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Variation Reduction in Quality Using a Sensitivity Analysis

Hyun Su Chang - Byoung Ki Lee
Dept. of Industrial Engineering, Myong JI University

Abstract

As product quality is mainly determined in the product design and process
design step, systematic design should be performed through parameter design and
tolerance design. Therefore, we introduced analysis of variance and regression
analysis as a statistical method which determine optimal levels of affective design
factors to product characteristics, then we compared that process and result. In
analysis of variance, variation of quality characteristics arises from noise factors,
so the optimal levels of design factors are selected to minimize the effect of noise
factors. In regression analysis, variation of quality characteristics arises from
variation of each own design factors. As a method to reduce variation of these
quality characteristics, sensitivity analysis was performed about each design
factors. Through this sensitivity analysis, we represented process to calculate the
interaction term of the factors.

2 ATE 19%dE A RWde] Ade gate FHHAL.



FEF - o187 UAEEHE o] 83 F29] W bl B AT 141

1. &
L1 A9 55
HZ TA ZARAEES 7197 93 wetew FF F4E B3 AF 97 By o
1F3 - ohdEsr dFEan ok F2L AEe Ao I AvlAe] wExo) ¢
st AAH B R A8Ate iAo 77k dEe] AFE BAHLE NGz M
AEe ZA APHE ¥ £ Uk 71Ee FHIAYE HJu FA A (on-line
QO)7F tiF-Eojlont 1980 d o] EoiAA FHS Bk TEAHZ FAAI7] ¢
8 AEe AA dAdAMEEH FHEAY F& AiEe @99 FH B (off-line
QO7F WFEUT #HAY FAAeE AFY 4 EFAA S VA= AAESY
HAH 58 AAsY F2 EA A9 varations HAFEE otk oriM A
54X 9 variations F°]7] HlAME FFE vXE 7 AAE g NFEEAS
A gstojof 3t} o] & 9t AEHE FAZAH JiEoezE BEARM T AR
ol Ut
EAHEA S ol &3 WECREE 7 deE 4EA Jde A Aol (HITL )
o UMY S & F dtHTaguchi, 6]. o] HHEL2 FHE AFo) AHgd 713 &
A2 AHolsle] AFE) gt &4 39 S/NHl(signal to noise ratio), A uMIES
] 21 EA A9 variationS Foli, 3 F& gl st E8 EA

A7t E4 (robust) 3= & 2 JIAEY A FFE AAS= Wyolch
wogs W. A Taylord VTA(Variation Transmission
Analysis)H & & 4 YutHTaylor,8]. ©] ¥ e screening experiment® A A8l
AF F2 54X ¢S T+ AdAES A T AF T2 B XM

AAEe] AAFHE FAse] o Hogye 2 Adel HH £FL AAUL 5
= 13

o
=)
Mo
o
o
oo
ro
ol

4ol zztel sy WAM oA = 3
5479 variation® FYOEM TAHY FAVY o) FIH LS s do ¥
ol o] glr.

1.2 A9 ¥
B ATFEe ¥4 BE4AA dFe nxE dAEe] HH =52 dAsE vy

AA dANA AlEH A= BAREA T A8 H

slA S Aol EF EAA variationd FH e glofa

2 714 E AAEdY. URE

h=}
Aladel FdE] Yebes F4 EAAT AEFE



142 A7 93 A A5 A25 19979 64

noise) B 23S (external noise)d 7§ ztzbol diste] A MHS Ttz A A4

Eades

Aoyl =}
Xi e F2 544
Xo a e AE /3 A
. / Y
: ,\] A El
Xy e
T

<O 1> HE | S Aladeo oy

A7 FAEAE ol 88 A F A uFgE BEA AL AA @ basgdn, &

3] AAETH] AT AR terme] AFEMA LS ® Yo
2 F BA/NE o8% PUE L)

21 BARAL 058 B

FAREA S o] &8 Wo disty 718 jde Musd tew pu AWy nE
AARJAES 124 A fixed factors)ehi= 744 &lol) A o] Foj A}, o8& So <@
2>y AofAA7L dhitels, TR FEe) ;Y w, o] Whe] FA EANA Y, = o
S #Zo] ®AIHT

Y= ¢ + a; + e (1

AN pe YO AA Htoln, g, FE i AAMY YO Hi 4ok AM HF 4
7o) Rz A A9 FEH(main effect)olt}. e, = TD S Y zpalo] 23 Qu(zt

Aol olshA AR Wolw §) oasow el wAl N(0, )RE
WEn 42 %Yol

Ut do



385 - 0%l MPEEde o 88 $A9 WA dad $¥ A7 143

A% o A A7} 35E A iz, 2 3) & FEAHS BEE <2F 3>
9 vehicn @ o, 2 2949 YO oxbe ZFHAL, BF p1 40, pelE
Aol7k Aee & F Atk o) W YO TEA AFES A4 A £FE ARV
a9y QBA A9 FEARe) elA Yol variationo] WaTh we FA 5A
A Y variationo] F&ol ERHUA VY FEA AGES ARsd HH FEe
Fa

]

T Y
g |
= ) \\\\
4 i M3 R
A L k o
N MR |
poioR ;e
e
i
It
Al A? Az o1zt A

ozxE Azgch WA} vl3sA|
= *‘101?11}7} KMOlJA 4 E.—*é‘ Yo A3 242 & | Y <a¥ &HY ®

ag +

()
Jm
oX
2

<38 4> B SHA Y HASA 2

AZNM By & B2 HAAAFOL, e® BAEAM By Ff viAstZ Y7+ 7}
A3 e eAFerA N, )ELE g0 ot o S04 g, o} 4,2
ZA337] & #H2AFH(method of least squares)S AH&3ta] b, 9 & F3lA
<a¥Y 5>HY LAE FAIE fAF o] @



144 FAE e 258 A2% 19974 69

<33 5> FHE EF S4% Vo S 29

A714 FA SAX Y AAE7) #wAE MY w vl Aol AXE
44 S22 AAsEdelE Aol Ak AAEe] Hz
AR

31 A=) HA 5 Z2A

TAEAE ol &8 WYy FAEME o] &3 WHE 74 AR HH FF& HA
st o] SRAOE Aolrt Yuk of7]M FAEM A ALEEE QAte) I AHE
Ao M AMREE IAES 25 AdAEA EQ2(fixed factor)elth 1E{uh A
F AAA FAZAAAM AL EE AAbe WM H A (random factor)Z 7} A A

shelob @tk MG HuWe the A LA weA of7lM AgHE A%
BAY Aol BEAgelm, AR Feolt ARAAR HF At

=S ,E_.}\
BN o83 wyel Feuy AL 74 AR 422 AE I 74 Sz
o] FA 4N Y7b FEAAl oo AvknF wsteste] me HH £F2S A

f=3
gt & So] (29 6) Ad A Alfixed factor)?} 3FF(A, Ay, Azell, Z
g1, mo, pa7b FA BAR Y HBEAC AbE o, 94}15‘7&7:“0“ 9
pe

WA QR E T4 F5S **5“75}71 ! 7—¥ FFo) M2 Y variationg HI
 HE, AvTEd e Y variationo] 7FE FHom g Azt AY HAH F£FEE AR F
. S o] &% WHE 4 AR FH EAA Yo #AVE 48
Bl o] Aol ol 938 Y variatione = 7)o uhbel Qlxpe] A 4

S

AEAE o) g3 WA AE A random factor)® 2zt +F 9] varatione YA
= A2 YO varationd wil FF ££& 2AAF
Ay T usge we Y 58S 2A

2 A, <ad 5>H7 A=k X9 FH

N
Jlm

Jlm 21_'
ox I o

Y= b + 5X 2



BET - o1H7) DE=E4S o8¢ T2 Az Fool B A7 145

Y
;‘l.?]_
| |
= Iy
;6] \ \,\*\ l\ 1\\\
I e R T3 a T SR 2o
e \/
f
Al A2 A3 ol A

<% 6> EF EMx| Ve %
g & o ¥ variation® Sx3hH
Var(Y) = b Var(X) 3)

o] Ftt H71M FF EAA Y variatione QA X2 variationell wiel €@EtxA =
o 23y <2y 7-a>A8 A X9k YO #A 48 A lowsEH highs
9| variation 27|17} 27] W&ol Y variation 27| Zoh & AAEDR FF EA
Yo #A A8 BS AR FFo] ojde YE ZH variationo] YA 37
o Y variation A7)+ ZA "t #dd] o]E9 FAIE wiAMEL AE 45 B
Q1 x}7} ahbel 7 $9-9] 24 3] %8 (second-order regression model with one independent

variable)?] Y9 §4& Jehud

fo 2

Y=10+bX+ bX (4)
g & 9 Y varation
Var(?) = b Var[X] + b} Var[X*] = b} 6} + Bj(4£°6% + 208)  (®

oty &7|A Y varatione A X9 targetdt f 9 ox@ol Y Z F£FEoAM =
A debdoh @atd (2" 7-b>HYE A X9 Yo @AV vAYEd F$ lows
7 highF 9 variation®] A= EF32 Y variatione ZHA A €A} &, A
o v AP Aol AAY targetdt t7F Y variationo] FFHL A= FF o w}
tt2t}, g71A Taylore A X9 targetdt o Qsial uys oy HE AS, 2
2} X& VAP(Variation Adjustment Parameter) @1 A <3t}



146 FA4 e A A25¢8 A2 1997d 649

Y Y
A ‘\\’ / g =)
= - =3
A t A
° e A /
A / ; )
RN ,/' 2]
s ” // -1
/,// !
a
yd ‘
S /, _ \,\\ e Cel - S . ‘//' LN
low high X low high X
(a) 48 #A (b) Bl E &4
< 2% 7> E& S4X| vet AXtzie] A utE Yo 85}

ol FAEL Ao RN, WA YEHS AXNFFZ eiw ohg3t 2

Y=AX,Xo, ..., X)) (6)

A7V Yo BT uyE 4 A9 target & t5 AMRst f()TrE UYERAE

ny=f(H, b, ..., ty) (7)

ojt}. = Yo HFEHA oy E 2 A9 target & 9 EFEHR 0 F ATy
R(t, o)EFE e

O'y:h(fl,tg,...,tn,O'Xl,O'XZy-v-,o-Xn) (8)

olth. Wt AREF Yo A AFolmw wEAGol Ak Yo HEAAE

oy=8(0x1,0x2, ..., 0x,) (9)

SR WU, E AT WA MyFoln e ATY, AE T A4 Xeh
X7b s go]l AL Xk 248 wel Vel gEuxE thed 2ol e £ 9l

Gy:h(ti,tl,fk,UXI,ze,...,UXn) (10)



FEF - oy NPEEAE o183 TR U Foo BT AT 147

W g vl B Ad BAEAE o] &3 WM E
Aoz A% FA EAA Y variationdl
BA M=zt Q1zke] variationo] ¥ Y9
£Ee ARG, &, EARAY A A R #HEE
2, @2 Wi Fewrs ndstd HH £F AAES FuE IARA Fvo
ZA €
32 3AEAS 53 VARIATIONFAH 9 EAH

S ARAAA FA EAA Y variationg FH37] $18td 3754 (general linear

regression model)& Y ERHH

Y= 08+ 88X + BX + + B, X, + e (11)
olt}. ¢} JozRyE Y& FAHsE
Y =06+ 6X, + bXy + - + b, X, (12)
ojt}, o37|A A1 A(12)ZFH Y variationg Ztzt FA 5
Var(Y) = o (13)

Var(Y) = 0 (14)
o)t} kst QA X¥E Agolr] wEo| Y variationd FAHE 7§ X9 variation
2 0oz Az dch et HAEAANA Y variationE FAHITE AL FRo|th
ey ghek Qi X7b At obd g8 W4 (random variable) 2 2Y AS, dA
Xe 88 BYXE XA HEg gAFYo2RE Y varationd FAHY F dvh. @
g ARG o] &% LM E BE AaE] EHU R fixed factor)7h obd W
2ol ZH(random factor)ghE 7HA dldll AES HAsHop gt oled 7B dol Y
variationg (113 A(12)2FH FFHRA

Var(Y) = ZIB? Var (X)) + & (15)

Var(Y) = Z:lb% Var (X;) (16)



148 FA4933 % A25A A2z 1997 64

olt}, &7 Al(12)Z ¥ A(16)2] F*% AHEH 2 (2x3)9] variation©]
Ao 9= Arejoltt, wald ¥ ovariationg FATTE A AEF folHoAA T
3 Y variation 2t 84 e o] variation ©+E A& &S 7FA A €t

oz
ol

>,
o

4. 9= 4

olzbe BAS 3l7] Mo Fe(noise)ol thate] dFstizt gk FrS(noise)ol &
W5 2 S (internal noise)@ 9] % 7HS-(external noise) 2.2 g 4 Aok d71A WR 3
oo 7+ 9zl R ury Fslo] 3 Ho A, oy ZF /AT A U=

variationel2t & 4 Qi £ RS oJF A& A

= AolAshe thE Aol ofs) wAEE Heeld T 4 AUtk

B
&
S
2z
N

MZE BAA o §F FEF ol RS wsh=u gol @b
Wb R HEF WRFEVE AL AT AALNE olEshel WP $aL AN

oft
5
2
o
—
SL
o
-1
L
ol
e
r2
Yo
M
Az
>

1ol e ol obd Z A variationell 2} )
oy7t W37l mEolth &, HAAXMoIA gRFEel ¥ gyE A targetdtol

Suiel 27 WaA ek A el BAe wrh metd AR @A WREE
e mEs A slgolt wHe] SR FSNL nAY A FARAG olg
el RZE AL sholop @rh BARME 49l variation, F WHFHEES A
Ga RFEWO L gypo] WHE FHAY] @Fol WPTSL RAGTL ARFEY
g mele B4 vgold wed Fee WRHLUS neY Ao ARFEUE
EEL

R4 Zzke] skl B4 71M S we) 8ol g
A% AARAT BARAY MR BAe 0l 2AsA



ol 8% FH] WA ool B

ra

T 149

@5 - 087 g EEA

o

sbiAA QA WREEel §1¢ W Y variations] A2 WA A NAES
ARG e B0 49 AR X, X, X; XF A= A%, 7 Amy sds
2% A HOY g(o)F4E o4t RS e 2o

2
Ovy = \/ 0'2}’ — g(0,0xy,0x3, 0x4)

Oy, = \/ oy — glox, 0,0x3, 0x1)°
(17)

Oy, = \/ UZY — g(ox1, 0x2, 0,0X4)2

Ove, = \/ 021/ —g(ox1,0x2,0x3, 0)2

A7 oy, FA Y variation T UdA X 0] A& variation A7 E 9w g},
vt fy & ZE Qe URF Lo Ug W] Y variation®® g(s)d42 EH}
W g(0x, Oxz, Ox3, Oxg)?0lth $1 2464 2 X9 7952 HHud, A
AlY variation® A X9 W] 0¥ el Y variation® XEA o] ¢1z9)
NAEE AR el JdgE A Aa Ao sld® o] AW ZHE A4
variation®] W)X+ < 3gko} Avtm I £ g},

Eools WAe BE Qxto] YRFSol AL wol jHA AES A e e
RS9 WRAS ¢S Wl Y varation®] HZ %2 At 9o olLw
dg 2o 7} A sledx 42 HAL YELE e P

O'Y'Xl:\/UZY_g(OXl,O,O,O)Z
‘71/‘”:‘/0'2}'—g(O,O'Xzy(),O)2

- (18)
UY'N=\/OJY_g(0,0,UX3,0)2
gy =V & —2(0,0,0,0x)°

A7NA oy & DAY variationl A UA X & AdE Uz Qs x| s
variation Z71& 9ugh 9 FHAM Az X9 VNG5S AHEd, AF Y
variation® €12k X, o] WRFA S 2 Q3 Y9 variation®] x2A o] Qzte rld T
& A4dth gapy AR JldE gol AW 2HE Fakua s A A7
variation®] ®| X 9gko] RAtm & 4 9o},

e = 2FC ol A MA A AgE0Y JdE A dRAE g



150 FA 7453 A 2548 23 19973 64

oz Aagt g, 2 zed we vz £98 AAsYE ¥ v T oA
WAlS stz Az ror A A g AL gGe 7k A hE
2 g 87 i Zodn A ANAE LEFxTer AHg o, 1 Aol
ugl Qs VAT THE A €

422 F w2l #A

F ouk o] BAE AdHEd oSy Eo

A AR FAeA gy T A dFIFHE Rl MA Y variationol M A X 7F
2}A| &= variation A71E JERTH mdlA 8 = =19 Wl gy & F WA

WA ALRE g(ox,0,0,0)9 543 ovg 2t F, g(ox,0,0,0)
AA Y variationol 4 ¢1xF X vbo] %}z &}i= variation Z7]e]7} wiEe] 3H HA
g2 gy 7 Fddtth o5 #BAE HUANE &3t YEHA GS3 P

fr

GY,vlz\[JZY_g(OvOXZvUXB,G.\’A)Z = g(0x,0,0,0)
Usz:\/UZY_g(UXbO,(fxs,Um)Z = g(0,0x,0,0) 19
oy =V oy —2(0x1,0x.0,0x)° = £(0,0,0x,0)
OY,u:‘/OzY_g(GXhUXbOxa.O)Z = g(0,0,0,0xs)

gy a8l Qe ASdis o5 #AZ @k kst QA W
24 terme Telsf FoloF syl miiolr} vkep X, °
oy e AA Y variationol M 24 X ,7b AASE variation Z7) B ofye}
LEHE termol EFHol Y& Aguolth wdel £ oA 2 g(0)FF,
g(0, -, 0x:, o, 0)o)E o) termo] ¥ ¥ A @& Aejo]7] wiel, F Wale #
Ae $402 YEY A9 05AE termS wels Folof gt

42 So 9 deld X, X, 23] e A F #Ale #AS AUDE <
g3t FAoz Ued & gk d7M ko e X Xp9 widg
terme®] o}

b
=
}c){l
L
o
o
¥°
rir
o
R

6y, =V 20,0 05,0 x)° =V &(031,0,0,0)%+ kPP
(20)

:\/ UZY_g(G)(],O,O'XB,O'X.g)ZZ\/g(O,0‘2‘2,0,0)2'4"/?62)(]0'2)(2



A8 - o7 MAERMS o8 F29 WA dao BE AP 151

A7 oy, B oy, BAS AWUEA X\ X, Z5FEoR A% Ly r
7t og(o)@Fe dad ok UeiA 92 Xy 3 X9 7)dEE wsdg gy o
ol H19)eNAAY Zatd drh waty s B, mzzgol glE 4
5 AR g Algste Aol £4 A glo] B #Agstt zy midg
AE Agole R A Lol B H s,
wale] 54 BAE o]l gste] AAEIY BEAE terme AE T F Qi) o

o]
j"}‘xg‘g: ‘?’]9] Qﬂ’g‘ ngs}oq L}'E}LHEH, XIXZ Eiﬁ%—q term kOZXlO'Z)(z’E‘

koo, =V 8(0x1,0x.,0,0)%—g(ox,0,0,0)° —2(0,0x,0,0)% @2

423 Y9 variationd =4 A&

Z} 2lzxle] 7l ® £HE A 9L MR 2 JidE 3 A9 varationd Y
24 Y variation®] @vlerE F==AE dolol ok 9 oA Az Xgo] 7HA
2 7oA E 39S A, A2 Xy9 variationS 1/282 FAAZAE W9 Y variation®

Tae thew 2o

[o

g

oy = g(0x1,0)(2,£é}‘(3‘,0x4) (22)

A71A4 oy'v A X3E2 AF FHAF Y variationolth wWEtA AL Y variation©ll
A dopibE FA43E9EXE 4R JERWH

(oy — ay’)

. x 100 (23)

ok &, A23) AHAAE A9 variationo] B %E E4=EXE vehdth

PASNS 1AW A9os BUEAL o) WTE AL sfojob i
g o]£3 wiRE BAA Z+ Qzly vdE £92 AAGE A

Aol HA 2L AR T AujIdFd o3 BEARA
Z27E EUYZ 7z} 9zxle 7|5 Asd rjodx
GEAEAN 2 A% WE (S)E FUF (S0 el 1008 Fal
A

of
Ag 3 ARE s ARA} 5L5E TR 2 Axe s



152 2499874 A259 A23

o
Td'

1997

L
@
il

7y QAo Ve = E A obg vhd 71 E # QA9 variations HU L
24 Y variation®] @ulvhd FojriAE 9 01 of gttt 7oyt sbd 2 QARbe
variationg Ed o2 M A 2] variationo] o}~ AR Fojrii=rl el AF Z AL
ol g H 1 HA AEE & 4 vk & U *‘5—51% FaddAdd2Es Fxst

7] whebe},

5. A%

B odrolds AFe] F4e Belshed Aol Yol ehdu F@ 82 (on-line
QOelA olvh AlFel AR ARE FA¥ FEe b P9 FAAY
(off-line QC)2| /W ES 2AS R, o714 5 EAR s, wkeas BARA
o] &3t Qe HAH FF A4 FAHL vl - BAFgPon, FFBMS o]gd v
WEAA B4HE BARe A4 Q45 A4S AN S8l e Ay

RS Eslo] HE FTF EAZ

Well Al gl EAe] A& #4gg walon o
(o3

9] variation® ZFAAZ 4 A}

[1] 9481993, 'F23, , WA
[2] B4 R4, $§ BYADG, , FA waan
(3] @819, “ch#40 el Azg (OFAATHI 92 FANEAN LY,

pp. 408~411.

[ 4] Neter, J., Wasserman, W. and Kutner, M.H.(1989), Applied Linear Regression
Models, IRWIN, Inc.

[ 5] Neter, J.,, Wasserman, W. and Kutner, M.H.(1989), Applied Linear Statistical
Models, IRWIN, Inc.

[ 6 ] Taguchi, G.(1986), Introduction to Quality Engineering, Asian Productivity
Organization.

[ 7] Taguchi, G., Elsaved, E.A. and Hsiang, R.C.(1989), Quality Engineering in Pro-
duction Systems, McGraw-Hill, Inc, New York.

[8] Taylor, W.A.(1991), Optimization & Variation Reduction in Quality, McGraw-
Hill, Inc, New York.

[ 9] Burr, LW.(1967), “Specifying the Desired Distribution Rather than Maximum
and Minimum Limits,” Industrial Quality Control, Vol. 24, No. 2, pp. 94-101,
August.



FET - o] UAEENE ol 8% FH HA Fad #¢ AT 153

[10] Francis, P.H.(1988), “Statistics of High-Yield Manufacturing Processes,” ASME,
Manufacturing Review, Vol. 1, No. 3, pp. 6-13, March.

[11] Kackar, R.N.(1985), “Off-Line Quality Control, Parameter Design,and the
Taguchi Method,” J. of Quality Technology, Vol. 17, No. 4, pp. 176-188,
October.

[12] Taguchi, G.(1986), “The Taguchi Approach to Parameter Design,” ASQC.

[13] | X—(1991), "FAEs #3, , 3 dEFHE WY



