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In road freight transport, a loaded vehicle with a distribution route and a compliant load
balance at the depot can become non-compliant during the route, since the total weight
of the cargo and its centre of gravity change with each delivery.

Nowadays, vehicles circulating on our roads either undermine safety regulations or lack
operational efficiency when these regulations are taken into account and cargo is exten-
sively rearranged after each delivery. This issue has been completely ignored both in the
vehicle routing literature and in the container loading literature.

The aim of this work is to provide tools capable of ensuring that a cargo arrangement
is load balanced along the complete distribution trip. It proposes a multi-drop load bal-
ance recovery algorithm (MDLBRA), which seeks to ensure that, when both a complete
route and the respective cargo arrangement are provided, the boxes to be removed from
the cargo arrangement at the depot and the boxes to be rearranged at each customer are
identified, allowing the cargo to remain balanced after every delivery. It is important to
notice that a MDLBRA is not a container loading algorithm: a MDLBRA modifies solutions
generated by any container loading algorithm so that load balance is guaranteed when the
truck leaves the depot and during the entire distribution route.

A mixed integer linear programming (MILP) model is proposed to balance the cargo at
each customer stop. The MILP model incorporates load distribution diagram constraints in
order to determine the feasible domain for the location of the centre of gravity of the cargo
arrangement, taking into account the regulatory requirements and the technical character-
istics of the vehicle.

Extensive computational experiments show that a MDLBRA can be used in practical con-
texts, as the MILP model was able to find a solution in less than ten minutes in 93% of the
unbalanced test instances.
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1. Introduction

One of the main challenges of today’s supply chains is to find ways of becoming economically, environmentally and
socially efficient and sustainable, something that is getting more and more difficult due to the increasing volume of trans-
ported goods. Additionally, in Europe, Eurostat surveys estimate that a fifth of the trips of freight vehicles at the EU-28 level
are performed by empty vehicles (Eurostat, 2017), i.e. the load factor of road freight transport is low. Altogether, this has led
to high road congestion and CO, emissions.

The optimisation of freight transport has been widely studied in literature, namely through the study of the capacitated
vehicle routing problem (CVRP) and its variants. The CVRP tackles the distribution of goods and services between depots
and customers, using a fleet of vehicles with limited capacity along a set of routes that aim to optimise one or more objec-
tives. Its formulation is often extended by including additional constraints that are required in order to meet the needs of
transport companies and customers. Examples include time windows in which a customer is available to receive a delivery,
maximum duration of a route or controlling the truck speed to achieve a more sustainable distribution of goods.

Despite having a strong impact in the operational efficiency of the routes, loading constraints are mainly addressed in
the container loading problem (CLP). In the CLP, a set of boxes must be packed inside a container in a way that maximises
space utilisation while not overlapping said boxes. The problem is frequently extended by applying practical constraints
such as weight limit, weight distribution, stability, multi-drop, load-bearing or load balance (Bortfeldt and Wascher, 2013).
All research hitherto has addressed these constraints with the container at its full load status.

Recent changes in EU regulation have placed a new focus on the load balance constraint. This constraint has been tackled
within the CLP literature in an unrealistic way that considers the geometrical centre of the base of the container to be the
ideal location for the centre of gravity of the cargo and that treats it mainly as a soft constraint, which in road transport
does not comply with the corresponding legislation nor with vehicle specifications.

This scenario has only changed with the approach proposed by Ramos et al. (2018), which considers load balance a hard
constraint and adopts vehicle specific load diagrams in order to define the feasibility domain for the location of the centre of
gravity of the cargo, according to the technical characteristics of each vehicle and to real-world regulations and legislation.

Vehicle routing algorithms for road distribution that address multi-drop and cargo loading constraints still ignore the
state of the vehicle with respect to load balance (Pollaris et al., 2015). For the sake of ensuring the efficiency of logistical
operations, each stop at a customer should be as short as possible, therefore avoiding or minimising the cargo reallocation
required to achieve a balanced cargo.

The centre of gravity of the cargo changes with each new delivery and in regard to load balance, the argument that a
less than full vehicle will always comply with the transport regulation is not valid. The cargo balance has to be monitored
not only at the point of departure but also throughout the entire trip. Currently, vehicles circulating on our roads either
undermine safety regulations or lack operational efficiency when these regulations are taken into consideration and cargo is
extensively rearranged after stopping at each customer.

In this work, the load balance of cargo arrangements generated for the container loading problem with multi-drop con-
straints is ensured throughout the entire trip, i.e. from the depot to the last customer. It proposes a mixed-integer linear
program (MILP) that allows the recovery of load balance at the depot and at each customer stop, while minimising the
number of boxes to move, as long as a complete route and the respective cargo arrangement are provided.

The remainder of the paper is organised as follows. The next section formally defines the problem. Section 3 presents
a literature review and Section 4 demonstrates the MILP for load balance recovery. Section 5 shows the overall approach
to load balance recovery for the multi-drop container loading problem. Section 6 contains extensive computational exper-
iments with the multi-drop load balance recovery algorithm, and its underlying MILP model, when a route is provided.
Section 7 presents computational experiments that analyse the impact of the multi-drop load balance recovery algorithm
in container loading solutions under multi-drop constraints, this time generated under different route scenarios. Finally,
Section 8 presents a summary of the results and the final conclusion.

2. Problem definition

The problem addressed in this work, named “multi-drop load balance recovery problem”, can be exemplified as follows:
given a cargo arrangement P loaded in a cargo container C, which is to be transported by vehicle V in an assigned dis-
tribution route with m destinations (customers k = 1,..,m), P should comply with regulatory and technical load balance
requirements. However, P may not meet these regulatory and technical load balance requirements both at the beginning of
the route, at the depot, and along the route, since the total weight of the cargo and its centre of gravity change with each
delivery to a customer. The aim is to decide which boxes must be removed from P at the depot, in order to ensure that P
complies with load balance requirements, and which boxes must be moved and where to in C, after unloading cargo at a
customer and before continuing the trip, ensuring cargo load balance along the complete route. The objective is to minimise
the number of boxes removed from P and moved after each delivery.

Taking the first octant of a Cartesian coordinates system, with the back-bottom-left corner of the container lying at the
origin of the coordinates system, cargo arrangement P is defined by a set of n boxes b; (i = 1, .., n), each characterised by its
depth (d;), width (w;), height (h;) (dimensions parallel to the x, y and z axes of the coordinates system) and weight (wgt;),
loaded in a predetermined position, (xI", yi zi") inside container C.
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Fig. 1. Solution instance BR.

It is assumed that each box is a rigid body with a centre of gravity located at its geometric centre and that the boxes
not only do not overlap but are also placed entirely inside the container and orthogonally to its walls.

The vehicle V is characterised by its load distribution diagrams (LDDs). A LDD is a two-dimensional plot that represents
the maximum admissible payload of a vehicle as a function of the longitudinal or transverse position of the centre of gravity
(CG) of the cargo, thus defining the area within which the location of the cargo’s CG is acceptable, i.e. the load is balanced.
A more detailed explanation of the LDDs can be found in Ramos et al. (2018).

Container C is characterised by its depth (D), width (W) and height (H).

A cargo arrangement P assigned to a distribution route is considered load balanced if its load is balanced throughout the
complete trip, i.e. after visiting a customer k and delivering the requested set of boxes K, the remaining cargo arrangement
P\K to be delivered to the following customers is load balanced in the vehicle.

If a given cargo arrangement is not balanced, it is possible to balance it by removing or moving boxes. Box movement
has to respect the following constraints:

* a box can only be moved if all boxes above and in front of it are also moved, i.e. there is no horizontal and vertical
obstruction to access the box;
« box rotation is allowed.

An example of a three-axle truck longitudinal LDD, loaded with cargo for three customers, is provided in Fig. 1. When
the truck is fully loaded with the cargo for the three customers, the plotted location of the cargo’s weight versus centre of
gravity (CGy) is inside the admissible region defined by the LDD. However, as the cargo is delivered to each customer, the
point moves outside the feasible region, i.e. it is no longer feasible and a cargo rearrangement in the vehicle is required.

3. Literature review

Pollaris et al. (2015) presents state-of-the-art and future research directions for the VRP with loading constraints. The
authors stress that the incorporation of loading constraints into the VRP is critical in order to achieve a more efficient route
planning and that disregarding these constraints impairs planning and induces additional costs with last minute changes.

The incorporation of loading constraints into the VRP has been receiving increased attention from researchers in the
last years, with almost 60% of the papers on this subject being published after 2009. In the literature review proposed
by Pollaris et al. (2015), the classification of Bortfeldt and Wdscher (2013) is considered to identify and classify the loading
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constraints. The loading constraints are divided into container-related constraints, which refer to the container or the vehicle
where the items are placed, item-related constraints, which refer to individual items, and load-related constraints, which
represent constraints concerning the result of the packing process.

Weight limit and weight distribution constraints belong to the category of container-related constraints. Regarding the
combination of the VRP with the weight distribution constraint, Pollaris et al. (2015) only identifies the work of @vstebg
et al. (2011) in a maritime transport problem, in which the stability of the ship is guaranteed by considering the torque
from the cargo on the ship and by imposing limits to the distance from the ship’s bottom deck to its centre of gravity. The
integration of axle weight limits into road transport is only considered in Pollaris et al. (2016), which proposes a mixed
integer linear programming model in order to solve a vehicle routing problem with sequence-based pallet loading (a 2D
packing problem) by incorporating axle weight constraints. The items are homogeneous pallets and can be packed in two
horizontal rows in the vehicle. The model considers the axle weight constraint at the depot as well as after each delivery.
The computational experiments demonstrate that the model performs adequately for distribution networks of up to 20
customers and that the integration of axle weight constraints into vehicle routing models is required for a feasible route
planning. More recently, the same problem is tackled in Pollaris et al. (2017), but an iterated local search algorithm is used
to cope with networks of 50-100 customers.

The impact of weight variation along the route is also an important issue in routing problems, e.g. in Tricoire and Par-
ragh (2017), a model used to minimise vehicle emissions and energy consumption is employed in order to address the green
city hub location routing problem and in Zachariadis et al. (2015), the weight of the transported cargo has a significant im-
pact in the objective function in the load-dependent vehicle routing problem.

According to Bortfeldt and Wascher (2013), the maximum weight limit in the CLP has been considered in 14% of the
published papers, such as Gehring and Bortfeldt (1997), Liu and Hsiao (1997), lori and Martello (2010), Chan et al. (2006),
Egeblad et al. (2010) and Wang et al. (2010). The maximum weight that the axles of the vehicles can sustain has also been
considered in the CLP literature in Lim et al. (2013) and Alonso et al. (2016, 2017).

The load balance constraint has also been considered in algorithms for the CLP but has been mostly treated as a soft
constraint. This important constraint is inherently related to the position of a loaded cargo’s centre of gravity. Different
strategies have been adopted in the literature, all having in common the geometric midpoint of the base of the container
as the desirable location for the centre of gravity of the cargo. The longitudinal load balance in the CLP is considered in
Chen et al. (1995) and Lim et al. (2013) and the transverse load balance is considered in Haessler and Brian Talbot (1990);
Gehring et al. (1990); Davies and Bischoff (1999); Bortfeldt and Gehring (2001); Techanitisawad and Tangwiwatwong (2004);
Moon and Nguyen (2014). There is also some research that takes into account all three dimensions: longitudinal, transverse
and vertical load balance, namely Fasano (2004), Egeblad and Pisinger (2009), Liu et al. (2011), Baldi et al. (2012), Costa and
Captivo (2016), Alonso et al. (2017) and Paquay et al. (2018).

Ramos et al. (2018) proposes a different approach, complying with real-world transport regulations and legislation. This
work considers load balance as a hard constraint and uses vehicle-specific diagrams (the load distribution diagrams), which
define the feasibility domain for the location of the centre of gravity of the cargo, according to the specific technical char-
acteristics of the vehicle. It develops a multi-population biased random-key genetic algorithm for the CLP, considering static
stability and load balance in the fitness function, thus ensuring load balanced solutions.

In this paper, we first propose a MILP model that recovers the load balance of a cargo arrangement by rearranging and/or
removing boxes, having as priority keeping the same service level to customers (a box removed from the cargo is a box
not delivered to the customer). Secondly, we present an algorithm that, when provided with a container loading solution,
foresees the load balance of an entire route and, if later on, an unbalanced cargo can only be avoided by removing boxes,
removes these from the initial load of the truck.

Incorporating load balance constraints into VRP algorithms is crucial for transport industries, which can incur high fines
for disregarding legal limitations. This has been receiving increased attention from the European Commission (European Best
Practice Guidelines on Cargo Securing for Road Transport). Concerning research, this is a very challenging task and this work
will contribute to this goal by ensuring that a cargo arrangement is load balanced along the complete distribution route.

4. Mixed integer linear programming model for load balance recovery

The problem of ensuring the load balance of a given cargo arrangement P transported in a given vehicle V is formulated
as a mixed integer linear programming (MILP) model. The load balance is enforced by imposing that the cargo’s centre of
gravity lies within the vehicle’s LDD. The total number of boxes is defined as n, and the boxes are indexed by i,i=1, .., n.
Each box has a depth, width, height and weight (d;, w;, h;, wgt;), measured along the axis of the corresponding container,
and has an initial position (x[", yin zi") in the cargo arrangement P. Set T; is composed by the indices j of all boxes above
box i in P, set F; contains the indices j of all boxes in front of box i in P and set R; is composed by the indices j of all boxes
to the right of box i in P.

The main binary decision variables «; and ¢; are defined for each box i,i=1,..., n and stand for whether box i changes
its initial position in the cargo arrangement or is removed from the cargo arrangement, respectively. The coordinates of the
insertion position of box i are given by the linear decision variable x;, along the depth, y;, along the width, and z;, along the
height. Binary variables ®;‘] ®f’] ®fj are auxiliary variables that indicate the relative position of boxes i and j. If j is ahead

of i, @;‘j takes the value 1, if j is to the left of i it is 6){]. that takes the value 1, and, finally, if j is above i, @fj takes the
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value 1. Regarding the position of the centre of gravity of the loaded cargo, variable Cy contains the coordinate along the
container’s depth direction and variable C, the coordinate along the container’s width direction. Variable Peqrgo stands for
the total weight of the cargo loaded.

For the sake of clarity, the formulation (1)-(40) is divided and explained in three subsections:

1. Objective function and movement constraints - The main objective is to minimise the number of boxes moved and/or
removed, the latter being the recourse option to balance cargo P. The movement constraints ensure that if a box changes
its initial position, each box that is above and in front of it also moves, changing its position and guaranteeing access to
the first box. If a box is not moved or removed from P, its position remains unchanged.

2. Geometric constraints - This set of constraints ensures that the boxes do not overlap and that boxes are completely inside
the vehicle’s container.

3. Load balance constraints - Lastly, load balance constraints are introduced. These constraints are strongly related to the
LDD, whose boundary gives the maximum permissible payload of a vehicle as a function of the position of the cargo’s
centre of gravity.

4.1. Objective function and movement constraints

Each stop of the vehicle to deliver cargo to a customer should be as fast as possible and so the number of boxes moved
to load balance P should be minimal. Objective function (1) intends to minimise the number of boxes removed from the
container and the number of boxes moved inside the container. It is better to move boxes than to remove them from the
loaded cargo, which is only done when this is mandatory in order to achieve a balanced cargo.

n
Minimise Z= "(n+1) - ¢; + a; (1)
i=1
Subject to: 1—ozi—otj§®}‘j, Vi=1,...,m;j€F, (2)
1—0[,‘—0”5@%’]-, Vi:l,...,n;jER,‘, (3)
170[1‘*0(]'§®fj, Vi:l,...,n;jET,‘, (4)
n
Z(l_aj) <|E[-(1-a), Vi=1,...,n, (5)
jeF,
n
D (—ap <|T|-(1-a), Vi=1,...n, (6)
jeT;
Xi+D-(1—qa;) <x"4D, Vi=1,...,n, (7)
xi—D-(1-a;)>x"_D, Yi=1,...,n, (8)
Vi+W. (1 —o) <y™4+W, Vi=1,...,n, (9)
Vi-W-(1—a) =ym—w, Vi=1,...,n, (10)
zi+H-(1-o) <zZ"+H  Vi=1,....n (11)
zi-H-(1-o)>2"-H,  Vi=1,...,n, (12)

Xi+D-¢i<xM4D, Vi=1,.,n, (13)
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Xi—D-¢;>x"-D, Vi=1,.,n, (14)
Vi+W. ¢y <yMm+W, Vi=1,.,n, (15)
Vi-W.¢i=y"-W, Vi=1,.,n, (16)
zi=H-¢;, Vi=1,.n, (17)
$i<aoy, Vi=1,.n, (18)

Constraints (2) ensure that if box j is in front of box i in the initial cargo arrangement, and if the i and j boxes are not
moved, box j stays ahead of box i. Similarly, constraint (3) ensures that if box j is to the right of box i in the initial cargo
arrangement, and if the i and j boxes are not moved, box j stays to the right of box i. Similarly, constraint (4) ensures that
if box j is above box i in the initial cargo arrangement and if the i and j boxes are not moved, box j stays above box i.

Constraint (5) ensures that if box i is moved, every box that is in front of box i in the initial cargo arrangement is also
moved. Similarly, in constraint (6), if box i is moved then every box that is above box i in the initial cargo arrangement is
also moved.

The set of constraints (7)-(12) ensures that if box i is not moved, it maintains the position of the initial cargo arrange-
ment.

The set of constraints (13)-(17) ensures that if box i is removed from the initial cargo arrangement, it will maintain the
position in x and y and will be positioned virtually outside the container, on its top z; > H.

Constraints (18) ensure that if box i is removed from the cargo arrangement, it will also be marked as moved.

4.2. Geometric constraints

The following set of constraints ensures that the boxes do not overlap in the balanced arrangement P and lie entirely
within the container.

Xi+di<xj+(1-0%5)-D,  Vi=l...mj=1..mi#] (19)
Vi+wisy+(1-0)) W,  Vi=1..nj=1.mi#] (20)
zi+wi<zj+(1-0%)-H Vi=1l...mj=1 .mi#]j (21)
Of+0%+ 0+ 0% +0;+0%5>1 Vi=1.. mj=1,.mi#] (22)
O +0% <1, Vi=1...mj=i..mi#j (23)
O+ <1, Vi=1...mj=i..mi#j (24)
0 +05 <1, Yi=1,...,nj=1i,.,ni#] (25)
xi<D-—d;, Vi=1,.,n, (26)
yi<W-—-w;, Vi=1,.,n, (27)
zi<H-—h;j+H-¢;, Yi=1,.,n, (28)

The geometric constraints of box no-overlap is ensured by constraints (19)-(25). Through the relative position between
each pair of boxes i and j, it is possible to ensure that the boxes do not overlap, regardless of the box maintaining or
changing its initial position. Constraints (26)—(28) ensure that if box i is not removed from the cargo arrangement, it should
be inside the container.
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Fig. 2. Vehicle data.

4.3. Load balance constraints

The following set of constraints ensure that the cargo’s CG, along the depth (Cy) and width (Cy) of the container, is
located within the feasibility domain, defined by the respective LDDs that take into account the real characteristics of the
vehicle.

A LDD is a boundary curve that expresses the maximum permissible payload of a vehicle as a function of the position
of its centre of gravity along a given dimension (longitudinal or transverse), measured from the origin of the container. A
more detailed explanation of LDDs is presented in Ramos et al. (2018).

The data required for the calculation of a LDD is of technical and regulatory nature. The first includes the vehicle data and
concerns its mechanical characteristics (Fig. 2); the latter concerns the legislation that regulates the maximum authorised
dimensions and weights for road vehicles. These values are specific to each country, and in the EU this issue is regulated by
the Council Directive 96/53/EC of 25 July 1996 and the Directive (EU) 2015/719.

The data required for the calculation of the LDD of a vehicle is:

U - Weight of unladen vehicle [tnf]

RU - Weight of unladen vehicle transferred to the rear axle [tnf]

TWB -  Theoretical wheelbase - distance between front and rear theoretical centre lines [m]

Hd - Horizontal distance between the theoretical front-axle centre line and the back of the cargo container [m]
Hu - Horizontal distance between the theoretical front-axle centre line and the centre of gravity [m]

T - Theoretical track width of the vehicle [m]

The regulatory requirements for the calculation of a LDD are:

FTnax - Maximum permissible front axle load [tnf]
RTax - Maximum permissible rear axle load [tnf]
Prax - Maximum payload of the vehicle [tnf]

Sin - Minimum steering axle load [%]

Tnin - Minimum driving axle load [%]

LTRnax - Maximum value for the load transfer ratio [%]

All these parameters are used in the following constraints:

G = Zn: (x;+dy) - wgt; (X" 4+ d;) - wet;
i=1

) i+ W) - wgl; (ZYf"i+Wi)-W8Ti
Cyzz(y ) - wgt

‘ 5 - 3 - i, (30)
i=1
n
PcargozZ:Wgti' (1 *¢i)v (31)
i=1
Gy > Peargo - (TWB — Hd) — TWB - FTyngy — U - (TWB — Hu), (32)
Gy < TWB - RTyugx — U - Hu — Prgrgo - Hd, (33)

Ce <U- (TWB — Hu — Spin - TWB) — Prargo - (Smin - TWB — Hu + TWB), (34)
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Ce=U - (Tyin - TWB — Hu) — Peargo - (Hd — Ty - TWB), (35)
Gy = (~U T - LTRmax — Prargo - (T - LTRmax = W)) - % (36)
G < (-U-T-LTRuox + Pargo- (~T - LTRnay ~ W) - (). (37)
Peargo < Prax, (38)
o . O5. 07,05 (0.1}, i=T..mj=1,.n (39)
G, G, Peargo. X1, Y5, 2 >0 i=1,..,n (40)

Constraints (29) and (30) are the numerator of the quotient of the formulae for the centre of gravity in x and y respec-
tively. The total weight of the cargo is calculated in constraint (31).

Constraint (32) represents the maximum permissible front axle load using the equation of moments about the rear axle
and the total weight of the cargo loaded.

Similarly, constraint (33) represents the maximum permissible rear axle load using the equation of moments about the
front axle and the total weight of the cargo loaded.

The minimum permissible steering axle load is guaranteed by constraint (34) using the equation of moments about the
rear axle and the total weight of the cargo loaded and constraint (35) ensures the minimum driving/traction axle load using
the equation of moments about the front axle and the total weight of the cargo loaded.

In a transverse LDD, the transverse position of the cargo’s CG is evaluated in relation to the vertical symmetry plane of
the vehicle. The maximum permissible load difference between the left and right wheels is ensured by constraints (36) and
(37), which use the equation of moments about the midpoint of the tyre footprint and the total weight of the cargo loaded.

The maximum cargo weight is limited by constraint (38). Constraints (39) and (40) define the feasibility domains for the
decision variables.

5. Multi-drop load balance recovery algorithm

This section proposes a complete solution to the multi-drop load balance recovery problem. The multi-drop load balance
recovery algorithm (MDLBRA) ensures that given a cargo arrangement P, loaded in a container C, and transported by vehicle
V, it is possible to modify the arrangement so that it remains balanced when the cargo is partially unloaded at the various
customers’ destinations. The MDLBRA removes the boxes that would render the cargo balancing unfeasible during the trip
from the cargo arrangement at the depot. It also indicates which boxes must be moved and their new positions in C after
unloading the cargo at a customer and before continuing the trip, ensuring cargo load balance in the complete route.

The MDLBRA is presented in Fig. 3.

The algorithm iteratively analyses the cargo arrangement along its route. It starts at the depot (k = 0), with the full cargo
for all customers. It runs the proposed MILP model to balance the cargo. If the MILP model is not able to find a feasible
solution within the time limit, the Recovery Heuristic (RH), which removes boxes from the arrangement until a balanced
cargo is achieved, is applied (the heuristic is fully described in the next subsection).

The MDLBRA continues analysing the trip, verifying through the MILP model if the cargo arrangement remains balanced
after removing the boxes that have to be unloaded at the next customer. If a balanced situation is achieved by only changing
box positions, the algorithm continues by analysing the following customer, until the last customer is reached. However,
each time the MILP model reaches a solution that requires the removal of a box, or the RH has to be used, the MDLBRA
backtracks the analysis to the depot, removes the boxes that would not allow cargo balance during the complete trip from
the configuration, and restarts the analysis from the depot with the new configuration.

5.1. Recovery Heuristic

The Recovery Heuristic (RH) is used when the MILP model is not able to find a feasible solution within a defined time
limit. The RH is a heuristic that enforces cargo balance, given a cargo arrangement and a transport vehicle. Using the CG of
a cargo arrangement and the LDD of the vehicle, the algorithm iteratively selects one box to be removed from the arrange-
ment, so that a balance is achieved. The box with the highest product of “distance of the box’s centre of gravity to the origin
of the coordinates” x “box density” (measured as the ratio weight over volume) (41) is selected. The goal is to remove the
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Fig. 3. MDLBRA flowchart.

smallest volume of boxes that have the biggest impact in the (un)balancing: the heaviest ones closer to the vehicle’s rear.
The pseudo code of the Recovery Heuristic is described in Algorithm 1.

ﬁ:% (41)

6. Computational results for the MDLBRA

The MDLBRA was implemented in C++ in Microsoft Visual Studio with solver IBM ILOG Cplex 12.63. The computational
experiments were run on an Intel Xeon CPU E5-2687W 0 3.10 GHz with 128GB of RAM, with a time limit of 600 s.

Extensive computational experiments have been conducted on a set of test problems taken from the literature. In
Ramos et al. (2018), the test instances most known and used in computational experiments with container loading algo-
rithms, the BR data sets proposed by Bischoff and Ratcliff (1995) and Davies and Bischoff (1999), were extended to consider
the weight of the boxes. BR1 to BR15 problem instances are organised into 15 classes, with a total of 100 instances per class.
The heterogeneity of the boxes increases from just 3 different box types (in BR1) to 100 box types (in BR15).

Additionally, to tackle load balance, the characteristics of the vehicle are also required. Ramos et al. (2018) used the
characteristics of the “"Volvo Truck FE 62TR Air Ride” truck (Volvo Trucks, 2015), since the dimensions of this vehicle are
compatible with the dimensions of the container used in the BR test problems (L =587 cm, W =233 c¢cm and H = 220 cm).
Table 1 presents the vehicle data.

In what concerns the cargo arrangements, the solutions of the BRKGA algorithm proposed by Ramos et al. (2016) for the
container loading problem with static stability constraints were used. However, the cargo arrangement has to be evaluated
each time a customer is visited during the distribution trip. To emulate the demand of the different customers to be visited,
each cargo arrangement was divided into three subsets. The first includes the boxes with x; coordinate less than 50% of the
length of the container (customer 3), the second with less than 75% (customers 2 and 3) and the third with the complete
solution (customers 1, 2 and 3). Therefore, a total of 4500 cargo arrangements (15 classes, 100 instances per class and 3
customers per instance) were evaluated.
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Algorithm 1: Recovery Heuristic.

Input: Let B be a set of N boxes b;(i =1, .., N) each with a CG with coordinates (CGx;, CGy;), weight (wgt;) and volume (v;).
Output: Balanced cargo arrangement
cargoCG (B)
‘ determines the coordinates of the centre of gravity of the cargo (CGxg, CGyg), and the weight of the cargo arrangement P;
return CGxg, CGyg, P;
LDD (CGxg, CGyg)
‘ determines for a given CG (CGxp, CGyg) the maximum permissible weight Py and P, along the x and y-axis, respectively;
return P, P;
INV.LDD (CGxp, CGyg, P)
determines for a given cargo’s CG (CGxg, CGyg) with given weight P the nearest coordinates of the LDD boundary curve (xp, yp)
along the x and y-axis;
return Xp, yp;
begin
cargoCG(B);
LDD(CGxg, CGys);
if P > P, then difPx < P —P,;
else difPx < 0;
if P> P, then difPy < P—Py;
else difPy < 0;
while (difPx # 0 v difPy # 0) do
INV.LDD(CGxg, CGyg, P);
if x; < xp then qx < 1;
else gx < —1;
if y; < yp then qy < 1;
else qy < —1;
for i=1 to N do
if b; is not a support box then if difPx > 0 then
if fxpese * qx > fx; * gx then best « i;
else if fx,. * qx = fx; x gx then
if difPy > 0 then
| if fYpest + @y > fyi = qy then best « i;
end if
else if fy,.: * qy < fy; * qy then best « i;
end if
nd if
Ise if difPy > 0 then
if fYpese % qy > fy; * qy then best « i;;
else if fype, * qy = fy; * qy then
| if fXpest * qx < fX; + qx then best « i;;
end i
end if

o 0

end for

remove by, from B;
cargoCG(B);

LDD((CGxp, CGys));

if P > P, then difPx < P - P;
else difPx < 0;

if P > P, then difPy < P —Py;
else difPy < 0;

end while

end

Table 1
Vehicle parameters.
Parameters  Values Parameters  Values [ton-force]
Hd 0.832m u 6.840
TWB 4.397m RU 2.800
T 1.831m Prax 19.160
Tonin 25% RTnax 19.000
Smin 25% FTmax 7100
LTRmax 10%

Fig. 4 presents the solution for instance BR_15_4 when just the cargo of the last customer to be visited in the route
(customer 3) is under consideration. Fig. 4a represents the unbalanced cargo arrangement, and the boxes that will be moved
are highlighted. Fig. 4b shows the load balanced solution obtained by the MILP model.

This is not a container loading algorithm. Instead, the goal is to modify solutions generated by any container loading
algorithm so that load balance is guaranteed when the truck leaves the depot and during the entire route. Solutions for the
CLP and the corresponding routes are therefore needed as the initial data for the approach described in this paper.
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(b) Balanced Solution

(a) Unbalanced Solution

Fig. 4. Solution instance BR.

Table 2

Computational results for the cargo arrangement with the cargo of customers 1, 2 and 3.

Instances MILP model Recovery Heuristic
Class #Items  Weight Vol #Unb #0pt  #Feas  #Unk  #Moved #Removed GAP  Time #Sols  #Removed
BR 1 142.4 17981.6 94.8 43 5 10 28 17.8 2.7 372 5421 28 18.7
BR 2 129.1 18179.0 954 45 6 1 28 19.1 34 728  545.2 28 15.1
BR 3 126.9 184659 955 54 9 23 22 28.0 2.4 603 5307 22 16.0
BR 4 1245 183426 955 53 3 26 24 26.3 2.8 59.5 5811 24 129
BR 5 1249 179569 954 44 0 23 21 321 17 69.3  602.0 21 11.6
BR 6 1224 181832 954 51 2 24 25 26.8 2.3 614 5845 25 10.8
BR 7 120.9 179269  95.1 39 2 18 19 19.6 1.6 742 5779 19 8.7
BR 8 120.2 179733 947 43 4 26 13 232 11 60.1 554.9 13 8.1
BR 9 117.9 17860.6 945 28 0 19 9 36.0 17 563  579.3 9 7.6
BR 10 118.1 179285 940 26 1 15 10 26.4 0.6 84.0 5816 10 6.2
BR 11 116.4 179769 935 28 0 13 15 19.2 0.8 57.2 603.6 15 51
BR 12 116.1 177974 928 26 3 12 1 23.8 0.5 63.0 538.8 1 3.9
BR 13 114.7 174311 91.7 19 1 7 11 424 0.5 872 5824 1 4.6
BR 14 1133 174344 910 18 0 14 4 29.0 0.3 76.9  600.5 4 33
BR 15 111.8 17168.2 89.7 4 0 3 1 61.7 0.0 95.0 6011 1 2.0
BR (1-7) 1273 18148.0 953 47 4 19 24 24.2 2.4 62.1 566.2 24 134
BR (8-15) 116.1 176963  92.7 24 1 14 9 327 0.7 72,5 5803 9 5.1
BR (1-15) 1213 179071 939 35 2 16 16 28.8 15 676  573.7 16 9.0

Tables 2-4 present the computational results for the three subsets. The first five columns describe the instances, column
(#Items) displays the average number of boxes in the cargo arrangement for each CLP solution of the BR class, column
(Weight) presents the average initial weight in kg, and column (Vol) shows the initial average percentage of container vol-
ume used. Column (#Unb) presents the total number of unbalanced instances for each class.

The following six columns describe the solutions obtained with the MILP model: column (#Opt) presents the number
of optimal solutions found by Cplex; column (#Feas) displays the total number of solutions in which the solver reached
the time limit with a feasible solution; and column(#Unk) presents the number of instances where the solver reached the
time limit without a feasible solution. Column (#Moved) presents the average number of boxes that were moved in the
cargo arrangement for each class and column (#Removed) shows the average number of boxes removed from the cargo
arrangement. Column (GAP) presents the average gap for the feasible solutions and the last column displays the average
computational time in seconds (Time).

The last two columns focus on the solutions obtained with the RH for the problem instances in which the solver was
not able to find a feasible solution with the MILP model. Column (#Sols) displays the number of instances solved by the RH
and column (#Removed) presents the average number of boxes removed from the cargo arrangement by the RH.

For the cargo arrangements, considering the orders of all customers (100% of the cargo), 521 out of 1500 instances
were unbalanced. It is worth noting that the number of unbalanced solutions by class instance decreases as heterogeneity
increases. A possible explanation is that as heterogeneity increases, the volume occupation rate decreases, which means
that total cargo weight also decreases, leading to an increase of the LDD area where the centre of gravity of the cargo can
be located. For this same subset of test instances, the solver was only able to provide an optimal solution for 7% of the
unbalanced test instances, whereas for 47% of the instances the time limit was reached with a feasible solution and for the
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Table 3

Computational results for the cargo arrangement with the cargo of customers 2 and 3.

Instances MILP model Recovery Heuristic
Class #ltems  Weight Vol #Unb #0pt  #Feas  #Unk  #Moved #Removed GAP  Time #Sols  #Removed
BR 1 1103 14166.9 754 90 65 25 0 26.2 0.1 527 2104 0 0.0
BR 2 99.0 14271.0 756 88 72 16 0 9.4 0.0 375 159.8 0 0.0
BR 3 95.7 14660.4 76.3 96 72 23 1 11.7 0.0 41.6 210.2 1 17.0
BR 4 93.2 14659.1 766 97 75 22 0 114 0.0 384  206.5 0 0.0
BR 5 94.0 14449.7 769 99 73 26 0 114 0.0 376 2226 0 0.0
BR 6 914 145403 767 95 67 28 0 12.7 0.0 388 2511 0 0.0
BR 7 91.0 144925 772 96 72 24 0 114 0.0 392 2189 0 0.0
BR 8 90.8 14617.0 772 98 58 40 0 14.0 0.0 370 2816 0 0.0
BR 9 89.1 146006 774 99 73 26 0 12.4 0.0 353 2470 0 0.0
BR 10 90.1 14736.6 775 100 61 39 0 15.0 0.0 365 3197 0 0.0
BR 11 88.4 147039 766 100 53 47 0 16.5 0.0 358  346.8 0 0.0
BR 12 88.6 14703.7 765 99 53 46 0 15.8 0.0 345 34238 0 0.0
BR 13 87.8 143342 754 99 61 37 1 13.8 0.0 313 293.9 1 9.0
BR 14 874 144334 752 100 53 47 0 15.6 0.0 344  356.7 0 0.0
BR 15 87.0 14230.7 744 100 68 32 0 13.6 0.0 29.8 2881 0 0.0
BR (1-7) 96.4 14462.8 76.4 94 71 23 0 134 0.0 40.8 2113 0 24
BR (8-15) 886 145450 763 99 60 39 0 14.6 0.0 343 3096 0 11
BR (1-15) 922 14506.7 763 97 65 32 0 14.1 0.0 374 2637 0 1.7
Table 4

Computational results for the cargo arrangement with the cargo of customer 3.

Instances MILP model Recovery Heuristic
Class #Items  Weight Vol #Unb #0pt  #Feas  #Unk  #Moved #Removed GAP  Time #Sols  #Removed
BR 1 773 9895.7 527 99 92 4 3 6.3 0.0 111 68.5 3 20.7
BR 2 68.6 9884.4 526 99 97 2 0 5.7 0.0 329 324 0 0.0
BR 3 65.5 10119.3 52.8 99 96 3 0 6.5 0.0 19.6 415 0 0.0
BR 4 64.0 10240.7 535 100 98 2 0 6.3 0.0 11.7 26.1 0 0.0
BR 5 63.3 9991.6 53.1 100 97 3 0 6.9 0.0 149 387 0 0.0
BR 6 62.0 10133.6 535 100 93 7 0 76 0.0 9.5 66.0 0 0.0
BR 7 61.2 10031.2 535 100 98 2 0 6.8 0.0 8.0 26.5 0 0.0
BR 8 61.9 102547 541 100 100 0 0 7.5 0.0 0.0 16.3 0 0.0
BR 9 60.5 10089.8 539 100 99 1 0 79 0.0 5.0 18.3 0 0.0
BR 10 61.7 10251.7 538 100 98 2 0 8.8 0.0 5.0 36.8 0 0.0
BR 11 60.1 102594 535 100 95 5 0 8.7 0.0 8.3 475 0 0.0
BR 12 61.0 102434 533 100 96 4 0 8.8 0.0 75 383 0 0.0
BR 13 61.2 10018.0  52.6 100 98 2 0 8.7 0.0 8.1 23.7 0 0.0
BR 14 60.5 10086.7 525 100 99 1 0 9.0 0.0 6.7 239 0 0.0
BR 15 60.0 9868.1 51.6 100 99 1 0 8.9 0.0 77 20.7 0 0.0
BR (1-7) 66.0 100424 531 100 96 3 0 6.6 0.0 154 4238 0 0.0
BR (8-15) 609 101340 532 100 98 2 0 8.5 0.0 6.0 28.2 0 0.0
BR (1-15) 63.2 100912 531 100 97 3 0 76 0.0 104 350 0 0.0

remaining 46% the solver did not get a feasible solution. It is interesting to notice that for the instance of class BR 13 for
which optimality was proven, the solver only required 34.91 s to reach the optimum.

Still, when considering the full truck load (the cargo for all customers), in many instances, in order to obtain a feasible
load balanced solution, it was necessary to remove boxes from the cargo arrangement, since the maximum weight constraint
was not satisfied. The removal of boxes from the cargo arrangements at the depot is not so critical since, at this stage, it
can be done before loading the cargo into the vehicle and the boxes removed can be sent in another vehicle. For the 241
test problems without a feasible solution, the RH ensures load balance by removing boxes from the cargo arrangement. The
average number of boxes removed from the cargo arrangement by the RH was nine.

Considering the cargo arrangements after visiting customer 1, i.e. with the cargo of customers 2 and 3, 1456 out of 1500
cargo arrangements were unbalanced. The MILP model was able to find the optimal or a feasible solution in 99.9% of the
unbalanced solutions, which means that the RH was only used twice. In average, 14.1 boxes were rearranged in this subset
of instances (cargo of customers 2 and 3). The MILP model was able to obtain better results in this scenario, mainly because
the average occupation volume decreased from 93.9% to 76.3%, therefore increasing the flexibility of the boxes’ movement.

Finally, Table 4 presents the results concerning the instances with just the cargo of the last customer to be visited. Only
three cargo arrangements were naturally balanced. The MILP model was able to find the optimal solution in 97% of the
unbalanced cargo arrangements and the RH was only used in three cargo arrangements where the MILP was not able to
obtain a feasible solution in 600 s.
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Table 5
Computational results for the MLBRA with the multi-drop container loading algorithm.
Maximum Volume Occupation Minimum Box Movement
Instance Route Volume #Boxes not #Boxes Route Volume #Boxes not #Boxes
(%) delivered moved (%) delivered moved
1 3-4-2-1 799 16 2 2-1-3-4 774 19 0
2 3-1-2-4 83.9 20 6 3-2-1-4 76.5 20 1
3 3-2-1-4 753 29 2 3-1-2-4 713 37 0
4 1-2-3-4 781 30 4 4-1-2-3 683 49 0
5 1-2-3-4 780 19 6 4-1-3-2 683 40 0
6 2-1-3-4 840 21 5 2-4-3-1 761 25 0
7 1-3-2-4 759 23 6 1-3-4-2 715 38 2
8 3-1-2-4 734 23 36 1-4-2-3 643 34 1
9 2-1-4-3  68.7 36 1 1-3-2-4 672 36 0
10 3-2-1-4 8038 37 4 2-1-3-4 764 33 0
Average 778 254 72 71.7 331 0.4

It is worth noting that the results of the computational experiments have shown that the cargo arrangements generated
by the BRKGA algorithm do not naturally comply with the load balance requirements, even for the partial cargo arrange-
ments.

7. Integrating the multi-drop load balance recovery algorithm with a multi-drop container loading algorithm

This section presents an example of integration of the MDLBRA with a multi-drop container loading algorithm, consid-
ering different routes. The goal is to demonstrate the impact of the MDLBRA in container loading solutions with multi-drop
constraints.

The test problems used were based on the first ten instances of the BR2 data set. However, the multi-drop container
loading algorithm requires each box to be assigned to a customer. In these computational experiments, four customers were
considered. The boxes were divided among the customers using a 40/30/20/10 ratio.

To solve the multi-drop container loading problem (in this set of experiments, the a priori provision of cargo configu-
rations is not considered) the algorithm proposed by Correia et al. (1992) was used. This algorithm is based on the wall-
building heuristic by George and Robinson (1980). Because the multi-drop container loading algorithm requires a customer
sequence, the full enumeration of customer sequences generates 24 container loading problems for each one of the 10 BR2
instances, in a total of 240 instances that were run in these computational experiments.

Table 5 presents the results. The computational results were divided into two parts. On the left side of the table, the
route is selected so that the volume utilisation is maximised. On the right side of the table, the route is selected so that
the number of boxes moved is minimised. Both present the route corresponding to the best solution, the percentage of
volume occupied when the vehicle leaves the depot, the number of boxes not delivered due to load balance concerns, and
the number of boxes that were moved to a new position during the trip.

The average computational time of the MDLBRA was 64.6 s. For all 240 instances tested, the MILP model was able to
find the optimal or a feasible solution without removing boxes and the RH was never used. This can be explained by the
relatively low (71.3%) average volume occupation of the solutions obtained with the multi-drop container loading algorithm.

Analysing the results, one can conclude that the solutions selected with the goal of maximising volume occupation have
a higher number of boxes moved during the journey, which was expectable. Depending on the particular logistics costs in
each real-world application, the decision-maker may prefer to minimise the number of boxes not delivered or the number
of boxes rearranged during the journey.

8. Conclusions

This paper addressed the until now untackled problem of load balancing cargo arrangements under multi-drop con-
straints throughout a complete distribution trip.

The solution strategy builds on a MILP model that, given a cargo arrangement, ensures load balance through the rear-
rangement of the cargo by moving and/or removing boxes, while respecting LDD constraints. The solution of this model is
embedded in a multi-drop load balance recovery algorithm (MDLBRA) that ensures cargo load balance throughout the entire
route.

The extensive computational experiments have shown that the MILP model can be used in practical contexts, since it
was able to find a solution in less than ten minutes for 93% of the unbalanced cargo arrangements tested.

Finally, the MDLBRA proved its efficiency and versatility when integrated with a multi-drop container loading algorithm.

Future research on this problem will certainly consider the full integration of the container loading problem with the
vehicle routing problem, taking into account cargo balance and stability constraints. This integration will simultaneously
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consider the constraints of both problems and a cost component in the objective function to account for box movement in
each client.
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