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Optimal Nesting and Generation of Cutting Paths
for Model Ship Production

Junho Choi

Department of Naval Architecture and Ocean Engineering, Ulsan University
Abstract

2D nesting, a widely employed technique in industries such as shipbuilding,
automotive, and apparel, aims to minimize resource and material waste by
effectively arranging components. By automating the layout process, it reduces
labor and increases productivity. However, the current manual approach to
piece placement in model ship production results in lengthy work hours and
difficulty in finding the optimal placement with minimal material waste. To
address this challenge, this study proposes an automated method for optimizing
nesting in model ship production to minimize material scrap. The objective is
to achieve an optimal arrangement within the raw material sheet, maximizing
the number of pieces while avoiding overlapping shapes. A nesting algorithm
for multiple sheet layouts, considering the characteristics of model ship pieces,
i1s 1implemented. The chosen representation method i1s grid—based, as it
provides a simple depiction of shapes and facilitates overlap detection
compared to alternative methods. Additionally, a novel approach utilizing the
properties of negative functions is presented to represent piece outlines on the
grid. The interior of shapes 1is defined using the Breadth—first Search
algorithm on a multidimensional array. Rotation of shapes is performed based
on a global coordinate system, with adjustments made to ensure positive or
zero coordinate values. The placement algorithm utilizes two objective functions
to compare results, employing genetic algorithms to determine the optimal
placement order that minimizes scrap rate and identify the optimal rotation
angle for each piece in that order. Furthermore, a cutting path generation
algorithm is introduced to minimize tool cutting paths, employing a selection
process based on proximity to the origin and previously cut pieces. The
algorithm calculates the minimum travel distance between points using line
segments and arcs associated with each piece. The proposed method offers
shorter execution times and provides reasonable cutting paths compared to

metaheuristic algorithms.
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Fig. 1.1. Model ship manufacturing process

Fig. 1.1. . CAD
waterline  section .
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2.3.

. Fig. 2.5.

24 by 24 076 , 48 by 48
2304 C ,

>
(=l |

Fig. 2.5. Placement result due to resolution

difference



2.4.

8 — the Number of pieces
|26 — the Number of Lines of piece 1
1 — the Number of Arcs of piece 1
29.031 0O 0 108.342 — The start and end points of each Line
0 108.342 480.507 108.343
pi 1- 480.507 108.343 596.229 108.668
eee 596.229 108.668 706.340  109.604
706.340 109.604 821.490 111.326
_|1385.762 12.348 269 271 10 — Center point, start angle, end angle, radius of each Arc
123
7
59.075  220.474 0 0
350.38  262.461 308.434 259.165
394.517 264.921 350.38  262.461
476.131 267.629 394.517 264.921
Piece 2 :
433,504 -1405.1 98.85 102.97 1668.256
480.168 -1704.2 95 98.85  1970.948
Fig. 2.6. Data of the piece shape
CAD Fig. 2.6.

(line) . (arc) , (start
point) (end point), (center point), (start
angle), (end angle), (radius)

2.5.1 2.5.1.1, 2.5.1.2



2.5.1. Implicit functions

Explicit Function \ Implicit Function \
Y ¥

d
y= d_z(x_x0)+}’0
v v

N AN -/

Fig. 2.7. Representation of Explicit functions and Implicit functions

_dy
flx,y) = E(X—Xo)‘FJ’o_J’

Fig. 2.7. Explicit function
. Explicit function T x
y=f(z) : , Implicit function
T,y Explicit function
. flzy) Explicit function y
t v [Line]

-+

dy
fry) = —(x=x)+yo—y

Fig. 2.8. Expression of the implicit function for the

equation of a straight line
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Table. 2.1. Determining the sign of the equation of a straight line

upper side of the line flo,y) <0
down side of the line flo,y,)>0
on the line flzpy) =0
Implicit function Fig. 2.8. Table. 2.1.
, (r,,y;)  Implicit function ,
0’ . ($1ay1)
; , 0
‘_1” ‘1,’ ‘O’
, 4 0’
‘1’ ‘1’
Fig. 2.9. Table. 2.2. Implicit function
0, 0,

Local ¥

R - Start point

I _,/ Sy ~ -
e E R - (- x)t - o)

(o) 20,
i‘.i.'........l!.. B T i_ﬂi:ﬂi ¥

Fig. 2.9. Expression of the implicit function for the

equation of an arc
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Table. 2.2. Determining the sign of the equation of an arc

outside of the arc flo,y,) <0
inside of the arc flo,y,) >0
on the arc flz,y,)=0

2.5.1.1. Line

Bresenham’s algorithm[28] , ,
1 . )

implicit function

, | (0.5,0.5) (3.2,3.5)

explicit function (2.1)
Y=o (2.1)
implicit function (2.2)
f(w,y)zz—ow—%—y (2.2)
6
1 7 . (Fig.
2.10.)
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(3.2,35

Fig. 2.10. Creation of a grid for representing line

segments
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g s
(3.2.35

i3 -1 -1
[ e £ -
. -1
1.2 ° ‘1 1 I8
i1 £ .1 '1 .

(0.5.0.5)
t ® -
j=0 i=1 ji=2 ji=3 j=4

Fig. 2. 11. Assigned values for lattice vertices

corner[i,j—i—l], corner[i-i—l,j] corner[i-i—l,j-i—l]

—2 < corner[n,n] + corner[n,n+ 1]+ corner[n+1,n] + cornerin+1,n+1] < 2

if satisfied, gridin,n] =1
if not, gridln,n] =0

_’]4_

(2.4)

corner|i, 7 B

(2.4)



‘1 ‘0’ Fig.
T U B |
(3.2,35
& o Pt /a
grfd[l,Z]:l/
P -1
'3 . ol e ' 8
grid[2,1]:0
g1 /' ol & .
(0.5.0.5)
i 0 . + Py ®
Fig. 2.12. Assigned values for the grid
1=1,7=2 =2
&1!
i=2,j=1 ‘4
&O!
&1!
(2.6)
(int)y, << (iny, ,(y, <y,)
(int)z, < j< (int)z, ,(z, < ;)
&O!
Fig. 2.13.
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iz4 L
(3.2,3.5]

ia:3 -1 -1

L 4 & 4

-1
! .2 4 -l '.‘1 1F
i1 s -1 1

(0.5.0.5)

i::0

- - - -
J1=[] j=l }=2 _.|1=3 j:tl-

Fig. 2.13. Calculation range of the grid

Fig. 2.14.
0 0 0 0 0 0
0 0 0 0 0 0
0 0 1 Ve 1 0 0
0 1 1 0 0 0
1 / 0 0 0 0
l/ 0 0 0 0 0

Fig. 2.14. Calculation result of the line

segment
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2.5.1.2. Arc

(:I;()ﬂ y() ) R 6 ;

Table. 2.3. Range of 6, and 6, to represent an arc

0" <R=<90"
90° <R=<180"°
180° < R<270°
270° <R <360"°
90° <R=<180"°
180° < R<270°
270° <R <360"°
360° <R=<450"
180° < R<270"
270" <R<360"°
360" <R<450"°
450" <R <540"°
270° <R <360"°
360° <R<450"°
450" <R <540
540" <R <630"°

0" <R<9°

90° <R<180°

180° < R<270°

270" < R<360°

Table. 2.3. 0, 0,

Fig. 2.15.
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f(xy) = R* — (x — x0)* — (¥ — 0)*

i=6

X + €05 8,), (¥ +|sin 6;)
i=5
i=4 tocaty \

Ry A xg +cPs 01), (yy + s5in 8,)
i=3 ! -

(xo A
2 Lodal x
i=2
=
i=0
j=0 Ji== 4. j=2 j=3 j=4 j=5 j=6

Fig. 2.15. 0, and 60, in the first quadrant

o, 6, 1 (2.7), (2.8)
(int) (y, + R » sind,) < i<(int) (y, + R  sind,) (2.7)
(int) (x, + R « cosf,) < j<(int) (z,+ R + cosb,) (2.8)
Fig. 2.16.
‘1’
i=6

Xo + cos Lz), (yo +1sin ;)

i=4 tocat 7

“1(x + €08 8,), (¥o 4 sin 6,)

i=3
Lodal x
i=2
i=1
i=0
j=0 j=1 fi=c" j=3 j=4 j=5 j=6

Fig. 2.16. Calculation range when 6, and 6, are

in the first quadrant
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floy) = R? — (x — x9)* — (v — ¥0)*

i=6
i=5 /
(o + cop 82), (vo +[sin 0) \
i=4 tocar >
\ (xg + Fos 84), (¥o| + sin 64)
i=3 -
i 02
Gy 1,
Lochl x
i=2
i=1
i=0
j=0 j=1 j=2 =3 j=4 j=5 j=6

Fig. 2.17. 0, in the first quadrant and 6, in the

second quadrant

Fig. 2.17. . Fig. 2.18.
2
(2.9), (2.10)
(int) (y,+ R » sind,;) < i<(int) (y, + R « sin90 ") (2.9)
(int) (x, + R« cos90 ") < j<(int)(z,+R * cosb,) (2.10)

(2.11), (2.12)

(int) (y, + R » sinf,) < i<(int) (y, + R « sin90 ") (2.11)
(int) (z, + R « cosb,) < j<(int)(z,+R * cos90 ") (2.12)
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1 1
(xo + cals 8,), (Yo + sin 0,)

1 ! 1 \1
i=4 Lu(.;i Y "’/;_w \

~“(x} + cos 84)), (yo + sin 84)

=

Loga

Fig. 2.18. Calculation range when 6, is in the

second quadrant and 6, is in the second quadrant

2.6.
Breath—First Search(BFS)
.[26] BFS
(Queue)
BFS

o
/ N\
HH HE

Fig. 2.19. Search direction
of BFS algorithm

ONE
[}
oON =
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Fig. 2.19.

Fig. 2.20.

Ceatiacd

Fig. 2.20. Creation of additional grids

Fig. 2.21. Process of BFS Algorithm
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Fig. 2.21. 0

BFS

\
i

Fig. 2.22. Post—processing after applying the BFS algorithm
&2! &1!
‘7 . Fig. 2.22.

Fig. 2.23.

Fig. 2.23. Result of geometric

representation of the model ship piece
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2.7.

. 0° 360 °

2D sheet

_ﬂs*’*'nﬁ““«ﬂ

T =—_1

Fig. 2.24. Arrangement at angles that cannot be placed

(2.13) (zg,y5)

Ty _(0050 — sinf
yy | \sin@  cosd

( R ) (2.13)
Yr
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Fig. 2.25.

Rotation

)

translation

)

Fig. 2.25. Rotation of the piece
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3.1. (single plate)
.(Fig. 3.1.)
| |
in
. ]
Piece to be placed ]
Already placed
Alread T pieces
(a) (b)

Fig. 3.1. Placing a piece on a single plate

Fig. 3.1. (a) (b)

3.2. (multiple plate)

2D 2D

Fig. 3.1.
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=Y

Fig. 3.2. Representation of multiplate grids

Fig. 3.2. T

3.3.

3.3.1.
(GA, Genentic Algorithm)

.[29]
(Population)
(Population)
(Gene) ,
(Chromosome) Fig. 3.3.
XEX
11 ]o 1]
o1 ]1]o] 1
. Population
: Gene
1t [1JoJo[1]o || 1]1]o]o]|1]o0] Chromosome

Fig. 3.3. The components of a poluation
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(Selection), (Crossover),

(Mutation)

Fig. 3.4

C Population Initialization )

| Fitness Assignment |

T ™

| Selection | o)
>
i o
o
| Crossover | g
=3
\L o
3
| Mutation |
k / No

Termination

Survivor Selection Criteria met?

Terminate and Return Best)

Fig. 3.4. Basic steps of genetic algorithm

Table. 3.1. [29]
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Table. 3.1. The procedure of a general GA[30]

Algorithm. Genetic Algorithm
Stepl: Set t=1. Randomly make N solutions to form the chromosome,

P,. Evaluate the fitness of solution in P,.

Step?2: Fitness assignment: Evaluate and obtain a fitness value to each
solution x€ @, using its objective function value.

Step3: Selection: Select N solutions from @, based on their fitness

and copy them to P,.,
Step4: Crossover: Generate an offspring chromosomes @,

as follows:
4.1 Select several solutions x from P, based on the fitness values
4.2 Using a crossover operator, generate offspring and add them to

Q

Step5: Mutation: Mutate each solution x&@, with a predefined

probability
Step6: If the object function is converged, terminate the search and

return to the current best solution, else, set t=t+1 go to Step2:

. Kim[31]

3.2.1.1

3.3.1.1. Fitness function

Fitness function
(3.1)

i = Number Of Plates
fitness = M it f (3.1)

i=1

_28_



(3.1) i fi i
. s Fig. 3.5. . 4 Fig.
3.5.

f1 fs . fitness

) Fig. 3.5.
Fig. 3.6. Fig. 3.5.
i? Fig. 3.5. Fig. 3.6.

Fig. 3.6.

Count number of []

Fig. 3.5. Casel : Calculation of the fitness function
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Fig. 3.6. Case2 : Calculation of the fitness function

3.3.1.2. Selection

50%

3.3.1.3. Crossover
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Parent 1

Parent 2

Offspring

Fig. 3.7.

Parent 1

Parent 2

Offspring

2 110 4 18| 3 30| 1 1175] 5 120 6 160
<
3 1355 4 1120 1 130 6 r210] 5 1150 2 ' 30
1 1175] 5 120 6 ! 60
L1)i175] 5 1206 'e0 |3 :355[ 4 1120 1) 30
Duplicate of the same piece
Fig. 3.7. Duplication of genes
. (Fig. 3.8.)
—
2 110 | 4 1180 130 |1 1175/ 5 120] 6 ' 60
- ' A—
3 1355 4 1120 130 [ 6 1210 5 1150 2 1 30
N 7 . »
1 1175[ 5 1 20 ' 60
1 1175] 5 1 20 160 [ 3 1355 4 1120f 2 1 30

Fig. 3.8. Elimination of gene duplication

3.3.1.4. Mutation
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. (Fig. 3.9.)

Parent 1 |2m4 1180| 3 1301 1175/ 5 120 6 ! 60 |

offspring |2 '90| 4 1180] 3 30| 1 1175] 5 120 6 1 60 |

Pick a random angle mOUt of the plate size

Parent 1’s 24 Pjece Parent 1’s 2"d Piece
10 degree 90 degree

Fig. 3.9. Increased piece vertical size due to rotation of angle

[(Fig. 3.10.)
Parent 1 2 110 |4 180 3 301 1175[ 5 20| 6 ! 60
0|5 18| 3 1301 175/ 4 1 20| 6 ' 60

Offspring 2 ! ! !

Fig. 3.10. Mutation operation on layout order
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3.4.
3.4.1.

Start and make multiple
plates

J

n =1, current and past cost =

N

0

)

row, column = 0

|

Find a space to be placed

s it possible
to place the
nth piece ?

Yes

Calculate current cost from

objective function and
If past cost is greater than

row ++

current cost,
past cost = current cost

No

row > Last

row?

row =0, column ++

No

column =

Last column?

Place the nth piece

Is n greater
than number

No

of pieces?

Yes

C

Fig. 3.11. Layout algorithm flow chart
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Kang[10]

.(Fig. 3.12.)
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SIR=1R=1E=1R=] =1 =N N I |l =1 =)
o|lo|alo|loflH|~ |~ |-l [ o
of|lo|alo|loflH|~ ]~ |-}l [ o
o|lo|ol|lo|lofl=|~ ]~ |-l (o |o
olo|lo|o|o |~ IT™—all— [~ |o
=IR=1R=1R=1E=1=1 = | = = P ey
== E=1E=1E=1 =1 | T O T
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EIEIEIEEIEEE DR
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Fig. 3.12. Overlap detection of two pieces

Fig. 3.13.

Casel

Case?2
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N
N

o
NN AN
o
NN

Fig. 3.13. Search Range of pieces to be placed

§ range of search

Case 1

Case 2

3.4.2.

(Objective functions)

(Cost)

. Kang[10]

(3.2)

f:1:+fy+f.’1:y

f.’l," fy’ f:l:y
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 Jy

. (Fig. 3.14.)

count W

fx

SNNNNNNN
NNNNNNNEN
fy RN
SRNNNNEN
AANNNNNN
fo NN
YRR 1
R N
N
N
\\\

Fig. 3.14. Calculation of the objective function f,, f,, and f,,

Lee[32] (Scrap ratio)

(3.3)
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Number OfPlates

Min(F) = D ()it (Fr); (3.3)
i=1
: 1200mm, : 2400mm 25mm
50mm

0°,5°,10°, 15", 20", 30", 60", 90", 120", 150", 180", 210", 240
©, 2707, 3007, 3307, 340°, 345°, 350", 355°
20° 5°
30° . Fig. 3.15. 8
post script .
Intel(R) Core(TM) i9—10900 CPU @ 2.80GHz
16.0GB RAM

Fig. 3.15. Pieces of the Model ship

. 5
(3.1) . Fig. 3.16  Fig. 3.17 25mm
. Fig. 3.16.
3.19381

_37_



N

lﬁ” i

Fig. 3.16. Arrangement in order of aspect ratio

Fig. 3.17.
1.62284

:

&

@

@%&
Ea 5

Fig. 3.17. Arrangement in order of area

Fig. 3.16. Fig. 3.17

Fig. 3.18.

1.27155

25

é

i
)

Fig. 3.18. Case 1 of Arrangement using genetic algorithm

Fig. 3.19.
Fig. 3.18 . 1.17361
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o [T

~

Fig. 3.19. Case 1 of Arrangement using genetic algorithm when the grid size is

50mm

Fig. 3.18.  Fig. 3.19.

Fig. 3.20.

1.10652

%@

Fig. 3.20. Case 2 of Arrangement using genetic algorithm when the grid size is

25mm
Fig. 3.21.
Fig. 3.20 . 1.17361
:m 0
3 ‘
L i—

Fig. 3.21. Case 2 of Arrangement using genetic algorithm when the grid size is

50mm
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Fig. 3.21. 5 6

Fig. 3.20. Fig. 3.21.
Fig. 3.18. Fig. 3.19

. Case 1 Case 2

Fig. 3.22.

NN .
T

Fig. 3.22. Case 3 of Arrangement using genetic algorithm when the grid size is

25mm

Fig. 3.23.
Fig. 3.22. . 1.05012

\ou— -‘;’J@,——-—

@:@g

Fig. 3.23. Case 3 of Arrangement using genetic algorithm when the grid size is

25mm
Fig. 3.22  Fig. 3.23 , 25mm

Fig. 3.24 .
(b)  (a) (b)
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. (@), (b)

Fig. 3.24. Comparison of reusability when grid sizes are different

(Fig. 3.16.),
(Fig. 3.17.)
(Fig. 3.18.)(Fig. 3.19.)(Fig. 3.20.)
Casel(Fig. 3.18., Fig. 3.19.) , Sy
. Case2(Fig. 3.20., Fig. 3.21.)
. Case3(Fig.
3.22., Fig. 3.23) Casel, Case?2 /y Sy

1.07757 1.05012
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(Polyline)

G—code
4.1 G—code

4.1 G—code
Table. 4.1. G—code list

GO0 Rapid postioning
GO1 01 dal Linear interpolation
G02 moda Circular interpolation CW
G03 Circular interpolation CCW
G—code
G—code
. Table. 4.1. 4 G
G00 . GO1
G02 GO3
Y A Y A
GO0 X5 Y12 G01 X5Y12 F200
(5,12) (5,12)
{ (0,0) X L (0,0) X

Fig. 4.1. Example for GO0 and GO1
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Fig. 4.1. GO0, GO1

GO0 X Y
F200
Yo
GO0 X5Y12
G02 X10Y7 10 J-5
(5,12)
Q\« (10,7)
(5,7)
{ (0,0) " X

Fig. 4.2.

(5,7) (10,7)
G—code N

_43_

4

N

. GO1

G00 X10Y7
G03 X5Y121-5 JO

(5,12)

) oon

o
(5,7

v

{ (0,0)
Fig. 4.2. Example for GO2 and GO3

G—code
(5,12)
Fig. 4.2.

G—code



4.2

4.2.1
(Polygon)
(Polyline)
G
o, ]
Piece 2
Start
Point
o, O
Piece 1 Arc
Center of Arc
Point
o o
Fig. 4.3. Examples of reasons for judging convexity
Fig. 4.3. Arc ,
. Piece 1 Arc
, Arc  GO02
Piece 2 Arc
, GO3

G02 G03
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Line 3

O
Arc 1
Center of
Arc1
@
Line 2
o
Centroid of
the piece Uirigad
Laser
=
| S 6

Line 1

Fig. 4.4. Example when the arc of the piece is convex

Fig. 4.4.

‘Arcl’
‘Arcl’
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_ Line 3

Center of

Arc 1 Arc1

Line 2 o
Centroid of
the piece Line 4
Laser
=
! o} <
Line 1

Fig. 4.5. Example when the arc of the piece is concave

Fig. 4.5.
‘Arcl’

‘Arcl’

o Line 3
Arc 1 ¢
Center of
Arc1 EP
Line 2
o
Centroid of
the piece Lifs 4
Laser
R=a
! e, O
Line 1

Fig. 4.6. Exception Case example when the arc of the

plece 1s concave
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Table. 4.2.

Fig. 4.5. Fig. 4.6.

180°
. Fig. 4.7.
o Line 3
Center of
Arc1
Line 2
(o]
Centroid of
the piece Line 4
Laser
B=a
! o - o]
Line 1

Fig. 4.7. Exception case example when the arc of the

piece 1s convex

Table. 4.2.

Determination of convexity according to arc angle

less than 180° Different Sign Concave
Same Sign Convex

o Same Sign Convex

over 150 Different Sign Concave
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4.2.2

(GA)

C ¢ Centroid of the piece

Laser
[
¥ s

Fig. 4.8. Example of arrangement result including arc and line

Fig. 4.8.
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e Centroid of the piece

»
>

Fig. 4.9. Example of how to select the first piece

. Fig. 4.10. A . A

C

® Centroid of the piece

\

\ Dist_AC

Laser
¥ ;

Fig. 4.10. Example of how to select the second piece

C .(Fig. 4.11)
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C ® Centroid of the piece

Laser
-

Ak s

v

Fig. 4.11. method for calculating the shortest path between the first piece and

the second piece

C C
. Fig. 4.11. A C
G—code GOO
A
C ® Centroid of the piece
° /\ " E3
Laser
¥

Fig. 4.12. Result of piece cutting completion

Polyline AB,C,D . (Fig.
4.12.)
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4.2.3

Fig. 4.13. Verification of cutting path generation algorithm of model ship pieces

.(Fig. 4.13.)
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NC

3.19381

25mm  50mm

Sy

1.27155 1.17361 2

1.10652

25mm

1.07757 1.5012
3
waterline

’
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1.07411
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