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ABSTRACT

The article specifies the dependence of defects occurring in the lamination process in the production of yachts. Despite
great knowledge about their genesis, they cannot be completely eliminated. Authentic data obtained through cooperation
with one of the Polish yacht shipyards during the years 2013-2017 were used for the analysis. To perform a simulation,
the sample size was observed in 1450 samples, consisting of 6 models of yachts with closed and open deck. Finding
the dependence of the occurrence of specific defects will allow for faster procedures and more effective quality control,
which will contribute to lower costs. The use of new methods based on artificial intelligence related to Big Data allows
for easier observation of dependencies in the complex structure of data from yacht production. The association rules
were defined using the algorithm Apriori and define interdependent defects. A number of dependencies were found for
the occurrence of production defects not obvious to technologists, but occurring with a high probability of coexistence.
The presented research results may allow the planning process of production tasks to be improved.
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INTRODUCTION

Today, fibrous polymer composites are used in all fields of
technology, replacing traditional materials and giving new
possibilities for design solutions, especially in relation to means
of transport [1]. The most important group of these materials
are layered composites — laminates. Polymer laminates are
commonly used in the construction of small vessels such as
yachts and pleasure boats, patrol boats for the police and army;,
fishing boats [40]. The length of these units is usually from
a few to about 30 meters. Larger units are built for the needs
of the navy and here their length is gradually increasing and
the Swedish navy plays a leading role. The amagnetic corvettes
built by it are even 90 m (and more) long [27]. However, this
requires the use of modern materials and technologies. In
addition to the reinforcement made of traditional glass fibers,
carbon fibers with a high Young’s modulus (stiffness) and
high-strength aramid fibers are used [11, 39]. Also, traditional

polyester matrices in shipbuilding are replaced with vinyl ester
or epoxy. Effective use of new materials in the construction
of laminate elements requires the use of more advanced
manufacturing techniques that guarantee better structural
quality of the material associated with a smaller number
of technological defects and the possibility of reducing the
proportion of resin in the structure, which leads to an increase
in strength, resistance to cracking and service life [12, 22, 29]

Currently, Poland is one of the European leaders in the market
of producers of yachts and boats made of polymer laminates.
However, most of our shipyards use the hand lay-up method
of laminating process, some are working on implementing the
infusion or Resin Transfer Moulding RTM method. However,
this requires the employment of a professional workforce, which
must be well paid, and this industry bases its profitability on
the cheap labour that can be found in Poland, which ensures
its competitiveness in relation to numerous manufacturers of
this type of units in the West Europe.
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Attempts to introduce infusion technology are also
associated with a certain risk of failure to obtain the
appropriate quality of the material, when the process
parameters (especially negative pressure and the density of
the arrangement of vacuum tubes) are not properly selected
by an inexperienced manufacturer [3, 45].

The number of defects arising during the lamination
process is very large. It depends on many factors, such as the
conditions in the production hall, the storage of materials, the
method of reducing the laminate or even the level of personnel
qualification. Vacuum methods allow to obtain a laminate
with fewer technological defects, but sometimes they cause
new defects not found in manual lamination - e.g. overdrying
of the reinforcement [22, 43].

The lamination process in a shipyard should fulfil a number
of requirements set out by the classification society Det Norske
Veritas Germanischer Lloyd (DNV GL) Polish Register
of Shipping (PRS). Good quality control is very important
in the boat manufacturing process [31]. Therefore, tools
supporting the assessment of defects play an important role.
In the quality assessment process, most tests are visual tests, so
itis important to clearly define what defects should be classified.
Some particularly dangerous defects may be difficult to detect
by visual testing, therefore other NDT methods are used [5, 16].
For example, delamination can be detected by UT and RT. Due
to expensive equipment and high qualifications of the person
performing (interpreting) tests, they are usually not used in
quality control in production in small shipyards. In such cases,
old methods such as Tap Test work well [5, 34]. The area of
their occurrence is also important, which allows you to estimate
the time needed to repair given defects or determine the lack
of profitability of repair in the case of small boats. Therefore,
quality control charts are kept in production facility.

Data from quality control cards may also allow finding defects
in production processes if they are combined with delivery
schedules, personnel work or the results of measurements of
humidity and temperature conditions in the production facility.

The main concern of this article is issues related to the
hand lay-up lamination process of yachts hulls. Podsiadlo
and Tarelko in their works [36, 49] emphasized that the yacht
production process can be separated into areas by the specifics
of the activities: Planning , Project-Production-Delivery and
Risk Reduction. The lamination process consists of a sequence
of steps. There is a possibility of making mistakes at every stage
of the lamination process - from storage and preparation of
materials through the lamination process to the process of
removing the cured hull from the mold. Some defects may arise
due to the wrong process of designing a laminate structure, it is
necessary to remember to adapt the design to the technological
resources in the production company. There can be many
reasons for these mistakes. The conducted research allowed to
describe the relationships between the existing defects. They
were written in the form of association rules. For this purpose,
the A-priori algorithm was used. Observations made in one
of the Polish small shipyards made it possible to pinpoint
specific operations which contain lamination processes.

Computer aided mechanical and materials engineering
has been facilitating the boat design process for many years.
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It allows you to simulate many variants of shapes in order to
obtain the best conditions for the flow of the yacht [13, 44], but
also the selection of materials to obtain the optimal ratio of
strength properties to weight and price [18, 46]. The problems
of determining the main factors needed for qualitative or
quantitative analysis can be solved by means of classical
statistical methods [32] as well as techniques based on the
basic nearest neighbour algorithm [33] or fuzzy logic theory,
by designing fuzzy systems [9].

For quality control and production management, the
analysis of quality factors is very important. In the study [24],
it was recognized that the Apriori algorithm and the analysis
of association rules is one of the most frequently used
techniques for quality analysis. The authors proposed the
use of the Apriori algorithm with approximate sets to evaluate
the mechanical properties of steel products. The analysis
was carried out using data on the chemical composition and
mechanical properties of the products. A similar approach
brought many benefits described in the work [26].

METHODS PRESENTED IN THE LITERATURE

Depending on the model of yacht (its size) and the form
in use, three main methods of lamination are used in the
studied shipyard [41, 48]: Hand Lay-Up, Spray Lay-Up and
Resin Transfer Moulding (RTM).

Currently, in the production of small boats, manual work
with the use of simple tools - Hand Lay-Up, Spray Lay-Up.
Vacuum methods such as RTM, Vacuum Bagging and Infusion
are increasingly used in the production of advanced units and
in larger shipyards [10, 30]. Vacuum techniques allow for
higher strength properties due to a higher volume fraction of
reinforcement in the laminate [20]. Production with vacuum
techniques requires higher qualifications of the personnel —
a big role in whether optimal properties will be obtained
during the lamination process is played by the arrangement of
the resin supply and outlet pipes (in-let and out-let), selection
of the appropriate resin parameters (viscosity, gel time [35].
Asaresult, alarge part of the industry still relies on manual
techniques in the production process of small vessels [7].
Also, the staff is often unqualified, which reduces production
costs, but does not allow the use of techniques that require
compliance with the technological regime.

From a scientific point of view, it is interesting to develop
new materials [21, 22], newer methods [28] or modify older
ones to improve the quality and strength of the laminates
obtained [14, 19]. This type of research is used by the industry
in the production of more advanced units, e.g. racing
boats [25]. Carbon or aramid fibers [42] and epoxy resins are
often used there - these materials allow for higher strength
parameters, but are much more expensive — hence the need
to produce laminates with few defects and a large share of
reinforcement [15, 17] Practices of this type make it possible to
obtain boats of much lower weight — that is, increase in speed
and range. Therefore, the boatbuilding industry is divided
into two branches — low-cost production (oversized laminates
with a lot of technological defects) and hi-tech production
(advanced vacuum techniques to obtain thin laminates with



few technological defects). Although science and industry are
still moving forward [8, 47], there is a part of the industry
that conservatively uses the simplest and cheapest production
methods (hand lay-up and spray lay-up lamination).

Depending on the model of yacht (its size) and the form
in use, three main methods of lamination are used in the
studied shipyard: Hand Lay-Up, Spray Lay-Up and Resin
Transfer Moulding (RTM).

From the methods that can be implemented for research,
the method that is the best from the point of view of our
research was selected due to:

« it must allow the observation of the largest number of
defects - the observations from hand lay-up were used for
the study, due to the possibility of a large number of defects
(large number of defects) during the technological process
compared to other more advanced methods (RTM).

« it must make it possible to observe the relationship
between defects with the cheapest possible technology

o the method should be widely used in small shipyards.

The results of the quality inspection of yachts manufactured
by hand laminating were selected for the research.

NOVELTY ELEMENTS

So far, no cross-relationships of material defects formation
during the use of the manual laminating method have been
described in the literature. Observation of these dependencies
makes it possible to eliminate them, and thus the working
time can be reduced. The method makes it easier to locate
the most sensitive stages of production. Thanks to the prior
identification of coexisting defects that disqualify the product
for further processing, it will be possible to develop a “quick
elimination path” in quality control. The research carried
out on the lamination method causing the highest number
of defects will allow to check the possibility of using quality
control support in the production of laminates also with other
more advanced production methods. At the same time, these
are preliminary studies to introduce a time-cost analysis of the
profitability of repairs and to create tools to reduce inspection
time while maintaining a similar level of quality control.

DESCRIPTION OF THE PROBLEM

The yacht production process, regardless of the method of
their production, is associated with the occurrence of defects
in the laminate. Defects should be eliminated at individual
stages of production through appropriate process control or
by repairing the finished product. But even the best-controlled
process cannot protect itself from defects.

Defects should be detected by means of quality control
and the possibility of repairing them should be assessed (due
to the economy and repair techniques) or the hull scrapped
when the time and cost of repairing the defects exceed the
assumed acceptable level.

MONITORING OF THE LAMINATION PROCESS

The manufacturing process strongly depends on the
environmental conditions of the production. In the analysed
production process, humidity and temperature are continuously
monitored with the use of thermos-hygrometers both in the
production hall and in the material warehouse. Factory premises
are well ventilated in accordance with the recommendations of
protecting workers’ health. The rooms are heated by a boiler
room with individual temperature control. The temperature
of the storage and processing environment was selected on the
basis of the technological cards of the components.

POSSIBLE DEFECTS IN THE LAMINATION PROCESS

The lamination process is burdened with the risk of
occurrence of many defects that may affect the quality of the
end product. A properly executed monitoring process described
in the chapter “Lamination Process Monitoring” allows the
number of mistakes to be reduced. The elements of the yacht
hull are assessed during quality control. The list of observed
defects during this stage is presented in Table 1.

Tab. 1. Summary information on the repair activities assessed and their
weighting factors in the yacht lamination process (defect on production)

Defect Short name -
symbol of defect Name / description of defect
A Air Bubles Air bubbles of up to 15 cm long or area
similar to A5
B Burnt Burnt surfaces (area similar to A4*)
surfaces
c Surpluses to Surpluses or loss of material - repair by
grind grinding
D Wrinkling Wrinkling or “alligatoring”
Small scratches (area similar to A4*) and
E Scratches .
scratches to be repaired
Cracks (up to 25 cm long or area similar
F Cracks to Ad¥)
G Inprint Fibre Pattern (inprint)
H Deformation Deformation
I Demould Demould defects (up to 25 cm long or area
defects similar to A4*)
- Delaminations and other construction
] Delaminations .
laminate defects
K Porosity Porosity
L Dimplings Accelerator spots / Dimplings
M Dry Dry glass reinforcements
reinforcement V8
N Spots Spots
(0] Anti-sliding defects of Anti-sliding surface (3 cm2)
defects
P Matte finish Matte finish
Q Other defects Other defects
* A4 and A5 are the size of the surface that corresponds to the size of
the sheet of paper in the appropriate size
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The defects of the structural laminate and delamination (J),
areas of dry reinforcement (M) and large air bubbles (A)
are the most serious defects occurring in the lamination
process — their presence significantly reduces the strength of
the structure. The remaining technological defects assessed
during the quality control are cosmetic defects that reduce
the value of the final product or contribute indirectly to the
reduction of the service life of laminates [38].

Dry reinforcement (M) is caused by the resin’s gelling
time being too short, which may be caused by failure to meet
temperature and humidity conditions or incorrect proportions
of resin and hardener. It also happens that dry reinforcement (M)
occurs by underestimating the amount of resin needed to
laminate the laminate layer. Damage to the anti-skid surface (O)
on the deck can be caused by improper preparation of the
mold (I), inaccurate application of the separating layer or not
preparing it (polishing and dust removal). This defect (O) can
also be due to the use of an inappropriate lamination technology
or laminate demoulding process. Repairing such damage (O)
often involves removing a significant area and replacing it with
a new anti-skid element. Scratches on the hull (E) usually occur
during rough handling of the final product, but they can also
appear at the beginning of the process by improper grinding
and polishing of the mold, not cleaning the mold surface before
applying the first layer of gelcoat.

The smoothness and general condition of the yacht’s
outer surface largely depends on the quality of the mold
preparation, because any imperfections in the preparation
will be transferred into the form of defects (e.g. scratches (E),
matt surface (P), stains (N) and porosity (K)) on the surface
of the gelcoat. In some cases, poor preparation of the mold —
failure to cover the mold with molding gelcoat causes the
reinforcement texture to reflect on the gelcoat surface (G).
This is an defect that needs to be caught at an early stage of
production so that subsequent boats produced in this form do
not have to be repaired. The so-called INPRINT (G), i.e. the
mapping of the reinforcement texture on the surface of the
gelcoat, occurs when the gelcoat layer is too thin [37].

Repairing this type of damage (G) involves grinding a part
of the material (gelcoat and part of construction laminate) and
applying a layer of gelcoat from the outside, and then grinding
and polishing to obtain a smooth surface. Elimination of this
type of defects is possible already at the laminate design stage
by using the so-called SkinCoat layers consisting of a resin
layer with a thin mat laid on a gelcoat before applying the
structural laminate [10]. Air bubbles (A) may be caused by
irregular application of the resin, lack of the resin degassing
process (partially, when the resin is mechanically mixed
with the hardener, we introduce air bubbles into it), incorrect
temperature (outside the range required by the technological
card) in the working room. Such defects may occur in both
the gelcoat and the structural laminate. A small amount of
small air bubbles in the structural laminate is natural and
does not significantly reduce the strength properties of the
laminate, but large bubbles act as dry reinforcement and
weaken the strength of the element [4]. Air bubbles (A) in the
gelcoat layer can cause faster degradation of the protective
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layer, which is the gelcoat, and allow water to penetrate the
structural laminate [23].

Wrinkling, also known as “alligatoring” (D), is a defect of
a gelcoat caused by too quick deformation of the laminate,
too thin a layer or insufficient cure of the gelcoat. The gelcoat
layer plays an aesthetic role, but you should not forget about
its protective effect. Structural laminate is much less resistant
to water, therefore appropriate protective layers (gelcoat
or complex systems consisting of gelcoat, skincoat and
barriercoat) must be applied on its surface [23].

When performing repairs using complex protection systems,
we are not able to recreate the correct layout and thickness of
these layers. Therefore, when using advanced materials, a high
technological regime should be maintained in order to avoid
defects. Most gelcoats are prepared by the manufacturer in the
appropriate colour, but the pigment contained in them may be
subject to slow sedimentation or agglomeration. Poor mixing
of the gel coat prior to application may result in stains (N) and
colour irregularities. If pigments or dyes are used to change the
colour of the gelcoat, failure to care for the proportions and
thorough mixing may also cause stains and colour irregularities
(N). Such defects can also be caused by the action of UV rays
on the uncured product [6].

A matt finish (P) or rough surface can be the result of
poor hardening, often caused by poor mixing of the resin
with the hardener. It may also be the result of poor laminate
deformation due to mistakes made during the application and
preparation of the release layer. There are also defects resulting
from the degradation of materials during storage — incorrect
temperature and humidity conditions, contamination with
grinding products, dust, expiry date (for resins).

Some of the defects result from incorrect proportions of
resin and hardener, others from too thick or too thin gel coat.
The influence of the ambient temperature is also significant.
From this information it can be concluded that some of the
material defects depend on common factors. Such conclusions
contributed to the issue of creating association rules for
defects occurring in the lamination process.

PROBLEM FORMULATION

The current research work and the results presented in
the literature concern the influence of production methods
on the mechanical properties or service life of laminates.
Science focuses on the development of new materials and
manufacturing techniques, and not on the analysis of
the causes of defects in old but still widely used methods.
This work is aimed at combining modern data processing
techniques with the analysis of technological defects in the
basic manufacturing technique.

It is easy to indicate works which describe the causes of
defects even in guides and manufacturers’ manuals [50, 51],
but there are no works on dependencies and rules between
coexisting defects.

The goal of this research is to determine association rules
to improve the monitoring stage. A system of knowledge
that considers issues concerning dependencies of the defects



occurring can allow prediction of the possible consequences
of the occurrence of similar defects, allowing repair processes
and additional costs to be minimized.

APRIORI ALGORITHM AND
FORMULATION OF ASSOCIATION RULES

The algorithms Apriori and Apriori TID for discovering
strong binary association rules were described in 1994 [2]. Let
L={l,1,...,1 }describe the set of elements. A transaction
of elements or transaction is any nonempty subset T of L,
TCLiT#Q.

T supports an element x € L if xis T, x € T. T supports set
X C L if T supports every element in X, X C T. The size of
transaction T, size (T), is the number of elements in T. The
set of input data D is called the set of , D=(T,, T,, ..., T )
where TCL,i=1,2,...,n.

The binary association rule is the relation X - Y, where
XCL, YCLiXNY #@.Xis called the antecedent of the rule,
and Y is the consequent of the rule. The binary association
rule X — Y has supp(X - Y) in the data set D, 0 < supp < 1.

[{T,€ D| T, wspiera XU Y }|
D] > (1)

suppX—>Y) =

confidence conf(X — Y) in the database D, 0 < conf< 1:

{T,€D| T, wspiera XU Y }|
{T,€D| T, wspieraX}| > (2)

conf(X—>Y) =

and lift(X — Y) in the database D

conf(X—>Y)

litX—>Y) = supp (D)

©)]
Support is a value measure of the association rule, because it
defines the number of transactions in set D which confirm
said rule.

Apriori pseudocode

INPUT: Database

OUT: Large item set

HL={l,1,...,1}

L, = {large one-item sets};

for (k = 2; L_ =0 k++)
//New candidates
C, = apriori_gen(L, );
for all transactions tED
//Candidates in t
C, = subset(C,, t);
for all candidates c€ C)

c.count++
end
F, = {c€ C | c.count>= minsup};
end

end
Answer = Uk L

SIMULATIONS

The lamination process was observed in 2013-2017.
The data used in the research were collected during
observation of the production of a 6 yachts models with the
following parameters: length 6-9 m. and width 2.5-3 m,
immersion 0.4-0.75 m and total mass 1000-3000 kg (Tab. 2).

Tab. 2. Information about model observed in 2013-2017

N Length | Width | Immersion Uil Sl
o. | Name [m] [m] [m] mass size
[kg] [u]
1 | CC6LA 6.4 2.48 0.43 1036 542
2 CW6L 6.59 2.48 0.66 1050 365
3 | CW8K 99
8.42 2.98 0.75 2540
4 | CWS8P 102
5 MF8K 168
8.90 2.99 0.63 3060
6 MF8P

Each unit produced is controlled. The number of faults
and mistakes is described quantitatively on a special card.
An example of a quality control card is shown in Fig. 1.

Topside part (shiny) Downside part (mat)
vt | erepa  Quantty  Unittime PREPA  Quantly Unittimo  Totsl

Examplo : 2ingh s 2 7 sizren) s 2 7 sezdet)
A__| Pecherze powietrzne (do 15¢m lub AS) 4 inch 10 s 3
B ia (A4) Tinch 5 Te®1=
c Ubytki zelkotu Ainch -l -
D Raki inch 4 | .
1 Rysy do i ia (Ad) 1 inch 2 |y .
E2 | Rysy do naprawy A inch [ [
F__| Pekniecia (do 25cm lub Ad) Tinch I
G__| Odbicia widkien 184 7 e N[
H__| Deformacje A4 R T In
T jady z formy (do 25cm lub Ad) T inch 15 aE -
/ady laminatu 1M - . 4
Porowatosé A4 (]
Plamy i krople A inch "
iedosycenie szkla 144 A= -
Plamy Tinch T IS
L i (3cm?) 1 inch e | 1
P__ [ Matowa powi i 184 7 L 15

Inne wady 05n - i .
lQuoTaTION shiny 337 QUOTATION mat 0
TOTAL QUOTATION OF REPAIR : 8 h

Fig. 1. Example of a quality control card

Based on the information thus compiled, a set was
created T,. It contains a list of all mistakes that were made
in the production of each yacht. An example data set (TID),
T,for i = 1.. n, is presented in Table 3.

Tab. 3. Set of sample transactions T,, n = 5

Transaction ID Item Defects

{A,B,C,D,F, H,L,0,P}

T, {A,C,E H,1,0,P}
T, {A,B,C,G,LJ,0,P}
T, {A,B,E,H, 1K, 0, P}
T, {A,B,C,D,E,H,1,], O, P}

First, the elements of the k-set, for k = 1, were determined.
An example of samples occurring in this form is described
in Tables 3 and 4. Information about the occurrence of the
specified defect during the production of the i-th yacht
(T,). The number of all transactions is n = 542. Binary
representation was used in the Apriori algorithm as shown
in the pseudocode.
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Tab. 4. An example binary table T, n = 5

The best results for the Apriori algorithm were acquired
for values of sup = 0.9 and conf = 0.8. Using the full data set
n = 542. For the purpose of building the frequent sets, k =2
elements of were used. Information on the elements is listed
in Tables 5 and 6.

The most common defects are: A, B, I and P, less frequent
defects: G, C. Other defects do not occur more often than
40% of the yachts produced. A and B are rather independent
of each other. The defect I is generated by causes other than
the A and B defects, while the P defect may depend on the
B and / or I defects. The next step is to determine frequent
2-element sets (Table 6).

Tab. 6. Set of values for all defects, count (C,), conf (C,), and item set C,, F,

Defect symbol T, T, T,
A 1 1 1
B 1 0 1
C 1 1 1
D 1 0 0
E 0 0 0
F 1 1 0
G 0 0 1
H 1 1 0

I 1 1 1
J 0 0 1
K 0 0 0
L 0 0 0
M 0 0 0
N 0 0 0
(0] 1 1 1
P 1 1 1
Q 0 0 0

Following the algorithm described in Chapter 3, the full set of
samples for all yachts was analysed. The procedure is presented
in detail only for the (CC6LA) case (Tab. 5), where n = 542.

Tab. 5. Set of values for all defects and (C)), conf (C,), and item set C,, F,

X count (C,) conf (X) X,
{A,B} 505 93.2 Yes
{A,G} 426 78.6 No
{AT} 534 98.5 Yes
{A,P} 526 97 Yes
{B,G} 402 74.2 No
{B,1} 502 92.6 Yes
{B,P} 495 91.3 No
{G,1} 423 78.3 No
{G,P} 419 77.3 No
{L,P} 521 96.1 Yes

To create three-element frequent sets k = 3, the sets {A, B},
{A, 1}, {B, T}, {I, P} were selected (Table 7).

Tab. 7. Set of values for all defects, count (C,), conf (C,), and item set C, F,

X conf (X) F,
{AB.1} 502 Yes
{A,B,P} 495 No
{A,LP} 521 Yes

In the process of building association rules, only {A, B, I}
and {A, I, P} were taken into account. The algorithm allowed
32 association rules to be defined (Fig. 7).

Scatter plot for 32 rules

099 4

097 A

confidence

0.96 -

0.95
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098 1 ©

093

T T
0.92 0.94

T
0.96
support

T
0.98

1.012

1.01

1.008

1.006

1.004

1.002

Defect symbol count(C,) conf(C)) (%) F,
A 542 100 Yes
B 505 93.2 Yes
C 366 67.5 No
D 192 35.4 No
E 180 33.2 No
F 207 38.2 No
G 426 78.6 No
H 103 19 No
I 534 98.5 Yes
] 7 1.3 No
K 65 12 No
L 58 10.7 No
M 9 1.7 No
N 6 1.1 No
(0] 343 63.3 No
P 526 97 Yes
Q 3 0.6 No
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Fig. 7. Scatter plot of 32 association rules for model JICC6LA; results
for Apriori algorithm were acquired for values of supp = 0.9 and conf = 0.8



The value lift = 1 indicates defects occurring independently
of each other. A value of lift > 1 indicates a positive correlation
while lift < 1 indicates a negative correlation. After analysing the
results obtained, the most important rules were selected (Fig. 8).

Grouped Matrix for 18 Rules

Size: support
Color: lift

Items in LHS Group
rules: {|, P, +1 items}

2 rules: {B, 1, +1 items}

4 rules: {B, A}

2 rules: {B, P, +1 items}

4 rules: {P, A}

4 rules: {I, A}

RHS

®

o

Fig. 8. Grouped matrix for 18 rules, where lift >1 (Model: JICC6LA,
supp = 0.9, conf=0.8)

After elimination of unnecessary rules, 18 rules were left in
the set. The lift value indicates high associations between {P},
{B}, and {I}, respectively, and “matte finish”, “burnt surfaces”
(A4), and “moulds defects”.

The lamination process of other yacht models, namely:
CC6LA, CW6L, CW8K, CW8P, MF8K and MF8P, was
analysed analogically. Correlations between defects that are
rare in the laminating process are particularly interesting.
Therefore, the value of the parameter was taken from the
range < 0.1 to 0.9 > (Tables 8-13).

Tab. 8. Set of information about association rules with values:
supp (X > Y) 2 0.9; conf (X - Y) 2 0.9; lift (X - Y) > I; model: J2(C6LA)

X->Y supp (*) conf (*) lift (*)
{P} =>{B} 0.9132841 0.9801980 1.010014
(B} =>{p} 0.9132841 0.9410646 1.010014
{LP} =>{B} 0.9077491 0.9443378 1.013527
{B,I} =>{P} 0.9077491 0.9800797 1.009892
B} =1{1} 0.9261993 0.9940594 1.008952
{I =>{B} 0.9261993 0.9400749 1.008952
{B,P} =>{I} 0.9077491 0.9939394 1.008830
P} = {1} 0.9612546 0.9904943 1.005333
I ={p} 0.9612546 0.9756554 1.005333

Tab. 9. Set of information about association rules with values:
supp (X —>Y) = 0.8 conf (X - Y) 2 0.9; lift (X - Y) > 1; model: J2(CC6L)

X->Y supp (*) conf (*) lift (*)
{LP} =>{B} 0.9041096 0.9510086 1.030024
{B,I} =>{P} 0.9041096 0.9880240 1.027432
{B} =>{P} 0.9095890 0.9851632 1.024457
{P} =>{B} 0.9095890 0.9458689 1.024457
{B,P} =>{1} 0.9041096 0.9939759 1.021975
B} = {1} 0.9150685 0.9910979 1.019016
I =>{B} 0.9150685 0.9408451 1.019016
P} ={I} 0.9506849 0.9886040 1.016452
{1} =>{p} 0.9506849 0.9774648 1.016452

Tab. 10. Set of i

nformation about a

ssociation rules with parameters of
supp (X ->Y) 2 0.4; conf (X > Y) = 0.6; lift (X > Y) = 0,8; model: J3(CW8K)

X->Y supp (*) conf (*) lift (*)
H} = {C} 0.4040404 0.7547170 1.1151788
I = {G} 0.4141414 0.7068966 1.0291582
I} = {C} 0.4040404 0.6896552 1.0190427
{C} = {G} 0.4343434 0.6417910 0.9343723

Tab. 11. Set of information about association rules with parameters:
supp (X —>Y) 2 0.4; conf (X > Y) 2 0.8 lift (X > Y) > 0.8; J4(CW8P)

X->Y supp (*) conf (*) lift (*)
{1,O} =>{B} 0.4411765 0.9375000 1.8389423
{0} =>{B} 0.4509804 0.8518519 1.6709402
{B} =1{0} 0.4509804 0.8846154 1.6709402
{B,I} =>{O} 0.4411765 0.8823529 1.6666667

B} = {1 0.5000000 0.9807692 1.3518711
{B,O} =>{1} 0.4411765 0.9782609 1.3484136
{0} ={I} 0.4705882 0.8888889 1.2252252
{G} ={I} 0.4901961 0.7142857 0.9845560
{C} ={1} 0.4019608 0.7068966 0.9743709
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Tab. 12. Set of information about association rules with parameters: Grouped Matrix for 48 Rules
supp (X > Y) 2 0.1; conf (X > Y) = 0.9 lift (X > Y) > 1.5; J5(MFSK) P
X->Y supp (*) conf (*) lift (*) '
Size: support
a Color: lift
{F,K} => {H} 0.1011905 1.0000000 1.768421 3
57»‘7.77,7';7;7;7;7;7;'; T%% TEEETE
LK} = {0} 0.1428571 1.0000000 1.768421 @: 555535353555 255 5335553
JY9e s ¥IYery  Le® ¢9Ye¥
£0 dw Jdaoduw I 2w oD uwY ooy
{ELK} =>{H} 0.1011905 1.0000000 1.768421 2 €edodudzzdodcEE¥ZdLLzE LY
ELLRIBIINIIIBIANAIEEL
{B,LK} =>{H} | 0.1369048 1.0000000 1768421 slotro e TN e o RS
K} = {H} 0.1428571 0.9600000 1.697684
®
{B,K} =>{H} 0.1369048 0.9583333 1.694737
©
{E,FH} =>{B} 0.1607143 0.9642857 1.572816
{K} = (B} 0.1428571 0.9600000 1.565825 o ©
{HK} = {B} 0.1369048 0.9583333 1.563107 Fig. 9. Grouped matrix for 48 rules, where lift >1 (Model: JICC6LA, J2CC6LA,
J3CWSK, J4ACW8P, JSMF8K, J6 MF8E, supp = 0.1, conf = 0.8, n = 1450)
Tab. 13. Set of information about association rules with parameters: Tab. 14. Set of information about association rules with parameters: model:
supp (X > Y) > 0.1; conf (X - Y) > 0.8 lift (X > Y) > 1.5; J6(MF8P) J1(C6LA), J2(CC6L), J3(CWSK), J4(CW8P), J5(MF8K), J6(MF8P), n = 1450
X>Y supp (%) conf (*) lift (%) XY w2 | 93 | 4 | 55 | J6
= {A . . . . . .
oy =1{G} 0.1379310 0.9230769 1.889593 i =i
(E} => (B} o o o o o .
L => {B} 0.1264368 1.0000000 1.380952 {1} = (B} . . . . . .
{LK} =>{B} 0.3678161 0.9696970 1.339105 {K} => {B} ° ° o ° . .
{L} = {B} ° ° o o o .
{E} => {B} 0.1666667 0.9666667 1.334921
{O} => {B} o o . . o o
{K.P}  =>{B} | 0.1379310 0.9600000 1325714 (P} => (B} N
{(FCLK => {B} |  0.2471264 0.9555556 1319577 {C.E} => {B} S A A A A
{H,K} => {B} o | o | o | o 1 & ]
{C.E}  =>{B} 0.1091954 0.9500000 1.311905
{LK} => {B} o o o o o .
(HK} =>{B} 0.1091954 0.9500000 1.311905 {L,P} => {B} . . o o o o
K,P} => {B ° o o o o .
{K} => {B} 0.3735632 0.9285714 1.282313 {K,P} => (B}
(E,F,H} => {B} o o o o . o
(REH} =1{C} | 01321839 0.8846154 1.241315 EC.LK] — (B] T e
{FEG} = {C} 0.1896552 0.8250000 1.157661 {D} => {C} . . . . . .
{H} => {C} o o " o o .
{H} => {C} 0.1839080 0.8000000 1.122581
{I} => {C} o o " o o o
{E,F,H,L} = {C} L] L] L] L] [ [
Due to the lack of information about situations in which G =1 X
there is no “A” defect, it was assumed that it is independent and —
the rules in which it participates were not considered. First, {EH} = {C} ° ° ° ° ° :
sets of rules were defined to define the relationship between {EH,L} =>{C} . . . . . .
defects during the production of individual models. The next {E,H,L,0} => {C} . . . . . .
stage of the dependency analysis focused on defects that rarely (EM = {C} . . . . . .
appear (Fig. 9).
pp ( g ) . . . . {H,L} => {C} L] L] L] [ [ n
Table 14 Set of information about association rules with
parameters: model: CC6LA, CW6L, CW8K, CW8P, MFSK, {HLL,0}=> {C} or{F} i I A A N I
MFS8P, n = 1450, The obtained rules were saved in Table 12. {C,H,L,0} => {F} . . . . . .
Symbols indicate high (¢), medium (=), and low (°) trust in {C} = {G} o 0 . o o o
the rule for the selected model. {1} = (G} . . . . . .
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Tab. 14. Set of information about association rules with parameters: model:
JI(C6LA), J2(CC6L), J3(CW8K), J4(CWS8P), J5(MF8K), J6(MF8P), n = 1450

X->Y J1 ]2 J3 J4 J5 J6

{0} =>{G} o o o o o .
{B,K} => {H} ° o o o . o
{B,LK} => {H} o o o o . o
{C,EL,0} => {H} . . . . . .
{F,K} => {H} ° o o o o o
{FLK} => {H} o o o o . o
{FEL,0} =>{H} . . . . . .
{LK} => {H} ° ° ° o . °
{K} => {H} o ° o ° . o
(B} => {1} . . o . o o
{B,O} => {1} ° o o . o o
{B,P} =>{I} . . ° ° o o
{O} => {I} or {B} ° o o . o o
{~C}=> {1} ° ° o . . °
{~G} = {1} ° o ° . ° °
{P} =>{I} . . 0 0 o o
{B} => {0} o o o . o o
{C.D,H} =>{0} . . . . . .
{C,D,E,H} => {O} . . . . . .
{D} => {0} . . . . . .
{D,H}=> {O} . . . . . .
{D,EH} => {0} . . . . . .
{B} => {P} . . o o o o
{B,I} => {P} . . o o o °
{I} => {P} . . o o o o

In manual production it is very easy to get air bubbles in
the laminate, therefore the defect (A) occurs with such a high
probability coefficient. The rules obtained can be logically
justified, because the deformed gelcoat is repaired by grinding
and rebuilding the correct gelcoat layer. Grinding is necessary
in case of defects: scratches to be sanded, cracks, deformations,
hardener stains and drops, and glass under-saturation. The
occurrence of anti-skid damage is repaired by grinding and
removing a fairly large surface and supplementing with new
elements. Wearing defects, cracks, anti-skid damage and
hardener stains often contribute to the deformation defect.
The anti-skid failure defect most often coexists with the
following defects: surpluses to grind, gel coat deformations
as well as cracks and deformations.

Not all the observed relationships can be easily justified. They
could have had a more complex basis. The possible reasons for
their existence should be considered more deeply and analysed,
for example, if there is an defect of “mold defects” and “matt
surface’, then there is also a “burn” defect. The relationship
between defects: “burns” and “mold defects”, which can be
observed during the production of selected models, requires

more consideration. Additionally, the relationship between
defects: “porosity” and “deformation”; “Anti-skid damage” and
“rebound fibers”;

The low probability of defects resulting from “deformation”
and “defects to be ground” is puzzling - these defects should
have a high confidence factor.

An interesting rule was generated for the CW8K
model. For 64% of the units the following relationship was
confirmed: defect: “fiber reflections” occurs if there was no
“surpluses to grind” defect. The observation may result if
there are allowances for grinding, it is most often because
the layer of gelcoat was too thick, and the defect of “fiber
reflection” occurs when the gelcoat is too thin. Rules whose
successor contains a “burn” defect are quite common in the
resulting set. This can be justified by a fairly large number
of occurrences of this defect, as they may not have practical
justification.

SUMMARY

The article reveals the dependencies of the occurrences
of specific defects, which were shown by association and
formulation of the association rules. Grouping of defects and
their dependencies can allow for better monitoring, control,
and implementation of prevention activities, which can allow
minimization of repair costs and avoidance of additional costs.

This work used the Apriori algorithm and association
methods. The research was conducted on data acquired from
the lamination process of one chosen yacht. To perform
the simulation, a sample size of 1450 samples observed in
2013-2017 was used. Execution of the algorithm allowed the
formulation of a set of association rules which can be used to
specify the certainty of occurrence of a given defect. Finding
dependencies can reduce uncertainty in the occurrence of
specific defects and lead to improvement of quality and
reduction of costs. The use of new methods and tools backed
by artificial intelligence relating to Big Data allows better
management of uncertainty and complexity.
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