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Abstract

At the practical level, the static stability constraint is one of the most important constraints in practical pallet
loading problems, such as air cargo palletizing. Approaches to modeling static stability, which range from
base support and mechanical equilibrium calculations to physical simulation, differ in workflow, focus, and
assumptions, so choosing the right static stability approach has a substantial impact on the quality of the
solution and, ultimately, on loading security. To date, little research has investigated the structural differences
between approaches. The aim of this paper is to integrate knowledge and shed light on the applicability of
the different approaches for the practical scenario of air cargo palletizing. We tackle this problem through (1)
a reformulation and extension of static stability toward loading stability, (2) a conceptual analysis of current
approaches, and (3) benchmarking that employs an independent multibody simulation on multiple hetero-
geneous datasets. Our results show that all approaches are prone to structure errors and vary significantly
in their premises and information usage. Further, full base support is revealed to be the most restrictive ap-
proach by far, while physical simulation achieves the greatest accuracy. Given the trade-off between accuracy
and runtime, the mechanical equilibrium approach is a good choice, while partial base support performs best
for lower support values.

Keywords: static stability; pallet loading problem; physical simulation; loading stability; air cargo

1. Introduction

Safely transporting cargo is a challenging task across industries and transportation modes (e.g., air,
maritime, road), especially when cargo is arranged on pallets. For this pallet loading problem (PLP),
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important constraints must be addressed and regulations met to ensure safe transport (Bortfeldt
and Wascher, 2013; Lee et al., 2021). This article considers the PLP from an air cargo carrier’s
perspective. This problem can be classified as a (single) distributor’s PLP (Hodgson, 1982) and
entails the loading of three-dimensional cargo items (boxes) onto a single pallet with no lateral
support. In this air cargo PLP, the assortment of items is highly heterogeneous (Brandt and Nickel,
2019; Lee et al., 2021), and solutions need to be calculated as soon as possible due to strict flight
schedules (Mazur et al., 2020).

In this study, we specifically focus on the static (i.e., vertical) stability constraint. As one of
the most important practical constraints, stability keeps (partly) stacked cargo from collapsing
(Bischoff, 1991; Ramos et al., 2016a). An assortment of cargo that consists of both three-
dimensional item placement positions and loading sequences is also called a layout. According to
a common definition, a layout is statically stable if the loaded cargo items are able to “withstand
the gravitational force acceleration over them” (Junqueira et al., 2012, p. 76) when the transport
vehicle is not moving. In contrast, a layout is dynamically stable if the cargo remains stable during
transport (Junqueira et al., 2012). Stability contributes to safe transport and is highly relevant
for practical usage since unstable items that tip, slide, rotate, or fall can lead to personnel injuries
or damaged cargo (Bischoff and Ratcliff, 1995; Junqueira and de Queiroz, 2022), and it is also
very relevant in combination with vehicle routing problems where cargo is removed during the
route (Ranck Junior et al., 2019). Stability is also a strict flight safety regulation, as defined by the
International Air Transport Association (IATA, 2019). Thus, it is of utmost importance to ensure
proper cargo stability at all times. The static stability constraint has been tackled from various
perspectives, including from the container loading problem (CLP) perspective, which describes
when a rigid metal container is loaded and its walls provide lateral support for cargo. Since it is
closely related to the PLP, we also consider findings related to the CLP.

Multiple approaches in CLP and PLP research have been proposed to quantify and evaluate
static stability, including full base support (FBS), partial base support (PBS), static mechanical
equilibrium (SME), and physical simulation (PS). These approaches, which differ in terms of per-
formance and modeling characteristics (i.e., they cover relevant forces, consider multiple shapes, or
address nonuniform mass distributions), have not been used consistently in recent related studies.
Specifically, in a review, we found that FBS/PBS (Olsson et al., 2020; Rajaei et al., 2024; Yang et al.,
2024), SME (Ramos et al., 2016a), PS (Bracht et al., 2016; Mazur et al., 2022), a combination of ap-
proaches (Krebs and Ehmke, 2021; Oliveira et al., 2021), and none of these approaches (Araya et al.,
2020) have been used in related studies. Both the unclear strengths and limitations of current static
stability approaches and their inconsistent use in related studies speak to the need for a structured
comparison to find out which static stability approach most accurately predicts the safe loading of
cargo on pallets and why. Previous comparisons of different static stability approaches have either
explored the impact of support value levels on static stability (Junqueira and de Queiroz, 2022) or
have investigated the impact of a static stability approach on the volume utilization of the resulting
optimization (Junqueira et al., 2012; Ramos et al., 2016a; Oliveira et al., 2021) while neglecting any
direct comparison of the approach against a benchmark. Such a benchmark helps researchers and
practitioners gain clearer insights into the strengths and weaknesses of different approaches and
thus select the best approach for their respective use cases, which, in our case, is the air cargo PLP.

Our aim is to make the benchmark as realistic as possible, so we integrate insights from a
practical cooperation from the air cargo industry. Instead of only focusing on idealized mechanical
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conditions (e.g., only the gravitational force acts as external force), we formulate this loading
stability as the requirement to safely and consecutively load cargo given a realistic air cargo—based
loading setting that includes item collisions and nonuniform mass distributions and prevents
corner situations that would not be feasible to load in practice. Consequently, we reformulate and
extend the classic static stability problem toward a dynamic loading stability problem, introduce
a novel metric to capture loading stability, and design a benchmark simulation that virtually
and consecutively loads cargo layouts on pallets. We also evaluate cargo items’ ability to indeed
withstand the gravitational force acceleration over them (Junqueira et al., 2012) by measuring the
number of items that tip, slide, rotate, and fall (Bischoff and Ratcliff, 1995; Bortfeldt and Wéscher,
2013; Junqueira and de Queiroz, 2022). We compare the different static stability algorithms against
this loading stability benchmark and evaluate whether the different approaches correctly predict
the instability of cargo items.

To fulfill these goals, this paper is organized as follows. The next section presents a literature
review covering relevant basics about the different stability approaches and previous comparisons.
Afterward, we formulate the problem. We then elaborate on the conceptual differences among the
different approaches, followed by a presentation of our benchmark results, a discussion, and a brief
concluding section.

2. Related literature
2.1. Base support

The base support approach has traditionally been the choice for ensuring static stability. It can be
subdivided into the FBS and the PBS. FBS and PBS require a minimum amount of the lower face
of each cargo item to be supported from below. An item can be supported through one or multiple
item top faces or the pallet. FBS requires the entire base of an item to be supported (Bortfeldt
and Wischer, 2013). The support factor o € [0, 1] captures the minimal amount of static stability
required (Junqueira et al., 2012). For FBS, every cargo item has a support value of « = 1. FBS
ensures that the conditions for static stability are met and that stable layouts are created (de Queiroz
and Miyazawa, 2014; Ramos et al., 2016a). Relaxing this requirement can produce unstable layouts
(De Castro Silva et al., 2003). However, FBS is not only restrictive since no overhanging items are
permitted but also disadvantageous for highly heterogeneous problem cases (Ramos et al., 2016a).
It can negatively influence the load factor, especially for strongly heterogencous cases, and implies
lower overall solution quality (Ramos et al., 2016a). Due to its simplicity, numerous studies have
employed FBS (e.g., Gehring and Bortfeldt, 1997; Moura and Bortfeldt, 2017; Rajaei et al., 2024;
Yang et al., 2024). To overcome the disadvantages of FBS, many studies have adopted a support
value of « < 1 (Junqueira and de Queiroz, 2022), which is termed PBS. PBS is less restrictive than
FBS as it allows overhanging items and bridging item placements (Bortfeldt and Wéscher, 2013). In
contrast to FBS, PBS requires only a percentage « of support for the base area. This « level differs
from study to study. Typically, @ ranges from 0.55 upward. Multiple studies have employed PBS,
with @ beginning at different levels: 0.55 (Mack et al., 2004), 0.7 (Gehring and Bortfeldt, 1997),
0.75 (Krebs and Ehmke, 2021), and 0.8 (Olsson et al., 2020; Christensen and Rousge, 2009). In
a comparison study, Junqueira and de Queiroz (2022) tested different « levels for the constrained
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Fig. 1. Exemplary FBS and PBS air cargo item-loading situations. The focal, transparent green item is placed such that
its entire bottom face (FBS) or a minimum percentage « (PBS) is supported from below. Note that PBS allows for
overhanging items.

two-dimensional packing problem to determine the minimal support levels necessary to guarantee
static stability. Their results revealed that a support factor of @ = 0.42 is sufficient to ensure a
statically stable solution with a probability of at least 90%. In Fig. 1, we depict two illustrative
item-loading situations.

Other studies have combined the base support approach with other factors. For example, Paquay
et al. (2016) introduced the requirement of at least three supported corners of the lower box face.
Thereby, the focus shifts from supported areas to supported vertices. Olsson et al. (2020) presented
similar approaches, sometimes in combination with a minimal required supported area. Further,
Zhu et al. (2024) proposed a heuristic of dividing the lower face of a box into 2 x 2 regions and
ensuring that at least three out of the four regions are supported.

2.2. Static mechanical equilibrium

The static mechanical equilibrium approach assumes that (1) only the gravitational force operates
on the objects and (2) that they lie at rest o a constant speed, so we can examine static stability from
the perspective of static material bodies (Junqueira and de Queiroz, 2022). The equilibrium calcu-
lations are derived from the first and third of Newton’s laws of motion. Formally, an equilibrium
of bodies is achieved if both (1) the sum of external forces Y F = 0 and (2) moments acting on the
item }_ My =Y (Fx F)=0 are zero. ¥ represents the vector from point O to the force vector F,
and M, represents the moment of force F on point O. Let O be the origin of the coordinate system.
The conditions ensure that the body neither translates nor rotates (Hibbeler, 2010). Further, if only
the gravitational force acts as an external force and if the body has a uniform density since a sys-
tem’s mass can be treated as point mass, the weight force can be summarized as acting downward
on the item’s geometric center.

For an exemplary item b, there are three types of relevant forces involved: weight forces W),
action forces (4), and reaction forces (K). Weight forces act downward at the item’s center of gravity
(G). Action forces are exerted on item b from above by the supported item k. Reaction forces act
on item b from below by the support of item j. Since an item can support multiple items and be
supported by multiple items, there can be multiple action and reaction forces. The overall action
and reaction forces are then the sum of all action and reaction forces obtained as 4 = Y5, 4;
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and R = ZL] R ;. The overall moments from action and reaction forces about point O, applied
to points M and Q, are consequently given by the following: M, = A x OM = 21];(:1(141 x OM})
and M = Rx 00 =Y7_(R; x 00))

The SME approach calculates the resultant force Fz and the resultant force point P. The magni-
tude of Fy is obtained as Fy = W + A4 and combines the magnitude of weight and action forcgs. The
moment of F% about point O, M, combines the moments of W (M) about point O and 4 (M 4)
about point O, so M, Fo = My + M 4 about O. The moment My = W x OG acts on the item’s cen-
ter of gravity G. The moment M, = A x OM acts on the point M where action forces are apphed
The pomt where the resultant force acts can be calculated using the relationship M, Fr = Fr x OP,
so Fr x OP = W x OG + A x OM. Given the resultant force point P, SME assumes an item to be
in a mechanical equilibrium if one of the following three conditions is fulfilled, which require an
item’s center of mass to be positioned in a stable region (De Castro Silva et al., 2003; de Queiroz
and Miyazawa, 2014; Ramos et al., 2016a): (1) the item lies on a pallet or floor, (2) the orthogonal
projection of the item’s center of gravity to its base lies directly on another item’s top surface, or
(3) a virtual plane exists that connects two nonadjacent items and goes through the orthogonal
projection of the center of gravity of an item to its base (De Castro Silva et al., 2003).

Multiple SME algorithms currently exist. For the two-dimensional case, de Queiroz and
Miyazawa (2014) proposed calculating the forces for any item given there are items placed on top
of it. An item is stable if its center of mass lies on a stable region (i.e., on top of one of its sup-
porting items, between two of its supporting items, or on the floor). They proposed an iterative
approach moving from top items to bottom items and calculating if the center of mass is in a sta-
ble region. For the three-dimensional case, the difference between different algorithms lies in the
forces considered and the equilibrium assessment mechanisms used. De Castro Silva et al. (2003)
published the first algorithm based on equilibrium conditions that evaluate the physical stability of
a layout. Their algorithm inserts items into a bin in a feasible (stable) position that generates the
least wasted space. Ramos et al. (2016a) argued that there is a lack of method to check if point P
is supported by a vertical plane (the third condition above) and the need to control the equilibrium
of moments. Therefore, they introduced a support polygon, which is given by the convex hull of all
contact points on the item base. For stability, the resultant force point must lie within the support
polygon. If a new item is placed, every subset of items 4, C A4 previously loaded must be evaluated
to see if the new subset is stable. Combining gravitational and action forces, the authors calculated
both a resultant force and a resultant force point. They did not, however, present any details on
their calculation. To control the third condition, the authors proposed testing whether the resultant
point lies on a support polygon that comprises the convex hull of all intersection points of the items
with the items below. To ensure static stability during loading, each placement requires an entire
stability assessment for every item directly or indirectly affected. Oliveira et al. (2021) proposed two
static stability approaches based on normal forces in dynamics simulations of rigid bodies and the
equilibrium of buildings. The authors proposed employing the conditions for correct normal forces
on contact points: the normal forces are equal to the reaction forces; they restrict the interpene-
tration of objects, so they must be positive and must not change their sign; they push but do not
pull; they act only on contact points; and they are continuous in time. Krebs and Ehmke (2021)
assessed stability only for a fully loaded pallet but required an item’s point of gravitational force
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to be supported at every level below the item. The authors combined the SME approach with a
minimal support base factor of 75%. They included the minimal support base factor for the fol-
lowing reason: The SME approach only checks if point P is supported, ignoring how much area
around this point is actually supported. Therefore, an item would be rated as stable even if it is
supported by only a small box so long as point P is supported. Any horizontal forces could tilt
the item immediately. Horizontal forces can occur, for example, if a packer unintentionally touches
the loading arrangement slightly while loading the next item. This algorithm also uses the center
of mass but without the need to determine the action forces nor the need to test the stability after
every placement. In a recent study, Le Jean et al. (2024) considered the stability problem for items
that have an edge reduction, meaning the upper surface is smaller than the lower surface and item
weights and sequences are not known when calculating the layout. The authors introduced a novel
stability constraint for their use case, which is called recursive stability, based on the conditions of
having full support, all corners supported, or no void under the center of gravity.

2.3. Physical simulation

A few studies have employed PS for static and dynamic stability calculations. PS employs real-time
physics engines, such as Bullet or PhysX, to simulate cargo responses to a multitude of forces.
Real-time physics engines can compute objects’ spatial positions in a plausible approximative but
performant way. They offer a reasonable amount of precision to obtain realistic physical feedback
for rigid body scenarios. They build up a virtual representation of a physical scene with physical
relationships and events equivalent to the real world. At the core of physics engines are dynamic
simulations, which represent physical systems within mathematical models that are solved numer-
ically in computer programs (Witkin and Baraff, 1997). Physics engines orchestrate and manage a
variety of tasks to simulate the basic elements of Newtonian mechanics for rigid body dynamics,
soft body dynamics, and fluids (Martinez-Franco and Alvarez-Martinez, 2018).

Physical simulations for static and dynamic stability use predefined amounts of time ¢,,,, and
compare items’ positions at #,,,, to their initial states at 7y, usually measured in Euclidean distance.
From this, a number of metrics can be calculated, such as the number of fallen boxes or the number
of items within the damage boundary curve.

Multiple studies have employed PS, mostly in the domain of dynamic stability. Ramos et al.
(2017) proposed a standalone simulation software prototype (StableCargo) for evaluating the
dynamic stability of container cargo that builds on the physics engine Bullet. They benchmarked
their physics engine-based standalone tool against a high-precision engineering simulator (Au-
todesk Inventor!) and analytical solutions. They modeled different forces and velocities that
represent different movements during transport, and their tool is able to approximate analytical
and high-precision solutions.

For static stability, Bracht et al. (2016) performed two stability tests: one local stability test that is
executed for every single box in a layout and verifies whether a box’s center of gravity is supported
by the supporting convex hull of previously packed boxes and one static and dynamic stability
verification test using simulation. In a similar study, Mazur et al. (2020) demonstrated the integra-
tion of PS in an optimization heuristic for pallet loading. Their prototype employs a physics engine

Thttps://www.autodesk.com/de/products/inventor/
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Table 1
Overview of comparative studies of static stability

Compared approaches Cargo mass distribution
Problem Stability Base Non-

Study type benchmark  support SME PS Uniform uniform
Junqueira et al. (2012) CLP i J
Ramos et al. (2016a) CLP i J i
Oliveira et al. (2021) CLP Vv Vv Vv
Junqueira and de Queiroz (2022)  2CPP* Vv Vv J
This study PLP 4 Vv V4 4 J Vv

4Constrained two-dimensional packing problem.

to simulate static stability for entire layouts or item by item, both in combination with a genetic al-
gorithm. Mazur et al. (2022) focused on the acceleration of integrated algorithms using a graphical
processing unit (GPU)-accelerated physics engine to evaluate multiple layouts at the same time us-
ing GPU parallelization capabilities. A detailed algorithmic description of the simulation-based ap-
proach for static stability can be found in Mazur et al. (2020). Although PS promises high accuracy,
there is some controversy in the literature regarding the high computational time required for sim-
ulation and its integration into optimization algorithms (Ramos et al., 2015; Oliveira et al., 2021).

2.4. Structured static stability comparisons

Studies comparing different static stability approaches are scarce. Most studies have explored the
impact of a static stability approach on the optimization’s volume utilization but have neglected a
direct comparison of static stability approaches. We provide relevant studies that have compared
multiple static stability approaches in Table 1. We detail each study, the problem type, whether or
not the study employed a benchmark to directly compare static stability approaches, the compared
static stability approaches, and whether or not the study included mass distribution information.
In one comparison study, Oliveira et al. (2021) introduced two SME approaches derived from the
dynamics of rigid bodies and the equilibrium of buildings. The authors measured the efficiency
of the approaches based on a container’s fill rate and distinguished between the obtained support
factors. In a different study, Ramos et al. (2016a) compared different optimization algorithms with
and without SME and for supported and unsupported cases. Junqueira et al. (2012) included base
support and load-bearing strength in their optimization. Finally, Junqueira and de Queiroz (2022)
investigated the relationship between minimal support factors and static stability, which they oper-
ationalized using an SME evaluation.

3. Problem statement
3.1. Air cargo PLP

We collaborated with a major German air cargo carrier to conduct our research. Over several
months, our research team conducted more than 10 joint workshops with two experts from the
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Fig. 2. Air cargo PLP: Strong heterogeneity of items during buildup in an air cargo hub. Most items are boxes or
box-shaped, and some are attached to a wooden subpallet. The layout contour can take various forms, for example,
cuboidal when placed in the middle of the aircraft main deck or with cutouts when placed next to the rounded aircraft
sides.

field of air cargo operations, met three palletizing workers, and made multiple visits to palletiz-
ing operations in a large German cargo hub and aircraft loading operations. In the workshops, we
developed a common understanding of the item heterogeneity problem and learned about the prac-
tical implications of loading stability and its impact on safe air cargo loading and transportation.
Our new understanding allowed us to give special consideration to the practical requirements of
our research goal, to systematically compare and benchmark different static stability algorithms.
Specifically, items arriving at an air cargo hub are highly heterogeneous—they differ in shape, size,
packaging material, weight, weight distribution, load bearing, etc. Boxes and rectangular shapes
make up most air cargo items. According to experts, items with a rectangular outer hull make up
approximately 95% of all items (Mazur et al., 2020). These items are typically packed in cardboard
or wood and are often wrapped in plastic foil. They frequently arrive prepalletized on a wooden
subpallet (Brandt and Nickel, 2019). The subpallets enable forklift packing, which is the most im-
portant form of packing in air cargo and allows for lifting and loading heavy items. Barrels, such
as for transporting liquids, are often employed apart from boxes. Barrels have a circular lower face,
which leads to different base support calculations. We frequently observed items with displaced
centers of mass indicated with a marker. Such items are loaded in an iterative fashion, typically
using a forklift. The large objects on or in which items are loaded are either pallets or containers,
which are known as unit-loading devices. Pallets are preferred since they can be loaded more easily
and do not require a specific contour (Brandt and Nickel, 2019). Pallets are rigid and made out of
metal, for example, aluminum. Figure 2 shows three exemplary air cargo buildups. In the following,
we formulate the loading stability problem considering the practical requirements of air cargo.

3.2. From static stability to loading stability

Currently, there are multiple definitions of static stability in the literature, which we depict in
Table 2. All definitions focus on cargo loading and unloading situations. Some definitions focus
on item position changes during loading; they either restrict any changes at all or allow positional
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Table 2

Overview of static stability definitions commonly used in the literature

Study Definition

Ramos et al. (2017) Static stability refers to the ability of each box to maintain its loading position
during loading operations.

Krebs and Ehmke (2021) Vertical stability prevents items from falling down on the ground, on top of
other items, or on the operator while (un-)loading.

Olsson et al. (2020) Vertical stability constraints prevent boxes from falling down when the
container is still.

de Queiroz and Miyazawa (2014) Cargo stability refers to packing items such that no item can rotate or fall down
after being packed considering the gravitational force or other forces.

de Queiroz et al. (2019) For the vertical stability, due to the action of gravity, the bottom side of items
must be supported by the top side of other items to avoid items rotating and
falling down.

Junqueira and de Queiroz (2022) Static stability implies that the items are organized in such a way that they do
not move (i.e., rotate and fall) due to the action of gravity.

Martinez-Franco and Freight is considered to be stable if its geometric configuration and physical

Alvarez-Martinez (2018) integrity are preserved during loading and unloading operations.

changes with some tolerance. Some definitions focus on cargo rotation and translation as measur-
able outcomes of the opposite—namely, instability. When comparing the definitions with current
static stability approaches, we observe the following inconsistencies:

» Currently, static stability is widely treated in a static, time-invariant fashion. However, accord-
ing to current definitions, static stability should refer to a loading process and is therefore time-
dependent.

» Currently, static stability approaches do not widely make explicit use of the metric item transla-
tion or rotation. Since this is a temporal metric, it requires consideration of a dynamic loading
process.

Further, from a practical perspective, cargo loading is a dynamic problem since items may collide
with each other and since items may slightly (due to soft spring) or considerably (due to falling
down) change their initial loading positions and orientations during loading. Contact between
items and imperfect rigidity always lead to slightly moving and rotating items. The slightest po-
sitional change would be labeled unstable by current approaches but would not be considered so
in practice. Problems only arise when items significantly change their positions and rotations. To
include the dynamics of the loading process and to account for the rotational and translational
elements of static stability, we define loading stability as follows: Loading stability refers to the pro-
cess of safely loading items on a pallet (or inside a container). If an item can be safely loaded—that
is, if it can maintain its spatial position and orientation across time and leads to no considerable
spatial position and orientation changes in other loaded items—it is stable. If all items with a given
sequence in a layout can be safely loaded, the entire layout is stable. Loading stability is a practi-
cal requirement; it can be observed and simulated and enables comparison and validation against
a benchmark with simulated or real-world data. Static stability is a necessary but not sufficient
condition for loading stability.
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3.3. Loading stability problem definition

The input for the focal problem consists of a set A = {4, ..., Ay} of N pre-calculated, given item
layouts, each specifying item-loading positions and an item order. Therefore, we model each layout
as an item sequence A; = (b;1,...,b; ) fori=1,..., N, where each sequence consists of J items
b; jwith j =1, ..., J. The item sequence is an order in which the items can be loaded consecutively
onto the pallet and one layout consists of exactly one item sequence. Thereby, i runs through all lay-
outs in the dataset and j consecutively runs through all items in the loading sequence of one layout.
For better readability, we omit explicit indexing and consider an arbitrary layout 4 € A instead.

Every item b, in the layout has its own given three-dimensional loading position x;, y;, z;; cuboid
shape with w1dth w;, height /;, and depth d;; and weight m;. Item positions, widths, heights, and
depths are discrete values and organized in a grid of points with sets X, Y, and Z that include all
possible coordinates along the width, height, and depth of the pallet. Items are positioned such that
their bottom left coordinate lies on one of the points in the grid. An item’s three-dimensional ge-
ometric center CG; = (CG, , CGj,, CG;.) is obtained as CG; = x; +w;/2, CG,, =y; + h;/2,
and CG,. = z; 4+ d;/2. In the literature, a common assumption about item mass distributions is
that each item has a uniform mass distribution, so its geometrical center coincides with its center of
mass. In this study, we include a three-dimensional center of mass CM; = (CM; ., CM;,, CM; ),
which can be obtained as CM; , = CG+71j,, CM;, =CGj,+r;,, and CM;. =CG;.+ 71,
where r; = (rj, 7, 1) represents the displacement from the geometric center to the center of
mass. We refer to r; = (0, 0, 0)" as a centered center of mass and r; # (0, 0, 0)" as a displaced center
of mass (DCOM). Items must be loaded entirely within the pallet’s dimensions and are placed using
90° rotations on the X -, Y-, and Z-axes. Regarding the items’ materials, we assume most items are
made of hard materials, such as wood, cardboard, or metal, and that they are sometimes further
wrapped in plastic foil. Consequently, we model all items as rigid bodies whose shape cannot be al-
tered or deformed. The pallet is also assumed to be a rigid body. During loading, there is no lateral
side support since nets and straps are attached after cargo loading. We assume the pallet contour
to be either cuboidal with dimensions W, H, and D, so the total available space can be obtained as
W x H % D or is defined by a vertex list on the X and Y axes with a fixed depth Z € {Z;, Z,}. The
problem is now to develop a loading stability metric that integrates a consecutive loading of items,
accounts for item dynamics like positions and rotations, and compares current static stability ap-
proaches (ss) against the loading stability metric (/s). We first develop our loading stability metric,
before selecting and benchmarking current approaches.

4. Loading stability metric

To represent the consecutive loading state of the layout A at sequence step j, we introduce the
loaded subsequence 4; C A4, defined as

A= (b b)) (1)

which contains all previously loaded and stable items by, ..., b;_; plus the new focal item b;. 4y
represents the empty arrangement before any items are loaded and A4, equals the fully loaded
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(&) Items in A, (loaded)
(7 Item b, (newly loaded)

e

¥ Ttem in A but not in A, (not yet loaded)

Fig. 3. Left: Simplified loading situation with j = 4, A = (b, by, b3, bs, bs), and A4 = (b1, by, b3, bs). The loading and
stability of the new item b, might change and depend on the stability of any previously loaded item by, . . ., b; Right:
Loading stability metric illustration. The loading of the green unstable item leads to its translational displacement
Ay ik Dykrr Az ke, and rotational displacement ¢« ¢, 0 k.1, ¥« after a number of timesteps #,,4..

complete layout 4. The consecutive loading is defined as
Aj = Aj—l U {bj}, fij > 1. (2)

The loading is finished if j = J. This consecutive loading of items reflects real-world pallet loading.
When the new item b; is loaded, the stability of the entire loaded subsequence 4, needs to be
evaluated. This is necessary since loading one additional item b; might change the stability of any
previously loaded and stable item (Ramos et al., 2016b). Any newly placed item might change the
force distribution of all existing items and might affect the loading stability of the entire layout
(Le Jean et al., 2024). The objective is to determine the highest index j where a given loading
sequence remains stable. We exemplify the loading situation in Fig. 3.

Given the dependence of stability on the consecutive loading, we now formulate our loading
stability metric. The loading stability /s(A4) of an entire item layout is now defined as

Is(A4) = fmT (3)

The loading stability is a normalized value between 0 and 1. It is defined as the ratio between the
highest stable loading sequence j,..x and the total number of items J in the layout. The loading
stability indicates the number of safely loadable items and represents an item layout’s amount of
stability. The loading stability depends on the highest stable item-loading sequence j,,.x, Which is
defined as

Jmax = max(j|ls(Aj) = l)) (4)

Thereby, j... equals the number of items that can be safely loaded with static stability. The layout
is safely loadable up to the sequence j,... When j,.. = J, the entire layout is stable. Since j,;.x
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depends on the loading stability of every loading subsequence 4 ;, we define it as

1 if [T Is(b) = 1
0 else '

Is(4)) = { )

Thereby, the subsequence A4 is stable only if all items b in the subsequence are stable. Finally, the
loading stability of a single item is defined as

1 item by is stable

Is(bi) = [ (6)

0 else

In this definition, each item in the subsequence A; is stable (/s(b;) = 1) or unstable (/s(bx) = 0).
Note that we neglect loading sequences with (hypothetical) subsequent items j,. + 1, ..., J, since
the buildup of this arrangement would stop at this stage and subsequent loading of items would
not be feasible in reality.

Since our definition of loading stability focuses not only on the consecutive nature of cargo load-
ing but also on the dynamics of the cargo loading process, it includes considerable item positions
and rotation changes. To account for the loading dynamics, for every item by in every subsequence
A, there is a set of time steps ¢, = fy, ..., f;uax that models a given time frame, during which the
items move, collide, and rotate. These physical interactions lead to changes in spatial positions p; i ,
and orientations quaternion ¢ ;, which is given by the following: p; i, = (Xjx.r, Vjk.i» Zjk,) and
Qi = qjk.iws 4jk.ix 4jk.t.p 4jk.r,- To account for the translation and rotation part of our loading
stability definition, we introduce the amount of item movement A on the X, Y, and Z axes and the
item rotation angles ¢, 6, and . For every time frame ¢, we calculate the distance of item move-
ment Ax,j,k,t = Xjk,t — Xjkty> Ay,j.k,l =Ykt — Vjkity> and AZ,‘/,k,l =Zjkt — Zjk.t and item rotation
angles ¢« ;, 0 r.., and ¥« ,, which represent Euler roll, pitch, and yaw angles around the X -, Y-,
and Z-axes and can be efficiently calculated using the formula presented by Bernardes and Viollet
(2022). We assume that the rotation angles at 7y to be ¢; x ;, = 0jx.1, = V) k., = 0. Since we assume
rigid bodies, deformation is not possible. Finally, the item b, in subsequence 4; at loading step j
is unstable according to our loading stability approach /s if for any k, ¢, the observed spatial dis-
placement exceeds a translational threshold ¢, (e.g., 10 cm) or the observed rotation angles exceed
a rotational threshold €z (e.g., 10°):

F (A >€) VA kil > €)V (A kil > €)
Isth) =13~ VU@jkid > €r)V 10kl > €r)V (1Y)l > €r) . (7)
0, else

We assume these tolerance values €7 and e will depend on the practical scenario at hand. We
illustrate our novel loading stability metric in Fig. 3. Having clarified our loading stability metric,
we now benchmark different static stability approaches ss against this loading stability.
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Table 3
High-level approach classification

Time Focus Scope

Static Dynamic Base related Force related Single item Layout
FBS X X X
PBS X X
SME X X X
PS X X X

5. Conceptual comparison
5.1. Approach selection and high-level classification

For our comparison of current static stability approaches ss, we distinguish between FBS (e.g.,
Moura and Bortfeldt, 2017), PBS with minimal supported area (e.g., Mack et al., 2004), PBS
with minimal number of supported corners (e.g., Paquay et al., 2016), SME with support polygon
(Ramos et al., 2016a), hybrid SME and support ratio (Krebs and Ehmke, 2021), and PS (Mazur
et al., 2020)

For our high-level classification, we first distinguish between static and dynamic approaches.
Static approaches are independent of a time component, capturing a loading situation at a spe-
cific point in time. Cargo items appear immediately in their final loading position, which excludes
movements and collisions. FBS, PBS, and SME are static approaches. Dynamic approaches in-
clude a time component that captures an item’s spatial position changes in a given time interval.
Dynamic approaches use a spatial displacement score to measure instability (Ramos et al., 2015).
PS is a dynamic approach that enables the modeling of loading situations in which items are moved
a distance to their final positions and could potentially collide with already-placed items or the
pallet. Dynamic approaches can be seen as simulated consequences of static approaches.

We observe a conceptual difference between item information usage when distinguishing be-
tween base-related and force-related approaches. In a base-related approach, an item’s stability is
evaluated based on the geometry of its lower face. Base-related approaches perform collision tests
between an item’s bottom face or its vertices and already-placed items’ top faces. FBS and PBS are
base-related approaches. Force-related approaches can directly model and approximate the forces
acting on items and indirectly use information about an item’s geometry. SME and PS are force-
related approaches.

We also distinguish between approaches that natively use information about the entire layout
and approaches that operate at the single-item level. The base-related approaches determine the
supported base of a single item, whereas both force-related approaches (SME and PS) include
information about items placed later in the sequence through collision detection and normal force
calculations. Table 3 shows our high-level approach classification.

5.2. Systematic errors

To explore approach errors systematically, we first introduce an approach accuracy classification
scheme. Note that we assume that layouts are not generated using the using the approach ss as a
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Table 4
Systematic error classification model
Correct evaluation Underestimation Overestimation

Condition ss=1s ss < Is s8> 1s
Consequence Correct modeling Overly restrictive; Potentially dangerous;

rejects stable layouts accepts unstable

as unstable layouts as stable
Table 5
Systematic error classification

Approach

Influence FBS PBS SME PS
Top influence UE UE + OE UE + OE UE + OE
Bottom influence UE UE — UE + OE
Side influence UE UE UE UE + OE
Weight distribution UE UE + OE UE + OE UE + OE

constraint during layout generation. We assume ss works independently from layout generation. We
distinguish between three combinations of approach outcome ss and our loading stability bench-
mark /s(er, e7): correct evaluation, underestimation (UE), and overestimation (OE). ss refers to
the ss’s prediction of a layout’s static stability. /s represents the loading stability benchmark. It can
be empirically observed through item loading and evaluating if a cargo item significantly moves
or falls down. Its definition depends on the thresholds €7 and €z, which depend on the practical
use case—for example, an item might be permitted to move by a few millimeters or centimeters
but not more. /s may also depend on the item’s material. UE results in a stable layout sequence
being evaluated as unstable. This error causes overly restrictive behavior (Ramos et al., 2016a) and
is undesirable because it rejects a potentially sound layout. In the long run, applying this approach
represents an unnecessary restriction of the solution space and leads to lower overall solution qual-
ity (e.g., in terms of volume utilization) since it inhibits the search for good solutions. OE occurs
when an approach incorrectly evaluates an unstable layout as stable. This false assumption of safety
has negative consequences; for example, it could lead to falling cargo items that could cause injuries
and/or damage or break those items (Bortfeldt and Wascher, 2013; Zhao et al., 2016). We illustrate
this classification scheme in Table 4.

Having provided the accuracy classification scheme, we now present problem characteristics that
influence an item’s static stability. We first distinguish between an item’s surroundings that influence
it from the (1) top, (2) bottom, and (3) side. We then include (4) weight distribution characteristics.
We provide an overview of systematic errors in Table 5.

Top influence. The top influence represents loading situations in which an item’s stability changes
because of other items placed above. Weight forces from above can shift an item’s resultant force
point. FBS and PBS ignore top influences, focusing exclusively on the bottom. If FBS continues
to hold for a layout evaluated as stable, placements from above cannot make the layout unstable
according to FBS. Thus, FBS’s evaluation of a layout as unstable could be incorrect, as is the case
when an unstable item (according to FBS) is supported from above (e.g., by a heavy item), leading
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to UE. PBS similarly ignores top influences. An item placement evaluated by PBS as stable based
on its « level could become unstable if another item is placed on top of it and shifts the center
of mass such that it is no longer supported (OE). Further, when a layout has been evaluated as
unstable by PBS, loaded items could support other items from the top such that they become stable
(UE). Similarly, SME does not consider top forces. Although Ramos et al. (2016a) mentioned top
force calculation, they did not publish an algorithm. Future research might calculate and include
top forces in the SME model, but there are two limitations: there is only a limited number of forces
that can be included in the model, and SME assumes that forces act on a single point. Therefore,
SME is prone to OE and UE when action forces are either omitted or not correctly calculated.

Bottom influence. The bottom influence is the major driver for support effects that cause reaction
forces that stabilize items. FBS captures the bottom influence through the required supported bot-
tom area. If we assume that only the gravitational force acts and there are only rigid bodies, an item
is statically stable if it is fully supported from below. Hence, FBS already considers the intersection
of the bottom area of an item with all items below, and no further potential for improvement exists.
FBS underestimates a layout if a stable item’s bottom area is only partly supported (UE). For PBS,
the « level determines its accuracy. If set correctly, an « value that is large enough (e.g., @ > 40%) is
expected to be stable when considering only bottom influences and neglecting displaced centers of
mass. If set wrongly (e.g., smaller «), unstable layouts might be evaluated as stable (OE). Further, a
high « level, even as large as 50%, does not guarantee stability since the resulting force point might
still not be supported (Zhu et al., 2024). In turn, when a stable item is only marginally supported
from below (e.g., if all corners are supported), PBS evaluates a stable layout as unstable (UE) (Zhu
et al., 2024). For SME, we observe that forces from below (i.e., reaction forces) are not considered.
They are approximated through the assumption of a supported resulting force point. The result-
ing force point must be supported either by the floor, an underlying item, or the support polygon
(De Castro Silva et al., 2003; Ramos et al., 2016a), which leads to correct evaluations.

Side influence. Lateral support is present either through other items or rigid (container) walls.
Since we focus on pallets, we assume only lateral support from other items exists. The side influence
plays a major role in dynamic stability (Ramos et al., 2015). In the case of static stability, side
support means items that have been placed in an unstable way are nevertheless supported from the
side(s) such that they remain stable. FBS does not consider side influences since it generates only
stable layouts. However, it would evaluate potentially stable layouts as unstable (UE), as would
PBS (UE). With respect to SME, algorithms have thus far considered only top-down forces since a
layout does not move and thus no external side forces exist. However, tilting items do exceed side
forces on other items without any movement. Therefore, side forces could result in UE.

Weight distribution. For FBS, a DCOM has no impact since fully supported items are also sup-
ported at their center of mass. However, layouts that would be stable if a DCOM existed are rejected
(UE). PBS considers only area, and a DCOM might be located on parts of the bottom area that
are not supported (OE). Further, PBS might underestimate a layout’s static stability since a DCOM
might stabilize an item such that less base support area is necessary for loading (UE). With respect
to SME, DCOMSs can be considered when calculating the resulting force points.

Systematic errors of the PS approach. All present sources of systematic errors can be omitted
by using the PS approach. However, to a great extent, its worth depends on the parameter config-
uration of the simulation timespan, its resolution, and the displacement threshold e7. If €7 is set
incorrectly, collisions between bodies might be missed, which would in turn lead to false stability
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Table 6

Overview of datasets

Dataset No. Number of layouts Mean (SD) items per layout Generation stability Generation algorithm

1 1276 15.88 (5.46) Base support SeqACLPP-WAC

2 3923 3.30 (1.36) — 160 different algorithms

predictions (OE). If the €7 value is not set well, PS will be overly conservative and result in UE.
Therefore, PS is prone to all types of errors depending on the parameter configuration.

6. Benchmarking
6.1. Data generation and preparation

To strengthen the generalizability of our results, we benchmark on two highly heterogeneous
datasets: (1) air cargo load planning problem instances published by Brandt and Nickel (2019)
and (2) randomly assigned instances based on Ali et al. (2024). Both datasets are different in
terms of items, number of items per layout, whether or not stability was enforced during the
generation of layouts, and how the layouts were generated. Table 6 provides an overview of the
benchmark datasets. The generation algorithm refers to the generation heuristics originally used to
create the layouts. Generation stability refers to whether or not static stability was enforced during
layout generation.

The first dataset is initially based on real bookings of more than 1,300 generated layouts from
400 flights in 2014, is the only published air cargo datasets, and is thus well suited as the basis for
benchmarking. This dataset is the most realistic, but it also introduces a bias toward base support.
In the final dataset, there are 41 layouts with an A contour (cuboidal with {(0, 0, Z), (244, 0, Z),
(244,244, 7), (0,244, 7Z)} with Z € {0, 606}), 643 with a D contour (pentagonal with {(0, 0, Z),
(0,300, Z2), (166, 300, Z2), (244,244, 7), (244,0, Z)}, with Z € {0, 318}), 21 with an AKE-ULD
container contour (pentagonal, we assume no walls, with {(52, 0, 0), (0,45,0), (0,158,0), (196,158,0),
(196, 0, 0)} with Z € {0, 141}), and 51 with an F contour (hexagonal with {(0, 50, Z), (0, 163, Z),
(406, 163, Z), (406, 50, Z), (362, 0, Z), (44,0, Z)}, with Z € {0, 244}).

The second dataset comprises three subsets, each of which consists of 60 items. The item dimen-
sions of those sets are randomly generated with a uniform distribution of intervals [1, 10], [1, 35],
and [1, 100], respectively. The size of the large objects is 30 * 30 * 30 for the first subset and 100
* 100 * 100 for the second and third subsets. The instances are solved using 160 packing heuris-
tics developed by combining four bin selection strategies, eight space selection strategies, and five
placement rules (Ali et al., 2024). The dataset contains item dimensions, placement coordinates,
and loading sequences, and weights are proportional to item volumes. This dataset is rather unreal-
istic with respect to the item characteristics; however, it does not include a static stability generation
bias. Since no mass distribution information was present in the datasets, we assign values according
to three scenarios of varying complexity:

* The first scenario (S}) represents a simplified situation and matches the original dataset. All items
have uniform mass distribution, which means the geometric center coincides with the center of
mass.
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* The second scenario (S,,) includes DCOMs. We assign each item a center of mass in the items’
dimensional bounds according to a Gaussian distribution around the items’ geometric centers,
with u at the geometric center and o = (dimension * 0.8)/6, so approximately 99.7% of the center
of mass positions are within 80% of the items’ bounds. If this value is exceeded, we clip the center
of mass positions at 80%. Thus, the majority of items have centers of mass close to their geometric
centers.

* For the last scenario (S35), we use the same procedure as in S,, but change from Gaussian distri-
bution to uniform distribution.

We selected only layouts with at least two items. Due to extensive simulation runtime for layouts
with large amounts of items, we capped the item amount at 20. If a layout contained more than
20 items, we selected only the first 20 items of the respective layout. Since the simulation became
unstable for very small, thin, or flat items, we selected only layouts in which all items have minimal
dimensions (width, height, depth) of at least 10 cm. We rounded item weights to the nearest multiple
of ten. We ended up with the number of layouts depicted in Table 6.

6.2. Benchmark simulation

Since there is a general lack of realistic datasets for pallet loading (Daios et al., 2024) and no pallet
loading dataset that incorporates information about item (in)stability, we decided to simulate load-
ing operations using an independent simulation with the multibody simulator MSC ADAMS? to
obtain the benchmark loading stability labels /s. ADAMS is market-leading software for multibody
dynamics and motion analysis for physics simulation. Therefore, ADAMS is a better fit for this task
compared to other simulation software that has been used in related literature, such as Autodesk
Inventor, which is a three-dimensional computer-aided design program with add-ons for standard
simulation tasks. We model each item as a rigid body and use a RAPID geometry engine and HHT
integrator (error rate = 1.0 x 10~7), which is well suited for a large number of bodies and collisions
in a simulation. With respect to forces, we include the gravitational force and contact forces be-
tween each pair of items. Contact forces are discontinuous forces that act between two rigid bodies.
ADAMS uses its own contact force based on the IMPACT contact force model, which is defined as
follows: N = kg + STEP(g, 0,0, dyyia, cmax)‘j—f. The IMPACT model is based on Hertzian contact
theory and includes penetration mechanics—that is, a controlled overlapping g of rigid bodies up
to a maximum penetration distance d,,,,. The normal force N is based on two components: a stiff-
ness component and a step function. The stiffness component is driven by k, the stiffness factor; g,
the penetration distance; and e, the exponent. The stiffness factor depends not only on the material
property of the item packaging but also on the geometry of the item. From the penetration distance
on, the maximum damping ¢,,,, acts and adds up to the normal force. Determining good estimates
for these parameters is difficult, so they should be obtained using an iterative process. We base our
initial contact parameter values on ADAMS recommendations and iteratively adjust them until
we observe realistic force development relationships. To further confirm our results, we check the

2https://hexagon.com/de/products/product-groups/computer-aided-engineering-software/adams

© 2025 The Author(s).
International Transactions in Operational Research published by John Wiley & Sons Ltd on behalf of International Federation
of Operational Research Societies.

8518017 SUOWILIOD B0 3|eot|dde 3y Aq peusenoh a1e Sa il YO ‘8sN JO S3nu Joj Arelq18UIUO AB]IM UIO (SUORIPUCO-PUe-SWB) LD AB | IM AReIq 1 BU1IUO//SCIY) SUORIPUOD Pue SWie | 8L} 88S *[9202/90/0€] Uo A%eiqi8uljuO A8|IM ‘Ujo NZ FBISBAIUN Jop *[a1g A 65002 10H/TTTT OT/I0P/W0D" A3 1M Areiq|[eul|uo//Sdny Woly papeoiumoq ‘0 ‘S66ESLYT


https://hexagon.com/de/products/product-groups/computer-aided-engineering-software/adams

18 P. G Mazur et al. / Intl. Trans. in Op. Res. 0 (2025) 1-27
Table 7
Base simulation specification
Parameter type Parameter Value Unit
Integrator settings Error rate 1.0e —7 cm
Contact k 6e7 N/cm
forces e 1.2 —
dpax 0.001 cm
Cinax 800 N x s/cm
Coulomb s 0.5 —
friction La 0.375 —
Vi 0.01 cm/s
Vy 1 cm/s
Pallet E 7,31e7 N/cm?
material v 0.35 -
P 2.79¢ — 3 kg/cm’
Item E 2.8e5 N/cm?
material v 0.29 —
G, 1.4e4 N/cm?
G,y 3.7¢4 N/cm?
Simulation €r 10 cm
settings €R 10 degree
Lnax 0.3 S
Fs 980 cm/s?

normal forces for contacts and compare stiffness and damping values. Stiffness should contribute
most to the contact force at its peak. We end up with the values shown in Table 7.

Together with the contact forces, we include the Coulomb friction model. It includes the coeffi-
cient of static friction (u,), which acts up to the threshold velocity; the stiction transition velocity
(V5); and the coefficient of dynamic friction (@), which acts from a threshold friction transition
velocity on (V). We assign a coeflicient of static friction value of u, = 0.5, matching empirical dry
cardboard—cardboard and dry cardboard-wooden pallet friction estimates. For dynamic friction,
we assign a value of 0.75 % u, = 0.375 (IMO/ILO/UNECE, 2014). For the stiction and friction
transition velocities, we use recommendations from ADAMS.

Further, a material configuration exists for each rigid body. The material configuration is based
on the following parameters: Young’s modulus (E), shear modulus (G), Poisson’s ratio (v), and
density (p). Young’s modulus, as defined in Hooke’s law, is a mechanical property that influences
the relative strain of a solid body and defines a material’s stiffness (Hibbeler, 2010). For the pallet
material, we use common values for aluminum for Young’s modulus, Poisson’s ratio, and density
(Hibbeler, 2010). In air cargo, items are often packed in cardboard and wrapped in plastic foil
(Brandt and Nickel, 2019). Therefore, we assign the elasticity modules £ and G to match values for
corrugated cardboard. Since cardboard has different mechanical properties depending on its direc-
tion, we assume orthotropicity and distinguish between machine direction (MD), cross-machine
direction (CD), and thickness direction (ZD). For our case, we assume ZD = G,., CD = G,,, and
MD = E, so the weakest direction of the cardboard is along the cardboard thickness direction.
Further, we set the parameter values to 300 g/m” paperboard under standard conditions (Fadiji
et al., 2017). The density p of each item is determined by the input data.
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Fig. 4. Demonstration of the maximal y-translations and x-rotations of all items in the demonstration layout depending
on the item sequence.

Since there is no common threshold value in the literature, we set the loading stability thresholds
to e7 = 10 and €g = 10, respectively. This means an item is unstable if it moves 10 cm in the X, Y,
or Z direction or rotates 10° in either direction. In practice, these values might change depending on
item dimensions, time spans, and materials. Since our benchmark simulation results heavily depend
on the choice of €7 and e, we include a sensitivity analysis for these values. We simulated 0.3s per
loading step, in which a newly loaded item is placed in the layout. The earth gravity’s is set to 980
cm/s” and points downward in —y-direction.

6.3. Benchmark results

We benchmark the approaches on a workstation with an AMD Ryzen ThreadRipper 3960X
3.8 GHz CPU and 256 RAM. Figure 4 presents the results from our computational experiments,
and Table 8 details the values. We present the percentage of correct predictions (ss = Is) (which we
label as accuracy), UE (ss < [s), and OE (ss > [s) to the total number of layouts /N in the datasets.
Runtime refers to the average computing time in milliseconds to assess a single layout given the
approach ss. PBS , and PS ., represent the PBS and PS approaches with a fixed o or €7 value. We
further include FBS, PBS ; (Paquay et al., 2016), SME (Ramos et al., 2016a), and SME g (Krebs
and Ehmke, 2021). We first exemplify the loading stability metrics using a demonstration layout.
Figure 5 illustrates the maximal translation (in centimeters) on the y-axis and the maximal rota-
tion (in degrees) on the x-axis for each loading sequence. From the data, we can observe that items
continuously move and rotate at a low level. However, we note that specific item sequences—for ex-
ample, from j = 9 onward—produce significant translations and rotations. Items that significantly
move or rotate during loading may indicate instability and might not be safely loaded.

Our benchmark reveals that for both datasets, PS achieves the highest accuracy, while FBS per-
forms the worst. SME achieves close accuracy compared to PS, while PBS strongly depends on the
o value. As can be seen in Table 8, the closer « tends toward 1, the closer PBS comes to FBS and
the more restrictive it gets, which is associated with more UE. The optimal «-value varies across
both datasets. For Dataset 1, PBS performs considerably better, which may be due to the dataset’s
bias toward base support. In case of minimal base support during layout generation, PBS compu-
tation for « values below the generation stability & value is of limited informative value, since PBS
with smaller a-values will result in positive stability assessments. PBS is an assessment of the layout
generation, not of the stability. Therefore, PBS is strongly related to the base support distribution
in the datasets. For Dataset 1, one can observe a substantial drop in accuracy and an increase in
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Table 8

Benchmark simulation results for the approaches on Datasets 1 (left, N = 1276) and 2 (right, N = 3923) for scenarios
S, S, and Sy,. The values correspond to the percentage of correct predictions (labeled as accuracy), UE, and OE to the
total number of layouts NV in the respective dataset. Runtime refers to the average runtime per approach to evaluate the

entire layout

Dataset- Scenario Approach Accuracy UE OE Runtime
1-S, FBS 34.17 65.83 0.00 0.184
PBS (.90 44.44 55.56 0.00 0.234
PBS (0.0 67.87 32.13 0.00 0.292
PBS (070 94.59 5.41 0.00 0.172
PBS (.60 94.91 5.09 0.00 0.281
PBS (.50 95.61 4.39 0.00 0.219
PBS; 36.29 63.71 0.00 1.084
SME 93.10 6.90 0.00 1.016
SME g 92.71 7.29 0.00 0.324
PS (1.0 96.32 3.68 0.00 306.565
PS 20 98.12 1.88 0.00 308.015
PS .0 99.06 0.94 0.00 307.386
PS 0 99.84 0.16 0.00 309.202
PS (s0) 99.92 0.08 0.00 314.751
1-S 5, FBS 34.40 65.60 0.00 0.064
PBS (.90 44.83 55.09 0.08 0.054
PBS (.50 67.63 31.82 0.55 0.065
PBS (.70 93.10 5.33 1.57 0.074
PBS (0.60) 93.42 5.02 1.57 0.056
PBS (.50 94.04 4.39 1.57 0.067
PBS ; 36.60 63.40 0.00 0.853
SME 90.91 8.70 0.39 0.727
SME g 91.30 7.21 1.49 0.079
PS (1.0 94.91 4.23 0.86 289.176
PS (20 96.87 2.27 0.86 294.003
PS ) 97.65 1.49 0.86 298.117
PS 4.0 98.28 0.71 1.02 299.695
PS (s0) 98.35 0.47 1.18 296.654
1-S 5 FBS 36.36 63.64 0.00 0.042
PBS (9.90) 46.71 53.06 0.24 0.052
PBS (.50 69.20 29.00 1.80 0.06
PBS (.70 90.13 4.55 5.33 0.054
PBS (0.60) 90.20 4.39 5.41 0.074
PBS (.50 90.91 3.68 5.41 0.061
PBS; 38.24 61.60 0.16 0.795
SME 86.83 12.30 0.86 0.579
SME g 88.87 6.03 5.09 0.08
PS (1.0 91.54 6.90 1.57 277.567
PS 2.0y 94.28 4.00 1.72 283.852
PS 0) 95.06 2.98 1.96 287.56
PS 4.0 95.30 2.12 2.59 289.148
PS 50 95.14 1.65 3.21 287.177
Continued
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Table 8

(Continued)

Dataset- Scenario Approach Accuracy UE OE Runtime

2-S FBS 65.64 34.36 0.00 0.022
PBS (.90 71.71 28.29 0.00 0.019
PBS (.50 76.32 23.68 0.00 0.023
PBS (0.70 83.81 16.19 0.00 0.022
PBS (.60 90.93 9.07 0.00 0.021
PBS (.50 94.26 5.56 0.18 0.017
PBS ; 65.64 34.36 0.00 0.375
SME 96.25 3.42 0.33 0.044
SME ¢ 80.22 19.78 0.00 0.024
PS (1.0 97.32 1.73 0.94 13.391
PS 20 97.76 1.30 0.94 13.398
PS 0 98.01 0.94 1.05 13.404
PS 4.0 98.37 0.38 1.25 13.471
PS (50 97.94 0.18 1.89 13.409

2-S 2, FBS 67.14 32.86 0.00 0.023
PBS (9.90) 73.39 26.56 0.05 0.019
PBS (.50 77.98 21.92 0.10 0.022
PBS (.70 84.63 14.84 0.54 0.02
PBS (9.60) 90.24 8.49 1.27 0.019
PBS (.50 92.00 5.79 2.22 0.019
PBS ; 67.14 32.86 0.00 0.373
SME 96.23 3.24 0.54 0.051
SME g 81.54 18.17 0.28 0.018
PS (1.0 96.79 1.91 1.30 13.297
PS (20 97.35 1.35 1.30 13.264
PS 0 97.43 1.10 1.48 13.274
PS 40 97.40 0.79 1.81 13.306
PS (50 97.32 0.41 2.27 13.286

2-S 5 FBS 69.08 30.92 0.00 0.018
PBS (.90 75.48 24.52 0.00 0.019
PBS (9.50) 79.23 20.24 0.54 0.028
PBS (070 83.89 13.97 2.14 0.019
PBS (.60 87.41 8.67 3.93 0.02
PBS (.50 88.02 6.55 5.43 0.021
PBS ; 69.08 30.92 0.00 0.375
SME 96.02 3.26 0.71 0.07
SME g 82.11 16.72 1.17 0.022
PS (10 96.23 1.86 1.91 13.103
PS (2.0 96.64 1.33 2.04 13.041
PS 3.0 96.79 1.15 2.06 13.149
PS 10 96.66 0.84 2.50 13.106
PS (5.0 96.43 0.61 2.96 13.171
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Fig. 5. Benchmark comparison for the FBS, PBS (5, PBS o5, SME, PS |, and PS 5 approaches on Datasets 1
(N = 1276) and 2 (N = 3923): accuracy (top), UE (middle), and OE (bottom). The values correspond to the percentage
of correct predictions, UE, and OE to the total number of layouts N in the dataset based on results presented in Table 8.
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UE above @ > 0.7. SME and SME g both perform well with Dataset 1, while SME g becomes
considerably more imprecise with Dataset 2. This finding could also be attributable to Dataset 1’s
inherent bias toward stability. Further, FBS is prone to UE, which further reflects and underlines its
restrictiveness. For Dataset 2, a lower a-value is clearly attached to a higher accuracy. In Dataset 2,
even an «-value of 0.9 achieves an accuracy of about 65-70% compared to Dataset 1, in which PBS
0.9 achieves an accuracy of about 35%. We find no clear indication that more complex scenarios
result in lower accuracy. Given the trade-off between runtime and accuracy, SME and PBS with
a low a-value are a good choice: both consume little runtime, considerably less than PS. Achiev-
ing higher accuracy is associated with greater runtime. PS achieves the highest accuracy across all
datasets and scenarios but also consumes the greatest runtime. Depending on its €7 value, it is
prone to both UE and OE. Adjusting PS parameters to find an optimal trade-off depending on the
consequences associated with each systematic error can be a goal for future research. In general,
we conclude that PS is best equipped to capture practical complexity: it remains the most accurate
approach to approximate loading stability for both the simpler and more complex scenarios. As
indicated in our structural error analysis, weight distribution seems to lead to more OE in the case
of PBS. Further, PS is prone to OE, especially in the S»; scenario. To investigate the dependence of
our results on the loading stability value /s and its thresholds €7 and €z, we conduct a sensitivity
analysis. We illustrate the impact of varying €7 and ex values on the accuracy, UE, and OE of the
approaches. We visually depict the results in Fig. 6. As can be observed, the results are sensitive to
different threshold value levels. A similar pattern compared to the benchmark applies; for Dataset
1 and scenario S|, the variation of the thresholds seems to have nearly no effect on the accuracy.
A stronger variation is observable in Dataset 2, where the thresholds seem to have a considerable
effect on accuracy. The smaller the thresholds, the more OE are observable, the larger, the more
UE. This finding is as expected since tighter threshold bounds lead to more strict loading stability
evaluations. To summarize, for the investigated threshold values, the results seem quite stable.

7. Discussion and conclusion

Our study makes a methodological contribution by showing how to benchmark and compare dif-
ferent static stability approaches. This comparison against a common independent loading stability
value ensures that the differences between the approaches are adequately measured and do not de-
pend on any optimization algorithm. Our results indicate that FBS is the most restrictive approach
and that it underestimates loading stability in a systematic manner. This finding is in line with pre-
vious research (Ramos et al., 2016a). PBS depends highly on the base support parameter o and
tends to be more accurate with lower « values. Specifically, the higher the « value, the more UE
occurs and the closer PBS comes to the restrictive results of FBS. Therefore, it is useful to utilize
PBS with smaller values, as other studies have also indicated (Junqueira and de Queiroz, 2022).
SME is the most robust approach across the different datasets and scenarios and maintains a good
accuracy-to-runtime trade-off. PS provides the greatest accuracy but consumes the most runtime
by far.

From a managerial perspective, the choice of loading stability algorithm plays an important role
in preventing damaged items, broken loading devices, and injured personnel, all of which are as-
sociated with increased costs, unsatisfied customers, and delays. Our study also helps clarify and
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Fig. 6. Sensitivity analysis with varying levels of the loading stability value Is(er, €g) for €7 = €x = 5, €7 = €x = 10,
and e; = eg = 15 for approaches FBS, PBS (5, PBS 5, SME, PS |, and PS 5 for scenarios S; (left), S,, (middle), and S,,
(right) on Dataset 1 (top) and Dataset 2 (bottom).

quantify the negative impact of a conservative, overly restrictive stability constraint. As we showed,
the most restrictive approach (FBS) produces the most UE. This restrictiveness may prevent PLP
systems from finding the best layouts as many layouts that achieve a high load factor are disre-
garded because they do not fulfill the constraints. Therefore, our results may also have a positive
economic impact. Given the different scenarios and approaches, managers can estimate the impact
of the individual static stability algorithms. Depending on their focus, they can then decide which
algorithm to use based on the costs associated with UE and OE.

Our study also has limitations that need to be addressed in future research. First, our results are
based on a conceptual discussion and a benchmark simulation. Thus, the validity of these results
depends on the validity of the simulation model. Although we anchored our simulation configura-
tion using the recommended settings from ADAMS and the literature, there still might be validity
issues. Therefore, future research needs to confirm the simulation results in a field test. Since such a
field test at a logistics company is associated with high effort and costs due to potential damages, an
experimental setting might be sufficient. The obtained loading stability benchmark values /s depend
on multiple factors, such as the simulation configuration, length, and the value for the thresholds
er and €. Neither value indicates, if there was a damage to the cargo item or an item that has
fallen to the ground. However, an item may be unstable even if it does not fall to the ground. The

© 2025 The Author(s).
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correct specification of these thresholds, depending on the use case, industry, and item packaging
material, is therefore an important next step. Third, we focused on pallets and thus assumed no
lateral support for items from walls. Generalizing the results to the CLP is difficult as containers
provide much more side support through the walls. Future research might evaluate the results and
perform a benchmark study for the CLP in which rigid container walls are simulated. Fourth, we
tested the approaches on two datasets—one from the problem domain of air cargo and one that
was randomly generated—which limits the generalizability of our results to other industries and
transportation modes. To explore stability in other transportation modes, different datasets from
these industries must be taken into account. Fifth, the results for PBS for Dataset 1 are of limited
informative value since they highly depend on the distribution of support in the dataset. Finally, we
selected a set of static stability algorithms that represent the most important ones in our view and
have been widely adopted in related studies. Nevertheless, there are more static stability approaches
and other configurations, such as PBS with a smaller « level, which we did not test. Future research
can include these approaches for a more holistic evaluation. We provided the benchmark instances
and simulation results online,? so future research can build upon them.
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