
ARTICLE SUBMITED TO INTERNATIONAL JOURNAL OF PRODUC-
TION RESEARCH

Statistical modelling for panel block assembly in shipbuilding

D. Oteroa,b,c, R. Cao b, V. Blascoc, A. J. Bragec, J. Tarŕıo–Saavedrab, and S. Nayab
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ABSTRACT
A statistical model to estimate the probability of successful sliding of transverse
elements through the longitudinals in the framework of shipbuilding panel block
assembly is proposed. The present proposal provides a new methodological solu-
tion in shipbuilding, where the requirements in terms of production time, quality,
cost and resources consumption are continuously increasing due to the strong com-
petition existing in this industrial sector. Thus, the development of new technical
and methodological tools that increase the productivity and reliability is strongly
required in shipbuilding. That is the case of the present proposal that tackles the
shipbuilding critical problem of panel block assembly process consisting on push-
ing transverse pieces through other block pieces, named panels, composed of the
so called longitudinals. The proposed statistical model estimates the probability of
successful block assembly before the process starts, taking into account inputs such
as panel dimensions, panel structure, and transverse stiffener. A comprehensive sim-
ulation study has been performed to evaluate the model performance. In addition,
an actual database obtained from Navantia shipyards has been used to calibrate
and evaluate the proposed statistical methodology. Finally, a sensitivity analysis is
applied in order to obtain information about the more critical inputs for process
improvement.
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1. Introduction

Shipbuilding has experimented important changes over the last decades due to the
increasing market competition (Hassink 2010; Yu-guang, Kai, and Yong 2011) and the
upcoming of the so called Industry 4.0, involved to industry digitalization (Scheuer-
mann, Verclas, and Bruegge 2015; Blanco-Novoa et al. 2018). In this framework, ship-5

yards have to improve continuously their products, processes and production facilities.
Specifically, this study has developed under the “Dimensional Control Project”, where
statistical tools are applied in order to automate and improve the shipbuilding pro-
duction process where metrology plays a critical role.

Shipbuilding is one of the most complex production systems in industry because of10
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the huge diversity and number of elements involved in the production process (Yu-
guang, Kai, and Yong 2011; Liu, Chua, and Yeoh 2011; Lee et al. 1997). In fact, vessels
consist of numerous parts, blocks and subsystems. Moreover, nowadays, shipyards work
at the request of the clients. Given the great variety of needs that customers have,
the design of each boat is different from the previous one. This way of doing makes15

the degree of shipbuilding automation much lower than in other industries such as
automotive. Indeed, unifying all the processes and production line techniques that are
applied in the different intermediate products is not seen currently possible. Assuming
the large number of sources of variability involved in no automated processes, it is
absolutely necessary to implement procedures to ensure the quality of actions and20

products (Goode and Dallinger 1964). Therefore, performing quality control during
assembly in shipbuilding is extremely recommended, since improving the accuracy
through the production process is the most effective way to improve results (Okumoto
and Matsuzaki 1994, 1997).

In the shipbuilding industry, accuracy improvement is performed by applying sta-25

tistical techniques to control, monitor and continuously improve production design
and standardized working methods (Castillo et al. 1996; Johnson et al. 2004; Buksa,
Pavletic, and Sokovic 2010; XU, YANG, and ZHAO 2010; Lee, Shin, and Park 2007;
Holtrop 1977; Guo et al. 2012). The aim is to reduce the process variation and maxi-
mize the productivity (Storch and Gribskov 1985). The improvement of the accuracy30

in vessel production allows to simplify the processes, eliminating accumulated errors
corresponding to the early fabrication and assembly stages, minimizing the need of
skilled staff, and thus promoting mechanization and ship quality increasing (Okumoto
and Matsuzaki 1994, 1997).

One of the more complex and critical steps in vessel production is the fitting of35

transverse elements during the panel block assembly process (Yu-guang, Kai, and
Yong 2011; Kolić, Fafandjel, and Zamarin 2012). This process requires a high dimen-
sional accuracy and precision, only possible through an exhaustive control of those
more critical dimensions and an adequate process design. Indeed, the proposal of a
statistical methodology that identifies the more influential variables in the process ac-40

curacy and precision is absolutely necessary in order to define a proper design for the
panel block assembly process. Accordingly, the aim of this paper is to provide a statis-
tical methodology for the analysis and improvement of this process, that estimates the
probability of correct panel block assembly from the original block dimensions and,
moreover, allows to identify those more influencing variables and their effects over45

block assembly probability.
In order to illustrate the present proposal, a real case study of panel block assem-

bly in the Navantia shipyard (Ferrol, NW Spain) has been performed and shown. The
main activity of the shipyards analysed in this study is the design and build of warships
and their control systems. Specialised in the custom manufacturing of one-of-a-kind50

vessels, Navantia factory in Ferrol is considered as an international reference shipyard.
This specialization needs the introduction of automated and flexible systems of manu-
facturing, which can be easily reconfigurable. This shipyard is now in a transformation
process to improve production processes and modernizing its manufacturing facilities.
Its aim is to get more automated or robotized processes through the implementation55

of digital production control systems. Thus, improvement of the quality, and reduction
in costs and working time are intended. These are also the aims of the present pro-
posal, applied to this specific case study. It consist on developing a statistical model
that allows estimating the probability of sliding the transverse elements through the
longitudinals at the beginning of the panel block assembly process.60
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This work is organized as follow. In the Section 2, the panel block assembly process
developed in the case study shipyard is described in detail. The statistical model de-
veloped to estimate the probability of correct assembly of longitudinal and transverse
elements in the framework of the panel block assembly process is presented in Section
3. In Section 4, a comprehensive simulation study is included to evaluate the proposed65

model. In addition, a real case study is presented where the proposed statistical model
is applied to real data provided by the shipyard. Finally, Section 5 contains the results
of a sensitivity analysis. It has been performed to identify those more influential di-
mensional variables in the panel block assembly process on the probability of correct
assembly. This provides important information for process improvement.70

2. Panel block assembly process analysis

There are different panel block assembly methods (Okumoto and Matsuzaki 1997) in
accordance with each shipyard. From all those methods, the panel assembly procedure
is the standard and most popular method for panel block assembly (Okumoto 2001;
SNA 1999). Taking into account the wide variety of methods, it is necessary to describe75

the current panel block assembly process (see Fig. 1) in our case study shipyard.

Joining and welding of plates Fitting and welding of longitudinals Fitting of transverses Welding 

Figure 1.: Panel block assembly process.

The panel block assembly process begins in the panel assembly line. This line is one
of the most important process in the shipyard. Ship panels, steel plates butt-welded
together with longitudinal stiffeners, are the basic building blocks of well over 60% of
the interim products of typical commercial ships (Kolich, Storch, and Fafandjel 2017).80

The steel plates, coming from main storage of shipyard, are cut in a plasma cutting
machine. They have to meet all the required specifications in order to be assembled at
the flat panel assembly line. The process begins by joining and welding the steel plates
with one-sided welding technology to form a flat panel. Afterwards, the positions of
the longitudinal stiffeners are marked. Those positions are to be free of primer paint85

and oxides. Thus, previously, those positions of the flat panel have been grit blasted.
The next step is the fitting and welding of the longitudinals. The first longitudinal is
fitted manually. Then the following longitudinals are automatically fitted on the flat
panel. The longitudinals are fitted parallel to each other in the same direction, with
a right distance between them. It should be noted that the flat panel assembly line is90

probably the most automated line in the shipyard.
Once the previous process is finished, transverse elements are fitted to the panel,

which results in a panel block. This process is almost impossible to be automated since
there are not two equal panel blocks in vessel projects in shipbuilding industry, and
even the transverse elements are defined by different geometries.95
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The sliding of transverses through the longitudinals is one the most difficult and
critical steps in the panel block assembly process. This is due to the scallops of the
transverses are very narrow, in addition to the different errors which can occur during
the panel assembly procedure. Specifically, the transverses have a gap with a minimal
clearance of 1.5 mm (see Fig. 2). Therefore, the width of scallops in each transverse is100

the thickness of longitudinal plus 3 mm (1.5 mm each side). Furthermore, in the panel
assembly process can take place different dimensional errors due to five factors: raw
materials, cutting, fitting, welding and straightening after welding (Okumoto 2001,
2002).

Figure 2.: Slit-type slots.

The above mentioned process errors can produce many reworks and a bottleneck in105

the production. In fact, the pushing of the transverses over the longitudinals depends
on the built-in quality. When this task is achieved, the accuracy of the panel block
can be regarded as being assured.

3. Description of the statistical model

Any work process composed of repeatable actions, without changes in the facilities110

and skills of the workers, provides products defined by variable characteristics that can
be modelled as random variables. Further, the measurements obtained for any work
process, when plotted by frequency of occurrence versus magnitude, generally follows
the Gaussian distribution (Storch et al. 1995). The proposed statistical model assumes
independent observations and Gaussian distribution for all the process variables, but115

Gaussianity could be relaxed if more plausible distribution models can be formulated
based on empirical data.

We start by defining a simple model to estimate the probability to slide the trans-
verse elements through the longitudinals at the beginning of the process. We assume
that the flat panel is flat, the scallops are perfectly perpendicular and have sufficient120

height. In addition, the number of longitudinals and the scallops is considered to be
constant. Let r be the number of longitudinals or scallops.

In the following, a description of the assumptions about the variables of the model
is presented. An overview of this variables is presented in Table 1. Firstly, the random
variables that define the panel are described. Namely, let Xi be the distance from125

base edge to left edge of the i-th longitudinal, with i = 1, . . . , r. It is assumed that
the distance from base edge to the first longitudinal, X1, and the distance between
longitudinals, ξi = Xi+1 − Xi, with i = 2, . . . , r − 1, can be approximated by X1 ∼
N(e+µ1, σ

2
1) and ξi ∼ N(d+µ2, σ

2
2), respectively, where e is the nominal distance from

base edge to the first longitudinal and d is the nominal distance between longitudinals.130
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Moreover, let L1 be the panel width approximated by L1 ∼ N(L + µ3, σ
2
3), where L

is the nominal panel width. Furthermore, let θi, for i = 1, . . . , r, be the inclination of
the i-th longitudinal, in other words, the angle of the i-th longitudinal with respect
to the flat panel. Taking into account that the angle of the longitudinals with the flat
panel is approximately equal to π

2 , θi ' π
2 , for i = 1, . . . , r, thus it is also assumed that135

θi ∼ N(π2 + µ4, σ
2
4).

Table 1.: Meaning of variables of the model.

Symbol Description
X1 Distance from base edge to the first longitudinal
ξi Distance between longitudinals
L1 Panel width
θi Inclination of the longitudinals
Y1,1 Distance from the edge to the first slit on transverse
∆i Scallop width of the transverse
ηi Distance between two adjacent scallops
L2 Transverse width

Regarding the transverse elements, let [Yi,1, Yi,2] be the distances from edge to the
beginning and end of the i-th slot, with i = 1, . . . , r. Then, ∆i = Yi,2 − Yi,1, with
i = 1, . . . , r, is the scallop width of the transverse. This random variable is normally
distributed according to ∆i ∼ N(a + 2δ + µ5, σ

2
5), where δ is the nominal minimal140

clearance in the nominal gap around stiffener cut-out and a is the web thickness of
longitudinals. On the other hand, the distance between longitudinals, d, is approxi-
mately equal to d ' Yi+1,1−Yi,2+a+2δ. Hence, if ηi = Yi+1,1−Yi,2, for i = 1, . . . , r−1,
is the distance between two adjacent scallops, then ηi ' d − 2δ − a. In this way, the
model assumes that ηi ∼ N(d − 2δ − a + µ6, σ

2
6). Moreover, the distance from the145

edge to the first slit on transverse, Y1,1 ' e − δ, is approximated by a normal distri-
bution with mean e− δ+ µ7 and standard deviation σ7. Therefore, it is assumed that
Y1,1 ∼ N(e− δ+ µ7, σ

2
7). Finally, let L2 be the width of the transversal stiffener. This

variable is approximated by L2 v N(L + µ8, σ
2
8), where L is the nominal transverse

width.150

The constants µ1, µ2, µ3, µ4, µ5, µ6, µ7 and µ8 are the mean deviations from the
nominal values. On the other hand, σ1, σ2, σ3, σ4, σ5, σ6, σ7 and σ8 are the standard
deviations of differences between the real and nominal values.

The panel block assembly process will be successful if longitudinals slide through the
slot on the transverse without intersection of the two elements. Therefore, depending155

on the inclination of longitudinals, three different cases can take place. Let a be the web
thickness of longitudinal and b the longitudinal web height. Thus, the above mentioned
cases are as follows:

(a) If θi = 90◦, the transverses slide through the longitudinals when [Xi, Xi + a] ⊂
[Yi,1, Yi,2]. In other words, they have to satisfy that Yi,1 ≤ Xi and Xi + a ≤ Yi,2.160

(b) If θi < 90◦, then the following conditions must be met: Yi,1 ≤ Xi − b cos θi and
Xi + a ≤ Yi,2.

(c) If θi > 90◦, the conditions to satisfy are: Yi,1 ≤ Xi and Xi + a− b cos θi ≤ Yi,2.

Considering the three above mentioned cases, the transverse elements assembly
process will be done correctly when all the following conditions are satisfied.165

The first condition is:

Yi,1 ≤ Xi − b I(θi ≤ 90◦) cos θi , i = 1, . . . , r (1)
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The second condition is:

Xi + a− b I(θi > 90◦) cos θi ≤ Yi,2 , i = 1, . . . , r (2)

Accordingly, considering equations (1) and (2), the probability of correct assembly
can be estimated by

P (panel block assembly) = P (Yi,1 ≤ Xi − b I(θi ≤ 90◦) cos θi,

Xi + a− b I(θi > 90◦) cos θi ≤ Yi,2, |L1 − L2| < ε,∀ i = 1, . . . , r),
(3)

where ε is the tolerable deviation threshold between the panel width and the transverse170

width.

4. Simulation results

In this section, a simulation study is performed to evaluate the statistical model de-
scribed in the previous section. The free statistical software R has been used to im-
plement this procedure (R Core Team 2022). The probability of assembly is estimated175

by simulation. The random variables (Xi, Yi,1, Yi,2), i = 1, . . . , r, L1 and L2 are simu-
lated from the distributions specified in Section 3. The unknown means and standard
deviations are estimated using two historical data sets provided by the shipyard. At
this point, the data that support the findings of this study are available from request
to Navantia shipyards of Ferrol. Restrictions apply to the availability of these data,180

which were used under license for this study. Data are available from the authors with
the previous permission of Navantia.

Panel data and transverse data are collected from two data sets provided by the
shipyard. Fig. 3 illustrates the measurements recorded in the shipyard for these two
elements. The differences between real and nominal values are modelled in all cases.185

We obtain the sample mean and standard deviation corresponding to each gap or
difference between nominal and actual value. They are considered as random variables
in our model. The model provides an approximation of the probability of correct panel
block assembly by using m Monte Carlo simulation trials. For practical purposes we
have chosen of m=1,000,000 in our simulations.190

The simulation algorithm is summarized as follows:

(1) Generate X1 ∼ N(e + µ1, σ
2
1), Xi = Xi−1 + ξi−1, with ξi−1 ∼ N(d + µ2, σ

2
2),

i = 2, . . . , r.
(2) Generate θi ∼ N(π2 + µ4, σ

2
4), i = 1, . . . , r.

(3) Generate Y1,1 ∼ N(e−δ+µ7, σ
2
7), Yi,2 = Yi,1 +∆i, with ∆i ∼ N(a+2δ+µ5, σ

2
5),195

i = 1, . . . , r ; Yi,1 = Yi−1,2 +ηi−1, with ηi−1 ∼ N(d−2δ−a+µ6, σ
2
6), i = 2, . . . , r.

(4) Generate L1 ∼ N(L+ µ3, σ
2
3), L2 ∼ N(L+ µ8, σ

2
8)

(5) Check if the 2r + 1 conditions in (3) hold.
(6) Repeat Steps 1-5 m times and compute the proportion of times that (3) in Step

5 holds.200

The sample estimates obtained from the data supplied by the shipyard are collected
in Table 2. The mean of several parameters in the model can be assumed equal to zero
by applying the one sample t-test (p-value>0.05) for the mean. This is the case of the
deviation of distance between longitudinals (µ2), the deviation of distance between
two adjacent scallops (µ6), the deviation of distance from the edge to the first slit on205
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(a) Panel measurements

(b) Transverse measurements

Figure 3.: Measurements recorded in the analysed shipyard.

transverse (µ7), and the deviation of transverse width (µ8). Moreover, the following
parameters are considered fixed values in the simulation: the web thickness of longitu-
dinal (a), the web height of longitudinal (b), the gap around stiffener cut-out (δ), the
distance from base edge to the first longitudinal (e), the distance between longitudi-
nals (d), the panel width (L) which is considered equal to width of transverse and the210

number of longitudinals (r).
With these values the probability to slide the transverses through the longitudinals

correctly is quite low (P (panel block assembly) = 0.011558). This means that the
shipyard is not currently able to perform successfully this type of panel block assem-
bly process. The proposed model can provide information about what are the most215

influential variables in the probability of correct assembly. Consequently, we can iden-
tify which combination of parameter values produces a high increase in the probability
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Table 2.: Parameters estimated from the two data sets provided by the shipyard.

Item n Mean value Standard deviation

Panel

Deviation of distance from base edge to the first
longitudinal

11 1.4545 1.7529

Deviation of distance between longitudinals 18 -0.27781 0.8264
Deviation of panel width2 0 0
Deviation of inclination of the longitudinals 34 -0.5724 0.9520

Transverse

Deviation of distance from the edge to the first
slit on transverse

20 -0.70001 2.2676

Deviation of scallop width of the transverse 85 -0.3376 1.0742
Deviation of distance between two adjacent
scallops

66 -0.15451 1.3009

Deviation of transverse width 9 -1.55561 3.9721

1It is accepted that the mean is equal zero.
2Given the lack of data, the parameters of this item are considered zero.

of correct panel block assembly process. In other words, the identification of these vari-
ables shows what magnitude needs to modified in order to continuously improve the
process. This can be conducted by performing a sensitivity analysis.220

5. Sensitivity analysis

Finally, in order to improve the analysed panel block assembly process and to facilitate
decision making in the shipyard, a sensitivity analysis has been performed. The aim of
this study is to identify the variables which affect in a greater extent the probability
of correct sliding between transverses and longitudinals. In this way, the model can225

provide valuable information about which are the critical variables and which are their
optimal values in order to increase the probability of correct panel block assembly.
These values will help to the shipyard to execute the correct actions in order to improve
the process.

The estimations of the parameters are obtained using the data sets provided by the230

shipyard. To perform the sensitivity analysis, the deviations between theoretical and
real values are also statistically modelled as normal distributed variables, using the
sample statistics as parameter estimates. Taking into account that the quality and
capability of a process can be characterized attending to its variability and location,
and from the fact that all improvement process should be oriented to reduce the235

dispersion and correct the position, reproducing the scenarios of perfect accuracy and
precision is necessary. Thus, the potential capability of the panel assembly process can
be analysed properly. Consequently, some of these parameters, namely mean (µ) and
standard deviation (σ), depending on each simulated scenario, have been fixed to zero
with the aim to reproduce the ideal conditions of either perfect accuracy or perfect240

precision.
As shown in Table 3, the value of the parameters is fixed to zero, target value of the

studied variables. The different simulation scenarios are developed by fixing to zero one
(µ or σ) or two parameters (µ and σ) of one critical variable. It is important to note
that the values of the remaining parameters are the sample estimates obtained from245

the real dataset. The probabilities of sliding between transverses and longitudinals
are calculated for each scenario (see Table 3). The parameter which offers the best
chance of increasing the probability is the mean corresponding to the deviation for
inclination of the longitudinals (µ4), i.e. if the angle of the longitudinals with respect
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to the panel plane were 90◦ in the mean, then the probability to slide the transverse250

elements through the longitudinals correctly would increase most. Further, in the sce-
nario defined by the absence of systematic errors in the variables of the model, the
probability would be equal to 0.353347. Thus, the recommendation is that the ship-
yard improves the process methodology, focussing the efforts in all the actions related
to the longitudinal angles. In fact, the shipyard has recently begun to implement such255

improvement procedure, taking into account the above mentioned results.

Table 3.: Probability to slide the transverses through the longitudinals setting to zero
the mean or/and the variance of the deviations actual-nominal in the model.

Changed parameter
Item µ = 0 σ = 0 µ = 0 and σ = 0

Panel

Deviation of distance from base edge to the first
longitudinal

0.011558 0.011558 0.011558

Deviation of distance between longitudinals 0.011558 0.013486 0.013486
Deviation of panel width 0.011558 0.011558 0.011558
Deviation of inclination of the longitudinals 0.277368 0.011698 0.28774

Transverse

Deviation of distance from the edge to the first
slit on transverse

0.011558 0.011558 0.011558

Deviation of scallop width of the transverse 0.024466 0.011248 0.038046
Deviation of distance between two adjacent
scallops

0.011558 0.05562 0.05562

Deviation of transverse width 0.011558 0.011558 0.011558

6. Conclusions

The main contribution of this work is the proposal of a new statistical model to esti-
mate the probability of correct panel block assembly (correct sliding of the transverses
through the longitudinals) in shipbuilding as a function of the critical variables of260

the process. This statistical tool proposes an alternative to evaluate the proficiency
of shipyards to perform panel block assembly process during the vessel construction.
Moreover, the identification of those critical variables and the quantification of their
influence in the studied process are goals that have been also achieved. It is also impor-
tant to note than this statistical proposal has been calibrated, taking into account the265

sample estimates obtained from a real case study performed in the Navantia shipyards.
Specifically, a statistical model based on the panel block assembly geometry has

been proposed, assuming normal distribution for the group of variables that best de-
fines the problem. The variables included in the model are the differences between the
theoretical and actual values of the distance from base edge to the first longitudinal,270

the distance between longitudinals, the panel width, the inclination of the longitudi-
nals, the distance from the edge to the first slit on transverse, the scallop width of
the transverse, the distance between two adjacent scallops, and the transverse width.
The latter have been identified by the geometric characteristics of the process and
the experience of the trained personnel of the shipyard. The geometric conditions at275

which the correct sliding between transverses and longitudinals is produced have been
properly formalized. Taking into account the distribution, mean and variability of the
variables in the process, the probability of successful panel block assembly is estimated
by Monte Carlo simulation.

The proficiency of the case study shipyard for performing a panel block assembly280
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process has been evaluated by the proposed model. The parameters of the variables in
the process have been estimated using a representative sample provided by Navantia.

The proposed model allows the users to identify the most critical variables on the
probability of correct panel block assembly process. This is a valuable tool to identify
the most important assignable causes of fail and the sub-processes that would have to285

be improved to achieve a higher probability of success. In the present case study, the
most influencing variable on the probability of success is the angle of the longitudinals
with respect to the panel plane, that has to be fixed at 90◦. Thus, the shipyard would
have to begin the improvement process by controlling all the sub-processes related to
the longitudinals inclination.290

Acknowledgements

This research has been founded by the GAIN (Xunta de Galicia) and Navantia com-
pany (SEPI), in the framework of the UDC - Navantia joint Research Unit, with the
project “Shipyard 4.0. The Shipyard of the Future”. The work of Ricardo Cao, Javier
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