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Abstract: Current pallet design methodology frequently underestimates the load capacity of the
pallet by assuming the payload is uniformly distributed and flexible. By considering the effect of
payload characteristics and their interactions during pallet design, the structure of pallets can be
optimized and raw material consumption reduced. The objective of this study was to develop a
full description of how such payload characteristics affect load bridging on unit loads of stacked
corrugated boxes on warehouse racking support. To achieve this goal, the authors expanded on
a previously developed finite element model of a simplified unit load segment and conducted a
study to screen for the significant factors and interactions. Subsequently, a Gaussian process (GP)
regression model was developed to efficiently and accurately replicate the simulation model. Using
this GP model, a quantification of the effects and interactions of all the identified significant factors
was provided. With this information, packaging designers and researchers can engineer unit loads
that consider the effect of the relevant design variables and their impact on pallet performance. Such
a model has not been previously developed and can potentially reduce packaging materials’ costs.

Keywords: packaging; optimization; Gaussian process; finite element; load bridging; pallets

1. Introduction

With more than 6.8 billion pallets in circulation around the world [1] and over 80% of
the current shipping volume utilizing some form of corrugated fiberboard packaging [2], it
is critical to optimize pallet and packaging design. Previous research has shown that the
performance of corrugated boxes is affected by the characteristics of the pallet that supports
them, including factors such as deck board stiffness, gaps between the boards, unsupported
box corners, among others [3–6]. Additionally, pallet performance is affected by the type
of storage and material handling equipment used. An extensive body of knowledge has
been developed to understand pallet performance for the most common supply chain
environments, for different pallet materials, and for other design characteristics [7–10].
Research studies have been conducted to evaluate the pallet performance when unit loads
are supported on conditions such as warehouse racking across the length, across the width,
supported on forklift tines, or stacked on the floor [11–13].

Research has also been conducted to understand how the characteristics of the payload
affects the performance of pallets. This research has commonly shown that when a pallet
carries a more rigid payload, the pallet’s deformation decreases. This behavior is known as
the load bridging effect and entails the redistribution of the compressive forces towards
the rigid supports and away from the critical pallet components that might be more
susceptive to failure [14,15]. To characterize this effect, studies were conducted evaluating
specific factors that could potentially influence the load bridging effect. Factors such as the
dimensions of the packages, their contents, package stacking patterns, number of layers
of packages, total height of the unit load, and load containment methods have all been
evaluated [12–14,16,17]. This research has historically been conducted through physical
experimentation with limited evaluation of the potential interactions between these factors.
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The load bridging effect has been measured through the change in the overall deformation
of the pallet structure and by evaluating the changes in the pressure distribution across the
pallet top decks [11,12,16,18].

Physical experimentation for large systems, such as pallets carrying multiple packages,
presents low repeatability due to the potential variation in uncontrollable factors. To
account for this, simplified general models have been developed. Han et al. [19] developed
a finite element model to predict the deformation of pallet top deck boards under non-
uniform load applications, but this only has limited application to rigid loads. Molina,
Horvath, and West [20] presented a model simulating the bending behavior of a simplified
unit load segment using an implicit dynamic, two-dimensional finite element analysis
approach. Unlike previous approaches, this model provides a method to generically
analyze a unit load when stored on warehouse rack beam support in order to determine
the predicted level of load bridging for the specific load characteristics. Seven different unit
load characteristics were identified as potentially influencing the magnitude of the load
bridging effect. These were: payload weight, friction between the pallet and the packages,
friction between packages, box dimensions represented as the number of columns and
number of layers, overall height of the unit load, and the stiffness of the pallet.

Although the developed finite element model represents a robust baseline to use in
studying the characteristics of a unit load and their influence on pallet performance, a full
analysis of the trends and interactions of all the identified factors increases the computing
requirements exponentially. A surrogate model of a complex finite element model is
commonly utilized in such scenarios, providing not only a more efficient analysis tool but
also an accessible method for industry practitioners to design unit loads using acceptable
approximations [21–27].

Being able to better understand the effects of the payload’s characteristics that influ-
ence the load bridging effect can allow for an improved design methodology for unit loads.
Designers would be better able to identify the critical factors of unit loads that might be
negatively impacting pallet performance. A complete, comprehensive knowledge of the
load bridging effect factors is not currently available. This paper continues the research
based on the model developed by Molina, Horvath, and West [20].

Objectives

The main objective of this investigation was to characterize the effects, significant
factors, and interactions influencing load bridging on unit loads. This will provide a clear
understanding of the load bridging effect and how it can be successfully applied during
the unit load design process.

To attain the main objective of this project, specific objectives are defined as follows:

1. To evaluate the significance of the seven identified factors and their interactions that
influence load bridging for unit loads of stacked corrugated boxes on warehouse
racking support.

2. To develop and validate a Gaussian process regression model that can efficiently and
accurately replicate the finite element simulations.

3. To quantify and describe the effect of all identified significant load bridging factors
influencing pallet bending, as well as the interactions between them.

2. Materials and Methods

This research was structured to be presented in three main sections. First, a fractional
factorial screening design was conducted to identify the significance of multiple factors
that could have an influence on the load bridging effect on racked unit loads. Second, a
Gaussian process model was developed, as a surrogate model, to increase the efficiency of
the analysis and the potential of its application. In the third and final section, the developed
Gaussian process model was used to conduct a detailed analysis on each of the significant
factors. Special attention was paid to the interactions and trends observed. Figure 1 shows
these steps in a summary flowchart of the research project.
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Figure 1. Steps followed to study the effect of load bridging on racked unit loads.

2.1. Screening of the Significant Factors in the Load Bridging Model

The finite element model of the unit load segment used in this paper was a two-
dimensional implicit dynamic model presented by Molina et al. [20]. In it, a segment of
a unit load, supported on a warehouse storage racking condition across its width, was
simulated. This model simplified the packages to non-deformable boxes with frictional
contacts. Boxes were defined by density, and loading was conducted through gravitational
acceleration. All components of the model were two-dimensional solid elements using
plane/strain linear elastic material. The pallet was modeled through a board analog with
3200 quadrilateral elements sized at 2.54 mm for the global seed. Boxes were modeled
with a mesh generated from elements sized at 12.7 mm for a total of 6075 elements in the
optimal mesh. The solver used was nonlinear, implicit dynamic that allowed for the proper
representation of the transient characteristics of the phenomena under study, such as quick
box movement, large deflections of the pallet, and nonlinear frictional contacts between
each component. This model provided an average prediction accuracy of 8% for unit load
segments with three or more columns of packages. Molina et al. [20] fully describe the
finite element model formulation.

After the development of the finite element analysis for the unit load segment, multiple
factors were identified as necessary inputs for an accurate simulation. The goal of this
research endeavor was to understand and characterize the load bridging effect in unit
loads. It was hypothesized that not all input variables would have the same degree of
influence on load bridging. Screening for the significant factors and interactions, and
then simplifying the load bridging model was a key first step towards comprehending the
complex interactions occurring among payloads of stacked corrugated boxes.

Seven variables were identified as necessary to fully describe the unit load segments
being replicated in the finite element model; therefore, these variables were selected as
the initial factors for the screening design. The variables were as follows: the number
of columns, which corresponds to the payload length divided by the box length; the
number of layers, which corresponds to the height of the payload divided by the box
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height; the payload height (m); the coefficient of friction between the pallet and the payload
(pallet friction); the coefficient of friction between the boxes (box friction); the Young’s
Modulus of the pallet segment simulator (pallet stiffness, GPa); the total payload weight
(kg). All other model inputs were either constants or were derived from the main input
variables, such as the material density of the boxes or the specific box dimensions, which
depends on the combination of the number of columns, layers, and payload height. Figure 2
shows the unit load segment replicated, graphically depicting each factor.
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To capture the effects of these variables, values for the study were determined from
the trends observed during the model development process in [20]. For the screening
design, the unit load segments created consisted of three and five columns, and three and
five layers. The coefficient of frictions of the different interactions were selected from a low
friction of 0.20 to a high value of 0.60. This covered the ranges of coefficients of friction
(CoFs) observed in material handling operations for different common materials [28]. The
Modulus of Elasticity of the pallet was selected for an analog of a flexible, plastic pallet of
2.76 GPa and a more rigid, wooden pallet of 8.27 GPa. Pallet stiffness values were estimated
based on the expected adjusted bending stiffness rates as developed by Park et al. [16],
with a deflection value of 5 kg/mm for the low stiffness board and 14 kg/mm for the high
stiffness board. The payload weight was evaluated for both 109 kg and 218 kg, which
generated an equivalent loading of 538 kg and 1045 kg, respectively, on a standard pallet
size of 1219 mm × 1016 mm. As for the unit load’s height, the lowest value selected was
0.762 m and the highest value was 1.778 m.

Parallel to the study of the factors describing the payload, the finite element model
was also modified to calculate the deflection under the same payload weight but as a
uniformly distributed load across the pallet deck. These values allowed for the comparison
of the relative effects of different factors, controlling for changes of pallet stiffness and
payload weight. Deflection ratios have been previously used as a measure of the load
bridging levels and can provide a simpler measurement of the rate of change when altering
the factors studied. Uniformly distributed loading represents the worse-case scenario for
pallet bending and can be experimentally replicated using air or water bags [7]. The ratio is
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calculated by dividing the absolute deflection by the deflection of the pallet analog under
uniform loading with the equivalent weight.

2.2. Design of Experiments for the Screening of the Factors

To identify the relevant factors in load bridging, a screening design was formulated.
The design utilized was a fractional factorial orthogonal 27−1

IV design, which allowed for
the study of all of the seven main effects and the two-factor interactions between the
independent factors included in the model. This generated 64 representations of unit load
configurations for the finite element model, with just one partition of the full factorial, thus
reducing by half the required experiments from the full factorial design. The resolution IV
of the statistical model avoided the main effects being confounded with any of the two-
factor interactions. Possible confounding was at its worst with the three-factor interactions.
This model simplification is based on the sparsity-of-effects principle. This states that
a system, such as the unit load representation at hand, will be dominated by the main
effects and low-order interactions and only rarely affected by higher order interactions.
No replication was possible, given that the finite element model as formulated provided a
deterministic solution. The selection of this statistical model provided enough confidence
in a screening design that there was no need for the development of a full factorial,
considering the number of runs required. The values for the low and high levels of the
seven variables are presented in Table 1. The main response variable of the model was the
absolute pallet segment deflection measured at the center along the y-axis. Additionally, the
same statistical analysis was conducted for the ratio of the deflection of each experimental
test to the deflection of the uniform loading for the pallet segment when loaded with the
same load weight. The screening model formulation is presented in (1), where y is the
deflection or deflection ratio response, β’ s are the effect coefficients, x represents the coded
factors considered in the model, and n equals seven variables.

y = β0 +
n

∑
i=1

βixi +
n

∑
i,j=1
j 6= i

βijxixj +
n

∑
i=1

βiixi
2 + ε (1)

Table 1. Factor level combinations for the fractional factorial 27−1
IV design.

Variable Name
Levels

Low (−) High (+)

x1 Payload Weight 109 kg 218 kg
x2 Unit Load Columns 3 5
x3 Unit Load Layers 3 5
x4 Pallet Friction 0.20 0.60
x5 Box Friction 0.20 0.60
x6 Pallet Stiffness 2.76 GPa 8.27 GPa
x7 Payload Height 0.762 m 1.778 m

Based on the results of the screening design, the main significant effects were subse-
quently analyzed as a 2k-full factorial. Removing the factors classified as non-significant
after the screening analysis provided enough degrees of freedom from the same data set to
conduct a test with a full resolution, given a k < 7. This is based on the projection properties
of the fractional factorials.

2.3. Development and Cross Validation of a Gaussian Process Model to Predict Unit Load
Segment Bending

From the results of the screening analysis of the unit load bending model, the main
significant factors were identified. In order to develop a model that could accurately
predict the bending behavior of the boards supporting the payload and the influence of
different payload characteristics, each variable was limited to specific ranges, as follows.
The number of columns, which relate to the box sizes, was limited to 3, 4, 5, and 6 columns
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of stacked boxes along the length of the board. Larger boxes were not part of the validated
scope of the model, and smaller boxes, having seven or more columns, were considered too
small to be commonly handled on unit loads without any additional shippers. The height
of the boxes, in the model referenced as the overall height of the payload, was limited from
relatively short unit loads of 508 mm to tall unit loads of 2.03 m. Very short unit loads, or
abnormally tall ones, were not included in the model scope. It is important to note that
the number of layers, or the number of divisions that the unit load has along its height,
was not considered a significant factor within these ranges. Even though pallet stiffness
was not considered a significant factor, this was validated only within the ranges studied,
from 2.76 GPa to 8.27 GPa. These values are equivalent to a multiple use plastic pallet and
a wooden pallet with characteristics similar to a standard pool pallet [15]. Stiffer pallets
using different materials, such as metal, might present different behavior, as well as very
lightweight plastic pallets; therefore, these were not included in the model. The payload
weight range for the unit load segment modeled was the same as for the screening design
study, from 109 kg to 218 kg. When comparing the payload weight for a full unit load on
a standard GMA pallet (1219 mm × 1016 mm), this range correlates to 523 kg to 1045 kg,
using the same pressure level. Although this model’s accuracy is expected to be acceptable,
even around the limits, moving further away from this range could drastically reduce the
prediction’s accuracy.

The coefficient of friction (CoF) ranges for the different contact interactions were
limited based on the commonly identified ranges for each material. The CoFs of the
pallet’s top deck’s contact with corrugated fiberboard were based on the findings by
O’Dell et al. [28], where multiple pallet decks were evaluated for friction characteristics.
Plastic pallets with little to no surface treatment presented coefficients around 0.30, while
wooden pallets had values under 0.60. To account for variability, the model input was
limited to between 0.20 and 0.70. Higher frictions or the use of lips at the edges of the pallets
might affect the movement of the components and therefore were not considered. Contacts
between corrugated boxes were shown to be between 0.50 and 0.60 [20]. To account for
the possibilities of different packaging materials, the model range for the coefficient of
friction between the box contacts was between 0.20 and 0.70. Using material treatments
that significantly increase friction, such as tie sheets, could generate different interactions
between the components.

In the more traditional approach towards developing response surfaces, the experi-
menter used the sequential experimentation philosophy, working towards the identification
of a small region of interest in order to determine the optimum solution, typically approx-
imated as a low-order polynomial. This study sought to replicate the actual response
throughout the whole response region, not only the lowest or highest pallet deflection,
since optimization was not the only objective. In order to satisfy this, a space filling design
was used in a manner that could cover the complete response region. Additionally, no
replication was possible since the finite element model developed was a deterministic
model. A space filling design that satisfied the requirements by spreading the design points
evenly throughout the region of experimentation was the Latin Hypercube Design (LHD).
A Latin Hypercube, with 40 runs and 4 dimensions (40 × 4 matrix), was generated using
the computer software JMP Pro 15, which conducts a random permutation to determine
the values of each variable for each run. Table 2 presents the factor level combinations for
each model run. The same design was used independently for the model of each quantity
of columns (3, 4, 5, or 6 columns). A total of 160 finite element model simulation responses
were required.

To fit the deterministic responses from the finite element simulations, a Gaussian
process model was used. The Gaussian process model is y = µ + z(X), where z(X) is
Gaussian stochastic process with covariance matrix σ2R(θ). R(θ) is a correlation matrix
with the elements shown in (2). Values for rij are the correlations between responses at two
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design points. The parameters µ and θs, s = 1, 2, . . . , k were estimated using the method of
maximum likelihood.

rij = e−∑k
s=1 θs(xis−xjs)

2
(2)

Table 2. Latin Hypercube Design factor levels for Gaussian process model training data and corresponding finite element
model simulation results as a ratio of deflection per unit load model.

ID
Height
(mm)

Pallet
Friction

Box
Vertical
Friction

Box
Horizontal

Friction

Deflection Ratio by Model

3
Columns

4
Columns

5
Columns

6
Columns

Run 001 508.00 0.66 0.48 0.41 0.38 0.36 0.33 0.39
Run 002 547.08 0.47 0.26 0.64 0.35 0.42 0.56 0.64
Run 003 586.15 0.61 0.24 0.34 0.35 0.37 0.53 0.64
Run 004 625.23 0.43 0.39 0.43 0.37 0.42 0.61 0.64
Run 005 664.31 0.33 0.67 0.61 0.20 0.44 0.48 0.65
Run 006 703.38 0.46 0.52 0.23 0.48 0.41 0.46 0.65
Run 007 742.46 0.28 0.30 0.30 0.65 0.43 0.58 0.62
Run 008 781.54 0.48 0.61 0.44 0.15 0.33 0.44 0.49
Run 009 820.62 0.25 0.34 0.55 0.36 0.42 0.56 0.65
Run 010 859.69 0.70 0.29 0.53 0.26 0.47 0.55 0.64
Run 011 898.77 0.24 0.57 0.25 0.60 0.38 0.55 0.65
Run 012 937.85 0.65 0.64 0.29 0.10 0.20 0.30 0.34
Run 013 976.92 0.56 0.44 0.60 0.22 0.43 0.55 0.62
Run 014 1016.00 0.69 0.62 0.52 0.14 0.24 0.30 0.34
Run 015 1055.08 0.35 0.49 0.69 0.29 0.43 0.62 0.63
Run 016 1094.15 0.60 0.41 0.33 0.20 0.45 0.55 0.66
Run 017 1133.23 0.52 0.66 0.67 0.17 0.31 0.41 0.57
Run 018 1172.31 0.29 0.65 0.46 0.27 0.44 0.57 0.66
Run 019 1211.38 0.42 0.25 0.56 0.32 0.43 0.58 0.64
Run 020 1250.46 0.20 0.43 0.39 0.34 0.46 0.59 0.64
Run 021 1289.54 0.38 0.42 0.24 0.29 0.42 0.63 0.63
Run 022 1328.62 0.41 0.47 0.48 0.28 0.43 0.57 0.64
Run 023 1367.69 0.30 0.23 0.37 0.32 0.45 0.59 0.64
Run 024 1406.77 0.53 0.20 0.32 0.34 0.45 0.60 0.64
Run 025 1445.85 0.49 0.70 0.38 0.14 0.32 0.42 0.66
Run 026 1484.92 0.64 0.32 0.49 0.27 0.43 0.59 0.65
Run 027 1524.00 0.23 0.33 0.58 0.32 0.44 0.58 0.64
Run 028 1563.08 0.67 0.51 0.20 0.18 0.32 0.40 0.43
Run 029 1602.15 0.34 0.69 0.62 0.24 0.47 0.55 0.64
Run 030 1641.23 0.62 0.53 0.47 0.17 0.32 0.42 0.43
Run 031 1680.31 0.58 0.35 0.70 0.27 0.45 0.62 0.64
Run 032 1719.38 0.21 0.55 0.51 0.39 0.46 0.58 0.65
Run 033 1758.46 0.26 0.56 0.28 0.33 0.45 0.58 0.63
Run 034 1797.54 0.39 0.46 0.65 0.29 0.45 0.63 0.64
Run 035 1836.62 0.37 0.28 0.21 0.31 0.44 0.58 0.64
Run 036 1875.69 0.55 0.38 0.35 0.26 0.45 0.62 0.64
Run 037 1914.77 0.44 0.21 0.57 0.34 0.45 0.59 0.65
Run 038 1953.85 0.32 0.37 0.42 0.36 0.45 0.59 0.65
Run 039 1992.92 0.57 0.60 0.66 0.19 0.32 0.40 0.46
Run 040 2032.00 0.51 0.58 0.26 0.19 0.39 0.54 0.51

Predicted values for the responses of the Gaussian process model are generated
from (3). µ̂ and θ̂ are the maximum likelihood estimates of the model parameters µ and
θ, respectively, and r′(x) = [r(x1, x), r(x2, x), . . . , r(xn, x)]. This prediction equation
contains one term for each of the design points in the original experiment.

ŷ(x) = µ̂ + r′(x)R
(
θ̂
)−1

(y− jµ̂) (3)
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In order to generate the most accurate model and to validate the prediction results
from the Gaussian Process model, a k-fold cross validation was conducted. The response
data set for each per column model was divided into five equal parts. The GP model
was run five separate times with only four-fifths of the data. The remaining data points
were used to conduct the cross validations. The model with the data set that provided
the highest accuracy was selected as the resulting statistical model. Goodness of fit and
predictive performance was evaluated by comparing the Root Mean Square Error (RMSE)
of the predictions against the finite element model simulation results, as well as the Mean
Absolute Percent Error (MAPE). Both error measurements together provided enough
confidence to determine model accuracy.

2.4. Study of the Significant Factors Influencing Load Bridging

With the goal of better understanding the behavior of each of the significant factors
influencing load bridging, a detailed analysis was conducted. The GP model was applied
to study the behavior of each factor, in an almost one-factor at a time (OFAT) style of
analysis, but this study also took into consideration major interactions. The results inform
and support the decision-making process of unit load design. Given the many interactions
acting upon the bending response of the board, the full model should be applied to specific
unit load evaluations. The analysis was limited to the dimensions studied in the Latin
Hypercube Design since that was the range of the input data of the model. A summary
of the factor ranges is shown in Table 3. All other variables not included here were also
limited to this project’s scope.

Table 3. Factor limiting ranges for each significant variable in the Gaussian Process Model.

Factor
Factor Range

Minimum Maximum

Unit Load Columns 3 6
Pallet Friction 0.20 0.70
Box Friction 0.20 0.70

Payload Height (mm) 508 2030

3. Results
3.1. Results for the Screening of the Factors

The finite element simulation for uniform loading was conducted for both low and
high stiffness pallet segments. Table 4 shows the deflection results for the simulations of
low and high stiffness boards when loaded with uniformly distributed forces of 109 kg
and 218 kg, respectively, equivalent to 4.14 kPa and 8.27 kPa across the pallet segment’s
top deck.

Table 4. Simulation results for low and high stiffness pallet segments deflection (mm) under uni-
formly distributed loading.

Pallet
Segment

Stiffness
(GPa)

Deflection
(mm)

108 kg 218 kg

Low stiffness 2.76 22.7 44.9
High stiffness 8.27 7.51 14.7

The complete unit load finite element (FE) model was solved for the 64 factor level
combinations. Table 5 shows the individual p-values for each of the main factors and all of
the second order interactions when using absolute pallet deflection as the main response.
Effects and interactions were considered significant when they had a p-value lower than
the selected p-value of 0.10 or when a higher order interaction included such effects. The
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p-value limit of 0.10 was selected to decrease the probability of rejecting variables with
lower levels of influence. These are considered to be the factors influencing the load
bridging effect, which require further exploration.

Table 5. Fractional factorial p-values for the factors and 2nd-interactions of the initial screening
design by board deflection (mm) and deflection ratio as main response. Factors below divider were
considered non-significant (p-value > 0.10).

Response: Deflection (mm) Response: Deflection Ratio

Term p-Value Term p-Value

Pallet Stiffness <0.0001 Pallet Friction <0.0001
Pallet Friction <0.0001 Columns <0.0001

Weight 0.0001 Height × Pallet Friction <0.0001
Pallet Stiffness ×Weight 0.0001 Height <0.0001 ˆ

Box Friction 0.0002 Columns × Height 0.0001
Height 0.0002 Box Friction 0.0001

Box Friction × Pallet Stiffness 0.0009 Height × Box Friction 0.0006
Columns 0.0010 Columns × Pallet Friction 0.0309

Pallet Friction × Pallet Stiffness 0.0015 Pallet Friction × Box Friction 0.0693
Columns × Height 0.0017 Box Friction × Pallet Stiffness 0.1511

Height × Pallet Friction 0.0023 Layers × Box Friction 0.2088
Columns × Pallet Stiffness 0.0104 Columns × Box Friction 0.2088

Height × Box Friction 0.0134 Weight 0.2789
Pallet Friction ×Weight 0.0328 Columns × Layers 0.3396

Pallet Friction × Box Friction 0.0397 Layers 0.3489 ˆ
Height × Pallet Stiffness 0.0432 Height ×Weight 0.4402

Columns ×Weight 0.0695 Layers × Pallet Friction 0.4586
Box Friction ×Weight 0.1127 Height × Pallet Stiffness 0.4966

Layers × Pallet Friction 0.1460 Pallet Stiffness ×Weight 0.6204
Columns × Box Friction 0.2057 Layers × Pallet Stiffness 0.6424

Columns × Pallet Friction 0.2075 Layers × Height 0.7101
Height ×Weight 0.5336 Pallet Friction ×Weight 0.8768

Layers × Pallet Stiffness 0.6632 Layers ×Weight 0.9013
Layers × Height 0.7221 Box Friction ×Weight 0.9013
Layers ×Weight 0.8300 Pallet Stiffness 0.9714 ˆ

Layers × Box Friction 0.8668 Columns × Pallet Stiffness 0.9753
Columns × Layers 0.9477 Columns ×Weight 1.0000

Layers 0.9577 ˆ Pallet Friction × Pallet Stiffness 1.0000
‘ˆ’ denotes effects with containing effects above them.

As expected, the stiffness of the board and the load applied are very significant factors
influencing the resulting bending moment. Alternatively, when looking at the effect from
the perspective of the change in deflection, which is the deflection ratio, weight and stiffness
are non-significant factors. From a fundamental perspective, this is understandable since
the ratio of deflection accounts for changes in stiffness and weight. It is important to
note that these variables are not influencing the effects of other variables. No significant
interaction for the deflection ratio analysis includes either payload weight or board stiffness.
With this, it can be assumed that the rate of effect for the other factors, such as number
of columns or payload height, are independent of the overall payload weight and pallet
stiffness. Previous experimental studies have observed that, while maintaining the payload
weight as a constant, load bridging is not relevant for high stiffness pallets. This suggests
an interaction between pallet stiffness and load bridging [7,12–14,16]. Very high stiffness
pallets present very low deflection results. Therefore, in order to be able to identify minute
changes, extremely high consistency between experimental units and precise measurements
are required. Such precision levels cannot always be achieved with current unit load testing
methods. Molina et al. [13] briefly explored the load bridging effects of modifying pallet
stiffnesses but not the weight of the payload. It was noted that higher stiffness pallets
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carrying a lighter load do not experience significant load bridging. There is a complete
absence of a measurable bending response of the pallet.

Besides pallet stiffness and payload weight, it is worth noting that the number of
layers in the unit load does not seem to influence the pallet segment’s bending results,
either as a main effect or as part of an interaction of higher order for either of the two
analyses. The other four effects that were analyzed were considered significant regardless
of the response variable studied. Multiple interactions were also identified as significant,
supporting this study’s hypothesis that interactions between multiple factors are significant
and have not been properly studied before.

A 24 full factorial design analysis was conducted using the model results from the
screening design. This took advantage of the projection properties of the fractional designs.
Deflection ratios were considered the main model response. The main factors were number
of columns, payload height, pallet friction, and box friction. According to the screening
design results, pallet stiffness, payload weight, and number of layers do not significantly
affect the pallet bending ratio and therefore were excluded. Table 6 shows the effect
summary p-values of the analysis. It was confirmed that there are four main effects
significant in load bridging. Certain second order interactions were also found to be
significant to the load bridging effect, as well as multiple third order interactions. This
preliminary exploration shows the complexity of the load bridging effect, where every
factor must be studied in coordination with the changes to other factors. It is not feasible to
conduct such experimentation with traditional physical experimental methods.

Table 6. Results of the 24-full factorial design ANOVA (p-values) for the significant effects of on the
board deflection ratio.

Source p-Value

Pallet Friction <0.0001
Columns <0.0001
Height <0.0001

Box Friction <0.0001
Height × Pallet Friction <0.0001

Columns × Height <0.0001
Height × Box Friction <0.0001

Columns × Height × Pallet Friction 0.0002
Columns × Height × Box Friction 0.0013

Columns × Pallet Friction 0.0025 ˆ
Height × Pallet Friction × Box Friction 0.0032

Columns × Box Friction 0.0749 ˆ
Columns × Pallet Friction × Box Friction 0.2725

Pallet Friction × Box Friction 0.2773 ˆ
Columns × Height × Pallet Friction × Box Friction 0.5086

‘ˆ’ denotes effects with containing effects above them.

3.2. Gaussian Process Model Results

Simulations were conducted using the unit load segment finite element model for each
of the 160 data points determined by the Latin Hypercube design. Results are presented
in Table 2. This was the data input needed to compute the Gaussian process regression.
Root Means Square Error (RMSE) and Mean Absolute Percent Error (MAPE) results are
presented in Table 7. For each of the unit load representations, the model with the lowest
MAPE and RMSE was selected. The data subset of k = 4 was selected as the one with
the best goodness of fit for all four models. The overall error level of the GP model was
considered low, with an average RMSE of 0.05 and a MAPE of 0.08. The highest error level
was for the model with three columns, and it had an RMSE of 0.05 and a MAPE of 0.13.
The highest prediction accuracy was presented in the six-column model, with a RMSE of
0.03 and a MAPE of 0.03.
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Table 7. Root Means Square Error (RMSE) and Mean Absolute Percent Error (MAPE) for the Gaussian
process prediction for each cross validated data set.

Cross
Validation
Index (k)

Error
Measurement

Model

3
Columns

4
Columns

5
Columns

6
Columns

Model
Average

1

MAPE

0.26 0.06 0.10 0.05 0.12
2 0.22 0.17 0.07 0.04 0.12
3 0.24 0.06 0.07 0.07 0.11
4 0.13 0.06 0.09 0.03 0.08
5 0.12 0.09 0.08 0.17 0.11

1

RMSE

0.06 0.04 0.05 0.05 0.05
2 0.05 0.07 0.04 0.02 0.05
3 0.08 0.03 0.04 0.06 0.06
4 0.05 0.04 0.06 0.03 0.05
5 0.10 0.05 0.06 0.09 0.08

The Gaussian process model provides a reliable method to efficiently predict the
ratio of change in the bending of a unit load segment, with a low error estimate. This
is a significant aspect since finite element modeling places a high initial cost to conduct
everyday analysis of unit load design.

3.3. Results of the Internal Stresses’ Distribution and Trends

The changes in stress distributions when varying different payloads can provide
additional insights into how pallet performance can be affected besides the bending
response studied.

As previously mentioned, pallets are commonly evaluated by applying a uniformly
distributed load on the pallet’s top deck. A similar analysis on the pallet analog developed
provides a maximum Von Mises equivalent stress of 6.78 MPa on the center span of the
structure, when loaded with a uniform pressure of 4.14 kPa. The aforementioned pressure
is equivalent to 109 kg of total load for the unit load segment, and the resulting plot
is shown in Figure 3. The pallet analog was modelled after PMMA which has a yield
strength of 72 MPa [29]. The current internal stresses under uniform loading represent
9.37% of yield.
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Figure 3. Plot of the equivalent Von Mises stress (Pa) of the pallet analog under uniformly distributed
loading of 4.14 kPa.

As shown in Figure 4, the Von Mises equivalent stress presents a distribution that
closely follows a parabola, with a symmetric distribution along the pallet analog and with
the vertex matching the center of the unsupported span.
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Figure 4. Plot of the maximum equivalent Von Mises stresses (MPa) for the unit load segments under five different payloads.

When discrete loading is applied through the use of stacked corrugated boxes, the
stress distribution changes. As shown in Figure 4, the distribution of stresses along the
pallet analog changes as the payload characteristics are changed. In this example, each of
the payloads have the same characteristics except for the dimensions of the boxes. Unit
load height and all coefficients of friction remained constant. Table 8 shows the percent
change for the deflection response and for the equivalent Von Mises stresses. Although the
change is not completely equivalent, both variables presented a similar trend of change
when decreasing the size of the boxes. Figures 5–8 show the equivalent Von Mises stress
plots for each of the unit load segments studied. Using the Von Mises stresses for the
high-strain, ductile material modelled (PMMA), allows for a reasonable estimation of the
yield strength of the pallet analog. The reduction in the peak stresses experienced when
comparing the specific payloads versus uniform loading indicate that the pallet analog
yield strength can increase from 63.7% (6 columns) to 245% (3 columns). This increase is
generated exclusively through the load bridging effect.

Table 8. Changes in deflection and maximum equivalent stresses from uniformly distributed loading
to discrete number of boxes.

Deflection (mm) Change V. Mises Stress
(MPa) Change

Uniform 22.70 - 6.42 -
3 columns 7.72 −66% 1.85 −67%
4 columns 10.44 −54% 2.55 −57%
5 columns 13.39 −41% 3.67 −41%
6 columns 14.53 −36% 3.92 −37%

In analyzing the stress concentrations along the pallet analog, every payload presented
high stresses at the ends of the boards, where boxes were contacting the corners of the pallet
analog and at the locations of the rigid supports. Since these pressure concentrations were
considered a result of the modeling simplification, they can be ignored for the purposes
of the load bridging analysis. Excluding these sections, most of the stress distributions
followed a clear trend, where the stresses present a change in each of the locations where
the boxes’ edges contacted the pallet deck.

The knowledge provided by these trends in the changes to the internal stresses, and
how they closely relate to the bending response, can inform unit load designers about
potential changes in pallet strength performance that must be validated further.
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4. Discussion
4.1. Discussion on the Load Bridging Effects and Trends by Each Significant Factor
4.1.1. Effect of Number of Columns on the Bending of a Board

Although the Gaussian process models were formulated independently for unit loads
with different numbers of columns, the results can be grouped together to identify relevant
trends in the data. Previous researchers have identified that the size of the boxes has a very
significant influence on load bridging levels generated [12,16]. In general, it is commonly
assumed that smaller boxes generate higher bending. This hypothesis is based on the
application of the discrete load on the pallet deck. Infinitely smaller boxes will resemble
a uniformly distributed load and, therefore, generate the same bending as uniform load
applicators. Figure 9 shows that same overall trend for most scenarios studied. It is of
high relevance to note that when boxes are longer along the length (three columns), the
payload is relatively short (700 mm) and the box-to-pallet CoF is low (0.30), this observed
trend is no longer valid. In this scenario, the unit load with three columns of boxes
presented a deflection ratio of 0.65, while that for four columns was 0.43, five columns
was 0.59, and six columns was 0.64. Unit loads with these characteristics present a higher
deflection than those with smaller boxes, almost matching the same deflection level as a
unit load with six columns. The interaction of the box length dimension with low friction
properties generated higher deflection than one driven mostly by box size. As observable
in Figure 10, the rotational movement of the boxes when the board was under load was
different for the unit load of three columns (Figure 10a) than for those with a higher number
of columns. The same change in the movement of the boxes was generated by maintaining
the number of columns but either increasing the friction coefficient of the pallet (Figure 10b)
or the overall height of the payload (Figure 10c). This confirmed that no generalization
can be made regarding the effect of box size on load bridging without considering the
remaining interacting factors as well. A key aspect in reducing board deflection was to
prevent the rotating movement of the packages. This was possible through many different
combinations of factors. Because of this, no specific attempts to quantify a threshold point
were made, avoiding misinterpretation of the model results.

The effect of the pallet friction levels can be observed for a commonly used unit load
scenario. The unit load is supported on a 1219 mm × 1016 mm wooden pallet (0.45 pallet
top deck friction) and contains corrugated boxes made of kraft paper (average box friction
of 0.45) that are stacked to a total height of 1200 mm. Everything else remaining equal,
increasing the box length of such a unit load from 169 mm to 338 mm reduces the ex-
perienced initial deflection by 60%, from a ratio of 0.64 to 0.25. Taking into account the
relationship between box size and pallet performance can influence the design process of
tertiary packaging.

4.1.2. Effect of the Payload Height on the Bending Ratio of a Board

The height of the payload was identified as a significant factor influencing the bending
of the pallet deck. When analyzing the height on a range between 500 mm and 2 m, and
for a range of friction coefficients and number of columns, it can be observed that the effect
of height is highly dependent on the other variables, as shown in Figure 11. Park [15]
conducted preliminary experimentations on the effect of payload height. Using large,
corrugated boxes (arranged in two columns), Park identified the fact that by increasing
the height of the unit load, there was a significant decrease in the overall board bending
response. A similar trend can be observed in the model’s response for unit loads consisting
of three columns. However, as the boxes became smaller, the effect of height was no longer
relevant. The movement of the boxes, such as in Figure 10, for six columns, was mostly
downwards. There was no rotational movement on unit loads with low payload heights
having the same total weight per column, so the load perceived by the board was not
changed, therefore it generated the same board deflection ratios. For the majority of boxes
used in the field, changing the height of the boxes or adding additional layers of the same
package will not significantly change the resulting deflection.
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4.1.3. Effect of the Pallet Friction Coefficient on the Bending Ratio of a Board

As can be observed in the results (Figure 12), there was an inverse relationship between
the deflection ratio of the board and the pallet CoF for most scenarios studied. When the
friction of the pallet deck increased, the bending of the board decreased. This trend has
the potential to influence the design of plastic pallets. Pallets’ safe load carrying capacities
can be determined by finding the maximum deflection for safe handling or determining
the load at which certain pallet components begin to fail [30,31]. Plastic pallets, given the
commonly low stiffness of their structures, tend to have a maximum carrying capacity
determined by their bending level under load. Affecting the resultant bending of the
boards by simply increasing the friction can potentially increase the carrying capacity of
a pallet. As with other factors, the interactions between the number of columns, payload
height, and box friction determine the resulting effects and, therefore, it all must be studied
as a system. However, unit loads carrying packages with low friction levels, such as those
equivalents to returnable plastic containers (RPC), did not present such changes in board
deflection, except in the case of larger boxes.

The effect of pallet friction can be observed for commonly used unit load scenarios.
Take a unit load, supported on a 1219 mm× 1016 mm pallet, containing 340 mm× 250 mm
× 400 mm corrugated boxes made of kraft paper (with an average box friction of 0.45),
and stacked three high (having 1200 mm in total height). In this scenario, increasing the
frictional forces by going from a pallet friction coefficient of 0.30 to 0.60 can decrease
the bending response by 48%. Keeping the same characteristics but using smaller boxes,
170 mm × 254 mm × 400 mm (in six columns), and increasing the pallet friction coefficient
at the same rate, only decreases the bending response by 15%.

4.1.4. Effect of the Package Friction Coefficients on the Bending Ratio of a Board

The friction coefficient of the packages was observed to be a factor that when increased,
tended to reduce the bending response of the boards. The rate of change was more
pronounced for larger boxes when there was a larger contact area between the boxes.
This can be clearly observed in Figure 13. Furthermore, the friction coefficient for the
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packages were modeled differently for the horizontal and the vertical box surfaces. These
components do not affect the bending response equally. Increasing the friction properties
of the vertical package surfaces generated a reduction in the bending of the boards for most
of the studied scenarios (Figure 14). Alternatively, changes on the frictional properties of
the horizontal box surfaces only generated a change in board deflection for unit loads with
large boxes (Figure 15). As seen in Figure 10a, the unit load with three columns presented
a rotational motion of the boxes. Increasing the horizontal friction between boxes reduced
this motion and affected the resulting deflection by decreasing it. Unit loads where the
aspect ratio or other factors already prevented rotational motion were not affected by
changes in the horizontal CoFs.
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The effect of changes in package friction coefficients can be observed for a commonly
used unit load scenario. The unit load is supported on a 1200 mm× 1000 mm wooden pallet
(0.45 pallet friction) and contains 340 mm × 250 mm × 400 mm corrugated boxes made of
kraft paper (average box friction of 0.45) that are stacked three high (1200 mm total height).
By changing the friction of the packages on the vertical surfaces from a coefficient of 0.30
to 0.60, while keeping the horizontal friction fixed at 0.45, it decreases the experienced
deflection by 50.4%. The same scenario but with smaller 170 mm × 125 mm × 400 mm
corrugated boxes (in six columns) generated a deflection reduction of only 15%. Alterna-
tively, fixing the vertical friction at 0.45 but increasing the horizontal friction coefficient
from 0.30 to 0.60 can reduce the deflection by 22.1% for large boxes but does not generate
any significant change in unit loads carrying small boxes.

A feature that could impact the overall effect of package friction on the bending of a
unit load is the application of containment mechanisms. Methods such as stretch wrapping
can restrain the boxes and prevent any rotation or displacement. The increased unitizing
forces increase the overall load bridging effect and could potentially reduce the deflection
experienced by the unit load. By not considering stretch wrapping or other containment
methods commonly utilized, this model provides a conservative estimation of the load
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bridging effect. Further refinements can be developed in order to take into account all of
the many possible modifications available for unit loads.

Appl. Sci. 2021, 11, x FOR PEER REVIEW 19 of 24 
 

coefficient from 0.30 to 0.60 can reduce the deflection by 22.1% for large boxes but does 

not generate any significant change in unit loads carrying small boxes. 

A feature that could impact the overall effect of package friction on the bending of a 

unit load is the application of containment mechanisms. Methods such as stretch 

wrapping can restrain the boxes and prevent any rotation or displacement. The increased 

unitizing forces increase the overall load bridging effect and could potentially reduce the 

deflection experienced by the unit load. By not considering stretch wrapping or other 

containment methods commonly utilized, this model provides a conservative estimation 

of the load bridging effect. Further refinements can be developed in order to take into 

account all of the many possible modifications available for unit loads. 

 

Figure 13. Effect of the friction coefficient of packages on board bending ratio by pallet friction, 

payload height (mm), and number of columns. 
Figure 13. Effect of the friction coefficient of packages on board bending ratio by pallet friction,
payload height (mm), and number of columns.

Appl. Sci. 2021, 11, x FOR PEER REVIEW 20 of 24 
 

 

Figure 14. Effect of the friction coefficient of the vertical surface of the packages on board bending 

ratio by pallet friction, payload height (mm), and number of columns, with a fixed coefficient of 

friction of the horizontal surface of 0.45. 

 

Figure 15. Effect of the friction coefficient of the horizontal surface of the packages on board bending 

ratio by pallet friction, payload height (mm), and number of columns, with a fixed coefficient of 

friction of the vertical surface of 0.45. 

Figure 14. Effect of the friction coefficient of the vertical surface of the packages on board bending
ratio by pallet friction, payload height (mm), and number of columns, with a fixed coefficient of
friction of the horizontal surface of 0.45.



Appl. Sci. 2021, 11, 11865 20 of 23

Appl. Sci. 2021, 11, x FOR PEER REVIEW 20 of 24 
 

 

Figure 14. Effect of the friction coefficient of the vertical surface of the packages on board bending 

ratio by pallet friction, payload height (mm), and number of columns, with a fixed coefficient of 

friction of the horizontal surface of 0.45. 

 

Figure 15. Effect of the friction coefficient of the horizontal surface of the packages on board bending 

ratio by pallet friction, payload height (mm), and number of columns, with a fixed coefficient of 

friction of the vertical surface of 0.45. 

Figure 15. Effect of the friction coefficient of the horizontal surface of the packages on board bending
ratio by pallet friction, payload height (mm), and number of columns, with a fixed coefficient of
friction of the vertical surface of 0.45.

4.2. Discussion on the Factor Interactions

After conducting the analysis for the individual factors that influence the load bridg-
ing effect, it was evident that the existent interactions between the factors increased the
complexity of the trends of the response. Traditional approaches to packaging design
have focused on simple adjustment factors for specific characteristics, such as reducing
box strength by a certain percent due to environmental conditions. This simplified ap-
proach, although useful for dissemination purposes, cannot be applied to the unit load
development process. Some factors presented certain trends for common conditions, but
when the values of other factors were modified, the trend changed. Due to the complexity
of these interactions, it is not reliable to propose individual adjustment factors for each
variable that could estimate the effects of load bridging. To predict the load bridging effect,
a simplified model is required to calculate the resulting adjustment. The Gaussian process
model developed fulfils the expectations of an approachable model that can be utilized in
everyday scenarios as part of the unit load design process.

4.3. Model Limitations

The model here presented offers a new tool for unit load designers and researchers. It
is of utmost importance to summarize the limitations of the research. In the development
of the finite element model of the unit load segment, a board was used as a pallet analog.
The study here presented does not consider the effect of different pallet designs, such as
using block or stringer pallets, or the effects of specific pallet components. The approach
selected for the study was to limit the results exclusively to the effects of the changes in
the payload. In order to properly apply the developed model, researchers and users must
conduct a subsequent step of evaluating the response on the specific pallet being utilized
by considering the model results as one more input in the pallet design process.

Time-dependent material properties, such as creep of the pallet analog for extended
periods under load, were not considered. Although pallets in warehouse storage will
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experience creep effects, it is not considered that it will change the factor significance and,
overall, the main conclusions from the study.

The simplified load bridging model developed using the Gaussian process regression
is limited to the ranges of values where each of the variables was validated, be them signif-
icant or non-significant factors in the payload characteristics. Although unit loads outside
of these ranges commonly exist, they are not considered for the prediction properties of the
model. Users must carefully evaluate these limitations before considering the results in the
unit load design process.

4.4. Model Implications and Wider Adoption Potential

The developed model is capable of predicting accurately the bending response change
of a pallet segment when the payload characteristics are modified. This model and the
characterization of the effects that influence load bridging are capable of providing a
valuable input to packaging engineers and designers. Such a wide and in-depth analysis
of how the payload characteristics affect pallet bending was not possible to produce
without the models presented here. In the past, in order to investigate the effect of any of
the aforementioned factors, researchers needed to physically build a unit load, conduct
laboratory testing, and compare the different results. This process requires extensive cost
and monetary investment. Researchers and designers can now evaluate the effect that
design decisions, such as making a unit load taller or using a pallet with a higher friction
coefficient, can have in the pallet performance. The utilization of this methodology can
streamline the packaging design process and allow for engineers to better consider the
pallet and packages interactions to create more efficient systems.

The model developed presents an opportunity to improve the pallet and unit load
design methodology. Accounting for the factors identified can allow designers to select
potentially problematic unit loads and further investigate.

The results presented provide a guideline towards the change in trends of pallet
deflection as payload configuration is modified. It is not the intent of the author to directly
modify the safe carrying capacity of pallets. Pallet designs must be properly verified
by the currently accepted methodologies. This model allows for the identification of
payloads that can potentially generate larger deformation. Pallet designs must be tested
with such payloads.

5. Conclusions

After the detailed study and screening of those factors significantly affecting load
bridging and the subsequent development of a Gaussian process model, the following can
be concluded:

• The number of columns in a unit load, the height of the payload, the friction coefficients
of the payload’s contact with the pallet deck, and the contact friction between packages
were all found to be significant factors influencing the bending response of pallet
analogs loaded with stacked boxes.

• The Gaussian process model can act as a surrogate model for the finite element simula-
tion with a prediction error of five percentage points of the estimated deflection ratio.

• Aside from the significance of each studied factor, the interactions between them
were found to be of high relevance to the study of load bridging. Load bridging on
unit loads must be studied as a system, where variations in any characteristic will
potentially influence its effect on the bending response of the remaining factors.

• The number of columns in a unit load affects the bending response. Increased package
size reduces unit load bending in most scenarios, but columns’ interactions with
friction forces and payload height can cause an opposite change in deflection.

• Change in payload height translates to a change in the bending of the boards when
supporting large boxes with low payload friction. The deflection of unit loads with
smaller boxes tends not to be affected by payload height.
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• Pallet top deck friction can influence the bending response of certain unit loads,
providing a potentially simple method to improve pallet performance.

• The frictional forces of the packages significantly influence the bending responses
of the pallet segments, but the addition of containment methods could potentially
restrict this slipping behavior. This shows that containment could limit the effect of
package friction on unit load deflection.

The research project also identified that due to the complexity of the factor interactions,
a simple individual adjustment factor for the load bridging effect of the various unit load
factors is not feasible. Therefore, to predict the load bridging effect for unit loads, a
simplified model that could be applied to everyday scenarios is required, increasing the
potential applications of the Gaussian process model.
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