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Spare parts inventory control represents a challenge for every aerospace company. Determine the optimal allocation consumption of spare parts is problematic due to the intermittent Demand. To avoid any financial loss, the original equipment manufacturer (OEM) uses different inventory models to evaluate the stock level to avoid the nonavailability of the desired spare parts when required. The models developed do not consider the recent evolution and adoption of industry 4.0 technologies such as additive manufacturing (AM). This paper aims to evaluate the advantage of the AM integration for spare parts inventory optimization. Furthermore, it compares three scenarios for spare parts allocation, taking into consideration the AM process. This goal has been realized by scenarios modeling for spare parts in a multi-echelon system. The first scenario considers no integration of AM. The second scenario considers the integration of the AM in the central maintenance center (CMC) only. The third scenario considers AM's integration in CMC and in the regional maintenance center (RMC). The results of this study show that decentralized AM is the best and optimal scenario for the allocation of spare parts in multi-echelon systems. Besides, an optimal stock level exists where the conventional process stays the optimal allocation for spare parts.

INTRODUCTION

An aircraft consists of a large number of components and single parts. The components may consist of different sub-assemblies containing multiple parts that may need replacement. Only the inspection determines which parts need to be replaced or repaired. The spare parts availability, when required, is crucial for an original equipment manufacturer (OEM). Providing the appropriate spare part at the right time and in the right place represents a big challenge for the aerospace companies. The non-availability of the desired spare parts leads to financial loss impacting the company's performance. The spare parts inventory control is a key driver for the operational efficiency of an airline. Spare part management is time-consuming and causes costly difficulties for service spare parts providers and customers. Maintaining inventories of infrequently ordered parts is expensive. In the airline industry, determining the spare parts consumption is a complex process mainly due to the intermittent Demand. The Demand for spare parts arises whenever a component fails or requires replacement. Its patterns are often intermittent, variable in size, and interspersed by periods due to demand forecasting, such demand patterns are known as "lumpy" [START_REF] Martin | Integrating the spare parts supply chain: an inter-disciplinary account[END_REF]. To avoid parts shortage, the maintenance department has to keep an extensive spare parts safety stocks due to the unpredictability of spare parts demand. A fundamental process of an aircraft's inventory management is to forecast spare parts and ensure parts availability to avoid any delay.

For instance, spare parts engine in the commercial aviation industry is valued at $30 billion [START_REF] Cohen | Winning in the Aftermarket[END_REF]. More generally, after-sales services and spare parts are estimated at $1 trillion in the United States every year, representing 8% of its gross domestic product [START_REF] Cohen | Winning in the Aftermarket[END_REF]. As per the aviation week (2011), component repairs (non-military) generated a turnover of $9 billion in maintenance, repair & overhaul (MRO) business. As per the aviation Week and Space Technology (2013), the MRO expenditures are estimated to be U.S. $50 billion in 2013. The MRO spent constitutes 12-15% of an airline's operating cost (IATA, 2009).

For the spare parts inventory management model, researchers' focus is more on analytical models and simulation. These models lack the integration of new emerging technologies in industry 4.0, such as additive manufacturing, which could be an alternative manufacturing process to avoid spare parts shortages. This research's primary motivation is to define the best scenarios of AM integration for spare parts inventory management. In other words, this study demonstrates the optimal solution for AM integration for a multi-echelon system. This paper aims to evaluate the potential of the additive manufacturing integration for spare parts inventory optimization. The '20 -November 12-14, 2020 -Agadir -Morocco specific objective is to answer the following research questions: § [QR1]: What is the best configuration in a multi-echelon system for spare parts inventory management to integrate additive manufacturing in the aerospace industry? § [QR2]: To which stock level does the integration of additive manufacturing provide an optimal stock allocation of spare parts inventory in the aerospace industry?
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The rest of the article is organized as follows. The background of this study is introduced in the following section.

The literature review is presented in section 3. The research methodology is detailed in section 4. Section 5 gives the details of the results. Result discussion and conclusion are presented in section 6.

BACKGROUND

Additive manufacturing and spare parts management in a supply chain

The emergence of AM technology has created another dynamic for improving supply chain performance. Indeed, it has made it possible to reduce the lead-time, waste raw material, manufacture parts near the customers, and reduce inventory [START_REF] Liu | The impact of additive manufacturing in the aircraft spare parts supply chain: supply chain operation reference (scor) model based analysis[END_REF]. According to the latest report from the Direct Manufacturing Research Center (DMRC), the supply chain has been identified as the AM's future. The use of AM to produce spare parts could be considered a solution to improve efficiency and increase customer value [START_REF] Mashhadi | Impact of additive manufacturing adoption on future of supply chains[END_REF]. This leads to a new reconfiguration of a supply chain [START_REF] Khajavi | Additive manufacturing in the spare parts supply chain[END_REF]. The AM has the potential to significantly improve supply chain dynamics, reduce delivery costs, reduce inventory levels, and reduce delivery time. In aeronautics, several companies are interested in integrating this technology into their parts manufacturing processes.

Several studies have dealt with the introduction of AM in aeronautics to produce spare parts [START_REF] Holmström | Rapid manufacturing in the spare parts supply chain: Alternative approaches to capacity deployment[END_REF]. However, a limited number of parts have been manufactured from the AM in an economical way. [START_REF] Holmström | Rapid manufacturing in the spare parts supply chain: Alternative approaches to capacity deployment[END_REF] proposed two approaches to integrating AM into spare parts manufacturing in an aerospace supply chain. The first approach is the centralization of the AM to replace the stock for maintenance. To do this, AM machines should be deployed in distribution centers to provide spare parts to the customer. Its advantage is the centralization of Demand from different regions in one place. However, there must be a delay related to the delivery time, which represents a disadvantage. The second approach is the decentralization of AM in each service point. This approach is advantageous when the volume of production is high but requires the justification of the investment. It allows the elimination of the stock, reduce transportation costs and fast delivery time. In sum, by opting for AM technology, production's centralization represents the optimal configuration for a supply chain [START_REF] Liu | The impact of additive manufacturing in the aircraft spare parts supply chain: supply chain operation reference (scor) model based analysis[END_REF]. It allows a reduction of capital as well as a short production cycle for spare parts. Moreover, according to Dornfeld [START_REF] Kaebernick | Green Manufacturing, Fundamentals, and Applications[END_REF], the AM would impact a five-level, such as product design, tool design, production line design, factories design, and supply chain configuration.

In this study, we follow the [START_REF] Holmström | Rapid manufacturing in the spare parts supply chain: Alternative approaches to capacity deployment[END_REF] stream by developing a mathematical model for the multiechelon technique for the recoverable item control (METRIC) system developed by Sherbrooke (1968) by integrating the AM.

LITTERATURE REVIEW

Multi-echelon inventory management

The study of multi-echelon inventory systems was originated by the work of [START_REF] Clark | Optimal policies for a multi-echelon inventory problem[END_REF]. The authors showed that an echelon-based stock policy is optimal for a "pure" serial inventory system. As a result, the fixed order cost is charged only at the highest echelon. Feeney and Sherbrooke (1996) , 1968). The METRIC model represents a successful implementation of a multi-echelon repairable parts system. The model permits the determination of the optimal stocking level for the upper and downstream echelon by minimizing the expected number of backorders subject to a system budget constraint.

Multi-echelon inventory management is based on an inventory optimization across the network to minimize the stocks (echelons) cost function subject to the constraints on the customer service level. As a result, with effective multi-echelon inventory management, the inventory level will decrease by 15%-25%" [START_REF] Ellis | The modern supply chain: Inventory optimization competitive assessments[END_REF]. Effective multi-echelon inventory management counts on information and computer technology, and the multiechelon inventory model developed to optimize inventory planning and management throughout the whole network.

Multi-echelon inventory system and spare parts flow

A multi-echelon inventory system characterized by two or more levels of warehouses, e.g., in a two-echelon system for MRO business, the lower-echelon may contain RMC that service the customer, while the upper-echelon, or CMC, resupplies the lower echelon and make the major reparation that does not exist in the regional warehouse.

MOSIM '20 -November 12-14, 2020 -Agadir -Morocco The multi-echelon structure corresponding to the application of the spare parts flow in MRO for an aerospace company. The multi-echelon system may reduce total inventory costs by as much as 50% [START_REF] Muckstadt | Are multiechelon inventory methods worth implementing in systems with low-demand-rate items?[END_REF]. For example, in the MRO business, multiple central and regional maintenance centers are usually modeled as a multi-echelon inventory system. The inventory is managed with multiple stocks in different echelons or levels, where the "echelon" of stock refers to the position (level). A multi-echelon inventory system is depicted in Figure 2. The multi-echelon system is considered a network where all the stakeholders, such as customers, suppliers, supply chain, warehouse, and maintenance centers, are interconnected. This makes the multi-echelon inventory system more complicated due to the number of suppliers and the customers that this network may have. Different structures exist in the multi-echelon inventory systems, which can be categorized into serial systems, assembly systems, distribution systems, and general systems [START_REF] Zipkin | Foundations of inventory management[END_REF].

The serial structure is characterized by having only a single stock in each echelon. The assembly systems are more for parts assembly in which we may have multiple components and subassembly. The distribution systems are focusing on product distribution to the customers

METHODOLOGY

The methodology of this research is scenario modeling. The scenario model investigates the use of additive manufacturing to produce functional spare parts. To evaluate a METRIC system for the integration of additive manufacturing, we elaborate on three scenarios. The first scenario (model 1: Baseline) where is no AM integrated. The second scenario (model 2) with centralized AM. The third scenario (model 3) is with decentralized AM. The scenarios are summarized in Figure 3. Expected Backorder for the AM parts for the item i at the site j Expected Backorder for the repair parts for the item i at the site j Expected Backorder for the whole system for the item i at the site j

Assumptions

The METRIC theory calculates for every item on a system the optimal stock level at each of several bases, which may differ in terms of item demand rates. The objective function is the sum of Backorders across all bases. Thus, the fact that minimizing the base Backorders is equivalent to the maximization of availability of an aircraft.

The principal METRIC model assumptions are:

• The decision as to whether a base repair an item does not depend on stock levels or workload. • The estimated Demand is stationary.

• The parts that are not repairable at the downstream level will be repairable at the upstream level.

• The upstream echelon has high repair capacities relative to the low demand requirements for repairable parts. • The base is resupplied from the depot, not by lateral supply from another base. • The (s -1, s) inventory policy is appropriate for every item at every echelon. 

Model 1

In this scenario, the RMC can not make all kinds of reparation, but the CMC has more capacity and is more equipped to make all reparation coming from the field.

The spare parts reparation is done by the conventional manufacturing process (CP) (Figure 4). Total Expected Backorder at the depot First, we must calculate the average Demand that is repairable at the CMC and the fraction of Demand that is not repairable at each base. Thus, the total main Demand at the CMC (Sherbrooke, 1992) is as follows:

( )

ij j ij i0 i0 * i ρ 1 λ ρ λ - + = l å = 2 1 0 (1)
The number of parts under repair or resupply that is repairable at the CMC equals:

( ) ÷ ÷ ø ö ç ç è ae - + l n = m å = ij j ij i0 i0 i0 RP i ρ 1 λ ρ 2 1 0 (2)
The total Expected Backorder for the depot (Sherbrooke, 1992) equals:
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Total Expected Backorder for each base

The average total Demand that is repairable at the base equals the average Demand repairable at the base, plus the demand resupply from the CMC. We are assuming that the Demand is given by a Poisson process, and using the fact that a sum of Poisson processes is a Poisson process [START_REF] Craig | Optimal Inventory Modeling of Systems[END_REF]. Thus, the Fraction demand that is repairable at each base is expressed as follow:

( )

ij ij ij ij * ij ρ 1 λ ρ λ - + = l (4)
Thus, the number of parts under repair or resupply that is repairable at the CMC equals: represents the order-and-ship time from the CMC to the RMC. Thus, the expected Backorder at the base equals:
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Model 2

In this scenario, we propose the integration of the additive manufacturing centralized in the CMC. Thus, the CMC will supply the RMC with repairable parts and additive manufacturing parts (Figure 5). let be the probability that the parts will be done by AM and (1-)the probability that the CP will repair the parts. Thus, the average Demand for repairable equals:

( ) ( ) i0 j ij ij i0 i0 * i 1 1 λ ρ λ f - ÷ ÷ ø ö ç ç è ae r - + = l å = 2 1 0 (7)
The average Demand repairable with AM equals:

( ) ÷ ÷ ø ö ç ç è ae r - + f = w å = 2 1 0 0 j ij ij i0 i0 i i 1 λ ρ λ (8)
Let be the meantime to repair the parts that will be done by AM. Thus, the number of parts under repair and AM that are repairable at the CMC equals:

For repair:
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For AM:
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The expected Backorder at the CMC for repair equals:
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The expected Backorder at the CMC for AM equals:
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The total expected Backorder at the CMC equals:
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Total Expected Backorder for the base

Let be the meantime between shipment and receipt for the parts that will be done by AM. We are assuming that the Demand is given by a Poisson process, and using the fact that a sum of Poisson processes is a Poisson process (Sherbrooke 1992). Thus, the average Demand at the RMC will be composed of repairable parts at the base and the average fraction demand resupplied by CMC. Thus, a number of repairs equal:

For repairable:

( )( ) ( ) ú ú û ù ê ê ë é ÷ ÷ ø ö ç ç è ae + - f - + = i0 i0 i0 RP i0 ij ij i ij ij ij RP ij λ μ s EBO τ ρ 1 1 ν ρ λ μ 0 (17)
For AM:

( ) ( ) ú ú û ù ê ê ë é ÷ ÷ ø ö ç ç è ae w + a - f = i0 i0 i0 AM i0 ij ij i ij AM ij μ s EBO ρ 1 λ μ 0 (18)
Thus, the total number of repairs and AM equals: represents the average delay added daily to resupply requests, resulting from the fact that the depot does not always have stock on the shelf for AM. And the ij a repre- sents the order-and-ship time from the CMC to the RMC for AM. The expected Backorder at the RMC for repair is as follows:
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( ) () ( ) ( ) RP ij RP ij RP ij -μ RP RP ij ij RP ij -μ RP ij 0 μ EBO μ ! μ μ1 ! ij ij s ij ij l s ij l se s se l = = aeö ç÷ + -- ç÷ èø å (20) 
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( )
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The total expected Backorder at the RMC equals:
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Model 3

In this scenario, we propose that CMC will support the RMC only for the parts that are not repairable at the RMC. Nevertheless, the parts that will be done by AM will be manufactured at the RMC. Thus, the RMC center will have the AM machines to cover the Demand that will be potential for the AM (Figure 6). Total Expected Backorder for the CMC First, we must calculate the average Demand repairable at CMC plus the fraction of the average Demand that is not repairable from the RMC. Since we integrate the AM at CMC, let be the probability that the parts will be done by AM and (1 -)the probability that the parts will be done by CP. Thus, the average Demand is as follows:

Average Demand repairable with no AM at the CMC ( )

i0 i0 i0 * RP i 1 ρ λ f - = l 0 (22)
Fraction average demand repairable from the base with no AM:

( ) å = r - = l 2 1 0 j ij ij * * RP i 1 λ (23)
Average Demand repairable with AM at CMC

i0 i0 i i ρ λ 0 0 f = w (24)
Thus, the number of parts that is not repairable at the CMC is as follows:

For repair:

* RP i i * RP i i RP i 0 0 0 0 0 l n + l n = m (25) 
For AM:

0 0 0 i i AM i w g = m (26) 
Thus, the total number of repairs at CMC:

0 0 0 0 0 0 0 i i * * RP i i * RP i i i w g + l n + l n = m (27) ( ) ( ) 0 0 i0 i0 i0 2 0 ij ij 0 0 i0 i0 1 λ ρ1 λ 1 λρ ii i ii j m nj n r gj = =- + -+ å (28)
Thus, the total Expected Backorder for the depot. We are assuming that the Demand is given by a Poisson process, and using the fact that a sum of Poisson processes is a Poisson process (Sherbrooke 1992). Thus, the average Demand at the RMC will be composed of repairable parts at the base and the average fraction demand resupplied by CMC. Thus, a number of repairs are as follows:

Average Demand repairable at RMC with no AM ( )

ij ij ij * ij 1 ρ λ f - = l (30) Average Demand repairable at RMC with AM ij ij ij ij ρ λ f = w (31)
The number of repairs with no AM at RMC is as follows:

( ) ij ij ij ij * RP ij ν ρ λ 1 μ f - = (32)
The number of repairs resupplied with no AM from CMC to RMC is as follows:

( )( ) ( ) RP i0 i0 i0 RP** ij ij ij ij i0 E B O sμ μ λ 1 1 ρτ λ ij j aeö = - -+ ç÷ ç÷ èø (33) 
Thus the total repair is as follows:
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The number of repairs with AM at CMC is as follows:

ij ij ij ij AM ij ρ λ μ g f = (35)
The total number of repairs at CMC is as follows: 

+ - + f - = ij ρ ij ij i0 λ i0 μ i0 s RP i0 EBO ij τ ij ρ 1 ij ν ij ρ ij 1 ij λ RP ij μ (36)
The quantity The expected Backorder at the RMC for repair is as follows:
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The expected Backorder at the RMC for AM is as follow:
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The total expected Backorder at the RMC is as follows:
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NUMERICAL EXAMPLE

In this section, we present the scenarios calculation. The goal is to show the best configuration of additive manufacturing. The result is compared to the baseline scenario, which is the scenario with no AM configuration. 7 presents the calculation result of the three scenarios for different AM probability = 10% to 90% (incremental 10%) of the parts made with AM. Figure 7 was drawn based on Table 1, and it showed clearly that the third scenario (model 3) is the best scenario for the integration of AM.

Figure 7: The three scenarios with different Figure 8 presents the optimal stock, where the AM scenario is inferior to the baseline. At the stock level 14, the three scenarios are at the same level, which is considered as the optimal stock where is the integration of the AM does not represent any value added to the multi-echelon system.

Figure 8: The optimal stock for the three scenarios with different '20 -November 12-14, 2020 -Agadir -Morocco Let consider that the repair time of AM is superior to conventional process repair time. Figure 9 shows clearly that scenario 1( model 1) is the best solution. Thus, AM's integration relies on the repair time, which should be inferior to that conventional process repair time. Thus, in a multi-echelon system, the AM has value-added only if the repair time with AM is inferior to the current manufacturing process. Let consider that the shipment time of AM is superior to the conventional process. Figure 11 shows clearly that there is no impact, and scenario 3 remains the best solution. In this study, we analyze the potential integration of additive manufacturing in the multi-echelon system. Three scenarios were considered in order to identify the best configuration of the multi-echelon system.
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This analysis showed clearly that the best scenario for AM manufacturing integration is scenario 3 (model 3), which consider decentralized AM location. The analysis is based on the parameters chosen for the calculation in Table 1.

The integration of AM is valuable for the multi-echelon system. This helps the aerospace company to have an optimal reallocation for the spare parts inventory. However, an optimal stock favors this integration, which means that the integration of AM is not required at a specified stock level and will not bring any value added to the multi-echelon system.

As a future direction, it will be relevant to consider different parameters using an experimental design to evaluate the interaction between parameters to develop the best combination of parameters that optimize the stock and AM integration. Besides, calculating the cost of the EBO of the three scenarios using marginal analysis is required. As a limitation, the example calculation is carried out only on one item; it would be relevant to consider the multiitem analysis.

Figure 2 :

 2 Figure 2: A multi-echelon inventory system

  Scenario 1 (model 1) No additive manufacturing integration (baseline) Scenario 2 (model 2) Additive manufacturing integration in CMC only Scenario 3 (model 3) Additive manufacturing integration in CMC and RMC Figure 3: Scenarios configuration 5 MATHEMATICAL FORMULATION 5.1 Notation Item number, i = 1,2 Site number, j = 0,1,2, j = 0 represent CMC Mean demand rate Meantime to repair Meantime to repair AM Repair probability AM repair probability Meantime between shipment and receipt for repair parts Meantime between shipment and receipt for AM parts m Mean number of parts under repair or resupply (pipeline) ij S Stock level for parts for the item i at the site.

Figure 4 :

 4 Figure 4: Scenario 1 without AM integration

  delay added daily to resupply requests, resulting from the fact that the depot does not always have stock on the shelf.

Figure 5 :

 5 Figure 5: Scenario 2 with centralized AM integration

  to resupply requests daily, resulting from the fact that the CMC does not always have stock on the shelf. ij t represents the order-and-ship time from the CMC to the RMC. The quantity

Figure 6 :

 6 Figure 6: Scenario 3 with decentralized AM integration

  number of resupply outstanding at the CMC at a random point in time for repair and. The quantity delay added daily to resupply requests, resulting from the fact that the CMC does not always have stock on the shelf.

Figure 9 :

 9 Figure 9: The repair time of AM is superior to CP repair time Figure 10 considers that the repair time is equal for both conventional and AM process. Thus, the three scenarios are equal.

Figure 10 :

 10 Figure 10: The repair times are equal for AM and CP.

Figure 11 :

 11 Figure 11: The shipment time of AM is superior to the conventional process 7 DISCUSSION AND CONCLUSION

Table 1 :

 1 Spare parts sampleFigure

		λ	ν	ρ	τ	ɣ	α
	CMC	j=0 80 0.16 1	0.45 0.01 0.03
	RMC1	j=1 80 0.49 0.85	0.45 0.03 0.03
	RMC2	j=2 80 0.49 0.85	0.45 0.03 0.03

Table 1 presents a sample of spare part data used for calculation.