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UHdopmauma o cnoHcopax

JNleonnp KOpbeBny Mopo3soB

Jleonun FOpreBuu Mopo3zos poawiics B 1983 roay B Ilepmu. B 2005 rony okonuun Ilepmckuii rocy-
JIAPCTBEHHBIN YHUBEPCUTET MO CHEIUATIBHOCTH «oauTONoTUs». B 2006 romy nomyuun aumiom [ocy-
JApCTBEHHOTO YHUBEpcHUTETa Briciias 1Ikona 3KOHOMUKH 1O CIENHUAIbHOCTH «()UHAHCHI M KPEAUT».
Oxonunn komy ynpasnenus «CkonkoBo» (. MockBa) u nomyuuin crenedb Executive MBA. Ilpo-
xoaui 3apyoexusie craxxupoBku B CIIIA (Silicon Valley) u Kurae (Illanxait). OdunmansHo npu3HaH
OJHUM U3 Jyunux BelnmyckHukos [ITHUY u BILD.

C 2003 roma o 2014 rox pa6oran B OAO AKbB «Ypan ®JI», rae npormieln myTh OT CIeIHAINCTa 10
3aMECTHUTEIs pecenaTes npapieHus 6anka, wiena npasieHus. B 2009 roxy Jleonnn Mopo3os cran

ynenoM CoBeTa AUPCKTOPOB praBHHIOH_[eﬁ KOMIIaHHUH «HapMa — MCHCDKMCHT».

C 2014-2017rr. pa6otan B [IpaButensctBe [lepMckoro kpast B JOMKHOCTH 3aMECTUTEIS TIpeicea-
TEJIs IPaBUTENILCTBA — MHUHHUCTPA SKOHOMHUYECcKoro pa3Butus [lepmckoro kpas. JI.FO. Mopo30B BXomuT
B COCTaB KaJpOBOTr0 pe3epBa ynpaieHueckux kaapos [lepmckoro kpas. SAsnsercs Unenom Habmrona-
tenbHOro CoBeta @uHaHCOBO-0aHKOBCKOM accounanuu EBpoA3uarckoro corpynnudectsa (I. MockBa)
u Unenom pabodeii rpymisl 1o pa3padboTke NpOoCTpaHCTBEHHOTo pa3BuTUs PO npun MUHIKOHOMpa3BH-
tun PO. Jleonna FOpbeBrny Mopo30B Takxke sBIIETCS YieHOM [lonmedynTenbckoro copera YpaiabCcKoro
®donna «benas ropay. meet Harpaas! 1 61arogapHoCcTH (heaepaabHBIX H PETHOHAIBHBIX OPTAaHOB TO-
cynapctBeHHo# Biactu. B 2015 rogy momyuunn Harpaay «3a TUYHBIN BKIAJ B pa3BUTHE 0AHKOBCKOTO

nena B Poccuny.

C 5 utons 2017 rona Jleonun Mopo30B sBIISE€TCS IEPBBIM 3aMECTUTENIEM F€HEPATILHOTO AUPEKTOPA

3AO «MuBecTumonHas koMnanust « DHHAHCOBBIN JTOMY.



maugry

JlabopaTopusa MynsTUMEAUUHBLIX PeLueHUi

000 «JIaboparopusi MyITUMEIUWHBIX PEIICHUI» yke Oojee 6 JeT crenuain3upyercs Ha pa3pa-
00TKe MOOWMIIBHBIX MPUIIOKESHHH, TEXHOJIOTUI BUPTYaIbHOU 1 JOTIOJIHEHHON PEATbHOCTH, IKCIIO3UIIN-

OHHBIX My.]'[BTPIMGI[HﬁHBIX peIICHUSAX.

Komnanus nomnepxxana @onaom Pazsutus Unatepuet-Muunmnarus, @ongom bopTHHKa, HEOAHO-

KpAaTHO BOILIOIIAJIA B )KU3HB JIy4dIlIMe My3€HHbIE IPOEKTHI, noaaepxkanueie @onaom Iloranuna.

Mp1 peanuzoBanu 6osee 400 nmpoekToB 1o Bcelt Poccun u 3a pydexxom. Cpenu Hux: [IpaBuTenscTBo
Mocksel, Kynctkamepa, My3en Mockosckoro Kpemis, Jlabopatopust Kacniepckoro, [IpaButensctBo

Uykorckoro AO, MeTtadpakc u ap.

Jlupexmop xomnanuu «Jlabopamopust MynomumeOUtiHbIX peuieHutl»
A.B. Jlypaxos oemoncmpupyem npezudenmy Poccuu B.B. Ilymuny

npunodcenus 00noanenHou peanonocmu 8 cenmsaopa 2017 2ooa



ll'l nulana

00O «Hpronana» — poccuiickuii pazpaboTYHK KPoCCIuIaTGOPMEHHOTO IPOrpaMMHOTO obecriede-
Hus. C MomeHTa ocHoBaHMsl B 2008 roay u 1o ceil 1eHb KoMIaHus co34aéT y10OHbIE 10JIb30BaTEIbCKHE
NPUIOKEHHS, KOTOPbIE MOBBILAIOT MPOU3BOIUTEIBHOCTh PpabOThI MPOGECCHOHANIOB [0 BCEMY MUDY.
[Tponykramu Hetonansl nons3yrorest Microsoft, IBM, Tesla Motors, Broadcom, Hewlett-Packard, Citi
Bank u np.

Yeusust KOMIaHUU COCPEOTOUMIIMCH Ha JIBYX aKTyalbHBIX 00JacTsax pa3padbotku. [lepBas oOnactb
— ynaneHHoe ynpasieHue (remote desktop), rae MuorominargopmMeHHbIe TPOAYKTH KOMITAHUH, BKITIO-
qaroIue B ce0st 00IaYHbIi CEPBUC, COCTABISIIOT KOHKYPEHIIUIO TuaepaM pbiHKa. CTpeMIIeHUE yIaKo-
BaTh HAOOP MOITHBIX ()YHKIUN B yAOOHBIN MOIK30BATEIIbCKUN MHTEp(EIC MPUBEIO K BO3MOKHOCTH
UCTIOJIH30BATh MOYYMBIITUECS IPHIIOKCHHSI KaK JUTS 331249 HeOOJIbIIOro oduca, Tak U s YIAIEHHO-
r0 aJMHUHUCTPUPOBAHHUS I1I€JIOTO MapKa KOMITBIOTEPOB U CEPBEPOB, PACHIPEACICHHOTO Ha HECKOJIBKUX

KOHTHUHCHTAax.

Bropas o6nacts npuiioxkeHus riyOOKHX 3HAHUH M YHUBEPCAJIbHBIX HABBIKOB COTPYAHUKOB Hplona-
HBI — 3TO BH3yaju3auus JaHHbBIX. KommaHus co3pana MynsTUILIATGOPMEHHYIO OHOIHOTEKY [UIsl T10-
CTPOCHHUSI MHTEPAKTUBHBIX JIByMEPHBIX U TPEXMEPHBIX AMArpaMM H Ipa)MKOB Pa3IUYHBIX THIIOB, a
Takxe OMOIMOTEKY JUIsl OAHOMEPHBIX 1 MHOTOMEPHBIX IaHHBIX B TabmuuHoM BHJe /Ui 10S. Pa3pabot-
YUKW KUCIONIb30BANIN anmnaparHoe yckopenue rpaduxu cpenctsamu OpenGL(ES) u Direct3D s no-
CTHIKEHHUSI BBICOKOHM MPOM3BOAUTEIBHOCTH M MAKCUMAJILHOTO KaueCTBa FEHEPUPYEMOT0 300pasKeHHS.
[Tporpammuoe obecnedenne Hpromanbsl MOXKET OBITh HCIIOJIB30BAHO [Tl BU3yaTH3aIlH TPOU3BOIBHBIX

YHCJOBBIX JaHHBIX B 3aJja4ax 6H3H€C-aHaJ'H/ITI/IKI/I, CCTCCTBCHHBLIX U T'YMAaHUTAPHBIX HAYK.



macroscop

Macroscop — pOCCHﬁCKaH MHHOBAIIMOHHAsA KOMITaHUWA, pa3pa6aTLIBa}oma>1 IIporpaMMHOC obecmneue-

Hue s [P-kamep.

[Ton ympasnenrem npoaykroB Macroscop padorarot 300 000+ IP-kamep B 23 000+ Bugeocucrem.
[TaptHepckas cetb koMmnanuu ooveaunser 3 000+ 1ucTpuObIOTOPOB U CUCTEMHBIX HHTETPaTOPOB B 27

ctpanax mupa: Poccun, ®panuun, Benukodpuranuu, CLLIA, Ascrpanuu, OAD, Hurepuu u np.

Uctopust Macroscop Hayanack B 2008 roay, koraa y OCHOBATeJIe KOMIIAaHUY MOSBUIIMCH JBE HAYY-
HBIC UCHU, KOTOPBIC CETOAHA ITO3BOJIAIOT PCIIATh HpO6JICMy aHaJIn3a OrpoOMHOTO O6’b€Ma JaHHBIX, I10-
Jy4aeMbIX OT Kamep BuaeoHabmoneHus. Cerogas Macroscop — 3To KOMaH/a CIIeIUAINCTOB B 00JIaCTH
BUJICOaHAIN3a, Pa3pabOTKHU, MApKETUHTa U MPO/IaX, KOTOPbIE €XKETHEBHO padOTaOT HAJl peaiu3aliu-
el Muccuu KoMnanuu: « Bonjaomars 1o, YTO Ka3ajJ0Ch HEBO3MOKHBIM, 3aCTABJISAS1 BU/1€0CHCTEMbI

NPUHOCHTH MAKCUMAJIBHYIO IT0JIB3Y JIOASAM)).



Llopozue xonnecu!

Opraan3auoHHBI KOMHTET 27-0i MexayHapomHoH
KOH(EPEeHIMN IO KOMITBIOTEPHOW rpaduke W MaIIUHHO-
My 3penuto IpadpuKon-2017 pam mpusercrBoBarh Bac
B [lepmu!

Ilepmb, ropoa-mMusuinoHep ¢ 295-neTHei uctopuei, siB-
nsetcs cronuuen Ilepmckoro kpas u Bcero Ilpukambs. To-
poxn pacrionoxeH Ha Oeperax peku Kawmsl, kpymHeiIero
npurtoka p. Bonru. B yecTs Haniero ropona Ha3BaH OTPE30K
HCTOPUU 3eMIIU AIUHOU B 47 MUTUOHOB JIET.

27 ner Hazap, B ¢espane 1991 B Mockse npouuia 1-s
MEXXIyHapOIHAast KOH(EPEHIIHS IT0 KOMIBIOTEPHOI Tpad ke
n MamHHOMY 3peHuio ['papuKon’91. I'papuKon ob6venu-
HSIET UCCliefioBaTeNlell U pa3pabOTYMKOB U3 MHOTHX CTpaH
MHpa C LeNbl0 CONV)KEHHs] HayKd, MHAYCTPHU M Ou3He-
ca, oOMeHa HOBBIMH HJECSIMU M pe3yJIbTaTaMH, 3HaHUSIMU
1 OTIBITOM B 00JIaCTH KOMITBIOTEPHON rpaduKu, MaInHHO-
TO 3peHus, 00pabOTKM M300pakeHMIA, CHCTEM BU3yaJIbHOM
aHAJIUTHKY ¥ BUPTYaIbHOTO OKPYKCHUS, TIOAAEPKKH MPH-
HATHUS pemieHnit n oopaborku bonbmnx Jlanusix. B 2005
roay Ha 0a3e TOH €KeronHOi M/H KOH(EpEeHIUH co3/aHa
AaBTOHOMHAsl HEKOMMep4ecKkast opranuzanus Hayunoe o0-
mecTBO «I'paduKoH», KOTOpask aKTHBHO MTOMOTAeT OPraHu-
3aTopaM KOH(EPEHINN U3 PA3HBIX TOPOMIOB.

3a CBOIO YK€ MHOTOJICTHIOIO MCTOPHIO Teorpadus KOH-
(epeHIUH 3HAYNTETBHO PACIIMPHIIACH: TOMHUMO MOCKBBI 1
MocxkoBckoii obnacty, I'papuKon nmpuHuManu rakue ropo-
na, kak Cankt-IlerepOypr, Hikanit Hosropon, PoctoB-na-
Hony, HoBocubupck, BraguBoctok. OpraHn3zaropoM KOH-
¢depenmim I'paduKon B 2017 romy BIepBEIC BBICTYIAeT
IlepMmckuil ToCyiapCTBEHHBII HALMOHAJIBHBIN HCCIEN0Ba-
tensckuid yHuBepcuret (IITHNY). B xondepenunu npu-
HUMAIOT y4acTue npencraButenn 7 crpad. KoHdepeHnus
Oymer mpoxomutb Ha Teppuropun [IITHUY u Ilepmcko-
IO HaMOHAJIBHOTO HCCIIEJOBATEILCKOTO MOINTEXHUIECKO-
ro yausepcureta (ITHUITY). ITHUY Bxogut B msaTepkKy
JYYIIUX KIaCCHYECKUX YHHBepcuTeToB Poccun.

B mpomnom rogy IIM'NY ucnonnaunocs 100 net!

Cotpynnuku Hamero BY3a u [THUITY BbIMOAHSIOT K-
POKHIi CHIEKTP HAYYHBIX UCCIIEAOBAHMIA B 00JIaCTH KOMITBIO-
TepHOH TpaMKH, MAIIMHHOTO 3PEHMs, BU3YyalbHOH aHa-
JUTUKY ¥ JOIOIHEHHOH PeaNbHOCTH, UMEIOLIUX BECOMBIH
MPaKTUYECKUI pe3ysbTat, O YeM CBUACTEIBCTBYIOT PE3yIlb-
TaThl MHHOBAI[MOHHON ¥ KOMMEpPYECKOH eATeIbHOCTH, Ha-
LIeJIIne MUPOKOe NPU3HAHKUE, B TOM YUCIIE U Ha YPOBHE
TEePBHIX JHIl TocymapceTa. § ceHtsiops 2017 roma Bo Bpe-
Ms CBoero pabodero Bu3uta B Ilepmb mpesuneHt Poccun
Bunagumup ITyTHH BBICOKO OLIEHWI YPOBEHb NPOIPAMMHO-
anmaparHoro oOecnedeHuss B yKa3aHHbBIX oOJlacTsiX, pas-
paboTaHHOTO COTpyAHUKaMu M BblmyckHukamu [ITHUY
n [THUITY.

OpraHu3allMOHHBI M MPOTrPAMMHBIN KOMHUTETHI 27-U
MexTyHaponHoi koH(MepeHmmu [paduKon-2017 xemaror
YYaCTHHKaM ILJIONOTBOPHOW PabOThI, TBOPUECKOTO 0OCYHK-
JICHUA HayuyHBIX IOKJIAaJ0B W HJel, yCleXOB M HOBBIX
BcTpey!

Om umenu Op2arU3AYUOHHOC0 U NPOCPAMMHO2O
Komumemos I pagpuKon-2017

Ceemnana Heopesna Qynpuna,
Koncmanmun Banenmunosuy Pabunun

Hopoeue yuacmuuxu Konghepenyuu
I'padpuKon-2017!

Paspemmire npusercTBOBaTh Bac Ha mepMckoit 3emie B
CTeHax cTapeiiiero By3a Ypana!

PasButne Poccuiickoii 3KOHOMUKH U POCCHMCKOH BBIC-
II€H IIKOJIBI HEPAa3PBIBHO CBSI3aHO C IH(POBBIMH TEXHOJIO-
rusiva. B Oyzmymem 3To cTaHeT 3aJ0roM YCIIEIIHOTO pas-
BUTHS IPAKTHYECKH J11000H cdepsl OusHeca. KpaiiHe Baxk-
HO, 3aKJIaJ(bIBasi OCHOBY POCCHICKON LM(POBOW 3KOHOMHU-
K1, SKOHOMHKH BBICOKHX TE€XHOJIOTHH, COPMHPOBATH 00-
niee BHJIEHHE M MOAXOABI K TOMY, KaK TOTOBUTb M KaKHe
HaBBIKH BBIPaOaTHIBATE Y CTYACHTOB BY30B, KAKOBA JOIDKHA
OBITH PKOCHCTEMA JIJIs CO3JJaHUs HOBBIX M COBEpPIICHCTBOBA-
HUS yxe cymecTtBytomux UT-rexHonoruit.

PazButue HoBbix UT-HanpaBnenuit, Takux kak Murep-
Het Bemeit (IoT), Ubi-Computing, HHTeIIeKTyanbHBIH aHa-
mu3 bomemmx JIaHHBIX W JIp. HEMBICIHUMO O€3 COBpeMeH-
HBIX CPE/ICTB KOMIbIOTEpHOI rpaduku. Takue koHpepeH-
H, kak [paduKoH, roe nmpeseHTyroTes u 00CyKAaroTcs
PE3yNBTaThl UCCIEOBAHUM N3BECTHBIX YUEHBIX U MOIOIBIX
CIELUATIMCTOB B 3TOH 00IaCTH, HECOMHEHHO CIIOCOOCTBYIOT
porpeccy HU(PPOBBIX TEXHOIOTHH.

[TpoBeneHre KOH(GEPEHIIUH TAKOTO BBICOKOTO YPOBHS
B [lepMckoM rocynapCTBEHHOM HAllMOHAIBHOM HCCIEO0-
BaTe€IbCKOM YHUBEPCUTETE MOAYEPKUBAECT MpPHU3HAHUE Ha-
YUHBIM COOOIIECTBOM KaK BBICOKOTO IPO(ECCHOHAIBFHOTO
YPOBHS €ro MpodeccopCKO-TPENOAaBaTeIbCKOTO COCTaBa,
TaK M TOT BKJIaJ|, KOTOPBIH y4€HbIE U COTPYIHHKH YHUBED-
cHUTeTa BHOCAT B (DyHIIaMEHTAJIbHBIC M TIPUKJIAIHBIE UCCIIe-
JIOBaHHUS B 00JIaCTH KOMIIBIOTEPHOH TpaMKH ¥ MalIMHHO-
IO 3peHHs. DTO B MOJHOM Mepe OTHOCUTCS TAKXKE U K yde-
HbIM [IepMCKOro HallMOHAIBHOTO UCCIIEN0BATENLCKOTO TO-
JUTEXHUYECKOTO YHUBEPCUTETA, HA TEPPUTOPHH KOTOPOTO
OyzeT mpoXoAuTh cekiusl «l eoMeTpuiueckoe MOIEIHpPOBa-
Hue. KomnplorepHas rpaduka B 00pa3oBaHUm.

Kenato kondepennun ['papuKon-2017 ycnexa, a Bcem
€e yJacTHHKaM IUIOJJIOTBOPHOI paOOThI M HOBBIX HAyYHBIX
JIOCTH)KEHUI Ha 0Jaro CBOMX PETHOHOB W HAIIlei CTPaHbI B
nenom!

Ilepeoiil 3amecmument 2eHEPanIbHO20 OUPEKmopa

340 «Hueecmuyuonnas komnanus « Dunancoswlii Oomy,
OKC-MUHUCMDP IKOHOMUYECKO20 pA36UmMusi HepMCKOZO Kpas,
Executive MBA Skolkovo
Jleonuo FOpvesuy Mopozos
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Scientific Visualization and Visual Analytics Challenges

V. Alexandrov, J. Espinosa, I. Rudomin
vassil.alexandrov@bsc.es
Barcelona Supercomputing Center, Barcelona, Spain

Abstract

With the latest advanced of Data and Computational Science, the need to be able to visualize and analyze scientific
results, as well as represent and deal with vast amount of data (Big Data), becomes of unquestionable importance. This
talk focuses on current trends and needs for analyzing and visualizing Big Data. First it analyses the interplay between
High Performance Computing (HPC), Information Visualization and Virtual Reality (VR). In particular, the needs of
visual analytics for data and compute intensive problems. Some examples combining HPC and high-end visualization
and VR approaches will be drawn from areas of Marketing, Customer Relations and Security areas.

Then, it will address different techniques for visualizing Big Data, considering the visualization process as a complex
and greedy task. This part will show in particular that, when it comes to Big Data, current tools do not scale well and
specific techniques should be applied. Some examples will be presented for processing and visualizing urban data
produced in real-time.

Finally we will show how to use this data for predicting particular behavior, using crowd simulation and Machine
Learning techniques in combination with visual analytics methods. Sometimes this predicted behavior will be used for
prevention, for example, in the case of undesirable behavior in security applications. In other cases, it will be used to
strengthen the said behavior in some cases of marketing and customer relations.

Vassil Alexandrov
(ICREA Research Professor
in Computational Science
at Barcelona Supercomputing Center)

24-28 cenmsaobpa 2017, Ilepms, Poccus 17
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Contemporary Information Technology: Information Visualization,
Virtual Environment, Visual Perception and Analisys

S.V. Klimenko
stanislav.klimenko@gmail.com
Moscow Institute of Physics and Technology, Moscow, Russia

Abstract

The ever increasing complexity of the physical phenomena studied in scientific and engineering disciplines, requires
the development of new approaches and powerful technique for processing and analysis of complex and Big data.
Scientific Visualization developing methods and tools for understanding the problems to be solved by bringing in a
person's ability to see and perceive the image.

The report deals with the preconditions of occurrence of this scientific field, the stages of its formation as a scientific
discipline and major achievements. Shows the transition from technology to render virtual environment. Currently,
scientific visualization is quite complete scientific discipline. Purpose of virtual environments is to provide users with a
virtual workspace, in which they can observe and investigate create the virtual real-time data, models and the scenes.
Presents selected results of the development of scientific visualization and virtual environment from the Moscow
Institute of Physics and Technology and the Institute of Computing for Physics and Technology in cooperation with
research centers in Germany and Singapore.

In conclusion ascertained advantages of visualization technologies and virtual environments to improve the efficiency
of fundamental research, to meet the challenges of science, education and industry.

Promising areas of research in this subject area are information visualization, visual analytics, a new man-machine
interfaces based on haptic devices and tangible images.

The contents of the report: An Historical Excursus, What is Visualization, From Visualization to Virtual
Environment, Contemporary VE Installations, Current State-of-the-Art, Available Base and Research Experience, Where
We Go, Support for Decision-Making, Virtual Simulation of Tangible Interaction, Conclusions.

Stanislav V. Klimenko
(Scientific Director
of The Institute of Computing for Physics and Technology,
full professor and scientific leader
of The Department CPT at Moscow Institute of Physics and Technology)
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LUndposasa 3emna u Busyanusauus B ynpaBrieHUM:
BbI30Bbl U NepPCMNeKTUBbI

E.H. Epémuenko
eugene.eremchenko@gmail.com
I'pymma «Heoreorpadusy», [IpoTeuno, Poccus

AHHoOTauusA

B nokmane maércs obmas mHpopmanus o6 ampsHce «Lludposoit 1lénkossrit [Iyte» (Digital Silk Road Alliance,
DSRA), yupexnéanom mon srumoid MexmyHapognoro O6mectBa [{udposoit 3emmn (International Society of Digital
Earth, ISDE) B anpene 2017 roza B kadecTBe CHCTEMBI ITOIJCPIKKH MPUHITHS PEIICHUH KOHTHHEHTAIBHOTO MacmTada B
pamkax mpoektoB «lllémkoBoro Ilytm m Ill€mkoBoro Ilosica». Mpeomormss DSRA OGasupyercs Ha TpEX NpHHIHIIAX:
Ludposas 3emirs, IHUPOKOE UCTIOIB30BAHIE KOCMHYECKNX JaHHBIX TUCTAaHIMOHHOTO 30HIMpoBaHus, 1 Big Data.

O6ocHoBEIBaeTcst TpakToBKa 1I3 kak HaydHOW peBomrormu (B TepMuHax T. KyHa) B oOmacTu reoBH3yann3anuu.
PaccmarpuBaetcst xponosorus pa3zsutus L[3 B 2017 rony.

O003HaYaIOTCs TIEPCIEKTHBEl BOBJICUYEHHS METOI0B HAYyYHOH BH3yaJlM3alWd M BU3YaJlbHOM aHAINTHKH B pELICHHUE
MIPaKTHYECKHUX yIPABICHYECKUX 3a/1ad.

EBrenunii Huxkonaesuu Epémuenko
(Pykosooumens epynnui
«Heozeozpadusy,
ynen coeema ISDE,
coyupeoumens DSRA,

HayuHblil COMPYOHUK
Mockosckozo eocydapcmeenno2o
yuusepcumema um. Jlomonocosea)
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NMpobnema npeobpaszoBaHna OyMaXHbIX apXUBOB
YepTEeXKHO-KOHCTPYKTOPCKOW AOKYMEHTauum
B 3JIEKTPOHHYIO MoAenb usgenus
M CBsi3aHHble C HEW reomeTpo-rpadmnyeckme 3agaum

C.1. Potkos, E.B. Ilonos, T.B. Momkosa, B.A. Tiopuna, /[.}O. Bacum,
C.A. Pomenckuii, H.JI. Makapos, B.JI. Uenkacos
rotkov@nngasu.ru
Huxeropoackuit rocyjapcTBEHHBIN apXUTEKTYPHO-CTPOUTENbHBIH YHUBEPCUTET,
Huxuuit Hosropon, Poccus

AHHOTauuA

[lepexon Ha nn¢poBoe MPOU3BOJACTBO M SKOHOMHUKY (mporpamma «Mumyctpus 4.0») mpenmosaraet moBceMecTHOE
BHEJPEHHE COOTBETCTBYIOIINX HH(POPMALMOHHBIX cHcTeM H TexHonoruit. Cuctemsl kitacca CAD/CAM/CAE/PDM/PLM
etc, B CBOeil ocHOBe TpeOyroT Hannumsi 3D Mopenn oOBEKTa HMCCIEOBAHUS M MPOU3BOJCTBA, C OJHOWH CTOPOHBI, a C
JpYroi, TEeHEpUPYIOT YEPTEKHO- KOHCTPYKTOPCKYIO M TEXHOJOTHYECKYIO JIOKYMEHTAlHWI0, HEOOXOAMMYIO s
(U3MUECKOTO H3rOTOBICHHS O0BeKTa. IIOCKONBKY NpOEKTHpOBaHWE, KaK IPaBHIO, HWAET HAa OCHOBE AaHAJOTOB H
MIPOTOTHUIIOB, TO JUIsi pabOTHl YIOMSHYTBIX CHCTEM TpeOyeTcsl HaJIMUUE JO0CTAaTOYHO OOJBLIOTO JIEKTPOHHOTO apXuBa
MoJjienell 1 uepTexel. B To jxe BpeMs Ha MPEANPUATHAX U OPraHU3aIHUAX 3a OONBIION MPOMEXYTOK BpEMEHH HAKOITHIICS
OI'POMHBII apXMB YEPTE)KHON JOKyMEHTALMH Ha OyMa)XHOH HOCHTele, B 00beMe TOXOASIIMN 10 AECSITKOB MUJIJIMOHOB
JINCTOB, KOTOpble HeoOXonumo BBecTH B OBM u cormacoBaTh ¢ pa3iMYHBIMH HH()OPMAIMOHHBIMH CHCTeMamu. B
JOKJIaZie paccMaTpHUBAeTCsl OpraHM3alus M Co3JaHHe WH()OPMAaIMOHHOM TEXHOJOIMH IOTOKOBOTO IpeoOpa3oBaHUs
JaHHBIX C OyMa)XHOTO HOCHTENII B OJIEKTPOHHYIO MOJENb W3JENus, BKIIOYAIONIYI0 B ce0s, B TOM 4HCIE, U
npeoOpa3oBaHue reoMeTpuieckux JaHHbIX 2D— 3D. TexHomorus BkiIroyaeT B ce0s pelieHue 3aaaun npeoOpa3oBaHus
«pacTp-BEKTOp», OPUEHTHPOBAHHON Ha paclio3HaBaHHWE W aHAJIM3 JIEMEHTOB YepTexka, GOpMHPOBaHNE POMEKYTOUHOH
0a3bl JaHHBIX, HAIIPaBJICHHOW Ha COTIacoBaHKe ()OPMATOB JJAaHHBIX ¢ HH(GOPMAIIMOHHBIMHU CUCTEMAaMH U CO31aHHE HOBBIX
(YHKIIMOHAJIBHBIX ONEPaTOPOB PEUICHUS MPUKIAIAHBIX NPOOJIEM II0JIb30BATENsl, HE PEaTM3yeMbIX HMEIOIINMHUCS B
cucTeMax CpeicTBaMH, reHepaunuio 3D mozenn oObexTa. PaccmarpuBaeMas TEXHOJIOTHS SBISIETCS WHBAPHAHTHOHW I10
OTHOIIEHHIO K OTPACIsIM HAyKH U TIPOMBIIIIEHHOCTH.

Pa6ora BemosaeHa o rpantam POOU Ne 15-07-05110, 15-07-01962, 17-07-00543.

Cepreii Uropesuu PoTkoB
(doxmop mexnuueckux nayk, npogeccop,
3asedyrowuii kaghedpoil undiceHepHoll 2eomMempuu,
KOMNbIOMEPHOU 2PAPUKU U A8MOMAMUSUPOBAHHOZ0 NPOEKMUPOBAHUS
Huoice2opodckozo 20cy0apcmeeniozo apXumeKmypho-CmpoumenbHo20 YHUGepCumema)
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Paleographic Dating of Birch Bark Manuscripts

K.A. Sidorov
sidorovk@cardiff.ac.uk
Cardiff University, Cardiff, UK

Abstract

We address the problem of estimating the age of an important class of historical documents: mediaeval manuscripts
on birch bark, found in Novgorod and other cities in Northwest Russia. These birch bark manuscripts are one of the most
valuable corpora of Old Russian texts, and a crucially important source of information about mediaeval history and
evolution of the language. Accurate dating of BBMs is necessary in order to place them in a correct historical context,
before historians and linguists can take advantage of their valuable contents.

In this work, we investigate how the age of birch bark manuscripts can be automatically estimated from their
appearance (paleographically), using computer vision and machine learning techniques. Our method achieves mean
absolute accuracy of 18.9 years which is comparable to or surpasses the performance of human experts and of other
computational paleography studies. Therefore, our results may corroborate and refine existing paleographic analysis
methods.

Kirill Sidorov
(PhD, Assistant Professor,
School of Computer Science and Informatics,

Cardiff University)
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MeToAabl cTOXacTU4YeCcKowm TPAaCCUPOBKHU nyqeﬁ KaK cpeAcTBO co3aAaHusA
CUCTEM OOMNOJSIHEHHOW pearibHOCTU

JL. Knauos', A.T. B0n0601712, B.A. ['aakTHOHOB”
ddzhdanov@mail.ru[voloboy@gin.keldysh.rujvlgal@gin.keldysh.ru
'HUY UTMO, Cankr-IlerepOypr
MM um. M.B. Kennpima PAH, MockBa

AHHoOTauusA

C pa3BUTHEM KOMIBIOTEPHON TEXHHKH U CPEJICTB KOMMYHHKAIIMH YEOBEKa C HU(PPOBBIM MHPOM BCE OOJBIIYIO
MOMYJISIPHOCTh IPUOOPETAIOT TEXHOIOTHH JOMOJTHEHHOM peanbHocTH (augmented reality). Eciu B 90-x rogax mpounioro
BeKa CTaBHJACh 3a/lauya TeHEepalid PEalUCTUYHONW KApTHHKU C H300pakeHHEM BHUPTYaJbHOW MOJENH, BCTPOCHHOH B
(bOTO- MK BHICO-OKPYIKEHHE, TO COBPEMEHHBIE 3aa4K KACAOTCs IIUPOKOr0 Kpyra MPUI0KEHHH — OT CO3/IaHHs CUCTEM
orobpaxeHus nHGpopManuu Ha JOOOBOM CTEKIE aBTOMOOWJISI O T'€HEepalud TECTOBBIX U300pakeHHWH Juis OO0ydeHUs
cucrteM OecnminoTHOro BokaeHHs. Co3gaHHe COBPEMEHHBIX KOMIUIEKCOB BHPTYalbHOW M JIOMOJHEHHOH pearbHOCTH
TpeOyeT pa3pabOTKH BHICOKOKAYECTBEHHBIX OMTHYECKUX CHCTEM M COTJIACOBAHUS pabOThI JaHHBIX CHCTEM C IPOIieccaMu
KOHBEPreHI[MH, AKKOMOJAIMK M CBETOBOM aJamnTalMy ria3a. JTO MOPOXKIAeT HOBBIE 3aJauyd HX BUPTYAIbHOTO
MPOTOTUITMPOBAHUS U aHAJIN3a PACITPOCTPAHECHUS CBETA.

B nmoknanme paccMaTpuBaeTCs KpPYr COBPEMEHHBIX 3ajad, CBS3aHHBIX C CHCTEMaMH JIOMOJHEHHOH peanbHOCTH, W
OCHOBHBIE MOJXOJbl K HX PEIICHHI0. ABTOPbI MHOTO JieT paboTaloT B 3TOH 00NacTH, cO3/aBas COOTBETCTBYIOIIEE
nporpaMmHoe ofOecredenne. MeTOJbI CTOXaCTHYECKOH TPACCHPOBKH Jy4ed MpeuiararoTcsi Kak OAHO W3 Hambolee
YHHUBEPCAIBHBIX CPEJICTB aHAIN3a, MOJCIHUPOBAHHS W BUPTYAIBHOTO MPOTOTUIIMPOBAHHS TaKHX CHCTeM. B wacTHOCTH,
paccMaTpuBaeTCs pelleHIe, OMHCaHHOe B cTaThbe «Stochastic ray tracing methods in problems of photorealistic image
synthesis for augmented reality systemsy, mpencTaBieHHOI Ha KOH()EpEeHIINH.

JAmutpuii ImutpueBuy Auekceii 'ennagbeBuy Baagumup AnexkcaHapoBuy
Knanos Bosoboii I'anakTuoHOB
(Kanouoam (Hoxmop gusuxo-mamemamuueckux Hayk,  (Joxmop gusuxo-mamemamuiecKux Hayx,
Quszuro-mamemamuyeckux Hayx, 8€0VIWULL HAYYHBII COMPYOHUK npogheccop, 3asedyowuti
3asedyrowuil kKagheopoi Omoena Komnvromepnotui epaguru Omoenom Komnwvromeproui epaguxu
Texnonozuti eusyanusayuu HUY UTMO) U BLIYUCIUMENLHOU ONMUKU U BLIYUCTUMENLHOU ONMUKU
HIIM um. M.B. Kenoviua PAH) HIIM um. M.B. Kenoviuwa PAH)
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PeweHue 3agay aHanu3a AaHHbIX
C NOMOUW b aHANIUTUYECKUX BU3yarnbHbIX Mmoaeneun

A.A. 3axapoga, E.B. Bexrep, A.B. HIkmsap
zaa@tpu.ru|vehter@tpu.ru|shklyarav@tpu.ru
WNucrutyt xubepHeTnku TOMCKOTO MOJUTEXHUYECKOTO YHUBEpcHUTeTa, ToMck, Poccus

AHHoOTauusA

Haetcs 0030p pe3ysibTaToOB HKCCIIEOBAHUI, HAMPABICHHBIX HAa HW3y4YeHHWE MOTEHIHAIbHBIX MPEHMYIIECTB
Bu3yanpHOro anamu3a. OO6O03HAYarOTCs cia0ble MecTa B COBPEMEHHOM COCTOSIHUH CPEJICTB BH3yalbHOrO aHAN3a
JAHHBIX, CBSA3aHHBIE C HEJOCTATOYHBIM YPOBHEM CHCTeMAaTH3ald © O0O0OOIIeHHsT 3HAHUH O BO3MOXKHOCTSIX
Bu3yanu3anuu. [lpeayararorcsi HEKOTOpble 0a30Bble ONpPEJETCHUS, CBSI3aHHBIE C HCHOJNB30BAHHEM CPEJNICTB
BU3yaJHM3allMK Ul PEUICHHs MPHUKIATHBIX 33724, B TOM YHCIE 3a/a4 aHalu3a OOJbIIMX 00BEMOB JAaHHBIX, 00YUIEHHs
MoJIb30BaTeNneil ¥ ympaBieHHs MX BocmpusTHeM. OOCYXIAr0OTCS BO3MOMHOCTH II€PEX0/ia OT BHU3YalbHBIX 00pa3oB
JIAHHBIX K METO/aM MPeCTaBICH s HHPOPMAIINH, aHATIOTHYHBIM HUCIIOIB30BAHHUIO TEKCTOBBIX ()OPM PA3THUYHOTO YPOBHS
a0CTpaKIHH.

JIeMOHCTPUPYIOTCS BO3MOXKHOCTH W IPEMMYIIECTBA HCIOJNB30BAHUS aBTOPCKOTO METOAa KOMIUIEKCHOTO
BU3yaJbHOTO aHaJM3a, BO3HUKAMOIIME MPU pEIICHUH MpakThdeckux 3amad. CHopMynHUpoBaH TMOAXOA K MOCTPOCHHUIO
BU3yaJbHBIX MOJENIeil KaKk HWHCTPYMEHTOB BH3yalbHOW aHAMUTUKU. [lpemioxkeHa 06a3oBas METOAMKA MPOBEACHHUS
aHAJMTHYECKOTO KCCIIE0BAHUS MPOU3BOJBHBIX [AHHBIX, MO3BOJISIONIAs BBECTH MOHATHE (HOPMANBHON BH3YyalbHOM
MOJENH.

AJleHa AJlekcaHIpOBHA 3axapoBa
([oxmop mexnuueckux Hayx,
Hucmumym kubepnemuxu,
Tomckuii norumexHu4yecKull yHUepcument)
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MeToabl coBMeLEeHUA MUKPOCKONUYECKNX N300pakeHMn B 3agavax
006paboTKM N aHannM3a N3oopakeHUM XUBbIX KNEeTOK

I.B. COpOKI/IHl’2
dsorokin@cs.msu.ru
! JTaGopaTopust MaTEMAaTHYECKIX METOLOB 06PaGOTKH H300paKeHHil,
(bakymbTeT BEIYUCIUTSIFHON MaTEMaTHKH U KHOSPHETHKH,
Mocxkosckuit 'ocynapctBennbiit Y HuBepcuretr umenu M.B. JlomonocoBa, Mocksa, Poccus;
*Centre for Biomedical Image Analysis,
Faculty of Informatics, Masaryk University, Brno, Czech Republic

AHHoTauusA

B nmokmnane mpenctaBieH 0030p METOJIOB COBMENIEHUS MUKPOCKOMMMYECKUX M300paKEHUH, MPEACTABIIOMUX COO0MH
BOXHEHIIMIA Imar B 3amadaXx oOpaOOTKM M aHanmu3a H300paKEHUH JKUBBIX KJIeTOK. KadecTBEHHOE COBMeENIECHHE
n300pakeHI HEOOXOOMMO U KOMITCHCAIIUU JBIDKEHHS KJICTOK M ITOCIIECAYIOMIEr0 M3YYCHHUS JIOKAJBHOTO IBIKCHUS
KIETOYHBIX CyOCcTpykTyp. Hecmorps Ha Oonbimoe pa3HOOOpa3we METOJOB COBMCHICHHS MHKPOCKOITHYECKHIX
H300paKeHU, BCE OHM HMEIOT CBOM OCOOCHHOCTH W TPaHUIBI TMPUMEHUMOCTH. BBIOOp MeTonma Juisl peambHBIX
MIPUJIIOKECHAN OOYCIIOBICH CIENU(PUKON OMOIOTHYECKOTO KCIIEPUMEHTa, M, KaK CJIEICTBHE, NOJTYYCHHBIX NaHHBIX. B
JOKJIaJie OCHOBHOE BHHMAaHHUE YICICHO OOCYXICHHIO JOCTOMHCTB M HEJOCTAaTKOB PAa3WYHBIX METOIOB COBMEMICHHUS
MHUKPOCKOTIMYECKHUX U300paKeHUH U TPaHUI] HX TIPUMEHUMOCTH B PEaTbHBIX IPHII0KECHHUAX.

JAmutpuii BacuibeBuu CopoxkuH

(Kanouoam ¢huzuxo-mamemamuueckux HayKx,

cmapwiutl Hay4Hslll COMpYOHUK
1abopamopuu Mamemamuyeckux memooos 0opabomru uz0opasiceHuil
@axyremema Boryuciumenvrnoil mamemamuxu u KubepHemuxu
MI'Y umenu M.B. Jlomonocosa,
researcher at Centre for Biomedical Image Analysis,
Masaryk University, Brno, Czech Republic)
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BupTtyanbHas n gononHeHHas peanbHOCTb
B 3KCNO3NLMOHHOW AeATeNbHOCTHU

A.B. lypakoB
adurakov@gmail.com
Jlaboparopust MyJIbTHMEIUIHBIX PELICHUH,
IIepmb, Poccus

AHHOTauuA

TexHonmorun MONMOMHEHHON M BUPTYaJlbHOH pEaTbHOCTH MOSBWIIMCH MHOTO JIET Ha3al, Hpeaiaras MHPY Maccy
MIOJIE3HBIX MIPUMEHEHHH BO MHOTHX cdepax. OfHAKO HA TEKyIIMH MOMEHT IO-HACTOSIIEMY MaccoBOE IIPUMEHEHHE ITH
TEXHOJIOTHH Haxo[sT B cepe pa3sineueHnil. iMeHHo B 310 cdepe Jlaboparopust Mayrpu peannzoBana Goiee necsTka
KPYHHBIX IPOEKTOB C HCIIOJIb30BaHWE TEXHOJIOTHH JOIOJHEHHOH M BHPTyalbHOW peanbHOCTH. Hambonee nHTepecHble
MIPOEKTHI OyAyT MpEICTAaBICHBl Ha JIOKIAe, a Takke OyIyT pacCMOTPEHBI NMEPCIEKTUBBI MACCOBOTO TMPHUMEHEHUS dTHX
TEXHOJIOTHH B IpyTrux cdepax.

Anapeii Bukropouu Jlypakos
(Hupexmop komnanuu «Jlabopamopus MynbmumeOutiHbIX peuenuiiy,
cmapwuii npenodasamens IHITHUY)
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MAKPOCKOIN: npakTuka npumMmeHeHus anroputMoB BugeoaHanmsa
ANA peweHns 3agayv 6e3onacHOCTU U OU3HeC aHaANUTUKK

A.B. PazymkoB
razumkov@macroscop.com
Macroscop, Ilepms, Poccus

AHHOTauuA

Macroscop paspabatbiBaeT kopobounoe [10 mis BuaeoHaOMIONEHHUS, KOTOPOE MOCTABISETCS HEOrPaHUYCHHOMY
KpYry HoJb30BaTeseil CO CTaHAapTHBIM Ul BCEX HUX (PyHKIMOHAIOM. DTO CyNIECTBEHHBIM 00pa3oM OTpakaeTcsl Ha
TpeOoBaHMAX K pa3pabareiBaeMbIM st Takoro IIO anropurmMaMm BHAEO aHalnu3a. B OTIMYME OT AJIrOpUTMA,
pa3pabaTbIBa€MOro JUIsl pelIeHus] KOHKPETHOH 3a7a4M OJHOTO MJIM HECKOJBKHX I0JIb30BATEIICH, T/1e €CTh BOBMOXXHOCTh
aJanTUPOBATh €r0 IO/ KOHKPETHBIE YCIOBHUS HCIIOIb30BaHMsA, anroput™m it [1O ¢ HeorpaHHYEHHBIM KPyrom
MOJIb30BaTeNel JIOJDKeH o0ecrednBaTh IEJIeBYI0 TOYHOCTh NPH Pa3jIMUHBIX IapaMeTpax aHaIM3UPyeMOH CIIEHBI,
OCBEILCHHOCTH M Tp. BcnencTBrue 3Toro HabOpHl BHAEO TaHHBIX, UCIOIB3YEeMble Al 00yYeHHs aIrOPUTMOB, OLECHKH
TOYHOCTH ¥ TECTHPOBAHUS Ha MPEIMET €€ Jerpafaliy IIp1 10paboTKax aJrOpUTMOB JOJDKHEI OBITh 3HAYMTENILHO OoJee
mupokuMu. [Ipu 3TOM pasMep ykazaHHBIX HaOOpPOB — JMIIb OJWH M3 KIIOYEBBHIX MapamerpoB. HecmoTps Ha TO, 4TO
kopobounoe I1O i BuAEOHAOTIONEHMS MO3BOJSET ONpPENEIUTh TPeOOBaHHS K IapaMeTpaM YCTaHOBKH Kamep,
aHAIM3UPYEMOH CIIEHBl M OCBELICHHOCTH, KOTOPBIE NOJDKHBI COONIONAThCS IOJBb30BATEIsIMU Ul oOecredeHHs
OIIpEAETIeHHON TOYHOCTH, CIIOXKHOCTh ()OPMaNM3alMyd TakuX TpeOOBaHMH Takke O0OYyCIaBIMBaeT HEOOXOAMMOCTD
paclIMpeHust CIIEKTpa YCJIOBHH, B KOTOPBIX I0JDKHA 00€CTIeunBaThCs LelieBast TOYHOCTb.

Aptem Baragumuposuy Pazymkon
(I'enepanvuwiii dupexmop komnanuu Macroscop)
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A concept for database oriented 3D graphics engine infrastructure
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Integration layer between digital content creation software (DCCS) and rendering software in a form of specialized
database is proposed in this paper. In our approach, we focus on providing fast 3D-scene updates, ability to work with large
digital assets (not fitting into memory), importing and exporting arbitrary parameters, serialization, convenient debugging
tools and distributed rendering. Such database can be used as means to integrate different rendering engines with DCCS

and also to transfer data between different DCCS.

Keywords: software architecture, rendering, process interoperation.

1. Introduction

Fast growth of computing power in the past 20 years
gave rise to new research and industrial fields. Data
volumes have grown from megabytes to gigabytes and
performance has raised from megaflops to teraflops. But
it’s not only about the numbers, more important is how
it influences interaction with the user. As technology
matures, it generally becomes more accessible and friendly
for the users. This also holds true for digital content
creation. Since rendering is inevitably tied with such
applications, rendering engines’ developers need to answer
the challenges created by the need to improve user
experience. In our work we aim to answer these challenges
with a database oriented approach to rendering engine
infrastructure design.

1.1. Modern digital
requirements

content creation process

1. Interactivity of digital content creation process
(WYSIWYG paradigm). Working in the interactive and
non-interactive modes can be thought of as editing a
text document in MS Word and in IATEX. The latter has
certain advantages, however, creating a document in
MS Word is faster.

2. No restrictions on memory. The whole 3D scene may
not fit into RAM of a single computer, but content
creation process and rendering (at the very least in
preview mode) should not have delays [1].

3. Parameters variability and extensibility of both DCCS
and rendering systems. Different projects may require
different computer graphics algorithms to be used (like
for hair and fur). It’s quite common for post-production
studios to create their own rendering plugins both for
DCCS and renderers [2].

4. Serialization, import and export. Artists reuse variety
of digital assets from their previous works or content
repositories and therefore it’s necessary to import and
export everything. Moreover, in the visual effects and
animation industry pipeline content needs to be passed
between different software back and forth [3, 4].

5. Debugging and testing. While working on complex
projects it is almost inevitable for some errors and bugs
to appear. Some of these errors appear only for a certain
order of actions and thus can be hard to reproduce.

To isolate and fix these errors, it’s important to track
changes in the scene.

6. Distributed rendering [4] and explicit transfer of
changes. Changes made in the DCCS should be visible
as the same for every other computer participating in
rendering. It’s unacceptable to send the whole scene
over the network, we need to track and transfer changes
only.

2. Previous work

2.1. Wavefront OBJ, Filmbox FBX and others

The most basic way to transfer digital content between
applications is to use binary or text files with strictly
defined format. For example, simple but limited OBJ file
format [5] or more complex and flexible FBX [6]. In the
case of strictly defined file formats there’s always a trade-
off between flexibility and complexity. The problem is that
it’s impossible to predict what features DCCS or rendering
engine developers will need in the future - what parameters
would materials have, will there be new forms of geometry
and light sources, etc.

2.2. OpenCollada and Alembic

OpenCollada is a step forward compared to rigid file
formats. The main difference is that OpenCollada defines
only the standard for storing objects (called «<COLLADA)
in XML [7] and allows developers to add new parameters.
It’s possible since OpenCollada is an open source project
and uses XML descriptions both for DCCS and rendering
engine. More recent format with similar ideology is
Alembic, presented on SIGGRAPH in 2011 [8]. The main
focus of Alembic is to efficiently store complex animation
- key framed or a product of any kind of simulation (fluid,
cloth, etc.). However, support for materials in Alembic is
still not available [9], so one needs to use additional file
formats like MaterialX [10] to transfer such data.

2.3. Limitations of «just files»

In the best case, only 2 or 3 of the requirements
for modern digital content creation can be met with
common file formats (most likely parameters variability,
serialization and debugging/testing). To move forward
there needs to be a way for working with large scenes,
tracking and logging changes, and, most importantly,
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prompt transfer of changes between different software
(without rewriting the whole file).

2.4. DRAM and DLL plugins

The opposite of using files for the integration purpose
is to transfer data structures through memory or shared
memory via serialization as in [11]. Dynamic Loading
Library (DLL) plugins closely integrated with DCCS
are worth mentioning specifically. These plugins usually
directly call virtual functions of DCCS and thus don’t
import anything. For example, rendering plugin can call
a function called Shade for material evaluation. While
possessing all of the advantages of being closely integrated,
such approach limits the performance, scalability and does
not guarantee correctness. You can never be sure that
function Shade is implemented sufficiently effective and
that it does what render developers want it to do. Moreover,
this type of interaction between rendering system and
DCCS strongly depends on DCCS in question [12] and that
in turn complicates debugging process and integration into
any other DCCS.

Both of these approaches, that we just described,
are simple and usually provide sufficient performance.
However, they can meet only two requirements -
interactivity and parameters’ variability.

2.5. SDB

The comprehensive explanation of some of the
requirements we listed in the beginning of our paper can
be found in [4]. Relying on their experience, authors of
[4] conclude that rendering engine should exist in the
form of an API to the Scene Database (SDB) and describe
functionality of such database. The implementation was
not specified thus leaving an open space for future research.

2.6. USD

Universal Scene Description (USD) developed by Pixar
was revealed to the public in 2016 [3]. This technology was
primarily designed to address issues arising when different
artists work on digital content for a big project like an
animated feature film. USD assumes that digital content
is created by different people in different applications.

Basically, USD is represented by a set of files in a
JSON-like format which are organized together by the
means of references and compositions. For example, a
composition of a location scene and a scene with animated
character. This approach allows group of artists to work
efficiently and simultaneously on a film shot components
which are called layers and can be combined into a final
result or reused in other shots. The resulting hierarchy of
digital content created in various software allows tracking
the history of scene creation and making several versions
of the whole scene or it’s components. Also, by using
references and delayed loading USD makes it possible to
work with large scenes [3].

While USD satisfies a lot of requirements mentioned
in the beginning of this article, it’s difficult to use this
technology directly as an integration layer with rendering

system. The main problem is the absence of mechanism
for fast updates. USD does not use global identifiers for
objects and with every change one needs to recursively
check all of the file hierarchy. Moreover, the fact that any
file can be overwritten complicates the implementation
of distributed rendering, since some of the scene files on
different rendering nodes can have different versions.

2.7. Multiverse

Product called Multeverse being developed by J-Cube
[13] was initially designed to tackle the problem of loading
large scenes (alembic files in particular) and working with
them in Autodesk Maya. To achieve this Multiverse takes
over the job of loading and otherwise accessing geometry
from the editor and implements delayed loading. The scene
data is streamed directly into the rendering system or
into OpenGL-based interactive viewport of the editor (i.e.
Maya).

The downside of this approach is that Multiverse
becomes too closely integrated with DCCS and
reimplements many of it’s functions. If system like
Multiverse is already integrated with a certain DCCS
then it could be used as integration layer between the
DCCS in question and a rendering system. Otherwise,
amount of work required to integrate Multiverse with a
DCCS can be tenfold more than any other integration
approach. Currently, Multiverse is available only for Maya
and Katana, and does not support 3Ds Max, Blender or any
of the CAD/CAM systems like Rhino or CATIA.

2.8. Bunsen

Project Bunsen being developed by The Foundry [14] is
a cloud-based software for assembling the final scene from
different digital assets which supports import from various
DCC and CAD/CAM software.

Bunsen provides users with the ability to process
imported data in the most suitable for the task at
hand way through a data processing node graph. The
nodes in this graph can perform variety of operations
such as converting splines into polygons, polygon mesh
optimization, materials assignment, applying level-of-
detail (LOD) techniques. If any of the assets used in a
particular scene is changed, user needs to re-export it.
Bunsen will recognize that one of the asset files has
changed and will reload it and execute all nodes dependent
on that asset again. The scene data is then prepared and
streamed into selected imaging software — interactive or
«offline» renderer.

Since Bunsen is in the stage of active development,
many details about it are not yet known to the public [14].
Nevertheless, the announcement of such system shows that
there’s a demand for novel integration solutions oriented on
user-friendliness and emerging technologies as we pointed
out in the begging of this paper.

3. Suggested approach

Our concept can be thought of as a hybrid of object
oriented database and a version control system, (like Git or
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Subversion) with no-overwrite strategy of making changes.
We believe that between the Editor and the rendering
engine should exist special API. This API needs to fulfil
the requirements listed in the beginning of the article in a
simple and transparent manner (Fig. 1).

Fig. 1. Our intermediate layer (API) treats 3D content
creation like working with source code — make changes
and explicitly commit them.

A single state of the scene is a single XML file
called «state_001.xml» in some directory «myscene». This
file references several text or binary files in subdirectory
«datay (usually geometry and textures). The internal
XML structure is subdivided into «library» and «scenesy.
The library contains references to all external files in
subdirectory «data» and describes materials, lights and
camera. A single scene is just a list of geometry instances.
Instance is a reference to geometry object with custom
transformation matrix and material remap list (if one
should have instances with different materials).

Neither XML files, nor geometry or textures (thinking
of them as external files in subdirectory «data») should be
actually saved to the hard drive. When the Editor passes
them to the render, they are transferred through Operating
System (OS) shared memory (Fig. 2). We will discuss
this issue more specifically when we talk about «Virtual
Buffery.

H
i

i All objectsin XML i~ &

obj5 obj6

Fig. 2. New or changed objects are always placed in the
OS shared memory cache.

3.1. Making changes

A distinctive feature of the proposed technology is
explicit tracking and recording the changes. Our API has
3 methods for each object (geometry, material, light and
others) — Create, Open and Close (like files in OS).
Create method makes an empty object. The pair of Open
/ Close allows to change the object. When user code (from
the Editor side) calls Open for some existing object, the
copy of the object’s XML parameters will be automatically
created. Next, user can work with this copy, changing its

XML parameters in RAM via pugixml [15]. When the
work is finished C'lose method should be called. From this
point on, the new state of the object is considered as «ready
to commity, but it is still stored as a separate copy (Fig. 3,
right).

]

ey,
.....
.....
..................

Fig. 3. User of our API can only change an XML copy of
an object (right). After «commit» this copy will replace
original XML description (left) and form new state file.

We can say that if the current state of the object is stored
in the file «state_001.xml», then the new state of the object
is stored in a separate file «change_001.xml» (Fig. 1). All
these files do not need to be saved to the hard drive — they
can be stored in RAM in some dynamic structures (used
by the pugixml library in our case). The user may change
any number of any objects (including changing one object
several times). The file «change_001.xml» will contain
only last changes for these objects. Thus it is important
to note that file «change_001.xml» will not contain any
information about objects that were not actually changed.

Finally, the Editor calls Commit to pass the new
scene state to the renderer engine. The C'ommit operation
creates file «state_002.xml» in which old objects from
«state_001.xml» are replaced by their copies from
«change_001.xml». It should be clarified that during the
execution of the Commit operation, only new, modified
objects and their XML nodes will be passed to the renderer
to update their states inside render engine. Thus, the new
render state will be consistent with file «state_002.xml»,
however, the state file itself is not analyzed. It should
be mentioned that it does not matter in which order user
changes objects. After Commit operation has been called,
the API will pass all changes to the render in a fixed, well-
known order. Thus the rendering engine developers may
rely on fixed and well-known sequence of calls from our
APL

3.2. Virtual Buffer

To handle big data (geometry and textures) we use a
concept of virtual append-buffer with infinite size. The
buffer can append linear data blocks to its end. But only
last NV Megabytes are put into RAM. The rest of the buffer
is flushed to a hard drive as a set of chunks — binary files
in data subdirectory (Fig. 2). It should be outlined that
any new or changed object is always appended to the end
of the buffer. This is due to the no-overwrite strategy. If
you need to change a texture placed in «chunk_036.biny,
you’ll have to create a copy of this texture and place it
into «chunk_037.bin». The XML description will change
the reference from 36 chunk to 37, but both chunks will
exist in the buffer «until the end of time». This way we can
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be sure that most of the objects that user works with are
placed in RAM. For common execution scenario any object
that was flushed to a hard drive (in the green rectangle in
Fig. 2) may only be in 2 states inside renderer. First state:
this object has already been passed to the renderer and has
valid state inside of it. Second: the object will not be passed
to the renderer at all since it is not needed anymore (details
further).

3.3. Why no-overwrite

We use no-overwrite strategy due to support for
network rendering. Allowing to overwrite any file would
create a possibility that on one machine this file will have
an old state, and on the other a new one. No-overwrite
strategy guarantees this can never happen. If the texture
file is not on the local machine, it means that the file
has not been transferred to this machine yet (and then the
renderer waits for the transfer of this file), or it would not
be transferred, because the system has a new state for the
same texture. In the latter case, the renderer must go to the
next state of the scene and wait for the new file of the same
texture to be transferred and ignore the old one.

4. Results and discussion

The API is integrated with a freeware rendering system
Hydra Renderer and two DCC applications — 3ds Max and
Fabric Engine. The suggested concept of DCC application
and renderer integration meets all of the requirements
that we listed in the beginning of the paper. Among the
drawbacks of the proposed approach, one can note an
obvious overrun of disk memory caused by the need to
store complete copies of different versions of the same
object. Nevertheless, effective network transfer of such
copies is possible (for example, by using paged memory
for virtual buffer and COW [16] for each page) but wasn’t
considered by us.

It should be noted that in the proposed approach the
rollback to some previous system state in most cases
is equivalent to loading this state «from scratch», — a
complete analysis of some file «state_N.xml» and loading
most of the needed (i.e. we don’t have to scan the whole
virtual buffer and can load only necessary chunks) data for
geometry and textures from the hard drive.
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Comparison of hierarchies for occlusion culling based on occlusion
queries

V.1. Gonakhchyan
pusheax@ispras.ru
Ivannikov Institute for System Programming of the RAS, Moscow, Russia

Efficient interactive rendering of large datasets still poses a problem. Widely used algorithm frustum culling is too conservative
and leaves a lot of hidden objects in view. Occlusion culling with hardware occlusion queries is an effective technique of culling of
hidden objects inside view. In the paper, we perform the comparative analysis of popular indexing techniques in conformity to

occlusion culling.

Keywords: Occlusion culling, occlusion query, opengl draw call.

1. Introduction

Occlusion culling algorithms remove occluded objects to
enhance frame buffer composition speed. In the paper, object is
defined as a mesh that can be rendered using one draw call.
Two categories of invisible objects are illustrated in fig. 1:
occluded objects and objects beyond camera frustum. Frustum
culling quickly discards objects beyond camera frustum but
leaves occluded objects inside the camera. We consider the
algorithm to find occluded objects. The goal of this paper is to
analyze how different hierarchies for scene organization affect
occlusion culling and rendering performance.

Occlusion culling algorithms are described in-depth in
seminal papers [2][5]. We are interested in online algorithms
based on hardware occlusion queries that are widespread today.

Some of the previous algorithms were implemented using
OpenGL 2 which is using the immediate rendering mode [10].
In immediate mode all of the geometry is sent each frame
resulting in CPU-GPU bandwidth bottleneck and driver
overhead caused by excessive number of commands in driver
queue. Display lists were used to compile multiple rendering
commands once and reduce driver overhead. OpenGL 3
introduced retained rendering mode and immediate mode
techniques such as display lists were deprecated and later
removed from specification. It raised the question of effective
use of object indexing techniques in modern OpenGL.
Previously developers had to worry about the amount of
geometry passed to GPU. Now developers have to think about
driver overhead and state changes as well [18]. In this paper, we
analyze performance considerations when using different
hierarchies in retained rendering mode.

Although Vulkan API is out of the scope of this paper, it
was shown that it gives a better multithreaded performance by
utilizing all of the cores of CPU for rendering [3]. It is still
based on the same hardware and using retained rendering mode
so all of the results in the paper stand.

Hardware occlusion query is GPU technique to find visible
faces of a polyhedron [6]. Visibility check stops when the first
visible face is found. Checking query result in the frame queries
were sent is a blocking function call and it causes CPU
starvation. Visibility query result is available without noticeable
delay in the next frame because by that time all draw calls
required for query execution were sent. So visibility
information in given frame is based on the previous frame.

Space coherency is a relationship between nodes in which
one node's visibility determines the visibility of other nodes.
For example, if building is invisible then objects inside building
are also invisible. Time coherency determines visibility in the
future by visibility at given time. For example, if object is
visible in the given frame then we can consider it visible some
number of frames and avoid sending expensive queries.

Fig. 1. Different types of culled objects. Frustum culled objects
are depicted as triangles. Occluded objects are depicted as
rectangles.

2. Previous work

Greene et al. introduced occlusion culling algorithm based
on hierarchical z-buffer [7]. Z-buffer is stored as pyramid
structure. Z-buffer is divided into 4 components, each one
having maximum z value in its region. The process is repeated
until pixels are reached. Z-pyramid allows for quick triangle
culling by comparing minimum z value of triangle and z value
in the corresponding region. This method can be implemented
in hardware and software. Software implementation requires
expensive rasterisation and pyramid structure updates on CPU.
In hardware implementation (ATI Hyper-Z) triangles still have
to be transformed and rasterized on GPU which does not
replace quick method for geometry culling with a hierarchical
structure.

Bittner et al. considered ways for optimal usage of
occlusion queries for hierarchical scenes based on extension
NV _occlusion_query [1]. Previous frame visibility results are
used in the next frames. Main performance problems come
from CPU starvation and GPU starvation. Visibility results are
checked in the next frame to remove CPU starvation.
Previously visible objects are rendered at the beginning of the
current frame to remove GPU starvation. Authors used kD-tree
constructed according to the surface-area heuristic [11].
Visibility queries are sent for leaf nodes and results are
propagated to upper hierarchy levels.

Guthe et al. observed that in many cases visibility queries
make performance worse than frustum culling, proposed
probability criterion to minimize the number of queries,
performance model which helps to avoid queries when
rasterisation is cheaper [9]. Mattausch et al. suggested further
ways of minimizing the number of queries like sending one
query for group [12]. Authors used p-hbvo (polygon-based
hierarchical bounding volume decomposition) [13], which is
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well-suited for static scenes and expensive to maintain for
dynamic scenes.

Software rasterisation and visibility checks can be used
instead of hardware occlusion queries [4]. First, triangles of
significant occluders are rendered on CPU, hierarchical z-buffer
of specified resolution is created. Then bounding boxes of
objects or hierarchy nodes are rasterized to determine their
visibility against created z-buffer. This helps to avoid expensive
occlusion query read-back but requires occluder selection that is
best done manually. Also, occluder rasterisation can be
expensive and low level-of-detail models give only approximate
results.

Scene preprocessing can be effectively applied to static
scenes. Teller et al. proposed to use BSP tree with
decomposition along axes for architectural scenes [17].
Achieved hierarchy corresponds to room structure in a building.
Visibility information is stored as the graph with rooms and
portals. Room visibility can be determined by rasterizing
portals. However, that graph is expensive to compute and works
effectively only for static scenes. Commercial solution Umbra
computes voxel representation of a scene [14]. Empty voxels
serve as portals between different parts of a scene. Software
rasterisation of portals determines the visibility of parts of a
scene. That algorithm effectively finds occluded objects for
static 3d scenes and is widely used in video games.

Greene introduced image space algorithm based on
precomputed occlusion masks [8]. As input, it takes a list of
polygons in front-to-back order. It recursively subdivides image
space into quadtree until visibility of polygon can be
determined for each quadrant. Main advantages of this approach
are small memory requirements and no pixel overwrites.
However, it requires special hardware to implement efficiently.
Zhang et al. proposed visibility culling based on hierarchical
occlusion maps, which is better suited for modern hardware
[19]. It constructs occlusion map hierarchy by rendering chosen
occluders and then traverses bounding volume hierarchy of the
model database to perform visibility culling. The algorithm
allows for approximate visibility when opacity threshold is set
to value lower than one. The main disadvantage of the
algorithm is the sophisticated process of occluder selection
which favors large objects with small polygon count for faster
construction of occlusion map hierarchy.

3. Occlusion culling algorithm

Hierarchical occlusion culling algorithm in this paper is
based on Coherent hierarchical culling [1]. Although our
implementation does not include query batching, tight bounding
volumes, probabilistic estimation of wvisibility, it allows
comparing benefits and limitations of different subdivision
hierarchies.

Pseudocode of the algorithm:
function RenderFrame (rootNode, frustum,
queries, sentNodes)

PerformFrustumCulling (frustum, rootNode)

for i in O..queries.size-1
vis <- GetQueryResult (queries[i])
SetNodeCulled (sentNodes[i],vis ==
end for
PropagateVisibilityUpHierarchy ()

0)

nodes <- GetVisibleNodesInFrustum ()
for n in nodes
for inst in n
if !InstRendered(inst)
Render (inst)
SetInstRendered (inst)
end for

end for

sentNodes <- GetLeafNodesInFrustum ()
for i in 0..sentNodes.size-1
SendQuery (queries[i], sentNodes[i]
.boundingBox)
end for

end function

Function "RenderFrame" renders one frame. Function
"PerformFrustumCulling" recursively sets frustum culled bit for
every node outside the frustum. First for loop checks visibility
results of occlusion queries sent in the previous frame. Second
for loop renders objects of visible nodes in the frustum. Last for
loop sends queries for all leaf nodes in the frustum.

During the first frame, all objects inside frustum are
rendered, and all hierarchy leafs inside frustum are queried.
During the second frame, query results are checked, and only
visible objects are rendered. Hierarchy leafs inside frustum are
queried each frame. We propagate visibility up the hierarchy to
optimize performance of hierarchy traversal. Space
decomposition hierarchies allow multiple nodes per object.
Rendered state of each instance is stored in bit array to make
sure that all objects are rendered only once.

Frame buffer composition time for a large number of
objects can be approximated by the formula:

Tframe = Icheck + Trender + Tqueries >

where T pecr — time it takes to check query results,

Trender — time to render visible objects,

Tqueries — time it takes to send queries for leafs nodes
inside frustum.

When the number of queries is small Tyrepnger 1S the
bottleneck. When the number of queries is large Tyyeries +
Teheck 18 the bottleneck. Let's rewrite the formula by expanding
the terms:

Trrame = €1Ng + ¢3Nopj + 2Ny
where N; — number of queries (leaf nodes inside frustum),

N,p; — number of visible objects inside the frustum. Nyp;
is the function of camera position and hierarchy height for the
given object distribution.

Let's consider a common case where a scene is indexed by
octree and camera is positioned outside the scene. In the worst
case, three sides of the bounding box of the scene are visible.
Assuming that objects are distributed uniformly across the
bounding box of the scene, the number of objects per octree leaf
equals Nypq1/23", where Nyypq; is the total number of objects
in the scene, h is octree height. Then the number of visible
objects approximately equals 3Ny,.q;/2". We get the formula
for frame duration that depends only on octree height and
constants:

Trrame = (€1 + €2)23" + ¢33Nyora2 ™"

. . . ! N
Optimal octree height for given scenario is Zlogz —total®

c1t+c;,
For example, for dataset 1 calculated octree height h = 4 gives
the best performance in practice because dataset 1 can be
described by that theoretical model.

LBVH and BVH SAH perform better on scenes where the
density of objects is uneven. Better clustering helps to lower the
number of queries to get visible objects inside the frustum.

4. Hierarchies
4.1 Octree

Octree is uniform space decomposition structure that uses
three axis-perpendicular planes to simultaneously split the
scene's bounding box into eight regions at each step [15]. When
object's bounding box intersects the splitting plane, it is either
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assigned to the internal node (single reference octree) or
propagated below and assigned to multiple leaf nodes (multiple
reference octree). Storing geometry in leafs increases clustering
quality and as a result reduces number of visible objects. The
downside is the increased number of occlusion queries, which
are sent for every leaf in the frustum. We performed rendering
performance comparison to find out which technique is more
effective. Dataset 1 is small enough that GPU can handle
rendering and queries quite efficiently (fig. 2). As a result,
multiple reference octree gives the best time because of
efficient clustering. Many objects intersect upper levels of
octree resulting in redundant draw calls in case of single
reference octree. Dataset 2 has non-uniform object distribution
where several planes occupy half of the scene. It produced a lot
of redundant leaf nodes and occlusion queries that degraded
performance when storing objects in leafs. Dataset 3 has many
buildings with tightly packed objects inside buildings. Even
though the number of objects is large, it can be very efficiently
subdivided requiring only small number of nodes. Overall,
multiple reference octree provides the most efficient occlusion
culling of large architectural scenes.

500ms
400ms .

H Single
300ms reference
200ms octree
100ms I Multiple

Oms ™ reference
Q,}'\/ e’,& Q,}") octree
e & &

Fig. 2. Average frame rendering time for single and multiple
reference octrees.

When rendering a visible node, contained object is skipped
if it was already rendered in the current frame. Out of all
hierarchical structures considered in the paper, octree gives the
least effective clustering because of wasted space without any
objects. Octree allows dynamic scenes because visibility results
of octree nodes can be used for subsequent frames as they have
fixed position in space. Also, it does not need to be rebalanced
as other space decomposition hierarchies like kd-tree.
Maximum octree level can be restricted depending on GPU
performance.

4.2 LBVH

LBVH is primitive space decomposition hierarchy that is
based on sorting along space filling curve [15]. All centers of
object bounding boxes are sorted along Z space filling curve
and grouped hierarchically from bottom to top [16]. LBVH
achieves tighter clustering than octree and as a result less
number of occlusion queries. Estimating the number of queries
is simple because the number of leafs is determined at the start
of the construction. LBVH cannot handle dynamic scenes
because moving objects make occlusion queries for previously
constructed LBVH useless in the current frame.

4.3 BVH

BVH with surface area heuristic for choosing the splitting
plane to minimize the number of ray and bounding box
intersection tests was developed for ray tracing, but it also gives
efficient clustering of primitives for occlusion culling [13][15].
BVH construction is a top-down recursive process; on each
step, we create two axis aligned bounding boxes. Triangles are
sorted by the longest scene dimension and splitting plane with
minimum cost is taken according to surface area heuristic.

Because of top-down construction, BVH SAH sometimes
creates clusters that cannot be subdivided into two nodes. We

try to subdivide such cluster for each axis in order, and in case
of failure leave it as a leaf node.

We compare rendering performance when using BVH SAH
for storing three types of primitives: objects, subdivided
objects, triangles. Object is set of triangles that can be rendered
with one draw call. Subdivided object is an object that was
subdivided into multiple objects to achieve better triangle
clustering. Storing each triangle as an object generates
hierarchy with the best clustering. For rendering efficiency,
large number of triangles is stored in a leaf node, render state
changes are avoided when encountering triangles of the same
object. Storing triangles in BVH gives many additional draw
calls creating a CPU bottleneck (fig. 3). Storing subdivided
objects gives much faster performance. However, clustering
efficiency increase is not enough to cover for additional draw
calls for considered datasets using simple shader. Let's consider
the difference in rendering time of dataset 1 for objects (8.7ms)
and subdivided objects (45.6ms). Even though object
subdivision helped to lower average number of query calls N,
from 192 to 171, it raised the average number of draw calls
Nopj from 4546 to 19452 (tests were conducted for

bvh height = 10).

3,000ms
2,500ms M Triangles
2,000ms
1,500ms
1,000ms Subdivided
500ms objects
[
Oms N N o Objects
fz?é 'b“’é 'b"’é
X X X
RN R v

Fig. 3. Average frame rendering time for different types of
primitive clusters when using occlusion culling on BVH SAH.

5. Performance comparison
5.1 Datasets

For rendering performance comparison we took three large
datasets (figs. 4-6):

1. Dataset 1: 5,012,582 triangles, 50,521 objects.
Building is tightly packed with objects having
small variation in size.

2. Dataset 2: 10,827,713 triangles, 71,961 objects.
Scene has many relatively large objects, half of
the scene's volume is occupied by several planes.

3. Dataset 3: 10,154,304 triangles, 221,796 objects.
Artificial test scene with 36 buildings. Each
building has cluster of objects that can be culled
after rendering exterior consisting of small
number of objects.
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Fig. 6. Artificial test scene with buildings with 10.2 million
triangles.

5.2 Clustering

Let's calculate the average number of rendered objects to
compare object clustering efficiency of considered hierarchies
for occlusion culling. Better object clustering should result in
fewer visible nodes and fewer draw calls. During tests, we fixed
the number of leafs for all hierarchies. BVH has the most
efficient clustering of objects (fig. 7). It could be better but top-
down subdivision process leads to the scenario where relatively
long objects are gathered in a node and cannot be subdivided
efficiently. In dataset 2 we encountered clusters with 40-70
objects where subdivision by any axis produced singleton.
Algorithm based on octree issues more draw calls when space
decomposition gives bounding volumes with a lot of empty
space. Octree is more efficient for dataset 1 because it has very
little empty space. It gives worst clustering in spacious dataset 3
because it cannot decompose it as efficiently using fixed
number of leafs.

25000
20000

15000 B QOctree
10000 LBVH
5000 BVH
0 -

Dataset Dataset Dataset
1 2 3

Fig. 7. Average number of rendered objects during scene

walkthrough for considered hierarchies.

5.3 Frame rendering

All scene geometry is uploaded once at the beginning,
shader with one directional light is used. Test results were
produced on the system: AMD FX 8320 Processor, 24GB
DDR3 RAM, AMD Radeon HD 6770 1GB.

Camera walkthrough is performed diagonally from the
lower left to the upper right corner of a scene. Average and
maximum frame rendering times are measured along the
camera path (figs. 8, 9). Fig. 8 shows average rendering
performance of all considered hierarchies on three datasets.
Octree showed the fastest time for dataset 1 because it produced
the best clustering (fig. 7). It performed better than expected for
dataset 3 because most of the objects can be culled with
relatively small number of queries. Dataset 2 was problematic
for all hierarchies because it has most of the objects in one
building. For efficient rendering careful balance of draw calls
and occlusion queries is required. BVH SAH showed the fastest
time because of efficient clustering. LBVH is close in
performance to BVH SAH for all datasets.

Occlusion culling may give worse performance than
frustum culling when GPU can efficiently render all of the
objects inside the frustum. However, frustum culling shows
worst performance on datasets 2 and 3 because of the large
number of visible objects inside the frustum. Note that
occlusion culling algorithm in the paper is not state-of-the-art
and can be improved further to reduce the number of queries
using visibility prediction and multiqueries [9][12].

600ms
500ms
400ms
300ms
200ms
100ms

Oms
Dataset Dataset Dataset
1 2 3

B QOctree

LBVH

[ | BVH

Fig. 8. Comparison of average frame rendering times for all
datasets and hierarchies.
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Fig. 9. Comparison of maximum frame rendering times for all
datasets and hierarchies.

6. Conclusion

We performed the comparison of frame rendering
performance when using different types of primitives and found
that using objects instead of subdivided objects is more
effective (fig. 3).

Octree efficiently handles datasets where most of the
scene's volume is occupied by objects (fig. 7, dataset 1).
Although storing objects in interior nodes of octree helps to
select large objects and get better performance (fig. 2, dataset
2), storing objects in leafs is overall more effective and can be
used to determine the number of leafs by scene's volume.

BVH SAH gives the most effective clustering of objects
(fig. 7), and it positively affects frame rendering time (fig. 8).
LBVH is close in performance to BVH SAH. Also, it is faster
to construct, and bottom-up construction is better suited to get
the optimal number of leafs.
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The article is devoted to the elaboration of the method of reconstruction of rough surface scattering properties. The rough surface,
in this case, is considered as a boundary between dielectric and air. Usually, these properties are described with bi-directional
scattering distribution function (BSDF). Direct measurement of such function is either impossible or very expensive. The BSDF
reconstruction method, based on the distribution of the surface microrelief heights, requires a complex fitting procedure and often
yields not very good results. In the suggested solution the rough surface is simulated with a parametric function emulating distribution
density of normals to facets of the surface microrelief. The optimization of distribution density of normals to facets of the surface

microrelief show good agreement with desired output.

Keywords: Microrelief, BSDF, Rough surface, Diffusivity, Rendering, LGP, TIR, Wave optics, Ray optics.

1. Introduction

The light guiding optical elements with rough surfaces are
widely used in devices with complex light propagation. As a
rule, there are two main applications of rough surfaces: either to
obtain the specific goniometric diagram of the light scattering
or to obtain desired spatial luminance distribution for various
light guiding devices like illuminating system of displays, car
dashboards, LED luminaries, etc. When simulating the light
propagates inside of material we are in need of optical
properties of the rough surface boundary between two media
while optical properties of the whole optical element are
senseless. Moreover, the properties are individual from each
side of the light incidence to the rough surface. So the correct
light simulations have to apply the properties taking into
account the side the light does incident on.

An example of rough surface usage is presented on
Figure 1. Dots with microrelief are distributed on the bottom
face of the light guiding plate (LGP) [1]. They are rough
scattering surfaces. A light ray is propagated in LGP due to total
internal reflection. After the scattering on dots, the ray deviates
from mirror reflection direction and can leave LGP [2].
Variable density of dots allows obtaining a uniform light
emitting along output surface.

) microroughness
2

Ray propagation

Light Guiding Plate

Lamp
microroughness in shape

of dots

Fig. 1. An example of the application of the LGP with rough
dots.

The scattering properties of the rough surface are described
by a bidirectional scattering distribution function (BSDF). This
function has complex multi-dimensional representation and
depends on many parameters: incident light direction, output
observation direction, and spectrum (color). For flat thin
samples, like shown in Fig. 2a (‘‘surface’” model), the BSDF

can be measured by any goniophotometer. If the thickness of
object with microroughness can be ignored and the BSDF is
assigned to single surface the measured BSDF model will be
physically correct. The model can be applied to various diffuse
sheets and filters. Unfortunately, the model is not applicable if
the thickness of the element with the roughness is important for
the light propagation inside of the transparent element. The
“solid” model presented in Fig. 2b should be used in this case.
It means that we need two BSDFs of the rough surfaces, one
from the air to the glass and another one from the glass to the
air.

(a) G200 measuring BSDF device

Array of detectors with constant positioning and number = 18001
(from -90° to 90° with step = 0.1° in plane of light incidence)

A

TS==._/  thetastep=0.1°
N~
K4 ’ >/ theta max = 90°
= |
Ty \ X ~ |
/\\" Plate (refractive Profile surface (now “top” but can

“sigma” (from 90° to 180° to index) be “bottom”. All faces have Fresnel

simulate reflectance) s ’ properties.
~ :

“sigma” (from 0° to 90° to
simulate transparency)

(b) BSDF model

BSDF in “solid” model

Plate surface with
micro-roughness

Dielectric plate (real
solid object)

——

Fig. 2. ““‘Surface’’ vs. ““Solid”’> BSDF application models.

The main problem is that BSDF of the rough surface cannot
be measured directly. There is a number of reasons. The first
one is multiple reflections between the rough surface and other
surfaces of the measured sample. Another reason — it is
impossible to illuminate the sample or detect light under
grazing angles of the light incidence (observation) to the rough
surface. The solution of the problem is very expensive and
requires special equipment to exclude multiple reflections
between sample faces and refraction on the side opposite to the
measured rough one.
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An alternative way of BSDF reconstruction is computer
simulation of light scattering on the microrelief boundary of the
sample media [5]. This indirect way has a number of
disadvantages as well. In particular, variations of surface profile
can be comparable with a wavelength of illuminating light. It
means that computations have to use the wave optics approach
which, at first, is very complex and, at second, can be
inaccurate due to not sufficient accuracy of the surface profile
measurement. In the current article, a combined approach is
proposed. It utilizes optimization of BSDF shape based on an
approximation of the shape by Cauchy and Gauss functions
with a limited number of parameters. This approach provides a
more accurate reconstruction of BSDF than the method
proposed in [5].

Many of scientists are engaged in solving of the problem of
difficult reconstruction BRDF [6-13]. Many of articles [6-10,
12] are devoted to accurate and physical correct reconstruction
in comparing with MERL BRDF database [14]. This database
contains reflectance functions of 100 different materials.
Authors of MERL BRDF database describe in article [15], their
method of gating BRDF, but question about measurement
correctness is appeared. In our research the -certificated
measurement equipment GCMS-4 was used [16], which allows
us, making physical accurate measurement of BRDF. It’s
difficult to say that measuring BDRF in MERL database was
accurate, because there is not information about certificated
equipment. That’s why, question about validity of
measurements is appeared. That is also great, that some authors
could make BRDF reconstruction and have a not bad results [6-
10, 12], but they compared results only with measurements
from MERL BRDF database. In our research we reconstructed
BRDF and compare results with BRDF measurements from
GCSM 4, and we can be sure that our result are physical
accurate.

Many authors consider issue only about reconstruction
BRDF, but not about BSDF in general. As a rule, BRDF is
applied only for surfaces, but it does not enough for accurate
modelling, for example, frosted/opal glass.

We suggest method for BSDF reconstruction, which allow
making accurate modeling for difficult scenes with frosted/opal
glass. Our research in BRDF reconstruction has good results
and the modelling accuracy is approved by comparing with
measurements from GCMS-4 [16].

2. Numerical methods of BSDF reconstruction

There are several numerical approaches of BSDF
calculation for rough surface based on an approximation of the
ray optics as well as the wave optics. In the previous article, we
describe the solution, where surface microrelief is represented
as the height distribution of the representative sample area [5].

Reconstruction of BSDF of the plate with the rough surface
was based on two sets of measured data: the microprofile height
distribution and BSDF of whole sample (transparency and/or
reflectance). Often results of the reconstruction were not quite
good and require complex optimization of the microprofile
(reducing to scaling and filtration of the profile). However, the
filtration cannot guarantee the success.

The new approach is based on the only kind of data:
measured transparency or/and reflectance of a plane sample
measured as a one-sheet element. In spite of the difference with
previous algorithm base model of the new approach is the same.
The source of the reconstructed BSDF is an intensity
distribution calculated after the ray transformations on the
microfacets boundary of two media. The only difference is that
microfacets are defined as a distribution density of normals.
Application of the OPTOS MicroRelief tool [18] of Lumicept
[17] provides correct calculations of the intensity distribution,
scattered on the microrelief.

An initial distribution of the normal facets necessary for
light simulations can be restored from the measured BRDF of
the sample. Without shadowing of one facet by another one the
normal distribution is about 2 times narrower than BRDF. Of
course, it is a rough approximation but can be used as an initial
step of the whole BSDF reconstruction.

For BSDF reconstruction we use a real flat sample (plate) in
which one of the surfaces is smooth and the other is rough. The
plate is illuminated by a collimated beam of light. For each
incident light direction, the reflected and transmitted light
intensities are measured by the Integra’s spectral scatterometer
[3, 4]. For the simplification, the measurements are performed
in a single plane—in the plane of light incidence. The
simulation scheme is similar to measurements. Parallel light
illuminates a plate with the same angular deviation and
aperture. The rough surface of a sample is simulated with help
of BSDF calculated by Lumicept BSDF generator using the
distribution of normals. Light scattered with the plate was
collected on circular detectors placed on some angular grid. The
distance from detectors to the measured sample and radius of
detectors corresponds to the characteristics of measuring
device: mutual position of the sample and sensor of
goniophotometer, angular and spatial resolution of a
goniophotometer.

Figure 3 presents measured and simulated angular
distribution of light transmitted through the plate sample with
one rough surface. The combined graph contains light
transmittance for all measured incident light directions. The
measurements and simulations were fulfilled for the following
directions of the light incidence: 0°, 15°, 30°, 45° 60°, 75°
(angle between normal and incident light direction). They are
marked with different colors. Note that all measurements and
simulations are made in the plane of light incidence. The solid
plots present result of the real sample measurements. Dash-line
plots correspond to simulated sample with reconstructed BSDF.
It is seen that there is the essential difference between simulated
and measured results. The same tendency can be observed on

graphs with reflectance data (omitted in the article).
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Fig. 3. Comparison of measured and calculated transparency.

3. Optimization of BSDF reconstruction
procedure based on the distribution density of
normals

Figure 3 shows the high deviation of measured BSDF from
the reconstructed one. The main reason for the difference, the
initially reconstructed model of deviation of normals does not
fit to the real model of the light scattering on the sample. On the
other hand, the distribution density of normals is the way of the
indirect BSDF definition. Thus, an optimization of the angular
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distribution density of normals to facets allows reach target
BSDF of the sample.

The main idea of proposed optimization method is to use
only one set of data: sample transparency characteristics. Figure
4 illustrates the optimization procedure step by step. The rough
surface is defined by the distribution density of normals to the
surface facets. Optimization procedure consists of the following
step:

1. At first input data about sample sizes, refractive index,
sample transparency, initial parameters for the function
description of the distribution density of normals.

2. The second step consists of tuning scene, generation of
tabular function for microfacets based on initial parameters.
After that, the microfacets distribution is added the OPTOS
MicroRelief plugin of Lumicept BSDF simulator [18].

3. The third step calculates an intensity distribution for the
prepared sample.

4. Further, the optimizer compares measured and simulated
results and calculates deviations (as RMS).

5. The next step is analyzing of deviations between
optimized and measured results to take the decision to stop or to
continue optimization process.

5.1. If the optimizer does not reach the desired deviation,
then the optimizer changes parameters of the distribution
density of normals and goes to the step 2 to continue the
process.

5.2 Afterwards, if deviations are suitable, the final BSDF is
generated with the help of the “BSDFCalculator” tool.

6. Finally, the optimizer plots graphs of BSDF of the
measured sample vs. BSDF of the reconstructed sample.

1. Input data | 3. G200 calculation of
transparency
2. Tuning scene. Generation of
tabular function for micro-profile |::>
based on start parameters.

o

5.1 new parameters for normal

4. Comparison of measured and
distribution function
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5.2. Generation of BSDF
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Fig. 4. Optimization scheme of BSDF reconstruction.

It is important that BSDF is reconstructed on the basis of
the distribution density of normals to the surface facets.
However, a tabular definition of the distribution is not suitable
for most of the optimization tools (the multiparametric
procedure is very time consuming one) and the most suitable
representation of the law of distribution is an analytical function
with a minimal number of parameters. Experiments allowed
selecting two base kinds of functions: “Gauss-like” and
“Cauchy-like”. In the most of the cases, the “Cauchy-like”
distribution gives better output while for some microreliefs the
“Gauss-like” approximation seems better. It seems that
“Gaussian” approximation gives good agreement in BTDF
zones of high transparency (at least from viewpoint of RMS
between simulated and measured results). So it is reasonable to
use both types of function in the optimization process. The

general view of Gauss and Cauchy functions are shown in
figure 5. One can see that Cauchy distribution is wider in zones
of far theta angles (x). The parameter x, specifying a shift of
distribution peak along theta angles is rather formal parameters
because of the most of distributions density of normals have a
maximum for x, = 0. But this parameter was reserved for

“advanced” optimization.
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Fig. 5. Cauchy distribution and Gauss distribution.

Taking into account that the general tabular function
representation of the distribution density of normals is not a
good solution for optimization procedure an alternative
“mixing” solution was selected. Base function of the
distribution density of normals can be specified with “Gauss-
like” or “Cauchy-like” approximation while some areas of the
function can be exchanged to locally tabular one. It can be
explained with graphs below (figure 8 and 9). Short description
of the algorithm.

1. Let’s suppose that optimization procedure with the
analytical function of distribution density of normals cannot fit
the BSDF in the area close to zero theta. It means that the
distribution density of normals in the area of zero angular
deviation have to be changed with the tabular function.

2. Then the optimizer adds a number of points to the tabular
representation of the distribution density of normals in the area
and continues optimization of the mixed function. If a number
of added points is not high the optimization procedure can find
a solution.

4. Comparison of the BSDF reconstruction
methods based on the distribution of heights
and based on the distribution density of normals

To test new tool several problematic examples from the past
[5] have been selected. These samples required complex fitting
procedure based on filtration and scaling of measured profiles,
for some of them artificial profile data were used (measured for
different samples, for example). See results achieved in the past
in figure 6.
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Fig. 6. Results of BSDF reconstruction based on microprofile
fitting.
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Results of BSDF reconstruction based on Cauchy-like
function are shown in figure 7.
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Fig. 7. Results of BSDF reconstruction based on Cauchy-like
function.
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Results of BSDF reconstruction based on Gauss-like
function are shown in figure 8.
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Fig. 8. Results of BSDF reconstruction based on Gauss-like
function.

We can finally say that the optimization results of
distribution density of normals show good agreement with
desired output (at least in the scope investigation samples). In
the most of the cases, the Cauchy-like function gives acceptable
results at least not worse than a design with measured
microrelief [5]. The Gauss-like function in some cases is useful
too. All this allows going to a conclusion that precise
measurements of the microrelief are not necessary at all.

The usage of OPTOS MicroRelief plugin [18] allows
excluding BSDFGenerator of Lumicept [17] from the
optimization procedure. It accelerates optimization process as it
is not required to generate BSDF on each optimization step that
requires significant calculation time.

Attempt to apply the tabular function of the distribution
density of normals to facets as a parameter optimization was
failed. Optimization of the multiparametric function is the very
time-consuming procedure and all benefit caused by the
freeform shape of distribution density of normals function is
killed by slowdown and general divergence of the optimization
procedure.

We can see good agreement between measured and
simulated results for incident angles close to normal direction
and acceptable agreement for other incident angles. In the
article, we demonstrate the results for light transmittance only.
However, the optimization procedure can be applied to
reflectance as well. Usually, optimization of transparency
results improves the reflectance too.

Also, we made a photorealistic rendering of the plate with a
rough surface. The visual appearance of the plate with the rough
surface BSDF before optimization (i.e. when initially measured
profile was used) is presented in Fig. 9a. The visual appearance
of the plate with the optimized rough surface BSDF is presented
in Fig. 9b.

The images on Fig. 9 were synthesized with physically
accurate rendering tool based on path tracing integrated to the
Lumicept software package [17]. The scene consists of a plate
with BSDF assigned to the outer plate surface. The plate is
placed over chessboard-like substratum and illuminated with a
set of light sources creating complex diffuse illumination.

Fig. 9. Visual appearance of a plate with rough surface.

5. Conclusion

The results of optimization method of the distribution
density of normals for BSDF reconstruction show good
agreement with desired output (at least in the scope investigated
samples).

In the most of the cases, the Cauchy-like function gives
acceptable results at least not worse than a design with
measured microrelief [S]. Moreover, the Gauss-like function in
some cases is also useful. That allows making a conclusion
about the possibility to exclude measurements of the
microprofile at all to reconstruct BSDF accurately.
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Stochastic ray tracing methods in problems of photorealistic image
synthesis for augmented reality systems
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The article is devoted to the investigation of stochastic ray tracing methods in problems of photorealistic image synthesis for
augmented reality systems and in particular for Head-Up Display (HUD). As a result of the study, we were convinced that the method
of forward stochastic ray tracing can be successfully used for virtual prototyping of augmented reality systems. We extended the model
of bidirectional stochastic ray tracing by forward ray tracing to simulate image formation in HUD systems without diffuse

components.

Keywords: stochastic ray tracing, photorealistic rendering, image synthesis, augmented reality, head-up display.

1. Introduction

In computer graphics, photorealistic visualization methods
can be used not only to construct images of 3D scenes but also
to synthesize images in complex optical systems, such as
augmented reality systems, in particular, to synthesize images
for the head-up displays (HUD). A large number of articles is
devoted to the design of the optical part of the display and
evaluation of resulting image quality, for example, [5, 8].
However quality evaluation is commonly reduced to aberration
analysis and contrast function calculation, while problem of
visual quality evaluation including host analysis or rear
projection effect are left behind. This work is focused mainly on
visual quality analysis of designed HUD system. A principal
scheme of the augmented reality image formation in a typical
HUD is shown in Fig.1.

) Real Environment

Light
source

Projection
lens

Illumination [ Collimating
optics | lens

Fig. 1. Principal scheme of HUD with LCD source.

The light source together with the lighting optics
illuminates the LCD, which shows some useful information in
the form of a transparent slide. The projection lens forms an
enlarged image of the slide in the plane of the diffuser. Then
collimating optics creates the infinitely distant image of the
diffuser. Finally, the beam splitter (combiner) redirects the light
from the diffuser in such a way that the image formed on the
diffuser and the surrounding reality become visible to the eye
simultaneously. Thus, the eye observes the real environment
augmented with text or graphic information formed on the
LCD.

Using the methods of photorealistic visualization when
designing such devices is very important because it makes it
possible to build a virtual prototype and to reconcile the
luminance of augmented reality objects with the luminance of
real environment. Also, it allows choosing the optimal
parameters of light sources, illumination optics and a projection
lens.

The task of an image formation created by an optical system
differs from the classical problem of constructing an image
existing in computer graphics. The main difference is that the
pinhole camera used in computer graphics forms an image in
terms of luminance corresponding to the luminance of the
observed scene objects, while in the optical system the image is
the illuminance collected from the entire area of the output
surface of the optical system. For the visual optical system, the
eye is a part of the optical system (its position and pupil size are
important components of the visualization system) and the eye
retina perceives the illuminance as a luminance. Moreover, the
optical system is part of the overall visualized scene and can
contain surfaces with both diffuse and specular properties, and
all components of luminance (direct vision, primary, caustic
and secondary luminance) can be formed both in the observed
scene and in the optical system itself. Therefore, the simulation
was based on the method of bidirectional stochastic ray tracing,
taking into account the caustic and secondary luminance using
photon maps. There a large number of methods that allows to
synthesize a physically correct image of 3D scene. Starting with
Kajiya [4] who presented a solution of rendering equitation with
backward ray tracing method a huge number of approaches
were invented to numerically solve that equitation. In [10]
Veach described the base principles of the photorealistic image
synthesis methods. They include stochastic bidirectional ray
tracing methods [1, 7], photon maps based methods [2, 6, 9],
Vertex Connection and Merging method [3]. However, we
should take into account that these methods are used to
synthesize an image of scene that have no complex optical
system consisting of dozens of specular faced between scene
and virtual camera. The use of this method has made it possible
to improve the efficiency of image synthesis significantly and
take optical and geometric parameters of the elements of the
optical scheme of the lens (lenses and mirrors) into account in
the synthesis of the image. In addition, the influence of the
optical and geometric parameters of the mechanical design of
this lens is taken into account.

However, not in all cases, the method based on the
bidirectional stochastic ray tracing approach are the most
effective. In particular, a decrease in efficiency can occur when
using this method for virtual prototyping of the augmented
reality systems. Therefore, the aim of this paper is to investigate
the methods of stochastic ray tracing, which allow obtaining
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maximum efficiency when forming physically correct images in
the HUD.

2. HUD optical system models

In the scope of this investigation, we used two approaches
to the formation of augmented reality image in HUD systems:
*  with an intermediate diffuse screen (Fig.2);
*  without an intermediate diffuse screen (Fig.4).

Protective housing object (3Dscene |-
or spherical panorama HDRI) ‘

_—

[ ughting optics | — _,
2ol | N\

= ’\
| %
" " B f A
LEDs Lco Diffuse screen |— 7| | Collimatinglens e \
— - :
/ :’\

Eye { )
AN

Fig. 2. Scheme with the intermediate diffuse screen.

‘ Projection lens ‘

LEDs with a very small emitting area were used as light
sources. The size of the radiating surface is 0.2mm X 0.2mm.
Lighting optics provide uniform illumination of the entire LCD
surface. A slide with text or graphic information is formed on
the LCD (Fig. 3).

HDG 345
crs 305 ILS1

Fig. 3. An example of the image formed on the LCD.

On this slide, all useful information is presented in form of
the transparent zones on a black background. However, the
black background is not absolutely absorbing. In modern LCD
the contrast between absolutely transparent areas and the
opaque background is about 300: 1.

The image of the slide enlarged with the projection lens is
formed on the diffuser, which is the source of the secondary
radiation for the subsequent part of the imaging system in the
HUD. The main disadvantage of the first approach is reduced
visible luminance of the augmented reality object due to the
light scattering on the diffuser.

Protective housing Background object (3D scene
or spherical panorama HDRI)
Lighting optics

Collimating lens

Fig. 4. Direct scheme of HUD image formation.

In the second approach, the lighting optics is the same as in
the first one, but in this case, there is no intermediate projection
on the diffuse screen. This gives us two important advantages:

*  Reduction of the HUD optical system size;
*  Reduction of energy loss due to light scattering.

However, together with the above advantages, a problem of
the modeling of such systems arises. The problem relates to the
choice of the most effective method of stochastic ray tracing.

3. Description of the method

In the case of a diffuse screen, the only source of luminance
is the caustic luminance of the diffuse screen, which can be
calculated using photon maps. Obviously, for such a scheme,
the most effective calculation method is bidirectional stochastic
ray tracing using photon maps.

Photorealistic rendering of optically complex scenes
reduces to solving the rendering equation [4] for each point of
the scene image. The rendering equation allows us to calculate
the luminance of the color component c on the point 7 and in a

given direction v . For static scenes the rendering equation can
be written as follows:
Ly(p.¥.c)+

L(p.v.c)=7(pv.c) 1 [BSDF(p.3.5.)(p. 77 oo | (1
ﬂ4.’r

where:
L,(p,v,c) — the luminance of the object emission at the

point of observation,
T(ﬁy"},c) — the transmittance (transparency) of the medium

between the observer and the observation point,

L [BSDF(p.5.7,)L(p.¥ )i v Mo~ the  luminance
7 4z
formed by primary and secondary illumination of the observed
object.
where:
BSDF(];,\_},\—)/,C) — the luminance factor of the surface (or

Bidirectional Scattering Distribution Function (BSDF)) from

the source v’ in direction v to observer,
L(ﬁ,ﬁ',c) — the luminance of the ambient light in a solid

angle do in the direction V' to the observation point 3 .

71 — the normal to the surface at the point of observation.

The rendering equation (1) is an equation with infinite
recursion. If the contribution of the secondary radiation to the
total value of the apparent luminance is significant, then the
bidirectional stochastic ray tracing based on the "Russian
roulette" method using photon maps for calculating the caustic
and secondary luminance allows performing physically correct
infinite integration in the most efficient manner [10].

Stochastic ray tracing method can be based on the
stochastic forward and backward ray tracings. Each component
of the ray tracing can be used for the image synthesizing. The
main problem of the separate methods is a significant reduction
of the simulation efficiency when the scene contains scattering
elements. In the latter case the most effective soltion is one of
the variations of stochastic bidirectional ray tracing with photon
maps method. This method allows us to collect illuminance
from scatterings elements of the optical system. On the other
hand, if the scene do not contain scattering elements the
efficiency of the methods (vs. bidirectional stochastic ray
tracing) significantly increases. As a result, to increase the
efficiency of synthesizing an image formed by the optical
systems without scattering elements the authors had extended
the general approach of bidirectional stochastic ray tracing with
photon maps. The extension allowed merging of an image
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components formed with stochastic forward or backward ray
tracing only.

Note that for realistic visualization and correct evaluation of
image quality in HUD, we implemented the model of the eye as
a lens camera.

To calculate the local illuminance value we can use well
know dependence between the luminance of the small pupil
area and illuminance from this light area:

dE(p,c)=L(p,,v.,c )i -v. o, )

where (5. 5 ¢) — the luminance of the pupil area in the
point 5, and direction to the pupil area v ,

dw,- the solid angle from the image point 7 to the pupil
area in the point p,,

71 — the direction of the exit pupil normal.

The eye luminance can be recalculated from the illuminance
(2) using the following equation.

E(p.c)
Llo,c)=
( ) cos(a)-Q ®)
where o — the field of view angle.
Figure 5 illustrates the method of the local luminance
calculation. The total illuminance is obtained by integrating all
local illuminance values computed for a given image point.

Retina
(Light detector)

Eye
(Lens camera)

Fig. 5. Local illuminance calculation from the lens exit pupil
area.

4. Investigation of the results for a scheme with
a diffuse screen

Figure 6 shows the simulation results of an augmented
reality photorealistic image (with closed channel of the real
environment luminance). The main effect under simulation is
the rear projection effect that forms a bright spot on top of an
image with graphical and digital information. In this case, the
most appropriate method is stochastic bidirectional ray tracing
with photon maps. Since there was only one diffuse surface
with dozens of specular surfaces on the path between light
source and observation plane, all the illumination was reduced
to caustic illumination and common methods based on
important sampling solutions gave no advantage. Also methods
of sole forward or backward ray tracing have not succeeded,
that means that no distinct image was synthesized at the
equivalent time. The latter is due to low effectiveness of
collimation and projection lenses of this device. The most
efficient solution was simple bidirectional ray tracing with
photon maps.

_HDG 345
Rs 305 ILS

o G345
CommoY RS 305117
A

Fig. 6. The HUD image simulation result for case (a) LCD with
absolute contrast and (b) LCD with real contrast.

Figure 7 shows the result of an image synthesis in HUD
with an open channel to monitor the real environment.

Fig. 7. An example of AR image synthesis for the environment
with a high level of luminance.

The HDRI of a spherical panorama was used as a model of
the real environment. In this case, the HUD luminance is 1600
cd/m*. The maximum and minimum luminance of HDRI is
21013 cd/m2 and 292 cd/m?, respectively. The eye is adapted to
the average luminance, which level, in this case, is 2140 cd/m?.

It is clearly seen that in the case of a very bright object in
the field of view, the level of LED luminance is not enough for
a good visualization of useful information in the HUD.

The next figure (Fig.8) shows a case with a much less level
of the real environment luminance.
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Fig. 8. An example of AR image synthesis for the environment
with a low level of luminance.

In this case, the HUD luminance is equal to 10000 cd/m?
and it is the maximum level of luminance in the entire image.
The minimum luminance of HDRI is 34 cd/m? The eye is
adapted to the average luminance, which level, in this case, is
234 cd/m”.

From the example, it is seen that with a low level of the real
environment luminance, all the additional useful information in
the HUD is completely distinguishable. However, in this case, a
disadvantage in the form of an undesirable bright spot in the
field of view is clearly visible, which worsens the conditions for
observing the real environment.

By reducing the LED luminance, one can achieve the
optimal ratio between luminances of useful graphic information
and an unwanted spot caused by the direct visibility of the light
source through the non-absolutely black background of the
LCD. Figure 9 shows the simulation result of augmented reality
image with the optimal level of luminance in the AR channel of
HUD.

HDG 345
N\ CRS 305 e

Fig. 9. Example of AR image synthesis for optimal selection of
the LED brightness level.

In this example, the HUD luminance value is 1600 cd/m?
and it is the maximum level of luminance in the entire image.
The minimum brightness of HDRI has not changed and is 34
cd/m2. The eye is adapted to the average luminance, which
value, in this case, has decreased to the level of 142 cd/m2.

5. The investigation results for a scheme
without diffuse screen

The HUD scheme without a diffuse screen is the most
promising, both in terms of dimensions and in terms of energy
saving. However, simulation of such a scheme using the method
of bidirectional stochastic ray tracing is practically impossible
because, in this case, there are no sources of secondary and
caustic radiation. In this case, the integral in the rendering
equation (1) goes to zero and only the luminance of the direct
vision L, remains. This circumstance, in turn, leads to a fatal

decrease in the effectiveness of the method of bidirectional ray
tracing using photon maps, since we see the source directly, and
this source has a very small area of the order of 0.04 mm2. In
other words, we switch to the ordinary backward ray tracing,
which reads the brightness of the primary light source.

Figure 10 shows the HUD images obtained in result of
simulation of the scheme without a diffuse screen for the LCD
matrix with ideal and real contrast respectively.

Fig. 10. The HUD image simulation result for case (a) LCD
with absolute contrast and (b) LCD with real contrast.

The fact that only part of the LCD is in the field of view is
explained by the fact that in this case we used a simplified
version of the collimating lens (singlet) with a limited field of
view. This circumstance does not hinder our research because
the essence of the research is to find the most effective method
of stochastic ray tracing for particular types of HUD, and not to
design the optical system of the lens with a large field of view.

In fist case modeling was performed by the pure Path
Tracing method. It collected luminance from LEDs that
illuminate the screen. It should be noted that the calculation of
the HUD images shown in Fig. 10, takes two days. At the same
time, the noise level is quite high, that noticeably reduces the
image quality. This is because of the fact that the size of the
LED is small and, accordingly, the effectiveness of the
backward ray tracing method is low.

Since in this case the method of backward ray tracing
turned out to be ineffective, we used the method of forward
stochastic ray tracing. The idea of the method is that the light
source emits rays with a density proportional to the angular
intensity distribution, and the rays, propagated through the
optical system, are accumulated on the radiation receiver, which
is specified as the model of the eye. We implemented a method
of forward stochastic ray tracing and carried out a similar
simulation of an image formation in the HUD. The result of this
simulation is shown in Fig. 11.

High image quality, obtained by the method of direct
stochastic ray tracing, allowed visualization of image defects
caused by the peculiarities of illumination optics design. The
calculation time required to achieve the same quality is 2 to 3
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orders of magnitude lower than in the case of backward ray
tracing.

Fig. 11. Example of AR image synthesis with use of
forward ray tracing.

To form the full image in real environments, we
implemented a hybrid ray tracing method. In this method, the
full image is synthesized from images obtained both by the
method of forward ray tracing and by the method of
bidirectional ray tracing using photon maps. The results of such
a hybrid simulation are shown in Fig. 12. At the moment, the
automatic generation of image obtained by the hybrid method is
not possible and merging is performed manually by summing
two synthesized images in real luminance.

Fig. 12. Example of AR image synthesis with use of hybrid

ray tracing.

In this case, the luminance of HUD in the central part of the
field of view is 10000 cd/m2. The maximum and minimum
luminance of HDRI is 21013 c¢d/m2 and 292 cd/m2,
respectively. The eye is adapted to the average luminance,
which level, in this case, is 2940 cd/m2.

6. Conclusion

As a result of the current research, we found out that the
method of forward stochastic ray tracing can be successfully
used for virtual prototyping of augmented reality systems.

We extended the model of bidirectional stochastic ray
tracing by separate forward ray tracing procedure which
efficiency simulates image formed by HUD systems without
diffuse components.

We are planning to improve the method of hybrid ray
tracing by possibility of automatic selection of the type of ray
tracing used to form various image components.
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MporpammHasn peanusauma OpenGL SC ans aBMaUuMOHHbIX
BCTpanBaeMbIX CUCTEM
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1I/IHCTI/ITyT npukiagHoi maremMatuku uM. M.B.Kengsima PAH, Mocksa;
Zorvn T'ocynapcreennsiit Hayuno-Uccnenosatensckuii MacTHTYT ABHanmonasx Cucrem (I'ocHUMAC)

B pabome paccmampusaromces 6onpocel nogviuenus 3¢gpexmusnocmu npoepammuou pearuzayuu oubauomexu OpenGL SC ons
ee UCNONb306ANUS 8 ABUAYUOHHBIX GCHIPAUBAEMBIX CUCMeEMAX. Aneopummel pacmepuzayuu ObLIU ONMUMUSUPOBAHLL C YYEMOM
cneyuguKky aguayuOHHbIX npunodceHuil. i yckopenus ausyanu3ayu nPUMeHIIUCs MHO2ONOMOKOBbLE BbIUUCTCHUL.

Knroueswie cnosa: OpenGL SC, yckopenue guzyanuzayuu, MHO20NOMOKOBble 8bIYUCICHUSL.

Sofware OpenGL SC for aviation embedded systems

B. Kh. Barladian', A.G.Voloboy', V.A. Galaktionov', V.V. Kniaz* 1. V. Koverninskiy®, Y. A. Solodelov®, L.Z.Shapiro'
'The Keldysh Institute of Applied Mathematics Russian Academy of Science;
% State Research Institute of Aviation Systems (GosNIIAS)

The rendering efficiency problems of multipurpose OpenGL SC for specific applications of embedded aviation systems are
considered. Rasterization algorithms were optimized taking into account aviation specific. The multithreading calculations were

applied for rendering acceleration.

Keywords: OpenGL SC, rendering acceleration, multithreading calculations.

1. BBepeHue

B [1] cdopmymupoBansl TpeOOBaHUS K OINEPALOHHOM
CHCTEME PeallbHOTO BPEMEHH, MpeIHa3HAuYCHHOH AT paboThl
C MHTErpUpPOBaHHOW MOJIYyJIbHOW aBHMOHMKOH. B wacTtHOCTH,
nomkHA OBITH obecredeHa mojaepxkka crangaproB OpenGL
SC/ES [2] u ARINC 661 [3] u BO3BMOXXHOCTb CepTHOUKAIIHN
mo DO-178C[4]. Heobxomumocts cepTuduKkanuu TpedyeT
COOMIONICHNsT KOPPEKTHBIX TponeccoB paspadotku I10, a
TaKke IOJHOTO AOCTYNa K HCXOAHBIM KoJaM OMOIHOTEKH
OpenGL. BaxxabM TpeOOBaHHEM SBIISCTCS HE3aBHCUMOCTH OT
1aTOPMBI — AAPO OMONNOTEKH HE TOIDKHO COEpKaTh KOJa,
cnenuUIHOTO AN KOHKPETHOH  apXUTEKTyphl WM
anmapatHod 1atdopmel. Kommannss CoreAVI Beimyckaer
OpenGL JipaiiBepsl, UCHOJb3Y0INe rpaguyeckue
mpomeccopsl  [5], HO cepruduKanMs TaKuX JpaiiBepoB
HEBO3MOXKHAa 0e3 ydacTHs pa3pabOTUMKOB TIpaduuecKux
mporeccopoB. B cmmy astEX  TpeboBanmii  pa3paboTka
MpOrpaMMHON OpenGL SIBIISIETCS MPaKTHYECKU
€ANHCTBEHHBIM PEIICHHEM.

KoneuHo, ¢ moMompbI0 MPOTrpaMMHBIX pEIICHHI TPYyAHO
MPEB30HTH TI0 CKOPOCTH  BHM3YalIM3allMH  ANNapaTHYIO
peanmnzanuio 6ubmmorekn. OZHAKO MPOTPAMMHOE pEIICHHUE
CYIIECTBEHHO TIPOIIE ONTUMH3UPOBATH JUI CHEIHATBHBIX
npuwioxkeHnid [6]. Ilpennomaraercs, 4to paspabareiBaeMast
oubmoreka OpenGL Oyner paboTaTh B ONEpalOHHOH
cucteme peanbHoro Bpemenu JetOS [7]. B nacrosimee Bpemst
JetOS He peanm3oBaHa B IOTHOM 00BEMe, B YaCTHOCTH, HE
peann3oBaHa IOJEPKKA ITOTOKOBBIX BBIYHCICHUH, ITOITOMY
OCHOBHBIE HCCIIEJOBAHUS IPOBOIMINCH II0][ ONEPalMOHHON
cucremoit Linux.

B HacTtosmiee BpeMs B JIMTEpaType ONHCAHO JOCTATOYHO
MHOTO aJIropuTMOB IporpammHoil peanusanuu OpenGL [8],
[9], [10], peanu3anms KOTOPBIX HAa COBPEMEHHBIX MOULIHBIX
KoMmIbloTepax, Harpumep Intel 17-4770 3.4 GHz, naet BronHe
IMpUEMIIEMbIE IO CKOPOCTH PpE3yNbTaThl AT THIHYHBIX
aBHAIIMOHHBIX  npuiaoxeHnit.  Ckopocte  Omm3ka K

rnokasaresisiM, mnokaspiBaeMbiM OpenGL apaiiBepom  ais
BuneokapTsl NVIDIA Quadro 410 - ~50 xaapoB B cexyHay. K
coxalieHHIo, Ta ke Ombnmmorexka OpenGL He obecrieunBaeT
Tpebyemoit MPOU3BOAUTETBHOCTH Ha THITUTIHOM
aBHAIIMOHHOM KOMIIbIoTepe Ha 0ase mpomeccopa PowerPC
e500me, 4 anapa, 1 I'T [11].

TunmyHoe  aBuanmoHHOe — mpmioxeHne  «llmmoraxkHo-
HaBUranMoHHBIH nucriei» (Primary flight display — PFD B
aHIJIOA3BIYHONH JIUTepaType) Ha puc. 1 paboTaer co
CKOPOCTBIO ~1.7 KagpoB B CEKyHIy, a BU3yalHu3alus penbeda
Ha pHuc. 2 co ckopocThlo ~1.4 kanpoB B cekyHAy. Takue
CKOPOCTH BH3yalM3allu¥l HEMPHEMIIEMBl A aBHAIMOHHBIX
MIPUIIOKEHUH.

Msbl  mpoaHaNM3WpOBANM  CIENUHUKY  HCIONB30BAHHS
aBUHAIIMOHHBIMH  NpWIOKeHUsMH ~ Oubnmuotekn  OpenGL.
Bersicannocs, 4ro Ooripmias 4acTh ATHUX INPUIOKEHHH
UCTIONB3YEeT BH3yalM3alMI0 TONBKO JABYMepHBIX (2D)
00BEKTOB. DTH MPHIOKCHUS IPHUMEHSIOTCS, B OCHOBHOM, JUIS
BU3YyaIN3alliH 3HAUYCHUH Pa3IMIHBIX MPHUOOPOB B IH(BPOBOM
U aHAIOTOBOM BHJE, IOJOXKECHUS BO3MYIIHOTO CyIHA B
MIPOCTPAHCTBE, PA3TMIHBIX HHAUKATOPOB COCTOSIHUS CHCTEM,
METEOPOJIOTHYECKOH ¥ Kaprorpaduueckoil HHGOPMaLUH.
Takas BHU3yanM3amus WCHONB3yeT OTPAaHWYEHHOE YHCIIO
couetanuil BbI30BOB OpenGL, yuuThiBast KOTOPOE Mbl CyMeNn
CYIIECTBEHHO YBEJIMUHTh CKOPOCTh BH3yalHM3alUd JUIS
CIEIHaNTN3NPOBAaHHBIX TNpHioKeHuil. Ilpum 3ToM momHOE
mokpeiTHe crnemudukanun  cragpapra OpenGL SC 6puto
COXPAHEHO.
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Puc. 1. [TnnoraxHO-HaBUTALMOHHBIN JTUCIIICH.

Puc. 2. Busyanuzamnus penbeda.

2. OpenGL anropuTMbl -
Mcnonb3oBaHUs

cneuundumka

ANTOPUTMBI pacTepu3alliil 3aHMMAOT OCHOBHOE BpEMs IIPH
paboTe  aBHAMOHHBIX  HPHIOXKEHHUIL. BonpmmHCTBO
HCTIONB3YEMBIX B HACTOSIIEE BPEMs NPHUIIOKEHUH paboTaioT ¢
JIBYXMEPHBIMH ~ OOBEKTaMH, THIIMYHBIM IPEACTABUTENIEM
koTopsIx sBisiercst PFD, nmpusenennoe Ha puc. 1.

VYckopeHne mpoleaypel pacTepH3aliy ObLIO MPOBEAEHO, B
OCHOBHOM, ITyTe€M IPHMEHEHHUS CIEAYIOMNX TTOIX0/I0B!

1. Jns BbIYMCICHHWS 3HAYCHHWH BeIWYMH (L[BETA WIIH
TEKCTYPHBIX KOODIAMHAT) BHYTPH TPEYTOJBHHKA MBI
WCIIOJIB30BANI  JIMHEHHYI0  HHTEPIOJSILHIO  BMECTO
MIPUMEHEHUS OapHIEHTPUUECKIX KOOPJIUHAT.
WHTeprionsanus NpOM3BOAWUTCS CHadaga BIOJb CTOPOH
TPEYTrOJbHHUKA, a 3aTeM BHOJNb CTPOKH HHKCEJIeH.
Hcnonp3oBaHue  JUHEHHOM  MHTEPIONALMH  BJAOJD

OoTpe3ka BMECTO IPUMEHEHHS  OapHIEHTPHYECKUX
KOOpAMHAT  TO3BOJIHMJIO  YCKOPHTh  PacCTEpU3AIUIO
npumepHo B 1.9 pa3za.

2. Besme, rme 3TO BO3MOXHO, MBI HCHOJB30BAIN
BEIYUCIICHUS C (UKCHPOBAHHOW TOYKOH. DTO JIaio
3aMETHOE YCKOPEHHE B CHIIy CHEHU(PUKH apXUTEKTypHI
npoueccopa PowerPC — Heckoiabko Takux onepanui
MOTYT BBIIONHATBCS 3a OAWH TakT. lcmomp3zoBaHme
BEIYUCICHUN C (UKCHPOBAHHOM TOYKOIl IO3BOJIMIIO
YCKOPHTB pacTepr3alnio MpuMepHo B 2.2 pasa.

3. Jlng BBIUMCIEHMH B CTpPOKE IIHMKCelel  BHYTpHU
TpeyrolibHUKa OBLI HCIIONIB30BaH HAaOOp CIEHHAaNbHBIX
BCTPANBAEMbIX (PyHKIIHH.

Ha mocnenHeM IyHKTE clefyeT OCTaHOBUTHCS OTAEIbHO. [Ipn
aHanu3e 2D aBHAIMOHHBIX IPHIIOKEHUIT OBUIO BBISBICHO, YTO
IIPU PacTepHU3alUH TPEYTOJbHUKOB OOJNBINAs YacTh BPEMEHH
YXOIWT HA TPOBEPKH yCIOBHI 00pabOTKH JaHHOTO MHKCE,
B TO BpeMsI KaK 3TH YCIIOBHS OAWHAKOBBI IJISI BCEX MHUKCENEeH
TpeyroibHUKa. MBI  BBIIBHIM  IATh  TaKHX  9acTo
HCTIONB3YEMBIX CIIyqaeB:

1. 3amomHsercs Tonsko Oydep Tpadapera (CTeHCHT);

2. Tectupyercs  Oydep  Tpadapera, a  BEpIIHHBI
TPEYToJbHUKA UMEIOT OJMH H TOT XK€ LIBET;

3. Tecrupyercs Oydep Ttpadapera, TekcTypa 3aMEHSET
anb(a KaHaI M BEpPIIMHBI TPEYTOJIBHUKA UMEIOT OJUH M
TOT e L(BET;

4.  Bydep Tpadapera He UCIIONB3YETCS, TEKCTYpa 3aMEHSET
anb(a KaHaI M BEPIIMHBI TPEYTOJbHUKA UMEIOT OJIHH M
TOT e L(BET;

5. BepuMHBI TPEYroJbHUKA UMEIOT OJMH U TOT XK€ LBET U
HHUKaKHX JPyrHX YCIOBHUI MIPOBEPSATH HE HAIO.

[pu Busyanmzamum penseda (3D mpuinokeHwe) Ui
3G PEKTUBHOCTH, KaK MPAaBWIO, HE HMCHOIB3YIOTCT Oydep
tpadapera, anbda kaHal, TeKcTypa U ocselienue. OcBelieHne
BBIYUCIIACTCS OJMH pa3 3apaHee U Pe3ylbTaT B BUAE LIBETOB B
BEpLIMHAX  HCIOJB3YeTCsl MPH  BHU3yalM3auuH. TakuM
obpazom, mnst 3D mpunoxeHus, rae ucnonsdyercs Z Oydep,
paccMarpuBaeM JiBa JOMOJHHMTENBHBIX CIIy4as: BEpIIMHbI
TPEYToNbHUKA UMEIOT OJMH U TOT K€ IIBET WM OHH MMEIOT
pasHble I(BeTa. EC/IM BEpIIMHBI OJIHOTO LIBETa, TO HE HY)XHA
HUHTEPIONSUUS W IBET, KOTOPHIM OHH IPEJCTAaBICHBI B
skpaHHOM Oydepe 1BeTa, MOXHO 3apaHee  Hepea
pacTepHu3aluell yIakoBaTh B O/IHY LEIYI0 BEJIWYUHY (THII int).
Ot1cyTcTBHE HEOOXOIMMOCTH HHTEPIONSAUUA U YIAKOBKH
[BETa Ha KaXXJIOM MHKCeJIe MO3BOJSIET CYIIECTBEHHO
HOBBICUTh CKOPOCTh PAaCTEPH3ALUH, [OITOMY MbI BCeria
BBIJICIISIEM OTOT cily4ail (B COYETAHHU C APYTHMHU YCIOBUSIMH,
KOTJa 3T0 HeoOXxonumo). Takum oOpa3om, 100aBISIOTCS enie
JIBa CHEL[HMAIIBHBIX CITyYas:

1. Hcnonesyercs Z-Oydep, BepIINHBI TPEYTOJIbHUKA UMEIOT
OIMH M TOT € [BeT M HUKAKUX JAPYTUX YCIOBHI
MIPOBEPATH HE HAMIO.

2. Hcmonesyercsa Z-0ydep, BepIINHBI TPEYTOIbHUKA UMEIOT
pa3HBI BT M HUKAKUX JPYTHX YCIOBUII MPOBEPATH HE
HAJIO.

Hcnonp3oBanue Takoro Habopa CHEHaNbHBIX BCTPANBaEMBIX

GyHKOM  TO3BONMIO  JOMOIHUTENBHO YCKOPHTH

pacTepu3zaiuio npumepHo B 1.7 pasa.

Peanmsamuss  TpemyoKEHHBIX MOXOJAOB K  alroOpHTMaM
pacTepu3alii, YYUTHIBAIONIMX CIENU(HUKY aBHAIMOHHBIX
NPUIOKEHUH ¥ HCIOIb3YEeMOTO IIPOIeccopa, IO3BOJIHIA
yckopuTh Busyanuszauuio PFD npunoxenus Ha puc. 1 go ~12
KaJpoB B CEKyHAY, a BHU3yalH3alHio permbeda Ha puc. 2 110
CKOPOCTH ~8 KaJpoB B CeKyHIy. IIpu 3TOM Bce BBIYHCICHHS
MIPOU3BOMIINCH B OJHOM MOTOKE.
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3. Ucnonb3oBaHue
BbIYUCIIEHUN

MHOIonoToKOBbIX

Hcnonb30BaHUE ~ MHOTOIOTOKOBBIX — BBIYMCICHHH — UIs
YBEJIUYCHHS IPOM3BOAUTENBHOCTH Oubmuorekn OpenGL
SIBJISICTCS €CTECTBECHHBIM pa3BHTHEM, MIOCKOJIbKY
GONBLIMHCTBO  HCIIOJB3YEMBIX  IIPOLECCOPOB  SBIISIOTCS
MHOTOSIICPHBIMU.  ECTECTBCHHBIM HOXOJOM  SIBIISIETCS
pa3OueHne dKpaHa Ha TIPSAMOYTOJbHBIE O0JacTH (Taiiabl) U
o0paboTka HMX pa3iIMYHBIMH IIOTOKaMH. Takoil MOaX0x
SIBJISICTCS KITACCHYECKUM ULt HCIOJIb30BAHMS
MHOT'OIIOTOKOBBIX BBIYHCIICHMII IIPH CHHTE3€¢ H300paKeHHi ¢
HOMOLIBIO TPACCHPOBKH Jyuell. OJJHAKO HAIK IKCIICPHMEHTHI
nokaszanu Hed((EeKTHBHOCTh 3TOr0 moaxona. IIpuyuH 371ech
nge. IlepBas — OTO JIONOJHUTENbHBIE pacXolpl Ha
CHHXPOHM3ALMIO MOTOKOB. BrTopas mpuuyMHa, HE MeHee
CyliecTBeHHass Ui 2D  aBHALMOHHBIX IPHJIOKEHHH, 3TO
pacxomel Ha  OTPabOTKY  OTCEYEHMS  TPEYrOJIbHUKOB
IpaHMIAMM  TIPIMOYTOJBHUKOB. B ciydae oTCyTCTBHS
pa3OHeHus SKpaHa Ha MPAMOYTOJIBHUKHM TaKoW MpoOIeMsbl
OOBIYHO HE BO3HMKAET, MOCKOJbKY BCE TPEYrOJbHHKH, KaK
[PaBUIIO, LIEITUKOM NONAJAI0T B 001aCTh IKpaHa.

B cuity 3THX npHYMH A pacnapauleIBaHus PACTEPHU3ALUH
MBI HCTIOJIE30BAIM OT/AEIBHBIC BBIYHCIUTEIBHBIC TIOTOKH JUIS
MMOCTPOCHUS M300paKeHUsI JUIA Pa3HBIX KaapoB. B atom
cIydae pemialorcsi  00e  BBILCYNOMSHYTBIE — MPOOJIEMBI
MaICHUs MIPOM3BOAUTENEHOCTH. Brmskuit MOJX0.T
ucnonp3oBaincs B padore [12]. KonndecTBo BEIYMCIHTENBEHBIX
MMOTOKOB, HMCHOJB3YEMBIX ISl pacTepU3alld, KaK IPaBUIIO,
BEIOMpaeTcss paBHBIM  KOJMYECTBY sIep Iporeccopa.
JIOTIOTHUTENBHO MBI HCIOJB3YEM OTHENBHBIA ITOTOK IS
KOIIMPOBAHUSA n300pakeHui, MTOCTPOCHHBIX
BEIYUCIUTEIBHEIME TIOTOKaMH, B Oydep 5kpaHa (mamsTh
BHICOKAPTHI), IIOCKOJBKY 3aTpaTel Ha 3Ty HPOLEAYpPY
SIBIISIIOTCA ~ KPUTHYECKHMMH C TOYKH 3PEHUS  CKOPOCTH
Bu3yanm3auud.  [loaTomMy ee  ciuexyeT  BBIOJHSTH
MapayieIbHO C JPYTUMH BBIYHCICHHAMH, HEOOXOIUMBIMH
i pactepusanud. [1ockoyibKy KOMUpoOBaHUE H300paKEHUS
BBITIOJTHACTCS IS Kaapa, Uil KOTOPOTO PACTEPH3ALUS YXKe
3aKOHYCHA, TO HUKAKHUX MPOOJIEM ¢ CHHXPOHHU3AIHEH TOTOKOB
He Bo3HHKaeT. CHHXpOHM3AIMs TJABHOTO TIOTOKa (main
thread), BBIYMCIMTENBHBIX  IOTOKOB  HEIOCPEACTBEHHO
peanu3yIoOmMX pacTepH3alUI0 M IOTOKAa KOIMHPOBAHUS
M300paXCHUI  OCYHIECTBIACTCS C IOMOIIBIO  COOBITHIL.
Hcnonp3yroTes cnenyrone CoObITUs:

1. N cobbituit s_ev[i] s cuHXpOHU3aKMK Havyajga padOTHI
i-TO BBIYHCIHUTEIBHOTO MTOTOKA;
2. N coObituii e_ev[i] cUrHAMM3MPYIOMHUX O 3aBEPIICHUH
pacTepu3aly Kaapa i —bIM BBIYUCIUTEIBHBIM TOTOKOM;
3. N coOpituil c¢_ev[i] CHrHaTM3HPYIOIIUX O TOTOBHOCTH
N300paKEHHUsI, MOCTPOCHHOTO 1—bIM BBIYHCIUTEIBHBIM
MIOTOKOM, JJIsI KOITHPOBAHUS Ha SKPaH.
Kak yxe Obuto ymoMsHyTO BBIIIe, N 0OBIYHO BBIOHpaeTcs
paBHBIM  KONMYECTBY sigep mpomeccopa. Ha  sTame
MHHIHANTU3a0ud co3naioTcss N coOBITHI S_ev, e_ev U C_ev.
3ateM coOOBITHS S_ev M c_ev cOpachBalOTCS, a e_ev
B3BogiTCs. Co3pmarorcst N BEIYHCIUTENBHBIX ITOTOKOB JUIS
pactepuzaiun N  KOHTEKCTOB cont[i] ans XpaHeHus
uHpopMarmn o BbI3oBax OpenGL u  wm3obOpaxeHuil,
MOTy4aeMbIX B Pe3ysbTaTe PACcTePU3anNH BHIYHCINTEIBHBIMU
notokamu. Co3faeTcs Takke OTACNBHBIA IMOTOK  JUIS
KOTIUPOBAHUS n300paxeHNH, TTOCTPOCHHBIX
BBIYHCIIUTENFHBIMI TIOTOKaMu, B Oydep skpana. Hugexc
06pabaTeIBaeMOro Kaapa B TTaBHOM IOTOKE 7_idx W WHJIEKC
obpabaTeiBaeMOro  Kajgpa B IOTOKE  KOMHPOBAHHS
n300paKeHNH c_idx TepBOHAYAIbHO ycTaHaBIUBalOTCA B 0.
HapamuBanne HHIEKCOB B MPOIECCE BU3yalU3alUH OymeT
MIPOUCXOANTH IO MO0 N.

AJropuTM paboTHI TTaBHOTO MOTOKA MPUBEAEH Ha pHUC. 3:

1. Wait(e_ev[m_idx])

2.06pabotka OpenGL BbI30BOB => cont[m_idx]
3.Set(s_ev[m_idx])

4.m_idx = (m_idx ++) % N u Bo3BpaT K 1.1

Puc. 3. Anroput™ paboTHI rI1aBHOTO 1MOTOKa (main thread).

IMockonbKy Bce COOBITHS €_evV B3BEACHBI IPH HHUIHATH3AIIH
m_idx = (), TO TTIaBHBIA MOTOK HAYMHAET cpa3y oOpabaTsIBaTh
Be3oBel OpenGL juisi  mepBoro Kajpa W 3aIHCHIBaTh
pe3yabpTaTel B KOHTEKCT comnt[m_idx]. Ilo oxoHYaHUIO
BBI30BOB AT JAHHOTO Kajgpa OH B3BOJAHUT COOBITHE
s_ev[m_idx] TUIst 3amycKka COOTBETCTBYIOIIETO
BBIYHCIIUTENFHOTO TTOTOKA, MEPEXOAUT K CIEAYIOMEMY Kaapy
mo Moxymo N H CHOBa JKOET B3BEHNCHHS COOBITHS
e_ev[m_idx].

ANTopuTM paboTHl BEIYUCIUTEIBHOTO NOTOKA idx (idx = 0, 1,
... N), mpon3BoAAIIero pacTepu3anuio, IPUBEICH Ha pHC. 4:

1. Wait(s_ev[idx])

2.006paboTka cont[idx] => n3o0paxeHne
3. Set(c_ev[idx])

4.Reset(s_ev[idx]) u Bo3Bpar k 1.1

Puc. 4. Anroput™ paboTHI BEIYUCIUTEIBHOTO TIOTOKA idX.

PaboTa BBIYHMCIUTENBHOTO TIOTOKA idX, TPOU3BOIIIIETO
pacrepu3aniio, HAaYMHACTCS TMOCIE B3BEICHHS COOBITHS
S_ev[idx] TIaBHBIM MOTOKOM IIOCJE 3alOJHEHHS KOHTEKCTa
cont[idx]. Ilotrox oOpabaTbiBaeT NaHHBIE B KOHTEKCTE H
CTPOHUT M3 HUX ITyTEM PACTEPHU3ALUH TPEYTONbHUKOB, JINHUN H
TOYEK M300pakeHHE B MaMATH KoHTekcTa. [locie atoro oH
B3BOAMT COOBITHE C_ev[idx], cOpacbeiBaeT coObITHE S_ev[idx]
Y BO3Bpamaercs K 1.1 xaaTh B3BeICHHU COOBITUSA §_eV[idx].
ANTopuTM paboTHl ITOTOKA, MPOU3BOJSIIETO KOMHPOBAHUE
n300paXCHUI U3 MaMATH KOHTEKCTa B IaMSTh BUACOKAPTEHI,
MIpUBE/ICH HA pHC. 5:

1. Wait(c_ev[c_idx])

2. Komuposanue nzobpaxenus cont[c_idx] => sxpan
3.Reset(c_ev[c_idx])

4.Set(e_ev([c_idx])

5.c_idx = (c_idx ++) % N u Bo3BpaT K 1.1

Puc. 5. Anroputm paboThl TOTOKA KOIMPOBAHUS
n300paeHu i

Pabora moToka KomMMpOBaHWS M300pakeHHs HadMHAETCS
ToCIie B3BEICHHUSA COOBITHS ¢_eV[c_idx] COOTBETCTBYIOIINM
BBIYHCIUTENFHBIM TOTOKOM. [Ipy WHHIMAanu3anidd HHIEKC
c_idx ycranosneH B 0. [Tocie xonupoBaHus n300paxkeHns U3
KOHTEKCTa cont[c idx] Ha 3kpaH (B TMaMATh BHUIECOKAPTHI)
MOTOK cOpackiBaeT cOObITHE C€_ev[c idx], B3BOOUT COOBITHE
e_ev[c idx], HapamuBaeT MHIEKC Kanapa c¢_idx 1o Moxymo N
U CHOBA XJIET B3BEJCHHS COOBITHS ¢_ev[c_idx].

3aBHCHMOCTh CKOPOCTH pacTepu3alné (YHCIO KaapoB B
CEeKyHJy) OT YHCIJIa UCIIOIb3YEMBIX MOTOKOB JUISl ONIUCAHHOTO
agroputMa g 4x  sjaepHoro mpoueccopa PowerPC
nmpuBeneHa Ha puc. 6. KpacHblii rpaguk ImOKa3bIBaeT
3aBHCUMOCTh it 3D mpunoxenns (BuU3yanusanus penseda),
cunnii rpaduk — aast PFD npunoxenus.
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Puc. 6. 3aBHCHMOCTb CKOPOCTH pacTepH3aiy (Kaaphl B
CEeKYHJIy) OT YHCIIa HCIIOIb3YEMbIX MOTOKOB.

Hcnonp3oBanne 4x TOTOKOB 00ECIEUMBACT yCKOPEHHE
pactepuzanuu npumepHo B 2.9 - 3.2 pasa.

OTzenbHO MPOBEICHHOE TECTHPOBAHHE ITOKA3aJI0, YTO TOJBKO
KOIMPOBAaHHE H300paKeHMsI M3 MaMATH Ha dKpaH (B IaMsTh
BUACOKapThl) 3aHUMaeT ~0.0165 cex ans omHOro Kaapa, a
paboTta MpUIIOKEHH BMECTE ¢ 3amuchbio BbI30BOB OpenGL B
KOHTEKCT M KONHPOBAaHHEM IIOCBHUIAEMBIX JaHHBIX 3aHHUMAECT
~0.006849 cex. Cymmapnoe Bpemsi ~0.023349 cex. Takum
obpazom, MOJTy9aeM OLICHKY CBEpPXY ISt
MPOU3BOAUTEIBHOCTH AAHHOTO MpuioxkeHus ~42.83 kaapa B
CEKyHIY.

[locne ontummzanmy QyHKIHHA pacTepu3anud B 1.2 H
HCTIONB30BAHUS MHOTONOTOKOBBIX BBIYMCICHUH JUISI HUX
KPUTHYECKHAM, C TOYKM 3PEHHS IIPOM3BOIUTENHHOCTH,
OKazamachb  IpOLEAypa  KONUPOBAHHMSA  IOCTPOCHHOTO
n300paKeHUsT U3 MaMATH TIPOIeccopa B MaMATh BHJICOKAPTEHI.
Mo »Toit mpuYMHE MBI BBIHECIH 3TY MPOLEAYPY B OTACIBHBIN
MoToK ¢ ©Oonee BBICOKMM mpHopureToM. M ecmm mpu
peanu3anuy 3TOH TNpomemypsl B TJIaBHOM IIOTOKE OblIa
JIOCTUTHYTa CKOPOCTh ~28 KaJIpoB B CEKyHIY, TO IpH
BBIJICTICHUN JUISI HEe OTJAEIBHOTO MOTOKAa YIAlIoch JOCTHYb
CKOPOCTH ~36.5 KaJIpOB B CEKYH]Y.

4. PesynbTtaTthl

IMpoBeneHHble  HWCCIENOBAaHMSA  IOKA3ald  BO3MOXKHOCTB
peanmmsanuu  mporpammuoii  OpenGL  Oubmmotexknm  Ha
TUNMMYHOM aBHAlMOHHOM KOMIIbIOTEpE Ha 0ase mpoleccopa
PowerPC e500mc, 4 snpa, 1 I'Th, ¢ npou3BoUTENBHOCTBIO,
YIOBIETBOPSIOMEH TpeOOoBaHHUAM aBHAIMOHHBIX
npunoxeHuit. IIpu sToM GHOMHOTEKa MOTHOCTBIO HAINMCAaHA
Ha s3p1ke C, He MCMONb3yeT HUKAKNX CTIeNN(pUISCKIX KOMaH
nponeccopa PowerPC u nepeHocuMa Ha 0001 KOMIIBIOTED,
Ha KOTOPOM MoAAepkuBaeTcst komnustTop s3bika C. [Iponece
pa3paboTKH  OMONMOTEKH CTPOTO  KOHTPOIHPYETCS B
cooTBeTCTBHU ¢ TpeboBaHmAMU DO-178C, uTo B manpHeimem
MPEOCTABIAET  BO3MOXHOCTh  CepTH(OHKAMK  JaHHOU
peanuzanuu OpenGL.

5. bnarogapHocTu

PaGora mnonnmepxana rtpantamu POOU 15-01-01147 u
16-01-00552.
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AdhekTUBHLIE MeTOALI U MoAenu uudpoBon o6padboTKu
KMWHOMaTepuana

E.B. bopeBuu, C.B. Memepskos, B.3. Sauyc
plasma5210@mail.ru|serg-phd@mail.rujvictorimop@mail.ru
Cankr-IlerepOyprckuit momurexaudeckuii yausepeuret, Cankt-IletepOypr, Poccust

B cmamve npedcmasnenvt nosvle sgppexmusnvie memoodwvi u 3D mooderu onn yugposoii nocmobpabomku KumomMamepuand,
BKIIOUAS  3A0aYU  3AX6AMA  OBUNCEHUS. C UCHONb30BAHUEM UHDPAKPACHBIX MAPKEPO8, B0CCO30AHUS PealUCMUYHbIX MeHell
ounamuueckux 3D 06vekmos, a makoice yuPposoil YeemMoKoppekyuu KUHOKAOPOS8 C Yelblo YAYYUUMb UX GOCNPUAMUE 3pUMeNeM 6
Kunemamozpage. Bvipabomansi npakmuueckue pekxomeHoayuu no yu@posoi obpabomke KuHomamepuand, KOmopvie HeOpeHbl U
VCHEWHO NPUMEHSIOMCS 8 Mal0OI00JNCEeMHOl  SUPMYAIbHOU 8U0eOCmYOUU NpU  CO30AHUU KOPOMKOMEMPAJICHbIX (DUIbMOE U
6UOCOKIUNOS.

Knrouesvie cnosa: kunokaop, yugposas yeemoxoppexyus, 3D modenuposanue, 3axeam 08udceHus, 6UPMYaibHAs PeaibHOCMb.

Effective methods and models for digital processing of the film
contents

E.V. Borevich, S.V. Mescheryakov, V.E. Yanchus
plasma5210@mail.ru|serg-phd@mail.rulvictorimop@mail.ru
St. Petersburg Polytechnic University, St. Petersburg, Russia

The paper presents new effective methods and 3D models for digital film post-processing, including the problems of motion
capture using infrared markers, recreation of realistic shadows of dynamic 3D objects, and digital colour correction of film frames for
the purpose of better perception of the film contents by a viewer in the cinematography. Practical recommendations for digital film
processing are worked out and are successfully implemented in a virtual visualization studio to produce short films and video clips
having low budget.

Keywords: film frame, digital colour correction, 3D modelling, motion capture, virtual reality.

CTaTHYHBIX 00BEKTOB, CO3AIOT 00bEM, 00ECIEUNBAIOT IITyOUHY
1. BBep,eHwe CIICHBI, IIOKa3bIBalOT B3aMMHOE PACHOJIOKCHHE 00BEKTOB.
IlocTpoenue TeHel SBIAETCS AOCTATOUHO CIOXKHOM 3aaayei,
ocobenHo Ui gquHaMudeckux 3D 0OBEKTOB, TaK KaK 4YEIOBEK
3aMeYacT «HETPaBHIbHBIC» TCHW M HEOOXOIUM HX TOYHBIH

C pa3sBUTUEM COBpPEMEHHBIX I/IH(bOpMaHI/IOHHI)IX
TEXHOJIOTHH U KOMHLIOTepHOfI Fpa(i)I/IKI/I HEJIUKOM HW3MCHUIICA
TEXHOJIOTHICCKHI mpouecce IIpOn3BOACTBA (I)I/IJ'II)MOB B

pacder.
kuHemarorpade u Ha TeneBugenun (puc. 1). Kpome 3amens
KJIaCCHYECKOT0 MOHTa)Ka Ha HEJWHEHHBIMN,
ABTOMATH3UPOBAHHBIC IIPOTPAMMHO-AIIIAPATHBIE KOMIUIEKCHI L_, r
MPEIOCTABIAIOT OOJBIINE BO3MOXKHOCTH IOCTOOPAaOOTKH | — ‘ b
VIIy4IIeHHs] OTCHATOTO KnHOMarepuaia [8]: /> X/ ‘
1) noGaBnsiTh BU3yaibHBIE dPPEKTH COBMEIICHUEM BHIEO W sk pexuccep
KOMITBIOTEPHOH TpadUKH I IPUBJICUCHHS] BHUMAHHUS; CueHapucT CETTUHT
2) co3maBaTh PEANTHCTHYHBIC TEHH KaK CTATHYECKUX, TaK M l
quHaMudecknx 3D 00BEeKTOB, UYTO SBISETCS TJIaBHBIM |/
OTJIMYHEM XY/IOKECTBEHHOTO KIHO OT aHNMALHOHHOTO; NPOeKTMpOBaHIe
3) UPUMEHSTH pa3IHYHbIE CXEMBI IH(PPOBO [IBETOKOPPEKIINH
KHHOKAJIPOB C LIEJIbI0 UX XYHOXKECTBEHHOW TapMOHH3ALMH .
U yJIy4IIEHHS BOCTIPUSATHS 3pUTEIIEM. ( /2
JlanHas paboTa TOCBSIIEHA WMCCIENOBAHUAM 2-TO M 3-TO CJ .
JTamoB TOCTOOPaOOTKM Kak MEHee W3y4YCHHBIX W Haubolee ocBeTuTeNnb —>»|  CbeMKa €—— onepartop

3aTPaTHBIX 110 BPEMEHH W BBIYUCIHUTEIBHBIM PECYpCaM.
KoneuHoi 1enblo mNOCTOOPaOOTKYM  SIBISIETCS  ITOBBINICHHE 1
3G EKTUBHOCTH  BCEro  Ipouecca  KUHONPOM3BOJACTBA, J =
JOCTIDKEHHME MAKCHMAJIBHOH PEaTHCTHYHOCTH M BH3yalbHON -E MOH\T;;Kép
NPHUBJICKATEIFHOCTH KHHOMAarepHajla Ha OCHOBE Da3pabOoTKU

HOBBIX MOJIENEil U MEeTOJI0B TpaduyecKuxX mpeoOpa3oBaHuUi.

2. MocTpoeHne  peanUCTU4YHbIX TEeHeW B
BUPTyanbLHOM NPOCTpaHCTBe

IMocne 3axBata JBWXKEHHMs akTepa M Hepexoma K =N
BUPTyalbHOW creHe Bce TeHH 3D 00bekToB TepswoTCs, H Bmgyanma}op
HeoOXoauMo WX Boccozmath ¢ Hyma (puc. 2). Ioctpoenue
TeHedl  siBisieTcss  9(QQEKTHBHBIM ~ METOJOM  JIOCTIIKCHHS
MaKCHMaIbHOH PEATUCTUYHOCTH CIEHBl B BHPTYaJIbHOM
npoctpancTBe. TeHu, OTOpachiBaeMble OT IBHKYIIHXCS U

Puc. 1. CtpyKkTypa COBpEMEHHOT0 KHHOIIPOU3BO/ICTBA.
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Puc. 2. Tononorust kocTioMa ¢ HHpPaKpaCHBIMU
MapKepaMH JJIs1 3aXBara ABHKCHHS.

CymiecTByronmue MeTOIbl M MOJIENH 3axBaTa JBIIKECHHS
TpeOyIOT GONBIINX BBIYUCIHTEIBHBIX pecypcoB [10]. C mpyroit
CTOpPOHBI, HCIIOJIb30BaTh BHICOKOTOUHYIO Mojeidb 3D oObekra
ZUIs pacyeTa ero TeHel He uMeeT cmbiciaa. [loatomy i 3anaun
MIOCTPOEHUSI TEHEH MPENJOkKEH HOBBIH METOJ] Ha OCHOBE
HuskononuroHaneHo 3D Momenu, TeHH KOTOpOW  OT
HCTOYHUKOB OCBEIIECHHMS TIPE/IIOIaraeTcsl CO3/1aBaTh TAKHUMH Ke
MIPAaBWIBHBIMHA M PEAIUCTUYHBIMH, HO O0BEM HX BBIYMCICHHI
HaMHOTO MeHbIIe. B ciywae co3maHus TeHed  OT
nuHamuaeckoro 3D oObekTa Mojels aHUMHPYETCS, IS 4ero
CO3/1aeTcs CKeJeT U CHCTeMa yIpaBieHus (puc. 3).

Hip_locator

Puc. 3. HuskononuronanbHas 3D Mozienb U cUCTEMA €€
YIpaBICHHUS.

MOIIHOCTH COBPEMEHHBIX KOMITBIOTEPOB IO3BOJISIIOT B
peanbHOM BpEMEHH BBINOJHATH BBIYMCICHHS H PEHICPHHT
okosio 1,5 MIH mMuKceneil ¢ MakCHMaJbHOM TIyOMHOW IBeTa
24M wu crangaptHoii wactotoii 50 kagpoB B cek. OpHako
AHUMAIMOHHBI (UIBM MOXET UMeTh ThICsiuU 3D 00BEKTOB,
Ka)K/IbIi U3 KOTOPBIX COAEPIKHUT OT COTEH 0 THICSY HOJIUTOHOB.
OOBbeM BBMHCICHMI TakKe 3aBHCHUT OT paspemaronien
criocoOHocTH 3Kkpana (1o 4K mukceneit B kunorearpax IMAX)

W ero Ioiu, KoTopyro 3aHuMaeT 3D 00BbekT. YUurthiBas, 4ro
HU3KOIOJIMTOHANIbHAsT MOJENb HacuuThiBaeT He Oomee 10K
MOJINTOHOB B 3aBUCHMOCTH OT pa3mepa 3D oObekra, ee
NPEUMYIIECTBO B 00BEME BBIYMCICHHH II0 CPaBHEHHIO C
BBICOKOTIOJIMTOHAIBHBIMU MOJETISIMU OLIEHUBAETCSI MUHUMYM B
100 pa3 [11].

Jpyroii npo6ieMoii mocToOpaboTKH OTCHATOTO MaTepHaia
SIBISIETCS TPYJOEMKOCTh TIpOIecca YAAICHHUS CIICI0B MapKepOB
3axBaTa JBIDKEHHS, OCTAaBIINXCS IOCIE CHeMKH HH(ppPaKpacHOH
(UK) xamepoil. B TpaguIMoOHHBIX CTYyIMSX C AEKOPALMIMH U
aKTepOM HCIIONB3YIOTCSl CIIEIHANbHbIE KOCTIOMBI C CHCTEMOM
MapkepoB (puc. 2). Ho sTa TexHOMOruss He NOAXOOUT Ui
clly4JaeB, KOT/1a aKTep MPUCYTCTBYET B BUPTYaJIbHOH ClLieHe, TaK
Kak MapKepsl BUAHBI Ha OTCHATOM Matepuaie [11].

s perienus 3toil mpoGiiembsl paspaboTaHa CrenuaibHas
cucreMa quHamudeckux MK mapkepoB, KoTopast mpeicTaBisieT
co00if TmapayuleNIbHOE COEAMHEHHE TpeX IEeNodYeK HOMOB,
COEIIMHEHHBIX IIOCIIEN0BATEIbHO KaK ITOKa3aHO Ha puc. 2. B
KadyecTBE MapKepoB HcIoib3oBaHel MK cBeTomHOABI, KOTOpEIE
¢buxcupyrotes Toapko crnenuanbHbiMu MK kamepamu. Onexna,
HajeTasl TIOBEPX MAapKEPHOrO KOCTIOMA, HE MOIJIONAeT CBET B
UK nunanazone. B pe3ynbpraTe Ha IJaBHOW KaMmepe MapKepsl HE
BuHbL, a K kamepsl HX QUKCHPYIOT.

Hapsiny ¢ muHaMPYHBIMH MapKepamy, B BHpTyainbHOH 3D
CIeHE HCHONB3YIOTCS W CTaTHYeCKHe  KaJlMOpOBOYHEIE
MapKephl, KOTOpble HEOOXOIUMBI ISl PEKOHCTPYKIMU KaMephl
(puc. 4). Bhavane ONpeneNsOTCS OCH IPOCTPAHCTBA,
OTHOCHTENIBHO KOTOPBIX OyAeT MOHATHO PAacloJOKEeHHE
BUPTYallbHOTO  OKpPYXX€HMsS M TOJIOXKEHHe  aKTepa.
KanubpoBouHble MapKephl pacroiaraloTcs Ha 3eJ1eHOM (oHe.

o 1 o

synchronizer

static calibration
infrared marker

ﬁ infrared camera

secondary camera

infrared camera ﬁ

secondary camera I I

primary camera

Puc. 4. PacnionoxeHue MapKepoB ¥ KaMep B BUPTYaJbHOM
CHEMOYHOM TPOCTPAHCTBE.

Jns CBEMOK HCIONB3YeTCs AT CHHXPOHHO
3aMHCBHIBAIONINX C Pa3HBIX paKypcoB Kkamep. Bce kameps
cTatnyHbl. TpM W3 HUX CHMMAIOT B BHIMMOM JHaIa3oHe.
I'maBHas xkamepa CTOMT MO LIEHTPY, MaTepuai ¢ 3TOM KaMepbl
HCTIONB3YeTCs B cO3/aBaeMOM Kazpe. J[Be OOKOBBIE KaMephl
HYKHBI JUI PEKOHCTPYKIUH KaMepbl. PsioM ¢ HUMH HaxosTest
elle JBe BCIOMorarenbHble Kamepbl, cHuMmaromue B UMK
Jarna3oHe.

BaxHo, YTOOBI MOJBMKHBIE MapKepbl OBUIM BHAHBI IS
Bcex MK kamep, Tak kKak OHM 0OECIEUYHMBAIOT NPABHIBHOCTD
Tpaekropun asmwxkeHus 3D oOpasza mepconaxka. B ciydae, ecnu
TIPU JBIKEHUH KaKOK-THOO MapKep 3aKphIBAeTCs, €0 CTaBsT
Ha Jpyroe MecTo Uil OOecledeHHs BHAMMOCTH Ha BCEX
kamepax. Takass TexHonorus ucnonb3zoBanus MK mapkepos
3HAQUUTENFHO YIPOIIAET W YCKOpsieT 00pabOoTKy OTCHSITOrO
KHHOMaTepuaia 0e3 yiiepba ero KadecTBy.
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3. AccnepgoBaHue BNUAHUA LLBETOBOroO peweHunsa
Ha BU3yalibHYIO NpuBneKaTesribHOCTb Kagpa

Criextp 3amad, pemaeMbIX ¢ MOMOIIBIO0 KOPPEKIMH [IBETa,
odeHp mHpokuid. OmHako ocoboe  MecTo  3aHMMaer
XyHOXKECTBEHHAss  [BETOKOPPEKIHs  Kak  TBOPYECKHUI
HHCTPYMEHT peskrccepa. OHa TO3BOJSIET CHeNaTh Kaip Gonee
BBIPA3UTENBHBIM U BU3YaJIbHO IPHUBICKATEIBHBIM.

OnHa W3 aKkTyaldbHBIX NpPOOJEM NPHUHSITHS LBETOBBIX
pELICHHH COCTOMT B TOM, YTO B HAacTOsIiee BpeMs He
CYLIECTBYeT  ©OMHULBI  KOIHYECTBEHHOTO  H3MEPeHHs
BH3yalbHOW MPUBICKATEIHHOCTH KHHOKAIPA, YTO HE MO3BOJISET
OOBEKTHBHO CpaBHHMBATh Kaapbl Mexmy coboit. KadecTBo
KHHOMArepuana OLCHHUBACTCS CYOBEKTHBHBIMH — METOJAMH
9KcIepTHOro aHanu3a [1, 2].

Ha puc. 5 u3o6paxxeHbl 3JeMEHTBI KMHOKA/Pa, BIHSIOIINE
Ha €ro BH3YalbHYIO MPHBICKATENbHOCTh. OXHHUM H3 HHX
SBISICTCS ~ MH(POPMATHBHOCTH  KMHOMarepuama [5].  Drto
[IACCHBHAsE COCTABIIONIAs BHU3YaJlbHON MPHBICKATETbHOCTH,
MOCKOJIBKY OHA 3aBHCHT OT 3aMBICJIa PEKHCCEpa W HE MMEET
OpSIMBIX ~ CPEIICTB  Pealu3alii. AKTHBHOW COCTaBISIOLICH
BH3yalbHOW  TPUBIEKATENPHOCTH  KHHOKAnpa  SBISETCS
KOMITO3UIIMOHHOE ~ TIOCTPOEHHE, TakK Kak 3TO0  CPENCTBO
peann3anuy Kaapa i HAamoJHEHHs €r0 HH)OPMATHBHOCTBIO.

BuzyansHasa
NPHUBNEKATENLHOCTL \
HHpOpMaTHBHOCTE KomnoznumonHoe BusyanbHbie
(pemmccep) NoOCTpOeHHE ‘ sdderTol
HKomnosuuua / KomBuHMposaHHbIA
(oneparop) kagp (2D-3D)
OuHamuka LUseToKkoppekumna
(pemuccep) INEMEHTOB Kagpa

LiseToBoe peweHue
(vonopwmcr)

MocTpoexune
PEANHCTHYHDbIX TeHeH

Puc. 5. Biusiane Ha BU3yalIbHYIO IPUBIIEKATENBHOCTD Kapa.

KOMITO3UMIIMOHHOE TOCTPOEHHE KajJpa COCTOMT M3 Tpex

OCHOBHBIX 3JIEMEHTOB!

1) KOMITO3HIHS, KOTOPYO KOHTPOJIHPYET OIepaTop;

2) AMHAMHKA, BH)KCHHE, KOTOPHIM YIPAaBISET DPEXHCCEp H
KOTOpO€  SIBJSETCSl TJIABHBIM  OTJIMYHEM KHHO  OT
¢dororpadum;

3) uBeroBoOE peleHne, KOTOPHIM 3aHUMAETCS KOJIOPHCT.
TakuM 00pa3oM, Ha BHU3Y&JIbHYIO IPHBJIEKAaTEIbHOCTD

KUHOKAJ[pa BIMAIOT HHOOPMATHBHOCTH M KOMIIO3HMIMOHHOE

noctpoeHue. B cBolo ouepenp HHGOPMATHBHOCTH Kaiapa

OIIpeNeNAeTCS 3aMBICIIOM DPEKHCCepa, a pealu3alus 3aMbICiia

OPOUCXOAUT € MOMOLIBK KOMIIO3HIIMOHHOTO OCTPOCHHS,

COCTOSIIIETO U3 TPEX COCTABJISAIOIIMX — KOMITO3UIINH, THHAMHKH

U [BETOBOTrO peleHus. KOMIO3HIHOHHOE MOCTpOCHHE Kajpa,

KaK €ro HeoTbeMiieMas COCTaBIIONIAs, BIMSCT Ha MPOIECC

paccmatpuBanusi [6]. Torma JOTHYHO TPEAINOTIOKHUTH, HUTO

UHGOPMATHBHOCTh KHHOKaJgpa TOXE BIMSAET Ha IpOLECce

paccmatpuBanus. ITapamMeTpbl paccMaTpHBaHHsS KHHOKAJIpPOB,

TaKne Kak KOJIMYECTBO H JUTUTELHOCTh 3pPUTENBHBIX (pUKCAIINA,

SBISIFOTCS  KOJIMYECTBEHHBIMH, W HMX MOXHO OOBCKTHBHO

H3MEPHThH C MIOMOIIBIO alf-TpeKepa — MPOrpaMMHO-aNNapaTHOro

KOMIUIeKCa  (DUKCAllMHM  TJIA30/IBUTATENbHON  AKTHBHOCTH

YyeJloBeKa, OCHOBaHHOTO Ha mpuHuune otpaxenus MK myueit ot

3pauka [7].

JIns  TpOBEpKH  CIENAHHBIX  BBIBOJOB  IOCTaBJEH
9KCIEPUMEHT. B KadecTBe CTHMYJIBHOTO MaTepHaia BbIOpaHbI

Kaapel W3 (UIBMOB, HMEIONHME MABa IEHTpa HHTEpeca M
Helrpanbablid GoH. Kakapiii kagp WM3MEHEH Ha OCHOBE IISATH
Pa3sHBIX IIBETOBBIX pEIICHHH COTTACHO TEOPHH IIBETOBBIX
koHTpactoB Urrena [3]. B urore Obu1a chopmupoBana 06asa u3
120 xagpos.

B skcnepumente yyactBoBano 30 HCIBITyeMBIX, KOTOPBIM
neMoHcTpupoBanuck 600 CTUMYJIOB B IATH  I[BETOBBIX
peurenusax. Beero ¢ momomnisio ai-tpexepa coopano 6oxee 8000
¢uxcannii. Ilpumep onxHOrO W3 TpadUKOB pPaCIpEnEICHUSL
IapaMeTpoB pPaccCMaTpUBAHUS KHHOKAIPOB IIPEACTABICH Ha
puc. 6.
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Puc. 6. I'paduk pacrpeneseHnst BEIOOPOK U3MEPSIEMBIX
[apaMeTpoB PacCMaTPHUBAHUSI KWHOKAJPOB.

Jl1st MaTeMaTHYeCKo# 0OpabOTKH CTATHCTHYECKHX JAHHBIX
paspaboTraHa mporpamMma Ha si3bIKe MporpamMmupoBanust R [4].
Jlns  TpoBepKM M aHauM3a BBIOOPOK € HOPMAJIbHBIM
pacnpeneneHreM ucnoap3oBancs kpurepui lanupo-Yunka, a
JUIsl HEHOPMAalbHOTO — TecT YMWIKOKCcOHAa. s npuHATUS
THIOTE3bl O CTATUCTHYECKOW 3HAYUMOCTH CPaBHHBACMbIX
BBIOOPOK KCIIOJb30BaH M3BECTHBIH Kputepuii p-value < 0,001
[4]. Takue 3HaveHHs BBIACIACHBI 3CICHBIM ILIBETOM IS
TPHAJHOH CXeMbl Ha pHC. 7, TAe NPHUBEICH MPUMEp pacyera
3HAYEHHUIt p-value UL CIEAYIOIINX HapaMeTpoB
paccMaTpHBaHUs KaJpOB:

Time — cpeaHee BpeMst pacCMaTPUBaHHS OJHOTO CTUMYIIA;

KolFix — cpemHee KOMHYECTBO 3pUTEIBHBIX (UKCAIUI TIPU
paccMaTpHBaHHU OJJHOTO CTUMYJIA;

FistFiX — cpeansist ATUTENBHOCTD NEpBO QUKCALNH;

SumFiX — cpeHsist IUTUTENLHOCTD BCEX (DUKCAIIMIA.

p-value | achromatic complementary warm monochrome | cold monochrome | triadic scheme
scheme (bw) scheme (dop) (oncet) (once2) (three)

Time 0,227 . 0,041 0,015 ‘ 0,004 5,738e-10

KolFix 0,218 0,029 0,009 0.002 1,26e-7

FirstFix 0,768 0,539 0,355 0.852 0,231

SumFix 0,499 0,058 0,064 0,017 1,386e-6

Puc. 7. CpaBHeHHe TapaMeTPOB pacCMaTPUBAHUS KHUHOKAIPOB
B Pa3JINYHBIX [[BETOBBIX PEIICHUSIX.

4. MpaKkTuyeckne pekomeHgauum no umncppoBomn
LIBETOKOPpPEKL UM KNHOMaTepuana

ITosrydeHHbIe pe3yNIbTaThl OOBEKTHBHO MOATBEPXKIAIOT, YTO
(axkTop IBETOBOTO PEIICHUS UMEET NPHUOPUTETHOE 3HAUCHHUE
npu rapMOHU3ALIN KHHOKaJpa. 910 HO3BOJIHIIO
copmynrpoBath MpaKTHYECKHe peKoMeHaunu o
[[BETOKOPPEKLMM HAa O3Tame I0CTOOpabOTKH C  IENbIO
NPaBUIILHOI MHTEpIpETallid KHHOKaApa W YIAY4IICHHS ero
BOCIIPUSITHS 3pUTEIIEM:

1) mnpu paboTe c aXpOMATHYECKUM HITH MOHOXPOMHBIM KaJpOoM

BOKHBIM MOMEHTOM sBIsieTcs oOJerdeHue ()oHa CLEHBI,

TO €CTh KHHOKAJp HEOOXOJMMO «BBIYMILIATEY, YOWUpPaTh

MEJIKHE HE3HAuMMbIe SJIEMEHTBI, KOTOpBIE IIePerpyKarotr

KUHOKAJp ¥, Kak CJIEJCTBUE, YBEIUYUBAIOT BpPEMs €ro

aHalM3a;
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2) WCIOJB30BaHUE KOMILIEMEHTAPHOTO IIBETOBOTO PEIICHUSI
(IByX  [IOTIOJHUTENBHBIX  MPOTHBOIIOJIOXHBIX  IIBETOB)
SIBISIETCSL  CIIOCOOOM  YCKOPEHHsI  BOCHPHSITHSL  Kajpa,
MO3TOMY 3TOT MpHeM paboTHI C IIBETOM PEKOMEHIYyeTCsl B
J)KaHpax KHMHO C BBICOKOM IUHAMMKOW CHOXKETa M 4acTOH
CMEHOM KaJpoB.

B pesympTate HcClenoBaHMS YCTaHOBJIECHO, 4TO (haKTOp
[IBETOBOTO PEHICHUS MMEET 3HAYMMOE BIISIHHE Ha IPOIece
pacno3HaBaHusl W300paKEHUsI YENOBEKOM. JIaHHBIA BBIBOJ
MOJIE3eH TP KOMITO3WIMOHHOM TIOCTPOCHHHM Kajapa Ha
HAYaJbHOM 3Tarle MPOEKTHPOBAHUs (hUIIbMa — packaapoBke. B
3aBHCHMOCTH OT PEXHCCEPCKOW HICH MOXHO HCIIOJIb30BaTh
pasHoe  1BeTOBOe  peuieHHe. Ha  OCHOBaHMHM  3TOrO
cOpMyYITUPOBAHEI HpaKTUYECKHe pEeKOMEH Al uH o
LBETOBOMY PEILICHUIO KHHOKa pa:

1) wucmonp30BaHME pa3HBIX IBETOBBIX PEIICHHN BIMSET Ha
CKOpPOCTh YTCHHS Kajpa 3pHUTENIEM, YTO BJICYET 3a COOOM
BO3MOXHOCTh YIIPaBJICHUS JUTUTEIBFHOCTBIO Kajapa, TO €CTh
B 3aBHCHMOCTH OT PEXHCCEPCKOTO 3aMbIClia MOXHO
LIBETOBBIM pelieHreM yIPAaBIATH JIUHAMMKOM
MOBECTBOBaHUs (HUIbMA,;

2) KOHTPACTHBIC [[BETOBBIC PEIICHHUS CYLIECTBEHHO 00JIEr4aroT
3a7a4y KOMIO3UIMOHHOTO TIOCTPOCHHS Kajpa, MOCKOIBKY
[BET TepellacT TOMOTHUTENLHYI0 HHbopManuio 0 hopMe 1
naeHTHGUKAIMH 00BEKTOB Ka/ipa, TIIyOUHE CIICHBL,

3) mpH UCMOJIP30BAHMU TPUAHOTO I[[BETOBOTO PEIICHUS Kap
moiy4acTcss Hamboee YUTaeMbIM B  YCIOBUSX  €rO
Meperpy>keHHOCTH, OIHAKO TpHaaa SBISIETCs Hauboee
CIIO)KHBIM [[BETOBBIM pEIICHHEM M TPeOyeT TIPaMOTHOTO
COYETaHUss W TapMOHHM3AIlMd TPEX OCHOBHBIX ILIBETOB B
Kajpe.

5. MpakTuyeckas peanusaumsa U anpobauus
pe3ynbTaToB UCCnefoBaHUs

Hosrsle MeToas! 1)poBoil mocToOpabOTKN KHHOMaTepuaia
SIBITIOTCS ~ JIOTUYECKUM  NIPOJOJDKEHHEM  HCCIIeIOBaHUM,
MPEICTABICHHBIX HA MEXIYHApOIHBIX HAyYHO-TEXHHUYECKUX
koHpepeniuax [1, 2] u ony6nMKoBaHHBIX B XypHaiax [8, 11].
[MpennokeHHble  METOABI  BHEAPEHBHI B JabopaTopHH
BU3yaJM3allMM W  KOMObIOTepHOH  rpadukm  CaHKT-
IMerepOyprekoro monurexunueckoro yuusepcurera (CIIGITY)
U YCIIEIIHO anmpoOMPOBAaHBl Ha HEKOTOPHIX HU3KOOIOKETHBIX
BUJICONIPOEKTAX, HAmpuMep, BOCCO3JaHWe TeHeil B (duibMe
«Tenby E. lIBapua.

CdopMynupoBaHHbIE TPAKTUYECKHE PEKOMEHIALUU IO
I[BETOKOPPEKIINH MPUMEHSIOTCS CTYyJEHTaMH U acTupaHTaMH
MPU CO3J[AHMM KOPOTKOMETPAKHBIX (DHIBMOB M PEKIAMHBIX
BUJICOPOJIMKOB TSI €KETOJHOTO MEXIYHApOIHOTO (hecTHBAIL
KOpoTKOoMeTpaxkHoro kuHo Movie Art Fest [9].

6. 3akntoyeHune

Takum oOpa3zoM, B paboTe TMOJNYYEHBI CIICIYIOLIHe
OCHOBHBIE Pe3yNIbTAThl, UMEIOIIE HAYIHYI0 HOBU3HY:!

1) noBast cxema pasmenienust UK MapkepoB, mO3BOJISIONIAs
LETUKOM TIEepedTH Ha HU(POBYIO 00pabOTKYy B BHUPTYyaIbHOU
peanbHOCTH 0€3 MakeTOB M JAEKOpalMd W  HCKIIIOYHUTH
TPYIOEMKHIi 3Tall yJajJeHus CIeJ0B MapKepOB U3 KHHOKAJPOB;

2) HOBBIA 3(PGEKTHBHBIH  METOJ  MOBEPXHOCTHOTO
MOJIENTUPOBaHMsl JUHAMUYECKHX 3D 00BEKTOB IpU pelieHHn
3a/la4d BOCCO3aHUsl TEHEH, KOTOPBIH I03BOJIIET COKPATUTh
00BbeM BBIYHCICHHA B COTHH pa3 0e3 ImoTepw KadecTBa H
PEANNCTHIHOCTH U300paKEeHS;

3) MeToaMKa IPOBEACHHUS U PE3YNIbTAThl CTATUCTUYECKOTO U
BBIYHCITUTENILHOTO SKCIIEPUMEHTOB 110 MCCIICIOBAHUIO BIIMSTHUS
pa3NMYHBIX ~ CXEM  I[IBETOKOPPEKIMH Ha  BH3YaJbHYIO
MIPUBJIEKATEIBHOCTD KaJIPOB ¥ UX BOCIIPUSTUE 3PUTEIIEM;

4) HOBble YHCIEHHBIC KPHUTEPHH OOBEKTHBHOW OIICHKH
WHPOPMATHBHOCTH W TPHUBICKATCIHHOCTH Kajapa, TaKue Kak
KOJIMYECTBO W JJHUTENHHOCTh 3PUTENBHBIX (UKCAUWi H 1p.,
KOTOpBIE HCIIOJIb30BaHbl COBMECTHO C TEXHOJIOTHEH aii-
TpeKHHra sl 0OpabOTKH pe3yJIbTaTOB BBIYUCIUTEIHHOIO

9KCHEPUMEHTA;
5) mpakTHYecKHe PEKOMEHAALMH IO LBETOKOPPEKIHH C
LETBI0 yIAy4LICHHS BOCTIPUSITHS u BU3YaJIbHOM

NIPUBJIEKATEILHOCTY KHHOMATEepHaaa, KOTOPHIE BHEIPEHBI B
mabopaTopuy  BU3yalHM3allid M KOMIIBIOTEPHOH TpaduKu
CIIGITY m HCTIONB3YIOTCS CTYAEHTAaMHM M aCHHpaHTaMH IpH
CO3aHMH  KOPOTKOMETP@KHBIX (UIBMOB M  PEKJIAMHBIX
BHJCOPOIMKOB AT MEXIYHapOAHBIX  KOHKYPCOB  H
KUHO(]eCTHBAJICH.
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Peanucmuunan epagpuxa

KOMﬂbl-OTepHaﬂ rpa(bm(a N KayeCcTBO OCBelleHUsA pearibHbIX OCBeTU-
TeJIbHbIX YCTAHOBOK B CBeTOTeXHUKe

Brnagumup bynak, Bukrop Xentos, Buktop Uembaen
budakvp@mpei.ru | zheltov@list.ru | chembervint@iyown

kadeapa CBETOTEXHUKA

HanwmonanbHelii nuccnenoBarenbckuit yausepcureT "MOHW", Mocksa, Poccus

Coepementble Memoobl MOOCAUPOBAHUS YPAGHEHUS 2100ANbHO20 OCBeUeHUsl, 8 YACHHOCMU, OCHOBAHHbLE HA JOKANIbHBIX OYEHKAX
memooa Monme-Kapno, nozgonsom onpedenums npocmpancmeeHHo-y2n060e pacnpeoeienie SpKocmu 6 npou3eoNbHOl mouke cye-
Hol. DMo omKpuleaen Hoble 8O3MONICHOCHIU NO ONPeOdeNeHUI0 Ka4eCmMEeHHbIX XapaKmepucmux 0CeeujeHusl CyyeHbl NP C6enomexHu-
yeckom npoekmuposanuu. B pabome paccmampusaemcs Hogeili NOOX00 K OnpedeieHuio KpUmepus Kayecmeda 0C6eujeHusl, U 03MoMiC-
HOCMU nepexooa Ha HOBblll YKIA0 NPOeKMUpOSaHUs PeanbHblX 0C6eMUmMeNbHbIX YCMAHOB0K HA OCHO8e OOCMUICEHUI 8 MOOeIUPOoBa-

HUU YpagHeHUsl 2100AIbHO20 0C8eUjeHls] 6 KOMNLIOMEPHOU epaghuxe.

Knrouesvie cnoea: ceemomexnuxa, KomnvlomepHas epagura, Kpumepuii Kayecmea oceelyeHus, ypagHeHue 2100aibHo2o oceelye-

HUs.

Computer graphics and illumination quality of real

lighting systems in

the lighting technology science

Vladimir Budak, Victor Zheltov, Victor Chembaev
budakvp@mpei.ru | zheltov@list.ru | chembervint@igowanm

department of Lighting technology
Moscow Power Engineering Institute, Moscow, Russia

Modern methods of global illumination equation modelling including based on Local Estimations of a Monte Carlo method en-
able us to determine spatial angular radiance distribution in the specified point of the scene. It gives us new possibilities for determin-
ing the qualitative characteristics of a scene lighting in lighting design. This article considers the new approach to determine the
illumination quality criteria and the possibility of switching to a new way of designing real lighting systems based on the achieve-
ments in modeling the global illumination equation in computer graphics.

Key words: lighting technology science, computer graphics, illumination quality criteria, global illumination equation.

1. BBEOEHUE

CBeroTexHHKa —3T0 00J1aCTh HAYKH M TEXHUKH, [IPEIMETOM
KOTOPOH SIBJISIIOTCS HCCIIEOBAHUE TPUHLIMIIOB M pa3padoTka
Cr1oco00B reHepUpPOBaHUs, MIPOCTPAHCTBEHHOTO Mepepactipeie-
JICHUS| U U3MEPEHUS XapaKTEPUCTHK ONTUYECKOTO M3JIyUeHUs, a
Takxke NpeoOdpa3oBaHUE ero SHEPrUU B IPYrHe BBl SHEPTUU U
MCIIOJIB30BaHMUE B LIEJSIX OCBEIIeHHMS [4].

OnIHUM U3 BOXHEHIIMX MPAKTHIECKUX HalpaBlIeHUH CBETO-
TEXHUKH SIBISIETCS IPOSKTUPOBAHUE OCBETHTEIHHBIX YCTAHOBOK
(OY). OcHoBHo# 3amaveit npoektuposanus OV sBisercs orl-
peleieHre THUIa, MOLTHOCTH, KOJIMYECTBa, MECTOPACIIONIOKECHHS
Y OPUEHTAIIMU CBETOBBIX MPHOOPOB, 0OECIICUMBAIOIIMX HOpMa-
THBHBIC CBETOTEXHHWYECKUE TpeboBanus k ganHoit OV [4].
HopMmaruBHble TpeGOBaHUs 3aBUCAT OT OCBEHIaeMOro 0OBEKTa,
M MOTYT, KaK OTCYTCTBOBAaTh BOBCE B OBITOBOM OCBEIICHHUH, TaK
W OBITH KpaifHe CTPOrMMH, Kak, HAIpUMEp, B JOPOKHOM WM
CIIOPTHBHOM OCBEIICHUH.

3anava npoektupoBanus OV mosBHIAch eIle 3a0Jro 0
HOSIBJICHHMSI JJIEKTPUYECTBA, U pelaiach elle BO BpeMeHa 0CBe-
meHust cBedamu. OJHAKO HE TOJNBKO 3aJa4yd YTHJIMTapHOTO
OCBCIICHHS YCIENIHO PEIIANNCh 0 MOSBICHHUS KOMIBIOTEPHOM
TEXHHUKH, HO M 33J1a4¥ JTOPOXKHOI0 M apXUTEKTYpPHOIO OCBELIe-
Hust. Tak, Ha pucynke 1 npexacraBneHa ororpadus apxurex-
TYPHO-XYA0XKECTBEHHOTr0 ocBeleHns: MockoBckoro Kpemis B
1896romy.

Puc. 1. ApXuUTEKTYpHO XyI0XKECTBEHHAsI MOACBETKAa MOCKOB-
ckoro Kpemist B 1896ro1y

Onnako npoektuposanre OV n1o 90X rojoB mpomuioro Be-
Ka MpeCTaBIsuIo co00it HAOOp CIOXKHBIX M3HYPHUTEIBHBIX WH-
JKEHEPHBIX PACUETOB M OYEHb YacTO ONMPAIOCh Ha MHOTOJIET-
HUM OMBIT U WHTYWUUIO MPOCKTUPOBIIMKA.

2. KOMMNbKOTEPHAA TPA®UKA U CBETOTEX-
HUKA

[TostBIICHHE KOMIIBIOTEPOB W PasBUTHE MaTeMaTHYECKHUX
METOJI0B COBEPIIMIIO MOIMHHYIO PEBOIIOLHIO B CBETOTEXHUKE.
OzHako, 3Ta peBooLys OblIa CBSI3aHA C Pa3BUTUEM B JPYroii
00J1acTH — TPEXMEPHON KOMIIBIOTEpHOI rpaduke. OcHOBOIONA-
rafomieit paboToit Tyt sBisiercst cratbs J. Kajia [2],B koTopoit
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(dopmyupyercs ypaBHenue rinobaibHoro ocsentenus (YI'O),
KOTOPOE MOXKET 6LITI> 3alrCaHoO B MIPUBBIYHOM HaM BUJIC

L(r,T):Lo(r,i)+1qSL(r,T')c(r;T,T')(N,T'jdi', @
T

rae L(r,I) —spkocTs cBETOBOrO 1O B TOUKE I [0 HaIlpaslie-

Huio |, o(r;l,1") — koaduitieHT IpPKOCTH BlIEMEHTa MOBEPX-

HOCTHM B TOYKE I B HalpaBJICHUM | Ipu €ro HalpaBJI€HHOM

OCBEIICHUN MapaJule]bHBIM ITy4KOM CBETa B HarpasieHun |,
YacTO Ha3blBaeMas JBYHAIIPAaBICHHOW (YHKIMEH paccesHus
(oTpaskenuss WM npomyckanus), Lo — mpsiMasi KOMIoHeHTa sip-

KOCTH, HEMOCPEJICTBEHHO OT HMCTOYHMKOB, N — HOpmaib B
TOYKE I K DJIEMEHTY MOBEPXHOCTHU CIEHBI. 37IECh U Jlanee Kpbl-
IEYKON Hax BEKTOPOM OyzneM 0003HATaTh €AIUHUYHBIE BEKTOPA.
KoHTypHBIiT MHTETpal B ypaBHEHNH 03HAYaeT MHTETPHPOBAHUE
MO0 TMOJHOMY TEJIECHOMY YTy, SJIEMEHT KOTOpOro 0003HauYeH

4epes d’.

HMeHHO HA MOJIENMPOBAHHIHM 3TOTO YPABHEHHMS ¥ TOCTPOEHA
COBPEMEHHAsI TpeXMepHas KOMIBIOTepHas Tpauka, Tae cTe-
MEHb peajn3Ma BOCIPOM3BEACHUS TPEXMEPHBIX CLEH yXKE BbI-
XOJUT Ha YPOBEHb MOCTAHOBKH BOIPOCA — SIBJISIETCS JIM BHU3Ya-
nu3anus 0ojiee peanrucTdHoM, Hexenn ¢otorpadus [6]. Co-
BPEMEHHOE MOJIETMPOBAHIE OCBETUTENBHBIX YCTAaHOBOK TAKXKe
HEPa3pBIBHO CBSI3aHO C PEIICHHEM YPaBHEHUs TI00aTbHOTO
OCBEIIEHNS, T.€. 110 CyTH, 3aJ[ada BU3yaIn3allli B TPEXMEPHOU
KOMIBIOTEPHON rpa)uke HKBHBAIEHTHA NMPOEeKTHpoBaHuio OY.
OnHako, B CErOTHSIIHEH MHKEHEPHOU MPAKTHKE MOJETHPOBA-
Hue Oasmpyercst He Ha pemreHnn YI'O, a Ha peleHUM ypaBHe-
HMS M3JIy4aTeNIbHOCTH [1] METOIOM KOHEHUHBIX 3JIEMEHTOB [7]

M(r) = Mo(r)+%J'M (rE@,r)er.rd4 ', (2

rae M(r) — ceerumocth B Touke ', Mg(r) — HavyaibHas CBETH-
MOCTh B TOYKE I HEMOCPEJCTBEHHO OT MCTOYHHUKOB CBETA B
TPUOTIKEHIH OJHOTO oTpaxkenus, O(r,r') — GpyHKIms BUIHO-

ctit Touky I u3 Touku ' (1 ecnm BumHa w O ecnu He BHAHA),
F(r,r') — snemenrapusiit popm-¢pakrop [7], o(r) — kosddu-
[IUCHT OTPAXKEHHSL.

Pemenne ypaBHeHHs (2) METOJOM KOHEYHBIX 3IIEMEHTOB
HOIy4UI0 COOCTBEHHOE HA3BAHUE — METOJ H3ITy4aTeIbHOCTH.
Merton cran muins HeOONIBIIOH BeXoi B KOMIBIOTEPHO rpadu-
Ke, OCTaBMB HauboJiee sipKuit ciell B BUIE MPOrpamMMbl MOJIEIH-
poBanusi — Lightscape Onnako, Ui CBETOTEXHMYECKOTO TIPO-
eKTUPOBAHMSI OCBETHUTENBHBIX YCTAHOBOK OH CTall OCHOBOM Ha
MHOTHE TOJIbl, BHIPA3MBIINCH B JIBYX KIIOYEBBIX CHCTEMaX aB-
TOMaTH3UpOBaHHOTO NpoekTupoBaHus — DIALUxX [10] u Relux
[11].

3. MOOENWPOBAHUWE CBETOTEXHWYECKUX
XAPAKTEPUCTUK

Ipu cBerorexunueckom Mozenposanun OV cpenu orpe-
JIETIeMBIX HOPMHMPYEMBIX XapaKTEPUCTHK BBIICISAIOT JBa OC-
HOBHBIX BHJIa — KOJIMYECTBEHHBIE U KauecTBeHHbIE. K Kkosuye-
CTBEHHBIM BEJIMYMHAM MOXHO OTHECTH, B IIEPBYIO OuYepEib,
OCBEILCHHOCTb U SIPKOCTH, & TAKXKE IPOU3BOIHBIC OT HUX BEJIH-
YMHBI — CPEJHSSI OCBEIIEHHOCTh, HEPAaBHOMEPHOCTh, OTHOIIIE-
HMSl MAaKCUMaJIbHOM K MUHMUMalbHOH W T.11. Cpean HopMupye-
MBIX Kau€CTBEHHBIX XapaKTEPUCTHK B WHXEHEPHOW INpaKTHKe
UCHOJIb3YeTCs UL 00bEAMHEHHBIN MoKa3aTeNnb AuckoMdopra
UGR[12]

0.258 Lo,
UGR=8lg L—Z | ®)

a  i=1 i

e L — ApKocTh 61eCKOro HCTOUHMKA, KI/M?, &) — YrII0Boii
pasMep OJIECKOTO MCTOYHHMKA, CTEp, P; — HHAEKC MO3MIMK G-
CKOT0 MCTOYHHKA OTHOCHTEIBHO JIMHWK 3peHus, L, — ApkocTh
azarraimn, Ki/m2

OTMeTHM, 4YTO TJIa3 4eJoBeKa pearupyer Ha SIpKOCTh Ila-
JIAIOIIET0 M3JIyYeHHs, HO HE Ha OCBElIeHHOCTb. [Ipu sTom mis
GouiblIeii YacTh OOBEKTOB HOPMHPYIOTCS XapaKTEpHCTUKHM Ha
ocHoBe ocBenieHHocTH [13]. UckioueHne cocTaBiseT JOpOXK-
HOe M HapykHoe ocBeweHue [14], rae HopMupyeTcs BUIUMAs
a3y XapakTepucTuka — sipkocth. [Ipu 3TOM Inpm pacuerax B
Hapy>HOM OCBEIIEHUM CUUTAETCS, YTO BIMSHUE MHOTOKPATHBIX
OTpaKEHUI CBETa MUHUMAJBHOE, U OHO HE yUHUTHIBACTCS.

CuTyauust BBITJISAMT CTPAHHO, TJla3 YEJIOBEKA BHIWT sp-
KOCTb, & HODMHPYETCSl B OCHOBHOM HEBUIMMasi MHTErpajbHas
XapaKTepUCTHKa — ocBeleHHoCTs. Ho, TeM He MeHee, oHa Jier-
KO OOBSCHMMA, €CIM YYeCThb, YTO HOPMATUBHBIC TOKYMCHTHI
pa3pabaTbiBAlIMCh BO BPEMEHA MHKCHEPHBIX METOIOB MOJICIIH-
pOBaHMsl, Koraa OblUT BO3MOXKCH JIMLIb PACYET OCBEILICHHOCTH B
OPSMOM CBETE€ M YYeT MHOTOKPATHBIX OTPAKCHUH 4epe3 Hc-
H0JIb30BaHKe NPUOIIMIKEHHBIX PAcueToB, HAIPUMEp, 4epes3 Ko-
s dunrents ucronp3oBanus [8].

He yZ[PIBPITeJ'ILHOﬁ TYT CTAHOBUTCA W CUTYallus, Korja B
KOMHLIOTepHOﬁ rpa(bm(e Co3JlaHbl METOAbl HECMCIICHHOI'O
MOACIIMPOBAaHUA YpaBHCHUSA r100aJIbHOTO OCBEIEHUS, TT03BO-
Jst MOJACIIMPOBATE SIPKOCTh. A B CBETOTEXHHUKE, B 3TO Bpems,
MOACIIMPOBAHUEC ITPOBOJAUTCSA Ha OCHOBE YpPAaBHCHHUS H3J1yda-
TeNLHOCTH. Benp neiicTBUTENIbHO — 3aueM MOACJIMPOBATH Ap-
KOCTB, €CJIM HOPMUPYETCA OCBeH.[eHHOCTL?

OTMeTUM, 4TO B HACTOsIIEe BPEeMs Hadall akTUBHO pa3BHU-
BaThCd HOBBIA MpoaykT ansi mojenuposaHus OY — DIALux
Evo, ocHoBaHHbIi Ha MoaenupoBanuu YI'O ¢ Mcnonb30BaHUEM
(oToHHBIX KapT. UTO MO3BOIISET MOIEIUPOBATH YK€ HEMOCPE-
CTBEHHO SIPKOCTH, OJIHAKO IIMPOKOTO PACIPOCTPAHEHMSI B WH-
JKEHEPHOM TIPaKTUKE Ha CErOJHSLIHUN JieHb oH He Hamen. K
TOMY e, ero IMOsBJICHHE JIUIIb MepBas Bexa B BO3MOXKHO Ha-
YaBIIeMcs Mpoliecce MepecMOTpa METOJOJIOTUH TPOSKTUPOBA-
nun OY ¥ 1epexoqy K HOPMHPOBAHMIO MCTUHHOW BHIMMOM
XapaKkTePUCTHKN — SIPKOCTH.

4. AAIPKOCTb - HA NYTU K KAYECTBY OCBE-
LLEHNA

DeHOMEHATBHOE PA3BUTHE MATEMATHYECKMX METOJIOB U all-
TOPUTMOB peIIEeHNs] ypaBHEHHs riobaibHoro ocsenieHus (1) B
KOMITBIOTEpHON Tpadke MO3BOJISET YKE CEroIHs NepeiTu B
CBETOTEXHHUKE K MOJICTTMPOBAHUIO HETIOCPEACTBEHHO SPKOCTH H,
KaKk CJIeJICTBHE, K BO3MOXKHOCTH MEpexoja OT HOPMHUPOBAHMS
OCBEIICHHOCTH K IpKocTH. OHAKO MOA0OHBIHM MEpexo caM Mo
cebe He MMEET [IEHHOCTH. DTO MOXKHO HAaOMIOATh Ha MPUMEpPE
pazsutust DIALux Evo. IIporpamma mo3BoiseTr cumrarh sp-
KOCTb, HO YTO Janblle ¢ Heil Aenars? Ha Hamn B3MUIsz, cileayo-
MM IIaroM B Pa3BUTHH CBETOTEXHUYECKOTO MOJEITUPOBAHMS
JIOJDKEH CTaTh MEPeXoJ| K MPOEKTUPOBAHHUIO HE Ha 3aaHHbBIC
KOJIMYECTBEHHbBIE XapaKTEPUCTUKK (CPETHIOI OCBEIICHHOCTb,
HanpuMep), a Ha 3alaHHOE Ka4eCTBO. YUHUTBIBAsS, YTO KaK ObLIO
CKa3aHO BBIIIE, B COBPEMEHHOM MPOEKTUPOBAHUHU HCIIOJB3YET-
¢Sl TOJIbKO OOBEIMHEHHbIN MoKa3aTels AuckomdopTta, B Hamen
npenplayneit pabore Mbl cOpMyITMPOBATIM HOBBIA MOJIXOA K
ompeseneHno kadecTBa ocsemenus [5]. IMoaxon ocHoBaH Ha
NPEJICTABJICHNN KauecTBa OCBELICHHUS B BUIIE OJHOTO YHMCIIA.
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Q p(x, y)h(x, y)dxdy , “

_ 1 Ilgrad-(x,y}
AK,, C

re X, Y — KOOPAHHATHI TOYKHM Ha MPOCKINK CIIeHbI (TPOCTpaH-
CTBO M300paxkeHus1), L — sipkocTh NaHHOM TOYKM B HaIpaslie-
HUM HaOmoseHus, L — CpeiHss Mo MOJIO 3PEHHs SPKOCTh,
p(X,y) — HekoTopasi BecoBasi (pyHKLIMSI, YUUTHIBAIOLIAsT PA3IIY-
HBIM BKJIaJ B PEAKLMIO TNIa3 TOYEK, PACIOJIOKEHHBIX B LIEHTPE
HOJISL 3pEHUsT M Ha nepuepur, Tak Kak IUIOTHOCTb KOJIOOYeK
HaOosbias y 3putensHoit ocu [3], h(Xy) — dyHKIWMs y4uThI-
BAIOLIAsl 3HAYMMOCTb TOW WM MHOM TOYKH IS KA4ecTBa OCBe-

meHus, A= I dxdy , Kpop — MOPOTOBBIK KOHTPACT, ONpeelise-
MBI CBETOTEXHUYECKOM 3a/1aueid.

[pennoxenuslii kpurepuii, B orimure ot UGR, yuntsiBaeT
MOJIHOE  MPOCTPAHCTBEHHO-YTTIOBOE paclpeesieHne sSPKOCTH
JUIS 3aJlaHHO¥M Touku Habmozaenws. Tak, wanpumep, B UGR
BOMJIET SIPKOCTD Lj — HEMOCPEICTBEHHO OT TOUEYHOTI'O UCTOYHHU-
Ka, TOMAJAIONIEro B 10J€ 3peHHMs, HO BOT O1uk Ha Juddys3Ho-
HAINpaBJIeHHO OTPaKAIOIIEH MOBEPXHOCTH OT 3TOT0 MCTOYHHKA
yXe He Boiiaer B pacuer koddduunenra. XoTs 04€BUIHO, YTO
BIIUSIHUE 3TOTO OJIMKa MOXKET OBITh CYIIECTBEHHBIM.

PaccMOTpUM BapvaHT BO3MOXKHOW METOJIMKH TPOEKTHPO-
BaHM Ha 331aHHOE KaYeCTBO B COOTBETCTBHH C MPEUI0KEHHBIM
kputepreM. B cueHe BbIOMpaeTcs psJl BHJIOBBIX TOYEK, JUIS
KOTOPBIX OyJIET ONpeNeNsThCsl KauyecTBO ocBelieHus. Ecim to
paccmaTpuBarh Ha IpUMepe YueOHOH ayANTOPHH, TO TaKOBBIMU
TOYKaMU MOTYT ObITh pabodee MeCTO IpernojxaBarels y JOCKH,
HapThl ¢ BUAOM Ha jocky. Ilocie yero, s JaHHBIX BUJIOBBIX
TOYEK PACCUMTHIBAECTCS YIJIOBOE pactpeaeseHue spkoctu. s
BCEX IOBEPXHOCTEH CILIEHbI 3a1aeTcs BECOBOH Kod(uImeHT
h(x,y), yauTbIBaronMii cTerens 3HAYUMOCTH KayecTBa OCBelle-
HMS JUISl TOM WM MHOM noBepxHocTH. [Tpumep 3ananust kodd-
(uIMeHTa 3HAYMMOCTH U1 ayIMTOPUM NPHUBEICH HA PUCYHKE

Puc. 2. 3ananue koappuimenta 3uaunmoctu h Ha npumepe
yueOHO aytuToprn

OtmeTuM, 9T0 K03()(PUIMEHT MOKET OBITH 3a/laH KaK HEMo-
CPEICTBEHHO B MPOCTPAHCTBE M300paxkeHuii (X,y), Tak U Hero-
CPEICTBEHHO B MPOCTPAHCTBE TPEXMEPHOM CLEHBI, U IOTOM
MepeBe/ICH B MPOCTPAHCTBO M300paXKEHUM I KaKI0M BUIO-
Bo¥ Touku. ITocae 4ero Mel MOXEM BBIYUCINATH 3HAYCHHE Kpu-
TEpUS KauCCTBA Q JUIsL Ka)KI[Oﬁ W3 BUJOBBIX TOUYCK U YCPECAHUTh,
BO3MOXHO, C HEKOTOPBIM BecoM. [lomydennoe 3nauenne Oynaer
CIOCOOHO OTBETHTH HA BOIIPOC — XOPOIIO WM IIOXO OCBEIIAET
YCTaHOBKA, 4YTO B KOMILJICKCE C HOpMHpOBKOﬁ Ha KOJINYECCTBCH-
HbIE XapaKTePUCTHUKM (HAIpUMep, CPEIHIOK OCBEIICHHOCTD)
JOJDKHO JaTh I/IC‘{CpHLIBaIOH_II/Iﬁ OTBET O Ka4vCCTBC CO3Z[3HHOI7I
YCTaHOBKU.

5. BYAYLWIAA PABOTA

CdopMyarpoBaHHBIN MOIXOA K KPUTEPUIO KAa4eCTBa OCBE-
[IEeHNs], OCHOBAHHOMY Ha aHaJM3€ MPOCTPAHCTBEHHO-YTIOBOTO
pacmpesneneHns IPKOCTH, HEPA3PhIBHO CBSA3aH ¢ HAOMOAATENeM,
a, CIeA0BATENBHO, M €r0 TICUXO(QU3UIECKIM BOCTIPUATHEM. JTO
TpeOyeT IKCIEPIMEHTATBHBIX UCCIECTOBAHUN IS OTPEICICHUS
MOPOTOBEIX BEIMYMH M BO3MOXKHBIX HOPMHPOBOK. B pamxax
Hame#f paboThl MBI HayaliM MWCCIENOBAHME MOPOTOB B 30HE
koMpopT-nuckoMPOpT TpU HAOMOJCHUN OJECTKUX HCTOYHU-
koB [9]. Onanako, HaTypHbIE SKCHEPUMEHTBHI MPEICTABISIOT
OUYEBHAHYIO CIOKHOCTH, TIO3TOMY MBI BUANM JaibHeiimee pas-
BUTHE WCCIIENOBAHNI KPUTEPHS KadeCTBa HE TOJBKO B WX IPO-
JOJDKEHUH, HO ¥ B aKTUBHOM HCIOJIE30BAaHUN KOMITBIOTEPHOTO
MOZEINPOBAHUS TPEXMEPHBIX CIICH.

B sTOM ciyqae MBI IIpearnosaraeM BO3MOKHOCTh MCKYCCT-
BEHHOI'0 CO3JaHMs 3aBEJOMO <IUIOXUX» U <XOPOIIUX» CLEH C
TOYKM 3PEHMs] KaueCTBA OCBELIEHMSI, OCHOBBIBAsICH HA HEKOTO-
pBIX CcyOBEeKTMBHBIX Kputepusix. Ilocme wero B oTmx cueHax
MOXeT OBITH pacCUWTaH MPEIIONKEHHBINH KpUTepwif. A manee,
MIPENBSIBISS 3TH CLIEHBI HAOMOJaTeNsIM U OIEHKH KadecTBa
OCBEILEHHUs], MOXKET ObITh COIIOCTABJIEHA IIKAala, MOIy4YeHHAs
TIPY pacdeTe KPUTEPHs 1 IIKajTa HAOMOAaTes.
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MporpamMmHas moaesnb NUH3bI ANst 06paboTKM nyvyen NIMHENHO
NonsApu3oBaHHOro cBeTa

B.A. Jle6enos*?, K.I'. Kymnep?
debelov@oapmg.sscc.ru | kushner.k.g@gmail.com
! MucTuTYT BRIYHCTUTENBHOM MaTeMaTuKK 1 MaTeMaTideckoii reodmsuxu CO PAH, Hosocubupck, Poccus;
2 Hosocubupckuii rocynapcTenssii yausepeuteT, Hopocubupck, Poccus

JIunza — 0OuH U3 OCHOBHbBIX 00BEKMO8 8 OnmuKe, OHA 8 OOCMAMOYHOU Cmenenu NpopabomaHa 6 Gomopearucmuieckol
KOMNbIOMEPHOU 2paduke, NOCKOAbKY sKkaouaemcs 6o muozue 3D cyenvl. B cmamve paccmampusaemcs paspabomra Mooenu IuH3bl
0151 KOHKPEMHO20 NPUMEHEHUs, d UMEHHO: JUH3bl 8 COCMABe NONAPUSAYUOHHOLO MUKPOCKONA (Ul NOAAPUCKONA), K020d HAOO
yuumosleams NOAAPU3AUUIO C6EMA U KO2EPEHMHOCMb Nyuell npu pacieme unmepgepenyuonnvix kapmun. Tem ne menee, 0aHHas
MoOenv npedycmampueaem 601ee wWuUpoKoe, 0adce YHUBEPCATbHOe, NpumeHeHue. Xoms npediazaemvlii NOOX00 OMHOCUMCSA K
Peanucmu4eckoil KOMnbIOMepHol epapuxe, npu SMOM JUH3A He HOOCYEHA (NOOMHONMCECEO NPUMUMUBOS), 4 dNeMEHI CYeHbl HaPAJY
¢ Opyeumu NPUMUMUEAMY, OZPAHUYEHHBI O08YMA «NPO3PAUHBIMUY COepUHecKUMU NOBEPXHOCMAMU U HENpO3PaAuHOl OOKO80U
nosepxHocmvio  (Yuaunodp, Kouyc). Paspabomannas npocpammuas moolenv JIuUH3bL npeodpazyem 6XOOHOU VY  JUHEUHO
NONAPUZ0BAHHO20 CBEMA 8 BbIXOOHOU VY C CKOPPEKMUPOBAHHBIMU UHMEHCUBHOCbIO, COCIOAHUEM NoJapusayuy céema u Qasou. B
OaHHOU pabome MOOeNUPYemcs IUH3A 8 PedcuMe, K020a MOJICHO He yuumvléamyv 3¢ghexm ouppaxyuu cgema.

Knrouesvle cnoea: nunsa, iunelinas noaspu3ayus ceema, onmuyeckas OUucnepcus, pomopeanucmuieckuil penoepune,
mpaccuposka yuetl, ROAAPU3AYUOHHBLEL MUKPOCKON.

Lens model to process linear polarized light

V.A. Debelov'?, K.G. Kushner?
debelov@oapma.sscc.ru | kushner.k.g@gmail.com
L Institute of Computational Mathematics and Mathematical Geophysics SB RAS, Novosibirsk, 630090, Russia
2 Novosibirsk State University, Russia

A lens is one of main objects in optics; it was quite sufficiently elaborated as a subscene of 3D scenes in the realistic rendering. In
this paper, we consider a development of a computer model of a lens to be a part of a computer model of a polarizing microscope (or
polariscope), i. e., a model that takes into account polarization and coherency of light rays to provide computations of interference
pictures. Lens geometry is a volume bounded by two transparent spherical surfaces and an opaque side surface (cylinder or cone); it
is implemented as a single primitive of 3D scene along with other primitives like surfaces. An implemented lens model transforms an
incident linear polarized light ray to outgoing rays with corrected intensity, polarization state and phase. Note that an effect of
diffraction is not taken into account.

Keywords: lens, linear polarization, optical dispersion, photorealistic rendering, ray tracing, polarizing microscope.

BKJTFOUCHUH u pacceuBarommx 3JICMECHTOB, OINTHYCCKHU

1. BBegeHue

PazpabaTbiBaemast Mojenb JIMH3BI OPHEHTHPOBAHA Ha e€e
NpUMEHEHHEe B KOMIIBIOTEPHBIX MOJENSX TAKUX ONTHYECKHX
YCTPOMCTB, KaK THOJSPUCKON  WJIM  MOJAPHU3ALMOHHBIN
mukpockonn  [17]. B 3THX yCTpOWCTBax  CyIIeCTBEHHAS
cyOCTaHIMSI — OTO TOJSIPHU30BaHHBI CBeT. TOJNBKO ydeT
NONSPU3ALMK  CcBeTa W (HU3WYECKH  KOPPEKTHOE  ee
npeoOpa3oBaHue MOJENBIO JIMH3bI MOXET 00ECIeYHTh pacyuer
UHTEP(QEPEHIINOHHBIX H300paKeHUH (OPTOCKOIHMYECKHE |
KOHOCKOIIMYECKHE KapTUHBI) MPO3padyHblx cpen [2], mms
HaOJIOACHNST KOTOPBIX 3TH yCTPOICTBA U MpeTHA3HAYCHBI.

Ha pumc. 1 mnpuBeneHa onrtudeckas CXeMa THIIHYHOTO
TOIPU3AIMOHHOTO MHKPOCKOIA, M3 KOTOpPOHl BHAHO, 4TO,
HauMHas OT TONApU3aTOpa, M Jajiee BBEPX II0 CXEMe
pacnpocTpaHsieTcss JMHEHHO MoJIIpH30BaHHBIH cBeT. Habop
JMH3 JIOCTAaTOYHO pPa3HOOOpa3eH € IeOMETPHYECKOH TOUKH
3peHus. JIuH3a He oOJIHA, M OHHU pasHble, IOITOMY JUIs
KOMITBIOTEPHOTO MOJIETTHPOBAHHUS MHKPOCKOIIA TIOJIE3HO MMETh
eIMHYI0O KOMIBIOTEPHYIO MOMAENs JUIi IPO3PAYHBIX, B
OCHOBHOM, c(epuueckux JmH3. Ha mpaxTuke BcTpedaroTcs u
Ipyrue, HampuMep, acdepudeckue IHMH3BI, HampuMmep, B
KayecTBe HIDKHEH JIMH3BI KOHJAEHcopa Mukpockoma. Ho
ucciaenyeMblii B paboTe KJAcC JOCTATOYHO MLIMPOK H
YZIOBJIETBOPSET LESIM U3Y4eHHS U pa3pabOTKH KOMIIBIOTEPHOU
MOJIE/IU NEeTPOrpauuecKoro MUKpPOCKOIA.

PazpabaTbiBaemMast Mojenb JIMH3BI OpPHEHTHPOBAaHA Ha
HAeaTbHOE B HEKOTOPOM CMBICIE CTEKJIO 03 KaKUX-JIHOO

OZIHOpOJHOE, OeccBHIbHOE, 0e3 Iy3bpel M BKIIFOYECHHH, 0e3
IBOIHOTO ITydenpenomyieHust (T.e. 0e3 HampshKeHHi), HO
BIOJIHE pealbHOE U  TMOJSPU3ALMOHHOTO  MHKPOCKOIA,
noapobHocTH cM. B [14]. Pabora JMH3BI paccMaTpUBAeTCs B
ONITHYECKOM JIMAMa30HE IEKTPOMArHUTHBIX BOJH 380—780 HM,
CTEKJIO JIMH3Bl CUUTAETCS OJHOPOJHBIM M B pPaMKaxX MOZEIH
YUYHUTBIBAIOTCS TOJBKO CIEAYIOIIUE OINpe/eisieMble MapKon
CTEKJIa TTapaMeTpBI:

1. Cnextp unnexca pedpakiun (okasaresns MpeJOMIICHNS).
2. Cnektp xo3pduuueHTa MNpPOIMYCKaHUs CTeKJa  WIH

TIOTJIOLICHUSL.

Taxum oOpa3om, 3amada JaHHOW pa3pabOTKH — CO3[aHWE
KOMIIBIOTEpPHOH MOJIEIN JIMH3BI, MOMEIICHHONH B ONTHYECKH
H30TPONHYIO MPO3PayHyl0 cpeny, (U3MYECKH KOPPEKTHO
oOpabaTbiBaoleld  Majarollde Ha Hee JIydd JIMHEHHO
MOJISIPU30BAHHOTO CBETa M OOCCICUUBAONICH B JalbHEHIIEM
HEOOXOQUMBI M JIOCTAaTOuUHBIH  Oa3uc musg  pacyera
OPTOCKOITMYECKUX W KOHOCKOIMYECKHX HHTEeP(EpEeHINOHHBIX
KapTHH.

2. Mogenb NUH3bI

Pa3spaboTtansl reOMETPUIECKHE MOJIENH JIMH3!
Ki1accuueckue ToHkue JuH3bl [13], Toncthie nuH3BI [5] WM
JIpyrue KOHKPETHBIE MOJENH. B 3THUX Mopensx JHH3a
paccMmaTpuBaeTcsi Kak €AWHBIA 00BEKT, MpeoOpa3yromuii
MPOXOAAIINI dYepe3 Hee CBET B OCHOBHOM IO 3aKOHAaM
TeOMeTpHYecKol onTuku. TeM He MeHee, IpPH pPEIICHUU
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KOHKPETHOMH TIPUKJIaTHO 3aja4y, Kak TIPaBHIIO,
OOHapyXMBaeTCs, 4TO HyXHas HH(popMmarus pa3bpocaHa 1o
UCTOYHMKAM MM, BOOOIle, HE IMOJNHA, MM TpedyeMbIM
napaMeTpaM JIMH3bl He yIelsuloch BHUMaHus. Hac B cBs3u ¢
pemraeMoi 3ajayeil MHTEPECYIOT JMH3bI, UMEMLIHe B o0uieM
cllydae TeOMETpHIO, IIOKa3aHHYyI0 Ha puC. 2, T.e. [Be
cepryeckue MOBEPXHOCTH M OOKOBas IMIMHAPUYECKas WIH
KOHHMYecKast noBepxHocTb. Cdepudeckue MOBEPXHOCTH MOTYT
BBIPOKIAThCA B ITIOCKOCTH.

Puc. 1. Onrryeckast cxeMa THITMYHOTO MHKPOCKOTIA —
MOJSAPU3AMOHHOTO AopoxkHoro MII/I-1: 1 — 3epkaino; 2 —
MOJSIPU3ATOP; 3 — KOHACHCOP; 4 — 00BEKTUB; 5 — OKyIsAp; 6 —
mpu3Ma; 7 — aHaIu3aTop; 8§ — KOMITIEHCAIIOHHAS TNTACTHHKA; 9
— HpHUCOoBas anepTypHas auadpparma; 10 — ncciemyemorit
obpaser (mpenapar); 11 — nun3a beprpana; 12 - nuadparma.

Puc. 2. PaccmaTpyBaeMble TUITBI JIMH3.

B cBs3u ¢ TeM, 4TO Hallla OCHOBHAS 3a/1aua B 3HAYMTEILHOU
Mepe OTHOCUTCS K OONacTH KOMIBIOTEPHOW TrpaduKH, MbI
OCTAaHOBWJIMCH Ha  TEOMETPHYECKOH  MOAENH  JIMH3BI,
OTIMCHIBACMOW HAa0OPOM TIOBEPXHOCTEH, OTpPaHUYMBAIOIINX
Cpefy ¢ OIpPEACICHHBIMH ONTHYCCKIMHU XapaKTEPUCTUKAMH U
MPECTaBILIIONIYIO TMOACHeHy Oojxee obmei 3D croensr. Ha
AHAJIOTMYHOM TMPEICTABICHHH OCTAHOBUWIIUCH Pa3pabOTUNKU
OJIHOM M3 CaMbIX MOIIHBIX CUCTEM OINTHYECKOro Au3aiiHa ASAP
[8]. Hecomuenno, B pamkax ASAP ObUIO CleaHO MHOIO€ M3
TOTO, YTO MOTPEOOBAIOCH PEIIATh HaM, & UMCHHO: TPACCHPOBKa
B ONTHYECKM H3OTPOIHOM  Tpo3padyHod  cpelne  Jiyda

MONISIPU30BaHHOTO cBeTta [6]. ApantupoBate ASAP  He
MIPEACTABISCTCS. BO3MOXHBIM MO CIEAYIOIUM IPHIMHAM.
CucremMa OdYeHb T'POMO3JKa U JIOpPOTras, OPUCHTHPOBaHA Ha
MOCTPOCHUE (TEOMETPHYECKOe MOJENMPOBAHNE) M  pacdeT
HEOONBILIOTO YHCNIA IyTel U Jyded cBeTa B  CJIOXKHOM
ONTHYECKOl CHCTeMe, a He Ha MONy4YeHHE H300paKeHHH.
ANTOpUTMBI, TPUMEHSEMble B HEH HE OINHUCAHBI, I03TOMY
HeNb3sl BOCHOJIB30BAaTBCS HX HapaboTkamMu 1o  cOopy
HEOOXOIMMBIX MATEpPHAIOB U MPUHSATHIX PEIICHUSX.

B pemakTopax  TpeXMepHOH  OOCTaHOBKHM  MOXHO
copMHpOBaTh IUH3Y B KaUECTBE OJHOTO M3 OOBEKTOB CIIECHEI,
3aTeM IepenaTh B CHCTEMY PCaMCTHYECKOI BU3yalH3alud —
pernep. Otmerum, uto B onucaHuu 3D clueHsl, neperaBaeMoM
CYLIECTBYIOLIEMY  pCHZAEpPY, OIMCAaHHE JMH3bI  Oyz;er
pa3BEepPHYTO B HAaOOp OMHUCHIBAIOIIMX €€ MOBEPXHOCTEH, T.e.
MOBEPXHOCTHBIE TNPHUMHTHBBI, OIMCHIBAIOIINE JHUH3Y, OyIyT
BXOIUTh HAapsAy C NPUMHTHBAMH, OIMCHIBAIOIINMHU JpPYyTrHe
00BeKTH. B kommbroTepHoit rpaduke MMH3BIL, Kak MPaBHIIO, HE
BBIIIETIAIOTCS 0c000 B CIleHe, HampuMep, cM. pabory [12], B
KOTOPOH HCCIIERYIOTCS ONTHYECKHE YCTPOWCTBA, KaK OOBIYHBIC
cueHsl. Cawmplii THaBHBIH  (akTOp, HE  MO3BOJIIOMIUN
HCTIONBb30BaTh ~ KakHe-TMOO  pEeHAepbl  OTKPBITHIE U
KOMMEpPUECKHE, 3aKII0YaeTcsi B TOM, YTO OHM BooOIIe He
YUHUTBIBAIOT MOJISIPH3AIMIO CBETA TP TPACCUPOBKE JIydeit.

Puc. 3. [TognepeBo TpacCHpPOBKY JTydel BHYTPH JIMH3BL.
31ech MBI JOJDKHBI BEPHYTHCSI K OCHOBHOMY HA3HAuUCHHUIO

pa3pa6aTLIBaeM0ﬁ MOACIUW JIMH3BI — JIMH3a B COCTaBC
neTporpa(bI/IquKoro MUKPOCKOIIa, KOTOpBIﬁ, o CyTH, COCTOUT
B OCHOBHOM H3 JIMH3 — SABJIACTCA KOHBSﬁepOM JINH3,

00pabaTeIBaOIIUM JTy4d cBeTa. biocc [2] Ha3Bam MHUKpOCKOI
ONTHYECKOH TpyOoil. B cBsa3m ¢ sTM HabmoneHunem u Obuia
MOCTaBJIEHA 3ajada pa3padoTaTh MOJENb JMH3BL, OMHCAHHE
KOTOPOH  SBJISETCS TPaAWIHMOHHBIM JUII  KOMIIBIOTEPHOU
rpaduky, HO JIMH3A NIPH 3TOM PacCMaTPHUBAETCS KaK OT/IEIbHBIN
HEJICUMbII 00BEKT — MPUMHUTHUB 3D CIIeHBIL.

3. O6wee onucaHue
Moayns NUH3bI

(byHKLIMOHMpPOBaHMUs

PaccmMorpum  mpomecc  B3auMOJEHCTBHS  JIMH3BI  C
OKpYXCHHEM TIPU TpaccupoBKke mydeit. Ha puc. 3 mokaszaHo, kKak
Majaloliuil Ha JIMH3Y Jy4 IMOPOXKIAET LEJI0€ JEPEeBO JIydew.
OmuuM n3 TpeboBaHHH Ha pa3pabOTKy MPOrpaMMHOTO MOMYJIS
nuH3bl (IIMJI) Obuta yHHBEpPCaNIbHOCTH €r0 NMPHUMEHEHUs, T..
eIMHBbII MOIynb AT HCHOJB30BaHUS B Iporpammax,
OCYIIECTBIIAIONNX KaK NpsAMyl0 mpaccupogky Jyded, Tak M
obpamuylo. PaccMaTpuBaeTcst Ba BO3MOXKHBIX BapHaHTa
peanu3anuu: 1) IIMJI, opopMIIeHHBIII B BHUAE
CaMOCTOSITEIBHOTO ~ HPOTPAMMHOTO  MOXAYIS  C  9YETKO
CenU(pUIUPOBaHHBIM  HWHTepdeiicoM W yImpaBIsIeMBIi
HekoTopoi mnpukiaaHoii mporpammoi (TIIT), xoropas cama
pelraeT Kakue BBIXOAHBIE Jy4d HEOOXOIMMO eH BEepHYyTh, a
kakue urnopuponats; 2) [IMJI sBnsiercs vacthio kona I1I1, B
HallleM cllydae — IpOorpaMMbl, OCYIIECTBISAIOIIEH ynpaBieHHe
paboroii koHBeliepa 0OpaboTku nydeld cBera. B manpHeimem
OIMCAaHMU He Oy/ieM pa3iindaTh BApUaHTHI pean3alliH.

IIpsimas TpaccupoBKa (JIydu OT HCTOYHHKA B creHy). [lox
MPSIMOM TPACCHUPOBKOH Jydell mpu pacyere U300paKeHU CIieH
MIOHUMaeTCA METO[, KOTAa MCXOAHBIE Jy4d I'€HEpUPYIOTCS Ha
UCTOYHHMKAX CBeTa, Jajee OTCIEXKUBAIOTCA HX IIYTH,
BO3HMKAIOIIME 3@ CYeT OTPaKEHUS U MPeJoMJICHHS Ha
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TIOBEPXHOCTAX CLEHBI JO TEeX IOp, TOKa OHH HE JOCTUTHYT
IDIOCKOCTH n300paKeHUS (3kpana) hi12 () Ipyrou
perucTpupyomei moBepxHocTy. IIpsiMast TpacCHpOBKa B CBSI3H
C €€ WCKIIOYHTCIIBHOH TPYJOEMKOCTBI0O B KOMIIBIOTEPHOI
rpadyike He NPUMEHSAETCS Ul MOJIyYeHUs H300paKeHus, OHa
UCIIONB3YeTCs 4acTO B KayeCTBE BCIIOMOTaTeIbHOTO 3Tama Ajis
MEPBUYHOTO paclpeieNieHlss OCBEIEHHOCTH 110 MOBEPXHOCTAM
CIICHBI, HaIIpUMep, B BUJE KapT OcBelleHHOCTH [1]. Mukpockomn
TIPEACTABISICT CICNU(PUIECKYI0 CIEHYy — T'€OMETPHUYECKH 3TO
moytn Tpyba (pmc. 1) ¢ pasHBIMM  TIPO3PavyHBIMU
nmeperopogkaMu  (MH3aMH). Bce myTrm oT  HCTOYHHKA,
BEIXO[SINME 3a Tpemensl o0beMa ONTHYECKOH  TpyOBI
MHKPOCKOIa 4YacTO MOXKHO HTHOPHPOBAaTh, 4YTO IO3BOJISIET
coOpath JIy4u, JOMIEIINE A0 OKYJIpa, 32 IPUEMIEMOE BpeMsl.
Koneyno, HeoOXOAMMO [ONOTHUTENBHO pellaTh 3a4ady
BIUSIHUSL PACCEIHHOTO CBETa, €CIM TaKOBOM Cllydaercs,
TaJIafoIero Ha paccMaTpUBaeMbIi npenapat/obpasen. B memom
TIpsiMasi TPACCHPOBKA MOXKET CITY>KHTh JUISL BBIYHUCIICHUS OLIEHKH
pa3nuYHBIX 3()(GEKTOB M MapaMeTPOB ONTHYECKUX IIEMEHTOB.
Hampumep, npu moMomm TpsSMOM  TPacCHPOBKM  MOKHO
HPOCYMUTHIBATh Takue OSOGEKTbI KaK CTENeHb W 30HBI
BHHBETUPOBAHUS OOBEKTHUBA.

OOpaTHass TpaccupoBka (0T HaOIIomaTens B CLEHY).
Knaccuueckmit  mpumep — 3TO  airopuT™M  OOpaTHOM
PEKYpCHBHOM TpaccHpoBkH Jydeil Burrema [9] — camsiil
HCTIONB3YEMBIH JUISL pacdeTa pPealuCTHUSCKUX H300pakeHHit
anroputM. Paboraer B iBa srama. Ha mepBoM 3Tane u3 kamepsl
Yyepe3 IHKCETb dKpaHa BBITYCKAeTCs Jyd, U CTPOUTCS AEPEBO
pPEHIEpUHIa aHAJOTUYHOE JepeBy MpsAMOH TPacCHpOBKH,
JIMCTBSI KOTOPOTO — 3TO HUCTOYHHUKU. YacTb BeTBeH 0OpbIBaeTCs
B CBS3M C YXOIOM Jyda 3a Mpejenbl CLEHbl HIH, KOraa
ucyeprnaHa 3ajaHHas TiyOuHa JepeBa. Ha BTropom srame
OCYIIECTBIISIETCS] COOp SHEPTHH, KOTOpask M0 MCXOTHOMY JIydy
npuzeT B kamepy. s 3TOro epeBo MpoXoAnuTcs B 00paTHOM
HaIpaBJICHUH — OT JINCTHEB K KOPHIO, TIPH 9TOM B K)XKIOM y3IIe
00BeINHSCTCS SHEPT s IOTOMKOB M IIEPEAASTCS POAUTEIIO.

OCHOBHOI TMapameTp JIrOPUTMOB TPACCHPOBKH — 3TO
ry6uHa nepeBa pemmepunra (1 : WeM oHa MeHbINE, TeM
ObIcTpee paboTaeT pacueT. IHTYUTHBHO SCHO, YTO YeM Jaiblle
JIMCT HAXOAUTCSl OT KOPHS JiepeBa, TEM MEHBIIE BKIIAJA 3TOTO
JHCTa B OOIIYIO SHEPTHIO, T.K. OHa YMEHBIIAETCS MPH KaXIOM
oTpakeHnH uin mpesnomiieHnd. C Ipyroil CTOPOHBI, yMEHBIIHNB
rIyOMHY B Yroxy CKOPOCTH pacdera, T.e. 00OpBaB BETBH,
HayMHas C HEKOTOPOrO YPOBHS, MOXKHO IIOTEpSTH JIUCT,
KOTOPOMY COOTBETCTBYET OYEHb MOIIHBIH NCTOYHYIK.

B camom o6mem ciayqae [TMJI Ha 0CHOBe MagaroMmIero Jyva

u  samaEHOM ToryOmmer  d1 obpabaTeiBaeT Bce Ty,

BEIXo/AmIHe BoBHe. Ha puc. 3 d1' = 5. TIMJI mo kaxmaoMy
MOPOXKAECHHOMY JIydy BbI30BeT crenuduippoBanasie B 111
(yHKIUH W 3aPOCHUT OT Hee MH(POPMALUIO 10 BceM. BrimsHue
mapamerpa ToyGuEBI TpaccupoBkn d': Ha oOcHOBe ero
3HAYEHHUS YKe Ha (a3e MOCTPOCHHs AePeBa MOXKHO OTPAHUYHUTD
BETBICHHEe BHYTPH JHH3BL ~ OCOOCHHOCTH  Pa3IUYHBIX
NpUMEHEHHI: B KOHTEKCTE IOJIIPUCKONA B ciydae MpsIMOi
TPacCUPOBKH MOXXHO Cpa3y WTCHOPHUPOBATh OTPAKCHHBIA JIyd,
HaIlpaBJICHHBI BOBHE, a TAK)Xe JIy4H, BBIXOASIINE W3 JIMH3BI
HaBCTpedyy MajaolleMy Jydy, MOCKOJBKY OHH He OyayT
y4acTBOBaTh B (OPMHUPOBAHWUHU IEIEBOTO H300paKEHUS.
KoHKpeTHbIe yIpaBIsOne PEKUMBI 31aF0TCSI MOAYITIO JTMH3BI
w3 III1, ¢pyHKIMEH KOTOpPOW SBISETCSA pEIICHHWE TI00aTbHOU
3a1a4n.

[loxa omwmcanue paboThl Tpeicepa (peHAECp Ha OCHOBE
TPACCHUPOBKU JIydeil) BBIVIIAUT AHAIOTHYHBIM  OIMCAHHIO
paboThI Tpeiicepa Burrena [9] npu pacuere
(doropeanuctiueckux u3obpakennit 3D cren. B amropurme
Butrena Ha pOOWTENBbCKUI ypOBEHBb HepenaeTcsi 0600meHHas
pe3yIbTUPYIOIIAsl JHEeprHs, CoOpaHHAas CO BCEX IOTOMKOB
JAHHOTO y3JIa — 10 CYTH OJHO YHCJIO WIM TPH, €Cd LBeT. B

HallleM  cliydae  HEOOXOAWMO  OTCIEIUTh  COCTOSHHE
MOJISPU3ALMH  KKIOH MOPLMH DHEPrHH, MOJIYYCHHOH OT
COOTBETCTBYIOIETO  OTACNBHOTO  JIUCTAa-HCTOYHHKA. [lpm
o0paTHOH TpaccHpoBKe Ha BEIXome u3 (asel cOopa »Heprum
MOIYJIb JIMH3bl TNPEAOCTABUT LENbIH «IIy4OK» — CIIMCOK
PE3yNBTUPYIOINX «BO3BPAILCHHBIX» JIy4ed — MHHHMYM IO
ofHOMY 115l Kaxaoi u3 rny6un 1, 2, ..., d' . Tlouemy 651 He
00BEIMHUTD 3TO B OAWH JTy4? MBI NPUAEPKUBAIHCH NIPUHIMIIA
paznenenus ¢ynkuumii: III1 pemaer ocHoBHyr0 3amauy, [IMJI
OTBEYaeT 3a IpeoOpa3oBaHHE IOJSIPU30BAHHBIX JIydei,
MIPOXOAAINX Yepe3 JuH3y. Hanpumep, pemras 3amady pacdera
nHTepdepeHmonHoi kapTunsl, [1I1 onpenennT KorepeHTHOCTH
Jydeil ¥ paccudTaeT MHTEHCHBHOCTH B ITMKCEJE, OMHPAasCh Ha
HPHILEUING HMHTCHCHBHOCTH, ()a3bl M KOTEPEHTHOCTH
HCTOYHUKOB BCETO CEMEHCTBa JIydeil mpu oOpaTHOM IpOXoje
JiepeBa TPACCHPOBKH.

CrouT chenath 3aMeyaHHe, YTO pa3pabOTaHHBIA MOAYJb
nH3s! [IMJT paGoTaer oMHaKOBO BHE HE3aBUCHMOCTH OT TOTO,
Kakasl TpaccupoBka peamusyercsi B IIII: merepMuHHpOBaHHAS
[4, 9] wn Mownre-Kapio [12], mockonbKy Ha rpaHHIE Jaxe B
cllydae  TPO3PAYHBIX  ONTHYECKH  AHM30TPOIHBIX  Cpex
NaJAoNIMil Tyd MopoxkaaeT He 0ojee IBYX OTPaKEHHBIX M HE
OoJee ABYX NPETOMIICHHBIX Jy4ei, H BCE MX MOXHO M HYKHO
OTCJIC)KHBATh.

4. CeT, ny4, nonspusauus, npeoépasoBaHus

B pamkax pemaemMol  3amadd  paccMaTpUBAIOTCS
KBa3UMOHOXPOMATHYECKHE BOJHBL, IIpeJCTaBIsIEMble  IIpU
TIOMOUIM JIydyell MOHOXpOMaTu4eckoro cseta. [IpencraBneHue
CBeTa B BUJie HA00Pa MOHOXPOMATHYECKHX JIydeil — 3To 3ajaua
[I1. IIMJI paboTtaer ¢ OOHUM KOHKPETHBIM JTy4doM. COriacHO
[3] Bonma ecrectBeHHOrO  (HEMONAPU3OBAHHOIO)  CBETA
MHTEHCHBHOCTH |  DKBMBaJeHTHa JIByM HE3aBHCHMBIM
JUHEHHO TMOJSPU30BAHHBIM BOJHAM C HHTEHCHBHOCTBHIO

Kaﬁ(ﬂoﬁ, paBHOfI 1/2, U DJICKTPUYECKHMMH BEKTOpPaMu,

KOJICOMIOIMMHCS B JIBYX B3aHMHO IEPHEHIUKYIAPHBIX
IUIOCKOCTSIX, HOPMAJIBHBIX K HAIIPABJICHHUIO PACIIPOCTPAHEHUS —
HANpaBJICHUIO JIy4a, YYUTBIBAas ONTHYECKYI0 H30TPOIHOCTH
cpensl  (3mech:  CTeKIa M BO3AyXa). A YacTHYHO
TOJIIPU30BAHHBIA CBET MOXKHO IPEACTABISTH B BHIEC CYMMBI
TIOJTHOCTBIO HENOJIIPU30BAHHOHN M TIOJTHOCTBIO MOJISIPU30BaHHON
yacTed, He 3aBHCAIMX Jpyr oT apyra. Ommpasce Ha 5TH
JONYIIEHUs, MOJIYJb JIMH3BI PabOTaeT TOJNBKO C JydaMH
MOJISIPU30BAaHHOTO ~ CBETA, HE  OrpaHMYMBas  OOIIHOCTH
npumMeHenus. [Ipeamnomnaraercs, 4To 3TH (akThl yHYUTHIBAIOTCS B
[I1, xots MoxHO co3maTh 000J0uKky [IMJI, koTopas Oyner
pa3buparbcsi € BONPOCaMHM  HEMONHOH  MOJSIpH3alun
NOCTYMAIOIIMX U BBIXOJIIIMX Jiyded cBera. Takum oOpasom,
OyneM cuMTaTh, 4TO Ha BXOJ PaccMaTpUBaeMOTO MOYJIS
BCerJa IMPUXOJMT JIyd JMHEWHO MOJIIPU30BAaHHOTO cBeTa. B
pabore [10] paccmatpuBaeTcsi ONpPENCACHHBIA B3N Ha
9BOJIIOLIMIO MPEJCTABICHUs Jydya B KOMITBIOTEpHOIl rpaduxe.
Tax, ayu ceema ¢ Jr00OH CTENEHBIO MONSPU3AIIN

npescTaBiseTcss Kak cTpykTypa Ray = <R, Payload> ,
e R = <P7 dir> — TO MaTeMaTHUYeCKHuil JIyd C HAYANbHOK

toukoit P u manpasnemmem dir , ”dir” =1, Payload

(Harpy3ka) — 3TO JONOJHUTEIbHAS WHPOPMAIHS, TePEHOCHMAs
nydoM. B naHHO# paboTe Iy MOJSpU3alii HE HCIOJIb3YIOTCS
Kakue-mubo MPEJCTABICHHUS THIIA MAaTPUIl KOTEPEHTHOCTH,
BekTopoB JDxonca wmu Crokca, marpur; Mromtepa [6, 16],
octaBisisi cBoOoxy paspaborumkam IIII. B wamem cmydae
UCIOJIb3YeTCs Clleytoliee MpeicTaBIeHne Harpy3Ku:

Payload = <)\,I()\),Vp,kg0, Op,ch>,
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rae )\ — JJIMHa BOJIHBI CB€Ta B BaKyyMe, I(A) —

UHTEHCUBHOCTB, IIEPpEHOCHUMASA JIYyUOM, Vp — BEKTOp IIO

KOTOpOMY OCYHICCTBIIAIOTCA KoJIeOaHHus BHGKTpH‘IeCKOfI
KOMITIOHCHTBI BOJIHBI B  IIIOCKOCTH, HepHeHIII/IKyHSIpHOﬁ

Hanpasienmio tyda dir, k¢ — umcno ckaukos dasbl (cM.
y

mmwke), O - onTuueckmii myTh, Ch — uIeHTH(UKATOP

p
WUCTOYHUKA, HcHonb3ys Kkoropbii IIII Moxer ompenenirs
KOTEPEHTHOCTh JIydueH, MPHXOMAAIIHX B HEKOTOPYIO TOuKy. Ch
sagaercs B IIII, a IIMJI Tompko mepegaeT 3TO 3HAYCHHE
MOPOXKACHHBIM JTydaM. DIEKTPHUUCCKYI0 KOMIIOHEHTY CBETOBOM
BOJIHBI JINHEWHO MOJIIPU30BAHHOIO CBETa MOXKHO IIPEICTaBUTh

—i wt—p
seuge E = EO - € " [15], rme EO — aMIUIMTyJa, W
- 4acToTa, a () - ¢a3za. 3anumem
—i wt—
E= EO e v V,, TOIJa HE HAI0 XPaHUTH

CHCTEMY KOOpIWHAT IUIsI 3aIaHWs JIMHEHHOW ITOJSIpU3aIliH.
M3BecTHO, YTO WMHTEHCHBHOCTH IIPOIOPIMOHAIBHA KBAAPaTy
ammmryasl [11, 15], MBI mocumTanmm Goinee NpPaKTHIHBIM
XPaHUTh B HArpy3Ke JIyda UMEHHO HHTEHCUBHOCTb.

Ilpu npamoii mpaccuposxe ua Bxon IIMJI nmonmaercs nyd B

npeaAcCTaBJICHUN Payload . Bo BCCX y3J1ax JACpeBa

TpaCCUPOBKU 6yI[€T BBITIOJIHATBCSA OJHOTHUITHOC

npeoGpasosanne (G (cM. HmKe), KOTOPOE TEHEPHPYET BA
Jyda B TakoM K€ IPEJCTaBICHUM 3a HCKIIOUCHHEM CIIydas
MONHOTO  BHYTPEHHEr0 OTPaKECHHUs, KOTJa OTCYTCTBYET
npenoMieHHbIH nyd. Jlo Touku Bxoma B nmH3Y 3a (as3oil u
MpoNAEHHBIM onTuueckuM myrtem ciueaut [III, a HaumHas c
9TOM TOUYKH BXOJa MO JIOOOTO W3 BBIXOJOB 3TH 3HAYCHHS
koHTponupyer I[IMJL

Tpu obpammnoii mpaccuposke Ha 3Tamne MOCTPOCHHS JIepeBa
takke Ha Bxox IIMJI mnomaercs nyd, y KoToporo B
TPE/ICTABNCHHH 3a7aeTCs TOINBKO AmMHA BOMHBI A . Ilocre
toro, kak u3 [IMJI B I1I1 BeIAaHBI BCE BBIXOJHBIE JIyUH, MOJYJIb
JUH3Bl OXupaaeT, nmoka IIII gocTpouT nepeBo TpacCHpOBKH,
HayHeT BTOPOi 3Tan cbopa sHepruu u BepHeT B [IMJI B oTBeET
Ha Kas#cOblil TIOPOXKACHHBIA TUH30H 1yd nHpopmMarmo. OTBeT
MOXET OBITh HE OJHMH, a HECKOJBKO ITOJHOCTBIO JIMHEHHO
TNONAPU30BAHHBIX JIydeil B 3aBUCHMOCTH OT Benuuuuel d1 —
«ydox». Ilpm obparnHom mpoxoxe IIMJI oOpabarsiBaer
KOKABIH W3 OSTHX JIyded BO BHYTPEHHHX Y3JaxX JIMH3BL,
IpUMeHs K KakaoMy npeobpasosanne G .
IpeoGpasoBanne (G — 3T0 He YTO MHOE, KAK MPUMEHEHHE
¢dopmyn OpeHenst B TOUKAaX BETBICHHS — MEPECEUSHHUS JIyda
TpaHHIEH MEXIy MpOo3padyHbIMH cpeaamu, cM. [15], u momcuer
n3MeHeHus! (a3bl PU HaXOXKACHNUH ITyTH BHYTPHU JUH3EL WTaK,
MyCTh HA TPAHUIy JABYX HPO3PAYHBIX CPeA C HHAEKCAMHU
pedpaxmn Ny u Ty mnagaeT MOJHOCTbIO JIMHEHHO
NONAPU30BAHHBIA JIyd C OIeKTpUYeckuM BekTopom H .
PackiazibiBaeM €ro Ha JBe KOMIOHEHTHl — B = E” +E, -

OJ[HA JISKUT B IUIOCKOCTH MaJCHUS, ApyTas IMepHeHANKYIIpHa
eif. AHanorm4Hoe pa3NoKeHHWe JelaeM Uil BEKTOPOB

E . =E, +E  omaxemoit u E, =E, +E,

IpesoMIeHHOH BoHbL. DopMyisl DpeHens MO3BOIAIOT HAWTH
COOTHOWICHUSI MEXIY amniumyoamy Nagalomel, oTpakeHHOH
Y TIPEJIOMJICHHOM BOJIH.

IloacyeTr ONTHYECKOrO MYTH U CKAYKOB (pa3bl. ONTHUCCKUIA

OyTh JId PacCTOAHUA INTAHOM S B Cpe€ac € HHIACKCOM

pedpakmuu 7 BEMHCIAETCS IO (opmyne Op =ns,

Hanpumep, cM. [10]. HempepriBHOE m3MeHeHHE (as3bl BOIHBI €
JUIMHOH A IpM IPOXOJE TOrO IyTH PaBHO 27T - Op / A .Ho

B TOYKAaX  BETBICHUS (Ha  TPAHUIAX)  BO3MOXKHBI

ckaykooOpa3Hele u3mMeHeHus ¢asel [11, 15], 3amumiem npasuia

TaKUX U3MEHEHHUN:

1. Ilpu npenomieHnH NaJarolUil U NPEIOMIICHHBIH JTy4d
codasHsL

2. EJ_ . IpHU OTPAKCHUUN (1)2138. BCCrja MCHSICTCA HA —T7T .

3. EH ! IpH OTpaKeHHH (ha3a MEHsEeTCI Ha —7T , eCln
n<n ANa<p VvV n>nANa>g,
rae 3 —yron Bproctepa, T.e. 193 = n2/n1 , Korja 7

— MHJIEKC pedpaknu Cpebl, OTKy/[a NanaeT ny4, My —

HHJIEKC pedpaKIuy cpepl, Ha TPaHUILy ¢ KOTOPOH OH
nasaer.
B mpejCTaBIeHHM HATPY3KH Jyda TapameTp k@ comepsuT

YHCIO CKAauKOOOpa3HBIX M3MEHEHUWH ¢a3pl Ha IyTH JIyda
BHYTpH JinH3bl, [1I1 10/DKHA TOJCUYUTHIBATH MOJTHOE H3MEHEHUE
Gbazbl BHYTpHU JIMH3BL o (bopmyne

dp=2m-0, /X—7 kp.

5. YucneHHble JKCNepuMeHTbI

Jloknasy COmpoBOXIAETCS MIITIOCTPATHBHBIM MaTepHalioM,
mepBas 4acTb KOTOPOTO TIOMyY€Ha pPEHJIEPHHIOM OUYEHb
npocThiX 3D clieH ¢ IMH30M MOKa3bIBaeT H3BECTHBIC (AKTHI:

1. BwusyanpHOE OTIMYME PACCUUTAHHBIX HM300paKEHHH,
MIOJTY4EeHHBIX IIPH peHAepUHre B I[BeToBoW Moxenu RGB n
IIpU  CHEKTpaJlbHOM peHAepuHre. HemnonspuzoBaHHbIN
CBeT.

2. BusyanbHoe OTIMYME PACCUMTAHHBIX —H300pa)KeHHH,
MOTYYEeHHBIX pu CIIEKTPaAIbHOM peHAepUHTe.
HenonspusoBannslii cBer. B nmepBoM ciydae nmanaromuit
HETIOJSIPH30BaHHbIH CBET pacKiIaabIBaeTCst Ha
MapauieNbHyl0 M TEPHEeHANKYIAPHYIO TMOIIPU30BAHHBIE
COCTaBISIIONIME, K KOTOPBIM IPUMEHSIOTCS  (HOPMYIIBI
@penenst 11 TpaHUNBl JBYX IPO3PAYHBIX H30TPOMHBIX
cpen, T.e. kKak B mpeobpazosarmm (G . Bo BTOpOM ciyuae
ucronp3yercs  annpokcumanus  Hlnmuka  [7] st
ONpEJeNeHUs] HMHTCHCUBHOCTH IOPOXIEHHBIX JIMH30H
nyyel. Ha ocHOBaHMM 3TOro Jenaercss BBIBOA O
HETIPUMEHUMOCTH  Pa3MHYHBIX  aNIpOKCHUMAnWil U
YOPOIEHNH TpH MpeoOpa3oBaHUM  IOJSPH30BAHHBIX
JIyuei.

Bropass uacTe 53KCIEpUMEHTOB MOCBSIEHAa IpUMEpaMm
UCIIOJIB30BaHMsl pa3pabOTaHHOTO MOJTYJIS JIMH3BL:

1. Pacuer xonyca K HampaBlieHH# Ha4albHBIX JTyduel nepesa
TPacCHUpPOBKH, y3Jbl KOTOPOTO HE IONAJAl0T Ha OOPTHK
JIMH3Bl € 3aJaHHOM TreomeTpuen. BbopTuk mMH3BI, Kak
MPaBHJIO, HCHONB3YeTCsA JUIS Pa3MEIIEHHS KPETeKHBIX
JJIEMEHTOB, W TIONAJAHHE Jyda Ha HEro HE IT03BOJISIET
OLICHUTB COCTOSTHHE MOJISIPHU3AIMH MTOCIIe TAKUX y3JIOB.

2. Jlns oOpaTHOHW TpacCHpOBKM W HayalbHBIX JIydeH,
nexamux B koHyce K. Pacuer jmomm  oOmiei
WHTEHCHBHOCTH, BBIXOAAIIEH W3 JMH3BI, JUIS KaXIOTO
JIyda M3 «IIy4Ka» B 3aBHCHMOCTH OT CJIOXXHOCTH (ypOBHS
JiepeBa TPACCUPOBKH) €TO ITyTH BHYTPH JTHH3BL.

6. 3aknioyeHue

Jns nmpunanust Gosiblleil YHUBEpPCAJbHOCTH HPUMEHEHHS
pa3paboTaHHOTO MOIYJISl CHEKTP €ro MPUMEHEHHs PacIiupeH —
MOXHO 33/1aTh JIONOJIHUTEJIbHBIE PEXXUMBI PA0OTHI: a) B paMKax
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RGB-monmemun mnpexacraBneHuss cBeTa; 0) B CHEKTpalbHOM
Monenn Oe3 ydera momspusanuu. I[lockonbky paspaborana
HanOoyiee CIOXKHAs (U3UMUECKH KOPPEKTHas MOJENb UL
pacdera OTpaKEeHHs M IIPEJIOMIICHHS] CBETOBBIX JIydel C ydeToM
MONAPU3AIMM  CBETa, pEalU3alUI0  OKa3aloch HETPYIHO
HACTpOUTb M Ha Oojee MpOCThle MNPEAbIAYIIHE MOJIEIH
HpEICTaBICHUA CBETa M LBeTa — Hauboiee HCHONIb3YEeMYIO
TpexctuMmynpHyto  RGB-Monmens u chekTpanpHyo  C
annpokcumanueit Hlnuka.

C onHOH CTOPOHBI, MOAYTh pa3paboTaH Tak, dTO
TIPWIOKEHHE, pealn3ylolee MOIIPU3AIMUOHHBIH MHKPOCKOIL,
OyzeT MOoCleOBaTeNbHOCTRIO JIMH3 — KOHBEHEpoM, B Hadae
KOTOPOTO HCTOYHMK MOJAPU30BAaHHOTO CBETa, a B KOHIE
IUIOCKOCTh M300paxkeHus. OOpaszell MHHEpana IOMELIaeTcs
BHYTPH KOHBelHepa Cpeau JIUH3.

C npyroit CTOpOHBI, KOHCTPYKIMSI MOAYJIS TaKOBa, YTO OH
JOCTATOYHO IIPOCTO MOXKET OBITH BCTPOEH B PEHAEpP, KOTOPHIH
MO3BOJISIET PACIIMPSTH HAOOp NMPUMUTHBOB — THIIOB OOBEKTOB
cuensl. Hampumep, B anroputMme BurTena mpu mocTpoeHHH
JepeBa  TPAcCHpPOBKM JIyd, Tomajgas Ha  IPO3PAYHYIO
MOBEPXHOCTh, 00pa3yeT y3el ¢ JByMs IIOTOMKaMH: BETBb
OTPa)KEHHOTO JIyda M BETBb IPEIOMIIEHHOro iy4a. B ciyuae
MOTIa/IaHKs JTyda Ha JIMH3Y 00pa3yeTcs y3ell AepeBa ¢ OOJIbIINM
YHCJIOM IOTOMKOB, YEM JIBA.

B Hacrosmiee BpeMms peann3oBaH  IIOCHIENOBATENbHBIH
BapHaHT C JEeTepPMHUHHPOBAHHBIM ITOBeneHHeM. JlambHeiimee
pa3BuTHE pa3pabOTKH: a) MapaulesibHas peanu3anus; 0) Ooiee
MOJHBI  ydeT TpeOOBaHUH pEHIEPOB, PACCUUTHIBAIOIINX
n3o0paxenus no meroxy Monre-Kapo.

7. BnarogapHocTu

PaGora  BBINIOJIHEHA TIPH  YACTHYHOM
nojiepxke PODU o rpanty 16-07-00762-a.
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YCKOpeHMe anroputmMma nany4vartesibHOCTU Ha I'pa(bVI‘-leCKMX npoueccopax

A.C.Illep6axos!, B.A. ®pomnos!?
alex.shcherbakov(@graphics.cs.msu.ru|vladimir.frolov@graphics.cs.msu.ru
'MockBockuii TocynapcTBeHHBIH yHUBEPCHTET MMeHH M.B. TOMOHOCOBA;

2I/IHCTI/ITYT npukiagHoi maremaruku umenu M.B. Kennpima PAH

B oannoti pabome npeonosicen memoo npeodpazoeanus mampuyvl Gopm-paxkmopos, no3eoasOWUL YCKOPUND BbIMUC-
JleHue 8MOPUYHO20 OCBeLeHUsI MemoOOM uznyiamenvHocmu. Paccmompena adanmayus smoeo memooa o5 epaguyeckux
npoyeccopos. B wacmnocmu, npednosceno ucnonvzoseanue DXT-mexcmyp 0ns Xpanenust Mampuysl popm-ghakmopos u ne-
peynopsaoouusarue cmonbyos u CMmpox Mampuysl 8 Yeusix yMeHbvuleHus nomeps npu cocamuu. IIpeonosicennvie onmumu-
3ayuu NO3601AI0M NOBBICUMb CKOPOCHb pabomul arzopumma uznyuamensrocmu 0o 10 pas u ymenvuwiums 00 3 pas obvem
sanumaemoti namamu GPU.

Knioueswie crosa: usnyvamenvnocmon, enobanvhoe oceéewenue, GPU.

Accelerating radiosity on GPUs

A.S. Shcherbakov!, V.A. Frolov!?2
alex.shcherbakov(@graphics.cs.msu.ru|vladimir.frolov@graphics.cs.msu.ru
'Lomonosov Moscow State University;
2Keldysh institute of applyed mathematics

We propose a novel approach to implement radiosity on GPU with specific optimizations via form-factor matrix
transformations. The proposed transformations enable to reduce the amount of computations for multiple-bounce global
illumination and apply DXT compression (with subsequent hardware decompression when reading formfactors on
GPU). Our implementation is 10 times faster running and requires 3 times less memory than the naive radiosity GPU

implementation.

Keywords: radiosity, global illumination, GPU.

I'mobansHOe ocBemenne 3D-CiieH CKiIanpIBacTCs W3
MIEPBUYHOTO OCBEIICHUS — TOJYYEHHOTO M3 HCTOYHHKA
CBETa, U BTOPUYHOTO — MHOTOKPATHO OTPaKEHHOTO OT
MOBEPXHOCTEH crieHbl. HauOoMibIyt0 CIOXKHOCTh MPE-
CTaBIISICT BBIYMCICHUE BTOPHUYHOTO OCBEIICHUS, TaK Kak
Ppa3MepHOCTE HHTETPAaJIa OCBEIICHHOCTH YBEIMUUBACTCS C
KaKIBIM OTpaxkeHneM. [103ToMy B IPUIIOKEHHUSX PeaTbHO-
To BpeMeHI/I I/ICHOJ’[LByIOT pa3n1/1qm)le METOAbI l'IpI/I6J'II/I)KeH-
HOT'O BBIYMCIICHUS.

1. O630p CyLUeCTBYHOLMX METOAOB

1.1. Instant Radiosity

[1] siBnsieTcss OOHUM U3 CaMbIX MOMYJISIPHBIX METO-
noB Omaromapsi cBoeld mpoctote. s pacu€ra BTOpHY-
HOTO OCBEIICHHUS UCIIOIB3YIOTCS «BTOPHYHBICY» HCTOYHH-
KM CBETa, CO3/1aBaeMble MPU MOMOIIU TPACCHUPOBKHU Jy-
4eil U3 MEePBUYHBIX HCTOYHUKOB. BTOpHUYHOE OCBEIICHHE,
TaKAM 00pa3oM MOXKET PacCMaTpPHBAThCS KaK MEPBUYHOC
OT «BTOPWYHBIX» HCTOYHHKOB. PazButiem meroma Instant
Radiosity mst GPU siBnsiercst anroputm Reflective Shadow
Maps (RSM) [3]. Bmecto TpaccupoBku syueit B RSM s
CO3MIaHHsI BTOPUYHBIX MCTOYHHUKOB HCITONB3YIOTCS KapThI
TeHel (shadow maps). OCHOBHO#T HEZOCTATOK TAHHOTO Me-
TOJa — HU3KAsi TOYHOCTb.

1.2. Light Propagation Volumes

[2] co3maér BTOpUYHBIE MCTOYHUKH CBETa TaK IKe,
Kak 310 Jenaer Instance Radiosity, HO pacuér Bropu4HO-
TO OCBEILICHUS ITPOU3BOJUTCS IIPH MOMOIIU pacipoCTpaHe-

HUS CBeTa MO TpEXMEepHOH ceTke. OCHOBHOM HEIOCTaTOK
JTAHHOTO METOJa — BBICOKHMH PacXojl MaMsITH U HU3Kast 3¢-
(heKTHBHOCTH METO/IA MIPH pacyETe PacIpOCTPAHESHUsI CBeE-
Ta yepes3 MycThle IPOCTPAHCTRA.

1.3. Voxel Cone Tracing

[5] mpousBoauT cOOp OCBEIIEHUS ISl KXKOTO MUK-
celst IMyTEM TPAaCCUPOBKH HECKOJIBKMX KOHYCOB M3 3a/laH-
HOH TOYKH Ha IIOBEPXHOCTH, IMUTHPYSI MOHTE-KapJIo Tpac-
cupoBKy Jydedr o moiycdepe. VCT Tak xe kak u LPV
HCTIONBb3YET BOKCENBHYIO CETKY IUIS IIPEACTABICHUS YIIPO-
IEHHOM reOMETPHH, a CaMa TPACCHPOBKA KOHYCOB aHAJIO-
I'MYHA LIaraHuio 1o Jy4y (ray marching). Otiudue B TOM,
YTO C YBEJIMYEHUEM PACCTOSHHS BBIOOPKA MPOM3BOIUTCS
n3 6oree rpyObIX MUTI-ypOBHEH BOKCEITBHOM CETKH, 3@ CIET
YETo U MOTy4aeTCsi TEOMETPHUECKas allPOKCUMAIIHSI KOHY-
ca. He}IOCTaTKOM aJropuTMa sBJIACTCA BbICOKas BbIYUCIIN-
TENbHAs CII0XKHOCTH ¥ 3aBUCUMOCTB CKOPOCTH OT pa3peliie-
HUSL.

1.4. Spherical Harmonics

[8] ocHOBBIBaeTCs HA PA3IOKEHUH CIOKHBIX (DYHKIMNA
OCBEIIEHHOCTHU B CyMMYy 00JIee IPOCTBIX /ISl BBIYHCIICHHS
BeNMYHH. J[J11 HEKOTOPBIX TOUCK MOBEPXHOCTH (KaK IIPaBH-
JI0, BEPIINH) BBIYUCIAIOTCS KOAPQPEIIMSHTHI Pa3IoOKEHUS
ux QyHKIMIA ocBeeHus o 6a3ucy. OyHKINU OCBEIIEHHS
13 UCTOYHUKOB TAK)Ke PACKIIaAbIBalOTCs 1o 6asucy. B uro-
Te BBIYMCIICHUE OCBEUICHHS B TOUYKE C Pa3IOKEHHOH B Hel
(yHKLMEH OCBEIICHHOCTH CBOJMUTCS K CKAJISIPHOMY ITPOM3-
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BEICHUIO BEKTOPOB COCTOAMINX U3 KOA(PPHUIIMESHTOB QyHK-
Y OCBENIEHHOCTH B TaHHOW TOUKE W (PYHKIIUU OCBEIIIe-
HUA U3 UCTOYHMKA. JJaHHBIN METOJ] IIUPOKO UCIIONIb3YETCA
TP BU3yaJU3allUU OTKPBITHIX MPOCTPAHCTB, HO YCTYIaeT
B TOYHOCTH HA 3aKPBITHIX NOMEUICHUSIX METONY H3Iyda-
TEIIbHOCTH.

1.5. ManyvyaTtenbHoCTb

[6] mo3BOMAET TONTyYaTh KaueCTBEHHBIE H300pakKeHHS
JUISL 3aKPBITHIX MOMEUIeHHH ¢ TU(}y3HBIMU TOBEPXHOCTSI-
MH, BO MHOT'OM HE ycTymas 0ojiee COBPEMEHHBIM METO-
nmam. OnHaKo, BpeMsl BRITIOTHEHUS U TPeOyeMBbIC PeCypChI
OYEHb CHJIBHO 3aBHCSAT OT CIIeHbI. Ha clieHax coeprkaIux
COTHH THICSIY TPEYTOJNILHUKOB MPSIMOE TPHMEHEHUE H3ITy-
YaTeIbHOCTH 3aTPYIHEHO U3-3a KBaAPATHIHOMN CIIOKHOCTH
" 3aTpar naMiaTH B 3aBUCUMOCTH OT KOJHMYCCTBA NPUMM-
TUBOB. [103TOMY Ha MpaKTHKE aJrOPUTM HU3ITydaTeIbHO-
CTH BBIMIOJIHACTCS JUTS YIPOIEHHON CIIEHBI (ComepKamien
MEHbIIIee KOJIMUECTBO IJIOIIAI0K) U Pe3yIbTaT pacuéra re-
peHocHuTcs Ha ucxonHyro cueny [10]. Cnemyer momdepk-
HYTb, YTO Ha Psijly CO c(HepUUSCKIMHU FrAPMOHUKAMH, aJIT0-
PUTM U3JTy4aTeIbHOCTH MEPEHOCUT OCHOBHYIO BBIUHCITH-
TENBHYIO CIIOKHOCTh HA 3Tall MPEIIpocyEra, 3a CYeT ue-
O ¥ JIOCTUTAeTCs XOPOILHii OalaHC TOYHOCTH/CKOPOCTB IO
CPaBHEHHIO C OCTAJbHBIMU METOJIAMHU.

2. MpeAnoXxeHHbIN MeTOA,

B kiiaccudyeckoM anropuTMe H3ITYy4aTeNbHOCTH HC-
mop3yeTcst Marpuna GpopM-paxropos F', pazmepan X n,
re 1 — KOJIMYECTBO IUIOMANOK CHEHBI. [l BBIYUCICHHS
OCBEIICHHSI TTOCIIE OTPAKEHHs TaHHAS MaTpUIa YMHOXKa-
€Tcd Ha N-KOMIIOHEHTHBII BEKTOp emission, colepxka-
IIUH CBETHUMOCTb ILIOMIAJIOK:

incident) = F - emission (1)

YMHOXkas MOJIy4EHHBIN BEKTOP Ha OTPAXKAIOILYIO CIIO-
COOHOCTH IIOMIAZOK p, HA KOTOPBIE MPHUILET CBET, BHIUUC-
JIAIOT CBETUMOCTB IUIOLIAA0K TI0CIIE OTPAKEHHUS:

excident™™ = incident™ o P 2)

DneMeHTaMH BEKTOPOB B JaHHBIX (HOpMyJIax SIBISIFOT-
Cs1 3-KOMIIOHCHTHBIC BEKTOPBI, COMIEpIKAIIUe HHHOPMAIIHIO
M0 KaXKJOMY I[BETOBOMY KaHally. DJI€MEHTaMU MaTpHIIbI
(hopM-(hakTOpOB ABIAIOTCA BemleCTBeHHBIE yncia oT 0 1o
1.

[IpuBenEHHbIE BBIYKMCIEHHUS MOXKHO IOBTOPSATH MHC-
TOJb3Yysl BEKTOPHI excident!) BMecTo M3HAYaNIBHON CBe-
TUMOCTH TUIOIIAJOK, JIsl IOJTYYEHHs CBETA, MPHUIIEIIIETO
Ha MOBEPXHOCTH CILIEHBI, IIOCJIE MIPOU3BOJIBHOIO OTpaXe-
HUS:

incident) = F - excident "™V 3)

[TomHOE OCBelIeHNE CIEHBI IIOCIE k OTpasKeHHUH MOy-
YaeTcst MyTEM CyMMHPOBaHUs BEKTOPOB incident:

k
ndirect = Zincident(i) 4)

i=1

2.1. NMpeanpocYET HECKONbKUX OTPaXeHUn

[Ipennoxennas MoaudUKaKs 3aKITI0YAETCS B UCTIONb-
30BaHMM MpPeoOpa3oBaHHOW MaTpUIlbl (OpM-(HaKTOpPOB.
BHauvase BBeéM «1BETHYIO» MaTpuily GopM-(haKTopoB:

C
Fij = Fij - p;

Orta MaTpuma COACPKUT WH(POPMAIIUIO O MEPEHOCE CBE-
Ta MEXIy IUTOIAJKaMHU CICHBI MO KaKIOMY KaHAIy B
oTaenbHOCTH. Takum obOpazoM, it €€ XpaHeHHUs TpeOy-
ercst B 3 pasa Oombie mamatd. B manHO# pabore pac-
CMaTpUBAETCS MCIOJIb30BAaHHUE AITOPUTMA M3JydaTeIbHO-
CTH JJIs1 BTOPHYHOTO OCBEICHHS CIIeHBL. [[03TOMY BEIUHC-
JICHHUE W3Ty4aTeIbHOCTH HAaYMHASTCS HE C TIONMyJIeHHS BeK-
topa incident(!), a ¢ BRIYHCICHNS CBETHMOCTH MOCIIE TIEp-
Boro orpaxenus excident!) . MoxKHO cuuTaTh, 4TO BEKTOP
incident) yxe nocunran.

MpI MOXxeM IpeoOpa3oBath BeIpaxkeHue (3) ocBeIlEH-
HOCTH BETKTOpa MCHONb3ys (hopMyity (2) Uit IpOnU3BOIIb-
HOTO MHJICKCA.

incident® = F . (po incident(ifl)) =
= F . incident—Y = (FC)F1 -incident™  (5)

[Ipeobpazyem popmyny (4) ¢ ucnonpzoBanueM (HOPMYITbI

5):

k .
indirect = Z (Fc)li1 -incident™V) = 6)
i=1
k .
= Z (Fc)k -incident™
i=1

MarpuyHbIi TOJTHMHOM B CKOOKaX HE 3aBHUCHT OT IIEPBHY-
HOTO OCBEIICHUS CLICHBI, & 3aBUCUT TOJBKO OT FE€OMETPHU
CIICHBI 1 MaTcpraioB MOBECPXHOCTH. H03TOMy OH MOXCT
OBITH BBIYMCIICH Ha dTare npeapacyéra.

k

g Z (Fc)iq

i=1

Takum 006pa3oM BEIYUCICHHE BTOPHYHOTO OCBEIICHUS
METOIOM M3ITy4aTeIbHOCTH TOCe k OTpayKeHUH CBOTUTCS
K OJHOMY YMHO)KEHHIO BETOKpa Ha MaTPHUILY:

indirect = S - incident™

Vcnionb3oBaHME MaTpHUIIBI TAaKOTO BHJA MO3BOJISIET YCKO-
PUTB BEIYMCIIEHHS B k pa3, OHAKO Takas Marpuia Tpedyer
B 3 pa3a Oosble mamsTy.

2.2. DXT-cxatune

Tak kax nmpeatoxKeHHas MOAA(UKAIIHS alTOPUTMA TPe-
Oyer Oompinero o0bEMa mMaMATH, OBUT pa3paboTaH METOX
XpaHeHus1 MaTpuIsl GopM-(paKkTOpoB B cxaTtoM Buae. B
kayecTBe (hopmara xpaneHus Obu1 BbIOpaH hopmar DXT-
TEKCTYp, mojiep:kuBaeMblii MEOruMu GPU (uMeeTcs BBU-
Iy ammapaTtHas ICKOMIIpeccHs mpu 4teHuu). s sToro
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(hopmara Bce 3HaUCHISI B MATPHUIIE HEOOXOIUMO IIPUBECTH
k nuamnaszony ot 0 go 255. Ha pucynke 1 mokaszaHo pac-
npeAeneHre 3HaueHui B Marpuie ¢opm-dakropos. [Ipu
MacImTaOUPOBAHUY ITHUX YUCEN B IPOMEXKyTKe OT 0 10 255
Oonbmias yacth yrcen craneT 0. [losTomy OonbIme yrcha,
KOTOpBIC BHOCAT OCHOBHOHU BKJIAJl B BRIYHCIICHUE H3ITyda-
TENBHOCTH COXPAHSIIOTCSA OTHAENBFHO OT OCTANBHOW MaTpH-
1[bl, @ K OCTaJIbHBIM ITPUMEHSIETCS CIIeAytolee npeodpaso-
BaHUE:

max (log (m) + shift, 0) - 255

value, =

shift

107
10°
10°
10*
103
102
10t

10°
0.0 0.1 0.2 0.3 0.4 0.5 0.6

2500000

mnfriy‘\mllmc

2000000 B

1500000 B

1000000 1

500000 1

0 L L L
0.000 0.005 0.010 0.015 0.020
matrix values

Puc. 1. Pactipenienenue 3HaueHUH B MaTpHUIe
¢dopM-dakTopos (JlorapupmMuyeckas 1 JTMHEHHAS IKAJIbI).

TexcTypa, KOTOpasi MOIy4aeTcst B Pe3y/ibTare TaKOro
nmpeoOpa3oBaHus IOKa3aHa Ha PHCYHKE 2 ClieBa.

- w o

Puc. 2. ®parmenT marpuibl Gopm-hakTopoB 1o (ciaesa) u
noce (crpasa) COPTUPOBKH CTPOK H CTOJIOIOB.

Opnako DXT-cxxarue nomyckaer moTepu. YToOs Mu-
HUMHU3UPOBATh TOTEPU IPH CXKATHU CTPOKU MU CTOJOIBI
MaTpHIBl IEPECOPTHPYIOTCS TaK, YTOOBI YMEHBIINTH pa3-
HUIy MEXIy COCEAHMMHM 3HaueHus MK (puc. 2). Tak kak

MarpuIa sIBISIETCS] OTHOIICHUEM TS [ap TUIOIIAJI0K CIie-
HBI, TO CTPOKH U CTOJIOL[BI JOJKHBI MEHATHCS MECTAMH OfI-
HOBpeMeHHO (puc. 3). B pesynsrare cpeqHexkBagpaTuyHas
omurOKa Npu CKaTUU YMEHbBIAETCs 10 5 pa3 (puc. 4).

L] [ ]

Puc. 3. Cxema nepecTaHOBKH CTPOK U CTOJIOIIOB.

Puc. 4. BusyanusupoBaHnHas pa3HHUILIA MEXKAY CKATOU 1
HE C)KaTol TeKCTypaMu (yBEINYEHHBIH (parMeHT) 10
HepeynopsI04MBaHNs CTPOK M CTOJIOIOB (CJieBa) U TOCIIe
(ctipaga).

3. deTanu peanusauumn

Tax xak coBpemMeHHbIe 3D-CIIeHbI CofepKaT COTHU ThI-
CAY TPCYTOJHbHUKOB W BBINIOJIHECHHUE aJilrlOpUTMa U3JTyda-
TEJIHHOCTH SIBJIIETCS HETPEEMIIEMBIM JJIsl TAKUX TOPSIAKOB
3JIEMEHTOB CLEHBI, JIsl BBIYUCIIEHUSI BTOPUYHOTO OCBEIlle-
HUS ObUTa BRIOpaHA YIPOIIEHHAS BEPCHS TOH Ke caMoi
crensr [11].

3.1. Npepo6paboTka CueHbI.

[IpenobpaboTka CICHBI OCYMIECTBIACTCS MO CICIYIO-

LIEN cXeMe:

1. Crpoutcst ypoOlIeHHBIN aHaJIOT CIIEHBI HA OCHOBE BOK-
ceu3aIum.

2. Beruncnsrores GopM-akTopsl AN IUIOMIAIOK YIIPO-
IIEHHOU CLIEHBI.

3. Brrumcisercss Marpuna (GopM-(pakTOpoB YUHTHIBAIO-
1ast HECKOJIBKO OTPayKEHUM CBETa.

4. Yucna MaTpHIlbl 60JIbIIE TOPOTOBOTO 3HAYSHHSI COXpa-
HSIOTCSI B OTACIBHBIN (haiii, Ha ux Mecto craBsTcs 0.

5. 3HavyeHus B MaTpUIle MPUBOIATCS K Auana3oHy ot 0 10
255.

6. OcymiecTBIseTCS IEPECTaHOBKA CTPOK U CTOJIOIIOB.

7. llonyyennas Marpuna coxpassiercs B Buae DXT-
TEKCTYPHL.
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3.2. Busyanusaums cueHbl.

Busyanu3zarust IpoUCXOIMT M0 CIIEAYIOMIEMY ajlrOpUT-

My:

1. Cosznaércs kapTa TeHeH;

2. Beluncnsercd OCBEIIEHHE IJIOMAIO0K YIPOIEHHOM
CLIEHBI HICTOUHHKOM CBETAa.

3. Bpmuncisiercst BTOpHYHOE OCBELICHHE METOIOM H3ITy-
YaTeNFHOCTH C MTOMOIIBI0 MAaTpHIbl (OpM-(PaKTOpOB
COXpaHEHHOW B BUJIE TEKCTYPHL.

4. BropuuyHOe OCBeIIeHHE NEPEHOCUTCS C YHPOIIEHHOM
CIIEHBI HA UCXOIHYIO.

4. CpaBHeHue pe3ynbTaToB

[IpennoskeHHBIC MOAU(UKAINN aITOPUTMA MO3BOJISIOT
YCKOPHUTH alITOPUTM H3IydaTebHOCTH B cymme 10 10 pa3
(puc. 5, 8, 7). Ucnons3oBanue Marpuiibl Hopm-(hakropos
YUHUTHIBAIOIIEH HECKOJIBKO OTPaKEHHU YBEJIIMUUBAET pa3-
Mep ¢aiina ¢ MmaTpunei B 3 pasa, OHAKO, HCIOIb30BaHIE
DXT-cxarust 03BOJSIET YMEHBIIUTE TPeOyeMyIO TTaMsTh
JI0 3 pa3 1Mo CpaBHEHMIO C W3HAYAILHOW MaTpuiel Gopm-
(hakTOpOB (M KJIACCHYECKUM aJITOPUTMOM H3JIy4aTelbHO-
CTH, pHc. 6). MBI IpoBeNU cpaBHEHHE C N300PAKEHUSIMU
noydeHHbIMH MeTonamu Light Propagation Volumes un3
Unreal Engine 4, kmaccn4eckoil H3IIy4aTeIbHOCTH U TPac-
CUPOBKH ITyTei (3Tanon). [IpeanoxeHHBII METOI TTOKA3bI-
BaeT pe3yJIbTaT CPABHUMBIM 10 TOYHOCTH C KJIACCUYECKOU
U3ITy4aresbHOCThI0. [Ipu 3TOM OH ONIMKe K ITaJIoHY, YeM
n300pakeHrne moiaydeHHoe meromgoM LPV mpu oxuHako-
BOI 4acTOTe KaJpoB.

Radiosity execution time, ms

200 Il Naive
radiosity

I Form-factors
with colors

150 Compressed
matrix

100

2048 3840 4864 5888 6656

Puc. 5. CpaBHEHHE CKOPOCTH BBIYHCICHUS
u3nydarensHocTu. Corcamue ygenuuueaem ckopocno, T.K.
AJITOPUTM OIr'paHUYCH MAMATBHIO @ HC BBIYUCIICHUSAMMU.

5. BeiBoAbI 1 06CyXAeHUsA

B omimune ot 1pyrux pacnpocTpaHEHHBIX METOJIOB pe-
LIEHUs YpaBHEHUS M3JIy4aTeIbHOCTH IPEIOKEHHBIH Me-
TOJ MO3BOJISET BHIYMINTD II06AbHOE OCBELIeHHE 32 122 +
O(n) apuMeTHICCKIX OTIePAINiA M YTCHHI U3 ITAMSATH IIe
N — YHUCIIO TUIOLIAIOK, IOCKOJBKY CBOAUTCS K €OUHCMGEH-
HOMY YMHOXXEHHIO MaTpPUIIbI Ha BEKTOP.

AHAJIOTHYHOTO Pe3yJibTaTa MOXKHO OBbLIO OBbI TOOWUTH-
cs pemas CJIAY npu nmomoumw LU-pasnoxenus. OnHa-
Ko, 3¢ dexruBHas peanmmzanus LU pazmoxenus va GPU

Form-factors file sizes, MB

500 Il Naive
radiosity
Il Form-factors
with colors

450 Compressed
matnx

2048 3840 4864 5888 6656

Puc. 6. CpaBHeHue TpeOyeMoii maMsTy.

LPV TIpennoxkeHHBII METON

TpaccupoBka myTeii

Puc. 7. CpaBHeHue npennoxeHHoro merona ¢ LPV u
TPacCUPOBKOM MyTel (9TajoH).

HETPHUBHAJIBHA, a IPH UCTIOJIb30BAaHUH CTOPOHHUX ONMOIHO-
tek (Harpumep CUBLAS) orcyTcTBYeT BO3MOXHOCTD HC-
nonb30BaTh cxarue. [locnenHee, kak yxe ObUI0 OTMEYEHO,
KPUTHYHO YIS alTOPUTMA H3IydaTeabHOCTH (puc. 5, 6).

6. lluteparypa

[1] Alexander Keller Instant radiosity // In
Proceedings of the 24th annual conference on
Computer graphics and interactive techniques
(SIGGRAPH °’97). ACM Press/Addison-Wesley
Publishing Co., New York, NY, USA, 49-56.
DOI=http://dx.doi.org/10.1145/258734.258769

[2] Anton Kaplanyan and Carsten Dachsbacher
Cascaded light propagation volumes for real-
time indirect illumination // In Proceedings
of the 2010 ACM SIGGRAPH symposium
on Interactive 3D Graphics and Games (I3D
’10). ACM, New York, NY, USA, 99-107.
DOI=http://dx.doi.org/10.1145/1730804.1730821

[3] Carsten Dachsbacher and Marc Stamminger
Reflective shadow maps // In Proceedings
of the 2005 symposium on Interactive
3D  graphics and games (I3D  ’05).
ACM, New York, NY, USA, 203-231.
DOI=http://dx.doi.org/10.1145/1053427.1053460

66

24-28 September 2017, Perm, Russia



GraphiCon 2017

Peanucmuunan epagpuxa

(4]

(6]

(7]

(8]

25 Mc
Light Propagation Volumes

25 mc
[TpenmoxeHHEIH MeTO

~250Mc
Knaccuueckast H3TYy41aTCIIbHOCTD

3
\

Puc. 8. CpaBHeHME H300paKeHHIA, TOTYYSHHBIX Pa3IMYHBIMA METOJAAMH U BPEMECHH TeHEPAIH N300paXKCHHH.

Cindy M. Goral, Kenneth E. Torrance, Donald
P. Greenberg, and Bennett Battaile Modeling
the interaction of light between diffuse
surfaces // In Proceedings of the 11th annual
conference on Computer graphics and interactive
techniques (SIGGRAPH ’°84), Hank Christiansen
(Ed.). ACM, New York, NY, USA, 213-222.
DOI=http://dx.doi.org/10.1145/800031.808601
Cyril Crassin, Fabrice Neyret, Miguel Sainz,
Simon Green, and Elmar Eisemann Interactive
indirect illumination wusing voxel-based cone
tracing: an insight / In ACM SIGGRAPH
2011 Talks (SIGGRAPH ’11). ACM, New
York, NY, USA, , Article 20 , 1 pages.
DOI=http://dx.doi.org/10.1145/2037826.2037853
Cindy M. Goral, Kenneth E. Torrance, Donald
P. Greenberg, and Bennett Battaile. Radiosity on
graphics hardware Modeling the interaction of light
between diffuse surfaces. // In Proceedings of
the 11th annual conference on Computer graphics
and interactive techniques (SIGGRAPH ’84), Hank
Christiansen (Ed.).

Greg Coombe, Mark J. Harris, and Anselmo
Lastra Radiosity on graphics hardware // In
Proceedings of Graphics Interface 2004 (GI ’04).
Canadian Human-Computer =~ Communications
Society, School of Computer Science, University
of Waterloo, Waterloo, Ontario, Canada, 161-168.
Ian G. Lisle and S.-L. Tracy Huang Algorithms for
spherical harmonic lighting // In Proceedings

[9]

[10]

[11]

of the 5th international conference on
Computer graphics and interactive techniques
in Australia and Southeast Asia (GRAPHITE
’07). ACM, New York, NY, USA, 235-238.
DOI=http://dx.doi.org/10.1145/1321261.1321303
Nathan A. Carr, Jesse D. Hall, and John
C. Hart GPU algorithms for radiosity and
subsurface scattering // In Proceedings of
the ACM SIGGRAPH/EUROGRAPHICS
conference on Graphics hardware (HWWS
’03). Eurographics Association, Aire-la-Ville,
Switzerland, Switzerland, 51-59.

SamMartin, Per Einarsson A Real Time Radiosity
Architecture for Video Games // Siggraph 2010.
http://advances.realtimerendering.com/s2010/
Martin-Einarsson-Radiosity Architecture
(SIGGRAPH%202010%20Advanced%20
RealTime%?20Rendering%20Course).pdf
[lep6axoB A., @pornoB B. ABromaruyeckoe ympo-
LEHUE TeOMETPUN AJIs pacdy€ra BTOPUYHOM OCBe-
IIEHHOCTH METOJIOM W3JIy4aTesIbHOCTH // B COOpHHU-
ke Coopuuk TpynoB I'papuxon 2016, HHI'ACY, c.
34-38.

7. BnarogapHocTu

Pabora momnepxana rpantoMm PODU 16-31-60048

«MOJI_a_JK».

24-28 cenmsaobpa 2017, Ilepms, Poccus

67



Hay4HaAa Bu3yanmsauyma
1M BM3YyaJibHaA aHa/IMTMKA

Scientific Visualization
and Visual Analytics

GraphiCon 2017

2428 ceHTA6pAa 2017
MNepMmb, Poccnsa



GraphiCon 2017

dellﬂaﬂ suzyaiuzayusl u eu3yajibHasa anaiumuxka

The Brush Metaphor: an Example of Metaphor Adaptation
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In this paper, we describe the adaptation of popular ‘brush metaphor' for usage in teeth masticatory surface analysis system.

Keywords: visualization metaphor, interface metaphor.

1. Introduction

Visualization and interface metaphor theory is still in early
stages of grow. However, society can already benefit from it. In
this paper we demonstrate one case of such benefit.

One project of our team is the specialized system for
dentists for analyse of some properties of masticatory surfaces
(described below). During its development we encounter a
problem with user interface methods required for system
operation. We examined various approaches and came to idea
to use known Brush metaphor. We adapted that metaphor to
project computational needs which fully solved the problem.

2. Sharpeye visualization builder

Specialized visualization systems created for concrete
scientific project or user are extra useful in practice because it
supply the researcher with adopted analysis tools. At the same
time such systems require a lot of resources and time for
development.

In Krasovskii Institute the SharpEye visualization system
builder was developed. This tool allows to create a new
specialized visualization systems relatively easy. Each
visualization case is implemented as a plugin. Such plugin reads
data from task custom format and manipulates 3d scene via
API. More information available in [Vasev et al, 2012].

Thus the development of new specialized visualization
system transforms from hard project to the process of
adaptation, configuration and extension of already existing
system.

Usually, SharpEye is being used to visualize the results of
computer simulation of physical processes and optimal control.
An abstract imagery is charactering to these areas. Such
imagery is controlled by source domain, e.g. by examined
objects and phenomenon. User interaction is used only to
specify source data and to control visual output. Thus, usually
new or complicated visualization and interface metaphors are
not used.

3. Masticatory surface analisys

The task of tooth masticatory surface analysis was raised by
[Z. S. Chayka et al, 2011] and is the following. We have a set of
tooth, represented by triangles (produced by 3D scanner in STL
file format). For arbitrary tooth, we need to select its
masticatory surface and to calculate its area. Additionally, we
want to see and to control these processes visually.

To visualize the teeth we used natural imagery.

The analysis was introduced by algorithm of automatic
detection of masticatory surface. It was implemented as plugin
for SharpEye. Masticatory surface detection is activated by
mouse click on a tooth. See figure 1.

However in medicine there is no strict mathematical
definition of masticatory surface. Therefore our automatic

detection algorithm founds only one probable case of such
surface.

File Edit Control Export Tools Windows Help
Controls vax The View / Start page | s X

Cameras. Motion b
Ploshad Zuba = [1.6220125!8276 'if'/ 402

Models Lights
I Axes
2012-07-27_chelust_simple L

SELECTED
BALL
Rotation center

Pl —

Delete|

Properties vax
[ visibility

[C] Outline

(@] color
(] Backcolor
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Fig. 1. Automatic masticatory surface detection.

Therefore physicians wanted to manually specify the
desired surface too. This emerges the task to specify an
arbitrary part of tooth surface.

4. Finding the brush metaphor

Originally, it was suggested to select surface by specifying
border polyline. All triangles that fit inside constructed polygon
form desired surface. This method was implemented, see figure
2.

Fig. 2. Using polyline to define masticatory surface.

Besides its mathematical clear meaning, this method has
some problems. To modify the selected surface, user has to
adjust polyline, e.g. change node point coordinates, add and
remove additional nodes, and so on.
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The first idea was to provide some graphical tools to adjust
the polyline, like in CAD systems. However, it is relatively hard
to implement, and it makes user interface pretty complex.

Another idea was to use text area with polyline node points
coordinates. User can change the numbers and so affect the
polyline. He can also add or remove lines, therefore adding or
removing node points. This approach was easy to implement,
but it is comfortless for users (physicians).

In this situation, we came to idea of the Brush metaphor. It
was inspired by operations we knew dentists do: they use
brushes to paint by colorants on teeth shapes.

In our system, the brush is a tool looked like a ball and
controlled by mouse. Dentist «paints» on tooth the surface he
needs. Also he can erase some parts of his paintings. The
painted surface considered as masticatory and its area is
calculated.

> Ploshad Zuba = [1.99103140199997, 1.507!

Fig. 3. Using brush to «paint» masticatory surface.

Implementation of the brush approach demonstrated that it
is more natural than selection by polylines. There is no need to
add, remove or adjust polyline nodes. Using brush a dentist
naturally points out what part of a tooth is desired as
masticatory surface.

The brush approach has another advantage: it keeps
automatic surface detection algorithm still useful. Dentist can
launch the algorithm, thus perform rough selection
automatically, and then adjust selection using brush (figure 3).

We created a tool based on the Brush metaphor. Dentists
confirmed that this tool is comfortable and can be used in their
analysis. There is no need for other tools for surface selection in
their research.

5. Observations and thoughts

First, we want to note the benefit from bringing new
metaphor to the user interface. We had straightforward idea to
use polyline to select the surface. It was difficult to implement
and difficult to use. So we found and used another metaphor for
the same task — the Brush. It happen to be easy to implement
and easy to use.

Secondly, the Brush metaphor is being used in a wide range
of graphical systems, for example in image painting. The brush
tool in our software allows to select surface parts. At that, the
tool is connected with computations, and produces input data
for them. From the point of view of metaphor theory, we
observe an adaptation of know Brush metaphor from one IT
subdomain, digital painting, to another one: computer
modelling.

At third, we guess that source domain for the Brush
metaphor in our case could be not just dentist practice, but also
mentioned above IT subdomain of digital painting. If this true,
we observe a cultural progress. Early, IT domain was only the
target for metaphorization, with metaphors coming from non-IT
domains. Nowadays IT domain became the source of
metaphors.

6. Conclusion

We observed the case of metaphor adaptation. On the one
hand our variant of Brush metaphor is connected with our
(inexact) impression about some aspects of dentist activity. On
the other - one can consider the case of adaptation of Brush
metaphor as an example of the metaphor transfer. The metaphor
existing in one of IT subdomain is carried out to a new one.

The goal of metaphorization consists of the expansion of
expressiveness for objects under researches. During process of
metaphorization some objects of target domain are structured
on an example of objects of source domain and there is a
metaphorical mapping (projection) of one domain onto another.

Moreover, not all objects are selected (and not even all of
their properties, or structure elements), but only those that are
the most interesting for us. We note, the use of computer
metaphors doesn’t refer to exact matching of reality but
conversely needs in additional “irreal” opportunities [Averbukh
at al, 2008]. In current case one can consider the transfer of a
weak metaphorized tool on a new subdomain.

That is the Brush metaphor was adapted on the visual
environment of computer modelling. Natural imagery and
natural interaction are retained. We suggest that stated variant
of Brush metaphor may be applied in other specialized visual
systems of computer modelling.
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A system VirTree has been designed for visualization of ultrametric phylogenetic trees, which creates a three dimensional view
and also provides a virtual reality presentation. The system can validate clusters in tree and adding a new dimension gives advantage
to visualize each cluster independently. In addition to customization of 2D & 3D displays, a virtual reality presentation is provided in
system through Viewlang. Viewlang is a web environment of three-dimensional visualization that has a high development speed due to
OML language. The virtual reality can dramatically increase the information content of visualization and provides a wide range of
view to see the general picture of tree with details while due to limited size of monitor screen this is not possible for large trees.

Keywords: ultrametric phylogenetic tree, visualization, virtual reality, Viewlang.

1. Introduction

Sequence alignments and phylogenetic trees can provide
information about the evolutionary history of the proteins that
comprise a family [7]. The evolutionary history is achieved
based upon similarity and differences in genetic characteristics.
Phylogenetic trees represent a backbone for various other
biological studies and it is essential to have state-of-the-art tools
for their visualization, customization and interpretation [4].
Due to growth of genetics databases, the visualization and
customization of phylogenetic tree becomes difficult especially
for large trees. The aim of tree visualization is to display
complex evolutionary relationships between species to
graphically human-readable presentation.

An ultrametric tree is a weighted rooted tree that all of its
leaves are at the same depth. Each leaf represents a species and
is labeled with unique taxon while two nodes can be joined
together in the tree by common ancestor. In fact, each branch
defines a relationship between sequences of proteins. A rooted
phylogenetic tree is a directed tree with a unique node that is
most recent ancestor of all leaves [2]. The distance between a
node and its ancestor is evolutionary distance and represents
how distant the node (taxa) is from its most recent ancestor.

Traditionally, Phylogenetic trees have been represented as
two dimensional (flat) diagrams and the difficulties of
interpreting of such tree are growing in size and complexity [3].
Trees can be displayed in a number ways, e.g., circular radial,
phylogram and dendrogram. There are several tools for drawing
phylogenetic trees both online and standalone, e.g.
TREEVIEW, PHYLO_WIN, TREECON, FIGTREE,
SEEVIEW, iTOL.

The goal of visualization is to leverage existing scientific
methods by providing new scientific insight through visual
methods. To visualize in 3-dimensional, tree is displayed in a
circular (radial) mode. This form of displaying is particularly
useful for the visualization of mid-sized trees (up to several
thousand leaves) [4]. A high-resolution 3D phylogenetic tree
can be constructed using parameters such as isoelectric
focusing, molecular weight and immuno-crossreactivity or any
other relevant attribute of a character or trait that gives discrete
phylogenetic relationships [5].

As an example of 3D visualization of phylogenetic tree, 3D
Phylogeny Explorer (3DPE) is a novel phylogeny tree viewer
that maps trees onto three spatial axes (species on the X-axis;
paralogs on Z; evolutionary distance on Y), making
interpretation of the tree visually intuitive [4]. In addition to
3DPE, Hughes et al. [1] had introduced the idea of visualizing
phylogenetic trees in three dimensional hyperbolic space with
the Walrus graph visualization tool. With Walrus, it becomes

possible to visualize and navigate phylogenetic trees with more
than 100,000 nodes.

In current paper, a system for 3D visualization of
ultrametric tree is presented. In this tree, all leaves have the
same distance from root. Tree is displayed in circular (radial)
mode and by default all arc lengths between each two neighbor
leaves are equal. The program gives two views 2D and 3D. In
general, using a relevant attribute of a character or trait of
leaves such as isoelectric focusing, can led to a complex
visualization that is not easy to interpret while VirTree defines
Z distance between two leaves equal to arc length between
them. This allows bettering visualization of circular tree and
tree can be rotated and displayed freely.

Virtree system consists of two parts. The first one is written
as a Matlab program that computes coordination of
visualization. The second part is based on the virtual reality
presentation of results by Viewlang system. Viewlang is the
technology of creating interactive 3D-applications for the
Internet that has a high development speed due to QML
language and supports virtual reality and mobile devices [6, 8].
Virtual Reality (VR) environments are actively used to provide
leaping into a new quality of cognitive visualization. Virtual
environments are characterized by such features as egocentric
point-of-views  and user-centered often  multi-sensory
interactions. The VR environments are dynamic, rather than
static. The user's experience of the virtual world may combine a
visual channel with the auditory or kinesthetic feedbacks. The
immersion and sense of presence (feeling of “being there”) are
factors which defines VR. The sense of presence distinguishes
VR from “traditional” 3D Computer Graphics. Users
“immersed” in VR control the graphics output. Thus presence
and immersion effects are integral parts of VR. The VR loses its
most remarkable ability without them. Similar to color and
animation, presence and immersion open a new dimension in
visualization. Color and animation directly extend
informativness of visualization, but presence and immersion
create conditions for another perception of information. In
scientific visualization, as in applying VR in industrial
applications, it must be looked for new ways to not only
increase the quality of interpretation, but also to control the
visualization processes.

2. VirTree System

As mentioned above, Virtree consists of two parts. The first
part is a GUI Matlab program that allows user to customize the
visualization and produce a file for Viewlang representation. A
2D plot displays two-dimensional (flat) circular tree while 3D
one shows the same tree but with additional dimension Z (see
Fig.1). Final 2D and/or 3D customized graphical representation
of phylogenetic trees can be saved separately.
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There is an option to validate clusters in phylogenetic tree
based upon “cluster” command for phytree object in Matlab [9].
When clusters are declared, uniform color will be assigned to a
cluster automatically. For better visualization of clusters,
within-cluster leaves distance can decreased by ratio and this
allows to increase between-clusters distance (see Fig. 2.). The
compaction ratio slider controls how within-cluster leaves be
close together. Similarly, the compaction also affects the Z
distance between and within clusters. There are also additional
options to show trunk and labels, control the markers size and
select color of markers.

Phylogenetic trees can be loaded from a file in the standard
Newick format. The GUI program does not include alignment
or tree reconstruction methods. It is a tool for visualization. It
provides an output JSON file that has information of 3D plot
presentation.

Virtual reality provides a wide range of view comparing
with monitor screen. Using Viewlang web-based presentation
(that is second part of system), tree can be visualized in VR by
JSON file. This provides a new quality of visualization and
enables the user to view a general picture while the details are
simply visible. In fact, Viewlang allows a direct virtual reality
presentation within Matlab.

As an example, an ultrametric tree has been visualized in
VirTree (see Fig.3.). VR provides us with a wider view space
that allows user change some visualization parameters such as
the thickness of the tree, the scaling parameter of the tree, the
size of the label leaf. In order to see an individual leaf or
branch, the user just needs to go closer to it by passing through
VR environment. That is much more convenient than zoom in
/out in 2D format. In other words, VR visualization is more
flexible than 2D presentation.

2D Plot 3D Plot

e | e [ J p— (—r—.

Figure. 2. Cluster representation of tree from Fig.1.
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Figure. 3. Virtual reality presentation of tree.

3. Conclusion

In summary, Virtree allows user to customize the tree
visualization. It supplies 2D and 3D circular tree presentation.
Moreover, system can validate tree clusters and additional
dimension Z provides better recognition of clusters in plot. The
Z dimension also makes a distance between leaves labels for
easy to read them. Addition virtual reality capabilities will be
used to enable a wide range of view. Immersion into three-
dimensional space and easy navigation in it should provide
researchers with more opportunities for studying the structure
of trees. In future work, the system will be improved by adding
alignment and tree reconstruction modules that allows working
with FASTA format and different types of tree (root and
unrooted). In addition, the interface in virtual reality will be
more interactive that provides tree customization in virtual
space directly.
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In this paper, we propose a combination of different techniques to reconstruct the 3D-allocation of the different layers inside
special optical fibre preform. These techniques allow for securing full information about the layers with pure silica, erbium-doped

silica, as well as air channels geometry.

Keywords: 3D-reconstruction, optical fibre preforms, on-line measurements and visualization.

1. Introduction

The optical fibers are widely used in telecommunications,
sensor systems and other areas of science and technology [4,6].
Usually silica glass optical fibers are manufactured from fiber
preforms that may be produced using several well-known
techniques (MCVD — Method of Chemical Vapor Deposition,
VAD — Vapor Axial Deposition, OVD — Outside Vapor
Deposition and their modifications) [7]. Then the preform
usually passes the stage of mechanical processing and after that
it should be drawn at the fiber draw tower [3]. The
manufacturing technology of standard telecommunication fibers
is well understood and controllable, but there is still significant
scope for improved fabrication of non-conventional fibers
designed for optoelectronical circuits. In the case of active fiber,
the technological process has the following differences [1].
During the chemical vapor deposition the preform core is doped
not only by the germanium oxide, but also by the erbium oxide
to achieve the luminescence in the fiber at the wavelength of
1550 nm. In the case of polarization-maintaining (PM) fiber,
after the deposition, the preform goes to the stage of air-channel
drilling (air-channels are used for the insertion of the stressrods
that will cause the birefringence in the fiber). The major
parameters under control are: outer preform diameter at the
stage of MCVD process during the deposition (including
deflection control) and outer surface 3D-geometry; erbium
dopant 3D-distribution along the preform length; air channels
3D-geometry. The glass refractive index depends mainly on
concentration of germanium, therefore, erbium concentration
cannot be measured using optical techniques. The spatial 3D-
distribution of refractive index along the preform as well as in
cross section is also important, but at present it is successfully
controlled by the conventional instruments.

2. Preform outer diameter control

The first technological stage that we are going to discuss is
outer diameter control and preform 3D-reconstruction.

The MCVD process requires the stability of the quartz tube
temperature (the tube that will become a part of fiber optic
preform) in the heating zone by changing the flow rate of
hydrogen in the burner. This flow rate is adjusted according to
the readings of the optical pyrometer. The level of doping of the
precipitate varies according to the program given by adjusting
the supply of reagent vapors to the reaction zone. Many years’
experience of utilization of this process revealed the need for
continuous monitoring of the outer diameter of the pipe during
the deposition process and especially when the tube is
collapsing. It should be noted that a considerable time of the
deposition process (several hours) leads to the evaporation of
quartz from the outer surface of the pipe and reduces its
diameter.

Collapse of the tube (transformation into the preform) is
usually carried out in several passes, during each of them the
outer diameter of the pipe should be changed by a certain value.
The need to impose strict limitations on the deviation of the
tube from cylindrical shape (no more than 5% of the nominal
diameter) also requires continuous monitoring of its geometry.
Until now, the control of the tube dimensions has been
performed visually by the operator with use of the 173 mm
working distance microscope. Under the strong thermal
radiation from the tube, this technique did not provide the
required accuracy and stability of the technological process.
Measuring the preform diameter by contact methods is also
excluded since any measuring instrument can damage the
heated rotating preform. Moreover, not all the MCVD lathe in
the basic configuration are equipped with a system for
contactless measurement of the preform outer diameter,
therefore manufacturers of fiber-optic light-guides are forced to
find their own technical solutions.

In line with the above, a technique for non-contact
measurement of the geometric characteristics of cylindrical
preforms was developed by usage of a megapixel CCTV
camera with the interface USB 2.0 VEC 545 (LLC "EVS", St.
Petersburg) and our own software (Fig. 1).
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Fig. 1. Developed MCVD preform geometry control software
(5]

To enlarge the image obtained from the camcorder, the
Computar TG10Z0513FC-2 lens with a four-fold gray
protective filter is used. The video camera is mounted on the
bracket of the pyrometer of the MCVD lathe. The software
supplied with the camera does not provide any information
processing; for this purpose, a special own utility has been
developed. The developed software has a user-friendly
interface. The user has an access to the video image settings
directly in the program, without having to run driver's user
interface, and select the area under investigation, which greatly
simplifies and speeds up the calculations. At the user’s request,
the spatial orientation of the sample can be changed, the
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filtering on the RGB color components or the image inversion
can also be turned on or off.

The software allows the use of threshold and correlation
algorithms to determine the diameter of the preform. At a
constant burner temperature and stable lighting conditions, it is
appropriate to use the threshold algorithm:

G(jl k) < TL’ G(]r k) < TH>

where G (j, k) is the image data array describing the variation of
brightness; T; and Ty are the lowest and the highest threshold
values. The differences in brightness in both horizontal and
vertical dimensions can be written as

Gy, k) = F(j, k) = F(j, k +w),
Gy(, k) = F(,k) — F(j + w, k),

where F(j, k) is a raw image data array (single frame) and w is

a differential calculation step. In the case of dramatic
temperature changes the correlation algorithm could be applied:

Y71(6(. k) = G)(Ryry G k) — R)

r =
(22060010 = 8)° SRy, 0 — B’

)

where r is a cross-correlation value of G(j, k) image and
Rycry(j, k) reference image saved at preform temperature T’ G

and R are their mean values over j. All these techniques enable
on-line geometry control during the MCVD-process. The next
stage is off-line 3D-reconstrucion of preform geometry. Due to
the high noise level during the MCVD process the received data
should be filtered. We used the Discrete Wavelet Transform
(DWT) package for this purpose.

At the first stage of the analysis, the initial processing is
performed over the available time series (after the MCVD stage
the preform raw geometry parameters are presented as Preform
Center and Preform Diameter), the methods of which include
the graphical representation of the initial series in the time
domain, as well as the elimination of the trend of the series. In
the simplest case, this is the elimination of the constant term
(centering the series). Next, the rows are processed using a
continuous wavelet transform with the parent Daubechies
wavelet of orders 1-10. As a result, we obtain the scalings of the
wavelet coefficients of expansion and the lines of the local
maxima so-called skeleton transformations. It is known that if
the data contain harmonic or quasi-harmonic components, the
topographic map of the skeleton will consist of lines oriented
along the vertical scale axis. In the case of a noise component,
the skeleton lines are stretched in a perpendicular direction, i.e.
parallel to the horizontal time axis. Thus, visually estimating the
skeleton lines, even at the first stage of the study, it is possible
to select highly noisy signals (Fig. 2). Batch data processing on
the basis of the MatLab platform, WaveletToolbox, was used.

Fig. 2. Skeleton Image of the noised data (upper figure) and that
of the data containing no noise (lower figure).

The second stage of the study is the identification of the
noise components of the signal. Let the signal model have the
form of an algebraic sum s(7) = f(¢) + oe(t), where f{¢) — desired
signal, e(¢) — noise, o — noise amplitude, s(f) — signal under test.

Standard SoftThresholding procedure corresponds to the
wavelet coefficients transformation of the following form:

W W = { 0,lwl <2
£ signw)(Iwl = 2), lw| > 2,

where 4 is a predefined treshhold value. Thus, before
performing the inverse wavelet transform, wavelet coefficients
with absolute value below certain cut-off level are set to zero.

As a parent wavelet in the construction of a wavelet filter,
wavelet functions with a compact support, such as Daubechy
wavelets, Coiflets and Symlets are usually considered. Coiflets
are special case of Daubechies wavelets with vanishing
moments of scaling function.

Fig. 3. Raw signal (red color) and denoised signal
(blue one) using Coiflets.

The figure above demonstrates the effect of noise reduction.
A filter with small scales corresponding to the lower part of the
spectrum separates high-frequency components from the signal,
which usually correspond to extraneous noise. Changing the
scale, one can achieve complete suppression of high-frequency
noise.

At the same time, however, there is a risk of distortion of
the desired signal. In practice, it is more convenient to choose
the scale after the transformation, by calculating the wavelet
spectrum in a sufficiently wide range of scales. Then the
necessary scales are selected on the spectrum map, and the
inverse wavelet transform is produced. It should be noted that
one can select two or more bands of the spectrum, not limited to
only one area. This technique allows to calculate the
frequencies at which the noise components appear and to
identify the nature of noise. There is a certain relationship,
though not obvious at first glance, between the concept of
Fourier harmonics and the scale of the wavelet. The main point
in this relationship is the inverse proportionality of the own
frequency and scale, weighted by some conversion factor:

o = k/a, where w - own frequency, a — scaling coefficient.

At present it is clearly seen that it is possible to build the
preform 3D-surface reconstruction after performing all steps
(see figure 4). It is a very useful option in the case of the
MCVD process automation, but it is not applicable as a quality
test technique, because after the wavelet noise reduction the
surface has non-uniformities tens or hundreds times bigger than
they really are.
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Fig. 4. 3D-surface reconstruction using raw signal (upper
figure) and denoised signal using Coiflets (lower figure).

For the precise 3D-image (we shall talk about this in the
final part of this article) we suggest to use the data from
standard preform analyzer not related to the preform fabrication
process.

The obvious drawback of the method of using a standard
preform analyzer is a small sampling of the preform length
coordinate. Long-term measurements are possible, but this is
not always convenient for some applications; therefore, we
recommend using both data from the lathe sensors and those
obtained in the laboratory on standard equipment to construct a
3-D surface. Later in this article, we are also considering one
more possible method — holography.

3. Erbium ions location data acquisition

The measurement is carried out using a pumping diode with
a wavelength of 978 nm (near the erbium pumping
wavelength), which illuminates the core of the preform from the
side, and an integrated receiver with a quartz filter that passes
only the luminescence band. The filter is located
perpendicularly to the rays of the radiation source, which makes
possible reducing the influence of the pump diode radiation on
the results obtained. The erbium concentration, in this case, is
directly proportional to the receiver's voltage. The results of a
test preform measurement is presented below (Fig. 5) Thus, the
basis of measurement is the luminescent properties of a material
in the glass structure. Using this effect we have constructed an
instrument ErGO-1 (Fig. 6), Erbium Grand Observer, model 1.
It consists of precise optomechanics and electronic components
that allow full radial scan of the preform. ErGO software is the
managing application, that controls the positioning motor's and
pump diode's drivers as well as ADC and other instrument
units. It allows to obtain the comprehensive amount of data that
could be used for the further visualization of erbium oxide
distribution via every avaliable method (from MathLAB and
Excel to GL Scene and other libraries and programs).

It is clearly seen that by changing the angle of investigation
we can obtain the 3D-reconstruction of erbium dopant location
in the preform. It is useful in the case of Large Mode Area
(LMA) fibers.
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Fig. 5. Developed ErGO-1 analyzer data.
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Fig. 6. Analyzer’s opened case.

4. Air channels investigation

Air channels geometry is a very important thing which is
needed to achieve the constant birefringence of the fiber along
its length [2]. The main bottleneck is that contact measurements
are not allowed as well as immersion of the preform into
liquids. Here we present a non-contact technique that consists
of the usage of the special fiber sensor inside the air channel.
The fiber tip should be curved in a special way: its bending loss
should not have strong influence on the signal attenuation, but it
has to be placed perpendicularly to the air channel surface.

We have used a test sample to make a simple method
demonstration. A short piece of preform with the drilled
channels was mounted on nanopositioning stage, the sensor
fiber which was connected with the IR-source and receiver via
fiber coupler, is designed to measure the back-reflection optical
power from the air channel surface.

After the first experiments we have found out that the
amplitude back-reflection sensor does not have the expected
performance. This is why we have transformed it into the
interferometric scheme by adding the reference mirror with the
adjustment microstage. We will report about the applicability of
this setup as soon as comprehensive tests are performed.

5. The usage of holographic methods for
preform investigation

The methods of holography are not yet widely spread in the
field of optical fiber preform geometry properties study, but we
think in future it can be applied for rapid analysis.

The process of digital reconstruction of holograms consists
of calculating the backward propagation of light from the
hologram to the reconstruction plane. The reconstruction
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process could be described by a finite discrete form of the
Fresnel approximation for the integration of diffraction:
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The parameters used in this formula to calculate the
complex number in the image plane are given by a CCD matrix
having an N x M pixel size and a pixel pitch A¢ and Ay in two
orthogonal directions. The hologram is stored in array 4 (JAS,
IAn). The distance between the object and the CCD matrix is
denoted by d, and as a rule d'= d. The complex coefficients do
not depend on the hologram in question, they are contained in
the data of the CCD-describing matrix.

Reconstructed image displays restoration of sharpness and
borders of the smallest details.

As a test sample we have placed the preform with drilled air
channels into the developed instrument. In the figure 7 we can
observe the non-uniformities in silica as well as core and
channels borders.
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Fig. 7. Holographic image of the preform

The reason for use of the technique described is to
distinguish the non-uniformities that conventional preform
analyzer can not locate (for example, air bubble could be
missed if its location does not coincide with the cross-section
under test). After locating the non-uniformity the nearby area
could be investigated more precisely using preform analyzer.
Also we suppose it is possible to find some correlation with
refractive index (RI) of the preform layers.

6. Conclusion

As a conclusion we would like to join all the data obtained
from described stages and decide if they are enough to build the
full 3D-distribution of all optical and geometrical parameters.
As we mentioned above the data from MCVD stage is not
applicable for this purpose, so this could be taken only as a
draft, and at the final stage we need to substitute this by data
received with preform profile analyzer. The only thing we have
to take from the developed MCVD measurement system is
preform deflection (at present this option is not included into
conventional preform analyzers). So this method is rather useful
as well as holographic method. Rare-Earth ions location setup
has been developed and constructed and it gives the full
information about erbium 3D-spatial distribution. The method
of the air channel investigation is still being developed. It will
be discussed in the future publications. The idea of joining all
these data is shown below (Fig. 8).

Air channels For the PM-

|
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MCVD preform
diameter control Bow trajectory
Holography
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Non-uniformities 3D-image
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Analyzer
Layers geometry
..___________________l
ErGO-1 For the .
Erbium-
I Erbium dopant 3D- dcryplelgr;ib or
distribution .

—— e == ..

Fig. 8. The idea of preform 3D-image construction.

There are a lot of well-known methods for 3D-visualization.
The choice depends on the current application. If it is designed
for the lab test we suggest to use MatLAB built-in function.
Also it is possible to use scaled bitmap sequence to show the
parameters changes at every single cross-section (Fig. 9).

r----

o _J. Preform Length

M. __". 5 Forthe Erbium-doped fiber

— — = | For the PM-fiber
Fig. 9. An example of preform visualization.

At present the described approach is not universal, it has
narrow application range in the field of special optical fibers
(erbium doped fibers, panda-type fibers), and it is
recommended to use this in combination with other techniques.
Our set-ups allow to get information about the erbium oxide
distribution inside the fiber preform, preform outer diameter
during its fabrication process, the stress-rods geometry
investigation set-up is now at the developing stage. The world-
known firms like Photon Kinetics produce preform
investigation instruments, but their comparison with our
schemes is not reasonable due to the different kinds of data they
allow to obtain. For the detailed studies we recommend to use
them both. According to our information, we described in
literature the feature of the erbium oxide distribution
investigation in optical fiber preforms for the first time.
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In our day it’s hard to imagine modern research in sophisticated scientific area without use of visual analytics tools.
It'’s become so common for scientists to obtain conclusions about scientific data on base of visual information as for people
in their everyday life to make judgments about things on base of what they see. However, humans are able to receive and
analyze information about world around them not only through their eyes, but with help of other sensory stimuli as well.
Consequently, it would be not reasonable for researches to limit themselves to only one sensory stimuli in their research. In
this work we introduce multisensory analytics approach, discuss theoretical issues, introduce main concepts of software tools
implementing our approach, describe one of the possible auditory-visual mappings methods for multidimensional scalar
fields analyses, that we called “sound matrices” and give practical examples of multidimensional scalar fields analyses.

Keywords: scientific visualization, multisensory analysis, FRep, sonification.

1. Multisensory visualization in modern research.
Related works

Visual analysis of graphical representation of data has
practically become a part of modern scientific research.
It should be taken into consideration that researchers,
as all people of creative professions, are predisposed to
spatial creative thinking, so in the process of analysis
of scientific data, they usually readily refer to various
spatial and graphic images. This is one of the reasons, why
scientific visualization and it’s successor visual analytics as
a method of data analysis has proven to be a very efficient
tool often used by researchers. A quite general definition
of visualization is “a binding (or mapping) of data to a
representation that can be perceived” [1] is used more
often nowadays and thus visual analysis is extended to
become multisensory analysis. Among the sensory stimuli
other than visual, the usage of sound has been widely

investigated since early 80-s [2], [3]. The human auditory
perception is considered most quantitative because of its
sensitivity to subtle changes in the sound characteristics.
The technique of data representation using variable sound
characteristics such as pitch, volume, note duration, rythm
and others is called data sonification [4]. Let us look at
sonification method characteristics more closely. Auditory
perception has always been the human’s early warning
system, which may operate in the background mode. In
[5] a small survey was made on the situations when
using audio analysis may be even more effective than
visual perception. The main classes of data that fall in
this category are time-varying data and multidimensional
data. The auditory perception brings the unique advantage
to distinguish even small variations in the parameters of
the single sound wave and to compare sound waves and
thus can efficiently complement standard visual analyses,
and help solving perceptional issues it often has to face
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[6], [7]. As it was already noticed in [8] currently, it is
considered that any person may be trained to develop
an ear for music and ability to adequately judge on all
its nuances allows one to take advantage of the most
advanced extended sound analysis capabilities as well.
In [9] the procedures of time-varying data representation
in the graphical form using a musical accompaniment
are considered. In the paper [10], there are examples of
the presentation of scientific data in the form of musical
fragments. This is largely a matter of sensory capabilities
of a specific researcher, but in general in some cases just
sound mapping and analyses can be sucessfully carried out.
We will consider such possibility in this article, however,
we are mostly concentrated on efficiently combining
auditory and visual perception approach, that allows one to
significantly enhance the ability to conduct analysis, taking
advantages of two sensory organs that work differently,
and to perceive the same information in different ways
complementing each other. An extension of visualization
through creating additional perceptual human inputs or
more general a combination of several sensory stimuli
for data representation is called data perceptualization
[11], [12] (or data sensualization [13]). The typical
combinations are between visual and auditory stimuli,
visual and tactile/haptic stimuli [14], or three of these
stimuli applied together [13]. As it was already mentioned
in this article, we will concentrate on a visual-auditory data
analysis practical case, although theoretical formalizations
of establishing correspondences between the initial data
and multiple sensory stimuli for multisensory analysis are
assumed and were given in [15]. However, the problem
of formalization of multiple sensory stimuli analysis and
interpretation of analysis results in terms of initial data
should be solved separately for each sensory stimuli.

2. An approach to multisensory data analysis
pipeline. Visual-auditory analysis case

To obtain a multisensory representation we need to
create a spatial scene [8], which is an assembly of spatial
objects with their geometric, optical, sound and others
descriptions. Then corresponding visual, sound and other
stimuli can be generated using some specialized rendering
procedures for further multicensory analysis. Based on
the visual analytics process as presented in [16] and
the idea of an intermediate multidimensional geometric
representation of initial data [17], we proposed [8] the
following interpretation of the basic multisensory analysis
process 1.

In the diagram 1 perceptualization process is presented
as a transformation (mapping) M: D -> I from initial data
D to insight I, which is the goal of the entire process.
The mapping M is a superposition of mappings from
one set to another in the diagram. Thus, the initial data
undergo geometric interpretation and are mapped to the
set G of multidimensional geometric models. The next
step is to generate several sensory stimuli SS for human
perception. The mappings from G to SS are facilitated by
the introduction of a spatial scene, which is an assembly

of spatial objects with their geometric, optical, auditory,
tactile and other properties (multimedia objects). Note that
the geometric objects in the spatial scene can have their
dimensionality reduced to 2D and 3D using geometric
cross-sections and projections, which allows for applying
well-known graphical rendering algorithms. When such a
spatial scene is constructed, various sensory stimuli can
be generated using corresponding rendering procedures:
visual stimuli V (graphical images), auditory stimuli A
(sounds), tactile and haptic stimuli T, and others. Te final
insight I can be either directly obtained from the generated
sensory stimuli through human perception and analysis, or
it is obtained in a combination with generating a hypothesis
H and its analysis including automated methods. Note
that the hypothesis H can be also represented with visual
and other sensory stimuli, which can help to refine or
redefine it in the process of analysis. The entire process
has iterative character, which is shown by the feedback
loop in the diagram. The user may tune or redefine
not only the parameters of the data input, but also the
introduced geometric models, the hypothesis, the selection
of sensory stimuli and the type and parameters of rendering
procedures. Applying the presented general approach the
process of data analysis involving both human vision and
hearing, we need to do the following:

1. To obtain a mapping of the given data onto its
representation in the form of images and sound.
To obtain a necessary model of a spatial scene, its
geometric and optical models need to be extended by
a sound model. Such a spatial scene augmented with
sonification needs to be put in correspondence to the
given data and then sound rendering can be applied with
output to speakers or some other sound output device for
further analysis.

2. To analyze the rendered images and sound and to
interpret the results of this analysis in terms of the initial
data.

d

*
) G=)

Ve

Input —( D )

/

G

Fig. 1. Multisensory analysis process.

The definition of corresponding sound mappings that
can be concretely analysed and easily interpreted by
researchers is also a question that should be studied. Here
we suggest that a researcher in common case should

80

24-28 September 2017, Perm, Russia



GraphiCon 2017

de‘lHa}Z suzyaiuzayusl u eu3yajibHas anaiumuxa

be trained to interpret some not quite evident sound
mappings similar to musicians training their ears for further
music analysis in modern practice . In our work, we
take advantage of musicians’ approach adopting well-
known concepts of music analysis and writing used by
musicians from simple properties of sound analysis (pitch,
volume, duration, etc.) to “music” properties analysis
(tone, interval between tones, etc.). These concepts are
taken as the base of sound mapping and accordingly
of sound analysis. 2 presents some musical (sound)
characteristics that musicians may distinguish auditory
and describe quantitatively: tone, note duration, interval
between two notes are most often used ones.

Iy A A

d ..

AN A A
Interval between two notes L Y Y

L R

SALA A D
Tone (note) 5}}-\}-\\ -\\\ 5- } .

(a) Aurally measure interval between two
notes and determine tone (note itself). For
this a musical scale used in musical
composition should be defined first of all musical composition
(minor, major, based on C,D,F note and should be defined first

etc.). of all.

(b) Measure note
duration. The basic
rhythm parameters in

Fig. 2. Musical sound characteristics musicians may
distinguish aurally.

In this article, only simple cases of sound analysis,
cases that for advanced analysis require some musical
training (e.g., to determine interval and note) will be
considered. From authors point of view, a camera, a sound
receiver, a haptic cursor and other similar elements need
to be explicitly placed in the spatial scene as spatial
models of the human organs of perception. Thus, a spatial
scene includes spatial objects representing data as well
as other spatial objects representing their influence on
human senses. Rendering of the spatial scene generates
information for output devices provided for consideration
by humans, namely a screen, speakers, a haptic device and
others.

3. Multimedia coordinates based approach for
visual-auditory analyses

Although some efforts have been made on the
development of data perceptualization, a formal
framework for establishing correspondences between
data and multiple sensory stimuli has not been yet
proposed. In [15] we introduced a framework based
on the concept of multimedia coordinates introduced
previously in [18] and applied in multidimensional shape
modeling. The approach is formalization of mapping from
a multidimensional geometric model to a multimedia
object that can be treated as a multidimensional object
with Cartesian, visual, audio, haptic and other types of
multimedia coordinates. To operate with multimedia
coordinates, one can introduce a system of normalized
numerical coordinates (a unit cube) and its one-to-one

correspondence to the multimedia space. By selecting
a real normalized value, one can use the corresponding
value of the multimedia coordinate [15]. Each geometric
coordinate variable takes values within a given interval
and multimedia coordinates also have their own variation
intervals as well. So to define the mapping, one has to
establish a correspondence between these intervals through
the normalized numerical coordinates. Thus a space
mapping between geometric coordinates and multimedia
coordinates establishes correspondence between the
multidimensional shape and the multimedia object. In this
way, a correspondence can be also established between
the given scientific data and a multimedia object, because
introducing a multidimensional geometric model is
one of the steps in the visualization pipeline presented
previously. As for multidimensional geometric model
involved in multisensory visualization we used approach
based on a constructive method to the creation of function
evaluation procedures for geometric shapes, called the
Function Representation (FRep) [19] and it’s extension
HyperVolume [20], where the object is represented not
by a single function, but by a vector-function with one
component responsible for the object geometry and
other components serving as point attribute functions
representing such object properties as material, color,
transparency, sound characteristics and others.

Thus both multimedia coordinates and hypervolume
model for describing multimedia object are quite
interconnected within presented approach used. To
visualize a multidimensional geometry (or scalar field)
special methods and geometric modelling techniques
controlled quite well within multimedia coordinates
concept are used. Usually they are:

1. Use of several semitransparent colored isusurfaces
(see example (3(a)) in case when dimensionality of
geometric object is not greater then 4D.

2. Projections on a subspace [PAS*96].

3. Cross-sections (see example 3(c)).

For more effective analysis these geometric operations
may be defined interactively, through providing some
specialized interactive widgets (plane, hypercube widgets
to define cross-section and etc.). Also some special
types of spatial scene may be introduced to provide
special graphical representations called “matrices of
cross-sections” or spreadsheats. An according type of
multimedia coordinates was introduced in [ 18] and is called
“spreadsheet coordinates”. This type of coordinates allows
for spreadsheet-like spatial organization of elementary
images or shapes in the regularly or irregularly placed
1D, 2D or 3D nodes. In this work we will consider the
case of a 1D node. Let us consider a simple case of
1D spreadsheet on Fig.3 (c) with the specific types of
multimedia coordinates:

1. ”x”,”y” and z” types correspond to world coordinates
in the Cartesian coordinate system. They are used to
describe a set of 3D isosurfaces f(x,y,z)=c

2. ’¢” type corresponds to a photometric coordinate,
namely the color.
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3. ”v” type correspond to 1D spreadsheet coordinates. By
assigning its discrete values we construct a horizontal
1D spreadsheet. Each section in Fig. 3 represents a
4D geometric object, displayed with 3D isosurfaces
f(x,y,z)=c, where c is as well mapped to a photometric
coordinate.

(a) Visualization of scalar order-parameter field
distribution.

(b) Visualization of electron dencity and electrostatic potential field of
NCH molecule.

T parameter >

(¢) Visualization of dynamic electron dencity field of C2H2 molecule
with use of spreadsheet technique.

Fig. 3. Examples of static and dynamic scalar fields
visualization.

It should be noted that we have to reduce
dimensionality not only to obtain graphical representation,
but as well to map our data into sound and other type
of sensory stimuli. So we have to introduce other
type on spreadsheet coordinates, that will be called
multisensory spreadsheet coordinates in general case.
In[8] we demonstrated basic interactive techniques, when
sound with predefined by data characteristics is produced
in selected point. In this article we are concentrating on

more extended approach that we called Sound Matrices
that in general may be used by researches without
preliminary theoretical knowledge in music analyses,
although these knowledge will make analyses more
efficient and extended, and on base of them analyses may
be carried out even without visual information. We’ll give
detailed examples and explain analyses process in details.
As previously[8], we propose some generalizations on
base multimedia coordinates approaches for specific
type of multidimensional data multisensory analysis -
scalar fields, bringing together some most well known
interactive, photometric and geometrical techniques
and demonstrating how they can be extended by other
multisensory techniques on the example of sound.

4. Framework main features, cases examples

The presented below results of visual-auditory analyses
were obtained with developed framework, based on
HyperVolume object that influences various sensory
stimuli (visual and sound in particular case) conception
as base for computer scene model in multisensory
analyses pipeline. The framework is designed on base
of OpenSource projects VTK [23], Hyperfun [22] and
OpenAL [24] in a form of API for writing standalone
applications using C++ and scripting languages Hyperfun
and Python. To summarize, we’ve tried two approaches to
scalar fields data mapping to sound characteristics:

1. Direct sound characteristics mapping (frequency,
volume) and generating wave with specified
parameters. This an approach we’ve tried in our
earlier works that helped us to make basic judgements
on changes on specific mapped value (it’s growing or
falling and etc.) [15].

2. Mapping to abstract “musical terms” and operating
them in entire analyses process. Notes, intervals,
musical scale, musical instrument used, etc. As it will be
demonstrated below this approach provides possibilities
for more extended analyses.

As it was noted previously, in multimedia coordinates
concept multimedia coordinates also have their own
variation intervals, for example, color varies inside the
color space (RGB cube). It’s a well known that to judge
about geometric value mapped into color an according
color scale is used. Similarly, in music theory, there is an
approach to judge about notes on base of their position
on a specified scale (Cmaj for example), in other words,
relative to the tonic, the first and main note of the scale
from which each octave is assumed to begin. So in music
terminology, that we adapt each note has a scale degree,
that is it’s position on scale. Example of C-major scale with
according scale degrees C—D-E-F—-G—A-B, in which C is
the tonic). Usually such degrees are quite easy to learn to
distinguish aurally after some special tuning for specified
scale (a basic exercise in musical training). It is possible
to assign a scale degree to the 12-tone chromatic scale,
but this distinguishing such degrees and intervals variety
is more difficult and demands training. In our framework
we’ve chosen as base for sound analysis Cmajor scale
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of 1-3 octaves. Notes sound generated on piano, guitar,
flute or other instruments of user choice. As we mainly
concentrate on a simple rendering cases, easy to perceive
and analyze, the cases believed that practically anyone
(without no damage of hearing system) can can be capable
to perceive and analyze after some simple harmonic ear
training ( musical school level) we introduce following
data preprocessing steps in order to take into consideration
perception issues of musical training and analyses as well:
If we consider visual analyses of scalar fields, on base
of visual information we mainly carry out two forms of
analyses:

1. Shape analyses.
2. Feature analyses, in particular change in form.

Sound analyses also permits to judge about these and in
particular efficient in all sort of changes detection as it
was mentioned above. But we are limited by value of
interval between notes that we may distinguish aurally to
perform more extended analyses (not only to judge it value
is growing or decreasing or by what value it changed).
Usually we aurally quite easy distinguish changes by
interval from “whole tone” (for some well-trained users
it is “semi tone”). And it’s more easy to work with
scale of 2 octaves or one. The obtained scalar values are
mapped into degrees on Cmaj 1-2 octave scale. So, for
example 1 octave, that has 8 degrees represent values
within selected [xmin, xmax] range. So [xmin, Xmax] range
is spitted on 8 subranges [Ximin, Ximax] in order each
degree represents scalar value within according subrange.
Like this researcher may judge on approximate scalar
value aurally by according not (degree on Cmaj scale).
As well in order to improve analyses we suggest user
may remove “unnecessary”’ information he may neglect in
analyses process. So we suppose user may do following
recommended image preprocessing steps, before mapping
to sound:

1. ImageThreshold — to remove scalar values not falling
into selected range [xmin,xmax] we are interested in or
may perform first step analyses without. For example,
if we deal with some CT of medical organ within body
it has signal within given range and we want to analyze
only shape boundaries and it’s internal structures.

2. Morphological operations on selected boundary— to
remove small “island like” parts and smooth shape
boundary, to reduce noise caused artifacts.

This preprocessing steps are conditional, however they
may significantly increase analyses efficiency.

It should be noted that in general approach is quite
similar to basic techniques used for organ segmentation
in image processing as entire procedure of segmentation
helps in particular to analyze organs better visually. The
used sound mapping technique we implement is similar
to one used in medicine as well, where 3D image scan is
previewed and analyses mostly as a set of 2D image slices,
where scalar value is defined at each pixel with color. We
project in general case multidimensional geometry to 4D
space x,y,z,f and build with defined step it’s crossections
zi=ci that represent 2D sound images where instead of

pixel position we have sound source defined by x,y values
and f is mapped according musical degree on Cmaj scale.
We fix one by one some yj=cj values within y range and
moving sound automatically with defined step xi along
x axis with fixed yi we sonify our 2D image line by
line, thus obtaining what we call “sound matrix”. Below
on 4 is presented 2D image slice of simple 4D scalar
field, presented on 3a and notes of according played sound
matrix 6x6, that “duplicates” the same information that
we analyses visually. To simplify auditory-visual analyses
the scalar field was preprocessed with image threshold
technique in order to exclude from analyses all values
greater than 0.5 (on image marked with wight color), so
C3 (C note of first octave) is played in all this range.

\\c3/ \\ ca

ca €3

+ F + T T B3 @3 @3 @3 @ 3

+ + - + ; ; B3 @3 @3 @3 G 3

+ + + + + B 4 @3 @3 ¢
+ - . i &4 G D3 EB3 @G

Fig. 4. Visualization of scalar order-parameter field
distribution selected crossection and according sound
matrix with defined resolution 6x6.

It should be noted that different approaches depending
on musical practical knowledge of researcher that analyses
data with sound should be taken into consideration as
well. So to move from basic analyses of scalar field main
features (approximate form, symmetry) into details, we
suggest the analyses process reiterativeness in general
case, so it’s complexity may vary. This may suggest
mapping to bigger interval, or readjusting or removing
some preprocessing steps described above, or increasing
sound matrix resolution to perform more detailed shape
analyses. This may as well include additional interactive
selection of image region of interest and it’s sonification, a
technique that will be demonstrated further.

As in our case we mostly concentrate on use of the
advantages and particularities of human hearing system
(alarming system, that may operate is silent mode, those
perception principles are quite different comparing to
visual system) in analyses process in order to enhance it’s
efficiency we suggest it’s most efficient combination with
visual analyses . It should be noted that visual information
content may duplicate those mapped in sound, or some
extended techniques for image features extraction and
visualization may be used as combination with sound
analyses.
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In example below, we’ll concentrate on molecular
fields as their form in crossection in general case is
quite simple (one or several spheres) and in case of such
fields usually some general features are subject of study
(symmetry, how fast is changing and etc.).

In[8] we’ve studied in detail a auditory-visual analyses
of two molecular scalar fields, presented on 3(b) that are
supposed to by analyzed together (a quite usual task in
physical or medical research filed). In studied auditory-
visual analyses case the sound wave was generated by a
sound terminal with the frequency corresponding to the
location of the point sound source and perceived by the
user as a specific sound tone. Each sound tone generated at
the location of the point source was defined on selected 2
octaves musical Cmajor scale 5. Here we receive following
tones presented in 5(a) and can graphically present their
place on musical scale 5(b). Here a basic guitar tuner was
also used to illustrate the current note value 5(a).

Volume

(a) The use of an interactive “sphere” widget to define
sound frequency w and volume v of the generated sound

defined by the functions A2 and A3 values at fixed values
of world coordinates x,y,z.

cbD F# c

[} B F# G#

(b) Presentation of according notes on Cmajor scale (2
octaves) on piano. A researcher with well-trained
musical ear and appropriate «auditory tuning” on Cmajor
scale can easily aurally determine these notes and their
place on piano musical scale and judge about how
quantitatively sound was changed.

Fig. 5. Exploration of two scalar fields dependency and
change with pitch and volume.

We may as well study both scalar fields slice by slice,
obtaining crossections with z=zi while moving along z axis
with defined step ©.

a b

Fig. 6. Visualization of scalar fields selected crossections
z=0, electrostatic potential(a) and electron density(b)
accordingly.

Such mapping will help us to define region where
both scalar fields take biggest values and detect that their
intensity spread can be characterized as caused by point
source type (atoms position) for both fields, but those
centers are a bit shifted in electron density field (a shift that
is even hard to distinguish visually). The alternative to this
approach may be selection of region of interest, where both
fields take biggest value and simultaneous visualization of
selected crossections of one field (electron density) and
sonification through sound matrix mapping of obtained
crossection of second field (electrostatic potential) as
presented on 7. This will permit us to immediately and
easily detect the main trend as sound matrix of second field
will demonstrate practically symmetrical trend.

]
)

| | C3C3C3C3C3C3

D3E3C3C3E3C3)

C3D3C3C3D3C3

(a)
=
c3c3cacacacs
€3C3C3C3D3C3
TTC3C3C303D3C3
(b)

Fig. 7. Visual auditory analyses by selected crossections
(a,b) and sound matrixes of two scalar fields electron
density and electrostatic potential accordingly of CNH
molecule.
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As well, to judge about difference in scalar field value
change more efficiently we may compare generated sound
matrices for two scalar fields, but for such analyses 8.

£3€3C3C3C3C3
~ C3D3C3C3D3C3
| D3E3C3C3G3C3]
| D3F3C3C3C4C3,

C3C3C3C3C3C3
£3C3C3C3C3C3

|C3C3C3C3C3C3 |
(C3D3C3C3G3C3 |
(c3c3c3c3e3cs |
€3C3C3C3C3C3 |

€3D3C3C3D3C3

Fig. 8. Visual-auditory analyses by selected crossections
of two scalar fields. Sound matrix comparison.

5. Conclusions

In conclusion it may be said that the formalization of the
mapping between the multidimensional geometric models
and the spatial scene available for rendering multiple
sensory stimuli is a big research question, still to be
address. However, we have shown a possible solution in
the case of the initial data represented by scalar fields
(real functions of several variables) and illustrated this
by the case study of the scalar fields analysis using
interactive visual-auditory display on base of two possible
techniques. Different types of interactive visual-auditory
or auditory widgets, not only those based on combination
of described two, as well as different types of sound
mappings can still be studied as well as possible image
preprocessing techniques that are used to simplify analyses
orocess. We are planning to continue to involve the
concept of multimedia coordinates as a way to establish
even more complex correspondences between initial data,
the introduced multidimensional geometric models and
multiple sensory stimuli.
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MUccnegoBaHMe NCUXonorm4yecKMx COCTOSSHUM Nosnib3oBaTeneun cpen
BVIpTya.ﬂbHOﬁ pearbHOCTHU
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eupmyaﬂbHoﬁ peaibHocmu. Onucwvisaiomes qbeHOMeHbl, C6BA304HHbIE C gupmyaﬂbnoﬁ pedailbHocmelo U cumyayuu, CesA3dHHble
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Evaluation of user's psychological states in virtual-reality environments

V.L. Averbukhl, N.V. Averbukh’
averbukh@imm.uran.ru|natalya_averbukh@mail.ru
'IMM UrB RAS, Ekaterinburg, Russia;
2ANO IIEX, Ekaterinburg, Russia

The paper is devoted to evaluation of user's psychological states during interaction with virtual reality environments. The
phenomena connected with virtual reality are described. Also the situations connected with presence state are considered.
Experiments in the presence state and process of their design are described.

Keywords: scientific visualization, virtual reality, immersion, presence.

1. BBeoeHune

W3zydyenne neATENbHOCTH CHENUAINCTa B IIPOIEcce
aHanM3a W HMHTEPIOPETalMyd  JAaHHBIX TPH  TTOMOIIU
BU3yalIM3allid — Ba)kHas 3ajada, MO3BOJIONIAs MOBBICHTH
3 PeKTHBHOCTE BCEro KOMIBIOTEPHOTO MOJEIHPOBAHMS.
Busyanumsanust B paMKax ~— [UKJIAa  KOMITBIOTEPHOTO
MOZENUPOBaHMs  OOECHeYMBaeT  JTalbl  aHauW3a |
UHTEpPIpETaluy JAaHHBIX, MHPOBOAMMBIC IOIHb30BATEISIMU
cucTeM BH3yanm3anuu. Kak mpaBuiio, mMoiab30BaTeNN CHCTEM
HAyYHOH BH3yalH3alliU SIBISIOTCSA TaKkKe pa3paboT4MKaMu
KOMIIBIOTEPHBIX MoOjeNed u o6namaroT GonbmuM oObeMOM
3HaHMI MO M3y4aeMoil mpobiemaruke. Busyammzamms s
HUX — He Habop 3aHMMAaTeNbHBIX KAPTUHOK, a HEKOTOPHIi
BU3yaIbHBIH TEKCT, HECYNIMH 3HAYnMylo nH(OpMAIHIO.
“UreHue” TaKOro TEKCTa MOXHO paccMaTpuUBaTh Kak
MOCIIe[OBATENbHOCTh BOCTIPHUATHS BU3YalbHBIX OOBEKTOB U
YSICHEHUS ux 3HAUCHUSL. IMostomy pa3paboTka
CIEIHANTN3NPOBAHHBIX CHCTEM HAayYHOH BH3yalH3aIuu
TpeOyeT ydeTa, Tak Ha3bIBAEMOTO, YEIOBEYECKOrO (hakTopa
(human factor), 4ro BKJIIOYaeT B ce0s HCCIEIOBAHHE
0COOCHHOCTEH  BOCIPUSTHS ~ BU3yalbHOH  uH(OpMarmu
KOHKPETHBIMH TTOJIb30BATEISIMU. DTOMY BOIPOCY HOCBAIIEHO
60JTBIIIOE KONMUYECTBO MUCCIIE0BAHNHN, TPOBEACHHBIX, PEXK/IE
BCETO, CHEMUATHCTaMH B  001acTH  KOMIIBIOTEPHOH
TICHXOJIOTUH.

VYenex BU3yanu3alMu 0OecCTIeUHBACTCS HAIUYHEM CBS3U
MEXIy BHYTPEHHEH NPHPOAOH M CTPYKTYPOH MOMAENBHBIX
00BEKTOB (M COOTBETCTBYIOMINX MM JaHHBIX) U BHYTPEHHUMU
MCHTAIbHBIMH CTPYKTYpaMH IIONb30BAaTeNsl, B KOTOPBIX
MPE/ICTABICHA CIIOXKMBIIASCA Y HETO KapTHHA SBICHUS (Tak
Ha3bIBaEeMBbIE “pempe3eHTaTHBHbIE KOTHUTHBHBIE
cTpykTypsl”). IIpoGrema ysicHEHHS CMbICTa BH3yalH3allHU
MOXET OBITh PAaCCMOTPEHA B CBA3M C HM3yYEHHEM HHCAHTA.
OcoOeHHO BaXHBIMH O3TH MpPOONEMBI CTald B CBS3H C
HCTIONB30BAHUEM CpeJ] BHPTYalbHOI peanbHOCTH, KOTOpBIE

MPE/ICTABICHNIO, BOCIIPUSATUIO M aHAIM3Y CIOXHBIX OOBEKTOB
CYNEPKOMITBIOTEPHOTO MOIEINPOBAHHSI.

Hmwxke B paboTe paccMaTpuBaioTCs HEKOTOPBIE BOMPOCHI,
CBSI3aHHBIE C H3y4YEHHEM COCTOSHUH MONb30BaTenell cucreM
BU3yaIn3aluy Ha 6a3e cpejl BUPTYalbHOH PeaTbHOCTH.

2. Pa3Butne KOMNbLIOTEPHON BU3yanusaumm

Busyannzanus, moHMMaemas Kak 3pHMOE€ MpeJICTaBICHHUE
Mozeneii, cylecTBoBana 3ag0ro 10 H300peTeHHs COBPEMEHHBIX
komnbioTepoB. [losiBienne B 50-b1x  Tomax XX  Beka
MHTEPaKTUBHOW KOMITBIOTEPHOH TIpauKu Hano KadeCTBEHHBIH
CKauOK B BU3YallM3alM Kak TakoBoH. «UepHo-Oemas» rpaduxa
Ha 0a3e BEKTOPHBIX AUCIUIEEB ObLIAa OCHOBOHM INEPBOTO 3Tama B
pPa3BUTHM  aNTOPUTMHUYECKHX M  INPOTPAMMHBIX  CPEACTB
BU3yaIIM3aliH. ATNIapaTHbe BO3MOXKHOCTH ANCIIIEEB MO3BOJIAIN
BBIBOJ] OTPAaHWYEHHOTO KOJIHWYecTBa (GUIyp M KpuBBIX. Ha
BEKTOPHBIX JHUCIJIEAX HEKOTOPBIX THIIOB MOXHO  OBLIO
peann3oBaTh MPOCTHIE aHUMAIMOHHBIE M300paxeHus. CpencTsa
rpaduueckoro BBoJa AaBaliH JOCTATOUYHO OOraThle BO3MOXHOCTH
B3aMMOJCHCTBUS ¢ MOJETHPYIOMIMMH IPOTPAMMaMH.

Buenpenne — mBeTHOW — pacTpoBoil  rpadukm, — pe3koe
yYBEIHYIEHHE BO3MOXKHOCTEH IHCIIIEEB, AAI0 TOMYOK K CO3JaHHUIO
METOJI0B M alrOpUTMOB (hOoTOpeasn3Ma, 4To, B CBOIO OYEpElb,
obecneyno KadeCTBEHHbIE HM3MEHEHMS BH3yalM3allMd 3a CUeT
YBEIWYEHHS  KOINMYECTBA W  KadecTBa  BOCIIPUHHMAeMOil
Bu3yansHON HHpopManuu. Ha skpaHe cTano oToOpaxarhes pe3Kko
Oonpiiee  KONMMYECTBO  00BEKTOB. [loABMIICH  pa3iH4YHBIE
croco0bI 0TOOpakeHNsT MOJEIBHBIX CYIIHOCTEH B paMKaxX OJHOTO
rpaduueckoro BbIBOJA, HAmMpHMep, (Gopma, IBET, TEKCTypa,
JBIDKEeHHE. BusyanbHble 0OBEKTHI CTallo Jierde BOCIPUHUMATh H
pasnm4ath. K koHiry 80-bIX romoB KOMIBIOTEPHAS BU3YyaH3aIUs
odopmunace Kak caMocTOSTeNbHas AWMCOMIUIMHA. B cucremax
HAyYHOH BH3yanM3alMM Hadall aKTHBHO HCIIOIb30BATHCS
TpexMepHas TpadHKa, aHUMaIHs, a 3aTeM u poTtopeann3M. OmbIT
pa3pabOTKH M HCIONB30BaHUS CPEACTB HAYYHOH BH3yalnn3aluu
MOKAa3bIBAIOT, YTO PAa3BUTHE AaIIAPATHBIX M aITOPUTMHYECKHX

TIO3BOJIAIOT MOJYYUTh Ka4€CTBEHHO HOBBIC BO3MOKHOCTHU I1O CpeacCTB HHTCpaKTI/IBHOﬁ I‘paCI)I/IKI/I obecIeuniio
II0CIICAOBATCIILHOC YBCIIMYCHUC KOJIH4YECTBA n KadyecCTBa
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BOCHPHHUMAaeMOH BH3yalbHOH wuH(popmarmu. HHTepecHo,
qTO COBpEMEHHOE pas3BuTHE anmapaTHBIX u
ANTOPUTMHYECKUX CPEICTB KOMITBIOTEPHOH Tpaduku, B
3HAYUTENIPHOM  Mepe  CBA3aHHOE C  HOTPEOHOCTSIMH
KOMIIBIOTEPHBIX HIp, TPHUBENO K TOMY, 4YTO Oorarsle
BO3MOXXHOCTH  KOMIIBIOTEPHOH  TpadWkM, 1O  CYTH,
3HAUUTENBHO  TIPEBBIMIAIOT  MOTPEOHOCTH  OONBIIMHCTBA
COBPEMEHHBIX CHCTEM KOMITBIOTEPHON BU3yaNnn3amui.

K wnagamy 90-piIx romoB B cucTeMax HaydHOH
BU3yaIIM3allid Hadallkl MCIOJIb30BaTh «OONBIINE SKPaHBI» U
cpensl BUPTYaIbHON peanbHOCTH, MEepBOHAYAIBHO
pa3paboTaHHBIE  JUIi ~ aBHATpeHaxepoB. B ciydae
BUPTYalbHONH pEaNbHOCTH KOMIIBIOTEPOM IIPH IMTOMOIIU
CIEIHANbHBIX YCTPOICTB co3maeTcst ocoOeHHas cpena,
BOCHPHHUMaeMasi MONb30BaTeNeM KaK pealbHBIi MHp, B
KOTOPOM OH JEHCTBUTENFHO HaXoAUTCs (a He HabmomaeT co
CTOPOHBI) M C KOTOPBIM B3aMMOJCHCTBYET HAIpPAMYIO, TaK
xKe, Kak U ¢ oObryHBIM MupoM [4]. Yxe B 1992 romy B
xypHare Communications of the ACM mnosBumach
myOuKamys, MoJPOOHO OIHMCHIBAIONIAs BO3MOXHOCTH CpeJ
BuptyanbHoil peanbHoctu TMna CAVE [3]. Haunnas ¢ 1991
rozaa, ucciaenosatea NASA OMUCHIBAIHM MPOEKT pPa3padOTKU
«BUPTYyaJIbHOU a3pOIMHAMHUYECKOM TpyOBbI» [2].
(CootBercTByromas cucremMa Oblia 3akoH4YeHa B 1994 rony.)
B mHacTosimiee BpeMst cpencTBa BHPTYaldbHON PpEanbHOCTH
cranu mMpokogoctynHbiMM. Cucrembl Tuna CAVE
UCTIONB3YIOTCSI BO MHOTUX HAyYHBIX M IPOEKTHBIX
OpraHM3anusX 3a pPyOex oM U B HaIIEH CTpaHe.

3. ®eHOMEHbI, CBsi3aHHble C BUPTYyanbHOMN
peanbHOCTbIO

O6mast 3ama4a HAIIMX UCCIENOBAHHN — MOIYYUTh HAOOp
PEKOMEHAUH I MPOSKTHPOBAHUS CIICIHATN3HPOBAHHBIX
CHCTEM  BHU3yallH3al[M, HCIONB3YIOINX BHPTYaIbHYIO
pEanbHOCTb.

Cpenbl  BUPTyalnbHOH  pealbHOCTH HMEIOT  TaKue
XapaKTePUCTUKH, KaK TPEXMEPHOCTb M CTEPEOCKONUIHOCTS;
JTUHAMUYHOCTB; MYJNBTHCEHCOPHOCTH (TI0jada WH(OpPMAIIH
Ha HECKOJIIBKO OPTaHOB UYBCTB); KOHTPONb HaJ BHIMMOM
JacTbI0 BHUPTYalbHOH CpEJbl; BO3MOXHOCTH OOECIEUHTh
B3I M3HYTpu (mpoctpanctBa) [1]. [lonp3oBaTens mmeeT
BO3MOXXKHOCTh MOTPYXKEeHHUs (immersion) B BUPTYaIbHBIN
MHp, B CBS3M C 4YEeM BO3HMKAeT (EHOMEH HPUCYTCTBUS
(presence), CBSI3aHHOTO C OIIYIICHUEM HAaXOXICHUS “TaM”, B
BUPTYalIbHOM MHpE, B IPOTHBOIIOJI0XHOCTh HAOIIIOACHUIO 32
KapTHHKOH Ha OJKpaHe CO CTOPOHBI, XapaKTEepHOTO IS
TPaAUIMOHHOH KOMIBIOTEepHOH rpaduku. Ilpu ommcanun
(eHOMEHA MPUCYTCTBUSI MOXKHO TOBOPHUTH O CyOBEKTHBHOM
BOCIIPHSATHH, B KOTOPOM HYEJIOBEK ‘‘3a0bIBacT”’ O pOJHU
TeXHUKA B CO3JaHMM TOH Cpexsl, C€ KOTOpOil OH
B3anMojelcTByeT. [lo MHEHHIO CIennamuCcTOB, HWMEHHO
(beHomeH MIPUCYTCTBHS obecrieunBaeT Oouprne
BO3MOXHOCTH TIPH BH3yaJTbHOM aHAIN3€ HAYYHBIX AAHHBIX B
cpelax BHUPTYalbHOH peambHOCTH. B ToXe Bpems Hama
MPaKTHKa TPOCKTUPOBAHMS CIICIHMAIN3HPOBAHHBIX CHCTEM
HAyYHOH BHU3yalW3alUHM M PabOTel C UX IIOIb30BATEISIMHU,
Takoke KaK M JINYHBIA OIBIT, CBA3AHHBIH C MEpeKUBAHHUEM
MPUCYTCTBUSL B IKCIIEPUMEHTANIBHBIX CpefaX BHPTYalTbHOM
peanbHOCTH, BBHI3BIBANA ONpeAeneHHble omaceHus. [lo
HEKOTOPBHIM MapaMeTpaM MPHCYTCTBHE NPHONIKAaeTCS K
M3MEHEHHBIM COCTOSHHSAM CO3HAHUS (XOTS M HE SIBISAETCS
TakoBbIM) [9]. Hay4Hble BRIYMCIICHHS IPEANONIAral0T aHAIN3
OombIIoro o0bEMa JAHHBIX, MONYYEHHBIX B pe3yJbTaTe
paboTBl KOMIIBIOTEPHOH MPOrpaMMbl. AHANMNM3 HAyYHBIX
JAHHBIX, XapakTepHBII A1 HaydHOH BH3yalM3aluH,
BKJTIOYAeT DA ONEpanuii, B TOM YHCIE, WACHTU(HKAIHIO,
CpaBHEHHE, PAaH)KUPOBaHHE, JIOKATH3ALHUIO, KIACCH(PHUKAIIHIO,
GUIBTpaNNIo, YCTAHOBIECHHE AaCCOLHMANMKH M KOPPENSIHi,

kyactepuzanuio [1]. [TosiBuiics nemblit psii BOIIPOCOB, CBSI3aHHBIX
C BIUSHHEM COCTOSHHS MPHUCYTCTBUS Ha  BBIIIOJHEHHE
JIeATeTbHOCTH MoNb30BaTeneM. He oTBieueT mm HOBOE COCTOSIHUE
oT 3amaun? Bpul0 BaXKHO M MHTEPECHO Y3HATh IOCTIDKHMO JIH
MPUCYTCTBUE, KaK TaKOBOE, NpH paboTre C abCTPaKTHBIMU
obpasamu? CMOXET 1M TOJb30BATENb B3aHMOAEHCTBOBATH CO
cpemoif, ecnm y Hero He OyAeT CyOBEKTHBHOTO OIIyHICHHS
npeOsiBaHus B Hel? Jlanee BO3HHK BOIPOC O B3aUMOBIHSHHU
(eHOMEHa TPHCYTCTBUS M WHTEIUIEKTYalbHON AEATENBHOCTH IO
0o06paboTke TpencTaBICHHOH WHoOpMauu. MoOryT I OHH
MPOTEKaTh OJHOBPEMEHHO, OyZeT IM OIHO YCHIHMBATh APYToe
WIM MeNaTh, TNpPENATCTBYsS pemieHuio 3agad? Baxno Takke
OTAENUTh  BO3ACHCTBHE IICHXOJOTHYECKHX 3(PdekToB  oT
BO3JICHCTBUS YHCTO TEXHHYECKHX cpeacTB. Ilo cytu, ObuIo
HEOOXOJMMO BBIICHHTH, CMOXET JIM IOJB30BaTENb (HAIpHUMeEp,
CIEIHANNCT B 00IaCTH MPUKIAAHON MaTeMaTHKN), TIOTPYKEHHBIH
B Cpely BHPTYyalbHOHl pealbHOCTH TOYHO U  aJeKBaTHO
aHAIM3UPOBATh CIIOXKHBIC JAHHBIC, IPEACTABICHHBIC B BHIC
a0cTpakTHBIX 00pa3oB. Takke OBUIO BaXKHO Y3HAaTh HE BBI3OBET
M TPHCYTCTBHE KaKMX-THOO HEMPUSATHBIX OIIYIIEHWH B XOJe
CIIOXHOTO aHanmm3a. TakuM o0pa3oM, BMECTEe C HCCIEJOBaHUEM
(GeHOMEHA TPUCYTCTBHSA HEOOXOAMMO H3YyYCHHE  BIHSHHS
BUPTYalbHONH pEaTbHOCTH Ha pEIICHHE WHTEIUICKTYaTbHBIX
3amad. IlosTomMy OBUIO pemIeHO OpraHW30BaTh H3ydYCHHE
COCTOSIHMH TIOTEHIMATbHBIX IIOJIb30BaTeNIed CHCTEM HaydHOH
BU3yaIlM3aliy Ha 0a3e BHUPTyalbHOH peanbHOCTH. B 3ToM cBsi3M
BO3HHUK BOTIPOC O BEIOOPE METOAUKH UCCIIEA0BAHMSI.

4. MepexnBaHne heHOMeHa NPUCYTCTBUSA

@deHOMEHY  NPHUCYTCTBHSA  IIOCBSIICHO  3HAYUTEIBHOE
KOIIMYECTBO HCCIenoBaHWH. B To ke Bpems HeMHOro pador
CBSI3aHHO C HCCIEROBaHMEM (CHOMEHAa MPHCYTCTBUS Y
MoNTb30BaTeNNel cucTeM Hay4dHOI Bu3yanu3anuu. [loaTromy BeIGOp
METOJMK HCCIEeIOBaHUS MEePEKUBAHUS ()EHOMEHA IPHCYTCTBUS Y
MoNb30BaTeNell cuCTeM HaydHOH Bu3yamu3anuu Ha Oa3e cpen
BUPTYallbHON pEaTbHOCTH TIPEACTAaBISsLI cOo0Oif HOBYIO 3amady.
EcrecTBeHHO HATH aKTyalbHYI0 IPOOIEMATHKY BH3yaTH3alMU U
B €€ paMKax INPOBOAMTH HCCIENOBaHMA. B 3ToM KadecTBe
BBIOpaHa 3amada pa3pabOTKH CPEJCTB BH3yalM3alUH A 3a1ad
MaTeMaTHIeCcKOi (U3NKH, B YACTHOCTH, CBA3aHHBIX C CETOUHBIMHU
MeTofaMH BbluncieHHH. OCHOBHBIC [aHHbBIE, IONTydYaeMble B
pe3ylbTaTe pacdeToB, MPEACTABIAIOT cOO0H MAacCHBBI 3HAUCHUIT
MapaMeTpoB B y3/IaX PacdeTHOH TpeXMepHOW ceTKH. TodHOCTh
PEe3yJIbTaTOB MOJAEIUPOBAHUS 3aBHCHT OT KOJIMUYECTBA JIEMEHTOB
CEeTKH, TO €CTh OT 4Hcia ee pazbuenuit. Heobxomnumo n3ydenue
OTHENBHBIX (PParMeHTOB CETKH M obecliedyeHHe HaBUTAlUH B
TpeXMEpHOM TpocTpaHcTBe. [lomb3oBaTens B AaHHOM CIydae
UMeeT Je70 ¢ 6oNbmUM 00BEMOM CII0XKHO CTPYKTYpPHPOBAHHBIX
naHHBIX. Vcrionp3oBaHUE cpell BUPTYalbHOH PealbHOCTH MOXKET
nate Oombmioil 3¢¢eKT mpH BH3yalH3alMd CETOK 3a CYeT
STOLIEHTPUYHON TOYKH 0030pa, “NOTpYKEHUS’ MOIb30BaTENs B
JTaHHBIE W BO3MOXXHOCTH M3y4YEHHsS CETKHM H3HYTpH. BosmoxkHa
peanu3anus “IlyTelIeCTBUs”  BHYTPHM CETKM UM H3YyYEHHUs
0CcOOEHHOCTEH ee BHYTPEHHUX OOBEKTOB.

TlepBoit nneeii OblIa uzest MPOBEACHHS HCCIENOBAHNS Ha Oase
CHCTEMBI BH3YallM3al[MN C HUCIIOIb30BAHHUEM OYKOB BHPTYaIbHOM
peansHOCTH u CETOYHBIX JaHHBIX, TeHEPHPYEMBIX
HCTIONB3yEMBIMH Ha NPAKTHKE CUCTEMaMH MOJEIHPOBAHUS. DTO,
BO-TIEPBBIX, 00ECIIEUNBANIO CPABHUTENBHO OBICTPOE JOCTHKEHHE
MOCTABICHHON IIeNW, a, BO-BTOPBIX, IO3BOISIO paboTaTh C
HACTOSIIMMH JaHHBIMA W  HACTOSIIMMH  IOJB30BaTEIAMH,
BBIICHAS HA TPaKTHKE BCE IOCTABJIEHHBIE BOMPOCHL. OmHAKO
MMEHHO HU3-3a Mpo0iieM C MONb30BaTeIsAMH 3Ta HJesl OKa3alach
Hepeanu3yemoi. Oka3anach, 4TO KONMYECTBO HCCIEJOBAaTENeH,
CIOCOOHBIX TOJHOIEHHO aHAIM3HPOBATh M HWHTEPHIPETUPOBATH
KOHKPETHBIE rpaduueckne BBIBOJIBI, OTPaHUYCHO
CIEIHANINCTaM{, 3HAIONMMH W TIOHUMAIOIMMHU CYIIHOCTH
MaTeMaTH4ecko M KOMIIbIOTepHON  mopjenell.  Jpyrue

88

24-28 September 2017, Perm, Russia



GraphiCon 2017
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HCCIIEeN0BATENN, KOMIETCHTHBIE B IIPUHIUIE, HO, HE HMes
MONTHON MH(OPMAIMK 0 MOJENH, MOTYT HE YBUAETh Ba)KHBIE
ocobennoctu. J[lenmarp Kakue-nuMOO BBIBOJABI Ha OCHOBE
BeCbMa Mayoil BBHIOOpKHM Hemp3sd. Jla W 3acTaBHUTH
CIEI[HAINCTOB 3aHUMAThCS HCCIENOBAHMAMH COOCTBEHHBIX
CBOWCTB M OCOOCHHOCTEH JOCTATOYHO 3aTPyTHUTEIBHO.

[lanee B xauecTBe MOJECNBHON 3a/1a4n ObIIa MpeAIokeHa
MIPOBEPKA CKOPOCTU M TOYHOCTH OPHEHTAIINH 110 TPEXMEPHOH
KapTe MECTHOCTH, DPEaJM30BAHHOM B Cpele BUPTyalbHOU
peanbHOCTH. 3aadd HPOCTPAHCTBEHHOTO OPHEHTHPOBAHMS
HOCSIT YHUBEPCATBHBIH XapaKTep W MOTYT OBITh ITOCTABICHBI
Kak B JBY-, TaKk WU B TpexMmepHo# cpene. Bo3moxna
peanu3anus IEpeABIKEHUS 110 TPAAUIMOHHOM KapTe W MO
naHamadTy, TPEACTAaBICHHOMY B Cpelie BUPTyalbHON
peanpHOCTH. OJTO TMO3BOJSET CPaBHUTH MEXIy coboi
BU3YyaIIN3alHI0, MPEeJHA3HAYCHHYIO Ui OOBIYHOTO BBIBOJAA
nH(OpMaIy Ha SKpaH U BU3YalIH3aIHIO, OPUECHTHPOBAHHYIO
Ha Cpeasl BUPTYyaldbHOH  peambHOCTH. 3aJadd  Ha
MIPOCTPAHCTBEHHOE OPHEHTHPOBAHHME JOCTYIHBI IIHPOKOMY
KpYyry IIONb30BaTeNeii M B KakoW-TO Mepe MOryT OBITh
YBSI3aHBI C 3a/laueil HABUTAIIMU B aOCTPaKTHOM BHUPTYalIbHOM
npocTpaHcTBe. OHAKO B 3TOM CIydae HE INPEAIONaraeTcs
MOZENNPOBAaHNE OCHOBHBIX OIEpalyii aHalM3a JAaHHBIX B
BUJIE, XapaKTEPHOM JUISl HAYYHOI BU3yaIIM3aIliH.

B pesynbrate nmnoucka MOAXOZAIIEH OCHOBBI  JUIS
MOZENNPOBaHHUS paboTsl TIOJTb30BATEIIS co
CIIeIMaIM3UPOBAHHON CUCTEMON HayuyHOW BU3yalW3alMM Ha
0a3e cpeapl BHPTYaJbHOW pealbHOCTH ObUla BBIOpaHa
METOJMKa, B KOTOPOH HCIIBITYEMBIM TIpeJIaragach 3ajada Ha
MPOCTPAHCTBEHHOE  MNpeoOpa3oBaHHEe  OO0BEKTa.  ITOH
Mertoaukoil sBisgercs Tect “Kybmkm Koca” — cyGrect
HHTEIJIEKTyanbHOTro Tecta Bekciiepa. B xone tectupoBanus
UCTIBITYeMBIi ~ JIOJDKEH  co0paTh  COOTBETCTBYIOLINE
MIpeIOoCTaBIeHHOMY 00pa3ily y30pbl ¢ MOMOLIbIO Habopa W3
pasHonBeTHBIX KyOukoB. “Kybmkm Koca” mo3Bossror
TECTHPOBATh BOCHPHITHE, MOTOPHUKY, 3PUTEIBHO-MOTOPHYIO
KOOPAMHAIMIO, TPOCTPAHCTBEHHBIE  IPEACTABICHHS U
IBPUCTHYECKHE CIOCOOHOCTH, OIEHHBAET CIIOCOOHOCTH K
BBIMIOJTHEHNIO  OCHOBHBIX ~ MBICIUTENBHBIX — ONepanuii -
cpaBHeHMe, aHanu3 W cuHTe3 [10]. BrIGOp maHHOTO Tecra
MO3BOJMJI ~ HCHONB30BaTh ~ METOAMKH  HCCIE[OBaHMA,
HapaOOTaHHBIE 3a JMONTHE TOABI IICHXOJNOTHYECKOH U
MEJUIUHCKON MPaKTHKU. B mepBoHaganbHOM HCCleI0BaHUU
B XOJ€ OJKCHEPHMEHTOB pacCMaTPHBAINCh JBa BOINpPOCA.
Memaer MIM  [OMOTaeT MCIOJB30BAaHUE BUPTYaJIbHOM
pEanbHOCTH TIONB30BATENIIM CHCTEM BH3YalHM3allMd B HUX
pabore. Brusier nu nepexuBanue GpeHOMEHa IPUCYTCTBUS Ha
CHOCOOHOCTB PelICHHS HHTEIUICKTYaIbHbIX 3a/1a4?

B skcmepuMeHTe MPUHSATIO ydacTHEe HECKOIBKO JECATKOB
9YeloBeK, B OCHOBHOM  CTYJCHTOB, acCIIUPAaHTOB U
npo(eCCHOHANOB  TEXHHYECKHX,  ECTECTBEHHOHAYYHBIX,
MaTeMaTHIEeCKHX U KOMITBIOTEPHBIX CIIeNHaIbHOCTEH. 3a1aua
HCTIBITYEMBIX 3aKJII0Yaliach B BBINOJHEHWU IECSATH 3aJaHMi
Ha COCTaBJICHHE Yy30pa M3 BEPXHHMX TpaHel KpacHO-OeIbIX
KyOHKOB.

OKCrepuMeHTaNbHasl TPYyNNa HCIBITYEMBIX BBIMONHSIA
TECT B Cpele BHUPTYaJbHOM pEaNbHOCTH, BBIBOAMMON Ha
cTepeooukr. KoOHTponbHas Tpynma BBINOIHANA TECT C
BBIBOJIOM BH3yalIHM3allMd Ha SKPaH MOHHUTOPA, Ha KOTOPOM
OBUIO YCTAaHOBJICHO pa3pelleHHe Takoe ke, Kak Ha
crepeooukax. IIpm 3ToM He MEHSIOCH HH COAEpKaHHE
3aJaHuii, HH CI0co0, HH  IOCIENOBaTEeNbHOCT X
npenbsBiIeHus. Kpome 3Toro, HCHBITYeMBIM 00€HX Tpynm
OBUIO TIPEATOKEHO TOCMOTPeTh B CTEPEoOYKax JBa
JIEMOHCTPAIMOHHBIX ponuka, WILTIOCTPHPYIOIIHX
BO3MOXKHOCTH CpeJl BUPTYaJIbHOH peanbHOCTH [7].

Puc. 1. [Ipumep co3nanHOM I SKCIIEPUMEHTA BUPTYaJIbHOM
cpenbl, mo3BousitomIei nmpoxoauTs TecT «Kyouku Kocay [7].

JlaHHBIE MOKA3allM, YTO BHPTyalbHas PEalbHOCTh HE BIHACT
Ha BpeMsl pelleHHe 3aJaHMi, OJHAKO BIUSET Ha MPaBHIBHOCTH
BBIONHEHUS. B cimydae  mpocThIX  3ajaHMil  BIHMSAHHE
oTpuuarenbHoe. B okcnmepuMeHTanbHOR  Tpymme  yame
JOMyCKaIuCh OMHUOKKH. B cimywae jxe CIOXKHOTO 3a1aHuA,
TpeOyronero oopameHns K IpoCTPaHCTBEHHOMY BOOOPaKEHUIO U
BBITIOJTHEHUSI OTEPAlii MBICICHHOTO BpAICHUS, BHPTyanbHas
peanbHOCTh JaéT 3HAYUTENBHOE MPEUMYIIECTBO. B
SKCTICpIMEHTAIbHOW TPyNIe He ObLIO AOMYyMIEHO OMMOOK IpH
BBITIOJTHEHUH YCIIOXKHEHHOTO 3aJlaHus, TOT/1a Kak B KOHTPOJIbHOM
rpynmne oHu O0blH. HekoTopble HenbITyeMble B 00enX Ipynnax He
CMOINIM Jiake OIMMOOYHO pEIIUTh YCIOXKHEHHOE 3aJaHue.
BonbmIMHCTBO W3 HHUX MMENH OMIMOOYHBIE CTPATeTHH pEIICHUS,
KOTOpBIE HE CMOTJIM CKOPPEKTHPOBATh U B MTOT€ OTKA3aIUCh OT
BBIMIOJTHEHUSI  yCIOKHEHHOrO 3amaHus. OJIHAKO TONBKO B
SKCTIEpIMEHTAIbHON Tpyme HekoTopble ucmbiTyembie (10,3%)
HE CMOTJIM COCTaBHTh HaX€ OIIMOOYHOTO IUIaHA pPEHICHHS H
OTKA3aJIMCh IOCJE PANAa XaOTUYHBIX AEHCTBUH. B cBA3M c 3TUM
OblIa cIenaHa THIOTE3a, YTO, XOTS BUPTyallbHas PeaabHOCTDH 32
c4éT crepeockonuyeckoro 3¢¢dexTa W co3maHHs OOBEMHOTO
n300paKEHUsST MOXET CIIOCOOCTBOBATH OMEPAIMAM MBICIEHHOTO
BpallleHns,, OHAa TaKkXKe MOXET U OTPUIATETbHO BIHATH,
CKpajbBas KakHe-TO OCOOCHHOCTH U300pakeHHs. YUToObI
obecneynTh ~ MPOM3BOAMTENBHOCTH  TIONb30BAaTeNied  TIpH
MPOEKTHPOBAHHN BU3YalbHBIX CHCTEM HEOOXOJMMO YUYHTHIBATh
0COOEHHOCTH BBIBOJa M BOCHPHUATHA H300pakeHUS B cpenax
BUPTYaJIBbHOW pealbHOCTH [7].

IepexxnBanne ¢eHOMEHAa NPHCYTCTBUS ONPENETATIOCh Ha
OCHOBaHUH CYyOBEKTUBHBIX CaMOOTHYETOB, CHIeNaHHBIX
HCTIBITYEeMBIMH SKCIIEPUMEHTAIBHOH TPYIIIBI, U MPEII0KEHHOTO
Butmepom u Cunrepom ompocHuKa mnpucyTcTBus, «Presence
Questionnaire [5]. Y dYacTH HUCHOBITYyeMBIX B XOI€ pPELICHUS
BBIMIONIHEHUSI TecTa OBUIO  3aMKCHPOBAHO  TIEPEKHUBAHHE
deHoMeHa TpHCYTCTBUS. AHaNM3 TOKazal, dYTO (EHOMEH
MPUCYTCTBUSl KaK TaKOBOW HE OKa3ajl 3HAYMMOTO BIHSHHA Ha
BpeMsi M NpaBWIbHOCTH pemeHus Tecta “Kybukum Koca”. Bwuio
BBIZIBUHYTO TIPETIOI0KEHNE O TOM, YTO IepexxnBanue GeHoMeHa
NpUCYTCTBUSL He OyIeT OKa3plBaTh BIMSHME M Ha peElIeHHe
JIPYTHX HWHTEJUIEKTYalbHBIX 337ad CXOJHOTO THIIA W MOXET He
MPUHAMATHCSA BO BHUMAHHH IIPU NPOCKTHPOBAHUH BUPTYaTbHBIX
cpel,  IpelHa3HA4YeHHBIX i1 CIOXKHOW  YMCTBEHHOH
nesTesbHoCTH [7].

Ha cnenytomem srane ucciefoBaHUM TeM HCIBITYEMbIM
SKCTIEPUMEHTAIbHON TPYIIITBI, KOTOPBIE yKa3alu Ha MEePEKUBAHIE
(eHOMEHa TPUCYTCTBHS IIPU BBINONHEHWH TECTa, a TaKXKe
UCTIBITYeMBIM ~ KOHTPOJIBHOM  TPYNNBI,  yKa3aBIIMM  Ha
NnepexuBaHWe  (EHOMEHa  TPHCYTCTBHA IIPU  IPOCMOTpE
JIEMOHCTPAI[MOHHBIX POJMKOB, OBLIO TPEATOKEHO MPUHATH
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y4acTHe B JOTIOJHHUTEIFHOM SKCIIEPHMEHTE, Ielb KOTOPOTro
cocTosla B HM3YYCHHH  OCOOCHHOCTEH  NPOTEKaHUS
MepeXUBaHMs (PCHOMEHA NPHUCYTCTBHA. VCHBITYeMBIM Taiu
BO3MOXKHOCTh «IIOJIETATh» HaJ BHPTYaJbHBIM TOPOIOM B
YCIIOBHSIX, MaKCHUMaJbHO HAIIPaBICHHBIX Ha IEPE)KHBaHHE
y4JacTHUKaMH (EeHOMEHa NpHCYTCTBHA. Ilocime 3Toro oHu
ObUIH  ONpOIICHBI C IOMOLIBIO  CTPYKTypHUPOBAHHOTO
WHTEpBBIO. B pesymbrare OBUIO OMHCAaHO TNPOTEKAHUE
HEKOTOPBIX BHUJIOB W YPOBHEH MpPHCYTCTBHSA (CpPEeIOBOTO,
COLMANIBHOTO, JINYHOTO MPUCYTCTBUs). OTMEUCHO pa3IuyHOe
BIMSHHE OJHUX W TEX JK€ YCIOBHH Ha pasHbIX JIOJCH,
YKa3aBIIUX HAa OAMH U TOT K€ ypOBEHb NMpUCYTCTBUS [7]. B
psize ciuy4aeB y IIOJIb30BaTeNieil OTMEYANINCh HETATHBHBIC
3G QeKTb, KOTOpbIE B JHTEPAaType OIMUCHIBAIOTCS, Kak
«xnbepOoIe3Hb» (TOJOBOKPYKEHUE, TOUTHOTA, YTOMIICHHE U
ta.). (MHTepecHO, 4YTO TpU  IKCIEPHMEHTAIBHOM
WCIIOJIb30BAHUM OJHOH W3 MOJENEH CTPEOOYKOB, TaKue
3G QEKTHl CTadM TOCTOSHHBIMH, HO TIIOYTH IIOJHOCTBHIO
WCYE3TH  TPH  HUCIOJNB30BAHHH  OYKOB  OYEPEIHOM
MOJU(HKALIUH. )

B HacTosmiee BpeMs TeCT peaqu3oBaH Ha HOBOH
anmapaTHOH M mporpaMMHoi 0ase. Hawar cnenmyronmmii stan
HCCIIeIOBaHUI ()eHOMEHA PUCYTCTBUS B CBS3U C PEIICHUEM
HMHTEJUICKTYaIbHBIX 3afad. JTH HMCCIEAOBAaHMS CTAHOBSATCS
0COOEHHO AaKTyalbHBIMH B XOJ€ pa3padOTKH HOBBIX
CHEeNUATN3UPOBAHHBIX CHCTEM BH3YyaIH3aluu c
WCIIOJI30BAHUEM OYKOB BHPTYQJIBHOH pEalbHOCTH U C
peanu3anueil ecTeCTBEHHBIX (KECTOBBIX) MHTEp(eiicoB. [6].
CpencTBa BUPTYaNbHOH pEalbHOCTH HPUMEHSUIUCH B Psilie
CHENUATN3UPOBAHHBIX CHCTEM W NPUMEPOB BH3yalH3alUuU
JUTS TIPEACTABIICHUS BBIYHCIUTENBHBIX CETOK, KPHCTAJUIOB, a
TaK)Ke MOJENH Cep/la, ONMCAaHHOTO B BHAE Habopa TOYEK U
ceTok. [Ipu 3TOM MMeNnHn MECTO eCTeCTBeHHas U abCTpaKTHAs
obpasHocTi  Bm3yanmzanud. OOBeM  BU3YaIH3HPYEMBIX
naHHBIX — 10**6 10**9 touexk wu Beime. IlogBusgercs
HEOOXOIMMOCTh OpPHUEHTHPOBATHCS B CIIO’)KHO
CTPYKTYpUPOBAaHHBIX a0CTPaKTHBIX MpOCTpaHCTBax. s
HaBHUTallUd B 3TUX NPOCTPAaHCTBAaX HEOOXOIMMO HAYUYHTHCS
HaXOOUTh HY)XHOE HaIpaBICHHE TIIPH IEPEMEIICHHUH.
HaGnronennss B uenmom moArBepawiid 3 (EKTHBHOCTH
WCTIONIB30BAHUSL  CPEACTB  BUPTYAIBHOH  PEAJBHOCTH.
[lonp30BaTeny IMONYYarOT JONOJIHUTEIBHBIC BO3MOXXHOCTH
[0 M3YyYEHHIO MOJEIBHBIX CYHIHOCTEH M X OCOOEHHOCTEH
MIPY BU3yaJHM3alllH C ITOMOINBIO. Mcronap30BaHuEe KECTOBBIX
uHTepdelicoB mpu padore B  BUPTYAIBHBIX  Cpeaax
3HAUUTENBHO OO0JIeryaeT B3aHMMOJCHCTBHE C OOBEKTaMH M
HaBHUTAIMIO B IPOCTPAHCTBE.

5. U3yueHue uHcaiTa Npu BU3yanusaumm

Ionyuenne mHCaliTa paccMaTPUBAETCSI B KAaUeCTBE IIENU
KOMIIBIOTEPHOH BHU3yalM3alW, a €ro HalH4He, KaKk OAUH U3
OCHOBHBIX KPUTEPHEB IIPH OIEHKE Ka4eCTBa BU3yalIM3aIlHH.
WHcaliT moHMMaeTcs Kak cOOBITHE, NMPHU KOTOPOM HUYENIOBEK
cpa3y ke (OpMyIHpyeT BO3HHKAIOIIYI0 y HET0 OCHOBHYIO
MbICTb. PaccmaTpuBaeTcs TakKe HEMTHOBEHHBIM MHCAIAT,
P KOTOPOM MBICIL (hopMHpyeTcs B TE€UEHHE HEKOTOPOTO
BpeMeHH Kak Obl Ha Hammx riasax. [8] 3amada momydeHus
nHcalTa onpenenser GOpMBI NPEICTABICHUS BH3yalH3aIllHU
U BPEMEHHBIE OTPAHUYCHUS MPH MOITYyYSHUH Pe3yNIbTaTa.

Hab6mionenus 3a Momb30BaTeNIIMUA CHCTEM BH3yalH3aIl[n
MO3BOJISIET TOBOPHUTH O HECKONBKUX THIAX IOBEICHHS B XOJI€
paboTel. Bo3MoxkeH OBICTPBI MPOCMOTP H300pa’KeHUS,
MO3BOJISIIOMINI  CAenaTh Te WIM HHBIE BBIBOABI O CYTH
MPEe/ICTAaBICHHON NpobieMsl. B npyrux ciyuasx usydeHne
«KapTHHKM» 3aHAMAaeT MHOTO BpEeMEHH. 37ech Takke
BO3MOJKHBI Pa3lIMYHbIE BAPHAHTHI, HAIIPUMEP, OTCIECKHBAHNE
U3MEHEHHH B  AWHAMHYECKOM  H300paKEHHWH,  WIH
cBOeOOpa3HOe UTEHHE BHU3YaIbHOTO TEKCTa C aHAIN30M

;[eTaneﬁ, B TOM 4YuCIE, U B PCKUME B3aMMOJICHCTBHS C
BU3YyaJIbHbIMHU 00bEeKTaMHU. KpOMC TOTO, Ha6H}0£[eHI/I$I
IIOKa3bIBarOT, 4YTO HEKOTOPBIMHU IIOJIb30BATCIISIMH BHU3YyaJIU3allun
pe3yiibTaT ObLI IOJIY4€H MPAaKTUICCKU MI'HOBEHHO. (B TOM YHCJIC
peuICeHud 3a4a4u 110 Ky6I/IKaM Koca B paMKax 3KCIIEPUMEHTOB CO
cpeaamMu BI/IpTyaJ'ILH()ﬁ peaHLHOCTI/I.) MosxHO 3aKJIKOYUTHh, YTO B
9THUX Clly4dasX HMEJI MECTO «MTHOBEHHBIN» HHCaWT. Taxke paa
Ha6H}0ﬂaeMBIX Cl1y4a€B MOXHO OBLIO OIHCAaTh B TCpMUHAX
«HEMI'HOBCHHOI'O» HHcaﬁTa, Korjga I1oJIb30BaTCiin q)OpMPIpOBaHI/I
CBOM pPCIICHHA IO MEPE BbIBOAA CJIOXHO CTPYKTYPHPOBAHHOI'O
BHU3YaJIbHOTO OTO6pa)K€HI/I}I.

Ilo HalmeMy MHCEHHUIO, HHCAHT HE MOXKET paccMaTpuBaTHCA KaK
1ejib BU3yaJIU3alluu. Bo3moxHO ero PacCMOTPEHUC B Ka4C€CTBC

OJHOTO M3 CpPEACTB IONY4YEHHsS pe3ynbTaTa — IOCTPOCHHS
KOTHUTHBHO-PETIPE3CHTAaTUBHBIX CTPYKTYP. IMpomecc
BU3yallM3allil ~ MOXHO  pacCMaTpWBaTh KaK  IOCTPOCHHE

BU3YyaJIbHOTO 00pa3a Ha OCHOBAaHWHU a0CTPAKTHBIX MPECTaBICHHH
06 oObekTe. DTH abCTpaKTHBIE MPEACTABICHUS MOXKHO OIHCATh
KaKk MOJeNlb HCCIEeAyeMoro oOBbeKTa, SIBICHUS, HIM MpoIecca,
Kak-TO CBS3bIBAEMYI0 C HMEIOIIUMHUCS Yy MOJB30BaTENs
KOTHUTHBHBIMH  CTPYKTYypaMH,  ONHCHIBAIOIIUMH  JAHHYIO
CYIIHOCTb. BuzyansHsie o0pa3sl, TIPEICTABIISIONIHE
MOZENUPYEMYIO CYIMIHOCTb, CITy’KaT JUIs TOTO, YTOOBI CO3/aTh HIIH
BOCCTAaHOBHTb  KOTHHUTHUBHBIE  CTPYKTypsl.  Ilopoxnenue
KOTHUTHBHBIX CTPYKTYp IO BH3yalIbHBIM 00pa3aM H €CTh IIPOLEeCC
HMHTEpPIpETalnH.

B Toxke Bpems Hemb3s HE OTMETUTH BAXKHOCTH H3yUYCHHS
WHCAliTa B CBSA3M C HCIOJNB30BAHHEM CpEl BUPTyalbHOU
peanbHOCTH U (PeHOMEHOM HPHCYTCTBHSL.

6. ®eHOMEH NpPUCYTCTBUA N IMOLUN

Kak wu3BecTHO, cpeabl BHPTYaJIbHOH pPEANTBHOCTH OYEHb
aKTUBHO HCIOJIB3YIOTCS B Pa3BJICKATEIbHBIX KOMIUIEKCAX IS
pa3sHooOpa3HBIX JeMoHcTpanuid u urp. IloiesHo ObuTO OB
00CYIHTE psi HAOMIOICHNH, CACTaHHBIX B CBSI3H C 3THM.

B chnydae HemosHOrO TOTPYXKEHHS, KOTZa CO3JaHHAsS
KOMITBIOTEPOM Cpefla OKpY)KaeT IOJb30BaTeNsl HE CO BCEX
CTOPOH, OCTaBJISsI BO3MOXKHOCTh HAOMIONATh PEabHBI MHUp, HE
co3/1aeTcsl AaKe YaCTUYHOTO MEPEKUBAHMS MPUCYTCTBHSA IO TEX
mmop, NOKa HaOJIOJaTeNlb HE BOBJIEKACTCS B COOBITHS CpEIbl.
OpHako Te jKe JIIOAW YKa3blBalOT HA IIOJHOE MEepEeKUBaHUE
MIPUCYTCTBHSL IPH BOBJICYEHHOCTH. BO3MOXKHa cuTyaums, Korja
IIPY TEPEKUBAHUU IOJHOTO 3PHTENBEHOTO HOTPYXKEHHUS OOJbIIast
4acTh COOBITHI B BHUPTYQJIBHOH cpelie NMPOXOIUT BHE CO3HAHUS
YyeJOBEeKa, HE CYHTas CaMOro Hayajga M CaMoro KOHIIA
HWHTEPAaKTUBHOM JeMoHCTpanuu [7].

B pasBiekarenpHBIX KOMIUIEKCAX MpeIIaraeTcst Habop Urp ¢
MepEeMELICHUSIMH B BHPTYaJbHOM MIPOCTPAHCTBE u
JIEMOHCTpPALUiA, HaIpUMep, IMOJIBOJHOIO MUpa. B urpax BakHyIO
pOAb  WMIpPAlOT  XOpOIIO  pEajM30BaHHbIE  BUPTYyaJbHBIC
HWHCTPYMEHTHI B3anMoeiicTBus. VIHTEepecHO, YTo ake HMEIOIUit
JIOCTaTOYHBIH OMBIT PabOTHI B Cpelax BUPTYaIbHOM PealbHOCTH U
MHOTOKPAaTHO HAOJIONABIIUI CllydyaW TPHCYTCTBHS YEIOBEK
OKa3bIBACTCS IMOJIHOCTHIO WJIM YaCTHMYHO BOBJICYCHHBIM B
BUPTYaJbHBIA MUP. BO3MOXHO BO3HUKHOBEHHE YyBCTBA CTpaxa B
CBSI3U C CHUTYAaIlMsSIMU M IIEPCOHaXKaMHU BHpTyalbHOTO Mupa. [Ipu
9TOM OCTaeTCsl IIOHMMAaHHE HEepealbHOCTH MHpA, CO3AaHHOTO
BUPTYyaJbHOW cpenoil. To ecTb He OBIJIO NOTEPH MaMATH, HE OBLIO
3a0BIBaHMS, YTO MEpEJA TJIa3aMH BCETO JIMIIb Pa3BOPAuyMBACTCS
aHMMUpPOBAaHHAS KapTHHKA. UeIOBEK MOXET HCIBITATh CHIIBHOE
CpeIoBOe MPHUCYTCTBHE W BECTH ceds Tak, Kak OyaTo 3Ta cpena
peanbHa. Bo3MoOKeH cTpax H3-3a MPeIMETOB, KOTOPBIE MOTJIH OFBI,
HaHeCTH Bpen, Oyne cuTyauus peanbHa. HecmoTps Ha
CaMOKOHTpOJIb, CHJIa CpEIOBOTO TPHCYTCTBUS OblIa BecbMa
Benuka. Hampumep, 0pu «IOrpyXeHHM Ha JHO OKeaHa»
HallOMMHAHHE caMoMy ce0e, 4TO CUTyalus He peanbHa, M
YEeJIOBEK HE MOXKET JBIIIATH I10J BOJOH, HE MOMEIIAI0 OOSTHCS
MIPOTUIBIBAIOIINX MHMO ME/Ty3 HJIH KUTa.
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CHEZ(yCT OTMETUTH, YTO HHCAUT 3a4aCTy0 TOXE CBsA3aH C
OMOIIMOHAJIBHBIMHU NEPEIKUBAHUAMU (B YaCTHOCTH,
OHpeHSHeHHHﬁ HOIOK OT OTKpPBITUA YETOo-TO HOBOIO H
Ba)XXHOT'O, OLIYIICHHUE paJOCTHU OT yCIieXa U T.H.).

7. 3akno4veHune

Takum 06pa3om, pa3BUTHE KOMIIBIOTEPHBIX TEXHOJIOTHIH
TOPO’KAAeT HEOOXOMMOCTb HOBBIX HCCIIEIOBAHUH, KOTOPEIE,
B CBOI0O OYepeAb, CTaBAT HOBBIE BOMPOCH  IEpen
nccienoBarelsiMi. B HacTosmee BpeMs MIET MOATOTOBKA K
OYEpPEeIHOMY JTaly SKCIIEPUMEHTANBHBIX HCCIEI0BaHHUI
(eHOMEHA IPUCYTCTBHA Ha 0a3e SKCIIEPUMEHTOB C KyOUKaMu
Koca. HoBble nccnenoBanus JOKHBI COBMECTUTD METOJUKY

HCCIIEIOBAHUS MIPUCYTCTBHS c TIOMOIIBIO
CTPYKTYpPHPOBaHHOTO HUHTEPBBIO u U3ydeHHe
HHTEIUIEKTYaTbHOM paboTH MOJIb30BaTeNeH cpen

BUPTYaJIbHOH peasbHOCTH.

OtmeTuM, 4TO M3ydeHHe (EHOMEHA MPHCYTCTBHUS HMEET
3HAUCHHE HE TONBKO TP pa3pabOTKE CHCTEM Hay4HOI
BU3YaIIU3allH, HO U MPHU CO3JaHUU TPEHAKEPOB PA3THIHOTO
THma. B 3TOM ciydae mpUCYTCTBHE MOXKET HIparh Kak
MO3UTHBHYIO, TaKk M HETaTUBHYIO ponb. Heobxoammo
MPOEKTHPOBAHNE HOBOW CEpHUM  HKCIICPHMEHTOB IS
n3ydeHus (pEeHOMEHOB BHPTYyalbHOH pEanbHOCTH B TaKHX
3amadax.

8. BbnaropapHocTtu

ABTOpBI BEIpaKaroT IiIyOokyto OmaromapHocts O.E.
Cypunsaoit u A.A. lllepOuHuHY 3a aKTUBHOE YydYacTHE B
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uccienoBaHui peHoMeHa IPHCYTCTBUSL.
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MpubnunxeHHaa ontTumnsauma oopmbl y3na rionacrten
3HeproyctaHOBKU

Awnnpees C.B.L, Bonnapes A.E.%, bonnapenko A.B.%, Busuibsrep 10.B.2, Tanaktnonos B.A.L, 'ynkos A.B.2,
Kenros C.JO.2, Kykos B.T.}, Unosaiickas E.B.2, Kusass B.A.2, Manykosckuii K.B.Y, Hopuxosa H.JI.!, Ocockos M.B.2,
Cunaes H.)K.2, ®eonopurosa O.5.1

bond@Kkeldysh.rujvligal@gin.keldysh.ru
"MucturyT npuxnagHoit matemaruku um. M.B. Kenapima PAH, Mocksa, Pocens;
2I'VII T'ocHUMAC, Mocksa, Poccust

Pewaemcs 3a0aua noucka onmumanvHou Gopmul  y31a onacmell  dHepeoycmanosku (DY) ¢ eepmuxanvHol  OCbHo.
Paccmampusaemen ycmanoexa pomoprozo muna ¢ mpemsa uzocHymoimu ronacmamu. Cmagumces 3a0a4a HaxoxHcoeHuss ONMUManbHou
Gopmbl 1onacmeit ¢ yuemom 0paHuHeHuli Ha MAcCy U MOMEHm uHepyuu écez2o y3na nonacmel. Pacuem yenegoil gynxyuu npu
3a0anHoll ghopme 1onacmeli OCHOBAH HA YUCTCHHOM peuleHul mpexmepHol 3adauu obmexanus 6 mooenu ypasuenuil Hasve-Cmokca
6513K020 ColcumMaemoo 2asd. B mpoyecce makux pacuemos onpedensemcs 8pawarowjuii MOMeHm u Cuibl, Oelicmsyioujue Ha y3el
Jaonacmeti npu 0O6MeKanuy e2o NOMOKOM 8030yXa ¢ 3A0aHHOU cKopocmvio. [l pacuemog npumensics nakem OpenFOAM. B pabome
npuseoer 0emanbHblil AHAU3 NOYHYEHHBIX Pe3VIbMAmos Had OCHO8e PA3PAOOMAHHON ONMUMU3AYUOHHOU mexHoro2uU. B ocnogy smoii
MEeXHONO02UU NONOCEHA NAPAMemPU3ayls KOHCMPYKYUU IHEP2OYCMAHO8KU mpems KilouegbiMu napamempamu. Ha ouckpemmom
MHOJICECTNBe  3HAYEHUN DMUX Napamempos pewiend 3a0aud NOUCKA MAKCUMYMA O08VX yYenesbix (QYHKYull, onpeoersiouux
a’pOOUHAMUYECKOe KAYeCm80 DHEP20YCMAHOBKU. MOOVIA NOTHOU A3POOUHAMUYECKOU CUb U MOOYIA 8pawjarnujezo momenmd. B
npoyecce pabomul co30aH BUPMYATbHBII IKCNEPUMEHMATbHBII KOMNIEKC Ol MOOenuposanusi npoyecca obmexanus DY na ocrose
pewenus ypasuenuii Hasve-Cmoxca. Badcnoii cocmagnoii uacmvlo 3mozo KOMWLEKCA SGIACMCs BU3YAnU3ayus npeocmagnienusl
pe3yabmamos pacuemos. s 8u3yanbHo2o npedcmagienus UCHONIb308A1ACh KOHYENYUsi NPO3PAYHOL C4emHOll 00nacmu u peHoepuned
pacnpeoenenus 2a300UHAMUYECKUX @QyuKkyull (Oagnenue, memnepamypa) NO NOBEPXHOCU HENOOBUICHO2O YV31d JOonacmel
9HEPeOYCMAHOBKU 6 NomoKe 6030yXd. [lisi 0OHOBPEMEHHOU OYEHKU HpOYecco8 pacnpeoeneHusi 2a300UHAMUYeCKUX (QYHKYull Ha
nogepxHocmu 10nacmeli u @ C4emHol 0OIACMU UCNOTL308ANACH KOMOUHAYUSI PEHOEPUH2a NO NOBEPXHOCMU IONACMU U 8 NONEPEUHOM
ceueHuu, paccexkarouiem 10nacmo.

Knroueswvie cnoea: mamemamuueckoe Modeﬂupoeaﬁue, susyaiuzayusd, onmumMusayuOHHAsl 3a0aqa, napamempultecmzl HOUCK.

Approximate Optimization of Shape of the Blades Assembly for Power Plant

Andreev S. V.1, Bondarev A. E.}, Bondarenko A. V.2, Vizilter Y. V.2, Galaktionov V. A.%, Gudkov A. V.2,
Zheltov S. Y.2, Zhukov V. T.%, llovayskaya E. B.2, Knyaz V. A.2, Manukovskii K. V.1, Novikova N. D.%,
Ososkov M. V.2, Silaev N. Zh.?, Feodoritova O. B.*

bond@Kkeldysh.rujvligal@gin.keldysh.ru
IKeldysh Institute of Applied Mathematics RAS, Moscow, Russia;
2GOSNIIAS, Moscow, Russia

The problem of finding the optimal shape of the blades assembly of a power plant with a vertical axis is solved. The power plant of
a rotor type with three curved blades is considered. The task is to find the optimal shape of the blades, taking into account the
constraints on the mass and inertia moment of the whole blade assembly. Calculation of the objective function for a given shape of the
blades is based on the numerical solution of the three-dimensional flow problem in the model of the Navier-Stokes equations for a
viscous compressible gas. In the process of such calculations, the torque and the forces acting on the blades assembly are determined
when it is flowed by the airflow at a given speed. OpenFOAM software package was used for calculations. The paper provides a
detailed analysis of the results obtained on the basis of the developed optimization technology. The basis of this technology is the
parametrization of the design of the blades assembly by three key parameters. On a discrete set of values of these parameters, the
problem of finding the maximum of two objective functions determining the aerodynamic quality of the power plant is solved, where
the objective functions are the module of the total aerodynamic force and the torque module. In the process of work, a virtual
experimental complex was created to simulate the process of flow around the blades assembly on the basis of solving the Navier-
Stokes equations. An important integral part of this complex is the visualization of the results of calculations. For visual presentation
the concept of a transparent calculation area and the rendering of the distribution of gasdynamic functions (pressure, temperature)
over the surface of a stationary assembly of power plant blades in the air flow is used. For a simultaneous evaluation of the processes
of distribution of gas dynamic functions on the surface of the blades and in the calculation area, a combination of the rendering along
the blade surface and in the cross section cutting the blade is applied.

Keywords: mathematical modelling, visualization, optimization problem, parametric search.

BUSYAIM3ALMIO W aHUMAIMIO pEe3YyJbTaToB B MOHO- H
CTepeopexnmax.

1. BBegeHue

HNannass pabora TpOmOIKAET LHUKI  HCCIEOBaHHUI,
MOCBAIICHHBIX pa3pabOTKe y3/la JIOMAcTed HSHepreTHYeCKOit
ycranoBkd [1-4]. Ha mnpemsiaymux stamax paboTel Oblia
MOCTPOCHA M IPOTECTUPOBAHA BBIYMCIUTENBHAS TEXHOJOTHS,
npencraBieHHas B paborax [1-4] u Brmouaromas B cebs
noctpoeHne CAD-mozenu y3nma JomacTeil, MOCTpOEHHE Ha
OCHOBE 3TOH MOJENH PAacyeTHOM CETKU, PacdeTbl OOTEKaHUs,

B nanHolf paboTe mnpHBENEHBI PE3YJIbTaThl PACUETHBIX
UCCIIeIOBaHUN 1O onTUMH3aimu  (GOpMBl  y371a  Jiomacrei
JHepreTuueckol ycraHoBkd (DY) ¢ BepTHKaIbHOH OCBIO.
PaccmarpuBaercs JOY poropHoro THma [1-4] ¢ Tpems
M30THYTBIMH JIONACTSIMH, (DOpMa KOTOPBIX XapaKTepH3yeTCs
Tpemss mapamerpamu. CraBUTCA  3ajJada  ONpeIeTIeHHs
JOMYCTHMOTO JMalla30Ha W3MEHEHMS 3TUX [apaMeTpoB H
HAXOXKACHHST MPUONMKEHHO ONTHMAIbHON (hOPMBI JiomacTeld ¢
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YYETOM OTpaHHYEHHI Ha MacCy ¥ MOMEHT MHEpIHH BCETO y3/a
Jonacrei.

Crporoe MaTeMaTHYecKOe pEIIeHHEe ONTHMH3AIHOHHON
3aa4d JUI1 HAaXOXKICHUSA DSKCTpEMyMa 3aJaHHOM LIEJIEeBOU
(yHKIUY, HaIpUMep, MAKCHMYyMa BpAIIAIONIEro MOMEHTa y3I1a
jonacrei — IPaKTUYECKH HEBO3MOXHO. IlosromMy MbI
OrPAaHWYMIINCH  NPUOMIKEHHBIM  TOMCKOM  JKCTpeMyMa
(MakcuMyma) B IHUCKPETHOM IIPOCTPAHCTBE TPEX KIIOYEBBIX
mapamMeTpoB (opMBI y37Ma — JABYX YIVIOBBIX IIapamMeTpoB
JIONACTH M ee MMpWHBEL [IpH 3TOM BO3MOXHOE YBEIHUICHHE
MacChl y3Jla M €ro MOMEHTa HHEepIWH He MODKHO OBLIO
3HAQUUTENFHO IPEBBIIATh AHAJOTMYHBIE TApaMeTphl Ul
6azoBoro BapmaHTa (OopMBI y37ma. Pacuer memneBoil GyHKIUH
TIPY 3aJaHHBIX KJIIOYEBHIX ITapaMeTpax OCHOBAH Ha YHCICHHOM
PELIeHNH TPEXMEPHOH 3aJaun 00TEeKaHUsI B MOIENIN ypaBHEHUH
Haspe-Crokca BS3KOro c:kmMaeMoro rasa. B mpomecce Takoro
pacuera ompefenseTcs BpANIAlOIIAA MOMEHT W CHIIBI,
JICHCTBYIOIIME HA y3€l JIoMacTel Mpu 0OTEKaHUU €T0 TIOTOKOM
BO3JyXa C 33JIaHHOM CKOpOCTBIO. [y pacdeToB IpHMeEHsIICS
maker OpenFOAM  (pemarens  rhoCentralFoam)  [7].
[IpencraBineHHBIe pacyeTs! NPOBOAWMINCE Ha BBHIYHCIHTEIHHOM
knactepe K-100 B UTIM um. M.B. Kemgerma PAH [5] B
peXHMe MapajuieTIbHBIX BEIYUCITICHHH.

2. TexHonorusa pacyeToB

[locTpoeHne YHCIEHHOM TEXHOJNOTMH BKIIOYAeT B ceOs
BBOJ TeOMeTpHYecKod  wnHpopmamuu, ee  o0paboTKy,
MIOCTPOEHNE CETOYHOM MOJIENH, BBIOOp aJrOPHTMOB pacyuera
oOTekaHns, pacueT (QYHKIHOHAIOB (CHJII M MOMEHTOB),
BH3yalM3anuio, 00paboTKy pe3ynbTatoB. OCHOBOH TEXHOJIOTUH
SBJIICTCSL TIPOIIECC MAaTeMaTHYecKOr0 MOJICIUPOBAHUS y3Ila
nonacteit OV 1oz 3aaHHON BETPOBOH HArpy3Koil Ha OCHOBE
ypaBHeHuil Habbe-CTokca. CnemyromuM BaXKHbIM 3TaroM
SBJISCTCS  CO3JaHME METOOWKM pacueToB Uil  BhIOOpa
ONTHMAJIBHOW (D)OPMBI JIOMACTEl, YeMy ¥ TIOCBSICHA JaHHAs
pabora. [nsa  pacyeroB  oOrekaHmss DY  CTpPOHTCA
TeOMETPHYECKO CeTKa, MOATOTOBKA KOTOPOH Ha4yMHAeTCs C
OITMCaHMs MTOBEPXHOCTH, OrPaHUYHMBAIOIIEH TPEXMEPHOE TeEJIO.
Orta noBepxHocTh uMnoptupyercs u3 CAD-makera M MOXeT
OBbITh OTPENAKTUPOBAHA, T.€. JJIA HOIYy4eHHS OObEMHOH CEeTKH
HY)KHOI'O KayecTBa IPOBOJMUTCS JONOJHHUTEIbHAs IIOATOTOBKA
MIOBEPXHOCTH c HCHOJIb30BaHUEM aBTOMATH4ECKUX
HUHCTPYMEHTOB CO3aHUSl M PEJAKTHPOBAHHS IOBEPXHOCTHBIX
CEeTOK, BKJIIOYas Ha3bIBa€Mble B aHIJIOS3BIYHOI JMTEpaType
npoueayps! «surface wrapper» u «surface remesher». Ilepsas
npoueaypa ucnpasisier gepexrst CAD-reomerpuu, co3nabas
Ha BBIXOJIE 3aMKHYTYIO MOBEPXHOCTb )KEJIAEMOH JeTalIN3aliH.
Bropas mpouenypa co3gaeT TPEYroJibHYI IOBEPXHOCTHYIO
CeTKy C KOHTpoJeM KadecTBa (TJIaJKOCTh B 00JacTsX C
GOJIBIION KPHBU3HOM, pa3pellieHie TOHKHX MECT, POCT pazmepa
s’MeeK TP YOAJICHUH OT oOnacTeil ¢ BBICOKOH AeTaiu3aluei,
COXpaHCHHE TONOJOTUH OOBEKTa, JIOKAIBHOE H3MENIbUCHHE
ceTkM W J1p.). Ha puc. 1 mnpusBeneH mnpumep HUCXOAHOU
noBepxHocTHOH «CAD-ceTku ¢ omubkamm» (cieBa) U «CeTKH
6e3 ommboK» (crpasa).

Puc. 1. [Ipumep moBepXHOCTHON CETKU: HCXOAHAS
CAD-1oBepXxHOCTb € OlIMOKam# (cieBa) 1 UCTpaBICHHAs
TpEYrojbHas CeTKa (CrpaBa).

Ha ocHOBe pe3ynbTHpyIOLIEH MNOBEPXHOCTHOW CETKHU
crpoutcst oObeMHasi pacyeTHas ceTka. B 3amadax oOTekaHus

Takas CeTKa, KaK IPaBUIO, COCTOUT M3 JIBYX OCHOBHBIX YaCTEH:
MpU3MaTHYeCKOH BONU3M  OOTEKaeMBIX IIOBEPXHOCTEH W
NPOM3BOJIBHOM MHOTOTPAHHOM CETKM Ha YHAJICHUM OT

TOBEPXHOCTEM. Hnst CO3JaHus IIPUCTEHOYHOT O
MPU3MAaTHUYECKOr0  CJ01 € 3aJaHHBIMM  NApaMeTpaMu
HCIOJIb3YeTCs 1ocJe10BaTeNbHOE HapaluBaHue

NpU3MaTHIECKHX ci1oeB. [Ipyu 3ToM nomyckaeTcst MOaupUKAIHS
TEKYIIETO CII0sl, YTO 00ecreynBaeT Co3laHne IPU3MAaTHIECKOrO
CII0S, TIPOHMKAIOIIETO Jaibllle OT CTCHOK BIIYOb pacueTHOI
obmactu. Jlnst  3amoiHEHMS BHYTpPEHHero o0ObemMa BHE
NPUCTEHOYHBIX ~ CIIOEB  MOTYT  BBIOMPATbCsl  TETPadJpBHl,
reKcaroHajgbHbIe U MHOrorpanusle sueiiku. [laker OpenFOAM
B 00IIEM ciTydae ITO3BOJISIET IMPOBOMUTH PAcUeThl HA CETKaX M3
IPOU3BOJIBHBIX MHOTOIPAHHBIX s4€eK. B IpencraBieHHBIX
pacyerax IPUMEHSINCh CETKH C s4YelKaMd B BHJE
TPEYroJbHBIX MPU3M B IPUCTEHOYHBIX CIOAX M TETpa’paMHu
BHE 3THX CJIOEB.

3. 3apgaya noucka onTumanbHou (hopMbl

Pacuer oOTexannst DY OCHOBaH Ha pEIICHHH YpaBHEHUH

Hasse-Crokca [6]:
op _
P.y. =0
P +V-(pl)
M-&—V-(pﬁ@ﬁ):—Vpﬁ-V-r

3nech U — BEKTOp CKOPOCTH OCPEIHEHHOTO TEUCHHS C

KOMITOHeHTaMH (U,V,W) ; p — IUIOTHOCT, P — JaBNCHHE, T —

N 2
TEH30p BS3KUX HaIpPsDKCHWH; E:e+‘u‘ /2 - ypenbHast
IIOJTHAS BHEPIys ra3a, € — y[elibHasi BHYTPEHHSI SHEpPIUs rasa;
H=E+p/p — momuas sHranemus, § — BEKTOpP IUIOTHOCTH
TEIUIOBOr0  MmoToka. CucreMa ypaBHEHUM  JIONOJIHAETCA
YPaBHEHHUEM COCTOSIHUS WACAIBHOIO rasa: p =(R/M )pT, M
— MOJEKYJSIpHBIH Bec, R — yHHUBepcajbHas ra3oBas
nocrosuHast, e=C,T, C,— yOenbHas TEMIOEMKOCTh IPH
MOCTOSIHHOM o00BeMe, T — Temmeparypa. TeH30p BS3KUX
HalpsDKEHUH M BEKTOp TEIUIOBOrO II0TOKA MMEIOT BUJ

7=2u(§-Y31V-0), G=-2VT, reS=05(Va+[val)

—Tensop  ckopocredt  gepopmarmm, p(T), A(T) -
k03 QHUIMEHTDI JMHAMUYECKOH BSI3KOCTH u
TEIUIONPOBOAHOCTH. B JTAaHHOU pabote BIIMSIHUE

TYpOYJICHTHOCTH HE PacCMaTPHUBAJIOCh.

Pabora sHepreTnueckoll yCTaHOBKH C BEPTHKAJIBHOW OCHIO
BpallleHHsT OCHOBaHA HA BO3HMKHOBEHHMHM  BPAILAIOLIErO
MOMEHTA 32 CYeT JeWCTBHS HaOerarolero noToka BO3ayXa Ha
Jonactd. bnarozapst BBICOKOMY a3pOJMHAMHYECKOMY KaueCTBY
JgonacTedl BO3HMKAaeT MOJbEMHAas CHJIA, HPEBbIILAONAs CHILY
CONPOTHBJICHUS, YTO B MTOr€ IPUBOAUT K IOSBJICHHUIO
Bpalllalonero MomeHra. Ilo3ToMy B KauecTBe OCHOBHBIX

UHTETPaNbHBIX XapaKTEPHCTHK BBICTYMAeT TOJTHAsS
a’poIMHAMHUYECcKasl CUJIa M BPaIl[aloIuil MOMEHT.
Jins  BU3yalnbHOrO  MPEJACTABIEHHMS  HCIIONB30BaNach

KOHIICTIIMST TMPO3pPaYyHON CYETHOH O00JacTh | peHIepHHra
pacrpeneneHusl Ta30JMHAMUYECKUX (QYHKUMKA  (IaBieHHe,
TeMIeparypa) 1o HOBEPXHOCTH HEIOJBI)KHOIO y3Jia Joracreit
SHEProycTaHOBKM B TIOTOKE Bo3ayxa. [l oxHOBpeMeHHOM
OLIGHKH IIPOLIECCOB  PACIPE/CNeHHsI  ra30[MHAMHYECKHX
GyHKIMIT HA TOBEPXHOCTH JIOMACTed M B CUETHOH oOiactu
UCIIONb30BAIaCh KOMOMHAIMS PEHJIEPUHIa 10 IMOBEPXHOCTH
JOMacTH U B TIONEPEYHOM CEYCHHH, PACCEKAIOIIEM JIOMacTb.
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AHUMHPOBaHHOE  IPEACTABJICHHE  PEAIM30BBIBAIOCH €
MOMOIIBI0  TIOJXO/la, HA3BaHHOIO «O0JET KaMepbl» BOKPYT
HEIOJBIKHOIO y3J1a JIONAcTed B MOTOKE. I HENOIBUXKHOIO
y31a JiomacTeid MOMOOHBIA TOAXOA JaeT BO3MOXKHOCTB
KOHTPOJIMPOBATh paclpeelieHHe Ta30AMHAMUYECKUX (QYHKINH
BO BCEX TOYKaX OOBEKTa, BOBPEMS BBISBIATH IOSBICHHE
pacueTHBIX JIe()EKTOB W OTJIQXHBaTh CXEMY OpraHHU3alHd
pacuera. Kpome TOro, Haieil 3amadeil SBISUIOCH CO3JaHUE
crepeodmiibMa, TIO3BOJISIOIIETO HPOJIEMOHCTPUPOBATh
pe3ynbTaThl  pacueToB  (CO3aHME  IIOCIE0BATEIbHOCTH
crepeonap, Kakaas M3 KOTOPBIX SBJISETCS CTEPEOKaIpOM
¢unpMa), ¥ METOJ «00JIeTa KaMepsl» BOKPYr OOBEKTa SBIISCTCS
HanOoJee NOAXOSIINM JUIS 3THX HeIeH.

[IpaxkTuuecku mobas CAD-cucrema N103BOJISIET
BU3YaJIM3UPOBaTh  TPEXMEPHBIH  OOBEKT C  3aJaHHBIMU
KOOpAWHATAMH TIOJOKEHUS 110 OTHONIEHHIO K IOJNB30BATEINIO.
[losromy 3amada co3maHus crepeomibMa CBOIMIACH K
TIOCTPOEHHIO MOCIIeIoBaTeNbHOCTH n300paskernit CAD momenn
¢ 3aQUKCHPOBAaHHOM OCBI0 7, TIPOXONsIed dYepe3 ee
TEOMETPHYECKHH IIEHTp, W CMEIIEHHEM Ha OIpe/eTIeHHbIH
yron. Ilocme KaXaoro TaKOro CMEMIEHWs —ITPOBOIHICS
peHIepUHT MOJIEIH, TIO3BOJISIOIINIT JOCTHYb
(OTOpEaNTCTUIHOCTH, W COXpaHEHHe pe3ylbTaTa B BHIE
rpadudeckoro ¢aiina B BRICOKOM pa3penieHu!.

OnHOM W3 BaKHEHINHMX 3a1ad MOJESIHPOBAHUS SBIISIETCS
MONCK ONTHUManbHOW Qopmer y3ma Jomacteir JVY. Hac
HHTEpecyeT Takas Qopma wn3menus, KoTtopas o0ecrednBaeT
MaKCHMaJIbHBIH BPAIIAOIIH MOMEHT NPH BapbHPOBAaHUH TPEX
rapamMeTpoB y3jia — JIBYX YIJIOB HAaKJIOHA JIOMACTeH M IIMPHHBI
Ka)XXJOH JIOMacTH B MPEANONIOKEHHWH, YTO BCE TPH JIOMACTH
uneHTHYHBl. Ha puc. 2 cXeMaTHuYecKH II0Ka3aHbl dTH
rapaMeTphl: ¥, — YroJl My HalpaBJICHHEM JIONACTH U OCBIO
BpallleHUs, Y, — YIVIOBOM pasmep jonactd, L— mupuHa
JIONACTH. 3aMETHM, YTO BCIOJIY HIDKE Pe3yJIbTaThl MPHUBOMASTCS
IUIst TPOWKM mapamerpoB (y; , V., L) , tme y{ =90° —y;.
IMapametpst (¥4, Y2, L) MeHsIOTCSA B HEKOTOPOM JHana3oHe. B
KauecTBe 0a30BOoro Habopa BbIOpaH pe3y/IbTAaT CKAHMPOBAHUS
onbITHOrO 06pasia: (¥y,V2, L )gas = (55°, 120°, 20 cm). Ilpu
BapuanuAX y; MpuHUMaeT 3Hauenus 45°, 50°, 55°, 60°, 65°;
y, — 3HadeHus 100°, 110° 120° 130°; mmpuna yonactu L
BeiOMpaercss u3 Habopa 0.8Lg,,, 0.9Lg.,, Lgas, 1.1Lgas,
1.2Lg,s.

Puc. 2. Bapsupyembie mapamerpsl (¥Vq, ¥z, L).

JIONONHUM CXEMaTHYECKyI0 KapTHHY, MPEJCTABICHHYIO Ha
pHc. 2, TpeXMEPHBIMH U300paXKEHHUAMH, M. puc. 3—4. Pucynku
NPEJCTaBIAIT HM3MEHEeHHe (OpMBI y3da JIomacrted Ipu
BapHalMy BbIIICONHCAHHBIX NapaMeTpoB. ba3oBbIil BapHaHT
OTMEYEH KPACHBIM L[BETOM.

PaccmorpuM 3amauy yciaoBHON ONTUMHU3AIMNI:

HaWTH 3HAYEHUS apameTpoB x =)y L) =
argmax M(y;,v,,L) mpu BbIMONHEHHH OrpaHuyeHHit Ha x*. B
KadecTBe IeneBoi GyHkumu M BbiOMpaercs — mONHas

aspoarHamMuueckast cina Fwim Bpamarormii momenr M | a B
KadecTBe orpaHuueHuit — yciaoBus 45° <y < 65°, 100° <
Y2 < 130° 0.8Lgy; < L < 1.2Lg,,.

Puc. 3. Bausiaue y; Ha GpopMmy y3ia omnacreit:
45° (3enensiit), 50° (cepsrit), 55° (kpacHsiit), 60° (cepbiii),
65° (cunmuii).

Puc. 4. Bnusiaue y, Ha ¢opMy y3na JionacTei.

AHanmuTHYeCKOH CBS3M MeXIy LeneBoil GyHKIMEH u
BEKTOPOM HE3aBHCHMBIX IEPEMEHHBIX X* HE CYIIECTBYET, 3Ty
CBA3b YCTAHABJIMBACT TPEXMEpPHas cucreMa ypaBHeHui Hasbe-
Crokca. C ¢dopmanbHOW TOYKH 3pCHUS 3ajJadya IOUCKA X*
CBOJMTCA K 3ajaue HENMHEWHOro MNporpamMMupoBaHus. Jlis
NpUOMIKEHHOTO  PEIICHUs 3TOM  3a7aud  BOCIIONB3YeMCS
CETOYHBIM METOZIOM, ONpeZeNsis 3HAauUCHUH LeneBOH (yHKINH
Ha CETKEe Y3JIOB — JHCKPETHOM HaOope 3Ha4YeHMIl mapaMeTpoB
Y1, Y2 L B 3amanHom mmanasone. HawmGonbliee 3HaucHHe
1eneBo GpyHKIMM Ha JaHHOH CeTKe MPUHUMAETCS 32 UCKOMBIN

skctpeMyM. [lpenBapuM — NPUONIKCHHYIO — ONTHMH3ALMIO
NPOLIEAYPOH  MAapaMETPUYECKOro  IMOMCKa U OLICHKH
HampaBlIeHUs  W3MEHeHWs  mapamerpoB.  Jlust  3TOro

IOCJIEAOBATCIIBHO  IIPOBAPBHUPYEM  OTHACJIIBHO KOKABIA U3
ImapamMeTpoB, T.€. UCCIICAYEM TPU HAIIpABJICHUS:

Pl (Yi (N)' (YZ)633' Lﬁaa);
PZ ((ya)ﬁaa' Y2 (N)' Lﬁaa);
Py = ((Yi)ﬁaa' (Y2) a0 L(N)):

rae N — HOMep BapHaHTa U3 JOIyCTUMOro auanasoHa. J{is
KQ)XIOro  HalpaBleHHS  TOYKM  IPOHYMEPOBaHbl IO
BO3PACTaHHIO MapaMerpa. B pesyibrare NpoBENEHHS PacyeToB
OBLIO YCTAHOBJICHO, YTO NPH YBEIMYCHHH NAPaMETPOB ¥;,Vo, L
OT 3Ha4eHUH 0A30BOr0 BapHaHTA MPOUCXOIUT yBEIMYEHHUE, KaK
MOAYJNS ~ BpALIAIONIEro  MOMEHTa, TaKk M MOAYIA
a’poaMHaMHYecKoil cuibl. OLEHHM BO3MOXKHOE YBEIMYECHHE
otux QyHkimii. CHavana 3apuKkcHpyeM LIMPHHY JionacTu L =
Lg., ¥ IPOBapbUPYEM ¥4 U ¥, B AWamna3oHax ux u3MmeHenus. Ha
puc. 6 mOKa3zaHa 3aBHCHUMOCTb MOIYNS a3pPOIUHAMHUYECKON
cuinsl F(yy, ¥,) 1 Moxmyis Bpatiatoriero Mmomenta M(y;, y,) ot
BapHAIUH YIIIOB Y; U V5.

Puc. 6. F(y1, v») (cneBa) u M(y;, ) (cnpaBa); L = L.
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AHannu3 TONY4YEHHBIX pEe3yIbTaTOB TOBOPHT, YTO B
paccMaTpUBacMOM JWAaria3oHe M3MEHEHWs Y, W Y, mpu L =
Lg,; MakCHUMaJIbHBIM BpAILAIOIIMI MOMEHT JOCTUTAETCA IIPU
MaKkCHMalbHBIX 3HAYECHUSX J; U V,, HYTO OOEClednBaeT
yBeNnM4eHHe Bpamaromero MoMmenta Ha 28%. Ilpm Bapuamum
IIMPUHBI JIONACTH U (PUKCHPOBAHHBIX 3HAUCHUSX ITapaMeTpOB
(V1)6as ¥ (V2)6as HAOIIOTAETCS MOUTH JIMHEWHOE YBEIHYCHHE
Bpamaromero MomeHTa. Tak poct L Ha 20% NIPHUBOINT K POCTY
Bpalmarmero MoMeHTa Ha 16%. OJIHOBpEeMEHHBIH POCT BCEX
TpexX MapaMeTpoB B MPUHATHIX JUAINla30HAX MPUBOIHUT K POCTY
MoMeHTa wHepuumu Ha 50% 1O cpaBHEHHIO ¢ 0a30BBIM
BapuaHTOM reoMeTpur. Cumras TOCTOSHHOH IUIOTHOCTH
MaTepuanga JIOmacTed, ydeT OrpaHHYeHHH IO Macce MOXKHO
BECTH C IIOMOINBIO KOHTPOII oObeMa y3ma Jomacteil. Bee
JTATBHEHINE PAacCMOTPEHHS MPOBOIATCS JUIS CIIOSL JAaHHBIX C
MakCHUMaJdbHOW mmpuHOW nomactu L = 1.2Lg,,. Ha puc. 7
TIPE/ICTaBIeHa 3aBHCHMOCTb MOAY/S adpPOANHAMUYECKOH CHITBI

(crmeBa) W MOJIYIsSI BPAIAONIEr0 MOMEHTA (CTIpaBa) OT Y U ¥,
st L = 1.2Lg,,.

L =12Lg,.

Ha puc. 8 (crmeBa) mokasaHel OOBEMBI Y37Ia JIOHMacTed
V(y{,¥,) B 3aBUCHMOCTH OT 3HAQUCHHI YIJIOBBIX I1apaMETPOB
npu  ¢ukcHpoBaHHOM 3HaueHuHM L = 1.2Lg,,. Ilmockocts,
OrpaHUYeHHast KPaCHbIM, COOTBETCTBYET 3HAUCHHIO 00beMa UL
6azoBoro Bapmanra V = Vg,,. COOTBETCTBEHHO, IUIOCKOCTD,
OrpaHMYEHHas  CHHHM, OTBEYaeT  3HAYCHHI0  o0beMa
V =11Vy,,. Jluaum mnepecedeHuss o00euX IUIOCKOCTEH C
MOBEPXHOCTHIO 3HAYCHUH OOBEMOB OrpaHUYUBAIOT BAPUALIMIO
¢opmer m3nenus. Ha puc. 8 (cmpaBa) moka3aHa oOnacth
JIOITYCTUMBIX 3HAQUCHHUH TIPU y4eTe OrpaHUyYeHHi 110 oObeMy Ha
IUIOCKOCTH BapHallM YIJIOBBIX [1apaMETPOB: OHA 3aKIIOYEHA B
00JIacTH, OrpaHMYEeHHOW TOJCTHIMU KpacHOW V = Vg,

"
cuet V = 1.1 Vi,, TUHUAMHU.

]
Gamma1'

Puc. 8. O0bem y3na nonacreit npu L = 1.2Lg,, (cnesa)
1 00J1aCTh OrpaHUYEHHs 10 00beMy (CIpaBa).

AHAaJOTMYHBIM 00pa30M ONpPEAEISAIOTCS ONpaHUYECHHS UL

MoMeHTa nHepiy. OHK OKa3aHbI Ha pUC. 9; cieBa H300paKeH
MOMEHT HHEPLIMH B BHJE TPEeXMepHOi moBepxHOcTH M; (¥4, V7).
ITnockocTb, OrpaHUYEHHAs KPACHBIM, COOTBETCTBYET 3HAYECHHIO
M = Mg,,, a orpannueHHas cuHuM — M = 1.1M,,. Jlunun
nepecedeHrs 00CHX IUIOCKOCTEH C MOBEPXHOCTHIO 3HAYCHHI
MOMEHTOB HWHEpIMM OrPaHMYMBAIOT  BapHalUI0  (HOPMBI
u3nenus. Ha puc. 9 (cnpaBa) nuamazoH JOMyCTUMBIX 3HAYECHHUHA
NPEJICTaBJIeH Ha IUIOCKOCTH BapHallUM YIJIOBBIX IapaMeTpoB B

BUJIE 00J1aCTH MEXY TOJICTBIMU KPACHOW M CHHEH JIMHUSAMH.

Gamma2

Gamma1t®
Puc. 9. MomenT nrepnuu (cieBa) 1 00JIacTh OrpaHUYCHUS
110 MOMEHTY MHEepIUH (CIIpaBa) MpH BapHAIUH YIIIOB,
L =12Lg,,.

Takum  oOpazomM, Ui 33JaHHOTO  CJIOS  JaHHBIX,
cooTBeTCTBYIOIMX L = 1.2Lg,,, MBI TONYYMIH OTPaHHICHHS
mo obwemy (puc. 8§ cmpaBa) U MOMEHTY HHepuuu (puc. 9
cpaBa). JIT  COBMECTHOrO ydera OSTHX OrpaHWYCHHI
n300pasuM WX Ha OIHOM pHCYHKE M BBIOEpEM [Hara3oH
BapHalliy yYIJIOB, COOTBETCTBYIOIIMII Hambomee >KeCTKOMY
OrpaHMYeHHIo, cM. puc. 10, Te Ha IUIOCKOCTH BapHalnu
VITIOBBIX TAPaMETPOB COBMEINEHBI OrpaHUYEHHS 10 00BeMy
(KpacHbIe JTMHUM) U MOMEHTY MHEpIMHU (IIyHKTHPHBIE TOIyObIe
nuHnK). Kak BUIHO Ha pPUCYHKE, HIDKHHE OTpPaHHYEHHS 10
00beMy M MOMEHTY WHEpIMH MpPAaKTHIECKH COBIAJAIOT, a
BEPXHHE CYIIECTBEHHO pa3HATCs. OUeBHIHO, YTO OTpaHHICHHS
10 MOMEHTY WHEpLUH SBISIOTCS Ooliee IKECTKUMH, YeM
orpaHnueHusi 1Mo o0beMy. B kauecTBe Hambosee >KECTKOTrO
OrpaHMYEHHMS IIPU CYMMAapHOM y4eTe OrpaHHYCHHH 10 00BeMy
W MOMEHTY WHEpPIUH HeoOXOOuMO BEIOpaTh JMaIa3oH
BapualUKM YIJIOBBIX IapaMeTPOB, 3aKIIOYEHHBIH MEXIy
MTYHKTHPHBIMH TOTYOBIMH JIMHHUSMH.

OueHVM BIHSHHE IOTYyYEHHBIX IIPH COBMECTHOM YdeTe
OIpaHMYEHUH Ha BpALIAIOIIMHA MOMEHT, KOTOPBIH MBI
paccMaTpMBaeM B HACTOSILIEM HCCICIOBAHMM KaK OCHOBHYIO
CHJIOBYIO XapaKTepUCTHKY y3J1a JIOacTeH.

Y

L,

Gamma2

Gammat

Puc. 10. CoBMecCTHBIIf yueT orpaHUueHUI 10 00beMy
1 MOMEHTY UHEPLUH NIPU Bapuauuu yrios, L = 1.2Lg,,.

Hna osroii menu Ha puc. 11 mokasaHo coBMeIIeHUE
MOBEPXHOCTH BPAIIAOIIEro MOMeHTa (cM. puc. 9, crpaBa) mpu
BapHallMk YIJIOB ¥ IIONY4EHHOTO [Mana3oHa OrpaHHYeHUH
(cMm. puc. 10). Pacnpenenenue Bpalaromero MOMeHTa Ha pPHC.
11 (cmeBa) MpPEACTaBIEHO TPEXMEPHOW TMOBEPXHOCTHIO, a
OrpaHMYEHHUS TPEJICTABICHBI BEPTUKAIBHBIMU TTIOBEPXHOCTSIMH,
OTCEKAIOIMMH HY)KHbIH JIMana30H Ha TIOBEPXHOCTH MOMEHTA.
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Puc. 11. MOMEHT MHEPIMH C yI€TOM OrpaHUYCHUH IPH
BapHanuy yriioBeIx mapameTpos B 3D (crnesa) u 2D (cnpasa).

Jis marmsmHOcTH Ha puc. 11 (cmpaBa) mpencTaBiIeHBI
AaHHBIE B JBYMEPHOM BHIE. OTO TIpEICTaBlIeHHE JacT
BO3MOXXHOCTH 00JI€e TOYHO ONpEIeTHTh AWAra3oH BapHaIlun
YIJIOBBIX apameTpos, obecreunBarONMii ~ MaKCUMyM
BpAILAIOIIET0 MOMEHTA C Y4E€TOM HaJIOKECHHBIX OrpaHUYEHHH
Ha W3MEHEHHEe o0beMa W MOMEHTa WHEPIMH Y3JIa JIOMacTeH.
MOXXHO yTBEep)KIaTh, YTO NPH y4eTe BEIOPAHHBIX OrpaHHICHHI
mo o0beMy ¥ MOMEHTY WHEpPIWH HYKHBIH JnarazoH
3aKITI0YAETCs B TpefieliaX BapHamud yria y; ot 55° mo 60°, a
yrma ¥y, — ot 120° mo 125° B wuTOre BhLACNCH qHAna3oH
TE€OMETPHUYECKIX MapaMeTpoB, O00ECIIEUNBAIONINX YBEIHICHHE
BpalIalomero  MOMEHTa W HaWJgeHBl  NPHOIKEHHO
ONTUMAJIbHBIE [TAPaMETPBL.

4. 3akn4veHune

BEImonHeHbl pacyeTHbIE WCCIEIOBAHUS IO ONpPEIeTIeHHIO
ONTHMaJIBHOW (hOpMBI y371a JomacTeld ¢ y4eTOM BO3MOXKHBIX
OrpaHMYEHHH Ha KOHCTPYKIHUIO, TIPOBENCH JICTAIBHBIM aHAIN3
MOJMYyYCHHBIX ~ PE3yJIbTaTOB HAa  OCHOBE  pa3pabOTaHHOI
ONTHMU3ALMOHHON TEXHOIOrMH. B OCHOBY 3TOH TEXHOJIOrMH
MOJIOXKEHA TapaMeTpH3anis KOHCTPYKIHH TpeMsl KIIOYEBBIMH
mapameTpaMu. Ha IHCKpEeTHOM MHOXECTBE 3HAYCHUH ATHX
IIapaMeTpoB pellIeHa 3a/aua MOMCKa MAaKCUMYMa JIBYX LIEJICBBIX
(YHKIMH,  ONMpeAeNsIONMX  adpOAMHAMHYECKOE  KadeCTBO
9HEPrOyCTAaHOBKH: MOJLYJIS IOJIHOI a3pOJHMHAMHUYECKON CUIIBI U
MOZyJISl BpalIAIoOLero MoMeHTa. B mpouecce paboTsl co3naH
BUPTYAJIbHBII 9KCIEPUMEHTAIBHBIN KOMIIJIEKC ULt
MOJIEITMPOBaHuUs nponecca o0TekaHust DY Ha OCHOBE peLIeHUs
ypaBHenuit  Hasbe-Ctoxca.  Cremyer  OTMETHTh,  4TO
BU3YaJIU3aLMisl IPEJCTABICHUS PE3yJIbTaTOB PACUCTOB SBIIACTCS
Ba)KHEHIIIEH 4acThlO CO3JIaHHOTrO KOMILIEKca, oOecreunBas He
TOJIBKO KOHTPOJIb U BEPUDHUKALIMIO PE3y/IbTaTOB HAa BCEX 3TaNax

paboOThl  BBIYMCIMTENBHOW TEXHOJIOIMH, HO U pELICHHUE
ONTHUMU3ALMOHHON 3aJayd C PpAJOM  OrPaHUYMBAIOLINX
YCIIOBHM.

5. BnarogapHocTtu

Jaunast pabGota BBIMONHEHA @PU IOAACPKKE IPAHTOB
Poccuiickoro  ¢onna  QyHIAMEHTAJBHBIX  HCCIEAOBaHHN
(mpoektsl 16-01-00553a u 17-01-00444a).
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menﬂonposodnocmu U menjioeoco usiy4yeHust no OAHHBIM OAMYUKOB memnepamypsl U KOHYeHmpayuu. Hpe()ﬂomceH aieopumm
KOMNJIEKCHO20 aHaiuza pa3Hop0()Hbzx u pa3HOMaCWma6Hblx ()aHHle, NOJIYYEHHbIX 6 pedtcume pedlbH0c0 6peMerU npu yciosuu, 4mao
oanmvle CUHXPOHU3UPOBAHbL NO 86PEeMEHU HA 6CeX oamuukax 6 cocmase Myﬂbmuceucopyoﬁ cucmemanl, n0360ﬂﬂlomulj UCnoab308antb UxX
ons nocnedy}omezo zpaqbuqecmzo u cmamucmu4yecKkoco aHaiusa. Hpoeeden oKCcnepumernm ¢ OaHHbIMU eazoanaiusamopa u
coomeemcmeyrowuMu  NOKA3AHUAMU menjiosuzopa e6Hympu onpe()eﬂeHHoﬁ Ky6uqea<012 KOMHAamaul. Pe3y/zbmambl IKcnepumenma

noomeepHcoarom 3¢ exmueHoCms NPedoNHCEeHHO20 aNeoPUMMd.

Knroueswie cnosa: pa3H0p00Hbze OaHHble, pa3HOMaCWma6Hbl€ aaHHble, damquku, po6om0mexnuuec:<ue KOMNJjeKcol, cucmemabsl

MexXHUYeCKo2o 3peHusl, MyJ1bmuceHcopHble Cucmembol.

Algorithm for processing heterogeneous data for multisensory vision
system using the example of temperature and gas concentration
analysis

R.A. Bagutdinovl, S.G. Nebaba', A.A. Zakharova'
ravil_bagutdinov@yahoo.com|stepanlfx@tpu.ru|zaa@tpu.ru
'"Tomsk Polytechnic University, Tomsk, Russia

An applied problem is solved for determining the thermal losses of gas in a gas mixture in a closed area due to thermal
conductivity and thermal radiation from temperature and concentration sensorsdata. An algorithm for the complex analysis of
heterogeneous and multiscale data obtained in real time is proposed, provided that the data are synchronized in time on all sensors in
the multisensory system, which makes it possible to use them for subsequent graphical and statistical analysis. An experiment was
performed with the data of the gas analyzer and the corresponding readings of the thermal imager inside a certain cubic room. The
results of the experiment confirm the effectiveness of the proposed algorithm.

Keywords: heterogeneous data, multiscale data, sensors, robotic complexes, vision systems, multisensory systems.

1. BBepeHue

B po6oTOTEXHNYECKHX KOMILIEKCaX, KaK W B (PU3UIECKOM
MHpE, OCHOBHBIM BHJOM OYYBCTBIICHHUS SBISIETCA 3pEHHE.
IlepBoe ycroifumBOoe TpPHMEHEHHE B POOOTOTEXHHUYECKUX
KOMILIEKCaX CHCTeMBbI TexHndeckoro 3penus (CT3) nomyunnn B
CHCTeMax YNpaBICHHS MAHHUITYJIATOPaMH ¥ MOOMIBHBIMU
pobotamm denoBekoM-omepaTopoM. CHeaylomyM MHIaroM B
Pa3BUTHM TAaKHX CHCTEM CTalll CHUCTEMBI CYNEpPBH30PHOTO
ynpasieHus. OHH OKa3aduCh OCOOCHHO 3(PQEKTHBHBI IS
TeNleynpaBiIeHHs poOoTaMH MpPH 3HAYUTEIBHOM BPEMEHHOM
3ama3gbIBAHAM B KaHale  CBS3M, KOTAAa  CTaHOBUTCS
3aTPYAHUTENBHBIM YIIPABICHUE ONEPAaTOpOM B pEaTbHOM
BPEMEHH, a TaKkxKe JUIs paboThl B YCIOBHAX IUIOXOH BHIUMOCTH
[1]. Tlocnemnmit ciyuait XapakTepeH, Hampumep, Ui
MOABOIHBIX pobOOTOB, paboraommux BONU3M JOHA, KOrja
IBIKEHHE po0OTa BBI3BIBACT NMOJBEM OCAAKOB U 3aMyTHEHHE
BOJIBI; B UPE3BBIYAHHBIX CIIydasX B YCIOBHUSX 3aIbIMICHHOCTH,
mpu 3ara3oBaHHOCTH  pabodero IpOCTPaHCTBA  HA
MIPOU3BOJICTBE; APYTUX OOCTOSTENBCTBAX, MMPEMATCTBYIOIINX
pugumoctd [3]. IloaToMy mnpuMeHsieMble B 3THX Cilydasx
CYNEpBH30PHOE YNPABICHHE CBOAMTCA K IEPHOIUICCKOMY

3aIaHUI0 onepaTopom oqepe;[Hoﬁ BBITIOJTHSIEMOM
aABTOMaTHU4YCCKHU 3J'ICM€HTapHOI>1 ornepanuun B MOMCHTBI
BOCCTAaHOBJICHUSA BUIUMOCTH. B HO,I[O6HBIX Clty4asax

nenecoodpa3sHoO HMCIONB30BaTh MynbTHCeHCOpHBIE CT3, rme
aKIEHTHPYeTCS BHUMAaHHME HAa KaueCTBE ITOIYYacMbIX JAHHBIX.
VYcenemHoe — pemeHne  3TOM  mpoOiieMBl  HpUBEAET K
CYIIECTBEHHOMY HPOTPECCY B IMHPOKOM CIIEKTPE MPUKIAJHBIX
3aa4 3a CYeT IOBBINIEHHWS TOYHOCTH, 3(PQPEKTHBHOCTH U
HaJIeKHOCTH TAKUX CHCTEM.

2. A.ﬂrOpVITM OUEeHKU TennoBbIX NoTepb rasa no
AaHHbIM ABYX 4aT4YUKOB

CucreMsl ynpaBieHHS POOOTOTEXHHYECKHMHU CPEACTBAMH
Ha OCHOBE TEXHHYECKOTo 3peHus u cbop mHbopMammu s
MOCIIEYIOMETO aHaIHu3a IIePeABIKEHUS] POOOTOB  HMMEIOT
ocoboe 3HaueHme B poboroctpoenun [13]. Ilockombky
ONpeZieNieHNe JIBIDKCHUST W CO3/aHHME KAPTHHBI CTPYKTYPHI
OKpYXKaloled cpembl SBISETCI HEOTHEMIEMOH YacThIo
9YeJTOBEYECKOTO 3pEHHs, TO OJHOM W3 KIIOYEBBIX 3a1ad
TEeXHUYECKOTO 3peHus OyneT peanm3amust 3TOH BPOXKICHHOH

CIIOCOOHOCTH cpencTBamu KOMIIBIOTEPHBIX CHCTEM.
Teopernueckue METO/IbI JIAHHOTO UCCIIEIOBAHUS
OCHOBBIBAIOTCS ~ Ha  MeTomax  IudpoBoil  00paboTkm
M300paKeHUH,  pacro3HaBaHUs  00pa3oB,  JHCKPETHBIX

npeoOpa3oBaHUil U CHCTEMHOTO aHanu3a [2].

OnHO#l M3 aKTyanbHBIX 3ajad, KOTOpBIE MOTYT OBITH
pemrensl ¢ mpuBinedeHnneM MetonoB CT3 m mcmons3oBaHHEM
CHEIHANTN3UPOBAHHBIX  JAaTYMKOB, SBISIETCS  ONpeIeTIeHHe
TeMIIepaTyphl U KOHIEHTPAUH Ta30B B 3aKPHITOM ITOMEIICHHUH.

OmpeneneHne MHCTOYHMKA YTEUKH psijga Ta30B HMeeT
BBICOKOE€  3HAayeHHE NpH  JHUKBUAAIMH  aBapuil, B
paccMaTpHBaeMOM CiIydae IIOCTABJIEH 3KCIEPHMEHT, B XOJe
KOTOPOTO MPOBOJMINCH 3aMEphl KOHIEHTPAlMU JHOKCHAA
a3oTa W TeMIepaTypbl Tra3oBoil cmecH. Jlmokcua asoTa
MIPUMEHSIETCS TIPH MIPOU3BOICTBE CEPHOH M a30THOM KHCIIOT, a
TaKke HCIONB3yeTCS B KAuecTBE OKUCIHTENS B IKUAKOM
pPaKkeTHOM TOIIIMBE HAa KOCMOAPOMAaX M CMECEBBIX B3PBIBUATHIX
BEIECTBAX, Ha XHMHUYECKIX MPeANPUATHAX.
OKCHepUMeHTaNbHbIe JAaHHBIe 10 KoHmeHTpamuu NO; n

24-28 cenmsaobpa 2017, Ilepms, Poccus

97



Scientific Visualization and Visual Analytics

GraphiCon 2017

TeMIeparype
MIPOCTPAHCTBE.

PasHopozHbIe U pa3HOMACIITaOHbIE JaHHBIE, TTOIyIEHHbIE C
ra30aHaln3aTopa, CoJAepikaT MH(POPMAIHIO O COCTaBE Ta30BOM
CMECTH pPAa3IWYHBIX Ta30B, KOJNMYECTBO JITHX JAHHBIX
YBEIHYHUBAETCS C YBEIHMUECHHEM KOINYECTBA CAMUX JAaTIHKOB, B
pe3ynpTaTe Uil PAacCMOTPEHHOTO OSKCIEPUMEHTa JaHHbBIC
KOHIICHTPAlMM Ta30B IMONYy4YeHBl B KaXAOH U3 JecsATH
KITIOYEBBIX TOUEK. B CBOIO ouepenp AaHHBIE, MOIyYEHHBIE C
TEIJIOBH30pa, HUMEIOT  rpadudueckylo  HHOOPMANHIO |
nHopManmio 0 XapakTepe W3MEHEHHs TeMIepaTyphl B
KITFOYEBBIX TOYKAX.

BergBuraercs cnemyiomasi THIOTe3a: JaHHbIE, MOTyYeHHbIE
C Ta30aHANN3aTOPa, AOJDKHBI HMETh JIMHEHHYIO 3aBUCHMOCTD OT
pacmpenieneHusl TeIla, 4YTO CleIyeT M3 CBOMCTB Trasa, Ha
(GHU3UIecKoe COCTOSIHHE KOTOPOrO TMpPSMO  BIHSIOT — €TO
TeMIlepaTypHble MOKa3aTesl. B mepcnekTHBe HCIIONb30BaHUE
Pa3sHOPOAHBIX TAHHBIX C PA3IHYHBIX JATYUKOB MPEIOCTABIISACT
BO3MOJKHOCTH BBISBIATH 00J€e CIOXKHBIE 3aBUCHMOCTH MEXIY
JAHHBIMHA W 3a CYET 3TOr0 IOBBINIATH KAUYeCTBO M TOYHOCTH
noyJaeMoil MHGOpPManuu O TEMIEpaType M COCTaBe ra3oBOM
CMECH.

Ha ocHoBe cpaBHEHHsI MONYYEHHBIX IKCHEPHMEHTATBHBIX
JTAHHBIX MPETOKEH ANTOPUTM ONPEAENCHUS TEIUIOBEIX MOTEPh
rasa B Ta30BOM CMeCH IPOM3BOJIBHOTO COCTaBa B 3aMKHYTOH
o0J1acTH 3a CYeT TEIUIONPOBOJHOCTH M TEIIOBOTO HM3Iy4eHHS
0 TaHHBIM JAaTYUKOB TEMIEPATyPhl U KOHIICHTPALIUH.

OTambl anropuT™Ma ONpeJelIeHs TEIUIOBBIX TTOTepPh rasa Io
JTaHHBIM JBYX JATYUKOB!

T1IOJTy4YC€HBI B YCJI0BHOM OrpaHU4Y€HHOM

1. TlomydeHwe ABYX MAacCHBOB IAHHBIX KOHIIEHTPAIMH U
TEMIIEpaTypsl Ta3a B 3aMKHyToH oOmactu M*N uepes
paBHBIC IPOMEXKYTKH BPEMEHH .

2. HpI/IBCZ[CHI/Ie JaHHBIX K €IMHOM IIKaJe COOTHOIICHHS
KOHIICHTpalun rasa u TeMIICpaTyphbl 3a CUCT
arrpoKCUMalyu MacCrBa JaHHBIX I'a30aHajin3aTopa.

3. BoluuciaeHne (QyHKIUHM KOPPETAHH OT ABYX YHCIOBBIX
TIOCJIeI0BATENbHOCTEH.

4. Ompenenenne cpeJHET0 3HAUECHNS KOPPEISIIUH B SAWHHILY
BPEMEHH £

5. TIlomydeHHOe 3HAa4YEHHWE KOPPEIANHMU HMEET IHHEHHYIO
3aBUCHMOCTh OT KO3((HIMEHTa TEIUIoNepeaadn ra3oB B
ra3oBoil cMecH: B cilydae, €CIM W3BECTHBIH Tra3 B
HavyadbHBIH MOMEHT BPEMEHH f) HUMEeT OOJNBIIyI0
TeMIepaTypy, 4eM ra3oBas CMeCh, B KOTOPYIO OH OBLI
TOMEIIEH, TO 9TO 3HAYCHHE XapaKTepH3yeT TeIIOBbIC
MOTEPH; €CIIN €r0 TeMIeparypa OblIa HIKE TEMIEpaTypsl
Ta30BOii cMecH - 3HaUCHHE XapaKTepH3yeT
MpUOOpETEeHHOEe 3a CUYeT TeIIooOMEeHa M HU3IIydeHHs
Ta30BOIf CMeCH TEIIo.

B  obOmactax ¢  HEZOCTATOYHBIMH  JaHHBIMH  OT
ra3oaHan3aTopa MIPOBOJIMIIACH aTMPOKCUMAITHS
OOIICNPUHATON IIEHTPAIFHOH pPAa3HOCTHOH CXeMOW Tuma
«KpecT», W pelIeHHe B HHUX ONpPEIETAIoCh HTEPaldOHHBIM
merosioM ["aycca—3eitnens. B nanHoM ciyyae annpokcumanus
HCTIONB3YETCS JUISl TOTO, YTOOBI MPUBECTH JAHHBIE K €IHHOMY
obmeMy MacmTaly. KimoueBble 3HaueHHS OAaHHBIX C
ra30aHan3aTopa CPaBHUBAINCH C KApTUHKOH, MONYyYEHHOH C
TEeIIIOBH30pa ITyTeM HAJIOKEHHS H300pakeHHH.

Jns BeramcneHus kxodpduuuenra xoppemsinuu (mm. 3-4
aNToOpUTMa) JABYX HOPMHPOBAHHBIX MATPHI[, ONHCHIBAIOIINX
KOHIICHTPALMIO W TEMIepaTypy, IpUMEHHMa Cleayomas
¢dopmyna:

(COLy) T(x+x'y+y")

R(x,y) = —== (1)
E C(x',y’)2 . ET(x+x',y+y')2
xLy' xLy'

rae C — marpuna 3HaYeHMH KOHLEHTpauuu, I — MmaTpuua
3HaueHUi Temmepatypbl. OleHka, moiydaemas no ¢opmyie
(1), nexur B muamazone or 0 mo 1, rme 0 — orcyrcTBHe
KOppEJSIIMU JAaHHBIX, a | — MOJHOE COBNAJCHHE IaHHBIX.
I'pannunoe 3HayeHme O B JAaHHOM CIy4ae OIpelesieTCs
XapakTepoM o00paboTku HHGPOBBIX H300paXKEHUH, KOTOpHIC
nexxar B auamaszoHe ot 0 mo 255 musa cimywast 1-GaiiToBOTO
KOAMpOBaHMS, a TpaHWYHOE 3HaueHHWe | - BBHIOOpOM
HOPMHPOBAHHOW KOPPEJSILUH ISl HArSAJHOCTU IOIy4aeMOro
pe3yibTaTa.

[Ipumenss omnepanuro BeraucieHus R(x,y) no ¢popmyne (1)
Ul JIByX Pa3sHOMACIITAaOHBIX MAaTpHL, MOXHO MOJYYUTh
n300pakeHUe B Tpajalusix ceporo, B KOTOPOM Haubolee spKoe
IISTHO COOTBETCTBYET Hamboiee MOXO0KEMY Yy4YacTKy JABYX
Matpur (puc. 1).

B ciydae matpun oxmHakoBoro macmraba marpuua R(x,y)
SIBIISICTCSL MATPULECH, COCTOSIIEH U3 OTHOTO 2JIEMEHTa, KOTOPBIi
OyZeT UCKOMBIM K0d()(QUIIMEHTOM KOppPEIALUN KOHICHTPALHH
W TEeMIeparypsl, ONPEACIAIONIMM  TEIUIOBBIC  IMOTEPHU
QHAIM3MPYEMOTO rasa.

Puc. 1. Pe3ynbraT BEIYHCICHUS MAaTPHUIIBI KOPPEISIHUN IS
JIByX HOPMHPOBAHHBIX MaCCHBOB JJaHHBIX.

CymecTByONIME METOABl BBIYMCICHHUA TEIUIONEPEAadn
pa3NMYHBIX  Tra30B  ONEPUPYIOT  JIHIIb  WHOpMAaIHeH,
MOJy4eHHOH OT OJHOTO NaT4yWKa, ¥ ANpHOPHBIMH 3HAHUSIMHU
(TakMMH KaK COCTaB Ta30BOIl CMECH, TEIUIOEMKOCTB, JOJICBOE
OTHOIICHHE KOMIIOHEHTOB). B oTimume ot HUX, pa3paboTaHHbIH
ITOPUTM HCIOJB3YET MOTOKH Pa3sHOPOXHOH HHGMOpMaLuM C
IByX CHHXPOHH3MPOBAaHHBIX IO BPEMEHH JaTYHKOB |
MO3BOJIIET ~ CHENIaTh  3aKJII0YEHHE O  XapaKTepHCTHKaX
aHAM3UPYEMOIr0 ra3a yK€ Ha OCHOBAHUH CTaTUCTUYECKOTO
aHal3a B PeXKUME PEabHOTO BPEMEHH.

Takolf anroputM MOXeT OBITh HCIIOJNIB30BaH TaKXKe IS
ONpeNeNICHHsT HEU3BECTHOI'O ra3a IyTeM CMEIICHHA C
M3BECTHBIM I'a30M 1 MOHUTOPHHTA UX TeMIlepaTyp u auddy3un
pa3NMYHBIMH  JIaTYUKAMH B COCTaBe MYJIBTUCCHCOPHOM
CHCTEMBI.

3. 9KCnepuMEeHT U aHanus pe3ynbTaToB

B pamkax maHHOH pabOTBI TPOBEICH SKCIEPHMEHT I10
OTIPENICIICHUIO 3aBUCHMOCTH MEXIy TaHHBIMH TEIUIOBHU30pa H
ra3oaHajn3aTopa B PeXKHME peaJbHOTO BPEMEHH.

Hwxe npencrasieH miad NpoBEJSHHOTO SKCIIEPUMEHTA.

1. CunxpoHmzamuss ©  KanuOpoBKa
(rasoaHanu3aTopa M TEIIIOBU30PA).

OBYX  JaTYUKOB

OHpeaeneHHe THIIa TaHHBIX U obbema BBI60]I)KI/I.
3. HOJ’Iy‘{eHI/Ie JAaHHBIX C ra3oaHajar3aTopa U TCIJIOBU30pa.

Brmonnenune 10 3amepoB B 50 mHTEpBanax BpeMEHHU IS
MPOCJICKUBAHUS THHAMUKU U3MCHEHUH COCTOSIHUS.

5. T'pynnmpoBka TMONYYEHHBIX JAaHHBIX II0 BpPEMECHHBIM
cpesam.

6. BbiBeneHUE MOJMYYEHHBIX PE3YJIbTATOB ASKCIEPUMEHTA U
CpPaBHEHHE C pe3yJbTaTaMH TEIUIOBU30pa Ha OCHOBE
MPEAJIOKEHHOTO ajnroputMa (pa3dopoc Temmeparypsl oT 25
C° mo 140 C°, coOTBETCTBYIOIUI Ta30BOMY COCTOSHHUIO
NO,).

[Ipu pacyerax UCIONB30BATNCH JaHHBIE C Fa30aHAIN3ATOPA

U Hay4yHbIX uccnenoanuit «Tect 1-6» (OO0 "BOHOP") mst

HU3MEpPEHHs OTICIBHBIX KOMIIOHEHTOB TIa30BOM CMeCH IpH
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JUTATEIFHOM ~ HETIPEPhIBHOM  HM3MEPEHHH  OTHOCHTEIBHO
BBICOKMX KOHIIGHTPAIMH. YCTPOWCTBO OCHANIEHO ONTHKO-
a0COpOIMOHHEIM  MH(OPAKPAaCHBIM M 3NEKTPOXUMHIECKHM
CeHCOpPaMHM U TIO3BOJIICT IONydYaTh JAaHHBIE B DPEXHME
peanbHOTO BPEMEHH, apXHBUPOBATh JAaHHBIE M HKCIIOPTUPOBATH
UX B CTaHAAPTHBIE IPOTPAMMBI.

Bce maTumkm cTaTHYecKHe, OJWH TEIUIOBU30pP M JECATH
JATYMKOB C Ta30aHanu3aTopa. TemIoBH30p MOABEIICH B IIEHTPE
KOMHATBl TOJ TIOTOJIKOM, JUII MAaKCHMalbHOTO OXBaTa
KOMHATHI. JlaTUYNKH Tra30aHANN3aTOPa Pa3MEIeHbl PAaBHOMEPHO
IO Bceil MOBEPXHOCTH MOTOJKA.

HNurepBan u3mepenuit 15 cek. Ananazon mamepenuit NO2 -
1000 ppm. [TpuBeneHHast HOrpeUIHOCTh U3MepeHus (kpome O2)
-5%; mo O2 - 2%.

L5

25 T3 710 T10

Puc 2.CpaBHuTensHbIH rpaduyeckuii ananu3s (4€pHo-Oelrpie
n3o0paxenus Z1-Z10 — no JaHHBIM ra30aHAIU3aTOPA, IIBETHBIE
T1-T10 — mo 1aHHBIM TEIUIOBH30pA).

Ha pucyHke 2 MOXHO NPOCIEIUTh TUHAMUKY HW3MEHEHUS
KOHIIEHTpalMd ra3a W  CPaBHUTb C  pE3yJIbTaTaMH,
MOJIyYeHHBIMU € TemioBu3opa. Ha wu3oOpaxkenusx Z1-Z10
MIpeCTaBICHBl B TpaduyeckoM BHJIE JNaHHBIE, IOIyYCHHEIE C
razoaHajau3aTopa, Ha wuszoOpaxenusx T1-T10 — pmaHHbBIE C
TEIUIOBH30pa, HOMEpa COOTBETCTBYIOT 10 wWHTepBasam
BPEMEHH, OTPAXKAOLINE XapaKTEPHbIE 0COOCHHOCTH M3MEHEHHS
konnentpauun NO,. Ha pucyHke BUAHO, 4YTO JaHHBIE C
TEIUIOBH30PA KOPPENHPYIOT C JAaHHBIMH, MOJYYEHHBIMH C
ra3oaHajn3aropa, MOXHO pOCIICIUTh JTUHAMUKY
pacnpoctpaHeHus rasa B komHare. Ha pucynkax Z2T2-Z5T5
BHIHO, KaK paclpelesieHHe ra3a BIHAET Ha IOBBILICHHE
TeMIrepaTrypsl B KOMHaTe, Ha pucyHkax Z3T3-Z8T8 3ameTHbI
TypOyJICHTHBIC TCUYCHHUS, BBI3BAHHBIE CMCUICHUEM HCTOYHHUKA
rasa B HalpaBJICHHU BBIXOJa U3 KOMHATHl B IIPAaBOM BEPXHEM
yriry, Ha pucyHkax Z6T6-Z10T10 mpocnexuBaeTcs CHIDKCHHE

KOHICHTpAIlMM Tra3a H  COMNYTCTBYIONIAS  HOPMAaJIM3allus
TEeMIIEPATyPHI.

st CTAaTUCTUYECKOTO MIpeCTaBICHUS JTaHHBIX
HCTIONB30BAIMCh  cTaHmapTtHeie Meronsl [1O  Surfer. Ilo

JTAaHHBIM, TTOJTy4YEHHBIM B XOJI€ OKCIIEPUMEHTA BBISBICHA MIpsSIMast
KOppeJsiiusl ~ [OKa3aHWH  JaTYUKOB  TEMIEpaTtypsl U
KOHIIEHTPAllUH, YTO CBHICTEILCTBYET O AUGOY3MOHHOM
mpomecce, OMM3KOM K m30Tepmmyeckomy.  CoriacHo
BBIIBUHYTOH rumorese, 410 KodGQUIHEHT KOppesiuuy MexXIy
MOKAa3aHUSIMH JAaTYUKOB KOHICHTPAIlMM M  TEMIEpaTypsl
orpaxaet norepu NO, IyTeM TEIIONPOBOAHOCTH U TEIJIOBOTO
W3Ty4YEHHUs] B Ta30BOH CMECH, MOXXHO 3aKIIOYUTh, YTO 3TH
TEIUIOBBIE TOTEPH pPaBHBI 12% OT HMCXOAHOTO KOJIWYECTBA
TEIUIOTHL.

[lony4yeHHBle B XOZE OKCIIEPUMEHTA TEOPETHYECKUE
pe3yabpTaTel W (QOpMynHpyeMble Ha HMX OCHOBE BBIBOJBI
MTOATBEPKAAIOTCS  CTPOTOCTBI0 MAaTEMAaTHUECKHX BBIKIAJOK,

6a3upyomuxcs Ha ammapare HHTETPAILHOTO u
muddepeHIanbHOr0 UCUUCICHHS, TEOPHH BEPOSTHOCTEH H
MaTeMaTH4ecKoi cTatucTuku. CHpaBeJIMBOCTh  BBIBOJOB
OTHOCHTENBHO J((HEKTUBHOCTH TPEAJOKEHHONH  CHCTEMBI
MOATBEP)KAEHA CTaTUCTHYECKUM MOJAEITUPOBAHUEM H OIBITHO-
METOAUIECKOH 00paboTKON peanbHBIX PE3yIbTAaTOB.

Bepudukanuss WMHTAIMOHHBIX MOJENEH IPOBOJIMIACH
9KCTIIEPHUMEHTAIBHO.

4. 3akn4yeHue

[Mpennoxen anropuT™ 0O6pabOTKH Pa3HOPOIHBIX JAHHBIX B
pelIeHNN TIPUKIATHON 3aJady ONPEJIeNeHNUs TEIUIOBBIX MOTEPh
rasa B Ta30BOM CMecH B 3aMKHYTOH o00JacTH 3a cUer
TETJIONPOBOAHOCTH UM TEIJIOBOTO M3ITYyYeHHS 110 JAHHBIM
JATYNKOB TEMIIEpaTypsl W KOHIEHTpanuH. JIOCTOBEPHOCTh H
TOYHOCTb PE3YJIbTaTOB OCHOBBIBAIOTCS Ha ANNPOKCHMALUH
pa3psDKeHHBIX JAaHHBIX W aHaIM3e B3aHMHON KOPPEISIIUH
KOMIUTEKCHBIX IaHHBIX MYJIBTHCEHCOPHOH CHCTEMBI.

Pa3paboran AJTOPHTM, UCTIONB3YIOIIHI MOTOKH
pa3sHOPOAHON MH(OPMAIMK C ABYX CHHXPOHH3HPOBAHHBIX IO
BPEMEHH YCTPOMCTB, KOTOPHIH MO3BOJISIET CAENATh 3aKITIOYCHHE
0 XapaKTepUCTHKAX aHAIM3HPYEeMOro rasa y)e Ha OCHOBAHHHU
CTaTHCTHYECKOTO aHaNM3a B PEXHMME PEalbHOTO BPEMEHH, B
OTJIMYHE OT CYNIECTBYIOMINX TPAJUIIMOHHBIX METOIOB, KOTOPHIE
ONepUPYIOT HH(POPMALHEH, TTOTyIeHHOH OT OJHOTO JAaT4HKa, U
aTPHOPHBIMHU 3HAHUSMU.

BoisiBneHo, 4Yro KOd(Q(UIMEHT KOPPEISLMH  MEXIy
MMOKa3aHUSIMU  JITATYMKOB KOHIIGHTPALMH M  TeMIepaTyphbl
oTpaxaer nmotepu NO, MyTeM TEIJIONPOBOJAHOCTH M TEILIOBOTO
H3JTy4eHHs B Ta30BOM CMECH, 9TH TEIUIOBbIE OTEpH paBHbI 12%
OT MCXOAHOTO KOJHYECTBA TEIUIOTHI ISl JAHHBIX, MOJTYYESHHBIX
B XOJI¢ OKCIEPUMEHTa. DTO MOATBEPKIACT MPEATIOKCHHYIO
TUIIOTE3y O BO3MOXKHOCTH BBIYMCIICHHS TEIUIOBBIX MOTEPh IO
JIaHHBIM JIATYUKOB TEMIIEPATypbl M KOHIECHTPAI[MM Ta30BOU
CMECH.

Ecim  pesynbraThl  aHanM3a  TOKa3bIBAlOT  CIadyro
KOppeIsIMIO Ha ypOBHE 00NacTei, T.e. BOSHHKAET aHOMAJHUS
COOTHOIICHUS TEMIIepaTyphl X KOHIEHTPAI[MH Ta3a, TO MOXXHO
TOBOPUTB O TOM, YTO B 3THUX TOYKAaX, BEPOSTHO, MPOHM3O0IILIA
yTedka ras3a, HM3MEHWINCh BHEIIHHWE YCIOBUS CPEIbl HIH
TpaHUYHBIE YyCIOBHA. B 3TOM cioydae MOXHO B pEXHME
peanbHOTO BPEMEHH, HE JIOKUAASICh KPUTHIECKOTO YBEITHUCHHS
KOHIICHTPAllMM Ta3a M €ro pacHpOCTPAHEHUs B KOMHATe,
ONEpaTUBHO OMNPEJECIUTh HPOCTPAHCTBEHHYIO JIOKAIHM3AINIO
HCTOYHUKA, NMPUHSITH PEIICHUS MO e NMKBUIALUHN U TOIHSITH
TPEBOTY.

PesynbraTtel  HMCcenoBaHUS ~TPUMEHHMEI B cdepe
MOHHTOpPUHTa ¥ 00pabOTKM pa3sHOPOAHBIX JAHHBIX JUIS
MOBBIIEHUS () (EKTUBHOCTH BBIONHIEMBIX PAOOT C MOMOIIBIO
CT3. [laHHBIE HCCIIENOBAHUS MOTYT OBITH HCIIOJIB30BaHBI MPH
MOZEIUPOBAHUT CHTyalui, Tpedyromux ObIcTpOTO
pearnpoBaHMs, TaKWX KakK: OCYIIECTBICHHE JHUKBHIALUH
aBapui, MOJEIMPOBAHHE O3BAKyal[MM JIOAEH W3 374aHUH B
9Ype3BBYAWHBIX CHTYalUAX, MOJCIMPOBAHHE CHUTYyal[Mid IIpu
TEePPOPHCTHIECKHUX aTaKaX.

5. bnarogapHocTu

Pabora  BEmmONHEHa B paMKax ~ roc3amaHums  Ne
2.1642.2017/4.6 Ha  BBINOJHEHHE MPOCKTa IO  TEMe
«KorautuBHBIE ~ MeTOABI ~ BH3yalH3allMMd W aHalIM3a

MHOI'OMEPHBIX JaHHBIX IpPU MOACIUMPOBAHUU HEJIMHEHHBIX
JUHAMHUYCCKUX CUCTEM).
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Moaudukauus anroputma aHanusa o6nacTy 4actoT

AnsA oTnevyaTkoB nasbLueB
O.B. Bexronpa?t, B.1O. I'ynkos?
olegbehtold@gmail.com|gudkovvy@mail.ru
1Osxn0-Ypansckuii rocyaapetsenHsiil yausepeuter (HUY), Uenadunck, Poccus;
2 JOxHO0-Ypansckuii rocynapcTsenssiii yausepeurer (HAY), Uensbunck, Poceus;

B oannoii pabome paccmompen moougpuyuposannvlil aneopumm nOCMpoeHus nois Kawecmea uzobpascenus. [Jannoe none
Kavecmea cmpoumcsi Ha OCHOBe YACHIOMHO20 AHAAU3A JOKANbHLIX obracmel uzobpadxcenus. Moouguxayus oannozo ancopumma
3akniouaemcss 6 0obasieHuu Quibmpayuu Mmedxcoy dmanom paciema YACMOMHOU 0061acmu JOKATbHBIX obnacmell U dMANOM
nocmpoenust noas kawecmea usodpadcenus. Ilone kauecmea u3zobpadcenuss cmpoumcsi Onsl OYeHKU Kadecmed UCXOOHO20
u300padicenus U NPUHAMUA peuwenuss 0 MOOUPUKAYUY «NIOXUX» YYACMKOS, HAnpumep, 011 KOMREHCAyuu MOPWUH U NOPe308 Ha
OmneyamKax naibyes.

Knrouesvie cnosa: komnvlomeproe 3penue, OaKmMuIOCKONUsL, OMNEYAmoK nauvya, OUckpemuoe npeobpaszosatue Pypoe,
yacmommuas obaacms, Quibmpayus.

Fingerprint frequency domain algorithm modification

O.V. Behtold*, V.Y. Gudkov?
olegbehtold@gmai. com|gudkovvy@mail.ru
1South Ural State University (NRU), Chelyabinsk, Russian Federation;
2South Ural State University (NRU), Chelyabinsk, Russian Federation;

Fingerprint image filtration is used to create quality field. This quality field based at frequency analysis of local fingerprint fields.
We used additional filtration between frequency domain calculation step and quality field calculation step. Image quality field is used
to estimate source image quality. This can help to find bad local effects, i.e. wrinkles and defects.

Keywords: computer vision, fingerprinting, fingerprint, DFT, domain frequency, filtration.

IToBOpoT M300paKCHUS BBITIONHAETCS BOKPYT €r0 LEHTPA, 1
1. BBe.quVIe I KaKIOW TOYKH B HOBOM 1/1306pa>1<eHm/1 HUIIETCS MO3ULIUS
COOTBETCTBYIOIICH TOYKH B UCXOJHOM (parmente. Yamie Bcero
9Ta mo3uuus Oymer He CcoBHagaTh C IEJIOYHUCICHHBIMU
KOOpAUHATAMH, TI03TOMY OyAeM NPHUMEHITh HHTEPIOISLHUIO.
Tax xax mo3unus X' UMeeT BelIeCTBEHHbIE KOOPIMHATHI, TO
HaXOIUTCA MEXAY UEeTBIpbMS JOPYTUMH  KOOpIHMHATAMHU
MUKCeNel, KaK TI0Ka3aHO Ha pHCyHKE 1, W 3HaYeHHE
paccunthiBaetcs o dopmyne 1, rme L u M — npoOHbIe dacTu
3HavyeHuit koopauHat, a A, B, C u D — 3HaueHus spkocreii
TTHKCEJICH.

Ilone xauvecTBa sABIAETCA OOHOM U3 KAaYECTBEHHBIX
XapaKTepPHUCTUK OTeyaTtkoB nanbiieB B cranaapte «NFIQ 2.0»,
paspaboTanHoro HanuoHanbHBIM HMHCTHTYTOM CTaHAApPTOB H
texnonoruit CHIA [2]. JlaHHBI CTaHIapT OMHCBHIBAET METOJIBI
OLICHKU Ka4eCTBA OTIIEYaTKOB MAJBIEB U UX (PEKTHBHOCTS.

B nmanHOM craHpapTe mose KadecTBa CTPOMTCS HAa OCHOBE
YaCTOTHOTO aHAlM3a JIOKAJIbHBIX oOOJacTed C IOMOIIBIO
JMCKpETHOTO npeodpasoBanust Oypoe.

AKTyalnbHOCTh HCCIEHOBAHUSA 3aKITIOYAeTCs B TOM, HUTO
JaHHas Mo“zm(’pnxaum aNropuTMa,  TNpPUMEHEHHas K X' = (A*(1-L) + B*L)*(1-M)+(C*(1-L) + D*L)*M (1)
MPaKTUYECKOH 3ajade MITYMHTA OTIEYaTKOB MANbIEB, MOXKET
YMEHBIINTh BEPOSITHOCTH OMIMOOK IIEPBOTO M BTOPOTO POJA,

YTO TO3BOJMT 3aHATH Oojiee BHICOKME MO3UIMH B A B
MEXIYHapOAHBIX TECTaX W pEeHTHHrax cpean KOMIIaHWH, . .
3aHMMAFOIINXCS TAKTHIIOCKOIIHEH. M

2. Anroputm @
L 1-L

B anroputme mocTpoeHuss mojed KadecTBa MOXKHO
BBIIEINTE OCHOBHBIE JTallbl, TAKHE KaK IOBOPOT JIOKAJIBHBII
obnactell M300pakeHUs! 10 HATIPABICHHIO JIMHUH, NajbHelIiee
npeoOpa3oBaHue 3THUX oOyiacTell ¢ TOMOIIBIO IUCKPETHOTO
npeoOpazoBanue Dypwe, QuIbTpanMs M MOCTPOCHHUE IO
KayecTBa.

PaccmoTpuM moapoGHEe OCHOBHBIC ATAIBI:

2.1 lNosopom u3obpaxeHusi . L

IToBopoT wM300pakeHUs] HEOOXOAMM IS KOPPEKTHOM C D
paboThl ucKpeTHoro mnpeoOpasoBanus Dypre, 4YTOOBI MBI
MOIJIM HOJIYYHTh KOPPEKTHBIE YacTOTHI B YaCTOTHOW 00JacTH
JUISL IOCTPOCHHS MOJIS KauecTBa.

VYromn, Ha KOTOPBIN MPOU3BOJAUTCS TOBOPOT, ONMPEENIIETCS
MOJIEM HATPABJICHUH, PACCYNTAHHBIM Yepe3 TEH30PHBIA METO. Puc.1. Tlosummst makcesnst npu nepesoce
basena [1].

24-28 cenmsaobpa 2017, Ilepms, Poccus 101



Scientific Visualization and Visual Analytics

GraphiCon 2017

2.2 [luckpemHoe npeobpasosaHue Oypbe

B kauecTBe HCXOAHBIX JAHHBIX JUIL JAUCKPETHOTO
npeobpazoBanus Pypre HCIOMB3YIOTCS CPEIHUE 3HAUCHHUS
SPKOCTEH JIOKaJbHBIX O0NacTell 1Mo BepTHKanu. Takum
obpa3oMm, Mbl mpeoOpa3yeM HallM JIOKAJIbHbIE OOJACTH B
ob6nactu yactoT 1o popmysie 2 [3].

Jlnst mpoBepKM pPacyeTOB HCHONb3yeTCS BU3yallH3alHs
o0JIacTH YacTOT, NPHMEp TAaKOH BH3yalM3alUHM II0OKa3aH Ha
pUCyHKe 2.

N-1 o
LY Y
szz:i:ne N k=0,...
n=0

Puc.2. [luckperHoe npeodpazoBanue Dypbe

B obmactm 49acToT SBHO BBIICISIOTCS OIIpE/ENICHHEIC
3HA4YEHUs, KOTOPbIE COOTBETCTBYIOT 4aCTOTE JMHUM OTIEYaTKa
TaJblia Ha BEIOPaHHOM JIOKaJIBbHOM 00acTH.

2.3 Qunbmpauus

Mopandukanys anropuTMa 3aKirodaeTcs B (QHIBTpanuu
JOKaNBHBIA obnacteil acror. [ n3o0paxeHus mopsaka 256
Ha 256 mukcesel ToKaJdbHbIC 00JIACTH BBIICIUM MOpsika 8 Ha 8
MUKCENIeH, W JUIA KaKIOH TakoW JOKalIbHOW 00nacTH Oyaem
MPOM3BOANTE (DUIIBTpAIMIO Yepe3 IulaBaroniee OkHO 32 Ha 32
TTUKCETISL.

Jnsg KaxaoW JIOKaabHOH 00JacTH HAIero IUIaBalolero
OKHa BO3bMEM MAaKCUMAaJbHYI0 YacTOTy OT JHCKPETHOTO
npeoOpazoBanus Pypee, W MOCTPOMM THUCTOTPAMMY M3 ATHX
MaKCUMaJIBHBIX 4acToT. [IMK 93TOH THcTOrpamMMmel Oyzmer
COOTBETCTBOBaTh MOJIe Hallel BHIOOPKH YacToT. B pesymbrare
JKCIIEpUMEHTAIBHEIX ~ HAOMIOJEHUH  NPEANONONKHM,  UYTO
JOTyCTUMBIA WHTEpBal BOKpYr Moxasl paBeH 2/N, rme N —
pasMep JOoKaJIbHOH o0nacTy. 3HaUeHNe MHTEpBaIa BEIOPAHO Ha
OCHOBE BH3YAJIFHOTO aHANHM3a POAHBIX M UY)XHX OTIEYaTKOB
nagblleB TakUM o00pa3oM, 4YTOOBl y pOOHBIX OTIEYaTKOB
NaJblLEeB YacTOTa JIMHUH B JIOKAIBHBIX 00JIACTAX JIeXkKaa B 3TOM
HHTepBaJe.

Takum o0pa3oM IodydaeM, 4TO BCE JIOKAIbHBIE OOJIACTH,
MaKCHUMaJIbHbIE YacTOThl KOTOPBIX HE BXOJAT B JOITyCTHMBIi
WHTEpBaJ, BEIOMBAIOTCS M3 00LIei KapTHHBI OTHEeYaTKa Najbla
M TIOMEYAIOTCS KaK «IUIOXHE» yYacTKU Ha TI0JIe KauecTBa.

2.4 lNone kayecmea

ITone kauecTBa CTPOWTCS HAa OCHOBE O0JAacTH YacTOT IO
dopmyne 3, rme Fmax — wmakcumansHas vactorta, A(F) —
3HAUeHWe  AWUCKpeTHOro  mpeobOpazoBanmsi  Dypee B
ompeneneHHo gactore, N — cTopoHa KBaJpaTHOW JIOKaIbHON
obmactn m3o6pakerns, C=0,3, B COOTBETCTBHHU CO CTaHAAPTOM
ISO/IEC TR 29794-4:2010 [2].

local A(Fmax) + C(A(Enax B 1) +A(Fmax + 1)) @)
FDA — ]
FL AF)

ITo ¢dopmyne 3 3HaueHHE IOJNE Ka4eCTBA CUUTACTCS IS
KaXIOH JIOKaJbHOW 0O0JacTH, KpOME OTMEYCHHBIX paHee
«IUIOXMX» Y4acTKOB. JIJisi HUX KauecTBO IPOTHO3UPYETCS Kak
CpelHee 3HAYCHHE KadyecTBa ONIM3JIEKamuX ydvacTkoB. Ha
pucyHke 3 TpHBeNeH IpUMep MO KadecTBa Ul BCEro
U300paKeHHs.

Puc.3. HpHMep I10JI1 Ka4€CTBaA OTIICYATKa Iajiblia

TTone KaduecCTBa ABJIACTCA OJTHUM us3 KpUTEPUCB
POACTBEHHOCTH OTIICUATKOB ITAJIBIICB. OOBIYHO Y POJAHBIX
OTIEYATKOB TUIOTHOCTH JINHAN 6J'II/I3K3., a 'y UyXKuX pasjanvdacTcs.
HaHpI/IMep, yeM OoJiblie pasimyue TUTOTHOCTEH OTIICYaTKOB,
TEM HHXEC CTCIICHb ITOXOXECTH, T.C. OoutbIIe BEPOATHOCTH YTO
OTIECYATKHU UYyXKHUE.

3. 3akntoyeHue

Kpurepusmu, mNO3BONAIONIMMHU — OLCHUTH  YCIHCIIHOCTH
HCCIIEOBAHMS, SIBIIIOTCS BH3YaJIM3UPOBAHHBIC H300paKeHUS
IoJIed KadecTBa OTIIEYATKOB MajblLiEeB, a TakkKe IIporpaMma Ha
s3pike CH++, peanusyiolias CTaHOAPTHBIE AITOPUTMBI M UX
YCOBEpIIEHCTBOBAHUS.

Mopundukaruys anropuT™Ma HOCTPOEHHS OIS KauecTBa A
OTIEYAaTKOB TANbIEB SBIAETCS YacThio 0ojee IIMPOKOTro
HCCIIEIOBAHUs, ILEIbl0 KOTOPOro SBIIIETCS KOMIICHCALUS
IUIOXUX YYaCTKOB OTIICYATKOB MAaJblEB, MOPIIUH U IIOPE30B.
Ilome xadecTBa w300pakeHWs JgaeT wHHQOpMANMIO UL
TIPUHATHS PeIIeHHuil o nanbHeHmell Momudukamuu ToH wWin
WHOM JIoKanbHOM oOmactu. JlanbHeliee wuccieqoBaHue
YIydIIEHHS TT0JIel KauecTBa OTHEYATKOB MANbIEB IIIAHUPYETCS
MpOBECTH  C  TOMOIIBIO  JOOaBIeHHMS M aHaiIM3a
JOTIOJTHUTETbHBIX XapaKTEPUCTHK, OTBEYAIONIUX 32 KaueCTBO
N300paKEeHUSL.
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BM3yaJ1beI17I aHanmum3 n 06p360TKa MHOIoMepHbIX AaHHbIX

A.E. bounapes, B.A. I'anaktuonos, JI.3. lllanupo
bond@keldysh.rujvigal@gin.keldysh.rujpls@gin.keldysh.ru
NucturyTt npuknagHoit matematuku uMm. M.B.Kenaesima PAH, Mocksa, Poccus

B pabome paccmampusaromcs npobnembl 8U3YANLHOLO AHAIU3A MHOZOMEPHBIX HAOOPO8 OAHHbIX. [[Ni 6U3YANbHO20 AHAAU3A
npumeHsiemcsi no0OX00, OCHOBAHHYII HA NOCMPOEHUY YNpyeux Kapm. Jlna ananu3a KiacmepHuix CIPpYKMyp 6 UCXOOHOM 00beme OAHHbIX
ynpyaue Kapmvl UCHOb3YIOMCA 8 Kauecmee Menmooo8 OMOOPAHCEHUs UCXOOHBIX MOYEK OAHHbIX 6 3AMKHYymble MHO2000pasus ¢
MeHbuell pasMepHOCIbIO. YMeHbWda napamempul YRpy2ocmu, MOXCHO NPOEKMUPO8ams NOBEPXHOCHb KAPNIbl, KOMOPAs. HAMHO20
Ayuue annpoKCUMUpyen MHO2OMePHbLI HA60p danHblx. TouKu ucciedyemozo 06vema OAHHbIX Npoeyupyiomcs Ha kapmy. Pacuupenue
NOCMPOEHHOU Kapmbvl HA NIOCKOCMb 6KYNE C OMOOpadceHuem 6 NPOCMPAHCIMGO NepebiX mpex 2NAGHbIX KOMNOHEHM NO360Jem
ROYHUMb NpeocmasieHue 0 KIACMEPHOU CMpyKmype MHO2OMepHo2o Habopa Oauuwix. Tlocmpoenue ynpyeux xapm He mpebyem
anpuopHoll uHopmayuu 0 OAHHLIX U He 3A8UCUM OM XapaxKmepa OAHHBIX, NPOUCXOHCOeHUs OaHHbIX U m. 0. IIpumenenue memooa
«KBA3U-3YMY» NO360JISEN  CYWECMBEHHO YAVUUWUNMb DPe3yIbmamsl 6 O00IACMU CSYWjeHUs MOYeK U3YYAEMO20 MHOLOMEPHO20
npocmpancmea. B pabome npusedenvl pe3ynbmamul NPUMEHEHUs Ynpyeux Kapm O 6U3YAIbHO20 AHAUA PASIUYHBIX MHO2OMEPHbIX
HaboOpo8 OAHHbIX.

Knrouesvie cnoga: mnozomepnvle oannvle, BU3yanbHblll AHATU3, YIpY2Uue Kapmol, KI1AcHmepHble CINPYKMYypbl.

Visual analysis and processing of multidimensional datasets

A.E. Bondarev, V.A. Galaktionov, L.Z. Shapiro
bond@keldysh.rulvigal@gin.keldysh.rulpls@gin.keldysh.ru
Keldysh Institute of Applied Mathematics RAS, Moscow, Russia

The article considers the problems of visual analysis of multidimensional datasets. For visual analysis an approach based on the
construction of elastic maps is applied. To analyse clusters in original data volume the elastic maps are used as the methods of
original data points mapping to enclosed manifolds having less dimensionality. Diminishing the elasticity parameters one can design
map surface which approximates the multidimensional dataset in question much better. The points of dataset in question are projected
onto the map. The extension of designed map to a flat plane with mapping into the space of the first three main components allows one
to get an insight about the cluster structure of multidimensional dataset. The construction of elastic maps does not require a priori
information about the data and does not depend on the nature of the data, the origin of the data, etc. The application of the "quasi-
Zoom" method allows one to get the significantly improved results in the area of condensation of the points of the multidimensional
space under study. The paper presents the results of applying elastic maps for visual analysis of various multidimensional datasets.

Keywords: multidimensional data, visual analysis, elastic maps, cluster structures.

MPEJICTAaBIEHUs MHOTOMEPHBIX I1apaMETPUUECKUX PpEeLICHUH
1. BBeAeHMe 3a7a4 Ta30BOM JIWHAMHKH. BBIYUCIATEIbHASA TEXHOJOTHSI
peasM3oBaHa  Kak  eaMHas  TEXHOJOIMYECKas  LEelodka
ITOPUTMOB IIPOM3BOJCTBA, O0pabOTKH, BHU3yaAIH3ALUH H
aHajM3a MHOTOMEpHBIX JaHHbIX. Takas TexHoJoruyeckas
LIETI0YKA MOXKET PacCMaTPUBATHCS KaK MIPOTOTUI 0OOOLICHHOTO
BBIYHMCIIMTENBHOIO DKCIEPUMEHTA I HECTAllMOHAPHBIX 3a1a4
BBIYHUCIMTENbHON ra30oBoi JguHaMuku. Cxema pealnsalnuu
MoJOOHOTO 00O0OIIEHHOTO BBIYUCIUTEIBHOTO OSKCIEPHMEHTA
MpeJICTaB/IeHa Ha pUCyHKe 1.

B aHanm3e MHOTOMEpHBIX JaHHBIX 0C000€ MECTO 3aHUMAIOT
3agaun  knaccuukanmu. Ilpm  kimaccupukanmu  oOdbema
MHOTOMEPHBIX ~ JAHHBIX MOXET pemaThcss Kak 3ajada
pasJieneHust NccaeayeMol COBOKYITHOCTH SIBICHHH Ha KIIACCHI,
TaK ¥ OTHECEHHS OJHOTO MM HECKONbKUX SIBICHHH K yXKe
CyMmecTBYIOIUM KiaccaM. Jist pemeHus MOJOOHBIX 3a1ad
HCTIONB3YIOTCSI METOABI KIIacTepHOTO aHamu3a. MeTomoB u
aITOPUTMOB KJIaCTEPHOTO aHalM3a Ha COBPEMEHHOM JTare
CyIIECTBYeT OYEHb MHOTO, OHH IIOCTOSHHO Da3BHBAIOTCA MU
omuyaroTcss  OombmmMM  pasHooOpasweM.  MHuorooGpasue
aNTOPUTMOB KJIACTEPHOTO aHAIN3a 00YCIOBICHO MHOXXECTBOM
Pa3IHYHBIX KPUTEPHEB, BBIPAXKAIONINX TE€ WM HWHBIE ACIEKTHI
KavyecTBa aBTOMATHYECKOro TpynmupoBanus. Ilpm permeHnn
3aa4  KIacCH(HKAIMM BEChbMa TIIOJNE3HBIMH OKAa3bIBAIOTCS
MOAXOABl BHU3YaldbHOH AHAIUTHKH, SBISIONIMECS CHHTE30M
HECKONBKHX  QJTOPHUTMOB  TIOHIDKEHHS ~ Pa3sMEPHOCTH U
BU3YaIbHOTO MPEJACTABICHNS MHOTOMEPHBIX HaHHBIX BO
BIOJKCHHBIX B HCXOAHBIH 00BEM MHOTrooOpasmsx MeHbIIeH
pa3MepHOCTH.

K TakuMm anropuTMaM MOXKHO OTHECTH OTOOpaKeHHE
HCXOTHOTO MHOTOMEpHOro odwvema B ynpyrux kaprax (Elastic
Maps) [5,6,8,9] ¢ pasHBIMH CBOWCTBaMH YNPYTOCTH WX
3NIACTHYHOCTH. OTH METOABI MO3BOJSIIOT TeM HIH HHBIM
00pa3oM BBIJENUTh M3 HCXOAHOTO MHOTOMEPHOTO 00BeMa

JIAHHBIX COJIEPIKAIIYIOCS B HEM KJIACTEPHYIO CTPYKTYPY. Puc. 1. Cxema opranuzanuy 00600II€HHOTO BEIYUCIUTENBHOTO
Cnenyer 3aMeTUTh, YTO HHTEPEC K YNPYTHMM KapTam 9KCHEPUMEHTA.

HOSIBUJICA Y HAC NIPU pa3pabOTKe BBIYMCIUTENBHON TEXHOIOIHH IMono6HbIH 0600IIEHHBIH BBIYMCIUTENbHBIA KCIEPUMEHT

UL TIOCTpoeHus, 00paboTKH, aHaaM3a M BHU3YalbHOIO HESBHO IIPE/ANOJaraeT HajJMuhe HAJEeKHOH MaTeMaTHYecKoil
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MOJIENI, YWCICHHOTO METOAa JUIA €€ peIlcHHs H Hadop
9KCTIICPHUMEHTAIBHBIX ~ pEe3yJbTaTOB s Bepudukamuu. B
nporecce BBIYMCIICHHIA HEOOXO0IUMO peann30BaTh
OpraHU3alHuIo ITOCTOSIHHOT'O CpaBHEHUS c
9KCIICPHUMEHTAIBHBIMH  JAaHHBIMH TIPH  HAJIMYUM  TaKoU
BO3MOXHOCTH. Habop wHCHOnb3yeMbIX METOIOB  JOJDKCH
BKJIIOYaTh B ceOs pemieHHe OOpaTHBIX M ONTHMH3aLHOHHBIX
3agad. Byaydm peanu3oBaHHBIMH C IIOMOINBIO ONMCAaHHBIX
paHee TapajUIeNbHBIX HHTEPPENCcOB, 3TH METOIBI IO3BOJIAT
MOJy9aTh PEIICHUS 33/1a4 MapaMEeTPUIECKOTO UCCIIEIOBAaHHUS U
ONTUMH3ALUOHHOTO aHAJIH3a B BHIEC MHOTOMEPHBIX 00BEMOB
JIaHHBIX.

Jns oO0paboTkM 3THX OOBEMOB M BBISABICHUS CKPBITHIX
B3aMMO3aBUCHMOCTEH  MEXAy HU3y4yaeMbIMH B  oOBeMe
rmapamMeTpaMy HEoOXOIMMO HWHTETPHPOBaTh B oOmMH Habop
ITOPUTMOB METOJBl aHAJINW32 MHOTOMEPHBIX JaHHBIX H HX
BH3YaJILHOTO MPEACTaBICHUS. B HUTOT€  IMOMOOHBII
00OOIICHHBIH  BBIYHUCIUTEIBHBIA  OKCHEPHUMEHT  IO3BOJIUT
MOJy4aTh pEIICHHE HE OIHOW, OTAEIBHO B3ATOH, 3agadu, a
peleHne s [esIoro Kiacca 3aj1ad, 33/1aBaeMoro Tuarna3oHaMu
W3MEHEHHUS ONpENeIIONINX IapaMeTpoB. Takxke Cieayer
OTMETHTh  YHUBEPCAJIBHOCTH  MOAOOHOrO  0OOOIIEHHOTO
BBIYUCIUTENBHOTO 3KcIiepuMenTa. OH MOXET OBITh IPHMEHEH K
OIHPOKOMY KpYTy 3aJad MaTeMaTH4eCKOTO MOJEITHPOBAHHMS
HECTAI[MOHAPHBIX IpoLeccoB. [IpakTuyeckas peanu3anus
MoJ00HOTO 000ONIEHHOTO YKCIIEPUMEHTA MOKET 00eCIIeunBaTh
OpraHU3alXI0 KPYITHOMACIITa0HBIX MTPOMBIIUICHHBIX PacyeToB.
OnucaHue 53JCMEHTOB  PCAIM30BAHHOW  BBIYHCIUTEIBHOM
TEXHOJIOTHHU TIPHBEJCHO B paboTax [2-4].

Ha mnpaktuke ympyrme KapThl OKa3aJUCh MOJE3HBIM H
JIOCTAaTOYHO YHHBEPCATbHBIM HHCTPYMEHTOM, YTO IO3BOJIMIIO
MPUMEHATh WX K MHOTOMEPHBIM OOBEMaM IaHHBIX Pa3HOTO
Tuna. Hampumep, naHHBIA MOIXoa OBLT MPUMEHEH K 3aJadam
aHanmM3a TEKCTOBOM HMH(GOpPMALUH, I7ie B KayeCTBE YHCIIOBBIX
XapaKTEPHUCTHK BBICTYIAIN YaCTOTHI yoTpeOieHus cios [1].

2. NocTpoeHune ynpyrux Kapt

Wneonoruss ®  anrOpUTMBI  peanM3alUd  MOCTPOCHHS
YOPYTHX KapT IOApPOOHO ImpeicTaBieHsl B pabdorax [5,8].
IMomobHass kapTa mpencraBiaseT cobOH cuCTeMy YNPYTHX
MIPYXXHH, BIOXXEHHYI0O B MHOTOMEPHOE IIPOCTPAHCTBO JaHHBIX.
OTOT TOAXOA OCHOBBIBAETCS Ha AaHAIOTMH C 3aJadaMu
MEXaHUKH: TJaBHOE MHOrooOpasme, MpOXOAdlee uepe3
«cepeluHy» JaHHBIX, MOXKET OBITh IPEACTABICHO KaK yHpyras
MeMOpaHa  WIOM  IDIacCTWHKA.  MeTox  ympyrux — Kapr
dopmynupyercs KaK ONITHMH3AI[OHHAS 3ajava,
IpenoNararonas ONTUMH3AINIO 33JaHHOTO (YHKIMOHAIa OT
B3aHMHOT'O PACIION0KEHHUS KapThl U IaHHBIX.

CornacHo [5,6] ocHOBOH JUIsl HOCTPOEHHS YNIPYTOHW KapThl
SIBISIETCSA AByMEpHas MPSMOYToJibHas ceTka G, BIOXKCHHas B
MHOTOMEPHOE  IIPOCTPAHCTBO, KOTOpas  aNNpOKCUMHpPYET
JTaHHBIE U 00JIalaeT PEeTyNIUPyEeMBIMU CBOWCTBAMHU YNPYTOCTH
10 OTHOIIECHHIO K PacTsDKEHUIO U M3rudy. Pacmonoxkenue y3imoB
CeTKM WINETCS B pE3yNbTaTe PEHICHHS ONTHMHU3aIHOHHON
3a1a4u Ha HaXOXJECHHE MUHUMYMa (yHKIIHOHANA!

_D

D_|X|

2224 u 5 min ,
m m
rie |X | - YUCIIO TOYEK B MHOTOMEPHOM 00BeMe JaHHBIX X;
m - YUCIO Y3JIOB CETKH, A, 4 - KO3()(DUIHMEHTH YIpyrocTH,
OTBEYAIOLIME 33 pacTsHKEHHE W HM30THYTOCTh  CETKH
COOTBEeTCTBeHHO; D; D, Dj; - ciaraeMmble, OTBEUAlOIIUE 3a

CBOICTBA CETKH.
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BapbupoBaHue mapaMeTpoB YIPYroCTH 3aKIIOYacTCs B
MTOCTPOCHUH YIPYTHX KapT c [10CJIEI0BATEILHBIM
YMEHBIIEHHEM KO3 (QHUIMEHTOB YIPYTrOCTH, B CHIIy YeTro Kapra
CTaHOBUTCS 0OoJiee MATKON M T'MOKOM, HanboJiee ONTHMAIbHBIM
00pa3oM MOACTpamBasCh K TOYKAM HCXOIHOTO MHOTOMEPHOTO
obbeMa maHHBIX. [locie mOCTpOeHHs YHPYTyl KapTy MOKHO
pa3BepHYTh B IUIOCKOCTh I HAONIOACHUS KIACTCPHOM
CTPYKTYpel B H3ydyaeMOM o0ObeMe JaHHbIX. [IpumeHeHue
YOPYTHX KapT HO3BOJISET Oojiee TOYHO W YETKO OIPENesiTh
KIIACTEPHYIO CTPYKTYpy H3Y4YaeMBIX MHOTOMEpPHBIX O0OBEMOB
JIaHHBIX.

Crnenyer OTMETUTB, YTO IPH NOCTPOCHHH YNPYTHX KapT B
MHOTOMEPHOM O00JIaKe NaHHBIX, COCTOSIIEM M3 CTYLICHUH U
OTHENBHBIX  OTHAJICHHBIX TOYEK, BO3HHKAaeT Ipoldiiema
MacIITa0MPYyeMOCTH.  Ympyras KapTa OyAeT IBITaTbes
MOJCTPOUTHCS IO/ PacCMaTPUBACMBI 00BEM B LEJIIOM — KakK K
OTJAJICHHBIM TOYKaM, TaK W K OONacTsIM CTyLICHHUs, 4TO,
€CTECTBCHHO, HE MOXET MOJYYHUTHCS OIUHAKOBO Xopomio. J[is
TOTO YTOOBI PEUIMTH 3Ty MpoOJIeMy M OOECICYUTh YETKOE
MIpeICTaBICHHE O JaHHBIX B O0JACTH CrymIeHHH B padote [1]
OBUT TPEATIOKEH IOIXOJ, Ha3BaHHBIM «KBasH-3ymM» (quasi-
Zoom), 3aKJIOYAIOMINICS B BBIPE3aHUHN OOJIACTH CTYIICHHUS U3
paccmaTtpuBaeMoro  o0jaka ~ MHOTOMEPHBIX  JaHHBIX |
MTOCTPOCHUS ISl BBIPE3aHHOM 00JIaCTH yIIPyroi KapThl 3aHOBO.

3. Mpumepbl NOCTPOEHUS YNPYrUX KapT

PaccMoTpuM mpuMep TOCTPOCHHUS YHPYTHX KapT A
MIMPOKO M3BECTHOTO TECTOBOTO 00bEMa MHOTOMEPHBIX JaHHBIX
IRIS [5]. danublii 06beM mpencrasisieT coboil HaOOp JaHHBIX,
OCHOBaHHBIX Ha HM3MEPEHHUAX XapaKTEPHCTHK I[BETKOB HpHUCA.
Habop naHHBIX ONMHUCHIBAET TPH COPTA UPUCOB M COCTOUT U3 150
TOYEK B UETHIPEXMEPHOM MPOCTPAHCTBE Mpu3HakoB. Ha
pHCYHKE 2 IpeACTaBIeHa «MATKas» yIpyras Kapra I 9TOTOo
Habopa JaHHBIX C PACKPACKOH 110 INIOTHOCTH JaHHBIX. 37€Ch U
Janee Ui TOCTPOGHHS M BH3yalM3allMd YOPYTHX KapT
MpUMEHEH TporpaMMHbIii kommiekc ViDaExpert, monpo06HO
onucanublii B [8]. Ha pucynke 3 mpexacraBieHa Ta ke camas
KapTa, pa3BepHyTas Ha IIOCKOCTh. B TakoM Buzae kapra Jaer
JOCTaTOYHO  4YeTKOe  TPEACTaBICHHE O  pa3JeleHUH
MHOTOMEPHOTO 00beMa JaHHBIX Ha TPH Kiacca.
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Puc. 2. «Msrkas» ynpyras KapTa B IPOCTPAHCTBE MEPBBIX TPEX
TJIABHBIX KOMITIOHEHT C PACKpPAcKOMH 110 INIOTHOCTH AAaHHBIX.
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Puc. 3. Pa3BepTka «Msrkoit» ynpyroi kapTbl Ha INIOCKOCTb.

Jlamee paccMOTpHM pe3ydbTaThl IMPUMEHEHHUS IT0AX0Aa
MOCTPOCHHUSI YNPYTMX KapT K 3ajade aHalu3a TEeKCTOBOM
nHdopmarmu. C TOYKH 3pEHUS] MOCTPOCHUS YIPYTHX KapT
HCXOAHBIII MHOTOMEpHBIH 00BEM SBIAETCS COBEPIICHHO
CTaHAApTHBIM. PaccMOTpUM HIDKE pe3yJbTaThl ITOCTPOCHHS
YOpYTHX KapT s TectoBoro odowvema [1]. [lns mepBHYHBIX
TecToB ObIIO 0TOOpaHo okono 100 rmaronos co 155 manbonee
CBSI3aHHBIMU C HIMH CYIIECTBUTEIbHBIMH. [1oTydeHHbIE TaKUM
00pa3oM maHHBIE Jajee PacCMaTPHBAIOTCS KaK MHOTOMEPHBIN
00BbeM JaHHBIX, mpencraBisomuil coboir 100 Touexk B 155-
MEpPHOM TNIpOCcTpaHcTBe. UHCIOBBIE 3HAYECHHS MOTydaromencs B
pe3ysbTaTe MaTPHUIBI OMPEAEISIOTCS KaK YaCTOTHI COBMECTHOTO
yHoTpeoaeHus.

Crnemyer OTMETHTB, 4YTO CpeIu OTOOPaHHBIX TIJIArOJIOB
comepxancs psAA THap, MHPEJICTABISIONIMX CXOXKHE TIJIaroibl
COBEpIICHHOTO M HECOBEPIICHHOTO BHAa. DTO OBIIO CIETaHO
JUISL IOTIONHUTENIBHOTO KOHTPOJIS B CHILY TPEATOI0KSHNUS, 9TO
TOYKH, COOTBETCTBYIOIIHE IIOJOOHBIM TapaM, JIOJDKHBI
HaXOAUTHCS HEHANEKO APYr OT Jpyra Ha pe3yIbTHPYIOUIIEM
n3obpaxkenuu. [Ipumep «MArkoit» ynpyroi KapTel IpUBEJCH HA
pucynke 4. Ha pucynke 5 mpeacTaBieHa Ta jke camasi KapTa B
pa3BepHYTOM BHAe. 31eCh BHAHO, YTO H3ydYaeMblil 00BeM
JTAHHBIX, COAEPXKHUT 00IacTh BBICOKOW IIIIOTHOCTH IaHHBIX H
TOYKH, JOCTATOYHO JaJeKO OTCTOSAIINE OT 3TOH 00IacTH.

HMmenHo B Takmx ciydasx BO3HHKaeT mpobieMa
MacmTabupyeMOCTH, ONMCAHHAS B MpeIbIAyIIeM pasjene. Js
pemreHus 3Tod mpoGieMbl ObII pa3paboTaH MOIAXOX «KBa3H-
3ym» (quasi-Zoom), npecTaBIeHHBIN B pabore [1].

Puc. 4. Yrpyras kapra ¢ packpackoil 1o njioTHOCTH B
IIPUMEHEHHHN K 00beMy 9aCTOT COBMECTHOTO yIOTpeOIeHNs
crnos [1].

Puc. S. ITocTtpoenue pa3BepTkH Npeablayieil ynpyroit kapTsl
Ha IUIOCKOCTB TTEPBBIX ABYX INIABHBIX KOMITOHEHT [1].

IMpm  wccnenoBaHmu  oObeMa  YACTOT ~ COBMECTHOTO
YHOTpeOJICHUsT  TJarojoB U CYIIECTBUTEIbHBIX [1]
IpakTHYecKas 3a/1aua CTaBUIIACh clieylomumM oopasom. HyxHo
OBIII0 MAaKCHMAbHO Pa3feNUTh (CIUMIIAECS TOYKH. Jlis sToit
Henu ObIT HCIONB30BaH IOAXOJ «KBAa3U-3yM», KOTOPBIN
MO3BOJIMI PEMINTH 3Ty 3afady. CyTh 3TOrO TEXHOJIOTHYECKOTO
nmpueMa 3aKiiodaeTcs B TOM, 4YTO Juii Oojiee  TOHKOM
MOACTPOHKH HEOOXOAWMO BBIJCTATH OONBIIME KIACTEPHl B
HCCIeAyeMOM 00beMe MHOTOMEpHBIX IAHHBIX U IPOBOJHUTH
MOCTPOCHHE YHPYTWX KapT JUIS BBIACICHHBIX KIACTEPOB
OTJENBHO, OPraHU3ys TeM CaMbIM 3P PEKT, HTOTOOHBIH (YHKIHH
«zoom» B  COBpPEeMEHHOH  (QoToTexHHKe. Pe3ympTarh
MIPUMEHEHHS TT0IX0/1a PEICTaBICHBI HAa PHCYHKE 6.

[MpuMeHeHNe TEXHONOTHH TOCTPOEHMS YNPYTUX KapT AN
pemreHus 3a1ad  KJIACTEPHOTO aHalW3a HE IPEAIojaraer
HHUKAKOW anpuOpHON HHpOpPMAIHH 00 U3ydaeMbIX JaHHBIX. DTO
JTaeT BO3MOXKHOCTh NMPUMEHATh UX K aHAIM3y JAHHBIX CaMOTO
pa3sTMYHOTO THNIA BHE 33aBUCHMOCTH OT TPHPOABI HX
npoucxoxaenus. [lono6Hoe abcTparupoBanue MeToa OT THIA
U TPOMCXOXKACHHS MAAHHBIX JETaeT MCIIOIb3YeMBIH IOAXO0N
MOCTPOCHUSI  YHOPYTMX KapT B JOCTaTOYHOW  CTENECHH
YHUBEPCANBHBIM ~ MHCTPYMEHTOM  aHalmM3a  MHOTOMEPHBIX
00BEMOB JJAHHBIX.

[MpuBenem npumMep NPUMEHEHUS TOCTPOCHUS YIPYTUX KapT
K aHanu3y OMOMEINWIIMHCKHX JaHHBIX. Jmd 3Toi memu Oblmn
WCIIONIB30BaHbl JaHHBIE pPaboThl [7]. DTOT Habop JaHHBIX
COIEPXKHUT 3HAYEHHS INECTH OMOMEXaHHYECKHX MpPU3HAKOB,
UCTIONB3YEeMBIX  JUIi  KJIacCHpuKanmuu  OpTOMETHIECKUX
MANUeHTOB Ha 2 Kiacca (HOPManbHBIA «normaly, wiam ¢
OTKJIOHEHHEM OT HOpMBI «abnormal»). Kaxnapii manuent
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NpEACTaBJICH B Ha60pe JaHHBIX HICCTBIO OHOMEXaHMYECKHUMU
IIpU3HaKaMHy, MOJY4YCHHBIMH H3 q)OpMLI 1 OpUCHTAILIMM Ta3a U
MOSACHUYHOTO OTACJIa II03BOHOYHHKA: Ta30BOC OITyCKaHUC,
Ta30BBIN HaKJIOH, YIOJI IOSACHUYHOTO JIOPAO03a, erCTLIOBBIﬁ
HAKJIOH, paiuyC Ta3a U CTCICHb CIIOHAUJIOINCTE3A.

D

T

[TPESVEH- LT

fueCTrisEaicPUTe JEATE]

[rPKPACiTS VEATS

jucTare JnerenvcTaTe)

[ Mop003

Puc. 6. Pe3ynbraTel mpuMeHEHU TOAX01a «quasi-Zoomy JUIs
paszeeHus CIUIIINXCS TOUeK (pa3BepTKa yIpyroi KapThl C
packpackoii 1o IIOTHOCTH JaHHBIX) .

HaGop namspix comepxur 310 Touek B 6-MEpHOM
mpocTpaHcTBe.  PaccmarpuBasg  gaHHBIH  Habop — Kak
MHOTOMEPHBIH 00BEM B 6-MEPHOM IIPOCTPAHCTBE MPH3HAKOB,
MOXXHO MPUMEHATh IIOAXOJ TOCTPOGHHS YIPYTHX KapT,
BappHpOBaTh  KOI(PQUIMEHTH  yNpyrocTH  KapTel Ui
JOCTIKEHHSI HAWIydIIero pe3ynbTara, Jalee IPOoenupoBaTh
TOYKH MHOTOMEPHOro o0beMa Ha MONYYEHHYIO KapTy H
CTPOUTH €€ pa3BepTKy B IUIOCKOCTH JBYX IEPBBIX TITaBHBIX
KOMITOHEHT.

Ha pucynke 7 mpezacTaBieHa «MATKas» yHOpyras Kapra IS
JaHHOTO Habopa MaHHBIX. 3€JEHBIE TOYKH COOTBETCTBYIOT
KaTeropuu  «normal», KpacHble TOYKH  COOTBETCTBYIOT
kateropun «abnormal». Ha pucyake 8 mpencraBieHa
pa3BepHyTas KapTa ¢ pPaCKpacKo 10 INIOTHOCTH AAHHBIX.

Puc. 7. [lpumep mocTpoeHus ynpyroi KapTel Ui Habopa
OMOMETUINHCKIX JTaHHBIX.

[MomyueHnHble pe3ynbTaThl AAIOT BO3MOXKHOCTH ITOMYYHTH
MIPE/ICTABICHNE O B3aHMHOM PACIIONI0KEHUH OCHOBHBIX KIIACCOB
B HM3y4aeMOM MHOTOMepHOM oObeme. OfHAKO Ha PHUCYHKe 8§
BUHA 0O0ONacTh CMEIICHUS JAHHBIX M3 IBYX KaTeropuu. s
yIydImIeHHs  pasfeneHus HeoOXoguMO B JanbHEHIIeM
YCOBEPIIEHCTBOBATh AJITOPHTM IIOCTPOEHMS YHMPYTHX KapT 3a
CYeT BO3MOXKHOCTH CTYHIEHHS HCXOZHOW CETKM KapThl B
o0acTAX TOBBINIEHHOW TIIOTHOCTH JaHHBIX. [lomoGHas

GraphiCon 2017
BO3MOXHOCTbH HIUPOKO HCIOJIb3YyCTCA B 3agadyax
MaTEMaTHYCCKOT'O MOJCINPOBAHUA CINIONIHBIX cpen.

ABTOMaTHYECKOE CIYLIEHHE CETKH B O00JAaCTH BBICOKHX
IPAJAUCHTOB B BBIYMCIUTEIBHON MEXaHHKE KUIKOCTH M rasa
SBISCTCS  OTACNBHBIM  HAIPABICHHUEM, TI/¢ pPEaJu30BaHO
00BPIIOe KOJIHYECTBO I(PQPEKTUBHBIX U aNpOOHPOBAHHBIX Ha
HPAaKTHKE aITOPUTMOB.

1]

1

Puc. 8. Pa3zseptka npenpitynieil ynpyroit kapTsl Ha IJIOCKOCTh
MEPBBIX JBYX TJIABHBIX KOMIOHEHT C PACKPACKOH MO IMIIOTHOCTH
JTaHHBIX.

4. 3akn4eHue

Inst aHanm3a KIACTEPHBIX CTPYKTYpP B MHOTOMEPHOM
o0beMe MJaHHBIX [PE/UTaraeTcsi HCIIOIb30BaTh TEXHOJIOTHU
MOCTPOCHUSI YIPYTUX KapT, MPeACTaBIsomune co60il MeTobl
0TOOpaXKEHUsI TOYCK MCXOJHOTO MHOTOMEPHOTO MPOCTPAHCTBA
Ha BJIOKCHHBIC B 9TO MPOCTPAHCTBO MHOT00Opasus MEHbIICH
pa3MepHOCTH. Bapbupys MOBEPXHOCTH yIPYroil KapThl 3a CUET
[OCJIEIOBATEFHOTO YMEHBIICHHUs K0P (HUIIMEHTOB yIIPyrocTH,
MOXXHO JOOUTBCSl JIY4IIEro COOTBETCTBHS IOJCTPAMBAHMUS
KapThl 10/ MHOTOMEPHOE 00J1aK0 JaHHBIX. [10Cie yMEeHbIICHUS
k03¢ GuIHeHTOB n3rnba M PacTSHYTOCTH YHPYTO# KapThl, OHA
CTAHOBHTCS OoJiee MATKOM M rMOKoM, Haubojiee ONTHMAaIbHBIM
00pa3oM MOACTPanuBasCh K TOYKAM HCXOAHOTO MHOTOMEPHOIO
o0beMa JaHHBIX. lIpUMEHEHHE TEXHOJOTHH IIOCTPOCHHS
VIOPYrUX KapT AJsl pEelIeHHs 3alad KIACTEPHOTO aHajin3a He
[pejanosaraeT  HUKAKoOW  ampuopHOd  uH(OpMamuu 00
HW3y9YaeMblX [JaHHBIX H HE 3aBHCHT OT HX IPHPOJBI,
MPOUCXOXKICHHUS U T.I. DTH CBOMCTBA MO3BOJISIIOT MPUMEHUTH
TEXHOJIOTHH TOCTPOSHUSI yNPYTHUX KapT JUIL  BBUIBICHHS
KJIIACTEPHBIX CTPYKTYD. s peuieHus npoGeMsl
MacTabupyeMOoCTH, KOT/1a YIpyras Kapra MoACTPanBaeTCs KaK
Mo 00JacTh CrymieHHWs TOYEK [aHHBIX, TAaK U K OTAEIbHO
pacloNOKEeHHBIM TOYKaM O0JaKa JaHHBIX, [PUMEHSETCS
MOOXON  «KBa3U-3yM» (quasi-Zoom). CyTb nmoaxoaa
3aKJII09aeTCsl B TOM, 4TO JJs OoJiee TOHKOW MOACTPOMKH B
MHOTOMEpHOM  OOJIlaKe [JaHHBIX  BBLACISIOTCS  OOJblIHe
KJIACTEPBI, II0CJIE Yero MPOBOJMTCS OTACIBHOE IOCTPOCHHE
VOPYrUX KapT JUIss BBIJCICHHBIX KIIacTepoB. IlpHBeIeHBI
pUMEpbl MOCTPOCHUSI YIPYTHX KapT JUlis 3afad  aHajim3a
TEKCTOB W JUISl MEAWIMHCKHUX NaHHBIX. JlanbHeiiniee pa3BUTHE
HCIIOJIb3YEeMOr0 MOAXO0/1a MPE/ICTABISETCS B TaHHBI MOMEHT B
peanu3anuy Takoro arOPUTMa IPH MOCTPOCHUH YIPYTHX KapT,
rae 061acTh BHICOKOM INIOTHOCTH JAaHHBIX PaccMaTpuBaiach Obl
aHaJOTMYHO O0NacTH BBICOKMX TPAJMEHTOB B  3ajadax
MareMaTH4ecKkod  (u3ukM, ©  TOpeaycMaTpuBaia  Obl
aBTOMaTHYECKOe CTYIIEHHE CETKH KapThl B MOJA0OHBIX
00J1acTsx.
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5. bnarogapHocTu

Hannast paboTa BBINONHEHA TNPH IMOAAEPKKE TI'PAHTOB
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(mpoexTtsl 16-01-00553a u 17-01-00444a).
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CreraHorpacunyeckasn 3awmrta nsodpaxeHmm us PDF nokymeHTOB
Ha ocHoBe KoHBepTopa PDF-SVG

B.H.Top6aues!, U.K. Metenén!, E.M. Kaitnaposa!, M.A. ITonskosa®
helenkainarova@gmail.com|polyakovaqueen1998@mail.ru.
LCI16 FocynapcTBeHHbIi YHHBEpPCUTET MPOMBILLIEHHBIX TEXHONOTHA 1 Au3aitna, Cankt-Iletepbypr, Poccus

B pabome paccmompen sonpoc o 3awume uzobpasicenuil, 6xooawux 6 cocmas PDF doxymenma. Ocnogou npeonodicen-
HOU cmezanozpageyeckou cxemul cayxcum koneepmop PDF-SVG, komopwii uzenexaem uszobpasicenue u3 0OKyMeHma u
8036pawaem e2o 0OPamHoO NOcie BCMpausanusi yuposvlx oanuvix. OOCyxHcOaromes: 08a 8APUAHMA 6CMPAUBAHUS, UCHOJTb-
3yiowue OUCKpemnoe seligiiem npeodpasosanue u Oumosvie NIOCKOCHU NOLYMOHOB020 KOHMEHEPA.

Knroueswvie cnosa: cmezanocpagpus, PDF, yuppogsuvie 600sanbie 3Haxu.

Steganographic protection of image from PDF document using
a convertor PDF-SVG

V.N. Gorbachev?, LK. Metelev!, E.M. Kaynarova!, M.A. Polyakova'
helenkainarova@gmail.com|polyakovaqueen1998@mail.ru.
1Saint-Petersburg State University of Industrial Technologies and Design, Saint-Petersburg, Russia

Protection of the images included in PDF document is considered. The basis of the proposed steganographic scheme is
a convertor of PDF-SVG, that extracts images from PDF document and returns it back after embedding data. We discussed
two embedding methods using a wavelet transform and bit planes of the grayscale cover.

Keywords: steganography, PDF, watermarks.

Bynyun mmpoko pacripocTpaHeHHbIM (hopMaToM Mpea-
CTaBJICHHSA YJICKTPOHHBIX TOKyMeHTOB, PDF nmeer pazHo-
o0pa3Hyro KpunTorpaduyeckyro 3ammry. OnHako 3amada
3aIUTHl HH(QOPMAIUK HE IMEET eIMHCTBEHHOTO PEIICHUS,
YTO SIBJISIETCS UCTOYHUKOM HOBBIX MPEAJIOKEHUH, B UUCIIO
KOTOPBIX BXOIAT creraHorpaduueckue meroasl. boraras
crpykrypa PDF ¢opmara no3Bosiser ucnois3oBarb MOp-
(honormueckue M CeMaHTHYECKUE XapaKTSPUCTHKH TEKCTA,
MOIU(HKALINIO ONIEPaTOPOB BU3yaTH3AINHN TEKCTA. H MHO-
roe apyroe [1].

ITpu Mmopdonoruiaeckom noaxoae OUT HHPOPMAITUN KO-
JIUPYeTCsl TEKCTOBOW aJbTEPHATUBOM: IACCUBHBIN WIN aK-
TUBHBIN 3aJI0T, CHHOHUMBI [2]. B TexHuke KOIMpOBaHUs
npobenamu, White Space Coding, ncrosnb3yoT oOBIYHBIN
¥ HEepas3pBIBHBIA Mpo0eN, KOTOphIE BU3YaIbHO HEpasIu-
YMMBI, HO UMEIOT pasHble koxasl [3]. B merome 7T'J (Text
Justified) omeparopoB, BhIpaBHHUBAIOIIUX TEKCT, TaHHBIC
BCTPaUBAIOTCA B HHTEPBAJIBI MEX Ty cinoBaMH. [4]. [Ipu BbI-
PaBHUBAaHUM JUIMHBI HHTEPBAJIOB IPUHUMAIOT CITy4aiHbINA
XapakTep, 4TO JaeT BO3MOXKHOCTh HX MOAM(DHUIIUPOBATH,
ncnone3yst LSB (Least Significant Bit) merons! [5] wumm
pasmbitue (Dither Modulation) [6]. Coo0mieHre MoXHO 3a-
KOAMPOBAaTh MEPEeCTaHOBKOM, KoTopasi BcTpauBaeTcs B 1d
w 2d maccuB. BerpanBaHue B 4acTOTHYI0 0071acTh (-
pOBOTrO M300pa’keHus CIENMaIbHO BHIOPAHHOM mepecTa-
HOBKH, KOTOpasi IMeeT HUKJIBI JUIMHOH He Ooublie 2, ee
HA3bIBAIOT HHBOJIOLHS, OKa3bIBaeTCs ycToHInBEIM K JPEG
cXKartuto ¢ morepent [7].

BcerpanBanue 1nmgpoBeix BomsHbIX 3HakoB (IIB3)
NPEeNyCMOTPEHO psiioM TpuiokeHuid. K ux 4uciny oTHO-
curcsi Adobe Acrobat u penakrop TEX, KOTOpBIIT MOXeET
co3maBarh BBIXOMHOH (aiin B PDF. D1u npunoxkenus mos-
BOILIIOT BCTpouTh BHAmMEIe [[B3, mpeacrasmsromne co-

00l MONMYIIPO3pPaYHbIA TEKCT WIH U300paXKEHUs, KOTOPhIC
3aTPYAHSIOT 3PUTEIBHOE BOCIIPUATHE. TeXHUKA BHIUMBIX
B3 npeamnonaraer, 4T0 MX MOXET YAAJIUTh 3aKOHHBIN
MOJIL30BaTeNb 32 OTACIBHYIO mary [8].

B oTnmume ot paccMOTPEHHBIX METOJJOB MBI COCPENIO-
TOYMJIM BHUMaHHWe Ha 3aiure u3oopaxkenuii B PDF noky-
MeHTax. s 3Tod 1enu npeioxkeH kouseprop PDE —
SV G. OH coxpansieT n3obpakeHus, u3piaedeHnble u3 PDF
nokyMeHTa, B popmare PNG mwm JPEG, B koTOpEIE BCTpa-
MBAIOTCA KaKk HEBUAWMBIE, Tak M BuauMele [[B3. 3amm-
IIEHHOE M300pa’keHre KOHBEPTOp BO3BpaIaeT 00paTHO B
JokyMeHT. [[nst ciaywas Bunumbix [IB3 nenbto sBisieTcs
BOCCTaHOBJICHHE MCXOIHOTO M300paxkenus. B Harem me-
toge BenmuanHa PSNR (Peack Signal Noise Ratio) mex-
JIy OPHTHHAJIOM U BOCCTaHOBJIEHHBIM H300pak€HHEM MO-
XKeT JocTurars nopsaka 55.8 nb. OTo 3HaueHHWe cBHje-
TEJILCTBYET O BEICOKOM Ka4eCTBE BOCCTaHOBJIEHHOTO N300-
paKeHUsL.

1. BcTpanBaHue ¢ NOMOLLIO KOHBEpPTOpA

Creranorpaguyeckasl CXxemMa COIEpPKHUT KOHBEPTOP, KO-
TOPBIA OCYIIECTBISIET MPeoOpa3soBaHHE MEXKIY JABYMs
tdopmaramu PDF u SVG, anroputmsl BCTpauBaHUS U Je-
TEKTUPOBAHUA.

1.1. Cxema

Pabota cxeMbl COACPIKUT CICAYIOMINE Iaru:

1. Kongeprop u3Bnekaet nzodpaxenus u3 PDF noxkymen-
Ta M coxpaHser ux B rpaduueckom ¢opmare PNG
wi JPEG. Otn wmn MonuduimpoBaHHble H300paxe-
HUS KOHBEpTOp Bo3BpamiaeT ooparHo B PDF nokymeHT.
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2. M3BnedeHHbIe N300paXeHNST MOTYT MOJH(DUIIMPOBATH-
Csl IyTeM BCTPAaNBaHHUS, ACTEKTUPOBAHMS WU YAATICHUS
IB3.

B kauectBe 1IB3 ucnonn3yercss OuHapHOE M300pakeHue

M, xotopoe BcTpamBaercsi B KoHteitHep C, momyueH-

HbIH 13 rpaduueckoro daitna PNG wmu JPEG. B ciryuae

HeBUAUMBIX [[B3 anroputmbl AeTEKTHPOBaHNS U3BIICKAIOT

BCTpoeHHbIe fanubie M. B cinyuae Bumumbix [IB3 Boccra-

HaBJIMBaeTcsl HCXOHBIN koHTeliHep C'R. V3-3a HeoOpaTu-

MOCTH Tpe0Opa3oBaHUi M3BJICYECHHBIE JaHHbIE U BOCCTa-

HOBJICHHBIH KOHTEHHep Oy/IyT OTIINYATHCS OT OPUTHHAIIOB.

OnHako B 000MX ciiydasix TpeOyeTcsl BBINOIHHUTE YCIOBHE

HEePa3InInMOCTH

M=~ M,
C ~ CR.

OTH ycioBUS JOMYyCKAlOT ABe MHTepnperamuu. C oxHOU
CTOPOHBI €CTh JIBa U300PaKCHUs, KOTOPHIC BBHITTISAIST O/TH-
HakoBo. C Ipyroil CTOpOHBI MO>KHO TOBOPHUTH O HEIETEK-
tupyemoctu. Jlns HeBuaumMbix 1IB3 310 03HauaeT HEBO3-
MOXXHOCTb ONPEAEIUTh C BEPOSITHOCTBIO €IMHULA HAJH-
4YHe BCTPOCHHBIX JAHHBIX MYTEM CTATUCTUYECKOTO aHa-
nu3a. Jng euaumeix [IB3 3T0 03HaYaeT HEBO3MOXKHOCTh
OMpEeNIeNIUTh OBLT JIH ynaneH BcTpoeHHbli [[B3 u3 uzobpa-
JKEHUS HEeJIETUTUMHBIM T10JIb30BaTEIIEM.

1.2. KouBepTop

BaxHbIM CBOHCTBOM HaIlIeTO KOHBEPTOpA SIBIISETCS 00-

paTUMOCTBh, YTO MO3BOJISIET MPE0OPa30BHIBATh JaHHbIE 03
TOTEPb.
B ceru lHTEpHET MOXKHO HATH OONBIIOE YHCIIO TIPEIIO-
JKeHHH Kak rpeodpas3oBath n3obpaxenue n3 PDF' B rpa-
¢uueckuii popmar PNG, JPEG u obparno. beutu BeiOpa-
HBI HayTa/] 1Ba KOHBEPTOpa' U MOJTyTOHOBOE H300paKeHHe
a.png c spkoctbio nukcena 0, 1, ..., 255. Mbl paccMoTpe-
Tm TipeoOpa3oBaHme

a.png — PDF — b.png.

Bri0 HalineHo, YTO pa3HOCTH SIPKOCTEH MUKCENIOB Y N300-
paxkeHuii a.png u b.png nocturana 129 enunwui, 4to 3a-
METHO IIPY BU3yaITBHOM BOCTIPUATHU. J[)1sT Hatrero KoHBep-
TOpa Pa3HOCTh OKa3ajach PaBHO HYJIIO, YTO O3HAYaeT 00-
paTUMOCTh peoOpa30OBaHMUS.

OTMETHUM TOYHOCTH, C KOTOPOI MOMy4YaeTcsl 3TOT pe-
synbrar. Jlns komupoBaHUMs B Tpaduueckom ¢dopmare
O0OBIYHO HCIIONB3YIOTCS IeNIbIe HEOTPHUIaTeNbHBIC YHCA,
ITO3TOMY TIPH BBIYUCIICHHUAX FUTH 3alACH B TpadyudIecKuid
(dhopMat Bce uncia OKpymIsoTCesl. YTOOBI HCKITIOYHUTD CITy-
YaiiHOe coBnajieHue, ObuIo mpoTectupoBano 200 paznuy-
HbIX pdf-10KyMeHTOB. B pe3ynbrare Halll KOHBEPTOP MOXK-
HO CYUTAaTh 00paTUMBIM IO KpaifHel Mepe B cirydae mpeoo-
pa30BaHUs TAaHHBIX, IPEICTABICHHBIX IIEJIBIMI HEOTPHIIA-
TENBHBIMU YUCIAMH. DTO 03HAYALT, YTO KOHBEPTHPOBAHUE
He OyZIeT BHOCUTH OITUOOK B Tpoliecchl u3BiedeHus 11B3
U BOCCTAHOBIICHUSI KOHTCHHEPA.

Thttp://pdf-png-jpg.eu/, http://online2pdf.com/convertor-png-to-pdf

2. YacToTHOE BCTpanBaHue

BcerpanBaHme JaHHBIX OCYIIECTBIISUIOCH IIyTEM 3aMe-
HBI YacTH KO3(Q(UIIMEHTOB AMCKPETHOTO BEHUBIIET NPE00-
pa3oBaHus KOHTeiHepa nukcenamu [[B3.

2.1. BcTpanBaHue ¢ nomolbLI0 BeMBneT npeobpa3oBa-
HUA

ANTOPUTMBI BCTPaWBAaHUS U JIETEKTHPOBAHUS COAEP-

JKaT CIeAyIOIIHe Iar:

1. KonreiliHep mnoaBepraercs OAHOYPOBHEBOMY JIHC-
KpeTHOMY BeliBieT mpeobOpazoanuto DWT (Discrete
Wavelet Transform).

2. Yactp KOI(pQUIMEHTOB M3 BBIOPAHHOTO YaCTOTHOIO
0s10Ka 3aMeHseTcs Ha OMTHI COOOIEHNE M OCYIIECTB-
nsetrcs oopaTHoe npeodpazoanue IDWT.

3. BcTpoeHHbIE TaHHBIE N3BJIEKAIOTCS U3 BEIOPAHHOTO Ya-
CTOTHOTO OJI0Ka.

BeiiBner npeobpazoBanue uzBieueHHoro u3 PDF moxy-

MeHTa n3o0paxkenus C' naeT 4eThipe OJ0Ka KO PUIreH-

TOB

DWT(C) = {cA, cH,cV,cD},

e cA xoaddunuents anmnpoxkcumanuu, cH, ¢V u c¢D xo-
3 PUIHEHTbI TOPU3OHTAIBHBIX, BEPTHKAJIBHBIX M JJHAro-
HaJIBHBIX JeTalieil. B nureparype nx taxxe Ha3biBatoT L1,
LH, HL, HH yacrorasiMu monocamu ot Low u High, BEI-
cokwii u HI3KuUi. [1ycTh coobmenue M BcTpamBaercs, Ha-
npumep, B 610k cD. J{nst sToro M macmrabupyercs myTem
HM3MEHEHHUS pa3Mepa Hu SpKOCTU

M — M, — aM,,

rae alM,, - n300paxkeHHe ¢ HOBBIMH pa3MepaMu U SIpKO-
CTBIO, KOTOpBIE ONpeNeIsIoTess KodpduimeHramu v 1 a.
DT K03 PUIMEHTH UTPAIOT BAXKHYIO POJIb, OHH TTOI0Hpa-
I0TCSI OKCIIEPUMEHTAIBHO, KCXO/Isl M3 MOCTABJICHHOH 3a/1a-
yn. U3meHss v uiun a, MOXXHO ITOJJHOCTBIO MJIM YHAaCTUYHO
3aIl0JIHUTh KOHTEWHEp WM clieJlaTh BCTPOCHHBIE JIaHHbIC
Kak BUIIMMBIMH, TaK U HEBUJUMBIMU. B pe3ynbrare yacts
ko3¢ ¢unmentoB cD 3amensiercs Ha a M, i OIIOK CO BCTPO-
E€HHBIMH TaHHBIMH cD* ucrnonb3yercs najee s Gopmu-
POBaHMs CTETOKOHTEIHEPa

S = IDWT{cA,cH,cV,cD*}.

JlaHHbBIe M3BJIEKAIOTCS U3 CTErOKOHTElHepa S’, KOTopblIil
HOJTy4aeTcs U3 S MyTeM HEeKOTOpOro npeodpazoBanus 1':

T:5— 9.

C nomoripio 7' ONMCHIBAETCS PSIJI IPOLIECCOB, B UMCIIO KO-
TOPBIX BXOIUT 3aIMUCh N300pakeHus B rpadudeckuii hop-
MaT, CUUTBHIBaHHE, KOHBEPTHUpPOBaHUE, Mepeaadya JaHHBIX
KOHBEPTOPY H Jp.

2.2. dkcnepuMeHT

Pesynbrar BcTpauBanus HeBuaumoro 1[B3 mpuBenen

Ha puc. 1. Cnesa ¢parment PDF fnokymenTa?, oH cozep-

2®parment u3 paborst Y-C Lai, W-H Tsai, Covert communication via
PDF files by new data hiding techniques, NSC project No, 97-2631-H-
009-001
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KUT n3o0pakenne Fig. 1: Basic steganographic system,
KOTOPOE PacIoiIOKEHO B TekcTe. M300paskeHue 3amuiie-
HO HeBUAUMBIM 1[B3, BCTpOCHHBIM B 00JIACTh, OTMEUCH-
Hy!0 KpacHbIM. CrnipaBa npuBeneH LIB3, npencraBieHHbINH
6unapHbIM H300paxkenueM. [lnss DWT Obu1 B3sT oproro-
HaJNBHEIN BeiiBreT db6 u3 cemeiicta Jlobemn.

inverse of the embedding process, where the secret message is
revealed at the end, [11].

Embedding

L. Stegosystes Estimate of Secret
s S

Cavsction

Fig. 1: Basic steganography system([11]

L83,
6uHapHoe usobpamenue

Figure (1) shows one example of how steganography might be
used in practice. Two inputs are required for the embedding

KoHTelHep ¢ B3, a=20, u=0.5, seiienet db2

Puc. 1. ®parment PDF nokymeHTa ¢ 3alIUILEHHBIM
n300paKeHHEM.

Bribpannbie Bemmaunbl a=20 1 u=0.5 o3Ha4aioT, 94TO

sapkocTh OuHapHoTo [[B3 yBenmnuena B 20 pa3 u 3aMEHEHO
50% ko3 dunmenton Gioka cD.
MBI paccMOTpeny BCTPAUBAHUE C HECKOJIBKUMU BEUBIIETA-
mu u3 cemeiictBa Jlobemmu dbl, db2, db6, db26, db41 mns
a=20 u u=0.5. IIpu DeTEeKTUPOBAHUN BO3ZHUKAIN OIINO-
KH, Korga B u3BiacueHHBIX [IB3 ot 2% mo 15% nukcenoB
BOCIIPOM3BOJUTCS] HENPABHIBHO. BBIJIO yCTaHOBIEHO, YTO
OCHOBHOU NPUYMHON OMIMOKH SIBIISIETCS TOTEPSI TOYHOCTH
IIPY OKPYIJICHNH, KOTOpasi BO3HUKAET HPH 3arucu U po-
Boro m3obpaxenus ¢ LIB3 B rpaduueckuii popmar.

3. npOCTpaHCTBeHHoe BCTpanBaHue

Hcnonb3yst TOONTOBOE CIIOXKEHHE, MOXKHO BCTPOHTH
OmHapHOE M300pakeHNe B OUTOBYIO INIOCKOCTD IOy TOHO-
BOTO KOHTeWHepa. Torma omuOKu OKPYIIIEHNS TIPH 3aITUCH
n300pakeHus B rpaduueckuii popmar OyayT UCKIIOYCHBI.

3.1. BcTtpanBaHue B 6UTOBbIE NNOCKOCTHN

B ocHOBe anroputMa JeKHUT UAes YABOCHHsI OUTOBBIX
miockocTeit [9]. brmaromapsi u30BITOYHOCTH, MOXKHO TIO-
CTPOHTH MOJIyTOHOBOE M300paskeHHE C IBYMsI OJJTHAKOBEI-
MU OWTOBBIMH TUIOCKOCTSIMH, TIPUYEM BU3YAIBHO OHO HE
OymeT oTIMyarhCs OT UCXoAHOro. Torma omHa M3 IIOCKO-
CTell MOXXET OBITh MCIOJNB30BaHA JUIS BCTPAHUBAHHS JlaH-
HBIX, & BTOpast I clenoro aerekruposanus 1[B3 wmm Boc-
CTaHOBJICHUS KOHTEIHepa.

JIro6oe momyToHOBOE N300pakeHUE ¢ OUTOBOH TITyOHHOI &k
MOXKHO MPEICTaBUTh C TIOMOI[bI0 HA0Opa OUTOBBIX MIIOC-
Kxocteit. g k = 8

C=DBg2" +---+ B;2°, (1)

e By = bitget(C,V) OuroBas IUIOCKOCTb, st
BBIYMCIICHHS KOTOpOil BBeAeHa (YHKUMS bitget,
V = 1,2,...,8. Ilmockocte B; Ha3wBator LSB (Least

Significant Bit) miockocTe0, OHa HE COACPKUT CEMaHTH-
geckoid nHpopMmaruu. Vcnons3ys (1), MOKHO TTONyYHTH
M300pakeHne ¢ JIBYMsI OMTOBBIMH ILIOCKOCTSIMHU. [lycTh
By u By, tne V> U nBe 6utosbie mmockoctu C'. Torma
n3obpaxenne C'p ¢ AByMsI OUTOBBIMHU IIOCKOCTAMH By
HUMEET BUJI

Cp=C—By2V=! 4+ B2Vt )

ANTOPUTM BCTpaMBaHUs, MCIOJB3YIOMNH (2), COTEepKHUT

CJIE/TyTOIIHE IIart.

1. s BeiOpannsix V u U crpoutes konTelHep Cp ¢ ABY-
M OUTOBBIMU IJIOCKOCTSIMU .

2. B minockocth V' BCTpauBaeTcsi OMHApHOE H300pasKeHHE
MyTEM IIOOUTOBOTO CIOKEHHUS

C—S=0Cp—By2V '+ (ByaeM)?2" !t @3

Berpoennoe nzobpaxenue OyneT BUAMMBIM HIH HEBH -
MBIM B 3aBUCHMOCTH OT BbIOOpa V. MBI paccMOTpHM CITy-
qaif Bumumbeix [[B3, mis kotoporo B kadectBe V' ciemdy-
€T B3ATh CTapline OMTOBBIE IIOCKOCTH. YTOOBI BOCCTa-
HOBUTH KOHTECHHEp, CTapiias INIOCKOCTh V, copepkamas
B3, ynansercs, a Ha ee MecTo ctaButcs U

S — CR =S — bitget(S, V)2V 1
+bitget(S,U)2YV 1 — bitget(S,U)2V 1.

OTnune KOHTEHHEPOB OMpeAessIeTCs MIaAmeid OUTOBOM
IJIOCKOCTBIO

C —CR= By2Y. 4)

[Tpumep paboOTHI TOKa3aH Ha puC. 2.

Fig. 1. Sersctere of a POF i

Fig. 1. Strctere of a FOF fike

PDF ik o " In 3 PO file, whise-mpace &
wparsin  wweacic  comErcs

Acoonfing in the POF siandard, many
are tressed 3 whise spsces. Tahle | shaws this propersy
of the POF, All white-space charscters ar: cquivalent,
eacepd i commenss, sirings. and sicamm. W, -

Header PSMR

25 8

Homep BUTOBOI NAOCKOCTH

(c) (d)

Puc. 2. Bugumeie u ycrpanumele [IB3.
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Ha puc. 2 (a) npuBenen ¢parment PDF mokxymenra
¢ usobpaxenuem Fig.l Structure of PDF file’, B xoTo-
poe BcTpoeH BuguMbii 11B3. Mcnonb30BaHbl MIOCKOCTH
V = 7uU = 2. ®parment PDF u nzobpaxenue ¢ yna-
nenHbiM 1IB3 mpencraenensr Ha puc. 2 (b) u (c). ITocue
yoanenus [IB3 BoccTaHOBIEHHBIM JOKYMEHT BHU3YajlbHO
HeoTIM4IMM 0T ucxomuoro. Ha puc. 2 (d) mpuBeneHa 3a-
BUCHMOCTH ITMKOBOTO OTHOIIEHUs1 curHai myMm PSNR ot
HOMeEpa ylajJeHHONH OUTOBOM MmiIocKocTH. JJs paccMarpu-
Baemoro cirydast U = 2 Benmmunna PSNR=42.3417 J16. Oto
3Ha4YECHHUE COBMAJACT C PACCUUTAHHBIM M3 HKCIICPUMEHTA,
KOTOPHBIN BKJIIOYAET IICTIOYKY MpeoOpa3oBaHMid ¢ KOHBEp-
THpoBaHueM. HaliieHHOe coBMaZicHne TOATBEPKIaeT 00-
partuMocTh 3TUX npeodpasosanuil. IlomyueHHoe 3HaUEHNE
PSNR cBuaerenscTByeT 0 BEHICOKOM KaueCTBE BOCCTaHOB-
JIEHHOTO M300pa)KeHUs ¥ COBNAaeT C BU3yalbHON OLIEH-
koi. B aToM mpumepe anst 1yOnupoBaHUS UCIIOIb30BaHA
Bropas ourtoBas iockoctb U = 2. Ecim B3ate LSB moc-
kocth U = 1, ToO MOXHO mosryuuTh 60nee Beicokoe PSNR:
nopsaka 55.8 nb, kak 310 cienyer u3 rpaduka Ha puc. 2
(d). 3ameTnm, HamM pe3yaBTaTH! OIYYEHBI U1 IPOCTPaH-
CTBEHHOT'O BCTpaWBaHMA. B cilyuae yacTOTHOW TEXHHKH,
paszsutoii B [10] mis Bunumerx 1IB3 Ha ocHOBe DWT, 3Ha-
geHrne PSNR oka3wiBaroTcs Heckonbko xyxe: 37-40 nb.

4. BbiBOoAbI

1. Uzobpaxenus, Bxopsmue B coctraB PDF nokymenros,
MOTYT OBITh CKOITMPOBaHbI HEJIETUTHMHBIM I10JIb30Ba-
TENIeM U TTIOTOMY HY’KAAIOTCS B CBOEH COOCTBEHHOI 3a-
HINTE.

2. B creranorpaguueckoil cxemMe MOXKET ObITh HUCIIOIB30-
BaH KOHBEPTOp, KOTOPBIH MpeoOpaszyeT n300pakeHus
n3 PDF B rpaduueckuii popmar u o6parno. [Tostomy
MOKHO HCIIOJIE30BaTh pa3HbIe METO/IBI 3alIUTHI HU(PO-
BBIX M300paXCHUH, BKITIOYAIOIINE TPOCTPAHCTBEHHYIO
Y YaCTOTHYIO TEXHHUKY.

3. Jlnst BcTpauBaHHS B YaCTOTHOM 00JIACTH BO3HHKACT Xa-
pakrepHas omr0ka, o0yciIoBI€HHas HOTepel TOUHOCTH
M3-3a COXpaHCHHS M300pakeHNs B rpadudeckoM Qop-
Mmare. [Ipy ncrmonb30BaHNM OWUTOBBIX IUIOCKOCTEH 3Ta
OIINOKA MOKET OBITh HCKIJIIOUCHA.
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BusyanbHble MeToAbl OLLeHKM U MOAenu AaHHbIX NPU NPOeKTUPOBaHUN
pa3paboTkn MecTopoXaeHUn yrnesonoponoB

J.A. 3aBbsanoB, A.A. 3axaposa, A.B. Hlxsp
{zda, zaa, shklyarav}@tpu.ru
nabopatopus 3D-monenupoBanus MHCTUTYTa KHOCPHETHKHI
TomMckuil monuTexHUuecKui yHuBepcuret, Tomck, Poccust

B pabome npeocmasnen HO8bILI NOOX00 K peweHuro 3a0auu NOUCKA AHANO2ULl NpuU NPOEKMUPOSaHuu paspadomxu
MecmopoxcOenull yeneeo0opooos. B ocnose noodxooa nexcum ucnonb3osanue mpexmepHol 6u3yaibHol MoOenu OaHHbIX, NO380AI0OUel
OYeHUBams MHOLOMEPHbINL MACCUE PASHOMACWMAOHOU UHpOpMayuu 8 KOMNIeKce U 000CHOBbI8AMb NPUHAMUE DKCNEPMHO2O
pewienuss. B cmamve ONUCAHO NpUMEHEHUE NPeONONHCEHHO20 NO0X00d NpU NPOEKMUPOSAHUU pA3PAOOMKU  HePDme2a308bix

Mmecmopodxcoenuil Tomckoti oonacmu.

Knrouesvie cnosa: oopabomxa 0annvix, 6U3VATbHASL MOOEIb OAHHBIX, HAVYHAS GU3YATUZAYUS, PA3PAOOMKA MECMOPOHCOEHUI.

Visual assessment methods and data models in the development of
hydrocarbon fields
D.A. Zavyalov, A.A. Zakharova, A.V. Shklyar
{zda, zaa, shklyarav}@tpu.ru

lab of 3D Modelling of Institute of Cybernetics
Tomsk Polytechnic University, Tomsk, Russia

The paper represents a new approach to solving the problem of searching for similars in the design of hydrocarbon fields. The
approach is based on the use of a three-dimensional visual data model that allows to estimate a multidimensional arrays of different-
scale information in a complex and to justify the adoption of an expert decision. The article describes the application of the proposed
approach in designing the development of oil and gas fields in the Tomsk region.

Keywords: data processing, visual data model, scientific visualization, field development.

1. BBepeHue

Ilpm  mpoekTHpoBaHWMHM  Pa3pabOTKH  HE(TETa30BBIX
MECTOPOXKICHUI 3a9acTyl0 BO3HMKAeT 3afada PEKOHCTPYKIHN
HEJIOCTAIONNX JaHHBIX. B mpomecce pa3paboTku MeHseTCs
JHEPreTHYEeCKOe  COCTOSIHHE  3aJeXH, BCIEACTBHE  UEro
H3MEHSIOTCSl 3HAYCHHUs MapaMeTpoB, NMpUHATHE paHee. Kpome
TOTO, aKTyaJdbHOCTh 3aJadd OOYCIOBIICHA HHU3KHM YPOBHEM
CTPYKTYPHUPOBAHHOCTH CYIIECTBYIOMIEH MH(pOPMALUH, TaCTHIM
OTCYTCTBHEM  HAHHBIX OIS  TPOBEICHUS  MPOTHO3HOTO
MOZENNPOBAHHUS U3-3a BEICOKOW CTOMMOCTH U TPYJOEMKOCTH HX
MmoydeHus.  [WImoTe3oif  pemeHWst  3amadd  SABIIAETCS
MIPEeIIONI0KEHHIE 0 BO3MOXHOCTH 3aUMCTBOBAHHS
HEJOCTAIONNX JaHHBIX y OOBEKTOB, XapaKTEPH3YIOUINXCS
CXOXXHMMH YCJIOBHSMHM 3alleTaHUs (aHAJIOTWYHBIX OOBEKTOB) H,
Kak  CIEACTBHE, ONM3KMMH  3HAUCHMSMH  KIIOUEBBIX
mapaMeTpoB. TakuMm 00pa3oM, IENbl0 BU3YaIBHOTO aHAIM3a
CTAaHOBUTCSI OBICTPBIA TIOMCK OOBEKTOB, ONU3KHX MO Py
CBOMCTB, TMPH YCIOBHHM, YTO PEUICHHE O MPHHIMIAX OLECHKU
ogo6HO OIM30CTH OCTASTCS 32 IKCIEPTOM.

2. 3apaya novcka aHanormm B NpPoOeKTUpPOBaHUMU
pa3paboTKu MecTopoXAEeHWUN YyrneBoAOpPOA0B

Ilpm  mpoekTHpoBaHWMH  pa3pabOTKH  MECTOPOXKJICHUH
CHUTyalsi C OTCYTCTBHEM 4YacTH COOCTBEHHBIX HCCIIEAOBAHHI
HE PEIKOCTh, OMHAKO MpOIeAypa IOHCKa aHaIOTHi c1abo
(dopmanm3oBaHa ¥ BO MHOTOM CyOBEKTHBHA — PEIICHHE BCETIa
ocTaeTcs 3a MPOSKTHPOBIIMKOM HIHM SKCIEPTOM M YacTo
GasupyeTcs Ha JIMYHOM ONBITE M HE MOJKpEIUIIeTcs
(baKkTHIeCKNM MAaTepHAaIOM. OcobeHHOoCTAMH
paccMaTpuBaeMOM 3aauM OMCKA aHATOTUH SBIISIOTCS:

1) pa3sHOPOAHOCTE W PA3HOMACIITAOHOCTh AHAIU3HUPYEMBIX

JaHHBIX;

2) oTcyTcTBHE CTpOroi (opManu3anuy ¥ METOAWKU PEHICHHS
3amaun;

3) cyOBEeKTMBHOCTh  IIOIY4aeMOro  pemieHHs  (BECOBBIE
K03 UIHEHTHI TAPAMETPOB OMPEJIEISIOTCS SKCIEPTOM);

4) HeCTPOroCTh HAKJIAABIBAEMBIX OTpaHHYECHHH (B Cllydae
OTCYTCTBHS PEUICHHS, IOBEPHTEIBbHBI HHTEPBAT MOXKET
OBITH pacUIMpeH Ui yBeIHYeHUs: 00bEMa 00pabaThIBaeMO
BBIOOPKH, TaK KaK pelIeHHe AODKHO OBITh INOTYyYeHO B
M000M citydae).

TpanuuuoHHO pemieHue 3aady BEIOOpa aHAIOTHH MOXHO
MOTyYUTh CTaTHCTUYECKH, TaKOH criocod cBs3aH ¢ 06paboTKOi
TaONMYHBIX JAHHBIX TI0 HMMEIONMMCS MECTOPOXKACHUAM H
BBIIBIEHHEM  OOBEKTOB, ONM3KMX 10  ONpPEIEICHHBIM
KpuTepusM. BusyanbHoe penreHue 3aJaddl MOXKHO IIOIY4YHUTb,
HanpuMep, UCHONb3Ysl THCTOTPAMMBbI OTKIOHEHHH (0 KaXI0My
rapaMeTpy) WIH KOPPENSIHOHHBIE IHArpaMMBI (110 KaXIOMYy
MECTOPOXKJICHUIO), YTO 3aTPaTHO IO BPEMEHH, TaK Kak
BO3HMKAaeT HEOOXOAMMOCTh AHAIM3MPOBATh OOIBIION 00BEM
nadopmarmu.  IIpumepsl  TpagUIHOHHOTO  JIBYXMEPHOTO
pelIeHns 3aja4y BIOOpa aHAIOTHi ITOKa3aHbl Ha puc. 1.

Kpome Toro, o603HaueHHBIE CIIOCOOBI PEIICHUS 3a[adn He
MO3BOJISIIOT ~ BBIMOJNHUTH ~ KOMIUIEKCHYIO  OIIEHKY  BCEX
HUMEIOIUXCS JaHHBIX B OJHOW MOMENH, YTO COKpPATHIIO OB
BpeMsl NpHUHATHA pemieHus. [JaBHas NpHYMHA 3TOTO0 —
HEBO3MOXKHOCTh 00€CTICUeHHUS JOCTATOUHOH HH(POPMATHBHOCTH
TPaANIMOHHBIMU CIIOcO0aMM BU3YalbHOTO aHAIN3a JAHHBIX Ha
OCHOBE IIIOCKHX JBYXMEpHBIX Mopeneil. B coBpeMeHHBIX
YCIOBHAX MOCTOSHHOTO  pOCTa 00BEMOB  HH(pOpMALUH
HEO0OXOIMMO UCIIONB30BaTh MHOTOMEPHBIE BU3yalbHBIE MOIEIN
JTaHHBIX [2].

3. BVI3yaJ1bele MoAaenun aHanunsa gaHHbIX

Jdnst  pemenus mo0oif  3amaum  TpebyeTcs MOJEINb,
COOTBETCTBYIOIIAsl THIy BBHIPAOATHIBAEMOTO  BH3YalbHOTO
pemeHusa. OTO TOBOPUT O HEOOXOAWMOCTH aKTHBHOTO
MIPUBIICYCHUS] BO3MOXKHOCTEH IIOJIb30BaTEeNsl HPH IIOIYYEeHHH
OTBETAa Ha BONPOC HccienoBaHus. Kpome Toro, omHum wu3
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MIPEIBAPUTENBHBIX YCIOBHH SBISICTCS COKpAaIleHHE BPEMEHU
aHanmu3a. BeImoidHEHHME JTOro TpeOOBaHUS MOXKET OBITH
obecriedeHo Omarojaps YHpPOLICHUIO MOJIETH [0 THIIA,
COOTBETCTBYIOILIETO OOBIYHOMY HH(POPMHUPOBAHUIO, a TaKXKe
Oyaromapsi MCIONB30BAaHUIO  BBIPA3UTEIBHBIX  BH3YaJbHBIX
CpencTB, He TPEOYIOUMX MPOJODKUTEIPHOTO 3HAKOMCTBA H
ocMbICIIeHus [5].

! OTKITOHEHUe
. napameTtpa i, %
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Puc. 1. BusyansHoe pemeHne 3a1a41 BIOOpa aHAJIOTHIA
TPaAUIIOHHBIM CIIOCOOOM.
Jnst  cokpamieHuMss BPEMEHH MPUHATHA PEUICHUS IpH

BH3yalM3allid  3HAYUTENBHOTO 4YHCIa IapaMeTpoB  JUIs
BHU3yallbHOM  Mojenu  BblOupaercss  o0Opa3,  NOHSATHBIN
nmonb3oBaTento. [lo aToll mpuuYMHE, B CO3IaBacMOW MOMEIH
00pa3 OTAENBHOrO 3JIeMEHTa, O0BEIMHAIOMINN 3aJaHHOE YUCIIO
apaMeTpoB, MIPEACTaBICH B BU/IE TPEXMEPHOTO rpada.

OnHUM W3 TyTed penieHus MPOoOJIEMBl PE3yIbTaTHBHOTO
WCTIOJIb30BAHUSI BPEMEHH SIBISIETCA COKpalleHHEe O0BEeMOB
n30bITOUHOrO HHGpOpMHpOBaHMs Habmoxatens. C  oxHoOU
CTOPOHBI, 3TO JIOCTHTAETCs Onaronaps aHaIU3y
MHPOPMATHBHOCTH TOJYYEHHBIX O0Opa3oB W yCTpaHEHHUIO
9JIEMEHTOB, CMBICI KOTOPBIX HE CBS3aH C IIOCTAaHOBKOM
uccnenoanus. Ho, kpome 5TOro, BO3MOXHO IIpPHBIICUCHHE
CIIOCOOHOCTH 4YeJOBeKa K MBICIICHHON WHTEPHONALUN H
9KCTPANlOJISIMK JIaHHBIX, KOTOpas JesiaeT O0O0OCHOBAaHHBIM
BOCIIPOM3BE/ICHHE B BU3yaJbHOW MOJENH NAHHBIX JIUIIb YaCTH
u3 HuX [1].

4. BVI3yaJ1bHaﬂ mMopaenb AaHHbIX AnA peleHusa
3aa4yM noMcka aHanormm

B paMKax 3aaadu IMOUCKa AHAJIOTUH MIPpOUCXOAUT BLIGOp
Hanbosiee OJIM3KOIO MECTOPOKACHUA-aHAJIora U3 BBI60pKI/I
KaHAUJAATOB € YUCTOM BECOBBIX K03(1)CI)I/II_[I/I€HTOB rnmapamMeTpoB U
JAOIMYCTUMBIX OTKJIOHCHHUH nmapamMeTpoB KaHIuJ1aToOB oT
OTaJIOHa. KOHHEHTyaHBHaH CXeMa Hpe/:maraeMoﬁ BPI3yaJ'IBHOI>i
MOJCIIM NAaHHBIX Uil pEHICHUA 3aJa4d ITOMCKa aHaJIOT Ui npu

MIPOEKTHPOBAHNH Pa3pabOTKH MECTOPOXKICHUH MpeacTaBlIeHA
Ha puc. 2.
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Puc. 2. KonuentyanbHas cxeMa BU3yaJlbHOW MOJIENH
JTaHHBIX.

ITapamMeTpbl MECTOPOXACHUH-KAHUIATOB B BH3YAJIbHOI
MOJIENIM PACTIONATalOTCs B COOTBETCTBUH CO CBOMMH BECOBBIMU
kodddunrentamu. B nByxmepHOM pexxume (puc. 2 (a)) Mozensb
HO3BOJISICT BBINOJIHATD QHAJIM3 MacCHBa aOCONIIOTHBIX 3HAYCHH
C y4eTOM BECOBBIX KOI((HUIHEHTOB, NPH 3TOM JUISl JIy4IIEro
BU3YaJIBHOTO  BOCHPHATHS NapamMerpbl  MacIITaOUpYIOTCS.
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Tperbe m3mepenue mozenu (puc. 2 (0)) peanu3yeT pexHM
CpaBHEHHs  OTKIOHEHHH  ITapaMeTPoOB  MECTOPOXKJICHUI-
KaHIUJaTOB  OT  OJTalloHa,  JOMYCTUMOE  OTKJIOHEHHE
OTpaHMYMBAETCSA JIOBEPUTENBHBIM HHTEpBaIoM. B Takom
PEKHMME SKCHEPTOM BBHINOTHACTCS BU3yalbHAsl OI[EHKA U MOHCK
Hanbonee MOAXO/SIIETO MECTOPOXK/ICHUS-aHAIIOTA,
ONTHMANbHBIM  peleHneM OyIeT KpuBas  IapaMeTpoB,
Haunbosee Oam3Kast (C TOYKH 3PEHHS IKCIEPTa) K HEHTPAITbHOU
JIMHAU (3TAJOHY).

B paccmarpuBaemoil  3ajade  Bu3yalbHas ~— MOJENb
COMPOBOXIAETCS ~ MAKCHMAaIbHO  BO3MOXHOHW  CTENEHBIO
WHTEPaKTUBHOCTH CHCTEMBI yIPABICHUS, UYTO IO3BOJSIET
(opMynHpOBaTH MBICICHHBIH BOIMPOC HA KaXKIOM IIIare aHanm3a
TakuM 00pa3oM, YTOOBI 3TO COOTBETCTBOBAJIO CKOPOCTH H
0COOEHHOCTSIM MBIIIUICHNUS MOTb30BaTES.

CoznanHas mporexypa HCCIIEIOBAHUS TAHHBIX
MOATBEP)KAACT  ITIONOXKEHHS  KOMIUIEKCHOTO — TOAXOAa K
BU3YyaJIM3allid, B COOTBETCTBHHM C KOTOPHIMH AaHAIM3 HMEET
CTPYKTYpy TIOCIEAOBATEIBHOTO MPOABIKEHUSI OT oOpasa-
Bompoca K 00pa3y-OTBETy C TIPHBICYCHHEM BH3yalbHOU
BepU(PUKAINU TPOMEKYTOUHBIX pe3ynbTaToB. OKOHYATETBHOE
pelieHne, MpeanoKeHHOe Ul 3aJaul aHalu3a B 3TOM CIydae,
XapaKTepU3yeTcs  BO3MOXHOCTBIO ~ OBICTPOTO  BBISBICHHS
HaWJTydIIeTO0 OTBETa TIPM MUHHUMAIBHBIX YCHIMSAX. OTO
MO3BOJISIET  AOCTHTaTh LENH  HCCIeJOBaHUS,  cobmomas
anroputM  TpaHchopMmupoBaHHMs ~o0pa3a HpH  ITOMOIIN
WHTEPaKTUBHOM CHCTEMBl YNpaBleHHs W 0e3 INpUBICUCHUS
JIOTIOJTHUTENIFHBIX UICTOYHUKOB HH(popManuu [4].

IMoMuMO OLEHKM MaccHBa Pa3HOPOJHBIX JaHHBIX B OJHOM
BU3yalbHOH MOJENH KOMIUIEKCHOCTh B JAaHHOM Cllydae
3aKTI0YAeTCsl eme W B BO3MOXHOCTH  BBINTOJTHEHHS
OJHOBPEMEHHOTO BM3yalbHOTO aHaJIM3a pa3HBIX AaCIEKTOB
JTAHHBIX: aOCONIOTHBIE ~ 3HAYEHHS, abComoTHEIE |
OTHOCHTEIbHBIC OTKIIOHEHHMS OT 3TAJIOHA, JHUHAMHKA JaHHBIX.

Jst onmpo6GoBaHUS MPEACTABICHHOTO MOAX0Aa Ha PeaTbHBIX
JTAaHHBIX BBIOPAHO OAHO M3 MecTopokaeHHi Tomckoit obmacty,
Ha KOTOPOM OTCYTCTBYIOT COOCTBEHHBIE HCCIICIOBAHMS KEpHA,
HEOOXOJUMBIE [II MHPOTHO3MpOBaHHA pa3paborku. Taxue
HCCIIEN0BAHUA MOTYT OBITh HCIIONB30BAHBl C OJHOTO U3
aHAJTOTHYHBIX ~ MECTOPOXKJCHUH, HEoOXOAWMMO HAWTH B
HCXONHOM BBIOOPKE KAaHAWAATOB MECTOPOXKICHHE-aHaJoT,
Hanbonee ONM3KOE K 3TalOHYy IO KIIOYEBBIM ITapaMeTpaM.

Hcxonnas BBIOOpDKAa  BKJIIOYAET 18 MECTOPOXK/IEHU -
kaHauaaroB. M3 Bcero Habopa pgaHHBIX (puc. 3) mO
MECTOPOXICHHAM  BBIIEJNEHBI 13 KIIIOUEBBIX  I'€OJIOTO-

q)I/ISI/I‘IECKI/IX XapaKTCPUCTUK, KOTOPBIM 3KCIIEPTHO HA3HAYUCHBI
BCCOBBIC K03CI)CbI/II.II/I€HTI>I U JA0IyCTUMBIC OTKJIOHCHHUS OT
OTaJIOHa.

[ro—
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Puc. 3. cxomHas BeIOOpKA TAHHBIX JUIS IOMCKA aHAJIOTHH.
[ony4yeHHast TpexmepHas BHU3yalbHas MOJENb JaHHBIX

mpezcTaBieHa Ha puc. 4. J[ByXMEpHBIH pPEXHM CpaBHEHHS

a0ComOTHBIX 3HaueHHd (puc. 4 (a)) IEeMOHCTpUpYET

OTCYTCTBHE CBSI3M MEXIy HEKOTOPBHIMH IaHHBIMH (3HauCHHS

MapaMeTpoB  OTKJIAIBIBAIOTCS OT JIEBOW TpaHd MOJIEIH,

TOPHU30HTAIBEHBIE OCH COOTBETCTBYIOT BEIOpPAHHBIM IapaMeTpaM

W pacloyiaraloTcs B COOTBETCTBHM C HMX  BECOBBIMHU

kodddureHTaMn) BCIEACTBHE TOrO0, 4YTO B  BBIOOpPKE
MPUCYTCTBYIOT 3HAYCHUS MApaMETPOB Pa3IHYHBIX IUIACTOB
(TIOpO-KOJIIIEKTOPOB, BMEIIAIOMINX YTIIEBOIOPOIBI).
TpexMepHBIil pexXUM MOUCKA aHAJIOTHH MMOKa3aH Ha puc. 4 (0)
(ueHTpanbHAsL OCh — JTAJIOH, JIMHAH — OTKJIOHEHHUS MapaMeTpoB
KaHAMIAaTa OT 3TAJIOHA B OOJIBIIYIO JTHOO MEHBIIYIO CTOPOHY,
JIOBEPHUTENIFHBIN WHTEpBald 0003HAYEH MapajuIeNeIUIIeIOM),
3nech O0O3HAueHa KpHBas MapaMEeTPOB MECTOPOKICHHS-
aHanmora (MMHHMA C OoNbOIe TOJIIMHOW), BBIOPAHHOTO
MPOCKTUPOBIIMKOM B KauyecTBE peIICHHs, Kak Hauboiee
OJIN3KOTO K ATAIIOHY 10 BCEH COBOKYITHOCTH ITapaMEeTPOB.

[IpencraBieHHBIH OIX0/ COBMEIIAET B OJHON TPEXMEPHOM
BH3YallbHOM MOJENN TPAIUIMOHHBIA JABYXMEPHBIH aHaNH3
a0CONIOTHBIX 3HA4YCHUH IapaMeTpoB, aHAIU3 OTKJIOHEHHH
IapaMeTpoB OT JTAIOHHOTO, PAHKUPOBAHUE IMAPAMETPOB IIO
BECOBBIM KOX(QHIUCHTaM, HCIIOJB30BAHUE JIOBEPUTEILHOTO
WHTEpBajla, MaclITaOMpOBaHWE 3HAYEHUH MNapamMeTpoB [UIs
JYYIIEeTo BOCHPUATHS TONb30BaTeneM. Bee mepeuncieHHoe, a
TaK)Ke HHTEPAKTHBHOCTH TPEXMEPHOW MoJenu (BO3MOXXHOCTH
W3MEHHTh paKypc W Macmrad, Kak BCed MOIENH, TaK H
OTJENBHBIX €€ MapaMeTPOB Ul OLCHKU JIOKATBHBIX 3P (PEKTOB)
obecrieyrBaeT HMHTYUTHBHOE BOCHPHUATHE IOJB30BATEIEM
OONBIIMX MAacCHBOB HMH(OPMAlMH W TIIO3BOJSIET COKPATHTH
BpeMs aHaIM3a BU3YaIbHOW MOJEIH M MIPUHATHS PEIICHHH.

Peanu3oBaHHas KOMIUICKCHAs TpeXMEpHas BH3yalbHas
MOJIeNIb JaHHBIX MECTOPOKACHUH, NMpeCcTaBIeHHas Ha puc. 4,
MO3BOJIMJIA OINEPATHBHO HAWTH peIICHHE 3a/Jadd II0HMCKa
aHaNorui, Onaromapsi yemy OBUIM BOCIIOJIHEHBI HEIOCTAOLINE
AHHBIE ¥ TOCTPOEHBl KOPPEKTHBIC TEOJOTMYecKas |
THIPOIUHAMUYECKAsT MOJIEIN MECTOPOXKICHHUS (B COOTBETCTBHH
C JEHCTBYIOIIMMH DPETJIAMEHTHBIMH JOKyMeHTaMu [6], [7]), a
TaK)Ke BBHIIOJHEHO MPOTHO3HOE MOCIHPOBAHHE DPa3pabOTKH,
CO3IaH MPOCKTHBIM JOKYMEHT U YCIIEIIHO IIpoiieHa
roCyJIapCTBEHHAs DKCIIEPTH3a.

a) k’)

Puc. 4. BusyanbHas MoJienb JaHHBIX T 3aJ1a9H OMCKA
aHAJIOTHH.

OcHoBHOI 3((EeKT OT HCTMOMB30BaHUS TPEICTaBICHHOM
KOMIUIEKCHOH ~TpPEXMEpHOH BHU3yalbHOW MOJENH JaHHBIX
COCTOMT B TOM, 4TO OJHA Takas MOJENb 3aMEHSET MacCUB
JBYXMEPHBIX MOJENeH, KOTOpbIe MPUXOAMTCS aHaIU3UPOBATh
9KCTIEPTY MPHU TPAAUIMOHHOM Hoaxoe (puc. 1), HCTomb3ys psix
YHHUBEPCANBHBIX W  CIENHATM3HPOBAHHBIX  IPOTPAMMHBIX
cpeacts. Mognenb mpenctaBiaseT co0OH HHCTPYMEHT Ui
aHanM3a JAHHBIX, KOTOPBIH MO3BOJIAET HE TOIBKO HMPOBEPHUTH
THIOTE3y, HO TaKkxke c(OpMHpOBaThH HOBOE 3HaHME. [10 ombITy
MPOEKTHPOBAHUS  Pa3pabOTKH  MECTOPOXKIECHHH  MOXKHO
YTBEpXJaTh, YTO TaKOH MOAXOA WPH aHaiIM3e OOIBIINX
00BEMOB JaHHBIX ObICTpee M P PEKTHBHEE TPATUIHNOHHBIX.

Co3gaHHBI ~ MHCTPYMEHT  BH3yalbHOTO  aHammM3a W
MONMyYeHUs] HOBOM  HMHGOpMALUM, SBIACTCS HPHMEPOM
BU3YaIbHOW WHTEPHONAINY AAaHHBIX Onarojgapsi peann3alud B
Mozenu (QyHKIMOHAIBHOTO NMPUHIUIA BU3yalbHBIX aHATOTHH.
Hcnonp3oBanne  pa3pabOTaHHOM  BH3yaldbHOH  MOZIENH
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MO3BOJSIET OBICTPO OOHApPYXWBATh B HCCIEAYEMbIX JaHHBIX
OOBEKTHI, ONU3KHE MEXIy COOOH, ¢ TOYKH 3pEHHS
HaOIIOAaTeNsT ¥ MPU3HAHHBIX MM MPUHLOUIOB. Takoi moaxon
03BOJISIET OBICTPO U 3()(HEKTUBHO OLIEHHBATH, AHAITU3UPOBATH
U CpPaBHHBATh MEXAy c000il Goibline OOBEMBI JaHHBIX, YTO
3aTpaTHO 10 BPEMEHH IPH HCHOJIB30BAHUH TPaAULMOHHBIX
croco6oB aHaIm3a.

IpencraBiennas BU3yallbHash MOJCIb MO3BOJSIET PELIATh
MIMPOKHA CHEKTp 3a/ad, CBS3aHHBIX C AQHAIU30M OOJBIINX
00bEMOB  Pa3HOPOAHBIX MaHHBIX. K mpumepy, Mopenb
[03BOJISIET MPOU3BOANTH BepHU(DUKALUIO JAaHHBIX HIH IPOrHO3a
pa3paboTKH MECTOPOXKACHHH, a TAKKe BBIMOJIHATH IKCIIPECC-
OLIEHKY IIOMy9EHHOTO MPOEKTHOTO PpEIICHHS] C y4YeTOM
HMEIOIIETOCs OMBITAa Pa3pabOTKH aHATIOTHYHBIX OOBEKTOB.

ITpu npOeKTUPOBAHUH Pa3pabOTKH MECTOPOXKICHUS OHOM
M3 OCHOBHBIX 3a1a4 SBISICTCS ONTHMAIbHOE pa3MelleHHe
MPOCKTHBIX ~ CKBAXWH (IMHaMHKa W 00BEM  J1OOBIYM
ONpPEAEISIOTCS  Te0oro-Ppu3nueckKuMu  XapaKTepUCTHKaAMU
miacta B paifoHe pa3MelIeHHs CKBa)XHHBI) W BBIOOp UX
pexxumoB pabotel. Ha puc. 5 mokasana Bu3yaiabHash MOJIEIb,
oroOpaxkaronias MPOTHO3HBIE OOBEMBI JOOBIYM HEPTH IO
CKB@KHMHAM OJIHOTO M3 MECTOPOXICHHH B [IUHAMHKe. B
YKa3aHHOM MO TOPU30HTAIBHBIE OCH COOTBETCTBYIOT
rojaMm pa3pabOTKH MECTOPOXKICHHUS, a B Ka4deCTBE OITaJOHa
BbIOpaHa OJIHA M3 JCHCTBYIOLUIMX HA MECTOPOXICHUH CKBAXKHH,
pexuM paboThI KOTOpOit MPU3HAH IKCIIEPTOM
Y/IOBJIETBOPUTENBHBIM.  MOJIENIb TOKa3bIBAET OTKIOHEHHE B
o0bemMax J0ObIdM He()TH MPOEKTHBIX CKBAKHH OT JTAJOHHON
(meiictByromei). I[lpm 3ToM s ynmoOCTBa  CpaBHEHHUS
MPOU3BE/ICH CIABUT Hadama paboThl CKBAKHH K OJHON TOUYKE
(mpu  pa3paboTKe  MeCTOpOXKAeHHS  OypeHHEe  CKBaKHH
MIPOUCXOAUT HE OJHOMOMEHTHO), a JOBEPHTEIbHBI HHTEPBAI
00603HaYaeT AOIMyCTUMBIN PEXUM PabOThI IIPOSKTHBIX CKBAKHH.

Moyenib MO3BOJISIET COENaTh BBIBOA O TOM, YTO DPEXHM
paboTsl 4acTH MPOTHO3HBIX CKBa)KHH SIBIISIETCS
HEY/IOBJIETBOPUTENbHBIM, a HMEHHO: O00BbEeMBbI  JO0OBIYH
HEKOTOPBIX CKBAXHH (pHC. 5 (a)) 3HAYUTENHHO IPEBBILIIAIOT
JTAJOHHBIC 3HAYEHHs, YTO MOXET CBHICTENbCTBOBATH O
HEKOPPEKTHOW HACTPOMKEe HX PEKHUMOB pPabOThI; JMHAMHKA
no0blaM  Opyrux ckBaxkuwH (puc. S5 (0)) roBOpHUT O
Helesnecoobpa3sHOCTH WX OypeHHs] — Takhe CKBaXKHHBI He
OKymsT ce0s, YTO MOXET MPHBECTH K OTPULATESIbHON
9KOHOMHKE TpOeKTa. Takoe MPOEeKTHOE pelieHne He0OXO0AnMO
nopaborarts [3], [6].

Puc. 5. Ouenka pe:xuMOB pabOTHI IPOTHOZHBIX CKBAXKHH.

5. 3akntoyeHue

B cTarbe mokazaHa aKTyalbHOCTh 3aJ1a4H TTONCKA aHATOTHH
B TIpoIlecce IPOEKTHPOBAHUS pa3pabOTKH MECTOPOXKICHHUMH,
MIPEUTOKEH HOBBIM TOAXOJ K PEHICHHWIO 3aJadyd Ha OCHOBE
TpPEeXMEpHOH BU3yalbHON MOJETH JaHHBIX, KOTOpas CTAHOBHUTCS
HHCTPYMEHTOM OINIEPaTUBHOTO MPHHATHUS pelIeHni. Anpodanus
MIPEUTOKEHHOTO TTOAX0/[a IIPOBEJICHA Ha PealbHBIX AAHHBIX IO
MECTOPOXKICHUSIM TOMCKOH 00JIacTH B MPOIECCE BHIMOTHEHUS
psna  HHWP 1o  reomoruyeckoMy W IPOrHO3HOMY

THAPOANHAMHYECKOMY  MOJEIHMPOBAHHIO  JUIi  IIPOEKTOB
mojcdyeTa 3amacoB M paspaborku. I[IpemnoskeHHBI TOAXO
MO3BOJIMJ  OMEPATHBHO HANTH pemeHne 3aJaddl  MOHCKa
aHAJOTHH, BOCTONHHUTh HENOCTAIOMNE JaHHBIE, MOIYyYUTh
KOPpPEKTHBIE TEOJOTHYECKHE M THUAPOJUMHAMUYECKHE MOIENN
MECTOPOXKICHUH, BBIMOIHATE IPOTHO3HOE MOMIEINPOBAHHE
Pa3pabOTKH M yCHEIHO IPOHTH TOCYJapCTBEHHYIO IKCIIEPTH3Y.

6. BnarogapHocTu

Pa6oTa BBINOJIHEHA MPHU HOJUIEPIKKE rpaHTa MUHHCTEPCTBA
obpazoBanus u Hayku PO Ne 2.1642.2017/4.6.
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PeweHue 3agay aHanu3a AaHHbIX
C NOMOUW b aHANIUTUYECKUX BU3yarnbHbIX Mmoaeneun

A.A. 3axaposa, E.B. Bextep, A.B. llIknsip
zaa@tpu.ru|vehter@tpu.ru|shklyarav@tpu.ru
Wucrutyt kxubeprHetnku TOMCKOTO MOMUTEXHUUECKOTO yHUBepcHuTeTa, ToMck, Poccust

Bpaﬁome NOKA3aHbl 603MOJHCHOCMU U npeumyuiecmed UCnoib306aHusl aémopcroco Memooa KOMNIAEKCHO20 BU3YAIBHOCO AHANIU3A,
BO3HUKAwowue npu peuteHuu npaKkmudecKkux 3a0au ucciredosanusi oanuvix. Ilokazan peb’yﬂbmamMGHblﬁ nooxo0 K nocmpoeHuro
BU3YATIbHbIX MO()efleﬁ, AGNAIOWUXCA UHCMPYMEHMaAMU 6M3ya/le011 AHAIUMUKU U odmda}omux npedczca3ye,woﬁ JIO2UYHOCNbIO U
Konmpo.nupyejwoﬁ pesyiomamueHocmolio. Venewnocms pewiernus 3a0au ananuza obecneyena 0OOCHOBAHHBIM UCNONb30BAHUECM
ceolcme BU3YATIbHbIX Mooeiel. Hpedﬂoofcena bazoeas memoouxa nposedeﬁuﬂ AHATUMUYECKO20 UCCAeO08AHUS npou360J1bHblX aaHHle,

no3801a10UjAsl 86eCu NOHAMUE POPMATLHOU BU3YATLHOU MOOECTU.

Knroueswie cnosa: 6U3YANIbHAS AHATIUMUKA, BU3YATIbHASA ,MOOeflb, ananus aaHHbl)C, unmepnpemayusl, 6usydlbHoe eocnpusimue.

Data analysis problems’ solving with a use of analytical visual models

A.A. Zakharova, E.V. Vekhter, A.V. Shklyar
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The work shows the features and benefits of using copyright method integrated Visual analysis that arise when solving practical
tasks of research data. Shows a productive approach to building Visual models are tools for Visual Analytics and with predictable
consistency and controlled performance. The success of decision analysis problems is provided justified using the properties of Visual
models. Proposed basic methodology of analytical study of arbitrary data, allowing to introduce the notion of a formal Visual model.
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1. BBepeHue

Busyanusanust ~ sBiusercs  OOHHUM M3 CIOCOOOB
MOZENMPOBAaHHUS ¥  BBINONHSAET (YHKIUM HHCTPyMEHTa
no3Hanus [1]. [TormydeHHslid HabIIOKATETIEM 3pUTENBHBIN 00pa3
SBISIETCS HMCKYyCCTBEHHOW (OpMOH, Haxomsmeics MexiIy
YyBCTBEHHBIM BOCHPHITHEM H MBIIUIEHHEM. OTO IO3BOJSET

OOBEOUHNTH  3PHUTENBHYIO  00paboTKy HWHpOpMAIMU H
MBICICHHBIH ~ aHalM3 JAHHBIX, XPaHALMXCA B  [aMITH
HCCIIe0BaTEes.

PesynpraroM BH3yanpHOTO aHajHM3a SBISETCS OTBET Ha
BOIIPOC WCCIIEIOBAHUS, IOJNYYEHHBIH C IMOMOIIBI0 BU3yalbHOU
MOJEIM B IIpelenax IOCTaBJIEHHBIX oOrpaHudeHuit [3].
Pe3ynpTaTHBHOCTD BU3yaJbHOIO aHAH3a BO3PACTAaeT B Clydae
peanu3anuy KOMIUIEKCHOTO MOAX0Ja B (DYHKIHH BH3YaJbHOTO

MOJCIIMPOBAHUA. KommnekcHpiit  momxom K BU3yaJIbHOMY
aHaJIM3y  JaHHBIX  IIOAPa3yMeBacCT C6aHaHCI/Ip0BaHHOC u
nejaceHanpaBjIC€HHOC ydacTtue B q)yHKL[I/II/I BU3YaJIbBHOTO

MOZENMPOBAaHMS BCEX 3HAYMMBIX JUIS pe3ynbTaTa aHaIHu3a
COCTaBIISIOIIHX.

B pamkax KOMIIIEKCHOTO TMOJAX0Ja, B BU3yaIbHOM aHAIH3e
BBIICTAIOT TPH  OCHOBHBIE  COCTaBISommue  (QyHKIHN
MOZENUPOBaHHUS — (YHKIHOHAIBHYIO, CEMHOTHYECKYI0O U
NICUX03MOIMOHaNbHY0. [locTpoeHne BH3yanbHOH MOJENH,
obnajaroniell MmpeABapUTENbHO 3aJaHHBIMH BO3MOXKHOCTSIMH,
COOTBETCTBYIOIIMMH OCOOCHHOCTSM peIlacMod 3ajadd, Ha
OCHOBaHUHM KOMIUIEKCHOTO INOAXO0Aa K BH3yalHM3allMU JAHHBIX
9KBHBAJICHTHO OINPEIEIECHHIO CIOC00a M CTENEeHN aKTHBHOCTU
y4acTHst KaKIOH M3 yKa3aHHBIX COCTaBIISIONINX.

CTpykTypa BH3yaldbHOH MOJENH, NpeAHA3HAUEHHOW I
MIPOBEACHNS aHAIN3a JAaHHBIX, B T. 9. IS 3a4ad C HHU3KHM
ypoBHEM (OPMANHM3AINN, ONPEAETIeT MOCIEeI0BAaTENbHOCTh H
JOTUKY pacCyXICHUH uccienoBaTens. Takum —obpasom,
CBOMCTBa BU3yaJbHON MOJENN OKa3bIBAIOT NMPSIMOE BIUSHUE Ha
nosyyaemoe pemenue [2]. C apyroil CTOpOHbI, BU3yallbHas
MOZENb, MO3BOJSIOMAs IONYyYHTh pENIeHHe TaKuX 3ajad,

CTAaHOBUTCSI TIOJHOLCHHBIM aHATUTHYECKUM HHCTPYMEHTOM,
peanu3ylomuM JIOTHKY PpacCyKICHHH HCCIIeNOBaTeNs H €ro
MOHMMAaHUE H3ydaeMoi mpenmeTHoi obmactu. Kpome Toro,
BU3yallbHAS MOzeNnb CTaHOBHTCS BOCHPHHUMAEMOH
pernpe3eHTanuell HOBOTO 3HAHMS, BO3HHMKAIONIETO B XOJE
MIPOBOJMMOTO aHAIH3A.

2. CTpyKTypa BM3yanbHOro aHanusa

AHanmu3, B o0mieM ciydae, SIBJISAETCS IeJICHANPaBICHHBIM
eHcTBHEM,  KOTOpDOE  MOXET  paccMaTpuUBaThCs  Kak
MOCJIeI0BATEIbHOCTh, HAUWHAIOMIASICS C TIOCTAHOBKU BOIIPOCA U
MIPOIOJDKAIOMIASACS TOUCKOM THIIOTE3, COACPIKAIIUX OTBET Ha
9TOT BoOmpoc. B TakoM ciydae, MpaBHIBHOCTH pe3yibTaTa
aHanmM3a 3aBHCUT OT ABYX (aKTOPOB: CyTH BOIPOCA, KOTOpas
OIpeNeNseTCs  CTENEHBIO  MPEABAPUTENFHOTO  ITOHHMAHHS
aHanmusupyeMoir MHQopMmanuu, a Takke OT (OpPMBI 3TOTO
BOIIpOCa. dopma ompeznernsiercss SA3BIKOM, Ha KOTOPOM
MOCTAaBJICH BONIPOC, BHYTPEHHEH CTPYKTYpO#, JOTUKOH u
HEOOXOJMMOCTBIO B3aUMOJAEHCTBHS C HOBBIMH HCTOYHHUKAMH
nHpop™marmu [5, 8].

AHanmm3, OCYIIECTBISIEMBIH C TIOMOIIBIO BH3YaJbHOTO
obpaza  HcclIeoyeMbIX — JAHHBIX, MOXHO  IPEICTaBHUTbH
aHanormyHeIM o0pazom. Cam 00pa3 B MOMEHT Hayajla aHajlH3a
SIBIISICTCS. MOJICIIBIO MCXOHBIX IaHHBIX. BMecTe ¢ MOJIeNbIo HiTH
Ha OCHOBAaHMHM €€ H3YyYeHHsS Yy NOJb30BaTens (opMHPYeTCs
BOIIPOC JNAJIBHEHIIEro HCCIeA0BaHMsA. BO3HHKAET HHUKIMYECKH
MOBTOpsieMasi CUTyalHs, Ui KOTOPOH XapaKTepHO HalIH4He
MONCKOBOI M Bepuduumpyromeil nponenyp. Bee crnemyromue
neiicTBUS HaOMIoaTeNs HallpaBiIeHBl HAa IIOCTPOCHUE U OLICHKY
THIIOTE3bl  NPOMEXKYTOYHOTO  OTBETa  HAa  OCHOBaHHH
HHPOPMAIMK, TPEICTABICHHONH B BHU3yaJlbHOW MOJENH H,
BEpPOATHO, C MCIOJIb30BAaHUEM 3HaHUM mnonb3oBarens [14].
CrnenoBaTenbHO, MHOTOIIATOBBIN IOCIIEIOBATENBHBIN TpoLece
BH3YaJIbHOTO aHAJIM3a COCTOMT B IEPEXOJe OT BU3YaJIbHOTO
oOpaza-Bompoca, SBIOMIErocss (GopMyIHPOBKOH perraeMoin
3aJa4, K MBICICHHOMY 00pa3y-OTBETY, MHTEPIPETHPYEMOMY
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MOJb30BaTeIeM Kak OOHapy)KeHHas 3aKOHOMEPHOCTb B
uccnenyeMsix nanubix (Puc. 1).

0O6pas Bonpoca

06pas runotesbl

novesbl O6pas oTBeTa Pewexune

Puc. 1. CtpykTypa BU3yaibHOIO aHaIU3a.

3. CTpyKTypHasa eAuHULA BU3yaribHOro aHanusa

BBenem onpezesieHie CTPYKTYPHOH €IHMHHIBI BU3yaJIbHOTO
aHalM3a — O9JICMEHTa BH3yalbHOIl Mojenu. CTpPyKTypHO#
CIMHHULECH BU3yalIn3aluu (BH3YaJIbHBIM O3JIEMEHTOM) Oylem
CUHTAaTh COCTOSIHMC BH3YaJbHOW MOJEIH, HHTEPIPETALUs
KOTOPOTO TPEAOCTaBIseT Habmoxareqo oobeM HH(OpMaluy,
HEOOXOMMMBIA U  HOCJIEAYIONIEro IOdydYeHHs oOLiero
pe3yJbTaTa MpoBOAMMOro aHainusa. COIJACHO HPHBEJCHHOMY
OITMCAHHIO CTPYKTYPbI BU3YaJbHOIO aHAIIM3a, TAKOE COCTOSHHUE
SIBJISICTCS BU3YaJIbHO BOCIIPUHUMAEMBIM obpazom,
UHTEPIPETHPYEMbIM  Kak  OJHO3HAYHBIH  OTBET  Ha
NPOMEXYTOUHBI  Bompoc. CIIOXKHOCT  Takoro BOIpoca
OIIPEIeNACTCS OrPAaHUYCHHOCTHIO BPEMEHH, MPEIOCTaBIIEMOro
HPOLIEAYPOH aHajn3a, a TaKXKE PECYpPCOEMKOCTBIO IIPOLECCOB
CO3/IaHUsI CTPYKTYPHOH €IMHHIBI M BepU(MKALMK CBEICHUH,
HOJIY4CHHBIX [0JIb30BaTENIEM, OJaroaps ee 3yueHHIO.

CTpyKTypHasi €AMHULA BU3YaJIbHOTO aHANN3a IPE/ICTaBISCT
coboif ympaBisgeMylo cucteMy S ¢ OOpaTHOH CBSI3BIO R(%).
OO6beM HCCIIeyeMbIX JTaHHBIX MOCTYNAaeT Ha HEyNnpaBIseMBbIi
Bxox V(¢) crpykrypnoit emmuunbl (Puc.2). OcobeHHOCTBIO
TaKoOH CHCTEMBI SIBISACTCS BO3BMOXKHOCTh M3MEHCHHUS COCTOSIHHS
YIpaBIsieMOro BXoja cucTeMbl U(?) B 3aBHCHMOCTH OT
HOJIY4eHHBIX pe3yibTaToB Y(2). Ilosb3oBatens P sBIseTCs, C
TOYKM 3PCHHs KOMIUIGKCHOIO II0JXO0a K BH3YaJIbHOMY
aHaJIN3Y, 0053aTEeIbHBIM YYaCTHUKOM CTPYKTYPHOI SJMHMIIBL.

V(t) : Y(t)

oD

R(t)
U(t)

Puc. 2. CtpyKkTypHas eIMHMIIAa BU3yaJIbHOTO aHAJIN3A.

4. KomGuHupoBaHHasa moaenb

B psine cimydaeB, HanpuMep, IPH UCCICAOBAHIN CIOXKHBIX H
00BEMHBIX  JNAHHBIX [7], TaKke Kak TMPH H3YYCHHH
0COOCHHOCTEH WM3MEHSIOIUXCS COCTOSHHI, MOXET OKa3aThCs
HEJOCTATOYHBIM HCIIOJIb30BaHUE OMHON BU3YalbHOW MOJEIH.
OTO MPOUCXOAUT B TEX CIIydasX, KOTJa BH3yanbHBIH 00Opa3 He
MOXET, O JIF0OBIM NIPUYNHAM, COAEPXKaTh B cebe Bcero oobeMa
HEOOXOJUMBIX CBEJICHUH, 1n00, €eCIM TEeXHHYECKH 3TO
BO3MOXHO, HO aJeKBaTHAs WHTEPHpETAlMs BBI3BIBACT Y
TIOJTb30BATENs 3aTPyAHECHUS. PeneHneM, MO3BONSIONNM HAHTH
BBIXOJI M3 3TOTO 3aTPyJHEHHMS, MOXKET OBITh MOCTpOeHNE Habopa
BU3YaIbHBIX MOJeNeH, KaKAas M3 KOTOPBIX COOTBETCTBYET
HEKOTOpoMy (parMeHTy HCXOJHOTO o0beMa MHaHHBIX. B
pe3ynbTaTe, MPOHUCXOIMT IOCTPOCHUE CIOXKHOH BU3YalbHOM
MOJIENH, UMEIoIel 0oee MHUPOKHE BO3MOKHOCTH.

BusyaneHble ~ MOmenu  pa3NHyaOTCS [0 CBOUM
BO3MOJKHOCTSIM, Ha3HAYEHHWIO M MPHUMEHUMOCTH ISl PEHICHHS
pasTMYHBIX ~ BHOOB  3aJad  aHamu3a. Ha  ocHoBaHUH
MIPETOKEHHOTO OTIHCaHHUs CTPYKTYpHOM € IMHUIIBI
BU3YaJILHOTO aHanmsa, THII BU3YaIIbHON Mozenu
XapakTepu3yeTcs IapaMeTpaMH AaKTUBHOCTH HCHOJb30BaHMS
nH()OPMAIMOHHBIX BXOJ0B M BEIXO0B €AWHHMI], COCTABIIAIOMINX
Mozenb. B ogHOM U3 mpocTedmux cirydaeB, BU3yanbHBIH 06pa3
UCTIONB3yeTCs KaK WHAMKATOpP COCTOSHUS — HaOIogaeMoit
cuctemsl. llenplo momoOHOM MOIENM JaHHBIX —SABIAETCS
omoBeleHne HabmiomaTens 00 HM3MEHEHHM COCTOSHHS HIIM,
TOYHEE, 0 HACTYIUICHUH OXKHIAEMOTO COOBITHSI.

BusyanpHble MOAENM  JAHHBIX IOTYYHIH  IIMPOKOE
NMpPUMEHEHHE B CHCTEMaxX ITOJAEPKKH TPUHATHS pEIIeHHUH,
o0afafomMX pa3NUYHBIM YPOBHEM CJIOXKHOCTH. B 3ToM
cily4ae, 3amada aHamu3a TpeOyeT OBICTPOrO OCMBICICHHS
MOCTYNAIOMUX  JaHHBIX, (OPMHPOBAHUA  OZHOH WK
HECKOJIIBKHX TMIIOTE3 OTBETA HA BOIMPOC HCCIEJOBAHUS U BBIOOD
HaWTydmed u3 Hux. I8 3TOro THMa BH3yalbHOTO aHaIM3a
XapaKTepHO AaKTHBHOE HCIIOJIb30BAHHE JOMOIHUTEIBHBIX
CBEJCHUH W 3HAHUH TIONMb30BaTeNsl TpH (HOPMYITHPOBAHUU
MPOMEKYTOUHBIX ~ BONPOCOB M MONYYEHHH  BBIBOJOB,
OKa3bIBAIOIINX BIHMSAHHE Ha JalbHEWIIee CyIIeCTBOBAHHE
HCCIIEAYyEMOH CHCTEMBI.

OObenuHenne CTPYKTYPHBIX € IMHUII B
(GYHKINOHHUPYIONIYIO CHCTEMY, HPHBOAUT K IOCTPOCHHUIO
BU3yalbHOM  MOJENH, KOTHHTUBHOE 3HA4YEHHE KOTOpPOH
MIPEBOCXOANT PE3yIbTaTUBHOCTh HCCIEIOBAHUS OTAENBHBIX
obpa3oB. HeobOxoaumo Hanmu4ue mpaBuia, OOBEIUHSIONIETO
OTZAENBHBIE YIEMEHTHI B €INHYIO CUCTEMY M 00€CIEYHBAIOIETO
MOTydeHHEe  OXHAAeMOro  pe3ynpTaTa  aHamusa.  Jlis
M3MEHSIONNXCS IAaHHBIX, TaKUM MpPaBHIOM MOXET OBITh
MIOCTPOCHHE XPOHOJIOTHIECKO TIOCIIeI0BATENBHOCTH,
MO3BOJISIOImE  HaOmoJaTh M CPaBHMBATh JHHAMUYECKHE
XapaKTepUCTUKHU cucTeMbl. OHAKO, HCTIONB30BAHNIE B KAYECTBE
00BEANHAIOMIETO TPaBHIa ECTECTBEHHBIX 3aKOHOMEPHOCTEH,
CBSI3AHHBIX C IIPOMCXOXJCHHEM [aHHBIX, HE SBIAETCS
00s13aTeTbHBIM.

OMep)KeHTHOCTh BHU3YalbHOH MOZAENN 00ecIednBaeTcs
CBSI3SIMH COCTABIAIOIMIMX €€ 9JIEMEHTOB, II03TOMy ocoboe
3HaUCHUE MPHOOPETAeT BHIACICHHE W ONHCAHHE MMEHHO 3THX
CBOHMCTB CTPYKTYpPHBIX €IWHUIL. YCIOBHO, OHH MOTYT OBITh
pasJieneHs! Ha B¢ GyHKIMOHAIbHBIE TPYIIIBI: HHQOPMATHBHbIE
U YTIPABJISAIONINE CBS3N.

VYnpasnsiomue CBSI3H CTPYKTYPHBIX eIMHUII,
OTBETCTBEHHBIE 33 BEPH(HKALUIO MOSBISAIONIMXCS THIOTE3 B
BU3YaIIbHBIX MOJIETIAX, coziep KaIux COBOKYITHOCTB
aHAIM3UpPYEeMbIX 00pa30B, MOTYT, a HHOTJa U OO0s3aHBI
YYUTBIBATh THPH  BBINONHEHHH CBOMX  (YHKIUH  BCIO
nHopMaImio, TOIYYEeHHYI0  IONB30BaTeNeM Ha  yXe
MpOHAEHHBIX JTamax aHamu3a. C TOYKM 3pEHUS MOBBIICHUS
JIOCTOBEPHOCTH  PE3yIbTaTOB IIPOBOAMMOTO aHalH3a, 3TO
00CTOATETBCTBO  SIBISIETCST  TTOJIOKUTENBHBIM  JOCTIDKCHHEM.
IMpu >TOM, OoNEee cloXHas MPOIEeaypa MPOBEPKH MOXET OBITh
CBSI3aHA  C  JIONMOJHHUTENBHBIMM  3aTpaTaMH  BPEMEHH,
SIBIISIOIIETOCS OJTHAM u3 OCHOBHBIX KpPHUTEpHEB
Pe3yNbTaTHBHOCTH BH3YalbHOH MOJENH, M 3TO MHOTpedyer
YTOUHEHHS Pa3pabOTaHHOW CHCTEMBI 00Pa30B IS JOCTIKCHHS
cOanaHCHPOBAHHOTO PEIICHNSI.

B onmcanHOil TakuM 00pa3oM JIOTHYECKOH CTPYKType
BU3yallbHOM MOJENH HapsAy C  IOCIEI0BaTEIbHOCTHIO
HaOJI01aeMBIX MTOJTB30BATENIEM 00Pa30B JaHHBIX (POPMHPYIOTCS
eme nABa (YHKIMOHANBHBIX OOBEKTa, YYaCTBYIOIIMX B
BU3yalbHOM  aHamu3e.  [lepBBIM  SBISeTCS  IIEMOYKa
MPOMEKYTOUHBIX ~ BONPOCOB,  PYKOBOAAIIMX  IIPOLECCOM
HCCIIE0BAHNA JAaHHBIX M OTBETCTBEHHBIX 32 €T0 JOTHYHOCTh U
000CHOBAaHHOCTb. Bropeim 00BEKTOM CTaHOBHTCS
YTPaBIIAIOMAs MOCIEI0BATEIFHOCTD, COCTOSIIAsT U3 MPOLEIyp
BepU(UKAINK, AKTHBHO  HCIONB3YIONIMX  BO3MOXXHOCTH
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BU3YaAJIBHOTO BOCIIpUATHUA u 3MOL[PIOHaIILHOi;I OIICHKH yciaoBusa JUIA HWHTCPAKTUBHOTO yipaBJI€HUA crocooom
HaGH}OZ[aeMBIX HCCJIICOA0BATCIEM 06pa30B. YcnemHocTh MPEACTAaBJICHUA JAaHHBIX € €€ IOMOLIbIO. BI/I3yaana;{ MOICIIb,
IIPUMCHCHUA MOJICIIN JIIs peuieHus 3aJa4yu aHali3a npeanararonias Ha6H}OZ[aTCIIIO Ha TII€pBOHA4YaJIbHOM DJTale
JAOCTUTaCTCA CGaJ’IaHCHpOBaHHHM n ITOJITHOLICHHBIM HCCIICA0OBaHUA 06p33 HC TOJBKO HMCXOJHBIX IOaHHBIX, HO H

HCTIONB30BAHMEM BCEX JIOTHYECKUX JIIEMEHTOB, 00pa3yIOIINX
CTPYKTYPY (OYHKIMOHHPOBAHUS BU3YaIbHOW MOJICITH.

5. AHanuTu4yeckas moaenb

CTpyKkTypa BU3yaJIbHOW MOJENH, MpeIHA3HAUYCHHOH IUIs
MPOBENICHHsI aHAJIM3a TAHHBIX B 33jJa4ax C HHU3KUM YPOBHEM
(dbopManuzanum, ONpeAessieT IOCIeNI0BATENIFHOCTh U JIOTHKY
paccyxnenuii ucciemoBarens (Puc. 3). Takum  oOpasowm,
CBOWCTBa BU3YaJIbHOW MOJICNI OKa3bIBAIOT MPSAMOE BIHSHHUE Ha
noinyyaeMoe pemreHue. Criexyer oOpaTHTh BHHMaHHE Ha TO
0OCTOSITETIBCTBO, YTO  PE3YJIBTATHBHOCTH  COCTABISIOIINX
BU3yalnbHOH Monenu (QyHKUHOHANBbHOH, MH(GOPMATHUBHON H
YIPaBISIOMIEH) 3aBUCHT OT HCIOJB30BAHHUSA OIPEICICHHBIX
BO3MOJKHOCTEH moibp3oBarens [4].

B ciaywae cnoxHOW ~— Monenmu, — IOCIEIOBaTEIbHOE
MpUOIIDKEHHE K PELICHHUIO 3a1a4l IPUBOAUT K HENPEPHIBHOMY
u 00s3aTeTPHOMY NPUCYTCTBHIO IOJB30BAaTENs B Ipolecce
aHanmu3a. TakuMm o00pa3oM, TONHOTA JIOTHYECKOH CXEMBI
(YHKIMOHUPOBAaHMS BH3YaJBHOH MOJENH HE MOXET OBITh
JOCTHTHyTa 03 BKIIOYEHHsS B HEEe YETBEPTOrO 00sA3aTEIHHOTO
JJIEMEHTa — BO3MOXKHOCTEH KOHKPETHOTO MOJB30BATE,
BIMAIONIMX HAa  pe3yiabTaT aHaluu3a Ha  NPOTSHKEHHH
MIPOXOKICHHS BCCH MOCIIEAOBATEIEHOCTH 00pa3oB.

Hanmnune WHTEpaKTUBHOTO  YHPABIEHHS  BH3YaJbHBIM
obOpazom oOecrednBaeT MNpPSAMOE YYacTHE NOJNb30BaTelIsd B
MaHHITyJIUPOBAaHUHA 00pa3oM M SBISETCS OCHOBAaHUEM JUIS
rmybokoro aHanm3a HaHHBIX [9]. OOocHOBaHHas cHcTeMa
YOpaBIECHHS CO3MaeT YCJIOBHA JUIA IIOCTAHOBKHM HOBBIX
BOIIPOCOB HCCIIEZOBAaHHUS M OBICTPOE IIONYyYCHHE OTBETOB,
YCKOpsSIsL JOCTH)KEHHE IeldH aHanmu3a. TakuM  oOpasowm,
JIOTIOJTHEHUE BU3YaJIbHOM MOJETTH YIPaBISIOIUIM
uHTEp(EHCOM, COOTBETCTBYET IPEIUIOKEHHOH CTPYKType
BH3YaJIbHOTO aHAJIN3a U I03BOJISIET CAEIATh €r0 HHCTPYMEHTOM
AQHATUTUYECKOTO PEIICHH TF000H ITOCTaBICHHOH 3aJauu.

OcHOBHOH Hjeei, obecneunBaroLeit yBEIHUEHHE
KOTHUTHBHOW  PE3yNbTaTUBHOCTH  BHU3YalIbHOTO  aHAJM3a,
CTAaHOBHTCSl HANpPaBJIEHHOE HCIOJIb30BAHHE BO3MOXKHOCTEH
MOJI30BaTENS, pean3yeMoe Oaaroaaps CBOMCTBaM BU3yalbHOU
MOJENU.  JTO  CO3AaeT  BO3MOXHOCTH  INPHBICUCHHS
JIOTIONTHUTENIFHOTO ~ pecypca JUIS PELICHUS IIOCTaBJICHHOM
3anaun aHanuza [10]. IlepcrieKTUBHBIMM HaNpaBJIEHUSIMU B
9TOM  CIy4ae CTAaHOBATCS  IIPHBICYCHHE HE  TOJBKO
MHPOPMUPOBAHHOCTH IOJIB30BATENs, HO U OCOOEHHOCTEH ero
MBILUICHHUS, KaK 1151 (POPMHUPOBAHUS THIIOTE3BI PELICHUS, TaK U
JUTS IPUHSTHUS PEILICHUS O €€ JJOCTOBEPHOCTH.

B cimywae wmccnenoBaHHMs —JAaHHBIX, OTHOCSIIUXCS K
BOIIpOCaM, HE HMEIOLIIMM [OJHOIEHHOTO  (hOPMaibHOTO
OTIMCaHHUS CTPYKTYpHI COOTBETCTBYIOIIUX 3HAHHH,
HCIIOJIb30BAHNE BHU3YAJIBHBIX MOJIENICH CTAaHOBHTCS HE TOJBKO
crnoco0oM OOHapy)XEHHs HOBBIX 3aKOHOMEPHOCTEH, HO H
¢dopmupyer moHMMaHHMe WX cMbicna.  CriemoBaTenbHO,
nproOpeTeHne BU3yaJbHOW MOJAENBIO CTaTyca aHATMTUYECKOTO
MHCTPYMEHTa BO3MOXKHO JIMIIb B TOM CIy4ae, KOTZa CO3HaHBI

0OHapy>KEHHBIX 3aKOHOMEPHOCTEH, MOXKET HCIOJB30BaThCS B
Ka4eCcTBE hopManbHoll U3yaIbHOU MOOeay 00IaCTH 3HAHUH.

AHann3 JOTHYECKOW CTPYKTYphl BH3YallbHOH MOENH,
MIOTyYEeHHO B pe3yNbTaTe MPUBEACHHBIX BHIIIE PACCyXKICHUM,
MO3BOJISIET JaTh OTBETHI HA BOMPOCH, OTHOCSIIHECS K
YBEIHYEHHIO PE3yIbTaTUBHOCTH HCIIOIb30BAHUS BU3YalbHOTO
aHamu3a [13]. OCHOBHBIMH KpHUTEpHSMH 3(PPEKTUBHOCTH
BU3yallbHOM  MOJENM  BHICTYHAlOT  JBa  Iapamerpa:
JIOCTOBEPHOCTh ~ IIOMYYEHHOTO  pe3yiabTaTa W Bpems,
3aTpadeHHOe Ha ero gocTipkenue. Hamwdme B momHON cxeMme,
KaKk MHUHHMYM, YeThIpeX (YHKIMOHAIBHBIX JJIEMEHTOB H HX
B3aHMHOE BIIMSHHE TPHBOJUT K HEOOXOAUMOCTH ONPENEICHHS
MpaBHI, COOJNIIO/ICHNE KOTOPHIX HEOOXOJMMO JUIS IOTYyYeHHUS
Haunbosee a3pexkTuBHON KoMOnHaKU. C y4eTOM INHAMUYHOTO
XapakTepa IPOBEJICHUS MPOIEAYPhl aHAIN3a, COONIOACHHE U
ajlanTanus STHX HPaBHI K KOHKPETHBIM YCIOBHSAM CTaHOBSATCS
eme OJHOM IEeIbI0 MHTEPAKTHBHOTO YIPABICHHS BU3YalbHON
MOJIENEIO.

CucreMa MHTEPAaKTHBHOTO YIIPABICHUS MOJENTBIO SBISETCS
OJHHMM W3 CIOCO00B BepH(UKAIUK TOIYYEHHBIX PEUICHHH U
MOTOMY 00ECHEeYNBaeT YCKOPEHHOE JOCTIDKCHUE IIENN aHalu3a
B Cilydae, KOTJa 3TOT cmoco® yao0eH Ui MONb30BaTels.
VHTepakTUBHOCTh BU3YyalbHOH MOJIENN CTAaHOBHUTCS YCIOBHEM
ee BBICOKOM pe3ynpTaTUBHOCTH [6, 11].

KoMmOnHMpOBaHHE €IMHUYHBIX DJIEMEHTOB  IIO3BOJISIET
MoTy4YaTh HMH(OPMATHBHBIE, BHU3YyaJlbHO BOCIHPHHHUMAECMBbIE
0OBEKTHI, KOTOPbIE MOTYT OBITH HCIHOJB30BAHBI ISl PEHICHUS
caMBIX pasHBIX 3amad. B WX dMCIO BXOAAT BH3YyalbHOE
MIPEe/ICTaBICHNE uH(bOpMaNny, IeJICHANPaBICHHOE
HCTIONB30BaHNE KOTHUTHBHOTO IIOTEHI[HANa HCCIIe0BaTEeNs,
aKTHBU3UPYEMOE BO3IEHCTBHEM O0Opa3HOTO  BOCHPHATHS,
HCCIIEN0BAHNE JIAHHBIX, HE HWMEIONINX ¢dopmanbHOTO
onucaHus WM oObsicHeHUs. OcoOblif MHTEpec MHpeCTaBIseT
3ajadya IOCTPOCHUS BHU3YalbHBIX MOJENEH, COAep KaIINX
JaHHBIE MENBIX TPEeAMETHBIX obmacTteid. OTO TO3BONSET
MIPOBOJNUTH BU3YalbHBII aHAIN3 JAHHBIX, HIMEIOMNX PAa3INIHOE
MIPOUCXOXKJCHHE, JOCTOBEPHOCTh, ()OPMAT M CMBICI, C LENBIO
ux 00001eHH s, BepHU(DUKAIH U TOUCKA OOBSCHEHUS.

Takum 00pa3oM, aHANUTHYIECKHH MOTEHIMANl BU3YaIbHOH
MOZENN OIpPEAENseTCs BBIOOPOM CHOCOOOB BH3YalbHOTO
MOZENNPOBAHHUS N3ydaeMbIX JaHHBIX, MaKCHMAaJIbHO
BO3MOKHOH CKOPOCTBIO TOCTPOEHHMS 3PUTETBHOTO 00pasa mpu
COXpPAaHEHMH BCEX  HEOOXOMUMBIX, C TOYKH  3PEHHs
(YHKINOHATBHOCTH, HIOAHCOB BH3YalbHOTO MPEICTaBICHUSL
[12]. Kpome oToro, BO3MOXKHO, HauOoee 3HAYUMBIM
3JIEMEHTOM MOJIENIH CTAaHOBUTCS ee MHTep(elic, HeoOX0IMMBbIi
JUI  WCTIONB30BaHUS HMHGOOPMATHBHOTO M  KOTHUTHBHOTO
MOTEHIIMAIa CAMOTO MOTb30BATENIS.

6. UccnepgoBaHMe npegMeTHOW o6nacTu

B kauectBe HpaKTH‘ISCKOﬁ 3agauu, 1A HCCIICOBaHUA
PE3YJIBTATUBHOCTU HCIIOJIB30BaHHSA BU3YaJIbHBIX MoJieTIel pu
HU3y4YCHUHN MHOI'OMCPHBIX JaHHBIX, ObLIa peuieHa 3aja4da

<1 BEPUOVKALMA
IN2 IN2 IN2
3AIAYA ; » . > . % PELUEHVE
out2 our2 our2
AEKOMNO3ULMA

Puc. 3. CtpykTypa aHaIUTHYECKONH MOJEIN.
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Mpe/ICTaBIeHUs] 00IIeil COBOKYIIHOCTH 3HAHHW B IPEAMETHON
obiacTd,  COAepXkalleil  JKCIEePUMEHTAIbHbIE  CBEICHHS.
OCJIO0XHSIOIMUMU 00CTOATENBCTBAMU I MOJAO0OHOM 3amauu
cTanu GOJBLIOE YUCIO PA3HOPOAHBIX HCTOYHHKOB HH(pOpMALMU
(my6GnuKanuyu) ©  pa3NUYaloONIMecss CTPYKTYpPbl — OIMMCAHUI
CpaBHMBAEeMbIX JaHHBIX. VICTOUHMKOM HCXOAHOH HH(pOpMAaLUn
B 0a3ze  uWCClIeayeMblX  JAHHBIX  CIY)XXWJIH  CTaThH,
omyGIMKOBAHHbBIC B MUPOBBIX PEIICH3UPYEMBIX U3/IaHUSX.

B pesynbrate, MOCTPOCHA 00Wdsi GU3VALLHASL MOOElb
IMITUPHYECKUX JAHHBIX O COBPEMEHHOM COCTOSHHH H3Y4CHHS
MPOLIECCOB MOJyYeHUS] KapOHaa KPEMHHS OJIEKTPOAYTOBBIM
meronoMm (Puc.4). Mopens mpencraBisier coboit  HabOp

TOPU3O0HTAJIbHBIX HHOCKOCTGﬁ, Kaxnaas u3 KOTOPBIX
COOTBETCTBYET OHON W3 XapaKTEPUCTUK  HUCCICAYEMbIX
00BEKTOB. .HI/IHI/I}I, IIpoBEACHHAA qepes TOYKH,

COOTBETCTBYIOIIHE OJHOMY OOBEKTY CTAHOBHUTCSI BH3YalbHBIM
00pa3oM, XapaKTepH3yIOILHMM 3TOT 00BEKT. MHOKECTBO TaKHUX
BH3YaJIbHBIX 00BEKTOB (TPEK-00pa30B) COCTABISIET BU3YAIBHYIO
MOJielb, [O3BOJISIOILYI0 POBOAUTH CpPaBHEHHE OOBEKTOB
Mexay coboifl M aHalIM3MpoBaTh Bech 00BEM HCCIEIYEMbIX
naHHbIX. OMHHMM M3 3HAYMMBIX PE3YJIBTATOB IPOBEIACHHOIO
aHaJIM3a CTAJO ONpPEACICHHE CTPATErUH Pa3BUTHS IIPEAMETHO
obnactu. Kpome TOro, mpoBejeHa OLEHKA JOCTOBEPHOCTH
OIyOJMKOBaHHBIX ~ JAaHHBIX WM H3MEHEHWH  obnacreit
KOHIICHTPAILM BHUMaHHs HCCIIeJ0BaTeNeii BO BpEMEHH.

Puc. 4. BuzyanpHas MOI€TIb SMIIMPUUECKUX JAHHBIX.

C mnomoupl0  MOCTPOEHHOW — BU3yalbHOM  MOJAEIH
MPOaHANIM3UPOBaHEl  cBeAeHUS O 260 OIKCHEepHMEHTax,
MOCBSIMICHHBIX IIOJNYYCHUIO YIJIEPOAHBIX YIBTPAIHCICPCHBIX
MaTEepHAaIOB B IUIa3Me DIEKTPHUYCCKOM Jyrd MOCTOSHHOTO TOKA.
[lonmy4eHsl BBIBOABI O pocTe 0OBEMa HKCIEPUMEHTAIBHBIX
JTAaHHBIX MPEUMYIIECCTBEHHO B OTHOIICHHUHU MOJIYYCHHUS YETHIPEX
Haubojee MNOMYJSPHBIX NPOXYKTOB. [IpM cpaBHeHHWH Tpymnil
OTHENBHBIX MapaMeTpoB (IIOKa3aTeNnd OKCIEPUMEHTa —
MOJIy9aeMbIil TPOIYKT) OOHAPYKEHO, YTO MPOU3BOAUTEIHLHOCTD
paccMaTpuBaeMBIX JKCHEPHUMEHTAIBHBIX CHCTEM IMPAaKTHYCCKH
HE OLIEHUBAETCS 3a HCKIIFOUEHHEM O0OPBIBOYHBIX
HECHCTEMAaTH3UPOBAHHBIX  JIAHHBIX, 4TO TOBOPUT o
HETOTOBHOCTH ~HCCIIEAyEeMOTO METOJa K BHEIPCHHIO B
MIPOMBILIIEHHOE TPOU3BOACTBO [14].

3HAYUTENBHBI HMHTEpEC IPENCTaBIsIeT HCIOIb30BAHUE
(parMEeHTHPOBaHHBIX MOZEJCH, MNPEACTABIAIOMUX 00pa3bl
KOMOMHALUH OTJENBHBIX TAPAMETPOB U3yYacMbIX NTaHHBIX [13].
Co3gaHue TakMX MOJENEH COOTBETCTBYET BBEACHHOMY

MOHATHIO JEKOMIO3UIUHM HCXOAHOH 3amaum aHanmmsa. Kpome
TOTO, TIOCTPOGHHE TIOJOOHBIX  «YaCTHYHBIX»  MOJENeH
obecreynBaeT IMONB30BATENs] OTBETAMH HA CaMOCTOSITEIBHO
chopMynupOBaHHBIE MPOMEXKYTOUHBIE BOMpPOCHL. [lomydeHHas
HCccIIenoBaTeIeM HOBask HH(POPMAIHS O3BONSAET (OPMHUPOBATH
BEPOATHBIE THUIIOTE3bl OTBETOB HAa OCHOBHOH  BOMPOC
HCCIENOBAaHNsA, TpPUHMMATh pelIeHHe O TIepexome K
clefylomeMy IIary aHaiu3a WJIH TPOBOJWTH  ITOHCK
BHYTPEHHHX 3aKOHOMEPHOCTEHl, HESBHO INPUCYTCTBYIONIIUX B
HCXOJHBIX TaHHBIX.

Mopens COOTBETCTBUSI MEXJy TOAaMH HCCIEIOBAaHUH H
HaNpsHKEHUEM, XapaKTepU3YIOIMM OTAETbHBII IKCIIEPHMEHT
(Puc. 5), mo3BoisieT MPOBECTH aHAIM3 HM3MEHEHUI MHPOBBIX
TeHJACHIMHA W mepeiith k (opMyIHpoBKe Bompoca 00 HX
npuunHax. [IpenmymecTBoM MOm0GHOW MOJETH CTaHOBUTCS
ObICTpOE OmNpeieNieHHe 0COOEHHOCTeH TaHHBIX (B MPHBEACHHOM
IpUMepe, BBIICICHHE 3HAUCHUS HANPSDKEHUH, TPH KOTOPBIX
MIPOBECHO HanOOIbIIEe YHUCIIO MCCIESIOBAaHNH HA MPOTHKEHUN
JUITeNnbHOTO BpeMeHw). OgHMM U3 CcleAcTBHil MOmZOGHOTO
aNTOpUTMa  WCCIENOBAHMH  CTAHOBUTCA  OOOCHOBAaHHOE
HCKITIOUCHUE M3 aHANM3a YacTH JAHHBIX, HE NPEACTABIAIONINX
HHTEpeC HA OCHOBAHUM NPOMEXYTOYHBIX BBIBOAOB. DTOT IIar
YBEIMYHMBAECT PE3yIbTATUBHOCTh AaHAIM3a IPH ITPOBEJCHUH
HCCcIen0BaHuK O0NBIINX 00BEMOB TaHHBIX.

lop ny6nvkauum

Puc. 5. ®parmMenTrupoBaHHas BU3yalbHas MOJEINb.

B pesyibrare MPOBEJCHHOIO  MCCIICIOBaHHA  ObLIM
HOATBEP)KACHBl OCHOBHBIC MPE/MONOKCHUS, ONHUCHIBAOLINE
CTPYKTYpYy BH3YyaJIbHOro aHaju3a. biaroaapsi HCHOJIb30BAHUIO
uHTepdeiica ynpaBieHHs BH3YalbHOHl MOJEIBIO, JOCTUTHYTa
BBICOKAsi ~ PE3yJIbTAaTHBHOCTh ~ aHaiW3a. OTO CBS3aHO C
COKpallleHHeM  BpPEMEHHM  aHalu3a, [0 CPaBHEHHIO C
TPaJULHOHHBIMH CIIOCOOAMHU H3YYCHHsS. MOMOOHBIX JIAHHBIX,
JUISL KOTOPBIX BPEMsI MCCIICIOBaHUS HU3MEPSETCs HECKOJIBKUMHU
JTHSAMH, QK€ C Y4ETOM OIBITA U KBATH(DUKALIMH CIICLUATNCTOB.

ITo  COBOKYHNHOCTH  HPEJCTABICHHBIX  CBEACHUH B
OTHOLICHUH aHaM3a JIHarpaMMsl JHEPreTHYECKHX
XapaKTEePUCTUK IOJy4YeH BBIBOJ O TOM, YTO IOJEM JUIS
JNaJbHEHIINX MCCIICIOBaHMH METOJa CHHTE3a YIJIEPOIHBIX
MaTepuaoB B IUIa3Me JYrH IOCTOSHHOIO TOKa JOJDKHA CTaTh
B3aMMOCBS3b YPOBHSI HAIPSDKCHMS U SJIEKTPUYECKOI MOIIHOCTH
C JIPYTUMH IapaMeTpaMM 3KCIIEPHMEHTAIBHBIX YCTAHOBOK JUIS
HOJIy4eHUs] Marepuala C 3afaHHbIM (Ha30BBIM COCTABOM U
CBOMCTBAMH B KOHTEKCTE TPEOOBAHMI K 3JICKTPUUECKOM
MOIL[HOCTH CHUCTEMbI U 00beMa MOTPEOICHHS 3IEKTPOIHEPTUH.
OCHOBaHMSIMU [JIs TIOJOOHBIX BBIBOJIOB SIBIISIFOTCS TOYKH
KOHIICHTPAallMd  JaHHBIX Ha  ONpEJACNCHHBIX  BEJIMYMHAX
BEIOpaHHBIX mHapameTpoB (Puc. 6), a Takxke Habiromaemble B
MO/IeIH SIBHBIE 00JIaCTH HEIOCTATOYHOH H3y4EHHOCTH.

7. 3akntoyeHue

[IpemnoxenHslii B paboTe MOIXOX K PEHICHHIO 3amady
aHaM3a ¢ IOMOUIBIO BU3YAIBHBIX MOJENEH JaHHBIX TO3BOJISET
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ONEpaTUBHO IOIydYaTh OTBETHl HAa BONPOCHI HCCIEIAOBAHUSA, B
TOM dYHCJIE, BBICOKOH cremeHH cnoxHocTh. [loctpoenue
MOZENH, IPEeAOCTABIAIONEH BO3MOXKHOCTh BU3YaIHU3HPOBATH
HCXOAHBIE HaHHBIE M  (OPMYJNHPOBATH IPOMEXKYTOTHBIE
BOIIPOCHI C IENbI0 MOMCKAa HEU3BECTHBIX paHee BHYTPEHHUX
3aKOHOMEPHOCTEH, JaeT  IIONIb30BATENI0  AHAIUTHYECKHI
HHCTPYMEHT I HCCIEAOBAHHUS IIOCTABICHHOW Mepe] HHUM
3amaun. I[loMMMO BO3MOXKHOCTH JOCTHYb LETH AaHANM3a C
MOMOIIBIO  3TOTO HMHCTPYMEHTA, IOJb30BATENb IOTydYaeT
BO3MOKHOCTh CYIIECTBEHHO COKPAaTHUTH BPEMs, 3aTPadnBacMOe
UM Ha TOHCK OTBETa WIJIM TPHHATHE PEUICHHS B CHUTYyalHn
BbIOOpa Hammydmiero BapuaHTa. CrenaHHBIE YTBEPXKACHHS
NPOBEPEHbl ~ NpPH  aHaNM3e  ONyONMKOBAaHHBIX  JAHHBIX,
MOCBSIIIEHHBIX TIOMYYEHHIO YTJIEPOIHBIX YIBTPAIHUCIIEPCHBIX
MaTepHajoB.

Puc. 6 BusyanbHblii oMck 3aKOHOMEpPHOCTEH.

Pabora BBITIOJTHEHA B pamMKax ToC3aJaHus
Ne 2.1642.2017/ITY Ha BBHIIOJHEHHE MPOEKTa IO TEMe
«KorautuBHBIE ~ MeTOABI ~ BH3yalH3alluM W aHalM3a
MHOTOMEPHBIX IAaHHBIX MPH MOJAEIUPOBAHWH HETMHEHHBIX
JTUHAMAYECKHX CHCTEMY.
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AHanus BugeonocnenoBaTesibHOCTEN U TepmMmorpamm nuua ans
ANCTAaHTHOIo cCbema (*)M3MOJ10FM‘-IGCKMX MHONKaATOPOB NCUXo-
3MOLMOHAsNbHbIX COCTOSAHMM YenoBeKa

N.A. 3Hamenckas 1, E.1IO. KopOTeeBal, B.B. I_HI/H.HaKOBI, A.B. XaanmHl, E.A. Ky3LMI/Iqua1, C.A. I/Icaﬁquz,
AM. I—IepH0p1/13OB2
znamen@phys.msu.ru|koroteeva@physics.msu.rushift@physics.msu.ru
"Mocrkosckuii locymaperennsiii Yuusepenrer num. M.B. JIoMoHOCOBa, hr3ndecKuit (akyneTet, MockBa, Poccus;
*MockoBckuit Tlocynapcteennsiii YaueepcuteT uM. M.B. JloMmoHoCOBa, dakynpTeT nicuxonoruu, Mocksa, Poccunst

Hannas paboma nanpasnena na ycmanoGieHue 63auMOCEA3U MercOy OUHAMUKOU Menno8020 NOMOKA om Juya ueiogexd,
peaucmpupyemozo menio8uU3UOHHOU Kamepotl, U PUIUOL02UYEeCKOl OYEHKOU PeaKyuil 6e2emamuHoll HEPEHOU CUCTEeMbl, USMEPEHHOT
KOHMAKMHbIMU Memooamu. Pewaemcs 3a0aua uoenmuduxayuu SMOYUOHATLHO20 8030YICOCHU HO AKMUBHOCIU MUMUYECKUX MbIULY,
NOBEPXHOCHHO 3AN1€2AI0WUX KPOBEHOCHLIX COCYOO08 U ObIXAMENbHbIX NOMOKO8 HA OCHOBE CbeMKU NUYd 4eno6eKkda 6 Onmuieckom u
ungppaxpacrnom Ouanaszonax. Paspabomanvi anzopummel Komnencayuu O8udCeHUN auYa U CONOCMAGICHUS U30OpadiceHuti ¢
8UOeOKAMepbl U MenI08U3UOHHOU KaMepbl, a MakKdlce COCMAsieHo npozpammuoe obecneyenue, peanuzyioujee npeonodceHHble
aneopummol. IIpeonosicer memoo gvloenens KIouesblx moieK Ha Tuye 4eio8eKd Ha OCHO8e MAUUHHO20 0OYYeHUs..

Knruesvie cnosa: ungpaxpacnas mepmoepaghus, oopabomxa uzobpasicenuil, pacnosHaganie oopazos.

Analysis of video sequences and thermal images of human faces for
remote detection of psychoemotional states

ILA. Znamenskayal, E.Yu. Koroteeva!, V.V. Shishakovl, A.V. Khakhalin', E.A. Kuzmicheval, S.A. Isaichevz, AM.
Chernorizov’
znamen@phys.msu.ru|koroteeva@physics.msu.ru|shift@physics.msu.ru
"Lomonosov Moscow State University, Faculty of Physics, Moscow, Russia;
’Lomonosov Moscow State University, Faculty of Psychology, Moscow, Russia

This work is focused on estimating the relationship between the dynamics of heat fluxes from a human face captured by a thermal
camera, and the physiological response of the autonomic nervous system registered by contact methods. The emotional arousal is
identified based on the activity of facial muscles, cutaneous blood vessels and breathing using optical and infrared imaging of human
faces. The algorithms are developed for motion compensation and juxtaposition of video and thermal images, together with the
software implementing these algorithms. The machine-learning based method is proposed to allocate the key points on human faces.

Keywords: infrared thermography, image processing, pattern recognition.

1. BBepeHue

[IpobiremMa OOBEKTUBHON AWATHOCTHKH (PYHKIMOHAIBHBIX
cocrosinuit (PC) yenoBeka B BUAAX JACATEIBHOCTH, CBA3aHHBIX
C BBICOKMM PHCKOM BO3HHKHOBEHHS TEXHOTEHHBIX KaTacTpod,
CTaHOBHTCS HE TOJBKO aKTyalbHOU, HO U COIIMAIBHO 3HAYMMOM
npobieMoil. Ponmb HalEKHOCTH «YEIOBEYECKOro (aKTopay
3HAUUTENBPHO  BO3PacTaeT, €CIM  IEePHOABl  aKTHBHOU
NESTEIFHOCTH, TpeOyromed OBICTPOro NPUHATUS PEIICHHUS,
CMEHSAIOTCS JUITUTENBHBIMH TEPUOIAMU MOHOTOHHOH paboTEHL.
Takolf THI JAEATENBHOCTH XapaKTepeH JUIs OOJBLIIMHCTBA
orepaTopckux npodeccuii, BoAUTENEi TPAaHCIOPTHBIX CPEJICTB,
BOCHHOCITY)KaIllNX, pPa0OTHUKOB OXPaHHBIX M  CHJIOBBIX
CTPYKTYp, T.€. TaM, TJi¢ BEJIHKa BEPOSITHOCTh BO3HUKHOBEHHS
9KCTPEMAIBHBIX U YPE3BBIYANHBIX CUTYAIHH.

OcoOblif  WHTEpeC  BBI3BIBAIOT  HAYYHO-IPHUKIATHEIC
WCCIICIOBAHUS, CBSI3aHHBIE C pa3pabOTKOil HEMHBAa3HUBHBIX
MeTOI0OB 00bekTUBHOH uaeHTHuKanmun @OC B pexume

peanpHOro  BpeMeHH.  Pa3paboTka  METOMOB,  ONTHKO-
JNMIEKTPOHHON  ammapaTypsl W NPOTPAaMMHBIX  CPEICTB
UACHTU(QUKAINY  TICHXO-dMOLIMOHATIBHBIX  COCTOSHHH  TO

WHJIUBHAYaTbHBIM OCOOCHHOCTSIM TMOBEJICHUSI W BHEIIHETO
o0JIHKa YeTT0BeKa SBIACTCS aKTyalbHOH 3amadeil Ui y4eHbIX U
npakTHKoB B Poccun u 3a pydexom.

Llenpro manHO#M paboTHI sIBIsIeTC pa3paboTKa TEXHOIOTHH
JHMCTAaHTHOTO CheMa (PM3MOIOTHIECKOH MH(POPMAIUH O TCHXO-
SMOINOHATBHBIX COCTOSIHHSIX YeJoBeKa (criokoitHOE
60/pCTBOBAHNE, IMOINH, CTPECC) HA OCHOBAHUH HUCCIIEA0BAHUN

AQKTUBHOCTM ~ MHUMHYECKHX MBI, KOXHBIX I[OKPOBOB,
MOBEPXHOCTHO 3aJICTAlOIIMX KPOBEHOCHBIX COCYIOB JIHId, a
TaKKe JbIXaTeJbHbIX (ra3oBbIX) MOTOKOB. CTaBUTCS 3ajgada
UICHTH(UKALMKA  SMOLMOHAJIBHOTO  BO3OYXKACHHUS 110
AQKTUBHOCTH ~ MHMHYECKMX  MBIIIL, PETUCTPUPYEMOH B
ontudeckoM u uHppakpacaom (MK) nuamazonax. 3amaua
OCJIO)KHEHa HEOOXOJMMOCTBIO PErHCTPallii B YCIOBHSX
HEHPEPHIBHOTO CMEIICHUs IOBEPXHOCTH JIML[A OTHOCHTEIBHO
CKaHUPYIOIIUX YCTPOHCTB — BHICOKaMepbl M TEIUIOBH30pa. B
pabore pmaHHas mpobieMa pemaertcs NyTeM KOMOMHALUK
METO/I0B perucTpanuu B Bunumom u MK nnanasoHax u 3a cyer
pa3pabOTKM M ajanTalydd HPOrpaMMbl aHAIM3a JTHHAMHYECKH
MEHSIOIIMXCS 3PUTENBHBIX CLICH.

2. Tepmorpacdumsa B ncuxodmnsnonormm

Tepmorpadus npencraBiser co00i cmocod H3MEpeHUs U
BH3yalM3allid  TEIUIOBOTO, HMH(QPAKPACHOTO  H3Iy4EHHS,
HCITyCKaeMOro BCEMH HarpeTbiIMH TenaMH. OCHOBHBIM
ycrnoBueM misi ¢popmupoBanus WK wu3o0paxkeHus sBisercs
HaJIMYUE TEMIICPAaTypPHOI'O KOHTpacTa MEXAy OOBEKTOM H
¢oHOM. OCOOCHHOCTH M3ITyYEHHS KOXKH YeJIOBEKa ONPENeIIIN
[IMPOKOE MCIIOJIb30BaHHE TepMOrpaduul B GH3HOIOTHYECKON U
ouoMeauuuHCKoN auarHoctuke [9]. Koxka wumeer BbICOKHI
kodpdupeHT u3mydeHHs, ONU3KUMI 1O 3HAYEHHIO K
k03 PUIHEeHTY H3TydeHHs aOCOMIOTHO YEPHOTO Tela, MOITOMY
W3MEHEHHE €€ TeMIeparypsl INPHBOAUT K 3HAYHTCIHEHOMY
n3menenuto mouHoctd MK wmznydenus. Kpome Toro, Hu3Kkuit
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K0d(QPUIMEHT oOTpakeHUs KOXH MHHUMH3HPYET BIUSHHE
OKpY>KaroIeH Cpeapl Ha OIpEICIEHIE €€ TeMIIEPaTyPhI.

Haubonee DOCTYHmHBIM Uil TEIUIOBH3HOHHBIX H3MEPECHUI
sBIsieTcst 00macTh ymia. [Ipy HEM3MEHHBIX BHELIHUX YCIOBHAX
MMOBEPXHOCTh JHIA (U3UYECKH 370POBOTO UYEJIOBEKA HMEET
HEOJHOPOJHOE DAaCIpeNiesieHHe TEMIIEpaTyphl, ONpeaeIsieMoe
(U3UOIOTHYECKUMH OCOOCHHOCTSAMH oOpraHusma. JlokambHoe
W3MEHEHHE TEMIEpPaTypHBIX IIOJNIeH B 0OOJAcCTH JIMIA MOXET
OBITH CBS3aHO:

1) ¢ aKTUBHOCTBIO MUMHUYECKUX MBIIIIIT;

2) ¢ pacmIMpeHHeM KPOBEHOCHBIX COCY/IOB JIMLIA;

3) ¢ OUHAMUKOW JBIXaTEIbHBIX IIOTOKOB (KaK MOKa3alH
9KCTIIEPUMEHTHI [8]);

4) ¢ yCWJICHHEM IIOTOOTAEICHUS B ONPEACICHHBIX 30HAX
JIa.

OtzmenbHBle  O0JNIACTH HA JIMIE 4YEJNOBEKa 00JagaroT
HauOoOJbIIeH  TeMIIEPAaTYypHOW  YyBCTBUTEIBHOCTBHIO K
pa3NUYHBIM BHYTPEHHHM U BHEIIHUM pa3IpaxurensMm [3].
Takme oOnacTH Ha TepMOrpaMMe Ha3bIBAIOT OOJIACTAMH
uHTepeca (Puc. 1).

3. MeToaunka 3KCNepuMMEHTOB

B pabore npoBOAMIHCEH SKCIIEPUMEHTHI IO OJTHOBPEMEHHOH
OCCKOHTAKTHOI PErHCTpallMi JHHAMHUKH TEIUIOBOTO H3ITyYCHHS
OT JIMIa YeJOBEeKAa M KOHTAKTHOW PETrHUCTPAalldH aKTUBHOCTH
BEreTaTUBHOM HEPBHON CHCTEMBI.

nepmopbuTasibHas
7106 obnacre

KOHYMK
Hoca

ujexka

AY

/70/]50,00/]0/( rnepurHasasibHasa

obnacre

Puc. 1. Tepmorpamma nuia 4esioBeKa ¢ BbIAEICHHBIMU
o0iacTsIMH HHTEpeEca.

Jnst mpoBeaeHUst HHPPAKPacHOH CheMKH B SKCIIEPUMEHTaX
OBLTH HCHONB30BaHbI (TI0 OTJAEIBHOCTH) JABE TEIIOBU3MOHHBIE
kamepsl. [lepBas kamepa Mmapku FLIR SC7700 paboraer B
nuanasone aiauH BoiaH 3.7-4.8 Mmkm (MWIR) u mosBosser
MOTy4YaTh TEIUIOBU3MOHHBIE H300paKeHUsT C 4YacTOTOH 10
115 ' ¢ mpocTpancTBeHHBIM paspemenueM 640x512 nukceneit
u g0 400 I'm ¢ orpaHMYEHHBIM pa3pelIeHueM. YIpaBieHUe
KaMepoi n 00paboTKa TepMOTpaMM IIPOBOJATCS TPH MOMOIIN
nporpammuoro obecreuenus Altair u FLIR ResearchlRMax.
Bropas xamepa momenn COX CX640 pabortaer B AuamazoHe
mmH BomH 8-14mMxm (LWIR) u mo3Bomser monydaTh
TEIUIOBH3HOHHBIE H300pakeHHst ¢ yactorod no 50T c
MPOCTPAaHCTBEHHbIM pazpemieHneM 640x480 mnuxceneit. s
MONYyYeHUs M aHalu3a  TEePMOTPaMM  HCIONB3YeTCs
nporpaMmmHoe obecneuenne Thermal Imaging Analyzer.
O/HOBPEMEHHO NPOBOAMIACE ChEMKAa B BHANMOM JHAMa30HE
nudporoii kamepoit Olympus OM-D ES.

B »oskcnepumeHTax nOpUHUMaIM ydacTHe Hopsiaka 25
3JJOPOBBIX UCTIBITYEMBIX (MY>KUMH 1 JKEHIINH) B Bo3pacTte oT 18
no 55 ner. Bce usMepeHHs NPOBOAWINCH B IIOJOXKEHUU
HCTIBITYeMBIX CHASA, MOCNEe HUX aJanTaliud K 1abopaTOpPHBIM
ycnoBuaAM. TemnoBH3op M BHIEOKaMepa pacIoylaraiich Ha
paccTosiHUM TopsiAka 1 M OT ucmbeITyeMoro. Bpemst chemkm
BappupoBasiocb or 20 ¢ xmo 15 muH. Yacrora cheMKH
cocrapimsuia  5-25Tu. B mnomemenun mnoanepkuBaiach
¢uKcupoBaHHasi KOMHaTHas Temreparypa (20-22°C).

Jlnst aHanm3a KOppeIsiuy TepMOrpapuIecKHX H3MEPEHHH ¢
OLIEHKOH  INCHXOMOIMOHAIBHOTO  COCTOSHHSA  YelOBEKa
CHHXPOHHO c TETIIOBH3MOHHOM " BU/ICOCHEMKOMH
OCYIIECTBIANACH PErUCTpanHs (PU3MONOTHYECKUX PpEaKIuit
YejgoBeKa MpH TOMOIIM MHOTOKAaHAIBHOTO SHIedanorpada-
aHanu3atopa Onnedanad. XoJ TNPOBEICHUS SKCIEPUMEHTa
npejcrasieH Ha Puc. 2.

4. Anroputm aHanusa TepMmorpamMmm

JI1si KOPPEKTHOTO CONOCTABICHHS TEIUIOBU3HOHHOW U
BUJICOCHEMKH HEOOXOAMMO MNPHBEJCHHE TEIUIOBOrO IOJS Ha
JMIE 4YeJIOBeKa K CTaHAApTHOMY IIpeJcTaBieHUI0. B Xxozxe
pelieHUs [aHHOM 3aJayd ObUIM pa3pabOTaHbl AITOPHTMBI
KOMIICHCALIMHU JIBHKCHUH JIMIA U COTOCTABICHHUS U300paskeHH
C BHACOKAMEPbl U TCIUIOBU3MOHHOHW KaMephbl, a TaKKe
COCTaBJICHO  IPOrPaMMHOE  OOeCIieYeHHe, pealusylollee
HPEVIOKEHHBIC alroput™Mbl. Kpome TOro, HpeanokeH MeTo[
BBIICJICHHS] KIIFOYEBBIX TOYCK Ha JIMIE YEJIOBEKAa HAa OCHOBE
MalIHHHOTO 00YYCHHUS.

B HCIONB30BaHHOM [IMANa3oHe JUIMH BOJH  KOHTYP
YeJIOBEYECKOH TOJOBBI HJIM JIMLA HMEET BechbMa YETKHE
IPaHHMIIbl U3-32 BHICOKOW PasHHIBI TeMIEpaTypbl GoHa U Tena
YeJIOBEKa, OJIHAKO PA3IMYHUTh OTAENIBHBIC YEPTHI JIHMLA MOXKET
ObITh 3aTPYAHHUTENBHO M3-32 HHM3KOI'O KOHTPAacTa TaKOro
U300paKeHHs B IpeAesiax caMoro Jinia. V3o0paxeHue Juia B
BUJMMOM JHAaIla30He UMEET Goiee BHIPAKEHHYIO JeTaIN3alHIo,
MO3BOJISIIOILYI0  TOYHO  OMPENCNUTh  PACHOJIOKCHHE  Ha
nzobpaxxeHun obnacreii uHTepeca (Puc. 1), kommeHcupys
BO3MOXKHBIC ~HCK@KCHHs, TaKHe KaKk [OBOPOT TOJIOBHI,
MHUMHMYECKHE HCKOKCHHS U T.OL, a TaKKE TOYHO OLCHHTh
napamMeTpbl 3THX MCKaXKeHHH. s 3Toro Tpedyercst peuieHne
IBYX 3a7ad: 1) MOMCK JMIa Ha H300paKeHHH 10 0a30BBIM
KOHTypaM M ToukaM (IJ1a3a, HOC); 2) JeTalu3HMpOBaHHOE
OITMCaHHe TapaMeTpoB Jnna (KOHTYPOB Iia3, BeK, OpoBei, ryo,
KpBUIBEB HOCA).

Puc. 2. YacTb 5KcriepUMeHTalIbHONW yCTaHOBKU
(BHI cBEPXY).

O06e QyHKIIMOHAIBHOCTH Peal30BaHbl B MINPOKOM CIIEKTpe
OMOMETPHUYECKOTO IPOTPAaMMHOTO OOECIeUeHHs, a TaKXkKe B
MIPOTPaMMHBIX MHCTpYMEHTapHsax paspaborunka (SDK), Takmx
kak OpenCV [5]. OOHapyxeHHe nHIa Ha H300paKEHHU
BBITIOJTHSETCS C TIOMOIIBIO KacKaJHBIX (HUiIbTpoB Xaapa. boiee
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IeTajbHAs ~ OLEHKa  IIOBOpPOTa  JIMIa,  OOHapyXeHHe
OromMeTpuYeckuX (MUMHUYECKHX) KOHTPOJBHBIX TOYEK Ha JIUIIE
OCYIIECTBIISIETCSI C TIOMOIIBIO aKTHBHBIX MOJENCH BHEIIHETO
Buna (ActiveAppearanceModel, AAM) u MeTo1oM AKTHUBHBIX
Moneneii @uryp (ActiveShapeModels, ASM).

CoBMeleHne JTaHHBIX MoJelen AAM/ASM [¢
TEIUIOBH3HOHHBIM H300pakK€HHEM I03BOJIsIET Oojiee TOYHO
ONPENENUTh  PACIOJIOKEHHE  HYXHBIX  TOYEK  KOHTPOJIA
TEMIIepaTypsl Ha TEIUIOBU3HOHHOM H300paKeHUU. DTH METOMbI
MO3BOJIAIOT ~ TAaKKe  YJIAaBIMBAaTh MHMHKY 4YeJOBeKa, H
WCTONB30BaTh 3Ty  HMHGQOpMAamWIO Uil OLEGHKH  €ro
9MOIMOHAIBHOTO COCTOSHHSA. [IpUMEHEHHEe NaHHBIX METOJOB
Ha  BHUJIEOpSAEC  IO3BOJIET  OTCICXKHBATH  TPACKTOPHU
KOHTPOJNBHBIX TOYEK B MPOCTPAHCTBE M AaHAIM3UPOBAThH
NUHAMHYECKUE XapaKTepUCTUKM MHUMHKH. Vcmonme3oBaHue
cTepeoKkaMepsl T03BOJSET B ONMIDKHEH 30HE Ooiiee IETanbHO
OLIGHUTH penbed IMOBEPXHOCTH JIMIA, a B JalbHEHl 30HE —
OLIGHUTH PACCTOSIHUE N0 HCCIENYEMOro OOBEKTa. AJTOPHUTMBI
BOCCTaHOBJICHHS KapThl TJIyOWHBI CIIGHBI PEaJH30BaHbI BO
MHOXECTBE HMHCTPYMEHTAapHeB Uil pas3paborunka (B T.4.
OpenCV).

Jns ananuza tepMorpapuyeckux H300pakeHUil B JaHHOM
paboTe HCIONB30BAIOCH MPOTPAMMHOE 00ECIICUCHNE Ha S3BIKE
Python c¢ wucnonszoBannem Oubmmorek OpenCV, Dlib u
OpenFace [2,4,5]. [lanHple OHONMOTEKH, HMCHONB3YS METOJX
Buonbr-/xxonca [6,7], MO3BONAIOT BBACIWATH JIMIO Ha
n300paKCHUH, a TaKKEe HAWTH XapaKTepHBIC KIIOYEBBIE TOUKU
muna (rnasa, ryosl, Hoc u T.1.). Janee, meronom CLNF [1] Ha
n300paXKCHUH  yTOYHSETCS  pacmojoxkeHue, ¢opma u
MIPOCTPAHCTBEHHAss OPHEHTALMs BCEX YEpPT JHIA, a TaKKe
MIOJIO)KEHUE TOJIOBBHI OTHOCHTEIFHO KaMephl. DTO II03BOJSET
KOMIIGHCHPOBATh JBMW)KEHHE T'OJIOBBI OTHOCHTEIIFHO KaMeEpHI,
BBIJICIUTH Ha M300paKEHHUHU JIMIa KOHKPETHYIO TOUYKY, CICIUThH
3a U3MEHEHHEM TEMIICpaTyphl B 3TOH KOHKPETHOH Touke, a
TaK)Xe OLCHHUTH, BUIHBI JIU OTH YYaCTKH HA W300paKCHUH, HITH
HET. JlaHHBIE ~ aNTOPUTMBI  TNPHUMEHSIIUCH  Kak K
TEIUIOBH3HOHHBIM BHICOCHEMKAaM, TaK H K BH3YaJbHBIM

N d

RGB-1306pakeHue

MK-n3obpaxeHune

n3obpaxkeHmem

(Puc. 3). Ilpu omHOBpEeMEHHOH ChEMKE TEIIOBU3MOHHON U
00BIYHOI IU(POBOI KaMepo# Il CHHXPOHU3AUH BUACOPSAA
HCTIONB30BATOCH MOPTAHHUE TJIa3.

5. NMpepBapuTensHble pe3ynbTaThl

Beima mpoBegeHa cepus  OKCHEPUMEHTOB IO 3apaHee
MOATOTOBIICHHBIM CIIEHApHAM, COJAEPXKAalllUM HMHTEPBaNbl, B
KOTOPBIX HCIBITyeMbIe HAXOAMIHCh B CIIOKOHOM COCTOSTHHU, U
HHTEPBAIbI, B KOTOPBIX MOAEIUPOBAIUCH CTPECCOBBIE YCIOBHSI.
Ha Puc. 4 mpexacraBneH HpHMep CONOCTAaBICHHS AWHAMHKU
TEIJIOBOTO IMOTOKa OT OOJacTH MHTepeca (KOHYMK HOCA) Ha
OUIE ~ YeloBeKa € pe3yabTaTaMH  3aliCH  KOXKHO-
ranpBanndeckor peakuuu (KI'P). KI'P — Ouosnexkrpuueckas
peakIus, KoTOpast MIIPOKO HIpUMeHseTCs B
NCUXO(PU3HONOTHYECKNX  HCCIENOBAHHAX B KadecTBe
BBICOKOUYBCTBUTENIFHOTO TOKa3aTelsl ypPOBHS aKTHBHOCTH
CHMIAaTHYECKOH HEPBHOH CHCTEMBI, a TaKXKe OIS OLCHKU
HEHPONCUXUYECKOIo HampspkeHus denoseka. Ha Puc. 4 Bunno,
9YTO CTpeccoBas pEaKIHs Ha PEe3KHH 3BYyK TPHUBOIMT K
JIOKAIIbHOMY IOBBIIICHHWIO, a WHTCHCHBHAas MEHTalbHas
Harpyska — K JIOKaJbHOMY CHI)KEHHIO TEMIEPaTypsl B 001acTu
uHTepeca (Hanboee BEPOsSTHO, CBA3aHHOMY C €€ OXJTaXICHHEM
3a CYeT YCUJICHNS] aKTHBHOCTHU TTOTOBBIX JKEJIEe3).

W3HaganpHO  MTAHUPOBAJIOCh,  YTO  HCIIOJIb30BAHHUE
JIOTIOJTHUTENIBHOTO CHHXPOHHOTO BHAEOPSAa B BU3YaIbHOM
JUana3oHe IOMOXKeT Ooliee TOYHO OIEHHBATh MOJOKEHHE
KOHTPOJBHBIX TOYEK JIMIA Ha H300paKEHHM W JydIle
KOMIICHCHPOBATh IBIKEHHE M TTOBOPOTHI JIMIA OTHOCHUTENHHO
kamepbl. OnHAako B JaigbHEHIIEM, TIOCIe HAKOIUICHUS
OIIPEIEIEHHOT0 KOJINYECTBA CHHXPOHHBIX 3aluceil ¢ pa3HBIMU
HCTIBITYEeMBIMH, YAAJIOCh COCTaBUTh OOYYaIONIyI0 BBEIOOPKY U3
HK-n306paxkennii 1 MHGOPMAIMK O PACIO3HAHHBIX JHIAX C
BU3YaIbHOTO BHAEOPANA, 4YTO IO3BOIHMIO «HATPEHHPOBATH»
oubmorexky OpenFace paborate ¢ UK-nzobpaxeHusmu
OTAENbHO, HCKaTh IOJOXKEHHWE 4depT JUINAa W OLEHHWBATh
OPHEHTAIINIO TOJIOBHI 0€3 IMOJICKAa3KK C BU3YalbHOTO KaHAJA.

A
obHapyKeHue YepT nua

4
{ ”J

CosmeuleHune ¢ K-
OueHKa opueHTaLnun ronosbl

Puc. 3. Cxema paboTHI anropuT™Ma aHann3a H300pakeHHUs JINIA, BBIACICHUE YePT U OLICHKA IIOBOPOTA T'OJIOBBI COBMECTHO
Ha UK u BU3yanbHOM Buaeopse.
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Puc. 4. ConocraBienne IMHAMUKH CPEJHETO TEMIIEPATYPHOTO
CHTHaNa B 00J1acTH HHTepeca (BBIJIENIeHa Ha TEPMOTpaMMe) U
curHana KI'P Bo Bpems npoxoxaeHus Tecta: (a) riryOoKuid
BIOX; (0) pe3kuii 3ByK; (B) MEHTaJIbHAs HAarpy3Ka.

6. 3akntoyeHue

B pesynbrare paboThl cO3/laH MPOTPAMMHBIN MOAYIb IS
COMOCTABIICHUS N300paKEeHUS c BH/I€OKAMEPEI u
TeIJIOBM3MOHHOM  Kamepsl.  lccienmoBaHa — aKTHBHOCTD
MOBEPXHOCTH KOXM JIMIa 4YelIOBeKa B ONTHYECKOM U
nHdpakpacHoM  auamazoHax. IlomydeHHBIE — Pe3yIbTaThI
MO3BOJISTIOT TOBOPUTH O TOM, UTO JHHAMHUKA TEIUIOBBIX NOJEH B
oblacTH WA 4YelOBEKa MOXET CIYXHTh OJHHM U3
WHJIUKATOPOB ~ M3MEHEHUS  €r0  IICHXO0-OMOIMOHAILHOTO
COCTOSIHUSL.

IMpoBeneH aHanM3 BHISBICHHOH NMCUXO()HU3NIECKOH peaKInu
B (opMe JOKaIBbHOTO HM3MEHEHHS TEMIEpaTypHBIX IOJeH B
obacTy JMIa AN Pa3NuYHBIX TecToB. CelmaHsl BBIBOABI O
BO3DaCTHOM U TEHJEPHOM pACIpPEICICHHN BBISBICHHBIX
peaxuwuii.

7. BnarogapHocTu

Pabora BbINOJHEHA C KCHONB30BaHHEM O0OOPYIOBAHMS,
npuoOpEeTeHHOro 3a c4eT cpeAcTB IIporpaMmbl  pa3BUTHS
MockoBckoro YHuBepcuTeTa, U Mpu (UHAHCOBOH IMOIIEPIKKE
PH® (rpant 16-18-00080).
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NMpumeHeHMe rny6oKux CBEPTOYHbIX HEUPOHHbLIX ceTeun
ANnA BU3yanusauuuv npensTcTBMW Ha B3NETHO-NOCaA04YHON nonoce

B.B.Kus3p'2, O.B. Beronos!, B.B. ®enopenxo’, B.C. Top6auesuu’, B.A. Musrusos', J1.I". Kiepron!
vl.kniaz@gosniias.rujo.vygolov@gosniias.ru|vfedorenko@gosniias.ru|gvs@gosniias.ru
vl.mizginov(@gosniias.rulk_dm@gosniias.ru
1125319, Mocksa, yi1. Bukropenko, 7;
2MocKOBCKHil (PH3HKO-TEXHUYECKUH HHCTUTYT (TOCYIapCTBEHHBIH yHUBepcHTeT), MockBa, Poccus

Konmponv uucmomvl nosepxHocmu 6316mno-nocadouHoll NoIOChl AGIACHCA 8ANCHLIM Pakmopom obecnevenus 6e3-
onacrHocmu 8030yuiHo20 dsudicenus. CoepemMeHHblll ypoeHs pa3gumiis 0amuukos u Memooos 06pabomxu HOCHYRauux
Om HUX OAHHBIX 0Oecneyusaem HeoOXoouMbvle NPEONOCHLIKU 018 peueHUs. 3a0a4y OOHAPYIHCeHUs U AKMUBHOU U3y ATU3AYUU
npenamcmeuti no OaHHbIM MENIOBUSUOHHBIX KAMED 8 A8MOMAMUYECKOM PeXcume, Ymo no3eosenm nogulcums s¢gexmus-
HOCMb YOOPKU 831EMHO-NOCAOOUHOU noaocyl. 1lepcneKmusHbviM cpedcmeom ananu3a MyIbmucneKmpaibHbiX 8U0eonocie-
odosamenvHocmell A810Mcs 2yOoKue C6EPMoyHble HelpoHHble cemu. B dannoil cmamve paccmampusaemcst MoOupuyu-
posannas apxumexmypa 2nyookou ceépmoynoli cemu SqueezeNet 015 3a0a4 a8MOMAMUYECKO20 blO€IeHUs NPENMCIEUL
10 8UOEONOCIe008aAMENbHOCHAM SUOUMO20 U OAIbHE20 UHOPAKPACHO20 OUANA30HOB.

Kniouegwie cnoga: 2nybokue ceEpmounvie HeUpOHHble cemu, MenI08UUOHHbIE U300PaAdICeHUs, 0OHApYICceHUe NPensm-
CMeUll, 631EMHO-NOCAOOUHAA NONOCA, CEMAHMUYECKAS CE2MEHMAYUsA

Deep convolutional neural network
for visualisation of foreign objects on a runway

V.V. Kniaz!2, O.V. Vygolovl, V.V. Fedorenko!, V.S. Gorbatsevich!, V.A. Mizginovl, D.G. Klevtsov!
vl.kniaz@gosniias.rujo.vygolov@gosniias.ru|vfedorenko@gosniias.ru|gvs@gosniias.ru
vl.mizginov(@gosniias.rulk_dm@gosniias.ru
State Res. Institute of Aviation Systems (GosNIIAS), 125319, 7, Victorenko str., Moscow, Russia;
2Moscow Institute of Physics and Technology (MIPT), Russia

The presence of foreign objects on airport runways poses a significant threat to the safety of air travel. Infrared
camera based runway monitoring systems for automatic detection and visualisation of foreign objects are highly demanded
nowadays. Deep neural networks have recently became a powerful instrument for analysis of multispectral image
sequences. This paper is focused on the development of an new deep neural network architecture for automatic detection
of foreign objects on a runway. The architecture is based on the SqueezeNet network. The new network performs detection
using a pair of images captured in visible and far infrared ranges.

Keywords: deep convolutional neural networks, thermal vision, obstacle detection, runway, semantic segmentation
1. BBepeHue B nannoil pabore paccmarpuBaercsi pa3paboTka HO-
BOW apXHUTEKTYpbl ITyOOKOH CBEPTOYHON HEHPOHHOH ce-
A Ans BeiaeneHus npenstctBuil Ha BIII. Ha Bxon ce-
TH TIOCTYIIaeT MHOTOCTIEKTPaIbHOE M300pakeHue, BKITIO-
Yaloliee KaHallbl B BUIUMOM U MH(PPAKPACHOM JAHaIa3o-
Hax. Ha BbIXozie ceTh BBIIAET METOUHOE N300paKeHUE, Ha
KOTOPOM BH3YaJIM3UPYIOTCS /IBa Kilacca 00beKTOB: (OH 1
npersTcTBre. Pa3zpaboTaHHas apXUTEKTypa OCHOBBIBACT-
cs Ha apxutektype cetu SqueezeNet [8]. B ormiane ot 3a-
Jlaur Kiaccu(uKanuu 00beKTa Ha U300paKeHHH, TIPH pe-
IICHUH 3aJ1a4ydl CEMaHTHYECKOM CerMeHTanuu Tpedyercs
NpeJ/ICKa3aTh THII O0BEKTA B KAKIAOM ITHKCENIE UCXOJHOTO
n300paxkeHus. [ BOCCTaHOBICHUS UCXOIHOTO pa3pere-
HUS M300pakeHUs K apXUTEKType ceTH SqueezeNet ObLH
JT00aBIICHBI /1B CII0S ICKOHBOJIIOIIHH.

[epcriekTBHBIM CIIOCOOOM yOOpKM B3JETHO-TIOCA-
nmounoit monocel (BIII) sBnsrorcst KonmécHble POOOTEHI,
OCHAIIEHHBIE TETNIOBU3UOHHBIMU CUCTEMAMH TEXHHYECKO-
ro 3peHusi. YrpapieHHEe PoOOTOM OCYLIECTBISETCS Yla-
NEHHO U3 JAWCIETYEpCKOro MmyHkrTa. Omeparop NepHOIu-
YEeCKH TPOU3BOAUT OCMOTP IOBEPXHOCTH IIOJIOCHI C HC-
MOJTb30BAHUEM CHCTEMbI TEXHUYECKOTO 3PSHUSI MOOMITBHO-
ro pobora.

Bocnpusitie TEINIOBU3MOHHBIX W300paxkeHuil Tpedy-
€T HaBHIKOB B CHJIy 3HAYMTENBHBIX OTIMYUH OT HM300pa-
JKeHWH BHIMMOTO JAuama3oHa. DTo o0yClaBIMBaeT akTy-
AIBHOCTb TIPEBAPUTENLHOM 00PaOOTKH TEIIOBU3MOHHBIX

N300paKEeHNH s aKIIEHTUPOBAHHOW BU3YyalIN3alMuy TIpe-
nsaTcTBuil. JlaHHas 3ama4a MOXKET OBITh pelleHa ¢ MOMO-
IIBI0 METOAOB CEMaHTHYECKOH CErMEeHTALlN. AHAIU3 110~
cleaHuX pabot B 1aHHOM obnacTu [5—7] mOKa3bIBaeT, 4To
HaI/I60ﬂee MEPCHEKTUBHLIM MMOAXOA0M JUJIA PEIICHUA 3a1a4
CEeMaHTHYECKO CErMEeHTaIMu SIBIISIOTCS TITyOOKHe CBEp-
TOYHBIE HEHPOHHbIE CETH.

[To cpaBHEHUIO ¢ adbTEPHATUBHBIMU METOJAMH BBIIC-
nenus npernsatcTeuid Ha BIIII npemmaraemsriii mogxoxn o0a-
JIaeT psOM IIpeuMyIlecTB. Bo-nepBbIX, CBEPTOUHBIE HEM-
POHHBIE CETH IO3BOJISIOT POU3BOAUTH 00yueHue 0e3 Ha-
CBILIEHMS: TP OCTYIJICHUH HOBBIX N300paKeHuil B 00y-
YaFOIIy0 BEIOOPKY KaueCTBO PACIIO3HABAHUSI IIPETIITCTBHMA
MTOCTOSIHHO PacTET. Bo-BTOPHIX, B OTIIMYHE OT CHCTEM, OC-
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HOBAaHHBIX Ha BBIJCIICHUH TPETATCTBUIA Ha OCHOBE MOJIe-
U ABMOKeHUs Kamepsl [11, 12], mpemmaraemMblii OIXOM
obecrieyrBaeT BbIJCICHUE NMPENITCTBUN MPHU TPOU3BOJIb-
HOM TPACKTOPUU JBUKCHHUS.

2. NocTaHOBKa 3agauu

PaccmarpuBaercs 3aiada B clenyroleil HOCTaHOBKE:
KONECHBI POOOT, OCHAIEHHBIH MHOTOCIEKTPAIBHOW CH-
cremoii Texandeckoro 3peHus (CT3) FLIR ONE (puc. 1)
npousBoauT 0630p nosepxuoctu BIIII. Tpebyercs ocye-
CTBUTb 00pabOTKy M300paxkeHui, mocrynaronmx or CT3,
JUI aK[EHTUPOBAHHOW BU3YyalM3allUd TUIOBBIX MPEIAT-
CTBHH (BBIJEJICHHE KOHTYPOB, MapKHpPOBaHHE IIBETOM W
T.I.). HaxoxaeHne BU3yalbHBIX KOHTYPOB HPEMATCTBUSA
MIPOM3BOANTCS C MOMOIIBIO TITyOOKOH CBEPTOUHON HEH-
poHHo# cetn. Takum 06pa3oM, NOCTAaHOBKA 33Ja4H CBO-
JUTCA K CEMAaHTUYECKOM CerMEeHTallud MHOTOCIEKTPallb-
HBIX N300pa’keHUH Ha 1Ba Kyacca: OH U MPEISTCTBHE.

oy e — e

Puc. 1. MoOUIBHBIN poOOT ¢ MHOTOCTIEKTPATIBHOI
xamepoif FLIR ONE

HeneBasi ¢pynkumsa. IlycTh Ha BXOH CETH MOCTyMaeT
MHOTOCHEKTpajibHoe u300pakenne X € RIXWX3 Tpe-
Gyercst 0OyunTh nenesyio Gyrkmuio Y = F(X), kotopas
MIPOU3BOANUT OTOOPaKEHHE KOMITJIEKCHPOBAaHHOTO H300pa-
eHus B MeTouHoe uzobpakenne Y € {0,1}1W rre
H, W — pa3mepsl uzobpaxenusi, a Metku 0 u 1 0003Ha-
YaroT, COOTBETCTBEHHO, (OoH M mpensTcTBue. s moctu-
JKCHHSI PaBHOMEPHOHW CXOOMMOCTH OOy4eHHsS MpH 00yde-
HUU UCIIONB3YeTCS MHOTOMOIAbHAS (QYHKIHSI TOTeph L./
[10], xoTopast 3anaércsi ypaBHEHUEM

Ld(Y,Y) ==Y 0(Ynw) Y Yhwglog(Ynuwg)
h,w q
¢y

3. ApxuTtekTypa ceTtu

AHanu3 nocnenHux paboT B 001acTH CEeMaHTUYECKON
cermenTanuu[3, 5—7] moka3pIBaeT, UTO HaHOOJIEE BBICOKOM
TOYHOCTH KJITACCU(PHUKAIUU MO3BOJSIFOT TOCTHYD AITOPHUT-
MbI Ha OCHOBE IIIYOOKHX CBEPTOYHBIX HEWPOHHBIX CETEH.

B ommnuue oT TpaAMLIMOHHBIX apXUTEKTYP CETEN, UCIIOIb-
3yeMBIX /IS KiTacCH(UKAIH H300paXeHNH, B apXUTEKTY-
pax ceTel s CeMaHTHYECKOH CErMEHTAalluH, KaK MpaBuU-
JI0, OTCYTCTBYIOT IIOJTHOCBSI3HBIE CJIOH. Tarke B JaHHBIX
CeTSIX IUPOKO UCHONB3YIOTCS CIOU JEKOHBOMIOLUH.

maxpool/2

maxpool/2

Puc. 2. Apxurekrypa cetu

Jlst oOyueHus neneBoi PyHKIIH Y TpeboBaIoch pas-
paboTaTh apXUTEKTYPy DIIyOOKOH CBEPTOYHON HEHPOHHOM
CeTH JUIsl CEMaHTHYECKON cerMeHTauu. J{ist JoCTHXKeHNs
BEIYUCITUTEIHHON 3((PEKTHBHOCTH 32 OCHOBY apXUTCKTY-
psI Ob1a B3siTa ceTh SqueezeNet [8]. OCHOBHBIM IpenMy-
mecTBOM ceTr SqueezeNet SIBIISETCS BRITPHIII B IIPOU3BO-
mutenbHocTH B S0 pas o cpaBHeHHIO ¢ ceThio AlexNet[4],
IIPU COXPaHEHUH COIOCTaBUMOM TOYHOCTH KiacCH(HUKa-
1. J{i1st o6ecrniedeHus BBIYMCIUTENBHON 9P PEKTUBHOCTH
MIPOM3BEICHO YMEHBIIICHIE Pa3MepOB (MIETPOB CBEPTKH
¢ 3x3 na 1x1. bnaromapst 3ToMy uncio o0ydaeMbIX Ha-
paMeTpoB cokpatuiochk B 9 pa3. Takum oOpasom, ceTh
CTPOUTCA M3 OJAHOTUITHBIX MOﬂyﬂeﬁ, Ha3bIBa€MbIX «ﬁre
module». It oGecrieueHnst yCTOHYMBOTO BBIICIECHHS IIpe-
MSTCTBHU B apXHUTEKTYpy pa3zpabareiBaeMoii ceTH (puc. 2)
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OBbLT BHECEH psil W3MEHEeHHH. Bo-nepBbIX, A1 BOCCTaHOB-
JIeHHS TIPOCTPAHCTBEHHOTO Pa3pelIeHNs] BXOJHOTO H300-
pakeHHs OBUIM JOOABJICHBI J1Ba CIIOS JEKOHBOOLUH. Bo-
BTOPBIX, JJIsl YMEHbBIICHUS KOJMYECTBA MapaMeTpoB y/a-
1EH cinoit cyoauckperusanuu (global avgpool).

4. NMocTpoeHune oby4arLen BbIGOPKU

OO6y4arommasi BBIOOpKa JIJIsi CEeMaHTUIECKON CerMeHTa-
U COCTOUT U3 Map rcOMETPUICCKU BBIPOBHCHHBIX MHO-
TOCIHEKTPAIBHBIX H300pakeHU X 1 METOUYHBIX H300paske-
uuit Y. KomriekcupoBanue BUIUMOTO U HH(PPAKPACHOTO
M300paKEHUH OCYIIECTBISUIOCHh IyTEM 3aMEHbI KPaCHOTO
KaHaJjia KCXOJHOTO N300paKeHUsI BUAMMOTrO JHaa3oHa Ha
n300pakeHne nHQppaKpacHOro quana3oHa.

Jliist OCTPOEHUsI HCTUHHBIX METOUHBIX M300paeHui
Juisi 00y4aronieil BHIOOPKH HCIIOIb30BAJICSI METOJ| OIICH-
KH TPaeKTOPHH KaMmephl, pemiokeHubiid B [13]. TIpume-
PBI UCXOHBIX H300PaKEHHIA, @ TAKIKE KOMIICHCHPOBAHHO-
TO ¥ METOYHOTO W300paKCHUI NPUBE/ICHBI HA PUCYHKE 3.
CpEMKa MCXOMHBIX H300pakKeHHUIA OCYIIECTBIIIIACH C I10-
MOIIBIO TPOTOTUIA MOOMIIBHOTO KONECHOrO pobora Juist
yoopku BITII [1, 2].

(¢) MHorocnexTpaibHOe
nzobpaxenne X

(d) Merounoe
n3zobpaxenne Y

Puc. 3. [Ipumeps! nzo0paxxenuii n3 odyyaromuien
BBIOOPKH. YCIIOBHOE MPETATCTBHE (Pa3BOJHOM KITFOY)
PACIIOIOXKEHO B LIEHTPE Kaapa

Ipororun moOuwiabHOro podora auasi yoopku BIIII.
Jn1st TIONroTOBKM TECTOBOH BBIOOPKH HCIIOIB30BAJICS KO-
NECHBINA POOOT, OCHAMMEHHBIH MHOTOCTIEKTPATIHHON CHUCTE-
MOH TeXHHYecKoro 3peHus. PoOoT mocTpoeH Ha 6a3e Ko-
nécHoi mnardopmbl «Herculesy 1 0AHOIIIATHOTO KOMITBIO-
tepa «Raspberry Pi» (pucynok 1). B xauectBe mMHOrOC-
MIEKTPATLHON CHCTEMBI TEXHIIECKOTO 3PEHUSI HCTIOb30Ba-
nack MHOTOCTIeKTpanibHas kamepa «FLIR ONEy, moxakito-
yéHHas K cMapTdony. Pa3penienne kamepbl B BUIUMOM
nuanasone cocrasisier 640x480 nukce, B ”HPpaKpacHOM
- 160x120 nmukcen. ITapamerpsr kameps! FLIR ONE npu-
BezieHb! B Tabnuue 1.

Xapaxkrepuctuku FLIR ONE
Jlnana3oH Temmneparyp -20° Cto 120° C

Bec 29 rpamm
Pasmepsr (J] x LI x B) 72 x 26X 18 MM
UyBCTBUTEIBHOCTD 0.1°C

TB kamepa 640x480 nukc.
UK xamepa 160x120 muxc.
[Tone 3penns 46°x35°

Taonnuna 1. Xapakrepuctuku kamepsl FLIR ONE

VYnpasieHneM poOOTOM OCYIIECTBISIETCS C IEPCOHAIb-
HOTO KOMITbIOTepa 1o KaHaiy cetdn WiFi. Jlns ympasie-
HUS poboTOM OBIT pa3paboTaH CHENHATBHBIA MPOTOKOMI H
NpUIIoKeHHs KineHT/cepsep st «Raspberry Piy» u mepco-
HaJILHOTO KOMITBIOTEPA.

5. ObyyeHune ceTn U aHanu3 pes3ynLTaToB

OO6yueHue pa3pabOTaHHON apXUTEKTYpHl CETU MPOU3-
Bonuiock B cpeae NVIDIA DIGITS ¢ ucnonb3oBanuem
rpadudeckoro npoueccop Titan X PASCAL.

TectupoBanne 00y4eHHOW CETH IPOBOMUIOCH Ha Te-
cToBO# BEIOOpPKE, 00BEMOM B 300 map uzobpakenuit. Jlms
ompezieNieHus] KauecTBa paboThl CETH HCIIOJIb30BaIach Ou-
HapHapHas mepa cxonctsa Intersection over Union (IU),
orpezensieMasl COOTHOLICHUEM:

= @)
Ay

e Aj — mionaap nepeceueHus 00IacTh MPEnsITCTBHS Ha
MMOCTPOCHHOM METOYHOM H300pa)KCHUH M Ha STAIIOHHOM
METOYHOM H300paxeHnn, Ay — IUIOMIAAb O0bEIUHEHUS
naHHbIX obmacted. Kak mpasuio, 3nauenue 1U > 50.0%
CUMTACTCS MOKA3aTesIeM MPUEeMJIEMOro KauyecTBa CEerMeH-
taruu [9]. IIpuMepsl MONMYyYESHHBIX METOYHBIX H300pake-
HUl npeacTaBieHsl Ha pucyHke 4. 3Hadenus 1U nns pas-
JUYHBIX YCIOBUHN MPUBEICHEI B TabHIIe 2.

Yenosust Intersection over Union
Tenn 62.6
ComHIle ¥ TCHb 50.1
Moxkpsrit achansT 49.3

Tabauna 2. 3aagenvs [U s pa3nnaHbIX yCIoBUR

-
JI—

(a) KommnexcupoBanue (b) Pesynsrar pabotsl ceTu

Puc. 4. [Ipumep paboTHI ceTn
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6. BbiBoAbI

B pabore mpennioxeH MeTO BU3yaIM3alldU IMPEMST-
ctBui Ha moBepxHocty BIIII ¢ nucrionbp3oBannemM rirybokoi
CBEPTOUHOI HEHpOHHOU ceTn. Meron npeaHazHayeH s
pemIeHns 3aJa4uy TOMOIIU OTIePaTopy MOOMIIBHOTO KOJEc-
HOTO po0OTa B OOHAPYKECHHUH ITOCTOPOHHUX MPETIATCTBUN
Ha noBepxHoctH BIIII. OH no3BossieT mOBbICHTH Y dek-
THUBHOCTH OOHAPYKEHHUs IPENATCTBHUI B HOYHOE BPEMS U B
YCIOBHAX OTPAaHUYEHHON BUAUMOCTH.

Jns peannsanum MeTona pa3zpaboTaHa apXHUTEKTypa
CETH IS BBIICNCHUS BU3YAIbHBIX KOHTYPOB MPETIATCTBHM.
[IpousBeneHo oOyueHue u TectupoBanue cetu. st o0y-
YEeHUsI CETH HCIIOJNIb30BaNIach 00yJaromias BeIOOpKa 00bE-
MoM 4000 map KOMIUIEKCHPOBAHHBIX M METOYHBIX H300-
paxxernid. CrémKa m300paxkeHn# i oOydaromeil u Te-
CTOBOW BBIOOPOK IMPOM3BOAMIACH C TOMOIIBIO KOJECHO-
ro pobora, OCHAIEHHOTO MHOTOCHEKTPaIbHOW KaMepoi
FLIR ONE. BriOopka BKIII04aeT CHUMKH YCJIOBHBIX IIpe-
MIATCTBUH (Pa3BOAHON KITIOY, AETalM KOHCTPYKIMH, TIPe-
MEeThI Oaraxka u T.II.), TOJTyYEHHBIEC B PA3JINYHbIX yCIOBH-
SIX: TIPSIMOM COJTHEUHBIN CBET, T'PaHHUIIa CBETA U TEHU, MOK-
poiit achanst. McTHHHBIE METOYHBIE N300paXKeHUs! ObLIH
MOCTPOEHBI C UCTOIB30BAHUEM NIPOrPaMMBI TPEXMEPHOTO
MozenupoBanust. OOydeHue ceTH MPOU3BOIIIIOCH B Cpesie
NVIDIA DIGITS.

TectupoBanue pa3pabOTaHHON CETH MPOHM3BOAUIOCH
Ha He3aBUCUMOW BbIOOpke o0béMoM B 300 map mzobpa-
skeHuH. JIns ompeneieHusl TOYHOCTH BBIICICHUS MIPETIST-
CTBHH UCIOJB30Banach MeTpuka Intersection over Union.
AHanu3 MOJYyYEHHBIX PE3yJbTaTOB IOKa3al, 4YTO CeTh
YCHI€NIHO MPOU3BOAUT BBIACICHUEC MPEIATCTBUA BO BCEX
paccMOTpeHHBIX ycnoBUsAX. CpeaHsas TOYHOCTH BBIJele-
HUS KOHTYPOB MPEMATCTBU 10 MeTpuke Intersection over
Union cocraBuia 54%.
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Moaenu BocnpusaTna Bu3yanoHou nHcdopmaumum

J1.B. ManakoB
manakov@imm.uran.ru
Uuctutyt MatemaTtuku u Mmexanuku uM. H.H. Kpacosckoro Ypansckoro otaenenus PAH, Exarepun0Oypr, Poccus

Paboma noceswena paccmompenuto mamemamuyeckux mooenei 3pumenvHo2o socnpuamus. Llenvio uzyuenus danno2o eonpoca
ABNAEMCS He MONbKO NOGblUleHUe AN2OPUMMUYECK020 Kayecmed cucmem U YCHMPOUCMS GU3VAIU3AYUU, HO U BO3MOICHOCHIbL
paspabomku camoobyuaiowux mpenasicepos, OCHOBAHHLIX HA 2eHepayuu OMpuyamenbHol oOpamHoll Ceéa3u, Hanpumep, ¢ NOZUYULL

OUCCUNAMUBHBIX UL (i)yHKL;uOHaﬂbelX cucmem.

Knrouesvie cnosa, eocnpusimue, ouccunamueHle cucmemsl, Memoowl nepedaqu obvema u Zﬂyﬁqul npocmpancmed.

The visual information perception models

D.V. Manakov
manakov@imm.uran.ru
Institute of Mathematics and Mechanics im. N.N. Krasovskogo Ural Branch of the Russian Academy of Sciences,
Ekaterinburg, Russia

The paper is devoted to the mathematical models of visual perception. The purpose of this research is both to improve the
algorithmic quality of visualization systems and devices, and to develop self-learning simulators based on the generation of negative
feedback, for example, from the position of dissipative or functional systems.

Key words: perception, dissipative systems, methods of transferring the volume and the space depth.

1. BBEAEHUE

Ouenxka s¢dexTuBHOCTH BU3yaIN3alUH JOJKHA
paccMaTpuBaTh HE TOJIBKO Ka4eCTBO BU3YAJILHOTO AU3aliHa, HO
n obecriedeHre COOTBETCTBYIOIIETO IIOHUMAaHHsI, YTO 0COOCHHO
BaXHO B Cllydae KOTHUTHBHOW Bm3yanmm3anmu. OpHumMm u3
nmapaMeTpoB 3(Q(EKTHBHOCTH TEOPUH NPHHATHS PEHICHHS
SIBISIETCS  YPOBEHb JOBepus. Pe3ylbTaThl  TECTHPOBAHUS
MOKAa3bIBAIOT, YTO TEKCTOBOE IIpeJcTaBlIeHHe WH(opMamuu
BEI3BIBAaCT OOJIbIIEE JOBEpHE, YEM BH3yaJbHOE. JTO MOXKHO
OOBSCHATH TEM, YTO B TEKCTE MEHbIIE MHOTO3HAYHOCTH H
HEOTIpeIeTIEHHOCTH 110 CPaBHEHHUIO ¢ Bu3yanu3aiueil. C menbio
MHHUMH3AIUN  3THX (AKTOPOB  IPOTPAMMUCTBI  JOJKHBI
MaKCHMAaJbHO JIOBEPATh MAaTEeMaTHYECKOH MOJENH, I03TOMY
BepU(UKAIIMK  IPOrpaMM W BH3YaJIM3alHMH  yJCISIOT
3HAYUTENILHOE BHUMAHHE.

PaccmoTpenue Mozeneil BOCHPHATHSA-TIOHUMAaHHS SIBISIETCS
YaCTHBIM ClIydaeM BepH(HKAIMM IIPOTpaMM BHU3yalH3aIlUn
Pa3neneHne denoBeUECKOTO MBIIUICHHS HA BOCHPHUATHE U
MOHMMAaHUE JIOCTaTOYHO YCIOBHO W HE BCErJa OIPaBJIaHHO.
[IpuHATO BBHIAENATH 4YETHIPE OCHOBHBIX (M CBS3AaHHBIX C
MaTeMaTHIeCKOH (dopmanusanyeii) HaIpaBJICHUS
HCCIIEA0BAHUS IPOIECCA MBIIIICHUS:

1. KubGeprernka (Hampumep, BOCHPHATHE KaK MapauieIbHBII

MIPOIIECC).

2. buoHuka.

Heiiponnsie ceru.

4. JluccunaTtuBHBIE CUCTEMbI (HaCTHBIN CiIy4ail pacCMOTpPEHUs
romeocTasa — QyHKI[HOHAIbHBIE CHCTEMBI).

[Mocnennue HampaBiIeHHE CBSI3aHO C CaMOOPTaHM3AIMEH,
MBI OCTAaHOBHMCS Ha HeM Ooliee oApo6HO.

Lenpto  maHHOW  paboThl  SBISIETCI ~ PAacCMOTPEHUE
BO3MOJKHBIX ITOCTaHOBOK 3aJad OCHOBHBIX TEMAaTHYECKUX
HAlpaBJICHUH HM3YyYeHUs! 3PUTENHHOTO BOCHPHITHS B 001acTH
KOMITBIOTEPHOH BH3yalM3allUy, TpPEeXIe BCErO0 C IO3HIMI
MaTeMaTHYeCKOro MojenupoBaHus. HecMOTpst Ha BBICOKYIO
CTENEeHb  IIOMMMOJAIBHOCTH  YEJIOBEYECKOTO  3pEHUs U
BOCHPHSATHS B IEJIOM TEMAaTHYECKUH KPYyr MOTOOHBIX 3a1ad
JOCTaTOYHO y30K:

1. CpaBHeHHE TEKCTOBOH U BH3YyalIbHON HH(pOPMAIIH.
2. 3putensHas QUIbTpanus MOTOKa HH(OpMaIHN.

W

3. BusyanbHbIH aHANU3 U BU3yann3anus HEONPEIeICHHOCTH.
4. Ouenka KadecTBa (3proHOMHUYHOCTN) JIHCIIICEB
(peamcTUYIHOCTH U300PAKEHNS).
5. Pacmmpennas Buzyanuzanus (B OCHOBHOM COHH(HUKAIIV).
6. CpaBHeHHe cTepeoH300pakeHHsI U JAPYTHX METOIOB
neperadn 00beMa M TIIyOHMHBI HPOCTpPAaHCTBa (HAIpHMeEp,
TapaJulakc ABVDKCHHUS) M UX HHTETPHPOBAHHE.
7. BupryansHas u pacmmpeHHas (JONOJHEHHAs) PealbHOCTb.
8. TecTtupoBaHUE U TPEHAXKEPHI.
KoneuHoi1 1ienpio M3y4eHus: 3pUTENbHOTO BOCIPHATHS JUIS

KOMHBIOTCpHOﬁ BU3yaJIM3allun SABJIIACTCA HC TOJIBKO
TIOBBINICHHUE AJITOPUTMUYECKOI0 Ka4e€CTBa CUCTEM U yCTpOﬁCTB
BU3yau3aluu, HO u BO3MOXHOCTh pa3pa60TKH

caM000yJalomuX TPEHAKEPOB, OCHOBAaHHBIX Ha TeHEpaIuu
OTpHUIATEIILHOH OOpaTHOH CBSI3W, HampuUMep, C IIO3MIHH
JMCCUIIATHBHBIX MIIH (D)YHKINOHATIBHBIX CHCTEM.

2. ANCCUNATUBHBIE CUCTEMbI

I[I/ICCI/IHaTI/IBHa}I cucrema - KBaSI/ICTaHI/IOHapHaSI OTKpLITaSI
CHCTEMa, xapaKTepHoﬁ OCO6€HHOCTB}O KOTOpOﬁ SIBIISICTCA
HpOHCCC caMoopraHmauHH, HpOI/ICXOﬂ}HlII/Iﬁ B pe3ynLTaTe
HeﬁCTBHH OTpI/IHaTCJIBHOFO BCKTOpa, HaHpI/IMCp, CHJIBI TpCHI/IH.

HOHCHI/IM OTJIN4HHUEC l[PICCPIHaTPIBHOﬁ CUCTEMBI OT 3aaa4yu
OIITUMAJIBHOT'O praBJICHI/ISI B cnyqae HHHeﬁHBIX CUCTEM:

x = Ax - Bu,
rae u — OINTHUMAJIBHOC praBHCHI/IC, KOTOpOC Haao Hal‘/lITI/I‘
HOCKOIILKy JUCCHUIIAaTUBHAsA CHCTEMA SABISICTCA OTKpBITOﬁ
CHCTCMOﬁ praBHeHHe HpI/IXO,HI/IT HU3BHEC, OHO MH3Ha4daJlbHO
3aaHo. BBCHGHI/IC B paCCMOTpCHI/IC OTpI/ILIaTGJ'IBHOTO BCKTOpa
WIA OTPHLATEIHHOH OOpaTHOW CBS3M CyXaeT Kpyr 3amad 1o
MOHCHeﬁ C HAaCBbIIIICHUEM.

O6HaCTB HpI/IMCHCHI/Iﬂ JUCCUIIAaTUBHBIX CHUCTEM AOCTATOYHO
IlII/IpOKa, Ha4YuHasA OT MPIKpprOBH}I - paCCMOTpeHI/I}I KIICTKHN
opraHusMa, J10 MakpOypOBHS — MOJEIMpPOBAHHE YCTPOWCTBA
BCCHCHHOﬁ. TCOpI/HO Xxaoca " TCOpI/II() SBOJKOIMU MOXKHO
CUHUTATh YaCTHBIMU CHy‘Ia}IMI/I JUCCHUIIAaTUBHBIX CHUCTEM.
BHI/I3KI/IMI/I 10 IIyXy SIBIISKOTCA B 06J'IaCTI/I 3KOHOMHUKHN HayKa
CHHepTCTI/IKa, a B 06J'IaCTI/I HpOrpaMMHpOBaHI/IH ABTOHOMHBEIC
BBIYUCIICHUS. HOCKOHBKy JaHHas pa60T1>1 TIOCBAIICHA
BOCIIPHATHIO BH3yallbHOW HWH(opManuu, Ooiee moapoOHO
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OCTaHOBUMCS ~ Ha
I1.K. AnoxuHa.

UenoBek HAXOAUTCS B COCTOSIHHE ToMeocTasa (IIOYTH
CTaTHYECKOTO  paBHOBeCHs).  BwlmemsioTcss  aBa  Tuma
¢yHKIMOHANBHBIX ~ cucTeM. CHCTEMBI  IEpBOTO  THIIA
obecreynBaloT romeocrad 3a C4€T BHYTpPEeHHHUX (yxke
HMEIOIIUXCST) PECYpCOB OPraHU3Ma, HE BBIXOAS 3a €T0 MpeIelTbl
— 3aMKHyThle  cucTeMbl. CHCTeMBI  BTOPOTO  THUIIA
MOAJICPKUBAIOT TOMEOCTa3 3a CYET M3MECHEHHS IIOBEICHHUS,
KoTopoe opMupyercs B pe3yibTaTe OTPHIATENbHOH 00paTHOM
CBSI3H — OTKPBITHIC (JJUCCUIIATUBHBIC) CHCTEMBI.

@OyHKIMOHANBHBIE CHCTEMBI BTOPOTO THUIIA IPECTaBISIOT
HHTEpeC OIS CO3JaHHA CaMOOOYdalomIMX  TPEHaXXEpOB,
OCHOBaHHBIX Ha I'eHEepaliH OTPUIATEIbHONH OOpaTHOH CBS3H,
HO B 9TOM Clly4dae, CKOpee BCEero, HaJl0 paccMaTpuBaTth 3ajady
ONTHMAJILHOTO ympaBlieHUs. [lepcreKTUBHBIM HaIpaBICHUEM
SBISIETCS  M3y4deHHe DJHIedanorpaMMbl Mo3ra ¢ IEJbI0
pacnozHaBaHHs OOpaTHOW CBS3M M BaIUJAlUH MOJENCH
BOCHPHSTHSL.

IMocnemnue wnccnenoBaHUs B 00NACTH  JUCCHIATHUBHBIX
CTPYKTYp IO3BOJISIIOT JENaTh BBIBOA O TOM, 4YTO IIpoIecc
caMOOpraHM3alMHU IIPOUCXOIUT ropa3no ObICTpee IMPH HAIMIHH
B CHCTEME BHEIIHHMX M BHYTPEHHHX IIyMOB. Takum oOpaszom,
myMoBble S(QEKTsl NPUBOAAT K YCKOPEHHIO IIpoIecca
caMmoopranu3anui. Tpemop ria3 u TpemMop pyK — KoieOaHHs
MaJioil aMIUTUTYbI, (PAaKTHYECKH 3TO IIYM, H MX HEOOXOIUMO
YUHUTBIBaTh, KaK B IPOIECCe MOJCIHPOBAHUS, TaK M C IENbBI0
YCKOpEeHUsI 00y4eHHs Ha TPEeHaXepax.

KiroueBbIM MOHATHEM UCCHNATHBHBIX CHCTEM SBISIETCS
sHTponust. Hampumep, TepMoauHaMu4ecKass SHTPOIHS - Mepa
HEOOpaTHMOI JUCCHIIAIMK SHEeprud. I[IOCKOIBKY IOHATHS
TepMOJIMHAMUYECKOH SHTPONUH U MHPOPMAINOHHOH SHTPOIHH
(uH(bOpPMATUBHOCTH) OJIM3KU WM JaKe SKBHBAJICHTHHI ObLIa
MOCTaBJICHA IeTb HAWTH WILTIOCTPATHBHBIN IPUMEp TUHAMHUKU
JUCCUNATHBHBIX ~CHCTEM B 001acTh  MH(OPMAIMOHHBIX
TexHosoruid. Okazanaock Mpolle B3sATh U3BECTHBIHN npumep [5] u
PaccMOTPETh €ro ¢ TOYKH 3PEHHMs JUCCUIIATUBHBIX cUcTeM. Puc.
1. mpexcraBisieT  BU3YalbHBIH — aHANIN3  AESTENBHOCTH
KPEIUTHBIX oprann3anuii. OH IO3BOMSAET CTPOUTH CYXKICHUS 00
0o0pa3oBaHMM  KJIACTEPOB  (OMCCHIATHBHBIX CTPYKTYp) H
HaXOAWUTHh OOBEKTHI, CTpeMsIIMecs OKa3aThbCsl B KiacTepe
(aHANOTMYHO, MOJIETM ABM)KEHHSI aMe® B CTOPOHY BEIIECTBA C
HanOoJbIICH KOHIICHTpAIHEH ). C TOYKH 3peHust
JHMCCUIIAaTHBHBIX CUCTEM Ha CJIEMYIOIIEM Ilare KiacTep JODKeH
pa3pymuTbcst  (OOBIYHO IO TPEBHINIEHHIO  HEKOTOPOTO
MOPOTOBOTO 3HAUCHUS) M Ha ero mnepudepuu JODKEH
chopMHpOBATHCS HOBBIH Ki1acTep.

TEOpHUHU q)yHKLII/IOHa.IILHLIX CHUCTEM

Puc. 1. Knacrep u 00BbeKT, cTpeMsIIIecs: OKa3aTbCs B
knacrepe [5].

Kak yxe oTMe4anochk, JUCCHIATHBHBIC CHCTEMBI SIBISTIOTCS
HE CIVHCTBEHHBIM HANpaBIeHHE B 00JACTH U3YYEHHS
3PUTEIBHOTO BOCIPHUATHS U YEIOBEYECKOTO MBIIUICHHS, HO
HMEIOT  JIOCTaTOYHO MIMPOKYI0  00JacTb  NpPUMEHEHWUs.
Hampumep, oHM IpUMEHSIOTCS B O0NAaCTH JMHTBUCTHKHU, a
YaCTHBIM ciy4all - (QyHKIMOHANBHBIE CHCTEMBI, MOXET
paccMaTpUBaThCS HE TOJNBKO KaK OfHA M3 METOJUK CO3JAaHHS
TPEHaXXepOB, HO M M3YUCHHUS 3PUTENBHOH (QMIBTPAIMU ITOTOKA
nHpopMaMu — OAHOTO W3  HANPAaBICHUH  U3YYEHHS
3PHUTEIBHOTO BOCIIPHUSTHS.

3. OCHOBHbLIE HAMNPABJIEHUA WU3YYEHUA
3PUTENbHOIo0 BOCMNPUATUA

OTH HamnpaBlieHHS OBUTM TIEPEYHCICHBl BO BBEJICHHE
padotel. KoHewHO, OHM YacTHYHO MEPECEKAIOTCS MEXIY COOOH,
a BOCHpUATHE IepeceKkaeTcs ¢ MOHMMAaHUEM, HO HUMCKOT
OIIpEICIICHHOE CaMOCTOSATENIbHOE 3HAYCHUE, M TIO3TOMY BCE ITO
MOXKHO CYHTaTh 0a3MCOM WIH CEMaHTHYCCKHMH €IUHHIAMH
MEHTAJIBHOTO TPOCTpaHCTBA BU3yasu3anuu. s Toro, 4roOsl
paccMaTpuBaTth KOMITBIOTEPHYIO BU3YyaJIH3aLHUI0 KaK
CaMOCTOSITENBHYIO JUCIHIUIAHY, HEOOXOOHUMO Cc(OPMHPOBATH
MEHTaJIbHOE  TPOCTPAHCTBO  BH3yalHW3allMd CO  CBOCH
CEMaHTHKOH, NMparMaTHkod u Oa3ucoMm. BusyaibHbIE TEKCTHI
MOXKHO paccMaTpHBaTh B KauecTBe 0as3ica YHHBEPCAIbHOTO
MPOCTPAHCTBAa BH3yanu3anmuud [4], TO ecTb OHH HMEIOT
OCHOBOIIOJIAraloNIiee HCTHHHOCTHOE 3HaueHHWe. Bepudukarms
BH3yallM3allid - OAWH M3 OCHOBHBIX HHCTPYMEHTOB CO3JaHHS
JAHHOTO  TPOCTPAHCTBA, M  IO3TOMY  TEMAaTHYECKHE
HaTpaBJICHUS M3YYEHHUs 3PHUTEIFHOTO BOCIPHATHS OyIyT
MpEJICTaBICHBI HE CTOJIBKO B KayecTBE 0030pa JUTEPaTyphl, a U
B KayecTBE MAaTEMAaTHYECKHX IIOCTAHOBOK 33Ja4, TPEOYIOIIUX
peleHHs.

Kubeprernueckoe HaIpaBJICHHE paccMoTpeHus
BH3YallbHOTO TEKCTa KaK HENPEPHIBHOIO  OTOOpaKeHHS
SIBIISICTCS.  TEPCIIEKTUBHBIM, HO HEPEIICHHBIX  BOIPOCOB
CIIMIIKOM MHOTO. B TOM dmciie Mo MoIeslu NMOTOKa JaHHBIX,
KOTOpass HMEET 4YacTHYHOE MEepecedeHue C METOIUKOU
3pUTENBHONM (UIbTpanuU MoToka HH(opmanmu [6]. [anee
OCTAaHOBHUMCS Ha OTOH METOAMKE HU3YyYCHHS 3PUTEIBHOTO
BOCIIPHATHUS U Ha TEXHOJOTHU (QHUIBTPALUH TaHHBIX, KOTOPAs
nMeeT BakHOe (ONHM3KOe K EIMHHUIIEC) 3HAYCHHE B Cliydae
00pabOTKH JNaHHBIX OONBIIOr0 00bEeMa, BKIFOYAS PE3YJIbTAaThI
MapauIeIbHBIX BRIYACICHHH.

3.1 3putenbHasa ¢punbTpauna NoToka
MHcpopmauum

Hannas  meromuka [6]  QopmampHO  cBsizaHa  C
(YHKIMOHATBHBIME ~CHCTEMaMH BTOPOTO THIIA W TEOPHH
ynpasierus. C IeIpl0 H3y4eHHS 3PHTEIBHOIO BOCIPUSATHS
MPUMEHSETCS ~ KHOCPHETHUCCKHHA  MOAXOJ  MaHHITYJISIHA
BXOJIHBIM  TIOTOKOM  HH(popMamun  (M3MEHEHHE  JABYX
mapameTpoB oObekroB: 1Beta W ¢Gopmbl). Hampumep,
NMpPUMEHEHUE  CBETOQHIBTPa B paMKax  HATYPHOTO
WCTIBITATEIFHOTO CTCHIA TO3BOJST BUPTYAIBHYIO OJOKHPOBKY
3pUTENBHOrO HepBa. s MaHHOW METOIMKH HAalpalninBaeTCs
co3/1aHne BUPTYaJbHOTO  HCIBITATEIBHOTO  CTEHAA:
MPUMEHEHUE OYKOB BHPTYaJbHOW PEabHOCTH M IMPOTrPAMMHOC
yIpaBlieHHE NOTOKOM HH(GOpPMAaLUK, BKIOYas (OUIBTPAIHIO
JTAHHBIX.

Kax ormeuaercs [6], y METOAMKHN XOpoIIas BAIMAHOCTb, HO

Ha ypOBHE BOCIIPHSATHS MIOCTOSIHHO BO3HUKAIOT
TPyJHOOOBSICHUMBIE BU3yanbHble apTedakTsl. Hanpumep, ecin
B OYKax  BHPTYalbHOM  pealbHOCTH  paccMaTpuBaTh

TOPH30HTANBHYIO O€Nyl0 JIMHHIO, TO Ha NEpUPEepUH 3pEHHS
MOXKHO 3aMETUTh TJIQJIKOC Pa3lIOKEHWE STOW JIMHHM Ha TPH
JIMHAW pasHoro nBera. KOHEYHO, NMPHYMHBI BO3HHKHOBEHUS
MOJOOHBIX BU3YaIBHBIX apTe(hakTOB MOXHO (OpPMAIBEHO
0O0BSCHUTH, HO HE (DAKT, 4YTO UIMEHHO dTa MOJEJb CpabaThIBacT
Ha YpOBHE 3PHUTEIBHOTO BOCIPHATHS 4YeloBeka. Hampumep,
MOJKHO PacCMOTPETh B3BEIICHHYIO CYMMY CTEPEON300paKEeHHS,
OCHOBaHHOTO Ha OWHOKYJSIDHOW IHMCHApaTHOCTH, W JPYTUX
BHIOB OOBEMHOTO 3PCHUSL.

Mogenu ¢unbTpanuu AaHHBIX [3] Takke KHOCPHETHYCCKH
MEPEHOCATCS. B O0JIACTD M3YYEHHs 3PHTCIBHOTO BOCIPHSTHS,
MMOCKOJIBKY CTAHIAPTHBIA rpadUuecKiii KOHBEWEp, B TOM YHCIIE
MOJICIIb ITOTOKA JIaHHBIX, MPEICTaBIACT coboit
[I0CJIEI0BATEILHOCTh MPOIIECCOB ¢upTpanyy,
reoMeTpHIeCKOi 00pabOTKH, peHICpUHTa.

3amava BU3yalIn3aliK JaHHBIX OOJBIIOro 00beMa He IMEET
pemieHnss 0e3 MOCTAaHOBKM 3a1a4d (HIBTPALUHN IAHHBIX MU
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CEMaHTHYECKH OJIM3KUX IOOXOJOB, HANpHMEp, TaKHX, Kak
arperauusi, peaykuus, kiacrepusanus. OUIbTpanus JaHHBIX
(punpTp) — dr0Gas omepanys Hal AaHHBIMH, M3MEHSIOMAs MX
konmuecTBo (“He xemmpoBaHue”). B aTom ompenencHue “He
XCIIMPOBaHHE” PAacCMaTPUBACTCS, KaK HEOOXOAWMOE YCIIOBHE
yCTaHOBJIEHHE Hpeanopsaka. dopMarbHO MOXHO TOBOPHTH O
MMOCTPOCHUY Upeala.

Puc. 2. IIpoctpaHcTBeHHas: (GUIBTPALIUS C HTOMOIIBIO
MeTadopsl anbda-chepsl.

B kadecTBe WIITIOCTpallMM MOXKHO TIPHBECTH IIPUMEp
MIPOCTPAHCTBEHHON (UIBTPAIMU TAaHHBIX, PEATN30BaHHBIA C
moMompio MeTtadopsl anmbda-chepsl (puc. 2). Eciam ambda-
chepy nnmm QUIBTP CEYEHHs IIOCKOCTBIO PAaccMaTpUBATh Kak
SICUIIOH-TIOKPBITUS, TO BO3MOXKHO IPUMEHSTh  MOZIENN
IUCKpeTHOH onrtuMusanud. [locTpoeHue (GUIBTPOB Ui
KOHKPETHOH 3a/]auyl BU3yalM3al[i{ WM JAHHBIX MOXKHO TaKXke
paccMaTpHuBaTh Kak 3a7ady ONTHMAIBHOTO yIpaBieHus [3].

ONCUIOH-TIOKPBITUSL ¥ BH3yaJbHbIC apTe(aKThl MOXKHO
paccMaTpuBaTh Kak HeomnpejeneHHocTd. CyiecTByeTt OoJbIoe
KOJIMYECTBO AHTIIOSA3BIYHBIX 0030pPOB 110 BU3yalIbHOMY aHAIU3Y,
BU3yaIM3allid U PACIPOCTPAHEHHUIO HEONPEAEIEHHOCTH, YacTo
coJieprKamnue HPOTHBOPEUYHBYIO " HEJIOCTOBEPHYIO
nH(pOpMaIHIO, U TT03TOMY TPeOYIOIIHUE ONPEIEIICHHON PEBU3HH.
OaHoM W3 NpUYMH TNPOTHBOPEYUIl sBiIsSEeTCs TO, YTO
HEOTPEJEeTICHHOCTh MOXET OBITh IOHSATHEM  Pa3UYHBIX
MaTeMaTHIECKUX JHCIHILINH, HarpuMep: JIOTUKHI
(Tpex3HauHasi, HeUeTKas JOTUKA), TEOPHH IPHHSATUS PELICHHI.
Ms1 CUUTaeM, 4TO JIOCTaTOYHO paccMOTpeHHs
HEOTIPEIeTIEHHOCTH C IIO3MIUH MaTeMaTH4ecKOTo aHajIH3a:
TIPe/IeNIHON HEOTPEeTIeHHOCTH - HEOIIPEEIeHHOCTH, KOTOpast
UMeeT KOHEUHBIH Tpejael B KOHKPETHOH MeTpH3yeMoi
TOMOJIOTHH.

3.2 BusyanbHbIW aHanu3, BU3yanusaumsa u
pacnpocTpaHeHue HeonpeneneHHOCTU

B paGore [9] BBomuTcs mOHATHE BepUPUIHPYEMOi
(Bepuduiupylomeil) BU3yalH3allMd, KOTOpas OTCIEKHBAET,
KaK PaclpoCTPaHSAETCs! IIOTPEIIHOCTh (HEONPEAEICHHOCTh) Ha
BCEM  JTale  BBIUMCIUTENBFHOTO  KOHBEHepa,  BKIIOYas
Bu3yanusanuio. [TogoOHEIH ToAX0 B 00ImIeM ciIydae HPHHATO
Ha3bIBaTh MOJENBIO C HEONPEJEeNCHHOCThIO, 3 B YaCTHOM -
BU3yanu3anuel ¢ HeomnpeaeneHHocThio. C pyroi CTOPOHBI B
oToOpa’KeHHEe MHTEpBala Ha MHTEepBal (KOMIAKTa Ha KOMIIAKT)
HET HHKAaKOH HEONPEJEeTeHHOCTH HH C TOYKH 3PEHHS
BOCHPHSATHS, HH C  TOYKM  3PEHHS  MaTEMAaTHKH.
PacmipocTpanenne HeomnpeeIeHHOCTH He TaK HHTEPECHO, €CIN
OHO HE INPOTHBOPEYUT OICHKAM BBIYUCIHTEIBHOTO METOJa,
HEOOXOJUMO HaXOAWTH BU3yallbHBIE apTe(aKkThl U OOBSICHITH
UX TIPUYMHB BO3HUKHOBeHMs. Hampumep, BuU3yalbHbIE
apTeakThl KaK  CIIEICTBHE: 3PHTEIBHOTO  BOCIIPHATHS,
HU3MEHEHUS] OpHEHTAIMN HOopMaiedl (BBIPOXKACHHBIC SUCHKH),
BEIYHCIUTENBHOM morpemHocTd. Ecim pa3smep BU3yalbHOTO
apTeakTa yMEHBIIWICS OJHOBPEMEHHO C YMEHBIICHHEM Iara
BEIYHCIICHUH (aHanorus ¢ MeronoM Pynre), To, ckopee Bcero,
9TO CJIE/ICTBUE BBIYUCIUTEIILHON ITOTPEITHOCTH.

HeomnpeneneHHOCTs MOXET OBITH, €CIIM OTOOpa’KCHHE He
SIBISIETCS B3aMMHO OJHO3HAYHBIM, TOTAA HAI0 OTOOpaXaTh
packpalleHHbIe HWHTEpBalbl. B  BU3yallbHOW  CEMHOTHKE
HCTIONB3YETCs TOHSATHE BHU3yalbHON IEpeMEHHOH (Hampumep,
¢dopma oObekTa) M CTaBHTCA 33j7ada II0Ka3aThb C MHO3UIHUIT
WHTYUTHBHOH JIOTHKH, YTO 3HAK 3TON NMEPEeMEHHON COIEPIKHUT

HEoTIpeieIeHHOCTh. [locTaHOBKAa HE JMIICHHAs CMBICNIA, HO
JOCTaTOYHO PACCMOTPEHHs CTAHAAPTHBIX  MaTEMaTHYECKUX
3a1a4: onpeseeHne HHPOPMATHBHBIX MTPU3HAKOB, BU3YalIbHBIN
aHaNM3 YyBCTBUTEIBHOCTH pEIICHUS B 3aBUCHMOCTH OT
rapaMeTpoB NPHKIaJHOW 3ajJadyd, Hampumep, B oOmacTtu
razoBoi auHamuku [2]. W opueHTHpOBaThCA HaNO0 HE Ha
HHTYUTHBHYIO JIOTUKY M CEMHOTHKY, a Ha (U3WYECKHH WU
MaTeMaTHYeCKHH  CMBICH, HampuMep, B J3TOM  Cllydae
JTaMHUHapHOE TEYEHHE, a B 3TOM TypOYJICHTHOE, MapaMeTpbl
Takue. Paspemienne HeoNnpeaeneHHOCTH U 0TOOpakeHue TOYEK
Ondypkanuu B BUAE pPOraToOK, BOCHPHHUMACTCS B pPaMKax
TPeX3HaYHOW JIOTHKH, HO MaTEMaTHYECKN MOXKET OBITh CBSI3aHO
¢ HeuddepeHnupyeMoCThIO IO TapaMeTpy.

MmHoronapamerpudeckass MOJENIb BH3yalbHOTO TEKCTa
SIBISIETCS JOCTaTOYHO OOIIEeH, M MPUMEHHMA IJIsi BU3yalbHOTO
aHaNM3a W BH3YaIN3allusl HEONPEIEeIICHHOCTH, IIOCKOIBKY B
MOJIENIH, KPOMe IPOCTPAaHCTBEHHO-BPEMEHHBIX XapaKTePUCTUK
YUHUTBIBAIOTCSI YaCTHBIE ITPOM3BOJHBIE BU3YaIbHOTO TEKCTA MO
ero nH(MOPMATUBHBIM MpH3HAKaM [4]. JIByXUHICKCHAs HOTALUS
HEOTIPEIeTIEHHOCTH, B KOTOPOH HIDKHUHM HHIEKC o0o3Haudaer
Ppa3MepHOCTh HE3aBHCHMBIX JaHHBIX, 8 BEPXHHUH KOJIHNYECTBO
3aBUCHMBIX MEPEMEHHBIX, HpPUTOJHA [UIS KJIacCH(HUKAUN
HEOTIpeIeIEHHOCTH, ¥ 3aMMCTBOBaHA U3 KIaCCU(HUKAIIMU BHIOB
otoOpaxxeHue (cymHocteit) [7], HO HE YYUTBHIBAaeT HH
TIPOUCXOXKICHHS HHU crocoba TIPE/ICTaBICHUS
HEOTIpeIeTIEHHOCTH.

B pa6ore [10] paccMoTpeHa MPpUMEHUMOCTB TpeX Hauboiee
IUTHPYEMBIX TEOpPHUIl BOCIPUSATHSA-NOHMMAHUS JUIS aHAIN3a U

BU3YyaIM3allun HEONPEACIICHHOCTH, OCHOBAHHBIX Ha
HITI0JIb30BAHHH!
1. BHBya.HLHBIX INEPEMEHHBIX, KOTOpbIC Ha4YuHaIT

PacIO3HaBaTLCS HA YPOBHE CETYATKH TIIa3.

2. Ilpunnuna rpaduueckoro COBEpIICHCTBA - 3TO TO, YTO JAET
3puTeno HauOoublllee KOJIMYECTBO WACH 3a KpaTdaiiiiee
BpeMsl C HAMMEHBIIUM KOJIMYECTBOM UYCPHWI B CaMOM
MaJIeHPKOM  IpocTpaHcTBe. (Bo3mMoxuBI ®  japyrue
MHHUMAaKCHbIE  IIOCTAaHOBKH,  HAIpUMep,  CIIOXKHOCTB
HWHTEpIpeTaud, GribTpanus JaHHBIX [3]).

3. ®u3HOIOTHUECKUX ¥ KOTHUTHBHO-IICHXOJIOTHIECKHX (B TOM
YHCIIe TeITAIBT-TEOPHN) UCCIEA0BAHUAX, 00BEIUHSIONINX
JIBa TIPEBITYIINX HAPaBICHUSL.

W3ydyeHne W MOJAEIMPOBAHUE 3PUTEIBHOTO BOCHPHUSTHS
HEBO3MOXKHO 0e3 MMHHMAaJbHOTO 3HAHMS Helpodusnomorun
ocobeHHO It o0beMHOro 3peHms. CTpyKTypa OCHOBHOTO
3PHUTEIBHOTO ITyTH, HAIIPHMED, IPEJICTAaBICHA B KHHTE [6].

3.3 CTrepeousobpaxeHue u gpyrme metoabl
nepegayn o6bema u rnybuHbI NpocTpaHCTBa

Urto0Obl He yTaThCs OyIeM pa3zieNsiTh CTepeon300paxeHue,
OCHOBaHHOE Ha JUCIIApaTHOCTH 3pEHUs, Kak Hamboiee 4acTo
HCTONB3yeMoe H 00beMHOe H300pakeHHe (3peHue) — Bce
OCTalbHBIC ~ METOABl  Iiepefadydn o0beMa M TIIyOHHBI
npoctpancTBa. OCHOBHBIE MEXaHHM3MBI OIIEHKH O0beMa U
TITyOHHBI IPOCTPAHCTBA!

Heiipodusnonornyeckue: IUCHapaTHOCTh 3pEHHS, TPEMOP
(mBmxenune a3 c¢ yacroir 150 I'm m Manoil aMIUUTYZIO#),
aKKOMOJAIMS XPyCTallKa, KOHBEPTeHINS U TUBEPTEHIUS Oceit
IJ1a3, MOJIMMOJaIbHOCTE 3PEHUS U BOCTIPUSTHS;

CpoiicTBa  NPOCTpAHCTBA: napajuiakc  JIBIDKCHHS,
[epCIEKTHBA, TEHH, LBeTOBble d(dexTsl  aTMochepsl
(Ipo3pavHoOCTB).

CTOMT  OTMETUTh, 4YTO KOMICHCATOpHas  (yHKUHS

3pUTEIBHOTO BOCIIPHUSTHSI UENOBEKa O4YeHb pas3Bura. OHa
HanpsMyIO CBs3aHa C BBDKMBAeMOCThIO BHJa. CrepeospeHue
TIOJTHOCTBIO KOMIIEHCHUPYETCS APYTUMHU CIIOC00aMHu 00BEMHOTO
3peHUs, Cpeau KOTOPHIX HamOojee BaXXHYIO pPOJIb HIpaeT
Tpemop ria3. Kak yxe orMedanock, KOMIeHcaTOpHash QyHKIHS
MOXET  paccMaTpuBaThCd  KaK  B3BENICHHAas  CyMMa.
KunbepHernueckast MOJIeNIb CTEPEO3PEHNUS JOCTATOYHO MPOCTast
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— pasnoxenue B pan (Dypwe, Ditnep, Jlamnacuan) mo AByM
0a3uCHBIM (PYHKIIHSM, B YACTHOCTH 110 ABYM (KPUBOJIMHEHHBIM)
KOOpAWHATAM.

CunTaercst 1OKa3aHHBIM, YTO BO BPEMs BOCIIPUSTHUS LBETa
paboTaeT pa3sHOCTHas CXeMa IO JBYM BPEMEHHBIM TOYKaM,
MOCKOJBKY BOCHPHHUMAETCSl HE UIMHHA BOJHBI, a Pa3HOCTh
(u3MeHeHne JUIMHHBI BOJHBI). ECTECTBEHHO IPEAIOIOXKHTS,
4TO KHOEpHEeTHYeCcKasi MOJIeb TPEMOopa IJla3 TakKe pa3HOCTHAs
cxema. Pa3HOCTHas cxema THIIa KPecT:, ¢ Hadaja BBITOIHIETCS
muddepennupoBanre (0TOOpaKeHHE TEPHAPHBIX TPEMOPHBIX
nIydeil B KPHBOJHMHEHHBbIE KOOPJWHATHI KOJEHYATOTO Teie), a
3aTeM 00paTHOE MHTETPUPOBAHHME KPUBOJIMHEHHBIX KOOPAWHAT
B MO3O0JIUCTOE TEJO, COSJHHSIONIEEe IBA MOIyIIapHs TOJIOBHOTO
Mosra. KOCBeHHBIM HOATBEpKAECHHEM TOro, 4ro padoraer
pa3HOCTHasi CXeMa II0 TPEM BPEMEHHBIM TOYKaM, SBIITFOTCS
SMIUpUYECKHEe JaHHbIEe: YacToTa TpemMopa ria3 150 I'u, a Bpems
3aepXKKH  BOCIPUSATUS ~ OJHA  ISATUAECATas  CEKYHJBI,
CJIeI0BAaTENbHO, 3aJIepiKka COCTaBISIET TPH TaKTa TPEMOpa.
Omnenka TIPOU3BOUTEIBHOCTH TpEeMOpHOIt MOJIEITH
3pUTEIBHOTO  BOCHPHATHS: KOJMYECTBO HEHPOHOB TJjasa
150000000 namo yMHOXUTH Ha dyactory 150 u pesynbrar
BO3BECTH B KBajpaT (CIOXHOCTb BBIYHCINUTENEHOTO METOAA
N?), M0JIy4aeTcst MPUMEPHO 10%. Jins CpaBHEHHUSI HOPSAA0K
9KCa(IOMHBIX BBIYHUCICHHH 10", Ecim Mbl He 6Gorm, TO
MIPON3BOUTEIBHOCT TTapaJlIeNbHBIX BEYUCICHNI OrpaHUYeHA
CBEPXY 3PUTENBHBIM BOCTIPUATHEM.

IMockonbKy MPONU3BOAUTETBHOCTD 3PUTEIEHOTO BOCHIPHUSTHS
ype3MepHa, UMeeT IPaBO Ha CYIIECTBOBAHHE THUIIOTE3a O TOM,
YTO  YENOBEUECKOE  MBIIUICHWE  SBISACTCS  apTe(hakToM
3PUTEIBHOIO BOCHPHATHA C TOYKH 3PEHHS HCKYCCTBEHHBIX
HeHWpoHHBIX ceTeil. CllyX M OCsI3aHHUE SBISIIOTCS BPOXKIEHHBIMU
YyBCTBaMH, a 3peHHe IMpHoOpeTeHHbIM. 3penne GopMupyercs B
nporecce 0O0ydeHUS] HEHPOHHOHW CETH, MOBTOPSS MEXaHH3MBI
9THX  OpPraHOB  YyBCTB:  CTEPEO3PEHHI0  COOTBETCTBYET
JMCIApaTHOCTh CIyXa U ocs3aHus (JICBIIA - MPaBIa), TPEMOPY
3penus - Tpemop pyk. Ilociae oOydueHus B HEHpOHHOH ceTH
0CTaJoCh CBOOOAHOE MECTO, NMPUPOJA HE TEPIUT IYCTOTHl U
cBOOOHOE MECTO 3aHsII0 MBIIIUICHHE. Kpome
(M3HOJIOTUUECKUX ~ OCHOBAHMI  CyHIECTBYIOT — KOCBEHHBIE
TICUXOJIOTHYECKHE MOATBEPKICHHS 3TON THIIOTE3bl, HAIPUMeED,
pemas TPyAHYIO 3ajady, JIOJH CKJIOHHBI OTKIIOYAaTcs OT
BOCHPHSTHS, TeM caMbIM OCBOOOXIAs JOIOJIHHUTEIBHOE
MIPOCTPAHCTBO. JlaHHAs THIOTE3a PacCMATPUBACTCS BCETO JIHIIb
KaKk MOfeNb, B TIO0OM Cilydae HOJUMOJAIBHOCT 3PEHHS U
JIPYTHX OpraHoB UyBCTB CYIIECTBEHHa NpPH H3yYECHHH
3pHUTEIBHOTO BOCIIPUSTHSL.

CymmecTBYIOT pabOTHI, CONOCTABIISIONINE CTEPEO3pPEHUE H
CBOMCTBA IIPOCTPAHCTBA: MeTaopa BOCXO/A COJTHIA OIICHHBAET
BIIMSIHUE M3MEHEHHs ocBemeHHocTH Puc. 3. [4], B pabote [8]
paccMaTpuBaeTcsi MoJielb 00pabOTKH  CTepeon300pakeHHi,
KOTOpas CHadaja ONpENeNsioT TIIyOMHYy IIPOCTPAHCTBA,
MONYyYeHHYI0 M3  [apajlakca  JIBIDKCHHsS, a  3aTeM
KOPPEKTUPYIOT OMHOKYJISIPHBIN TucOaTaHC.

N\
Puc. 3. Bpamenue ucrounuka cBeTa BOKpYT IPaHUIIbI
CETKHU.

Ilo psimy mpuuMH HEe BCce NEPEUHCICHHBIC HANPaBICHUS
H3y4YEHHs 3PUTENBHOTO BOCIPUSTHS OBUIM pacCMOTpeHBl. B
YaCTHOCTH, IOTOMY YTO OHHM YacTHYHO IEPECEKAIOTCS MEXIy
coboli, mpekne Bcero Ha ypoBHe Mozenei. Hampumep,
HaWBHBI  OalilecOBCKMU  IOAXOA TPUMEHSETCS Kak B
TECTUPOBAHUE, TAK U B pa3paboTKe TpeHaxepos [1].

4. 3AKINIOYEHUE

W3ydeHne 3puTEeIbHOTO BOCTIPHATHS SIBIISICTCS aKTyalbHOM
3ajadeil 1yl KOMIBIOTEPHOW BU3yanu3aluu. B nanHoi pabote
TIpe/IaraeTcst CTPYKTYpHUpPOBaHHE MaTepHaoB o
TEeMaTHYECKUM HaNpaBIeHUsAM (y3KOHAIPaBICHHBIM BHJaM
JeATeTbHOCTH) W MojelmsM ¢opManusanun. PaccMmorpenue
Mojeneil BOCIPHUSTHS-IIOHUMAHUS SBIISCTCS YaCTHBIM CIydaeM
BepUpUKAINT (MaTeMaTHYEeCKOro JI0Ka3aTeNIbCTBA
MIPaBHIBHOCTH) BU3yanu3anuy. C [ebio BaIUJaliy Mojelel B
ceKkrope KommbloTepHoM Bu3yammzauuun VMM VYpO PAH
CyIIECTBYeT HaMEpEeHHe HauaTh pa3paboTKy OH-JIAWH CEpPBHCOB
MapajuleNbHBIX  BBIYMCICHHN. Hampuwmep, Ha  ©Oase
KOHCTPYKTOpa BeO-BH3yallH3al[Md pEalu30BaTh aBTOHOMHYIO
OLEHKY J((EKTHBHOCTH JUIi CceMeicTBa aJITOPUTMOB C
BHEIIHEH MaMATBHIO C MO3MIHUM JUCKPETHOH ONTHMH3AINN
(TpaHCHOpTHAs 3a7aya).
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HasepHaﬂ Busyanuniauuna TennoBbiX rnpoueccoB B NPoOo3paYvHbIX
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3Kcnepumenmaﬂbno BU3YAIUSUPOBAHbBL NOJIAL memnepamypsl 6 cjloe noiumemuimemaxpuiama u UCCeO08aHA UX OUHAMUKA npu

HEOOHOPOOHOM Hazpese U 0CMbl8anUl 00pasyda.

Kniouesvie cnoga: pegppaxyus, susyanuzayus memMnepamypHuix noiet, Oonmuiecku HeoOHopoOHas cpeoa, CMpyKmypuposanHule

JasepHvle nyuKi, HeOOHOPOOHUII Ha2pes MEepoo2o mend.

Laser visualization of thermal processes in transparent solid bodies

B.S. Rinkevichyus, I.N. Pavlov, I.L. Raskovskaya, A.V. Tolkachev
rinkevbs@mail.ru|inpavlov@bk.ru|raskovskail@mail.rujavtolk2008@yandex.ru
National Research University “MPEI”, Moscow, Russia

The fields of temperature in a piece of polymethylmethacrylate are experimentally visualized and its dynamics is shown upon

inhomogeneous heating and cooling of a sample.

Keywords: refraction, visualization of temperature fields, optically inhomogeneous medium, structured laser radiation,

inhomogeneous heating of a solid body.

1. BBepeHue

B pabotax [1-6, 8—14] ObuM TpenCTaBICHB METOIUKH
9KCTIEpUMEHTAIbHOW BH3yaldHM3allMd W BOCCTAHOBIICHMS IOJIEH
TeMIIepaTypsl U APYTUX QU3HMUECKUX MapaMeTpoB B XKHUIKOCTH,
OCHOBaHHBIE HAa pETHCTpanuH pedpakTorpaMM Ja3epHBIX
myuykoB. B cratee [7] yKkasaHHBIE METOOWKH  OBUIH
aJanTUPOBAHBl  JUIS  BOCCTAHOBJIEHHS  TEMIEpaTyphl B
HEOJHOPOJHO HATrpPeTOM CJOE MPO3pPavyHOrO TBEPAOTO Tena U
0000IIeHB! AT MCCIEOBAaHMS ABYMEPHOI HEOJHOPOIHOCTH
IpH  WUCIONB30BAHMM U1 30HAMPOBAHHSA  TOYETHO-
CTPYKTYPHUPOBAHHOTO JIA3€PHOTO U3ITyUCHHSL.

Kak xopomo u3BeCTHO, B HACTOSIIEE BpeMs IIHPOKO
pacnupoCTpaHeHbl KOMMBIOTEPHBIE METOABI  BU3yalH3alUH
Pa3sITHYHBIX GU3HIECKUX MIPOLECCOB, KAK B KUIKOCTAX, TaK U B
TBepAbIX Tenax. OfHaKo ciueayeT oOpaTUTh BHUMAHHUE, YTO TPH
KOMIIBIOTEPHOM ~MOJIEIMPOBAHUKM HE BCErJa MOTYT OBITh
y4TeHBI Bce (DaKTOpHI, BIMSIONME HAa (DU3MUECKUH MpoIiecc.
Hampumep, B (9) aBTrOpaMm OBIIO TOKa3aHO, YTO Jaxe
mpocTeiimas 3amgadya OOTEKaHHs METaUTMYeCKOTO HarpeToro
mapa, TTOMEIICHHOTO B XOJOJHYIO BOAY HE MO3BOJISET Y4ecTh
MOSIBICHWE TEPMHKOB CBEpXy IIapa, KOTOPHIE XOPOIIO
BU3YAIM3UPYIOTCS. ¢ IOMONIBIO  METOJOB  JIa3epHOMU
pedpaxrorpaduu (1).

B nanHO#l paboTe SKCIIEPHMEHTAbHO BH3YaTH3UPOBAHEI
MoNs  TeMIepaTrypsl B CIO€  IOJHUMETHIMETaKphiiaTa
(oprcrekna) n mccineOBaHA UX JUHAMHUKA P HEOTHOPOIHOM
HarpeBe ¥ OCTHIBAHHH.

2. 3kcnepumeHTanbHass YCTaHOBKa W MeToAukKa
U3MepeHun

OOBEKTOM  WCCIENOBAaHHW  SBISUICS — NPSMOYTOJBHBIN
3JIEMEHT M3 OPTaHHYEeCKOro CTEeKIa C pa3MepaMu: ImupuHa 153
MM, BbicoTa 140 MM u TonmmuHa 25 mMm. Ha BepxHed rpanu
3JIEeMEHTA TI0 LEHTPY pacrojarajics MPsIMOYTONBHBIA COCYR U3
TOHKOCTEHHOTO aFOMUHHUS TOMMHMHON 0,5 MM ¢ BHYTpEeHHUMH
pasmepamu 26 x 38 x 74,6 mMMm. PeOpa HuKHEH TpaHH HMenH
paguyc 3akpyriaenus 1 MMm. B maHHBIN cocya mpu mpoBeaeHUH
9KCIIEPUMEHTa 3aJuBajloch 52 Mi ropsiuedt Boasl. Ha puc. 1
MOKa3aH BHENIHWH BHI 3JE€MEHTa W3 OpPICTEeKIa U
aIIOMHHHEBOTO COCY/a, PAacIONOKEHHOTO Ha BEPXHEH TIpaHM

anementa. PortorpadupoBaHHEe MPOBOAWIOCH CBEPXY I0J
HeOonbIUM yriioM. Jliist obecredeHus: HaJeKHOTO TEIIOBOrO
KOHTaKTa MEXIy THOM COCYZa M MOBEPXHOCTBIO JJIEMEHTA H3
oprcrekia  Oblla  HaHECEHAa  TEIUIONPOBOJIHAS — MacTa
(xpemuuiiopranndeckas) mapku KIIT-8.

/

Puc.1.BHemnuit Bua seMeHTa U3 oprerexiia u
QTIOMHHHEBOT'0 COCYZa, PACIIONIOKECHHOTO Ha BEpXHEl rpaHu
JJIEMEHTA.

B kauecTBe WHCTOYHMKA W3ITydYeHHS OBUI TPHMEHEH
MaJIOMOIIHBIN (5 MBT) TBepAOTENbHBIA Nazep C JHOAHOU
HaKayvKo#, paboTalomuii Ha JUTMHE BOJIHBI A = 532 HM (3eneHbIi
uset). JlazepHBIH MydoK HampaBisuIcs HA AUPPAKIHOHHBIN
onruueckuii  snmement (JJOD), Ha BEIXOAE KOTOPOTO
(bopMupoBanack cUCTeMa PaCcXOAAIINXCS JTa3epHBIX ITydKoB. B
MONEPEYHOM CEUCHHUH JaHHOH CHCTEMBI Ja3epHBIX ITydKOB
0JIyyanach ceTka ¢ yuciaoM mydkoB 20 X 20, pacrnosnoXeHHbIX
paBHOMEpHO MO cedeHuio. [ Toro, 4robsl chopMupoBaTh
CHCTEMY TapaJUIeNbHBIX J1a3epHBIX IYYKOB, HCIIOJIb30Balach
JUIMHHOQOKycHass  cdepuyeckas JHH32 € (OKYCHBIM
paccrosinuem 260 MM U CBETOBBIM JuaMeTpoM 75 MM. 3a cuer
mogbopa paccrosHus Mexnay JdOD w  oroi  nmH3OU
obecneynBanach MapaIeNbHOCTh CUCTEMBI JIa3epHBIX ITyYKOB
mocne jgaHHOW nmH3BL. Ha puc.2 mokasaHBI 3IEMEHTHI
9KCTIEPIMEHTAIbHON YCTaHOBKH.
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Puc. 2. a) — 31eMEHTHI SKCIIEPUMECHTAIBHON YCTaHOBKH:
1— HCTOYHUK CTPYKTYPHUPOBAHHOTO JIA3EPHOTO U3ITyUCHUS,
2 — oObekTuB, 3 — IUIaCTHHA U3 OprcTeKia, 4 —
AIIOMHUHHEBBIH COCYI,
0) — BU MaTOBOTO KpaHa JUIsl XOIOJHOH MIIaCTHHBI.

Cucrema HapauieIbHBIX Ja3epHBIX My4KOB
HCTIONB30BATACh I 30HAMPOBAHHS OONACTH B OPraHHYECKOM
CTEKJIE T10]] ATIOMHHHEBBIM COCYJIOM C ropsideil BOJOH.

Ha paccrosnuu 317 MM OT 3a/Hel MOBEPXHOCTH 3JIEMEHTA
U3 OPICTEKNAa pacrojiarajcs MAaTOBBIH JKpaH, Ha KOTOPOM
HaOJII0AIOCh M3MEHEHHE BO BPEMEHH COOTBETCTBYIOIINX
pedpakrorpamm (1o Mepe HarpeBa U OCTHIBAHUS ITOTPAHUIHOTO
cios oprcrekia). 3a 9KpaHOM OblIa yCTaHOBJIEHA IBETHAs
mudposas BuAcOKaMepa AT PeTUCTPalnH pedpaKTorpaMmM.

Meronnka TIpOBEJCHHS OKCICPHMEHTa COCTOsIa B
CIIeTyIOMIEeM:

— OCYIIECTBISUIACh IOCTHPOBKA ONTHYECKOH CHCTEMBI
9KCTIEPIMEHTAIbHONH YCTaHOBKH;

— Ha dKpaHe BUJEOKaMepbl (Ha MOHHUTOPE, COMPSHKEHHOTO C
HeH MIEPCOHAIBHOTO KOMITBIOTEPA) Haboanacs
HEHUCKa)KeHHasl ToueyHas peypakTorpamMma;

— Bujieokamepa Bkitoyanack Ha «3AITUCby;

— B QJIIOMUHMEBBIH COCYI 3aJIMBaNach Topsidast BOAA;

— BHIEOKaMepa pETHCTpHpOBaIa HU3MEHEHHE
pedpakTorpaMmM BO BpEeMEHH IO Mepe OCTHIBAHUS BOJIBI B
AIIOMHHHEBOM COCYJIe (3aMHCh Belach MPUMEPHO 9 MUHYT).

Ha puc. 20) noka3aH BHEIIHHI BUJ OTAENBHBIX JIEMEHTOB
JKCTIepIMEHTaIbHOW ycTaHOBKH. Ha pmc. 2a) moka3aHbI:
U PaKITOHHBIH ONTHYCCKUH 3JIEMEHT (109),
JUIMHHO(MOKYCHass JIMH3a, TpeoOpasylomas pacxoIsIryocs
nocne JJOD cucteMmy llazepHbIX ITyYKOB B IapajliesbHyo. 3a
JMH30H pACIONOXKEeH AJIEMEHT M3 OPraHMYecKOro CTEKNa ¢
3aKpEeIUICHHBIM Ha BEPXHEH €ro rpaHy allOMHHHEBBIM COCYAOM,
HAIlOJIHEHHOM XOJIOJIHOH ropsiueii Bojoi. Ha puc. 26) mokasan
MaTOBBIH JKpaH ¢ pedpakTorpaMMmoi, 10 MpPOBEACHUSI
JKCTIepUMEHTa (HencKaxeHHOI HarpeBoM BEpXHEH
MMOBEPXHOCTH 00pasia).

Ha pmc. 3 mpuBemeHa >KCHEPHMEHTAIBHO MONydYEHHAs
3aBHCUMOCTh TIOJIOKEHHMSI TOHKHMX Iy4KOB Ha 9KpaHe,
XapaKTepHu3yomas OCTHIBAHHE BOJBI B AIOMHHHEBOM COCYE,
YCTAaHOBJIGHHOM Ha BepXHEH IOBEPXHOCTH »JJIEMEHTa W3
OpPTaHUYECKOTO CTEKIIA.

OcTblBaHWe BOAbI B cocyfe
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Puc. 3. 3menenne TEMIICPAaTyphbl BOJbI B AJIIOMUHHEBOM
cocyae, YCTaHOBJICHHOM Ha BerHeﬁ NOBEPXHOCTH DJIEMEHTA U3
OpraHu4ecKoro CTekJa.

[Nepen nmpoBeaeHNEM H3MEPEHNUS TEMIIEPATYPHI C TOMOIIBIO
mudpoBoro MymbTHMETpa C TEpPMOIapoil ObIIO IPOBEAEHO
CpaBHEHHME IIOKA3aHMI PTYTHOTO TEpMOMETpa U CHCTEMBI
MyJnbTHMETp-TepMonapa. [lomydeHo, 4To JaHHbBIE, N3MEPEHHbIE
MYJIBTHMETPOM C TEPMONApOH, OTIMYAIOTCS OT IIOKa3aHWi
PTyTHOTO TepMOMeTpa He boiee, yeM Ha + 2%.

Jnst momydenus Gonee MONHOM MHGOPMAIUK O JHHAMHUKE
MPOrpeBa BEPXHEH IMOBEPXHOCTH 3JIEMEHTAa M3 OPraHHYECKOTO
CTEKJIa 3TOT MPOIECC BU3YATH3HPOBAICSA IPSIMBIM TEHEBBIM
METOJOM MpH OCBEIICHHH HCCIeLyeMOH 4YacTH 3JIeMeHTa
MIMPOKHM Ja3€PHBIM MTy9KOM.

C oT0i menbio OblIa CMOHTHPOBAaHA JKCHEPUMEHTANbHAS
YCTaHOBKA, B KOTOPOH MCTOYHUKOM H3ITydEHHS SBIISUICS J1a3ep C
rnapaMerpaMu: MouiHocTh u3nydeHus 100 MBT; nnuba BoJHBI
m3nydeHust 532 vM. C DOMOIIBIO MHKPOOOBEKTHBA C
yBenmueHneM — x20  ¢dopmmpoBancs — pacxonsmuiics B
MIPOCTPAHCTBE JA3€PHBII MyJOK.

[MpsiMble  TeHeBBIE KApTHHBI HAa  MaTOBOM  JKpaHe
PETHCTPHPOBANNCh NIBETHOH IM(POBOH BHICOKAMEpOH M HX
IIpUMeEpBI TIOKa3aHbI Ha puC. 4.

6)

Puc. 4. [IpsmoTeHeBBIe H300paKeHUs 30HBI HarpeBa
oprcTekna: a) Bua o0Opasna 6e3 HarpeBa B HadadbHBII MOMEHT
Bpemenn t =0 ¢; 0) Bum oOpasma IpH TeMIeparype
nosepxuocth 58°C n Bpemenn Harpesa t = 120 c.

Kak cmemyer m3 puc. 4, HpsAMOTEHEBBIE H300pa)KEHHS
SBISIIOTC ~ MalOWH(GOPMATHBHBIMH ~ C  TOYKH  3pCHHA
KOJMYECTBEHHOW JMAarHOCTHKU TPajMeHTa TEMIIEpaTypsl u
3aBHUCSAIIETO OT HEro rPaJNeHTa MoKa3aTels npenoMieHus. [
MOTyYEeHUs] KOJNMYECTBEHHOW WHGPOpPMAMH B 3TOM CIIydae
TpebyeTcs W3MEpeHHE pacIlpeieNieHns] HWHTCHCHBHOCTH B
MIPOLIEAIIEM ITydKe.

Hcnonp3oBanue CTPYKTYPHUPOBAHHOTO JIa3epHOTO
U3ITyYEHUS MO3BOJISIET MPOBOJHUTH KOJIMYECTBEHHYTO
JUAaTHOCTHKY ONTHYECKHX HEOJHOPOTHOCTEH Ha OCHOBE
U3MEpEHHs CMEIIEHHs CTPYKTYPHBIX ODJIEMEHTOB IIydka, B
JAHHOM CJIydYae «TOYEK», OTOOpaXaIoIUXCS B CEUCHUH
TOYCYHO-CTPYKTYpPHpPOBaHHOr0 mydka. Ha puc. 5a u 50
KPYIHBIM IDTAaHOM IOKa3aHBl o0JacTH  pedpakTorpamm,
COOTBETCTBYIOMIAs MAKCHMAlIbHBIM TPAINEHTaM TEMIEPaTypHI.
IMox kakaplM pPHCYHKOM yKa3aHO BpeMss C MOMEHTa
3aMOJTHEHNsI COCyZa ropsdell BOJOH M TeMmIepaTypa BOJBI HA
yKa3aHHbBIH MOMEHT BPEMEHH.

t=45¢;61°C
Puc.5a. DKcrepUMEHTANIbHBIE PEPPAKTOrPaMMbl TOUEYHOTO
CJIN.
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t=480 c; 49°C
Puc. 5.6. DxcnepruMeHTaIbHEIE PePPAKTOrPAMMBL
ToueyHoro CJIM, noka3zaHHbIE KPYITHBIM IJIAHOM.
[pusenen yuactok ceuenus CJIU, nehopmupoBaHHbIH U3-
3a HaJIM4YHUsI TEMIIEPATYPHOTO TPaJMeHTa B BEpXHEH 4acTH
obpasma.

t =240 c; 54°C

B paccmarpuBaemoil 3aaue TeMHepaTypHOE IOJIe MOXKHO
CUNTaTh JABYXMEpHBIM, TaK KaK TpagHeHT TEeMIIepaTyphl B
HaMpaBICHUH TEPHEHANKYIIPHOM IIOBEPXHOCTH oOpasna
MIPEBBIIIAET TPAJAUCHTHI TEMIIEPATyPhI B IPYTHX HAIPABICHHSAX.
OTO 03Ha4YaeT, YTO B AAHHBIX IKCIIEPHMEHTaX HMEET MECTO
cloucTas HEOJHOPOAHOCTh PACHpENENCHHs TeMIepaTypsl B
ncciexyeMoM obpasiie.

Jnst BOCCTaHOBJIEHMS pACTpeleleHHus TEeMIepaTypel B
MOTPAaHMYHOM CJIO€ OpPICTEKIa HCIONB3yeTcsl u3BecTHOE [7]
COOTHOIICHHUE, CBS3bIBaOIIee TemrepaTypy I M IOKa3aTellb
MIPEJIOMJICHHUS N B OPTCTEKIIE:

T(x,y) =Ty +(ny —n(x,y))/ a, (1)

rae  kodpouument 0=0,00015, ny - [okxasareib
[PEIOMIICHUST OpreTeKyia npu Temmeparype To. 3aBHCHMOCTH
MOKa3aTelis MPEIOMIICHHS /(X)) OT BEPTHKAIbHON KOOPAWHATHI
X U TOPH30HTAJIBHOW KOOPIHMHATHI y MOXKET OBbITh HaiijcHa B
pe3ynbTaTte pemeHns 00paTHOW 3a1auu pedpakun Ha OCHOBE
METOJja MUHUMHU3AIKH [elieBoil GpyHKiun. B kadecTBe 1eneBoi
GYHKIMM TPUHEMAETCS CPEIHEKBAJAPATHYHOE OTKIOHEHHE
JJIEMEHTOB  PAcyeTHO# pedpakTorpaMMbl OT  DIEMEHTOB
ouu(pOBaHHON IKCIIEPUMEHTAIIBHOM pedpakrorpaMmmsbl. Pacduer
pedpakTorpaMmbl MPOBOAWTCS HA OCHOBE IMapaMeTPUYECKOM
MOJIEINH TOJIsI OKA3aTelisl IPEIOMIICHHUS] BU/IA:

) =y + EDZI) (14 (2220 0y -y -ty -,)
+ay

rae X, y — BEPTHKaJIbHAas W TOPU30HTANbHAsT KOOPJHHATHI,
COOTBETCTBEHHO, MapaMeTp 71| XapaKTepU3yeT BEIHIUHY
rpagreHTa B HarpeToM cjioe, i — XapaKTepHYIO TOJIIUHY CIIOS,
Xo 3amaeT MOJI