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And the large, multi-center sample allows us to stress-test the entire automated
pipeline, from segmentation to simulation. By running the pipeline on data from different
devices, pathologies, and voxel sizes, we can assess its robustness and ensure that the
framework is not limited to a specific type of scan data.

Proposed in this study for reconstructing the computational model of the human
lumbar spine is a sequentially executed, modular pipeline.

Data processing stage: Input the original CT image and preprocess the data, such as
grayscale normalization, which can standardize the grayscale value of the CT image to
ensure the consistency of data under different equipment and different scanning conditions.

1. Geometric model reconstruction: During the model reconstruction phase, an
automated segmentation algorithm (such as a deep learning model) is used to separate each
vertebra from the CT image. Surface mesh reconstruction is then performed, converting the
segmented vertebral regions into a 3D surface mesh model (such as in STL format).
Simultaneously, the generated mesh is smoothed to remove noise and irregularities,
improving model quality. Finally, a 3D spinal model is obtained through segmentation.

2. Based on the generated geometric model, a biomechanical model is established,
combined with the Gibbon toolbox Using tools such as MATLAB, we developed an
automated program to implement lumbar spine finite element meshing, load path and
nucleus pulposus area delineation, and the setting of material properties and boundary
conditions. We also designed a user interface for the automated lumbar spine model processing
program, enabling users to easily load, process, and export lumbar spine model data.

This article details a human lumbar spine reconstruction process based on a public
dataset. Parameterization is the core technical component of the reconstruction, while the
public dataset serves as the starting point and quality assurance for the process. These
components are closely interwoven with this core component, forming a complete, reliable,
and auditable model reconstruction solution.
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This article discusses procedural content generation, procedural generation algorithms, the
advantages of their use in software development, their areas of application, existing approaches
and methods of their optimization.
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[Ipouenypnas renepanus kontenta (I1I'K) — onHo 3 Hanbosee akTUBHO pa3BUBAIO-
IIMXCsl HarpaBlieHUH B cdepe nHpopmannonueix texnonoruil. [ox III'K nonumarot aB-
TOMAaTHYECKOE WJIU MOJTYyaBTOMAaTHUECKOE CO3/IaHUE U JUHAMHUYECKOE U3MEHEHUE dJIeMEH-
ToB: 00bekTOB 2D/3D-rpaduku, BH3yandbHbIX S(PQPEKTOB, 3BYKOB, MY3bIKH H JIPYTHUX
KOMITOHEHTOB BUPTYyalibHOU cpelibl. COBpeMEHHbIE TEXHOJIOTHH MO3BOJISIOT CO3/1aBaTh OT-
POMHBIE BUPTYaJIbHbIE IPOCTPAHCTBA U CIOYKHBIE CUMYJISILIMU, OTHAKO PYYHOE NIPOEKTHPO-
BaHME TPeOyeT KOJIOCCANBHBIX 3aTpaT BpeMeHHu U pecypcoB. Mcnonp3oBanue 1K pemraer
Cpa3y HECKOJIBKO 3a/1a4: YCKOPSET MpoIecc pa3paboTKH, CHUKAET HArPY3Ky Ha KOMaHIy H
obecreunBaeT pazHOOOpa3ue YHUKAIBHBIX OOBEKTOB, YTO OCOOCHHO Ba)KHO ISl CUMYJISI-
Ui ¥ TpeHaxxepos [1].

UccnenoBanus B 3TOM 00J1aCTH COCPEOTOUYCHBI Ha pa3paboOTKe airOPUTMOB, CIIOCO0-
HBIX aBTOMATHYeCKU (POPMHUPOBATH JAaHAIA(THI, OOBEKTH U UHBIE CTPYKTYphl. Takue aji-
TOPUTMBI TTO3BOJIAIOT CO3/]aBaTh OONbIINE U IE€TATU3UPOBAHHBIE BUPTYaJbHbIE MTPOCTPAH-
CTBa, TJIe pyuHas paboTa ObU1a OBl MPaKTUUECKU HEBO3MOXHA [2, ¢. 59].

[IpouenypHas reHepanys UCIOJIb3YETCS B CAMBIX Pa3HbBIX 00JACTsIX:

— UTpoBasi UHIYCTPUS: CO3/1aHNE YHUKAJIBHBIX MUPOB, YPOBHEN U IEPCOHAXKEM;

— CUMYJISITOPBI U TPEHAXKEPhl: TeHEpalys pPeaTuCTUYHBIX JaHIIAQTOB U ClIEHapUeB
JUis 00y4YEHHS TUIIOTOB, BOJUTENICH MIIM BOCHHBIX CIICIIUAIUCTOB;

— apXUTEKTypa U JU3aiiH: aBTOMaTU4ecKasi FeHepaLysi IJIAaHUPOBOK 3/1aHUI U UHTEPbEPOB;

— MY3bIKa M HICKYCCTBO: CO3JJaHUE YHUKAIBLHBIX KOMITO3UIMHI U BU3YAIIbHBIX 3(P(EKTOB.

[II'K cTtaHOBUTCS yHUBEPCAIbHBIM MHCTPYMEHTOM, MPUMEHUMBIM B CaMbIX Pa3HbIX
cdepax, onnako npumenenue III'K cHmkaeT crenmeHb KOHTpOJS pa3paboT4MKa Had pe-
3yJbTaTOM, YTO MOPOXKIAET AOMOJHUTENIbHYIO 33aJauy — U3Y4YCHHE BIIUSHUS CTeHEpUpPO-
BaHHOT'O0 KOHTEHTA Ha BOCIIPUATHE MOyb30BaTens [3, c. 195].

OIHMMU U3 CaMbIX MPOCTBIX U MIHPOKO Ucnoib3yeMbix MeTonoB [II'K sBnsgtorces an-
TOPUTM cilydyaliHOW reHepanuu. OH OCHOBAaH Ha IE€HEPATOpax ICEBAOCIYYalHBIX YHCEl,
KOTOpBIE 3aJal0T mapaMeTpbl 00beKToB. [IpenmyiecTBa: mpocToTa peanus3aliu, BbICOKas
CKOpOCTh palOThI, JIeTKasi UHTETrpalus ¢ JpyruMu cucremMamu. HegocTaTku: puck moiyye-
HHSI HEECTECTBEHHBIX WM OJJHOOOPA3HbIX PE3yJbTaTOB, TPYAHOCTH C 0OECIIEYEeHHEM KayecTBa.
[Ipumep UCHIONB30BaHUS TAaKOTO AITOPUTMA MOXKET CIIYXKUTh TeHepalus JaHamadroB ¢ mo-
Molibio nryma Ilepnina, mo3BOJISIONIEro Co31aBaTh PEATMCTUUHBIE TOPbI, TOJUHBI U MEIIEpHL.

['paMMaTuyeckue CHCTEMBI HCIONB3YIOT (popManbHble MpaBuia Ui TMOCTPOCHUS
cTpykTyp. IlpemmyiecTBa: npeacka3yemMoCTb pe3ysbTara, KOHTPOJb Hal CTPYKTYpOH,
THOKOCTh M3MEHEeHMsI MpaBuil. HegocTaTKu: CI0KHOCTh HACTPOWKH M 3HAYUTEIbHBIE BBI-
YHUCIIUTENbHbBIE 3aTpaThl. [IpUMEHSIOTCS sl TeHepaluu apXUTEKTYphl 3JaHUIl U UHTEpbe-
POB, YTO TMO3BOJSET CO3/IaBaTh PEaTUCTUYHBIE MIPOCTPAHCTBA, COOTBETCTBYIOIINE OIpEIe-
JICHHBIM CTHJISIM.

DBOIOIMOHHBIE AITOPUTMBI UIMUTUPYIOT MPOIIECC €CTECTBEHHOTO OTOOpa: Co3/1aeTcs
HOMYJISILUS PEIIEHUH, TPUMEHSIOTCS MyTallud U CKPEIMBAaHUs, BBIOUPAIOTCS JTy4IllINe Ba-
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puanthl. [IpeumyriectBa: 3EeKTUBHOCTh MPU ONTUMHU3ALMUU CIOKHBIX CUCTEM, CIOCO0-
HOCTh HaXOJIUTh PEHICHUS B MHOTOMEPHBIX MPOCTPAHCTBAX, alalTHBHOCTh. HemocTaTku:
BBICOKAsl BBIYMCIUTENbHAS CTOUMOCTh, HEOOXOJUMOCTh TOYHOW HACTPOMKH MapaMeTpoB,
HETIPEICKa3yeMOCTh TIEPBBIX PE3YIbTATOB.

MammnnHoe odyuenue. HeiipoHHsle ceTi 0o0ydaroTcs Ha MPUMEpPax CYIIECTBYIOIIETO
KOHTEHTAa M CO3JAIOT HOBBIE OOBEKTHI. [IpenMymiecTBa: BBICOKAsh pPEaTMCTHYHOCTH, CIIO-
COOHOCTh K CaMOOOYUYEHHUIO, CXOJCTBO C YEJIOBEYECKUM TBOpUEeCcTBOM. Hemoctarku: mo-
TpeOHOCTh B OONBIINX 00BEMaxX JAHHBIX, CIOKHOCTh HACTPOWKH W BBICOKAs Harpy3ka Ha
BBIUHCIUTENbHBIE PECYPChl. DTOT METOJ aKTUBHO HCIIONB3yeTCS B T€HEpaluu U300paxe-
HUM, MY3bIKH U JAXK€E CIOKETOB.

st mpaktudeckoro npuMeHenus [1I'K kputuuecku Baxkna ontummzanyst. Llens ontumu-
3aI1 — OBBICUTH 3(D(HEKTUBHOCTH TEHEPAIMY KOHTEHTA M CHU3HUTH HATPY3Ky Ha CUCTEMY.

OCHOBHBIE METO/IBI:

— kawuposanue. CoOXpaHEHUE paHee CTeHEPUPOBAHHBIX JAHHBIX ISl TIOBTOPHOTO HC-
MOJIb30BaHUs. Y CKOPSIET 3arpy3Ky M CHIDKAeT Harpy3Ky Ha IpoIeccop, Ho TpeOyeT A0mod-
HUTEJILHOH MaMsATH U YCIIOXKHIET OOHOBJICHHE KOHTEHTA;

— napannenvnas oopabomka. Paznenenue 3aiay MeX 1y TIOTOKaMHU WM ycTpoiicTBamu. [To-
3BOJISIET YCKOPUTD T€HEPAIINIO, HO TPpeOyeT CII0KHON CHHXPOHU3ALNHN U YCIIOKHSIET OTIIAJIKY;

— onmumuzayus namamu. VIcnoap30BaHuE KOMITAKTHBIX CTPYKTYpP JaHHBIX, METOJIOB
cKaTug U ynpaslieHus: pecypcamu. [IoBbIaeT mponu3BOIUTENILHOCTD, HO YCIIOXKHSET KOJ U
MOJKET 3aMeJUIUTh TeHEPAIUIO U3-3a JOMOIHUTENbHBIX ONEpallnii;

— adanmugHoe macumabupogarue ciodxcHocmu. JJunaMudeckas moJACTporKa ypOBHS
JETaN3ally 0] pecypchl ycrpoiicTBa. ObecrednBaeT CTaOMILHOCTh PaOOTHI HA Pa3HBIX
wiatpopmax, HO TpeOyeT MOCTOSSHHOTO MOHHTOPHHIA TPOM3BOJUTEIHLHOCTH M MOXKET
CHIDKATh KaueCTBO MPHU BHICOKOH HArpy3Ke.

OnTumu3zanusi 10JDKHA YUUTBHIBATHCSA YK€ Ha dTale MPOESKTHUPOBAHUS apXUTEKTYpPhI
CUCTEMBI. ['paMOTHBIN BBIOOP CTPYKTYp JaHHBIX U AJITOPUTMOB 3HAUYUTEIHHO YMPOIIAET
JTaNbHEUITYI0 pa3paboTKy M CHHUXKAET 3aTpaThl HA TMOJACPKKY.

[TpoueaypHas reHepanus KOHTEHTa 00JaaeT OTPOMHBIM MOTEHIIMAIIOM JIJISl TTOBBI-
mieHus: 3PPEKTUBHOCTH M KPEaTHBHOCTH B PEIICHUH MHOXKeCTBa 3a1a4. COBpEMEHHBIE ajl-
TOPUTMBI, BKJIFOYAsI MAIIUHHOE 00yUYEHHE, MO3BOJISIOT CO3/IaBaTh KOHTEHT, COTIOCTABHMBIH
¢ TpaAULMOHHBIM. KiTtoueBpIMU 3a/1ladyaMK OCTAIOTCSI ONTHUMH3ALUS POU3BOAUTEIHLHOCTH,
pa3paboTka THOKMX CHCTEM MapamMeTpU3allid U METOJOB OlleHKU KauecTBa. KomOuHamus
nporpammupoBanus, 1 u Bu3yanu3anuu OTKPHIBAET BO3MOKHOCTH JUIS CO3TAHUSI CIOXK-
HBIX TEHEPaTOPOB, MPUMEHUMBIX B UTPaX, CUMYJISAIUAX U IPYTUX 00JIACTX, I/1e TpedyeTcs
MacmTabHOE BUPTyallbHOE OKPYIKEHHE.
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