Drill-Path Optimization with Time Limit and Thermal Protection
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Abstract- The drilling of the printed circuit board (PCB)
is a critical process, because it occupies a third of the
total PCB production time. To reduce the drilling time,
protect product from overheating, and balance the
loading of the drill axes, this work integrates the
K-nearest neighbor (K-NN) algorithm and the
bi-objective multi-population genetic algorithm
(BMGA) to derive a near-optimal drilling path. Firstly,
the holing coordinates are parsed from a CNC drilling
program, clustered with the K-NN algorithm, which
divides the global holes into several areas with local
holes. Next, the local holes are classified and
reconnected using 1-NN algorithm and BMGA,
respectively. The BMGA fitness function is adjusted to
eliminate overheating and unbalancing through drill
jumping to ensure product quality. Finally, the
near-optimal drilling paths can be derived within the
time limit by checking a stable factor. The practical
values of BMGA have already been demonstrated in 20
PCB samples. By including the thermal protection and
the load balancing constraints and resolving the optimal
path within an acceptable time limit, i.e. 30 min, this
method can reduce the drilling length by an average of
15.5% compared to the original drilling length if the
number of holes to be drilled is less than 5000. For
cases with the number of holes between 5000 and 20000,
the average length of the drilling paths can be reduced
to 25.6% of the original length.
Keywords- Drilling path, thermal protection, time
limitation.
I. INTRODUCTION
The printed circuit board (PCB) is an important
component of an electronic device. It provides a base
for the electronic components to connect the signals
between the signal layers and the ICs. A cycle time of a
typical PCB process takes three to seven days, while the
drilling process is the bottleneck of the PCB production
due to it occupies 1/3 of the total process time. The
upgrading of electronic products to achieve greater
functionality and microminiaturization necessitates
higher through-hole densities and hence smaller hole
sizes in the PCBs for electronic products. This results in
an increasing demand for high-density and high-speed
drilling machines.
A printed circuit motherboard can be divided into
tens to thousands of substrates as shown in Fig. 1. A
substrate serves the base for the signal and power
connection of the components, and hundreds to

thousands of holes could be drilled in it depending on
the product requirement. To ensure efficiency in drilling
holes, a drilling path problem is equivalent to a large
traveling salesman problem (TSP) because both of
drilling and traveling problems require sequential visits
each node, i.e., hole and city, respectively, at minimum
cost [1].

Fig. 1 A PCB Motherboard

Finding the shortest path in a TSP is a
non-deterministic
polynomial
time
complete
(NP-complete) problem if the number of travelling
nodes is large. The time required for the optimal
analysis to derive the shortest path of a TSP using an
analytic method increases exponentially as the problem
complexity increases. On the other hand, heuristic
algorithms can obtain near-optimal solutions of a TSP in
a polynomial-time complexity time. Therefore, the
typical methods for solving TSP include analytic
methods and heuristics algorithms [2].
Many applications presented heuristic algorithms
effects on solving the TSP-like problems, e.g.,
scheduling of production and airline, designing of IC
component layouts, and planning of network test paths.
For example, to plan updated vehicle routes, a heuristic
algorithm was proposed to schedule and refine the
routes according to updated traffic conditions and
real-time customer demands within the time limits using
a rolling plan method [4]. Moreover, to incorporate the
accommodation of a traveling salesman, a s imulated
annealing algorithm was proposed to find the shortest
path in which a time window is presented to monitor
and control accommodation cost.
Related researches on path planning indicate that
clustered paths perform better than un-clustered paths.
To derive well-clustered traveling paths, some
preprocessing methods for node clustering, e.g., path
sorting, random switching, particle swarm optimization,
and c-means clustering, were employed to computation
time and the numbers of path crossings [5][6].
Meanwhile, the production scheduling should consider
the following items: parts required with the

corresponding bill of material list (BOM), customer
demands with quantities and timings, and production
routing sequences. Typical scheduling exceptions such
as order interrupt, design change, part rework,
production delay, and unscheduled machine shutdown,
were handled by a genetic algorithm which optimized
the production plans under varying production
conditions and time constrains [7].
Although heuristic algorithms have been applied to
solve TSP and related problems [2]; however, there are
specific constraints and concerns in an actual PCB
drilling process when adopting these heuristic
algorithms. For example, drilling a PCB substrate
through a high-density drilling process generates heat
and affects the drilled substrates’ features such as hole
shape and substrate surface, as well as performances, i.e.
production throughput, and the residual lives of the
processing axes of the drilling machine [8][9].
In particular, continual drilling an area of a
substrate in high density process such as ball grid array
and flip chip packaging can result in overheating and
cause quality issues such as smear, roughness, and nail
head. A challenge in achieving high-quality drilling is to
eliminate the heat generated because of high density in
high or even ultra-high speed drilling. Therefore, to
avoid quality issues caused by overheating, the
packaging industry uses a jumping drill policy, which
determines the jumping distances between continuing
drilling using the diameter ratios of the drilling heads.
For both of ball grid array and flip chip packaging, the
minimum distance is 0.127 mm. Hence, path planning
should consider the jumping drill policy to overcome
the quality issues caused by overheating [10].
In addition, the drilling axes are position-controlled
not profile-controlled, such that the distances between
drills should be as short as possible in high-density
position control. An ultra-speed position control
requires high acceleration and deceleration movements;
consequently, the motors of axes usually generate
intermittent heat, which accumulates in each motor
when asymmetric and piecewise drills are executed.
Unbalancing movements at high temperature for a long
period of time can cause aging of the axes of the drilling
machine eventually inducing breakdown. Thus,
although a drilling path problem can be considered as a
TSP, the axes loadings should be balanced while
traveling along asymmetric paths.
Briefly, the constraints in determining
high-density drilling path can be defined as follows.

a

 Limiting time for deriving the optimal drilling
path when the number of drilling holes increases.
 Balancing movements of X-Y axes to extend
means time between failures of axes.
 Realizing a jumping drill policy for high-density
drilling to avoid overheating.
In a drilling path problem, the time required for

drilling is the major consideration; however, thermal
protection and balanced loading should also be satisfied
considered simultaneously. Hence, in this research, we
developed a path optimization tool for drilling process.
First, this tool can import a CNC code which includes
the coordinates of drilling holes into the tool, and parse
the information of holes, i.e. coordinates and size. Then,
the proposed bi-objective multi-population genetic
algorithm (BMGA) with a time limit and thermal
protection is initialized by a k-NN clustering method
and used to generate the sub-optimal path according to
the hole information. Finally, the drilling sequence is
reorganized based on the sub-optimal paths and
exported as a new CNC code for actual processing.
The rest of this paper is organized as follows.
Section 2 introduces concepts of the steps of the
proposed BMGA with K-NN initialization. Section 3
then demonstrates the illustrative cases to show the
results of applying the proposed method. Conclusion is
finally drawn in the last Section, along with
contributions of this work.
II. BI-OBJECTIVE MULTI-POPULATION GENETIC
ALGORITHM
A drilling path problem can be defined as follows.
Assume that there exist n coordinates {C1, C2,…, Cn},
which specify the holes needing to be drilled. When
parsing a d rill program from a C NC code, there exist
four steps. The first step is to read the CNC tool number
and to consider the initial positions of axes as the
starting point of the drilling path. The second step is to
read the following X and Y movements between the
codes M25 and M01. Then, the third step is to translate
the relative movements into the corresponding absolute
coordinates. Finally, the coordinates are given numbers,
which are denoted as genes to rebuild the drilling
sequence using BMGA to derive the optimal path.
BMGA is adopted in the drilling path problem to
fulfill the objective function (1), which is to find a path
that can cover the n holes and pass each hole once.
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In Eq.(2), Φ i denotes the distance between holes i
and i+1, where xi and yi denote the coordinates of hole i
at X axis and Y axis. The penalty value Ψ i in Eq. (3) is
introduced to check whether the movement ratio is
within the given boundaries. The movement ratio Diw is

derived from Eq. (4), which denotes the ratio of the
movement along the two axes between w consecutive
holes. If the movement ratio Diw of hole i exceeds the
boundaries of the minimum Rmin and the maximum Rmax,
the penalty value of this hole is given one; otherwise, it
is assigned zero. Besides, the minimum jumping
distance in the high-density area is k times of diameter
of a hole, where k is a positive integer.
To find the solution of the constraints with the
objective function by using the proposed BMGA, we
denote the solutions of drilling paths as the
chromosomes, in each of which a gene represents the
drilling sequence number of a hole. The chromosomes
are initialized by coordinate genes and iterated through
reproduction, crossover, mutation, and elimination to
yield the better path chromosomes. The detailed steps
for applying the proposed BMGA are described in the
following.
Step 1) Represent a drilling path with a chromosome, in
which a gene denotes a location of hole
indicating X and Y positions for drilling. The
path is used in sequence when drilling. An
initial population of a chromosome is originated
from a random point, which is derived by the
K-NN method.
Step 2) Calculate the fitness values of the drilling paths,
where the fitness function is the inverse sum of
distances between adjacent genes along with a
penalty value (2). The penalty is applied when a
distance between two successive holes is less
than the minimum distance Dm or a single
continuous movement exceeds threshold Tsm.
Step 3) Reproduce individual chromosomes from the
path populations as parents for crossover in
proportion to the fitness order. The
chromosomes with higher fitness are selected by
a roulette selection method, in which the
selected probability of a chromosome is
proportion to the fitness value of the
chromosome. The reproduced chromosomes are
stored into a crossover pool.
Step 4) Generate the next generation of individual
chromosomes from the crossover pool by
multiple points or through uniform crossover
and mutation.
Step 5) Sort the parent and child individuals, then keep
the number of total individuals as same as the
number of the initial population.
Step 6) If the ratio of path improvement is less than a
given threshold TRPI or the executing time of
evaluations exceeds a given threshold TE
terminate the optimization procedure and go to
step 7; otherwise, go back to step 2.
Step 7) Use the shortest lines to connect the subgroups
and obtain the final drilling path.

For the most of PCB motherboards, substrates
obtained are symmetrical. Therefore, a motherboard can
be divided into several substrates using clustering
methods such as K-NN and the nearest central sorting.
To find the initial positions of each substrate, we
adopted K-NN using the nearest distance ratio to cluster
the holes into k substrates. The position nearest to two
neighboring clusters in step 1 of BMGA is taken as the
starting points of a chromosome.
III.

CASE STUDY

Twenty samples from a PCB factory were examined
to demonstrate the proposed tool performance. The
numbers of holes in these samples ranged from 508 to
3,320. To compare the different combinations of the
proposed genetic algorithm, we modified the BMGA to
include several experimental conditions, including
neighboring initialization, K-NN classification, and
random points or uniform operations during crossover
and mutation. For each sample, the experiment was
terminated when the improved ratio of a drilling path
was less than TRPI = 5% for more than 10 epochs or the
computation time exceeding TE = 30 minutes, which is
the acceptable value for practical usage in a factory.
Meanwhile, we assumed the following parameters: Rmin
= 0.5, Rmax = 2, w = 10, k = 10, and Dm = 0.127 mm.
The experimental results are discussed as follows.
Figure 2 shows the path reducing performances by
various methods, along with the original paths for
comparison, which are generated from a widely used
CAM tool in the PCB industry. In Fig. 2, mGAp and
mGAu represent the application of the proposed mGA
approach with random points and uniform crossover,
respectively, while applying BMGA in step 4. The basic
flow of mGAuk was the same as that of mGAu in step 1
of the BMGA procedure; however, the initial population
of mGAuk was initialized through K-NN, while mGAu
was initialized by neighbors. In general, the
improvement in the performance of different methods
varies considerably. The differences of methods are
insignificant for samples with less than 5000 holes.
However, the performance of BMGA is stable and
significantly improved for samples with more than 5000
holes.
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Fig. 2 Path Reducing Ratio
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Figure 3 indicates the performance differences
between different combinations of crossover and
initialization conditions. Line mGAu-mGAp shows that
the path reduction differences obtained by applying the

genetic algorithm are insignificant for both random
point and uniform crossover operations. However, the
line mGAuk-mGAu illustrates that using k-NN for
initial classification enables better path reduction
performance than without classification, when the
numbers of holes are greater than 3000. In other words,
large numbers of holes need to be clustered for
optimizing the drilling path.
20%
mGAu-mGAp

mGAuk-mGAu

10%
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uniform crossover and mutation result in better path
reducing effects than the originals that are popularly
used in the PCB industry; moreover, the total computing
time by the k-NN clustering of PCB motherboard is
limited to the time constraints of 30 min.
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