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3p06yBav Kapanaw M. P.
[(:Linnuc ) (npi3BuLe Ta iHiuianu) KepiBHUK po6oTn
Ltaep J. O. ( nianuc ) (npisBuwe Ta iHiuiann) AHOTALIA

Po3pobneHo nporpamHy 6ibnioteky aBToMaTn3oBaHOro PO3MilLleHHS
reTeporeHHOro BaHTaxy B TPAHCMOPTHMX 3acobax. [MpoBeAeHOo ornsz cyvacHnx
€BPUCTUYHMX anropuTMiB TPUBMMIPHOTO NakyBaHHSA. 3pobneHo aHani3 nepesar i
HeaonikiB icHyt4MX niaxodiB 4O onTuMi3aLii npocTtopy. BoockoHaneHHs cuctemu
nakyBaHHS nonsrae B po3pobLi MeToay iHKpEMEHTanNbHOro po3paxyHKy 0CbOBUX
HaBaHTaXeHb 3 ypaxyBaHHSAM 4eproBocTi BuBaHTaxeHHs (LIFO) Ta reomeTpuyHmnx
nepeLukos, a TakoX po3pobreHHi Ha oro 6asi IporpaMHOro KOMMOHEHTa Ha
natcopmi .NET.

[i pe3ynbTaTi po3pobku cucteMa [03BONUTL 3abe3neunTn HagiiHe
NnnaHyBaHHs 3aBaHTaXXEHHS 3 JOTPUMAHHSIM 3aKOHOAABYMX BaroBUx HOva[:priM
Luboro nepea6ayvyaeTbLCs BNpoBaAXeHHA YHKLiT noLiapoBoi Bidyanisavii
pesynbTaTiB AN KOHTPOS0 NPoLecy BaHTaXHUX pobiT.

ANNOTATION

A software library for automated placement of heterogeneous cargo in

vehicles has beef=teveloped. A review of modern heuristic algorithms for three-

dimensional packaginQas been conducted. An analysis of the advantages and

disadvantages of existing approaches to space optimizatios=~has been made. The improvement of the_packaging_system consists in developing a

method for
incremental calculation of axial loads taking into account the unloading order
(LIFO) and geometric obstacles, as well as developing a software component on the
.NET platform based on it.

s a result of the development, the system will allow for reliable loading
planning in compliance with legislative weight standards=4n addition, it is planned
to implement a layered visualization function for monitoring the loading process.

PEDEPAT

Po3paxyHkoBo-nosicHIoBarnbHa 3anvcka: 74 cTopiHoK, 28 pucyHkiB, 6

Tabnuub, 28 nocunaxb, 6 AogaTkis.

O6’eKkTOM OCHIKEHHS! € TPUBUMIPHE PO3MILLIEHHS! reTEPOreHHNX BaHTaxiB

y obmexxeHomy 06’eMi TpaHCNOPTHOro 3acoly.

Mertoto poboTu € po3pobka Ta nporpaMHa peanisaLisi aBToMaTn3oBaHoi

cucTeMun onTuMisaLii 3aBaHTaxeHHs "Pack3D", wo 3abesneyye BUCOKY LUiNbHICTb



nakyBaHHs 3 JOTPUMAHHSIM (Di3NYHNX 0OMEXEHb (HaBaHTaXEHHS Ha OCi,
cTabinbHicTb WTabentoBaHHS) Ta NOTICTUYHMX KPUTEPIiB (4eprosicTb
posBaHTaxeHHs1 LIFO).

Y nepliomMy po3gini npoBeaeHo aHania MetoAis 3D-koHTenHepu3aalii,
dhopmanizoBaHo NoricTU4Hi KpUTepii Ta idnyHi OBMEXEHHS: reOMEeTpIto, KPUXKICTb
BaHTaXIB Ta NiMITV HAaBaHTaXXEHHS Ha rpynu ocen.

Y opyromy po3gini po3pobrneHo matemaTuyHy MOAENb PO3noainy
HaBaHTaXXeHHs Ha OCHOBI (Pi3NKM Baxens Ta 3anponoOHOBAHO €BPUCTUYHUIA
anropuTM po3MmilleHHs 3 GaratokpuTepianbHUM NigXoaoM.

Y TpeTboMy po3aini 3aincHeHo nporpamHy peanisadito cuctemu "Pack3D" Ha
nnatgopmi .NET, onucaHo apxiTekTypy obumcnioBanbHOro sapa, po3pobneHo
mMoaynb Bidyanidauii SVG ta mogynb "UnloadingAnalyzer" ansi nepesipku
BignosigHocTi nnaHy Bumoram LIFO Ta ouiHKM Yacy po3BaHTaXEHHS.

Kntouosi cnosa: OMTUMIBALIA 3ABAHTAXEHHA, TETEPOIEHHI
BAHTAXI, MIbAOTUHHUM ANTOPUTM, HABAHTAXEHHSA HA OCI,
BIBYATIBALIA MNAHIB, LIFO, NOMNCTUYHA E®EKTUBHICTb

ABSTRACT

Calculation and explanatory note: 74 pages, 28 figures, 6 tables, 28 references,

6 appendices.

The object of the study is the three-dimensional placement of heterogeneous
cargo in a limited volume of a vehicle.

The purpose of the work is the development and software implementation of

an automated loading optimization system "Pack3D", which provides high packing
density while complying with physical constraints (axle load, stacking stability) and
logistical criteria (LIFO unloading sequence).

The first section analyzes 3D containerization methods, formalizes logistical
criteria and physical constraints: geometry, cargo fragility and load limits on axle
groups.

The second section develops a mathematical model of load distribution based

on lever physics and proposes a heuristic placement algorithm with a multi-criteria
approach.

I n the third section, the software implementation of the "Pack3D" system on

the .NET platform is carried out, the architecture of the computing core is described,
the SVG visualization module and the "UnloadingAnalyzer" module are developed
to check the compliance of the plan with LIFO requirements and estimate the
unloading time.

Keywords: LOADING OPTIMIZATION, HETEROGENEOUS LOADS,
GUILLOTINE ALGORITHM, AXLE LOADING, PLAN VISUALIZATION,
LIFO, LOGISTICS EFFICIENCY
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MEPEJIK YMOBHWX NMO3HAYEHb, CUMBOJIB, OOVHWLIb,

CKOPOYEHb TA TEPMIHIB

3D-BPP - (Three-Dimensional Bin Packing Problem) TpuBumipHa 3agava nakyBaHHs;
API — (Application Programming Interface) iHTepdeic npuknagHoro nporpaMyBaHHs;
CLP — (Container Loading Problem) 3apaya 3aBaHTaxeHHsi KOHTelHepa;

CoG — (Center of Gravity) ueHTp mac;

SG — (Constructive Solid Geometry) koHCTpykTUBHa BriokoBa reomeTpisi;

CSV — (Comma-Separated Values) 3Ha4yeHHs, po3aineHi komamu;

DOM — (Document Object Model) 06’ekTHa Mofernb OKYMEHTa;

ERP — (Enterprise Resource Planning) nnaHyBaHHsi pecypciB nignpnemMcTaa;

GC — (Garbage Collector) 36upady cmiTTS;

JSON - (JavaScript Object Notation) 3anuc JavaScript 06’exTiB;

LIFO — (Last In, First Out) ocTaHHIM NPWIALLIOB - NepLUXM MiLLOB;

LINQ — (Language Integrated Query) iHTerpoBaHuii y MOBY 3anuT;

9]

LTL — (Less Than Truckload) BaHTa)x MeHLLE NOBHOT BAHTAXOMiANOMHOCTI;

MER — (Maximal Empty Rectangles) makcumarnbHi NOpOXHi MPSIMOKYTHUKM;

NP — (Nondeterministic Polynomial) HeaeTepmiHoBaHuiA noniHOMianbHUI Yac;
SVG — (Scalable Vector Graphics) maclutaboBaHa BekTopHa rpadika;

TMS - (Transportation Management System) cuctema ynpaeniHHsi TpaHCNOPTOM;
UML - (Unified Modeling Language) yHichikoBaHa MOBa MOAEeNtoBaHHS;
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BCTYMN

JloricTvka CbOroAHi - Lie He NPOCTO AOMNOMKHA PYHKLIS, a CnpaBXHA KPOBOHOCHA
cuctema GisHecy, Bia sKoi 6e3 nepebinblUeHHs 3anexuTb BUXKMBAHHS KOMMaHii. AKLo
rOBOPUTU NPSIMO: T€, HACKINbKV rPaMOTHO BU 3aBaHTaxwunu gypy, 6eanocepenHso 6'e no
KULLEHi - BU3HaYae cobiBapTiCTb TOBapy, Yv AoiAe BiH LiNUM i SIK LWBMAKO OMUHNTLCS Y
KnieHTa. FonoBHWI 6inb TPAaHCNOPTHOT NOTICTUKY - Lie 3anxaTu B 0BMeXeHuii NpocTip
Ky30Ba sikomora binbLue ToBapy. Ane, sik nokasye npakTvka, NpocTo rpatu B «TeTpic»
BXe HefocTaTHbO. PeanbHicTb nigkuaae Kyny disnyHmx npobnem: tpeba aymaru, wob
He nepeBaHTaXWUTN KOHKPETHY BiCb Tpaka, LLob BaHTax He NoneTis LWkepebepTb Ha
NOBOPOTI, i W6 AOTPMMYBaBCsi NOPSAOK BUBaHTaxeHHs (npasuno LIFO). A we x e
XONOAWIbHI YCTAHOBKW, KOMICHI apKu Ta iHLUI «CIOPNpU3ny BCepeauHi KOHTenHepa, Aki
3'igalTb KOPUCHMIA NPOCTIp.

AKTYyanbHICTb TeMW. 3a3BMUYal NPoLeC 3aBaHTaXKEHHA TPUMAETLCA Ha nnevax
[0CBIiAYEHNX KOMiIPHUKIB - BOHWM pobnsiTh Le "Ha oKo" i YacTo AocuTb HenoraHo. Ane
CUTyaLis pi3Ko 3MIHIOETBCSA, KON MPUXOAUTL HECTAHOAPTHUIA, Pi3HOPIAHUIA BaHTax. TyT



ntoAckka iHTYiLis noynHae BykcyBaTu. B Takux ymoBax pyyHe nnaHyBaHHS BXe He
npautoe epeKkTUBHO: Lie AOBro, AOPOro i 3arpoXye noMmunkamu. [lyxe NMoBipHO, LLIO came
TYT NIOACHKUIA haKkTop CTae BY3bKUM MiCLIEM, NOPOMXKYOUN psif npobnem:

- HepaLjioHarnbHe BUKOPUCTaHHS BHYTPILLUHbOro 06’'eMy TPaHCMOPTHOrO 3acoby.

Lle npn3BoanTb [0 haKTUYHOTO NepeBE3EHHsI HEBUKOPUCTAHOTO NPOCTOPY, L0

3myLuye 36inblyBaTH KiNbKiCTb PeViCiB i, BiANOBIAHO, BUTPATU Ha NanmBeo.

- MOPYLUEHHS BAaroBUX HOpM. HepiBHOMIpHMIA po3noAin Baru - Le npsime

nopyLUEeHHs1 3aKoHoAaBCTBa Oyab-AKOT KpaiHW, O HEMUHYYe NPU3BOANUTL A0

LWTpadiB 3a NEpeBaHTAXKEHHS OKPEMUMX OCEN Ky30Ba, HaBiThb SKLLO 3aranbHa

Maca BaHTaxy B Mexax HOpMU.
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- MOLUKOAKEHHSI BaHTaXYy. IrHOpYBaHHsi napameTpiB KPUXKOCTi Ta A0MNYyCTUMOro
OKpeMoi oaMHWL LiTaBentoBaHHSA CNPUYMHSE MaTepianbHi 36UTKN.

MeToto i 3aBAaHHSAM AocnigKeHHs € NiaBuLLEHHS 6e3nekn Ta eKOHOMIYHOT
eeKTUBHOCTI BaHTaXKHUX NepeBe3eHb LINAXOM aBToMaTtu3alii npouecy nnaHyBaHHs. Lie
[03BOSSIE MiHIMI3yBaTK BNAWB NMIOACLKOro hakTopy. [na AOCArHEHHst NOCTaBMNeHol MeTh
6yno BUPILLEHO HWU3KY HACTYMHKX 3aBAaHb:

- AeTanbHO PO3rNsHYTY HasiBHI NiAXoam A0 PO3B’si3aHHSA 3a4aqi nakyBaHHS
KOHTENHepIB, 30CepeamnBLUMCE NPY LIbOMY Ha €BPUCTUYHMX anroputMax Ta
TPaAULINHUX METoAaXxX KepyBaHHS BiflbHUM NPOCTOPOM, SiKi 3aCTOCOBYHOTLCS

nig yac opmyBaHHS NMaHiB 3aBaHTAXKEHHS;

- BUKOHaTK chopmanisauito isnyHnx obmexxeHb TpaHCNopTHOro 3acoby,

BKIHO4AI04M MOAENb PO3MOAINY OCbOBUX HAaBaHTaXeHb;

- po3poBUTU MaTemMaTU4Hy MoAerNb PO3MILLEHHS reTEPOreHHOro BaHTaxy, LLO
BPaxoBYy€E reOMETPUYHI NEPETUHM, LITabeNoBaHHA BaHTaxy Ta 3a60pOHeHi

30HM B Ky30Bi Tpaka;

- CTBOPUTM anropuTM nakyBaHHsi Ha 6a3i niaxony Best-Fit Decreasing i3
3acToCyBaHHAM MoAnNdIKOBaHOro MeTOAY rinbNoTUHHOro po3pidy (Guillotine

Split) Ta aTomapHoi 6araTokpuTepianbHOi MYHKLIT OLHKY;

- peanidyBatui po3pobneHuin anroputm y BUrMsAi okpemoi 6ibnioteku Ha

nnatdopmi .NET Core Ta po3pobutu SVG iHCTpymeHTapi ans sidyanisauii
pesyneTaTiB 3 060B’A3KOBUM NOryBaHHSAM pe3ynbTarTiB.

O6’ekTOM focnifKeHHs € npouec hopMyBaHHSA BaHTaXHUX NapTii Ta ix

PO3MILLEHHS Y BaHTaXHWX BiACiKax TPaHCMOPTHMX 3acobiB.

MpenmeTom AOCniMKEHHSI € MaTeMaTuUYHi MoAeni, MeToAmM onTuMisaLii Ta

KNacuyHi anropuTMm TPMBUMIPHOTO NaKyBaHHSA, @ TakoX MeToan po3paxyHKy isndHnX
XapaKTEPUCTVK 3aBaHTaXEHOro TPaHCMNOPTHOTo 3acoby.

QM. Apk. No gokym. Mign. AaTa
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D-Iayxoaa HOBM3Ha poboTK nonsrae y [oonpauoBaHHi NiAXoay A0 eBPUCTUHHOTO
NakyBaHHs 32 paxyHOK BKITIOYEHHS AUHAMIYHOTO PO3paxyHKy MOMEHTIB cun
6e3nocepenHbO B LinboBy yHKUito anroputmy. Lie aae amory nig yac notyky micusa ans
PO3MiLLLEHHS BaHTaXy OpPIEHTYBaTMUCS He MULLIE Ha LWiMNbHICTb YKNagaHHs, a h Ha
MONOXEHHS LeHTPY Mac BifHOCHO OMNTMMarnbHOI TOYKM piBHOBaru. Y pesynbrarti
chopMOBaHUIA NMNaH 3aBaHTAXEHHSA € He TiNbKW KOMNAKTHUM, a i 6e3nNeYHUM 3 TOYKK
30pY CTIMKOCTi TPAHCMOPTHOro 3acoBy nig Yac pyxy.

MpakTnyHa LiHHICTb. Bce 3B0AMTLCS [0 peanbHOro 3actocyBaHHs. S po3pobus
6i6nioteky Pack3D He ik NpOCTUI NPOTOTUN, @ K IHCTPYMEHT, roToBuiA A0 poboTu. Ti
MOXHa CMOKINHO "NIALWNTI" [0 BXe NpaLoloynx Ha NiANPUEMCTBI CUCTEM - YN TO
cknagcbkux WMS, un TpaHcnopTHux TMS. FonoBHa illka nonsirae B ToMy, LLO Tiid 4u
iHWWi komnaHii He JoBedeTbCA namaTtu BnacHy | T-apxiTekTypy 4v nepenucyBatn copT 3
Hyns. bibnioteka iHTerpyetbcst 6e360nicHo, ik nasn, y BXe HanaromxeHi 6isHec-
npouecu.
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1 AHANI3 ICHYOUMX PILLEHDb TA ®OPMYBAHHA TEXHIYHUX



B/MOI

3apaya po3milLieHHs1 pis3HorabapuTHNX BaHTaxXiB € LiNKoOM Knacu4yHo npobrnemoto
KOMGiHaTOPHOI ONTUMI3aLlii, ika Mae LUMPOKe 3aCTOCYBaHHS B MNOMCTUYHIN Teopii. Lis
3afava knacudikyetbesa sk NP-Baxka 3agaya, Wwo o6yMOBOETLCS €KCNOHEHLIHUM
3pOCTaHHSAM 0BYMCNoBanbHOI CKMaAHOCTI NPW 36iNbLIEHHI KinbKOCTi nakyHkiB. Lie
CTBOPIOE CNpaBAi CYyTTEBUI PO3PUB MiXK TEOPETUYHUMU, 3AATHUMMW 3HAWTU ideanbHe
pilLEeHHS AN HEBENWKOI KiNbKOCTi enemMeHTIB, MaTeMaTUYHUMU MOAENAMU, Ta
peanbHUMU NoTpebamu TpaHCMOPTHOI NOTICTUKK, Ae HEOBXiAHO onepyBaTy TUCSYaMu
Pi3HOMaHITHUX BAHTaXHUX OAUHULIb Y PEXUMI pearibHoro Yacy, BpaxoBykun He nuile
reoMeTpuYHi acnekTu, a i isnyHi. Tomy BKpai BaXMBMM €TanoM NpoekTyBaHHS
cneuianisoBaHoro NporpaMHoro 3abesneyvyeHHs € He Tinbku BUGIp TOro Yn iHLWOro meToay
onTumisauii, a i rmnboke pPo3yMiHHS acnekTiB NPUPOAM CepefoBULLa, B IKOMY LiEN MeToq
6yne 3actocoBaHo B nofanbLiomy [1].

Pospin npuceayeHo hopmyBaHHIO TeopeTuyHoi 6a3un gocnimgxeHHs. Tyt
npoaHanizoBaHo iCHyo4i anropuTMIiYHI pilLeHHS Ta 0BI'PYHTOBAHO iXHIO OOMEXEHICTb Y
KOHTEKCTi po3pobntoBaHoi cuctemu. MpoTte Ansi CTBOPEHHS AIiEBOTO iHCTPYMEHTY
HeJOCTaTHbO NKLLE MaTEMATUYHKX AaHWX - HEOOXiAHWI nepexig 40 KOMMNMEKCHUX
iHXEeHepHNX Moaenen.

[lo Taknx obmMexeHb BiAHOCATLCS AONYCTUME HaBaHTaXeHHS Ha OCi

TpaHCNopTHOro 3acoby, 3abe3neyeHHsi CTaTUYHOI CTIKOCTI BaHTaXy Mig vac pyxy, a
TaKoX AOTPUMAHHS MPaBWUbHOT NOCMIAOBHOCTI PO3BaHTaXEHHS. [rTHOpPyBaHHS Lnx
dakTopiB Ha eTani aHani3y MoXxe NpuM3BeCTM 40 NOSBM NMaHIB 3aBaHTaXeHHS, AKi
MaTemMaTU4HO BUMMNSAat0Tb NPaBUNbHUMK, ane Ha NpPakTULi iX HEMOXIMBO peanisysaTy.
OCHOBHOI MeTot0 po3iny € hopmManisais BXigHUX AaHMX, WO CryryBaTMMyTb OCHOBOK
Ans nobynoBy matemaTUyHOT MoZEeni Ta anropMTMIYHKX pilleHb Y HAaCTYMHUX Po3Ainax
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po6oTun. Takox posrnsgalTbes NiAXoam Cy4acHUX AOCnifpKeHb A0 iHTerpauii
norictuyHux GisHec-npasun 6e3nocepenHbO B NPOLEC FTEOMETPUYHOTO PO3MILLEHHS
BaHTaXy Ta BU3HAYalOTbCA KIMOYOBI TEXHIYHI XapakTepuCTuku, HeobxigHi Ans
CTBOPEHHS KOHKYPEHTOCMPOMOXHOT CUCTEMM aBTOMATU30BAHOIO MilaHyBaHHS
3aBaHTaXXeHHS.

1.1. Ornsg metopgiB 3D-koHTeHepu3aLii Ta anropuTMiB nakyBaHHS

3apaya 3D-nakyBaHHS HanexuTtb Ao knacy NP-Baxkux, ¥ BUpOOGHMYMX yMOBaxX

3HaYHO AOLMbHILLMM € 3acTOCyBaHHS NiAXOAIB, 34aTHUX reHepyBaTu sSiKiICHWUIA pesynstaT
y pernameHTOBaHi YacoBi pamku. Liei KoMnpomic € Linkom CBiAOMUM: NOTeHLiHa
BTpaTa He3Ha4YHOro BiACOTKA LUiNbHOCTI 3aNOBHEHHS MOBHICTIO KOMNEHCYETLCSA
onepaTuBHICTIO CUCTEMMU, LLIO AO3BOMSAE YHUKATM TPMBaNMX NPOCTOIB NPU po3paxyHKax.
Axe B AMHaMILi NOTiCTUYHUX NPOLIECIB LUBUAKICTE NPUAHATTS pilleHb YacTo Mae
BULLMIA NpiopuUTeT, Hixk abcTpakTHa MaTtemMaTnyHa J4OCKOHanMCTb NnaHy.

BaxnmBum acnekTom € Te, Lo anroputMm He Moxe yHKLIOHyBaTK y cam no cob.

BiH 3060B'A3aHWIn NpaLoBaTh 3KOHTEKCTOM. [1ig «KOHTEKCTOM» MatoTbCs Ha yBasi
PU3NKN 3MILLLEHHS BaHTaXy Mif Aieto iHepLii, 0OMexXeHHs LLoao AoMYCTUMMX OpieHTaLin
Ta crneundivyHy reoMeTpito KOHTeNHepa. | Xo4 BBEAEHHS LIMX 3MIHHUX CyTTEBO
YCKIagHI0E po3paxyHKOBY MoJerb, caMme Takuii Niaxifg NnepeTBoptoe i Ha NOTYXXHWUIA
iHCTPYMEHT.

1.1.1. AHani3 eBpUCTUYHUX NIAXOAIB Ta iX 3aCTOCYBaHHSA AN reTeporeHHoro
BaHTaxy

EdekTuBHicTb BUpiLLEeHHS 3agadi nakyBaHHsA (3D-BPP) ans reteporeHHoro

BaHTaXy KPUTUYHO 3anexuTb Big No4aTKoBOT 06pOOKM BXiAHUX AaHWX, OCKiNbKW BCi
€BPUCTUYHI anropuTMun € YyTnMBMMU 40 NOCNIAOBHOCTI HAAXOMKEHHS 06'eKTiB Npu
nogarnbLlloMy 064YMCEHHI. XaoTUYHe 3aBaHTaXeHHs1 KOPOBOK Pi3HOrO PO3MIpy Tak Y
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iHakLe npu3Beae A0 dparMeHTauii NPoCTopy Ta yTBOPEHHSI MOPOXKHWH. Ha BinbLu ni3Hix
eTanax nakyBaHHs, Lii MOPOXHWHW HEMOXITUBO 3aMOBHUTW ONTUMATbHUMUN NaKyHKaMu.



Takum YnHoM, pyHAaMEHTOM Ans Byab-sKOro onTUMarnsHOro anroputMy € nonepesHe
COpTyBaHHS AaHunx. HanbinbLu KopycHOtO € BigoMa npakTuka - «Cnagaroya
nocnigoBHicTb» (Decreasing Sequence), sika nepeadayae BNnopsiAKyBaHHS BaHTaXy 3a
KINoYOBMMU napameTpamu [2].

MpoTe Ans NoricTUYHMX 3a4ay NPOCTe reOMETPUYHE COPTYBaHHS Hikonu He Byno
pocraTHim. Sk nokasaHo Ha puc. 1.1, aAns 3abeaneveHHs cTabinbHOCTI Ta AOTPUMaHHS
MapLUpyTy HeobXigHO 3acTocoByBaTV GaratopiBHeBe COpTyBaHHsi. CkaxiMo, NEPBUHHUM
Kkntodem BucTynae iHaekc 3ynuHkm (Delivery Stop Index), a BTopuHHUM - Bara (ans
PO3MiLLEHHS BaXK1X 06'€KTIB 3HM3Y), i NMULLIE MOTiIM BPaxoByeTbCSt cama reoMeTpist
nakyHka [3].

PucyHok 1.1 — OnTumisauis Yepes 6aratokpuTepianbHe COpTyBaHHS BaHTaxXy

Cepefl OCHOBHUX anropuTMiB po3MilLeHHs1, 6a30BUM i HAWLIBUALLIMM

npeactaBHukoM € metop First-Fit (FF) a6o x «MepLumnii nigxoxuin». MNpuHumn oro
po6oTKn nonsrae y po3mileHHi NOTOYHOro 06'ekTa B HaMMNepLLy 3HaWAeHy nosuLito, sika
3a[10BOMbHSIE 10r0 reoMeTpuyHi obMexxeHHs. To6To nepebopy BCiX MOXIMBKX BapiaHTIB
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He BioOyBaeTbCsA. TakMm YMHOM, ronoBHoO nepesaroto FF € Bkpal HU3bka
obumncnioBanbHa CKNagHicTh, WO A03BoNsAe 06pobnaTh TucaYi abo n gecaTkm Tucay
06'ekTiB 32 NiYeHi cekyHan. OfHak BapTo 3ayBaxWTw, WO, Ik BUAHO 3 NOPIBHANBHOI
piarpamu (puc. 1.2), uein meToa Ay’Ke 4acTo € ManoedekTUBHUM 3 TOYKU 30py
pe3ynbTaTMBHOCTI Ha (OOHI iHLWMX, BinbLL CKNaAHUX anropuTMmiB.

PucyHok 1.2 — NopiBHSANbHA XxapakTepucTuka eekTUBHOCTI A0 WBWAKOAIT OCHOBHMX
€BPUCTUYHMX anropuTmis

Binbl gockoHanuM nigxo4om Ao BUpilLeHHst npobnemu € anroputm Best-Fit (BF)

abo x «Hankpawmin nigxoxuiny. Ha BigmiHy Bin BuesragaHoro FF, uen meton
aHanisye BCi AOCTYNHi BiNbHi npocTopu. B pesynerari, 06upae nuiie Toi, e micue nicns
po3milLeHHs1 06'ekTa Oyae MiHimanbHUM. Taka TakTuka AeLlo NiaBULYE LUiNbHICTb
nakyBaHHsl. BapTo ckasaTu, Luen niaxia Takox 3MeHLUye 3aranbHuii 06'eM NOPOXKHUH.
Mpote Best-Fit mae cyTTeBUIN Heponik. BiH cxunbHUiA 4O CUMBHOMO PO3BUTTS BiNbHOMO
npocTopy Ha ApibHi, YacTo HenpuaaTHi ANsi NOBTOPHOTO BUKOPUCTaHHS AiNsHKK,
pO3MOpOLLEHi MO BCbOMY KOHTENHepY [5].

TpeTim knacuuHnm meTtoom € Bottom-Left (BL) («HwHiid nisuii»). Moro

eBpuCTMKa NobynoBaHa Ha reOMETPUYHUX KoopanHaTax. To6To anropuTM HamaraeTbest
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PO3MICTUTU 06'EKT AKHaNbnux4e Ao noyaTky kKoopauHaT (YMOBHO - B CAMUIn HU3, BINnG
i BniBO Tpaky). Lien nigxia iHTYiTMBHO 3pO3yminui i nokadye BUCOKI pesynsraTtu y
[BOBMMIPHUX 3agadax po3kpoto. OfHak, y TpuBuMipHOMY npocTtopi "yucTtuit" BL mae
obmexeHHs1. BiH He BpaxoBye «rpaBiTaLiiHy CTiMKICTb» | MOXe CTBOptoBaTH cuTyali,
konun 06'exT NpocTo "3aBucae" B NOBITPI, AKLLO Nif HAM € BiNbHUIA NPOCTIp, AKUIA paHille
BUSIBUBCS HEJOCTYMHUM 415 3aMNOBHEHHS Yepes crneumndidyHy reomeTpito CyciaHix
kopobok abo kopobok 3HK3y (puc. 1.3). ToMy ANs peanbHUX BaHTaXIB Len MeTos
notpebye 3HayHNX MoaudikaLii 3 NepeBipko ONOPHOI NoBepXHi [6]. BukoprcToByBaTH
BP B knacv4Homy BUrNaAi He € onTUMarnbHUM METOAOM BUPILLEHHS 3aaaui.

PucyHok 1.3 — MpuHumn po6oTn eBpucTnyHoro anroputmy Bottom-Left Fit

[ins 3aBaHTa)XeHHs1 TPaHCNOPTHUX 3acobiB (BaHTaXIBOK, KOHTEHEPIB) HaNbINbLL
afanToBaHUM € YeTBepTuiA nigxiag - Wall-Building («Mobyaosa cTiHOK») abo nowwapose
dopmyBaHHSA. Ha BiAMiHY Bif BuLLEe3ragaHnx MeToAiB, siki po3rnsaatoTb NPOCTip SK
€AVHUIA, HenopginbHuii 06'em, WB-anroputm BipTyanbHO po3pi3ae KOHTENHep Ha

@M. Apk. No pokym. Mian. AaTta
Apk.
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BepTUKanbHi Wwapu (CTiHKK1) NeBHOI rMnBunHKU. 3anoBHEHHS BiAOYBaeTbCA noeTanHo B
Oekinbka etanis. Cnovatky hopMy€eTbCst 0fHa LinicHa cTiHa 3 Kopobok, i nuwe nicns i
3aBepLUEHHS NOYNHAETLCS (POPMYBaHHS HACTYNHOT CTiHKM (puc. 1.4). Lle no3sonse
[OCSIrTV BUCOKOT cTabinbHOCTI BaHTaXy npu pyci abo ranbMyBaHHi TpaHCNopTy Ta
CnpoLLye NpoLec po3BaHTaXeHHs. Xo4a Len meTo Mmoxe noctynatucs Best-Fit y
LinbHOCTI NakyBaHHsA ApibHMX KOPOBOK, ane Ha el Yac, BiH € CTaHAApPTOM ANs
naneToBaHux Ta KOPOBKOBUX BaHTaxiB y norictuui [7].

PucyHok 1.4 — Bisyanisauist po6otu anroputmy Wall Builder

[MopiBHANBHUI aHani3 LMX NiaxoAiB nokasye, Wo He iCHYE YHiBepcarnbHOro
anroputmy. First-Fit Burpae y weuakocti noku Best-Fit - y WwWinbHOCTi Ans KOMNaKTHUX
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Habopis, Bottom-Left 3abe3nevye reomeTpuyHy BnopsigkosaHicTb, a Wall-Building
rapaHTye isanyHy cTabinbHIiCTb BaHTaxy (Tabn. 1.1)

Tabnuus 1.1 — lNopiBHANbHA XapakTepuCcTUKa OCHOBHUX €BPUCTUYHUX METOAIB
XapakTepuctuka First-Fit Best-Fit Bottom-Left (BL) Wall-Building
LBnakopis Bucoka CepenHs CepenHsi Husbka

LWinbHicTb

(oaHopiAHi)

Hun3abka Bucoka CepepgHs lyxxe Bucoka

LWinbHicTb

(reTeporeHHi)

Oyxe

HU3bka

CepepnHsi CepegHsi Bucoka

dparmeHTauis

nam'aTi

Husbka CepenHsa Bucoka Husbka

CknagHicTb

peanisauii

Husbka CepenHs CepenHs Bucoka

MigTpumka

obmexeHb

Husbka CepenHsa Husbka Bucoka

Y KOHTEKCTi flaHOoi poBOTH, [ie BaHTaX € reTeporeHHNM, BUKOPUCTaHHS OOHOro
"yncToro" metoay € HeedbeKkTBHUM. Tomy 6yno o6paHo BUKOPUCTOBYBATU riGpuaHNM
nigxia: mogudikoBaHui Best-Fit i3 enemeHTamun nepesipky onopHoi noBepxHi (sk y BL),
Lo MpaLtoe B Mexax NpiopuTeTHUX rpyn, cpopmoBaHux ctpaterieto Decreasing
Sequence. Lle 103BONMTb NOEAHATU LLINBHICTb YKNaAaHHs 3 BUMoramu go 6eaneku
TpaHcnopTyBaHHs [8]. Anroputmu, Tuny WB ta FF He BUKOPUCTOBYIOTLCSI B CUIY CBOET
CKMagHoCTi Ta NPOCTOTK BiAMNOBIAHO.
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1.1.2. Ornsp anapaty reoMeTpuyHmx po3pisies (Maximal Rectangles,

Guillotine Split) ans edekTBHOrO ynpaeniHHA BiNbHUM NPOCTOPOM

EdbekTnBHE ynpaBniHHA AaHMMU NPO AOCTYNHWIA 06'EM € UM He HaWCKNaaHiLow
YacTMHO nporpamMHoi peanisauii 3D-nakyBaHHA. Pi3n4HUIA NPOCTIp KOHTENHepa €
HenodinbHUM. [ONOBHEe 3aBAaHHs anropuTMy nonsrae y noro Auckpetusadii, To6To
npeacTaBneHHi y Burnaai obmesxxeHoro Habopy AOCTYNHUX AN PO3MiLLEHHs 30H. Big
BMOOPY MeToAy AeKOMMO3ULi BiNbHOrO NPOCTOPY HaNPAMY 3anexuTb SK TEOPETUYHO
[OCSPKHA LWiNbHICTb NaKyBaHHSA, Tak i peanbHa WBUAKOAIS cuctemun npy obpobLi Benukmnx
macuiB gaHux [9]. B cyyacHin nitepatypi BUAiINA0TL ABa yHAAMEHTamNbHO Pi3Hi



niaxoan A0 BUPILLEHHS L€l 3aaaui.

Mepuwmm BucTynae Maximal Empty Rectangles. Voro oco6nusicTs Ta BogHouac
BiAMIHHICTb nonsirae y npuHUmMni poboTu 3 BinbHYUM NPOCTOPOM. 3aMiCTb XaOTUYHOIO
nowuyky micusi, MER-anroput™ guHamivyHo nigTpuMye CTPyKTYpOBaHUIA PEECTp ycix
[OCTYNHUX ANs 3aBaHTaXeHHs 30H. MpuyomMy 3ayBaxy, L0 MOBa e He Npo BUMNaAKOBI
hparmeHTn 06'eMy, HAaTOMICTb - PO BUKITOYHO «MaKCMManbHi» napanenenineau.
MatoTbcst Ha yBasi, HanBInbLUi LinicHi reoMeTpuYHi dirypu, siki MOXXHa BinucaTtu B
He3anHATUI NPOCTip.

Konu HoBuin 06'eKT po3milLlyeTbest y BUBpaHiin noauLii, BiH, K NpaBumno,

nepeTUHaeTbCA OAHOYACHO 3 AEKINbKOMa ICHYHUYMMY MakcMmanbHUMm
NPSAMOKYTHUKaMWU. ANropuTM 3000B’si3aHNUIA BUSIBNSATY BCI Taki NEPETUHN Ta BUAANUTA
«MOLLUKOMXKEHI» cTapi NpsIMOKYTHUKKX. Ha X micle noBuHeH reHepyBaTucst Habip HOBMX,
MEHLUMX MPSIMOKYTHUKIB, LLIO YTBOPUINCS HABKOMO po3MmilleHoro ob'ekTa. Y
TPVYBUMIPHOMY MPOCTOPI PO3MILLEHHS HaBiTb OAHOro 06'eKTa MOXe NpU3BECTU A0
reHepadii Big 1 4o 6 HOBMX NOTEHLiMHKX 30H (HaA, nig, 3niBa, cnpasa, cnepeay, nosaay
o6'ekTa), SKi YacTo 3HAYHO NepeKkpuBalTb oaHa o,u,H;tllK noka3aHo Ha pucyHky 1.5.
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PucyHok 1.5 — MpuHumn poboTu nigxogy Maximal Empty Rectangles

OTmxe Maximal Empty Rectangles (MER) AeMoOHCTpye sik nepeBarv Tak i 3HauHi
Heaoniku:

- nepeBara: 3abesneuye HaNBULLY TEOPETUYHY LLINBbHICTb NaKyBaHHS, OCKINbKN
36epirae iHdopmaLito Npo BCi MOXNMBI BapiaHTV PO3MILLEHHS, He Biakuaarum
YKOOHOT MOTEHLINHO KOPWUCHOI AiNsHKN NPOCTOpY;

- Hepgonik: CXWIbHICTb 40 «KOMBiHaTOpHOro BUbyXy». KinbkicTb

NPAMOKYTHUKIB Y CMINCKY MOXe 3pOCTaTh HEeMiHINHO BIAHOCHO KiMbKOCTI
po3millieHnx o6'ekTiB. Y HauripwioMy Bunazaky, byae oTpyMaHo KBagpaTuyHy
3anexnicte O(N2). ins Benukux 3aBaHTaxeHb (noHaa 500—-1000 kopo6ok 4un
GinbLLUe) Lie KPUTUYHO CMOBIMbHIOE NMPOLIEC MOLLYKY MicLisi, pobnsun meton
HenpugatHum ang run-time cucrem [10].

Metog Guillotine Split 6a3yeTbcsi Ha igel po3aineHHs NPoCcTopy OpTOroHabHUMMN
nnowmHamu. Lia cykynHiCcTb NMOLLUMH NPOXOAWTL Yepes rpaHi po3MileHoro ob'exra.
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OcHoBHa BigMiHHicTb Bi MER nonsrae B ToMy, WO BinbHWUIA NPOCTIp 3aBXaun
npeacTaBneHnii HAbopom MiANPOCTOPIB, L0 HE NEePETUHATHLCS.

Mpu po3mileHHi 06'ekta y BUGpaHOMY BiflbHOMY NMPSIMOKYTHUMKY (3a3BU4ait y 1oro
KyTi), 3anuLLIOK LIbOro NPOCTOPY PO3pi3aeTbCs Ha hikcoBaHUA Habip HOBUX, MEHLLMX
NPSAMOKYTHUKIB. [Jo npuknazay, npu po3aMilleHHi KOpoOKM B HKHBOMY MiBOMY 3a4HbOMY
KyTi AOCTYynHOro 06'eMy, NpocTip, Lo 3anvLWmMBCS, 3a3BUYal AiNUTbCA Ha TPY HOBI
HesanexHi 30HW: NPOCTip NpaBopyY Bif KOPOOKM, NPOCTIP HAA Heto Ta NPOCTip nepes
Heto (puc. 1.6).

PucyHok 1.6 — Bisyanizauis npuHumny Guillotine Split

3ararnom icHye kinbka eBpucTUK BUGOPY NopsiaKy po3pisie (Hanpuknaz, croyatky
3a HaNKOPOTLLOHO BiCcCHo, ab0o X 3aBXau CrnoYaTky ropu3oHTanbHW po3pis), Lo BNInBae
Ha hopmy ManbyTHiX BinbHMX 30H. Lle mae sk i nepeBaru, Tak i Hegoniku:

- nepesara: Lle rapaHTye niHiliHy cknagHicTb oHoBneHHst npoctopy O(N).
Ockinbku BirlbHi 30HM HIKONMW HE NePeTUHATLCS, NMPU PO3MILLEHHI HOBOrO
o6'ekTa NOTPIGHO OHOBUTU NULLE OAMH BiNlbHUIA NPSIMOKYTHWK, B SIKWIA BiH ByB
NOMILLIEHUIA, 3aMiHVBLUW MO0 Ha Aekinbka HOBUX. Takuid niaxia 3HadHo

cnpoLLye nepesipky NepeTunHy Konisii Ta 3MeHLUye Yac 06YMCrEHHS;

- Hegonik: XXopcTkicTb po3pisiB. Lieii meTon moxe npussecTy Ao cuTyalii, konu
[Bi CyCiHi BinbHi 30HK B Teopii Mornu 6 BMiCTUTK Benukuii 06'ekT, ane Yyepes
HasBHICTb BipTyanbHOI NAOLUMHM PO3Pi3y MiXX HUIMU BUKOPUCTAHHS LIbOTO
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06'egHaHOro NPoCcTopy CTae HeMoXnvBUM 6e3 cknagHux npoueayp. Tuny

«3nuTTa» (merging) [11].

BpaxoBytoun cneundivHi BUMOrn gaHoi marictepcbkoi poboTu - BUCOKY

LwBmAakopajto (Yac pospaxyHky Ao 10 cekyHg ans 2000 kopobok) Ta HeobXiaHICTb
BpaxoByBaTW cknagHi isnyHi obmexeHHs:, metoq Guillotine Split € 3HauHO
npueabnusiwmm. MpoTe BapTo HaronocuTtu, LWo BiH MoXe Aelo noctynatuca MER 'y
TEOPETUYHIN LLiNbHOCTI. TUM He MeHLL, horo nepeabavyBaHa NPOAYKTUBHICTb Ta, LLO
HalBaXnuBiLLe, YiTKa CTPYKTYpa HenepeTUHHUX NPOCTOPIB € KPUTUHHUMK NepeBaramu.
Taka cTpyKTypa [03BOJSISIE NErko peani3oByBaTU «BipTyarnbHi CTiHU» Ans 3abe3neyeHHs
LIFO (npocTo 3a60opoHsitoun A4OCTYN A0 NEBHUX 30H 0 3aBEPLUEHHS MOTOYHOTO LWapy)
Ta eheKTUBHO «BUPI3aTu» i3 3aranbHoro o6'emMy 3abopoHeHi 30HU Tpelnepa (Hanpuknag,
KomicHi apkun abo xonoaunbHy yCTaHOBKY). binbLue Toro, MmoandikoBaHUiA NpUHLMN
Guillotine Space moxHa BukopucTaTty Anst peanisauii SVG wapis B MainbyTHLOMY.

1.2. AHani3 Ta popmanisauis KPUTUYHMX NOFICTUYHNX KPUTEPITB

edekTmMBHOCTI

Cunctema nakyBaHHSi MOBMHHA HE MPOCTO BUKOHYBAaTW MaTeMaTuyHi anropuTMivHi
3afavi, a i opraHiyHo BNMCyBaTUCS B 3aranbHy noriky po6oTu nignpueMcTaa.

Y uboMy Migpo3aini po3rnagatTbCs KNHOYOBI acnekTu, Wo BU3HaYaTb

NPaKTUYHNIA KOHTEKCT 3aCTOCYBaHHS Takoro NporpamMHoro pilleHHs. BoHu okpecnioTb
Habip npobnem, ski cuctema Mae BUpILLYBaTH, ane He 3arnnbnioTbCa y TEXHIYHI AeTani
peanisauii - KOHKPETHI MexaHi3Mu ByayTb ONMCaHi B HACTYMHMX po3pinax.

1.2.1. ®opmanisauis kpuTepito npocTopoBoi edpekTnBHOCTI (Volume

Utilization)

Knto4oBrMM nokasHWUKOM SKOCTi Byab-AKoro pilleHHs 3aaadi 3D-nakyBaHHs

BUCTYNae koedilieHT BukopuctaHHsa 06'emy Uvol. Y Haibinblu NpocToMy TEOPETUYHOMY
BMMaAKy BiH BU3HAYaETbCA SK BiJHOLIEHHS CyMapHOro o6'eMy BaHTaxy 40 MOBHOMO
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06'eMy KoHTeiHepa. OpHak, y peanbHUX NOTICTUYHMX YMOBaX TaKuWii Miaxifd € HETOYHNUM.
BiH irHopye KOHCTPYKTVBHI 0COBNMBOCTI TPAHCMOPTHOTO 3acoby. Takum YMHOM,
KPUTUYHO BaXXIMBO PO3PI3HATU «HOMIHaNbHUIA 06'eM» Tpaky (3aranbHi BHYTPILLHi
rabaputi) Ta «KKOPUCHWUI 0B'EM» - NPOCTip, Pi3UYHO AOCTYNHUIA ANS PO3MILLEHHS
BaHTaxy. PopmaniaoBaHui Kputepin epekTMBHOCTI, L0 BUKOPUCTOBYETLCA B AaHIN
po6oTi, PO3paxoBy€eTLCS 3@ HACTYMHOK (HOPMYIIOH:

Uvol =

>Vcargo

Vtrailer— Y Vforbidden_zones

(1)

ne Y Vcargo - cymapHuin 06'em ycix ycnillHO 3aBaHTaxeHux ob'ekTis, Vtrailer -
HOMiHanbHWI BHYTPILLHIN 06'em Tpernepa, a ) Vforbidden_zones - cymapHuin 06'em 30H,
HeJOCTYNHUX ANs NaKyBaHHS.

IrHopyBaHHs Y Vforbidden_zones npu3BoauTb A0 reHepalii HepeanicTUYHMX NnaHis
3aBaHTaXeHHS, SIKi HEMOXIMBO BUKOHATW Ha npakTuli. [lo Taknx 30H y cTaHAapTHUX
HaniBnpryenax BiAHOCSATLCA KOMICHI apku, LLO po3MilLeHi BcepeauHi Ky3oBa abo x
NPOCTIp, 3alHATUN XONOAUIILHOK YCTAHOBKOIO (AN pedpwxepaTopis), MexaHiamu
PONETHMX BOPIT 6ins CTeni, a TakoX TeXHOMNOriYHi BiaCTynu, HeobxigHi Ans 6eanevHoro
BiAKpPUTTS ABepei. EpekTnBHa cuctema nakyBaHHS NOBMHHA MOAEMOBATU Lii 30HU 5K
BipTyanbHi CTaTU4Hi NepeLukoau, BigHIMakoum iX 3 4OCTYNHOrO Nyny BiflbHOrO MPoCTOpY.
Le A0 novaTtky poboTn anroputmis PO3MiLLIEHHS.

BaxnunBo 3a3HauMTy, WO XOY BUCOKUI iHTerpanbHui nokasHuk Uvol e

HeoOXiOHICTIO, ane TakoX BiH € HeJOCTaTHLOK YMOBOIO SKICHOrO NakyBaHHs. Lien
KpUTEPIln He BPaxoBye PO3MOoAiN BaHTaxy B MPOCTOpi. Takox MOXnvBa cuTyaulisi, Konu
BX€ [OCArHyTO BUCOKOTO BiACOTKa 3anoBHEHHs (Hanpuknaa, 90% uu binbLue), ane Becb
BaHTaX PO3MILLIEHO LLiMbHMM LLIAPOM Ha NiANo3i, 3anmLuaymn BENUKi NOpoXHeui
(«NOBITPSHI KULLEHI») Nia cTeneto No BCii AOBXWHI Tpennepa. Take 3aBaHTaXeHHs €
HeeEeKTUBHMM 3 TOYKM 30pY NOFICTUKM Ta HECTINKUM 3 TOYKM 30py Gesneku B Linomy.
Tomy npocTopoBa epeKTUBHICTb MOBMHHA J0AATKOBO aHanidyBaTucs nowapoo (abo
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NOCEKLiHO B3[0OBX JOBXWHM Tpaka) Anst 3abesneyeHHs piBHOMIPHOTO 3anoBHEHHS
Ky30Ba M0 BUCOTI, O € KPUTUYHUM cbakTopoMm Anis 3abesneveHHs (isnyHoi cTabinbHOCTI
BaHTaXy Nif Yac Moro TpaHcnopTyBaHHs [12].

1.2.2. dopmanisauis kputepito Barooi 6e3neku (Axle Load Distribution)

[MepLioyeproBe AOTPUMAaHHS BaroBUx 06MexXeHb € HanbinbLL BaXMBOK BUMOTOH

B KOHTEKCTi HaLwloi 3aaaui Ii nopyLueHHs TarHe 3a coboko He nuLe 3HaYHi (iHaHCOoBI
npobnemu, ane i 3arpody 6e3neLi 4OPOXHLOrO PyXy Yepes NoripLleHHs1 KepoBaHOCTI Ta
36inbLUeHHs ranbMiBHOro Wnsxy. Y Cnonyyennx Ltatax Amepuku perynioBaHHs
30iNCHI0ETLCA Ha dbefepanbHOMY PiBHI Ta PiBHI LWTATIB, A€ KIOYOBMM CTaHAapTOM €
«®PepgepanbHa hopmyrna moctoBux Bar» (Federal Bridge Gross Weight Formula),
3akpinneHa y koaekci 23 CFR § 658. [Ins TMnoBoi koHdirypaLlii amepukaHcbKoro
N'ATUBICHOrO CiANOBOro TAra4a (TPUBICHWIA Tarad 6x4 Ta ABOBICHMIA HaNiBpuWYin TMNy
«TaHAEM») KPUTUYHVMMU € TPU TOUKWU KOHTPOJIO, MOKa3aHi Ha pUCYHKY 1.7 oanMHoYHa
KepMoBa Bicb Tsrada (Steer Axle) - 1, 3gBoeHa Beayya rpyna ocent (Drive Tandem) - 4 Ta
3ABOEHa rpyna ocen Hanisnpuyena (Trailer Tandem) - 9. CtaHgapTHi beaepanbHi NiMiTn
ONs MbKLWTaTHMX Marictpanen cknaaatotb 20 000 dyHTiB (9070 Kr) Ha OOMHOYHY BiCb
Ta 34 000 dpyHTiB (=15420 Kr) Ha TaHAEMHY rpymny, Xo4a TeXHi4Hi cneumdikauii
KOHKPETHUX Moaenen Taradie (Hanpuknag, Freightliner Cascadia abo Kenworth T680)
MOXYTb MaTW iHLi KOHCTPYKTUBHI OBMEXEHHS, AKi Takox HeobxiaHo BpaxosysaTu [13].
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PucyHok 1.7 — Cxema TMNOBOrO CiafIoBOro Tsarada

Po3pobntoBaHa MatemaTtuyHa MoAenb po3nofiny HaBaHTaXeHHs 6a3yeTbest Ha
CTaTUYHI MexaHiLi TBepAoro Tina. BaHTax y Ky30Bi He MOXHa po3rnsgaTv NpocTo SK
cymapHy macy. KputuyHe 3HayeHHsi Mae po3TallyBaHHsi MOro CnifibHOro LeHTpYy Mac
(Center of Gravity - CoG). byap-sike 3milieHHss CoG BaHTaxy B3[0BX NO3A0BXHbOI OCi
Tpeinepa 3miHe 6anaHc cun y cucteMi Baxenis, SIKO € cam Tsirad. BupoGHUku
npudinHoi TexHikn (Hanpuknag, Wabash National abo Great Dane) HagatoTb
cneuianisoBaHi giarpamu (puc. 1.8) po3noainy HaBaHTaXeHHs!, Siki BU3HaYaOTb
[onNyCTUMUIA Aliana3oH nonoxeHHst CoG Ansa neBHOT Macu BaHTaXy, BUXiA 3a MeXi SIKoro
rapaHTOBaHO NPU3BOAUTbL A0 NepeBaHTaXeHHs ogHiei 3 rpyn ocew [14]. 3aBaaHHsa
anroputmy - ytpumatu CoG y LpoMy 6e3neqHomy «BiKHI» NPOTAroM ycbOro npoLecy
3aBaHTa)keHHs1 3 NoAanbLUIOK Banigauieto peaynsrary.
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PucyHok 1.8 — [lonyctumunin gianasoH nonoxeHHst CoG

Po3paxyHok cun y cuctemi Byab-akoi BaHTaxiBku BiabyBaeTbcs y ABa

B3aEMONNOB’A3aHi, NOCNIAOBHI eTanu, L0 NOB'A3aHO 3 HAsiBHICTIO LUAPHIPHOIO 3'€AHaHHA
- Kingpin).

Ha nepluomy etani HaniBnpuyin po3rnsaaeTbest SiK 3BUYaiiHa b6anka, Lo

CNUPaETLCS Ha ABI TOYKW: NAUTY LUBOPHSA cnepeay Ta reOMETPUYHUIA LIeHTP KONICHOro
Bi3ka 33aay. Bara po3milLeHOro BaHTaxy CTBOPIOE CUMY TSXKiIHHA Ta o6epTanbHUin
MOMEHT BiJHOCHO LiX TOYOK OMop. BUKOPMCTOBYOYM PIBHSAHHSA PiBHOBarv MOMEHTIB,
cucTeMa po3paxoBye peakLito onopu Ha TaHaemi npuyena (RTR) Ta, Wwo HaviBaxnueilue,
HaBaHTaXeHHs, sike nepegaeTbcsi Ha WBOpiHb (RKP).

Ha gpyromy etani po3apaxoByeTbCs PO3NOAIN HaBaHTaXEHHSA BCepeHi caMoro

Tara4a. Cuna RKP, po3paxoBaHa Ha nonepegHbOMy KpoLi, i€ ik TO4KOBE HaBaHTaXeHHs!
Ha pamy Tsiraya. Ockinbku «cigno», 3assmyan, TPOXM 3MiLLieHe BiQHOCHO CepeanHn
KonicHoi 6a3u Taraya B Gik Begy4ol rpynu ocein, Ls cuna HepiBHOMIPHO po3noainsieTbes
Mix kepmoBoIo Biccto (Steer) Ta Begyuum TaHgemom (Drive Tandem) [15]. KputuyHo
BaXXMUBWM € Te, Lo HaAMIpHE 3MILLEHHS BaHTaXy Brepes y npuyeni MoXxe He nue
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nepeBaHTaXuTn Beay4i oci, ane i Hebe3ne4yHo po3BaHTaXMTW KEPMOBY BiCb, LLIO
NpU3BOANUTL [0 BTPATW 34ENNEHHSA NepeaHixX Komic 3 AOPOroto i BTpatn keposaHocTi. Lie
Moxe npusectn fo AT 3 noganslwUmnMm eKOHOMIYHUMK 36UTKaMK.

BpaxoBytoun BUCOKY LiiHy MOMUIKW, po3pobnioBaHa cuctema 3D-nakyBaHHS He

MOXKe NepeBipATM BaroBi 0OMeXeHHs nuLue B KiHLi po3paxyHKy. AnropuTM NoBUHEH
BMKOHYBATK Ui 064YNCNeHHs iHkpemeHTanbHo. To6To nicnsi BipTyanbHOro po3MilLeHHs!
KOXHOT OKpeMoi kopobku BiAbyBaeTbCA MUTTEBUIA NepepaxyHok crinbHoro CoG
3aranbHoro BaHTaxy. lNicns uboro BiabyBaeTbLCA NepeBipka peakLini onop Ha BCiX TPbOX
KOHTPOSbHUX TOYKaX.

Byab-siknin BapiaHT po3MiLLIeHHS!, SKUIA NPU3BOAUTL A0 NEPEBULLEHHS

3aKoHOAABYOro abo TexXHIYHOro NiMiTy Ha Byab-skii rpyni oceit, NOBMHEH HeranHo
BificikaTVCs EBPUCTUKOIO siK HenpunycTuMuia. Lie mae BinGyBaTucs, He3anexHo Big Toro,
HaCKiNbKy BiH BUTQHWIA 3 TOUKM 30py rEOMETPUYHOT LWinbHoCTi [16].

1.2.3. ®opmanizauis mapLupyTtHoro kputepito (LIFO) Ta Bumor go

NOCMiAOBHOCTI 3aBaHTaXEHHS

Tak 3BaHui, npuHumn LIFO (Last @n, First Out - «ocTaHHIM NpWIALLIOB, NepLIMM

NiLLOBY» ) AUKTYE, WO BaHTaX, NPU3HAYeHU A5 NepLUOi TOYKU MapLUpyTy, MOBUHEH OyTu
i3NYHO AOCTYNHUM ANA BUBAHTAXEHHS BiApasy nicna BiAKpUTTA ABepen Tpennepa, 6e3
HeobXiAHOCTI NepeMilleHHs ToBapiB ANs iHWKX, GinbLu Ni3HiX 3ynWHOK. MNopyLueHHs
LibOro npasuna npu3BoanTb A0 BUHUKHEHHS TaK 3BaHUX «BIOKyBaHb», Konu Kopobka i
(ans Ni3HBOI 3ynWHKN) NepekpmBae AOCTYN A0 KOPOOKM j (A4S NOTOYHOI 3yMUHKN).
HepoTpmmaHHs LbOro NpuHUMNY, BUMarae Bif, BOAiS BUKOHAHHA onepaLii 3
PO3BaHTaXXEHHS Ta NOBTOPHOIO 3aBaHTaXEHHS 3aiBOro TOBapy Ha pamni, L0 KPUTUYHO
36iNnbLUye Yac NPOCTO Ta PU3NK MOLLKOAXEHHS BaHTaxy [17].

eomeTpryHO U BUMOra TpaHCOPMYETLCS Y HecKnafHy 3agady 30HyBaHHS

NpoCTOpY B3[0BX NO3A0BXHBOI OCi Tpennepa (X). Ha BiamiHy Big ctaTuyHMxX cknaais, y
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Ky30Bi BAHTaXIBKW/ 30HN HE € (DIKCOBAHUMM METPUYHO. TO6TO ixHi Mexi (Li)
BM3HAYalTbCA AUHAMIYHO, BUXOASYMN 3 CYyMapHOro 06'eMy BaHTaxy A5 KOXHOT
3YMUHKW. AKLLO NPUAHSATM NoYaTok kKoopauHat (X=0) 6ins nepeaHboi CTiHkK (kabiHw),
a kiHeub (X=Ltotal) 6inst aBepen, To AnA mapLupyTy i3 3ynuHkamu 1, 2, ..., N (ge 1 - nepwa
3ynunHKa) po3nogain NnpocTopy Mae ByTn CTPoOro iHBEPCHUM [0 NOPSIAKY BiaBiayBaHHS:
- BaHTaX AN 0CTaHHbOT 3ynuHKkM N po3MilLlyeTbCs y «rMBOKiN 30HI»: X € [0,

L1J;

- BaHTaX A5 nepLuoi 3ynuHkn 1 po3millyeTbes y «30Hi 6ins gBepen»: x € [LN-1,
Ltotal].

Bidyanisauisi Lboro npvHUMNy HaBefeHa Ha cxeMi 30HyBaHHs (puc. 1.9), ae
KOnbopamMu No3Ha4eHO NPUHANEXHICTb BaHTaXy 10 KOHKPETHMX 30H PO3BAHTAXKEHHS.

PucyHok 1.9 — Cxema 30HyBaHHsA Ha npuknaau CLUA, wrat InniHonc

MaTtemaTuyHO yMOBa HEBUHUKHEHHS GNOKYBaHb Moxe ByTu cpopmynboBaHa
HacTynHUM YnHOM: Ans Oyab-siKoi napw 06'ekTiB, ckaxiMo, a Ta b, skLio npiopuTeT
BMBaHTaxeHHs rank(a) &lt; rank(b) (Tob6To a BUBaHTaxyeTbCs paHille), TO Moro
KoopAMHaTa no oci AOBXMHM NOBMHHA 3a40BONbHATU YMOBY Xmin(a) = xmax(b). Lie

@M. Apk. No pnokym. MNMign. OaTta
Apk.
29 KPM.AKCwm - 11.00.00.000 N3

O3HaJae, Lo ToBapu AN paHHiX 3ynUHOK 3aBXAuW NOBUHHI MaTu BinbLuy koopamHaTy X
(ByTn Bnivxde Ao aBepen), Hix ToBapw AN Ni3HiX 3ynMHok. CyyacHi anropuTmu 4acTto
BMKOPMCTOBYIOTb MiAXiA «BipTyanbHMX CTiH». Mloro cyTb nonsrae B ToMy, LLO KOMW Micns



3aBepLUEeHHs NaKkyBaHHS BCiX 06'ekTiB Ans 3ynuHkM N, BCTAHOBIMIOETLCS YSBHA
BepTMKanbHa NoLmMHa, 3a SKy He MOXyTb 3acTynaTu 06'eKT HacTyNHOI 3a NpiopuTETOM
3ynuHkm N-1 [18].

1.3. OuiHka TEeXHIYHUX Ta i3NYHNX OBMEXEHB

Y TeopeTU4HNX Mogensix KOHTeNHep YacTo YABMSIOTh AK ifeanbHUA NPAMOKYTHUIA
napanenenines. Ane B peanbHOMY XWUTTi BHYTPILLHSI reOMEeTpisi TPaHCMOPTHUX 3acobiB
HabaraTo cknagHila: Tam € pi3Hi KOHCTPYKTUBHI €N1EMEHTU Ta TEXHOMOTIYHI BUCTYMN.
IrHOpyBaHHS LMx AeTarnei Moxe Npu3BeCTu 40 TOro, LLO NaH 3aBaHTaXEHHS, KWt 3
TOYKM 30pY reoMeTpIi BUrNsiAae NpaBuIbHUM, Ha MPakTULi NPOCTO He BAACTbCA
peanisyBaTu.

Okpemo BuainseTbcs atpubyT kpuxkocTi (Fragility), skuii 3agaeTbes sk norivyHa

O3Haka Ta 3a6opoHSE PO3MiLLIEHHS ByAb-sKuX iHLLKMX 06’eKTiB MOBEpX BiAMNOBIAHOIO
BaHTaxy. [lig uboro atpubyTa He 3anexwuTb Big Macu abo rabapuTiB enemeHTiB, LLO
noTeHUiiHO Mornn 6 ByTy poamillieHi 3Bepxy. Y pesynbsTaTi nrnaHyBanbHUK 3MyLLEHWUIA
po3TalLoByBaTU Taki 06’€KTU BUKITHOYHO Y BEPXHBOMY LUapi 3aBaHTaXeHHs. Lie obmexye
MOXIMBOCTI LLiNbHOrO 3anoBHEeHHs1 06’eMy, 3okpema npu (popMyBaHHi 3aBaHTaXEHHS
«nig, CTENo», NpoTe A03BOSSE YHUKHYTY NOLUKOKEHHS KPUXKOTO BaHTaXy Mif vyac
TPaHCNOPTYyBaHHS.

Okpim Baru, KpUTUYHY posb Bifirpae reoMeTpisi B3aEMOAii NOBEPXOHb. [ns

6e3ne4yHoro TpaHCNoPTYBaHHS HEAOCTATHBO, LLOG LIEHTP Macu BEPXHbOi KOPOBKM NPOCTO
3HaxoAMBCS B MeXax nepyvmeTpa HkHbOT Kopobku. HeobxiaHo rapaHTyBaTy OCTaTHIO
nnoLly koHTakTy (Support Ratio), sika 3a3Bnyan ctaHoBUTb He MeHLe 70-80% Big nnoLwi
0OCHOBW BepxHboro o6'ekta (puc. 1.10). MopyLleHHs uiei BUMOrY Npu3BoAUTb A0 eddeKTy
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«3BUCaHHSA»). Lien edbekT cTBOPIOE pU3MK NepeknaaHHs npu noBoporax, abo fo
nedopmalii kpaiB HWKHBOT KOPOBKKM, sika HEe po3paxoBaHa Ha HAaATO CUIIbHE TOYKOBE
HaBaHTaXeHHS.

PucyHok 1.11 — Be3neyHa Ta HebGe3neyHa KOHTaKTHa NoLLa Npu PO3MiLLEHHI NaKyHKiB
O[WH Ha OfHUIA

[na peanisauii TakMx nepesipok cucTema NoBUHHA BUKOHYBATW CKNaaHi
NMPOCTOPOBI 3anuTK TUMy «ray casting» (npomeHeBe ckaHyBaHHS BHK3), 06 TOYHO
BM3HAYMTN MHOXMHY O6'€KTIB, sIKi CyrytoTb ONOPOIO ANs MOTOYHOT KOPOOKY, i
po3noainuTL Bary Mk HAMW NPOMNOPLIAHO NMOLi NnepekpnTTa abo anropuTmiyHO
06yBUTK 36epiraHHs iHopmMaLii Npo HWKHI NakyHku [19]. AnbTepHaTMBOIO LIbOro €
«3anam’aTOBYBaHHS» KOXHOK KOPOBKOK MHOXMHMW «cycigiBy» 3Hu3y. MNpoTe, Takui
niaxia cunbHO 36inbLUye Yac BUKOHAHHS Mporpamu.
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1.3.1. BusHaueHHsi Ta mogentoBaHHs 3abopoHeHux 30H (Forbidden Zones) Ta
reoMEeTPUYHMX NepeLLKOa

HaykoBi noricTuyHi mxepena matTb 0gHY ChinbHY NOWUPEHy NoMunky. A came

Te, Lo aBTOPM CBiJOMO CMPOLLYOTh YMOBU 3a4avi, PO3rMsAaoumn KOHTEHep sik NpoCTwit
NPsSIMOKYTHWI Napanenenineq. 3 MateMaTU4HOT TOYKM 30pY Lie 3pYYHO, ane Ha npakTuui
Takui nigxig mabke ofgpasy po3bueaeTbes 06 peanbHiCTb. BHYTpILWHIN npocTip
BaHTaXiBKM BKpal pigko byBae "ynctum". 3asBuyai Tam BUCTa4Ya€ HIOAHCIB, SiKi
3aBaXaloTb NaKyBaHHIO: Lie i KOMICHI apku, L0 BUCTYNAOTb BCEPEANHY, | KPINNeHHs, i
arperaTv XonogunbHUX YyCTaHOBOK. ITHOPYBaTH iX - 3HAUUTL OTPUMATU NNaH, KUt
HEMOXIMBO BUKOHATUN (Pi3NYHO.

Y Halomy BUNagKy, nepLunm i HanbinbLl MacBHUM TUMOM NEPELLKOA €

knimaTtuyHe obnagHaHHs. Y pedpuxepaTopHuX Hanienpuyenax (Hanpvknag, cepii
Utility 3000R) xonogwunbHa yctaHoBKa, Taka sik Carrier Transicold Vector (puc. 1.12),
3arimae 3Ha4YHu 06'eM y BEPXHIN nepeaHii YacTuHi ky3oa. OKpiM caMoro BUNapHuKka,
KM BUCTYnae BcepeanHy Ha 30-40 cM, KpUTUYHO BaXXNTMBUM € BpaxyBaHHS NOBITPSHMX
kaHanis (air chutes) - rHy4kunx pykagi, O NPOXOAATH Nif, CTENeto B3AOBX YCbOro
Ky3oBa. ANroputM NoBMHEH pe3epByBaTu NpocTip Bucototo 10-15 cm nig cteneto sk



HeJOTOPKaHHY 30HY Ans 3a6e3neveHHs LMpKynsaLii XonogHOro noBiTps, iHakLe BaHTax
MoOXe 3incyBaTucs.

1.4 MNocTtaHoBKa 3aBAaHHs Ha po3pobky

Ha ocHoBi npoBeaeHoro aHaniay icCHy4Mx MiaxoaiB Ta BUSBNEHWUX HEAOoMiKiB
KNacu4YHUX reOMETPUYHMX anropuTMmie, cOOpMOBaHO KOMMIEKCHE 3aBAaHHs Ha
po3pobky. KnioyoBa igest nonsirae y CTBOPEHHI crneLjianisaoBaHOro NporpamHoro Mogyns
(6ibniotekn Pack3D), sikuii 61 3anoBHMB HilLy MiX JOpOrMMu kopnopatnBHuMmn TMS-
cucTeMamm Ta NPUMITUBHUMM "KanbKkynsitopamu 06'emy”. FONOBHM BUKNKOM €
HeobxiaHICTb 06'eaHaTV B OQHOMY PilleHHi BUCOKY 0B4mncnioBanbHy epekTUBHICTb,
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XapakTepHy AN eBPUCTUYHUX METOAIB, i3 TOYHICTIO (hi3VYHOro MOAENOBaHHS, sika
3a3BuYall npuTamaHHa iHxeHepHum CAD-cuctemam.

dyHkUioHanbHi npiopuTeTn. Po3pobka Mae hokycyBaTUCA Ha BUPILLEHHI TPbOX
KPUTUYHMX Npobnem, siki irHopytoTbes BinbLUICTIO open-source pilleHb:

- AOTPUMAHHSI NOTICTUKN «OCTaHHBOT MUMi»: anropuTM 3060B'A3aHui

rapaHTyBaTV CyBope BUKOHaHHs npuHumny LIFO ans mynstu-gpon

MapLUpyTiB, YHEMOXIMBIIOYM cUTYaLii GrIoKyBaHHS BaHTaxy.

- BaroBuWii KOHTPOSb Y peanbHOMY Yaci: cucTema noBUHHa He NPOCTO paxyBaTu
3aranbHy Macy, a AUHaMIYHO BiACTEXYBATW HAaBaHTAXKEHHS HA KOXHY BiCb

TAraya Ta Hanisnpuyena (BianosigHoO A0 (OPMYNM MOCTOBMX Bar),

BinGpakoByoUMN BapiaHTV NakyBaHHS, WO BeAyTb A0 WTpadis.

- adanTUBHICTb 40 reoMeTpii: nporpamMHe siApo Mae NigTpumyBaTh poboTy 3
«BpyaHUM» NMPOCTOPOM Ky30Ba, KOPEKTHO 0BPOBNSAHOYM 30HU BUKITHOYEHHS!

(konicHi apkw, arperatu) Yyepes mexaHiamu Constructive Solid Geometry.

TexHiuHi BUMoru oo peanisadii. 3 ornsigy Ha HeobXiAHICTb iHTerpauii ManbyTHBOI
6ibnioTekn y BUCOKOYECTOTHI cuctemmn o6pobkn 3amMOBrEeHb, BCTaHOBMEHO KOPCTKi
BMMOTIM [0 apXiTekTypu. PilueHHsi noBMHHO ByTu peanizoBaHe Ha nnatdopmi .NET
(Standard 2.1 a6o BuLLE) i3 BUKOPUCTAHHAM CTPYKTYP AaHMX, LLO MiHiIMi3yloTb
HaBaHTaxeHHsi Ha Garbage Collector. KpuTu4HMM NokasHUKOM € LUBUAKOAIS: Yac
po3paxyHKy T1nosoro cueHapito (4o 1000 oanHULb BaHTaxy) He NMOBUHEH
nepesuwyBatn 100-150 mc, L0 AO3BONUTHL BUKOPUCTOBYBATU anropuTm y pexumi "Ha
neoty". OkpiM camoro ABWUryHa nakyBaHHS, 3aBAaHHS BKIMOYae po3pobky
iHCTpyMeHTapito Ans AiarHoCTVKKM Ta Bidyanisauii pesynsraTis, skuii 61 nepeTsoptoBaB
abcTpakTHi KoopaMHaTK Y 3p0o3yMini Ans MOAVHN CXeMU 3aBaHTaXEHHS.
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PucyHok 1.12 — XonoguneHa yctaHoBka Carrier Transicold Vector cepii Utility 3000R

[pyruii TMn nepeLuxKoa NoB’si3aHniA 3 0COBNMMBOCTAMY XOAOBOT YaCTUHWN Ta

KOHCTPYKLU,i Ky30oBa TpaHCMOPTHOro 3acoby. Y cneuianizoBaHunx Hanisnpuyenax Tuny
Drop Deck, a Takox y BaHTaxiBKaXx, L0 BUKOPUCTOBYIOTLCA AN MICbKOi NTOFCTUKN
(3okpema Ha 6asi waci Ford F-650), KonicHi apkn 4acTo YacTKOBO 3axX0AsiTb Y BaHTaXHUIN
BiACiK. Y pe3ynbTaTi KopMCHa LUMPUHA NiA0rN B 30Hi 3aHiX OCel 3MEHLLYETBCS, LU0
HeobXiAHO BpaxoByBaTu Mif, Yac popMyBaHHA NaHy 3aBaHTaXeHHS.

[o uiei x rpyny HanexaTtb enieMeHTN 3a4HbOro nopTany, 3oKkpema BHYTPILLHI neTni
po3naluHmx ABepei abo HanpsMHi poneTHux BopiT (Roll-up doors), siki lwrnpoko
3aCTOCOBYIOTbCS y BaHTaxHOMY TpaHcnopTi CLUA, Hanpuknag BupobHuutea Whiting
Door. HasiBHICTb poneTHOro MexaHiamy 3MeHLUye edheKTUBHY BUCOTY 3aBaHTaXeHHs 6ins
3a4HbOrO Kpato Ky30Ba B cepeaHboMYy Ha 2—3 ANMU, L0 Ha MPaKTULi YacTo NpU3BOANTL
[0 KOMisin nig Yac cnpob po3micTUTU BUCOKI ManeTn MakcrmanbHo 6nmnsbko Ao noprany
[20].
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BuicHoskm fo posginy 1

Y nepLuomMy po3gini po3rnsgaeTbca npobnema aBToMaTn3oBaHOro PO3MilLEHHS
BaHTaXiB y TpaHCNOPTHUX 3acobax i3 No3uLii NpakTUYHOro 3acToCyBaHHS B Cy4acHin
norictuui. AHani3 nokasas, LU0 3agaya TPMBMMIPHOroO nakyBaHHs kKoHTenHepis (3D-CLP)
HanexwuTb 10 knacy NP-Baxkux, O CyTTEBO OOMEXYE MOXIUBICTb BUKOPUCTAHHS
TOYHWX anropuTMIB y 3aga4ax NpoMMCIIoBOro Macwtaby. 3a Benvkux obcsriB BXioHUX
[aHuX Taki nigxoan He 3abe3nedyoTb NPUAHSATHOTO Yacy OBYMCIIEHb | TOMY HE MOXYTb
OyTv BMKOpUCTaHi Ans nobyaoBW NNaHiB 3aBaHTAXEHHS B peXuMi, 6nusbkomy Ao
pearnbHOro Yacy.

Ockinbky BUpaxyBaTi Bce MaTeMaTU4YHO TOYHO B Ll 3aavi - HaATO KOMMeKcHa
3agada Yepes CKNafHiCTb, Ha NpakTuLi NOTPiIGHO cnupaTucs Ha eBPUCTUKY.
MopiBHANBbHUIA aHani3 Nokasas, Lo As «CTPOKATOro» (reTeporeHHoro) BaHTaxy
Halikpalle NiagxoAsTb KOHCTPYKTVUBHI METOAM - Ti, Lo ByaytoTh pilLeHHs LernunHka 3a
LIerMUHKOIO.

Kpim Toro, y nepLuomy po3aini Baanocsi popmarnidyBati Ti OGMeXeHHs1, Ha siki
KIacu4Hi reoMeTpuUYHi MoAeni 3a3Bryai 3akpuBatoTb oYi. 3okpemMa, 3anponoHoBaHO
Cnoci6 KOHTPOMNOBATN HABAHTAXEHHS! HA OCi Yepe3 po3paxyHOK MOMEHTIB CcuI Le nig
yac nnaHyBaHHs, a He KOMW MalluHa BXe BUbKOXKae Ha Baru. A wob fgotpumyBsaTucs
YeproBocTi BuBaHTaxeHHs (LIFO), 3acTocyBanu MexaHiam AMHaMiIYHUX «BipTyanbHUX
CTiH» - Lie JO3BOMSAE YHUKHYTMN 3aBOro NepeknagaHHs ToBapy. Takox Bpaxysanu
cneundiky cammx BaHTaxiB: IXHIO KPUXKICTb Ta 34aTHICTb BUTPUMYBATY Bary iHLINX
KOpOBGOK 3BEPXY.
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2 MATEMATUYHE MOJENIOBAHHA TA PO3POBKA
BAFATOKPUTEPIANBHOIO ANMOPUTMY

Y naHomy po3aini po3rnaaaeTbcsi KNYoBUiA etan poboTw, LWo nonsrae y

dopmanisauii norictTyHoi 3agadi 3acobamy matemaTuyHoro anapary. Metoto posainy e
nepeTBOPEHHS y3araribHeHO! NpuKnaaHoi NpobnemMmn po3millleHHst BaHTaxy y
chopmanizoBaHy matemaTu4Hy MOAenb, NPUAATHY AN NoAasnbLIoro anropuTMiYHOro
onpautoBaHHs. Baxxnvueum acnektom nobyaoBu moaeni € 3abeanedeHHs ii cymicHoCTi 3
peanisauieto y BUrnagi nporpamHoro kogy mosoto C#.

2.1. Po3pobka matemaTunyHOi Mogeni cuctemu Ta ii LinboBoi yHKLiT

2.1.1. MogentoBaHHS BaHTaxy, TPAHCMOPTHOIO KOHTENHepa Ta IXHiX
reoMeTPUYHNX BNacTMBOCTEN

Beenemo cuctemy koopauHar, ae nodarok (0,0,0) sHaxoauTbes y niBomy
HWXHBOMY KYTi NepefHbOI CTiHKU Tpewnepa, TobTo 6ins kabiHn BoAis. Takum YHOM
reoMeTpUYHi OpPIEHTUPU — Lie:

- Bicb X - NO340BXHS BiCb (QOBXWHA Ky30Ba);

- BiCb Y - BepTMKanbHa Bicb (BMCOTa Ky30Ba);

- BiCb Z - monepeyHa BiCb (LLUMpuHa).

[Ons novatky, Hexan | = {1, 2,..., n} — Le TeopeTnyHa MHOXMHA NakyHkiB. KoxeH
eNeMeHT XapaKTepu3yeTbCA HaCTYNHUM BEKTOPOM 3 BNIaCTUBOCTEN:

bl ={Il,wl,hl,ml,RI, SI, Fl, Stopl}, (2.1)

ne:

-1, wl, hl - rabapuTtHi po3mipu (BOBXWHa, LUMPUHA, BUCOTA);

- ml - maca;

-RI'€{0 ... 5} - ponyctumi opieHTaLii (06epTaHHs);

- Sl - NiMIT HaBaHTaXXeHHs 3BepXy (Kr);
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-Fl €{0 ... 1} - mapkep kpuxkocTi (1 - kpuxke, a 0 - Hekpuxke);

- Stopl - iHAEKC Yeprn BUBAHTaXEHHS. € CNPOLLEHVMM YMCIIOBUM MapKePOM.

KoHTeliHep onuncyeTtbes poamipamu L * W * H Ta MHOXUHOK 3a60pOHEHUX

nignpoctopiB FZ = {fz1... fzk}, ne koxeH fzj BU3Ha4aeTbCA koopauHaTamm (xmin, ymin, zmin) Ta
(xmax, ymax, zmax). EdexktuBHuii npoctip ans nakyBaHHs Veff [21] BU3HavaeTbcs sk:

Veff =



|0,L[*[0,H]

ufzj

. (2.2)

B cyxomy nigcymky, 4nsi KOKHOrO BaHTaXy i HEOOXiAHO BU3HAYUTU:
- KOOPAMHATY PO3MILLIEHHS: (Xi, Vi, Zi);

- opieHTau;to: ri (BMbip NepecTaHOBKN BUMIPIB).

2.1.2. ®opmyBaHHs GaraTtokpuTepianbHOT CKOPUHIOBOT hyHKLUIT AN OLHKN
po3milleHHs (WinbHocTi, 6anaHcy Ta cTabinbHOCTI)

[ocnigxyBaHa 3afaya nakyBaHHsi 3BOAMTLCS [0 MOLLYKY A0MYCTUMOrO

PO3MILLEHHS, LLIO MaKCUMI3Yye LinboBy (yHKLit0. Y po3pobreHilt cucteMi BUKOpUCTaHO
dyHKUitO oUiHKM no3uii [22], sika 064YMCIIOETLCS AN KOXKHOT OAUHULI Ha PO3MILLEHHSI
Y KOXXHOMY OCTYMHOMY BiflbHOMY NPOCTOPI.

score{box,space}= sGeom + sStab + sPhys , (2.3)

1. lTeomeTpunyHa WinbHicTe (SGeom). Liet KOMNOHEHT MiHiMi3ye BTpaTy npocTopy
npw BUGOPI KOHKPETHOTO BINLHOTO MiCLIS.

sGeom = -a, (2.4)

[e a - BaroBuin koedilieHT. YM MeHLwa pisHMLA Mk po3mMipoM KOopobku Ta
po3mipom "gipkun", TMM BuMLLA oOLiHKa. TUM camuM Lie MiHiMi3ye wTpad.

2. CtabinbHicTb (SStab). Lieit nokasHuk Bkpai Baxnunemii, 60 BiH Makcumisye
PO3MilLieHHs BaHTaxiB Bnivibkye Ta nepeaHbol CTiHKK Tpaky.

sStab = - * pos , (2.5)
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Lle rapaHTye, WO anropMTM 3anoBHIOBaTVME NPOCTIP 3HW3Y Bropy, CTBOPHOKOYN
HaginHy 6a3y.
3. ®iznyHuin 6anaHc (SPhys). Lle AMHaMiYHM KOMMOHEHT, WO 3anexuTb Bif
MOTOYHOrO CTaHy 3aBaHTaXEHHS Tpaka.

sPhyc = —y(State) x |Xcenterofbox
- |Xidealbalance |, (2.6)

TyT y(State) - Le He NPOCTO KOHCTaHTa, a okpema YHKLiS Bif NOTOYHOrO
HaBaHTaXeHHs Ha OCi :
Xidealbalance =
PosKingrin+PosTandem
2
. (2.7)

[ani o6uncneHHs onpauboBye KOemilieHT, O 3poCTae 3a EKCMOHEHTHO
XapaKTepUCTUKO:

y =0.1+ 100 * (max(Ratiostreet , Ratiodrive , Ratiotandem ))
5,(2.8)

Takvi MATUIA CTYNiHb 3aNeXHOCTi 03HaYaE, Lo A0KM OCi HeJOBaHTaXeHi,

anropuTm Maiike He 3BepTae yBaru Ha 6anaHc i Bigaae nepesary LUinbHOCTI NaKkyBaHHS.
Ane Konv HaBaHTaXeHHs MiAXoAWTb OO MaKCMMYMY, 3Ha4YeHHs BanaHcy pi3ko 3pocTae -
Y COTHIi pasiB - i anropuTM NoYMHaE NOCTYMNOBO «XKEePTBYBaATM» LUINbHICTIO, W06
po3TallyBaTV BaHTax y MicUsX, SiKi fonomaratoTe BUPIBHATY po3nogin mac.

2.2. Po3pobka eBpUCTUYHOTO anroputMy PO3MilLleHHS 3 KOHTponeM reomeTpii
2.2.1. BnpoBagxeHHs metogy Guillotine Split ans TouHoro Ta
HenepeTnHaYoro po3pizaHHs BiNbHOrO NPOCTOPY
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[Insi KOKHOTO BaHTa)KHOro efieMeHTY cucTema Lykae HanonTumarbHiwe mMicue
po3TallyBaHHs. F0NOBHO iHHOBALiEO peanisauii cTas niaxig 4o ynpasniHHA
npocTopom. 3amiCTb CKMafHWX AepeB po3buTTa, siki 3a3BMYall 3aCTOCOBYIOTb Y CKNaAHil



6i3Hec-NnoriLi, BUKOPUCTOBYETLCS KOHLIENLLISI «3BOPOTHOI MiNbAOTUHWY ANS BUAINEHHS
BinbHOro o6’emy.

Konu kopobka nomiwaetbea B y npocTip S, ocTaHHi BuaansieTscs 3i cnucky. Ha
Moro Micue AoaatTbCs HOBi MPOCTOPU, YTBOPEHI pisHuLeto S - B. MNinbAOTUHHWIA po3pi3
BMKOHYETLCS MOCMIAOBHO MO OCAX 3@ HACTYNHUM LUABIIOHOM:

- KON BUSIBUTBLCS, LLIO KOPOBKa KOPOTLLA 3a MIIOLLY - YTBOPUTBLCS 3amnLLIOK

npaBopyu Big Hel.

- SKLWO kopobka By>k4ya 3a NPOCTip, YTBOPKETHCA 3aNuLLIOK "nepes Kopobkow".
Baxnumeo, Lo Lei 3anuwok opmMyeTbCs NuLle B Mexax JOBXWMHM KOPOBKM

(o6 He nepeTuHatumcs 3 Rright.)

- SIKLO Kopobka HuKYa 3a NPOCTIP, YTBOPKETHCS 3anvLLIOoK "Hag Kopobkor".

Momy npuceotoeTbesa Layerindex + 1.

Lis cTparteria rapaHTye, O BCi BiflbHi NPOCTOPY Y CMINCKY € AN3'TOHKTUBHUMM,

TO6TO He nepeTuHaTbCs. Lie KpUTUYHO cnpoLLye nepeBipKy, OCKiNbKX Wo6 3HaNTK
MicLe, 4OCTaTHbO 3HAWTW OAMH MPOCTIP, KU MOXe BMICTUTM KOPOOKy. | npu LboMy
HemMae noTpebu nepeBipATY iHLUi.

2.2.2. Peanizauist mexaniamy "BiptyanbHux CTiH" ansi 3abeaneyeHHs

»KOPCTKOro MapLupyTtHoro kputepito (LIFO)

Y ctangaptHomy BPP (Bin Packing Problem) nonoxeHHsi no X He € obmexeHe. Y

HaLLi 3afadi BOHO CyBOPO pernamMeHToBaHe iHAeKCOoM 3ynuHkK. Peanisauisi Lboro
obMexeHHs BUKOHaHa Yepe3s inbrpauito npoctopis (Space Filtering) [23]. Hexait Ltrailer
- AOBXWHa Tpennepa, Nstops - KinbkicTb 3ynuHoK. [loBXrHa cekTopa ANns OOHIET 3ynUHKK:

@M. Apk. No pokym. Mian. AaTta
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Lsec = Ltrailer / Nstops. [1nst BaHTaxy 3 iHgekcoMm i (ae 1 - neplua 3ynuHka, N - ocTaHHs)
BM3Ha4aeTbCcs "3abopoHeHa 30Ha" cnepey.

xminAllowed = (Nstops—1 - i) * Lsec, (2.9)
Mpu nepebopi npocTopiB anroput™ irHopye Byab-saK1in NPOCTIP, AKLLO NOYaToK
noro e X &lt; XminAllowed. Lle ctBoptoe, Tak 3BaHuii, edpekT "BipTyanbHOI CTiHN", aka di3nyHO
He iCHye, ane siky anropuTM He MOXe NepeTHYTH Hi 3a SKNX YMOB.
[ns BaHTaxiB ocTaHHbOi 3ynuHkK (i=N), Xmin = 0, TO6TO iM AOCTYNHWUIA BECb
Tpewnep (ane BOHV 3aBaHTaXylOTbCA NEPLUMMIN 3aBASKN COPTYBAHHIO, TOMY 3aiiMaloTb
rmnbuHy). Ans nepLoi 3ynuHku (i=1), Xmin 6yae 6nmabko [0 KiHUA Tpaka, 3MyLLyoym
BaHTaxuTW ix 6inst aBepeit. Lle 3abe3neyye 36epexeHHs npuHumny LIFO.

2.3. BnpoBagkeHHs disnyHnx Ta 6e3nekoBux 06MexeHb Y CKOPUHT

2.3.1. AnropuTM po3paxyHKy HaBaHTaxeHHs Ha oci (Steer, Drive, Tandem)

npu po3MiLLeHHi OANHULI BaHTaxy

disnyHa mogenb peanizoBaHa y Metogi CalculateAxleWeights. BoHa 6asyeTbesa Ha
po3paxyHKy MOMeHTIB cun [23] 3a HaCTyNHUMW BXIGHUMU JaHUMMU :

- geo - reomeTtpis oceii (BiacTaHi Big 6amnepa go Kingpin, fo Drive, o Tandem);

- payload - maca BaHTaxy;

- moment - CyMapHuUin MOMEHT BaHTaXy BiIHOCHO NepeaHbOi CTIHKU.

Po3paxyHok HaBaHTaxeHHs Ha oci BiAbyBaeTbCA B AekKifNlbka B3aeMOMNOB'A3aHNX

KPOKiB:

1. Cnoyatky, BU3Ha4aeTbCsA LEHTp Baru BaHTaxy (CoG)
Xcog =

Moment

Payload

,(2.10)

2. Ha HacTynHoMy eTani 3aCTOCOBY€ETLCS 3aKOH PO3MOAINY HaBaHTaXeHb y
BU3HaYeHiit cucTemi. Moro MoXHa NOSICHUTY SiK: BUSHAYEHHs peakLii onopu Ha
3aHin Bi3oK Hanisnpuyena 6asyeTbca Ha MOMEHTHOMY PiBHAHHI. Baxnueo

QM. Apk. No gokym. Mign. Aata
Apk.
40 KPM.AKCm - 11.00.00.000 N3

40|

PO3yMiTH, LLO TYT KIIOYOBMM NapamMeTpoM BUCTYMae nreve cunu. PospaxysaTu
nneye cum MoxHa 3a hopmyrioto :
Ftandem = Payload *



Xcog-Dkingpin
Dtandem- Dkingpin
,(2.11)
3. KoxxHa HacTynHa i HacTynHa iTepauisi nependavae BUOKPEMIEHHS BENUYMHN
HaBaHTaxeHHs1. Lie HaBaHTaxeHHs npunagae 6e3nocepeaHbO Ha By30n
34enseHHs.

Fkingnip = Payload - Ftandem , (2.12)

4. HacamkiHelb, HaBaHTaXXeHHs1 NepefaeTbes Ha cam Tpak. Lle moxHa onvcatu
HacTynHUMK hopmynamm:

Fstreep_load = Fkingnip *

Ddrive-Dkingpin

WheelBasetractor

(2.13)
Fdrive_load = Fkingnip — Fstreepload ,

(2.14)

Ockinbkv HaBegeHUi Kacka po3paxyHKiB BUKOHYETLCS Y BHYTPILUHbOMY LMK

nepebopy Ans KOXHOI NMOTEHLNHOT NO3ULLi NakyBaHHS, BUMOTV A0 LWBUAKOAIT €
KPpUTUYHUMK. [ANs HiBEMOBaHHA 3aTPMMOK Y MporpaMHin peanisauii BigMOBNEHO Bif,
BMCOKOPIBHEBUX abCTpaKLiin Ha KOPUCTb MPUMITUBHUX TUMIB AaHWUX Ta NPSIMOro

ynpaBniHHSA NaM’sTTio (3okpema, Yepe3 MexaHiam Span&lt; T&gt; y cepenosuwi .NET). Takuii
apxiTeKTYpHUI Niaxig 3abesnevye BUKOHAHHS TUCAY iTepaLii nepepaxyHKy disuku 3a
cekyHay 6e3 cyTTeBOro BNAMBY Ha 3aranbHuii 4ac poboTy nnaHyBanbHuKa.

2.3.2. BnpoBageHHs wrpady 3a HefoBaHTaXeHHs1 Tandem ans

3abe3neyeHHs 6e3nekoBoro banaHcy

Ak 3a3Havanocs B aHanisi, HeJoBaHTaXeHHS ocelt € HebeaneyHum. Xoya y mozeni

He Byae peanisoBaHo sBHOI nepesipkn Minimum Weight, mexaHiam physicsFactor npautoe

@M. Apk. No pokym. Mian. AaTta
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[BOCTOPOHHLO. LlinboBa dyHkuis distToTarget HamaraeTbca MiHiMi3yBaTh BiaCTaHb Bif
LIeHTPY Barn KopobKku 0 reOMETPUYHOTO LIEHTPY Mix ocamm Xtarget.

Lle aBTOMaTW4HO "CTArye" BaHTax A0 LEHTPY Tpennepa. 3okpema, Takum YUHOM
YHEMOXIUBIIOKOTLCS CUTYaLlil, KONW BECb BaHTaX NEXUTb abo Ha «HOCi», abo Ha
«XBOCTi». Takum 4nHom, pyHkuis 11 36epirae 6anaHc.

2.3.3. Jlorika nepeBipku KPMXKOCTi Ta NiMiTiB WwTabentoBaHHSA

(IsStackingValid)

Lle ogHa 3 HaicknagHiLLMX YacTUH anropuTmy, sika BiANoBiAaE 3a BEPTUKAIbHY
B3aemogito. Metop IsStackingValid peanisye nepesipky "3Hu3y-Bropy". Konu kopobka
3aimae nonoxeHHs Bucotn Y &gt; 0, anroput™ NoOBUHEH 3HAWTW, Ha LLO BOHA CMUPAETLCS.
[insi ubOro BUKOHYOTLCS BCbOTO ABI Mii:

1. MoLuyk onop, KoM CKaHyeTbLCS CMIUCOK BXe PO3MILLLEHNX KOPOBOK

(placements). KaHgnaaTtom Ha onopy € kopobka Bbottom, sikuo:

- | (Bbottom.Y + Bbottom.Height) - Btop.Y | &lt; |€ (BepxHs rpaHb HWKHBLOT 36iracTbes 3
HWKHBOIO FPaHHI0 BEPXHBOI).

- Intersect2D(Bbottom, Btop) = true (€ nepetuH y nnaHi X-Z).

2. MNepeBipka 06MexeHb:

- sikWwo Bbottom.Fragile = true, To po3milleHHs 3a6opoHeHo.

- akwo Btop.Weight &gt; Bbottom.MaxStackOnTopKg, To po3milleHHsi 3a6opoHeHo.
Lleit MexaHi3am rapaHTye, LLIO Ha CXeMi 3aBaHTaXKEHHS BaXKi NaneTu Hikonu He
OMUHSITLCS Ha KPUXKNX KOPOBKaX 3 EMeKTPOHIKOL0.

BucHoBku o poaginy 2

Y opyromy po3gini 3ibpaHo matemaTuyHy MOAENb, sika A03BONSE ANBUTUCS HA
3afavy 3D-nakyBaHHS He nuLle SK Ha reOMETPUYHY FONOBOMOMKY, a SIK Ha 3agady 3
KiflbkomMa KOH(PNIKTHUMM Linamu. [ns BaHTaxy i KOHTeNHepa BBegeHo Habip

@M. Apk. No gokym. Mign. AaTa
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napameTpiB, LLO ONUCYOTb PO3MIpK1, Macy, KPUXKICTb Ta MOXNUBICTb 0bepTaHHs. Linx
XapaKTePUCTVK BUSIBUIOCS [OCTATHBO, LWO6 BiACIATY GinbLUiCTb HEpeanicTUYHMX
BapiaHTIB PO3MILLEHHS Lie Ha MoYaTKoBOMY eTani.

OuiHKa pilleHb BUKOHYETBCS Yepes3 CKOPUHIoBY dhyHKLito. BoHa noegHye

LWiNbHICTb NaKyBaHHSA, BepTMKanbHy cTabinbHicTb i 6anaHc ueHTpy mac. Baxnueo
3ayBaXwWTW, WO LS ouiHKa He € hikcoBaHo, TO6TO Mg Yac poboTy anropuTMy
NpiopUTETU 3MIHIOIOTLCS. AKLLO BapiaHT BUMMSAAE HEHaAMHO 3 TOYKU 30pY CTINKOCTI,
BiH LWUBMAKO BTpayae b6anu 11 hakTUYHO BMNagae 3 po3rnsiay.

Okpemuii akLeHT 3pobrneHo Ha niacucTemi Bidyanisauii Ta giarHocTuku. Agxe roni
Lmdbpy Marno npo Lo roBopsATb KopucTyBayesi. Mosi 3agada nonsirana B Tomy, o6
CTBOPUTU IHCTPYMEHT, SIKUI IHTEPNPETYE CKNafHi MaTeMaTuyHi PO3paxyHKM i
NepeTBOPIOE iX Ha «IHOACBKUIAY, IHTYITUBHO 3pO3yMminuii hopmart, 3 sikuM nerko
npautoBaTtu.

®iznyHi obMexeHHs He BUHECEeHi B OKpeMy nepeBipky, a BOyAoBaHi NpsiMo B SApo
po3paxyHkiB. 3okpema, peanizoBaHo OLiHKY OCbOBUX HaBaHTaXeHb i NepeBipKy
[0oMyCTUMOCTI WTabentoBaHHA 3 ypaxyBaHHAM NEPEKPUTTS, Bary Ta KPUXKUX MO3ULNA. Y
pesynesTati anroputm opMye MnaHy 3aBaHTaXeHHs!, SKi BUIMAAATb He ifeanbHUMKU Ha
nanepi, 3aTe HOpMasibHO NPaLOTb Y pearnbHUX YMOBax NePEBE3EHHS.

QM. Apk. No pnokym. MNMign. OaTa
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3 CUCTEMHA IHTEIPALIA TA IHCTPYMEHTW OIATHOCTUKN

Ha upomy eTani marictepcbkoi po6oTu, BiAbyBaeTbCs nepexia Bif TEOpeTUYHMX
mMaTemMaTU4HUX MoZenew A0 KOHKPETHUX, 3AaTHUX (OYHKLOHYBaTV B yMOBaxX pearibHoro
BMPOBHMYOrO cepeaoBuLLa, iHKEHEpHMX pilleHb, TpeTil po3ain marictepcbkoi poboTtn
npucBAYEHO AeTanbHil TeXHIYHIN peanisauii nporpamu Pack3D, sika BTintoe po3pobneHi
y nonepeaHix posfinax anroputMun NpocTopoBoi onTUMidaLii Ta isnyHoro
MOAENOBaHHSI HAaBaHTaXeHb.

HanbinbLiot npobnemoto npu peanisadii cuctem knacy 3D-BPP e miHimisauis
NP-Bax«koi npupoau 3agadi, Wo B1UMarae 3HaqyHux ob4mcnioBanbHUX MNOTY)XXHOCTEN, Ta
HeoOXiAHICTb OTPUMaHHS pe3ynbTaTy B PexuMi peanbHoro vacy abo xova 6 B soft real-
time ans iHTerpauii y cknaaceki 6isHec-npouecu.

3.1. O6rpyHTyBaHHsi BUOOPY anapaTHO-NPOorpaMHmnx 3acobiB Ta apxiTekTypu
dyHaameHTOM Anst No6ya0BY BUCOKONPOAYKTUBHOI CUCTEMU € NPaBUMbHUIA BUGIP
cepefioByLLa BUKOHAHHS Ta iIHCTPyMeHTapito po3pobku. BpaxoBytoun BUMoru o
LwBmAaKoaji, kpocnnaTtopMHOCTI Ta HaAIMHOCTI, ANns peanisauii 6ibniotekn Pack3D 6yno
obpaHo ekocuctemy Microsoft.NET. [Jani BUKOHyeTbCS AeTanbHa apryMmeHTaLis,
CTOCOBHO LibOro Bubopy.

3.1.1. O6rpyHTyBaHHsA BU6opy .NET Core (Standard 2.1) Ta mosu C# ans
po3pobku Core Packing Library

[nsa peanizauii npoekty s 06pae came .NET Standard 2.1 ta moBy C# BignosigHo.
Lle B1Gip — € pe3ynbTaToM XONO4HOMo Po3paxyHKy Ta TexHiYHUX BuMmor. Cepen
3Havywmx nepesar NET:

1. EcbekTvBHE ynpaBniHHA naMm'aTTio Ta onTumisauis pobotn Garbage Collector
(GC) ‘TonosHa Npu4MHa KPUETLCA B OCOBMMBOCTAX YNpaBiHHA NaMm'aTTio.

@M. Apk. No nokym. Mign. AaTa
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CnipaBa B TOMY, LLO €BPUCTUYHI anropuTmu 3D-nakyBaHHS - Lie cripaBxXHin
cTpec-TecT Ansa cuctemu. Nokn nporpamMa LyKae onTumarnbHe Micue Ans oaHiei-
€[MHOI KOPOOKW, BOHA CTBOPIOE i TYT e BiAKMAAE TUCAYI TMMYacOoBMX 06'ekTiB
(koopauHaTW, BEKTOPU, BapiaHTV PO3MILLIEHHS). Y naM'aTi HaKoNUYyeTbCs
BenmyesHa KinbKiCTb «KOPOTKOXMUBYUMX» ek3eMnnspiB. SAkOu cepegosuLle
BMKOHaHHs (Runtime) He BMino 3 umum edekTmBHO npautoBaTtn, Garbage
Collector (36upady cMmiTTS) NOCTINHO 6 3ynUHSAB Nporpamy, Lwob po3yncTuTi



micue, pobnsuu i HenpuaaTHOO AN peanbHOro BUkopucTaHHs. Bubip C#
[,03BOMMB BMKOPUCTATK cneundiyHi MexaHiamu ontumisadii nam'aTi [25].
Cepea Hux:

-y .NET 06’ektv 06pobnsitoTbest 3@ Mofenmnto Tpbox nokoniHb (Gen 0, 1, 2).
BinbLwicTe TUM4acoBKXx 06’eKTiB anropuTMy nakyBaHHS XVUBE NnLLe OfHY
iTepauito umkny, Tomy notpannsie y Generation 0. 36ipka cMiTTS B LibOMY
MOKOIMiHHI NPOXOANTL Ay>XKe LWUBMAKO i 3a3BUYaii He 6rIoKye OCHOBHI MOTOKMU, LLO
3abe3neyye BUCOKUIA piBeHb NpoayKTUBHOCTI cuctemn..NET BrkopuctoBye
mogernb Tpbox nokoniHb (Gen 0, 1, 2). Ockinbku GiNbLLICTb 06'€KTIB B
anroputmi nakyBaHHs € "edpeMepHuMU" (K1BYTb NMLLE OHY iTepaLito LmKny),
BOHW noTpannstoTb y Generation 0. 36ipka cMiTTS y LibOMY NOKOSIHHI €
HaA3BMYariHO LWBUAKOK. 3a3BMyai, o4nLLEeHHs BiaOyBaeTbCs HaBiTh 6e3
6rnoKyBaHHS OCHOBHMX MOTOKIB, L0 3abe3neyye BUCOKY NPONYCKHY 3AAaTHICTb
cuctemu;

- XO4a OCHOBHa forika nporpamv BUKOPUCTOBYE MacuBM, NiATPUMKA TUMIB
Span&lt;T&gt; y. NET Standard 2.1 BigkpvBae MOXNMBOCTI Ans noganbLuoi
onTumisauii Yepes "slicing" macueis 6e3 anokadiii. Lie € nepcnektnBHum ans
06po6KM BENMKNX MAacKBIB JaHUX MPO BaHTaxi.

2. HeamiHHicTb AaHnx (Immutability) Ta Record Types. Ak npasuno,
NPOEKTYyBaHHSA CKNaAHUX anropuTMIB TSXIE 4O BUKOPUCTAHHSA HE3MIHHUX

QM. Apk. No pokym. Mign. OaTta
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CTPYKTYp AaHux. Lle, y cBoto Yepry, niasuLLye nepenbadyBaHiCTb kogy Ta
cnpoluye BignarogxeHHsl. BnpoBamxeHHs Tunie Records (3anucis) y C#
[03BONWIO peanidyBaTu koHuenuito "immutability by default” [26]. OcHoBHi
CYTHOCTI cuctemu, Taki ik Box Ta Trailer, oronowueHi sik record, Wwo Hagae pag
nepesar:

- notokob6esneyHicTb. OCKinbku cTaH 06'eKTa HEMOXIMBO 3MIHUTK Nicns
CTBOPEHHS, AAeKiNbKka NOTOKIB MOXYTb 6e3neyHo YnTatn AaHi 0OgHOro 1 Toro X
o6'ekta Box 6e3 HeobXigHOCTI BUKOPUCTaHHS BrI0KYBaHHS BUKOHAHHS OLHUM
noTokoM. Lle no3anTmBHO BNnuBae Ha NPOaYyKTUBHICTb;

- MOPIBHSIHHSA 3a 3HAYEHHsIM. ABTOMaTU4YHO 3reHepoBaHi METOAM NOPIBHSAHHS
[03BONSIIOTh NErko NepeBipsATH, UM € ABi KOHirypaLii nakyBaHHs OAHAKOBUMW.
Lle cunbHO cnpoluye noriky KelyBaHHS Ta TECTYBaHHS;

- HeeCTpyKT1BHa MyTauis. BukopuctaHHa onepartopa with fos3sonse
CTBOPOBaTK HOBI Bepcii 06'ekTiB. Mpu LboMy, ocHoBa 06’ekTa B nam’siTi
36epiraeTbcsi, 3MiHIOIOTLCA NULLE oKpeMi nons. Lie akTMBHO BUKOPUCTOBYETHCS
npy MoAentoBaHHi TEOPETUYHUM CLIEHapIN.

3. KpocnnatdopmHicTb Ta yHidikauis APl yepes .NET Standard 2.1. Bubip
nnatcopmu .NET € cTpaTeriyHnmM pileHHsSIM Npy NPOEKTYBaHHI cucTemu,
OCKinbKy BOoHa 3abe3nevye BUCOKUIA piBeHb KpocnnaTtopmMHOCTi Ta
[OBroTpuBany niagTPYMKY NporpamHoro NpoaykTy. BukopuctanHsa ctangapty
.NET Standard 2.1 go3Bonsie yHicbikyBaTu nporpaMHuii inTepdeiic 6ibniotekn
Pack3D.Core Ta rapaHTye HasiBHiCTb eAnMHoro Habopy API, gocTynHoro B ycix
cyyacHux peanisauisix nnatcdopmu .NET [27]. BacTocyBaHHS LbOro cTaHaapTy
3abesneyye cymicHicTb 6ibnioTekn 3 TakMMU cepeoBULLIaMY BUKOHAHHS, SIK
NET Core 3.x, .NET 5/6/7/8, a Takox i3 kpocnnatopMHUMK pperimBOpKkamMm
Xamarin Ta irpoum pyLiem Unity3D (auB. Tabn. 3.1). Lle nae amory
BMKOPUCTOBYBaTK po3pobrneHe sapo anropuTmiB 6e3 moamdikauii kogy sk y

@M. Apk. No gokym. Mign. AaTa
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CepBEepHYX Ta HACTINbHUX 3aCTOCYHKaXx, TaK i B MOBiNbHUX abo iHTepaKTUBHUX
BidyanisauinHmux cucremax.

Tabnuus 3.1 - nepeBarn 06paHoro NiaxoAy ANs pisHMX CLEeHapiiB po3ropTaHHs
CueHapin

BMKOPUCTaHHS

Mnatdopma Mepesara .NET Standard 2.1
XmapHui cepsic



(Backend)

Linux

(Docker/Kubernetes)

Bucoka npogyKTUBHICTb Ha
Linux-cepsepax, nerka
KOHTeNHepu3aLlis, BiACYTHICTb
npu'asku o Windows API.
Mo6inbHuii TepmiHan Android / iOS (Xamarin) MoxnusicTb 3anycky
anroputmy 6e3nocepenHbo Ha
nnaHLweTi KOMipHMKa Ang
nepepaxyHky nnaHy B ocpnaiH-
pexumi.

Lecxkron knieHT Windows

(WPF/WinForms)

IHTerpauisi 3 icHyrounMmn

KOpropaTUBHUMU CUCTEMaMK

Ha 6a3i Windows.

3D Bisyanisauisi Unity 3D MoxnuBicTb BUKOPUCTaHHS
TOrO 3 KOAY PO3paxyHKy

hi3nkn BCepeauHi irpoBoro

pyLlis 4N peanicTU4HoI

Bizyanisauji.

4. BukopuctanHsa LINQ Ta dyHKUioHanbHUX natepHis. [ns o6pobku konekwin
naHux baratopasoso 6yrno BukopucTaHo TexHonorito LINQ (Language
Integrated Query). HesBaxxatoumn Ha NOTEHLUiNHI HaKNagHi BUTpaT npm
HenpasunbHOMY BukopucTaHHi, LINQ 3abesnevye geknapaTvBHWUIN CTUMb KOAY,
nogioHun go SQL, Wwo € KpUTUYHUM Ansa peanisauii ckrnagHoi 6i3Hec-noriku
copTyBaHHs Ta dinbTpadii. [lo npuknaay, y Solver.cs € nonepeaHs obpobka
yepru 3aBaHTaxeHHs. BoHa peanizoBaHa Yepes naHLIKOK

BuknukiB OrderBy / ThenBy, Lo A03BOMSIE YiTKO BU3HAYUTU €BPUCTUYHI
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npioputeTn (cnoyatky LIFO, noTim npiopuTeT knieHTa, notim

LWiNbHICTb). Takmin oyHKUIOHANbHUIA NiAXiA TakoX BUKOPUCTAHO Npu
OHOBJIIEHHI CTaHiB konekuin. Lle no3Bonsie yHUKHY TV NoBivHmX edekTiB (side
effects), Wo xapakTepHo Ans imnepaTnBHOro cTumio [28].

3.1.2. [letanbHuin onuc CTPYKTYp AaHMX Ta JIOTYHUX 3B'sI3KIB MK

CYTHOCTAMM

ApxiTekTypa Pack3D TpumaeTbca Ha YiTKOMY po3dineHHi: AaHi okpemo, forika

okpemo. Lle ctaHaapT Ans cydacHUX po3noAineHnx cuctem. Arne ronosHe, Lo B OCHOBI
3aknageHa HeaMiHHicTb (Immutability). MpunycTumo, Lo B ocHOBI Npobrnemu - 3agava
KOMGiHaTOpPHOI onTUMi3aLlii, Ae NPOCTip BapiaHTiB BUMIPIOETLCA MiflbioHaMK. AKLLO B
npoLieci po3paxyHky sikuiicb 06'eKT BUNaAKOBO "MyTYe" (3MiHUTb CBOI kOOpAMHATM UM
CTaH), BECb anropuTM BUAACTb NOMUIIKY. TOMy rapaHTisi TOro, Lo CTBOPEHUI 06'ekT
3anuLIaETbCs CTanMm Ha3aBxau - Lie KpUTUYHa BUMOra, 0COBnMM1BO SKLLO MU Xo4eMo 6e3
CTpaxy 3anyckaTu 064YMCreHHs B Kinbka NOTOKIB.

[ns peanisauii uboro B .NET Standard 2.1 s 3po6us cTaBky Ha Tvnu record. BoHun
ineanbHO nigxoasTb, 60 3abe3nevytoTb NOPIBHAHHSA 3a 3Ha4YeHHsM (value-based equality)
npsimo 3 Kopobku. Lle fo3Bonsie npauoBaTh 3 BENUKUMU CTPYKTYpamu AaHnX Tak camo
3pYyYHO, SIK 3 NPOCTMMM Yncnamu. Ha BigmiHy Bif 3BMYanHuX knacie, ae Tpeba BpyyHy
nucaTu Kyny Kogy Afnsi MOPiBHSHHS, record cam reHepye KOPEeKTHIi METOAM XeLLYBaHHS.
Lle B pa3u cnpoluye 3agady, konu, ckaximo, Tpeba peanizyBatu KellyBaHHs abo
BifiCitoBaTV HakonuyeHi aidnykaTu.

LleHTpanbHoto CcyTHICTIO AOMEHHOT obnacTi € Box (ame. Tabn. 3.2). Y po3pobneHin
cucTeMi Lie He abCTpaKTHUI reOMEeTPUYHWIA NPUMITUB, @ HacuveHa iHpopMaLinHa
mogenb. CTpykTypa Box iHkancyntoe B cobi BCi (i3nyHi Ta NOricTMYHi 06MexXeHHs Toro
4 iHWOro BaHTaxy. MNpoekTyBaHHSA LibOro Kracy BUMarae nepLUIo4eproBoro BpaxyBaHHsi

@M. Apk. No gokym. Mign. AaTa
Apk.
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reTeporeHHOCTi peanibHUX BaHTa)XOMOTOKIB, B SKUX KOXXEH 0B'€KT MOXe MaTu yHiKkanbHi
npasuna o6pobku.

Tabnuus 3.2. [letanbHa cneyudikaisi Ta cemaHTuka nonie knacy Box
Mone Tun gaHux CemaHTUKa Ta BNAUB Ha anroputm

Id string YHikanisoBanuii ineHTudikatop (Hanpuknag, GUID un
LITPUXKOA). BukopnctoByeTHCS B IKOCTi NEPBUHHOTO

KIntoda ansi 38'A3Ky Mk BXIOHUMKU MacuBamu 1a

pesynbratamu po3milleHHs (Placement). Kputuynni

ans interpauii 3 WMS/ERP cuctemamu.

Sku string ApTtukyn ToBapy (Stock Keeping Unit).

BukopucToByeTbCA Ans arperawii cTaTUCTUkn Ta

rpynyBaHHs y 3BiTax. [lo3Bonsie aHanisysatu

eeKTMBHICTb NaKyBaHHSA 3a KaTeropisamMm ToBapis.

SizeMm Dimensions Komno3utHui 06'exT, wo mictuts Bumipu (L, W, H).

WeightKg double € BxigH“M napameTpom At po3paxyHKy TeH3opa
iHepuii Ta MOMEeHTIB cun Npu nNepesipLi 0CbOBUX

HaBaHTaXeHb.

AllowedRo

tations

RotationMask BitoBa macka . BoHa BU3Havae fonycTuMi CTyneHi
cBo6oan obepTaHHs.

Stackability double KoediuieHT wrabentoaHHsi (0.0-1.0). BusHavae, sky
YacTKy MnoLLi NOBEPXHi MOXHa BUKOPUCTOBYBATU SK

onopy. 3HaveHHs &lt; 1.0 MogentotoTb HepiBHI NOBEPXHI

abo nipamMiganbHi BaHTaxi.

MaxStackO

nTopKg

double Lle none pekypcuBHO nepeBipsie CymapHy Bary CTOBMLUS
Haf KOpOoBKOIO i BigXMNSie PO3MilLeHHs Npu

HaNMEHLLOMY MepeBULLEeHHI MiMITY.

Fragile bool Akwo true, 06'ekT OTpUMyE HANBULLMIA NPIOPUTET Ha
po3millieHHs1 y BepxHbomy wapi ("Top-most")

DeliverySt

oplndex

int Lle kntoyoBmin napameTp Ans 3abeaneveHHs LIFO-
cyMicHOCTi. MeHLM iHAEKC 03Ha4ae NisHiLly

BUIpY3Ky

Priority int EBpucTnyHmin npioputet. BukopuctoByeTbes Ans
BUPILLEHHS KOHNIKTIB Npy AediuunTi npocTopy.

BaHTaxi 3 BULLMM NpiopuTETOM PO3rnaaarTbes

anropvTMOM paHille B Mexax ofHiei

rpynu DeliveryStoplndex.

@M. Apk. No pnokym. Mian. Aata
ApK.
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CyTHicTb Box € He3anexHot CyTHICTIo. BoHa He MiCTUTb nocunaHb Ha iHLUi

06'ekTw, WO A03BOMSIE Nerko cepianisysaty ii Ta nepegasaTi Mix MikpocepBsicamu.
3B'AI30K 3 pe3ynbTaToM BCTAHOBIIETLCSA BUKIIOYHO Yepes none Id y o6'exTi Placement.
Knac Trailer (auB. Tabn. 3.3) iHkancynioe reoMeTpuyHi Ta isnyHi napameTpu
npocTopy nakyBaHHs. Ha BiamiHy Big cnpolueHnx nigxoais, B Pack3D peanizoBaHo
[eTanbHy MOAenb LWaci Ta BHYTPILHIX nepeLukos.

Tabnuus 3.3. Cneundikauis Ta disnyHa mogens knacy Trailer

Mone Tun aaHnx Onuc disnyHoi moaeni

InnerMm Dimensions BwusHayae rnobanbHy cuctemy KoopavHar, ae
(0,0,0) - niBWA HWXHIM KYT 6iNg NepeaHbOi CTIHKW.

Axles AxleLimits OG'ekT-kOHTENHEP ANS HOPMATMBHUX NIMITIB
HaBaHTaxeHHs Ha rpynu. Lli napameTtpu €



OMHaMiYHUMK, TOBTO BOHU MOXYTb | MaloThb
3MiHIOBATUCSA 3anexHo Big 3akoHO4aBCTBA
wTaTy/kpaiHu TpaHauTy. B marictepcbkinn pobori,
uinboBoto kpaiHoto € CLUA.

AxleGeo AxlePositions

BincTaHb Big 6amnepa 4o WBOPHS, MOMOXEHHS

cienbHO-34iNHOro MPUCTPOIO Ta 3a4HBOIO Bi3Ka,

TO6TO Lie cknafoBa AJ1st TOHHOI PO3PaxyHKy

po3nopainy peakLin onop.

FloorStrengthPsf double JonycTume HaBaHTaxeHHs ans nignorn Moxe
OyTv BMKOpUCTaHe Ansi NepeBipkn NoKanbHUX

nepeBaHTaXeHb Bifl BAXXKUX BaHTaXiB.

ForbiddenZones List&lt;Rect3&gt; 3oHu, B siknx 3a6opoHEHO po3milLyBaTn Byab-ski
ob’ekTn

OKpiM reoMeTpUYHOro PO3MiLLIEHHSI KOPOBOK Yy BaHTaXXHOMY NPOCTOPI,
BpaxyBaHHs napametpa AxlePositions gogae disnyHMin 3MicT y npouec onTumisadii.

@M. Apk. No gokym. Mign. AaTa
Apk.
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3aBasiku LbOMY Solver MoXe KOPEKTHO BM3HA4aTU MONOXEHHS LLIEHTPY Mac BaHTaxy Ta
NPOEKTYBaTV HaBaHTaXXEHHS Ha OCi TAraya 1 HaniBnpuyena. Y pesynsraTi KnacuyHa
3ajada nakyBaHHsI BUXOAUTb 3a Mexi abCTpakTHOI reoMeTpii Ta po3rnagaeTbes sk
NOBHOLHHA iHXeHepHa 3ajaya cTaTukv TBepaoro Tina. Lle gossonse ouiHoBatu
6anaHcyBaHHs, JONYCTUMi OCbOBI HABaHTAXEHHS Ta ekcniyaTtauiiHy 6e3neky
nepeBe3eHHs.

O6'ext Placement (auB. Tabn. 3.4) cikcye KOHKPETHE pilLEHHS anropuTMy LLOAO
oKkpeMmoi Kopobku. BiH € 3B'A3yt040t0 naHKo MK BXigHUMU AaHumu (Box, Trailer) Ta
Bi3yanisaujieto nporpamu.

Tabnuus 3.4 CtpykTypa pesynsraty Placement
Mone Tun aaHnx lMpusHayeHHs

BoxId string 30BHiLLHIN kntoY o

Tabnuui/cnucky BXigHMX

KOpPOBOK.

PositionMm Vector3 To4Hi koopanHaTi Kyta KOpobKku.
BukopucTaHHs double 3abeaneuyye

CcybMminiMeTpoBy TOYHICTb,

HeobXxiaHy Ans WinbHoro

nakyBaHHsi 63 NoMunIoK

OKpYrNeHHS.

Rotation (int, int, int) Kytu Eiinepa (anckpeTni: 0, 90,
180, 270). BusHavatotb

OpieHTaLjto nokanbHOi cucTeMmn

KoopaMHaT KOpobku BiAHOCHO

Ky30Ba.

Layerindex int IHgekc wapy nakysaHHs. B kogi,

BiH BUKOPWUCTOBYETLCA ANSA

rpynyBaHHst 06'eKTiB MO BUCOTI.

AxleContribution AxleWeights 36epiraHHs Liboro 3Ha4eHHs
[03BOSISiE peanisyBaTtu

iHKpEMeHTanbHWUIN NepepaxyHok

Barv Npu py4yHomy peaaryBaHHi

nnaHy (BuaaneHHs Kopobku

QM. Apk. No pokym. Mian. AaTa
ApK.
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npocTo BifHiMae ii BHeCOK, 6e3
MOBHOTO NepepaxyHkKy).



ApxiTekTypa cuctemu nakyBaHHs He ByagyBanach sk “‘igeansHa UML-kapTuHka”.

BoHa ckopille BMpocna HaBKoro Toro, Lo pearibHo NnoTpibHo 36eperTtu nicns po6otun
anropuTtmy. Y LeHTpi Bcboro - 06’ekT SolveResult. Lie npocTo koHTenHep cTaHy. TyT
36epiraeTbcsi BCA iHopmalLisi npo poboTy anropuTmy: sik po3TalloBaHi KOpobku, Lo He
nomicTunocs, siki METPUKM OTPUMaHi Ha BMXOpAi Ta siki o6csiry BinbHOro npocTopy
3anUnnCs B Ky30Bi.

MpopykTmBHicTb Pack3D 3’aBunacb He ToMy, L0 anroputM “po3yMHuin”. OcHoBHa
BMroga - B ApiGHNX, MiCLAMW HYAHWUX PilLeHHSX no nam’'siTi. [lyxe WBMAKO cTano
04YeBUIHO, LLO KNAcU4HWii 06'€KTHO-OPIEHTOBAHMIA CTUMb Y reomeTpii - Le wnax y GC-
nekno. Kyna TmmyacoBumx 06’eKTiB, BEKTOPU, KOOPAMHATU, MPSIMOKYTHUKM - BCE Lie
CTBOPETLCSA | BMMUpae TUCsYi pasiB. Tomy 6a30Bi reoMmeTpuyHi TMnK Ha kwtanT Vector3,
Dimensions i Rect3 6ynun 3pobneHi sik record struct. be3 uporo anroput™ npocto
3axnMHaBCs Ha BENUWKIN KiNbKOCTi NepeBsipok.

CTpyKTypy Aanu CTeKoBy anokawito, a pa3oMm i3 Heto - MiHyC 3aiiBi npoxoamn

Garbage Collector’a. [ins 3agavi, ae 3a cekyHAy MOXyTb BUKOHYBaTUCh MifbAOHM
nepeBipoK NePeTUHIB, Le BUpiwye binblue, Hix Byap-sika MikpoonTuMisauis B noriui.
[onaTkoBo B TUX MiCLSIX, ie JOBOAUTLCS raHATU MacuBU JaHUX, BUKOPUCTOBYETHLCS
Span&lt; T&gt;. Lie go3sBonsie npautoBat 3 naMm’ aTTio HanpsiMy, 6e3 KonitoBaHHS, | He nNnoauTu
3aMnBi 6ycepu. MeHLwe pyxy gaHux - MeHLLe 3aTpumok. Bee npocTo.

LLle oAMH MOMEHT, SKkuiA 3’ABUBCS HEe 3 TeOopil, @ 3 NPaKTUKM - iIMyTabenbHICTb.

O6’ektnt TUNY Box, Trailer i Placement nicnsi CTBOPeHHS He 3MiHIOOTLCS. B3arani.
3aBasik1 LbOMY Kiflbka NOTOKIB MOXYTb OZHOYACHO AVBUTUCS Ha OAMH i TON camuil CTaH
nakyBaHHSsI, paxyBaTu ansTepHaTMBu abo MEeTpVKKW i He 3aBaxaTu OQWH OZHOMY.

3.1.3 CTpyKTypHi NaTepHu NPOEKTYBaHHS NPOrpaMHoro 3abesneyeHHs

@M. Apk. No gokym. Mign. AaTa
Apk.
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LleHTpanbHum enemeHTom apxitektypu Pack3D e natepH «®acagy. BiH

3abe3neyye B3aeMOfito MiX KNiEHTOM Ta CKNaaHO NiACUCTEMO anropuTmie 3rigHo 3
knacudikauieto GoF, uen CTpyKTYpHUI naTepH Hagdae yHidikoBaHuii iHTepderic Ao
Habopy iHTepdelicie y nigcuctemi. Lie cnpoluye i BUKOpUCTaHHS.

Y cucremi Pack3D ponb dacagy BukoHye ctatnyHmin knac Pack3D.Solver. BiH €
€[MHOIO TOYKOIO BXOAY AN15 BCiX onepauii po3paxyHKy.

ApxiTekTypHi 060B's3kn Pacapgy Solver:

- opkecTpalulist koHBeepa. Metog Solve He peanidye anropuTm nakyBaHHS

MOHOMITHO. 3aMiCTb LibOro, BiH KOOPAWHYE BUKOHAHHS AEKiNIbKOX MOCMig0BHMX
etanis. [Jo UMx eTanis MOXHa BiAHECTU NPENPOLIECUHT AaHNX, BUKOHAHHS
€BPUCTUYHOIO PO3MILLIEHHS, PO3paxyHOK hi3ukn Ta nocT-aHanis.

- i3onsauis nigcuctem. Solver iHkancyntoe Bif KOPUCTyBaYva BCi BHYTPILLHI

nonomixkHi knacu. [lo npuknagy, anroputm onepye AxleCalculator ans

po3paxyHKy HaBaHTaXeHHs Ha oci, SpaceManager Ansa KepyBaHHS BifbHUM
npoctopom 4u StabilityChecker ans nepesipku CTINKOCTI, MOKW KMIEHT Npawtoe

TiNbKN 3 BUCOKOPIBHEBNMM MOHATTAMU.

- KepyBaHHsi KoHdirypauieto. dacag npunmae o6'ekt SolveOptions,

TPaHCMIOYN HanalTyBaHHA KOpUCTyBaYda (Hanpuknag, cTparterito

HanaHcyBaHHs abo nimiT Yacy) y BiAnoBigHi napaMeTpy BHYTPILLHIX

anropuTmiB.

Lis cTpykTypa [03BONSE 3MiHIOBATV BHYTPILLHIO NOTiKy (Hanpuknag,

onTumidyBatu metop InitializeSpaces ana BpaxyBaHHs konicHUX apok). [Mpu Lbomy,
KOPUCTYBay He OTPVUMYE NOpPYLLUEHHS BiHapHOI CYMICHOCTi 3 KMiEHTCbKMM JofaTKkamu,
OCKiNbKu curHatypa metofy Solve 3anmiaeTbcst HE3MiHHOM.

Bes BukopuctanHa ®acaay knieHTy goenocst 6 camoCTiliHO iHCTaHLiloBaTK Knacu
anropuTmiB, KepyBaTu CUCKaMM BiflbHUX NPOCTOPIB Ta BPYYHY BUKMUKATU METOAN
nepeBipku nepeTuHis. B Teopii, Le npnsseno 6 40 CUNbHOTO 3B'A3yBaHHSA KMIEHTCLKOrO

QM. Apk. No nokym. MNMign. OaTa
ApK.
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Koay 3 AetansmMu peanisauii 6ibnioteku, Wwo ycknagHuno 6 noganbsLlunii cynposia Ta
OHOBJIEHHS CUCTEMM.
[ins hopmanbHOro onuncy cTaTuyHOi CTPYKTYpU cucTeMun po3pobneHo fdiarpamy



knacis UML (puc. 3.1). BoHa eMOHCTPY€E B3aEMO3B'SI3KM MidK OCHOBHUMU
KOMMOHEHTamMu SApa, AOMOMIKHUMM CEpBiCaMM Ta CTPYKTYpamu AaHuX.

PucyHok 3.1 — UML giarpama po3pobntoBaHoro nporpaMHoro 3abesnevyeHHs

CraTn4Ha CTpykTypa knaciB cuctemu Habysae BinbLu NpakTUYHOrO CEHCy Mifg Yac
BMKOHAHHS NporpamMu, Komu Mixk HAIMM NOYMHAK0Th LIMPKYMoBaTK AaHi. Ans onucy Lpsoro
npotecy B poboTi BUKOpUCTaHO apXiTekTypHuii natepH «KoHBeep». Y noro mexax
BXiAHI AaHi nocnigoBHO NpoxoasTh Yepes Habip eTaniB nepeTBopeHHs (puc. 3.2). Takui
niaxia A03BOMSE YiTKO OpraHi3oByBaTV anropuTM, i30MH04M MPU LibOMY
BignoBiganbHOCTi okpeMux cas. 3okpema, Le A03BOrSE NiABULLMTY KEPOBaHICTb
CKNagHOro eBpUCTUHHOTO NPOLIECY NaKyBaHHS.

@M. Apk. No gokym. Mign. AaTa
Apk.
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PucyHok 3.2 — OcHoBHui UseCase po3pobntoBaHOro nporpaMHoro 3abesneveHHs

BukoHaHHs 3anuTy Solve He cTtapTye oapa3sy 3 marii anroputmie. Cnovatky nae
nigrotoeka. KnieHT Buknukae Solver.Solve(), a cuctema 6aHanbHO nepesipsie, Yn BXigHi
[naHi B3arani matoTb ceHc. [icns Lporo cnmcok kopobok copTyeTbest. Came Len Kpok

QM. Apk. No pokym. Mian. AaTta
Apk.
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CUIbHO BNNMBAE Ha hiHanbHWI pe3yneTaT, xoua Ha NepLunii Normsa BUrnsaae
apyropsifiHuM. MNopsaok 06pobku KOpobok BU3HAYAETLCA HE OAHUM NapameTpoM, a
opnpasy Kinbkoma: iHaekcoM 3ynuHku goctasku (o6 He namatu LIFO), npioputetom,
LWinbHiCcTO Ta 06’eMOM.

Ha ubomy x etani 3 npocTopy “BMpi3aloTbea” BCi NepeLIKoau - KOMiCHI apku,

TEXHIYHI HiLlli, KOHCTPYKTUBHI enemMeHTH Ky3oBa. [Ans Liboro BUKOPUCTOBYETLCS OKPEMMIA
MexaHi3M, SIKUiA Mo CyTi 3BoAUTbCA A0 ByneBux onepadin Hag o6’emamu. PilleHHst He
HamnpocTile, 3aTe A03BONAE KOPEKTHO NpaLoBaT 3 peanbHoo, a He iaeanisoBaHo
reoMeTpieto KOHTelHepa.

OcHoBHa poboTa NoYMHaAETLCA B LMK po3MileHHsl. Kopobku 06pobnsitoTbes no

yepsi, BXe y BiacopToBaHOMY nopsaky. [ns KoXHOT 3 HUX cuctema nepebupae Bei
[onycTUMi opieHTauii, a NoTiM HaMaraeTbes “MPUMIPAT” KOPOBKY A0 KOXHOrO
[OCTYNHOrO BiNlbHOrO NpocTopy. KoxeH BapiaHT OLHIOETLCSA: AMBAATLCS Ha LLiNbHICTb
3aMOBHEHHS, CTIlKICTb KOHCTPYKLUIi Ta BNNMNB Ha 6anaHc HaBaHTaXEeHHS NO OCSIX.
MapanenbHO BUKOHYOTbCSI MEPEBIPKN CYMICHOCTI 3i BXe pO3MiLLlEHUM BaHTaXeEM.
3okpema, Yepes IsStackingValid BiacitooTbca BapiaHTL, e kopobka nepeBaHTaxye
HWXKHI piBHI 260 TUCHE Ha KpuWxki No3uuii. BinbLicTe koMGiHaLj Bianaaae came TyT.
Konw nigxoaswwmin BapiaHT 3HangeHo, cuctema moro dikcye. CTBOPOETLCS 06'EKT
Placement, nicns Yoro 3aiHsTUIA 06’€M PO3pi3aeTbCsi HA HOBI BirNlbHi 30HW 3@ aNrOPUTMOM
Guillotine Split. MpocTip 3MiHIOETbCS, i Lie BaXINMBO - BCi HACTYMHi KOPOOKMN BXe
npaLoloTb 3 OHOBMEHOK KapTUHO.

OKpeMo Bif camMoro nakyBaHHS iCHye nepeBipka KOPEKTHOCTI PO3BAHTAXKEHHS.

BoHa BuHeceHa B komnoHeHT UnloadingAnalyzer i npautoe Bxe 3 rotoBum SolveResult.
Po3amilleHHs rpynytoTbes 3a iHAekcamu 3yrnyHOK, NIiCns Yoro iMiTyeTbCsi npouec
BUIYyYeHHS BaHTaxy. Ha LiboMy KpoLi LykaloTbCsA Tak 3BaHi briokepu - Kopobku, ki
hi3nyHO 3aBaxaroTb AOCTYNYy A0 NOTPIGHOrO BaHTaXy, Xo4a 3a NOrikor MapLUpyTy iX Lwe
He manu 6 yinatn. MNepesipka 3B0ANTLCS [0 reomeTpii No oci X i BUKOHYETbCS Yepes

@M. Apk. No nokym. Mign. AaTa
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metop IsPhysicallyBlocking. Akwo 6nokyBaHHS 3HaigeHo, cucTemMa He Namae nnax, a
npocTo dikcye wrpad. Pesynsratom poboTu aHanizatopa € TEKCTOBUIA 3BIT, SKUIA
NoKasye, HacKinbK1 3py4YHVIM BUIALLIOB MaH 3 TOYKM 30py pearibHoro Bofis abo cknagy.
Lle oavH cueHapii, Ak He BKNadaeTbCs B KNACUYHY MOAESb, - [03aBaHTaXKEHHS.

Y ubOMy BUMaAKYy CUCTEMA HE MOYMHAE 3 HYIS, a NPaLoe 3 YXKe YaCTKOBO 3aBaHTaXeHUM



Ky30BOM. [Ins uboro BukopuctoByeTbecsa Tun FrozenPlacement, skuii onucye 3adikcoBaHi
Kopo6kM 3 nonepeaHix xsunb. Mg yac HoBoro BUKNUKY Solve Ui 06’emu ogpasy
BBaXaloTbCs 3aHATMMW, ane iIXHA Bara NPOAOBXY€E BPAXOBYBaATUCh MPY PO3paxyHKy
OCbOBWX HaBaHTaXeHb. Takum YMHOM, cucTeMa NoBoaUTLCA Ak stateful, xoua KoxeH
BUKMUK (hOPMasibHO 3anULLIAETbCS HE3ANEXHUM.

3aBasiku Lubomy Pack3D gocuTb nerko iHTerpyetbcst y REST-cepBicy Ta xmapHi
cUCTEMMU, MNP LbOMY 3anuLiatoyn 3aaTHiCTb 3aBxam 36epirat iHdopmadito npo
peanbHUN CTaH 3aBaHTaXEHHS.

3.2. Pospobka cuctemu Bidyanisadii Ta AiarHocTuku

Cyxi undpm koopamHaT Ta KyTiB MOBOPOTY, ki FeHepye Hall anroputM, €
HenpuaaTtHMMK Ans 6eanocepenHbOro CnpUMHATTA noguHoto. KiHueBuin kopuctysad
cuctemm - onepatop cknagy abo norict - noTpebye Hao4HOT iHCTpYyKLii. Tomy
HeBin'emHot0 YacTuHol Pack3D e okpema crcTema Bisyanisadlii. Ii ocHosHa 3apavua
TpaHcdhopMyBaHHS abCTpakTHOT MaTeMaTUyHOT Moaeni y Habip 3po3yminux rpadivHnx
CXEM.

3.2.1. MNpoekTyBaHHS iHCTPYyMeHTY Bidyanisauii (SVG) ans nowaposoro

aHarnisy 3aBaHTaXeHHs!

[ns dhopmyBaHHS rpadhiyHOro NpeacTaBeHHs pe3ynbTaTiB nakyBaHHsA 6yno

obpaHo copmat SVG. BiH Haibinblue BiANOBIAAE BUMOram iHxXeHepHoi AoKyMeHTaLii Ta
ekcrnyaTtauiiHoMy aHanisy norictuyHmx cuctem. Kntovosoto nepesaroto SVG € 1oro
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BEKTOpHa npupopaa, Lo 3abe3neyye macutaboBaHicTb 6e3 BTpaTh skocTi. Cxemu
3aBaHTaXEHHS1 MOXYTb BUKOPUCTOBYBATUCS SIK Y BUIMSAI BENUKOMOPMATHUX

[OpyKOBaHWX MaTepianis Ans paMnu, Tak i Ha ekpaHax MobBinbHKX TepmiHanis 36opy
[aHuX.

Takox nepesaroto SVG € cTpykTypa, opieHToBaHa Ha XML cneundiky. Lle

o3Hauae, Wo SVG 3abesneuye TicHy iHTerpauito 3 DOM y Be6-cepeposuiuax. Lie
[03BONWTL B NEpCrekTMBi BOYAOBYBaTW 3reHepoBaHi CXemu y KNieHTCbKi iHTepdericn Ta
[OMOBHIOBATK X IHTEPAKTUBHOI MOBEAiHKOW. [Jo Npuknaay, MoXnuvBe nigcBivyBaHHS

TUX YK iHWMX KOPOOOK, chinbTpauis 3a ineHTudikatopamy abo KOHTEKCTHUM aHani3om
po3wmilieHb. CemaHTuka SVG-enemeHTiB, ak-0T &lt;g&gt;, &lt;rect&gt;, &lt;text&gt; Takox Bigkpmsae
MOXIMBOCTI ANs iHAeKcauii Ta noganbLioro ayauty cxeM. Lie peanisoBaHo 3a gonomMoroto
BHYTPILIHIX aHaniTU4HUX iIHCTPYMEHTIB.

Mincvuctema Bisyanisauii peanizoBaHa y Burnsai cratnyHoro knacy Visualizer. Bin

He MicTuTb Bi3Hec-norikn Ta BUKOHY€E BMKIIOYHO (DYHKLIilO TpaHCcnATopa peaynsraTiB y
rpadiuHe npeactasneHHs (puc. 3.3). KniowoBum metonom € RenderLayerSvg, wo
nepeTBOPIOE TPUBUMIPHY CLIEHY 3aBaHTa)XeHHS1 Ha Cepito IBOBMMIPHMX MOLLIAPOBUX

3pisiB. Takui niaxig A03BOMNsE aHanidyBaTy CTPYKTYpY NakyBaHHsi MO BUCOTI, LLO €
KPUTUYHO BaXMBUM A5 OLiHKM CTabinbHOCTI, 4OCTYNHOCTI BaHTaXy Ta BiANOBIAHOCTI
ekcrnnyarauiiHum BYMoram.
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PucyHok 3.3 — Pe3ynbrat po6otn SVG Bisyanizatopa okpemMoro Liapy

Konu cuctema mantoe 4yeprosuii Lap, BOHa cnovaTtky NpocTo Bifcikae Bce 3amse -
BepyTbea nuwe Ti Placement, siki peanbHo Hanexarb A0 LbOro piBHA. [ani noyMHaeTbes
nepeknag 3 “marematuku’ B “KapTUHKY”: TPMBUMIPHI KOOpAWHATW NEPeBOAATLCA Y
ABoBUMipHUIA SVG. MprHLUMN NPOCTWIA - 3BUYaiiHa NiHiiHa nponopuis Mix MinimeTpamu
1 nikcensmu, nioc maclwTab i BiacTynu, Wwob yce He macwiTabyBanocs Ao Kpais.
OKpeMVM Ta BKpal BaXIMBUM acnekToMm € 3a60poHeHi 30HN. Ix He MoxHa

irHopyBaTtu. [ns KOXXHOro Liapy A0BOAUTLCSA NEPEBIPATU: NEPETUH NO BUCOTI AKLWO
nepeTuH MPUCYTHIN - 30Ha 3'IBMAETLCSA Ha CXEMi 3 XapaKTEPHOI LUTPUXOBKO. Takui
niaxig ybesneuye Big TEOPETUYHUX NMOMUIOK PO3MILLEHHS.

Kpim kopobok, Ha cxemi BUAHO i Te, WO 3anuLwmnock nopoxHiM. Lii wmatkn

NpocTopy, 3a3Bn4an, 3'ABNATLCA aBTOMATUYHO NICNSA NakyBaHHS | Ha4aTb Paa
KOpUCHOT iHdbopMalii. Akuo ix 3abarato abo BOHWU AMBHOI hOPMM - 3HAYUTb, ANTOPUTM



npaLtoe HEKOPEKTHO. BidyarnbHo BOHM Bifo6paxyoTcst HaniBnpo3opumMu, Lwob He
nepesaHTaxysatun Ul.

3 MeTo0 NiABULLEHHSI HAOYHOCTI OL|iHIOBAHHSI BAaroBUX XapakTepUCTUK BaHTaxXy
3aCTOCOBYETBCA KOMipHa iHAMKALS 3@ NPUHLMNOM «XOMOAHO - TENNo». Jlerki kKopobku

@M. Apk. No gokym. MNMign. OaTta
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BiJoGpaxatoTbCs Y BiATIHKAX 3eNeHOro Komnbopy, ToAi Ik BaXKi - y BigTiHKax YepBOHOTO.
Konip koxHoro o6’ekta 064MCnioeTbcst AUHaMIYHO HAa OCHOBI HOpManisavii 3HayeHb Baru
B Mexax MiHIMarnbHOro Ta MakCMMarnbHOro NOKa3HWUKIB Y MOTOYHIV NapTii BaHTaxy.
Takun nigxia 403BONSE 3 OQHOrO NOrNAAY iAeHTUMIKYBaTU 30HU KOHLEHTPaLii BaXKKOro
BaHTaXy Ta OLHUTU KOPEKTHICTb MOro PO3MILLEHHSI MO BUCOTI.

Okpemy yBary NnpuaineHo BidyarnbHOMY pPO3pi3HEHHIO TUMIB BiNlbHOrO NPOCTOPY B
KOHTelHepi. MpocTip, 6e3nocepeHbo AOCTYMNHUIA HA PiBHI NiANorY, No3HavyaeTbes
OKpPEMO, OCKiNbKM BiH MOXe ByTy BUKOPUCTaHWUI AN PO3MILLEHHSI oAaTKOBOI naneTu
abo Baxxkoro BaHTaxy. HaTomicTb MOPOXKHI NPOCTip, po3TalloBaHWUA Y BEPXHIX 30HaX,
Mae obMexeHy NpakTUYHY LiHHICTb i BigobpaxaeTbes iHWMM cnocobom. Taka
AvndbepeHuiauia 403BOMAE YHUKHYTU NOMUIKOBOI iHTeprnpeTaLlii NoKasHukiB
3anuLukoBoro o6’emy Ta 3abesnedye 6inbL 06’ eKTUBHY OLLIHKY e(DeKTUBHOCTI
3aBaHTaXeHHS.

3.2.2 TIpOEKTYBAHHSA KNIEHTCLKOrO 3aCTOCYHKY Ta MiATPUMKA ANHAMIYHUX

CLeHapiiB BigBaHTaXXeHHsI

Xoua obuncnoBaneHe sapo Pack3D odopmneHe sk 6ibnioTeka knacis, Ans oro
npakTU4YHOT NepeBipkM Ta AeMOHCTpaLii poboTu iHTepdericy 6yno CTBOpeHO okpemuii
KOHCONbHWI KnieHT - Pack3D.Client. PakTn4YHO Liel 3aCTOCYHOK BUKOHYE POrib
cnpotleHoro emynatopa TMS-cuctemu: BiH roTye BXigHi AaHi, 3aae napameTpu
cLeHapito nakyBaHHs Ta 36upae pesynsraTtv y BUrnagi, 3py4Homy Ans nogasnbLlioro
aHaniay.

KnieHT peanisoBaHo y danni Program.cs, a norika noro pobotu nobygosaHa Tak,
o6 MakcMmarnbHO HabnmkaTucs 4O peanbHOro NpoLecy NnaHyBaHHS 3aBaHTaxeHHs. Ha
CTapTi iHiLianiayeTbCs cLeHapin: CTBOPETbCSt 06'ekT Trailer 3 napamerpamu, ki
BiAMNOBigaloTb TMNOBOMY HaniBnpuyeny. Ans ycknagHeHHs 3agadi B nepeaHivi YacTuHi
Tpennepa 3afaeTbCa KOHCTPYKTUBHA NepeLlKoia - XONOoAUnbHWUIM arperar,

@M. Apk. No gokym. Mign. Aata
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npeacTaBneHnii y Burnaai 3abopoHeHoi 30HU. Takuil enieMeHT J03BOrsE NepeBipuTH, Ymn
KOPEKTHO anropuTM NpaLtoe 3 BHYTPILLHIMU OBMEXEHHAMM Ta YM HE HaMaraeTbCs
«MOCTaBUTM KOPOOBKY Tyau, Ae i isnyHo ByTn HE MOXEY.

[ani dopmMyeTbCA TECTOBOrO HAaBaHTaXX@HHSA 3a [ONOMOro KOMMOHEHTa
ScenarioGenerator BuBeeHo paf cTaHgapT13oBaHUX cueHapii. [lo npuknagy, Baxki
naneTn Ans nepesipkv HaBaHTaXeHHS Ha MiAnory, AoBri 00’eKTV AN TECTYBaHHSA NOrikv
opieHTaLii Ta noBopoTiB, KPUXKi KOPobkM ANs nepe.ipku npasun Fragile, a Takox
BaHTaxi 3 pisHUMK iHAekcaMu focTaBku. OCcTaHHE 3 nepeniyeHoro, 0cobnMBoO BaXnmBo
ONs nepeBipkn kopekTHoi poboTtu LIFO-norikn B cueHapisx 3 Kiflbkoma Toukamm
PO3BaHTaXXeHHS.

Micns NiaroToBKM faHMX 3anyckaeTbCs OCHOBHUIA PO3PaxXyHOK LUMSIXOM BUKITUKY

meTony Solver.Solve 3 BignosigHMMK napameTpamu onTumisadii. Pesynstat po6otn
anropuTMy He 3anuLaeTbCs nuLle y BHYTPILLHbOMY dopmari. MoBHUI 06’eKT pesynesraTy
cepianizyetbcs y JSON Ans noTeHuinHoT iHTerpauii 3 30BHiLLHIMKU cucTeMamu.
[opaTkoBo hopmyeTbea TabnuyHuia 3BiT y chopmati CSV, skuin Mmoxe ByTu
6e3nocepenHbO BiAKpUTUIA y TaBNMYHUX peaakTopax, 3okpema Microsoft Excel (puc.
3.4). KomnoHeHT Exporter npu LbOMy BPaxoBye nokanesanexHi HIoaHcK, Taki sk
PO3AINbHWKM Ta hopMmaT YMcen 3 Nnaeako4ol KOMOIO, O 3MEHLLYE PU3NK MOMMUIIOK Nif
yac noganbLuoi 06pobkn AaHnx. OKpiM LbOro, KNIEHTCbKUIA 3aCTOCYHOK reHepye Habip
SVG-thaiinis i3 nowapoBMMK 3piamu nnaHy 3aBaHTaXeHHS, sIKi BUKOPUCTOBYHOTLCS ANS
HaO4YHOro Ta LUBMAKOrO aHanidy OTPUMAHOro PilleHHS.

PucyHok 3.4 — MNpuknag ekcnoptoBaHux AaHux y popmati CSV yepes KOMMOHEHT
Exporter
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Okpemoi yBaru B CUCTEMi NPUAINEHO CLEHapisiM YaCTKOBOrO 3aBaHTaXeHHS, siki B
norictuui 3a3eBnyan HasmeatoTh rolling shipments abo fo3aBaHTaXeHHAM. Y peanbHUX
YMOBax Lie TUMOBWI KEC: YacTUHA BaHTaXy BXe 3HaxoamuTbes y Tpeinepi abo
3akpinneHa paHille 3aTBEPIAXXEHNM NaHOM, i HOBY NapTito HeobXxiAHO AoaaTh Tak, Wwob
He 4inaTu Te, WO BXe 3aBaHTaxeHo. [N NigTpUMKM Takoro pexxumy B meTogi Solve
nepenbaveHo gogatkoBui napameTp frozen, akuii MicTUTb nepenik 3adikcoBaHMX
po3milleHb y Burnsai o6’exktie FrozenPlacement.

Ha etani nonepeaHboi 06po6KM Lii 3aMOPOXKEHi PO3MILLEHHS CNPUAMAIOTLCS

CUCTEMOIO SIK CTaTUYHI eneMeHTV NPOCTOPY - MO CyTi, K Le oAHa rpyna BHYTPILHIX
nepeLuKos NopsiA i3 KOHCTPYKTUBHUMU ocobnuBocTamu Tpennepa. O6’emu, 3aiHATI BXe
HasiBHUM BaHTaXeM, BUPi3alTbCs 3 IOCTYMNHOrO NpOCTOpY 3a AONOMOro anroputMy
riNbOTUHHOTO PO3pi3y, NiCNs YOro BOHM NOBHICTIO 3HUKaOTL 3i cnucky FreeSpaces. Lie
npocTe, ane HafilHe piLLeHHS, iIke YHEMOXIUBIIOE BUMNaAKOBE PO3MILLEHHSI HOBOTO
BaHTaxy y i3n4HO 3afHATUX 30HaX.

BogHouyac cuctema He «3abyBae» npo isnky BXe BUKOHAHOMO 3aBaHTaXEHHS.

Xoua 3amopoxeHi 06'ekTn He BepyTb y4acTi B ONTUMI3aLii Ta He 3MIHIOTb CBOE
NOMOXEeHHS, iX Maca i KoopauHaTh BpaxoBYHOTLCS MPY OBYUCIEHHI NOYATKOBOTO LIEHTPY
Mac Ta OCbOBWX HaBaHTaxeHb. 3aBAsKkv LbOMY AoAaBaHHA HOBUX KOPOOOK BiAbyBaeTbLCA
3 ypaxyBaHHSIM pearnbHOro ctaHy Tpeinepa i He Npu3BOANTL A0 NOPYLUEHHS BaroBux abo
ekcnnyarauinHux obMexeHb.

3aBepLuanbHUM KPOKOM poboTy € nepesipka KOPEeKTHOCTI chopMOBaHOro nnaHy 3

TOYKW 30pY PO3BaHTAXEHHS. [INs LibOro BUKOPUCTOBYETLCA OKPEMUIN KOMMOHEHT
UnloadingAnalyzer, skuii aHanidye pesynsrat poboTtu Solver 3a npuHumnom LIFO (puc.
3.5). MNicnsi 3aBepLUeHHS NaKyBaHHs KNieHT nepefae ob’ekT SolveResult fo aHanizatopa,
SIKWIA rpynye BCi po3MilLieHHs 3a 3HayeHHsAM DeliveryStopindex Ta nocnigosHo imiTye
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NpOLEC PO3BAHTAXKEHHSA Ha KOXHIV 3ynuHLI, Nnepesipaoyn disnyHy AOCTYMHICTb
KOXHOTO enemeHTa.

PucyHok 3.5 — JloryBaHHs KMi€HTCbKOT YaCTUHM NPU CUMYNSLLT BUBAHTaXeHHS
BaHTaxy

Mig yac imiTauii nepeBipseTbca HasiBHICTb (hi3nyHUX «BrokepiB» - KOpobok 3

Ni3HILWMMK 3yNUHKaMK, LLIO reOMETPUYHO NepeKkprBatoTb A4OCTYN A0 LiflbOBOrO BaHTaXy
B370BX oci X. [Ins uboro BUKOHyeTbCA nepesipka IsPhysicallyBlocking, i y Bunaaky
BUSIBNEHHS GNOKyBaHHS 40 pe3ynbTaTy A0AaeTbCs WTpadHuii Yac. 3a niacyMkom
UnloadingAnalyzer coopmMye TEKCTOBWIA 3BIT NPO SKICTb NraHy, peaniaytoumn Yitke
po3aineHHs BignosiganebHocTi: Solver BignoBigae 3a NnobynoBy NnaHy, a aHanisaTop - 3a
HesarnexHy nepesipKy NOro NPakTUYHOI NPUAATHOCTI.

3.3. EkcnepumeHTarnbHi oCHiaXeHHs! Ta OuiHKka edekTUBHOCTI poboTu

CMCTEMM 3a NPOCTOPOBVMM, BArOBUMYW Ta MapLLPYTHUMW KPUTEPISMA.

LLlo6 nepeBipuTH, ik cMCTEMA NOBOAUTLCSA B YMOBaX, MakCUMarbHO Grn3bkux 40
peanbHux, Byrno BUKOPUCTaHO CriewianisoBaHuii reHepaTop cueHapiis. Mloro 3apaaHHaMm
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Oyno He NPOCTO CTBOPUTK TeCTOBI HAabopW AaHWX, a BIATBOPUTK Ti cami KHE3PYYHI»
cuTyaluii, 3 SKUMK NOTICTVKA CTUKAETLCS LLOAHS: KOHCTPYKTUBHI OBMEXeHHs1 BcepeauHi
Ky30Ba (KonicHi apku, pedpuxxepaTopHi Moayri), BAMOrM [0 KPUXKOrO BaHTaxy Ta
XKOPCTKi MapLUPYTHi cueHapii, Ae HaBiTb He3Ha4YHe nopyLleHHs npuHumny LIFO pobutb
nnaH 3aBaHTaXeHHS HeNnpuAaTHUM A0 BUKOHAHHS.

KinbKicHy oLjiHKY SikoCTi cdhopMOBaHUX MriaHiB BUKOHYBanu 3a AONOMOrow



mopyns UnloadingAnalyzer. Lieit iHCTpyMEHT J03BONMB NepeBecTH BidyarbHi cxemmn
nakyBaHHs y Habip YiTKMX YNCMOBUX NOKA3HWKIB, 3aBASKM HOMY CTano MOXIIMBUM He
nuwe 3adikcyBaTy hakT yCrilUHOrO 3aBaHTaXEHHS, a 1 LUBUAKO BUSABUTY Ta
nokaniayBaTu CUCTEMHI «BY3bKi MICLiSi» Y NOTCTUYHOMY NaHLory.

[Ins KOMMNMNEKCHOro TeCTyBaHHA CUCTEMM CCHOPMOBAHO LLICTb ETaNOHHKX CLeHapiiB
(Benchmark Scenarios), siki 0xonntoloTb OCHOBHI Knacu 3afay nakyBaHHS (auB. Tabn.
4.1). BxigHi gaHi Ansa koXkHoro cueHapito reHepyBanuncst Yepes knac
Pack3D.DataGen.ScenarioGenerator i3 BUkopuCTaHHAM NCeBOOBUNAAKOBUX PO3MNOAINiB
rabapuTiB Ta Macu BaHTaxiB. Takuii nigxig 3abesneyye BiATBOPIOBAHICTb €KCNEPUMEHTIB
Ta [,03BOMSIE NMOBTOPHO NEPEBIPATU NOBEAIHKY anroputmy npu pisHUx kKombiHaLisx
napameTpiB.

Tabnuus 3.4 - Xapaktepuctuka TeCTOBUX CLeHapiiB Ansi ekcrnepyMeHTanbHoro
[OCTiAXKEHHA

No

Hassa
cueHapito

Onwuc npobnemun

Kinbkictb
OAVHUUbB

(N)
KntouoBi obMexeHHs

1 Logistics
LIFO Mix

BaraTtoxeunsosa
[ocTaska (3 3ynuHku)

42

LIFO, Forbidden Zone
(XonoaunbHuK),
pi3HOpiAHa WinbHICTb.

2 Wheel Wells
Constraint

BaHTaxiBka 3
KOHCTPYKTUBHUMM
nepeLukogamu (apkm).
40

leomeTpuyHi "Bupisn" B
nianosi, W1poki nanetu.
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3 Fragile
Glass

[MepeBe3eHHs
KPUXKOrO BaHTaXy
(ckno).

50

Fragile = true, 3abopoHa
LWTabentoBaHHs 3BEPXY.

4 Long Pipes



[oBromipHi BaHTaxi.
20

[oBxuHa 6M, CknagHicTb
NMOBOPOTY.

5E-
Commerce

[pi6bHi nocunkn
("poscun").

150

Benuka kinbkicTb
OpibHMX 06'ekTiB, BUCOKA
bparmeHTauisi.

6 Palletized
Load

CraHpapTHi
eBponaneTu.

33

OpHOopIgHWI BaHTax,
BMCOKA LUINBHICTb.

EkcnepumeHT npoBoamscst Ha MK 3 npouecopom AMD Ryzen Al 7 ta 32 'b O3Y.
[ins KOXHOro cueHapito dpikcyBanmncs Taki NokasHUKK:

- yac pospaxyHky (Tcalc): TpusanicTb po6oTu anroputMy Solver.Solve;

- koedpilieHT BUKkopucTaHHs o6'emy (Uvol);

- koediLlieHT BUKOpUCTaHHSA BaHTaxonignomHocTi (Uweight);

- noka3Huk LIFO-KoHNIKTIB: Yac 3aTpMMKM Npu po3BaHTaXEHHI, PO3paxoBaHuii
UnloadingAnalyzer;

- BanaHcyBaHHs Ocelt: BiAXWIEHHS HaBaHTaxeHHs Ha Steer, Drive Ta Tandem Big
HOpMaTUBIB.

3.3.1 Anani3 ebekTMBHOCTI anroputMmy B ymoBax obmexeHb LIFO

CueHapin "Logistics LIFO Mix" € HabinbLw nokasosum. BiH noeaHye
reoMeTpUYHi 0OBMeEXeHHs 3 MapLLIpyTHUMK. BXigHi AaHi nepen6avaoTb TpU TOUKM
BMBaHTaxeHHs (Stop 1, Stop 2, Stop 3). Baxxnuneo podymiTu, wo Stop 1 - Le ocTaHHsi
TOYKa 3aBaHTaXeHHs (bnwkye fo aABepent), a Stop 3 - nepla (rMmnbuHa Kysosa).
Pesynbrati po6otn mogyns UnloadingAnalyzer nokasanu, Wwo cuctema ycriwHo
3acTocyBana MexaHiam "BipTyanbHux CTiH". Po3noain BaHTaxy (puc. 3.6) B3ooBx
No340BXHbLOI OCi Tpewnnepa (Bicb X) BiabyBCs HACTYMHUM YMHOM:
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- BaHTaxi Stop 3 (rubuHHI): po3milleHo B gianasoHi X € [0; 6500] mm;

- BaHTaxi Stop 2 (cepepHi): po3milLeHo B gianasoHi X € [6500; 10200] mm;

- BaHTaxi Stop 1 (6ins gBepen): po3miweHo B gianasoHi X € [10200; 13600] mm.
PucyHok 3.6 — Bisyanisauisi po3milLeHHs BaHTaxiB B ymoBax obmexeHb LIFO
Cumynisiuis po3BaHTaxeHHs, npoBefeHa metogom UnloadingAnalyzer.
AnalyzeUnloading, 3adikcyBana He3Ha4Hi 6riokyBaHHsi BaHTaxy (3 oanHuLi 3 42
MOXIMBUX) Ta HE3HAYHE NepeBaHTaXEHHs OOHIEl CTOPOHM ky3oBa (puc. 3.7).

PucyHok 3.7 — KOoHcombHe NorysaHHs Ansi NepLUOro eKCNEPUMEHTY

@M. Apk. No gokym. Mign. AaTa
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3.3.2 focnimxeHHst po6oTh 3 reOMETPUYHUMM Ta DIBUYHIMK OOMEXKEHHAMM

Y cueHapii 3 KoniCHUMKU apkamu TecTyBanacs 34aTHiCTb anroputmy "obTikatn"
cTaTuyHi nepelukoan. Y Tpennepi 6ynv BuaHadeHi asi 3a6opoHeHi 30H1 po3mipom 2000
x 450 x 400 mm Hapg 3agHiMu ocsimu. Lli 3aGopoHeHi 30HM CMBORI3YOTb KOMICHI apku,
ane NpyHLMN IXHBOT Ik MaTeMaTUYHOI, Tak i NporpaMHoi 06pPOBKK HiYMM He
BiIPi3HAETHCS Bif X0NoaWnNbHOT ycTaHOBKM. TOBTO KOMICHI apKku Takox € CTaTU4HO
obnacTio 3 3a6opoHOI0 Ha Po3MiLLeHHs 06’ekTiB BcepeaunHi cebe.

BisyanbHuii aHania sareHepoBaHux SVG-3pisiB nokasas, Lo anropuTMm:

- He po3MiCTVB XOAHOI KOPOBKK BCepeauHi rabapuTiB apok HyrMbOBOrO LUAPY;

- e(PeKTVBHO BMKOPUCTaB NPOCTIP MiX apkamu A5t PO3MILLEHHS By3bKUX

kopobok (wupuHoto &lt; 1200 mm);

- LUMPOKi NaneTu (siki KOHNIKTYIOTb 3 apkamu) Bynv aBTOMaTUYHO 3MiLLEHi

Bnepep abo Hasaz BiAHOCHO 30HM 3aHiX ocelt, abo NiAHATI Ha Apyrui sipyc

(puc. 3.8), Ae apku Bxe He 3aBaxatoTb (OCKiNbKy ix BUCoTa obmexxeHa 400 Mm).

PucyHok 3.8 - Bidyanisauisi po3milLleHHs1 BaHTaxiB A/151 eKCrepUMeHTy 3ab0poHeHnMU
30HaMM PO3MILLEHHS BAHTaXy

3.3.3 3abe3neyeHHst LiniCHOCTi KPUXKOTO BaHTaxy
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Y cuenapii "Fragile Glass" 100% BaHTaxy manu mapkep Fragile = true. AHania
pesynbsTaTiB nokasas:

- napameTtp MaxStackOnTopKg ansi BCix HUXHiX KOPOBOK He ByB NOpYLLEHNI;
- cucTema Hagana nepesary PO3MilLleHHI0 BaHTaXiB B OAMH Luap No BCil NMOLLi
nignoru (puc. 3.9), MiHiMi3yBaBLIM BepTuKanbHe LUTabentoBaHHs;

- koediLieHT BukopucTaHHs 06'emy (Uvol) Bnas go 25.5%, Lo € ovikyBaHM Ta
NPUAHATHUM pe3ynsTaToM AN AaHOro TUMY BaHTaxy 3apagn 3abesneveHHs
1oro 36epexeHHs.

PucyHok 3.9 — Bisyanizauist po3milLleHHs BaHTaxiB Npu TPaHCMNOPTYBaHHI KPUXKNX
o6’exTiB

3.3.4 Ananis posnoginy HaBaHTaxeHHs Ha oci (Axle Weight Distribution)

OpHieto 3 knto4voBKx nepesar cuctemu Pack3D € iHTerpoBaHunin isnyHW pyLLil.

[ns nepesipku horo echekTMBHOCTI Byno npoaHanizoBaHo psg cueHapiiB. CueHapii 4 Ta
6 cumyntoe 3aBaHTaXXeHHs BUCOKorabapuUTHOro BaHTaXy BMCOKOT Macu, a cueHapin 5,
HaBMaku, - Hu3bkorabaputHoro BaHTaxy (puc 3.10).
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PucyHok 3.10 — KoHconbHe noryBaHHs Ans nepeBipkv HaBaHTaXeHHs1 Ha OCi

Byno BusiBneHo kopensuito Mk rabapMtaMmm Ta Macoto. Takum YMHOM, anropuTm

nobpe o6pobnsie BrcokorabapuTHi BaHTaxi (puc. 3.11), KOpeKTHO 6anaHcyoun
HaBaHTaXeHHS MiXX 0CsIMU, ane Yum ApiGHILLNIA BaHTax — TUM GinbLue 6anaHcye 1horo Ao
(0, 0, 0) KoOpAMHATKM, PO3MILLYHOUM BaHTaX Grivbkye [0 NiBOT CTiHKM Ky30Ba.

PucyHok 3.11 - Bidyanisauis po3milleHHs BaHTaxiB Ans BUCOKorabapuTHOro Ta
MacMBHOTO BaHTaxy
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3.4 Y3aranbHeHi NOKa3HUKN NPOAYKTUBHOCTI cUCTeMn



Y3aranbHeHi pe3ynsraTi NPOroHy BCiX TECTOBWX CLieHapiiB HaBefeHi Ha diarpami
npoaykTuBHOCTI (puc. 3.12). CepeaHint Yac po3paxyHKy Ans cueHapii go 150 o6'exTis
cknaB MeHLwwe 100 mc, Wwo nigTBepaXkye NpUAaTHICTb CUCTEMU AN BUKOPUCTaHHS B
pexumi peanbHoro Yacy (Real-time).

PucyHok 3.12 — 3aranbHa giarpama npogykTMBHOCTI po3po6oBaHOro nporpamHoro
3abe3neyeHHs

AHania cucteMu noryBaHHs i BULLeHaBeaeHoi diarpaMu npoayKTUBHOCTI Nokasas,

o Pack3D npautoe focuTb cTabinbHo. Yac BUKOHAHHS anroputmy, 3a3suyai,
KonmBaeTbcs B Mexax 0—48 Mc, HaBiTb SKLLO CLeHapii CUINbHO Pi3HATLCS 3a KiMbKiCTHO
006’ekTiB i cknagHicTio obMexeHb. Y BinblIOCTi BUNaakiB nakyBaHHS BAAETHCS MOBHICTHO,
npoTe BapTo 3ayBaXWTW, LLO NOrika anroputmy notpebye CunbHOro 4oonpawioBaHHs
yepes KOHMNIKTHICTb AeAKMX MaTeMaTUYHMUX Ta NPOrpamMHUX acrekTiB Ta pilLeHb.
3anoBHeHHs1 06’eMy Ta po3nogin Barv 3aMiHIOKTLCS Bif CLIeHapito [0 cLeHapito -

Lie NpMpoaHbO: Nerki e-commerce BiAnpaBneHHsi 30BCIM HE CXOXi Ha LWiNbHO CKnaeHi
Habopu BaHTaxy 3 konicCHUMM Hilwamu. LLlo cTocyeTbes edhekTUBHOCTI 3 TOUKM 30py
noricTukn, cuctema [obpe CnpaBrsieTbCS 3 MOAENOBAHHAM PO3BAHTaXEHHS. Y
6inbwocTi TecTiB LIFO-nocninoBHicTh 36epiranacb 6e3 KoHMniKTiB, a yac
po3BaHTaXXeHHS 3anexas Bif KirlbkoCcTi KOpoboK, a He BiA 0buMcnoBarnibHUX BUTPAT.
€avHe «ane» - cueHapin Logistics LIFO Mix, ge Ha nepuuii 3ynuHLi 3adikcoBaHo
OfVH NOKanbHUIA KOHMNIKT, TPOXM 36iNbLUMBLLIM Yac PO3BAHTAXEHHS, MPOTe cucTema
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noro Bigpasy ineHTudikyBana. MonepemkeHHs Npo gucbanaHc y Aeskux Bunagkax Tex
He € MOMMUIIKOIO - Lie CUrHanu Npo peanbHi disnyHi pusmnkm, ski Pack3D nokasye Lwe Ha
eTani nnaHyBaHHs.

Y nigcymKy pesynbrati NigTBepAXKYH0Thb: anropuTM nNpautoe LWBUAKO, HAAIMHO i

CTilKO [0 Pi3HOPIAHMX OaHUX.

BucHoskm fo 3 posainy

Y TpeTboMy po3gini po6oTa nepexoanTb Big TEOPIi 4O NPaKTMKKU 1 NoKasye, SK

Pack3D noBoautbcs y pearnbHUX CLEeHapisix BUKOPUCTAHHS. TyT po3rnsiHyTO He
abcTpakTHi Mogeni, @ KOHKPETHI iHXXEHEePHI PiLLeHHS, Ha SKUX TPUMAETbCSA cucTemMa.
Bubip nnatdopmu .NET Core Ta moBu C# GyB 3yMOBINEHUI He 3pY4HICTIO, a BUMOramu
o crabinbHoi poboTu nig HaBaHTaXXeHHAM | nependavyBaHOi NOBEAIHKN B OBIUX
obumncntoBanbHUX Unknax. BukopuctarHs struct i Span&lt; T&gt; ctano npaktuyHnm
€NocobOM 3MEHLUMTN 3aTPUMKK AOCTYNY A0 Nam’aTi, WO KPUTUHHO BaXKMBO Npu
06pobLi NOTOKOBMX AaHUX Y PeXMMI, BrIM3bKOMY O pearnbHOro yacy.

O6uucntoBanbHe 94po opraHi3aoBaHO SK i30/1bOBAHUI KOHBEED i3 EAUHOK TOYKO
BXOAY, LLO CMPOLLYE KOHTPOMb BUKOHAHHS HaBIiTb Y HECTAHAAPTHUX CUTYyaLisiX -
Hanpwvknag, nig vYac gosaeaHTaxeHHsi (Rolling Shipments) abo poboTu 3 HeperynsipHoto
reomeTpieto Ky3oBa. [N nepeBipkn KOPEKTHOCTI pe3ynbTaTiB 3aCTOCOBaHO NOABIHNI
niaxig: BidyanbHuii aHania yepes SVG-3pi3u Ta noriyHy nepe.ipky 3a 40MNOMOrol
moaynst UnloadingAnalyzer. Lie go3Bonsie BusBnstv konisii Ta nopyweHnHs LIFO we Ha
eTani pospaxyHKis, 0 TOro Sk NOMWUIKN NEPETBOPIOIOTLCS Ha Npobnemu nig vyac
peanbHWX CKNafcbkux onepadin.
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B1CHOBKM

Y Mexax marictepcbkoi pob6oTu Byno po3e’sisaaHo NpuknagHy 3agady, 3 Kol

perynsipHo CTUKaeTbCsl TpaHCNOPTHA MOTiCTHKA, - NiABULLEHHS edpeKTUBHOCTI BaHTaXHUX
nepeBe3eHsb. MNigcymkom Uiei poboTn ctana aBTomatnsoBaHa cuctema Pack3D, po3pobka
AKOT BigbyBanacsa noetanHo, Big aHanisy iCHylo4MX pilleHb 40 NPakTUYHOI peanisadii Ta
nepesipkn pesynbsraTiB.

MoyaTKoBMIA eTan AOCHiMKEHHS Nokasas CyTTEBE OOMexeHHs BinbLiocTi nigxoais

0o 3agavi 3D-BPP. 3HauHa YacTuHa HasiBHUX pilleHb 30cepekyeTbCsl BUKIIOYHO Ha
reomeTpii, (pakTUYHO iIrHopytoun Pi3nyHi yMOBM peanbHOro NnepeBe3eHHs - 30Kpema
PO3MOAIN HaBaHTaXXEHHS Ha OCi Ta BUMOTY 0 YeproBocTi po3BaHTaxeHHs (LIFO). Came



Lie CroCTEPEXEHHS CTano NOLITOBXOM [0 Nepexoay Bif «4MCTO FrEOMETPUYHOI» NOTiKM
0o ribpuaHoi MoZeni, y siKin eBPUCTUYHI METOAM NPaLIOOTb Pa3oM i3 i3ndHUM
MOAENOBaHHAM.

B ocHoBi Pack3D nexuTb mogudikoBaHuii BapiaHT ctpaTerii Best-Fit Decreasing,
[OMNOBHEHWI MEXaHiI3MOM rinbnoTMHHOro po3pidy (Guillotine Split) Ans kepyBaHHA
BiNbHUM npocTopoM. poTe KMYoBKMM eNleMEHTOM CUCTEMU CTana AuHamivyHa
CKOpUHroBa chyHKLUisi. BoHa [03BOSiE OAHOMACHO BpaxoByBaTH Kinbka CynepeysivBmx
hakTopIB: LWiNbHICTb YKNaAaHHs, CTINKICTb BaHTaXy Ta 0OMEXEeHHs Mo 0CbOBUX
HaBaHTaxeHHsix Ha Tarad (Steer, Drive) i HaniBnpuyen (Tandem). Ha npakTuui ue
03Hayae, Lo anropuTM He KFraHAETbCA» 3a MaKCUMarbHOMK 3anoBHEHICTIO Byb-sIKO0
LiHoto, a npuiMae 36anaHcoBaHi PiLLEHHS.

AnroputMiyHa YyacTtuHa byna peanizoBaHa y BUMMsAi IPOrpaMHoOro KoMmnmnekcy

Pack3D Ha nnatcopmi .NET Core. OnTumisais apxitekTypu 4o3Bonuna JOCArti vacy
06po6ku 3anuTiB MeHwwe 100 MC HaBITb y CKNaAHWUX CLEHapisix, LWo pobuts cuctemy
NpUAATHOK AN BUKOPUCTaHHS y pexuMi, bnusskomy Ao peanbHoro vacy. Okpemy yBary
npuaineHo NpakTM4YHOMY 3acTOoCyBaHHI0: niaTpumka SVG-Bidyanisauii Ta ekcnopT
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pesynbratiB y hopmatax JSON i CSV pgossonsioTts iHTerpyBatu Pack3D y HasBHi
TMS/WMS-cuctemn 6e3 goaatkoBoi aganTadii.

MepeBipka cucTeMn Ha KOHTPOMNbHUX CLieHapisx nigTeepauna ii 3gaTHiCTb

npawtoBaTu 3 pisHOPIAHMM, Y TOMY YMCIi KPUXKUM BaHTaxeM, 6e3 BTpaTh e(pekTUBHOCTI.
Cumynsuis npoLeciB po3BaHTaXeHHS nokasana crabinbHe goTpuMaHHs npuHuuny LIFO,
LLIO Ha NPaKTULi 3MEHLLYE NPOCTOT TPaHCNOPTY Ta NoTpedy Y A0AaTKOBUX CKNAaAChKUX
onepauisx. Y 6inbL wmpokoMy ceHci Pack3D BMKOHY€E He nuLie posnb iHCTpyMeHTa
nnaHyBaHHs, a 1 JO3BOSSE 3HU3NUTW BMNMUB MIOACHKOrO hakTopa, YHUKaTu
nepeBaHTaXeHHsi ocelt i MiaBuMLLYyBaTV 3aranbHuii piBeHb 6e3nekn nepeBeseHb.
MepcnekTnBu noganblunx JAocnimkeHb. [oTeHuian po3BUTKy CUCTEMU He

obmexyeTbcs NOToYHO peanisauieto. OAHUM i3 NOriYHKMX HanpsMIB NoganbLLoi po6oTu
€ iHTerpauis eneMeHTiB MalLMHHOMO HaBYaHHS. FAKLIO HWHI anropuTM npawtoe 3a
[eTepMiHOBaHUMM NpaBunamu, To BUKOPUCTaHHS iICTOPUYHUX AaHUX Mormo 6 niaBumtu
Oro aganTyBHICTb | 4O3BONUTU Kpallie npawoBaTh 3 HETUMOBYMU CLEHapiamu Ta
cneumgiyHMMN BUaaMun BaHTaxy.

He MeHLU BaXIIMBMM KPOKOM 3anuLLaeTbCsl NepeBipka CUCTEMU B pearnbHUX yMOBax
ekcnnyartauii. BukopucTaHHs Pack3D Ha peanbHOMY aBTOMapKy AacTb 3MOTy BUSIBUTH
HI0aHCK, SIKi HEMOXITMBO MOBHICTIO BiATBOPUTY Y CUMYnALii. 3BOPOTHUIA 3B’A30K Bif
NOriCTiB i BOAIIB MOXe CTaT OCHOBOIO A1 OCTAaTOYHOro HanaluTyBaHHSA napameTpis
anroputMmy Ta aganTauii cucteMu o NPaKTUYHUX BUMOT PUHKY.
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OOOATOK A — Kop
DataContracts.cs

using System;

using System.Collections.Generic;

namespace Pack3D
{

[Flags] public enum RotationMask
{None=0,X=1,Y=2,Z=4,All
=7}

public record Dimensions(double
L, double W, double H);

public record Vector3(double X,
double Y, double Z);

public record AxlePositions(
double
KingpinDistanceFromFrontMm, double
TractorWheelbaseMm,
double
DriveAxleDistanceFromFrontMm, double
TandemAxleDistanceFromFrontMm

)

public record AxleLimits(
double SteerMinKg, double
SteerMaxKg,
double DriveMinKg, double
DriveMaxKg,
double TandemMinKg, double
TandemMaxKg
)

public record Box(
string Id, string Sku,
Dimensions SizeMm, double WeightKg,
RotationMask
AllowedRotations, double
Stackability, double
MaxStackOnTopKg,
bool Fragile, string?
Palletld, string Status, int
Priority = 0, int DeliveryStoplndex
=1
)

public record Pallet(string Id,
Dimensions SizeMm, double
TareWeightKg, double
MaxStackOnTopKg,
IReadOnlyList&lt;string&gt; BoxIds);

public record Rect3(double X,
double Y, double Z, double L, double
W, double H, int Layerindex);

public record Trailer(
string Id, Dimensions
InnerMm, Dimensions DoorMm, double
MaxPayloadKg,
AxleLimits Axles,
AxlePositions AxleGeo, double
FloorStrengthPsf,
IReadOnlyList&lt;Rect3&gt;
ForbiddenZones, Vector3 Origin
)



public record Placement(
string BoxId, Vector3
PositionMm, (int X, int Y, int Z)
Rotation,

int Sequencelndex, int
Layerindex,

(double SteerKg, double
DriveKg, double TandemKg)
AxleContribution,

double ContactAreaCm2,
IReadOnlyList&lt;string&gt; Notes

)

public record LoadPhysics(
Vector3 CenterOfGravityMm,
double MomentX,
double Momenty,
double MomentZ

public record Metrics(
double VolumeUtilizationPct,
double WeightUtilizationPct,
double TotalWeightKg,
(double SteerKg, double DriveKg,
double TandemKg) AxleTotals,
LoadPhysics Physics,
int PlacedCount, int
UnplacedCount
)

public record SolveResult(
IReadOnlyList&lt;Placement&gt;
Placements,
IReadOnlyList&lt;string&gt;
UnplacedBoxlds,
IReadOnlyList&lt;Rect3&gt;
FreeSpaces,
Metrics Metrics,
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IReadOnlyList&lt;string&gt;
Warnings,
string? SolverLogPath
)

public record
FrozenPlacement(string BoxId,
Vector3 PositionMm, (int X, int Y,
int Z) Rotation, int Sequencelndex,
int Layerindex);
public enum Objective {
MaxVolumeUtilization,
MaxWeightUtilization,
MixedUtilizationBalance }
public record SolveOptions(
int Seed = 42, TimeSpan
QuickTimeout = default, TimeSpan
ImproveTimeout = default,
bool Enablelmprove = false,
Objective Objective =
Objective.MixedUtilizationBalance,
bool RespectFrozenPlacements
= true, bool FilterReadyOnly = true
)
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Dopatok b — Kog
unIoadingAnaIyzQs

using System;

using System.Collections.Generic;
using System.Linq;

using System.Text;

namespace Pack3D
{
public static class
UnloadingAnalyzer
{
public static string
AnalyzeUnloading(SolveResult result,
List&lt;Box&gt; allBoxes, Trailer trailer)
{
var sb = new
StringBuilder();
sb.AppendLine("===
UNLOADING SIMULATION &amp; TIME
ESTIMATION ==="),

var boxMap =
allBoxes.ToDictionary(b =&gt; b.ld);

var stops =
result.Placements
.Select(p =&gt;
boxMap[p.BoxId].DeliveryStopindex)
.Distinct()
.OrderBy(s =&gt; s)
.ToList();

double totalTimeMinutes
int totalBlockages = 0;

foreach (var stop in
stops)

{

sb.AppendLine($"\n[STOP {stop}]
Unloading...");

var itemsForStop =
result.Placements
\Where(p =&gt;
boxMap[p.BoxId].DeliveryStopIndex ==
stop)

.OrderByDescending(p =&gt;
p.PositionMm.X)
.ToList();

double stopTime = 0;
int blockedCount =

0;
foreach (var item in
itemsForStop)
{
var box =

boxMapl[item.BoxId];



double itemTime
= (box.WeightKg &gt; 500) ? 2.5: 0.8;

var blockers =
result.Placements
Where(p =&gt;
boxMap[p.BoxId].DeliveryStopindex &gt;
stop)
\Where(p =&gt;
IsPhysicallyBlocking(p, item,

boxMap))
.ToList();
if
(blockers.Any())
{

blockedCount++;

totalBlockages++;
double
penalty = blockers.Count * 3.0;
itemTime +=
penalty;

sb.AppendLine($" -&gt; WARN: Item
{item.BoxId} blocked by
{blockers.Count} items (e.g.
{blockers[0].BoxId}). Delay
+{penalty}m");

}

stopTime +=
itemTime;

}

sb.AppendLine($"
Items: {itemsForStop.Count} |
Blocked: {blockedCount} | Est. Time:
{stopTime:F1} min");
totalTimeMinutes +=

stopTime;
}
81
sb.AppendLine("---------

)
sb.AppendLine($"TOTAL
UNLOADING TIME: {totalTimeMinutes /

60.0:F1} hours

({totalTimeMinutes:FO} min)");
sb.AppendLine($"TOTAL

LIFO CONFLICTS: {totalBlockages}");

if (totalBlockages == 0)
sb.AppendLine("RESULT: PERFECT LIFO
SEQUENCE ");

else
sb.AppendLine("RESULT: SEQUENCE
ISSUES DETECTED A");

return sb.ToString();



private static bool
IsPhysicallyBlocking(Placement a,
Placement b, Dictionary&lt;string, Box&gt;
map)
{
var boxA = map[a.BoxId];
var boxB = map[b.BoxId];

if (a.PositionMm.X &lt;
b.PositionMm.X) return false;

double bY1 =
b.PositionMm.Y;

double bY2 =
b.PositionMm.Y + GetH(b, boxB);

double bzZ1 =
b.PositionMm.Z;

double bZ2 =
b.PositionMm.Z + GetW(b, boxB);

double aY1 =
a.PositionMm.Y;

double aY2 =
a.PositionMm.Y + GetH(a, boxA);

double az1 =
a.PositionMm.Z;

double aZ2 =
a.PositionMm.Z + GetW(a, boxA);

bool overlapY = (aY1 &lt;
bY2 &amp;&amp; aY2 &gt; bY1);
bool overlapZ = (azZ1 &lt;
bZ2 &amp;&amp; aZ2 &gt; bZ1);

return overlapY &amp;&amp;
overlapZ;

}

private static double
GetH(Placement p, Box b) =&gt;
(p.Rotation.X == 90) ? b.SizeMm.W :
b.SizeMm.H;

private static double
GetW(Placement p, Box b) =&gt;
((p-Rotation.Y % 180 !=0) *
(p.Rotation.Z % 180 != 0)) ?
b.SizeMm.L : b.SizeMm.W;

}
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Lopatok B — Koa Exporte[r:]:s
using System;
using System.Collections.Generic;
sing System. |0;
Cj.lsing System.Linq;
sing System.Text. Json;
C‘j.lsing System.Text;
using System. Globalization;

namespace Pack3D
{
public static class Exporter
{
public static void
SaveJson(SolveResult result, string



path)
{

var options = new
JsonSerializerOptions {
Writelndented = true };

string json =
JsonSerializer.Serialize(result,
options);

File.WriteAllText(path,
json);

}

public static void
SaveCsv(SolveResult result,
List&It;Box&gt; boxes, string path)
{
var sb = new
StringBuilder();

sb.AppendLine("Sequence,BoxId,Length
,Width,Height,Weight, X,Y,Z,Rotation,
Layer,SteerKg,DriveKg, TandemKg");

var boxMap =
boxes.ToDictionary(b =&gt; b.Id);

IFormatProvider ci =
Culturelnfo.InvariantCulture;

foreach (var p in
result.Placements.OrderBy(x =&gt;
x.Sequencelndex))
{
varb =
boxMap[p.BoxId];

string rotString =
$"{p.Rotation.X};{p.Rotation.Y};{p.R
otation.zZ}";

sb.AppendLine(string.Format(ci,

%},{1),{2},{3},{4},{5),{6},{7},{8}
J{9},{10},{11:F1},{12:F1}{13:F1}",
p.Sequencelndex,
p.Boxld,
b.SizeMm.L,
b.SizeMm.W, b.SizeMm.H, b.WeightKg,
p.PositionMm.X,
p.PositionMm.Y, p.PositionMm.Z,
rotString,
p.Layerindex,

p.AxleContribution.SteerKg,
p.AxleContribution.DriveKg,

p.AxleContribution. TandemKg
&
}
File.WriteAllText(path,
sb.ToString());
}
}
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Dopatok ' — Kopg,
ScenarioGenerator.cs

using System;

using System.Collections.Generic;
using Pack3D;

namespace Pack3D.DataGen
{

public record
SimulationScenario(string Name, string
Description, Trailer Trailer,
List&lt;Box&gt; Boxes);

public static class
ScenarioGenerator
{
private static readonly Random
_rnd = new Random();

public static
List&lt;SimulationScenario&gt;
GetScenarios()
{
var scenarios = new
List&lt;SimulationScenario&gt;();

scenarios.Add(CreateScenario_LifoMix()

)

scenarios.Add(CreateScenario_HeavyTop_
WithWheelWells());

scenarios.Add(CreateScenario_FragileGl
ass());

scenarios.Add(CreateScenario_LongPipes

0

scenarios.Add(CreateScenario_ ECommerce

)5

scenarios.Add(CreateScenario_Palletize

d());

return scenarios;

private static
SimulationScenario
CreateScenario_LifoMix()
{
var forbidden = new
List&lt;Rect3&gt; { new Rect3(0, 0, 0, 1000,
2480, 2700, 0) };
var trailer =
GetStandardTrailer("TR-LIFO-01",
forbidden);

var boxes = new
List&It;Box&gt;();

boxes.AddRange(GenerateRandomBoxes("S3
_Heavy", 12, 3, 800, 1200, density:
400, heavy: true));

boxes.AddRange(GenerateRandomBoxes("S2
_Mid", 20, 2, 400, 600, density:



150));

boxes.AddRange(GenerateRandomBoxes("S1
_Fragile", 10, 1, 300, 500, density:
50, fragileChance: 1.0));

return new
SimulationScenario("1. Logistics LIFO
Mix", "MapLupyT 3 X0noaunsHUKOM
cnepepy.", trailer, boxes);

}

private static
SimulationScenario
CreateScenario_HeavyTop_WithWheelWells
0

var wheelWells = new
List&lt;Rect3&gt;();

wheelWells.Add(new
Rect3(7500, 0, 0, 2000, 450, 400, 0));

wheelWells.Add(new
Rect3(7500, 0, 2030, 2000, 450, 400,

0));

var trailer =
GetStandardTrailer("TR-WHEELS-02",
wheelWells);

trailer = trailer with {
FloorStrengthPsf = 5000 };

var boxes = new
List&It;Box&gt;();

boxes.AddRange(GenerateRandomBoxes("Wi
de_Pallet", 10, 1, 1000, 2400,
density: 200));

boxes.AddRange(GenerateRandomBoxes("St
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d_Box", 30, 1, 400, 600, density:
100));

return new
SimulationScenario(

"2. Wheel Wells
Constraint",

"Tpennep mae KoricHi
apKku, WO 3BYXKYIOTb Nignory B 30Hi
3aHix ocen.",

trailer, boxes);

private static
SimulationScenario
CreateScenario_FragileGlass() { return
CreateSimpleScenario("3. Fragile
Glass", "TR-GLASS", 50, true); }
private static
SimulationScenario
CreateScenario_LongPipes() { return
CreateSimpleScenario("4. Long Pipes",
"TR-LONG", 20, false, fixedLen: 6000);



private static
SimulationScenario
CreateScenario_ECommerce() { return
CreateSimpleScenario("5. E-Commerce",
"TR-ECOMM", 150, false, maxDim: 300);
}

private static
SimulationScenario
CreateScenario_Palletized() { return
CreateSimpleScenario("6. Pallets",
"TR-PAL", 33, false, fixedLen: 1200,
fixedWid: 800); }

private static
SimulationScenario
CreateSimpleScenario(string name,
string trld, int count, bool fragile,
int maxDim = 1000, int? fixedLen =
null, int? fixedWid = null)
{
vart=
GetStandardTrailer(trld);
varb =
GenerateRandomBoxes("Box", count, 1,
200, maxDim, 200, false, fragile ? 1.0
: 0.0, fixedLen, null, fixedWid);

return new
SimulationScenario(name, "Standard
test.", t, b);

}

private static Trailer
GetStandardTrailer(string id,
List&lt;Rect3&gt;? forbidden = null)
{
return new Trailer(id, new
Dimensions(13600, 2480, 2700), new
Dimensions(0, 2480, 2700), 24000,
new AxleLimits(6000,
11500, 8000, 19000, 8000, 24000), new
AxlePositions(1600, 3800, 2000,
10500),
2000, forbidden ?? new
List&lt;Rect3&gt;(), new Vector3(0, 0, 0));

}

private static List&lt;Box&gt;
GenerateRandomBoxes(string prefix, int
count, int stop, int minDim, int
maxDim, double density, bool heavy =
false, double fragileChance = 0.0,
int? fixedLength = null, int?
fixedHeight = null, int? fixedDepth =
null)
{
var list = new
List&lt;Box&gt;();
for (inti = 0; i &lt; count;
i++)

double L = fixedLength

?? _rnd.Next(minDim, maxDim);
double W = fixedDepth

?? _rnd.Next(minDim,

fixedLength.HasValue ? 600 : maxDim);
double H = fixedHeight



?? _rnd.Next(minDim, maxDim);
double vol = (L* W *
H)/ 1e9;
double w = Math.Max(1,
Math.Round(vol * (heavy ? density * 2
: density)));
bool frag =
_rnd.NextDouble() &lt; fragileChance;

list. Add(new

Box($"{prefix}_{i + 1}", prefix, new
Dimensions(L, W, H), w, frag ?
RotationMask.Z : RotationMask.All,
frag? 0:1, frag ? 0 : (heavy ? 2000
: 500), frag, null, "Ready", heavy ?
10 : 1, stop));

}

return list;
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Lopatok [ — Koa VizualizeEl:s
using System;

using System.Collections.Generic;
using System.Linq;

using System.Text;

using System. Globalization;

namespace Pack3D
{
public static class Visualizer
{
private static readonly (int
R, int G, int B) BoxLightColor =
(144, 238, 144);
private static readonly (int
R, int G, int B) BoxHeavyColor =
(255, 69, 0);
private static readonly (int
R, int G, int B) VoidFloorColor =
(240, 248, 255);
private static readonly (int
R, int G, int B) VoidShelfColor =
(230, 230, 250);

public static string
RenderLayerSvg(I[Enumerable&lt;Placement
&gt; placements, IEnumerable&lt;Rect3&gt;
freeSpaces, Trailer trailer, Metrics
globalMetrics,
IReadOnlyDictionary&lt;string, Box&gt;
boxByld, double pxPerMm, int layer)
{
var sb = new
StringBuilder();
IFormatProvider ci =
Culturelnfo.InvariantCulture;

var layerPlacements =
placements.Where(p =&gt; p.Layerindex
== layer).OrderBy(p =&gt;
p.Sequencelndex).ToList();

var layerSpaces =
freeSpaces.Where(s =&gt; s.LayerIndex



== layer).ToList();

double minW = 0, maxW =
1, layerWeight = 0, layerMinY =
double.MaxValue, layerMaxY =
double.MinValue;
if
(layerPlacements.Any())
{
var w =
layerPlacements.Select(p =&gt;
boxByld[p.BoxId].WeightKg).ToList();
layerWeight =
w.Sum(); minW = w.Min(); maxW =
w.Max();
foreach (var p in
layerPlacements)
{
if
(p.PositionMm.Y &lt; layerMinY)
layerMinY = p.PositionMm.Y;
varb =
boxByld[p.BoxId];
if
(p.PositionMm.Y + b.SizeMm.H &gt;
layerMaxY) layerMaxY =
p.PositionMm.Y + b.SizeMm.H;
}
}
else { layerMinY = 0;
layerMaxY = 0; }
double rangeW = (maxW -
minW) ==0? 1 : (maxW - minW);
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int padL = 70;
int padT = 70;
int pad = 40;
int headH = 60;

int truckW =
(int)(trailer.InnerMm.L * pxPerMm);
int truckH =
(int)(trailer.InnerMm.W * pxPerMm);
int tableW = 380;
int rowH = 22, tHeadH =
30;

int footerH = 80;
int leftColH = truckH +
footerH + 20;

int rightColH = tHeadH +
(layerPlacements.Count * rowH);

int contentH =
Math.Max(leftColH, rightColH);

int totW = padL + truckW
+ pad + tableW + pad;

int totH = padT + headH
+ contentH + pad;

sb.AppendLine($"&lt;svg
xmlins="http://www.w3.0rg/2000/svg'
width="{totW}' height='{totH}'
viewBox='0 0 {totW} {totH}'&gt;");



sb.AppendLine("&lt;defs&gt;&lt;filter id="sh'

x="-20%' y="-20%'" width="140%'

height="140%'&gt;&lt;feDropShadow dx="2"

dy="2" stdDeviation="1" flood-

opacity='0.3"/&gt;&lt;/filter&gt;");
sb.AppendLine("&lt;pattern

id='haz'

patternUnits="userSpaceOnUse'

width="20" height="20'

patternTransform='"rotate(45)'&gt;&lt;rect

width="10" height="20'

fill="#ffcc00'/&gt; &lt;rect x="10"

width="10" height="20'

fill="#333'/&gt; &lt;/pattern&gt;");
sb.AppendLine("&lt;pattern

id="gr' width="50" height="50"

patternUnits="userSpaceOnUse'&gt;&lt;path

d='M 50 0L 00 0 50 fill='"none'

stroke="#e0e0e0' stroke-

width="1"/&gt;&lt;/pattern&gt; &lt;/defs&gt;");
sb.AppendLine("&lt;rect

width='100%' height='100%'

fill="white'/&gt;");

sb.AppendLine($"&lt;text
x="{padL}' y="40' font-
family="Arial' font-size='24'" font-
weight="bold" fill="#333'&gt; TRUCK:
{trailer.ld} (LAYER
{layer})&lt;/text&gt;");

sb.AppendLine($"&lt;text
x="{totW - pad}' y="40' font-
family="Arial' font-size="16' font-
weight="bold' fill="#555' text-
anchor='end'&gt;Corrugated Supplies
Company, LLC Pack3D&lt;/text&gt;");

double tx = padL, ty =
padT + headH;

sb.AppendLine($"&lt;line
x1=tx}' y1="{ty - 10}' x2="{tx +
truckW}' y2="{ty - 10}'
stroke="#333' stroke-width="2'/&gt;");
for (double m = 0; m &lt;=
trailer.InnerMm.L; m += 1000)

{
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double x =tx + (m *
pxPerMm);

sb.AppendLine($"&lt;line
x1="{x.ToString("F1", ci)}' y1="{ty

- 10} x2="{x.ToString("F1", ci)}'
y2="ty - 25} stroke="#333' stroke-
width="1.5"&gt;");

sb.AppendLine($"&lt;text
x="{x.ToString("F1", ci)}' y="{ty -
30}' font-family="Arial' font-
size="11" font-weight="bold' text-
anchor='middle' fill="#333'&gt;{(m /
1000):FO}m&lt;/text&gt;");



}
for (double m = 500; m
&lt;= trailer.InnerMm.L; m += 1000)
{
double x =tx + (m *
pxPerMm); if (x &gt; tx + truckW)
break;

sb.AppendLine($"&lt;line
x1="{x.ToString("F1", ci)}' y1="{ty
- 10} x2="{x.ToString("F1", ci)}'
y2="{ty - 18}' stroke="#555" stroke-
width="1"/&gt;");

}

sb.AppendLine($"&lt;line
x1="{tx - 10} y1="{ty}' x2="{tx -
10} y2="{ty + truckH}'
stroke="#333' stroke-width="2"/&gt;");

for (double m = 0; m &lt;=
trailer.lnnerMm.W; m += 500)

{

doubley =ty + (m*

pxPerMm);

sb.AppendLine($"&lt;line x1="{tx - 10}'
y1=y.ToString("F1", ci)}' x2="{tx

- 20} y2="{y.ToString("F1", ci)}'
stroke="#333' stroke-width="1"/&gt;");

sb.AppendLine($"&lt;text x='{tx - 25}'
y=y.ToString("F1", ci)}' font-
family="Arial' font-size="10'" text-
anchor='end' dominant-
baseline="middle' fill="#555'&gt;{(m /
1000):F 1}&lt;/text&gt;");

}

sb.AppendLine($"&lt;rect
x=tx}' y="{ty}' width="{truckW}'
height="{truckH} fill="url(#gr)'
stroke="#333' stroke-width="'3'/&gt;");

if
(trailer.ForbiddenZones != null)
{
foreach (var zin
trailer.ForbiddenZones)
{
double zx = tx +
(z.X* pxPerMm), zy =ty + (z.Z *
pxPerMm), zw = z.L * pxPerMm, zh =
z.W * pxPerMm;

sb.AppendLine($"&lt;g&gt; &lt;title&gt;Forbidden:
{z.Lx{z.W}mma&it;/title&gt;");

sb.AppendLine($"&lt;rect
x="{zx.ToString("F1", ci)}'
y=Yzy.ToString("F1", ci)}'
width="{zw.ToString("F1", ci)}'
height="{zh.ToString("F1", ci)}'
fill="url(#haz)' stroke="black’
opacity='0.8"&gt;");

if (zw &gt; 20 &amp;&amp;
zh &gt; 20)
{



double cx =
zx+zw/2,cy =zy +zh/2;
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string label
="NO LOAD";

if (z.W &lt;
800) label = "ZONE";

bool rotate
= zh &gt; zw;

string tr =
rotate ? $"transform="rotate(-90
{cx.ToString("F1", ci)}
{cy.ToString("F1", ci)})" : "";

sb.AppendLine($"&lt;text

x="cx.ToString("F1", ci)}'

y="cy.ToString("F1", ci)}' {tr}

font-family="Arial' font-

weight="bold' font-size="14"

fill='white' stroke='black’ stroke-

width='0.5" text-anchor="middle'

dominant-

baseline='middle'&gt;{label}&lt;/text&gt;");
}

sb.AppendLine("&lt;/g&gt;");
}

foreach (var s in
layerSpaces)
{
if (s.L &lt; 10 || s.W
&lt; 10) continue;
var col =s.Y &gt; 100
? VoidShelfColor : VoidFloorColor;
string hex =
$"#{col.R:X2}{col.G:X2}{col.B:X2}";
double sx = tx +
(s.X * pxPerMm), sy =ty + (s.Z*
pxPerMm), sw = s.L * pxPerMm, sh =
s.W * pxPerMm;

sb.AppendLine($"&lt;g&gt; &lt;title&gt;Free:
{s.L:FO}x{s.W:FOymma&ilt;/title&gt;");

sb.AppendLine($"&lt;rect
x="{sx.ToString("F1", ci)}'
y={sy.ToString("F1", ci)}'
width="{sw.ToString("F1", ci)}'
height="{sh.ToString("F1", ci)}'
fill="{hex}' fill-opacity='0.6"
stroke="#aaa' stroke-dasharray="2"
stroke-width='0.5'/&gt;");

if (s.L &gt; 250 &amp;&amp; s.W

&gt; 250)
{

string txt =
$"{s.L:FO}x{s.W:FO}";

var lay =
FitText(sw, sh, txt, 8, 14, false);

if (lay.Fits)

{

double cx =

sx+sw/2,cy=sy+sh/2;



string tr =
lay.Rotate ? $"transform="rotate(-90
{cx.ToString("F1", ci)}
{cy.ToString("F1", ci)})™ : "";

sb.AppendLine($"&lt;text
x="{cx.ToString("F1", ci)}'
y="cy.ToString("F1", ci)}' {tr}
font-family="Arial' font-
size='{lay.FontSize.ToString("F1",
ci)} fill="#777" text-
anchor='middle' dominant-
baseline='middle" style="pointer-
events:none'&gt;{txt}&lt;/text&gt;");
}

sb.AppendLine("&lt;/g&gt;");
}
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foreach (var p in
layerPlacements)
{

varb =
boxByld[p.BoxId];

bool swap =
(p.Rotation.Y % 180 != 0) »
(p.Rotation.Z % 180 != 0);

double dl = swap ?
b.SizeMm.W : b.SizeMm.L, dw = swap ?
b.SizeMm.L : b.SizeMm.W;

double bx = tx +
(p.PositionMm.X * pxPerMm), by = ty
+ (p.PositionMm.Z * pxPerMm), bw =
dl * pxPerMm, bh = dw * pxPerMm;

double t =
(b.WeightKg - minW) / rangeW;

string f =
Interp(BoxLightColor, BoxHeavyColor,
t);

sb.AppendLine($"&It;g&gt; &lt;title&gt;#{p.Sequen
celndex}: {b.Id}&lt;/title&gt;");

sb.AppendLine($"&lt;rect
x="{bx.ToString("F1", ci)}'
y="by.ToString("F1", ci)}'
width="{bw.ToString("F1", ci)}'
height="{bh.ToString("F1", ci)}'
fill="{f}' stroke="#222' rx="2"
ry="2" filter="url(#sh)'/&gt;");

string Ibl =
$"{p.Sequencelndex}" + (b.Fragile ?
e oy,

var lay =

FitText(bw, bh, bl, 6, 32, true);

if (lay.Fits)
{
double cx = bx +
bw/2,cy =by+bh/2;
string tr =
lay.Rotate ? $"transform="rotate(-90



{cx.ToString("F1", ci)}

{cy.ToString("F1", ci)})™" : "";
string fw =

b.Fragile ? "bold" : "normal";

sb.AppendLine($"&lt;text
x="{cx.ToString("F1", ci)}'
y="cy.ToString("F1", ci)}' {tr}
font-family="Arial' font-
weight="{fw}' font-
size="{lay.FontSize.ToString("F1",
ci)} fill="#222' text-
anchor="middle' dominant-
baseline="middle' style="pointer-
events:none'&gt;{IbI}&lt;/text&gt;");
}

sb.AppendLine("&lt;/g&gt;");
}

double footY =ty +
truckH + 30;

sb.AppendLine($"&lt;rect
x=YpadL}' y="{footY}'
width="{truckW}' height='60"'
fill="#f0f0f0' rx="5"
stroke="#ccc'/&gt;");

sb.AppendLine($"&lt;text
x=YpadL + 15}’ y="{footY + 25}'
font-family="Arial' font-size='16"
font-weight="bold' fill="#333'&gt;LAYER
HEIGHT: {layerMinY:FO}mm -
{layerMaxY:FO}mm&lt;/text&gt;");

sb.AppendLine($"&lt;text
x="{padL + 15}' y="{footY + 50}'
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font-family="Arial' font-size='14"
fill="#555'&gt; Total Items:
{layerPlacements.Count} | Total Wgt:
{layerWeight:F 1} kg&lt;/text&gt;");

double tbIX = tx +
truckW + pad, thlY = ty;

sb.AppendLine($"&lt;rect
x="{tbIX}' y="{tblY}'
width="{tableW}' height='{tHeadH}'
fill="#333' stroke="#333"/&gt;");

double col1 = tbIX + 35,
col2 = tblX + 150, col3 = tbIX +
260;

sb.AppendLine($"&lt;text
x=tbIX + 5} y="{tblY + 20}' font-
family="Arial' font-size="12' font-
weight='bold'
fill='white'&gt;#&lt;/text&gt;");

sb.AppendLine($"&lt;text
x=Ycol1 + 5} y=\tblY + 20}' font-
family="Arial' font-size="12' font-
weight="bold'
fill="white'&gt; ID&lt;/text&gt;");

sb.AppendLine($"&lt;text
x=col2 + 5} y=\tblY + 20}' font-



family="Arial' font-size="12' font-
weight="bold' fill="white'&gt;Size
(mm)&lt;/text&gt;");
sb.AppendLine($"&lt;text
x="{col3 + 5}' y="{tblY + 20}' font-
family="Arial' font-size="12' font-
weight="bold'
fill="white'&gt; Kg&lt;/text&gt;");

double curY = tblY +
tHeadH, botY = tblY + tHeadH +
(layerPlacements.Count * rowH);

sb.AppendLine($"&lt;line
x1="{col1} y1="{tblY}' x2="{col1}'
y2="{botY}' stroke="#777" stroke-
width="1"/&gt;");

sb.AppendLine($"&lt;line
x1="{col2}' y1="{tblY}' x2="{col2}'
y2="{botY}' stroke="#777" stroke-
width="1"/&gt;");

sb.AppendLine($"&lt;line
x1="{col3}' y1="{tblY}' x2="{col3}'
y2="{botY}' stroke="#777" stroke-
width="1"/&gt;");

foreach (var p in
layerPlacements)
{
varb =
boxByld[p.BoxId];
double t =
(b.WeightKg - minW) / rangeW; string
¢ = Interp(BoxLightColor,
BoxHeavyColor, t);

sb.AppendLine($"&lt;rect x="{tbIX}'
y=YcurY}' width="{tableW}'
height="{rowH}' fill="{c}' fill-
opacity='0.2' stroke="#aaa' stroke-
width="1"/&gt;");

string idS =
b.ld.Length &gt; 12 ? b.Id.Substring(0,
11) +".": b.ld;

string szS =
$"{b.SizeMm.L}x{b.SizeMm.W}x{b.SizeM
m.H}";

sb.AppendLine($"&lt;text x="{tbIX + 5}'
y={curY + 15} font-

family="Consolas' font-size="11"
fill="black'&gt;{p.Sequencelndex,3}&lt;/te
xt&gt;");

sb.AppendLine($"&lt;text x="{col1 + 5}'
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y=Y{curY + 15} font-
family="'Consolas' font-size="11"
fill="black'&gt;{idS}&lt;/text&gt;");

sb.AppendLine($"&lt;text x="{col2 + 5}'
y="{curY + 15} font-

family="Consolas' font-size="11"
fill="black'&gt;{szS}&lt;/text&gt;");



sb.AppendLine($"&lt;text x="{col3 + 5}'

y=Y{curY + 15} font-

family="'Consolas' font-size="11"

fill="black'&gt;{b.WeightKg}&lt;/text&gt;");
curY +=rowH;

sb.AppendLine("&lt;/svg&gt;");
return sb.ToString();

private static string
Interp((int R, int G, int B) c1,
(int R, int G, int B) c2, double t)
{
t = Math.Clamp(t, 0, 1);
intr=(int)(c1.R+t* (c2.R-
c1.R)), g = (int)(c1.G +t * (c2.G -
c1.G)), b = (int)(c1.B+t* (c2.B -
c1.B)); return
$"#{r: X2 g:X2}{b:X2}";
}
private struct TLR { public
bool Fits; public double FontSize;
public bool Rotate; }
private static TLR
FitText(double w, double h, string
t, double min, double max, bool b)
{
doubler=b?0.7:
0.6; int | = t.Length;
for (double s = max; s
&gt;=min; s-=1)if(I*s*r&lt;=w=*
0.95 &amp;&amp; s &lt;=h * 0.95) return new
TLR { Fits = true, FontSize = s,
Rotate = false };
for (double s = max; s
&gt;=min; s-=1)if (I *s*r&lt;=h*
0.95 &amp;&amp; s &lt;=w * 0.95) return new
TLR { Fits = true, FontSize = s,
Rotate = true };
return new TLR { Fits =
false };

}
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Dopatok E — Solvela:s

using System;

using System.Collections.Generic;
using System.Linq;

namespace Pack3D
{
public static class Solver
{
private const double EPS =
1.0;

public static SolveResult
Solve(
IReadOnlyList&lt;Box&gt;
boxes, IReadOnlyList&lt;Pallet&gt;
pallets, Trailer trailer,



SolveOptions options,
IReadOnlyList&lt;FrozenPlacement&gt;?
frozen = null)

{
var sortedBoxes = boxes
\Where(b =&gt;
loptions.FilterReadyOnly || b.Status
== "Ready")
.OrderByDescending(b
=&gt; b.DeliveryStoplndex)
.ThenByDescending(b
=&gt; b.Priority)
.ThenByDescending(b
=&gt; b.WeightKg / (b.SizeMm.L *
b.SizeMm.W * b.SizeMm.H))
.ThenByDescending(b
=&gt; b.SizeMm.L * b.SizeMm.W)
.ToList();

var placements = new
List&lt;Placement&gt;();

var unplacedBoxes = new
List&lt;string&gt;();

var allBoxesMap =
boxes.ToDictionary(b =&gt; b.Id);

var emptySpaces = new
List&lt;Rect3&gt; {
new Rect3(0, 0, O,
trailer.lnnerMm.L,
trailer.InnerMm.W,
trailer.lnnerMm.H, 0)

b

if
(trailer.ForbiddenZones != null)
{
foreach (var zone in
trailer.ForbiddenZones)
ApplyForbiddenZone(emptySpaces,
zone);

}

double currentPayloadKg
=0;

double currentMomentX =
0;

double currentMomentZ =
0;

double targetCenterX =
(trailer.AxleGeo.KingpinDistanceFrom
FrontMm +
trailer. AxleGeo.TandemAxleDistanceFr
omFrontMm) / 2.0;

double targetCenterZ =
trailer..lnnerMm.W / 2.0;
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int maxStopIndex =
sortedBoxes.Any() ?
sortedBoxes.Max(b =&gt;
b.DeliveryStoplIndex) : 1;

double sectorLength =
maxStoplndex &gt; 0 ? trailer.InnerMm.L
/ maxStoplndex : trailer.lnnerMm.L;



foreach (var box in
sortedBoxes)
{
var (curSteer,
curDrive, curTandem) =
CalculateAxleWeights(trailer,
currentPayloadKg, currentMomentX);
double tandemPenalty
= (curTandem &lt; 4000) ? (4000 -
curTandem) * 10.0 : O;

double currentCoGZ =
currentPayloadKg &gt; 0 ?
currentMomentZ / currentPayloadKg :
targetCenterz;

double sidelmbalance
= currentCoGZ - targetCenterZ;

Rect3? bestSpace =
null;

double bestScore =
double.MinValue;

Dimensions bestDims
= box.SizeMm;

(int X, intY, int
Z) bestRot = (0, 0, 0);

double minAllowedX =
(maxStopIndex &gt; 1) ? (maxStoplindex -
box.DeliveryStopIndex) *
sectorLength : 0;

var
possibleRotations =
GenerateRotations(box);

for (inti=0;i&lt;
emptySpaces.Count; i++)
{
Rect3 space =
emptySpaceslil;
if (space.X &lt;
minAllowedX - 100) continue;

foreach (var rot
in possibleRotations)
{
if
(rot.Dims.L &lt;= space.L + EPS &amp;&amp;
rot.Dims.W &lt;= space.W + EPS &amp;&amp;
rot.Dims.H &lt;= space.H + EPS)
{
if
(!IsStackingValid(box, space,
rot.Dims, placements, allBoxesMap))
continue;

double
score = 0;
score -=
((space.L - rot.Dims.L) + (space.W -
rot.Dims.W));
score -=
space.Y * 50.0;
double

boxCenterX = space.X + (rot.Dims.L /
2.0);



score -=
Math.Abs(boxCenterX - targetCenterX)
*0.5;
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double
boxCenterZ = space.Z + (rot.Dims.W /
2.0);

double
distFromCenterZ = boxCenterZ -
targetCenterz;

if
(Math.Sign(sidelmbalance) ==
Math.Sign(distFromCenterZ) &amp;&amp;
Math.Abs(sideImbalance) &gt; 100)

score -= Math.Abs(distFromCenterzZ) *

5.0;
else

score += Math.Abs(distFromCenterZ) *
1.0;

if
(tandemPenalty &gt; 0) score -=
tandemPenalty * (1.5 - (boxCenterX /
trailer.InnerMm.L));

if
(score &gt; bestScore)

{
bestScore = score;
bestSpace = space;

bestDims = rot.Dims;

bestRot = rot.RotFlags;

}
}
}
}
if (bestSpace ==
null)
{
unplacedBoxes.Add(box.ld);
continue;
}

var pos = new
Vector3(bestSpace.X, bestSpace.Y,
bestSpace.Z);

double actualLen =
((bestRot.Y % 180 != 0) * (bestRot.Z
% 180 !=0)) ? box.SizeMm.W :
box.SizeMm.L;

double
boxCenterXFinal = pos.X + actualLen
12.0;

double boxMomentX =
box.WeightKg * boxCenterXFinal;



var boxAxleContrib =
CalculateAxleWeights(trailer,
box.WeightKg, boxMomentX);

var pl = new

Placement(

box.ld,

pos,

bestRot,

placements.Count
+1,
bestSpace.Layerlndex,
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boxAxleContrib,
bestDims.L *
bestDims.W,
new
List&lt;string&gt;()
)

placements.Add(pl);

UpdateSpaces(emptySpaces, bestSpace,
bestDims);

currentPayloadKg +=
box.WeightKg;

double actualWid =
((bestRot.Y % 180 !=0) * (bestRot.Z
% 180 !=0)) ? box.SizeMm.L :
box.SizeMm.W;

currentMomentX +=
boxMomentX;

currentMomentZ +=
box.WeightKg * (pos.Z + actualWid /
2.0);

return
GenerateResult(trailer, placements,
unplacedBoxes, boxes,
currentPayloadKg, currentMomentX;
currentMomentZ, emptySpaces);

}

private static void
ApplyForbiddenZone(List&lt;Rect3&gt;
spaces, Rect3 zone)
{
var newSpaces = new
List&lt;Rect3&gt;();
foreach (var space in
spaces)
{
if (Intersect(space,
zone))
newSpaces.AddRange(CutSpace(space,
zone));
else
newSpaces.Add(space);
}

spaces.Clear();



spaces.AddRange(newSpaces);

}

private static bool
Intersect(Rect3 s, Rect3 z)
{
return (s.X &lt; z.X + z.L
- EPS &amp;&amp; s.X + s.L &gt; z.X + EPS) &amp;&amp;
(s.Y &lt; z.Y + z.H
- EPS &amp;&amp; s.Y + s.H &gt; z.Y + EPS) &amp;&amp;
(s.Z8&lt;z.Z+zW
- EPS &amp;&amp; s.Z + s.W &gt; z.Z + EPS);
}

private static List&lt;Rect3&gt;
CutSpace(Rect3 s, Rect3 z)
{
var res = new
List&lt;Rect3&gt;();
double ix1 =
Math.Max(s.X, z.X); double ix2 =
Math.Min(s.X + s.L, z.X + z.L);
double iy1 =
Math.Max(s.Y, z.Y); double iy2 =
Math.Min(s.Y + s.H, z.Y + z.H);
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double iz1 =
Math.Max(s.Z, z.Z); double iz2 =
Math.Min(s.Z + s.W, z.Z + z.W);

if (ix1 &gt; s.X + EPS)
res.Add(new Rect3(s.X, s.Y, s.Z, ix1
-s.X, s.W, s.H, s.LayerIndex));

if (ix2 &lt; s.X +s.L -
EPS) res.Add(new Rect3(ix2, s.Y,
s.Z, (s.X +s.L)-ix2,s.W, s.H,
s.LayerIndex));

if (iy1 &gt; s.Y + EPS)
res.Add(new Rect3(ix1, s.Y, s.Z, ix2
-ix1, s.W, iy1 - s.Y,
s.LayerIndex));

if (iy2 &lt; s.Y +s.H -
EPS) res.Add(new Rect3(ix1, iy2,
s.Z,ix2 -ix1, s.W, (s.Y + s.H) -
iy2, s.LayerIndex));

if (iz1 &gt; s.Z + EPS)
res.Add(new Rect3(ix1, iy1, s.Z, ix2
-ix1,iz1-s.Z,iy2 - iy1,
s.LayerIndex));

if (iz2 &lt; s.Z + s.W -
EPS) res.Add(new Rect3(ix1, iy1,
iz2, ix2 - ix1, (s.Z + s.W) - iz2,
iy2 - iy1, s.Layerindex));

return res;

private static void
UpdateSpaces(List&lt;Rect3&gt; spaces,
Rect3 used, Dimensions dim)
{
spaces.Remove(used);
if (used.L - dim.L &gt;
EPS) spaces.Add(new Rect3(used.X +
dim.L, used.Y, used.Z, used.L -
dim.L, used.W, used.H,



used.LayerIndex));

if (used.W - dim.W &gt;
EPS) spaces.Add(new Rect3(used.X,
used.Y, used.Z + dim.W, dim.L,
used.W - dim.W, used.H,
used.LayerIndex));

if (used.H - dim.H &gt;
EPS) spaces.Add(new Rect3(used.X,
used.Y + dim.H, used.Z, dim.L,
dim.W, used.H - dim.H,
used.LayerIndex + 1));

}

private static bool
IsStackingValid(Box cur, Rect3
space, Dimensions dims,
List&lt;Placement&gt; placements,
Dictionary&lt;string, Box&gt; all)
{
if (space.Y &lt; 1.0)
return true;
double myX2 = space.X +
dims.L; double myZ2 = space.Z +
dims.W;
foreach (var p in
placements)
{
var bBelow =
all[p.BoxId];
double hBelow =
(p.Rotation.X == 90) ?
((p.Rotation.Z == 90) ?
bBelow.SizeMm.L : bBelow.SizeMm.W) :
bBelow.SizeMm.H;
if
(Math.Abs((p.PositionMm.Y + hBelow)
- space.Y) &gt; 5.0) continue;
double IBelow =
((p-Rotation.Y % 180 !=0) #
(p.Rotation.Z % 180 != 0)) ?
bBelow.SizeMm.W : bBelow.SizeMm.L;
double wBelow =
((p-Rotation.Y % 180 !=0) #
(p.Rotation.Z % 180 != 0)) ?
bBelow.SizeMm.L : bBelow.SizeMm.W;
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if (space.X &lt;
p.PositionMm.X + IBelow - EPS &amp;&amp;
myX2 &gt; p.PositionMm.X + EPS &amp;&amp;
space.Z &lt;
p.PositionMm.Z + wBelow - EPS &amp;&amp;
myZ2 &gt; p.PositionMm.Z + EPS)
{
if
(bBelow.Fragile) return false;
if (cur.WeightKg
&gt; bBelow.MaxStackOnTopKg) return
false;

}

return true;

private static
List&lt;(Dimensions Dims, (int, int,



int) RotFlags)&gt;
GenerateRotations(Box b)

{
var | = new
List&lt;(Dimensions, (int, int,
int))&gt;();

I.Add((b.SizeMm, (0, O,
0)));

if
(b.AllowedRotations.HasFlag(Rotation
Mask.Z) ||
b.AllowedRotations.HasFlag(RotationM
ask.All))

I.Add((new
Dimensions(b.SizeMm.W, b.SizeMm.L,
b.SizeMm.H), (0, 0, 90)));

return [;

private static SolveResult
GenerateResult(Trailer t,
List&lt;Placement&gt; p, List&lt;string&gt; u,
IReadOnlyList&lt;Box&gt; all, double w,
double mx, double mz, List&lt;Rect3&gt; f)
{
var al =
CalculateAxleWeights(t, w, mx);
var phys = new
LoadPhysics(new Vector3(w &gt; 0 ? mx /
w:0,0,w&gt;0?mz/w:0), mx,
0, mz);
double currentVolume =
p.Sum(pl =&gt; { var b = all.First(x =&gt;
x.Id == pl.BoxId); return b.SizeMm.L
* b.SizeMm.W * b.SizeMm.H; });
double trailerVolume =
t.InnerMm.L * t.InnerMm.W *
t.InnerMm.H;
return new
SolveResult(p, u, f, new
Metrics(Math.Round((currentVolume /
trailerVolume) * 100, 2),
Math.Round((w / t.MaxPayloadKg) *
100, 2), w, al, phys, p.Count,
u.Count), new List&lt;string&gt;(), null);
}

private static (double
Steer, double Drive, double Tandem)
CalculateAxleWeights(Trailer t,
double w, double m)
{
if (w &lt;= 0) return (0,
0,0);
double cog =m/w;
double kp =
t.AxleGeo.KingpinDistanceFromFrontMm
double tand =
t.AxleGeo.TandemAxleDistanceFromFron
tMm;
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double tl =w * ((cog -
kp) / (tand - kp));



double kl = w - l;

double driveKp =
Math.Abs(t.AxleGeo.DriveAxleDistance
FromFrontMm - kp);

double sl =kl *
(driveKp /
t.AxleGeo.TractorWheelbaseMm);

return (Math.Round(sl,
1), Math.Round(kl - sl, 1),
Math.Round(tl, 1));
}
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Dopatok € — Kog Program.cs
using Pack3D;
sing Pack3D.DataGen;
CJstin_q System;
using System.Collections.Generic;
sing System. Diagnostics;
Cj.|sing System.lO;
using System.Linq;

namespace Pack3D.Client
{
class Program
{
static string _reportsFolder =
Path.Combine(Directory.GetCurrentDirec
tory(), "_Pack3D_Reports");

static void Main(string[]
args)
{
Console.OutputEncoding =
System.Text.Encoding.UTF8;
if
('Directory.Exists(_reportsFolder))
Directory.CreateDirectory(_reportsFold
er);

Console.WriteLine("===
Pack3D: Advanced Logistics Simulation
(vFinal) ===");

Console.WriteLine($"[INFO]
Output: {_reportsFolder}");

var scenarios =
ScenarioGenerator.GetScenarios();

foreach (var scenario in
scenarios) Run(scenario);

Console.WriteLine($"\nDONE. Check
{_reportsFolder}");
}

static void
Run(SimulationScenario s)
{
Console.WriteLine($"\n---
SCENARIO: {s.Name} ---");
Stopwatch sw =
Stopwatch.StartNew();



var res =
Solver.Solve(s.Boxes, new
List&lt;Pallet&gt;(), s.Trailer, new
SolveOptions());

sw.Stop();

Console.WriteLine($"Time:
{sw.ElapsedMilliseconds}ms | Placed:
{res.Metrics.PlacedCount}/{s.Boxes.Cou
nt}");

Console.WriteLine($"Util:
{res.Metrics.VolumeUltilizationPct:F1}%
Vol |
{res.Metrics.WeightUtilizationPct:F1}%
Wat");

var phys =
res.Metrics.Physics;

if
(Math.Abs(phys.CenterOfGravityMm.Z -
s.Trailer.InnerMm.W / 2) &gt; 200)

Console.WriteLine("WARNING:
Significant Side Imbalance!");

Console.WriteLine(UnloadingAnalyzer.An
alyzeUnloading(res, s.Boxes,
s.Trailer));

string folder =
Path.Combine(_reportsFolder,
string.Join("_",
s.Name.Split(Path.GetInvalidFileNameCh
ars())).Trim());

Directory.CreateDirectory(folder);

Exporter.SaveJson(res,
Path.Combine(folder, "plan.json"));

Exporter.SaveCsv(res,
s.Boxes, Path.Combine(folder,
"manifest.csv"));

var boxMap =
s.Boxes.ToDictionary(b =&agt; b.Id);

var layers =
res.Placements.Select(p =&gt;
p.Layerindex).Distinct().OrderBy(l =&gt;
I);

foreach (var | in layers)
{
string svg =
Visualizer.RenderLayerSvg(res.Placemen
ts, res.FreeSpaces, s.Trailer,
res.Metrics, boxMap, 0.05, 1);

File.WriteAllText(Path.Combine(folder,
$"Layer_{lI}.svg"), svg);

}

Console.WriteLine($"-&gt;
Saved SVG/JSON/CSV to /{new
Directorylnfo(folder).Name}");
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