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OPUTUHANBHOCTb

3aVIMCTBOBaHVISt — JJ0N1S1 BCeX HalijleHHbIX TeKCTOBbIX NepeceyeHuid, 3a NCKKUYEHNEeM Tex, KOTopble CMCTeMa OTHeC/1a K LIMTMPOBaHKISIM, MO OTHOLLEHWIO K 06LLeMy 061bemy JoKyMeHTa.
CaMouMTUPOBaHUA — AONS PpparMeHTOB TeKCTa NPOBEPSeMOro A0KyMeHTa, COBNaAatoLLMiA UM NOUTH COBMaAatoLwmnii ¢ GparMeHTOM TeKCTa UCTOYHIIKA, aBTOPOM WM COABTOPOM KOTOPOTo ABASETCS
aBTOp NMPOBEPSEMOr0 OKYMEHTa, MO OTHOLUEHMIO K 06LLIeMY 06beMy AOKyMeHTa.
LInTrpoBaHus — A0Ns TeKCTOBbIX NepeceyeHwit, KoTopble He ABAITCA aBTOPCKMMM, HO C1CTeMa NocymTana Ux NCnob3oBaHe KOPPEKTHBLIM, MO OTHOLLIEHWIO K 06LieMy o6bemMy AokymeHTa. Cloga
OTHOCATCS 0opopmeHHble no FOCTy umMTaThl; 06LLeynoTpebuTeNbHbIe BbIPaXEHNs; dparMeHThbl TeKCTa, HallleHHble B UCTOUHMKaX 13 KONNeKLWA HOPMaTUBHO-NPaBOBOI JOKYMEHTaLMN.
TeKcToBOE NepeceyeHre — GpparmMeHT TeKCTa NPOBEPSAEMOro JOKyMeHTa, COBMaAatoLLMiA AV NOYTU COBMajatoLLWiA ¢ pparMeHTOM TeKCTa UCTOYUHNKA.
WCTOYHVIK — AOKYMEHT, MPOUHAEKCUPOBAHHbIN B CUCTEME U COAEPXKALLMIACA B MOAY/Ee MOMUCKa, MO KOTOPOMY NMPOBOAWTCS NMpoBepka.
OpurvHanbHoOCTbL — A0nA GparMeHTOB TeKCTa NPOBEPSEMOro JoKyMeHTa, He 06HapyXXeHHbIX HU B OZHOM UCTOYHMKE, MO KOTOPLIM LU1a NPoBepkKa, Mo OTHOLLEHWIO K 06LLieMy 06'bemy JoKyMeHTa.
3aVMCTBOBaHVISA, CAMOLMTUPOBAHWSA, LIUTVPOBAHVIA 1 OPUrMHANBHOCTL ABNSIOTCH OTAE/NbHbLIMY NMoKasaTensamu 1 B cymme gatoT 100%, YTO COOTBETCTBYET BCeMy TeKCTy MPOBEPSeMOro JokyMeHTa.
O6palljaeM Ballie BHUMaHMe, YTO CUCTEMa HaXOAWT TeKCTOBbIE NMepeceyeHst MPoBepsieMoro JoKYyMeHTa C NPOVHAEKCMPOBAHHbLIMY B CUCTEME TeKCTOBbLIMM UCTOYHMKaMU. [1py 3TOM cucTeMa SBAsieTcs
BCMOMOraTe/IbHbIM MHCTPYMEHTOM, Ornpe/eneHvie KOPPeKTHOCTU 1 MPaBOMEPHOCTY 3aMCTBOBAHUI UM LMTUPOBAHWIA, a Take aBTOPCTBA TEKCTOBbIX GpparMeHTOB NPOBEPSIEMOro A0oKyMeHTa

OCTaeTcsq B KOMMeTeHUn NpoBepAtoLLero.
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BBenenue

AKTYaJIbHOCTh TeMbl auccepranmu. OaHUM U3 HaumboJiee MPOTrPECCUBHBIX
METO/MOB cOopa IUGPOBOM NTPOCTPAHCTBEHHON WH(MOPMAIIMM Ha TEKYIee BpeMs
apisgercss JsasepHoe ckanupoBanue (JIC). ['maBHBIMH JOCTOMHCTBAMHU YCTPOMCTB
Ja3€pHOT0 CKAHUPOBAHUS CUUTAIOTCS BBICOKAsi TOYHOCTh, BOBMOYKHOCTh AaBTOMATH3AL[UU
npouecca cOopa JaHHBIX, BBICOKAs pa3peliarolas CHOCOOHOCTh HM3MEPEHUM.
Pe3ynpTaToM Takux HU3MEpPEHUN SBISIETCS TPEXMEpPHOE O0JIAKO TOYEK, C BBICOKOM
TOYHOCTBIO OTpaKaroIee TEOMETPUI0 00beKTa rccieaoBannsa. COBpeMEHHBIE JIa3epHbIe
CKaHEpbl MOTYT ObITh KOMIIAKTHBIMU U MOOMJIBHBIMH, UX TOUHOCTb U CKOPOCTh pabOThI
Ha TEKYIIMHA MOMEHT BBIPOC/IA Ha IOPSIOK, & B HEKOTOPBIX CIydasX HAa HECKOJIBKO
MOPSIJIKOB.

JlazepHbple CKaHUPYIOIIME CHUCTEMBI IIO3BOJIIIOT IPOU3BOJUTH MHWILIMOHBI
U3MEPEHUII B CEKYHZy, @ pa3Mepbl MOJIy4aeMbIX OOJAKOB TOYEK MOTYT JIOCTUIaTh
HECKOJBKMX COTEH TruUrabdailT, uYTo MNpPEabsBISECT BBICOKME TpeOOBaHHUS K
BBIUMCIIUTENIBHBIM peECypcaM Mpu 00paboTKe TaKUX JaHHBIX. B pe3ynpTaTe UMeeT MecTo
OYEBHMJIHOE TPOTUBOpEUHME MEXAY OBICTphIM pa3zBuTHeM TexHonoruit JIC w
BO3MOXKHOCTSIMH OOpaOOTKH pe3y/ibTaToOB, Ha pas3pelieHHe KOTOpOro HarpaBieHa
HacTosas padoTa.

Hcnonbs3yemble  CTaHAAPTHBIE  METOJbl  OOpaOOTKH  JAaHHBIX  JIa3€PHOIO
CKAaHUPOBAHUS HE MO3BOJSIOT B IMOJHOM Mepe ucnoib3oBaTh Bo3MmoxkHoctu JIC. Ha
TEKYUIMd MOMEHT CYIIECTBYET M MCIOJb3YETCS MHOKECTBO aJIrOPUTMOB 00OpabOTKHU
00JIaKOB TOYEK, HANpUMEp, MpeIHAa3HAYEHHBIX JUJIsl TOCTPOCHMS IOJIUTOHAJIBHOU
MOBEPXHOCTH WM IU(PPOBOM MOJIeNH penbeda, CerMEHTALUH 110 PA3IMYHBIM PU3HAKAM,
OOBEMHEHUSI HECKOJbKHX OO0JaKOB TOYEK, cOOpa CTaTUCTHUYECKON WHGOpMaInH,
bunbTpanuy, TOCTpOeHUS Mpoekinuid u T.1. OO0paboTka pe3yabTaToOB JIAa3ePHOTO
CKaHMpPOBaHUS B  HACcTOAILEe BpeMs 3a4acTyl0 CBsi3aHA C  KOHKPETHBIM
pazpabotunkom/mpousBoautesieM obopyaoBanus s JIC w  mporpamMmHOro

obecneuenus (I10), mpeaHa3sHaYEHHOTO AJIS ATOTO.
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Cpenu otkpeiToro 1O nabmronaercss HeXBaTKa MHCTPYMEHTOB IJisi 00pabOTKU
00J1aKOB TOYEK, Y€l pa3Mep MPEeBBIIIAET JOCTYIHYIO onepatuBHyto namsath (OI1). Tax
KaK 00BEMBI JIOCTYITHOW OMEpPATUBHOW MaMITH MOTYT BapbHPOBATHCS, M 3a9acTyIO HE
CIIOCOOHBI BMECTUTh TpeOyeMoe KOJUYECTBO JIAaHHBIX, & POCT 00BEMOB OMEPATUBHOU
NaMATH 3HAYUTEIBHO OTCTAET OT pOCTa 00HEMOB 00JIAKOB TOUYEK, BBI3BAHHOTO PA3BUTHEM
texnonoruit JIC, 3amaua opranmzanuu oOpaOOTKH OOaka TOYEK MpPU OTPaHHUYECHHOM
o0beMe ONepaTUBHON MAMSITH SIBJISIETCS aKTyaJIbHOM.

B nuccepranmonHoit paboTe mpecTaBieHbl pe3yJbTaThl pa3pabOTKU METOJ0B U
aJITOPUTMOB pElIeHUs 3a7a4l 00pabOTKK OOJIBIIUX 00JIAKOB TOYEK C MCIOJIb30BAHUEM
CTPYKTYpHUpPOBaHMS UHGOPMAIIMK TPU MTOMOIIUA OKTOJEPEBa M PA3MUHBIX MOIXOJ0B K
BBIJICJICHUIO (QJIJIOKAILIMK ) MTAMSITH, YTO MTO3BOJISIET Pa3peIIUTh IPOTUBOPEUNE MEKTY BCE
BO3pacTaromuM 00beMoM JaHHbIX JIC 1 orpaHUYeHHI 110 OTIEpPaTUBHON MTAMSTH.

Crenenb pa3padOTAaHHOCTH TeMbl Hccjaeq0BaHusl. OKTOAEPEBO IIMPOKO
UCIIOJIB3YETCS B PA3IMYHBIX 00J1aCTAX, CBA3AHHBIX C OOIBITUMU 00beMaMU TPEXMEPHBIX
JIAHHBIX, HAYMHAsA C MOMEHTA MpeAcTaBiieHus ero B Hadane 80-x ronos. B cepenune 80-
X OBLIM pacCMOTPEHBI TOYKM B Ka4€CTBE MPUMHUTHUBOB BU3yaJIU3alMU JJI MOJEJEH C
3aMKHYTBIMH [TOBEPXHOCTSMH. Ha TeKyInii MOMEHT MOJTYy4YE€HHUE CIIEH PEAIBHOTO MUPA C
WCIIOJb30BAHUEM TEXHOJIOTUM TPEXMEPHOTO CKAHUPOBAHMS SIBISETCS CTAaHAAPTHOM
TEXHUKOM, O0O0JacTb MNPUMEHEHUS KOTOPOM BapbUpyeTCs OT CKaHUPOBAHUS
MEXaHUUYECKUX JEeTAIeW [0 CKAHUPOBAHUSI MaMSITHUKOB HCTOPUYECKOTO HACIEousl U
roponoB. Cpeau  BBIJAIOIIMXCSA ~ MCCIENOBaTeNed  YKa3aHHbIX  HalpaBJICHUUN
npucytcTByroT Murep /1., JIeBoit M., Yuren T., Pycunkesuu I11., [{Bukep M., [Taynu M.,
Homn O., I'pocc M., Buttep /I. C., Camer X., [lIubayep K., Hlyr M.
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OpnHako, Ha TEKYIIUA MOMEHT, BBHIY CYIIECTBEHHOTO POCTa 00BEMOB O0JIaKOB
TOYEK, B CHCTeMax OOpaOOTKH JaHHBIX HE XBaTaeT OMNEPATUBHON MaMATH, a TpH
UCTIONb30BaHuU BHeTHeH namsatu (BII) cymiecTBeHHO CHIKAETCsl MPOU3BOIUTEIBHOCTb.
B cymecTByOmMUX MUPOKO HCIOIB3YEMBIX OTKPBITBIX MpoTrpamMMmax U OMOIMOTEeKax
00pabOTKU 00JIAKOB TOYEK MPEANOJaraeTcsi UX pa3MelICHUE B ONEPATHBHOW MaMSITH.
[Tpu pa3paboTke CpeACTB MOBBIIMICHUS MTPOU3BOIUTEILHOCTH MPH pa3MENICHUH 00Jlaka
TOYEK BO BHEITHEH MaMATH aKTyaJIbHO MPEAYCMOTPETh UCTIOIh30BAaHUE ITUX CPEICTB CO
CTaHJIAPTHBIMU MporpaMMmaMu o0paboTku. Takum oOpazoM, mccienoBaHus B o0jacTu
dbopmMupoBaHUs OKTOAEpEBa JjIsi 00paOOTKH OOJIBIIUX 00JIAKOB TOYEK, MO3BOJISIOIIETO
COXPAHUTh NMPUEMIIEMYIO IPOU3BOJAUTEIBLHOCTh 00padOTKH IPU pOCTE pa3mepa obIiaka,
COKpaTUTh HAarpy3Ky Ha (alIoByl0 CHUCTEMY, a TakKe OOeCIedYHTh BO3MOXKHOCTDH
UHTETPallUd C JPYTUMHU TPOTPAMMHBIMU PEHICHUSIMU, SIBISIOTCS aKTyaJdbHBIM U
MEPCIEKTUBHBIM HAIIPaBJICHUEM HAyUHBIX UCCIIEIOBAHUMH.

Iesb10 paboThI SBISETCS CHUKEHUE 3aTPaT BPEMEHU Ha 00paboTKy 00J1aKa TOUeK
OpyU XPaHEHUM BO BHEIIHEH MaMsITH 3a CYET HOBBIX METOJOB, AJITOPUTMOB U
IPOrPaMMHOTO OOECTIeUeHUs] OPTaHM3alMK XPaHEeHUS M JOCTyNa K 3TOH HHOpMAaIHH,
CHW)KAIOUIUX TMOTpeOJieHne omnepaTUBHOM mamsatd. Jlins JOoCTHMXKEHus 1enu B

JUCCEPTAIIMOHHON Pad0Te MOCTABIICHBI M PEIIEHBI CIEAYIONINE 3a1a4M:

1. CucteMHBINM aHAINU3 MPOIECCOB (POPMHUPOBAHUS M MCIIOJIB30BAHHS OKTOJIEpEBa
no ob6saky Touek JIC mpu UCMONB30BAHUM BHEITHEH MaMsATH, BKIIIOYAIOIIUNA aHAIU3
METOJIOB, QJITOPUTMOB U CTPYKTYp JaHHBIX, IPUMCHSIEMBIX JJIi OOpaOOTKH B
OTNIEPATUBHOM W BHEIIHEH MAMSTH, UX JICKOMIO3UIIMIO HA COCTABHBIE KOMIIOHEHTHI,
UCCIICIOBAHUE MX B3aUMOJICHCTBHUS MEXKIY COOOM, IEHTpPaIbHBIM MPOIECCOPOM,
BHEIIIHEW W ONEPATUBHOM MAMSATHIO C 1IEJIbIO BBIJCICHUS KOMIIOHEHTOB, 32 CYET HOBOM

opraHu3alu KOTOPBIX MOKHO YMCHBIINUTL 3aTPAaThbl BPECMCHHU.
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2. [locTranoBKa 3a71auy CHIKEHUS 3aTpaT BpEMEHU Ha OOMEH C BHEIITHEH MaMSThIO,
OTIpeJIeIeHHe KPUTEpUs U TOKazaTesiel JIs OlleHuBaHUs 3(P(GEKTUBHOCTH peau3aliu
BBIUHCIIUTENHLHOTO Tporiecca o0paboTku. @opMyIupoBaHuEe TUMOTE3bl 00 OpraHU3aIIH
BBIYHMCIIUTENHLHOTO TIpoliecca 00padOTKU U CTPYKTYP JaHHBIX, TO3BOJISIONIEH COKPATUTh
BPEMEHHBIE 3aTPaThl HA UCIOJIb30BAaHUE BHEITHEH MaMsITH, 1 (OPMHUPOBAHUE TO3a/1a4
Ha [MOCJIEAYIOLIEE HCCIIEJOBAHUE U YTOUHEHHUE MPEATION0KEHH, OCHOBAHHBIX HA TAHHON
TUIOTE3E.

3. Pa3paboTka HOBBIX METOAOB OpTraHM3AIMH BBIYMCIUTEILHOTO Ipoliecca
0o0paboTKK o0Jaka TOYEK, OCHOBAHHBIX Ha BBUIBMHYTOW runorese. Pa3paboTka
KOMIIOHEHTOB, aJFOPUTMOB U CTPYKTYp JaHHBIX TaKHX CHUCTEM, HCCIEIOBaHUE
B3aUMOJEHUCTBUN MEXIY HUMH, CUCTeMHBIM [10O, onepaTBHON 1 BHENIHEW NAMSITHIO.

4. IlnanupoBaHUe U TPOBEJCHUE IKCICPUMEHTAIBHBIX HMCCIEIOBAHUN C IEIBIO
OlICHKU A()PEKTUBHOCTU TMPEUIOKEHHBIX METOJOB JUIsl PAa3IMYHBIX 3a7a4 00pabOTKH
o0JlaKa TOYEK U MOATBEPKIAEHUS MPAaBUWIBHOCTU BBIIBUHYTOW THnoTe3bl. OnpeneneHue
noKa3aTesel, XapakTepU3yIOIUX BBIYMCIUTENbHBIN Mpolecc 00paboTKU 00siaka TOUEK
IIPU UCTIOJIb30BAHUH BHEILIHEN AMSTH, U pa3padO0TKa BRIYUCIUTENBHBIX SKCIIEPUMEHTOB
JUISl TIOJYYEHHS] 3TUX TOKa3aTesied M CPaBHEHHS C CYUIECTBYIOIIMMU peav3alusiMU.
Pa3paboTka mMeToaMKH BbIOOpa MapamMeTpoB OKTOJEpEBa B 3aBHUCHUMOCTH OT LIEJIEBOU
HaIpPaBJICHHOCTH 00paboTKH. UccnenoBanrie  BO3MOXHOCTHM  NPUMEHEHUS
MPEAJIOKEHHBIX PEIICHUH B CTOPOHHUX TMPOTPAMMHBIX OMONIHOTEKax 00paboOTKU
00JIaKOB TOYEK, OPUEHTUPOBAHHBIX Ha pabOTy B ONEPATUBHON MaMATH, U pa3padoTKa

COOTBCTCTBYIOIIHX IMPAKTHYCCKUX pCKOMeHHaHHﬁ.

O0beKxTOM HMCCIeOBAHUS SIBISIETCS CTPYKTYpa AaHHBIX obyaka touek JIC npu
WCITIOJIb30BAaHUU BHEITHEH NTaMATH U TIpoliecc 00paboTKU 3ToN H(pOpMAIUH.

IIpenmeroM ucc/IeTOBAHUS SIBISIFOTCS METOABI M AITOPUTMBI (hOPMUPOBAHHUS
OKTOJiepeBa 00JIaKOB TOYEK MpPU HCIOJB30BAHWM BHEUIHEH MaMsITH M OpraHu3alus
ynpasieHusi 00padoTkoi HHGOpMaIIMK, 00eCTIeYrBaloIlas YMEHbILICHHUE 3aTpaT BPEMEHU

Ha OOMEHBI C BHEIITHEH ITaMSTHIO.
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MeTonoJiorust M MeTOABbI JMCCEPTAIMOHHOIO HccJenoBaHusa. B kauectse
METOJMYECKOW U TEOPETUUYECKON OCHOBBI B JIAHHOM JUCCEPTALIMOHHOM HCCIEIOBaHUU
UCTIONB3YIOTCS METOJBl CHUCTEMHOTO aHanm3a M o0paboTku wuH(OpManuu, Teopus
MHOeCTB M oTHoIIeHuH. [Ipu pazpaboTke apXUTEKTypbl IPOrPAMMHOTO OOECIICUCHUS
IpUMEHSETCS 00bEKTHO-OPUEHTUPOBAHHBIN MOIXO/I.

IloJi0:keHns1, BBIHOCMMBbIe HA 3amuTy. Ha ocHOBe mpoBefeHHON paboTh U ee

3KCHCpHMCHT&HBHOﬁ anp06auHH Ha 3al0UTy BBIHOCATCA CICAYIOIIUC ITOJIOKCHUA!

1. KonuenrtyanbHbie MoAenu (HOPMUPOBAHUS OKTOJIEPEBA U BBIUUCIUTEIHHOTO
nporecca 00pabOTKM 00Jlaka TOYEK BO BHEIIHEW NaMsTH, MNpeIHA3HAYCHHbBIC IS
BBIJICJICHUSI KOMIIOHEHTOB M ATAroB, MOAU(PUKAIIMEH KOTOPHIX C YYETOM OCOOEHHOCTEH
CTPYKTYpPBbI 00JIaka TOYEK MOKHO COKPATUTh 3aTpaThl BDEMEHHU MPU 00paboTKe.

2. 'mnote3a 06 yMEHBIIIEHNHY 3aTpaT BPEMEHH Ha OOpalIeHHs K BHEIITHEH MaMsITH
nmpu 00paboTke 00JIaka TOYEK 3a CUET U3MEHEHHUs CIOCOOOB JO0CTyIa, pa3MeIleHUus U
uAeHTUGUKAMK OJIOKOB JaHHBIX OKTOJAEpPEBa BO BHEIIHEHW MaMSTH, IMO3BOJISIOIINX
COKPaTUTh KOJIMYECTBO (DaiJIOBBIX OmNepaluii U co3aBaeMbiX (aiijioB, a TaKKe CHU3UTh
KOJIMYECTBO 33JIepKeK, 00ycIoBIeHHBIX (aitnoBoi cuctemoir. ChopmupoBaHHbIe Ha
0a3e MaHHOW THMOTE3bI MPEANOI0KESHUS 00 OpraHU3aIluy BBIYUCIUTEIHHOTO MpoIiecca
MO3BOJIMJIM BBIJICIUTh 3TAlbl 1 KOMIOHEHTHl 00pa0OTKH, KOTOPBIE CTaId MPEIMETOM
JETATBHOTO HMCCJIEIOBAHUS, YTO TO3BOJIMIIO TPEIJIOKUTh HOBBIE METOABI 00pabOTKH,
SIBJISTFOIIIECS] OCHOBHBIMHU PE3YJIbTaTaMH.

3. Meron u anroput™ npenoOpaboTku MHPOpMaIuK 00JIaka TOYEK JIa3epHOTO
CKaHMPOBAHUS, 3aKIIOYAIONIUNCA B €€ CTPYKTYPHPOBAHHUU ITyTeM (HOPMHUPOBAHHMSI
OKTOJIepeBa Ha 0a3e ACHMHXPOHHOW JBYXYPOBHEBOM CHCTEMbl KEUIMPOBAHMS,
WCITIOJIB3YIOIINI BHEIIIHIOIO NTaMSTh TIPU MPEBbIIeHNH 00padaThiBaeMoil nHMOpMaIuei
o0beMa OnepaTHBHON MaMATH W TIO3BOJISIFOIIMI COKPATUTh KOJIMYECTBO CO371aBaCMBIX

(baﬁHOB JJIA CHUOKCHUA BIIMAHUA O0OMEHOB C BHEIITHEH ITaMATHIO Ha IMPOU3BOAHUTCIbHOCTD.



9

4. Meron u anroput™m mnpenoOpaboTku nHpopmanuu obiaka TOYEK Ja3epHOTrO
CKaHMPOBAHUS, 3AKIIOYAIOUINICA B €€ CTPYKTYpHUPOBAaHMM MyTeM (QOPMHPOBAHUS
OKTOJIepeBa Ha 0a3e MeXaHW3Ma OTOOpaXEHUS IMaMSITH, WCTOJB3YIOINUNA BHEITHIOKO
namsTh ISl XpaHeHuss UWHGPOpMAlMM C BO3MOXKHOCTBIO MPSMOTO JIOCTyNa U
UHTEPAKTUBHON MOIU(HUKAIMHM, a TaKXKe IO3BOJISIONUI YCKOPUTh BBIMOJHEHUE
orepaluii 1ocTyna K JaHHBIM OKTOJEPEBa 3a CUET KOAUPOBAHMS C HCIIOJIb30BAHUEM
EJIOUNCIIEHHON apr(PMETHUKN U COKPATUTH KOJIMYECTBO CO3/IaBAEMbIX (hailsIoB 10 OJTHOTO

JJI1 CHUOKCHUA BIIUSHUA 0OMEHOB C BHEIITHEHN IMaMATHIO Ha IMPOU3BOJAUTCIIbHOCTD.
Hayqﬂaﬂ HOBH3HA npezmaraeMoﬁ Auccepranruu COCTOUT B CIICAYIOIICM:

1. Pa3zpaboTaHbl KOHIIENTYaJIbHBIE MOJEIN OPraHU3alui 00padOTKH 00J1aKa TOUEK,
dbopMHpOBaHUS OKTOJEpPEBa, KOMIIOHEHTOB BBIYHCIMTEIIBHOTO TIpoliecca 00pabOTKU
o0jaka TOYEK BO BHEIIHEH MMaMsITH, TMO3BOJIMBIIME 3a CUET JIEKOMIIO3UIIUU ASTHX
MPOIECCOB  BBIICINTH OINEpAIMH, BBIIOJHEHHE KOTOPBIX C  HCIOJIb30BAHUEM
MPEIIOKEHHBIX CIIOCOOOB OpraHU3alUU JIOCTYIA K 0JIOKaM JTaHHBIX J]aJ0 BO3MOKHOCTh
CYILIECTBEHHO YCKOPUTh 00paboTKy. Pa3zpaboTanbl MOieIN BEIYMCIUTEIHLHOTO MpoIecca
00paboTKK 00JlaKa TOUEK, aHAIN3 KOTOPBIX MO3BOJIMI NPEAJIOKUTH PSAI MOAUDUKALIHIMA,
MOBBIMIAIINX Y HEKTUBHOCTH TIpoliecca 00padoTKH.

2. B pe3ynpTaTe aHanm3a OpraHM3aliH JAaHHBIX W BBIYUCIUTEIHHOTO IMpoliecca
NpEeMIOKeHa  MOJENIb ~ HEpapXW4YeCKOW  CTPYKTYphl  JaHHBIX  OKTOJIEPEBa,
HCIIOJIB3YIOIIasics Mpu 00paboTKe 00Jiaka TOUEK B ONMIEPATUBHOMN WJIM BHEITHEH MaMATH U
MO3BOJIAIONIAS YCKOPUTH BBHITIOJHEHUE OMepaluii TOCTyna K JaHHBIM OKTOJEpeBa, a
TaK)K€ OTIUYAIONIASCS BO3MOXKHOCTHIO MacCIITaOMpOBaHUS Il pabOTHI C JTaHHBIMU
IPOM3BOJIBHON PA3MEPHOCTH U BOBMOKHOCTBIO TUHAMUYECKOTO PACIIUPEHUS CTPYKTYPHBI

OKTOJIepeBa 0e3 yBeJIMYEHHsI €T0 TTyOHHBI.
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3. Pa3paboranbl 1Ba MeTo/a, MO3BOJSIONIUE JOOUTHCS CHUXKEHHS BPEMEHHBIX
3aTpaT Ha WCIOJb30BaHWE BHENIHEW TMaMATH TPH OTPAaHUYCHUH IOTPEOJICHUS
OlepaTHUBHOM MaMATH B Tpolecce oO0pabOTKM oOjaka TOYEK, OCHOBaHHBIE Ha
BBIJIBUHYTOW TUTIOTE3€ O U3MEHEHHUH CTIOCOOO0B JOCTYTIA, pa3MEICHUS U UIACHTH(DUKAIIH
OJIOKOB JAaHHBIX OKTOZEpeBa BO BHEIIHEH maMsaATd. [lepBBIi METOA HCIONB3yeT
ACHHXPOHHYI0  CHCTEMY  KCIIMPOBaHUS,  MOAU(PHUIIMPOBAHHYIO  MPOIEAYPY
GbOpMUPOBaHUS OKTOJEpEBa M OTIMYACTCS BO3MOXKHOCTBHIO IMPHUCOCIUHCHHS Yy3JI0B
OKTOJZiepeBa K obmemy (aiimy. Kak crnenctBue, oH XapakTepus3yeTcsl COKpalleHHEM
KOJIMYECTBA CO37aBaeMbIX B Tporecce GopMupoBaHus (alIoB W yMEHBIIICHUEM
3aTpayMBaeMOro BpeMEHH Ha OOMEH JaHHBIMU. BTOpoil MeToa MCHOb3yeT MEXaHU3M
OTOOPKECHUS TaMSATH COBMECTHO C aJTOPUTMOM JIMHAMHUYECKOW aJIJIOKAITUH, a TaKkKe
NPUMEHSIET IIEJIOYUCICHHYI0 HEPApXUYECKYI0 MOJENbh OKTOJEpeBa Il YCKOPEHUS
JOoCTymna K JaHHbIM. OTIu4aeTcsi BO3MOXKHOCTBIO MPSIMOTO JOCTyNa K JAHHBIM BO
BHEIITHEH MTaMsITH, COKpAIIEHUEM KOJUIECTBA CO3]aBaeMbIX B Tipoiiecce (popMupoBaHus
(baiiIoB 10 OJTHOTO U, KaK CIEJICTBUE, yMEHBIIICHUEM 3aTPauyuBaeMOro BpeMEHU Ha 0OMEH
JTAHHBIMHU.

4. Tlpennoxken croco® 00pabOTKM OOJBIIMX OOJAKOB TOYEK B CTOPOHHHUX
OnOMMOTEeKaX, OPUCHTUPOBAHHBIX HA PAOOTy B ONMEPATUBHOW MaMSTH, MO3BOJISIOIIMMA
MOMUMO OTPAaHWYCHHOW OINEPAaTUBHOW TAMSATH WCIOIb30BaTh BHEIIHIOK ITaMSTh,
oOecrieunBas MPSIMOM JOCTYN K JaHHBIM 332 CUET MEXaHHU3MOB OTOOPAKECHUS MAMSITH U
TUHAMUAYECKOHW  ayutokammu.  [lodydeHbl  JKCIEPUMEHTAIBHBIC  PE3YJIBTATHI,
MOATBEPKAAIONINE BO3MOXKHOCTh TakoW 00pabOTKM 0€3 CYIIEeCTBEHHOIo MaJcHus
MIPOU3BOIUTEIILHOCTH B CPAaBHEHHH C 00pabOTKOW MH(OpMAIMKU TOJIHKO B OCHOBHOM
NaMATH ¥ JIOKAa3bIBAIOIINE BO3MOXKHOCTH Pa0OTHI ¢ OOJIAKOM TOYEK, MPEBBIIIAIOITIM

00BEMBI OTIePaTUBHOM MaMSITH.
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Teopernueckasi 3HAUMMOCTH PadoThl. PazpaboTaHbl KOHIENTyallbHBIE MOJEIN
opraHuzanuu o0paboTku objaka To4eK, (POPMHUPOBAHUS OKTOJEpPEBAa U KOMIIOHEHTOB
BBIYMCIUTEILHOIO TIpoliecca OOpabOTKU 00Jlaka TOYEeK BO BHENIHEH MaMSTH,
MO3BOJIMBIIME MPOBECTH aHaIM3 IIpoliecca OOpabOTKM U BBIACIUTH OTalbl U
KOMITOHEHTBI, MOAU(UKALINS KOTOPBIX C y4€TOM CTPYKTYpPbI JaHHBIX U HOBBIX CIIOCOOOB
KOJMPOBAHMS IOCTYMA MO3BOJIAJIA IOBBICUTH MPOU3BOUTEIBHOCTD IPU UCIIOJIB30BAHUU
BHEIIIHEW aMATH JJIs1 OKTOJIepEBa.

IIpakTHYeckass HEHHOCTh PadOTHI 3aKIIOYACTCS B CO3JIaHUM IPOTrPAMMHOMN
CUCTEMBI, MPEAHA3HAYEHHOW Il OTPaHUYEHHUs MOTPEOJEHUsT ONEepaTUBHON MaMATH B
nporuecce 00paboTKu 00JIaKOB TOYEK U MOJATBEPKIAIOLIEH TEOPETUUYECKUE PE3yIbTAThI
paboTtel. [IpeasioxkeHHbIe TOAXO0IbI, METOABI U AJIITOPUTMBI MO3BOJISIIOT KPAaTHO CHU3UTh
noTpedJeHNE ONEePaTUBHONW MAaMATH NMPHU BHIIOJHEHUM THUIIOBBIX onepauuil 00paboTKu
00J1aKOB TOYEK, COXpaHss IPU ITOM MPUEMIIEMYIO IPOU3BOAUTEIBHOCTb.

O00CHOBAHHOCTH M [J0CTOBEPHOCTb IPEIIOKEHHBIX METOJOB U AJITOPUTMOB
MOATBEPKIAAETCS COIJIaCOBAaHHOCTBK) TEOPETUYECKHUX IIOJIOKEHUM M Pe3yJIbTaToB,
MOJIYYEHHBIX MPU MPAKTUYECKON pealln3alii NpeiIoKEHHbIX METO0B U aJIrOPUTMOB,
anpoOalreil OCHOBHBIX TEOPETUYECKUX MOJIOKEHUH JUCCEPTAIMK B IEYATHBIX TPYAax U
JIOKJIa/1ax, a TAKXKE MOJIO)KUTEIIbHBIMU PE3yJIbTaTaMH BHEAPEHNSI OCHOBHBIX ITOJIOKEHUN

JUCCEePTAIIH.
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Peanu3anus pe3yabTaToB padoThl. BHeapeHNE NMpeCcTaBICHHBIX AITOPUTMOB 1
METO0/1I0B ObLIIO Mpou3BeieHO B pamkax npoekrta DL «McecnenoBanus u pazpaboTku 1Mo
MPUOPUTETHBIM HATPABJICHUSIM PAa3BUTHS HAYYHO-TEXHOJIOTHUECKOTO KOMIUIEKCa
Poccun Ha 2014 - 2020 roap» no teme: «lMccneqoBanue u pa3paboTka alropuTMOB U
MPOTrPAMMHBIX CPEJICTB MO 00pabOTKe, XPAHEHHUIO U BU3YaIU3allUUd JAHHBIX J1a3€pHOTO
CKaHupoBaHus W  (orocheMkn»  (YHUKQIBHBIA  HACHTH(PUKATOP  MPOEKTa
RFMEFI58417X0025) uanycrpuansabiM naptHepom OO0 «Okockan» (CornameHue o
npenoctaBienun cyocuauu ot 03.10.2017 r. Ne 14.584.21.0025). IlpencraBiieHHbIE B
paboTe METOAbl W aJITOPUTMbI HCHOJB3YIOTCSI B KAyeCTBE aJTOPUTMUYECKOTO U
METOJMYECKOr0  o0ecrieueHuss Uil  pa3pabOTKM  IPOrpaMMHOTO  KOMILIEKCA,
NpEeIHA3HAYEHHOTO i1 O0paOOTKH, XpaHEHHs W BHU3yaJM3allMd JaHHBIX Ja3epHOro
CKaHUPOBAHUSI.

AnpobGanus pe3yJbTaToB padoThl. Pe3ynbTarhl HCClieJOBAaHUHN JTOKIIAbIBAUCH
Ha cienyrommx koHpepenmmsx: 19th International Conference on Computational Science
and its Applications, Saint-Petersburg, 2019; XXI MexayHapoaHas KOHPEPEHIHS 110
MSATKUM BBIYUCIECHUSIM U u3MepenusiM, Cankt-Iletepoypr, 2018r.

Pemenue ampoOupoBano kommnanuein OOO «3JxoCkaH» B MNPOrpaMMHOM
KOMITJIEKCE JJis  oOpaOOTKH, XpaHeHWs W BU3YyaJIW3allud JaHHBIX JIA3€PHOTO
CKaHupoBaHUs U  (GoTocheMKH. [lpakThyeckum  pe3yslbTaToOM  HCIOJIb30BAHUS
JUCCEPTAIIMOHHON pabOThl SIBJISETCS HCIOJIb30BAHUE NPEIJIOKEHHOTO TMOIX0Ja ISt
CHW)KEHMS 3arpy3KH ONEpATUBHOW MaMsTH B Ipoliecce paboThl ¢ 00IakaMu TOYEK. ITO
MO3BOJISIET BBIMOJHATH 00pPabOTKYy O00JaKOB TOYEK Ja3€pHBIX OTPAXKEHUM, pa3Mep
KOTOPBIX 3HAYUTEIILHO MPEBBINIAET JOCTYITHBIE 00bEMBI OTIEPATUBHON MTAMSITH.

3aperucTpupoBaHbl CIEAYIOLIME PEe3yIbTaThl MHTEIUIEKTYaIbHON AESTENbHOCTU
(PUM): «[Iporpamma jyist co3manusi pacTpoBbIX mpoekiuiin, Ne2018665901, 11.12.2018,;
«IIporpamMmma mjis copTUpOBKM U (QuibTpanuu objaka Touek», No2018666456,
17.12.2018; «IlporpaMmHOEe CpEICTBO TMOCTPOCHUS TMPOCKIMM oOjaka TOYEK,

MOJIYYCHHBIX OT MOOMJIBHOTO KOMIUIEKCA Jla3epHOTO ckaHupoBanus», Ne 2015617817,

22.07.2015.
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IMyoankanuu. ABTOpoM OImyOJIMKOBAHO 10 TEME AUCCEPTAIUK 7 TIEYaTHBIX padoT,
cpenu HUX 2 paboOThl B pElEH3UPYEMbIX XKypHalax u3 nepeuHss BAK u 2 paGortsl,
BKJIFOYCHHBIC B CHCTEMYy ITUTUPOBAHHWS SCOPUS, a TakkKe 3aperucTpUpoOBaHO 7
PesynbratoB UHTEIIIEKTYalIbHOU J€ATENBHOCTH.

Ctpykrypa m o0bem padorbl. JluccepranmonHas pabora oobemom B 204
MAaIlIMHOMKUCHBIX CTPAHUIIBI COCTOUT U3 BBEJEHUS, 4 pa3/ie]oB, CIIUCKA JIUTEPATYPhI U3
98 HanMeHOBaHUM, CIIMCKA COKPAIIEHUN U YCIOBHBIX 0003HAUYCHHM, /8 WILTIOCTpAIui,
12 Tabmui, 14 TuCTHHTOB, | MPUIOKEHUS U PEAMETHOTO YKa3aTeJs.

B nepBoii riiaBe NMpoOBOAUTCS aHAIW3 MPUHIUIIOB PabOTHl CUCTEM Ja3epHOI0
CKaHUPOBAHUS, a TAKXKE MPOIECCOB MOJMyUYeHUs, 00padOTKU U MpeaoOpadOTKH JTaHHBIX
Ja3epHOro CKaHupoBaHus. [IpoBoauTCsS 0030p CYIIECTBYIONIMX METOAOB 00pabOTKU
00JJaKOB TOYEK B OTPAHMYECHHOM O0ObeMe MOTpeOsieMON OINepaTUBHON MaMSTH.
PaccmarpuBaroTcsi CTpyKTypbl pa3OMeHHs] MPOCTPAHCTBA W HMX NPUMEHEHHUE IS
opraHuzanuu o00paboTKu o0Jlaka TOYEK C MCIIOJIb30BAaHUEM BTOPUYHBIX CHCTEM
Xxpanenusi naHHblX. dopmupyercs rumore3a 00 YMEHBIICHUM 3aTpaT BPEMEHH Ha
oOpamieHsi K BHEIIHEW mnmamsaTd mnpu o0paboTke o0naka TOYEK W OpraHU3aLUU
B3aUMOJECHUCTBUS MEXK/1y OIIEPATUBHOMN U BHEIIHEN NaMAThIO. [ [pOU3BOIUTCS MOCTaHOBKA
3aJlayu CHUYKEHUS 3aTPpaT BPEMEHU Ha OOMEH C BHEIIIHEH MaMsIThIO, a TAKKE ONIPeieTICHUe
nokazareied g oleHuBaHUS dS(PEGEKTUBHOCTH peaTU3allMi  BBIYHUCIUTEIBHOTO
nporiecca 00pabOTKH.

Bo BTOpOIi ri1aBe MpOU3BOAUTCSA aHAIN3 W YTOUHEHHUE PA3JIMYHBIX BapUAHTOB
peanu3anuy BBIYUCIUTEIBHOTO Tpoliecca 00pabOTKH U MEXaHU3MOB B3aMMOJICHUCTBUS
ONIEPAaTUBHOM W BHEIIHEW NaMsTH, NPEAJIOKEHHBIX B NIEpBOU TiiaBe. PaccmarpuBaercs
OpraHu3alys JaHHBIX B OKTOJEPEBE M MEXaHU3MbI B3aUMOJICHCTBUS OMEPATHUBHON U
BHeIIHeN namMath. [IpeaokeHsl CTPYKTYphl IaHHBIX U alTOPUTMBI, NpeIHA3HAYCHHbIC
JUTSI TIOCTPOCHMSI OKTOJIEPEBA, MO3BOJISIOIIETO BRIMOIHATE 00pa00TKY OOJIBIITNX 00JIaKOB
TOYEK C HCMOJIb30BAHMEM BTOPUYHBIX CHUCTEM XpaHeHus. PaccmaTpuBaroTcs MoOAEIH
OKTOZCpEBa Ha OCHOBE apH(METHKH C IUIABAIOIICH TOYKOM M IICJIOYHUCICHHOU
apudmetuku. [IpennoxkeHa nepapxuueckas MoJIeb ¢ UCIIOIb30BAHUEM I1EJI0UNCIICHHON

apu(PpMETHKHU.
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B Tperbeii riaBe paccMmaTpuBaeTCs peain3anys BBIYUCIMTEIHLHOTO Ipoliecca
00paOOTKM Ha OCHOBE CHCTEMBI KEIIMPOBAHHS W MEXaHM3Ma OTOOpPaKCHUS TaMSTH.
[IpennoxeH anropuT™M TOCTPOCHUS OKTOJAEpPEBAa C HCIOJIB30BAHHUEM CHUCTEMBI
KEITUPOBaHUS M BOSMOKHOCTBIO O0BETMHEHUS 3aMIOJTHEHHBIX Y3JI0B B 001wt aiin. s
oOecrieueHrsT BO3MOXKHOCTH HCIIOJIB30BAHMSI MEXaHW3Ma OTOOpaXCHHS TaMSITH B
OKTOJZIEpEBE TMpPEAJIOKEHA pealu3alus ajlroputMa JIUHAMHYECKON alJloKalluu Ha
otoOpaxaeMon nmamsaTu. Jjist o0ecrnedeHus: BO3MOKHOCTH 00paOOTKH OOJIBIIINX 00JIaKOB
TOYEK CTOPOHHUMHU OMOTMOTEKaMM MPEIJIOKEH Ccroco0 00paboTKU OONBIINX 00JIaKOB
TOYEK ITyTEM BHEJPCHHS CHCTEMBI AJJIOKAIMH OTOOpakKaeMOW IMaMsTH B CTOPOHHHUE
oubnuoTexu /i linux cucrem.

YeTBepTasi rJaBa  TOCBSIIEHA  OKCIEPUMEHTAILHOMY  HMCCIEIOBAHUIO
MPEIIOKEHHBIX OKTOJEPEBBEB, a TAKXKE AJITOPUTMOB OOpaOOTKU OO0JIAKOB TOYEK C
UCIIOJIb30BAaHUEM  TPEJIOKEHHBIX  OKTOJepeBbeB.  IIpemsioxkeHHbIE — alrOPUTMBI
CPaBHUBAIOTCS C CYIIECTBYIOITUMHU PEIICHUSIMH, PACCMAaTPUBAIOTCS WX HEIOCTATKU U

OT'paHUYCHUA].
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I'naBa 1. Ananu3 npo0dJieMmbl 00padoTKH 00J1aKOB TOYEK B YCJIOBHAX

OrPAHMYCHUH 10 ONEPATHBHOU NAMATH

B rmaBe mnpoBoauTCS aHANM3 MPUHIMIIOB pabdOThl CUCTEM JIa3€pPHOIO
CKaHUPOBAHUS, a TAaKXKe MPOIIECCOB MOMyUeHUs, 00paboTKH U peaoOpabOTKU TaHHBIX
Ja3epHOro ckaHupoBaHus. [IpoBoauTcs 0030p CyIIECTBYIOIIMX METOJOB OOpabOTKH
00JJaKOB TOYEK B OTPAaHMYECHHOM O0ObEeMe MOTpeOIsieMOl ONepaTUBHON MaMSTH.
PaccmarpuBaroTcsi CTpyKTypbl pa3OHEHHs] MPOCTPAHCTBA W HMX HNPUMEHEHHUE IS
opraHuzanuu 00pabOTKM oO0JaKka TOYEK C WCIOJIb30BAHUEM BTOPUYHBIX CHCTEM
XpaHeHus JaHHbIX. DopMupyercss Tunore3a o0 yMEHBIIEHUU 3aTpaT BPEMEHU Ha
oOpamieHusi K BHEIIHEW NmamsaTd npu 00paboTke o0iaka TOYEK W OpraHu3aluu
B3aUMOJICUCTBHS MEXKy OIIEpaTUBHOM 1 BHEIIHEN NaMAThIO. [[pon3BoauTCS MOCTaHOBKA
3aJlayv CHUYKEHUS 3aTpaT BPEMEHU Ha OOMEH C BHEIIIHEW NaMsThIO, a TAKKE ONPeIeTICHUE
nokazarened g OleHUBaHUS dAPHEKTUBHOCTH peaTu3alli  BBIYHUCIUTEIBHOIO
npoiiecca 00paboTKu.

B naHHOM rinaBe BBITIOJHSAIOTCS CIAEAYIOMINE 3a1a49U JUCCEPTALIUU:

1. CucremHbIi aHAIU3 OPOLIECCOB (DOPMUPOBAHUS U UCTIOIB30BAHUS OKTOAEPEBA
no o6maky Touek JIC mpu MCIOIB30BAaHWM BHEIIHEH MaMSTH, BKIFOYAOIIHMA
AHAJIN3 METOJOB, AITOPUTMOB W CTPYKTYP MJAHHBIX, MNPUMEHSIEMBIX I
00pabOTKM B OMNEpPaTUBHOM M BHEIIHEH MNaMATH, WX JCKOMIIO3MIIMIO Ha
COCTaBHBIC KOMIIOHEHTBI, UCCIICIOBAHUE WX B3aMMOJICHCTBUS MEXTY COOOM,
LEHTPAJIbHBIM TMPOLIECCOPOM, BHEIIHEW M OMNEPATUBHOM MAaMSTHIO C IIEJBIO
BBIJICJICHUS KOMIIOHEHTOB, 3a CYET HOBOW OpPraHU3allil KOTOPBIX MOKHO

YMCHBUINUTD 3aTPaThbl BPCMCHU.
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2. IloctaHoBKa 3a7jaun CHIYKEHUS 3aTpaT BpEMEHU Ha OOMEH C BHEIITHEH MaMsAThIO,
OINpe/IeNICHUEe KpUTEpHsl W ToKa3aTesleld Al OLEHHWBAHUA S(P(EKTUBHOCTH
peanu3aly BBIYMCIUTEIBHOIO Ipolecca o0paboTku. DopmynupoBaHue
TUNOTE3bl 00 OpraHu3alydy BBIYUCIUTENBHOIO Ipoliecca 00pabOTKH U
CTPYKTYP JaHHBIX, IIO3BOJIIIOIIEH COKPAaTUTh BpPEMEHHBIC 3aTpaTbl Ha
WCIIONIb30BaHME BHEIIHEH TMaMsATH, W (QOpMHUpPOBaHUE TOJA3a/Ja4 Ha
HOCJIEAYIOLIEE UCCIEA0OBAaHUE U YTOYHEHHUE NPEIIOJI0KEHUM, OCHOBAaHHBIX HA

JTAaHHOM TUIIOTE3E.

1.1. IToHsiTHE ¥ XaPAKTEPUCTUKHU JAHHBIX JIA3€PHOT0 CKAHMPOBAHUS

JlazepHbliif ckaHep MPeACTABISIET COOOM CUCTEMY TUCTAHIIMOHHOTO 30HANPOBAHUS
[1], MO3BOJNAIONIYIO BBIMOJHAT HM3MEPEHHS PACCTOSIHUN JIO IMOBEPXHOCTH OOBEKTA
CKaHUpoBaHUsA [2] ¢ BBICOKOW CKOPOCTBIO W BBICOKOW TOYHOCTBIO. BOJBIIMHCTBO
COBPEMEHHBIX MOJIEJICH JIa3epHBIX CKaHEPOB IMO3BOJISIOT OKPAIIMBATH OOJAKO TOYEK,
UCIIOJIB3YS IS 3TOTr0 BCTPOCHHYIO IHppoByro Gorokamepy [3]. Ha Texymmii MOMeHT
BBIJICTISAIIOT TPU BHJA JIA3EPHOTO CKAHUPOBAHMS: HA3EMHOE JIA3€pPHOE CKAaHUPOBAHHE
(HJIC) [4], moGunbHoe naseproe ckanupoBanue (MJIC) [5], Bo3mymiHoe ma3epHoe
ckanuposanue (BJIC) |6]. PaznuyaroTcst oHM MPEerMyIIeCTBEHHO METOJaMH MIPUBSI3KU K
rJI00aJIbHOM CHCTEME KOOPAMHAT, a TaKKe TOYHOCTHIO U IJIOTHOCTHIO (DMHAIBLHOTO
o0Jaka TOYeK.

HJIC He3ameHMMO TipH O0OCHIEAOBAHUAX 3aKpBITHIX moMenieHui (in-door),
ToHHenen nemep u T.4. Texunonorus HJIC ucnonb3yercst st MOJIydeHHs] OOMEPHBIX
yepTexen gacanos, Tonorpaduyeckux miaHoB MectHocTH macmrada 1:500 u t.0. HIIC
MO3BOJIIET 00CiIeNoBaTh 00BEKTHl pazMepoM 110 0,5-2 cM ¢ ToyHOCThIO A0 0,5-5 MM.
[TpouzBoautensuocts HIIC okono 10004000 kB. M mipu cheMke (hacamoB B mMaciiTade
1:50 no 4-20 ra mpu cheMke Tomorpaduueckux miaHoB Macmrtada 1:500 B neHp u

HECKOJIbKO ycTymaeT apyrum Bugam JIC [7].
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MIJIC sBasieTcss ogHMM W3 HauOoJiee TEXHOJOTUYHBIX U MPOU3BOIUTEIBHBIX
METO/IOB ChEMKHM MECTHOCTH HAa TEeKyIIMid MOMeHT. JlJii Mpou3BOJCTBA H3MEPEHUM
UCIIONB3YyeTCs] MOOWJIBHBINA JIa3epHBIA CKaHEp, COCTOSIIMM M3 HECKOJBKUX JIa3epHBIX
CEHCOPOB M HECKOJBKMX (POTOKaMep, KOTOPbIA yCTaHABIMBAETCS, KaK IMPaBUIIO, Ha
aBTOMOOWJIb UJTK Ha JII000€ Pyroe TPaHCIOPTHOE CPEJCTBO (HAIIPUMED, BOJHOE CYAHO
WIM OJUH W3 BHUJOB JKEJIE3HOAOPOKHOrO TpaHcmopta). g MpUBS3KH pe3yIbTaTOB
CKaHMPOBAHUS K 3aJJaHHOM CHUCTEME KOOpIMHAT HCIOIb3YyEeTCsl HaBUTAIIMOHHBIN OJIOK,
YCTaHOBJICHHBIN Ha JABIKYILEHCS MIaTPOPME U COCTOAIINN U3 OAHOTO MM HECKOJIBKUX
['HCC (I'nmoGansubie HaBuranmonusie CryTHUKOBble CHCTEMBbI) NPUEMHUKOB U
uHepuuaabHOoU HaBurauoHHou cuctemsl. MJIC Ha ckopoctu 10 100 kM/4 oOecrieunBaeT
TOYHOCTh, HE0OX0auMYyI0 st cheMku Macmrada 1:100-1:200 u mmotHOCTH 10 4000
Touek/M?. CpeiHsis MPOM3BOAUTENLHOCT — 10 500 MOrOHHBIX KHJIOMETPOB B JIEHD IIPH
IIMPUHE MOJIOCHI CKAHUPOBAHUS CheMKH 110 250 meTpoB [7].

Bo3nymHoe nazepnoe ckanupoBanue (BJIC) - ato coBpemeHHblli MeToa cOopa
reONpPOCTPAHCTBEHHOM uH(popMauuu o MectHoctd. BJIC mpumensercs s
BBICOKOTOYHOTO KapTorpadrpoBaHus TUHEHHBIX U MUIOMIATHBIX 00BEKTOB B MacIITabax
1:500-1:5000 ¢ Bo3mymIHBIX HOCUTENEH (camolieT, BepToieT, aBTOXHUp). CyTh MeToaa
Ja3€pHOrO  CKAaHUPOBAHUS  3aK/IIOYAaeTcs B  H3MEPEHUM  MHOXKECTBA  TOYEK,
NpUHAAJICKAIIMX 3E€MHOM MMOBEPXHOCTH M OOBEKTaM, pACIOJOKEHHBIM Ha HEH, ¢
MIOMOIIIBIO JIA3EPHOT0 cKaHepa (uaapa, ot annt. LIDaR — laser indetification, detection
and ranging), ycTaHOBIEHHOr0 Ha OOpTYy ABMXKYIIErocs BO3ayIIHOTO cyaHa. Cpenn
OCHOBHBIX XapaKTEPUCTUK OTMETHM CJEAYIOLIME: IUIOTHOCTh TOYEYHOW MOJENH
MeCTHOCTH — A0 15-20 Touek Ha KBaJpaTHBI METP; TOYHOCTh TOYEYHON MOJEIIH
MECTHOCTH — JI0 5-7 CM MO BBICOTE U 7-8 CM B ILIAHE; pa3Mep MUKCENSI HA MECTHOCTH
(meramu3anust a3po(HOTOCHEMKHU M COCTABIISIEMBIX 110 HEW OPTOPOTOIIAHOB) — /10 4-5 CM
[7].

JlaHHbIE Ta3epHOT0 CKAHUPOBAHUS MPECTaBICHBI 00J1akoM TodeK. O01aKo Touek
- 3TO HEYNOPSI0YEHHOE MHOKECTBO TOUEK B TPEXMEPHOM €BKJIHMJIOBOM MPOCTPAHCTBE,
MOJIy4YEHHOE B PE3yJIbTaTe TPEXMEPHOTO CKAaHMPOBAHUS OOBEKTA, M MPEACTABIISIOLIEE

MTOBEPXHOCTH ATOT0 OOBEKTA:!
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P ={py, ..., s} (1.2)
Touka w3 obOnaka TOYEK NPEACTABISIET COOOW BEKTOp (KOPTEXK) KOOpIAMHAT
(Acoora), HOpMaIel (Ayormar)> 1BETA (Appyor ) K IIPpOUEH HHPOPMALIMH, HCIIONB3YOIIEHCS

IIpu MOCTPOCHUHA o0OJy1aka TOYeK:

pi = (aéoord' aéolor' a;lormali )' p; € P, (1-2)

e  QAeporg = (X,¥,2), A€ X, Y, Z — TPEXMEPHBIC KOOPIUHATHI TOUKH;

Acotor = (1, g,b), THC T, g, b — KpacHasi, 3ejeHast ¥ CHHsIE KOMITIOHEHTHI [[BETA;

Anormar = (X, Ny, nz), rae nx, ny, nZ — KOMIOHSHTH HOPMAJIH.

CoBpeMEHHBIE CHUCTEMBI CKAaHHPOBAHUS MOTYT IPOHU3BOAUTH H3MEPEHHUS CO
CKOPOCTBIO 00Jiee MIJITMOHA TOYEK B CeKyHIY [8]. Takum 00pa3oM, KOJHMYECTBO TOUCK B
o0JaKax TOYEK MOXKET JOCTUraTh COTE€H MWLIMOHOB WM HECKOJIBKUX MUJUIHAP]IOB.
OOpaboTka Takux OOBEMOB JaHHBIX MPENOCTABISET BBICOKME TpeOOBAHHS K
BBIYHCIUTENILHBIM pecypcaM W HE T[I03BOJIIET B TIOJIHOM Mepe HCIOJIb30BaTh
BO3MOXxHOCTH JIC.

B Hacrosiiee BpeMs IUCKYpC O Pa3BUTHU UCCIIEIOBAaHUI B 00JacTu 0OpabOTKU
nauHbiX JIC sSBRsieTCS OTKPBITHIM M YPE3BBIYANHO aKTyaJdbHBIM, TaK KaK UMEHHO 3TO
3B€HO SIBJISIETCS JIMMUTUPYIOMMM B ciydae ucnosb3oBaHus JIC. C OIHOW CTOPOHHI,
MOSIBUJIUCH HOBBIE CPEACTBA U3MEPCHMS, HAITPABJICHHBIC HA 3HAYNTEILHOE PACIIIUPEHUE
oOnacTeil mpuUMEHEHHs HMH(POPMAIMOHHBIX TexHojorui. C Jpyroil CTOPOHBI,
HEJIOCTATOYHAsl MPOpPadOTKAa TEOPETUUYECKUX M METOJIOJIOTUYECKUX OCHOB 00pabOTKU
pe3yIbTaTOB JIA3EPHOTO CKAHUPOBAHUS HE MO3BOJISIET MCMOJIB30BaTh BCE BO3MOXKHOCTH

JTaHHBIX ChEMOYHBIX CUCTEM |[7].
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1.2. Opranusanus npouecca 00padoTKM JaAHHBIX JIa3€PHOr0 CKAHMPOBAHMS.

JTanbl 00padoTKH

1.2.1. PacipocTpaneHHble GopMAaThI NPeACTABJIEHHS JAHHBIX JIA3€PHOTO
CKAHUPOBAaHMS

PaccmarpuBas 3amauy o6paboTku 001aKOB TOUYEK, HEOOXOAMMO MPOBECTH AHAIIN3
CYUIECTBYIOIIUX (HOPMATOB IMpeICTaBICHHUs 00JaKOB TOUEK JIa3€pHOTO CKAHUPOBAHMA.
[lenpro Takoro aHanmu3a OyJeT BbISIBIIEHWE HaumOoJiee paclpOCTPAHEHHBIX (POpPMATOB
XpaHeHus: 00JIaKOB TOYEK, Ha 00pabOTKE KOTOPBIX CTOUT COCPEIOTOUYUTHCS B MEPBYIO
ouepesb, a Takxke oneHka ux spdextuBHOCcTU. CyniecTBytomue (popmaThl XpaHEHUS
Oo0JTaKOB TOYEK JENATCS Ha OTKPbIThIE W mpomnpueTapHbie. [IpomnpuerapHbie
UCIIOJIL3YIOTCS B 3aKPBITOM IIporpaMMHoM obecriedennn (TerraSolid, Bentley u mp.), B
CHJTy 4ero He OyayT paccMaTpuBaThCs B JaHHOU padoTe. OCHOBHBIE OTKPHITHIE JOPMATHI
XpaHeHus: o0jaka TOYEeK, B CBOIO OYEpeldb, MCIONb3YIOTCS IOBCEMECTHO U
MOJIICPKUBAIOTCS MHOTUMU TIpOrpaMMaMu, pabOoTaIONMMH ¢ 00J1aKOM TOYEK.

dopMaTbl XpaHEHHUS MAaHHBIX OyAyT pacCMaTpUBATBCS C TOUKH 3PEHHS HX
pacmpoCTpaHEHHOCTH, pa3Mmepa B (ailloBOl cHcTeMe M TMOAJEPKKH OCHOBHBIX
aTpuOyTOB TOYKU Ja3epHOro ckanupoBaHus. OrneHka pazMmepa oOjaka TOYEK OyaeT
MPOU3BOJIUTHCS TYTEM KOHBEPTAIlMM OJIHOTO oO0Jlaka TO4YeK B pa3Hbie (OpMaThl
XpaHeHus. B xauecTBe MCXOMHOTO OyAET MCIOJIB30BaThCA 00JAKO TOYEK, COoAepKaliee
1193 056 touek (Pucynok 1.1) u mnpencraBisroliee pe3yiabTaTbl CKAaHHUPOBAHUS
MPOMBIILJICHHOTO 00BheKTa. ATpUOYTHI TOUKH 00Jiaka BKJIIOYAIOT B Ce0s1 KOOpPAUHATY U

HNHTCHCUBHOCTD.
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Pucynok 1.1 - O6mako Touek ajisi CpaBHEHUs pa3MepoB (haisioB

PaccmoTpum ocHOBHBIE (hOpMAaThl XpaHEHHsI 00JIaKa TOYEK.

ASCII (American Standard Code for Information Interchange) point cloud
(xyz). OOmuit dopmaT (ailyioB TOYSUHBIX O0JIAKOB, T/ JAHHBIC MPOCTPAHCTBECHHO
NPE/ICTABIICHBI C UCTIOJIb30BAHUEM TPeXMEpHBIX KoopauHat (Tabmuma 1.1).

Tabnuna 1.1 — Xapaxrepuctuku dpopmara ASCII point cloud

Karteropus Onucanue

Pacnipoctpanennocts | Cpennsis

dopmar TekcToBbIN

Pa3mep daitna 65 116 Koaiit

[Tonnepxka arpudyToB | O0mas crnenudukalys OTCYTCTBYET, MOATOMY COJIEPKUMOE

TOYKHU daiina MOXXET BapbUPOBATHCA B PA3IMUYHOM MPOTrPAMMHOM
oOecrieueHnn

LASer (LAS) [9]. Haubonee pacnpocTtpaHeHHbI (hopMar XpaHeHHs o0Jiaka
touek. [ToaaepkuBaeTcst OONBITHHCTBOM ITPOrPAMMHBIX CPECTB, OPHEHTUPOBAHHBIX Ha

paboty ¢ obmakom Touek (Tabmura 1.2).
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Tabnuna 1.2 — Xapakrepuctuku ¢popmata LAS

Karteropus Onucanne

Pacnpoctpanennocts | Beicokas

®opmar bunapnsbIit

Pa3smep daiina 30 293 Koaiit (46% ot pazmepa ASCII point cloud)

[Tonnepxka arpudyToB | [lognepxuBaer Kak MHOMXECTBO BCTPOCHHBIX  THUIIOB
TOYKHU aTpubyTOB, TaK U BO3MOKHOCTh N00aBIISATH
noJbp3oBarenbekue. Cpeau noanepkupaeMbix arpuOytos: 10
oOILIMX KJIACCOB TOYEK M aTpUOYTHI, BKIIOYAIOIIHNE B CeOs
KOOpPJIMHATY  TOYKH,  WHTEHCUBHOCTb,  KOJIMYECTBO

OTpa)KGHHﬁ, KJIaccC U IIp.

Compressed Las (LAZ) [10]. Bapuant ¢opmata LAS, momyyaemblii myTeM
ckatus 6e3 morepb opurnHanbHoro LAS daitna (Tabmuma 1.3).

Tabnuna 1.3 — Xapakrepuctuku ¢popmata LAZ

Kareropus Onucanne

PacnpocTtpanenHocts | Beicokas

dopmar bunapnsIit

Pasmep darina 13 226 Koaiit (20% ot pasmepa ASCII point cloud)

[Tonnepsxka arpudyToB | [logaepxuBaeT T€ k€ BO3MOXKHOCTH, YTO U OPUTHHATIBHBIN

TOYKU dopmar LAS

Point Cloud Data (PCD) [11]. ®opmar xpaHeHHs JaHHBIX HCIIOJIb3YEMbIi B
oubimoteke Point Cloud Library (PCL) [12]. Moxer ObITh Kak TEKCTOBBIM, TaK H
ounapubiM (Tabauma 1.4). B OunapHoit Gopme MpeacTaBiasiOT COOOH MOJHYIO KOIHUIO
o0Jlaka TOYEK, XPAaHHMMOTO B OICPATHBHOW MaMATH (3a CYET YEro MOXKET OBITh

JIOCTATOYHO OBICTPO 3arpyKeH).
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Tabnuna 1.4 — Xapakrepuctuku gopmara PCD

Karteropus Onucanne
Pacnpoctpanennocts | Huzkas
dopmar TexcToBblit / BunapHbIii

Pasmep (aitna

23 303 Koaiit (35% ot pazmepa ASCII point cloud)

[Tognepxka aTpubyTOB

TOYKH

[ToxaepsxkuBaeT cTaHaapTHBIC TUIBI JaHHBIX (char, short, int,
float, double) w  BO3MOXHOCTE  JEKJIAPHPOBATH

IIPOU3BOJIbHBIA HaOOp aTprOYTOB B 3arojioBke (paitina

E57 [13]. OrtHocurenbHO HOBBIA (opMar XpaHEHUS OOJAKOB TOUYEK,

HOBBOJI}IIOHIHI;'I BBIIIOJIHATL XPAaHCHHC o0Onaka TOYCK, I/I306pa}KGHI/Iﬁ n MCTadaHHBIX

(Tabmuma 1.5). [lo3Bomsier XpaHWUTh HAOOp OWHAPHBIX CEKIMA C JaHHBIMA U

WUHTEPIPETHPOBATH MX NP MOMOIIM HepapXxudeckoro onucanus Ha Extensible Markup

Language (XML).

Ta6nuna 1.5 — Xapakrepuctuku gpopmara ES7

Kareropus

Onucanune

PacrmipoctpaneHHOCTD

Cpennsisa

dopmar

bunapusiii ¢ TexctoBoit (XML) wactbio

Pasmep (aitna

17 555 KoaiiT (26% ot pasmepa ASCII point cloud)

[Tonnepxka

aTpuOyTOB TOUYKH

[MonnepxuBaeT cranmapTHbie TUIbl aaHHBIX (integer, float,
string), pacmmpeHHsie THIBI gaHHBIX (Scaled integer),
ounapubeie aanHbie (DIOD) ¥ BO3MOXKHOCTH JCKIAPUPOBATH

IPOU3BOJIbHBINA HAOOp aTprOyTOB B 3aroJioBKe daiiina

B nannoit pabote i1 XpaHeHUS U 3arpy3Ku 00JIaKOB TOYEK MCIIONIB3yeTcs opmar

LAS, xak Hanbosiee pacpOCTpaHSHHBIN U MOACPKUBAEMBIN. J[PyruM MOJIOKUTEITHHBIM

KaueCTBOM JIaHHOTO (hopMaTa sIBISIETCS TO, YTO MPU HEOOXOIUMOCTH 0oOecrieueHus bosee

KOMITAKTHOI'O IIPCACTAaBJICHUA 0071aKOB TOYEK BO3MOKHO HCITOJIb30BaHHE POACTBCHHOI'O

dbopmara LAZ ¢ MUHUMaNbHBIMU U3MEHEHHUSIMU B UCXOJTHOM KOJI€.
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1.2.2. Dtanbl 00padOTKH JAHHBIX JIA3€PHOT0 CKAHMPOBAHM S

[Iporiecc 00pabOTKU TaHHBIX Ja3epHOr0 CKaHUPOBAHMS MOXET BKJIIOYATh B ce0
pSiI ATAamnoB, HEKOTOPHIE M3 KOTOPBIX BBIMOJIHSIOTCS MOJIHOCTHIO B aBTOMAaTHYECKOM
pexume, npyrue TpeOyloT BMemareabcTBa omneparopa. CocTaB M KOJIUYECTBO 3TAINOB
TaK)K€ MOXKET paszlinyaThCs IS Ha3eMHOT0, MOOMJIBHOTO M BO3AYIIHOTO JIA3€PHOTO
CKaHUPOBAHU, & TAKXKE MOKET BApPbUPOBATHCS B 3aBUCUMOCTH OT MOCTaBJICHHOM 3a/1auH,
KauecTBa MCXOIHBIX JAHHBIX, HEOOXOAMMOM TOYHOCTH. Ha KakIoM M3 3TAanoB MOXKET
UCIIOJIb30BATHCS OTJENIBbHBIN HA00Op aNrOpuTMOB IS MpeoOpa3oBaHus 001aka TOUEK.

PaccmoTpum  00001IEHHOE TpEeACTaBlIeHHEe Tpoiiecca 00pabOTKM JTaHHBIX
JIA3€pHOTO CKAaHUPOBAHMS C IEJBIO ONMPEACIICHHs ATANlOB, KOTOPhIE MOTYT TOTPEeOOBaTh
PUMEHEHUSI MEXaHU3MOB 00pabOTKH OOJBIINX 00JIAKOB TOYEK.

C Touku 3peHus Ipolecca IOJY4YeHHUs JaHHBIX JIA3€pHOTO0 CKaHHUPOBAHMS
BBIJICIUM JTalbl MOATOTOBKA K ChEMKE, ChEMKH M IMEePBUYHON O0OpaOOTKU JaHHBIX.
CHauaza BBINIOJIHSIETCS MOATOTOBKAa 000OpYAOBaHUS U IUIaHUpPOBaHKUE cheMKU. Ha sTane
ChEMKU MPOU3BOJUTCS KaIMOPOBKA, CheM JaHHbIX HHepuuanbHbiX cucteM u ['HCC,
KOHTPOJIBHBIX TOYEK M HEMOCPEACTBEHHO MOTYYCHHIE JAHHBIX JIA36PHOTO CKAHUPOBAHMSL.
Ha sTane nepBu4HOi1 00pabOTKH MPOU3BOAUTCS COBMECTHAsE 00pab0TKa WHEPITUATHHBIX
u [HCC paHHBIX W KOHTPOJBHBIX TOYEK, ypaBHUBAaHHWE OOJIAKOB, YCTpaHEHUE
bnykryaruit [14]. JlaHHbIe STamnbl BBHIMOJIHSIIOTCS TMPUH TOMOIIHM POIMPHETAPHOIO
IPOrpaMMHO-TEXHUYECKOTO OOECHEeUeHUsl CUCTEM JIa3€pHOr0 CKaHMPOBAHHUA, B CHITY
Yero 3aTPyAHUTEIHLHO BHECEHUE B HUX KaKUX-THOO M3MEHEHHH.

C Touku 3peHus Mmpolecca OOpaOOTKH JaHHBIX JA3€pPHOI0 CKAHUPOBAHUS,
BBIJICIUM JTanm mnpenoOpaboTku u stanm oOpaboTku obmaka Touek. Ha »srame
npenoopadOTKU MPOUCXOAUT 3arpy3ka oOJlaka TOYeK BO BHYTPEHHUU (opmar
MPECTABICHUS] W TIOJTOTOBKA CTPYKTYp JAHHBIX, HAMPUMEpP, CTPYKTYp pa3OueHHS
IPOCTPAHCTBA, YCKOPSIOIIMX OIEpalud NpOCTPaHCTBEHHOro rmoucka. Ha »srtame
00pabOTKU MPOMCXOAUT MPUMEHEHHE K 3arpy>KeHHOMY 00JIaKy TOYEK M MOCTPOCHHBIM
CTPYKTypaMm JaHHBIX aITOPUTMOB 00pa0OTKH 00JIaKa TOYEK, BKIIOUYAOIIUX AITOPUTMBI

(buIbTpalMK IIYMOB, IPOPEKUBAHUS, KIacCU(UKAIIUN, BU3YAIH3ALUN U TPOYUX.
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B nanHoll pabore paccmarpuBaeTcs NPEUMYIIECTBEHHO 3Tall IpeaoOpaboTKu
o0naka TOYEK, Ha KOTOPOM BBINOJHSIETCS IOCTPOCHHE CTPYKTYpbl pa30OUeHUs
IIPOCTPAHCTBA, a TaKXkKe J3Tan O00pabOTKH, B KOTOPOM NPEUIOKEHHAs CTPYKTypa
pa3OueHus] NPUMEHSAETCS ISl BBINOJHEHHS OOpaOOTKM OOJIAaKOB TOYEK B YCIOBUAX
OTrPaHUYEHHOTO MOTPEOJICHUS OTIEPATUBHON MAaMSITH.

MeTtoapl, mpUMeHsEeMbIE NIl CTpYKTypupoBaHusi AaHHbIX JIC u orpaHuyeHus
noTpedIsIeMO TaMATH, MOKHO IIPEJICTaBUTh B BUJE KOHLENTYyanbHOU Mojenu (PucyHok
1.2). Kak BUIHO W3 pUCYHKa, OpraHu3alusi BBIOOPKHU M XpaHEHUS TaHHBIX MOXKET ObITh
BBINIOJIHEHA KaK C IMOMOIIBIO CTPYKTYp pa3OueHus (Ipu HEOOXOJMMOCTH YCKOPEHHS
orepanuii MpOCTPAaHCTBEHHOI'O IOMCKA), TaK M IyTEM I0CJIENOBATEIbHON BBIOOPKU
JAHHBIX W3 HEOPraHu30BaHHOro oOjaka Touek. Jlamee B paboTe NOKa3aHO, 4YTO
nocieaoBaTeabHasi BHIOOPKAa UMEET CYLIECTBEHHBIE OIPaHUYEHMsI, TO3TOMY OCHOBHOE
BHUMaHUE B JAJIbHEHIINX HCCIIEIOBAaHUAX YAENSAETCS YUYETYy BO3MOKHOCTH XPaHEHUS
JAHHBIX B BHUJE OKTOJIEpEBAa U, C HCIOJB30BAHUEM 3TOM OCOOEHHOCTH, IOUCKY

BO3MOKHOCTEH COKpalllCHHA 3aTpPaT BPCMCHHU Ha oOMeH JaHHBIMH C BHECILIHEH MaMSThIO.

OpraHusauus
obpaboTkn obnaka
TOuekK

MeTofk! BeIGoOpKA 1
XpaHeHWUs1 AaHHbIX

TalnoBsI
Maccue
K-d gepeBo

MeToak! orpaHnyeHns
notpetnaemort Ol
Cwatue aaHHblx B Ol

Pucynox 1.2 - KonrnenTyansHas MOJIEIb OpTaHU3aIiui 00paboTKHM 001aKa TOUeK

MeToabl
rnocrneaoBaTensHoN
obpaboTku

eTofbl Ha OCHOBE
CTPYKTYPUPOBAHUSA
JaHHbIX

Bea orpaHuyeHus

Mlcnoneb3oBaHue
BTOPWYHOI CUCTEMBI
XpaHeHus
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1.3. IpumeHeHne CTPYKTYP pa30ueHus NPOCTPAHCTBA /IJIsl YCKOPEHHs onepanuii

MPOCTPAHCTBCHHOI'O IMMIOUCKA

1.3.1. IlpumMeHeHMe onepanuii NPOCTPAHCTBEHHOT 0 MONCKA

B cuny cnemuduky nazepHOro CKaHUPOBaHUS, TOUYKM B OOJake HM3HAYAIHHO
pacIMoJIOXKEHBI PSIIOM, B COOTBETCTBUU C TpaeKTopuen Jyda ckaHupoBanusi. OmHaKo,
MpecKa3aTh UX paclpeeieHHe He MPECTaBISETCS BOBMOXHBIM: PACIIOI0KEHNE TOUEK
B O0JaKke MOXET ObITh M3MEHEHO MPOM3BOJIBHBIM 00pa3oM B pe3ysibTaTe Onepamui
COBMEIIICHHST O00JIaKOB TOUEK WJIM B pe3ysibTaTe oOpaboTku. Takum obOpa3om, o01ako
TOYEK SBJIIETCS HEOPTaHU30BAHHOMN CTPYKTYPOU JaHHBIX.

[Ipu oOpaboTke oOnaka ToYeK (IMPOpPEKUBAHUU, (PUIBTpALUHU, BU3YyaATU3ALNH,
BBIUMCJICHUIO HOpMaJIeil U T.I1.) 00bIYHO TpeOyeTcs nHpopMalus O MPOCTPAHCTBEHHOM
OTHOIIIEHWU MEXAy Toukamu. Takas uHopmamms SBISETCS Pe3yabTaTOM OIEparuii
IPOCTPAHCTBEHHOI'O IOWCKa, HampUMep: MOUCK OimKalux coceaerl — mouck N
OMmKaMIMX cocelied WM COCelei B ompenelieHHOM paaumyce [15]; momck Touek B
3aJlaHHOM 00beME — 00BEM MOKET OBITH 3a/1aH MPOU3BOIBHON PUTYPOIA, HO OOBIYHO 3TO
cdepa, Ky0 WM mapaIesIeuIe]I.

B o0mnake, mpeacTaBIeHHOM IMOCIEAOBATEILHBIM MAacCHBOM TOYEK, OIEpaIiu
nmoucka B oOIlEeM ciydae TpeOyloT MOJIHOro Tmepedopa oljaka TOYEK, TO €CTh
BBIUUCIIUTENIbHAS CJIOKHOCTh coctaBisier O(n) [16]. Takoit moaxom MOKET OBITH
OTpaBAaH, KOrJa KOJIWYECTBO OIEpalii MOMCKa HEBEIMKO, HO B Clydyae MPUMEHECHHUS
omieparuii TOMCKa JJIs KaKJIOW TOYKM B OOJaKe CIIOKHOCTh IOAOOHOW omeparuu
cranosurca 0(n?), uro morpebyer npuMmeHeHHs Oojee >PPEKTUBHBIX CIIOCOOOB

OpraHU3alMy MPOCTPAHCTBEHHOTO MTOUCKA.
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Jlis yCKOpeHusi MOJO0OHBIX BBIYMCIEHUN OOBIYHO HCIONB3YIOTCS CIEeHUaIbHbIC
CTPYKTYPBI IaHHBIX, OIMCHIBAIOLIME 00BEM, 3aHUMAEMBbII 00JIaKOM TOYEK, B BUJIE HAOOpa
HEIepeCcEeKaAIMMXcs 00JacTeil U MO3BOJIIONINE WAECHTU(UIIMPOBATh KAXIYI0 TOUKY B
o0ake Kak IpUHAJIEKAITYIO K OIpeielIeHHON obnacTy. [lpu ncnonb3oBanny nogo0HoM
UHGOpMaIlMU TOSBISAETCS BO3MOXHOCTH MPOU3BOAMTH IMOHUCK C Y4YETOM JaHHBIX O
CMEXHOCTH 00J1acTeil, a TaKKe MPUMEHSTh 00Jiee OBICTPYIO MPOBEPKY HA COOTBETCTBUE
KPUTEPUSAM MOUCKA JJISl TPYII TOYEK, YTO MO3BOJIIET CHU3UTH CIOXKHOCTH IOUCKA 10
O(logn) [16]. Bynem Ha3bIBaTh 1OJ00HYIO CTPYKTYPY JaHHBIX CTPYKTYPOU pa3OueHUs

npoctpancta [17].

1.3.2. CTpyKTYypbI pa30ueHus NPOCTPAHCTBA

CTpykTypbl pa3OMeHHs] MPOCTPAHCTBA YaCTO SBISIOTCS HEPAPXHUSCKUMH. ITO
O3HAYaeT, YTO MPOCTPAHCTBO (WM 00JACTh MPOCTPAHCTBA) Pa3/IEICHO HA HECKOJIBKO
oOnacTei, a 3aTeM OJHA U Ta XK€ CXeMa MPOCTPAHCTBEHHOTO pa3OMEHUs] PEKypCHUBHO
MPUMEHSETCS K KaXKJI0M U3 CO3JJaHHBIX TaKUM o0pa3zoM obisacteit. O6imacTu MOTYT OBITh
OpraHU30BaHbl B BUJE JI€pEBa, HA3bIBAEMOIO JEPEBOM pa3OMeHHs MpocTpaHcTBa. B
3aBUCUMOCTH OT pean3allii CTPYKTypa pa30UeHUS MOKET BBITTOTHITEH KaK WHCKCAIIHIO,
TaKk W XpaHeHue oOnaka Touek. Hekoropbie CTpyKTypbl pa3OHeHHs] MOTYT ObITh
CHEIUaIbHO ONTHMHU3UPOBAHBI VIS OTPEICICHHOTO BHJa BBIOOPOK, a HEKOTOPBIC HE
MO/IICP>KUBAIOT CITeU(PUIHBIE BUBI TIOUCKA.

CymiecTByromue CTPyKTYpbl pa30MEeHHs] MTPOCTPAHCTBA MOXKHO Pa3JIeuTh Ha JBa

kiacca [18]:

— VYmpasiseMmbie npocTpaHcTBOM (space-driven);

— VYmnpaensemsie nanubiMu (data-driven).

OTianymne MexX 1y NpUBEISHHBIMU KJIaCCaMU 3aKJIFOYAETCs B CJICIYIONIEM: B IEPBOM
clly4ae TMPOM3BOJIUTCA pa3OMeHHe MPOCTPAHCTBA U OMpPENETCHUE MPUHAIICKHOCTH
JIAHHBIX, BO BTOPOM — pa30OHEHHE JTaHHBIX U OMNpeJeSieHHe 3aHUMAaeMbIX PErMOHOB

MPOCTPAHCTBA.
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CTpyKTyphl pa30WeHUs, yNpaBisieMble IaHHBIMH, OOBIYHO TpPEOYIOT MEHBIIE
namsaTH W o0ecrneynBarOT Oojiee OBICTPBI JIOCTyn K JaHHBIM, OJHAaKO OYEHb
YYBCTBUTEIbHBI K MOAM(PHUKAIIMN 00JIaka TOUEK, TaK KaK TPEOYIOT MEPEeCTPOMKH MpHU
U3MEHEHUU JIaHHBIX.

CtpyKkTypbl pa3OueHusi, ynpasisieMble IPOCTPAHCTBOM, MEHEE UYBCTBUTEIBHBI K
U3MEHEHHUIO O00llaka TOYeK, JIydllle MOIXOMAT JMJIsS HCIOJIb30BAHUS COBMECTHO C
BTOPUYHOW CHCTEMOW XpaHEHUs, TaK KaK pa3OueHne Ha Ka)X/10M yPOBHE HIEHTHYHO, YTO
MO3BOJISICT BBIMOIHIATh COXpPAaHEHHE MEHBIIIETO KOJIMYECTBA HHPOPMAIIHH.

Jlanee OyayT paccMOTpPEHBl paclIpOCTPAHEHHBIE CTPYKTYpbl — pa30ueHus
IPOCTPAHCTBA, NpPHUMEHsSEMble @pU 00pabOTKe OOJAKOB TOYEK B  YCIOBHUSX

OTPaHUYEHHOT0 MOTPEOICHUS ONEPATUBHON MaMSITH.

1.3.3. TaiijioBBIH MAaCCUB

TailnoBbIi MacCMB OTHOCUTCA K CTPYKTypam pa3OUeHHUs, YNpaBlIIeMbIM
IPOCTPAHCTBOM, B CHUJIy YEr0 MEHEE UyBCTBUTEJIEH K MOAU(PHUKALMU NaHHBbIX. JlaHHBIN
HOJIXOJ] MOXKET OBITh pAaCHIMPEH IS IPOCTPAHCTBA 000N pa3MEPHOCTH: B OJJHOMEPHOM
cillyyae TMpPOCTPAHCTBO pa30MBaeTcs Ha HA0Op HWHTEPBAJIOB, B JABYMEPHOM —
MPSIMOYTOJILHUKOB, B TPEXMEPHOM — KyOOB. TailsIoBbIIl MacCUB MOKET UCIOJIb30BATHCS
B 3ajia4ax Busyanmsanuu [19].

PaccmoTtpum aBymepHbIil ciywai. [lycTh JaHO uCXOIHOE 00J1aKO TOYEK B
JIByMEpHOM MpocTpaHcTBe. [locTpouM OnucChIBarOmMi MPsIMOYTOJIBHUK 3TOTO O0jaka

touek (Pucynok 1.3).
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Pucynok 1.3 - OnuceiBaronuii mpsMOyroJbHUK

JInst CTpYKTYypUpOBaHHSI OOJjlaka TOYEK CO3JauM JABYMEPHBI MAacCHUB sIUYEEK

(Pucynok 1.4).
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Pucynox 1.4 - JIByMepHBIil MAaCCHB sTYEEK

B kauecTBe mpuMepa pacCMOTPUM ONEPAIHMIO TTOMCKA OMMKANIIMX coceaeu s
TaKOW CTPYKTYphI pazouenus. Jis noucka OauMxalmx cocee TOUKu P HEOOXOAUMO
CHayasa HalTH TYEUKY, B KOTOPOM 3Ta TOYKA HaXOAUTCA. ECiM B 3TOMN sSTUeliKe HaXOATCS
JPYTUE TOYKU, HEOOXOIMMO MPUMEHHUTH aJITOPUTM MOUCKA TSI HECTPYKTYPHUPOBAHHBIX
JTAHHBIX, OMMCaHHBIN Bbllle. MlHaye HEOOXOUMO MOBTOPUTH MPOLEAYPY IS cocenei

naHHO#M stuekiku (Pucynok 1.5).
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Pucynoxk 1.5 - TTouck cocetHUX TOYEK

CTOUT OTMETHUTB, UTO TAHHBIN aJTOPUTM IUIOXO €05 MOKA3BIBACT B PsJIC CIIyYacB
(Pucynok 1.6): korma BeIOpaHa CIMIIKOM HH3Kas IUIOTHOCTb CETKH W TPUXOIAMTCS
MIPOU3BOJIUTH CPABHEHHE C OOJIBIIIMM KOJIMYECTBOM HEOPTAaHM30BAHHBIX TOUEK B STUCHKE
(a); Korla MCKOMBIE TOYKU HAXOASATCS CIUIIKOM JAJeKO W MPHUXOIUTCS Mepedouparhb

CJIMIIIKOM MHOTO si4eeK (0) 1 KOT/1a INIOTHOCTh CETKH U30bITOYHA (B).

a) 6) ) HH HHH
T T 1

Pucynox 1.6 - HegocraTku anropuTMma: a - HeIOCTaTOYHAs IJIOTHOCTh CETKH, O - coceqn

CJIMIIKOM AJAaJICKO, B - M30BITOYHAS INIOTHOCTh CETKH

ITomumo BBIHICTICPCUUCIICHHBIX HEAOCTATKOB CTOUT OTMCTHUTDH OOoJIBIIION pacxon
naMsTH. 3a4acTyr MJIsd XpaHCHHSA BCEX SAYCCK TpC6y€TCH IHaMsITu 6OJ'IBH_I€, qeM

NOTPeOISIET KCXOAHOE 00JIaKO TOUEK.
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1.3.4. K-mepHoe 1epeBo

K-mepnoe nepeo (k-dimension tree, kd-tree) [20] - sto nBomuHOE nepeBo, B
KOTOPOM pa3OMeHHe MPOCTPAHCTBA BHIMIOJHAETCS 332 CUET PEKYPCUBHOTO MOAPAa30NEeHUS
o0jaka TOYEK TUIOCKOCTAMHM Ha JABE dYacTh. Kaknplii HE JHCTOBOM y3€l MOXKHO
paccMaTpuBaTh KaK IUJIOCKOCTb, JEISIIYI0 MPOCTPAHCTBO HA JiBa MOJAINPOCTPAHCTBA.
Touku cieBa OT 3TOM MJIOCKOCTU MPEACTABISAIOT JEBOE MOAIECPEBO 3TOTO y371a, & TOUKHU
CIpaBa OT IVIOCKOCTH MPEACTaBIEHBI IPABBIM NOAAepeBOM. K-MepHOE 1epeBO OTHOCUTCS
K CTPYKTypaM pa3OHeHusi, yrpaBisseMbIM JaHHbIMU (data-driven), B cuiy 4ero oucHb
YyBCTBUTEJIBHO K MOJU(DUKAIMU 00JIaka TOYEK, OJHAKO TpeOyeT MEHbIIE MaMsITH U
oOecrieuuBaet 0oJiee OBICTPBINA JOCTYIT K JAHHBIM 10 CPABHEHUIO C OKTOJEPEBOM.

PaccmoTtpuMm mporiece moctpoeHusi K-mepHoro mepeBa s TpeXMEpHOro objiaka
touek (k=3). Ilycth cymectByeT obmako touek P, |P| = n. K-mepHoe nepeBo mist P
MPEICTaBIIAECT COOOM OMHApHOE JEPEeBO, KOTOPOE PEKYPCUBHO pa30MBaeT MPOCTPAHCTBO,
3annmaemoe P. KopeHnb JiepeBa COOTBETCTBYET OTPaHUUYMBAIOIIEMY MapallIeNICIUIEy
(Axis-Aligned Bounding Box, AABB) o6maka Todyek P. BHyTpeHHHE y31bl JepeBa
IPEJCTABIAIOT COOO0H IIIOCKOCTH Sy, ., KOTOPBIE PEKYPCHBHO Pa30MBaIOT IPOCTPAHCTBO
MEPIEHIUKYJIAPHO K KOOPJIUHATHBIM OCSIM. JIMCTBsI coliepaT MHAEKCHl BCEX TOYEK,
MOMAIA0IINX B OmpeesieMblii uMu o0beM. [IpumepHblit anroputM moctpoeHus: k-

MEpHOTO JIepeBa MOKHO YBUETh B JiucTUHTE 1.1.

JIuctunr 1.1 - PekypcuBHOE IOCTPOEHUE K-MEPHOTO JIepEBa

// Tlpuaumaet Ha Bxoa MaccuB Touek (P) u ux AABB (V)
// Bo3Bpamaet BuyTpennuii y3en aepesa (Node) wnu muct (LeafNode)
Node* BuildTreeNode(Points P[], AABB V)
{
if(ShouldFinish(P, V)) // TIpoBepka ycioBuUsl OCTaHOBKU pa30HEHHsI
return new LeafNode(P);
s = FindPlane(P, V); // TTouck noaxoasiei miocKocTy S s pa3ouenus P
(V,V,.) = Split V with s;
P={p€ P|(nV)* 0}
P.={pe Pl(@nV,)+ 0}
return new Node(s, BuildTreeNode(P;,V;), BuildTreeNode(P.,;,.));
}
// Bo3BparaeT KOpHEBOM y3el JepeBa
Node* BuildTree(Points P[])

{
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V = GetAABB(P); // Beruncnenue / ITonyuenue AABB
return BuildTreeNode(P, V);

¥

OOBIYHO TJIaBHAS CIIOKHOCTH MPHU MOCTPOCHUN K-MEpHOTO JIepeBa 3aKIII0UaeTCs B
NPAaBUJILHOM BBIOOpE TUIOCKOCTH pa30MEHHs] S U OMNPEJCICHUU BEPHOTO KPUTEPUS
OCTaHOBKHU peKypcuu. Hanbonee yacTo MCnosib3yeMbIM METOAOM SIBIISIETCS pa30OneHue
0 MEeJIuaHe, MPU KOTOPOM OCh pa3OMEHUsi a BHIOMPAETCS IUKIMYECKH, a IUIOCKOCTb

PacCIIOJIOKCHA Ha HpOCTpaHCTBCHHOfI MCIHMAHC V o ocu a:

Vrrcllax —Vn (1-3)

a=D{l)mod3,s = fmm + Vi

rae D (V) — Texymiast riryOrnHa pa3OHeHHs.
Pa30uenne oObIYHO BBIMIOJIHAETCS 10 TEX MOP, MOKA KOJIMYECTBO TOUYEK HE yHa/leT
HWKE ONpeNIeIeHHOro nopora Ky, inpoints WM NOKa IIyOMHA pa3OuMeHus HE JOCTUTHET

MaKCUMaIIbHOM TIIYOUHBI Ky gxpepth -

ShouldFinish(P,V) = |P| < Kninpoints V D(V) = Kinaxpeptn- (1.4)

1.3.5. OkTOAEpPEBO

OkTapHble AepeBbsi HIMPOKO HMCHOJIB3YIOTCS NpU 00paboTKe O0OJAaKOB TOYEK
Ja3epHOTO CKAHMPOBAHUS M HAXOSAT MPUMEHEHUE B TAKUX 00JIACTIX, KaK pacllO3HaABaHUE
00bekTOB [21-23], cermenTanus [24; 25], BelaeieHue NpUMUTHBOB [26], peKOHCTPYKIIHS
noBepxHoctH [27], pacueT Hopmaei [28] u mip.

CtpykTypa OKTOJZEpeBa NpuBeAcHa Ha pucyHke 1.7. Y3en okTojepeBa XpaHUT B
cebe mHpOpPMAIMI0O O BOCHMH ITOTOMKAaX, a TaKKe BCIIOMOTATEIbHYI0 HWH(OPMAIIHIO,
KOTOpasi MOXKET UCTIOIB30BaThCS B MPOIIECCE MOCTPOCHUS WM 00pabOTKU 00J1aka TOUEK
(HampuMep, KOOPJAUHATHI y371a, €T0 pa3Mep, YPOBEHbB U T.11.). JIUCThS OKTOJEpEeBa XPaHST
B ceOc MHPOpPMAIMIO O TOYKAaX, KOTOPBIC MOMAIAI0T B SYEHKY KOHKPETHOTO JINCTAa HA
JAHHOM YpoBHE paszOuenus. JIMCThS TakkKe MOTYT COAEp)KaTh BCIIOMOTATEIbHYIO

uHpopmarmio [29].
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Pucynok 1.7 - CTpykTypa oKTO/IepeBa

dopMUpOBaHUE OKTOIEPEBA MPOU3BOISIT IIPU ITOMOIITH PEKYPCUBHOTO JOOABIEHUS
TOYEK, HAUMHAsI ¢ KOpHEBOro y3na. Ha stame mocTtpoeHmsi mpu J00aBIICHUHA TOYEK B
100011 y3es MPOU3BOJIUTCA MPOBEPKA HA YIOBJIETBOPEHUE KpUTEpHUs pa3OueHUs s
nanHoro y3na [29]. Kputepuem pa3OueHHs Kak HpPaBHIO BBHIOMpACTCS IMPEBBIMICHUC
3aJTaHHOTO MaKCUMAaJIbHOTO KOJTMYECTBA TOUCK B y3Jie. [Ipy BBITIOJITHEHUH TAKOTO YCIOBUS
MIPOU3BOUTCS pa30MEHHE y3Jia HA BOCEMb MEHBIIUX OKTAaHTOB, TOYKH POJAUTEIIHCKOTO
y3Ja pachpeaesssioTcs MEXIy HUMH IO MPOCTPAHCTBEHHOMY MpHU3HAKY. Kpurepuem
OCTaHOBKH CITY)KUT TPEBBIIICHHE MaKCUMAIILHOU TIIyOHHBI 1epeBa [29].

Yacto mOCTpOEHHE OKTOAECPEBA BBIMOJHIETCS B OINEPATUBHOM MaMATH. ITO
03HAYACT, YTO y3JIbl, JUCThSI W MPHHAJISKAIINEC UM TOYKH TaKKe OyIyT XpaHUTHCS B
ONepaTUBHOM MamsATH. Takoe perieHue CyIeCTBEHHO YCKOpSET MOCTPOCHHE JEpeBa,
OJIHAKO JIeJaeT HEBO3MOXHBIM 00pabOTKy OOJAaKOB TOYEK, HE IMOMEIIAIOIINXCS B

OIEPAaTUBHYIO MamsTh |29].
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1.3.6. IlpumeHeHne B aIropuT™Max 00padoTKN 00,1aK0B TOYEK

PaccmoTpum TmipuMEHEHHE CTPYKTYp pa3OMeHHsI TPOCTpPAaHCTBA Ha TPHUMEpE
aJITOpUTMa BU3yalIM3amuu o0siaka Todek. [IpobmemMoii mpu Bu3yanu3auu obJaka TOUeK
aBiAeTCs OOJNbIION 00beM faHHBIX. OOMaKo TOYEK HE BCerjJa IOMENIaeTcsl B
OTICPAaTUBHYIO WM BHJEO TMaMsITh. YUYTOOBI MOJYyYHUTHh TOYKH, HETOCPEIACTBEHHO
MIOTTA AIONITNE HA DKPaH, HEOOXOIMMO IPOCMOTPETH BCE 00JIAKO TOUYCK IETUKOM (TaK KaKk
HMCKOMBIE TOYKH MOTYT OBITh CIy9aillHBIM 00pa3oM pachpenesieHbl 10 BCeMy 00JaKy).
[Ipumep Bu3yanuzaiuu o01aka Touek MOKHO yBUJeTh Ha pucyHke 1.8. Ha pucynke 1.9

KpaCHBIM IIBCTOM I/1306pa)I(GHBI TOYKH, ITIOIIAAA0OIINC B IIMPpaMUAy BUAUMOCTH.

- | %

Pucynox 1.8 - Touku, BumuMbIe Ha dKpaHe

! ""“t/'

Pucynok 1.9 — Bugumelie Touku B 00J1aKe TOYEK
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B curyanuu, korma o0iako TOYEK 3aHMMAET HECKOJIBKO THUTrabalT, 3aHOBO
IPOCMATPUBATh BCE 00JIAKO TOUEK Ka)IbIH KaJp HE MPEACTaBISAETCS BO3MOXKHBIM. J{71st
pemeHus TOMO00HOW 3amadyd  OOBIYHO  HCIOJIB3YIOTCS  CTPYKTYPHI — pa3OueHus
npocTpadcTBa. [IpocTeluM NpUMEPOM TAKOM CTPYKTYPBI SIBISICTCS ABYMEPHAs WIIU
TpexmepHas cerka. [Ipu MOCTpOoeHMM TakoM CTPYKTYpbl MPOUCXOIAUT OIpPEAEICHUE
MOTIATaHMs KKIOH TOYKHA M3 O0JlaKka B SIMEMKY CETKH COTJIACHO KOOPIWHATAM TOYKH
(Pucynok 1.10). [lanee 11t Kaxa0W STYSHKA IPOU3BOIUTCS BHIOOPKA COOTBETCTBYIOIIMX
€l TOYeK W COXpPaHCHUE B BHUJIC OTACIBHOW CTPYKTYpHI JaHHBIX. Takum 00pa3om, Bce

TOYKH, HAXOJAIMUCECA B IIPOCTPAHCTBEC B IIPCALCIaX quﬁKH, JIC)KAT PAAOM B ITaMSITH.

Pucynok 1.10 - O61aKo TOUYEK, pa30UTOE Ha STUEHKHU

JIJis oJTydeHus] BUIMMBIX TOYCK OCTAETCS JIUIID HalWTH BUauMbIe ssuciku [30] u
3arpy3uTh coJieprKallrecs B HUX Touku. [IpoBepka nepeceueHnii mupaMu/ibl BUJIUMOCTH
BUPTYaJIbHOW KaMephl C SYEUKOW CTPYKTYpPhl pa30MEHUs TO3BOJISIET BBIOIHSITH
OTCEUYEHUE LEJBbIX TPYyNI TOYEK, YTO 3HAYUTEIBHO COKpallaeT OO0OBEM BBIYHMCIICHUU.
[Ipumep Takoro noaxoaa MOXHO yBU1eTh Ha pucyHke 1.11. KpacHbIM IIBETOM BBIAECIIECHBI

PCaAIbHBIC BUAUMBIC TOUYKH, 3CJICHBIM — quﬁKH, momnagaromuce B IMpaMuly BUAUMOCTH.



B 3aBucuMocTH OT TpeOyeMoro pe3yjibTara MOTYT MPUMEHATHCS pa3InyHbIC
CTPYKTYpHBI paz0oueHus npoctpaicTBa. OHU MOTYT pa3inyaThCs O BPEMEHU BBIOOPKH,
OPUHLKIY pa3OueHMs, CJIOKHOCTU IOCTPOCHHUS, JAOIOJHUTEIBHO MOTpeOIsieMon
naMatd. OOBIYHO IJI1 BU3yaJIM3allii ONPAaBIaHO MPUMEHEHHE OKTOJEPEBLEB, KOTOPHIE
32 CUET MEPAPXMUYECKOIN CTPYKTYphl MO3BOJSIOT COKPATUTh MOTpEOJIeHHE MaMsTH I10
CPAaBHEHUIO C PEryJISIPHBIMH MAacCHBaMHU S4YEEK, BBIMOJHSASA XpPAaHEHUE TOJBKO TeX

o0JracTei mpocTpaHCTBa, e COACPIKATCS KaKue-Tu00 TaHHbIC.

1.4. O0630p ucciaen0BaAHNIA B 00/1aCTH OPraHU3anuu 00padoTKu 00JLIIUX 00J1aKOB

TOYCK

Jlyist 000CHOBaHUSI WCIIOIB30BAaHUS TMOAXOJ0B K 00paboTKe OOJbIIUX 00JIaKOB
TOYEK, IPUMCHICMBIX B JINCCEPTAIMOHHONW padoTe, MPOBEACM aHAIN3 CYIIECCTBYIOIINX
HCCIICIOBAHUM, PACCMATPHUBAIOIINX OPTraHU3aIlUI0 00pabOTKH OOJBIINX 00JaKOB TOYCK
B OTPAaHUYECHHOM 00BEME OTEPATUBHON MAMSTH.

MOXHO BBIZICIIUTH PSJ OCHOBHBIX ITOAXOJOB K PCIICHUIO JaHHOW 3a1adw,
BKJTFOYAIOIINX KCTIOJIB30BAHNE MEXAHU3MOB CXKATHUS JAHHBIX, TOTOKOBOW 0OpaOOTKH,

CTPYKTYp pa3OueHHUsI MPOCTPAHCTBA, & TAKXKE Psi/l Y3KOCTIELIMAIM3UPOBAHHBIX MOX00B.
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Paccmotpum OCHOBHBIE XapaKTePUCTUKH, MO3BOJISIOIIME OIICHUTH
PacCMOTpPEHHbIE TOAXOJbl C TOYKH 3PEHHUS] WX HCIOJIB30BAHUS [JIi OpTraHU3alluu
0o0paboTku OonplmMX OOJaKoB Todek. Jljisg 3TOro Jiydiie BCEro IMOAXOIAT
KOJIMYECTBEHHBIC MMOKA3aTENH, HalPUMEpP, 00BEM NOTPEOIsIEeMO OnepaTUBHON MaMsITH
WIM TPOU3BOAUTENBHOCT, 00paboTku. Ho wucnonb3yembie alropuTMbl MOAYUHEHBI
pa3IMyYHBIM IIEJISIM, a JAaHHbBIC, MPUBEACHHBIE B CTAThAX JOCTATOYHO PAa3HOPOIHBI H
MOJIYYEeHbBI HA PA3JIMYAIOIINXCSl KOMIBIOTEPHBIX CUCTEMAX, YTO 3aTPYAHSIET COBOKYITHYIO
OLICHKY.

JIs OLICHKHU TMPEUMYIIECTB U HEIOCTATKOB MEXaHHU3MOB 00paOOTKH OOJBIINX
00JIaKOB TOYEK, HCIOJIb3yeMbIX B PACCMOTPEHHBIX MOAXO0JaX, MOXKHO HCIOJIb30BaTh
KOCBEHHBIEC XapakTepucTuku. C y4eToM TOTO, YTO BCE PACCMOTPEHHBIE MOAXO0/IbI B TOU
WIM WHOM Mepe IMO3BOJIAIOT BBIMOJHATE 00paOOTKY OOJAaKOB TOYEK OOJIBIINX, YeM
JIOCTYTTHBIN 00bEM ONIEPATUBHOM MaMATH, MOKHO BBIITOJIHATH UX OLIEHKY C TOYKH 3PEHUS
HAKJIaJHBIX PAcXOJ0B Ha TaKyl0 OOpaOOTKy M OTpaHMYEHH Ha HMCIOJIb30BAaHUE IS
OTIpEJICIICHHBIX BUI0B 00paO0OTKU. BhIennm 3Ti XapakTepUCTHKY.

Ecin o0OpaboTrka Ooyibliux OOJAKOB OCYLIECTBISIETCS IYTEM BBITPY3KH
HEHUCIIOJIb3YeMbIX YYaCTKOB Ha BTOPUYHYIO CHUCTEMY XpaHEHHS, TO BaKHOU
XapaKTEPUCTUKON OyJeT KOJUYECTBO CO3/IaBAEMbIX (PaityioB, T.K. OOJIBIIOE KOJTHYECTBO
(aloBBIX 3aMKUCE MOXKET 3aMeJITTUTh pad0Ty (PaillIoBOM CUCTEMBI, a TAK)KE MMPUBECTU K
HCUYEPIaHUIO JIOCTYITHOTO KoJInuecTBa (haiioBbIX 3anmucei. Tak Kak B TUCCEPTAITMOHHOM
paboTte st OO€CleueHUs] BO3MOKHOCTHM OOpaOOTKM OOJBIINX O00JIAKOB TOYEK
UCIIOJIB3YETCSl OKTOAEPEBO, HEOOXOAUMO PACCMOTPETh JPYrue MOIXOJbl C LEJbIO
00OCHOBaHUSI HCIIOJIb30BAHUSA CTPYKTYp pa3OMeHUs TMPOCTPAHCTBA B I1IEJIOM U
OKTOJIepeBa B YAaCTHOCTH. Takke TMpeArnodYTeHne OyIeT OTAaHO TOIXOAaM,
MO3BOJISIONIMM  BBITIOJIHATh  MOJU(DHKaAIMI0O 00JaKoB ToueK 0€3 TepecTpoeHUs
UCITIOJI3YEMBIX CTPYKTYP pa3OHEHHs], YTO MO3BOJIUT PACIIUPUTH 00JIACTh TPUMEHEHUSI.

Hpyroi 1enpro 0030pa SBISETCS UCCIEIOBAHUE METOJI0OB, KOTOPhIE MOTYT OBIThH
WCITIOJIb30BAaHbI B COBOKYITHOCTH C TPE/JIOKEHHBIMU B JIAHHOW pabOTe OKTOIEPEBHSIMU

AJIs1 YBCIIMYCHUS UX IIPOU3BOJUTCIILHOCTH.
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1.4.1. KoMmnakTHoe npeacTaBjeHne JaHHbIX

B cratee Efficient processing of large 3d point clouds [31] mpemmaraercs
peanuzalus OKToiepeBa, IPUMEHSIEMOTO JIJIsl XpaHEHHUS M CKATUS TPEXMEPHBIX JaHHBIX
0€3 MoTepu TOUHOCTH.

JIJist yMEHBIICHHSI CTPYKTYPHI JaHHBIX y3ja OKTOJEpPEBa B CTAaThe MpeJjiaracTcs
COKPaTUTh KOJUYECTBO MPSIMBIX YKa3aTeJiel Ha JaHHbIE TOTOMKOB U MTOJIC3HYIO HArPy3Ky
y371a, YMEHBIIUTH pPa3Mep yKaszaTelel, HCIOJIb3YEMBIX JIs aapecarudl JaHHBIX U
MIOTOMKOB y3JIa, a TaK)K€ OTKa3aThCs OT XPAHECHHS pa3MEpPOB U IMO3MIMHU y3ja (Tak Kak
OHHM MOTYT OBITh BBIYHMCIICHBI B poliecce 00X0/1a).

JIJIsi yMEHBIIIEHUST Pa3MEpOB TOJIE3HON HArpy3KH B OKTOACPEBE IMpeIaracTcs
BBITIOJIHUTD CKATUE KOOPAMHAT TOYEK B OOJaKe 3a CYET MCIOIb30BAHUS ISl XPAaHCHUS
yuceNl ¢ IUIAaBaKoIIeld TOYKOM B OO0JIaKe TOJBKO ABYX OailT. [[ns CHMKEHHs moTephb
TOYHOCTH KaXIbId OWT KOOPIWHATHI HCIIONB3YETCS Kak IMpHUpAIICHHE K KOOpIWHATE
HUKHETO JIEBOTO TIEPEJHEr0 yIila y3Jia OKTOAEepeBa, B KOTOPBIM BXOAWUT JaHHas
KoopauHata. JlJis cCoOKpamieHus: pa3MepoB IIBETOBOW KOMITOHEHTHI TOYKU HCITOJIB3YETCS

TOT XKC IIOAXOA.

1.4.2. Ucnoib30BaHHUeE MOTOKOBOI 00padOTKU TaHHBIX

B craree Stream-processing points [32] mpeacTtaBiieH MOIXOMA, MO3BOJISIOIINI
BBITIOJIHATH TOTOKOBOIO 00pa00TKyY 001aKa TOYEK C UCTIOJIb30BAaHUEM BTOPUYHBIX CUCTEM
XpaHEeHUs TaHHBIX. [IpenoskeHHbBIN MTOAX0 TIO3BOJISIET BBITIOJHATD IMOCIEI0BATEILHYIO
00paboTKy 00Jilaka TOYEK 3a CYET MX COPTUPOBKH M CMEIICHHS TUIOCKOCTH BBHIOOPKH B
npoctpaHcTBe. [ 00paboTku cpe3a TOUEK B ONEpaTUBHOM MAMSITH IPUMEHSAETCSI HAOOp
KOHKATCHUPYEMBIX ITOTOKOBBIX OmNepaTopoB. IS BBIMOJTHEHUS TPOCTPAHCTBEHHOTO
MOMCKA HCIOJIB3YyeTCsS JUHAMHYECKOE Moy-0atancupyemoe K-mepHOe 1epeBo, B
KOTOPOM COIep>KaTcsl IaHHbIE TEKYIIeH TIIOCKOCTH BBIOOpKU. Pe3ynbraThl 00paboTKH

MOCJIETIOBATEIHLHO 3aUCHIBAIOTCS B (paii.
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B cratee Flexible configurable stream processing of point data [33]
paccMmarpuBaeTcs yBeauueHne 3Gp(GEeKTHBHOCTH MOTOKOBOH 00paboTkH n3 crtaThu [32]
32 CUeT BBEJCHHS KOHIIEMIIMU IEMMHOTO OmepaTropa, ACHCTBYIOMIETO KaK TJIOOATbHBIN
ormepaTop I IEMOYKH OOBIYHBIX OmepaTropoB. [lomOOHBIN TIOIXO0J TO3BOIISICT
U30aBUTBCSA OT CTapOTO MeEXaHW3Ma TIOMCKa ONWKAWIIUX Ccocelel B  IMOJB3Y
WCITOJIP30BAHUS MTPOCTPAHCTBEHHON CTPYKTYPHI U3 IIETHOTO ONepaTopa.

HenocratkoM mogo0HOTO mMoaxonaa SBISETCS HEOOXOAMMOCTh JITHHAMHUYCCKON
OaTaHCUPOBKH CTPYKTYPHI Pa30MEHUS MPOCTPAHCTBA JIJIsl MHICKCAIIMN TOYEK TEKYIIIETO
cpe3a, 4TO 3aMmemIsieT oOmuid mpouecc 0oO0padOTKM U OrpaHUYMBAET 00JacTh
MPOCTPAHCTBA /I TIOMCKA TeKyIUM cpe3oM. C y4eToM TOTro, YTO MepBUYHAs BHIOOpKA
TOYEK oOecreyuBaeTcs JJis Bcero (aityia oOaka TOYEK, JAHHBIM MOIXO0M IS JIFOOOM
00paboTKN MOTpeOyeT CUUTHIBAHUS BCETrO OO0JaKa TOYEK, TOT/a KaK B MOJXOJax C
UCIIOJIb30BAaHUEM CTPYKTYphI pa30MEHUs] MPOCTPAHCTBA HA OOIIEM MHOXKECTBE TOUEK
UMEETCS BO3MOXKHOCTh OTCEUYCHHS HE WHTEPECYIOIMX TO4YeK. Take MaHHBIN MOIXO0.]
OTpaHUYMBAET UCIOJIb30BAaHUE AITrOpUTMa 0OPabOTKH JIOKAbHBIM MHOXECTBOM TOUYEK
Cpe3a, 9TO MOXKET YCIIOKHHUTH €T0 Peah3aIluio.

[IpeumyiiecTBOM Takoro TMOAXOJa MOXHO Ha3BaTh Majioe TMOTpebieHue
OTIEpAaTUBHOM MaMSITH U BO3MOXXHOCTh IPUMEHEHHS HECKOJIBKMX aJITOPUTMOB 00pabOTKH

3a OJUH IMPOXO0Aa CUYUTBIBAHUA 00J1aKa TOYEK.

1.4.3. Ucnoib30BaHMe TAHJIOBOI0 MAaCCHUBA

B pa6ote Supporting multi-resolution out-of-core rendering of massive LiDAR
point clouds through non-redundant data structures [34] mnpencraBieHa TEXHHKa
BU3yallM3allid  o0Jlaka TOYEK uYepe3 HHTEPHET, O00Jafamomas BO3MOXHOCTSIMHU
BU3YyalU3al[ii 00J1aKa TOYEK C MOAEPKKON YPOBHEN JeTaTU3aI[ii Ha OCHOBE MYJIBTH-
paspenienns (multi-resolution) u ucmonb3yroiasi BTOPUYHBIE YCTPOMCTBA XPaHEHHUS.
Peanuzainuss TakoW TEXHUKH IPOM3BOIUTCS IPH IMOMOIIM HEU30BITOYHOIO METOA
opraHu3aii Touek, Ha3zBanHoro astopamu Hierarchically Layered Tiles (HLT), u

JPEBOBUIHOM CTPYKTYpO#, Ha3biBaeMoi aBropamu Tile Grid Partitioning Tree (TGPT).
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[Toctpoenue TtaiinoBoit cTpyktypsl HLT opranuszoBano ciemyromum oOpa3oMm:
OTpaHUYMBAIOIIUN MPSAMOYTOJIBHUK O0JaKa TOYEK NIEIUTCS Ha | TailJioB OJMHAKOBOTO
pa3Mepa, oOpa3yloluX peryjasipHyl0 CEeTKy. TOYKM paclpefenstorcs B Taliaax ¢
UCIIOJIb30BAaHUEM MX reorpaduyeckoro nojoxkeHus. st Kaxkaoro Taiiaa B CETKE TOUKU
pa30ouTel Ha L ciioeB, Ipu 3TOM cO3/1aeTcsi HAOOP CIIOEB C Pa3TUYHON IIIOTHOCTHIO TOYEK.
BxotHO¥ mapameTp, Ha3bpIBaeMblid Kod(dGuimeHToM moHmkaromnen nuckperusarnuu (df),
OTIpEJIEIISIET MPOLIEHT TOYEK, KOTOPhIE pa30OpOcCaHbl B KaXJAOM clioe Taija. TOYku B
KQKJIOM CJIO€ PABHOMEPHO PACIPENEIICHBI 110 TOBEPXHOCTH.

VYnpasnenue u o6padboTka ¢parMeHTOB, Ha KOTOPHIE pa3liesieHO 00JIaKO TOYEK,
OCYILECTBIISIETCS C MOMOIIBIO ApeBOoBUAHON cTpyKTyphl TGPT. B oTinmume ot apyrux
CTPYKTYpP JIaHHBIX, TAKMX KaK KBaJpOJAEPEBO MM OKTOJEPEBO, KOTOPbIE MOTYT OBITh
MOJIHOCTBIO MIPEJIBAPUTENILHO BHIUUCICHBI U COXPAHEHBI HA TUCKE (Ha CTOPOHE cepBeEpa
Wi Ha crtopoHe kiueHTa), TGPT sBisercs He CTaTMYECKOM NPEIBAPUTEIIBHO
BBIYMCJIEHHOM CTPYKTYpPOH, a CTPYKTYpOMW, CT€HEPUPOBAHHOW HA CTOPOHE KJIMEHTA IO
Mepe He0OXOAMMOCTHU U BCET/1a COOTBETCTBYIOIIEH 3ajaHHOMY perrony unrepeca. TGPT
XpaHHUTCS B ONEpPaTUBHOM mamMaTu kiaueHTa. [lociie onpenenenus pernoHa uHTEpeca B
TGPT co3naeTcst KOpHEBOM y3€7, KOTOPBIH MPEACTABISIET BCE IUTUTKH, TIEPEKPHIBAIOIINE
PErMOH UHTEpeca.

PaGota B ycClOBHSIX OrpaHMYEHHOIO TMOTPEOJEHUS ONEpPaTUBHON NaMATH
JOCTUIaeTcs 3a CYET COXPAHEHUs TOYEK KAKIOTo CJI0S KaXJO0ro Taila B BHJE

OTJCNIBHOTO (haiiyia Ha BTOPHYHOM CHCTeMe XpaHeHus B cxkaTtoM popmate LASzip (LAZ).
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1.4.4. Ucnoan3oBanue K-mepHoro gepena

B pa6ore Out-of-core visualization of classified 3d point clouds [35] aBTopamu
BBIMOJIHSACTCS PEHACPUHT OOJBIIMX 00JaKOB TOUYEK IMPH MOMOIIM MHOTOCIOWHOTO K-
MEpPHOTO JiepeBa C TMOJACPKKON JAMHAMUYECKOM aAeTanu3auuu. OTIMYUTEIBHOU
0COOCHHOCTBIO SIBJISIETCS BO3MOKHOCTH UCIOJIb30BaHUs HH(POPMAIUH O Ki1accu(uKaiuu
TOYEK B 00JlaKe, T.€. MOKHO MPUMEHATHh PA3JIUYHbIE CIIOCOOBI PEHIEPUHTa NIl TOYEK
pa3nmn4HbIX Ki1accoB. [Toctpoenue Kd-aepeBa BBITIOIHSIETCS TIPU MOMOIIHA BCTABKU TOYEK
B THUCTOIpaMMy, KaK U HaXOXXJIEHUE MEIAMAHHOro (hparMeHTa U pa30ueHus Ha JieBOe-
npaBoe nonaepeBo. Kaxnaplil y3enm JepeBa OTBEYaeT 3a ONPEIEICHHBIM YPOBEHBb
netanu3anuu oobekTa. Obecneyenne paboThl B YCIOBHIX OTPAHUYEHUIN 10 ONIEPaTUBHOMN
NaMATH OCYLIECTBIISIETCS. ITyTEM BBITPY3KH HEUCIOJIB3YEMBIX Y3JI0B Ha BTOPUYHYIO
CUCTEMY XpaHeHus. Jusd Kaxaoro ysna Cco3JaeTcsi WHIMBHAYaIbHBIA — (aiii.

Monudukanus nepeBa He OS> KUBACTCS.

1.4.5. Ucnoaib30BaHUE OKTOIepeBa

B pabore An out-of-core octree for massive point cloud processing [18]
paccMaTpHUBAETCsl peanu3alus OKTOJEpeBa, B KOTOPOUW aJig OOecredeHUs] BBITPY3KHU
HEAKTyaJIbHBIX Yy3JI0B MCIOJIB3YETCS HCTOpPHUS B3auMOJEHCTBHUS C y3namu. Jlis
OTCIICKUBAHUS y3JI0B B MaMSITH UCIIOIb3YETCSl CUETUMK OOpaIlleHud, WHANBUYTbHBIN
JUIST KaKIOro Yy37a, a i TOBbIIEHUS 3(PGEKTUBHOCTH (HAMIOBBIX —Olepaui
MPOUCXOIUT OOBEIMHEHHE HECKOJBKUX y3JI0B B OoJMH (pailn. Takke obOecrieunBaeTcs
BO3MOKHOCTh OOHOBJICHHUSI JaHHBIX B y3je. [y 3amucu JaHHBIX Ha JKECTKOM JIMCKE

co3JaeTcs uepapxuueckasi CTpykrypa u3 (ailjioB U AUPEKTOPUH.
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B pabote Processing and interactive editing of huge point clouds [36] mns
3G ()EKTUBHOTO XpaHEHHs] BBIOMPAIOTCS pa3Mepbl Y3JIOB, KOTOPbIE COOTBETCTBYIOT
KOMIIPOMHCCY MEXAY 3aJE€p’KKOW M MPOMYCKHOW CHOCOOHOCTBIO YCTPOWCTBA BBOJA-
BBIBOJIA, Y3JIbI B ONICPATUBHOM IMaMATH BRITPYKAIOTCs coTacHo noautuke Least Recently
Used (LRU, Beitechenue naBHO HeHCIOIb3yeMbiX) [37]. XpaHeHHe y3JI0B Ha KECTKOM
nucKe obecreunBaeTcs Mpu oMol Habopa (ainoBbix OydepoB, KaKIbIA U3 KOTOPHIX
COJIEPKUT OJIOKU (PUKCUPOBAHHOTO paszMepa. Mexay coOoil ¢aiibl pazauyarorcs
pa3MepoM OJI0OKa, KOTOPBI TPUHUMACT 3HAYCHHUS CTCTICHW MBOWKH. J[7s CHUXKEHUS
BIIMSIHUSL 3aJI€PKEK CHUCTEMbl XpaHEHHs Bce (aiijloBbie oOMeEpaluyd BBIMOJHSIIOTCS
ACUHXPOHHO, B OTHeiabHOM TmoToke. [lojaepkuBaercss BO3MOXKHOCTh MOJU(pUKAIIIN
Y3JI0B OKTOJIEPEBA.

B pa6ore External memory management and simplification of huge meshes [38]
PacCMOTPEHO PEIICHUE 3a/1a4d YIPABJICHUS MaMAThIO NMPU paboTe C MOJUTOHATBHBIMU
ceTKaMH OoaplIoro pasMepa. [[ns pemeHus 3agadud OPEAsiOKEHO HCHOJIb30BAHUE
OKTOAEPEBA, KaXIbli y3€JI KOTOPOTO BBINOJIHIET XPaHEHUE aJpeca ydacTKa JaHHBIX
MOJIMTOHAJIBHOW CETKM Ha BTOPUYHOM CHUCTEME XpaHeHMs. Mepapxuueckas CTpyKTypa
OKTOJEpEBa MPHU 3TOM PACIIOJIaraeTcs B OMEPATUBHON NMaMSTH, TaK KaK 3aTpaThl MaMsTH
Ha ee XpaHeHue HeBeNnukH. [1oaaepKuBaroTCsl BOBMOXXHOCTH 3arpy3KH, MOIU(DUKAIIUN U
COXpPAHEHHSI YYaCTKOB MOJUTOHAIBHOW ceTku. KonmuecTBO co3naBaembix (ailiioB B
¢aiioBoii cucTeMe He YKa3aHo.

B pab6ore Interactions with gigantic point clouds [39] mpenmoxken croco6
B3aUMOJICUCTBUSL C OOJIakKaMU TOYEK, pa3Mep KOTOPBIX MOKET TMPEBBIIATh OJUH
MUJUIHAp] Touek. B pabore myisg xpaHeHus: o0iaka TOYEK HCIOJIb3YETCS OKTOJIEPEBO,
y3JIbI KOTOPOTO 3arpy»aroTcsi U OCBOOOXKIAIOTCS MPU TTOMOIIM CUCTEMbI KEITUPOBAHUSI,
noaaepxkuBatomert nonutuky LRU. Tloamep:kuBarorcsi BO3MOXKHOCTH XpaHEHUS
YPOBHEHN JeTanu3aluu JJIsl y3JI0B OKTOJIEpEBa, KOTOPbIE BBIUUCIAIOTCA MPHU MOMOIIH
MIPOCEUBAHMS TOUEK Ha 3Tare MocTpoeHus okroaepena. [loanepkuBaeTcsi BO3SMOKHOCTh

MoauduKauu y310B. Ha kaxapiii y3em B mpolecce MOCTPOSHUS CO3/1aeTCsl TT0 OHOMY

Gaitny.
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B pa6ore Towards Efficient Implementation of an Octree for a Large 3D Point
Cloud [40] paccmatpuBaeTcs peanu3aius OKToAepeBa 11 00padoTKH OOJIBIINX 00JIaKOB
TOYCK, B KOTOpOfI B KaK/IOM Y3JIC BMCCTO YKa3aTcCJid Ha JaHHBIC B OHepaTHBHOﬁ namMsaTnu
XpaHUTCS yKa3arelb Ha (ailyl Ha )KeCTKOM JucKe. I momydeHusl JaHHBIX TpeOyeTcs
IMPOU3BCCTU UX 3aI'PY3Ky B OIICPATHBHYIO ITAMATH, Kakoi-1100 CUCTEMBI KCIINPOBAHUA
HE MpeaycMoTpeHo. B paboTe Takxke nzydaercs BIUSHUE MacIITAOUPOBAHMS OKTOIEpEBa
JJIA 0oJjiee TOYHOT'O COOTBETCTBHUSA OIMCHIBAEMOM 00JIaCTH IMPOCTPAaHCTBA K JaHHBIM
o0J1aka TOYCK.

B cratee Xsplat: External memory multiresolution point visualization [41]
pacCMaTpuBaACTCA pCaAIn3alluA CUCTCMbI HHTCPAKTUBHOI'O PCHACPHHIA 00J1aKa TOYEK C
MIOCTPOEHUEM CTPYKTYpPHI MPEJICTABIICHUSI YPOBHEH JIeTaau3alny o0iaka Touek B (aiie
B BHJC JIMHEMHOTO CHUCKa OJIOKOB U IMOCJICAYIOIICTO 0T06pa}i(eHI/IH HNX B OIICPATHBHYIO
namMsTh. /{75 XpaHeHus: BceX OJIOKOB MCTIONB3yeTcs oauH daiiin. Moaudukamus 0J10K0B

TI0CJIe TOCTPOSHUSI HE TIPEAYCMOTpPEHA.

1.4.6. IIpouune mMoaXoabl

B cratee Extracting roads from dense point clouds in large scale urban
environment [42] onrcbIBaeTCs pellieHNE 3a/1a4K BbIICICHUS TOPOT Ha OOJIBIIIOM 00J1aKe
TOYEK (10 MWUIMApJa TOYeK) sl mocieAyromiel oopadbotku. [ns pemeHust 3agadu
BBITIOJTHSIETCSI TIOMCK JOPOT B KapTorpaduueckoit cucteme (Open Street Map), mpoekius
JIOpOT Ha 00JIAKO TOYEK, HKCIOPT TOUYEK JOPOT M WX OKPYKEHHs ¢ pa3OueHHeM Ha
HEOOJbIITNE KYCKH JIJII TIOCJICAYIOIIETO 0oJiee TOYHOTO BBIACICHHUS JOPOKHOTO

MTOKPBITHS.

1.4.7. AHanu3 pacCMOTPEHHBIX MOIX0A0B K 00padoTKe 00JIbIIUX 00JIAKOB TOYEK

Ha ocHoBanunu mpoBeneHHOTO 0030pa WCCICIOBAaHUNW B JaHHOM pasjelie
MIPOU3BEJICH aHAU3 AITOPUTMOB 00PaOOTKU OONBIINX 00JIAKOB TOUEK, CYIIECTBYIONMIUX
CTPYKTYp TIpeAcTaBiieHHs uHGOpMaluu H3 oO0Jaka ToYeK (CTPYKTyp pa3OoueHus
MPOCTPAHCTBA) MU 0OOCHOBaHHUE BHIOOPA TUIIA CTPYKTYPHI.

PaccMoTpuM CBOJHYIO TaONHMIy IO HMHTEPECYIONIUM HAC XapaKTePUCTHKAM,

onucaHHbIM B pazzaene 1.4 (Tadmuna 1.6).
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Tabmuma 1.6 — OCHOBHBIEC XapaKTEPUCTUKN PACCMOTPEHHBIX MTOIXO0/I0B

large scale urban
environment

WHTEpeca B OTJEIBbHOE
o0J1aKo

Ne Ha3Banue Meton Crpykrypa |Co3naBaemblel Bo3MoxkHOCTD
padoTsl/MeTOaA pazouenust (paitibl  MoaudpUKaANMU
(N — koa-Bo
Y3J10B)
Efficient processing
; KomnaktHoe
1 of large 3d point OkTO/IepeBo Her Her
MpEeJICTaBICHUE U CHKATHE
clouds
. Het/JIokansHoe
Stream-Processing Her (Tpebyet
2 . [ToTokoBast 06paboTKa k-mepHoe 1
Points nepe3arycka)
JIEPEBO
Supporting multi-
resolution out-of-core
rendering of massive | Pa30uenue qaHHBIX Ha N N
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) o XpaHeHue qaHHBIX B K-
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BO3MO>KHOCTBIO BBITPY3KHU
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cloud processing | BO3MOXHOCTBIO BBITPY3KH
External memory .
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OKTOJEpEBa
meshes
XpaHEeHUE JaHHBIX B
Interactions with OKTOZIEpEBE C
7 . . . A1ep OxronepeBo N Ha
gigantic point clouds BO3MOXKHOCTBIO
KEIIMPOBAHUS U BBITPY3KH
Towards Efficient .
. Xpanenue (aitaoBoro
8 Implementation of an azarens B y3Je OxronepeBo N Her
Octree for a Large 3D yKOKTO . e;'a p
Point Cloud e
Xsplat: External Hcnonp3oBanne
memor MeXaHu3Ma 0 OpakeHus
9 . o p OxTonepeBo 1 Her
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visualization JTAHHBIX Y3JIOB
. Coxkparienue
Extracting roads from patit
dense point clouds in MoTpedIIIeMOl maMsITH 3a
10 CYET BBIJICJICHUS TOUEK Her Her Her
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JleTanbHOE M3YYEHHE CYIIECTBYIOIIMX CHOCOOOB 00paOOTKM OOJAaKOB TOYEK B

YCIOBHUAX HCXBATKHU OHepaTHBHOﬁ IMaMATH ITO3BOJISICT BBIACIIUTD CICAYIOMNC ITOAXOAbI:

1. Cokpamienue oObeMa 3arpy’kaeMbIXx OO0JaKOB TOYeK 3a cuer OoJjee
KOMIIAKTHOTO MIPEICTaBICHUS WIIH CoKaTusl. MOKeT ObITh MPUMEHEH COBMECTHO
c mpounMu nojaxogamu. He mo3BosiseT NOJHOCTBIO H30€KaTh MNPOOJIEMBI
HEXBATKH MMAMSITH;

2. IlpumeHeHne TOTOKOBOM 00paboTku o6naka Touek. I[lpumensiercs nms
IPEIBAPUTEIBLHO OTCOPTUPOBAHHOTO O0s1aka Touek. OOpaboTKa MPOU3BOJUTCS
IIPU MOMOIIM LEMOYKH AJITOPUTMOB ((PUIBTPOB), IPU 3TOM €IMHOBPEMEHHO B
OTepaTUBHOM MaMATH HaXOJIUTCS JOKAJIbHBIN cpe3 001aka, BCE TOUKA KOTOPOTO
Osarozapss COpPTUPOBKE pACIOaratoTcsi MoOJIM30CTH B MpocTpaHcTBe. Jlis
YCKOpPEHHUsl OIepalii MpPOCTPAaHCTBEHHOTO TOMCKAa [UIsi TOYEK B cpese
IPOUCXOAUT AMHAMUYECKOE OOHOBJICHUE CTPYKTYpbI pa30HeHHs IPOCTPAHCTBA;

3. BrIrpy3ka Ha BTOPHUYHYIO CHCTEMY XpaHEHHS HEUCTOIb3YeMbIX Ha TEKYIIHA
MOMEHT JaHHBIX. [l03BOJSET pemmTh MpPOoOIeMy 3a CYET HCIOJIb30BAHUSA
yCTPOMCTB OOJbILIEH €MKOCTH, OJIHAKO BBI3BIBAET YCIOKHEHHE apXUTEKTYpPhI

CUCTCMBI 1 MOJKCT IIPUBECTH K 3aMCAJICHHIO €C pa6OTBI.

Kak M0OXHO yBUIETh U3 MPUBEACHHOIO 0030pa, B OOJIBIIMHCTBE PACCMOTPEHHBIX
UCCIICIOBAHUN IPELJIaraeTCs UCIOJIb30BAHUE BTOPUYHOM CUCTEMBI XPAHEHUS JaHHBIX.
Metonpl c:kaTUsl WM KOMIAKTHOTO NPEACTABIEHUS JTAHHBIX B TOW WJIM MHOW CTENEHU
HaxoJAT CBO€ IMPUMEHEHHE BO BCEX PAacCMOTPEHHbIX paborax. lcnosb3oBaHue

MMOTOKOBOW 00pabOTKH MPUMEHSIETCS peke, BBUY Oosiee y3KOH crieruaain3aliu.
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Paccmotpum 60see nmoapoOHO cioco® 06paboTku OONMBIINX 00JaKOB TOYEK MPH
OTpaHMYCHUU TMOTPEOJIIEMON MaMSTH 32 CYET BBITPY3KH HEAKTYyaJbHBIX JIaHHBIX Ha
BTOPUYHYIO CUCTeMY XpaHeHus1. Mcxos u3 mpoBeieHHOTo 0030pa MOKHO YBUACTD, YTO
COBPEMEHHBIE MOJIXO/IbI K PEIICHUIO TaKOH MPOOJIEMBI UCTIONB3YIOT METOIbI Pa30uCHNUS
IPOCTPAaHCTBAa COBMECTHO C CUCTEMOU KEITUPOBAHUS JAHHBIX. TaKoH MOIX0/1 TTO3BOJISET
IOOUTBCS OOJBIICH JIOKATHbHOCTH YYaCTKOB, Y€M KEUIMPOBAHHUE HEYIOPSIOYCHHOTO
obmaka Touek. Cpenu pacCMOTPEHHBIX peajH3alMii HCHOJB3YIOTCA CIEIyIoIue
CTPYKTYpbl ~pa30HMeHUsi TMPOCTPAaHCTBA: K-MEpHOE JepeBO, TAWIOBBI MAacCCHB,
OKTOJIEPEBO.

Kak Obio paccMoTpeHO paHee, K-MepHOE IepeBO OTHOCHTCS K CTPYKTypam
pa3OueHus, YNpPaBIsIEeMbIM JaHHBIMH, B CHJYy 4Yero OYeHb UYBCTBHTEIBHO K
Mo KA 00JIaka TOYEK, OJJHAKO TpeOyeT MEeHbIe maMsITH 1 o0ecrieyuBaeT Ooee
OBICTPBIN TOCTYII K JAHHBIM 10 CPABHEHUIO C OKTOJIepeBOM. TalIoBbIe MIIM BOKCEIbHBIE
MaCCHBBI, a TaK)Xe€ OKTOJIEPEBO OTHOCATCS K CTPYKTypaM pa30OHMEHUs, YIPaBJIIEMbIM
IPOCTPAHCTBOM, UTO ITO3BOJISIET HE TIEPECTPAUuBATh CTPYKTYPY IPU U3MEHEHHSIX B 00JIaKe
Touek. Kpome Toro, OHH JIydIlie MOAXOIAT ISl KCIIOJIb30BAHMSI COBMECTHO C BTOPUYHOM
CHCTEMO XpaHEHUs, TaK KaK pa30MeHre Ha KaXKIOM YPOBHE HISHTHYHO, YTO MO3BOJISET
BBINOJIHATH COXPAHEHNE MEHBIIETO KOJIMYECTBa HH(POPMAIIHH.

Taxke CTOMT OTMETHTh pa3IMudsi B MEXaHU3MaX PETrYISIHU TOTPEOICHHUS
OIlEpaTUBHOU MaMATH. B cucTemax, peaqu3yromuX BBITPY3KY JaHHBIX HAa BTOPUYHYIO
CHCTEMY XpaHCHHUS, PEUMYIIIECTBEHHO IPUMEHSIETCS MTOJIX0/1 C OpraHU3aIel CHCTEMBI
KEIIMPOBAHUS, TaK KaK OHA TO3BOJSET WCIOJb30BATh JMHAMHUYECKYIO IMOATPY3KY H
BBITPY3KY JAaHHBIX (MPH 3TOM B OINEPATUBHOW MAMSTH COAEPKUTCS OTHOBPEMEHHO
OrpaHUYECHHOE KOJUYECTBO JAHHBIX). OTAEIHHOrO BHHUMAHUS 3aCITy)KUBACT MOJIXOM C
UCTIOJIF30BAHUEM MEXaHW3Ma OTOOPaKEHUS NAHHBIX, TO3BOJSIFOIIUNA TEPEIOXUTh Ty
paboTy Ha OTNIEPAITMOHHYIO CHCTEMY U MTPEIOCTABIISIFOIIHIA JOCTYII K TAHHBIM IO IIPSIMOMY

yKa3aTelto.
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B OospmvHCTBE MOAXOJO0B, B IPOLECCE IOCTPOEHUS CO3AAeTcsl OOJIbIIoe
KOJIMYECTBO (ailioB, 4TO MPUBOAMUT K CHIXKEHUIO NPOU3BOAUTENBHOCTH (HalIOBbIX
omepanuii. B HekoTophix (aiioBeIX cucTeMax, Takux Kak Ext4 [43], OGombmioe
KOJIMYECTBO (ailJIoB MOXET MPUBECTH K HCUYEPIAHUIO JOCTYINHOIO KOJIWYECTBA

(aiiioBhIX 3amuceil B (hailIoBol cucTEME.

1.5. Ananu3 npo61eMbl 00padoTKH 00JIbIIOT0 00/1aKa TOYEK Ja3ePHOI0
CKAaHUPOBAHMS U BHIOOP MOX0/1a K ee pelleHuI0
N3 ananuza paboT mo oOpaboTke oOJaka TOYEK JIA3€pHOIO CKaHUPOBAHUS

W3BECTHBI CIeAYIONINE (DaKTHI:

— C pa3BUTHEM TEXHOJOIMM JIa3€pHOTO CKAaHUPOBAHUA M oOnacTed ero
MIPUMEHEHUSI CKOPOCTh pocTa o0bemMa MH(pOpManuu B OO0JaKe MPEBBIIIAET
CKOpPOCTb pocTa 00b€Ma OCHOBHOM MaMSTH B KOMIIBIOTEPAX;

— Ilporpammubie OUOIMOTEKHM 00paOOTKM OOJIaKa TOYEK OPUEHTHUPOBAHBI Ha
pa3MelieHne JaHHBIX B OCHOBHOW MaMSITH;

— MHcnonb3oBanne BHENMIHEH TMaMATH CYIIECTBEHHO YBEIUYHMBACT BPEMS
oOpaboTkn u TpeOyeT pa3padOTKH JOTMOJHUTEIBHBIX CPEICTB TPH

MCIIOJIb30BAaHUHU CTAaHAAPTHBIX MPOTPAMMHBIX OUOIHOTEK.

B mporiecce aHanmza CymiecTBYIOMIMX pean3anuii oOpabOTKU AaHHBIX OOJaka
TOYEK C HCIOJIb30BAHMEM BHEIIHEH maMmsITH ObUIO clieJaHo HaOJI0JEHUE, YTO
MexaHu3Mbl (PaillioBoll cucTeMbl (B YaCTHOCTH, CHOCOOBI MACHTH(PUKALMHU (aNIoB,
MOJMydYeHUs] K HUM JIOCTylla W HM3MEHEHHUS HX pPa3MEepoB), HCIOJB3YIOUIHECS MpH
B3aMMOJICHCTBUM C BHELTHEHN NaMAThIO, TOKA3bIBAIOT Ma/IEHUE TPOU3BOIUTEIBHOCTH IPU
paboTe ¢ 6OIBIIUM KOTMYECTBOM (HaiiJIOB M MOTYT BBI3BIBATH OIIMOKH MPH MPEBIIICHUN
MaKCUMaJbHOTO KoJu4ecTBa ¢aioB B (DaitioBoit cucteme wuiu  (HalIoBBIX
JIECKPUIITOPOB Tpoliecca. DKCIEPUMEHTAIBHOE MOATBEPKICHNE JaHHOMY HAOII0ACHUIO

MpUBEICHO B pazzene 4.6.
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Takum o00pa3zoMm, cymiecTByeT BO3MOKHOCTh MPHUPOCTa MPOU3BOAUTEILHOCTH
onepanyii B3aMMOJEHCTBUS C BHEIIHEW MaMAThIO JJIsl OKTOAEPEBA, HCIOJIb3YIOLIErO
OTJeNbHbIE (DAl 4711 XpaHEHHs OJI0KOB JaHHBIX (C LEIbI0 00eCcTeueHusI BO3SMOKHOCTHU
HapallMBaHUs UX pPa3MEpPOB B PE3YJIbTATE 3allOJIHEHUSI OKTO/IEPEBA), C UCIOIb30BAaHUEM
0osiee HU3KOYPOBHEBOI'O YIPABJIECHMsI BHEIIHEW MNaMsThIO B Mpeiesiax OJHOTO WIH
HECKOJIbKUX (hailioB BMECTO Oojee IIMPOKO HAMpPaBICHHBIX MEXaHU3MOB (aillioBoii
CUCTEMBI.

Ha ocHoBe nanHoro HaOmioneHus Oblia BBIABHHYTA TUIIOTE3a 00 YMEHBIICHUU
3aTpaT BpEMEHH Ha 0OpallleHus K BHEIIHEW aMsATH pu 00paboTke o0s1aka TOYEK 3a CHET
U3MEHEHHUs1 CHOCOOOB JOCTyIa, pa3MELIEHUS U WACHTU(PUKAIMK OJIOKOB JaHHBIX
OKTOJIepeBa BO BHEIIHEH MaMsTH, MO3BOJIAIOMIUX COKPATUTh KOJIWYECTBO (halIOBBIX
omepalMii U co3gaBacMbIX (ailyioB, a TakKe€ CHHU3UTh KOJIUYECTBO 3a/IEPIKEK,
00yCJIOBJIEHHBIX (DailIOBO CUCTEMOM.

OTH BONPOCHI PaCCMAaTpUBAIOTCS BO 2-i riaBe. C UCIONB30BAHUEM PE3YIIHTATOB
3THUX HUCCIIeI0BaHU B 3-11 Il1aBe IpUBEACHA pa3pab0TKa alTOPUTMOB U CTPYKTYP AaHHBIX

AJIS1 TIOCTPOCHHA OKTOACPEBA B YCIIOBUAX OI'PaHUYCHUA 110 OHCpaTHBHOﬁ IHaMsITH.

1.6. IlocTaHoBKA 3a/1a4M CHUKEHHS 3aTPAT BpeMeHH HA 00MeH ¢ BHelIHeil
MaMATHIO U ONIpeesIeHUe NMOKa3aTe/ el 1 OeHUBaHUS 3P PEeKTUBHOCTH
peajJin3alMi BbIYHCIUTENbHOI0 Mpouecca 00padoTKu
B nanHoM paszniene, Ha OCHOBaHHMH BBIJIBUHYTOU TMIIOTE3bl 00 YMEHBIIICHUH 3aTpaT
BpEMEHU Ha OOpalleHHs] K BHENTHEH MaMsTH, BBIMOIHSAETCS IMOCTPOEHUE Mojemei
dbopMUpOBaHUsI OKTOJIEpEeBa, KOMIIOHEHTOB BBIYMCIUTEILHOTO IIpoiiecca oOpabOTKH
o0Jlaka TOYEK BO BHEIIHEW MaMATH, a TaKKe MOJEIHM BBIYMCIMTEIBLHOTO IMpolecca

00paboTku o01aka ToueK Ha OCHOBe ceTeit [leTpwu.
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Monens (opMupoBaHUS OKTOAEpPEBA WILIIOCTPUPYET B3aUMOCBSZU  MEXKIY
JTaHHBIMU 00JIaka TOYECK M DJIEMEHTAMH CTPYKTYphI OKTOJepeBa. Mojellb KOMIIOHEHTOB
BBEIYHCIIUTEILHOTO TIporiecca 00paboTku o0aka TOUYEeK AEMOHCTPUPYET MHOT000pa3ue
BapHAHTOB OPTraHM3allMd BBIYUCIUTEIBHOTO TIpOIlECCa U TO3BOJSICT BBIICTHUTH
NPUOPUTETHBIC  HAMpaBJICHWs i1 JaJbHEUINero  WcciegoBaHus.  Mojenb
BBEIYHCIIUTEIILHOTO TIpoliecca 00paboTku oOiiaka Touek Ha ocHoBe ceredr Ilerpm
JEMOHCTPHPYET  JTUHAMHYECKYIO  COCTaBISIONIYI0  BBIYUCIMTEIBHOTO  TIpoIecca
o0OpaboTku. BmecTe mpecTaBieHHbIE MOJIETH MTO3BOJISTIOT BBIICTUTH OCHOBHBIE ATAIbl U
KOMITOHEHTBHI BBIYHUCIUTEIBHOTO Tporecca o0paboTku oOiaka TodeK, MOAU(BUKAIISI
KOTOPBIX MIPUBEJIET K MOBBIIICHUIO 3P (HEKTUBHOCTH 00pabOTKH.

BrigBuraeTcss mpeanoyokeHne 0 MOAU(HKAIMKA BBIYMCIMTEIBLHOTO IIpollecca
00pabOTKU JBYMsI pa3IMYHBIMH METOJAMH, I TMPOBEPKH KOTOPBIX BBIACISIOTCS
nokazarenu 3((EKTUBHOCTH peaM3alMd BBIYACIUTEIHLHOTO Ipolecca 00pabOTKH U
BBITIOJTHSETCS IEKOMITO3HIIHS OOIIEeH 3a1a9n MOBBIMICHUS dY()PEKTUBHOCTHA peah3aIiuu
nporecca 00padOTKH C YIETOM JIBYX BBIJCIICHHBIX NMPHOPHUTETHBIX HANPABICHUHN IS

HCCICAOBAHU: HA 0asze CUCTEMBI KCIIMPOBAHWA U MCXaHHU3Ma OTO6pa)KCHI/IH maMsTHu.

1.6.1. Moaean ¢popMUpPOBaHUS OKTO/IepeBa

Paccmotpum 06006111eHHYI0 MOAIeNb (HOPMHUPOBAHUS OKTOJIEPEBA, OCHOBAHHYIO HA
OHTOJIOTUYECKOM TPHUHITUIIE U OMMCHIBAIONIYIO Y3JIbl, JUCThS U CBSI3H MEXKIY HUMH, a
TaK)Xe WX TPEJICTABJICHNE B ONICPATUBHON 1 BHEIITHEH TTaMSATH.

Mopenb MOXHO TPEICTaBUTh B BHUJE CIEIYIONIEH COBOKYIMHOCTH OOBEKTOB
(Pucynok 1.12):

0 =(P,N,R™ L,R™ RV, VRAM yHDD) (1.5)

rae
Hcxoonvie oannbvie:

P = {p4, ..., ps} — MHOXECTBO TOYEK B 0OJIAKE TOUEK;
Inemenmot cmpykmypul pazouenusn (0kmooepesa):

N = {n, ..., N} — MHOKECTBO Y3JI0B B CTPYKTYp€E Pa3OUCHUS;

R™ = {R}, ..., R}}} — MHOECTBO OTHOIIICHHIA MEKIY Y3JIaMHu;
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L ={ly, ..., [} — MHOXECTBO JTUCTHEB CTPYKTYPHI pa30UCHHSI,
R™ = {RM,...,R™} — MHOXKECTBO OTHONICHMH MEXLy JHCTBAMH M y3IaMH
CTPYKTYPBI pa3OneHNs;
RP = {Rip, v Rép} — MHOECTBO OTHOIIICHUH MEXIY TOUKaMH U3 00JaKka TOYEK
U JTUCTBSMH CTPYKTYPBI pa30HeHHUS;

CmpykmypHbie 3j1eMeHmbl PEeOCMas1eHUs OAHHBIX 8 NAMAMU KOMRbIomepa:
V ={V;,..,Vi} — MHOKEeCTBO OJOKOB JaHHBIX, MPUHAJICKAMUX JIUCTHSIM B
CTPYKTyp€ pa30oueHus;
Y RAM — {ViRAM }, VRAM c Yy 0 <i<k — MHOXECTBO OJOKOB JaHHBIX B
ONEpPAaTUBHOM MaMSTH, SIBISETCS MOJMHOKECTBOM OOILETO MHOXECTBa OJIOKOB
JIAHHBIX

VHDPD = [yHPPLyHDD c V0 < j <k — MHOKECTBO ONOKOB NAHHBIX BO

BHEIIHEH ImamMsaTHu, ABJLICTCA IIOAMHOXCCTBOM O6HIGFO MHO>KECTBa OJIOKOB

JAHHBIX.
MHoOecTBO To4YeK
B obnake To4ek
Rl
MHOXeCTBO y3MnoB RN MHOXeCcTBO NUCTLEB
B CTPYKType pa3bueHuns B CTPYKType pa3buneHus

Rn
MHoxecTBO BNOKOB AaHHbIX
B CTPYKType pa3bueHus

RRAM RHDD
MHo¥ecTBO BNOKOB AaHHbIX MHoxecTBO ONOKOB AaHHbIX
B onepartuBHOM NaMATK BO BHELUHel namMaTn
Pucynox 1.12 - Mogens popMupoBaHusi OKTOIepeBa

HpI/IBCI[eHHaH MOJCIb ACMOHCTPUPYCT B3aMMOCBA3ZHN MCKIY HCXOAHBIM 001aKOM
TOYCK, JJICMCHTAMH HCPAPXHMHU OKTOACPECBA M HEIIOCPCACTBCHHO O0KaMu JAaHHBIX B

OINEPATUBHOM WJIM BHEITHEH MTAMSATH.
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1.6.2. AHaJIM3 KOMIIOHEHTOB BBIYHNCJIUTEIBLHOI0 Mpouecca 06padoTkm obJ1aka
TO4YeK

PaccMoTpuM npo6iemMbl oOpraHU3aIiy BEIYUCIUTENBHOTO Mpoliecca 00paboTKH ¢
y4€TOM  OCOOCHHOCTEM  CTaHJApTHBIX  MNPHUKJIAJAHBIX  [POrpaMM,  PECypCOB
BBIYHMCIIMTEIBHOW CHCTEMBI, ornepanoHHoi cucteMbl (OC) ©  JTOTMOTHHUTENBHBIX
peTIOKeHHBIX QyHKIUN. 1 3TOTO pazpaboTaeM KOHIENTYyalbHYIO Moaenb (PucyHnok
1.13), yuuThIBaIOILyI0 KOMIIOHEHTHI BEIUUCIUTEIBHOTO IPOLECCa, TIPUMEHEHUE KOTOPBIX
HAIpPaBJIEHO HA COKpAICHHE MOTPEOICHUS ONEePAaTUBHON MaMsITH 100 Ha MOBBIIICHUE

MPOU3BOJIUTEIILHOCTH Tpollecca 00paboTKu.

nnaeatoLle
TOYKON

KoMnoHeHTkl
BLIYMCNUTENBHOrO Npouecca
obpaboTkn obnaka Touvek

POCTPaHCTBEHHOM
npKaHaKy

OpraHuzauuna
0 PacnonoXeHuo
B obnake Toyek
Mexarusm
B3anMoaencTBnA
Onepauuv
YTeHWA/3anucy
VlcnoneaoBaHue
thaina nogxavku

MporpammHoe

Mcnonb3oeaHue
[AONOMHNTENEHOR
namsiTu

YnpaeneHue
BbleNeHem namaTy

OTpaetcs
CHUCTEME

CmewaHHoe

Pucynok 1.13 - KonnentyanbHast MOZElIb KOMIIOHEHTOB BBIYUCIUTEIHHOTO TIpoIiecca

BHewwHssA
NaMmAaTbL

Bupeo-
namaTb M

00paboTKH 001aKa TOUYCK

AHalIM3 CYHIECTBYIOIIMX PEIICHUH, MNPOU3BOJUTEILHOCTH U TPYAOEMKOCTH
pean3aiuy OTIEIbHBIX KOMIIOHEHTOB IO3BOJISIET COKPATUTH CIUCOK KOMIIOHEHTOB,

IIOATBCPANB 000CHOBAHHOCTDH MCITOJIb30BAHMS:

— OkrozaepeBa B KAYECTBE CTPYKTYPhI pa30MEHUS;

— Baxemnel naMsaTH B Ka4€CTBE JONOJHUTEIbHON ITaMSTH;
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— MexanuszMma 0T06pa}K€HI/I5{ NN onepaum?l YTEHUsI/3aINCH JJIA BBaHMOﬂeﬁCTBHH
C BHCIIIHEH IIaMATBIO,
— MexaHu3MoB HHU3KOYPOBHCBOI'O VYIIPABJICHHUA IIaMATBIO JJIA COKPAIICHUA

pacxoJI0B Ha ONEPALMU C BHEIIHEN MTAMSTHIO.

[ToaTBepxaeHNe 000CHOBAHHOCTH MCTIOIB30BAHMS MMPOYNX KOMIIOHEHTOB TpeOyeT
JOTIOJTHUTENBHOTO HcchaeAoBaHus. [[1s yTOYHEHHS TNPUOPUTETHBIX HaINpaBICHUMN
PacCMOTPUM OpPTaHU3AIMIO BBIYUCIUTEIBHOIO Mpolecca oOpaboTku o0Jjlaka TOYEK C
UCITOJIb30BAaHUEM OKTOJZIepeBa. [[yst 3TOTO MccineayeM CTPYKTYpPY JaHHBIX B OKTOJIEPEBE
U MEXaHU3MBbl B3aUMOJICUCTBUS C TAaKMMH JIAaHHBIMHA JJIi THUIIOBBIX IPUMEPOB
opraHu3aiuu 00pabOTKU B ONEPATUBHOU U BHEITHEN MaMSITH.

Ha pucynke 1.14 npuBeneHa TUIOBas CTPYKTypa JaHHBIX B OKTOJEPEBE MpHU
00paboTKe B ONEpaTUBHON MaMsTH (CJeBa), U BO BHEIIHEH MaMsTH C UCIOJIb30BaHUEM
CUCTEeMbl KEIIMpoBaHUA (crpaBa). Ajapecarusi y3J0B, JUCTbEB U OJIOKOB JIaHHBIX B
ONEpaTUBHON TAMATH TPOM3BOAMTCA NpPH TOMOIIM yKaszaTens ( RPOMter ),
JlomoTHUTENBHO i1 UACHTU(UKAIMKU Y3J0B U JHCTHEB B CTPYKType pa3OHEeHUS
(He3aBUCHMO OT UX pACIOJIOXKEHUS B OINECPATUBHOH TAMATH) HCIIOIB3YIOTCS
unentudukatopsl (R'¢). CTOUT OTMETHTH, YTO B ciydae ¢ (ailnoM uaeHTHPUKATOP
npeodpaszyeTcs B UM ¢aiisia Mpu KakJI0M COITOCTaBIICHHUH.

QOobpaboTtka B Ol Obpabotka B Bl

Rpointer R\d

£

Rpomter Rpointer Rid
N
; 1
Rpoimer Rid R'd
1

1 1
Bychep B O

Pucynok 1.14 - TunoBas cTpyKTypHas OpraHu3aius JaHHbIX B OKTOJIEPEBE

5
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JUis  WITIOCTpallMd  BBIYMCIUTENBRHOTO Ipoliecca OO0pabOTKHM  pacCMOTPUM
IpoIeTypy BCTaBKH TOYKU B OKTOAEPEBO, NMpHBeIeHHYI0 Ha pucyHke 1.15. Kak BugHO 13
pUCYHKA, B cilydae OOpaOOTKM B OIEPATHBHOW MaMATH TPH J0O0ABICHUU TOYKH
JOCTAaTOYHO MPOU3BECTH 3ampoc Oydepa JaHHBIX 10 YKa3aTeNI0, BBIMOJIHUTh U3MEHEHUE
ero pasMepoB (Ui HEMPEPHIBHBIX MACCHBOB 3TO MOXET IMPHUBECTU K peaIoKaluu
JAHHBIX) M 3aT€M MPOM3BECTH 3amuch TOYKU. [Ipu 0OpaboTke BO BHEIIHEH MaMATH
npoIelypa YCIOXKHSAETCS: MPOU3BOJAUTCS COIMOCTaBICHUE HAEeHTH(HKaTopa ¢ailiry BO
BHEIIHEHW MaMsATH, 3arpy3ka (aiina, 3amuch JaHHBIX M COXpaHEHHUE (Qailia B MOMEHT
BBITECHEHHUS U3 Kella.

O6paboTtka B Ol O6paboTtka B Bl

SCTaBKa SCTaBKa
TOYKKN TOYKH

e Gl T T S ..
sPeannokauns- /M3meHexHune J3arpyska’,
-, Oybepa . \pasmepos /  \Ooybepa, Gpaiina ;

______ ‘ nr

Irmna _I.I-Peannoxaunﬂ s

.. Oydepa -

HeoGAasarenbHan/peakan
onepauua Unu Nepexos

:éblrpyaxé_ CoXpaHeHne
~Byhepa; thainna

Pucynok 1.15 - [Ipumep npoueaypsl BCTABKH TOUYKH B OKTOIEPEBO
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1.6.3. Moaeab ITMHAMUKYN BBIYHCIUTEIBLHOTO MPolecca 00padboTKN HA OCHOBE
cereit IleTpu

IIpouecc, kak OOBEKT WM3YUYEHUs, UMEET CTPYKTYpYy (CTaTUUECKUU XapakTep) U
MOBEJICHUE BO BpeMeHU (IuHaMuyeckas Moienb). [IpuBenieHHbIe paHee B paboTe Mojeu
OTHOCSITCA K CTarThuke. B [aHHOM pa3fene BBINOJHAETCS IOCTPOCHUE W aHAIU3
JTUHAMUAYECKONW COCTaBIISAIONICH TIporiecca OOpabOTKHM, YTO TO3BOJISIET YTOYHHUTH
MMOCTAHOBKY 3aJ1a4 JJI1 HOBOI'O MOAXOJa K YIPABJICHUIO MTPOLIECCOM Ha OMPEAECICHHBIX
JTamax, CBsI3aHHBIX ¢ oOpamieHusimMu k BIT.

Y 100HBIM U HATJISIAHBIM SI3BIKOM JIJI1 OMUCAHUSI TUHAMUYECKOW COCTaBIISIONICH
BBIYMCIUTENBHOIO Tporecca sBisgercss s3blk cerert Iletpu. Cerp Iletpu — 310
JBYJIOJIbHBI OPUEHTUPOBAHHBIN Tpad C JABYyMsS THUNAMHU BEpIIUH (MO3UIMSIMU U
nepexoaamu, U300pakaeMbIMU COOTBETCTBEHHO KpPYKKaMH M TIOJIOYKAaMH), AYraMmu,
COCAUHSIOIIMMY TO3ULUU C MEPEXOJAMU U NEPEXOAbl C IO3ULHUIMU, U HAYaJbHOU
MapKUpPOBKOH, KoTopas mpenacraBiseTcss BekTtopoMm [44]. Cerp Iletpu mpencraBiseT
cOo0Ol HATJIAHYI0O U XOpOIIo (OpPMaIU30BaHHYIO MOJIEIb MOBEACHUS MapallIeTbHBIX
CHUCTEM C aCHHXPOHHBIMHM B3auMojehcTBUsiMU. OHa B KOMITAKTHOM (opMe oTpaxaer
CTPYKTYPY B3aUMOOTHOILIEHUN OJJIEMEHTOB CHUCTEMBl M JUHAMHUKY HW3MEHEHUS €€
COCTOSIHUW TIPH 3aJ]aHHBIX HAYaAJIbHBIX YCJIOBHSIX. Y POBEHb a0CTpaKIIMU MOJIETN OYEHB
BBICOKHI — OH COOTBETCTBYET OMUCAHUIO B3AMMOJICHCTBUMN B CUCTEME B TEPMUHAX BCETO

JIMIITG IBYX TIOHSATHI: COOBITHI U ycioBwHi [45].
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[IpencraBnenne cetu Ilerpu B Buae NIBYAOJBHOTO Tpada MO3BOJSET 3a1aTh
cTpykTypy cetH [leTpu cratndecku. J[nHaMuKa B MOJIeIh BHOCUTCSI MEXaHH3MOM CMEHBI
MapKUpPOBKH (pa3METKH) TIO3UIMH W COTJAIICHUEM O TpaBWiIe CpadaThIBAaHUS
(peanmmzaruu) miepexoqaoB [45]. B paccMoTpeHHBIX ganee MoAeIAX 0000IIEHHOrO
BBIYHCIIMTEIFHOTO TPOIIecca MPEAIoaracTcs, YTo JOTUKa CcpabaThIBaHUS MEPEXOI0B
3aBUCUT OT HCITOJIb3YEMBIX KOHEYHBIX QJITOPUTMOB 00pabOTKH (Hamp. (QuiIbTpanuu,
BU3yalIHM3allii, CETMEHTAllMd W TIp.), PCAIM30BaHHBIX Ha 0a3e paccMaTpHUBAEMBIX
CTPYKTYP JaHHBIX WJIM BAPUAHTOB OPTaHU3AIMH BBIYUCIUTEIHLHOTO TIporiecca. M3 atoro
CJIETyeT, YTO JaHHAs MOJEIh HE MOXET MPECKa3aTh KOJIWYECTBO MTEPAIlUN B ITHKIIC
00paboTKH, UK HauboJiee HarpyKEHHbIE (3a CYET YaCTOThI UCTIOIB30BaHMS) TIEPEXOIbI,
HO TTO3BOJIACT TMEPEUYHUCIUTH OCHOBHBIC BETBIICHUS W TIEPEXOABI, @ TAKXKE BBIICITUTH
ocHOBHbIE orieparuu B3aumojeictBus ¢ OIl wnm BII, He Biustomue Ha KOHEUYHBIC
ITOPUTMBbI 00PAOOTKHU.

PaccmoTpum 000011IeHHBIA TIpoliecC 00pabOTKM 00Jiaka TOYEK B ONEpPaTUBHOM
naMaTl C UCHoJib3oBaHUEeM oktozepeBa (Pucynok 1.16). B Takom mpoiiecce MOXKHO
BBIJICJIUTh  TOCJEOBATEILHOCTh oOmepanuii o0xoxa oxroaepeBa TraverseLoop,
BHYTPEHHHI ITUKII 00pab0TKHM NaHHbIX |INNerLoop, u BHEITHUI ITUKIT 00X01a U 00paboTKu
y370B oktozepeBa OuterLoop. VYcmoBusi BXojga B JlaHHBIE ILMKJIBI, PAaBHO Kak U
KOJIMYECTBO  WTEpalMii, 3aBUCUT OT KOHKPETHOrO  aliropuTMa  0OpabOTKH.
HemocpencrtBenHo cam nporiecc 00padOTKH JAaHHBIX B OOIIEM BHJIE MOXKHO MPEICTABUTH
B BHJIC MTOCJICJIOBATEILHOCTH onepanuii umenusi-u-oopabomxku (Read u Process,) u/umun
obpabomxu-u-3anucu (Process; u Write), BbIOOp KOTOPBIX TaKkKe OCYIIECTBIISETCS

KOHKPETHBIM aJITOPUTMOM 00pabOTKH.
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QuterLoop
4 I—I M
Process,
End
] P(i
TraverseLoop L

Sync

Pucynox 1.16 — [Ipotecc 06padoTku ob1aka TOYEK

B KoHTekcTe maHHON pabOThl HAC MHTEPECYIOT OINEpallMyd B3aHUMOJICHCTBUS C
JaHHBIMHU, KOTOPBIC YCIIOBHO pa3jelieHbl Ha onepanuy ureHus u 3amucu (Pucynok 1.17).
[Tpu 06paboTKe B OTIEpaTUBHOM MaMSITH CO CTOPOHBI OTNIEpAITNil 3aMMCH MOKHO BBIICTTUTh
onepanuu BblIeNeHus Onoka B omeparuBHOi mamstu (Allocate), ynmanenus Omoka
(Delete), usmenenus pasmepos 0O10ka (Reallocate) u 3amucu nanubix B 6stok (Update u
Append). Co CTOpOHBI oOmepaluii YTCHUS HMEETCS HEMOCPEJACTBEHHO OIepalus
cunthiBanus gaHHbIX U3 Ol (Read). Co cTopoHBI B3aUMOICHCTBHS C OKTOJICPEBOM TAKKE
IPUCYTCTBYET OIlepalusi COINOCTaBICHUS UACHTU(UKATOpA Yy3Jla B OKTOJEpEBe

COOTBETCTBYMOIIEMY 010Ky AaHHbIX (GetAddress).
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Reallocate Buffer

EndWrite

Get Address,

Begin Write CheckBuffer AppendToBuffer

P o Py Ps P

UpdateBuffer

]
Dt'u’.f'!@uﬂh'

y
_-le'uEBMJfff'r‘

h. vy

b

BeginRead Get Addresss ReadFromBuffer EndRead

Pucynok 1.17 — Jleranu3aniys orepanuii YTeHHS U 3aIiCcH IIpu 00paboTKe B

ONEPAaTUBHOM MAMSTH

[Mpu obpabotke Bo BHemHe#d mamsatu (PucyHok 1.18) co cropoHnsl omepanmii
3aIMCH MOYKHO BBIIEIHTH omepanuu co3nanus ¢aitios (CreateFile), ynanenus daiina
(DeleteFile), nobaBieHust AaHHBIX B KOHeI[ (paiiia, 4TO MPUBOJUT K MU3MEHCHHUSIM €rO
pa3smepa (Append), u 3anucu nanHeIX B ¢aitn (Update). Co cTopoHbI onepamnuid 4TeHUs
UMEeTCs HEMOCPEJCTBEHHO OIepalMs CYMThiBaHMsS AaHHbIX u3 (Qaitna (Read). Co
CTOPOHBI B3aMOACUCTBUS ¢ (aitsioBoit cucremoii (OC) mpUCyTCTBYIOT TaKHE ONICPAIHH,
Kak noiydeHue (aiioBoro neckpuntopa (OpenFile) u ocBoGoxaenue daiinoBoro
neckpunropa (CloseFile). Co cTopoHBI B3aUMOAEHCTBHS C OKTOAEPEBOM TaKIKE
NPUCYTCTBYET OIEpalus COMOCTABJIICHUS HICHTH(HKATOpa Yy3j1a B OKTOJEPEBE

cootBeTcTBYMOMIEMY aapecy B DC (GetFilePath).
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UpdateFile

BeginWrite  GetFilePath, OpenFile, AppendToFile CloseFile, EndWrite

Dt-lzZr i

e

BeginRead  GetFilePath, OpenFile  ReadFromFile  CloseFile EndRead

Pucynox 1.18 - [letanu3zanus onepaiuii YTeHUs U 3aUCH NPy 00pabOTKe BO BHEIIHEH

IIaMsATH

[Ipu ucnonb30BaHUN BHEITHEHN MaMSITH ITpoliecc 00pabOoTKH MOXKET 3a/1eiCTBOBATH
JUIS. XpaHEHUs JTaHHBIX KaK MCKJIIOYUTENIbHO BHEIIHIOK MaMsTh, TaK U KOMOWHAIIUIO
ITOJAXO0/0B C UCIIOJIb30BAHMEM BHEILIHEN U ONEPATUBHOW MMaMSTH.

PaccmoTpum ciocoOsl noBbieHUs 3 (HEKTUBHOCTH Mpolecca 00padboTKu odiaka
TOYEK TMPU OTpaHUYEHUU MOTPeOIIsieMOil onepaTuBHON mamsaTu. [IoMUMO MOBBIIIEHUS
b dexTuBHOCTH 00IMKX omepanuii o0paboTku o0jaka TOYeK (HarpuMmep, CKOPOCTH
00x0/a OKTOJIepeBa), ObLI BBIJICIICH PsII MEP, CBSI3aHHBIX C B3aUMOJICUCTBHUEM C BHEITHEH

IIaMATBIO:

— CokpallieHre 4yuciia ornepaiii BO BHEIIHEH MaMsITH 3a CYET WCIOJIb30BaHUS
OIEpATUBHOM MaMSITH;

— Coxpamienne yucna onepanuii ¢ @C 3a cueT BBeAeHUS 00JI€€ HU3KOYPOBHEBBIX
MPOIEAYp JOCTYIA K JAHHBIM;

— CokpalleHre KOJIMYeCTBa CO3AaBaeMbIX (ailioB NIl CHUKEHUSI HArpy3Kd Ha

OC;
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— ACHHXpOHHOE BBHITIOJTHEHHE 4YaCTH ONepaluid s CHIDKGHHUS 3aJepiKeK
B3aMMOJICHCTBHSI C BHEIITHEH MaMAThHIO;
— Cokpalienue KojiuyectBa OOMEHOB C BHEIIHEH MaMsIThIO 3a CUeT

MoauUKAIMK aITOpUTMa 00paOOTKM TaHHBIX.

B nononxenue K MOBBIMEHUIO 3(PQPEKTUBHOCTH B3aWMOJEWUCTBUSA C BHEIIHEH
NaMATBIO TaKkKe OBLIM PacCMOTPEHBbl BO3MOXHOCTH MOBBILIEHUS 3(PPEKTUBHOCTH
onepauuii o0xona U GopmMupoBaHusi okrogepeBa. OHM BKJIIOUAIOT B ce0s MEphl IO
COKpAIICHUIO YWCJa OMEepaluid ¢ IUIaBalomed TOYKOM M MOAU(HUKALHUIO aJropuTtMa
(GopMUpOBaHUs, TMO3BOJSIOUIYI0O COKPAaTUTh O0BEM I€pechbUlaeMbIX JaHHBIX. Ha
NPENIOKEHHOW MOJIENIM TaKuWe OMNepalMd MOTYT BBINOJHATHCS BHYTpHU |raverselLoop,

InnerLoop, OuterLoop u Process.

1.6.4. 3ajaya cHUKeHNS 32aTPAT BpeMEeHU Ha 00MEeH ¢ BHEIIHeH NaMSAThIO U
omnpeJae/ieHHEe NMOKa3aTeJiel 1) OUeHUBAHUA I(P(PEKTUBHOCTH peau3anuu
BbIYHMCJIHUTEJBHOI0 pouecca oopadoTku

B nanHoii paboTe BBIIBUTAETCS MPEIOIOKEHUE, YTO MOIU(PUKALIUS CTPYKTYPHOM
OpraHu3allid JaHHBIX U BBIUHUCIUTEIILHOTO Tpoliecca OOpabOTKU OJHUM U3
MPEJIOKEHHBIX J1aJIe€ METOJ0B MO3BOJUT YIYUIIUTh MPOU3BOAUTEILHOCT OOPA0OTKHU B
BII. [IpennokeHo aBa MeTOa, OTIIMYAOLIUXCS CIIOCOOOM B3aMMOJICHCTBHS ¢ BHEIIIHCH
NaMsIThI0 U TO3BOJIAIONIMX  MPOU3BECTU  HKCIEPUMEHTAIBLHOE  MCCJIEIOBaHUE
MPEIOKEHHBIX MEpP IO TOBBIMIECHUIO 3(P(HEKTUBHOCTH BBIUUCIUTEIHHOTO MPOIECCa.
[lepBblii METOJ TO3BOJIAET HCCIENOBATH MpOLERypy OOpabOTKH, HE OTKa3bIBasCh
MOJIHOCTBIO OT onepanuii ¢aiisioBoit cucteMbl. Bo BTopom metone pyHkiuu ¢aiiioBoi
CUCTEMBI (B OCHOBHOM — BBIJICJICHHE OJIOKOB NaHHBIX ((haiiioB) M HapallMBaHUE UX
pa3MepoB) BO3bMET Ha ceOsi omeparMoHHas CHCTEMa W MEXaHU3M JUHAMUYECKOU
aJIOKaIlUH.

B mepBom metonme mpesaraetcs MOAUGUIIMPOBATH PACCMOTPEHHYIO CHCTEMY

00pabOTKH BO BHEITHEH MaMSITH:
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— CoKpaTuTh KOJMYECTBO ONEPAMN C IUIABAIOIIEH TOYKOM, YTO ITO3BOJIAT
YCKOPUTH OIepaluu Moucka U 00Xo/ia y3JoB;

— CoxpaTuTh KOJWYECTBO CO3/IaBaeMbIX (DailioB, YTO IMO3BOJUT COKPATUTH
HaKJIaJHbl€ pacxo/ibl Ha B3aumozeicteue ¢ PC;

— MoaudunmpoBats mponenypy GOpPMHUPOBAHHS OKTOJEPEBA, YTO TO3BOJIHAT
COKpPATUTh KOJIMYECTBO uTeHUM u3 BII;

— BBINONHATH YacTh ONEpannii ACHHXPOHHO, YTO MO3BOJINT CHU3UTH 3aJEPKKH,

CBA3aHHEIE ¢ B3anuMmoaercTeueM ¢ BII.

Bo BTOpOM MeToze npennaraercst MOAU(PUIIMPOBATh PACCMOTPEHHYIO MPOLEAYPY

00paboOTKH B ONEPATUBHON MaMSITH:

— IlonMenuts Oydepbl NaHHBIX, BBIJCICHHBIE B OINEPATUBHON MaMSITH, Ha
Oydepsl, BbIJIETICHHBIE B 0TOOpa)KaeMOM maMsTH;

— Jlns ynpaBnenus Ojgokamu JaHHBIX B OTOOpa)kaeMOW MaMsTH KCIOJIb30BATh
MEXaHU3M JUHAMUYECKOHN aJUIOKALNN;

— OrTka3aTbCs OT onepalnii ¢ IUIaBarollel TOYKOM B mpouecce 00Xoaa U MoucKa
y3JI0B;

— MoauduurpoBaTh HEPAPXUUECKYIO CTPYKTYPY OKTOJIEpEBa ISl IPUMEHEHUS

IEJIOYUCIICHHBIX ONEpaIuid U YIPOIICHHS TOCTYya U MOAU(DUKAIIIH.

[Tpumep MoauuUIIMPOBAaHHOW CTPYKTYpPHI IaHHBIX TIpUBE/eH Ha pucyHke 1.19. B
CJIydae WCIIOIb30BaHUS CUCTEMBI KEIIMPOBAHUS AO0ABIISETCS BO3MOXKHOCTD apeCariu
ydacTka (haiisia, KOTopas MOXKET ObITh MPUMEHEHA JJI1 O0OBEIUHEHUS BCEX OTIIEIbHBIX
daiinoB B onuH. [Ipy BCHONB30BaHUHM MEXaHWU3Ma OTOOPAKEHUS UCXOJHAS CTPYKTypa
JAHHBIX 00Pa0OTKM B ONEPATHBHOM MaMSATH MPAKTHYCCKH HE MPETEPIICBACT U3MEHEHUH
(4TO ABISIETCS OAHUM U3 MPEUMYIIECTB JAHHOTO METO/a), J0OABISETCS JIMIIb CKPBHITAs
B3aMMOCBs3b (R™?P) Mexy anpecaMd B BHPTYaJbHOW IMAaMATH U CMEIICHHEM BHYTpPH

daiina.
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O6paboTka B Bl npn nomown  O6paboTka B Bl npu nomoluun

CUCTEMBbI KELWUPOBAHHUA MeXaHu3mMa omﬁpameuuﬂ
Rpointer pid Rpointer
Rpointsr R\d Rpoinler
LN N
; 0.1 2 ;1
Rid Rid Rpomler
1 1 !
Bydep B Ol YyacTok Bydep B OIN
(keww) arina B Bl ;

RMan Virtual Memory
Mapping

""" 1
YyacTok
canna B Bl

Pucynox 1.19 - [Ipeanoxennbie MoAuGUKAIINN CTPYKTYPHON OpraHU3alluK JAHHBIX B

OKTOICPCBC

Boinonaum onieHKy 3()@QEeKTUBHOCTH peain3allid BBIYUCIUTEIHLHOTO Ipoliecca
00paboTku. Tak Kak KOJIMYECTBO BXOKICHUH ONEpaLNil YTEHHS U 3aIHICH, a TAKKE 00beM
NepeIaBacMbIX JIAHHBIX 3aBUCUT OT MPUMEHIEMOro airoputMa o0paboTKu U
o0OpabaTbIBaeMOro o0Jiaka TOYeK, OLEHKA KOJMYECTBA ONEpPalUid B mpouecce o0padoTKH
WJIM Ha KPUTHYECKOM ITyTH UCIIOJIHEHUS HE JACT CTAOMIIBHBIX PE3yIbTaTOB.

B nannoit paGore nns mosydeHus OIEHKH 3G(HEKTUBHOCTH peaan3aluu
BBIYUCIUTEILHOIO TIpoiiecca 00pabOTKM HMCIOJIB3YyeTCS WM3MEpeHHe OOIlero BpeMeHU
00pabOTKH U CPaBHEHHUE €T0 C BpeMEHEM 00pabOTKH peain3alliy B OTIEPaTUBHOM MaMSITH
Ha OJJMHAKOBOM HabOpe JaHHBIX.

PaccMoTpuM  OCHOBHBIE OIE€paliid, COKpAIIEHWe BPEMEHW WCIOJHCHUS U
KOJIMYECTBA KOTOPBIX MPUBEIET K MOBBIMICHUIO A ()EKTUBHOCTH Tpoliecca 00paboTKu.
BBeneM Tpu OCHOBHBIX KATETOPUU TAKUX OTIEPALIUM:

Uoctree — (16)
{TraverseLoop, InnerLoop, OuterLoop, GetAddress, GetFilePath},
U = {AllocateBuffer, DeleteBuf fer,UpdateBuf fer,
AppendToBuffer, ReadFromBuf fer},
Uhdd = {OpenFile, CloseFile, CreateFile,
DeleteFile, UpdateFile, AppendToFile, ReadFromFile},
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rne U°¢tT¢ _ omepaumu 06X01a OKTOAEPEBA U IUKIIOB alIrOpUTMa 00pabOTKH:;
UT*™ — omepanuu B3auMOJICHCTBHYSI C OTIEPATUBHON MaMSThHIO,
Uhdd _ oneparuu B3auMoeiicTBus ¢ (aitnoBoii cucTeMoil ¥ BHENHe NaMAThIO.
O603HaueHus ornepannii COOTBETCTBYIOT MPUBEACHHBIM Ha pucyHkax 1.16, 1.17 u
1.18.

[ToBeimienne 3¢ @deKTUBHOCTH Mpoiecca O0OpaOOTKH MOKET OBITh BBITOJHEHO
NyTeM YMEHbIIEHUs OOIIEro BPEMEHHU, 3aTPauMBaeMOr0 Ha MEPEUUCIICHHBIC BBIIIE
orepaluy, MyTeM COKpallleHHs MX KOJIMYECTBAa WJIM HEMOCPEICTBEHHOTO BPEMEHU
ucnonHeHus. JlomycTUMO TakXke COKpalleHHe 4YacTu Oosiee MEAJICHHBIX OIepamui
(manpumep, U4 ) 3a cuer mpumenenus Gonee OwicTpeix (UT*™), mpu ycloBum
COOJIIO/IEHNS OTPaHUUYEHUI Ha 00beM NMOTPEOIIIEMOI ONIEPaTUBHOM MAMSTH.

Beenem X = {x;,i = 1..n} — KOHEYHOE MHO>KECTBO BO3MOKHBIX BApUAHTOB
peanu3aly BBIUUCIUTEIIBHOTO Mpolecca oO0paboTku objiaka TOYEK, TIe X; — HOMEp
BapuaHta o00paboTku. Torma, corjgacHO BBIIBUHYTOM THIOTE3€, CYLIECTBYET
COOCTBEHHOE TIOJJMHO>KECTBO BAPUAHTOB PeaTn3allii HA OCHOBE CHCTEMBbI KeIINPOBAHUS
Xcache ¢ X u cobGCTBEHHOE TIOJMHOKECTBO BAPUAHTOB pEAIM3alMM HAa OCHOBE
MeXaHu3Ma OTOoOpakeHus mmamsatu XM c X . Takke B IEIAX CPaBHCHHS

ram

paccMaTpHUBAIOTCS BAPUAHTHI pean3aluu ¢ 00paboTKON B ONEpaTUBHON AMSTH X u

06pabOTKO# PK MTOMOIIN CHCTEMBI KEITHMPOBaHUS 1 MexaHn3MoB ®C x 54,
dopmanm3anus BBYUCIUTEILHOTO TMpollecca OOpadOTKH JJIS  Pa3IMIHBIX
BapHaHTOB OOpaOOTKH BHITIOJNHAETCS TpU TMoMolmm cete lletpm w mpencraBieHa

JIBYIOJLHBIM OPUEHTUPOBAHHBIM MYJIbTHTPadOM:

Gy = (P, Ty, Ey), (1.7)
rne x €{1,2,3,4} — WHOEKC, XapakTepU3YIOUIMH  BapuWaHT  peaTu3alH
BBIYMCITMTENLHOTO Mpoliecca: xf?<he g xcache (WmMaP g ymmap yram ,std
pudeM x °3he y x™MAP cooTBETCTBYIOT KOHKPETHBIM BapUAHTaM 0OpabOTKH Ha

0a3e COOTBETCTBYIONIUX KOMITIOHEHTOB BBIYHCIUTEIHLHOTO IMPOIlecca, MOMyUYeHUE
KOTOPBIX ITPOU3BOAUTCS BO BTOPOU IJIABE;

P

’, — KOHEUHOE HEIYCTOE MHOKECTBO MO3ULIUH;
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T, — KOHEYHOE HEMYCTOE MHOXKECTBO MEPEXOJIOB (UM COOBITHIA);

E  — KOHEUHOC MHOXECTBO /YT, E v & PX XT ¥ Y TX X PX.

B kauectBe mokasareinsa 3(1)(1)CKTI/IBHOCTI/I NpCAIOKCHHOTO BapuaHTa 06pa6OTKI/I
time
nmpeajaracTcs BLI6paTI> IIOoKa3aTclib O6HII/IX 3aTpaTt BPEMCHHU O6pa6OTKH K X , KOTOpO¢C

TpeOyeTcss MUHUMU3HPOBATH:
K;ime - min, (1.8)

U CPaBHHUTH €ro C BpeMeHeM 00pabOTKM peanw3alliii B ONEPATHBHOW MMaMSTH
K£™e ya onuHakoBoM HaGOpe TaHHEIX.

PaccMoTpuM orpaHuYeHusi, KOTOPBIM JOJDKHBI YJIOBIETBOPSATH BBHIOPAHHEIC
BapuaHThl 00paboTKH. OCHOBHBIM OTPAaHWYCHHEM SIBJIICTCS IMHUKOBas IMOTpedIisseMast
oriepaTUBHAs MaMATh B TIpoliecce 00padOTKHU:

MyP™ () < MMt t e T, (1.9)
rae  M%™(t) — o0bem noTpebeHUs OnepaTHBHOM MaMATH B MOMEHT BPEMEHH t;

MU _ vyt noTpe6neHns onepaTHBHOMN MaMATH;

t € T — MHO)KECTBO MOMEHTOB BpEMEHH 00pabOTKH 00JIaKa TOYEK.

Ha ocHOBaHMY IPUBEACHHOTO 0030pa, BBITIOJIHUM JCKOMITO3UIIMIO OOIIeH 3a1aun
noBbIIeHUs 3G(EKTUBHOCTH pealu3aldyd Mmpolecca OOpabOTKM Ha  CIEIYIONue

[10/13a/1a4H.

1. AHanu3  CTPYKTYpHOM  OpraHu3alid  OKTOJEpeBa M  MEXaHHU3MOB
B3aUMOJICHCTBUS ONEpaTUBHOM M BHeIIHeW namsatu. VMccnenoBanue cnoco6oB
COKpaleHus pazmMepoB y3710B B OlIl, ux uaeHTudukamm, a TaKKe MoBbIILICHUS
a3 PeKTUBHOCTH omnepaluii 00X0/1a U MOMCKa B OKTOJICPEBE;

2. WccnenoBaHue MOAMHOXKECTBA BApUAHTOB peANM3AlMH BBIYMCIUTEIBHOTO
nporuecca 00pabOTKH BO BHEIIHEW MaMsITH HA OCHOBE CHCTEMbI KEIIMPOBAHUS
( Xxcache) | BpiGop NOMMTUKU BHLITECHEHHS B CHCTEME KEIIMPOBAHMS.

Opranu3zaius JOKaJIbHOCTH JAHHBIX 1O MPOCTPAHCTBEHHOMY MPHU3HAKY;



63

3. HccnenoBanne mMOJAMHOXKECTBA BAPUAHTOB pEATU3AlMUA BBIYUCIUTEIHHOTO
nporecca 00pabOTKH BO BHEIITHEHN MaMITH Ha OCHOBE MEXaHU3Ma OTOOPAKEHUS
namsita (X)), MccnenoBanne MEXaHM3MOB HU3KOYPOBHEBOTO YITPABICHHUS

IIaMSIThIO HA BHEIITHEH CUCTEME XPaHCHUA.

1.7. BeiBOABI

Ha ocHOBaHMH BBILIEU3I0KEHHOTO 0630pa MOJKHO CACJIATH CIICAYIOIIHUC BBIBObI!

1. 3amaua cokpanieHusi MOTPeOIIEMOl OMepaTUBHONW MaMITH TpU 00paboTKe
00JJlakOB ~ TOYEK TMPOJMKTOBAaHA  PA3BUTHEM  TEXHOJOTUU  JIa3€PHOTO
CKaHUpOBaHMsA (M 0OJACTe ero NpHUMEHEHHUs), B pe3yJbTaTe KOTOPOTrO
CKOPOCTh pocTa 00beMa MH(OpMaIMK B 00JaKe MPEBBIIIAET CKOPOCTh POCTa
o0beMa OCHOBHOW NAaMSITH B BBIYUCIUTEIBHBIX CUCTEMAX.

2. Wcnonp3oBaHWEe BHENIHEW MaMsITH [  COKpAIEHUS  MOTpeOIeHus
OMEepaTUBHOM TaMATU B Ipoliecce O0O0padOTKU CYIIECTBEHHO YBEIMYHUBACT
BpeMsi 00paboTKU U TpedyeT pa3pabOTKH MOMOTHUTEIBHBIX CPEICTB MpPU
UCIIOJIb30BAaHUU CTaHAAPTHBIX MPOrpaMMHBIX OuOIuoTek. I[Iporpammusbie
OoubnoTexkn 00pabOTKU 00JIaka TOYEK OPUEHTUPOBAHBI HA Pa3MEILCHUE
JaHHBIX B OCHOBHOM MaMATH, YTO TAKXKE YCIOXKHSIET MPUMEHEHHE BHEITHEH
namsTy Juisi 00paboTKu 00Jiaka TOYEK.

3. IlpoBeneHHBI aHAIN3 METOMOB M alTOPUTMOB 00pabOTKH OONBIINX 00JIaKOB
TOYEK, CYLIECTBYIOIIUX CTPYKTYp MpeACTaBieHus uMHpopMauuu u3 oljaka
TOUEK (CTPYKTYp pa30MeHMsI MPOCTPAHCTBA) MO3BOJMI BbIIEIUTh OCHOBHBIE
KOMITIOHEHTBhI BBIYMCIUTEIBHOTO Ipolecca o0paboTKH o0jaka TOYeK C
MCIIOJIb30BaHMEM BHEIIHEH MMaMsTH, a Takke 000CHOBATh BHIOOP OKTOZEpEBa B

KayecTBe 0a30BOM CTPYKTYpPbI JaHHBIX.
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4. bpuia BRIIBUHYTA THIOTE3a 00 YMEHBIIICHUH 3aTpaT BPEMEHU Ha OOpaIieHus K
BHEIIIHEH maMaTu Tpu o00paboTke oOjaka Touek, chOopMylIHpoBaHHas Ha
OCHOBE aHajn3a MpOoOJIEMBI C WCIIOIB30BaHUEM (OPMAIM30BAaHHBIX MOJIEICH
BBIUMCIIMTEILHOTO TIpoliecca o0paboTKu objaka ToYeK, (OPMUPOBAHUS
OKTOJIEpeBa, KOMIIOHEHTOB BBIYHCIUTEILHOTO Ipoliecca oO0paboTku obaka
TOYEK BO BHEIIHEH MaMsATH. [ UIIOTe3a Aajia BO3MOXKXHOCTh BBIJICIUTH ATAIbl U
KOMIIOHEHTHI Tpoiiecca 00pabOTKH, KOTOPHIE CTalH MPEAMETOM JIETATHHOTO
HCCIIEIOBAHMUS, UTO MTO3BOJIMIIO MIPEAJIOAKUTH HOBBIE METOJIbI 0OPA0OTKH.

5. beuta mpoananu3upoBaHa 3a7ada OpPTaHU3AIMU BBEIYHCIATEILHOTO IIpoliecca
00pabOTKM JTaHHBIX 00JIaka TOYEK MPH HCIOJIb30BAaHUM BHEIIHEW MaMsATH, a
TaK)Ke BBIJICTICHBI ITOKa3aTeNH 3PPEKTUBHOCTH PeaTN3allii BHIYUCIUTEIEHOTO
nporecca oOpabOTKH, YTO TO3BOJIMIIO BBINOJHHUTH JEKOMIIO3MIIMIO OOIIEH
3a/lauyu MOBbIIIEHUST 3(PGEKTUBHOCTH peallu3aluu Ipolecca o0padoTKu, a
TaK)kKe BBIJICIIUTH JBA MPUOPUTETHBIX HAIIPABJICHUS JIJIS HCCIICOBAaHUN: Ha Oa3e

CUCTEMBbI KEIIMPOBAHUS U MEXaHU3Ma OTOOpaXKEHUS TaMSATH.
B nanHo# T71aBE OB PACCMOTPEHBI CIEAYIONINE MOJI0KEHUS TUCCEePTAIUH:

1. KoHuenryanbHble MOJETN (HOPMHUPOBAHUS OKTOJIEPEBA M BHIYUCIUTEIHLHOTO
npoiecca o0paboTKK 00J1aka TOUYEK BO BHEIIHEW MaMsITH, MpeaHa3HAYCHHBIC
JUTSL BBIICICHUST KOMIIOHEHTOB M 3TanoB, MOAU(UKAIIMEH KOTOPHIX C y4E€TOM
0COOEHHOCTEH CTPYKTYpPHI 00J1aKa TOYEK MOKHO COKPATUTh 3aTPAThl BPEMCHH

pu 00paboTKe.
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2. I'mnotes3a 00 yMEHbBIIICHNH 3aTpaT BPEMEHN Ha OOpaIIeHHs K BHEITHEH aMsTH
npu 00paboTke o6siaka TOYEK 3a CYET H3MEHEHHs CIOocoOOB JOCTYIIa,
pasMelieHuss U UAeHTU(UKAIMU OJIOKOB JaHHBIX OKTOJEpPEBAa BO BHEITHEH
aMsATH, TO3BOJISIOIIMX COKPATHTh KOJUYECTBO (DAMIOBBIX OIeparuid
co3maBacMbIX  (haiiioB, a TaKKe CHH3UTh KOJUYECTBO  3aJCPIKCK,
oOycnoBieHHbIX (aiinoBoit cuctemon. ChopmupoBaHHble Ha 0a3e JaHHOI
TUIIOTE3bI TPEANOJIOXKEHNUS 00 OpraHW3allid BBIYHCIUTEIBLHOTO Iporecca
MO3BOJIMJIM BBIJCIUTHh STallbl M KOMIIOHEHTHI 0OpaOOTKH, KOTOPBIE CTau
MPEAMETOM JETATBHOTO HMCCICAOBAHUS, YTO TO3BOJIMIO MPEIIOKUATH HOBBIE

MCTO/bI 06pa60T1<1/1, ABJIAIOIIHUCCS OCHOBHBIMU PC3YJIbTaTaMHU.
B ,Z[aHHOﬁ rJ1aBe ObUIH PCHICHBI CIICAYIOIMUC 3aJa9N JUCCCPTAlIUU:

1. CucremHbIl aHaIN3 IPOLECCOB (POPMUPOBAHUS U UCIOJIB30BAHUS OKTO/IEPEBA
no obnaky Touek JIC mpu HMCMOIBL30BAaHUU BHEIIHEH MaMsTH, BKIHOYAIOIIUMA
aHaJIM3 METOJOB, AJTOPUTMOB U CTPYKTYP HaHHBIX, MPUMEHSIEMBIX IS
00pabOTKM B ONEPATHBHOM W BHEUIHEH MaMSITH, WX JIEKOMIIO3MIMIO Ha
COCTaBHbIE KOMIIOHEHTHI, UCCIEOBAaHUE MX B3aUMOJECUCTBHUS MEXIy CcOOOil,
LHEHTPAJIBHBIM IPOLECCOPOM, BHEIIHEH M OINEPAaTUBHOM NAMSTBIO C LIEJBIO
BBIJICJICHHS] KOMIIOHEHTOB, 3a CYET HOBOW OpraHU3allMM KOTOPBIX MOKHO
YMEHBIIUTH 3aTPaThl BPEMEHHU.

2. TloctaHoBKa 3a7aun CHIDKEHUS 3aTpaT BpEMEHH Ha OOMEH C BHEIITHEH MaMsThIO,
OTIpENICJICHUE KPUTEpHUsi U TMOoKazarelew s oleHuBaHus 3(PGEeKTUBHOCTU
peai3allud  BBIUMCIUTEIBHOTO Tponecca oOpaboTku. dopmynupoBaHue
runoTre3sl 00 OpraHu3allid BBIYUCIWUTEIBLHOTO IMpolecca 0O0pabOTKU W
CTPYKTYp [aHHBIX, I[IO3BOJISIIOIEH COKpPAaTUTh BpPEMEHHBIE 3aTpaThl Ha
WCTIOJIb30BAaHUWE BHEITHEH maMsaTH, W GOpMHpOBaHME TOJ33Jad Ha
nocJieytoliee UCcCaeA0oBaHNe U YTOYHEHUE MPEANOI0KEHU, OCHOBAaHHBIX Ha

JTAaHHOM THUIIOTE3E.
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I'naBa 2. Mepapxuueckasi MOAeJIb OKTO/IepeBa M MeTOIbl 00pad0TKH 00JIbIINX

00JIAKOB TOYEK

B riaBe npou3BOAUTCS aHAINW3 U YTOYHEHUE PA3JIMYHBIX BAPUAHTOB peaIn3alin
BBIUHCIIUTENILHOTO Tpoliecca 00pabOTKU M MEXaHU3MOB B3aMMOICHCTBHS ONIEPaTUBHOM
Y BHEIIHEW NaMATH, NPEUIOKEHHBIX B IEpBOM IuiaBe. PaccMarpuBaeTcss opraHu3anus
JAHHBIX B OKTOAEPEBE U MEXaHU3MbI B3aMMOICHCTBHSI OIIEPATUBHON Y BHEIIHEH IaMSATH.
[Ipennoxxensl CTPYKTYypbl JaHHBIX W AJITOPUTMBI, IPEAHA3HAYCHHBIEC IS MTOCTPOCHUS
OKTOJIEpEBA, IO3BOJIIONIETO BBINOJIHATH 00pabOTKYy OOJBIIMX O00JIAKOB TOYEK C
MCIIOJIb30BaHMEM BTOPUYHBIX CUCTEM XpaHeHMs. PaccMaTpuBaroTcs Moied OKTOAEPEBa
Ha OCHOBE apU(METHKM C IUIABAIOUIEd TOYKOW W UEIOYUCICHHOW apu(METHUKH.
[TpennoxeHna uepapxudeckasi MOJEIb C UCIOIb30BAaHUEM LIETTOUNCICHHON apu()METUKH.

B naHHOM rinaBe BBITIOTHSIOTCS CIAEAYIONINE 3aa4u JUCCEPTALUU:

1. Pa3paboTka HOBBIX METOJIOB OPTraHM3alMM BBIYUCIHMTEIBHOIO Ipollecca
00paboTKH 001aKka TOYEK, OCHOBAaHHBIX Ha BBIIBUHYTOM rumnoTese. PazpaboTka
KOMIIOHEHTOB, aJITOPUTMOB U CTPYKTYP JAAHHBIX TAKUX CUCTEM, UCCIICIOBAHUE
B3aMMOJECUCTBUIA MEXKAY HUMH, cuCTeMHbIM [IO, omepaTuBHON M BHEUIHEU

IMIaMsATBIO.

Pesynbrathl, W3/10KEHHBIE B JAaHHOM TJIaBe ObUTM OMYOJIMKOBAaHBI COMCKATENIeM B

cTathsx [46].

2.1. Ananau3 3a1a4 o0padoTKu 00J1aKa TOYEK

B nmamHom paszmene paccMaTpWBaeTCs BIMSHUAE TPYNIUPOBKH TOYEK TIO
MPOCTPAHCTBEHHOMY ITPU3HAKY HA TPOU3BOJAUTEILHOCTD aJITOPUTMOB 00pabOTKHU 00J1aKka
TOYEK, a TaK)K€ MPUBOAITCS MPUMEPHI ClieHapreB 00pabOTKH, YUUTHIBAIOUINX HAJIMYHE

MIPOCTPAHCTBEHHBIX OTHOIICHUN MEXy TOUYKaMU B OOJIaKe.
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2.1.1. Pacnpenesienne To4eK B o0JiaKe

Paccmotpum moapoOHee Tomosornro obsaka Toudek. OO0Iako TOUYEK SIBISCTCS
HEOPTraHW30BAHHOW  CTPYKTYpOMl  naHHbIX. Touku B  o0OJlake, MOJYYEHHOM
HEMOCPEACTBEHHO TIOCNE JIa3€pPHOTO CKAHMPOBAHMs, MOTYT HMMETh HACTOJBKO
IpecKa3yeMoe pachoioKeHUe, HACKOJIbKO MPEACKa3yeMo MOBEACHHE Jyda JIa3epHOTO
ckanepa. [1o100Hy0 WHpOPMAIIHIO JTaXKe UCTIOIB3YIOT HEKOTOPhIC anroputmbl [47; 48]
JUTSL YCKOpEHHsI Tporiecca oOpaboTkm oOjaka Todek. B kadecTBe mpumepa MOKHO
NpUBECTH OOJAaKO TOYEK IMocie JazepHoro ckanupoBanus (Pucynox 2.1), mocne
00paboTtku (PucyHok 2.2), u pe3ysbTaT COBMEIIEHHs 1BYX 00J1aKoB Touek (PucyHok 2.3).

Hapacrtanue nnaekca Touek Ha m300pakeHUSIX H300paKEHO IBETOBBIM I'PAIUCHTOM.

Pucynox 2.2 — Hapacranue nHaekca TOYKH ociie 00padoTKu



Pucynok 2.3 — Hapactanue nnaexca To4ek npu 00beAMHEHUN 00JaKOB C IBYX TOUEK

CKaHHUPOBaHUA

JInsi TOHUMaHMs [BETOBOTO TMPEJACTABICHUS MHIEKCA TOYKH, PacCMOTPUM
noapobHee pucyHok 2.1, Ha KOTOPOM TPUBEICHO OO0JIAKO TOYEK, IOJIYYECHHOE
HETIOCPENICTBEHHO TIOCIIE JTa3epHOTr0 CKaHUPOBaHUs. Jla3epHBIi ckaHep pacrojiaraics B
[EHTpe 00JlaKa, a CKAaHUPOBAHHE MPOM3BOIUIIOCH IMyTEM MTOBOPOTA TOJIOBKU CKaHEpa B
TOPU30HTAILHOW TUIOCKOCTH, C BBIMOJHCHHEM Ha KaXXJIOW WUTEpaIlMd CKAHWPOBAHUS
BEPTUKAIBHOTO cerMeHTa. Eciin npeicTaBuTh HOMEp 1O TOPSIIKY TOYKH B 00JIaKe B BUTIC
[[BETOBOTO TPaJMEeHTa, TO COCETHHE TOYKU B OOJlake (HO HE B MPOCTPAHCTBE) OyIyT
UMETh CXOXHuH 1BeT. [[maBHOE HapacTaHue IpaJleHTa Ha PUCYHKE 2.1 TOBOPHUT O TOM,
YTO TOYKH, HAXOJSAIIUECS PAIOM B 00JlaKe, TaKKe HAXOMSATCS PSIOM B IMPOCTPAHCTBE.
Pa3pbIB TOBOPUT O TOM, YTO TOYKH, HAXOJSIIUECS PSJIOM B IPOCTPAHCTBE, HAXOIATCS
JaJeKo OpyT OT Apyra B oOiake TouYek (Hampumep, pa3pbiB, BO3HUKAIOUIMNA HA CTHIKE
NEPBBIX U MMOCIEAHUX JTMHUNA CKAaHUPOBAHHUSA).

Takum 00pa3om, IpUBECHHBIC PUCYHKH MTOKA3bIBAIOT, YTO ISl HEKOCH TOYKH W3
obuaka ee coceu (TOYKH, HAXOASAIINECS PAIOM B IPOCTPAHCTBE) MOTYT pacIoyiaraTbCs
KaK MOOJIM30CTH B OOJIaKe TOYEK (Ha TOM K€ WJIM COCEIHUX JUHUSIX CKaHUPOBAHMS,

pucyHOK 2.1), Tak U B APYyroM KoHIile o0j1aka Touek (pucyHku 2.2-2.3).
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Jnsg  anropuTMoB, He TpeOylIUX HHPOpPMAIMH O MPOCTPAHCTBEHHOM
B3aMMOOTHOIICHUH MEXJIY TOYKAaMH, PACIIOJIIOKEHHE OTACIBHBIX TOYEK B 00JIake HE
uMmeeT 3HaueHus. OJHAKO IS aJIrOPUTMOB, UCHOJB3YIOMIMX TaKyl0 WH(OpMAIHIO,
TpeOyercs  o0ecnedynTb  BO3MOXKHOCTh  BBIOOPKM  TOYEK B ONPEAEIIEHHOM
IPOCTPAHCTBEHHOM PErMOHE, YTO 3aTPYJHUTENIBHO ClIeNaTh 0€3 CTPYKTYphl pa3OueHus
IIPOCTPAHCTBA.

B  kauectBe nmpumepa  anroputma, TpeOymomero  UHGOpMALUIO O
IIPOCTPAHCTBEHHOM OTHOLIEHWH MEXKIYy TOUYKAMH, PACCMOTPUM AJITOPUTM BBIYMCIICHUS
HOpMaJIei K TIOBEPXHOCTH, ONMHUCHIBAEMOW 00JIaKOM TOUYEK, MPUBEACHHBIN B cTaThe [49].
[TonydeHHble HOpPMand MOTYT OBITH HUCIIOJIB30BAaHBI JJIsl pacuera ocsemeHus [50],
cermeHTanuu [51] u B nmpounx anroputmax. i BBIYHCICHUS HOPMAJIH OIPEIEICHHON
TOUYKH B 00J1aKe TPeOyeTCsl BHIIOJHUTh MOMCK COCEAHHUX C HEH TOYEK B ONPEAEIIEHHOM
panuyce. B mpocreieM ciryyae i 0JIyYEeHHBIX TOYEK BBIUUCIIAECTCS TaKas IUIOCKOCTD,
pPAcCTOSIHUE 10 KOTOPOM y Ka)XJOW M3 TOYEK Oy/IeT MUHUMAIbHBIM. [lepneHauKysap K
ATOM MJIOCKOCTU U OyJIeT HCKOMOM HOpMaJiblo. 3HaK HOPMaJId MOKHO BBIYMCIIUTh, 3HAs
TOUKY CKaHUpPOBaHUs/B3TsAa. [IpuMep Takoro anropuTma MpHBENCH Ha pHCyHKe 2.4

(TJIOCKOCTH HA PUCYHKE CIIBUHYTA ISl HATJISIAHOCTH).
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_ Annpokcumaums
[MnockocTb

_Wckomas
HOpManb

Papouyc
noucka

Pucynok 2.4 — [Ipumep anroputMa BIUYUCICHHUS HOpMajel B 00J1ake TOueK

JIns yCKOpEHHsI IOMCKa B TaKUX alITOPUTMAaxX MCIOJB3YIOTCS CTPYKTYpPBI
pa3OueHust mpocTpaHCcTBa. B kauecTBe MOJE3HONW HArpy3KH B HUX MOTYT XPaHUThCS
UCXOJHbIE TOYKU U3 00JaKa TOYEK WM UX UHIEKCHI B oOsake Touek. C TOUKH 3peHus
IIPOU3BOJIUTEIIBHOCTH TMEPBBIM BapHaHT MNPEANOYTUTEIbHEE, TaK KakK IO3BOJSET
CTPYIIUPOBATh PSAOM B ONEPATUBHOW MaMATHU OJIM3KHE B MPOCTPAHCTBE TOYKH, YTO

CYILLECTBEHHO CHUKAET BEPOATHOCTD KELI-ITPOMAXOB NP 00pabOTKE TaKUX JaHHBIX.

2.1.2. O630p cueHapueB 00padoOTKHU 00J1aKa TOYEK

Boimenum ocHoBHBIE 3Tambl 00paboTkM obiiaka Touek. Ilpexae Bcero, 3To
3arpy3ka HMCXOJHBIX JaHHBIX. 3arpy3ka oOlaka TOYEK HY)KHa I MpeoOpa3oBaHUS
JTAHHBIX, TOJYYEHHBIX W3 HEKOEro BHEIIHEro HCTOYHWKA, BO BHYTpPEHHUU Qopmar
XpaHCHMS JTaHHBIX, TIOHATHBIA HCIIONB3yeMOMY anroputMmy. [loa momydeHrneM TaHHBIX
W3 BHENIHErO MCTOYHWKA TOJIpa3yMeBaeTCs CUYMTBHIBaHHWE W3 (Qaiga OmpeneeHHOTO
dbopmara, MoTy4eHHUE MO CETH U T.1. Tak Kak B OOJBITUHCTBE CIIy4aeB UCXOTHOE 00IaKO
TOYEK TPEACTABICHO B BHJE (ailima, magee Mbl OyJaeM paccMaTpuBaTh MMEHHO 3TOT

BAPUAHT.



71

Otan 3arpy3Kd MOXET ObIThb COBMEIIEH C 3TanoM mnpenoOpadoTku. MIMeHHo Ha
ATOM JTalle BBIMOIHICTCS MOCTPOCHUE CTPYKTYpHI pa3OWeHHs MpocTpaHcTBa. Jlaee
BEITIOJTHSETCST dTanm o0paboTkm objlaka TodeK. B HamieMm ciydae Mmojy aJropuTMOM
00pabOTKHU MOpa3yMeBaeTCss YePHBIN SAIIUK, MPUHUMAIONINN Ha BXOJl 00JaKO TOYEK U
HaOOp mapaMeTpoB. BRIXOHBIME JaHHBIMHU aJTOPUTMA TOXKE SABJSICTCS] 00JaKO TOYEK U
HaOOp 3HAYCHW. ANTOPUTM MOXET KaK H3MEHSATh BXOJHOE OOJAaKO TOYEK, TaK U
co3maBath HOBOe. llocnmemoBaTenbHO MOXKET TPUMEHSATHCS IIEMOYKAa aJTOPUTMOB.
3aKTIOYUTENBHBIM ATAlOM SIBIIIETCS BBIBOJ PE3YJIHTaTOB 00pabOTKH (00JIaka TOYEK,
U300paKEHHUs, U T.II.) B YCTPOKWCTBO BbIBOAA (3KpaH, (haiii, u T.IL.).

PaccMoTpuM BO3MOXKHBIE CLIEHapUH 00pabOTKH OOJiaka TOYEK aJlrOpUTMaMH, He

TPeOYIOIIMMH ITOCTPOCHHS CTPYKTYPBI pa3oueHus npoctpanctsa (Pucynok 2.5):

1. Aaroput™m BBIIOJHSAET 00pabOTKy OOJaKka TOYEK IMyTEM MOCIEI0BATEIBHOTO
CUMUTBHIBAHUS YYaCTKOB oOJaKa ToueKk W3 (Qailia, uX U3MEHEHHEM, U 3alHChIO
oOpatHo B (aiin;

2. Tlepen BBI30OBOM airopuTMa BBIMONHIETCS 3arpy3ka oOjaka TOYEeK B
OlepaTHBHYIO MaMAThb. B mpouecce oOpaOOTKM aJrOPUTM  BBIMOJIHSET
M3MEHEHHE YydyacTKa oOJlaka TOUYeK HampsMyl0 B ONEPAaTUBHOW IMaMSITH.
Pe3ynbrar oTnpaBiseTcs Ha BU3yaau3aluio/3anuchbIBaeTCs B ail;

3. Ornuuaercs oT BapuaHta Ne2 TeM, YTO BBINOJHSET CO3JAAHUE OTIEIBHOIO
o0Jaka TOYeK ISl KaXA0ro 3Tana 00pabOTKH, YTO MPUBOAUT K NOBBIILIEHHOMY
NOTPEOJICHUIO OTIEPATUBHON MAMSATH;

4. TlpencraBinser co0oOMl BapuaHT MOTOKOBOM 00paboOTKM oOJjlaka TOYeK.
CuuTaHHBIN yyacTOK 00JaKa TOYEK MOCIeI0BaTENbHO 00pabaThIiBacTCsl BCEMU
aJITOpUTMaMHU, TIOCJIE YETO MPOIIECC MOBTOPSAETCS JJIsI CIIEAYIOIIEr0 CHUTAHHOTO
yuacTka. [lomoOHBIH MOAXOM TMO3BOJSET CHHU3UTh KOJIHYECTBO (hallIOBBIX
oTepaluii, a Takke OTIMYAETCs HU3KUM MOTpeOJIeHnEM ONepaTUBHON MaMsITH.
HenocraTkamMy Takoro mMojaxoja SBJISIOTCS TIOBBIIICHHBIE TpeOOBaHHS K

peanuzaiuu aaropuTMoB 00paboOTKHU.
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1. Obnako To4vek [0...N] 2. O6nako Toyek B RAM [0...N]
v L T 3 l
Anropntm Anroputm Buayanuzauws/
obpaboTku ::> Busyanusauus 3arpy3xa ::> obpaboTku :> CoxpaHeHue
nenneii O6nako Touek O6nako Touek/
A [0..N] Avenneit
| — .~ "/ | —
3. O6nako To4ek 8 RAM O6nako Touek 8 | [OBnako Touek 8 RAM
[0...N] RAM [0...M] L [0...L]
— (OBMeH gaHHsIMU B RAM
3arpyska — ANropuTm — ANropuTm = Buayanusaumns/
obpaboTku obpaboTku CoxpaHeHue OBMeH aHHbIMI He B RAM
‘ g (BMOEONaMATL UNK dhain)
OBnako Touek O6nako Touek/ “ E Motokosas obpaboTka
[0...N] Owucnnen Me
) — pexof K cnegytowemy arany
obpaboTkm
4.| 3arpyska 3E Anroputm E{E AnropuTm E{E Buayanuaavus/ |:| Anroputm
y4yacTka obpaboTku obpaboTku CoxpaHeHue CTPYKTYPa AaHHbIX/
L) C] YCTpOWCTBO BbIBOAA
Obnako To4ek O6bnako Touek/
[0...N] Lucnnen
| | —

Pucynox 2.5 — IIpumep oOpaboTku o6maka Touek 0e3 BBIMOTHCHUS pa30reHUS

IPOCTPaHCTBA

PaccMoTpuM BO3MOKHBIE CLIEHapUU 00paOOTKHM O0Jaka TOYEK C MOCTPOEHUEM

CTPYKTYphI pa3duenus npoctpancTsa (PucyHok 2.6):

1. Ha orame 3arpy3kd BBINOJIHAETCS MOCTPOCHUE CTPYKTYpbl pa3OueHus
MIPOCTPAHCTBA, MPEACTABICHHON HAOOPOM Y3JI0B, UMEIOIINX IPEBOBUIHYIO UITU
JUHEMHYIO HepapXUYecKyl0 MOJENb U COJEp)KalluX JaHHbIe 00jlaKka TOYEeK.
[TocTpoeHre OKTOJlepeBa BBHIMOJIHSAETCS B ONEPATUBHON MaMATH. AJTOPUTM
00pabOTKM BBIMOJHSAET CUYUTHIBAHUE Y3JI0B M3 CTPYKTYphl pa30OHeHUs B
IIPOU3BOJIBHOM TMOPSIIKE, HM3MEHSET JaHHBIE W COXpaHSAET pe3yJbTaThl B
CTPYKTYyp€ pa3oueHus;

2. Otnuuaetcst oT Bapuanta Nel TeM, 4TO MO3BOJIAET BHINOJHATH COXPAHEHUE
COJIEP’KUMOTO y3JIOB CTPYKTYPbI pa30MeHMs Ha BTOPUYHBIE CUCTEMbI XPAHEHUS,

TEM CaMbIM COKpalaeT 00beM MoTpeOasieMoit OnepaTUBHON NaMSTH.
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1. [ Y3aen 1 Yaen 1 Yaen 1 Yaen 1 Y3en 1 1 Y3en ]
[ CTpykTypa pa3bueHns npocTpaHcTea ]
X X
Y A
lMocTpoeHue
Anropntm Buayanusauus/
CTRYKTYPEI = obpabotkn = CoxpaHeHue
pasbueHus
A
—_— - Y N » OGMeH AaHHLIMK B RAM
OBnako Touek O6nako To4ek/
[0...N] Oucnneit | e .- ObmeH gaHHbIMK He B RAM
-~/ — (BoeonamaTe Unu ain)
Mepexond K cregytowemy atany
—
2. [ ®dain/Habop daiinos ] oBpaboTku
A A A A A A
v v v v v ; Anroputm
[ YSeJ'I I YSEJ'I I YSEJ'I I YSEJ'I I ySEJ'I I I ySEJ'I ] C] CprI{Typa ,D.aHHbIXfYCTDOI?ICTBO
CTpyKTypa pa3bueHns npocTpaHcTsa BblBOAa

A A
A J A

MocTpoeHune
Anroputm Buayanusauwns/
CTPYKTYp® obpaboTku = CoxpaHeHune
pa3bueHus
A
Obnako Touyek O6nako To4ek/
[0...N] Oucnnen

Pucynok 2.6 - [Ipumep 06paboTku o61aka TOYEK C TOCTPOSHUEM CTPYKTYPHI pa3OHEeHUS

MPOCTPAHCTBA

[Tpumep oOpaboTku obOnaka Touek 0e3 pazOMEeHUs! MPOCTPAHCTBA MCTOIb3YETCS,
KOT/Ia BO3MOXKHA TMIOCJenoBareNbHas 00pa0oTka TOo4ek B oOjake, T.e. KOrjma u3
OUEpEeHOM TOYKM HMCXOJAHOrO0 O00Jlaka MOXHO TMOJYYUTh OYEPEAHYI0 TOUKY
pesynbTupytomiero obnaka. I[IpuMepom Takoil omepamuui MOXKET ObITh NMPUMEHEHUE
adpuuHOTO NMPeodpazoBaHus K 00JIaKy TOUEK.

B cnygae, koraa s mOJydeHHsS] OYePETHOW TOUYKH HEOOXOJMM TPOU3BOIBHBIN
HA0Op TOYEK M3 MCXOJHOrO oOOJyiaka (OTBEYAIONIMI ONpPEeNeIEHHOMY KpPUTEPHIO),
nocJyieoBaTeIbHass 00paboTKa HEBO3MOXHA. B TakoMm citydae OOBIYHO MPUMEHSIOTCS
BCIIOMOTATENIbHBIE  CTPYKTYPBI, TO3BOJIAIONINE  BBHIMOJHUTH  CTPYKTYPUPOBAHUE
UCXOJHOro oOjlaka Touek. B pesynbTare Takoil oOpaOOTKH, BCE TOUYKH, OTBEHAIOIIUE
OTIPEICIICHHOMY KpPHUTEpPHIO, OYIyT paclojoKeHBI psAaoM B mamsaTu. Kak mpaBwuiio,
KPUTEPUEM BBICTYMAET MPOCTPAHCTBEHHOE PACIOJIOKEHHE TOUYKH, a BCIIOMOTATEIbHOMN

CTPYKTYPOU SABJISIETCSI CTPYKTYpa pa3OueHus MPOCTPAHCTBA.
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Hcnonp3yss Takoe pa3OueHue, mporecc OOpabOTKH TakkKe MOXHO CJenaThb
HOCJIeI0BaTeIbHBIM: 0€3 MCIIONBb30BaHMS CTPYKTYPHI pa30reHus OyneT Npou3BOAUTHCS
CUUTHIBAHWE MCXOJHOTO O0OJlaKa TOYEeK, MHAye — OUYEPeHOro OJI0OKa B CTPYKTYpE
pa3buenus (JaHHbIe KOTOPOH TOKE MOTYT XpaHUThCS Ha KEeCTKOM Jucke). Hemocratkom
TaKoro crnocoba OyayT [ONOJHUTENbHBIE BpPEMEHHBIE 3aTpaThl Ha IOCTPOCHUE
CTPYKTYpbl ~ pa3OueHHsi TPOCTPAHCTBA, a TaKXKE HEOOXOIUMOCTh  XPaHCHHS
JIOTIOJTHUTEIILHBIX JAHHBIX HA dKECTKOM JIUCKE.

PaccMotpuMm mpumep 00paboTKH O0Jlaka TOYEK C IMOCTPOCHHEM CTPYKTYPHI
pa30HeHus MPOCTPAHCTBA C TOYKH 3PECHUS OTPEOJICHUs TaMATH. B kauecTBe UCXOTHBIX

AaHHBIX IIPUMCM, 4YTO:

— O06nako To4ek coAepkUT N TOUEK;
— Pesynprar anroputMa 0OpabOTKH CONEPKUT CTOJIBKO KE TOUYEK, CKOJIBKO
MCXOJIHOE 00JIaKo (JJIs1 HATJIIIHOCTH OTOOpaXeHus);

— Pasmep Touku B nporecce 00pabOTKH HE MEHSIETCS.

be3 coxpaHeHus JaHHBIX Ha >KECTKOM JUCKE IPHU pa3Mepe MCXOAHOro obJaka
Touek N B mporiecce pabotsl morpedyercss N * (kon-Bo anroputMoB + 1) mamstu
(Pucynok 2.7). PaccmorpuM Xynmmid ciiydail, KOTJa Ka) bl aJrOpUTM OO0pabOTKH
co3/1aeT COOCTBEHHbII HAOOp JAHHBIX, a HE MU3MEHSAET JaHHBbIE MPEIbIAYLIEro 3Tamna

00paboTKH.

[MoTpebnexnwne
namati A

Bpems
3arpyaka N

Touek Anroputm 1 | Anroputm 2 | Anroputm 3 |CoxpaHeHne

Pucynox 2.7 — Ilorpebienne naMatu 0€3 COXpaHEeHUsI TAaHHBIX Ha KECTKOM JUCKE
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Opnako B 3a7a4u pabOTHI TaK K€ BXOJIUT peain3alysi BO3MOKHOCTH OTpaHUYEHUS
noTpebisieMoit namatu. Takoil KOHTPOJIb HEOOXOIUM Kak JJisl pe3yJbTaTOB 00padOTKH,
TaKk U JUIsl JAAHHBIX, TMOJIy4aeMbIX MpH pa3OueHuu mpocTpaHcTBa. i peanusanuu
MEXaHU3Ma OrpaHUYEHHUs TMOTPeOIsIEeMOl MaMsATH JAOMOJHUM CHCTEMY KeIlleM B

OIepaTHBHOM IaMSTH C BBIIPY3KOH Ha yKecTKui auck (PucyHok 2.8).

[MoTpebnexune
namstn A

2N
CHIBEM ERLLA frorrrrrmrmrmsssrarsssssnsnasmsrasmssassanssn s smsmasnssassansnes
N

L.
4 »~

Bpems

3arpy3ka N

Touek Anroputm 1 | Anroputm 2 | Anroputm 3 |CoxpaHeHue)

CTtapblii pesynbrar
[NMoTpebneHne onepaTUBHON NAMATK

MNotpebneHue caitnoBoin namaTu

Pucynox 2.8 - IlorpebiieHne maMsITH ¢ KEIMMPOBAHUEM Ha KECTKUN JTUCK

Kax BumHO M3 pucyHKa 2.8, Ipy MPEBBIIICHUHU 33JaHHOTO JIMMHUTA TIOTPEOJICHUS
BCE HE UCTIOJIb3YIOITHECS B JAHHBIM MOMEHT Y4acTKH o0Jiaka ToueK OyyT BBITPYKAThCS
Ha JKECTKMH JHCK. OJTO OCOOCHHO BOCTPEOOBAaHO B Ciydae C HMEpPAPXHUCCKUMHU
CTPYKTypaMH pa30ueHus: HanOoJiee YacTo 3alpaniiBacMblie y9acTku (0oJiee OM3Kue K

KOPHIO) OYJyT BCErJa OCTaBaThCs B KEIIIE.

2.2. TlosryyeHHe OEHOK CJIOKHOCTH A0CTyNna K HHGopMamum u3 00J1aKka ToUYeK

2.2.1. OueHkKa CJI0KHOCTH A0CTyNAa K MHPopManuu B 00J1aKe TOUYEK

[IpousBeneM OLIEHKY CIOXXHOCTH JOCTyNa K JIaHHBIM B OOJlake TOYeK s
orepaluii BCTaBKH, yJlaJeHHUs U MoJydyeHus sneMeHTa (Ttouku). IlycTh obiako Touek
NPEACTAaBICHO B  BHJAE JUHAMHYECKOTO MAacChBa TOYEK, IOCIIEIOBATEIBHO

PACIIOJIOKCHHBIX B ITaMSTH.
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Bcmaeka 3nemenmos. llpu BCTaBke 3IEMEHTOB B JAUHAMUYECKUHM MAaCCHUB
pa3IMYaloT JBE CUTYAIlMU: BCTABKA B CEPEIMHY MAacCHBa M BCTaBKA B KOHEIl. YUUTHIBas,
YTO OTJIMYUTENBHON OCOOEHHOCTHIO TaKOTO MAacCHBa SBISIETCS HENPEPBIBHOCTH B
3aHMMAaeMOU MaMsITH, JUIS BCTaBKH B CEPEIMHY MOTPeOyeTcs 00eCIeunTh epeMeIeHIE
BCEX MOCIIEAYIONNX AJIEMEHTOB Ha OJIHY MO3UIMI0O BIEpe]. XyAINIUM ciiydyaeM Oynaer
BCTaBKa B HA4aJl0 MAacCHBa, YTO MOTPeOyeT MepeMEeIeHUs BCEX IJIEMEHTOB, UYTO JaeT
BBIUUCIUTENbHYIO CIOXKHOCTH O(n). Ilpu BcTaBke 371€MEHTOB B KOHEI[ MAacCHBa HET
HEOOXOJMMOCTH MPOU3BOJIUTH MEPEMEIICHNUE AJIEMEHTOB, HO YYUTBIBask 0COOEHHOCTU
MEXaHHW3Ma BBIICTICHHUS MaMSATH B TaKWX MAacCCHBaX, MPU TMPEBBINICHUU €r0 €MKOCTU
noTpedyeTcs BbIIEJICHHE HOBOTO YYacTKa MaMsATH U NEPEMEIEHUE B HETO BCEX JIaHHBIX
oOnaka Touek. B TakoM ciydae CIOXKHOCTH AOOABICHHS AJIEMEHTa B KOHEI] COCTABHUT
O(n) , ogHaKo CIOXXHOCTH JoOaBiIeHHs N 3neMeHTOoB coctaBuT O(2n — 1) (mpu
YBEJIMYEHUH Pa3MEPOB COTIIACHO CTETEHM IBOIKM). Takum 00pa3oM, aMOpTHU3aLMOHHAS
(ycpenHeHHas1) cJI0KHOCTh JoOaBiIeHus aiaemMeHTa cocrasisier 0(1).

Yoanenue snemenmos. AHanoru4Ho c onepaiueil BCTaBKY, yYAaJIE€HUE JIEMEHTOB
Takke TpeOyeT mepeMelieHus] BCeX MOCIEAYIONUX, YTO JaeT BBIUYUCIUTEIHHYIO
cioxHocTh 0 (n). Y naneHue nocieIHero IeMEeHTa UMEET BEIYUCIUTENbHYIO CJI0KHOCTD
0(1), Tak kak He TpeOyeT nmepeMeieHus IIEMEHTOB MacCHBa.

Ilonyuenue rznemenma. YUWUTHIBAsS HEMPEPHIBHOE pACIOJOKEHHE B TAMSITH,
MECTOIIOJIO)KEHHUE JJIEMEHTA OIPEAEseTCs] €ro HOMEPOM IO MOpSAAKY, YTO JaeT
CJIOHOCTH JTocTyma K 35ieMenTy O (1) u cinoxHocTh 00xo/a Bcero maccuBa 0 (n).

Bonee nopo6GHO OLIEHKH CI0KHOCTU MPUBEIEHBI U1 AMHAMUYECKOTO MaccuBa (U1

npounx) B [52].
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2.2.2. OueHKa CJ0KHOCTH NPOCTPAHCTBEHHOI'0 MOMCKA B 00J1aKe TOYEK

[IpocTpaHCTBEHHBIN MOMCK MPUMEHSETCS TMPU HEOOXOAMMOCTH HAWTH JTaHHBIC
(TOYKH), COOTBETCTBYIOIIUE OMPENEIEHHOMY IMPOCTPAHCTBEHHOMY MpH3HaKy. Takum
IPU3HAKOM MOXKET OBbITh, HANPUMEP, MPUHAJICKHOCTb HEKOMY MPOCTPAHCTBEHHOMY
00BEMY MJIM COCEICTBO C JIpyrod Toukoi. Takoi momck mupoko [53] npumeHsercs B
aJlropuT™Max 00pabOTKM oOjaKka TodeK: ymajeHus ImymoB [54], cermenraruu [55],
BU3yanmu3aiuu [41], mocTpoeHus reoMeTpUIecKUX oBepxHocTel [56] u mp.

Ha HenoaroroBieHHOM oO0OJIake TOYEK TaKOM TMOUCK OOBIYHO 3aHHUMAET
IPOAODKUTEIBHOE KOJIMYECTBO BpeMeHUu. B oOmem ciydae, A MOHCKa IO
OMpEICICHHOMY KPUTEPHIO (HapuMep, PUHAJICKHOCTH TPOCTPAHCTBEHHOMY 00BEMY)
HE00XO0JMMO IPOBEPUTH HA COOTBETCTBHE BCE TOUKHU B oOuiake. [loatomy aiid yckopeHus
IPOCTPAHCTBEHHOTO TIOMCKA OOBIYHO  HWCIOJB3YIOTCS  CTPYKTYphl — pa3OHMeHus
IPOCTPAHCTBA, KOTOPHIE TIO3BOJISIOT COKPATUTH KOJIMYECTBO HEOOXOTUMBIX TIPOBEPOK.

OpnHako, Ipexie YeM MbI ITepeiIeM K paCCMOTPEHUIO MOJOOHBIX CTPYKTYP, CTOUT
OLICHUTh  MPOU3BOJUTENBHOCTh  BBINIOJHEHUS IPOCTPAHCTBEHHOTO IIOMCKa Ha
HECTPYKTYPUPOBAHHBIX JIaHHBIX. TakoW TOAXOJ MOXKET OBbITh OmpaBiaH, €clu
CJI0)KHOCTB MTOMCKA OyIET MEHBIIIEH, YeM CII0)KHOCTh TOCTPOCHUS CTPYKTYPHI pa30ueHus
— T.€. TOYEK OyJeT OYEHb MaJo.

PaccmoTpum  omepanuio  MOHMCKa COCEAEM  MPOM3BOJBHOM  TOYKH D;
pUHaAIekKaIIe o61aky Todyek P.

[TycTh cymecTByeT BekTop N;, comepxariuii HHIEKCH k coceneld Touku p; € P B
MOPSIJIKE BO3PACTAHMS TUCTAHIIMUA OT TOYKHU P);

Ny = (g, .., ) + AP, pi) < dPry1, 0D # Py IN| =k, (2.1)
rae  d — eBKIMI0BO PACCTOSTHUE MEXIY TOUYKaMH, BEIUMCIISIEMOE TI0 TIEPBOMY aTpuOyTy

TOYKH (Aepord )

d(pn' pi) = d(a?oordr ai‘oord)' (2 2)

d(agoordr aéoord) = (xn - xi)z + (yn - yi)z + (Zn - Zi)z-
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[Ipocrerimmii mOAXOA K TMOCTPOCHUIO TakKOro BEKTOpa 3aKIIOYAETCS B
MOCIIEIOBATEILHOM PACYETe AUCTAHIMNA OT TOYKH P; 10 KKIOW TOUKH P,, * P;, Pn € P.
[Ipu sTOoM oTcnexuBaercs k O KaWIIMX TOYEK Ha TEKyHIM MOMEHT. OTciaeXxruBaHUE
MOKET OBbITh BBIMOJHEHO MYTEM BCTAaBKH B COPTUPOBAHHBIM MacCHUB, COAECp KAl
MaKCUMyM k Touek (HeaKTyaJbHbIC TOUKH YAAISIOTCS).

OnpenenrM BpEMEHHYIO CI0KHOCTh TOCTPOEHUS TAKOI'O BEKTOpA:

G = (P, N;), (2.3)
oOnacThio onpeneneHus N; SBIsSeTCS MHOXKECTBO P:

P - N;,|P| =n. (2.4)
Taxum 00pasom, HyKHO PACCMOTPETh BCE DJIEMEHTHI Pj € P 1 JUIA KaXKI0TO BHIYMCIIUTE
JUCTAHIIUIO JI0 P;, TOCJE YEro, COrJIacHO MOJTYYEHHOW AUCTAHUMUU, BBIIIOJIHUTH BCTABKY
JJIEMEHTa B COPTHUPOBaHHBIM MaccuB. CIOXKHOCTH Takoi BctaBku - O(n), Tak Kak
MPUXOJIUTCS BBITOJIHSTH MOCIEA0BATEIbHBIN MOUCK MECTa J1JI1 BCTABKHU.

[IpocTpaHCTBEHHBIN MOUCK B 00JIake TOYEK O€3 MOCTPOEHHUS BCIIOMOTaTENbHbBIX
CTPYKTYP JTaHHBIX OCYILECTBIISIETCS MPHU IMOMOIIM MMOJHOrO nepedopa BCEX AIEMEHTOB.
[Ipu nowucke k OmmkalmMxX 3JIEMEHTOB K OMNPEIEIEHHOW TOYKE B MPOCTPAHCTBE
BBIYHCIIUTEIIbHAS CJIOKHOCTH Tlorcka paBHa O (kn).

CTouT OTMETHTh, YTO CYUIECTBYET BO3MOXXHOCTb ONTHUMHU3ALMU JAHHOIO
aNropuT™Ma, HAmpuMep, MYTEM COBEPIICHCTBOBAHMS AJITOPUTMA BCTABKUM WM MpU
MOMOIIM anroputMa ObICTpoil coptupoBku. CoryiacHo obsactu omnpeneneHus N;

CJIO)KHOCTh TaKOTO aJropuT™Ma noucka Oyner He MeHblie, yeMm 0 (n).

2.2.3. OneHKa CJ0KHOCTH A0CTyNna K MH(poOpMaIMU B OKTO/AepeBe

[IpousBeneM OLEHKY CIOKHOCTH JOCTyna K WMH(OpManuu B OKTOAEPEBE IS
orepanuii pa3dueHus ysia, BCTaBKU, YJAJICHUS U MOIy4eHHs sneMeHTa. OKTOAepeBo
ABJISACTCSA JPEBOBUIHOU CTPYKTYPOM, KaXXIbIM Yy3€l KOTOPOIO COLEPKUT BOCEMb
IIOTOMKOB, 4 TAKXKE COJIEPIKUT CIIMCOK TOUYEK, KOTOPBIE B HETO MOIaaarT. MakcumaiabHOe

KOJIMICCTBO TOYCK B Y3JIC OTPAHHUYCHO.
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Pazbuenue y3zna. Ecnu nipu no0aBieHUM HOBOM TOYKH B y3€l OH COJEPIKUT
MaKCHUMaJbHO JOMYCTUMOE KOJIMYECTBO AJIEMEHTOB, NMPOMCXOAUT €ro pa3OueHue Ha

BoceMb Tmoay3ioB. CormacHo [57] B wmaeasibHO cOaJlaHCHPOBAHHOM OKTOJICPEBE,
coJieprKaiiieM N JTUCTOBBIX Y3JI0B M UMEIOIIUM TIIyOuHy pazouenus logn — 1, 6yaet 8”—7_1
y3JI0B, @ BpEMEHHAs CJI0KHOCTh MOJTHOTO Pa30MEeHHS OKTOIEPEBa, COJEPIKAIIETro N TOYEeK
coctaBut T(n) = Kn+ 8T (g) = 0(n), rae K — croumoctb 00pabOTKH OJHON TOUKH.

Takxum 06pa3oM, aMOPTH3AIIMOHHAS CIIOKHOCTH pa30ueHus OTHOTO y371a cocTaBuT O0(1).

Bcmaeka snemenmos. Jlob6aBieHre HOBOTO 3JEMEHTa B OKTOAEPEBO TpeOyeT
TIOMCKa ITOIXOJISAIIETO Y3J1a i1 BCTaBKU. [I0MCK BBITIOIHACTCS PEKYPCUBHO, HAYMHACTCS
C KOPHEBOTO y3J1a M ITPOJI0JDKASTCS JIJIS €70 MTOTOMKOB IO TEX TOp, MOKa He Oy/IeT HalieH
TIOJTXOJISATIAIA JINCTOBOM y3€JI. YUHUTHIBAS TO, UYTO Ha KAKJIOM YPOBHE Pa30UCHHSI pa3MephI
y37a ACNSATCS TOTojaM, TPOIecC MOMCKA MOAXOIAIIETO y3i1a OyJIeT UMETh CI0KHOCTh
O(logn) ( O(n) B ciayyae CHIBLHO HecOAJIAaHCHPOBAHHOTO JepeBa), a IMPOIEeCcC
n00aBJIeHUS HOBOM TOYKH B y3€J OyJieT uMeTh ciaokHOCTh O (1).

Yoanenue anemenmos. 1lpouecc ynaneHust Touek U3 OKTOAEPEBA BBIITIOJIHIETCA 3a
0(1), oxHako Tpolecc MEPEeCTPOCHHs y3JI0B OKToJepeBa MoxeT 3anmMmarh O(n). C
y4e€TOM TOTO, YTO TMPOIECC MEePECTPOCHUS HE BBHITIONHSACTCS IOCIE YAAICHUS KaKIOH
TOYKH, MO’KHO CKa3aTh, 4TO yAaJICHUE HMEET BpEMEHHYIO0 cioxHOoCTh O (1).

Ilonyuenue Inemenma. llomyueHue »dieMeHTa Takke TpeOyeT TMOHUCKa
conepskariero snemeHT y3na (O(logn)). Beibopka snemeHTa U3 mMaccuBa TOYEK y3ja
umeeT cinoxHocTh O(1), Tak Kak TOYKM B TAaKOM MAaCCHBE PACIIONIONKCHBI B MaMSTH

HETPEPBIBHO.
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2.2.4. OueHKa CJIOKHOCTH NPOCTPAHCTBEHHOI'0 MONCKA B OKTO/iepeBe

Uepapxuyeckas opranu3aiiysi OKTOIepeBa M03BOJISIET Ha ATAIE MOMCKA BHITIOIHATh
OTCEUEHHUE Y3JIOB, HE MEePECEKAIOIUXCS B MPOCTPAHCTBE C UCKOMBIM 00beMOM. B o61iem
Cllyyae TOMCKAa TOYEK, HAaXOJSIIUXCA B OIPEACICHHOM paJnyce, BBITOIHIETCS
PEKypPCUBHBIN 00X0]] OKTOJIEPEBA C OTCEYCHUEM Y3JIOB, HE COTPUKACAIOIINXCSI CO cPepoil
noucka [53]. Ci1oxxHOCTB 10T0OHOTO MOKCKA JJIsi 00JIaKa TOYEK pa3MepoM N COCTABIISACT
O(logn) [58].

[Touck OmmkalmUX cocelei TOUKHU SIBIAETCS O0Jiee CIOXKHBIM aJIrOPUTMOM, U
CYIIECTBYET MHOXECTBO TeXHUK ero peamuzanuu [59]. Tlpu wucmons3oBaHUH
JIPEBOBUIHOU CTPYKTYpbl pa30ueHusi 0ObIUHO TpeOyeTcss He MEHEe JBYX IIaroB, UTOOBI
HaWTU TOYHOTO Onwmkaiiiero cocena Touku. CHayasia BBIMOJIHSIETCS MOUCK JINCTOBOTO
y3Jla, COOTBETCTBYIOIIEro Touke. [IOCKOJbKY TOYka 3ampoca MOXKET ObITh OJuXKe K
rpaHuile o0bema y3ja, 4eM K TOYKaM JaHHBIX, COACPKAIIMMCS B JINCTOBOM Y3JI€,
oOpaTHBIM TOKWCK MO JepeBy TpeOyeTcs B KauecTBE BTOPOTO Iara JJjsl MPOJA0DKCHUS
TIOMCKA B COCE/THUX Y3JIaX, YTO JeNIaeT CI0KHOCTB rmorcka pasHo O (L), rae L — rmyOuna

nepesa [60].

2.3. AHaJIN3 OPraHu3aliy XpaHeHusl OKToepeBa 00/1aKa TOUYEK B aMSATH
KOMIIbIOTEpa

IlycTh cTpykTypa pa3OueHHsl MPOCTpPaHCTBA MpeACTaBlieHa HabopoM y3i1oB N =
{ny,...,nyn} u mucteeB L = {4, ..., [}, KaXObIi W3 KOTOPBIX HMMEET YHUKAIbHBIN
unentupukarop R4 = {r'¢|r'? = id(x),id(x):x > r',x ENUL} , a TaKxke
MHOYKECTBO JyT, TPEICTABIAIONIMX OTHOIIEHUS MEXKAY y3laMH U JUCThbaMu R™ =
(RM, ...,RY,

Nnentuduxatop B OKTOJAEpEeBE OOBIYHO MPUBA3AH K PACIONIOKECHUIO y3Jla WIH
JUCTAa B HMEPApXUM OKTOAEpEeBa W TMO3BOJSET OCYIIECTBIATH JOCTYN K Y311y BHE
3aBUCUMOCTH OT €r0 PacIoJIOKEHHUS] B ONEpaTUBHOM (MM BHEIIHEW) mamsaTu. Beibop
crnoco0a MACHTU(UKALIMKA OKa3bIBae€T CYIIECTBEHHOE BIMSHHME Ha CKOPOCTH OMNEpalui
00x0/la OKTOJAEpeBa, KOTOPbIE HCIOJNB3YIOTCSA B TOM 4YHCiIe Mpu (HOPMHUPOBAHUU

OKTOJACPCBAa U BBIIIOJHCHHUHA onepaum‘/’l IMPOCTPAHCTBCHHOI'O IIOMCKA.
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OxrtonepeBo, chopMUPOBAHHOE IO 00JIAKy TOYEK, CONEPKHUT JTUCThS (B KOTOPBIX
BBITIOJIHAETCSI XpaHEHUWE TOYEK M3 o0JaKa, pachpeliesIeHHBIX MO MPOCTPAHCTBEHHOMY
MIPU3HAKY), Y3JIbI ¥ IyTH (KOTOPBIC MPEACTABICHBI YKA3ATEISIMH, SIBIISIOIINMUICS 9aCThIO
CTPYKTYpbl JaHHBIX y3ia). Mepapxusi y3J0B OKTOAEpEBa, JUCThS, a TakKe JaHHbIC
o0Jaka TOYeK, pacnpeieIeHHbIE MEX1Y JTUCThIMU, MOKHO MPEJCTABUTh B BUJE OJIOKOB
JAHHBIX, KOTOPBIE MOTYT OBITh PACIIONIOKEHBI KaK B OTIEPATUBHOM, TaK M BO BHENTHEH
namatu. PaccMoTpum notpebiisieMyro namsTh ¢ TaKOH TO3UIUH.

Y4uuThiBas HEOOXOAMMOCTh OBICTPOTO JOCTYIIA K y3JIaM B HEPAPXHH OKTOJICPEBA,
a TaK)Ke WX COBOKYIHBIM pa3mep, 3HAYMTEIIPHO MEHBIINMA, 9eM pa3Mep o0jaKa TOYCK,
OBLJIO TIPUHSITO PEIICHUE BBIMOJIHATH MX XpPAaHEHUE B OMEPATUBHOW MamsATH. JIucCThs
OKTOJIepEBa, KaK YacTh UEPAPXUH, TAKKE XPAHATCS B OMEPATUBHOUN MaMSITH, B OTIHYNAN
OT JIaHHBIX 00JIaKa TOYEK, Ha KOTOPhIE OHM CChUIaloTcs. Takum oOpa3zoM, rmoj 0IoKaMu
JTAHHBIX, XpaHEHHUE KOTOPHIX BO3MOXKHO KaK B OTMIEPAaTUBHOMN, TaK U BO BHELTHEH MaMSITH,
B JIAJIbHCUINIEM TOJPa3yMEBAIOTCS OJOKH TOYEK, paclpenelieHHbIC MEXIY JIUCThSIMHU
oKTOJIepeBa. [{7s mojicueTa 3aHMMaeMOi MU OTIEpaTUBHOM U BHELITHEH MaMSITH, BBEJIEM:
V' — MHOKecTBO OJIOKOB JaHHBIX, TPUHAIICHKAITNX JTUCTHIM

V ={vy, ..., v}, (2.5)
rae  v; — OJIOK JaHHBIX, MPUHAJICKAINN JTHUCTY OKTOAepeBa [;;

REeaf 14 _ \poskecTBO MAGHTU(HKATOPOB JHCTHEB, TI0 KOTOPHIM TaKXkKe BEIETCS

oOparieHue K 6JI0KkaM JaHHBIM JINCTHEB

Rleafld ~ Rid|Va € Rleafld. id‘l(a) €L, (2.6)
rne  id '(a) — QyHKUMS NOMyYEHHS y3/a MU JIUCTA 110 MAECHTU(PHUKATOPY;

U — ynopsiioueHHast OCIeI0BATEIHbHOCTD 3aIIPOCOB K 0JI0KaM JTAHHBIX B ITPOIIECCEe

00paboTKH

U= (uy,..,u,),u € RLe/14, (2.7)
rne  U; — 3To oOpareHue K 010Ky JaHHBIX JUCTa OKTOJIEpEeBa MO €0 HICHTU(PUKATOPY

B MOMCHT BPEMCHH t; TIPU YCJIIOBHH, YTO BPEMs TUCKPETHO M B OJMH MOMECHT

BPEMEHH MOXKET OBITh TOJILKO OJTHO OOpallieHHeE.
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Beenem VEAM(t) — MHOMKecTBO OIOKOB JAaHHBIX, HAXOAAIIMXCS B ONEPATHBHOM
naMsaTi B MOMeHT Bpemenu t, u VPP (t) — MHOkecTBO GIOKOB JaHHEIX, HAXOIAIIMXCS
BO BHEIIHEH NaMATH B MOMEHT BpeMeHHU t. Takke MOXKHO BBIPA3HTh MHOMKECTBO
co3maBaeMbIX (haitioB Bo BHermrHel mamatu kak F(t) = {F;},0 < i < k, rae k — obmiee
KOJIMYECTBO OJIOKOB JJAHHBIX BO BHEIIHEH NaMATH B MOMEHT BpeMeHH t.

Jlns mojcuera moTpebaseMoil maMATH BBeAEM (DYHKIMIO MONYYeHHUs pazMepa
Onoka maHHbIx B Oaiitax M(v):v —» b,v €V,b € R. Torna ob6beM mOTpeOIIEMOM
ONEPATHBHOM MaMATH MOXKHO BbIpasuth Kak MFAM(t) = 3 cyramy M(V), a obbem
notpeGnsemoii BuemHen mamsti kak M7PP (t) = ¥, cpupp iy M(v).

[IpeoOpa3oBaHue pACIONIOKEHUS [AHHBIX MPH ONEpalusXx oOpabOTKH 1U;
COOTBETCTBYET OIPEICICHHUIO:

£t U):VRAM (1), VHPD (), F(£) = VEAM(£,), VPP (t0), F (b))

Iycts THPP npencraBnser BpeMs, TOMONHUTENBHO 3aTpadMBaeMoe Ha paboTy C

BHEIIHEH ITaMSThIO:

HDD _ 7gread write service
THDPD = Tread 4 T +T , (2.9)
Tread _ .
rIe BpeMsl, 3aTpauCHHOE Ha CYNTHIBAHUE JTAHHBIX;
TWTite _ ppems, 3aTpaueHHOE HA 3aIUCh JAHHBIX;
T5€TV€ — Bpems, 3aTpadeHHOE Ha OTepalliu 00CITykuBaHusl (co3aanue (anios,

noytydeHue (paiioBbIX JECKPUNITOPOB, YBEIUUEHUE pa3MeEPOB (pailiioB U mpoyee).
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2.4. AHaTu3 HepapxXuvecKoii MoeJId OKTOIepeBa U CIIOCO00B KOAUPOBAHMSA Y3JI0B

OnHOM W3 KITIOYEBBIX 3a/ad MPU MPOCKTUPOBAHUHM CTPYKTYPHI OKTOJEpEBa
SIBJIICTCS OIIPEICIICHNEe MUHUMAJIBLHO HEOOX0AUMOT0 Habopa JaHHBIX, TPeOyeMOoro s
MpEACTaBICHUS y37da © oOecleueHus HaBUTAlMu 1O OkTomepeBy. Cmocol
UACHTUGUKAINKY Y3JI0B HAMpsSMYyIO0 BIWSECT HAa 3aHUMAeMyl0 HepapXuel OKTOAepeBa
naMsATh, CKOPOCTh 00X0Jila OKTOJACpEBa, THOKOCTh HMEPAPXHUECKOW CTPYKTYPHI
OKTOJIepEBa K Pa3IMYHBIM BHaM BXOJHBIX JaHHBIX. [Ipu ycmoBun 00pabOTKH OOJIBITNX
00BbEMOB JaHHBIX OCOOEHHO BaXXHBIM SBIISETCS BBIOOP 3(P(HEKTUBHOTO pPEIICHUS.
OmpenenuM CIHUCOK BaXKHBIX XapaKTEPUCTHK PacCMaTPUBACMBIX HEPAPXUYCCKUX

MOJIEJIEN OKTOAEpEBa:

— 3aHMMaeMoOe MECTO B MaMSITH — ONpPENENseT pa3Mep CTPYKTYPHBIX JaHHBIX
OKTOJIEpPEBA;

— KomnmuectBo onepanmii, HEOOXOAUMOE MJIs OINpPEAENICHUsS MPUHAIIECHKHOCTH
TOYKH MOTOMKY y3J1a — OIpPEAEINIIET CKOPOCTh 00X0/1a U CKOPOCTh MOUCKA IO
OKTOJIEPEBY;

— Bo3MoxHOCTh MacITAOMPOBaHUS KOJTUYECTBA TOTOMKOB Yy3J1a U pa3MEPHOCTU
MPOCTPAHCTBA OKTOJEPEBA — HE SABISIETCS HEOOXOAUMBIM, OJHAKO MOXKET
OMOYb aaTUPOBATh CTPYKTYPY OKTOJIEpEBa K PA3JIMUYHBIM BapHAIHsIM

BXOJHBIX TaHHBIX.

PaccmoTpum paznuuHbie COCOObl TPENCTABICHUS WEPAPXUUYECKON CTPYKTYPHI

OKTOJ/IepEBa.

2.4.1. O6mas cTpyKTypa y3/ia OKTo/iepeBa

JlaHHBIA pa3nel ABIAETCS CTAPTOBOM TOYKOM B 3a7aye MPOCKTUPOBAHUS Y3ia
OKTOJIepeBa. PaccMoTprM M30BITOYHOE TIPEICTABICHUE TAKOTO Y3JIa, MPE/JI0KEHHOTO B
padote [31]. JanHbIi y3ea 3aHuUMaeT B 64-pa3psaaHon apXuTekType He MeHbie 100 OaiT
U COICP KHUT KOOPJAMHATHI IIeHTpa y3J1a (Center), paamepsl y3ia (Size), BoceMb yKaszatesei
Ha notomkoB (child), konmnyectBo Touyek (Nr_pointS) M ykaszarelb Ha MacCHB TOYEK

(points).
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JIuctunr 2.1 — M30bITOUHOE MPECTaBICHUE y3JIa OKTOJEPEBa

struct OcTree {
float center[3];
float size[3];
OcTree *child[8];
int nr_points;
float **points;

B Toii ke paboTe npeatoskeHa METOIMKA COKpAIEH s pa3MEpPOB y371a 3a CUET:

1. Otka3a oT XpaHEHHA LEHTpa U Pa3MEpoB y3Ja, TAK KAK OHU MOTYT OBIThH
BBIUMCJIEHB B MOMEHT 00X0/1a JIepeBa;

2. XpaHEHHUs OJJHOTO yKa3aTessl Ha MacCHB TIOTOMKOB BMECTO BOCEMU yKa3aTelen
Ha y3Jbl, @ TAaKKe BBEJACHUSA 8§ OUT s MACHTU(UKAIMU CYLIECTBYIOLIUX
IOTOMKOB;

Hcnonb3oBaHne ype3aHHbIX 6-0aliTOBBIX yKa3aTele;
4. CokpalieHue pa3Mepa TOYKH, IIyT€M HCIOJIb30BaHUS TOJIBKO IBYX OailT Ha

KOOPAUHATY.

[Tono6HbIE MEpbI O3BOJISIOT COKPATUTh pa3Mep y3Ja Kak MUHUMYM 0 21 Gaiita.
B nmanHoii pabore mo ymoiyaHuio OyAyT mnpuMeHATbes noaxonabl Nel u Ne2 w3
BBIILICTIPUBEACHHOTO CIIHUCKA, TaK KaK OHM MO3BOJIAIOT COKPATUTh PAacXo/bl MaMsATH 0e3
OonpIIOro yiiepda mpou3BOAUTENILHOCTU. OHAKO, B BUY BO3MOKHBIX MPOOJIEM IpH
KpOocCCIUIaTpOPMEHHOM peanu3aluy B TaHHOW paboTe He OyAeT nmpuMeHeH moaxos Ne3.
[To npuynHe HEOOXOIMMOCTH JEKOAUPOBKM TOYEK IMPU pacueTax M CI0KHOCTU
MHTErpallid CO CTOPOHHUMM aIropuTMamMu oOpaboOTKH oOjaka To4yek He OyaeT

npuMeHeH nojxoa N4,
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2.4.2. llpeacraBiieHne y3Ji1a OKTO/lepeBa HA apu(MeTHKe ¢ MJIaBaoIell TOYKO

PaccMoTpuM CTpyKTypy y3/1a OKTOJIEpeBa, MOCTPOCHHYIO C HCIOJIb30BAHUEM
METOJMKH, ONMUCAHHOM B 2.4.1. YuuThIiBasi, 4TO MO3UIUS U pa3MEPHI y3JI0B B OKTOJIEPEBE
OTIPEJIEISIIOTCS KOPHEBBIM Yy3JIOM, HET HEOOXOJMMOCTH B WX XPAHEHUHU TSI KaXJIOTO
y371a, TaK KaKk OHH MOTYT OBITh BBIYMCIICHBI B TIporiecce 00xoa. CTOUT TakK e OTMETHUTb,
9TO I ONpEETIeHUs OO0JIACTH TPOCTPAHCTBA, 3aHUMAEMOH OKTOIEPEBOM, OOBIYHO
UCITOJIB3yeTCsl apu(PMETHKA C IJIABAIOIICH TOYKOM, YTO TIO3BOJISIET aallTUPOBATh €0 K
IIMPOKOMY JHAla30Hy BXOIHBIX JaHHBIX. B Takom ciydae y3en OynmeT 3alaH Tpems
WHTEpBAJIaMH MO KKJIO0W U3 KOOPAMHATHBIX OCel (IpUMEp Il OJJHOMEPHOIO ClIydast
npuBefeH Ha pucyHke 2.9). Ilpm 3TOM KOOpAMHATa W pa3sMepbl KOPHEBOTO Y3ja

OKTOACPCBA MOI'YT OBITH MpCaACTaBJICHBI JFOOBIM 3HAYCHHUEM C HHaBaIOHICﬁ TOYKOM.

Tree 1D, Floating Point WO'
Level=N interval = [0.0, 8.0) o
Level=N+1 [0.0, 4.0) (4.0, 8.0) |
Level=N+2 [0.0, 2.0) [2.0, 4.0) [4.0, 6.0) [6.0, 8.0)

Level=N+3 |[0.0, 1.0)|[1.0, 2.0)|[2.0, 3.0)|[3.0, 4.0}|[4.0, 2.0)|[5.0. 6.0)|[6.0, 7.0)|[7.0, 8.0% ;

: }‘-1::-"'.'.'....::n-5::-":":"'::“':":"-
0 1 2 3 4 5 6 7 8 x

Pucynox 2.9 - ®parmeHT okToIepeBa Ha apu(PpMETHKE ¢ TIIaBAIOIICH TOYKOM

VY3en Takoro OKTOJepeBa COJIEPKUT B ceOe Kak MUHUMYM yKa3arelb Ha BOCEMb
IOTOMKOB, 8 OUT I UACHTU(PUKAIIMH HEITyCThIX TOTOMKOB, @ TAK)KE MOJIE3HbIE TaHHBIE
B BHJIE MAacCHBA TOYEK.

[Tpu nobaBneHnr HOBOM TOYKU B JAEPEBO MPOUCXOIUT PEKYPCUBHAS MTPOBEPKA HA
NoMajaHue TOYKM B MOAY3€J, HauWHas ¢ KOpPHEBOro ys3ia. B oOmem ciydae, ans
MOJIYYeHHS MMOAY3J1a, B KOTOPBINA MOMAaaeT TOYKa, MOXKHO MCIIOJIb30BaTh TPU OlEpaluu

CpaBHEHUSI, UYTO U300PAKEHO B BUJIE AITOPUTMA B JIUCTUHTE 2.2,
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JIuctunr 2.2 — ANropuT™ OnpeieieHus Moay3ia, B KOTOPbIi MonaaaeT Touka

int GetlnsertionIndex(vec3 pointCoord, vec3 nodeCenter)

if(pointCoord.x < nodeCenter.x)

{
if(pointCoord.y < nodeCenter.y)

if(pointCoord.z < nodeCenter.z)
return O;
else
return 1;
}

else
if(pointCoord.z < nodeCenter.z)
return 2;

else
return 3;

/I Same principle...

Onnako 3(pPpeKTUBHOCTH TAKOTO aITOPUTMA MOXKET OBITh CYIIECTBEHHO YJIy4YIlIEHa
3a CYET 0TKa3a OT YCJIOBHBIX ONEPATOPOB. PacnosioxkeHue noay3na BHYTPH y3J1a MOKHO
3aKOJUPOBATh MPU TOMOIIM Tpex OuT, mo OuTy Ha ock pasduenus (Tabmuma 2.1). Kox
NO/y3J1a MPUHUMAET 3HaueHHs OT 0 10 7 MU MOYKET UCIIOJIb30BAThCS B KAYECTBE MHAECKCA
B MAaCcCHBE IOTOMKOB Y3JIa, ITO3BOJISII OJHO3HAYHO COMNOCTABUTH IPOCTPAHCTBEHHOE

MECCTOIIOJIOKCHHUEC U MCCTOIIOJIOKCHHUC B IIaMsITH.
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Tabmuma 2.1 — Unertudukanus moTOMKOB y3i1a

[To3unus oTHOCUTENBHO eHTpa y3na | Kon | HaumenoBanue
—X; —Y; —Z; 0b000 | Left Back Bottom
+x;—y; —z; 0b001 | Right Back Bottom
—x; +y; —Z; 0b010 | Left Front Bottom
+x; +y; —2z; 0b011 | Right Front Bottom
—X; —y; +z; 0b100 | Left Back Top
+x; —y; +2z; 0b101 | Right Back Top
—x; +y; +2z; Ob110 | Left Front Top
+x; +y; +2z; Ob111 | Right Front Top

Hcnonb3oBaHue HOI[06HOI‘O HHACKCA ITO3BOJEACT YCKOPUTDL IIPOICCC BBIYUCIICHHA

noaysja, KOTOpOMY HNPHUHAMJICKHT TOYKA B IIPOCTPAHCTBC 3a CYUHCT HCIIOJIb30BAHMA

OMHApHOU apUPMETUKHU:

InsertionIndex = sgn(x — cx) * 21 + sgn(y — cy) = 2% + sgn(z — cz) * 25, (2.10)

rie  sgn — omnepauus omnpeneneHus 3Haka uyucia (0 — nius orpuuarenbHoro, 1 as

HOHO)KI/ITGJ'IBHOFO), OoIIcpani yYMHOKCHHA Ha CTCIICHDb HBOﬁKH OKBHUBAJICHTHBbI

oriepalusiM MoOUTOBOIO CIIBUTA,
X, Y, Z — KOOPAUHATHI TOYKH;

CX, CY, CZ — KOOPIMHATHI IICHTpPA y3JIa.

PaccmoTpum mpouune onepainuu, HeoOXoauMbie sl GOPMUPOBAHHUS OKTOJIEPEBA.

Tak Kak y3en Temnepb HE BBIMOJHIET XPAaHEHHE CBOMX pa3MEpPOB M KOOPJMHAT,

HEOOXOJIMMO OMNPEACIUTh CIMOCO0 HX BBIYKCICHHUS.

CJIEIYIOLIMMU MTapaMeTpamu:

IIycTtp OKTOIEpEBO 3aJ1aHO

— RootCoord — koopauHaThl KOPHEBOT'O y3J1a OKTOICPEBA;

— RootSize - pazmepsl KOPHEBOTO y3j1a OKTOICPEBa,;

— Depth - makcumanbHas ri1yOuHa gepeBa.

KonuyecTBo pazdueHuii mo CTOpoHE OKTOIEPEBAa MOKHO BBIYUCIUTH IO (hopmyrie:
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SideSize(level) = 2'evel, (2.11)
rae  level — ypoBens pa3Ouenus aepena.
MuHMMaJIBHBIM yYPOBHEM pa30ueHus OyJeT HyJIEeBOH, YTO COOTBETCTBYET
KopHesomy y31y. Pazmep y3iia Ha OIpeeIeHHOM YPOBHE pa30HEHHST MOYKHO BBIYMCIIUTD
o opmyiie:

RootSize (2.12)
SideSize(level)

NodeSize(level) =

rae  NodeSize — pa3mep y311a Ha KOOPAHMHATHOM MTPSMOM.
KoopauHaTsl moay3/1a MOXKHO BBIYHCIMTD, 3HAas €T0 OPUCHTAIIMIO K KOOPIUHATHI

POAUTCIILCKOI'O Yy3JIa:

OrientationBits(Nodelndex) (2.13)
= (Nodelndex & 0b001, Nodelndex & 0b010, Nodelndex & 0b100),
NodeCoord(level, orientationBits, parentCoord) (2.14)

= parentCoord + NodeSize(level) * orientationBits,

rae  OrientationBits — OUThI UHACKCA MTOy3J14;

Nodelndex — unaekc nmoaysna;

& — omepanust moduroBoro “U1”;

Obxxx — nBonyHasi (hopma 3aMUCH YHCIIA;

parentCoord — KOOpAUHATHI POIUTEIIHCKOTO y3I1a.

MaxkcruMaabHOE KOJMYECTBO Y3JIOB Ha OINPEICICHHOM YPOBHE pa3OUEHUs MOXHO
BBIYUCIIUTS 110 hopmyJie:

LevelVolume(level) = 8'evel, (2.15)

B noaxojne ¢ miaBaromen TOYKOW KOOPJIUHATHI U pa3MeEPbI Y3JIOB MPEACTABICHBI
floating-point 3sHauenusmu. Takoe perieHre MO3BOJISCT MOICPKUBATH 00JIee UPOKHIMA
Jara30H BXOJHBIX 3HA4YCHUU. HemocTaTtkoM 1o j00HOTO IMOAX0/1a SBISETCS CHUKCHHE
TOYHOCTH Ha CIIMIIKOM BBICOKMX MW CIIMIIKOM Malblx BennuuHax [61], a Ttaxke

MOBBIIIEHHAS CI0KHOCTh BBIUYMCIICHUH 110 CPaBHCHUIO C HCIOYUCICHHBIM ITOAXO0A0M.
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2.4.3. llpeacraBiieHne y3Jjia OKTO/AepeBa HA 0a3e LeJI0YHNCIEHHOT 0

UIeHTH(PUKATOPA

JlaHHOE pelIeHUe SBIACTCS TEPEXOTHBIM IIaroM MEXIy IEJIOYUCICHHBIM H
floating-point  oktomepeBoM. Ero  oTauMYMTENBHOW  OCOOCHHOCTBIO — SIBJISCTCS
UCIIOJIb30BaHUE LIETTOYUCICHHOTO UISHTHU(PUKATOPA JIs1 KOJUPOBAHUS MECTOIOJIOKEHHUS
y371a B OKTOJIEPEBE, KOTOPBIM MPH HATHMYMUA WHPOPMAIIUU O KOPHEBOM Y3JI€ IMTO3BOJISET
MOJIyYUTh pa3Mephl U MECTOMNOJNOKeHuE y37a. [Ipu 3ToM nepapxust OKToiepeBa OCTaeTcs
aHAJIOTUYHOW W300paXKeHHOW Ha pucyHKe 2.9 U coXpaHSeTCsl BO3MOXKHOCTH
NO3HMIIMOHUPOBAHUS OKTOJAEpeBa B mpocTpaHcTBe mnpu mnomomiu floating-point
KOOpJAMHAT.

Paccmorpum opmatr unentudukatopa ysna (Pucynok 2.10). Upentudukarop
npeacTaBiieH 64-pa3psAHbIM O€33HAKOBBIM LEIBIM U C(DOPMUPOBAH CLTOCOOOM, TOXOKUM
Ha OMUCAHHBIN B Tabmwmie 2.1: s uaeHTUGUKAINYI PACTIONOKESHUS Y3J1a BBIIIE WITH HAXKE
IUIOCKOCTH pa30MeHus Mo Kaxa0M U3 oceil (X,Y,Z) BbIIEICHO 10 oAHOMY OuTY. BmecTte
3TH TpU OHUTa KOIUPYIOT 8 BO3MOXXHBIX BapUAaHTOB PACIOJIOKEHHS B Y3lie Ha
OTIpEJICTICHHOM ypoBHE paszOuenusa. Kaxaple mocnemyromue Tpu OuUTa KOIUPYIOT
MECTOITOJIOKECHHE y3J1a Ha ouepeHoM ypoBHe pa3ouenus (level 1 u level 2 na pucynke
2.10). Benymuit out uaentudumupyer okonyanue pazouenus (leading one Ha pucynke
2.10). TlogoOHoe perieHHEe MPUMEYATENIBHO TE€M, YTO TMO3BOJISET MOJIy4YaTh WHICKC
MOTOMKa WJIM POJUTENs y3j1a MyTeM BBHITIOJHEHHUS MPOCTONM KOMOWHAIIMW OTepaliuii
CMENICHUS] 1 MaCKUPOBaHUsI OUT UIeHTU(PHUKATOPA.

level 2
level 1

J
leading one-. v !

y v ¥
Child node: Q0b0000...000002010001

Zy X

Root node: 0b000000000000. ..000%

Pucynox 2.10 — Unentudukatop y3ma oktojepeBa B OnHapHOUH dhopme
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BrinmonHuM pacueTsl OCHOBHBIX MapaMeTPOB y371a C UCIOJIB30BaHUEM MOA00HOTO
uaeHTH(HUKaTOpa, KOTOPBIH B JanbHeleM OyaeM Ha3biBaTh Octreelndex.

YpoBeHb pa3OueHus y37da MOXKHO paccuuTaTh MpPH TIOMOIIM  B3ATHUA
BOCBMEPUYHOIO JlorapudmMa OT UACHTUPHUKATOPA:

level(Octreelndex) = logg Octreelndex, (2.16)
rne level — ypoens pa3zouenus.

NHpekc moToMKa MOKHO MOJTYYUTh MMYTEM CABUTAa OUT MACHTHU(UKATOPA BIEBO U
n00aBICHHs OUT, OTBEYAIOIINX 32 MICHTU(PUKALMIO MOTOMKA U ONMHUCAHHBIX B TaOJHIIE
2.1. Ungexc poauTens MOKHO TOJYYUTHh MPHU MOMOIIU CIBUTa OUT HMIECHTH(HUKATOpa
BIpaBo. OpUEHTAIMIO Y3JIa MOKHO TMOJYYUTh B pe3yJibTaTe orepanuu nooutosoro “MU”
¢ guciiom Ob111. OnpenencHre pa3MepoB y31a MPOUCXOIUT aHAJIOTUYHO OIMMMCAHHOMY B
n. 2.4.2.

Takum 00pazoM, NOSABIISETCS BO3MOKHOCTh HICHTU(PUKALIMK y3J1a B OKTOJEPEBE,
KOTOPYI0O MOKHO HCIOJIb30BaTh [JIsl MOJYYEHUS HIECHTU(UKATOPOB IMOTOMKOB,
poauTenen, a Takke YpoBHs pazoreHus u pazMepoB y3ia. [1ogo0ubiit unentudukarop, B
OTIIMYME OT yKa3aTelssl, MOKHO MCIOJIb30BaTh JUIsl aJlpecallii y3JI0B, BBITPYKEHHBIX U3

OIIEPATUBHOM MaMSITH.
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2.4.4. TllpeacraBiieHHe y3J1a 1eJOYNCIEHHOT0 OKTO/IepeBa

B kauecTBe anbTepHATHMBBI MOAXOAY C IUIABAOIIEH TOYKOW MOXKHO MPEITIOKHUTh
LEJIOYNCICHHbIE BblYMCIEHUA. COINIacHO MOJAENM UEJIOYHUCICHHOTO OKTOJEpEBA,
IPEUIOKECHHON coHMcKaTelieM B ctaThe [46] m ocHOBaHHOW Ha peann3anuu Volumetric
Dynamic Grid mis B+nmepeBa u3 paboTel [62], WCIONB3ysT HepapXUUECKyIO MPUPOIY
OKTOJIepEBa, MOKHO 00ECIICUHUTH aJIpecalliio Y3JI0B B HEM MPU TOMOIIH IIEJIOYHCIICHHbBIX
KOOpAMHAT, OOECNEYMBAIONIUX OJHO3HAYHOE COMOCTABJICHHUE TO3WIHMHM Yy371a B
OKTOJEPEBE U €r0 MECTOIOJIOKEHUE B IPOCTPAaHCTBE. PazMep y3iia B TaKOM OKTOAEPEBE
OTpaHUYEH HE CBEPXY, KaKk B MOAXOJE C IUIABAIOLIECH TOYKOW, & CHU3Y, YTO MO3BOJISIET
HapaluBaTh pa3Mepbl OKTOAEPEBAa, YKa3biBas KOJMUYECTBO OUT, BBIJICJICHHBIX Ha
aapecanuio. [IpenMymecTBoM Takoro MoJaxXojAa SBJISIETCS BO3MOXKHOCTh NMPUMEHEHUS
TUOPUAHOTO TMOJXO0/a B OMUCAHUM HEpapXuu OKTojaepeBa. Miajiime OUTHI KIto4a
WCMOJIB3YIOTCS I aIpecallid B OKTOJEPEBE, CTAPIIME - JJIS aapecalyd y4acTKOB
MPOCTPAHCTBA B WMHOM CHCTEME XpaHEHHUsS MaHHBIX. Takum 00pa3oMm, B OTIMYHUE OT
KJIACCUYECKOM peau3allii OKTOJEPEBA, ONMMCAHHOM paHee, MOSBISIETCS BO3MOKHOCTh
pacHIMpeHus yuyacTka MpOCTPaHCTBA, 3aHUMAEMOT0 OKTOIEPEBOM, TIO Mepe J00aBICHUS
HOBBIX JIAHHBIX.

B omiimume oT okTOAEpEBa C MIIABAIONIEN TOUKOM, T/1€ MUHUMAJIbHBIN pa3Mep y3Jia
CTPEMHTCS K HYJIIO, B IEJIOYMCICHHOM OKTOJIEPEBE MUHUMAIbHBIA Yy3€ll OYJIeT UMETh
€MHUYHBIN pa3mep.

PaCCMOTpI/IM OKTOACPCBO, 3a1aHHOC CIICAYIOIINMHU ITapaMCTPaMM:

— D — xonuyecTBO U3MEpeHUit B iepeBe (0JTHOMEpPHOE, IBYMEPHOE, TPEXMEPHOE);

— Depth — makcumanbHas riryOuHa JAepeBa;

— Dim — norapudm oT MaKCUMaIbLHOTO KOJHYECTBA Pa30MEHHUI y3i1a BIOJIb OCH
koopauHaT. OTpakaeT Takke KOJIMYECTBO OWUT, HEOOXOAUMOE YTOOBI
uacHTH(GHUIUPOBATh MoTOMKa. 11t okTomepeBa Dim = 1;

— Resolution — pasperiienre aepeBa, HCIMOIB3YESTCS TS TPEICTABACHUH IPOOHBIX

UHTEPBAJIOB.
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PaccMmoTpum nmapamMeTpsl y3J10B, KOTOpbIE OyAYT HCHOJb30BATHCS TPU MOCTPOEHUN

JACpCBa:

rac

rac

rac

rac

NodeDim(level) = Dim * level, (2.17)
NodeDim - norapudm 0T MaKCUMaJILHOTO KOJIMYECTBA pa30MEHUH y31a BAOIb OCH
KOOPAWHAT JJIsi KOHKPETHOTO YPOBHS pPa30MEHMs, a TaKXKe KOJIMYECTBO OWT,
Heo0X0auMoe? YTOOBI UACHTU(PUIIUPOBATH BIOKEHHBIX TOTOMKOB;
level — ypoBeHnb pazoueHus;
NodeSize(level) = 2NodeDim(level) (2.18)
NodeSize — pa3Mepsl CTOPOHBI y3j71a B €IMHWYHBIX Y3JIaX WM MaKCHUMaJIbHOE
KOJIMYECTBO Pa30MEHUH BIOJIb OCH KOOPJINHAT;
NodeWorldSize(level) = Resolution x NodeSize(level), (2.19)
NodeWorldSize — pa3mep y311a B MUPOBBIX KOOPJMHATAX;

NodeCapacity(level) = 2P*Nodebim(level) (2.20)
NodeCapacity — o0miee KOMMIECTBO €AMHNYHBIX Y3JI0B, KOTOPOE CONCPKHUT Y3€IT
Ha JJAaHHOM YPOBHE pa30ueHHUs.

KeySize = NodeDim(Depth),

(2.21)
Depth = KeySize/Dim,

rne KeySize — pa3Mep KOOpJIUHATHI IepeBa B OUTAX.

Ha pucynke 2.11 npuBeneH npumMep pa3OueHHs y3Jia Ha HYJIEBOM YPOBHE MpHU

pasauaHOM KormdecTBe uaMepenuii (D) u mpu pasnunaHoM KojaudecTBe pazouenwii (Dim).

VY3en ¢ mapamerpamu D=3 u Dim=1 cooTBeTCTBYET Y37y OKTOJCpPEBA.
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D=1 D=2
: . NodeSize "
] ] A :
' : "
, NodeSize . '
1 - 1 ]
1 1 ]
Dim=1 E 3 -:\E E
i < :
1 ] 1
1 1 ]
i Y :
TTTTTTTTTT Vo T T 17T 7T " NodeSize " N
] ] A '
: ' :
, NodeSize . "
1 y ' '
Dim =2 - > X :
v 0 4 '
1 1 ]
1 ] 1
1 ] 1
1 1 '
' S / '
1 ] 1

Pucynox 2.11 - [Ipumep pacnosiokeHus MOTOMKOB y3ja B MPOCTPAHCTBE MPH

Pa3iIn9YHOM KOJINYCCTBC H3MCp€HHﬁ

Paccmotpum nenouncnennoe ogHomepHoe (D = 1) nepeBo. B HeM kaxplii y3en
Oyzaet uMeTh 1o ABa noromka (Dim = 1), B KOTOpbIX KOOpJAUHATa OyAEeT KOJUPOBATHCA

npu oMoty Tpex out (Depth = 3) (Pucynok 2.12).

Tree 1D, NodeSize=21__ Key=3bit

Level=3, Size=8 root

Level=2, Size=4 0xx 1xx

Level=1, Size=2 00x 0lx 10x 11x

Level=0. Size=1 | 000 001 010 011 100 101 110 111

0 1 2 3 +

-
(=)
=l
[#a]

v

Pucynok 2.12 — [Ipumep ogHOMEpHOTO epeBa, KOAUPYEMOTO MIPH MOMOIIU OJHOTO

oura Ha y3eln

N3 pucynka 2.12 BuHO, 9TO U1l UACHTU(GUKAIINY y3J1a TAKOTO JIePeBa JOCTATOYHO
onHoro 6uta (0 — neBsiid, 1 — npaBerit). Takum 00pa3oM KOHKPETHBIE OMTHI KOOPIUHATHI
JiepeBa MO3BOJIAIOT UACHTU(DUIIMPOBATh y3JIbl JAepeBa. MHadue ToBOps, U3 KOOPIUHATHI

MO’KHO MOJIYYUTh COOTBETCTBYIOIIMM y3€1 Ha JF0OOM ypOBHE pa3OueHusl.
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[Tomo6HbII TOAX0 MOXKET OBITh PACHIMPEH 10 JII0OOT0 KOJIMYECTBA TOTOMKOB Ha
y3eln. Paccmotpum nenouncienHoe ogaomepHoe (D = 1) aepeso. Kaxabiil y3en B HeM
OyZer HUMeTh IO dYeThipe MmoTroMka ( Dim =2 ), B KOTOpPHIX KOOpJMHaTa OyIeT

KOJAMPOBATHCS MPHU TIOMOIIH YeThipex Out (Depth = 2) (Pucynok 2.13).

Tree 1D, No deSize=22__ Key=4bit

Level=2, Size=16 root

Level=1, Size=4 00xx 0lxx 10xx 1lxx

Level=0, Size=1 0000|0001|0010|0011 0100|0101|0110|011]. 1000‘1001‘1010‘1011 1100|1101|1110|1111

1 ' 1 1 1 1 1 1 1 1 1 1 1 1 1 1 [
1 1 1 1 L L 1 1 1 1 1 1 "

012345678910111213141516;(

Pucynox 2.13 — [Ipumep ofHOMEPHOTO JiepeBa, KOAUPYEMOTO MPU MOMOIIU JBYX OUT

Ha y3el

Taxkum 06pa30M, B 3aBHUCUMOCTHU OT KOJIMYCCTBA BO3MOJKHBLIX ITOTOMKOB Y3Ji4,
MCHACTCA KOJIMYCCTBO 6I/IT, HCO6XOIII/IMBIX JJIs1 I/II[CHTI/I(I)I/IKaHHH OIIpCACICHHOI'O
MMOTOMKa. BMecTe ¢ 3TUM COOTBETCTBEHHO M3MEHSIETCS KOJIMUYECTBO ypOBHeﬁ p336I/I€HI/I$I
ACpCBa, KOTOPOC MOKHO 3aKOAWPOBATH KIIOYOM OIIPCACIICHHOI'O pasMcpa. HpI/IMCp
IMOJIYUCHUA KOOPAHWHATHI Y3JIa Ha OIIPCACIICHHOM YPOBHC pa36I/ICHPIH IIpu pas3siiIndHOM

KOJIMYECTBE TTOTOMKOB y3J1a IPUBE/IEH Ha pucyHke 2.14.

oreee JEve]

Key structure (16 bit): v
Dim: 1| 0bBoBoBoBoBoloBolo NodeSize=2

Dim: 2 Oblno'llou'l_lo_o'l-loh{) NodeSize=4
Dim: 3 Oblono'-u'{ioll_'lo'ou NodeSize=8

Dim: 4 0b0000'00000000'0000 NodeSize=16
Pucynox 2.14 - Unentuduxaius y3i10B ETOYUCICHHON KOOPIUHATON MPU PA3TUIHOM

KOJIMYECTBC ITIOTOMKOB Yy3JIa
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Tak kak XpaHeHHE TOTOMKOB Y3Jia BBINOJHAETCA CIIOCOOOM, aHAIOTUYHBIM
OIMCAaHHOMY B paznene 2.4.2, pacrloyioXeHHe MOoy3Jla BHYTPU y3/a Takxke Oyaer
KOAMPOBATHCS IIPU MOMOIIU TpeX OUT, o OuTy Ha ock pazouenus (Tabmuma 2.1). Ognako
dopmyna ompeneneHus MONAJaHUS TOYKU B y3€ Temeph OyJeT MCHOIb30BaTh TOJIBKO
IEJIOUNCIICEHHBIE OTIePaLlnu:

x & (NodeSize(level) — 1)
2NodeDim(level)

InsertionIndex1D(x, level) =

Insertionindex(level) = InsertionIndex1D(x, level) * 21 + (2.22)

Insertionindex1D(y, level) = 22 + Insertionindex1D(z, level) * 23 |
rae  X,Y,Z — UeJOYHUCICHHbIE KOOPJIUHATHI B MPOCTPAHCTBE JIEPEBa;
& - omnepanusi moouToBoro «My», yMHOKEHHE HA CTENEHb JBOMKH KBUBAJICHTHO

orepaluu MoOMTOBOTO CJIBUTA.

2.4.5. llpeacraBiieHne HEPAPXUM LEJOYHUCIEHHOT0 OKTOAepeBa

PaccMoTpuM Mepapxuro y3JI0B LEJOYHCIEHHOTO OKTonepeBa. g mpumepa
BO3bMEM OJIHOMEpHOE aepeBo (D = 1), kaxaplil y3el KOTOPOTO MOXKET COJAEpKaTh IO
yeTeipe motoMka (Dim = 2). Ecau ucnonb3oBath KeySize = 16bit, To momoOHOE
JIEpEeBO CMOXKET ajpecoBaTh 65535 3HaueHMid, a ero MakcuMasibHas TiyOuHa Oyner
COCTaBJISITh 8 YPOBHEM.

[Ipy HEOOXOAMMOCTH YBETMYEHHUS aJpecyeMOro auana3oHa MOKHO YBEJIUYHUTH
pa3Mep KJIo4a, YTO MPUBEAET K YBEJIMUYEHUIO KOJMYECTBA YPOBHEH JepeBa U 3aMeIJIUT
CKOpOCTh ero obxona. s pemeHus: mogo0HON mpobsieMbl MpeagaraeTcss Npou3BeCTU
WHTErPaLAI0 LEJI0OYUCIEHHOIO JEpeBa C aCCOUMATUBHBIM MAaCCHBOM, YTO ITO3BOJIMUT
UCIIOJIB30BaTh JIEPEBO C (PUKCHUPOBAHHBIM pa3MepoM KIro4a AJid JIF0OOro Auamna3zoHa

3HAYECHUMU.
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AccornaTiuBHbIE MacCUBHI [63] BBIMOIHAIOT XpaHEHUE JJIEMEHTOB B BHUC Tapbl
{KJItOY:3HAYCHHE } ¥ TIO3BOJISIFOT BBIMOJHSATH OTHOCUTEIBHO OBICTPBIA TMOUCK 3JIEMEHTOB
M0 WX KJIo4YaM. ACCOITMAaTUBHBIE MACCHBBI IIJIOXO TOMXOMAT IJIsi XPAaHCHHS TOYEK,
MOTOMY YTO HE MOJIEPKUBAIOT ONEpAIlMM MPOCTPAHCTBEHHOTO IMOMCKA WU HE UMEIOT
JPEBOBUIHON CTPYKTYPHI, MOJIE3HON MTPU pAHHEM OTCEYEHUHU y4acTKOB o0iaka. OqHaKko
OHH MOT'YT OBITh HCIIOJIb30BaHBI B COBOKYITHOCTH C IIEJIOUYNCICHHBIM OKTOJEPEBOM.

[lycTh Haiie nepeBo MMEET MakCUMalbHYyIO I1yOuHy B 3 ypoBHs (KeySize =
4 6vuTa ), HO HaM HE0OXOoauWMO ajapecoBaTh auana3zoH B 0-65535 3nauenuid. Jns
ajJipecalliyd TaKoro Jauara3oHa HaMm HeoOxoaumo eme 12 6ut. Mcnons3yem 16-OuTHBIN
KJII0Y, TepBbie 12 OUT KOTOpOro OyAyT KIFOYOM B aCCOLIMATUBHOM MACCHUBE, a TIOCIICTHUE
4 OuTa — KJII0YOM B IIEIIOYHUCICHHOM JepeBe. [1oHy0 cxeMy Takoro pemeHrus MOKHO
YBUJIETH Ha pucyHke 2.15.

Tree Map 1D, Key=16bit (12+4), Capacity=65536

0b0000'0000"0000" xxxx |[—m= TreelD (0-15)

Associative Array

0b0000'0000'0001 'xxxx |— TreelD (16-31) Eey=12bit. )
Value=TreelD(key=4bit)

Associative // l \2

KE? KE
Arrav  |000000'0000'1000"xxxx (—= TreelD (128-143) J\
Key=12bit. |0b0000'0000'1010"xxx3% [—e{Treel1D (160-175) 'mot mt 0%
Value=TreelD i f J\ \\
0b0000'1101'0000"xxxx |—» Tree1D (3328-3343) j L A> g , . , )
x . ;r( &% m

0b1000'0000'0000 xxxx — Tree 1D (32768-32783)

Associative  Treel1D
Array Key Key

Pucynok 2.15 - UnTerparus meaourciaeHHoTo AepeBa C aCCOIMaTHBHBIM MAaCCHBOM

2.4.6. CpaBHeHnue nejsouuciaeHnoii u floating-point apudmeruxnu

CpaBHuUM omepani OMPEICNICHUs y3/1a, B KOTOPBIA TOMagaeT TouYKa, IS
paccMaTpuBaeMBbIX BUIOB OKTOAEpEBbEB. il 3TOro MccienyeM NpUBEICHHBIE paHee
dbopMynbl W ompenenuM TpedyeMoe KOJWYECTBO OMepanuil s BBIYUCICHHS.
Bocnones3zyemcs TeM daktom, 94To 06€ POpMysbl UMEIOT OOIIYIO YaCTh, KOTOPYIO MOXHO

HE pPacCMaTpUBAaTh.
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Hcnonb3oBanue apudpMeTHKH ¢ mJaBamolei Toukoil. Paccmorpum dopmyiy,
IIPUMEHSAEMYIO JUISl BBIYMCIICHUS ITO3UIMU TOYKH OTHOCUTEJIBHO LIEHTPA y3J1a BAOJb OCH
X:

sgn(x — cx), (2.23)
e Sgn — onepanus MOJTYyYEHHs 3HAKA BBIPAKECHUS,
X — KOOpJAMHATa TOUYKH;
CX — LICHTp y3Ia.

B npuBenenHo# popmysie CTOUT BBIACIUTD CIETYIOIINE OTIepaIliu:

— Pacuer cx —3t0 floating-point onepaiusi, KOTopas BBIIOJIHSAETCS OJIUH pa3 IpH
MOTAJAHAN TOYEK B y3€l (Tak KaK y3ell HE BBIMOJHICT XPaHCHHE JAaHHOTO
napameTpa);

— (x — cx) —aro oxna floating-point onepanus;

— Sgn —93TO MEJOYNCIICHHAs OIlepallis onpe/eicHus ouTa 3uaka y floating-point

3HA4YCHHUA, BBIITIOJHACTCA 3a ABC OIICpalluN (HpI/ICYTCTByeT HNHBCPCHUA 6I/ITa).

Takum 00pa3oM, KOJMYECTBO ONEpaIUid IPY BHITOJTHESHUH BCTABKU 1 TOYEK B
nepeBo riayounoit Depth cocTaBurt:
Depth = n = (2 floatOp + 2 integerOp), (2.24)
yto npu ucnons3oBanuu n = 100, Depth = 10 cocraBut 2000 floating point
onepanuil 1 2000 HENOYNCIEHHBIX ONEPALIU.

AJTOpPUTM Olepalyy MoJy4eHus] MHACKCA BCTABKU MIPEICTABIICH B TUCTUHTE 2.3.
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Jluctunr 2.3 - [lomyueHnue uHIEKCAa BCTABKH /711 KOOPAMHATHI C TUIABAIOIIEH TOUKOM.

struct FloatCoord; // Floating point 3d vector {x,y,z}
struct FloatBBox; // Floating point bounding box {min, max}
I/l Returns child index
uint8 GetlnsertionIindex(FloatCoord crd, FloatBBox nodeBBox) {
FloatCoord center = crd - nodeBBox.center(); // Coordinate relative to node
center
// Fast index calculation
return !signbit(center[0]) |
Isignbit(center[1]) << 1u |
Isignbit(center[2]) << 2u;

Ucnoan3oBanue wuejsouncieHnoi apugmeruku. Paccmorpum dopmyy,
MIPUMEHSAEMYIO JIJISI BBIYUCICHUS MO3UIMU TOYKH OTHOCHUTEJIBHO LIEHTPA y3J1a BJOJIb OCU
X:

x & (NodeSize(level) — 1) (2.25)

2NodeDim(level) !

rac X — OCJI0O4YrCICHHAA KOOpArHaTa TOYKH.

B npuBenenHo# (opmyse CTOUT BBIACIUTD CAEAYIOIINE ONEepaliu:

— Pacuer HETOYHCIEHHON KOOPAWHATHI TMPOUCXOAHUT IIyTEM YMHOKEHHUS
ncxonHou Ha Resolution;
— 3naucnue (NodeSize(level) — 1) cunTaercs Ha dTarne KOMIMIAIUH;

— 3uauenne 2NodeDim(level) cyyraercs Ha drane KOMITHISIAH.

Takum 00na3zoM, KOJUYECTBO OIEpalii BCTABKH M TOYEK B JEPEBO TIIyOMHOMU
Depth coctaBur:
n * (1 floatOp) + Depth * n * (2 integerOp), (2.26)
yto npu ucnoibzoBanuu n = 100, Depth = 10 cocrasut 100 floating point oneparuii
1 2000 1e104nCIEeHHBIX OTIEpaLIHil.

AJNTOPUTM OIepalvu IpeACTaBIeH B JUCTUHTE 2.4,
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Jluctunr 2.4 - [lomyvyeHne WHAEKCA BCTABKH IS 1IETIOYNCICHHON KOOPAMHATHI

struct IntCoord; // Integer 3d vector {x,y,z}
struct IntBBox; // Integer bounding box {min, max}
const int kLog2Dim = 1; // Dimension = 2"kLog2Dim

// Returns child index
uint8 Getlnsertionlndex(IntCoord crd, int level) {
// Calculated at compile time in lookup table (zero cost)
const int kLog2Total = kLog2Dim + kLog2Dim * level;
const int kLevelDim = (1 << kLog2Total) - 1;
/I Actual calculations
return (((crd.x & kLevelDim) >> kLog2Total)) +
(((crd.y & kLevelDim) >> kLog2Total) << 1 * kLog2Dim) +
(((crd.z & kLevelDim) >> kLog2Total) << 2 * kLog2Dim);

2.5. ®opmupoBaHe CTPYKTYPbI JaHHBIX OKTOePeBa NPU PA3JIMYHBIX METOAAX
HCII0JIb30BAHUSA MAMATH

B nmaHHOM pa3ziene mpoW3BOAMUTCS aHAIU3 U YyTOYHEHUE KOMIIOHEHT U AeTallel
peanu3anMu  JUIsl  pacCMaTpuBaeMblXx B pa0OTe  BAapUAHTOB  OpraHU3aluu
BBIUMCIIUTENBLHOrO Tmpouecca oO0paboTKu. JIOMONHUTENBHO, B ILENAX CpaBHEHUS,
paccMaTpHUBAETCSl OpraHU3alMs BBIYUCIUTENBHOTO IIpoliecca 00padOTKU B ONEpaTUBHON
naMsITH.

VYuuThiBas MPUHUMIIMAIBLHO Pa3HbIE MOAXO/bl K OpraHU3ALMKH PacCMaTPUBAEMBbIX

MOI[CJ'IGfI, OCJIbI0 JAHHOI'O aHaJIN3a 6yI[CT OIIPEACICHUEC IS KAXXI0T0 U3 MCTOIOB.

— HauOonee noaxopsiiei nepapxmu4ecKoi MOJIEIN OKTOACPEBa,;
— Opranuzaiuu MexaHu3Ma JOCTyMa K JaHHBIM 00JI1aKa TOYEeK;
— MexaHu3ma orpaHU4eHHs TOTPEOIIEMON AMATH;

- Onpez[eneHHﬂ XapaKTCPHUCTHK, BJIMAIOIIIHUX Ha IMPOU3BOAUTCIIBHOCTD

OKTOJIepEeBa JUIsl pa3JIMYHBIX KOHPUTYpALMil BXOJHBIX JaHHBIX.
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2.5.1. Metoa (popMupoBaHHs OKTOAepeBa HA 0a3e IBYXyPOBHEBOIl aCHHXPOHHOI

CUCTEMbI KCIMUPOBAHUA

PaccmarpuBaemass cucrema KeIIMpPOBaHUs JIODKHA oOecrneuyrBaTh padoTy
CUCTEMBl B YCJIOBUAX OrpPaHWYEHHWW IO ONEpaTUBHOW mnamMATh. Ha mnpakthke 310
O3HayaeT, 4YTO JIaHHbIe OO0JlaKa TOYEK B OKTOAEPEBE JIOJHKHBI OTCIICKHBATHCS Ha
MPOTSHKEHUM BCETO IMKJIA MCIOJIb30BaHUs, OOCCIeunBasi MOJCYET 3aHATOM OJoKaMu
JAHHBIX OIEpPaTHUBHON MaMsaTH. [Ipyu MpeBHINICHUN 3aJaHHOTO JIMMHUTA YacTh OJIOKOB
JIOJDKHA OBITH BRITPY)KEHA HA )KECTKUM JUCK. TakuM oOpa3om, 1ogo0Hast CUCTEMAa MOKET
OBITH MpEJACTaBICHA B BUJIE JBYXYPOBHEBON CHUCTEMBI KEIIMPOBAHUS, B KOTOPOH, MO
aHAJIOTUM C KEIIeM Mpoleccopa, NMEepBbI YpOBEHb MpeACTaBieH Oosiee OBICTPOM, HO
MaJIOYMCICHHOW ONEPaTUBHOM MaMsThIO, @ BTOPO YpOBEHb — 0oJiee MEJICHHON, HO U
0oJiee 00bEMHOM BHEIIIHEHW MaMATHIO.

PaccMOTpUM TMONMWTHKY BBITECHEHHS, KOTOpas MOXET WCIIONIh30BATHCA IS
MOJJIEP>KUBAHUS 33JJaHHOTO 00beMa MOTPeOIIEMOI TaMATH, YTOOBI ONPEEATh, KaKue
OJIOKH ClIeyeT BBITPY)KaTh B IEPBYIO odepes. B psage padot [15; 36; 39] xoporio ceds
3apeKOMEH I0Bajia MOJUTUKA BhiTecHeHHs LRU, B KOTOpoil mociaeaHuii HCoab3yeMblit
0JIOK TIOMENIaeTCs B Hayajo Ouepequ, BBITECHsS 0ojiee CTapble B KOHEI| OYepe.Iu.
Onwucannbiii B padote [18] cmoco0 oTciexuBaHus Ha OCHOBE UCTOPHH HCIIOJIb30BAHUS
y3JI0OB TOKE€ MOXET OBITh MPUMEHEH, OJHAKO O00JIaJacT CIEIYIOUUM HEIOCTATKOM:
KOJIMYECTBO  OTCJICKMBAEMBIX  Y3JIOB OrPAHUYEHO, YTO JIUMUTHUPYET 00JacTh
MIPUMEHEHUS.

Jlns  peanuzanuu TONUTUKH BbITecHeHUs LRU Oombire Bcero mnoaxoauT
JIBYCBSI3HBIN CIMCOK, TaK KaK OH MO3BOJISICT MMPOW3BOAUThL BCTABKY U y/aJieHHUE B HAYAJIO
u kouery 3a O(1). Ilopsimoxk wuCHoONBb30BaHHWA B TaKOM Ciydae OYJET BBITISICTh

CJIEAYIOIIUM 00pa3oMm:

— Ilpu 3arpy3ke WM MCHOJB30BAHUM HOBOTO Vy3Ja €ro HJIACHTU(PHUKATOP
n00aBIIIeTCA B HAYaJIo CIIMCKa,
— Ilpu HeoOXOAMMOCTH  OCBOOOXKIEHUSI MaMsATH  yaalsgeTcs y3el ¢

I/II[CHTI/I(I)I/IKaTOpOM M3 KOHIIA CIIMCKA,
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- HOCJICI[HI/IC HCIIOJIB3YCMBIC Y3JIbl OCTAIOTCA B HA4YaJIC CIIMCKa U HC YAAJIAIOTCA

IIpu OCBO60>KI[6HI/II/I IIaMsTH.

Jist uaeHTudukanuu ys3na Obula BbIOpaHa MOJIElb, PACCMOTPEHHAsi B pas3jelne
2.4.3, TaKk KaK OHa TO3BOJISICT OAHO3HAYHO OMPEICISITh MECTOMOJIOKEHUE y3Jla KaK B
MPOCTPAHCTBE, TAK U B OKTO/IepeBe. Takxke, B OTIMYKE OT IPSIMOTO YKa3aTesl, TO3BOJISIET
UJCHTU(GUIIMPOBATH Y3€Il BHE 3aBUCUMOCTH OT €r0 MECTOIOJIOKEHUS B TAMSTH.

JIns oTCleXuBaHUSL MCIOJIB3YEMBIX Y3JIOB HCIOJIB3YeM MEXaHW3M IOJAcYeTa
CCBUIOK Ha OOBEKTHI, AHAJOTUYHBIM PACCMOTPEHHOMY NIPUMEHUTENBHO K Yy3Jam
oKTOojliepeBa B pabore [18], 4YTO mMO3BONMUT yHalniATh W3 ONCPATUBHOW MaMSITH
HEUCTIONb3YEMBIC Y3JIbI.

PaccMmoTpum croco0 mpeicTaBieHHs Y3JI0B HA BTOPUYHOM CHCTEME XPaHEHUS,

PYKOBOJICTBYSICh IIPU 3TOM CIIEIYIOIIUMHA KPUTEPUSIMH:

— OOecnieueHne MHMHHMAJIBHOTO KOJIMYECTBA CO3/laBaeMbIX (haijioB, T.K.
co3zianue (paiaoBo 3aMUCH MOKET OBITh MEJICHHBIM, a 00JIBIIIOE KOJIUYECTBO
(alI0BBIX 3aMUCEN MOXKET MPEBBICUTD JIUMUT, JOMYCTUMBIM B UCIIOJIb3yeMOU
(aiinoBoii cucreme;

— Oo0ecneueHne MUHUMAJIBHBIX HAKJIQJHBIX PACXOJI0OB TPH XPAHCHUH Y3JIOB
OKTOJIEpeBa, T.K. 00IIee KOJUYECTBO Y3JIOB B OKTOJEPEBE, MOCTPOCHHOM IIO
00J1b11I0MY 00JIaKy TOYEK, MOKET U3MEPATHCSI COTHIMHU MUJUTMOHOB;

— BreinonHenue oneparuii 3arpy3ku U COXpaHEHHsI y3j1a 32 KOHCTAHTHOE BpeMs,
9TOOBI HE JOMYCKATh CHUKEHUS MPOU3BOJAUTEIILHOCTH (DalIOBBIX Omeparui

OKTOJEpEBa IIPU YBEIMYEHUU €TI0 Pa3MEPOB.
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Hcxons w3 TIPUBENEHHBIX BBINIE KPUTEPUEB, OBUT pa3paboTaH Ccrmocoo
NpEJCTAaBICHHS, TOXOXKHM Ha NpeUIOKeHHBIH B padore [18]. [l cokpamieHwus
KOJIMYECTBA CO3/1aBaeMbIX (hailioB B paccMaTpuBacMoil paboTe MOTOMKH OOBEAHHSIOTCS
B onuH (a1 MpU COXpaHEHUH, a HEepapXwsl OKTOJAEpeBa NpEICTaBICHA HEpapXuci
nupextopuit (Hampumep, «Tree/0/3/4/2» nns ysna-BetBu Ha ypoBHe 4). CmocoO,
UCIIOJB3YEeMbId B JJAHHOW JIUCCEPTAIIMOHHOW padoTe, TOXKE BBIMOJIHSAET OOBEIUHECHUE
y3JI0B OKTOZIEpEBa, OTHAKO IMO3BOJISIET COKPATUTH KOJMYECTBO CO3AaBacMbIX (haiiiIoB ele
ciibHee. OH OCHOBaH Ha HAaOIIOICHUH, YTO MPU MTOCTPOCHUN OKTOJIEPEBA, B PE3yJIbTaTe
HEPETYJSIPHON MPUPOJIBI 00J1aka TOYEK, ITUKJI 3aIOJIHCHUS Yy3J1a, €r0 MEePENoJIHCHUS U
MOCJIETYIOIIETO €T0 pa30MEHUsI Ha BOCEMb MTOTOMKOB MTOBTOPSIETCS JUIsl OJTHUX U TEX Ke
TOYEK MHOXECTBO pa3, YTO MPHUBOJUT K HEOOXOIWMOCTH YHAJICHUS CYIIECTBYIOIINX
y3JI0OB OKTOJIepeBa Mocie uX pazOueHusd. B ciywae, eciu ocymecTBIsATh XpaHEHUE
JTAHHBIX 00JIaKa TOYEK B BETBSIX OKTOJIEPEBA, MOSIBUTCS BO3MOXKHOCTh IIPU MOCTPOCHUU
OKTOJIEpeBa HE BBIMONHATH pa3OMEHUE y37a MpPU €ro MEepPErnoJHEHUH, a MPOJO0JIKAThH
n00aBJIATh TOUKH B €ro0 Moay3Jibl. Korja y3en 3amnonHeH, 60Jblie TOYeK B HETO 100aBUTh
HEJB3s1, €0 MOKHO TEPEBECTH B COCTOSIHUE 3d8EpULeHHO020 W TIPUCOSINHHUTD K 00IeMy
daiiny. Takum 00pa3oM, BO BTOPUUYHOM CUCTEME XpaHEHUsS B BUJE OTIACIbHBIX (ailioB
OyZeT XpaHUTbCSI TOJIBKO CBOJHBIN (DAl 3a6epuienHblx Y3TI0B, a TAaK)KE BHITECHEHHBIE
KeIIeM Y3JIbl HIDKHHUX YpoBHEH paszouenus. [lo 3aBeprieHun GOpMHpPOBAaHUS BCE
ocTaBIMecs Gailyibl TOKE EPEUIYT B COCTOSIHUE 3a8epuieHHblx U OYIyT TPUCOEIUHEHBI

K o01ieMy aity.
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PaccMoTpuM BO3MOXHOCTH YCKOPEHMSI IPOU3BOAMMBIX (DalJIOBBIX Omepaiuil 3a
CUET MCIOJIb30BaHUS JIJIsl TAKUX OMeEpaluid OTIEIBLHOrO MoToka 00padoTku. B pabote
[36] mpemtokeHa peanu3amms, MpeaIoyiararolias pasaeicHue orepanuii 00padoTKH
o0Jaka TOYEK U orepalui MoArpy3Ku/BeITPY3KU IaHHBIX Ha JBA pa3IUYHbIX TOTOKa. [Ipu
HTOM BBITECHEHHBIE U3 KeIlla Y3JIbl IEPEIAt0TCs B OTJEIBHBIN MOTOK JJIs1 TOCIIETYIOIIETO
COXpaHEHHs, a y3Jbl, JOCTYN K KOTOPbIM HOTPEOYIOTCS B Oiypkailiiem OyayIiem,
ACUHXpOHHO TOJArpyXaroTrcs U3 (Qaitna. MeTon, mnpuMeHseMbld a1 oOMeHa
uHbopMalMelt MEeXIy IOTOKaMH HE YyKa3aH, [O3TOMY B JaHHOW pabore Oyaer
UCTIOJIb30BATHCS MOJIETh B3aMMOJICHCTBHS POU3BOAUTENL-TIOTPEOUTETTD,
pean30BaHHAs P MOMOIIHM AaCHHXPOHHOM HeOIoKupyolei ouepeau [64], Tak kak oHa
MO3BOJIUT JTOOUTHCS BBICOKOW MPOU3BOAUTEIHFHOCTHA MPU BHIMOJHEHHH MEXIOTOYHBIX
onepanuii. [IpoTokon B3auMonencTBUsS MEX1y MOTOKaMH OyJIeT paclIMpeH onepanuen
¢uHaNM3alMKU y3JI0B OKTOJEPEBA, MO3BOJIAIONIEH IEPEBECTH Y3€l B COCTOSHUE
3a6epuLenHo2o.

PaccMoTpuM npeuiokeHHbIN B JTaHHON padoTe mpouecc 00paboTKH 00j1aka TOUeK
IpU TIOMOINM CHUCTEMBI KemmpoBaHus. [ moBbimeHus 3((GHEeKTHBHOCTH Mpolecca
00pabOTKH B HEM HCIOJIB3YETCS KOMOWHAIIMS TTOAX00B ¢ UCTIOJIb30BAHUEM BHEIIIHEH 1
OTIEpAaTUBHOM MaMSTH, COKpAIICHUE KOJMYECTBA OOMEHOB C BHEIIHEHW MaMATHIO 32 CUET
Moaupukanuu anroputTMa oOpabOTKM JaHHBIX W ACHHXPOHHOE BBITIOJHEHUE YacTH
OIepalni sl CHUKEHUS 3aJI€PKEK B3aUMOJACHCTBUS C BHEIIHEN MTAMSTHIO.

Ha 6a3e monmenu mporecca oOpaboTku Ha ocHOBe cereld [letpu u3 pazmena 1.6.3
chopMUpOBaHa MOJI€NIb BBIUUCIUTEIIBHOTO Tpoiiecca 0OpabOTKH C HUCIOJIb30BaHUEM
cuctemsbl kemupoBanus (Pucynoxk 2.16). B et ny1s HarsinHoCTH onytiieH T raverseLoop,
InnerLoop u OuterLoop. HemocpeacTBeHHO cam mpoiecc o0paboTKH, Kak U B 00IIeM
ciiydae, CBOJMTCS K TMOCJIENOBaTeIbHOCTH orepaiuii utenuss u 3ammcu (ReadOp,
WriteOp), kotopsie momemarTcss B odepeas o0paboTku (QUEUE) W HCHOJHSIOTCS B
otnenabHoM noToke (Process). OTaenbHO CTOUT OTMETUTh NPOUEAYPhl CUHXPOHUBALINH:
B CJy4ae olepalyil 3armucu NOTOK 00pabOTKU HE MOKUIAEeTCs 3aBEPILIEHUs, OJTHAKO B
cllydae 3ampoca Ha YTeHHWE JaHHBIX MOTOK MPUOCTAHABIUBAET WCIIOTHEHHE, OXHUAAs

34aBCPHICHUC OIICPpAlHH.
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(o e
N/

Syne,;

class L =1{1.2} is L,
class Z = 2{1..2} is Z,
domain LzZ = L x Z
var z: L
var y:Z

WriteOp,

ReadOp, Py EndThread,

=2

B(;(/mTlmtulzr.'1 Traverse,

I?Mf/u Process (z, 23) Remove End

P, P, Queue: LaZ (. y, (z.y) ZAZZZ:LxZ P, N P»

(b 2y) o = (1o, 20)

ReadOp, T
BeginThread, Traverse, —| -‘\|')

Py

O

EndThread,

Pucynox 2.16 — [Iporecc 06pab0oTKH BO BHEITHEN AMSTH MTPU ITOMOIIN CUCTEMbI

KCITUPOBAHUA

PaccMoTpuM Oosiee JeTalibHO TIPOIEAYPHl 3allCH W CUUTHIBAHUS JaHHBIX
(Pucynok 2.17). I[Tomumo cranmapTHbIx onepanuii B3aumoaeicteus ¢ ®C (GetFilePath,
OpenFile, WriteToFile, ReadFile, CloseFile, DeleteFile) mpucyrcTByroT omneparu
B3auMojiciicTBusl ¢ cuctemor kemupoBanus (ReadFromCache, WriteToCache,
ClearCache) u onepanus dunanm3anuu gaHHbIX. [TocieaHss MO3BOJISET MPUCOSANHHUTD
K 0011eMy (¢aiiy y4acToOK JaHHBIX, MOJIU(HUKAIIMS KOTOPOTO 3aBEPIICHA, UTO TO3BOJISCT
COKpATUTh KOJMYECTBO CO3/aBacMbIX (DAljIOB M B JajbHEHIIIEM YINPOCTUTH JOCTYI K

TaKUM JaHHBIM.
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FinalizeFile DeleteFile

EndWrite

BeginWrite  CheckCache,  GetFilePath, OpenFile

Syne,

IsFinalized ReadToCache,

ClearCache, Py

ReadFromCache

EndRead

BeginRead _ CheckCache | IsInSeparateFile  GetFilePathy  OpenFile,

IsInCache
o\
N

Syne,

Pucynok 2.17 — Jleranu3zanus oneparuii YTeHUs U 3aiCy ITpu 00paboTKe BO BHEIIHEH

IMaMATH C IIOMOIIBIO CUCTCMbI KCIMUPOBAHUA

HpI/IBeI[eHHaﬂ MOACJIb ITO3BOJIACT OCYHICCTBUTD IICPCXO OT BBICKA3aHHBIX PAHCC
npez[nononceHHﬁ 00 opraHu3aliiyd BBIYHUCIIUTCIBHOI'O IIponccca € HCIIOJIb30BAHUCM

CHUCTEMbI KEIIUPOBAHUSI K AITOPUTMY 00paOOTKH U MPOTPAMMHOMY MPEICTABIECHUIO.
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2.5.2. Metoa (popMupoBaHusi OKTOAepeBa ¢ UCNOJb30BAHNEM MeXaHU3Ma

0TOOpaKeHUsI MAMATH

AJbTEpHATUBHBIM TOAXOJOM K YIPaBJICHUIO MaMSThIO MPHU MOMOIIU CHUCTEMbI
KEIIUpOBaHusl, Oy/leT MCHOJIb30BAaHUE CHCTEMHOTO MEXaHH3Ma OTOOpaKeHUs MaMsTH,
noxnepxkuBaemoro OC Linux / UNIX. Takoit MexaHW3M IT03BOJISICT BBITIOJHUTH
OTOOpaKE€HUE COACPKUMOTO (haiiyia Ha JAMANMA30H BUPTYAIbHBIX aJPECOB B aJpPECHOM
POCTPaHCTBE IpuiokeHus. JlocTyn kK 0ToOpakeHHOH B MaMsATH 00JacTU aJApPECHOTrO
IPOCTpPaHCTBA OyIET 3aIycKaTh MPOBEPKY B Kellie cTpanul] LINUX u mpu HE0OX0IMMOCTH
CUMTHIBATh CTPAHUIy U3 OToOpakaemoro (aitsia B Kell CTpaHUIl ONEPAIMOHHOMN
cucteMbl. Takum o00pa3oM, 3ajada KeIIMPOBaHUA OyAET BBINOJIHATHCA SIAPOM
OTIEpPAIlMOHHON CHUCTEMBI, YTO MPUBEJET K YIPOIIECHUIO apXUTEKTYPhl MPUIOKEHUS, a
TaK)Ke TIO3BOJIUT YCKOPHUTD OTEPAIlMU CIIy9ailHOTO TOCTYIA K JAHHBIM.

PaccmoTpum peanuzanuio moJoOHOTO MEXaHM3Ma MPUMEHUTENBHO K JaHHBIM
okToZepeBa. Mcnonp3ys mpeuMyllecTBa MexaHu3Ma OTOOpaKeHUs MaMSATH, BBIIEIUM
cieayomme TpeOoBaHMs Uil pa3pabarTbiBaeMOl Mojenu padOThl B YCIOBUSIX

OTPaHUYEHUN IO ONIEPATUBHOM MTAMSITHU

— OoOecneueHe MHMHHMMAJIBHOTO KOJIMYECTBA CO3[aBaeMbIX (palioB, T.K.
co3zanue (paiaIoBOM 3aIUCH MOXKET OBITh MEJICHHBIM, a 00JIBIIIOE KOJIUYECTBO
(haliJI0OBBIX 3aITUCEN MOYKET MPEBBICUTH JINMUT, TOMYCTUMBIA B UCIOJIb3yEMOM
daiioBoii cucreme;

— OOecnedeHre NpsSMOTo JIOCTyNa K JaHHBIM OOJjaka TOYEK — HMCIOJIb30BaHHUE
OpsAMOTO  yKazareiass JJisi CUHUTHIBAHMS/M3MEHEHMs] JAHHBIX IO3BOJUT
3HAYUTEIBHO YIIPOCTUTh B3aUMOJECHCTBUE C JAHHBIMH;

— Bo3moxkHOCTh co3aanust 0J0KOB JaHHBIX MPOU3BOJIBHOTO pa3Mepa — MO3BOJIUT
BBINIOJIHATh XPAHEHHE JIaHHBIX Y3JI0OB OKTOJIEpEBAa B IMPOIIECCE MOCTPOCHUS
OKTOJIEpEBa, KOT/1a KOHEUHBIH pa3Mep 0J0Ka HEU3BECTEH;

— B03MOXHOCTbh peTaKTUPOBAHUS TAHHBIX OKTOJIEPEBA MOCJE €ro MOCTPOCHHUS,
BKJIIOYAsl MEXaHW3M M3MEHEHHUS pa3MepoB Y3JIOB — IO3BOJIUT PACIIUPUTH

CHEKTp 33J71a4, B KOTOPBIX MOXKET OBITh MPUMEHEHO OKTOJICPEBO.
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PaccmoTpuM peanuzanuio moJoOHOTO MeXaHM3Ma B CYIIECTBYIONIMX paboTax. B
padote [41] paccmarpuBaeTcs peaju3alMs CHUCTEMbl HWHTEPAKTHBHOI'O pPEHICPUHTA
o0J1aKa TOYEK ¢ IIOCTPOSHUEM CTPYKTYPHI IPEACTABIICHUS YPOBHEH JIeTai3aIiy 001aKa
ToueK B (paiijie B BUJIC JMHEHHOTO CITUCKA OJIOKOB M MOCIIEAYIOIIET0 OTOOPaKCHUS UX B
onepatuBHyl0 mamsaTh. Ho maHHas paboTa He paccMaTpHBAaeT MPOIECC MOCTPOCHUS
OKTOJIEpeBa B OTOOpa)kacMOW MaMSATH M, COOTBETCTBEHHO, HE YYUTHIBACT IPOOJIEMBI,
BO3HHKAIOIIAE TIPY U3MEHEHUHU pa3Mepa JaHHBIX y3Jia MPHU €ro 3aroJIHCHHH.

B pabote [65] paccmarpuBaeTcst mpuMeHEHHE CUCTEMBI OTOOPaKCHHS TTAMSTH TSI
MOJTyYEHUS JIOCTYIA K y4acTKaM KapThl BBICOT JIJIS BU3yalu3alluy JaHAmadTa, oqHaKo
OHa BHOBB HE COJICPKHT PEIICHUI 3a7auu XpaHCHHUsS y3JI0B MPOU3BOJIBHOIO pa3mepa. B
pabote [66] paccmarpuBacTCs NMPUMCHEHHE MEXaHHW3Ma OTOOpPAKCHHS TaMATH IS
BBITOJIHCHUSI MHTEPAKTUBHON BU3yalIU3allii OOJIBIIMX MOJUTOHAIBHBIX MOECH. DTam
MIOCTPOCHUS CTPYKTYPBI Pa30OMEHUs TPOCTPAHCTBA, OoJiee MOAPOOHO ONKMCAHHBIN B
pabore [67], mpenmonaraet co3nanue uepapxuu HanaoB U TUPEKTOPHUH.

[Torpobyem paccmoTperh Oojiee OoOIMii MoAXoJ K pemraemoi 3amade. IlycThb
MEXaHHU3M OTOOPaKCHHMSI TaMSATH TTO3BOJISCT BBIJCIIUTD TUANIa30H BUPTYAIbHBIX aJIpECOB,
KOTOpBIN OyJeT cchliaThesi Ha ¢aiiil Ha BTOPUYHOU cucTeMe XpaHeHus. Mcmonb3zyem
MEXaHU3Mbl TUHAMHYECKOTO BBIICJCHUS MaMATH (aJUTOKAIMH), KOTOPbIC MCITOIb3YOTCS
JUIS. BBIICJICHUS MaMATH B Kyde, TOJBKO BMECTO OINECPATHBHOW MMAMSATH HCIOJb3yeM

BI)II[GJ'IGHHI)Iﬁ AUaIla30H BUPTYAJIbHBIX aApPCCOB.
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Takoe pemreHre MO3BOJIUT BBIACISATH B OTOOpaKaeMOM MaMsITH YYaCTKUA JAaHHBIX
MPOU3BOJIBHOTO pa3Mepa, OJIHAKO MOTpeOyeT pemnieHust npobiemsl (parMeHTaIuu
aMATH, KOTOpasi BO3HUKHET B PE3yJIbTaTe€ HEOJHOPOJHOTO BBIAEIEHUS K OCBOOOKICHHS
Y4acTKOB B IpoIlecce MOCTPOCHMs OKTojiepeBa. JlaHHas 3a/1aya XOpOILO MCCIeI0BaHa.
Hanpumep, B pabore [68] mnpuBoauTcs 0030p CYIIECTBYIOIIMX PEHICHUNA 3aJ1a4M
JTMHAMUYECKOTO BBIICTICHHS TIAMSATH, a B paboTe [69] paccmoTpeHa peanm3aius CUCTEMBI
JUHAMUYECKOTO BBIJICJICHUSI MaMSITH C HCIOJb30BAaHUEM MEXaHHM3Ma OTOOpaKeHUS
namatu. Takum oOpa3oM, UCIIOIb30BAHUE CUCTEMbI JUHAMUYECKOTO BBIICIECHUS JAHHBIX
Ha JMana3oHe BUPTYaJIbHBIX aJPECOB YJIOBJIETBOPSIET MOCTABIECHHBIM TPEOOBaHUSIM U
MO3BOJIAET PEIINTh 3a7a4y XPaHECHHS Y3JI0B OKTOJEpPEBA B YCIOBHUSAX OTPAaHMYEHUN Ha
noTpeOeHre ONEepaTUBHOW NaMATU. [ NpencTaBieHUss HEepapXUueCKOW MOJETu
UCIOJIb3YEM MOJIEb OKTOAEpEBa Ha UEIOYMCICHHOW apupMeTHKe. OTO MO3BOJIUT
TOOUTHCSI YCKOPEHMsSI BBIYMCICHMM 3a CUET MEHBIIEr0 KOJWYECTBA OIepanui ¢
IJIABAOIIEN TOUYKOM.

Ha 6a3e monenu nporecca o0paboTku Ha ocHoBe ceteit [letpu u3 paznena 1.6.3
chopMUpoBaHa MOJIeNIb BBIUMUCIUTEIIBHOTO Tpoiiecca 0OpabOTKH C HCIOJIb30BaHUEM
MexaHusMa otoOpaxkenus namsitu (Pucynok 2.18). Jlns nossimenus 3¢h(exTuBHOCTH
nporecca 00pabOTKM B HEM HCMOJIb3yeTCs KOMOMHAIMS MOIX00B C HUCIIOJIb30BAHUEM
BHEIIHEW U ONIEpAaTUBHOM MaMsITH, COKpalieHne yncia onepanunii ¢ @C 3a cuet BBeICHUS
0oJiee HU3KOYPOBHEBBIX MPOIEAYpP MOCTYNa K JAaHHBIM W COKpAIleHHUE KOJUYeCTBa
co3gaBaeMbIX (pailsioB A1 CHUKEeHUs Harpy3ku Ha OC.

OmHoMl W3 €ro OTINYUATENBbHBIX OCOOEHHOCTENW SBIISIETCA BO3MOYKHOCTH
MPaKTUYECKU OECIIOBHOM WHTErpali B JIIOOOW W3 TMPOIECCOB 00pabOTKH B
OTIEpaTUBHOM TaMsITH: TaK K€, Kak M TMpu paboTe C OINepaTUBHON MaMSAThHIO,
B3aUMOJICUCTBUE C JaHHBIMU CBOJUTCS K OIEpaIUsSM BBIJICICHUS U OCBOOOKICHUS
OJIOKOB JaHHBIX W TMPSMOTO JOCTyIa MO yKa3aTenro Ha gaHHbie. M3-3a sToro olmias

MOJIeNb TIpoliecca 00padOTKU UJICHTHYHA Mpolieccy 00pabOTKH B ONIEpaTUBHOM MaMSITH.
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QuterLoop

4 u M

Process,
[ : End
Read ) ‘ < }
1 Pl ]
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P,

InnerLoop

TraverseLoop
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Sync

Pucynox 2.18 - [Iporiecc 06pab0oTku BO BHEITHEH MaMATH ITPU TOMOITY MEXaHU3Ma

OTOOpaXXEHUS MaMsITH

PaccMoTrpum Oomee AeTampHO TPOIEAYpPHl 3alHUCA W CUUTHIBAHUS JTaHHBIX
(Pucynok 2.19). OTka3 oT XpaHeHus OJIOKOB JAHHBIX B MHANBUAYAIbHBIX (haiiiax MmoBJIEK
3a c000i1 TOTEPI0 BO3MOYKHOCTH HapalluBaHUs pa3MepoB OJIOKOB cpecTBaMu (ailioBoit
cucteMsbl. Teneppb Bce OJIOKHM TaHHBIX XPAaHATCS B OAHOM (paiiie, U Ipu HEOOXOUMOCTH
U3MEHEHUS €r0 pa3MepOB BBIMOJIHAETCS ONepalys peajyioKaliu, YTo BJeUeT 3a co0ou
¢dbparmenTanuio nanHeix. OMHAKO, 32 cYeT Oojiee y3KOW CHelnManu3allid U OTKa3za OT
gactu oneparuii  ®C, Takoil MOAXOJ JOMKEH TMOKa3blBaTh 0O0Jiee BBICOKYIO
IPOU3BOAUTENBHOCTh. Kak M B cilydyae ¢ HCIOJIb30BAHUEM ONEPATUBHOM MaMsTH, CO
CTOPOHBI OIEpalMii 3alMCU MOXHO BBIJICIUTH OmNepanuu BbifenaeHus Oyoka B BII
(Allocate), ynanenus 6;oka (Delete), usmenenus pasmepos 61oka (Reallocate) u 3anucu
naHHbIX B 070k (Update u Append). s yrpaBieHHs pa3MeIEeHHEM JaHHBIX BBOIATCS
OIlepalliu TIOMCKa CBOOOJHOTO OJIoKa JaHHBIX 3amaHHOro pasmepa (FindFreeBlock),
Beimenenust Omoka (UseFreeBlock), ocBoboxmenust 6ioka (FreeBlock), mposenerwst

nedparmenTaruu 6y0ka u ero coceneit (DefragmentBlock).
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Sync,

DoRead EndRead
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Syne,

Pucynok 2.19 — Jletanuzanus onepanuii YTeHUS U 3allUCU TIPU 00pabOTKE BO BHEIIHEH

InaMsTH C MIOMOIIBIO MEXaHHU3Ma OTO6pa)KeHI/I$I naMAaTHu

HpI/IBeI[CHHaSI MOJCIIb MO3BOJICT OCYHICCTBUTDL IICPCXOJA OT BbICKA3aHHBIX PAHCC

HpCIIHOJIO)KeHI/Iﬁ 00 opranu3aliiid BBIYHUCIIUTCIBHOI'O IIponccca € HCIIOJIb30BAHUCM

MeXaHU3Ma 0TOOpaKeHUS K aIrOpUTMy 00paOOTKU U TPOTrPAaMMHOMY MIPEICTABJICHHUIO.

2.5.3. O0630p npeaTIoKeHHBIX METO/I0B

Dopmuposanue oxkmooepesa 6 onepamugnou namamu. O0GHEM UCIOJIB3yEMOUN

OHepaTHBHOﬁ MaMATH B TAKOM OKTOACPCBC HC CHHIKACTCA 3a CUYCT HMCIIOJIB30BAHHA

BHEIIHEH MaMATH U MOXET NPEBBICUTh JTUMUT NOTpedneHus. He ynomieTBopeHHOE

TpeOOBaHUE K OTPaHUICHUIO 00beMa TOTPeOICHHS OTICPATUBHOM IMAMSITH JICJIacT JaHHBII

MCTOA HCIIPUTOAHBIM JJIA PCHICHUA IIOCTaBJICHHOM 3aJda4H.

roe  x3*™m

MRAM (P, x;‘am, ti) > Mlimit'
Ktime(P' x;‘am) = 0'
Kfiles(P' xgam, ti) =0,

- BAPUAHT peayn3aiuu ¢ 00paboTKON B ONIEPATUBHOM MaMSITH;

(14)

P — npou3BoibHOE 00JaKO TOYEK, Y€l pa3Mep MPEBBIIIAET JOCTYIHbBIE 00bEMbI

OIIEPATUBHOM MaMSITH;
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Kfijes — KOMMYECTBO CO3MAHHBIX (HAAIIOB B MOMEHT BPEMEHH t;.

Hcnonvzoeanue cucmemvl Kewiupoeanus OanHvlx. JJaHHBI METON BBIIOJHSIET
VIOPABJICHUE pa3MEIICHUEeM OJIOKOB JAaHHBIX TMPH IOMOIIHM JIBYXYPOBHEBOW CHCTEMBI
KEIIMPOBaHUsI, B KOTOpPOM TIEPBBIM YPOBHEM SBISIETCA pa3MellleHue OJoka B
OTepaTUBHOM MaMSITH, & BTOPBIM YPOBHEM — pa3MellieHre 0JI0Ka Ha ®KeCcTKOM ucke. [Ipu
BEITECHEHUN OJOKOB wucmoib3yeTcss monutuka Least Recently Used (LRU).
[loTpebnsieMass maMsTh JUMHUTHUPYETCS 3aJaHHBIM 3HAYEHUEM, OJIHAKO B MPOIECCE
co3gaeTcs 00JbIIOe KOIMIECTBO (DAMIIOB, B XYAIIEM CITydae COpa3MepHOE KOJUYECTBY
Y3JIOB B OKTOAEPEBE. 3aTpaThl BPEMEHH Ha BBINOJIHEHUE CEPBUCHBIX OMEPALAd pacTyT C
KOJIMYECTBOM CO3/1aBaeMbIX (haiJIoB.

MRAM (P, xlcache’ ti) < Mlimit’ (]_5)
Ktime (P, xlcache) = Tread 4 Twrite + Tservice,

k,0<i<n,
1,i=n

)

Krites(P, %", t;) = {

rie P — mpousBoibHOE 00aK0 TOYEK, Yel pa3mep IMPEeBBINIAET AOCTYITHBIE 00BEMBI
OIIEpATUBHOM MaMSITH;

x£4he _ yeton 06pabOTKH, MPUHAIIEKAINH BapHaHTaM 00pabOTKM HAa OCHOBE

CHCTEMBI KemupoBaHus X €4che;

Tservice — Tcreate 4 open 4 Tappend Tcreate _ zarpartpy BpeMeHH HA CO3/IAHHE

daitna, T°P°™ — 3aTpaThl BpPEeMEHU Ha OINeEpalMy MOJydeHHs (HaiIoBOTo

neckpunropa, TP _ 3atpaTel BpeMeHH Ha HapalliBaHUe pa3MepoB daiina;

k — xonuuecTBO y3JI0B OKTOAECPEBA;

N — KOJIMYECTBO OTEPAIHA C OKTOJCPEBOM.

Hcnonvzosanue mexanusma omoopadrcenus namsamu. JIaHHBI MEXaHHU3M
TI03BOJISICT BBIMOJIHIATh OTOOpPaKEHUE COJACPKUMOro (aiiyia Ha Juana3oH BUPTYaTbHBIX
aJIpecoB TPOIlecca, YTO JAeT BO3MOXKHOCTh HANPSMYH) padOTaTh ¢ COXPaHEHHBIMHU

0JJ0KaMU TOYEK KaK C JaHHBIMHU B OHCpaTI/IBHOﬁ INaMsATH, a TAKKC COKPAaTUThL KOJIMYCCTBO

co37aBaeMbIX (DaiJIOB 10 OJHOTO.
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MRAM (P, x;nap, ti) < Mlimit’ (16)

Ktime — Tcache + Twnte + Tsermce’

Kfiles(P» x;nap’ ti) =1,

p

ma )
rae X, = — MeToj 0OpabOTKH, NpUHAIJIEKAIMA BapuaHTaM OOpabOTKM Ha OCHOBE

CHUCTEMBI 0TOOpakeHHs rmamMstu X 4P

Tservice — Tallocate 4 free Tallocate _ sarpary; BpeMeHH Ha aJUIOKAIMIO OIOKA

JAHHBIX Ha O0ToOpaskaeMmoii mamsaTu, T/7¢¢ — 3aTpaThl BpeMeHH Ha OCBOOOXKICHUE

0JI0Ka TaHHBIX B OTOOpakaeMoW MaMsITH.

2.6. BeIBOABI

B nanHo# r71aBe ObUT MPOBEAECH aHAIM3 OpraHU3allMUd OKTOAEPEBa U MEXaHU3MOB
B3aUMOJICHCTBUA ONEPATUBHOMN M BHEIIHEW NMaMATH, NPEIJIOAKEHBI CTPYKTYPbI TaHHBIX U
QJITOPUTMBI, NpPEAHA3HAYCHHBIE IS TMOCTPOCHUS OKTOAEPEBA, IO3BOJISIOIIETO
BBITIOJTHATH 00pabOTKy OOJIBIINX 00JaKOB TOUYEK C UCOJIb30BAHUEM BTOPUYHBIX CUCTEM
xpanenusi. IIpousBeaeH aHaiM3 W yTOYHEHHUE  aAJIbTEPHATUB  OpPraHU3aIUU
BBIYUCIUTEILHOTO TIpoliecca 00paboTKu, MPEITI0KEHHBIX B IEPBOH ri1aBe. PaccMoTpeHbI
MOJICTM OKTOJEpEeBa Ha OCHOBE apM(METHKH C IJIABAIOIICH TOYKOM M IEIOYHCICHHON
apudmetuku. [IpennoxxeHa uepapxuueckas MOJeb ¢ UCIIOJIb30BAaHUEM IIEI0UHCIICHHON
apudmMeTrku. PaccMOTpeHbI 3a1aun OpraHu3alii uepapXxuueckoil Mojiein OKTOIepeBa,
obecricueHus: pabOThI C MCIOJIB30BAHUEM BHEIIHUX CHUCTEM XPaHCHHS, CHIDKCHUS
Harpy3ku Ha (paiJIoByI0 CUCTEMY ITyTEeM COKpAIEHUs KOJIMYECTBa CO3/1aBaeMbIX (DailyioB.
BbIsIBIIEHBI KOMIIOHEHTBI CUCTEMBI 00paOOTKHM OOJIBIIMX OOJAKOB TOYEK, ONPEAEIICHbI
CBSI3ed MEXIy HUMH, UX (DYHKIIMA W 1T, U MEXaHW3Mbl YHIpaBJICHUS pecypcamu

CHCTCMBHI.
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1. TlpoBeneHHast OIEHKA CIOXHOCTH JOCTyna K JaHHBIM oO0Jlaka TOYeK B
UCXOJHOM BHUJE M IIOCJIE€ IIOCTPOCHUS OKTOJAEpEeBa IIOKa3ana, 4YTO
CTPYKTYpUPOBAaHUE JAHHBIX MO MPOCTPAHCTBEHHOMY MPHU3HAKY, B YACTHOCTH,
OpU TMOMOIIM OKTOJAEpPEBA, IO3BOJISIET COKPAaTUTh 3aTpaTbl BPEMEHU Ha
olnepanuy IPOCTPAHCTBEHHOTO IMOMCKAa W BBIOOPKM JAHHBIX INPU ITOMOIIU
TPYNIHUPOBKU OJIM3KO PACTOJIOKEHHBIX B MPOCTPAHCTBE TOUCK.

2. UccnenoBanue crnoco00OB cokpamieHus pasmepoB y3i1oB B OIl, ux
uACHTU(DUKAINH, a TaKKe MOBBIIIeHUS 3(GEKTUBHOCTH oreparuii o0xoaa u
MOWCKa B OKTOJEpPEBE TMO3BOJIWIO TMOCTPOUTh HEPAPXUUECKYI0 MOJEIb
OKTOJEpEBa C MCHOJb30BAaHUEM apU(PMETHUKH C IJIaBAIOUIEH TOYKOM,
MPEUIOKUTh CIIOCO0 WIACHTU(PUKAIUMK Yy3J7a MPU MOMOIIU IEJIOYUCICHHOTO
uaeHTu(UKaTopa U pa3padoTaTh HEPapXUUECKYyI0 MOJEIb OKTOAEpEeBa C
UCIIOJIb30BaHUEM LIEJIOUMCIIEHHON apu(METUKH.

3. AHanu3 opraHu3allii JaHHBIX B OKTOJEPEBE U MEXaHU3MOB B3aWMOICUCTBUSA
ONEpaTUBHOW M BHEIIHEH MaMATH, IO3BOJWJI HPOU3BECTH YTOUYHEHUE
aNbTEpPHATUB  OpPraHU3ALMHM  BBIYMCIUTEIBHOTO  Ipolecca o0paboTKH,
peIoKEHHBIX B TIepBoi riiase. [Ipenoxken crnocod opraHu3anuy MexaHu3Ma
ACMHXPOHHOTO JBYXYpPOBHEBOIO KEUIMPOBaHUS Uid oKroaepesa. [Ipennoxen
cnoco0  OpraHu3alMM  OKTOJEpEBa C  HUCIOJb30BAHUEM  MEXaHU3Ma

OTOOPKEHUSI MAMSTH U AJITOPUTMOB JMHAMUYECKOMN aJJTIOKAIUH.
B nanHo# r71aBe OB PACCMOTPEHBI CIICAYIOININE TTOJ0KEHUSI TUCCEPTAIUU:

1. Meron u anroput™m mnpenoopaboTku mHbOpMaIuu o0Jaka TOYEK Ja3epHOTro
CKaHMPOBAHWs, 3aKIIOYAIOMHUNACI B €€  CTPYKTypUPOBAHUU  ITyTEM
dbopMHUpOBaHUS OKTOJEpEeBa HAa 0a3e aCHHXPOHHOM JBYXYPOBHEBOW CHCTEMBI
KCIIUPOBAHUS, WCIOIB3YIONMNA BHEIIHIOI TaMsATh TPU TMPEBBIITICHUU
oOpabarbiBaeMoil  mHpoOpManmeli o0beMa  ONEPAaTUBHOM  MaMsITH U
MO3BOJISIONIUNA COKPATUTh KOJUYECTBO CO37aBaeMbIX (DAilyIOB IJIsi CHUIKEHUS

BJIMSIHHSI OOMEHOB C BHEIITHEH ITaMAThIO HA IMPOU3BOAUTCIBHOCTD.
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2. Meton u anroput™m mnpenodopadboTku nHpopmanuu obJaKa TOYEK Ja3epHOTO
CKaHUPOBAHWsSA, 3aKIIOYAIONIUICA B €€  CTPYKTYPHUPOBAaHUU  IIyTEM
dbopMHupOBaHUS OKTOJEpEeBa Ha 0a3e MeXaHW3Ma OTOOPAKCHHS TaMSTH,
UCTIONB3YIOIIMIA  BHEIIHIO IMaMATh JJs  XpaHeHWs WHQOpMau| C
BO3MOKHOCTBIO TIPSIMOTO JIOCTYIa ¥ MHTEPAKTUBHON MOAM(PHUKAIINHU, a TAKKE
MO3BOJIAIOIIUNA YCKOPUTH BBITIOJHEHHE OMNEpaluid JocTyna K JaHHBIM
OKTOJIepeBa 3a CUYET KOIMPOBAaHUS C WCIOJIH30BAHUEM IICIIOUYHUCIICHHON
apu(PMETUKH U COKPATUTh KOJIWYECTBO CO3JaBaeMbIX (aillioB A0 OJHOTO AJIs

CHIDKEHHMS BINSTHUS OOMEHOB ¢ BHENTHEH MaMSTBHIO Ha IMPONU3BOAUTCIBHOCTD.
B ,Z[ElHHOfI rJ1aBe ObUIH PCHICHBI CIICAYIOIMUC 3aJa9N JUCCCPTAlIUU:

1. Pa3paboTka HOBBIX METOJIOB OPTaHM3AIlMU BBIYUCIHUTEIBHOTO IMpollecca
00paboTkM 001aKa TOUEK, OCHOBAHHBIX Ha BBIABUHYTOM runorese. Pazpaborka
KOMITOHEHTOB, AJITOPUTMOB U CTPYKTYP JAHHBIX TAKHX CUCTEM, UCCIICTIOBAHUE
B3aUMOJECHCTBUI MEX1y HUMH, cucTeMHbIM [IO, omepaTMBHOW M BHELIHEH

IIaMsATBIO.
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I'naBa 3. PazpaGoTka aJropuTrMoB M CTPYKTYP JaHHBIX JJISl OCTPOEHUS

OKTO/IepeBa B YCJIOBHSAX OTPAHUYEHUI 10 ONePATHBHON MaMATH

B rnaBe paccmatpuBaeTcs peasid3alis BBIMUCIUTEIBHOTO Mpolecca 00paboTKU Ha
OCHOBE CHCTEMBbl KEIIMPOBAaHUSA W MEXaHH3Ma oToOpaxeHus mnamsaTH. llpemnoxen
aJITOPUTM TIOCTPOCHUS OKTOJEPEBAa C HCIOJIB30BAHUEM CHCTEMBl KEIIMPOBAHUS U
BO3MOKHOCTBIO OOBEIMHEHHMS 3aMOJTHEHHBIX y37I0B B o0mwmil dain. Jnga odecneyeHus
BO3MOXXHOCTH HCIIOJIb30BaHUSI MEXaHU3Ma OTOOpakeHHs TaMsITH B OKTOJEpEBe
NpEeJIOKeHa pean3alusi aJrOpuTMa JUHAMUYECKOM ajuloKallMi Ha OTOOpa)kaeMoi
namsaTu. Jlist oOecrnedeHus: BO3MOXKHOCTH 0OpaOOTKH OOJBIIUX OO0JIAKOB TOYEK
CTOPOHHUMU OMOIMOTEKAMH MPENIOKEH CIOcO0 00pabOTKM OOJIBIIMX 00JIAKOB TOYEK
OyTeM BHEJIPEHMUS CHUCTEMbl AJUIOKALMKM OTOOpa)kaeMoW MaMsATH B CTOPOHHUE
OnoIMoTeku Wi linux cucrtem.

B naHHOM rinaBe BBITIOJTHSAIOTCS CIAEAYIOMINE 3a1a49U JUCCEPTALIUU:

1. Pa3paboTka HOBBIX METOJIOB OPTaHM3AIMU BBIYUCIMTEIBHOTO IMpoIlecca
00paboTkM 001aKa TOUEK, OCHOBAHHBIX Ha BBIABUHYTOMU runorese. Pazpaborka
KOMITOHEHTOB, AJITOPUTMOB U CTPYKTYP AAHHBIX TAKMX CUCTEM, UCCIICIOBAHUE
B3aUMOJCHUCTBUI MeEx1y HUMH, cucTeMHbIM [IO, omepaTMBHOW M BHELIHEH

IIaMsATBIO.

PCBy.]'H::TaTBI, HN3JI0KCHHBIC B I[aHHOfI riaaBe ObLIH OHy6HI/IKOBaHBI COHCKATCJIEM B

cratbsx [29; 70; 71].

3.1. 3arpy3ka o0Jiaka To4eK

Kaxk 6b110 0T™MeueHo B pazzene 2.1.2, aram mocTpoeHus OKTOiepeBa TECHO CBS3aH
C TIPOIIECCOM 3arpy3ku o0jlaka TOYeK — B MOMEHT 3arpy3Kd MPOUCXOIWT CUUTHIBAHHE
JTaHHBIX 00JlaKa TOYEK, WX KOHBEPTAllMs BO BHYTPEHHHH (OpMAaT MpeACTaBICHUS U
3aIT0JTHEHUE OKTOJICpEBa, KOTOPOE B JATbHEHIIIEM OYCT NCITOJIb30BAThCS IS JOCTYIIA K

TAaHHBIM 00JIaKa TOYEK.
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B kauectBe BXxomHoro ¢opmara obnaka Touek Obul BhIOpaH ¢gopmar LAS, kak
HanboJIee MUPOKO HCIIONIB3yeMbI Ha TEKYIIUHA MOMEHT. YUHTHIBas OOJBIION pa3Mep
3arpy’kaeMbIX 00JIAKOB TOYEK, PACCMOTPHM JIBa MOAXOa MPHU 3arpy3Ke 00JaKOB TOUEK:
pa3zbueHne OoJbIIOro OOJlaka Ha CEKIMM MEHBIIEr0 pasMepa; 3arpy3ka obOliaka o
qactaMm. Jlmsi mocTpoeHUss OKTolepeBa TMpEANOouYTHTENbHee BTOpod moaxon. O
nojanepxkuBaercs  OmbOmmorekamm  LASTools [72] wm PDAL  [73], mmmpoxko
UCIIOJIB3YIOMIMMHUCS JUIsl 3arpy3ku o0nakoB Touek ¢opmarta LAS. OgHako B JaHHBIX
OnbnmuoTekax 3arpy3ka W TpemnoOpadoTKa Y4YacTKOB OOJlaka TOYEK MPOWU3BOIUTCS
MOCJIEIOBATEIbHO, YTO BHOCHUT 33JE€p>KKH (PalIOBOM CHCTEMBI B IMpOLECC 00pabOTKH
3arpy’)K€HHOro ydactka o0Onaka Touek. Ilog mnpenoOpaboTkoil monpa3zymeBaeTcs
KOHBEpTalUA JaHHBIX O0JIaka TOYEK BO BHYTPEHHHE CTPYKTYpPHI JAHHBIX, BKIIOYAS
MOJIy4YeHUE KOOPJIMHAT TOYEK M MPOYUX HX aTpuOyTOB, a TaKkKe KOHBEpTallUs BO
BHYTPEHHIOIO CUCTEMY KOOpPJIMHAT.

B onyOnmkoBaHHOM conckareneM (B coaBTOpcTBe) craThe [70] ObLT paccMoTpeH
UCIIOJIb3YEeMbId B JIaHHOM paboTe ajiropuTM, MO3BOJISIONIMNA BBIMOJHUTH pasjieiieHue
3a/1a4 3arpy3Kd ydacTka oOsiaka Touek u3 (aisioBON CUCTEMBI M €ro mpeao0padoTKu Ha
HECKOJIBKO MTOTOKOB.

AJTOpPUTM, TPUMEHSEMBIN A 3arpy3Kd M TPenoOpabOTKM ydacTKOB oOJaka
TOYEK, OCHOBaH Ha WCIOJIb30BAaHUM MHOTOMOTOYHOW OOpabOTKM C aCHHXPOHHOM
HEOJIOKHPYIOLIEH OdYepeNblo JUIsi KOMMYHHUKAIIMM MEXIy noTtokamu. Ha BXon oH
NpUHUMAaET MyTh K ¢aiiny obmaka Touek B (popmare LAS, a Ha BeIXoze MO 3ampocy
BBI/Ia€T CUMTAaHHBIC U MTPe0O0paboTaHHBIC YUACTKH 00JIaka TOUeK. AJITOPUTM 3arpy3Ku U
npenoopadoTKU y4acTKOB o0JaKka TOYEK MPUMEHHUTENIBHO K MOCTPOCHUIO OKTOJEpeBa

npuBeAeH auctunre 3.1.

JIuctunr 3.1 — Anroputm 3arpy3ku y4acTKOB 00Jiaka TOUYEK

Reader r(filepath); // LAS Point Cloud reader
Octree octree; // Point Cloud Octree

Il Queue for freed buffers (Lock-free)
Queue<Buffer> freeQ(queuelLength);

/I Queue for loaded buffers (Lock-free)
Queue<Buffer> loadedQ(queuelength);
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/I Loading thread
auto t1 = std::thread([&]

while(/* not all points readed from file */) {
Il Pop free buffer from queue
Buffer b = freeQ.pop();
// Read file chunk to buffer
r.readChunk(b, b.size());
/[ Push points to queue
loadedQ.push(b);

¥

b

/I Octree construction thread
auto t2 = std::thread([&]

while(/* not received stop signal */) {
if(Buffer b = loadedQ.pop()) {
/I Insert loaded points to octree
octree.insertPoints(b);
freeQ.push(b);
}

bk

/Il Wait for threads ends
t1.join();
t2.join();

3.2. Pazpa6oTka aJropurMa u CTPyKTYpbI OKTO/IepeBa ¢ MPUMeHEeHUeM

ACHHXPOHHOM CHCTEMBbI ABYXYPOBHEBOI'0 KeIIMPOBAHUS

B nmanHOM pasnmene TpUBOAMTCS ONUCAHWE BBIYUCIUTENHHOTO TIpoIlecca |
CTPYKTYpPBI JaHHBIX OKTOZEpeBa MpH 00pabOTKe BO BHEUIHEH MaMATH C MPUMEHEHHUEM
MeXaHU3Ma OTOOpaKeHMsI MaMsTH, SIBISAIOIIErOCS PpEUIeHHEeM 3a7aud JUCcCepTaluu
«Pa3paboTka CTpYKTypbl HaHHBIX M aJITOPUTMOB (HOPMHPOBAHHS OKTOJEpeBa s
00paboTKH OOJIBIINX OO0JAKOB TOYEK, a TAKXKE CHCTEMbl YIMPABICHUS MPOIIECCAMHU
3arpy3Kd/BBITPY3KM JAHHBIX HAa BHEIIHIO MaMsATh HpU o00paboTke obnaka TOYEeK

NPUKIAAHBIMUA IPOrpaMMaMU CTaHIAPTHON OMOIMOTEKN.
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3.2.1. Ucnosb30BaHUE LHEJTOYMCIEHHOTO UIEeHTU(PUKATOPA NJIs aipecallun y3J10B

OKTOJECpEBa

Jist  agpecaniyi  y3J0B OKTOAEpEBAa B CHUCTEME KEUIMPOBAHMSI TMPUMEHUM
IIEJIOYMCIICHHBIC HMACHTH(PUKATOPBI, pacCMOTpeHHble B pasaene 2.4.3. JlaHHBIN
uacHTH(GHUKATOP TpeacTaBIeH 64 ONTHBIM Oe33HAKOBBIM IIeJbiM (UINt64 _t), comeprkamum
no Tpu OuTa Ha YpPOBEHb pa30OMEeHUss WU OAMH OUT i1 00O03HAUEHHUS MOCIEIHErO
azpecyeMoro ypoBHsi. TakuM 00pa3oM, JaHHBIA HAeHTH(YHKATOP MOXKET agpecoBaTs 2%

y3J71a uian 21 ypoBeHb pa3OoreHusI.

3.2.2. XpaHeHHe MepapXHH OKTO/epeBa ¢ MCMO0JIb30BAHNEM LEJT0YNCIEHHOTO

uaeHTudpukaropa

Knaccuuecku y3mbl OKTOJEpeBa XpaHATCS B BHJAE HEpapXUM, B KOTOPOU
POUTEILCKUIA y3€7 BBITIONHSACT XPAaHCHWE BOCHMH Y3JIOB-TIOTOMKOB. [[s XpaHeHus
y3JI0B OKTO/IEpeBa MUCMOJIb3yeM XAII-TabluIly U3 CTaHAapTHON 6ubmmotexku C++, nanee
HaspBaecmoit STL (Standard Template Library) [74; 75]. Xsmi-rabnuna npeacraBicHa
KOHTCHHepoM 1oy Ha3BaHueM unordered map [76], KOTOPBIH SABISCTCS peaar3alucii
aCCOIIMAaTHBHOTO MAacCHMBa M TIO3BOJISIET XPaHUTh Maphbl Kitou:3HaueHue. Kirodom B

HalleM ciaydae OyneT UAEHTU(UKATOP y371a, 8 3HAUEHUEM — CTPYKTypa JaHHBIX y3J1a.

3.2.3. Opranu3anusi CHCTeMbI KEIIMPOBAHUA U MOJUTUKH BbITECHEHHS

JInss XpaHeHus CHOHCKa Y3JI0B, 3arpy>K€HHbIX B OINEPATHUBHYIO MaMSATh,
HCTIOJIb3YETCS IBYCBSA3HBIN CIIUCOK. [[JIs1 CHUKEHUSI KOJIMYECTBA AJUIOKALUNA PEeATU3yeM
COOCTBEHHBIN JBYCBSI3HBIM CIHMCOK, MMO3BOJISIONIMI HMCIOJIB30BaTh MOBTOPHO CTapbie
9JIEMEHTBHI BMECTO HMX IMOBTOPHOM ayuToKanuu. DieMeHT Takoro cnucka (JIuctunr 3.2)
ABJISIETCA CTAHJAPTHBIM MPU peau3aliy JBYCBSI3HOTO CIUCKA U XPAHUT yKas3aTelb Ha
CICAYOIMMNH U TpeApayuid y3ibl. OTIMYMEeM MOXXET OBITh XpaHEHUE OTACIIHHO
unentudukaropa ysna (KeyT) u ykazaTesns Ha MOPOXKJACHHBIN B ONEPATUBHOM MaMsITH
y3en (ValueT), uyro o0OycioBiIeHO yAOOCTBOM TMpH pealu3aluid  HEKOTOPBIX

BCIIOMOTaTENbHbBIX (PYHKITUH.
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Jluctunr 3.2 — DneMEeHT ABYCBSI3HOTO CIHMCKA

struct Node
{
Node* prev; // Yka3arenb Ha MPEIbIIYIIHHA Y3
Node* next; // Yka3zaresb Ha ClIeAyIOIINAN y3ei
KeyT key; // Unentudukarop ysiaa
ValueT value; // Yka3zaresnb Ha y3ei B OIICpaTUBHOM MaMsATH

CTpykTypa camMoro JBYCBS3HOTO CIIHCKa OTJIMYACTCS OT OOMICHPHUHSITON
peanm3amnyu TeM, 4TO B HEH TaKkKe XpaHUTCS yKa3aTellb Ha (PYHKIINIO, BRI3BIBAEMYIO IPH
ynanenuu y3na (m_destroyCb) u ykazatenab Ha MyJ yAaJeHHbIX 3jaemeHToB (M_pool)

(JTucTtunr 3.3).

Jluctunr 3.3 — CTpyKTypa ABYCBSI3HOTO CIIHCKA

struct LinkedList
{

...

// Ykazarenb Ha (QYHKIMIO, BEI3BIBAEMYIO MIPH yIAICHUH Yy371a

NodeDestroyCbh m_destroyCb;

// ' YKa3aTellb Ha MIEPBhI 3JICMEHT CITUCKA

Node* m_front;

// Yxa3atenb Ha MOCJEIHUNA SJIEMEHT CITUCKA

Node* m_back;

//' Yka3aTenp Ha MyJ yAaJE€HHBIX y3JI0B

Node* m_pool;

// KonnuecTBO 3JIEMEHTOB B CITHCKE

size_tm_size;

XpaHeHue Tmyna YIAJCHHBIX 3JIEMEHTOB MO3BOJISIET BMECTO CO3/IaHUS HOBOIO
3JIEMEHTa B KydYe MOJy4aTh €ro W3 CIHCKa YIAAJCHHBIX DJIEMCHTOB (IIPH HAJMYHN).
COOTBETCTBEHHO, TMpPHU YAAJICHUU DJIEMEHTA, €ro HeoOXOAMMO MOMECTUTh B CIHCOK

ynaneHHbix (Jluctunr 3.4).

JIuctunr 3.4 — Onepanuu 1006aBIeHUS U YIAJICHUS U3 CITUCKA

/I JlobaBeHHE IIEMEHTa B CITUCOK
inline Node* push(const KeyT& key, const ValueT& val)

{

Node* node;
if(m_pool)
{
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node = pool_pop();
node->key = key;
node->value = val,

}

else
node = new Node(key, val);

// 'Y najeHue 3ieMenTa U3 CIucKa
inline void pop()

if(m_front == m_back) {
pool_push(m_back);
m_front = m_back = NULL;

}

else {
pool_push(m_back);
m_back = m_back->prev;
m_back->next = NULL;

CTouT OTMETUTh, YTO pEAIM3AlMs ABYCBSI3HOTO CIIMCKA C MCIOJb30BAHUEM
MPEAUIOLMPOBAHHBIX OJIOKOB TaMSTH JJi1 XpaHEHUsS DJEMEHTOB CIHCKA MOXKET
OKazaThcs ere 0osee 3PpheKTUBHOM.

PaccmoTpum peanuzanuio MexaHW3Ma IMOJICYETa 3aHMMAEMOW OINEPATUBHOM
namsTh. [lycTh KakIblid y3€ll OKTOJEPEBA BBINOJHIET XPAHEHHE MacCHBa JAHHBIX
IIPOM3BOJILHOTO pa3Mepa, MPEICTABIAIONIET0 TOYKH U3 00j1aka Touek. Torma pa3Mep y3ia
B ONEPATUBHOM MaMATH MOKHO BBIYMCIIUTH, CIOXKHB pa3Mep CaMoOro ysjia u pasMep
MaccuBa Todek. CieyeT Tak K€ YUYUTHIBATh HAKJIaAHBIE PACXObl, BOSHUKAIOIIUE TIPH
XpaHEHWHU MAcCUBA JAHHBIX MPH IMOMOIIY CTaHIAPTHBIX KOHTeHHEepoB STL. YuurteiBas
BCE€ BBIIICTIPUBEICHHBIE (PAKTOPBI, MOKHO OOECIEUUTh MOACUET 3aHUMAEMOU JaHHBIMU
obOnaka To4ek omepaTuBHON mamsaTu. CyIecTBYeT BO3MOXKHOCTh TaKKe BKIIOUWTH B
pacueTsl Jr00ObIe JIpyrue JaHHbIE, HaNpuUMeEp, 3aHUMaeMble Hepapxued OKTOoJepeBa,
OJIHAKO ATO BJIEUET 32 COO0M HEOOXOIUMOCTh BBEJICHHUSI COOTBETCTBYIOIIUX MEXaHU3MOB

nmoacucra.
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YToObl OTCHAEKHUBATH MOTPEOISIEMYIO MTaMATh B PEaTbHOM BPEMEHH, JOCTATOUHO
npuOaBIATh WINM BBIUUTATh U3 CUETYMKA MOTPEOJIIEMO MaMsITH 3HAUYEHUE JENbThl B
MOMEHT 3arpy3KH, CO3JaHus WU yaalneHus y3ua. s nognepxxanus 3aJaHHOrO YPOBHS
noTpedeHus onepaTuBHON naMsTi M HeoO0X0JMMO B MOMEHT BBIJIEJIEHUSI HOBOM IaMSITH
pasmepa N (mpu co3maHuM y3/1a WM YBEIMYCHUU €rO JAHHBIX) OCBOOOAMTH Y3IIbI W3
KOHIIa IBYCBSI3HOTO CIIMCKa 0 00ecredeHus 3HaueHus: notpedisiemoi namstu B (M —
N).

Paccmorpum  peanmmzanuio noautukd  LRU, BemonHAemyro npu  moMomu
IPEJIOAKEHHOIO JIBYCBA3HOro coucka. /J[ns obecrieueHust ee pabOThl JOCTATOYHO
OTCIICKUBATh OIEpalMU CO3JaHUs U 3arpy3KH y3J1a, a TAKKE U3MEHEHHUS €ro JIaHHBIX.
[Ipy BO3HMKHOBEHMH JIIOOOW M3 TaKUX CUTyallMd JTaHHBIN y3€Jl MOMEIAETCS B KOHEI]
JIBYCBSI3HOTO CIIMCKA. YUYUTBIBAsI, YTO OCBOOOXKICHHUE 3JIEMEHTOB IIPOUCXOAUT C Hadaja
CIIUCKA, YaCTO UCIOJIb3YEMBIE y3Jbl OYAYT OCTaBaThCsl B ONEPATUBHOW MaMSTH JI0OJIbIIIE

BCCTO.

3.2.4. AcuHXpoHHAasi pa6oTa cO BTOPUYHOI CHUCTEMO#i XpaHeHUA

PaccmoTpum peanuszanuio MeXaHM3Ma ACHUHXPOHHOTO BBIMOJMHEHUS (PaillioBbIX
orieparuii, MpUBEACHHOTO B pasjeie 2.5.1 1 mo3BOJISIOIIET0 YaCTHYHO CKPBITh 3aJCPIKKU
(haiiIoBOM CHUCTEMBL.

[TycTh myst paboThI ¢ (aitmaMu UCTIONB3YETCsl OTAEIbHBIN MOTOK, MTPUHUMAIOIIAN
YIPaBISIOUME KOMAHIbl MpPH IOMOILIM ACHUHXPOHHOW HEOJOKUpYIOUIeH odepeau
coobuiennii. PasnuuHbple BapuaHThl MOJOOHOM OYepeau IIUPOKO HCHOJB3YIOTCS B
MHOTOIIOTOYHOM MpOTrpaMMHUpOBaHUU. B naHHOW paboTe HCHOIb3yeTcsl peanu3aius
HEOJIOKUpYIOLIEH oueper C OAHUM MOTPEOUTENIeM W OJHMM TPOU3BOJUTENIEM,
npeiokeHHast B [77]. Beioop nanHoW peanu3aiiuy 00yCIOBICH HATHMUUEM KOJIBIIEBOTO
Oydepa, MO3BOJSIONIETO JUMHUTHPOBATh KOJMYECTBO KOMAaHI B OUYEpeNH, a TaKKe

XOpOoIIel 00111el MPOU3BOAUTEIBHOCTHIO.
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Ynpasnsromas KOMaHa COAECPKUT THUIl BBIMNOJHIEMOW ONEpalny, yKa3aTreilb HA
JaHHBIE O0JaKa TOYEK W HHJEKC Y3Jia, JUIsi KOTOPOro MPOU3BOIUTCS 3asiBICHHAs
omeparusa. ChopMupyeM CHUCOK KOMaHJ, HEOOXOIWMBIA I B3aUMOJICHCTBHUS CO

BTOPUYHOU CUCTEMOU XpaHCHUSA:

— 3arpyska JJaHHBIX y3J1a OKTOJEpPEBa B KEIIl — BBIMOJIHSIET CYUTHIBAHUE JTAHHBIX
U3 OTJEIBLHOTO UK 00111ero ¢aiina;

— JloGaBieHHE TOYEK K y3JIy OKTOJEpeBa — eclii OJOK He (pMHAIM3UPOBaH, HO
BBITPYKCH Ha BTOPUYHYIO CUCTEMY XpaHEHUs, TO MOA00HAas KOMaHa MTO3BOJIUT
100aBUTh HOBBIE TOUKH K OJIOKY 0€3 HEOOXOIUMOCTH IOJHOM €ro 3arpy3KH B
OTICPATUBHYIO IMAMSTh,

— OOHOBIIEHNE MAHHBIX y3Jla OKTOJEpPEBa — MPU M3MCHCHHWHM JaHHBIX y3Jia B
OTIEpaTUBHON MaMSITH MOKET MOTpeOOBaThCs MX OOHOBJIECHHWE HAa BTOPHUUYHOM
cucteMe xpaHeHus. Komanma TakKe  MOXKET  BBIIOJHATHCS IS
(UHATU3UPOBAHHBIX OJIOKOB MPH YCIOBHH, YTO KOJUYECTBO TOUYECK B Y3JIe HE
OBLIIO U3MEHEHO);

— Ounanuzanus OJl0Kka JaHHBIX — TIPU 3allOJIHCHWU OJI0Ka B IPOIecce
MMOCTPOEHUS OKTOJIepEBa JaHHAS KOMaHa MPOW3BOIUT €T0 MPUCOSINHEHUE K
obmemy (daitny;

— Ounctka 070Ka TOYEK — TIO3BOJSIET YAAIUTH (aii, TpUHAITIEKAIIUMA

He(pUHATM3UPOBAHHOMY OJIOKY TOYEK.
Takxe paccMOTpUM 00IIKE YIPABIISIONINE KOMAH/IbL:

— BeImomHeHWe CHHXPOHU3AIMN — MPUMEHSCTCS I OKUIAHUS 3aBEPIICHUS
BBITTOJTHEHUS KOMaH/I B OUCPE/IH;
— OcTaHOBKa MMOTOKA — COOOIIAET MOTOKY O HEOOXOUMOCTH 3aBEPIICHUS 1TUKIIA

00pabOTKH COOOIICHUH.
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CHHXPOHHU3AIUS BBITOJIHIETCS MPH HEOOXOIUMOCTH OKHIAHHUS 3aBEPIICHHS
OMpEECHHON OlepalMy WK psijia OIepanuii; pealn3oBaHa MPH MOMOIIM TOJa4Hd B
oyepenb KOMaHJ NPUMUTHBA CHHXPOHH3AIMH, OCHOBAHHOIO Ha MCIIOJb30BaHHH
ycioBHOM mepemenHoi (conditional variable) [78], aaropurM paboThl ¢ KOTOpPOI
npuBeneH B guctuare 3.5. J[iIs BBIMOJHEHUS! CHHXPOHHU3AIUN OTIPABUTEIb TOMEIACT
JTAHHBIA IPUMHUTHB B 0YepPeb KOMaH/I, IIOCJIE YeTo BhI3bIBAET METO Walit, 4To OJI0KUpyEeT
ero MOTOK HCIIOJIHEHHs 0 MOMEHTa BbI30Ba Merona NOtify mpu ucmonHeHWH TaHHOM
KOMaHIbl TMOJy4areneM. Takod MOAXOJ TrapaHTHpPyeT, 4YTO BCE KOMAaHIBI,
IPEIIIECTBYIONINE KOMAHIE CHHXPOHHU3AIlMH, OYAyT BBIMOJIHEHBI IO 3aBEPIICHHU

MeToaa wait.

Jluctunr 3.5 — [IpUMUTUB CHHXPOHU3AIMKA HA OCHOBE YCIOBHOM MEpPEeMEHHON

struct Sync // TIpuMUTHB CHHXPOHHU3AIHMH C UCTIOJIH30BAHUEM YCIIOBHOM IEpEeMEHHON
{
// BokupyeT MOTOK UCIOJIHEHHUS 10 BhI30Ba MeTo1a Notify
inline void wait() {
std::unique_lock<std::mutex> locker(m_lock);
while(Im_notified)
m_cv.wait(locker);
}

/I CHUMaeT OJIOKUPOBKY
inline void notify() {
std::unique_lock<std::mutex> locker(m_lock);
m_notified = true;
m_cv.notify_one();
b
private:
std::mutex m_lock;
std::condition_variable m_cv;
bool m_notified = false;

¥

[ukn 06paboTKu KOMaH JJIsl IOTOKA pabOThI ¢ ¢aiiaMu MPUBEICH B JIUCTHHTE
3.6. [lomoOHast opranusanusi MO3BOJIET MPOU3BOJIUTH BHIOOPKY KOMAaHJ W3 O4Yepeau
COOOIIEeHUI, a TpH OTCYTCTBUM KOMAaHJ B Ouepend IepeaaBaTh YIpaBJICHUE

MJIAHUPOBILIUKY MOTOKOB /11 SKOHOMHUU PECYPCOB MpOIEeccopa.
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JIuctunr 3.6 — [{ukim 06paboTKM KOMaH/

bool resumeFlag = true;
while(resumeFlag)

{

while(CacheOP* op = m_asyncQueue.front())
{

m_asyncQueue.pop();

switch(op->type)

case kFinish:
resumeFlag = false;
break;

case kSync:
// CHHXpOHHU3a1Us
break;

case kAppend:
/I JoGaBIeHNE HOBBIX TOUYEK K Y3IIy
break;

case kLoad:
// 3arpy3ka y3na
break;

case kDiscardBlock:
// O4uucTka y3na
break;

case kFinalizeBlock:
// OuHanM3anMA y3na
break;

case kUpdateBlock:
/[ O6HOBIEHNE TAaHHBIX y3I1a
break;

default:
assert(false);

¥
¥

// Tlepenaya ympaBiieHUs TUTAHUPOBIIKUKY TTOTOKOB,
// eciv HET BXOMAIINX KOMAH/I

std::this_thread::yield();
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3.2.5. AIrOpuUTM NOCTPOEHUSA OKTOAEpeBa

IlocTpoeHue OKTOAEpEBa OCYLIECTBIAETCSA IIyTEM IIOCICAOBATEIBLHON BCTABKU
OJIOKOB TOYEK, MOJIYYaeMbIX B Pe3yJbTaTe Mpolecca 3arpy3Ku, OMMCAHHOIO B pa3jele
3.1. bbulo peanu3oBaHO JBa BapHaHTa AJIrOPUTMa IIOCTPOEHUS OKTOAEpeBa —
PEKYPCHBHBIH U MapajuieIbHbIi. PexypcuBHbIi anroput™ (Jluctunr 3.7) BRIOTHSET IS
KaXJ0ro y3/1a OKTOJEpeBa MPOLENypy A00aBJIECHUS TOYEK, IpPHU 3alOoIHEHUH Yy3ja
IPOM3BOJUT €ro (puHaNM3aluIo, a 3aTeM IMOBTOPSIET Ty XK€ MPOLEAYpY YXKe I ero
IIOTOMKOB. 3aIlOJIHEHHBIC Y3JIbl IIPU 3TOM HUTHOpUpYIOTCcA. [lepenonHeHus creka npu
TOM HE IPOUCXOAUT BBUAY OIPAHMYECHHUS HA MAKCUMAIIBHOE KOJIMYECTBO YPOBHEH B

okTozaepene (21 ypoBeHb).

Jluctunr 3.7 — AITOPUTM PEKYPCUBHOTO 3aMIOJIHEHHUS 00J1aKa TOYEK

void insertPoints(const Point* points, const Index* indices, size_t size, const Octreelndex nodeld)
{
// O6pameHI/Ie K Ky JJIsI BBIACHCHUS TCKYLLICTO KOJINYCCTBA TOUYCK B Y3JIC.
// He tpeOyert BoImoiHEeH! (PaliIOBBIX HIIM ACHHXPOHHBIX OIepaIiii
const size_t blockSize = cache()->pointCount(nodeld);
// OripeienieHNe KOJIMYeCTBA TOUEK, KOTOPBIC OY/IyT 3alMCAHbI B Y3€I
size_t sizeToWrite = 0;
if(blockSize < MaximumBlockSize)
{
sizeToWrite = std::min(MaximumBlockSize - blockSize, size);
size -= sizeToWrite;
}
if(size)
{
std::vector<Index> actuallndices[8];
const Index* firstPointindex = indices + sizeToWrite;
const Index* const lastPointindex = firstPointIndex + size;
/I PactipeienneHre MHIEKCOB TOUYEK IO MOTOMKAM y3i1a
while(firstPointIndex < lastPointindex)

uint8_t childindex = ComputeChildIndex(points[*firstPointIindex]);
actuallndices[childIndex].push_back(*firstPointindex);
++firstPointindex;

¥

for(inti=0;1<8;i++)

if(actualIndices[i].empty())

continue;
// PexypCUBHBIN BbI30B (DYHKIIMU /7151 BCTABKHM TOYEK B Y3€JI IOTOMKA
insertPoints(points,

actuallndices[i].data(),
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actuallndices[i].size(),
nodeld.childindex(i));

}
}
if(sizeToWrite)
{
// JloGaBieHNE HOBBIX TOUYCK K Y3y
cache()->append(extractPointBlock(indices, sizeToWrite), index.code);
// Ecnv y3en 3aI0JIHEH - BBITIOJIHUTD (PUHATH3AIHIO
if(blockSize + sizeToWrite == MaximumBlockSize)
{
cache()->finalize(index.code);
cache()->unload(index.code);

ki
¥
ks

[TapannensHas peanu3anus aJrOPUTMa BBINOJIHSAETCS TaK ke, KaK peKypCUBHas,
OJIHAKO BMECTO PEKYpPCHBHOI'O BBI30BA IPOUCXOJUT J00ABIEHUE 3ampoca B OYepedb
BBITIOJTHCHHMSI, KOTOpas 00pabaThIBaeTCsl aCHHXPOHHO TPH MOMOIIHX ITyjia MOTOKOB [79].
Takast peanu3aius MO3BOJISIET CHU3UTH HETaTUBHBIN d(PPEeKT, BOZHUKAIOUTUN MPU YaCTOM
CO3/JaHUM HOBBIX TOTOKOB, T.K. MOPOXKIAETCS TOJIHKO IO OJHOMY IOTOKY Ha SApO.
[TapamnenbHOCTh JOCTUTAETCS 3a CUET TOTO, YTO KaXKIbIH MOTOK 00pabaThiBaeT CBOIO
BETBb OKTOJAEPEBA, U MOTOKHU HE IEPECEKAIOTCS 110 UCIIOIb3YEMbIM UMH JaHHBIM. Ho nipu
MoA0OHOM MOJXOJE CJIOKHO YCTPAHWUTh 3aJICP>KKH, BO3HUKAIOUIME MPU TNEpEeceUeHUU
PETHOHOB MaMSTH, MOMAIAIOIINX B KEIll pa3HbIX saep npoieccopa [80]. B Takom ciryuae
MPUHATO JOOABJISITH MYCTYIO 30HY MaMATH, PABHYIO pa3Mepy JIMHUU KEIIUPOBAHUS Spa,
MEXIy Y4aCTKaMH MaMsTH, 00pabdaThIBAEMBbIMU PA3HUMU SAPAMH, YTO MPOOIEMATUYHO
C/IeNaTh JUIs Y3JI0B OKTO/IepeBa, U OCOOCHHO /I OJI0Ka 3arpy>KeHHBIX TOUEK, JICKAIIIETO
B MacCUBE JaHHBIX. TeM He MeHee, peain3alus NapajyieIbHOro alropurMa oopaboTKu

o0J1aKa TOYEK BCE JKE MO3BOJISET YCKOPUTDH MPOUCCC IMOCTPOCHUA 00J1aKa TOYEK.
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3.2.6. O0mas cxemMa NporpaMMHO¥ peajin3allui OKToJepeBa Ha 0a3e CHCTEMbI

KellMpPOBAHUSA

PaccMoTpuM 00mIyro cxeMy MNpOrpaMMHON peanu3aiid OKToJepeBa Ha 0ase
cucrembl kemmpoBanus (Pucynok 3.1). Ha pucyHke w#300pakeH IEHTPAIBHBIN
xommoneHT (Octree Interface), koTopelii NpPeAOCTABISCT OCHOBHBIC METOIBI JUIS
BBIOOPKH, 00X0/1a ¥ MTOCTPOCHUS OKTOJIEPEBa, aJTOPUTM KOTOPOTO TIPUBEJICH B pa3ieie
3.2.5. [lng xpaHeHHsl y3JI0B OKTOJIEpEeBa MCIOIB3YETCsl acCOMaTHBHEIN MaccuB (Hash
Table, omucan B pasgene 3.2.2), mpMEHEHHE KOTOPOIro OmucaHo B paszaene 3.2.2. B
Ka4yeCcTBE KIII0Ya B HEM UCIIOIB3YETCs IICIOUNCICHHBIN HACHTU(DUKATODP y371a (OmmHcaH B
pasgene 2.4.3). Jlns XpaHeHHs TaHHBIX OOJaKa TOYEK, HAXOISIIUXCS Ha TEKYIIUi
MOMEHT B ONIEPATUBHOMN MaMSATH, a TAaK)Ke JJIs 00€CIICUCHHSI TIOJTMTHKHN BBITECHEHUS TIPU
NPEBBIIIICHNH YCTAHOBJICHHOTO JIMMUTAa TMOTPEOJICHUs, HCIONb3YeTCs JIBYCBS3HBIN
ciucok (LRU Cache), onmcannsriii B pazaene 3.2.3. [ B3aumoielcTBUs ¢ (aiioBoi
CUCTEMON TMpPHUMEHSETCS AaCHUHXPOHHBIM MOJXOA, MpU KOTOPOM BCE OINEpalUU
BBIMIOJIHAIOTCS B oTaenbHoMm moTtoke (File Thread), B3aumonmelicTBue ¢ KOTOpPBIM
MIPOUCXOIUT TIPU MOMOIIM HEOJOKupYyIoIe ouepeau coodmienuit (Async Queue), aro

OMMHCaHo B pazneie 3.2.4

Main Thread
E Hash Table: || Node 1 Node 2| [ Node 3| ..... Node N [« :
E el L Octree | |
! el At Interface | !
'LRU Cache: || Data2 [ |Data3 | |Data1[% % | Data M [« !
File Thread l
File - Worker o Async
system | ' | Queue

Pucynok 3.1 — O6mias cxema mporpaMMHOM peaiii3aliiyd OKToJiepeBa Ha 0a3e CUCTEMBbl

KEIIMPOBAHUS
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3.3. PazpaboTka ajaropurmMa u CTPYKTYPbI OKTO/IepeBa ¢ IPpUMeHEeHueM

MEXaHHU3Ma 0T06pa>1cemm nmaMfaTH

B nanHoM paszgene NpUBOJUTCS OIKMCAHHUE BBIUMCIUTEIBHOTO TIpoliecca H
CTPYKTYpPBI JJaHHBIX OKTOJIEpeBa MpH 00pabOTKe BO BHEUIHEH MaMSITH C MPUMEHEHHEM
MEXaHU3Ma OTOOpPAKEHUs NaMsATH, SBILIOIIErOCS pEUIeHUEM 3aJauyd JHCcCepTaluu
«Pa3paboTka CTPYKTYphl JaHHBIX M aJITOPUTMOB (OPMHUPOBAHMS OKTOAEpEeBa IS
00paboTKu OONBIINX OOJAKOB TOYEK, a TAaKXKE CHCTEMbl YIPABIIEHUS MPOIECCaMU
3arpy3Kd/BBITPY3KHA JIAHHBIX Ha BHENIHIOW MaMmsATh IMpu o0paboTke o0jaka TOYEK

MPUKIAAHBIMU IPOTPAMMaMHU CTaHJIAPTHON OMOJIMOTEKM.

3.3.1. Pa3zpaboTka CTPYKTYPHI y3Ja OKTOAepeBa HA 0a3e HeJT0UYNCIeHHO]

apudmMeTUuKu

Crpykrypa y3ma B JaHHOM OKTOJEPEBE CYIIECTBEHHO OTJIMYAETCS OT
MPEJIOKEHHOW B OKTOJEpeBe Ha 0a3ze cuctembl kemupoBaHUs. C HCIOIB30BaHUEM
MEXaHHU3Ma OTOOpaKeHUs NaMsATU HaM He TpeOYyeTCs BBEJICHUSI TPOMO3IKUX MEXaHU3MOB
KEIIMPOBAHUS, YTO CYIIECTBEHHO YIPOIIAET apXUTEKTYpPy OKTOJepeBa. Mbl Takxke HE
OyJZIeM UCTIOIb30BaTh ACCOIIMATUBHBIN MACCUB JIJIsI XpaHEHUS Y3JI0B OKTOJIEpEBa, a Oyaem
IPHICPIKUBATHCS KJIAaCCUYECKOM cXeMblI [81], B KOTOpO# pOIUTEIIbCKHIA y3€T BBITIOIHACT
XpaHEHHE BOCHbMHU TOTOMKOB. ITO 00YCIOBICHO OTIMYUSIMU CXEMBbI pa0OTHI B YCIOBUSIX
OTpaHUYCHHIM TIO OMEpPAaTHBHOW MaMsTH, B KOTOPOM HaM HE TpeOyeTcs OTIACIbHOU
UJIEHTU(PUKALIMY Y3JIOB JIJIsl XpaHEHUSI B CUCTeME KelnpoBaHusi. CTOUT TakKe OTMETUTb,
YTO B Clly4ae INPUMEHEHUS KIIACCUYECKOM CXEMbl I XPaHEHUs Y3JI0B OKTOJEpeBa
BPEMEHHBIE 3a/IEPKKU AJIA onepauuii 00Xo/la CTaHyT OoJsiee MPeICcCKa3yeMbIMU, a TaAKKe
nponajaeT 3ajepkKKa, BOSHUKAIOIIASA MPU MEPECTPOMKE TaOIMIIbl XCIIUPOBAHUS TPU €€

3aI10JIHCHHH.
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[IpumeM, 49TO umepapxusi OKTOJEpPEBAa XPAHUTCA B OMEPATHBHOW MaMSTH s
TOBBIIIICHHUSI CKOPOCTH JocTyna. Kakaplii y3enm OKToJepeBa BBIMOIHICT XpaHCHHE
MaccHBa JIaHHBIX, KOTOPBIA pacmojiaraetcsi B OTOOpakaeMoOW MaMATH, MEXaHWU3MBI
paboThI ¢ KOTOPBIM OyIyT MPEICTaBICHBI B TIOCIEAYIONINX pasnenax. Kpome xpaneHus
MacCHBa JAHHBIX Y3JIOM BBINIOJIHACTCS XpaHEHUE yKa3aTelss Ha MAacCHUB IOTOMKOB, a
Takke OWTOBBIE MAacKH, YKa3bIBAIOIIME HA TO, KAaKWE€ TMOTOMKH HE MYyCTHI, YTO OBLIO
paccMmoTpeHo B pasaene 2.4.1.

Kaxxapiit y3enm oTBeyaeT 3a mpecTaBiIeHHEe JUana3oHa [eI0UUCICHHBIX 3HAYeHUH,
KOTOPBIN CYXaeTcsl M0 MEpe YMEHBIICHHUS ero ypoBHs. Ha HyJeBOM ypoBHE mIupwHAa
nuanasoHa OyneT paBHa enuHuIle. Mimes nenodncieHHyo KOOPAUHATY, MOKHO IMOJTYYUTh
y3ell, ee cojJiepxaliuii, Ha JIIoOoM ypoBHE pa3z0Ouenus. Kak Obuio ommcaHo B pasjelne
2.4.4, wuepapxus OKTOJIepE€Ba OpraHM30BaHa TaK, 4YTO OIPEJCICHHbIC OUTHI
1EJI0YUCIICHHOM KOOPMHATHI B MPOCTPAHCTBE MO3BOJISIIOT aIpecoBaTh MOTOMKOB y3J1a Ha
OTIPEJICTICHHOM YpOBHE pazOueHus. Mimes TpexMepHY0 KOOpAUHATY, MPEACTABICHHYIO
TpeMs IEJIBIMH YMCIaMH CO 3HaKoM (Hampumep, int32_t), miaimme OUThI KaXKI0Tro M3
guceln OyAyT ONpeAesaTh MOJ0KEHUE y371a Ha HYJIEBOM YPOBHE pa3OueHUs, CIEAYIONIne
10 MOPSIKY — Ha MEPBOM M TaK Jlajiee 10 MaKCUMAaIbHOTO YpOBHS pa3zouenus. [logqoOHoe

PCHICHUC ITO3BOJIACT 3HAYUTCIIbHO COKPATHUTh BPCMCHHBIC 3aTPAThI HA O6XOI[ OKTOICPCBaA.
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3.3.2. XpaHeHHe HePAPXUH OKTOAEpeBa

PaccmoTpuM MexaHW3M TpeACTaBICHHUS HEPAPXHH IIEIOYNCICHHOTO OKTOIepEBa.
[Tpu McnoNMB30BaHUU METOYMCICHHON KOOPAWHATHI IS aJpecalliil pacCMaTpUBaeMoe
JIEPEBO MOXKET COJIEPXKATh [0 OJHOMY YPOBHIO pa30MEHHS Ha KaXIbIi OUT KOOPIMHATHI
(B kauecTBe (akTopa pazOueHusi - eauHuna). OIHAKO YUYUTHIBAs, YTO YeM OOJbIIIE
ypOBHEH pa3OueHus, TeM MeIJIEHHEe CKOPOCTh 00X0/1a, a TaKXkKe TO, YTO OKTOJIEPEBbS,
MIOCTPOCHHBIE TI0 00JIAKaM TOYEK, B OCHOBHOM COJIEpAT OT BOCBMH JIO0 YETHIPHAIIATH
ypOBHEH, MBI OBl XOTEIM HCIOJIH30BAaTh OTPAHMYECHHOE KOJMYECTBO MIIATIIMX OUT
KOOpAMHATB JUIS ajapecauud B okroaepeBe. OcrtaibHble OWTBHI MOTYT OBITH
WICTIOJTB30BaHBI B KAYECTBE KITI0YA B &CCOIMATHBHOM MACCHBE, KaK OBLIO PaCCMOTPEHO B
paznene 2.4.5. [logoGHoe peleHue CHU3UT TIIYOMHY JIepeBa U MO3BOJMUT BBINOIHITH
aJipecario OOJBIINX YYaCTKOB MMPOCTPAHCTBA O3 CYIIECTBEHHOT'O 3aMeJICHHs paOOThI
OKTOJ/IEpPEBa, TaK KaK KOJMYECTBO 3aPOCOB K aCCONMATHBHOMY MacCUBY OYyJeT ropaszio
MEHBIIUM (B OTIMYHE OT OKTOJIEPEeBa Ha 0a3e CHCTEMBbI KEITMPOBAHUS).

[Tycte mmaamme OWUTHI KOOPIWHATHI OTBEYAIOT 3a MECTONOJOXKCHHE Y3Jia B
EJIOUMCIIEHHOM OKTOJiepeBe. Toraa oOHyMMB Miaamye OUTH B KOOPAWHATE, €€ MOXKHO

6y,Z[€T HCIIOJIB30BaTh B KAUYCCTBEC KJIIOUYAa B ACCOLITMAaTUBHOM MACCHUBEC.
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3.3.3. AJITOPUTM JMHAMHYECKOH aJIJIOKAllUM HA 0TOOpaxkaeMoil maMATH

MexaHu3M  OTOOpaXCHHS TaMATH ITO3BOJISICT  BBIMOJHATH  OTOOpaKCHHE
coaepkuMoro (paiiyia Ha AUAma3oH BUPTYAIbHBIX aapecoB mporiecca. Ilpu aTom B 64-X
pa3psIHOI cucTeMe Ha ajpec Bbiaenserca 48 OUT, 4TO MO3BOJIAET aJPEecoBaTh TaAKUM
obpazom 10 256 TepabGaiiT maHHbIX. Ha mpakTuke BBINOJHEHHE OTOOpaKEeHUs
COJEp)KUMOTO (pailyla Ha JMana3oH aJpecoB B aJPECHOM IPOCTPAHCTBE MpoIliecca
OCYIIIECTBIISICTCS TIPH TIOMOIIM BBI30Ba MeToga mmap [82] c¢ ykasanuem (aiisioBoro
JIECKPUNTOpa W IIMPUHBI HEOOXOAMMOTO auarazoHa agapecoB (JIluctunr 3.8). Pazmep
daitma pu 3TOM HE 0053aH COOTBETCTBOBATH JAHHOMY JIHAMa30HY, YTO IMO3BOJIACT
HapaluBarh pasMmep (¢aina no Mepe HeoOXoAUMOCTU. CTOUT OTMETUTh, YTO MOIBITKA
JIOCTyTa T0 aApecy, BHIXOAAIIEMY 3a TPaHUIIBl (aiiyia, MpUBEIET K OMNOKE BPEMEHHU
ucnonHeHus. MeToq Mmmap Bo3BpamlaeT ykasaTellb Ha ajpec Hadajga JaHHBIX B
0TOOpaXKCHHOH MaMATH, JOCTYIT K KOTOPBIM IPUBEJIET K CAUTHIBAHHIO COOTBETCTBYIOIICH

uHdopmaruu u3 daiina.

Jluctunr 3.8 — I[Ipumep BoimosiHeHHs 0TOOpaXkeHus mamsatu B OC Linux

/I Coznanue daiina u nonydeHue (aitioBoro 1eCKpUnTopa
int fd = ::open(filePath,

O_RDWR | O_CREAT,

static_cast<mode_t>(0600));

void* data =
mmap(
// HauanbHbIi agpec
nullptr,
// Pa3mep aapecHOro npocTpaHcTBa
m_capacity,
// OTKpBITh Ha YTEHUE U 3aIUCH
PROT_READ | PROT_WRITE,
// O6mwmit foctym,
/I He pe3epBupoBaTh nanusie B RAM u (aiine moakayku
MAP_SHARED | MAP_NORESERVE,
/I Neckpuntop ¢aitna
fd,
/I Cmernienue
0);
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PaccMoTpuM mnpuMeHeHHE MeXaHHW3Ma OTOOpaKEHHWS IMaMATH I XPaHCHUS
JAHHBIX Y3JI0B OKTOZepeBa. [lycTh KaXKIblii y3€l BBITIOJHSACT XpaHEHHUE MacCHBa TOYCK.
Y4uTBIBasA, 9TO KOJUYECTBO TOYCK B y3JIe MOXKET OBITh JIFOOBIM, BILUIOTH JIO 3aJIaHHOTO
MaKCUMyMa, JIJIsi XPaHeHUS TOYCK HCIIOJIb3YeM pean3alfio THHAMUYECKOTO0 MacCHBa
(std::vector [83]) u3 cranmaptHoi 6uOaHOTeKH CH++. Takoit BEIOOP MO3BOJUT XPAHHUTH
TOYKH B BHJIE TIOCIIEIOBATEIIPHOIO MacCHBa B MIAMSTH, YTO TOJIOKUTEIIBHO CKAXKETCS Ha
CKOPOCTH MX 00pa0OTKH W 00IIeM KOJUYECTBE OINEpaIfii BBIICICHHS JaHHBIX, a TAKXKe
IIO3BOJIUT BBHITIOJHATE OINEpaIlii U3MEHEHHUS Pa3MepOB MacCHBa C BBIJCIICHUEM HOBOW
NaMSATH MPHU MPEBHIIICHUA TOYKAMH TEKYyIEeH €MKOCTH MaccuBa. HemocTaTku TaHHOTO
MI0JTX0J1a TTPOUCXOJIAT U3 €T0 JOCTOMHCTB: YUYUTHIBAs IMHCWHYIO OpPTraHU3aIlIo TIAMSITH,
Ollepalliyl yIaJCHUs 3JEMEHTAa HE M3 KOHIIA MacchBa HWMeEKT cioxkHocTh O(n), a
oleparii BCTaBKM B KOHEI] MAacCHBa IMPH MPEBBIMICHUU €0 €MKOCTH IOTPeOyroT
peaJTOKAINH BCEX €T0 TaHHBIX.

Jlns obecrieueHust paboOThl ¢ OTOOpa)kaeMoil TaMSITBHIO BBIOJHUM IOJMEHY
aJlJlokaTopa B HCIOJIB3yEeMOM JIMHAMHUYECKOM MaccuBe. [l peanmusanuu  Takou
BO3MOXKHOCTH BBITIOJJHUM  HacjenoBanue oOT kiacca «std::allocator» [84], w
NIEPEONPEICIMM METOJIbI, BBI3bIBACMBIC INPH BBIJCICHUA W OCBOOOKICHUU ITAMSITH
(JIuctuar 3.9). Takum o00pa3oM MbI CMOXEM OOOWTH CTaHIAPTHBIA MEXaHH3M
BBIJICJICHUS TTAMATH W CAMOCTOSTEIBHO YIPABJIATH BBIICICHHEM IMAMSTH JJIS JTAHHOTO
JTMHAMHYECKOTO MacCHBa, YTO TIO3BOJIUT HaM UCIIOIL30BaTh OTOOpakaeMyto IaMsITh JIJIs

XPaHCHUA JaHHBIX MaCCHUBaA.

Jluctunr 3.9 — INonMena amnokaTtopa it JUHAMHUYECKOTO MacCHBa

template<typename T, size_t kAlignment = alignof(T)>
class MMapAllocator : public std::allocator<T>
{
...
// Belnenenue mamMstu
T* allocate(size_type n, const void *hint = nullptr) {
// MCTO,[[ BBIACJIICHUS ITaMATU HA OT06pa)KeHHOM Auara3oHe aipeCoB
return mmap_alloc(n * sizeof(T), kAlignment);
}

// OcBOOOXKIEHNE TAMATH
void deallocate(pointer p, size_type n) {
// Meton 0cBOOOXKICHHS TaMsITH HAa OTOOPAKEHHOM JIMAIla30HE aJIpeCcoB
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mmap_free(p);

}
)2

Tak Kak CTaHJAPTHBIA CHUCTEMHBIA aJUIOKATOP HE MOAJACPKUBACT BBIICICHUE
aMsITH B OTOOpakaeMOM aJpeCHOM IIPOCTPAHCTBE, HAM MPHUACTCS COOCTBEHHOPYYHO
peanr3oBaTh MOJ00OHYI0 BO3MOXKHOCTh. PaccMOTpuM TpeOoBaHUs K CUCTEME BBIICIICHHS
namMmsTH, HeoOXoauMble sl oOecrnedeHusi padOThl COBMECTHO C JUHAMHYECKUMHU
MaccuBaMu. Kak MUHMMYM, TpeOyeTcs 00ecrieduTh BO3MOXKHOCTh KaK BBIJICIICHUS, TaK U
OCBOOOKJICHUSI y4YacTKOB MamsiTh. Pa3Mep BBIIENSIEMBIX YYacCTKOB HE SBJISIETCS
KOHCTAHTHBIM, YTO JOOABIIET HEOOXOAUMOCTL 00SCIIeUeHNSI BO3MOKHOCTH BBIJICIICHHUS
Y4aCTKOB IIaMSTH IPOM3BOJIBHOTO pa3Mmepa. TakuMm o0pa3oMm, MbI HE CMOXKEM
BOCIIOJIb30BATLCS MOJICIISIMU JIMHEWHOTO ajutokatopa [85], ctekoBoro amiokaropa [86] u
aiyiokaTopa Ha myie [87], 4To mpUBOAUT HAC K HEOOXOIUMOCTH PEIICHHS IPOOIEMBI
dbparmeHtanmu namath. K cdacTero, mogoOHas mpobiieMa XOpOIIO HCCeA0BaHa.
PazpabaTeiBaeMasi cucTeMa BBIJICJICHUSI MAMSATU HMEET JIOBOJBHO Y3KYH0 00JacTh
NPUMEHEHHS, 3TO JIeJlaeT €€ CTPYKTypHO OoJjiee MpOCTOM, 4YeM CHCTEeMBbl OOIIEro
Ha3HAYEHUs, M CYIIECTBYET BO3MOXHOCTh CHIDKCHUS (parMeHTallud MaMATH 0
MIPUEMJIEMOTO YPOBHS. [Tpuuem MIPOU3BOIUTEIILHOCTh HE yCTymnaeT
IIPOU3BOIUTEIIBHOCTH TIPY OOIIECUCTEMHBIX MeTojiax. [IpuMmep pactpeaeneHuss maMsaTH

MOJKHO YBUJIETh Ha pUCYHKE 3.2.

File:
Virtual ] ]
A
Addresses: U — — — A i ~
Used Address e 1Yo | fregummm’ Free Address
Space Space

Pucynok 3.2 — JlunamMmuueckasi aJutoKaiys Ha 0TOOpakaeMoil aMsITH

3.3.4. Ilyjabl naMATH

I[JIH YHpaBJICHUA BBII[eHeHHOﬁ MaMATbIO HCIIOJIb3YEM TdAdK HAa3bIBACMbBIC I1YJIbI
naMATH, KOTOPLIC IIO3BOJIAIOT BBIACIATH OJOK IIaMSTH 3aJaHHOIr0 pasMepa A

MOCJICTYIOIIETO UCTOJIb30BaHusl. Pa3paboTaHo ABe pean3aiiu:
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— RAM Pool — ocymiectBiasieT BbIIEACHHS Yy4acTKa MaMSATH B OIEPATHBHOM
MaMSTH IPU TIOMOIIY CUCTEMHOTO aJTIOKaTopa,
— MMap File Pool — ocymecTrisier mopoxaenne (aiijia B cucTeMe XpaHSHHUS,

BBIJICJICHHE JTMAlla30Ha BUPTYAJIbHBIX aJIPECOB M MPUBSI3KY (haiia.

[Tyn mamsiTH MO3BOJIIET MPOU3BECTH BBIJACICHUE JIMHEHHOrO OJIOKA MaMSTH IS
HOCJIEAYIOIIEr0 KCIOAb30BAHUS B JUHAMHUYECKOM ajuiokatope. JIIs BO3MOKHOCTH
MacIITadMPOBaHKs IMOACPKUBACTCS OlepalMs H3MEHEHHS pa3MepoB OJIoKa, T.e.
aJZIOKaTOp CMOJKET 3alpalluBaTh JOMOJHHTEIbHBIC OOBEMBI MAaMATH IO MeEpe
YBEJIUYCHHUS pa3Mepa 3aHMMAaEMbIX JIAHHBIX, aHAJIOTMYHO MCIIOJIb30BaHUIO KOMaH Il DIk
[88] mns yBemmueHus cerMeHTa MaHHBIX MpOIlecca B KIACCHYECKONW HMILICMCHTAIIUU
malloc [89]. B Takom ciy4yae mpu HCIOJNB30BaHUM IIyjla Ha OTOOpa)kaeMOil MaMsTh
MPOM3BOIUTCS] U3MEHEHHUE Pa3MEPOB MCIOJIB3yeMOoro daiina (0e3 H3MEHEHHUS Uana3oHa
BUPTYalbHBIX aJpPECOB), a IPH HCIOJb30BAaHUH IIyJa Ha OIEPATHBHOM MaMsITH
HMPOUCXOTUT TOJILKO U3MEHEHHE CUETYHMKA TEKYIIETro pa3Mepa (B CHUIIy TOTO, 4TO pa3Mep
TAKOTO ITyJIa HE MOKET ObITh U3MEHEH 0€3 MEPEMEIIEHHUS €ro B PYroe MECTO B MAMSITH,

OH CO3JIaeTCA Cpa3y Ha MaKCUMAJIbHO JOMYCTUMBIN 00bEM).

3.3.5. luHaMu4YecKoe BblieJIeHHe MaMATH

AJTOPUTM TUHAMHUYECKOTO BBIJICJICHUS IMaMITH OCHOBAH Ha OMMMCAHHOM aBTOPOM
B pabote [71]. OH HCIONB3yeT MyJNbl MaMITH B KaueCcTBE 0a30BBIX OJIOKOB MaMSTH, B
KOTOPBIX OyAET MPOW3BOJIUTHCS BBIICICHUE OOJiee MEIKHX Y4YacTKOB IO 3ampocy
noyib3oBaTessi. B ciydae, ecnu mecta B myJie HEJOCTATOYHO JUIsl BBIIETICHUST HOBOTO
ydacTka — y myJja OyJeT 3alpoIlleH0 YBeINnYeHHE Pa3MEpPOB Ha 3aJaHHYIO BEJIMUUHY.

BreineneHHbple ¥ CBOOOJHBIE YYACTKH TMAMSTH XPaHATCS B BHUAC JABYCBS3HOTO
crHcka OJIOKOB, COJep KaluX JaHHbIe, a Takke Bepxuuil (Header) u mmwxuuit (Footer)
3arojoBku (Pucynok 3.3). 3arosoBku cojaepkar uHGOpMaLU O pa3Mmepe OJIoKa,
WCTIOJNIB3YETCS JIM OH, a TaKXe IMO3BOJISIIOT HAWTU CIECAYIOIIMH W TPEIbITYIIHH.
W3HavanbHO AJ11 BCEro CBOOOTHOTO OJIOKA MAMSTH, BBIICIECHHOTO IYJIOM, CO3aeTCs

OJIUH MYCTOU OJIOK.



135

Header Size Used
Payload
Footer Size

(N T B Ty

F

F

F

used

H
-8

H
-4

Pucynox 3.3 - XpaHeHue y4acTKOB JaHHBIX

B cuity HE00X0UMOCTH BBIJIETICHUSI U OCBOOOXK/ICHUS YYaCTKOB MPOU3BOJIBHOTO
pa3Mepa MOSBISIIOTCS  TTPOOJIEMBbI
Bo3moxkHOoCTh  TIpoBeieHMs  AedparMeHTalluu,
(bhaiiJIoBBIX CUCTEMAaX, OTCYTCTBYET, TAK KaK NMEPEMEILCHUE YUacTKa MaMsITH CAEIacT BCe
NpsIMbIE YKa3aTelil Ha Hee HepaOOoTOCHOCOOHBbIMU. DparMeHTallMi0 MOXKHO CHU3WTH,
BBEJIsI BOBMOXKHOCTh OOBEIMHEHMsI CBOOOIHBIX 0JI0KOB. B ciyuae, ecnu mpu 3ampoce

BBIJICJICHUS TAMATH HE HallZIeHO CBOOOHOTO 0J10Ka MOIXOSIIETO pa3Mepa, He0OX0IUMO

3aIIPOCUTH Y ITyJla YBEIIMUEHUE €r0 Pa3MEPOB.

p1 = allocate(4)

¢ ¢parmentanmerr gaHHbIX (Pucynok 3.4).

AHAIOTUYHOM  MPOU3BOAUMOMN

p2 = allocate(d)

p3 = allocate(6)

free(p2)

p4 = allocate(6) - ?

Pucynok 3.4 - ®parmMeHTaIys JaHHBIX TIPU BBIACICHUN TaMSTH
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[Tpu HEOOXOAUMOCTH AJUIOKAIIMKM HOBOTO YYacTKa B MAMSITH CJICTYET BBITIOJHUTH
MOMCK HamOoJiee MOAXOSIIero cBodogHoro Osoka. IlepeGop Bcex OJOKOB ILIOXO
MOJIXO/INT, TaK KaK MMEET JIMHEHHYIO CJIOKHOCTh. J[Ji1 OBICTPOTO TMOWCKA ajuIOKaTop
XpaHUT WH(POpPMAIIMIO O MECTOIOJIOKCHUN U pa3Mepe BcexX OJIOKOB B BHJC
OTCOPTHPOBAaHHOTO (IO pa3mepy Oioka) cmucka. [IoMCK 1O TakOMy CIHCKY HMEET
J0rapu(MUYECKYIO CIIOKHOCTb.

JIJ1st 0CBOOOK/ICHUST BBIJICIICHHBIX JIAHHBIX YKa3aHHBIM OJIOK IIPOCTO MOMEUYACTCs
yIaJICHHBIM M TIOMEINIAETCSI B CITUCOK CBOOOAHBIX 010KOB. Torma mocie yaaJleHus Bcex
0JIOKOB MBI TIOJTyYUM CHJIILHO ()parMEHTHPOBAHHBIN MAacCCHUB MyCTHIX OJIOKOB. [ToaToMy
IpU yJaJeHUH OJ0Ka €ro HeoOXO0aUMO OOBEIUHATH C COCETHHUMHM IYCTHIMU OJIOKaMU

(Pucynok 3.5).

p1 = allocate(2)
p2 = allocate(2)
p3 = allocate(2)
p4 = allocate(2)

H F|H F|H F|H F
free(p2)

H F|H F|H F|H F
free(p3)

H F|H F|H F|H F

coalesce(p2, p3)
H F| H F| H F

pS = allocate(3)
H F| H F| H F| H F

Pucynox 3.5 - O6benunenne 6JI0KOB MPU OCBOOOKICHUH TTAMSITH

CYMMI/II)YH BBIIMICCKA3aHHOC, CHUCTEMaA I[I/IHaMI/I‘-IeCKOI‘/JI aJUIOKallMk1  MMCECT

CIeAYIOIINI HAa0op (PYHKITHIA:

— allocate — BeigEIEHHE HOBOTO OJIOKA AMSATH,

— free(p) — ocBOOOXKICHKE BBIICIEHHOTO OJIOKA MAMSTH 110 YKa3aTero P;
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— coalesce(pl, p2) — oObeauHEHHE ABYX COCETHUX OJIOKOB mamsaT Pl u p2;
— findBlock(size) — monck cBoGoHOTO OJI0Ka MAMSATH, Pa3MepoOM OOJIbIIe WITH
paBHOTO SiZe;

— requestMemory(size) — 3arpoc HOBOM MaMATH pa3MepoOM SiZe y myJa.

3.3.6. O0uas cxema MporpaMMHO#i peajin3allui OKTO/epeBa HA fa3e MeXaHU3Ma

0T06pa>1<eHm{ nmaMiaTH

PaccmoTpuM 00mIyro cxemy HpOorpaMMHOIN peanu3alid OKTojAepeBa Ha Oase
MeXaHHU3Ma 0TOOpaKeHUs MaMATH Ha pucyHke 3.6. Mepapxus okTonepeBa npeacTaBieHa
KOMOWHAIMe! Ki1accuaeckoit opranuzaiun y3ioB (Node) okrogepeBa U acCOIMaTHBHBIM
maccuBoM (Associative Array). BzaumMomeHCTBHE ¢ OKTOACPEBOM PEaTM30BAHO IPH
nomoniu komrnoHeHnta (Octree Interface), comepikariero oCHOBHbIE METOJIBI JOCTYIA K
JTaHHBIM. J[aHHBIE Y3]IOB OKTOJIEpeBa MpEACTaBICHbI TuHaMuYecknM MaccuBoM (Data),

COZICpIKAIIIM yKa3aTellb Ha 0ToOpakaeMyro namsath (Mapped Memory).

Octree Interface and Hierarchy

Octree Interface

i

Associative Array

Key Key Key | | Key

666 &

R

Data  Data| |Data

Mapped Memory

Pucynox 3.6 — O0mas cxema nporpaMMHON peann3aliii OKToaepeBa Ha Oase

ME€XaHHu3Ma OTO 6pa>1<eHH;1 IHaMsATHu
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3.4. IlocTpoeHue NUIMHAPUYECKUX MPOeKIMi §0JIBIINX 00/1aKOB TOYEK MPHU

IMOMOIIIHK OKTOAEpPEBA

OOBIYHO JIJIs peIlIeHUs 3a]1a4i OCTPOCHUS LIMJIMHPUYECKOM MPOESKIIUU OOJIBIINX
00J1aKOB TOUYEK HE TpeOyeTcs OONBITNX 00HEMOB MTAaMSITH, TaK KaK MOCTPOCHHUE MTPOCKITUN
MOXET OBITh BBIIOJHEHO ITyTEM IOCIEAOBATEIILHOTO CUYUTHIBAHMS TOYEK W3 O0OJiaka
TOYEK, UX MPOEKIMHU U 3aMKiCcH B n300pakeHue. OHAKO B JaHHOU 3ajjaye TpeOOBAIOCH
BBHITIOJTHATHh XPAaHEHUE BCEX TOYEK, MOMAIAONINX B TUKCETh (PUHAIBHOTO N300paKeHN,
11 o0OecrieueHus: OBICTpOM BBIOOPKM M TMOCHEAyIomed 00pabOTKM CTOPOHHUMH
CpEICTBaMH.

Paccmotpum perenne moqo0HOM 3a1a4un pu oMoy okroaepena. [lycts maHo
00JIaKO TOYEK, NIl KOTOPOTo TpeOyeTcs MOCTPOSHUE MUIMHApUIecKoi poekiuu. Och
MWINHAPA, I KOTOPOTO OYIET BBIMOJTHEHO IMOCTPOCHHUE PAa3BEPTKH, 3a/laHa IABYMS
TpEeXMEpPHBIMU KoopAuHaTamu S; u S, . I[lpoeknuio HE0OXOAMMO BBHIOJHUTH B
nzoopaxkenue ¢ mupunor W u Boicotoii H.

Jlns  TOCTpOEHUsT  pacTpOBOM  MPOEKIUMU  HEOOXOAMMO  HAMTH  Takoe
npeoOpa3zoBaHue, KOTOPOE IMO3BOJIUT TEPEBECTH KOOPAMHATY TOUYKH M3 HCXOIHOTO
npoctpaHcTBa P, B MPOCTPaHCTBO P,y , B KOTOPOM COONIOAAIOTCS CJIEIYIONTUE

YCIJIOBHSL:

— Hauvano cucTeMbl KOOpJIUHAT PACIION0KEHO B TOUKE Sy ;

— Ocp X HampaBlieHa BJIOJb OCU LIWJIUHIPA,;

— Macmrab ocu X TakoB, 4TO JUIsl TOYKU S; 3HAUCHHE KOOpAMHATHI paBHO 0, a
JUTSI TOYKHU S; 3HAYeHHE KOOpAUHATHI paBHO W,

— KoopaunaTta Touku 1mo ocu Y MpeACTaBISICT Yroj HAKJIOHA TOYKH BOKPYT OCH
AJTUHPA;

— Macmrab ocu Y TakoB, 4uto 1 yriaa -180° 3nauenue koopaunatsel pasuo 0, a
mutst yriia 180° 3HaueHue KoopauHaThl paBHO H;

— KoopauHaTta TOYKHM MO OCU Z TIPEJCTABIIACT KpaTdailee pacCTOSTHUE MEXIY

OCBHIO HWJIMHAPA U TOUKOMU.
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[locne mpeoOpa3oBaHus CHUCTEMBI KOOpAWMHAT BCE TOYKU JOOABISIOTCS B
okToziepeBo. [Ipu BeIOOpKE U3 Takoro okroaepeBa ocu X u Y OyAyT COOTBETCTBOBATh
ocsiMm X 1 Y n3o0pakeHus, a och Z OyAeT coaepKaTh TITyOUHY TOUKH, T.€. €€ PACCTOSTHUE

OT OCH IIPOCKIIHUH.

3.5. Cnocod 06padoTKu 00bIIMX 00/1AKOB TOYEK ITyTeM BHEPEHUsI CUCTEMbI
AJUIOKAIIUM 0TOOpaKaeMOH MAMSITH B CTOPOHHUE OMOJIMOTeKH 1414 linux

CHUCTEM

B pamkax wuccrmenoBaHusi anropuTMOB o0paboTkm obmaka Touek JIC ObL1O
pa3paboTaHO mporpaMMHOE oOOecledeHHe JJid pelIeHUus MNpoOJeMbl BbIIEICHUS
TpyOOIIpOBOJa B TNPUPOJHO-TEXHMUECKUX CHCTeMax. B kadecTBe OCHOBBI st
NPUMEHEHUST AITOPUTMOB 00pabOTKK 00JIAKOB TOYEK Oblja UCIOJIb30BaHa OMOIMOTEKa
Point Cloud Library (PCL). Onnako naHHas OWUOJHMOTEKa HE IMO3BOJISICT BBITOJHSTH
00paboTKy OOJIBIIKX O00JAaKOB TOYEK MPHU MOMOIIM HCIOJb3YEMbIX aaropuTMOB. Jliis
oOecrieueHus: BO3MOXKHOCTH 00pa0OTKU OONbIIUX 00JaKoB TodeKk B O6ubmuotexy PCL
OBLJIO IPOU3BEIECHO BHEJIPEHUE CUCTEMbI IMHAMUYECKON aJTOKallud Ha 0ToOpa)xaeMoiu
namsITH, onmMcaHHoW aBropoM B padote [90]. B manHOM pasaene OyayT paccMOTPEHBI
QITOPUTMBI, TPUMEHSEMbIC JJIS PEIICHUs 3a/adyd  BBIICTICHUS IWIMHIPUIECKUX
OOBEKTOB, a TaKXKe CIOCO0 BHEAPEHHS CHCTEMbl JAMHAMUYECKOW alJIOKallMh Ha
O0TOOpakaeMoM MaMsTH JIJIsl 00ecredeHus: BO3MOXKHOCTH 00pabOTKH OOJBIINX O0JIAKOB

TOYCK.

3.5.1. Pa3zpaboTka ajiropuTMoB BblJeJeHUS] HUJIHHIPUYECKUX 00 bEKTOB U3
00J1aKa TOYEK ¢ MPUMEeHEeHHEeM CHCTEMbI THHAMMYECKOH alJIOKAIMM HA

oToOpakaeMoil maMsTH

[Ipu na3zepHOM CKaHUPOBAaHWUU OCTPO CTOWT BOMPOC ACMUPPUPOBAHUS U
BEKTOpPHU3AIMM HWCXOJHBIX JaHHBIX. BBUIY OONBIIOr0 KOJWYECTBA Pa3HOOOPA3HBIX
npupoaHo-texaudeckux cucteM (IITC) ¢ yHUKaTbHBIMH XapaKTEPUCTHKaMH, HE
CYIIIECTBYET €IMHOTO cIocoba kKiaccudukanuu U oO0pabOTKUA JaHHBIX, MOTYyYEHHBIX
yTeM JIa3epHOTO CKaHMpOBaHUsA. B pamkax maHHOH paboOTBl OYIyT pPaccMOTPEHBI

aJITOPUTMBI TPUMEHUMBIE K oTesIbHOMY Kitaccy [ITC — tpybGonpoBoy.
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Opun u3 HanboJsiee YacTO MCMOJIb3YeMbIX MPUMHUTUBOB B TaKOW CHCTEME — 3TO
HWIMHAPUYECKass TMOBEepXHOCTh. Cpenu Npoyux MNPUMEPOB  IUIMHAPUYECKUX
MOBEPXHOCTEN MPUPOJHO-TEXHUUYECKUX CUCTEM — TpyOa, AepeBO (KOHYC), IbIMOBas
TpyOa (IWIMHAP WM KOHYC), CTOJO (B TOM 4YHCJI€ MHOTOTpaHHBIN), TOHHEJb, B

HCKOTOPBIX ClIydasiax, KaOeJb/ ITpOBOA. BI)I,ZIGJICHI/IG TaKHuX 3JICMCHTOB Tpe6yeTc;I JJIA:

— IIpoBenenuns n3mepeHuii;
— Iloxcuera cTaTUCTHKY;
— CHmXeHUs BU3yalbHON Harpy3Ku IpHu 0TOOpaXKeHUH 00J1aKka TOUEK;

— Dkcnopra B reonHpopmaronnbie cucremsl ('UC).

Taxkum 06pa30M HCCJICAOBAHMA B JAHHOM HAIIPpaBJICHUHN MOTYT OBITH ITOJIC3HBI JJIA
ABTOMATHU3allUH IMIPOLCCCOB OICHKHN COCTOSHHA IITC.

PaCCMOTpI/IM IMOCJICAOBATCIbHOCTL AJIOPUTMOB, IPHMCHSCMBIX JUJIA PCHICHUSA
3aJa4y BBIACICHUA TUINHIPUICCKUX HOBCpXHOCTCﬁ. MoxHO BBIACIUTL TP OCHOBHBIX

sTana oopaboTKH:

—  OunbpTpanus HeMH()OPMATUBHBIX TOYCK;
— Kiacrepusanus;

— Tlonck HMIMHAPUYECKUX TOBEPXHOCTEM.

B mporpamMMe maHHBIE STambl peamnu30BaHbl B BHUAE IOCIIEIOBATEIHLHOCTU
QITOPUTMOB, KOTOpbIE BMeECTe O00pa3yloT KOHBeWep o00paboTku oOJlaka TOYEK.
BXonHbIMH TaHHBIMH JJIS1 KXKIOTO alTOpUTMa SIBISETCS HaOOp mapaMeTpoB, a TaKke
obmako Touek B ¢opmate PCL, ocHOBaHHO€ Ha CTaHAAPTHOW peaTH3aIiH
JUHAMHYECKOIO0 MacCHMBa M pacCIoOJIOKEHHOE B omepaTuBHOM mamstu. Hmxe Oyner
MIPUBENICHO OMMCAaHWE KaKIOTO dTarna KOHBeiepa, MPUMEHIEMOr0 B MPOLIECCe PEIICHUs
JAHHOW 3a/ayd, €ro BXOJHBIX M BBIXOJHBIX MapaMETPOB, a TaKKE MCIOIb3yEeMbIX

aJIrOPUTMOB.
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3.5.2. Yaanenue majiouHGOPMATHBHBIX TOYEK

OObIuHO OO0NaKa TOYEK CHUJIBHO 3alllyMJIEHbI, TO3TOMY HEOOXOAWMO IPOBECTH
npouecc QuIbTpaluu JUisi TOro, 4TOObl U30aBUTHCS OT MaJOMH(MOPMATHBHBIX TOYEK,
KOTOpPBIE CHHYKAIOT KayeCTBO II0Jy4aeMOro pe3yJjbTaTa W YBEIUYUBAIOT BpPEMS
o0pabotku. Jlyis pemeHus 3Toi 3agaun OblI pa3paboTaH COOTBETCTBYIOLIUI alITrOPUTM.

B nanHOM ajiropuT™Me UCIOIB3YIOTCS CleAyrolume cpeacTa u3 onommoreku PCL:

— AJTOpPHTM CTaTUCTHYECKOH (MIbTpallMK yAAJCHHBIX TOYEK HAa OCHOBE
anroputma Statistical Outlier Removal;

— AnroputMm Bokcenuzaruu VoxelGrid.

Anroputm Statistical Outlier Removal siBrsieTcst ABYXIPOXOTHBIM aJITOPUTMOM.
Ha mepBom mpoxone aisi KaXJ0i TOYKHM BBIYMCISETCS CPEAHSsl OUCTaHLMS A0 K
Omkallmmx cocenei, k siBisieTcs HacTpauBaeMbIM 3HaueHHeM. Jlanee BbIUMCISIETCS
CpellHEe U CTaHAAPTHOE OTKJIOHEHUE I CPEAHUX TUCTaHLIUNA BCEX TOUYEK, IPU TOMOITA
JaHHBIX MApaMETPOB PACCUUTHIBAIOTCS TPAHUIIBl NUCTAaHIMK 1o ¢opMyle mean +
stddev_mult * stddev, rae stddev_mult sBnsiercs HacTpanBaeMbiM 3HaueHHEM. Ha Bropom
IPOXOJI€ BCE TOUYKU KIACCU(PUIUPYIOTCS KaK BHYTPEHHUE WJIM BHEUTHHE B 3aBUCUMOCTH
OT 3HAYECHUs MX CPEIHEW IUCTAaHLMM N0 cocenei. Bce BHEIIHHME TOYKHM CYUTAIOTCS
MaJIOMH(OPMATHBHBIMH.

Anroputm VoxelGrid npennasHadeH Uisi YMEHBIIEHUS KOJMYECTBA TOYEK B
obake Touek [91]. [ToBepx MCXOMHOTO 00IaKa CTPOUTCS TPEXMEpPHAsi CETKa BOKCEIICH,
IIOCJIE YErO JJIsl KaXKJI0I0 BOKCEJISI BCE TOUKH, HAXOIAIIMECS BHYTPH, allITPOKCUMUPYIOTCS
uX LeHTpouaoM. B pesynpraTe nosydaercs pa3psyK€HHOE OOJIaKO TOUYEK, KOTOpOe HE
MOTEPSIIO CBOMX T€OMETPUUECKUX CBOMCTB. [[aHHBIN allrOpUT™M MO3BOJISIET 3HAYUTEIHHO

YCKOPUTH JAalbHEHIIYI0 00paboTKy 00s1aka TOUEK.
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Omnwucanubie BeIe cpencTBa BMecTe hopmupytot anroput™ «Noise Reductiony.
JIaHHBIA aNTOpUTM NPUHUMAET Ha BXOJ 00JaKo TOuYeK Ui 0OpabOTKH, KOJIUYECTBO
ONMKaMIIuX coceiel U opor yIaieHus BHIOpPOCOB, TpeOyemblie AJisg paboThl aIropuTrMa
Statistical Outlier Removal. Pasmep Bokcens mis aaropurma VoxelGrid cuutaercs

ABTOMAaTHU4YCCKH, HCXOIsd H3 CpCI[HCI‘/’I IJIOTHOCTH 00JaKa TO4YEK. PGBYJIBTaT pa6OTI>I

aJITOpUTMa MOXHO YBUIETh HUKE Ha pUCYHKE 3.7.
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Pucynok 3.7 - Pesynbrar padotsr anroputma «Noise Reductiony - no (cBepxy) u mocie

(cHU3Yy)
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3.5.3. YaaneHue HepOBHBIX H IJIOCKUX MOBEPXHOCTE

AJNTOpyUTM yJANEHUS CIMIIKOM IIYMHBIX MIU CIUIIKOM IJIOCKMX CETMEHTOB TaK
e TMpeTHA3HAueH /i yAaleHus MaloMH(POPMATUBHBIX To4yeK. Ero mnpumeHeHue
OCHOBBIBA€TCSI Ha TOM, YTO HCKOMBIE IWIIMHIAPUYECKUE TMOBEPXHOCTH HMEIOT
OTIpeETECHHBIN payC KPUBU3HBI, @ 3HAYUT CIUIIKOM IIOCKUE U HA00OPOT CIUIIKOM
3alllyMJICHHBIE CETMEHThI OO0Jlaka TOYEK CKOpee BCero He OynyT NpuHaaIexKaTh
nckomMomy mwimHApy. st kaxxaoit Touku 6epetcs k coceneit, rne k — HacTpauBaemblii
napameTp, ¥ MO HUM METOJIOM HAWMEHBIIUX KBaJIpaTOB CTPOUTCS OMHCHIBAIOIIAS
MI0CKOCTh. [lociie 3Toro paccunThIBaeTCs CPEeTHEKBAAPATUYECKOE OTKIIOHEHUE TOYKHU OT
IUIOCKOCTH. TOYKM ¢ OTKIOHEHHMEM, HE YOBIIECTBOPSIONIUM 33JaHHOMY KPHUTEPHIO,
HCKJTFOYAIOTCS U3 BRIOOPKH.

ANTOpuUTM yHalleHusT HEPOBHBIX U IJIOCKUX TMOBEPXHOCTEH MPHHUMAET HAa BXOJI
o0naKko Touyek sl 0OpabOTKH, a TaKke MapamMeTpbl MUHUMAJIbHOM M MaKCUMaJIbHOMN
KPUBU3HBI TOBEPXHOCTH MJi1 OTcedeHHs. Pe3ynbrar paboThl alropurMa MOKHO
HaOI01aTh HIKE Ha pUCyHKE 3.8 KpacHBbIE TOYKH MPEACTABISAIOT COOOW HailJeHHBIC
IUIOCKHE TTOBEPXHOCTH, 3€JI€HbIE — CIUIIKOM IIIyMHbIE TOBEPXHOCTH. Bee nmoicBeueHHbIe

TOYKHU OYJyT yAaJIEHbI B PE3yJIbTaTe padO0ThI AJITOPUTMA.

B viewer — O X

Pucynok 3.8 - Pe3ynbrar pabots! anropurMa «Plane Extractiony
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3.5.4. Knacrepuzauus

Jlnst coxparieHusi 00beMa BBIYMCICHUI MPU TOUCKE MWIMHAPUYCCKUX OOBEKTOB
BBITIOJTHSIETCS pa30HeHUe OTPHUIBTPOBAHHOTO 00JIaKa TOUEK Ha OT/ICIBbHBIC KIIACTEPhI TPH
nomotnu anroputma Euclidean Cluster Extraction npencrasnennoro B 6ubamorexe PCL
(Pucynok 3.9).

) - Ty
; 1.,.,,"-;.-\":J :{\I\n\'
) 4 - / '
/ / .

Pucynox 3.9 — Ilpumep knacrepuzanuu oTHUIBTPOBAHHOTO 00JIaKa TOYEK

3.5.5. Tlouck UMIAMHAPUYECKUX MOBEPXHOCTEH

[Tonck MUAMHAPUYECKUX MOBEPXHOCTEN MPOU3BOAUTCS MPU MTOMOLIU aNTOPUTMA
Random sample consensus (RANSAC)%HFOPI/ITM OCHOBaH Ha cOOpe CTaTHCTUKH O
BXOJHBIX JaHHBIX. 13 00111€T0 HAOOpa BXOIHBIX TOUYEK CITy4yaliHbIM 00pa30M BhIOMpaeTCs
HEKOTOPOE MOJMHOXKECTBO (DMKCHUPOBAHHOIO pa3Mepa, KOTOpOE allpOKCUMUPYETCs
F€OMETPUYECKHM MNpUMUTUBOM. OOI1iee KOJIMYECTBO TOYEK BXOAHOro Habopa,
OKa3aBIIMXCA BOJM3M TMOJYYEHHOTO TMPUMUTHBA, 3allOMHHAETCS. ODTOT IMpolecc
MOBTOPSIETCSI HECKOJIBKO pa3. ' eoMeTpruuecKuii MpUMUTHUB, BOJIM3H KOTOPOTO 0Ka3ajJoCh
HauMOOJIbIIIEE YMCIIO TOYEK, C BBICOKOM BEpOSITHOCTBIO SIBISIETCA HaWIydlIen

anMmpOKCUMAIUEH BCEro MHOXKECTBA BXOIHBIX To4ek |92].
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ANTOPUTM MOUCKA IMIHHAPUIECKUAX MTOBEPXHOCTEN TAKKE MOICPKUBAET MTOUCK
NPUMHUTHABOB C 3aJaHHBIMH XapaKTepUCTUKaMH (paguyc, HampaBlieHHe W T.1.). B
Ka4yeCTBE BXO/IHBIX TAPAMETPOB AJITOPUTM MPUHUMAET OTUIBTPOBAHHOE U pa30uTOE Ha
KJIaCTepbl OOJIAKO TOYEK, KOA(PQPUIIMEHT BKJIaJa HOpMaJiell TpH TMOWCKe NWJIMHIpA,
konuuecTtBo urepanuit anroputMa RANSAC, ko duimeHT BKiIaga pacCTOSHUN TpH
MOWCKE MWIMHAPA, PaguyC HCKOMBIX TpyO (MHHUMAIbHBIA W MaKCUMAJIbHBIN),
KOJIMYECTBO HTEpAIMid TMOWCKA, MUHUMAIBHOE KOJIMYECTBO TOYEK, KOTOPHIE MOTYT
pUHAIeKATh TUIMHAPY. Ha BeIxo/ie anroputma MOXKHO MOJTYyYUTh CIIMCOK UJIMHIPOB
1 00JaK0 TOYEK 0€3 MJIMHIPUYECKUX TOBEPXHOCTEN.

Pesynbrar paboThl airopuT™Ma MOXKHO yBHAETh HUke Ha pucyHke 3.10. IieTtom
MIOJICBEYCHBI TOYKH, MPUHAJICKAIINE HAWJCHHBIM IUJIMHAPAM, JIMHUA OTMEYalOT OCHU

MUJINHAPOB.

B viewer — O *

Pucynox 3.10 - Pe3ynbrat paboThl asiropuT™Ma MOMCKa MATUHAPUYECKIX

TOBEPXHOCTEN
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3.5.6. BHegpeHue cucTeMbl IMHAMHYECKOH AJIOKAIUM TaHHBIX

Jlns  obOecmiedeHUss BO3MOXHOCTH OOpaOOTKM  OOJBIIUX OO0JIAKOB TOYEK
HEOOXOJMMO COKPAaTUTh OOBEMBI JAaHHBIX, HAXOJIIIMXCS B ONEPATHBHON IMaMATH, C
MUHUMAJIbHBIMH W3MEHEHHUSIMU B HMCXOJHOM KOJI€ MCIOJIb3yeMOou OMONMMoTeku. Bbhuro

PacCMOTPEHO JIBa BO3MOXKHBIX CIIOC00a:

1. BHenpeHnue amiokaTopa B peanu3aluio JuHamuyeckoro maccuBa PCL —
MO3BOJIIET C MMUHMMAJIbHBIMA W3MEHEHHUSMU B UCXOAHOM Koje OMOJIMOTEKH
o0ecreunTs ee padboTy Ha BTOPUYHON CUCTEME XPAaHEHHUS,;

2. IlonmHass moAMEHa CHUCTEMHOIO ailjloKaTopa — IMO3BOJISIET OOECHeuuTh
MepeHanpaBICHUE BCEX 3alPOCOB HA BBIJECICHUE U OCBOOOXKICHHUE JTaHHBIX B
MpeAI0KEHHBIN ajiokaTop. He TpedyeT HUKakuX H3MEHEHU B UCXOTHOM KOJIe
OMOIMOTEKH, OTHAKO MOXKET HETaTUBHO MOBJIMSTH Ha CII0KHBIE IPOTPaMMHbBIE

KOMIIOHCHTHBI.

B nepBom ciiydae TpeOyercss U3MEHUTh HCXOJHBIE KOJbl OUOIMOTEKH, YTOOBI
UCIIOJIb3yeMasl peald3alsi JUHAMUYecKoro MaccuBa B Oubnuorexke PCL  Obina
oOBsIBIICHA C MIPUMEHEHHEM aJlIoKaTopa Ha oToOpakaemon mamsTu. CaMo M3MEHEeHue
HEBEJIMKO, HO BBHUY TOTO, YTO JAHHBIH TUHAMUYECKHA MACCUB OOBSIBIEH BO MHOTHX
MecTax B OMOIMOTEKE, U3MEHEHHUs, KOTOphie MOTpeOyeTcsi BHECTH, OYIyT JOBOJBHO
3HAUNUTEIbHBIMU. KpoMe TOro, MmogoOHbIE W3MEHEHHS CYIICCTBEHHO YCIOXKHSIOT
nepexo;] Ha HOBbIE BEPCUU OMOIUOTEKH.

Bo Bropom cayuwae mas  LiNUX-mogoOHBIX —ONEpalMOHHBIX CHCTEM OblLia
paccMOTpeHa BO3MOXKHOCTHL mepeomnpeneiacHuss  malloc_hook u  free_hook [93],
KOTOpasi TO3BOJIMJIa MCHOJb30BaTh B (yHkiusax malloc u free ceoro peamusariuio
ayutokaropa. CTOUT OTMETUTH, YTO MOA00HAs TI100aTbHAs TIOIMEHA aJJTOKaTopa IIpUBeia
K HeCcTaOWIbHOW paboTe IOJIb30BATEIBCKOTO HHTEep(deiica W HEKOTOPBIX JPYTUX
KOMITIOHEHTOB TPOTPaMMbI, YTO OBLJIO pEMIEHO TPH TOMOIIM OTPAHUYCHUS
MHUHHAMAJIGHOTO pa3Mepa BBIICIIEMOTO Yy4yacTKa IaMsITH, I KOTOpOTo OyaeT

HCIIOJIB30BaThCA HpC,HHO)I(eHHBII;’I aJIJIOKaTop.
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JIJist TeMOHCTpary TaHHOTO TMOAXO0Aa OyIeT WCIOIh30BaThCS BTOPOW BapHaHT
peanu3anuy, Mo NPUYMHE MPOCTOTHI €ro uMmiuieMeHTanuu. OgHako B 00IIeM ciydae
CTOUT PEKOMEHJOBATH TMEPBBIA MOAXOJ, TaK KAaK OH IIO3BOJISICT JIOKAJIU30BATh
UCIIOJIb30BAaHUE AJJIOKATOpa JJIsi OTACIbHBIX KOMIIOHEHT CHUCTEMBI, a Takke 00JamaeT

OOJIBIIIEN HAAEKHOCTBIO.

3.6. BoiBoabI

B Tperbeli rinaBe NpUBENEHO ONHMCAHHME AITOPUTMOB M CTPYKTYp JaHHBIX,
IPUMEHSAEMBIX MPU MOCTPOCHUH OKTOAEpPEBAa W 00pabOTKH 00Jilaka TOYEK B YCIOBUSX
OrpaHUYEHHOI0 NOTPeOIeHHs onepaTUBHON amsATH. [Ipu mpoekTHpoBaHUN aITOPUTMOB
U CTPYKTYp JAHHBIX ObUIM NPUMEHEHBl CHUCTEMHBIA U OOBEKTHO-OPUEHTHUPOBAHHBIN
MOJIXO/IbI C LIEJIbIO BBISIBJIEHUSI OCHOBHBIX KOMIIOHEHTOB CUCTEMBI, ONPEEIECHUS CBSI3En
MEXy HUMH, UX (QYHKIHMH U 1esel, a TakKe JUIsl CO3/1aHns HEOOXOAUMBIX abcTpakiui

Y UHTEP(PENCOB NpH peatn3aluu.

1. PaccmoTtpeH nporiecc 3arpy3ku oosaka touek B popmare LAS. [l yckopenus
mpolrecca 3arpy3ku MpPeasioKEHO HUCIIOIb30BAaHME ACMHXPOHHOIO MOAXOAa K
IPOIIECCY 3arpy3KH U Mpe1o0paboTKH y4acTKOB 00JI1aKa TOYCK.

2. PaccMOTpeHBI anrOpUTMBI W CTPYKTYPHI JAHHBIX, MCHOJB3YIOIMHAECS B
OKTOJIepeBe Ha 0Oa3e cucteMbl kemupoBaHus. PaccmoTtpena peanmuszanus LRU
CUCTEMbl KEIIUPOBAHUS C HUCIOJIb30BAaHUEM ACHHXPOHHON HEOJOKHUPYIOIICH
ouepenu. llpeasoxkeH aaropuT™M NOCTPOCHUS OKTOAEPEBA, IMO3BOJISIOLIMIMA
COKPaTHUTh KOJIMYECTBO CO37aBaEMbIX (PailsioB.

3. PaccmoTpeHbl anropuTMBI M CTPYKTYpPBHl JTaHHBIX, WCITOJIB3YIOIIHECS B
OKTOJIepeBe Ha 0a3ze MexaHu3ma oroOpaxkenus. [Ipemmoxena peamuzarus
HUepapXuuecKoi CTPYKTYPhI OKTOJIepeBa Ha 6a3e 1eI0UUCICHHOW apu(METHUKH.
[IpensoxeH crnocod opraHu3aiy XpaHeHUsl JaHHBIX OKTOJIepeBa Py MOMOIIIH
MEXaHu3Ma OTOOpakeHHs] TaMsiTH. [IpensiokeH anropuTM JUHAMUYECKON

aJUTOKAIlMY JJAHHBIX Ha OTOOpa)kaeMOoM MaMsITH.



148

4. PaccMOTpeH anropuT™M MOCTPOSHUS LUIMHIPUUECKUX MMOBEPXHOCTEN 00JIaKOB
TOUYEK, HMCHOJb3YIOIIMM OKTOIEpeBO g oOecnedeHuss 00paboTku oOiaka
TOYEK C WCIIOJb30BAHUEM BTOPUYHOW CHCTEMBI XPAHEHHMS, PACCMOTPEH
QITOPUTM  BBIJEIEHUS LWIMHAPUYECKUX IIOBEPXHOCTEH, MCIOJIb3YIOLIUN
QITOPUTM JTUHAMHUYECKON aJUIOKallMM Al obecrnieueHust oOpaboTku oOiaka

TOYCK C UCIIOJIBb30BAHUEM BTOpH‘-IHOfI CUCTCMbI XpaHCHMU.

B naHHO# rnaBe Obula pacCMOTPEHA MpOrpamMMHas pean3alus CIETYOIINX

MOJI0KCHU I AUCCCpTaln:

1. Meron u anroput™m mnpenoopaboTku mHboOpMaIuu o0Jaka TOYEK Ja3epHOro
CKaHMPOBAHHUA, 3aKIIOYAIOIIMHCA B €€  CTPYKTYpUPOBAaHUU  IIyTEM
(opMupoBaHus OKTO/EpEBa Ha 0a3e aCUHXPOHHOH JBYXYPOBHEBOW CHCTEMBI
KEIIMPOBAHUS, HCIOJNB3YIONIMI BHEIIHIOK TMaMsATh TMPU  PEBHIIICHUH
oOpabatbiBaeMoil  umHpopManmeli o0beMa  ONEPAaTUBHOM  MaMsITH U
MO3BOJISIIONIMN COKPATUTh KOJIMYECTBO CO37aBaeMbIX (DaillIoB Il CHUKEHUS
BIUSHUS OOMEHOB C BHEITHEH MaMATHIO Ha MTPOU3BOIUTEIBHOCTD.

2. Meton u anroput™m mnpenodopadboTku nHpopmanuu objaKa TOYEK Ja3epHOTO
CKaHMpPOBAHWA, 3aKIIOYAIONIUNACA B €€  CTPYKTYpUPOBAaHUU  TyTEM
dbopmupoBaHus OKTOJepeBa Ha 0a3e MexaHu3Ma OTOOpPKECHHS TaMSTH,
UCTIOJIb3YIOIIMKM  BHEIIHIOI TaMsATh U1 XpaHeHus uHOOpMaruu C
BO3MO>XHOCTBIO TIPSIMOTO JOCTYNa W MHTEPAKTUBHON MOIU(DUKALINU, a TaKKe
MO3BOJIAIOIINNA  YCKOPUTH BBHITIONHEHHE OMNEpaluid JocTyna K JaHHBIM
OKTOJEpeBa 3a CUeT KOAMPOBAaHUS C MCIOJIb30BAHUEM IIEJIOUHUCICHHON
apu(PMETUKH W COKPATHTh KOJUYECTBO CO3/aBaeMbIX (DAilJIOB 10 OJHOTO IS

CHM)KEHHS BJIMSHHUS OOMEHOB C BHEIITHEH ITaMATHIO Ha IMPOU3BOAUTCIIbHOCTD.
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B nanHO¥ T71aBe OBUTM PENICHBI CIEMYIONTNE 3a/1a4U TUCCEPTAIUN:

1. Pa3paboTka HOBBIX METOJIOB OPraHHU3alMU BBIYUCIHMTEIBHOIO Ipolecca
00paboTkH 00J1aKka TOYEK, OCHOBAHHBIX Ha BBIJIBUHYTOM rurorese. PazpaboTka
KOMITOHEHTOB, AJITOPUTMOB U CTPYKTYP AAHHBIX TAKHX CUCTEM, UCCIIEIOBAHUE
B3aUMOJICCTBUN MEXIy HUMH, cucTeMHbIM [1O, onepatuBHOW W BHENIIHEH

IMIaMATBIO.
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I'naBa 4. DxcnepuMeHTaNbHAsA anpodanus U OLeHKa 3pPpexkTUBHOCTH

JlaHHas TJ1aBa MOCBSIICHA SKCIICPUMEHTATLHOMY HCCIICI0OBAHUIO MPET0KECHHBIX
OKTOJICPCBBCB, a TAKXKE aJrOPUTMOB OOpaOOTKH OO0JIAKOB TOYEK C HCIOJIb30BAHUEM
NPEUIOKCHHBIX ~ OKTOJIEPEBhEB.  [IpeNIOKEHHBIC  AJITOPUTMBI  CPaBHHBAIOTCS  C
CYIICCTBYIOIIUMH PEIICHUSIMH, PACCMATPUBAIOTCS UX HEJIOCTATKH M OTPaHHYCHUSI.

Pe3ynbTaThl, U370KEHHBIC B JIAHHOW TJ1aBe OBUIM OIMYOJMKOBAHBI COMCKATEIIEM B
cratbe [29].

B nanHO# riaBe BRIMOJHSIOTCS CIICIYIONINE 3a]ja4u JUCCEPTAIUU:

1. IlnaHupoBaHHE M MPOBEIECHUE SKCIEPUMEHTAIBHBIX MCCIEAOBAHUN C LIEIbIO
OLICHKH 3(PPEKTUBHOCTH TMPEATOKEHHBIX METOIOB JIA Pa3IUYHBIX 3aaa4
00paboTKM oO0JaKka TOYEK U TMOATBEPKICHHUS NPABUIBHOCTU BBIJBUHYTOU
runote3bl. OnpeaeneHue noka3aTesel, XapakTepu3yOINUX BbIUYUCIUTEIbHBINA
nporecc 00paboTku 00aKka TOYEK MPU UCIOJIH30BAHUM BHEIIHEH MaMATH, U
pa3paboTKa BBIYMCIUTENIBHBIX OKCIIEPUMEHTOB ISl IOJyYEHHUS OTUX
nokazaTesieid M CpaBHEHMsI C CYIIECTBYIOUIMMH peaiu3auusMmu. Pa3paboTka
METOJIMKH BBIOOpA MapamMeTpoOB OKTOJEpPEBa B 3aBUCUMOCTU OT IEJIEBOU
HanpaBieHHOCTH 00paboTku. HccnenoBaHue BO3MOKHOCTH MPUMEHEHUS
NPEIJIOKEHHBIX PENIeHWd B CTOPOHHUX TMPOTPAMMHBIX OMOIMOTEKaxX
00paboTKM 00JAaKOB TOYEK, OPUEHTHPOBAHHBIX Ha pabOTy B OMNEPATHBHOU

naMsTH, U pa3paboTKa COOTBETCTBYIOMINX MPAKTUUECKUX PEKOMEHIAITUH.

4.1. UcxoaHble JaHHbIE JJIs1 TECTUPOBAHUSA

O6naka To4eK, IPH MOMOIIN KOTOPBIX OYJIeT MMPOU3BOIUTHCS IKCIIEPUMEHTATbHAS
OIlcHKa, NpuBeaeHBI B Ta0uie 4.1. Beibop 00/1akoB TOUEK MPOU3BOIUTCS TaK, YTOOBI
obecrieuuTh ¢ hepeHITHAIUIO TI0 Pa3Mepy, INIOTHOCTH, TOTIOJIOTUN U METOTy ChEMKH B
IEIIX JEMOHCTpAlui paboThl aIrOPUTMOB Ha IIUPOKOM CIIEKTPE BXOIHBIX HAOOpPOB
naHubix. [IpencraBieHHble 00Jlaka TOUEK OBUIM TOJIYYEHBI B peE3yJIbTaTe pelIeHUs

PCaJIbHBIX IIPOMBIINUICHHBIX U UCCIICAOBATCIIbCKUX 3a/1a4.
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Tabnuna 4.1 — O0naka TOYEK AJi TECTUPOBAHUS

Ne | HazBanue Kom-Bo Touek, MIIH Pasmep, I'b
1 |five.las 1.2 0.03

2 | polytech.las 51.6 1.8

3 [ smolny.las 126 4.3

4 | molodezhnoe.las 1560 53.4

5 |road.las 21 0.685

Paccmotpum  moapoOHee  TpeasioKeHHbIE
pa3IMyYaOTCd MO KOJIUYECTBY TOYEK, pa3Mepy, IUIOTHOCTH, METOAYy cbheMkH. Ha
M300paXEHUSIX HUXKE OyIeT NMPUBEJICH BHEIIHUM BUJ O0JAaKOB TOYEK, a TaKKe HX
IJIOTHOCTh. [IMOTHOCTH paccuMThIBAIACH MYyTEM MOACYETAa KOJIUYECTBA COCENEH s
KXo TOukd B paguyce 15 cm. Uem Ombke 3HaUCHHE TAaKOro paauyca K cpeaHein
IJIOTHOCTH O0JIaKa TOUYEK, TeM 00Jiee TOYHBI Pe3yJIbTaThl, TIOATOMY JIaHHBIM pagnyc ObLI
BBIOpaH, 4TOOBI YJIOBJIETBOPATh BCeM 00JIakaM TOYEK, TPEAOCTABIISAA SAMHYIO KAy TS
cpaBHEHHMS IUIOTHOCTEH. Ha n300pakeHnn Takxke npuBejieHa JorapupMudeckas mkaia

IINIOTHOCTH, Ha KOTOpOﬁ MpCaACTaBJICHO COOTHOIICHHUC IBCTAa PACKPACKH W 3HAYCHHA

IINIOTHOCTH.

o0Jlaka TOUYEK.

O0Olaka TOYEK



152

five.las. JlanHoe 00J1aK0 TOYEK MO3BOJISIET UCCIIEAOBATh TIOBEJCHUE CUCTEMBI TIPH
MaJIOM KOJMYEeCTBE TodueK. VcTouHukoM oOjaka TOYEK SIBJIAETCS —JIa3epHOE
ckanmpoBaHue. M3o0pakeHne obiaka MpuBeneHO Ha pucyHke 4.1, a MIOTHOCTH Ha

pucynke 4.2.

Pucynok 4.2 — ITnotHocTh 001aka Touek five.las
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polytech.las. [lanHoe o00yiak0 TOYEK MPEACTABISIET PE3yabTaT CKAHUPOBAHUS
Hayuno-UccnenoBarensckoro Kopmyca CIIOIIY u ero oxpectHocTeld mpu MOMOIIU
JpOoHAa C BUICOKaMepaMu, B CHITy 4yero obnaaaet 6ojiee paBHOMEPHBIM pacipeieicHueM
IUIOTHOCTH, OJIHAKO MMEET NPOCTPAHCTBEHHbIC MCKakeHUs. M300paxkeHue obOnaka

MpPUBEACHO Ha pUCYHKeE 4.3, a INIOTHOCTh Ha pUCYHKE 4.4.

Pucynox 4.3 - M3o6paxenue obaka Touek polytech.las

18.0485
12.5715

8.75651

Pucynok 4.4 - IInotHocTts 00saka Touek polytech.las
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smolny.las. JlanHoe 007aK0 yKe COAEPIKUT 3HAYMTEIBHOE KOJIMYECTBO TOYEK U
SBJISIETCS PE3yJIbTATOM COBMEIIICHUS JTaHHBIX C TPEX TOYCK CKaHUPOBaHus. 300paxenue

obJaka MpUBEICHO Ha pUCYHKE 4.5, a TIIOTHOCTH Ha pUcyHKeE 4.6.

2475.91

932.219

350.995

Pucynok 4.6 - [ImotHOCTh 00J1aka Touek sSmolny.las
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molodezhnoe.las. JlanHoe 00;1aK0 COEPKUT MOJITOPA MUJLTHAP/IA TOUCK U YIKE HE
MOXET OBITh 3aIPY’KEHO B MAMSATh IIEJTMKOM B OOJBIIHHCTBE BHIYUCIUTEIBHBIX CHCTEM.
SIBnsteTcst pe3yabTaTOM COBMEIICHHUS JAHHBIX ¢ MHOTOYHCIIEHHBIX TOYEK CKAHUPOBAHHUSL.

N300paxkenune obiaka MpUBEACHO Ha pUCYHKE 4.7, a TUIOTHOCTh Ha pUCyHKe 4.8.

A

CoAr //'
7.

w

e —

Pucynok 4.8 - [InotHocTh 00s1aka Touek molodezhnoe.las
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road.las. JlanHoe 00MaKO0 HCHOJNB3YeTCS B  aJIrOPUTME  OCTPOCHHUSI
[WJIMHAPUYECKOW TIPOSKIMUA M SBISCTCS pPE3yJbTaTOM MOOHJIBHOTO JIa3ePHOTO
CKaHHpOBaHusi qoporu. M300paxeHnue obnaka npuBeaeHo Ha pucyHke 4.9, a IIoTHOCTb

Ha pucyHke 4.10.

Pucynok 4.10 - [TnotHOCTh 00saka Touek road.las
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4.2. JKkcnepUMEHTAJIbHAS OLleHKA aJIrOPUTMOB ()OPMHPOBAHNS OKTOepeBa

B nmanHOM paszgene OymeT pacCMOTPEH MPOIECC TOCTPOCHHS OKTONIEPEBHEB C
UCTIONIb30BaHUEM  CTAHJAPTHBIX M MPEMIOKEHHBIX  alTOPUTMOB.  Pe3ynbTarhl
OImyOJIMKOBaHBI aBTOPOM B cTaThe [29]. B kauecTBe MCXOTHBIX 00JIAKOB TOYEK OYIYT
ucnonb3oBanbl  five.las, polytech.las, smolny.las, molodezhnoe.las, 4ro mo3BoauT
IPOJEMOHCTPUPOBATh PabOTY OKTOJIEPEBHEB HA IMMPOKOM JHANAa30HE BXOIHBIX JaHHBIX,

pasiimIaromuxcs 1o KOJINMYCCTBY TOYCK, X IINIOTHOCTU U MCTOAY CbCMKH.

4.2.1. PazpadoTka cucTeMbl NOKa3aTeJieil, XapaKkTepu3yOIuX Mpouece
CTPYKTYPHPOBAHMS JaHHBIX, IPEBbIMAKIINX 00beM OCHOBHOM MAMSATH, H
pa3padoTKa BHIYMCIUTEIbHBIX IKCICPUMEHTOB I MOJYYEeHHUS ITUX

nmokasareJieu

BeigenuM OCHOBHBIE MOKA3aTeNM, MO3BOJISIIOIIME OXapPaAKTEPU30BATH ITPOLECC
CTPYKTYpUPOBAHHS JaHHBIX, IIPEBHIIAIOINIMX 00beM OCHOBHOM mamsTu. IIpexae Bcero
CTOUT OOpaTUTh BHMMaHHE Ha 00BEM NOTPEOIsIEeMO onepaTUBHON mamsTH. JaHHBII
MOKa3aTelb MO3BOJISIET I0Ka3aTh KOPPEKTHOCTh PA0OTHI CUCTEMBI B 337]a4€ YMEHBIIICHUS
oTpeOJIIEMOI OrepaTUBHOM MaMATH, a TaK)Ke HATJISIHO JICMOHCTPHUPYET 3aBUCUMOCTD
noTpedsiieMoil TaMsITH OT pa3IMYHbIX [apaMeTpoB OKTojAepeBa. [l oueHku
MIPOM3BOUTEILHOCTH MPEAJIOKEHHBIX OKTOJIEPEBbEB UCIIOIB3YEM MOKA3aTeId BPEMEHHU
MIOCTPOCHMS M BpEMEHU MOMCKa B OKTOJIepeBe. JlaHHbIE TOKa3aTeIM MO3BOJISIIOT OLIEHUTh
CHIIKEHHME TIPOU3BOJUTEIBLHOCTU MO CPABHEHUIO ¢ pabOTOM B ONMEpPaTUBHOM MaMsTH, a
TaKXX€ IPOJEMOHCTPUPOBATh 3aBUCHUMOCTb CKOPOCTH IIOCTPOCHHUS U TIOMCKa OT
Pa3IMYHBIX MapaMETPOB OKTOAEPEBA.

Paccmotpum  mpornecc AKCTIEPUMEHTATLHON OLIEHKH PEIJI0KEHHBIX
OKTOJIEPEBbEB, UCITOJIB3YIOIINUN BBIAEICHHBIC MMOKa3aTenu. Llenbro sKkcrepuMeHTalbHON

OIICHKH OYJIET U3MEPEHHUE:!

— O06bema noTpebieHus MaMsTH B MPOIECCE TTOCTPOCHHS OKTOIEPEBA,;
— CKOpOCTH ITOCTPOSHHUS OKTOIEPEBA B 3aBUCUMOCTH OT Pa3IMYHBIX TTapaMEeTPOB

y3JI0B;
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- CKOpOCTH IIOHUCKa B IMMOCTPOCHHOM OKTOACPEBC B 3aBUCUMOCTHU OT pa3/IMYHbIX

apameTpoB y3JI0B.

BI)I,HeJII/IM Ha60p TCCTOB, H€06XOIII/IMBIX 1 aHaJIn3a IIPOU3BOAUTCIIBHOCTH U

HOTpC6J'IeHI/I$I maMsITU OKTOACPCBOM.

— Tect Nel mpegHa3HaueH i1 OIEHKM 3aBHCUMOCTHM BPEMEHH IOCTPOECHUS
OKTOJIEpEBA OT HCIIOJIB3yeMOro paszMepa y3na. [[ns okromepeBa Ha 0ase
CUCTEMBI KEIINPOBAHUS JOMOJHUTEIBHO U3MEPSETCA CKOPOCTh MOCTPOCHUS B
3aBHCUMOCTH OT YCTAHOBJIEHHBIX pa3MePOB Kemia. TecT mpou3BOAUTCS IYyTEM
M3MEPEHUS CKOPOCTH MOCTPOEHHUS OKTOJIEpEBa pa3INYHBIX 00JIAKOB TOUCK;

— Tect Ne2 mpennazHaueH Jyisi OLIEHKHM MOTPeOJsieMOM MaMsTH B MPOIECcce
IIOCTPOEHUSI  OKToJAepeBa. TecT MPOU3BOAUTCA  IIYTEM  HU3MEPEHUS
noTpedasieMoil maMaTH B  HpoOLEcCe TMOCTPOCHUS  OKTOAEpeBa IS
OTpeJIeTICHHOT0 00JIaka TOYEK;

— Tect Ne3 mnpeaHazHaueH [l OLIEHKH 3aBUCUMOCTH CKOPOCTHM TIOMCKAa B
OKTOJIEpEBE OT HCIOJIb3yeMOoro pasmepa ysna. s okrtonmepeBa Ha 0ase
CHUCTEMBI KEUIMPOBAHUS JIOMOJHUTEIBHO HU3MEPSAETCS CKOPOCTH IOHUCKA B
3aBUCUMOCTH OT YCTAHOBJIEHHBIX Pa3MEPOB Kemia. TecT Mpou3BOAUTCS ITyTEM

HU3MCEPCHHA CKOPOCTHU ITOMCKA B OKTOACPCBE JIsI PA3JTMIHBIX 00JIaKOB TOYEK.

JInst OIICHKM CHIDKCHHUSI TPOW3BOJUTEIBHOCTH TPU HCIOJIb30BAHHH BTOPHYHBIX
CHCTEM XpaHCHHS TE JK€ TEeCThl OYIyT NPOBEICHBI C HCIOJIb30BAHUEM TOIBKO
OIIEPAaTUBHOW MaMSTH, 32 MCKIIOYeHHEM oOnaka Ttouek molodezhnoe.las, Tak kak oHo
CITUIIIKOM BEJIHKO.

JInsi TpoBeleHHsT BBIYMCIMTEIBHBIX OKCIEPHUMEHTOB OyIeM HCIOJb30BaTh
CIICYIOIIYI0 KOH(DUTYPAIHIO TECTOBOTO CTEH/IA!

LenTtpansusiii mporeccop (LIITY): Intel® Core™ i7-7820HQ CPU @ 2.90 GHz

OIT: 2 x SODIMM DDR4 2400 MHz (2x8 GB)

BII: Samsung SSD 850 PRO 1 TB

OC: Ubuntu 18.04
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dC: Ext4

4.2.2. JKcIepuMEeHTAJIbHAS OlleHKA OKTOJepeBa Ha 0a3e CUCTEMbI

KellMpPOBAHUSA

Tect Nel: Bpemsi mocrpoenusi nepeBa. Ha pucynke 4.11 u pucynke 4.12
NPEJCTaBICH pPe3ylbTaT aHaju3a MPOU3BOJUTEIBHOCTH MOCTPOCHHUS OKTOJAEpEBa MpPH
UCTIOJIb30BaHUU CUCTEMBI KemnpoBanusa. Ha rpadukax crutomHas JUHHUS UCTIOIb3YeTCs
JUIsl OTOOpaKEHUS pe3yIbTaTOB 00pabOTKU B (ailioBOM MaMsaTH, MyHKTHUpHAs — JJIs
OTOOpaKEHUS PE3yJbTaTOB OOpPabOTKH B OINEPATUBHOMN IMaMSTH, I[BET COOTBETCTBYET
UCTIOIb3yeMoMy 00J1aKy Todek (3esensbii — five.las, kpacusiii — polytech.las, 6upro3oBerit
— smolny.las, po3ossiii — molodezhnoe.las). /list aToro npoBeaeHb U3MEPEHUST BPEMEHU
MOCTPOEHUS AepeBa ISl pa3IMuHbIX 00J1aKOB Touek B onepatuBHON (RAM) u daitnosoit
(HDD) namsitu myTeM H3MEHEHHs pa3Mepa y3iia u pazmepa keiia. Takoi TecT mo3BoiseT
BBISICHUTH ONTUMAaJIbHBIE TTAPAMETPHI IEPEBa, a TAKXKE MPOJAEMOHCTPUPOBATH PA3HUILY B

CKOpPOCTH ITOCTPOCHUA ACPCBA B OHepaTHBHOﬁ IHaMsAaTH U C UCIIOJb30BAHUCM KCCTKOI'O

1000 g

100 |

JTHCKA.

Bpems, c.

0,1+

I S R
10 20 30 40 50 60
Pasmep y3na, ThiC. TOYEK

five - HDD five - RAM = polytech - HDD ++++ polytech - RAM

smolny - HDD smolny - RAM —— molodezhnoe - HDD

Pucynox 4.11 - 3aBUCHMOCTb CKOPOCTHU MOCTPOEHUS JEPEBA OT MAKCUMAIBHOTO

pasmepa y3na
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Kak BunHO Ha pucynke 4.11, mocTpoeHue aepeBa 3HAUUTENbHO 3aMEJISIETCS MPU
HCITI0JIb30BAHUU Y3JIOB MAJICHBKOTO pa3zmMepa. ITO 0OBICHAETCS MPSIMOM 3aBUCUMOCTHIO
MEXIy pa3MepoM y3ja U TIIyOMHON JepeBa: 4eM MEHbBIIE y3ed, TEM Ha OOJIBIIyIO
rIIyOMHY CITyCKaeTcs odepenHas Touka M3 oOJjlaka Mpu TNocTpoeHuu. B ciywae c
(balnoBeIMH ONEpALMSIMU pa3MeEpP y3Ja BIUSET OCOOCHHO CHUJIbHO, TaK KaK MPUBOJUT K
3HAYUTEbHOMY YBEIMUYEHHUIO KOJIMYECTBA CO3/1aBaeMbIX (pailioB. YBennueHue pazMepa
y3Ja TakKe HEraTMBHO BJIMSET Ha CKOPOCTh IOMCKa IO JAEepeBy, 4TO Oyner

IIPOJIEMOHCTPUPOBAHO B TAIBHENIIINX TECTAX.

1000+

100 |

10

Bpems, c.
]

0.1+

500 1000 1500 2000
Pa3smep Kewa, MbanTt

— five - HDD -+ five - RAM — polytech - HDD -+=- polytech - RAM
smolny - HDD smolny - RAM —— molodezhnoe - HDD

Pucynox 4.12 - 3aBUCUMOCTH CKOPOCTHU MOCTPOCHUS JIEPEBa OT UCIIOIH3YEMOT0 00beMa

KeI1Ia

N3 pucynka 4.12 BuAHO, 4TO yBEIMYEHHE OOBEMa Kella YCKOPSIET Mpoliecc
NIOCTpOEHUsl JepeBa. TeM He MeHee, 3HaYMTEIbHOIO BKJIaJa OH HE BHOCHUT, TaK Kak

n00aBIIsieMble TOUKH OOBIYHO pa30pocaHbl Mo 00J1aKy HEPaAaBHOMEPHO.



161

[lo pe3ynpTaTam MNpPOBENEHHOTO TECTa MOXKHO YTBEPXAATh, UYTO YyBEIWYCHHE
pasMmepa y3na Wik o0beMa Kellla MPUBOJUT K YCKOPEHHUIO MOCTPOEHHUS OKTOJIEpEBa.
Taxxe MOXHO 3aMETUTh, YTO XapakTep H3MEHEHUN NPAKTHUYECKH HE 3aBUCUT OT
uccienyeMoro obmaka Todek. [[ins BbIOOpa Hauiyyllero 3Ha4YeHHs pa3Mepa ys3ia
HEO0OXOMMO TaK»Xe MPOBECTU U3MEPEHUSI CKOPOCTH MOUCKA MO0 TOCTPOECHHOMY JIEPEBY.
Yro kacaeTcst BIOOpa MOIXOJSIIETO pa3Mepa Kella, TO pEeKOMEHAYETCsl UCTIOIb30BaTh
MaKCUMaJIbHO JOIMYCTUMOE 3HAaY€HUE B Balllel CUCTEME, HO HE MPEBBINIAIOIIECE pa3Mep
HaubobIIero oopadbarsiBaeMoro objaaka ToYeK.

Tect Ne2: Ilorpedsenue mamsatu u  ¢aiyoBble onepauuu. IIposepum
KOPPEKTHOCTh PA0OTHI CUCTEMbI KEIITUPOBAHMS B YCIOBUSIX OTPaHUYCHHS MOTPEOIIsIeMOi
OlepaTUBHOM MaMATH. B 1aHHOM TecTe npuBeAeHbI rpadKU MOTPEOIEHHUS ONIEPATUBHOM
u (aitnmoBoit mamsatu. Ha pucynke 4.13 mnpuBeneH rpaduk 3aBUCUMOCTH OObeMa
notpebnenuss L1 (RAM) u L2 (HDD) ot xonudecTBa 3arpy>K€HHbIX TOUYEK B IMPOIECCE
IIOCTPOCHHUST OKTapHOro jepeBa. IlorpebieHue omepatuBHOW mamsata (RAM)
OTOOPaKEHO 3€JICHBIM 1IBETOM, pa3Mep JIaHHBIX Ha jkecTkoM aucke (HDD) orobpaxen
CUHHM I[BETOM, OrpaHudeHue nmotpedisemont mamsaru (Capacity) oroOpakeHO KpacHbIM
nseroM. Ha pucynke 4.14 npuBeneH rpaduk (ailioBbIX omepamuii B MpoIecce
IOCTPOEHHUS OKTApHOro JepeBa. TecTupoBaHUE IMPOU3BOAMUIOCH Ha oOOJaKe TOYeK
smolny.las ¢ ycraHOBICHHBIM MaKCHMaJbHBIM O0OBbeMOM Keria B 1024 wmera0aiita,
KOJIMYECTBO CUMTAHHBIX JIAHHBIX TMPUBEJICHO 3€JIEHBIM IIBETOM, a KOJHUYECTBO

3aIlIMCAHHBIX JAHHBIX IIPUBCACHO KPACHBIM IIBETOM.
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Pucynoxk 4.13 - [lotpebaeHure nmaMsaTy B MPOIECce MOCTPOCHUS JepeBa

1000.00 —
800.00
= J
s
© |
o
=
4 600.00
[*]
=
c
1]
m
Q
o
3 400.00
o
[
T
200.00
i Pl p‘z//
0.00 - ©
Lo T T e
0.00 20.00 40.00 60.00 80.00 100.00  120.00
O6paboTaHo To4YeK, MJIH.
~— CyuTaHo = 3anucaHo

Pucynok 4.14 - ®daiinoBsie onepanuu B Ipoliecce MOCTPOSHUS IepeBa
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Kak BuIHO 13 mpuBeAEeHHBIX TpaduKOB, CHaYana MPOUCXOANUT 3all0JIHEHUE Kellla
JI0 3HAYEHHUSI €ro eMKOCTHU (Touka P1), mapamienbHo ¢ BBITPY3KON 3allOJIHEHHBIX Y3JI0B
Ha JKECTKMM IHCK. Pacxox ornepatnBHOM MaMsATH OCTAeTCA B IpeAenax 3aJdaHHbIX
3HAYEHUN 32 CUET MCIOJIb30BaHUs JIUCKOBOTO MpocTpaHCTBa. Takke Ha pucyHke 4.14
MOXHO YBHJIETb, KaK pPacTE€T HWHTEHCHBHOCTb 3allUCH Ha JKECTKUM JIUCK TMOCIe
3anojgHeHus: kema (Ttouka Pl), a Takke Kak BO3pacTaeT KOJUYECTBO OIepanui
CUMTBHIBAHUS IO Mepe NPUOJIMKCHUS K KOHIly Mpolecca HocTpoeHus (Touka P2).
[locnenHee BBI3BAHO 3arpy3KOil HEJO3ANOJIHEHHBIX Y3JI0B, BBIIPY)KEHHBIX M3 Kella
paHee.

Pe3ynbrarel JaHHOrO TecTa MO3BOJSIIOT CHENaTh BbIBOA OO0 YCHEIIHOCTH
OOBEMHEHUSI OKTOJEPEBA M CHUCTEMbI KEIIMPOBAaHUSA, TaK KaK MOTPEOJIEHUE MaMsTH
OCTaBaJIOCh B MPEJIeIax 3a/aHHbIX JIUMUTOB Ha IPOTSKEHUH BCETO Ipoliecca 00padoTKu
o0yaka TOYeK.

Tect Ned: Ckopoctb moucka. Eciim B npeaplIylIMX TeCTaX Mbl OLICHUBAIU
BJIIMSIHME Pa3MepoB y3i1a U 00beMa Kellla Ha CKOPOCTh IOCTPOEHUs, TO B JJAHHOM TECTE
LEJIbI0 OyJeT U3MEPEHUE CKOPOCTH MOKCKA B YK€ MOCTPOCHHOM JiepeBe. JlaHHbINA TeCT
MO3BOJIUT OLIEHUTh, HACKOJILKO 3aMeJISIeTCs] CKOPOCTh MOMCKA MpU OOJIBLINX pa3Mepax
y3JI0B, a TaK)K€ HACKOJBbKO yBEJIIMYEHHE 00BbEMOB Kellla yCKopsieT nmouck. Ha pucynke
4.15 npuBeneH rpaduk 3aBUCUMOCTH CKOPOCTH MOMCKA OTAEIbHBIX TOYEK OT pa3MepoB
y370B, Ha pucyHke 4.16 mpuBeneH rpapuk 3aBUCUMOCTH CKOPOCTH TIOHMCKAa Y3JIOB
OKTOJIEpeBa OT pa3MepoOB y3JIOB, Ha pucyHke 4.17 mpuBeneH rpaduk 3aBUCUMOCTH
CKOPOCTH MOUCKA 0T 00beMOB Kema. Ha rpadukax criomHas JUHUS UCTIONb3YEeTCs IS
OTOOpakeHUsI pe3yJIbTaTOB TMOUCKa B (HalIOBOM MaMsITH, NYHKTHpHas — JUIs
OTOOpaXeHMsI PEe3yJbTAaTOB IOMCKA B OINEPATUBHON MaMSTH, LBET COOTBETCTBYET
UCTIOIb3yeMoMy 00J1aKy Todek (3esenbii — five.las, kpacusiii — polytech.las, 6upro3oBbrit
— smolny.las, posossiit — molodezhnoe.las). B mporiecce TectupoBanus Ijsi KaKaoro
UCCJIEyEMOT0 IMapaMerpa MPOU3BOAUTCS OOJIbIIOE KOJIMYECTBO OINEpaluid MoucKa
TOUYEK, HAXOJSAIIMXCSA B OIpPENEICHHOM pajuyce OT Ciay4yailHOW TOukM u3 obiaka. B

Ka4CeCTBC pE3yJibTaTa UCIIOJIb3YCTCA CPCAHCC 3BHAUCHUEC BPEMCHU ITOMUCKA.
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Pucynox 4.16 — CkopocTh MOMCKa y3J70B OKTOJIEPEBA B 3aBUCUMOCTH OT Pa3MEpOB y3Jia
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Kak BugHO 13 rpaduka Ha pucyHke 4.15, uem Goiblie KOJIMYECTBO TOUEK B y3JI€,
TE€M MeJJIEHHEE MPOUCXOIUT MOUCK OTIEIbHBIX TOYEK. JJaHHbIN pe3ynbTaT 00yCIOBIECH
MEXaHU3MOM IOMCKa: MOCJI€ MPOBEPKH IMONAJaHUs y3Jia B PaJUyC MOUCKA, aJrOPUTM
BBITIOJIHAET MPOBEPKY MJisi BCEX TOYEK, BXOIAIIMX B y3ena (T.K. MOMajaHue y3ja He
rapaHTUpyeT MonajaHue Bcex Touek y3ia). COOTBETCTBEHHO, YeM 00JIbIIe TOUYEK B y3JI€,
TeM O0JIbllIee KOJUYECTBO MPOBEPOK OTAEJIBHBIX TOUYEK MPEACTOUT MPOBECTU. B cityuae,
KOTI'/Ia pa3Mep y3Jia HEBEJIUK, O0JIbIIast 4acTh TOYEK OTCEKAETCs Ha dTare 0oJee eneBoi
IIPOBEPKH y3J10B. OHAKO, 3HAYEHUSI CKOPOCTH MTOMCKA OT/EIbHBIX Y3JI0B, IPUBEICHHbBIE
Ha pucyHke 4.16, maror oOpaTHBIN pe3yiabTaT MO CPABHCHHUIO C TMOWCKOM OTACITBHBIX
TOUYEK: YeM OOJIbIIe KOJUYECTBO TOUYEK B y3JI€, TEM OBICTpEEC MPOUCXOAUT MOUCK. ITO
OOBSACHSAETCS TEM, YTO YBEJIMUYEHUE MAKCUMAJILHOTO KOJUYECTBA TOUYEK B y3JI€ CHUKAET

o0111ee KOJIMYECTBO y3JI0B U IIIyOUHY UepapXHUH OKTOJEPEBa.
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Pucynox 4.17 - CkopocTb MOUCKA B OKTOJEPEBE B 3aBUCUMOCTH OT 00beMa Kellia
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Ha pucynke 4.17 moxHO HaOMIOAaTh YCKOPEHUE ONEpaluid TMOWCKa TpU
yBeIM4YeHHH o0beMa keria. CTOUT OTMETUTh, YTO ONTUMAJIbHBIN 00beM Kellla BO3pacTaeT
C YBEJIMUEHHUEM pa3Mepa o0siaka TOUEK — 3TO MOKHO YBHJIETh IO TOMY, KaK HaChIIIAeTCs
rpaduk five.las B Touke P1, a Takke mo quHamuike n3MeHenus rpadukos polytech.las u
smolny.las.

Pe3ynbpTaThl IPOBENEHHBIX TECTOB MOJATBEPKAAOT, YTO OKTOAEPEBO YCIEIIHO
CIpaBiisieTcs ¢ pabOTOM B YCIOBHUSX OrPAHMYEHUN MO ONEpPaTUBHON MaMsTH, T.K.
OTCJIKHBaeMble 00BEMBI TAHHBIX (2 UMEHHO — IOJIE3HAs] Harpy3Ka y3JI0B OKTOZEpEBa)
HE MPEBBINIAIOT 3aJaHHOTO 3HA4YeHWs. TaK »K€ MNPOBEIECHHOE SKCIEPUMEHTAIBHOE
TECTUPOBAHUE MO3BOJIMJIO YCTAHOBUTH, YTO YBEIMYEHUE O0BbEMa Kella MOJOKUTEIBHO
BJIUSIET HA CKOPOCTh MOMCKA, B TO BPEMS KaK MPHU YBEIUYEHUH 00BbEMA y3J1a CKOPOCTh
noucka 3ameyisiercsa. Takum o0pa3om, pu BEIOOPE MOAXOSALIETO pa3Mepa y3iia CaeayeT
TaK)K€ PYKOBOJCTBOBATHCS HEOOXOAMMON CKOpPOCThIO moucka. Hamu Obuio BBIOpaHO
3HaueHue B 2048 Touek, Kak KOMIIPOMHUCC MEKTY CKOPOCTBHIO IMTOCTPOCHUSI U CKOPOCTHIO

norcka. Crioco0 BI)I60pa MOoAXOIAIICTO pa3sMepa Ke1la OCTACTCA HCU3MCHHDBIM.

4.2.3. DKcepruMEeHTAJIbHAs OIlEHKA OKTOJepeBa ¢ UCNOJIb30BAHUEM

MEXaHU3MOB 0TOOPAKEHUA MAMATH

Tect Nel: Bpemsi nocTpoenust nepeBa. Ha pucynke 4.18 npeacrasieH pe3yiabTar
aHaJIN3a TPOU3BOIUTEIBLHOCTH IIOCTPOCHUSI OKTOAEPEBA MPHU HCIIOJIb30BAHUH CUCTEMBI
kemmpoBanus. Ha rpaduke cruiomHas JTHHHS MCIONB3YETCS UL OTOOpaKeHHS
pe3yabTaToB 00pabOTKU B (HalIOBOM TaMSITH, MYHKTHpPHAS — JUISI OTOOpaKeHUs
pe3yabTaToOB 0OPAOOTKU B OTIEPATHBHOM MaMSTH, IIBET COOTBETCTBYET HCIIOJIb3YEMOMY
obmaky Touek (3enmeHbiii — five.las, kpacusiii — polytech.las, ouprosossiit — smolny.las,
po3oBeiii — molodezhnoe.las). [y aToro nmpoBeeHbI U3MEPEHHST BPEMEHHU ITOCTPOCHUS
JiepeBa sl pa3IMYHBIX 00JIAKOB TOYEK MAMATH IyTeM H3MEHEHUs pa3Mepa y3ia. Takoid
TECT TMO3BOJHUT BBISICHUTH ONTHMAJbHBIC MapaMeTphl JIepeBa, a TaKKe OICHUTh €ro

CKOPOCTb IIOCTPOCHHUA.
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PI/ICYHOK 4.18 - 3aBUCUMOCTH CKOPOCTH IMOCTPOCHUA ACPCBA OT MAKCUMAJIbHOT'O

pasMepa y3na

Kak BugHO Ha pucynke 4.18, mocTpoeHue AepeBa 3HAUUTEIHHO 3aMEIISETCS TIPH
UCIOJIb30BaHUH Y3JI0B MAJIEHBKOTO pa3mepa. ITO OOBICHIETCS NPSIMON 3aBUCUMOCTBIO
MEXJy pa3MepoM y3ja U TIIyOMHOHN JepeBa: 4eM MEHbIIE y3el, TeM Ha OOJIbIIyIO
IyOMHY CITyCKaeTCsl ouepe/iHas TOUKa U3 00Jiaka Mpy MOCTPOEHUU.

IIo pe3ynbpTaTaM INPOBEJECHHOTO TECTA MOXHO YTBEpP)KIaTh, YTO YBEIMYECHHE
pasMmepa y3iga NOPHUBOJUT K YCKOPEHHIO TOCTPOCHHSI OKTOoAepeBa. Takke MOXKHO
3aMETHUTbh, YTO XapaKTep U3MEHEHUI MPAaKTUYECKU HE 3aBUCUT OT UCCIEAYEMOro 00Jiaka
Touek. [y BbIOOpa HAMITyUIIIero 3Ha4eHUs pa3Mepa y3ja He00X0JMMO TakKe IPOBECTU

U3MEPEHUsI CKOPOCTH MOUCKA MO MOCTPOESHHOMY JIEPEBY.
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Tect Ne2: [lorped/ienne onepaTuBHOM NamMATH. /{anee mpoBepUM KOPPEKTHOCTh
paboThl CHUCTEMbI OTOOPAKEHUS MaMSITH B YCJIOBHUSX OrPAaHUYEHUS MOTPEOsIsIeMOn
orepaTUBHOM MaMATU. B 1aHHOM TecTe mpuBeieHbI TpaduKu NOTPEeOICHHS OTIepaTUBHON
namsaTu. Ha pucynke 4.19 npuBeneH rpaduk 3aBUCUMOCTH MOTPEOICHUS ONIepaTUBHOM
NaMATH OT UCTIOJIb3YyeMbIX pa3MepoB y3ia. Ha rpaduke criioniHas JTUHUS UCTIONb3YETCs
JUTSl OTOOPaKEHUS Pe3ybTaTOB 00pabOTKU B (hailloBOM MaMsATH, MyHKTHPHAS — IS
OTOOpa)KE€HUS PE3YyJbTaTOB O0OpPabOTKH B OINEPATUBHON MaMsTH, I[BET COOTBETCTBYET
UCIIOJIb3yeMoMy 00J1aky Todek (3eneHsiii — five.las, kpacusriii — polytech.las, 6upro3oBbrit
— smolny.las, po3oserii — molodezhnoe.las). Kak BumHO u3 rpaduka, mpu yMEHBIIICHUU
MaKCHMAaJbHOI'O YMCIIa TOYEK B Y3JI€ KOJIMUYECTBO ONEPATUBHOM MaMATH, UCHIOIb3yEMON
OKTOJICpEBOM, TIOBBIIIAEeTCA. Takoil pocT moTpednsieMold TaMsATH OOYyCIOBICH
YBEJIIMYEHUEM KOJIMYECTBA Y3JIOB, UTO MPUBOAMT K pa3pacTaHUIO UEPAPXUU OKTOJIEPEBa,

pacnonomeHHoﬁ B OHGp&TPIBHOfI IHaMsTH.

1000

100

RAM, MbanT.
=
|

0,1

10 20 3 4 50 60
PasmMep y3na, TbIC. TOYEK

five.las - HDD — polytech.las - HDD smolny.las - HDD

— molodezhnoe.las - HDD

Pucynox 4.19 — [lotpebnenue onepaTiBHON MaMATH B 3aBUCHMOCTH OT pa3Mepa y3ia

OKTOJICpeBa
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Tect Ne3: Cropoctb noucka. Llenbio 1anHoro tecta OyaeT u3MepeHne CKoOpocTu
MIOMCKa B YX€ IOCTPOCHHOM JepeBe. JlaHHBI TECT MO3BOJUT OLEHHWTH, HACKOJIBKO
3aMeUISIeTCsl CKOPOCTh TMOWCKa Mpu OonbIiux pasmepax y3ioB. Ha pucynke 4.20
HpUBEJICH rpayK 3aBUCHMOCTH CKOPOCTH IMOMCKA OTAETBHBIX TOYEK OT Pa3MEPOB Y3JI0B,
a Ha pucyHke 4.21 npuBesieH rpaduK 3aBUCHMOCTH CKOPOCTH TTOMCKA y3JI0B OKTOEpPEBa
OT pa3mepoB y3ia. Ha rpaduke CrjiomiHas JUHUS UCIOJIB3YeTCS JIsi OTOOPaXKCHUs
PEe3yIIbTAaTOB MMOKMCKA B (haijIOBOM MaMATH, MyHKTUPHAS — JJIs1 OTOOPayKCHHUS PE3YIIbTaTOB
MIOMCKA B OMEPATUBHON MaMSTH, I[BET COOTBETCTBYET HUCIIOJIL3yeMOMY OOJaKy TOYEK
(3enmennrii — five.las, xpacueiii — polytech.las, 6upro3oBeiii — smolny.las, po3oBbrii —
molodezhnoe.las). B mporecce TecTUpOBaHUS s KaXJIO0TO MCCICIYEMOro mapamMeTpa
MPOM3BOAUTCS OOJIBIIOE KOJMYSCTBO OIEpaIfii TMOMCKA TOYEK, HAXOAIIUXCS B
OIPEICTICHHOM paauyce OT CIy4ailHOW TOuku W3 oOnaka. B kauectBe pesynbrara

HCIIOJIB3YCTCA CPCAHCC 3HAYCHUC BPCMCHH IO CKA.
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Pucynok 4.20 - CkopoCTb IOUCKa OTJICJIbHBIX TOUEK B 3aBUCUMOCTH OT pa3zmepa y3ia
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PI/ICYHOK 421 - CKOpOCTB IMIOUCKA Y3JIOB OKTOACPCBA B 3aBUCUMOCTH OT pasMcEpa y3Jjia

Kax Bunno u3 rpaduka Ha pucynke 4.20, uem 00JbIlIe KOJIMYECTBO TOUYEK B y3II€,
TEM MEJJICHHEE MPOMCXOMUT MOUCK. [laHHBIA pe3ynbTaT O0O0YCIOBIEH MEXaHHU3MOM
MOMCKA: TMOCJIe MPOBEPKHU IOMaJaHUs y3jia B paguyC MOUCKA, aJTOPUTM BBIMOIHSET
IPOBEPKY JUIsl BCEX TOYEK, BXOIAIIMX B y3eis (T.K. MONAJaHUE y3Jla HE TapaHTHPYET
NonaJaHue Bcex TouekK y3ia). CoOOTBETCTBEHHO, YEM 0OJIbIIE TOYEK B Y3JI€, TEM 0OJIblIee
KOJIMYECTBO MPOBEPOK OTIEIBHBIX TOUEK MPEACTOUT MPOBECTU. B citydae, korna pazmep
y371a HEeBEJNHK, OONbIIas 4acTh TOYEK OTCEKaeTCs Ha dTame Oojee ACNeBOi MPOBEPKU
y3710B. OOpaTHBII pe3ynbTaT MOXKHO YBUIETh Ha rpaduke Ha pucyHnke 4.21: ckopocTh
NOoMCKa HapacTaeT NpU YBEIMUYEHUU pa3MEpoB y3ja. IJTO OOBACHAETCS TEM, UTO
YBEJIMYCHUE MAKCUMAIIBHOTO KOJHMYECTBA TOYEK B y3JI€ CHIDKAET OO0IIee KOJIMYECTBO

y3JI0B U TTTyOUMHY HepapXuH OKTOAEpEBa.
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4.2.4. MeToauka BbIOOpa napaMeTpoB npouecca popMUpPOBaHHUS OKTOepeBa

PaccmoTpuMm  pe3ynbTaThl  OKCIIEPUMEHTAIBHOTO — aHAW3a  MPEJI0KEHHBIX
OKTOJCPEBbEB, IMpUBEACHHOTO B pazaenax 4.2.2 u 4.2.3. B pnanHoM aHaim3e
MIPOU3BOIMIIACH OIICHKA BIIHMSHUS MMAPaMETPOB OKTOJEPEBHEB HA CKOPOCTH BBHIMIOJTHEHUS
orepanuii mocTpoeHus u moucka. COBOKYIHBIE pe3yibTaThl aHAIW3a TPHUBEICHBI B
tabnune 4.2, U3 KOTOPOH BHIHO, YTO TCHJICHIMUSA K YCKOPCHHUIO WM 3aMEICHHIO
omepanuii HE 3aBHUCUT OT THMNA NPEIJIOKCHHOTO OKTOJepeBa (MCKIIOYash BIIUSHHE
00BEMOB Kellla, KOTOPBIM B SIBHOM BHJIC OTCYTCTBYET y OKTOJIepeBa Ha 0a3e MexaHU3Ma

OTOOPAKEHUS TTAMSITH).

Tabnuna 4.2 — BiusiHre mapaMeTpoB OKTOAEPEBA Ha ONEPALUY TOCTPOCHUS U TTOMCKA

Hccaenyemoe Onepanus YBeaunuenue YBeanuenue
OKTO/IepPeBO MaKCHUMAJIbHOTO 00beMOB Kella
KOJIN4€eCTBAa TOYCK B
y3ie
OxktonepeBo Ha | IlocTtpoenue Yckopser Yckopset
0a3e CUCTEMBI ITouck Touek 3ameaer 3ameaer
kempoBanusi | Ilouck y3imoB Yckopser Yckopsier
OxkronepeBo Ha | IlocTtpoenue Yckopser OrcyrcTByeT
0a3e mexanusma | Ilouck Todek 3amemisieT OtcyTcTBYET
oTtobpaxkeHus | Ilouck y3n0B YckopsieT OtcyTcTBYET

Cymmupys uHdopManmio, IpuBeIeHHYIO B pasaenax 4.2.2 u 4.2.3 cnemnaeMm psija

YTBEPKIACHUN:

— VYBenuueHue 00bEMOB Kellla MOJ0KUTEIBHO BIUSIET Ha CKOPOCTh BBIOJHEHUS
omnepanui MOCTPOCHUS U MTOUCKa,

— VYBeJINYEeHHE MAKCUMAIBHOTO KOJIMYECTBA TOUEK B Y3JIE ITOJIOKUTEIIBHO BIIASET
Ha CKOPOCTb IIOCTPOCHMS OKTOAEPEBA M CKOPOCTb IIOMCKA Y3JI0B, HO

OTPULATCIILHO BJIUACT HA CKOPOCTb MOMCKAa MHAWBUAYAJIbHBIX TOYCK.



172

Takum oOpaszom, 11 BeIOOpa HamboJee MOIXOANUX IMapaMEeTPOB OKTOJIEpPEBa

MOJKHO HUCITIOJb30BAaTh CJIICAYIOIIYIO MCTOIUKY:

1. YcraHoBuTh 00BEM Kellla B MaKCUMAaJIbHO JIOMYCTUMOE 3HAuY€HUE s
HCIIOJIb3YEMOU KOMITBIOTEPHOU CUCTEMBI;

2. B caywae, ecnu paspenieHHE€ BBIOOPDKM U IPOCTPAHCTBEHHOTO IIOMCKA
OTPAaHUYUBAETCS Pa3MEPOM y3ia (HalmpuMmep, B 3aJadax BU3yalM3allH, KOIaa
IIPOBEPKA HA BUAMMOCTb U OTIIPABKA HA OTPUCOBKY IPOU3BOAUTCS ISl Y3JIOB
LIEJINKOM, HE CITyCKasICh /10 MPOBEPKU UHIUBUYaIbHBIX TOUEK), UCIIOJIb30BaTh
BBICOKMH pa3sMep y3J1d, OTPAHUYEHHBIN CBEPXY MAKCHUMAJIbHO JOIYCTHUMBIM
00BEMOM TOUYEK B UCIOJIb3YEMOM aJITrOpUTME 00pabOTKH;

3. B cayuae, ecnu Tpebyercs oOecneunBaTh WHAMBUAYAJIBbHYIO BBIOOPKY MU
IIOMCK OTHENBHBIX TOYEK PEKOMEHIYETCS MCIOJIb30BaTh HU3KUW pa3Mep y3Ja,
OTpaHUYEHHBIA CBEpPXY TpeOyeMbIM pa3pelieHUEM OKTOJEPEBa, BILIOTH JI0

OJHOM TOYKH Ha y3€ll.

B ciiyuae, eciiu TpeGyeTcst COOMOCTH KOMIIPOMUCC MEX]TY CKOPOCTBEO TOCTPOEHUS
OKTOJIEpEBA M CKOPOCTHIO TIOMCKA, PEKOMEHAYETCS OTJIaBaTh IPEANOYTCHHE
YBEJIMYECHHUIO CKOPOCTH TMOMCKA, TaK KaK JaHHAs OMNepairus MOXKET OKa3aTh OoJIbIiee

BJIMSIHUC HAa COBOKYITHYIO ITPOU3BOJUTCIbHOCTD BBIYMCJICHUH.

4.3. CpaBHeHHE € CYHIECTBYIOIIMMH peaTu3aiusaMu

[IpoBeneM cpaBHEHHE HCCIAEAYEMOW CHUCTEMBI C  pacHpOCTpaHEHHBIMU
OuOIMOTeKaMU W TIPOrpaMMaMu, MpeHA3HAYCHHBIMU I 00paOOTKU U BU3YyaJU3AINH
oOnakoB Touek. llenapto AaHHOTO cpaBHEHUs OyJeT [10Ka3aTeabCTBO TOTO, YTO
MPEII0KEHHAs] CHCTEMa MO3BOJISIET TPOU3BOAUTH 00pa0OTKY OONIBIINX 00JAKOB TOUEK B
OrpaHUYEHHOM O00bEeMe OMNepaTHBHOM maMsATH O0e3 CyIIecTBEHHOro yiepbda B
MPOM3BOAUTEIILHOCTH 10 CpPaBHEHHIO C CHCTEMaMH, BBINOJHSIOIMIMMUA pPaboTy
MOJTHOCTBIO B ONEPATUBHON WM BHEIIHEW mamsth. [t cpaBHEeHHs ObUIM BBIOpAHBI

CJIEIYIONTUE TTPOTrPAMMBI U OMOJIMOTEKH:
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— Point Cloud Library (PCL) - OubnmoTeka ¢ OTKPBITHIM HCXOIHBIM KOJIOM,
IIAPOKO UCTIOJIB3YIOMIAsICS 11 00pabOTKK 00JIAKOB TOYCK;

— CloudCompare [94] - nporpamMmmHOe oOecCHeUYeHHE C OTKPBITHIM HCXOJHBIM
KOJIOM, MpeHa3HAaYEHHOE IS 3arpy3Ku, 00paOOTKH U BU3yaJIU3allui 00JAKOB

TOYCK.

CpaBHeHme OyeT IpOU3BOAUTHCS ITyTEM U3MEPEHUsSI BPEMEHH, HE00XOMMOT0 Ha
3arpy3Ky o0JaKa TOYeK ¥ MOCTPOCHHS OKTO/IepeBa. B kauecTBe mapaMeTpoB OKTOIEpEeBa
Ha 0a3e CUCTEMbI KeIIMPOBaHUs Oy yT UCIIOIb30BaHbI pa3mep y3ia - 2048 Touek, 00beM
kema - 1024 merabaiita. JlaHHble TapamMeTpbl BHIOpAHbI KaK HauOoJiee MOIXOISIIUE C
TOYKH 3pEHHUSI KOMIIPOMHCCA MEXIY CKOPOCTHIO MOCTPOCHHUS M CKOPOCTHIO TOMCKA.
PesynbTaTel cpaBHeHUs mpuBeneHbl B Tabiuie 4.3. B rpade nmorpebisiemoil mamsitu
JOTIOJTHUTENBHO YKa3aH MPOIEHT 3aHMMAeMOU TECTOBBIM MPHUJIOKEHUEM OIEepPaTUBHOMN

aMATH OT pa3Mepa UCXOJHOTO 00J1aKa TOYEK.

Tabnuma 4.3 — CpaBHEHHE CKOPOCTHM MOCTPOCHHS M TOTPEOIsIeMON MaMsaTd IS

Pa3INYHBIX peaﬂmauﬂﬁ OKTOICPCBA

06.1aK0 TOYeK
Mertox oopadorkn | [Tapamerp (five.las polytech.las smolny.las  |molodezhnoe.las
0.03T'b 1.8Th 4.31Fb 5341Fb
OxronmepeBo Ha O0a3e |Bpewms, cek |0.06 4.6 18.6 1075
cuctemsl kemmposanus |[lamate, '5(0.0334  (111%) |0.517 (29%) |0.586  (13%) |0.986 (1.8%)
OxTonepeBo Ha 6aze (Bpewms, cex |0.13 3.8 10 1043
otoOpaxenwus mamatu ([Tamsats, '5|0.0334 (5%) [0.004 (<1%) [0.014 (<1%) |0.180 (<1%)
Point Cloud Library (Bpewms, cex |0.122 4.6 12.5 HexBarka namsru
(OIT) IMamsats, '6|0.0066  (22%) |1.8 (100%) 4.3 (100%) |HexBarka namsitu
Point Cloud Library |Bpewms, cex |1.5 32.8 152.3 MHoro ¢aiinos
(BIT) IMamste, '6(0.0121  (4o%) |0.131 (7%) [0.420 (10%) |MHoro daiinos
Cloud Compare Bpewms, cex (0.435 18.2 58.5 HexBaTka mamsru
[Mamsare, I'5|0.114  (3309%) |1.6 ©8%) |3.6 (83%) |HexBarka namsru
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W3 pe3ynbTaTOB CpaBHEHHUS BHIHO, YTO MOTPEOICHUE MAMSTH y MPEII0KEHHBIX
OKTOJICPEBbEB 3HAUNUTEIHLHO MCHBIIIC, YEM Y PACCMOTPCHHBIX aHAJIOr0OB, pa0OTAOIINX B
orepatuBHON amsATH. CKOPOCTh MMOCTPOEHUS TOKE OTIUIACTCS B JTYUIITYIO CTOPOHY, 3TO
MOXXET OBITh BBI3BAHO KaK ONTHMHU3AIMSAMHU aJIrOPUTMa ITOCTPOCHHUS, TaK U
MOIU(MUKALIUSIMUA B aJTOPUTME 3arpy3Kd Y4yacTKoB o0Oiaka Todek. OJHaAKO TMpu
CPaBHEHUU C aHAJIOTaMH CTOUT YYHUTHIBATH BEPOSTHOCTh BIMSHHUS CTOPOHHHUX
mapamMeTpoB, HE IMOAMAIOIIMXCS YCTAHOBKE M W3MEPCHHIO, a UMCHHO Pa3juYHsIMHU B
MOJINTUKAX JOOAaBJICHUS TOYEK, IPOCTPAHCTBEHHOM pa3pEIICHUH OKTOJICPEBHEB,
HAJIMYHUHA JTOTIOJHUTEIHHBIX TIPOIIECCOB, YBEITMUUBAIOIITUX BPEMsI IIOCTPOCHHSI.

Crout TakKe OTMETHTh MOTPEOJICHUE ONIEPAaTUBHOU MaMSTH ISl OKTOJEpEeBa Ha
0a3e cHUCTeMbl KEITUPOBAHUS. MTPH YCTAHOBICHHOM OTPAaHUYCHHUH MOTPEOICHUS IMaMsITH
B 1024 Mo6aiiT, oOmiee morpedieHUe TMaMATH IMOJHUMACTCS BBIIIE YCTAaHOBIEHHOTO
JUMUTA. ITO OOYCIOBJIEHO TEM, YTO JUMUTHUPYETCS MOTPEOICHUE MaMATH IOJIE3HOM
Harpy3Koil y3/10B OkTonmepeBa. l[Ipoume maHHBICE NPOTPAMMBI, PACIOJOKCHHBIC B
OTICPAaTUBHOM MaMSATH, HAIIpUMEpP, UepapXusl OKTOJEpPEBa, HE IOJICKAT OTPaHUYCHUIO

(uTo paccMoTpeHo B pasneie 3.2.3).

4.4, AnpoGauus aJIropuTMa nocCTPpoeHus PACTPOBLIX MPOEKIUIl MPH MOMOIIU

OKTO/JlepeBa HAa 0a3e MeXaHU3Ma 0TOOpaKeHHUS MAMSITH

PaccMoTpuM npumMeHeHHe OKTOJepeBa Ui BHIMOJIHEHUS OCTPOEHUSI pacTPOBBIX
npoekuuid. Onrcanne mo100HOM crucTeMbl ObLIO PUBEACHO B pazjaene 3.4.

Jis ipon3BeIeHUs MPOEKIMH BBITIOIHSAETCS CYUTHIBAHNE YYaCTKOB 00J1aKa TOYEK,
KOTOpBIE 3aTEM MTPE0OPa3yIOTCs B IMIMHIPUUECKYIO CHCTEMY KOOPAMHAT, B KOTOPOM OCh
X COOTBETCTBYET PACIOJIOKEHUIO TOUYKH BIOJIb OCU MPOEKIUHU, OCh Y — YTy HaKJIOHA
TOYKH OTHOCUTEJBHO OCH IMJIMHJIPA, @ OCh Z — PacCTOSHUIO TOYKHU OT OCH LIMJIMHApA.
Maciitad oceit 3amaercs Tak, 4TOObl MaKCUMaJIbHbIE KOOPAMHATHI MO ocsiM X U Y
COOTBETCTBOBAJIM  3a/JIaHHBIM  pa3MepaM  HM300pakeHHUs PACTPOBOM  MPOEKIIHH.

[IpeoOpa3zoBaHHbIE TOYKH 3aTEM JT00ABISIOTCS B OKTOJIEPEBO.
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PesynbTaT mocTpoeHus Takoro OKTojepeBa s obnaka Todek road.las mpusenen

Ha pucyHke 4.22.

Pucynok 4.22 — BHenHmi BUI OKTO/IEpPEBa, COAEPIKAIIETO CIPOCIIMPOBAHHBIC TOUKU

Jlanee Mo MOCTPOEHHOMY OKTOAEPEBY BBIMOJIHSIETCS MOCTPOCHUE M300pa)KeHUs
pacTpoBOM NPOEKIMU. Pe3ynpTar Takor MPOEKUHUH COIEPKUT IIyCTOThL, KOTOPBIE MOKHO
YBUJETh Ha pUCYHKE 4.23, BOSHUKAIOIINE U3-32 HEPETYIIPHOU CTPYKTYPhI 00IaKa TOUCK
U TOro, 4YTO TOYEYHOE MPEACTABICHUE HE COJEPNKUT HHGOpPMALUM O TOIMOJIOTUHU

MOBEPXHOCTU CKAHUPYEMOTO O0BEKTA.
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Pucynok 4.23 — [1ycToThl, BO3HUKAIOIIUE MPU MPOESKIIUU 00IaKa TOUEK

Jlns ycTpaHeHHWss MyCTOT B JaHHOW 3afade ObUla TPUMEHEHA TPUAHTYIISIIHS
Henone [95] ¢ menpio mepeHoca BBIYMCICHWH Ha BHUACOKApPTY B BHIC 3a1a4H
pactepuzanuu TpeyroiabHUKoB. Takoe pelieHue ObII0 0TYACTU 00YCIOBIEHO OOJBITUMHU
pasmepamu uzoOpaxeHuit (10 32768x32768), ydaCTKU KOTOPBIX OTPUCOBBIBATUCH MPH
NOMOUIIM BUJEOKapThl. Takke MNPUMEHEHHE JTOrO0 METOAa MO3BOJIMIO JOOUTHCS
WHTEPECHBIX PE3yJIbTaTOB MPU HHTEPHONSALMK THUKcened myctor. B obmem cmyuae
KJIACCUYCCKHI MOIXO/1 C 3all0JTHEHHUEM MUKceseH 3aaHero miana [96; 97] 6yaer ropasmo
s dektuBHEe. Pe3yabTaThl MPUMEHEHUS aITOPUTMA 3aTI0JTHEHUS TyCTOT MOYKHO YBUJETh

Ha pucyHke 4.24.
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Pucynok 4.24 — I[poekuus obmaka Touek 6€3 3amoHEHUs MyCTOT (CJIeBa) U C

3aroJHEHUEM MyCTOT (CIpaBa)

4.5. IKcnepuMEeHTAJIbHAsI OllEeHKA CUCTEeMbI IMHAMMYECKOT0 Bbl/IeJIEHUS MAMSTH

CpaBHeHHE pa3pa0OTaHHOTO aIOKaTOpa CO CTAaHAAPTHBIM  CHCTEMHBIM
aJJIOKAaTOPOM TPUBOIUTCS aBTOpOM B crtathe [71]. JIyis BOCCO3/aHUs CHUTYyalluH,
BO3HUKAIOIIEH TPHU BBIICICHUM TMaMATH B y3JiaX o0Jiaka TOYEK, BBINOJHUM BCTAaBKY
OOJBIIIOr0 KOJMYECTBA TOYEK B HAOOp MACCHMBOB, MPU3BAHHBIX CHUMYJIHUPOBATH Y3JIbI
okTozepesa. IIpu BeIOOpe MaccuBa Jiisi BCTaBKU OYZET HMCIOJIb30BATHCS HOPMAIbHOE

pacnpeneienue (Pucynok 4.25).

30000.00 -
25000.00 -
20000.00 =

15000.00 |

Konu4ectso To4ek

10000.00

o0 mwﬂmﬂm | {mmﬂnm_

T T T T T T T 1
0.00 20.00 40.00 60.00 80.00 100.00

Homep Maccusa

Pucynox 4.25 - Pacnipenenenue oJHOr0 MUJIIMOHA TOYEK IO CTa MaCCUBaM
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Hecmotpst Ha TO, uTO B y3/e OyAyT HCIIOJIB30BAThCS MACCHBBI (BEKTOp), AJIS
CpaBHEHUS IIPOBENIEM TOT 7K€ IKCIIEPUMEHT JJIs1 aCCOLIMATUBHOIO MAaCCUBA U JIBYCBSI3HOIO

cnucka. Pe3ynpraTel TECTHpOBaHUS IPUBEAEHBI B Ta0auue 4.4.

Tabnuna 4.4 — Pe3ynpTaThl TECTUPOBAHHUS MACCUBOB

Koui-Bo Bpewms 3anonnenus | Bpems 3anonHenus | Bpemst 3anonHeHus
MacCHBOB acCOIIMaTUBHOTO JIBYCBSI3HOTO BEKTOPHOTO

Ha 1000000 MacCHBa, MC CITMCKa, MC MacCHBa, MC
TOYEK RAM HDD RAM HDD RAM HDD
100 510.8 529.8 Sl 49.6 21.1 23.6
1000 468.2 473.0 42.4 49.9 25.3 29.8
10000 412.9 418.3 49.4 56.4 37.1 47.4

Kak BugHO W3 pe3ynbTaToB TECTUPOBAHUS, MHCIOJIH30BAHHUE aJNIOKaTopa Ha
oToOpakaeMol mamsiTh paboTaeT Heckoyibko MemjeHHee (Ha 10-20%), yem mpu
UCIION30BaHUU CHUCTEMHOTO ajuiokatopa. [lomoOHoe moBeneHHe BBI3BAHO PabOTOi ¢
GdaiioBoif MaMATBIO BMECTO OINEPATUBHONM W OTCYTCTBHEM psiia ONTUMM3AIUH,
UMEIONINXCS B CHCTEMHOM aJJTIOKATOPE.

Jist onieHku 3(hPEKTUBHOCTH UCTIOJIL30BAHUS TTAMSITH TIOCTPOUM KapTy 3aHATHIX U
CBOOOJTHBIX YYACTKOB B IMyJI€ TaMSATH MPU UCTIOIH30BaHUN AJIJIOKATOpa Ha 0TOOpaxaeMoit
namsiti (Pucynok 4.26). Kak BUAHO W3 pHCYHKA, AOJS IYCTBIX YYacTKOB IOCIHE
00paboTku He npeBbiaeT 6.3% u B cpelHEM 0CTaeTCS TOCTOSTHHON. DTO TOBOPHUT O TOM,
YTO MEXaHU3M OOBEAMHEHUS MYCTHIX YYaCTKOB, a TAK)KE CIOCOO MOMCKA y4acTKOB JJIst

BCTAaBKM CITPABJIAIOTCS 38,)1&‘16171 CHMKCHUA (bpaFMCHTaI_[I/II/I maMsTHu.

100 containers:

Fragmented: 4.2MB/82MB
(5%)
1000 containers:

Fragmented: 3.2MB/91MB
(3.5%)

10000 containers:

Fragmented: 6.3MB/99MB
(6.3%)

T T T T T T T T T T T
20.00 40.00 60.00 80.00 100.00 120.00
® Used ® Unused

Space, MB
Pucynok 4.26 — KapTta namMsatu nocjie BCTaBKM OJJHOTO MUJUTMOHA 3JIEMEHTOB

o
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4.6. JkcnepUMEHTAJbHAS OLIEHKA MPUPOCTA NMPOU3BOAUTEILHOCTH NPH
COKPAILIlEeHUM YHCJIA UCIOJIb3yeMbIX (pailjiIoB B mpouecce padoThl €O

BTOPUYHOM CHCTEMOI XPAHEHUSA

Yacto uCnoap3yeMbIM MOAXOA0M IMpH (GOPMUPOBAHUN OKTOAEPEBA BO BHEIIHEH
NaMSITH SBIISIETCS CO37IaHKe Ha KaXKIBIN y3€J OKTO/IepeBa OT/IEIBHOTO (aiisia ¢ JTaHHBIMH.
Tako#t moaxoa 00yciIOBIeH 0COOEHHOCTIMHU (HOPMUPOBAHUS OKTOJIEPEBA, MPU KOTOPHIX
KOJIMYECTBO TOUEK B y3JIaxX HapacTaeT Mo Mepe (HOpMHUpOBaHUS U 3apaHee HEU3BECTHO.
[Ipu oOpaboTke OoOJBIIMX OOJAKOB TOYEK KOJUYECTBO CO37aBacMbIX (hailyioB
UCUUCIISIETCS] MWUIMOHAMH, YTO MPHUBOJUT K TOBBIIIEHHON Harpy3ke Ha (ailioByro
cuctemy (®C). MOXHO BBIIECIUTH CIEAYIOIIUE MPOOJIEMbl, BO3HHUKAIOIIUE IPU

HCIIOIB30BaHUH OOJIBIIIOr0 KOJIMYSCTBA (baﬁHOBl

1. MaxkcumanbHO€ KOJIuecTBO (hailIoBbIX 3anuceil B HekoTopbix @C orpaHnyeHo,
YTO MOXKET MPUBOJUTH K OTKa3aMm;

2. MakcuManbHOE  KOJIM4YECTBO  (DalIOBBIX JIECKPUIITOPOB Ha  IpOLEcC
OTrPaHUYEHO:

— MHWcnonb3oBanue oaHOTO (ailioBOro  JECKpUINITOpa HAa  MPOIECC
noTpedyeT 4acToro MOBTOPEHHUSI ONepaIlii OTKPHITHS (aiiia, ¢ TOUCKOM
nmo nytd B @C (KpuTU4HO JyIsi OOJBIIOTO KOJUYECTBA MAICHBKUX
dbaiinoB);

— Hcnonb3oBaHue BceX AOCTYMHBIX (haliIOBBIX AECKPUITOPOB NOTPEOyeET
UX OTCIIC)KUBAHUS;

3. QainoBass cuctema Ooyiee yHHBEpcajdbHa, 3a CUET YEro MPOUTPHIBAET
Y3KOCIELMAIIU3UPOBAHHBIM PEIICHUSAM C HU3KOYPOBHEBBIM YIIPaBICHUEM

noTpeOJIIeMON BHEITHEH MaMSThIO.

[Ipu sToM mepBas U BTOpas MpoOieMa MOTYT OBITh PEIIECHBI ITyTEeM HAaCTPOWKH
ONEPAIlMOHHOW CHUCTEMBI (YTO TPETBABISET JIOMOJHHUTEIbHBIC TpeOOBaHUSI K
omnepaTopy).

JInst  cpaBHEHHS TIPOM3BOAMTEIIBHOCTH TIPU HWCIOJIB30BAaHUU OJHOTO  WIJIH

MHO’KecTBa (aijioB, paCCMOTPUM CIIEIYIOIIYI0 METOUKY TECTUPOBAHUS.
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4.6.1. MeToauka OleHKH

O1ieHKa IPOU3BOUTEILHOCTH B3aUMOJICHCTBHSI C BTOPUYHOM CHCTEMON XpaHCHHSI
OyzmeT mpou3BeJCHA IMyTeM HM3MEPCHHsI BPEMEHH, HEOOXOIMMOI0 Ha 3aliCh TECTOBBIX
JIAHHBIX, BBIMOJIHCHHYIO 110 OJJHOMY W3 CIICHapueB. Bce BBIYMCIICHHS BBITOIHSAIOTCS B
OJIHOTIOTOYHOM PEXKHME.

TecToBble MaHHBIC MOJYyYEHBI IPU TOMOIIM 3aXBaTa OIEPAIUii, BBIMOIHIEMBIX B
nporecce (opMHUpPOBaHHS OKToziepeBa s oOjakoB Touek five.las, polytech.las,
smolny.las, u mnpenBapuTeIbHO COXpaHEHBI B ONEPATHUBHYIO MaMsATh. CTPYKTYpPHO
TECTOBBIC JaHHBIC MPEACTABICHBI MACCHBOM, KaXKIbIi 3JIEMEHT KOTOPOTO COACPIKHUT
UICHTU(DHUKATOP Y3714, KOJI orepaiuu (100aBIeHUE TOUYCK B y3el WK YIaJCHHE y37a) U
JAHHBIE JUIS 3aITUCH.

I[JUI CpaBHCHH: IIPOU3BOAUTCIBHOCTH ObLTH BBI6paHLI CICAYIOIHNC CICHAPHUH:

1. Ucnonp3oBaHWe AMHAMHUYECKOW ajUloKallid Ha oToOpakaeMoM daime —
MO3BOJIAET TPOJIEMOHCTPUPOBATH CKOPOCTh pPabOThl TPU HCIIOIH30BAHUH
oJHOTO (haiina;

2. Ucnonwp3oBaHue CTaHAAPTHBIX (haMIOBBIX OMepaluii, Mo ogHoMy daiay Ha
y3ed:

— Hcnonb3oBanue ogHOro (haiaoBOro JECKpUNTOpA — JJs KaKIOU
(aitnoBoii oneparuu OyeT NPOU3BEIECHO OTKPHITHE COOTBETCTBYIOIIETO
(aiina, BBIMOTHEHNE 3aMMUCH U 3aKPBITHE;

— Hcnonb3oBaHue BceX OOCTYIMHBIX (DalIOBBIX JIECKPUIITOPOB — TIPH

HEXBATKE 3aKPBIBAIOTCS BCE OTKPHITHIC (DANITBI.

JInst TpoBeneHUs] BBIYHUCIMTEIBHBIX JKCIEPUMEHTOB OylIeM HCIIOJIb30BaTh
CIICAYIONIYIO KOHPUTYpAIMIO TECTOBOTO CTEH/IA:
LITY: Intel® Core™ 17 CPU 950 @ 3.07 GHz
OI1: 2 x DIMM DDR4 2400 MHz (3x6 GB)
BIT: Samsung SSD 860 PRO 256 GB
OC: Ubuntu 18.04
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@®C: Ext4 (Fourth Extended Filesystem), NTFS (NT File System), Btrfs (B-

tree file system).

4.6.2. Pe3yabTaThl CpAaBHEHUSA

TecroBble naHHBIE [JIs1 CpaBHEHHS ObUIM TIOJIYYEHbI IpH (HOPMUPOBAHUU
OKTOJIEPEBBEB C MAaKCHUMaJbHBIM pazMepoM y3ia B 2048 Touek. IIpubmmsurenbHOe
pacmpenesieHue TOYeK B y3JlaX OKTOJIepEBa MOXHO YBHJETh Ha pucyHke 4.27 (KpuBas
YIpOILIeHa, YTOOBl HCKIIOYUTH BbIOpochl). W3 mpuBeneHHoro rpaduka BUAHO, YTO

SHAYUTCIIbHAS 4aCTh Y3JI0B COACPKUT MUHUMYM TOYCK.
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Pucynok 4.27 — PacnipenienieHre TOYeK B y3/1ax OKTOJEepeBa
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PaccmoTpum momydeHHbIE pe3ysIbTaThl CPaBHEHUS, IPUBEACHHBIC B Tabimie 4.5.
W3 HUX BUJIHO, YTO B3aUMOJECHCTBUE C BHEIIHEN NAMATBIO MPU MOMOILIN TUHAMUYECKON
aJIJIOKaIlMM Ha oToOpakaeMoM (aiiie ObIcTpee MOAXO0A0B, UCTOIB3YIOIMNUX MHOXKECTBO
daiinos. CrnenyomuM MO CKOPOCTH PpadOThl MUAET MOIXOJ C HMCIOJIb30BAaHHEM BCEX
JOCTYIIHBIX TpoIeccy (ailioBbIX JECKPUNTOPOB, 3aT€M IMOAXOJ C HMCIOJb30BaHUEM
onHOro aeckpuntopa. [locaeanuili moaxo  CylmeCTBEHHO MEIJIEHHEE 3a CUET TOro, YTO
3arpaThl Ha (¢opmupoBanue nytTh B OC U OTKpbITHE (paiiia MPEBBINIAIOT 3aTpaThl Ha
3aMKMCh MAHHBIX (MpU OOJIBIIOM KOJIMYECTBE MAICHBKUX (DalIOB M TPU HATUINHU
MHO>KECTBA ollepaluii J0OaBIEHUS JaHHBIX B OAUH (aiin).

N3 paccmoTpeHHbIX (haliJIOBBIX CHCTEM JIydllle Bcero ce0s 3apekoMeH1oBana Ext4.
Caenyromieit 3a Heit muet btrfs, sarem NTFS. ITocienuss mokasana cyliecTBeHHO OoJee
HU3KYIO TPOU3BOIUTEIILHOCTD, YEM JIBE OCTAIBHBIC, YTO MOKET OBITH BHI3BAHO KaK CAMOM
opranuzanueit @C, Tak u (4To 00Jiee BEpOSITHO) HECOBEPILIEHCTBOM JpaiiBepa (haitsioBoit

CHCTEMBI B OITCPAIIMOHHOM CUCTEME Ha OCHOBE LINuX.

Tabmuua 4.5 — Pe3ynpTaThl CpaBHEHUs CLIEHAPUEB B3aUMOJEWUCTBUS C (aillioBoi

CUCTEMOM
O0aako Touek| PaiisioBas BpeMms ucnosiHeHus1 ClieHAPH S, CeK.
cucremMa OnuH daiin HA Onun daiin Ha y3en, | OmuH (daiin Ha y3e,
OKTOJZIEPEBO MHOT0 JIECKpUIITOPOB OJIMH JAECKPUIITOP
five.las Ext4 0.042 0.160 4.077
NTFS 0.073 0.651 53.47
Btrfs 0.044 0.154 5.195
polytech.las Ext4 0.603 1.788 2.802
NTFS 8.816 15.43 19.01
Btrfs 0.717 3.311 7.513
smolny.las Ext4 7.092 8.905 39.17
NTFS 36.47 65.10 495.7
Btrfs 11.44 16.76 53.37

[Tomy4yeHHble pe3ysbTAThl MO3BOJSIIOT CHEIATh BBIBOJA, YTO COKpAIICHUE
KOJMYECTBA MaJICHbKUX (aitioB mpu  (GOpMUPOBAHHHM  OKTOAEpEBa  SIBISICTCS

OIIpaBJaHHOM OIepaluei.
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4.7. JKcnepUMEHTAJIbHAS OLlEeHKA AJITOPUTMA BblIeJIEHUS HUJIMHIAPUIECKUX

00bEeKTOB Ha 0a3e MeXaHM3Ma 0TOOPaKeHUsI NAMSITH

Jis aHanM3a MpOU3BOIUTEIHPHOCTH TMHAMUYECKON aJNTIOKAIIMN Ha OTOOpakaeMoin
aMsATH OBLIO MPOU3BEACHO IKCIEPUMEHTATHHOE HCCIICIOBAHUE aJTOPUTMA BBIJCIICHUS
IMUJIMHAPUYECKUX TMOBEPXHOCTEH, HCIOJB3YIOMIETo Uil pacueToB OmOmmotexky PCL.
DKCTIEpUMEHT OBLIT TIOCTABJICH ITyTEM CPaBHEHUS CKOPOCTHU BBIMIOTHEHUS U TIOTPEOICHHS
MaMATH Ha PA3JIMYHBIX Talax alfOpUTMa IIPH paboTe ¢ UCIOJIb30BAaHUEM CTaHIAPTHOTO
CHCTEMHOTO aJIJIOKaTopa (T.€. B ONEPAaTUBHOMN MaMSITH) M ¢ UCTIOJIB30BAHUEM AJIIIOKATOPA
Ha oToOpaskaemoi mamstu (T.e. B (paitioBoit mamsitu). bonee moapoOHO poBeIeHHbBIE
SKCIIEPUMEHTHI OITUCaHbI B cTaThe [98].

I/IBMepCHI/IH IMPOU3BOAUIIMCH IJIAA CIACAYIOIIHUX 3TAIIOB aJITOPHUTMaA:

— 3arpyska — Ha JaHHOM 3Tane MPOUCXOIUT 3arpy3ka o0Jiaka TOUEK;

— Bokcenuzaius — Ha JaHHOM 3Tare MPOUCXOAUT MOCTPOCHUE BOKCEIBLHON CETKU
C LEJbI0 MPOPEKUBAHMUS HCXOAHOTO O0JaKka TOYEK [0 OMNpPeaeICHHOM
wiotHOCTH. [lo 3aBeprieHUM 3Tama MCXOJHOE OO0JaKO TOYEK 3aMEHSETCS
POPEKEHHBIM, YTO MPUBOAUT K COKPAIICHUIO MOTPEOIIeMON TaMATH;

— Pacder Hopmasieii, ynanenue nryMoB, GUIbTPAIMs — JaHHBIC aJITOPUTMBI IS
paboThI TPEOYIOT MOCTPOCHHMS! TIOMOJIHUTETBHBIX CTPYKTYP TaHHBIX, YTO BUIHO
10 MOTPEOIIeMON MTaMSTH;

— Kiuacrepuzanus 1 RANSAC — Ha 1aHHOM 3Tare Npou3BOAUTCS UTEPATUBHOE
MPUMEHEHUE aJITOPUTMOB KJIaCTEpPU3alMUd M TIOMCKA IMJIMHAPUYECKUX
00BEKTOB, KOTOPHIE MOKHO YBUAETH MO MMKaM Ha rpaduke;

— OunbTparus pe3ynbTaTtoB — (PUIbTpanus HaWIEHHBIX HUIUHIAPUYECKUX

00BEKTOB, 00bETMHEHUE COHAIIPABIICHHBIX CETMEHTOB, yIAJICHUE BEIOPOCOB.
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Ha pucynke 4.28 npusenensl rpaduku odpadboTku obiaka touek factory.las B
OIEpPaTUBHON U BO BHEIIHEH maMaTu. CTOUT OTMETUTh, YTO Ha rpaduke norpediaeHus
BHEIIHEW MaMsATU MPUBEJCH pa3Mep 3aHATHIX OJIOKOB MaMmsTH, a 00Imuid pa3mep ¢aiina
paBeH MUKOBOMY TMOTpeOsieHHIo B mporecce oOpabdotku. Kak BumHO u3 rpadukos,
CKOpOCTh 00pabOTKM TpU HCIIOJIB30BAaHMM BHEIIHEH TaMsITH HE3HAUYUTEIHLHO

yMeHbImiIach (147 cexyH B onepaTuBHON MamsTy U 156 cekyH1 BO BHEIIHEH MMaMSITH).
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—— OnepaTuBHan NaMaTh — BHewHaAs naMATL
Pucynok 4.28 — CpaBHeHHe cKOpocTH 00pabOTKH U MOTPEOICHUS aMsITH TIPU
o0paboTke obaka Touek factory.las B oneparuBHoi namsiTi (ciieBa) U BO BHEIIHEH

namsTH (crpaBa)

PaccmoTpum moTpeOiieHre OnepaTMBHOM MaMsITH NpuU 0O0pabOTKE BO BHEIIHEH
namatu. Kak BugHO u3 rpaduka Ha pucyHke 4.29, o0beM moTpebiieHus ornepaTUuBHON
aMsTH B TAKOM CJIydae CyIIECTBEHHO MEHBIIIE, YeM NMpU 00paboTKe UCKIIIOUUTENBHO B
onepaTuBHOM MamsATu. OmnepaTuBHAs MaMsATh MPU 00pabOTKE BBIACISAETCS Onarogaps
OTPaHUYEHUIO Ha MHCIOIb30BAaHUE QJJIOKAIlMM BO BHEUIHEW NaMsATH IpH pa3Mmepe
BbIZIeTIsieMOro Oyioka Oosbiie 1  meraGaiita. Ilukum moTpebsieHuss Ha rpaduke
COOTBETCTBYIOT IIOCTPOCHHUIO M MCIIOJIb30BAHUIO K-Oepesbes, KOTOpPhIC MPU MOCTPOSCHUH

COBCPIIAOT MHOZKCCTBO BBII[GJ'ICHI/II\/JI HEOOJIBIITNX Y4aCTKOB JaHHBbIX.
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Pucynok 4.29 - [Torpebnenue onepatuBHON MaMATH MPU 00paboTKe 001aKa TOYEK C

HCIIOJIB30BaHHUECM BTOpH‘IHOfI CHUCTCMbI XpaHCHUA

PaccmoTpum notpebiieHre namsaTy npu oOpaboTke 0O0JIaKOB TOYEK, YEH pazmep
MPEBBINMIAET JOCTYMHBbIE OOBEMBI ONEpPAaTHBHOM mamaTu. [l 3TOro mnpousBeaeM

00paboTky obsaka Touek molodezhnoe.las, 3anumaroriero 53 I'b (Pucynoxk 4.30).
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Pucynok 4.30 — [ToTpeOnenue BHEUIHEN NaMsITH (clieBa) U ONEPATUBHON MaMSITH

(cpaBa) mpu o6padoTke obmaka Touek molodezhnoe.las
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Kak BuiHO Ha mpuBeneHHBIX rpadukax, MMKoBOe MoTpebdaeHue (HaiaoBoi maMsTu
(115 T'6) u cpennee norpedaeHue daitnopoit mamsatu (~30 I'6) 3HaUNTETBHO MIPEBHIIIAET
JOCTYMHBIE 00BeMbl oniepaTuBHOM mamsitu (16 1'6). Ilorpebaenue onepaTuBHOM mamsiTH
B Iporiecce o0paboTKu (Ha rpaduke crpaBa), Kak U B MPEAbLAYIIUX SKCIIEPUMEHTAX,
OOYCJIOBJICHO BBIJICJICHUEM YYAaCTKOB JAHHBIX MEHbIIIE Meradaita ¢ MCIOJIb30BaHUEM
CUCTEMHOI0 aJJIOKaTopa.

B nporuiecce TecTrpoBaHus TakyKe ObUTH BBISIBJICHBI HEAOCTATKH MOAX0/1a C ITOJTHOU
MOJIMEHOM CHUCTEMHOTO ajlokaTopa: B IIpoliecce paboThl ajaroputMa Obud
3a()MKCUPOBAHbI OIIMOKMU TpU paboTe ¢ MaMAThIO B MOJIb30BATEILCKOM HHTEpdeiice
TECTOBOrO mpujoxkeHus. [[ns obOecrneyeHust crabmwibHOM paboThl mHOTpedoBaIach
U30JISIIINS TIPOIIECCa BRIUYMCICHNUN B OT/IETIBHOM MOTOKE (C MCIIOIb30BAHUEM CUCTEMHOTO
aJJIOKAaTOpa B OCTAJLHBIX MOTOKAX ). PasHeceHne BpeMEeHHBIX MPOMEKYTKOB UCIIOJTHEHHUSI
TaK)Ke IMOMOTJIO CIIPABUTHCS C MPOOIEMOH.

[TomydeHHbIe pe3yNbTaThl MO3BOJISIIOT CIIETATh BEIBOJ, YTO IPEITIOKEHHBIA METO]
MO3BOJISIET BBIMOIHATE 00pabOTKYy OOJBIIMX OOJAaKOB TOYEK C HCIHOJIb30BAaHUEM
QITOPUTMOB, PACCUMTAHHBIX HAa MPUMEHECHHE MCKIIFOUUTEIILHO B ONEPATUBHOMN MaMSTH,
0e3 CYIIECTBEHHOTO CHIDKCHHUS IPOM3BOAUTEIBLHOCTH. TakuMm 00pa3oM, IMOA0OHBIN
MOAXO/J MOXET OBITh HMCIOJIb30BAaH B MPOTPAMMHOM OOECIEYEHHUH, BBITTOIHSIONIEM
00pabOTKy M BU3yaJu3alMI0 OOJAKOB TOYEK KaK B KAaYECTBE OCHOBHOW CTPYKTYpBI
XpaHeHus OO0JaKOB TOYEK, TaK M B KaueCTBE BCIIOMOTATEIbHOTO MEXaHWU3Ma s
oOecrieyeHus: paboThl B YCIOBUSX OFPAHUYEHHUN MO onepaTuBHOM mamsaTu. OnHAKo, B
CBSI3M C OYEBUAHBIMH HEJOCTAaTKaMW TIOJHOW 3aMEHbl CHCTEMHOIO alljloKaTtopa,
PEKOMEHIYETCA TPUMEHATh TIOJXOJ C YaCTUYHOW 3aMEHOHM, JOCTYIHBIM IIpH

MCIIOJIb30BAaHUU KOHTEHHEPOB CTaHAApTHOUM Onbanoreku C++.

4.8. BuIBOaBI

B derBeproii ryaBe  IMPOBEACHO  JKCIEPUMEHTAIBHOE  MCCIIEIOBAHUE
IPEJIOKEHHBIX METOJ0B (POPMUPOBAHHUSI OKTOJEPEBA, a TaKKe OCHOBAaHHBIX Ha HHUX

AITOPUTMOB 00paOOTKH 00JIAKOB TOYEK.
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[IpoBeneHHbIe SKCHEPUMEHTHI TOKa3ald MPEUMYINECTBAa MPEITOKEHHBIX B
pabote METO/I0B nepen paccMaTpuBaEMbIMU aJIbTEPHATUBAMH,
BBITIOJHSIONMME 00pa0OTKy B ONEpaTHUBHOW M BHEIIHEH MaMsITH, a UMEHHO:
CYLIECTBEHHOE COKpallleHHue NoTpediisieMoil onepatuBHON namatu (10 99% ot
pa3Mepa UCXOJHOro 00Jlaka TOYEK), HU3KOE MaJIeHue MPOU3BOIUTEIBHOCTH B
CpPaBHEHUU C aJbTepHATUBAMHU, BHIIOIHSIOMMME 00paboTky B OII (o1 0% no
48% BpemeHH 00pabOTKM), YBEIUYEHUE NTPOU3BOIUTENBHOCTh B CPABHEHUH C
aTbTEPHATUBAMH, BBITTOHSIOIITUMEU 00paboTky B BII (Bpemst oOpabotku 10 6.5%
OT aJbTEPHATHB).

Ananu3 notpeOaseMoil MaMsITH MoKa3all, 4To 00a IPeI0KEHHBIX OKTOAEepeBa
MO3BOJISIIOT IPOU3BOAUTH 00PAa0OTKY 00JAKOB TOYEK, YEH pa3Mep MPEBHIIIAET
JOCTYIHbIE 00BbEMBI OIIEPATUBHON MaMATU. B ciryyae ncnonb30BaHMs CUCTEMBI
KEIIUPOBaHUsl O0OBEM HU3MEPSEMBIX JAHHBIX B OINEPATUBHOM NaMATH MpHU
MCIIOJIb30BaHUHU OKTOJIEPEBA HE MPEBBINIACT 33JaHHOTO JIMMUTA MOTPEOICHNUS.
B cnyuyae ucnonp30BaHHsS MEXaHM3Ma OTOOpaXEeHHsl HaMsITH (PaKTUYECKOe
noTpediieHue TaMsATH MPOIECCOM MHHHMMAIbHO 3a CYET BBIMOJHECHUS
MPOLIECCOB KEIIMPOBAHMSI HA YPOBHE ONEPALIMOHHON CUCTEMBI.

VY CTaHOBNIEHO, YTO yBEJIWYEHUE OOBEMOB KeIlla MOJOXKHUTEIBHO BIMSIET Ha
CKOPOCTh BBITIONTHEHHS ONEpaluii TMOCTPOCHHUS W TOWCKA, YBEIMUYEHUE
MaKCHMaJIbHOI'O KOJIMYECTBA TOUEK B y3JI€ MOJOKHUTEIBHO BIUSAET HA CKOPOCTh
MOCTPOCHUS OKTOAEpPEBa M CKOPOCTh TOWCKA Y3JIOB, OJHAKO OTPUILIATEIHHO
BJIMSIET HAa CKOPOCTh MOMCKA WHANBUAYAIBHBIX TOUEK.

Ha ocHoBaHuMM aHanM3a OIICHKM BIMSHUS IapaMeTPOB OKTOJIEPEBHEB Ha
CKOPOCTb BBIMOJHEHUS Ollepaluil MOCTPOEHUs U Moucka Obuia cpopmupoBaHa
METOJIMKa BBIOOpa MapamMeTpoB OKTOZepeBa IJisd pa3pabOTKU MPOTrpaMMHOIO
obecreyeHusl.

CpaBHEHHE TPEIIOKEHHBIX OKTOJEPEBHEB C aHAIOTaMH, PabOTAIONIMMH B
OTepaTUBHON MaMSTH, MMOKA3aJl0, YTO MPEUIOKEHHbIE peain3alii He TOJIBKO
MO3BOJIAIOT CHU3UTH OTPEOICHNE ONepaTUBHON MaMATH, HO M HE yCTYNaloT B

CKOPOCTH ITOCTPOCHHUA.
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6. [IpoBeneHHOE »OKCIEPUMEHTAIBHOE WCCIEAOBaHUE OKTOJepeBa Ha Oasze
OoTOOpakaeMOl MaMATH B 3aJadce BBIIOJHCHHS PACTPOBBIX TMPOCKIIHHA
MOJTBEPAUIIO €ro paboTOCIIOCOOHOCTb.

7. TlpoBeaeHHOE OKCIICPUMEHTAJILHOE WCCIICIOBAHUE BHEIPCHHUS allrOpUTMA
TUHAMHYECKON ajutokaluu B OuOIMoTeky o0paboTku obmakoB Touek PCL
MOKa3aJi0 CHWKEHHE MOTPEOIsIeMON OMepaTUBHOM MaMsTH 0€3 CyIIeCTBEHHBIX
IIOTEPh B MPOU3BOIUTCIIBHOCTH.

8. DkcrmepuMeHTaabHOE TECTUPOBAHUE QITOPUTMA TUHAMUYECKON aJTOKAIIAN
MTO3BOJIMIIO MTPOIEMOHCTPUPOBATH BO3MOYKHOCTD HHTETPAITNH C KOHTEHHEpaMu
STL u mokasano CHUKEHHE ITPOU3BOIUTEILHOCTH B XyIIeM cirydae Ha 21% 1o
CPaBHEHHUIO C WCIOJH30BAHUEM OTECPATUBHOW MaMsiTH. [locTpoeHHE KapThl
3aHUMAEeMOM MaMATH TO3BOJWJIO IMPOJASMOHCTPUPOBATh MAaKCUMAIbHBIN

ypoBeHb (pparmenTanuu B 6.3%.
B nannoii rmaBe ObUIM PEIICHBI CAEAYIONINE 3aa4U TUCCEPTALNU:

1. IlnanupoBaHue M NPOBEACHUE DKCIEPUMEHTAIBHBIX HUCCIEIOBAHUI C LIEJIbIO
ONeHKN A()PEKTUBHOCTH TMPEUIOKEHHBIX METOJOB IS PA3IMYHBIX 3a7ad
00paboTkM oOJaKka TOYEK W TMOATBEPXKICHUS TMPABHIBHOCTH BBIABUHYTON
runote3sl. OnpeneneHne nokasareae, XapaKTepru3yIOIMNUX BBIYUCITUTEIbHBIN
nporecc 00paboTKu o0jaka TOYEK MPU MCIOIh30BAHUU BHEITHEH MaMsTH, H
pa3paboTKa BBIYUCIHMTEIBHBIX OKCIICPUMEHTOB IS TOJIYYCHHUS OTHX
MoKa3zaTeliel M CPaBHEHHsI C CYIIECTBYIOIIMMH peanm3arusamMu. Pa3zpaborka
METOJIMKU BBIOOpa MapaMeTpOB OKTOJEpPEBa B 3aBUCUMOCTH OT IIEJIEBOM
HaIpaBJICHHOCTH 00paboTku. MccnemoBaHue BO3MOMXKHOCTH TMPUMEHEHUS
MPEVIOKCHHBIX ~ PEIIEHUA B CTOPOHHUX TPOTPAMMHBIX OHOIHOTEKAX
00paboTKM 00JaKOB TOYEK, OPUEHTHPOBAHHBIX Ha PabOTy B OMEPATHBHOU

naMsTu, U pa3paboTKa COOTBETCTBYIOIINX MPAKTUYECKUX PEKOMEHIAIUH.
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3akioueHnue

B pabote pelieHa 3amaya CHMXKEHHUSI 3aTpaT BPEMEHM Ha OOMEH C BHEIIHEH
NaMATHIO 32 CUET OpraHU3alMKi XpaHEHUs! OKTOoJIepeBa 00Jlaka TOUYEK B ONEPATUBHON U
BHCITHEW TaMATH W OPTraHHW3alliy yMpaBlIeHUS 00pabOTKOW MHPOPMAUHA C y4ETOM
0COOEHHOCTEH CTPYKTYpHBI OKTOIepeBa. [Ipu 3HaUYNTEILHOM COKpaIIEHUH MOTPeOIsieMoi
onepatuBHOM mamsTH (10 1% OT pasmepa UCXOAHOTO O0JaKa TOYEK) oOecreunBaeTCs
HE3HAUNUTEIbHOE YBEIMYEHHE BPEMEHU OOpabOTKH B CPABHEHUM C albTEPHATHBAMM,
BeINoNIHsOIMME 00paboTky B OII (o1 0% 10 48%), 3HaunTENIHLHOE CHIXKEHHE BPEMEHU
00pabOTKH B CPaBHEHUH C aJlbTEPHATUBAMU, BBINOIHSAOIIMMU 00paboTky B BII (Bpems
oOpabotku a0 6.5% oT anpTepHaTHB). BbIIM BBISBIEHBI KOMIIOHEHTHI CHUCTEMBI
00paboTKH OOJIBIIUX OOJIAKOB TOYEK, OMPEICICHBI CBSA3H MEXKIYy HUMHU, UX (DYHKIUHU U
[eJIM, MEXaHW3Mbl YIPaBICHUS PECypcaMu CHUCTEMbI. bbUI TpPUMEHEH OOBEKTHO-
OpPUEHTHUPOBAHHBIN MOIXO JUIsl CO3AaHUsI HEOOXOAUMBIX a0CTpaKIuii U HHTEpHENHCOB B
nporecce peanuzanuu. [IpennokeHHble alrOpUTMbI, MOAEIH U METOJbI, a TAKKE HX
NpaKTUYECKas peau3alus, pPellaloT aKTyalbHYI0 Hay4YHO-TEXHUYECKYIO 3ajady
00paboTKK OOJBIIMX OO0JAKOB TOYEK TNPU YCIOBHUU HAJIM4YMsl OTPAHUYCHUM Ha
noTpeOseHrue ONepaTUBHOM MaMsITH W  TO3BOJSIOT CHU3UTh TPEOOBAHMS K
BBIYHMCIIUTEILHBIM PECypcaM CUCTEeMBI. B X01e peniennst JaHHoM 3a1a4u ObUTH TIOJTyYEHbI

CICAYIOIINEC PC3YJIbTAThbl, COCTABJIAIOIINC UTOTH HCCICAOBAHNA!

1. Paccmotpensl mpoOsiembl  00paboOTKM ¥ (POPMHUPOBAHUS  OKTOJEPERBA,
000CHOBaHA aKTyaJlbHOCTh M TIPOBEJIEH CHCTEMHBIH aHaIW3 IPOOJIEMBI
dbopmupoBaHus OKToAepeBa IO o00Omaky Touek JIC mpu HCIOIB30BaHUU
BHemHel mamatr. ChopMupoBaHa TUIOTe3a 00 YMEHBIICHUH 3aTPaT BPEMCHH
3a CUET MpejlaraéMbIX CIOCOOOB pa3MEIEHUs OKTOJEpPEeBa W OpPTaHU3AIUU

B3aMMOJEHUCTBUS MEXY ONIEPATUBHOM U BHEIIIHEN NAMSTHIO.
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2. IlpousBeneHa MOCTAaHOBKA 3aJayd CHIDKEHUS 3aTpaT BPEMEHHU Ha OOMEH C
BHEIITHEH MaMsThIO 32 CUET OPTaHMU3aIlMU XPAaHEHHs OKTOJIepeBa 00Jiaka ToueK
B ONEPATUBHOW W BHEIIHEW MaMSTH U OpTaHHU3aIMH yIpaBieHUs 00paboTKon
uH(pOpMAIIMU C YY€TOM OCOOEHHOCTEH CTPYKTYphl OKTOAepeBa. OmnpeneneHsbl
KpuTepur  3PGEKTUBHOCTH  peaju3allid  BBIYUCIUTENIBHOIO  Ipollecca
00pabOTKH, MOCTPOCHBI KOHIIETITyaJbHBIE MOJEIN OpraHu3aluu 00paboTKU
oOnaka To4yek, popMUPOBAHUS OKTOJEPEBA, KOMIIOHEHTOB BBIUMCIUTEIHHOTO
npoiiecca 00paboTku 001aKa TOYEK BO BHENTHEH mamsaTh. Pa3paboTansl Moaenn
BBIYMCIUTEILHOTO Tpolriecca oOpabOTKU 00JIaka TOYeK, aHaIUu3 KOTOPBIX
MO3BOJIMII TIPEMJIOKUTD PsJl MOIUUKAIUK, MOBBIIAIMUX 3(PPEKTUBHOCTD
nporecca 00padboTKH.

3. Ha ocHoBaHuM BBIIBUHYTHIX TUIOTE3 OO0 OpraHU3alMU BBHIYMCIUTEIHHOTO
mpolecca W B3aUMOJICUCTBHS MEX]y OINEPATUBHOM W BHEIIHEH MNaMAThIO
pa3paboTaHbl METOJIbI M AQJITOPUTMBI PEIICHUS 3aJaddl OpTaHU3alud
yIPAaBJICHUS] BBIYUCIUTEIBHBIM MPOIECCOM 00pabOTKU JaHHBIX 00Jlaka TOYeK
BO BHEIIIHCW MMaMAITH, OCHOBAaHHBIE HA NMPUMEHEHWHW ACHHXPOHHOW CHCTEMBI
KEeIIMPOBaHUS M  MEXaHW3Ma oOToOpakeHus mamsaTH. Pa3paboransbl
UEPAPXUYECKUE CTPYKTYPHI JAHHBIX OKTOJIEPEBA, BKIIOYAIOIIUE PEaTH3aIUI0
Ha 1EJIOYMCIICHHON apuMeTHKE U Ha 0a3e 1EIOYUCICHHOT0 HAEHTU(UKATOPA.

4. Pa3zpabotaHo mporpaMMHOe oOecreueHrne Jis BBIIOJHEHUs 00padOTKU
obnakoB Touek JIC ¢ npuMeHeHneM NpejIoKEHHbIX anropuT™MoB. [Ipennoxen
cnoco0 00paboTkH OOJIBIIUX OO0JIAKOB TOYEK IYTEM BHEIPEHUS CUCTEMBI
aJUTOKaIlMd Ha OToOpakaeMOM IMaMsATH B CTOpPOHHHME OMOIMOTEKH i linux
cucteMm. PaszpabGotano mporpamMmmHoe obecrniedeHue Jjisi oOpaboTKU OOBIITNX
00JITaKOB TOYEK C HCIOJIh30BAHUEM CTOPOHHEW OMOIMOTEKH COBMECTHO C

NpCAJIOKCHHBIMU aAJIT'OPUTMAaMMU.
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5. IlpousBeneHHoe cpaBHEHHE MOTPEOJICHUSI ONMEPATUBHOM MAMSTH U CKOPOCTHU
00paboTKU ¢ aJbTEpPHATUBAMH, UCIOJIB3YIOIIUMHU ONEPATUBHYIO U BHEUIHIOKO
aMsITh, 1oKa3ajio IPEUMYIIECTBA IPETI0KEHHBIX METOJIOB.
OKCIEpUMEHTAIBHO ~ JIOKa3aHO TIOBBIIIEHHE MPOU3BOAUTEIBLHOCTU IpPHU
COKpaIlleHUHN KoJuyecTBa (hailiioB, COKpalIeHUS MOTPeOIsieMOil maMsaTH MpH
COXPAaHEHUU TPOU3BOAUTENHFHOCTH TIPU BHEJAPEHWU B CYIIECTBYIOIINE
oubmuorexku. Pa3paborana Meronuka BbIOOpa MapaMeTPOB OKTOAEpEBa,

HEOOXOUMBIX ISl pa3pabOTKH MPOTPAMMHOTO OOECIICUCHUSI.

PexkoMeHganuu ¥  NEPCHEKTHBbI JajibHeliliell pa3padOTKM  TeMBbl.
CoBepIIEHCTBOBAHUE UEPAPXUUECKOIN CTPYKTYPhI OKTOJIEPEBA C LIEIBbI0 YMEHBIIICHHUS €€
o0beMa U YBEIMYEHUS MPOU3BOJUTEIHHOCTHU MTOMCKA, a TAaK)Ke 00eCTIeUeHHsI aanTaiiu
JJIsi  OOJIBIIET0 KOJIMYECTBA Bapualluid BXOJHBIX J@HHBIX, COBEPILICHCTBOBAHUE
MEXaHU3MOB XpPaHEHUs JIAHHBIX C IEJIbI0 YCKOPEHUS MPOIIeyp BEIOOPKU U COXPAHEHUS
naHHbIx. O0ecnieyeHrne MOJYJIBHOCTH JJIS MOJYy4Y€HUS BO3MOKHOCTH TECTUPOBAHUS U
3aMEHbI OTJICJIbBHBIX KOMIIOHEHTOB OKTOAEepeBa. lcciienoBaHne pa3jiuyHbBIX IOJIUTUK
KelmupoBaHus. Mcnoib30BaHre alrOpUTMOB CKATUSL JaHHBIX ISl OKTOJI€pEBa HA OCHOBE
CHUCTEMBI KEIITMPOBAHMUSI.

CooTBeTcTBHE MACHOPTY CHENMATBHOCTH. [[MccepTallMOHHOE WCCIEAOBaHUE
COOTBETCTBYET CJIEIYIONUM OOJacTsIM (HOMEpa COOTBETCTBYIOT IMYHKTaM B IMAacIOpTe
CIEUATBHOCTH):

1. 4 — PazpaboTka MeTO10B 1 aJArOPUTMOB PEIICHUS 33/1a4 CUCTEMHOTO aHAJN3a,
ONTUMU3ALUH, YIPABIECHUS, IPUHATHS PELICHUN 1 00pa00TKH HH(poOpMaLMK;

n. 5 — Pa3paboTka cnenuaJbHOr0 MATEMATHYECKOT0 M AJTOPUTMUYECKOIO
o0ecnmevyeHnsl CUCTEM aHalv3a, ONTHMM3ALNM, YIOPAaBICHUS, MPUHATHUS PELICHUA U
00padoTKku nHpopMaLuH,

n. 12 — Busyaausanusi, TpanchopMmanusi 1 aHajau3 nHGopMaluu Ha OCHOBE

KOMIIBIOTEPHBIX METOA0B 00pabOTKH UHPOPMALIUH.
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Cnmcok coKpaleHuil ¥ yCJIOBHbIX 0003HAYCHUH

BJIC Bo3aymnoe Jlazepnoe CkaHupoBaHue

BII BHemnss mamaTe

I'cC ["eonHpopMaImOHHbBIE CUCTEMBI

I'HCC ['mo6aneubie HaBuranmonusie CiyTHUKOBBIE CUCTEMBI
JIC JlazepHoe CkaHMpOBaHHE

MJIC MooOuneHoe JlazepHoe CkaHupoBaHue

HIJIC HazemHuoe Jlazeprnoe CkanupoBaHue

OIl OmnepaTrBHas MaMsITh

oC OneparmoHHas cuctemMa

I1O [Iporpammuoe Obecneuenue

IITC [Tpuponno-Texundyeckue CUCTEMBI

PU Pe3ynprar HHTEIIEKTYIbHOU AEATEIBHOCTH

oC @annosasa Cucrema

Iry HenTpansHoe [Iponeccopnoe YcrporcTBO

AABB Axis-Aligned Bounding Box

ASCII American Standard Code for Information Interchange
Btrfs B-tree file system

Ext4 Fourth Extended Filesystem

HDD Hard Disk Drive

HLT Hierarchically Layered Tiles

LAS LASer - ®opmat xpaHeHus o6Jiaka TOYEK

LAZ LAS Zip, Compressed Las - ®opmar xpaHeHus1 00J1aka TOYCK
LIDaR Laser identification, detection and ranging

LRU Least Recently Used, BoiTecHeHHE TaBHO HEHCITOIB3YEMbIX
NTFS NT File System

PCD Point Cloud Data - ®opmar xpaHenus o0j1aka TOYCK
PCL Point Cloud Library

RAM Random Access Memory

RANSAC Random sample consensus

STL Standard Template Library - Cranmaptaast Ou0JIiMoTeKa 111a0JIOHOB
TGPT Tile Grid Partitioning Tree

XML Extensible Markup Language
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IIpunoxenne A. AKTbI BHeIpeHUS

Hwxe npuBoasATCA KONMK aKTOB O BHEAPEHUM PE3YJIbTATOB JUCCEPTALMOHHOIO

HCCIICAOBaHUA.
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AKT peanusaiiy pesyIbTaToB AHccepTHOHHOM pabotsl bensiesckoro Kupumia Onerosuua,
BBINOJIHEHHOW Ha TeMy «MeTOob! U allrOPUTMBI (POPMUPOBAHHS U UCIIONB30BAHUS OKTONIEPERA
47151 06paboTky 0671aKa TOYEK JIa3ePHOr0 CKAaHUPOBAHKS B OTPAHUYEHHOM 00BEME OTIEPATUBHOH
[aMsITHY ¥ IOATOTOBIEHHON IS COMCKAHUS yUEHON CTEMeH) KaHuaTa TEXHMYECKUX HayK 110
cnenuansHocTu 05.13.01 «CucteMHBIi aHaNu3, ynpasieHue ¥ 06paboTka nHGpOpMaUH
(TeXHUYECKUE CUCTEMBI)»

Hacrosmuii akT cocTaBlIeH O TOM, 4TO CIIEAYIOLIME PE3yJbTAThl AMCCEPTAlMOHHOM paboThI
Bensesckoro K.O.:

1. Merox u anropur™ npenobpaGoTku uHbOpMAIMH 00IaKa TOYEK JIA3EPHOTO
CKaHWPOBaHHUSA, 3aKIIOYAIOLIMICS B €€ CTPYKTYPHPOBAaHHH NyTeM (OPMHPOBAHUS
OKTO/IepeBa Ha 0a3e aCHHXPOHHOH JABYXYPOBHEBON CHCTEMbI KEIIMPOBAHUSL.

2. Meron u anroputM npenodopaboTki uH(bOpManMK o0NaKa TOYEK  JIA3€PHOTO

CKaHWPOBAHHUSA, 3aKIIOYAIOMIMNCS B €€ CTPYKTYPHPOBAaHWH MyTeM (OPMHUPOBAHUS

OKTOZlepeBa Ha 6a3e MexaHH3Ma OTOOPaKEHUS ITAMSATH.

AJITOPUTM JUHAMHMYECKOH aJIOKAIlHK Ha 0TOOpaXKaeMoit amsITH.

4. Cnocob 06paboTku GONBLUIHX 0ONAKOB TOUEK IIYTEM HHTErPAlMH CHCTEMbI AJUIOKALUH
0TOOpaXkaeMo¥ naMsATH B CTOPOHHHUE OubIHoTeKy s linux cuctem

BHEJIPEHBI B CIIENYIOLIEM HAay4YHOM MPOEKTE, BoinoaHsemom B CII6ITY:

(0%]

e OIIIT, 14.584.21.0025, «VccnenoBarust i pa3pabOTKH I10 TIPUOPUTETHLIM HATIPABIEHHM
Pa3BUTHS Hay4dHO-TEXHOJIOTHYEeCKOro koMmexca Poccuu wa 2014 - 2020 rozasr" no teme:
«Hccnenopanne u pazpaboTka anrOPUTMOB M MPOTPAMMHBIX CPEACTB MO 00paboTKe,
XPaHEHHI0 W BH3yalM3alliW JaHHBIX JIa3€PHOTO CKaHHPOBaHUsI H  (OTOCHEMKHY»
(YuukansHbii unentTudukarop npoekra RFMEFI58417X0025)

[Tonyuennsie bensepckum K.O. pe3ynbTaTsl HCIIOMB3YIOTCS B KAYECTBE AITOPUTMUYECKOTO U
METOJMYECKOro obecreuenys Ulsl pa3paboTKu IPOrPaMMHOTO KOMIUIEKCA, TPEIHA3HAYEHHOTO
171 00pabOoTKY, XPAHEHHS ¥ BU3YalH3aliy JTaHHBIX JIA3€PHOI0 CKaHUPOBaHus. PaspaboTauuslii ¢
UCIIOJIb30BAHUEM DE3yJIbTAaTOB [uccepTalMoHHON pabothl benserckoro K.O. mporpammubiii
KOMIUIEKC IMO3BOJIIET KPAaTHO CHM3UTh MOTPEOJICHHE ONMEpaTHBHOW IaMSITH TIPHU BBIIOIHEHHU
THMOBBIX oOmnepanui 00paboTkm 0OTaKOB TOYEK, COXpaHssi TPH 3TOM [IPUEMIIEMYIO
IPOM3BOIUTETEHOCTb.

Hayunblit pykoBozuTens pabot % Banenxo B.JL.
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OBbmecTBo ¢ OrPAHHYEHHOI OTBETCTREHHOCTHIO

“IxoCran” —$89
190121, r. Cankr-Netepbypr, 1ab. pexu Mpaxuy, 4. 32
Ten. +7 (812) 702-6178, mob. +7 (921) 998-7157 ‘

18.02.2020r. r. Caukr-Netepbypr

AKT BHEPEHHHA

Hacrosimit aKT NOATBEPXK/AET, YTO OCHOBHOM pe3y/bTar JMCCEPTAHOHHOM
paboThl bensieBckoro K.O. na temy «MeTojibl H AIrOpHTMBbI (hopMHpOBaHHA H
HCTIOAB30BAHMS OKTO/ICpEBa U1s 00paboTKH 00/1aKa TOUEK a3epHOro CKaHHPOBAHHA
B OrpaHH4eHHOM o0beMe onepaTHBHON NaMATHY, 3aK/II0YAETCS B HOBOM noaxone K
opraHu3amy 06paboTKi GoMbLIKX 06/1aKOB TOUYEK. DTOT MOMIXO/L OCHOBBIBACTCH HA
HCTIOJTL30BAHHA OKTOEPeBa COBMECTHO C CHCTEMO# KEUIMPOBAHHMA H MEXaHH3MOM
oTtoOpakeHHs NaMATH.

JlanHoe peleHne  anpoOHPOBAHO komnanueit 000 «DkoCkaw» B
NPOrpaMMHOM  KOMILIEKCE JUst 06palOTKH, XpaHEHMsl W BHU3yalu3alMH JAHHBIX
Na3epHOrO  CKaHWpoBaHMs W dorochemkn.  [lpakTHueckum  pesyibTaToM
JMLCEPTALHOHHOM PalboThl ABIACTCH HCMONLIOBAHHE NpeUIOAKEHHOTO N0IX0/1a V1A
CHIKEHHMS 3arpy3KH OTICPATHBHOH MaMATH B MpoUECCe paboThbl ¢ OOIaKaMK TOUEK.
10 M103BOAAET BHINOJIHATE 06pabOTKY 00/1AKOB TOUCK JA3CPHBIX OTpaXeHH, pasmep
KOTOPBIX 3HAYHTELHO MPERLILACT A0CTYIHbBIE 06beMbl ONIEPATHBHON NMaMATH.

Jlnpextop /
000 “Ikockan”, K.T.H. ‘ i - Haymenko A.W.
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