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%CU= R=Ht '1 |x]@=Q
APLU = USL� ZAQL�;
APLL = LSL+ ZAQL�;

(1)

C}i}m K]U p=tDL= =@ \@DQt OQ=Ov=DU= p=tQv Q=Okt ZAQL w OQ=Ov=DU= h=QLv= �
|=Q@ 17(RPL) Ov}=Qi OQ p@=k Kw]U 'Qo}O hQ] R= "CU= 16AQL pw@k p@=k
sqk= C@Uv u} QDW}@ Qo = "OwW|t O=yvW}B xwkr=@ X=N pra Q@=Q@ QO C_i=Lt
uDiQo Q_v QO =@ 'OwW xO}t=v 18 RQL OQ p@=k C}i}m K]U 'ptLD p@=k j@]vt=v
j@] OwOL u}= C=@U=Lt 'RQL =@ \@DQt OQ=Ov=DU= p=tQv Q=Okt u=wva x@ ZRQL

%CU= 2 |x]@=Q
RPLU = USL� ZRQL�;
RPLL = LSL+ ZRQL�:

(2)

OwW xHwD "CU= xOW xO=O u=Wv ACC Q=Owtv hrDNt |L=wv 1 pmW QO
'� pw= ẁv |=]N T=U= Q@ "OwW|tv xDiQ}PB =} OQ Ov}=Qi '|Dw=iD|@ |x}L=v QO xm
u}}=B pQDvm OL w 19(UCL) q=@ pQDvm OL '(n) XNWt |xvwtv xR=Ov= w APL

%OwW|t x@U=Lt 3 |x]@=Q R= 20(LCL)

UCL� = APLU + Z��/
p
n;

LCL� = APLL � Z��/
p
n:

(3)

"|i}m xYNWt |=Q@ ACC Q=Owtv hrDNt |L=wv "1 pmW
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u=Q=
mty

wu
}tv

u=}Q
iaH

=Q}tU
/"""

V}
=B|

=Q@V
Q}PB

pQDv
m|

=yQ=
Owtv%9 |x]@=Q j@] AR(1) xOW |R=Ux}@W |=yxO=O O}rwD "3

ai;j � N(0; �2
a);

a0;j = 0;
X0;j = �;

C = � (1� u) ;

�2
X = �2

a
��1� u2�;

Xi;j = C + uXi�1;j + ai;j ;

X 0i;j = C +Xi;j + ��X ; 8i = 1; :::;M; 8j = 1; :::; Sc
(9)

CUO x@ |=Q@ 'Rv}mvH w Tm =@ |x} wQ j@] C=Oy=Wt Q@ ?U=vt pOt j=@]v= "4
%=yxOv=t}k=@ w ?}=Q[ R= |}=yOQw;Q@ uOQw;

X̂i;j = Ĉ + ûXi�1;j ;
X̂ 0i;j = Ĉ + ûX 0i�1;j ;
ei;j = âi;j = Xi;j � X̂i;j ;
e0i;j = â0i;j = X 0i;j � X̂ 0i;j ; 8i = 1; :::; 2000; 8j = 1; :::; 3000;

&LCLa w UCLa pQDvm OwOL |x@U=Lt w LS = Za Q=Okt s}_vD "5
|x@U=Ltj = 1; : : : ; Sc|=R= x@ 21(RL) xr=@vO pw] Q}O=kt uOQw;CUO x@ "6
e0i;j � xm|v=tR =D RL1j x@U=Lt 'ei;j � UCLa xm |v=tR =D RL0j

&UCLa
ARL0 = %CQwY x@ =yw} Q=vUpm |=Q@ 6 s=o R=pY=L Q}O=ktu}ov=}t x@U=Lt "7PSc

j=1 RL0j/Sc; ARL1 =
PSc
j=1 RL1j/Sc

R�EWMA�ACC Q=Owtv "2"5
OW xO=O xaUwD pkDUt Ov}=Qi QOlJwm |=yCi}WV}=B |=Q@ =OD@=EWMA Q=Owtv
C=Oy=Wt xm |v=tR [3]"OQ=O CQ=ywW |=yQ=Owtv x@ C@Uv |QDW}@ C}U=UL xm
|=Q@ EWMA Q=Owtv R= 'OvW=@ xDW=O |r=} QU xDU@ty Q=DiQ Ov}=Qi R= pY=L
ACC Q=Owtv QO EWMA swyit ?}mQD R= [32]"OQm xO=iDU= u=wD|t =yxOv=t}k=@
`} RwD w pqkDU= C=[wQit |Q=QkQ@ \}=QW QO xOW |R=Ux}@W |xO=O OYm} |=Q@
EWMA�ACC Q=Owtv OQ@ Q=m w xaUwD 'p=L u}= =@ [20]"CU= xOW xO=iDU= p=tQv

"CU= xOWv |UQQ@ uwvm =D xDU@tyOwN Ov}=Qi |=Q@
xDWwv 10 |x]@=Q CQwY x@ t u=tR QO =yxOv=t}k=@ |=v@t Q@ EWMA xQ=t;

%OwW|t
zt = �Eet + (1� �E) zt�1; (10)

"OW=@ xDW=O Ov=wD|t 1 w QiY u}@ |Q=Okt �E |R=UQ=wty ?} Q[ xm |}=H
OL Q=Okt 'p=L u}= =@ "OwW xDiQo Q_v QO 0 05 � �E � 0 25 xm CU= swUQt
u}ov=}t Q@=Q@ Z0 u} R=e; Q=Okt 'u}= Q@ xwqa [3]"CU= xOW ^=Lr R}v 0 4 |q=@
Ci}W Q=Okt R= et |=H x@ Qo = xm CU= QmP x@ sRq "OwW|t ^=Lr =yxOv=t}k=@
"O};|t CUO x@ z0t CQwY x@ EWMA xQ=t; OwW xO=iDU= 'e0t |va} 'u; |xOQm
Q=}at h=QLv= R= w OwW s=Hv= USL uOw@ p=ai x@ xHwD =@ C=@U=Lt Qo =
12 w 11 \@=wQ j@] OwW xO=iDU= RPLU w APLU \@=wQ QO =yxOv=t}k=@

|ak=w Q=Okt u}@ hqDN= R= xOv=t}k=@ 't u=tR QO V=WDe= |xrtH QoOQw;Q@ u=wva x@
%OwW|t x@U=Lt 8 |x]@=Q j@] xOW OQw;Q@ Q=Okt w

et = ât = Xt � X̂t: (8)

OwW|t O}}-=D pOt Q=@Da= 'OW=@ Q=QkQ@ =yxOv=t}k=@ pqkDU= w p=tQv ZQi Qo = 'TBU
pra uDiQo Q_v QO |=Q@ '|Q_v ^=Lr R= "OQm xO=iDU= =yv; R= V}=B |=Q@ u=wD|t w

"O=O Q}}eD �+ �� x@ =Q AR(1) Ov}=Qi |x]@=Q u}ov=}t u=wD|t 'X=N

AR(1) Ov}=Qi |=Q@ ACC |=yQ=Owtv "5
QO '=yxO=O u=}t xDU@tyOwN |wor= Qw[L p}rO x@ 'pqkDU= \QW uOw@v Q=QkQ@
w x=@DW= |=yQ=OWy O=OaD V}=Ri= x@ QHvt Ov=wD|t pQDvm |=yQ=Owtv R= xO=iDU=

"OwW Ov}=Qi V}=B =@ \@DQt |=yxv} Ry
xDU@tyOwN |=yOv}=Qi V}=B |=Q@ pQDvm |=yQ=Owtv '|rm OQm} wQ wO T=U= Q@
KqY= pQDvm |=yQ=Owtv "2 '=yxOv=t}k=@ pQDvm |=yQ=Owtv "1 %CU= xOW xO=O xaUwD
Ov}=Qi xm OwW|t xO=iDU= |]}=QW QO pw= OQm} wQ R= 'xar=]t u}= QO [31]"xOW
j=@]v= =@ "OW=@ R=Ht Ov}=Qi u}ov=}t QO Q}}eD w ZwQit AR(1) ẁv R= xDU@tyOwN
=yxOv=t}k=@ V}=B QO pqkDU= |@} QkD \}=QW OwQ|t Q=_Dv= '=yxO=O Q@ ?U=vt pOt
R= pY=L |=yxOv=t}k=@ |=Q@ ACC Q=Owtv ẁv wO 'T=U= u}= Q@ "OwW xOQw;Q@

"OwW|t xO=O xaUwD AR(1) Ov}=Qi Q@ pOt j=@]v=

R�ACC Q=Owtv "1"5
x@ w X = fXt; t = 1; 2; : : : g |ak=w C=Oy=Wt |r=wD uDiQo Q_v QO =@
|r=wD '?U=vt pOt j=@]v= R= TB =yv; Q_=vDt |xOW OQw;Q@ Q}O=kt uOt; CUO
p}rO x@ [30]"O};|t CUO x@ e = fet; t = 1; 2; : : : g CQwY x@ =yxOv=t}k=@
=yv; x@ � swrat u}ov=}t Q=Okt '|Q_v ^=Lr R= =yxOv=t}k=@ u}ov=}t uOw@ QiY
Q=}DN= QO |ak=w LSL w USL =@ xU}=kt p@=k xDU@ty=v Q}O=kt =D OwW|t xOwRi=
ACC Q=Owtv \@=wQ R= u=wD|t '� = �e |v} Ro}=H R= TB w ?}DQD u}O@ "OvW=@
Oy=wN xO=O u=Wv e0t =@ Ci}W p=ta= R= TB xOv=t}k=@ Q=Okt 'xt=O= QO "OQm xO=iDU=

"OW
|Q=t; |=yQ=}at R= swO R=i QO R � ACC |O=yvW}B Q=Owtv |@=} RQ= |=Q@
'|R=Ux}@W QwO Qy QO "OwW|t xO=iDU= |R=Ux}@W OQm} wQ j@] ARL1 w ARL0
xDiQo Q_v QO w} Q=vU j = 1; : : : ; Sc w |Q}oxR=Ov= i = 1; : : : ;M O=OaD x@
xYqN Q} R |=ys=o QO |Q=t; |=yQ=}at x@U=Lt |=Q@ |R=Ux}@W |x} wQ "OwW|t

%OwW|t
&LSL w USL 'n 'u '� '�a '� ZQiV}B Q}O=kt u}}aD "1

?wr]t Q}O=kt uOw@ ZwQit w USL uOw@ p=ai x@ xHwD =@ Q} R Q}O=kt |x@U=Lt "2
%Cpk Ov}=Qi C}r@=k XN=W

ZAQL = 3CApku;
ZRQL = 3CRpku;
APLU = USL� ZAQL�e;
RPLU = USL� ZRQL�e;
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1|
xQ=t

W'
39

|xQ
wO'

�14
02

u=DU
@=D�

h}
QW

C}
Q}Ot

w`}
=vY

|U
Ovyt s=Hv= MATLAB Q=Ri=sQv QO w} Q=vU j = 3000 w |Q}oxR=Ov= i = 2000

u = 0 00;�0 25;�0 50;�0 75 CQwY x@ |oDU@tyOwN Q}F-=D "OwW|t
"OwW|t |UQQ@ pQDvm |=yQ=Owtv OQmrta Q@

OQ=Ov=DU= h=QLv= '� = T = 10 u}ov=}t |=Q=O Ov}=Qi xm CU= u}= Q@ ZQi
[LSL;USL] = CQwY x@ pw@k p@=k C=YNWt OwOL w �a = 0 1
Q@ Ov}=Qi u}ov=}t Qo = xwkr=@ C}r@=k XN=W Q=Okt '\}=QW u}= =@ "OW=@ [9 5; 10 5]

Cp = (USL� LSL)=(6�a) = 1 67|x]@=Q j@] 'OW=@ j@]vt xR=@ RmQt
Oy=wN x@U=LtRPLU wAPLU \ki 'OW=@ p=ai USL Qo = [3]"O};|tCUO x@
O}=@ 'OwW|t xOQtW R=Ht Ov}=Qi RmQt R= C@Ft h=QLv= uwJ 'Qo}O hQ] R= "OW
Qo = p=L "Ovm|t ^=Lr =Q u}ov=}t |ak=w u=mt xm OQm xO=iDU= Cpk XN=W R=
w 14 \@=wQ j@] ?}DQD x@ OwW `k=w RPLU w APLU |wQ Q@ Ov}=Qi u}ov=}t

%CWwv u=wD|t 15
CApku = USL� �1

3� = USL�APLU
3� = ZAQL

3 ; (14)

CRpku = USL� �1
3� = USL�RPLU

3� = ZRQL
3 : (15)

CW=O s}y=wN 'CRpku = 1 25 w CApku = 1 60 ?wr]t Q}O=kt uOQm ^=Lr =@
OQ p@=k w VQ}PB p@=kC}i}m Kw]U 'u}=Q@=v@ZRQL = 3 75 wZAQL = 4 80
O};|t CUO x@ RQL = 88 42 ppm w AQL = 0 79 ppm Q@=Q@ ?}DQD x@
|r@k |=yVN@ QO OwHwt\@=wQ x@ xHwD =@ "�CU= 22uw}r}t QO O=OaDhiNt ppm�
'��e = �a |va}� OW=@ xOW OQw;Q@ j}kO Qw] x@ OQ=Ov=DU= h=QLv= xm ZQi u}= =@ w
u}O@ "OwW|t pY=L RPLU = 10 125 = w APLU = 10 020 Q}O=kt

"OwQ|t Q=m x@ |O=yvW}B |=yQ=Owtv pQDvm OwOL \@=wQ QO Q}O=kt u}= '?}DQD
ARL0 = 370 x@|@=}DUOT=U= Q@ QwmPt pQDvm |=yQ=Owtv |=yQDt=Q=B s}_vD
s}v=O|t "OW=@ j@]vtAPLU Q@ pkDUt Ov}=Qi u}ov=}t O}=@ xm |}=H OwW|t s=Hv=
Qo = "CU= u}ov=}t R= hQLvt Q=Okt l} pQDvm |=yQ=Owtv ẁv u}= QO R}v APLU

%OW=@ � = 0 1 w � = 10
APLU = �+ �� ) 10 020 = 10 + 0 1� ) � = 0 20;
RPLU = �+ �� ) 10 125 = 10 + 0 1� ) � = 1 25:
� = 0 00; 0 20; 0 25; 0 50; 0 75; 1 00; 1 25Ci}W Q}O=kt '?}DQDu}O@
Q@ ARL0 = 370 x@ |@=}DUO |=Q@ |Q=PohOy ut[ "OQ}o|t Q=Qk xar=]t OQwt
QO � = 1 25 Ci}W |=R= x@ QDlJwm ARL1 p=@vO x@ O}=@ '� = 0 20 T=U=
pQDvm|=yQ=Owtv '|O=yvW}B sD} Qwor= |=QH= w QwmPt?r=]t x@ xHwD =@ "Ow@ R}vu}ov=}t
ACC Q=Owtv |L=Q] QO s}kDUt Qw] x@ xDU@tyOwN |=yxO=O R=� Ov=xOW |L=Q]
"�CU= xOW xO=iDU= |O=yvW}B |=yQ=Owtv QO u}ov=}t xi=[= x@ =yxOv=t}k=@ R= w

w R�ACC |O=yvW}B |=yQ=Owtv ARL OvwQ '3 =D 1 |=ypwOH QO
QmP x@ sRq "CU= xOW xO=O u=Wv ACC |DvU Q=Owtv w R�EWMA�ACC
ACC G}=Dv OwW s}UQD � Q@=Q@ QO w x@U=Lt ARL Q}O=kt sD} Q=or Qo = xm CU=
|UQQ@ x@ \w@ Qt VN@ u}= QO xOta |Qw;wv "Ow@ Oy=wN [15]x@=Wt R�ACC w
|oDU@tyOwN hrDNt Kw]U QO R�EWMA�ACC Q=Owtv |Q=t; OQmrta
\UwDt xm |Q=Owtv 'Ov}=Qi u}ov=}t QO hrDNt |=yCi}W p=ta= |=R= x@ "CU=
"OQ=O |QDy@ OQmrta OW=@ xDW=O |QDlJwm Q=Okt � > 0 20 |=Q@ u; xr=@vO pw]
=@} QkD ACC Q=Owtv wO G}=Dv xm OwW|t xOy=Wt pkDUt Ov}=Qi |=Q@ 1 pwOH j@]

"OQ=O |QDy@ OQmrta R�EWMA�ACC w Ov=j@]vt Qo}Om} Q@

%CW=O s}y=wN
APLU = USL� ZAQL�e;
RPLU = USL� ZRQL�e: (11)

12 |x]@=Q R= =Q pQDvm OL u=wD|t xvwtv |xR=Ov= wAPLU 'pw= ẁv |=]N T=U= Q@
%OQw; CUO x@

UCL��EWMA = APLU + Z��EWMA; (12)

%O};|t CUO x@ 13 |x]@=Q CQwY x@ QwmPt OQ=Ov=DU= h=QLv= xm |}=H

�EWMA = �e

r
�E

2� �E : (13)

et |=H x@P et=n R= 10 |x]@=Q QO O}=@ OW=@ OL=w R= QDnQR@ xwQoQ} R |xR=Ov= Qo =
x@ xHwD =@ "OwW xO=iDU= �EWMA |=H x@ �EWMA=(n0 5) R= 12 |x]@=Q QO w
UCL��EWMA pQDvm |q=@ OL R= QDsm zt Q=Okt xm |t=O=t 'USL uOw@ p=ai

"Ow@ Oy=wN VQ}PB p@=k u; C}i}m OW=@
'w} Q=vU j = 1; : : : ; Sc QO |Q}oxR=Ov= i = 1; : : : ;M O=OaDuDiQo Q_v QO =@
R�EWMA�ACC Q=Owtv |Q=t; |=yQ=}at|x@U=Lt|=Q@ |R=Ux}@W|x} wQ

%OwW|t xYqN Q} R |=ys=o QO 'swO R=i QO
&LSL w USL 'n 'u '� '�a '� ZQiV}B Q}O=kt u}}aD "1

uOw@ p=ai x@ xHwD =@ RPL w APL 'ZRQL 'ZAQL Q}O=kt |x@U=Lt "2
&Cpk Ov}=Qi C}r@=k XN=W ?wr]t Q}O=kt uOw@ ZwQit w USL

&AR(1) Ov}=Qi j@] xOW |R=Ux}@W |=yxO=O O}rwD "3
CUO x@ |=Q@ 'Rv}mvH w Tm =@ x} wQ j@] C=Oy=Wt Q@ ?U=vt pOt j=@]v= "4

&=yxOv=t}k=@ w ?}=Q[ R= |}=yOQw;Q@ uOQw;
h=QLv= 'EWMA xQ=t; uOQw; CUO x@ w �E w LE = Z� Q}O=kt s}_vD "5

%u; |q=@ pQDvm OL |x@U=Lt w OQ=Ov=DU=
zi;j = �Eei;j + (1� �E) zi;j ;

z0i;j = �Ee0i;j + (1� �E) z0i�1;j ;
8i = 1; :::;M; 8j = 1; :::; Sc

�EWMA = �e
q

�E2��E ;
UCL��EWMA = APLU + LE�EWMA;

&j = 1; : : : ; Sc w} Q=vU Qy |=Q@ xr=@vO pw] Q}O=kt uOQw; CUO x@ "6
RL1j |x@U=Lt w zi;j � UCLa�EWMA xm |v=tR =D RL0j |x@U=Lt

&z0i;j � UCLa�EWMA xm |v=tR =D
%CQwY x@ =yw} Q=vU pm |=Q@ 6 s=o R= pY=L Q}O=kt u}ov=}t |x@U=Lt "7

ARL0 =
PSc
j=1 RL0j/Sc; ARL1 =

PSc
j=1 RL1j/Sc

pQDvm |=yQ=Owtv OQmrta |@=} RQ= "6
"OQ}o|t CQwY ARL Q}O=kt T=U= Q@ swO R=i QO =yQ=Owtv OQmrta |xU}=kt
T=U= Q@ |R=Ux}@W 'Ci}W |xR=Ov= w |oDU@tyOwN ?} Q[ R= K]U Qy QO
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u=Q=
mty

wu
}tv

u=}Q
iaH

=Q}tU
/"""

V}
=B|

=Q@V
Q}PB

pQDv
m|

=yQ=
OwtvOv}=Qi |=Q@ Ci}W hrDNt Q}O=kt |=R= x@ pQDvm |=yQ=Owtv ARL OvwQ "3 pwOH

"|ivt |oDU@tyOwN =@ AR(1)

u � ACC R�ACC R�EWMA�ACC
�0 25 0 00 687 49 724 66 1821 37

0 20 370 02 370 29 369 87
0 25 322 49 283 84 260 05
0 50 175 34 111 40 40 26
0 75 81 43 55 98 17 26
1 00 45 28 28 77 6 76
1 25 25 96 15 59 2 40

�0 50 0 00 626 16 1061 81 2543 00
0 20 369 94 368 52 370 01
0 25 317 31 338 53 209 55
0 50 179 92 122 11 32 40
0 75 96 30 49 94 12 80
1 00 55 82 24 48 3 83
1 25 34 31 10 40 1 50

�0 75 0 00 524 24 948 93 2779 50
0 20 370 03 377 73 369 20
0 25 303 07 317 49 194 44
0 50 205 29 82 45 32 94
0 75 130 89 36 77 13 85
1 00 86 39 20 01 6 77
1 25 57 83 7 41 1 87

R= V}=Ri= u}= "OwW|t �2=1 � u2 j@] |Q}PB Q}}eD V}=Ri= x@ QHvt OwWv xO=O
u}= QO xm 'OwW|t Ov}=Qi C}r@=k XN=W Q=Okt Vy=m Ea=@ x=@DW= x@ hQ] l}
|rra CU= umtt OQ=Ov =Q |QDWt R=}v x@ MU=B |}=v=wD Ov}=Qi xm QwYD u}= =@ Cr=L
Tv=} Q=w ?} Q[ |=R= x@ 'Qo}O hQ] R= "OvQ=Ov OwHw `k=w QO xm OwW wHwCUH
Q=Owtv OyO MQ p}rO =@ h=QLv= Qo = w OwW|t pQDvm |q=@ OL V}=Ri= Ea=@ 'C@=F
|t=tD |=Q@ "O=O Oy=wN u=Wv Vvm =w =yv; X}NWD x@ C@Uv |Ovm x@ pY=L pQDvm
"OQ=O =Q OQmrta u} QDy@ R�EWMA�ACC 'C@Ft |oDU@tyOwN ?}=Q[
G}=Dv '|ivt ?}=Q[ =@ xDU@tyOwN Ov}=Qi |=Q@ xm OwW|t xOy=Wt 3 pwOH QO
Ci}W Q}F-=D R= |W=v u=wD|t =Q Qt= u}= p}rO "CU= R�ACC R= QDy@ ACC
xm |v=tR OQ=O hWm C}r@=k u; |ak=w u=R}t R= QDsm xm CUv=O =yxOv=t}k=@ QO Ov}=Qi
R�EWMA�ACC Q=Owtv 'p=Lu}= =@ "OQ=O OwHw Ov}=Qi QO|ivt|oDU@tyOwN

"OQ=O =Q OQmrta u} QDy@ R}v \}=QW u}= QO

|Q=t; � |O=YDk= |L=Q] "7
|xv} Ry `@=D R= [28�26w15]x@=Wt ACC Q=Owtv |Q=t; � |O=YDk= |L=Q] |=Q@
"OwW sy=Qi R}v G}=Dv |HvUQ=@Da= u=mt= =D OwW|t xO=iDU= u; C=aq]= w umv=O
Q=Owtv |Q=t; |O=YDk= OQmrta |UQQ@ x@ \w@ Qt VN@ u}= QO xOta |Qw;wv

"CU= |oDU@tyOwN hrDNt Kw]U QO R�EWMA�ACC

Ov}=Qi |=Q@ Ci}W hrDNt Q}O=kt |=R= x@ pQDvm |=yQ=Owtv ARL OvwQ "1 pwOH
"�xDU@ty=v� pkDUt

u � ACC R�ACC R�EWMA�ACC

0 00 0 00 690 11 696 83 1069 91
0 20 371 79 373 55 370 12
0 25 331 56 330 26 277 00
0 50 152 21 158 85 49 73
0 75 81 40 87 93 19 03
1 00 42 43 41 72 7 55
1 25 24 26 24 91 3 12

Ov}=Qi |=Q@ Ci}W hrDNt Q}O=kt |=R= x@ pQDvm |=yQ=Owtv ARL OvwQ "2 pwOH
"C@Ft |oDU@tyOwN =@ AR(1)

u � ACC R�ACC R�EWMA�ACC
0 25 0 00 698 75 566 78 1176 71

0 20 371 03 366 49 369 85
0 25 323 39 328 37 268 38
0 50 163 21 194 50 45 97
0 75 87 87 110 50 11 35
1 00 47 12 56 38 1 47
1 25 27 60 40 10 1 22

0 50 0 00 528 39 659 18 536 31
0 20 367 54 369 38 370 68
0 25 355 31 216 80 354 47
0 50 217 79 52 16 179 15
0 75 160 76 7 09 78 69
1 00 96 87 1 00 1 30
1 25 63 81 1 00 1 00

0 75 0 00 518 19 401 94 681 63
0 20 369 91 370 60 369 98
0 25 340 07 372 59 387 62
0 50 224 50 251 50 172 68
0 75 153 90 205 80 82 07
1 00 108 67 160 62 18 78
1 25 75 84 156 04 10 25

OQmrta u=vJty u = 0 25 ?} Q[ =@ xDU@tyOwN Ov}=Qi |=Q@ 2 pwOH QO
=@ ARL C=@U=Lt Om x@W� OwW|t xOy=Wt R�ACC w ACC R= |v=Um}
?}=Q[ |=R= x@ '=t= "�CU= xOW xOwRi= CUw}B QO R�EWMA�ACC Q=Owtv
ACC R= QDy@ |tm R�ACC OQmrta 'u = 0 25 R= QDnQR@ |oDU@tyOwN
X}NWD AR(1) |oDU@tyOwN Qo = xm Cio O}=@ 'Q}N= G}=Dv Q}UiD |=Q@ "CU=
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|U
Ovyt x@ ACC |DvU w |O=yvW}B VwQ wO x@ V}=B =@ pOt |xv}y@ G}=Dv "4 pwOH

"|oDU@tyOwN ?} Q[ hrDNt Q}O=kt |=R=

u
ACC VwQ x@ V}=B G}=Dv

n h L EHC

�0 75 20 2 77 3 80 5 81�
�0 50 20 2 71 2 97 5 49�
�0 25 19 2 38 2 74 5 35
0 00 18 2 42 2 61 5 26
0 25 19 2 27 2 70 5 35
0 50 20 2 16 2 96 5 47�
0 75 20 2 43 3 66 6 01�

u
R�EWMA�ACC VwQ x@ V}=B G}=Dv
n h L � EHC

�0 75 1 1 15 4 00 0 05 3 35
�0 50 1 1 14 4 00 0 05 3 34
�0 25 1 1 14 4 00 0 05 3 34
0 00 1 1 14 4 00 0 05 3 34
0 25 1 1 14 4 00 0 05 3 34
0 50 1 1 14 4 00 0 05 3 34
0 75 1 1 14 3 34 0 05 3 34

wO x@ V}=B =@ |Q=t; � |O=YDk= pOt EHC xv}y@ G}=Dv xU}=kt "5 pwOH
?} Q[ hrDNt Q}O=kt |=R= x@ ARMA w R�EWMA�ACC VwQ

"|oDU@tyOwN
u

|Q=t; � |O=YDk= pOt
ARMA R�EWMA�ACC xv} Ry hqDN=

�0 75 5 53� 3 35 2 18
�0 50 5 48� 3 34 2 14
�0 25 5 75� 3 34 2 41
0 00 6 40� 3 34 3 06
0 25 7 18� 3 34 3 84
0 50 8 93� 3 34 5 59
0 75 15 96� 3 34 12 62

u
xOW O=R; swO C}OwOLt =@ |Q=t; � |O=YDk= pOt

ARMA R�EWMA�ACC xv} Ry hqDN=
�0 75 5 41 3 35 2 06
�0 50 5 44 3 34 2 10
�0 25 5 81 3 34 2 47
0 00 6 31 3 34 2 97
0 25 7 53 3 34 4 19
0 50 11 36 3 34 8 02
0 75 15 47� 3 34 12 13

100 Qy QO Q}}eDl}|@=QN MQv =@ "OQ=O Q=Qk pQDvmCLDCr=L QO =OD@= QO Ov}=Qi
u=} R "Ovm|t =O}B Ci}W pQDvm R= GQ=N Cr=L x@ Ov}=Qi '|}=tv `} RwD j@] Ca=U
|xv} Ry OyO x=@DW= Q=OWy pQDvm Q=Owtv Qo = "CU= QqO 100 O=ONQ u}= |Da=U
xO=O Q=OWy |DUQO x@ pQDvm R= GQ=N x]kv xm |DQwY QO "OQ=O p=@vO x@ |QqO 50
u}= QO "OwW|t R=e; QqO 25 |xv} Ry =@ p}rO =@ h=QLv= hWm |=Q@ wHwCUH OwW
x@ |Q}oxvwtv Q}eDt wC@=F |=yxv} Ry "O@=}|t xt=O=hkwD uwO@ u=vJty Ov}=Qi 'C}a[w
Q@=Q@ Q}UiD w|UQR=@ '|Q}oxvwtv |=Q@ R=}v OQwt u=tR "CU= QqO 0 1 w 0 5 Q@=Q@?}DQD
Ca=U 2 p}rO =@ h=QLv= uOQm hQ]Q@ whWm |=Q@ R=}v OQwt u=tR wCa=U 0 05 =@
'USL = 10 5 '� = 10 '� = 0 1 CQwY x@ C=aq]= Q}=U "OwW|t ^=Lr

"CU= ZwQit RQL = 88 42w AQL = 0 79 ppm 'LSL = 9 5
xm |t=ovy 'OwW h} QaD 23Q=OWy =D u=tR \UwDt u=wva x@ ATS1 Qo =
|=yu=Qm uDiQo Q_v QO =@ 'OW=@ xOQm =O}B Ci}W pQDvm R= GQ=N Cr=L x@ Ov}=Qi
QO xv} Ry |R=Uxv}y@ |=Q@ |O=yvW}B pOt [28w27'7]'u}W}B C=ar=]t QO xOW xO=iDU=
|xrY=i '(n) xvwtv |xR=Ov= s}tYD |=yQ}eDt u}}aD |=Q@ 24(EHC) u=tR OL=w
%OwW|t|yOQ=Oktu}vJ (L)pQDvm OwOLOQ=Ov=DU=h=QLv=?} Q[w (h)|Q}oxvwtv
Min EHC

s:t: � � 0 005;
1� � � 0 980;
ATS1 � 4;
1 � n � 20; 0 1 � h � 8; 1 � L � 4;
0 05 � �E � 0 4;
n 2 N+; h;L > 0

(16)

[33]'x@=Wt 25 (PSO) C=QP s=LOR= |R=Uxv}y@ sD} Qwor= \UwD pOt pL R= TB
|=Q@ AR(1) Ov}=Qi |oDU@tyOwN ?} Q[ hrDNt Q}O=kt |=R= x@ xv}y@ G}=Dv
Ctqa =@ |vOWv *?=wH� CU= xOW x�=Q= 4 pwOH QO V}=B VwQ wO |xU}=kt
=@ xDU@ty=v Ov}=Qi |=Q@ ACC Q=Owtv |L=Q] "�CU= xOW |Q=Poxv=Wv �
QO hOy `@=D Q=Okt xm u}= x@ xHwD =@ [28w27]"CU= xOW s=Hv= ,q@k u = 0
xOt; CUO x@ 5 18 Q@=Q@ [28]Qo}O |UQQ@ QO w 5 20 Q@=Q@ [27]|UQQ@ l}
VwQ Q=@Da= 'OQ=Ov |v=OvJ Cw=iD 5 26 Q@=Q@ 4 pwOH QO pY=L Q=Okt =@ w
Q=Owtv |Q}oQ=m x@ '|oDU@tyOwN K]U V}=Ri= =@ "OwW|t O}}-=D G}=Dv w pL
"OyO|t u=Wv ACC Q=Owtv x@ C@Uv |QDsm |xv} Ry R�EWMA�ACC
|vOWv �0 90 w �0 75 Kw]U QO ACC Q=Owtv ?=wH xm u}= ut[

"CU=
V}=B |=Q@ pQDvm |=yQ=Owtv u} QDOQ@ Q=mQB R= |m} u=wva x@ ARMA Q=Owtv
[34]C@=F |=yQDt=Q=B =@ ,=Q}N= Q=Owtvu}=|L=Q] "OwQ|t Q=tW x@ xDU@tyOwN|=yOv}=Qi
|L=Q] 'u}= Q@ xwqa "CU= xOW s=Hv= L&V `@=D uDiQo Q_v QO w [35]Q}eDt w
x@ =@ xDU@tyOwN |=yxO=O |=Q@ C=Q}taD w |Q=Oyov w O}rwD 'C}i}m |xJQ=Bm}
|}=yxU}=kt 'u}=Q@=v@ [38�36]"CU= xDiQo Q=Qk xar=]t OQwt ARMA Q=Owtv |Q}oQ=m
=yv; |WN@ QF= =D OwW|t x�=Q=ARMA wR�EWMA�ACC |=yQ=Owtv u}@
EHC |xv}y@ G}=Dv 5 pwOH "OQ}o Q=Qk |UQQ@ OQwt xDU@tyOwN |=yxO=O |=Q@
R= "OyO|t u=Wv V}=B |=Q@ =Q Q=Owtv wO u; R= xO=iDU= =@ |Q=t; � |O=YDk= pOt
ARMA Q=Owtv u=wD 'CU= � = 1 25 |=R= x@ u}ov=}t QO Ci}W Q=Okt xm =Hu;
QHvt |vOWv |=ypLx=Q x@ ARMA Q=Owtv R= xO=iDU= w CU= sm u; hWm QO
|vOW G}=Dv x@ R�EWMA�ACC Q=Owtv |Q}oQ=m x@ xm |r=L QO "CU= xOW

69



u=Q=
mty

wu
}tv

u=}Q
iaH

=Q}tU
/"""

V}
=B|

=Q@V
Q}PB

pQDv
m|

=yQ=
OwtvQ=Owtv C}LHQ= '|R=Ux}@W j} Q] R= V}=B |=yVwQ OQmrta |@=} RQ= R= TB

"CiQo Q=Qk O}}-=D OQwt |Q=t; |=yXN=W T=U= Q@ R�EWMA�ACC
"OW |UQQ@ VQ}PB pQDvm |=yQ=Owtv |Q=t; � |O=YDk= |L=Q] xr�Ut 'u}= Q@ xwqa
xU}=kt QO R�EWMA�ACC Q=Owtv R= xO=iDU= xm O=O u=Wv pY=L G}=Dv
|oDU@tyOwN hrDNt Kw]U QO |QDsm |xv} Ry hQY x@ QHvtACC Q=Owtv =@

"OwW|t
VQ}PB pQDvm Q=Owtv |xaUwD CyH QO xvwtv u}rw= u=wva x@ 'Q[=L |xar=]t
w |UQQ@ x@ R=}v xRwL u}= xm CU= K[=w "OW s=Hv= xDU@tyOwN |=yxO=O |=Q@
QO =QACC Q=Owtv |xaUwD u=wD|t [31]|r@k C=ar=]t j@=]t "OQ=O QDW}@ |xar=]t
'=DU}==v w =DU}= xDU@tyOwN |=yOv}=Qi Q}=U |=yxOv=t}k=@ |=Q@ "1 "OQm p=@vO xRwL wO
u=oOvU} wv "xDU@tyOwN |=yOv}=Qi |=Q@ xOW KqY= |=yQ=Owtv ?wJQ=J QO "2

"OvQ=O p=eDW= pw= |xRwL QO VywSB x@ 'Q[=L Q=DWwv

\w@ Qt xm 'pOt swO C}OwOLt |R=UO=R; R= TB "CU= xOW QHvt QDsm |xv} Ry =@
'p=L u}= =@ "Ot; CUO x@ ARMA Q=Owtv |=Q@ |vOW G}=Dv 'CU= hWm u=wD x@

"CU= xiQY x@ uwQkt R�EWMA�ACC Q=Owtv R= xO=iDU= u=vJty

|Q}oxH}Dv "8
|}=Q=m Q@ O}m -=D =@ VQ}PB pQDvm Q=Owtv 'Ov}=Qi V}=B QO C=Q=_Dv= Q}F-=D uOQm Qw_vt |=Q@
QO =yxO=O pqkDU= ZQi Zkv p}rO x@ 'xar=]t u}= QO "CU= OQ@ Q=m p@=k Ov}=Qi
OQwt |oDU@tyOwN Qw[L QO VQ}PB pQDvm Q=Owtv =@ V}=B swRr '=yOv}=Qi |NQ@
R�EWMA�ACC wR�ACC |=yQ=Owtv '=DU=Q u}ty QO "CiQo Q=Qk xHwD
"OW xO=O xaUwD =yxO=O Q@ AR(1) pOt j=@]v= R= pY=L |=yxOv=t}k=@ T=U= Q@
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=yCWwv=B
1. Average Run Length
2. Acceptance Control Chart
3. Autoregressive Moving Average
4. Autoregressive
5. Exponentially Weighted Moving Average
6. Burr Distribution
7. Taherian & Baluchestani Asl
8. Oprime
9. Zhou
10. Guardband Technique
11. Duncan
12. Lorenzen and Vance
13. Upper Speci�cation Limit
14. Lower Speci�cation Limit
15. Acceptance Process Level
16. Acceptable Quality Level
17. Rejectable Process Level
18. Rejectable Quality Level
19. Upper Control Limit
20. Lower Control Limit
21. Run Length
22. Parts Per Million
23. Average Time to Signal
24. Expected Hourly Cost
25. Particle Swarm Optimization
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pQDvm OL |x@U=Lt w OQ=Ov=DU= h=QLv= 'EWMA |xQ=t; i uOQw; CUO x@ "7
%3 s=o R= |@=NDv= �E w LE Q}O=kt x@ xHwD =@ s=j w} Q=vU QO u; |q=@

zAPLi;j = �EeAPLi;j + (1� �E) zAPLi�1;j ;
zRPLi;j = �EeRPLi;j + (1� �E) zRPLi�1;j ; 8i = 1; :::; 2000
�EWMA = �e

q
�E2��E = 0 1

q
�E2��E ;

UCL��EWMA =

APLU + LE�EWMA = 10 020 + LE�EWMA;

&s=j w} Q=vU QO RL0j = RL1j = 1 CQwY x@ xr=@vO pw] Q}O=kt uO=O Q=Qk "8

&OwW xO=O Q=Qk i = 1 CQwY x@ V}=B |=Q@ xOW O}rwD xO=O xOvQ=tW "9

"OwW s}_vD RL0j = RL0j + 1 Q=Okt ' zi;j � UCLa�EWMA Qo = "10
&O=O xt=O= 12 s=o R= O}=@ 'CQwY u}=Q}e QO

xOvQ=tW 'CQwY u}= Q}e QO "O=O xt=O= 12 s=o R= O}=@ OW=@ xOW i = 2000 Qo = "11
R= C=@U=Lt w OwW s}_vD i = i + 1 CQwY x@ V}=B |=Q@ xOW O}rwD xO=O

&O@=} xt=O= 10 s=o
&OwW xO=O Q=Qk i = 1 CQwY x@ V}=B |=Q@ xOW O}rwD xO=O |xOvQ=tW "12

QO 'OwW s}_vD RL1j = RL1j + 1 Q=Okt 'z0ij � UCLa�EWMA Qo = "13
&O=O xt=O= 15 s=o R= O}=@ 'CQwY u}= Q}e

'CQwY u}= Q}e QO "O=O xt=O= 15 s=o R= O}=@ OW=@ xOW i = 2000 Qo = "14
w OwW s}_vD i = i + 1 CQwY x@ V}=B |=Q@ xOW O}rwD |xO=O |xOvQ=tW

"O@=} xt=O= 13 s=o R= C=@U=Lt

'CQwY u}= Q}e QO "O=O xt=O= 16 s=o R= O}=@ OW=@ xOW j = 3000 Qo = "15
s=o R= C=@U=Lt w OwW s}_vD j = j + 1 CQwY x@ =yw} Q=vU O=OaD xOvQ=tW

&O@=} xt=O= 5
w} Q=vU 3000 pm |=Q@ 12 w 11 |=ys=o R= pY=L Q}O=kt u}ov=}t |x@U=Lt "16

%OwW|t s=Hv= u}vJ

ARL0 =
P3000
j=1 RL0j/3000; for �APL = 0 20;

ARL1 =
P3000
j=1 RL1j/3000; for �RPL = 1 25:

CQwY x@ xv}y@ Q}O=kt 'OQ=Ov 370 =@ |v=OvJ Cw=iD ARL0 Q=Okt Qo = "17
"O@=} xt=O= 3 s=o R= sD} Qwor= 'CQwY u}=Q}e QO "OwW s}_vD L�E = LE

CUw}B
�APL = w u = 0 5 |=R= x@ 2 pwOH QO ARL C=@U=Lt x@ \w@ Qt |=ys=o

%�RPL = 1 25 '0 20
USL = 'u = 0 5 '�a = �e = 0 1 '� = 10 ZQiV}B Q}O=kt u}}aD "1

&LSL = 9 5 w 10 5
?wr]t Q}O=kt uOw@ ZwQit w USL uOw@ p=ai x@ xHwD =@ Q} R Q}O=kt |x@U=Lt "2
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