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Abstract

:

This paper presents a new combinatorial optimization problem, the inventory routing problem with priorities, and a fixed heterogeneous fleet. In this problem, a particular set of customers has to be served before the rest of the customers using vehicles with different capacities. The problem is inspired by the current situation faced by a specialized gas distribution company in the northeast region of Mexico. The company produces and distributes three main products, although this paper focuses only on the oxygen distribution problem. The company delivers oxygen to industrial customers, as well as hospitals and other medical facilities. Due to Mexican government regulations, the company requires prioritizing deliveries to hospitals and medical facilities over its industrial customers. Therefore, the company is obliged to satisfy the customers demand considering inventory levels and priority constraints while minimizing the inventory and routing cost. An integer programming model is proposed to solve the problem. The model minimizes the total distribution cost while considering inventory level, priority constraints, and a fixed fleet of vehicles with different capacities. Finally, computational experiments were carried out using benchmark instances to validate the correctness of the proposed model and to analyze the effect of priorities on the total distribution cost. Finally, actual customers of the company were selected to show the effectiveness of the proposed model to solve real-world problems.
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1. Introduction


According to Sakalli and Atabas [1], the efficiency of the production and distribution systems are of great concern for companies seeking to improve customer’s satisfaction and profitability. In addition, Bolanos et al. [2] mention that, among other activities, storage assignment, order scheduling, inventory management, and vehicle routing design are significant challenges when dealing with real-life situations. Additionally, Ref. [3] argues that real word problems are complex. Therefore, managers need to support their decisions through the use of different approaches and methodologies [1], net present value, payback period method, cost–benefit analysis, Monte Carlo simulation approach, probability tree method, dynamic programming method, and the shortest path method are among such methods [4].



Inventory and distribution management are two of the main activities for the supply chain and are said to account for more than 60% of the total logistics costs [5]. Making an optimal distribution plan will help to save on transportation costs [6]. The Inventory Routing Problem (IRP) is an extension of the VRP that involves routing and inventory decisions [7]. Applications of the IRP can be found in several industries like gas companies, petrochemical, clothing, auto parts, among many others [8].



In the inventory routing problem, customers have to be served over a discrete-time horizon by a fleet of capacitated vehicles starting and ending their routes at a depot [9]. Yu et al. [10] mention that the coordination of inventory and transportation decisions in multiple periods is the key to the optimization of the inventory routing problem (IRP). According to [11], there are three main decisions made by the IRP: (i) to determine when to serve a customer, (ii) how much to deliver, and (iii) the route to follow for delivery.



The present work proposes a new combinatorial optimization problem, the inventory routing problem with priorities, and fixed heterogeneous fleet. In this problem, a particular set of customers has to be served before the rest of the customers using vehicles with different capacities. The proposed problem addresses a real-world situation faced by a gas production and distribution company. The company that produces and distributes industrial and medicinal gases inspires this problem. Oxygen (and other gases) is produced and stored at the main facility of the company. Every customer has an on-site facility, where the oxygen is delivered and stored for use. The company defines a minimum inventory level for each customer and according to its consumption rate and designs distribution routes over a time horizon. According to Mexican law (NOM-027-SSA3-2013), oxygen delivered to hospitals and medical facilities has to attain higher quality levels than the oxygen delivered to other industrial facilities. Therefore, the company requires delivering oxygen to hospital and medical facilities before the clients with industrial applications. To our knowledge, this kind of priority has not been previously studied in the literature.



The objective of the problem is to design routes for delivering the product to customers in order to guarantee a minimum inventory level at the customer’s facility. The oxygen needs to be delivered to industries and hospitals, but, if the same route has to visit both types of customers, then hospitals have to be served first. Distribution is made using a fixed number of vehicles with different capacities. The main characteristic of the model presented here is to prioritize deliveries to hospitals and medical facilities while using a heterogeneous group of vehicles. From now on, we refer to this problem as the inventory routing problem with priorities and fixed heterogeneous fleet (IRPPHF). The main contribution of this work is to formulate a mathematical programming model that designs a set of distribution routes considering a time horizon, inventory levels, consumption rates, priorities, and a mixed fleet. As mentioned in [12], it is imperative to work with instances that simultaneously provide complicated and typical scenarios. This is why a study is made to analyze how solutions change when priorities are incorporated over a set of benchmark instances.



The remainder of this paper is organized as follows: first, a literature review is presented in Section 2, then, in Section 3, we describe the inventory routing problem with priorities and heterogeneous fleet (IRPPHF). The mathematical formulation is presented in Section 4, computational experiments results are discussed in Section 5, and a case study is presented in Section 6. Finally, conclusions and future work are presented in Section 7.




2. Literature Review


Through the years, many authors have worked with the IRP considering different characteristics as mentioned in the reviews presented by [9,13,14,15,16]; some of them focus on methodological aspects, industrial applications, stochastic nature of the problem or sustainable aspects, among others. Regardless of the type and characteristics of IRP, an optimal solution for real-life problems is so far unreachable due to the problem complexity, which is mainly related to the routing segment. Since the VRP is of type NP-hard, the IRP is also NP-hard because it always can be reduced to a VRP (not considering inventory) [17]. The NP-hard nature of the IRP makes it a very difficult problem to solve, and this is why many authors have implemented or developed heuristics ([10,18,19,20,21,22]). All of them use procedures or methods to solve large instances for different approaches of the problem—assuming deterministic demand, a homogeneous fleet, among others.



In some cases, it is essential to give special considerations to a group of customers due to a specific characteristic they have. For example, in [23], products need to be delivered considering the customer’s time windows and the freshness of the perishable products. The authors use a co-evolutionary algorithm to solve instances of the problem. In addition, the authors of [24] propose the vehicle routing problem with multiple hard prioritized time windows. In this problem, some customers have priority over others to receive their goods in the established time windows. Finally, prioritization has also been implemented for some critical items in humanitarian logistics [25].



In [5], customers are selected for deliveries according to its inventory level and demand. A maritime application to the IRP is presented in [26], where flexible solutions are obtained by incorporating soft constraints and using a heuristic approach. Wei et al. [27] addressed the cold-chain inventory routing problem that is an extension of the IRP. The cold chain distribution aims to optimize the distribution cost and time for perishable food.



This brief literature review shows the importance of special considerations over time windows, products, and customers. Although an extensive literature review was done and, to our knowledge, there is no previous paper studying the inventory routing problem that addresses priorities (as considered in this work) and the use of multiple vehicles with different capacities.



In Table 1, we show the characteristics of different inventory routing problems that have been studied by several authors. None of them have considered priorities in the same sense that have been considered in the new approach proposed in this paper.




3. Inventory Routing Problem with Priority


The problem addressed in this paper is about inventory routing problem with priorities. In the following, we explain with an example the main difference of the traditional IRP and the IRP with priority. Consider the following example: imagine a route with ten customers: five hospitals and five industries. In the traditional IRP, the priority is not relevant so the route will be designed in order to minimize the total cost and to satisfy the customers demand on time. Accordingly, industrial customers could be visited before hospitals. In the left solution of Figure 1, the route obtained for period one is D-4-10-9-D, where vertices 4 and 10 are industrial customers, and customer 9 is a hospital. Notice that customer nine is served last in the route because, in this case, priority is not relevant.



In the IRPP, solutions may be different. Consider the same instance with ten customers: five hospitals and five manufacturing companies. Here, priority is essential and means medical facilities have to be visited first. In the solution at the right of Figure 1, the route for period one is D-5-10-4-D. In this case, vertex 5 is a hospital and receives deliveries before customers 10 and 4 (industrial ones). It is essential to mention that all medical facilities have the same level of priority, and, therefore, there is no differentiation among them. The order in which a route visits two medical facilities depends on their level of inventory and the traveling costs. Routes that do not visit priority customers are allowed as is shown in the left image in Figure 1 (route in period 3).



As we mentioned before, due to the Mexican Law (NOM-027-SSA3-2013), companies have to design the routes considering first deliveries to hospitals, even if this increases the routing cost. When priorities are considered, it is possible to have more expensive routes, but this consideration is crucial to maintain the health of patients in hospitals. In this sense, it is possible to say that cost is less important than patients’ health.




4. Mathematical Formulation


The mathematical model presented in this paper is derived from the formulations presented in [9,40] formulations. Unlike the formulations mentioned before, the model in this paper incorporates the Miller–Tucker–Zemlin constraints [41], customers with priorities, and considers vehicles with different capacities.



Assumptions


	
The product is shipped from the depot (vertex 0) to a set of customers (  N   ′   ) over a time horizon (T), using a directed graph   G = ( V , A )   where   V =  N   ′   ∪ 0   is the set of vertices including the depot and the clients and   A = ( i , j ) | i ∈ V , j ∈ V , i ≠ j   the set of arcs.



	
Storage facilities at each customer   i ∈  N   ′     have a maximum capacity   U i   and minimum stock level   l  i   m i n   .



	
There is an inventory cost per unit in stock   h i   associated to every storage facility   i ∈  N   ′   ∪ 0  .



	
There is a cost   c  i j    associated with every arc   ( i , j ) ∈ A  



	
There is no distribution or product consumption at time   t = 0  .



	
There is a fixed set of vehicles K, each one with a given capacity   Q k   to supply the customers. Note that there are at least two vehicles   k 1 ∈ K   and   k 2 ∈ K  , with different capacities    Q  k 1   ≠  Q  k 2    .



	
The consumption rate    r  i t   > 0   associated with each customer   i ∈  N   ′     remains constant throughout the periods.






The problem can be formulated using the following variables:


   I  i t   =  the  quantity  in  stock  at  facility   i ∈  N   ′   ∪ 0   on  period   t ∈ T  ,  










   y  i j k  t  =      1 ,     if  arc   ( i , j ) ∈ A   is  used  by  vehicle  k  on  period   t ∈ T  ,       0 ,     otherwise .       










   z  i k  t  =      1 ,     if  customer   i ∈  N   ′     is  visited  by  vehicle  K  on  period   t ∈ T  ,       0 ,     otherwise ,       








and


   q  i k  t  = the  quantity  delivered  to  client   i ∈  N   ′     by  vehicle  K  on  period  t ∈ T  










   u  i j k t   = the  load  at  the  vehicle  after  visiting  client  i ∈  N   ′    on  period  t ∈ T  











Considering the previously defined assumptions and variables, the objective function of the model is defined as follows:


  min  ∑  t ∈ T    h 0  ·  I  0 t   +  ∑  i ∈ N    ∑  t ∈ T    h i  ·  I  i t   +  ∑  k ∈ K    ∑  i ∈ N    ∑  j ∈ N    ∑  t ∈ T    c  i j   ·  y  i j k  t   



(1)







The first term in the objective function (1) minimizes the inventory cost at the depot, and the second is the customer’s inventory during the time horizon. The third term at the objective functions computes the total routing cost during the time horizon. Additionally, the following constraints are required to complete the model:


   I  0 t   =  I  0 t − 1   +  r  0 t   −  ∑  k ∈ K    ∑  i ∈  N   ′      q  i k  t   ∀ t ∈ T : t > 0  



(2)







Constraint (2) controls the inventory level at the depot for every period   t ∈ T  . Note that   I  0 t    is equal to the inventory level at the depot in the previous period (  I  0 t − 1   ) plus the product available (  r  0 t   ) at the current period   t ∈ T  , minus the total product delivered to all customers (   ∑  i ∈  N   ′      q  i k  t   ) at the current period   t ∈ T   with the different type of trucks   k ∈ K  .



The balancing equation for the inventory level at every customer is represented with Constraint (3). Customer   i ∈  N   ′     inventory level at period   t ∈ T   is equal to its inventory level at the previous period (  I  i t − 1   ) minus the product consumption at the current period (  r  i t   ) plus the product delivered (  q  i k  t  ) to the customer   i ∈  N   ′     at the current period   t ∈ T   with vehicle   k ∈ K  :


   I  i t   =  I  i t − 1   −  r  i t   +  ∑  k ∈ K    q  i k  t   ∀ i ∈  N   ′    ∀ t ∈ T : t > 0  



(3)







In order to guarantee the correct operation of the tank, the inventory level at customer must be greater or equal to a minimum inventory level (  l  i   m i n   ) as expressed in Constraint (4):


   I  i t   ≥  l  i   m i n    ∀ i ∈  N   ′    ∀ t ∈ T  



(4)







Constraints (5)–(7) are related to the order-up-to level policy. Constraints (5) and (6) indicates that the quantity delivered to the customer (  q  i k  t  ) must be greater than or equal to the difference between the tank’s maximum capacity (  U i  ) and the inventory level at the previous period (  I  i t − 1   ), but only if the customer was visited (   z  i k  t  = 1  ) in period t with truck k. Constraint (7) requires the quantity delivered to the customer in period t (  q  i k  t  ) to be less or equal than the tank’s capacity (  U i  ) if the customer was visited (   z  i k  t  = 1  ):


   q  i k  t  ≥  U i   z  i k  t  −  I  i t − 1    ∀ i ∈  N   ′    ∀  t ∈ T : t > 0 , k ∈ K   



(5)






   q  i k  t  ≤  U i  −  I  i t − 1     ∀ i ∈  N   ′    ∀  t ∈ T : t > 0 , k ∈ K   



(6)






   q  i k  t  ≤  U i  ·  z  i k  t   ∀ i ∈  N   ′    ∀  t ∈ T : t > 0 , k ∈ K   



(7)







Constraint (8) guarantee that the vehicle capacity (  Q k  ) will not be exceeded:


   ∑  i ∈  N   ′      q  i k  t  ≤  Q k  ·  z  0 k  t   ∀  t ∈ T : t > 0 , k ∈ K   



(8)







The flow constraint (9) indicates that, if customer   i ∈ N   is visited by vehicle   k ∈ K   in period   t ∈ T  , the vehicle must leave the customer in the same period:


   ∑  j ∈ N : j ≠ i    y  i j k  t  +  ∑  j ∈ N : j ≠ i    y  j i k  t  = 2 ·  z  i k  t   ∀ i ∈ N ,  ∀  t ∈ T , k ∈ K   



(9)







In order to avoid the enumeration of an exponential number of the classic subtour elimination constraints, we modified and adapted the Miller–Tucker–Zemlin constraints [41] that indeed exclude subtours using extra variables   u  i j k  t   (10)–(12):


   u  0 i k  t  +  ∑  j ∈ V j ≠ i    u  j i k  t  −  ∑  j ∈  N   ′   j ≠ i    u  i j k  t  =  q  i k  t  ,  ∀  i ∈  N   ′   , k ∈ K , t ∈ T   



(10)






   u  i j k  t  ≥  q  j k  t  −  Q k   ( 1 −  x  i j k  t  )   ∀ i ∈ N , ∀  j ∈  N   ′   , k ∈ K , t ∈ T   



(11)






   u  i j k  t  ≤  Q k   x  i j k  t   ∀  i ∈ N , j ∈  N   ′   , k ∈ K , t ∈ T   



(12)







Constraint (13) allocates at the beginning of a route to those customers with priority deliveries (  P j  ):


   ∑  j ∈ N : i ≠ j    y  j i k  t  ·  P j  ≥  P j  ·  z  i k  t   ∀  i ∈  N   ′   , k ∈ K , t ∈ T : t > 0   



(13)







The non-negativity and integrity of variables are represented with Constraints (14)–(16):


   z  i k  t  ∈  { 0 , 1 }   ∀ i ∈ N ,  ∀ k ∈ K ,  ∀ t ∈ T  



(14)






   q  i t   ≥ 0  ∀ i ∈  N   ′   ,   ∀ t ∈ T  



(15)






   y  0 j k  t  ∈  { 0 , 1 }   ∀ j ∈  N   ′   ,  ∀ k ∈ K ,  ∀ t ∈ T  



(16)









5. Computational Experiments


A set of 120 instances was used to perform computational experiments. The instances were adapted from the ones proposed by [40], by considering a given percentage of the customers as customers with priorities and a percentage of truck capacity in order to create two different types of vehicles. The original instance set from [40] contains subsets of instances depending on the number of customers considered (5–50); each subset contains five instances. For the IRPPHF, each instance in the subsets between 5 and 30 customers was adapted; for this, four levels of customers with priorities were considered: 0%, 25%, 50%, and 75%. It is necessary to notice that considering 100% of customers with priorities is the same as 0% since all customers have the same priority. In addition, two types of vehicles were considered using 60% and 30% of the original vehicle capacity. A computer with an Intel i5 at 2.5 GHz and 8 GB was used to solve the proposed benchmark problems. The mathematical model was coded and solved using ILOG CPLEX Optimization Studio 12.8 (New York, NY, USA). Instances with up to 30 customers were solved using a moderate computational effort considering the complexity of the problem (537.11 s on average). Table 2 summarizes the obtained results for every subset of instances. Column n denotes the number of customers, column   G A P   the average percentage deviation between the lower bound, and the upper bound obtained by the solver, column   C P U   the time in seconds for solving the instance, column   Δ I C   the average percentage change on the inventory cost (  I C = D I C + C I C  ), column   Δ R C   the average percentage change on the routing cost, and column   Δ T C   the average percentage change on the total cost (  T C = D I C + C I C + R C )  .



Summary results in Table 2 show that the introduction of priorities increases the solution total cost. The increment is mostly due to the increase of the routing cost   R C   (  11.38 %   on average) while the inventory cost   I C   (Depot+Customers) remains practically without change (  0.01 %   in average). On average, the total cost   T C   increases by   5.90 %  . It is also clear that the routing cost   R C   increases with priorities as the size of the instance increases. The increase in routing costs is explained by the fact that more vehicles are required to serve customers, and vehicles travel longer distances to fulfill priority constraints. Finally, as it was expected, the   C P U   times increase as the size of the instance increases.



Table 3 presents the incremental cost by priorities for the different sets of instances. Additionally, Figure 2 and Figure 3 show the average increment percentage of the total cost for every set of instances and priorities. In Figure 2, the first graph on the left shows the incremental total cost for instances with five clients. This graph shows an irregular pattern different from the pattern presented in the other graphs in Figure 2 and Figure 3. The cost change on instances with five clients is importantly influenced by the location of the clients with priorities, which explains the different pattern. Notice that, for five client instances, one customer represents 25% of clients with priority, and 50% of clients with priority are two customers. In instances with more than five customers (Figure 2, middle and left, and Figure 3), the average percentage cost increment follows a pattern for the different levels of priority. When the percentage of customers with priority is 75%, the total cost increases when compared to the no priority case, but, it remains on average lower when compared to the case with 50% of clients with priority. Notice that having 75 % of clients with priorities means that almost all clients have the same preference, and solutions tend to be similar to those when no priorities are considered (100% of clients with priorities is equivalent to 0% of clients with priorities).



The complete results for all benchmark problems are presented in Table A1, Table A2, Table A3, Table A4, Table A5 and Table A6 in Appendix A.



The complete results show that, almost always, the total cost increases. For some instances with 5 and 10 customers, the cost remains the same. The cost remains the same when the customers with priorities are visited first (last) when no priorities are considered. For example, Figure 4 shows the obtained routes for an instance of 10 customers where the introduction of priorities did not increase the total cost   T I C  . In both cases, vehicles 2 and 3 do not leave the depot, and also, in period 3, no distribution is made. The routes in period 2   P = 2   are equivalent. When priorities are introduced, the clients with priority are visited first instead of last, which is the case when no priority clients are considered. The complete results also show that the routing cost increment depends importantly on the location of customers with priority, their consumption rates, and the number of vehicles used. If the customers with priority have a high consumption rate and are located far away from the depot, the routing cost will increase importantly. Figure 5 shows how routes change when priority clients are introduced. In this case, the introduction of priorities modifies importantly routes   P = 1   and   P = 2   with the vehicle   V e = 1  . For many of the test instances, the depot inventory costs   D I C   and customer inventory costs   C I C   increase or decrease when priority customers are introduced. However, it is important to notice that the total inventory cost   T I C = D I C + C I C   remains almost the same as mentioned before. In general, if   D I C   increases,   C I C   is reduced, and vice versa.




6. Case of Study


As mentioned previously, this problem is inspired by the situation faced by a company that produces and distributes oxygen. The company is located in the northeast region of Mexico and has two different types of vehicles: (i) a big truck with 22 tons of capcity and (ii) a mid-size one with a capacity of 11 tons approximately.



This company has a team of planners who are responsible for creating the distribution routes following specific rules. The primary rule is to visit the first hospitals and medical facilities to guarantee a minimum quality level of the product. The secondary rule is to maintain a minimum stock level at the customer tank. Every day, the team checks the oxygen inventory level at the customer’s facility, and, according to their consumption rate, they decide if the customer will be visited the next day or not. Once they have selected a group of customers, they look over their location. After that, the planner defines which type of vehicle (truck) should be used and designs the distribution routes considering the priority constraints.



This case of study considers an instance with 28 customers (7 hospitals and 21 industrial clients) distributed in the metropolitan area of the city of interest. Three trucks of different capacities (22, 22 and 11 tons) are available at the depot. In Figure 6, the location of customers is presented. Hospitals are colored in red, industrial customers in blue, and the depot is marked in black. It is important to notice that the location of the depot as well as the cost units have been modified due to confidentiality issues. The software used by the company is different from the one used here. Although the model is the same.



In the first period, the model suggests three routes, the first one (blue) only visits industrial customers, while routes two and three (black and red respectively) visit first hospitals and then industrial customers. Then, in period two, every route includes a hospital that is visited first. Finally, in period three, the model creates two routes (see Figure 7). The total cost of this solution is $635.59 and the time used to obtain the solution was 7200 s. Comparing the routes designed by the model with the routes created by the planner, the model reduces the total distribution cost in more than 30%. The inventory routing problem is a combinatorial optimization problem of type NP-Hard. Therefore, finding reasonable quality solutions is a complicated process when done without the aid of computing tools. Consider that, for a planner, designing a route implies a considerable effort since he/she needs to consider every assigned customer, verify its inventory level, and, according to its consumption rate, decide whether to include it or not in the next day delivery program. The task is complicated for the planners because, if a customer does not receive a sufficient quantity in an adequate time, it could run out of the product and be forced to stop operations. With this tool, the company could save money, while guaranteeing that every customer has a minimum stock level of product and will help the planners in their work. There are still some characteristics to be considered in order to make this solution closer to the real operation of the company. Notice that the location of the depot and the cost units have been modified due to confidentiality issues.




7. Conclusions


In this paper, the Inventory Routing Problem with priorities and heterogeneous fleet has been proposed. A mixed-integer model is proposed based on previous formulations [9,40] and was extended to consider facilities from the health sector, which have priority over industrial customers according to Mexican law, as well as multiple vehicles with different capacities. Test instances were also proposed considering deterministic consumption rates and a certain percentage of customers with priority. The results show that solutions from the IRPPHF differ importantly from those of the IRP. The proposed formulation was used to solve instances of up to 30 clients. Results from the computational experiments with the benchmark instances show that the inclusion of customers with priority increases the total cost mainly by the routing cost, while the inventory costs, in general, remain the same. Routing cost increases depending on the number of vehicles used in each period, and the location and consumption rates of the customers with priorities. Additionally, a case study is presented to assess the performance of the proposed model in a real-life scenario. The results show that the use of computational tools such as the one presented in this paper can lead to substantial cost savings (up to 30%). These kinds of tools can support the route design process and help managers to make better decisions. For future research, additional constraints and features can be included in the model to make it closer to reality. The use of articulated vehicles, multiproduct distribution, and non-deterministic consumption rates are among the features that might be considered in future research. The inclusion of such features could allow not to underestimate elements of the problem like the total distribution cost, as mentioned in [42]. Finally, in order to improve the solution process, the use of cutting plane algorithms and column generation might be studied.
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Appendix A. Results of Computational Experiments


Table A1, Table A2, Table A3, Table A4, Table A5 andTable A6 present the complete results for the benchmark problems, where column   P r i o r i t y   presents the percentage of customers with priority,   D I C   the depot inventory cost,   C I C   the customer inventory cost,   R C   the routing cost,   T C   the total cost (  D I C + C I C + R C  ), and   Δ T C   the percentage cost increase when compared to the solution of the instance without priorities.
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Table A1. Results for benchmark instances with five customers.






Table A1. Results for benchmark instances with five customers.





	Instance
	   Priority   
	   DIC   
	   CIC   
	   RC   
	   TC   
	   Δ TC   





	1
	0.00
	729.9
	236.45
	1336.00
	2302.35
	–



	1
	0.25
	737.1
	230.93
	1429.00
	2397.03
	4.11%



	1
	0.50
	729.9
	236.45
	1336.00
	2302.35
	0.00%



	1
	0.75
	729.9
	236.45
	1336.00
	2302.35
	0.00%



	2
	0.00
	676.5
	201.67
	1318.00
	2196.17
	–



	2
	0.25
	676.5
	201.67
	1336.00
	2214.17
	0.82%



	2
	0.50
	676.5
	201.67
	1318.00
	2196.17
	0.00%



	2
	0.75
	676.5
	201.67
	1318.00
	2196.17
	0.00%



	3
	0.00
	985.2
	382.28
	2108.00
	3475.48
	–



	3
	0.25
	985.2
	382.28
	2133.00
	3500.48
	0.72%



	3
	0.50
	985.2
	382.28
	2108.00
	3475.48
	0.00%



	3
	0.75
	985.2
	382.28
	2108.00
	3475.48
	0.00%



	4
	0.00
	528.6
	118.53
	1832.00
	2479.13
	–



	4
	0.25
	528.6
	118.53
	1880.00
	2527.13
	1.94%



	4
	0.50
	528.6
	118.53
	1832.00
	2479.13
	0.00%



	4
	0.75
	528.6
	118.53
	1852.00
	2499.13
	0.81%



	5
	0.00
	931.5
	391.22
	1091.00
	2413.72
	–



	5
	0.25
	925.8
	397.49
	1143.00
	2466.29
	2.18%



	5
	0.50
	925.8
	397.49
	1143.00
	2466.29
	2.18%



	5
	0.75
	925.8
	397.49
	1159.00
	2482.29
	2.84%
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Table A2. Results for benchmark instances with 10 customers.






Table A2. Results for benchmark instances with 10 customers.





	Instance
	   Priority   
	   DIC   
	   CIC   
	   RC   
	   TC   
	   Δ TC   





	1
	0.00
	2348.40
	751.82
	2123.00
	5223.22
	–



	1
	0.25
	2313.30
	776.63
	2200.00
	5289.93
	1.28%



	1
	0.50
	2348.40
	751.82
	2123.00
	5223.22
	0.00%



	1
	0.75
	2318.70
	781.92
	2143.00
	5243.62
	0.39%



	2
	0.00
	1931.40
	614.74
	2685.00
	5231.14
	–



	2
	0.25
	1931.40
	614.74
	2814.00
	5360.14
	2.47%



	2
	0.50
	1931.40
	614.74
	2764.00
	5310.14
	1.51%



	2
	0.75
	1908.30
	638.37
	2932.00
	5478.67
	4.73%



	3
	0.00
	1809.30
	618.74
	1915.00
	4343.04
	–



	3
	0.25
	1809.30
	618.74
	2132.00
	4560.04
	5.00%



	3
	0.50
	1809.30
	618.74
	2201.00
	4629.04
	6.59%



	3
	0.75
	1809.30
	618.74
	2196.00
	4624.04
	6.47%



	4
	0.00
	1888.20
	518.98
	2356.00
	4763.18
	–



	4
	0.25
	1890.60
	519.10
	2413.00
	4822.70
	1.25%



	4
	0.50
	1951.50
	457.71
	2715.00
	5124.21
	7.58%



	4
	0.75
	1888.20
	518.98
	2690.00
	5097.18
	7.01%



	5
	0.00
	2217.90
	932.06
	2139.00
	5288.96
	–



	5
	0.25
	2310.00
	820.31
	2230.00
	5360.31
	1.35%



	5
	0.50
	2217.90
	932.06
	2139.00
	5288.96
	0.00%



	5
	0.75
	2262.30
	890.47
	2207.00
	5359.77
	1.34%
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Table A3. Results for benchmark instances with 15 customers.






Table A3. Results for benchmark instances with 15 customers.





	Instance
	   Priority   
	   DIC   
	   CIC   
	   RC   
	   TC   
	   Δ TC   





	1
	0.00
	2956.20
	880.95
	2081.00
	5918.15
	–



	1
	0.25
	2979.00
	867.27
	2232.00
	6078.27
	2.71%



	1
	0.50
	2958.00
	878.43
	2429.00
	6265.43
	5.87%



	1
	0.75
	3003.60
	851.07
	2241.00
	6095.67
	3.00%



	2
	0.00
	2816.10
	862.93
	2406.00
	6085.03
	–



	2
	0.25
	2816.10
	862.93
	2573.00
	6252.03
	2.74%



	2
	0.50
	2816.10
	862.93
	2574.00
	6253.03
	2.76%



	2
	0.75
	2833.20
	859.74
	2638.00
	6330.94
	4.04%



	3
	0.00
	3243.90
	1047.75
	2633.00
	6924.65
	–



	3
	0.25
	3243.90
	1047.75
	2786.00
	7077.65
	2.21%



	3
	0.50
	3224.40
	1077.42
	2909.00
	7210.82
	4.13%



	3
	0.75
	3207.30
	1100.87
	2809.00
	7117.17
	2.78%



	4
	0.00
	2517.30
	593.92
	2435.00
	5546.22
	–



	4
	0.25
	2472.30
	626.66
	2656.00
	5754.96
	3.76%



	4
	0.50
	2532.60
	585.76
	2571.00
	5689.36
	2.58%



	4
	0.75
	2444.10
	659.38
	2597.00
	5700.48
	2.78%



	5
	0.00
	2250.00
	829.11
	2568.00
	5647.11
	–



	5
	0.25
	2232.30
	854.07
	2803.00
	5889.37
	4.29%



	5
	0.50
	2269.80
	803.22
	3067.00
	6140.02
	8.73%



	5
	0.75
	2238.60
	839.62
	2766.00
	5844.22
	3.49%
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Table A4. Results for benchmark instances with 20 customers.






Table A4. Results for benchmark instances with 20 customers.





	Instance
	   Priority   
	   DIC   
	   CIC   
	   RC   
	   TC   
	   Δ TC   





	1
	0.00
	3918.60
	1142.67
	2859.00
	7920.27
	–



	1
	0.25
	3917.10
	1150.42
	3065.00
	8132.52
	2.68%



	1
	0.50
	3927.00
	1170.93
	3254.00
	8351.93
	5.45%



	1
	0.75
	3886.50
	1165.48
	3075.00
	8126.98
	2.61%



	2
	0.00
	3903.30
	1185.13
	2423.00
	7511.43
	–



	2
	0.25
	3919.20
	1160.19
	2846.00
	7925.39
	5.51%



	2
	0.50
	3947.40
	1145.33
	2744.00
	7836.73
	4.33%



	2
	0.75
	3907.20
	1182.50
	2897.00
	7986.70
	6.33%



	3
	0.00
	3926.10
	1431.04
	3051.00
	8408.14
	–



	3
	0.25
	3971.40
	1361.46
	3373.00
	8705.86
	3.54%



	3
	0.50
	3930.90
	1423.36
	3312.00
	8666.26
	3.07%



	3
	0.75
	3916.80
	1422.28
	3248.00
	8587.08
	2.13%



	4
	0.00
	3346.20
	889.81
	3534.00
	7770.01
	–



	4
	0.25
	3330.00
	901.17
	3681.00
	7912.17
	1.83%



	4
	0.50
	3372.90
	872.98
	3967.00
	8212.88
	5.70%



	4
	0.75
	3385.20
	860.64
	3736.00
	7981.84
	2.73%



	5
	0.00
	4134.00
	1508.35
	3311.00
	8953.35
	–



	5
	0.25
	4223.10
	1403.83
	3721.00
	9347.93
	4.41%



	5
	0.50
	4205.40
	1428.83
	3863.00
	9497.23
	6.07%



	5
	0.75
	4145.70
	1487.74
	3613.00
	9246.44
	3.27%








In Table A5, we see the results of instances with 25 customers for the different levels of priority. Here, we identify the same behavior in almost all cases; the average percentage of the total cost increases when the number of customers with priority increases.
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Table A5. Results for benchmark instances with 25 customers.
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	Instance
	   Priority   
	   DIC   
	   CIC   
	   RC   
	   TC   
	   Δ TC   





	1
	0.00
	4650.30
	1311.25
	3275.00
	9236.55
	–



	1
	0.25
	4644.90
	1301.22
	3398.00
	9344.12
	1.16%



	1
	0.50
	4715.40
	1247.86
	3564.00
	9527.26
	3.15%



	1
	0.75
	4674.60
	1281.25
	3545.00
	9500.85
	2.86%



	2
	0.00
	4902.30
	1505.88
	3282.00
	9690.18
	–



	2
	0.25
	4887.30
	1513.60
	3457.00
	9857.90
	1.73%



	2
	0.50
	4952.10
	1461.36
	3712.00
	10,125.46
	4.49%



	2
	0.75
	4921.50
	1479.01
	3742.00
	10,142.51
	4.67%



	3
	0.00
	5334.30
	1691.57
	3582.00
	10,607.87
	–



	3
	0.25
	5346.30
	1695.95
	4131.00
	11,173.25
	5.33%



	3
	0.50
	5341.80
	1716.62
	4111.00
	11,169.42
	5.29%



	3
	0.75
	5348.40
	1694.81
	3888.00
	10,931.21
	3.05%



	4
	0.00
	4741.80
	1283.27
	3054.00
	9079.07
	–



	4
	0.25
	4782.00
	1208.58
	3600.00
	9590.58
	5.63%



	4
	0.50
	4778.70
	1225.31
	3774.00
	9778.01
	7.70%



	4
	0.75
	4721.70
	1297.61
	3828.00
	9847.31
	8.46%



	5
	0.00
	5970.90
	1987.10
	2985.00
	10,943.00
	–



	5
	0.25
	5871.00
	2089.17
	3802.00
	1762.17
	7.49%



	5
	0.50
	5959.20
	1984.81
	4207.00
	2151.01
	11.04%



	5
	0.75
	5865.90
	2095.67
	4131.00
	2092.57
	10.51%
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Table A6. Results for benchmark instances with 30 customers.
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	Instance
	   Priority   
	   DIC   
	   CIC   
	   RC   
	   TC   
	   Δ TC   





	1
	0.00
	7331.70
	2531.53
	3149.65
	13,012.88
	–



	1
	0.25
	7209.00
	2437.77
	4130.00
	13,776.77
	5.87%



	1
	0.50
	7330.20
	2330.05
	4203.00
	13,863.25
	6.53%



	1
	0.75
	7344.60
	2311.77
	4027.00
	13,683.37
	5.15%



	2
	0.00
	6455.10
	1979.58
	3209.54
	11,644.22
	–



	2
	0.25
	6524.70
	1912.56
	3777.00
	12,214.26
	4.90%



	2
	0.50
	6554.70
	1931.98
	3666.00
	12,152.68
	4.37%



	2
	0.75
	6571.50
	1887.07
	3934.00
	12,392.57
	6.43%



	3
	0.00
	7248.30
	2351.44
	3086.20
	12,685.94
	–



	3
	0.25
	7279.50
	2445.98
	3496.00
	13,221.48
	4.22%



	3
	0.50
	7194.60
	2535.73
	3674.00
	13,404.33
	5.66%



	3
	0.75
	7111.80
	2608.88
	3967.00
	13,687.68
	7.90%



	4
	0.00
	5542.20
	1470.74
	3276.68
	10,289.62
	–



	4
	0.25
	5628.00
	1449.68
	4016.00
	11,093.68
	7.81%



	4
	0.50
	5523.60
	1550.11
	4016.00
	11,089.71
	7.78%



	4
	0.75
	5582.70
	1521.01
	3872.00
	10,975.71
	6.67%



	5
	0.00
	5694.90
	1987.77
	2890.63
	10,573.30
	–



	5
	0.25
	5693.10
	1987.99
	3333.00
	11,014.09
	4.17%



	5
	0.50
	5723.70
	1952.01
	3481.00
	11,156.71
	5.52%



	5
	0.75
	5669.10
	2000.25
	3492.00
	11,161.35
	5.56%
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Figure 1. Routing solution in an inventory routing problem without priority policies (left) and with priority policies (right). 
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Figure 2. Average percentage increment for the total cost with 5, 10, and 15 customers (left, middle, and right, respectively). The whiskers show the minimum and maximum values. 
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Figure 3. Average percentage increment for the total cost with 20, 25, and 30 customers (left, middle, and right, respectively). The whiskers show the minimum and maximum values. 
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Figure 4. Example without a cost increase on the routing inventory problem. 






Figure 4. Example without a cost increase on the routing inventory problem.



[image: Applsci 10 03502 g004]







[image: Applsci 10 03502 g005 550] 





Figure 5. Influence of priorities on the routing inventory problem. 
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Figure 6. Location of customers. 
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Figure 7. Routes for the case of study. 
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Table 1. Characteristics of the inventory routing problem.






Table 1. Characteristics of the inventory routing problem.





	
Paper

	
Product

	
Depot

	
Route Structure

	
Vehicles

	
Fleet

	
Time

Windows

	
Priority




	
Single

	
Multiple

	
One

	
Multiple

	
Direct

	
Multiple

	
One

	
Multiple

	
Homo-

Geneous

	
Hetero-

Geneous






	
Aghezzaf et al. (2006) [28]

	
✓

	

	
✓

	

	

	
✓

	

	
✓

	
✓

	

	

	




	
Yu et al. (2008) [10]

	
✓

	

	
✓

	

	

	
✓

	

	
✓

	
✓

	

	

	




	
Bard and Nananukul (2009) [18]

	
✓

	

	
✓

	

	

	
✓

	

	
✓

	
✓

	

	

	




	
Moin et al. (2011) [29]

	

	
✓

	
✓

	

	

	
✓

	

	
✓

	
✓

	

	

	




	
Coelho et al. (2012) [30]

	
✓

	

	
✓

	

	

	
✓

	

	
✓

	

	
✓

	

	




	
Solyali et al. (2012) [31]

	
✓

	

	
✓

	

	

	
✓

	
✓

	

	

	

	

	




	
Bertazzi et al. (2013) [32]

	
✓

	

	
✓

	

	

	
✓

	
✓

	

	

	

	

	




	
Coelho and Laporte (2013) [33]

	
✓

	

	
✓

	

	

	
✓

	

	
✓

	
✓

	
✓

	

	




	
Vansteenwegen and Mateo (2014) [19]

	
✓

	

	
✓

	

	

	
✓

	
✓

	

	

	

	

	




	
Archetti et al. (2014) [9]

	
✓

	

	
✓

	

	

	
✓

	

	
✓

	
✓

	

	

	




	
Raa (2015) [34]

	
✓

	

	
✓

	

	

	
✓

	

	
✓

	
✓

	

	

	




	
Nikolakopoulos and Ganas (2017) [35]

	
✓

	

	
✓

	

	

	
✓

	

	
✓

	
✓

	

	
✓

	




	
Iassinovskaia et al. (2017) [36]

	
✓

	

	
✓

	

	

	
✓

	

	
✓

	
✓

	

	
✓

	




	
Moin and Halim (2018) [37]

	
✓

	

	
✓

	

	

	
✓

	
✓

	

	

	

	

	




	
Archetti et al. (2018) [38]

	
✓

	

	
✓

	

	

	
✓

	
✓

	

	

	

	




	
Bertazzi et al. (2019) [21]

	
✓

	

	

	
✓

	

	
✓

	

	
✓

	
✓

	

	

	




	
Golsefidi et al. (2020) [39]

	
✓

	

	
✓

	

	

	
✓

	

	
✓

	
✓

	

	

	




	
Proposed Model

	
✓

	

	
✓

	

	

	
✓

	

	
✓

	

	
✓

	

	
✓
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Table 2. Test instances.






Table 2. Test instances.





	Subset
	n
	   GAP   
	   CPU   
	   Δ IC   
	   Δ RC   
	   Δ TC   





	S1
	5
	0.00
	0.21
	0.01%
	1.93%
	1.04%



	S2
	10
	0.00
	7.93
	−0.03%
	6.78%
	3.13%



	S3
	15
	0.00
	140.30
	0.05%
	9.05%
	3.73%



	S4
	20
	0.05
	905.56
	−0.02%
	10.98%
	3.98%



	S5
	25
	0.04
	1037.96
	−0.03%
	17.69%
	5.50%



	S6
	30
	0.04
	1130.69
	0.05%
	21.84%
	5.90%
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Table 3. Summary results by priorities.






Table 3. Summary results by priorities.














	Subset
	n
	   Priority   
	   Δ IC   
	   Δ RC   
	   Δ TC   
	   σ   





	
	
	0.25
	0.02%
	3.38%
	1.95%
	1.37



	S1
	5
	0.50
	0.00%
	0.95%
	0.44%
	0.97



	
	
	0.75
	0.00%
	1.46%
	0.73%
	1.23



	
	
	0.25
	−0.10%
	5.29%
	2.27%
	2.27



	S2
	10
	0.50
	0.01%
	6.62%
	3.14%
	3.14



	
	
	0.75
	0.01%
	8.43%
	3.99%
	3.99



	
	
	0.25
	0.01%
	7.65%
	3.14%
	0.85



	S3
	15
	0.50
	0.03%
	11.84%
	4.81%
	2.55



	
	
	0.75
	0.12%
	7.68%
	3.22%
	0.54



	
	
	0.25
	−0.11%
	10.35%
	3.59%
	1.44



	S4
	20
	0.50
	0.10%
	12.91%
	4.93%
	1.22



	
	
	0.75
	−0.06%
	9.68%
	3.41%
	1.67



	
	
	0.25
	−0.09%
	11.03%
	3.28%
	4.29



	S5
	25
	0.50
	0.01%
	20.24%
	6.33%
	3.10



	
	
	0.75
	0.00%
	18.91%
	5.91%
	3.41



	
	
	0.25
	−0.01%
	19.99%
	5.39%
	1.52



	S6
	30
	0.50
	0.08%
	21.94%
	5.97%
	1.27



	
	
	0.75
	0.06%
	23.59%
	6.34%
	1.07











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






nav.xhtml


  applsci-10-03502


  
    		
      applsci-10-03502
    


  




  





media/file8.jpg





media/file11.png
:
—
—
—
- -
- -
- -

—

T

g

Q

%

e i N W N N |

1330117

ey
LEESESES
mm123123
o
[y

~®

500

400

300

200

100

500
4001
300
200

100 1

-éeaﬁﬁa
I 1 1
TTIRI
[OEROINOREOINOIND)]
PRS-
SRR
]

A A Ay

/9 /

500

400

300

200

100

500
400 1
300
200

100 1





media/file6.jpg





media/file13.png





media/file10.jpg
NiiHH

P [3






media/file7.png
-2

I [
25 50

% of priority

75

10

I [
25 50

% of priority

75

10

-2

| I
25 50

% of priority

75






media/file12.jpg
oA





media/file9.png
400 1

300 1

2001

100 1

Depot [ |

P=1 Ve=1 —
P=2 Ve=1 —
P=3 Ve=1 —
P=1 Ve=2- =
P=2 Ve=2- =
P=3 Ve=2- =

100

200

300

400

400 1

300 1

2001

100 1

Depot

Priority customer

P=1 Ve=1
P=2 Ve=1
P=3 Ve=1
P=1 Ve=2
P=2 Ve=2
P=3 Ve=2

)

1l en

[
4l

100

200

300

100






media/file14.jpg
(3) Routeof period 1

(€) Route of period 3

(b) Routeofperiod 2





media/file5.png
I [
25 50

% of priority

75

10

-2

I [
25 50

% of priority

75

10

-2 0 2 4 6 8

I [
25 50

% of priority

75






media/file15.png
LY
TV
fﬂ?:‘

e

s

= A 4 4 ! Orquides
PR e |

] = N






media/file3.png
Depot

[ | Depot [ |
Route P=1 — Priority customer @
Route P=2 — Route P=1 —
Route P=3 — Route P=2 —

Route P=3 —

g






media/file0.png





media/file4.jpg





media/file2.jpg





