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Abstract

Background: The Capacitated Vehicle Routing Problem (CVRP) is one of the most important transportation problems in logistics and supply chain management. The standard CVRP considers a fleet of vehicles with homogeneous capacity that depart from a warehouse, collect products from (or deliver products to) a set of customer locations (points) and return to the same warehouse. However, the operation of carrier companies and third-party transportation providers may follow a different network flow for collection and delivery. This may lead to non-optimal route planning through the use of the standard CVRP.

Objective: To propose a model for carrier companies to obtain optimal route planning.

Method: A Capacitated Vehicle Routing Problem for Carriers (CVRPfC) model is used to consider the distribution scenario where a fleet of vehicles depart from a vehicle storage depot, collect products from a set of customer points and deliver them to a specific warehouse before returning to the vehicle storage depot. Validation of the model’s functionality was performed with adapted CVRP test problems from the Vehicle Routing Problem LIBrary. Following this, an assessment of the model’s economic impact was performed and validated with data from a real carrier (real instance) with the previously described distribution scenario.

Results: The route planning obtained through the CVRPfC model accurately described the network flow of the real instance and significantly reduced its distribution costs.

Conclusion: The CVRPfC model can thus improve the competitiveness of the carriers by providing better fares to their customers, reducing their distribution costs in the process.
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Introduction

Transportation is an important part of logistic operations, which is aimed to deliver the goods required by a customer to the right place at the right time. According to Johnson & Schneider (1995:46), the licensed transportation industry started to grow continuously since 1975; transport deregulation was identified by Bienstock and Mentzer (1999:42) as a reason for this growth in the United States. On the other hand, the licensed transportation industry in Africa began to grow since the middle of the 1990s as a result of the increased competition caused by trade liberalisation and operational costs of trucking (Pedersen 2001:94).

Within this context, costs associated with transportation may represent a significant part of a product’s value. Hence, for many companies, physical distribution costs may represent more than 25% of a product’s sales value (Bienstock & Mentzer 1999:42). In 2014 it was reported by Havenga et al. (2016:9) that transportation cost in South Africa was approximately 57% (where the fuel cost represented 40% of the total road transportation cost) of total logistics costs. Hence, in some cases, outsourcing transportation services is an alternative for reducing a company’s distribution costs. This can be done by contracting an external transport provider or carrier (Sventekova 2007:II-18–II-20). According to Antoniolli et al. (2015:1), a company can save up to 60% of its transportation costs by contracting a carrier. In the Netherlands approximately 43% of transportation activities were outsourced to third-party companies in 2016 (Dutch Logistics Hotspots 2017:1). However, these savings depend on the costs of the carrier, which are closely associated with the efficiency of its route planning. Although the importance of carriers has been recognised, only a few distribution models can be applied to obtain optimal solutions for real problems.

In this regard, a distribution model for route planning, formulated as a Capacitated Vehicle Routing Problem for Carriers (CVRPfC), is proposed to address the distribution scenario of a real situation which has a sequence restriction associated with its delivery and vehicle-storing locations. The proposed model is outlined below through, (1) a literature review within the context of distribution models to highlight its relevance, (2) a formal definition and mathematical formulation used for implementation, (3) validation through adapting well-known routing test problems to evaluate its functionality, and (4) the assessment of the economic impact on the real problem.

Literature review

Currently, there are logistic tools such as Travel Demand Models (TDMs) to support the development of appropriate route plans. Within the TDMs, the Capacitated Vehicle Routing Problem (CVRP) algorithm is an important element. The CVRP is focused on modelling and designing routes that start and end at a single location, which is commonly identified as a warehouse or distribution centre. These routes must serve a finite set of customer locations for collection or delivery of goods. As these routes are served by vehicles of finite capacity, the demands or requirements of the customers to be served must not exceed the capacity of the assigned vehicle (Dantzig & Ramser 1959:81). Figure 1 presents the general structure of a distribution network modelled by the CVRP for company A that performs all delivery or collection tasks and stores its vehicles at warehouse.
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The CVRP has been studied and extended in the literature as a result of its importance for efficient physical delivery of goods and services. Included among the most significant extensions are the following: the Multi-Depot Capacitated Arc Routing Problem with Full Truckloads (Liu et al. 2010); the Multi-Depot Split Delivery VRP (Ray et al. 2014); the CVRP model with fuel consumption optimisation (Xiao et al. 2012); the VRP with Time Windows (Jabali et al. 2015; Savelsbergh 1985); and the three-dimensional loading Capacitated VRP (Junqueira & Morabito 2015). Also, because of its computational non-deterministic polynomial-time hardness (NP-hard complexity), diverse algorithms have been developed to solve the CVRP to near-optimality. A review of exact algorithms to solve the VRP under capacity and time window constraints is presented by Baldacci, Mingozzi and Roberti (2012). Other solution approaches such as the hybrid algorithm for the VRP with heterogeneous fleet – vehicles with various capacities (Subramanian et al. 2012) – and the algorithm for the cumulative CVRP (Lysgaard & Wøhlk 2014) have provided additional insights about solution approaches for the CVRP. An updated review of the CVRP and its solution approaches are presented by Braekers, Ramaekers and Van Nieuwenhuyse (2016).

However, most of the CVRP models reported in the literature consider a distribution network like the one presented in Figure 1, where the fleet of vehicles depart and return to a single location (i.e. a warehouse). If company A outsources the distribution task to an external company such as carrier B, the distribution routes may have a different configuration or sequence restrictions. In this case, if the route planning is not efficient, it will be reflected by higher transportation fares of company A.

Although the scenario where the carrier company does not return to the initial point is not addressed by the standard CVRP model, an extension known as the capacitated Open Vehicle Routing Problem (OVRP) addresses a similar distribution scenario (Repoussis et al. 2010; Sariklis & Powell 2000; Schrage 1981). In the OVPR, the vehicles are not required to return to the departure depot as is common for companies when outsourcing their distribution function. Not returning to the departure depot also occurs when the capacity of the fleet (which is owned by company A) is not sufficient to perform all the distribution tasks or when the maintenance of the fleet is too expensive (Liu, Jiang & Geng 2014; Tyasnurita, Özcan & John 2017).

The OVRP has been extended, leading to the following alternative formulations: the Multi-Depot OVRP (Lalla--Ruiz et al. 2016; Tarantilis & Kiranoudis 2002); the OVRP with Multi-Depot Vehicle Routing Problem and Mixed Closed and Open Inter-Depot Routes (Ramos, Gomes & Barbosa--Póvoa 2013); the OVRP with Heterogeneous Fixed Fleet (HFFOVRP) (Li, Leung & Tain 2012); the OVRP with Uncertainty in Demand (Cao, Lai & Yang 2014); and the OVRP with Cross-docking (Yu, Jewpanya & Redi 2016). In a similar way as the CVRP, the OVRP is also NP-hard; thus, the use of meta-heuristics has been proposed to solve it. However, there are exact methods to solve the OVRP (Barbosa et al. 2010).

As a result of the features of the OVRP, its routes consist of Hamiltonian paths (in graph theory, a Hamiltonian path is a path in an undirected or directed graph that visits each vertex exactly once) that originate at a specific location (e.g. depot or warehouse) and terminate at a different location (e.g. a customer location). In contrast, as presented in Figure 1, the routes of the CVRP consist of Hamiltonian cycles (Hamiltonian paths that are cycles) (Cao et al. 2014; Chen, Dong & Xiao 2016).

Although the OVRP can be used for carriers, not all carriers operate using the OVRP formulation. Therefore, additional models have been developed that provide for the particular features of these real carrier problems.

Problem definition

The problem discussed in this article can be outlined as follows: The carrier company (company B) is the vehicles’ owner and the vehicles are stored in the depot of vehicle storage (OB). When a collection service is requested by the contracting company (company A), the carrier’s fleet depart from OB, serve the customer locations and then arrive at the contracting company’s warehouse (DA) for delivery of all the collected goods. After the delivery is finished, all vehicles return to the carrier’s depot (OB).

A graphical representation of the distribution network is presented in Figure 2. As presented, three vehicles depart from the vehicle storage depot (OB) and each vehicle serves or visits each of its assigned supplier locations only once. All vehicles then arrive at the warehouse (DA) and finally they all return to OB. This leads to the carrier’s routes consisting of Hamiltonian cycles and the features of the OVRP do not completely fit the routing characteristics for this carrier. Hence, for this problem, an adaptation of the CVRP model, namely the CVRPfC, is proposed to address this distribution problem.



[image: JTSCM-12-345-F2.jpg]

Model formulation

The CVRPfC can be formulated as an integer programming (IP) model and an outline of this is given here. The IP formulation of the CVRPfC model considers that if the network consists of i = 1, …, N locations (nodes or points) and the vehicle storage depot of the carrier (OB) is located at i = 1 (first node), then the optimal routing must serve the customer locations i = 2, …, N – 1 to deliver all collected goods at i = N (last node), which represents the location of the warehouse of the contracting company (DA).

As input data, the IP formulation requires the following, (1) the quantity of vehicles to be used, (2) the vehicles’ capacity (in this case a homogeneous fleet is considered), (3) the costs or distances between all location points, and (4) the quantity to be collected at each location (with the exception of OB and DA).

In general terms, an IP formulation must consist of the following elements, (1) an objective function, (2) a set of constraints (restrictions), and (3) a set of decision variables (Winston 2005:2). For the CVRPfC model, these elements are the following:


	Objective function:
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	Subject to the following constraints:
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	Decision variables:
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where:

i = departure location or node

j = arrival node

k = the vehicle to be used (k ∈ K)

|K| = quantity of available vehicles

V = set of collection nodes

U= load of the vehicle

di = demand of the customer at node I

Cij = transport cost or distance from node i to node j

[image: JTSCM-12-345-I1.jpg] if vehicle k is assigned to traverse the arc or path from node i to node j ([image: JTSCM-12-345-I2.jpg] otherwise)

yij = 1 if the route from node i to node j exists (yij = 0 otherwise)

q = capacity of the vehicle k

O = vehicle storage depot OB

D = delivery node DA (warehouse)

CDO = transport cost or distance from DA to OB

KCDO = return transport cost or distance of all vehicles from DA to OB.

The objective function:

Eqn (1) is formulated such that it minimises the total distance or costs of all routes in the collection or delivery network, including the final route from DA to OB.

The constraints represent the following:

Eqn (2) and (3) ensure that each customer is visited or served only once by a vehicle

Eqn (4) ensures that all vehicles depart from OB

Eqn (5) ensures that all vehicles arrive at DA

Eqn (6) ensures that no vehicle can travel directly from OB to DA (although all vehicles must travel directly from DA to OB)

Eqn (7) ensures that no vehicle can travel from DA to other nodes or locations (however, all vehicles must arrive at DA before travelling to OB)

Eqn (8) and (9) ensure that the demands of the served locations do not exceed the assigned vehicle’s capacity

Eqn (10) and (11) indicate that the decision variables x, y are binary.

Model validation with adapted Capacitated Vehicle Routing Problem Test Problems

Sets of symmetric CVRP examples were adapted to validate the functionality of the CVRPfC model. The adaptation considered the last demand node as the location of OB. This requires that the demand of this node is set to zero.

The test problems were taken from the Vehicle Routing Problem LIBrary (VRPLIB). This is a compilation of test problems for examples of routing problems (sets of nodes, demands, capacities, etc.) which can be used for testing purposes. This database of test problems is described in Vigo (1999) and Networking and Emerging Optimisation (2012). Particularly, the sets P by Augerat et al. (1998) and E by Christofides, Mingozzi and Toth (1981) were considered. Table 1 presents an overview of these problems.
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Because Octave is a scientific programming language (Quarteroni, Saleri & Gervasio 2010:1) that allows one to obtain data from text files, creating algorithms and graphics, it was used in this paper. Firstly, it was used for the extraction of location data from the adapted CVRP examples and therefore to obtain the distances from node i to node j (Cij) before optimisation via the IP model. Once the results were obtained, they were visualised in different graphs.

Distances between all nodes were put into a distance matrix of size N × N while Cij was computed as follows:
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where ai and aj, and bi and bj are the xy-coordinates of nodes i and j, respectively.

With the data properly prepared, processed and in the correct format, the solution of the CVRPfC could be obtained by using the optimisation software, LINGO.

Figure 3 presents the solution obtained for 15 nodes, 3 vehicles and vehicle capacity of 90 units with the CVRP and CVRPfC models. This test problem consists of 16 nodes (14 collection nodes plus the locations OB and DA at nodes 1 and 16, respectively). As can be seen, with the CVRP model, only one route is used to serve node DA and it does not immediately serve node OB. In addition, the route does not end at node OB after node DA is served. In contrast, with the CVRPfC model, all routes arrive at node DA before ending at node OB.
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Figure 4 shows the routing solutions obtained with the CVRPfC model for all the adapted test problems. As presented, in all adapted cases, the routing scheme is consistent with the requirements of the carrier company as modelled by the CVRPfC.
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Model solution and assessment for the real problem

After validating the model CVRPfC and verifying its functionality, the next step is to obtain the solution for the real problem where company B provides collection and delivery services for company A. Although the transportation fees of company B are within the economic capabilities of company A, these depend on the distribution planning of company B. Figure 5 presents an overview of the collection and delivery locations including the warehouse (DA) and the vehicle storage depot (OB).
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At present, company B performs the distribution without any planning and all locations are served by four routes as shown in Figure 6. This situation has led company B to hire more employees and to pay more maintenance for vehicles, increasing its operational and wage costs.
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As a consequence, to afford the increase in operational costs, company B is considering to renegotiate and to increase the transportation fees for company A. However, this strategy is not recommended as company A is considering contracting another carrier company C that is offering transportation services with lower fees. For this reason, recommended strategy for company B would be to improve its operational performance and reduce costs instead of increasing its service fees by using the proposed CVRPfC model.

The first step to achieve this was to obtain the location and transportation data to determine the current status of the carrier in terms of costs. These data were also used with the CVRPfC model to optimise the routes. Tables 2 and 3 present the estimated distances between all locations and the quantities to be collected by the carrier from each location. To obtain a symmetric distance matrix, the availability of two-way routes was verified a priori.



[image: JTSCM-12-345-T2.jpg]



[image: JTSCM-12-345-T3.jpg]

The capacity of each vehicle (van type) is 1000 kg with the following characteristics: diesel consumption with a performance of 7.05 km/L at a cost of $15.69/L. Based on these data, the estimated consumption costs presented in Table 4 were determined for the current routing scheme.
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Having obtained all the required data for the real problem, the next step is to optimise the current routing scheme using the CVRPfC model. The optimised routing scheme as determined by the CVRPfC model is presented in Figure 7.
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As presented in Figure 7, only two routes are required to serve all the collection locations for company A. This results in a reduction of 50% in the quantity of service routes with an associated reduction of the operational and wage costs for the carrier company B. Table 5 presents the updated estimated consumption costs associated with the optimised routing scheme. As presented, a daily saving of $347.45 – $170.17 = $177.28 can be obtained with the optimised routing scheme. For an annual schedule of 6 days per week, and 52 weeks per year, annual savings of approximately $55 311.00 can be obtained. These results corroborate the functionality and suitability of the CVRPfC for the carrier.
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Conclusions and future work

In this article, CVRPfC was proposed to obtain a solution for distribution problems in the transportation industry. The CVRPfC model is different from the standard CVRP because it considers a carrier, or third-party, to provide transportation services. Hence, the distribution network considers a specific travelling restriction affecting formulation of the routing scheme, namely collection routes start at the carrier’s vehicle storage depot and end at the contracting company’s warehouse. However, upon arriving and delivering all collected goods at the warehouse, all vehicles must return to the carrier’s vehicle storage depot.

The CVRPfC was formulated as an IP model which was solved by means of the optimisation software package LINGO. To validate and assess its functionality and impact, the CVRPfC was tested on a number of adapted CVRP test problems and one real problem. In all cases, the solutions provided by the CVRPfC model were consistent with the requirements of the considered carrier’s distribution scheme.

In particular, for the real problem, the solution of the CVRPfC produced a routing scheme that can significantly reduce the transportation routes and associated operational costs. Savings in transportation costs can enable the carrier to offer a lower service fee to the contracting company and achieve a competitive advantage over other carriers.

Future work will be focused on extending the CVRPfC model with other restrictions and decision variables. Among these, the following can be suggested (Eroglu et al. 2014):


	heterogeneous fleet of carriers

	collection or deliveries during specific periods or time windows

	multicapacitated and heterogeneous fleet with multiproducts and split deliveries
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FIGURE 5: Collection, delivery and vehicle storage locations of the real problem.
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FIGURE 6: Current routes served by company B for the real problem: (a) Route 1, (b) Route 2, (c) Route 3, (d) Route 4.
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FIGURE 3: (a) Capacitated Vehicle Routing Problem (CVRP) and (b) Capacitated
Vehicle Routing Problem for Carriers (CVRPfC) — Routing planning with the
Capacitated Vehicle Routing Problem and Capacitated Vehicle Routing Problem
for Carriers models, for 15 nodes, 3 vehicles and vehicle capacity of 90 units
(test problem name E16-03m).
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FIGURE 7: Optimised routes served by company B as determined by the Capacitated Vehicle Routing Problem for Carriers model for the real problem: (a) Route 1 and (b) Route 2.
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FIGURE 1: Example of the Capacitated Vehicle Routing Problem with three routes
(served by three vehicles).
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FIGURE 2: Example of the Capacitated Vehicle Routing Problem for Carriers
with three routes, served by three vehicles of the carrier.
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TABLE 3: Collection data from all suppliers for the real problem (kilograms).

Variable 1 2 3 4 5 6

10

11

12

15

14

15

Kilogram(s) 120 110 112 118 278 133

178

145

58

87

71
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90

88

95
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TABLE 4: Current distance (kilometres) and fuel consumption per route for the real problem.

Routes Kilometres travelled by each vehicle Total
Vehicle 1 Vehicle 2 Vehicle 3 Vehicle 4 Vehicle 5 Vehicle 6

1 14.14 13.45 12.17 7.62 7.07 539 60.83
2 9.90 5.10 8.00 141 6.08 539 37.88
3 7.00 1.00 141 4.47 5.00 539 27.27
4 5.83 447 412 632 539 30.14
Kilometres of the routes 156.12
Consumption of diesel 2214
Cost ($) 347.45
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TABLE 1: Considered Capacitated Vehicle Routing Problem Test Problems for
adaptation.

Number Testproblem  Dimension Capacity Vehicles
name (nodes)
1 £016-03m 15 20 3
2 £016-05m 16 55 5
3 £021-04m 21 85 4
4 £021-06m 21 58 6
5 P-n16-k8 16 35 8
6 P-n19-k2 19 160 2
7 P-n20-k2 20 160 B
8 P-n21-k2 21 160 2
9 P-n22-k2 22 160 2
10 P-n23-k8 23 40 8
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TABLE 2: Distances between all locations for the real problem (C; data).

Locations O, 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 D,

0, 0.00 14.14 11.70 224 9.85 9.90 825 2.00 6.08 7.00 7.07 6.32 10.00 5.83 7.62 11.70 528
1 14.14 0.00 13.45 1237 7.81 11.40 15.62 1217 15.26 16.64 15.81 14.42 12.81 10.30 14.21 16.40 13.89
2 11.70 13.45 0.00 1217 15.81 18.25 19.10 11.18 17.26 18.44 18.25 17.12 19.10 14.04 18.03 22.00 16.12
3 2.24 12.37 12.17 0.00 7.62 7.81 7.00 1.00 5.10 6.32 6.08 5.00 8.06 3.61 6.08 10.20 4.00
4 9.85 7.81 15.81 7.62 0.00 3.61 8.06 8.06 8.25 9.49 8.54 7.28 5.00 4.12 6.71 8.60 7.07
5 9.90 11.40 18.25 7.81 3.61 0.00 5.10 8.60 6.08 7.00 6.00 5.10 141 4.47 4.00 5.00 5.39
6 8.25 15.62 19.10 7.00 8.06 5.10 0.00 8.00 2.24 2.24 141 2.00 4.00 5.83 141 3.61 3.00
7 2.00 1217 11.18 1.00 8.06 8.60 8.00 0.00 6.08 7.28 7.07 6.00 8.94 4.24 7.07 11.18 5.00
8 6.08 15.26 17.26 5.10 8.25 6.08 2.24 6.08 0.00 141 1.00 1.00 5.39 5.00 2.24 5.83 141
9 7.00 16.64 18.44 6.32 9.49 7.00 2.24 7.28 141 0.00 1.00 2.24 6.08 6.40 3.00 5.66 2.83
10 7.07 15.81 18.25 6.08 8.54 6.00 141 7.07 1.00 1.00 0.00 141 5.10 5.66 2.00 5.00 2.24
1 6.32 14.42 17.12 5.00 7.28 5.10 2.00 6.00 1.00 2.24 141 0.00 4.47 4.24 141 5.39 1.00
12 10.00 12.81 19.10 8.06 5.00 141 4.00 8.94 G139 6.08 5.10 4.47 0.00 5.10 3.16 3.61 5.00
13 5.83 10.30 14.04 3.61 4.12 4.47 5.83 4.24 5.00 6.40 5.66 4.24 5.10 0.00 4.47 8.06 3.61
14 7.62 14.21 18.03 6.08 6.71 4.00 141 7.07 2.24 3.00 2.00 141 3.16 4.47 0.00 4.12 2.24
15 11.70 16.40 22.00 10.20 8.60 5.00 3.61 11.18 5.83 5.66 5.00 5.39 3.61 8.06 4.12 0.00 6.32
D, 52 13.89 16.12 4.00 7.07 SiER) 3.00 5.00 141 2.83 2.24 1.00 5.00 3.61 2.24 6.32 0.00

D, = warehouse of company A; O,, vehicle storage depot of company B.
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TABLE 5: Optimised distance (kilometres) and fuel consumption per route for the real problem.

Routes Kilometres travelled by each vehicle Total
Vehiclel  Vehicle2  Vehicle3  Vehicle4  Vehicle5  Vehicle6  Vehicle7  Vehicle8  Vehicle9  Vehicle 10

1 11.70 13.45 7.81 361 141 361 361 3.00 539 - 53.58

2 2.00 1.00 3.61 447 2.00 1.00 141 1.00 1.00 539 22.88

Kilometres of the routes 76.46

Consumption of diesel 10.85

Cost ($) 170.17
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CVRPfC, Capacitated Vehicle Routing Problem for Carriers.
FIGURE 4 (Continue:

olutions of the Capacitated Vehicle Routing Problem for Carriers model on adapted Vehicle Routing Problem LIBrary test problems.
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FIGURE 4: Solutions of the Capacitated Vehicle Routing Problem for Carriers model on adapted Vehicle Routing Problem LIBrary test problems.
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