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AHHoOTauuA

Pa3paboTka cucTeM aBTOMAaTH3MPOBAHHOTO NMPOEKTUPOBAHUS BKIIOYACT KOMIUIEKC (DyHIAMEHTAIBHBIX H
NIPUKIIQAHBIX MccnenoBannil. KoHnenTyaabHyl0 OCHOBY MaTeMaTHYECKOro ammapara TaKhX CHCTEM CO-
CTaBJIET MOHITHE MOJHOLEHHOTO F€OMETPUYECKOT0 Tella, Kak T€OMETPHUECKOT0 MHOKECTBA TOYEK, JUIS
KOTOPOT'O KOJIMYECTBO TEKYIIHUX TApaMETPOB COOTBETCTBYET PA3MEPHOCTH NPOCTPAHCTBA, TJIe TEOMETPH-
YecKoe TeNO MPEACTABISAEeTCS KakK BBIIACICHHAS YacTh MPOCTPAHCTBA. AHATUTHYECKOE OMMCAHHE TAKHX
TOYCYHBIX MHOXECTB BBIIIOJHIETCS MOCPEICTBOM MAaTEMAaTHYECKOTO amapara TOUYCYHOTO HCUHUCICHUS.
Takoil moaxon mmeerT 00OOIIEHHE Ha MHOTOMEpPHOE MPOCTPAHCTBO. B cTaThe MpUBOIUTCS CpaBHEHHE
MIPEUI0KEHHOTO TIOAX0a K TBEPAOTEIHHOMY MOJCTHPOBAHUIO T€OMETPHUCCKIX 00BEKTOB C CYIIECTBY-
IOUTMMH TToixoaaMu. [Toka3aHbl mpuMepsl MOAECTMPOBAHUS T€OMETPHUCCKHIX TEJl HA OCHOBE HOBOTO TO/I-
Xofa. Beimenensl mpenmymiecTBa MPeAsIOKEHHOTO IMOAX0Ma, BKIIIOYAIONINE KOMIIAKTHOCTh aHAJTUTHUE-
CKOTO OINUCaHMs, OTCYTCTBHE HEOOXOJMUMOCTH HCIIOIb30BaHMSI MAaTPHLl NPeoOpa3oBaHMs, BO3MOKHOCTD
peanM3aly Mapajyie’bHbIX BBIYMCICHUH Ha YPOBHE MaTeMaTHuecKkoro ammapara u ap. OO0o3HaueHb
BO3MOKHOCTH MOJIEIIUPOBAHUS TEOMETPUUECKUX TENl B TOUEYHOM HCUUCIIEHUH, B TOM UYHUCIIE MOAEIUPO-
BaHME M30TPOIHBIX U aHU3O0TPOIHBIX TEJ B BHAE TBEPJOTEIBHBIX T€OMETPHUECKUX O0BEKTOB ¢ (DyHKIH-
OHAJBHO-YNPaBIIeMON TMHEHHON U HETMHEHHON CTPYKTYpOI MPOCTpaHCTRA.

Knroueswie cnosa: CAIIP, meépoomenvroe Modenuposanue, epanuinas MoOeb, MoYeyHoe UCYUCTEHUe,
napainenvHvle 8bIYUCIeHUs, 2e0MempuiecKoe 0po.

Humuposanue: Kononayxuii E.B., Pomkoe C.H., Jlaczynoea M.B., Besconvros M.B. Tlonxox k TBEpmO-
TEJIEHOMY MOJICIIUPOBAHHIO T€OMETPHUCCKIX OOBEKTOB B TOUCUHOM HCUUCICHUH. OHMON02US NPOEeKmu-
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I(om[mukm unmepecoe: aBTophbl 3asBJIAIOT 00 OTCYTCTBUU KOH(I)JH/IKTE[ HUHTEPECOB.

BBepeHune

[Tporiecc COBpEMEHHOTO MPOCKTHPOBAHKS HEBO3MOXKHO IMPEJICTABUTh 0€3 MCIIOIh30BAHUS CH-
cteM aBToMmatusupoBaHHoro mnpoektupoBanus (CAIIP), koTopsie cramu 3¢G(HEKTHBHBIM HHCTPY-
MEHTOM TE€OMETPUYECKOro MoJeIupoBaHusA. ['eomeTpruyeckue MOJAETH MPOLUIM MHOTO3TaIHbIN
MIPOLIECC IBOJIIOIMH, HAYUHAS OT PYYHOTO YEpUYCHUS, ABYXMEPHOTO U TPEXMEPHOTO MOJIEITHPOBA-
HUS, UCIIOJIb30BaHUs 00JJAUHBIX TEXHOJIOTUHN U HUGPOBOIN MOAIEPIKKU KU3HEHHOTO LIUKJIa U3/eni
710 UCTIOJIb30BaHUS CPEJICTB UCKYCCTBEHHOTO MHTEIUICKTa M MAITMHHOTO 00yUeHUSI.

Cymectytomue CAIIP Xxopoio moaxoasT AJjisl pelIeHUs] MHKEHEPHBIX 3a7a4 C OTPaHUYECHHBIM
KOJIMYECTBOM OOBEKTOB, HO MOKa HE MOTYT OOECHEYHUTh JOCTATOYHYIO MPOU3BOJUTEILHOCTD IS
CO3/1aHUS TOJHOLEHHBIX HMU(PPOBBIX IBONHUKOB, BKIIOYAIOMIUX OOJbIINE MACCHUBBI TPEXMEPHBIX
anemeHTOB. [pyrum HemoctatkoMm coBpeMeHHbIX CAIIP sBhsieTcst OTCYTCTBHE NPOTPAMMHOIO
obecrieueHus, 00bEAMHSIONIET0 BO3MOXKHOCTH reomeTpudeckoro moaenupoanus (CAD) u pacuér-
HbIX CATIIP (CAE), 9T0o pUBOAUT K HEOOXOAUMOCTH UMIIOPTA TEOMETPHUECKHUX MO/IENIe 00bEKTOB
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B pacuéTHbIe KOMIUIEKCHl U K BOSHMKHOBEHHIO MPOOJIEM, CBSI3aHHBIX C HEIOCTATOYHON MHTEpOIIe-
pabenbHOCTBhIO OTedecTBeHHBIX U 3apyOekHbiXx CAIIP. OcnoBoii coBpemennbix CAIIP siBnsieTcs
FEOMETPHUUECKOE SIIPO U MaTeMaTHUYECKUI anmnapar, Ha OCHOBE KOTOPOI'O OHO peain30BaHo.

1 TeopeTuyeckas yactb

CymiecTByeT HECKOJIbKO BUAOB IpejcTaBiieHus: reomerpudyeckux mojeneit B CAIIP, kotopeie
BKJIIOYAIOT TOYCUHYIO, KAapKACHYI0, IPAHMYHYIO, KOHCTPYKTHBHYIO M BOKCENBHYIO' MOJICIIL
Haubonsmiee pactipoctpanenue B CAIIP umeer rpannyHas mojens [ 1], kotopas momyumina abope-
Buarypy BREP (Boundary REPresentation) win B-rep [2-4]. CTOUT OTMETHUTbH, YTO TEOMETPUUYECKH
HE COBCEM KOPPEKTHO Ha3bIBaTh 3aMKHYTYIO OOOJIOUKY IOJHOIEHHOW TBEPAOTEIHHOW MOJEIBIO
(TM), HO 3Ta yCIOBHOCTh HCIIOIB3YeTCS, B T.4. M B JOpMATE IPEACTABICHHS TaHHbIX [FC”.

Cpenu oTedecTBEHHBIX pa3pabOTUMKOB reoMmerpudeckoro siapa CAIIP MOXXHO BBIIEIUTH JBa
nporpaMMHubIx npoaykra: C3D [5, 6] u RGK [7, 8]. Oba 3THX T€OMETPUUYECKUX SIpa UCIIOIb3YIOT
rpaHnyHyto mozenb BREP. B pabotax [9, 10] moka3aHo, 4TO MOBEpXHOCTH (000104Ka) — 3TO ABYX-
napamMeTpu4eCcKOe MHOKECTBO TOUEK, a TEOMETPHUUECKOE TEJIO — 3TO TPEXNApaAMETPUUECKOE MHOXKE-
CTBO, MpUHAAJIEXKAIIee TPEXMEPHOMY IIPOCTPaHCTBY. B 00oux ciydasx peub UAET O MEepEeMEHHBIX
WM TEKYLIUX [apaMeTpax, a Moj F€OMETPUYECKHM TEJIOM MOHUMAETCs T'€OMETPUYECKOe MHOXKe-
CTBO TOYEK, Y KOTOPOT0 KOJMYECTBO TEKYILUX apaMeTPOB COOTBETCTBYET pa3MEPHOCTH IPOCTPAH-
ctBa [9]. OIHOMEpPHBIM T€OMETPUUYECKUM TEJIOM SIBIIETCS OTPE30K MPSMOM — BBIJIEJICHHAs YacTh
OJIHOMEPHOTO IIPOCTPAHCTBA, ABYMEPHBIM TEJIOM — BbIJEJIEHHAs 4acThb IUIOCKOCTU U T.[., & HYJb-
MEPHBIM T€OMETPUUYECKUM TEJIOM SBIISETCS TOUKA — YHUKAIbHBIA F€OMETPUUECKUN OOBEKT, KOTO-
pBIii HE UMEET HMKaKUX METPUYECKHX XapaKTEPUCTUK M BMECTE C TeM JII000H reoMeTpuuecKuil
00BEKT MOKHO MPEACTABUTH OPraHN30BaHHBIM MHOYKECTBOM TOUEK.

JlJi aHaTMTUYECKOTr0 OMMCAHMSI KPUBBIX, TOBEPXHOCTEN U TMIIEPIIOBEPXHOCTEH MHOTOMEPHOTO
pOCTpaHCTBa pa3paboTaH MaremaTuyeckuil anmnapar «Toueunoe ucunciaenue» [11]. Toueunoe uc-
YHUCJIEHUE UCITIOJIb3YETCS TaKKe JUIsl MOJIETTMPOBAHUS FT€OMETPUUECKUX TEJ, KaK BBIJIEICHHON YacTu
IIPOCTPAHCTBA, 3aIIOJIHEHHOTO OpPraHM30BaHHBIM MHOKecTBOM Todek [9, 10]. Iloxoxwuili moaxon,
OCHOBaHHBIM Ha METO/JAaX MHOIOMEPHON MHTEPHOJSALUH, IpenioxkeH B [12-14] n peanuzoBaH Ha
JIpYroM MaTeMaTU4YeCcKOM arlrapare.

bau3koil K onMcaHUIO T€OMETPUUYECKUX TEN SIBJISETCS BOKCEIbHAs MOJAEb, 00eCcIeunBaroas
IpeJicTaBlIeHue 00BEKTOB B BUAE TPEXMEPHOIO0 MaccuBa 00bEMHBIX 31eMeHTOB [15-17]. Bokcennb-
Hasi MOZIeJIb SIBJsieTCsl 0000IIEHNEM pacTPOBOM MOJIENIM Ha TPEXMEPHOE IPOCTPAHCTBO U YHACIE0-
Bajla BCE HEJOCTAaTKU PACTPOBBIX MOJIENEH, K KOTOPHIM OTHOCATCA: OOJIbLIIME MaccuBbl MH(pOpMa-
[IUU, HEOOXOUMBIE ISl IPE/ICTaBICHHS] OOBEMHBIX JaHHBIX; 3HAYUTEIbHBIC 3aTPAThl OMEPATUBHOM
NaMsTH; TPYAHOCTH, CBSI3aHHBIE C YBEJIMYEHUEM WM YMEHbILIEHHEM H300paxkeHuil. Moneaupona-
HUE T€OMETPUYECKUX TE€J B BHJIE OPraHM30BAHHOI'O MHOYKECTBA TOYEK MOYKHO IPEACTABUTH Kak
BEKTOPHOE MPEJCTaBICHNE BOKCEIBHBIX Mojesield. Ecimu pa3Mmep BOKcens yCTpEMUTh K TOUYKE, TO
reOMETPHUYECKUE OOBEKTHI MOXHO ONMHUCATh OPraHM30BAHHBIM MHOXECTBOM TOYEK, IOJYYHB BEK-
TOPHBIC MOICNIH, KOTOpBIE Oosee mpennouTuTebHbl B CAIIP 110 cpaBHEHUIO ¢ pacTpOBBIMHU.

TM, cxoxasi ¢ BOKCENbHOM, ucnoib3yercs B CAE, pealn30BaHHBIX Ha OCHOBE METOJ1a KOHEU-
HbiX anemeHToB (MKD) [18,19]. Ilpu ctpemienun pazmepa 00BEMHOTO 3JIEMEHTAa K OCCKOHEYHO
MaJIoi BelM4MHE (TOYKE) Moxydaercs TouyeuHas TM, Oau3Kkas K IpeyiosKeHHON, HO BBIYUCIUTEb-
Has cioxHOCTF MKD mipu 3TOM cTpeMuTCsi K 06CKOHEUHOCTH. ECiu BCcnonp30BaTh NMpeACTaBICHUE

! Bokcen (ot anru. volumetric pixel v voxel — 0GbEMHBIN MHKCEIb) — IEMEHT 00BEMHOT0 H300PaKEHHs, COACPIKAIIHIA 3HAUC-
HHE 2JIEMEHTa pacTpa B TPEXMEPHOM IPOCTPAHCTBE.

% IfcGeometricConstraintResource.
https://standards.buildingsmart.org/IFC/RELEASE/IFC4_3/HTML/ifcgeometricconstraintresource/content.html.
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reOMETPUUYECKUX OOBEKTOB C MOMOIIbIO TEKYIIEH TOYKH, KOTOpas CBOMM JABU)KCHHEM 3aIOJIHSET
MIPOCTPAHCTBO, TO MOXKHO TOJIYYUTh MOJIEJb, KOTOPAs OMHUCHIBAECTCS MPOCTHIMA TOYCUHBIMU ypaB-
HEHUSIMU. DTU ypaBHEHUS CBOJASTCS K CUCTEME OAHOTUITHBIX MapaMeTPHUUECKUX ypaBHEHUH, O3BO-
JSIFOINUX Pealin30BaTh MMapajulebHbIC BBIYMCICHUS 110 JAHHBIM Ha YPOBHE MAaTEeMaTHUECKOTO arra-
para [20].

IIpumep mooenuposanus 2eomempuiecko2o mena

npPeonoANCeHHbIM cnoco6om (CM. PUCYHOK 1).

Jna mapamerpusanuu TM nmapasuienenuiieia MOKHO BOCIIOJb-
30BaThCs MPOCTHIMU OTHOUICHUSIMH TPEX TOouek mpsiMbix DA, DB
u DC Ha ero cropoHax:

DP DQ DR
U=—,V="-—", W=—r7o.
DA DB DC
B pesynbrare momydaroTcsi TP TOYEYHBIX YPaBHEHHS MPSIMBIX:

P=(A-D)u+D, Q=(B-D)v+D, R=(C—D)w+D.

Jns onpenenenuss TeKyuen Touku M TpéxmapamMeTpuyecKoro PrcyHoK | - [eoMeTprieckas
MHOECTBA MOKHO JIBaXKJIbl BOCIOJIL30BATHCS TOYEUHOU (1)OpMy— CcXeMa ONpeeeHUs TBEPIOTENb-
JI0M mapaJiienbHoro nepenoca [11]: HO MOJICJTH TIapaJiielIeIHIe 1

N=P+Q-D
= M =(A—D)u+(B-D)v+(C-D)w+D. (1)
M=R+N-D

B ypaBuennu (1) 4, B, C, D — ucxoaHble TOUYKH, KOTOPBIE HE TOIBKO (POPMUPYIOT TOKATBHBIN
CUMILJIEKC TPEXMEPHOI'O MIPOCTPAHCTBA JUIsl ONIPEISJIEHUs] HCKOMOTO MHOXECTBA TOYEK, HO U OJIHO-
3HAYHO ONPENEJIAIOT MONOKEHNE U Pa3Mephl Napaielenumneia B II00aIbH0M cucteMe KOOpAUHAT.
[Tapametps! u, v, w B IpeIoKeHHOM napaMerpu3anuu (pucyHok 1) nsmensitores ot 0 o 1, obec-
reyuBasi 3aloJHEeHHe TOYKaMU BHYTpPEHHEW 4yacTu napasuienenunena. VMcmnomnb3ys cBoiicTBa Touey-
HOT'O MCUHUCIIEHUS, MOXKHO MPEJICTaBUTh ypaBHeHuUe (1) B 6osiee KOMITAaKTHOM BUJIE:

M=Au+Bv+Cw+D(1—u—v—w).

OtH ABe GOpPMBI IPECTABICHUS T€OMETPUUECKUX OOBEKTOB B TOUEYHOM MCUUCIICHUH SIBIISIOT-
Csl TIOJIHOCTBIO MJIEHTUYHBIMU U BCErJa MOTYT OBITh MOJy4YeHBI OJHA U3 Apyroil. Beibop dhopmbl
IIPEJICTABICHNUS TOUEYHOTO0 YPaBHEHUS 3aBUCUT OT KOHKPETHOM 3a/1auM U onpeensercss y100CTBOM
ucnonbs3oBanus. [lox Toukamu A4, B, C, D, M B ypaBHeHuH (1) mNOHUMaIOTCS KOOPAUHATHBIE BEKTO-
pel. KonnuecTBo KOOpAMHAT 3aBHCHUT OT pa3MEpPHOCTH IpocTpaHcTBa. Ilepexons kK KoOopaMHATHON
(dopme 11 TPEXMEPHOro MPOCTPAHCTBA, MOXKET OBITh MOIYyY€Ha CIEAYIOIasi CUCTEMA ITapaMeTpH-
YECKUX YPaBHCHUM:

Xy = (X, —xp Ju+ (x5 —x, ) v+(x. —x, ) wx,
yM:(yA_yD)u+(yB_yD)v+(yC_yD)W+yD' (2)

Zy :(ZA —ZD)M +(ZB —ZD)V+(ZC —ZD)W+ZD

Taxum o06pazom, 17 oNpesieNieHusl BceX MapamMeTpoB MmosoxeHus u gpopmel TM mapannenenu-
nefa noHanoounock 12 mapametpoB. Eciau ncnonb3oBath 1Jid 3THX 1eJlel TPaHUYHYIO MOJIENb, TO
KOJIMYECTBO M1apaMETPOB YBEIUUYHUBAETCS B Pa3bl, IOCKOJIbKY HYKHO OIPENEIUTh KaXKIyI0 U3 IIECTU
IIJIOCKOCTEMN TpeMsl TOYKaMH, a KAyl TOUKY — TpeMs KoopauHatamu. Mtoro nomyvaercs 54 na-
pameTrpa. DTO TOJBKO MOBEPXHOCTh Teda 0e3 yuéra BHYTpeHHe# coctaBisomeil. Ecte u apyrue
napaMeTpu3alm, HO JUIs 3TOr0 HE0OXO0ANMO HUCIIOb30BaTh FTEOMETPUUECKHE YCIOBHUS, pealn3anus
KOTOPBIX TPEOYET JOMOIHUTENbHBIX BEIUUCIUTENBHBIX PECYPCOB.
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VYpasuenue (1) BkiIro4aeT HEOOXOUMbIE TEOMETPUUECKUE YCIOBUS U TMO3BOJISET PEaIn30BaTh
rapajuieIbHbIC BEIYUCICHHS IO JAHHBIM 32 CUET UCIIOJIb30BAHMS KOOPIUHATHBIX BEKTOPOB 4, B, C,
D, M. Bce ypaBHeHUsI cUCTEMBI (2) ABISAIOTCS MOJHOCTHIO UACHTUYHBIMU 33 UCKIIOUEHHUEM KOOP-
TUHAT TO4YeK. TakuM 00pa3oM, BEIYUCIUTEILHBIC TIOTOKHU SIBISIFOTCS COATAaHCUPOBAHHBIMHE, YTO MU-
HUMU3UPYET NPOCTOH SiFep mpoleccopa U ONTUMHU3UPYET €r0 BHIYUCIUTENbHYIO HATPY3KY.

B onucanHoOl mapameTpu3anyy UCIOIb30BaHbI JIMHEHHBIC (PYHKIIUHA OT TEKYIIUX MMapaMeTpOB
u, v, w. Takue reoOMEeTpUYECKUE TeJla Ha3bIBAIOTCS U30TPONHBIMU. [IpenoskeHHbIN MOaX0/] moapa-

3yMeBaeT, 4To i omnpeneneHus TM MOTryT MCHOJIb30BAaThCS U HEJIMHEHHBbIE (DYHKIMH, KOTOpPbIE
YIOPABISIIOT CKOPOCTBIO JABUKEHUS TEKYIIEH TOYKH BHYTPU I'€OMETPUUYECKOro Tena. TakuMm croco-
00M MOXXHO MOJICTUPOBATh HE TOJBKO M30TPOIHBIC, HO U aHU30TPOIHBIE TEOMETPUUECKUE Tella C
(YHKIIMOHATILHO-YIIPABIISIEMOM aHU30TPOMHUEH. DTO OTKPHIBAET HOBBIE BO3MOXKHOCTH I'€OMETpUYe-
CKOTO MOJICIIMPOBAHUS (PU3MUYECKHX CBOMCTB MCCIEAYeMbIX 00BEKTOB. Ecim moJi reoMeTpu4eckum
TEJIOM MOHUMATh BBIIEJIECHHYIO YacTh IPOCTPAHCTBA, TO CTAHOBUTCS BO3MOKHBIM MOJIETUPOBAHUE
W30TPOIHBIX U AHU30TPOIHBIX IHEPreTUYECKUX, MArHUTHBIX, TEIUIOBBIX, CBETOBBIX, 3BYKOBBIX M
JIPYTUX TIOJIEH B BHJIE TE€OMETPUYECKUX OOBEKTOB C JTMHEHHOW M HENWHEHHOW CTPYKTYpOHl mpo-
CTpaHCTBa. AHAJIOTUYHBIM 00pa30M, MOHUMAS TIO]] TEOMETPHUYECKUM TEJIOM HE TOJIBKO TBEPBIC TE-
Ja, MOXHO MCIIOJIb30BaTh MPEI0KEHHBIN MOIX0/ A1 MOACTUPOBAHUS (PU3NUECKUX CBOUCTB KU /I-
KOCTEH W Ta30B. A BO3MOXKHOCTh OOOOIICHHS MOHATHUS T€OMETPUUYECKOTO Tejla Ha MHOTOMEPHOE
IIPOCTPAHCTBO € YUETOM MATEMAaTHYECKOr0 anmapara TOY€YHOr0 MCYUCICHUS MTO3BOJISIET UCIIONb30-
BaTh IIPAKTUYECKH HEOIPAHWYEHHOE KOJWYECTBO IAPAMETPOB, ONMMCHIBAIOIIUX COOTBETCTBYIOIINE
UM (PU3NYECKUE CBOWCTBA.

[TpeioskeHHBIN TOAXO0/ K TBEPAOTEIEHOMY MOICIHPOBAHUIO TIPEICTABISET co00ii 00001IeHNe
TPAaHUYHON U JPYIUX Mojenel reomerpudeckux ten. M3 toueunoro ypaBHenuss TM Bcerna B BUe
YAaCTHBIX CJIy4a€B MOYKHO IOJYYUTh YPAaBHEHUS MIOBEPXHOCTH 000JIOUKH yTEM (UKCaLUU TPaHUY-
HBIX 3HAYEHUU TEKYILUX [1apaMeTPOB, ONPEIEIAIOIIMUX MOJEIb FeOMeTpUIecKoro Tena. Hanpumep,
st TM nmapannenenunena u3 ypasHeHus (1) myréM ¢ukcaluy rpaHMYHbBIX 3HaYEHHUH MapaMeTpoB
U, v, W IOJIy4YEHbl COOTBETCTBYIOIINE I'PAHU NapAJIICIICIIUIIEAA.

u=0=BCD. u=1= «a//BCD.
v=0=ACD. v=1= p// ACD.

w=0=ABD. w=1=y// ABD.

AHaIOTMYHBIM 00pa30M MOXKHO TOJIYYUTh KapKAaCHYIO T€OMETPUUYECKYI0 MOJIENh MyTEM OHO-
BPEMEHHOH (hUKCallK IBYX MapaMeTpoB, OMPEAENNB, TAKUM 00pa3om, Bce 12 pédep mapanenenu-
nena. [Ipu ogHOBpeMEeHHON (QUKcaUM TPEX MapaMeTPOB MOXKHO TMOJYYUTh BCE § Y3JOBBIX TOUEK
napajuiesienunesna, BKrovas ucxoausie Touku A, B, C, D . V3mensis 3nadeHus: nmapametrpon oT ()

70 1, MOXHO MOJTYYUTh TOUEUHYIO T€OMETPUUYECKYIO MOJIENIb B BU/IE€ O0JIaKa JUCKPETHBIX TOYEK.

Crnenytouiee HanpaBiIeHHE HCCIEA0BAaHUN — ATO BU3YyalIM3alUsl TEOMETPUUYECKUX OOBEKTOB Ha
9KpaHe KOMIbIOTepa. 3/1ech pa3paboTaHbl aJropuTMbl, O6Jaronaps KOTOPHIM ONTUMHU3UPOBAHA BU-
3yalii3alusl CYIIECTBYIOIIUX TeoMeTprudeckux mojened [21-23]. B otauuue oT HUX NpeajioKeH-
HBIM MIOXOJ K OIPEJEICHUIO TEOMETPUUECKUX TEJ, KaK BbIIECICHHON YacTH IIPOCTPAHCTBA, I103BO-
aseT pa3paboTaTh U peaan30BaTh HOBbIE aIrOPUTMBbI PEHIEPUHIa N300paKeHUN JUIsl CUCTEM TBEp-
JOTEIBLHOTO T€OMETPUYECKOTO MOJEINPOBAHMSI, BUPTYaJIbHOM U JOIIOJIHEHHOU peanbHOocTH. Kpome
TOT0, TAKOW MOAXO0JT K MOJCJIIMPOBAHUIO T€OMETPUUYECKUX TEJ CO3aET MPEANOChUIKU Ui pa3padboT-
KU TEXHOJOI'MU TeHepaliy NOJHOLEHHBIX 00bEMHBIX M300pakeHUIl B TPEXMEPHOM MPOCTPAHCTBE,
OCHOBAHHOW Ha I€HEpalny B TPEXMEPHOM IIPOCTPAHCTBE MOTHOLEHHBIX TM ¢ IMOMOIIBIO CBETOBBIX
aydel QyHKIIMOHAIBHO-YIIPABIIEMON IIOTHOCTH (F€OMETPHUYECKOE TEIO C HEMHEHHON CTPYKTY-
pOii IpOCTpaHCTBA).
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Hcxons W3 NMepeyucieHHbIX BO3MOXXHOCTEW U MEPCIEKTUB HUCIOJIb30BAaHUS IPEIJI0KEHHOTO
noaxoaa K TBEPAOTEIBHOMY MOJICIMPOBAHUIO, BBIJIEJICHO TPU OCHOBHBIX HAIIPABICHUS B PaMKax
peanuzanuu crparerndeckoro npoekra «CyBepennnsie CAIIP»:
= reomerpuueckoe s;1po CAIIP HOoBOro nmokosneHus;

"  KOMIBIOTEPHOE MOJIEIMPOBAHUE MATEPUU U SHEPIHH;
"  TEXHOJOTHS reHepanuu 00BEMHBIX H300paKEeHUN B TPEXMEPHOM MPOCTPAHCTBE.

2 Pe3ynbTaTbl 3KCNEPUMEHTOB

[TpensiokeHHBIN MOIX0T K TBEPIOTEIHHOMY MOACIUPOBAHUIO TPOMIEN arpoOaIiio Ha IPUMEPE
MOJICTTUPOBAHUS TEOMETPUUECKHUX TN pasNudHor (Gopmbl. [IpruMepsl MOIeTUPOBAHHS T€OMETPUYEC-
CKHX TeJ B BUJIE BBIJICJICHHON YacTH TPEXMEPHOTO MPOCTPAHCTBA MPEICTaBIECHbI B TabauIe 1.

B tabmune 1: v =1-u, v=1-v, w=1—w — o003HaueHUE JAOMOTHECHUN TApaMETPOB U, V, W
JI0 €IMHUIIBI, IPUHATOE B TOUYeYHOM mcunciaeHuu [11]. B Tabiuiie npuBeaeHbl TOIBKO HEKOTOPHIE
13 BO3MOXHBIX MMapaMeTpU3alnid MOJIeJIel TeOMEeTpUUYeCKUX Tel. MHorue napameTpu3aiuu mpeji-
CTaBJIeHbI B 00mieM Buje. Hanmpumep, 94ToOBI MOMYyYUTh U3 TeNa TPEXOCHOTO AILIUICOUIA JIBYXOC-
HOE TeJIO WM IIap, JOCTaTOYHO BHIOpPATh COOTBETCTBYIONINE KOOpaAuHaThl Touek A, B, C, D . Ilpu

3TOM TOYEYHOE YpaBHEHHE OCTAETCS HEM3MEHHBIM. AHAIOTUYHO — C TOPOUJAIBHBIM TesloM. B Tab-
JIMIE OHO PEaJIn30BAHO B OOILEM BHJIE, KOT/Ia SJUIMIIC IBUYKETCS IO AJIMITHUYECKON TPAEKTOPHUH, U
COOTBETCTBYIOIIMMHU 3HAYECHUSAMU KOOPAMHAT TOYEK MOJETh MOXKET ObITh MpeoOpa3oBaHa B KPYyro-
BOE TOPOUJAILHOE TEJIO.

Hapsiny ¢ mpocTeiMH T€OMETPUUECKUMHU TeJIaMU TIPOBEJCHBI BHIUMCIUTEIbHBIE IKCIIEPUMEHTHI
10 MOJIEJIMPOBAHUIO T€OMETPUUECKUX TeJl ¢ 00JIee CI0KHON TeOMETpUEH.

Bce mpencrasnennsie B pabote TM BU3yaln3upoBaHbl CPEeICTBAMU KOMITBIOTEPHOU anreOpsl,
HO JIJIS1 9THX L€ MOTYT ObITh MCIIOJIb30BAaHbI U IPYrMe HHCTPYMEHTbHI KOMIIBIOTEPHOH TpaduKu 1
Hay4yHOW BU3yaJIU3alLlUu.

[IpoBenEHHbIE BHIYUCIUTENBHBIE SKCIIEPUMEHTHI MMOKa3alu 000CHOBAHHOCTb U JJOCTOBEPHOCTh
MIPETIOKEHHOTO MTOAX 0.

3aknroyeHue

IIpenyioxkeH HOBBIM MAaTEMATHYECKUH aIIapaT BEKTOPHOI'O MPEICTABICHUS T'€OMETPUYECKUX
00bEKTOB. MOKHO BBIJICTUTH CIEAYIOUIME MPEUMYIIECTBA MPEUI0KEHHOT0 MOX0/1a U IepCIeKTH-
BbI ero ucrnosb3oBanus B CAIIP:
=  pa3paboTKa HOBBIX METO/IOB XpaHEHMs TeoMeTpo-Tpaduueckoi MH(GOpMAIMK, OCHOBAHHBIX Ha

WCIIOIb30BAHUM TOYEYHBIX YPABHEHUN, WHBAPUAHTHBIX OTHOCUTEJBHO NApaJUIEIbHOTO IIPO-

€LUPOBaHU;

"  3aMEHa HEKOTOpbIX OyJeBbIX OMepanuil HajJ NeOMETPUYECKHUMH TelaMH aHAJIUTHYECKUMH, a
BOKCEJIbHBIX MOJIEJIEN — BEKTOPHBIMU;

"  OTCYTCTBHE HEOOXOIMMOCTH HMCHOJIb30BaHUS MaTpUll IpeoOpa3oBaHUsl U COIVIACOBAHUS T'€O-
METpHUUYECKO HH(pOpMaIHK B porecce B3aumoaectsust Mmexay CAD u CAE;

" peanu3anys NapaJIebHbIX BBIYMCICHUHN 0 JAHHBIM Ha YPOBHE MaTEMaTH4YECKOIrO amnmapara
«ToueyHoe HcUMCIIEHNEe» U 1O 3a/ladaM 3a CYET UCIOJIb30BaHUS KOHCTPYKTUBHBIX aJrOPUTMOB
reOMETPUUYECKOT0 MOJICITMPOBAHUS Ha MPOSKTUBHON U aQ(pUHHOM OCHOBE;

"  pa3paboTKa HOBBIX METOAOB pacyéra HANPsSKEHHO-Ie(HOPMUPOBAHHOTO COCTOSHHUS TBEPABIX
TEJ, OCHOBAHHBIX Ha (DYHKIIMOHAJIbHO-YIPABIIIEMON aHU30TPOIUU U aJbTEPHATUBHBIX IO OT-
Homuenuto k MKD;

"  pa3paboTKa HOBBIX BHICOKOIIPOM3BOJUTEIBHBIX METO/I0OB PEHEPUHTa H300paKEHU;
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- pa3pa60TI<a HOBOM TEXHOJIOTHH réHepaii IMOJHOLCHHBIX 00BEMHBIX

MEPHOM IIPOCTPAHCTBE.

Tabnmma 1 — Mozaenu reoMeTpHIecKuX Tell B TPEXMEPHOM MIPOCTPAHCTBE

U300pakeHU B TPEX-

HanmenoBanue T'eomerpuueckas cxema ToueuHoe VPaBHCHIE Busyanuzanus
Tena hopmoobpazoBaHNs yp TBEPIOTEITHHON MOJICIN
TpeyrosHas M = Auvw+ Bvw+ Cuvw+ Dw,
nupamMuaa uel01], ve[0;1], we[0;1].
M = Au+ Bv+Cw+

IMapannene- +D(1-u—v-w),
MHATE

u 6[0;1], Ve [O;l], we[O;l].
TpeyronbHas M=4 (uv - w) + Bv +Cvu + Dw,
npusMa ue[0:1], ve[0;1], we[0;1].

M =(A-D)ucosAcosp+
i +(B—D)usin Acos g+

TpéxocHsit +(C-D)usinp+D
SIUTUIICOM]T P+

ue[01], 1€[0;27], qoe[—z;z}.

22
A
M=(4 —D)(l+—aucosﬂjcosgo+
a
A .

Topowu +(B—D)(1+—aucos/1)sm(p+

a
+(C-D)usin A+ D,
uel0;1], 1€[0;27], pe[0;27].
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An approach to solid modeling of geometric objects in point calculus
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Nizhny Novgorod State University of Architecture and Civil Engineering (NNSAGU), Nizhny Novgorod, Russia

Abstract

The development of computer-aided design systems involves a combination of fundamental and applied research. The
conceptual foundation of the mathematical framework for such systems lies in the notion of a complete geometric
body—a geometric set of points where the number of active parameters matches the dimensionality of the space, with
the geometric body represented as a distinct part of that space. The analytical representation of these point sets is
achieved through the mathematical apparatus of point calculus, which can be generalized to multidimensional spaces.
The article compares this proposed approach to solid modeling of geometric objects with existing methods. Examples
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demonstrating the modeling of geometric bodies using the new approach are provided. The advantages of this approach
are emphasized, including the compactness of the analytical description, the elimination of transformation matrices, the
facilitation of parallel computations within the mathematical framework, and more. Additionally, the article explores
the capabilities of modeling geometric bodies in point calculus, such as the representation of isotropic and anisotropic
bodies as solid geometric objects with a functionally controlled linear or nonlinear spatial structure.

Keywords: CAD, solid modeling, boundary model, point calculus, parallel computing, geometric kernel.

For citation: Konopatskiy EV, Rotkov SI, Lagunova MV, Bezsolnov MV. An approach to solid modeling of geometric
objects in point calculus [In Russian]. Ontology of designing. 2025; 15(1): 24-33. DOI:10.18287/2223-9537-2025-15-1-
24-33.

Financial Support: The work was carried out within the framework of implementation of the NNSAGU strategic pro-
ject “Sovereign CAD” of the strategic academic leadership program “Priority 2030”.

Confflict of interest: The authors declare no conflict of interest.

List of figures and tables

Figure 1 - Geometric scheme for defining the solid model of a parallelepiped
Table 1 - Models of geometric bodies in three-dimensional space

References

[11 Kulakova 1V, Borzenko AE. Boundary representation of models (B-REP method in CAD packages) [In Russian].
Information technologies in ES design: Interuniversity collection of scientific works. Ryazan. 2023. P.139-143.

[2] Hu Z, Zhang J, Zhang X. Construction collision detection for site entities based on 4-D space-time model. Qing-
hua Daxue Xuebao (Ziran Kexue Ban). 2010; 50(6): 820-825.

[3] Zou Q, Feng HYu. A robust direct modeling method for quadric B-rep models based on geometry—topology incon-
sistency tracking. Engineering with Computers. 2022; 38(4): 3815-3830. DOI: 10.1007/s00366-021-01416-5.

[4] Teschemacher T, Bauer AM, Oberbichler T, Breitenberger M, Rossi R, Wiichner R, Bletzinger KU. Realization
of CAD-integrated shell simulation based on isogeometric B-Rep analysis. Advanced Modeling and Simulation in
Engineering Sciences. 2018; 5(1): 1-54. DOI: 10.1186/s40323-018-0109-4.

[5] Ladilova AA. Development of cross-platform kernel of geometrical modeling [In Russian]. CAD and graphics.
2022;7(309): 52-56.

[6] Golovanov NN. Geometrical modeling [In Russian]. Moscow: KURS: INFRA-M, 2019. 400 p.

[71 Kozlov SYu, Baranov LV. Russian Geometrical Kernel, RGK [In Russian]. Automation in industry. 2023; 9: 24-27.

[8] RGK at the Top Sistemi Company Forum [In Russian]. CAD and graphics. 2023; 7(323): 32-41.

[9] Konopatskiy EV, Bezditnyi AA, Lagunova MV, Naidysh AV. Principles of solid modelling in point calculus. Jour-
nal of Physics: Conference Series: 5, Omsk, 16—17 mapta 2021 roma. Omsk, 2021. P.012063. DOI: 10.1088/1742-
6596/1901/1/012063.

[10] Konopatskiy EV, Bezditnyi AA. Solid modeling of geometric objects in point calculus. Proceedings of the 31st
International Conference on Computer Graphics and Vision (GraphiCon 2021). Nizhny Novgorod, Russia, Sep-
tember 27-30, 2021; 3027: 666-672. DOI: 10.20948/graphicon-2021-3027-666-672.

[11] Balyuba IG, Konopatsky EV, Bumaga AL Dot calculus [In Russian]. Makeyevka: DONNASA, 2020. 244 p.

[12] Ayusheev TV, Bulychev RN. Modeling of parametric rational solids using generalized Bezier interpolation [In
Russian]. Bulletin of Buryat State University. Mathematics, Informatics. 2018; 1: 83-94. DOI: 10.18101/2304-
5728-2018-1-83-94.

[13] Ayusheev TV, Bulychev RN, Rakshaeva OD. Construction of three-parameter solids with degenerate facet surfac-
es [In Russian]. Applied Mathematics and Fundamental Informatics. 2019; 6(4): 4-17. DOI: 10.25206/2311-4908-
2019-6-4-4-17.

[14] Ayusheev TV, Damdinova TTs, Balthinimimayeva SM. Modeling of solids with ellipsoidal pores in vector-
parametric representation [In Russian]. Dynamics of systems, mechanisms and machines. 2023; 11(2): 2-7. DOI:
10.25206/2310-9793-2023-11-2-2-7.

[15] Shakaev VD, Kravets AG. Methods of voxel landscape representation in designing virtual reality systems [In Rus-
sian]. Modeling, optimization and information technologies. 2019; 7(24): 309-327. DOI: 10.26102/2310-
6018/2019.24.1.019.

32 2025, vol.15, x1, Ontology of Designing



E.B. Kononayxuii, C.H. Pomxos, M.B. Jlazynosa, M.B. besconvtog

[16] Shchurova EI. Voxel and Finite Element Modeling of Twist Drill. Proceedings of the 5th International Confer-
ence on Industrial Engineering (ICIE 2019). Sochi, Russia, 25-29 March 2019. Springer International Publishing,
Switzerland AG, 2020. P.181-190. DOI: 10.1007/978-3-030-22063-1 20.

[17] Tolok AV, Tolok NB. Constructing the functional voxel model for terrain on the basis of bilinear interpolation of
triangulated network. Advances in Intelligent Systems and Computing. 2020; 1226: 340-347. DOI: 10.1007/978-3-
030-51974-2 33.

[18] Kosov MG, Kapitanov AV. Method of boundary-volume finite elements for solving contact problems [In Russian].
STIN. 2019; 7: 5-7.

[19] Strakhov DE, Sakhapova Al Volumetric finite elements in reconstructed buildings [In Russian]. Innovative sci-
ence. 2017; 10: 20-26.

[20] Konopatskiy EV. Geometrical bases of parallel calculations in systems of computer modeling and computer-aided
design [In Russian]. Proceedings of the International Conference on Computer Graphics and Vision “Graphicon”.
2022; 32: 816-825. DOI: 10.20948/graphicon-2022-816-825.

[21] Earnshaw R, Dill J, Kasik D. Data Science and Visual Computing. Advanced Information and Knowledge Pro-
cessing. 2019. DOI:10.1007/978-3-030-24367-8.

[22] Aung PaPaW, Choi W, Kulinan AS, Cha G, Park S. Three-Dimensional Engine-Based Geometric Model Optimi-
zation Algorithm for BIM Visualization with Augmented Reality. Semsors. 2022; 22(19): 7622. DOI:
10.3390/s22197622.

[23] Kasik D. Geometric visualization. Advanced Information and Knowledge Processing, 2019. P.59-72. DOI:
10.1007/978-3-030-24367-8 5.

About the authors

Evgeniy Viktorovich Konopatskiy (b. 1980) graduated from Donbas State Academy of Civil Engineering and Architec-
ture in 2004, Ph.D. (2020). Director of the Institute of Information Technologies of NNSAGU, Head of the Department
of Engineering Graphics and Information Modeling of NNSAGU. Academic Secretary of the Dissertation Council on
the specialty “Engineering Geometry and Computer Graphics. Digital support of product life cycle”. The list of scien-
tific works includes more than 150 works in the field of engineering geometry and computer graphics. ORCID: 0000-
0003-4798-7458; Author ID (RSCI): 681553; Author ID (Scopus): 57188826034; Researcher ID (WoS): D-3235-2019.
e.v.konopatskiy@mail.ru. DA.

Sergey Igorevich Rotkov (b. 1947) graduated from Lobachevsky Gorky State University (GSU) in 1970, Doctor of En-
gineering (1999). Professor of the Department of Engineering Graphics and Information Modeling, NNSAGU. Chair-
man of the Dissertation Council on the specialty “Engineering Geometry and Computer Graphics. Digital support of
product life cycle”. The list of scientific works includes more than 240 works in the field of engineering geometry,
computer graphics and digital support of product life cycle. ORCID: 0000-0002-3058-2369; Author ID (RSCI):
422792; Author ID (Scopus): 55533401900. rotkov@nngasu.ru.

Marina Viktorovna Lagunova (b. 1962) graduated from the Gorky Polytechnic Institute named after A.A. Zhdanov in
1984, Doctor of Pedagogical Science (2002). Professor of the Department of Engineering Graphics and Information
Modeling of NNSAGU. The list of scientific works includes more than 250 works in the field of engineering geometry
and computer graphics. ORCID: 0000-0002-0671-8609; Author ID (RSCI): 364080; Author ID (Scopus):
57203126551. mvinn@mail.ru.

Maxim Vladimirovich Bezsolnov (b. 1998) graduated from the NNSAGU in 2022. Postgraduate student of the Depart-
ment of Engineering Graphics and Information Modeling of NNSAGU. Author ID (RSCI): 1240598.
bezsoffl@yandex.ru.

Received September 3, 2024. Revised November 29, 2024. Accepted December 10, 2024.

OHTONOT U NPOEKTUPOBaHUs, 1, ToM 15, 2025 33



