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Abstract

Evaluating each member’s collaboration abil-
ity in an R&D team is of vital importance
for senior managers to improve the team per-
formance for R&D activities. Due to the
difference in knowledge and education back-
ground, each team member usually tends to
use multi-granular hesitant fuzzy linguistic
term sets to elicit their assessments over team
members who have working relationship with
him/her with respect to each criterion. In
this paper, a multi-granular hesitant fuzzy
linguistic approach is developed to evaluate
the collaboration ability of R&D team mem-
bers. In the proposed approach, all the indi-
vidual multi-granular hesitant fuzzy linguis-
tic assessments provided by each team mem-
ber with respect to each criterion are first
transformed into their fuzzy envelopes and
then aggregated to obtain the overall assess-
ment of each team member’s collaboration
ability, which are in the form of trapezoidal
fuzzy numbers. By ranking the trapezoidal
fuzzy numbers, the collaboration ability of
team members can be ranked. The evalu-
ation values are also transformed into multi-
granular hesitant fuzzy linguistic term sets to
provide interpretable results about each team
member’s collaboration ability. Finally, a
numerical example is presented to illustrate
the proposed approach.

Keywords: Collaboration ability evalua-
tion, R&D, Hesitant fuzzy linguistic term set.

1 Introduction

With the rapid development of global competition,
R&D activities have been more and more important
for companies and other organizations, which are of-

ten participated by R&D teams to cope with rapid
change of the world [8]. An R&D team is a group of
R&D personnel who take responsibility for scientific
and technological research and development. Most of
the R&D teams exist in high-tech industry and are
composed of professionals from different fields of work
for some certain purposes.

An R&D project usually needs joint efforts and co-
operation of team members with different professional
skills [9]. A good and effective combination of R&D
team members enables the team to better use knowl-
edge and information related to R&D, which will also
inspire new and diverse views, ideas of team members
[22]. Perfect collaboration between team members will
promote person-to-person interaction, which can help
improve mutual satisfaction among members and team
performance eventually. Therefore, it is of vital impor-
tance to evaluate collaboration ability of team mem-
bers so that the team leader could always know the
cooperative situation and make strategic adjustments
in a timely manner.

In the literature, team collaboration has been in-
vestigated from different perspectives. For instance,
Son and Rojasan [16] proposed an agent-based mod-
elling and simulation approach to analyze the evo-
lution of collaboration in temporary project teams.
Defranco et al. [1] developed a cognitive collabora-
tive model to improve the performance in engineering
teams. MacBryde and Mendibil [11] discussed the de-
sign of performance measurement systems for a team
and pointed out that team member satisfaction is an
important dimension for performance measurement.
Fan et al. [4] used a 2-tuple fuzzy linguistic approach
to evaluate the collaboration satisfaction of an NPD
team based on mutual-evaluation of team members.
Based on Fan et al’s work, Zhang et al. [26] proposed
an approach to evaluate the collaborative satisfaction
for project management team in integrated project de-
livery mode.

Previous studies have significantly advanced the study
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of team collaboration evaluation. One can find that
fuzzy linguistic approaches are useful tools for team
collaboration evaluation due to the fact that collab-
oration ability is subjective experience of team mem-
bers which can be assessed using linguistic variables to
depict the fuzziness and imprecise knowledge of team
members [14]. However, existing approaches are not
suitable to directly deal with practical R&D team col-
laboration ability evaluation problems for the following
reasons. First, existing approaches usually assumed
that team members can only use a simple linguistic
term to elicit assessments over other team members’
collaboration ability, which cannot deal with the situ-
ations when team members may have some hesitancy
among some linguistic terms. The hesitant fuzzy lin-
guistic term set (HFLTS) which allows decision mak-
ers to use some consecutive linguistic terms can be
an effective tool for team members to elicit linguistic
assessments flexibly [13, 21, 17]. Second, due to differ-
ences in knowledge background and culture, different
team members tend to use linguistic term sets with
different granularities [12, 20, 28, 25]. However, these
situations have not been fully considered in existing
studies.

To overcome the above limitations, the aim of this
paper is to develop a multi-granular hesitant fuzzy
linguistic approach to evaluate collaboration abil-
ity of R&D team members, in which multi-granular
HFLTSs are used by team members to provide mutual-
evaluations over other team members and the fuzzy
envelopes of HFLTSs are used to transform and ag-
gregate multi-granular hesitant fuzzy linguistic as-
sessments, based on which the collaboration abil-
ity of R&D team members can be evaluated and
ranked. The evaluation results are also transformed
into HFLTSs defined on the linguistic term sets used
by different team members to provide interpretable re-
sults about each team member’s collaboration ability.

The rest of the paper is organized as follows. Section
2 presents preliminaries on trapezoidal fuzzy numbers
(TFNs) and HFLTSs. In section 3, an approach is de-
veloped to evaluate collaboration ability of R&D team
members. In section 4, a numerical example is utilized
to demonstrate the proposed method. Finally, some
conclusions are drawn in section 5.

2 Preliminaries

In this section, some basic knowledge about TFNs and
HFLTSs is introduced.

2.1 TFNs

Zadeh [24] proposed the concept of fuzzy sets to depict
the uncertainty in human beings’ vague and imprecise

knowledge.

Definition 1. [24] Let X be a universe set. A fuzzy
set A in X is characterized by a membership function
ta(z) which associates each z in X with a real num-
ber in interval [0,1]. The function u4(x) denotes the
membership degree of x in A.

TFN is one of the most widely used fuzzy sets, which
is defined below.

Definition 2. [7] Let A be a fuzzy set in X, then
A =T(a,b,c,d) is a TFN if its membership function
pa(zx) is given by

r—a

, a<xz<b,
b—a ,
1 , <z <ec,
pa(@) =49 4_ 4 (1)
, c<x<d,
d—c
0 , others,

where a, b, ¢, d are real numbers.

Given two TFNs A; = T(a1, by, c1, dl), Ay =
T(az, ba, c2,ds2), some operations can be defined as fol-
lows [7].

(1) Ay + Ag = T(a1 + ag, by + ba, 1 + ¢, dy + da);
(2) kAl = T(kal, k)bl, k‘Cl, k‘dl)

In addition, the Hamming distance between two TFNs

Al = T(al,bl,cl,dl) and A2 = T(az,bQ,CQ,dg) is de-
fined as

d(Ar, Ag) = i(\al—a2|+|b1—b2|+|cl—02|+\d1—d2|)

(2)
In [19], it is defined the centroid formulae of an TFN.
Definition 3. [19] Let A = T'(a,b,c,d) be a TFN,
then the centroid of A can be calculated as (T 4,7 4),

where

- —}(aﬁ-b—i—c—i—d— cxd—axb )
473 (c+d)—(a+1D)

1 c—b (3)

s = —(1 4+ — ).

V=30 g et

Based on the centroid formulae of TFNs, a comparison
rule is proposed to compare and rank TFNs [18]. Let
A1 = T(al, bl, C1, dl) and A2 = T(ag, bg, Co, dg) be two
TFNs, then

(a) If TA, > TA,, then A; = As;

(b) If Ta, < Ta,, then Ay < Ag;

(c) If Ta, = Ta, and Ju, > Ya,, then Ay = Ay; If
Ta, = Ta, and Yy, < Yu,, then Ay < Ag; If
TA, =TA, and yAl :yAz’ then Al ~ AQ.
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2.2 Hesitant fuzzy linguistic term sets

In this section, we introduce some knowledge related to
HFLTSs, including the concept and the fuzzy envelope
of an HFLTS.

Let S = {so,51,...,5¢} be a linguistic term set with
odd cardinality, where element s; denotes the i-th
linguistic term in S and g + 1 is the granularity of
S. A linguistic term set S satisfies the following
characteristics[5, 15]: (1) The set is ordered: s; > s;,
if i > j; (2) A negation operator Neg(s;) = s;, such
that j = g—i; (3) A maximization operator and a min-
imization operator: max(s;, s;) = s;, min(s;, s;) = s;,
ifi>j.

For decision making problems with high level uncer-
tainty and complexity, decision makers may hesitate
among some linguistic terms and use more than one
linguistic terms. Rodriguez et al. [13] defined the con-
cept of HFLT'Ss to characterize such situations.

Definition 4. [13] Let S = {s¢,s1,...,54} be a lin-
guistic term set. An HFLTS H® on S is an ordered
finite subset of consecutive linguistic term sets in S.

To carry out the computing with words processes, the
fuzzy envelope of an HFLTS is proposed in [10], which
represents an HFLTS using a TFN obtained by the
aggregation of the linguistic terms that compound the
HFLTS.

Definition 5. [10] Let S = {sg,s1,...,54} be a lin-
guistic term set and H® = {s;,...,s;} be an HFLTS
defined on S such that s, € S, k=4,i+1,...,j. The
fuzzy envelope envp(H®) of H can be defined as a
TFN T'(a,b, c,d), denoted by

envp(H®) = T(a,b,c,d). (4)

Details about how to calculate the fuzzy envelope of
an HFLTS can be found in [10].

3 The proposed approach

In this section, an approach is developed to evaluate
collaboration ability of R&D team members. First of
all, the formulation of the collaboration ability evalu-
ation problem is presented.

Let P ={Py, P,,...,P,} be the set of team members
in an R&D team, where P; is the i-th team mem-
ber, i € I = {1,2,...,n}. In order to evaluate col-
laboration ability of team members, each team mem-
ber is requested to provide his/her evaluation over
other team members who have working relationship
with him/her with respect to some criteria. Let C' =
{C1,Cq,...,Cp} be the set of criteria concerning col-
laboration ability, where C}, denotes the k-th criterion,

ke K =1{1,2,...,m}, and w= (wl,w%...,wm)T
denotes the weight vector of the criteria such that
Z;n:lwkZL w, >0, ke K.

The working relationship between team members in
the R&D team is denoted by a matrix R = (7ij)nxn,
where r;; represents the working relationship between
team members P; and P;. In particular, r;; = 1 in-
dicates that there exists working relationship between
P; and P;, r;; = 0 means there is no working relation-
ship between P; and P;, and r; = 0 means that P; has
no working relationship with himself/herself, i, j € I.
Note that the elements in each row and column of R
cannot be zero at the same time, i.e., the following
conditions Y77 ri; #0,i € Tand Y27 7y #0,j €1
should be satisfied. Otherwise, the team will be di-
vided into two or more sub-teams [4].

For convenience, let the Ilinguistic term set
used by the i-th team member be SS90+ =
i)+1 i)+1 i)+1 ) .
{sg(%) 7551’@) 7""’%8 }, where g¢(i) + 1 is the
granularity of S9()*+1 i € I, and the evaluation over
team member P; provided by P; with respect to the

k-th criterion concerning collaboration ability be hfj,
i,j€l, ke K. Ifry=1,then hf; € H , where
757" denotes the set of all the HFLTSs defined
on IO If ;= 0, let b, = — i,j € I, k € K.
Therefore, an evaluation matrix H* with respect to
C} can be denoted by

hiy iy o hp

S9()+1

In
Hk:(hfj)nxn: .21 .22 2 ke K.
o hio o hi,

(5)
Based on the evaluation matrices H', H2, ..., H™, the

following procedure is proposed to evaluate collabora-
tion ability of R&D team members.

First of all, all the HFLTSs in each H* are transformed
into their corresponding fuzzy envelopes. Let yfj =
T(yg’py?j’g,yfjﬁay,@/ﬂ be the fuzzy envelope of hfj,
Vrij = 1,1,5 € I,k € K, then we have

T (Y5 10852 Ub5.3,Yhs.a) = envp(hy;), ®
V’I“ij =115l ke K.

For the convenience of calculation, let yfj =
T(yzl‘cj717yzl'€j,27y'£€j,37yz]‘€j74) = T(0707070)7 Vrij = Oaiuj S
Ike K.

Accordingly, each hesitant fuzzy linguistic matrix H*
can be transformed into a TFN evaluation matrix as
YE = (Y ) nxn, s €1, k€ K.

By aggregating all TFN evaluation matrices
YLY2,...,Y™ a collective mutual-evaluation
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matrix Y = (yij)an can be obtained where

m k
Yig = T(Yij1, Yij,2, Yig 3, Yig,a) = k1 WkYs;
m m m m
-7 k k k k
= WkYij,1, WkYij,2, WkYij,35 WkYij,4
k=1 k=1 k=1 k=1

Vrij =1,4,5 €1
(7)
and
Yij = T(Yij1, Yij 2, ¥ij,3, Yij,a) = 17(0,0,0,0),
V?"Z‘j =0,:,5 €I
(8)
Based on the collective mutual-evaluation matrix Y,
the evaluation value of the i-th team member’s col-
laboration ability, denoted by ¥;, can be calculated
by aggregating the TFNs of team members who have
working relationship with him/her, i.e.,

Yi = T(Yi,1, Yi2, i3, Yia)

(X 2o il
Yiaartiio | Xieari

Do TiiYis Djon TiiYia |
,i € 1.

Sirii | iy

(9)
According to the evaluation value of each team mem-
ber’s collaboration ability y;, the collaboration ability
of each team member can be ranked by the centroid-
based ranking rule of fuzzy numbers, see Eq. (3) and
the ranking rule below Definition 3.

To help team members know their collaboration abil-
ity with others, it is necessary to return the evaluation
results to them. However, the evaluation results are
in the form of TFNs which are difficult for team mem-
bers to understand. In this paper, the TFNs are fur-
ther transformed into HFLTSs defined on the linguis-
tic term sets used by each team member using some
approximation operations to provide interpretable re-
sults.

Let N* be the maximum number of linguistic terms
used by the i-th team member to elicit HFLTSs, then
the set of all the possible HFLTSs used by the ¢-th
team member, denoted by F]i,i, can be obtained as
Fi,={1eHS"" #1< N} (10)
For each HFLTS in F},, its corresponding fuzzy
envelope can be calculated as well. For con-
venience, let Fj, = {ll,l%...,l#F}w}, and the
set of the fuzzy envelopes of HFLTSs in Fj,
be {envp(lh),envp(lz),...,envp(lyp )},  where
Ni
envp(ly) is a TFN calculated by Eq. (4),
g = 1,2,...,#F!,. Thus, the HFLTS 7; whose

fuzzy envelope has the least distance from y; can be
calculated by

y; = arg min d(y;, envp(ly)),i € 1.
la€F;

(11)

Obviously, 7; is an HFLTS defined on S9®)*!  which
can be easily understood by the team member P;, i €
1.

The procedure to evaluate collaboration ability of
R&D team members is demonstrated in Figure 1.

Team members elicit their hesitant fuzzy linguistic
evaluation matrices with respect to each criterion

l: Eq. (6)

Transform hesitant fuzzy linguistic evaluation
matrices into TFN evaluation matrices

i: Egs. (7)-(8)

Aggregate TFN evaluation matrices into a collective
TFN evaluation matrix

l: Eqg. (9)

Calculate the evaluation value of each team
member’s collaboration ability

l‘ Eq. (3)
Rank team members’ collaboration ability
l: Egs. (10)-(11)

Provide interpretable results for each team member’s
collaboration ability

Figure 1: The flowchart of the proposed approach

4 TIllustrative example

In this section, an example is provided to demonstrate
the proposed approach.

A senior manager in a company intends to learn
about the collaboration ability of six team mem-
bers (P, Ps,...,Ps) in an R&D team in order to
improve team performance. When performing the
evaluation, five criteria (Ci,Cs,...,Cs) are consid-
ered and the weight vector of the criteria is w =
(0.15,0.2,0.1,0.25,0.3)T. Due to differences in culture
and knowledge background, multi-granular HFLTSs
are provided by each team member to elicit his/her
evaluation over team members who have working re-
lationship with him/her. Specifically, P, and P,
use the linguistic term set S° = {sj : poor, s}

slightly poor, s : fair,s3 : slightly good, sj : good},
P; and P; use the linguistic term set S7 =
{s7 very poor, 51 poor, s5 slightly poor, 53
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fair, s5 slightly good, sf : good, sl : very good},
and P, and Ps; use the linguistic term set S? =
{s] : extremely poor, s? : very poor, s§ : poor, s :
slightly poor s9 : fair, s : slightly good, sg : good, s% :
very good, 53 : extremely good}.

The working relationship between the six members in
the team is described by a matrix as follows:

e e =)
— Ok O
OO O
_H R, OO
— O, ORrR K
O R R ORF

Each team member provides his/her evaluation based
on working relationship, and the multi-granular hes-
itant fuzzy linguistic evaluation matrices with re-
spect to the five criteria are shown as follows.

H' =
- {57} {s3.se}  {s7} {967?7 {s§. 58}
{55} {s5, 53} - {553} {53
{51157} {57 5()} - {517115175;} -
(s} {s3} - {53,34} {s3, 53}
{si,st} {5, - {shshs8} - {s5}

{s8,57} {58,758 {s7.s8)  {sdshsl} -

H? =
- {52358}{52’82} {8?7528)} {52352}{82782}
{5?7837815’)} - {5818?} - {53752} {8451}
{84717:;} {Sg: Sg} 57 s {ng SE} 75 57 5
{783}7 - {s3,s3} . {s1} {337784}
{si,s5}  {s6} - {s5,56} - {s3}
{82782} {ngsg} - {32752553} {Sg} -

H® =
- {Sg,Sg,S?} {Sg} {52552} {Sg} {82752}

{shdsll  — (sl — {shsl} (o)
{54,35736} {56} - {34755} - -
{782778451}7 77 . {83782} 77 - {Sg} {8(5;78?}
{53788758} {54,955} - {58758} —9 {83,584}
{56,37758} {56} - {35:56} {55} -
H* =
S kst () (bt (s} D)
{7837784}7 7* ; {52753} *7 {32} {53}
{5375847555} {53,54} —5 {54755,56} -
{537754} . ; {s2} - {52} {53}
{955}9 {38738} - {53} . {83784}
{s6;s7}  {s7,s8} - {sz} {ss} -
H® =
— sl D b (slsl (ssY)
{s3.57 - {s3} - Gl OB
{shosgh Gkl = kD) ~
{3,531} - {st,s3} - {s1} {88, 57, 82}
{sZ,s¢ {s1} - {s1, 5%} - {sl.s]
{s7.53  {s3.5% = {sdhsh s} {357} -

In the rest of this section, the proposed approach is
employed to evaluate the collaboration ability of the
six team members.

First of all, by Eq. (6), all multi-granular hesitant
fuzzy linguistic evaluation matrices H', H?,..., H®
are transformed into TFN evaluation matrices

Y Y2,...,Y". For instance, Y'! is shown in the next
page.

By Egs. (7) and (8), all TFN evaluation matrices
YL Y2, ...Y" are aggregated into a collective TFN

evaluation matrix Y, which is shown in the following
pages.

By Eq. (9), the evaluation values of the six team mem-
bers’ collaboration ability are calculated as

0.535,0.823,0.904, 1),
0.612,0.818,0.891,0.980),
0.277,0.469, 0.592, 0.813),
0.590, 0.806, 0.892, 0.971),
)
)

0.531,0.759,0.834,0.945),

T
T
T
T
T
7°(0.490,0.713,0.773,0.904).

(
(
(
(
(
(

Therefore, the ranking of the six team members’ col-
laboration ability can be obtained by Eq. (3) as
P, Py~ P > Ps > Pg > Ps.

Assume that the maximum number of the simple lin-
guistic terms used by the six team members is 3.
By Eqgs. (10)-(11), the evaluation values of each
team member’s collaboration ability is represented by
HFLTSs defined on the linguistic term set used by each
team member, as shown in Table 1. Note that the re-
sults shown in Table 1 are obtained using approxima-
tion operations and may result in the loss of informa-
tion to some extent.

From Table 1, one can find that based on the linguistic
term set SY which is used by P; and Ps, the collabo-
ration ability of Py, P, and Py is “between good and
very good”, the collaboration ability of Ps is “between
slightly poor and slightly good” and the collaboration
ability of P5 and Pg is “between slightly good and very
good”. Obviously, such results are interpretable and
more intuitive to the team members.

5 Conclusions

It is of vital importance to evaluate team members’
collaboration ability in an R&D team for companies
and other organizations. In this paper, a new approach
is developed to evaluate the collaboration ability of
R&D team members, which allows team members to
use HFLTSs defined on multi-granular linguistic term
sets to elicit their linguistic assessments over team
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7(0,0,0,0) T7(0.625,0.750,0.875,1) T(0.5,0.625,0.75,0.875)
7(0.5,0.75,0.75,1) 7(0,0,0,0) 7(0.25,0.5,0.75,1)
vi_ 7(0.5,0.667,0.833,1) 7(0.667,0.972,1,1) 7(0,0,0,0)
o 7(0.75,1,1,1) 7(0,0,0,0) 7(0.25,0.5,0.5,0.75)
T(0.5,0.667,0.8333, 1) 7(0.667,0.972,1,1) 7(0,0,0,0)
7(0.625,0.75,0.875, 1) 7(0.625,0.914, 1, 7(0,0,0,0)
7(0.75,0.875,0.875,1) T(0.625,0.75,0.875,1) T(0.375,0.5,0.625,0.75)
7(0,0,0,0) 7(0.25,0.5,0.75,1) 7(0,0.25,0.5,0.75)
7(0.333,0.633,0.7,1) 7(0,0,0,0) 7(0,0,0,0)
7(0,0,0,0) 7(0.5,3.75,1,1) 7(0.25,0.5,0.75,1)
7(0.5,0.852,1,1) 7(0,0,0,0) 7(0.333,0.5,0.5,0.667)
7(0.75,0.984,1,1) T(0.625,0.914,1,1) 7(0,0,0,0)
Table 1: The evaluation of each team member’s collaboration ability
S9(i)+1 P, P, P P, P P
S° {s3, 1} {s3} {s3} {s3} {s3} {s3}
S G A B € (o) ) (o) (o)
s {sg, 57} {sg, 57} {s3, 59,55} {s8, 57} {s3, 56, 57} {s3, 56, 57}

members who have working relationship with them.
In addition, the proposed approach not only can rank
team members’ collaboration ability in an R&D team,
but also can provide interpretable evaluation results
for team members’ collaboration ability.

In terms of future research, we intend to extend the
proposed approach to evaluate team members’ collab-
oration ability in an R&D team based on unbalanced
HFLTSs [2, 23]. Tt is also interesting to integrate con-
sensus process [3, 6, 27] into the process of collabora-
tion ability evaluation to obtain more reasonable re-
sults.
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