHE(DILIEHTY MOCEPEHUIITBA, 1110 Mepeadadae HaCTYIHI KPOKHU:

1. 3agaerbcsa nouyarkoBuid rpad G Ta YUCIO EKCIIEPUMEHTIB M.
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2. Jlyist BCIX BEpILMH TOMOJOTIT pO3pax0oBYEThCS IMOBIPHICTB BiAMOBY P, (f), e n —
BepuInHa rpada, f — 4Yucio BEpIIMH, 10 BKe BIAMOBUIM. [IpuHIMN po3paxyHKy
11€1 IMOBIPHOCTI HA3UBAETHCS IOTOKOM B1JIMOB.

3. Ha ocHOBI po3paxoBaHOi IMOBIPHOCTI OOHUpAETHCS YEProBa BEPILMHA 71, SKa
BHJIAJSIETHCS 3 Tpada pa3oM 31 CBOIMHU pedpaMu.

4. Slkmo rpad BHACTIIOK BIAMOBH BTpaTUB 3B sA3HICTE (D = ©0), naHumi
eKCIIEPUMEHT 3aBepiyeThes. Le o3Havae, 1110 Tomnonoris «BMupae», To0To, cTae
HECMPABHOIO.

5. BUKOHY€THCSI BUMIPIOBAHHS TOMOJIOTIYHUX XapaKTEPHUCTHK 1 TOBEPHEHHS Ha KPOK
2.

6. ExcnepuMeHT moBroproeTbcs M pasiB, 30Uparodu, TAaKUM YWHOM, CTATHCTHYHI
JTaHl.

B KiHIIl eKCHepUMEHTY MIJOMBAETHC MIJICYMOK 1 (DOPMY€ETbCA CTATUCTHUKA: JIJIs

KkokHOro 3HaueHHs N’ =N —f copaBuux By3mB rpada (QOpPMyeThCS Cepemus

M’
Zi:lxi (N,)
M’ ’

xapakTepuctuka X(N') = ne M’ — 4HCI0 eKCIepUMEHTaIbHUX MOJENEH, SIKi

«BWKWIN» TIPU f BIIMOBAX BY3J1IB, X — I0BUIbHA TONOJOTIYHA XapaKTEPUCTHKA.
KirouoBot0 0COONMBICTIO JaHOTO METOAY € MOXIJIMBICTH 0€3M0CepeaHbOIO
BU3HAYEHHS BIIMOBOCTIMKOCTI (SIKa J1aJIi [0 TEKCTY TaKOXK Ha3UBAETHCS JKUTTE3ATHICTIO J).

Po3paxyBaru ii MokHa 32 HACTYITHOIO (HOPMYJIOIO:

N M (5.2)
JIND) =%

[IpakTHyHUN 3MICT XapaKTepUCTHKU J — 1€ IMOBIPHICTH TOTO, IO MpHU 3a7aHid
KUTBKOCTI HECIIPaBHUX BY3JIiB f TOTONOT1s 30epiratume 3B’ I3HICT (TOOTO, 110 CUCTEMa Ha
ii OCHOBI1 OyJi€ 3/1aTHO0 BUKOHYBATH CBO1 PyHKIIIT). Takum 4MHOM, MOXKHA PO3TIISIATH 11 SIK
K040 8ULL Kpumepitl 8iomMosocmitikocmi. IHIMAMU KpUTEPISIMH, 3rafaHUMHU paHiIe, € 3MiHa
yCepeIHEHNX XapaKTEPUCTUK 3 MaclITaOyBaHHSIM, II0 MOXKE OMUCYBATUCHh HACTYITHOIO
bopmyIoro:

AX(N") = X(N") — X(0) (5.3)
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TakuM 4MHOM, TO3UTUBHI 3HAYEHHS CBITYUTUMYTh PO 3POCTAHHS XapaKTPUCTUKU
BITHOCHO MOYaTKOBUX 3HAY€Hb, HETATUBHI — MPO CIIaJaHHS.

5.3.2. Ilomik 6i0M06 Ha 0CHOGI nOcepeOHUuYmea

Jli peanbHOT CHCTEMU Maiike HEMOXKIIMBO BpaxXyBaTH BCl MOXIIMBI (DakTOpH, sIKi
BIUIMBAIOTh HA YaCTOTY BIIMOB By31iB. [IpoTe MOXXIMBOIO € HabmkeHa oiinka. OqHuUM 13
¢dakTopiB, 110 BIUIMBAE HA YacCTOTY BIJIMOB Y MEpPEXI, € HABAHTAXKEHICTb E€JIEMEHTIB.
Jloriyno, 110 OUIBIN HABAaHTAXKEHI BY3JIM IIBHJIIEC 3HOLIYIOTHCS, Yepe3 HUX 4YacTille
PO3IOBCIOIKYFOTHCS IIOMUJIKH 1, BIATIOBITHO, II1 €JIEMEHTH € BPa3JIMBIIIMMU 3a 1HIII.

HaiinpocrimuM cnoco0omM po3paxyHKy HaBaHTaXEHOCTI OKPEMHUX BYy3JIiB Ha PiBHI
TOTIONIOT1i € PO3pPaxyHOK YHMCIa HAMKOPOTIIMX MapIIPYyTiB, IO MPOXOAATH Yepe3 KOKEH
KOHKPETHHI BY30J1 — L€ TaK 3BaHUI Koe(IiLIeHT mocepenaHuuTBa (aHmi. betweenness).
TakuM 4YMHOM, NPU MOJIEMIOBAHHI BIAMOB JOLLIBHO POOUTH MOJETIOBAHHS HE YHUCTO
BUIAIKOBUM, & KEPyBaTHCh JJaHUM TapaMeTpPOM JJisi BHOOPY KOXKHOI HACTYIHOI TOYKH
BiMoBU. Ile — Mozenb MOTOKY BiIMOBHM Ha OCHOBI TTOCepeaHuUIITBA [2].

Pi3Hi rpadm MarOTh CBOIO JIOTIKY PO3MOALTY MOCEPEAHHUIITBA. Tak, peryspHi
TOTMOJIOTIi, Ha KITaldT Trinepkydba Tta dragonfly, MawoTh pIBHOMIPHUN PO3MOALT
nocepenaunTa. Heperymsapai rpadu MicTITh TOUKH OUTHIIOTO Ta MEHIIIOTO HABAHT QYKCHHS.
Hanpukinan, Tabmn. 5.4 u1ocTpy€e MiHIMaJIbHI Ta MaKCUMaJIbHI KO (PILIEHTH MTOCEPETHUIITBA

IUIs1 TOTOJIOT1H panTy 2 13 3aaHUMU ajiaBiTaMH.

Tabn. 5.4
XapakTepUCTUKU MMOCEPEAHULITBA JJIs1 IBOPAHTOBUX Mepex e bpyliHa [2]
Andasit | MiHiManbHe YHUCIO HaMkOpoTUMX | MakcMMalibHE YHUCIIO HAMKOPOTILIUX
MapuIpyTiB Ye€pe3 BEPIIUHY MapIuIpyTiB Yepe3 BEPIINHY
01T 4 (xopeHi) 10 (iH1I1 By37H)
012TZ | 24 (xopeHi) 50 (iH1I11 BY3J1H)
0123TZE | 60 (xopeHi) 122 (1111 By3Jm)

BianoBigHo, B TakuX rpadax € BepIIUHU 3 OUTBIIMMHU Ta MEHITUMU [IaHCaMU BUNTH
13 nany. [loniOHa HEPIBHOMIPHICTh MOXeE OyTH K HEJOJIKOM, TaK 1 EPEeBaroo: 3 OJTHOIO

00Ky Ipo0IEMOI0 € IEPEBAHTAXKEHHS, 3 IHILIOTO — MPOCTIIIE 3a0€3MEUUTH PE3EPBYBAHHS TSI
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HEBEJIMKOTO YHCIa BPa3JMBUX BEPIIHH a00 pO3pOOWTH JIOTIKY 3aMIll[EHHS Ta 0OXOmy
HECHPABHOCTEH, 5K 11 peaji3oBaHO B Mepexi e bpyiiHa..
5.3.3. Mooeniosannn 6iomoe onsa mononoziii b3M
Bbyno nposeaeno 1000 cumyssimiit s HactynHux rpadis: (1) - rpad ne bpyiina
panry 3, xox (4, 2), (2) - OiHapHuii rinepky6 panry 6, (3) - kiacuuHuil Top panry 8. Js
HacTynHuX rpadis Oyio nposeneHo 100 cumymsiii: (4) - rpad ne bpyiina panry 3, ko (6,
2), (5) - rpad ne bpyiina panry 3, xox (6, 3), (6) - 3D Top panry 6, (7) - rpad ae bpyiina
panry 4, xox (4, 2), (8) - 6iHapHuUii rinepky0 panry 8. Pe3ymbraTtén — B Tabm. 5.5.
Tabm. 5.5.

Pesynbratu monentoBanHs BiaMoB s b3M (moBHa Bepcist — Ta6m. J[.4)

£, % Xapakr. | I'pyna 1 (N = 64) I'pyma2 (N =216) I'pyna 3
(N=256)
0 @ G |@ ) (6) (7 (8)
0% M 1000 | 1000 | 1000 | 100 100 100 100 100
N 64 64 64 216 216 216 256 256
S 10 6 4 16 14 6 11 8
D 3 6 8 3 3 9 4 8
D 2.170 | 3.048 |4.063 | 2.342 |2.439 |4.521 [2.867 [4.016
E 0.520 | 0.401 | 0.316 | 0.466 | 0.448 |[0.268 |0.384 |0.295
50% | M’ 944 628 100 99 9 89 68
N 32 32 108 108 108 128 128
AS -2.582 | -0.798 -3.750 | -2.798 | -0.111 | -1.798 | -0.662
AD +1.968 | +2.170 +1.800| +2.030 | +3.333 || +2.652 | +1.206
AD +0.331| +0.531 +0.300| +0.350 | +1.138 || +0.546 | +0.396
AE -0.043 | -0.035 -0.042 | -0.044 | -0.042 | -0.048 | -0.023
Ocranne “xuBe” || 2 (3%)| 15 37 35 34 90 52 85
N (23%) | (58%)| (16%) | (16%) | (42%) || (20%) | (33%)
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[TopiBHIOIOUHM pe3yabTaTH, BapTO BIAMITUTH, IO BCl 3ampOTOHOBAHI TOTOJIOTI
MPOJIEMOHCTPYBAIM BUCOKY JKUTTE3ATHICTb, BUTPUMYIOYH 3HAYHO OLUIbIIE BiAMOB Ta
3a3HAIOUYM MEHILOTO MOTIPIICHHS XapaKTEPUCTUK HIXK BCl PO3MIISIHYTI KJIAaCUYHI Tpadu.

Henonikom pilieHb BUSBWIACH 1X BapTICTh. [i MOXHAa OLIHWTH, BUXOIIYM i3
MOYATKOBOTO CTyTIEHS: TaK, OCKUTbkU C = N*S, npu piBHuX N C~S, a 0TKe, BITHOIICHHS
XapaKTEPUCTUK MOYKHA PO3paxyBaTu 3a (HOpMYJI0I0:

5C(N) _ Sae Bpyiin — SrinepKyG (54)

Srinepky®
BuxopucroBytouu popmyny (5.4), MOXKEMO po3paxyBaT MOTIPIIEHHS BapTOCTI HA
3a0e31neueHHs BIAIMOBOCTIMKOCTI. J[J1s1 HallO1ITb 111 IepCIIEKTUBHUX pillieHb, a came (1) Ta (7),
MOPIBHSHO 3 €KBIBAJICHTHUMH Tinepkyoamu (2) ta (8) 1i 3HaueHHs piHi -50% Ta -37,5%
BIIMOBITHO (cepenne 3HaYeHHS: -43,75%).
5.3.4. Mooeniwesanns 6iomoe 01 2paghie KOMymoeanux mepexyc
AHaJOT14YHO, KOMYTOBaH1 MEPEKi TAKOXK OyJI0 MTpoaHai30BaHo 1o rpynam. Ha xxaib,
yepes pi3HULl MaciiTa0yBaHHS ICHYOTh 00’ €KTUBHI IPOOIeMH 13 MA00POM TakuX rpagis,
1100 iX uyncino By3aiB N Oyino onHakoBUM. Takum 4YMHOM, OyJi0 BUIUICHO JIMILE 2 FPYIIH:
o [pymal (N=90, M= 1000 ekcriepuMeHTIB):
o DDB 3 rpynoto panra 2 Ha ocHOBI koxy (3, 2)
o Dragonfly 3 h=1,c=9
o Dragonfly+ 3 h=1, c=4, m=14
e [pyna2 (N=272, M= 100 ekcriepuMeHTIB):
o DDB 3 rpymnoto panra 2 Ha ocHOBI Koxy (4, 2)
o Dragonfly 3 h=1 ta c= 16 By3miB
CxopoueHi pe3yapTaTh MOJICIIOBAHHS BIIMOB JaHUX TOTIOJIOT1M MPEICTABICHO B
tabn. 5.6. IloBHa Bepcis - Tabn. [1.5. Bapro 3a3HaunTy, 110 XKOACH 13 MpOaHaIi30BaHUX
rpadiB He «10KuB» 10 50% B1AMOB BY3JIIB, TOMY I aHaMI3y Oysi0 0OpaHO 3HAYCHHS f =

40%.
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Tabn. 5.6
MopentoBaHHs BIIMOB JJIi KOMyTOBaHUX Mepex (MmoBHa Bepcig — 1adi. /1.5)
f, % Xapakt. | I'pyma 1 (N=90) I'pyna 2 (N=272)
DDB Dragonfly | Dragonfly + | DDB | Dragonfly

0 % M 1000 100

S 6 9 15 9 16

D 5 3 5 5 3

D 3.205 |2.618 2911 3.623 | 2.771

E 0.361 |0.431 0.393 0.307 |0.391
40% | M’ 145 21 60 41

AS -0.586 |-1.571 -1.333 | -3.146

AD +12.097 | +12.571 +9.467| +9.220

AD +3.585 | +3.884 +2.565 | +2.718

AE -0.124 |-0.163 -0.096 | -0.137
Ocranne “xuBe” N | 49 54 77 142 153
Yactka (%) mepexi | 54% 60% 86% 52% | 56%

B nanomy Bumanky BapricTh rpada €, HaBnaku, MeHmoro. [lopiBassuiu DDB Ta
Dragonfly, maemo +33% B nepiiii rpymi ta+43,8% B npyriii (cepente +38,4% ). Btim, nani
rpadu € TipmUMH 3a JiaMeTpoM: -66% B 000x rpymnax. TononoriyHa e(heKTUBHICTh MPU

oMYy € Tipmoro Ha -16,2% ta -21,5% (cepenne -18,9%).

5.3.5. llopienannsa Ha ocHOBi MOOE/II0BAHHS 6I0MO8

3rigHo 10 gaHux Tabmuuk 5.4 Ta 5.5, Oyno BUKOHAHO aHali3 okpemo st rpadis b3M
Ta 18 rpadiB komyToBaHux mepex. s kareropii b3M Oyio oOpaHo HacTymH1 rpadu:
rinepkyou Ha 64 ta 256 BeplIMH B SIKOCTI HaWKpalluX CTaHJApTHUX pIlIeHb, rpadu ae
Bbpyitna Ha ocHOBI kony (4,2) Ha 64 BeplIMHU SIK HaWOUIbII XKUBYUY€ PIlIEHHS Ta Ha 256
BEPIIUH SIK CEPEHE 32 PO3MIPOM Ta XapaKTepUCTUKaMU pilieHHs. [[1g KoMyToBaHMX

TOTIOJIOT1N po3mIsiHYTO 4 rpadu (Bci, 1m0 € B Tabn. 5.6 kpim dragonfly+, sxa mokazana
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BHCOKY Bpa3jMBiCTh 10 BigMoB). Tabn. 5.7 nokasye noeninky b3M B ymMoBax BiIMOBH,

Ta0J. 5.8 — MOBEAIHKY KOMyTOBaHUX MEPEK.

Tabn. 5.7
[TopiBHsiHHS BinMOBOCTIHKOCTI B3M Ha OCHOBI mocepeHUIITBA
Mepexi | CranpapTi 3anponoHoBaHi Cepenniit
Biamos, | HC HC DB3 4, | Edexr DB4 | Edexr edekt meToxy
% n64 n256 |2) 4, 2)
25 % 99,7% | 100% | 100 % |+0.3%/0%|100% |+0.3% /|+0,15%
+0%
50% 62,8% [68% |94,4% |+31,6% /[89% |+26,2% /|+26,3%
+26,4% +21%
75% 1,6% | 0% 16,9% | +15,3%/ |2% +0,4% /| +8,65%
+16,9% +2%

Sk BUIHO 13 TaONMII, B CEPENHbOMY JKUTTE3AATHICT 3pocia Ha +0,15% npu 25%

BiIMOB, Ha +26,3% 1mipu 50% BinmoB, Ha +8,65% npu 75% BiaAMOB.

Tabm. 5.8
[TopiBHSIHHS METO/IIB CHHTE3Y Ha OCHOBI MOJICJIFOBAHHS BIIMOB (1711 KOMYTOBaHUX MEPEK)
Bigmos, CrangaptHi KomyTtoBani Mepexi Cepenniit
% Dfly | Dfly DDB | Edekr DDB | Edext edext meToxy
n90 n272 | n90 n272
20 % 99,2% | 100% |98,8% |-0,4% /|100% |+0,8% /|+0,4%
+1,2% 0%
30% 79,4% | 94% 81,9% |2,5% / 96% +16,6% /| +2,25%
-12,1% +2%
40% 2,1% |[41% 14,5% |+12,4% / | 60% +57,9% /| +15,7%
-26,5% +19%

Takum YHWHOM, MOACIIOBAHHA I KOMYTOBAHHMX MCPCK IIOKa3aJl0o BuUI'pAIl

3anponoHoBaHuXx pimenb Ha +0,4% npu 20% BiamoB, Ha +2,25% npu 30% BIAMOB 1 Ha

+15,7% npu 40% BIAMOBH CUCTEMU.



170

BucHoBku 10 po3xiny 5

byno mnpoBeneHo MOCTIIKEHHS 3ampOMOHOBAHMX METOMIB 3 BHKOPHCTAHHAIM

pO3p0o0IEHOTO 3aC00y MOAEIIIOBAHHS TOMOJIOTTYHHUX XapakTepUCTUK. OTPUMaHO HACTYIIHI

pe3yJIbTaTH:

I'padm, cuHTE30BaHI HAa OCHOBI HAJJIMIIKOBOTO KOJY, 3a0€3MEUyIOTh Kpalll
XapaKkTEepUCTUKU HIK TUIOBI TOMOJIOTII. 3 TOUKH 30py XapakTepucTuku SD
Halikpali pes3ynbTatd nokazaB rpad ge bpyitHa Ha ocHOBI komy (4, 2),
nemoHcTpytodu SD = 78 mpu N = 4096 (nns rinepky0a Toro * po3mipy ne 144,
71 Tomoorii cynepkomm rotepa Fugaku — 132 nmpu N=3888, mya dragonfly 3
c=16, h=15 — 90 npu N = 3856).

[Toka3HUKH 3B’SI3HOCTI Ta TOMOJOTTYHOT €(PEKTUBHOCTI 3alIPONIOHOBAHUX PIIIEHb
3arajioM € Kpamumu HikK y kinacuuHux rpadiB (E = 0.238 npu N=4096y ne
bpyitna (4, 2) nporu 0.186 y rinepky0a), mpoTe TipIIUMHU, HIK y CyYaCHUX
NONyJSIpHUX pimieHs (st skupHoro aepesa E = 0.34 npu N=3920).

I'padu, cuHTE30BaHI HA OCHOBI METONY 1€pPApXIYHOTO CHUHTE3Yy, MOKa3ylOTh B
cepeaHbOMY Kpallli XapaKTepHUCTUKHA HI’K TUTIOB1 Mepexi. JlepeBoBuaHi rpadu Ta
Hyper de Bruijn 3aranom MaroTh mocepeaHi XapaKTEPUCTHKH, BTIM TOITOJIOTISA
Dragon de Bruijn 3a nokaznukoM SD niepeBaxae Bci 1HII Tpadu, B T.4. HE3HAYHO

nepeBaxae dragonfly (84 mpu N=3672 npotu 90 npu N = 3856).

Takox OyJ10 MPOBEACHO A0 CHIIKEHHS TOBEAIHKH TOTIOJIOT1H B yMOBaX HapOCTAKMOTO

Yyclia BIAMOB 3 BHUKOPHUCTAHHSIM pPO3pOOJIEHOTO MPOrpamMHOro 3aco0y MOJIETHOBAHHS

BiAMOB. HactymHi pe3ynbratu O0yj0 OTpUMAaHO:

Bci  nebpyiHiBCbKi rpadu  UIOCTPYIOTh BHUCOKY CTIMKICTh J0 BIJMOB,
3a0e3Meuyoun MEHII MaIHHS XapaKTePUCTUK Ta BUIIY BIAMOBOCTIMKICTH (BCl
KJIaCU4YHI MEpEXi BUSBWIMCh HeCTpaBHUMH Tipu 77% BiIMOB, B TOHW Hac SK
Tormosioris 1e bpyiina Ha ocHOBI Koy (4, 2) Ha OJHOMY 3 €KCIIEPUMEHTIB JTOCSTIIA
TOYKH B 97% BIAMOB).

Tonomnoris Dragon de Bruijn Takox 11t0cTpy€e MOMIpHO rapHi pe3yabratu. Xoua ii
MaKCHUMaJlbHa JKMBYYICTh 1 HE € Bpa)Karodolo, MPOTE BOHA TMEpEBa)kae sK

kiacuuHuit dragonfly (Buxin 3 jany npu 52% ta 54% pobouux By3Jjax MpoTd
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56%), Tak 1 dragonfly+ (Bci 1000 ekcriepyMeHTaIbHUX MOJIENICH BUNIILIN 3 JIaTy

npu 86% poOGounx By3IiB).

3anpornoHOBaHUM METO Ma€ 1 HEAOMIKH, 13 AKUX:

[Npma nokanbHa 3B SI3HICTD, 1110 MAJIO 3pOCTaE 3 MaciiTabyBaHHsAM: 6 y jie bpyiiHa
Ha ko1l (4, 2), 9 — y dragon de Bruijn, nopiBusino 3 11 y Tononorii Fugaku, 28 y
x)upHoro nepesa i 30 y dragonfly.

[TopiBusiHO 3 rpadamu B3M — ripuiuii Tononorigyaui Tpadik: -29,1% nopiBHsIHO
3 rinepkyoom, -12,1% nopiBHsiHO 3 Tonosnoriero Fugaku nyst Tonosnorii Ha 0CHOBI
xony (4, 2).

[Nipmia TononoriyHa e(peKTUBHICTD (HE MIyTaTH 3 €(EKTHBHICTIO SK Takoio!) y
MOPIBHSAHHI KJJACMYHUMHU KOMYTOBAaHUMH TOMOJIOTISIMU: -28,5% B MOPIBHSIHHI 3

KUPHUM JiepeBoM -32,3% nopiBHsHO 3 dragonfly, -15,6% nopiBusHo 3 dragonfly+.

3a3HaueH1 HEJIOMIKH 3TIIaJKYIOThCSl TUM, 1110:

JlokanbHa 3B’SI3HICTb € HEHAIIMHUM MMOKa3HUKOM BIIMOBOCTIHKOCTI, 110 UTIOCTPYE
TTy’Ke 0OMEKEHHUH BUTIAIOK (1110 TOBOJIUTHCS MOJICITIOBAaHHSIM BiJIMOB)
Tononoriunuii Tpadik 3ampoNnOHOBAHUX PIIIEHb MEPEBAKHO JISKUTh B MEXKaX Bil
0,6 mo 1,0, o HOpMaJILHO 171 TpadiB 13 HEBEIUKOI HAIJIUIITKOBICTIO.

Bucoka TononoriyHa e(peKTUBHICTD KJIIACUYHUX PIllIEHb HIBEIIOETHCS 3aHU3bKUM
TOTIOJIOTTYHUM TPadikoM, 1110 pOOUTH 11l TEOPETUUHI TOKA3HUKU HEOCSKHUMM 1,
TaKUM YUHOM, 1X peasibHa €(PEeKTUBHICTh Oy/ie 3HAYHO MEHIIOK. B Toil ke uac
3aMpOINOHOBaHI PIIIEHHS LIJIKOM MOXYTbh BUKOPHCTATH HasiBHY €()EKTUBHICTh SIK

JUTSL B3a€MOJI11 BY3J1iB, TaK 1 JIJIs1 HIBEJIIOBAaHHS HETaTUBHOTO BIUIMBY BIJIMOBH.
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BUCHOBKU

B nucepraitiitHiii po60TI BAKOHAHO TE€OPETUYHE OOTPYHTYBAHHS Ta OJIEPKAHO HOBE
pILIEHHS 3aj1a41 TOOY/I0BU TOTIOJOT1M KOMIT FOTEpHUX CUCTEM, SIKl 3a0€3MeUyI0Th BUCOKY
BIJIMOBOCTIMKICTh Ta €(PEKTUBHICTD 1X (PYHKI[IOHYBaHHS.

OcHOBHI HayKOBI Ta MPAKTUYHI PEe3yJIbTATH MOJSATAIOTH Y HACTYITHOMY:

1. Po3po0OneHo HOBy MareMaTWYHy MOJEIb TOTOJOTII Ha OCHOBI HAJJIMIITKOBOTO
KOy, IO BIAPI3HIETHCSA BiA ICHYIOUHMX MOJCIEH BHKOPHCTAHHAM andasiTy,
OCHOBH YHCJICHHS Ta JOBKWHHU KOY JJI1 BU3HAYEHHS KUTHKOCTI aJbTePHATHBHUX
MPEACTaBICHb JOBIIHHOTO YWCIA B 3aJaHid CHUCTEMI YHCICHHS, Ta J03BOJE
MIPOTHO3YBAaTd MAKCUMaJIbHY KUIBKICTh BEPILIHH 3 OJHAKOBUM HOMEPOM Y Tpadi,
KUIbKICTh BEPIIMH 3 YHIKAJIbHUMH (HE-HAJJMIIKOBUMH) HOMEpaMu. 3a
JIOTIOMOTOI0 JTaHO1 Mojieni 0yJ10 JoBeaeHo, 1o Gopma po3MOALTY KIIbKOCTI
aJbTEpPHATUBHUX NPEICTABJIEHb, a TAKOX IMOXIJHI BIJ HEI XapakTepUCTUKU
HAJJIMIIIKOBOTO Tpada HEe 3aiexarbh BiJ BMICTY aidaBiTy, a JMIIE BIJ HOTO
MOTY>KHOCTI, TOBKHWHH KOy Ta OCHOBH YHCIIeHHS. Bu3Hnadueno, mo ko (4, 2) mae
Kpallli XapaKTePUCTUKN HIXK HAJIMIIKOBE O1HApHE MPEICTaBICHHS: TIPU TOBKHHI
KOZy 8 I0Oro MaKkcHMAaJIbHe YMCJI0 npeacrasiieHb 128 (mporu 34, Burpam +94),
a YHCJI0 YHIKAJBHUX npeacraBieHb — 4 (mporu 17, surpam -13).

2. HaOyB pO3BUTKY METOJ CHUHTE3Y BIJMOBOCTIMKMX TOMOJOT1 HAa OCHOBI
HA/UTMIITKOBOTO KO, IO BiIPI3HAETHCSA BiJ ICHYIOUUX BUKOPHUCTAHHIM KOJJOBUX
MEpEeTBOPEHb, B TOMY YHCII MOCHiAOBHOCTeH ne bpyiiHa, B HaIIMIIKOBHX
CHCTEMax YHCJICHHS Ta CTBOPEHHSIM HOBHX 3B’S3KIB y TaKWX TOTOJOTISIX 3a
JIOTIOMOTOI0 TIEPETBOPEHb 3aMIMICHHS HaJ KOJaMH, SIKI OIHUCYIOTh 1HJICKC
aJbTEPHATUBHOTO TIPEACTABJICHHS B 0OaraTOBUMIPHINA MaTpHIll HAJIMIIKOBHUX
MPEACTaBIIEHb, MO J03BOJISIE CHHTE3yBaTH BIJIMOBOCTIHKI TOTIOJIOTII 3a7aHOTO
MOPSIKY, B TOMY YHCII 3 IMIUIIMTHUMHU KJacTepaMH. 3a JOMOMOTOO JTAaHOTO
MeTony 0YyJI0 CHHTe30BaHO HOBI TOIOJIOTII, Taki gk rpadu ne bpyiina Ha ocHOBI
koiB (4, 2), (6, 2) ta (6, 3). ExcriepuMeHTaabHEe JOCTIKEHHS MTOKa3aJio, 110

TOTIOJIOTIA HA OCHOBI Koy (4, 2) 3a0e3rneuye MyJbTHILNIIKATUBHUNA KPUTepii
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cTrynens ta aiamerpy (SD) Ha 60% kpamuii HiX y Tinepkyoa Ta Ha 69,2%
Kpamuii HDK y Tomonorii cynepkomii’'totepa Fugaku. Ilpore Jokasabha
3B’sI3HICTH ITpU IIboMy Ha 50 % ripma HiX y rinepky6ata Ha 45,5% ripma - Hix
y Tononorii Fugaku.

. 3anponoHOBaHO HOBUM MeETOJ MaciiTaOyBaHHS 1€papXiuHUX TOIOJOTIH, M0
BIJIPI3HSAETHCA B ICHYIOYUX  BUKOPHUCTAHHSAM JICKAPTOBOTO  JOOYTKY,
JEPEBOBHIHUX CTPYKTYP Ta PEKYPEHTHOTO BKJIAJCHHS KJIACTEPiB, IO JO3BOJSIE
MO€HATH BIIMOBOCTIHKI TOTIONOT11, CHHTE30BaHI Ha OCHOB1 HA/UTUIITKOBOTO KOJTY,
13 KJJaCHYHUMH TOTIOJIOT1SIMU, TAKUMU SIK Tinepky0 Ta dragonfly. 3a momomororo
3apONOHOBAHOTO MeTOoNy OyJI0 OTpPUMaHO HOBI TOMOJOTI, Taki sk hyper de
Bruijn, dragon de Bruijn ta nepeBa 3 ONM3bKUM Ta KOMOIHOBAaHHUM BHIOM
rpynyBaHHs. ExciepumeHTaibHe JOCIiIKEHHS M0Ka3ao, o Tonoioris dragon
de Bruijn Ha 0CHOBI HAJJIMIIKOBOTO Ae0pyHHABCHKOTO KJIaCTEPY B 2 -pO3PsiTHOMY
ko1 (4, 2) 3abe3neuye kputepiii SD Ha 62,5% Kpaune HIXX Y )KUPHOTO JIEPEBa,
Ha 36,4% kpame HiK y Tonosiorii Fugaku, Ha 6,7 % kpame Hix y dragonfly, Ha
30% kpame HiXx y dragonfly+. [Ipu iboMy JiokajJbHa 3B’A3HICTD ripia Ha 70%
U1 KUpHOTO niepeBa, Ha 18,2 % nist rpada Fugaku, na 68,9 % nixk y dragonfly ta
Ha 25% nix y dragonfly+.

. 3ampomnoHoBaHO HOBUH crmoci0 (GopMyBaHHS IMIUTIIMTHUX KIJIAcTepiB B
HAJJIMIIIKOBUX TOIMOJIOTISAX, 110 BIAPI3HAETHCSA Bl ICHYIOUMX BUKOPUCTAHHAM
crieniaabHOi 0araToOBUMIpHOT MaTPHIIl HAIJIMIIKOBHUX MPEICTABIICHb Ta KOy BaHHS
1H/IEKCIB B CIIELlaJbHIA CUCTEMI YHUCIIEHHS Ta J03BOJsiE opMyBaTH pedpa MK
TaKUMU BEPIIMHAMHU I TOTMOJOTIH HAa OCHOBI KOJIB 13 TEBHUMH
CHIBBITHOIIIEHHSIMHU TOTYKHOCTI alidaBiTy Ta OCHOBU 4ucieHHS. Ha ocHOBI
JaHoro crocoby Oyimo po3po0biieHO0 iHCTpyMeHTaJbHMM 3acid aus
MO/IEeJTIIOBAHHS XapPAKTEPUCTUK TONOIOT i HA ocHOBI 0i0mioTexkn NetworkX.
ExcnepuMenTanbsHe JOCTIIKEHHS 3 BHKOPHUCTAHHIM PO3pOOICHOTO 3aco0y,
MoKa3alo, o rpadu Ha OCHOBI HAJIMIITKOBOTO KOJY, TaKi sIK rpad) HaJIJIMIITKOBOIO
ne bpyiina Ha koai (4, 2) 3a0e3neuyoTh Kpaily TON0JIO0TiYHy e(peKTUBHICTD E

HIX rinepky0 (+28%) ta rpad Fugaku (+103%), npote nporparoTh 1o gaHomy
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napamerpy >xupHomy nepeBy (-30%) ta dragonfly (-33,7%). Ilpu mpomy ix
TonoJIoriyHuii Tpagik 7 € kpamuMm HiX y xupHoro aepea (+30,6%) ta
dragonfly (+28,6%). Jlns Ttomosorii dragon de Bruijn, BignmosimHo, OyJio
MPOBENICHO aHaJIOTiyHEe MopiBHAHHA 3 rpadom Fugaku (6F = +30,6%, 6T = -
12,1%), sxupuumu nepeBom (6E = -28,5%, 6T = +34,4%) ta dragonfly (6E = -
32,3%, 6T =+32,6%).

. 3ampoINOHOBAaHO HOBWM CMOCIO MOJC/IOBAHHS BIAMOB B TOMOJOTISIX, IO
BIJIPI3HAETHCS B/l ICHYIOUMX BUKOPHUCTAHHSIM PI3HUX MIAXOAIB A0 BUIAIKOBOTO
dbopMyBaHHA Yeprd BIAMOB, B TOMY YHCIl 3 ypaxyBaHHSAM KO€(DillieHTy
MMOCEPETHNIITBA, Ta TO3BOJISIE TIPU 3a7aHii KIJIBKOCTI BIIMOB BY3JIiB aHAJII3yBaTH
IMOBIPHICTP ~ PO3pHBY  3B’S3HOCTI  Tpada, TiapaxyBaTH  TOMOJIOTIYHI
XapaKTepUCTUKUA Ta iX 3MIHY BIIHOCHO IOYaTKOBOTO (06€3B1IMOBHOIO) CTaHY
tonosiorii. Ha #oro ocHoBi Oyio po3po0/eHo icTpyMeHTaJbHMI 3aci0d 1A
MOJEJIOBAHHA BiIMOB B TomoJjorisx. ExcnepuMeHTanbHEe 1OCHTIIKCHHS
nokasajo, o rpad ae bpyiiHa Ha kxoni (4, 2) 3a0e3neuye KUTTE3AATHICTD J
(iIMOBIpHICTh 30€peKeHHs Mpale3qaTHOCTI CUCTEMHM NP 3aJaHiid [ KUIbKOCTI
BY3JIIB, 1110 BIIMOBHJIN) B CEpeIHbOMY Ha 26,3 % kpaiy Hix rinepkyo mpu 50%
BIJIMOB, MIPOTE MOTO HEOIIKOM € BapTicTh, ripma Ha 43,75%. [{ns tomomnorii
dragon de Bruijn Bukonano nopiBasHHA 3 dragonfly, mo Mae BapTicTh, Kpanry
Ha 38,4% 11pu 40% BiIMOB J03BOJISIE MOKPAIIUTH KUTTE3AATHICTH HA +15,7%,

npoTe WOro HeAodikamMu € ripmuid giamerp (-66%) Ta ripmia TomoJjoriyHa

edextuBHICTH (-18,9%).
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Jlonpatok A
YacTuHa NPOrpamMHOro Koay

Po3pobniene mporpamue 3a0e3nedeHHs 3HaX0JUThCS 32 MOCHIIaHHAM https:/github.com/O-
Honcharenko/PhD.git

Jlicmunze A.1 — mooyne NumericSystems.py
import itertools as iter

import math

import random as rand

denotion = {
'00, '1"1, '2"2, '3":3, '4"4, '5"5, '6"6, '7".7, '8"8, '9":9, 'A"10, 'B:11, 'C:12, 'D"13, 'E"14, 'F:15,
'0":-0,
'T"-1, # T like 1 with upscore
'Z2":-2, # Z like warped 2
'W':-3, # W like Roman III
'Q"-4, # Q like Quadro
'P':-5, # P like Penta
'H':-6, # H like Hexa
'S"-7, # S like Septa
'K"-8, # K like oKto (right is Octa, but letters O, C, T and A is still allocated)
'N"-9, # N like Nona
'X":-10, # X like Roman X
'L"-11, # L like eLeven
'Y"-12, #Y like previosly letter of Z (-2)
'M":-13, # M like inverted W (-3)
'U':-14, # U like 2nd letter of qUadrodeca
'P:-15 # P like Pentadeca
}

# get value of 1 simple letter
def getValue(letter):
if type(letter)==int:
return letter
else:
return denotion[letter]

def get_value(letter):
return getValue(letter)

# get value of code in concrete numeric system
# alphabetic denotions of numbers are predefined by 'denotions' dict
def valueOf(code, base):
value =0
w=1
high_pos = len(code)-1
for i in range(high_pos, -1, -1):  # go from the last symbols
digit = code[i]
digit_val = getValue(code[i])
value +=w * digit_val # get value of symbol and multiply by weight
w *=base # change weight to higher (w = base**pos)
return value

def value_of(code, base):
return valueOf(code, base)

# denote a value (int) as digit (str) or returns direct string representation if it is impossible
def denote(value):
for digit in denotion:
if denotion[digit] = value: return digit
return str(value)

# returbs alphabet with values from list
def denote_all(values):
return map(denote, values)

def value_all(alphabet):
return map(getValue, alphabet)

# returns lower digit in the alphabet (list of digits)
def lower_value(alphabet):
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return min(value_all(alphabet))

def higher value(alphabet):
return max(value_all(alphabet))

HAHBHAH A CacTeMY YMCIICHHS Ta KOIM B HUX  HHHHHHIHIHIHIHIHIHIR IR R R

def all codes(alphabet, rank):
return iter.product(alphabet, repeat=rank)

def create_alphabet(first, last):
return create_alpha in_range(range(first, last+1))

def create_alpha_in_range(_range):
return list(denote all([i for i in _range]))

# 1 aprymeHT - ocranns nudpa last
# 2 aprymenTH - HaOip undp andasiry (3 first mo last)
def alphabet(*args):
if not args: return []
if len(args) = 1:
if type(args) = range: return create_alpha_in range(args[0])
return create_alphabet(0, args[0])
return create_alphabet(args[0], args[1])

def as_alphabet(*args):
return list(denote_all(args))

BINARY =['0", '1"]

BIN = BINARY

TERNARY =['0', '1', 2"]
TERN = TERNARY
RED_BINARY =['T", '0', '1']
RB =RED_BINARY
QUADRARY =['0",'1", 2, '3"]
QUAD = QUADRARY

RED TERNARY =['T",'0', 1", '2']
RT = RED_TERNARY
PENTARY = alphabet(0, 4)
PENT = PENTARY
HEXARY = alphabet(0, 5)
HEXA =HEXARY

# I'enepye BumaaxkoBuit kox B 3aganiin CH
# 3a 3aMOBUYBaHHsM cHcTeMa OiHapHa, a panr = 0 (BumagkoBuii panr Big 1 mo 255)
def get random_code(alphabet = BINARY, rank = 0):

a = alphabet.copy()

if rank = 0:

rank =rand.randint(1, 255)
code = rand.choices(a, k = rank)
return code

# renepye ko, ae BCi nudpu oxHAKOBI
def monocode(digit, rank):
return tuple([digit for i in range(rank)])

HAHBHBH A PoOO0Ta 3 MITKaMU  ##H#H#HHHHHHHHHHHEHH R

# MOXe pO3Ii3HaBaTH OMHO- 1 6araTopiBHEBI MIiTKU
# MoXe IHTepIpeTyBaTH LUIOYHCENbHI Ta HEITepOBaHi 3HAYCHHS

def as_label(code, sep =", denote_ints = False):
if code == None: return 'None' # SIKIIO KO TIOPOXKHIH - MOBEepTaeMo psiakom None
if type(code) == str: return code # SIKIO KOJ| BXKE € PSIIKOM - HI40TO HE KOHBEPTY€EMO

if hasattr(code, ' _iter '"): return sep.join(map(label_d, code))  # sAKkmo kox € iTepoBaHUM 3HaYEHHSIM (CTaHAApPTHUH BapiaHT) - KOHBEPTY€EMO
# xouBepcist 00pobmsie (* of int) He3anexHo Bijg nmapamerpa denote_ints

if type(code) == int: # 3 HUTMMH 9UCIIaMH IEMO 3aJIeKHO BiJ] TOTO, IO y HAc cka3aHo B denote ints
return denote(code) if denote_ints else str(code)
return str(code) # SIKIIO 1€ HEBIIOMO IIO - MEPETBOPIOEMO CTAHAAPTHOIO (HYHKIIEIO IPUBECHHS

# nepeTBopioe nuppy B MITKY

def label d(d):
if type(d) == str: return d
if type(d) == int: return denote(d)
if type(d) = tuple: return f'({as_label(d)})'
if type(d) = list: return f'[{as_label(d)}]'
return str(d)

# amac i as_label



203

def label(code, sep ="):
return as_label(code, sep=sep)

# epeTBOpEHHs OMHOPIBHEBOT MITKH B ITOCIIJOBHICTh
def parse(label):
code =]
for s in label:
code.append(s)
return tuple(code)

HAHBHBH R Onepantii Han CU  #HH#HHHHHIHIHIHIHIHIHIHIHI I

# moBeprae MopsIoK (KUIbKICTh YHIKAJIPHUX CHMBOIIB) B ITOCIIIOBHOCTI
# mocninoBHICTIO MOXke OyTH SIK KOA Tak i andasit CH
# (yHKIIOHY€ Yepe3 MpUBeICHHS B set
def order(sequence):
return len(set(sequence))

# mepeBipsie, YU HAIEXKUTH MOCITOBHICTh IHIIH MOCTIIOBHOCTI
# MOCTJOBHICTIO MOYKe OyTH K KO Tak i andasit CHU
# cynepMHOXHHO Mae OyTu andasit CY, ane Moxe OyTu i kox (3aii3siyi pi3HULI HeMa)
def belong(sequence, potential superset):
return set(potential superset).issuperset(sequence)

# moBeprac TIEPIINN migxonsmmmit andasiT
def get_alphabet(sequence, alphabets):
for a in alphabets:
if belong(sequence, a): return a
else:
return None

HAHIHHH A AndaBiTHA NEeKOMIIOBUILS  HHHHIHIHIHIHHIHHHIHHHEHHHHA A

"m

AndasiTHa 1EKOMITO3HIIis
codeset - HaOip KoxiB
alphabet - angasir, B sikoMy copmoBaHO Hadip KOXIB
desired_order - mopsI0K AEKOMITO3UIIIT (SKIIO 3HA4EHHs HE BKa3aHEe YU HEKOPEKTHE - OepeThCs MOPSIOK Ha | MeHIIe HiK Mopsaok andasity)
m
def decomposition(codeset, alphabet, desired_order = 0):
k = order(alphabet) # OTpUMY€EMO TIOPSIOK BHXITHOTO andasiTy

if desired_order <= 0 or desired_order >=k: # mepeBipsIEMO KOPEKTHICTh OaKaHOTO MOPSIKY
desired_order = k-1

subalphabets = iter.combinations(alphabet, desired_order) # renepyemo migandasitu
result = {tuple(a):[] for a in subalphabets} # pe3ynbTaToM € CIOBHUK, J¢ KOKHOMY MinasaBiTy CTaBUThCS MHOXKHHA KOIiB 3 codeset, siKi ;O HBOTO
HaJeKaTh

result[None] =[] # xonu, 10 HE HAJIEXKATh J10 JKOIAHOTO cyOai(aBiTy, 3aIUCyIOThCS B CIOBHHUK i3 KiroueM "None"
for code in codeset:
ord = order(code) # OTPUMY€EMO HMOPSIOK KOLY

if ord > desired order:
result[None].append(code) # skuo BiH Ginblie Ga’kaHOTO - TO TYT i JymMaTH Hivoro, 1e None
else:
for a in result:
if a == None: continue
if belong(code, a):
result[a].append(code) # mepeBipsieMO HANEKHICTH O KOKHOTO i3 migandasiTiB. SIKIO HANEKUTD - TOAAEMO IIi/{ BIAMOBIIHAM KIIOYEM

def dec_to_string(dec, kdelim="\n', vdelim =""):
strings = []
for a in dec:
strings.append(f' {label(a) }:'"tvdelim.join(map(label, dec[a])))
return kdelim.join(strings)

Jicmunz A.2 — Mooyae NumericGraphs.py
import networkx as nx
import math

from numeric import NumericSystems as ns

# create unlinked excess graph
# alphabet: alphadet for creation (array of symbols). Example: [0, 1, T]
def create_nodes(alphabet, rank):
G = nx.Graph(
name ='none',
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alphabet = alphabet,

rank = rank) # create an empty graph with attributes 'name', 'alphabet' and 'rank’
codes =ns.all _codes(alphabet, rank) # generate all 'rank'-digital codes for defined alphabet (base is not important here)
G.add_nodes_from(codes) # create unconnected graph with nodes, encoded by rank -digital codes
return G

g g
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def create_links de Brujin(G, exclusion=[]):
rank = G.graph['rank']
for node in list(G.nodes):
for digit in G.graph['alphabet']:

good = not (digit in exclusion) # Bce mo6pe, ko nudpu digit Hema B 3a00pOHEHUX
if not good:
continue # sxuo nudpa digit 3a60poHeHa - IPOIYCKAEMO iTepalliro

for ex in exclusion:
good = good and not (ex in node) # mykaemo kokHY 3a00poHeHy nudpy B koai Bepumnu. JJoope - sKimo i TaMm Hema

if good: # sKIo Bce 100pe - BUKOHYEMO 3CYyBH
shift left = list(node[ I :rank])
shift_left.append(digit)
shift_right = [digit]
shift_right.extend(list(node[0:rank-17]))
left = tuple(shift_left)
right = tuple(shift_right)
if not node==left:
G.add_edge(node, left)
if not node==right:
G.add_edge(node, right)
return G

def create_links hypercube(G, exclusion=[]):
rank = G.graph['rank']
for node in list(G.nodes):
for digit in G.graph['alphabet']:

good = not (digit in exclusion) # Bce moOpe, sxmo nudpu digit Hema B 3a00pOHEHUX
if not good:
continue # sxmo nugpa digit 3a00poHeHa - MPOITyCKAEMO ITepaIito

for ex in exclusion:
good = good and not (ex in node) # mykaeMo KOXHY 3a00pOHEeHY HUdpy B kofi Bepumuu. JJo6pe - skmo ii TaMm Hema

if good: # sIKIIO Bce 0Ope - BUKOHY€EMO 3CYBH
for i in range(len(node)):
if nodel[i] != digit:
nei = list(node)
nei[i] = digit
G.add_edge(node, tuple(nei))
return G
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def allowed_values(rank, alphabet, base, exclusions = []):
alpha = list(alphabet.copy())
for e in exclusions: alpha.remove(e)
codes =ns.all _codes(alpha, rank)
values = [ns.value_of(c, base) for ¢ in codes]
return set(values)

m

I'pynye BEpLIMHH O KIACTEPaM.
UYucnoBoMy HOMEpY CTaBHTBCS y BIAMOBIIHICTH CITUCOK KOIB, SIKi LIbOMY HOMEpY BiANOBIiNAIOTH
def group(graph, base, exclusions = []):

G = nx.Graph.copy(graph)

G.graph['basis'] = base

rank = G.graph['rank']

alphabet = G.graph['alphabet']



allowed = allowed_values(rank, alphabet, base, exclusions = exclusions)

clusters = {}
nodes_to_remove =[]

for node in list(G.nodes):

value = ns.valueOf(node, base)

if not value in allowed:
nodes_to_remove.append(node)
continue

G.nodes[node]['value'] = value

if value in clusters:
clusters[value].append(node)

else:
clusters[value] = [node, ]

G.remove _nodes_from(nodes to remove)
return {'graph": G, 'clusters": clusters}

"'Oneparii no po6ori 3 ICU.
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index_system_alphabet - nae andasit ingekcHo1 cuctemu. Bapro 3a3HaunTH, mo 1CY 3axau Mae T (t, b), npudaomy andasit Mae Bursin 0...t-1

to_index - kouBeprye 3amanuii ko B ICY 3a popmynoro (a-lowermod t). [Tam'sitaemo, o Monoamnia nudpa (rank-1 ereMEeHT KOPTEKY) HE BPaXOBYETHCS Y
dhopmyrni. B HamoMy BHIIAIKY, OCKUTbKH 1HASKCAIlisl MACHBIB 3aBXKIH H1€ 3 HYJIS BiJl CTApIIOT YaCTHHHU 10 MONONIIOT (2 He sIK B Aucepraii, xe 0 - Momoammit
pOo3psin), BCTAaHOBICHHS BiIIOBITHOCTI MiX i+]1 eleMEHTOM BHXiHOTO KOy Ta i-M iHAEKCHOTO peatizy €Thesl OaHaIbHUM CKOPOYECHHSIM MAaCHBY IS 1H€KCHOTO

kony (ToOTO, IO Aucepraii 38'3y10Thes i-len(node) ta i-len(index), a len(index) cam no co6i sikpa3 meHue Ha 1 3a len(node))."

# oTpuMaTH KoedillieHT t (BiHONICHHS MOPSAAKY ainpaBiTy 10 OCHOBH)

def get_t(alphabet, base):
return math.ceil(len(alphabet)/base)

# 3renepyBaTH anaBiT IHIEKCHOT CUCTEMH (T€HEepy€EThCS SIK int)

def index_system_alphabet(alphabet, base, t):
return [i for i in range(0, t)]

# KOHBEPTYBATH B IHIEKCHY CHCTEMY
# eneMeHTaMH 1HJIEKCHOTO KoAy € nudpu (Thm int)
def to_index(node, lower, t, rank):

index = [(ns.getValue(node[i]) - lower) % t for i in range(0, rank-1)]

return tuple(index)

# IIyKaeMo 3B'SI3KM JUBI 331aHOTO 1HAEKCY
# nomyk - o neperBopenHio Exchange (rimepky0)

def neighbors_in_cluster_hc(index, rank, ind_alphabet):

neighbors =[]
ind_list = list(index)
for i in range(0, rank-1):
for ain ind_alphabet:
if index[i] !=a:
nei =ind_list.copy()
nei[i]=a
neighbors.append(tuple(nei))
return neighbors

def clusterize(grouped):
G = grouped['graph'] # rpad

clusters = grouped|'clusters'] # CIIOBHHK, /1€ 3HaYCHHSIM Yy BiJIOBIJHICTH IIOCTaBICHO CIIUCOK KOMIB

# minroroBka a0 neperBopenHs B [CH

alphabet = G.graph['alphabet'] # Buxinnuit andasir

rank = G.graph['rank'] # paHT TOMONOTIi

lower = ns.lower_value(alphabet)  # miHimManbHE 3HaYCHHS BUXiIHOTO andasiTy

base = G.graph['basis'] # OCHOBA YMCIJICHHS

t=get_t(alphabet, base) # BigHomeHHs k/b (HazBeMo #oro HajymmkoBicTio. 3Bnuaitna CY mae t=1, HapymImKoBa - t>1, aHTH-HaUMIIKOBA - t<I)

G.graph['ideal redundancy'] =t # TyT Hac HikaBUTh HaHOMDKUE Line t 3BEPXy

index_alpha =index_system_alphabet(alphabet, base, t) # andasit ICH

G.graph['index alphabet'] = index_alpha
G.graph['indices'] = {}

for value in clusters:

# oCKuUIbKH andaBiT €MUHHIA U BCIX BEPIIMH - 30epiraemMo ioro B rpadi

cluster_nodes = clusters[value] # cmucok BepumH Ki1acTepy
indices = {} # poOMMO CIIOBHUK, /1€ IHAEKCY CTaBUMO Y BiANOBIJHICTb KO

# 1e Tpeda a1 3BOPOTHHOTO IIEPETBOPEHHS, 00 HE BUKOPUCTOBYBATH CKIATHY (opMyIy i3 quceprarii

# ®opwmart: (ingexc [tuple of int] : kox BepumHN)

for node in cluster_nodes:
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index =to_index(node, lower, t, rank) # reHepyemo aJis BCIX BEpIIUH KIACTEPY iHIECKCH

indices[index] = node # 3aHOCHMO iHIEKCH B CJIOBHHK
G.nodes[node]['index'] = index # momaeMo KOXHii BepiumHi rpada BIacTHBICTH "iHgexc"
G.graph(['indices'][value] = indices # B XapaKTepUCTUKU rpada J0Ia€MO CIOBHUK iHACKCIB AJIs1 MOTPIOHOTO 3HAYCHHSI.

# Tak MU 3MOXKEMO OTPUMATH KOJ BEPILIMHH MO i 3HAYEHHIO Ta iHAEKCY
G.graph['incluster edges'] = {}

for index in indices:
this = indices[index] # OTpUMYEMO KOJ JIaHOT BepIIMHHU (JifiCHMI)
neighbors=neighbors_in cluster he(index,rank, index alpha) # orpumyeMo Bcix iHIEKCHHX CYCiTiB ITO IIEBHOMY HpaBuily (HE BCi 3 HUX AIHCHI)

for nei in neighbors: # mepedupaeMo cycimiB
if nei in indices: # sxwo cycin npucyTHii B indices - ue AificHa BepiumHa 6araToBUMipHOT HOpMH (SIKa Ma€ MOPOXKHI €ISMEHTH)
target = indices[nei] # MEepPETBOPIOEMO 1HICKC B KOI

G.add_edge(this, target, cluster = value) # dopmyemo pebpo
edge = (this, target)
if value in G.graph['incluster edges']:
G.graph(['incluster edges'][value].append(edge)
else:
G.graph['incluster edges'][value] = [edge, ]
return G # rpa¢ moBepraemMo

def link_excess_clusters(G, base = 2, exclusions = []):
grouped = group(G, base, exclusions = exclusions)
return clusterize(grouped)

def node_label(node, G = None):
s =ns.label(node)
if not G = None:
try:
index = ns.label(G.nodes[node]['index'])
s +="("tindex+')'
except Exception as e:
return s
return s

def edge label(edge, G = None):
return f"({node_label(edge[0], G)}, {node label(edge[1], G)})"

def edge_in_nbunch(edge, nbunch):
return (edge[0] in nbunch) and (edge[1] in nbunch)

def as_edge(labell, label2):
return(ns.parse(labell), ns.parse(label2))

Jlicmune A.3 — mooyne NumericGenerator.py

import networkx as nx
import pandas as pd

from numeric import NumericSystems as ns
from numeric import NumericGraphs as ngraphs

# OYHKIIII-TTHKEPHU (i3 Moxyns NumericGraphs)

HYPERCUBE = ngraphs.create_links_hypercube
DE_BRUIJIN = ngraphs.create_links _de Brujin

# OYHKIII-KJTACTEPU3ATOPU
DIS CLUSTERIZER = ngraphs.link_excess_clusters # xnacrepu3arisi 3a 6aratoBumipHoo GopMoro (Iucepraris)

HHHHHA A . OY HKUT-TEHEPATOPU TOTIOJIOTIIA 44
# 1e 3pyuHillle HiX I0pa3y BUIMCYBATH BCi €Taly reHeparii

# renepaTop 3BUYaiHOT (HE KIACTEPU30BAHOT) TOMOJOTII Oy/b-5SKOTO THITY

# 3a 3aMOBUYBaHHSM - TeHEpY€ TiNepKyd Ha Ha UMIIKOBIH OiHApHII cHCTEMI YHCICHHS

def simple_creator(rank, f linker = HYPERCUBE, alphabet =ns.RED_BINARY, exclusions =[]):
G =ngraphs.create_nodes(alphabet, rank)
return f _linker(G, exclusion = exclusions)

# reHepaToOp KJIACTEPHU30BAHOT TOMONOTII OyAb-SIKOTO THILY

# 3a 3aMOBUYBaHHSM - ICHEpY€ TinepKy0d Ha Ha JIMIIKOBIH OiHApHIHA CHCTEMI YNCICHHS

def clustered creator(rank, f linker = HYPERCUBE, f clusterizer = DIS CLUSTERIZER, alphabet = ns.RED BINARY, base =2, exclusions = []):
G =simple_creator(rank, f linker =f linker, alphabet = alphabet, exclusions = exclusions)
return f clusterizer(G, base = base, exclusions = exclusions)
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HHHHH A . CTAHJIAPTHI TEHEPATOPU TOTIOJIOTTIA HH

# OYHKIUII-TEHEPATOPU J1JI CIIPOILIEHHS POBOTU

_HYPERCUBE = lambda rank, alphabet: simple creator(rank, f linker = HYPERCUBE, alphabet = alphabet)

_DE_BRUIJIN = lambda rank, alphabet: simple_ creator(rank, f linker = DE_BRUJIN, alphabet = alphabet)

_HYPERCUBE_E =lambdarank, alphabet, exclusions: simple_creator(rank, f linker = HYPERCUBE, alphabet = alphabet, exclusions = exclusions)
_DE BRUIJIN_E = lambda rank, alphabet, exclusions: simple creator(rank, f linker = DE_BRUIJIN, alphabet = alphabet, exclusions = exclusions)

_HYPERCUBE_C = lambda rank, alphabet, base: clustered_creator(rank, f linker = HYPERCUBE, alphabet = alphabet, base = base)

_DE BRUIJIN_C = lambda rank, alphabet, base: clustered_creator(rank, f linker = DE_BRUIJIN, alphabet = alphabet, base = base)
_HYPERCUBE_EC = lambda rank, alphabet, base, exclusions: clustered creator(rank, f linke=HYPERCUBE, alphabet=alphabet, base=basc,
exclusions=exclusions)

_DE BRUIJIN_EC = lambda rank, alphabet, base, exclusions: clustered creator(rank, f linker=DE BRUIJIN, alphabet=alphabet, base=base,
exclusions=exclusions)

#hypercubes, no exclusions, no clusterization

GEN_HYPERCUBE_BIN = lambda rank: simple_creator(rank, f linker = HYPERCUBE, alphabet = ns.BINARY)
GEN_HYPERCUBE_RBIN = lambda rank: simple_creator(rank, f linker = HYPERCUBE, alphabet =ns.RED_BINARY)
GEN_HYPERCUBE_QUAD = lambda rank: simple_creator(rank, f linker = HYPERCUBE, alphabet = ns.QUADRARY)

#de brujins, no exclusions, no clusterization

GEN_DE_BRUIJIN_BIN = lambda rank: simple_creator(rank, f_linker = DE_BRUIJIN, alphabet = ns.BINARY)
GEN_DE BRUIJIN_ RBIN = lambda rank: simple creator(rank, f linker = DE_BRUIJIN, alphabet =ns.RED_BINARY)
GEN_DE_ BRUJIN_QUAD = lambda rank: simple creator(rank, f linker = DE_BRUIJIN, alphabet = ns. QUADRARY)

#hypercubes with base 2, clustered
GEN_HYPERCUBE_RBIN_C = lambda rank: clustered_creator(rank, f linker = HYPERCUBE, alphabet = ns.RED_BINARY, base =2)
GEN_HYPERCUBE QUAD C = lambda rank: clustered creator(rank, f linker = HYPERCUBE, alphabet = ns. QUADRARY, base = 2)

#de brujins with base 2, clustered
GEN_DE BRUJIN RBIN_C = lambda rank: clustered creator(rank, f linker = DE_BRUIJIN, alphabet = ns.RED_BINARY, base =2)
GEN_DE BRUJIN_ QUAD_C =lambda rank: clustered_creator(rank, f linker = DE_BRUIJIN, alphabet = ns. QUADRARY, base =2)

#de brujins with exclusions

GEN_DE BRUIJIN_ERBIN = lambda rank: simple creator(rank, f linker = DE_BRUIJIN, alphabet =ns.RED_TERNARY, exclusion=["2'])
GEN_DE_BRUIJIN_ERBIN_C=lambda rank: clustered_creator(rank, f_linker=DE_BRUIIN, alphabet = ns. RED_TERNARY, base = 2, exclu sion=["2"])

Jlicmune A.4 — mooyiw Topologies.py

import networkx as nx
import matplotlib.pyplot as plt
from pathlib import Path

HAHIHHR A HemaciuraOoBaui Tononoril  #H#HHHHHHIHIHIHIHIHIHIHIHEHEHEHEHEHEHEHEHEHEHE

def petersen():
return nx.petersen_graph()

def tutte():
return nx.tutte _graph()

HBHIHBHIH B CranTapTai TononoTil  #HHHHHIHHHHIHBHHHIHHHH AP
# Hacmpagzi 11e mpocTo mepeaapecaris BUKHKiB Network X
# Hamo 1e Tpeba? 1106 He nIykaTu Mo JOKYMEHTAIlil, K Ta YH iHIIA CTaHAapTHA TOMOJIOTIs TeHEPY €ThCS

def circle(rank):
return nx.circulant_graph(rank, [1])

def line(rank):
return nx.path_graph(rank)

def star(rank):
return nx.star_graph(rank)

def hypercube(rank):
return nx.hypercube graph(rank)

def grid(m, n):
return nx.grid_2d_graph(m, n)

def grid(rank):
return nx.grid_2d_graph(rank, rank)

def mesh(m, n):
return nx.grid_2d_graph(m, n, periodic = True)
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def mesh(rank):
return nx.grid 2d graph(rank, rank, periodic = True)

def nd_torus(rank, d = 3):
return nx.grid_graph([rank for i in range(d)], periodic = True)

def wheel(rank):
return nx.wheel_graph(rank)

def full(rank):
return nx.complete_graph(rank)

def tree(rank, base = 2, integer num = False):
G = nx.Graph()
for layer in range(rank):
count = base**layer
nodes = [(layer, 1) for i in range(count)]
G.add_nodes_from(nodes)
if layer !=0:
for node in nodes:
i_parrent =node[l]//base
G.add_edge(node, (layer-1, i_parrent))
if integer num: nx.convert node labels to integers(G, ordering = 'sorted")
return G

HAHBHHHEHIHAH A [lonaTkoBl QY HKI rpaQoBUX NEPETBOPEHD  #HHHAHHHHHHRHHHRHHHHHHIHIHITHIH I

"m

OyHKIis 11 BUIANCHHsT caMOUUKIiB (pebpa Buay (n, n))
Bunpassie rpad abo "Ha micui" abo monepeaHb0 POOUTH KOIIIO.
m

def unloop(graph, copy = False):
G = graph.copy() if copy else graph
loops = nx.selfloop_edges(G)
G.remove_edges_from(loops)
return G

m

Penikamis rpada

IMToseprae rpa¢ H, mo micTuth n HesB's3aHux komiit rpada G

Moske BUKOPUCTOBYBATH SIK apTyMEHT a0o mapaMeTp n (ducio komii) abo seq (HOMepH KOTIii)
HamaraeTtbcst 30epirtu Bei mapametpu pebep

"

def replicate(G, n = 1, seq = None):
if n<=1 and seq == None: return G

H = nx.Graph()
edges data = {e: G.get edge data(*e) for e in G.edges}

if seq == None:
seq = [i for i in range(n)]
for n in seq:

map = {m: (n, m) for m in G.nodes}
g =nx.relabel _nodes(G, map, copy=True)
H.update(nodes = g.nodes, edges = g.edges)
for e in edges_data:
H.get_edge data((n, e[0]), (n, e[1])).update(edges data[*e])
return H

Bt R TIpocyHyTI TONIONOTIT  #H##HHH B HHHHHH HIHHHHIH HHHHHH A A

m

I'enepatop Tomonorii dragonfly
C - YHCJIO BEPIUH B KIIACTEPi
h - 4Kci0 30BHIMHBOKIACTEPHUX 3B'S3KIB

m

def dragonfly(c, h):
if c<2 or h<l1: raise Exception(f"topo.dragonfly: bad parameters: ¢ = {c}, h = {h}")
#print(f'Dragonfly ({c}, {h})"
cluster = full(c)
g =c*h+l
#print(f\tg = {g}")
H = replicate(cluster, n = g)
#print(f\tnodes degrees {H.degree()}")
# fiTumMemo "Bropy"
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for a in range(g): # HOMEp TPy
for b in range(c): # HoMep By3na B rpyi
node = (a, b)

#print(f\tfor node ({a}, {b})..."

for tin range(h): # HOMep 3B'SI3KY
bt=c-b-1
at = (a+tbt*h+t+1)%g
target = (at, bt)
#print(f\t\tlink to ({at}, {bt})")
H.add_edge(node, target, hierarchy = 2)

return H

"m

I'eneparop tononorii dragonfly 3 1oBiIbHIM KIaCTEPOM
h - 4mciI0 30BHIMHPOKIACTEPHUX 3B'S3KIB
cluster - mepeBU3HAYCHNUIT KIacTep
def dragonfly custom(h, cluster = full(4)):
if h<1: raise Exception(f"topo.dragonfly: bad parameters: ¢ = {c}, h = {h}")
¢ = len(cluster)
#print(fDragonfly ({c}, {h})"
g =c*h+l
print(ftg = {g}")
nlist = list(cluster.nodes.keys())
#print(f\tnodes = {nlist}")
H = replicate(cluster, n = g)
#print(f\tH.nodes = {H.nodes.keys()}')
# itumemo "Bropy"
for a in range(g): # HOMEp Tpynu
for b in range(c):  # HoMmep By3na B rpymi
node = (a, nlist[b])
#print(f'\tfor node ({a}, {b})...")
for tin range(h): # HOMep 3B'I3KY
bt =c-b-1
at = (atbt*h+t+1)%g
target = (at, nlist[bt])
#print(f\t\tlink to {target}")
H.add edge(node, target, hierarchy = 2)
return H

def dragonfly k(k):
k2 =k//2
return dragonfly(k2+1, k2)

"

I'eneparop tononorii dragonfly+
m - YUCJIO KPaOBHX BEPIUMH B KIACTEpi
C - YHCJIO BEPIIMH-arperaTtopie B Kactepi
h - yncno 30BHIMIHBOKIACTEPHUX 3B'SI3KIB
def dragonfly plus(m, c, h):
if c<2 or h<l: raise Exception(f"topo.dragonfly: bad parameters: ¢ = {c}, h = {h}")
#print(f' Dragonfly ({c}, {h})")
cluster = nx.Graph() #
cluster.add_nodes_from(range(c)) # By3mm-arperatopu He 3B's13aHi MiXk c00010
g =c*h+l
#print(f\tg = {g}")
H = replicate(cluster, n = g)
#print(f\tnodes degrees {H.degree()}")
# fiTumemo "Bropy"
for a in range(g): # HOMEp Tpynu
edge nodes = [('edge', a, i) for i in range(m)]
H.add_nodes_from(edge nodes)
for b in range(c): # HOMep By3na B TpyIIi
node = (a, b)
#print(f\tfor node ({a}, {b})...")
for t in range(h): # HoMep 3B'3Ky
bt =c-b-1
at = (at+bt*h+t+1)%g
target = (at, bt)
#print(f\t\tlink to ({at}, {bt})")
H.add_edge(node, target, hierarchy = 2)
for enode in edge nodes:
H.add_edge(node, enode)
return H

# TeHepallis 0 YUCIy BXOiB KOMyTaTopiB
# k - OaxaHe 4KCII0 BXOIIB



210

def dragonfly plus k(k):
return dragonfly_plus(k//2, k//2, k//2)

def leaf spin(n, m):
if m<I or n<1: raise Exception(f"topo.leaf spin: bad parameters: n = {n}, m = {m}")
G = nx.Graph()
G.add_nodes from([i for i in range(m+n)])
for i in range(m):
for j in range(m, m+n):
G.add_edge(i, j) # Bci By3nu 4acTHHH M 3B'SI3yIOTHCS 3 yCiMa By3JlaMH YaCTHHHU N
return G

m

Tononorist ktacuaHoro FatTree BH3HaYa€ThCSI YUCIOM BXOJIB KOMYTaTOPiB (1€ 1 € paHr) CKIaAaeThes 3 4 piBHIB:

1. Core

2. Agregation

3. Edge

4. Computing

PiBens spa cxmagaerses 3 (N1 = (k/2)"2) xomyTaropis. [Ipu k=4 1e 4 By3m, npu k=8 - 16 By3miB

KoxxHOMY KOMyTaTOpy sipa BiAnosifaots Moxyi (pods)

Koxen non Mictuth k/2 koMyTaTOpiB arperaiii Ta CTUIBKA K KpailoBUX.

KOXXEH KOMyTaTop arperauii B rpyni migxmouenuit 1o (k/2)=(4/2)=2 ocnoBuux xomyTtaTopi i (k/2)=(4/2)=2 xpailoBuX KOMyTaTOpiB
Koxen nepudepiiiHuii komytaTop y Moxyimi migkmouenuit 1o (k/2)=(4/2)=2 cepsepis i (k/2)=(4/2)=2 xomyTaTopiB arperauii

m

def fat tree(rank, no_servers = True):
G =nx.Graph()

k2 =rank//2 # nepenoOuncmum (k/2)

npods = k2**2 # uucno xopewnis = (k/2)"2

G.add _nodes from(range(npods)) # xopeHi HyMmepyBaTHMEMO SIK YHCIA

for pod in range(rank): # fimemo mo rpymam (pod-am)

aggregation_nodes=[('aggr, pod,i) foriin range(k2)] # arperatopam cTaBUMO y BIANOBIJHICTb TPiKKy 3Ha4eHb (TIepiue - MiTka). Kinbkicts B mopui: k/2
G.add_nodes from(aggregation nodes) #

edge nodes = [('edge', pod, i) for i in range(k2)] # KpailoBMM By3naM - Takox. IX KinbkicTs B mogi: k/2

G.add_nodes from(edge nodes) #

for aggr in aggregation_nodes: # #iaemo mo arperaropam
id = aggr([2] # OTpUMY€EMO BIACHHU HOMED
for core in range(id*k2, (id+1)*k2):
G.add_edge(aggr, core) # KOXeH By3oi-arperaTtop 3B'si3aHuii 3 k/2 xopensmu. [Ipuuomy 3i scyBom id*k2

edges_down = [(aggr, enode) for enode in edge nodes] # xoxeH arperarop 3B'si3annit 3 k/2 kpaifoumu By3namu B ioxi. HINT: B moxi Bcroro k2
KpaioBux
G.add_edges from(edges_down)

if no_servers: continue # mapameTp no_servers J03BOJSIE HE TEHEePYBATH KiHIEBI By 3/ (TiTBKH KOMYTaTOPH)

for node in edge nodes: # #iieMo 1Mo KpalloBUM By3JaM
e _num = node[2] #
servers = [(pod, e num, i) for i in range(k2)] # cepBepam cTaBHUTHMEMO y BiAmOBigHICTH 3 3HadenHs (pod, e_num, i). Ix ximbkicTs Tex k/2
G.add_nodes_from(servers) # momaemo cepBepH 10 Tpada
links = [(serv, node) for serv in servers] # KOXEH cepBep 3B's3aHMIA 31 CBOIM KpailoBUM pOyTepoM
G.add_edges from(links) #

return G

HBHIHH I TononoTii-KOHCTAHTH  HHHIHIHIHIHHHHHHHIHIHIHIHEHEHE AP
# 3aroTOBJICHI KOHCTAHTH - 100 HE 0OTSHKYBATH MaM'aTh PO3MHOXKEHHSIM rpadis.

# noOpe miIxoauTh, Komu Tpeda BUKopHcTaTH rpad B pexumi read only

# aXTyHI': HE BUKOPHCTOBYBATH, SKIIO (PYHKLs / Kac 3MiHIOBaTUME Tpadu

PETERSEN = petersen()

TUTTE = tutte()

LINE 2 =line(2)

LINE 3 =line(3)

CIRCLE 3 = circle(3)

FULL_4 = full(4)

HEHHIHH S Y CranTapTHI MCTOIU CUHTE3Y  HAHHHHHHHHHH T I I R R R
def add_cycle(G):
for n in G.nodes:
G.add_edge(n, (n+1)%N)
return G

# cUHTE3 3a JIJATHHCHKUM KBaJpaToM
# cam MeToz OaHaJIbHUI: OOpaHHS CTOBIIL - LIe TE CaMe 10 XOPAOBE KiJIblLie 3 KPOKOM a.
# 3B'I30K 3aBXK/M JBOCTOPOHHIH (i B IUTFOC 1 B MiHYC), OCKUIBKH SIKIIIO X BKa3y€ Ha X+a, TO X -a B TOH K€ 4ac BKa3yBaTHME Ha X
def latin_square(N, columns):
#return nx.circulant_graph(N, columns)
G = nx.Graph()
G.add_nodes_from([i for i in range(N)])
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for n in G.nodes:
for ¢ in columns:
y =(ntc) % N
G.add_edge(n, y)
return G if nx.is_connected(G) else add_cycle(G)

# CHHTE3 METOAOM JIHIHHUX PiBHIHD
# BUJ NHIHHOTO PIBHAHHA: ax+b
#a sTab_s- MacuBu KoedilieHTIB a Ta b BiAMOBIAHO
# SIKIIO B IKOMYCBH 3 MacHBIiB 3HAYCHHS KIHYAIOTHCS, TO 1HIINIT BBAXKAETHCS PIBHUM
def linear_equations(N, a_s=[],b_s=[]):
la =len(a_s)
Ib =len(b_s)
count = max(la, Ib)
G =nx.Graph()
G.add_nodes from([i for i in range(N)])
for i in range(count):
a=a_s[i] if i<la else 0
b =b_s[i] if i<Ib else 0
for x in G.nodes:
y=(a*x+b) %N
G.add_edge(x, y)
return G if nx.is_connected(QG) else add_cycle(G)

def square_equations(N, a=[], b=[], c=[]):

la =len(a)
b =len(b)
Ic = len(c)

count = max(la, Ib, Ic)
G = nx.Graph()
G.add_nodes_from([i for i in range(N)])
for i in range(count):
_a=a[i] if i<la else 0
_b=Db[i] if i<Ib else 0
_c=c[i] if i<lc else 0
for x in G.nodes:
y=(a*x*x +_b*x+ _¢c) %N
G.add_edge(x, y)
return G if nx.is_connected(G) else add_cycle(G)

m

Tabmnero Moxke OyTH Oyab-sika iTepoBaHa CYyTHICTh
Hampuknaj - COMCOK CIHCKIB
IMopsaoK - MOPSIIOK MOTiHOMY (piBHSHHS)

0 - BUpOmKEeHHIH BUMA0OK

1 - niniitui

2 - XBagpaTHi

SIKIIO PO3Mip TaONMMIi MEHIIHH 3a MOPSIOK - BBAXKAETHCS, 0 MOJIOAII KoedinieHTH piBHi 0
SIKIIO HABIAKK - MOJNOJIIA YaCTHHA TaOMMLi iIFrHOPY ETHCS
m
def equations(N, table, order = 2):
G = nx.Graph()
G.add_nodes_from([i for i in range(N)])
for x in range(N):

for s in table: # s - e cepis (psmok TadmLi)
y=0 # aKymynaTop
i=order # MoOpsIOK
forains: # BUTATaEMO MOYEPTOBO KoediieHTn

if i<0: break  # AKIO MOPSITOK CTaB BiJl'€MHUM - KiHEIb
y +=a*(x**i) % N # m06 He NepenmoBHAUTH PO3PSIAHY CITKY - GepeMo MOAY/b
i-=1
y=y %N # GepeMo MOIYIb Bifl pe3yIbTaTy MOTIHOMY
G.add_edge(x,y) # momaemo pebpo
return G if nx.is_connected(QG) else add_cycle(G)

# Supercomputers topology

m

Tononorist cynepkomi'torepa dyraxy.
Ipexncrasisie coboro rpynu 3 12 Hox, posraumosanux 1o 3 ocam A, B, C (8 kumbkocri 2, 3, 3)
Li rpynm, B cBOIO 4epry, 00'exuytorbes 3 D Topom.
def fugaku(rank):
group = nx.grid_graph([2, 3, 3], periodic = True)
torus3D = nx.grid_graph([rank, rank, rank], periodic = True)
G =nx.cartesian_product(group, torus3D)
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return unloop(G)

def frontier(comp_groups, manage groups = 1, io_groups =5, nodes_per_cg =32, nodes_per_mg = 16, nodes_per_iog = 16):
# cTBOpWIM TPyNH 3 THUIIB
computing_groups = {f'C({i}) " unloop(full(nodes per cg)) for i in range(comp_groups)}
management_groups = {fM({i}) " unloop(full(nodes_per _mg)) for i in range(manage_groups)}
inout_groups = {f10({i})_': unloop(full(nodes_per iog)) for i in range(io_groups)}
# 00'enqHamM rpynu pisHUX THUIIB BOEAUHO
G_C=nx.union_all(computing_groups.values(), rename = computing_groups.keys())
G_M =nx.union_all(management groups.values(), rename = management_groups.keys())
G_I0 =nx.union_all(inout_groups.values(), rename = inout_groups.keys())
# TeHepy€eMO BHYTPIILHI 3B'SI3KH TPy BBOLY -BHBOLY
for i in range(io_groups):
for j in range(io_groups):
if i 1=j: G_IO.add_edge(f10({i})_0', f10({j})_0")
# 3BOMUMO rpad BOEIHHO
G =nx.nion_all([G_C, G_M, G_10])
# TeHepy€eMO BCi 30 BHIIIHI 3B'S3KH
for i in range(manage_groups):
for j in range(comp_groups): G.add_edge(fM({i})_0', fC({j})_0") # 3B'SI3y€MO KepyBaHHS Ta 00UHUCICHHS
for j in range(io_groups):
G.add_edge(fM({i}) 0", f1O0({j}) 0" # 3B's13yemo KkepyBaHHs Ta [0
for k in range(comp_groups): G.add_edge(f1O({j})_0', fC({k}) 0") # 3B's:3yemo IO Ta oGuucnenHs (1 BHYTp.IHKI - JJsl EKOHOMIT 4acy)
return G

Jlicmune A.5 — mooyne Characteristics.py

import networkx as nx
import itertools as iter
import math

import pandas as pd
import numpy as np

from numeric import NumericSystems as ns
from numeric import NumericGraphs as ngraphs
from numeric import NumericGenerator as gen
from numeric import NumericPaint as paint
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HHEH BYSHOBI XapaKTCPUCTUKU  HHHHHFFHHFHH AT HHFFH

def degrees(G, values_only = True):
degs = nx.degree(G)
return [s[1] for s in degs] if values_only else degs

def betweenes(G, precission = None, normalized = False):
return nx.betweenness_centrality(G, k=precission, normalized = normalized)

B #H A TononoriuHi XapakTepuCTUKN  HHHHHIHHIHIHIHIHEHEHEH A
# y BCiX QyHKUiH 00paxyHKy (HaBiTh SIKIIO BOHU PaxyIOThCs BiJl BKe HasIBHUX XapakTepHcTHK) Mae OyTH Bepcist Buay f(G, characteristics = None)

# ue Tpeba 1 aBTOOOpaxyHKy B LMKII

# UPD 30.11.2024
# get BUKOPHUCTOBYETHCS [UIsl OTPUMAHHS [IEPEI00YUCICHUX JaHUX.
# OCKIJIBKH LISl CHTYAIIisl € 3aHaATO PiAKICHOIO - OyJio BHUpiIIEHO BHHECTH ii i3 QyHKuUiil. Bece onHO e He BUKOPUCTOBYEThCS Hizle KpiM TaOmuIi

def get(name, characteristics, func):
if characteristics != None:
X = characteristics.get(name, -1)
if X 1=-1: return X
return func()

def nodes_count(G, characteristics = None):
return G.number_of nodes()

def edges_count(G, characteristics = None):
return G.number_of edges()

def degree(G, characteristics = None):
degs = nx.degree(G)
s vals =[s[1] for s in degs]
return max(s_vals)

def diameter(G, characteristics = None):
return nx.diameter(G)
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def avg_diameter(G, characteristics = None):

return nx.average shortest path_length(G)

# use formulae T = N*aD/R
def traffic(G, characteristics = None, regularized = False):

aD = get('aD', characteristics, nx.average shortest path length(G))
if regularized:

S = get('S', characteristics, degree(G))

return 2*aD/S
else:

N = G.number_of nodes()

R =G.number of edges()

return N*aD/R

def cost(G, characteristics = None):

N = G.number_of nodes()
S = get('S', characteristics, lambda: degree(G))
return N*S

def local_connectivity(G, characteristics = None):

degs = nx.degree(G)
s vals=[s[1] for s in degs]
return min(s_vals)

# koedirient "6aratoro Kiydy" (ducio pebep 10 MOTEHIIHHOTO YKca pebep BCiX BEpIIHH 3i cTeneHeM Oinblie k)
# mo0 MpUBECTH HOTO 10 YHCIA, ST HOTO ycepeaHIow: Oepy CyMy 1 IUTIO Ha YHCIIO €JIEMEHTIB
def mrich(G, characteristics = None):

"'CepegHe MOCEPETHUITBO

r =nx.rich_club_coefficient(G)
return sum(r.values())/len(r)

"

def mbetw(G, characteristics = None):

betws = betweenes(G, precission = None, normalized = True)
return sum(betws)/len(betws)

# He OyIeMO BKIFOYATH BapTiCTh Y CHHCOK, 00 BapTiCTh - Ie HAOMMKEHa OIiHKa R, a MU #HOTO 1 Tak MOXEMO OI[IHUTH
CHAR = {

n)

}

"N": nodes_count, # duncino By3niB

"R": edges_count, # yncno pedep (BOHO X (haKTHIHA BapTiCTh)

"S"™ degree, # cTymiHb

"D": diameter, # miametp

"SD": lambda G, characteristics = None: degree(G, characteristics = characteristics) *diameter(G, characteristics = characteristics), #SD-xapakrepuctika
"aD" avg_diameter, # cepenHiil miameTp

"T": traffic, # Tononoriuxuii Tpadik

"C": cost, # BapricTh (MO CTaHAAPTHIN GopMyi)

"L": local_connectivity, # NoKaybHA 3B'SI3HICTD

# "aL": lambda G, characteristics = None: nx.average node connectivity(G), # cepelHs 3B'sI3HICTb - Kpallie HE paxyBaTH, 00 rajJbMy€ TyKe CHIbHO
"Gn": lambda G, characteristics = None: nx.node connectivity(G), # TnoOaipHa By3l0Ba 3B'3HICTH

"Ge": lambda G, characteristics = None: nx.edge connectivity(G), # mo0anbHa pedepHa 3B'I3HICTD

"E1"™: lambda G, characteristics =None: nx.local efficiency(G), # nok. edeKTUBHICTS (T€ XK, IO 1 00. ed-Th, ayie Ha miArpadi CyciliB KOKHOTBEPIIHA

"Eg": lambda G, characteristics = None: nx.global _efficiency(G), # mo6aibHa epeKTHBHICT (METPUKA, IPOTIICHKHA JTOBKUHI HANKOPOTILHX IUIIXIB)
#"Cc": lambda G, characteristics = None: nx.clustering(QG), # KoedillieHT KracTepu3amii

#"mRich": mrich, # cepenHiit koeduieHT 6araroro Kiyoy

#"estrada": lambda G, characteristics = None: nx.estrada_index(G) # innexc Ecrpana (3-BUMipHa KOMITAKTHICTB)

SCHAR = {name: CHAR[name] for name in ["N", "R", "S", "D", "SD", "aD", "T", "C"]}
FTCHAR = {name: CHAR[name] for name in ["L", "Gn", "Ge"]}
ACHAR = {name: CHAR[name] for name in ["El", "Eg"]}

def subchar(*names):

return {name: CHAR[name] for name in names}

def characteristics(G, functions = SCHAR):

TR TR TR IR IR IR NIRRT TR R TR TR TN TR TN TN TN TR TR TN

results = {}

for name in functions:
function = functions[name]
X = function(G, characteristics = results)
results[name] = X

return results

LA o bt b b b o e oo

HUHHHH R TaOInIl XapakTepUCTUK — #HHHHHH I

#

# ¢yHkuis reHepanil TaONMIi XapakTEPUCTHUK s Oyb-KOi TOMONOTIi
# Binmpa3sy renepye pandas.DataFrame
# f generator - QyHKIis, MO reHepye rpad
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# enuna BUMora 70 QyHKIii-reHepaTopa - MaTtu apryment "rank", mo MicTuthcs B nepuiomy moim. [{e Mae Bu3Ha4atu cTpykTypy rpada.
# IHIII apryMeHTH MOXKHA [epeaaTH Yepes3 clelianbHi apryMeHT args i kwargs. Bonu onnakoBsi 1uist rpada B mporeci reneparii.
# functions - mepenik XapaKTepUCTHUK, SIKi BUMIPIOIOTHCS
# ranks - miama3zoH paHriB
# Nmax - HeoOOB'SI3KOBHIl APTyMEHT, 110 MPHUMUHsE MacTaOyBaHHs MO TOCATHEHHIO rpadoM MEeBHOTO PO3MIpy
# add_graph - OyneBuii apryMeHT, 0 BU3HAYAE, YU ONAEThCS 3TeHepoBaHuiirpad 1o Tabmumi. Le Mae ceHe SKIIO € TUIaH! B MO ANBIIOMY SKOCH IPAIlIOBATH 3
UMHU Tpadamu.
def table(f generator, args = None, kwargs = None, functions = SCHAR, ranks = range(2, 8), Nmax = -1, add graph = False):
frame = pd.DataFrame(columns = list(functions.keys()))

# CTBOPIOEMO TeHEpaTop 4epes JIMOAH, o0 He paxyBaTH PO3ralyIKeHHs B LIMKII
if args != None:
if kwargs != None:
generator = lambda rank: f generator(rank, *args, **kwargs)
else:
generator = lambda rank: f generator(rank, *args)
else:
if kwargs != None:
generator = lambda rank: f generator(rank, **kwargs)
else:
generator = f_generator

for rank in ranks:
G = generator(rank)
N =len(G)
if (Nmax !=-1) and (N > Nmax): break
try:
chars = characteristics(G, functions = functions)
except Exception as e:
print(fException occures on rank {rank}: {e}')
edges colors = paint.color_incluster edges(G)
labels = {n: f"{ns.label(n) }({ns.label(G.nodes[n].get('index', "))})" for n in G.nodes}
paint.paint(G, edges_colors = edges_colors, labels = labels)
return table
if add_graph: chars['graph'] = G
frame.loc[rank] = chars
return frame

m

OyHKIis, 0 T'eHepye TabmmIro a1 rpadis.
graphs - iTepoBaHHUii 00'€KT: CIMCOK YH CIOBHUK
SIKILIO CJIOBHUK - iIMEHaMU I'padiB € KI0Yi CIOBHUKA
SIKIIO CITUCOK - iMEHaMHu rpadiB € iHAeKcH a00 BIATIOBITHI iIHAEKCH CIIHCKa names
functions - XapakTepUCTHKH
names - iMeHa
m
def table for(graphs, functions = SCHAR, names = None, Nmax = -1, add_graph = False):
frame = pd.DataFrame()

if type(graphs) = list:
g={}
if names != None:
for i in range(len(graphs)):
index = names[i] if i<len(names) else i
g[index] = graphs][i]

else:
g = {i: graphs[i] for i in range(len(graphs))}
graphs =g

for rank in graphs:
G = graphs[rank]
N =len(G)
if (Nmax !=-1) and (N > Nmax): break
chars = characteristics(G, functions = functions)
if add_graph: chars['graph'] = G
frame.loc[rank] = chars

return frame

# IlpocyHyTa (yHKIis reHeparii
# He morpedye mIMOI Ta KpeaTopiB
# nmoTpiOHO JmMIe nepenaTH GpyHKUi BCi HeoOX iMHI mapameTpH (JiHKep, ayidasiT, BUKIFOYEHHS Ta (OMI[IOHAIHHO) OCHOBY) 1 BOHA caMa CT BOPHTH IOTPIOHHHA
KpeaTop
defnumeric_table(f linker, functions=SCHAR, alphabet =ns.BINARY, exclusions = [], base = 0, ranks =range(2, 8), Nmax = -1, add_graph = False):
if base <=0:
f g =lambda rank: gen.simple creator(rank, f linker =f linker, alphabet = alphabet, exclusions = exclusions)
else:
f g =lambda rank: gen.clustered creator(rank, f linker = f linker, alphabet = alphabet, base = base, exclusions = exclusions)
return table(f g, functions = functions, ranks = ranks, Nmax = Nmax, add_graph = add_graph)
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i #H 301p naHuX 111 6ararboX TOMONOT I OMHOYACHO  HitfHHHHHHH

class Experimental Data:
def __init__(self):
self.data = {'name"[], 'is_numeric"[], 'f":[], 'args"[], 'kwargs':[], 'alphabet"[], 'exclusions"[], 'base"[], 'ranks"[ ]}
self.index =0

def append(self, name, is_numeric, f, args=None, kwargs=None, alphabet=None, exclusions=None, base=0, ranks=range(2, 8)):
self.data['name'].append(name)
self.data['is numeric'].append(is_numeric)
self.data['f'].append(f)
self.data['args'].append(args)
self.data['kwargs'].append(kwargs)
self.data['alphabet'].append(alphabet)
self.data['exclusions'].append(exclusions)
self.data['base'].append(base)
self.data['ranks'].append(ranks)
self.index += 1

def add_generator(self, name, f generator, ranks = range(2, 8)):
self.append(name, False, f generator, ranks=ranks)

def add_pure(self, name, f generator, args = None, kwargs = None, ranks = range(2, 8)):
self.append(name, False, f generator, args=args, kwargs=kwargs,ranks=ranks)

def add numeric(self, name, f linker, alphabet = ns.BINARY, exclusions =[], base = 0, ranks = range(2, 8)):
self.append(name, True, f_linker, alphabet=alphabet, exclusions=exclusions, base=base, ranks=ranks)

def get(self, index, col):
return self.data[col][index]

def getitem__(self, key):
return {k: self.data[k][key] for k in self.data}

def len_ (self):
return self.index

def as_frame(self):
return pd.DataFrame(self.data)

def create_tables(experimental data, chars = SCHAR, nmax = 4096, add_graph = False, logging = True):
result = {}
for i in range(len(experimental data)):
name = experimental data.get(i, 'name')
f = experimental_data.get(i, 'f")
ranks = experimental data.get(i, 'ranks')
is_numeric = experimental data.get(i, 'is_numeric')

#print(f'{i}: {name} for {str(ranks)}")

if is_numeric:
alphabet = experimental data.get(i, 'alphabet')
exclusions = experimental data.get(i, 'exclusions')
base = experimental data.get(i, 'base')
#print(f\t{i}: a = {alphabet}, ex = {exclusions}, base = {base}')
try:
tab = numeric_table(f,
functions = chars,
alphabet = alphabet,
exclusions = exclusions,
base = base,
ranks = ranks,
Nmax = nmax,
add_graph = add_graph)
except Exception as e:
print(f\nTABLE FOR {name}: ({ns.label(alphabet)} with base {base}, ex {exclusions}): exception {e}")
tab = None

if logging:
print(f\nTABLE FOR {name}: ({ns.label(alphabet)} with base {base}, ex {ns.label(exclusions)})\n")
print(tab)
else:
args = experimental data.get(i, 'args')
kwargs = experimental data.get(i, 'kwargs')
tab = table(f,
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args = args,
kwargs = kwargs,
functions = chars,
ranks = ranks,
Nmax = nmax,
add_graph = add_graph)
if logging:
print(f\nTABLE FOR {name}:\n")
print(tab)
result{name] = tab
result['characteristics'] = chars.keys()
return result

HUHHHHIHHIHHHEHE A OOpoOKa XapaKTepUCTUK  #HHHHHHHHHIHHIHHIHHHHHH

def define labels(count):
if count = 2: return ['Low', 'High']
if count = 3: return ['S', 'M'", 'L"]
if count ==4: return ['S', 'M', 'L', 'XL']
return [f'G{i}' for i in range(count)]

def define_groups(Nmax, count, exponential = False, base = 2):
splits = [] # Touxn po3duTTs (K-KicTh Oyme count-1)
if exponential:
power = math.floor(math.log(Nmax, base)) # Gepemo jorapudm 3 oxkpyrieHHsM BHU3. Lle - HaliOmpkua 10 Nmax cTymins base
if count > power:

count = power # CHIJIOIO MPUBOAMMO YHCIIO TPYI JO CTENEHs, SKIIO PO30OUTH HE BIAETHCS
step = 1

else:
step = power // count # Kpok 3MiHH

i=0

for i in range(count-1):
power -= step
point = base ** power # Toukamu € base ** power.
# Hanpuxian, npu N=4096, count = 4, b=2 0Oyzne: power = 12, step = 3. G4 =[2"9, 2*12], G3 =[2"6, 2"9], ...
splits.append(point)
splits.reverse()
else:
step = Nmax // count
splits = [i*step for i in range(1, count)]

splits.append(Nmax)
labels = define_labels(count)
res = {}
pl=0
for i in range(count):
p2 = splits[i]
res[labels[i]] = (p1, p2)
pl =p2
return res

def fetch_group(frame, column, start, end):
rows =[]
for i in frame.index:
row = frame.loc[i]
N =row.loc[column]
if N >= start and N <= end:
rows.append(row)
return pd.DataFrame(rows)

o bbb bbb b b e A bbb b bbb A

HHHHHHHHH I pOOKa XapaKTCPUCTUK  HHHHHHHHHHHHHHH R

# posaimie ¢peiiM No THIIAaM XapaKTePUCTHUK, IPUIY CKaIOUH, 10 XapaKTePUCTHKU B KOJIOHKAX TaOuIi
def split_types(frame):

std = frame.loc[:, [col for col in frame.columns if col in SCHAR keys()]]

ft = frame.loc[:, [col for col in frame.columns if col in FTCHAR keys()]]

add = frame.loc[:, [col for col in frame.columns if col in ACHAR keys()]]

return [std, ft, add]

# 3menIye Gpeiim, 3aMiHsII0YH HAOIp 3HAYCHb CePeIHIM 3HAYCHHIM
def reduce(frame):
return frame.mean(axis =0) # OGepemMo cepe/He 3HAYCHHS 10 PsIKaM B KOXHIH konoHui. Mae nosepuyTuchk pd.Series, iHJeKcOBaHE KOJOHKAaMU

DEFGROUPS = {'S": (0, 64), 'M": (64, 256), 'L": (256, 1024), 'XL": (1024, 65536)}
# pixe dpeiim Ha YACTHHHU y BIAMOBIAHOCTI 10 3aaHUX TPy, 30MPaArOYH PE3yNbTaT y CIOBHHK, 1€ MITIi BIIMOBIA€ cepis yCcepeJHEHHX 3HAYCHb

# Slkiio 3HaUYeHb HEMae - moBeprae None
# moBepTac CIOBHHUK, 1€ MiTKaM TPyl CTAaBIITHCS Y BIATIOBIAHICTE YCcepeIHEH] XapaKTepHCTUKHI
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def split_reduce(frame, groups = DEFGROUPS):

reduced = {}
for label in groups:

rng = groups[label]

subframe = fetch_group(frame, 'N', rng[0], rng[1]-1)

if not subframe.empty:

reduced[label] = reduce(subframe) # dataframe -> series

return reduced

# pixe CIIOBHHK PE3yJbTaTiB Ha FPYIIH.
# Pe3ynbTart - CJIOBHUK (PpEHMIB 10 IpyTIam, e PSIOK - TOMOJIOTIsI, CTOBIEL - XapaKTEPUCTHKA, HA IEPETHHI - CepeHE 3Ha4SHHS XapaKTep UCTHKH TOTIONOT B
nianasoHi.
#
def split_reduce_all(result, groups = DEFGROUPS):
# Mtable = pd.Multilndex()
chars = result['characteristics']
meta = {g: pd.DataFrame(index = [k for k in result.keys() if k !="characteristics'], columns = chars) for g in groups}
for name in result:
if name == 'characteristics": continue
reduced = split_reduce(result{name], groups = groups) # oTpuUMy€eMO CKOpOYEHHH HpeiM AT JaHOT TOMONOTii
for group in reduced:
series = reduced.get(group, None)
for ¢ in chars:
meta[group].loc[name, c] =series.loc[c] # mogaemo mock y ¢peiiv TuIe IKIo JaHi €. Ko JaHUK HeMa - TOMOJIOTIsI He TONAETECS B TPYILY, OT i Bee

# BunaneHHs MOPOXKHIX 3HAYCHD
m =[]
for group in meta:
meta[group].dropna(axis = 0, how = 'any', inplace = True)
if meta[group].empty:
rm.append(group)
for k in rm:
del meta[k]
return meta

MORE_BETTER =['N', L', 'aL’, 'Gn', 'Ge', 'El', 'Eg']
ONE_BETTER =['T']

# yHidikyeMo JaHi Tak, 100 HalMeHI 3Ha4eHHs Oy/IM ONTHMAaIbHUMA
# IotiM - HOpMaITi3y€MO BCi aHi Tak, 00 BOHHU Momaaamm B oonacts [1, max/min]
def unify_normalize(frame):
nframe = pd.DataFrame(index = frame.index, columns = frame.columns)
frame = frame.copy()
for char in ONE_BETTER:
if not char in frame.columns: continue
for i in frame.index:
v = frame.loc[i, char]
ifv<lI:
frame.loc[i, char] =2 - v

for char in frame.columns:
slice = frame.loc[:, char]
cmin = slice.min()
if cmin = 0: cmin = 0.0001
if char in MORE_BETTER:
cmax = slice.max()
for i in frame.index:
v = frame.loc[i, char]
nframe.loc[i, char] = 1+(cmax-v)/cmin
else:
for i in frame.index:
v = frame.loc[i, char]
res = v/cmin
if res<I: res +=1
nframe.loc[i, char] = res
return nframe

m

3i6pani Ta BindineTpoBani nani micis split_reduce_all
def unify_normalize_ all(reduced):
normalized = {}
for group in reduced:
normalized[group] = unify _normalize(reduced[group])
return normalized

m

OTpHuMaHHS HOPMaJIi30BaHHUX OIIHOK B I'PyIax (CTOBIILI) IO TOTIONOTISIM (PSIIKH)
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m

def normalized _mark(normalized, dropchars = ['N', 'SD']):
marks = {}
for group in normalized:
frame = normalized[group]
marks[group] = {}
for name in frame.index:
row = frame.loc[name]
s=0
for char in row.index:
if char in dropchars: continue
s +=row.loc[char]
marks[group][name] = s
return pd.DataFrame(marks)

Jlictunar A.6 — moayns FaultTolerance.py

import networkx as nx
import itertools as iter
import math

import pandas as pd
import random as rand

from topologies import Characteristics as chars

# more BnacTHBOCTEHl By3ia/pedpa, o mo3Hadae BiiMoBy. False - By3on cnipaBuuii, True - BiamMoBa
# 11 HOJIe € CEHC TUPAXKyBATH 1 Ha IHII KJIAacH
DEF _FAULTFIELD = 'faulted’

# pemapkye rpad, 1onawdu By3aM/pedpam Mo BigMOB
def remark(graph, copy=False, faultfield = DEF_FAULTFIELD):
G = graph.copy() if copy else graph
for n in G.nodes:
G.nodes[n][faultfield] = False
for e in G.edges:
G.get_edge data(*e)[faultfield] = False
return G

HEHIHB A TIoToKN BINIMOB  #HHHHIHIHIHIHIHIHIHIHIHIHIHH

# YBAXHO! TIOTIK BIAMOB (151 exkonomii nam'siti) MOJUDIKY € TPADNA!

# Jlist GesneuHocTi Tpeba mepexn excnepumentoMm pooutn G.copy()

# Takok cuHTakcuc (yHKIIT Mae BmoyaT 1 000B's3k0BUIT apaMeTp i Oyab-sKy KiJIbKiCTh HEOOOB'sI3k0BUX (B izeani kvargs)
# TIOTIK BiZIMOB 3aBXIH MTOBEpTaE rpad 3 BIWIyYSHUMH BepIIMHAMH YU pedpamu

# Ione faultfield (str) 3MiHIOE JOTiKY pOOOTH: Temep 3aMicTh TOTO, OO BHAAISTH By301 3 rpada, cucreMa 3amucye True B mojie BiIIOBIIHOTO By3la
# 11e 03HaYaE, 1O BY301 CTAB HECIIPABHUM

# pure random. Nodes only
def fault rand(G, seed = None, k = 1, faultfield = None):
if seed != None: rand.seed(seed)
if k <1 or k>=len(G.nodes): k=1
faults = rand.sample(list(G.nodes), k =k) # 3amxnu noseprae itrepoBanuii 00'ekT, HaBITH MpH k=1
if faultfield = None:
G.remove nodes_from(faults)
else:
for fault in faults:
G.nodes[fault][faultfield] = True
return {'G" G, 'faults": faults, 'par": []}

# by maximal betweenes. Nodes only
def fault maxbetwn(G, seed = None, k = 1, faultfield = None):
if k <1 or k>=len(G.nodes): k=1
betw = chars.betweenes(G) # 1e - CJIOBHUK
faults =[]
fbetw =[]
while len(faults)<k:
n = None
b=-1
for node in G.nodes:
betweenes = betw[node]
if betweenes > b:
n =node
b =betweenes
if n == None:
break
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else:
faults.append(n)
fbetw.append(betw[n])
if faultfield = None:
G.remove_nodes_from(faults)
else:
for fault in faults:
G.nodes[fault][faultfield] = True
return {'G" G, 'faults': faults, 'par" fbetw}

# by maximal betweenes. Nodes only
"[mest TYT Taka: MU HOpPMaJli3y EMO 3HAYCHHS TOCEPEIHUITBA 1 TIOTIM TeHEPY€EMO BHMAAKOBe uyucio Bix 0 1o 1.
Unm OijbIne mocepe HHALTBO - TUM OUTBIIHMK CETMEHT PYJIETKU CITiBBITHOCUTHMETHCS 3 BiAIOBIJHOIO HOmOK. OT/e, 3pocTae iMOBIpHICTh BUOIPKU caMe Iiiel
Homu."
def fault maxbetwn_rand(G, betw = None, seed = None, k = 1, faultfield = None):
if seed != None: rand.seed(seed)
if k <1 or k>=len(G.nodes): k=1
if betw == None: betw = chars.betweenes(G, normalized = True) # ne - cloBHHK

faults = []
par =[]
seq = list(betw.keys()) # MOCIITOBHICTS, 3 sIKOT Bi0yBaeThcs BUOipKa

weights = list(betw.values()) # Baru BUOipku
while len(faults)<k:
f =rand.choices(seq, weights, k=1)
fault = {[0]
faults.append(fault)
i = seq.index(fault)
par.append(weights[i])
del seq[i]
del weights[i]
if faultfield = None:
G.remove_nodes_from(faults)
else:
for fault in faults: G.nodes[fault][faultfield] = True
return {'G" G, 'faults": faults, 'par": par}

HAHIHH A EXCICpDUMEHTH  HEHEHIHIHIHIHIHEHEHHHHHHHA A
"TloueproBi BiAMOBH
Hano: rpa¢d G, norik BigmMoB.
Buxin: tabmins / rpagix (pd.DataFrame)
o oci abcnuc (PsAKHA) - MHOKHHA TOYOK BiIMOBH (BH/IaJICHHX BEPIINH) a00 YHCIIO BiIMOB
10 OCi OpIUHAT (CTOBIII) - XapaKTePUCTHKH:
- CraHmaprHi TOMONOTIYHI XapaKTEPUCTUKH (CTYIIiHB, iaMeTp, cep. AiaMeTp, ...)
- 3B's13HICTH (CcepeaHs JoKalbHa, pebepHa, By3/noBa)
- CepenHst ®KUBYYIiCTh (00OUUCIIFOEMO XKUBYUOCTI 1 OepeMo cepenne. [Ipu pos'exnanHi rpada orpumaemo -INF)
ITocTanoBKa eKCTIEPUMEHTY:
Jano rpad. B HbOMY 3a IIEBHHM [PABHIJIOM BiIMOBISIIOTH BEpUIMHH. [IUTAHHI: SIK 3MIHUTBCS Ta YH iHIIA XapakrepucTuka rpada micist N BiaMoB?

AprymeHTu:
graph - rpad
f fault - nmorik BinmMoB
seed - 3epHO BHIIaJIKOBOTO IeHEpaTopa
functions - mapamMeTpH, 110 BUMipPIOIOTCS
mode - pexxuM 3MiHu yncna BepiwH (-d - BigHiManus d BepumH, /d - ninexns Ha d, *d - 3miHa B d pa3iB BiJHOCHO MOYATKOBOTO 3HAYCHHS)
d - xpok 3MiHI
batchfault - yu oMy cKaeTECS OIHOYACHA BIZIMOBA PSIY BEPLIHH, Y1 IIOTIK Ma€ BCE OTHO F'€HEPYBaTH BiIMOBH [104€PTOBO (HABITh SIKIIO MPOMDKHI CTAHU He
BUMIPIOIOTHCS)
f label - dyHKIis TOMITKM HOMEPIB BEPIIMH
cumfaults - yu EcaTy y BUBOMI BeCh NP eJIiK BEPIIHH, IO BiIMOBWIH 3 CAMOTO MOYATKy i 1O KPOKY j, YH JMILE Ti, IO BIIMOBIJIA KOHKPETHO Ha KPOIIi j
save_graphs - uu 30epiratu konii rpada G B CIIOBHMKY-pe3ynbTarti?
save_param - 4d 30epiraT mapameTp, 3a sIKUM BigOyBaBcs Binoip (str)?
m
# MODES =["-d", "/d", "*d"]
# pizanig Mix "/d" ta "*d" B Tomy, mo /d 1imUTH rpad BIAHOCHO MOTOYHOTO PO3MIpy, a *d - BITHOCHO MOYAaTKOBOTO
def experiment_1(graph,
f fault,
seed = None,
functions = chars.CHAR,
mode ='-d',
d=1,
batchfault = True,
f label = None,
cumfaults = False,
save graphs = False,
save param = False

):
G = graph.copy()
N =len(graph)
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results = {
'faults': [],
'fcount”: []
}
if save param:
results['par'] =[]
for ¢ in functions:
results[c] =[] # iHiLiami3yeMO MacuB pe3ynbTaTiB
if save_graphs:
results['G'] =[]

if (mode =="d") and (k <=1):d=1.01 # inHigiamizyemMo KpOK BiZIMOBH
if (mode =="'-d"):
d = math.floor(d)
ifd<l:d=1
if (mode =="*d') and (d<=0.0) and (d>=1.0): d =0.1
if seed != None: rand.seed(seed)

faults = []

fcount =0

step =0

k =d if mode ="-d' else math.floor(G.number_of nodes()*d) if (mode = '*d') else 1 # must pexxumis -d Ta *d po3paxoByemo k craTuaHO
ifk <1:k=1 # k 3a BU3HaueHHsM He Moke OyTH MeHIIe | uu Oinpmre N

if k >= G.number_of nodes(): k = G.number_of nodes() - 1 # He MOXKHA BUJAINTHU OiNbIIe BEPIIMH HIXK €

par ="

while nx.is_connected(G) and len(G)>=2:
# 3anuc indopmanii
res = chars.characteristics(G, functions = functions)

results['fcount'].append(fcount) # 4uCII0 BIAMOB - i€ IiJIe YNCIIO, SIKE MOKA3y€, CKUIBKI BEPLIMH BiIMOBHJIO [0 LBOTO 4acy
if f label == None: # { label - ¢pyHkuis po3miTku (mpencrasieHHs Hox y Tekct). @opwmar f label(node) return str
results['faults'].append(' .join(str(faults.copy()))) # sxmo ii HemMae - TogaEMO KOIIiO IIOTOYHOTO CTaHy cHucKy faults sk psimok uepes join
else:
results['faults'].append(' '.join(map(f label, faults))) # sixmo € QpyHKIiS po3MITKH - pOOMMO MaIIiHT i JOIAEMO PE3yNbTaT SK PSIOK Uuepes join
for ¢ in res:

results[c].append(res[c]) # BHOCHMO B CJIOBHHUK BCi pO3paxOBaHi XapaKTepUCTHKU

if save_graphs:
results['G'].append(G.copy())

if save_param:
results['par'].append(par)

# monudikanis rpaga

if (mode ="/d"): # mepepaxyHOK NOTPiOeH Juie B pexxumi /d

P =G.number_of nodes() # P - mOTOUHE YMCIIO Mpale3JaTHUX BY31iB

k=P - (P/d) # Big rpacda MU BiIHIMaEMO BY3IH Tak, o6 ix yucino craino P/d

ifk<l:k=1 # 4uCIo BiAMOB Ha KPOK He MOXe OyTH MeHIue |

if k > P: break # SIKIIO YMCIIO BIIMOB Ha KPOK IIEPEBUIIMIIO YHUCJIO BY3/B - BUKOHAHHS aTOPUTMY HE MA€ CCHCY
if batchfault:

fault =f fault(G, k =k)
stepfaults = fault['faults']
G = fault['G"]
if save param:
param = fault['par']
s = [str(p) for p in param]
par ="".join(s)
else:
fault = [f fault(G, k=1) for i in range(k)]
stepfaults = [fault[i]['faults'] for i in range(k)]
if save param:
s = [str(fault[i]['par']) for i in range(k)]
par ="'"join(s)
G = fault[k-1]['G"]
if cumfaults:
faults.append(*stepfaults)
else:
faults = stepfaults
step +=1
fcount +=k

return {'results": results, 'G": G} if save_graphs else results

TR TR NIRRT IR IR TR TR TR TN TR TN TN TN TR TN TN TN TR TN INTRINT] b bbb bbb b ] g
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def lv(graph, speed, seed = None, use_betw = False):
G = graph.copy()
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result = {'N": [], 'fcount": []}
N =len(G)
if seed != None: rand.seed(seed)

fcount =0

stop =2 + speed

while nx.is_connected(G) and len(G)>=stop:
result['N'].append(len(G))
result['fcount'].append(fcount)

if use_betw: faults = fault_maxbetwn_rand(G, k = speed)
else: faults = fault_rand(G, k = speed)

fcount += speed
return result

def liveability(graph, speed = 1, f label = None, normalized = True, seed = None, use_betw = False, save betw = False, save graphs = False):
G = graph.copy()
result = {'N": [], 'fcount": []}
if save_betw:
for node in G.nodes:

key =node if f label == None else f label(node)

result[key] =[]
if save graphs: result['G'] =[]
N =len(G)
if seed !=None: rand.seed(seed)

fcount=0
step =0

stop =2 + speed

while nx.is_connected(G) and len(G)>=stop:
result['N'].append(len(G))
result['fcount'].append(fcount)

if use_betw:
betweenes = chars.betweenes(G, normalized = normalized)
if save betw:
for node in graph.nodes:
key =node if f label = None else f label(node)
result[key] = betweenes.get(node, None)
# sum = sum([betweenes[key] for key in betweenes])
#betw = {key: betweenes[key]/ sum for key in betweenes}
faults = fault_ maxbetwn_rand(G, betw = betweenes, k = speed)
else: faults = fault rand(G, k = speed)

G = faults['G"]
if save graphs: result['G'].append(G.copy())

step +=1
fcount += speed
return result
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Jlonarok B

BB ajgaBity Ha po3noAlI aJbTePHATUBHUX NPeEICTABIEHb

B.1. Onuc excnepumenTy

I'imore3a CKCIICPpUMCHTY IIOJra€ y TOMYy, IO JIA 6Y,Z[B-$IKOFO HC-aHOMAJIbHOIO

andaiTy po3MoLI aJIbTEPHATUBHUX MPEICTABICHD 3aJISKUTH JIMIIE Bl po3Mipy alihaBiTy

k 1 ocHoBm uncneHds b. Ckiaz andapiTy BIUIMBAE JIUIIE HA 3MIMICHHS 1 HE MIHSIE CaMoi

dhopMu PO3TOLITY.

Jyi mepeBipKH 1aHO1 TMOTe3U MPOTOHYEThCS c(hOPMYBATH PO3TO/LT IPEICTABIICHb

i cucteM 4uciieHHs. [lapamerpamu ekcriepMeHTy € JOBKUHA andasity k, ocHoBa b 1

noBxkuHa (paHr) kony m. ['eHepalliss BAKOHY€ThCS 32 HACTY THUMU IPaBUJIAMU:

AndaBitu MOXYTb MICTUTH IUPpu Big -9 no 9. llpm upomy B pamkax
EKCIIEPUMEHTY BUKOPUCTOBYIOTHCS HACTYTIHI MO3HAYKU HETaTUBHUX UGD:

T ('1)7 z ('2): Y ('3)9 Q ('4)9 p ('5)9 H ('6)9 S ('7)9 K ('8)= N ('9)

AndasiT TOBKUHOIO kK MICTUTh BCl IM(PHU B AEAKOTO ¢ 10 t+k-1 6€3 IpOIyCKIB
YU TIOBTOPEHb (BUKOHYETHCS YMOBA HOPMAJILHOCTI ajdasiTy).

B pamkax ogHOTO €KCIEpUMEHTY T'eHEePYIOThCS BCl MOXKIMBI k-3HauH1 andapiT,
10 3370BOJIbHIIOTH YMOBAaM BHIIIE.

Cucrema 4uCIeHHS 1 JOBKMHA KOJIIB € CIUILHOO JJISt BCIX an(aBiTiB.
Pe3ynbraToM ekcriepuMeHTy € Tadiuiis (.Csv), € CTOBIII TO3HAYa0Th P13H1 KOMIH,
a PAJIKY — YUCIIO aJbTePHATUBHUX MPECTaBICHb JAJIs IEBHOTO uKcia. 3HaueHHs
y KOMIpIi O3Ha4ae, M0 MEBHA M-pO3psiIHA CUCTEMa HE MOXKE MPEACTaBUTU

3a3HA4YCHC 4YUCJIO.

Jis  3pydHOro BigoOpakKeHHS JaHMX JOLUIBHO BHUKOPUCTaTH Tpadiune

MIpeACTaBICHHS PO3IOILTY, 1€ 0C1 aOCITUC BIAMOBIIaTUMY Th YHCIa, OC1 OPIMHAT — KIJTIBbKICTh

aJbTEPHATUBHUX MPEICTABJICHD BIMOBIIHOTO YKCIIA, a Pi3HI rpadiku MpeICcTaBISITAMYTh

Pi3HI MOXUTHBI adaBiTH 71 BIATIOBITHOT CHCTEMH.
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B.2. ExcniepumenTaJibHi 1aHi

JIns KomiB 13 HEBEIMKOIO JOBKHHOKO 7 1 HEBEIMKOI pO3MIipHiCcTIO andaBity k
MOJKJIMBO BUKOHATH MOBHUI niepedip. B sikocTi BuxigHuX nanux O0yno oopaHo kBin 3 10 71
r=6. Taki napameTpu 00paHo uepe3 Te, o Oyab-s1K1 HeO1HAPHI KoY B HU(POBUX CUCTEMAX
NPEACTABIAIOTLCS Y BUIVISIAL TPpynu OITIB — TaKUM YMHOM, JIy>KE€ BENHKI andaBitu €
HEIOLUTbHUMHU, OCKUTBKH MOTPe0yBAaTUMYTh BEJIMKOI KUTLKOCTI UG 1 CyTTEBO 30UThLIATH
YUCIIO0 eJIEMEHTApHUX oTeparii mpu po6oTi 3 komamu. [logo mowxunHM, 3HAYEHHS OYII0
o0paHo 3 oMy Ha TOM (aKT, 110, 3 OAHOTO OOKY, B KOHTEKCTI BHUCOKOMPOAYKTHUBHUX
oO4MCIIeHb HEMAE CEHCY JAOCHIIKYBaTh HEBEJIMKI 7, a 3 IHIIOTO, MpOrpaMHa reHepartis
posnoaity norpedye moBHoro niepedopy. [Ipu » = 6 pesynsrar nependagdae N Bix 3¢ mo 76,
10 J03BOJIAE JOCATTH KOMIPOMICY MDK 4YacoM CHUMYJAIII 1 MPaKTHYHOIO I[IHHICTIO

pe3yJIbTariB.
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Jonarok I'

AHAaJI3 XapaKTePUCTUK TOMOJIOTIYHUX OpraHizamin

I'.1. Tonepenni nauni
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3anponoHOBaHUI METOJ MPALIOE 3 JBOMA TUIIAMHU 3B’SI3KIB — 3 TINEPKyOIYHUMU

(mepeTBOpeHHs 3aMillleHHs1) Ta ¢ bpyiiHIBCbkUMU (TTepeTBOPEHHS 3CyBY ). OCKUIBKH IS

TOTIOJIOT11 KITFOUOBOIO XapaKTEPUCTUKOIO € NoBKHHA aliaBity k, Ha JaHOMY eTar HeMae

CEHCY BpaxOBYyBaTH IHII TapaMeTPH, TaKl K OCHOBA YMCJICHHS M CTpyKTypa andasirty. Li

napaMeTpy MaroTh 3HAYEHHS JIUIIE MpU (HopMyBaHHI KIacTepiB.

Pesynbratu exciepumenty npezcrasieHi y Taomumi 1.

Tabn. I'.1
Jani 115 «9ucTux» Mepex (ne bpyiiH ta rinepky0)
[Tapawm. Tum 3B s13KiB
lNmepky©6ivuni Jle bpyiiHIiBCBKI

k R |N L |S |D D T C SD ||L |S |D D |T C SD

2 2 |4 2 12 2 13333 | 13333 | ° 4 203 12 | 11667 | 07718 | 12 6
3 (8 303 |3 | 17143 | 10420 |24 9 12 |4 |3 | 1640082432 12
4 |16 4 |4 4 |,1333 | 10667 | O 16 112 |4 14 15147 1.0708 | 64 16
5 132 |5 |5 |5 |25806 | 1.0325 |10 25 012 |4 |5 | 2754 | 1377 | 128 20
6 |64 |6 |6 |6 |30476 | 1.0150 | 3% 36 112 |4 |6 | 3454 1.7267 | 256 24
7 1128 |7 |7 |7 |35276 | 1.0079 | 8% 9 02 14 |7 |42 | 21074 | 512 28
8 [256 18 (8 18 |40157 | 10030 |20 (64 |2 (4 8 |soog | 2514 | 1024 |32
9 512 19 19 |9 |[4s088 |1.002 |49 81 2 14 |9 | sgeu| 204 | 2048 |36

3 2 |9 4 |4 |2 |15 0.75 36 8 05 |2 | 1me67 | 05667 | 45 10
3 127 Jj6 [6 [3 20769 [0.6923 | l62 I8 14 16 13 50769 | 0.6923 | 162 18
4 q1 ] ] 4 2.7 0.675 648 32 4 16 |4 | 58333 | 09444 | 486 24
5 [243 10 [ 10 |5 [3.3471 10.6694 | 2430 S0 14 |6 |5 | 36738 | 12046 | 1458 | 30
6 [729 [12 |12 |6 | 40055 | 0.6676 | 8748 T2 04 |6 16 | 45| 15041 | 4374 | 36

4 |2 |16 6 |6 |2 |16 05333 | 96 1206 17 12 |55 |o0440|112 14
3 |64 9 |9 |3 2287 [05079 | 576 27 16 |8 [3 | 232405804512 24
4 | 256 |12 |12 (4 | 3018 10502 13072 |48 |6 |8 |4 |39781 | 07045 | 2048 | 32
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[Ipogomxenns taom. I.1

ITapam. Tun 3B’s13KiB
lNnepkyOGiuni Jle BpyiiHiBchki

k R |k R [k [R |k R k R |k |R |k |R k R k
2 |25 8 |8 |2 |[1.6667]04167 | 200 16 (8 |9 |2 | 1633|0363 | 225 18
3 (125 |12 [12 |3 |24194 04032 | 1500 36 [[8 [10 |3 | 2471 | 04942 | 1250 30
4 625 (16 |16 |4 |3.2051|0.4006 | 10000 [64 |8 [10 |4 | 33779 | 0675 | 6250 40

7 2 |49 12 |12 |2 1.75 02917 | 588 24 (112013 |2 | 17321 | 0.2665 | 637 26
3 343 |18 |18 |3 [2.5789 | 02865 | 6174 54 12 114 |3 | 26391 | 0377 | 4802 42

Matoun 11 J1aHi, MOKHa BUKOHATH HOPMaJI3allil0 1 OL[HMTHU, Kl 3 PO3MIIHYTUX
MEPEKEBHUX TOTOJIOTIH MarOTh Kpallli 3HAYCHHS OCHOBHHX TOTIOJIOTTYHUX XapaKTEPUCTHK.
Jlia anamizy Oyj0 BHKOHAaHO MOAUT HAa 3 MPUOMM3HO OJIHAKOBI 3a PO3MIPOM TPyl Y
BIIMOBITHOCTI 10 N: TAaKUM YHMHOM, MOKHA BIJICIIIKYBaTH MOBEIIHKY KOXKHO1 TOIOJIOT 3
MacitabyBaHHsIM. BpaxoByrouw, 110 giamerp y rinepkyoa ta ne bpyiiHa € piBHUM, Horo
OyJ10 BUALIIEHO OKPEMHUM CTOBIIIEM. TakoK, He pO3IIsi1aiach CyKyIlHa XapaKTepUCTUKY SD,
OCKIJTbKH 1HAKIIIE BIUTMB XapaKTEPHUCTUK S 1 D Ha OIIHKY Oy/e HEBUIIPABIAHO IT1ABUILICHNM,
a orxe, Oyae CKJIagHO OIIHWTH pealbHUK cTaH. Hwkde mpencraBieHi rpymnoBaHi

ycepeaHeH1 XapakTepucTuku (Tadm. [.2) Ta Hopmu mo rpymnam (tabm. I.3).

Tabn. I'.2
I'pynioBani Ta ycepenHeHi eKCiepruMeHTalIbHI 1aHi (0e3 KacTepiB)
k | I'pyna limepky0idHi Mepexi J1eOpyiHIBCBKI MEepexKi
D S D T C S D T C
2 | S(1-32) 3.5 3.5 1.94039939 | 1.1437788 | 64 3.75 1.92630568 | 1.21216078 | 59
M (33-216) | 6.5 6.5 3.28758905 | 1.01187352 | 640 4 3.834093 1.9170465 | 384
L(217-729) | 8.5 8.5 4.26224627 | 1.00293926 | 3328 4 5.45623309 | 2.72811655 | 1536
3 S (1-32) 2.5 5 1.78846154 | 1.27884615 | 99 5.5 1.74679487 | 1.37051282 | 103.5
M (33-216) | 4 8 2.7 1.325 648 6 2.83333333 | 1.05555556 | 486
L(217-729) | 5.5 11 3.67630097 | 1.33149805 | 5589 6 4.12302568 | 1.37434189 | 2916
4 S (1-32) 2 6 1.6 1.46666667 | 96 7 1.55 1.55714286 | 112
M (33-216) | 3 9 2.28571429 | 1.49206349 | 576 8 2.32142857 | 1.41964286 | 512
L(217-729) | 4 12 3.01176471 | 1.49803922 | 3072 8 3.178125 1.20546875 | 2048
5 S (1-32) 2 8 1.66666667 | 1.58333333 | 200 9 1.63333333 | 1.63703704 | 225
M (33-216) | 3 12 2.41935484 | 1.59677419 | 1500 10 2.47096774 | 1.50580645 | 1250
L(217-729) | 4 16 3.20512821 | 1.59935897 | 10000 [ 10 3.37794872 | 1.32441026 | 6250
7|1 M(33-216) | 2 12 1.75 1.70833333 | 588 13 1.73214286 | 1.73351648 | 637
L(217-729) | 3 18 2.57894737 | 1.71345029 | 6174 14 2.63909774 | 1.62298604 | 4802




Hopmu o rpynam

I'pyna D S D T C

S (1-32) 2 3.5 1.55 1.1437788 | 59
M (33-216) 2 4 1.73214286 | 1.01187352 | 384
L (217-729) 3 4 2.57894737 | 1.00293926 | 1536
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Tabm. I'.3

Maroun HopMHU, MO’KHA BUKOHATH HOPMYBaHHS 3TPyIOBAHUX yCEPEAHEHUX 3HAUEHb 1

OTpUMATH CyMH, 3a SIKUMH MOXHA KOMIUIEKCHO TIOPIBHATH SKICTh TOTOJOTTYHHX

oprasi3aiiii ogHa BimHocHO omHO1 (Taom. I.4).

HopmanizoBaHi ycepeaHeH1 3HaYEHHS

Taon. 4

K | I'pynma Inepxy0iuni Mepexi JeOpyHHIBCbKI Mepexi
D S D T C CYMA S D T C CYMA
2 | S(1-32) 1.750 | 1.000 | 1.252 1.000 | 1.085 | 6.087 1.071 | 1.243 1.060 | 1.000 | 6.124
M (33-216) | 3.250 | 1.625 | 1.898 | 1.000 | 1.667 | 9.440 1.000 | 2.213 1.895 | 1.000 | 9.358
L(217-729) | 2.833 | 2.125 | 1.653 1.000 | 2.167 | 9.778 1.000 | 2.116 2.720 | 1.000 | 9.669
3 | S(1-32) 1.250 | 1.429 | 1.154 | 1.118 | 1.678 | 6.628 1.571 | 1.127 1.198 | 1.754 | 6.901
M (33-216) | 2.000 | 2.000 | 1.559 | 1.309 | 1.688 | 8.556 1.500 | 1.636 1.043 | 1.266 | 7.445
L(217-729) | 1.833 | 2.750 | 1.426 | 1.328 | 3.639 | 10.975 1.500 | 1.599 1.370 | 1.898 | 8.201
4 | S(1-32) 1.000 | 1.714 | 1.032 1.282 | 1.627 | 6.656 2.000 | 1.000 1.361 | 1.898 | 7.260
M (33-216) | 1.500 | 2.250 | 1.320 | 1.475] 1.500 | 8.044 2.000 | 1.340 1.403 | 1.333 | 7.577
L(217-729) | 1.333 | 3.000 | 1.168 1.494 | 2.000 | 8.995 2.000 | 1.232 1.202 | 1.333 | 7.101
51 S(1-32) 1.000 | 2.286 | 1.075 1.384 | 3.390 | 9.135 2.571 | 1.054 1.431 | 3.814 | 9.870
M (33-216) | 1.500 | 3.000 | 1.397 | 1.578 | 3.906 | 11.381 2.500 | 1.427 1.488 | 3.255| 10.170
L(217-729) | 1.333 | 4.000 | 1.243 1.595 | 6.510 | 14.681 2.500 | 1.310 1.321 | 4.069 | 10.533
7 | M(33-216) | 1.000 | 3.000 | 1.010 | 1.688 | 1.531 | 8.230 3.250 | 1.000 1.713 | 1.659 | 8.622
L (217-729) | 1.000 | 4.500 | 1.000 1.708 | 4.020 | 12.228 3.500 | 1.023 1.618 | 3.126 | 10.268

I.2. Anaui3 6e3 popmyBanHs kiacrepis (10 N = 4096)

AHanoriuHui anam3 0yyno BUKOHAHO 11 BCix k Bix 2 10 10 3 oOMexeHHsIM Ha YUCTIO

BepIMH Npax = 4096 Ha ocHOB1 po3poOmenoro [13 mist MomenoBaHHS TOTIONOTTYHHX

xapaktepuctuk. Pe3ynbsratu mpencrasieHo B Tabmuigix [W5 — 1022,
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Tabn. I.5
ExcriepumenTtanbHi pe3ynsTaTil s rinepkyoa (k=2)
N | R | s | b | sb | ab | T | C |
2 4 4 2 2 4 1.333 1.333 8
3 8 12 3 3 9 1714 1143 24
4 16 32 4 4 16 2.133 1.067 64
5 32 80 5 5 25 2.581 1.032 160
6 64 192 6 6 36  3.048 1016 384
7 128 448 7 7 49 3.528 1.008 896
8 256 1024 8 8 64 4016  1.004 2048
9 512 2304 9 9 81 4509  1.002 4608
10 1024 5120 10 10 100 5.005 1.001 10240
11 2048 11264 11 11 121 5503  1.000 22528
12 4096 24576 12 12 144 6001  1.000 49152
Tabn. I'.6
ExcniepumentanbHi pe3ynbratu s rpada ae bpyiina (k=2)
N | R | s | b | sb [ ab | T | cC |
2 4 5 3 2 6 1167 0933 12
3 8 13 4 3 12 1643 1011 32
4 16 29 4 4 16 2142 1182 64
5 32 61 4 5 20 2754 1445 128
6 64 125 4 6 24 3.453 1.768 256
7 128 253 4 7 28 4215 2132 512
8 256 509 4 8 32 5028 2529 1024
9 512 1021 4 9 36 5.884 2.951 2048
10 1024 2045 4 10 40 6774  3.392 4096
11 2048 4093 4 11 44 7689  3.847 8192
12 4096 8189 4 12 48 8.623 4.313 16384
Ta6n. I7
ExkcniepumenTanbHi pe3ynbTaTi A rinepkyoa (k=3)
N | R | s | b | sb | ab | T | cC |
2 9 18 4 2 8 1.500 0.750 36
3 27 81 6 3 18 2077  0.692 162
4 81 324 8 4 32 2700 0675 648
5 243 1215 10 5 50 3.347 0.669 2430
6 729 4374 12 6 72 4.005 0.668 8748
7 2187 15309 14 7 98  4.669  0.667 30618
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Tabn. I8
ExcniepumentanbHi pesynbratu A rpada ae bpyiina (k=3)
N | R | s | b | sb | ab | T | C |
2 9 21 5 2 10 1417  0.607 45
3 27 75 6 3 18 2077 0748 162
4 81 237 6 4 24 2833 0968 486
5 243 723 6 5 30 3674 1235 1458
6 729 2181 6 6 36 4572 1528 4374
7 2187 6555 6 7 42 5506  1.837 13122
Ta6n. I'9
ExkcniepumenTanbH1 pe3ynbTaTi 1 rinepkyoa (k=4)
N | R | s | b | sb | ab | T | c |
2 16 48 6 2 12 1600  0.533 9%
3 64 288 9 3 27 228 0508 576
4 256 1536 12 4 48 3.012  0.502 3072
5 1024 7680 15 5 75 3754 0500 15360
6 409 36864 18 6 108 4501 0500 73728
Ta6n. I.10
ExcnepumenTanbHi pe3yibrati 17s rpada ne bpyitna (k=4)
N | R | s | b | sb | ab | T | C |
2 16 54 7 2 14 1550  0.459 112
3 64 246 8 3 24 2321 0.604 512
4 256 1014 8 4 32 3178 0802 2048
5 1024 4086 8 5 40 4099  1.027 8192
6 4096 16374 8 6 48 5054 1264 32768
Tabn. I.11
ExcriepumenTanbHi pe3ynsTaTil s rinepkyoa (k=5)
N | R | s | b | sb | ab | T | C |
2 25 100 8 2 16 1667 0417 200
3 125 750 12 3 36 2419 0403 1500
4 625 5000 16 4 64 3205 0401 10000
5 3125 31250 20 5 100 4.001  0.400 62500
Tabn. I12
ExkcniepumenTainbHi pe3ynbratu A rpada ae bpyiina (k=5)
N | R | s | b | sb | ab | T | c |
2 25 110 9 2 18 1633 0371 225
3 125 610 10 3 30 2471 0.506 1250
4 625 3110 10 4 40 3378  0.679 6250
5 3125 15610 10 5 50 4334 0868 31250



Tabm.
ExcriepumenTtanbHi pesynsTaTil s rinepkyoa (k=6)
N | R | s | b | sb | ab | T | C |
2 36 180 10 2 20 1714 0343 360
3 216 1620 15 3 45 2512 0335 3240
4 1296 12960 20 4 80 3336 0334 25920
Tabm.
EkcniepumentainbHi pe3ynbraru i rpada ae bpyiina (k=6)
N | R | s | p | so | ap | T c |
2 36 195 11 2 22 1690 0312 396
3 216 1275 12 3 3 2570 0435 2592
4 1296 7755 12 4 48 3505 058 15552
Tabm.
ExcnepumenTanbHi pe3ynbTaTu 118 rinepkyoa (k=7)
N | R | s | b | sb | ab | T | cC |
2 49 294 12 2 24 1750  0.292 588
3 343 3087 18 3 54 2579  0.287 6174
4 2401 28812 24 4 9 3430 028 57624
Tabm.
ExcniepumentanbHi pesynsratu A rpada ae bpyiina (k=7)
N | R | s | b | sb [ ab | T | cC |
2 49 315 13 2 26 1732 0269 637
3 343 2373 14 3 42 2639 0381 4802
4 2401 16779 14 4 56 3592 0514 33614
Tabm.
ExkcriepumenTanbH1 pe3ysbTaTi 1 rinepkyoa (k=8)
N | R | s | b | sb | ab | T | c |
2 64 448 14 2 28 1778  0.254 896
3 512 5376 21 3 63 2630 0250 10752
4 4096 57344 28 4 112 3501  0.250 114688
Tabm.
ExcnepumenTtanesai pesynsrary 11 rpada ae bpyiina (k=8)
N | R | s | b | so | ap T c |
2 64 476 15 2 30 1764 0237 960
3 512 4060 16 48 2690  0.339 8192
4 4096 32732 16 64  3.654 0457 65536
Tabm.
ExkcriepumenTanbH1 pe3ynbTaTi 1 rinepkyoa (k=9)
N | R | s | b | sb | ab | T | C |
2 81 648 16 2 32 1.800 0225 1296
3 729 8748 24 3 72 2670 0223  174%
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Tab6n. .20
ExcniepumentanbHi pesynbratu 1 rpada ae bpyiina (k=9)
N | R | s | b | sb | ab | T | C |
2 81 684 17 2 34 1789 0212 1377
3 729 6516 18 3 54 2729 0305 @ 13122
Ta6n. I'21
ExcnepumenTansHi pesynsrary 11 Tinepkyoa (k=10)
N | R | s | b | sb | ab | T | C |
2 100 900 18 2 3 1818  0.202 1800
3 1000 13500 27 3 81 2703 0200 27000
Tabn. 22
ExcniepumenTtansHi pesynsTatu 118 rpada ae bpyitaa (k=10)
N | R | s | b | sb | ab [ T | cC |
2 100 945 19 2 33 1.809  0.191 1900
3 1000 9945 20 3 60 2759 0277 20000

Ha ocHOBI oTpuMaHuX TaHUX IPOTPaMHUM 3ac000M OyJI0 BUKOHAHO TPYITyBaHHS Ta
HOPMaJII3aIliio XapaKTePUCTHK. Pe3ynbTaTu Ui pi3HUX TPYII IpeacTaBiieHo B Taom. .23 —

[.26.

Ta6n. I'23
HopmamizoBani 3Hauenss s rpynu S (0-63)

S D sb | ap T C
HC2 1.000 1750 1125  1.252 1001  1.085
HC3 1429 1250 1083 1154 1119 1678
HC4 1.714 1000 1.000  1.032 1284  1.627
HC5 2286  1.000 1333 1075  1.386  3.390
HC6 2.857  1.000 1667 1106  1.450  6.102
HC7 3.429 1000 2000 1129 1495  9.966
DB 2 1071 1750 1125  1.243  1.000  1.000
DB 3 1571 1250 1167 1127 1157  1.754
DB 4 2.000 1000 1.167  1.000  1.348  1.898
DB 5 2571  1.000 1500  1.054  1.425  3.814
DB 6 3143  1.000  1.833 1091 1477  6.712
DB 7 3714 1000 2167 1118 1514  10.797



HopwmamnizoBani 3HaueHHst a1 rpynu M (64-255)

s | D SO | aD T C
HC2 1.625 3.250 1.771 1.864 1.000 1.667
HC3 2.250 2.250 1.708 1.714 1.312 4.008
HC4 2.250 1.500 1.125 1.296 1.475 1.500
HC5 3.000 1.500 1.500 1.372 1.578 3.906
HC6 3.750 1.500 1.875 1.424 1.646 8.438
HCS8 3.500 1.000 1.167 1.008 1.726 2.333
HC9 4.000 1.000 1.333 1.020 1.754 3.375
HC10 4.500 1.000 1.500 1.031 1.777 4.688
DB 2 1.000 3.250 1.083 2.174 1.927 1.000
DB 3 1.500 2.250 1.125 1.845 1.089 2.531
DB 4 2.000 1.500 1.000 1.316 1.380 1.333
DB 5 2.500 1.500 1.250 1.401 1.476 3.255
DB 6 3.000 1.500 1.500 1.457 1.546 6.750
DB 8 3.750 1.000 1.250 1.000 1.742 2.500
DB 9 4.250 1.000 1.417 1.014 1.767 3.586
DB 10 4.750 1.000 1.583 1.026 1.787 4.948

HopmamizoBani 3Hauenns a1 rpymu L (256-1023)

S | D SD | aD T C
HC2 2.125 2.833 2.266 1.653 1.000 2.167
HC3 3.000 2.000 2.250 1.553 1.329 5.695
HC4 3.000 1.333 1.500 1.168 1.494 2.000
HC5 4.000 1.333 2.000 1.243 1.595 6.510
HC7 4.500 1.000 1.688 1.000 1.708 4.020
HC8 5.250 1.000 1.969 1.020 1.744 7.000
HC9 6.000 1.000 2.250 1.035 1.772 11.391
HC 10 6.750 1.000 2.531 1.048 1.795  17.578
DB 2 1.000 2.833 1.063 2.116 2.732 1.000
DB 3 1.500 2.000 1.125 1.773 1.524 2.848
DB 4 2.000 1.333 1.000 1.232 1.194 1.333
DB 5 2.500 1.333 1.250 1.310 1.317 4.069
DB 7 3.500 1.000 1.313 1.023 1.614 3.126
DB 8 4.000 1.000 1.500 1.043 1.656 5.333
DB 9 4.500 1.000 1.688 1.058 1.690 8.543
DB 10 5.000 1.000 1.875 1.070 1.717  13.021
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Ta0n. [.24

Tabn. I'25



Hopwmamnizosani 3nauenns mis rpynu XL (1024-4096)

s | b | sb | ab | T C
HC2 2.750 2.750 2.897 1.650 1.000 2.857
HC3 3.500 1.750 2.333 1.400 1.332 3.204
HC4 4.125 1.375 2.179 1.237 1.499 4.661
HC5 5.000 1.250 2.381 1.199 1.599 6.539
HC6 5.000 1.000 1.905 1.000 1.665 2.712
HC7 6.000 1.000 2.286 1.028 1.713 6.029
HC8 7.000 1.000 2.667 1.049 1.749  12.000
DB 2 1.000 2.750 1.048 2.307 3.848 1.000
DB 3 1.500 1.750 1.000 1.651 1.836 1.373
DB 4 2.000 1.375 1.048 1.372 1.145 2.143
DB 5 2.500 1.250 1.190 1.299 1.132 3.270
DB 6 3.000 1.000 1.143 1.051 1.413 1.627
DB 7 3.500 1.000 1.333 1.077 1.485 3.517
DB 8 4.000 1.000 1.524 1.095 1.542 6.857
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Tabn. .26

Maroun HopMaJli30BaH1 XapaKTEPUCTUKH (11€aTbHUM pe3ysbTaT — 1, BUIL 3HAYEHHS -

ripiii), Mo>kHa c(opmyBaTH HOpMaIi30BaHi OLIHKH JJIs TOTONIOT1# o rpynam (tabm. 17.27).
Mitku HC no3nauatots rinepky0iuni rpadu, DB — neOpyiiniBcbki. LHudpa— nopsgok
cUCTeMM 4YuciieHHs (2 — JBiiiKoBa, 3 — TpiiKoBa, To1I0). B HOpMai30BaHUX OIIHKaX HE
BpAaxOBYBaJIaCh XapakTepucrtuka SD.

HopmanizoBani o1iHKu

I.3. AHaJi3 Tonoa0riYHoi e)eKTUBHOCTI TA 3B’A3HOCTI
Ta6mn. I.28 umroCTpy€e TOMONOTTYHI XapaKTEPUCTUKH JIOKAIbHOT, TJI00aIbHO1

DB2 [DB3 | DB4 | DB5 [ DB6 | DB7 [ DB8 | DB9 | DB 10 |
S | 606 688 735 10.12 13.93 19.01
M| 935 922 750 10.10 14.25 10.01 11.65 13.56
L | 968 965 7.09 10.53 10.24 13.01 16.77 2179
XL| 1091 811 803 945 809 10.58 14.49

HC2 | HC3| HC4| HC5| HC6| HC7| HC8| HCY|HC10 |
S| 619 678 681 945 13.08 17.94
M| 943 1160 804 1142 16.89 9.60 11.20 13.07
L| 979 13.60 9.00 14.71 12.24 16.04 21.24 28.24
XL|11.01 11.19 1290 1559 11.38 1577 22.81

Tabm. .27

pebepHOi Ta 1100aIbHOT BYy3JI0BO1 3B’ SI3HOCTI, a TAKOXK JIOKAJIBHOI Ta MI00aIbHOT

e(ekTMBHOCTI ABIMKOBOTO TinepKybda Ta ABIMKOBOTO A¢ bpyiiHa.
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Tab6m. .28
3B’s13HICTh Ta €(DeKTUBHICTH OlHApHUX Tinepkyda Ta ne bpyitHa
Finepky6 [e BpyiH

N [ L]|Gn|Ge|ElI| Eg N |L[Gn|Ge| E | Eg
2 4 2 2 2 0 0833 4 2 2 2 0917 0917
3 8 3 3 3 0 0.9 8 2 2 2 054 0.714
4| 16 4 4 4 0 0572 16 2 2 2 0229 0.560
5/ 32 5 5 5 0 0477 32 2 2 2 0115 0.438
6| 64 6 6 6 0 0401 64 2 2 2 0.057 0.346
7128 7 7 7 0 034 128 2 2 2 0.029 0.277
8| 256 8 8 8 0 0295 256 2 2 2 0.014 0.227
9512 9 9 9 0 0258 512 2 2 2 0.007 0.190
10| 1024 10 10 10 O 0.229 1024 2 2 2 0.004 0.162
1112048 11 11 11 0 0.205 2048 2 2 2 0.002 0.140
1214096 12 12 12 0 0.18 409 2 2 2 0.001 0.123

Takoxx Oyno mpoanHanizoBaHO JeOpyHHIBCbKI I'pady HA OCHOBI KOJIB YHUCIICHHS 3

NOBKHUHOIO andasity 3, 4 Ta 6. Tabmn. 29 umocTpye pe3yabratu Jjsl HUX.

Tabn. I'29
3B’S3HICTh Ta €(DEKTUBHICTh NeOPYyHHIBCHKUX HAJUJIMIIKOBUX rpadis
TpilikoBui YeTBipKoBuii

N [L|Gn|Ge| EI | Eg | N [L|Gn|[Ge| E | Eg
i 9 4 4 4 0.778 0.792 16 6 6 6 0.706 0.725
3| 27 4 4 4 0258 0558 64 6 6 6 0.162 0.487
(4| 8 4 4 4 0075 0403 256 6 6 6 0.036 0.346
5| 243 4 4 4 0025 0303 1024 6 6 6 0.009 0.260
(6] 729 4 4 4 0008 0237 40% 6 6 6 0.002 0.207
702187 4 4 4 0.003 0.192

LWecTipKkoBuit
N| L{Gn|[Ge| E| Eg
2 36 10 10 10 0.622 0.655
3| 216 10 10 10 0.087 0.423
4

129 10 10 10 0.013 0.301

B Ttabn. .30 — mopmamizoBaHi pe3yiabTaTH MO BCiM rpymam, B Taom [.31 —
HOPMAaJII30BaH1 OIIIHKH IO XapaKTEPUCTUKAM 3B’ SI3HOCTI Ta €(DEKTUBHOCTI (KpiM JIOKaJIbHOI
e(peKTUBHOCTI, OCKUILKY i HOpMasIi30BaHa OI[IHKA BUSBUIIACH BCIONH PIBHA HECKIHYEHHOCTI
yepe3 nuieHHs Ha 0, 1 06e3 po3aUIeHHS Ha MIo0aNbHY pebepHy Ta I00ajbHY BY3JIOBY
3B’SI3HOCTI, OCKIJIbKM BOHHU PIBHI 1 IX MPAKTUYHUN CEHC € 1YKE CXOXKHM )



HopmarizoBaHi pe3ynbTaTy 1o rpymnam

S (0-63)

M (64-255)

L | Gn | Ge | EI | Eg

L | Gn| Ge | EI | Eg

DB 2

5.00

DB 3

4.00

DB 4

3.00

DB 6

1.00

HC2

4.25

5.00
4.00
3.00
1.00
4.25

5.00
4.00
3.00
1.00
4.25

inf
inf
inf
inf
inf

111
1.08
1.00
111
1.13

5.00
4.00
3.00
1.00
2.75

5.00
4.00
3.00
1.00
2.75

5.00 inf
4.00 inf
3.00 inf
1.00 inf
2.75 inf

1.56
1.43
1.00
1.20
1.37

L (256-1023)

XL (1024-4096)

L| Gn| Ge|

EI|

Eg

DB 2

4.25

DB 3

3.25

DB 4

2.25

DB 6

HC2

1.00

4.25 4.25
3.25 3.25
2.25 2.25

1.00 1.00

inf
inf
inf

inf

1.66
1.52
1.00

1.33

L| Gn| Ge| EI| Eg

5.50
4.50
3.50
1.50
1.00

5.50
4.50
3.50
1.50
1.00

5.50 inf
4.50 inf
3.50 inf
1.50 inf
1.00 inf

2.13
1.77
1.48
1.00
1.67
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Tabn. I.30

Tabn. I'.31

HopmanizoBaHi OLIHKY 32 XapaKTEPUCTUKAMHU 3B’ SI3HOCTI Ta €(PeKTUBHOCTI

I''4. Anaji3 BIVIMBY iMILUTIMUTHUAX KJACTepPiB
A Tabn. I.32 — I.34 umocTpyroTh XapakTEPUCTHKH IeOPYHHIBCHKUX TrpadiB 3
kiacrepamu. KOHKpeTHI TUIU KOA1B BKa3zaHo B opmari (k, b).

3 | M | L XL |
DB 2 16.105  16.564  14.408  18.627
DB 3 13.078  13.430 11.272  15.267
DB 4 10.000  10.000 7.750  11.976
DB 6 4.109 4.205 5.500
HC2 13.877 9.621 4.329 4.665

Tabn. I'32
XapakTepucTukH TpiiikoBoro rpada e bpyitna Ha ocHOBI Koy (3, 2)
N | R | s | b | ab | T [ L Bl | Eg |
2 9 21 5 2 1417 0.607 4 0778 0792
3 27 83 7 3 2.003 0.652 4 0.301 0.578
4 81 285 9 4 2641 0751 4 0088 0434
5 243 931 10 5 3358 0877 4 0030 0334
6 729 2981 11 6 4145 1014 4 0010 0264
7 2187 9459 12 7 4983 1152 4 0003 0216
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Ta6n. 33
XapakTepuCTUKH YeTBIpKOBUX T'padiB ae bpyitna
OpHakosi Kog (4, 2) Kog, (4, 3)
N [p|jL] R [s]ap | T | B | Eg R [s|a | T | & | Eg
2| 16 2 6 56 8 1.533 0438 0.706 0.733 55 8 1.542 0.448 0.709 0.729
E 64 3 6 290 10 2.170 0.479 0.197 0.520 262 10 2.250 0.550 0.169 0.502
i 256 4 6 1330 11 2.867 0,552 0.046 0.384 1096 11 3.037 0.709 0.037 0.362
5/ 1024 5 6 5878 12 3.623 0.631 0.013 0.297 4444 12 3.906 0.900 0.009 0.274
E 4096 6 6 25602 13 4.432 0.709 0.003 0.238 17860 13 4.830 1.108 0.002 0.217
Ta6n. .34
XapakTepUCTUKH LIECTIpKOBUX I'padiB Ae bpyiina
OAHaKoBi Kog (6, 2) Koga (6, 3)
N [D|L R |[s|a | T | B | Eg R|[s|a | T | B | Eg

2 36 2 10 211 13 1.665 0.284 0.625 0.667 204 12 1.676 0.296 0.621 0.662
3| 216 3 10 1611 16 2.342 0.314 0.124 0.466 1455 14 2.439 0.362 0.086 0.448
411296 4 10 11103 18 3.012 0.352 0.035 0.352 9525 15 3.229 0.439 0.013 0.329

I'.5. XapakTepucTHKH KJIACHYHUX Ta NONyJasipHux rpadis

Tabnm. I1.35-I. nmpencraBisioTh  XapaKTEPUCTUKH  KJIACMYHHMX  TOTIOJIOTIHA
KOMIT IOTEPHHUX CUCTEM. B SIKOCTI KOHTPOJbHUX OyJi0 0OpaHO Taki TOMOIOTIi SIK TinepKyo
(XapaKTepUCTUKH JJIs1 HbOTO MPUBEAEHI y MONepeHiX Tabauisix — quB. Tononorito HC 2),
KJlacuyHi 2, 3 Ta 6-BUMIPHI TOPH.

Tabm. .35
XapakTepUCTUKH 2-BUMIPHOTO TOpa

N | R | s | b | ab | T | L | E |
4 16 32 4 4 2133333 1.066667 4 0.572222
8 64 128 4 8 4.063492 2.031746 4 0.316345
12 144 288 4 12 6.041958 3.020979 4 0217511
16 256 512 4 16 8.031373 4.015686 4 0.165633
20 400 800 4 20 10.02506 5.012531 4 0.133714
24 576 1152 4 24 12.02087 6.010435 4 0.112102
28 784 1568 4 28 14.01788  7.00894 4 0.096502
32 1024 2048 4 32 16.01564  8.00782 4 0.084712
36 1296 2592 4 36 18.0139  9.00695 4 0.075489
40 1600 3200 4 40 20.01251 10.00625 4 0.068076
44 1936 3872 4 44 22.01137 11.00568 4 0.061989
48 2304 4608 4 48 24.01042 12.00521 4 0.056901
52 2704 5408 4 52 26.00962 13.00481 4 0.052585
56 3136 6272 4 56 28.00893 14.00447 4 0.048877
60 3600 7200 4 60 30.00834 15.00417 4 0.045658
64 4096 8192 4 64 32.00781 16.00391 4 0.042836
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Tabn. I.36
XapakTepuCTUKH 3 -BUMIPHOTO TOpa

N | R | s | b | ab | T | L | E |
2 8 12 3 3 1714286 1.142857 3 0.690476
3 27 81 6 3 2.076923 0.692308 6 0.564103
4 64 192 6 6 3.047619 1.015873 6 0.401323
5 125 375 6 6 3.629032 1.209677 6 0.329032
6 216 648 6 9 452093 1.506977 6 0.267593
7 343 1029 6 9 5157895 1.719298 6 0.231421
8 512 1536 6 12 6.011742 2.003914 6 0.199757
9 729 2187 6 12 6.675824 2.225275 6 0.178407
10 1000 3000 6 15 7.507508 2.502503 6 0.159199
11 1331 3993 6 15  8.18797 2.729323 6 0.145166
12 1728 5184 6 18 9.005211 3.001737 6 0.132297
13 2197 6591 6 18 9.696721  3.23224 6 0.122383
14 2744 8232 6 21 10.50383 3.501276 6 0.113166
15 3375 10125 6 21 11.20332  3.73444 6 0.105793
16 4096 12288 6 24 12.00293  4.000977 6 0.098869

Tabn. .37
XapakTepuCcTUK 6-BUMIPHOTO TOpa

N | R | s | b | ap | T | L | ©E |
2 64 192 6 6 3.047619 1.015873 6 0.401323
3 729 4374 12 6 4.005495 0.667582 12 0.280769

4096 24576 12 12 6.001465 1.000244 12 0.186012

Taxox Oys0 mpoaHa i30BaHO JTOAATKOBI rpadw, M0 BUKOPUCTOBYIOTHCS B CyYaCHUX
KOMIT FOTepHHX cucTemax. Puc. I.1 geMoHCTpy€e CTPYKTypy TOMOJIOTIi CynepKOMIT I0Tepa
dyraky, 0 CKIAAAEThC 3 TOPOigaIbHUX Ipym 13 12 Bepmun (ocit A, B, C, mo maroTs
craTMYHUU po3Mip 2, 3 1 3 BIANOBIAHO) 1 MOEAHAHI MDK CO00I0 MacmTaboBaHUM 3 -
BUMIpHUM TOpOM. PeanbpHuil cynepkoMinr totep MicTuTh 158 976 By3imiB.

Puc. I''1 — ctpykTypa Tomosorii cynepkomm rotepa Fugaku [239]
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Pesynbraté 110710 TOTOJOTIYHUX XapaKTEPUCTHK TMpeacTaBieHi B Tadm. [.38.
MacmrabyBanHsi BinOyBajioch 3a MpaBWiaMH 3-BHUMIPHOTO TOpPY IO BCIM 3 BUMIpam,
IHTerparlis Tpyn BUKOHAHA yepe3 JeKapTOBUN JOOYTOK.

Tab6m. .38
XapakTepuCTUKHN TOTIOJOTi cynepkomit rotepa Fugaku
N | R | s | b | ap | T | L | e | sb |
2 144 576 8 6 3.356643 0.839161 8 0.35373 48
3 486 2673 11 6 3.841237 0.698407 11 0.296357 66
4 1152 6336 11 9 4.837533 0.879551 11 0.235045 99
5 2250 12375 11 9 5.435749 0.988318 11  0.205574 99
6 3888 21384 11 12 6334963 1.151811 11 0.177133 132

Taxox TIpoaHaizoBaHO TaKl TOIMOMOTII K XupHE nepeBo, dragonfly Ta dragonfly+.
Kupue nepeBo, BUKOpUCTaHE s aHali3y, Oyno chopMOBaHO y BIAMOBIIHOCTI JO YHCa
MOPTIB KOMYTaropiB (CTymiHb S) 1 CKJIaJajJioch 13 3 THUIMIB KOMYTAaTOPIB: KOPEHEBUX,
arperyroumx Ta KpailoBux By3miB (puc. [.2). O0uuncmoBaibH1 By3JM HE aHai3yBaJHCh,
OCKUIbKH 1X TTapaMeTpU He KPUTUYHI JJI1 MEPEXKI 1 JIUIIE 31MCYI0Th CTATUCTHKY.

&G G®-E @@
Puc. I.2. CrpykTypa *KUpPHOTO JIepeBa
Pe3ynbTaTti OTpUMaHOTO XKUPHOTO AepeBa — B Tadm. 17.39.

Tabn. I'39

XapakTepUCTUKH KUPHOTO JiepeBa (paHr — CTYIIHb S KOMyTaTopiB)

N | R | s | p | abp | T | L | E | sb |
4 20 32 4 4 2589474 1.618421 2 0.475439 16
6 45 108 6 4 2781818 1.159091 3 0427273 24
8 80 256 8 4 2.881013 0.900316 4 0.403376 32
10 125 500 10 4 2941935 0.735484 5 0.388978 40
12 180 864 12 4 298324 0.621508 6 0.37933 48
14 245 1372 14 4 3.013115 0.538056 7 0.372404 56
16 320 2048 16 4 3.035737 0.474334 8 0.367189 64
18 405 2916 18 4 3.053465 0.424092 9 0.363119 72
20 500 4000 20 4 3.067735 0.383467 10 0.359853 80
22 605 5324 22 4 3.07947  0.34994 11 0.357174 88
24 720 6912 24 4 3.089291 0.321801 12 0.354937 96
26 845 8788 26 4  3.09763 0.297849 13 0.353041 104
28 980 10976 28 4 3104801 0.277214 14 0.351413 112
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30 1125 13500 30 4 3.111032 0.259253 15 0.35 120
32 1280 16384 32 4 3.116497 0.243476 16 0.348762 128
34 1445 19652 34 4 312133  0.22951 17 0.347669 136
36 1620 23328 36 4 3.125633 0.217058 18 0.346695 144
38 1805 27436 38 4  3.12949 0.205888 19 0.345824 152
40 2000 32000 40 4 3.132966  0.19581 20 0.345039 160
42 2205 37044 42 4 3.136116 0.186674 21 0.344328 168
44 2420 42592 44 4 3.138983 0.178351 22 0.343682 176
46 2645 48668 46 4 3.141604 0.170739 23 0.343091 184
43 2880 55296 48 4 3.144008  0.16375 24 0.342549 192
50 3125 62500 50 4 3.146223 0.157311 25 0.342051 200
52 3380 70304 52 4 3.148269 0.151359 26 0.34159 208
54 3645 78732 54 4 3.150165 0.145841 27 0.341164 216
56 3920 87808 56 4 3.151927 0.140711 28 0.340767 224

s mepexi dragonfly Oysio oOpaHo cxoxuil mpuHIUN MaciITalyBaHHS Ha OCHOBI
BUJIUIGHOTO HAa MEPEeXY CTyINEHs, MPUYOMY 3B’A3KH OyJlOo pO3AUIEHO HAaBILT MDK
BHYTPIITHBOIPYIOBUMH Ta MDKTpymoBuMH (a+1 =h = S/2). Xapakrepuctuku — B Tabm. I°40.

Tao6mn. I'.40.
Xapaktepuctuku dragonfly (a = S/2+1, g = a*h+1, h = S/2)
N | R | s | o | ab | T | L | E | sb |
4 21 42 4 3 2.166667 1.083333 4 0.538889 12
6 52 156 6 3 2372549  0.79085 6 0.477124 18
8 105 420 8 3 2.503846 0.625962 8 0.441667 24
10 186 930 10 3 2.592793 0.518559 10  0.419219 30
12 301 1806 12 3 265619 0.442698 12 0.403968 36
14 456 3192 14 3 2703297 0.386185 14  0.39304 42
16 657 5256 16 3 2.739499 0.342437 16  0.38488 48
18 910 8190 18 3 2.768097 0.307566 18 0.378585 54
20 1221 12210 20 3 2791207 0.279121 20 0.373597 60
22 1596 17556 22 3 2.81024 0.255476 22 0.369558 66
24 2041 24492 24 3 2.826169 0.235514 24 0.366227 72
26 2562 33306 26 3 2.839683 0.218437 26 0.363437 78
28 3165 44310 28 3 2.851285 0.203663 28 0.361069 84
30 3856 57840 30 3 2.861349 0.190757 30 0.359036 90

Mepexa dragonfly+ cuHTe30BaHa aHAJIOTIYHUM YWHOM, MPUYOMY IMapaMeTpamu
BHYTPIIIHbOKIIACTEPHOI CTPYKTYpH Oysio oOpaHo 1=s=S/2 nys norpumanHs OiCEKIIMHOT
MPOMYCKHOT 3JaTHOCTI (K 1€ MPOINOHYBalOCh PO3pOOHMKaMH Tomouorii). Jleram
CTpyKTypu — Ha puc. I.3. Xapakrepuctuku — B Tadm. .41.
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to other groups

Puc. I'3. Crpykrypa rpynu mepexi dragonfly+ [56, 251]

I.6. CTpykTypa 3anponoHOBAHUX i€EpapXivYHUX MepeK

Tabn. 141

Xapakrepuctuku dragonfly+ (1= S/2. s =S/2, g = s*h+1, h=S§/2)

N R D aD T Eg SD |
4 20 30 4 4 2.5 1.666667 2 0.480263 16
6 60 135 6 5 2.875706 1.278092 3 0.400565 30
8 136 408 8 5 3.107407 1.035802 4 0.361358 40
10 260 975 10 5 3.264865 0.870631 5 0.338263 50
12 444 1998 12 5 3.374342 0.749854 6 0.323432 60
14 700 3675 14 5 3.456979 0.658472 7 0.313066 70
16 1040 6240 16 5 3.520693 0.586782 8 0.305474 80
18 1476 9963 18 5 3.571224  0.52907 9  0.29969 90
20 2020 15150 20 5 3.612234 0.481631 10 0.295145 100
22 2684 22143 22 5 3.646156 0.441958 11  0.291485 110
24 3480 31320 24 5 3.674667 0.408296 12 0.288477 120

Jlisa anamizy 6yno o6pano Tonosnoriro Hyper de Brujin (HDB) 3 knacrepamu panry 3
Ha konax (3, 2) ta (4, 2), Dragon de Brujin (DDB) 3 knactepom Ha ocHOBI kony (3, 2) Ta
nepesa Dragonfly-Tree 3 ropu3oHTanbHUMH 3B’ s13KaMu OJTM3bK0r0 (Near) Ta KoMO1HOBAHOTO

(Combo) tumy. Pe3ynsratit — B Tabm. .42 — I.45.

Tabm. .42
Tomomorist DDB 3 knactepom 3 mopsiaky Ha koxi (3, 2)
N | R | 3 | D | aD | T | L | Eg | SD |
2 1485 6050 9 7 4374613 1.073769 6 0.243406 63
3 2214 10127 10 7 4.359107 0.953003 7 0.242981 70
4 2943 14933 11 7 4351311 0.857558 8 0.242766 77
5 3672 20468 12 7 4346611 0.779791 9 0.242636 84

Ta0n. 43
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N | R | s | b | ap | T | L | e | sb |
2 1485 6050 9 7 4.374613 1.073769 6 0.243406 63
3 2214 10127 10 7 4.359107 0.953003 7 0.242981 70
4 2943 14933 11 7 4.351311 0.857558 8 0.242766 77
5 3672 20468 12 7 4346611 0.779791 9 0.242636 84
Tabn. I.44
Tononoris HDB 3 knacrepom 3 nopsiaky Ha koAl (4, 2)
N | R | s | Db | aD T | L | E | sb |
2 256 1416 12 5 3.148039 0.569137 8 0.362692 60
3 512 3088 13 6 3.642857 0.603997 9 0.311379 78
4 1024 6688 14 7 4139785 0.633843 10 0.271553 98
5 2048 14400 15 8 4.638007 0.659628 11 0.240104 120
6 4096 30848 16 9 5.136996 0.682091 12 0.214845 144
Tabn. I"45

Tormonoris Dragonfly-Tree 3 pi3HUMH THIIAMHA MDKKJIACTEPHUX 3B’ A3KIB [3
y

CrijbHi Near Tree Combo Tree

N |s|L|p]cC lap [T |sp|D|cC lap [T |[sD
2|9 5 5|3 135 1750 0700 15| 3 135 1750 0700 15
3|21 6 6|4 504 218 0729 24| 4 504 2.186 0729 24
445 6 6|5 1350 2919 0964 30| 5 1350 2.884 0961 30
5193 6 6|7 3906 3941 1314 42| 7 3906 3.680 1227 42
6| 189 6 6|9 10206 5291 1764 54| 7 7938 4309 1436 42
701381 6 6|11 25146 6869 2290 66| 9 20574 5448 1816 54
8| 765 6 6|13 59670 8607 2869 78| 11 50490 6815 2272 66
(9| 1533 6 6|15 137970 10450 3483 9p| 13 119574 8447 2816 78

I.7. IlopiBHAHHSA 3aNIPONMOHOBAHUX TA MOMYJISIPHUX TOIOJIOTIH
OckiIbKA  pI3HI  MeEpexi
eKCIEpUMEHTAJIbHI TOUKH 3a N, € CEeHC pOOUTU MOPIBHAHHS B rpadiuHOMY BH/I1, JIIHIHHO
anpOoKCUMYBaBIIY OPOKH1 TPOMDKKHU. [I0piBHSHHS BapTO MPOBOJUTH 3 TUMU padami, siKi

MalOTh PI3HI MIBUAKOCTI MAacHITa0yBaHHS 1 pI3HI

MaloTh IPaKTHUYHE 3aCTOCYBaHHs — >kUpHE nepeBo, dragonfly, Tononorisa Fugaku. Takox,
OCKUIbKH BCl XapaKTEPUCTUKH MPECTABIICHI BUIIE B TAOIUIISAX, HEMAE CEHCY POOUTH MOBHE
NOPIBHSAHHA B rpadikax, OCKUIbKM L€ 3IMCY€ iX HAaouHiCTh. [lOpiBHIOBATH A KOXKHOL
XapaKTEPUCTUKU € CEHC JimIie 2-3 HalKpalll KIacuuH1 pimeHHs 1 1-2 3anponoHoBaxi. Lle
MOPIBHSAHHA JJI1 MEPEK Ha OCHOBI HAJUTMIIIKOBUX KOJIB MPOAEMOHCTPOBaHO Ha puc. ['4.
JlJ11 Mepex Ha OCHOBI 1€papX14HOTO CUHTE3Y TaKe NOPIBHSAHHA NPEICTaBICHO Ha puc. [.5.
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Honarok I

AHaJIi3 NOBeiHKH TOMOJIOTIii B yMOBax BiIMOBH

I.1. PesyabTaTu 1151 0e31m0cepeqnbo 3B°I3aHAX Mep ek

Jlnst anamizy Oyino obpaHo psix rpadis, iX OyJIo PO3AUICHO HA TPYMH 3a YUCIOM
BeplInH. bysio BUALIEHO HACTYTIHI TPYyTIH:

I'pyna 1 (N =64) - 1000 cumymnsii:

- DB3 (4, 3): rpad ne bpyiina panry 3, xox (4, 3)

- HC n64: 6inapawmii rinepky0 panry 6

- T2D: 2-BumipHuii Top panry 8

I'pynma2 (N =216)— 100 cumymsii:

- DB3 (6, 2): rpad ne Opyiina panry 3, xox (6, 2)

- DB3 (6, 3): rpad ne 6pyiiHa panry 3, kox (6, 3)

- T3D n216: 3D top panry 6

I'pyma 3 (N =256) — 100 cumynsiiii:

- HC n256: 6inapHuii rinepkyo panry 8

- DB4 (4, 2): rpad ne O6pyiiHa panry 4, kox (4, 2)

OCKUTbKM MacuB OTpPHUMaHHMX JaHUX € 3aHaJITO BEIUKUM JJIs TaOIMYHOIO
NpeCTaBICHHS, € CEHC PECTAaBUTH PE3yJIbTaT! B rpaiuHOMY BUIJISII.

PesysbraTd cUMyIISILii JUIA HEPHIOi IPYIM TOMOJOTIH npenacrasiedi Ha puc. L.1.
Otpumani B xoai koxkHOTO 13 1000 eKcriepruMeHTIB XapaKTEPUCTUKU OyJIO YCEpETHEHO IS
BiIMOBIHUX 3HaueHb N. [lapamerp alive TyT 1 nai nmokasye 4ucio moaesneit rpadis, M0
3aJMIIAIMC, B poOouoMy (3B’SI3HOMY, (OKMBOMY») CTaHl Ha KOXHIA 13 1Tepaiii

EKCIIEPUMEHTY.
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300pakeHl JaHl UTIOCTPYIOTh HACTYIIHI TEHJICHIIlI: YUCIIO pedep ae0pyHHIBCHKOI
Mepexi CKOpOUY€eThCsl HabaraTo MOBUIbHIIIE HIK Y 1HIIUX, T€ CaMe MOXKHA CKa3aTH 1 Mpo
CTymiHb. B ToM e yac jiaMeTp Ta CepeliHiil JiaMeTp UTIOCTPYIOTh JUBHY TEHJEHIIIIO JI0
criagy OnmK4e 10 KiHIS KOKHOTO €KCIIEPUMEHTY, IO CBIYUTD PO TPYITYBaHHS 3aJTUIIIKIB
MEpPEXi B OJJHY CYLIUTbHY IIUIbHO3B sI3aHy rpyIry. TonosoriyHuil Tpadik Takox 30epiraerses
Ha HU3BKOMY PiBHI, OJIU3BKOMY J10 1, B TOM 4ac K ieadbHul 3 T.3. Tpadiky rinepkyo uepes
B1JIMOBH BTPavac 3B’ S3HICTb, [0 MPHU3BOUTH HE3ATHOCTI MEepEeXi 3a0€3MEeUNTH JOCTATHIO
MPOITYCKHY 37aTHICTh. AHAJOTIYHO, BUCOKOIO 3aJIMIIAETLCSA JIOKaJbHA 3B SA3HICTH, IO
CBIAYUTH TIPO T€, 110 BPA3JIMBI €IEMEHTH MOTPAIUIIIM il BIIMOBY 3HAYHO PiAIIe, HIK B
HIIKUX TUIAX Mepex. BpemTi-pemt, e peKTUBHICTh IPH LIOMY MTPOLUTIOCTPYBajia TeHEHIIO
70 3POCTaHHs, IO TAKOK CBIIYUTH PO MEPErpynyBaHHS MEpPEXl y IIUIbHO3B S3aHy
CTPYKTYDY.

He MeHII Ba)JIMBUM acrieKTOM € 1 TOH (hakT, 110 3aIpOoIOHOBaHA MEPEeKa MPOsBIJIA
3HAQYHO OUIBIIY KUTTE3AAaTHICTh. 3arajioM, 3Ha4YHO OUIbIE YHUCIO ii EeK3EeMIULIPIB 13
noyatkoBoi 1000 3anuianich B mpame3naTHoMy CTaHi, HiXK y allbTepHATUBHUX CUCTEM Ha
OCHOBI KJIACHYHUX TOTIOJIOT1H, 1 OLIBIIT TOTO, ASSKI 3 HUX 30epiraiiv 3B’ I3HICTb, (PaKTUIHO,
710 TIepeTBOPEHHA I'pada B OfHY-€AMHY Ipale31aTHy BeplIuHy. B Toii ke yac kiacuuHi
Mepexi Oy MOBHICTIO 3HUIIICHI, BTPATUBIIN ¥4 CBOIX BEpIIUH.

Pesynbrary ajis cepennboi rpynu (N=216) nokasani na puc. I.2.
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OTpumaHi pe3yJIbTaTy 3arajoM BiANOBIIal0Th TUM, 110 Oy OTpUMaHI B IOTEp e THiii
rpyMi, 3a BUKIIFOYEHHSIM P13KOTO CHaly AlaMeTpy 1 MOB’A3aHMX 3 UM (IIyKTyaliil. 3araiom,
BapTO BIIMITUTH, 1110 TONIOJIOT1YHI XapaKTEPUCTUKU JeOpy HHIBCHKMX MEPEXK MOTIPUIYIOTHCA
cradiie, HiX y 3-BUMIPHOTO TOPa, @ MOMEHT OCTaTOYHOI BIIMOBH CUCTEMHU HACTAa€ 3HAYHO
mizHime (ocranHiMu Toukamu € N=34 1 35 npotu N=90 y Ttopa).

Puc. [.3 imoctpye pe3yinsrartu Ui OCTaHHbOI Ipymu, N=256.
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Puc. I.3. Pesynbraty MofemoBanHs BigMoB aius N=256

B maniii rpymni MOKHa TaKOK BIIMITUTH HEBEJINKI KTyallil, 0B’ 13aH1 13 J1aMETPOM
2

HaI[JII/IH_IKOBOI Mepe>1<i, O1o0 TakKoX CBiI[‘—II/ITB IMpoO MOYaTOK CaMO-KJIaCTepI/BaHﬁ B I[GSIKI/II\/'I

MOMCHT 4acy. Tako)k BayKJIMBO 3a3HAYMTH 3MIHH B JIOKAJILHIN 3B’ I3HOCTI: B TOH qac, sK IIpHu

0e3B1IMOBHIN poOOTI HAIJIMIIIKOBA MEPEKa MPOTpae TiepKyoy Mo IbOMY MapamMeTpy, 3

B1JIMOBOIO BCE HOBHX 1 HOBUX BY3JIIB JIOKaJIbHA 3B’ SI3HICTh HAJIMIIIKOBOT MEPEXKI MOYMHAE

nepeBakaTu BiAMOBIAHUM napametp rinepkyda. [llogo edekTnBHOCTI Ta KUTTE3MATHOCTI,

aHAJIOT1YHO, 3aIMPOTIOHOBAaHA HAJIUIIIKOBA MEpeka MEpeBaKae MO JTaHOMY MapamMmeTpy,

posnanaroduchk mpu N=51 (B rimepky6i po3puB BigOyBcs nmpu N=81).

I.2. Pe3yabTaT 1J15i KOMYTOBAHUX Mep ek

KomyTtoBani Mepexi Oyso po30UTO Ha HACTYTHI TPYTIH:

e Ipymal (N=90) - 1000 excnepumenris (puc. I.4):

o DDB: DDB 3 rpymnoto panra 2 Ha ocHOBI Koy (3, 2)

o Dfly: Dragonfly 3 h=1, c=9

o Dfly+: Dragonfly+ 3 h=1, c= 4, m=14
e I'pyma2 (N =272)- 100 excriepumenTtis (puc. I.5):

o DDB: DDB 3 rpymnoto panra 2 Ha 0OCHOBI Koy (4, 2)

o Dfly: Dragonfly 3 h=1 Ta c= 16 By311B
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Puc. I.4. Pesynsraru gy rpymu 1 (N = 90) KoMyTOBaHUX TOIOJIOTIHA

Sk BUIHO, pe3yabTaTd MOJEIIOBAHHS € OUIbII CTpUMaHUMH. OTpUMaHI PILICHHS

MAalOTh BHIIY JKUTTE3AATHICTD (alive), mpoTe iX XapaKTepUuCTUKHU MOAEKYAH € TIPIIUMHU.
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Honarok /I
Po3ropHyTi mosicHeHHsI 10 OKPpeMHX YACTHH OCHOBHOIO TEKCTY, J01aTKOBI

MAJIIOHKH Ta Ta0JuIli.

J.1. AHAJIi3 IPUYMH BiIMOB y CYylIepKOMII’I0OTepax

Oxkpim HaBeneHux B Posnimi 1, icHYIOTH ¥ 1HIII CIOCOOM PO3AUIUTH MOMUJIKH 32
MEBHUMH O3HakKamu. YacTo JqocCiiIHMKaMU BBOJSTHCS BJAcHI Kiacudikarii, moB’s3aHi 3
XapaKTEepPUCTUKaMU CHUCTEM, IO aHAN3yIOThbCS, Ta HAasSIBHUMH TaHuMU. Hampukmnan, B
a"amizi ['pest qyia TanneMuux cucteM [84] Buausumch ataibHi Ta HedaTalbHI TOMUIKH,
OJMHOYHI TOMHWJIKM Ta JIAHIFOXKKKA TOMMJIOK; BiIMOBH, IO OyaM BUSIBIEHI CHCTEMOIO
PaHHBOTO BUSBIJICHHS, HEBUSBJICHI IOMWIKH Ta Ti, 110 OyJIM BUSBIIEHI KopHucTyBadeM. Kpim
TOTO, TMOMWJKMA MNOAUBUIMCh Ha mnporpamHi (software), amaparui (hardware),
obciyroByBaHHs (maintenance), kepyBaHHs (operations), oTodeHHs (environment) Ta
npoiiecy (process). B pe3ysnbrari 1aHOTO JOCTIIKEHHS OYyJI0 BCTAaHOBJICHO, 1110 OCHOBHUMU
MpUYMHAMHA BiIMOB / BIJKIIIOYEHb CHUCTEMH € OTOYEHHS (B OCHOBHOMY, BHUMUKaHHS
KUBJIEHHS), 3001 mporpamHoro 3abe3rnedeHHs Ta mpobnemu kepyBanHs. Ha amapathi
HECITPaBHOCTI MpHUIaio Bchoro Juiie 4% Big Bcix 3001B.

Jlemo cxoke BumAnae kiacugikamis BiaMoB, 3poOnena Jly nams  cucrem
HamionanmsHoro ueHtpy cynepkomm 'torepuux ngonatkiB  (National Center for
Supercomputing Applications, NCSA) [85]. B po6oti Oyno BuaiieHO IporpamMHi 3001,
armapatHi 3001, BIAKIIOYEHHS BHACIIIOK IUIAHOBOTO OOCIYroByBaHHsA, 3011 Mepexi Ta
po0OJIeMH 3 €JICKTPOCHEPTi€I0 a00 MUPKYIIIIEI0 TOBITPS. 3arajoM BCTaHOBJIEHO, 11O 301H
MPOTPAMHOTO 3a0€31eUEHHS € MPUYHUHOIO BIIMOBH B 59—83% BUMaAKIB, BTIM B CEPETHHOMY
Ha yCyHEHHS MpOrpaMHOro 30010 moTpiOHO 3HAauHO MeHie Jacy (0,6—1,5 ronuH), HK Ha
yCyHEHHS armapatHoi HecrpaBHocTi (6,3—100,7 romu).

B anamnizi Omuepa ta Crepmi ans 5 cucreM [86] OCHOBHUMH THIAMHU TOMUJIOK, IIIO
BHJIUILJIMCh, OyJIM armapaTrHi, MpOrpaMHI Ta HEBH3HA4YeHI MOMMJIKHA. Xod4a CHpl JaHl
JEMOHCTPYBaJIM, IO OCHOBHOIO NPHYMHOIO BIIMOBU €, SK TPaBUJIO, araparHe
3a0e3NeueHHs, BTIM NOAAJbIIMK aHali3 MOoKa3aB, 10 NpUYMHOK 64% BiAMOB Oy

npoOieMH 3 IPOTPAMHUM 320€3EUCHHSIM.
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He menmr mikagi faHi mpeacTaBieHo B JocimkeHi cucteMu Blue Waters, 3po6neromy
Jli Maprino Ta iH. [87]. BcTanoBneHo, mo anaparae 3abe3neueHHs O0yao npuanHoo 42%
BCIX BIIMOB, B TOH 4ac sIK 4acTKa 3001B pOTpaMHOro 3abe3neueHHs cranosuia 20%. Brim,
aHAJI3yI0YM MPOCTO1, BUKIMKAHUNA PI3HUMHU TUIIAMU 300iB, TOCIITHUKH BCTAHOBUWIIH, IO
53% vacy BIIHOBJIEHHS OyJI0 BUTPAY€HO HA MPOTPaMHI IOMUJIKHM, B TOW Yac SIK anaparHi
3aiiHsM e 23% yacy.

BTiM TeHmeHIis 0 MpeBaJIOBaHHA NPOTPAMHUX TIOMWJIOK Haj arapaTHUMH
XapaKTepHa HE JJI BCIX cymnepkoMin toTepiB. Tak, B cuctemax Jaguar Ta Titan OCHOBHY
JacTKy MOMMUJIOK CKJIQJajd came HeClpaBHOCTI amapatypu [33, 83].

[le onHi€0 MOXIMBOIO MPUYHHOIO BIIMOBU € Jtofachkuid daxtop. Hanmpuknaz, B
nocimpkenHl Onnenreiimepa ta Ilatrepcona [88] mokazaHo, 1110 Ha BTPYYaHHS JFOUHU-
oneparopa npumnano 14-30% BiJ BCiX HOMUIIOK CUCTEMHU.

Y3aranpHIOIOUH MIPUBEICHI JaHi, MOKHA BUAUTUTA 3 OCHOBHHUX aCIIEKTH MPOOISMHU:

- amapaTHUM acleKT, sSIKU MoJArae B HEHaIIMHOCTI anaparypu Ta ii CXHIBHOCTI 0
aerpagamii 1 norpedye e(EeKTUBHHUX MEXaHI3MIB pPE3EpByBaHHSA BY3IB Ta
MacKyBaHHS IOMHJIOK;

- MPOTPaMHHM aCIIEKT, 1110 0a3y€ThCS Ha TIOMUJIKAX MPU HAMCaHH1, pO3TOpTaHHI Ta
OHOBJICHHI MPOrpaMHOro 3abe3medeHHs 1 moTpedye pe3epByBaHHS Ha pIBHI
0oOYMCIIeHb Ta CEepBICIB, a TAKOXX PI3HOMAHITHUX 3aC001B BITHOBJIECHHS / BiJKary
CTaHy;,

- JOACHKUH (haKTOp, MIO TPYHTYETHCS HA CXWIBHOCTI JIIOAMHU TOMHISITUCH 1
norpedye MaKCUMaJbHOTO BiJICTOPOHEHHS KOPHUCTyBada BiJl KepyBaHHSIM
BHYTPIIIHIM CTaHOM CHUCTEMHU — TOOTO, MaKCMMaJbHO1 aBTOMAaTH3allli MUTaHb

BIIMOBOCTIHKOCTI.

J.2. Inmi acnexkT N-KpaTHOTro pe3epByBaHHS

P&’)’el?@}/@aHHﬂ NpoO2PAMHO20 DIBHA

OnHi€ro 13 KOHIEMIIIH pe3epByBaHHS IPOTPaM € BAKOPUCTAHHS 0aratosiiepHOCTI 1S
yCyHEHHsI TOMUJIOK. MloT0 1715 mosnsirae y BAKOPUCTaHH1 P OIIECOPHUX Tap, 1€ OJTMH MTPOIIEC

(Ha ogHOMY ITPOLECOP]) € OCHOBHUM, a IHIIUK — ayOmorounuM. [Ipu BiIMOBI OCHOBHOIO
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npoiiecy nyomorounii 6epe foro pons Ha cede [14]. [Ipobnemoro 1aHoTo METOTY € Te, 1110
BiH nepenbavae qyomoBaHHs o0unciens [80], — sk HACTIAOK, 1€ MPU3BOAUTH /10 TOTO, IO
npu HassBHOCTI N (pI3MUHHUX s/Iep CUCTEMA 3/1aTHA MIATPUMYBaTH Mapajesi3m e s N/2
3a/1ay.

[le omuH MeTon — MOYJILHE PE3EpBYBaHHs, aJie HE /ISl arlapaTHUX KOMIIOHEHTIB, a
JUId mpolueciB / anroputMiB / mporpamuoro 3aoesnedeHss (I13). [Ipu 3601 B ogHOMYy 3
MPOIIECIB BIIMOBY MOKHA BUSIBUTH 1 3aMacCKyBaTH 3a IOTIOMOTOI0 rosiocyBaHHs. Hegomixom
€ Te, mo AKmo [13 MICTUTh TOMHIIKY, TO CKIIBKH O peruTik He OyJio 3amyIieHo, pe3yIsrar
Oyzie OMHAKOBHI 1 MPU IbOMY HEKOPEKTHHUH.

TakuM YHMHOM, KOMM TIOCTa€ THUTAHHA BiIMOBOCTIMKOCTI MPOTPAMHOTO PiBHS,
BAOXIMBUM € HE MNpOCTO AyoOmoBaHHa camoro [I3, ame po3poOka ajabTepHATHBHUX
nporpaMHUX pimieHb. Hampuknan, meron N-BepcCiiiHOTO mporpamyBaHHs Iependadae
po3p0o0OKy N pi3HUX MpOTpaMHUX PillIEHb 32 OTHAKOBOIO CrieU(iKaIlEr0, TPUIOMY PI3HUMU
HE3aJISKHUMU I'PyTIaMU JIFO/IeH, 3 BUKOPUCTAHHIM PI3HUX aITOPUTMIUHMX PIILIEHb Ta PI3HUX
3aco01iB mporpamyBanHss [107—109]. Jlani Bepcii napanenbHO 3amyCKalOThCs, TPUIOMY B
KIHIII Ta Ha MEBHUX MPOMDKHUX €Tarnax BUKOHY€EThCS NIEPEBipKa KOPEKTHOCTI BUKOHAHHS 3
BUKOPUCTAHHIM rojiocyBaHHs. OKpIM I[bOTO, TAKOK 3aCTOCOBY BAHUMH € METOIH OJIOKOBOTO
BiJTHOBJICHHsI Ta N-caMOTIepeBIPKH, SIKiI TOTIOBHIOIOTH 3a3HAYEHUN METOJI TPHUMAaTbHAMHI
TECTaMH: CIUTbHUMHU JUIA BCIX BEpCiii B MEPIIOMY MiIX0A1 a00 K BIACHHUMH — B JIPYTOMY.
[omoBHOI0O MPOOIEMOI0 JaHOT TPYHH METOJIB € CKIQJHICTh TEPEBIPKU MPOTPAMHOIO
3abe3nedueHHs. Yepe3 HaIBEIUKY KUIbKICTh CTaHIB B Cy4aCHHUX Mporpamax JIy:Ke CKJIJTHO
BUSIBUTU KOHKPETHY MPUYUHY HECIIPABHOCTI.

Takok BHKOPHUCTOBYETHCSI METOJ| JIJIsl 3HEIIKOPKEHHSI TUMYACOBUX MOMUJIOK — II€
JacoBa HA/UIMIIKOBICTb. [71es JaHOTO X0y TaKa: SKIO TPaIIach TOMIIIKA — HEOOX 1THO
noBTOpUTH oOuucieHHs. OYeBHUIHOIO MPOOJEMOI0 JaHOTO METOMYy € 3HUKCHHA
MIPOTYKTUBHOCTI, TOMY OJHIEI0 13 MOAH(IKaIllid 9acOBOT HAJIMIIIKOBOCTI € TTepEBUKOHAHHS
THCTPYKIIIH, 110 Tiepeadadae MOBTOPEHHS 0OYHCIICHD JIMIIE JJI1 KOHKPETHUX HECIPaBHUX
KOMaHJl. [HIIMM BapiaHTOM € 4acOMpPOCTOPOBA HANIUILIKOBICT, 110 JO3BOJISE BUSBIISITH SIK

THUMYAaCOBI IOMUJIKH, TaK 1 IOCTIMHI. 3arajoM, OCHOBHUMH HEOIIKaMHU BCIX METO/IIB IIbOTO
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THUITY € CyTTEBE 3MEHIIICHHS MPOIYKTUBHOCTI, 0COOIMBO Y BUMAIKaX , KOJIM TIEPEBUKOHAHHIO
MiJIATal0Th BEUKI OJIOKU KOTY.

Pozsumox memoodis N-kpamno2o peszepsysarHsi

VY3aranpHiowoun ol N-KpaTHOTO MOJYJIbHOTO pe3epByBaHHs 13 Po3auty 1, Bapto
3a3HAYUTH, 10 TPOOJIEMOIO BCIX MOAIOHUX METOJIB € iX JIOPOTOBU3HA, 110 TMepeadadae
HAJJIMIIKOBICTh N+€ €IeMEHTIB Ha KOKEeH okpemuit Omok [92]. Takum dYHHOM,
JOCIITHUKaMU PO3TISIAl0THCS BApiaHTH 3/ICIIEBICHHS TaHOTO METOY 3 BUKOPHUCTAHHIM
cnenugiIHAX METO/IIB Y1 3a JOTIOMOTOIO IMOEIHAHHS PI3HUX ITiAXOIB.

Tak, B poOori [89] 3ampomoHOBaHO MeTOHA, IO Oa3yeTbcs Ha HAOIMKEHHX
OoOYMCIIeHHSX 1 J03BOJIsi€ 3MeHIIUTH HakiaaaHi Butpatd TMR. IlponemoncTpoBaHo psin
TEXHIK HaOIMKEHOTO MOTPIMHOTO MOAYJIBHOTO PE3EPBYBaHHA U1 PI3HUX PIBHIB Ta
BUKOHAHO iX JOKJIaAHUM aHami3. [0J0BHOIO MpOOIEMOIO JaHOTO METONY € CKJIAJIHICTh
NPOEKTYBaHHS, a TAKOXK O1JIbIIa BPa3IMBICTh JO TTOMUIIOK.

HocnimkenHs mnpencrasiedHi B poo6ori [110] mpomoHyroTe 1HIIMK miaxig —
BUKOPUCTAHHS Yaco-MPOCTOPOBOi HAJJMIIKOBOCTI B TPOILECOPaX 3 YEPTrOBaHOIO
OararonorokoBicTio. Lleit minxin HOocuTh Ha3By OydepuzoBaHoro TMR. Takuit miaxing
J03BOJISIE 3MCHIIIMTH arapaTHI BUTPATH IPHU 30€peKeHH1 BIIMOBOCTIHKOCTI, TPOTE HOTO
HEJIOJIIKOM € 3pOCTaHHS YaCOBUX BUTPAT HA IEPEBUKOHAHHS IHCTPYKIiil. PO3BUTKOM JJaHOTO
METOZly € BHKOpHUCTaHHS nuHamidHoro TMR 3amicte yacoBoi HammmkoBocTi [111].
BusiBieHno, mo Takuil miaxig A03BOJIsi€ 30UTBIIUTHA BIJIMOBOCTIMKICTh y MOPIBHSAHHI 13
oypepuzoBanum TMR, ane anapatHi BUTpaTu MPU HbOMY TAKOX 30LIbITYIOThHCS.

B po6ori [112] 6yno mocmimkerno meronq TMR 3HIKEHOT TOYHOCTI 1 MPOBEACHO
EKCIIEPUMEHT B YMOBaxX MPOTOHHOTO OMPOMIHEHHS cXeMH. JlaHWil MeToq rapHO MOKa3aB
cebe 111 BUSIBJICHHS! KPUTHYHUX HECITPABHOCTEH, ITPOTE HOTO HEOJIIKOM € HETOYHICTh Ta
ITHOpYBaHHS HEBEJMKHX MMOMHUJIOK, III0 0OMEXY€ Horo cdepy 3aCTOCYBaHHS.

Inchopmauinina naoauwxogicms

OkpemMuM BHI0OM HAUTAIIKOBOCTI € iH(hOpMaIliiiHa HaUIMIITKOBICTb. Ii CYTb IIOJIATAE
B JI0JlaBaHHi /10 iH(opMaIlii IeBHOTO 00CATY JOIaTKOBUX JAHUX, K1 JOTIOMAararoTh BUSBUTH

1, — 1HOA1, — BUNpaBuTH noMuiKy. Cdepa 3actocyBaHHs 1HHOPMALIHHOT HAIJIMIIKOBOCTI €
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JOCUTh OOIITMPHOIO: 11¢ 1 BUSBJICHHS TIOMUJIKH TIPU OOYMCIICHHSX, 1 30epiraHHsl TaHuX, 1
oOMiH iH(OpMaLIi€0 HA PI3HUX PIBHAX.

OnHUM 13 HAWMPOCTINIUX METO/IB € KOJlyBaHHS XEMMIHIa, TAKOX BIOME SIK OITH
napHOCTi. Moro cyTs momsrae B 3acTocyBaHHi onepaTopy «BuUKIF0dHOr0 ABO» 110 BCix 6iTiB
KOZIOBAHOTO CJIOBA — TAKUM YMHOM, TIPU HETIAPHIN KUTLKOCTI OJIUHUIIL B KOJIOBAHOMY CIIOBI
01T mapHocTti Oyne piBHuil 1, npu napuomy — 0. /laHuii MeTOJ € BUKOPHUCTOBYBaHUM Ha
arapatHoMy piBHI [113], ockuibku He MOTPeOy€ HiI BEIMKUX anapaTHUX BUTPAT, HI TOBIOi
gacoBoi 3aTpuMku. [1le omHiero ceporo 3acToOCyBaHHS € CXEMHU T1aM’SITi, M0 peasi3yloTh
SEC/DED (Single Error Correction / Double Error Detection). B cydacHux cxemax
BUKOPUCTOByBaHUMHU € Koau Xemminra (39, 7) ta (72, 8) [80]. Hemomikom maHorO
KOJAyBaHHS € TOW (DaKT, M0 JIMIIE OAMHOYHI MOMWJIKM MOXYTh OyTH BHIIPABJICHI, IO
noTpedye JOCUTh BEJIMKOT KUIKOCTI JJOMATKOBUX OITIB.

CxoxuM € koa beprepa, skuii 17151 reHepaiiii KOJJ0BOIO CJI0Ba rependavyae mapaxyHok
YUCIa OJMHMIIL B KOM1, HOTO MPEACTaBJICHHS B JIBINKOBOMY KOl Ta MOOITOBY 1HBEPCIIO.
Ockinbku N-3Ha4HE KOJ0BE CJI0BO MOKE MICTUTH He O1IbII HK N OJTMHMIIB, KOJOBE CIIOBO,
BIJIMOBIIHO, Ma€ JNOBXKHUHY, piBHY log»(N+1). Hemomik maHOro Koy — HEMOXJIMBICTH
BUIIPABJICHHS TIOMUJIOK.

Merton KOHTpPONBHUX CyM TMepefdadac BUKOPHUCTAHHS CYMHM 3a MOAYJEM 2 MDK
CJIOBaMH KOJI0BaHO1 iH(popMallii 1 3aCTOCOBY€ETbCA AJIsl Tiepeaayl 1aHuX. B 3anexHocTi Big
TOTO, SIKMM BaplaHT KOy BUKOPHCTOBYETHCA, 1€ JO3BOJSIE BUSBISATU PI3HY KUIbKICTh
NOMWJIOK. J{aHUi1 METO/I IHUPOKO 3aCTOCOBY €THCS MPHU NIepeiadi JaHUX, IPOTE BiH TaKOXK HE
J03BOJIsIE€ BUIIPABJICHHS 1, IK HACI10K, NOTpeOy€e MOBTOPHOI Mepeaayl JaHuX.

KonyBannust M 13 N nepenbauae npeacranieHHs iHdopmarii y BUrsiai N-61THOro
CJIOBa, 110 MICTUTHh PiBHO M omuHuUIL. TakuM 9uHOM, e KOJ JO3BOJISIE BUSIBIISITH BCl 1 -
OITOBI TOMHWJIKH, a TaKOXK MHOYKHHHI OJTHOHAMPSIMJICHI TTOMFIUIKH. Moro HemomkoMm €
HEPO3ILTLHICT, OCKUTLKH KOJOBE CIIOBO 5K TaKe BIACYTHE, 3aMICTh ITbOTO cama iHpopmMaris
Tepe-MpeICTABISIETHCSA B IHIIIOMY BUTJISII.

[{uKIi4HI KOAU € OJTHUM 13 IIUPOKO BUKOPUCTOBYBAHUX METO/IIB 1 HA3UBAIOTHCS TaK,
OCKUTbKU IIUKJITYHUN 3CYB HaJ[ KOJJOBUM CIIOBOM TaKOXK JIa€ B pe3yJIbTaTi KOJ0Be CI0BO. [nes

JAQHOTO METOJy TOJISITa€ Y MHOXKEHHI 332 MOJyJieM 2 TIEBHOTO CJIOBA Ha KOHCTaHTY, IO 1
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dbopMmye KomoBe cioBO. BinmoimHO, po3mudpoBka BinOyBaeTbCsl uepe3 AUICHHS, a
OTPUMAaHHSI HEHYJIbOBOTO 3aJMIIKy CBIIYUTH NPO MOMWIKY. JlaHWil MeToa IIHPOKO
3aCTOCOBY€THCS B Pi3HUX acIleKTax 30epiraHHs Ta nepeaadi JaHuX. FIoTo e1MHIM CyTTeBIM
HEIOMIKOM € OUIbllla CKJIAAHICTh MOPIBHAHO 13 MOMEPEIHIMH, 1 SIK HACHIOK — OUIbIII

arapaTHi BUTpaATH / 4acoB1 3aTPUMKH, HEOOX1/IHI JJ1s1 poOOTH 13 1HPOpMaIIi€ro.

J1.3. BizaHTiliCbKa NOMMJIKA TA METOAH il YCYHEHHS

BaxnnBoio HeOe3MedHOI0 BIACTUBICTIO MOMHIOK € iX PO3MOBCIOKEHHS, 10 B
KIHIIEBOMY BHIIQJIKy BeJ€ J0 BIAMOBH cUcTeMH K Takoi. Lle moB’s3aHo 31 cnenudikoio
MOBEIIHKH HECIIPABHUX €JIEMEHTIB Y BUIMAKaX, KOJIM HECIIPABHICTh HE BE/E 0 MOBHOT iX
3ynuHKU. [10110HO 10 cipaBHUX BYy3J1iB, BOHW BUKOHYIOTb [IEBHI OOUHCIICHHS, TPUITMAIOTh
Ta MOCWIAIOTh IOBIIOMJIEHHS, MPOTE 1H(OpMAIlis, SKa MOBIIOMIIETbCS HUMU IHUIUM
BY3JIaM, € HEKOPEKTHOIO, IPUUOMY KO)KHOMY KOHKPETHOMY OTpUMYBauy MepeaatoThCs pi3Hi
3HaueHHs. Taki MOMUJIKU B JITEpaTypl HOCATh Ha3BY Bi3aHTINCHKUX.

BaxnmBoio crnenndikoro BI3aHTINCHKUNA TMOMWJIOK € CKIQAHICTh I1X YCyHEHHs
CTaHJapTHUMH MeTofamu. Tak, armaparHa Bi3aHTiHChKa TOMUJIKA HE MOYKE OyTH yCYHEHOIO
KJIIACHYHOIO CXeMOI0 N-MOIYIbHOT HAJIMIIKOBOCTI Yepe3 3MaTHICTh Bi3aHTIHCHKOTO
CHTHAJTy J0JaTh BeHTHI «Bukimouae AbOy» [102]

Icnye nekimbka MeTOAIB BHpilmieHHS Takoi npobOnemu. Kiacuunuii anropumm
nependadae HAQMIIKOBICTE N > 3m+1, ne N — 3arajbpHe 4nCIO €JIEMEHTIB, M — YHUCIIO
MOMWIOK, 1110 MaroTh OyTu BusBieHi [102]. BianoBigHo, mpoOIeMOI0 TYT € HaJABEIUKE
YHUCJIO €JIEMEHTIB, 110 MOTPEOYEThCS JIJIs1 BUSIBJICHHS KOKHO1 OKpeMoi BiiMOBU. B Toii xe
4yac, aJrOpPUTM 3 ayTEeHTU(IKAIIEI0 T03BOJSIE 3MEHIIUTH Il HakjmamaHl Burpatu [41],

3a0e3Mneuyour TPUBIAJIbHICTD PIllIEHHS MPHU KUTLKOCTI nporecopiB N <m+2 [80].

.4. Orasig Ta aHaJji3 npo0/jeMaTHKH KBAHTOBUX 00UYMCJIEeHb Ta BiINIOBITHOIO
anaparTHoro 3a0e3ne4eHHsI

Cdepa NOTEHLIHHOTO 3aCTOCYBaHHS KBAHTOBHUX OOYHUCICHb € JOCUTHh HIUPOKOIO:
3amaul kpunrorpagii [166], ¢inancoBa anamTHKa Ta OaHKiBChbKa cmpasa [167],

dapmarieBruka Ta ximis [168], BupoOuuinrBo [169], 3amaui mryudoro iHtenexry [170],
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3a/1a4i onTuMizariii Ta moaemoBadHs [ 171], Tomro. Po3misHyTHME € METOIM aBTOMaTUYHOT
PO3pOOKH KBAaHTOBHX aJITOPUTMIB, HAITPUKJIA]l, TCHETUIHE KBAHTOBE ITporpamyBaHHs [ 172].

BTiM, KIIFOYUOBUM BaKJIMBUM OOMEXKEHHSAM MPEAMETHOI 00JIacTI € HE aJITOPUTMHU, a
¢13uuHa eneMeHTHa Oa3za. 3arajioM, MOXKHa BUJUIMTA 3 OCHOBHI KaTeropii Cy4acHUX
KBaHTOBHMX OOUMCITIOBAYIB:

1. Vuisepcanvhi keanmoasi xomn romepu. J1o0 1aHOTO Ki1acy MO>KHA BITHECTH TaKi
cucteMu K S54-kyOitHmii Sycamore kommanii Google [173], kuraiichkuit
(doToHHMIA KBaHTOBUM KOMIT FoTep Jiuzhang [174] umn 433 -ky0iTHuit Osprey Bin
IBM [175-177]. Ix BusHayansHUMH 0COONMBOCTAMH € (@) YHIBEPCAIbHICTb,
110 JJO3BOJISIE BAKOHYBAaTH HA TAKUX CUCTEMaX Oy/ib-IKUI KBAHTOBUH aJITOPUTM
1 (0) yncio KyOiTiB, JOCTATHE JJI JOCITHEHHS! KBAHTOBOI IEpPEBary.

2. Mani keaumosi npucmpoi. Ilpukiagamu Takux € 2-kyoitHui Gemini Big SpinQ
Technology [178] Ta 12-ky6iTHuit iponiecop Tunnel Falls Bin kommanii Intel
[179]. Takoro pony cucTeMHU MalOTh JIy>K€ MaJjie YUCIO KyOiTiB, 3aT€ MOXKYTh
MpaIfoBaTH B 3BUUAWHUX TEMIIEPATypPHUX YMOBaX, HA BIIMIHY BiJ] KIIACUUHHX
CHCTEM, 10 MOTPEOYIOTh KOHTPOJIHOBAHOTO CEPENOBUIIIA.

3. Cneyianizoeani keanmosi obuucmosayi. I'apHAM TPEICTAaBHUKOM JTaHOTO
KJIacy mpoluecopiB € po3poOku kommnanii D-Wave, Taki sk 2000Q [180] Ta
5000-ky6iTHHit Advantage [181]. BaxnmmBoro 0coOIMBICTIO aHO1 KaTeropii
00YHMCIIIOBAYIB € HAABHICTh HAJBEIMKOIO 4YHUCIA KyOITIB (IOPIBHSAHO 13
YHIBEpCaJbHUMHU KBAHTOBUMHU CHUCTEMaMH) 1 OOMEXKEHHSI Ha THN 3ajad, 110
MOXYTbh OyTH BHUPIILIEHI TAKOTO POJY MPUCTPOSIMHU.

Taka kareropuzariis Ja€ 3MOTYy BUIUIMNTH HACTYMHI oOMexeHHs. O4YeBUIHO, Mall
MPUCTPOT MaIOTh HEJOCTATHHO KYOITIB Il TOCATHEHHS KBAHTOBO1 IIepeBaru. 3BiCHO, B 111
cepi iCHy€e TEHICHIIIS 10 CTPIMKOTO PO3BHUTKY, POTE B KPAIIOMY BHITQJIKY 1€ TIPUBE/IE JIO
3pIBHSHHS TIapamMeTpiB MaHOyTHIX KBAHTOBHX IIPOIIECOPIB 3 CY4YaCHUMH BEIUKUMU
KBaHTOBMMH cucteMami. Lle € mporpecom 1t Tamy3i, IpoTe aX HiK HE MPOPHUBOM.

[Iono cy4yacHMX BEJIMKUX CHCTEM, TO MIHIMAJIbHUMHU BUMOTAMU JJIsi JOCATHEHHS
KBaHTOBOI IIepeBaru € HasBHICTb 49 kyOiTiB, mubuHa cxemMu 40 1 JBOKYOITHA TOMUJIKA HE

Buiie S0% [182]. Briepe 11e Oyso nocsirayTo cucremoro Sycamore B 2019 poir, sika3a 200
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CEKyH/I BUKOHAJIa 3a/1a4y, Ha SIKy y cynepkomir ' orepa Summit majo 6 mitu 10 000 pokis
[173]. BTim, BapTO 3a3HauUTH, 110 BCE IIE ICHYE Pl CEPHO3HUX MPOOIEM, 110 CYTTEBO
0OMEXYIOTh BUKOPUCTAHHSI KBAHTOBUX OOYHCIIEHb B PEAJIbHUX 33J]a4ax, a CaMe:

1. OO6MexeHicTh yacy KorepeHTHOCTI. Lle uac, mpoTarom sSikoro KBaHTOBA CHCTEMa
3HAXOAUTHCS B CTaHI CyTIEPIIO3UIIii 1 MOXKEe BUKOPUCTOBYBATUCH J1JIsl 00U HCIIeHb. B
3aJIeKHOCT1 Bl peasizaiii KyOiTa BEpXHS MeXa I[bOTO MapaMeTpy MOXeE SIK
obMexxyBaTHCch MuTicekyHamu [183, 184 ] tak 1 caratu nekuibkox roauH [185].

2. O6mexeHHs ToYHOCTI. KBaHTOBa cHUCTeMa € JIy)XK€ BPa3JIMBOIO JI0 30BHIIIHIX
BIUIMBIB, 110 B PE3YJIbTATI BUIMBAETHCSI y PI3SHOMAHITHI MOMUJIKH, SIKI 3BOJSTH
HaHiBellb BeCh Mpouec oO4ucieHb. PimeHHsM pgaHoi mnpoOnemu €
KOHTPOJIbOBAHICTh 30BHIIIHHOTO CEPENOBHUIIA TA AJITOPUTMH KBAHTOBOT KOPEKIIIl
NOMWJIOK. BTIM 111 MeTOIM MOPOMKYIOTh MOX11HE OOMEXKEHHS: 3 POCTOM YHUCIA
MOCITIIOBHUX KBAaHTOBUX OTIEpAIliil 3pOCTaE 1 MIaHC TTOMIIIKH.

3. Tomnonoriuni oomMexeHHs. OCHOBOIO KBAHTOBOTO OOYHCIICHHS € 3aILTy TaHICTb, ITI0
3B’sI3y€ KUIbKa HE3aJeKHUX KyOITIB B €IMHY KBAHTOBY CHCTEMY. 3BICHO, LIl
3aruTy TaHICTh MOKJTMBA JIMIIIE JIJIs1 CYCIIHIX KYOITiB, a 3B’ sI30K MK HE-CyCIIHIMU
norpedye 10AaTKOBUX KBAaHTOBUX OTIE€palliil, 1110 B[l YCKIIQIHEHHS aIrOpUTMY.

KokHe 13 onmcannx oOMeXeHb came 10 cO0i He € KPUTUIHHUM, BTIM iX MOETHAHHS

CTBOPIOE 3arajibHy MpoOiemMy: peaibHui KBaHTOBHM aJTOPUTM MOTPEOy€E 3aruTy Ty BaHHS
BEJIMKOIO YHCIa KyOITIB, 0 BUJIMBAETHCSA B 3pOCTAHHA YHMCIA ONEpaliid 1 HAaKOHYEHHS
noMuiiku. IIporuais il nomui norpedye JONATKOBUX omepaliil 1 KyOiTiB, BHACIIAOK
4OT0 OOYHMCIICHHS yIIUPAEThCA B OOMEKEHHS Yacy KOrepeHTHOCTI. OKpiM I[bOTO, ICHYIOTb 1
MEHII1 TPOOJIeMH, TakKl K CKJIQIHICTh 1HIIami3aIii CUCTEeMH, MMOMUJIKA YUTAHHS CTaHYy,
Gb13udHI OOMEKEHHS Ha TIIMOWHY CXEMH, TOIIO. SIK HACMIOK, MHOXKHHA aJIrOPUTMIB, 1110
MOXXYTh OyTH BHIIICHI KBAaHTOBHUM KOMIT IOTEPOM, CYTTEBO 3BYKYETHCS, IO 3BOJIUTH
YHIBEpCaJIbHA KBAHTOBHI KOMIT FOTEP JI0 PIBHS CIIEIIaIi30BAaHOTO 0OYHCITIOBAYa, 110 MOXKE
rapHO BHUPINIYBaTH JIMIIIC HEBEIMKI 3a7a4l a00 0OMeKeH1 KJIacH 3aj1ad.

[HImIMM MOiAXOMOM € BUKOPUCTAHHS CHEIIATi30BaHUX €JIEMEHTIB, Ha KIITaJT

npouecopiB koMmanii D-Wave. OCHOBOIO iX poOOTH € IPUHIMI KBAHTOBOI penakcartii [ 186],

110 J1I03BOJISIE€ 3HAXOAUTH II00ATbHUIM MIHIMYM (PYHKIII B IPOIECl KBAHTOBOI €BOJIIOLIII.
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Takwuii mpuCTpiii He T03BOJISIE BUKOHAHHS 3arajbHUX KBAHTOBUX aJITOPUTMIB, BTIM B paMKax
JTOCTYITHOTO KJIacy 3a/1a4 JO03BOJIsIE OTPUMYBATH BKPai BUCOKI ITOKa3HUKH POy KTUBHOCTI.
[Ile omniero mepeBaroro y NOpiBHSIHHI 13 yHIBEpCaIbHUMH CUCTEMaMU € 3HAYHO HUYKYa IT1HA
«KBAHTOBUX BIJIMATIOBAYIBY» 1 3HAUHO BUIIIE YMCIIO KYOITIB, a TAKOK MOXKIIUBICTb MTO€THAHHS
KBAaHTOBUX €JIEMEHTIB 13 KJIacMYHUM oOnagHaHHsAM. [lpuxmamom € apxitekrypa 5000-
kyoiTHOTO D-Wave Advantage [187].

AHaNI3YyI0YU IEPCIEKTUBHU TAaKOTO POy OOUYMCITIOBAYIB B KOHTEKCTI iX 1HTErparii y
BHCOKOIIPOAYKTHBHI CHCTEMH, BapTO 3a3HAYMTH HEJIOMIK y BUTVISI BCE € BUCOKOT ITIHU
(mopiBasiHO 3 GPU Ta FPGA) Ta 0oOMexeHicTh JOCTYMHOTO Kiacy 3amaad. [Ipore Bapto
BIJIMITUTH, 1[0 3 PO3BUTKOM TEXHOJIOT1 MOXKE BiIOYTHCH 3/ICIIEBIITIAHHS «BiJMATIOBAYIBY.
Kpim 1poro € TeHaeHIist 40 po3IIMpPEHHs KIacy J0CTyHUX 3a1a4. [Ipukiagom € po3poOka
aJropuTMy KBaHTOBOiI (pakropu3auii Ha ocHOBlI mozem I3inra [188], mo Oyna
npoaeMoHcTpoBaHa Juisi yucia 1 245 407 [189]. e mo3Bomuio posmuputu chepy

BUKOPHUCTAHHS «KBAaHTOBUX BI/INaJIFOBaviBy» Ha 3a/1a4dl KBaHTOBO1 Kpumrorpadii [ 190].

J.5. IlinBumieHHs1 e(eKTHBHOCTI 3a J0NMOMOIOI0 METOAIB €BOJIIOLiHUX
004YMCJIeHb TA IITYYHOIO iIHTEJIEeKTY

TTiosuwenns echekmueHocmi Ha 0CHOBL MEMoOy BUDIUEHHA 3a0ayl

JIist KOKHOT OKpeMoi 3a/1a4l iCHYIOTh CBOi METOIM Ta aJrOPUTMH, BHOIpP SIKUX €
npaBoM po3poOHMKIB KoHKperHoro I[I3. BTiMm, icHyroTh MeTOAM, L0 € Maibke
YHIBEPCAJIbHUMH 1 J1at0Th 3MOTY BUPIIITYBaTH Jy>K€ IIUPOKUH crieKTp 3aaad. Lle no3Bomse
PO3MIISATH iX K MEBHY aJILTEPHATUBY KJIACUYHHUM aJTOpPUTMaM. Bijb 1l TOrO, 11l METOAU
MOXXYTh OyTH 3aCTOCOBaHI 1 i MPOEKTYBaHHS BUCOKOMPOMYKTMBHOI CHUCTEMH abo
BUPILIECHHS MEBHUX ii BHYTPILIHIX MPOOJIEM.

B HuHImIHIN 9ac Bce OUIBINOT 1 OLIBIIOT MOMYJISIPHOCTI HAOyBa€ rary3b IMITYYHOTO
iaTenexty (L), sxa BkiIrodae B ceOe BENMMKHI CIEKTP MiATady3ei, TaKUX SK MallWHHE
HaBYAHHs, HEHpOMepEKi, KOMIT I0TepHHI 31p Ta iH. 3arajapHoto BiaactuBicTio LI € Toit daxr,
10 MPUKJIaHA 3a7a4a BUPIIIY€EThCS HE Yepe3 BUKOHAHHS JAETEPMIHOBAHOTO aJITOPUTMY, a

yepes HaBYaHHS Mojell Ha neBHux aanux. [le no3somse LI BupinryBatu 3aayi, 1751 SKUX
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HE ICHy€ JIETepMIHOBAHOTO pIllleHHS a00 ) BOHO € 3aHAITO CKJIAJHUM [IJIS1 BHPIIICHHSI
KJIACHYHUMHU METO/IAMHU.

Icuye Oararo pi3Hux cdep Ta 3amay, U0 CbOTOAHI BUPIIIYIOTHCS 3 JTOMOMOIOIO
METOJIONIOT1i ITY4YHOTO 1HTENeKTY [213-216], 1 1ielt nepenik Juile Ipo0BKY€E 3pOCTATH.
BTiM, B KOHTEKCTI TipoOieMu e(eKTUBHOCTI LiKaBiuM € Te, 1m0 aaroputMu I marote
JIOCUTh BHCOKHH CTyIiHb BHYTpPIIIHKOTO mapanenizmy [217]. Ile mo3Bosse oO0idTH
oOMexeHHsI 3akoHy Amjajia 1 OTpuMaTH BUCOKEe MpuckopeHHsa. [Ipore € 1 HeraTwBHI
acriektH. [lo-nepmre, Bukopucranas meromiB LI qyst 3amad, 1110 MarOTh aJTOPUTM TOYHOTO
BUpIIICHHS, HE 3aBKU € qouubHuM. [lo-npyre, Hapuanns 111 moB’s3aHoO 13 YUCIEHHUMH
CKJIaJIHOTIIaMH, TOXK afianTaiis (11i1)3a1a41, HaBYaHHS MOJIENI Ta ii IMITJIEMEHTAllis B TIPOTIEC
BUPILICHHS CTAHOBUTb OKPEMY HAyKOBO-IIPAKTUYHY NpoOieMy, BHPILIECHHS SKOI
noTpeOy€eThes.

Takox BapTO OKpEMO 3TaJjaTH PO €BOIIOLIIHI 0OUHCIICHHS, 1110 BUKOPUCTOBYIOTHCS
JUISI TakuX 3adad sAK ontuMizaris [218], aBromaruuHe NporpaMmyBaHHS (BKIIHOYAIOUU
kBanToBe) [172, 219], kmacrepusamis [220], Tomo. baratro B 4omy mel wmeTon
MEPETUHAETHCS 3 TIOTIEPEIHIM 1 HaBITh BUKOPHUCTOBYETHCS B 33J]a4aX MITYYHOTO IHTEJIEKTY
[221], BTiIM HOTO OCHOBHI 3acajy JCIIo BiAPI3HAIOTECS. ko meromosoris I moB’si3ana,
NEepEeBaXHO, 3 HEHUPOOIONOTi€I0, 1 BUKOPUCTOBYE IJIsl ONTUMI3allll Taki METOAM K
IPaJIEHTHUN CIYCK Ta 3BOPOTHE PO3MOBCIOKCHHS TOMWJIKH, E€BOJIOIIMHI alropuTMU
I'PYHTYIOTbCS Ha TEOPii €BOMIONIT 1 IEpe0ayaroTh ONTUMI3AIIIIO 33 PaXyHOK «BUKUBAHHSD)
Kpalux pilieHb B MPOLECi IPUPOIHbOTO BiiOOpy. Ha BiAMIHY Bl MalllMHHOTO HABYaHHS,
TCHETHYHUHN aJrOPUTM HE MOTpedye BEIMKOTO 00CATY JaHUX JJIi HaBUYaHHS, MPOTE Mae
BUMOTH 70 (iTHEC-DYHKIII: 151 QYHKIIIS Mae OyTH TIOCTYTHOIO 10 MiApaxyHKy. BTim, sik 1y
MOTIEPETHHOTO METO/TY, Y €BOIOIIIHUX aJITOPUTMIB CTYIIIHb BHY TPILIHBOIO Mapajesizmy €
Jy>K€ BUCOKUM [222].

Bapro 3a3HaunTH, 110 5K 1y NOTIEpEAHbOMY BUIIAIKY HE KOYKEH aTOPUTM MOXKE Oy TH
e(peKTUBHO peasli30BaHMK Yepe3 eBOMONIHHI o0uncieHHs. KpiM Toro, icHye mpooiema,
NOoB’si3aHa 31 30DKHICTIO €BOJIOLII, 10 MOPOAXKYE MpoOlieMy MHOMIYKY €()EeKTUBHIIINX

peai3arii.
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TakuMm YWHOM, METOAM IITYYHOTO IHTENEKTY Ta TeHeTMYHUX airoputmiB (['A)
BUIVISIIAI0Th 0araroo0ilgi09uMu, MPOTE 1X 3aCTOCYBaHHS 10 KOXXHOI KOHKPETHOT 3a/1ay4i €
MUTaHHSAM JUCKYCIMHHUM, a IX BUKOPUCTAHHS JJIs1 00X0y 3aKOHY AM/J1aJia — pIIIEHHAM, 10
ONM3bKE 10 YTOIi.

Hi&@uweHH}l eqbeKmueHocmi po3napaieiio6anta ma niaHy6arHA

3actocyBanns MetoiB I Ta eBomOIIHHUX 00UHCIIEHD O MPUKIATHUX 3a7a4 MOXKE
OyTH CKJIQIHUM 1 B KIHIIEBOMY BMIIaJIKy HE TapaHTY€ BUCOKOI €(h)eKTUBHOCTI JJIsI KOMKHOI
okpeMoi 3aaadi. BTIM B KOHTEKCTI BHCOKOIIPOAYKTHBHUX OOUMCIICHb € W IHIIHHA CITOCIO
3aCTOCYBaHHS IUX MeToMiB. Taki mpoOneMu mapajemni3My siK aBTOMAaTHYHA JEKOMITO3HUITIST
Ha MiJ3aja4i Ta MJIAaHyBaHHS HE MAlOTh YHIBEPCAJIbHOTO ONTUMAJILHOTO PIillIEHHS, IO
pOOUTH IX MOTEHIIHHOIO C(EepOor0 3aCTOCYBaHHA 000X BUIIE3TaJaHUX METOIIB.

Takoro pony miAXoau MIMPOKO PO3IVILAAIOTHCSA B Cy4yacHI HayKOBIM JTepaTypi.
Hampuknan, po6ora[223 ] npucBsueHa BUPIIIEHHIO TUTaHb IPUCKOPEHHS Ta € PEKTUBHOCTI
napajie’abHUX CUCTEM 1 MPOTMOHYE METOJ Ha OCHOBI mTy4HOro iHTenekTy (1) Ta TexHik
KiHIIEBOTO eneMeHTy. PoOoTa[224] onncye peasi3aliiro aBTOMaTHYHOTO PO3Map aIeTIOBaHHS
3 BUKOPHCTaHHSIM MAIIMHHOTO HaBYaHHS. Po3mapainentoBaHHS B MpoOIeCi BUKOHAHHS 3
IJIaHYBaHHSIM Ha OCHOBI MAITMHHOTO HABYAHHS PO3TIIAAETHCS B myoOmikarili [225]. Pan
nyOmiKaiii, MPUCBIYEHUX 3a7adyaM PEaKTUBHOTO, OMOPTYHICTUYHOTO Ta JAUHAMIYHOIO
ruianyBaHHs 3 Bukopuctanisam I npeacrasneno B kau3zi [226].

3 1HIIOTO0 OOKY, PO3INIAIa€ThCSl BUKOPUCTAHHA I'€HETUYHUX aJIrOPUTMIB B 3a/adl
ontuMizaii koxy. Hampuknan, B crarti [227] IponoHy€eThCs METO] pO3TapasetoBaHHs Ta
OnTHUMI3allli napajeabHoro Koy Ha ocHoBI ['A. ITyOmikanis [228 ] npucBsiueHa onTuMizariii
napa’JieIbHUX IUKIIIB Ha OCHOBI aJITOPUTMY CTPHOKA )ka0u, 1110 MO€EHY € B c001 MeToau [A
Ta HeuiTKl MeTonu. Po6ota [229] po3misgae aBToMaTHYHE pO3MapaieIFOBaHHS MAITHHHOTO
HABYaHHS Ha OCHOBI TEHETUYHOTO aJTOPUTMY.

B po6oti [230] mopiBHIOIOTECS 3 METOMH, IO BUKOPUCTOBYIOTHCS JOCIITHUKAMU B
3a/71a4l IUIaHyBaHHSA, a caMe T'€HETHYHI aJITrOpHTMH, HEHpPOMEpEekKi Ta HEUIiTKa JIOTIKa.
Bcranosieno, mo xoua merogu LI moxyTs OyTu 10CUTh €(PEeKTUBHUMHU, BTIM KOJEH i3
PO3MISTHYTHX METOJIIB CaM IO c001 He 3aJ0BOJIbHSIE BChOTO CHEKTPY BUMOT, 110 CTBOPIOE

norpeldy B HOBUX METOJaX.
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J[.6. XapaKTepuCTHKH BiIMOBOCTINKOCTI Ta e(peKTUBHOCTI

Jlokanvna ma enobanvha 36 ’sa3Hicme. 11 1Ba MOKa3HUKA € BaXKJIMBUMU B KOHTEKCTI
B1JIMOBOCTIMKOCTI, OCKUTLKM BU3HAYAIOTh MIHIMAJILHE YHCJIO BY3J1iB Ta 3B’ SI3KIB, SIKI MAIOTh
BUITH 3 JIay JJIs TOTO, 100 TOTOJOTIS Oynia po3/ilieHa Ha KiJlbKa YaCTHH.

Mynemunnikamuenuu xpumepiu SD. B mitepaTypi HOro TakoXX Ha3UWBAKOTh
npo6siemoro (A, D) [237]. Jlana mpo6iiema onucy€ B3aEMO3B’sI30K MK TPhOMa BEJTMIMHAMHU:
YHCJIOM BEPIIWH, CTyneHeM Ta aiaMerpoM. CTBEpIKYEThCS, MO KOJMU 3a7aH0 2 3 IHX
MMOKA3HUKIB, ICHYE TEOpEeTUYHE OOMEXKEHHsS I TPEThOTO TOKa3HWKA. B KOHTEKCT
BHUCOKOTIPOAYKTUBHUX CHCTEM [aHWUW TapaMeTp € BaXXJIUBHUM, OCKUIbBKH HApOILyBaHHSI
NPOAYKTHUBHOCTI Nependayuae 301IbIIIEHHS YUCTa By3J1iB, B TOM K€ Yac CTyIiHb OOMexXeHa
HassBHUMU TEXHOJIOTISIMHU, a JIIaMETp — MOTpedy€e ONMTUMI3alli.

Cmabinouicms diamempy DS [80]. {lanuii napameTp BU3HAYAE, IKUM YUHOM J11aMETP
3MIHIOETHCS TIPH BIAMOBI BY3J11B. BUAUISAIOTH IE€TEPMIHICTUUHUANA T IMOBIPHICHUM MIX 1T 10
Horo BU3HAYEHHS. B TepmioMy BHUKOPHCTOBYIOTH TaKe IOHSTTS SK BHTPHUBAICTH
(persistence) — MiHIMaJIbHE YHUCTIO BY3JIiB, 1[0 MAIOTh BUWTH 3 JIATY JJ1sl TOTO, 100 TOTOJIOT IS
3MiHWIa fAiamerp. B apyromy posmmsimaerbcsa BEKTOP (Pg41,Pd+2,.), 11O OIKCYE
IMOBIPHICTb, 3 SIKOIO TOMOJOTIS 3MIHUTH JiaMeTp Ha d+i 4epe3 BIUIMB HECHPABHOCTEM.

Takoxx BUAUISIIOTH P, — IMOBIPHICTH TOTO, 1110 T'pad Oyze po3ipBaHO HAa YaCTHHHU.

JI.7. PucyHku Ta Ta0aMIi, BUHECEHI i3 0CHOBHOTO TEKCTY
Taom. JI.1.
EdextuBHicTs cynepkomm’otepis 3a ganumu pedtunry TOP 500 (uepBens 2024 poky)

[10]

Peiiraar Cucrema Yucno IMponyxtusHicts, TFlop/s EdextuBHicTS, %

TOP HPCG saep [MixoBa LINPACK | HPCG LINPACK | HPCG | HPCG

500 (Rpeak) (Rmax) R) BiZTHOCHO
Rmax

1 2 Frontier 8699904 | 1679818.75 | 1194000 14054 71.08 0.84 1.18

2 - Aurora 4742808 | 1059325.75 | 585340 - 55.26 - -

3 - Eagle 1123200 | 846835.2 561200 - 66.27 - -

4 1 Supercomputer Fugaku 7630848 | 537212 442010 16004.5 | 82.28 2.98 3.62

5 3 LUMI 2752704 | 531505.15 379700 4586.95 | 71.44 0.86 1.21

6 4 Leonardo 1824768 | 304465.92 238700 3113.94 | 78.40 1.02 1.3
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7 5

Summit

2414592

200794.88

148600

2925.75

74.01 1.46

1.97

8 -

MareNostrum 5 ACC

680960

265574.4

138200 -

52.04 -

Tabn. [[.2 neMoHCcTpye 1aba0HM /711 HACTYITHUX TUITIB KOy BaHb: HE-HAJIAIITKOBOTO

koxy tury (3, 3) 1 HaAMIIKOBUX KoaiB TutiB (3, 2), (4, 2), (4, 3), (5, 2), (5, 3). Kupaum

KYPCHBOM BHLJICHI Ti KOIH, III0 MalOTh BJIACTUBICTh & 1-CTaO1MBHOCTI.

Tabn. J1.2.
[[1abmoHM HAIJUIIKOBUX KOIB
Snayenns | 01Tz [ 01T, 0123, 012T; | 012T; | 01234, 01237, | 0123Ts | 012TZ;
12 44 33
11 43 32
10 34,42 31
9 33 33,41 23,30
8 32 22 24,32, 40 22,3T
7 31,23 21 23, 31 21
6 30,22 | 22 20 14,22, 30 13,20
5 21,13 | 21 12,2T | 13,21 12,2T
4 11 20,12 | 20,12 | 11 04,12, 20 11
3 10 11 11,03 | 11,2T | 10 03, 11 03 03,10
2 1T 10 10,02) 10,02 02,1T| 02,10 02 02, 1T | 02
1 01 01,1T | 01 01,1T] 01 01 01, T3 | 01 01
0 00 00 00 00,72 | 00 00 00, T2 | T3,00 | 00, T2
-1 0T 0T, Tl 0T, T1| T2,0T 0T, T1 | T2,0T | T1, 0T
-2 T1 TO T0 T1 T0 T1 710,72, 0Z
-3 TO TT T TO T TO TT, Z1
-4 TT TT TT Z0, TZ
-5 zT
-6 7z
Tabm. /1.3
HOpiBHSIHHSI TOIIOJIOTTYHUX XApaKTCPUCTUK PCKYPCHTHOTI'O rpa(ba Tar inepKy6a
Yucyo 6iTiB KOOy 2 4 8 16 32 64 128 256
Yucao Bepmma N 4 16 256 65536 | 4294967296 | 264 s 2256
I'inepky0 r=2 r=4 r=8 r=16 r=32 r =64 r=128 r=256
S=2 S=4 S=8 S=16 S=32 S =64 S=128 S =256
D=2 D=4 D=8 D=16 D=32 D =64 D=128 D =256
SD=4 | SD=16 SD = 64 SD=256 | SD=1024 SD =4096 SD =16384 SD = 65536
PexypenTHuii rpad r=2 r=3 r=4 r=>5 r=6 r=17 r=8 r=9
S=2 S=3 S=4 S=5 S=6 S=17 S=8 S=9
D=3 D=7 D=15 D=31 D=63 D=127 D =255 D=511
SD=6 [ SD=21 SD =60 SD=155 | SD=378 SD =889 SD =2040 SD =4599
Pexypeurnuii  rtpad | r=1 r=2 r=3 r=4 r=5 r=6 =17 r=8
Ha OCHOBI S=3 S=4 S=5 S=6 S=7 S=8 S=9 S=10
, =1 D=3 D=7 D=15 D=31 D=63 D=127 D =255
[OBHO3B AHOTO SD=3 | SD=12 SD =35 SD =90 SD=217 SD =504 SD =1143 SD =2550
KiacTepy 3 4 BepIIuH
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e

Puc. JI.1. HagymmmkoBwuii rinepky0. 301b11eHa Bepcisl.

PegyaemaT 1

lMonocyw

E3HHR 1

Peaynerar 2

lanocy-
ESHHF 2

Peaynerar 3

lanocy-

EZHHR 3

L]

LT

EnamsHT

Pezzps 1 —T9

Paynerar

Tonocy-
ESHHR

Pezzps 2

EnameHT

Pezzpe 1

Passpe 2

(6) F-wpaTHe moayNbHE pPEIENBYBAH HA

-KpaTHE MOOYNbHE PESEPBYEAH HA
3 OAMHE PHWM MoNOCYBaHHAM

(a) 3

3 NOTPIMHMM rOA0CYBaH HAM

Puc. [1.2. TMR 3 (a) oguHOYHOTO 1 (6) MOTPIHHOIO CXEMOIO TOJI0CYBaHHS
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Puc. J1.3. HagmumkoBuii e bpyiin: Burmsig «camdip». 3011b11eHa Bepcis.

EnemeHTt

Peseps 1

Peseps N

MpucTpin
BUABJIEHHSA
BigmMOB Ta
peKoH dirypa-
i

Pesynbrat
—»

(a) AuHamiuHe NMR

EnemenT 1

—»

EnemeHT 2

EnemeHT 3

EnemeHTt
N

Peseps 1

| W
¥
N

Peseps 2

]

MNpucrpin
peKoHopirypa-
uii

lonocy Pesynbrar
3

A

PesynbTaT—

Cumann

Hey3rof, eHo cTi

MNpucTpii
NOPIBHAHHA

Peaoleups K J—',_>

MIX1T

(6) ri6 pugHe NMR

Puc. JI.4. N-kparHe MoaysbHE pe3epByBaHHS: () AUHAMIYHUN miaxija Ta (0) riopuaHuii
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bIIICHA BEPCis.

Puc. J1.5. lepeBa mapurpytu3aiii HaammkoBoro e bpyitna. 3011
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Tabn. /1.4
Pesynbratu MmoaenoBaHHs BIIMOB TOTIOJNOTIYHUX opraHizauii 1 b3M

BinmoB Bin | Xapaxr. I'pyna 1 I'pyna 2 I'pyna 3
3araJbHOTO DB3 | HC T2D DB3 |DB3 |T3D |DB4 |HC
N (4,2) | no4 n64 6,2) [(6,3) |n216 | (4,2) | n256
f=0% Exzemmuispis | 1000 1000 | 1000 | 100 100 100 100 100

N 64 64 64 216 216 216 256 256

S 10 6 4 16 14 6 11 8

D 3 6 8 3 3 9 4 8

D 2.170 | 3.048 |[4.063 |[2.342 |2439 |4.521 |2.867 |4.016

Eg 0.520 [ 0.401 |[0.316 | 0.466 |0.448 |0.268 | 0.384 | 0.295
f=25% Exzemmuispis | 1000 997 810 100 100 99 100 100

N 48 48 48 162 162 162 192 192

AS -0.52 0 0 -0.610 [ -0.310 |0 -0.010 | 0

AD +1.02 | +0.128 | +2.883 || +1.000 | +1.000 | +0.374 | +1.130 | +0.040

AD +0.098 | +0.058 | +0.718 || +0.103 | +0.107 | +0.137 | +0.166 | +0.036

AEg -0.015 |[-0.006 |-0.031 | -0.016 | -0.016 | -0.008 | -0.017 | -0.003
£=50% Exzemmuispis | 944 628 100 99 9 89 68

N 32 32 108 108 108 128 128

AS -2.582 | -0.798 -3.750 | -2.798 | -0.111 | -1.798 | -0.662

AD +1.968 | +2.170 +1.800 | +2.030 | +3.333 || +2.652 | +1.206

AD +0.331 | +0.531 +0.300 | +0.350 | +1.138 || +0.546 | +0.396

AEg -0.043 | -0.035 -0.042 | -0.044 | -0.042 | -0.048 | -0.023
f="75% Ex3emmursipis || 169 4 48 30

N 16 16 54 54

AS -5.485 | -3.000 -8.500 | -6.933

AD +3.686 | +6.000 +3.896 | +4.767

AD +0.863 | +1.419 +0.960 | +1.172

AEg -0.074 | -0.045 -0.100 | -0.107
Ocranne “xuse” N 2(3%) |15 37 35 34

(23%) | (58%) H (16%) | (16%) | (42%) | (20%) | (33%)
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Tabxn. J1.5.

Pesynbratu MmonemoBaHHs BIIMOB TOTIONIOTYHUX OpTaHi3alii sl KOMYTOBaHUX MEPExX

f(N), | Xapakr. I'pyna 1 (n90) I'pyna 2 (n272) f(N), | Xapaxr. I'pyna 1 (n90) I'pyna 2 (n272)
% DDB | Dfly | Dfly+ | DDB Dfly % DDB Dfly Dfly+ | DDB Dfly
0% | Exsemmumipis [ 1000 100 30 Exzemmmipis | 819 794 96 94
S 6 9 15 9 16 % AS -0.060 -0.907 -0.531 | -1.957
D 5 3 5 5 3 AD +5.294 +4.850 +4.365 | +4.043
D 3.205 | 2.618 [ 2.911 3.623 | 2.771 AD +1.316 +1.170 +1.046 | +0.991
Eg 0.361 | 0.431 | 0.393 | 0.307 | 0.391 AEg -0.069 -0.082 -0.053 | -0.072
10% | Exsemmmipis | 1000 1000 129 100 100 40 Exzemmmipis | 145 21 60 41
AS 0 0 0 0 -0.020 | % AS -0.586 -1.571 -1.333 | -3.146
AD +1.139 [ +2.000 | +6.620 | +1.490 | +2.000 AD +12.097 +12.571 +9.467 | +9.220
AD +0.204 | +0.193 | +1.833 | +0.192 [ +0.201 AD +3.585 +3.884 +2.565 | +2.718
AEg -0.014 | -0.017 [ -0.083 | -0.012 | -0.017 AEg -0.124 -0.163 -0.096 | -0.137
20% | Exzemmumipi | 988 992 100 100 Ocranne “xuse” N [ 49 54 77 142 153
Yactka (%) mepexi | 54% 60% 86% 52% 56%
AS 0 -0.262 -0.050 | -0.800
AD +2.572 | +2.560 +2.460 | +2.080
AD +0.554 | +0.506 +0.494 | +0.500
AEg -0.035 | -0.042 -0.028 | -0.040
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