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Axle Weights in Combined Vehicle Routing and
Container Loading Problems

Corinna Krebs - Jan Fabian Ehmke

Abstract Overloaded axles not only lead to increased erosion on the road
surface, but also to an increased braking distance and more serious accidents
due to higher impact energy. Therefore, the load on axles should be already
considered during the planning phase and thus before loading the truck in order
to prevent overloading. Hereby, a detailed 2D or 3D planning of the vehicle
loading space is required. We model the Axle Weight Constraint for trucks
with and without trailers based on the Science of Statics. We include the Axle
Weight Constraint into the combined Vehicle Routing and Container Loading
Problem ("2L-CVRP” and ”3L-CVRP”). A hybrid approach is used where
an outer Adaptive Large Neighbourhood Search tackles the routing problem
and an inner Deepest-Bottom-Left-Fill algorithm solves the packing problem.
Moreover, to ensure feasibility, we show that the Axle Weight Constraint must
be checked after each placement of an item. The impact of the Axle Weight
Constraint is also evaluated.

Keywords Vehicle Routing Problem - Container Loading - 2L-CVRP -
3L-CVRP - Axle Weights

1 Introduction

A survey by Blower and Woodrooffe (2012) of the University of Michigan anal-
ysed the status of truck safety for four countries: Australia, Brazil, China and
the United States. The overloading of trucks is a major problem especially for
China and Brazil. According to reports in China, 70-90% of truck accidents
are related to overloaded and oversized trucks. In Brazil, 60% of the trucks
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in crashes have been revealed to be overloaded and 20% of registered trucks
exceeding the gross mass.

The overloading of axles can result in an overheating and failing of tyres and
brakes. If the permissible axle weight of a steering axle is exceeded, the steer-
ing is more cumbersome and it is possible to loose control of the vehicle. There
are also economic effects: A study by Pais et al. (2013) showed that the in-
creased erosion of roads raises the pavement costs by more than 100%. For
these reasons, it is essential to consider the load on the axles of trucks directly
in the planning of routes.

In the majority of previous research on the Vehicle Routing Problem, cus-
tomer demand was simply expressed as the total mass or volume. This is not
sufficient to take axle weights into account, as a detailed 2D or 3D planning
of the vehicle loading space is required. In this paper, we present simple, yet
effective formulas for considering the axle weights suitable for all 2D and 3D
Container Loading Problems. We include our approach in the combinations of
Vehicle Routing and Container Loading Problems, such as the 2L-CVRP and
3L-CVRP.

This paper considers two aspects for the first time: I) We formulate an ap-
proach to consider the Axle Weight Constraint not only for trucks but also
for trailers and II) we include the Axle Weight Constraint in the 3L-CVRP.
Moreover, we show with a detailed real example that it is necessary to check
the Axle Weight Constraint after each placement of an item, since the mass
of items can act on an axle, but it can also relieve an axle. Therefore, also
unloading an item can lead to an overloading of one or several axles.

We use a hybrid algorithm for tackling the Vehicle Routing and the Con-
tainer Loading Problem. The routing heuristic is based on the Adaptive Large
Neighbourhood Search (ALNS) by Koch et al. (2018) calling for each route
a modified packing heuristic based on the Deepest-Bottom-Left-Fill (DBLF)
algorithm proposed by Karabulut and Inceoglu (2005). Both heuristics are de-
scribed in detail in the following subsections. For the computational tests, we
use instances from the literature, which is reviewed in Section 2. The consid-
ered problems (2L- and 3L-CVRP) are formulated in Section 3. In Section 4,
the Axle Weight Constraint is described in detail. The hybrid solution ap-
proach is explained in Section 5. Section 6 presents computational results,
analysing the impact of the Axle Weight Constraint on VRP solutions. Fi-
nally, conclusions are drawn in Section 7.

2 Literature Review

In this section, the literature considering the Axle Weight Constraint with
their vehicle models is reviewed. To the best of our knowledge, the follow-
ing overview represents all papers considering axle weights. First, the papers
dealing with the Container Loading Problem or a variant of this problem are
regarded since this represents a subproblem of the problems considered in this
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paper. Then, papers are summarized that include the axle weight constraint
into the combined Container Loading and Vehicle Routing Problem.

2.1 Container Loading Problem

Although Container Loading Problems have been investigated for several decades,
the axle weights of vehicles have so far only been considered in the follow-
ing three papers. In the 3D Single Container Loading Problem, a number of
three-dimensional boxes must be packed into one three-dimensional container
while minimizing total volume utilization. In this context, the Axle Weight
Constraint was first considered in a paper by Lim et al. (2013). They exam-
ine the general rules of the California Vehicle Code. They simplify the rules
by formulating three semi-trailer truck models with three limits each: One
limit for the front axle group, one for the rear axle group and one for the
gross vehicle weight. Then, a Greedy Randomized Adaptive Search Procedure
Wall-Building Algorithm packs the boxes, and the Axle Weight Constraint is
checked. For this, the ideal mass center of the container is calculated. Then,
the deviation between the ideal mass center and the current mass center of
the container is minimized by rearranging the walls of loaded boxes.

The Multi Container Loading Problem is an extension of the Single Container
Loading Problem, where a set of items needs to be packed into multiple con-
tainers while minimizing the number of used containers. For the 2D problem
variant, the Axle Weight Constraint is included in mathematical models by
Alonso et al. (2017). The Axle Weight Constraint is considered for trucks with
two axles and is included in the model by formulating the equilibrium for the
moments and forces. In Alonso et al. (2019), this model is extended by further
constraints such as dynamic stability constraints.

2.2 Combined Vehicle Routing and Container Loading Problem

The Vehicle Routing Problem is one of the most studied optimization problems
in logistics. This problem involves the optimal planning of routes to deliver
goods to customers that are located in a depot. This is accomplished by a fleet
of vehicles having a certain capacity. Since detailed 2D and 3D planning of the
loading space is required to take axle weights into account, the Axle Weight
Constraint has rarely been taken into account so far. In Iori et al. (2007), the
combination of the 2D Container Loading Problem with the Capacitated Ve-
hicle Routing Problem (2L-CVRP) is introduced. The Axle Weight Constraint
was first considered in the 2L-CVRP by Pollaris et al. (2016). There, the ob-
jective is to minimize the total travel cost (distance). The problem is solved
by a mixed integer linear programming formulation. In their model, a truck
with a trailer is considered. The truck consists of two axles (steering axle and
driving axle), the trailer has an axle group consisting of three axles (tridem-
axle). The axle weights are calculated only for the trailer axle group and the
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coupling point, which is the connection between the truck and the trailer. The
separated examination of axle weights of the steering and driving axle of the
truck is not considered. The axle weights are calculated by means of equilib-
rium of forces and moments. Pollaris et al. (2016) developed 128 instances
varying in the number of customers, the number of pallets per customer and
the masses of the pallets. The instances are tested with CPLEX, but for some
instances, no feasible solution can be found after two hours runtime. To solve
larger instances, in Pollaris et al. (2017), an Iterated Local Search approach
with Sequence-Based Pallet Loading is developed. In this framework, the same
assumptions are used for the axle weight calculation and the vehicle model.
Additional 96 instances were created with up to 100 customers, which can be
solved by the proposed metaheuristic.

The Three-Dimensional Loading Capacitated Vehicle Routing Problem (3L-
CVRP) is an extension of the 2L-CVRP combining 3D Container Loading
with the Capacitated Vehicle Routing Problem introduced by Gendreau et al.
(2006). The 3L-CVRP has been studied intensively in the recent years so that
the results for this benchmark have been improved repeatedly by researchers
(e.g. Tarantilis et al. (2009), Fuellerer et al. (2010), Bortfeldt (2012) and Wei
et al. (2014)). However, the Axle Weight Constraint has not been included in
the 3L-CVRP yet. To the best of our knowledge, this paper considers for the
first time the Axle Weight Constraint in the 3L-CVRP.

3 Problem Formulation

To model the 2L.-CVRP and 3L-CVRP, we follow the convention by Bortfeldt
(2012). Let G = (N, E) be a complete, directed graph, where N is the set of
n+1 nodes including the depot (node 0) and n customers to be served (node 1
ton), and E is the edge set connecting each pair of nodes. Let a distance co; ;
(co;,; > 0) be assigned to each edge e; j € E (i # j,i,j =0, ...,n). The demand
of customer ¢ € N \ {0} consists of ¢; items. Each item I, (k = 1,...,¢)
is defined by mass m; j, length l; 5, width w;; and height h;;. The total
demanded mass for a customer ¢ is given by mc;. The items are delivered by
at most v, available, homogenous vehicles. Each vehicle has a maximum
load capacity D and a cuboid loading space defined by length L, width W and
height H.

Let vyseq be the number of used vehicles in a solution. A solution is a set
of vyseq pairs of routes R, and packing plans PP,, whereby the route R,
(v =1,...,Vuseq) is an ordered sequence of at least one customer and PP, is
a packing plan containing the position within the loading space for each item
included in the route.

A solution is feasible if

(S1) All routes R, and packing plans PP, (v = 1,...,Uyseq) are feasible (see
below);
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(S2) The number of used vehicles vy 5.4 does not exceed the number of available
vehicles vy,a4;

(S3) Each packing plan PP, contains all ¢; items of all customers 4 included in
the corresponding route (i € R,).

A route R, must meet the following routing constraints:

(R1) Each route starts and terminates at the depot and visits at least one cus-
tomer;
(R2) Each customer is visited exactly once.

Each packing plan must obey the following loading constraint set P:

(C1) Geometry: The items must be packed within the vehicle without overlap-
ping;

(C2) Orthogonality: The items can only be placed orthogonally inside a vehicle;

(C3) Load Capacity: The sum of masses of all included items of a vehicle does
not exceed the maximum load capacity D;

(C4) LIFO: No item is placed above or in front of item I; 5, which belongs to a
customer served after customer i.

For the 3L-CVRP, the following loading constraints must be additionally re-
spected:

(C5) Rotation: The items can be rotated 90° only on the width-length plane;

(C6) Minimal Supporting Area: Each item has a supporting area of at least a
percentage « of its base area;

(C7) PFragility: No non-fragile items are placed on top of fragile items.

Moreover, the Axle Weight Constraint is considered.

(C8) Azle Weight: The load on the axles do not exceed the permissible axle
weights.

The 2L-CVRP and 3L-CVRP consists of determining a feasible solution mini-
mizing the number of used vehicles v,s.q and the total travel distance ttd and
meeting all constraints.

4 Axle Weight Constraint

This section details our approaches for the consideration of axle weights in the
problem at hand. Based on the Science of Statics, the formulas for calculating
the axle weights for a box truck are derived. Then, resultant axles for replacing
axle groups are introduced. Afterwards, the formulas for calculating the axle
weights for trucks with trailers are shown. Then, we demonstrate that the Axle
Weight Constraint must be checked after each placement of an item.
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4.1 Approach for Box Trucks

The following formulas are suitable for the axle weight calculation of box trucks
and box vans. These are vehicles with a cuboid-shaped cargo area without any
kind of trailer. For implementation, additional specifications of the vehicle are
needed. In practice, those are given by the manufacturers. Let F'Ape,m be the
maximum load the vehicle’s front axle can bear and RA¢,y, be the maximum
load for the rear axle, respectively. Both limits are given in the unit of mass.
The parameter Ly describes the distance between the front axle and the cargo
area. The wheelbase W B is the distance between the front and the rear axle
(see Fig. 1).

wheelbase
Fia N

Fig. 1 Vehicle Data

An object on the surface of the earth experiences a force caused by the gravita-
tional attraction of the earth. This force is calculated as the mass of the object
times the acceleration of gravity g (g ~ 9.8173), Therefore, each item I; ;. acts
a force Fj ;, on the vehicle, which is

Fir=m;-g. (1)

The point of the force F;j is located in the center of mass for each item. If
the mass of an item is homogeneously distributed, the center of mass and the
geometric center are at the same point. Each axle counteracts these forces,
whereby Fr 4 is the force representing the front axle and Fr4 the force for the
rear axle.

Moreover, each force creates a moment, which can be determined to any point
in the system. It is expedient to determine the moments to an unknown force,
such as the force of the front axle Fr4. Each moment is calculated by the mass
multiplied by the distance r from the front axle to the force. Thus, each item
creates a moment M; ;. Supposing that the mass of an item is homogeneously
distributed, resulting that the point of force lays in the geometric center, the
distance 7; ; to the point of the front axle force Fr,4 is

Tik = Lf + Tk + li,k/Q. (2)
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Thus, the moment M, j created by item I, i, is:
Mg =mik -9 Tik (3)
or rather
Mi,k =Mk g- (Lf + )+ li’k/Q). (3b)

The force from the rear axle Fra creates another moment, which is Fgr4 mul-
tiplied by the wheelbase W B.

In the Science of Statics, the forces and moments are in static equilibrium
with their environment. Thus, the summation of forces F' and of moments M
are zero. Considering the direction of the forces and moments, the following
formulas can be applied for a vehicle v.

Equilibrium of forces:

Z zl:Fi,k_FRA—FFA:(L (4)

i=1[i€R, k=1

which can be transformed to Fp4:

Fra= > i:Fi7k_FRA~ (4b)

i=1Ji€R, k=1

The summation of moments must be zero and is:

> Z M; — Fra-WB =0, (5)

i=1|i€R, k=1

which can be transformed to Fra:

FRA:%( S S M. (5b)

i=1li€ R, k=1

In Equation 5b, all values are known, so that the result for Fr4 can be cal-
culated and inserted in Equation 4b to receive Fr4. The acting forces for the
front and the rear axles must be below the permissible ones:

FFA S FAperm g (6)

and

Fra < RAperm °g- (7)
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4.2 Axle Group and Resultant Axle

The formulas shown in Section 4.1 are suitable for trucks with one front and
rear axle each. Trucks as well as trailers can have axle groups consisting of two
consecutive axles ("tandem-axle”) or three consecutive axles (”tridem-axle”).
For these axle groups, a so-called "resultant axle” replaces the axle group. The
resultant axle is located in the center of the axle group and its value is the
sum of each consecutive axle. Thus, as shown in Fig 2, for a tandem-axle, the
resultant axle is between the both axles. For a tridem-axle, the resultant axle
lays in the middle axle of the three axles.

o—o— o “

wheelbase , wheelbase I wheelbase I
Fea Fra Fpy| Fra Fia Fra

(a) One Axle (b) Tandem-Axle (¢) Tridem-Axle

Fig. 2 Examples for Resultant Axles replacing Axle Groups

4.3 Approach for Semi-Trailer Trucks

The calculation of the load on the axles shown in Section 4.1 is suitable for
trucks without a trailer. Semi-trailer trucks, as shown in Fig. 3, have at least
three axles, for which the loads must be determined: The load on the front
axle and the rear axle of the tractor unit (truck) and the load on the axle
group of the trailer. Their permissible load on these axles are F'Apepm for the
front axle, RAperm for the rear axle and T'Ape,n, for the trailer axle. Due to
the three axles, the above formulas must be adapted. The Science of Statics
is also applied to the following formulas.

A

Fig. 3 Semi-Trailer Truck with Tridem Trailer Axle

Since the load on the axles of the tractor unit depends on the trailer, the forces
and moments of the tractor unit and the trailer are examined separately. The
kingpin on the semi-trailer connects the trailer with the tractor unit. In Fig.4
the distances, forces and moments are illustrated.
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wheelbase

(a) Tractor Unit (b) Trailer

Fig. 4 Forces and Moments for Semi-Trailer Trucks

In the first step, the forces and moments of the trailer are determined. As
shown in Section 4.2, a resultant trailer axle can be used instead of the tridem-
axle. All moments of the trailer are calculated to the center of the resultant
axle. Therefore, all distances from each force to this point must be determined.
Let l7 4 be the distance between the cargo area to the resultant trailer axle. The
distance between the kingpin and the resultant axle of the trailer is described
by lx|7a- The distance r; ;. between the item I; x to the resultant trailer axle
is

Li &
Tik =lra — i) — ZQ’k- (8)

The force of the kingpin and the force of the resultant trailer axle act against
the item forces. As demonstrated before, the summation of forces is zero in
the Science of Statics. Therefore, the following must apply for the trailer:

n C;
Fra+ Fyx — Z ZFM:O. (9)
i=1[i€R, k=1
This can be transformed to Fra:
n Cq
Pra= Y Y F-Fxk. (9b)
i=1[i€R, k=1
Similarly, the summation of the moments must be zero, so that it is
n Cj
Fr - lgwa— Y > Fip-rip =0, (10)
i=1[i€R, k=1
and transformed to Fx, one gets:

Fo= 1 (3 S R, (100)

1
KITA iR, k=1
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Since all values in Equation 10b are known, the force Fix can be calculated and
inserted in Equation 9b to receive Fr4. In the next step, the force and moment
equilibriums are described for the tractor unit. The load on the tractor unit
is carried by two axles. The front axle force Fr4 and the rear axle force Fra
work against the force in the kingpin F. The summation of forces must be
zero and is

FFA+FRA—FK:0. (11)

This can be transformed to Fra:
Fra=Fix — Fry. (11b)

The moments are calculated in the center of the rear axle. Let W B be the
wheelbase between the front and the rear axle of the tractor unit and lx|ga
be the distance between the rear axle and the kingpin. Then, the summation
of the following moments must be zero:

Fpa-WB — Fg - lgjgpa = 0. (12)
The force Fx was calculated before. Thus, the force Fr4 can be determined:

1
Fpa= WEB Fr - lg|rA- (12b)

The result for Fr4 is then inserted in Equation 11b, to receive Fgra. The
current load on the axles must not exceed the permissible ones:

FFA S FAperm ° g, (13)
FRA S RAperm - g, (14)
FTA < TAperm °g. (15)

4.4 Consideration of Vehicle’s and Trailer’s Masses

The value of the permissible axle weights may be without the consideration of
vehicle mass (Myck ). In this case, the mass must be respected in the formulas.
The mass is added as additional force in Equation 4b:

n Cj

FFA = Z Z Fi,k + Miruck g — FRA‘ (4C)
i=1li€R, k=1

Moreover, the mass creates a moment in the center of mass of the truck. The
distance (r4rycr) between the front axle and the center of mass of the truck
must be given by the manufacturer. Thus, Equation 5b needs to be updated
as follows:
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1 n ci
FRA - ﬁ : (llze:R ; Mi,k + Mtruck * g ° ’rtruck)- (50)

In case of semi-truck trailers, the masses of the tractor unit (my qctor) and of
the trailer (mrqiier) do not have to be included. In that case, the masses are
added as forces in the Equations 9b and 11b, so that

n Ci

FTA = Z Z Fi,k: + Miractor g — FK (96)
i=1]i€R, k=1

and

FRA:FK+mtTactor'g_FFA- (110)

The mass of the trailer and the tractor unit creates also a moment in their
center of mass. The distance 7¢rqctor Detween the rear axle and the center
of mass and the distance 7r4.4i6r between the trailer axle and the center of
mass must be also given by the manufacturer. The moments are added in the
Equations 10b and 12b, resulting in

1 n Ci
Fyg = I : ( Z Z Fi,k “Tik + Mirailer * g ° Ttrailer) (IOC)
KITA i _1)ieR, k=1
and
1
FFA == ﬁ : (FK : lK|RA + Miractor * g- Ttractor)~ (12C)

Other masses, such as the mass of the driver, the fuel, etc., may be added in
the same way, provided that distances and masses are known.

4.5 Check Frequency

In the following, the check frequency for the Axle Weight Constraint is ex-
amined. According to Pollaris et al. (2016), by placing an item, the mass of
the item cannot only act on an axle, but it can also relieve an axle. Therefore,
when unloading an item, the load on the axles can exceed the permissible ones.
Thus, it must be checked whether the constraint is fulfilled after each place-
ment of an item. In the following, we will demonstrate this with a realistic
example. The demand of four customers consists of one item each. We assume
the truck is the model ML150E28FP of the manufacturer IVECO. The dimen-
sions of the truck and of the items are shown in Fig. 5. The load capacity D
is 10,100 kg and the permissible load on the axles is F'Aperm = 5,300 kg for
the front axle and RA,c,rm = 10,700 kg for the rear axle.
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Vehicle Items
L.=0.6m Item mik Lix wix hik
< TV front axle [kg] [m] [m] [m]
g i’ I, 2,000 1.00 2.00 1.60
o E i L 1,000 3.50 1.60 1.60
T‘r' S L5 3,000 1.00 0.80 1.60
I Ia) 4,100 1.00 1.60 1.60
g 10,100
-y rear axle
H=25m
- W=25
X

Fig. 5 Vehicle’s and Items’ Dimensions

The customer visiting order for the route is Ry = {1,2,3,4}. Due to the height
of the items, it is not possible to stack them. The load capacity D is complied
with since the sum of the items’ masses is equal to the load capacity D. Re-
specting the LIFO (C4) constraint, the items of the customers are unloaded
in the reversed order (order = {I41;I31;I21;111})-

To pack the items, the proposed DBLF algorithm is used (see Section 5.2). The
items’ positions, shown in Fig. 6, would result if the Axle Weight Constraint
would be checked once after loading all items of the route R;.

front axle | Item mik ik  Xik Si,k Fix Mi
1 g [kg] [m] [m] [m] [N] [Nm]
&L Ll L 4,100 1.00 0.00 1.10 40221 44,243
I, 3,000 1.00 0.00 1.10 29,430 32,373
L, L, 1,000 3.50 1.00 3.35 9810 32,864
L 2,000 1.00 4.50 5.60 19,620 109,872
rear axle
I1,1
XV

Fig. 6 Positions of items when checking the Axle Weight Constraint when all items have
been loaded

The corresponding axle weights are shown in Table 1. The load on the axles
are below the permissible ones after loading all items into the vehicle’s loading
space. Thus, the Axle Weight Constraint seems to be fulfilled. However, when
unloading the item I; 1, the front axle gets overloaded because the item I; ; re-
lieves the front axle. The front axle is even overloaded after unloading item /5 ;.
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Consequently, the Axle Weight Constraint is not fulfilled for the current items’
positions, shown in Fig. 6.

Loaded items Current Forces Permissible Forces
Fra Fra FApcrm g RApcrm g
[N] [N] [N] [N]
1471 5 13,1 3 1271 5 1171 49,844 497237
I41 5131512 54,886 24,575
RS o 52,453 17,108 51,993 104,967
Isy 30,290 9,931

Table 1 Axle Weights for items’ positions in Fig. 6

When checking the Axle Weight Constraint after each placement of an item,
the items’ positions shown in Fig. 7 would result. The item I, ; would be still
placed in the origin. The first position for item I5; leads to an overload of the
front axle as shown in Fig. 6. Due to the check of the Axle Weight Constraint,
this position would be rejected and the next possible position according to
the DBLF approach would be tested, which is in front of item I, ;. For this
position, the front axle is not overloaded and the position is feasible.

front axle | Item mik ik Xk Si,k Fix M
I v [kg] [m] [m] [m] [N] [Nm]
el ) L4y 4,100 1.00 0.00 1.10 40,221 44,243
L. Is, 3,000 1.00 1.00 2.10 29,430 61,803
L, I, 1,000 3.50 1.00 3.35 9,810 32,864
T 2,000 1.00 4.50 5.60 19,620 109,872

rear axle

Fig. 7 Positions of items when checking the Axle Weight Constraint after each item’s
placement

Table 2 shows the calculated axle weights for the items’ positions in Fig. 7.
Since the Axle Weight Constraint is fulfilled after each item has been unloaded,
the axles are not overloaded at any point in the route.

To summarize, it is necessary to check the Axle Weight Constraint after each
placement of an item, although the complexity of the algorithm increases.

5 Hybrid Solution Approach

Since the 3L-CVRP can be interpreted as a combination of the Capacitated
Vehicle Routing Problem (CVRP) and the 3D Container Loading Problem,
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Loaded items Current Forces Permissible Forces
FFA FRA FAperm ‘g RAperm ‘g
[N] [N] [N] [N]
Ig1 30315020 31 43,238 55,843
I41 51315 12 48,280 31,181
Lo Isn 45,847 23,804 51,993 104,967
I41 30,290 9,931

Table 2 Axle Weights for items’ positions in Fig. 7

we decompose the problem and use a separate algorithm for each subproblem.
First, a set of routes is created which takes the routing constraints (R1, R2)
into account. For each feasible route, the packing algorithm is then called,
which tries to create a feasible packing plan considering the loading constraints.
If no feasible packing plan can be created for a route, a new set of routes must
be found. Both algorithms are described in detail in the following subsections,
suitable line numbers are given in square brackets.

5.1 Routing Heuristic

The heuristic for solving the routing problem is based on the paper by Koch
et al. (2018) modifying the Adaptive Large Neighborhood Search (ALNS)
proposed by Ropke and Pisinger (2006). The general framework and the mod-
ifications are described below. The algorithm is shown in Alg. 1.

Algorithm 1 Adaptive Large Neighbourhood Search

Input: Instance Data, parameters
Output: best feasible solution spegt

1: construct initial solution ;¢

2! Spest 1= Sinit

3 Scurr = Sinit

4: do

5: select number of customers to be removed nyem

6 select removal operator rem

7 select insertion operator inst

8 determine next solution snezt := inst(rem(scurr, Neurr))
9 check acceptance of spext

10: if spext is accepted then

11: Scurr ‘= Snext

12: if f(Scurr) < f(Spest) then

13: Sbest ‘= Snext

14: end if

15: end if

16: if it, reached then

17: update selection probabilities for insertion and removal heuristics
18: end if

19: while one stopping criterion is not met
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5.1.1 Initial Solution

The initial solution $;,;; is constructed [1] by means of the Savings Heuristic
developed by Clarke and Wright (1964), where one route is created for each
customer first. Then, the savings for merging routes are calculated. Starting
with the highest savings, all feasible merges are carried out while respecting
the routing constraints. Based on this initial solution, the ALNS determines
other feasible improved solutions.

5.1.2 Stopping Criteria

Starting with the initial solution received by the Savings Heuristic, the ALNS
tries to improve the current solution as long as not one of the following stopping
criteria is met [19]:

— number of total iterations iter,,qz;

— number of iterations without improvement iter;y,pr;

— computation time limit %,,4.

5.1.8 Iteration

A new solution $,.,+ is generated by choosing randomly one removal [6] and
one insertion operator [7] in each iteration. The removal operator removes a
number of customers n,..,, from the current solution and the insertion operator
reinserts them [8]. The number of customers to be removed nyem (Nmin <
Nrem < Nmaz) is determined randomly. The generated solution is checked
with respect to meeting the routing constraints. The packing procedure (see
Section 5.2) is called here for each route of the solution.

5.1.4 Removal and Insertion Operators

The removal and insertion operators are described in detail in Koch et al.
(2018). The following removal operators, shown in Table 3, are used in this
approach. Three insertion operators are available, see Table 4.

The selection probabilities for the removal and insertion operators are ad-
justed according to the improvement of the solution after a defined number of
iterations it, [16-18].

5.1.5 Objective Function

A solution s is evaluated on the basis of an objective function f. It considers
the number of used vehicles v,s.q as well as the total travel distance ttd(s).

f(s) = ttd(S) + peny, - max(O, Vysed — Umaa:) + PeNmiss - Mmiss- (16)

Umaz 1S the number of maximal available vehicles and n,,;ss the number of
customers that have not been dispatched yet. The purpose of the penalty
terms pen, and pen,,;ss is to achieve a reduction of used vehicles v, s.q and of
customers that have not been dispatched yet n,,;ss-
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Neighborhood Operators Description

Shaw Removes related customers w.r.t. distance, demand

Random Removes random customers

Worst Removes customers increasing the total routing costs the
most

Cluster Divides a random tour into two clusters and randomly
removes one of the cluster

Neighbour graph Removes customers increasing the average distance of a
tour

Overlap Removes customers leading to intersection of two tours

Inner Route Removes a tour which is completely surrounded by an-
other and splits the surrounding tour into two

Intersection Removes customers leading to intersections within a tour

Tour Pair Removes two intersecting tours

Table 3 Overview Removal Operators

Neighborhood Operators Description

Greedy Inserts customers iteratively so that an increase of rout-
ing costs is minimal
Regret-2 Inserts customers iteratively so that the maximal differ-

ence of routing costs for the best and the second best
insertion in different tours is achieved

Regret-3 Inserts customers iteratively so that the sum of two dif-
ferences of routing costs is maximal. The first difference
is the routing cost for the best and the second best inser-
tion in different tours, while the second difference results
from the best and the third best insertion in different
tours

Table 4 Overview Insertion Operators

5.1.6 Solution Acceptance

The smaller the objective function value, the better the solution. If the gener-
ated solution $,.: is better then the current best-known spes¢ one, it is always
accepted as current solution Scy-. A worse solution may be accepted depend-
ing on a Simulated Annealing Framework based on Kirkpatrick et al. (1983)
[9]. The acceptance probability is adapted to the annealing process with a
geometric cooling schedule. The best solution spes; is updated if its objective
function value is higher than of the current solution Sey-- [12-14].

5.2 Packing Heuristic

The packing heuristic is called by the routing heuristic for each route of a solu-
tion. It is based on the DBLF algorithm proposed by Karabulut and Inceoglu
(2005). The basic concept is to place the items as far as possible to the back
(first priority), to the bottom (second priority) and to the left (third priority)
of the loading space. The available free spaces in the vehicle’s loading space
are saved in a list.
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In the following, the point of origin of a Cartesian coordinate system is located
in the deepest, bottom, leftmost point of the loading space. The driver’s cab
is located behind it accordingly. The length, width and height of the loading
space are parallel to the x-, y- and z-axes. The placement of an item I; j is
defined by (i k, ¥i .k, zi.k) of the corner, which is closest to the point of origin.
In the first step of the packing heuristic, the items of each customer are stored
in the set IS in a sorted order observing the following priorities:

fragility flag f;  (non-fragile first)
volume (larger volume first)
length [; 5, (longer first)

width w;  (wider first).

Ll e

The algorithm is shown in Alg. 2. The order of the items in the packing
sequence IS are reversed to the customer’s visiting order [1].

Let S be a set containing unique cuboids representing the available free spaces
in the loading area after placing an item. Initially, this set consists of one
space representing the total loading space [2]. Consequently, the first item of
the packing sequence IS is placed in the origin. The potential spaces of the set
S are always sorted based on the DBLF rule [10]. Thus, an item is placed in
the deepest, bottom, leftmost point of a selected space. Each space sp of the
set is tested as possible item position until a feasible position is found obeying
all loading constraints [7]. In comparison to Karabulut and Inceoglu (2005),
the set S contains not all available spaces inside the loading space. Rather,
three new spaces (Front, Right, Top), based on the feasible item placement,
are created [9].

(a) Front Space (b) Right Space (¢) Top Space

Fig. 8 New Spaces based on I31

The Front Space is defined by the item’s front edge (minimum x-value) and
either the vehicle’s door or the nearest item in front of the item (maximum x-
value). Then, the minimum and maximum values for the y-axis are determined
by the loading space or other items. After that, the minimum and maximum
values for the z-axis are searched in the same way (see Fig. 8a).

The Right Space is bounded along the y-axis by the right side of the item
(minimum y-value) and either by the vehicle wall or by the leftmost item
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(maximum y-value). Based on these limitations, the minimum and maximum
values for the x-axis are determined, then for the z-axis (see Fig. 8b).

The Top Space is defined by the item’s top surface and either the vehicle’s
ceiling or an item overhanging over the current item I,. In the next step, the
minimum and maximum values for the y-axis and z-axis determined by the
loading space or other items are searched (see Fig. 8c). The three new spaces
(Front, Right, Top) are included in the set S considering the DBLF order.

Algorithm 2 Deepest-Bottom-Left-Fill with Spaces

Input: Instance Data
Output: Feasible placements for items

1: initialize sorted sequence of items I.S

2: initialize set of unique available spaces S

3: for each item I, € IS do

4 for each permitted orientation do

5: for each space sp € S do

6: if item I, fits in space sp then

7 if placement is feasible w.r.t. loading constraints then
8 save placement for I,

9: create new spaces

10: sort spaces based on DBLF

11: erase space sp

12: get smallest dimensions l,,in, and Ay, of unplaced items € IS
13: for each space si € S do

14: update space si

15: if si too small w.r.t. I35, and Ay, then

16: erase space st

17: end if

18: end for

19: end if

20: end if

21: end for

22: end for

23: return false > No placement found
24: end for

25: return true

If a feasible position is found for item I,,, all remaining free spaces are checked
w.r.t an intersection with item I,. If there are one or more intersections with
item I, then the minimum and maximum values for the x-, y- and z-axis
are decreased so that no intersection with item I, occurs any more [14]. Due
to this procedure, it is guaranteed that the item does not overlap with other
items or with the vehicle’s walls (C1). Therefore, if an item can be placed
within an available space according to the loading constraints C2-C8, an extra
overlapping check for the Geometry constraint (C1) is not necessary. This
is in contrast to the approach by Karabulut and inceo{glu (2005), where an
overlapping check between each item is performed.

The space sp, in which the item I, is placed, is removed from the set [11].
Only spaces which are large and high enough for the smallest dimensions of
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any item of all items of the route 1.5, are inserted in the set S. Therefore,
the shortest length or width [,,;, and height h,,;, of any unplaced item of
the route IS are searched [12]. Due to the permitted rotations, only the two
measures [y, and h,,;, are relevant. If the length or height of any space in
the set is smaller than I, or Apin, the space is removed from the set [15-17].
If all spaces are checked and no feasible position for item I, was found [23],
the route is not feasible and is rejected. Thus, a new set of routes must be
generated by the ALNS.

6 Computational Experiments

In this section, the impact of the Axle Weight Constraint on 2L-CVRP and 3L-
CVRP instances is evaluated as well as the efficiency of the hybrid algorithm.
This is done by testing instance sets from the literature with and without the
Axle Weight Constraint (C8) and comparing the results with the benchmarks.
The solution approach was coded in C++ as single-core application and com-
piled using the VC++ 2017 version, v14.16 compiler. The experiments were
executed on one i5-7200U dual-core with 2.5 GHz and 8 GB RAM. The oper-
ating system is Windows 10.

6.1 Parameters

The ALNS for solving the routing problem and the loading constraints are
parameterized as shown in Table 5. The parameters for the routing heuristic
are adopted from Koch et al. (2018).

Parameter Usage Description Value

itermax ALNS Maximal number of iterations 25,000

iterimpr ALNS Maximal number of iterations 8,000
without improvement

iterp ALNS Number of iterations for updat- 100

ing probabilities for removal and
insertion operators

tmax ALNS Time limit [min] 60

Nmin ALNS Number of minimal customers to  0.04n
be removed from a route

Nomazx ALNS Number of maximal customers 0.4n
to be removed from a route

COmaz Objective Function = Maximal distance between two  mazx;, JENCO;
customers in instance

peny Objective Function  Penalty term for each surplus ve- 10 - comaz
hicle

PENmiss Objective Function  Penalty term for missing cus- 10 - comaa
tomers

a Vertical Stability Minimal support ratio 0.75

Table 5 Routing and Loading Parameters
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6.2 Instances

We have tested our approach on three instance sets (see Table 6). The first
instance set comes from Pollaris et al. (2016) and consists of 128 2L-CVRP
instances, varying the number of customers in the network (10, 15, 20 and 25).
The second instance set was created by Pollaris et al. (2017) and also deals
with the 2L-CVRP. The set contains 96 instances with 50, 75 or 100 customers.
The third instance set concerns the 3L-CVRP proposed by Gendreau et al.
(2006). The number of customers is ranging between 15 and 100.

authors number of in- problem number of customers
stances

Pollaris et al. (2016) 128 2L-CVRP [10, 15, 20, 25]

Pollaris et al. (2017) 96 2L-CVRP [50, 75, 100]

Gendreau et al. (2006) 27 3L-CVRP [15-100]

Table 6 Overview tested instances

For both 2L-CVRP instance sets, four different problem classes are created
for each network by varying the number of items per customer (c¢;) and the
mass of demanded items (c¢m;) (see Table 7). There is a low (4 < ¢; < 7)
and a high (1 < ¢; < 15) variation in the number of items per customer i.
The mass of demanded items per customer 7 is categorized in heavy pallets
(1,000 < % < 1,500) and light pallets (100 < % < 500).

composition of demand:
‘ heavy pallets  heavy and light pallets
class 1 class 3
class 2 class 4

low
high
Table 7 Problem classes for Pollaris et al. (2016, 2017) Instances

demand variation:

As shown in Section 3, the 2L-CVRP considers the loading constraints Geom-
etry (C1), Orthogonality (C2), Load Capacity (C3), LIFO (C4) and the Axle
Weight Constraint (C8), whereas in the 3L-CVRP, the Rotation (C5), the
Minimal Supporting Area (C6) and the Fragility (C7) are additionally taken
into account.

There were no values for the axle weights assigned to the vehicles in the in-
stances by Gendreau et al. (2006). Thus, the two-axle truck ML180E by the
manufacturer IVECO was chosen. The proportion factor was calculated from
the truck cargo load and the load capacity D of the instance. Then, the axle
weights were proportionally scaled in order to receive a realistic proportion
between vehicle load capacity and axle weights.
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6.3 Results

In the following, we compare the results of our hybrid algorithm with instances
from the literature. Moreover, we show the impact of the consideration of the
Axle Weight Constraint on the objective values. Following the general con-
vention of vehicle routing heuristics, for all instances, the minimization of the
number of vehicles has the highest priority in our objective function and min-
imizing the total travel distance is of secondary importance. The consequence
is that a smaller number of vehicles leads to more items per vehicle and thus,
higher loads are applied to the axles. Consequently, solving the instances be-
comes more difficult.

6.3.1 Results for the Pollaris et al. (2016) Instances

In Pollaris et al. (2016), the 2L-CVRP with the Axle Weight Constraint is in-
vestigated. The pallets are alternately packed in two rows. Pollaris et al. (2016)
use CPLEX for solving the problem with a time limit of 2 hours, within which
not all instances could be solved. For the instances without a solution, our cor-
responding results are excluded from the difference calculation to enable fair
comparison. The detailed results are in the Appendix (Tables 11-14). Table 8
shows the summed results for each network and each class.

Class n | Without Axle Weight Constraint With Axle Weight Constraint Deviation due to
ALNS / DBLF Pollaris et al. (2016) | ALNS / DBLF diff. (%) Axle Weight (%]
Vused ttd  nviol.  time | vyeed ttd | vysea ttd  time  wvyseq  ttd | Vysed ttd time
1
10 24 342.42 10 110 40 354.30 26 356.01 73 -35.00 048 | 833 397  -33.61
15 35 469.51 43 269 42 366.30 40 503.79 365  -28.57 203 | 1429 730 3545
20 38 489.37 49 646 30 216.00 44 535.08 536 -43.33 844 | 1579 934 -16.96
25 54 674.63 68 990 63 750.44 1,502 16.67 1124 5175
151 1,975.94 1702015 112 936.60 173 214533 2476 -34.82 292 | 1457 857 __ 22.00
2
10 32 396.98 25 92 10 418.90 37 417.98 84  -7.50 -0.22 | 1563 529  -8.49
15 42 431.63 36 263 42 394.80 46 467.63 312 -476 284 | 952 834  18.64
20 68 773.29 67 473 50 485.40 80 873.12 825 0.00 942 | 17.65 1291  74.30
25 87 938.02 86 1477 98 105214 1,430 1264 1217  -3.15
229 2,539.93 214 2304 | 132 1209.10 | 261 281088 2651  -3.79 431 | 1397 1067 _ 15.03
3
10 24 330.16 0 81 40 333.10 24 330.16 23 -40.00 -0.88 | 0.00 0.0 -71.99
15 33 437.97 3 271 56 441.00 33 438.68 82 -41.07 -0.53 | 0.00  0.16  -69.60
20 16 554.87 4 517 70 488.00 47 557.32 188 -4143 048 | 217 044  -63.66
25 57 654.29 18 1,090 57 660.28 485 0.00 091  -55.53
160 1,077.29 25 1959 166 1,262.10 161 1,086.44 778 40.96_ 023 | 063 0.46__ -60.31
4
10 34 410.39 14 138 40 413.70 36 422.09 41 -10.00 2,03 | 588 285  -70.19
15 19 594.58 13 262 56 610.40 50 604.79 125 -10.71 -0.92 | 204 172 -5241
20 66 721.42 14 503 60 593.50 65 726.36 192 -11.67 -1.66 | -1.52  0.69 -61.86
25 86 875.39 39 1,046 89 903.68 441 349 323 -57.85
235 2,601.78 80 1,948 | 156 1,617.60 | 240 2,656.92 798 -10.00 -0.44 | 213 212 -50.03
total 775  9,004.94 489 8,227 | 566 5,115.40 | 835 9,599.56 6,703 -22.79 1.43 | 7.74 5.55 -18.52

Table 8 Summarized Results for Pollaris et al. (2016) Instance Set

The objective values are given in columns v,seq (number of used vehicles) and
ttd (total travel distance). The runtime in seconds is displayed in column time.
The column n viol. shows the number of customers causing an overload of the
front or the rear axle. For the benchmark comparison, the results received by
Pollaris et al. (2016) when obeying the Axle Weight Constraint are used. The
relative differences between the benchmark results and the results received by
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our hybrid algorithm including the Axle Weight Constraint are calculated in
the 12th and 13th columns. Moreover, we compare the results obtained by
our hybrid solution approach with and without the Axle Weight Constraint.
The relative deviation of the objective values and of the runtime due to the
additional Axle Weight Constraint is presented in the latter three columns.
The disregard of the axle weights leads to overloaded trucks in nearly every
instance. Therefore, it is necessary to consider the Axle Weight Constraint. On
average, the number of used vehicles increases by 7.74% and the total travel
distance by 5.55%. The instances of class 2 are the most difficult to solve
since the customers demand a large number of heavy pallets. Therefore, the
consideration of the Axle Weight Constraint leads to an average increase of
13.97% of used vehicles and of 10.67% of the total travel distance. In addition,
the runtime increases by 15.03% on average. The easiest class to solve is class
3. For these instances, the Axle Weight Constraint influences the results in a
minor way, so that both objective values increase by less than one percent on
average. However, the runtime declines rapidly by an average of 60%. The load
on the axles can be calculated relatively quickly, so that infeasible positions
for items are detected faster and the ALNS can terminate earlier.

The impact of the variation of the number of items on the objective values can
be evaluated by comparing the results of classes 1 with 2 and of classes 3 with
4. A high variation leads to an increase of the objective values by around 2%.
In addition, the runtime increases by on average of about 18%. The impact
of heavy pallets on the objective values can be examined by comparing the
classes 1 with 3 and classes 2 with 4. Approximately 13% more vehicles are
needed and the total travel distance enlarges by around 8%. The runtime
declines significantly by around 60%. Thus, the mass of items influences the
Axle Weight Constraint more than the demand variation and has therefore a
higher impact on the objective values.

In comparison to the results received by Pollaris et al. (2016), the number
of used vehicles mostly decreases significantly and independently of the class
(on average by -22.79%), while the total travel distance increases slightly (on
average by 1.43%). For some instances, a reduction of both, the number of
used vehicles and of the total travel distance, is achieved.

For instances with 25 customers, the approach of Pollaris et al. (2016) reaches
its limits since no solution can be found within the 2 hours time limit. More-
over, two instances were not tested: For the instance with 15 customers, class
2, no. 2, we assume an error in the data, because several distances between
customers are stated as zero in the distance matrix. The demanded mass per
customer is not given in the instance with 20 customers, class 1, no. 2.

6.3.2 Results for the Pollaris et al. (2017) Instances

In Pollaris et al. (2017), the 2L-CVRP is solved by means of an Iterated Local
Search approach with Sequence-Based Pallet Loading. In Table 9, the best
results received by Pollaris et al. (2017) including the Axle Weight Constraints
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are compared with the results obtained by our hybrid algorithm. The detailed
results are in the Appendix (Tables 15-17).

Class n | Without Axle Weight Constraint With Axle Weight Constraint Deviation due to
ALNS / DBLF Pollaris et al. (2017) | ALNS / DBLF diff. [%)] Axle Weight [%)]
Vused ttd__n viol. time | vusea ttd | vusea ttd time  viged U | vea  Ud___time
1
50 109 1,185.04 184 7,307 200 1,215.40 124 1,325.22 14,075 9.04 13.76  11.83 92.61
75 157 1,643.92 393 22,084 296 1,684.70 184 1,849.1. 28,800 9.76 17.20 1249 30.41
100 211 2,156.07 575 28,800 400 2,237.80 251 28,800 13.18 18.96 17.47 0.00
477 4,985.03 1152 58,192 896 5,137.90 559 71,675 11.08 17.19 14.48 23.17
2
50 151 1,478.26 252 7,535 | 200 1,513.00 | 176 1,695.14 11,320 -12.00 1204 | 16.56 14.67  50.36
75 231 2,332.85 457 23,414 296 2,387.50 268 2,660.31 27,720 -9.46 11.43 16.02  14.04 18.39
100 309 2,951.03 630 28,800 400 3,002.20 362 3,450.69 28,800 -9.50 14.94 17.15 16.93 0.00
691 6,762.14 1339 59,749 896 6,902.70 806 7,806.14 67,850 -10.04 13.09 16.64 15.44 13.56
3
50 109 1,172.11 40 6,945 | 200 1,176.00 | 109 1,174.46 3495 4550 -0.13 | 0.00 020 -49.68
7 160 1,663.91 155 23,846 | 206 1,677.90 | 160 167058 13930  -45.95 -044 | 0.00  0.40 -41.58
100 213 2,101.50 278 28,800 400 2,137.40 214 2,109.16 27,458 -46.50 -1.32 0.47 0.36 -4.66
482 4,937.52 473 59,591 896 4,991.30 483 4,954.20 44,883 -46.09 -0.74 0.21 0.34  -24.68
4
50 160 1,614.25 176 6,860 | 200 1,649.30 | 166 1,655.80 4851  -17.00 039 | 3.75 257 -20.29
75 247 2,426.34 288 24,536 296 2,457.40 252 2,482.09 18,625 -14.86 1.00 2.02 230 -24.09
100 312 3,084.21 414 28,800 400 3,143.60 318 3,157.82 28,800 -20.50 0.45 1.92 2.39 0.00
719 7,124.80 878 60,196 896 7,250.30 736 7,295.72 52,276 -17.86 0.63 2.36 2.40 -13.16
total 2369 23,809.48 3842 237,728 3584 24,282.20 2584 25,763.09 236,684 -27.90 6.10 9.08 8.21 -0.44

Table 9 Summarized Results for Pollaris et al. (2017) Instance Set

The number of available vehicles is not exceeded for any instance. For most
instances, at least one customer leads to overloaded axles when disregarding
the Axle Weight Constraint. Concerning the impact of the classes on the ob-
jective values when including the Axle Weight Constraint, findings similar to
those above made for Pollaris et al. (2016) can be drawn. When considering
the Axle Weight Constraint, the number of used vehicles increases on average
by 9.08% and the total travel distance by 8.21%. On average, the runtime does
not change significantly. For classes 1 to 3, the tendency is that the higher the
number of customers, the more vehicles are needed and the longer the total
travel distance. In comparison to the results received by Pollaris et al. (2017),
the average number of used vehicles can be reduced by nearly 28%. However,
the total travel distance increases by an average of 6%.

6.3.3 Results for the Gendreau et al. (2006) Instances

In Table 10, the results for the tested 3L-CVRP instances developed by Gen-
dreau et al. (2006) are shown. Since this paper considers the Axle Weight
Constraint for the first time in the 3L-CVRP, the comparison with the bench-
mark is based on the results without including this constraint.

The number of available vehicles is not exceeded for any instance. Regarding
the number of customers causing an overload on either the front or the rear
axle (column n viol.), then in 26 of 27 instances (96%), at least one of the axles
is overloaded if the constraint is not included in the model. When considering
the Axle Weight Constraint, the number of used vehicles remains the same for
most instances (21 of 27), while the total travel distance rises for nearly every
instance (25 of 27). Both objective values increase on average only slightly
(around 2%). The runtime decreases or remains equal for most instances (22
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of 27). On average, the runtime declines by 6.84%. For the comparison of the
results without the Axle Weight Constraint, the results by Fuellerer et al.
(2010) are used since their average total travel distance is the best in the
literature. In this case, the number of used vehicles decreases by on average
7.17% while the total travel distance increases by on average 13.39%. The total
travel distance rises for almost every instance.

7 Conclusion

In this paper, we introduced two approaches based on the Science of Statics
for the consideration of axle weights of trucks with and without trailers. We
showed with an example the necessity of checking the Axle Weight Constraint
after each item placement. Computational experiments based on instances
from the literature demonstrated that without the consideration of the Axle
Weight Constraint, in almost every tour at least one customer would lead to
an overload of the axles. In case of the 2L-CVRP results, when considering
the Axle Weight Constraint, the number of used vehicles increased on aver-
age by 8.75% and the total travel distance by on average 7.47%. However,
the runtime is reduced by on average 1%. The examination of the 2L-CVRP
instances showed that the number of customers and the total travel distance
increase significantly when the customers demand heavy pallets. When taking
the Axle Weight Constraint into account for the 3L-CVRP, the deterioration
of the objective values is small (approx. 2%). There are also positive effects
on the runtime leading to a decrease of on average 6.84%. With regard to
the negative consequences of an overloaded axle (increased road surface ero-
sion and extended braking distance), the mostly small decline of the objective
values, the shorter runtime and the easy implementation, we recommend the
consideration of axle weights in future approaches for the Container Loading

Class n | Without Axle Weight Constraint With Axle Weight C. Deviation due to

Fuellerer et al. (2010) | ALNS / DBLF diff. [%) n ALNS / DBLF Axle Weight (%]

Vysed ttd | vyeed ttd  Vysed ttd  viol. time | vyeed time | vyecd ttd time
1 5 1 297.65 1 30202 0.00 147 2 3801 1 1462 | 000 609 -61.57
2 15 5 334.96 5 33496 0.00  0.00 2 1.51 5 213 | 000 046 4145
3 20 4 362.27 4 40076 0.00  10.63 6 57.68 1 48.85 | 0.00 729 -15.30
4 20 6 430.89 6 44068 0.00 227 6 7.97 6 7.65 | 000 494 404
5 21 6 406.50 5 43741 -16.67  7.60 6 94.23 6 37.24 | 2000 382 -60.48
6 21 6 495.85 6 49832 0.00 050 6 15.18 6 846 | 000 287 -44.28
7 22 6 732.52 5 -16.67  6.49 4 140.17 5 781.42 167.33 | 0.00 018 1938
8 22 6 735.14 6 0.00  14.99 0 154.51 6 845.34 105.95 | 0.00 0.00 -31.43
9 25 8 630.13 8 0.00  4.49 6 25.79 8 706.33 2475 | 000 728  -4.05
10 29 8 71145 7 41250 16.44 1 349.52 7 844.54 35110 | 0.00 194 045
11 29 8 718.25 7 34 -12.50  8.23 1 836.43 7 818.54 250.22 | 0.00 530 -70.08
12 30 9 612.63 9 619.38 000 110 13 40.93 9 646.71 4036 | 0.00 441  -1.40
13 32 8 2,391.77 7 2,721.25 -12.50  13.78 6 612.51 7 2,737.69 31567 | 0.00 0.60 -48.46
14 32 9 1,222.17 7 141970 2222 16.16 1 939.70 8 1,449.88 572.65 | 1420 213 -39.06
15 32 9 1,182.86 7 1,366.39 -2222  15.52 2 810.96 7 1,383.12 0.00 122 -41.67
16 35 11 698.61 11 708.65  0.00 144 9 24.59 11 719.24 000 149 2626
17 40 14 862.18 14 866.40  0.00 049 21 39.26 14 887.34 0.00 242 -11.19
18 44 11 1,112.18 10 -9.09  10.40 2 1,895.53 10 1,258.17 E 0.00 247 1940
19 50 12 671.60 10 -16.67  12.19 3 2,419.47 11 784.93 1,696.30 | 10.00 4.18 -29.89
20 71 18 515.39 15 -16.67 1542 2 3,600.00 16 592.47 3,600.00 | 6.67 -040  0.00
21 75 17 951.87 16 588 18.44 1 3,600.00 16 1,137.66 3,600.00 | 0.00 091  0.00
22 75 18 1,030.12 16 S1L11 1540 2 3,600.00 17 1,208.05 3,600.00 | 625 1.62  0.00
23 75 17 16 588 19.28 s 3,600.00 16 1,165.79 3,600.00 | 0.00 065  0.00
24 75 16 1,057 16 000 1004 18 2,980.04 16 1,239.87 2,530.06 | 0.00 656 -15.10
25 100 22 1,20 21 <455 28.40 2 3,600.00 21 1,592.22 3,600.00 | 0.00 265  0.00
26 100 26 1,453.3¢ 24 769 19.36 1 3,600.00 25 1,797.88 3,600.00 | 417 3.64  0.00
27 100 23 1,333.16 23 0.00 2920 10 3,600.00 23 1,734.40 3,600.00 | 0.00 0.69  0.00
total 307 23,129.05 | 285 26,227.84 -7.17 13.30 141 36,684.02 | 291 26,847.76 34,175.59 | 2.11 2.36 -6.84

Table 10 Results for Gendreau et al. (2006) Instances
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Problems. For future work, we plan to integrate the Axle Weight Constraint
directly in the packing algorithm to improve the selection process for the items’
positions. In addition, items with high densities will be considered.
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Table 11 Pollaris et al. (2016) Instances with 10 customers
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Table 12 Pollaris et al. (2016) Instances with 15 customers
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Table 13 Pollaris et al. (2016) Instances with 20 customers
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Table 14 Pollaris et al. (2016) Instances with 25 customers
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Table 15 Pollaris et al. (2017) Instances with 50 customers
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Table 17 Pollaris et al. (2017) Instances with 100 customers
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