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Abstract Product service systems (PSS) have led global
manufacturers to change from providing product only to
offering both product and its services as a whole. The exist-
ing decision-making methods have difficulties in evaluating
design alternatives systematically during PSS conceptual
design process involving cognition vagueness and related
complex factors. A new systematic decision-making method
is developed for judging these alternatives. PSS is divided
into multiple-modules associated with function character-
istics and then evaluated by using the outputs of parallel
houses of quality (HoQs). HoQs can efficiently deal with
customer requirements and the relationships between product
and service. A variable precision rough set-based approach
is proposed to evaluate these alternatives, which can flexi-
bly handle subjectivity and vagueness during the decision-
making process. An optimizing model of least squares model
is used to integrate individual judgments into a consen-
sus group judgment. A non-deterministic ranking method is
developed to identify optimal alternative based on the final
judgments which are obtained by using a rough weighted
geometric mean method. The proposed method is validated
through a real-world case study for a horizontal directional
drilling machine.
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Introduction

With the increasing needs of sustainable production and
consumption, service as a source of core value, is becom-
ing more and more important for manufacturing enterprises.
Meanwhile, customer requirements (CRs) are shifting from
purchasing just a physical product to acquiring a result or a
function provided by the product combining with its related
services (Baines et al. 2007). Enterprises are then shifting
their business focus from designing physical product only, to
designing the offering of product and related services which
are jointly capable of satisfying the specific CRs. Product
service systems (PSS), a combined offering of physical prod-
uct and non-physical service, has thus been developed and
implemented (Cavalieri and Pezzotta 2012). It revolution-
izes consumer experience, increases manufacturers’ profits
and reduces environmental impacts (Mont 2002). Gener-
ally, new concept development involves a series of critical
decision-making process (Krishnan and Ulrich 2001). Simi-
larly, design alternative selection also plays an important role
in the PSS development, where a set of new alternatives are
evaluated with respect to different criteria to select an opti-
mal one (Biiylikozkan et al. 2012; Ayag and Ozdemir 2007).
Since a lot of subjectivity and vagueness is involved in the
designers’ cognition and judgments during PSS, a system-
atic decision-making environment is required for identifying
optimal alternative which can consider both objectivity gran-
ularity and evaluation accuracy.

Recently, various engineering methods and tools have
been developed to implement the PSS development. Aurich
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et al. (2006) proposed that life-cycle engineering can be used
for PSS development and introduced a systematic design
process to deliver product-related technical services. The
integrated product and service offering (IPSO) concept was
developed from the life cycle perspective to provide an opti-
mized product and service combination to satisfy CRs, and
corresponding development methods and tools were also
given for mass customization environment (Lindahl et al.
2006; Sundin et al. 2007). Komoto and Tomiyama (2009)
developed an integrated life-cycle simulation design tool—
integrated service CAD with life-cycle simulator (ISCLS)
for PSS development. Garetti et al. (2012) also deemed the
life cycle simulation modeling as an effective way to support
PSS design and provided reference architecture for life cycle
simulation.

To implement PSS development more effectively, Sakao
and Shimomura (2007) and Sakao et al. (2009) proposed a
computer-aided design system—Service Explorer for inte-
grated product and service design, which includes four
models, flow model, domain model, scenario model and
view model. Zhang and Chu (2010) developed a concep-
tual design framework based on parallel houses of quality
(HoQs), which can effectively translate CRs into function
characteristics (FCs) and module characteristics (MCs) of
product and maintenance considering their interrelation-
ships. Failure mode and effects analysis was used to analyze
interchange information to match product concept and main-
tenance concept. Configuration design is a useful way for
PSS development. Mannweiler and Aurich (2011) suggested
a framework for customer-oriented PSS configuration which
consisted of dealing with the prerequisites for PSS configura-
tion and implementing its configuration activities. Long et al.
(2013) proposed a support vector machine based approach to
support PSS configuration considering customer perception.
Wang et al. (2011) proposed a modular design approach for
PSS, where the PSS concept is divided into functional mod-
ules, product modules and service modules. Li et al. (2012)
used mapping matrix to support module division of inte-
grated service offerings (like PSS) based on “top down” and
“bottom-up” strategies for facilitating configuration design.
Meier et al. (2010) summarized the current industrial PSSs
(IPS2) research progress and claimed IPS2 is a knowledge-
intensive “social-technical systems”. The related work and
approaches were discussed in detail from the aspects of
design, development, architecture building, delivery and life-
cycle knowledge management. To effectively exploit design
knowledge, Baxter et al. (2009) developed a knowledge man-
agement framework and methodology, which enables access
to design knowledge, manufacturing capability knowledge
and service knowledge for supporting collaborative PSS
development. And a PSS knowledge reuse and management
system was established for construction machinery industry
(Zhang et al. 2012).
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Generally, PSS design alternative evaluation is consid-
ered as a complex multi-criteria decision making problem
under designers’ cognition environments. Considering the
impacts of these complex criteria and uncertainty factors,
many decision-making methods are developed in the PSS
evaluation field. Huang et al. (2011) developed a perfor-
mance evaluation metrics for selecting and combining proper
services. Sun et al. (2012) introduced a performance evalu-
ation method for product and service from five indicators,
time, quality, cost, stability and reliability. Yoon et al. (2012)
proposed an evaluation method for designing a car-sharing
service (i.e. one of use-oriented PSSs), where the evalua-
tion indices take into account the perspectives of service
providers as well as customers. Kuo and Wang (2012) used a
multi-attribute utility analysis method for identifying main-
tenance service levels in PSS development. Chen et al. (2014)
proposed a new Information Axiom based decision-making
approach to improve the objectivity and effectiveness of PSS
concept evaluation in a fuzzy-stochastic environment.

Although researchers have proposed many methods for
PSS evaluation, objectivity complexity and cognitive vague-
ness have not been addressed adequately for controlling
evaluation risk during the decision-making process. This
is not an easy task for the designers under the impacts of
subjective vagueness and concept complexity. And a system-
atic decision-making method is still required for effectively
implementing the evaluation of PSS design alternatives.
Three characteristics of PSS evaluation are considered in the
study.

(1) More complexity in PSS than single product or service.

(2) Vagueness during the decision-making process.

(3) Effective ranking method for complex PSS design alter-
natives.

In most existing methods for evaluating design alterna-
tives, the decision-making stage is not closely integrated
with previous design stages [e.g. customer requirement (CR)
analysis, concept generation]. Criteria establishment and
alternative evaluation are mainly implemented based on the
designers’ judgments. A systematic mechanism is deficient
during the decision-making process, where inconsistencies
may be caused. To improve the accuracy and availability of
decision-making, it is necessary to sufficiently use existing
information in the PSS conceptual design and develop highly
individualized method.

In this study, a systematic decision-making method is
proposed by using the previous stages’ information and mix-
ing several decision-making approaches based on the above
three characteristics. The proposed method uses previous
information in conceptual design and then forms a feedback
mechanism which can ensure the selected alternative satisfy
CRs as much as possible. In the PSS conceptual design, CRs
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are translated into function characteristics (FCs) and main-
tenance characteristics (MCs) by using the parallel HoQs
(Zhang and Chu 2010). In this paper, the outputs and the
relationships in the HoQs are used to help the designers
establish evaluation criteria and to evaluate PSS design alter-
natives. Generally, it is difficult for the designers to give
precise judgments during the PSS evaluation process. The
traditional decision-making methods have successfully used
fuzzy sets (Kuo et al. 2007), vague sets (Pawlak 1982) and
intuitionistic fuzzy sets (Atanassov and Gargov 1989) in
engineering design evaluation to deal with subjective vague-
ness. However, these methods are limited to use pre-defined
functions with fixed boundaries, which rely on the design-
ers’ knowledge and experiences. This is not realistic because
available data are relative insufficient during the conceptual
design stage (Pahl and Beitz 1996). These membership func-
tions may also be dynamically changed following different
decision-making objects. Furthermore, different member-
ship functions are critical for the performance of a fuzzy
system and have great influences on the final results (Jin
2003). Zhai et al. (2009) proposed an effective concept known
as rough number to manage and express the imprecise indi-
vidual judgments in product development. The approach has
also been applied in the ranking of CRs in PSS development
(Song et al. 2013). However, the designers may have differ-
ent cognitive vagueness for expressing their judgments. They
also cannot accurately give fuzzy ranges or boundaries for
different judgments. This usually can be solved through mul-
tiple formatted preferences (Biiyiikozkan and Cif¢i 2013).
By contrast, the study develops a new variable precision
rough set method to automatically generate rough numbers to
express individual judgments without any priori-knowledge
and experience. The individual judgments are integrated into
consensus group judgments, which should adequately reflect
each individual judgment with as small deviation as possi-
ble. These group judgments can be weighted summed into a
final result for evaluating and ranking the PSS design alterna-
tives. The result intervals should also be as small as possible
to facilitate the ranking of PSS design alternatives. In this
paper, a rough least square model (RLSM) is proposed to
integrate individual judgments into consensus group judg-
ments, and then a rough weighted geometric mean (RWGM)
is used to calculate the weighted sum of these group judg-
ments to form the final result. A non-deterministic ranking
method for interval values is then developed for identifying
an optimal one from the PSS concept alternative set.

The main contributions of this study are given as follows:

(1) This study provides a structural mechanism for estab-
lishing criteria and identifying their importances, which
enables the criteria to be produced from the viewpoint
of customers and the relationships between product and
service. Furthermore, the mechanism can efficiently use

existing information during the PSS conceptual design
process.

(2) The variable precision rough set method can address a
more flexible and credible expression for the designers’
judgments without any prior knowledge.

(3) The systematic decision making method produces more
rational and reliable group judgments and ranking results
for evaluating the PSS design alternatives.

The paper is organized as follows. The decision-making
process is summarized in the next section. The third sec-
tion describes the systematic decision-making method for
evaluating PSS design alternatives. In the fourth section the
proposed method is applied in a real-world case concerning
PSS design alternative selection for a horizontal directional
drilling (HDD) machine. Conclusions are then presented in
the final section.

Decision-making process

The decision-making process generally includes three steps:
establishing evaluation criteria, implementing evaluation for
each alternative, and ranking all alternatives. A blueprint is
summarized for the PSS decision-making process (Fig. 1):

(1) PSS concept is decomposed into several modules based
on the outputs of parallel HoQs for facilitating the
evaluation considering its complexity. The evaluation
criterion for each module can be identified based on the
relationship matrix between FCs and modules in the par-
allel HoQ. Importance weights of these criteria can be
determined by the relationship and correlation matrices
and input weights in the HoQs which has been calculated
in the CRs mapping stage.

(2) The decision-making process adequately considers the
following factors, including customer, manufacturer,
market, environment, and so on. Individual judgment
is flexibly expressed in rough number considering the
individual personality and other individual judgments in
the same set. All these individual rough judgments are
integrated into group judgments with minor deviation.

(3) Based on the importance weights of different criteria,
group judgments are weighted summed into the final
result for the PSS design alternatives with as small inter-
val as possible. The optimal one in the alternative set can
be identified based on their ranking results.

A systematic decision-making method for
evaluating PSS design alternatives

In the PSS conceptual design, a systematic decision-making
method is developed for choosing the most suitable alterna-
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Fig. 1 Decision-making process for evaluating PSS design alternatives

The systematic decision-making method

Decomposed evaluation for PSS

Modules: HoQ outputs

[’

Evaluation criteria

Criteria assignment and importance weight identification:
HoQ outputs

Evaluation with each criteria

Individual judgments: Variable precision variable set

Group judgments: RLSM-based model

v

Ranking with uncertain data
Final results: RWGM-based method

Ranking alternatives: Non-deterministic preference method

Fig. 2 Tllustrating framework for the systematic decision-making
method

tive among all possible candidates with respect to different
criteria. The study aims at combing HoQ, RLSM, RWGM
and non-deterministic ranking with variable precision rough
set to evaluate design alternatives under a complex and
vagueness environment, which is illustrated as shown in
Fig. 2.

PSS concept decomposition and criteria identification
The HoQ tool has been widely used in the product/service

development and developed into a proven methodology
which can facilitate the understanding and response to CRs
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uncertain data

at the design stage. The traditional HoQ does not give the
visualization of relations between product and service (Lin-
dahl et al. 2006). Two parallel HoQs were then developed to
translate CRs into MCs in an integrated mechanism, which
can be seen in Reference Zhang and Chu (2010).Two sep-
arate sets of product and service characteristics are parallel
considered in the proposed HoQs. Their relationship matrices
are divided into parallel matrices of product and service. The
correlations between product and service are also identified
in the correlation matrices.

Based on the outputs of HoQs, PSS concept can be
decomposed into several modules for facilitating evaluation
accurately. Criteria for each module are identified from FCs
based on the relationships between FCs and modules. The
importance weights of criteria can be determined in the light
of the importance weights of FCs, relationship and correla-
tion matrices in the HoQs, which can effectively reflect the
relationships between product and service.

PSS design alternatives evaluation with variable
precision rough set

The designers evaluate design alternatives with each crite-
rion to form some judgment sets. Let us assume a judgment
set P = {p1,p2, ..., pn} with h ordered judgments, in the
manner of p; < pp <--- < pp.Let p; € [0, 9] be arandom
judgment in the set P and d is defined as the distance of P,
where d = pj, — pi1. Designers have their own individual
experience and knowledge. Therefore, they may have differ-
ent cognitive vagueness for design alternatives. To express
the cognitive vagueness degree of a designer’s judgment, a
factor of variable precision 8 can be defined in [0, 1]. Overall,
designer’s judgments under vagueness can be expressed by
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rough numbers. Rough number can provide flexibility and
accuracy of designer’s judgment. The general rough num-
ber can be calculated by using a variable precision rough set
method. Lower approximation Apr? (p;) and upper approx-

imation A_prﬁ (pi)of the judgment p; can be identified as
follows

Aprf (p)y =U{p; € Plp; < pi. (pi — pj) < Bd} (la)
Apr’ (pi) =U{p; € Plp; = pi. (pj — pi) < Bd}  (1b)

The judgment set can be converted into a general rough num-
ber form through the calculation of lower approximation and
upper approximation. The judgment p; is then represented
by a rough number R (p;) defined by its lower limit piL and
upper limit pl.U as following:

R(p) = [pF. Y | @)

where

pi =1 (]_[ x,-,-)
pi = (]_[ yij)

where x;; and y;; are the elements of the lower approximation

set AprP (p;) and the upper approximation set A_prﬂ (pi)of
Di res_pectively, and m and n are the number of elements in
the two sets respectively. Only in rare cases, the low limit and
upper limit should be calculated by using arithmetic average
when any x;j and y;; is equal to zero.

Thus, the rough set of P is expressed as follows:

R(P)={[pf,pf'],[pépé’],.u,[p;f,pi]]} 3)

Three scenarios are distinguished for definition of the factor
of variable precision B, which expresses the cognitive vague-
ness degree of a designer:

1. “6 = 0” means “no vagueness”. In this scenario,
the judgment is completely determined and its vague-
ness range is equal to zero within the cognition of a
designer. Here, Apr® (p;) = Apr (p), R (pi) = p;
and R (P) = P?{pl, P2, .- ., pn}. The judgment in
this scenario is degenerated into a crisp judgment.

2. “0 < B < 1”7 means “partial vagueness”. In this
scenario the judgment is partially vague. Here, the vague-
ness range of the judgment can be calculated by using
AprB (pi)and Apr’ (pi) in Eq. (1). The vagueness
degree is identified by synthesizing the judgment p; with

the adjacent judgments of other designers. Its adjacent
range is determined by using the value of Bd.

3. “B = 1” means “complete vagueness”. In this sce-
nario the judgment of a designer is completely vague.
Obviously, the vagueness range of the judgment is iden-
tified by all the judgments in the set P. Here, the lower
approximation Mﬂ (pi) and the upper approximation

Aprﬁ (pi)of p; can be simplified as:

Aprf (p)) =U{p; € Plp; < pi} (4a)
Apr" (pi) = U{p; € Plp; = pi) (4b)

Cognitive vagueness of a decision maker is expressed by the
value of p. If the individual cognitive level is increasing then
vagueness range is decreasing with the decrease of 8, and
vice versa. Group cognition reflects the consensus in a judg-
ment set. Group certainty is higher with the lower distance d
and closer or identical judgments.

Generally, group judgment is expected to be as close to
each decision maker’s opinion as possible (Bordogna et al.
1997). Therefore, the deviation degree between each indi-
vidual judgment and group judgment should be as small
as possible. To represent the group judgment, a rough least
square model (RLSM) is developed to calculate the rough
number R (P) = [p~, p¥] as follows:

h 2 2
R L L U U

MinDi=} ((p = pE) + (07 - pY) )

st.pi < pt < py

pi =p” = py ®)
where Di is the deviation degree between each individual
judgment and the final group judgment, p’ and p¥ are the
lowest limit and upper limit of R (P), respectively.

Calculating group consensus on PSS design alternatives

From the outputs of parallel HoQs, the importance weights

of criteria can be easily identified as W; = {[w}, wl'],
[wh wi]. ..., [wf, w!]}. where k is the number of these

criteria. Correspondingly, group judgments of each design
alternative can be expressed in the form of rough numbers,
R (B)) = {[pF.bV]. [p%.6Y].....[bF.bY]}. The group
judgments should be integrated to calculate the consensus
for each design alternative. A nonlinear programming model,
called RWGM improved from Wang et al. (2006), can be used

to calculate the rough numbers [M ]L , M]U] for calculating the

group consensus on a design alternative j, 1 < j < k. The
mathematical models for calculating the group consensus
on the design alternative j, 1 < j < k, are formulated as
follows:

@ Springer



J Intell Manuf (2019) 30:1895-1909

1900
k L
Y wib:
MJ.L — min (# (6a)
i=1 Wi
k U
Y w; bt
M]l_f — max Zl—kl—’l (6b)
21:1 wi
S.t wJL <w; < u)]L-/
1<j<k

Ranking the PSS design alternatives

A non-deterministic ranking method is proposed to identify
the preference relation of PSS design alternatives repre-
sented by the rough numbers. Let p; = [pF, p’] and

pj= [ p]L, pf’] be two interval-valued rough numbers, and

D(p;, pj) be their mutual rough preference relations. The
dominating degree between two interval-valued rough num-
bers can be calculated as follows:

D(pi. pj)

1 if ¥ < pf
={-1 if p{ < pk
(p,V +pf-pY - pf) / (piU -pf+pY - pf) others

@)
where D(pj, p;) = —D(pi, pj). The preference relations

can be classified as follows:

If D(pi, pj) = 8, pi dominates p; distinctly.
If |D(p,~, pj)| < 8, pi is indistinctive to p;.

where ¢ is the indifference threshold that is used for identi-
fying the preference relation between p; and p;. Only when
the dominating degree exceeds §, a distinct discrimination
can be identified. Through the adjusting of §, the vagueness
of input information can be managed and eliminated in the
ranking results.

The non-deterministic ranking method can decrease the
effects of vagueness in the decision-making process and
ensure more stable results. All the design alternatives are
ranked by using the preference relations and then the global
dominating one can be selected as optimal alternative for the
following development.

Case study

HDD machine is a typical equipment for trenchless construc-
tion, which consists of several multidisciplinary modules
(e.g. engine module, hydraulic module, electric module,
etc). A heavy industry enterprise in China is going to pay
attention to the PSS development of HDD machine. Dur-
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ing its conceptual design phase, multiple feasible design
alternatives co-exist and various uncertain factors interact.
The major challenge that the designers are facing is how
to select an optimal alternative effectively under vague envi-
ronment. The proposed method is applied for evaluating PSS
design alternatives of an ongoing developing HDD machine.
Considering the diversity and complexity of services, main-
tenance is selected as the representative of services in the
case study.

Criteria establishment

According to a market investigation, the major CRs are iden-
tified as follows: CR1 higher construction reliability, CR2
higher construction ability, CR3 higher construction effi-
ciency, CR4 good eco-design, CR5 comfort for driver, CR6
enough security, CR7 moderate cost and CR8 good technical
ability for maintenance.

Referring to these above requirements, Product-FCs (P-
FCs) and Maintenance-FCs (M-FCs) are categorized respec-
tively as follows: P-FC1 core ability, P-FC2 module reliabil-
ity, P-FC3 controlling technology, P-FC4 security protection,
P-FC5 working mode, P-FC6 eco-design factors, P-FC7
structure performance, and P-FC8 slurry ability; M-FCI1 reli-
ability and security, M-FC2 maintenance technology, M-FC3
maintenance cost, M-FC4 adding values, M-FC5 technical
ability of maintenance and M-FC6 response timeliness.

Seven key modules for PSS concept are specified: M1
engine module, M2 hydraulic module, M3 electric module,
M4 aiding module (including drill pipe, anchor equipment,
etc.), M5 dynamic head, M6 slurry module (as shown in
Fig. 3) and M7 maintenance module. Seven design alter-
natives are generated during the PSS development. The
corresponding evaluation criteria of FCs are given in Table 1.

The importance weights of FCs and relationship matrices
in the parallel HoQs are directly given in Tables 2 and 3 based
on the study of Zhang and Chu (2010).

According to the outputs in Tables 2 and 3, the hierarchical
evaluation criteria of PSS modules can be identified, and
corresponding importance weights for each module are given
in the third Column (weights) of Table 4.

PSS design alternative evaluation

A decision-making team which includes five designers is
established to implement the PSS design alternatives’ evalu-
ation. These experts are from design and market departments,
who have rich professional knowledge and development
experiences. These five members make their judgments for
each design alternative with respect to each criterion. A judg-
mentset P = {py pa, ..., ps}, with five ordered judgments
by the standard less-than-or-equal relation, is formed for each
couple (design alternative, criterion) as shown in Table 4.
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Fig. 3 Modules of a HDD Engine

machine module Electric Dynamic
module head

Table 1 Evaluation criteria

Slurry
module

Hydraulic

module module

No. Index Evaluation criteria

1 Core capability The bigger benefit index, the better outputs (e.g. pullback force, power, etc.). It is converse
for cost index

2 Module reliability Lower in the failure probability and high engineering task supportability

3 Control technology High-performance control technology, which can effectively operate the HDD machine

4 Security protection High security, self-control and safety device to protect people or equipment

5 Working mode Automatic or manual handling for replacing pipeline, anchoring, and drill speed control

6 Eco-design factors Movements smoothly, small vibration noise, less emissions, and other eco-factors

7 Structure performance Simple and compact structure or small size with high mechanical reliability

8 Slurry ability High transport capacity of slurry properties, supporting many types of slurry

9 Reliability and security High security safeguards, try to avoid or prevent the occurrence of failures

10 Maintenance technology Advanced technology to prevent or handle failures

11 Maintenance cost Low maintenance costs to complete the tasks

12 Adding values Low impacts to people, equipment and environment, and high using efficiency

13 Technical ability of maintenance Low professional requirements for maintenance engineers

14 Response timeliness Timely response and rapid completion for maintenance tasks

Table 2 Relationship between product modules and P-FCs

Weights MI M2 M3 M4 M5 M6

PFCI (0.128,0.175)  (0.754,0.778) 0 (0.222,0246) 0 0 0

PFC2 (0.056,0.087)  (0.233,0.266)  (0.242,0.287)  (0.179,0.207)  (0.111,0.133)  (0.066,0.078)  (0.103,0.125)
PFC3 (0.099,0.147) 0 (0.317,0361)  (0.524,0.562)  (0.115,0.134) 0 0

PFC4 (0.027,0.040) 0 0 (1.000, 1.000) 0O 0 0

PFC5 (0.060,0.092) 0 0 0 (1.000,1.000) 0 0

PFC6 (0.069,0.098)  (0.331,0.375)  (0.158,0.196)  (0.300,0.338) 0 0 (0.146, 0.174)
PFC7 (0.037,0.057)  (0.219,0.255)  (0.136,0.175)  (0.070,0.086)  (0.286,0.328)  (0.080,0.097)  (0.136,0.175)
PFCS (0.045,0.067) 0 0 (0.135,0.152) 0 0 (0.848, 0.865)
Weights (0.166,0341)  (0.118,0.675)  (0.182,0.372)  (0.082,0.190)  (0.061,0.143)  (0.054, 0.133)

For example, let to consider the design alternative A5 and ~ d = 7 — 4 = 3. Let to illustrate the calculation process with
the P-FC1 core ability criterion. Then, for the Power module  this set. Considering three scenarios (no vagueness, partial
the judgment set is P15 = {4,5, 6, 6, 7}, with the distance =~ vagueness, complete vagueness) for defining the factor of
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Table 3 Importance weights of M-FCs

MFCl1 MFC2 MFC3

MFC4 MFC5 MFC6

Weights (0.058, 0.091) (0.056, 0.085)

(0.016, 0.024)

(0.036, 0.056) (0.076, 0.114) (0.055, 0.084)

variable precision, the lower approximation Apr? (p;) and

the upper approximation A_pr'3 (pi) of the judgment p; in this
set are given as follows:
When 8 = 1: Apr! (4) = (4), Apr' (4) = {4,5,6,6,7);
Apr'(5) = {4.5). Apr (5) =1{5.6.6.7)
Apr' (6) = 4,5.6.6) . Apr' (6) = (6.6,7):
Apr' (1) = (4.5.6,6,7) . Apr (1) = {7)
B=05: Apr’S @) = (4), Apr"” 4) = (4,5);
Apr® (5) = 4,5}, Apr’” (5) = {5.6.6)
Apr® (6) = {5,6.6), Apr"” (6) = {6.6.7) :
Apr®3 (1) = (6.6,7) , Apr > (7) = {7)
B=0:Apr® @) =Apr’ (4) = {4);
Apr®(5) = Apr’ (5) = {5)
Apr® (6) = Apr’ (6) = (6}
Apr® (1) = Apr’ (1) = (7)

Thus, individual judgments in the set Pj5 can be expressed
in the general rough number form by using Eq. (2).

When g =1: pjs=R#) = [4,5502],
pis = R (5) = [4.472,5.958],
Pis = pls = R(6) = [5.18,6.316],
pis = R (7) = [5.502, 7]
B=05: pis=R4) =[4,4472],
pls = R (5) = [4.472,5.646]
Pis = pis = R(6) = [5.646, 6.316],
pis = R (7) =[6.316,7]
B=0: pls=R@&) =4,p=R(5) =5,
P?5=P£115 =R(6)=6’P?S =R =7

Based on Eq. (5), the group rough judgment can be calcu-
lated as 8 = 1, R(P) = [4.867,6.218], B = 0.5,R(P) =
[5.216,5.95], and B = O,R(P) = [5,6]. Similarly, the
group judgments can be identified in the form of rough num-
bers and the results with § = 0.5 are given in Table 5.

@ Springer

Calculating the group consensus on PSS design
alternatives

Based on the rough group judgments, the group consensus
on PSS design alternatives can be obtained by using Egs. (6a)
and (6a). The final results with three vagueness degrees (8 =
0, 8 =0.5,and B = 1) are shown in Table 6.

Ranking PSS design alternatives

According to Eq. (7), the dominating degrees of the seven
alternatives are identified by using these rough intervals con-
sidering three vagueness degrees 8 =0, 8 = 0.5,and 8 = 1
(see Table 7). For example, when 8 = 0, the dominating
degree between A4 and A5 is 1.000 and the dominating
between A6 and A7 is 0.968.

The decision team uses the calculated results to determine
the final preference rating of these seven PSS design alterna-
tives as follows:

A4 > A5 > Al > A3 > A2 > A6 > A7, where

“> " means “better than”.

Obviously, the alternative A4 is always the best one and
A5 is the sub-optimal one under the three decision-making
levels. Here, A4 can be prioritized as the developing HDD
machine concept for the following engineering design and
manufacturing.

Comparison and sensitivity analysis

In order to validate its availability and robustness of the
proposed method, a comparison analysis is implemented
targeting several aspects. For the expression of designer’s
judgments, fuzzy numbers are usually used some priori
knowledge to determine the boundary of each number
(Zhang and Chu 2010). The proposed method can provide
a more flexible and accurate expression for designer’s judg-
ments contrasted with the traditional methods. According to
the designer’s cognition, the proposed method can express
crisp numbers and multi-boundaries rough numbers through
adjusting the variable precision coefficient S.

For example, let to consider the judgment sets Pi5 =
{4,5,6, 6,7} of the design alternative AS in respect to P-
FCI1 core ability criterion, and the judgment set Pys =
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Table 6 Final results with three levels (8 =0, 8 =0.5,and g = 1)

Al A2 A3 A4 A5 A6 A7

Different levels

No.

[5.226, 5.660]

[5.647, 6.058]

[6.155, 6.637]
[5.755, 6.989]
[5.588, 7.097]

[6.815,7.192]

[6.453, 7.504]

[5.963, 6.349]
[5.631, 6.657]
[5.431, 6.832]

[5.673, 6.234]

[5.307, 6.538]

[5.953, 6.578]

Rough interval (8 = 0)

[4.839, 5.997]

[5.250, 6.421]

[5.624, 6.882]

Rough interval (8 = 0.5)

[4.694, 6.130]

[5.069, 6.562]

[6.351, 7.608]

[5.153, 6.639]

[5.402, 7.059]

Rough interval (8 = 1)

{4,4,5,5, 6} of the alternative A6 in respect to P-FC2 mod-
ule reliability criterion in Table 4. These two judgment sets
can be expressed in three fixed fuzzy numbers according to
the given forms in the study of Herrera et al. (2000) (see
Table 8). For instance, the judgment p; = 4 in the sets P5
and Py is represented by the same interval [3, 5] in theirs
corresponding fuzzy numbers.

In the proposed method, the judgment can be represented
by a more flexible and accurate form. Table 9 shows the
results for these two judgment sets. For instance, the judg-
ment p; = 4 in the judgment sets P;s and Pyg is represented
respectively by the rough numbers [4, 5.502] and [4, 4.743]
(B = 1) (see Table 9). Thus, the general rough number
expresses better cognitive vagueness through the variable
precision . Indeed, the lower approximation Mﬁ (pi) and

the upper approximation A_pr‘3 (pi)of a judgment p; depend
on the factor B as well as on the distance in the judgment set.

When B8 = 1, the expression is approximately equal to the
rough number developed by Zhai et al. (2009). When g =
0, the judgments degenerate into crisp form, which means
that all the individual judgments are completely determined.
The proposed rough numbers and fuzzy numbers of 4, 5 and
6 in the above two judgment sets are compared in Fig. 4.
Several important characteristics can be identified from this
comparison.

e With the increasing of B, i.e. the increasing of deci-
sion makers’ vagueness, the rough boundary intervals
depicted by the lengths of the bars become larger. The
coefficient g in the proposed variable precision rough set
method can effectively address individual cognition and
evaluation vagueness of each decision maker.

e Fuzzy numbers should be preset by using priori knowl-
edge, which have fixed boundary during the decision-
making process. On the contrary, the general rough
numbers can flexibly adjust their boundaries with the
group consensus in a judgment set. Rough boundary
interval goes to lower with the increase of group con-
sensus and vice versa. For example, p;y = 5 in the
two judgments sets Pjs = {4,5,6,6,7} and Py =
{4,4,5,5, 6} can be expressed in rough numbers [4.472,
5.646] and [4.472, 5.313] with B = 0.5, respectively.
This is more reasonable because the decision makers
have their own individual experience and knowledge and
may have different cognitive vagueness for different PSS
design alternatives.

e Generally, the general rough numbers can have smaller
boundary intervals than those of fuzzy numbers because
rough numbers’ boundaries depend on the cognitive
vagueness degree B of designers’ judgments as well as the
distances d in the judgment sets. This means that rough
number can reasonably and credibly express decision

@ Springer
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Table 7 Dominating degree with three vagueness degrees 8 =0, 8 = 0.5,and 8 = 1
No. Different levels A4 AS Al A3 A2 A6 A7
1 Rough interval ( f=0) 1.000 0.235 0.216 0.763 0.208 0.968
2 Rough interval ( f=0.5) 0.531 0.095 0.096 0.281 0.072 0.358
3 Rough interval ( f=1) 0.442 0.070 0.065 0.219 0.054 0.276

Table 8 Fuzzy numbers from Herrera et al. (2000) for the judgment set Py5

P15 =1{4,5,6,6,7}

Py ={4,4,5,5, 6}

fuzzyl={[3, 51, [4, 6], [5, 71, [5, 71, [6, 81}
fuzzy2 ={[2.5, 51, [3.7, 6.2, [5, 7.5], [5, 7.51, [6.2, 8.71}
fuzzy3 ={[1.7,4.2],[3.2, 6.5], [5.8, 8.6], [5.8, 8.6], [7.2, 9.7]}.

fuzzyl={[3, 5], [3, 51, [4, 6], [4, 6], [5, 7]}
fuzzy2={[2.5, 5], [2.5, 5], [3.7, 6.2], [3.7, 6.2], [5, 7.5]}
fuzzy3={[1.7,4.2],[1.7,4.2], [3.2, 6.5], [3.2, 6.5], [5.8, 8.6]}

Table 9 Rough numbers in the proposed method for the judgment set Py5

B P15 =1{4,5,6,6,7} Py =1{4,4,5,5,6}
p=1 Pis = (14,5.502], [4.472, 5.9581, [5.18, 6.316], Pas = {[4,4.7431, [4, 4.743], [4.472, 5.313],
[5.18,6.316], [5.502, 7]} [4.472,5.313], [4.743, 6]}
B=05 Pis = {[4,4.427], [4.472,5.646], [5.646, 6.316], Py = {[4,4.472], [4,4.472], [4.472,5.313],
[5.646, 6.316], [6.316, 7]} [4.472,5.313], [5.313, 6]}
:B =0 P15 = {4,5,6, 6, 7} P26 — {4’ 4,5,5,6}
9 7.5
6
8 7
7 s 6.5
LA N | 6 1

617 & i — & Rough (0) - Rough (0)

1" ’:v > Rough (0.5)
5 J’ I ‘I‘ Rough (0.5) 5 | = :

I l :: — Rough (1)
4 = k e _— Rough (1) 45 —

| A S Fuzzy (FGM)
3 4% L > Fuzzy 1 4 —

' , ~ 2 o Fuzzy (OWA)
2 = S Fuzzy 2 3.5

/ [ | 1 2 3 4 5 6 7

1 Fuzzy 3

1 3 5 7 9 11 13 15 17 19 21 23 25 27

Fig. 4 Comparison among rough numbers and fuzzy numbers in the
two judgments

maker’s judgments under vagueness in different situa-
tions.

Obviously, the proposed method is more flexible and accu-
rate than the existing studies in the expression of vagueness
degree. All the rough intervals are identified by considering
individual cognition and group consensus. The group judg-
ment can be obtained by using the data calculated as above.

Two well-known calculation methods for integrating indi-
vidual judgments are fuzzy geometric mean (FGM) and

@ Springer

Fig. 5 Comparison of P;s5 rough intervals from rough numbers and
fuzzy numbers

ordered weighted averaging (OWA) operator (Bordogna et al.
1997), which were used in various engineering applications.
The OWA operator has three linguistic quantifiers, namely
“most”, “at least half”, and “as many as possible”. Let us
consider the judgment sets Pjs = {4, 5, 6, 6, 7} of the design
alternative A5 in respect to P-FC1 core ability criterion. The
proposed rough numbers and fuzzy numbers of 4, 5 and 6
in the above two judgment sets are compared in Fig. 4. The
comparison results between the proposed variable precision
rough method and fuzzy number with FGM operator as well
as fuzzy number with OWA operator, are given in Fig. 5.
Here, fuzzy numbers use fuzzyl = {[3, 5], [4, 6], [5, 7], [5,
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71, [6, 8]}. Compared with the results obtained from the two
methods, the proposed variable precision rough method has
higher accuracy in integrating individual judgments. Firstly,
the proposed method can flexibly address different decision
making scenarios with adjusting the factor of variable preci-
sion B. The group judgments are identified from individual
judgments without any priori knowledge for the determina-
tion of the possible boundaries of the rough numbers. The
identification of the group consensus follows the same prin-
ciple. Secondly, the proposed rough numbers have smaller
boundaries than the other methods. For instance, in the pro-
posed method, the group rough judgment is represented by
three group rough numbers: 8 = 1, R (P) = [4.867, 6.218],
B =0.5,R(P)=1[5216,595],and B =0, R (P) =[5, 6].
In contrast, the group fuzzy number using FGM is [4.478,
6.518]. Obviously, the proposed method is more accurate and
robust in the engineering application which can distinguish
the variation and consensus of decision makers’ judgments.
Small-boundary form and high-precision calculation model
(RLSM) in the proposed method address the issue.

For further comparison, the PSS alternatives are evaluated
by using fuzzy numbers with the calculation Egs. (5) and (6)
in the proposed method and FGM, respectively. The compar-
ison results of the proposed rough method and the above two
fuzzy numbers are shown in Table 10. The final results in
Table 10 reveal that the rough boundary intervals calculated
have smaller boundary intervals than the fuzzy intervals. It
is obvious that the proposed method can identify the ranking
easy and facilitate making PSS development decisions. The
ranking results are given in Table 11. For the same § level,
the alternatives are totally ranked with the proposed method
when the factor of vagueness degree is equal to zero (8 = 0),
which shows that any pair of alternatives is comparable. For
the increased values of the factor of vagueness degree f the
alternatives are not always totally ranked. For example, when
8 = 0.05, all the alternatives can be ranked in rough interval
(B = 0.5), but the preference relation cannot be identified
among (A5, Al, A3) and (A2, A6) respectively. Here, for
example A5, A1, A3 have the same ranking Accordingly, the
identification of the preference relation goes lower with the
increasing of 8. For example, from § = 0.05 to § = 0.2, the
results are always totally ranked with rough interval (8 = 0),
the results are from totally ranked to partially ranked with
rough interval (8 = 0.5 and 8 = 1). However, the results
cannot be totally ranked with fuzzy interval (FGM). Fuzzy
numbers lead to the enlargement of the fuzzy intervals in
final results and the enlargement are further increased from
the proposed method to FGM. Accordingly, excessive ranges
in fuzzy intervals can overlap the original differences among
the decision-making results, which have negative impacts on
the ranking of PSS alternatives as the above analysis indi-
cated.

Table 10 Comparison among rough numbers with three vagueness degrees and fuzzy numbers with TPM? and FGM

A7

A6

A2

Al

Different levels

No.

—_ = .

[5.226, 5.660

[5.647, 6.058]

6.155, 6.637]
5.755, 6.989]
5.588, 7.097]
5.054, 7.576]
4.528, 9.796]

[4.839, 5.997

[5.250, 6.421]

[4.694, 6.130

[5.069, 6.562]

[4.118, 6.594
[3.687, 8.536

[4.543, 6.988]

[4.076, 9.062]

= e e e

—_ = = e e

—_ — . .

—_— e e e

— = . e

[5.673, 6.234

[5.953, 6.578]

Rough interval (8 = 0)

[5.307, 6.538

[5.624, 6.882]

Rough interval (8 = 0.5)

[5.153, 6.639
[4.564,7.176

[5.402, 7.059]

Rough interval (8 = 1)

[4.856, 7.519]

Fuzzy interval (TPM)
Fuzzy interval (FGM)

[4.119,9.214

[4.438, 9.636]

2 TPM is the abbreviation of “the proposed method”
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Table 11 Comparison of

Ranking results

A4 > AS5>Al1l>A3>A2>A6> A7
A4 > AS5>Al1l>A3>A2> A6> A7
A4 > AS5>Al>A3>A2> A6> A7
A4 > (A5, Al, A3) > (A2, A6) > A7
Ad > (A5, Al, A3) > (A2, A6) > A7
A4 > AS5>Al1l>A3>A2>A6> A7
Ad > (A5, Al) > A3 > (A2, A6) > A7
Ad > (A5, Al, A3) > (A2, A6) > A7
Ad > (A5, Al, A3) > (A2, A6) > A7
Ad > (A5, Al, A3, A2, A6, A7)

A4 > AS5> Al >A3>A2>A6> A7
Ad > (AS, Al, A3) > (A2, A6) > A7
Ad > (A5, Al, A3) > (A2, A6) > A7
Ad > (AS, Al, A3, A2, A6, A7)

(A4, A5, Al, A3, A2, A6, A7)

ranking results under different No. ‘ Five classes
levels of 8 5 = 0.05 1 Rough interval (8 = 0)
2 Rough interval (8 = 0.5)
3 Rough interval (8 = 1)
4 Fuzzy interval (TPM)
5 Fuzzy interval (FGM)
5 =0.1 1 Rough interval (8 = 0)
2 Rough interval (8 = 0.5)
3 Rough interval (8 = 1)
4 Fuzzy interval (TPM)
5 Fuzzy interval (FGM)
3=0.2 1 Rough interval (8 = 0)
2 Rough interval (8 = 0.5)
3 Rough interval (8 = 1)
4 Fuzzy interval (TPM)
5 Fuzzy interval (FGM)
Conclusions

PSS has drawn the attention of global manufacturers. Design
alternative evaluation is an important and critical issue during
PSS development. It is difficult to cope with the complex-
ity and vagueness of PSS for information insufficiency and
cognitive vagueness during the conceptual design stage.
An integrated decision-making method for design alterna-
tive selection is then developed to systematically evaluate
PSS design alternatives. PSS concept is divided into multi-
modules for facilitating judgments, where the criteria and
related importance weights can be identified through the out-
puts of parallel HoQ. A variable precision rough set based
approach is proposed to design alternatives with different
criteria. RLSM and RGWM are developed to integrate indi-
vidual judgment into group judgments and further calculate
the final results for PSS concepts, respectively. A new non-
deterministic method is developed to rank these alternatives
in order to identify the optimal one. The proposed method is
applied in a real-world PSS case study for a HDD machine.

The proposed systematic decision-making method has the
following advantages:

(a) Design alternative decomposition helps designers eval-
uate easily. And the use of HoQ outputs can fuse the
previous design information into the decision process
systematically, which can adequately consider the voices
of customers and the relationships between product and
service.

(b) The systematic decision-making method can effectively
deal with the complex evaluation under vagueness envi-
ronments. The variable precision rough sets method
with RWGM can help decision-makes capture judgment

@ Springer

vagueness and form consensus judgments for design
alternative selection.

(c) The non-deterministic ranking method can identify the
preference ratings of the concepts reliably and credibly.

Although the approach provides an effective mechanism
for evaluating design alternatives of PSS involving subjec-
tive judgments in group decision environment, it also has
some limitations. The integration of HoQs and optimization
model may lead to more complexity of the calculation. The
designers give their judgments based on their knowledge and
experience individually. The designers’ lack of rough logic
domain knowledge may affect efficient use of the proposed
approach. Further work would consider other expression to
ensure that the designers can make more accurate individual
judgments. Besides, additional guidance mechanism may be
integrated into the proposed method in order to better aid the
designers give more rational judgments.
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