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Abstract. The basic stages solving 2D irregular-shaped nesting problem are considered. Algorithms of defini-
tion of conditions not overlap two-dimensional objects, modes of the organization of exterior procedure of
optimization and comparison results of their work, are considers.
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1. INTRODUCTION

Among set of the problems, taking place in
practice, the important place is occupied the prob-
lems, connected with the layout at strips and plates
of two-dimensional geometrical objects, for exam-
ple, uncover details of the various form on sheets.

The solving of irregular-shaped nesting prob-
lem has interest for such branches as the sewing,
paper industry, shipbuilding, mechanical engineer-
ing, radio electronics, furniture manufactures.

2. PROBLEM STATEMENT
Are given: P={R,P,....P}: R cR%i=1n

— list of geometrical objects (GO), Q R layout
strip (LS) width W.

Let's designate: P; (u;) — geometrical object P;,
with coordinate’s vector of reference point u; € R%;
X (P (V)) — length of layout strip for P with nesting
geometrical parameters U.

It is necessary:

To find such U, that X (P(U)) — min

At following conditions:
int P, (T )Nint P, (@, )= @, vi=1n,vj =1n,i # j

R@E)N(R*\Q)=2,vi=1n

3. SOLUTION STRUCTURE

The structure of solving of this task corre-
sponds its partition on the subtasks, presented on
the diagram of methodology IDEFO on Fig. 1.

3.1. Input data formats of
two-dimensional GO

Data input about geometry GO can be present
files of a certain format.

As a format of files for data storage one of
widely used in CAD systems formats of an inter-
changing of the two-dimensional graphic infor-
mation (DXF, DWG and est.) can be chosen or the
format oriented for needs of given realized applica-
tion.

In the given work two simplified formats of
text files have been developed for data storage
about geometry GO:

— File.sp — the text file containing the name of i
— geometrical object, an amount of its vertices and
their coordinates divided by a blank, in an index
counter-clockwise in a local system co-ordinates.

— File.Ip — the text file containing the similar
information about some list GO.

3.2. Solving Approaches

2D irregular-shaped nesting problem can be
considered as the problem of the mathematical pro-
gramming defined on set of of feasible layouts of
GO in layout strip (i. e. the layouts, satisfying to
restrictions) [1].

One of applied modes for a solution of such
problems is the method coordinate descent which
leads to a partition of process solving on two parts:

1. Modeling of dense movement of GO in the
strip layout — an interior part.
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Fig. 1. Structure of solving 2D irregular-shaped nesting problem

2. Forming and a modification of sequence of
objects to be place, and their orientation rather LS —
an exterior (combinatorial) part.

Main purpose of interior procedure is deter-
mining the set of feasible locations that one GO
may take with respect to another GO, such that ge-
ometrical objects do not overlap.

3.3. The review of methods modeling
not overlap of two-dimensional geomet-
rical objects

Methods of feasible layouts, i.e. layouts where
the objects do not overlap and fit inside the strip
layout are describe in paper [2].

In our paper, there is chosen the hodograph-
oriented method or method, named no-fit-polygon
(NFP), based on Minkowski sum [4], in view of
following virtues :

— Simplicity of realisation for cases when
placed GO is substituted by its convex hull, and
already placed GO — non convex;

— A high speed of computation .

Consider algorithm of calculating the no-fit-
polygon in more details.

Let are given:

Polygon A, established in strip layout and set by
edges 4i (i=1, 2, ..., n). Each edge of a polygon A
has an sign — TurningPoint, accepting value true or
false. The polygon edge is considered rotary
(TurningPoint = true) if the interior angle at one of

vertices of an edge is less 180 °, and at another — it
is more 180 °.

Convex polygon B or a convex hull of a non-
convex polygon B, which is required to be estab-
lished layout strip, such that the polygons do not
overlap.

The algorithm consists of three stages:

e Sort all edges of polygons by slope into one list —
mergeList;

e Forming list of edges for no-fit-polygon — gList;

e Forming outer envelope from set of edges gList,
received at the second stage — gives NFP [A,B] (see
Fig. 2).

Forming merge list of edges of polygons —
mergeList.

The edges of polygons are ordered anti-clock-
wise and their edges are indexed, since the left
lower edge.

The polygon B is inverted, i. e. the polygon
— B = B* (-1) with the coordinates of vertices re-
ceived by multiplication on -1 of coordinates of all
vertices B, or otherwise, on the base list of edges of
a polygon B, oriented clockwise.

All edges of polygons A and — B are put into the
list mergeList, and the list is sorted by increase of
slope of edges to an abscissa axis.

Forming list of edges for no-fit-polygon — gList.

1. There is an empty list of edges gList.
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2. The initial position p in the list mergelist

is established:

p = index of edge 40 of a polygon A;

4. i =0, where i — the counter of edges of a
polygon A;

5. Dir =1, where Dir — a direction of reading
list mergeList (1 — a direct direction, (-1) —
an inverse direction);

6. Begin list reading.

7. If the edge mergeList [p] belongs to a pol-
ygon - B the edge is added in the list gList.
And, the direction of added edge changes
on opposite, if indication Dir =-1. We go to
a step 12.

8. If the edge mergeList [p] belongs to a pol-
ygon A and its index is equal I, the edge is
added in the list gList.

9. If the edge mergeList [p] has sign
TurningPoint = true, Dir = Dir * (-1).

10. i=i+1.

11. p =p+Dir.

12. If i <= Asize ( size of array of edges of a
polygon A, we go to a step 8.

13. We finish algorithm and exit.

w

Forming contour of no-fit-polygon from set of
edges gList.
e  From edges of gList we build a polygon
(generally self-intersected).
Delete in the received polygon self-intersection
and interior loops.
We do it in two stages:

Merge list of polygons A and -8

a) we find all points of self-intersection of a
polygon, include them as points of an exterior con-
tour, and the edges which are between intersected
edges it is deleted.

b) we find all points which are between points
with identical coordinates, and it is deleted them.

e Under the received list of points we form a

contour which is NFP[A,B] - Gpe.

On Fig. 2 the example of calculation NFP of
two polygons is presented by the above described
method.

3.4. ALGORITHM OF DETERMINATION
OPTIMUM LAYOUT OF A POLYGON

The set admissible for the arrangement of a
polygon of points represents association of the are-
as limited various NFP (generally it can be incon-
sistent).

In the process of determination of an optimum
point of place of next polygon P; , from set of ad-
missible points, we will consider points of local
extreme. They can be found as a result of reviewing
of following potential points of place (we will con-
sider that numbers of polygons correspond to posi-
tions in the place list):

1. Vertices of NFP G; next polygon to place Pjand

i=1j-1;

any placed polygon P,

2. Vertices of NFP Gg; next polygon to place P; and
strip layout Q;

3. Intersections of edges G;; among themselves;

4. Intersections of edges Gj; and edges Gg;.

Slope diagram

mergelist : (A0, A2, B3, A1, B0, A3, A4, B1, B2}

A3

Gosh list

glist: {AD, B3, A1, -B3, AZ, B3, B0, A3, A4, B1, B2)

1]
e
A B3
Bl '
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B
0

1‘ «
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Resulting NFF

%

Fig. 2. An example of calculation NFP of two polygons
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Each potential point of the place moves on in-
put of algorithm and is checked on an admissibility
and an optimality.

Describe verbal exposition of algorithm.

1. Coordinates of a checked point are compared
to co-ordinates of a current optimum point of place.
That which satisfies to following conditions gets
out of two points:

— if the layout direction is set to the right, with
the minimum coordinate on OX, in case of coinci-
dence x — with the minimum coordinate on QY;

— If the layout direction is set upwards, with the
minimum coordinate on OY, in case of coincidence
y — with the minimum coordinate on OX.

2. If the current optimum point, go to a step (an
optimum point remained without modifications).

3. If the chosen point lies inside at least one of
contours of NFP of the list { G;; }, we finish algo-
rithm work (the optimum point remained without
modifications).

4. If the chosen point lies out of a contour of
NFP Ggj, we finish algorithm work (the optimum
point remained without modifications).

5. We do the chosen point by a new optimum
point of the layout.

6. We finish algorithm and exit.

3.5. ALGORITHM OF DETERMINATION
GRAVITY CENTER POINT TO BE
PLACED POLYGON

Before the beginning of procedure of exterior
optimisation for all GO in the task, calculate angle
of rotation GO such, that the gravity center point of
each of them had the minimum coordinate on axis
OX (QY) depending on the set direction of layout.
Such position GO is considered rational.

In case there are some positions GO with iden-
tical distance from a gravity center point to band
bottom in what the distance from a gravity center
point to the left (lower) band will be minimum gets
out of them.

By search of gravity center point, GO rotate ra-
ther the own system co-ordinate anti-clockwise on
360 degrees with some step rotate. Rational coordi-
nates of a gravity center point and an angle of rota-
tion corresponding to them are defined.

4. METHODS OF SOLVING
2D IRREGULAR-SHAPED NESTING
PROBLEM

In considered work for finding sequence of
nesting GO following modes of the organization of
exterior procedure of optimization have been real-
ized:

e Algorithm «the First Fit with sorted GO by
area in descending order» (FF).

e Genetic algorithm (GA).

e Hybrid metaheuristic algorithm (GA+TA),
consisting of two stages of optimisation: genetic
algorithm and algorithm of a threshold admissibil-
ity. At such approach, at the initial stage (applica-
tion of genetic algorithm), the majority of admissi-
ble layout is enveloped that, certainly, involves the
positive moment. Then to each of "the good" solu-
tions received on the previous step, the algorithm of
a threshold admissibility is applied.

4.1. GENETIC ALGORITHM (GA)

The genetic algorithm differs that it does not
use constructive (purposeful) operations in the pro-
cess of finding of solutions. Genetic algorithm op-
erates with set of random solutions which is called
population. The genetic algorithm bears the collec-
tive beginning, there is the majority of admissible
area of solutions , that allows to find the solutions
near to the optimum is considered.

For adaptation GA on our task it is necessary:

1. To select a population of properties of the
plant characterized in interior parameters and influ-
encing its utility, i.e. to select set of operated pa-
rameters.

X = (X, Xy, X, ) -

To present a vector
form.

As the method of consecutive single layout is
chosen, as such set (chromosome) there can be a
priority list (PL) GO, defining order of the layout,
where X; - GO, characterised by the identifier (by
ordinal number in the initial entering list), geomet-
rical parameters (coordinates in local system and a
system concerning strip layout) and orientation.

2. To formulate a quantitative estimation of
utility of variants of object (chromosome) — a
utility function F . As such function minimisation
of occupied part LS is chosen.

3. To make the mathematical model of the ob-
ject representing algorithm of an evaluation F for
the set vector X . As such model the model NFP of
the dense layout of polygons in LS is chosen.

4. To choose algorithms of operators in GA.

— A choice of parents for crossing.

This operator imitates natural selection. As par-
ents the next chromosome of population and the
chromosome randomly chosen from current popula-
tion which are distinct from first get out sequential-
ly.

— A choice of an operator of a crossover.

The crossover consists in transmission parts of
genes from parents to children. It is chosen two-
point PMX (Partially Matched Crossover) crosso-
ver. Chromosomes of parents are broken off in two

X to the chromosome
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positions identical to both parents, rupture places
are generated randomly. Crossover PMX is adopted
specially for tasks at which in a chromosome there
should be all possible genes (GO), and only once.
At an interchanging parts of genes of parents if in a
chromosome — child the gene of one of parents
meets repeatedly it is substituted with the interfaced
gene of other parent.

— A choice of an operator of a mutation.

The operator of a mutation of a chromosome-
descendant is fulfilled with the set probability. To
some probability there is an interchanging of ordi-
nal values of following GO in the priority list, cho-
sen in a random way and rotate chosen GO on the
set angle. Thanks to mutations the area of genetic
search extends.

— A choice of an operator of selection.

After each iteration population of children is
formed, the new generation joins the best chromo-
somes from parental population and population of
children, that the principle elitism is used.

4.2. ALGORITHM OF A THRESHOLD
ADMISSIBILITY

The algorithm "Threshold Accepting» TA is
method modification «Simulated Annealing» and
bears the individual beginning.

Method TA has that advantage before a method
«Simulated Annealing» that it depends only on one
parameter — particular threshold (T).

Irregular-shaped nesting problem using hodo-
graph-oriented adaptation of this method is consid-
ered in [3].

As criterion of the termination and criterion of
an equilibrium state we will accept an amount itera-
tions as parameters of exterior optimization.

The threshold modification happens is multipli-
cative:

Thew = Teurrent * L,

where a — factor of lowering of a threshold (it is set
in a range from 0 to 1).

In our case the algorithm of TA is applied to
each chromosome (PL) the best population, re-
ceived as a result of work GA. The next solution is
formed by rotate randomly chosen GO on the set
angle.

5. PARALLELIZATION
IN THE PROGRAM

The multi-core processor allows to multi-
sequencing part of operations in task.

Operations of cycle on population size, per-
formed in parallel in realization of genetic algo-
rithm. Library TPL (Task Parallel Library) parallel-
izing in.NET Framework is used. Parallelism of the

data is supported by means of method For (), de-
fined in class Parallel.

For example, parallelization ensures reduction
of computational time in 4 times , if size of popula-
tion N = 30 and number iterations 10 at layout 17
non- convex geometric objects.

6. COMPUTATIONAL RESULTS

For an estimation of quality of the received so-
lutions the factor of layout K, which is defined by
the ratio of the sum of areas of all GO, placed in LS
to area of the rectangle limited to a width and
length (height) of area of the layout is used.

Fig. 4. Best solutions GA+TA:
a—example 1, b — example 2
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For estimation of efficiency of the software re-
alizing considered algorithms, the test data using 13
GO, 1 convex and 12 non-convex (Fig. 3) has been
used.

Example 1. Input list of following GO: P1, P2,
P3, P4, P8, P9, P10, P11, P13 on 1 unit; P5 on 7
units; P6 on 8 units; P7 on 2 units; P12 on 10 units.
In total: 36 GO. The strip layout has a width 20.

Example 2. Input list of following GO: P1, P2,
P4, P7, P8, P9, P10, P11, P12, P13 on 1 unit; P3 on
5 units; P6 on 15 units; P5 on 4 units. In total: 34
GO. The strip layout has a width 25.

The best solution for examples 1 and 2 is re-
ceived by the algorithm at use of the hybrid scheme
(GA+TA) — genetic algorithm + algorithm of a
threshold accepting. The best solutions are present-
ed in Fig. 4.
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METAZAAHHDIE

HasBaHue: O pelleHWM 3afaun HeperyaapHoro pasmeLleHus
reomeTpuyecknx 06bLEKTOB Ha MJIOCKOM maTepuane Ha oc-
HOBE HaK/IOHHbIX AXarpamm.
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AHHOTauuA: Cpean MHOMKecTBa 3a4ay, BO3HWMKAMOWMX Ha
NPaKTUKE, Ba*KHOE MECTO 3aHMMAIOT 334a4M, CBA3aHHbIe C
HeperynapHbiM pasmelleHnem [BYMEPHbIX reomeTpuye-
CKMX OBBLEKTOB, HanpMmep, PAacKpPoil NNUCTOB Ha NIOCKKME
3aroTOBKM, KOMMOHOBKA ABYMEpPHbIX OOBHEKTOB B 3ajaH-
HoW obnactn pasmelleHus. Bce oHM aBnAlOTCA 3afavamu
ONTUMM3ALMOHHOFO reOMEeTPUYECKOr0 MOAE/IMPOBAHUA U,
C TOYKM 3pEeHMA KOMOWHATOPHOM CNOMKHOCTKW, NpPUHag/e-
aT K Knaccy NP-TpyaHbIX. [LONONHUTENbHYIO reoMeTpu-
YeCKyto C/I0XKHOCTb NPU UX pelleHun coctaBnseT npobne-
Ma cobnoaeHns YCIOBUIA B3aMMHOMO HenepeceyeHus
pasmellaemblx OO6BEKTOB MeXKAy coboil M C rpaHuuamu
30Hbl pa3melleHna. B pabote paccmatpusaeTtca 3afava
HeperynapHoro MAOTHOFO pPasMeLLeHNA  HEeBbIMYK/bIX
reoMeTpuyeckmx OH6bEKTOB, anMPOKCMMMPOBAHHbBIX MHO-
royrosbHMKaMu, Ha nonybeckoHe4yHoON nosoce MUHU-
ManbHOM ANUHbI. [nA eé peleHuna NpeasioXeH BHYTPEH-
HUI anNroputM C nNpumMeHeHnem rogorpada oyHKUUK
NAOTHOTO Pa3MELLEHUs, OCHOBAaHHbIM Ha aHanu3e BO3-
MOXHbIX TOYEK 3aHeceHnA obbekTa B 06/1aCTb YNaKOBKN U
aNrOpUTM  BHELWHeN ONTUMM3AUMKU C WMCNOJ/Ib30BAaHMEM
rTMOPUAHON METaaBPUCTUKK.

KntoueBble cnoBa: HeperynapHoe pasmelleHue reomeTpuye-
CKMX 06bekToB; rogorpad GpyHKUMM NAOTHOrO pasmelle-
HWA; YCNOBMA B3aMMHOTO HenepeceyeHus [ABYMEPHbIX
reomMeTpUYecKnx 06 bEKTOB.
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