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Preface

Everything started when I asked M. Remy about the specialization programs in mechanical engineering. Somehow, he convinced me to do a PhD… in ecodesign. These tree years of PhD studies have been an intentional discovery (from scratch) on the field of design process and ecodesign, and an unintentional discovery on many other fields that I have crossed (e.g. integrated design, PLM, information systems, empirical research and LCA).

It happened more or less like this: in the first year, I had one thing in mind, to find-out how to ecodesign early in the design process. The idea was then to look at what people have done for estimating cost of products in early stages of design (yes, economic meaning of cost. It sounded obvious to me that if business is cost oriented, research about that would be better established than about environmental estimation). I found then, three main categories of tools: analytic, parametric and analogic. At the time, analogic tools looked like the ones that could influence earlier the design process, even before having the BOM of the product, by giving an impact to the function for example. It was "only" a matter of having an information model that could make that link, and why not, a link to even earlier decisions, a link to all decisions… wouldn't be nice to know exactly where the impact came from (beyond the classic BOM)? -Ambitious goals! Because of that, I got interested in literature about design rationale (where decisions come from). Then, I tried to capture that information by conducting design experiments. The first idea was to capture design rationale by gently asking designers (students) to write down their motivations for making a decision… sweet mistake, the design process was much more messy than what I expected. Now, I was (passionately) reading about how designers think and (desperately) looking for how to capture the design rationale (end of the second year).

My last year started without any answers or successful experimental results (tic-tac). I read about the Delta design game context and I asked myself, why the environmental expert is not another role of the game? Maybe my contribution after all were not in capturing rationale to give better insights to the environmental expert, but to put him in the design team, where he is aware of the rationale, and to facilitate the exchange of information between experts.

I acknowledge my supervisors Seb and Tati (Sébastien Remy and Tatiana Reyes) for their guidance and mainly for their moral support. I appreciate the friendly environment in which I have worked in. I would like to thank people that have supported me (from close and from far), that have discussed with me and that have motivated me (with cookies and chocolate) during this graduation process, directly and indirectly contributing to my work. I also thank the courageous volunteers that participated to my experiments.

I should specially mention the support and understanding of Jawad to my countless (apparently normal) PhD student existence crises. I am also thankful to Mendeley for making my life easier when organizing references and to the employees of UTT for the administrative support.

Miriam Kozemjakin da Silva

General introduction INTRODUCTION

Consequences of human actions to the environment have been seen for a long time in a local scale, like the discharge of sewage in a river and the consequences on the drinkability of the water. In a larger scale, the notion is much more recent, the complexity of the systems and the need for long and large scale data gives room for scepticism. Many argue that global warming is not a consequence of human actions [START_REF] Montford | The hockey stick illusion: climate change and the corruption of science[END_REF], but does it really matter? If the statement that the human actions today are enough to affect global scale can be contested, it is a certainty that no one wants to reach a point (if we are not already there) where our actions, our way of living, would have so much impact that it will be easily seen in a global scale. I consider then, undeniable the motivation of this work: moving towards a more sustainable development.

As the sewage discharge has consequences on the quality of the water, the manufacturing of products also has consequences on the environment. The whole life of a product (from its creation to its disposal) impacts the environment, such as by the depletion of resources or the toxicity to humans and other species.

The design team (in the sense of creators of the product) is responsible for the behaviour the product has in its life. Every decision made during design affects the final environmental profile. For instance, if a car consumes a lot of fuel during its use-phase, the fossil depletion is a consequence of the energy choice or the weight of the car. Those characteristics of the product are both settled during the design phase as a consequence of specifications, security standards and so on.

To increase the integration of the environmental expertise early in design process, the present work aims at exploring the information exchange matter. More precisely, the research question addressed is: what is the product outcome when different sets of information from the design process are given to the environmental expert?

PHD CONTEXT

This thesis was carried out as part of the project FINATHER3, this project is founded by the Fonds Unique Interministériel (Single Interministerial Fund) and the Champagne-Ardenne Region of France.

Under the supervision of Sébastien Remy from the LASMIS (Laboratory of Mechanical Systems and Concurrent Engineering) and Tatiana Reyes Carrillo from the CREIDD (Research Centre for Environmental Studies and Sustainability) both from the Université de technologie de Troyes, France.

FIELDS OF CONTRIBUTION

The main contribution interest of this work is in the fields of engineering design and ecodesign. The approach used employs topics from information management and integrated design. Some topics can address the same issue with different means, be complementary to this research or be close to the boundaries of this thesis. To clarify, this PhD is NOT about: lifecycle assessment (LCA), automatic generation of design concepts, knowledge rules or knowledge management, ecodesign in CAD systems or product lifecycle management (PLM) tools.

RESEARCH METHODOLOGY AND DOCUMENT STRUCTURE

The deductive theory process has been used as a main guidance for this dissertation. As seen in Figure 1, hypotheses are deducted from theory (literature) and are then subjected to empirical proof [START_REF] Bryman | Social research methods[END_REF].

Figure 1-The process of deduction. Adapted from [START_REF] Bryman | Social research methods[END_REF].

Another source of research guidance, more specific to the field, has been used. Design research methodology (DRM) has four stages to deal with a design issue [START_REF] Blessing | DRM, a design research methodology[END_REF]:

 Research clarification: literature review to identify the main research problems, and establish the research goals;

 Descriptive study 1: describe the existing situation to support hypothesis;  Prescriptive study: proposed solution and how it is expected to affect the issue;  Descriptive study 2: validation, to prove that the proposed solution improves the situation.

The authors propose methods for each stage of the methodology. The following synthesis of methods is found at [START_REF] Duffy | Critical Enthusiasm -Contributions to Design Science[END_REF] and is used with the purpose of establishing clear definitions:

 Case studies: particular instances of design are studied and analysed.  Experiments: predefined criteria and methods of evaluation are established and artificial scenarios are constructed. Design experiments are artificial in nature whereas the other methods are more closely based on actual design practice.

 Industrial studies: actual design practice is studied and analysed through a variety of techniques, e.g. interviews, protocol analysis, methods study, etc.

 Protocol analysis: records of design practice or experiments, using audio/video tapes or other means, are analysed.

 Worked examples: similar to case studies, scenarios of particular design problems are simulated and analysed.

The research methods used are specified further in the dissertation. This dissertation is organized in 5 parts: "Chapter 1: literature survey" introduces, at first, sustainable development as a general context. At second, the main research context bricks used are addressed: product design and development and information systems. Finally, ecodesign leads to the research issue explained in chapter 2.

"Chapter 2: approach" begins by framing the space of contribution to well identify the research problem, based on the literature review. From this background, the following is stated:

 Research issue: The environmental expert is disconnected from the product development process.

 Research goal: How to integrate the environmental aspect in the product design?  Hypothesis: Providing design process information to environmental expert has positive consequences on reducing product environmental impact.

 Research question: What is the product outcome when different sets of information from the design process are given to the environmental expert?

"Chapter 3: development" covers the development made towards answering to the research hypothesis. Section 1 is about the information the environmental expert requires in a collaborative environment. Section 2 is about the Delta design game simulation. Section 3 presents the synthesis of the chapter.

"Chapter 4: validation" is about the feedback from experts of the ecodesign field on the validity of the results.

Finally, "Chapter 5: conclusions and discussion" present the conclusions of the dissertation, discusses the results and the future leads of research in the field.

Chapter 1: literature survey

This chapter introduces, at first, sustainable development as a general context. At second, it reviews all the important points associated with the research context: product design and development; information systems; and finally ecodesign.

GENERAL CONTEXT

Sustainable development

In the early 60s, Rachel Carsons published the book Silent Spring where the impact of the pesticide DDT on birds is reported. Although works on the environment had already been published, this is the first one in which the environment appears clearly vulnerable to the actions of humans. Silent Spring is widely regarded as the starting point for contemporary awareness of the environment and environmentalism [START_REF] Neuteleers | Beyond green and mainstream: on the normative foundations of environmental policy[END_REF].

A few years later, in the late 60s, the article The tragedy of commons [START_REF] Hardin | The tragedy of the commons[END_REF]) launches reflection on the structural nature of environmental problems. The author led to imagine a pasture open to all. Each farmer can decide how many animals they want to raise. As more animals leads to more revenue, each farmer will try to have as much animals as possible. However, if each farmer follows this logic, pasture will be overexploited and the base income of farmers will be destroyed.

According to the author, the only way out of the tragedy is through mutual coercion mutually agreed upon.

Literature survey 

Application in industry

Therein is the tragedy. Each man is locked into a system that compels him to increase his herd without limit -in a world that is limited. [START_REF] Hardin | The tragedy of the commons[END_REF] The book Design for the Real Word: Human Ecology and Social Change (1971), from Victor Papanek carries a strong message for the design profession: industrial designers should be aware of the implication of their work on society and environment. The author asks for shifting the paradigm of consumption. Moreover, he is the precursor of ideas like product-service-system [START_REF] Papanek | Design for the real world : human ecology and social change[END_REF].

The economy of the marketplace is still geared to a philosophy of "purchasing-owning" rather than a dynamic one of "leasingusing".

All systems are built on the assumption that we must buy more, consume more waste more, throw away more. [START_REF] Papanek | Design for the real world : human ecology and social change[END_REF] In Stockholm in 1972, it took place the first meeting organized by the UN about the environment (United Nations Environment Programme -UNEP) and since then it occurs every 10 years. The Declaration of the United Nations Conference on the Human Environment results from this first meeting. It has about 26 principles, e.g. the need for cooperation among States, the importance of education and research about the environment (United Nations, 1972).

In the long and tortuous evolution of the human race on this planet a stage has been reached when, through the rapid acceleration of science and technology, man has acquired the power to transform his environment in countless ways and on an unprecedented scale. (United Nations, 1972) The Brundtland Report (Organisation des Nations unies, 1987) was probably one of the first communications that explained the need to go towards sustainable development and the global scale implications of doing so. For some, this consciousness was inspired on the first pictures of Earth from space and the reflection about the image and the importance of humans relative to the universe. Moreover, it was in this report that the first definition of "sustainable development" appears:

Development that meets the needs of the present without compromising the ability of future generations to meet their own needs. (Organisation des Nations unies, 1987) Subsequent to these initiatives rather symbolic, in the late 80s, the Montreal Protocol (UNEP, 1987) on ozone layer depletion was signed by the countries of the European community and effectively put into action in 89. Then, gradually, it was adopted by 196 countries. The result of this agreement was the reduction of emissions of substances that deplete the ozone layer by humans, as the refrigerant CFC (chlorofluorocarbon). Despite the difficulty to quantitatively measure the impact of such action, the effectiveness of the Montreal Protocol to protect the ozone layer was analysed qualitatively by [START_REF] Mäder | Evidence for the effectiveness of the Montreal Protocol to protect the ozone layer[END_REF], who concludes on the success of international cooperation between science, economics and politics.

In the 80s, the world has suffered several manmade disasters: gas explosion at a refinery in Bhopal, India, the explosion of the Chernobyl nuclear reactor in Ukraine (former USSR), discharge oil from the Exxon Valdez on clear shores of Alaska. These events have helped to raise awareness of the society on environmental issues [START_REF] Andrade Vicente | The Evolution of Design with Concerns on Sustainability[END_REF].

Twenty years after the first conference in Stockholm, the UN initiative is growing with the participation of 173 countries in Rio de Janeiro in 1992. Known as The Earth summit, this event is often referenced as a success by the creation of two major environmental conventions: the United Nations Framework Convention on Climate change (UNFCCC) and the Convention on Biological Diversity. In addition, the conference launched the Agenda 21. This recommendation includes social and environmental dimensions and proposes to create dynamic targets at different levels in the territory.

After the creation of the UNFCCC and in order to stabilize the atmosphere, the Kyoto Protocol was signed in 1997. According to this, governments must accept limits on their quantified GHG (greenhouse gas) emissions, through successive rounds of negotiations or "commitment periods". According to the protocol, each country should achieve its objectives, principally through national measures (United Nations Framework Convention on Climate Change, 1998).

In addition to the agreements of the UN, in 2007 the European Union decided to launch the plan 3x20. This corresponds to a 20% reduction in greenhouse gas emissions, 20% improvement in energy efficiency and 20% final renewable energy consumption by 2020 (when compared to 1990).

The most recent meeting of the UN Environment was held once again in Rio de Janeiro in 2012. Rio +20 main goal was to reconcile the eradication of poverty with a green economy. According to Tukker [START_REF] Tukker | Knowledge Collaboration and Learning by Aligning Global Sustainability Programs: Reflections in the context of Rio+20[END_REF], the programs were repetitive and often based on the search for a compromise to avoid more radical approaches such as a degrowth program.

These events are not exhaustive and other commitments of regional, national and international level were created. The following provides a French context on sustainable development initiatives.

Ecological footprint calculates the area required to produce the resources people consume (grazing, forest, fishing, cropland), the area occupied by infrastructure, and the area of forest required for sequestering CO2 not absorbed by the ocean [START_REF] Borucke | Accounting for demand and supply of the biosphere's regenerative capacity: The National Footprint Accounts' underlying methodology and framework[END_REF]. Ecological footprint is an ambitious aggregated indicator [START_REF] Neuteleers | Beyond green and mainstream: on the normative foundations of environmental policy[END_REF]. Despite the criticisms, it is used here only to give a general picture, the situation of countries and their demands over the planet. France is above the world's average of 2,7gha (global hectares demanded per person), with 4,88gha [START_REF] Wwf | Living Planet Report[END_REF].

Since the late 70s, France has created several agencies specialized in environmental actions (e.g., the National Agency for the recovery of waste, the Agency for air quality and the French Agency for the mastery of energy). In 1991, the coordination related to the protection of the environment, energy and sustainable development has been given to the Agency for Environment and Energy Management (ADEME, 2012).

In France, the environmental actions are represented by a series of laws: in 2007 the Grenelle de l 'Environment, in 2009 the Grenelle 1 and in 2010 the Grenelle 2. They are complementary to the global and European commitments. For example, the Grenelle 1 engages the country in the "Factor 4" plan, in which France is committed to divide by 4 the greenhouse gas emissions by the horizon 2050 (compared to 1990). They also define, for each sector, actions to fulfil, such as: the construction of buildings with low energy consumption, environmental communication, control of pesticides in agriculture, promotion of alternative transport, waste policy and protection of biodiversity (Assemblée Nationale, 2010).

Summarizing, since the 60s, the world is becoming aware of the importance of natural capital and the limits of our environment. Nowadays, it is widely accepted that the quality of the environment and the preservation of the natural resources play a major role with regard to the well-being of present and future humans [START_REF] Reyes | L'eco-conception dans les PME: les mécanismes du cheval de Troie méthodologique et du choix de trajectoires comme vecteurs d'intégration de l'environnement en conception[END_REF].

To achieve local, regional and global commitments, manufactured products are affected by a new constraint: the environment.

RESEARCH CONTEXT

A product is something produced by labour and sold by an enterprise to fulfil customers' needs. The economic implications of this exchange create a vicious search for new products and markets. This, in addition to the demands of a growing population, results in a high impacting human activity, centred in the manufacturing of products [START_REF] Steffen | Global change and the earth system: a planet under pressure[END_REF].

Despite the important assets brought by products, they are not without implications to the environment. The whole life of a product (from its creation to its disposal) impacts the environment, such as by the depletion of resources, the greenhouse gases emissions and the toxicity to humans and other species.

There is a strong relation between sustainability and the product development, which plays an important role in reducing environmental impacts [START_REF] Dewulf | A pro-active approach to ecodesign: framework and tools[END_REF][START_REF] Pimenta | Eco-efficiency within extended supply chain[END_REF]. It is the product design and development that defines the product and, as a consequence, most of its life impacts [START_REF] Suh | The priciples of design[END_REF]. This research is focused on studying product design and development process motivated by product environmental improvement.

At first, definitions that allow better understanding the research contribution context are presented: product design and development in section 2.1, information management in section 2.2. This is followed by the ecodesign context (section 2.3), which clarifies the research issue.

Product design and development

 Definitions and modelling 1Product development process (PDP) is "the sequence of steps or activities that an enterprise employs to conceive, design and commercialize a product" [START_REF] Ulrich | Manuel du Protocole de Montréal relatif à des substances qui appauvrissent la couche d'ozone[END_REF]. Pugh also calls it the total design [START_REF] Pugh | Total Design[END_REF].

The interest seen by companies in studding the product development is to reduce the time and cost of development and also to improve the quality of the product produced. Modelling and establishing a product development process helps planning and exploring opportunities to reduce a project duration [START_REF] Browning | Key concepts in modeling product development processes[END_REF].

Design methods have been developed to ensure the effectiveness (e.g. quality, feasibility) and improve efficiency (e.g. development time and cost) of the design; they are about how to design or how design should be [START_REF] Tomiyama | Design methodologies: Industrial and educational applications[END_REF]. Some of the methods are the following:

Systematic approaches

Systematic approaches propose a "step by step" view of the product development process [START_REF] Pahl | Engineering design: a systematic approach[END_REF]. The different tasks are executed one after the other: for example, the manufacturing starts only when the design is settled. Most of text books about design describe this approach.

The main steps of the product development process based on the systematic approach described by [START_REF] Ulrich | Manuel du Protocole de Montréal relatif à des substances qui appauvrissent la couche d'ozone[END_REF] are:

 Concept development: the needs are identified (requirements), the product specifications are defined (tells what the product has to do), the product concepts are generated and selected. It corresponds to the optimization of the principle from Pahl et Beitz, i.e. task clarification, conceptual design and part of embodiment design phases [START_REF] Pahl | Engineering design: a systematic approach[END_REF]. Another term, close to this definition, can be found in literature as the Fuzzy Front End, which concerns the stages from opportunity identification to the concept definition [START_REF] Achiche | Fuzzy decision support for tools selection in the core front end activities of new product development[END_REF].

 System-level design: definition of the product's architecture and preliminary design of key components.

 Detail design: the definition and representation of geometry, tolerances and materials.

 Testing and refinement: construction and evaluation of prototypes.  Production ramp-up: manufacture of the product with the intended production system. In Figure 2, the product development process (PDP) described by Ulrich et al. is represented (Ulrich & Eppinger, 2012). It is also shown the design phase steps, as part of the PDP, until the detail design; and the product life that includes, besides the PDP, the steps of use, maintenance and end-of-life. Motte makes a critical review on this kind of method and concludes that it is really difficult to handle steps of the process sequentially and to deal with parts of the product independently. The author is also sceptical about the importance brought by the method to efficiency and effectiveness of the design process [START_REF] Motte | On the fundamentals of the engineering design process[END_REF].

Scaravetti compares the most known representations of the design process and concludes that there are very similar phases, which comes from a need to segment time and provide validation steps during the product development process [START_REF] Scaravetti | Formalisation préalable d'un problème de conception pour l'aide a la décision en conception préliminaire[END_REF].

The interest here is not in bringing effectiveness by applying the systematic approach, but to use its common vocabulary.

Integrated design

The complexity of products asks for a design team formed by a group of people specialised in different domains, with different viewpoints of the project.

Integrated design puts forward the designing in a multi-specialised team, since the beginning of the project. The product is developed in a zic-zac between domains. This is because changes done early in the process are less expensive than changes done late in the process [START_REF] Sohlenius | Concurrent Engineering[END_REF]. By acting early each expert is able to contribute to the decisions made during the product development process.

The real key is that everyone is engaged early as a team, goes off and does their specialized work of analysis and design, then gets back together and tests their ideas against the larger project goals, continually repeating the process until the team as a whole arrives at a final design [START_REF] Yudelson | Green building through integrated design[END_REF].

Two other fields are related to integrated design: concurrent engineering and collaborative design [START_REF] Van Wijk | Contribution à l'amélioration de la collaboration PLM dans la chaine de soustraitance aéronautique[END_REF]. Concurrent engineering is based on the overlap of tasks involved in the lifecycle [START_REF] Crestani | Communication and Cooperation Analysis in a Concurrent[END_REF]. Collaborative design takes into consideration the interaction between the team members, overcoming cultural, geographic, disciplinary and temporary barriers [START_REF] Lu | A scientific foundation of collaborative engineering[END_REF].

In fact, one thing leads to another. Integrated design happens in an environment of collaborative design and it is a means for concurrent design. The link between the fields can be seen in the definition of integrated product design of Gerwin et al.: "a managerial approach for improving new product development performance (e.g. development time), which occurs in part through the overlap (partially or completely parallel execution) and the interaction (exchange of information) of certain activities in the NPD2 process" [START_REF] Gerwin | An Evaluation of Research on Integrated Product Development[END_REF].

Research in integrated, collaborative and concurrent design involves different approaches. Lu et al. classify these approaches in: technical-oriented, social sciences-oriented, socio-technicaloriented and collaborative negotiation [START_REF] Lu | A scientific foundation of collaborative engineering[END_REF].

Technical-oriented approaches aim to support integrated design focusing mostly on facilitating collaboration. That is because a large network of collaborators that have different points of view requires intensive data and information exchange (see Information management page 20).

Such information systems can take the form of information models, that establishes who needs which information, allowing different actors to work in a common product [START_REF] Brissaud | Innovation and manufacturability analysis in an integrated design context[END_REF][START_REF] Noel | Dynamic data sharing in a collaborative design environment[END_REF].

Moreover, some authors study how to facilitate the knowledge sharing between different experts by classifying the pertinence of knowledge to be shared, capitalizing and making it available to other experts [START_REF] Caillaud | Knowledge engineering for concurrent engineering[END_REF].

He (each actor concerned at any particular instant with the life of the product) has to know what the previous actors have done, be able to see what has been already decided and what

are the current functions and constraints on the required product. [START_REF] Brissaud | Innovation and manufacturability analysis in an integrated design context[END_REF] Social science-oriented approaches are those that involve research in communal communication (e.g. people's abilities to work in a group, influence of knowledge network configurations on a team's effectiveness) and collective decisions. Socio-technical oriented approaches are about the interaction, the impact of the technical solution to the organization and human behaviours [START_REF] Lu | A scientific foundation of collaborative engineering[END_REF].

Finally, collaborative negotiation approaches study how to solve conflicts between design team members. In an environment where each of the participants has to be able to evaluate choices in his/her own perspective and interact to converge to a single product, there are conflicts due to the interdependencies between decisions and the self-interest of each member of the team.

For example, Klein et al. addresses the collaboration issue by the negotiation point of view. The authors suggest the introduction of mediators in the process and the imprinting of collaboration, to take into consideration dependencies between domains.

Process-oriented mediation does not require the same depth of domain expertise as content-oriented mediation, and it is therefore likely that designers can be trained to provide that for each other, and that such mediation can become much more widely available as a result [START_REF] Klein | The Dynamics of Collaborative Design: Insights from Complex Systems and Negotiation Research[END_REF].

In conclusion, integrated design is not a sequence of activities like systematic approaches; it does not necessarily needs sophisticated tools but can be supported by them, mainly in larger teams; and it still requires a design leader (who is open to inputs from all members of the design team) [START_REF] Yudelson | Green building through integrated design[END_REF].

Lean product design

Lean thinking is an "improvement philosophy which focuses on the creation of value and the elimination of waste" [START_REF] Khan | Towards lean product and process development[END_REF]. Its first focus was on manufacturing, based on the good practices of Japanese automotive industry since post second-world war. Later in the nighties, tools and methods have been created to support and to spread lean manufacturing to other industries [START_REF] Hohmann | Lean management[END_REF]. Lean is not restricted to one single method, but to a family of tools and methods.

Basic principles of the lean are: understand what has value to the client; identify the value stream and keep the flow of products (avoid actions of flows that are not essential to the creation of value); pull (produce according to the customers' orders); pursue perfection (always improve).

Lean product design is a more recent application of lean. The analogy between lean attributes in manufacturing and in product development can be found at [START_REF] Bauch | Lean Product Development : Making waste transparent[END_REF]. For example, manufacturing has material flow and product development has information flow. Lean product development focuses on three elements: value, knowledge and improvement.

The improvements expected from a lean product and process development method are: time and resources reduction, quality improvement and innovation increase [START_REF] Ward | Lean product and process development[END_REF]. As the results of lean product design are in line with resources optimisation, comparisons can be made to green product development, as shown by [START_REF] Johansson | Lean and green product development: two sides of the same coin?[END_REF]. The authors conclude that LPD does not ensure green product and that green products do not insure product development process efficiency, but there are potential cross-field learning between fields.

Some enablers of the lean product development found in literature are:

 set-based engineering: is when designers develop sets of solutions in parallel and gradually narrow the solutions based on knowledge gained. The final design meets the needs and requirements of everyone concerned. Five phases can be identified: value research, map design space, concept asset development, concept convergence and detailed design [START_REF] Al-Ashaab | The transformation of product development process into lean environment using set-based concurrent engineering: A case study from an aerospace industry[END_REF].

 strong project manager or chief engineer: is the most experienced engineer involved in the project; he is responsible for mediation, management and integration of functions. He also represents customer values [START_REF] Hoppmann | A Framework for Organizing Lean Product Development[END_REF].

 cross-project knowledge transfer: it is recommended to capture and reuse knowledge, to share lessons learned [START_REF] Hoppmann | A Framework for Organizing Lean Product Development[END_REF]. See Lean knowledge methods in page 28.

 concurrent engineering: the overlap of tasks by the integration of cross-functional teams as seen in Integrated design. Lean development goes in a different direction of a sequential process of development, where: the flow of information is one-way rather than multi-way and the upstream developers have more power over the solution than downstream ones [START_REF] Ward | Lean product and process development[END_REF].

 supplier integration: having a small number of suppliers for longer time. Key suppliers are integrated in the product development process [START_REF] Hoppmann | A Framework for Organizing Lean Product Development[END_REF].

Other methods

Axiomatic and paradigm approaches [START_REF] Braha | A mathematical theory of design: foundations, algorithms and applications[END_REF][START_REF] Suh | The priciples of design[END_REF]: are based on a mathematical resolution of the design issue. It aims to search, in a set of solutions, a combination of those that are able to address the functions of the product.

Design For X [START_REF] Boothroyd | Product design for manufacture and assembly[END_REF][START_REF] Huang | Design for X -Concurrent engineering impératives[END_REF][START_REF] O'grady | A review of approaches to design for assembly[END_REF]: enables converging toward a solution to the design issue by prioritizing a chosen domain, criteria or life cycle phase of the product.

 Why to focus on the design process? In fact, the design has high influence on all the following steps of the life of the product. Restarting the design all over again after the evaluation of a detailed product is time consuming [START_REF] Tchertchian | Benefits and limits of a Constraint Satisfaction Problem/Life Cycle Assessment approach for the ecodesign of complex systems: a case applied to a hybrid passenger ferry[END_REF]. The first decisions taken have intended and unintended consequences for the product's life [START_REF] Borg | Guiding component form design using decision consequence knowledge support[END_REF]. That justifies the focus often on the design process.

The decisions made during the design stage profoundly affect all those that follow -be it quality of the product, the durability of ancient buildings (some of which still stand today), or the quality of life. [START_REF] Suh | The priciples of design[END_REF] Designing is a cognitive activity of problem-solving that starts by the definition of a problem and results in a solution. Every person, from many different domains, can be concerned by this kind of activity (e.g. the design of a website, of a building, of a service, of a food dish) [START_REF] Cross | Design thinking[END_REF].

Visser argues that there are similar cognitive aspects in different design activities. However, each domain has its particularities [START_REF] Visser | Design: one, but in different forms[END_REF]. For instance, Cross compares engineering designers to industrial designers: "an engineer is unhappy making intuitive judgments and a designer is comfortable about it" [START_REF] Cross | Design thinking[END_REF].

Clarkson et Eckert describe how design in the engineering context differs from other similar activities (like manufacture and business processes). Some characteristics pointed by Clarkson et Eckert are: the complex nature of the product itself; the complexity of the process and the difficulty of capturing it in any kind of model; the uniqueness of the result; the presence of uncertainty from unknown sources and the unpredictable iterations due to conflicting constraints [START_REF] Clarkson | Design Process Improvement[END_REF].

In the scope of this document, the term design is going to be used in the product engineering design context, which is understood as: "activities that actually generate and develop a product from a need, product idea or technology to the full documentation needed to realize the product and to fulfil the perceived needs of the user and other stakeholders" [START_REF] Blessing | DRM, a design research methodology[END_REF].

To study the design process, next section shows an overview on design experiment protocols.

How to study the design process?

Design thinking is what goes through designers' mind during the activity of designing, the complex process of inquiry and learning that designers perform. It is also the way designers work, making decisions as they proceed, often working collaboratively on teams [START_REF] Dym | Engineering Design Thinking , Teaching , and Learning[END_REF].

One way to study design thinking in action is by simultaneous verbalization. They are of two types: concurrent and retrospective verbal accounts. Concurrent verbal account or think-aloud consists in asking the designer to say what he is thinking while he is doing the task. Retrospective verbal account consists in interviewing the designer right after he has done the task, asking why he has chosen a certain decision or what he was thinking when doing a certain task [START_REF] Ericsson | Protocol Analysis: verbal reports as data[END_REF].

Asking the designer what he is thinking, or what he thought, is the most direct way of obtaining the reasoning. However, there are two side-effects of this method: first, verbalization changes the designer's behaviour and cognitive performance; second, the subject might unintentionally give irrelevant accounts, which are not being employed in the task [START_REF] Cross | Design thinking[END_REF].

Another method is to perform a diary study. The subjects are requested to self-report their activities.

The presence of the researcher is not required and the data is directly captured in a diary. Nevertheless, it is more subject to the rigor and willingness of the participants to contribute and it is intrusive, as it requires time from the subject on reporting [START_REF] Aurisicchio | Characterising the information requests of aerospace engineering designers[END_REF].

The evolution of sketches is found useful to give insights, mainly about the creativity process. "Reviewing the generated concepts and the physical evidence of cognitive processes may illuminate a link between sketching and a final creative product" [START_REF] Yuan | The investigation on the effects of prior experience on the product designers'creativity[END_REF]. Sketches are also a common part of the designer's routine and an important externalization of thought [START_REF] Cross | Design thinking[END_REF].

Finally, team observation protocol is when a group of designers work in a design project and the interactions between them are observed, i.e. designers are not asked to think-aloud. The transcription of the interactions (video recorded) are then used for analysis, as in the case of [START_REF] Vallet | Using eco-design tools: An overview of experts' practices[END_REF]. Another way to document the interactions is by separating the members of the team and allowing only written communication; then, registering the messages exchanged, like (Austin-Breneman, Honda, & Yang, 2012)'s case-study.

A team implies that each member is going to have a role, different from working alone. Also, a member of the team might be more favourable to a certain concept and disagreements could take place [START_REF] Cross | Design thinking[END_REF].

The least intrusive method is capturing the utterances of two or more participants who work together on a problem; less of the individual thought processes might be captured, but more of the reflections when participants explain to each other their thoughts. [START_REF] Blessing | DRM, a design research methodology[END_REF] In the context of this contribution, the interest by these studies is in guiding and interpreting the results of design experiments.

Design is an information-intensive activity [START_REF] Stauffer | Fundamental processes of mechanical designers based on empirical data[END_REF] and because of so, studding information management supports engineering design activities. Information management is then addressed in next section.

Information management

Information is an expressed message issued from the interpretation, abstraction or association of data. Data can be presented in the form of facts, observations or factual quantities. The interpretation of information or information in a context is called knowledge. In this manuscript information means data and information.

Knowledge is not directly available; it is dependent on the interpretation made of information and the person's ability to customize it to a given situation. It is intrinsic to the person, based on its experience in relating different information and data [START_REF] Chandrasegaran | The evolution, challenges, and future of knowledge representation in product design systems[END_REF][START_REF] Howard | Information management for creative stimuli in engineering design[END_REF].

Even if information itself does not necessarily embody knowledge, information is a necessary medium for eliciting and constructing knowledge [START_REF] Mcmahon | Knowledge management in engineering design: personalization and codification[END_REF]. Knowledge and information have then, sometimes, the same meaning in literature.

Information is something that can be pointed to, found, lost, written down, accumulated, compared, and so on, whereas knowledge is harder to transport, receive or quantify. [START_REF] Mcmahon | Knowledge management in engineering design: personalization and codification[END_REF] An information system allows people to collect, process, store and distribute information with the intent to help decision-making. It takes into account the diversity of actors, their geographical distance and the diversity of subjects addressed [START_REF] Laudon | Management des systèmes d'information (Management Information Systems[END_REF]. Information systems are about the information technology choices and its organizational integration.

Product lifecycle management (PLM) is the information system that aims to manage all the information generated along an artifact's lifecycle in an extended design chain [START_REF] Sudarsan | A product information modeling framework for product lifecycle management[END_REF]. It comes to fulfil the need of developing more complex products, by integrated teams.

As PLM is centred on product, it encompasses the design process and the management of its information. However, the PLM tools traditionally centre on the product development process (design and manufacturing), paying less attention to the other life phases (i.e. use phase and end-oflife).

In the real world, so far, PLM has been limited to activities related with the design and development of a product. (…) It is possible to observe how the "lifecycle management concept" is still far from the real application of "PLM systems". [START_REF] Rossi | Product Lifecycle Management Adoption versus Lifecycle Orientation : Evidences from Italian Companies[END_REF] An information management tool, like PLM, is often based on information models.

 Information models

Designing is an information intensive activity that involves the exchange of data and information, mainly in a collaborative designing environment. It is widely assumed that design is an unstructured and informal process, which produces many data and information. In the design process, neither the mind of the designer, nor the process of design, follows a specific structure or sequence [START_REF] Chandrasegaran | The evolution, challenges, and future of knowledge representation in product design systems[END_REF].

Product and process information models assist product development process in a collaborative environment. It deals with information representation, capture, exchange and classification in different levels of abstraction. It aims at identifying the information that is important to be shared. Differently from a design process model, the information model does not describe or explain the organisation of design process phases. Instead, it represents the information to be shared among stakeholders, the views of the different actors of the product's design and development process.

Researchers that work on integration agree that one asset important to allow collaboration is to have access to information about the product at any moment of the design process. The main structuring element of collaboration is the support of the dynamic sharing of design information [START_REF] Noel | Dynamic data sharing in a collaborative design environment[END_REF][START_REF] Rio | A l'interface de l'ingénierie et de l'analyse environnementale: fédération pour une écoconception proactive[END_REF].

Next-generation tools will require information models and representations that allow all information used or generated in the various product development activities to be transmitted to other activities by way of direct electronic interchange [START_REF] Rachuri | Information models for product representation: core and assembly models[END_REF].

As each actor of the design team has a different view of the product, an overall integration of information models is needed. Based on this information model, software systems can be developed to support the collaborative design activity [START_REF] Pfouga | From concept to application: Integrated model for sustainable product design[END_REF].

The difference between product and process models is that a product model is centred in describing the result, what is being designed, the product; and the process model is focused on describing how it is being designed, the project.

Examples of well-known information models found in literature are shown next.

Function-Behaviour-Structure (FBS) is an approach largely used as a starting point for other existing models. It has three classes of variables that describe different aspects of a design object. Function is what the product is made for; Behaviour is what the product does; Structure is what the product is [START_REF] Gero | The situated function-behaviour-structure framework[END_REF].

An example of product model that follow FBS approach is the Core product model (CPM), from the NIST (National Institute of Standards and Technology). CPM aims to capture the full engineering context to support PLM [START_REF] Sudarsan | A product information modeling framework for product lifecycle management[END_REF]. CPM is open, non-proprietary, generic, extensible and UML (Unified modelling language) based [START_REF] Fenves | CPM2: A Core Model for Product Data[END_REF].

CPM, as seen in Figure 3, is organized by abstract classes: CommonCoreEntity, CommonCoreRelantionship, CommonCoreObject, CoreEntity and CoreProperty. The central concepts are Artifact (the physical entity) and Feature (artifact's form that has a function). The other relevant classes are much in line with FBS model: Form (Geometry and Material), Function (the intended behaviour), Behaviour (how the Form fulfils the Function). Due to the aim to standardize and explicitly support PLM, CPM conceptual level has been used on researches in different fields3 .

Figure 3 -CPM2, adapted from [START_REF] Fenves | CPM2: A Core Model for Product Data[END_REF].

Based on a different product model, MOKA is a MethOdology for Knowledge based engineering Applications [START_REF] Brimble | The moka modelling language[END_REF]MOKA Consortium, 2001). It is formed by an informal and a formal model. The informal model captures the necessary basis for a formal model. The formal model uses MML (MOKA Modelling Language) which is similar to UML (see Figure 4). The product model has five pre-defined views. Structure and Function are comparable to the FBS approach; on the other hand Behaviour has a different meaning from FBS, it is related to the state, a transition of a product (e.g. on or off) and its constraints to the design. Technology includes manufacturing and material information. Finally, Representation is related to products shape and size. [START_REF] Xu | Towards Computer-Aided Conceptual Design of Mechatronic Devices With Multiple Interaction-States[END_REF], Embedded System Model [START_REF] Zha | A feature-based approach to embedded system hardware and software co-design[END_REF], Heterogeneous Material Model [START_REF] Biswas | Representation of heterogeneous material properties in the Core Product Model[END_REF], Reverse Engineering Model [START_REF] Belkadi | Application du modèle produit pour la gestion des connaissances en reverse engineering: proposition d'une extension du CPM[END_REF], Manufacturing Process Planning Information Model and Product Logistics Information Model [START_REF] Marchetta | A reference framework following a proactive approach for Product Lifecycle Management[END_REF] and DesignModel [START_REF] Devanathan | Towards enabling visual design exploration involving multiple abstractions of design descriptions[END_REF]. [START_REF] Stokes | Managing engineering knowledge: MOKA: methodology for knowledge based engineering applications[END_REF].

An example of an applied information model centred in the process is the design repository of the Rochester Institute of Technology (Rochester Institute of Technology, n.d.). This platform stores the design's projects of students based on design tools and methods used during the development of a product.

A model can also merge both, product and process, like product-process-organization (PPO). PPO is a set of three models: Product, Process and Organization [START_REF] Noël | The PPO design model with respect to digital enterprise technologies among product life cycle[END_REF]. The whole is represented using UML (Unified Modelling Language 4 ) class diagram (see Figure 5). UML is an objectoriented language based on pictograms, organized by classes, objects and connections. The establishment of relationships between inventory-process and process-geometry allow calculating the environmental impact of a product [START_REF] Pfouga | From concept to application: Integrated model for sustainable product design[END_REF].

A product or process model supports identifying data to be captured and shared. The management of information allows collaboration and increases the potential for information reuse. One kind of information that is interesting to improve the reuse potential is Design Rationale.

 Design Rationale 5

The act of documenting the design process can impact future decisions concerning the same product or sub-sequent products [START_REF] Szykman | The Role of Knowledge in Next-generation Product Development Systems[END_REF]. For increasing reflection about the decisions made during a product's design, strong potential is seen in knowing more than what has been done in the past design, but also in knowing why it has been done this way.

The why of a choice is commonly called rationale, i.e. "the principles or reasons which explain a particular decision, course of action, belief, etc" [START_REF] Hornby | Oxford Dictionary[END_REF]. Design rationale (DR) is: "the motivations that started design; the stated requirements; the conditions that gave rise to the shape; the struggles and deliberations; the trials and reflections; the trade-offs; the reasons for doing it or not doing it" [START_REF] Dillon | Design rationale: concepts, techniques and use[END_REF]. 5 Adapted from (Kozemjakin da [START_REF] Kozemjakin Da Silva | On the potential of Design Rationale for Ecodesign[END_REF] In a survey with British companies, responders involved in product development and management mentioned "rationale" as the category of information they would like the most to be retrieved [START_REF] Heisig | Exploring knowledge and information needs in engineering from the past and for the future -results from a survey[END_REF].

Aside from issues in terms of reuse, such as actually finding what is required, what currently restricts users is that they may not understand the work that has been done, nor do they have the rationale behind its conception. (…) Additional information that may be vital for reuse includes information related to traceability, ownership, searchability, rationale, relations and associations. [START_REF] Lejon | Integrating Information in Product Development[END_REF] DR is a support for:

 Reflection: by incrementally capturing DR, the designer is led to reflect about his choices. "DR schemas can provide a framework with which to carefully reflect upon design decisions" [START_REF] Horner | Effective design rationale: understanding the barriers[END_REF].

 Communication: by sharing DR there is a potential for a better understanding in a concurrent design situation. "Explicitly represented rationales can provide common vocabulary and project memories, and make it easier to negotiate and reach consensus" [START_REF] Lee | Design rationale systems: understanding the issues[END_REF].

 Redesign and maintenance: by looking at the past decisions, the designer can better understand the past design for redesign and maintenance. "Design rationale can offer designers useful information about how previous designs evolved and the context in which such evolution happened" [START_REF] Wang | The retrieval of structured design rationale for the re-use of design knowledge with an integrated representation[END_REF].

There are also barriers for the application of DR, which include:

 Time for documenting rationale. Structuring the reasons for each choice takes precious time from the designer and it is one of the main reasons for this support not to be largely adopted [START_REF] Tang | A Survey of the Use and Documentation of Architecture Design Rationale[END_REF].

 Omission of rationale. "It is possible that DR may unintentionally be omitted because a designer may not be able to explicate their tacit knowledge." [START_REF] Horner | Effective design rationale: understanding the barriers[END_REF]  Excess of influence. Using DR to identify solutions could result in less thinking, and possibly less innovative solutions. "Research in the field of creativity has shown that the exposure to examples can provoke fixation and reduce the overall creativity of the idea-generation process." (Collado-Ruiz & Ostad-Ahmad-Ghorabi, 2010)

Design rationale (DR) is not usually captured and stored in an information system [START_REF] Tang | A Survey of the Use and Documentation of Architecture Design Rationale[END_REF].

It is then needed to understand how to capture the reasoning of the designer, in the less intrusive way, to fruitfully profit from DR assets.

The following section is about design rationale representations found in literature, which could assist documenting, capturing DR. To enhance the literature findings, some representations are tested with students to conclude on the feasibility of DR capture in the context of this research.

Design rationale representation

Design rationale can take different forms, for facilitating the interaction between the user and the information system, the representation of DR information is a key factor. In this section, types of representation are firstly presented and then instantiated in the context of design projects with students.

Types of representation

 Design rationale models (IBIS, QOC, DRL) Design rationale models are mostly centred in the process of design and represented as a graph of nodes [START_REF] Hu | A survey on design rationale: representation, capture and retrieval[END_REF]. The first decision rationale model created was IBIS (issue-based information system) [START_REF] Kunz | Issues as elements of information systems[END_REF]. IBIS is semi-structured and organizes the process of decision-making. It is formed by issues in the form of questions, positions that respond to the issue and arguments pros or cons that support or not a position (see Figure 6). This model is of great influence on latter models. QOC (questions-options-criteria) is a notation of the Design Space Analysis approach for representing the design rationale [START_REF] Maclean | Questions, Options, and Criteria: Elements of design space analysis[END_REF]. The notation has the elements question, representing the decision topic; options, i.e. alternatives or possible solutions; and criteria by which the options are evaluated (see Figure 7). QOC is more centred on how the alternatives are chosen and IBIS on how issues are discussed [START_REF] Stumpf | Argumentation-based Design Rationale -The Sharpest Tools in the Box[END_REF]. DRL (decision representation language) is focused in the relations or dependencies between decisions. Some components of this representation are: decision problem (as issue from IBIS or question from QOC), alternatives (as options from QOC), goal (the result expected), claim (the relations between other elements) and questions (questions raised during the argumentation process). DRL is then aimed at "managing the qualitative elements of decision making" [START_REF] Lee | A comparative analysis of design rationale representations (No. 84-92[END_REF].

Software has been created based on models of design rationale to enable application. DRed (Design rationale editor) is an example. design rationale in real time, in an industrial environment [START_REF] Bracewell | A tool for capturing design rationale[END_REF]. The richness of DR recorded information was proven superior using real time input with DRed when compared to retrospective reports [START_REF] Aurisicchio | Evaluation of DRed a way of capturing and structuring engineering processes[END_REF].

The tool passed through many testing loops and evaluations in industry environment and "evolved into a tool to map a unified information space covering product planning, specification, design, and service" [START_REF] Aurisicchio | Engineering design by integrated diagrams[END_REF]. More recently, the reuse of design knowledge has been explored by the development of a retrieval algorithm added to DRed tool [START_REF] Wang | The retrieval of structured design rationale for the re-use of design knowledge with an integrated representation[END_REF].

 Cause-effect Another possibility of expressing the reasoning is by capturing the link between cause and effect of decisions during the product development process (see Figure 8). Kim et al. made a web-based causal product design knowledge management system [START_REF] Kim | Causal design knowledge: Alternative representation method for product development knowledge management[END_REF]. The interpretation of this cause-effect chain leads to the conclusions of why a certain decision was made and allows understanding the consequences of a change. In the Kim's et al. management system, firstly, the variables and their relations are elicited by an experienced user; then, the relations between a cause variable and an effect variable(s) are weighted by their strength. In the CAD environment, when a change is made to the artefact, the effects or propagation of this change to other variables is shown. The representation is once again a network, a graph with nodes representing the variables and arrows representing the relationships between the variables.

Differently from QOC or IBIS, the causal knowledge management system is not started by an issue or a question; it is rather a relation between variables.

A relation of variables is also found in Design structure matrix. It is a matrix that allows comparing interactions/interdependencies/ interfaces between system elements. For example, the parts of a product could be the system elements; they are correlated when they are part of an assembly. Then, if one part of the product is going to be changed, an indication of the propagation may be observed [START_REF] Clarkson | Predicting change propagation in complex design[END_REF].

Ishikawa diagram is another causal diagram example. It comes from the quality management field. To create the diagram, the first step is to choose a problem that is going to be improved or controlled. Then, primary cause factors that could cause this problem are indicated and clustered, taking the form of a fishbone (see Figure 9). In sum, starting by a problem, a brainstorming or research is performed on the possible causes and sub-causes [START_REF] Ishikawa | La gesiton de la qualité[END_REF]. [START_REF] Ishikawa | La gesiton de la qualité[END_REF].

Fishbone, differently from IBIS and other representations do not show the reasoning to solve a problem, but the possible causes for a problem to occur.

Bayesian network is a causal diagram that is related to the probability of a variable to have a certain effect on one or more other variable(s). The creation of a model with dependencies between variables allows, by giving an input, to find the most probable outputs. The reliability of such a graph depend on the accuracy of the dependencies model [START_REF] Zhu | Application of Bayesian decision networks to life cycle engineering in Green design and manufacturing[END_REF].

 Concept-configuration-evaluation

Concept-configuration-evaluation triplet is a history and rationale representation of the conceptual design phase [START_REF] Kroll | Capturing the conceptual design process with conceptconfiguration-evaluation triplets[END_REF]. It is less structured than previews representations. It can be seen as a sequence of cards in which the designer has to input concept (the idea to be realized), configuration (how the idea is incorporated) and evaluation (evaluation of the performance of the actual state of design and identification of the future updates necessary). The interpretation of this sequence of cards tells the story of the product development process until its definition.

In the paper "Capturing the conceptual design process with concept-configuration-evaluation triplets" [START_REF] Kroll | Capturing the conceptual design process with conceptconfiguration-evaluation triplets[END_REF], the authors provide the example of an hypothetical design rationale for the bilge pump using the notation just mentioned:  Rules of thumb: simplify the conclusion of a specialist by defining tendencies or facts for a certain situation. "A broadly accurate guide or principle, based on practice rather than theory" [START_REF] Hornby | Oxford Dictionary[END_REF].

Concept (
 A3 report: is the format for reporting information in a lean approach. The idea is to focus in the essential information, making it visually appealing (graphical). An example of A3 report can be found at [START_REF] Roma | Assessing Principles of Set-Based Concurrent Engineering Using a Design Game[END_REF].

DR representation instantiation

Some representations are tested with students to conclude on the feasibility of DR capture in the context of this research. In these studies two points were observed:

 P1-feasibility: the adaptation of the design team to the representation proposed; the possibility of storing and using it the design information systematically;

 P2-usefulness: the richness of the information stored; does cause-effect links can be made? How reliable are they? These points are summarized at the end of the section in Table 3.

Starting from a typical report made by students in the context of a course at the university; the support for capturing DR and the design protocol have been adapted from one experiment to another to overcome the difficulties found, in a heuristic manner. For each experiment, the following points are described: (i) Method, (ii) Procedure and (iii) Results.

DR representation Experiment approach

Experiment 1 -Retrospective reports 6The first experiment is a project report written by students and delivered in the context of a course at the university.

i. Method

In this study, seven undergraduate students from mechanical engineering had to design an energy efficient prototype vehicle in the context of the Shell Eco-marathon competition (Shell Ecomarathon competition, n.d.). For the competition, the design team has to create a car that runs as further as possible with the least energy consumption. The specifications and constraints are given by the rules of the competition.

Participants were asked to deliver a report per person with their own point of view of the project.

No specific structure for the report was asked and the students were not aware of the need to record design rationale.

ii. Procedure

The students had 3 months to get to systems-level design phase, about 25h under supervision.

Their reports were then analysed by the experimenter, who had had no contact with the students. The aim of the analysis was to try to identify the main topics (e.g. body shell, braking system, steering system), options and reasons for the decisions made, like in a QOC representation.

An example of this analysis is shown in Figure 10: the first question they asked themselves was what type of car they would like to work on (the competition has 2 different classes, designing an urban or a prototype car). Then, prototype car (darker box) was chosen and arguments were given for making this choice (e.g. less constrained or bigger eco-friendly potential). These 2 arguments are positive, so the line between the option and the criteria is full, otherwise the line would be dashed. There were 7 reports: C1 stands for an argument found in report 1, C2 for report 2 and so on. 

iii. Results

In the reports, all 7 students introduced the competition context and stated their own motivations; showed a general picture of the project; and explained more in depth their own contribution.

Different points of view can be observed by the arguments that come from only one report. In Figure 10, C2, who was in charge of the environmental aspect, wrote the argument has bigger eco-friendly potential to the option chosen. However, it is difficult to say if the rest of the group took into account this aspect of the choice or if this argument came afterwards only to support the decision taken.

The reports had a total of 19 questions and sub-questions (e.g. what body shape should we choose? what body material should we choose?), 41 options for answering to those questions and 48 arguments. The arguments were clustered in:

 defence arguments-positive arguments for the chosen option or negative arguments for the unchosen options.

 reflexive arguments-negative arguments for the chosen option and positive arguments for the unchosen options.

The result shows a majority of arguments of defence (77%) and not many arguments that would contradict their choice (23%). Plus, the unchosen options were not spontaneously reported for some topics, which leave the doubt if they actually looked for any other options.

In sum, the reports allow following the global reasoning for making choices but often miss deeper or reflexive arguments (usefulness). Also, the experience confirmed that the interpretation of reports is time consuming and leaves many gaps of information that depend on the reader's interpretation (like the consequences of an option to other questions).

In the attempt to reduce the time to interpret the information and to explicitly record the sequence of decisions and the design roots, the following experiments aimed at recording design rationale during the design process. The interest is in allowing a richer content and a more automatic capture of information.

Experiment 2 -Spreadsheet 7 and free reporting

The second experiment is an attempt to better structure the design process in a way that it requires less interpretation to find the design roots. It has been used a spreadsheet as a template to the design reporting. This spreadsheet is compared to a free reporting in the same context as a comparison.

i. Method

In the second experiment, each phase of the design process was formalized in a different page of a spreadsheet template. The phases of design were: customer requirements analysis, product specifications, benchmarking, conceptual design, embodiment design, choosing concepts and detailed design. This ensures that: students with different backgrounds would understand the design process equally; and that they would document the information asked.

For each information input, it was asked to indicate what other information of the spreadsheet had influenced it (see Figure 11 "issu de"). To facilitate making this reference, each line had a code, like S1 for specification. External reasons, like lack of time to design and personal experience as a user could also be added as a justification. In parallel, another group would work on the same project context, but without the spreadsheet template (called Free reporting), so that its influence could be observed.

The design task has the following context: La roue verte is an organization located at the university that promotes the use of bicycles by mainly renting it to students. They would be interested in equipping their bikes with a luggage career.

A market survey was then made to understand the needs and preferences of the potential customers (i.e. students). The preferences like robustness, style and willingness to pay were among the survey questions. The results pointed in the direction of a product for the biker to carry groceries from the supermarket to home once a week.

La roue verte choses to manufacture the product using student workforce as part of a course where they learn how to handmade wood and metal based products.

Volunteer students were then asked to design an artefact that meets both the customers' and La roue verte expectations. Each team was formed by 5 students from different majors: mechanical, materials engineering and masters of environmental sustainable development. A questionnaire about the competences of students was made to form equivalent teams.

ii. Procedure

A session of 30 minutes explained to the Spreadsheet team about the steps of the design process and introduced the spreadsheet template, by means of an instantiation. A QOC kind of representation was given as an example to the Free reporting team, but the documentation format for recording the information was free. Both teams were told that their notes would help a future group of students to design faster.

In the day of the experimentation, the teams were separated in different classrooms. The context of design was only revealed at the beginning of the first 3h session, together with a customer survey, a premade benchmarking and the constraints of manufacturing. Both teams were strongly encouraged to share the interpretation task and to make a review of the important constraints as a first step of the design process.

They had 2 sessions of 3 hours to work on the project. Participants were told not to think about the project beside those 6 hours, neither to talk to the other team about the project. At the end of the first 3h session, they should formalize the description of the concepts and at the end of the second session they had to accomplish establishing the rough dimensions, choosing materials and filling out Ecodesign Pilot.

Both sessions were followed by an observer and were video recorded. After all, they were sent a questionnaire about the experience asking: how disturbing the task of filling out the tables was; if they saw any advantages in doing it; if they felt like formalizing any information during the design process; if they had any ideas of how to formalize the process (instead of the spreadsheet); if they would like to reuse the information they stored; and finally, if they minded to be video recorded.

The analysis of the results was firstly about the spreadsheet; then, the topics of discussion were extracted from the video recorded, with the corresponding arguments.

iii. Results

During the experiment, one person naturally took the role of a project manager and was the one to fill out the spreadsheet. In the post-experiment debriefing, he had no opinion about the time taken to input information in the spreadsheet, but he appreciated the formalized process steps.

The process information was captured. However, the student's justifications, written in the spreadsheet, were too broad for the early phases of design, like specifications. For those stages, they gave only external justifications, like "decision taken after a group discussion" instead of pointing the arguments of the discussion or "perception of client's need" instead of pointing a specific clients' need.

The concept selection was made by reflecting about the pros and cons of each solution (1 question, 2 options, 8 defence arguments and 5 reflexive arguments) and by scoring under the criteria: price, environmental impact, strength, maintenance and time to assemble. It is then possible to know the reasoning behind the choice of concepts, but it is still not possible to know where the concepts come from.

To overcome that difficulty, there was an attempt to point the reasons for the decisions by looking at the recordings. A transcription of each point of discussion and the arguments spoken out loud during the group discussions was made.

It was possible to identify the arguments that came from the specifications in the discussions (a macro-level), but not a cause-effect sequence between decisions, neither the arguments taken into account (micro-level). From the transcription, each one of the 88 arguments were classified as issued from a constraint that came from a strategic decision, from the biker's needs or from the background of designers (see Table 2).

Source

Example of argument 54%

Background of the designers

The compartment for frozen food was not considered because Troyes is a small city; it takes less than 20mn to go to the supermarket by bicycle.

35%

Strategy and tactic There are limited manufacturing resources available.

11% Customers' needs and preferences

The customer does not find important to cover the groceries. Interpret the recordings took even longer than analysing the reports. It was difficult to follow where exactly a decision would come from. During the same discussion, while one student was talking, the others are thinking silently about their point of view or counterproposal, hiding great part of their reasoning. Also, sometimes when someone would give an idea, or argument, everybody would agree but the idea was finally not taken into consideration.

This means that the constraints that were spoken out loud during conversation are maybe not the ones that had a more important role in shaping the product. It could also be that a constraint was so clear in the briefing (e.g. 100€ limit of cost) that all members of the team knew about it and there was no need for recalling it.

In the free reporting group, the reasoning asked was formalized 5 minutes before the end of the first 3h session, because they were told they could not use any idea not formalized in the first session at the second one. This shows how they are not used to record information during the process.

The notes consisted of 7 questions, 18 options and 21 defence arguments. This reasoning recorded was not used in the second session by the group and only the final solution was spontaneously documented.

The notes were insufficient to understand the rationale, more superficial than in experiment 1 (that had at least some reflexion arguments). This could be explained by the time given, longer in experiment 1 than in experiment 2. Another possibility, told by a student in the post-experiment debriefing, was that they were not worried to document neither the process nor the rationale because they knew they were being video-recorded. Finally, they were aware that what they documented was insufficient to help another design team.

The team working without specific guidance took some time at the beginning of the first session to define how to organize the meeting, they agreed on defining the customer needs, and then working on solutions (no specific tasks or method). It was noticed that, as they were not required to make a concept selection, big changes happened to the product until the end of the experiment. The free reporting team did not manage to fill out the Ecodesign Pilot task by lack of time, but they delivered the same level of detail of the final product as the other team.

The fact that the meeting was separated in two sessions could also have influenced the results. They would, for example, spend a lot of time during the specifications talking about security features (first 3h session), but none of their propositions was found in the final product (second 3h session).

As a result, the spreadsheet and the free reporting teams did not record information satisfactory.

Even if the arguments could be allocated to a constraint with the video recording, they are only representative of the observations that were time consuming to analyse and lead to inconclusive results.

Experiment 3 -self-report

i. Method

The same context as experiment 2 was given to a PhD student, graduated in aerospace engineering. The reason for having an engineer this time was to have a more complete technical know-how. Also, having only one designer avoid having group discussions and trade-offs, that makes more difficult to understand the reasoning.

The engineer was told to work no longer than 6 hours to get to the rough dimensions of the final solution. The participant was free to work on the project as long as he would take note of the working hours.

The approach used to register DR was more intrusive this time, with the aim of capturing the cause-effect information, which so far has not been succeeded. The idea was to create a conceptconfiguration-evaluation kind of representation, which the designer would use as a template for self-reporting. It would allow following the concept evolution by versions of the product (see Figure 12). ii. Procedure

A 15 minutes section was made to explain the concept-configuration-evaluation representation and to provide the documents: the context of design, the customer survey, the premade benchmarking and the constraints for manufacturing.

He worked about 2 hours in 2 weeks to get to the general description of the concept. The analysis of the results was mainly based on the post-experiment questionnaire (similar questions of experiment 2), because the design was incomplete.

iii.

Results

The logic of having a concept, evaluating it and making a new improved version was not respected. The notes taken try to describe the reasoning around the questions the engineer would ask himself, as in QOC representation, and not around the concept itself (even if nothing has been told to him about the QOC representation). For instance, a question would be: what are the common parts for different bikes, so that the attach system of the new product would be universal? Then the reasoning is expressed by sketches of bikes and the possibilities, pros and cons (see Figure 13). 

C__.__(version) CONCEPT:

(short explanation, schema) (specifications, constraints)

CONFIGURATION:

(physical parameters calculation)

EVALUATION:

(improvements to be donejustify with: conclusions about the constraints fulfilled or not; arguments) (if it is the case: justify why the concept was abandoned?)

The process was faster than a group work and more organized (the quality, quantity of ideas and also the range of the constraints taken into account were not judged).

The engineer in the post-experiment debriefing declared that taking notes is time consuming, but necessary. He would have taken notes anyway as part of his own reasoning organization. We understand that QOC representation is adapted to this designer's way of doing, as he spontaneously chose it.

He thinks that if he could have had access to another engineer's notes about the same project, he would start by the final product and briefly look at the reasoning. He said that for a new design task (starting from the customer needs), looking at someone else's way of designing would not help. He would probably lose in creativity, "each person has its own way of doing". Nevertheless, for an optimization process (starting from another product), the reasoning could be interesting for avoiding making the same mistakes and understanding where decisions came from.

The participant justified not using concept-configuration-evaluation by saying that he could not think linearly at the first stages of design. For each constraint he would have a solution, and also for each concept he would evaluate the constraints. Early phases are more iterative, different from a limited design space, where few concepts are defined and optimized.

Synthesis and discussion

Based on literature about design rationale representations, 4 experiments have been conducted with the aim of testing the capture of design rationale in a systematic way. The following table summarizes the two points observed (i.e. feasibility, usefulness):

Experiment

P1-feasibility P2-usefulness Reports +Students are used to deliver reports; -Extracting information from reports is time consuming; -It is difficult to say if decisions come from the individual arguments or if the arguments come afterwards, just to support the decision taken; -There are not many arguments that would contradict the decision taken; -Interpretation of unstructured reports leads to gaps of information; Spreadsheet +Structured process was useful for students; +Easy to interpret information; -Broad justifications; +It is possible to follow the reasoning for choosing between concepts, there are defence and reflexive arguments; -It is not possible to follow where concepts come from; Videorecording -Extracting information from recording is time consuming; +It is possible to identify the arguments that came from the specifications; -The constraints that were spoken out loud during conversation are maybe not the ones that had a more important role in shaping the product; -It is not possible to capture a sequence of decisions; -It is difficult to follow where exactly a decision would come from in a group observation; Free reporting -Students did not take enough time to record their rationale. They are not used to record information during the process; -They were not worried to document because they were being videorecorded; -Only the final solution was spontaneously documented; -The designer's notes were insufficient to understand the rationale;

Self-report -Concept-configuration-evaluation was not adapted to the designer in the early phases;

-There was no sequence of ideas; +It was possible to follow the main questions;

Table 3-Synthesis of design rationale capture experiments.

We did not succeed to capture design rationale systematically using the design rationale representation found in literature. It was necessary to do time-consuming post-treatments, which lead to inconclusive results. We assign the issue to the complexity of understanding the reasoning behind the decisions.

Only suggesting a DR representation to the designer is not enough, mainly because they are not used to capture information during the design process and to use DR representations. Moreover, the resources we have do not allow investing in longer training of the subjects or to follow longer design processes.

The results do not aim to conclude which design rationale representation is better, but testing the feasibility of capturing DR with the resources available. The experiments' protocols vary and are not comparable or conclusive about the effectiveness of the design representations used.

Despite the missing scientific conclusions, these experiments were of valuable influence in choosing the next steps of the development of this research, notably by the choice of developing a simulation game (see page 63). Based on these first experiments, the definition of the following specifications for the experiments of the development chapter was made:

 A protocol that allows comparing different experiments;  Design outputs (i.e. product) that could be evaluated;  Non-experienced subjects could volunteer, so that the sample size could be bigger;  Allow getting to an advanced stage of design in a shorter time;

 Defining different levels of information, not as deep as design rationale;

Furthermore, using different resources, DR capture has been reported successful in the context of aerospace industry [START_REF] Aurisicchio | Capturing an integrated design information space with a diagram-based approach[END_REF]. Also, other protocols of capture (that are not systematic), with deeper analysis of the activity and investigation of the reasoning behind the decisions (e.g. interviews, video recordings) exists [START_REF] Matta | Chapter 2-Knowledge capitalization with a knowledge engineering approach: the MASK method[END_REF].

The topics previously presented (product development and information systems) address general product development process literature. Inspired by the general context of sustainability, they are a starting point to work on an additional design concern, ecodesign. The following section is the last topic of the literature review and the one that defines the goal of this research.

Ecodesign

 Definition One possible approach to make a company more environmentally friendly, in a context of sustainable development, is to act on its products and services. The action of designing taking into consideration the improvement of the environmental performance of a product or service throughout its life cycle is called ecodesign (ISO 14006, 2011).

Ecodesign definition can be found under different terms in literature: eco-design, design for environment, conscious design, green product development, ecological design, environmental design, environmentally conscious design, environmentally responsible design and green design. This document uses the term "ecodesign", which is interpreted as only the environmental aspect (economic and social aspects are out of the scope of this work).

Ecodesign is part of a sustainable development effort. Considering three action levels: regional, firm and product, ecodesign is representative of the product approach. Figure 14 shows the three different levels (Andrade Vicente et al., 2012):

The regional or industrial ecology level: the flows of a region are assessed, a region being a surface of any extent (e.g. a city, a country).

The firm level: related to the services within a firm, and the firm interactions with the environment. Product or service level or ecodesign: transversal approach, footprint of the product during its whole lifecycle, commonly associated with the supply chain. It is strategic to work on the development of products (ecodesign) because it addresses two environmental points: the environmental impact avoidance and the lifecycle view [START_REF] Millet | Intégration de l'environnement en conception[END_REF].

 Ecodesign standards

Four standards from ISO (International Organization for Standardization) and AFNOR (Association française de normalisation, which stands for French standardization group) are available up to now. Standards aim at providing guidance.

Environmental management, integrating environmental aspects into product design and development is a standard that gives a global view about the environmental tools that could be integrated in a classical product development process. Four basic issues faced when integrating environmental aspects are stated: the need to early integrate in the product development process; the need to have a lifecycle view; to be multi-criteria; to centre the design and redesign in the functionality the product brings instead of the product itself; and to trade-off between environmental and other specifications (XP ISO/TR 14062, 2003).

 Regional level • Industrial ecology • GIS  Firm level • EMS • ERP  Product level • Ecodesign • PLM
The Mechanical products eco-design methodology standard is dedicated to designers (NF E01-005, 2010). It has 5 main steps:  First step is the determination of the environmental profile of the product to be (re)designed. The environmental evaluation of the product is made based on a questionnaire and an algorithm that gives a value to each answer; it allows having a global vision of the product in each phase of its lifecycle.

 After knowing the weakest phase, step 2 is about the selection/ranking of design guidelines (i.e. suggestions for product improvement).

 Then, in step 3, environmental indicators are chosen to formalize the guidelines (e.g. energy consumption in kWh).

 In step 4, these indicators are evaluated for the reference product and for the redesigned product.

 Last step addresses assessment and documentation.

Manage the knowledge acquired during the project, so as to be able to reuse it for new projects in the view of building up a set of "routine" practices during the design process. (NF E01-005, 2010)

The environmental management systems, guidelines for incorporating ecodesign differs from an ecodesign guideline (that addresses environment and design) by integrating the management system aspect (ISO 14006, 2011). Notably it describes the involvement needed by the top management in an ecodesign approach.

A more recent standard is the: environmental management, assistance for the implementation of an ecodesign methodology (NF X30-264, 2013). In this standard, the ecodesign methodology is based on a continuous improvement approach. Ecodesign is understood as multi-criteria and for the whole lifecycle of the complete system (the product, its packaging, its consumables and so on).

Eco-design should be part of a continuous improvement process, setting improvement targets without imposing performance levels. (NF X30-264, 2013)

First, there is a planning phase, where the reference product is chosen (customer needs, environmental profile). Second, there is a classic design phase, from the settlement of specifications to the solution; in addition, the chosen solution has to be evaluated over the environmental criteria to conclude on improvements or drawbacks. Phases three and four are about the manufacturing and ramp-up of the product, including environmental communication. Last phase is about the documentation of the method, independently of the results, to facilitate new ecodesign initiatives.

It is possible to conclude that in ecodesign, two typical strategies are used. First is to evaluate a product or a reference product, find its weaknesses and work on improving it, like in a continuous improvement approach (called retrospective, sequential environmental improvement or long-term learning dynamics). Second is to evaluate, to compare concepts or technologies during the design process, helping decision-making (called prospective, integrated environmental improvement or answer to short-term questions) [START_REF] Millet | Does the potential of the use of LCA match the design team needs[END_REF].

In any case, the creation of an environmental profile of a concept or product is sought. This can be established by a qualitative or a quantitative analysis of the reference product:

 qualitative tools are based on reflection about the lifecycle, like the French standard for ecodesign (NF E01-005, 2010). This standard guides to create an environmental profile by means of questions about general characteristics of the product. They are inexpensive in time, easy to understand, and applicable to situations where a global guidance is needed. "They are, however, not very reliable" [START_REF] Bovea | A Taxonomy Of Ecodesign Tools for Integrating Environmental Requirements into the Product Design Process[END_REF].

 quantitative tools measure the environmental impact and require more detailed knowledge about the product. It gives a more in deep understanding of the source of impacts.

Quantitative methods… require a lot of data about the product before it is designed and they have a tendency to enter the design process at a fairly late stage, when only minor changes can be made. [START_REF] Bovea | A Taxonomy Of Ecodesign Tools for Integrating Environmental Requirements into the Product Design Process[END_REF] An overview of environmental evaluation tools (quantitative) are shown next, based on the classification of cost estimation tools: analytic, analogical and parametric [START_REF] Dewulf | A pro-active approach to ecodesign: framework and tools[END_REF][START_REF] Yannou | La conception industrielle de produits V2-spécifications, déploiement et maîtrise des performances[END_REF]. Analytic tools are those that evaluate the impact of a designed product based on its disassembling in parts and the investigation of each part's raw materials and manufacturing processes (bill-of-materials). As seen in the example of Figure 15, each part of the pen is considered separately and the whole impact of the pen is the sum of the separate parts.

 Environmental evaluation tools

Analytic tools

This method generally leads to precise results, but needs detailed trustful product information. Consequently, as more details about the product's processes through its life cycle are known, fewer are the uncertainties about the environmental impact result [START_REF] Bovea | A Taxonomy Of Ecodesign Tools for Integrating Environmental Requirements into the Product Design Process[END_REF]. Therefore, when performing such evaluation in early stages, uncertainties have to be accounted as, for instance, it is proposed by [START_REF] Kota | A method for Estimating the Degree of Uncertainty With Respect to Life Cycle Assessment During Design[END_REF].

The most comprehensive method to environmentally evaluate a product is called Life cycle assessment (LCA) [START_REF] Keoleian | The application of life cycle assessment to design[END_REF]. It takes into account quantitatively the impacts through the whole lifecycle of the product, with multi-criteria results [START_REF] Guinée | Handbook on life cycle assessment: operational guide to the ISO standards[END_REF]. Also known as cradle-tograve analysis, LCA methodology has been documented by standards and technical reports, i.e.

the International Organization for Standardization (ISO) 14040-44 series called "Environmental management -Life cycle assessment".

LCA models cause-effect relationships in the environment and thus helps to understand the environmental consequences of human actions [START_REF] Hellweg | Emerging approaches, challenges and opportunities in life cycle assessment[END_REF].

LCA is defined as "the compilation and evaluation of the inputs, outputs and potential environmental impacts of a product system throughout its life cycle" (ISO 14040, 2006). There are two types of LCA, one process-based (i.e. mass/material flow) and another economic inputoutput based (i.e. economic transactions flow). The four LCA phases are introduced below:

 Goal and scope definition: defines the objective of the study; the functional unit (version, amount and other context details of the product evaluated) and the system boundaries.

 Life Cycle Inventory (LCI): quantifies the material flow crossing the system defined in the first phase. The main task is to collect data from the product processes.

 Life Cycle Impact Analysis (LCIA): transforms the inventory in actual environmental impact (characterization); it can also investigate results by normalizing, grouping and weighting.

 Interpretation: transversally evaluates the study, takes conclusions, and makes recommendations.

Even if LCA is the most accepted method, it has limitations as reported by Reap et al. on a survey of unresolved problems in life cycle assessment (Reap, Roman, Duncan, & Bras, 2008a) (Reap, Roman, Duncan, & Bras, 2008b).

Software programs were developed to assist LCA studies (e.g. Gabi and Umberto). These tools provide: access to LCA databases; flow diagrams modelling; possibility for input of new processes and LCIA calculations using different methods (e.g. ReCiPe, CML and Traci). Despite their goal to make LCA easier to do, an LCA study can take several months. This is because LCA depends on a large amount of data, which is not often directly available. They are then usually performed by an environmental specialist (internal or external to the company) and not by the designer himself.

LCA analysis is both time and resource consuming, due to the collection of the product data needed to perform it (Life Cycle

Inventory phase LCI). For this reason complete LCA can be carried out mainly to assess the environmental impact of an existing product, where manufacturing, use and dismantling can be estimated with accuracy [START_REF] Morbidoni | The EcoDesign Issue : Proposal for a new approach , methodology and tools[END_REF].

There are also tools that simplify LCA, usually by demanding less data input, so that it can be applied during the design process. An example is the integration of environmental impact estimation into CAD (computer aided-design) software, where dimensions and materials are represented. This instant estimation relies on a database of materials and is meant to help decision-making during the design process (Dassault Systèmes, 2013).

Other tools aim at reducing the amount of data needed to generate the impact evaluation result.

In the case of Trophec, for example, the results are presented as indicators (Northumbria University, 2012). In the case of Ecodesign Pilot, the results are presented as possible improvements for the product (Technische Universität Wien, n.d.). Parametric tools estimate environmental impact in function of product's parameters, like volume or power. As seen in the example of Figure 16, the parameter that varies from one pen to another is the length, a parametric environmental estimation is going to try to relate (i.e. find a mathematical law) between the length and the environmental impact of the pen.

Parametric tools

This method is aimed at guiding designers' decisions during the design process. The mathematical relations between product design parameters and the environmental impact need to be known; regression models of past products can be used. Usually, this method is applied for a family of products that vary by few parameters.

An example is the study of Dick et al. [START_REF] Dick | Estimating the environmental impacts of similar products[END_REF]. Knowing the type of product, the physical parameters are correlated with environmental data (e.g. a certain amount of energy corresponds to a certain amount of impact). The author presents a study of a DC motor that has a linear function between size and environmental impact. Analogical tools estimate environmental impact of a product based on an analogy to reference products, usually stored on databases. As seen in Figure 17, the impact of a pen is considered equivalent to a similar pen that has already been evaluated.

Four examples of the analogical approach are given bellow:

Jeong et al. introduced case-based reasoning (CBR) with the purpose of environmental assessment [START_REF] Jeong | A Framework for Stepwise Life Cycle Assessment during Product Design with Case-Based Reasoning[END_REF]. CBR is an artificial intelligence technique that mimics human behaviour for problem solving: relying on past similar cases and adapting them to solve a new problem [START_REF] Watson | Applying case-based reasoning: techniques for enterprise systems[END_REF]. CBR is often presented as a four-step process: retrieve, reuse, revise and retain. The case is stored in a case-base. The structure of the cases uses the model function-behaviour-structure-environment (FBSE). The retrieval of a case is based on similarity between the new product and the products in the case-base, based on which the environmental estimation is made. Finally, that estimation is used to streamline LCA of the final new product [START_REF] Jeong | A Framework for Stepwise Life Cycle Assessment during Product Design with Case-Based Reasoning[END_REF].

Germani et al. developed in the context of G.EN.ESI project, a case-based reasoning for ecodesign as well. However, this time, the case stored in the case-base are the products/parts and their environmental guide-lines and not the product and its impacts [START_REF] Germani | A Case-Based Reasoning Approach to Support the Application of the Eco-Design Guidelines[END_REF]. In that way, finding the analogy to the product in development can lead to more personalized environmental guide-lines for the new product being developed.

Devanathan et al. conduct LCA on benchmarked products, giving an impact to the bill-ofmaterials (BOM) and storing it in a database. Then, the BOM is linked to the functions of this product. Finally, QFD matrix (quality-function-development) is used to link the functions to customer needs. The estimation of impact during the product design is then based on the database and can be focused on functions or on the structure of the product [START_REF] Devanathan | Integration of sustainability into early design through working knowledge model and visual tools[END_REF].

Bohm et al. developed a tool that generates virtual concepts based on defined functions of the product. The BOM is created based on a design repository of existent products. These existent products were disassembled and data is used as input for LCA [START_REF] Bohm | Enhancing Virtual Product Representations for Advanced Design Repository Systems[END_REF].

Analogical tools depend on a large database to output results. When the product is well structured in this database, the impact estimation could be made before the conceptual stage (in the function level for example). However, LCA is context dependent. This implies that generating evaluation results from past LCA results (centred on the product) would ignore that context factor.

Evaluating the product (qualitatively or quantitatively) is part of an ecodesign approach. In fact, there are many qualitative and quantitative ecodesign tools in literature. Bovea et al. worked on classifying and characterizing these [START_REF] Bovea | A Taxonomy Of Ecodesign Tools for Integrating Environmental Requirements into the Product Design Process[END_REF]. Most of the tools try to adjust to the designer's routine, adapting known design tools and methods, like QFD (quality-function-deployment) and value analysis, to the environmental aspect.

By assessing a large number of tools, they conclude that an ecodesign tool should be:

(1) multi-criteria;

(2) for all life cycle phases;

(3) early integrated in the PDP;

Being multi-criteria ( 1) means taking into account traditional requirements together with relevant environmental ones. Considering all lifecycle phases (2) is necessary because changes during one phase have to be confronted to the consequences to other phases, avoiding transferring impact from one phase to another.

Finally, for strongly reducing the environmental impact (3), the environmental aspect has to be taken into account as early as possible in the design process. This happens because the early stages of the design process have the greatest influence over the environmental impact of a product. Ullman call this phenomenon the Design Paradox: when the designer has freedom to make changes to the product, not much knowledge about the design problem is known (Ullman, 1997).

Another conclusion of the authors is that even if there are many environmental tools, they are not often used in industry. Three points are highlighted concerning the lack of use of these tools in industry: their complexity, the lack of environmental knowledge to use them and the time they demand to be applied.

As industrial use of ecodesign tools is an issue, next section is about the actual industrial situation with regard to the ecodesign application.

 Application in industry

Main ecodesign drivers

In the general context of this document, the international and national actions related to sustainable development are highlighted. But yet, nothing has been said about the motivations of companies for adopting a sustainable development approach, and more specifically an ecodesign approach.

Dewulf [START_REF] Dewulf | A pro-active approach to ecodesign: framework and tools[END_REF] defined 4 ecodesign drivers groups that come from ecological and ethical reasons and converge to business benefits: legislation, direct cost benefits, indirect cost benefits and new markets (see Figure 18).

Group1 -Legislation: the commitment of the State in the national and international environmental aspect is reflected in the company level. The concrete example is the sector level goals of the French Grenelle (see General context). The focus moves from simple restrictions in manufacturing emissions to the product life cycle, for example, by transferring the responsibility of the end-of-life of the product to the manufacturer.

Article L541-10-6: any person who manufacture, imports or brings furniture elements to the market have to provide support for the collection and treatment of waste from these products at the end-of-life or support individual initiatives or financially support approved eco-organizations. From July 2012, who does not respect this obligation is subject to the general tax on polluting activities 8 (LegiFrance, 2012).

Own translation

Group 2 -Direct cost benefits: the optimization of process or product usually brings benefits to both environmental and economic criteria. Group 3 -Indirect cost and benefits: benefits related to the image of a company environmentally responsible, which could affect for example, the employees' motivation.

Group 4 -New markets: companies that use ecodesign to be more competitive and that identify the environmental assets of their products as a marketing strategy. To conclude on the importance given to each factor, papers on surveys with companies have been identified.

Michelin et al. have surveyed 20

French companies about their drivers to the integration of environmental issues. "The main driver for the integration of environmental issues in the design process appears to be the environmental regulation or sectorial norm conformity" [START_REF] Michelin | Integration of environmental criteria in the co-design process: case study of the client/supplier relationship in the french mechanical industry[END_REF].

Bey et al. made a survey among 80 companies about the drivers and barriers to overcome when starting an environmental initiative [START_REF] Bey | Drivers and barriers for implementation of environmental strategies in manufacturing companies[END_REF]. The drivers often mentioned were legislation and customer demands.

Attendants of the Lifecycle management conference in 2013 were surveyed about "What is needed to get more sustainable products on the market?". The majority of the 105 responders answered "Stricter environmental and ethical laws and labeling the unsustainable products" (The 6th International Conference on Life Cycle Management, 2013).

Another survey, this time with 16 Swedish companies pointed customer demands, internal initiatives and adaptation to legislation as the reasons to develop an ecodesigned product [START_REF] Jönbrink | How central authorities can support ecodesign[END_REF].

Likewise, as part of the project "the soft side of ecodesign", Boks et al. made a survey among Asian Electronics computer companies about ecodesign implementation [START_REF] Boks | The Role of Success Factors and Obstacles in Design for Environment : A Survey among Asian Electronics Companies[END_REF].

Companies state that ecodesign is a compliance issue, implying a strong legislation driver.

Reyes et al. conducted a survey in 2005 with 48 French ecodesign actors (mostly environmental consultants and researchers). The survey revealed legislation as the first motivation to perform ecodesign (70%), followed by company strategy (managers' initiative) and market potential [START_REF] Reyes | L'eco-conception dans les PME: les mécanismes du cheval de Troie méthodologique et du choix de trajectoires comme vecteurs d'intégration de l'environnement en conception[END_REF].

Business benefits

Ecological and ethical reasons

Legislation

Direct cost benefits

Indirect cost benefits New markets Threat Opportunity

In a study with 30 French and Canadian companies, the managers' initiative was a starter to an environmental approach, followed by market demands. Legislation comes in third place [START_REF] Berneman | L'éco-conception : Quels retours économiques pour l'entreprise[END_REF].

This French-Canadian study has been updated in 2013, this time with 119 small and large companies from Europe and Canada. When asked about the three main motivations to start an ecodesign approach: "The personal beliefs of the leader" is the first response mentioned among ten possible answers; "the search for new markets" is the second motivation; the third motivation is "market adjustment" (anticipate new regulations, the search for new markets or looking for savings) (Institut de développement de produits & Pole éco-conception et management du cycle de vie, 2014).

Non-surprisingly, threat drivers appear as a top motivation. Demand from the market is also often seen as a motivation by industry. Next question to understand the industrial context of ecodesign is: how do companies that perform ecodesign actually do it?

Company context

Ecodesign is not performed the same way in different companies. The type of integration depends on, for example, the importance given by the company to the environmental issue. This seems evident, because different products have different impacts to the environment. Also, as seen in the motivations of companies to start an environmental approach, the legislation is a main driver, and it varies from sector and from region of the globe.

The size of the company is also an important factor due to the different resources availability, as of staff or specialist knowledge (Le [START_REF] Pochat | Ecodesign integration in SMEs -proposal for a know-how appropriation method for environmental product design[END_REF].

SMEs, because of the very nature of their structure, do not, a priori, have the means necessary for integrating a new constraint, the very scope of which is beyond their field of knowledge. (Le [START_REF] Pochat | Integrating ecodesign by conducting changes in SMEs[END_REF] Another factor is the different possibilities and applications of environmental profiles, varying on complexity. For example, quantitative evaluation, like life cycle assessment (LCA), is high resource demanding, mostly seen in large companies [START_REF] Berneman | L'éco-conception : Quels retours économiques pour l'entreprise[END_REF]) [START_REF] Michelin | Integration of environmental criteria in the co-design process: case study of the client/supplier relationship in the french mechanical industry[END_REF] ; and semiqualitative or qualitative evaluation, like NF E01-005 standard, is low resource demanding.

Particularly in the case of LCA, performing LCA does not mean using it for ecodesign. As an example, Frankl et al. schematized ten years ago the general picture of LCA utility through the product development process and it had only one application of LCA to the R&D and design (Figure 19).

Figure 19 -Application of LCA in the product development chain. Adapted from [START_REF] Frankl | Life Cycle Assessment in Industry and Business[END_REF].

In a more recent study, Nygren et al. still shows different uses of LCA in a company [START_REF] Nygren | Use of life cycle assessment ( LCA ) in global companies[END_REF]:

 Process-oriented-it is an internal use of LCA. For example for material and energy costsavings or for improving product performance;

 Image-oriented-it is an external use of LCA. It is related to the reports, EPDs and eco-labels;  Compliance-oriented-nowadays legislation does not demand to perform LCA, but companies are anticipating possible future compliance. Large companies can also demand suppliers to comply with environmental standards that may require life cycle approaches;

The multiplicity of LCA applications and the time it demands to be performed leads to a fact, that LCA is not used to improve the current product, but for learning for future products or for marketing purposes. Hallstedt et al., based on testimonies from 6 large companies [START_REF] Hallstedt | Key elements for implementing a strategic sustainability perspective in the product innovation process[END_REF], state that:

The design and production process typically remained unchanged, however, primarily because the design was already set and approved. Interviewees suggested that there was an intent to use the knowledge and experience that had been gained for future development projects. [START_REF] Hallstedt | Key elements for implementing a strategic sustainability perspective in the product innovation process[END_REF] The same use of LCA is found in the debriefing with Swedish companies [START_REF] Jönbrink | How central authorities can support ecodesign[END_REF].

Still they find the "full" LCA very useful for marketing and also to gain knowledge for coming development projects. [START_REF] Jönbrink | How central authorities can support ecodesign[END_REF] Depending on the motivations of the company, the environmental evaluation is aimed at improving the environmental impacts of the product (R&D and design) or at other ends, like marketing (notecodesign). In any case, the environmental role can be disconnected to the design team (notintegrated), meaning that the environmental evaluation is made afterwards, when the design of the product is already settled. If aimed at ecodesign, the results are going to be discussed with the R&D, for example, which will take into consideration the possible changes for future products (retrospectively).

Figure 21 -Disconnection between the design team and the environmental actor (left) and integrated environmental actor (right) [START_REF] Millet | Does the potential of the use of LCA match the design team needs[END_REF]. 

Origin

Another possibility is to integrate the environmental expert into the design team, participating to the decisions and trade-offs of the process (prospectively). In that case, the tool supporting the expert has to be efficient to allow fast evaluations. Integrated design can also profit from retrospective information, as showed in lean product development, to improve the product development process by reusing lessons learned.

The other two variables are the dedication and the origin of the expert. He/she could be exclusive to the environmental aspect or not exclusive, which is the case of one employee responsible for quality and environment. He/she could also be an employee of the company or an external consultant.

In any case, there is support of methods and tools. He/she has to be capable of evaluating and communicating results. The environmental expert has to be able to emit propositions and reliable judgments with precise and verifiable results [START_REF] Millet | Does the potential of the use of LCA match the design team needs[END_REF].

Millet et al. states that LCA has nowadays limitations to support the environmental expert in an integrated approach, i.e. where the member of the design team has to position his view of the product since the early stages of design [START_REF] Millet | Does the potential of the use of LCA match the design team needs[END_REF].

The particularities of the environmental expert tasks are:

 data intensive evaluations: a very complete database of processes, that are often dependent on suppliers, is needed to make evaluations of the product [START_REF] Dufrene | How the integration of environmental concerns modifies the integrated design process[END_REF]. The life cycle collection of data is the most time-consuming phase of an environmental evaluation [START_REF] Morbidoni | The EcoDesign Issue : Proposal for a new approach , methodology and tools[END_REF]. This statement is confirmed by a survey with 65 LCA practitioners, where the "inventory data collection was cited as the most timeconsuming and costly part of LCA" [START_REF] Cooper | Life-Cycle Assessment Practitioner Survey[END_REF].

 need of reference: there is no such a thing as an environmentally good product by itself. An environmentally good product is a product that, at a certain time, compared to other equivalent solutions has less impact to the environment [START_REF] Millet | Intégration de l'environnement en conception[END_REF]. Moreover, it is difficult to have a reference on environmental indicators; for example, is 3kg of CO2eq significant?

 transversal and interdependent: a simple change in the product or process can have many and different implications to the environmental impacts; the opposite is also valid, to change one environmental impact, many other stakeholders are concerned. An environmental expert has then to be able to communicate about his constraints and to understand other constraints from the product development process [START_REF] Millet | Intégration de l'environnement en conception[END_REF].

SYNTHESIS

Chapter 1 described the literature review. Four topics have been addressed: sustainable development; product design and development; information management and ecodesign.

In the sustainable development topic, a brief historic of the definition and elements of context are provided:

 the beginning of the awareness of humans about the vulnerability of the environment in the 60's;

 the definition of sustainable development in the late 80's: "Development that meets the needs of the present without compromising the ability of future generations to meet their own needs";

 UN global meetings about the environment every 10 years since 72;  European and French goals and laws about the environment.

This topic concludes that considering the environment with regards to the well-being of present and future humans is undeniable.

Product design and development is the second topic addressed. The definition of product development process has been introduced as the steps to commercialize a product, from its ideation to the market ramp-up.

To increase effectiveness and efficiency of product development process, researchers put forward various methods. The systematic approach is the one that defines the development process as a sequence of steps, the results of implementing this approach are not proven, but the representation is valid for understanding the main steps of a design process (i.e.: informal requirements, product specifications, product concepts, system-level design, detail design, testing refinement and production ramp-up).

The integrated approach is another method, aimed at managing more complex products, where specialised work is necessary. The idea of integrated design is that if each stakeholder of the product development process participates since the beginning of the process, the product constraints are well settled and it avoids large loops due to late contingencies. Fields studied to improve integrated design are concurrent engineering and collaborative design, from either technical or social points of view.

Lean product design is the last set of methods presented. It comes from Japanese lean manufacturing principles. Lean product design proposes methods and tools such as set-based engineering, strong project manager or chief engineer, cross-project knowledge transfer, concurrent engineering and supplier integration.

It is showed then, that the design phase is of major importance, because it has high influence over the following phases of the product development process and of the life of the product. Design, in the context of this document has the following definition: "activities that actually generate and develop a product from a need, product idea or technology to the full documentation needed to realize the product and to fulfil the perceived needs of the user and other stakeholders".

It is then addressed how to study the design process. An overview on design experiment protocols is shown: concurrent and retrospective verbal accounts, diary study, the evolution of sketches and team observation.

Information management is the third topic addressed in chapter 1. Information is between the concepts of knowledge and data. Data are just facts; and knowledge is information interpreted in a context. Information is the interpretation of data. In this manuscript, when talking about information, it comprises data and information.

Product lifecycle management is how to manage information of the product being designed over the whole lifecycle of the product. However, in reality, most PLM tools available on the market focus on the development process and not on the whole lifecycle of products; little attention is paid to later phases (i.e. use phase or end-of-life).

Information models map information exchanges during the design process. It aims at facilitating collaboration in an integrated process. In the collaborative design context, each actor has a different point of view of the product and different needs of information. Examples of information models are: Function-Behaviour-Structure (FBS), which is largely used as a foundation for other models; Core product model (CPM), which is based on information about the product; MethOdology for Knowledge based engineering Applications (MOKA), which is aimed at knowledge engineering; Design repository of the Rochester Institute of Technology, which is an application of a product model; and Product-process-organization (PPO), which is a mix of product and process information.

Design Rationale has potential to increase understanding of information exchange and reuse. It is about the process of design and about the reasoning behind decisions made during the product development process. One problem of design rationale capture is that it is time consuming.

Design rationale can be captured by means of different representations. With this purpose, design rationale models are presented: issued-based information system (IBIS), questions-options-criteria (QOC) and decision representation language (DRL). Another schema that can give an idea of the why behind decisions are cause-effect ones (e.g. cause-effect chain, Ishikawa diagram, Bayesian network and design structure matrix). Finally, concept-configuration-evaluation is presented as another way to capture design rationale. Representing and sharing knowledge is also part of Lean product design methods and tools.

Design rationale representations have been tested to feel their usefulness potential within this research. The first experiment was a control group, where students would deliver reports about the design of a car; second experiment used spreadsheet tables in the context of a bike career design; third group used free reporting and fourth experiment a single designer used self-reporting in the template concept-configuration-evaluation. The representations tested with the resources available do not allow a satisfactory result (i.e. to capture a causality link). However, they are of great influence on the chosen protocol for the development phase of this work.

The fourth and last topic of chapter 1 is ecodesign. The approach is defined as an action taken towards making products and services more environmentally responsible during their whole life.

Many ecodesign standards have been created and are based on the qualitative or quantitative environmental evaluation of a product. Qualitative evaluations are low-resource demanding and less accurate and quantitative ones are high resource demanding and more accurate. Quantitative tools are classified in:

 analytic tools, based on the bill-of-materials of the product (like lifecycle assessment);  analogical tools, which estimate the impact based on a database of evaluated products;  parametric tools, which estimate the impact by relating parameters of the product to impacts.

It is also shown the assessment of ecodesign tools made by different authors. Overall, they conclude that an ecodesign tool has to be multi-criteria, for all lifecycle phases and integrated early in the design process.

In industry, ecodesign drivers are between threat and opportunity. Most surveys show the legislation as a main driver for ecodesign practices, demand from the market is also a motivation.

Ecodesign is performed in different ways. It depends for instance: on the importance given by the company and consequently the resources allocated to the issue, the size of the company, the legislation applied to the country and to the industry sector.

As seen in the ecodesign standards, making an environmental profile of a product is a major step to ecodesign. However, performing an environmental evaluation does not mean using it for ecodesign. Surveys on the use of ecodesign tools reveal LCA (lifecycle assessment) as an important tool. However, LCA is not used only with ecodesign purposes; it can be either image-, process-or compliance-oriented. LCA is also resource demanding and rarely used to improve the current product. This is because the product is already settled and it is too late or expensive to make significant changes.

It is assumed that the environmental aspect is represented by an expert because his tasks require unusual domains and are time consuming. The topic ends by a summary based on literature review on the possible places of an environmental expert in a company: aim of the study (ecodesign or notecodesign); place in the design team (integrated or not-integrated); potential of use to ecodesign (prospective or retrospective); dedication (exclusive or not-exclusive) and origin (internal or external).

Having these 3 points addressed (product development process, information management and ecodesign), the next chapter frames the literature survey to our space of contribution. This clarifies the problem addressed.

depends on his/her capability9 : to judge and emit propositions, to be reactive (i.e. evaluating); and to collaborate, to share knowledge (by explaining its own requirements and by understanding other design requirements).

Concurrent Engineering would also give us a good possibility to consider requirements coming from environmental demands in a more optimal way. [START_REF] Sohlenius | Concurrent Engineering[END_REF] Increasing capability of information to be shared supports collaborative engineering design and so integration. Assuming that the environmental expert is a new member of the product development process, he has his own vision of the product and different information requirements. Therefore, the hypothesis of this research is the following:

Hypothesis: Providing design process information to environmental expert has positive consequences on reducing product environmental impact.

APPROACH

Different levels of information have been settled to test the hypothesis. This is done because different information given can have different influences over the designer [START_REF] Boyle | Towards an understanding of the impact of resources on the design process[END_REF].

What is the product outcome when different sets of information from the design process are given to the environmental expert?

In order to answer to this question, four sets of information have been defined. The level zero corresponds to the current required information from the environmental expert, according to literature. Process information has then been incrementally added in the context of a design simulation (see Table 4).

It is expected that process information would have a good influence in the product's result as it would allow the environmental expert to make a cause-effect link between the environmental impact and the design process. As seen in Figure 22, the design process results in a designed product and the product has an environmental impact. Or, in the other direction, the impact comes from a product that was designed.

Figure 22-Link between design process, designed product and environmental impact.

Evaluating the environmental impact of the designed product is assumed to be the baseline (level zero), the minimum information necessary to involve an environmental expertise in a product development process. Which information is necessary to perform an environmental evaluation is investigated, as well as its representation.

Next, this baseline is completed with process information. Process information is understood as any information that would allow better understanding the reasons for a product to be the way it is. Product information in turn, is what describes the final product. Extended literature survey and instantiations about the subject have been performed to evaluate the feasibility potential of such information capture with the resources available (see Design rationale p24).

As succeeding design rationale capture is resource intensive (i.e. training and longer design processes are necessary), the means to capture information from the design process are not further investigated. Instead, we privileged focusing on the influences of process information to the environmental expert and so to the product outcome. This is done in the context of a design simulation.

Design experiments are known to be unique and to have many influencing factors. To overcome this problem, the design simulation (i.e. design game) is preferred over the real design case-studies.

Comparison between different levels of information is then made possible.

As seen in Table 4, sets of information are defined in the game context. Level zero and level one are described in the game introduction and in the environmental expert role explanation (i.e. game context, bill-of-materials, lifecycle data and specifications).

Levels 2 and 3 are about process information. One information that is often used to make decisions in the game context are rules of thumb [START_REF] Roma | Assessing Principles of Set-Based Concurrent Engineering Using a Design Game[END_REF]. Level 2 set of information has, in addition to the game context and the environmental expert role explanation, rules of thumb from other experts.

For level 3, the idea is to create a complete set of information, where the environmental expert could clearly understand where the product comes from. The assumption is then, that if the environmental expert is part of the design process, he or she would be aware of the trade-offs, rationale and any other process information.

Next chapter is organized in 2 sections: section one comprises the level zero information, the basis for incorporating the environmental role in the design simulation; and section two, where levels 1, 2 and 3 are tested and compared. 

ENVIRONMENTAL EXPERT INFORMATION REQUIREMENTS

Information description

As any other activity of the design process, the environmental expert has its own vision of the product. As seen in most of Ecodesign standards (see page 38), making an environmental profile of a product is part of the ecodesign method. Because of so, we assume that an environmental evaluation is part of the environmental expert activity.

From the environmental evaluation methods, life cycle assessment (LCA) is the most comprehensive and accepted method (see page 40). When thinking about environmental data to be captured, it is natural to consider the collection of data for performing an LCA, called life cycle inventory (LCI). LCI has then been the basis for our model extension, based on the assumption that it is the most common way of making an environmental profile.

LCI is a "phase of life cycle assessment involving the compilation and quantification of inputs and outputs for a product throughout its life cycle" (ISO 14044, 2006). It means that for each phase of the product's life (i.e. material extraction, manufacturing, logistics, use phase and end-of-life), the processes are identified and for each process its flows. Inventory flows include all inputs of energy, water, raw materials and all releases to air, water and land [START_REF] Zhang | Intégration des considérations environnementales en entreprise : Une approche systémique pour la mise en place de feuilles de routes[END_REF]. 

Synthesis and discussion

Pre-defined modules of processes, i.e. databases like Ecoinvent (Ecoinvent database, n.d.), transforms macro-flows into elementary-flows; the elementary inventory is then used to calculate the environmental impact indicators.

It means that instead of looking at what are the elementary inputs and outputs of electricity production in France, an average data "Electricity France" is already in a database. Then, when electricity is needed for a manufacturing process, it is only necessary to know how much the electricity consumption of the manufacturing process is and link the data. To identify macro-level flows in a company, a typical procedure of data collection 10 involves the identification of:  Distribution of product to consumers (average distance, means of transportation, packaging);  Use phase and end-of-life scenarios.


Zhang identifies 4 action steps for performing LCA (see Figure 23). First is the scope and functional unit (that defines the reference flow of the inventory). Second is the nomenclature or bill-ofmaterials. Third is the selection of data in the database. Forth is the environmental lifecycle environmental calculation [START_REF] Zhang | Intégration des considérations environnementales en entreprise : Une approche systémique pour la mise en place de feuilles de routes[END_REF].

Figure 23 -Action chain of Product's life cycle environmental performance (quantitative) [START_REF] Zhang | Intégration des considérations environnementales en entreprise : Une approche systémique pour la mise en place de feuilles de routes[END_REF].

The databases facilitate the data collection task. However, the involvement of different product development stakeholders and the level of detail required from the product makes the data collection still a time consuming task [START_REF] Jolliet | Analyse du cycle de vie: comprendre et réaliser un écobilan[END_REF][START_REF] Morbidoni | The EcoDesign Issue : Proposal for a new approach , methodology and tools[END_REF].

In an ideal situation, all the data needed for performing LCA is centralized and accessible and the inputs should be done during the life of the product, by each of the concerned actors of the product lifecycle. The gathering of information would occur faster, because data are early provided from a single source [START_REF] Pfouga | From concept to application: Integrated model for sustainable product design[END_REF] In literature is found that product models can facilitate information management and be the starter for a centralized information system. The next section is then about the environmental information extension to a product model. This model is represented using UML, an object-oriented language. For definitions and literature about product models (see page 20).

Information gathering 11

A product approach is used because it is the product that impacts the environment. It is also the common reference to all stakeholders. The model developed is an extension of the Core product model from the NIST (see CPM without extension in Figure 3). An extension was required because the present generic product models do not integrate the information needed to perform an environmental evaluation. From the product models existent, CPM is a generic standardized one. Also, many extensions have been found using this model to cover the product design information. The main classes of the model, as seen in the left side of Figure 25, are:

 Artifact, represents any physical entity in a product (e.g. part and assembly);  Feature, artifact's form that has a function;  Form, geometry and material;  Function, the intended behaviour;  Behaviour, how the Form fulfils the Function.  OAMFeature is a specialisation of Feature, from the Open Assembly Model extension [START_REF] Sudarsan | A product information modeling framework for product lifecycle management[END_REF], to support the product structure, i.e. the relation between assemblies and parts.

The product structure of the model fits the logic used for LCA evaluation. LCA is based on the bill-ofmaterials (a tear-down product). For each part, all the phases can be accounted. As well as for some phases, the whole product can be considered (like the use-phase, where the product as a whole is accounted).

The created extension to support environmental evaluation based on LCA has the modelling logic of LCA software Gabi (GaBi Software, n.d.) and Umberto (Umberto: know the flow, n.d.), based on the flow of substances, of energy, of parts.

The heart of the model is the link between Flow, Process, ProcessPlan, Product and Artifact (see grey classes on Figure 25). The environmental impact is given for a Flow, so the impact of a Process is the addition of the impacts of its Flows. With the same logic, the impact of a series of processes (ProcessPlan) is the sum of the impacts of Processes. Finally, the impact of a Product is the sum of the impacts of the ProcessPlans. The Product then, inherits the classes from CPM by being connected to the class Artifact (see Figure 24).

Figure 24 -An artifact has a process plan; a process plan is a sequence of processes; a process is a group of flows.

The other part of the model describes the lifecycle aspects. A Flow is classified by its nature that is specialized in: material goods like Part, Assembly or immaterial goods like energy or an elementary flow.

The class ProcessPlan can be found in the CPM extension Manufacturing Process Planning Information Model [START_REF] Marchetta | A reference framework following a proactive approach for Product Lifecycle Management[END_REF]. Nevertheless, the meaning here is wider, it shows the sequence of manufacturing operations and equally the logistics between them. This idea of mixing Processes to tell the story of the product is valid for all the ProcessPlans, for example, we could find Manufacturing in the UseScenario, as a maintenance process or at the EOLscenario (end-of-life) for disassembling the product. It could also be that the assembling of two products has a manufacturing process involved.

The phases that are only hypothesized, called scenarios can also be described as a sequence of processes. The two phases considered scenarios are use and end-of-life, because they take place after-sales and usually companies have less information about them. EOL Process covers the reuse and waste: recycle (waste materials reprocessed into products), energy recovery (waste recover as a combustion fuel or composting) and disposal (landfill or incineration). Finally, Use is related to the consumptions of the product during the use phase, like the disposable coffee filter for a coffee machine. This model is created to support the information/data capture. Here, this implementation would be done during the lifecycle of the product, allowing environmental evaluation purposes. People involved in the product development process and lifecycle should complete the model as they make decisions.

Artifact

Thus, the foreseeable implementation of the CPMe 3 would be similar to a "top-down" PLM approach. In such an approach, considering the case of a bike, the main Artifact in the model, the Product, is the bike itself. Then, as the design process goes on, the structure of components, Part and Assembly, known as Bill of Materials (BOM), appear in the model. All the Artifacts are linked to technical data using the CPM product model and linked to Processes of the lifecycle phases.

Conclusions

It is hard to find a product development project with enough documentation to completely instantiate CPMe 3 . It is also understood that the actual use of PLM in companies does not have the necessary level of data capture and exchange for doing environmental evaluation; and that implementing CPMe 3 would depend on a shift on the way things are done in companies.

Research has been done towards changing information management so that it would integrate environmental aspects, for instance: by facilitating the interaction of experts and the interoperability of expert software [START_REF] Rio | Toward proactive (eco)design process: modeling information transformations among designers activities[END_REF], by creating a platform of integration [START_REF] Pfouga | From concept to application: Integrated model for sustainable product design[END_REF] and by gathering and making available lifecycle information [START_REF] Lejon | Integrating Information in Product Development[END_REF].

CPMe 3 is then seen as a generic idealization. It is only aimed at clearly representing the required information by an environmental expert. The next section uses the baseline information here described as a foundation to create an environmental expert role in a design simulation. This design simulation is in turn, used to test different sets of information from the design process.

DESIGN SIMULATION

Differently from other studies, which focus on the capture and interoperability of data, as previously presented, we are interested in the implications of product development process information to the environmental actor.

Therefore, the approach chosen is to test different sets of information in a design context. The design context could be: a real or a fictive design task; in a company or university environment; with undergraduates or graduates subjects. For the reason that this research is developed in an academia context, we chose undergraduates subjects in a university environment. The design task is fictive as explained next.

The advantages of creating a game/role-play about design instead of observing real design process are:

 It limits the influence of players' background because the game references are different from reality;

 Allows the comparison between experiments, isolating the variables;  Simplified roles can be played by anyone who have basic mathematics knowledge;  Simplified product makes possible to deliver a final detailed result in about 3 hours;  It is possible to quantitatively evaluate the global quality of the result (single score) and each role's performance;

The following design simulation, Delta design game, was chosen because it is a good simulation of an integrated design process and because an environmental expert role could be adapted to integrate the design team.

Delta design game

Delta design game was created by Louis Bucciarelli to simulate a collaborative design process. The objective of the game is to develop a house following the rules of the Delta world.

Delta Design is a team exercise created for undergraduate education in engineering. It requires approximately 3-4 hoursall in one sitting or spread out over several session. The major goal of the exercise is to have students learn -by doing -that design involves, not just technical expertise, but extensive negotiation among specialists working to reconcile divergent

views and conflicting agendas. (Bucciarelli, n.d.) A different role is assigned to each player: architect, project manager, thermal engineer and structure engineer. All information to become a specialist is in a 6 pages document (about one hour reading) which requires only basic knowledge in mathematics. Each role is very simplified, but connected to real physics' principles (like temperature equilibrium), even if units and references are specific to the Delta word.

The design specifications are settled in a way that the design space of possible solutions is very narrow. Consequently, there are many conflicts between specialists and few teams satisfy all the specifications at the end.

The final product of the design is a Delta house. The bricks of the house are red or blue Deltas (triangles) that are assembled in a 2D plan. The support for representing the house is either virtual or board-like (see Figure 26). Other than pedagogic ends, the game has been used for research as a means of simulating collaborative design process.

 Oberoi et al. analyse the collaborative practices by using an online version of the game that captures the exchanges between students [START_REF] Oberoi | Online implementation of hte Delta design game for analyzing collaborative team practices[END_REF]. Roma adapts the game to test the application of lean product development techniques like set-based concurrent design [START_REF] Roma | Assessing Principles of Set-Based Concurrent Engineering Using a Design Game[END_REF].

 Kleinsmann et al. use the game as an inspiration to create a more complete simulation of the collaborative design environment [START_REF] Kleinsmann | Design games for simulating design communication[END_REF]. Using this adaptation of the game, they observe the design collaboration skills of participants with different experience levels [START_REF] Kleinsmann | Development of design collaboration skills[END_REF].

 Legardeur et al. use inspiration on Delta game to create a distributed collaborative design environment using Lego® bricks. The authors use video recording to show students their behaviour and the best practices to improve collaboration [START_REF] Legardeur | Proposition d'un jeu pedagogique de conception d'une navette spatiale "Lego" pour l'apprentissage de la collaboration entre metiers[END_REF].

 Smith et al. use Delta game to observe the influence of design structure matrix to the process and final designs [START_REF] Smith | Testing an engineering design iteration model in an experimental setting[END_REF]. Smith et al. make observations about the iteration process during design [START_REF] Smith | Experimental observation of iteration in engineering design[END_REF].

 Environmental expert role

To test the implication of information from the product development process over the environmental expert, an environmental expert role was developed. This role explains the necessary to perform the environmental expert role in the Delta game context.

Deltas Plan

Deltas Plan

The environmental expert role has been created based on the same level of simplification of other roles of the game. It was paid attention to relate the environmental indicators to other specialists' constraints so that it requires trade-offs.

The context, the references and the product (house) are fictive, but the role is still representative of an environmental consultant work. The following characteristics of an environmental expert work (based on ecodesign standards) can be found in the role: lifecycle view, indicators of environmental performance of the product (for lifecycle and single phase) and environmental communication (label).

The first notion introduced in the explanation of the role is life cycle thinking, by showing the lifecycle phases of the house. This is done because lifecycle is the heart of the ecodesign definition.

Then, 2 indicators are presented: the emissions of Dgene (during the whole lifecycle) and resources depletion (% of blue and red Delta used). The indicators allow quantifying the environmental performance of the product.

In the game context, Dgene have local and global impacts. Dgene indicator is calculated over the lifecycle of the house, based on energy consumption. The energy consumption is given for each process. The energy (macro-flow) is transformed in Dgene emissions (elementary-flow) by multiplying by a constant factor (as a LCIA database would do). Finally, another parallel to the reality is that the emissions of Dgene are much higher during the use-phase of the house.

The resources depletion is calculated based on the consumption of blue and red. The % of resources used can be calculated based on the known global resource stock.

In the context, both indicators have limits imposed by the local law and are in the specifications list.

The only indicator that is not in the specifications list is the neighbourhood label. It defines if a house can belong to different neighbourhoods depending on its emissions of Dgene during lifecycle. Like the energy efficiency label (see Figure 27), it ranks the house from A to D according to the Dgene emitted during the whole lifecycle of the house. The emissions during the use-phase have been separated from the other phases, so the label is given based on limits of use-phase and all the other phases combined, considering the whole lifecycle.

 Environmental evaluation data is all data necessary for calculating environmental indicators of the house (e.g. processes, materials, end-of-life possibilities). It is found in the environmental expert role. An example is the amount of energy for manufacturing blue deltas;

 Specifications are the list of constraints that the product has to fulfil and their given limits for all roles involved in the product development process. Those constraints and limits are the minimum necessary for the house to be built. If all constraints are respected, the house is considered feasible. Specifications list can be found in the game introduction with the DeltaP context. An example of specification is the house internal area, which has to have at least 100QD.

 Rules of thumb are "a practical and approximate way of doing or measuring something" ("Cambridge Dictionaries Online," n.d.). In our case, they are a simplified explanation on how to satisfy the constraints from each role (see page 161 for the rules of thumb). One rule of thumb is for instance, not to assemble more than 3 Deltas of the same colour in a sequence. There are 12 rules of thumb defined.

In the two first levels, the environmental expert is called environmental consultant because he plays after the other players; like a consultant that is hired to give an environmental point of view of a product that has already been designed. In the game context, the consultant has access to the designed house, which takes into consideration all specifications but environmental ones. The consultant has then to modify the house to propose a more environmental friendly one (see Figure 28). In level 3, the environmental expert is integrated to the design team and works with all other specialists' roles since the beginning of the design process (see Figure 29). It is assumed that when integrating the team, the expert assimilates the maximum amount of process information.

13 Rule of thumb 

Procedure

Figure 30 provides the illustration of the procedure. It is given to a volunteer a document that explains the context of the game. Moreover, the document has the specifications list (of all specialists' roles) and how to perform the environmental expert role. The volunteer has about 1 hour to read this first document. Then, a second document is given with the house to be modified and, in the case of level 2, the rules of thumb. From this point on, the volunteer has 2 hours to deliver a modified house with an end-of-life scenario. Finally, a survey was carried out to get an idea of the background of the volunteer and to have a feedback on the experiment. For level 3, five volunteers are given a specific role. All 5 have a common document that explains the context of the game and the specifications of the house. Then a second document, specific to each role is given, explaining how to perform their role. The assimilation of these 2 documents (common role and specific role) takes about 1 hour. The architect role is shorter than the others and because of so, he starts to make a first version of the house. The students have a total of 3 hours to understand their roles and to design a house (like level 1 and 2). Finally, they individually answer to the survey questions.  Data treatment To treat the experiments results and make conclusions, the houses have been evaluated over a single score. This is one of the advantages of working with design simulation: it is possible do characterise and compare the design results quality. A quantitative qualification of the house also allows treating and comparing a larger amount of data.

All houses have been evaluated with the help of a spreadsheet, over the same criteria and using the same rounding rules. Qualitative scores have been double checked to ensure that the results are under the same evaluation criteria.

The quality of the house and the performance of each specialist can be measured by a single score (adapted from [START_REF] Roma | Assessing Principles of Set-Based Concurrent Engineering Using a Design Game[END_REF]). The single score represents the global quality of the house.

Each constraint that each specialist role has to accomplish has been evaluated and weighted to make a total of 5 points by specialist. A house can score a maximum of 25 points.

A stands for Architect, PM for Project Manager, SE for structure engineer, TE for thermal engineer and EE for environmental expert or environmental consultant.

The architect (A) parameters considered were: internal area, blueness ratio, internal/external ratio, blue dispersion, entrance alignment with gravity and number of "rooms".

hour 2 hours

Range Related parameter If Formula

A1 [0,1] Internal area (IA) IA<100QD A1=0 IA≥100QD A2 [0,1] Blueness ratio (B) B>70% A2=0 60%<B≤70% A2=0,5 B≤60% A2=1 A3 [0,1] Internal/external ratio (IE) IE≤1 A3=0 1<IE<1,4 IE≥1,4 A3=1 A4 [0,1] Blue dispersion (BD) A5 [0,1] A5=A5`+A5``+A5``` A5` [0 ;0,4] Number of rooms (NR) A5`=0,1*NR A5`` [0 ;0,4] Entrance Y (EY) Not A5``=0 Yes A5``=0,4 A5``` [0 ;0,2] Entrance X (EX) Not A5```=0 Yes A5```=0,2
The project manager (PM) parameters scored are: total cost and time. These 2 parameters have been calculated in accordance to the internal area (IA) of the house. This is because a small house (smaller than 100QD) would have a high score but do not meet the specifications. As an example, the cost is multiplied by 2 if the house has 50QD (need 2 houses to cover the 100QD asked). The structure engineer (SE) parameters are: maximum load in anchors from Y and X axis of reference, and internal momentum of joints. A bad joint is a joint that breaks due to the internal momentum. The environmental expert (EE) or environmental consultant role has 4 parameters evaluated: percentage of resources used (blue and red deltas), Dgene emitted during use-phase and neighbourhood label. Likewise the project manager, these indicators can be high for small houses.

Range Related parameter

If

Range

There is then a coefficient based on the size of the house applied to the total score of the environmental expert when the house is smaller than 100QD. The environmental score is representative of the environmental performance of the house.

If IA≥100QD

or if IA<100QD

Range

Related parameter If Formula

EE1 [0 ; The single score is representative of the quality of the final house and is possible to be used to compare different houses. It is not possible to compare the performance between specialist roles, because some roles are easier to reach 5 than others. For example, the environmental engineer will hardly have zero red Deltas to get the EE2 full point; however, if the structure engineer has less than 5/5, the house breaks.

Conclusions

The results and conclusions for the consultant role are discussed first (comparison of levels 1 and 2 of information). Then, level 3 results and conclusions are presented.

 Levels 1 and 2 The results of this section correspond to the data treatment of 21 houses of level 1 and 18 houses of level 2 (see Figure 30 for the procedure).

In Figure 32, single score mark is plotted for all houses that have been created by the volunteers that played the role of environmental consultant (for the houses' 2D plans see page 114). The first column "Ref" stands for the evaluation of the reference-house, which has been given to the volunteers; as said before, the reference-house fulfils all specifications except the environmental ones. The modified houses designed using level 1 of information (without rules of thumb) are in the left side of the graph, from 1 to 18; and houses designed using level 2 of information (with rules of thumb) on the right side, from 1 to 21.

All the specialists' marks have been plotted in the same column, giving the total score for the house. From bottom-up of the column: architect (A), project manager (PM), structure engineer (SE), thermal engineer (TE) and environmental expert or environmental consultant (EE). In Figure 33, it has been extracted how much the consultant version has increased or decreased the environment score (first bar, in solid fill, turquoise) and all the other scores together (second bar, in pattern fill, grey) when compared to the reference house. By that we can understand the impact of changes made by the consultant; for example, player number 4 (level 2) has increased the environmental score in about 35% and has decreased the other scores (A+PM+SE+TE) in about 35%. The background of volunteers (level 1 and 2) has been measured by a self-evaluation on the main specialities asked for the game, grading from 0 to 3: 0-none, I do not know what it is. 1-I heard about it. 2-I have already worked with it, knowledge acquired. 3-Fluency, easiness.

In Table 6, answers 0 or 1 and 2 or 3 have been counted for each level. In this way it can be seen if there are any big differences between the background of people playing level 1 and 2. It can be seen that 4 volunteers in level2 have already played Delta game (original version) before (volunteers 6, 13, 14 and 16). They have been given the level2 of information in purpose, so that the rules of thumb they remember for the game do not influence level1 results.

- What are the influences of level 1 and 2 of information? When interpreting the previews plots, some comparative observations can be made:

 The percentage of people, who did not improve the environmental score, even if it was their main task, is of 22% in level 1 and 57% in level 2.

 When compared to the reference-house, the environmental score has been improved in average by +29% in level 1 and decreased by -7% in level 2.

These 2 observations have been plotted in the following graphic: Not improving and even decreasing the environmental score is due to the fact that players in level 2 had more information to assimilate and they made an effort to take into consideration as much as they could. In other words, instead of playing only the environmental role, they played all roles. The design process looks like a constraint resolution problem. For the time given, the iterations are limited and not all the constraints could be checked, as a result, the environmental aspect was not the only priority.

So, why other constraints were not improved? The issue is that the rules of thumb are not sufficiently accurate to make sure all roles fulfil their constraints, the only constraints they were fully capable of properly analysing were the environmental ones.

For instance, player 5 (level 2) has worked as a priority on the rule of thumb "More external Delta ends (blue or red) there are, more red Deltas are needed to heat up the house". The volunteer worked on better insolating the house (see Figure 35). However, as there is a lack of information about how the temperature of the house behaves, the result is a house that overheats. Then, as there was not enough time to verify other constraints, for example, the end-of-life scenario chosen was not the most optimal one.  The percentage of the other scores (A+PM+SE+TE) when compared to the reference-house is of -30% in level 1 and -21% in level 2, as seen in Figure 36.

Figure 36-The average of improvement of all scores combined but EE.

The fact that the level 1 of information had no information about how to take into consideration other constraints (even if they had the full specifications list), made the results centred in the environmental aspect. Some volunteers' reaction to the fact that they cannot evaluate other constraints, neither interact with the design team straightaway, was: "if I do not have that information, I do not have to care about it". The average improvement of the environmental score is higher, but the decrease of other aspects is also more important.

For instance, player 10 (level 1) has created a new house (without considering the reference house) focused on the environmental aspect (see Figure 37).  The difference of the average single score between the 2 levels is not significant (level1 12,9 and level2 13,4). However, the best score is from player 12 (level 2) that has even increased the total-score of the house (17,1) when compared to the reference house (16,7). The reference house fulfils A, PM, SE and TE specifications but not the EE ones; the house 12 fulfils A, PM, SE and EE specifications but not the TE ones.

Trying to understand the problem holistically brought some advantages to level 2. Volunteers having more information (level 2) try to fulfil all constraints, are less centred in one single role but needed more time and more complete information.

Volunteers when confronted to the lack of information (level 1) are fearless of making bigger changes and more focused on the environmental issue. However, the side-effect is the reduction of other constraints score.

 Level 3 Figure 38 is about the results for the single score mark of the level 3 of information. Single score of each version of the design process of the house has been plotted for each team.

The very first version, one intermediate version and the very last one were recorded, so that the evolution of the design process could be observed. Some teams recorded other versions by their own initiative, which is why some groups have more versions than others. What are the influences of level 3 of information? Subjects defend their role in a group playing situation more than playing alone as an environmental consultant. Understanding more about the other roles in a dynamic way did not disturb their focus on reducing the environmental impact as with the rules of thumb (i.e. someone else was there to think about the other constraints). On the contrary, every participant defends its own constraints in a group discussion situation. This observation matches the model of Klein et al. found in negotiation literature that each node (participant) is self-interested, looking to maximise its own constraints at the same time as looking to satisfy inter-dependent constraints [START_REF] Klein | The Dynamics of Collaborative Design: Insights from Complex Systems and Negotiation Research[END_REF].

 The total score increases for each new version.

There is an improvement in the total score for each new version of the house, as constraints are being discovered with time. For the time given, this behaviour was expected. As the objective is to get to a feasible solution in a short time, a decrease of the solution quality would not be accepted by the players (even if it would mean getting a better next solution).

 The first versions have a high architect score.

Usually, the first version is defined by the architect and the others try to analyse if their own constraints are respected or not. After this first calculation (first hands-on exercise), students naturally formulate rules of thumb and realize that there are interactions between domains.

 Team 3 level 3 has the only feasible solution and the highest score (18,4).

Team 3 first version was already a house that integrates many constraints. The first house, that usually takes into account only the architect constraints, had actually been done after a brief The average results and the best results for each level can be found in Figure 39. The best result being level 3 is not a surprise; even if they did not start from a premade house (reference house for levels 1 and 2). The volunteers had the possibility to make various exchanges and understand all the constraints during the time given. They were also concerned by understanding in detail only one specific role.

 The average EE score is 2,88 for level 1; 2,05 for level 2; and 2,78 in level 3 as plotted in Figure 40. The environmental constraints are better taken into account when working disconnected and with less information about other constraints from the project, but the global house score is degraded.

When knowing more about other constraints from the project, in a disconnected way, the environmental constraint is not a priority (i.e. not increasing environmental score), but the global house score is better than for level 1.

In a team situation, the environmental aspect is defended, but because of the necessary trade-offs, the environmental result alone is not as good as in level 1. This situation is the best compromise between feasibility and environmental performance.

The compromise between feasibility and environmental performance is represented in Figure 41.

When taking the level 1 as a reference, the level 2 decreases the environmental score in about 29% and increases the percentage of all the other scores together in near 13%. The result is a gain of 3,85% in the total single score. In level 3, the environmental performance loss is less important (-3,42%) and all the other scores rise in about 8%. The total improvement is then of 5,5%, the best single score from the 3 levels.  Volunteers perception of the integration For each experiment with Delta game, the volunteers have been asked, after playing, what was their point of view on the pros and cons of integrating the environmental expert in the design team.

For Levels 1 and 2, the question asked was: Which are the pros and cons of working after the 4 other specialists (instead of working at the same time the house was being built)? 

# of responses Advantages of not working in a design team

Level 1 Level 2 -innovation 8 5

Table 7 -Perception of volunteers from levels 1 and 2 on integrated design.

For level 3, the question asked was: Which are the pros and cons of joining the other 4 specialists from the beginning of the project?

Advantages of working in a design team # of responses -global vision of the project -avoid problems to come -take into consideration all aspects at once 11 -sharing tasks 5 -group decision making -multiple views of the project 4 -easy communication 3 Disadvantages of working in a design team # of responses -difficult to discuss all constraints -get to an agreement -actors very focused on their own constraints 8 -need of group cohesion 5 -one actor's mistake can induce error to others 1 -some actors are not reactive as others and give their opinion only at the end 1 Players in level 1 and 2 feel the freedom of designing without the influence of others. They assume that it impacts how innovative their proposition can be. They are conscious that their changes to the house might not be feasible in the eyes of other specialists, and that it might delay the project.

Working on the project after the others is seen by some as complicated as they could not understand the reasoning behind the decisions made. It was at the same time too much information to be taken into account in the time given, and not enough to make accurate evaluations.

-bring an external look to the project -not influenced by others -work fast without looking for a consensus all the time; 3 4

-to have a first version close to a consensus, no need to start from zero; 1 4 -freedom of changes -others specifications come after mine 2 1

Disadvantages of not working in a design team Level 1 Level 2 -difficult to understand the project in detail and the reasoning of other specialists -lack of information on other constraints 9 9

-difficult to know if changes are adapted to the other constraints, if not it might delay the development -need of interactions with design team to know if changes are good -not possible to make bigger changes without revising the whole project 6 5

-a lot of information to treat alone -have to adapt to others work 1 6

-we are too focused in our constraints -we do not have a global vision of the project 2 2

-losing the negotiation factor 0 1 -working in a team is more enjoyable 1 0

The level 3 volunteers perceive being integrated to the design team as an advantage, because they can see different aspects of the project at once. The disadvantages come from the group work situation that requires cohesion and trade-offs.

Moreover, players in level 3 that are part-time engineers (dual education) mentioned that the game exercise was a situation they encounter in reality. This supports our assumption that the game is a good simulation of the reality.

SYNTHESIS

Chapter 3 is about the work carried out to conclude on: which information the environmental expert requires in a collaborative environment and what is the product outcome when different sets of information from the design process are given to the environmental expert.

The first section is about the environmental expert point of view of the product. It is assumed that the data necessary to perform an environmental evaluation is required by the environmental expert.

The new information required is then represented in an extension of a generic product model (CPMe³). This information should be input by different stakeholders during the product development process (PDP) to facilitate data collection, which is the environmental evaluation most timeconsuming task.

In section 2, modified Delta game is presented, including a new role of environmental expert. The environmental expert role is created based on the baseline information represented in the first section. The main assumption is that Delta game is a realistic simulation of the design process.

Then, three sets of information are defined in the context of the game. Each level has increasingly more information that allows understanding the reasoning behind the product development. The levels are:

 Level 1: specifications;  Level 2: specifications plus rules of thumb;  Level 3: "all design exchanges" (i.e. the expert joins the design team).

It can be concluded, by analysing the results that, in terms of environmental improvement, level1 is better than level2. This is because volunteers that have only environmental information focus on the environmental aspect better than volunteers that have access to rules of thumb. However, the global result of the house is better for the level2 of information, where multiple constraints are taken into consideration. The houses do not fulfil all the constraints; this was expected since the rules of thumb are not enough to verify all the specifications.

The third level of information includes all trade-offs of the design process. In fact, the environmental expert joins the design team since the beginning of the design process. The results show that having more information this time, did not worsen the environmental performance of the product. This is because volunteers defend their own constraints in a group situation. The level 3 of information is the only one where a team managed to find a compromise between all the constraints.

Players were asked about their experience with the game. The players of levels 1 and 2 of information (disconnected from the design team) felt the advantage of being free to express their ideas. However, they were afraid their ideas would not be feasible. The players of level 3 (integrated) raise the issue of group cohesion need, but agree that having a global view of the project is an asset.

Next chapter is aimed at validating certain points from literature and from chapter 3 results, conclusions and discussions of the whole are made in chapter 5.

Chapter 4: validation

Chapter 4 is about the feedback from environmental experts on assumptions from literature and on chapter 3.

METHOD

Verification of the product development process is difficult task due to the large number of influencing factors that make repetition and generalization impossible [START_REF] Bramklev | Towards integrated product and package development[END_REF]. As an alternative, to support certain points found in chapter 3 and some assumptions deduced from literature, a survey is conducted to confront some points of this dissertation to the opinion of environmental experts.

The experts have been selected under the criteria of: ever being part of a project of product development where the environmental expertise has been brought by them.

The aim of the survey is: first, to justify the assumption from literature review that the environmental expert is disconnected from the design team; second, to validate that the environmental expert point of view is based on environmental profiles that require lifecycle data; third, their interest and imagined impact of having design process information (other than lifecycle data).

PROCEDURE

A semi-structured on-line questionnaire has been sent to the e-mail group LCAlist 14 , to the Linkedin Ecodesign Special Interest Group 15 and to the French ecodesign network (EcoSD) 16 . We received 70 answers, from which 63 full answers, in the period of June to July 2014.

The survey was available in French and in English: 33 responders chose the French version and 37 responders the English version. The English survey questions can be found in page 209.

14 http://lists.pre-sustainability.com/scripts/wa-PRECBV.exe?A0=LCALIST 15 https://www.linkedin.com/groups?home=&gid=1847706&trk=anet_ug_hm 16 http://www.ecosd.fr/ validation Method Procedure
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RESULTS AND DISCUSSION

This section is organized in three parts: first part (3.1) has questions 1 and 2 that leads to discussion about the place of the environmental expert at the product development process; second part (3.2) has questions 3, 4 and 5 that leads to discussion about the data needed from the environmental aspect point of view; third part (3.3) has questions 6 and 7 that leads to discussion about environmental experts interest in other product development process information. From question 1, the responders had to choose one option (many times, few times or never) for each answer. If all answers were "never", the survey would be ended and not saved. If "other" was chosen, it was asked to specify.

Questions 1 and 2

Most of the responders did not enter a new answer for "other" but justified the context for an answer chosen (for example: redesign, end-of-life analysis, use phase analysis), those have then not been shown in Table 9 since they are comprised in the "after product definition", "during design" or "at the beginning" options. For question 2, the responders could choose up to 2 answers from the list.

 About the place of the environmental expert at the product development process When analyzing the answers from questions 1 and 2, some conclusions can be made:  Bringing environmental expertise after the product development is a more frequent approach.

 Participating to the product development since the beginning (creating a product) is the most infrequent approach.

As literature argues, the environmental aspect is disconnected from the product development process (PDP). Most of the responders identify being part of a product development process after the definition of a product, as for a redesign approach.

Being part of a PDP from the early beginning is the most uncommon approach. However, the gap between "After product definition" and "At the beginning" is not as drastic as expected. It was expected that few practitioners would often work at early stages of design, since most of research about ecodesign claims that.

Even if the global view of the results is in accordance to literature, comments should have been allowed to understand what responders consider as "at the beginning" and how environmental expertise is brought in this early stage. We consider these results not robust enough to conclude on the scenario of a disconnected expert.

 35 or more of the responders have brought environmental expertise to a project more than 3 times.

This result characterises the responders. It means that at least 50% of the responders are not complete beginners in bringing environmental expertise to the product development process.

 More than 50% of responses point to a use of environmental conclusions for marketing or redesign purposes.

This result is in line with literature, which says that environmental profile is not always used to improve the product currently being developed, but for marketing purposes. Also, the lack of influence from the environmental expert in the product currently being developed is seen by the frequent redesign purpose. These answers are a more clear validation of the scenario where the environmental expert is disconnected from the design team.

Questions 3, 4 and 5

Question 3-Is making an environmental profile part of your tasks as an environmental expert? For question 4, the responders could choose as many options as wanted.

Question 5-Would you find useful to have all required information in a centralized information system? Only one answer was accepted to this question. The responders who chose "other" and answered "yes, but it is not possible" have been accounted to the "definitely" percentage in Table 13. One comment had a suggestion: having the data centralized, but dynamic (i.e. where data could be updated with time) without breaking the cause-consequence link.

Answer

 About the data needed from the environmental aspect point of view When analyzing the answers from questions 3, 4 and 5 the following conclusions can be made:  More than three quarters of the responders perform environmental profiles and more than half definitely use it.

This answer supports our assumption that performing an environmental profile is part of an environmental expert job.

 Between 65 and 80% of responders look for product lifecycle information and about 20% look for product development process information when evaluating a product.

The product model created with information from the lifecycle (i.e. bill-of-materials, process plan, process flows, logistics data, use-phase scenario and end-of-life scenarios) is definitely in line with practitioners needs. This endorses the product model extension presented in page 60.

A minority of responders look for process information (product requirement, rules of thumb and justifications from the design process). The question could be enlarged to know more about why those who look for process information do it.

 About 75% of responders would like to have information centralized.

Centralizing information is not a new idea and, because of so, some responders are faithless about its actual implementation. Two responders rose barriers for centralizing in the comments: (1) the information to perform a lifecycle depends on different departments from the companies; and (2) confidentiality issues, to have access to it.

Questions 6 and 7

Question 6 -Imagine that you, as an environmental expert, are asked to suggest improvements to a product. You have the necessary data to establish an environmental profile. Furthermore, you have access to a document that explains the design choices. Would you be interested in using this document?

Answer Count Clustered Count No, overload of information, not concentrating on the environmental issue. 2 7 No, I would be less creative or less innovative on my suggestions. 4 No, I would probably not be capable of understanding it. 1 Yes, I could better argue about the changes to be made. 42 87 Yes, my suggestions would be more feasible if I adapt to the current design. 25 Yes, more information is always good. 20 Other, no answer or did not understand the question:

-Not alone, the product improvement has to be done with the designer expert and to take into account economic aspects; -It could be useful, but not mandatory; -I could better argue about changes to be made but I believe it is up to the designer and other stakeholders to find feasible changes and to apply it. My role as an external expert is to facilitate/mediate but hardly to bring the solution.

7

Table 14-Answers to question 6 from validation survey (count and clustered count).

For question 6 the responders could choose up to 2 options.

Question 7 -Now, let's imagine that you arrive at the beginning of the design process and you are invited to participate to the design meetings. In these meetings you are aware of all design choices and you can influence the product's design. What do you think about this situation?

Answer

Count Percentage I do not think my presence would be useful, because: 6 10,9%

-my constraints are integrated as any constraint in the projects; -the choices are already made; -the environmental expert is not always considered during design (vs cost); -I do not necessary understand the requirements and properties of the product; -It is time consuming; -Only certain design choices impact the environment (e.g. material choice) It is the ideal situation, because: 46

89,1%

Answers about influence, and how to influence:

-I can influence the design process; -It is easier to adjust design at early stages ; -Many environmentally significant decisions are made at the beginning of the design process; -I can offer example pitfalls and flaws previously witnessed in similar -Often we are called in to do an LCA after a product has been produced

for several years -no changes to be made then. -I could understand the reasons for the design choices and better adapt my speech;

23

Answers about group work:

-We can work together to find better solutions, using my environmental knowledge combined with their knowledge on what can be changed and how. -I believe having an extra head is always good and working as a team will lead to a better concept. -It is possible to discuss if one or other change is possible -All the different axis are present: marketing, buyers, industry and environment; -A good design is multidisciplinary; -That's the way it could be maximum symbiosis.

-Global and realistic vision of the product development -would help to get data and understand choices as well as bring my expertise in the process; The question 6 asks to justify the chosen option. All 6 answers to the option "I do not think my presence would be useful, because..." are shown in the Table 15.

The 46 full answers to the option "It is the ideal situation because..." can be found in page 211. In Table 15 examples are given for the latter comments, which have been clustered in: influence and how influence from the environmental expert will be possible; and group work and knowing more about the product and process.

Moreover, four responders chose the option "It is the ideal situation because..." with conditions: -...but my ideas could be applied depending on the feasibility and economic factors; -...but environmental evaluation should not be too much detailed in the beginning of the process; -...but by being an environmental expert it takes a lot of experience to really develop useful input at this stage; -...but the design team has to be open-minded and give me credibility.

 About environmental experts interest in other product development process information When analyzing the answers from questions 6 and 7, the following conclusions can be made:  87 from 101 answers are positive for having documentation about design rationale.  Mostly because they could better argue about the changes to be made.

As in the survey with responders involved in product development [START_REF] Heisig | Exploring knowledge and information needs in engineering from the past and for the future -results from a survey[END_REF], having information about design rationale is seen by environmental experts as beneficial.

The idea of this thesis of giving more than lifecycle information to the environmental expert is of interest of a large majority of the responders.

The question could have been extended to know more about how the environmental experts would actually use this information. The context in which having more information would be interesting has been commented by one of the responders: "Not alone, the product improvement has to be done with the designer expert…". This comment is in line with the conclusions of this dissertation: that having more information in a disconnected context is different from having more information in an integrated context.

 Almost 90% of responders think that the environmental expert should join the design meetings since the beginning of the project.

 Two groups of responses for why they should be integrated are: to be capable of influencing the design process and to work as a group.

As shown in the results from level 3 of information, having more information in an integrated context is the best compromise between feasibility and environmental performance. Also, it is the approach that allows having more information about the design process without losing focus on their own expertise.

The possibility of influencing the product early is rose by about half of the responders, the other half talked about working in a group context. Being capable of influencing the product comes from the reasoning from literature: "decisions made during the design stage profoundly affect all those that follow" [START_REF] Suh | The priciples of design[END_REF]. The comments about working in a group context are interpreted as a consciousness of environmental experts that a product is a compromise between various constraints.

Synthesis

In chapter 4 a survey with environmental experts has been conducted to validate the following:

a)

The assumption that the environmental expert is currently disconnected from the design process; b) The assumption that performing an environmental profile is an environmental expert task; c) The data needed from the environmental expert point of view; d) The interest and possible impacts of having product development process information.

The survey had 7 semi-structured questions. A total of 70 responders were accounted.

From the interpretation of the survey, the following conclusions are made:  Having more information from the design process is seen as beneficial by the majority of responders, mainly because they could better argue about changes to be made;

 Being integrated to the design team is considered the ideal situation;  It is expected by being integrated to have the possibility to better influence the product and to better understand the design process, to reach a compromise.

Chapter 5: conclusion and discussion

Chapter 5 begins with the limitations and generalization of the present study. Then, research questions and hypothesis are objectively answered. The conclusions and leads for further research are also provided.

GENERALISATION AND LIMITATIONS

This section is aimed at pointing the limitations of the research work presented and at commenting on the generalization of results.

Lack of feedback: The lack of an intermediate level of information is a limitation to the design simulation performed. It means that the disconnected scenario lacks of interaction between the environmental expert and the design team.

In fact, the simulations test two extreme situations: first, the environmental expert is completely disconnected from the design team and has to deliver a product solution; second, the environmental expert is integrated to the design team since the beginning. The situation where the expert is disconnected but can exchange with the design team has not been tested.

If volunteers from level 1 were confronted to a review of their solution by the design team, it is expected that the environmental expert would change less the reference house, avoiding making big changes to the work that has been done by the other experts.

An intermediate case would require longer experiment duration. This is because the procedure would first require 4 experts to work on a house solution. This solution would then be given to the environmental expert, who would evaluate it and meet the first 4 experts to discuss on how to improve it. It's the same as the interactions in the integrated design scenario, but in a larger time frame. This intermediate case could be compared to the level 3 (integrated), to conclude between the advantages and disadvantages of disconnected and integrated approaches. They went from a role of someone who suggests changes, to someone responsible for creating the whole product on their own.

Background: the game in a fictive context is aimed at neutralizing the background of participants, but it is possible that some volunteers had more facility than others in understanding their roles due to previous knowledge. Also, the volunteers were most French students in engineering; they are used to participate on team work projects. If volunteers were more individualistic, the collaboration aspect could have been more challenging.

Time: it is possible that the time pressure and the over-constrained exercise may have affected the strategy used by the volunteers and their results. Also, most of volunteers are inexperienced, which results in different problem-resolution strategies [START_REF] Kruger | Solution driven versus problem driven design: strategies and outcomes[END_REF].

Sample size: the number of houses evaluated for level 3 of information (only 6) may not be sufficient to guarantee the robustness of the conclusions.

The context chosen for the experiment has also limitations. When compared to the design process in reality, the game presents the following limitations:

 Very limited innovation possible (for example, not possible to develop new materials or manufacturing techniques);

 In reality, the background plays an important role in decision-making and the game neutralizes this aspect;

 The specifications list is given and not developed by the team;  There are no interactions with the client;  The simplified roles are not exactly the reality. The game could not be used to learn how to be an architect or an environmental expert for example;

 The gap between reality and simulation for the environmental expert role. For instance: in the game the expert has all the information necessary (complete database); also, the constraints integrated in the specifications list, which makes him be heard by the others;

 The team meets in person to develop the product, virtual collaboration could be an extra challenge;

 The project/product manager is not represented in the game. This is usually a reality for companies working in a matrix management structure (see Figure 42). This role could bring facility in the trade-offs. Finally, the integration of new experts in the Delta game can be adapted to different fields as long as: the new constraints are integrated into the specifications list, the simplified role allows calculating those constraints and there are interdependencies between the new role and the existing ones. The environmental expert role created could be, for example, an ergonomist and the results of giving more or less information should follow the same trends.

CONCLUSION

 On the hypothesis Each of the previous chapters contributes on answering the research questions and hypothesis. Those are then a step towards the fulfilment of the overall objective: to integrate the environmental aspect in the product design.

With regard to the question addressed in this dissertation: "What is the product outcome when different sets of information from the design process are given to the environmental expert?", the answer has been developed by means of experiments with the modified Delta design game, presented in chapter 3.

Information from the design process in a disconnected context may not improve the analysis of the environmental expert about the "deeper" changes to be made, which would have an expected positive consequence on reducing product environmental impact, as stated in the hypothesis: "Providing design process information to environmental expert has positive consequences on reducing product environmental impact". Instead, the volunteer felt the pressure to satisfy every constraint and treat all the information given to get to a feasible result. If design duration is short, it is discouraged to bring the responsibility of multiple constraints to one person.

However, the hypothesis is true for an integrated context, where the expert is aware of all information from the process, but responsibility to ensure feasibility of the product is shared with other experts. As a result, each member of the team defends their own point of view and the product is a result of a compromise between constraints. If taking into consideration the conclusions, it could be understood that the hypothesis of "providing information" has derived to "integrating an expert".  Discussion It is expected that if the design duration is not a constraint, one person (or a computer) with all information necessary (playing all the roles) could bring the most optimized result (better single score). For instance, in order to fully understand the game, all the roles of the traditional Delta game were played by one person (me), in the time frame of about 3 days. Each role has been read and the first solution that respects all the specifications was considered (no optimization of this solution was made). The result is a house with a better single score (18,87) and better environmental score (3,95), when compared to the best house created by the other levels.

In the case of a design team, a feasible solution is reached faster due to the specialization of constraints. Although, we observed that in some groups, one person could be more persuasive than others, resulting in a product that will be better in this one aspect and not globally optimal.

In the case of level 1, insufficient information can result in a product very good in one aspect. However, this product would ignore other constraints and be infeasible.

Which level of information to choose?

It depends on the aim of the environmental aspect integration. The integrated design is more efficient than the sequential design (where the environmental expert is disconnected from the design team) for:

 products that have environmental obligations (as legislation);  for companies that aim at producing eco-products or labeled products (e.g. energy efficient buildings or certifications); 

MOVING FORWARD

Towards integration

As argued in this research, the integration of the expert into the design team points to good results for the short time given. A bigger sample should be used to support this point. It could also be analyzed why some teams do not perform as well as others.

In fact, the field of ecodesign is very close to the integrated design one. Both seek for giving a lifecycle view of the product during early development phases (i.e. design). The difference is that ecodesign has an environmental perspective and integrated design has a more general perspective.

As soon as motivational issues to the environmental integration are surpassed, the problematic and advances from integrated design field would be directly applicable to the environmental integration issue. There is cross-field learning potential between ecodesign and integrated design. For example, students pointed issues related to team work 17 as an inconvenient for integrated design; these issues are studied in social science-oriented approaches of the integrated design, such as collaboration and negotiation.

Information exchange

The information exchange in the integrated context should be studied in a real design case, to find the barriers of the performance and to develop support tools and methods to the environmental expert.

We have seen in this work one way of the information flow, from the design team to the environmental expert. A possibility is to work on the other way, on how the environmental information is seen by the other stakeholders, as presented in Figure 44. Increasing the acceptability of the environmental expert in a design team could change the environmental impact of a product. It could also be studied when, in the design team exchanges, the environmental expert should act. Giving the example of the game, the architect usually draws the first version of the house and then interactions follow. In reality, for each type of product, interactions with the environmental expert might differ in timing. Also, it might depend on the organization of the company, for example, there 17 Need to get to an agreement; need of group cohesion when working integrated.

Design team

Environment expert (EE) perspective

Information flow could be one environmental expert for many projects in parallel, which reduces his capacity in following all design meetings.

It is also necessary to work on the capture of the base-level information, as represented in the product model extension CPMe³. For example, by facilitating the interaction of experts and the interoperability of expert software [START_REF] Rio | Toward proactive (eco)design process: modeling information transformations among designers activities[END_REF] or by gathering and making available lifecycle information [START_REF] Lejon | Integrating Information in Product Development[END_REF]. A general implementation method could be developed. However, the application is specific to each company context and demands having a good knowledge of the company's organization and information flows.

Information capture and reuse

The replacement of an expert (i.e. replacing the design team by giving information of the design process to the environmental expert or replacing the environmental expert by giving information to the design team) is not encouraged mainly if time is short. However, we are convinced that the capture and reuse of information could be profitable for the knowledge management or lessons learned purpose.

In fact, ecodesign standards presented in literature review suggest the documentation to facilitate new ecodesign initiatives. However, little is known about how to do it and what are the implications of such information reuse.

Finally, it is seen a potential in creating a causality link between the environmental impact and the product and process with the aim to create tools that could be used by experts for predicting change propagation in their own field (Caldwell, n.d.;[START_REF] Clarkson | Predicting change propagation in complex design[END_REF]. Still, the main barrier is on how to systematically capture the causality link, so that it could be maintainable in a company environment.

The representation of such causality link is also subject for thought, a possibility is to use computer aided representations for easily creating and storing cause-consequence links, as Graph databases [START_REF] Robinson | Graph databases (First[END_REF].

Educational use of the game

The modified Delta game has been played by students during classes about ecodesign and about product development process. Lessons can be learned from both courses.

For students following ecodesign classes (that do not always have an engineering background), the game makes them realize the complexity of the design process and how their role have to be in line with other constraints. For the engineers it shows the negotiation aspect, as for the original game. It also brings reflection about the challenges of working in an integrated team and introduces the basics aspects of an environmental role. Some effort is still required to maximize the educational conclusions of the use of the game: what the person playing the game is learning?

SYNTHESIS

Chapter 5 addresses: first, limitations; second, conclusions; and third, indications for future work.

From the limitations section, it is questioned:  The lack of an intermediate scenario (i.e. one that the environmental expert is disconnected, but can exchange with the design team afterwards);

 The possible misunderstanding of asking the environmental expert to represent its suggestions by drawing the final product (i.e. a role of someone who suggests changes, to someone responsible for creating the whole product on his own);

 Possible influence from the background of volunteers;  Different problem-resolution strategies from reality due to very short design duration and to lack of experience;

 Sample size is small, particularly for the level 3 experimentations (6 teams);  The gap between simulation and reality (e.g. limited innovation, simplified roles, lack of product manager);

About generalization, the results could be reproduced if the expert observed was from other field (like an ergonomist). However, the context in which the game is played can potentially change the results, like if volunteers are from a different culture.

The hypothesis "Providing design process information to environmental expert has positive consequences on reducing product environmental impact" is rejected for the context in which the environmental expert is disconnected from the design team. However, in an integrated context, having more information from the design process makes each member of the team defend their own point of view and the product is a result of a compromise between constraints.

Next, discussion about the extrapolation of the results for longer design process duration is engaged.

It is expected that one person, or computer, having all information (all roles) with an undefined duration would result in the most optimal result. The integrated in turn, converges faster to a feasible solution, but in the long time, is expected to give a less optimal result, because of the different ability of people to negotiate.

In fact, the environmental expert can both, have the integrated role and also work on next product's version. In that case, he has to be capable to step back from the information assimilated during the design process to propose novel ideas, oriented R&D or strongly aimed at shifting the environmental impact.

Indications for further work include:

 Investigating the behaviour of the environmental expert in an integrated context, to develop tools to support him;

 Cross-field learning between integrated design and ecodesign;  Work on how the other expert see the information from the environmental expert;  Treating case-by-case the implementation of the product model extension for the environment;

 Study the capture of information to create lessons learned or knowledge management tools for the environmental expert;

 In the long term, create cause-effect links between the development process and the environmental impacts, to predict changes in a redesign situation;

 Optimise the game for educational purposes.

Le Lean product design est le dernier ensemble de méthodes présenté. Cet ensemble de méthodes est inspiré des principes de la fabrication sans gaspillage issus de l'industrie japonaise. Des outils et méthodes proposés sont, par exemple : le set-based engineering, avoir un chef de produit ou chef de projet, le transfert de la connaissance entre projets, l'ingénierie simultanée et la participation des fournisseurs au processus de développement de produits. Hypothèse: Fournir des informations du processus de conception à l'expert environnement a des conséquences positives sur la réduction de l'impact environnemental produit.

Approche

Différents niveaux d'information ont été définis pour tester cette hypothèse, parce que différentes informations données peuvent avoir différentes influences sur le concepteur [START_REF] Boyle | Towards an understanding of the impact of resources on the design process[END_REF].

Quelles sont les conséquences sur le produit lorsque différentes informations du processus de conception sont données à l'expert environnement ?

Afin de répondre à cette question, quatre niveaux d'information ont été définis. Le niveau zéro correspond à l'information minimale requise par l'expert environnement, selon notre interprétation de la bibliographie, pour participer au processus de développement du produit. Certaines informations du processus ont ensuite été ajoutées de façon incrémentale.

Un produit avec un résultat environnemental amélioré est attendu suite à l'utilisation des informations du processus, parce qu'un lien de cause à effet entre l'impact environnemental et le processus de conception sera visible à l'expert. Comme on le voit sur la Figure 22, l'impact environnemental est issu du produit et le produit est issu du processus de conception. Le chapitre 4 a comme objectif de valider certains points de la bibliographie ainsi que des résultats du chapitre 3. Des conclusions et discussions sur le tout sont présentées dans le chapitre 5.

Validation (chapitre 4)

Dans le chapitre 4, une enquête avec des experts environnement a été menée pour valider ce qui suit : a) La supposition que l'expert environnement est actuellement déconnecté de l'équipe de conception ; b) Le postulat que réaliser un profil environnemental est une tâche courante de l'expert ; c) Les données nécessaires à l'expert; d) L'intérêt et possibles impacts d'avoir, en tant qu'expert environnement, des informations liées au processus de développement de produits.

L'enquête a 7 questions (voir page 209 pour le questionnaire en anglais). Il a eu un total de 70 participants sur la période de juin à juillet 2014.

Suite à l'interprétation de l'enquête, les conclusions suivantes peuvent être faites : a) 

Conclusion et perspectives (chapitre 5)

Le chapitre 5 traite des limitations, des conclusions et des perspectives de la thèse.

Les limites suivantes sont soulevées :

 L'absence d'un scénario intermédiaire (i.e. un expert environnement qui est déconnecté de l'équipe de conception, mais qui peut échanger avec celle-ci);

 La représentation des propositions de changement de l'expert environnement par moyen du dessin du produit peuvent avoir causé un changement de rôle : du rôle de quelqu'un qui apporte des suggestions, à quelqu'un qui définit le produit par lui-même ;

 L'influence du background des volontaires ;  La durée du processus de conception et le manque d'expérience des volontaires pourraient résulter dans des stratégies de résolution de problèmes différents de celles employés dans la réalité ;

 L'échantillon est faible pour les expérimentations du niveau 3 (6 équipes) ;  L'écart entre la simulation et la réalité (e.g. l'innovation limitée, les rôles simplifiées et l'absence de chef de produit);

À propos de la généralisation, les résultats pourraient être étendus à un expert d'un autre domaine, comme un ergonome. Par contre, la généralisation serait moins possible dans un contexte où, par exemple, les volontaires sont issus d'une culture différente.

L'hypothèse « Fournir des informations du processus de conception à l'expert environnement a des conséquences positives sur la réduction de l'impact environnemental produit » est fausse pour le contexte dans lequel l'expert environnement est déconnecté de l'équipe de conception. Cependant, dans un contexte intégré, même en ayant plus d'informations sur le processus de conception, la situation de négociation en équipe fait que chaque partie prenante défend leur propre point de vue et le produit est le résultat d'un compromis.

Ensuite, la discussion sur l'extrapolation des résultats pour une plus longue durée de processus de conception est engagée (illustration sur Erreur ! Source du renvoi introuvable., page Erreur ! Signet non défini.). On s'attend à ce qu'une personne, ou un ordinateur, ayant toutes les informations (i.e. en jouant tous les rôles), avec une durée de conception indéterminée, aurait le résultat le plus optimal. Le contexte intégré, à son tour, converge plus rapidement à une solution possible, mais dans le temps, devrait donner un résultat moins optimal, du fait de différence dans la capacité des acteurs de négocier.

En fait, l'expert environnement peut, à la fois, être intégré à l'équipe de conception et travailler sur une version future du produit. Dans ce cas, il doit être capable de prendre du recul par rapport aux informations assimilées pendant le processus de conception pour être capable de faire des propositions innovantes ou orientées R&D, qui visent à fortement réduire l'impact environnemental.

Les perspectives pour la poursuite des travaux comprennent :

 Observer le comportement de l'expert environnement dans un contexte intégrée, pour développer des outils adaptés à soutenir son métier ;

 Travailler sur l'apprentissage entre domaines, entre la conception intégrée et l'écoconception ;

 Travailler sur la façon dont les autres experts voient les informations données par l'expert environnement ;

 Appliquer l'extension du modèle de produits dans des cas particuliers ;  Étudier la gestion des connaissances dans le cadre de l'écoconception ;  À long terme, créer des liens de cause à effet entre le processus de développement et les impacts sur l'environnement, pour prédire les changements dans une situation de reconception;

 Optimiser le jeu pour des fins éducatives. Player 21 -level Reference house Team 1 -V1 Team 1 -V2 Team 1 -V3 Team 2_V1 Team 2_V2 Team 2_V3 Team 2_V4 Team 3_V1 Team 3_V2 Team 3_V3 Team 3_V4 Team 4_v1 Team 4_v2 Team 4_v3

Team 4_v4 Team 4_v5

MODIFIED DELTA DESIGN GAME (ENGLISH)

The editable version (.docx) of the modified game is available at http://lasmis.utt.fr/fr/_plugins/mypage/mypage/content/remy.html

The Delta game here presented is an alteration of the original Delta game. The alterations are of 3 types:

1. Related to the new role of environmental expert (the new role itself and the changes in other roles to accentuate interaction between domains): o Structural engineer: shorter explanation about how to find the centre of gravity; o Manager: example instead of explanation of schedule1, estimation of the construction time using rules of thumb only;

o
o Thermal engineer: less explanation, direct and highlighted equations, rules of thumb for last part on minimum and maximum temperatures.

The first 2 changes are important to make playing the game possible. The third type of changes is optional, but recommended to reduce the time of reading of complex roles. The French version could also have some differences to the original version due to the translation.

The new version of Delta game is under the same license as the original game, the privacy and terms of use are available at http://ocw.mit.edu/terms/#cc (the material is free to share and free to remix under the conditions of attribution, noncommercial and share alike).

Consultant environnement

VALIDATION SURVEY

Survey (English)

This survey is addressed to people who have already brought environmental expertise to a product development process.

This survey is anonymous. When answering the questions, have in mind your personal experience and not what you think is the average answer. The results will be represented statistically and used only for research purposes.

There are 8 questions in this survey. often we are called in to do an LCA after a product has been produced for several years -no changes to be made then.

c'est le début du processus que je pourrais apporter des solutions durables sans avoir un cout des modifications important je pourrais apporter une vision environnementale dès le début de la conception je peux continuer a co-construire des connaissances avec les acteurs de la conception et les aider a arbriter des choix en integrant les criteres clés a l'environnement dès la phase amont que se font les choix structuraux, et donc pour atteindre une réelle performances environnementale empathie et choix partagé Possibilité d'intervenir sur l'ensemble des facteurs de conception/ de percevoir la rationalité des autres acteurs/ de faire évoluer les critères dans leur pensé de conscience environnementale pour basculer l'appropriation de mes propositions nous pouvons construire les meilleures solutions éco-conçues en mobilisant les connaissances des différentes acteurs influencer Etude de l'impact de l'information construite lors du processus de conception sur l'expert environnement

Le présent travail a pour but de contribuer à la prise en considération des aspects environnementaux dans le processus de conception de produits par l'étude des échanges d'informations en conception. Plus précisément, la question de recherche abordée est : Quelles sont les conséquences sur le produit lorsque différentes informations du processus de conception sont données à l'expert environnement ? Le développement de ce manuscrit porte, en premier lieu, sur la représentation des informations du produit nécessaires à l'expert environnement. Ensuite, en tenant compte de ces informations de base, un rôle d'expert environnement est créé dans le contexte d'une simulation de conception. Ici, trois niveaux d'information sont définis : le cahier des charges produit, le cahier des charges plus les règles métier et « tous les échanges » (i.e. l'intégration de l'expert dans l'équipe de conception). La comparaison des trois niveaux d'information nous amène, entre autres, à la conclusion suivante : dans un contexte où l'expert est déconnecté de l'équipe de conception, le fait, pour lui, de connaitre les règles métier des autres le rend moins efficace sur la réduction de l'impact environnemental. En fait, il est plus concerné par la faisabilité globale du produit. Cela n'est pas le cas dans un contexte intégré qui mène au meilleur compromis entre faisabilité et performance environnementale du produit. To increase integration of environmental expertise in design process, the present work aims to explore the information exchange matter. More precisely, the research question addressed is: what is the product outcome when different sets of information from the design process are given to the environmental expert?

The development of this dissertation covers, first, the representation of product development information from the point of view of the environmental expert. Second, this baseline information is used to create an environmental expert role in the context of a design simulation. Based on this simulation, three sets of information are tested: specifications; specifications plus rules of thumb; and "all design exchanges" (i.e. the expert joins the design team). The comparison of the 3 levels of information reveals, among other results, that: in a context where the environmental expert is disconnected form the design team, and, in which rules of thumb are presented, the expert is less focused on reducing the environmental impact. Nevertheless, he is more concerned with the overall feasibility of the house. This is not the case of an integrated context, which results in the best compromise between feasibility and environmental performance.
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 2 Figure 2 -The generic steps of a product's life, development and design. Adapted from (Kozemjakin da Silva, Carrillo, & Remy, 2013).
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 6 Figure 6 -Generic IBIS representation.
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 7 Figure 7 -Generic QOC representation.
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 8 Figure 8 -Generic representation of a causal graph.

Figure 9 -

 9 Figure 9 -Fishbone diagram or Ishikawa diagram. Adapted from[START_REF] Ishikawa | La gesiton de la qualité[END_REF].
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 10 Figure 10 -Analysis of report using QOC representation.
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 11 Figure 11 -A line from the specifications page of the spreadsheet template.
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 12 Figure 12 -Template of the representation asked.
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 13 Figure 13 -Different types of bike and the attaches considered.
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 14 Figure 14 -Levels of environmental action.
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 15 Figure 15-Analytic representation.
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 16 Figure 16-Parametric representation.

  Figure 17-Analogical representation.
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 18 Figure 18-The main drivers of ecodesign implementation (Dewulf, 2003).
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 20 Figure 20 -Environmental expert place in industry.

  the development made towards answering to the research hypothesis. Section 1 is about the information the environmental expert requires in a collaborative environment. Section 2 is about the implication of product development process in the Delta design game context. Section 3 presents the overall conclusions.
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 25 Figure 25 -The CPMe³ extension to support ecodesign.
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 26 Figure 26 -Virtual House representation (left), and board house representation (right).
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 28 Figure 28 -Levels 1 and 2 of information.13
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 29 Figure 29 -Level 3 of information.

Figure 30 -

 30 Figure 30-Procedure of experiments for level 1 and 2 of information.

Figure 31 -

 31 Figure 31 -Procedure of experiments for level 3 of information. A total of 21 volunteers played level1, 18 level2 and 30 (6 teams of 5 persons) level3 of the game. Almost all volunteers are French speakers and played the French version of the game. Most of the volunteers were students either from engineering (mechanical, material or industrial) or from masters in environment.

  (TE) parameters are: global temperature, maximum red Delta temperature and cold or hot Delta chains.
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 32 Figure 32 -Single score mark randomly presented levels 1 and 2.
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 34 Figure 34 -People who did not improve EE score and EE average improvement % when compared to the reference-house.

Figure 35 -

 35 Figure 35 -House from player 5 (level 2).
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 37 Figure 37 -House from player 10 (level 1).

Figure 38 -

 38 Figure 38-Single score mark level 3.

  constrains of each specialist. The following versions were then an improvement of a good first version and they made to a feasible house.

Figure 39 -

 39 Figure 39-The average of single score for the 3 levels (left) and the best score of each level (right).

Figure 40 -

 40 Figure 40-Average environmental score from each level.

Figure 41 -

 41 Figure 41-Comparative mark presented for levels 2 and 3, when compared to level 1.



  The answers about where the expert brought his environmental expertise in the product development did not allow making a clear conclusion about the disconnection of the environmental expert; The majority of responses about the use of the environmental studies performed are marketing and redesign. This, in turn, clearly supports the disconnection scenario; b) Performing an environmental profile is part of most of environmental experts' tasks; c)  The information sought by the majority of environmental experts is lifecycle information;  Most of responders see an advantage in having this information centralized; d)

  : Asking the environmental expert to represent change suggestions in the form of a new version of the house, maybe lead to misunderstanding their role as a consultant.

Figure 42 -

 42 Figure 42-Matrix management structure.

Figure 43 -

 43 Figure 43-Comparison of trail house with best scores of other levels.

Figure 44 -

 44 Figure 44-Information flow between design team and environmental expert.For example, Collado-Ruiz et al. have concluded that presenting LCA results to the designers is not good for the designer's creativity. Different sorts of visualization, truncated reports, or subjective descriptions with a low amount of data could yield different results (Collado-Ruiz & Ostad-Ahmad-Ghorabi, 2010).

  we can work together to find better solutions, using my environmental knowledge combined with their knowledge on what can be changed and how. easier to adjust design at early stages would help to get data and understand choices as well as bring my expertise in the process I could give my proposal to to develop a better environmental performance of the product Implementing ecodesign procedures I have to inform me development process during my design.vision globale et réaliste du développement I can offer example pitfalls and flaws previously witnessed in similar product systems I have all necessary information about product design c'est à ce niveau que le travail de l'expert environnement/éco-conception peut être le plus valorisé et utile it is at this stage when you can influence (80%) the impact of the product il faut faire penser environnement le plus tôt possible on peut agir au plus tôt, mais attention à ne pas trop contraindre réduire sur des détails trop tôt, la difficulté est donc de trouver le juste niveau de détail et d'évaluation pour orienter les décisions haut niveau au début puis plus détaillés. earlier you can influence the process better it is it's always better to start early.Elle permet de capter les raisons sous-jacentes a certains choix de conception et du coup de proposer une réponse adaptée that's the way it could be maximum symbiosis. But being an environmental expert it takes a lot of experience to really develop useful input at this stage. a good design is multidisciplinary l'environnement peut apporter de nouvelles solutions de conception ou aider au choix entre deux solutions when otherwise would I have the possibility to influence a product design? I ould have a lot of influence I could show my opinion about the problem many environmentally significant decisions are made at the beginning of the design process.toutes les données sont accessibles On peut innover je serais amenee a connaitre les acteurs et leurs outils relatifs. Neamoins, il faudrait que les acteurs me donne de la credibilite et aient envie d'etre influences.I can participate as a full member of the design team selection will be best adressed I can bring the environmental expertise you are invited to the creation of the product c'est à ce moment que l'on peut vraiment faire de l'éco-conception. les techniques apportent leurs connaissances qu'on va chercher à associer à de l'environnement. C'est parfait ! I can influence the design process.

  Mots clés : conception technique simultanée -écoconception -modèles d'information -jeux de simulation.

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  , the original publication is available at www.springerlink.com
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			Argument
		Position	Argument
	Issue	Position	Argument
		Sub-issue	
			Argument
		Option	
			Argument
	Question	Option	
			Question

Table 1 -

 1 Design experiments.

	Experiment	None -control group	Group of designers, retrospective individual
	1		reports			
	Experiment	Filling out spreadsheets	Group of designers, video recording, post-
	2.1		design debriefing		
	Experiment	Free reporting				
	2.2					
	Experiment	Concept-configuration-	One	designer,	self-report,	post-design
	3	evaluation	debriefing		

Table 2 -

 2 

Arguments' classification (Kozemjakin da Silva, Allais,

[START_REF] Kozemjakin Da Silva | Understanding the implication of an environmental strategy adoption[END_REF] 

  Reference flow (what is the reference for the values that are going to be collected: 1 product, 1000 products, 1/2 product...?);

	 Product's components (if an assembled product);
	 Materials and consumables inputs, what they are made of (material and quantity) and where
	they come from (supplier location, transportation means, packaging used);

 Manufacturing processes, typically represented by a flow chart: o inputs (energy, water or other consumption); o outputs:  waste (from which nature, in which quantity and with which end);  emissions to air, land or water;

Table 6 -

 6 Background comparison between levels 1 and 2.

		0 or 1		2 or 3	
		Level 1	Level 2	Level 1	Level 2
		/17	/18	/17	/18
	Delta game	17	14	0	4
	SE	9	9	8	9
	TE	4	6	13	12
	EE	6	6	11	12
	PM	2	4	15	14
	A	15	15	2	3

Table 8 -

 8 Perception of volunteers from levels 3 on integrated design.

Table 9 -

 9 Answers to question 1 from validation survey (count).

  Question 2 -The environmental conclusions have been mostly used for:

	Answer	Count	Percentage of responses
	Changing the current product under development	21	17,94%
	Influencing a next generation of products	31	25,6%
	As a foundation to an R&D project	19	16,23%
	Implementing end-of-pipe measures (product defined)	5	4,27%
	Marketing, environmental communication (no changes to the product)	30	25,64%
	Were not considered	6	5,12%
	I do not know	1	0,85%
	Other:		
	-Redesign;		
	-To identify beneficial management practices in agricultural production;	4	3,41%
	-Scientific analysis of the methodology tested;		
	-Regulations;		

Table 10 -

 10 Answers to question 2 from validation survey (count and percentage).

Table 11 -

 11 Answers to question 3 from validation survey (count and percentage).

	Only one answer was possible to question 3.

Table 12 -

 12 Answers to question 4 from validation survey (count and percentage).

Table 13 -

 13 Answers to question 5 from validation survey (count and percentage).

Table 15 -

 15 Answers to question 7 from validation survey (count and percentage).
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  Il est montré ensuite que la phase de conception est d'une importance majeure, parce qu'elle a une grande influence sur les étapes suivantes du processus de développement du produit et sur la vie du produit. La conception, dans le contexte de ce document a la définition suivante: "des activités qui génèrent un produit : à partir d'un besoin, d'une idée ou d'une technologie, jusqu'à la documentation complète nécessaire à la réalisation du produit et à la satisfaction du besoin perçu par l'utilisateur et par d'autres parties prenantes 18 "[START_REF] Blessing | DRM, a design research methodology[END_REF].Il est ensuite décrit comment étudier le processus de conception. Un aperçu sur les protocoles expérimentaux est montré : les comptes rendus oraux concomitants et les rétrospectives, les rapports, l'évolution de croquis et l'observation de la conception en équipe.La gestion de l'information est le troisième sujet abordé dans le chapitre 1. La définition d'information se place entre la connaissance et la donnée. La donnée c'est ce qui sert de base à un raisonnement. La connaissance est l'information interprétée par une personne dans un contexte. MethOdology for Knowledge based engineering Applications (MOKA), qui est dedié à la gestion de la connaissance ; Design repository of the Rochester Institute of Technology, qui est une application d'un modèle de produit; and Product-process-organization (PPO), qui comprend l'information du processus de conception et celle du produit. Un autre schéma qui peut donner une idée du raisonnement en conception sont ceux de cause à effet (par exemple, la chaîne de cause à effet, le diagramme d'Ishikawa, le réseau bayésien et la matrice de structure de conception). Pour finir, le concept-configuration-évaluation est présenté comme une autre façon de capter la logique de conception.Certaines de ces représentations de design rationale ont été testées pour vérifier leur potentiel de faisabilité dans le cadre de cette recherche. Pour la première expérience (groupe de contrôle) les étudiants ont fourni des rapports sur la conception d'une voiture ; la seconde expérience utilise des tableaux, dans le cadre d'une conception d'un porte-bagage pour le vélo ; le troisième groupe a eu la liberté sur le format de documentation ; sur la quatrième expérience, un concepteur a été amené à rapporter sur son raisonnement en conception en suivant le modèle concept-configurationévaluation. Les représentations testées, avec les ressources disponibles, ne permettent pas d'avoir une relation de causalité.Le quatrième et dernier thème du chapitre 1 est l'écoconception. L'approche est définie comme une action qui vise à concevoir des produits et services plus respectueux de l'environnement pendant toute leur vie.Plusieurs normes en matière d'écoconception ont été créées et reposent sur l'évaluation environnementale qualitative ou quantitative d'un produit. Les évaluations qualitatives utilisent peu de ressources et les résultats sont moins précis/exhaustifs, alors que les évaluations quantitatives demandent beaucoup de ressources et les résultats sont plus robustes. Les outils quantitatifs sont classés en : secteur d'activité de l'industrie, de la complexité du processus de conception et du produit luimême.La plupart des normes (et des recommandations des experts) préconisent de réaliser un profil environnemental afin d'accomplir au mieux l'écoconception d'un produit. Cependant, la réalisation d'une évaluation environnementale n'implique pas forcement que les résultats soient utilisés pour faire de l'écoconception.Les enquêtes sur l'utilisation des outils d'écoconception montrent l'ACV (analyse du cycle de vie) comme outil de référence. Cependant, l'ACV n'est pas utilisé uniquement pour faire de l'écoconception ; il peut avoir une finalité sur le marketing, le processus de fabrication ou la conformité aux réglementations. L'ACV est également coûteux en ressources et rarement utilisé pour améliorer le produit dans la phase développement. Cela se justifie par le fait que le produit soit déjà défini et que des changements majeurs soient coûteux ou preneurs de temps lors de cette phase amont.Pour finir, l'aspect environnemental est porté par un expert parce que ses tâches nécessitent des compétences nouvelles dans le processus de conception. Le chapitre se termine par un résumé fondé sur la bibliographie en ce qui concerne les places possibles d'un expert environnement dans une entreprise (voir Figure20), selon : l'objectif de l'étude (écoconception ou non-écoconception) ; sa place dans l'équipe de conception (intégrée ou non intégrée) ; le potentiel d'utilisation des démarches d'éco-conception (prospectives ou rétrospectives) ; sa disponibilité (exclusive ou non exclusive) et son origine (internalisée ou externalisée).Parmi les étapes du processus de développement de produits, la conception est celle qui impacte le plus la définition et le comportement du produit et, par conséquent, son le profil environnemental.En raison de la complexité du métier d'expert environnement et des nouvelles connaissances nécessaires à son exercice, un acteur dédié est considéré nécessaire. Cet acteur (expert environnement) peut être interne ou externe à l'entreprise et pourrait, en fonction de son intégration, influencer le produit en développement (i.e. de façon prospective) ou une nouvelle génération de produits (i.e. de façon rétrospective). En réalité, basée sur notre interprétation de la bibliographie, la place actuelle de l'expert environnement dans l'entreprise est souvent déconnectée de l'équipe de conception et, souvent, sa mission n'est pas d'améliorer le produit conçu. Comment intégrer la dimension environnementale dans le processus de conception du produit ?La bibliographie des méthodes de conception souligne la conception intégrée comme un moyen d'intégrer un nouveau domaine dans le développement des produits. La conception intégrée concerne la collaboration, la négociation et l'exécution simultanée de tâches. L'intégration ou l'influence d'un nouvel expert sur le produit (et sur son cycle de vie) dépend de sa capacité à : juger et émettre des propositions, d'être réactif, de collaborer, de partager des connaissances (i.e. en expliquant ses propres besoins et par la compréhension d'autres exigences de conception). de la capacité de partage et réutilisation d'information soutient la conception collaborative et ainsi l'intégration. En supposant que l'expert environnement est un nouveau membre du processus de développement de produits, il a sa propre vision du produit et des besoins en information spécifiques. Sur cette base, l'hypothèse de cette recherche est la suivante :

		L'ingénierie concourante nous donnerait une bonne possibilité
		de tenir compte des exigences environnementales d'une
		manière plus optimale 19 . (Sohlenius, 1992)
	L'amélioration
	1.2	 outils d'analyse, basées sur la nomenclature du produit (e.g. analyse du cycle de vie) ; Approche (chapitre 2)
	 outils analogiques, qui estiment l'impact à partir d'une base de données de produits évalués ; Cadrage de l'étude
		 outils paramétriques, qui estiment l'impact en rapportant paramètres du produit à des
		impacts environnementaux.
	Il est également présenté l'évaluation d'outils d'écoconception faits par différents auteurs du
	domaine. Dans l'ensemble, ils concluent qu'un outil d'écoconception doit être multicritères, doit
	prendre en compte toutes les phases du cycle de vie et doit être intégré tôt dans le processus de
	conception.
	En industrie, autant la menace que l'opportunité sont des motivations pour suivre une démarche
	d'écoconception. Dans le système industriel actuel, deux grands courants poussent les entreprises
	vers des démarches d'éco-conception : les opportunités/bénéfices et les pressions (réglementaires,
	sociétales, demandes clients). La plupart des enquêtes montrent que la réglementation est un
	moteur important de déploiement d'une démarche d'écoconception, mais la demande du marché
	Le design rationale (raisonnement en conception) a le potentiel d'accroître la compréhension et la est aussi une motivation forte.
	réutilisation d'informations échangées. Il s'agit du processus de conception et du raisonnement
	L'écoconception est mise en oeuvre de différentes manières. Il n'y a pas de démarche derrière les décisions prises au cours du processus de développement de produits. d'écoconception qui peut être généralisée et appliquée dans tous les systèmes industriels. Tout Problème de recherche: L'expert environnement est déconnecté du processus de développement de
	d'abord, l'orientation de la démarche vont dépendre, par exemple, de la stratégie de l'entreprise -produits.

L'information est donc l'interprétation des données. Dans ce manuscrit, l'information comprend aussi des données.

Le PLM (product lifecycle management) consiste à gérer l'information du produit en cours de conception sur l'ensemble de son cycle de vie. Cependant, en réalité, la plupart des outils de PLM disponibles sur le marché sont orientés sur le processus de développement et non sur l'ensemble du cycle de vie du produit ; peu d'attention est accordée aux phases aval (c'est-à-dire, les phases d'utilisation ou de fin de vie).

Les modèles d'information représentent l'échange d'informations au cours du processus de conception. Cela vise à faciliter la collaboration dans un processus intégré. Dans le cadre de la conception collaborative, chaque acteur a un point de vue du produit et des besoins en information différents. Quelques exemples de modèles d'information sont : Function-Behaviour-Structure (FBS), qui est utilisé comme base à d'autres modèles ; Core product model (CPM), qui est centré sur le produit ;

Le design rationale peut être documenté par le biais de différentes représentations. Dans ce but, les modèles de représentation de design rationale sont présentés : issued-based information system (IBIS), questions-options-criteria (QOC) and decision representation language (DRL). c'est-à-dire l'importance accordée par les dirigeants sur le sujet et par conséquent les ressources qui sont allouées à la question. De plus, la démarche amenée dépend de plusieurs critères : de la taille de l'entreprise, de la réglementation appliquée dans la région géographique où se trouve l'entreprise, du Il existe trois niveaux d'approches pour tendre vers un objectif de développement durable : l'approche territoriale, l'approche au niveau entreprise et l'approche produit. L'approche produit est stratégique car elle est transversale aux autres approches.

Le but de cette étude est donc d'intégrer la dimension environnementale dans la phase de conception, d'une manière telle qu'elle influence le plus la définition de l'empreinte environnementale du produit.

Objectif de recherche:

  Figure 22-Lien entre le processus de conception, le produit conçu et l'impact environnemental.Comme l'évaluation environnementale du produit conçu est considérée comme le minimum d'information nécessaire pour impliquer un expert environnement dans le processus de développement de produit, les informations nécessaires pour effectuer une évaluation environnementale, ainsi que leur représentation, sont étudiées (voir p58).Ensuite, ce niveau zéro d'information est complétée par des informations du processus. On comprend par « information du processus », l'information qui permet de mieux comprendre les raisons pour lesquelles un produit est défini. Une bibliographie sur le sujet et des instanciations ont été effectuées pour évaluer le potentiel de collecte de ce type d'informations avec les ressources disponibles (voir p24).Suite aux instanciations, nous concluons que capturer de l'information demande beaucoup de ressources (temps de formation et temps de conception du produit). Donc, les moyens pour collecter ces informations n'ont pas été étudiés. Au lieu de cela, nous avons privilégié l'étude des influences des informations du processus sur l'expert environnement, dans le cadre d'une simulation de conception.Les expérimentations en conception sont connues pour être uniques et pour avoir plusieurs facteurs d'influence. Pour surpasser ces problèmes, la simulation de la conception (i.e. jeu de conception) est préférée à la place d'une étude de cas réel. La répétabilité et la comparaison entre différentes expérimentations sont alors rendues possibles.Comme montré sur le tableau ci-dessous, les niveaux d'information ont été définis dans le contexte du jeu. Les niveaux 0 et 1 d'information sont décrits dans l'énoncé du jeu et dans l'explication du rôle d'expert environnement (i.e. le contexte du jeu, la nomenclature, les données du cycle de vie et le cahier des charges). Niveau 3: "tous les échanges" (i.e. l'expert est intégrée à l'équipe de conception).En analysant les résultats, nous observons que la moyenne de l'indicateur environnement est supérieure pour le niveau 1 quand comparé au niveau 2 (voir partie droite de la Figure34, page 75). Cela s'explique par le fait que les volontaires ayant seulement les contraintes environnementales se focalisent plus sur l'aspect environnemental alors que les volontaires ayant accès aux règles métier essayent, par eux même, de tendre vers un compromis avec d'autres métiers. De ce fait, la moyenne des scores globaux des maisons est meilleure pour le niveau 2, où plusieurs contraintes sont considérées (i.e. ils ont une vision plus globale des contraintes du produit). Cependant, les maisons ne répondent pas à tout le cahier de charges. Cela a été attendu. En fait, les règles métier ne sont pas suffisantes pour vérifier en détail toutes les contraintes du cahier de charges.Le troisième niveau d'information comprend tous les échanges faits pendant la conception du produit. En réalité, l'expert environnement rejoint l'équipe de conception depuis le début. Les résultats montrent qu'avoir plus d'information, dans ce cas, n'a pas eu de mauvaise influence sur l'indicateur environnement, parce que les volontaires défendent leur propre contrainte dans une situation de groupe. La seule maison parmi les 3 niveaux à répondre à toutes les contraintes est une maison du niveau 3.

		RESULTS IN	RESULTS IN
	Design	Designed	Environmental
	process	product	impact
	Niveaux 2 et 3 introduisent les informations du processus. Une information qui est souvent utilisée
	comme base pour prendre des décisions dans le jeu sont les règles métier (Roma, 2012). Donc, le
	niveau 2 d'information a en plus des informations du niveau 0 et 1, les règles métier des autres
	experts.		
	Pour le niveau 3, l'idée est d'avoir un ensemble d'informations complet, où l'expert environnement
	pourrait facilement comprendre d'où le produit vient. Nous supposons que si l'expert fait partie de

l'équipe de conception, il sera capable de comprendre le raisonnement derrière le développement du produit. Il sera au courant des échanges, du raisonnement et de toute autre information du processus.

Finalement, suite à leur expérience avec le jeu, les joueurs ont été amenés à répondre à un questionnaire sur leur ressenti sur les avantages et inconvénients de l'intégration de l'expert (voir page 80). Les joueurs au niveau 1 et 2 (déconnectés de l'équipe de conception) ont senti l'avantage d'être libres pour exprimer leurs idées. L'inconvénient en étant de ne pas être certain que ses propositions soient faisables. Les joueurs au niveau 3 (intégrée) soulèvent la question de la nécessité de cohésion du groupe, mais ils sont d'accord qu'avoir la vision globale du projet depuis de début est un avantage.



  Globalement, la plupart de ceux qui ont répondu déclarent travailler souvent après la définition du produit. Néanmoins, l'écart entre ceux qui déclarent travailler après la définition du produit et ceux que déclarent travailler tôt dans la conception n'est pas aussi important qu'attendu. Donc, ce résultat est peu concluant par rapport au scenario d'un expert déconnecté ; La majorité des participants de l'enquête cherche des informations sur le cycle de vie du produit ; La plus grand partie des participants voit un avantage en avoir ces informations centralisés ; d)  Avoir plus d'informations relatives au processus de conception est considérée bénéfique par la majorité des participants, principalement pour pouvoir mieux argumenter sur les propositions de changement ; Être intégré à l'équipe de conception est considéré comme la situation idéale;  Il est attendu, par le fait d'être intégré à l'équipe de conception, d'avoir la possibilité d'influencer le produit et de mieux comprendre la conception, ce qui permet d'arriver à un compromis entre métiers.

	 Le marketing et la reconception sont les applications les plus courantes des études
	environnementales. Cela soutien plus clairement l'image d'un expert actuellement
	déconnecté de l'équipe de conception ;
	b)
	 Réaliser un profil environnemental fait souvent partie des tâches des experts
	environnement ;
	c)
	

  Main part: new specifications (Dgene emitted and % of resources used); o Architect: definition of a clear functional unit (house for 4 people >100QD); o Structural engineer: relation between waves of gravity and pollution; o Manager: new cost of end-of-life to consider; o Thermal engineer: no changes; 2. Related to settling a level of difficulty in which it is possible to reach a solution, but not so easily; o Main part: k factor erased, bigger limits for individual delta temperature range and for maximum internal moment; o Architect: no changes; o Structural engineer: stronger strength of cement values; o Manager: fixed design team cost; o Thermal engineer: different limits of maximum temperature; 3. Related to the simplification of roles (by reducing the explanations and putting forward the important simplified equations):

o Main part: procedure statement added; o Architect: no changes;

  1. Have you ever been part of a product development process in which you had to bring environmental expertise? o Yes, after product definition. o Yes, during design (for example, to environmentally evaluate material choices) o Yes, at the beginning (I have already participated to the creation of a product) o Yes, other: 2. The environmental conclusions have been used for: o Changing the product current in development o Influencing a next generation of products o As a foundation to an R&D project o Implementing end-of-pipe measures (product defined) o Marketing, environmental communication (no changes to the product) o Were not considered o I do not know o Other 3. Is making an environmental profile part of your tasks as an environmental expert? o Yes, definitely o Yes, sometimes o No, never *environmental profile refers to a quantitative (like LCA) or qualitative evaluation of the environmental performance of a product during its life. 4. What information do you look for to make an environmental profile/evaluation of a product? Product data o Bill-of-materials (assembly, sub-assembly and parts decomposition of the product and raw materials given) Process plan (e.g. manufacturing processes sequence) o Process flows (e.g. energy, materials inputs; production waste and emissions outputs) o Logistics data (e.g. suppliers location, transportation means) o Use phase scenario and main functions of the product during use phase o End-of-life scenario Product design information o Engineering requirements list of the product design o rules of thumb from other specialists o Information that justifies the design process (reasons for the product to be the way it is) o Other: 5. Would you find useful to have all required information in a centralized information system? o Definitely o Not really o Other: 6. Imagine that you, as an environmental expert, are asked to suggest improvements to a product. You have the necessary data to establish an environmental profile. Furthermore, you have access to a document that explains the design choices*. Would you be interested in using this document? o No, overload of information, not concentrating on the environmental issue. o No, I would be less creative or less innovative on my propositions. o No, I would probably not be capable of understanding it. o Yes, I could better argue about the changes to be made. o Yes, my suggestions would be more feasible if I adapt to the current design. o Yes, more information is always good. o Other: *A report explaining the reasons for the product to be the way it is, like why a certain material was chosen or why a certain technology. 7. Now, let's imagine that you arrive at the beginning of the design process and you are invited to participate to the design meetings. In these meetings you are aware of all design choices and you can influence the product's design. What do you think about this situation?? o I do not think my presence would be useful, because… o It is the ideal situation, because… o Other, because… Original comments to the option "It is the ideal situation because..." are shown in the table below. The comments have been clustered by type: about influence and how influence from the environmental expert will be possible (in turquoise); about group work and knowing more about the product and process (in yellow). Comments without color have been considered as "other". The red highlight is for the comments with conditions. je peux influencer la conception d'un point de vue environnemental l'ensemble des axes est présent: mkt, achat, industriel et environnement cela permet d'obtenir le plus d'informations possibles et de cibler au mieux l'étude. il est possible de voir / discuter si tel ou tel choix est in-changable ou pas On peut apporter des feedbacks sur les choix environnementaux à faire au moment de la conception. A voir s'ils peuvent être appliqués ensuite en fonction des facteurs faisabilité et économique, mais c'est en tout cas à la conception qu'on peut être le plus utiles.

	Lifecycle data o 7.2 Answer to Question 7

Partly adapted from (Kozemjakin daSilva, Carrillo, et al., 

2013), the original publication is available at www.springerlink.com

new product development

Extensions of CPM that have been reported are: Open Assembly Model (OAM), Product Family Evolution Model (PFEM), Design-analysis Integration Model (DAIM)[START_REF] Sudarsan | A product information modeling framework for product lifecycle management[END_REF], Product Semantic Representation Language (PSRL)[START_REF] Patil | Ontology-Based Exchange of Product Data Semantics[END_REF], Mechatronic Device Model

Adapted from (Kozemjakin da[START_REF] Kozemjakin Da Silva | On the potential of Design Rationale for Ecodesign[END_REF].

Adapted from (Kozemjakin da[START_REF] Kozemjakin Da Silva | Understanding the implication of an environmental strategy adoption[END_REF].Code: to facilitate referencingReasoning: what are the roots of S1 information?

Note: the environmental expert represents the environmental aspect. Here we do not mean only personal skills, but the capacity of the field with its resources, methods and tools to support the new expertise.

Adapted from (Kozemjakin da Silva, Guyot, Remy, & Reyes, 2013), the original publication is available at www.springerlink.com

Figure source : http://en.wikipedia.org/wiki/European_Union_energy_label

Traduit par mes soins.

Traduit par mes soins.

Similar conclusion is found in the study of [START_REF] Millet | Does the potential of the use of LCA match the design team needs[END_REF]. Based on industrial experiments of the design team potential use of LCA, the authors conclude that the prospective (short-term) utility of LCA is weak. Although, for the long-term learning usages of LCA (retrospective), two main potentials are seen:

 evaluation of product's components: as a starter for research programs, for example the substitution of a certain material or technology;

 evaluation of product's phases: to focus on major polluting phases and work on its improvement;

The environmental expert role integration Performing ecodesign, as seen in ecodesign standards (see page 38), starts by a product environmental profile to gain knowledge about the product and settle environmental actions priorities [START_REF] Michelin | Integration of environmental criteria in the co-design process: case study of the client/supplier relationship in the french mechanical industry[END_REF]. In this dissertation, the person in charge of the environmental aspects, the person that performs and interprets environmental profile is called an environmental expert.

Rio et al. classify the integration of ecodesign based on observations made from industry, where the environmental expert is: "( 1) externalized (consulting agency), (2) treated as a distinct department in the company (3) integrated in expert activities, such as mechanical engineers activities" [START_REF] Rio | Vers des processus d'éco-conception proactif via la modelisation des connaissances d'interface entre les acteurs de la conception[END_REF].

The authors highlight the fact that the environmental evaluation requires unusual domains for a designer and that the complexity of the task claims for a collaborative approach. Meaning that the environmental expert tasks should not be an extra task to other actors [START_REF] Rio | Vers des processus d'éco-conception proactif via la modelisation des connaissances d'interface entre les acteurs de la conception[END_REF].

The introduction of environmental issues means broadening integration of another player in the design process; without such player, the environmental issues will be naturally relegated in the background (and thus further an "end-of-pipe" approach). [START_REF] Millet | Does the potential of the use of LCA match the design team needs[END_REF] Furthermore, Dufrene et al. consider an integrated design approach. The integration of ecodesign activities to the design team are of 3 types: "integration of a new expert in the design team, ask a team member to have multiple expertise and support the integration by tools and methods" (Dufrene, Zwolinski, & Brissaud, 2013a).

Summarizing

The place of the environmental expert depends on the motivation and goals of the company. The following figure summarizes all the possible situations of the environmental aspect in a company:

Chapter 2: approach

Chapter 2 begins by framing the literature survey which is previously presented. This is done in order to well establish the research problem, goal, hypothesis and approach.

RESEARCH FOCUS

There are three levels of approaches for moving towards a sustainable development goal: territorial, company and product. The product approach is strategic because it is transversal to other approaches.

From the product development process, the design is the phase that influences the most the product's behaviour and, as a consequence, its environmental performance. Therefore, the design phase is addressed in this research.

In the design process, it is assumed that there is a need for a dedicated person to take part of the environmental aspect, due to the complexity and new knowledge necessary to perform an environmental task. This actor (environmental expert) could be an internal or external member of the company and could, depending on its integration, influence a current product (prospective) or a next generation of products (retrospective). In fact, based on our interpretation of literature, the current place of the environmental expert in companies is often disconnected from the design team and sometimes not even aimed at improving the designed product.

Research issue:

The environmental expert is disconnected from the product development process.

Hence, the aim of this research is to integrate the environmental aspect into the design phase, in a way that it influences the most the definition of the environmental footprint of the product.

Research goal: How to integrate the environmental aspect in the product design? 

Rules of thumb (process information)

X X

Trade-offs, rationale and any other information from the design process (process information) X Table 4-Chapter 3 sections for each level of information. The complete role is at page 141.

Method

Focusing on the research question "What is the product outcome when different sets of information from the design process are given to the environmental expert?", three levels of information have been tested and are presented in this section as described in Table 5.

Level of information

First level Second level Third level DeltaP

Rules of thumb (process information)

X X

Trade-offs, rationale and any other information from the design process (process information)

X

Table 5 -Levels 1, 2 and 3 of information.

 DeltaP or context information is about the necessary information to understand the new references of DeltaP, the customer's needs and the roles involved in building the house. This information is found in the game introduction (see "the design task". Page135 for the English version and page 171 for the French version) ;

 Bill-of-materials is the information about the product, the materials used. This is created during the design process, or by simply reading the 2D drawings (e.g. to count red and blue deltas);

 for companies that have specific environmental goals translated into clear environmental indicators.

In the case of the Delta design, the environmental aspects were equally treated when compared to other constraints, because its fulfillment is mandatory for the house to be built.

Why is integrated (level 3) not used all the time? It is because the provision of the necessary resources requires investment/motivation from the company. To integrate, the environmental constraints have to be well defined in the specifications list and the environmental expert has to be able to evaluate/quantify easily the impacts. As a parallel to the game, the environmental expert had the necessary resources available (e.g. database, lifecycle data) to calculate and give a feedback on environmental indicators during the design process.

The environmental expert can both, have the integrated role and also work on next product's version. In that case, he has to be capable to step back from the information assimilated during the design process to propose novel ideas, oriented R&D or strongly aimed at shifting the environmental impact.

APPENDICES 1 RÉSUMÉ ÉTENDU (EXTENDED SUMMARY IN FRENCH)

This extended abstract is a translation of chapters 1, 3, 4 and 5 syntheses and the complete translation of Chapter 2. No additional information to the English version is presented.

Ce résumé étendu est la traduction des synthèses de chapitres 1 (bibliographie), 3 (développement), 4 (validation) et 5 (perspectives) et la traduction intégrale du chapitre 2 (approche). Aucune information supplémentaire à la version anglaise n'est présentée.

Bibliographie (Chapitre 1)

Le chapitre 1 décrit la recherche bibliographique. Quatre thèmes ont été abordés : le développement durable, la conception et le développement de produits, la gestion de l'information et l'écoconception.

Pour le thème du développement durable, un bref historique de la notion :

 le début de la prise de conscience de l'homme sur la vulnérabilité de l'environnement, dans les années 60 ;

 la définition du développement durable dans la fin des années 80: «Un développement qui répond aux besoins du présent sans compromettre la capacité des générations futures à satisfaire leurs propres besoins» ;

 les réunions mondiales des Nations-Unies sur l'environnement tous les 10 ans depuis 72 ;  les objectifs et les lois françaises et européennes sur l'environnement.

En conclusion, la prise en compte de l'environnement est un sujet d'actualité, elle est indéniablement nécessaire pour assurer le bien-être des générations à venir.

La conception et le développement de produits est le deuxième sujet abordé. La définition du processus de développement de produits est : les étapes pour commercialiser un produit, de son idéation à la mise sur le marché.

Pour accroître l'efficacité et l'efficience du processus de développement de produits, diverses méthodes ont été mises en avant. L'approche systématique est celle qui définit le processus de développement comme une succession d'étapes. Les résultats de la mise en oeuvre de cette approche n'ont pas été prouvés, mais la représentation est valable pour comprendre les principales étapes d'un processus de conception (i.e. : le cahier des charges, la définition fonctionnelle du produit, la conception conceptuelle, la conception préliminaire, la conception détaillée).

L'approche intégrée est une autre méthode, visant la gestion des produits plus complexes, où la spécialisation du travail est nécessaire. La conception intégrée a comme objectif de faire participer chacune des parties prenantes du processus de développement de produits, depuis le début du processus, de façon à bien établir les contraintes et à éviter les changements tardifs. L'ingénierie simultanée et la conception collaborative sont des domaines étudiés pour faire progresser le domaine de la conception intégrée.

Le chapitre suivant est organisé en deux sections: la section 1 comprend le niveau zéro d'information et la section 2 comprend les expérimentations et comparaisons des niveaux 1, 2 et 3.

Section 1 p58

Section 

Développement (chapitre 3)

Le chapitre 3 porte sur le travail effectué. Il conclut sur l'information nécessaire à l'expert environnement, et sur les conséquences, sur le produit, de la présentation des différentes informations du processus de conception à l'expert environnement.

La première section aborde la vision de l'expert environnement sur le processus de développement de produits. Il est supposé que les données nécessaires pour faire une évaluation environnementale sont le minimum nécessaire pour mener une démarche d'écoconception. Un tableau typique de collecte des données pour faire une évaluation environnementale se trouve page 124 (en Français). Une représentation de cette information est formalisée sur un modèle de produit (voir Figure 25, page 62). Ce modèle devrait être rempli par les parties prenantes au fur et à mesure du processus de développement pour faciliter la collecte des données, la tâche de l'évaluation environnementale qui demande le plus de temps. 
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Trial house

ORIGINAL DELTA DESIGN GAME (ENGLISH)

The original game is available at the MIT Open Course Ware: http://ocw.mit.edu/courses/civil-and-environmental-engineering/1-101-introduction-to-civil-andenvironmental-engineering-design-i-fall-2006/delta-game/

The modified version of the game is available next.  pas plus de 3 triangles de la même couleur en séquence  triangles rouges intérieurs ont besoin de beaucoup de contact (joints >> Ecodesign is the improvement of the environmental performance of products or services throughout their whole lifecycle. Because there is less design freedom in the late stages of the design process, it is assumed that if the environmental constraint is introduced early, the designers would develop a product that would have a better environmental performance. Thus, case-based reasoning is proposed as a strategy to incorporate ecodesign early in the design process. The paper shows the investigation about the different possibilities of capturing information during the product development process. The idealized model to capture information called Core Product Model extension for environmental evaluation (CPMe3) is presented. This formal model would allow capturing the data from the whole product's lifecycle with a link to the environmental evaluation.