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Abstract

The presence of immature concepts makes decision-making difficuipstream phases of a development
project. A company enthusiasm to improve product performance by exploring nowelegts is hampered by a
low maturity that results in an inherent risk of cost overrunssehddule delays. Besides this, decisions taken
during conceptuabtlesign phasebave a critical impact on product life cycle cost. In this context, a useful
practice is to develop two or more concepts in parallel and delay deciakingruntil sufficient knowledge is
generated. Even so, a preliminary screening of concepts is usuallgdneecause of the substantial resources
and time required for the development activities. In this paper, @pbscreening approach is proposed at the
conceptual design phase on the basis of two metrics. The firss@sseék related to the non-completion of
design criteria while respecting available time (consideraifodeadline) and company resources. The second
metric assesses the expected performance of novel concepts comparedewattisting products. luses
preference functions and generalized ordered weighted averaging (GOWAjoap€uzzy logic tools are used

in the two metrics to capture and propagate imprecision in the descriptiesigh and external environment. In
order to prove its value, the proposed approach was applied to thepoesetoof a solar collector in an
industrial environment.
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1 Introduction

In a broad sense, the ability of decision-makers to choose the best desgpt in engineering design is
strongly conditioned by two factors: (i) having a clear definitioml@dign requirements, and (ii) being able to
evaluate or predict the performance of the proposed design caoncepsglity, it is very difficult to predict
accurately the performance of immature concepts and design regniseare usually vague and imprecise in
the early phases of a development project (Giap@0I0). In addition, life-cycle cost can be influenced up to
70% by decisions taken durirgarly phases of the development proceZsnfner and Zablit 2001 These
discrepancies constitute the product development paradox (Ullman 2003; Reich 2008).

In order to address this paradawany design departments adopt the set-based conceptual design (SBCD)
approach (Morgan and Liker 2006; Ward 2007; Sobek et al. 1999) witsists in developing several concepts
in parallel until enough knowledge is acquired to facilitate the selection of teeappropriate one (Fid.).

This can significantly minimize risk and reduce the cost of regrkttén development stages. The practice of
SBCD is still not formalized and is still human-dependent (Tomiyama 80@8). Although developing many
concepts is effective in minimizing risk, the usefulness of suphactice is limited by the substantial cost and
time required for the development activititsdeed, the step of generating concepts (patent analysis, creativity
procedures, existent concepts from previous projects, etc.) usuallys resiseveral concepts. Eliminating
operations are thus required to reduce the initial set of proposed coneelptthat it can be supported by
company resources and allocated budgets. Such an elimination pros¢sak&into account the global strategy
of the company behind the product development. It must also considerzitieeks in the description of the
initial concepts. Many authors recognize the importance of assessing agitinge concept maturity in
decision-making (Pahl and Beitz 1996; Ullman 2001; O'Brien and St8®®). Within our context, concept
maturity is defined accordingp Dunn (1990): "Maturity makes possible a "linear" design process, each stage
flows sequentially - no backtracking. Non-maturity results in an "orbitalc@ss", a circular sequence of
repetition, the total time taken being several times that for the linear prodessording to this definition, a
concept becomes mature when it requires little or no rectifications. At this, dtagy concept reaches its



maximum potential. Indeed, once a concept is chosen for developmehe lmpmpany, designers start the
embodiment design stage which consists in choosing principal desi@megiars such as rough arrangements
and selections of structural dimensions, materials, components and tgamdRahl and Beitz 1996). For an
immature concept, these choices are made with insufficient knowledge andessdtatine requirements are
usually not met. T consequences of concept maturity are thus closely dependent on tleeamatuevel of
requirements. Some authors define product maturity as the assocfatioomdedge and performance (Beth et
al. 2007; Drement et al. 2013). As shown in Fig. 1, the progfessnaept development is accompanied by a
narrowing in the set of possible combinations of design parameterso(finée element analysis, mechanical
tests, etc.) until the most suitable combination of design parameters is fboedclarification of design
requirements also accelerates the narrowing process, as illustrated in Fig. 1.

Fig. 1 Schematization of global development process in the contegt-dfased conceptual design

Apart from the risk of non-completioaf design requirements, cost overruns and schedule delays are very
frequent when developing immature concepts (Katz et al. 2014). This abpetd be taken into account when
selecting concepts. It is highly recommended that companieséeorcept witha high degree of maturity
(Katz et al. 2014; O'Brien and Smith 1995). On the other hand, ébeedto be distinguished from the
competition and to keep pace wishrapidly changing market, means that decision-makers are encouraged to
adopt an innovation strategy by developing novel concepts. Market corgretits through innovation is the
common strategy of developed companlasaddition, the company long-term sustainability may depend on

its innovation strategy (Sharif and Huang 2012). In summary, thieeclf the set of concepts to develop in the
context of SBCD is driven by both the need for performance ingonewnt and failure risk limitation.

2 Decision-making process in engineering design

Generally speaking, the decision-making procedure in engineergigndis composed of four steps (Collignan
et al. 2012): definition of candidate solutions, performance assessnienpretation of performances and
synthesis. The misguidance in the final decision is due to the associfationestainties occurring in each of
these four steps (Fig. 2). Understanding these steps and posdgiblgéaunies related to each of them is
important to correctly address the issue of aid to decision-making.

(i) Step 0: definition of candidate solutionsin our context, candidate solutions refer to design concepts.
When the maturity of a concept is low, development engineers déabwitmprecise description of the
design (imprecise definition of design parameters) since they haufficient knowledge to define a
precise design description. Howeydesign engineers may have preferences over a range of values a
design parameter can take. This can be based on their experience and the ¢oltegtedge on the
concept. Fuzziness in the description of design parameters makésuttdid compare concepts between
them.

(i) Step 1: performance assessmenerformances of each concept are assessed (mass, maximum stress,
carbon footprint, etc.) and are required to verify the satisfaction ofl igitfaria. These performances are
assessed using different kinds of behavior models (finite etemedels, expert judgments, mechanical
tests, etc.) that may be inaccurate and thus induce errors ssesggerformances. In addition, the
assessment of performances requires information on the external envitamdethis information also
can be uncertain.

(i) Step 2: interpretation of performances.Depending on their objectives and requirements, decision-
makers express their preferences towards each performance asteBssigners’ preferences and
requirements may also contain imprecision, or be unclear ané wage early design phases, which can
lead to additional difficulty in design-making in the field of engineedagign. In the rest of this paper,
acceptance threshold refers to a limit value of performance (set kjetigon-maker) that must be
satisfied by the concept. Otherwise it can be validated.

(iv) Step 3: Synthesisinterpretations of the different performances are combined by the dewisiker to
obtain a global judgement on the concept. This global judgementdssay to compare many concepts.



In this step, imprecision can affect the relative importance of criteristtendegree of compensation
between them.

Fig. 2 Decision-making process in engineering design

3 Uncertainty in input parameters

In our study, the input data for which uncertainty is consideredttarse related to design concepts (design
parametensard external environmental (environmental parameters). The uncertairitgse input parameters
can be aleatory or epistemic by nature. Imprecision, or epistemictaintgris related to a lack of knowledge
and can be reduced by further effoseatory uncertainty is linked to the intrinsic stochastic nature ofipdlys
phenomena and cannot be reduced. Probability distributions are suitaidel¢baleatory uncertainty dueite
probabilistic nature. Since a significant proportion of the uncertaintysdrom imprecision during conceptual
design phases (Antonsson and Otto 1995), only impogcisi considered in our study. Imprecision can be
guantitatively modeled using discrete/continuous intervals (Kreinovich £998; Muhanna and Mullen 2004)
or fuzzy sets (Wood and Antonssd889; Wang and Terpenn3004) These types of modeling are widely used
in literature. However, the question is whether it is sufficient to characterizé¢atieeo$ uncertainty in input
parameters. According to Krishnan (1996), uncertaimtipput parameters in a development project can also be
characterized by its rate of variation. He introduced the notion of variation asothebitity that information
reaches its final value. Since it is difficult to quantify this characteristiectibgly, he proposed to use the
gualitative scale in Table 1. These Ieveange from “0.2” for a variation that is stable, to “0.8” that is very
unstable, meaning that the probability that the object approaches its final igalery low. Since design
engineers have limited time and resources to reduce uncertainfyuinparameters, integrating the notion of
variation can be of interest.

Table 1 Variation levels of an activity (adapted from Krishnan (1996))

4 Need for a new approach

The main objective of the new approach is to help decision-ma&duse the set of concepts to develop by
eliminating the least interesting ones. In general, when considering degiaking under risk, an important
aspect to take into account is the sensitivity of the decision-maker téfagd risk. In the context of product
developmentchoosing to develop a new concept is always subject to thefriskt fulfilling the minimum
design requirements and/or exceeding the project deadline. ParadoxXieatigvelopment of a novel concept is
usually motivated by the wish to obtain a high performance comparedewighing concepts. Generally,
decision-makers seek to achieve a satisfactory trade-off betweeskilamnd the expected performance in their
decisions. In the context of set-based conceptual design, where i sehcepts is selected for further
development, the nature of this trade-off may be different fromconeept to another. This can be explained
with a simple example. Assuming that the decision-makers have toectwemsoncepts for future development,
they generally choose at least one with high maturity ahijh chance of being feasible at project deadline.
Once this choice is made, the decision-makatceptance of risk will be much higher for his second choice.
Decision-makers must be prevented from developing only risky canoepleveloping only concepts expecting
a low gain in performance. In order to be able to use this logioméept selection, where different types of
trade-off are used between risk and expected performance, tlesedogpproach must provide decision-makers
with an evaluation of both risk and expected gain relative to the candidaja destcept.

As mentioned in Section 1, cost overruns and schedule delays areeeprgrir when developing immature
concepts (Katz et al. 2014). Another important aspect that must beitddetcount in the proposed approach
is the time available for development and the allocated budget. Desigreershave limited time and resources
for increasing the degree of product maturity.

5 Concept selection methods in literature



Various concept selection methods exist in the literature. Choosing dke appropriate method is itself a
critical decision as different methods can yield different outcomes for the matiem (Guitouni and Martel
1998; Okudan and Tauhid 2008). The choice of the most appropridiediistvery dependent on the decision-
making situation (Roy and Slowinski 2013). The decision-maket brisware of the underlying principle of
the chosen method and verify that it is in accordance with his ovisialemaking situation. The state of the art
proposed in this section aims to verify that the concept selection dsefhrmposedn the literature are
appropriate for our decision-making process.

Multi-Attribute Utility Theory (MAUT) is one of the most recognized and ategmmethods in decision-
making. It was initially proposed by Neumann and Morgenste944)for economic decision-making. Pahl and
Beitz (1984) were the first to incorporate MAUT into a systematic engimgedesign process. They suggest six
steps for applying MAUT in engineering design: (i) design criteria areefitsiblished (such as cost, resistance,
durability, etc.), (ii) these criteria are rated on a scale of 0-100 such thanihaf sue weights for all criteria is
equal to 100, (iii) evaluation parameters are then defined to enable quantificatiemcept comparisons with
one another (This corresponds to step 1 in Fig. 2), (iv) scores arpeakaig a utility to each of the evaluation
parameters (This corresponds to step 2 in Fig. 2), (v) utility thearged to calculate the concept value, which
is the product of the criterion parameter score and the criterion weightiig qdrresponds to step 3 in Fig. 2),
(vi) concepts are ranked based on overall utility and the concept withigiest utility score is selected.
According to Scott and Antonsson (1998), the use of a weightednsengineering design is not appropriate
since the aspect of decision-making cannot be compensated, contdegigmn in the field of economics,
where all aspects of decision can always be translated into associated qustpéted a set of mathematical
axioms that must be respected by an aggregation operator when dealiag efithineering design decision.

Pahl and Beitz (1984) utility theoy does not directly accommodate the analysis of imprecisely characterized
alternatives. By extending uncertainty representations to model imprecigilicitlyx it is possible to apply the
principles of utility theory to such problems. This can be donediygudiscrete/continuous intervads fuzzy
logic. The expected utility for a given concept is thus not knowecigely and becomes an interval or fuzzy
representation (as shown in jy.However, this can lead to situations of indeterminacy (Malak Jr et &),200
meaning that the decision-makers have no rational basis for choosirgocept over another. This situation is
illustrated in Fig3.

Fig. 3 Two examples of comparing decision alternatives with imprecigsectsd utilities. Case (a) is indeterminate because
of overlapping expected utility bounds. In case (b), there is aplefarence for concept A

Based on a fuzzy representation of expected concept utilities (as shown3) Rgubens (1989) proposed the
metric of weak dominance than can be interpreted, when applied to acgivegpt A, as the truth value of the
statement ConceptA is better thanX, for every concepX in the set of proposed concéptBy producing a
single value of concept evaluatiogheliminates the problem of indeterminacy and thus facilitates the selettion o
a concept. However, it does not respond to the recommendations in gestime it does not allow risk and
expected utility to be assessed separatedy us consider, for example, the casgifaFig. 3. Based on the
criterion of weak dominance, conceptand concepB yield the same score when using the metric of weak
dominance. However, conceptposes a risk of not being feasible since there is a possibilitthenatility of A

will be lower than the acceptable threshdlid)( ConsequentlyconceptB could be preferred to conceptfor a
decision-maker who is sensitive to risk.

Li et al. (2004) propose a joint probability decision-making technigB®i/) to select the most appropriate
concept. The JPDM technique is based on the multivariate probability tidw core of JPDM technique is the
construction of a joint probability distribution that combines the anmte distributions for each of the criteria
The probability distributions reflect the uncertainty associated with desfynition that is due to incomplete
knowledge. Te generated joint probability distribution serves in conjunction with a critevedoe range
required by decision-makers (Fig. 3) as a universally applicable olgefttinction. The objective function,
called Probability of Succes®dS), constitutes a meaningful metric that prevents the development of a concept
with low chance of success. However, the Probability of Successmesess not enough to compare concepts
and thus can lead to unjustified discrimination of promising cdecéys advocated in Section 2, the expected
performance must also be assessed. Considering the example B, Emncepts A and B yield the same



(PoS(A) = PoS(A) = 0.5). However, concept B is of greater interest than A since it has arhiypected
performance.

Fig. 4 Limitations of the JPDM technique

In the framework of utility theory, the use of lottery assessmemsstablish utility values for each of the
proposed concepts is another technique that takes uncertaintydotmtin the evaluation of concepts (Krantz
et al. 1971). Considering that concept A is evaluated against a certain cyitérf@n performance produced is
denotedx. This could be, for example, maximum strength, manufactedsy carbon footprint, etc. In order to
take the uncertafy into account in this assessmetite utility value yj‘ is established by asking a lottery
guestion: On a scale from 0 to 1, what is your numerical bq}jﬁfyou are indifferent between 1) havimg or
2) having the best performance with certainﬁ/and having the worst performance with certainty- .”uj‘ ?'. By
using a lottey assessmentiesigners’ attitude toward risks can be taken into account. Using an aggregation
operator, a single valye of concept evaluation can be obtained at the end by integration utility valeéssso
with each criterion. However, the principal limit of lottery assessmentriganiext is that the risk and expected
gain are not assessed separately (which is advocated in Section 4). Tagpests are expressed in a single
valuep.

Technology Readiness Level (TRL), a 9-level ordinal scale, relatedStéeel semantic scale (Mankins
1995), is a widely used metric in the aeronautics, aerospace andnsemglustry to assess maturity of
developed concepts. It allows decision-makemesrsure that a concept has enough maturity to be introdoted
the system. Conrow (2011) argues that mathematical operationgnpefaon TRL metrics can lead to
systematic errors because of their ordinal nature. He proposes a calibfdtie TRL scale based on an analytic
hierarchical process (AHP) that results in estimated cardinal values beingedstigeach TRL scale level,
allowing for mathematical analysis using TRLs as an independent vaiiabés therefore become possible to
aggregate it with other metrics. The state of pregpéan innovative technology (that is defined by TRL) can be
linked to eliminating imprecision in design definition and a concept avitigher TRL score hasbetter chance
of being feasible. However, TRL remains a coarse metric for the madéiting concept. It does not allow far
fine assessment on the state of imprecision in design definitigherBH et al. (2007) proposed to use TRL as a
first filter to eliminate concepts when the opportunity space is largehéyrecommend using a finer filter later
in the development process.

6 Proposed approach

In this section, an approach is proposed to support concept selictiba context of set-based conceptual
design under imprecision. As explained in Section 4, we aim at providiagpoach that can evaluate both risk
of failure and expected performance relative to each candidate design cortukptaking into account the
constraint on deadline and available resources. The proposed approashkiagbd on two metrics to support
concept selectianThe first is the risk criticality indexRCI) which evaluates the risk related to the non-
completion of design criteria while respecting available time (considerattid@adline) and company resources
The second metric is the overall desirability indé&D() which evaluates the expected performaateach
concept. The assessment procedure of these two metrics is described initinis sec

Each candidate concept (denofds characterized by its own set of design paramém?g, DP,f;} Ny
is the number of design parameters for con&epThe external environment is described by a set of
environmental paramete{EPl, ...,EPne}. n, is the number of design parameters. Contrary to design parameters,
environmental parameters are common to all candidate concepts and they alerexis our approach since
they are involved in the behaviors of proposed concepts.

The first step of the proposed approach is to characterize the impnecidive design and environmental
parameters. Two types of characterization are required in the constructientefo metricsRCI* and0ODI¥).
First, fuzzy logic is used to capture the actual state of imprecision in theseetmsaFRig. 5 illustrates fuzzy
representation for continuous and discrete parameters. The problem witmatuienconcept is that the design
engineers have not sufficient knowledge to define the most appropriateofalkesign parameter with respect



to design criteria. Nevertheless, they usually have a preference towards areegairof values. Using fuzzy
numbers makes it possible to capture the design engineers’ preference on a continuous or discrete set of values
on the basis of their knowledge, experience and know-how. Whemahgity of the concept is low, these
intervals are generally broad. They become increasingly finer teifudevelopment activities are performed.
Since input parameters (design and environmental parameters) are usiéerémtdengineering equations, a
propagation technique is needed. In our approach, the Vertex metmased by Dong and Wong (1987) is
used as a propagation technique. The second aspect of characterization congarietitrerate of imprecision
in input parameters, already discussed in Section 3. Concerning theidatienmof variation, which is also very
dependent on designer knowledge/experience, we use the scale proposistitgnkfi996) and shown in Table
1. The variation index of a given paramatés denoted>¢ in the case of environmental parametersighéh the
case of design parameters of a condept is important to note that the probability information reaching its
final value is determined irelation to the project deadline and available resources.

Fig. 5 Use of fuzzy logic to represent preference on input data. fa)afacontinuous set. (b) case of discrete set
6.1. First metric: Risk Criticality IndexR(CI)

Now that the imprecision in input data is characterized, the questionebds to be considered is: wigt
the risk related to the use of this data? In our context, we are interedtesl risk of failing to fulfil design
criteria while respecting the available time and company resources. Mappinghenggore be established
between the characterization of imprecision in input data and the rigkling to fulfil design criteria. The
procedure used for this purpose is inspired from FMEA (Failure NEfigets Analysis). This analysis is widely
used in industry and thus it has the advantage of being eadidystandable and acceptable by decision-makers
and design engineers. For a given condepet RCIX denote the assessment of risk related to the non-
completion of criterion. Three main components that characterize this risk are identified andtedalthe
likelihood of occurrence @), the likelihood of detectionD*) and, the severity of not fulfilling the criterion
(S;). RCI¥ is obtained by multiplying these three factors (EqFinally, the global risk criticality indexRCI*)
related to a concept is obtained by summing aliCI¥ (Eq. 2).m is the number of design criteria the rest of
this sectionthe three factor8;, D¥ ands; are presented and the procedure for calculating them is explained.

RCI¥ = 0¥.DX.s; (1)
RCI¥ = ¥™ RCI¥ (2)
6.1.1 The likelihood of occurrence

Given the imprecision in the description of design and environmentahptees, the performances of a concept
cannot be determined precisely. It is therefore difficult for the designesrgia verify precisely if a criterion
can be satisfied by a concept. Instead, it may be more appropriate to ctmsililezlihood of non-satisfaction
of a design criterion. Lep) denote the performance value obtained after the evaluation of a coOcEs
value can be, for example, mass, maximum stress, displacement, efgedtdmust be determined in order to
verify that criterioni is respected. Lgt* denote the function for assessing performapjtdor criterioni as a

function of design parametea_ié‘ = (DP{, ..., DP¥) and development paramet¢®P,, ..., EP,} such that:
pX = fX(DP¥, ..., DRX,EP,, ...,EP,) (3)

Functionf;* can be any procedure to assess performpficich as finite element analysis, equations, heuristic
methods, expert judgments, experiments on physical prototyped)sitg the Vertex method, imprecision in
input parameterss propagated through functiofif to performance?. Fig. 6 illustrates this procedure. The
result is a fuzzy representationygf. The likelihood of occurrence corresponding to critetiés calculated as
the ratio between the overlap surface (intersection between possible Vghifearal admissible values) and the
possible values (Fig. 6). This overlap region is represented graphicdily.i. The a-cut method is used to
calculate this value and is explained in Eq. 4, Eq. 5 and Bgi$the acceptance threshold for criterion



Fig. 6 Using the Vertex method to magesign space to performance space (case of one design parameteneand
environment parameter)

ASR;=1-<3N, C! (4)
With:
(0 if St < FL
cl= FS‘_FFgg ifFl < S' < Fl )
! if S' > F},
And:

Fig=a+1§><(b—a) ©
Fé=c+§x(d—c)

6.1.2 The likelihood of detection

In addition to the likelihood of occurrence, it is also importantdecision-makers to be able to eliminate
imprecision in the assessment of performapgesDetectability is therefore used in our approach to assess the
likelihood thata performance measugg® will be assessed precisely while taking into account the available time
(consideratiorof deadline) and company resources. To determine the likelihood of detegtif criterioni for

a given concepk, two details are needed on input parameters (design or environmental paratheter
variation indexess, determined using Table 1, and their impact on the output performaetcg’,-( denote the
impact of input parametgron criterioni. For the design engineer who uses fuzzy logic in the description of
input parameters and output performandemact measures; enable him to determine some information on
the coupling between the inputs and outputs of design calculatitrese Tmeasures can also be used to
determine which input parameters the design engineer can change wiileipgolittle or no effect on the
performance, and which parameters will alter output performance tls¢ Mloose parameters with little
influence may be fixed to the most-desired value by the design engiaselting in a simplification of the
design problem. Based on the Vertex method, Wood and Antonsson ({i@ff@)sed a-level measure to

calculate the relative impact of input parameters on output performance:-l€kiel measure is used in this
paper to calculate]. The likelihood of detectio®) of criterioni for a given concepX is calculated using Eq.
1.

X nx X X L yle X 0<¢ =<1
— X e :
Dif =Xz, civi + X2, cjjvi with netnx

j=1

@)

Sincec;} are normalized, final detectabilify;* will lie between 0.2 and 1 (same range of variation as variation
indexe$ and its significance can be determined using the semantic scale in Table. 1

Cji=1

6.1.3 The severity

S; estimates the severity of the scenario in which criterismot met. Severity is estimated using the qualitative
scale in Table 2These levels range from “0.2° for the lowest consequencet®s “1.0” for the highest
consequences.

Table 2 Suggested rating for the evaluation of severity

6.1.4 Notion of reference concept



In many industries, the design department needs to fix a matueshtiid for a product with a critical role in
the global system (Katz et al. 2014; Department of Defense 2011; GAO Z2ZMMig).lets the different
stakeholders know whether the concepts of the program havetatdeefevels of risk. The Department of
Defense, for example, fixes a threshold/8f.=6 (Department of Defense 2011). In our approduis threshold
is defined by two conditions: (i) thRCI of this concept must be lower than 0.05, (ii) a prototype oftimeept
must be tested in a relevant environment (equivalefiRfo=6) as proof of the validity of behavior models. In
this paper, a concept verifying these conditions is called the ‘Reference concept’.

6.2 Second metric: overall desirability inde(/)

In general, the acceptability of risk by decision-makers is very mapkrdlenon the expected gain. In our
context, this means answering the following question: if a decisiommagcides to invest resources and time in
development activities to addrasgmet criteria, what could the global performance of the concept could be. The
guestion is particularly pertinent when there is a pre-existing concephdbkablready been developed and
validated. Overall desirability index0DI) aims at exploring the possible performance that can be achieved by
candidate design concepts. The calculation procedure for this metric isfftdsin Fig. 8 and includes two
different steps, interpretation and aggregation, which are explained Adlew.correspond to step 2 and step 3
respectively of the decision-making process illustrated in Figt@p 1 has already been performed (fuzzy
assessment of performanqﬁfs within the calculation of the first metric.

6.2.1 Interpretation step

As explained in Section 2, this step consists in mapping between perfomzaieved by the candidate design
concept ) and the decisiomaker’s preferences. This mapping is performed using the desirability function
proposed by Harrington (1965). It associates to each performanakleaf® a desirability index§I;) between

0 and 1 that expresses the level of satisfaction related to the correspdasligg criterion. Usually, design
constraints are translated into strict constraints using inequality equatimmgleSirability functions translate
design constraints into soft-constraints, which allow a more realistimitaef of the design problem.
Harrington’s desirability functions were chosen because of their ease of parametrization and their
appropriateness to the three common types of design objectives, avkithounding low values of p}* is
better”, “bounding high values of pj is better”, and “closer to a particular target value of pj is better”. The
interpretation procedure is illustrated in Fig. 7. The Vertex algorithm is tespobpagate imprecision py to
desirability indexDI;* through Harrington’s desirability functions;.

Fig. 7 Interpretation procedure for a given design criterion
6.2.2 Aggregation step

Aggregation refers to the process of synthesizing a collection of humerigakvato a unique representative
or meaningful value in order to come to a conclusion or a decisiaur case, it enables us to obtaisingle
value that quantifies the general level of satisfaction achieved by aptdmcegard to the design criteria. For a
given concepk, this value is denote@DI* and is obtained by the aggregatiDI* of each design criteriain
The aggregation operator used is the Generalized Ordered Weighted Averaging (@@ynoSed by Scott and
Antonsson (1998), given in Eq. 8. This operator was chos®me the aggregation strategy is completely
adjustable by the choice of: (i) weights expressing the relative importance of criteria, and (ii) paranseter
expressing the degree of compensation between design cételimportant property of the GOWA operator is
that any solution in Pareto front can be reached by adjustiagds (Scott and Antonsson 1998jowever, one
must be aware that the interpretation of the given weights is not absolutepends on the degree of
compensation (expressed )y In other words, the method usteddetermine the weights must take into account
the value ok. In order to respect this constraint, here we use the indiffererioés pnethod (Scott and
Antonsson 2000), based on the definition of indifference design dsnttegi elicit the same performance, to
determine simultaneously a single value for parameterd for weightsy;.



ODI¥ = S/z;l(wj(le‘)S) (8)

Using an aggregation operator enables us to simplify the decision prelileenthe multi-criteria problem is
converted to a mono-criterion problem. In addition, the definition of alaty functions and aggregation
operator constitutes a means to capture and capitalize knowledge associatextigitimahakers’ preferences.

This is particularly important in collaborative design since it allows the diffestekeholders to have a formal
way of communicating about the decisimiakers’ preference. However, in order to avoid misleading decision-
making, the parameters feeding the construction of desirability functimhshe aggregation operator must be
assessed as accurately as possible.

Fig. 8 Evaluation model for Overall Desirability Indicator

In many development projects, a company already has a mature coscéipigdrom a previous project. In this
case, the purpose of developing a novel concept is to achieve a bettengeclt is thus appropriate that the
aggregation operator considehe reference concept in determining the performance of the novetpten
Equation (8) is thus modified to use the distance from the refecencept. The expression becomes:

ODI¥ = S\[Z;“(thﬂmix - DIHS) ®

DI} is the desirability index of criteriop for the reference concept! is a parameter introduced to take into

account the direction of the improvememf=1 when the improvement is positive amfi=-1 when the
improvement is negative.

7 Presentation of the industrial case

Compared to photovoltaic panels, the major advantage of Concentrating Solaf@8Reis the possibility of
storing thermal energy, so that electricity can then be produced irtsyilgnof the presence of the sun and the
time of day or night. Studies have found that CSP could accounipfto 25% of the world's energy needs by
2050 (Jha 2009). It thus represents an important contribigtigiobal energy transition.

The company in which our approathapplied is specialized in designing and manufacturing of complex
mechanical subassemblies by the forming and assembly of tubebesmtdheetal for the aeronautics and solar
energy industries. In our industrial case, we use CSP with linear Frsdleetors. The main function of the
collectors within CSP plant is to concentrate and redirect sunlight ontcbabdobes to heat up the working
fluid. A schematization of the collector structure is given in Fidt 8. composed of reflective plates (reflective
glass or polished aluminum) and a supporting structure whosgofufeto give the reflective plates support and
maintain their shape. A mounting device is placed between the reflectifagesplates and the supporting
structure to ensure the connection between them. In our stnlyythe supporting structure is studied. The cost
of raw materials for manufacturing solar collectors represents 50%easdtiment cost in the case of a CSP plant
with linear Fresnel collectors (Kumara et al. 2009). It is thus importamidiace the supporting structure mass
(criterion 3). In addition, in order to maintain a good optical perfoomaand thus a good thermal performance
elastic deformation of the supporting structure must remain as low as péssibléon 1). Finally, this structer
must resist a high wind pressure to be usable for a multitude of imptation sites (criterion)2

Fig. 9 Schematization of solar collector structure

Compared to other CSP technologies, CSP with linear Fresnel collisatelegively recent and immaturie.was
noted n our industrial case thahe limited background on this technology leads to difficulties wheatuating
and selecting design alternatives during the development présesber difficulty in our industrial case is that
the choice of implementation sites has not yet been made and themaiets of possible sites in which
conditions may vary significantly. The environment parameters, whight loe taken into account when
developing the supporting structuoannot be known precisely.



Three different concepts were proposed initially for the desigmefstipporting structure: truss structure
(concept A), tube structure (concept B) and sandwich structure (concépg CLO illustrates these concepts and
indicates the corresponding design parameters (that need to be dd&ifed® applying the new approacim a
early study was performeith the design department on the development of these three concepts.th@iven
important issues involved in the developmehthe supporting structure and the low level of knowledig¢he
proposed concepts (especially the truss and tube structuregjeshym department is adopting a set-based
conceptual design approach. Therefore, as illustrated in Fig. 11, ékectimcepts are developed in parallel until
enough knowledge is available to facilitate the selection of the most ajgpeopne. As mentioned in the same
figure, five design engineers were assigned to the developméné dfiree concepts. These engineers have a
meaningful experience in the development of mechanical products (betwedn63yaarsof experience)The
distribution of working time on the three concepts is also mentionédy. 11 (expressed in percentage). This
development team is directly headed by a development project manageialgbichanages the development of
the entire solar field.

Fig. 10 Candidate design concepts and the corresponding design parameters

As illustrated in Fig. 11, the development process is composed of sevestbrmeéle and at each milestone a set
of activities is performed in order to generate knowledge on developed toacepmature them (definition of
design parameters valu@s adequacy with design criteria). These activities generally consist irerioamn
calculations, prototyping and mechanical tests. On completion of each mileston@ssessment grid is
established to synthesize the performance results achieved by each desigpt ¢oonsidering the latest
evolutions in design parameters values). It contains performance asdasSmime results are then discussed
by the development team (design engineers and development projegemaNaxt, the development team
decides which conceptanbe eliminated (go/kill decisions) and defines guidelines for actions tadertaken
for the next milestone. This process is referred gate' review and is performed after each milestone (as
illustrated in Figl11).

Fig. 11 Schematization of industrial development process

At each gate review (end of a milestone), the final go/kill decisioadoh of the remaining concepts is made by
the development project manager, who represents the decision-makar imdustrial case. During the gate
reviews, in which both decision-maker and design engineers takehgaaissessment grid (as illustrated in Fig.
11) filled by the design engineers is placed at the center of discusBi@nassessment outcomes marked in red
(Fig. 11) are of particular interest during gate review since thagatadthat the corresponding criteria are not
met by the current design version (current choices regarding dpaigmeters) and thus rectifications are
needed in the design parameters in the next milestone. Using theiiegice and the expertise acquired during
the milestone, each design engineer communicates with the decision-omakiee following: what are the
possible rectifications in the current design version which avilfrcome the unmet criteria (marked in red in
Fig. 11)? What is the expected effectiveness of these rectifications? cHowhe effectiveness of these
rectifications be verified? Based on this information, the decision-makegradnally construct his assessment
of the risk of failure related to each concept (the rmpect of acceptance thresholds). The ‘strengths of a
concept (assessment outcomes marked in green) are also considered ahé delgston-maker to decide
whether or not it is worth accepting the risk and continuingddreclopment of the concept. The current
industrial practice encounters important limitations, making it difficult to gedbe set of initial concepts and
thus causing cost overruns and schedule defdyesmain limitations are summarized below.

Limitation 1: At this preliminary stage of the development process, many behawoiels (denoted b in
our study) are developed and used to evaluate the performaaaotept (denoted by’ for a concept X)
These models are considered as explicit knowledge as they are expressed antietlainsformal language
However, they often fail to provide an accurate evaluation of peaioces and do not encapsulate all the
knowledge acquired arml/ generated by design enginee@onsequently, decision-making cannot be entirely
based on these behavior models. This explicit knowledge must be complentsntestit knowledge



(Jasimuddin et al. 2005), which is relatexdthe designers’ experience and know-how. As explained in the
previous paragraph, this tacit knowledge is used at gate reviewsdniplicit manner and without following

a rational framework. The effectiveness of the procedure is wbrs much dependent on the participating
individuak’ ability to communicate and transfer the available knowledge assets. This “informal” procedure
remains limited because, on the one hand, the decision is made @idtiequires the participation of many
stakeholderso provide an overall judgment in order to select the most appropriate t@)capd on the other
hand, this kind of knowledge is difficult to communicate (Polanyi7)98his usually leads to an overestimate or
underestimate of the chance of success and the possible performancensatiidoe the different concepts.
There is therefore a need to retrieve and integrate tacit knowledge more effdotivelly decision-making.

Limitation 2: Another limitation arises from the difficulty decision-makersehavanalyzing simultaneously
a multitude of informatiorsupplied by the various design engineers in the project and thdreszing it in
order to establish an overall judgment. As we can see, the final decigtomn current practice is made without
using a multi-criteria decision aid method. Tdés a perceived need to synthesize the information provided to
the decision-maker on which the decision is based.

Limitation 3: The fourth perceived difficultis that designers are vague about decision-nsagezferences
regardles®f the different decision-making criteria. For example, it is not clear if fthesignificant difference
between angular deformations of 0.015° and 0.018° in terms Hiaeenaker satisfaction. There is a need
pool all preference information available to the different designers and, lonoaglly, to the stakeholder
participating in the development. This will give designers not only a beti@uation of the solution they
propose but also a better ability to suggest appropriate rectificatiche product.

8 Application of the proposed approach

The approach proposed in this papemiperimentedn gate review | (Fig. 11) using the knowledge generated in
milestone | about the three concepts. First, data related to the decisional(imedetetation and aggregation)
are assessed by the development project manager (decision-makerjvaarmther stakeholders in the
development of CSP plant (not directly involved in supporting straadevelopment). These data are: severity
factors, parameters of desirability functions, criteria weights and aggregatiamgters. The decisional model
is thus set up (shown in Fig. 8). Then, the characterization of pgrameters imprecision is carried bytthe

five design engineers since they have the most knowledge on tmntbprefore, design and environmental
parameters are characterized by design engineers in terms of state of impigsisig preference functions)
and variation indexes (using the scale proposed by Krishnan)j199% a continuous parameteeq( a
thickness), preference function is established using a several point estiet&iesined by design engineers.
Once the characterization of input data is completed, the valu@$, b’ and RCIX (with X=A, B or C) are
determined for each concept using the approach described in sectidrhé.fesults are shown in Table 3.
Finally, based on the decisional model and behavior models developed therifigst milestone ODI* are
calculated. The final outcomeRCKX andODIX) using the proposed approach are presented in Fig222. are
represented by fuzzy numbers to take into account imprecision in desigamm@nonment parameters (the yre
level indicates thenembership degr¢eEq. 8 was used as an aggregation operator since none of the proposed
concepts respects conditions to be considered as a reference concept.ollowiegfparagraphswe explain
how concepts are selected based on the results of Fig. 12.

Table 3 Detailed results of RClcalculation

As mentioned before, it is suitable in a product development project to bvenhature/secure concepts (high
ability to respect acceptance thresholds) and innovative concepts to prquhieatally better performanced.
breakthrough innovations). However, the product developed icasg is part of a global system (CSP plant)
and the failure of supporting structure development or major schedulgsdeld therefore have severe
consequences. Obtaining a sufficiently mature and secure concep & rimre pressing issue in our industrial
case. For this reason, the sandwich structure was choseryfthat decision maker because of its IBGI¢ (the
lowest value) The development of the sandwich structure began before the otlwmpteim the context of a
previous project and many validation tests were carried out, includingia tesexperimental planTRL = 7).



The priority of design department for the next milestones is to continimestigate this concept until all the
design parameters are precisely defined (to obtain the final produetevidn although sandwich structure is
the safest concept, it does not exhibit a high performars@{i€ is low).

Truss structure is a novel concept for the company. Given the hpghrtance of the material cost criterion,
the low mass of the truss structure makes it very attractive. This intereanifested by the high range@®I4
(reaching up to 0.86). However, the angular deformation and windareséscriteria could not be satisfied for
the first versions that were tested. Rectifications must be introduced to the gesigneters to satisfy all
criteria. RCI4 of the truss structure yields the highest value (meaning thatiebelopment is risky). The
acceptance of a higRCI4 for the case of the truss structure is justified by both the higle ei@D/4 and also
by the existence of a very mature/secure concept (sandwich conceptyudh structure was also selected for
development.

Compared to the development of the sandwich and truss struchegetevelopment of the tube structure is
much less interesting. This is because the rang®éf achieved is close to that of the sandwich concept while
the RCI® is relatively high (high risk). Therefore, based on the results obt&imedthe two proposed metrics, it
was decided that the developmehthe tube structure should be interrupted.

Fig. 12 Results ofoDI* andRCK metrics calculation for each concept

Despite some difficulties (mentioned in the paragraphs below) during glenmantation of the new approach
within the industrial organizatiommpirical observations reveal tithe main limitations of the current industrial
practice (mentioned before) were addressed. In order to addmdtsion 1 on integrating tacit knowledge into
the decision-making process, preference functions were used iewhapproach to include the judgments of
deS|gn engmeers in regard to the relevance of design parameters Jdase—functions—are—established
e e : w. The most predommant observatlon made by de5|gn

engineers
mtegltaﬂeﬂ—ef—eﬂgmeetts— is the effectlvenesef the new methodo |ntegertaC|t knowledge into the decision-
making process. Indeed, was noted thathis knowledge becomes easier to communicate between design
engineers, who are closely involved in the development activitiegjeredopment project manager, who is the
main actor involved in decision-making. In addition, the new aggrallows combining this tacit knowledge
with explicit knowledge (represented by behavior mogdglsDuring the implementation of the new approaith,
wasalso foundthat the meaning of preference functions was easy to understatesign engineersiowever,
certain difficulties were encountered when generating point estimates, magdyde of the high number of
points and the divergences of some views (when many engereeirsvolved). However, it was noted that the
use of preference functions was appreciated by design engineers asnite®sn to express and integer more
effectively their personal reasoning. In addition, the meaning of themtions was easy to understabg
design engineers

ConcerningLimitation 2, the use of aggregation operators wha great help for decision-maker since they
are able to synthesize a multitude of information in a single valuey found it easier to deal with single value
insteadof multitude and heterogeneous information (performance varigblewhen selecting conceptin
addition, the parameters feeding the aggregation operators are a miamgatifing the tradeoff procedure that

must be used consistently with the decisiker’s preferences. iastead—of -dealing—with—a—multitude- of
information—decision-makerrelies-only-ontwo-metrRE(*-and 0D -when-selecting-concepts.

Another key advantage of the new approach addrésséstion 3 mentioned above. For design engineers
participating in the experimerGoncerning=imitation-3--the definition of desirability functions and aggregation
operator are a means of capturing, organizing and capitalizing ammiiion associated with decisiomker’s
preferences. Thiswas particularlyappreciatedn our collaborative design projesince it allowed the different
stakeholders to have a formal way of communicating about the deaigiams preferences. It was recognized
by the different design engineers participating in the experiment thetter understanding of decisiareker’s
preferences leads not only to better decisions but also a better capacityaseprelevant solutions throughout
development process. However, in order to avoid misleading decisiongnaken parameters that feed the
construction of desirability functions and aggregation operators mustbssad as accurately as possible. In
our industrial case, some difficulties were encountered when parametriesigaldlity functions and




aggregation operators because preferences are not only detained by denejmppect manager but by other
stakeholders in the project (not directly involved in supporting streictievelopment). In addition, some
discrepancies were noted between the different stakeholders questioned abprefdreinces.

9 Conclusion and future developments

The choice of concept in product development processes has a critical impaeemall life-cycle cost.
Supporting this choice by adequate approaches is thus of critical importangn presiesses are constrained
by the need for performance improvement and failure risk limitagfathe product. In this papesach of these
two considerations is represented by an adequate metric (BllegndODI) to perform elimination operations
for set-based conceptual design in the light of imprecise input dataldntortake into account the constraint on
available time (consideration of deadline) and company resources, the calcul®iGhamnsiders not only the
state of imprecisiorof input parameters, but also the variation rate of imprecision. The parfice metric
(ODI) proposed in this study uses preference functions and an aggregagi@tor to model decision-maker
preferences. It can be adapted to take into account a pre-existing coatépistifficiently mature. It is left to
the decision-maker to choose a trade-off between the two metrics, agctardiis risk aversion as well as the
culture and regulatory framework of the company.

The application of these metrics to our industrial case allows the decision-makeetorhore transparent
and straightforward assessment of failure risk and expected rapgef@imanceThe experiment also reveals
the ability of the new approach to capture and capitalize knowledge associatediegisionmakers’
preferences, whicts particularly important in collaborative desigidowever, the procedure for calculatiRg|
and ODI involves complex mathematical calculations which may be beyond the scapdesign enginear
conventional tasks. This difficulty can be partially overcome by dewggnftware tools that can be integrated
into product digital mock-up (DMU). In spite of the difficulties encousdeduring the implementation of the
new approach and the time spent on the determination of the differemtepens, all stakeholders involved in
the development project admit the ability of the new approach to antictpateds relevant concepts (tube
concept in our case) which means that efforts and resources aaubed on the most promising concepitas
contributing to a better chance of success and a better qualdyicct.

In a real development project, the developed component is usually conwittether components within
the global system. In this case, decisions related to the studied comgomecept selection and design
parameters selection) impact not only the performance of this compoumeatso the performance of other
components in the system. In future developments, interactionsdiecomponents will be taken into account
and we will consider the impact of local decisions (decisions related to imdivicbmponents) on the
achievement of global objectives (eg. 8rergy efficiency of the CSP plant)
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Fig. 1 Schematization of global development proces s in the
context of set-based conceptual design
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Fig. 2 Decision-making process in engineering design
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Fig. 3 Two examples of comparing decision alternat ives with
imprecise expected utilities
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Fig. 4 Limitations of the JPDM technique
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Fig. 5 Use of fuzzy logic to represent preference on input data.
(a) case of continuous set. (b) cas e of discrete set
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Fig. 6 Using the Vertex method to map design space to
performance space (case of one design parameter and one
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Fig. 7 Interpretation procedure for a given design criterion
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Fig. 8 Structure of the decisional model (interpretation and
aggregation)
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Fig. 10 Candidate design concepts and the corresponding
design parameters
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Fig. 11 Schematization of industrial development process
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Fig. 12 Results of ODIX and RCIX metrics calculation for each

concept
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Table 1 Variation levels of an activity (adapted f rom Krishnan
(1996))

VEEWIEI, Level description of the attribute
levels
08 Very unstable: The probability that an obje:
' approaches its final value is close to zero
06 Unstable: The probability that an object

approaches its final value is low.

Moderately unstable: The probability that a
0.4 object approaches its final value is
moderately high.

Stable: The probability that the object
0.2 approaches its final value is high.




Table 2 Suggested rating for the evaluation of severity

Rating Meaning

0.2 No relevant effect on the use of the prodt

0.4 Very minorconsequences.
0.6 Minor consequences.
0.8 Moderateconsequences.

1.0 Critical consequences.




Table 3 Detailed results of RCIX calculation

Criterion Elastic Angular Maximum wind Mass of the sum
deflection deformation pressure supported structure

0%, D¥Y Su Rc¥ 0% DY S RCf 08 DY & RCI¥ 0¥ D¥ S RC¥  RCIX

Sgﬂéfjre 0.00 000 0.4 000 023 054 04 005 026 062 08 012 000 000 06 000 0.18

St-rrl,Lljctiﬁre 0.10 051 04 002 002 030 04 000 025 051 0.8 0.10 0.09 020 0.6 0.01 0.13

S;?rﬂ(imf: 007 041 04 001 005 028 04 000 020 021 08 003 015 031 06 003 0.07
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