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Busyaauzanus 00ab1ux rpagos
U MATPUIbI CMEKHOCTH

3.B. AnanoBuu

HUncmumym cucmem ungpopmamuxu um. A.I1. Epwosa CO PAH, Hosocubupck
apanovich@iis.nsk.su

AHHOTaUMsl. DKCIOHCHUUAIBHBIA POCT pa3MepoB Takux rpadoB, Kak
couuanbHele cetH, VHTepHer rpadel M Jp. TpeOyeT HOBBIX MOAXOIOB K HX
BU3yanusanuu. Hapsany ¢ npeacTaBieHUsIMH THUIIA «IuarpamMMbl CBsI3€H BEPIIMHY BCE
Yale UCMOJIb3YIOTCS BU3YyalIM3allud MaTPULl CMEXKHOCTEH, a Takke Pa3HOOOpa3HbIe
KOMOMHAIMM 3TUX TpeAcTaBieHuil. B nmaHHOM 0030pe paccMarpuBaiOTCS HOBBIE
moaXoAbl K BH3yaiu3anuu TpadoB Oosbmioro oObeMa TpH TOMOIIM MaTpPHII
CMEXHOCTEM, W MPUBOAATCA NPUMEpPHl NPUIOKEHUH, TIA€ OTH IOJIXOJbI
npuMeHstoTcs. ONUCBIBAIOTCS PA3JIMYHbIE TUIBI IA0JOHOB, BO3HMKAIOIIUE IpPU
YIOPSAOYEHUH MaTPULl CMEXHOCTEH, COOTBETCTBYIOIIMX COBPEMEHHBIM CETSAM, H
QITOPUTMBI,  TO3BOJISIIOIIME  BbIAENATH  3TH  wwalioHel. B wyactHOCTH,
JEMOHCTPUPYETCA, KaK UCIOIb30BAaHUE METOOB YIOPSA0OYEHHSI MAaTPUL] COBMECTHO C
QITOPUTMaMH NOUCKA TAKUX INAOJOHOB KAaK 3BE3[Ibl, JIOXKHBIC 3BE3JIbl, LIEMH, IOYTH
KJIMKH, IOJIHbIE KJIMKH, JBYAOJbHBIE AJipa M IOYTH ABYAOJbHBIE sJipa IMO3BOJISAIOT
CO3/1aBaTh MOHATHBIE BU3yaIU3aluy rpadoB ¢ MIIIIMOHAMU BEpIIMH U pedep. Taxoxke
NPUBOJAATCS TPHUMEPHl THOPUIHBIX BU3YyalW3alluil, HCIONB3YIOMINUX JHArPaMMBbI
CBS3eM BEpIIMH JJI TPEACTaBICHUS HEMJIOTHBIX wvacTed rpada, a MaTpulsl
CMEXHOCTEH JJIsl MpeJCTaBIeHHs TUIOTHBIX YacTeld M MX MpHIIoKeHUH. ['ubpunnsie
METO/BI MCIIOJIB3YIOTCS Ul BU3yalu3alu ITyOOKHUX HEHpPOHHBIX CETed, CpaBHEHHUs
CETEH CBSI3HOCTHU YEJI0OBEYECKOI0 MO3ra U Ap.

KiroueBbie cjoBa: rtpadsl Oonbmoro o0beMa, BU3YaTU3AlMS, MaTPHIIGI
CMEXHOCTH, KT'YThI pedep
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Visualization of large graphs
and adjacency matrices

Z.N/. Apanovich

A.P. Ershov Institute of Informatics Systems, Novosibirsk
apanovich@iis.nsk.su

Abstract. Exponential size growth of such graphs as social networks, Internet
graphs, etc. requires new approaches to their visualization. Along with node-link
diagram representations, adjacency matrices and various hybrid representations are
increasingly used for large graphs visualizations. This survey discusses new
approaches to the visualization of large graphs using adjacency matrices and gives
examples of applications where these approaches are used. We describe various types
of patterns arising when adjacency matrices corresponding to modern networks are
ordered, and algorithms making it possible to reveal these patterns. In particular, the
use of matrix ordering methods in conjunction with algorithms looking for such graph
patterns as stars, false stars, chains, near-cliques, full cliques, bipartite cores and near-
bipartite cores enable users to create understandable visualizations of graphs with
millions of vertices and edges. Examples of hybrid visualizations using node-link
diagrams for representing sparse parts of a graph and adjacency matrices for
representing dense parts are also given. The hybrid methods are used to visualize
deep neural networks, to compare networks of the human brain connectivity, etc.

Keywords: large graphs, visualization, adjacency matrices, edge bundles

B nocnennue roasl pazmep rpadoB, Hy)KIAAIOMMXCS B 00paboTKe, BO3pacTaeT
AKCIIOHECHIMAJIbHO. HanpuMmep, B aHrI0sA3bIYHONM YacTh Bukuriennum HaCUMTHIBAETCA
0osee 5.6 MIJUIMOHOB B3aMMOCBSI3aHHBIX CTaTed, Amazon npeasaraeéT MUJUTMOHBI
MPOJIYKTOB, C peOpaMu, COCAMHSIONMMU KaXKIbI AJIEMEHT C APYTUMH MOXOKUMHU
npoaykramu. ['pad YahooWeb oxBartbsiBaeT 6onee 1,4 muuinapaa Be6-cTpanuil 1 6,6
MWIIMApAa CChUIOK, @ CETh CBSA3HOCTHM THUIIMYHOIO YEJIOBEYECKOTO MO3ra
HacuuThiBaeT 100 MIWITHAPI0B B3aMMOCBSI3aHHBIX HEMPOHOB. PasMephl U CIIOAKHOCTD
3TUX rpadoB SABIAIOTCS MPOOJIEMON ISl CYIIECTBYIOIIUX aJTOPUTMOB 00pabOTKH, B
YaCTHOCTH, JUIsl QJIrOPUTMOB BHU3yanu3aluuu. B mnocineaHee Bpemsi JOCTUTHYT
OOJIBITION TIPOTPECC AITOPUTMOB BHU3yalW3allMi T'padoB, OTHOCSIIUXCA K KIaccy
nuarpamMMm  cBsizedt BepmiH (node-link), m3oOpaxkaromux rpadbl MPU  TTOMOIIH
(OB, COOTBETCTBYIOIIUX BEPIIMHAM, COCIWHEHHBIX MPSIMBIMU WIW JIOMaHBIMH
JUHUSMU,  COOTBETCTBYIOIIUMHU  peOpaM. OTH  aNTOPUTMbI  TMO3BOJISIOT
BU3yalIM3UPOBaTh Tpadbl, COAEpKAIIHe HECKOJIbKO MIJIJTMOHOB BEPIIMH, HO OHH
MPUMEHUMBI B OCHOBHOM K OOJBIIUM pa3pekeHHbIM Tpadam. B cBszu ¢ aToit
OCOOCHHOCTBIO B TMIOCJIEIHUE TOABl B OYEPEIHOW pa3 yYCWIMJICS HUHTEpec K
BU3yanu3aluu rpadoB MpHU MOMOIIMA MATPHUI] CMEXKHOCTEH, TIe KaXAbld AIEMEHT
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MaTpUIBl 3jj€A yKa3bIBaeT Ha HAMYWE WM OTCYTCTBHE pedpa MEXIy BEepIIUHAMU |
¥ j coorBeTcTBYMOMIIEro rpada G. B padote [1] mokazaHo, 4To BH3yaIM3allii MAaTPUIL
CMEXXHOCTH TPEBOCXOAAT AUArpamMmbl CBSA3€H y3J70B MPU HM300paKEHUU OOJBIINX U
wioTHRIX TpadoB. Takke BecbMa MH()OPMATHBHBIE BU3yaIM3AallMM BO3HHUKAIOT IPU
COUYETAaHMM JAMArpaMM CBSI3€W BEPIIMH M MaTpHIl CMEXHOCTe. B manHOM 0030pe
paccMaTpuBalOTCs BH3yaJbHbIC IIA0JOHBI U LENeBble (DYHKUINHU, UCTIOIb3yeMbIE IS
YHOPSAOYEHHS] MaTPUL] CMEKHOCTH, METO/IbI BU3yalu3allui OYeHb OOJbIINX TpadoB
HAa OCHOBE YIOPSAOYCHHS] MATpPHUI] CMEXHOCTH, a TaKkKe T'HOpPUAHBIE METO/bI
BU3yaIM3aluu rpados.

1. leneBbie GyHKIUM U MAGJOHBI IPU YIOPSIA0YEHUN MATPULL
CMEKHOCTEeH

OCHOBHBIM IIIaTOM TPU BU3YyAIH3AIMA MATPHUIl CMEXKHOCTEH SBISICTCS
YOOPSAOYEHHE CTPOK M CTOJNOLOB, HANpaBICHHOE HA BBISBICHHE CKPBITHIX
CTPYKTYPHBIX IIa0JIOHOB B TpadoBBIX MaHHBIX. B Hactosiiee BpeMsi H3BECTHO
OTPOMHOE KOJIMYECTBO aJTOPUTMOB YIOPSAOYCHHUS] MATpPHUI], KOTOPbIE YCIOBHO
MOKHO pa3euTh Ha 2 OOJIbLINE TPYNIbI: MO0 ONTUMHU3ALNS HEKOTOPOU 1EeIeBOM
(GyHKIUH, TMOO0 MOMBITKA BBIICICHHS OJIOYHOM CTPYKTYPHI.

ANTOPUTMBI YIIOPSAOYEHUS MATPHIL IMBITAIOTCS ONTHMU3UPOBATH HEKOTOPYIO
1eNeBy0 (yHKIUIO, MOJE3HYI0 ISl ONepallvii, CBA3aHHBIX C CeThlo. B pabote [2]
OMHCaHbl HAaMOOJIee PACTIPOCTPAHEHHBIE TIeNIeBbIe (YHKIIUH, TAKHE KaK MUHUMAaJIbHOE
muHenHoe ynopsgouenue (Minimum Linear Arrangement, MinLA), mmprHa noiaocel
npomyckanus (BandWidth), mmpuna paspesa, npoduis, Oucekmus pedep, OuceKIus
BepimiH U ap. OmHOM W3 Hambojee MOMYyJSPHBIX (DYHKIUH, MCHOJIB3YEeMbBIX IS
OIICHKM KadecTBa YIOPSJAOYEHUs Matrpull, siBisercas MinLA, MuHuMH3UpYyrOmas
CYMMY PacCTOSIHUI MEXIy KOHIIEBBIMU BepIIMHAMU pedep rpada:

LA, O = ) 9w = g,

(u.v)sE

®dyukuus (V) NpUCBAaUBACT YHUKAIbHBIA IIEJOYUCICHHBIN HHIEKC KayKIOM
BepiuHe rpada G.

Btopas rpymnma anropuTMOB OpHEHTHpPOBaHA Ha BBIICIECHUE OJIOYHO-
JUArOHAJBHBIX CTPYKTYp. OHU TOXkE U3BECTHBI JOCTATOYHO J1aBHO [3]. BOIbIIMHCTBO
ATUX METOJOB, MOJI Ha3BaHHWEM pa3OMeHHe MaTpull U KiacTepusanusi OJIOKOB
POUCXOAT U3 00J1acTU OMOMH(POPMATHUKH.

B nocnegnee Bpemsi nosiBisieTcs Bce OOJbIIE BU3YaJbHBIX 1IA0JOHOB, KOTOPbHIE
XOTEJOCh OBl BBIABJIATH TIPH  XOPOIIEM YIOPSIOYCHUH MAaTPHIl CMEKHOCTH.
HaubGonee pacmnpocTpaHeHHbIE MIAOMOHBI, KOTOpPHIE PETYISIPHO BCTPEYAIOTCS B
Pa3TUYHBIX MyOIMKaNMsIX, oKa3ansl Ha Puc. 1:

a) 0JI0YHO-0UA2OHAIbHBIL WAOIOH COCTOUT U3 OJIOKOB Ha JUATOHATN MATPHIIHL.
KorepenTHbple IpsIMOYTOIBHBIE 00JIACTH TOSIBIISIIOTCS B YIOPSAOYEHHBIX MATPUYHBIX
M300pKEHUSIX BCSIKUW pa3, KOTJA CHJIBHO CBS3aHHBIE KOMIIOHEHTHI WIIM KIUKH
MPUCYTCTBYIOT B 0a30BOM Tomojoruu. Yerkue OJ0YHBIE MIA0JIOHBI TO3BOJISIOT
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MOJICUMTHIBATh  KOJUYECTBO KJIACTEPOB, OIICHUBATH HAJOXKECHHUE KIIACTEPOB,
CpPaBHUBATH pa3Mepbl KJacTepoB. Bo MHOTUX ceTsAX BCTpeuaroTcs: OJIOYHbIE A0IOHBI
C OTCYTCTBYIOIIMMH BEpPIIMHAMU WM BHEIMATOHAJIbHBIE TOYKH, COOTBETCTBYIOIIHE
CBA3SIM C APYTMMH KJIaCTepaMH;

0) On0uHO-8HEeOUA2OHANbHBIL WAONOH, COOTBETCTBYET JMOO JBYCBS3HOM
KOMIIOHEHTe, JuO0 mojmadaoHaM OjouHoro 1mmabioHa. B ciydae nBycCBs3HOM
KOMITOHEHTBI 3TO MOJXET COOTBETCTBOBATh, HAIPUMEP, OTHOIICHUSAM MEXKIY
aBTOPAMH U UX TIPOU3BEIACHUSMU.

B) wabioH Kpecm/36e30a BO3HHMKAeT B CiIydae, KOT/Ja BEpIIMHA CBs3aHa C
OOJIBIITM KOJIMYECTBOM JPYTHX BEPIIUH (BEPIINHA-XA0);

) wabsioH no1oca BHITIAINAT KaK BHE-AWMAroHAJIbHBIC HENMPEPHIBHBIC JTUHUU U
COOTBETCTBYIOT IYTSIM WJIM IEMsAM B Tpade;

1) aHmMu-waobaioH wiym TOSIBISIETCS B CIIydasiX, KOT/Ia aJITOPUTM YIOPSTOUYCHUS
HE CIIOCOOEH BBISBUTH UMEIOIIYIOCS CTPYKTYPY Tpada, Ui HUKaKOW CTPYKTYpHI HET.

€) ammu-wabIoH NoI0Cca NPONYCKAaHusi BU3YaJIbHO TPYNIHUPYET HE-HYJIEBbIE
3JIEMEHTHI (CBSI3M) BHYTPU OOJACTH BOKPYT AUAroHaidu. Takue aHTU-II1a0JOHBI YacTo
BO3HHUKAIOT B pe3yjIbTaTe MPUMEHEHHUS aJITOPUTMOB TIOMCKA B IITUPHUHY, TJI¢ BHEIITHSSI
TpaHuIla COOTBETCTBYET KPUTEPHUIO OCTaHOBA MpH Tiepedope.

| :EI ! |

(a) (6) (8) (r) (1) (e)

Puc. 1. [Ipumeps! m1abJ0HOB U aHTU-IIAOJIOHOB () GJI0YHO-MArOHANbHBIN M1a010H, (6) 6104HO-
BHEIMAaroHAIBHBIN a0JIOH, (B) MA0JIOH KpecT/3Be3/a, (T) mabsioH mosoca, (1) aHTH-11a0JI0H ITyM,
(e) aHTU-11a0JIOH TI0JI0Ca MPOITYCKAHUS

Kak ObUT0 CKa3aHO B MpEbIAyIIEeM pas3zesie, OCHOBHAsS Macca alrOpUTMOB
YIOPSIOYCHHS] OPUEHTUPOBAHA HAa BbIAEIEHUE OJIOYHBIX 1M1a00HOB. COBpEMEHHEIE
HCCIICIOBAHMS BEIYTCA B JIBYX HANPABJICHUSAX: C OAHOM CTOPOHBI MPOJOJLKAETCS
IIOMCK HOBBIX QJITOPUTMOB YIOPSAIOYEHUS, HAMPABICHHBIX HA BBISBICHUE HOBBIX
mabJIOHOB, C IPYTrON CTOPOHBI, SBHOE BBIJICIICHUE TOMOJOTHYECKUX CTPYKTYP, TAKUX
Kak Xa0bl W JAByJOJbHBIE MOATpadbl HUCHONB3YETCS I TOCTPOSHUS HOBBIX
ynopsnodenuii. [Ipo 3To 60nee moapoOHO OyAET CKa3aHO B CIASAYIONIEM pa3iere.

B mocnegHue TOABI MOSBUIMCH PpalbOThI, MO3BOJISIIONINE HCIIOJIb30BaTh
BBIIIICONTMCAHHBIC IA0JIOHBI JIJI aHajdu3a KOJUICKIIMN MaTpUYHBIX BU3YyaJU3allUu.
Hanpumep, moxxon Magnostics [4] olicHMBaeT MaTpU4HBbIC MPEACTABICHUS B
COOTBETCTBUM C HAJUYUEM CHEIU(DUUECKUX BHU3yaJIbHBIX IIa0JIOHOB, TaKMX Kak
0JIOKM ¥ JIMHUH, YKa3bIBAIOIIMX HA CYIIECTBOBAaHUE TAKUX CTPYKTYp, KaK KJIACTEPHI,
JBYJIOJIbHBIC sapa WK XaObl. MagnostiCS MoKeT HCIoJIb30BaThCsA IS aHajM3a,
OTBETOB Ha 3aMpPOCHI ¥ MOMCKA BU3YAIHHO MOXO0KHUX MATPHUIL B OOJBIITNX KOJUICKIIHIX
WJIW JJIsl OLIEHKY Ka4yecTBa alrOPUTMOB MATPUUYHOIO nepeynopsgoueHus. Takxke sta
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MCTO/JIMKa IMPUMCHUMA I aHaJIM3da M3MCHCHHA BO BPCMCHU ITWHAMHWYCCKHX ceTeﬁ,
TaKHUX KaK CCTHU CBA3HOCTHU YCIIOBCYCCKOI'O MO3ra.

2. W3BecTHBIE peaiu3aluy AJITOPUTMOB YIIOPSAI0YEHUSI MATPHULL
U UX CPABHEHHUE

BOABIMMHCTBO aNTrOpUTMOB MEPEYNOPATOUYCHHS JOCTYIHBI B IYOJWYHBIX
OubIMoTeKax, XOTSd HH OJlHa OMONMOTEeKa MOKa YTO HE pean3yeT BCE WM3BECTHHIC
anroput™bl  yropsgodenus. Ilaketst R corrplot [5], biclust[6] u seriation [7]
00ecreunBaoT OO0JBIIOE KOJUYECTBO AJTOPUTMOB YHOPSAIOUECHHS ISl TaOIMYHBIX
naHHbeiX. Heckonbko rpadoBbix anroputmoB jnoctynHbsl B C ++ Oubnmoreke Boost
[8], a Owubmmoreka Reorder.js [9] mnpemocTaBiseT MHOKECTBO aJrOPUTMOB
ynopsigouenus B JavaScript.

HecmoTpst Ha O00blIOE KOJMYECTBO 0030pOB, MOCBAILIEHHBIX MaTpUlaM
cmexxkHoctu [10], mpobiiema OlEHKM KadecTBa YIHOPSJIOYCHUS W TIOHUMAHHS TOTO,
Kakue IMIa0JIOHbI SABJISIOTCS apTedakTamMyd aJropuTMOB, a  Kakue M1abJIOHBI
OPEICTaBISIIOT ONPEEICHHbIE CTPYKTYpPhI B IaHHBIX, UMEET pellaroliee 3HaYeHUE U
no ceil neHb. C 3TOM TOYKM 3pEHUS OTPOMHBIM HMHTEpeC MpPEJCTaBIseT OAUH U3
nociaeaHux 0030poB [11], MCHONB3yIOMIMKA CHEAYIONIYIO MeTojaoiorur. Jlns
SMIIUPUYECKOTO CpaBHEHHUs ObLIM coOpaHbl 35 peaiu3aluii pa3HbIX aJITOPUTMOB
MaTPUYHOTO TIEPEYyNOPSIOYMBAHUSA, B3ATbIe W3 pas3HbiXx OubmuoTek. CoOpaHHBIE
peanu3alyy alropuTMOB ObUTH Pa30UThl HA CEMb OCHOBHBIX KAaTETOPHA, TaKUX Kak
Po6un3onoBckue, CrnexkTpalibHble, YMEHBIICHHE Pa3MEPHOCTH, IBPUCTHYECKHE,
Teopetuxo-rpadoBeie, bu-kiacrepuzani W  HMHTEPAKTUBHBIE  (yMpaBisieMbIe
noJib3oBaTenemM). 3areM Obuti BbiOpaHbl 150 rpadoB pazauyHOro MPOMCXOXKICHHUS,
paziInyaronmecs Kak mno pasmepy oT maibix (25-100 BepiivH) 10 OTHOCHUTEIIBHO
oonpmmx (100-1500 BepuminH), Tak U MO IJIOTHOCTH OT Pa3peKEHHbIX (MJIOTHOCTH
0,05-0,28) mo mmotHbIX (T10THOCTH 0,28-0,6). s Bcex 150 rpadoB, ObUTH CO3IaHBI
N300pakKeHMsl YMOPSIOYEHHON MaTpHIbl CMEKHOCTH, KOTOpPBHIE HCIIOJIb30BAJIUCH B
KauecTBE BXOJHBIX JAaHHBIX [JIsI OIIEHKM Tokaszarened »(PQexkTuBHOCTU. ITO
MO3BOJIUJIO TIOYYUTh B 0O0mmed crnoxxHocTH 4348 wu3obpaxkenuit i 5250
NEePEeyNopsIOYEHHBIX MAaTPHI] B KAadyeCTBE OCHOBBI [IJIi CpaBHEHUS (HEKOTOPHIC
yHOPSI0YECHHSI BbIIAIM OIIMOOYHBIE pe3yJbTaThl). Bce anropuTmMbl cpaBHUBAIUCH 10
OBICTPOJICUCTBHIO, a TOJYYEHHbIE H300paKE€HUsI IO KAaueCTBY YIOPSAIOYCHHUS.
(http://matrixreordering.dbvis.de). HawuGosee OBICTPHIMH OKa3ajlUCh aJITOPUTMEI,
OTHECEHHBIC K TeopeTuko-rpadoBoit rpynmne [12-14], mMuoro-mkamsHbIe [15] ™
HEKOTOpPbIC POOMH30HOBCKUE anropuTmbl [16-17].

JIst O1leHKHM KadecTBa ymopsaodeHwusi, ucnonb3oBaiach Qynkmus LA (Linear
Arrangement). Oxa3anoch, YTO U AJIs 3TOM MEpbI Jy4Ille BCEro ceds OMmsITh MOKa3aju
TEOPETUKO-TpadoBbIC METOBI, Takue Kak [14, 18], mpeBocxoas Takue aarOpUTMBI
KaK CIIEKTpajbHbIE METO/IbI, POOMH30HOBCKHE U METO/IbI OM-KIaCTEpU3aIUU.

bbilo oTMeueHO, 4YTO XOTA B HAeale XOTeJOCh Obl MMETh KOHKPETHOE
PYKOBOJCTBO IO BBIOOpY aJIroputMa W TOr0, Kakhe MapamMeTpbl CleayeT
MCIIOJIb30BaTh 10 OTHOIICHUIO K OINPEACICHHBIM JaHHBIM U 3ajladyaM, OCTaJloCh

32


http://matrixreordering.dbvis.de/

CJIMOIKOM MHOI'O OTKPBITBIX MCCJICAOBATCILCKUX BOIIPOCOB, yTOOBI 00€CIIEUYHUTh
(I)OpMaJ'II)HBIC 1 HAJAC)KHBIC pCKOMCHAAIIWMN HA JaHHOM J3TallC.

3. Busyaauszauusi MaTpMIl CMEKHOCTeH 00J1bII0T0
U 04eHb 00/1bI0T0 00beMa

HecmoTpst Ha TO, 4TO CYIIECTBYIOIIME CHUCTEMbI BU3yalu3alluu Juarpamm
CBSI3€HM Yy3JI0B CIOCOOHBI H300pa)kaTh OYEHb OoJyiblIME Tpadpl € MILIHOHAMU
BEPIIINH, OHU TIJIOXO CIPABIISIIOTCSA C TUIOTHBIMU TpadamMu, COAEpPKAITUMU OO0JIBIIIOE
KOJInuecTBO pebdep. B To ke Bpems, Oiarogapst TOMy, YTO B MaTpuilax CMEKHOCTH
pedpo MOKET 3aHMMAaTh BCEr0 OJIMH MHUKCENb Ha JIUCIUIEe, OHU OYECHBb MOMYJISPHbI
pu U300pakeHUu TIOTHBIX rpadoB. OgHAKO, AaXe ¢ OJHUM peOpOM Ha TMHUKCEb,
MOKHO BHU3YyaJM3UpPOBaTh HE 00Jiee HECKOJIbKUX MWILIHOHOB pedep. PabGoTsr Matrix
Zoom [19] u ZAME [20] pacuupstoT noaxoj ¢ OIHUM peOpOM Ha MHUKCENb MyTEM
CIUSIHUSI Y3JI0B U pedep B OJIOKU C TTOMOIIBIO aITOPUTMOB KJIacTepU3alliU, CO3aBast
MaTpHUIly CMEXKHOCTH, T Kaxxaas MO3MIMS TpencTaBiser coboit Habop pebep B
nepapxudeckor arperanu. OmHako aBTopbl moaxoxa SlashBurn [21] oGpatumu
BHUMaHHE Ha TO, YTO OOJIBIIMHCTBO Tpad)oB peaTbHOTO MHpa TMOTUYUHSIIOTCS
CTEIIEHHOMY 3aKOHY pacIpeleseHus CTENeHeil BepmHnH. To ecTh, B HUX HUMEETCS
HECKOJIPKO Y3JIOB-"Xa0oB'", MMEIOIIMX OYEHb BBICOKHE CTETCHH, a OOJBIIMHCTBO
y37I0B UMEIOT HU3KYIO CTENEHb. DTH XaObl XOPOIIIO CBSI3aHBI C OOJBITUHCTBOM Y3JIOB
rpada, o0benHIS BCe MEIIKHE COO0IeCcTBa B OJIHO OTPOMHOE coo01ecTBO. [loaTtomy
KPYIIHBbIE CETH JIETKO pa3pylIaloTCsl YHOPSAOYEHHBIM YIaJIC€HUEM Y3JI0B-Xa0oB.
ITocne kaxmoro ynaneHuss xaba TMOSBISIETCS HEOONBIION HAO0OpP HECBS3HBIX
KOMIIOHEHT (CIyTHUKOB), B TO BpeMsi KakK OOJBIIMHCTBO Y3JIOB IMO-TIPEKHEMY
MPUHAJJICKAT TUTAHTCKOM CBSI3HOM KOMIOHEHTEe. Ymopsjaouenue SlashBurn
BBITIOJTHSECT UTEPATUBHO JIBA dTama:

a) y3JIbI ¢ HAMOOJBIIIEH CTETICHBIO YIAISIOTCS U3 UCXOTHOTO Tpada;

0) y3JIbl TIepeyNnopsJ0UYMBAIOTCS TaKUM 00pa3oM, YTO Yy3Jbl C BBICOKOM CTEMEHBIO
pacrnoJiararoTcsi B MaTpHIlE CMEXKHOCTH OJMKe K Hayaly KOOpPAWHAT, HECBSI3HBIE
KOMITOHEHTHI CMEIIAIOTCS Ha nepudepuro, a TUTaHTCKas CBSA3HAs KOMIIOHEHTAa - K
CepeIHE MATPUIIbI.

Ha cnenyrommx wutepanusax 5TH K€ LIArM NPUMEHSIOTCS K TUTAHTCKOM CBA3HOM
komnonente. Ha Puc. 2(a) u 2(0) mokaszansl Busyammsaiuu rpada Weibo-KDD,
umeroriero 1944 589 pepmma u 50 655 143 pebep, n10 u mocie NPUMEHECHHS
anroputMma ynopsipoderust SlashBurn. Moxkno Bunets, uto SlashBurn coOupaer
HEHYJIEBBIE 3JIEMEHTHl MATPHUIIBI CMEXHOCTEN B JIEBOM, HWKHEWM M JAMArOHAJIbHOU
YaCTH MaTPHUIIBI CMEKHOCTEH, TOpoXKaast GopMy, ITOXOXKYIO Ha CTPEIy.

VYnopsinouenne SlashBurn moxHO ucmonb3oBaTh A BU3yalu3aldd OYEHb
OompIx rpadoB, KOJIUYECTBO BEPIIMH B KOTOPHIX MPEBHINIACT MIJITHAPI, U, 3HAYUT,
pasMep MaTpUIlbl CMEXHOCTH MOKET JIETKO IPEBBICUTh PE3OIIOLMI0 TUIIUYHOIO
skpaHa. B paGote [22] mpoOsema pemaeTcs MOCTPOCHHEM MPOSKIIMHU HCXOJIHOM
MaTpuilbl B MaTpUIly MEHBIIEr0 pa3Mmepa, KOTopas MOXKeT ObITh IOKa3aHa Ha
TUNUYHOM d3KpaHe. Hampumep, marpuna pasmepoMm | muwmumapa Ha 1 Muumappg
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npoenupyercss B mMarpuily 1000 ma 1000, rie 3HaueHUE PJIEMEHTa «YIUIOTHEHHOW
YCTAHABJIMBAETCS PAaBHBIM KOJIMYECTBY HEHYJIEBBIX 3JIEMEHTOB B COOTBETCTBYIOIICH
MoAMaTpulle HCXOAHOW MaTpullbl. OJHAKO 3Ta MPOEKIHUs IOPOXKIAET BTOPYIO
3a/lauy: «YIJIOTHEHHas» MaTpula OyJleT MOYTH MOJTHOW B OOJIBIIMHCTBE Ciiy4yaeB. To
€CTh, NPOCTOE JIMHEWHOE MaclTabupoBaHUE TepsieT HUHGOPMAIMI0O O TOHKHUX
Pa3IMUUSIX MaJIbIX 3HAUYCHH.
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Puc. 2. (a, 6) Marpuma cmexxknoctu rpada Weibo-KDD 10 u mocsie mpuMeHeHHst alropuTMa
ynopsinodeHus SlashBurn [21]. (¢) Marpuna cmexxnHocTr rpada US Patent ynopsimoueHHast
npu oMoty anroputma Net-Ray [22].

Jlis pemieHus: poOJeMbl TTOJIHOM MAaTpHIlbl neped PaBHOMEPHBIM CKATHEM
npuMeHsercss anroput™ SlashBurn, KOTopeIil mepeynopsaounBaeT y37Ibl U CO3AACT
OTPOMHBIE TYCThIE€ O00JacTH B PE3yNbTUPYIONIEH YIUIOTHEHHOM wMatpuie. B
JOTIOJIHEHUE K TMEpeyNopsAIOUYCHHUIO Y3JI0B, aBTOPHI pPEIIAlOT 3a7ady «IOJHOU
MaTPHIBD ¢ TTOMOIIIBIO JIOTAPU(PMHUIECKOTO MACIITAOUPOBAHUS YUCIOBOTO 3HAUCHUS
KaXJI0ro DJJeMeHTa MaTpuilbl cMmexHoctedt  (Bapumant 1-LOG), a Taxxke
Jorapu(MUIECKOro MAacIITAOUPOBAHUS OCEH X U Y BMECTE C YUCIIOBBIMU 3HAUCHHUSIMU
Kaxaoro ojementa (Bapuant 3-LOG). B pesymbraTe ymaeTcss MOJy4YHUTh
nzobpaxkenne 6ombioro rpada US patent, mmeromero 6 009 555 sepmmn u 10 565
431 pedep (Puc. 2(C)). Busyanuzanus mMO3BOJSET  pa3inyaTh IUIOTHBIC M
pa3pexkeHHbie 001acTu rpada, a TakKe cooOIIecTBa, ci1abo CBsI3aHHBIE C OCTATLHOM
yacThlo rpada (0603HaueHsl kak Al, A2 u A3).

CrneayroomuM IIaroM Ha OyTH K BU3yalM3alMd OYEHb OoyblIuX rpadoB
CTAaHOBUTCS TIOCTPOCHHE MAaTPHUI[ CMEXKHOCTH, H300pa)Xaromiei CBI3H MEXIY
pa3zHo00pa3HBIMU MOJCTPYKTYPaMH, BBIIEISIEMBIM U3 UCXOIHOTO Tpada.
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Puc. 3. (a) cxema ynopsigoueHus NOJACTPYKTYp B MaTpulle cMexxHoctel anroputMom VOG [23],

(6) cxema ymopsiioueHus MOACTPYKTYP B MATPHIIE CMEKHOCTEH anroputMoM StructMatrix [24],

(B) Buzyanu3zanus Bcero rpaga DBLP npu momonu anroputma StructMatrix, (T) BU3yaau3arius
y4acTKa CBS3€H MEXy MOTHBIMH KJIMKaMH IPU TTOMOIIK adropuTMma StructMatrix.
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CrnoBaps BbiaensieMbIx cTpyKTyp VOG[23] coaepKUT NOJHBIE U MOYTH KIIHMKH,
MOJIHBIE W TIOYTH JABYCBSI3HBIE si7pa, SN M 3BE3]IbI, a cioBaphb StructMatrix [24]
COJIEPKUT €Ille DJJIEMEHT JIOKHasg 3Be3fa. B  JomonHeHue K BO3MOXXHOCTAM
MacIITaOUpOBaHMS, CBSI3aHHBIM C BBIJICJICHUEM MOJICTPYKTYP, alroput™ StructMatrix
peanu3yeT BO3MOXKHOCTh JTUHAMUYECKON MPOEKIIMU UCXOJAHOU OOJIBIIION MaTpHUIlbl B
MaTpUIly MEHBIIETO pa3Mepa, MO3BOJSIONICH CTpPOUTh H300pakeHUs Tpada c
paznuuHbiMK paszpemieHusiMd. Ha Puc. 3(a) u 3(0) mokazaH mopsioK pacnoyioKeHHUs
ctpyktyp mporpammorr VOG([23] wu StructMatrix [24]. B pesynsTaTe aBTOpam
StructMatrix ~ ygamocb  u300pa3uTh  MOHATHBIM ~ obpaszom rtpad  DBLP,
HacuutbeiBaronuii 1 366 099 Bepmun, 5 716654 peodep. (Puc. 3 (B), (1)).

4 T'uOpuaHbIe H300PAKEHNS, COUETAKIINE MATPUIIBI CMEKHOCTH
U JUarpamMmbl CBsi3ei y3J10B

CTpyKTypa COLIMAIbHBIX CETE MOXKET M3MEHATHCS OT OYEHb Pa3pEeKEHHBIX
(reHeanornyeckue JAEpeBbs) OO0 OYEHb IUIOTHBIX (SKCHOPT U HUMIOPT MEXKIY
ctpaHaMu). K mpoMeXyTOYHON KaTeropuu OTHOCSITCA CETU Majoro Mupa, KOTOphIE
BCTPEYAIOTCS OYEHb YaCTO, BKJIFOYAsi MHOTHE CETH 3HAKOMCTB, a TaKke IJI00aabHBIHI
WNurtepner. J{ns BU3yanusaium COMaibHON CETH HauboJee BaKHBIM U3 STUX CBOMCTB
SABJISIETCSI BBICOKHM KO(DPUIIMEHT KIacTepH3allii, COOTBETCTBYIOIIUNA HATUYHUIO
MHOTHX JIOKQJbHO TUIOTHBIX KJIACTEPOB M HEOOJBIIOTO0 KOJIMYECTBA Y3JIOB -Xa0oB,
COCIUHSIIONINX Ipad, KOTOPBINA ABJISIETCS TTI00aTBEHO Pa3pe’KEHHBIM.

B oaHoli u3 HambOojee HUTHUPYEMBIX padOT MO BU3yaldu3alUd WH(OpManuu
npeacrapieHa cuctema NodeTrix [25], cTposias ruOpuiHOE MPEACTaBICHUE s
BU3YyalIM3allMl  COIMAIBHBIX CETEH. B NodeTrix mapagurma cBsS3U Y3JI0B
UCIIONIB3YETCs JJIA BU3yaIM3alMy OOILIEW CTPYKTYpbhl CETH, MAaTPULIbl CMEXHOCTH
MOKA3bIBAIOT OTJAEIbHBIE COOOIIECTBA, a MEXK-KJIacTepHbIe pedpa M300pakaroTcs B
BUJIC KPUBBIX, COCIUHSIONIUX TPAHUIIBI OTJAEIBHBIX MATPHUII.

Unes NodeTrix okazaigoch BecbMa MNPOAYKTHUBHOM, 4YTO TMPHUBEIO Kak K
3HAUUTETFHOMY KOJIMYECTBY MPUJIOKEHUU, ucnoibdytomux  NodeTrix , Tak U K
IpYruM THUOPHAHBIM Bu3yanu3auusMm. B uacTtHocTH, Ha pucyHke 4(a) mokasaH
npumep ucnoiab3oBanus NodeTrix aisi mo6JIOYHOro CpaBHEHUS! CETEH CBSI3HOCTH
rOJIOBHOTO Mo3ra [26]. [Ins Kaxaoil CeTH CBSI3HOCTU T'OJOBHOI'O MO3ra BU3YaJlbHOE
NPEACTABICHUE HAa BBICOKOM YPOBHE COCTOMT M3 HECKOJBKMX MaTpHI, Kaxaas W3
KOTOPBIX COOTBETCTBYET (DYHKIIMOHAILHOMY OJIoKy Mo3ra. Kaxnas ctpoka/cromnbern
B Marpuie cMexHocTH coorBercTByeT onHoii ROI (Region of Interest -
BBICOKOCIICIIUAIM3UPOBAaHHbBIE 00JacTh MO3ra), HOMEp KOTOpOM HapHCOBaH Kak
METKa Ha TpaHulle MaTpPHUIbl CMEXHOCTH. BHYTpHM KaKIOW MaTpHUIbl 3JEMEHTHI,
M300paKEHHbIE KaK 3aKOAUPOBAHHBIE ILIBETOM SYEWKH, YKa3blBalOT Ha BHYTPH-
OmouHble coeAMHEHUsA. HachIEeHHOCTh KpPacHOro IIBETa HCIOJIb3YeTCs Jis
otobpakenust cuibl Kaxaoro coeauaerns ROI. Jlns mex6mounsix coenuaeHnii ROI
U30THYTHIE JKTYThl peOep pUCYIOTCS MEXKIYy MaTpullaM, Tlie ABE KOHEYHbIE TOUKH
HAXOJSATCA Ha Kparw MCXOJHOro U 1eneBoro crtojomna/ctpoku ROI. Busyanuzanus
JEMOHCTPUPYET, UTO B TPYININE C BBICOKUM KOMIIO3UTHBIM HHIEKCOM TBOPYECTBA
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(CCl) 3naunTenbHO OOJBINE CBS3EH Kak BHYTPU MATPHUI] CMEKHOCTEH, TaK U MEKIY
HUMHM, YE€M JJISl TPYIIIBI HACETICHUS C HU3KUM KOMIIO3UTHBIM MH/IEKCOM TBOPYECTBA.

High CCRE0) Low CCISY)
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Puc. 4. (a) BusyansHoe cpaBHEHHE CeTell CBI3HOCTH MO3ra y TPYIIN HAaCEJICHHS C BBICOKHM U
HHU3KUM KOMITO3UTHBIM HHAEKCOM TBOpUecTBa [26], (0) rubpuaHoe n300paskeHne riry0oKux
CBEPTOYHBIX HEHPOHHBIX ceTei [31]

C TOuUKM 3peHHs AJTOPUTMOB BU3YaJTU3ALMKU HCIOJIL3YETCS JBa aJTOPUTMA,
coOuparoIux MeK0JI0uHbIe peOpa B kKryThl [27-29]. [TousatHo, uro metox NodeTrix
MOKET OBITh PaCHIMpPEH [JISl MOAJIEPKKM BU3YaJbHOIO CPAaBHEHUS MHOTHMX JPYTUX
TEONPOCTPAHCTBEHHBIX CeTel (HarpuMep, TMHAMUYECKUM TpauK U CETH MUTPAIUN),
B KOTOPBIX MMEIOTCS MMOOJOUHBIE ITa0JOHBI CBSI3HOCTH, a MO3UILUU CETEBBIX Y3JI0B
buKCcUpYIOTCS TE€ONpOCTpaHCTBEHHO. HakoHeln oOJHO W3 HEJaBHUX T'HMOPHUIHBIX
npuioxennii MapTrix [30] u3oOpakaeT MOTOKHM JIOJCH HIIM PECYpPCOB MEXKIY
pa3IMYHBIMHU TeorpauuecKUMU JIOKAUsAMHU, B CUTYyalUsX, KOTJa UMEETCS MHOTO
I'Py30B U MHOT'O TOYEK Ha3HAYEHUSI.

Jlpyro#t Tun ruOpuaHON BU3yallU3allMM, UCTIONb3YIOIIUNA MaTPUIBl CMEXHOCTH
B KauecTBE BEPIIMH IMMOYPOBHEBOTO HM300pakeHHs] rpadoB, a Takxke OO0bEAUHEHHUE
pedep B KTYThl, pEAIM30BaH B MHCTPYMEHTE BU3YaJbHON aHAJIUTUKU, MO3BOJIAIOIIEM
aHAJIM3UPOBATh MOBEJCHHUE TIyOOKHX CBEPTOYHBIX HEHPOHHBIX ceTel [31], koTophie
MOTYT COJEpPKaTh JAECSATKU WJIM COTHH CJOEB, THICSYM HEHPOHOB B KaXJOM CIIOE€ U
MUWLIHOHBI CBsI3el MKy HeripoHamu (Puc. 4(0)).

3akJIroueHue

Hapsigy ¢ u3o0paxkeHUsMH JuarpaMM CBsI3ed y3710B, BU3yanu3alnusi rpados
IpyU  TIOMOIIM YMOPSAJIOYEHHBIX MAaTPHUI] CMEXKHOCTEM CTaHOBUTCA Bce OoJiee
MOMYJISIPHOM, OCOOCHHO TMPU TMOCTPOEHUU H300paKEHUM OONBIIMX UM IJIOTHBIX
rpadoB. Pacimmpsercs MHOXKECTBO 1IA0JIOHOB, UMEIOIIUX CMBICH JJIS MOJb30BaTEs,
BO3HUKAET HEOOXOJUMOCTh B HOBBIX aJTOPUTMAaX, BBISABIISIONIMX HOBBIC IIA0JIOHBI U
ux komMOuHarmu. OCOOCHHO MEPCIEKTUBHBIMU BBHITIISIAST THOPUIHBIC N300PaKCHUS
rpadoB, coUeTalmUe OUarpaMMbl CBS3€H Vy3J0B W MATPHUIBI CMEXKHOCTEH,
COEIMHEHHBIE KTyTaMu pedep.
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