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ABSTRACT:

This article addresses the problem of delivering
products that are handled in baskets or returnable
transport items that needs to be picked up and
returned to the distribution center. We propose an
optimization strategy based on the Open Traveling
Salesman Problem methodology, that has not been
applied to similar problems, and we show an
application to a real case where we obtained savings
of 22.16% in the total distance traveled.
Keywords: Open TSP, Vehicle Routing Problem,
Backhauls, Returnable Transport Items

RESUMEN:

Este articulo aborda el problema de entregar
productos que se manejan en cestas o articulos de
transporte retornables que deben recogerse y
devolverse al centro de distribucién. Proponemos una
estrategia de optimizacion basada en la metodologia
del Problema de vendedor ambulante de calle, que no
se ha aplicado a problemas similares, y mostramos
una aplicacién a un caso real donde obtuvimos
ahorros de 22.16% en la distancia total recorrida.
Palabras clave: TSP abierto, problema de
enrutamiento de vehiculos, backhauls, articulos de
transporte retornables

1. Introduction

The problem of routing vehicles with pickups and deliveries (linehaul-backhaul) has been
defined as a capacitated Vehicle routing problem (VRP) in which delivery points and
collection points are involved, implying a backhaul process (Vehicle routing problem
backhaul or VRPB), and this problem has a critical assumption which states that all deliveries
must be made on each route before any collection can be made (Blecha and Goetschalckx,
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1993; Ferdinand, Kim, Lee & Ko, 2012). This assumption is motivated by the fact that in
many practical applications the delivery service has a higher priority (Thoth and Vigo, 1997).
The problem being considered is to design a set of routes, one for each available vehicle, so
that each client is visited exactly once and the sum of the costs of the route is minimized
(Mingozzi et al., 1999).

In the VRPB solution, several heuristic algorithms have been presented in Deif and Bodin
(1988), Blecha and Goetschalckx (1993), Potvin et al., (1996), Thangiah et al., (1996), Anily
(1996), Yano et al., (1997), Tavakkoli et al., (2006), among others. Also, it can be resolved
as a traditional VRP by assigning first and routing later, which operates in two phases (Toth
and Vigo, 2002), where the first phase seeks to generate groups of customers who will be
on the same route and then, in the second phase, for each group a route is created. In the
first phase, it can be used the Savings Method, a simple and practical heuristic used in many
articles (e.g., Park & Yoon, 2012). The capacity constraints are considered in the first stage,
ensuring that the total demand of each group does not exceed the capacity of the vehicle,
and then, for each group the route is built, solving in each case a TSP-type problem
(Traveling Salesman Problem) with backhaul (TSPB).

The TSPB can be considered as a special case of the VRPB, in which the capacity of the
vehicle is greater than the maximum value of the total demand to be delivered or the total
amount to be picked up, and only a single vehicle is available (Toth and Vigo, 2002; Sural et
al., 2010). In addition, it can be treated as a special case of the Clustered Traveling
Salesman Problem CTSP (Gendreau et al., 1996). Mladenovi¢ and Hansen indicate that in the
TSPB, customers (or cities) are divided into three disjoint sets: deposit, linehaul customers
“L" and backhaul clients “"B” and that a route that starts in the deposit must be designed
such that all linehaul clients are visited contiguously before all backhaul clients (Siral et al.,
2010). For the TSPB, a specific mathematical formulation has not been presented, and the
proposed solutions correspond to heuristics. In Aramgiatisiris (2004), a solution proposal to
the TSPB is presented by means of decomposition algorithms.

In this article, a special case of VRPB is considered. This consists of a set of clients that
receive products which are handled by means of returnable transport items or RTIs (e.g.,
plastic baskets, containers) (Yu, Wang & Ha, 2013). The RTIs are used to favor the
conservation of products during the delivery process and also during the first internal
handling at the client location. The last reason, combined with the fact that deliveries have a
high priority, is why RTIs are left at the client location and picked up later. After a
distribution process is totally done, the collection of RTIs can start with the same vehicle the
same day, and this is so because RTIs must be available for using them in deliveries in the
next period.

For the solution of the aforementioned problem, the two-phase heuristic which implies
cluster-first and route-second is used. In the first phase, the clustering of clients is done
through the Generalized Assignment method, and in the second phase, the TSPB was first
solved by an adaptation of the formulation of the TSP done by Miller, Tucker and Zemlin as
proposed in (Miller et al., 1960). Due to this solution strategy, the total number of nodes
representing clients doubled (i.e., each client is at the same time a linehaul and a backhaul
node), and the solution to this problem, with this modeling strategy, was only possible for
very small instances. The solution to this situation was then focused on the consideration of
TSPB as an Open Traveling Salesman Problem OTSP, which generates a route that is
traversed twice, once, to make the deliveries and again, to make the pickups. The traditional
OTSP determines the route that a vehicle must take from the deposit and visit once the total
number of customers assigned to a route, traveling the minimum distance possible, without
the need to return to the central warehouse or deposit. In the present article, we show that
taking the OTSP solution, starting from the last visited client in the delivery process, we can
start the RTIs pickup process, visiting each client again and going to the deposit using the
same route obtained from the initial OTSP but in a backward strategy. We have called this
version DOTSP, because of the double visit to the clients by the same OTSP route, with
combined forward and backward schemes, and to the best of our knowledge, it has not been
used to solve the routing problem with backhaul considerations. In Cickova et al., (2013)
and Faragoé et al., (2015), the traditional OTSP was used where it is not required to return to



the deposit after visiting the last client.

1.1. Problem statement

The problem faced in this paper is associated with the existence of a supplier that supplies a
single product to multiple distributors, which are located geographically dispersed. The
demand for the products responds to a replenishment policy established by the distributor,
who places an order to the supplier, and therefore, the quantities to be delivered to the
distributors are considered known. It is assumed that the supplier has sufficient capacity to
meet the demands of the distributors, so, in this case, pending orders are not considered.
For the distribution of products, the supplier has a homogeneous fleet of vehicles of limited
capacity, and given the conditions for the handling of products, they are transported through
RTIs, which belong to the supplier and are not part of the product that is being delivered.
Considering also the availability of RTIs in the supplier, these handling devices must be
collected and returned to the supplier on the same day of delivery. This problem has been
inspired in the case of the food sector, where the supplier is a manufacturer that must apply
all the rules related to good practices for the handling and distribution of their products. In
particular, it should avoid cross-contamination as much as possible, so that the product does
not have any contact with external elements of any kind that may be considered as polluting
agents. Therefore, both the returns and the used RTIs cannot be collected until the transport
vehicle is completely empty, that is, after all deliveries have been done. Considering this
situation, the supplier must program the vehicles to make all deliveries to distributors and
then schedule the collection of RTIs considering the capacity restrictions of the vehicles, as
well as the fact that a customer must be assigned to exactly one vehicle, seeking to
minimize the total cost associated with the total distance traveled.

The problem already mentioned is considered as the problem of vehicle route design with
pickups and deliveries (VRPB), which has been defined as a non-directed graph G = (V, A)
such thatV = {0} UL U B, where L = {1, ..., n} is the set of n linehaul clients to which a
delivery must be made, B = {n+1, ..., n+m} are the m backhaul clients to which a pickup
process must be made, the vertex 0 corresponds to the deposit, and A = {(i,j) :i,je V, i #

j}. In this problem, the linehaul clients and the backhaul clients are the same and therefore
n = m. A non-negative cost dij is associated with each arc (i, j) € A, and a non-negative qi is

associated with the demand of each client. A fleet of M vehicles of Q capacity is available in
the warehouse that must be programmed to deliver and pick up.

The total cost of the route corresponds to the total sum of the arcs that form it. Figure 1
shows an example of the problem enunciated with a feasible solution addressed from the
DOTSP.

Figure 1
An example of a solution to VRPB from the DOTSP
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2. Methodology

In this section we present a modeling proposal inspired by the well-known work done by
Fisher and Jaikumar (1981), the Generalized Assignment method for VRP. The difference
between the method proposed here and that of Fisher and Jaikumar consists of the presence
of backhaul clients, which must be programmed once all the deliveries have been made,
which makes it necessary to modify the way in which the sequence of visits must be
performed. The proposed algorithm is designed in three phases: (1) determination of
insertion costs, (2) assignment of clients to routes, and (3) determination of the sequence.
In the phase of determination of insertion costs, seed points are established and represent
the center of a trip made by each vehicle, which are obtained by dividing the total load to be
shipped over the number of vehicles available to obtain a seed load Lseed. After that, by
means of a sweep, it obtains cones with an assigned Lseed, locating the seed point s in the
middle of the cone at a distance equal to the farthest client from the supplier within the cone
with partial or total load.

The insertion cost Cik is assumed as the extra distance that would be traveled if the client is
inserted into a trip from the supplier to the seed point and returns. This cost is given by Cik
= dOi + dis — dOs, where dOi represents the distance from the supplier to the client i, dis the
distance from the client i to the seed point s and dOs the distance from the supplier to the
seed point s. In phase two, for the assignment of clients to routes, a knapsack problem [0,
1] is solved, in such a way that the total cost of insertion is minimized. This problem is
formulated as a mathematical programming model and requires the definition of the
following variables:

yi: Binary variable equal to 1 if the client i is assigned to the seed k, 0 otherwise
The integer programming model is formulated as follows:

Minimize the total insertion cost

Min 33 Cikyi (1)
Subject to:

dywk=1 i=[1,..,n] (2)

Yaiyx <b, k=1, ..., k] (3)

where ai represents the demand of client i and bk the capacity of vehicle k.

Equation (1) determines the objective function that minimizes the total cost of insertion, the
equations (2) guarantee that any client i is assigned to a route, and equations (3) guarantee
that capacity of the vehicle is not exceeded. In the third phase, the problem of determining
stops for each route is solved. This problem is considered as a TSP or traveling salesman
problem, but in this particular case, the problem is really a TSPB, considering backhauls. In
the following section, we present the formulation and strategy used to solve the TSPB.

2.1. The TSPB model

The TSPB model presented is a variant of the formulation used by Miller, Tucker and Zemlin
(1964), and we take this formulation and add the constraint that the visit to the backhaul



locations only take place once all linehaul distributors have been visited and the vehicles are
completely empty. The proposed formulation is presented below:

Decision variables

Xij: Binary variable that takes the value of 1 if the arc that goes from i to j is considered in the route, 0
otherwise

Ui: Integer variable that indicates the sequence of stops for each node in a route
Parameters
dij: distance between nodes i and j.

M: a very large number.

Objective Function

Min: Z Z d;jx;; (4)

iE(OULUB) jE(OULUB),i#j

Subject to:
k

Z xij=1VjeEL (5)
i€E(OUL)i®j
i€E(LUB i=j)
JE(LUB)i#j

Z x;=1Vi€EB (8)
JE(BUO)inj
Ui+1<U+M(1—x;)v(i,)eAiz=1,j=1 (9)
Ui+1<Uj+M(1—x;)v(i,j))€Ai=1j=N (10)
Xije[0o,1]lyUi = 0 (11)

Equation (4) states that the objective function minimizes the total cost of the route,
equations (5) to (8) impose arrival and departure restrictions on a single node in the
network, and constraints (9) and (10) seek to eliminate subtours for linehaul and backhaul
points of the network respectively. Finally, equations (11) delimit the integrality of the
variables.

3. Case study and results

This section presents the implementation of the model in a company of the food sector,
which manufactures and distributes bakery products. First the description and data of the
case study is presented, and the results are presented later.

Description and data
The supply chain consists of a warehouse and 90 customers located geographically dispersed



in the urban area where the company operates (see Figure 2). The bakery industry
distributes breads. These products are characterized by their low density. Due to the
particular characteristics of the product, it is transported in plastic baskets for protection
(RTIs). The dimensions of the baskets are 60x40x13 cm. Given that the company uses a
daily replenishment system based on the forecasts made by the marketing area, the
quantities to be replenished at each distribution point are known. The distribution is made
through a homogeneous fleet of five trucks with capacity of 312 baskets each. The
coordinates of all nodes in the network in terms of latitude and longitude and the demands
for a typical day are presented in Appendix A. The transportation cost is assumed to be
proportional to the total distance traveled. It is assumed that once the product is delivered,
the vehicle returns visiting all customers who were previously served, in order to recover the
RTIs (in this case, baskets) used to transport the product.

Figure 2
Geographical representation
of the deposit and customers
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3.1. Analysis and discussion

We apply the Generalized Assignment method to assign clients to each of the routes. The
results are presented in Table 1. The model proposed for the TSPB was implemented to
establish the sequence in which the clients will be visited both for the delivery of products
and for the collection of RTIs in each route. The model was programmed in the AMPL
language and was solved using the Gurobi solver. In this case, the model could only be
applied to routes 2, 3 and 4, and because of computational capacity the sequence in which
the clients are visited in routes 1 and 5 could not be performed. The sequence in which the
clients are visited and the total distance travelled are presented in Table 2. Figure 3, Figure
4 and Figure 5 show the graphical representation of these routes.



Table 1
Assignment of clients to route
by generalized assignment

Route Clients Demands

1 1,2, 3,14, 15, 16, 17, 21, 22, 24, 24, 30, 33, 34, 43, 45, 47, 48, 49, 295
50, 51, 64, 66, 67, 74, 79, 86, 90.

2 8,9, 26, 32, 53, 54, 63, 76, 77, 78, 85. 304
3 5,7,10,42,52,69, 71, 87, 88, 89. 304
4 6, 11, 12. 188
5 4,13, 18, 19, 20, 23, 27, 28, 29, 31, 35, 36, 37, 38, 39, 40, 41, 44, 46, 309
55, 56, 57, 58, 59, 60, 61, 62, 65, 68, 70, 72, 73, 75, 80, 81, 82, 83,
84.
Table 2

Sequence of visit and total distance travelled
for routes 2, 3 and 4 with TSPB

Route 2 Distance [Km.]
Linehaul clients 0-77-54-76-85-53-8-26-78-32-9-63- 48,6
Linehaul clients 63-9-32-78-8-53-85-76-26-54-77-0

Route 3 Distance [Km.]
Linehaul clients 0-71-52-69-87-42-7-88-5-10 48,4
Linehaul clients 10-5-88-7-42-87-69-52-71-0

Route 4 Distance [Km.]
Linehaul clients 0-11-12-6 32,2
Linehaul clients 6-12-11-0

Figure 3

Sequence of visit of the clients assigned to Route 2
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Figure 4
Sequence of visit of the clients assigned to Route 3
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Figure 5
Sequence of visits of customers assigned to Route 4
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For route 1 with 28 assigned clients and route 5 with 38 clients, the number of nodes to be
considered were 57 and 78 respectively, because of having to consider delivery and
collection processes in the same day. This amount of nodes made the solution of the TSPB
not possible. As a solution proposal, we applied a direct formulation of the OTSP for these
two routes, which establishes the shortest distance of a tour that starts from the deposit and
visits all the clients only once. In order to determine the return sequence, the same
sequence used for deliveries is used but in a reverse scheme, implying a DOTSP. Next, the
OTSP mathematical model is presented, where we add a new variable:

yi = Binary variable equal to 1 if client i is the last in the sequence, 0 otherwise

Min: Z Z dijxij (12)
[E(OULUB) Je(OULUB),i#J

xj=A-y)=1Vi€L (13)
JEL,J#1A (%]
qu=1Vj€L,j¢1 (14)
lELi#]
Ui—Uj+(N—1xy < (N—2) V(i) €A i £ 1, (5]

#+1

Zy,. -1 (16)
leL
yi €{0,1} (17)

Equation (12) states that the objective function minimizes the total cost of the route,
equations (13) impose exit restrictions on a single node in the network, except for the node
that will be the last one in the tour, the equations (14) impose restrictions on arrival at a
single node in the network, restrictions (15) are for elimination of subtours, equations (16)
ensure that there is a single final node and, finally, equations (17) establish the condition
that Xij and Yi are binary.

The model was formulated in the AMPL language and was solved by Gurobi. For routes 1 and



5, the results of the OTSP are shown in Table 3. The graphical representation of these routes
is presented in Figure 6 and Figure 7.
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Table 3
Sequence of visits and total distance
travelled for route 1 and 5 using OTSP

Route 1

0-74-25-79-17-33-66-47-43-21-90 -

86-15-64-34-67-30-51-49-50-22-48 -

24-45-14-16-3-1-2

Route 5

0-20-28-44-40-61-55-13-60-36-19 -

39-27-83-62-29-72-80-41-56-65-75-

37-46-68-35-23-59-57-73-38-18-4-

84-31-58-70-82-81-

Figure 6
Sequence of visits of linehaul
clients assigned to route 1
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The complete tour is obtained by making the backhaul sequence in an identical way to the
linehaul sequence, but in the opposite direction, and the length of the tour is obtained by
multiplying by two the distance obtained for each route in the OTSP. Thus, for route 1 the
distance traveled is 115 km, and for route 5 the distance traveled is 111.2 km. For
verification purposes, this sequencing process with the DOTSP strategy was replicated to
routes 2, 3 and 4, which had been resolved with the initial TSPB model. For these three

routes, the results achieved with both types of modeling strategies were identical in terms of
the total distance.

Figure 7
Sequence of visits of linehaul
clients assigned to route 5
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1. Benefits of integrating deliveries and RTI collection

As observed, the proposed model allows doing the process of product delivery and collection
of RTIs in the same program. These results were compared with those obtained by the
company where the RTI collection is not combined in the same route with the deliveries (or
after them) but facing them as independent processes. To make the comparison, it was
decided to take the five routes obtained through the Generalized Assignment procedure,

establishing the sequence of deliveries by solving a TSP for each route. The results are
presented in Table 4.

Table 4
Sequence of visits and total distance traveled
for routes 1,2,3,4, and 5 with TSP

ROUTE 1 Distance [Km.]

0-17-79-25-66-33-47-43-21-90-86-15-64-34 -

Linehaul clients 67-30-49-51-50-22-48-24-45-14-16-1-2-2-74- 70,9
0
ROUTE 2 Distance [Km.]
Linehaul clients 0-54-76-26-53-8-78-32-9-63-77-0 31,6
ROUTE 3 Distance [Km.]

Linehaul clients 0-69-42-89-87-52-71-5-10-88-7-0 32



ROUTE 4 Distance [Km.]
Linehaul clients 0-6-12-11-0 29,5
ROUTE 5 Distance [Km.]

18-73-38-4-81-82-70-58-31-84-56-65-75-40 -
Linehaul clients 61-55-13-19-60-36-41-80-72-29-39-27-83-62- 64,3
0

The total distance covered in the five routes in the delivery process is 228.3 km. Given that
the company does this process twice, when making the same routes for pickups, the total
distance traveled for delivery and collection is 456.6 km. This result was compared with the
result of the routes proposed in the DOTSP strategy, which is 355.4 km. This allows us to
calculate a savings of 101.2 km traveled for each occasion that all customers must be
visited. This represents a savings of 22.16%.

4. Conclusions

In this article we present a proposal to integrate the activities of product delivery with the

pick up of the returnable transport items (RTIs) traditionally used to handle products in the
distribution process, characterized by multiple clients which are served by a homogeneous

fleet of vehicles.

The proposed methodology was applied in a case study of a supply chain consisting of a
deposit and 90 customers. In this work, an assign-first and sequence-later strategy was
applied. The sequencing process offers a challenge when combining the delivery of products
with the collection of RTIs. This process was initially carried out as a TSPB or Traveling
Salesman Problem with Backhaul, but the computational time did not allow solving the
model efficiently. This situation was faced by using an adaptation of the Open TSP, called
Double OTSP, method that was able to solve the problem with satisfactory results. The
experience showed that the results of TSPB and the Double OTSP (DOTSP) in terms of
distances are identical, and therefore, the DOTSP allows to solve the TSPB.

Finally, the results in practice show that the decisions to integrate delivery with RTI's pick up
allow to obtain important savings in the total distance traveled. This problem can be
extended to a situation in which companies must comply with restrictions related to the
compliance of time windows.
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