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Abstract

Current efforts in the development of a Product-driven Process Synthesis methodology have been focusing on broadening the design scope to consumer preferences, product attributes, process variables and supply chain considerations. The methodology embraces a decision making activity to be performed at different levels of detail and involving criteria with, sometimes, conflicting goals. In this contribution we focus on the development and implementation of a decision making process based on criteria accounting for the above mentioned issues. The developed multi-criteria decision making method is based on Quality Function Deployment and the Analytic Network Process, involving benefits, risks, opportunities and costs. The application of the method provides a more structured scenario for decision making processes in R&D and also forecasts the stability of the outcome with respect to changes in the decision making criteria and relevance of benefits, risks, opportunities and costs. To clarify and illustrate the steps of this method, it has been applied to decision making in a R&D environment.   
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1. Introduction
Decision making (DM) in product and process design in all Fast Moving Consumers Goods (FMCG) companies can still be improved. These improvements originate from the unstructured way of defining and including consumer preferences, product and process characteristics, and supply chain considerations in the DM activity. The synthesis of new products and processes involves usually multidisciplinary teams with experts in different areas. Quite often, the synthesis activity is performed sequentially (Figure 1-top), resulting in people of the multi-disciplinary team being involved at different stages of the process. This approach leads to non-smooth feedback opportunities and to a lengthy synthesis process.  
Aiming at a more structured approach towards the synthesis of product and processes, a novel methodology has been developed. This approach -termed product-driven process synthesis (PDPS) - exploits the synergy of combining product and process synthesis workstreams. Current efforts in the development of PDPS methodology have been focusing on broadening the design scope to consumer preferences, product attributes, process variables (Almeida-Rivera et al., 2006). In this contribution we focus on the development and implementation of a decision making process based on criteria accounting for the above widened scope including supply chain considerations (Figure 1 – bottom). Supply chain criteria include lead time, time to market and equipment transferability, seasonality, among others.
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Fig.1. Sequential synthesis of product and process (top); extended product-driven process synthesis (bottom). 
2. The Product-driven Process Synthesis (PDPS) Approach

Since its introduction, process systems engineering (PSE) has been used effectively by chemical engineers to assist the development of chemical engineering. In tying science to engineering, PSE provides engineers with the systematic design and operation methods, tools that they require to successfully face the challenges of today's industry (Grossmann and Westerberg, 2000). One such method is the PDPS approach, which focuses on the creation of the best conversion system that allows for an economical, safe and environmental responsible conversion of specific feed stream(s) into specific product(s). 
Although the definition of PDPS might suggest a straight-forward and viable activity, the synthesis is complicated by the nontrivial tasks of identifying and sequencing the physical and chemical tasks to achieve specific transformations; selecting feasible types of unit operations to perform these tasks; finding ranges of operating conditions per unit operation; establishing connectivity between units with respect to mass and energy streams; selecting suitable equipment options and dimensioning; and control of process operations. Moreover, the synthesis activity increases in complexity due to the combinatorial explosion of potential options. The number of possible combinations can easily run into many thousands (Douglas, 1988). The PDPS methodology is regarded in this context as a way to beat the problem complexity. 
This synthesis strategy is supported by decomposing the problem into a hierarchy of design levels of increasing refinement, where complex and emerging decisions are made to proceed from one level to another. Moreover, each level in the PDPS methodology (Fig. 2-left) features the same, uniform sequence of activities (Fig. 2-right), which have been derived from the pioneering work of Douglas (1988), Siirola (1996) and further extended by Bermingham (2003) and Almeida-Rivera et al. (2004). 
The generic design structure of the methodology includes an “evaluation and selection” activity, which traditionally has been driven by the satisfaction of economic performance. Hereafter, it is indicated how this “evaluation and selection” space is extended to encompass a wide range of aspects involving consumer preferences, product and process characteristics and supply chain considerations on top of the financial performance. 
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Fig. 2. Levels of the PDPS methodology (left); activities at each level in the PDPS methodology (right)

3. Multi-criteria Decision Making (MCDM)

Improvement of DM processes for the creation and operation of supply chains has been identified as one of the key challenges for the Process Systems Engineering community in the years to come (Grossmann and Westerberg, 2000). This DM process involves different aspects, characterized by different criteria with, sometimes, conflicting goals. To deal with the above, a multi-criteria decision making (MCDM) activity is suggested, including not only financial criterion but also criteria related to consumer preferences, product and process characteristics and supply chain considerations. Next to the definition of the criteria to decide upon, a structured method for DM needs be envisaged to improve the systematic DM.

3.1. Selection of the Benchmarking Technique
Benchmarking techniques are DM methods, consisting of DM models and meant to continuously review business processes (Watson, 1993). Based on expected applicability within a FMCG environment, three such techniques have been further studied. 
Data Envelopment Analysis (DEA) is a mathematical benchmarking technique normally applied to compare the performance of DM units (e.g. production processes). The main advantage of this technique is that the efficiency of multiple inputs and multiple outputs can be evaluated, without the necessity of using weighing factors. On the other hand, this technique is limited by the fact that all inputs and outputs must be quantifiable and measurable for each DM unit (Cooper et al., 2006). 
Analytic Hierarchy Process (AHP) is a technique to compare alternatives. According to this technique, a DM problem can be hierarchically decomposed in: goal, criteria, levels of sub-criteria and alternatives. All criteria are assumed to be independent and pair-wise comparisons are made by experts to determine weighing factors of the criteria. Pair-wise scores for all alternatives per criteria are given by the experts. For further details, see Saaty (1990).
Analytic Network Process (ANP) is a generalization of the AHP, where the assumption of a hierarchical structure is relaxed.  It resembles a network, consisting of clusters of elements, which are the DM criteria and the alternatives. The relations between elements depend on the DM case. For further details, see Saaty (2005).
The selection of the benchmarking technique is based on the applicability of the technique in the product and process DM process within an industrial setting and on whether the criteria are quantifiable and interdependent (Fig. 3). In view of the scope of the PDPS approach, where the dependencies of product and processes characteristics are of relevance, we selected the ANP technique as benchmark.
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Fig. 3. Tree diagram for the selection of the benchmarking technique

3.2. Development of the MCDM Method
Like Partovi (2007), we combined the concepts of Quality Function Deployment (QFD) and ANP to develop the MCDM methodology. However, the concept of QFD was further extended to cover consumer driven product design, process design and supply chain design. Thus, the extended QFD uses four matrices that integrate consumer preferences, product and process characteristics and supply chain considerations. The network structure of this extended QFD concept and the financial factors are implemented in ANP models of different levels of complexity (simple network, small template (Fig. 4) and full template). 
The small template structure (Fig. 4), for instance, is composed of two layers. In the first layer, the goal is divided into merits (Benefits, Risks, Opportunities and Costs; BROC); in the second layer, subnets of these four merits are obtained by using a QFD subdivision of the DM criteria; according to this subdivision, clusters for DM problems are divided into three groups: QFD factors, financial factors and alternatives. The clusters and nodes (i.e. DM criteria) in the subnets are pair-wise compared. The overall decision is reached provided that the BROC merits are a-priori weighted. 
The DM process involves going through various phases as indicated by Saaty (2005). The following changes of and additions to Saaty’s outline of steps are: inclusion of group decision; introduction of a step related to individual influence of decision makers; extension of the QFD concept covering consumer driven product, process and supply chain; introduction of a structured way to arrive at the criteria; specification of the timing of the different steps of the method is given; reverting of the order of the steps related to the weighing of the merits and the cluster and nodes comparisons.
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Fig. 4. Small-template structure

4. Application of MCDM Method

The MCDM method has been applied to a decision making case in a R&D project of a specific product category. The project involves different regions and parallel tasks involving design, development, implementation and launching of products and processes. In this project many decisions need to be made. An example of a decision making problem is the choice between two types of production equipment, types A and B. The performance of type A is proven, whereas type B seems promising, but has a higher risk because its performance is not (yet) fully proven. Equipment type B is less expensive than type A.
After having composed the appropriate DM team, a long list of DM criteria per merit has been compiled for the category products and processes. These criteria have been divided into consumer preferences, product characteristics, process characteristics, supply chain characteristics and financial factors. This list does not include any non-negotiable criteria; however, in the event that alternatives conflict with one or more of these criteria the alternatives are not further considered for the DM process. Next, a short list of criteria has been compiled for the particular case of deciding between equipment type A and type B. The short list has been compiled and agreed upon by key decision makers. Also this short list of criteria has been divided into benefits, risks, opportunities and costs and further divided into consumer preferences, product characteristics, process characteristics, supply chain characteristics and financial factors. 
The small template was chosen as structure of the ANP model, as the number of clusters per subnet does not exceed 10 (Fig. 3). Per merit, the priority of the alternatives has been calculated using the software Super Decisions 1.6.0. and then multiplied by the weighing factors of the merits to come to the overall decision. According to the outcome of the software, equipment type A seemed to be the best option when it comes to deciding between equipment type A and equipment type B. 
Also, a sensitivity analysis has been performed, where each merit weight was increased while keeping the others constant. The following results were obtained from this analysis: if the benefits became more important, both alternatives had equal priorities; if the costs became more important, alternative B was preferred; if the opportunities became more important, both alternatives had equal priorities; when the risks became more important, alternative A was preferred. The change of relative importance of the alternatives with a fixed priority for the BROC merits has been also analysed. For the case of opportunities merit, for instance, there was a threshold score, above which the equipment type B became preferred over equipment type A, keeping the weighing factors of the merits constant. This sensitivity analysis can be used effectively to establish the DM criteria that should be changed and the extent of change to swap the decision in favour of equipment type A or type B. 
5. Conclusions

The presented MCDM method is based on Saaty’s outline of steps of the ANP benchmarking technique. In the development of the MCDM method, points for improvement for and positive aspects of the current way of DM were combined: a more structured way to come to the criteria, a more structured way to come to the importance of the criteria, taking into account dependencies between criteria and dealing with objective and subjective criteria. The use of the method is limited, however, by the need of high number of comparisons, considerable time-investment and knowledge availability of all factors. The application of the MCDM method to the industrial R&D project helped to improve the current DM processes in R&D projects, while retaining the strong points. Although the presented MCDM method is extensive, it is important that consumer preferences, product and process characteristics and supply chain considerations are taken into account in all decisions made also during the early stages of the PDPS methodology.
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