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ABSTRACT

This paper presents two independently developed design methodologies: Environment-Based Design
(EBD) and X-Development. These two methodologies share exactly the same foundation: design is
based on environment. The environment is where the designed product is to work. The environment
was there, is there, and will still be there. Any design action changes only the environment. This paper
thus conducted a preliminary comparison of these two methodologies. This coincidental convergence
of two design methodologies provides one kind of support to the each other. Future work will be
focused on the formalization and refinement of X-Development through the mathematical operations
included in the EBD.
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The research represented in this paper stems from a coincidental meeting between the two authors in a
workshop in November 2010. The two authors happened to find that they share so much about design
research, ranging from the philosophy/logic of design to the process of design. Nevertheless, the paths
leading to the same understanding are different. One was axiomatic whereas the other was
retrospective.

The core of the common understanding is: design is based on environment. The environment is
where the designed product is to work. The environment was there, is there, and will still be there.
Any design action changes only the environment. Therefore, design comes from the environment,
serves for the environment, and goes back to the environment.

In the rest of this paper, we will first review briefly the existing literature in design theory and
methodology. In section 2, our respective work: Environment-Based Design (EBD) and X-
Development, will be introduced. Section 3 shows a preliminary dialog between the two
methodologies. The last section gives remarks on the implication of the work and the future research
issues.

1 LITERATURE REVIEW

Compared to the long history of design practices, the study of design theory as a scientific discipline is
quite young. This study has become more and more important because of an increasing need of “Best
Design Practice” in optimizing the available yet limited resources for the benefit of mankind. As a
result, a variety of design theories and methodologies have been proposed in the last several decades,
such as the Systematic Design Methodology [1, 2], Decision-Based Design theory [3], Theory of
Inventive Problem-Solving (TRIZ) [4], Axiomatic Design [5], General Design Theory [6], Formal
Design Theory [7], Total Design of Pugh [8], Adaptable Design [9], C-K Theory [10], Affordance
Based Design [11] and Axiomatic Theory of Design Modeling [12].

Early design methodologies are mostly based on experience and practices. The systematic design
methodology was developed in the 1970°’s by German professors Pahl and Beitz [2]. This
methodology divides the design process into four phases: product planning and clarifying the task,
conceptual design, embodiment design and detail design. The methodology of total design provides a
design framework for a structured design process model, which is the application of design
methodology in design practice [8]. It uses Concept Selection Process to choose the best concept from
a series of candidates according to some criteria using a Pugh Matrix. It can be used not only in overall
conceptual design process, but also for concept decision of system components.



Researchers have also attempted to develop design methodologies based on axioms. By viewing
engineering design as a decision-making process, Decision-Based design aims to maximize the value
of a designed artifact through applying the rules of decision theory to the decision-making process in
design [3]. The axiomatic approach to design provides a general theoretical framework for all design
fields. The theory is applicable to many different kinds of systems, including machines, large systems,
software systems, organizations, and systems consisting of a combination of hardware and software
[13]. The Theory of Inventive Problem Solving (TRIZ) [4] is developed by G.S. Altshuller and his
school in the former USSR, based on an extensive study of the World Patent Database. The central
concepts of TRIZ are contradiction and ideation. Though TRIZ provides possibilities for effective
solutions of difficult problems, it needs intensive training in order to have the specialized knowledge
to use it properly.

Mathematical approach to design, though deemed as an impossible mission by many researchers in
design community, has also been made some progresses. General Design Theory (GDT) is a
mathematical theory of design, which is proposed by Yoshikawa and extended by Tomiyama for the
development of advanced CAD (computer-aided design) and for innovative design from the research
results of a group [14]. GDT tries to explain how design is conceptually performed with knowledge
manipulation. It formalizes design knowledge based on axiomatic set theory. In further developing the
GDT, the Formal Design Theory (FDT) tries to develop a domain independent core model of the
design process. The FDT explores issues such as the algebraic representation of design artifacts,
idealized design process cycle, and computational analysis and measurement of design process
complexity and quality [7]. A science-based approach to design provides a formalized design
representation and design process that captures the dynamic, evolving, and ill-structured nature of
design [15, 16]. This science based approach was further developed into the Axiomatic Theory of
Design Modeling which can be used to derive formal models of design that represent the syntactic
structure of hierarchical evolving design objects and the dynamic design process [12].

Apart from the mathematical and methodological research of design, the nature of design process
has also been studied by many researchers. Simon attempted to transform design into a search based
Al problem by decomposing an ill-structured design problem into a set of well defined problems [17].
Zeng and Cheng proposed that the logic of design is recursion where the conclusion (design solution
or concept) is recursively dependent on the major premise (design knowledge) [18]. Design is thus a
process to simultaneously produce both the artefact (design solution or concept) and its behavior
system (design knowledge) [18]. This logic form was later further discussed by Roozenburg [19].
Dorst and Cross examined this solution-problem co-evolutionary process through a protocol analysis
experiment [20]. Hatchuel and Weil introduced the similar concept in C-K theory where the core is
also the recursive dependency between the space of “Concepts” (C) and the space of “Knowledge” (K)
[10]. Based on the intuition that design aims to change an existing environment to a desired one by
creating a new artifact into the existing environment, Environment-Based Design (EBD) [21-23] was
logically derived following the axiomatic theory of design modeling [12]. Environment-Based Design
(EBD) provides step-by-step procedures to guide a designer throughout this environment change
process to resolve the recursive nature of design [18, 23, 24].

A major problem faced by all the design methodologies is how to validate them. Experimental
validation and case studies are two most widely accepted approaches for testing a design methodology
[25]. EBD has been under those tests over the years (for example [26, 27], among many others).
Another interesting validation could be the convergence of independent research efforts. This paper
presents such a case for both the EBD and X-Development.

2 THE TWO METHODOLOGIES

2.1 Environment Based Design (EBD)
Intuitively, design is a human activity that aims to change an existing environment to a desired one by
introducing a new artifact into the existing environment. Environment-Based Design (EBD) is such a
design methodology that provides step-by-step procedures to guide a designer throughout this
environment change process. The underlying principles behind the EBD are that design comes from
the environment, serves for the environment, and goes back to the environment.

Environment-Based Design (EBD) [21-23] was logically derived from the observation above
following the axiomatic theory of design modeling [12] and based on the recursive nature of design



[18, 24]. As illustrated in Figure 1, the Environment-Based Design includes three main activities:
environment analysis, conflict identification, and solution generation. These three activities work
together progressively and simultaneously to generate and refine the design specifications and design
solutions.
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Figure 1 EBD: process flow [22].

The objective of environment analysis is to understand the real meaning of the design problem by
identifying the real intent of the design and the complete requirements that can be made available
based on the current knowledge of the design. The basic tools include a roadmap for design
requirements defined by the environment-based classification of product requirements [28] and a
question asking algorithm [29]. Recursive Object Model (ROM) [30] is the foundation and result of
the environment analysis.

In some cases, the ROM diagram generated by environment analysis already included partial
design solutions. Under all situations, three basic domain-independent rules can be applied to identify
potential conflicts between relationships in the ROM diagram [22]. The three rules will identify the
conflicts between constraint and predicate relations. In the case of multiple conflicts being identified,
the structure of ROM diagram can be used to prioritize the conflicts so that the major/critical conflict
will be dealt with first [23].

Instead of producing a comprise for an identified conflict, the EBD will generate a design solution
by first looking into the ROM objects that are associated with the conflict and then adding, removing,
or separating an object implied in the conflicting relation. The design solution will thus redefine the
ROM diagram, which triggers another round of design.

The EBD is a logical and recursive process that aims to provide designers the right direction for
solving a design problem. The three activities can be carried out simultaneously for an experienced
designer.

Mathematically, the EBD process can be represented by structure operation, denoted by .

Structure operation can be defined as the union () of an object O and the interaction (®) of the object
with itself [12].
Bo=0u(0®O0), )
where @0 is the structure of the object O. Everything in the universe can be seen as an object.
Interactions between objects are also objects. Examples of interaction include force, movement, and
system input and output. Structure operation provides a means to represent a hierarchical system with
a single mathematical expression. The application of structure operation can be found in the
representation of sketches [31] and linguistic information in design [30].

Due to the capacity of human congnition and the scope of an application, a group of primitive
objects can always be defined as [12, 30]

@07 = 07, )
Equation (2) means that a primitive object is an object that cannot or need not to be further
decomposed.

In the design process, any previously generated design concept can be indeed seen as an
environment component for the succeeding design. As a result, a new state of design can be defined as
the structure of the old environment (E;) and the newly generated design concept (S;), which is a
partial design solution.
€D E;+1 =6 (E; US)). 3)

It has been shown that the environment structure, which is &5 E, includes the description of the
design solution at design stage i and the design requirements for the design stage i+1 [21].
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Figure 2 Environment Based Design: process [21]

Therefore, the EBD process can also be graphically illustrated in Figure 2, which implies the
recursive evolution of design requirements and design solution [18, 24].

The following explains the three steps included in EBD [22, 32]:

Step 1: Environment analysis: define the current environment system @E;.
BE =G (UL E;) = U (®E;) UUTL, Ut (E;, ® ), ()

jz#is

where n, is the number of components included in the environment E; at the i design state; Ej; is an
environment component at the same design state. It should be noted that decisions on how many (n.)
and what environment components (Ej;) are included in E; depend on designer’s experience and other
factors relevant to the concerned design problem.

Step 2: Conflict identification: identify undesired conflicts C; between environment components by

using evaluation operator K, which depends on the interested environment components.
Ci = KF(UJH_BZI UT::i{Ei-J"_ @ Eij:}' (5)
jz#is
Step 3: Solution generation: generate a design solution s; by resolving a group of chosen conflicts
through a synthesis operator K}. The generated solution becomes a part of the new product

environment for the succeeding design.

3Ci © G, Kf: o3 = 5, Ei44 =B (E;Us)). (6)
The design process above continues with new environment analysis until no more undesired

conflicts exist, i.e., C; = ©.

2.2 X-Development

The X-development method is resultant of a long, deep and slow analysis performed during about 20
years. The actual formulation was designed in collaboration with Mehdi Tahan (during his Master’s
project) [33], Amara Touil (a PhD student), and Prof. Philippe Le Parc (through his helpful
participation and comments).

The fundamental assumptions are:

- each artifact system is made of material extracted from the environment, which includes the
earth, fluids or other materials. The trash produced during the usage an artifact system is put
back to the environment. Finally, the system itself is put back to the environment after use;

- the environment has existed before the creation of the system;

- the environment will remain after the usage of the system; and

- each system is first designed, then produced, and used.

Starting from these ideas we have searched how the different existing methods used for the
development of technical systems could be associated and combined. We have adopted a retrospective
or synthetic point of view as is shown in Figure 3.

We have considered that each system could be produced only when its definition is completed. The
materials needed to produce the system should be available when the production starts. By using the

'\ shaped representation of the well-known waterfall method, we have added a left leg to represent the
fact that the bulk materials and the standard elements have to be collected before the production. The
resulting representation is A shaped. At the bottom of the graph we have added a rectangle to represent
the environment existing before the beginning of the process and still remaining after the whole
lifecycle.
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Figure 3 Scheme of the X-development method.

Furthermore, we have added the right arm to the graph to include the famous V-cycle [34], which
leads to the X shape: A U Y — X. We consider that the crucial point of the graph is the meeting point of
the branches. Above this point, it is the field of the information, data, software and others whereas
below this point it is the physical and material field. We have drawn a horizontal arrow through the
central point to represent time. The whole scheme could be understood as a PERT - each line as a task
and each node as a transition between tasks. The process of the design begins on the upper left branch
by the definition of the specifications. Early during this stage the designer should specify the
environment in which the system will work and the borders between this environment and the system.
Then the exchanges between the system and its environment will be mostly known and so is the
geometry of the interaction. This knowledge is sufficient for choosing the materials that should be
used to build the structure of the system [35]. So it is possible to start the task of the selection of the
materials and real elements to be used in parallel to the engineering design process.

We denote P as the set of the performances of the system, G the set of the geometrical parameters,
F the constraints, and M(p) the combinations of the p properties of the materials. P is resulted from the
constraints F, the choices of G and M(p).

P« f{F, G, M(p)} (7)

Obviously in the set of F constraints there are parameters with physical dimensions like mass,
energy consumption, the lifespan of the system. The physical dimensions used to define these
parameters are not only length. We have exactly the same situation in the cases of P and M(p). It
appears that the system is evolving in the environment between the causes and the effects,
transforming constraints and consumptions into performances. In the case of systems changing the
nature of the physical dimension of the causes into other dimensions of the effects, e.g. electrical
power into light or heat into mechanical work, there are equations and inequality where M(p) and F
are mixed with the G variables and parameters. In these equations and inequalities G is separable of F
and M(p). Then we can write the separable character of the equations and inequalities:

P« f1{F,M(p)}f2{G}. 8)

The problem of the designer is to start the process. He has an alternative choice, solving first f1 and
then f2 or the opposite order solving f2 then f1. The great advantage of the first order is that the choice
of the materials is made earlier. Then another team could take care of the choice of the provider, prices
and contracts. This last team could give to the design team the deadline to deliver the complete
definition of the system. The manager of the design team could separate the work and evaluate the
workload of each designer. There are vertical arrows not drawn in Figure 3 matching on these



information exchanges. These quantities are physically dimensioned below the middle horizontal line,
and above they can be transformed as dimensionless variables and parameters.

The shape of the rectangle of the environment means that its size is constant and all the materials
used to build the system and its consumption will go back to the environment at the end of the lifespan
or will be recycled or reused. The result is that the system modifies the environment during its usage
and after. If these aspects are not taken into account at the beginning of the design we can have bad
consequences. One solution is to compare these modifications during the first stage of the design when
several solutions are possible. When the materials are chosen first, before the geometrical details of
the parts and the assemblies we can do it [36].

Figure 4 lteration process of the X-development for same usage system.

On the right of the central node of the scheme, the production process of the parts and the
assemblies starts below the middle line, beyond the integration process of the software is performed.
At both ends each result forms an integrated set. The software is commonly embedded inside the
whole system.

The bold line at the end of the upper right line means that the size of the data and software is not
limited. The size of the knowledge is not limited, but the knowledge has to be well organized to be
reusable for further systems. The ideal reuse of immaterial knowledge, data, and software is sketched
in Figure 4.

3 THE DIALOG

3.1 X-Development from EBD Perspective

It can be seen from the fundamental assumptions underlying X-Development that environment is a
constant element behind the evolution of an artifact. An artifact comes from environment and will
become a part of environment. The entire lifecycle of an artifact is associated with the environment.

In X-Development, the causes and the effects are the driven force for generating solutions whereas
conflicts are considered in EBD. Environment is divided into the material environment and immaterial
environment in X-Development; however, three components in EBD - natural, built and human
environments are taken into consideration. These are two different representations of the environment.

For solution generations, both methods share the same idea that a product/system being designed
changes the environment during the life cycle; but differences exist. In X-Development, it is
emphasized that the materials are chosen first in order to solve f1 and then 2 in Eq. (8). A problem
may arise: how to choose the materials? Since the material selection may be constrained by the both
functional and structural requirements, M could be a function of F and/or G. Indeed, in many cases, G,
F and M(p) are highly coupled. For example, nickel-titanium alloy has a property of “shape-memory”
(M(p)), its geometrical parameters (G) may change under certain condition (F), say temperatures. As a
result, the performances of the system may be affected. Sometimes customers do not know exactly
what they really need for a product, and their requirements are often described in plain language. How
to find out the specifications shown in Figure 3 is not known in X-Development. In other words, the
designer should have a clear idea of “what kind of criteria/criterion should be followed” in order to
find the specifications and choose the “right” solution among potential candidates. In their own words,



“the problem of the designer is to start the process”, but X-develop does not provide any systematic
guidance on how to start. While in EBD, a designer focuses on the analysis of objects and their
relations, based on which choosing of the material is a part of solution generation. The selected
materials will be put back to the environment for the proceeding design. Since design solutions are
constrained by many environment components, some of which are implicit and must be identified
through a systematic approach [28, 29].

In addition, both methodologies consider the search and organization of unlimited knowledge.
However, X-Development in its current form lacks a guideline or method on how to achieve the
objective whereas EBD provides a question asking based guideline with a software tool for this
purpose [28, 29].

In summary, EBD and X-Development do share a common base, which is that design changes
environment and comes from the environment. This common base provides a mutual support between
the two methodologies. Though X-development is still in its preliminary stage, which is in demand of
systematic procedures to support the activities included in the development, it does include the
manufacturing activities as its component. EBD focuses on only the design stage of the product
development with manufacturing as one of its environment components. The actual manufacturing of
an artifact is not the concern of the EBD. For this same reason, X-development appears to be a method
for materials based engineering product development whereas EBD is a generic desigh methodology.
A feasible development is to use EBD as the theoretical tool to refine the activities in X-Development.

3.2 EBD from X-Development Perspective

The EBD is a formalization of the design activities, it seems that it could be used along the two first
lines on the upper-left side of the X to improve the rate, the evaluation of the quantity, the quality and
at last but not least, to reduce the environmental impact of the system along all the following phases.
When he starts a study using the X-development method, the designer has to compose a "supersystem"
centered on the interaction to be created or to be modified, and the elements of the environment
involved in it. The "supersystem” is not closed, nor isolated nor in equilibrium with its environment.
After this stage he checks all the known variables suspected to play a role, physical, chemical,
biological, economical, etc. This process is close to the process described above in the EBD theory
and illustrated inFigure 1. The designer is completely free to modify the border of the "supersystem”
and the exchanges through, taking elements from the environment or putting back to it. This freedom
corresponds to the iterative process described in the EBD theory and illustrated in Figure 2. This last
one could be understood as an oblique projection on a layer orthogonal to the arrow of the time in
Figure 3. Hence, during the design process the solution is dramatically influenced by the environment,
and this last one is modified by the solution, because the designer is working with a "supersystem". To
associate an immaterial expression of the design problem to the material one, we use the dimensional
analysis which can facilitate application of the EBD theory to X-Development.

Though we tried to use the tools and methods of the “Model Driven Engineering” (MDE) [37], the
theoretical and systematic approach implied in the EBD could give us a new formalism and paradigm
to model the transformations among activities in the X-Development. On the right hand side of Figure
5, we present the waterfall method [34] while the MDE is on the left hand side. The basis of the MDE
is that during the development of a system we should use the maximum of models and software to
produce and perform the maximum of documents, codes, drawings, test, proofs, simulations, before
the production and the real usage. Today all of these models and related data are stored on computers
and usable with these. In fact all the software and data-base could be modeled using the same
universal modeling language because all the computers use algorithms and run similarly.

The recursive evolution of design requirements and design solutions described by Zeng and Cheng
[18] can be a foundation for the recursive development process shown in Figure 5, where several
arrows are going from the information field on the left to the real field on the right and several others
are coming back from the right to the left. In particular, the dashed arrow reaching the know-how
indicates that the process is dynamically modified and updated.

Because the X-development method has two poles of concern, one centered on the material aspects
and the other centered on the immaterial aspects, it could be seen as more suitable for mechanical or
civil engineering.
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4 CONCLUDING REMARKS

This paper presents two independently developed design methodologies: Environment-Based Design
(EBD) and X-Development. These two methodologies share a common foundation: design is based on
environment. The environment is where the designed product is to work. The environment was there,
is there, and will still be there. Any design action changes only the environment. Based on the
description of each methodology, the similarities and differences between the two methodologies were
analyzed. The EBD can be taken as a theoretical foundation for the further refinement of X-
Development whereas X-Development can be used as a test bed to validate EBD.

The dialog and comparison presented in this paper is far from conclusive and it is even to certain
extent superficial. However, the coincidence of the independent development of similar ideas does
provide an interesting insight to both methodologies.

Future work will include the formalization of the preliminary ideas implied in X-Development by
using the formal mathematical approach included in the EBD and conducting case studies.
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