Rachel Campos Sabioni 
email: rachel.campos-sabioni@utc.fr
  
Joanna Daaboul 
email: joanna.daaboul@utc.fr
  
Julien Le Duigou 
email: julien.le-duigou@utc.fr
  
Julien Le 
  
Rachel Campos Sabioni 
  
OPTIMAL INTEGRATION OF PRODUCT CONFIGURATION AND PROCESS PLANNING TO MEET INDIVIDUAL CUSTOMER REQUIREMENTS IN MASS CUSTOMIZATION

Keywords: Systems optimization, Operations Research, Industry 4.0, Production systems of goods and services, Mass Customization, Co-design

d'enseignement et de recherche français ou étrangers, des laboratoires publics ou privés.

INTRODUCTION

The recent technological advances provided by the Industry 4.0 together with the globalization are increasingly affecting the customer behaviors and requirements (Koren 2010;Wang et al. 2017). Currently, customers no longer want just standard products; they prefer customized and high quality products capable to satisfy their individual requirements. This new era of large variety demand and market instability, has forced companies to find innovative and viable ways of attending customer demands in relatively few time and low cost (Wang et al. 2017).

One strategy that companies have been using in order to increase their product offers to attain individual customer requirements by keeping the competitiveness is the Modular Product Design (MPD) strategy. MPD means the development of products capable to accomplish several functionalities through the combination of different modules (Pahl and Beitz 1995;Gershenson et al. 2003). According to some authors, the MPD seems to be the best product design strategy to achieve a sustainable Mass Customization (MC) (Pine 1993;Sanchez and Mahoney 1996).

Currently, the most common strategy used by companies on the configuration of modular mass-customized products is asking customers to configure their product themselves, through a configurator, in which they can choose their desired modules (Pitiot et al. 2014). Generally, customers are not assisted during the purchase process, since only options of modules are proposed (Chen and Wang 2010; Piller and Walcher 2017).

Nevertheless, customers do not always know how to translate their requirements into product configurations. Non-experts or customers new to a given product type do not have sufficient knowledge about the product and struggle to find what they want (Huffman and Kahn 1998). In MC contexts, this kind of trouble can be even worse due to the high set of choices.

Further, current configurators do not integrate production planning or supply chain issues, such as cost and time. Companies usually present a product price and delivery date calculated by standard values of duration as well as material and operation costs (Pitiot et al. 2014). Nevertheless, costs related to manufacturing are variable and can significantly affect the product price.

The several possibilities of sequencing and assigning operations, required to manufacture a product, into machines, together with the various ways of combining modules in a product configuration driven by individual customer requirements can greatly increase the system 13 the International Conference on Modeling, Optimization and Simulation -MOSIM'20 -November 12-14, 2020-Agadir -Morocco "New advances and challenges for sustainable and smart industries" complexity, regarding to product differentiation (Tseng et al. 1996;Koren et al. 2018). The process planning, product configuration and customer requirements are interconnected and they must be integrated in a sense that process plan decisions are also based on product configuration (i.e. the set of modules compounding the product), which in turn is oriented by individual customer requirements.

In order to achieve this integration, this paper proposes a 0-1 integer linear programming (ILP) model that integrates individual customer requirements, product configuration and process planning in order to minimize the overall manufacturing costs. For validating this model, a 2-steps approach based an exhaustive search algorithm (ESA) and CPLEX solver was applied to solve a numerical example.

This paper is organized as follows. Section 2 presents a literature review. The problem statement is in Section 3, while Section 4 brings the proposition and the numerical illustration. Finally, Section 5 presents the conclusion and research perspectives.

LITERATURE REVIEW

Product Configuration and Configurators for MC

MPD consists of developing modular products composed by a set of relatively autonomous modules that can be combined in several ways to accomplish various functionalities (Pahl and Beitz 1995). In many cases, modules can have variants called module instances. The combination of different module instances to create product variants takes place in the product configuration, an essential stage in MPD (Jiao and Tseng 2000;Paes et al. 2018).

The objective of MC is providing products that meet individual customer needs with mass production efficiency (Jiao and Tseng 1999). In order to enable the participation of customers into the value creation, the configuration of mass-customized products is carried out through configurators (Chen and Wang 2010; Piller and Blazek 2014). Configurator is a "co-design toolkit" that allows customers choosing and combining different product components (modules), during a purchase process, until they find a product variant that fits their needs (Piller and Blazek 2014).

Most of configurators only give choices of product components, without assisting the customer during their purchase process (Chen and Wang 2010; Piller and Walcher 2017). Nevertheless, customers do not always know how to translate their needs into product configurations. Further, as stated by Liu et al. (Liu et al. 2017), the main objective of customers when buying a product is benefiting from its functionalities rather than getting the product embodiment. Likewise, Huffman and Kahn (1998) state that presenting the product information based on its attributes/functionalities, instead of showing product alternatives, reduces the purchasing process complexity while increases the customer satisfaction. This means that guiding customer choices through product functionalities (PFs) seems to be more appropriate than just proposing them many product alternatives.

Further, the high number of choices proposed by MC can entail customers to the "paradox of choice", with risk of turning MC into "mass-confusion" (Piller and Walcher 2017). The large set of options proposed in an MC configurator together with the knowledge gap between customers and companies, makes the product configuration for MC being a main driver for customization complexity, from the customers' viewpoint (Franke et al. 2004;Chen and Wang 2010).

To overcome this problem, some works have tried to optimize product configuration driven by individual customer requirements in order to increase customer satisfaction (Hong et al. 2008;Dou and Zong 2014;Zhao et al. 2020). Although these researches focused on customer needs when configuring products, they did not consider costs related to manufacturing process. However, as previously stated, a sustainable MC must provide products capable of meeting individual customer requirements while being efficiently mass-produced. Thus, it seems to be of great importance to consider manufacturing costs when configuring a product for MC, and these costs depend among others on the process planning.

Integrated product configuration and process planning driven by customer needs

Process planning is related to transcribing the product design data into a method to manufacture it, including selection of machines and operations sequencing (Mohapatra et al. 2013). This means, manufacturing costs, such as operations and material handling costs, will vary according to the process plan. In addition to the overall manufacturing costs, process planning can significantly affect the product performance, since an inappropriate process plan cannot ensure the achievement of desired PFs (Xu and Liang 2006).

On the other hand, product configuration without regard to the manufacturing system settings can imply in higher production cost and delivery time (Jiao and Tseng 2000;Xu and Liang 2005). When configuring products for MC, in addition to the manufacturing system it is important to consider specific customer requirements in order to meet their individual needs. Although product configuration and process planning are essential elements for MC, few papers addressed both subjects together by considering individual customer needs (Pine 1993;Pitiot et al. 2013).

Among them, Pitiot et al. (Pitiot et al. 2013(Pitiot et al. , 2014(Pitiot et al. , 2020) ) addressed manufacturing costs considering variable resources, but they did not precise if the same operation could be performed by different resources neither did they address material handling costs. Further, to our 2020) tried to optimize the product configuration for mass-customizing products. They considered costs of product modules and/or module instances in their optimization problems, but they did not detail these costs in terms of manufacturing costs (material handling, operations cost, etc.) and raw material cost. Meaning each module always had the same cost, no matter the process plan.

Yigit et al. ( 2002) and Yigit and Allahverdi (2003), in turn, were not focused on MC, but they included individual customer requirements as input/constraints to optimize the product configuration concurrently to the process planning in a reconfigurable manufacturing system. They assumed that each type of module could have two or three module instances. However, they considered that for each type of module, there was a fixed production system configuration; consequently, manufacturing costs were considered constant according to the type of fabricated module.

The increasing globalization and demand for customized and personalized products has forced companies to be more flexible and reactive (Najid et al. 2020). This is why companies have invested in flexible manufacturing systems (FMS) and, more recently, in reconfigurable manufacturing systems (RMS) (Najid et al. 2020). In these manufacturing systems different types of machines can execute the same operation, increasing their flexibility and capacity to produce high product variety.

Nevertheless, as far as we know, there is still no work proposing to optimize the configuration of masscustomized products, driven by individual customer requirements, integrated with the process planning in FMS or RMS, with machines performing many operations, and the same operation being performed by different machines.

Further, no papers addressing the concurrent optimization of product configuration and process planning considered material handling costs in their objective functions. However, this cost can significantly affect the overall manufacturing cost.

PROBLEM STATEMENT

Rather than proposing modules to the customers, here they are invited to select, among a set of options, which PFs they desire in their product. Each individual customer requirement can be translated into a PF that are represented by product modules. Each instance from a module can satisfy several PFs, while each PF can be satisfied by one or many module instances.

The set of operations required to manufacture a product variant corresponds to the combination of the operations required by each module instance chosen in the product configuration. Operations can be performed by different machines, whilst the same machine can perform several operations. In any case, each operation is performed once while the same machine can be assigned many times, but never to multiple operations simultaneously. The operation's cost can change from one machine to another and there is a cost of handling material between two machines. Therefore, manufacturing costs cannot be considered constants according to the module instance type.

Several product configurations can origin from the combination of module instances capable of satisfying PFs required by the customer, Each module instance has a raw material cost, in addition to that, costs of manufacturing, assembly and material handling are also considered. Thus, the number and types of selected module instances as well as how operations are sequenced and 13 the International Conference on Modeling, Optimization and Simulation -MOSIM'20 -November 12-14, 2020-Agadir -Morocco "New advances and challenges for sustainable and smart industries" assigned can affect the search for the optimal product configuration. It means a product configuration with the lowest overall manufacturing cost capable to meet all individual customer requirements (required PFs).

PROPOSITION

Figure 1 illustrates the proposition for integrating the product configuration with the process planning with consideration of individual customer requirements for MC.

Customers specify which PFs they want in their product. Only module instances capable to satisfy at least one PF are considered in the product configuration stage. Each product configuration will require a set of operations that must be sequenced and assigned to machines, at process level. The optimal product configuration corresponds to the one that meets all customer requirements (required PFs) and that has the lowest overall manufacturing cost, which comprises (1) costs of raw material, (2) operations and (3) material handling. Finally, the customer validates the product variant proposed and, if she/he wants, she/he can do some changes.

Mathematical model

Assumptions

i. Instances from different modules cannot require the same operations; ii. Each machine is able to perform different operations; iii. The same operation can be performed by different machines. 

Input parameters

𝑭 = {1,2, … , f, … ,

Decision variables

𝒚 𝒎𝒊 1, if instance i of module m is selected. 0, otherwise.

𝒙 𝒑𝒘𝒋 1, if operation p is assigned to machine win process plan position j. 0, otherwise.

𝒕 𝒘,𝒘 ′ 𝒋,𝒋+𝟏

1, if the occurrence of machine w is on the position j of process plan and the occurrence of machine w' is on the position j+1. 0, otherwise.

Objective function

Eq. ( 1) presents the objective function, which consists of the sum of raw material cost (CRM), operations cost (CP) and material handling costs (CMT):

𝒁 = 𝑪𝑹𝑴 + 𝑪𝑷 + 𝑪𝑴𝑻 𝒎𝒊𝒏 𝒁 (1) 
Where:

𝐶𝑅𝑀 = ∑ ∑ 𝑦 𝑚𝑖 × 𝛼 𝑚𝑖 𝑖 𝑚 (2) 𝐶𝑃 = ∑ ∑ ∑ 𝑥 𝑝𝑤𝑗 × 𝜎 𝑝𝑤 𝑗 𝑤 𝑝 × 𝜏 𝑝𝑤 (3) 𝐶𝑀𝑇 = ∑ ∑ 𝑡 𝑤𝑤 ′ 𝑗,𝑗+1 × 𝜓 × 𝑑 𝑤,𝑤 ′ 𝑗 𝑤,𝑤 ′ ∊𝑊 (4) Subject to: ∑ 𝑦 𝑚𝑖 𝑖 ≤ 1 ∀ 𝑚 ∊ 𝑀 (5) 𝑦 𝑚𝑖 + 𝑦 𝑚′𝑖′ ≤ 𝐺 𝑚,𝑖,𝑚 ′ ,𝑖 ′ + 1 ∀ 𝑚, 𝑚 ′ ∊ 𝑀 (6)
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∀ 𝑖, 𝑖 ′ ∊ 𝐼 ∑ ∑ 𝑦 𝑚𝑖 𝑖 × 𝑆 𝑚𝑖𝑓 ≥ 𝐷 𝑓 𝑚 ∀ 𝑓 ∊ 𝐹 (7) ∑ ∑ 𝑥 𝑝𝑤𝑗 𝑤 𝑝 = 1 ∀ 𝑗 ∊ 𝐽 (8) ∑ ∑ 𝑥 𝑝𝑤𝑗 = 1 𝑗 𝑤 ∀ 𝑝 ∊ 𝑂𝑃 (9) ∑ ∑ ∑ 𝑦 𝑚𝑖 × 𝑅 𝑝𝑚𝑖 𝑖 𝑚 𝑝 = ∑ ∑ 𝑤 ∑ 𝑥 𝑝𝑤𝑗 × 𝑗 𝑄 𝑝𝑤𝑐 𝑝 (10) ∑ ∑ 𝑥 𝑝 ′ 𝑤 ′ 𝑗 ′ 𝑗-1 𝑗 ′ =1 𝑤 ′ ≥ ∑ 𝑥 𝑝,𝑤,𝑗 × 𝑃 𝑝′𝑝 𝑤 (11) ∀ 𝑝, 𝑝′ ∊ 𝑂𝑃 ∀ 𝑗 = 1, 2, … , 𝑛 ∑ 𝑡 𝑤,𝑤 ′ 𝑗,𝑗+1 𝑤,𝑤 ′ ∊𝑊 ≤ 1 ∀ 𝑗 ∊ 𝐽 (12) 𝑡 𝑤,𝑤 ′ 𝑗,𝑗+1 ≥ 𝑥 𝑝𝑤𝑗 + 𝑥 𝑝 ′ 𝑤 ′ 𝑗+1 -1 (13) 
𝑦 𝑚𝑖 ∊ {0,1} ∀ 𝑚 ∊ 𝑀 ∀ 𝑖 ∊ 𝐼 (14) 
𝑥 𝑝𝑤𝑗 ∊ {0,1} ∀ 𝑝 ∊ 𝑂𝑃 ∀ 𝑤 ∊ 𝑊 ∀ 𝑗 ∊ 𝐽 (15) 𝑡 𝑤,𝑤 ′ 𝑗,𝑗+1 ∊ {0,1} ∀ 𝑤 ∊ 𝑊 ∀ 𝑗 ∊ 𝐽 (16) 
Constraint Eq. ( 5) ensures that only one instance (i) of a given module (m) can be selected each time. Eq. ( 6) states that only the module instance i compatible with the module instance i' can be selected to constitute a given product variant. Eq. ( 7) ensures that each required product functionality (f) must be satisfied by at least one selected module instance (𝑌 𝑚𝑖 ). Eq. ( 8) states that each operation (p) is processed at one process plan position (j) by one machine (w), whilst Eq. ( 9) states that each operation (p) is processed once in one machine (w). With constraints ( 8) and ( 9), the Eq. ( 10) ensures that each of all required operations must be performed in only one machine (w) at one stage of the process plan (j). Eq. ( 11) describes the precedence constraint. Constraint (12) ensures that between position j and j+1 there is at most one machine change(𝑡 𝑤,𝑤 ′ 𝑗,𝑗+1 ), while the Eq.Erreur ! Source du renvoi introuvable. states that if two followed machines in the process plan are different, there is a material transfer between them (𝑡 𝑤,𝑤 ′ 𝑗,𝑗+1 = 1). The variable domains are described by Eq. ( 14), ( 15) and ( 16).

Solution approach

In this paper, a 2-step solution approach (Figure 2) based on an exhaustive search algorithm (ESA) and CPLEX solver is proposed. As previously said, in this paper each PF can be satisfied by at least one module instance.

Further, each combination of module instances corresponds to a product configuration (PC). In the first step, ESA lists all possible PCs, through the combination of all available module instances, while respecting the compatibility constraint of module instances. Then, based on the customer requirements, it means, their desired PFs, ESA filters all available PCs, to obtain only feasible product configurations (FPC). Each FPC corresponds to a PC capable to satisfy all PFs required by the customer.

Operations required by each feasible PC are inputs to the second step, in which the optimal operations sequence and machine assignment for each FPC is searched with the aid of CPLEX solver. The total cost as well as optimal process planning found for each FPC is archived. At the end, the set of optimal solutions found for all FPCs is enumerated and therefore the global optimal is selected, which corresponds to the FPC presenting the process plan and product configuration with the minimal overall manufacturing cost. Here, the minimal overall manufacturing cost includes costs of (1) raw material, (2) operations and (3) material handling. Step 1

Step 2

Figure 2. Framework of the 2-step solution approach to optimize the product configuration integrated with its process planning by considering individual customer requirements.
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This approach allows for the simultaneous optimization of PC and process planning, while ensuring that:

1) The minimum cost is obtained;

2) All customer requirements, it means, PFs required by the customer, are attended.

Results and discussion

In order to verify the model and the solution approach, a numerical illustration with 7 available PFs, 4 modules (with module instances varying from 2 to 5 per module), 13 operations, 10 machines, positioned in different layout positions with known distances, was used.

The algorithm was implemented in Python 3.7 language and all tests were conducted in a laptop computer powered by an Intel core i7-7600U CPU (2.80 GHz) and 16 GB of RAM.

In this problem, the optimal solution will always depend on the PFs required by the customer. Since in the example 7 PFs are available, there are 127 different ways of requiring these PFs (e.g. PF1+PF2, PF2+PF4+PF5, etc.), consequently there is a global optimum for each case. However, no matter which PFs customer requires, the proposed solution approach follows the same steps. Due to that, only one example is presented in this paper for detailing the obtained results.

The optimal solution found for the example considering the selection of PFs 1, 4, 5, and 7 is presented in Table 1. The best product configuration is composed by the module instances M1I3, M3I1 and M4I1 (M1I3 is instance 3 of module 1), with an overall manufacturing cost of 43.52 €. The CPU time required was 60.96 s.

Table 1. Results found for the example considering the following selected PFs: 1, 4, 5, and 7.

Step 1 -Filtering all FPCs Selected PFs 1, 4, 5, 7

Number of FPCs 5

Step 2 -Finding the global optimum

The best FPC is composed by : Overall production cost is: 

CONCLUSION

This paper proposed an approach to reduce "mass confusion" through customer guidance at the product configuration stage, while integrating the latter with the process planning in order to minimize overall manufacturing cost. This cost is composed of (1) raw material of module instances, (2) process operations and (3) material handling. This optimization was modeled as an ILP problem and a 2-steps approach was used to solve it. In this model, the product configuration was optimized in terms of PFs required by customers, proving that it is possible to integrate customer requirements while optimizing the product configuration integrated to the process planning. Results found have proven that considering manufacturing costs when configuring a product for MC is relevant, because a product with a more expensive raw material cost does not always mean a higher overall manufacturing cost. Therefore, this approach can be used as an alternative to help customer during their decision making process in order to reduce the "mass confusion" caused by the too many available choices in MC contexts.

Further, the exact solution approach presented in this paper has proven its ability to find rapidly and efficiently a global optimum, for a relatively complex problem that integrate two combinatorial problems: the product configuration and process planning.

For future researches, we want to evaluate the integration of product configuration and process planning in a RMS, by exploring its ability to reconfigure at machine and layout levels simultaneously. Further, we want to test this solution approach with a real product, and therefore with higher instances.
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Figure 1 .

 1 Figure 1. Proposition's illustration of the integrated modular product configuration and process planning for manufacturing mass-customized products.
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