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Creative design activities and products are more and more ubiquitous in our society today. Our daily
environment includes a multitude of objects that have previously been designed. The design of
complex industrial products takes place in extremely varied professional fields and requires
collaboration of multiple actors ranging from highly technical sectors to artistic sectors throughout
the design process. We note that exchanging ideas and coordination of work requires a high degree
of collaborative interaction under diverse forms: meeting, presentation, report, brainstorming, etc..
Regardless of the areas considered, designers need to develop products that are both innovative,
user-friendly and appealing (Bonnardel, 2009).

Design organisations are facing important changes driven by an extremely aggressive market
competition; they are constantly adding new features to their products that requires more and more
the collaboration of a growing number of diverse actors with different types of expertise. This
increasing the complexity of the design process amplifies the importance of communication in the
success of their projects. In order to improve the results with regard to the quality, cost, time and the
globalisation of markets, designers need to work in a collaborative environment in order to create a
shared understanding between the different actors involved in design team.

On the other hand, the communication in multidisciplinary teams is critical. There is a constant need
to adapt means of communication. One of the favourite designers’ communication artefacts is the
prototype and the 3D digital mock-up. Today, among cooperative artefacts, three-dimensional
product representations are increasingly being used as communication media, since they provide a
common understanding of design solutions to actors in different fields with limited time and cost of
production.

In addition, market competition is also driving companies to follow global strategies. The most
recently used trend in industry is to involve end-users within the design process. Design approaches
such as user-centred design and co-design take new forms and involve new actors as effective
partner of design activities (E. B. N. Sanders & Stappers, 2014). The business Innovation Observatory
states that involving non-designers to the design task present business benefit such as increased
speed to market and reduced risk of market failure by avoiding innovation suggestions not meeting
customer needs(Innovation Observatory Business, 2014). Therefore, designers need to discover,
understand and exchange ideas and suggestions with end-users in order to be able to transform their
needs and requirements into adequate technical solutions and eventually turned it into proper
products. However, the involvement of external stakeholders can imply difficulties due to
communication barriers and the difference of backgrounds leading to different understanding of the
design process.

To overcome these communication difficulties, and considering that in design activity, it is essential
to be able to represent ideas with a suitable tool, new technologies allow envisaging new tools
allowing different types of product representations to exist and in particular displaying shape and
appearance. 3D modelling of a physical object allows for example its visualisation on a screen, orin a
virtual reality headset. This technology for representing the objects is both closer to the real world
than 2-dimensional representations on paper, and saves time and cost compared to physical
prototyping or modelling.
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This last point can however be seen as a disadvantage since these digital technologies do not allow
the manipulation of the object, which can however be interesting for the generation as for the
transmission of ideas throughout the design process.

Consequently, interaction with three-dimensional objects has become a prominent feature in recent
years. Indeed, the technological progress makes it possible today to display very high quality
rendering on complex objects’ geometry. This development then induced a large need for
manipulation of these objects. Unfortunately, few commercial solutions provide good support for
collaborative interaction with 3D elements.

Augmented Reality (AR) is perhaps the best candidate technology that could properly address these
problems. As it allows integrating virtual objects in our real environment, this technology allows to
manipulate them more naturally. Based on this concept, a user can maintain his usual collaborative
environment and integrate 3D interaction possibilities. The use of a physical space to communicate
ensures a conservation of natural connectivity: in Virtual Reality (VR), it is necessary to reproduce the
environment and the avatars of the participants. Numerous studies carried out in VR have shown
limitation in this "virtualisation" of the natural metaphors of communication. The solutions are
limited and are still far from true arguments(Guye-Vuilleme, Capin, Pandzic, Magnenat Thalmann, &
Thalmann, 1999). The Augmented Reality preserves the natural metaphors, and enhance them with
various properties such as combining the display possibilities of VR with the possibility of
manipulating and interacting with physical objects.

Spatial Augmented Reality technology (SAR) differentiates itself from other augmented reality
technologies by directly using objects or physical scenes to display the desired information using
projection mapping. The SAR technology does not require head mounted displays, which are typically
associated with a single user virtual reality. Therefore, SAR allows multiple users to collaborate
directly in a physical scene(lppolito & Cigola, 2016), and not be isolated in a reconstructed virtual
scene. Some authors have already worked on different tools using SAR, such as(Akaoka, Ginn, &
Vertegaal, 2010) and (Verlinden, 2014) and state that SAR technology “enriches” physical models
with features, materials, and behaviour. They test their tools in various design situations, and
observe a certain attractiveness of the users, despite some uncomfortable aspects, such as the fact
that the hands may hide a part of the projected image, that the tracking of the fingers of the users is
still too inefficient to have good user interaction with the system.

The study of (Ippolito & Cigola, 2016) highlights that SAR is potentially an interesting tool for
collaborative design. Co-design involves including the end user in certain stages of product design
process. According to(Cristol, 2018), this method brings a shift in point of view, methods and
professional practices that contributes in rethinking forms of objects, but also about human
interactions. Among the advantages of co-design cited in the study of (Prahalad & Ramaswamy,
2002), in particular, the increase of users' knowledge on various subjects related to the design
company, which can enable them to bring an external but interesting opinion. This study relies on a
unique attempt to develop a full SAR environment dedicated to support designers in the
development of co-design sessions. This potentially will address to major issues presented before:
the difficulty of integrating end-users while ensuring a cost limited impact on the prototyping phase.
The new practices based on an SAR environment therefore seemed to us an interesting aspect to
study. The European project SPARK aimed to propose a new tool for these representations, which
reduces the number of prototypes to be made, while allowing a physical interaction with tangible
objects. This tool is a Spatial Augmented Reality (SAR) platform, which requires a number of technical
modules to allow design sessions to take place.
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In this context, incorporating the virtual into the real world can induce a certain number of
questions: “How to manage the real / virtual combination in a collaborative setting?” “Does the
integration of mixed (physical/digital) design artefacts can be an added value to interaction between
design participants?”

An important point that SPARK platform, our research proposed tool, wanted to consider is the
ability to support this collaborative design work. The adapted choice of SAR is therefore supported by
the fact that this technology does not restrict the ordinary communication channels such as gestural
and verbal communication of the users. Indeed, SAR do not require additional equipment to be used
by the participant and allows tactile feedback to the user, since he manipulates a physical object. In
addition, the developed system offers an interface that is intended to be relatively intuitive, so end-
users can easily and quickly get familiar with it. The objective of this thesis is to analysis to what
extent the SAR artefacts can improve communication and if communication is not impaired by this
new type of interaction. The main aim of the SPARK project was to reduce the ambiguity of
information transfer in design sessions based on the use of mixed tangible-digital representations. In
this thesis, we evaluate the capability of this technology to enhance the involvement of external
stakeholders in collaborative design process.

One important challenge addressed during this thesis was to evaluate the impact of integration of a
spatial augmented reality platform in collaborative design meetings. We wanted to demonstrate that
the SPARK platform, through the introduction of new prototype mixing the tangible aspect with
digital projection, positively impacts the co-creative design sessions and the overall communication
interactions between the different stakeholders.

The overall aim was to investigate and analyse the dynamics of the collaborative design interactions
through a typical set of case studies involving industrial participation, which characterises the
conventional way of work (i.e. standard situations) and then with a second set of sessions involving
the SAR technology. Within this activity, we observe collaborative meetings between our SPARK
industrial partners and their clients at their own premises. In addition, we reproduced the same
design environment in our lab in order to invite our partners to a set of controlled observations with
recruited end-users.

This thesis is organised in three parts after this introduction. The first part describes the theoretical
context of our work. It presents a state of the art on collaborative design and the ICT tools used to
support it and the various user-centred approaches including the external stakeholders in the design
process. We then present our research context and propose the research questions. The last chapter
details the SPARK platform as a tool to support collaborative design meetings.

The second part considers the research approach and presents mainly the methodological
framework and the development procedure used in our data analysis. The last chapter presents in
detail the cases studies involving our industrial partner with their clients and end-users. We will
introduce here our research questions.

The third and last part is dedicated to the analysis of the case studies in both conditions:
conventional sessions and collaborative sessions supported by different ICT technologies. We analyse
the role of artefacts in the different conditions, the interaction modalities involved by participants.
Then for each session, we evaluate the involvement of external stakeholders and to what extent the
mixed artefacts can enhance their participation. A last chapter discusses the findings based on the
research questions presented in the second part.

Finally, the conclusion summarises the contributions of this thesis, by recalling the various aspects of
the collaborative design process that we have been interested in, and by listing the associated
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findings considering the mixed artefacts in involving end-users and enhancing communication within
collaborative design participants, as well as the elements that remain to be validated or developed.
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PART | LITERATURE REVIEW ON
COLLABORATIVE DESIGN & CONTEXT OF
RESEARCH

Abstract
In Part | we set the state of the art of existing research studies concerned with collaborative design
approach and present our research work context and questions.

The first chapter, based on literature studies, allows us to discuss definitions of the design process in
general. Then, we define product design process and collaborative design process in an industrial
context. It allows us to define the design process as a collective and collaborative process involving
technical and social knowledge. We study well-known approaches considering users in the design
process, example includes User centred design, Participatory design and Scenario Based design.
These concepts bring a deep understanding and of users’ needs integration. As well, we study the
technical aspects of collaborative design from the ICT tools point of view. We hypothesis our
arguments considering that Spatial Augmented Reality is a suitable tool to support collaboration in
design.

The second chapter presents the ICT research tool, which is a Spatial Augmented Reality platform,
developed within the SPARK H2020 project and that will be the core technological element used in
this thesis. In addition to the assumption of this project that SAR technology can foster collaboration
and enhance users’ participation, we present the physical structure of the platform and its different
software components. We then, provide an example of how a collaborative design session can be
supported by the SPARK platform.

The last chapter is dedicated to present the research problem and questions addressed in the thesis.
We establish a state of the art around the different supports for collaborative design interactions and
we give a special focus on the role artefacts play in this field. Then, we introduce our research
problem that focuses on the communicative role that artefacts play in collaborative design
interactions. Based on previous research studies we formulate our research questions spotting the
role of Spatial Augmented Reality artefact in collaborative design interactions and its impact on end-
users enhancement in the collaborative design activity. Finally, we suggest a controlled study to
investigate the research question. The results of this study aims at highlighting the role of Spatial
Augmented reality artefacts play in communication and as a support for collaborative design
interactions.






CHAPTER [: Literature review on
collaborative design & design ICT tools

Abstract

The literature review of our research study was built around the definitions of principal concepts that
structure our area of interest. We first tend to investigate the existing studies on collaborative design
field. Then, we explore the existing ICT tools to support these specific type of design meetings.

We start by defining the concept of design process, its important steps and the actors involved. Then,
we focus on product design process, as it will be our research application area. We investigate the
social and technical dimensions of the design process and more particularly its collaborative aspects..

We underline the misunderstandings and problems that may occur in collaborative design sessions
especially when involving external stakeholders. We present different types of difficulties faced by
end-users while participating in design task. Since we are interested in the involvement of
stakeholders, we structure our literature based on the well-known approaches considering users in
design process such as User centred design, Participatory design and Scenario Based design. They
suggest methods for a better understanding and integration of users’ needs.

As we define collaborative design an approach requiring methods and tools to support the rich
interactions between the different involved actors. We dedicate the last part to present multiple
digital tools to support the design activity. Based on literature, we cite the characteristics of an ideal
tool that could ensure an efficient communication. Then, based on these criteria, we test the
eligibility of several technologies such Virtual Reality, Augmented Reality and Spatial Augmented
Reality. The Spatial Augmented Reality features and characteristics seem to be a suitable technology
to support the exchanges in collaborative design context.
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1. Collaborative Design process

1. Definitions of the Design process:
Several research studies consider design as a series of sequences articulated along a process that is
defined as the design process (Rasoulifar, 2009). This design process can be performed in different
ways. According to the study of (Hubka & Eder, 1995) there are intuitive ways to perform design
process and more structured methods. One of the simplest but well known model to structure the
design process is the one proposed by Cross(Cross, 1998). The model describes the basic activities
involved in the design process as shown in Figure 1:

y

Exploration

y

Generation

Evaluation

Communication

l

Figure 1. Simple four-stage model of the design process(Cross, 1998)

The model presents the basic activities that can be performed by a designer. It highlights that during
this process, designers do not convey directly to a discussion on a final proposal but go through a
number of loops between idea generation and evaluation of proposals.

Similarly, there are several more sophisticated and complex models to represent the design process
such as the model proposed by (Pahl, Beitz, Feldhusen, & Grote, 2007). They divide the design
process in a sequence of steps: Planning, Concept Development, System-Level Design, Detail Design,
Testing & Refinement and Production & operation. In each of these steps, they specify the list of sub-
tasks to be executed by the company for each product development.

These descriptive models of the design process stress the importance of the iterative feedback loop
between the generation phase and the evaluation stage. They assume that the designers do not go
straight to a direct solution because of missing functionalities or unsatisfied needs, which perhaps
come from a very superficial definition of the problem. Therefore, the study of (French, 1985)
illustrated in Figure 2 states that designers should start with the definition of the problem as a
statement of a need. As a first step, the designer must perform a deep analysis of the needs. Then
analyse it by defining the design goal, the limitation of the potential solution but most important the
criteria that the design should approve.
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Figure 2.Design process model(French, 1985)

As proposed in the model of Cross (Figure 1), the evaluation step is where design team compare the
predefined proprieties and needs established in analysis phase to the expected value of the proposal.
The last step of communication is the decision-taking phase where design team evaluate the
proposal and decide whether it is acceptable or not. Then based on this decision, the process can be
finished or rejected and the team go back to the statement or even to the analysis step.

We can also cite the Double Diamond Model proposed by the Design Council. As presented below in
figure 3, the model spots clearly that the design process adopts divergent thinking from the
beginning. This model shows the two different approaches to problem solving. It highlights the
contrast between divergent thinking and convergent thinking.

Discover Define Develop Deliver

insight into the problem  the area to focus upon potential solutions solutions that work

Problem Definition

Problem

Design Brief

Figure 3. The Double Diamond Model by the Design Council
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This model is structured into 4 phases: discover, define, develop and deliver, all in an iterative way. It
offers two phases: divergent phases enclosing open and explore possible ideas and convergent
phases, in which design participants reduce and refine the best ideas.

2. Social dimension of Product design process and intermediary objects
The design process of a product is defined by Engwall and al. as a collective and collaborative activity
(Engwall, Forslin, Kaulio, Norell, & Ritzén, 2003). Thanks to this collective aspect, designers charged
by different tasks can coordinate their activities and exchange information between each other and
with other teams involved in the product development process. Accordingly, the study of
Bucciarelli(Bucciarelli, 1994) considers the design as a social process and confirms that the design
task is not a privative space of any individual to set or describe and define by himself. He states that
even though design participants have their own views, thoughts, sketches, diagrams and personal
opinion on the product design, the latter still a common and shared space. This is the case for many
other studies, such as the book of (Mcdonnell & Lloyd, 2010) and the study of (Lloyd, 2000) which
perceive the design process as a socio-technical activity but within the engineering design
organisation the authors consider it in its social dimension.

This social process involves communication between different actors. Communication can cause
problems between participants who have potential different profiles and backgrounds. This approach
implies considering different mental representations and understanding of design and design
problem. Star (Star, 1989) studies the role of boundary objects as communication channel between
participants who have different skills and disciplines. Moreover, the study of Vinck and Jeantet (Vinck
& Jeantet, 1995) propose the notion of intermediary objects. The author considers the intermediary
objects as mediators representing the future product. Therefore, the analysis of these
communication channels can allow a deep understanding on how the product is designed, but also
how it is influenced by these objects (J.-F. Boujut & Blanco, 2003). (Claudia M. Eckert & Boujut, 2003)
states that the design process is influenced by these representations and consider the objects as a
vector of expression of design constraints and technical knowledge.

According to these studies, we understand the product design as a social and technical process. The
designers start with defining what a product needs to fulfil and finish when they find the models and
representations that define the product. In addition, the design process covers the aspects related to
the collaboration between different design actors as well as intermediary objects which are
considered as communication instruments, expressing ideas tools and representations of future
product.

3. Collaborative design process
The design of complex products requires the intervention of several actors with different skills, who
collaborate. Therefore, the design process regroup various domains of expertise (Longchamp, 2003).
The need for collaboration is required when individuals do not have the capacity to carry out a given
task alone. Through collaboration, the designer can solve problems that are more complex: group
members help him, he learns from others and the situation motivates him.

Different definitions of collaboration are proposed: In their studies (Jacobs, Sokol, & Ohlsson, 2002)
define collaboration as an activity performed by multiple people to achieve shared goals. This is why
it requires a common language and experience, and a shared environment and media (tools).
(Scharge, 1990) proposes a definition "collaboration is an intentional relationship created for the
purpose of solving problem, creating or discovering something in a situation subject to a set of
constraints". Based on (Kak & Schoonmaker, 2002) study, they define collaboration as “any process
by which two or more separate authority domains coordinate their decisions, resulting in plans that
are superior to the plans they would have likely made without coordinating their decisions”. They

-10 -
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consider that coordination of decisions is the essence of collaboration. According to these
definitions, we can consider collaboration as a process requiring shared objectives by different
members of multidisciplinary teams. Through social interactions, members integrate their
knowledge, that is, learn from each other to achieve a common goal through their own tasks.

Considering the previous definition of collaboration, we can define the collaboration in design
process. According to Blessing (L. T. M. Blessing, 1995) the collaborative design is a complex activity
involving actors, artefacts, tools, organisation and context. Thus, it is an activity integrating social,
technical and organisational aspects, involving actors, tools, and instruments to perform predefined
tasks.

In the context of industrial enterprises, the study of Wang and al. (Wang, Shen, Xie, Neelamkavil, &
Pardasani, 2002) states that collaborative design can be observed in a wide variety of situations
throughout the product life cycle: development, design, manufacturing, assembly, testing, quality,
purchasing, relationships with customers and suppliers.

Collaboration is a complex activity that implies a double complexity: an external one due to the
customers and their needs associated to an internal one due the designers with their different
specialities, or the technical strategy of the company(J. F. Boujut & Tiger, 2002). Therefore, the
objectives of collaborative design teams are to achieve collective agreement in order to optimise the
functions, to minimise the costs and to ensure the sustainability of the product(Koufteros,
Vonderembse, & Doll, 2001).

The study of collaborative situations has been developed in different fields. Several collaborative
models emerged from these studies. For example, following a study in the field of architectural
design, (Kvan, 2000)proposes a design collaboration model presented in Figure 4.

Start

Meta planning

Negotiate

Individual work Individual work

X ¥

or

Finish
Figure 4. A model of design collaboration(Kvan, 2000)

The author claims that collaborative design consists of parallel actions of experts. Each of these
actions is short-term, and they are framed by common negotiation and evaluation activities.
Therefore, the design activity itself is discrete, individual and parallel, not necessarily linked.
Designers act as experts considering design aspects of their perspectives. The expertise of these
actors can evolve during a design session thanks to their mutual understanding and learning.
However, Kvan’s approach is considered a coordination approach of activities and there is no
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collective activity between design participants. Thus, contradictory to the above presented
approaches that focus on the collaborative aspects between design participants. Our research
context is focused on how to enhance the collaborative aspect between design actors. Therefore, the
design models that suits us are the ones related to the collaboration aspect.

(Chiu, 2002) proposes a collaborative design model based on decision-making (Figure 5). Design
information is provided from the initial phase to the final phase until the decision-making process is
complete. Therefore, the cycle of information flow involves consultation, negotiation, decision-
making and ultimately reflection.

/"‘_ﬁ
Consultation Reflections

Design Collaboration Stimuli

. Design :
Initial State |——p» Q Information ) — Final State
Intentions Attitude

Negotiaton | —» | Decision-
making

Figure 5. A process model of design collaboration(Chiu, 2002)

According to Chiu, negotiation is considered as an important task of decision-making in collaborative
design. Consultation is a verification activity of decisions to be made. The purpose of the reflection is
to confirm the result of the decision-making and to initiate another cycle in the processing of the
information. In the process, the stimulus and attitude of participants are also critical to decision-
making. The author suggests the proposed model as a help to understand how design collaboration
can speed up the process through efficient organisation as well as communication through possible
computer-assisted systems.

(Chartier, 2007) defines the characteristics of the collaborative design: It must allow effective
communication between group members; facilitate mutual aid between design actors and reducing
ambiguity. A collaborative design process is based on a good division of responsibilities and take
advantages of knowledge and experiences of each member in order to achieve a common goal. It
also involves a good coordination of tasks and ensure the same level of shared ideas between
members.

Finally, collaborative design is a collective activity of open problem solving. It is characterised by
social, technical and organisational dimensions. As a technical and scientific activity, it requires
knowledge, models, methods and tools.

The human dimension of design implies taking into account the cognitive and social processes,
including questions about individual and collective knowledge, skills, roles and logic(Darses, 2002).
The following paragraph discusses potential problems that design team may face when involving
internal and external stakeholders in the design process.

2. User participation in the design process
In recent decades, design processes have changed dramatically. The cited research studies
demonstrate that design organisation has moved from a sequential structure to an integrated
structure to meet customers’ needs and reduce time to market. This evolution implies finding

-12 -
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organisations to work in short time, with limited budgets and an improvement in the complexity of
the product. Ulrich & Eppinger underline that the product must meet the requirements and needs of
the customer (Ulrich & Eppinger, 2000). The sequential organisation of design process has therefore
push to change the structures and give more flexibility through the integration of stakeholders in
preliminary stages of product development. Therefore, Involving stakeholders enables companies to
effectively make better informed decisions, thereby reducing lead times and preventing costly last-
minute changes(Ruiz-dominguez, 2008). The study of Salinas and al. says that the design process is a
sequence of activities with a purpose of satisfying the clients’ needs(Salinas, Prudhomme, & Brissaud,
2008). The same study distinguishes two types of “client”: The first client category is the client to
whom the product is developed for. This stakeholder generally does not belong to the design
company. The authors called him ‘external client’. The second category of client is the experts
concerned with life-cycle product. They are called ‘internal clients’ and generally they belong to the
company. They bring professional expertise and considerable industrial viewpoints on the product
lifecycle. Instead of need, internal client express their opinions as product or process constraints. The
essence of the collaborative design process is bringing these different categories of clients to
designers’ expertise. Their different feedbacks whether are needs or constraints should be
considered and integrated in order to have efficient design process. The confrontation of the points
of view of the different actors is thus inevitable. It is even desirable to design a better product.
However, this confrontation may bring some problem when we involve users in the design process:
we are wondering if design team members understand exactly the communicated information? To
what extent designers understand and identify correctly the user’s needs? The next two paragraphs
present the eventual problems that can be faced by the design team.

1. Problem of mutual understanding between design actors
According to the cited bibliography, involving different stakeholders in the design process have an
added value. However, the review of (Kleinsmann, Valkenburg, & Buijs, 2007) comes up to highlight
potential problems where collaborative design process involve different actors with different
backgrounds and skills. Their empirical study of collaborative design projects in industry investigates
which factors influence the creation of shared understanding causing problems in multidisciplinary
design teams. According to Kleinsmann and al. there are four factors related to the actors and
affecting the creation of shared understanding:

e How actors make transformation of knowledge. Since they are coming from different
disciplines and then using different knowledge, they need to transform the content and the
representation of the knowledge.

e Animportantissue is related to the use of different native language and technical jargon.

e Actors are influenced by their earlier experiences while designing. Design team rely on the
experience of external actors to gather information about the innovative aspects in the
design project. However, these external actors have a lack of experience in specific aspects of
the design, thus can create problem of shared understanding.

e Actors’ personal implication and interest in a design task: The empathy of actors to fulfil a
task or to communicate with other team members about a task.

As mentioned above, communication between design actors is crucial to avoid the problem of
misunderstanding. Some research studies such as Clark and al(Clark, Herbert H., Brennan, 1991)
consider that building a common ground improve the effectiveness of the communication. The
grounding activity helps design actors to co-create the shared representation of the current situation
of the problem and move a step ahead to solutions. The design team have several medium to
accomplish the communication task; the most basic is speech. According to Dong (Dong, 2005)
generating a common language-based communication can significantly improve knowledge
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construction within the team. They have to make sure that what have been said is what exactly have
been understood.

As we cited before, the confrontation between design actors is probably inevitable. Disagreements
within a design team can have positive impact. De Dreu assumes that having confrontations can
push design team to perform deeper analysis and thus increase task creativity(De Dreu & Weingart,
2003). However, these divergences of opinion can affect the progress of design task. It cannot be
solved by direct confrontation they must be resolved otherwise. Design team members can reach
opinions’ convergence through negotiations. Negotiation is stressed as an important step of the
design process, designers argument their choices and explain their constraints in front of some users’
needs or wishes.

2. Problem of understanding users’ needs
Involving users in the lifecycle of design process is the trend for design companies. They look for a
better understanding of the users’ needs. They also aim to optimise their products and minimise the
market risk. In the literature, the suggested solution is to develop the dialogue between designers
and users. According to (Niés & Pelayo, 2010) the direct exchange between designers of products
and users is not sufficient to ensure a proper understanding of the users’ needs. The study suggests
the involvement of human factors specialists to analyse the users’ expression of their needs so the
requirements of design will be then properly formalised. The same idea is shared in the study of
(Saiedian & Dale, 2000) which links between a product that meets the original needs of the users and
an efficient support that facilitate the user-designer communication. Multiple communication
difficulties are raised between users and design actors. The most basic one is that design actors do
not have predefined common languages. Stakeholders and designers do not have same level of
technological skills; the jargon used by designers might be incomprehensible for users(Erickson,
1995).

On the other hand, Nies and Pelayo report that collaborative work between experts and helps
resolve the limits of direct users involvement and usual problems pertaining to users’ needs
description and understanding(Niés & Pelayo, 2010). The diverse limits cited above, have been
treated from different point of view through multiple approaches described hereafter. The following
paragraph answers the problems we raised in this section.

3. Approaches considering the user in product design process

Smith and Smith assume that the success of a product is strongly related to the satisfaction of the
consumer needs(Smith & Smith, 2012). (Mantelet, 2006)states that there are two motivations
pushing a consumer to purchase a product: objective and affective criteria. The objective criteria are
concerned by the functionalities, performances and cost; the affective criteria are about the feeling,
emotions and the personal perception of a product.

Therefore, no one can exactly express these personal criteria except the users themselves. In this
case, involving users in the design process is crucial to realise a product answering exactly their
requirements and expectations. The main concern is this approach is when to integrate users in the
design process and how many times in the life cycle of the project. In other words, design team
should be aware where users should be present occasionally in which project phase exactly while
designing. They should also well define the users’ space of interventions and contribution. The study
of Kaulio(Kaulio, 1998) defines the possible degrees of user involvement in the design process: design
for users, design with users and design by users. In other words, there are approaches considering
the user problems central in the design process, while other approaches involve the users in the co-
creation phase such as participatory design. Some design approaches can allow the user playing the
role of designer. In the following paragraphs, we detail the well-known user-oriented design
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approaches. The literature review shows that there are three main trends in the method of
considering users in the design: User Centred Design, Participatory Design and Scenario based design.

1. User centred design
User Centred Design (UCD) is considered as a philosophy and a process according to (Katz-Haas,
1998) . He states that “It is a philosophy that places the person (as opposed to the 'thing') at the
center; it is a process that focuses on cognitive factors (such as perception, memory, learning,
problem-solving, etc.) as they come into play during peoples' interactions with things”.

The concept of user centred design has come out when researchers brought together collaborative
practices and product development (King, Keohane, & Verba, 1994). They define it as a strong
commitment of particular user to product design process where the design team tries to deeply
understand the empathy of users and give much more attention to their affective values.

From Kaulio’s point of view(Kaulio, 1998), despite involving the user, the User Centred Design keeps
the roles clear. The designers still the leaders of the task and the users are actors from whom
designers can elicitate the requirements of their products. Therefore, User Centred Design is an
approach focusing on the users’ needs, wishes and limitations.

The international standard ISO 13407 states that the main basis of UCD are regrouped in four points:

e Specification of context of use,

e specification of user and organisation requirements,

e suggesting a design solution

e Finally, evaluating the proposal against the requirement.

User-centred Design stress the necessity to focus on the users issues and ensure to make it central in
the whole design process. However, as cited before the Participatory Design (PD) involves users only
in co-creation phase.

2. Participatory design
(Beveridge, Claro, Lange, & Vanides, 2005) define Participatory Design (PD) as a set of design
practices that integrate users as members of the design team throughout the design process. The
purpose of the design is to respond to the real needs of users through a collaborative approach and
an interactive process. PD is characterised by the involvement of users from the early design phase
and not after production. According to(Schuler & Namioka, 1993) Participatory Design (PD) assumes
that the users themselves are the best actors to set the improvement of the product. Therefore, we
can define the Participatory design as an approach that tends to integrate the users in the design
process, with the aim of shifting the design method from designing for users to designing with
users(E. B. Sanders, 2002).

The particularity of PD is that the users are not only actors and source of information, but also they
are involved in the decision-making process(Sanoff, 2000). However, as discussed before, involving
users in the design process have some risks and may implies some difficulties. For example, designers
have knowledge and skills in IT tools; the users often do not have the same level of understanding of
technologies. Nevertheless, they represent the target of the product and will use it for their
professional aims. They are supposed to be a relevant source for complementary information for the
product design. As mentioned before in section 1l.1 designers and users have difficulties to
understand each other. The absence of a common vocabulary can limit the exchange between them
(Luck, 2003). The recommendation of Erickson (Erickson, 1995) is that the design group have to
develop a common language, thus the communication between different actors can bridge the gap
and allow sharing the knowledge.
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3. Scenario based design
The scenario is at the core of Scenario-based Design (SBD). It can be defined as a narrative
description of usage(Carroll, 2000). In other words, the scenario is an imaginary or real story about
users and their activities on their work process but it can also be considered as an object of design
(Chin, Rosson, & Carroll, 1997).

Scenario-based Design adopts integrating scenarios to specify the possible usages of a future product
through a concrete description. In other words, scenario building provides a narrative description
that predict what users will do and experience in particular situations with a new product. This
approach can help the design team to understand the use-related constraints earlier in the design
process development. The main advantage of scenario-based design is when it is involved for
designing new product concepts. In this particular situation, the context of use and the target users
are not strictly defined(Heinila et al., 2005).

The scenarios are considered as representations accessible for both designers and users. These
representations can enhance the communication between design actors(Carroll, 2000). However,
some studies still consider the SBD approach not reliable to envisage future use possibilities
compared to other well specified approaches(Rosson, 2002).

In this section, we describe different approaches considering the users’ issues in the core of the
design process. UCD, PD, and SBD focus on how the designed product can satisfy the users’ needs
and user experience with proper performance of a product so it can satisfy and validate the
requirements.

We remind that collaborative design is considered as a collective activity of open problem solving. It
requires technical and scientific knowledge, models, methods and appropriate tools to support the
rich exchange between different design actors. The next section presents the role of digital tools in
supporting design activity.

4. Digital tools to support collaborative design activity

1. Introduction on Computer Supported Cooperative Work:
The elaborated state-of-the-art states that collaborative design is a collective activity of open
problem solving. As mentioned above, the design activity has social, technical and organisational
dimensions. The technical side requires knowledge, models, methods and tools. Design teams
involve tools to support collaborative design; IT technology should not only increase the capabilities
of specialists, but must also enhance the ability of participants to interact with one another through
ICT tools.

Due to the complexity of the collaborative design process, many solutions have been designed to
assist stakeholders throughout the project. CSCW Solutions - Computer Supported Collaborative
Work-, applied to design, is to study ways to work collaboratively through technologies in a context
of product design. This research domain defines the functionalities of a software to help a team to
collaborate better; In other words, it defines the functionalities to meet the constraints of
collaborative work and the human and social problems that result from the use of new technologies.
This domain is inherently interdisciplinary and gathers specialists in computer science, design,
sociology, ergonomics and psychology (Carstensen & Schmidt, 1999).

CSCW regroups several approaches. The first type is tele-operational engineering. This approach uses
non-specific tools to help collaborative design situations(Longchamp, 2003). It offers different
services; it can be audio or video conference system, softwares of sharing-application or shared
whiteboard. The study of (Marin, Mechekour, & Masclet, 2006) looks at the effectiveness of these
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solutions and claims that the existing tools are often not adapted to the design task, and they are
especially suffering from a lack of support for rich graphic information exchange.

On the other hand, several studies such as (Sadeghi, 2008)(Hisarciklilar, 2008)have examined the use
of specialised tools to assist collaborative design. They focus on how can the CSCW tools facilitate
communication between project stakeholders and how can the use of these specific tools facilitate
the exchange of information in collaborative design.

In the context of our study, we have introduced a new family of software into the designer tools
panel: Spatial Augmented Reality. This new family is based on the use of Information and
Communication Technologies (ICT). This responds to the growing need for designers to overcome the
difficulties related to the complexity of new design models and to be at the cutting edge of
technology.

The studies of (Fussell & Benimoff, 1995) and (Dix, Finlay, Abowd, & Beale, 1998) argue that natural
communication is the ideal toward which computer-mediated communication should be directed.
The underlying assumption is that the more mediated communication mimics natural
communication, the more effective it will be. Therefore, ensuring a communication close to the
natural communication is the ultimate goal of the ICT tool, which support collaborative design
activity.

The study of (Clark, Chew, Fujimoto, Meyer, & Scherer, 1987) have implemented eight constraints
that are imposed by the communication tool on the communication of two individuals (or more).
These "constraints" can be considered as characteristics of the tool used:

e Co-presence: As a face-to-face conversation, the ICT tool should allow to the users to share
the same physical environment. They can see, hear what everyone is doing and look at easily,
and therefore have a very rich awareness of the situation, the environment and the actions
of the interlocutor.

e Visibility: participants can see each other without limitation.

e Audibility: participants can communicate by talking to each other. The supports should allow
intonations and the rhythm of the exchanges

e Co-temporality: the ICT tool should ensure that a statement is produced at approximately
the same time as it is received without delay

e Simultaneity: participants can send and receive immediately and simultaneously documents
and verbal exchanges.

e Sequentiality: participants can change their turn normally

e Reviewability: the ICT tool should keep track of messages or discussion steps.

e Reversibility: this constraint is about having a correctible character, modifiability of the
produced documents.

These constraints will be considered in our study as characteristic of the intended ICT tool to be used.
We will present various technological tools and check if they allow to collaborative design participant
a perfect communication and information exchange based on the predefined characteristics.

2. Collaborative design with Virtual Reality tool
In order to go one step forward in fulfilling the requirement exposed in the previous section, virtual
reality has been considered as an interesting solution to be tested. We will now be presenting some
virtual reality solutions for collaborative design team. These systems are based on a large screen on
which an omnidirectional projector displays stereoscopic information. They are based on hardware
architectures as presented in the following figure 6:
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Figure 6. Fakespace Virtual Reality system(“Fakespace Virtual Reality,” n.d.)

Each user is equipped with passive stereoscopic glasses: the system supports a very large number of
users. Its use implies the absence of secondary lighting other than the image distribution system; the
main disadvantage is that collaboration is limited to verbal exchanges between users. Participants do
not share their physical environment either their reaction on discussions exchange. Since the
brightness of the room is low (in order to preserve the limited capacity of the projection systems),
the communication is done under difficult conditions: in the absence of nonverbal arguments (look,
facial expression) and the impossibility of easy access to personal items (notebook, notes, etc.). In
addition, the interaction is usually directed by a single mediator or by the use of a collective interface
these solutions are generally intended for presentations of scientific documentaries (astronomy,
biology, chemistry) or cultural documentaries(Grasset, 2004). Application development and support
is largely constrained by the providers of hardware architecture, the solutions remaining proprietary
and complex to implement. It also presents a strong limitation due to the high cost of
implementation, which remains almost unaffordable for small design companies.

We discuss a second system, which is widely used and popular for immersive applications. A CAVE (or
Collaborative Virtual Environment) consists of a cubic space. On 2 to 6 of its faces, a stereo image is
retro-projected. The users inside are equipped with stereoscopic glasses and can interact mainly with
devices of the pointer, data glove or 3D mouse types (figure 7).
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Figure 7. Group of researchers discuss in immersive cave(“Can Virtual Reality Help Optimize Product Engineering,
Manufacturing and Operations?,” n.d.) (“immersive cave,” n.d.)

They have an omnidirectional immersion sensation(Cruz-Neira, Sandin, DeFanti, Kenyon, & Hart,
1992). Based on the widely used CAVELIB [CAV] library, a large number of applications have been
developed: scientific visualisation, architecture, artistic, etc.

This technology is strongly limited by the need to have for each user a point of view according to his
position in the CAVE; otherwise, the users must be placed near the one whose head is followed by a
sensor. Standing posture and strong immersion limit its use for long sessions. It can imply a lot of
fatigue, loss of balance and nausea for beginners. The risk of occlusion limits the movement of users
and the lack of physical support reduces the use of natural interfaces and real tools (notebook,
notebook, etc.).

Through the presented solutions of Virtual Reality, we can notice that these approaches generally
favour the task rather than the participant. They present very intrusive solutions, where the user is
equipped with peripheral devices and prevent participants from natural communication.

3. Collaborative design with Augmented Reality tools
The study of (Milgram & Kishimo, 1994) define Mixed Reality (MR) as a technology that combines
resources from the physical world with resources from the digital world. The mixed reality
environments do not replace the real world as the full digital environments do. Depending on the
nature of objects employed whether they are real or digital and depending on the activity, we have
several classifications of MR environments.

Augmented reality (AR) is a form of Mixed Reality. The study of Azuma and al. define the Augmented
Reality as the technology combining reality and virtuality. AR is characterised by being interactive in
real-time and displayed in 3D environment(Azuma et al., 2001).
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Figure 8. Milgram’s reality—virtuality continuum(Milgram & Kishimo, 1994)

As presented in figure 8, the Reality-Virtuality Continuum proposed by Milgram suggests that
Augmented Reality occupies the space between Real and Virtual Environments. In this space, AR is
centred between the Augmented Virtuality and the Real Environment.

The form of visualisation in augmented reality are various. In industrial context, the See-Through
Augmented Reality (STAR) form is probably the most common one. The specificity of STAR lies in
visualising the digital elements through a screen, as illustrated in the example presented in Figure 9.

Figure 9.See-through, touch-screen tablet renders interiors in 3D(“SEE-THROUGH,” n.d.)

Then, the screen could be a Head Mounted Display (HMD), Holographic displays, Smart glasses
(Optical see through, Video see through) or Handheld AR. STAR present multiple advantages of
visualisation such as high contrast and resolution. Nevertheless, it also shows limitations especially
on the number of users: each participant should have his own HMD. In addition, for Handheld AR
devices, the user has to carry it along the meeting, which will be tiresome overtime and may present
an obstacle to interact with the rest of the environment.

Multiple studies were interested in the potential of augmented reality within group design activities.
The research of Billinghurst and al. (2008) investigates the difference between group of designers
working with traditional tools and other groups working with AR tools. The study assumes that using
AR tools make the task longer comparing to a face-to-face situation. However, results show that
more questions were asked while designers involve AR tools. The study concludes that the AR
limitation are due to the head-mounted displays used and recommend to use technologies offering
more communication facilities such as hand-held AR devices or Spatial augmented reality.

In addition, other studies identify problems related to the involvement of AR technology in design
activity. According to (Porter, Marner, Smith, Zucco, & Thomas, 2010) study the main difficulty lies on
supporting user interaction with the prototype. (Park & Moon, 2013) highlight the problem of hand
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occlusions especially when involving low-cost devices or heavy and big equipment to be worn by the
participants.

Within the SPARK project, an AR device was suggested as a solution to the previous difficulties. As
shown in figure 10, a light tablet is used for tracking and manipulation of AR scene.

Figure 10. Handheld Augmented Reality device developed within SPARK project

To conclude about the Augmented Reality based system, we can consider it as an approach allowing
combination of interactions on virtual elements with the possibility of using real documents, objects
to be manipulated. The AR approach provides an extension of the user's tools instead of replacing
them, therefore the user adaptation seems easier. The ability to import and export digital or real
elements thus avoids imprisonment in a purely virtual space, allowing users access to the possibilities
of both worlds. The interaction mechanisms with 3D contents make it possible to import models and
to manipulate them but remain however limited to planar transformations(Grasset, 2004). The
collaboration is mediated by the conservation and the link between participants are the AR device. In
other words, the AR device ensure both the participants interactions and communication.

4. Collaborative design with Spatial Augmented Reality
The book of Bimber and Raskar presents multiple forms of AR approaches. They are classified
depending on technology position on the user either it is a hand-held device, head-worn or spatial
projection. Contrary to Head Mounted and hand-held AR, the Spatial Augmented Reality (SAR) does
not integrate the technology on the user. The user is inside the environment(Bimber & Raskar, 2005).
The most popular technology to implement SAR is through the projection of images onto physical
objects and is also known as projective SAR(Furht, 2011).
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Figure 11. SPARK SAR application

Multiple studies investigate the relevance of involving SAR technology to support collaborative
design sessions. The advantage of this technology is that the user is not constrained to see the
augmented world through a monitor. And there is no obligation to wear head mounted displays or
hold hand devices which is an ergonomic limitation of conventional AR display systems (Bimber &
Raskar, 2005).

e Applications of SAR in collaborative Design:

One of the assumptions about the application of SAR in design is that it will allow participants in a
design session to communicate more naturally, limiting the inconvenience of head mounted displays
underlined before. The study of O’hare and al. (O’Hare, Dekoninck, Giunta, Boujut, & Becattini,
2018)is evaluating the impact of SAR in the novelty and quality of ideas comparing to usual design
sessions. The results of this study reveal that SAR increase the novelty and quality of ideas however it
spots the complexity of the set up process for a collaborative session. These results are confirmed
also in the study of Akaoka, Ginn and Vertegaal (Akaoka et al., 2010) which highlight that SAR
environments require an exhaustive implementation and configuration, but they confirm that
participants are satisfied with the interaction in such environment. Their research method was based
on using SAR technology in student group design projects to project graphics and user interface
elements on to physical, low-cost prototypes. Students confirm that the interactive hands-on
approach and the ability to change elements quickly are important features. However, they spot the
problem of hand occlusions.

As cited before, the study of (Porter et al., 2010) highlights the AR difficulties to support user
interactions and suggest SAR as solution. They propose a prototyping system allowing evaluating the
interactive functionalities of a product such as buttons before electronics are incorporated into the
prototypes. Their method is based on a finger tracking SAR system and is compared to a traditional
system. They conclude that in both contexts users were able to carry out the evaluation and were
able to contribute in improving their design. However, SAR system enables more iteration per
timeframe and allow integration of end-user feedback early in the design process. Many participants
felt that SAR ensure good visual representation of the concept, and they conclude that SAR
technology might be useful as a design tool.

The study of Irlitti & Von Itzstein, (Irlitti & ltzstein, 2013) underlined a major advantage of the SAR
technology that it is able to offer both flexibility through immediate modifications of the visuals and
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real-time feedback and affordance thanks to the presence of the physical object in the scene. This
study was based on gathering feedbacks from three design experts on the added value of applying
SAR technology on collaborative design activity. The authors reported, “Design experts see potential
in leveraging SAR to assist in the collaborative process during industrial design sessions, {(...)
presenting an enhanced insight into critical design decisions to the projects stakeholders. Through the
rich availability of affordance in SAR, designers and stakeholders have the opportunity to see first-
hand the effects of the proposed design while considering both the ergonomic and safety
requirements.” (Irlitti & Itzstein, 2013).

Complementary to these cited research works, the study of Ben Rajeb et al. conducted in 2014 was
focused on the SAR impact on collective reflection in design projects. They highlight how “SAR
participate perfectly in group cohesion by creating intermediary spatialities between augmented
presence and virtual co-presence. They aid and equip the student in learning how to collaborate. They
encourage peer-to-peer sharing between learners, trainers and experts, but at the expense of
independent work and the creation of private conversations.”(Ben Rajeb & Leclercq, 2014).
Therefore, SAR seemed to be an appropriate technology to support collaborative processes.

We can conclude that the involvement of SAR seems to be a promising technology to support
collaborative design sessions.

The mentioned studies share the affirmation of a significant potential for the applications involving
SAR technologies when designers work together in evaluation and usability phase. Therefore, SAR
offers various advantages, which could reduce the challenges of collaborative design sessions. They
allow visualisation of generated ideas during the design meeting, thanks to real-time modifications.
In addition, SAR potentially allows a real-time modification of design representation to be shared by
all participants. It specifically offers direct visualisation, direct manipulation and quick evaluation of
the design representation. In conclusion, the SAR technology allows a better user participation in
design tasks.

However, we can notice that a limited number of tools have been tested, and we find a little number
of works on the use SAR technologies within the context of collaborative design when designers
involve stakeholders (non-designers)(O’Hare et al., 2018).

As part of the SPARK project, which is introduced in the following section we will try to present an
SAR tool that addresses this gap. Considering SAR technology as a potential technology to bridge the
difficulties faced in collaborative design task, in the next chapter we will present the software and
hardware architecture of the SPARK platform.
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CHAPTER II: An Spatial Augmented Reality
platform as a tool to support collaborative
design sessions

Abstract

The above mentioned state of the art underlines the importance of non-invasive technological tools
to support the collaborative design activities. Through this chapter, we present the SPARK platform
which is an ICT platform developed within the SPARK project (H2020). The hypothesis of the project
considers the SAR platform as an efficient and adequate tool to be used in collaborative design
session. It assumes that it can help the design actors to express and present their ideas in a
collaboratively.

We define the SPARK platform as a responsive and intuitive ICT tool that exploits the potential of
Spatial Augmented Reality (SAR) technology. The aim is to stimulate the collaboration among
designers and stakeholders during the conception of new ideas.

This chapter introduces the SPARK platform architecture from two points of view: first, from the
hardware perspective where we detail the used devices and equipment and how we set up the
physical architecture of SPARK, second, form the software perspective describing different modules
and their functions. The SPARK platform is composed of mainly visualisation, tracking, interaction
modules and an Information System. We will present in detail for each module its execution
requirements and specific operations. Then, how they interact and share data.

Finally, we describe the preparation and execution of a collaborative design session supported by the
SPARK platform.
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1. Context and Assumptions of the SPARK project

1. Introduction
Representing ideas with the adequate tool is crucial in the design process. For some years now, new
technologies have brought new tools allowing different types of representation of a product and in
particular its shape and appearance. For example, 3D modelling of physical objects allow its
visualisation on a screen, or in a virtual reality headset. These kinds of representations are closer to
the real world more than the two-dimensional sketch or drawings. They also allow a more realistic
perception of future products. The uses of these digital technologies have important advantages such
as saving time and cost compared to physical prototyping or modelling, since no material
transformation is necessary. Following our state of the art, this last point can however be seen as a
drawback since these technologies do not allow manipulation and physical interaction with the
object, which can however be interesting for the generation as for the transmission of idea.

The European project SPARK (SPatial Augmented Reality as a Key for co-creativity) aimed to propose
a new tool for these representations, which reduces the number of printed prototypes to be made,
while allowing a physical interaction with the object. This tool is a Spatial Augmented Reality (SAR)
platform, which gather different sub-systems allowing a design session to take place. This platform
proposes to project in real time digital design elements on a physical prototype.

2. Context and aim of SPARK project
The SPARK project (H2020) was a three-year, research project which exploited the potential of
Spatial Augmented Reality to develop a responsive ICT platform in order to support and stimulate the
collaborative creative thinking in the design process. The aim was to reduce language barriers and
knowledge gap between different design stakeholders who may have diverse backgrounds and
skills(O’Hare et al., 2018). The SPARK project assumed that the Spatial Augmented Reality technology
can enhance the innovation capabilities of creative industries. The platform could facilitate the
brainstorming phase, which leads to a faster assessment of design solutions in a co-design
environment. The project focussed more on the products and packaging design fields, which are also
called creative industries. These domains require an important number of printed and realised
physical prototypes. Therefore, including a platform that could show final product suggestions in real
time will reduce the need to printed prototypes and would save time and money.

The aim of the SPARK project was to develop the design process by integrating the design agencies’
clients and/or the end-users in the early phases of the process. In other words, the goal was to foster
the collaborative design practices since the first phases of design process. This aim can be achieved
thanks to the use of Spatial Augmented Reality technology, which allows the designers to apply in
real time the customers’ suggestions. Therefore, the design team have the chance to take advantage
of the SAR technology to easily gather immediate feedback on what they propose and discuss. They
can also limit the number of iterations of product design, which clearly improve the project
development.

The platform enables design actors to interact with a mixed prototype of a rough shape of the
product the designers intend to develop. We define the mixed prototype as the combination of a
physical prototype and a digital projection(Becattini et al., 2017). The physical part is a 3D printed
shape of the intended product. The digital part is the 3D projection of graphical design elements that
can visualise colours, images and textures. The combination of both aspect of mixed prototype
allows the final product to be displayed to designers and customers since the early stage of product
development.
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The SPARK platform is based on multi-projector visualisation system, a tracking system based on
infrared optical cameras; the designer uses a tablet interface as presented in figure 12 that can be
used to modify the digital content and an information system playing the role of a database that
manages the digital assets and allows the storage of completed sessions.

Figure 12. The SPARK tablet PC-based user interface (foreground) and SAR model (background)(O’Hare et al., 2018)

3. Assumptions of SPARK project
According to the literature review established by the project partners, the SPARK project proposal is
based on the following assumptions:

e (Creative stimulation:

Various design researches study the role of creative stimuli and assume its effectiveness in removing
design fixation. (Raghavan & Cafeo, 2009) confirm that supporting inspiration for creativity goes
through providing stimuli.

The SPARK project considers the mixed prototype of the Spatial Augmented reality platform as a
stimulus. The project assumes that the involvement of mixed prototype is considered as a stimulus
for the co-creative design team. The digital elements (assets) projected on the physical artefact allow
a natural interaction through the physical prototype and can change the routine thinking of the
designers.

e Co-creation and co-design:

Among the leading business trends, we can cite co-creation and co-design, which implies that an
important number of design companies apply, innovation methods in their business development.

The study of Sanders and Stappers(E. B.-N. Sanders & Stappers, 2008) suggest definitions for these
two important terms. They consider that co-creation is any act referring to collective creativity, in
other words, any shared creativity action by two or more people. This study also states a definition
of co-design as the application of collaborative creation during the entire design process. They
assume that co-design is "... collective creativity as it is applied across the whole span of a design
process". The SPARK project assumes that the SPARK platform will facilitate the interactions between
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designers and customers but also the direct interaction with mixed prototype. This facilitation will
have direct influence and improvement on the design process progress.

e Workplace innovation

The SPARK project assumes that introducing the SPARK platform developed along the project will
enhance the productivity of the workplace. In other words, while a creative company equips its own
workspace within the SPARK platform, the design team will be more efficient. They will keep working
in the same area but with the potential functionalities offered by the SPARK platform. It will help the
design team to easily introduce their external stakeholders and get them involved in the
collaborative design task.

e |nnovation and Customer Involvement

As cited before the trends of co-creation and co-design mean involving the customers in the creative
innovative process. The SPARK project assumes that integrating their platform in the design process
will guarantee a key to improve the experience of external stakeholders. Therefore, the participation
of customers (or/and end-users) in the design task will implies a future product which more
accurately fits the needs of potential users. The SPARK platform will facilitate the exchange between
the design actors and allow a real time evaluation of proposed ideas.
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2. Integration of SPARK Hardware & Software modules

This second part is dedicated to first, describe the hardware setup of the platform. Then, detail the
functionalities and features of software modules. Diverse modules compose the SPARK platform.

1. SPARK Platform Hardware architecture
The Figure 13 presents the architecture of the SPARK platform installed in our GSCOP lab. The main
components are highlighted in the black boxes. The front-end components are the mixed prototype
and the interaction device, which is a tablet. These components can be used by the participants of
collaborative design sessions. The back-end technologies is composed of two projectors and the
infrared cameras (6 in our case) forming the tracking system and a desktop computer. In addition to
the SAR software the information system (IS) manages the data.

= T

Figure 13. Picture of the Grenoble INP SPARK platform
The SPARK platform integrates:

e A SAR application: The SAR module should imply a high performance computer. This SAR
computer will be in charge of running the 3D scenes, manage the number of projectors that
are connected. It can vary from two to N projectors; it depends on each company needs and
space of work. Therefore, the computer setup should be equipped with enough graphic
output ports to connect multiple projectors with high resolution.

e The multi-projection system: The several projectors (2 here) are connected to the SAR
computer. The SAR module decides which images will be displayed at each projector device.
The multi-projection system is in charge of the correct rendering of the digital elements onto
the surface of the neutral tracked prototype.

e The optical tracking system: based on Optitrack technology, it allows the tracking of the
position of the physical mock-up based on a pre-calibrated reference system. The tracking
information is communicated to the SAR module in order to update the real-time projection
with the adequate position information. It implies several infra-red cameras with discrete
markers fixed on the top and edges of the prototypes to be designed.

e The Physical structure: it is the structure, which supports the hardware equipment of the
SPARK platform. Each partner of SPARK project should place it in a called SPARK room. The
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physical structure fix the projectors and the tracking cameras. The following figure 14 shows
a possible layout of a two-projectors configuration of the SPARK meeting room:

Figure 14. Physical structure of SPARK platform in GINP lab

e A web application: the information system It is a web server run in the cloud. It requires a
computer equipped by a HTTP protocol. The main function is to ensure the data
management of all graphical elements (images, textures, texts, 2D and 3D objects.). The
designers through a special administrator interface upload these contents before the starting
of the collaborative design session.

e The interaction device (Tablet) The main role is to ensure interactions in the SAR
environment. The interaction device allows the user to modify the graphical elements
present on the interface. The Android application running on the device is based on multi-
touch gestures approach. While working on this device, the user is not manipulating the 3D
object. Instead, it is an extension of the SAR module to let the user easily perform the
functions provided by the application. The SAR computer play the role of a server and the
interactive devices as the client. Information about the fingers’ position and the functions’
activation are sent in real-time from the client to the server.

e The physical prototype: a 3D printed prototype presenting the intended product. It is
updated in real-time with the suggestions of design discussion. It can also be hold between
hands of participants in case of need.

We present on the following Figure 15 a summary of how SPARK platform hardware components are
organised and connected between each other during a collaborative design session.

Request/Reply Interaction

device

SAR Computer

Modifications

Information
System

Optical

Projectors ; tracking
System

prote |7
type

Al

Figure 15. Connexion between different hardware modules of SPARK platform.
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2. SPARK platform Software Architecture
The research studies related to augmented reality suggest the necessary technologies to build an
augmented reality application. In their study Zhou and al. (Zhou, Dun, & Billinghurst, 2008) review
ten years of augmented reality papers, they state that tracking, interactions and display technology
are the most important topics in this research field. The proposed SPARK platform incorporates all
these fundamental components. We add to these modules, an information System which is a web
application to manage the content of sessions. In the next paragraph we will detail the SPARK
software modules one by one and expose their functional role in the platform.

a. Visualisation module
The SAR visualisation module render in real-time the generated virtual images correctly on the
external surface of physical prototype. Since SPARK platform, envisage the use of multiple projectors
in order to cover 360° of the design-meeting table. The second main function is to smooth and
equalise the overlapping region with developed image processing algorithms. Therefore, the
visualisation requires the use of one or more video projectors. These video projectors will have
impact on the projection quality, which strongly depend on their performances. In order to choose
the most suitable video projector for our SPARK room in GINP lab, several types of projectors have
been tested in order to understand their internal parameters impact on the final projection. Finally,
we have picked the Barco F50 video projector illustrated in the following figure 16:

Figure 16. Barco F50 video projector used in GINP Lab

This choice was based on Barco F50 parameters. It is the world’s first lamp-based single-chip DLP®
projector that combines native WQXGA (2,560 x 1,600) and Panorama (2,560 x 1,080) resolution with
active 3D stereo and high frame rates. The DLP technology ensures a low visibility of the pixels
borders and a higher contrast. Despite the good performance of the projector parameters, the
platform could include the use of multiple video projectors, so it is important to ensure the
synchronisation of the multiple devices. Consequently, we should set up a calibration procedure to
control the projected graphical elements according to the position, orientation of physical prototype
and to the dimension of the projection area. Then, we should also manage the multiple projection
procedure.

e Projector calibration

We fix in the top of each projector, a webcam (RGB camera) and apply an algorithm based on
structured light. The aim is extracting the intrinsic and extrinsic parameters of each projector.

i Intrinsic video projector calibration
The calibration procedure starts with lights projection and capture of patterns depending on the
resolution of the projector and the following chessboard corners:
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Figure 17. A photo of calibration camera-projector using the structured light algorithm

This step is mandatory for each video projector to be used in the SAR scene. In case of any
modifications on calibrated video projectors such as changing the position, changing the lens
parameters, zooming in/out, it is then necessary to repeat this calibration procedure. For each
calibration, at least five captures are recommended to be realised as presented in the following
figure 18. The projected image should cover the entire printed chessboard, the camera fixed on the
top of project should easily recognise the corner of the chessboard and allow capturing high and low-

brightness conditions.

i Chesshoard
: : 3

Figure 18. Projector intrinsic calibration- First Step

At the end of the process, we identify the parameters of the projector, which are the shape of the
projection cone and its position and orientation. Within the project, we developed a tool that allows
a second verification of the gathered parameters. The script projects a red rectangle on the target
chessboard. We check if the red rectangle corners match exactly with the internal corners of the

chessboard, as presented in the following figure 19.

Figure 19. Projector intrinsic calibration- Second Step
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i Extrinsic video projector calibration
To correctly render the images to be projected onto the physical prototype, we need to determine
both the intrinsic parameters (addressed in the previous paragraph) and the extrinsic parameters. In
other words, we should compute the projection matrix, which defines the position and orientation of
the virtual rendering camera inside the 3D unity scene, corresponding to the location of the projector
inside the tracked interaction space. This step allows to exactly superimposing virtual 3D geometry
on its real counter-part without any pre-warping. This step is strongly related to tracking system
(presented in the next section).

e Multi-projection calibration

The calibration of multi-projection system demands a separate calibration of each video projector to
be used in the SAR scene. Therefore, for each single projector it is necessary to obtain the intrinsic
and extrinsic parameters. In other words, we should properly define the projection volume and the
location of each projector, as described in previous sections. Multi-projection system face a main
problem that is the managing of overlapping area and gaps as presented in the following figure:

Projector 1

’ Projector 2

Figure 20. Multi-projection area and overlapping

Within SPARK platform, we need a solution in order to mix the projection of at least two video
projectors on the physical prototype. The first solution proposed is the visualisation with sharp edges
mixing which is splitting the images produced by the two projectors without overlapping. In this case,
the application will decide for each pixel will be displayed through which video projector. The second
suggestion is the most suitable mixing procedure: the smooth blending; the technique behind is to
smoothly blend the images projected by the projectors. The aim is to hide completely the
misalignment between the two images projected.

b. Tracking module
SPARK tracking module is based on an array of Flex 6 Infrared (IR) cameras capable to detect
spherical or hemispherical reflective markers placed on the external surface of the physical
prototypes.
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Figure 21. Flex Infrared cameras
The main functionalities of tracking system are:

e The recognition of any type of uniform surface objects present in the tracking area
e The identification objects parameters: the position and orientation in the scene.

The SPARK area of work will involve user direct manipulation with physical prototypes. Therefore,
the tracking system should be capable of decreasing the risk of occlusion due to the user’s direct
manipulation. This criterion is one of the advantages of the chosen technology (Flex 3 IR cameras).
Despite the complexity of their setup, since each camera should be fixed individually and serially
connected with the others. The IR cameras require also an initial calibration, managed by Motive
software propriety of OptiTrack. First, it is needed to determine the position and orientation of every
OptiTrack camera used. The procedure starts with the calibration ‘wand’, which is the calibration of
the whole trackable environment formed by the present IR cameras. Motive algorithms calculate the
relative position and orientation of each camera. It also provides some values describing the quality
of the calibration:

Calibration Result Report

... Calibration Result: Exceptional

Overall Reprojection Mean 3D Error: mm Mean 2D Error: 0,110 pi
| C N 0.482 mn 2D Error: 0
Triangulation lecomme g ual Mean Error: 0
Overall Wand Error  Mean (Exceptional)

Ray length Suggeste

) All results are in the con f the wanding data. Ensure even and compreh
wanding through the entir ume and the calibration wand is in good werking orde

Figure 22. Result of tracking environment calibration (Wanding)

Then, it is necessary to define the ground plane and (x, vy, z) axis, in order to define the scene. This
step is supported by the calibration square included in OptiTrack package. The definition of the
coordinate system of our scene, will allow finding the origin (0, 0, 0) orientation of each artefact
more easily.

The chosen tracking system presents many advantages such as a wide tracking volume, high
precision but the most important ones are the stability of the tracking and the reduced risk of
occlusions with other elements present in the scene(such as users hands, reflective materials..). In
SAR applications, we need a reliable tracking technology that can ensure a perfect alignment of
projected images onto physical prototypes.
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-n

Physical prototypes

Figure 23. Captured image from Infra-red camera in SAR scene

c. Interaction module
The interaction modules include all the communication channels allowing the user to interact with
the SPARK platform, i.e. manipulating the mixed prototype through the interface of the application
which gives access to manage the 3D models, static and animated images, textures, texts. Or a direct
manipulation of the physical prototype. As presented in the visualisation section, the mixed
prototype can be freely handled by the participants. Since the prototype is tracked with markers, the
projection will follow the prototype position and keep being updated in real time.

The interaction with the interface is ensured via a touch device, in our case in GINP lab we choose to
perform it through a Samsung Galaxy Tablet S2 with a 9,7’ SAMOLED display (2048x1536). The
interface suggests functionalities related to manage the content of packaging design task. The idea
behind this touch interface was keeping a usual interface of 3D modelling software so designers will
feel quickly familiar with our SPARK interface.

We present the three main functions of Graphical User Interface displayed on the tablet: the main
functions menu, the contextual menu and the visualisation menu:
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Figure 24. Tablet interface -Detailed menus

= The contextual menu present in the top of the tablet (figure 24) displays details information
or functionalities

= The main function menu allows the user to execute the design task: select the mesh to work
on, select from the assets library the item to be added and then modify the size, rotation,
position and layer.

= On the right of the screen, we set three visualisation settings. We explain the difference in
the following paragraph.

Three visualisations interfaces are proposed to manipulate the digital content:

= 3D view: three-dimensional render of the virtual prototype
= UV map view bi-dimensional unwrap of the prototype’s mesh
= Touch area view: a graphic simulation of trackpads

Figure 25. The GUI layouts: 3D view (left) UV map (middle) Touch area (Right)

The 3D view presents a standard and realistic representation of 3D model. The user can apply
operations directly on the representation of mixed prototype.

The UV map view: designed to be similar to the professional tools used by designers. The user places
graphical elements on a 2D representation of the prototype. If the participants choose this layout,
they will need to check their modifications rendering on the mixed prototype.
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The touch area view: adopting this layout, participants can only manipulate the digital content
without any visual feedback. They have to follow their modifications on the mixed prototype since it
is the only available visual output.

d. Information System (IS) module
SPARK platform consists of two mains modules: SAR module (visualisation, tracking and interactions)
and the second one is the Information System module. The main function of this module is to
manage the data used during the sessions, including the digital representations of the artefacts, the
assets and the initial set up of the proposed solutions that will be discussed during the sessions. IS
consists of a web application that allows the designer an agile set up and sharing of the sessions. In
this paragraph, we will focus on the front-end of the information system that is the web-application
that was designed to conduct collaborative design sessions.

The IS module allows preparing and launch a collaborative design session, administrate participants
for a session, and to prepare the files to be used during the session. It also records the events and
the decisions made that are delivered in a report. The IS is important before the session and after the
session.

In this section, we will detail the steps of session preparation before setting up the meeting with
clients. Designers take in charge the preparation phase where they arrange the necessary
documents, materials before launching a live session where all design actors can collaborate around
a prepared proposal of future product.

i Assets management
The information system proposed to the designers (who are leader of session) an asset library, which
is a storage space of all their projects’ documents and objects as present in Figure 26. We define
assets as all the elements to be involved in collaborative design session. It could be 2D images, 3D
objects models, textures, Fonts and text. All these cited elements can be projected on the surface of
the physical prototype while running the session. Since we have several partners to deal with the IS,
we organise the asset library in a hierarchical architecture by clients, then for each partner (client)
they are organized by products for each project. Therefore, designers can upload new assets in case
of need or edit existing ones, deleting the useless assets, edit the asset information and download
the asset image file.
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Figure 26. Editing interface of virtual prototype with assets and session panel

-37-



PART | — Chapter Il - Spatial Augmented Reality platform as a tool to support collaborative design
sessions

i Collaborative design sessions management
The information system allows the creation of a collaborative design session and associate a client
and a product for each session. However, participants of the session do not have the same access
rights. The IS define different user profile:

= Leader: full access rights

= Designer: cannot add/remove participants, or update their profiles;

= Attendee: viewing rights during a live session, upload information to session (notes, posts,
files).

Therefore, the session leader when setting-up a session should define: who are the participants to
collaborate under the session. Then, prepare the virtual prototypes: he built it using the uploaded
assets so participants can manipulated it during the session. The leader defines the design task to be
performed during the meeting. Finally, set up a whiteboard to enable sharing notes, posts and files
between participants.

A collaborative design session has three possible states:

= |n preparation: before starting the meeting while the leader create the content, add the
adequate participants, define the design task, and build the prototype

= Live session: During the meeting, once the design team launch the session where all
participant collaborate around a prototype;

= Done/Review: After the meeting, a detailed session report is delivered so design team can
review the most important point of the discussion. They also can create a new session out of
a step in the existing session.

Session timeline

MDD N

rototype history
L -
- m e

Figure 27. Screen shot of Information System- Reporting tool

3. Execution of collaborative design sessions supported by SPARK platform
In the following paragraph, based on figure 28, we describe how a collaborative design session is
prepared and executed. Basically, the designer starts by creating under 3D and 2D modelling
software all the needed digital content of the session and especially the digital model of the product.
Then, he prepares a physical model of the product. In most cases, the designer uses rapid
prototyping technique for the physical representation in order to have a neutral and white
prototype. Now the team prepares the room session. They calibrate the video projectors, set up the
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tracking system and generate calibration files to integrate them as setup data into the SAR computer.
The 3D model of the product is uploaded into the SAR system and the physical model is equipped
with infrared markers. Finally, the designer uploads all the prepared assets (3D models and graphic
elements: logos, textures, images) on the Information System and initialises a new session; The SAR
system downloads all the assets to have them available in the SAR environment and the session can
be launched. Designers and their clients collaborate around the mixed prototype, exchange ideas and
improve the suggested proposal using the tablet interface. At the end of session, designers can go
back to the reporting tool in the Information system to check detailed steps of their sessions.

BEFORE SESSION

Creation 30/2D Create physical Add markersto
content prototype physical prototype
L
Calibrat
Upload content in Blibr I_Dn Calibration Tracking
Ba camera/\Video
15 i System
projector

SESSION EXECUTION

k. k.

Intialize Session
Information System

SAR System

T

AFTER SESSION

v

Reporting Tool
Information System

Figure 28. Conduct of collaborative design session supported by SPARK Platform
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Research Problem & Question: different
supports for collaborative design
iInteractions

Abstract

The third and last chapter of our first part presents the research problem and questions. First, we
start with a detailed state-of-the-art in which we discuss the different supports for collaborative
design interactions. We focus on the role artefacts play in this field. We present and discuss based on
several research studies the different classifications of design artefacts. The concept of intermediary
objects, which define artefacts as a representation of future product but also a vector of
communication and mediation between design actors. Then we present the concept of boundary
objects, which are artefacts of multi-skilled environment. If we consider the limit of each field of
expertise, these boundary objects are produced to link between different areas. The last concept we
approach is the shared presentations that aim at establishing a common ground in order to clarify
and avoid disagreement.

The second part of the chapter presents the research problem. We focus on the communicative role
the artefacts play on collaborative design interactions. We present previous research studies related
to this field. Then, we present our research questions that highlight the role of Spatial Augmented
Reality artefact in collaborative design interactions and its impact on end-users enhancement in the
collaborative design activity.

The last part is dedicated to a controlled study that we suggest testing the validity of our research
problem. We start by presenting the study, the experimental conditions and how we proceed it.
Then through the results of this pilot study, we spot the importance of Spatial Augmented reality
artefact in communication and also as a support for collaborative design interactions.
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1. Role of artefacts in collaborative design interactions

The design process shows a very fast evolution strongly related to the technical evolution of the
companies and the tools involved for the accomplishment of design task. The rate and quality of
information that stakeholders accumulate during this process is changing due to the variation of
tools and technologies employed. This evolution implies that artefacts involved during the design
meetings are also changing. Design artefacts were a subject of various research studies. Many
researchers assume that analysing the design artefacts during design meetings can provide a more
in-depth understanding of the design activity. We will present the state of the art of research studies
highlighting the importance of artefacts in the design activity.

1. Concept of intermediary object
Many studies adopt the methodology for analysing product design process from the objects build
within the design action ((Jeantet, 1998), (J.-F. Boujut & Blanco, 2003)). However, even before the
cited studies, (Vinck & Jeantet, 1995) had named these design objects, the Intermediary Objects (10).
They define all the artefacts produced during the process and mobilised in the interactions as
Intermediary Objects. These objects regroup all the documents, drawings, virtual or physical models,
sketches, digital 2D or/and 3D models involved in design activity. The different forms that describe
the concept or allow the development of ideas around the product are intermediate as soon as the
object is produced and enters into use.

In the work of Jeantet and Vinck(Vinck & Jeantet, 1995)(Jeantet, 1998), the role of intermediary
objects is the representation of the future product. They are considered as vectors of communication
and mediation between design actors. Vinck and Jeantet (Vinck & Jeantet, 1995)deepen the idea of
intermediary object by defining their characteristics in different design situations. These features are
both related to the properties of the objects themselves and the situations in which they are used.
The authors define two axes to characterise the objects:

e the degree of freedom that the actors have on the object : open / closed,
e ltsrolein the evolution of the design task: commissioner / mediator.
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Figure 29. Characterisation of the role of objects according to(Vinck & Jeantet, 1995)

An intermediary object is a commissioning when it has a role of prescription for its user, and is
compatible with the intention that presides over its conception. In other words, the intermediary
commissioning object allows the passage of an idea to its realisation.

-42 -



PART | — Chapter Ill - Research Problem & Question: different supports for collaborative design
interactions

On the other hand, the active role (mediator) of an intermediary object is to defend the idea that the
creation of an object is inevitably a transformation of the intention of its creator. A prototype, for
example, is not only an act of giving shape to what was drawn on paper before, but it is a new
version of the final product, which specifies certain aspects of the product and modifies others. Then
the mediating objects, once created, introduce new constraints, limit the possibilities of action,
include or exclude future possibilities. They affect the context of the design as do human actors.

Therefore, the degree of freedom is considering an intermediary object as closed, when it imposes to
its user the means to interpret it or to act while using it. On the other hand, Vinck and Jeantet argue
that there is always a flexibility of interpretation in the use of objects. An intermediary object is
open, if it offers these users’ flexibility of interpretation or modification.

The notions open / closed and mediator / commissioner are fundamental if we want to associate
communication needs and communication situations with objects to improve communication.

The analysis of these Intermediary Objects in various design studies has shown that they play a role
of representing ideas, translation and or mediation between design actors. According to
Jeantet(Jeantet, 1998) the translation operation consists of transiting from one product state to
another with an enrichment bring by new actors. This study considers that the object is mediator
when it transforms an intention into conception and define the representation as a reference to
propositions and characteristics derived from the future product.

Therefore, the object is considered as a mediator in interactions between involved actors. In order to
take a decision, design actors exchange arguments based on objects.

(Jeantet, 1998) consider the intermediary object as tool to enhance cooperation between design
actors. In fact, the work of(Grebici, Rieu, & Blanco, 2005) focused on the characterisation of
intermediary objects and design parameters in order to facilitate the exchanges in design process.
This study refers to(Lécaille, 2003) who defines different types of objects according to the space of
collaboration. He describes the evolution of shared or exchanged design artefacts within the design
space:

e The draft refers to the state of an artefact which is the proposal of an actor

e The exhibit is the state of an artefact to which a modality of argumentation is applied. The
exhibit is used by actors to convince each other about an existence of a problem, or to
present a solution in order to exchange opinions.

e The enabled trace state (Enabled) resulting from the approval of the other actors; The
enabled trace is the state of an artefact to which a consent modality is applied.

According to Lecaille, the evolution of an artefact through the design spaces is not linear. (Grebici
et al., 2005) considers Lecaille's approach and add the deliverable status. The deliverable is
defined as an artefact subject to formal verification and validation procedures at the end of a
design process, communicated to external actors in the organisation:
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Figure 30. Theoretical model of the evolution of the maturity of an intermediary object during a design phase (Grebici et al.,
2005)

Following this method, which consisted in identify and analyse the 10 between design actors provide
a more in-depth understanding of the design activity.

Vinck(Vinck, 2009) adds a dimension to the intermediary objects in the design process, through what
he calls the equipment. This is necessary when the objects go beyond the boundaries of the team or
department and acquire a public status. This concept will be discussed in the next paragraph.

2. Boundary object
The circulation of intermediary objects makes them shared between different areas of expertise
during the design process. Different design actors collaborate within multi-skilled environment. If we
consider the limits of the fields of expertise, these constitute boundaries and the objects that are
produced and intended to serve as intermediary between these areas of expertise are referred to as
the "frontier object". Here we come close to Star's concept of a boundary object in his famous
article(Star, 1989). For Vinck, they are born in action and support interaction between designers. He
distinguishes that intermediary objects can mediate, and frame action by their form and their
materiality (Vinck, Jeantet, & Laureillard, 1996). The boundary object is an intermediary object that is
flexible enough to be adapted to the specific needs of the different actors who use them and are
robust enough to maintain a common identity(Star, 1989). In his work on heterogeneous problem
solving, Star observes that despite the existence of considerable differences between scientists from
different disciplines, they manage to cooperate in a very successful way. The author then describes
boundary objects as objects that serve to provide a context shared between these actors. Four types
of boundary objects are defined by(Winget, 2007) as follows: repositories, the ideal type boundary
object, coincident boundaries and standardised forms.

1. Repositories consist of a set of objects classified and indexed in a standardised way, such as the
library or the collection

2. The ideal type boundary object is a general model that abandons local or singular specificities a
diagram or atlas, which does not comprehensively describe the details or specifics of any one locality

3. Coincident boundaries designating objects that share the same boundaries with different internal
contents depending on the community using it

4. Standardised forms are those information objects developed to facilitate the communication and
the reconciliation of various contents.
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The study of Carlile(Carlile, 2004) describes the three characteristics that make an artefact a
boundary object: syntactic, semantic, and pragmatic. According to the author, a boundary object
must

e First, establish a syntax or shared language to allow actors to clarify their knowledge. In other
words, develop a common vocabulary for the transfer of domain-specific knowledge.

e A boundary object must also provide actors with the necessary means to specify and learn
their differences and dependencies on a boundary. Pragmatic ability allows actors to specify
their needs, set common goals and transform them into domain-specific knowledge.

e Finally, a boundary object should facilitate the processes of knowledge transformation
between actors. It should provide actors with a semantic ability to identify new knowledge
and correctly transfer it to a specific domain. In case of a problem requiring collective
resolution, the shared object or representation must provide the actors with the opportunity
to negotiate, adjust, or modify it.

The concept of boundary object has been highlighted in different areas and adopted by different
scientific fields. The study of Lee(Lee, 2007) proposes the concept of Boundary Negotiating Artefacts
to describe the representations that are created and used during cooperation sessions. Actors who
have potentially conflicting positions can share these objects as coordination support. Created
artefacts are studied as tools of coordination, information support or mediation between different
actors. They are considered in various situations as extensions of human memory.

3. Shared representations
In design activity, it is important that design actors externalise and communicate between each
other. Various research studies highlight the creation of the common ground as a solution to improve
the communication between different actors. We can define the concept of common ground by the
representation of common knowledge between actors. Clark and Brennan (Clark, Herbert H.,
Brennan, 1991) assume that effective communication requires grounding activity. It actually
enhances co-creation between design actors through the shared representation of a current design
problem or design discussion.

The study of Visser (Visser, 2006) also underlines the role of creating a common ground during the
co-designing activity. She states, “It is then essential that designers, who each also have their
personal perspective, establish a common ground”. Then, she explains that based on the common
ground, design actors can efficiently create shared representations, which are the “concern
agreements, especially on the definition of tasks, states of the design, references of central notions,
and weights of criteria and constraints”.

Many other studies were interested in the concept of shared representations and the role they play
in facilitating the design task. For example, Conklin(Conklin, 2006) states that clarifying
disagreements in work group can be assisted by shared displays. In other words, when ideas and
concerns are mediated via shared display, it helps participants clarify the nature of their
disagreement.

From a cognitive perspective, the studies of (Thi, 2013) and (Cassier, 2010) underline the importance
of shared representations in the understanding of decisions and argumentation for the evaluation of
solutions. In their study, (Boris & Whyte, 2009)explain that these shared representations in
collaborative design are knowledge support. They belong to several domains and serve for
coordination or as a mediator as well as a support for information.
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Our research work studies the design objects and their uses in collaborative design. The importance
of shared representations in the design process, especially their impact on the interactions between
design actors. We will evaluate their effect on supporting collaborative design activity and to which

extent these design objects leverage the end users in design task.
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2. Research problem: the improvement of collaborative interactions
based on Spatial Augmented Reality artefact

1. Collaborative design process as communication through design artefacts
Communication is a relationship built between two people who share knowledge, affinities,
languages etc. It creates and transforms the common knowledge between the actors and their
respective ones.

On one hand, the communication during the collaboration is characterised by a confrontation of
different points of view: on the object, the knowledge or the project. It uses verbal argumentation
and gestures, not necessarily design artefacts as a means of externalisation.

Schon (Schon, 1983) mentions the dichotomy between language and the action of drawing: "the
action of drawing and speech are parallel forms of conception, and both sets constitute the language
of design". Based on this study, Coyne (Coyne, Park, & Wiszniewski, 2002) confirms that a shared
drawing device, visual contact (gaze direction), information sharing, and the use of a drawing board
affects how designers work. Therefore, we can state that there are several channels for
communication. Thus, communication channels can include speech, eyes contact, the gestural
aspects and design artefacts (intermediary objects).

If a design team wants to perform a collaborative activity in a shared workspace there must be the
execution of a certain number of actions: creation of intermediary objects, organization of existing
intermediary objects, exploration of the space or of a set of intermediary objects.(Kuwana, Yana,
Sakamoto, & Yuzo, 1996).

One of the main features of intermediary objects is to represent a local language. They form a
cooperation space where the actors can build the product together. The goal of design activity is to
realise a product or a service that meets a need. In order to achieve this goal, design actors
collaborate on a range of sub-tasks involving multiple design representations and objects.

Perry and Sanderson(Perry & Sanderson, 1998), assume that design work is constructed through
interactions between different actors. In addition, they consider that artefacts and design
representations play a key role in the organisation of the design task.

In fact, (Rosenman & Gero, 1998)state that people operate in a socio-cultural environment, while
objects are part of an artificial or techno-physical environment. All integrated into a socio-technical
environment.

Collaboration around design objects can thus be an interaction between several actors, who can act
or look at an object at the same time while virtually constructing an artefact. This type of interaction
is different because when we look at 10s, we do not necessarily address a single actor, asin a
situation of conversation. Therefore, the work on design artefacts seems to be more open.

Several studies in the literature agree that the design of complex products is done largely during the
negotiation and argumentation phases between participants, through proposals, essays and
evaluations(Budker, 2000) (C.M Eckert, Cross, & Johnson, 2000). Studying interactions between
designers is therefore one of the main ways to understand the mechanisms of design. In addition,
proposing and introducing good methods and tools of communication has a direct influence on the
improvement of the design.

One of the main approaches to study design communication is to look at the links and boundaries
between participants who communicate. According to their study, where they qualify design as the
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link that connect participants, (Finger, Konda, & Subrahmanian, 1995) argue that concurrent design
must focus on how these connections among participants are created, maintained, and expanded.

Design communication is dealing not only with the interaction between the designers, but also with
the interaction between the designer and his environment, i.e. how the designers act in a given
situations. Different cognitive approaches attempt to understand how designers think and
act(Stempfle & Badke-Schaub, 2002), or the communication strategies they follow(Gero & Mc Neill,
1998)(Maher & Tang, 2003)according to different contexts.

On the other hand, many studies on design communication focused on artefacts. There is now
general agreement between the researchers on the crucial role of artefacts in design communication
(Perry & Sanderson, 1998)(Claudia M. Eckert & Boujut, 2003). Schon (Schén, 1983) highlights the
central role of artefacts in defining design as a reflective conversation with materials. There are
multitudes of artefacts created and shared during design, such as sketches, technical
representations, functional diagrams, or schedules. They are created and shared to represent
constraints, forms, functions, materials, etc. Bucciarelli (Bucciarelli, 2002) defines artefacts as a basic
way allowing designers to express and externalise their thoughts. However, they are also objects of
interaction, providing designers with communicative resources(Robertson, 1996). They form a
common ground between participants from different fields, to be aware of differences in
interpretation and conflict, to achieve a shared understanding, to negotiate, and to decide. They are
also objects that reify collective agreements(Bucciarelli, 1994).

2. Research questions
The study of human-to-human communication cannot be considered as a simple process of
information transfer between interlocutors(Hisarciklilar, 2008). This study must look at the dialogical
and evolving aspects of communication, in other words, how the interlocutors co-construct the
meaning for communication.

In the case of collaborative design situations, the need for communication becomes crucial, due to
the strong interdependence between the participants.

The actors make argumentative and dialogical exchanges, in order to elicit their specific points of
view, to argue the design and to make collective decisions. The actors need to build connections
between the different aspects that make up the design task, while offering the other actors ways of
expressing mutual knowledge, in a logic of convergence to a decision in order to successfully
complete the design task.

They also need to converge to a collective understanding of the design situation: its objectives, the
artefacts that represent it, its evolution, etc. Thus, artefacts have an important role in
communication between participants. They are not only means of expressing and externalising
thoughts for the designer, but they are also objects of interaction, serving as a common basis
between participants from different fields and backgrounds, which allow argumentative
communication.

In face-to-face collaborative situations, language and gestures accompany graphic expression for a
robust argumentative communication. The actors use the language to achieve a shared
understanding of the graphical objects by reducing ambiguity.

Moreover, as design teams involve clients and end-users in the design loop today, these teams are
increasingly using innovative technological tools that are often not familiar for the majority of
participants. However, communication in the design phases requires adequate supports, especially
around 3D representations.
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Our research questions will concentrates on characterizing the improvement of collaborative
interactions based on Spatial Augmented Reality artefact . The focus is on the effect that this
technology has on interactions between different participants depending on their type. In addition,
the question will be on the extent of spatial augmented reality tool can enhance communication
between design actors. Then, we will study the effect of this technology through its mixed artefact
on the involvement of clients (or end-users) in the collaborative design task.

We formulate our research questions as follow:

e Research Question®: How the integration of spatial augmented reality platform influences
the interactions occurred in collaborative design meetings?

e Research Question®: Does the use of spatial augmented reality prototype has an effect on
external stakeholders’ participation in collaborative design task?

These questions will be investigated by the rate of participants’ involvement of intermediary objects
that we call artefacts during collaborative situation. Then we will measure the rate of involvement of
artefacts in purpose of communication.

3. Checking the validity of research problem: Design a controlled study
This section aims at presenting how we check the validity of our research problem. Our research
questions deal with the potential impact of new technologies as spatial augmented reality can have
on collaborative interaction. Through this pilot study, we want to check if the use of SAR fosters the
design task comparing to the conventional way of work. If it is the case, we assume that this
innovative technology enhance the communication between design participants.

Firstly, the main driving motivation was to investigate the potential link between Spatial Augmented
Reality and communication between design session participants. SAR is a form of augmented reality
that is independent of the user’s position, often relying on projection, but also video and holographic
displays, to combine the digital and real world together. Therefore, we set a controlled study to
mimic a real collaborative design activity(Giunta et al., 2019).

The technology used in this experiment was based on the developed platform by the SPARK
consortium. This platform was developed to support designers, clients and end users during
collaborative design sessions. The way SPARK supports the collaborative aspect is by providing a
shared representation that all participants can see and collaborate on and which reacts to their edits
in real time, allowing for feedback to be actioned instantaneously.

The main metrics we used for this study are the measurement of interaction intensity and the
comparison of communication behaviour in different conditions. We will investigate whether there
are significant differences in the number of interactions within the design meeting involving a SAR
tool and a non-SAR set-up.

a. Describing the emulated collaborative design activity
The collaborative design activity to be emulated involves two participants: one playing the role of
client and one representing the designer. The task is that the client shares the details for a target
packaging to the designer so the latter can reproduce the same design elements through his digital
interface.

The target model is shown hereafter. Only the client was allowed to see the model but could
otherwise describe it in as much detail to the designer.
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Figure 31. The study target model used only by Client

The task given to the participants was to replicate the target model on the shared representation (on
the mixed prototype or on the PC screen). Participants were informed that the session would be over
whenever the client felt confident that the shared representation was a satisfyingly accurate replica
of the target model they held.

b. Experimental Setup
In this paragraph, we detail the experimental set-up and conditions and then explain how this study
enables us to investigate the comparison of communication behaviour in different conditions.

Designer blet Intert Designer
ablet Interface
Q_ Camera Tablet Int\erface .’_ Camera \
PC Screen MY SAR Model B
Target|Madel Target|Model
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Sight Guard Sight Guard
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Figure 32. Schematics of Experimental Set-Up(Giunta et al., 2019)

The figure 32 above shows the two experimental set-ups for both the SAR (Right) and the traditional
shared PC screen (Left), respectively.

Seven sessions were recorded involving fourteen participants recruited by our partner University of
Bath. Participants were recruited from the Faculty of Mechanical Engineering and Faculty of Electrical
Engineering. The participants playing the role of designer had experience with Computer Aided
Design (CAD). The participants were all students in postgraduate or final year bachelors in order to
guarantee the same level of competences. In order to post-process, the data gathered in this study,
we set three cameras for each session.

The objective of the session was for the designer to accurately replicate the Target Model held by the
client. To control the scenario further, the client was informed that they were not permitted to show
the Target Model to the designer and the designer was informed that they were not permitted to
show the interface of the tablet for editing the shared design representation.
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The SAR system could be seen by both participants and project graphical elements onto a shared
physical model fixed to the top of a turntable. This turntable was available to be manipulated by both
participants.

The experiment had two conditions: PC and SAR the difference between the two sessions was how
the shared representation was displayed. In one condition on the PC screen and in the other using
the SAR mixed prototype fixed in middle of table. A touch interface was used by the designer. This
modifies the shared representation in both the SAR and PC set-ups. All the necessary assets to
replicate the design held by the client were here as well as some additional useless assets. The
interface was not changed across the different session types. The designer was provided in both
conditions with this interface.

Figure 33. The interface the designer was provided with in both conditions

c. Data Analysis and results
In order to understand the design communication that occurs in collaborative sessions, different
typologies of interactions between participants need to be observed and analysed. The interaction
centric framework (chapterl on Part Il) is based on the capture of interactions through different
types of artefacts: tangible prototypes, digital, mixed and ephemeral for gestures performed by
participants.

Figure 34. Design meeting with PC condition. The shared Figure 35. Design meeting with SAR platform. Particip