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Abstract

The research presents an application of Balanced ANOVA (BANOVA) by
utilizing randomized orders for various Split-Plot Designs (SPDs) which include
two cell designs, split-plot with one-way HTC (Hard to Control) factor, split—plot
with two-way HTC factor, split-split-plot design and nested design. In addition,
four MINITAB examples of 2-level split-plot designs based on the number of
blocks and the type of whole-plots are presented for practitioners to obtain
comprehensive understanding. Furthermore, the geometrical interrelated properties
among three typical Designs of Experiments (DOE), such as Factorial Design (FD),
Response Surface Design (RSD), and Mixture Design (MD) are discussed in this

paper.

Keywords: BANOVA, SPDs, Randomized Order, Geometrical Properties, DOE,
FD, RSD, MD
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Review)&} 3la, 7/Waxp7b AA Zxxe s AANAAES 6w rtetd
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A3t cA 7138 SA4S 1T BALA T AdA9 e S8 = !

wgk e HF ARE o] AAETFSE AT Fe<AAH(Noise Factor)ol o
Signalg W& 3+ RD(Robust Design)E o] &3] Aol faA4& &A3t= A
AA g83dA HE(DV : Design Validation)z} 3t}

olg% DOE: #deo fdF#elos AFE714e /Mo Six Sigma FAHA
DMAIC(Define, Measure, Analyze, Improve, Control) Z2ZAE 23 A] MINITAB %
Al A7 = e8] 7 weol AMEEE WY F9] shvteltt. DOE7F 891 59 2
“d(Orthogonality)< ©]&3le] A9 SHE #AF3+E AFES AAst= 23S 5%

> o ot

d
&l

2 3= ZAAH Fao go]olt}. WbHo] ANOVA(Analysis of Variance):= 7}H &
23 (Additive ModeD)ell <&l #ald AAFE7F EA4HVariance) Z AW 24}
(Error) 48] Fr](Ratio)ell 93] oS 4], H7tsle A& HiE=E 3t 794
d xEe] gojojrh[2]

MINITAB16¢] #4HEA (ANOVA)[4,56] wirell A= 49, o4, B, 73, ¢l
X, vy oeEr, gk ok digh FAFEA Y dRbd P R (GLM : Generalized

Linear Model)S S &2F AA, #+312¥, a3, naz8&E9 o] AFsta At
A& A E[1,3,71(DOE) ol A= q A7, Taguchi A7
=3} o]o] tE BALS T3} AHEA 3 A A o
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2. MINITABel A &4 &&

2.1 A7e] FFH} A, vAt EFEF

o

=

=21 2H(Fixed Factor)<}
Aol A2 Ao} (Control)
AR, FYEFEFY
A FI=E 44

AH(Factor, £21)9 TFZ2= AdAF FFd
¥ 22l 2H(Random Factor)® =8 AAd
sl A TlsAowm AdAde]l Thed Aulxde 1A
Az AMEHe= A9 2dY, Increments
AAE A A g

of A eolxte] £ d (Mixed ModeD)S! 25 £¢3d ng=4
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Hi A ok 28go] A9 FAAHAA == A FHA S EMS(Expected Mean Square)& ©]
L3 A etk
FAAT A= BE AxEF e A AE 3 A(CRD : Completely Randomized

AN 2!
Design) = -?J’_ilii 3li= WA A Crossed Factor)E  ©]-&3kAwF 913 A AH(Destructive
Inspection), A Z & st= AP GFAAZRE FAH AF, AAppTo] 8§32 A 7o A
A s}yl o =(HTC : Hard to Control) &+ 2% (SPD : Split-Plot Design)<!
74§ A& AH(Nested Factor)E AF-&3kc},

:
Ll

MINITABI69] FibAlel A= A9, o, Stdl=, #Pdvhi=, dinp=f 59
AR FEEAEA(BANOVA © Balanced ANOVA), €HbAE 23 (GLM
Generalized Linear Model), &4, SEAAA, #7028, Fa34% wsiEE 5
o 7ls& AFsaL 9l

AR 7] Sl A = Worksheet ol AR "S- d] o] E] (Response,
Characteristics, Experimental Value)®}t 37 Q&#Hsfof sl+= HAZ R0 o] HuA
Al (Orthogonal Design)?l 7% 34¢] "'6474]§7]%% gg3ltt. BANOVASI A$
Default™ H|A| R PO 2 =of Q17| witel Aok A AFe BP9 AlgtdE F2AA
&5 gl FojoF gt FrAe] olalE 8l 7IHE A w(EMS) 2 AEEAe] 4
H}7)5S &8st 2y %514 7}/\]43 HOH 7N %)\’1 A, a9, F R
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1 A= AR A ok GLMS 3| A&7 EAhEA S
o A e ARl Al By EA tigk o]dl7t &0l
<agG1>o A (a)ol BANOVA® =3 A B, R, A=B, A=R, B*R, ¥
2R, (b)1x}ﬂh4 198 @I HS BANOVAS 28 R, A, A*R, B, A*B, ¥ %<
2L R, (o) 12Fek$] 298] x] ddESEHol A= Rol §le
A=B, C, A*C, B+C ; Ro] 2+ 4% BANOVA?S =& R, A, B, A=B, A=R, B*R,
A*B*R, C, A*C, BxC, A*B*C, ¥ &4} R, (d) 293 BANOVA?S =3 R, A,
A=R, B, A=B, B, A=B, B=R, A*B*R, C, A*C, BxC, A#B*C, ¥ &2z} R, (e) A &4
g guA B3-S BANOVAS 53 A, B(A), C(AB)] 435 <& 1>3 o]
AEFaor gk ol WMAY RS Wty 9ls]l MINITABI6O A& 3383 e 24
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(c) 12heke] 299m) =] G =T

Field RFE-(R)o] §l& 4% Field RHE(R)o] A& 4§
A R <
B A < |
B <—
E(AxB) — <
< AXB <
C
E(AX R+BXR+AXBxR) — <
é
AXC
C <
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£, - — BxC <
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E, — —
(d) 2¢ +&H (e) AEAIAY : gdAL T
R
A A <
E (AXR) — <
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3. MINITABA A HA3AHA &

3.1 &% A< Taguchi A7

MINITAB169 A A ¥ 5= AdAE2 g wd A (Orthogonal Design)E& 7]& =
12}, 224 =& ¥ (Main Effect), 22 ©]/¢¢] u & 2-&(Interaction Effect)] WH&-gholl o
3t 98k 7tz A M3 (Linear), =& (Curvature), FE5#(Twist) 2.2 &4 Hrlsle=

Els

3t
71E ol <292>9 (al), (a3), (b.l), (b.2)= y=f(Linear, Twist), (a.2)& ¥%
Umx 25E y= f(Linear, Curvature, Twist)e] R &o]7] wj&o] CurvatureE zte=
A HA 21& 7] Y8ty Tud, aWHE, dHSH A5 ALEdoF g}

LJ-A(FD : Factorial Design)e #4118 H(Add &3 24)9 a9E At E
5, FHERe Yz E o] &3te] E3HA & (Saturated Design)oll o3l 2140 vk
Aehai A A Az}, 221 Curvature, 22Fo] 49 Twist® o] thak A4 2ol (Lack of
Fitness)o{ 7-(H, « A &att, H, @ AgstA &ths dotetr] fa a4k (y,; — y”
g A 29 ()% =527 (y,—y) 2 ol ANOVAS AN ATk <19
2>9]  (al) 2° CFD(Complete FD)o| 4] Standard Run< Yatesel] 93] (1), a, b, ab,
&M 2 (a3) 2° CFD9 Standard Rune (1), a, b, ¢ ab, ac, be, abc® A Z<=(FIFO :
First In First Out)H& el wZt}h (b.1) 2°°' FFD(Fractional FD)ellA 7 e]tjn]
(Definiting Contract) I=AB ©]™ L=-1¢1 Block a, b¥+& FEA XIS, (h2) 237!
FFDo A 1=ABCo]™ L1=-1¢%1 Block, a, b, ¢, abc® HFEAAsct 2°°! FFD&
Resolution M A& (1+2)0.8 w3z z-go] F&E 79 W (Confounding)® 22 F3& vk
< AEE = Uk

Resolution M # &, & Fa3vhe A f—; 74§+ MINITABI1691 4 Al

= PPD(Placket-Burman Design)& AF&3t=d PBD,(n—1)o1A M ne 233
()2 49] w42l 12, 20, 24, 28, 36013, (n-1) #lX] 753 AAH(F)e|t).
Resolution IV(1+3, 2+2)&= F& 79 Aew 23 35 28-S Resolution V(1+4, 2+3)
v Favet BE 22 weAgS ekt @ o Aget HEH ] g Wl ¥
H(Alias) 22 HE=FE 29U w2 (Confounding)th. Ldkebd @ <14 A(CFD)&=
2~10F<F°] 7Fs sttt

Taguchi A A(TD : Taguchi’'s Design)t AFEZ7, AA7|EZ2A T A7l d&
BES Noise FactorZ2 AA3dte]  Coefficient of Variation® <4 743
SNR(Signal-to Noise)Z A3 S HAAsE Ao=w 2~55F AA S EdF=F4A7 7t
sotth. TDe @3 AHS GLMO 2 437 del 125 5+x30.%2 A st 2249
BANOVA®} #Zo] BE QAT 89S 514 golx Hr)

ﬂfi

3

SFal R

-
-

F1F

283



oft
Ho

Y 49 719 B4 AT BARAT A9AY) $4uL 2 A

¢

32 W& HdA g £33 4A

S WAA(RSD : Response Surface Design)i  y =06, + 3,4+ 8,8+ 3,,A°
+ By B*+ 31,ABSt 7o) Straight Line, Twist, Curvature®] & 4387 fa <2
H2>9 o] 27 = 28 CFDY ZA M FAMT 1S Hulslo] 2479 23S
3~6FTo R e Aot o] A9 AuA, 34, Blockste] WMoz AFPe] F
& Jsta 591y A3 ofojrolE HFdtt. CCD+= CFDl €¥(Circle) =+
(Sphere)E ¢ H(Circumscribe) Al 7S 4% ®wy+= Holal FCD(Face Centered
Design)©= 58S HWoz FoJ&<Q W Hdnscribe) 7Alge]lil BBD(Box-Behnken
Design)&= x5 Ago]l Azt v]§o #HdA FEAQ AFES vas4d 74
—C,’— FCDoﬂfﬂ Agak;]__‘: /\1 6‘4 S| 7;”1:1]-1% o]q.

Z3tE AA(MD : Mixed Design)E HEHE 7= Ad A oA A+B+C=1Q A
ofx7lo] lom 5L WAl o] HA otk EHuU T4 100%, Be 1S VT2
2 AH &S Aee Aol =tk <aY2>o A SLD(Simplex Lattice Design) (q, m)
< g/, mak AAol™ mo] AHFE FFo F7F FUhste] 1ake] go] #4171
53ttt SCD(Simplex Centroid Design)+© THAE& H71s Ao= g s 2= 4
Lo AAA7F <2™H2> (g.2)o Ut} SimplexE nAHYE FANA (n-DAFY =FHWA
(Hyperplane) &2 <1¥2> (e)ollA 3xd ASHA A, B, Co w3zt A+B+C=19
Simplex+= 22+ AAtzg o] #H o). EVD(Extreme Vertices Design)< <Z#H2>9] (h)
ol gt spghe] Alokxzdo] &= AT AREE T

RSD® %8  y=0,+ 6,4+ B,B+ B, A*+ By B>+ 3, ABN A MDe|  AlFxH
A+B=1 o2& g,=p,(4+B), A’=AA=A(1—-B), B°=BB=B(1—A)Z RSDd

Qe y=(8y+ B)A+ By + 8B+ (81, — Biy — Bas)JABE y= (3, A+ BB+ 3,,AB°]
394 mao] Hr},

(a-1) 2 CFD (a.2) F4 Aol 9+ 22 FFD (a-1) 2 CFD

1

1
C 1

* B

3 1k /4
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(b.1) 22~ ' FFD (b.2)2°~ ' FFD
I =AB (L=-1) I = ABC (L=-1)
B C
B
A
A
(c.1) 22 CCD(9]4) (c.2) 2 FCD(WA) (c.3) 2* BBD
B
A
(d.1) 2° CCD(YH) (d.2) 2 FCD(WA)
(d.3) 2* BBD (e) 2 MD®] Simplex
A+ B+ C=1
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A3} A9 71889 EAS a1 BAERNT YA &4<t A A2
(f) SLD (gq,m)
(f.1) (f.2) (f.3)
3.1 3.2 ’ 3.3
(g) SCD
(g.1)
A+ B+ C=0.8
0.3< A4
* 0.4< B
0.1<C
(3.1)
(h) EVD
A+B+C=1
03<A<04
02< B<0.3
0.1< C<02
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33 25F $UT AA 2 24

MINITABI169 A = 228914 BANOVAS] ®3o] AAEHE= AAE BF A
LA FHEHE JAAE Awidets HARES Yot Yl 25 87 AA 2
TA715S AFsta oy 3ol el A9+ BANOVAS 7]5S AR&3lof ghr)
<HE 2>9A+= 1 HTC(Hard to Control), 1 Block(Field ¥F) 6 Whole Plots, <&%3>
o= 1 HTC, 1 Block, 4 Whole Plots, <34>°|4+= 1 HTC, 2 Blocks, 4 Whole
Plots, <¥5>¢A+= 2 HTC, 2 Blocks, 8 Whole Plotsoll thadt A& A A wo]g g}
ANOVAS] 47FA] At#El& Al s T

<X 2> 29T BT A 1 (6]
HTC, 1 Block, 6 Whole Plots

=
| %FH st} ‘?*“_TLX

tooA | deA | H0E 3E'g | A A} | A[HTC] HE-S-
5 1 1 1 3 -1 -1 3
6 2 1 1 3 -1 1 5
11 3 1 1 6 1 -1 4
12 4 1 1 6 1 1 3
9 5 1 1 5 -1 -1 6
10 6 1 1 5 -1 1 7
3 7 1 1 2 1 -1 8
4 8 1 1 2 1 1 9
1 9 1 1 1 -1 -1 3
2 10 1 1 1 -1 1 4
7 11 1 1 4 1 -1 5
8 12 1 1 4 1 1 6

b) tlelE #j &3 Whole Plot
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(c) ANOVA
hgol g At P4 (FLE sk w9

=4 DF Seq SS Adj SS Adj MS F p
A[HTC] 1 4.0833 4.0833  4.0833 0.46 0.536
WP 2F 4 356667 35.6667 89167 21.40 0.006

B 1 2.0833 2.0833  2.0833 5.00 0.089
A[HTC]B 1 0.7500 0.7500  0.7500 1.80 0.251
SP 27 4 1.6667 1.6667  0.4167

A 11 44.2500

<H3> 277w A 2 [6]
(a) A&AA 1 HTC, 1 Block, 4 Whole Plots

oA | deA | ARE | EEEd | FFAIAA | A[HTC] B 1S
3 1 1 1 2 1 -1 2
4 2 1 1 2 1 1 3
2 3 1 1 1 -1 1 4
1 4 1 1 1 -1 -1 3
6 5 1 2 3 -1 1 2
5 6 1 2 3 -1 -1 3
8 7 1 2 4 1 1 4
7 8 1 2 4 1 -1 5
(b) dl°]Eu ¥ 3} Whole Pot
AN AN | a0
BCD
//
N N N
(c) ANOVA
wgol oe BA EA s aa)

&% DF Seq SS Ad; SS Adj MS F P

A[HTC] 1 3.125 3.1250 31250 1.00 0.423

WP &+ 2 6.250 6.2500 3.1250 0.73  0.493

B 1 15125 151250 15.1250 355 0.075

C 1 0.125 0.1250 0.1250 0.03 0.866

D 1 0.000 0.0000 0.0000 0.00 1.000

A[HTC]xB 1 6.125 6.1250 6.1250 144 0.245

A[HTC]*C 1 0.125 0.1250 01250 0.03 0.866

A[HTC]*D 1 2.000 2.0000 2.0000 047 0.501

B*C 1 6.125 6.1250 6.1250 144 0.245

B*D 1 2.000 2.0000 2.0000 047 0.501

C=D 1 0.000 0.0000 0.0000 0.00 1.000

SP o7 19 80.875  80.8750 4.2566

=4 31 121.875
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(b) "Hl°]lH ®l<¥ 3} Whole Plot

R, Ry
Ay A4, A4 4,
B B,
B, B,
(c) ANOVA
Hh&o] digk #4F 24 (ZEstE ©9)

=* DF Seq SS Adj SS Adj MS F P

Eg 1 0.50000 0.50000 0.50000 0.11 0.795

A[HTC] 1 0.50000 0.50000 0.50000 0.11 0.795

WP 2% 1 450000 450000 450000 450 0.168

B 1 0.00000 0.00000 0.00000 0.00 1.000

A[HTC]*B 1  0.00000 0.00000 0.00000 0.00 1.000

SP o+ 2 2.00000 2.00000 1.00000

=4 7 7.50000

®E5> 27w T Abd 4
(a) A¥AA : 2 HTC, 2 Blocks, 8 Whole Plots
FEeA | ded | 2RE | EYET T A A A A[HTC] | B[HTC] | C | W&

4 1 1 1 2 1 -1 1 2
3 2 1 1 2 1 -1 -1 3
1 3 1 1 1 -1 -1 -1 4
2 4 1 1 1 -1 -1 1 5
6 5 1 1 3 -1 1 1 2
5 6 1 1 3 -1 1 -1 3
7 7 1 1 4 1 1 -1 4
8 8 1 1 4 1 1 1 5
15 9 1 2 8 1 1 -1 7
16 10 1 2 8 1 1 1 8
12 11 1 2 6 1 -1 1 8
11 12 1 2 6 1 -1 -1 7
9 13 1 2 5 -1 -1 -1 6
10 14 1 2 5 -1 -1 1 5
14 15 1 2 7 -1 1 1 4
13 16 1 2 7 -1 1 -1 5
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(b) "Hl°]lH ®l<¥ 3} Whole Plot

iy Ry
A, A, A, A,
C—l C,]
@) G
C, oy
G G
(c) ANOVA
Wl ek 24t BA(s=skE ©@e)
=% DF  Seq SS Adj SS_ Adj MS F P
£ 1 30.2500 30.2500 30.2500  10.37 0.049
A[HTC] 1 62500 62500 62500 214 0239
B[HTC] 102500 02500 02500 009 0.789
A[HTCI+B[HTC] 1 62500 62500 62500  2.14  0.239
WP 57 3 87500 87500 29167 486 0.061
C 100000 00000 00000 000 1.000
A[HTCJ+C 110000 10000 10000 167 0253
BIHTCJ+C 100000 00000 00000 000 1000
SP ¢ 5 5 30000 30000 0.6000
A 15 55.7500
4. 4 £
2 A7elME MINITABI6AA Alg sk Skt Aol A8wets 49
o W3 =AM B vIEkerA QIAgE e #AelA A st AT. 53] 2 AR AW
Arg sk Advlel gk Aavle 2ol Awsts i digtrdd] weh ddds A7
(CRD)E &7ete FAAYAA el =7bssid HTCE eshs +&747
(SPD)ell th3h Ax-zpe] 877F Wobd & Aol et 2% 237
AgAGel A A WekEs Fe AtEleh A AAEAT. B 718kt Aol
A S 8AAACED) ] AwAg s g Abgrel meh We g A A(RSD) S &%

o
o
o
o,
QL
32
v

EAAMD)Z 45 E
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