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Abstract—In laser cutting technology, path planning is the key
to optimizing cutting quality. Traditional ant colony optimization
path planning does not prevent excessive heat effects after
processing. This paper addresses the problem of heat
accumulation during drilling by introducing a heat factor and a
heat threshold into the traditional ant colony algorithm. The heat
factor and threshold are used to dynamically control heating and
cooling in the path planning process, and the heat factor is updated
to update the local pheromone. Then, the improved 2-opt
algorithm with the introduced heat factor is combined to parallelly
optimize the path, and a thermal field ant colony algorithm is
proposed. The simulation experiments and actual cutting results
show that the proposed algorithm is more efficient and effective
than traditional ant colony algorithm and improved ant colony
algorithm in terms of reducing heat accumulation while ensuring
fewer empty path, and improving laser cutting processing
efficiency and quality.
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I.  INTRODUCTION

Laser cutting technology, known for its high precision and
efficiency, is widely used in the manufacturing industry. Path
planning plays a crucial role in achieving optimal cutting
performance. Traditional path planning methods often fail to
reach the optimal solution when dealing with complex
conditions, which has led to increasing attention on intelligent
optimization algorithms in recent years. Luodengcheng et al.
[1] proposed a method that incorporates a potential field factor
into the ant colony algorithm to reduce heat accumulation and
non-cutting travel distances, thereby ensuring cutting quality.
Chang Cuizhi et al. [2] introduced an annealing algorithm to
optimize the cutting path of the generalized traveling salesman
problem, effectively preventing tool retractions. Makbul Hajad
et al. [3] treated all pixels in an image as potential perforation
positions and proposed a simulated annealing algorithm
combined with adaptive large neighborhood search, which
reduced both computational time and path length. Bonfim
Amaro Junior et al. [4] improved the heuristic search in the
inheritance algorithm, yielding better solution quality and
shorter computation time in laser cutting path planning. Song
Lei et al. [5] designed a dual-chromosome encoding mechanism
to jointly solve the cutting starting point and path planning
problem, reducing both non-cutting travel distances and
processing temperature. Wu Yanming et al. [6] employed a
greedy algorithm for plate processing path planning, optimizing
parameter grouping to achieve the optimal path while ensuring
high-quality processing. Zhou Rui et al. [7] improved the

genetic algorithm to avoid non-cutting travel and cutting
conflicts, enhancing the algorithm's convergence.

The intelligent algorithms used in path planning above aim
to minimize non-cutting travel and avoid heat accumulation [8].
However, while preventing heat accumulation, they do not
necessarily minimize non-cutting travel and computational
time. Through the detection of heat accumulation during actual
laser cutting, it has been observed that the temperature is
highest at the perforation starting point of the cutting element.
To address the phenomenon of "laser punching” caused by
excessive temperature at the perforation, this paper proposes a
thermal field ant colony algorithm. This algorithm incorporates
a heat matrix when initializing ant colony parameters,
optimizing the probability of visiting cities and updating local
pheromones. At the same time, a heat factor-based heuristic
algorithm is introduced to parallelly optimize the cutting path.

Il. LASER CUTTING PATH PLANNING AND DESIGN

The laser cutting process flow [9] is shown in Fig. 1. When
cutting thicker materials such as carbon steel and stainless steel,
achieving high precision and quality requires the incorporation
of perforation techniques into the cutting parameter setup [10].
Perforation techniques mainly include pulsed perforation and
explosive perforation. In pulsed perforation, a high peak power
pulsed laser beam strikes the material surface, rapidly melting
or vaporizing the material in a localized area to form a small
hole. Explosive perforation, on the other hand, uses a lower-
power continuous laser beam to act on the material surface,
continuously heating it until the material melts and forms a
hole. However, improperly set perforation parameters can lead
to heat accumulation on the material surface [11], causing
thermal expansion and deformation of the material. This results
in a decrease in cutting precision and may even damage
components such as optical lenses and focusing lenses, thereby
increasing equipment maintenance costs. Therefore, path
planning before setting cutting parameters is particularly
important.

Design .| Import laser | Setpart layout
machined parts cutting system parameters
A
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Perforating > Cutting P Cutting cooling

Fig. 1. Laser cutting process.
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A. Laser Cutting Path Modeling

First, the feature points of each graphic element are obtained
as the starting coordinates for the path planning of each
element. For closed polygonal elements, the element contour is
decomposed into arcs and straight lines, and the connection
points between these lines and arcs are taken as the feature
points of the element. For closed circles and ellipses, their
feature points are defined by dividing the shape into four equal
parts. The start and end points of an arc are calculated as shown
in Eq. (2).

X, =X, +R-cos(6,)
Y. =Y. +R-sin(4,)
X, = X, + R-cos(6,)
Y, =Y, +R-sin(,)

(1

In the above formula, {x., .} represents the coordinates
of the arc center, RRR is the radius of the arc, and (6, , 6.)
denote the start and end angles of the arc. {x,, y, }and {x. ,
Y. } represent the coordinates of the arc's starting and ending
points, respectively.

Using this formula, the feature points of the part contours
are determined, as shown in Fig. 2. The closed elements are
defined as {Part 1, Part 2, Part 3}, with each closed element
corresponding to city coordinate points as follows: {vi1, v12
, v13, v14, v15, v16, v17, v18, v19}for Part 1, {v21,
v22, v23 }or Part 2, and {v31, v32, v33, v34 } for Part 3.

val

Va2

V31
Vi1 V19

Part 1 V33

Vi3 Vie V34

Vi Vis

Fig. 2. Method of obtaining feature points of part contour.

Let the total path length L be defined as the total distance
traveled by the laser, including all cutting path segments and
non-cutting movement path segments from the starting point.
The total cutting length is expressed in Eq. (2):

L=>"d+>." m, @

]
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In this equation, d; represents the length of the cutting path
required for the i-th part, n is the total number of parts in the
cutting path, m; represents the length of the non-cutting
movement path to the j-th part, and m is the total number of
non-cutting paths in the cutting sequence.

B. Thermal Field Modeling

During the cutting process, if the perforation time is set too
long or the perforation power too high, the starting area of the
cut part can become overheated, causing a “punching"
phenomenon. Therefore, thermal factors in laser cutting also
need to be considered in path planning. The temperature rise
AT at a point on the material at time ¢t can generally be
estimated using the heat conduction formula [12]. Assuming an
initial temperature T of the material, the temperature rise at a
certain point under the effect of the laser heat source is given

by Eq. (3):
2
P-exp(— ' J
4.a-t 3)

p-C-J4-7-a-t

In this equation, P is the laser power, p is the material
density, c is the specific heat capacity of the material, « is the
thermal diffusivity, and r is the distance from the point to the
laser heat source.

AT =

During laser cutting, heat is mainly dissipated through
convective heat transfer to the surrounding air and through
thermal conduction within the material itself [13]. Based on the
above formula for temperature rise, the cooling temperature
drop can be expressed as Eq. (4):

AT :exp(—%'tj(TS ~Ty )+

E-O"A'(TS4 —Tﬁ) “)

where h is the convective heat transfer coefficient, A is the
surface area, m is the material mass, ¢ is the emissivity of the
material, o is the Stefan-Boltzmann constant, T is the surface
temperature of the material, and Ty, is the ambient temperature.

Given the parameters for heating with a laser power
P =1000 W, a cutting material of steel with density p =
7800 kg/m3, specific heat capacity ¢= 500 J/kg- K, and thermal
diffusivity a=1x10—5 m2/s. For cooling, assume the surface
temperature Ts=60 > C, ambient temperature Ty = 20 ° CT,
convective heat transfer coefficient h=25 W/m2 - K, emissivity
€=0.7, Stefan-Boltzmann constant = 5.67x10—8 W/m?2 - K4,
and material mass m=0.1 kg. The resulting function plots for
the temperature rise and cooling temperature drop of the
material during laser cutting are shown in Fig. 3.

135|Page

www.ijacsa.thesai.org



(IJACSA) International Journal of Advanced Computer Science and Applications,

10

Temperature rise.

100
tine , 600
s

800 >
1000 0-00%

(a) Plate temperature function

50

S

s
Temperature cool ing/C

1000

(b) Plate cooling function
Fig. 3. Temperature change of laser cutting sheet.

To effectively control heat accumulation in path planning,
it is essential to treat the effect of the laser heat source as a
thermal conduction process. Based on the model described in
Eqg. (3), we can estimate the temperature rise at each point along
the cutting path and avoid reheating high-temperature areas
during path planning. To achieve this, we define a heat
threshold in the thermal-field ant colony algorithm. If the
temperature rise AT at a given point exceeds this threshold, the
path planning algorithm should avoid immediate reprocessing
of that point, instead prioritizing areas with lower heat levels
for cutting. This approach helps to control heat distribution
effectively. In addition to considering the temperature rise
caused by laser power, the cooling process's impact on
temperature must also be taken into account. This heat
threshold can be dynamically adjusted by incorporating the
cooling effect as described in Eq. (4), allowing for effective
control of overheated areas during the cutting process.

I1l. THERMAL FIELD ANT COLONY ALGORITHM

A. Description of Thermal Field Ant Colony Algorithm t

Ant Colony Optimization (ACO) [14] is a stochastic
optimization algorithm based on simulating the foraging
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behavior of ants, introduced by Marco Dorigo in the 1990s.
This algorithm is particularly suitable for combinatorial
optimization problems, such as path optimization. However,
ACO tends to get stuck in local optima, has a slower
convergence speed, and does not account for heat accumulation
in the material during laser cutting. To address these issues, this
study incorporates thermal fields and a heat factor into the
ACO. Each "city" has a thermal field within a certain range,
wherein neighboring points influence each other’s temperature.
The probability of each ant selecting a city is affected by the
heat factor, and a heat threshold is set—when the heat on a path
segment exceeds this threshold, the algorithm reduces the
probability of selecting this segment, favoring cooler regions to
control heat distribution. The heat factor h(i, j) is calculated as
shown in Eq. (5):

. |e™I_HIi, j]1> heat,
i, §) = { [i, ]

5
1, others ®)

where i is the index of the current city, j is the next city
chosen by the ant, H[i, j] represents the thermal matrix between
these cities, and heat_max is the maximum heat threshold
between two cities.

The probability of city selection in the heat-field ACO,
modified by the heat factor, is shown in Eq. (6):

P _ (Tij)a '(nij)ﬁ'hij
! Z (Tij)a‘(ﬂij)ﬂ'hik ©

keallowed

where 7;; represents the pheromone concentration between
cities i and j, n;; is the heuristic information, and « and § are
importance factors for pheromone and heuristic information,
respectively. allowed is the set of all cities available for
selection, and k is the index of selectable cities.

To enhance global search capability and identify optimal
paths, a roulette-wheel selection [15] is employed for
probabilistic city selection, as mathematically expressed in Eq.

:

Po==r — 7)

Zizl Pij

where P;; is the probability calculated in Equation (6), 7 €
[0,1] is a random number, and k is the minimum index for
which P, = r, making k the selected target city's index.

In the heat-field ACO, after each ant selects the next city, it
locally updates the pheromone concentration on that path
segment. This local pheromone update balances pheromone
accumulation and evaporation to prevent path selection bias
caused by a single heat factor. Following each iteration, the
global pheromone is updated to speed up convergence to the
optimal solution, as shown in Eq. (8):
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(l_pm)'rij + Pn T

7; €local
Tij (3)

- (A= pg) 7+ py - ATy,
7; € global

where p,, is the local pheromone evaporation factor, z; is
the initial pheromone concentration to prevent pheromone
levels from dropping too low, p, is the global pheromone
evaporation factor, and At;; is the additional pheromone added
along the optimal path.

As ants pass each city, a heating and cooling mechanism is
applied to the thermal matrix to reflect accumulated heat from
laser cutting, preventing multiple selections of high-heat paths.
Meanwhile, during city searches, already visited cities and their
surrounding areas cool down, controlling excessive heat
accumulation and improving path selection quality. The heating
and cooling mechanisms for the thermal matrix are shown in
Eg. (9) and Eq. (10):

2

d:
AH; =P -exp(——=%) ©)]
vt

H[i, j]-A-C)-t,

HIi, j1= heat, ..

HELT=y, (10)

others

where AH;; is the thermal matrix increment, P is the heat
coefficient, d;; is the distance between cities i and j, t is the
step count, y is the diffusion coefficient controlling heat
dissipation speed, C is the cooling coefficient, and heat_min is
the minimum heat threshold.

To avoid local optima, this study introduces an improved 2-
opt [16] algorithm after each ant completes its path based on
pheromone selection. Fig. 4 illustrates the 2-opt algorithm
optimized path search process.
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Fig. 4. Improved 2-opt algorithm to optimize the path method.
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The core idea is to select two sub-paths on a given route and
reverse one portion to check if a shorter total path length can be
achieved. Whether to accept the new path is determined by the
thermal matrix in Eq. (5), with the acceptance probability
shown in Eq. (11):

Li i+l Li i
P, = exp(——h ) (11)
ij
where L; ;.1 is the path length between city i and i + 1, L; ;
is the path length between cities i and j, and h;; is the heat

factor from Eq. (5).

B. The Implementation Steps of Path Planning of Thermal
Field Ant Colony Algorithm

The path planning in the thermal-field ant colony algorithm
first extracts the feature points of each part after laser cutting
layout, as illustrated in Fig. 4. These feature points are placed
into corresponding arrays to avoid redundant selection of the
same geometric element later in the process. Then, the
Euclidean distance matrix for each pair of feature points is
computed, and the pheromone matrix is initialized. Since
solution construction among ants is independent, the optimal
path for each ant is calculated in parallel during a single
iteration, which reduces computation time. The process
terminates upon reaching the maximum number of iterations,
after which the part numbers are sorted by shortest path order
and output. The detailed procedure is depicted in Fig. 5.

Parameter initialization

Randomly generate each
ant starting point

Plermining urban heat 11
been crossed

Replacement heat Calculated selection
matrix probability

Calorimetric factor

Roulette law selects cities
Iteration increase

Cities heat up and cool
down
Update the global
pheromone

Update the local
pheromone

2-opt algorithm optimizes
paths in parallel

Output the optimal
path

Fig. 5. Algorithm flow chart.
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IV. EXPERIMENT AND RESULT ANALYSIS

A. Path Planning Experiment

According to the path planning algorithm in this paper, the
experimental objects are the parts after nesting, placed on the
cutting plate. The feature points are extracted from the DXF file
using geometric information as city coordinates. The operating
system used in this experiment is Windows 11, with an Intel i5-
12400F CPU, and the development environment is PyCharm.
Based on the study [17] and multiple tests, the parameters of
the algorithm were adjusted to their optimal values: the number
of ants m = 50, pheromone factor a = 1, heuristic function
factor p =5, global evaporation factor p, = 0.1, local
evaporation factor p,, = 0.05, and the maximum number of
iterations itery,,x = 100. The thermal field parameters are
listed in Table I. The initial thermal matrix H in the table has n
rows and n columns, where n represents the number of cities,
the number of feature points in the DXF layout.

TABLE I THERMAL FIELD PARAMETERS
Parameters Value

0 1.0 .. 1.0

Initial heat matrix H L0 :
N 1.0
1.0 .. 1.0 O

Heat threshold heat ,x 0.5

Heating factor P 0.2

Cooling factor C 0.95

Heat loss y 0.05

The result of the experiment is to calculate the time, the path
length and the heat matrix when cutting the plate. The optimal
path ant heat value of Thermal Field ACO(TF-ACO) is shown
in Fig. 6. Compared with Traditional ACO(T-ACO) and
Improved ACO(I-ACO), the convergence curve of the
improved ant colony algorithm based on study [18] and the
convergence curve of the shortest path and the average path of
ants is shown in Fig. 6:
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(a) Shortest path convergence curve comparison.
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(b) Comparison of ant average path convergence curves.
Fig. 6. Comparison of convergence curves.

When compared to the traditional ant colony algorithm and
the improved ant colony algorithm, the convergence curves of
the shortest path and the average path length of the ants for the
improved algorithm are also depicted in Fig. 6, based on study
[18]. After multiple tests, the fastest convergence times,
shortest path lengths, and average path lengths of the ants for
the three algorithms are shown in Table II.

TABLE Il OPTIMAL SOLUTIONS OF EACH ALGORITHM
Algorithm Maximum Minimum Average ant path
e convergence path length length /mm
yp times/times /mm
T-ACO 80 1307.34 1915.97
I-ACO 49 1300.15 1879.26
TF-ACO 38 1250.66 1672.95

From the figures and tables above, it can be observed that
compared to the traditional and improved ant colony
algorithms, the thermal-field ant colony algorithm reduces the
fastest convergence time by approximately 52.5% and 22.4%,
respectively. The shortest path length is improved by
approximately 4.5% and 3.8%, and the optimal average path
length is improved by approximately 14.5% and 12.3%. This
demonstrates that the improved code in this paper not only
prevents heat accumulation but also improves the optimal path.

In this simulation experiment, the optimal solutions
obtained from the three algorithms were plotted on the DXF
part base map after nesting, as shown in Fig. 7. Panel (a)
displays the base map with numbered parts, showing 15 distinct
geometric elements. After computing the geometric features, a
total of 71 feature points are derived as the city coordinates for
the path planning algorithms. Based on the feature point
sequence in the base map, the path planning cutting order for
each algorithm is as follows: Traditional ACO: 46, 51, 55, 49,
62, 68, 3, 7, 10, 14, 22, 18, 33, 37, 43. Improved ACO: 22, 17,
18, 41, 36, 37, 45, 49, 50, 55, 68, 63, 3, 8, 13. Thermal-field
ACO: 4, 67, 58, 49, 55, 54, 46, 42, 37, 36, 18, 30, 17, 13, 6.
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(b) T-ACO

(c) I-ACO (d) TF-ACO
Fig. 7. Feature point diagram and path comparison diagram.

The optimal path heat matrix is also shown in Fig. 8. From
this figure, it can be observed that by introducing the heating
and cooling factors, most of the city heat values did not exceed
the initially set thermal threshold. While the ants selected the
optimal path, they also effectively controlled the heat
accumulation, avoiding the selection of high-heat cities as the
cutting start points during perforation. This mechanism ensures
that the material does not overheat during cutting, which could
otherwise negatively affect the cutting quality.

0.200
0175
0.150
0.125

0.100
0.075
0.050
0.025

0.000
Pathing Heat

Fig. 8. Heat distribution diagram of optimal path.

B. Cutting Experiment

In this cutting experiment, a flatbed laser cutting machine
was used for comparison. The DXF file from Fig. 7 served as
the cutting object for the experiment. The laser cutting machine
model is FLM3015, equipped with a continuous fiber laser of
the model EFRC-3000-E, with a rated output power minimum
of 2900W, a maximum of 3100W, and a measured center
wavelength of 1080nm. The working voltage is 380VAC, and

Vol. 15, No. 12, 2024

the output fiber core diameter is 250um. Fig. 9 shows the laser
cutting machine used for this experiment.

Fig. 9. Experimental laser cutting machine.

Carbon steel with dimensions 500mm x 500mm x 6mm was
selected as the cutting material for the experiment. Prior to
cutting, a perforation process was applied to compare the
effects of different algorithms on the temperature of the
material after perforation. The laser cutting process parameters
are shown in Table I1I.

TABLE Ill.  PROCESS PARAMETERS

Parameters Value Unit
Cutting speed 100 mm/s
Barometric type oxygen
Atmospheric pressure 5 BAR
Peak power 1000 w
Punch grade first-order
Progressive time 1000 ms

Based on the process parameters mentioned, the optimal
paths obtained from the three path-planning algorithms were
imported into the laser cutting system for cutting experiments.
During the experiment, an infrared thermometer was used to
measure the surface temperature of the material in real-time,
recording the maximum temperature reached by each algorithm
during the cutting process. The ambient temperature during the
experiment was 20°C. The data recorded for planning time,
processing time, and average cutting temperature for each
algorithm are shown in Table 1V.

TABLE IV. CUTTING COMPARISON OF EACH ALGORITHM
. Plan time Cutting Maximum cutting
Algorithm type /s time /s temperature /°C
T- ACO 4.35 74.49 262.32
I-ACO 3.81 72.13 257.09
TF-ACO 3.70 70.06 209.87

From the table, it can be observed that compared to the
traditional and improved ant colony algorithms, the thermal-
field ant colony algorithm resulted in approximately 14.9% and

2.8% improvement in planning time, 5.9% and 2.8%
improvement in cutting time, and 19.9% and 18.4%
improvement in the maximum cutting temperature,

respectively. These results indicate that the thermal-field ant
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colony algorithm not only effectively avoids heat accumulation
but also reduces the temperature increase while maintaining
optimal planning and cutting times. This algorithm better
controls the heat distribution during the cutting process,
minimizing overheating, thus ensuring cutting quality and the
integrity of the workpiece while improving path planning and
cutting efficiency.

V. CONCLUSIONS

In comparison to the traditional and improved ant colony
algorithms, the thermal-field ant colony algorithm presented in
this study demonstrates significant advantages in laser cutting
path planning. Specifically, the algorithm reduced the number
of iterations by 22.4% to 52.5%, the planning computation time
by 2.8% to 14.9%, the non-cutting travel path length by 12.3%
to 14.5%, the cutting time by 2.8% to 5.9%, and the maximum
cutting temperature by 18.4% to 19.9%. These results indicate
that the thermal-field ant colony algorithm not only effectively
shortens the cutting travel and processing time but also reduces
the perforation issues caused by heat accumulation during laser
cutting, preventing the occurrence of "burn-through™ and
lowering the overall cost of the laser cutting process.

However, certain environmental factors such as smoke,
dust, and the material surface's emissivity in the experimental
setting have introduced some uncertainty in the temperature
measurement results. Therefore, future research will focus on
further optimizing the path planning algorithm and improving
the accuracy of temperature monitoring to better adapt to real-
world production environments.
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