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A B S T R A C T

In this paper, we present a combined forecasting and optimization decision-support tool to assist
air cargo revenue management departments in the acceptance/rejection process of incoming
cargo bookings. We consider the case of a combination airline and focus on the passenger
aircraft belly capacity. The process is dynamic (bookings are received in a discrete fashion
during the booking horizon) and uncertain (for some bookings the three dimensions are
not provided, while the actual belly space available for cargo is only revealed a few hours
before departure). Hence, analysts base decisions on historical data or human experience,
which might yield sub-optimal or infeasible solutions due to the aforementioned uncertainties.
We tackle them by proposing data-driven algorithms to predict available cargo space and
shipment dimensions. A packing problem is solved sequentially once a new booking request is
received, predicting shipment dimensions, if necessary, and considering the uncertainty of such
prediction. The booking is accepted if it results in a feasible loading configuration where no
previously accepted booking is offloaded. When applied in a deterministic context, our packing
method outperformed the one used by the partner airline, increasing the loaded volume up to
20%. The framework was also tested assuming unknown shipment dimensions, comparing a
risk-prone and a risk-averse strategy, with the latter accounting for uncertainty in dimension
predictions and the former using mean values. While the average loaded volume decreases in
the risk-averse case, the number of unplanned offloadings due to under-predicted dimensions
decreases from 54% to 12% of the simulated cases, hence yielding a more robust acceptance
strategy.

. Introduction

During the last decades, globalization has significantly fostered the growth of international air trade. Although goods transported
y air correspond to only 1% of the overall transported volume, the percentage spikes to 35% if value is used as a parameter. This
ercentage translates to a value of US $5.5 trillion and annual revenues of US $50 billions for the IATA members (IATA, 2019).
otwithstanding this relevance, air cargo for combination airlines is generally considered as of secondary importance with respect

o the passenger counterpart, although the COVID-19 pandemic revamped cargo operations for many combination carriers. This
isparity is also reflected into the imbalance of academic works, especially the ones focused on big data and machine learning,
ddressing the passenger (Chung et al., 2020) and the cargo side. This disparity is also enhanced by the intrinsic differences in
erms of network planning and supply–demand balance (Bombelli et al., 2020) between passenger and cargo operations.
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Air cargo can be transported either in full freighter aircraft or in the belly space of passenger aircraft, through special pallets
r containers called Unit Load Devices (ULDs). ULDs have specific shapes and sizes in order to fit into designated positions in the
ower deck or belly space (passenger aircraft) or main deck and lower deck (full freighters). Full freighters are dedicated to cargo
ransportation and have a fixed and large capacity. On the other hand, in passenger aircraft, passenger baggage have priority over
argo, meaning that cargo capacity is more limited and subject to unexpected changes. In both aircraft types, cargo capacity is split
nto capacity reserved for long-term contracts (allotments) and capacity available for sale during the booking period (short-term
apacity). Short-term capacity management in passenger aircraft generally poses the biggest challenges from a planning perspective:
his is due to the high uncertainty both on the supply side (belly cargo space available) and the demand side (offloading, no-shows).
uite often, there is also a mismatch between the booked (expected) shipment dimensions and the shipment dimensions that are
ctually received by the airline. Our work addresses this problem.

The utilization of cargo capacity in a way that maximizes profit constitutes the overall objective of the air cargo load planning
roblem faced by airlines, as defined by Brandt and Nickel (2018). In general, the air cargo load planning problem involves many
takeholders such as the Revenue Management (RM) and Handling & Operations Department. In this paper we adopt the perspective
f the RM department while considering operational requirements.

To achieve the aforementioned objective, a RM analyst has to make an informed decision on whether to accept or reject an
ncoming booking request. An incoming booking request may consist of one or multiple shipments, which may differ in size or not.
n the context of our partner airline and related literature, we identify the following four questions that the RM analyst must answer
uring the whole booking process:

1. What is the capacity of the aircraft?
2. What are the exact dimensions of the shipments?
3. What is the number and type of ULDs that can maximize transported volume?
4. How to pack the shipments inside the ULDs to maximize the amount of shipments transported, minimizing the risk of having

to offload accepted shipments for unplanned lack of space?

This decision-making process is further complicated by the following challenges. When considering passenger aircraft, the
available cargo capacity is dynamic and fluctuates until the last day before departure, as it depends on several factors such as
payload, belly space and the expected passenger baggage for this specific flight. Regarding the booking acceptance/rejection policy,
some airlines, as our partner airline, do not even require shippers to provide shipment dimensions when submitting a request,
but only volume, weight, and other pieces of information such as booking origin. Hence, the true shipment dimensions are not
always known when operational planning is performed, but their true values are revealed shortly before the shipment is loaded
onto the aircraft. Finally, the palletization strategy depends mostly on the skills of palletization workers rather than on automated
systems (Wada et al., 2017), but this specific aspect entails an extra level of uncertainty that is beyond the scope of this work.

The above complexities can be summarized in the form of two nested problems that the RM analyst must solve when receiving a
new booking request. The outer problem consists of forecasting the shipment dimensions (if not provided) and the available aircraft
capacity, providing answers to questions 1 and 2. The inner is a packing problem, i.e., based on the results of the forecasting phase,
the optimal ULD configuration in combination with the optimal palletization of shipments into ULDs should be determined, hence
addressing decision types 3 and 4.

Our goal is to provide a decision-support tool for the air cargo booking process. We focus on tackling the two distinct problems
with a combined forecasting and packing model. Although the model is shown here in the context of an air cargo application, we
believe its applicability extends to other fields, such as the maritime or the rail industry. More specifically, the main contributions
of this paper can be summarized as follows

• First, to the best of our knowledge, a novel modeling framework addressing all the phases of the air cargo booking process is
developed, while explicitly considering uncertainty in both aircraft capacity and shipment dimensions.

• Second, a modified heuristic for the Three-Dimensional Multiple Heterogeneous Knapsack Problem is introduced. The
introduced heuristic is based on the work of Crainic et al. (2008) and includes several enhancements to deal with the
specific characteristics of the air cargo loading problem. The chosen heuristic proved to perform better than the original
version and than another variant based on a different sorting strategy. Although not guaranteeing optimal solution due to its
heuristic nature, the selected algorithm performs well according to some specific Key Performance Indicators (KPIs) and, more
importantly, is fast enough for a real-time implementation.

• Lastly, we performed an extensive evaluation of the model using real booking data from five flights provided by our partner
airline. The evaluation includes an assessment of the efficiency of the heuristic, a sensitivity analysis of the impact of the
confidence level to the volume of the accepted shipments, and a comparison between the effects of a risk-prone and a
risk-averse strategy in terms of differences between the accepted volume by RM and the loaded volume by operations.

The rest of the paper is organized as follows. In Section 2 the relevant academic literature and how our model relates to
the existing research is presented. In Section 3, the problem definition, the methodology, and the relevant academic literature
are presented. Section 4 describes into detail the developed forecasting models and their performance. Section 5 provides the
implementation details of the packing models. The combined forecasting and packing model is presented in Section 6, along with
case studies which shed light into the efficiency of the proposed model. Finally, Section 7 provides conclusions and recommendations
for future work.
2



Transportation Research Part E 158 (2022) 102579I. Tseremoglou et al.

A
w

c
t

2. Literature review

While our work entails forecasting techniques and packing modeling, our major contributions reside in the latter research area.
s such, this literature review will revolve around packing formulations with a focus on logistics and air cargo loading applications,
hile references to forecasting models and techniques are provided throughout the paper when necessary.

When it comes to packing problems, we identified two characteristics that strongly influence the modeling effort. The first
haracteristic pertains the temporal domain of the problem. Items can all be known in advance, or might be revealed throughout
he planning horizon. The two situations refer, respectively, to a static or to a dynamic problem. The second characteristic pertains

the confidence the decision-maker has with respect to the dimensions of the items and/or the number and type of bins to use.
Dimensions can be known or unknown. Given the combination of the two characteristics, we can hence identify four research areas.

Most packing models address static problems where dimensions are known with certainty. Focusing on three-dimensional
problems, Crainic et al. (2008) address the three-dimensional packing problem for a set of identical bins through an Extreme Point
(EP) Heuristic. The EPs represent the possible locations that can accommodate new items inside a bin. Crainic et al. (2011) generalize
the bin packing problem by considering variations in the size and cost of items and bins and introduce the Variable Cost and Size Bin
Packing Problem (VCSBP). They proposed a methodology based on lower and upper bounds and managed to solve instances of up to
1000 items. In Paquay et al. (2014), a mixed integer programming for solving a three-dimensional Bin Packing Problem (3DBPP) for
air cargo is proposed, introducing constrains for fragility, weight distribution, and high vertical stability and orientation. However,
this model managed to solve instances of only 8 or 12 shipments. The same model was extended in Paquay et al. (2017) by testing
multiple heuristics such as Relax-and-Fix (R&F), Insert-and-Fix (I&F), and Fractional Relax-and-Fix (FRF) and showed that two of
those heuristics (I&F and FRF) produced promising results for instances up to 80 shipments, with computational time up to 35 min.
Most recently, in Paquay et al. (2018), a tailored two-phase constructive EP heuristic of the three-dimensional Multiple Bin Size Bin
Packing Problem (MBSBPP) was developed that solved instances of up to 100 boxes, with the computational time not exceeding
12 s. Readers are referred to Brandt and Nickel (2018) for an extensive review of packing models with heuristics that have been
developed for the air cargo load planning problem during the recent years.

Focusing on static problems with uncertain dimensions, Crainic et al. (2014) proposed a stochastic extension of the VCSBP
considering variations in the renting cost of bins as well as uncertainty related to shipments in terms of volume and presence.
This model was extended by Crainic et al. (2016) to account for uncertainty on the availability of bins in terms of existence and
number. They use a progressive hedge meta-heuristic to solve loading problems of up to 500 items and 10 bin types. Both of the
aforementioned problems are formulated as two-stage integer stochastic programs with recourse, where the appropriate number
and type of bins are selected the first stage, while at the second stage, when demand information are revealed, the assignment of
items to bins and the acquisition of extra bins is examined.

To the best of our knowledge, the literature pertaining dynamic packing applications for air cargo is extremely scarce. If we relax
the application domain, on the other hand, dynamic bin packing problems have received quite some attention in the literature. We
refer readers to Ivković and Lloyd (2009) and Berndt et al. (2020), where the fully dynamic bin packing problem is considered.
In such a problem, items arrive and depart in an online fashion and repacking of previously packed items is allowed. Several
approximation algorithms are presented, as well as a thorough analysis of the computational complexity of the different algorithms.
In Gupta et al. (2017), an extension of the fully dynamic bin packing model is presented where repacking is minimized. The model
is applied to the problem of data backup to minimize the number of disks used, as well as communication incurred in moving file
backups between disks.

Finally, we move to works addressing unknown items dimensions in a dynamic setting: this is the framework where this paper
is positioned. The only contribution we are aware of is Rizzo et al. (2019). In the paper, a RM system for air cargo is proposed
that combines machine learning predictions with mathematical optimization methods. The model, called AI-CARGO, addresses a
well-known issue of the air cargo supply chain, i.e., the general inconsistency between specified (by the shipper at the time of
booking) and actual (received by the airline) volumes to be loaded. Machine learning is used to predict the actual volume, while
dynamic programming is used to determine if the incoming booking request should be accepted or rejected.

In Table 1 we provide an overview of the aforementioned papers divided by addressed problem scope. To conclude the literature
review, we also point out the similarities and differences between our approach and some of the referenced works. Our work
differs from Crainic et al. (2016) in that, instead of taking recourse actions and make adjustments to the loading plan once the true
information are revealed, we choose to protect from the uncertainty in number of bins and shipment dimensions beforehand, by
establishing loading plans where uncertainty is already considered. We solve the Three-Dimensional bin packing model using the
EP heuristic proposed by Crainic et al. (2008). However, our version of the heuristic is enhanced since (i) we consider shipment
rotations in the algorithm and (ii) we modify their merit function to account for uncertainty in shipment dimensions. The modeling
framework and the constraints are inspired by the work of Paquay et al. (2018). Our work differs in that we use probabilistic
instead of deterministic constraints for load stability and capacity restrictions. Finally, our overarching goal is comparable with the
one of Rizzo et al. (2019), as testified by the fact that the two works fall under the same category in Table 1. A major difference
is that we use a three-dimensional and probabilistic approach when assigning items to bins, rather than a one-dimensional and
deterministic approach. We believe our approach better reflects the dynamics and uncertainties of the air cargo acceptance/rejection
booking process.
3
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Table 1
Summary of research into packing problems divided into static/dynamic approaches and
known/unknown items dimensions.

Static problem Dynamic problem

Known dimensions

Crainic et al. (2008) Ivković and Lloyd (2009)
Crainic et al. (2011) Berndt et al. (2020)
Paquay et al. (2014) Gupta et al. (2017)
Paquay et al. (2017)
Paquay et al. (2018)

Unknown dimensions Crainic et al. (2014) Rizzo et al. (2019)
Crainic et al. (2016) This contribution

3. Problem statement and methodology

The problem we are addressing can be summarized as follows. Let us consider a specific (OD airport pair, aircraft type, departure
ate) triplet operated by a combination airline with a passenger aircraft, with unknown available belly space for cargo, a set of
hipments and a set of ULDs. Shipments are assumed to be cuboid boxes, each with unknown length, width, height, and known
eight. The overall objective is to maximize the number of loaded shipments compatibly with a user-defined confidence level related

o the uncertainty of belly space and their true dimensions at the moment of booking.

.1. Forecasting problem

The forecasting block addresses prediction of (i) aircraft cargo capacity and (ii) shipment dimensions. Predicting cargo capacity
an be treated as a time series forecasting problem, since historical capacity values define a one-dimensional sequence (where time
s the variable) that can be used to predict future values. On the other hand, predicting shipment dimensions falls under the broader
ategory of feature prediction problems and, more specifically, it can be categorized as a regression problem. As such, both problems
an be addressed using a variety of techniques, ranging from statistical models to machine learning models.

In recent years, machine learning methods have become increasingly popular for predictive data analytics models that address
oth the aforementioned problems. In this work, we focused on Deep Neural Networks (DNNs), i.e., neural networks with more than
ne hidden layer. According to Le Roux and Bengio (2010), DNNs can provide better approximations to nonlinear functions than the
odels with a single hidden layer. The quintessential example of DNNs is the Multi-Layer Perceptron (MLP), which is a multi-layer

eedforward neural network with more than one hidden layers. The fact that a large amount of high-dimensional booking data is
sed in this research to predict shipment dimensions, makes MLP an ideal tool for our needs.

For cargo space prediction we used Long Short-Term Memory networks (LSTMs) developed by Hochreiter and Schmidhuber
1997). LSTMs proved to perform exceptionally well for a long-time horizon forecasting problem and to capture the long-term
ependencies of non-linear data (Sagheer and Kotb, 2019), as the historical flight data that are used in this work are. The detailed
mplementation and structure of both forecasting models is provided in Section 4.

However, how much trust can be attributed to a forecast has a deep impact on any decision-making process. Towards this end, a
robabilistic approach should be adopted that provides probability distributions, instead of point estimates, as inputs to the packing
odel, in order to protect the RM analyst from the uncertainty included in the forecast. For example, a shipment whose predicted

ength is 100 cm, can still turn out to be 90 or 110 cm long: we want to assess the (un)likelihood of these deviations from the predicted
value. Delgado et al. (2019) use a scenario tree to represent aircraft capacity uncertainty. On the other hand, our methodology is
partially inspired by the work of Zhu and Laptev (2017) since it is based on a similar prediction framework. The goal is to quantify
the uncertainty of the model prediction �̂�∗ = 𝑓 �̂� (𝑥∗), where 𝑓 �̂� (⋅) is the neural network, �̂� are the fitted parameters and 𝑥∗ is the
ample data. We aim to construct a probability distribution ∼ 𝑁(𝑦∗, 𝜎2) where 𝑦∗ is the mean predicted value and 𝜎2 is the variance.
he associated prediction interval is

[𝑦∗ − 𝑧𝛼∕2𝜎, 𝑦∗ + 𝑧𝛼∕2𝜎] (1)

here 𝑧𝛼∕2 is the upper 𝛼∕2 quantile of the standard Normal distribution. This prediction interval can further assist analysts in the
hoice of the confidence level that is deemed appropriate for the airline. In addition, note that we assumed that predictions follow
ormal distribution. This is a point we will further touch and expand later in the paper, by validating the normality assumption in

he data provided by the partner airline.
Bayesian Neural Networks (BNNs), provide us with the required framework to construct the probability distribution of the

rediction and the corresponding prediction interval. In BNNs, a prior distribution, such as 𝑊 ∼ 𝑁(0, 1) is used to define the
network weight. Given a set of 𝑁 inputs 𝑋 = {𝑥1,… , 𝑥𝑁} and corresponding outputs 𝑌 = {𝑦1,… , 𝑦𝑁}, the model aims to find the
optimal posterior distribution 𝑃 (𝑊 |𝑋, 𝑌 ), also known as Bayesian inference. In this work, we approximate Bayesian inference using
the recently developed Monte Carlo (MC) dropout technique proposed by Gal (2016). Dropout involves dropping a random subset
of neurons after each hidden layer with probability 𝑝. Hence, the model output can be viewed as a randomly generated sample from

�̂� ∗
4

the posterior predictive distribution. For a fitted neural network 𝑓 (⋅), a specific input 𝑥 , and for 𝑀 iterations, hidden units of the
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neural network are dropped with probability 𝑝. A set of {�̂�∗1 ,… , �̂�∗𝑀} predictions is obtained, which define the empirical distribution
f the model output for the specific input 𝑥∗. The predictive mean �̄�∗ is

�̄�∗ = 1
𝑀

𝑀
∑

𝑖=1
�̂�∗𝑖 (2)

while uncertainty is captured by the model variance. Since this model is designed to steer towards a risk-averse behavior, a more
conservative approach is used. Specifically, the uncertainty of the model is not defined solely by the variance 𝜎2�̂�∗ of the empirical

distribution of �̂�∗. In addition, we incorporate an additional source of uncertainty which accounts for the model inherent noise,
namely the residual standard error 𝜎2𝑟𝑒𝑠 observed in an independent validation set 𝑋 = {𝑥′1, 𝑥

′
2,… , 𝑥′𝑁}, 𝑌 = {𝑦′1, 𝑦

′
2,… , 𝑦′𝑁}. The

esidual standard error measures how well every predicted value {�̂�1,… , �̂�𝑁} approximates the corresponding real value {𝑦′1,… , 𝑦′𝑁}.
Namely, a model might be consistent prediction-wise across different runs without predicting the true value (low 𝜎2�̂�∗ and high 𝜎2𝑟𝑒𝑠),
or might be inconsistent prediction-wise across different runs but with an average value that well represents the true value (high
𝜎2�̂�∗ and low 𝜎2𝑟𝑒𝑠). With our approach, we try to ensure that the corresponding prediction interval will contain, for the majority of
cases, the real values of the aircraft capacity and shipment dimensions. Hence, the total variance in our models is

𝜎2 = 𝜎2�̂�∗ + 𝜎2𝑟𝑒𝑠 (3)

The final algorithm along with the mathematical formulation is presented in Algorithm 1.

Algorithm 1 Calculation of model’s uncertainty and prediction interval

1: Input Sample data 𝑥∗, neural network 𝑓 �̂� (⋅), dropout probability 𝑝, number of observations 𝑁 , number of iterations 𝑀
2: for 𝑖 = 1 to 𝑀 do
3: 𝒚∗𝒊 = MC Dropout(𝑓 (𝑥∗), 𝑝)
4: end for

// Predicted mean
5: �̄�∗ = 1

𝑀
∑𝑀

𝑖=1 𝑦
∗
𝑖

// Variance of empirical distribution 𝑦∗

6: 𝝈𝟐
�̂�∗

= 1
𝑀

∑𝑀
𝑖=1(�̂�

∗
𝑖 − �̄�∗)2

// Residual standard error
7: 𝝈𝟐

𝒓𝒆𝒔 =
1

𝑁−1
∑𝑁

𝑖=1(𝑦𝑖 − 𝑦′𝑖)
2

// Total variance
8: 𝝈𝟐 = 𝜎2�̂�∗ + 𝜎2𝑟𝑒𝑠
9: return �̄�∗, 𝜎

10: Output Prediction interval

3.2. Packing problem

Our packing model serves a double purpose. First, it determines the optimal number and type of ULDs such that the utilization
f the predicted aircraft capacity is maximized. This problem is the classic One-Dimensional Knapsack Problem (1D-KP), according
o the typology by Wascher et al. (2007). Secondly, it determines the optimal assignment and loading scheme of shipments to ULDs
uch that the maximum number of shipments is loaded. This problem is a Three-Dimensional Multiple Heterogeneous Knapsack
roblem (3D-MHKP). Following again the typology defined by Wascher et al. (2007), we define our problem a KP since it deals
ith the maximization of the overall number of items loaded in a set of bins, in contrast to bin packing problems where the goal

s the minimization of the number of bins. Notwithstanding an academic literature that is not always consistent in this sense, and
ur use of the term packing or bin packing throughout the paper for sake of readability, our problem falls under the KP category.

The majority of the literature addressing KPs in the air cargo context, assumes that aircraft capacity or shipment dimensions
re deterministic (Brandt and Nickel, 2018; Paquay et al., 2014, 2017, 2018). While we argue that some airlines might have access
o precise information on shipment dimensions, in this paper we focus on the worst case scenario that considers uncertainty in
oth cargo capacity and shipment dimensions. We pair probabilistic (chance) constraints with a confidence level to ensure that the
robability that cargo capacity or a shipment dimension does not exceed a certain threshold is greater or equal to the confidence
evel. From a RM perspective, this confidence level defines a trade-off between potentially higher load factors (‘‘high-risk high-
eward’’ approach) and ensuring the loading strategy is robust to uncertainty in the input parameters (conservative approach) that
ach airline can exploit according to its needs.

A generic formulation of a probabilistic KP that is applicable to both the 1D-KP and the 3D-MHKP is: given a knapsack with
olume capacity 𝑉 and set of 𝑁 = {1,… , 𝑛} items, each of them having profit 𝑝𝑖 and a volume distribution with mean 𝑣𝑖, the objective

is to determine the subset of items to place in the knapsack that maximizes the profit subject to volume capacity restrictions. The
corresponding mathematical notation is as follows

max
𝑛
∑

𝑝𝑖𝑥𝑖 (4a)
5

𝑖=1
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P(
𝑛
∑

𝑖=1
𝑣𝑖𝑥𝑖 ≤ 𝑉 ) ≥ 𝛼 (4b)

where 𝑥𝑖 is a binary variable, taking unitary value when item 𝑖 is loaded in the knapsack. Note that, in case of load factor
aximization, we have 𝑝𝑖 = 𝑣𝑖. Furthermore, in case 𝑣𝑖 ∼ 𝑁(𝑣𝑖, 𝜎2𝑣𝑖 ), constraint (4b) can be reformulated as follows:

𝑛
∑

𝑖=1
𝑣𝑖𝑥𝑖 +𝛷−1(𝛼) ⋅

√

√

√

√

𝑛
∑

𝑖=1
𝜎2𝑖 𝑥𝑖 ≤ 𝑉 (5)

where 𝛷−1(⋅) is the inverse Cumulative Distribution Function (CDF) of the Normal distribution 𝑁(0, 1) It is noted that 𝑥2𝑖 = 𝑥𝑖 since 𝑥𝑖
is binary. While a detailed formulation of the chance constrained 1D-KP and 3D-MHKP is part of Section 5, a preliminary formulation
is provided in the following.

As stated previously, ULDs come into different shapes and sizes and they are loaded into specific positions in the aircraft belly
and blocked with latches. Readers are referred to Brandt and Nickel (2018) for an overview of the most popular ULD types. The
floor latches can be rearranged, offering the airlines a range of different ULD configurations corresponding to the specific cargo
capacity. Generally speaking, an airline should select the ULD configuration that is expected to accommodate the highest amount of
shipments for a specific flight. For example, an airline might decide to use one large ULD instead of two small ULDs to accommodate
large shipments that would not fit in the latter.

In this work, we address the procedure as follows. Based on the predicted cargo capacity distribution (using historical data
to come up with the prediction), we determine the possible alternative ULD configurations with the probabilistic 1D-KP model.
Then, the ULD configuration that accommodates the highest amount of shipments is selected. Towards this end, having as inputs
the predicted shipment dimensions distributions, the probabilistic 3D-MHKP is solved for every ULD configuration defined by the
1D-KP model and the configuration that maximizes the number of shipments loaded is selected.

In addition to the basic geometry constraints requiring the shipment to lie entirely within the ULD and not to overlap with
other shipments, some additional constraints are considered. More specifically, (i) shipments may be rotated up to six different
orientations, (ii) they must be stably supported, and (iii) the weight capacity of the container must be satisfied. For the purposes of
this work, all the aforementioned constraints, with the exception of weight capacity, are modified to chance constraints, to account
for the uncertainty in the predicted shipment dimensions. We did not impose chance constraints on weight since, according to our
dataset, it seemed to be a very reliable piece of information. Moreover, the following assumptions are introduced:

• Only single flight legs are considered, meaning that requirements that dictate the positioning of specific shipments inside the
ULD to facilitate the offloading and loading procedures at transshipment airports are not addressed.

• ULD weight and balance restrictions to comply with Center of Gravity (CG) stability of the aircraft are not considered.

In our model, each shipment is characterized by length 𝑙𝑖 ∼ 𝑁(𝑙𝑖, 𝜎2𝑙𝑖 ), width 𝑤𝑖 ∼ 𝑁(�̄�𝑖, 𝜎2𝑤𝑖
) and height ℎ𝑖 ∼ 𝑁(ℎ̄𝑖, 𝜎2ℎ𝑖 ), that are

omputed by the forecasting block. In addition, each shipment can be placed inside a ULD using up to six possible orientations. This
umber is lower for shipments containing fragile or non-turnable items, as described in Junqueira et al. (2012) and Paquay et al.
2014, 2017).

Load stability ensures that shipments are loaded in a stable manner, and that they will not fall onto the container floor
uring loading or transport, resulting in cargo damage or handling personnel injuries. This can be achieved by requiring either
ull shipment base support, as implemented in Goncalves and Resende (2012) and Paquay et al. (2018), or partial base support,
s in Techanitisawad and Tangwiwatwong (2004) and Fuellerer et al. (2010). In the context of this work, load stability will be
ddressed by enforcing the four vertices of each shipment base to be fully supported by the floor of the container, the top face of
ther shipments, or a cut in a ULD.

Each ULD 𝑗 has length 𝐿𝑗 , width 𝑊𝑗 and height 𝐻𝑗 and weight capacity 𝑊𝐶𝑗 . The ULD can be represented as a 3D coordinate
system, where the origin (0, 0, 0) lies on the back-bottom-left vertex of the ULD. The length, width and height of the ULD lie on
the x, y and z-axis respectively. ULDs are parallelepipeds that may have one or several cuts on their corners in order to fit in the
aircraft fuselage. For the purposes of this work, the considered ULDs are either Lower Deck Pallets (LDPs) or LD-3 containers, which
have a cut in their lower left corner (see Fig. 1). This specific cut can be modeled, in a similar manner as in Paquay et al. (2018),
by the linear equation 𝑧 = − 𝑏

𝑎𝑥 + 𝑏, where 𝑎 = 40 cm and 𝑏 = 51 cm according to LD-3 specifications. The considered ULDs are the
ame ULDs that our partner airline is using. It is noted that more cuts can be added accordingly to account for different ULD types,
r this feature can be dropped completely if this model is used for other transportation modes.

The weight of the shipments loaded in a ULD may not exceed the weight capacity 𝑊𝐶𝑗 of the specific ULD 𝑗. This type of
onstraint is known as weight capacity constraint, and readers are referred to Dereli and Das (2010) and Paquay et al. (2014, 2017)
or indicative examples.

The fact that the Knapsack Problem is NP-Hard (Garey and Johnson, 1979), in combination with the requirement that the model
hould serve as a decision support tool in a quasi real-time environment, introduces the need for a heuristic. The goal of the heuristic
s to calculate a good feasible packing solution within a very short computational time. In fact, our goal is to solve an optimization
odel anytime a new booking is received, to assess if that booking should be accepted or rejected. As such, the computational

ime should be consistent with the waiting time a customer is supposed to accept before receiving a decision. We deemed a few
inutes (∼5 min) as a reasonable computational time. In the context of this work, we use the Extreme Point (EP) heuristic, designed

y Crainic et al. (2008). Our variation of the EP heuristic is further explained in Section 5.2. The conceptual design of our forecast
nd optimization model is summarized in Fig. 2.
6
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Fig. 1. Considered ULDs.
Source: From
www.searates.com.

Fig. 2. Conceptual design of our modeling framework.

4. Forecasting models

4.1. Cargo capacity forecasting model

An LSTM network is used to predict the cargo capacity. The model input is based on cargo capacity data for the period 2010–2019,
provided by the partner airline. The followed approach is presented in Fig. 3.

We focus on a specific (OD airport pair, flight prefix, flight number, aircraft type) tuple. The reason behind this choice is the
large variability across each of these inputs when not considered altogether due, for example, to the different commodity types
that are generally flown across different regions. As example, trying to aggregate all input data per aircraft type would conceal
the route-specific (and commodity-specific) nature of cargo transport: the same aircraft type might carry a considerable different
amount and kind of cargo if operating across two distinct routes.

From each specific data entry we extracted the corresponding month, day of the month, and weekday. Together with the
palletized cargo capacity, this is the input for the LSTM network. It is highlighted that the palletized cargo capacity refers to the
capacity corresponding solely to the volume of the loaded ULDs and not the total belly capacity of the aircraft. In general, each
ULD cannot be placed in any position in the aircraft compartment: there are specific positions equipped with latches and rollers.
Using the palletized cargo capacity, instead of the generic belly capacity, allows us to apply the 1D-KP model and determine the
7
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Fig. 3. Input selection approach for the LSTM network.

Table 2
Optimal hyperparameters of LSTM network.

Hyperparameters Values

Number of hidden layers 3
Number of neurons per layer 50
Optimizer Adam
Dropout probability 0.2
Number of epochs 50
Batch size 20
Loss function MAE

optimal ULD configuration(s) directly on the predicted values, without having to compensate for the spacing between the ULDs due
to position requirements. The palletized cargo capacity will be referred simply to as cargo capacity hereinafter.

We empirically determined the time-span for each prediction to be 60 days prior to the prediction date. This value allows to
account for some seasonality in the time-series while keeping the computational effort reasonable.

4.1.1. LSTM architecture and performance metrics
In the training phase of the LSTM, we used grid search to determine the optimal hyperparameters. The resulting LSTM

architecture, as defined by the optimal hyperparameters, is presented in Table 2.
To assess the performance of the LSTM network, we used Mean Absolute Percentage Error (MAPE) and Mean Absolute Error

(MAE) defined as follows

𝑀𝐴𝑃𝐸 = 1
𝑁

𝑁
∑

𝑖=1
|

𝑦𝑖 − 𝑦𝑖
𝑦𝑖

| × 100

𝑀𝐴𝐸 = 1
𝑁

𝑁
∑

𝑖=1
|𝑦𝑖 − 𝑦𝑖|

where 𝑁 is the number of observations, 𝑦𝑖 is the true value for the cargo capacity and �̂�𝑖 is the predicted value. In addition, since a
probability distribution is also computed, we introduce the Prediction Interval Coverage Probability (PICP) metric. PICP identifies
the number of occurrences where the prediction interval contains its true value and can be written as

𝑃𝐼𝐶𝑃𝑙(𝑥𝑖),𝑢(𝑥𝑖) =
1
𝑁

𝑁
∑

𝑖=1
ℎ𝑖 where ℎ𝑖 =

{

1 if 𝑙(𝑥𝑖) ≤ 𝑦𝑖 ≤ 𝑢(𝑥𝑖)
0 otherwise

(6)

where 𝑙(𝑥 ) and 𝑢(𝑥 ) are respectively the upper and lower bound of the prediction interval for observation 𝑖.
8
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Table 3
Validation results of the LSTM forecasting model.

Flight # Aircraft MAPE MAE
[

m3] Training time
[

min
]

Norm. distributed PICP
type predictions (%)

Flight #1 A330-300 9.14% 6.23 8 96.8% 99.5%
Flight #2 B777-200 7.59% 5.72 9 95.9% 99.2%
Flight #3 B767-300 14.41% 5.56 11 94.9% 94.1%
Flight #4 A330-200 8.63% 7.82 24 96.5% 91.1%
Flight #5 B747-400 6.62% 6.18 2 98.1% 94.4%
Flight #6 B787-9 9.19% 7.81 4 98.6% 96.3%
Flight #7 B787-9 7.40% 5.50 5 98.7% 95.3%
Flight #8 B777-200 14.18% 9.80 8 96.1% 95.4%
Flight #9 A330-200 11.8% 8.66 8 97.1% 96.9%
Flight #10 B747-400 12.58% 9.88 4 97.2% 95.3%
Flight #11 A330-300 13.26% 8.90 4 96.4% 95.9%
Flight #12 B747-400 14.15% 9.44 3 97.6% 97.6%
Flight #13 B777-200 11.26% 7.32 2 96.7% 90.3%
Flight #14 A330-200 5.58% 4.97 4 90.5% 96.7%
Flight #15 B767-300 10.53% 7.14 2 95.3% 95.7%
Flight #16 B777-200 12.19% 10.01 5 100.0% 95.8%
Flight #17 A330-200 7.18% 6.12 11 93.1% 96.5%
Flight #18 A330-300 11.65% 8.53 10 97.1% 97.5%
Flight #19 A330-200 6.69% 5.44 10 95.3% 97.1%
Flight #20 B767-300 10.24% 10.47 4 100.0% 96.7%

4.1.2. Model validation
Training and testing of the LSTM network was performed on a laptop computer with Intel i5 9300, 16 GB RAM and NVIDIA

660Ti GPU using the Python 3.7 programming language. The performance of the model was checked against the cargo capacity data
f 20 flights and the results are summarized in the left-hand size of Table 3. The exact flight details are omitted for confidentiality
easons. The corresponding dataset is split into training and testing set, with a proportion of 75% and 25% respectively. The last
5% of the training set is withheld for validation.

In order to extract the uncertainty of the predictions, the fitted LSTM network of each flight was run for 1000 iterations
sing the Monte Carlo (MC) dropout technique, as described in Section 3.1. In each iteration, hidden units were dropped with
robability 𝑝 = 0.2. The mean and the total variance of the predicted daily capacity per flight is derived using Algorithm 1, while

the corresponding distributions of the predicted values are tested for normality through the Shapiro–Wilk test. The results of the
Shapiro–Wilk test for each flight over the probability distributions are presented in the second-to-last column of Table 3. It can be
concluded that the normality assumption is verified for the vast majority of the generated distributions. This supports our assumption
of normally distributed predictions for cargo capacity and our simplified version of chance constraints.

Using the normality assumption, for each predicted value we construct a 95% prediction interval, in accordance with Eq. (1).
Based on the constructed prediction interval, we calculate the PICP for the predicted values per flight, which is presented in the
corresponding column in Table 3. The achieved high values of the PICP indicate that the true value of the daily cargo capacity is
included, for the majority of cases, in the generated distribution of the predicted cargo capacity.

4.2. Shipment dimensions forecasting model

The distribution of the predicted shipment dimensions is computed using an MLP network. The model inputs are based on booking
information provided by customers of the partner airline. These booking information is contained in a dataset spanning from January
2019 until December 2019. Each row of the dataset corresponds to a specific shipment and includes relevant information such as
the booking origin, the booking destination, the reference number of the customer, the volume of the shipment and the type of
the shipment, etc. Note that different shipments can be associated to the same booking (e.g., a group of 50 identical smartphones).
While shipments belonging to the same booking can be split across different ULDs, we enforce that a booking can be accepted only
if all its shipments can be accepted. For the purposes of this work, and driven partly by the study of Koch (2019), the input nodes of
the neural network consist of (i) booking origin, (ii) booking destination, (iii) product code, (iv) commodity code, and (v) shipment
volume.

The model produces three outputs, namely the length, width, and height of each shipment. It is noted that the dimensions
of the shipments were not always included in the dataset, since it is not a mandatory piece of information to be provided by the
customers of our partner airline. Since all three dimensions are needed to test and train the model, only bookings having dimensions
information were considered to train and test the model.

4.2.1. Data preparation and pre-processing
In the considered dataset, booking entries that had missing values for at least one of the aforementioned fields where excluded.

This resulted in a total of almost 1,150,000 entries. In order for the model to be efficient in terms of computational resources and
9
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Fig. 4. Distribution of shipment dimensions for the considered dataset.

Table 4
Normally distributed predictions for shipment dimensions [%].

Dimensions Normally distributed predictions (%)

Length 75.2%
Width 70.1%
Height 69.9%

time, a representative sample of 500,000 shipment entries was chosen, by ensuring that every shipment feature was represented
with the same percentage as in the original dataset.

For shipments where rotations were allowed along all three axis, dimensions were re-arranged considering length as the longest
dimension, followed by width and height. Differently from other fields, where length or width have an unambiguous definition, we
decided to follow the common convention that defines length as the longest dimension of a box. For shipments that could not be
rotated in the height dimension, only length and width were re-arranged using the same logic. Additionally, the z-score was used to
assess and remove outliers in either three dimensions. The resulting empirical distribution of the length, width and height for the
final list of shipments are presented in Fig. 4. These distributions are very similar to the ones derived by Brandt and Nickel (2018),
a fact which verifies the representativeness of the chosen sample.

Consistently with the cargo capacity analysis, the dataset is split into training and test set, with a proportion of 75% training
and 25% testing. The last 25% of the training set is withheld for validation.

4.2.2. MLP architecture and performance metrics
Similarly to Section 4.1.1, we used grid search to compute the optimal hyperparameters. The resulting MLP architecture along

with the optimal hyperparameters are presented in Fig. 5.

4.2.3. Model validation
Training and testing of the neural network was carried using the same laptop described above. Model training took 6 h and

32 min. Fig. 6 presents the model performance in terms of MAE and MAPE per dimension, together with the corresponding boxplots
for MAE. For 75% of the predictions, the MAE is below 13.5, 9 and 11 cm for length, width and height respectively. The largest
errors occur for length predictions. This is consistent with the fact that length is the largest dimension per shipment in our dataset
and is, generally speaking, the one subject to the highest variability.

In order to generate the probability distributions for the predicted values and the associated prediction intervals, we run
1000 iterations of the fitted network using the MC dropout technique. To determine whether the resulting distributions can be
approximated with a Normal distribution, we applied once more the Shapiro–Wilk tests. Results are shown in Table 4.
10
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Fig. 5. MLP architecture.

Fig. 6. MLP performance metrics.

Fig. 7. Histograms and QQ plots for a subset of predicted dimensions distributions that did not pass the Shapiro–Wilk test.

The results demonstrate that the normality assumption is reasonable for the obtained distributions. To further fortify this

assumption, QQ plots were created for the distributions that did not pass the Shapiro–Wilk test. Some characteristic examples are

provided in Fig. 7, where the first row shows the histogram and the second row the associated QQ plot. As it is evident, no major

deviations from the Normal distribution are observed.

For each probability distribution, a 95% prediction interval is established according to the algorithm presented in Section 3.

Based on the constructed prediction intervals, we calculate the PICP for each dimension. The results are presented in Table 5.

Similarly to cargo capacity predictions, high values of PICP were achieved.
11
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Table 5
PICP for shipment dimensions prediction.

Dimensions PICP

Length 95.1%
Width 98.6%
Height 95.2%

5. Packing models

5.1. One-Dimensional Knapsack Problem with chance constraints (1D-KP)

Given the predicted aircraft cargo capacity 𝑉𝑐𝑐 ∼ 𝑁( ̄𝑉𝑐𝑐 , 𝜎2𝑉𝑐𝑐 ) and an unlimited set of 𝑛 LD-3 containers and 𝑘 LDPs with volume
𝑉𝐿𝐷−3 = 4 m3 and 𝑉𝐿𝐷𝑃 = 10 m3 respectively, the probabilistic 1D-KP can be formulated as follows

max 𝑛𝑉𝐿𝐷−3 + 𝑘𝑉𝐿𝐷𝑃 (7a)
s.t.

P(𝑛𝑉𝐿𝐷−3 + 𝑘𝑉𝐿𝐷𝑃 ≤ 𝑉𝑐𝑐 ) ≥ 𝛼 (7b)

𝑛, 𝑘 ∈ Z+ (7c)

f ̃𝑉𝑐𝑐 is Gaussian, as proven in Section 4, Eq. (7b) becomes

𝑉𝑐𝑐 +𝛷−1(1 − 𝛼)𝜎𝑉𝑐𝑐 − 𝑛𝑉𝐿𝐷−3 − 𝑘𝑉𝐿𝐷𝑃 ≤ 0 (8)

The optimal solution of this problem can be achieved with different combinations of decision variables 𝑛 and 𝑘. Each combination
f the decision variables corresponds to a different ULD configuration. Our ultimate goal is to maximize the number of shipments
oaded. As such we argue that, although a larger available volume is generally advisable, the optimal solution deriving from this 1D
roblem might not be the most optimal when the actual shipments are considered. To this avail, we consider the optimal and the first
ub-optimal solution as candidate ULD configurations for our packing model. The reason behind this choice becomes evident if we
onsider the following example. Let us assume, for sake of simplicity, that the predicted cargo capacity is 𝑉𝑐𝑐 = 12 m3 and we have a
hipment with dimensions 3× 2×1.5 m. The optimal solution of the 1D-KP corresponds to three LD-3 containers (i.e., 3 ⋅ 4 = 12 m3).
owever, this specific shipment exceeds the dimensions of an LD-3 container and hence, it is offloaded. On the other hand, the first

ub-optimal solution of the 1D-KP is 10 m3, which corresponds to one LDP. The LDP can accommodate this shipment instead. It
ight also be argued that considering all possible ULD configurations should lead to a better final outcome, but this might increase

he computational time unnecessarily, since a loading pattern for each configuration needs to be computed as shown in Section 6.2.
n addition, we experimentally found out that going beyond the first sub-optimal solution did not lead to any tangible gain in the
inal objective.

.2. Three-Dimensional Multiple Heterogeneous Knapsack Problem with chance constraints (3D-MHKP)

Given our need to compute a packing solution in a limited time, we resort to the EP heuristic algorithm developed by Crainic
t al. (2008) to solve the 3D-MHKP. The EP algorithm of Crainic et al. (2008) addressed the Single Size Bin Packing Problem for items
ith known dimensions and that could not be rotated or overlap. The algorithm is further extended to account for the probability
istributions of the shipments dimensions as well as additional constraints considered in the 3D-MHKP.

The input for the packing algorithm is, apart from the predetermined ULD configurations, a list of shipments 𝐏 = (𝑝1𝑚, 𝑝2𝑚,… , 𝑝𝑛𝑚)
corresponding to a specific flight. Each shipment 𝑝𝑖𝑚 may be composed of 𝑚 multiple individual part shipments (this justifies the
two-index formulation), that must be delivered together but can be split across different ULDs. Every part of a shipment 𝑝𝑖𝑚 is
characterized by length 𝑙𝑖𝑚 ∼ 𝑁(𝑙𝑖𝑚, 𝜎2𝑙𝑖 ), width 𝑤𝑖𝑚 ∼ 𝑁(�̄�𝑖𝑚, 𝜎2𝑤𝑖𝑚

), height ℎ𝑖𝑚 ∼ 𝑁(ℎ̄𝑖𝑚, 𝜎2ℎ𝑖𝑚 ) (as determined by the forecasting
odel), volume 𝑉𝑖𝑚 and weight 𝑊𝑖𝑚. Unless differently specified, each shipment can be positioned inside a ULD according to one of

he six rotations shown in Fig. 8. The allowable rotations are modeled binary parameters 𝑙+𝑖𝑚, 𝑤+
𝑖𝑚 and ℎ+𝑖𝑚. If a parameter is unitary,

he associated dimension can be aligned with the vertical side of the ULD.
The potential location of a new shipment inside a ULD is selected based on a global list containing all the EPs in all the ULDs.

fter a shipment is placed with its back-bottom-left vertex on the selected EP (𝑥𝑖, 𝑦𝑖, 𝑧𝑖), a new set of EPs is generated that correspond
o potential positions for future packings, and this set is appended to the global list. The EPs generation process is summarized in
ig. 9. From the three vertices of the shipment highlighted with red dots, projections are taken towards the back-, bottom-, and
eft-most side of the ULD with respect to the reference frame. The six resulting new EP points are highlighted with green triangles.
ote that the other vertices of the shipment, as well as the third potential projection from every red dot, are not considered because

hey would not be consistent with a packing strategy that develops from the origin of the reference frame. In addition, an EP is
rojected only in case it can be supported either by an underlying shipment, the ULD base, or the ULD cut as depicted in Fig. 9(b).

When the considered ULD is empty, the shipment is placed in position (0, 0, 0) for LDPs or (0, 𝑎, 0) for LD-3 containers. In all other
12

ases, a subset of candidate EPs from the global list are evaluated as potential locations of shipment 𝑝𝑖𝑚, following an approach
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Fig. 8. Possible orientations of a shipment.
Source: From Jozefowska et al. (2018).

(a) EPs generation example.
From Baldi et al. (2012)

(b) Valid and non valid EPs in a LD-
3 container: only the green projection is
usable.

Fig. 9. EPs generation process. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 10. Example of residual space update.

inspired by Crainic et al. (2008). This approach is based on a merit function that maximizes the utilization of the EP Residual Space
(RS). The RS quantifies the free volume around an EP projected along the three dimensions, and consists of three components, 𝑅𝑆𝑥,
𝑅𝑆𝑦, 𝑅𝑆𝑧. Each component captures the distance between the EP and the wall of the container or the nearest shipment along the
corresponding axis. Every time a shipment is placed into the container, the RS of all EPs is updated (see Fig. 10).

The MF developed in this work is further extended to take into account the allowable rotations of the shipment as well as
the probability distribution of the predicted dimensions. Our MF places the shipment in the EP and with the allowed orientation
that minimizes the summation of the differences between the RS component and the corresponding shipment dimension along the
relevant axis. In other words, given a specific shipment 𝑖, it is chosen the (ULD, EP, orientation) tuple that better occupies the
available space around the EP. Our MF is defined as

𝑀𝐹 = (𝑅𝑆𝑥 − 𝑙𝑖𝑚𝑟𝑖11 −𝑤𝑖𝑚𝑟𝑖21 − ℎ𝑖𝑚𝑟𝑖31)

+ (𝑅𝑆𝑦 − 𝑙𝑖𝑚𝑟𝑖12 −𝑤𝑖𝑚𝑟𝑖22 − ℎ𝑖𝑚𝑟𝑖32) (9)
13

+ (𝑅𝑆𝑧 − 𝑙𝑖𝑚𝑟𝑖13 −𝑤𝑖𝑚𝑟𝑖23 − ℎ𝑖𝑚𝑟𝑖33)
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where 𝑟𝑖𝑎𝑏 is a rotation binary variable introduced to model the six possible orientations of the shipment 𝑝𝑖𝑚, taking the value of 1
f side 𝑎 of the shipment is aligned with side 𝑏 of the ULD (Paquay et al., 2014). Since each side of a shipment should be aligned
ith a side of the ULD and vice versa, it holds that ∑3

𝑎=1 𝑟𝑖𝑎𝑏 = 1 and ∑3
𝑏=1 𝑟𝑖𝑎𝑏 = 1. Moreover, since 𝑙𝑖𝑚, 𝑤𝑖𝑚, ℎ𝑖𝑚 are not deterministic

but follow a Normal distribution, the merit function can be modified as follows

𝑀𝐹 = 𝑅𝑆𝑥 + 𝑅𝑆𝑦 + 𝑅𝑆𝑧

−
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(10)

where 𝛷−1(⋅) is the inverse CDF of 𝑁(0, 1) and 𝛼 is the desired confidence level. Considering the aforementioned constraints on 𝑟𝑖𝑎𝑏,
Eq. (10) can be simplified and re-arranged per 𝑅𝑆 component as

𝑀𝐹 =
(

𝑅𝑆𝑥 −
(

𝑙𝑖𝑚 +𝛷−1(𝛼)𝜎𝑙𝑖𝑚
)

𝑟𝑖11 −
(

�̄�𝑖𝑚 +𝛷−1(𝛼)𝜎𝑤𝑖𝑚

)

𝑟𝑖21 −
(

ℎ̄𝑖𝑚 +𝛷−1(𝛼)𝜎ℎ𝑖𝑚
)

𝑟𝑖31
)

+
(

𝑅𝑆𝑦 −
(

𝑙𝑖𝑚 +𝛷−1(𝛼)𝜎𝑙𝑖𝑚
)

𝑟𝑖12 −
(

�̄�𝑖𝑚 +𝛷−1(𝛼)𝜎𝑤𝑖𝑚

)

𝑟𝑖22 −
(

ℎ̄𝑖𝑚 +𝛷−1(𝛼)𝜎ℎ𝑖𝑚
)

𝑟𝑖32
)

+
(

𝑅𝑆𝑧 −
(

𝑙𝑖𝑚 +𝛷−1(𝛼)𝜎𝑙𝑖𝑚
)

𝑟𝑖13 −
(

�̄�𝑖𝑚 +𝛷−1(𝛼)𝜎𝑤𝑖𝑚

)

𝑟𝑖23 −
(

ℎ̄𝑖𝑚 +𝛷−1(𝛼)𝜎ℎ𝑖𝑚
)

𝑟𝑖33
)

(11)

After the MF for all the EPs is calculated, the EPs with any negative RS component are removed to ensure that the placed shipment
does not overlap with any of the previously packed shipments. The remaining EPs are sorted according to increased values of the
MF (the smallest the value of MF given the original definition in Eq. (9), the more residual space is used). These EPs are evaluated
as potential positions of the shipment 𝑝𝑖𝑚 based on the following constraints

1. the corresponding ULD dimensions must be satisfied, i.e., a shipment must lie within the corresponding ULD boundaries
2. the corresponding ULD weight capacity must be satisfied
3. load stability must be ensured, i.e., all four vertices of the shipment must be supported either by the ULD base, by other

shipments, or by a combination of a cut and shipments
4. in case of part shipments, when a part of the shipment is not loaded, then all the parts should be offloaded.

and the EP that minimizes the MF is chosen. To account for uncertainty in the prediction of the dimensions, constraints 1. and
3. are modified to chance constraints, as they incorporate probability distributions. When assessing the feasibility of a shipment
insertion into a ULD, two conditions must be met. First, if the intended shipment is loaded on top of another one, stability must be
ensured (constraint 3). Fig. 11 depicts an example where the ‘‘augmented" (according to confidence level 𝛼) horizontal occupancy
of shipment 2 is compared to the mean horizontal occupancy of shipment 1. If the first one is no larger than the second one, we
consider shipment 2 feasibly supported by shipment 1 along the L-direction. Note that, although not shown in Fig. 11 due to its
2D nature, the same policy applies to the third dimension (W-direction). If the stability condition is met, the algorithm checks if
the overall ‘‘augmented’’ dimensions do not exceed the ULD bounds. This procedure is shown in Fig. 12. On the left side, we show
how to compute the cumulative probability distribution per dimension. Along the L-direction, only shipment 1 is considered. The
contribution of shipment 2 is omitted because the stability constraint forces its horizontal occupancy to be smaller than the one
of shipment 1. Along the H-direction, we consider the combined effect of shipment 1 and shipment 2 and compute the combined
distribution 𝑁ℎ which, due to the normality assumption, takes the form shown in Fig. 12. On the right side, we show how it
is checked if the shipment loading strategy is feasible in terms of ULD bounds. The color of the probability distribution for the
H-dimension is different than black to highlight it refers to the summation of the two normal distributions shown on the left side.
Again, the W-dimension is not shown for sake of readability, but the same concept applies there.

The pseudo-code describing the algorithm of the proposed packing heuristic applied to a single ULD and a list of shipments with
no part shipments (𝑚 = 1 for all shipments), for sake of simplicity, can be found in Appendix.

6. Computational experiments

6.1. Combined model design

The combined model, where the forecast and the optimization blocks are used in sequence, is presented in this section. To
pursue this goal, we adopt the perspective of the cargo RM department of a combination airline. Given a passenger flight scheduled
to depart on day 𝑡, the planning horizon to book cargo space on that flight is defined as

[

𝑡 − 𝐿𝑝ℎ, 𝑡
]

, where 𝐿𝑝ℎ is the number of
days prior to departure (i.e., the start of our planning horizon) when RM starts accepting bookings for such flight (for our partner
airline, 𝐿𝑝ℎ = 14). Note that we consider day 𝑡 at the upper bound of the planning horizon. Although this might not be common
practice, some last-minute bookings can still be accepted on the day of departure. For every new booking request that is received,
the following steps must be carried out in sequence: (i) if not provided, compute dimensions and uncertainty distributions, (ii) add
the booking to the list of accepted bookings and compute the optimal loading strategy, and (iii) accept the incoming booking request
14
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Fig. 11. Procedure to determine if a shipment can be feasibly supported by another one accounting for uncertainty in the dimensions.

Fig. 12. Procedure to determine if a shipment loading configuration is feasible with respect to the ULD bounds. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)

This decision-making process is more straight-forward at the beginning of the planning horizon, where supply (available cargo
space in ULDs) generally outmatches demand (already accepted bookings, plus incoming new booking). As the number of accepted
bookings increases, the process becomes more challenging both from a practical perspective (decrease in available supply, increase
in demand), and from a computational perspective, since the increase in bookings to consider increases the solution space of the
optimization problem. The decision-making process that encompasses both the forecast and the packing model is shown in Fig. 13.

Initially, we generate the distribution of the predicted cargo capacity for the specific flight, 𝑉𝑐𝑐 ∼ (𝑉𝑐𝑐 , 𝜎2𝑉𝑐𝑐 ) with the LSTM
network developed in Section 4.1. Then, the 1D-KP described in Section 5.1 is run, within a specific confidence level, in order to
determine the available optimal ULD configuration(s). Every time a booking request with unspecified dimensions is received, the
features of the booking described in Section 4.2 are passed to the MLP network, and the distribution of the predicted shipment
dimensions 𝑙𝑖𝑚 ∼ 𝑁(𝑙𝑖𝑚, 𝜎2𝑙𝑖 ), 𝑤𝑖𝑚 ∼ 𝑁(�̄�𝑖𝑚, 𝜎2𝑤𝑖𝑚

), ℎ𝑖𝑚 ∼ 𝑁(ℎ̄𝑖𝑚, 𝜎2ℎ𝑖𝑚 ) is generated.
Afterwards, the 3D-MHKP model is solved for all the identified ULD configurations. The block diagram describing more into

details the 3D-MHKP can be found in Fig. 14. For every candidate ULD configuration, the 3D-MHKP is solved by using the First-
Fit Decreasing (FFD) heuristic, which proved to be the most effective among a set of other sorting heuristics. The candidate
shipment, along with the already accepted shipments, are sorted by decreasing values of their volume and fed to the 3D-MHKP
model developed in Section 5.2. In general, placing large shipments is difficult, especially when this happens at the later stages of
the loading procedure. We address this issue by considering them first in the loading block. Then, the EP heuristic is applied to
the first ULD until no more shipments can be accommodated and the offloaded shipments (if any) are considered for placement in
the next ULD. The same procedure continues until there are no offloaded shipments or ULDs left. Finally, the ULD configuration
that maximizes the number of shipments loaded is selected. As it concern ULDs, they were sorted selecting LD-3s first and LPDs
afterwards. This choice stemmed from the preference of the partner airline for LD-3s, if possible, when transporting cargo in the belly
space. Finally, it is noted that all the computational experiments are implemented in Python 3.7 using the same laptop described
above.
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Fig. 13. Flowchart of the decision-making process defining the booking acceptance/rejection strategy.

Fig. 14. 3D-MHKP model.
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Table 6
Flight and booking information.

Flight # Cargo ULD Total Volume of
capacity

[

m3] configuration shipments booking requests
[

m3]

Flight #1 74 7 LDPs - 1 LD-3 97 71.23
Flight #2 77 6 LDPs - 3 LD-3 91 72.65
Flight #3 96 8 LDPs - 4 LD-3 122 89.49
Flight #4 78 7 LDPs - 2 LD-3 194 70.48
Flight #5 76 6 LDPs - 4 LD-3 78 83.92

6.2. Case studies

In this section, our model will be applied to five real booking sequences referring to five flights performed with passenger aircraft,
ith data provided by the partner airline. This is a major European combination airline with two cargo hubs, a fleet of roughly 450
assenger aircraft and 6 full freighters, and that serves approximately 300 long haul destination across 110 countries. In one year,
he airline generally handles 1.1 million tonnes of cargo. In our context, a booking may consist of multiple individual shipments
ith the same or different size. Each set of booking requests is sorted by chronological order in order to simulate the RM rationale
f accepting/rejecting an incoming booking request. For the five flights, all bookings were received with specified dimensions which
ere determined to be accurate by operations (i.e., there was an excellent match between dimensions specified by shippers and real
imensions). As such, in this section and in Section 6.2.3 we will show results that consider shipment dimensions as known. On the
ther hand, in Sections 6.2.4 and 6.2.5 we will consider the case where dimensions are not given, to provide the full spectrum of
ptions a RM analyst can face.

In our model, a booking is accepted when the computed loading strategy (ULD configuration + shipments loaded) does not
ffload any previously accepted bookings. This is consistent with our RM perspective that focuses on new bookings as they appear
n the system, and considers the already accepted bookings not to be offloaded to avoid penalty fees (although they can be shuffled
etween ULDs after every new iteration). Moreover, in case of bookings consisting of multiple shipments, as explained in Section 5.2,
f a part of a booking is offloaded, then the whole booking is rejected. If the booking is rejected, the last optimal loading strategy is
tored, until a new booking request is received. Using this ordered sequence of bookings, our developed model is run every time a
ew booking request is received and, in case the aforementioned conditions are met, the booking is accepted. A good indicator of
he solution quality of our model, apart from the volume of the shipments loaded, is the Acceptance Factor (AF). The AF is defined
s the ratio between the volume of accepted requests and the volume of all incoming booking requests. As example, in case we
ave booking requests with total volume 10 m3 and 9 m3 are accepted, AF = 90%. Note that, while a high AF can be intuitively

associated with high efficiency, a low AF does not necessarily mean the opposite. For example, if many more bookings than the
aircraft capacity are received, the load factor might be close to 100%, but the AF will be low.

Since booking data are extremely sensitive, any indication of the considered flight or the original shipper is omitted for
confidentiality reasons from our results. The corresponding flight and booking characteristics are summarized in Table 6, while
in Fig. 15, a visual representation of the volume distribution of the bookings per flight is depicted. On the vertical axis, numbers
refer to the booking number.

Given that for the set of five flights all booking dimensions were provided, we initially tested our EP packing heuristic without
the forecast block. In particular, we compared it against the decision-making policy of the partner airline and different heuristics
based on the EP paradigm.

6.2.1. Comparison with the airline decision-making policy
The decision-making policy of the airline addresses unknown dimensions by, given a booking volume without specified

dimensions, translating it into a set of 40 × 40 × 40 cm cubes until the value closest to the original volume is reached. The cubes are
assembled to form a rectangular cuboid. Since multiple cube arrangements that result in the same volume can be formed, the chosen
arrangement depends on some other specifications of the booking (e.g., origin, weight, etc.). The resulting cuboid is then placed in
the first available ULD and in the first available location (generally using a bottom-back-left assignment policy). In addition, once
a ULD reaches a pre-defined load factor, the ULD is considered complete and cannot be modified for the remaining portion of the
booking window. The comparison between the two packing strategies is summarized in Table 7. Row Airline indicates the decision
taken by the airline, whereas row Model depicts the decision output of the packing model. Used ULD configuration corresponds to
the actual ULD configuration used by the airline, whereas the optimal ULD configuration is the ULD configuration determined by
the packing model.

Our proposed packing model provides better results in terms of loaded volume and AF. The optimal ULD configuration
determined by the model is the same as the ULD configuration used by the airline for flights #1, #4 and #5, while it changes
for flights #2 and #3, where our model prefers the option of using one extra LDP instead of three LD-3 containers that the airline
used. This choice becomes evident if we examine the bookings that are additionally rejected by our model when using the ULD
configuration of the airline, namely booking 018 for flight #2 and booking 028 for flight #3. Due to the shipment large dimensions
(booking 018) or the high number of part shipments having relatively big dimensions (booking 028), a configuration with one extra
LDP replacing three LD-3 containers, even though this corresponds to less total cargo capacity (74 m3 vs. 76 m3 for flight #2 and
17
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Fig. 15. Normalized booking volume distribution. A unitary value corresponds to the booking with the greatest volume for the specific flight (i.e., columns are
independent color-wise). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

94 m3 vs. 96 m3 for flight #3), proves to be more suitable for accommodating those shipments. This observed result further justifies
our design choice from Section 5.1, i.e., to take into account both the optimal and the first sub-optimal solution of the 1D-KP model
when solving the 3D-MHKP. It is also interesting to observe a common pattern in the decision-making process of the airline. While
acceptance/rejection decisions are relatively similar for the first 60/70% of bookings, the airline rejects a much larger amount of
late bookings received. This is due to the aforementioned packing heuristic that does not allow reshuffling between ULDs. Hence,
the empty space in a ULD flagged as complete is lost. On the other hand, our EP heuristic allows an even complete reshuffling of
shipments anytime a new booking is received, hence allowing for more flexibility in the packing process.

The efficiency of the model in terms of computational time is also highlighted, being this a necessary requirement for RM. It is
noted that the upper bound of the computational time corresponds to the time needed for the model to solve the complete set of
bookings (e.g., it corresponds to the packing solution for 20 bookings for flight #1, 25 bookings for flight #2, etc.). For flights #1,
#2, #3 and #5 the computational time remains below 7 s whereas for flight #4 it increases to 89 s. This sharp increase is attributed
to the fact that a total of 194 individual shipments are considered for flight #4, in comparison with 97, 91, 122 and 78 individual
shipments for flights #1, #2, #3 and #5 respectively.

An indicative visualization of the loading strategy implemented for flight #1 with the complete set of accepted bookings is
presented in Fig. 16. In the first plot, the cut of the LD-3 container is highlighted in black.

It is highlighted that in the examined sets of booking requests, the rejection decisions in our model are associated solely with lack
of capacity and not other reasons such as delayed delivery or qualitative rejection. Moreover, when interpreting the results, we have
to remind that no weight and balance restrictions are considered and that the model is designed for a single flight. Consequently,
any lack of capacity caused in the actual flights by requirements of specific shipments being in the same ULD to facilitate the
offloading/loading process in multiple flight legs or by weight and balance restrictions, is not addressed in the current work. The
developed packing model utilizes the residual space subject only to the constraints referred in Section 5.2.

6.2.2. Heuristic validation
To solve the bin packing problem at hand, a different heuristic paradigm such as adapted variants of tabu search or genetic

algorithm could have been a viable choice. Notwithstanding, we decided to use our variant of the EP heuristic since it has been
recognized as a state-of-the-art algorithm in air cargo bin packing models. As such, we provide some insights into validation of our
strategy (using filling rates as KPI) when compared to a different variant of the EP heuristic. In fact, similarly to our work, Paquay
18
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Table 7
Loading decision and performance metrics for considered flights.
Booking Loading decision

Flight #1 Flight #2 Flight #3 Flight #4 Flight #5

Airline Model Airline Model Airline Model Airline Model Airline Model

001 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

002 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

003 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

004 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

005 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

006 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

007 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

008 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

009 ✓ ✗ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

010 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✗

011 ✗ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

012 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

013 ✗ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

014 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

015 ✗ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

016 ✗ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

017 ✗ ✓ ✗ ✓ ✓ ✓ ✗ ✓ ✓ ✓

018 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

019 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

020 ✗ ✓ ✓ ✓ ✓ ✓ ✗ ✓ ✓ ✗

021 ✗ ✓ ✓ ✓ ✓ ✓ ✓ ✓

022 ✗ ✓ ✓ ✓ ✓ ✓ ✓ ✓

023 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

024 ✗ ✗ ✗ ✓ ✓ ✓ ✗ ✗

025 ✓ ✓ ✗ ✓ ✗ ✓ ✗ ✓

026 ✓ ✓ ✓ ✓ ✓ ✓

027 ✗ ✓ ✓ ✓ ✗ ✓

028 ✗ ✓ ✗ ✓

029 ✗ ✗ ✓ ✓

030 ✓ ✓

031 ✗ ✓

032 ✗ ✓

033 ✗ ✓

034 ✓ ✓

035 ✓ ✓

036 ✓ ✓

037 ✓ ✓

038 ✓ ✓

039 ✓ ✓

040 ✓ ✓

041 ✓ ✓

042 ✓ ✓

043 ✗ ✗

Performance metrics

Comp. time [s] N/A ≤ 5 N/A ≤ 5 N/A ≤ 7 N/A ≤ 89 N/A ≤ 5
ULD Conf. (LDPs - LD-3s) 7-1 7-1 6-4 7-1 8-4 9-1 7-2 7-2 6-4 6-4
Volume

[

m3] 62.22 68.76 60.86 71.73 61.53 76.53 60.58 69.32 45.46 49.28
AF 83.2% 96.51% 83.7% 98.7% 68.7% 85.5% 85.9% 98.3% 54.10% 58.72%

et al. (2018) have also developed a fast two-phase constructive heuristic based on such approach. However, they additionally account
for fragility of the shipments and weight distribution inside the ULDs. Their approach is verified on instances of up to 100 items
from a box dataset stemming from a real world case, through the evaluation of the ULDs filling rate. Specifically, they achieve
for half the ULDs a filling rate of at least 50%. The computational time is less than 12 s. Since the shipments considered for this
case study share approximately the same features with the boxes from the dataset used by Paquay et al. (2014), we compare the
performance of our model in terms of ULD filling rates. The boxplots representing the filling rate for the ULDs used in each flight
are presented in Fig. 17.

In the considered flights, half of the ULDs have a filling rate of at least 62%, whereas for four out of five flights this percentage
ncreases to 75%. Moreover, a filling rate as high as 98% is achieved for a specific ULD in Flight #2. Overall, our model provides
etter results and, with the exception of flight #4, in a shorter computational time. However, we acknowledge that accounting for
ragility and weight distribution might reduce the performance of our heuristic.
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Fig. 16. Visualization of loading strategy (flight #1). (For interpretation of the references to color in this figure legend, the reader is referred to the web version
of this article.)

Fig. 17. Filling rates per flight [%].

6.2.3. Sensitivity analysis for cargo capacity forecast
In this section, we analyze the trade-off between the probability 𝛼 of not violating the predicted aircraft capacity and the overall

volume of the shipments loaded. Note that 𝛼 = 1 corresponds to the worst-case scenario that covers all possible realizations of the
predicted aircraft capacity 𝑉𝐶𝐶 .

First, we generated the probability distribution of the predicted cargo capacity as explained in Section 4.1. The predicted capacity
distributions were:

• Flight #1 : 𝑉 ∼ 𝑁(80.23, 7.4) m3
20
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Fig. 18. Effect of confidence level in loaded volume and AF when varying 𝛼 for overall cargo capacity. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

• Flight #2 : 𝑉𝑐𝑐 ∼ 𝑁(85.01, 7.1) m3

• Flight #3 : 𝑉𝑐𝑐 ∼ 𝑁(100.51, 6.3) m3

• Flight #4 : 𝑉𝑐𝑐 ∼ 𝑁(84.32, 5.2) m3

• Flight #5 : 𝑉𝑐𝑐 ∼ 𝑁(79.30, 5.5) m3

Then, the probabilistic 1D packing model was run for different confidence levels using as inputs the booking dimensions (still
deterministic) as provided by our partner airline. The results in terms of loaded volume and the corresponding AF for each flight
are presented in Fig. 18.

It is observed that, for all five flights, choosing a higher confidence level for the capacity forecast results in lower volume of
shipments loaded. This is a direct consequence and validation of the intended functionality of the combined model, which is to
protect the RM department from any uncertainty included in the forecast. This being said, with the exception of flight #1 for
confidence levels 𝛼 = 0.95 and 𝛼 = 0.99, our combined model results in a higher volume of shipments loaded in comparison to
our partner airline. This is due to the fact that our forecasting model, even for the most conservative approach (confidence level
𝛼 = 0.99) outputs an aircraft capacity that is still higher than the volume of the shipments loaded by the airline. This is in combination
with the efficiency of the model that, even when the available cargo space is reduced, manages to find feasible loading patterns.
Additionally, the sharp decrease that is observed in flight #1 at confidence level 𝛼 = 0.99 is due to rejected booking 004 (Fig. 15)
that is a reasonably bulky shipment. As such, the rejection of this single booking is causing the overall loaded volume to sharply
decrease.

6.2.4. Sensitivity analysis for dimensions forecast
We also performed a sensitivity analysis by changing the confidence level for shipment dimensions prediction. Hence, from

now on we do not consider dimensions as known (otherwise the confidence level would play no role). For this scenario, to have
a benchmark reference, we considered the aircraft capacity, which can be found in Table 6, as known. However, the optimal ULD
configurations are still determined by the packing model. On the other hand, we assume that customers did not provide any shipment
dimensions, which is corresponds to the worst-case real life scenario, as usually at least some customers do provide shipment
dimensions when forwarding a request. Hence, we used the MLP model developed in Section 4.2 to generate the distribution of the
predicted shipment dimensions. The results of the forecasting model for the five flights together with the corresponding prediction
intervals are summarized in Fig. 19. It can be noted that the prediction is very accurate for shipments with smaller dimensions,
mostly due to their higher frequency in our dataset. Prediction accuracy decreases for larger shipments and mostly in the length
dimension.

The probabilistic packing model is run for different confidence levels. The results for every flight in terms of loaded volume
along with the associated AF can be found in Fig. 20.
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Fig. 19. Results of shipment dimensions forecasting model. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)

As expected, when increasing the confidence level, the volume of loaded shipments decreases. Differently than the previous
case, the decrease is more evident and sharp. In comparison with our partner airline, our model performs better in terms of loaded
volume only for confidence level 𝛼 = 0.5 for all flights, as well as for confidence level 𝛼 = 0.6 and 0.7 for flight #3 and #5. This
can be partly explained by the conservative approach we adopted when estimating the total standard deviation of our predictions
in exchange for a higher PICP (Section 3.1), yielding, in general, high standard deviation estimates for length, width and height.
However this contributes towards the risk-averse behavior of the model, as will be proven in the next section. Moreover, applying
the same confidence level for all shipments results in being needlessly conservative for shipments where we achieve high prediction
accuracy, like shipments with smaller dimensions. In a real-life scenario, shipments of different origins and types might be clustered
according to the reliability of historical data provided by the shippers and the accuracy of the predictions using this data. Hence,
rather than applying the same confidence level for all shipments, cluster-specific confidence levels should be defined. However, this
clustering analysis is outside the scope of this paper and might need and even larger training dataset. Hence, it is left as part of our
future work.

6.2.5. Comparison between a risk-prone and a risk-averse behavior of the combined model
One of the novelties of our model resides in combining the perspective of RM (booking phase) and operations (loading phase).

As such, we wanted to compare how a risk-prone and a risk-averse approach by RM would impact operations. It should also be
noted that, if all bookings were known in a deterministic fashion, no difference between the approaches would arise, as shown
in Section 6.2. When booking dimensions are not known, and must be predicted, a risk-prone approach by RM implies a lower
confidence level, increasing the accepted volume but, simultaneously, the chances of overbooking and offloading due to under-
predicted dimensions. While maximizing loaded volume is of paramount importance for every cargo operator, so is enabling a
seamless supply chain where booked shipments fly as scheduled. In fact, consistently offloading shipments will result in a snowball
effect that creates bottlenecks and missed due dates, which may generate large re-booking and penalty costs (Liu et al., 2019).
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Fig. 20. Effect of confidence level in loaded volume and AF when varying 𝛼 for shipment dimensions. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

Hence, in this section we are mostly interested in the number of offloadings and the discrepancy between the accepted (RM) and
loaded (operations) volume associated to a risk-prone and risk-averse strategy.

To achieve this goal, we assumed that customers did not provide any shipment dimension, which corresponds to the worst-case
scenario for RM, similarly to Section 6.2.4. Then, for the risk-prone approach we used 𝛼 = 0.5 when deciding whether to accept
or not a booking (this corresponds to considering mean values for a Normal distribution), whereas in the risk-averse approach we
used 𝛼 = 0.6. It is noted that we did not perform a similar analysis for cargo capacity since, as shown in Sections 6.2.3 and 6.2.4,
the model is less sensitive to variations in the predicted cargo capacity.

To model the loading process, where shipments might appear with dimensions that do not match the predicted ones, we simulated
a total of 1000 different scenarios. For each scenario, the dimension values of the shipments that were accepted by RM were
randomly drawn from the corresponding distributions defined by the forecasting model and passed as inputs to the packing model.
The available cargo capacity corresponds to the real cargo capacity of the flight instead. In principle, each scenario corresponds to
a realization of the loading process.

We performed this analysis for each of the five flights that were already described, and show results in terms of offloadings and
discrepancy between accepted and loaded volume in Figs. 21 and 22, respectively. We also want to point out that computational
performances were slightly worse when compared to the fully deterministic cases described before. Always using the worst-case
scenario (end of the planning horizon with the highest number of bookings considered) as reference, while for flights #1, #2 and #5
we remained below our 5 min threshold, for flights #4 and #5 the maximum computational time exceeded 10 min. Notwithstanding
that this value does not jeopardize our solution approach, algorithmic efficiency for the full probabilistic framework is a point we
want to improve as part of our future work.

Results confirm the risk-averse behavior of the model, as in all flights applying a confidence level of 𝛼 = 0.6 during the booking
process results in having significantly fewer cases where shipments that were accepted during the booking phase are offloaded in the
loading process. On the other hand, it is observed that using a confidence level of 𝛼 = 0.5 during the booking phase generates a sharp
increase in the number of offloadings during the loading process. Apart from flight #5, as evident in Fig. 21, the ratio between the
offloadings for 𝛼 = 0.5 and 𝛼 = 0.6 ranges between 3 and 7.5. If we take the average of the five flights, we have offloaded shipments
in 532 cases if 𝛼 = 0.5 and in 153 cases if 𝛼 = 0.6. To get more insights into how this difference affects operations, Fig. 22 reports
the accepted volumes for the five flights and the two confidence levels, and the average across the 1000 scenarios of the loaded
volumes. When 𝛼 = 0.5, the average offloaded volume is 5.6 m3, which corresponds to more than half an LPD or one LD-3 and a
half. Note that the average is reduced by flight #5. For example, the offloaded volume for flight #1 exceeds 10 m3. On the contrary,
the average offloaded volume when 𝛼 = 0.6 is 1.2 m3 and should be much easier to compensate and absorb. The relatively smaller
difference in number of offloadings observed for flight #5 between the two confidence levels can be explained by the fact that
approximately the same volume of shipments is accepted when adopting either a confidence level of 𝛼 = 0.5 or 𝛼 = 0.6 (see Fig. 20).

Clearly, this strategic advantage offered by the reduction of offloadings does come with a price, since the average loaded volume
when 𝛼 = 0.5, as expected given the risk-prone nature of the approach, is higher. For flights 1# and #2, the difference is around
23
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Fig. 21. Total number of scenarios per flight and per confidence level where at least one offloading occurred. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

Fig. 22. Accepted and average loaded volume for the 1000 scenarios per confidence level and per flight. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

10 m3 (the volume of an LDP). The difference is even larger if we consider the accepted volume, due to the slightly myopic acceptance
criterion of the risk-prone approach. While we argue that the risk-averse approach still reaches good load factors and simultaneously
limits offloadings, choosing the most appropriate confidence level is up to decision-makers of the airline. In principle, we are dealing
with two conflicting objectives: maximizing expected loaded volume versus minimizing expected offloadings. For OD airport pairs
connected multiple times a day, a lower 𝛼 for the early flights might be compensated with a higher 𝛼 for the later flights, so that
they could absorb the offloadings generated earlier during the day. For OD airport pairs with scarce connections and early due
dates, a high 𝛼 is recommended to ensure on-time deliveries.

7. Conclusions

In this paper, we presented a novel combined forecasting and packing model, developed adopting the RM perspective of the cargo
department of a combination airline. The overarching goal is to facilitate the decision-making process of accepting or rejecting a
booking request. Due to its complexity and specificity, this problem has not been addressed deeply in the academic literature and,
to our knowledge, there is no work that integrates forecasting and packing features under uncertainty into a single model.
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The forecasting functionality of the model outputs a mean value and probability distributions of the predicted values for cargo
apacity and shipment dimensions, and is implemented through an LSTM and MLP network. Both models provided very accurate
redictions, while the produced distributions established prediction intervals with high PICP. The generated distributions are passed
s inputs to the probabilistic packing model, which has a dual functionality: determine the optimal ULD configuration and the
ptimal palletization strategy under a specific confidence level. The former is achieved through a 1D-KP model while the latter
hrough a 3D-MHKP model. The real-time environment requirement introduces the need for a good feasible solution in a short
omputational time. On that grounds, the 3D-MHKP model was designed using a state-of-the-art heuristic. Moreover, to comply with
eal operational needs, the heuristic was enriched with additional constraints referring to shipment possible orientations, stability,
eight capacity of the ULD and complete shipments.

Experimentations were performed on booking datasets from five real flights provided by our partner airline. First of all, our
indings highlight the computational efficiency of the deterministic packing model, as in any case, the computational time did not
xceed the 89 s and it remained below 7 s for four out of five flights. Secondly, when using as inputs the shipment dimensions and
argo capacity as provided by our partner airline, hence in a deterministic context, in the five cases we achieved an improvement
f 9.6%, 17.8%, 24.3%, 14.4%, and 8.4% in terms of volume of shipments loaded. As such, our bin packing heuristic outperformed
he current heuristic adopted by the partner airline while being computationally efficient for a quasi real-time use.

The model was found to be more sensitive when varying the confidence level of the predicted shipment dimensions distribution,
hich is attributed to our design choice to assume a higher total standard deviation for a more risk-averse behavior. To further
erify the risk-averse behavior, i.e., preventing discrepancies between the booking and the loading process, we simulated these two
rocesses for two different confidence levels. While computational time was still reasonably low, for two flights out of five the
omputational time exceeded 600 s when considering the largest number of bookings. Our findings highlight that adopting a higher
onfidence level guarantees that, in approximately 90% of cases for flights #1–#3 and above 80% and 70% of cases for flights #4
nd #5 respectively, all shipments that were accepted during the booking phase are eventually loaded. This is of course achieved
iving up some potential loaded volume, which the risk-prone strategy is able to capture instead. We argue that, while we believe
he risk-averse strategy to be more beneficial in the long term, our model provides a decision-making tool, where airlines can select
he most appropriate confidence level. Factors such as due dates, most common nature of the commodity per flight leg, frequencies
f the OD airport pair considered can all play a role in the selection of the most suitable confidence level. We argue, for example,
hat for OD airport pairs with high frequencies a low confidence interval can be chosen for the early flight legs, so that eventual
ffloadings can be re-captured in later flights that were planned with a higher confidence level.

We believe this model to be the first of its kind in the context of air cargo. As such, it can be improved in many ways. As it
oncerns the forecasting block, future work should address clustering shipments depending on their origin or the commodity type,
o define cluster-specific confidence levels to evaluate the acceptance/rejection of an incoming booking request. For example, some
ommodity types might display a much more homogeneous range of dimensions, hence increasing the confidence of the prediction.
his approach should help flight analysts lower the confidence level for shipments that are labeled as very reliable and activate
more risk-averse approach for shipments labeled as more unreliable. On a similar note, in this work we considered dimensions

rovided by customers to represent actual dimensions, i.e., to represent the ground truth. This is in line with the general feeling of
ur partner airline that customers are generally reliable when providing such piece of information. Notwithstanding, an improvement
o our current model would entail measured and verified in-situ dimensions to be the ground truth, and dimensions provided by
ustomers three additional model features. In such a way, reliability of customers (i.e., whether the dimensions they specify match
he dimensions of the received shipments) can be taken into account and customer-specific confidence levels can be designed.

For the packing model, in this work we enforce that a shipment can be supported if all the four vertices defining its lower side
re supported. In reality, this constraint can be relaxed by, for example, defining a minimum supported area even if one or two
ertices are not supported (i.e., overhang shipments). Another future research direction is to include weight and balance restrictions
nd to devise the model so that it can account for multiple flight legs, being transshipment of paramount importance in the cargo
usiness. This is a necessary step towards a model capable of addressing all the needs of the cargo department of a combination
irline. Finally, and having the full probabilistic framework in mind, a wiser selection of a subset of the extreme points to consider
n the packing heuristic or more tailored algorithmic improvements should help reduce even further the computational complexity
or the most challenging scenarios. This might entail adopting ad-hoc variants of a tabu search or a genetic algorithm, potentially
ased on the EP paradigm, to decrease even further the gap with an exact formulation.
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ppendix. Packing heuristic algorithm

Algorithm 2 Heuristic Packing Method.

1: Input 𝐏: list of 𝑖 shipments to be loaded with dimensions 𝑙𝑖 ∼ 𝑁(𝑙𝑖, 𝜎2𝑙𝑖 ), width 𝑤𝑖 ∼ 𝑁(�̄�𝑖, 𝜎2𝑤𝑖
), height ℎ𝑖 ∼ 𝑁(ℎ̄𝑖, 𝜎2ℎ𝑖 ) and weight

𝑊𝑖.

𝑊 𝑒𝑖𝑔ℎ𝑡𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦𝑆𝑎𝑡𝑖𝑠𝑓 𝑖𝑒𝑑(𝑊𝑖) : function returning true if weight of shipments loaded do not exceed weight capacity of the ULD.

𝐶𝑎𝑛𝐵𝑒𝑆𝑢𝑝𝑝𝑜𝑟𝑡𝑒𝑑(𝑙𝑖, 𝑤𝑖, ℎ𝑖, 𝛼) : function returning true if all four vertices of shipment 𝑝𝑖 (within the specified confidence level 𝛼)
are properly supported.

𝑈𝐿𝐷𝐵𝑜𝑢𝑛𝑑𝑠𝑆𝑎𝑡𝑖𝑠𝑓 𝑖𝑒𝑑(𝑙𝑖, 𝑤𝑖, ℎ𝑖, 𝛼) : function returning true if the packed shipment 𝑝𝑖 lies within the boundaries of the ULD
within the specified confidence level 𝛼.

𝐸𝑃𝑃𝑟𝑜𝑗𝑒𝑐𝑡𝑖𝑜𝑛𝑆𝑢𝑝𝑝𝑜𝑟𝑡𝑒𝑑(𝑙𝑖, 𝑤𝑖, ℎ𝑖, 𝛼) : function returning true if the projected EP (within the specified confidence level 𝛼) is
properly supported.

2: Set List of loaded shipment 𝐋𝐩 ← ∅
3: Set List of Extreme Points 𝐄𝐏𝐋 ← ∅
4: Set Weight of shipments loaded 𝐖𝐋 = 0
5: Set List of Residual Space values 𝐑𝐒 ← ∅
6: for all 𝐩𝐢 ∈ 𝐏 do
7: Set List of Candidate Extreme Points 𝐄𝐏𝐂𝐚𝐧𝐝 ← ∅
8: for all 𝑅𝑆𝑣𝑎𝑙𝑢𝑒𝑠 ∈ 𝐑𝐒 do
9: Compute 𝑅𝑆𝑣𝑎𝑙𝑢𝑒𝑠 components for every allowable rotation of shipment 𝑝𝑖

10: end for
11: Remove RS instances with negative 𝑅𝑆𝑣𝑎𝑙𝑢𝑒𝑠 components
12: Compute corresponding Merit Functions
13: Order Merit Functions by ascending order along with the associated EPs and shipment orientations
14: Set 𝐄𝐏𝐂𝐚𝐧𝐝 ← EPs
15: for 𝐄𝐏 ∈ 𝐄𝐏𝐂𝐚𝐧𝐝 do
16: if 𝑊 𝑒𝑖𝑔ℎ𝑡𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦𝑆𝑎𝑡𝑖𝑠𝑓 𝑖𝑒𝑑 and 𝑈𝐿𝐷𝐵𝑜𝑢𝑛𝑑𝑠𝑆𝑎𝑡𝑖𝑠𝑓 𝑖𝑒𝑑 and 𝐶𝑎𝑛𝐵𝑒𝑆𝑢𝑝𝑝𝑜𝑟𝑡𝑒𝑑 then
17: Set 𝐋𝐩 ← 𝐋𝐩 ∪ 𝐩𝐢
18: Compute 𝑛𝑒𝑤𝐸𝑃 projections as in Fig. 9(a)
19: if corresponding 𝐸𝑃𝑃𝑟𝑜𝑗𝑒𝑐𝑡𝑖𝑜𝑛𝑆𝑢𝑝𝑝𝑜𝑟𝑡𝑒𝑑 then
20: Set 𝐄𝐏𝐋

′ ← 𝐄𝐏𝐋
′ ∪ 𝑛𝑒𝑤𝐸𝑃

21: end if
22: Set 𝐄𝐏𝐋 ← 𝐄𝐏𝐋 ∪ 𝐄𝐏𝐋

′

23: Update Residual Space List 𝐑𝐒′ as in Fig. 10
24: Set 𝐑𝐒 ← 𝐑𝐒′
25: Set 𝐖𝐋 = 𝐖𝐋 +𝐖𝐢
26: break
27: end if
28: end for
29: end for
30: Output List of loaded shipments 𝐋𝐩
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