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SUMMARY OF THE RESULTS OF
INFORMATION TECHNOLOGY
DEVELOPMENT FOR OPTIMIZING VECTOR
GRAPHIC OBJECT PLACEMENT ON A
PLANE

The article summarizes the results of developing an information
technology for optimizing the placement of vector graphic objects within a
limited area for automated cutting, contour cutting, and other
manufacturing processes associated with efficient material utilization. The
problem of placing arbitrarily shaped objects is formalized with
consideration of workspace boundaries, allowable rotation angles,
technological clearances, non-overlap constraints, and layout quality
criteria. The developed technology combines SVG data preparation,
discrete contour approximation, genetic optimization, clustering, caching,
and parallel processing of placement variants. To reduce computational
complexity, each contour together with its buffer zone is converted into a
two-dimensional binary matrix, making it possible to replace complex
geometric checks with comparisons of matrix masks using bitwise
operations. The optimization core is implemented on the basis of a genetic
algorithm in which solutions are represented as chromosomes, while new
generations are formed using elitist selection, selection, crossover,
mutation, and clustering. The technology was implemented as a desktop
software tool developed in Kotlin on the JVM platform using Java Swing,
which supports SVG file loading, parameter configuration, optimization
execution, visualization, and layout saving. Experimental studies were
conducted using synthetic and practically oriented sets of vector objects.
The relationship between the discretization cell size, layout accuracy, and
computation time was established. In the example involving the placement
of paper model parts, the number of required A4 sheets was reduced from
10 to 6, corresponding to a 40% reduction. The obtained results confirm
the effectiveness of the technology for automated cutting, contour cutting,
and other vector object placement tasks.

Keywords: vector graphic objects, placement optimization,
discrete approximation, genetic algorithm, clustering, caching, automated
cutting.

Problem statement

The problem of efficiently placing graphic objects within
a limited area arises in many manufacturing processes related to
cutting, printing, engraving, milling, and contour cutting of parts
[1]. Such problems occur in printing, advertising production, the
textile and garment industries, packaging manufacturing,
metalworking, woodworking, as well as in laser [2], plasma, and
plotter cutting systems. In these processes, parts are often
represented as two-dimensional vector contours of arbitrary shape
that must be placed compactly within the boundaries of the
available material.

One example of practical application is the production of
stickers, labels, stencils, and decorative elements using desktop
cutting plotters. Figure 1(a) shows the contour-cutting process [3],
while Figure 1(b) shows the material waste remaining after the
vector parts have been cut [4].

Insufficiently compact placement results in unoccupied
areas between parts, which become material waste after
processing is completed. This problem is characteristic not only
of plotter cutting, but also of cutting fabric, paper, polymers, sheet
metal, wood, and other materials. Inefficient arrangement
increases raw material consumption, the amount of waste, and
production costs [5].

Therefore, the development of an information
technology for the automated search for an efficient placement of
arbitrarily shaped vector graphic objects is a relevant problem.
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Such a technology should ensure sufficient accuracy in contour representation, rapid verification of the admissibility
of the relative positions of objects, consideration of technological constraints, and acceptable computation time. Its
application should contribute to reducing the required material area and improving the efficiency of automated cutting
and manufacturing processes. Solving this problem requires the integration of a formal problem model, methods for
rapidly verifying geometric constraints, an optimization algorithm, and software tools for generating the final solution

[6].

a) b)
Fig. 1. Example of the application of contour-cutting technologies: a) cutting stickers using a desktop cutting plotter; b) material waste
remaining after cutting vector parts

Analysis of recent research and publications

A considerable number of methods have been proposed for solving two-dimensional packing and layout
problems. These methods differ in their solution-generation principles, computational complexity, and the quality of
the results obtained. The simplest approaches include the Bottom-Left, Best-Fit, Shelf, and Guillotine heuristic
algorithms, which place objects sequentially according to predefined rules. Their advantages include ease of
implementation and relatively low computational costs. However, the result strongly depends on the initial order of
the objects, and the resulting layout often does not provide sufficiently efficient use of the available area [6, 7].

A separate group comprises geometric methods and mathematical programming methods that formalize the
relative positions of objects, non-overlap conditions, and workspace constraints. Such approaches can provide high
accuracy and near-optimal solutions for small-scale problems. However, for arbitrarily shaped vector objects,
intersection checking and the generation of feasible positions require complex geometric operations, while
computational costs increase rapidly as the number of parts and possible orientations grows [5, 8].

Metaheuristic methods are widely used for complex combinatorial problems, including genetic algorithms,
simulated annealing, tabu search, swarm-based methods, and other evolutionary approaches [6, 9]. They do not require
exhaustive exploration of the entire solution space and make it possible to search efficiently for large sets of objects.
However, the effectiveness of such methods depends on the solution representation, the evaluation function, the choice
of search operators, and parameter settings. The use of a complex geometric model at each iteration can also
significantly reduce their computational performance.

A separate group comprises geometric methods and mathematical programming methods that formalize the
relative positions of objects, non-overlap conditions, and workspace constraints. Such approaches can provide high
accuracy and near-optimal solutions for small-scale problems. However, for arbitrarily shaped vector objects,
intersection checking and the generation of feasible positions require complex geometric operations, while
computational costs increase rapidly as the number of parts and possible orientations grows [5, 8].

Metaheuristic methods are widely used for complex combinatorial problems, including genetic algorithms,
simulated annealing, tabu search, swarm-based methods, and other evolutionary approaches [6, 9]. They do not require
exhaustive exploration of the entire solution space and make it possible to search efficiently for large sets of objects.
However, the effectiveness of such methods depends on the solution representation, the evaluation function, the choice
of search operators, and parameter settings. The use of a complex geometric model at each iteration can also
significantly reduce their computational performance.

A promising direction is the use of hybrid approaches that combine heuristic rules, metaheuristic
optimization, discrete contour representation, clustering, and parallel computing. Preliminary grouping of objects with
similar dimensions or shapes can reduce the dimensionality of the search space, while discretization can simplify the
verification of placement feasibility [10, 11]. Similar principles are also used in industrial CAD/CAM systems for
automated cutting; however, the algorithmic mechanisms of such systems are generally proprietary, and their
adaptability to specific technological constraints remains limited. A review of existing approaches shows that
scalability, high computational costs, and the complexity of practical integration remain the main challenges.
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The conducted analysis showed that existing approaches do not simultaneously provide high computational
performance, layout quality, scalability, and consideration of the technological constraints of automated cutting and
contour-cutting processes. Individual aspects of this problem, including the application of evolutionary methods,
discrete contour approximation, and clustering of vector objects, were considered in the author’s previous publications
[12, 14]. This article summarizes the main results of the dissertation research on the development of an information
technology for optimizing the placement of vector graphic objects [13].

Objective of the study
The objective of this article is to summarize the results of the development and experimental evaluation of
an information technology for optimizing the placement of vector graphic objects.

Presentation of the main research material

The developed information technology is intended for the automated placement of a set of arbitrarily shaped
vector graphic objects within a specified workspace. The position of each object is determined by its coordinates and
an allowable rotation angle. The resulting layout must ensure that all contours remain within the boundaries of the
workspace, that objects do not overlap, and that the specified technological clearances are maintained. The set of
configurations satisfying these constraints forms the feasible solution space [15].

Formally, the feasible solution space is defined as:

D= (x;,y,0)%, | Ci(x;,¥:,0;) S Container, dist(Cl-,Cj) >6,0, €0, (1)

where (x;, y;) - re the coordinates of object 0; on the plane; 6; - is its rotation angle; ©; - is the set of allowable

rotation angles for object o;; C;(x;¥;6;) - is the contour of the object after the corresponding geometric

transformations have been applied; dist(C;, C;) - is the distance between the contours of objects o; and o;; § - is the

minimum allowable clearance between objects; Container - is the bounding rectangular area within which the objects
are placed.

To evaluate placement efficiency, criteria characterizing layout density and material consumption were used.
The main indicator is the area utilization ratio, defined as the ratio of the total area of the placed objects to the area
occupied by them. For roll materials, the height of the actually used portion of the workspace is additionally taken
into account. Thus, the problem involves maximizing the area utilization ratio while simultaneously minimizing the
used area or the length of material.

The area utilization ratio is defined as:

n
p=2=t @
container

where O = {04, 0,, ..., 0, } - 1s the set of objects, each having an area S;. Maximizing of 1 € is one of the key
optimization criteria.

Formally, the problem can be represented as the following system:

Z:Ll Si
Scontainer ’ (3)
min Hyeq = max; (y{"*),

where 7 - is the container area utilization ratio; S; - is the area of the i-th object; S, 4iner - 1 the container
area; H, 4 - 1s the height of the area actually occupied after placement; y** - is the maximum coordinate of the
uppermost point of object o0;; n - is the number of objects to be placed.

In the software implementation, the generated placement variants are evaluated using the ratio of the total
area of the graphic objects to the area of the minimum bounding rectangle that encloses them. An increase in this
indicator corresponds to a more compact arrangement and a smaller amount of unused material. It is subsequently
used as the fitness function during the evolutionary search for the optimal solution [15, 17].

The proposed information technology comprises a sequence of stages for the preparation, processing, and
optimization of vector graphic data. SVG files are supplied as input to the system, from which the object contours are
imported and normalized. The parameters of the workspace, allowable orientations, technological clearances, and
optimization search are also specified. The contours are then discretized to form matrix masks suitable for rapidly
verifying the feasibility of the relative placement of objects.

The optimization core implements a genetic algorithm in which generations of possible layouts are created
and successively improved. For each variant, geometric constraints are checked, quality criteria are calculated, and
the best solutions are selected using selection, crossover, mutation, and clustering operators. The final stage involves
selecting the best configuration, restoring its vector representation, visualizing it, and generating the final layout for
subsequent use in the manufacturing process [12, 16]. The relationship between the main components of the
technology is shown in Fig. 2.

maxn =
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Fig. 2. Structural and functional diagram of the information technology for optimizing the placement of graphic objects

. A

Unlike approaches in which geometric verification, optimization search, and layout generation are considered
separately, the proposed technology integrates these processes into a unified sequence of vector data processing. Its
main components include discrete contour representation, genetic search, methods for reducing repeated
computations, and software-based generation of the final SVG layout.

To reduce the computational complexity of geometric verification, the developed technology employs
discrete approximation of vector objects. Each contour, together with a specified buffer zone, is converted into a two-
dimensional binary matrix in which occupied cells correspond to regions intersected by the object. As a result,
placement feasibility verification is reduced to comparing matrix masks instead of repeatedly performing complex
operations on vector contours [16]. This transformation process is illustrated in Fig. 3.

a) b) ©)
Fig. 3. Discretization of a vector image: a) original vector image; b) discretized image with an overlaid grid; c) discretization result with
occupied cells indicated
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The cell size determines the trade-off between contour representation accuracy and computational
performance: a finer grid reproduces the object geometry more accurately but requires more memory and a greater
number of operations, whereas increasing the cell size accelerates verification at the cost of a certain reduction in
accuracy. To further improve performance, the matrices are stored in a compact bit-based representation, and
intersection checks are performed using bitwise operations. Reusable discretization results for individual objects and
their rotation angles are cached, eliminating the need to regenerate identical masks during genetic optimization.

A genetic algorithm is used to search for an efficient placement. In this algorithm, each possible solution is
represented as a chromosome—an ordered sequence of genes describing the graphic objects, their positions, and
allowable rotation angles. The initial population is formed from different layout variants, after which the fitness value
of each chromosome is calculated to characterize the efficiency of workspace utilization [12].

The next generation is formed from several sources, as shown in Fig. 4. Some of the best chromosomes are
transferred unchanged according to the principle of elitist selection. Other solutions are generated through the selection
of parent chromosomes, crossover, and subsequent mutation. This approach simultaneously preserves the best
configurations found and explores new regions of the search space.

v

Pravious-genaralion

population
[
.I -
¥ v New population
) 10% randomly
w;;:'::lmml: salectad from tha

riemnadning population

! — !

208 crossover + 2% CroSSover + 10%% ey random
clustering rvstation chromosomes

‘ 20 CrOSSOVEr

Fig. 4. Formation of a new population in the genetic algorithm for optimal placement of vector objects

During the evaluation of each chromosome, feasible object positions are determined using discretized matrix
masks, thereby combining evolutionary search with rapid verification of geometric constraints [12, 17].

Repeated evaluation, selection, and generation of new chromosomes ensure a gradual improvement in layout
quality. The computation is terminated when the specified number of generations is reached, the required quality level
is achieved, or no further improvement in the result is observed.

To improve the quality and computational performance of the genetic search, the algorithm was enhanced
through clustering vector objects according to their geometric characteristics, caching discretized representations for
different rotation angles and intermediate placement verification results, and parallel processing of chromosomes
during their generation and evaluation. The combined use of these techniques reduces the number of repeated
computations, improves layout stability, accelerates the search, and enables more efficient processing of large sets of
graphic objects [13, 17].

For the practical implementation of the developed information technology, a desktop software application
was created. It supports SVG file loading, problem parameter configuration, execution of genetic optimization,
visualization of the resulting layout, and saving of the final layout. The software was implemented in Kotlin on the
JVM platform using Java Swing to build the graphical user interface.

The user can specify the dimensions of the workspace, discretization parameters, the number of chromosomes
and generations, allowable rotation angles, and technological clearances. After the computations are completed, the
program displays the generated layout together with its quality indicators and allows the result to be saved in SVG
format. The main stages of working with the application are shown in Fig. 5: the input of initial data is presented in
Fig. 5(a), while the visualization of the generated layout is shown in Fig. 5(b).
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a) b)
Fig. 5. Interface of the software tool for optimizing the placement of vector objects:
a) input of initial data and optimization parameters; b) visualization of the generated layout

Experimental studies

To verify the operability and effectiveness of the developed information technology, a series of experimental
studies was conducted using synthetic and practically oriented sets of vector objects. The experiments examined the
influence of the discretization cell size, allowable rotation step, number of objects, genetic algorithm parameters, and
the use of clustering on layout quality and computation time. The results were evaluated using the workspace
utilization ratio, algorithm execution time, and the amount of material required to place all parts. The following
presents representative results of the study of discretization parameters using synthetic data, as well as an example of
applying the technology to a real set of vector parts.

To evaluate the influence of discretization parameters, a series of experiments was conducted using a
synthetic dataset of 108 vector objects composed of letters and digits of different sizes. The objects were placed within
a workspace of 500 x 500 arbitrary units using fixed genetic algorithm parameters: a population of 50 chromosomes,
10 generations, a rotation step of 45°, and a minimum distance of 5 arbitrary units between objects. The discretization
cell size was successively varied from 1 x 1 to 10 x 10 arbitrary units, which made it possible to determine its effect
on layout quality and computation time.

The results showed that increasing the cell size substantially reduces the algorithm execution time; however,
it simultaneously decreases contour approximation accuracy and reduces layout density. With a cell size of 1 x 1, the
area utilization ratio was 0.7220 and the computation time was 1543.1 s; for a cell size of 10 x 10, the corresponding
values were 0.5600 and 12.2 s. The relationships between computation time, area utilization ratio, and cell size are
shown in Figs. 6 and 7.

0,8000
07500 —q,7220
0,7000
0,6500

0,6000

Area utilization ratio

0,5500

0,5000
1x1 3x3 5x5 77 10x10

Cell size (arbitrary units)

Fig. 6. Relationship between the area utilization ratio and cell size
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Fig. 7. Relationship between execution time and cell size

The visual comparison presented in Fig. 8 confirms the obtained numerical results: a finer grid makes it
possible to represent contour shapes more accurately and produce a denser layout, whereas increasing the cell size
creates additional unoccupied areas between objects. At the same time, an excessive reduction in cell size significantly
increases computational costs; therefore, its value should be selected with consideration of the required trade-off
between accuracy and computational performance.

a) b)

Fig. 8. Visualization of object placement for different discretization cell sizes: a) 1 x 1 arbitrary units (area utilization ratio 0.7220); b) 10
x 10 arbitrary units (area utilization ratio 0.5600)

Therefore, the cell size can be used as a controllable technology parameter depending on the priority of a
particular task—layout accuracy or computational performance.

The effectiveness of the developed technology was also evaluated using practically oriented vector datasets
generated from unfolded patterns of three-dimensional paper models. For datasets containing a large number of parts
placed on A4 sheets, a coarser discretization of 50 x 50 arbitrary units and a minimum clearance of 50 arbitrary units
were used. This choice of parameters reduced the computational load while maintaining sufficient accuracy for
practical application.

As an example, a set of 66 parts forming a helmet model was used, the general appearance of which is shown
in Fig. 9. The initial layout required 10 A4 sheets, whereas after optimization the number of sheets was reduced to 6,
corresponding to a 40% reduction. The area utilization ratio was 0.7533, and the execution time was 2.569 s. A
comparison of the initial and optimized layouts is presented in Fig. 10.

Fig. 9. Visualization of the 3D helmet model.
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Fig. 10. Placement of parts on sheets: a) initial layout before optimization (10 sheets); b) optimized layout after execution of the
algorithm (6 sheets).

The conducted studies confirmed the operability of the technology using both synthetic and practically
oriented data. A controllable trade-off between layout accuracy and computational performance, depending on the
discretization cell size, was established. For the real set of parts, the required number of A4 sheets was reduced from
10 to 6.

Conclusions

The article summarizes the main results of developing an information technology for optimizing the
placement of vector graphic objects. An information technology was developed in which discrete contour
approximation and genetic search are combined with clustering, caching, and parallel processing of placement
variants. This made it possible to reduce the computational costs of intersection checking and to search for efficient
configurations for sets of arbitrarily shaped objects.

The technology was implemented as a software tool for loading SVG data, configuring problem parameters,
running the optimization process, visualizing the results, and saving the generated layouts. Experimental studies using
synthetic data confirmed the relationship between the discretization cell size, layout accuracy, and computation time,
making it possible to select parameters according to the requirements of a particular problem.

Evaluation using practically oriented datasets demonstrated the possibility of substantially reducing material
consumption. In particular, for the set of helmet model parts, the number of required sheets was reduced by 40%, from
10 to 6. The obtained results confirm the effectiveness of the developed information technology and the feasibility of
its application in automated cutting, contour cutting, and other processes involving the placement of vector objects
within a limited area. Further research should focus on the automated selection of discretization and genetic algorithm
parameters according to the geometric characteristics of the input dataset.
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Hauionansuuit Yuisepcurer «JIbBiBcbka [lomiTexHika»

Y3ATAJTBHEHHS PE3VJBTATIB CTBOPEHHS IH®OPMAIIIITHOT TEXHOJIOTT
ONTUMI3ALIT PO3MIIIEHHSI BEKTOPHUX F'PA®IYHAX OB’CKTIB HA
TJIOLAHI

Y cTaTri y3ara/bHEHO Pe3yibTaTy PO3PO6ICHHS IHPOPMALIVIHOI TEXHOMOIT ONTUMI3ALT PO3MILLIEHHS BEKTOPHUX MPAGIYHUX
O6'EKTIB Ha OBMEXEHIV M/owuHIi 4719 33434 aBTOMAaTU30BAHOMO PO3KPOK, KOHTYPHOIrO PI3aHHA Ta IHILIMX BUPOBHUYMX TPOLIECIB,
MOBS3aHNX I3 PAaLiOHAIbHUM BUKOPUCTAHHSIM Marepiany. @OpMasi3oBaHO 3agaqdy pPO3MILEHHS O06E€KTIB A[OBIbHOI @opmu 3
YpaxyBaHHIM MexX poboHoi 0671acTi, AOMyCTUMUX KyTiB T0BOPOTY, TEXHO/IOMYHUX BIACTYI1IB, YMOB BIACYTHOCTI IEPETUHIB | KPUTEDIIB
SIKOCTi KOMIIOHYBAaHHS. PO3p06/IEHa TEXHOJ/IOrSI MOEAHYE iarotosky SVG-garHunx, AUCKDETHY aripoOKCUMaLi0 KOHTYpIB, MEHETUYHY
OMTUMI3AaLI0, KIaCTEPU3AaLII0, KeLLYBaHHS Ta 1apasnesibHe OnpauytoBaHHs BapiaHTIB PO3MILYEHHS. /15 3MEHILIEHHS 06YNC/TII0BaTIbHOI
CKNIaAHOCTI KOXHMY KOHTYD Pa3oM i3 6y@epHOI 30HOK NMEPETBOPIOETHCA Ha ABOBUMIPHY GIHaPHY MaTPULIIO, LUO AAE 3MOry 3aMiHUTH
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CKNIaAHI reOMETPUYHI EPEBIDKU MOPIBHAHHAM MATPUYHNUX MACOK i3 BUKOPUCTaHHAM 106iToBuX onepauiv. Ontumizauiire s4po
pearnizoBaHo Ha OCHOBI FEHETUYHOIO a/IrOPUTMY, y SKOMY DIlIEHHS O4a0TLCS Y BUITISAI XPOMOCOM, @ HOBI [MOKOJIIHHS QQOPMYIOTECS
3 3aCTOCYBaHHSM E/IITaPHOro BiAbopy, Cenekyii, KpoCcoBEPy, MyTauii 1a Kiactepuzadii. lpakTnydHy peanizauito BUKOHaHO y BUIsal
HACTi/IbHOro fPorpamMHoro 3acoby mosoro Kotlin Ha rnnargopmi JVM (3 BuKopucTaHHamM Java Swing, Lo 3abe3rnedye 3aBaHTaXeHHs
SVG-gpavinis, HanalwTyBarHHs apameTpiB, 3arycK onTuMi3alii, Bi3yai3aLito Ta 36EpeXxeHHs MaKeTa. EKCrepuMeHTa ibHi JOC/TIIKEHHS
[IPOBEAEHO HA CUHTETUYHUX | MPAKTUYHO OPIEHTOBaHNX Habopax BEKTOPHMX OO €KTIB. BCTAHOBIEHO 3a/I@XHICTb MK pPO3MIpOM
KIITUHKN ANCKPETU3ALI, TOYHICTIO KOMITOHYBAHHS Ta TPUBAIICTIO O6YNCTIEHL. Ha MpuKaaal PO3MILLEHHS AETaNeH 1anepoBoi Moaesi
KIIbKICTb HEOOXiAHNX apKywiB A4 3meHweHo 3 10 4o 6, 10610 Ha 40 %. OTpumari pe3y/ibTati MigTBEPAXYIOTL ePEKTUBHICTb
TEXHOJIOrIi 47151 3aBTOMATU30BaHOI0 PO3KPOID, KOHTYPHOIO Pi3aHHs Ta [HLLUMX 33434 PO3MILLEHHS BEKTOPHMX 06 EKTIB.

KIto40Bi C/10Ba; BEKTOPHI rpagidHi 06°€KTH, ONTUMIBAaLIS PO3MILLEHHS, ANCKDETHA arpOKCUMALlis, reHETUYHMI alropuTM,
KIacTepm3aLiis, KelLyBarHHs, aBTOMaTU30BaHUM PO3KDI.
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