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A novel QFD method considering expert’ s psychological behavior character
under probabilistic linguistic environment
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(State Key Laboratory of Mechanical Transmissions ( Chongqing University) , Chongqing 400044, China)

Abstract; To overcome some inherent drawbacks regarding the assessment of relationships between customer
requirements and engineering characteristics, the determination of customer requirements weights and the
prioritization of engineering characteristics in application of traditional QFD method, a novel QFD method
considering expert’ s psychological behavior character under probabilistic linguistic environment was proposed.
Firstly, the initial weights of customer requirements were determined by using the probabilistic linguistic
multiplicative analytic hierarchy process ( PL-MAHP ). With respect to the interrelationships among customer
requirements into account, fuzzy cognitive map ( FCM) was used to analyze and determine their final weights.
Secondly, the probabilistic linguistic sets (PLTS) was applied to express the uncertainty and hesitancy of subjective
assessments in evaluating the interrelations between customer requirements and engineering characteristics. in
addition, the TODIM method was extended to probabilistic linguistic environment, the overall dominance of
engineering characteristics was utilized to determine the importance ranking of engineering characteristics
considering the psychological behaviors of decision makers. Finally, the proposed QFD method was applied in an
empirical case concerning the product development of electric vehicle, the results proved that the method can
effectively prioritise engineering characteristics in QFD, and comparison study with other relevant methods was also
performed to show its merits.
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Bt SEASTRY S BRI B U2 IV T SR AE I T R
TARHEROCHRE S B AHAE S bR kB b, il A
SN A A REOR 1 AR 2 7, QFD A1 BA & o
fii ] T FH 18 AR 1E ( Linguistic Term Set, LTS) i
ATHIWTPEAL VR N I BB 15 5 & (Hesitant Fuzzy
Linguistic Term Set, HFLTS) " f4F J&. SCHk[ 10] 42
H AL %08 7 R 15 £ (Probabilistic Linguistic Term
Sets, PLTS) AUAL 7 PR L 20 24 1H & AR IE
PEBAT B, , 1 FLE AT LSE sk XA [R]85 AR 14 A
A5 Bk SN [ 2 B 4 i -, A R b e B 1 i e
FEMELR RE TS BRI R TENE, EhnE
FHTF A L GT A5 18 RO P RS i s

FEXSIAIRE 2) , YRS 32 S HI P R S 4 5 1
;7% (decision making trial and evaluation laboratory,
DEMATEL) Fl1M 2% 43 #7# (analytic network process,
ANP ) 2 1 Jo57 2 8 3K 1] (8 O I56 5C 2, SCHR [ 12 $2 4
£ . DEMATEL #14& 7% It ] 3% i % ( complex
proportional assessment, COPRAS) f#) QFD 1% | fif
€T B e K ] HAH IO RN TR B2 i e
AREME. SCHK [ 2] 32 AL AM] DEMATEL 23 #r B
it 2R ) A AH B OC 2R 0T s HOACR. SCRIR[ 13 ] %ot
&t SR B A7 TE 19 JC I G 2 [R) L, 42t 255 ANP Al
QFD IR gy e AR AY | 45 DEMATEL #l ANP J2& 43
PR R CIRA T N AT R (B ER R 2R WA
Wi oy 7 A A — Bk S B IR B 7 R ) A TE LE L B
PRI SRR OC 2R RIBS 5 75 R B AR AR A )

FEXSIAIE 3) , QFD J5 v vh TR AR % HE
[F) AT LA A S — Fb 22 J@ 1 T S 1) B ( multiple
criteria  decision  making, MCDM ), Ik,
COPRAS'™) {25 44 HE )3 1611 RO €8 G Bk 7L
Z5 MCDM J5 5 C U T TREBOR B2, SOk
[ 1642 9 TODIM J7 i & —Ffi 3 T i 5 BE i
BRI O T B AT AT O DR SR T i, M B T A
MCDM J5 ¥, TODIM FE537% 18 T & G A7 BREAYE 9.0
PEAT R T AR RO B2 HE PP A2 W), (7 TR 4L
R i Y 4 RS A BT

ARSI T —FhERIE F M T R L R oM
1701 QFD J5k Tk Li G % B L X EUMA R
PURNBE 2 e K 6] B AR OC T 5 T A 3R 4 SR il
B JZ IR £ (probabilistic linguistic multiplicative
analytic hierarchy process, PL-MAHP ) FIFR LA 1 &
(fuzzy cognitive map , FCM) B € Jilil % 75 >R AL T, 1 FH
PLTS PHAk B2 75 K A LA HOR Z [A] R DGR AL, OF:
FLT PL-TODIM i TAREAR R EE. FJaH A3
By QFD J7 ¥k R T H IR 42 7 i T & SE il v
BIE 7207 B A RO A I

1 BMEEFEEAESE
EX1 FILTS HS=is, | a=-7,.., -1,
0,1,...,7}, N THER L ZIEAL I B9 ML A B 2
P, L—ERIE S ARIEEE PLTS N
Lp)= L)1 LY €8S, p" =0,1=1.2,..,
#L(P) @)
#p), 2, p" <1}

Lop LV (p") MHERGR R pY MEFARE LY,
#L(p) AFTA L(p) TEE MG T AREREH.
1.1 PLTS HrEL

EN 200 PpLTS Zi(fl)P”) < 1, g

S EAREALE) PLTS L(p) E XK
Lp)=1{LY(p) 1 1=1,2,...,#L(p)}.
ﬁ':F':p'(l) =p<1>/z fi(lmpu) ,/% a® %iﬁ%ﬁiﬁ Lo
TR, W PLTS AT T E IR o p " A THT
HEF s # PLTS W &AW E N HAHE o p

BAYICE WL o BT HES).

EX3I L(P)={,"p,")11=1,2,..,
#L,(p) | A1 L(P) = {L,L(p,"") 1 1 =1,2,...,
#L,(p) | EPIARIEIRY PLTS, % #L,(p) > #L,(p) ,
WP #L,(p) — #L,(p) NES AREGME] L(p) H,
HARRIAEF AR ER L(p) TE/NIES Rif,
HHMEZRR 0,875 L,(p) FL,(p) HEEHITEF AR
B

T L2 FsE 3, AT LIRISAREIL ) PLTS,
L(p)=1{LY(p") 1 1=1,2,... #L(p)}|,H p? =

0) ) (1
p /Z,:lp .
1.2 PLTS MI&E
—RV [17] N _ —_
IEX"‘ ﬁM_%Mql 7_1’2,""0} 7EEEEQ

L ®XHA MWL R BN, HAEMNEN
PYRSRERN-C D YMPYESIE S 3% -
BERY PLTS Sy L'(p) = {Li(pl) | LY e S}, Horhpl o
HH A L RERIE R, WZEE PLTS 2h
L(p) =LY (p") 1 L™ e §,p» = Z:’zlvgp\q,
1=1,2,... #L(p)|. (1)
K ol i L(p) HIBH AW L BFE

q : (1) q

_ [Pes -lijn e L'(p); (2)
0, L ¢ L'(p).

Bl 1 B 3 A B FAIE PLTS 435K L' (p) =
[5,(05),5,(05) | ,L*(p) = {5,(0.8) ,5,(0.2) | ,L(p) =
[s,(1) ], BFRBE M EH [0.3,0.2,0.5]", WK
X 4 BEBFNLES PLTS N L(p) = {5,(0.15),
5,(0.81) ,5,(0.04) .

Uq
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1.3 PLTS @tk

EX S FIEFS={s la=-71,..,-1,0,
l,...,7} BJPLTS N L(p)={LY(p")11=1,2,..,
#L(p) |, o'V BEFARE LY N RR, WL A
E(L(p)) FITZMH o(L(p)) 535%E LN

O]
#L(p) + 7 #L(p)
E(L(p)) = ZH (?P“))/z o,

!
ap, oV +1 <) ) \12

o(Lp)= (X (Co—ELE) "y X p")"

FIHBIEEE E(L(p)) T ZEMEH o (L(p)) ik
PLTS WY R/NCERI . 25 E(L(p)) > E(L,(p)), M
L(p) > L(p);# E(L(p))= E(Ly(p)) , Mit775 %
B, B o(L(p)) > o(L(p)), W L(p) <
Ly(p); W2 o(L(p)) = o(Ly(p)), W L(p) =

L,(p).
1.4 PLTS ERIEE
EX6" WLISHS= (s, la=-7,.,-1,

0,1, 7} BHEEPDAFEFRHELL PLTS 735000
Lip)= {LY(p") 1 1= 12, #L,(p)},
L(p)= {L,"(p") 1 1=1,2,... #L,(p) |,

11 e 51 S R/ W

d(L,(p), Ly(p)) =

@) tTo o t T2 T

JZIH ( 2 P~ 2 Py ) /H#L(p) .

2 MEEEARTEZREROEATH
th QFD 77 %

FEXHESE QFD J5 i A AE B ) 8, AR SCH i —

FIRESIE T IR T % I8 R Z 0T 0 QFD ik,

R AR BY B . 3T PL-MAHP 1 FCM

B IR R A 34T PL-TODIM 1 T F2H R &
BEHERY . ARG B AR R 1 TR,

W ok > i TRHA
| v | : y

| [ HEFPL-MAHPHE| | B A 2 R
| m)ﬁ“ﬁ%ﬁ‘ima*@ . i%%a‘éj%%ﬁﬁfﬁ
| PETFOMTENE] | [ BEmETGR
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Fig.1 Framework of the proposed QFD mode

2.1 EF PL-MAHP #1 FCM B EME ERKINE
2.1.1 JETF PL-MAHP #ffi & B % 7 SR W i AL

FETRJZ R HT s (MAHP ) & —Fh 3L T & M il %ot
Fodse A [ SRk BUE PE 3 WA /Y 3k, A LT
AHP ,MAHP $5c K147 SR BA G RE AT 2 X
PO M AT — PR R 56 (548 MAHP f F A
B ERE R 2 7 WA P 22 ) A e e 2 30
12 LSO 1 S b S FI W15 S, 5 1 E) PLTS J2
FAE L ZHNB A ST AR SCH I SCER 17 ] 3 1
() PL-MAHP J5 728 2 [ % T SR W LA AN .

TB1 iE T REEMERIE S  iH E

W QFD LZHBIBNH Q &K M, (g =1,2,...,
Q) HLA , MR 4 20U 45 48 04 I8 48 56 1 AS ]
AHP 08 L FALE B R [A,A,,,4,]", H
WY A, =1, HTFBERRES 1C,,0,,,
C.l, &HE M, % RIEF 5 D =
(LY(P)) Gk = 1,2,.0,0), How Li(P) =
(L (PO 11,2, #L(P) ) BT S = s, )l a =
=Ty = 1,0,1,..,7} B9 PLTS, RRIBAT K € X
FUIi % 5K €, AR E B O e

P;,ku) — PZ}” ’L;,km - neg(LZ;l)) ,
L7 (P) = {so(1) | ,#Li(p) = #Li(p).

(1) (2), 4% D BN ZEAHERIE S I
WHFED = (Ly,(P))

$B 2 T PL-MAHP %4 il % 75 sk ¥ t&
A

4G MAHP, i 4F 5 FE D = (L,(P)),.,
L,(P) S5 ®R C M C, WHXEIR N 0/, =

#L(p) #L(p) TR
exp(— Iny2 x ( 21:]} a(”pm/zl:: ")), H

Al [, = 1, SRR RN~ Tl S
J=1

wok ¢, U
. In«/i n #L(p) IR0 #L(p) W
= exp(— = x X0 (X Tapls ¥ ),

(3)
5 — AL FRAR IR 5 5K C, WA A

w! = &}j/zjlle, i=1,2,...,n.  (4)

2.1.2  FHTF FCM 5 [ 5 75 R B LA H
FCM J&—F{as A Ja8 1 ) PR SR S R A4 7 12k
FH T DEMATEL F1 ANP, FCM AE 5 M /2 e Ja 1 1)
FEAEIE TR SRS 0GR | I8 2k A QAR A s
[ BhAS AR . S R 31 B 25 75 >R ) R T 56
3RS S RA SR DA IR SR A I 7 oK i) DG Bk
KZ, LU PL-MAHP £33 i Ji & 75 R 0 4 A A
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FCM I 5 >R 00 4 IR A M, JRAR % FCM 4 2
BUHIHEA T HE T8 AT, B 200 — Fb A R % 75 ok R
AR R LA E.

B3 IR TR PR S E

W% 5 R WA AL A S FCM A 19 i 7 7 oK
PR R A, B (AL AL AL AL =
L) wy, = wy -, | Her A S AR =
0 B, 55 bk NMIE TR C, MPILRIRAS(E.

WA HE LR IR TR FAHCH B

WK M, 4 U 55K F AR IR FE S W=
el )k =1,2,,n, e e [—1,1])  Hrel, o
i % T R € X% R €, BRI 64351
FORINE TR AL A IE TR IR 56 2R, 4o B Y
RN SRR B /I, 8 X W, 4 AT L5 A
HHOR AMHEE W =Te,],,,, P,

6= (X" Ae)/0. (5)
$EBS HHEETRRORERSHE
FCM [ BEHL ] A
AC =+ X e XA (6)

Kb AL N TR € BARE ¢ B IRAS M, f
hy B(EL R, B pRECFN R 24 P sigmoid PRZL
REMS FLA RN 4519 0 B35 SRS fa 34 R AR e AR
J& , IF BARIERR R R 1 Sk O S B R AE[ 0,17,
JIr AR SC 35k ) sigmoid PREY f(x) = 1/(1 + exp( -
ax) ) VE R B H R

Ze3ed — 5 B AR, 17 m RS M8 B R e R
AEEARAS e IR IR AR A AR 1k

FB6 i IR T oK A I LA

T 3 X BT % e SR B IR A UH — A B R AS
Rt R B A RE

w=Ag/ (X7 Ag) (7)

K A, ABUETR C) AU L R R A .
22 ETFPLTODIM AEIREAREEEHRF

T FE ST 5 SR A TR AR Y eI 56 AR o
H B GONTRN O BT b s e e 2 TR R
AL, DRSS M (A pRECH a2 1Y TODIM
D7V S AR A S RS 5 2 i P SR 0 B AT
. BB, AR SCH TODIM 4 & 2R R 15 5 358 T LU
e TREEREE R, HOP IR IR 7~ 11.

BT i & FAMELE A MR 5 OCH A P

W R =[Lip) ], WERM, SRMEIHERE S
SRIRFERE , Hoh Li(p) B M, MR C(j =
1,2,...n) MITHAEEARE G =1,2,...,m) [AHKEE
FEEEVAN. MAEEC(T) L (2) RS LR UM FH

BRBRAE R = [Li(p) ],,., &6 BRI F OCHK
HiER = [Ly(p) 1, FETAE L2 3,5 R S 4THR
HEAL Ak AR AR E 25 B MR8 5 B 4 R =
[L:(P) ] -

]S THHUR T K AR X AR

& €, WBEIEFTR JREFTR CHAE N

w, =w;/w,,j=1,2,...,n (8)
A, =max{wj|j= 1,2,...,n} j{ICrXﬂL@E’:J%‘,EQ

FLHE.
SR IHETEEARE KT E, 895U
TR TR €, F, TR E LT E, 89518
JETH R

d)j(Ei JE) =
S d (L) L)/ 2w 1) > Ly(p)s
0, Zg(P>=Zhj(P)§
1 p - = _ _
2wl ) 1), L) < L.

(9)
L d(L(p), L(p)) J& Ly(p) F1 L, (p) ZIHIFE
Bj=1,2,. ,n;i,h=1,2,....,m. Z%060(6 >0) %
TN R R B, T B AR e S04 IRV D 47 I R (L
RIS 28 TR IS e i 8 D453 253 Wil P e 0
PRIO < 0 < 13455 G008 KU FLRERY ) 0451 2K 1)
SRR/ B0 > 155 58 R AU v A oy
SRR B 6 = 1.
HB,10 HiETRERE AT E, WZE LE
TR E LT E, WL G0E N
S(E.,E,) = ijl(p,.(Ei,Eh). (10)
SR TR E 2R G ¢
TREEARE 2R&GIEE & AR
2, 8(ELE) —min( Y, " 8(E, E,))

) miaxz ::]5(E£,E,,) - ml_in( z ::15(E1.,,Eh)) .
R & X TRFOREERE E, 7HT, & (H#
KO TRREAR E, d2EE.

3 LB

B 5 4= BR AE IR G WL AR 85 75 Y ) BB A H ™
I, T REIMA R L SR R R B LR AR IR A
P R R T ], AN TR T BT L SR A
WTE4 T, 98 3 0L HAE ISR It &
() QFD HBA, Hrp A s 1 47 7= ik & TR M, | 1
PR EE LI M, RN 1 il R M, KRR K
PR GE F R STUI 22 56 () AS [R) 0 S0l o 6 AR A =
(0.5, 0.25, 0.25). QFD A BA i 12 4 1 i1 3 V& F

&
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FEHLBIVA G IR T oK s I HERRAF (C) |, WASE A%
fikcc,) MR CC,) , B RK (C,). K
L FITR NS e 28 50 B A L BIIR A AR BORFE AR
WA (E,) R RICHERE (E,) e[| (Ey) |
SRR (E,) RGEWA(ES).
so(1)
5,(0.55) ,5,(0.45)
s,(0.45) ,s_,(0.55)
5,(0.20) ,5,(0.80)  5,(0.85),s,(0.15)
$R2.3 KIEL(3) (4) IR KW
IARCE N w! = (0.246,0.285,0.157,0.311) , &K
VHARCE VLR FOM B &R IR R A E [A°,
AL AR AL ] = [0.246,0.285,0.157, 0.311].
R4 E(S)  ERIE TR B AR,

50(1)

0 -0.575 0.250 0.625
0 0 0 0
W=
0 - 0.250 0 0
0.725 -0.600 - 0.275 0

FE]S5.6 mid(6) HATEMET % &
P75 2 RS W S 8, B (R B h 2

5_,(0.45) ,5,(0.55)

s _,(0.57) ,5_,(0.43)

31 HEEREER

é_ﬂ% 13 fﬁ%%ﬁiﬂq Sl = {S,z :KE%,S,I ﬁ%
ANEL s —HEEE s FHEE s, L] XA
SKIBIEA T s LU, 15 2305 5 i s FEDY , I8
(1) (2) , RED HRNZEERERE 5 IRl HE

5,(0.55) ,5,(0.45) s_,(0.80),5,(0.20)
5,(0.43) ,5,(0.57) s_,(0.15) ,5,(0.85)
so(1) 5 _,(0.95),5_,(0.05)
5,(0.05),5,(0.95) s,(1)
Boa=1, 2509 W5 AT KL RIF e RSE
Ag = (0.796 3, 0.307 7, 0.764 8, 0.782 5). Jf- A4
A7) TR B 5 SR B B A w; = (0.300,
0.116,0.288,0.295).

F],T 3MLHRMAHS, = s, MK, s_, K,
so: TAE s R sy | PPN IR Fa oK A1 AR BOAR
Z I A OCHRFR B WS 4R 3 1 & AR LA 2 3H 50
BRHRE R (¢ = 1,2,3) JLEFFR 1. @),
(2) R4 R BB GA R0 5 OCHH I R, IR
FE L2 FISE 3 bRifEAb AL FE R 15 B bR ifELE SR IE
T ORHJERE R, N5 2 B,

F1 3 UEREHMFRIES KEER

Tab.1 Probabilistic linguistic relationship evaluation matrix provided by 3 experts
M, E, c, c, C, c,
E, 150(0.2) ,5,(0.8) } 150(0.9) ,5,(0.1) } [55(0.2),5_,(0.8)] [5.,(0.2) ,5,(0.8) ]
E, [5,(1.0)} [5.1(0.2) ,50(0.8) | [s.5(0.5) ,s_,(0.5) | [5.1(0.5) ,50(0.5) |
M, E, [50(0.1),5,(0.9) } 150(0.6) ,5,(0.4) } [s.,(1.0)} [s.,(1.0)}
E, {5-1(0.7) ,50(0.3) | {50(0.2) ,5,(0.8) | {5-1(0.8) ,50(0.2) | {5,(1.0) }
Es [50(1.0) | [5,(0.3),5,(0.7)} 150(0.5) ,5,(0.5) ] 15,(0.5),5,(0.5)
E, [5,(0.5),5,(0.5) 150(0.4) ,5,(0.6) ] [5.5(0.5),5_,(0.5)] [5.,(0.5) ,5,(0.5) ]
E, 51(0.2) ,5,(0.8) | 150(0.3) ,5,(0.7) } [5.5(0.8),5_,(0.2) ] [5.1(0.7) ,50(0.3) ]
M, E, [5(0.8) ,5,(0.2) | [5:(0.8) ,5,(0.2) | [51(0.7) ,5(0.3) | [5-,(0.8) ,5(0.2) |
E, [50(0.7) ,s,(0.3) | [5,(10) | [s,(1.0) ] [5,(0.2) ,5,(0.8) |
E, 150(0.5) ,5,(0.5) } [55(1.0) | 150(0.3) ,5,(0.7) } [5,(0.8),5,(0.2) }
E, [5,(1.0)} 150(0.5) ,5,(0.5) } {5,(0.7),5_,(0.3)} {5,(0.1),5_,(0.9)}
E, [50(0.5) ,5,(0.5) | [s.1(0.2) ,5,(0.8) | [s.,(1.0) | [s.,(1.0) |
M, E, 150(0.5) ,5,(0.5) } [5,(1.0)} [55(0.3),5_,(0.7) ] [55(0.5),5_,(0.5)]

k, 1‘3—1(0,1)750(09)}

Es 150(0.8),5,(0.2) |

150(0.2) ,5,(0.8) |

15,(0.5),5,(0.5) {

{5_,(0.4),5_,(0.6) | 15,(0.1),5,(0.9) |

150(0.8),5,(0.2) | 15,(0.7),5,(0.3) |
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Tab. 2 Normalized group probabilistic linguistic relationship evaluation matrix
E, c, c, C, c,
E 150(0.10),55(0.12) ,5,(0.78) | 155(0),55(0.65) ,s5,(0.35) 1 15,(0),5 ,(0.40),s_,(0.60) | |s_,(0.45) s ,(0.03) ,5,(0.52) |

=

Ey {50(0),50(0.38) ,5,(0.62) |
By 15.1(0.18) 15,(0.75) ,5,(0.07)
Es 150(0) ,50(0.83) ,5,(0.17) |

L 15.,(0.05) ,55(0.33) ,5,(0.62) | {5_,(0.15) ,5,(0.68) ,s5,(0.17) |
[50(0.35) ,5,(0.05) ,5,(0.60) |
[50(0) ,55(0.15) ,5,(0.85) |
[5,(0),5,(0.28) ,5,(0.72) |

15.,(0),5_,(0.45) ,s_,(0.55) | 15.,(0),5_,(0.68) ,5,(0.32}
[s_,(0.85) ;s ,(0.07) ,5,(0.08) | {s_,(0.83),5 5(0.12) ,5,(0.05) |
15.,(0.83) ,5_,(0.07) ,5,(0.10) | 15,(0),5,(0.08),5,(0.92) |
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Tab.3  Overall dominance and importance ranking of ECs with different values of 8

& TREARLRGE ¢
0 T
E, E, E, E, Es
6=10 0.360 0 0.429 0.841 1.000 Es>E, >E, >E, >E,
6=15 0.384 0 0.419 0.847 1.000 Es > E, >Ey > E, >E,
6 =20 0.405 0 0.411 0.837 1.000 Es > E, >Ey > E, > E,
6 =25 0.421 0 0.404 0.834 1.000 E, >E, >E, >E, > E,
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Fig.2 Importance ranking of ECs under different QFD methods
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