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Introduction

O ﬂ‘fm paper #-% 3817 %% »< % #c(performance variable) 4
T % #ic(surrogate varlable)-i = = & P B (two-stage)
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the fixed cost of samnpling and testing for

Momenclature
¥ vanables

Flx sarnple size for the X chant 2y the vanable cost of samnpling and testing
Ry samnple size for the ¥ chart for ¥ variables
Ay sarnpling interval length for the X chart by the expected time required to find and
h, sarnpling interval length for the ¥ chart ehrmnate the asapnable cause
Ky control lirnit Factor For the X chart ba the expected tine wasted with false
k, comtrol Tirnit factor for the ¥ chart alarns
Wy warring lirnit Factor for the ¥ chart by the tine required to take and interpret
Oy standard dewiation of the performance an X zamnple

vanahble b the tirne required to take and interpret
oy gtandard deviation of the surrogate an ¥ sample

vanable i mcome per hour when the process 18 in
My mean of the performance vanakble, be- cortr ol

fore the process ahuft i meome per hour when the process 1z out
Myt ory mean of the perfommnance vanable, of control

after the process shaft E(TYy expected cycle tine
My mean of the surrogate wvanahble, before EI  expected net mcome per cycle

the process afuft E(FAY awerage number of falee alamns per cycle
iyt Byeop mean of the surrogate varable, after E(dY expected net mcome per unit tirmne

the process shift AT averapge time from the start of produc-
By coefficent proportional to the covar- ton untl the first signal after the process

1ance between X and ¥ shift
A1 iterval length the process stave in Wiy average nurmnber of X samnples taken

control from the process before the process
1 the cost of finding and ehrmnating an shift

aseieriable cause that occurs onee dunng m, average nurnber of ¥ samnples taken

a cirde from the process before the process
F the cost of miestigating a fales alann ghift
F o the fixed cost of sampling and testing for wl, average nurmber of X samples taken

A vanables from the prooess after the process shuft
iy the vanable cost of sarmnplng and testng wt average nurmnber of ¥ sammples taken

for X vanables

from the prooess after the process shuft




Description of the two-stage control chart (112

Xi=Ci+ 0O 5i~N(0,07)
= po+ pili+ei &~N(0,07%)

é’i~N(§,O'§) w=oileif ¢ildifrei (Fuller,1987)

i *“(.X@Y#) iy e

Mean

Covariance matrix:(

(0 1) = (& o+ pil)

2 2 2 2
o, axyj B [0'5 +o; pio;

2 2 2 __2
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Description of the two-stage control chart (212

Take a sample of size n,
after h, time unuts

Take a sample of size n,
after h, time unuts

Zizx/a()?—,ux)/ax

X chart for a previously specified

amount of time: Tx= mhx,

m is an integer fixed in advance
(Lee and Kwon,1999)

es
Y In control?

oL B2 2 AR A F 1 %3 A28 ] Identify the assignable cause
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Properties of the two-stage control chart (s)
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Properties of the two-stage control chart (2ss)

Tabile 1
The Markov chain one-step state transitions

ith sample (i + 1th sampie

Chart in Process mean Sample point State of the Process State of the

uze status™ position Moarkov itz bl Martkov
{on or off targst) {Tegiomn) chain status chain

¥ Omn Central 1 Omn 1

¥ Cmn Action 1 Cmn 2

¥ On Central 1 Off 3

¥ Omn Action 1 Off 4

X Cmn Central i Cmn 1

X On Action 2 Omn 1

X Om Warmng 2 O 2

X On Central Z Off 3

X Omn Action Z Off 3

X On Warning z Off 4

¥ Off Central 3 Off 3

¥ Off Action 3 Off 4

X . - = . 3

X state 1: The process is in control and under Y chart surveillance 4

X

state 2: The process is in control and under X chart surveillance

*Omn target med

®True alzm of state 3 : The process is out of control and under Y chart surveillance

SLEEE Y state 4 : The process is out of control and under X chart surveillance
NGRS 3 m|state 5:The absorbing state
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Properties of the two-stage control chart @s)

pur P2 pm pu O
P21 P22 pzs pz 0
The transition probability matrixP=|{ 0 0 ps pas O
0 O pa pu ps
0 0 0 0 ps
i = Pr|Z|<k,Je M, py = Pr(|Uy|<k;],
pra = Prl|Z] > ke Je e, pa =1 —pa,
| Paz = Prf| U <w,],
pis = PIZI<kll ~e75), — Prli <[Us| <k
pia = Prl|Z| >k )(1 — e ), pas = 1 — pg3 — paa,
p = {1 = Priwe<|Z|<kJ}e™,
o = Prlw, <|Z| <k Je ™ where  Z~N(0,1), U,~N(e,/n, 1), and Uy~

N(B e/, 1),

= {1 — Pr{w, < |Z| <k, J}(1 — e~ ),

P = Prw, <|Z| <k (1 — e =),
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Properties of the two-stage control chart s)

where
_ - 1A—101- 1 — — \
A A AB AB B — (1 — paa)(1 — pna) — paapas,
P 1—pu  E(l —pu)+ Fpz  Epya + F(1 — p33) _
5 C — paap1z + sl — pa2),
(I — 0) 1 _ A A AB AB ?
0 0 1 — pas P34 D — poapiz + pra(l — pzz),
B A
0 0 Fa3 1 — pi3 E— prapa + p2a(1 — p11)
i B B | |and
F— pupa + paall — p1).

| the identity matrix of order 4
Q: the transition probability matrix of order 4, where the elements associated
with the absorbing state have been deleted
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my=b(1-Q)
mx=b (| —Q)_ch
my=b (I —Q)_lcs
mx=b (| —Q)_1C4

b: the vector of starting probabilities, constructed under the assumption
that the process surveillance starts with the Y chart= (e™*"; 0; 1-e™*"; 0)

E(FA): the average number of false alarms per cycle = m«Pr[ |Z| > ki |

AT: the average time from the start of production until the first signal after the process shift
= b (I -Q)*h, h =(hy; hg hy; hx)

A ZHRPEH AT F1 el g Eey
TA 4 327 LB 5% % System Reliability Lab.
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The cost model ar3)

The expected cycle time: E(T)

= the in-control period: %

+ the out-of-control period: AT - % +bank + byny

( the expected time between the occurrence of an assignable cause j

and the signal & the time required to take and interpret the results

+ the period during which the process is stopped due to false alarms: b2E(FA)

+ the period during which the process is stopped for finding and eliminating an assignable: b:

N R 2T Fa e
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The cost model 2r3)

The expected net income per cycle: E(I)
= the income per hour while the process is in control times
the expected length of the in-control period: i1/ A

+ the income per hour while the process is out of control times
the expected length of the out-of-control period: iz *(AT = % + bsnx + b:;ny)

— the cost of finding and eliminating an assignable cause: a:

— the cost of investigating a false times the expected number of false alarms: azE (AF)

— the expected sampling cost per cycle: [(a3+ a4nx) *(mx +m, ) + (ag - a;ny) *(my +m, )]

\

BRI B L R i e A A
N % 3v¥ 4R F 3% % System Reliability Lab

=/




The cost model r3)

The expected net income per unit time: E(A)=E(1)/E(T)
Subject to:

banx < 77hx,

bény <nhy,

0.01< hx, hy <20, 0.01<kx, ky <4,

Since the process Is a renewal reward process (Ross, 1992). The restrictions are
imposed on the design parameters to accommodate limitations of practical order.
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WA % 37 £ B F % % System Reliability Lab.




Comparison of one-stage and two-stage designs (1/2)

Table 2
Cost and process parameters for test examples
Example A c i iz a1 a a3 a4 b bz b
2 0.01 1 150 50 350 500 5.0 1.0 3.05 4.05 0.05
4 0.01 2 150 50 135 500 0.5 0.1 4.00 41.00 0.05
6 0.05 1 50 —50 350 50 0.5 1.0 4.00 41.00 0.05
8 0.05 2 50 —50 135 50 5.0 0.1 3.05 4.05 0.05
10 0.01 1 150 50 260 50 5.0 0.1 4.00 5.00 0.50
12 0.01 2 150 50 45 50 0.5 1.0 3.05 40.05 (.50
14 0.05 1 50 —50 260 500 0.5 0.1 3.05 40.05 0.50
16 0.05 2 50 =50 45 500 5.0 1.0 4.00 5.00 0.50
18 0.01 1 50 —50 45 500 5.0 1.0 20.05 40.05 0.05
20 0.01 2 50 —50 260 500 0.5 0.1 21.00 5.00 0.05
22 0.05 1 150 50 45 50 0.5 1.0 21.00 5.00 0.05
24 0.05 2 150 50 260 50 5.0 0.1 20.05 40.05 0.05
26 0.01 1 50 —50 135 50 5.0 0.1 21.00 41.00 0.50
28 0.01 2 50 =50 350 50 0.5 1.0 20.05 4.05 0.50
30 0.05 1 150 50 135 500 0.5 0.1 20.05 4.05 0.50
32 0.05 2 150 50 350 500 5.0 1.0 21.00 41.00 0.50

(PHM hereafter from Panagos et al., 1985)
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Comparison of one-stage and two-stage designs (2/2)

Table 3 (comtimued)

Example in Hy Hy fy By k. i, Wy E{A)
0.3 5 1 034 094 3.06 0.01 074 1412
0.6 5 1 034 094 3.06 0.01 074 14.13
0.9 4 1 0.1z 007 3.06 216 0.71 16.38
16 0.3 2 3 1.1% 1.26 ZER 0.01 1.02 2399
0.6 1 7 019 .56 1.68 28R 060 2943
0.9 1 5 019 0.a1 001 350 0.01 31.74
3b 1.61 285 24549
0.3 2 1 1.43 1.07 283 0.01 0.96 2319
0.6 ] Vi 15 1373 4] 717 1 73 2543
0.9 IR0

E(A) increases either as /1 increases or as b decreases

1% 0.3 17 1 £ w0 1.43 07 001 001 3415
0.6 10 T 037 241 RO i 1.13 37.34
0.9 1 30 .09 TED 001 373 001 3842
18F £.54 311 Erin I
0.3 17 1 £ 69 1.43 308 001 001 3413
0.6 10 1% (et 197 296 203 1.2 3683
0.9 2 1% (E e 1.67 e A5 (.94 3T R3
0 0.3 7 2 1.60 012 383 001 001 37.56
0.6 3 T 005 (.53 335 2 A/ 1.14 341
09 1 O .03 (.59 001 4. 00 001 3854
b 1 S0 i) 37 57
0. itori V2 ”
| The monitoring depends more on the Y chart when S gets largerf;
0.9 2 4 .03 (.39 314 275 077 3842

VLWL TS EE SR EF.L Assume a'le, ayzl,laG:O.las, a, =0.1a4
L7 £ B F % % System Reliability Lab b, =0.2bs or b, =bs, $1=0.3, 0.6, 0.9




Comparison of one-stage and two-stage designs (2/2)

Table 3 (comtimued)

Example in Hy Hy fy By k. i, Wy E{A)

16

13

20

‘*‘“‘;t

The two-stage model always yields a higher E(A) than does the PHM model
as long as X and Y are moderately(f:1=0.6) and hightly correlated(f:1=0.9)

0.3 2 3 1.1% 1.26 263 0.01 1.0z 2399
0.6 1 7 019 0.56 162 2R3 0.60 2943
0.9 1 5 019 n.&1 n.0o1 3.50 0.01 3174
3b 1.61 2A5 24.59

0.3 2 1 1.43 107 263 0.01 0.96 2319
0.6 1 2 n.1s 033 241 217 078 2547
0.9 1 2 n1s 037 206 266 071 2230
0.3 17 1 620 143 307 0.01 0.01 3415
0.6 10 26 037 241 A0 2 1.13 3734
0.9 1 30 009 262 001 373 0.01 3842
=" 6> 211 3417

i) 1~ i 1 .14 ke B0 [k | DDI 3_4_13
As [ mcrases nx, hx, Kx, decrease and ky mcreases 1.22 36.83
— rr— .94 3T RS
0.3 7 2 160 01z 323 0.01 0.01 37 56
0.6 3 o 0.0s 053 335 248 1.14 3841
0.9 1 o 0.03% 059 001 4.00 0.01 38 54
7" 1.50 383 37.57

0.3 6 1 1.59 IR RE 371 0.01 0.01 3754
0.6 3 5 004 041 356 213 1.31 3823
0.9 ? 4 0.03% 039 314 275 0.77 3842

Assume ox=1, oy=1, a,=0.1as, a, =0.1as

AEAF1 ¥ -g“I““—*’% | |
b, =0.2bs or b, =hs, f1=0.3, 0.6, 0.9

Ii? 5% % System Reliability Lab.




Sensitivity analysis

Table 2
Cost and process partameters for test exampies
EJ[EIITIP]E A c h Iz a1 az a3 ag E?l Ji_'-'g E?'g.
2 0.01 1 150 50 350 500 50 1.0 305 4.05 0.05
Tabie 3
Optimum design for test sxamples®
Example in Hx Hy By fy by i, Wy E{A)
2 0.3 15 1 £.20 1.43 226 0.01 1.13 13421
0.6 9 27 0.25 2.45 2.65 2.2 1.02 137.84 |
0.9 1 23 0.09 255 0.01 356 0.01 138 98
17" 1.54 4.31 134.11
Table 4
The scomornic penalty assodated to the estimation error of 4, ¢,
and ff;
E*(4)  EB*(4) |Penalty (%)—> 1_E* (A) / E* (A)
Areal = (.01 Acstirated
0002 146 63 14612 035
0,005 14305 14291 010
0.02 12853 12837 012
0.05 106.00 10527 04D

A ZHRPEH AT F1 el g Eey
TA 4 327 LB 5% % System Reliability Lab.




Conclusions
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