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Abstract
The CCC-r chart is more effective than traditional attribute control charts for monitoring high-quality
processes. In-control process parameters are typically unknown and should be estimated when implementing
a CCC-r chart. Phase II control chart performance can deteriorate due to the effect of the estimation error.
In this paper, we used the standard deviation of average run length (ARL) as well as the average of ARL to
quantify the between-practitioner variability in the CCC-r chart performance. The results indicate that the
CCC-r chart requires larger Phase I data than previously recommended in the literature in order to have

consistent chart in-control performance among practitioners.
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TR Aol Aok AFAEY ME bE Allsd ZROERYH AME tE de| YA Fad
Z o] (average run length; ARL), & ARLoZko] 4Rt} o]#]dt o]FolA tiE AFxAELS 4 2
A= Zo)7] S8 Be|dElolAe] ARLS] B (average of ARL; AARL) = AARL7} vlg] 4As
ol 2HBEF All=dolA Bast 229 37185 2AF Zs ARt Ark
o= A1=WlA F23F TR 375 AAT ul, ARLS FF9 AARLE v olyg} ARLY &
Z#H A} (standard deviation of ARL)¢l SDARLE AR&-3fof sttt A7) Wol 3= gt AARLY
SDARLS Al AM&3te] #elxe] 4] AsS 3718 A= o2 Zt}h. Zhang 5 (2013)&
713} &8 = (geometric chart), Lee 5 (2013)-2 Bernoulli CUSUM (cumulative sum) #&| %, Saleh &
(2015a)-2 exponentially weighted moving average (EWMA) #2]%, Saleh 5 (2015b)2 Shewhart
X9} XJ’/PE]‘: Zhao®} Driscoll (2016)2 ¢ &&=, 223 Faraz 5 (2017)2 np FE =0l tist &
Sarel A5 ATHUT. of ATES] FEAQ Ak AARLET opjel AR he AllFE ER
& A8z WA WEL el SDARLE @7 Teje 42, ool ejd Anc 9
o A1FE Bio] ARk Rolth. T3 7} Belw S AL 0] AR ASTTA S AT
FHO] o) T3k AARLT} SDARLe] ti3t AR E A|Zgdoz F&F¢ AL AAV} 7t
EES Ttk
o] =AM 1Bse CCCr He & 29 a4 2
FES dElst7] sl 78S AHE e delEelth. AFAF oAM= F2] Hjgo] o} 77
o, &4 ALY A=Y M AsA] 2 497 gt Cumulative count of conform-
ing (CCC)= 7 7Hel d5A EFF AlolollA #5538 i 74 e Ee AR & 73 s
< Uetdlle 224, CCCr He=x rle EFFo] AT uj7kA] AR AlEe) 4 7+E 57
o Z AL ]»— Felxolt}. o] I T+ 50]dE2Z (negative binomial distribution)& ©]-§3le] 1

AEZTA (hlgh quality process) ol A]

mﬁ FIO

N

AF7oNA 183 CCCr H2 =9 7|24 AA d o] 85 &7hsta, deldHAE
g5 AelgtA o sl A skt WOE F4E AIFAE AT A Alle

2 CCC-r =9 Ae4e) 45S AARLoS SDARLE ARt F7}sta,
FAMA €8T F Q= AFE AlFstAt gt

2. CCC-r &2l

1. CCC-r &2l LY

IFHFAANA EELE‘% A2 ], A5 o7 Wo] AMLFE p FE T np ABEE A2 F
o) S BEEE BAT £ AL AR ob B 0] SEE SEAE Ak 1S
B I

B zAe) Aol BeE ARE A8 5 9T Bebs
3 Aol thah Bbo] 2old 4 Atk WAl ATt (Xie 5, 1999). L thho. = A& 4 Qe

o] COC-r B, o] Belst ]9 BdFol BEY w7tA] 24T AFS +4 57} #
Aggeln], AMACR rgke 15 A= 27 S AHE ASATh r = 19 F$ 75 Belsetn
2] M2 PR AGHE A9E 7] i, COCr Hel=olA rike 259 A4 AHgate

= &5 Uk

VB rx(i—)HA EFES A5 T rx i EFEE ST w7k AR AEY =4 At
I A3, CCCr FB=E vg] AAsE FejshAQl e A$H upper control limit; UCL) UCL, 3%
a5kt (lower control limit; LCL) LCL,ol W3] Y,,; > UCL, o] AY Y, ; < LCL, <9l 7% o] JE)
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€3 (probability limit) & AR§-skaLl vk SETA) WL T o] He/deid = ﬂrﬂiﬂ]‘%}o]
23l o WMol HEB9 A1E 2FE ve) 44T agtol HES Fe)AAE A Aol
4% P48 UCL, 3 Belsheh LOL & 212 4 (2.1)3 (22)8 9231 Bek oj7|A r& 53¢
g%l 9 wE] AT FrolaL, poe BB of EFE pd e YA dES 7P
UCL,—1 j _1 ] a
F(UCLy |7, po) = Jzz:r (T_1>p0(1—170)] =1-5 (21)
LCL, ]_ 1 ] a
FLCL [rpo) = 3 <r1>p5(1—pof =3 (2:2)
j=r

el Y o) SEALOIRR S19] 48 B U o= Bl UCL LOL-E AN
S 71 WRol, g ke A4k A8EA Fek 5, UCLS 4 (23)8 w53k 7 e 4
Soli, LOL, & A (24)F B3kt 713 2 3571 2k

— F(UCL, — 1|r,po) < 5, (2.3)
F(LCL, | 7, po) g% (2.4)
2.3. polt LA UA| A2 A 2esh H4F™
et o B FAHNA po= EeIA JA] &2 A7t thEEolk. webA o] & FA3H7] K8 All= e
Ao ZEE FOF9 FE flo] BF m/l 2AEITH s BAb olull poo] ALt T2 3
=34 & (maximum likelihood estimator)< ARS-3HC}.

p
AA71A N& A m7)e] & FoA #5H EFES o8 vehid, 88 N2 257 m3t
po <l ©] & 3 (binomial distribution)& w274 Ht}
po7t G A A FE B po= Z A (2.
A theo] BAAL o83 5 k. =, Fejaret UCL, (V)2 4 (25)8 BEshs /b8 28 F40)
3, )88 LOL, (V)2 4 (2.6)& B53he 718 2 3571 Dk

1—F(U/C\LT(N)—1|7’,p0) < % (2.5)
F (LCL(N) |0 ) < 5. (2.6)
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Table 2.1. A data set with fraction nonconforming p being 0.01 for the first 20 values, 0.005 for the next 20, and
0.02 for the last 20 respectively

85 98 30 135 195 8 9 124 8 97
185 136 66 64 87 80 219 28 162 33
60 599 92 51 352 1 12 23 508 680
101 221 156 35 87 568 339 232 20 280
27 4 1 0 60 56 61 13 3 36
64 7 7 141 29 41 12 79 18 38

Table 2.2. Cumulative count of items produced until two nonconforming items are observed

183 165 203 133 105 321 130 167 247 195
659 143 353 35 1188 322 191 655 571 300
31 1 116 74 39 71 148 70 91 56
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Figure 2.1. The CCC-2 chart for data set in Table 2.2. UCL = upper control limit; LCL = lower control limit;
CCC = cumulative count of conforming.

CCC-r BT EE Y,; > UCL,(N)o| AW Vi < LCL,(N)Ql 7% o] Al A5 7} atAlsl=d), o] A
A< B:E YW p = poQl & dEfelA B Y &, & 24K 52 th3g 2ol ALksitt.

Py(B;|N)=1 —F(U/\CLT(N) — l\r,po) + F L/C\LT(N) \T,Po) .

2.4. CCC-r 2l2|=9| H& o

ol HoAl& CCC-r T EFE A&t & ANt A gt o] & $31e] Table 2.13}F o] F 6074
o] BekZ w A A dolHE AAFEY, XS 20719 "lolEE Eak5o] p = 0.01, TS 207]2] do)
Bl p =0.005, Z28]3 upA| 2k 20719] Hlo]E+ p = 0.029 71322 A stAtt o] HolE+ &
ﬂ“EH-/] EFEL po = 00101, EFEC] p=0.006% Z43F 492 p =0.028 F743t A& v
olA AAE dlolgel tisiA r = 291 CCC-2 H=E HLHHATE 7|4 po = 0.012 &
A 9L AU WA o = 0.00278 AR A (23)7 (248 BIHE BAIAZ AN
UCLy = 8873} LCL: = 62 42 4 At} EFEdS= SA%F Yo, = Table 2.12] £33 A A H]o]
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B2 2708 21519 Table 2.29} Zo] ALECE o] Yo, (i = 1,2,...,30)S Te|atAsl a7 et
2 EE Figure 2.1 JeR Tt
Figure 2.1¢] 272 45K 2}, WA BeAre)ol Al 1-100]= Be|3AS Wols 4R} gon,
V)
o

2B 2o A 11209 PeIAE A7 15004 BelAee Holthe Ho) BT =D
kol 5719 A9 21309 S0 A4 2014 Bl ol Aol WA vt

Al o] ool A CCC-2 BelEv 34 BEFEY W3lE 2880 A5t 2oz eyt

2 3 W@ 7tA] 223 T2 $E HZo|(run length; RL)2tx 3t}
F7o] A uff AZol= LA} ARl Q7] Wil 7hsdhet & e Zte Zo] £ov, ol
A o ddols o]l B S #AHe] 7] i eEet AL s 2 Aol 24
d FAe =7k Ak ol &8 R TS A Hol] FEEEE 77w, gdvtdog Ad
o]9] <l ARLZ o]-&3te] #e|=o] 88 vasict

Al=EE Foto] FHRS9} HEIAE FHsh= 4%, ARLS FHF] 23X 4Fs e FE0
7} Aok weba] gl REe dolA= ARLE 719gkel AARLS ARE-Sto] |9 def/de]olA 9l
A5e Brkeka vk &, Allswe] 22 A7)0 g AARLZES vaskal, o] gre] Abdel] A4
ol 7MEE #8 3715 A4Sk Zlolth. I3uv ARLY A=7E & 49 IHAA A=Y 4
T2 BT 4 g7 W&el, ARLY EEHAQ] SDARLS 27 J—F—%U}Cﬂ Hex9 45 Adstal
Al=Ee] 78 3715 24k 2ol £ o A el 2 Aotk &, AARLo| vlg] 44% gt

o 779 Al SDARLO] W7 32| F=& Al=He F& 375 ZA 5= Aol

COC-r # = Shewhart BT Wol £3817) w2 BQo]o] Bxr 7|sHR TS w2 545} o
2hA e el ARLE ARLo = 1/Ry(Bi | N)o] "tk o] =#ollAls AARLZ SDARLE 7] AH&:
3te] CCC-r #E| =9 A H) d5< F7Fstlen, de|deiolAe] AARLF SDARL-2 %J’]' z
o) Ho% % Stk

AARL = Ey [ARL], (3.1)

SDARLy = |/ Ex [ARL]] — {Ex [ARL]}". (3.2)
oluj En [ARLoJ%} En [ARLG]-2 No| B47F m3} poQl o|FRZE waz 7] o

m

En [ARLo] = ZPO(BW_n <n>po (1—po)™",

TZ) (1—po)™~

v [ARLY] = Z{POB [N =n)}?

F} Zro] Alpke & Sl

3.2. a, po, 7, mOf| (IE Ms H|W

olAl A (3.1)3%} (3.2)ol " AARLF} SDARLE A43te], CCC-r B ZA FHE B4E AR
ot A5 deldEY s FrketaAt divh 2gstaat nje] AAE A1FY] oF o, A FHSE
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Table 3.1. Values of AARLy and SDARL( with estimated control limits when a = 0.0027

po = 0.0005 po = 0.001 po = 0.005
m r=2 r=3 r=4 r=2 r=3 r=4 r=2 r=3 r=4
10,000 225.0 190.4 167.7 264.0 235.0 212.2 294.4 304.3 295.6
147.5 141.4 137.4 134.2 134.5 133.9 81.2 93.0 96.4
20,000 269.1 236.4 212.8 299.5 276.4 255.6 307.7 324.6 321.0
138.4 135.7 134.5 121.0 122.1 122.7 66.1 76.3 78.9
50.000 313.4 289.8 269.5 331.2 318.1 303.5 316.2 340.2 342.1
’ 119.2 118.2 118.7 100.0 100.3 101.1 46.8 55.0 57.6
100,000 335.8 320.0 304.6 345.1 339.0 329.5 319.5 345.9 350.5
102.4 101.4 101.9 81.8 82.8 83.3 34.7 41.5 43.5
200,000 349.5 340.8 330.7 352.3 351.8 346.6 320.5 349.1 355.1
84.1 83.7 83.9 64.1 65.7 66.2 24.3 30.6 32.2
354.8 349.2 341.6 355.0 356.5 353.2 320.5 350.2 356.7
300,000 73.4 73.6 73.6 54.6 56.5 56.8 19.1 25.4 26.7
400.000 357.4 353.6 347.7 356.3 359.0 356.7 320.3 350.7 357.5
’ 66.0 66.5 66.6 48.4 50.3 50.8 15.9 22.3 23.4
359.0 356.4 351.6 357.0 360.4 358.9 320.0 351.1 358.0
500,000 60.6 61.2 61.4 43.9 45.8 46.3 13.9 20.1 21.0
360.0 358.4 354.3 357.6 361.4 360.4 319.8 351.2 358.3
600,000 56.2 57.1 57.3 40.5 42.4 42.9 12.5 18.4 19.3
700.000 360.8 359.7 356.2 358.1 362.2 361.5 319.6 351.5 358.5
’ 52.8 53.7 53.9 37.8 39.6 40.2 11.5 17.1 17.9
361.4 360.8 357.8 358.3 362.8 362.3 319.4 351.6 358.7
800,000 49.9 50.9 51.1 35.6 37.3 37.9 10.8 16.1 16.8
900.000 361.8 361.7 359.0 358.4 363.2 363.0 319.2 351.7 358.8
’ 47.5 48.6 48.8 33.7 35.4 35.9 10.2 15.2 15.9
1.000.000 362.2 362.3 360.0 358.7 363.5 363.5 319.0 351.7 359.0
U 45.3 46.3 46.7 32.1 33.8 34.3 9.8 14.5 15.1
2,000,000 363.8 365.4 364.6 359.5 365.1 365.8 317.5 352.0 359.5
33.1 34.2 34.6 23.1 24.4 24.9 8.4 10.6 10.9
5.000.000 364.6 367.3 367.4 359.9 366.1 367.3 314.8 351.3 359.7
B 21.3 22.2 22.6 14.8 15.7 16.0 7.9 7.1 7.1
367.8 369.5 370.3 366.1 369.5 369.8 340.1 361.4 366.1
> 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

AARL = average of ARL; SDARL = standard deviation of ARL; ARL = average run length.

oA BEE po, 183 CCC-r R =9 B rof tisle] AllZwWe] T2 37 m

SDARLoS A4AFste] Tables 3.1-3.30] &
A= oA AT, Zhang F

= 88 37 me 235 Rol vgAsitia Aggen,

St

welgeel A

S (2013)0] AF3}97] wiitol o] =&
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Table 3.2. Values of AARLy and SDARL, with estimated control limits when a = 0.005

po = 0.0005 po = 0.001 po = 0.005

m r=2 r=3 r=4 r=2 r=3 r=4 r=2 r=3 r=4
10,000 124.5 106.0 93.8 146.7 130.3 118.0 167.1 168.3 163.5
77.1 74.6 72.9 70.0 70.1 70.1 43.0 47.3 49.4
20,000 148.0 130.8 118.3 165.3 152.2 141.3 173.3 178.3 176.4
71.0 70.5 70.3 62.1 62.4 63.3 34.5 38.2 39.8
50.000 171.8 159.0 148.5 181.6 174.0 166.5 177.7 186.4 186.7
’ 60.2 60.0 60.7 50.2 50.2 51.1 24.3 27.5 28.5
100,000 183.3 174.7 166.9 188.4 184.6 179.9 179.4 189.2 190.9
51.0 50.7 51.3 40.7 40.9 414 18.3 20.6 21.5
190.4 185.4 180.3 192.1 191.1 188.4 180.2 190.7 193.1
200,000 41.5 41.3 41.6 31.7 32.2 32.5 13.3 15.1 15.8
300.000 192.8 189.6 185.8 193.4 193.4 191.7 180.5 191.3 193.8
’ 36.0 36.1 36.2 26.9 27.5 27.8 10.8 12.5 13.1
194.1 191.8 188.9 194.1 194.7 193.5 180.7 191.5 194.2
400,000 324 32.5 32.6 23.8 24.5 24.7 9.1 11.0 11.4
194.9 193.2 190.8 194.5 195.4 194.5 180.8 191.7 194.4
500,000 29.7 29.9 30.0 21.5 22.3 22.5 7.9 9.8 10.2
600.000 195.5 194.2 192.2 194.7 195.9 195.2 180.9 191.8 194.6
’ 27.5 27.8 27.9 19.9 20.6 20.8 7.1 9.0 9.4
700.000 195.8 194.9 193.2 194.9 196.3 195.8 180.9 191.8 194.7
’ 25.8 26.1 26.3 18.5 19.2 19.5 6.4 8.4 8.7
196.1 195.4 193.9 195.0 196.5 196.2 181.1 191.9 194.8
800,000 24.4 24.7 24.9 17.4 18.1 18.3 5.9 7.9 8.2
900.000 196.3 195.8 194.5 195.2 196.7 196.5 181.1 192.0 194.8
’ 23.1 23.5 23.7 16.5 17.2 17.4 5.5 7.5 7.7
1.000.000 196.5 196.1 195.0 195.3 196.9 196.7 181.2 192.0 194.9
Y 22.1 22.5 22.7 15.7 16.4 16.6 5.2 7.1 7.3
2,000,000 197.2 197.7 197.2 195.6 197.7 197.9 181.7 192.2 195.1
16.1 16.5 16.7 11.3 11.8 12.0 4.0 5.2 5.3
197.7 198.6 198.6 195.9 198.1 198.6 182.5 192.3 195.3

5,000,000
10.4 10.7 10.9 7.2 7.6 7.7 3.8 3.8 3.4
199.1 199.7 199.9 199.8 199.1 199.6 199.5 197.6 198.9
> 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

AARL = average of ARL; SDARL = standard deviation of ARL; ARL = average run length.

Table 3.1-2 a7} 0.0027¢] 4%, 5 Ao 443 ARLo7} 370.4% A% po, v, 2183 Al1=H &
37] moll W2 AARLoS} SDARLo#EE YR Utk Table®] AlY vpA= 39l m = coQd ¢
£ €1 & AE v, AARLogke]l o3 3k 370.489) FEA A3HA] e ol fe
AL Aoz AHYT B A | o)4tEgS 2t7] wiejth. o] TableolA WA AARLg
HE W, po = 0.00052 A m = 600,000, po = 0.0012 A m = 400,000, 123 po = 0.005
m = 100,000 == 200,0000] = oJoF AARLo7} AFAo] A48 ARLo 2} oj= AL o=
OFY A Ql ZHe Zk7] AlFSiT) o] 3E2 Quesenberry (1993)2} Montgomery (2013)7} 43k
719} HlaE w] GHUA 2 HYS & 5 At o]A2 CCCr A E7t 2 AFHFAAA o
o o]& fEt] FAHY B e ALY EFE pos oFF 2 oz 7IE Y] wEolth o &

rot

Boxo o 2 oo

m [‘_E, '{O m.‘):,

oo i N ox o M Z

i)
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Table 3.3. Values of AARLy and SDARL, with estimated control limits when a = 0.002

po = 0.0005 po = 0.001 po = 0.005
m r=2 r=3 r=4 r=2 r=3 r=4 r=2 r=3 r=4
10,000 300.7 2539 2228 353.5  313.5  282.9 386.3  405.3  396.1
202.3  193.1 186.7 185.7  184.7  183.4 109.1 127.1 134.8
20,000 359.1  315.7  283.7 400.7  369.3  341.7 404.2  434.2  431.3
190.0  186.5  184.1 167.9  168.4  169.1 88.4 1055  111.0
50,000 420.0  388.0  360.4 444.0  426.6  407.1 416.8  455.8  459.6
’ 165.5  163.9  163.8 139.0 1399  140.8 64.1 77.1 80.8
100,000 450.0  429.5  408.5 462.5  455.5  442.7 421.3  463.9  471.3
142.1 141.5 141.7 114.0  116.1 116.6 49.6 58.2 61.3
200,000 469.1  458.3  444.3 4725 4734 4664 425.3 4684  477.7
117.0 1175 1175 89.3 92.5 93.1 40.0 43.1 45.4
476.9  469.8  459.6 476.6  480.0  475.6 426.9  469.9  480.0
300,000 102.9  103.4  103.5 76.4 79.5 80.3 35.1 35.8 37.8
400.000 480.4  476.3  468.0 478.4  483.7  480.6 427.9  470.5  481.1
’ 92.5 93.8 93.8 67.8 71.1 71.8 31.8 31.4 33.0
482.8  480.1 4735 479.8  485.7  483.6 428.4  471.0 4818
500,000 85.1 86.5 86.6 61.7 64.8 65.4 29.2 28.2 29.7
600.000 484.4 4828  477.3 480.3  487.0  485.8 428.6 4714 4823
’ 79.1 80.7 80.9 56.8 59.9 60.8 27.1 25.9 27.3
700.000 485.3  484.7  480.1 480.8  488.2  487.3 428.8  471.6 4826
’ 74.4 75.9 76.2 53.0 56.1 56.8 25.3 24.1 25.4
486.3  486.5  482.2 481.4  488.9 4885 428.9  471.7 4828
800,000 70.3 72.1 72.3 50.0 52.9 53.6 23.8 22.7 23.8
900.000 487.0 4874  483.9 481.6  489.5  489.3 428.9  471.8  483.0
’ 66.8 68.5 69.0 47.3 50.1 50.9 22.6 21.4 22.5
1.000.000 487.5  488.4  485.3 481.9  490.1  490.1 428.9  472.0  483.1
U 63.8 65.7 66.1 45.1 47.8 48.6 21.5 20.4 21.4
2,000,000 489.7  492.8  491.7 483.0  492.2 4935 428.9  472.3 4839
46.7 48.5 49.1 32.6 34.6 35.3 15.3 14.3 15.4
5,000,000 491.1 4954  495.7 483.6  493.6 4955 428.8  472.3  484.3
30.2 31.6 32.1 20.9 22.3 22.8 9.7 8.1 10.0
496.2  500.0  499.4 498.9  498.1  499.8 ATT.7  482.7  490.0
> 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

AARL = average of ARL; SDARL = standard deviation of ARL; ARL = average run length.
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