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1. STATEMENT OF PROBLEM 

Flexible Nimifacturing Systen» (IMS) have been defined a# 

pcoductim foe mall betehee where mamml, eemieutometic, or 

fully ttttomitie workstetiomi ere directly eerviwd by an automated 

material handling x̂ em and controlled a conqputer (1). An fMS 

operates as an integrated system and is capiAxle of processing a 

variety different pert types simultaneously at various workstation# 

(2). 

Diesdi (3) modeled a niniatiae fNB that wes a closed-loop intern 

controlled by two microcomputers, a Oconodore CBM 8032 and a Radio 

fiwck 1118-80 Model 111* It consisted of four msjw components 

including the AS/RS CAutanstic Storage/Retrieval Ŝ tem) $ eight 

stMsge arses, six machine centers mA a turning cell. 

By a 'RANDOM* priority dispetching rule, a pert was dispatched 

from one of the storage arws, and deposited in the turning cell or 

at one of the madiine centers. The machine center which had the 

least oMMsit of total processing time in queue (WtiQ) wes selected. 

Under the effects of brsekdowns of the AS/RS, the turning cell and 

the madhine center, the system effectivity «es analyud, and ulti

mately described by a multiple linear regression model. 

This research* is a significant extension of Diesdi's work. Its 

purpose has been to evaluate traditional job shop scheduling rules 

wing the ?MB pt̂ ical model. There were two major grŵ  of rules. 

Tĥ e include put selectiw rules and machine center selection 

rules, A part selecticm rule was defined as a decision rule for 
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«electing a pact Item am of th* identical PM8 storage areas. The 

nadiine cmtet «election rule we# defined as a deci#i<m rule for 

depositing the part in one of the IMS*# identical machine centers. 

Seven priority dispatching rules were used for the pert selection, 

and t<m nachine center aelectim rulM were used for machine center 

selection. TSMe 1-1 lists both groî  of decisim rulM. 

Table 1-1. Decision rules evaluated (4) (5) i t )  (7)  

Part selection rule# 

mom 
OPT (tfx»te#t pcocessing time) 
flUOt (leest dadi time rvusining) 
OOMTE (esfliest due date) 
5/PT (smallest slack time per processing time remaining) 
VMUm (bif̂ Mst dollar value) 
rsrs (first atorage are# first served) 

NKbin# emkm selection rule 

m»CH 
NINQ (iMst number of parts in queue) 
fflMQ (least mount of pcocescing time in queue) 
fiVS (firet machine omter first senW) 

A dscisioi rule s#t consisted of one dispatching rule and cm machine 

osntw selection rule. Therefore, the total number of sets that has 

been evali»ted is twsnty-eî . 

8evm different groqps of worlqparts could be processed by the 

IMS model. Relevant pKOductioo information relied on actual indus

trial data. It consisted of process seqpence, processing time, 

due-dates* and (dollar) value of a uorkpart. This information was 

obtained from a midwestem mamifacturing facility. The FMS model 

used in this researdi simulates the aeration of an actual fMS that 
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ia currently being installed by this organization. 

The perfoimanoe of a declaim rule aet in the model waa 

dependent vçùn rmdom breakdoww of major comgxmanta during aimy 

lation. ms aidMyateme were all aubject to failurea. Xn thia atudy, 

the effects of auch failurea were inveatigawd. Alao, rule per» 

fwrnmce waa dependent qpon the maximum queue length of the machine 

center waiting line or the turning cell waiting line. That ia, a 

pert M» diapatched from the atorage area mly when a machine center 

OS the turning cell input queue had an available î ace. 

To evaluate the performance of diKiaim nilea in tht model, the 

following six perfommce meamaw we» used. 

• Qystaa effectivity - The ratio of the actual time to produce 
parts divided fay the available similation tine. 

• Pert traveling time - The time required to fetch a pert 
frcBi storage and d̂ osit that pert in the desired machine 
queue, 

. Actual production output - Actual production quantity during 
aimulatlo). 

. Nnaifacturing througlyut time - The mamifacturing time of 
all proceaaed parts during the available aimulation time. 

. WMk-in-process imwntory - The maker of parts waiting in 
the model or total processing time of the parts waiting in 
the nadiine centera. 

. Production lateness - The difference between the ccmfOetion 
tim «id the due-datm. The confdetion time was the sum of 
arrival time, processing time, and waiting time. 

Each perfomanc* criterion was measured at the end of the aimilation. 

To otaerve dirofwlogical changes of the model's operaticm wder 

various decision rules, the performance criteria ware measured at 

specific time intervals during each simulation. Also, some sta-
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tlstical nlatiŵ lpc b#tw##n patfomamc# cxittxia war# datatmirwd 

and analyiad. 

Extanaiv# work has taaan dma to evaluate job «hop aequencing 

rules, such work has dealt with various job ahops. Some w%k, 

however, has ad&wewd flexible mawfactwing. This literature is 

reviewed and awmariwd in Chapter 2. 
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XX. REVIEW or RELEVANT UTERKTURE 

A. Intxoducticm 

Jdb #1̂  fchadttllng has b##n ccnsidand an important part of t)w 

overall production control pcoblan. An optimià aaqutnot to proceta 

job# at machin# cantar# maha# affcctiva utilization of limited manu

facturing cepacia* 

Owing the peat % yeara, maî  achaduling rulea have been intro

duced. Smith (8), Jackaon (9) » Little, Nutty, Ameney, and Karel 

(10), Bellman (11), jr̂ mMn (12), Aker# (13) «id Bownm (14) ware 

among the earlieat. Theae mithma developed baaic algorithw# which 

(mve been uead up to now. Th#ir atudia# focu##d oi the job Aop as a 

queuing systam. Th# rule# are those that aimply resolve the conflict 

that arises whenavmr two or more job# are waiting for the services of 

a aingle madiine and a daciaion mi»t be made as to Wiich to proce## 

first, efforts are continuing to find ̂ imal sî aencaes as Amotions 

of the diversî  of jdbs, the variability of machine# and the size of 

aystsm. A detailed description of the mtk done in this area up to 

1961 om be fbwd in article# written by R. L. Sisson (15,16). 

There have bam many investigaticm# in whi(* a digital ccmputer 

has bem* used to generate adwdules for a variety of different n/m 

problems %*er@ n is tiie mndber of jobs and m is the number of machines 

in the shop. Jackson and Nelson (17), Jackson (18), and others did 

early work whidh has been focused on variwa comparative studies of 

îority dispacĉ ing rules through the use of computer s inflation. 
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B. summary of Oiapatching Rule# for J<* @%opa 

For convanlanc* of r#vi#w, tha priority dispatching rules which 

have b##n twad as bockgrotffid for this rasaarch ara sunRariaad in 

Tabla 2-1 (4, 5, 6, 7, 19, 20, 21). 

Rtilaa 1 to 22 and Was 32 to 34 might ba cwaidarad to ha basic 

rulas. Rules 23 to 28 are essentially ccmbinaticne of various basic 

rules* Rules 29 to 31 and iteles 35 to 36 are modified 8PT rulea 

which an individual job is limited the length of waiting time. Rules 

37 to 41 ara rulas developed by considsrlng setup time. 

C. General #ss$mptions for Past Investigations 

Different investigators have simulated different diî tching 

rules with different astranptiora for the basic job Wxv problem. The 

general assumptions used by the investigators are as follows (22) t 

. The job processing times, including tha setup time, are 
knoMi and are seguence independent; 

. Tr«Mportatlon times between facilities aw negk̂ ted; 

. Once a job is started on a facility, it is processed to 
compilation (no preemption) ; 

. The shop has a fixed, know*, labor and marine edacity; 

. Madtines do not Wreak doMi; 

. There are no merging ox assembly operations (Bach job 
represents a job order having a single item for processing) ; 

. Jobs do not recycle due to fabrication errors, engineering 
changes, etc.; 

. Only one job mâ  be processed on one machine at a given time; 
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1 

2 

3 

4 

5 

é 

7 

B 

9 

10 

U 

12 

13 

7 

SttiBiaxy of dispatching rules 

Rules DsscciptiMis 

RMOON 

icrs 

Lcrs 

wfm 

UT 

Monn 

WKR 

mm 

mm 

ffflNQ 

JOb is sslsctsd «hidi has tha «mal last 
valua of a randkm pciorî  assigned at 
time of arrival at queue (note that a 
job receives a new mndber for each of 
its ̂ raticnw). 

Jcb is «elected %Aich arrived at the 
queue first. 

Job is selected which arrived at the 
queue last. 

Job is «elected which arrived at the 
âheç first. 

Job is «elected which has ths Aortest 
operation processing tine. 

Job is «elected which has the longest 
opération prooeMing time. 

Job is selected whidi has the fewMt 
(gratia* remaining to be perfomed. 

Job is «elected which has the most 
operations nmaining to be performed. 

Ĵ  is selected which has the least 
wcsk remaining to be perfomed. 

Job is selected which has the most 
vmk remaining to be perfumed. 

J<* is selected whicA has the greatest 
total tmk (all operations on Ae 
rooting). 

Job is selected which will go on for 
its next operation to tihe iriiortest 
queue. 

Job is selected whid) will go on for 
its next opération to Om queue with 
the least work. 
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Tabl* 2-1. (contimitd) 

NO. RulM D##cripti<m# 

14 nONQ 

15 

16 

17 

18 

19 

20 

21 

22 

23 

DOMTB 

SUCK 

9/ fm 

s/n 

06 

D6/ÏT 

D6/0W 

PWt(a) 

it Mlccttd vhid) will go <m for 
its iwxt optratiMi to ths quern with 
th# least work. Ths qoaus is 
considsrsd to includs jdbs now on 
othsr machines that will arrive before 
the «ysject 

Job is «elected »Aich has the earliest 
due-date. 

Job is selected «Aiich has the least 
slack time determined by due-date 
minus all remaining processing time 
for the job. 

Job is «elected whidt has the earliest 
operation &m-date. Bgually ̂ K̂»d 
due dates are assigned to Mdi 
operation at the time job enters «Aop. 

Job is «elected *Aid* has the least 
ratio of slack time divided by the 
remaiRing nuniaer of operatims. 

Job is «elected «hid) has the least 
ratio of slack time divided by remain
ing processing time. 

Job is «elected which has the least 
slack time detemined by due-date less 
the remaining expected flow time mimis 
the current date (dynamic slack). 

Job is Mlected **id% has the least 
ratio of dynamic slack time divided 
by the remaining ĵ ocessing time, 

Jd> is «elected which has the least 
ratio of dynamic slack time divided 
by the remaining number of operations. 

Job is selected %*id» has the small
est weighted mm of next accessing 
time and woek remaining, 'a* is a 
weighting constant (Aid* is greater 
than 0. 
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Table 2-1. (continued) 

NO. Rules Descriptive 

24 

25 

P/M(R(e) 

9/m 

Job is selected %Ai(A has the mallest 
weighted ratio of next processing time 
to work remaining. *a' is a weighting 
constant which is greater than 0. 

Jdt> is selected $*ich has the mallest 
ratio of nsxt processing time to total 
work. 

26 P4m(a) 

27 P+XNO(a) 

28 P*6/0M(a,b) 

29 SFr-̂ (a) 

30 ICFS(a) 

Jtto is selected which has the smallest 
weighted son of ramt processing tW 
and work in the following queue, 'a' 
is a weighting constant whidi is 
greater than 0. 

Job is selected wbidt has the mmallest 
weightsd ma of next processing time 
and work (including expected work) in 
the following queue, 'a' is a weight
ing «tnstwit lAiiâ) is greater than 0. 

Jeto is selected which has the mallest 
weighwd mm of nwt processing tW 
Md slack time per operation remain
ing, Both *a* and 'b* are weighting 
constants. Both are greater than or 
equal to 0. Each perticolar set of 
the parameters (a,b) represents a 
different priwity rule. 

This is a trwcated version of SPf, 
As long as no job in the queue fr» 
which selection is made has waited 
more than *a* time imits in this 
queue, noxmal SPt selection is made. 
When a job has waited too long, it is 
given dominating priority. 

This is a variation of PCFS in which 
WT selection is inv(*ed for a partic
ular queue whenever that queue become# 
too 1̂ . If there are fewer than *a* 
job# in queue at tise time of selectiw, 
the earliest arrival (to the queue) is 
chosen. If 'a* or more job# exists, 
thm the job with the Wiortest proo» 
essing time is dNwn. 
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Tsibls 2-1. (continued) 

NO. Rul« Detcxlptione 

31 

32 

33 

34 

35 

SPT-2C(a) This is a two-class variation of SPT. 
h fraction of the jobs* denoted by 'a', 
are identified as pieferrad. Job is 
selected which has the itortest proc
essing time among the preferred class 
of jdMi if no preferred j<̂  are in 
queue» then the shortest processing 
time among other jobs applies. 

fCTSipr) Priority depends on the (dollar) 
value of the job. Jobs are divided 
into two classe#- a high value class 
and a low value class. All high value 
jobs are assigned greater priorities 
than all low value jd». Within the 
class, the priority is assigned in 
arrival order (fCPS). There is 
actually a family of rules of this 
type wWch can be parameter iwd by 
•pr', the proportion of jobs assigned 
to the low value class. 

VALUE Priority is directly related to the 
(dollar) value of the job. The 
priority is taken to be equal to the 
value of the job, 

NlNQ(q) Priority is related to the subsequent 
move. Maximum» priority is given to 
that job which on leaving this machine 
will go on to the rant machine which 
has the shortest (in the sense of 
least processing time) critical queue. 
If no queue is critical* the selection 
is in arrival order (fCFS). A queue is 
considered critical when it has less 
than a specified numb» of time vmits 
of processing time waiting, there is 
actually a family of rules of this 
type which can be parameterized by 
'q* I the value below wtiidi a queue 
becomes critical. 

Kst.-WP(a) Job is selected which has the smallest 
estimated ĵ ocessing time (% errors of 
estimate assumed uniformly distributed 
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Table 2-1. (cmtinuad) 

NO. Rules Descriptions 

36 2-Class(a) Job is selected which arrived first 
oncng the "dx»t" jobs; if no "Wiort" 
jobs are in queue, thsn the "long" job 
which arrived first (probability that 
job is correctly classified short or 
long is 'a'). 

37 F1X81Q Job is selected first tdiich is 
containsd in a given class. After 
pEOoessing all jobs in the clams, 
another class is processed in a fixed 
class sequence. 

38 HINSEQ Job is selected which has the minimm 
setup tine. 

39 MX8RM Job is selected which has the Wiortest 
service time after choosing a partic
ular claM of jobs in the fixed 
M̂ oence. 

40 MINGRM Job is «elected which has the shortest 
service time after câwoeing a partic
ular class for nAich the Mtup time is 
minimum. 

41 Job is selectsd %ihich has the minimum 
M MtuD time and̂  service time. 

. Only om machine type is requlrsd for «y givm operation; 

. There is no alternative process touting; 

. Lot fitting and #»ase lapping are not pemitted; 

. Data is collected after the shop is operating wider stable 
conditions. 

D. Detailed Review of Relevait Investigations 

1. Review of preliminary work 

In 1957, Jadison (18) developed a priority index to dbtain 

decision rules for jdb assignments with minimm tanSiness. The 
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priority index (P(ab)) was defined uf 

P(ab)« (du»-date) - (time required for future moves) -
a * (expected time required for future machining) 
> b * (expected time for present machining 
operation) 

The for which the value of P(ab) is smallest is processed first. 

P(ab) values were calculated for all ccmbinaticf» of a* 1, 2, 3 and 

to» Of 1; and also for ̂  0, torn 0. 

The job shop considered had eight machines used to process 

seventy jobs. The mmber of machining operations, the actual 

sequsnce of madilnas# ths average values for the processing time 

distributions and the due-dates ware dstenainsd by a random pcoosss. 

A job's tardiness was the main perfoonance criteria to find the (a«b) 

condbinations yielding the best dscisiw rule. The best mitput was 

obtainsd «twn both a» 1 and b" 1. 

Baker md Rgielinski (23) Aowad the results of some digital 

ccmputer simulation studies of a simplifisd model of a job shop 

production process. EW* factors as the avwage effectiveness of 

schsdules under the î act of random variations in processing times 

and the effect of dumging dî pst̂ ing rules were considered. The 

average manufacturing times and predictability of caepOetim tWs 

were used as measures of effectiveness. 

The carocess routing wd tix processing time for ea<* job ware 

generated witii the aid of pseudo-ran&m number ĵ ocesses and routine 

statistical procedures. Two parameters were controlled: the ehcHP 

size in tews of the number of facilities and the average mmber of 
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pcocasaing oper&tiw# (m «adt job* 

Tt» cxptettd amount of pcooaraing m Mch facility wta th# am#. 

Tha axtant of tha variation# in tha axpactad prooaaaing tima tangad 

fxoR 0 to 0.5. Th#a# variatiom $#%# intzoâucad to nflact tha 

diffaxanoaa in wwk xataa that oocuxxad in xaal production pxooaaaaa 

and wax# xapxaaantad ky a nagativ# axponantial diatxiWtion. Two 

wcoaaaiv# pxocaaaing opaxatima wax# not paxnitM at tha aama 

facility (machina). Tha awag# nuidbax of pcocaaaing opaxatiw* pax 

jdb pax load xangad fxcn 2 to 10. Tha Wwp ai a# xangad fxon 9 to 30 

madiinaa. 

Through «i analyaia of vaximoa* it waa ahown that th# Aop aim 

had no ai#ifi(amt #ff#et on th# job*a total manufacturing timaa at 

tha 5$ l#v#l, Th# wth«r# found that thax# ia a linaar WÊWpom» of 

th# numb#x of prooaMing opaxation# pax job pax load and th# vari

ation in th# #%pact#d procsaaing tim#a. Th#y maamaad th# «ffact of 

changing a aht̂ *# operating policy. Thay dataoainad tha «ffact of 

pxioxity diapatching xulaa upon tha ovoxag# of th# job* a total 

manufacturing timaa and alao î on W# pgadicta#ility of th# ĵ *a 

completion timsa. 

Th# following xulaa war# teatad. 

. 8PT (Rule 5) . ncmm (Rule 8) 

. LPT (Rule 6) . IMKR (Rule 9) 

. fOPMl (Rule 7) . mm (Rule 10) 

These rulea ware ̂ lied to both tNme jobs belonging to the 

oldest uncouple ted load in the shop and all job# in the shop. The 

SFT rule was fmmd to yield the minimum average wawfacturing time 
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for both conditions* 

The mithott fmnd a linearly increaming relationship betMsen the 

jdb's total expected pcooeeeing tWe and the number of its processing 

operations with the SPT rule using a statistical analysis. With the 

linearly increasing tmeticn, they predicted the expected canpletim 

time of new jobs «nd established an error sewing ccmtrol equation. 

2. Review of m mperiaental inveatigation 

OMMay, Johnson and Maxwell (4) evaluated 13 dispatching rules 

using the Cornell Research Simulator (24), a program which simulates 

the operation a network of queues on a basic pun<A card XBH #50 

computer. Thirteen diî stdiing rules were evaluated} 

. RMOON (Rttls 1) . mm (Rule 10) 

. Ids (Rule 2) . tmn (Ruls 15) 

. 8PT (Rule 5) . SLACK (Rule 16) 

. LFT (Rule 6) . ICrS(pr) (Rule 32) 

, roVNR (Rule 7) . VKLUB (Rule 33) 

. nosm (Rule 8) , WlW(q) (Rule 34) 

. wmm (Rule 9) 

In Rule 32, six different proportions (pr) of jobs were assigned 

to tiie low-value class; pr*0, 0.2, 0.3, 0.4, 0,6 and 1. In Rule 34, 

three different values were considered to determine the maximum queue 

lengUt by uhid) a queue becomes critical; q»5, 10 and 99. The test 

was performed qpon a shop that consisted of five madiines, all 

different. The expected number of «̂ rations on each n»dtiiiie was 

equal (4 operation per jdo). The operation time distributicms were 
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gmrattd fxcm a Poisson distribution. 

tim jc&w wsm assigned a (dollar) valus from a tog Normal 

distribution and w#r# anigmd a total allowabl# processing tW# 

(du#-dat# minus r#l#as# tim#} from a Nomal distribution. To in-

wstigat# tb# #ff#cts of th# l«v#l of load upon th# stop# th# authors 

\mà thra# différent l#v#ls dssignsd as heavy, madium, and light on 

th# basis ot iqpproiimt# av#rag# total proosssing tim#. Nrformano# 

m#a*xrem#nts %#r# job ccmptotim tim#, latansM, th# dollar̂ -days of 

qusu# tim (work-im-proosss) and facility utilisation, h hundred 

job# war# simulatsd to oollsct p#rfommo# statistics of #ad) 

diipatdiing tul#« 

As results, Rolss m (Rul# 5), NQVNR (Rul# 8) and VM4» (Rul# 

33) psrformsd vsty wall in m#w latsnsss and madiin# utilisaticm no 

matt#r which load was ̂ lisd. Thss# rulss, howav#r, had high valuss 

of standaî  déviation in ccmpsrisoo Wth oth#r remaining rulM. With 

th# exit#ria of #v#rag# dollar-d#y# of qpwue inv#ntory, th# VMUne 

(Rul# 33) perfozMtd better than th# fCFSipr) (Rule 32). That is, it 

was shown that a rul# with a singl# class with dif£sr#nt (dollar) 

valu## psrformsd b#tt#r thai a rul# with multipl# classss of (dollar) 

values. 

The «ithors concluded that a 'good' rul# will have the following 

characteristics; 

. It will approach a max-oin pairing of cm#eti<m time and 
value of the job; 

. It will have a low mean cô detion time; 

. It will have a la)̂  variance of completion times. 
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3. R#vi#w of an inwtigati<m %i#nWd to work-in-prooe#* ifwntory 

Conway (5) investigated 17 priority dispatching rules by means 

of IBM 7090 and 8XM8CR1PT as s program language. The shop consisted 

of nine machine growps. All of processing times were ccnwidered to 

be random variables and were obtained using an exptmential distri-

Wtioo. The msan of those processing times was equal to 1. h 

sequence of ten thwsand jobs was stored on a magnetic tape. The 

msAer of operative per job mm a random variable whwe expected 

value MM equal to the mnber of msdiine gro$$s. The model studied 

extracted the essence of the job sky Process - it was essentially a 

network of queues. 

Ssvmtsm dispatching rules were evaluated. They were* 

. RMDOM (Rule 1) # Nmo (Rule 12) 

. fdS (Rule 2) # mm (Rule 13) 

. rm8 (Rule 4) # amo (Rule 14) 

. SST (Rule 5) # P#WKR(a) (Rule m 

• UT (Rule 6) # 9/WK*(a) (Rule 24) 

. MM» (Rule 7) * P/fWR (Rule 25) 

. mat (Rile 9) e P+WO(a) (Rule U) 

. wem (Rule 10) # P»XWQ(a) (Rule 27) 

. TNORK (Rule 11) 

In Rule Z3« the valuw of 'a' were 0.91, 0.976 jmd 0,%5, Rule 24 

had the values of *a* equal to 0,05, 0.25, 0.5, 0.75, 1.0, 1.2 and 

2.0. For Rule %, the values of 'a* were 0.5, 0.9, 0.95 and 0.97. 

Rule 27 had the values of *a* equal to 0.944, 0.96 and 0.98. The 

assumptions ad<#ed for the stuity were the same as the general 



www.manaraa.com

17 

aMunptions of Section B of this chapter. 

Th# major parfoonano» crltazion ma wozk-in-procaaa invantory 

(WIP) • It warn maaaurad in foux diffamant wayas 

• tHOKk Rmaining - tha aua of tha pcocaaaing timaa of all 
oparationa not yat complata or in prooaaa for all j(Aa in 
tha ahopr 

. Itotal Cmtant - tha mm of tha prooaaaing timaa of all 
oparationa of all ĵ  in tha «hop; 

. Itork OoB#atad - tha aum of tha prooaaaing timaa of all 
coBpletad oparationa of all ĵ  in tha «Âop* 

. Imminant Oparation tfmrk Cmtant - tha wm of tha prooaaaing 
timaa of tha particular oparationa tax which joba war# 
waiting in quaua. 

In addition, Commy alw comidarad th# aggragat# nwdsar of job# in 

tha q̂ ttam* tha mam valu# for aadi mathod waa onputad for aach 

intarval of 400 tima «lita» raipraaanting at tha avaraga, tha arrival 

of 360 joba, A aaquanoa of twanty-aix wch interval awwia waa 

obtainad for aach mathod# rapraaanting a total run of 10,000 job#. 

tha aaallaat valua of mam nwdoar of job# in quaua van obaanW 

for Sttl# 27, P#XWD(0.96). Both tha total work content and the work 

ccmpletad were minWzad by Rule 25, P/tW. the mm wwk remaning 

was a minimum on Rule 24, P/WBtl.O). Although the SPT rule did not 

exhibit the minimum value for amy of the meamnce# of perfomance, it 

nevertheleaa dominated the aet of rule# teatW, it was sn inqportant 

component of every one of the rules that did exhibit optimal value» 

of parAmwrnce# 

Conway developed three modified SFT rules to limit the length of 

tWe that an individual job might wait, those rules were SPr-T(a) 

(Rule 29), fCFS{a) (Rule 30) ̂  SPT-2C(a) (Rule 31). «hen the value 
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of 'a* was equal to infinity (as the in SPT-T(a) nils)» or the value 

of *a* was ŝ ial to 1 (as in both rCFS(a) and 8FT-2C(a)), thes# rules 

beam# th# san# as th# SPT rul#. Th#s# modified nil## performed the 

best with th# perfooMnc# criterion of mean muter of job# in queue. 

This suggested that the SPT rul# was vsry sensitive to truncatim. 

In his stud̂ f Cwiwsy reconmended the SSf rul# «diich wss «arliar and 

simplsr to inplflMnt. This rul# was r#cqm#nded b#«wM# of its 

#KC#ll#nt performanc# und#r every performanoe meawr#. 

4. Review of an investigation oriented to itto lateness 

Conway (6) continued his previous study (5) with different 

diî stching rules «id different perfooamc# msasuMments. He in-

vestigatsd tsn di#std%ing rules with job latmsss as th# main 

perfomanoe criterion. Both th# asmnptions M#d «id th# #iop six# 

wer# the s«# as his prmfiou# study. H# ussd fmir diffennt mstiwds 

to d#t#min# th# job Am-dat# fro» i4iî  job laWnsss is Obtained. 

Th# lat#n### (Hf a jd> was siaq̂ y th# difference betwaen th# actual 

tin# at whî  it was caspl#t#d and th# tim# at which compl#tion was 

dMir#d. Th# tim# at whî  comp(l#tion «es desired ma called as th# 

job du#-dat#. Th# four différent msthods wed to d#t#n*in# the jdb 

Am-dat# war#: 

, for TMC due-dates, the allowable shop time (Aat is# the 
differ#nc# between the due date and the tWe the jdb arrives 
in the titop) was made proportional to the «m of the process
ing times of the operations of a job. The proportion coiwtant 
was 9t 

. For WW due-dates, the allowable shĉ  time was made pro
portional to the misber of operations of a job. The pro
portion constant was 8.883; 
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. Fer CON due-dat##, tht allowabl# ahop tim# was a comtant 
mount, indtpsndint of Mty charactaiiatic of tha jeA> te 
which it is assigned. Tha constant amount was 78.7985} 

. for ION dus-datss, tha allowbls tim# was aasignad at 
random. Allowano# w#r# uniformly diatributad batwacn 0 and 
157.597 tin# mits} 

#ach mathod, a vari#̂  of dispatching rulas war# tsstad. Th# 

rul#s tsstad war#* 

. miBOH (Rul# 1) . DCKTE (Kul# 15) 

. icrs (Rul# 2) . SUCK (Rul# 16) 

. rMfS (Rul# 4) . OPHDO (Rul# 17) 

. 8Fr (Rul# 5) . S/tm (Rul# 18) 

. £F7 (Rul# 6) . m6/m;(a,b) (Rul# 38) 

for Rul# 28, M(/WW(a,b), th# values of *a* w#r# 0, 0.3, 0.5 and 

0.75, and th# values of *b* war# 0.5, 0.8, 1.0 and 1.3. 

Ovarall, Conway rtwwad that th# 8PT rul# #xhibit#d th# b#st 

psrformanc# of all tha rulM tsstad. It had ths minimus lat#n#ss for 

all th# methods by «Aiich job du#-dat# was dstsnsined. The tula had 

th# maximum positive laWnass for SDN method. It should b# noted 

t)at Ui# 89T rul# does not omsider th# du» dat# in its operation. 

Zt is Ifiss sensitiv# to th# method of «signing Aie-datas than the 

other rules. Of thoae rules that wed tih# due-date, (Rul# 18) 

was th# best perfonasr for both the TMC due-dates and the NOP due-

dates. The rules, OOMTB md WNBD performed very well for the TM( 

due-dates. Both of Conwy's studies are wall-suwaarized in reference 

(7). 
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5. R#vi#w of iBVtiqation» conalderlng «#tw tim 

Baker (19) considtxad dispatching rules with ssqusncs-dapsndsnt 

sstî s in a singl# ĉ imnsl î tsm. Th# astup tim# was dspsndtnt t̂ on 

both th# class of th# laaving th# facility and th# class of th# 

j* #n&#ring th# facility. All assunqptio» Moapt th# «listsnc# of 

a#tqp tim# war# th# asm# as tha g#n#ral aasonptiorai d#acrib#d in th# 

pKocading s#ction. 

J<te axrivad at th# qu#ua in a Poisson pxocass (msan arrival 

rat#" 0.6), with «xponantially distzibutsd ssrvic# tim## {mm 

i#rvio# rat#" 0.8) • J(As war# clMsifisd into on# of fiv# mtap 

class##. A pacific astup tim# wm given to #adi class of job#, 

th# dî tching rul## t#st#d war#* 

. rcrs (Rul# 2) . nX8B0-6 (Itul# 39) 

. spr otui# 5) . Mmmo-e CRui# 4o; 

. nxaBO (Rul# 37) . 888 (Rul# 41) 

. mtmo (Rul# 38) 

fVo p#rfoxRiMc# criteria war# us#d? msan flow time and ŵ b#r of 

î  periods. A greater nmdBer of idle periods indicated a lower 

utilization. Farformmoe statistics ware collected for 3,000 

completed jobs. 

Baker foind Aat tim SPT rule minimized «ipected flow time. The 

gees rule had minimtai value of idle periods. Under extremely heavy 

congwtlw, or in cases where Ae ratio of setup time to service time 

was hi#*, fIXSEQ was Awmd to operate as well as or better than SPT. 

Hoodie and Roberts (25) siimilateô priority dispatching rules in 

a parallel processor shop utilizing GPSS-IXI language on an IBM 7094 
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coR̂ tcx. A parallel ptonsaor ahqp was &» whet# all the processing 

facilitiM were idNmti<»l and any input to the shop msy be ptocMsed 

on «V facility. The authors uMd «1 actwl shop [̂ odueing ptm»-

graph records. The shop included 24 presses. Two Mtup workers were 

assigned to this squipmsnt for losding/ unloading. The pressing 

operation took 32 secœds p«r record* and approximtely IS minutes 

wne required to tear down and set-%v # press. 

In order to see how the dispatching rules would perform under 

different Aop loads, the number ̂  arrivals was increnmted toy (me 

with the î ecified distribution. That is, the newi arrival rate for 

the first distribution was 10, the second distribution was 11, and 

that fox the third was 12. The priority dispatching rules investi

gated were: 

. icrs (Rule 2) . COME (Mile 15) 

. WT (Rule 5) . SLACK (Rule 16) 

As another rule, the authors intro&iosd a 'wei#ted Ajective' 

method. A rule wWch pwfomed exceptionally well in one 

fail to pMfmaa as well in «mother irtiop âm to th# unitpeness of 

various facilities. Hence, the philoeq̂  of the weighted objective 

method wss to cQ#ine other established rules in sud) a way as to 

reflect ov«all optimality with reqwct to a set of criteria f«r the 

specific shop under consideration. 

Hsthmatieally, the weighted d̂ ective rule was stated as 

follows: 

n 

D(),k)» W(i) * B(i,i,k) (2-3) 
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•ubjcct to 

mi) • 1 
R(l,j,k) <- 1 

%*#%# 

0(j#k) • priority inOmn of # job j on macbin# k; 
*(i,j,k) • ratio of the boat valua for cxila i 

dividad by xula i valua for job j on 
madiina k; 

1f(i) • wighting of tha i th nU#; 
i • m indax f% a rW#; 
j • an indax for a job} 
k » an indax for a madiina; 
n • nwibar of nil## coWbinad. 

For #adi nil#* tha ahop wa# aimulmtad on a 4M minot## foe 365 

diQf#. Parfonwnoa critari# consiatad of flow ti*#, latmass and 

tardinaa# (positiv# latana##). To d#t#rmin# latanaaa, tha du# data# 

waw a##ignad by #u#anting th# proc###ing tim# by 20 p#roant and 

adding to tha nmlt a aiifmmly di#tribut#d random variat# b#twa#n 0 

md 99. 

e«wcy jdb arrival wa# r#q0ir#d to wit for a machin# to bacon# 

availidbl# in th# ahop iOmm 1). One# th# machin# baean# availabl#, 

Wm job #nt#r#d Owy# 2 to wit for a a#ti9 wGwk#r« Th# availAl# 

madiin# was r»farr#d to a# Storag# 1, and th# svailabl# ##tup worker 

MBS referred to a# Storage 2. Statistics were gathered for Queue 1, 

Qoem 2g Storage 1, and Storage 2. 

Th# simulation results showed that W» ar rule almost always 

gave the minimum flow time. The SPT, DDATB, and weighted objective 

rules minimized mean lateness. Ihe SPT and SLACK rules were used for 

investigation of die effects of varying weights. SUCK and weighted 

objective rules minimized overall tardiness. In general, the use of 
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rales nid) as 9PT, SLACK and weighted objective showed substantial 

inqprovement over using no rule at all (PCPS) in the parallel 

piocMSor shop. 

6. Rsview ci imvestigatiOM considering dynamic dispetdxing rules 

Buffa and Miller (20) illustrated two methods for classifying 

priority dispatching rules for machine limited systcns. The first 

was on the basis of infomation availability. A local rule 

determined prioritiee entirely on the basis of the information 

available at the time of dispatch (tat example, its processing time 

or due Aitee). More glctel rules might take into acootmt overall job 

load# the status of the losd on workcmters downstzesn, ot dwmgms in 

due-date#. 

The second basis of classification mm static vmrnis dynamic 

rules. In static rulM« relative priorities remained the same once 

assigned. With dynamic priority rules, the relative priority 

position dwmgsd ov«c time. 

The wthors reviewed the Nanot study (21) for detailed investi-

gatioas that utiliaed these classification schemes. The timot stuAy 

involved six différait job #*op structwrw md tested ten différant 

priority dispatching rules. Each structure had information for 

laying global rules. Both static rules and dynamic rules were 

investigated. The ten di#atd)ing rules used were: 

. ICVS (Rule 2) . S/OM* (Rule 18) 

. ware (Rule 3) . S/5T (Rule 19) 

. ERSPS {Rule 4) . 06 (Rule 20) 
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. SPT (Rul# 5) . D6/PT (Rul* 21) 

. SLfCK (Pule 16) . Dfii/om (Rule 22) 

The eztivel of o%d#:# in the «yetmm followed # Poisam isoceas# and 

the aezvice timee ware éhcmm ttm a negative exponantial dtatri-

butim. Other aaaux#ione ware baeically aone a# the general 

ÊÊÊmptiQim of section B in thia diopter. Due dates ware aasignad to 

jobs by adding an * urgency ntsdber*, drawn frcm a fixed distribution, 

to the «ipacted flow tJa» c»lc%UaWd tot a job under iOPS diacipline 

(26). The at rule consistently had the lowest mean flow time. The 

standard deviations of the ICrS and fMBtS rules were in general low. 

The 8/n rule was insistently the worst performer. 

Nmot investigatsd the influence of system configuratim through 

the madianiaa of m «alysis of variwce. The results «Awwad that 

the difference Axe to the use of different priority dî tohing rules 

was highly significant, Nanot found that the diffewnoa due to systam 

configuration was mud* less significant. This conclusion was the 

aame as that readwd by eeter and %ielin#*i (23). 

7. Review of an investigation considering production capacity 

Buzacott (27) studied the ŵ  in whi<* to determine the 

proAiction ovecity or maximum departure rate of jobs from a jdb shop 

with limited storage space. For a jdb shop with two idcmtical 

madiines and random routing of jobs, a madder of release rules were 

compared. Input to the tSaoç was Poisson, and the processing time was 

p̂ommtial. The dî t̂ ing rule used for the shop queue was inde

pendent of a job's processing times and ntsdser of opérations. The 
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•hqp irqput quaut wm# th# qusue of in fxmt of th# shop «Aen all 

th# fpMts in a apecified machina qiiauaa waxa full. Bafoza a job waa 

xalaaaad to tha Aqp from tha Aop input qoaua, it waa naoaaaary to 

anauw that that# waa a apaoa available in tAa quaua at tha machina 

for ita firat oparatim. 

Bttsacott dafinad fiva dispatching rulaa %Aich war# diff#r#nt 

from tha common diapatching rulaa dua to tha limited queue length. 

They are ramiariaed below* 

. Rule 1. Raleaae job# to the ahop aa moon aa #p#c# bacowea 
available - Aa aoon aa a job left Uie Aop wd thua 
created a #paoa in one of the madiine queues# the 
eppropriate job mm released from the ahop input 
queue to the madiine queue. 

• Role 2, Raatricting aelection fro# the ahop queue - Thia 
rule we# to restrict the aelection from the ahop 
input queue to the firat n jobs In it. If none of 
the jobs were for the machine with the empty queue 
î ace, than the qpece would be left unoccupied. 

• Rule 3. Limiting the total mnber of joW in the ahop 
(Random Selection) - This rule was to set an upper 
limit on Ae total number of jobs allowed in the 
Aon. It was assumed that the aelection ftrom tihe 
ahop input queue was made at random. 

. Wl# 4. Optimtai aelection %dth nuÉber of jobs in Wiop 
coraitant (Balanced Queue rule) - The optimum rule 
was to select ixm Ae ahop input queue a job <4th 
its first operation on the madiine with the iritort-
est queue. In order to find the optimum rule, a 
dynamic ĵ ogramming «qpproacti for the Markov 
process was used. 

In order to measure the effect of limiting the length of the 

madiine queue, Buzacott ccnputed the shop capacity. The shop 

csqpacity for each rule was determined by the probability transition 

matrix generating the rmiting of jobs. By solving the state tran-
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sltion equation in the steady state, he obtained a shop capacity for 

eadt nU#. 

His conclusion mm that if there %*# limited storage space at 

Midlines in a job shop, thm there was an qptimum qpfMtr limit to the 

mWaer of icto» *Aich irtwuM be allowed in the shqp. This limit ws 

fo%md to be less than the total storage space at machines. Finally, 

two rules, the balance quwue rule (Rule 4) ,and the idle machine rule 

(Rule 5) were found to be qptimum. 

B* IMS Design and Analysis Efforts 

1. FMB design issuse 

Hutdiinsm and Wyme (28) addressed two tasks associatsd with 

flsxible manufacturing lystens. The first was detmnining «Aat type 

of pl̂ sical configuration would swve most effectively in production 

of factory output (system effectiveness) • The second was determining 

wk»t ̂ pe of control logic, <ar set of interacting decision rules, 

would operate a specific IMS configuration most efficiently (system 

efficiency) • The fcmier was FNB design issue, and the latter was IMS 

decision issue. 

A discrete event simulation (SlMSOUPT) was used to gain an 

%mdmrstanding of the î pothetical IMS remit sensitivity to the many 

fô dbable combination# of configuration design and decisi<m rule 

optiofw. A specific fHS was used for the simulation. The system had 

ten owe maidfdnes served by both t#* on-shuttles and ten off-shuttles, 

three carts, nine mamial workstations, and four I/O stations. 
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Thirty-two simulations were performed based upon all combinations of 

flv# diffsrmt independent variables. Ths five different variables 

w«rei 

. The nunim of pellets; 

. Opesd of oMtts; 

. The mnber of positions of on-ahuttlesj 
• The nmber o£ positions of off-shuttles; 
• Mnrltload of 

Eleven pnfcmMum msssures were used. They were; 

. The mmber of «n̂ ete uses of a fixture adiievsd on a part; 

. The mmber of parts completed each of the DMC tMchines; 

. The aggregate production hours; 
• The average idle time of a work station; 
. The average delivery time to a %mrk station; 
• The average idle tine of a pert on a work statioi; 
. The average idle time of DNC machines; 
• The faction of tins during i4tidi cart is omgssted; 
• The number of material hmdling system (ftIS) stations 
txavMtssd fay carts; 

. The proportion ot the actual running time of a out; 
• The fraction of the idle time of a cart. 

1MB production was msamred by three of these dependent 

\%rifÉ%les* the number ̂  complete uses of a fixture, the madber of 

parts «R̂ letedf md the aggregate pro&Ktion hours. 

The auth(»s cwcludsd that more on-̂ wttles, faster carts and a 

supply of extra pallets had the most favorable impact upon incmsing 

effective ms production. This re&iced umuMd DNC capacity and 

simplified the MHS operating rules. The authors also found that when 

relatively few parts were on off-shuttles or carts, the IMS system 

would operate best. To achieve this goal, the thirteen MHS decision 

rulw were foimd to be advantageous. They were; 

. Allow the empty carts to circulate wassigned within of 
the ONC staticm; 

. When an empty cart beccwes blocked at a station, move the 
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cart to th# adjMSfit statim; 

. Th# movement of a pallet onto an off-mhuttle should initiate 
a call foe th# next v̂ atxaam anpty cart} 

. Th# movamanl of a part onto an off-ahuttl# which already 
contain# a waiting pallet ahould remit in a priority call 
for th# next upstream eR#ty cart; 

, kny art orrying a part whidi could inovide work tax an 
idle machine wbidi la the part*# next preferred machine 
ahould receive a top priority call; 

. If no part i# within th# IMS Wioa# n#xt pr#ferred operation 
1# on th# idl# WÊàhim, «y cart carrying a part t̂ idi cam 
utilim# that idl# ONC n#xt ahoild b# given a call; 

• If th# p#rt#-a#t stock for em IMS d̂ ndent assembly line 
falls below a buffar l#v#l, tho## parts in short nipply 
Aould crest# a low priority call foe th#ir carts; 

. Wm two carts ar# contasting to advance, th# on# with th# 
high#r priority lAwuld tak# precedcnc#; 

• Mwi two carts of equal priority ar# contesting to advance, 
th# on# carrying th# part witii lowest hoirs ahead of 
stmdard stati» Wwuld tak# preced#mc#; 

. In no cas# should a loaded pallet utilize a CMC work station 
as a RM»# trav#l path; 

• b)t«r parts into an ms, «lilch feeds even on# assembly lin#, 
on th# basis of assandsly blll-of-mat#rlal; 

. CMmk parts into an IMS on th# basis of lowest hours ahead 
of standard per part; 

• Carts carrying completed parts to on# of th# IMS output 
stations ̂ XNild d̂ «r to all otiwr non mnily wd priority 
possessing carts after th#y have cleared the off-shuttle 
transfer station. 

2. IMS analysis efforts 

Oieach (3) developed a #ysical model of an FMS, This model was 

a miniature version of an actual metal working facility by which 

seven different types of worlqparts were oeuwfactured. 
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The syat«n components (3, 29) were as follows: 

. Sevm storage areas - all î tioil. Eadt arw **s classi
fied a specific workpert type; 

. One semi-finished storage area - this area was for workparts 
to be processed in a s%Aseqoent operatiw; 

. An AotORMtic Storage/metrieval Bystsm (AS/FS) - the (̂ t«m 
contained m AS/RS airt* two lifting ranqpe and two overhead 
coiv̂ ors. The work psrts were selected from the storage 
area and transported to the imchine centers using this 
system; 

. Six madtine wnter cells - all identicel. Each machine 
centn cell contained both cm madtine and a waiting line 
storage areei 

• One turning cell - the cell containsd two wticel lathes 
%Aich were losdsd/mloaded by m inAiŝ ial robot, a waging 
madiine* a waiting storage aree, and a finishsd proAict 
stwage area; 

. TWO nieroconpittexs - One Radio Shack TR8-80 Model 111 for 
control of the inAmtrial rdbot. A Commodore CBM 8032 
controlled the rest of the fMSi 

The systam «tntained two perallel structuresi one was for the storage 

areas, and another structure correspondad to the madiine center 

cells, 

Diesch spent most of his efforts in constructing the î sical 

model using Piachertechnik components (30) and ciuimu* electrical 

parts. He illustrated both the dwign and construction method of 

Md» of majoK ŝ item components. 

The A5/RS was coMtructed on a horizontal plane, construction 

of the cart and track was acconpli^ied by attaching notdwd track to 

email Fischertechnik building blocks for support. Next, a small 

motar and gear was attadved to the track. A box was secured to the 

top of tiie cart to hold the parts. In order to «^ly power to the 
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cart*# motor, Di#W* used 24 gauç̂  cqppcr wire along eed* aid» of the 

cart for the Aill length of the track. The next effort on the AS/RS 

cell MM the plMament of the electric eye# md liĝ t# that provided 

art location infozmation to the computer. Finally, eight motorized 

gate# were attached to all storage area# for loading part# mto AS/KS 

oirt. 

Material handling wa# acconpliahed with the use of lifting ran## 

and gravity feed omveyora. 

The timing cell consisted of two large motor# with light# to 

aimulate the lathw* operatians. These two motors were attadwd to 

the base with building block#. The wa#h ta#* mm also attadied to 

the base in a similar mannmr. 

The nadiine csitter# were conetructed in the same mmmx a# the 

lathes. Motwized gates were attadMd to tradt at the machine center 

diversion points. These gatM providad a mechanim to stop the part# 

while madiining wa# in pcogrees. 

TWO micr<vroce##or# were used for system control. The first was 

a Radio SSimck TRS-80 Model 111 (16K} tox controlling the rdbot in the 

turning ceil. The sec<md wb# a Oomwodore CBN Model 8032 (32%) for 

controlling the model*# motor#, monitoring the model*# activity, and 

ccnputing the model*# simulation stati#tics. 

The model required 29 output lines and 18 iî put lines. It wa# 

necessary tiiat the I/O lines be separately addressable. The Parallel 

User Port of the C8M was ĉ ioble of only seven output line# and one 

input line. A multiplexer was designed and constructed to expand the 

seven out̂ t lines and one iî ut line of the CEM to 32 wtput lines 



www.manaraa.com

31 

and 32 iî t linaa that waxa aaparataly addtaaaabla by th# CSM. 

Both alactzlc ayn and ptna awttdMS war# uaad as th# modal'a 

iî ut circuit#. Tha alactxic ayas war# uaad to datamin# th# 

location of th# AS/RS- cart and to racogni» th# pr#a#nc# of a part at 

th# turning c#ll comgAotion qoaua. Praaa awitchw oparatad and 

tr«MBittad various signals to th# omtrol coB#)t#r. Th# wtput 

circuits mx9 of thr«# typss* th# AS/RB cart circuit, div#rt#r gat# 

circuits, and blocking gata circuits. 

Diasd) «lalynd th# physical modal wing pl̂ ical ainulatim. 

rimd paran#t«rs of th# model's operation war# th# processing 

seqtMic#, the pert selection, the madiine cmter selection algorithm 

«id the Hwiimi» queue lengths. In the processing sequence, sevwi 

differmt psrts could be ̂ oducad with different routings, the part 

selection mm random. Parts, how#v#r, that had cospl#t#d th# turning 

cell opwations (aemi-finiî Md psrts) were the first to be selected, 

lb# madiin# c#nt#rs in th# model represented idoitical madtine. the 

machin# center selection algorithm was based on th# total processing 

time in eadt midtine center waiting line, h selected pert was routed 

to the machine center with the least amount of total processing time 

in queue. Maximum queue length at the storage areas, the machine 

center waiting lines and at the turning cell waiting line were 

limited to five parts including the part currently being processed. 

The principal performance measurement was the î tem eflectivity 

of the developed PMG. The system effectivity was defined by 
m 

{ E W(i)) • WT 
EPFs • 3 (2-3) 

CAP 
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%A#ice 

EfFs « nystni «fiictlvity} 
Rr(i) • oumul#tiv# Km tSm tot madiim canter 1; 
RTf • cuRulativs tun tin* for A# tiiznlng otll} 
CAP • total madiina tima availabla at full production 

(ayatam capacity); 
» * total nwbar of madiina cantaxai 
i « an indax for a machina cantar (i"l, 2, —-, 6). 

EFFa waa com̂ tad by tha CBN aoftwara at tha and of aadi aimulation 

wing Bguatiw 2-3. Tha lyatam opacity (CAP) waa tha aimulation run 

tima (fll) RMltipliad ky aavan (ai* machina cantara and tha turning 

0*11). 

Tha â tam affactivity MM ralatad to tha downtim# of tha 

madiinaa and conponanta in tiia fHS. Thaaa dowitimaa war# rapraaantad 

by intarfanmca f̂ ctwa 11» 12 and 13. 11 $ma tha machina cantar 

intarfawnoa, 12 waa tha turning call intarfarmica, and 13 waa tha 

material handling ayatam intarfaranca. All valuaa rnngad batwman 0 

and 1. Thaaa valuaa wara givan aa tha input data. Tĥ  wara varied 

aa ahown below, 

# of Machina Turning cell Material handling 
omtara 
ruraiing interference eyatma intarfarenoa 

6 for II » 0.0 12 • 0.0 13 « 0.0 
$ for II > 0.167 » 0.10 * 0.10 
4 for II • 0.333 • 0.20 » 0.20 

» 0.30 » 0.30 

Among these values, 13 was the most important factor in detemining 

the ĵ ooeaaing times for both tihe machine center and the turning 

cell. If the value of 13 was zero, the material handling system was 

ĉ pËMe of 8*$plying a sufficient quantity of parts to the systmi to 
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allow production at full capacity. Tharafor#» if 13 was increased, 

the prooHwing time of a part was alao increased. The system 

effectivity, therefore, was reduced. Since the apead of the AS/RS 

cart was comtant, the average time required to fetdi a part from the 

storage aree and deposit Uiat part at the desired machine waiting 

line was also c«mtant. 

Diesch determined the processing timss for the madiine centers 

and the turning cell for all three interference factors. The averâ  

fetdi time was constant at three minuiMs per part. TO adtieve a 

'balanced* aystem, the actual maAining times wwe factored so that 

the madiines in the model would require « average aie part ewry 

three minutes. 'Balanced* conditions reprement sero values for 11, 

12 and 13. T̂ e 2-2 pmrnts Ae pxccMS qpcle times wed to 

adiieve 'balanoad* conditims. Parts 1, 3 and 4 were scheduled for 

both turning call and marine center operatims. Parts 2, 5, 6 and 7 

wwe schsduled only for a madiine cent« opération. The total 

accessing time to cmplete the manufacturing operations was 209.9 

minutes. This value was the sum of Uie times for parts 1-7 pit» 3 

times the turning cell time (for separate accessing of parts 1, 3 

and 4). 

The 209.9 minute total was the nuater of machine-minutes 

required to î oduce the seven parts. The material handling ̂ stem 

could aî pply an average of 10 parts in 30 minutes (the average fetch 

time was constant at three mimites per part). Since the six mMhine 

centers and the turning cell operated simultaneously, seven parts 

could be manufactured every 209.9/7«30 minutes. Those 'balanced' 
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TWWLe 2-2. Balancmd ptocf cycle tin» 

Process cycle time 
for Wn.) 

psrt 1 23.9 
pert 2 41.4 
psrt 3 11.5 
pert 4 5.6 
psrt 5 7.2 
psrt t 80.2 
psrt 7 10.1 
turning csll 10.0 

Totsl 209.9 

process cycle time «me reduosd by s factor of (1 - 13) if the 

msterisl hsndling t̂ tsm wss unsble to mqp̂ y a «ifficisnt quantity 

of pert* to kesp the machines running. For the machine center and 

the turning cell, the folloWng equations were wsd. 

(10 minutes) * (1 - 13) 
FT — — (2-4) 

(1 - 12) 

PT » (10 minutas) * (1 - 13) (2-5) 

PT » (FT balannd) • (I - 13) (2-6) 

$Aiere 

FT « the turning cell processing time; 
PT » the machine center processing time for a part i; 
12 » the intmrfnrsnce factor for the tioning cell; 
13 » the int̂ Kferwce factor fat Mm AS/RS. 

equation 2-4 was meâ to determine the turning cell process time for 

the TRS-M microcomputer. Equation 2-5 deteminsd the turning cell 

process time for the C9H 8032 microcomputer. 

By varying both the processing times and the value of each of 

the three interference factors, Diesch obtained a statistical 
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relationship between ttw ̂ tsm effectivity and the interference 

factors through 48 hours of (Aysical simulation. According to the 

statistical relati«Mhip, the effects of breaWowim of coâ ponents to 

the systsn effectivity could be predicted. The relationship shown 

below was obtained by a multiple linear regression program when the 

was stabilised. 

Errs » (0.91).(0.7 * %1)-(0.1* * 13)-(0.93 * 23) 

- (0.66 *11 * %3)+(1.27 * 1 2 *  13) (2-8) 

r. aanary 

In the review of the dî qwtching rules* different auth%s have 

evaluated differ«tt priority diî tching rules f<* the gsneral jdb 

tàxç %mder various xAop sizes* structures and pMfomance criteria. 

The analysis tool wed has bam canputer simulation. Gsneral 

assumptions were almost same in eadh investigation, in most cases* 

the SPr rule f4iid) has a minimum mnn flow time mm consistently one 

of the best perfomers. 

Most dispatching rules have traditionally been used for the 

general job xAiop whidt has one single input dtaimel. Madiines by 

which selected jdss were |»oeessed have been assumed to be pre

determined. h jàb shop has been usially asstwed in %*ich there are 

no breakdoM» and no travelling time between workstations. The SH6 

model developed by Diesch (3) « however* had both seven identical 

storage areas (a multiple iî t diannel) * six identical m«*ine 
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center* and cm turning cell. A part was selected from one of 

stoxags asM with a cmmtant fetch tin». Thmc# w#%# Mvm diffaxent 

fctdi tin» values. %xt# wua provided to cm of tiadiina canter# 

with a «matant rmtta tim#. Th«w waxa aaven différent rout# tin# 

values* Traveling tim# ̂  a part was d#t#min#d by th# sum of f#tch 

tim# and rout# tim#. 

Di#sdi studisd th# #ff#cts of brsakdowns on system #ff#ctivity. 

Th# te#sMoNn of th# AS/US was a critioil factor in d#t#rmining 

processing cycl# tim# of a part. This is bacaus# th# cycl# tim# was 

incrsssed if th# AS/US could not wpply a sufficient quantity to th# 

madiin# cmtsrs or th# timiing c#ll. If th# Qcl# tim# was in-

crssssd, thsn th# wi/mtm #ff#ctivity %«s re&K#d. 

Oissch's modsl has bssn %*#d, aft#r significant pl̂ ical modifi

cation, in this study. Th# purpos# has b##n to d#t#rmin# th# b#st 

dscisim rulss by which both psrt sslaction «id macAin# c#nt#r 

s#l#ction will b# adii#v#d. Six pncformanc# critaria war# imd und#r 

th# affects of %mplann#d braahdow» Airing simulatim tim# as 

dMcxibed in CSĤ pt«r 1. 

Th# following d*4pt#r explicitly describe th# modified lî ical 

modal and its revised pî ical mod# of operation. Model components 

failed randomly ar# described in detail as well. 
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III. THE PffiTSlCM. MODEL 

A. Introduction 

CmvmtioMl tWmique# mxA ## ̂ nmic 

pKogxamingf linear programming, quauaing theory and digital simu

lation hav# baan v«y useful to solva various production control 

prdblams in manufacturing systams* Except for digital simulatiw, 

thasa tadmiquas do not provida th# analyst with tha maarai to assess 

the rasl tim bWmviw of mnufacturing systems. Digital simulation 

can vary closely rapraaant tha raal tima b̂ iavior of manufacturing 

î tms. Digital simulation tachniquas sudt as GPSS, GA8P, 81MSCS2FT 

and DXNRMO hav# aignifiontly adwmcad tha art of ̂ sterns analysis 

(3). Deisenrothf Nof, and Maiar (31), however, write that digital 

simulation is abstract because it is difficult to convey results 

obtained from digital simulation and to cwvince dacision-makers that 

a propoaad design concept is going to achieve their «̂ ectad goals. 

Physical simulation demonstrates p̂ ical flow and spatial 

interaction tsidnr various control sdwmM. Also, a pî ical model 

can be disassembled and reconstructed to creatively simulate a large 

variety of different situations and configurations. 

Diesch (3) constructed a model of a flexible manufacturing 

system. His model simulated the operation of an actual PMS currently 

being installed by a midwestmm manufacturing facility. The model 

has an AS/BS (Automatic Storage/Retrieval %stem), a parallel storage 

structure# a parallel machine cmiter structure, one Wming cell with 
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a Riiniatuce and two control mioM̂ roceaaora. 

Tha purpoa# of this chapter la to deacrlbe the original configu

ration of Diaach'a model. Significant physical modifications have 

bee* made to Diesch's model a# part of this research. These modifi

cations are described as well. 

B. Model configuration Characteristics 

1. Overview 

The iiî icel model was designed to «1 actual automated 

flexible manufacturing qfstem. The actual rNB is designed to produce 

Mv«n typM of coHponeits which do not jmtify the high tooling 

investment with transfer lines. The work issued to this PM5 will 

comist complete manufacturing or operaticmol work on cast irm, 

ductile iron, and steel perts. The conoqptual k̂ out of the ms 

(Figure 3-1) shows that the equipment contained in each machining 

cell consists of the following; 

. Machine center cell: 6 CMC machining centers (A1 - A6) with 
96 position toolholdersi 

. Turning cell: 2 CMC vertical lathes (I>>1 and D-2)« 
carowel toolholder (D-8)« 
robot (D-3) and waW* (D-6); 

. Finish machining cell: lap, hone, deburr, and finish 
equipment, 

a, part flow throu# the wstem The backbone of the IMS is 

an automated storage and retrieval S!/9tm (AS/R5) (K-l and K-2) which 

st̂ plies all parts to machines. The AS/BS contains all the fixtures 
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mcMsaiy fox the marine centers. Castings and semi-finished parts 

for FMS production are loadsd on storage pallets at the input cell 

(C-l - C-S). They are then storad in the AS/RS (K-1 and K-2) until 

scheduled for proAxtion. When the parts are scheduled for FMB 

production, parts are delivered to the machines via an automatic 

guidsd vehicle mechanism (AGVM). Loading and unloading of the lathes 

is performsd by a cdDot (0-3). The machine centers are automatically 

loaded and unloaded by 180 degree pallet changers (A-10). 

The «tire ̂ ten is cloeed-loĉ . A#rt cmsnts are verified m a 

weigh scale prior to the «trance into tiw AQ/RS. Teminals are 

located at strategic loatioms in the system so that operators can 

«tt«c informtlon regarding scr̂ , rewark, etc. infection is per

formsd by automatic irâ ection eguipmmt. 

If parts require additional operation after the mchining 

centers, the parts are sĉ wduled <Mt of the AS/US and delivered 

mitonatically to the finish machining cell. Here, the parts are 

mmwally loaded onto lapping, honing, d̂ burring, md washing 

eguipnant. Mlwi a pallet of paru is completely finished, it is 

transported «itomatically to a stretch wriqp madtine (S-l) and auto

matically wrapped, t̂s are then sent to an exit conveyw (F-1) to 

be placed in a finî Wwd part warehouse. 

b. Portion# of actual systag represwted by the model The 

ipreceding discussion indicates that the fMS that was modeled is a 

complicated ̂ stem. The physical model contains only major sections 
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of th# actual The major section# Incluite tM material 

handling aymtem, the AS/RS cell# the turning cell, and the machine 

center cell. To further reduce the complexity of the physical model, 

the mndber of pert familiM %aed in the mod«a was limited to sevM. 

The## seven pert categories represent each of th# seven major part 

families asMciatsd with the actual î tsm. 

2. Diwdt's original Model 

Oiesdi*s model comistsd of sev«n idential storage areas, one 

semifinishsd stocage area, overhead coweyors, two lifting ramps, an 

AS/R6 csrt, six idsntical mschine csnters and a turning cell. The 

turning cell consisted of two vertical lathes loadsdAmloaded by a 

miniature robotic arm (a Mini-Mover-5), and a washing machine. In 

addition, the model utilised fifteen motorixed gates. Bight were 

used for the storage areas, six tot the machine centers, and one for 

the timiing cell finish queue. Seven motoriawd diverters were also 

UMd. Six wwe used tor the madUne centers, and one between the 

turning cell and the marine centers. The gates wnre weed to cŝ ture 

«Id rel»s* parts. The diver ters wnre actuated to select the path of 

a part throw#* the model. 

figure 3̂ 2 diows overview of the EMS pî ical model. 

3-3 Wwws its simplified configuration. According to the configu

rations, it can be dxMi that the model is a mixed parallel work-

station. Storage areas 1-8 make one set of parallel structures. 

This means that the model has a multiple input channel for arrivals. 

Another set of parallel structures is formed by six identical machine 
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center# and the turning cell. Each of the storage areas has a 

mmximm capacity to store 5 parts. Both the machine centers and the 

burning cell have a maximum queue length of 5 parts. 

A pert is dî wtdMid from one of the storâ  areas, and is 

tran̂ poEted ky the A8/RS cert and first lifting ramp. The part is 

depwited in the waiting line (queue) of the turning cell or one of 

the machine centers via the overhead conveyor. When an operation is 

finished* the processed pert is released to the overhead cmveyor, is 

elevated hy the seomd lifting ramp, and is stored in its original 

stMsge area ox the semifiniWxed storage area. 

3. Modificetiom to Mescfa's model 

Diesdi's oaeiginsl model )*d two ̂ pee of problsms in automatic 

opmrmtims. One wm insufficient electrical power that impeded the 

smooth movsments of motorized gatM and diverters. The other was a 

slow retrieval spsed of the AS/RS cart. This made it difficult to 

coiduct simulations at rat#» faster than real time. 

Diescb's overhead conveyor routes were s%*eituted by an M91H 

(Automatic Ctolded VMiicle Modtanisni) route without major changes of 

the original dwign. 

a. Bnproveweots to the model's power source A Commodore CBM 

8032 micrq̂ ocessor controlled the model exô  for the robot in the 

turning cell. The turning cell was controlled by a Radio Shack 

TRS-SO Model XII «amputer. The logical model required 29 «Mtput 

lines and 18 iî t lines. All of the I/O line must be separately 
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addzMMbl*. The Parallel Oeet Poet attadwd at the CBH micro-

peocMMt am I/O device for the model control is capable of aeven 

wput lines and one input line. Dieach expanded the sevni output 

lines and one input line of the CBH to 32 output lines and 32 input 

linM that Me separately addressable. Oiesch imed a multiplexer 

consisting of five integrated circuits (ICs) and a 5 volt, 6 amp 

power wpply. The internal power mupply was used to supply currsnt 

to the nultiplsxM as well as to supply currsnt to sll ths gate 

motors and input circuits. 

Problsns occurrsd «hsn output signals w«e traiMmitted to 

output lines Uwtorised gstss and diverters), and input signsls were 

recieved from the output lines. Electrical noise caussd a drop in 

the DC power supply output voltage. The models' gstss and diver ters 

were dssignsd to operate at 6 volts. Nbsn the 5 volt power source 

voltage dropped, these devices oftm failed to move properly % 

The problem was solved when an additiwal power «vply 

installed to simply 7 volts independently to each output line. Each 

of the 29 output linw ww supplisd with its own circuit board by 

WUd* the multiplsxer's 5 DC volt signals are isolated from the new 7 

volt signals from the new power supply. A circuit board consists of 

one optocoî ler (4I03), one triac (T2300A) and two IK resistors. 

3M shows an elsctricsl circuit diagram fcnr the circuit board. 

The circuit isolates the 5 volt multiplexer output from the 7 volt 

power supply for the model's gates. Upon reĉ icm of a 5 volt 

multiplexer input, a growd is ̂ lied to pin 2 of the gate motw. 
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dw# applying 7 volts to it. The ̂ tysical movement of the gate tî  

the switdi shown to tuzn off the power after the gate has finally 

opened. This duinge constitutes a significant modification to 

Dieech's original circuit design. 

b. apseding up the retrieval procws A part processed by a 

machine center is returned to its original storage area as new raw 

material. A part from the turning cell became a aemifinished pert 

and was stored in the a semifinished storage area (storage aree 8}. 

In the actual IMB* all procMsed perts are routed to an automatic 

inspection aree to be iraqpected. There was no inspection area in the 

physioil model bacause it we* necessary to provide new raw materials 

automtically to the storage areas. This is a difference betwem the 

model and the actual eystsm. 

The "return parts'* process wwksd as follows. If there were 

several parts finiihed by different workcenters including the turning 

cell, those perts could not be released siaultjuwously en the 

ovmrhwd conŵ ors. This was because «ily the lifting r«qp could 

return only one part at a time to a storage area. The lifting tmip 

acted as a bridge between wwkcwtwrs and the storage arew. Thirty 

seconds, on the average, were required to complete one return process 

cycle. This amount of time was relatively high in comparison with 

the othmr model operation times. For ««ample, the average fetch time 

required to fetd) a part from storage area was 0.09 minutes. 

The pr̂ *lem was solved by installing a new reWrn qi«ue (160 

in Figure 3-3) with its own motorized gate. The new gate was 
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Figure 3*4. Somatic of notorized gates and 
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installed in front of the lifting tonp which served the return 

pcocMS* The meximum queue length of the qumie warn 5 parte. 

Whenever a workcenter con̂ leted its processing of a part, the part 

could be released at any time as long as there was at least one 

avaiWxle ̂ pece for the part in the return queue. With W*is 

modi fiat i<m, the average return procMs time was reduced by one 

half. 

c. Aittcaatic Guided Vehicle Mechanism (ftCVM) Oiesch's model 

was bssed on sn Mrly conceptiMl l̂ out of the actual fNB. In the 

original lî out, an overhead monorail ̂ rstem was to be wed to 

transfer parts to woxkcwiters and to retrieve finished parts. The 

design wes Isttf dtanged by substituting m M3VM for the conveyor. 

This change did not affect the î îcal configuration of the model. 

Howaver, it was nacessary to modify part traveling times to reflect 

the actual FMB travel times required by the MWL 

d. Modification of the A8/V8 out 0iesch*8 cart travelled on 

notched tradi. A FischertecWk mall motor and gear box «os 

attadiad to U» track. In mrdw to wpply pownc to the cart's motor, 

Oiesch used 24 gauge copper wire along each side of the cart iof the 

full length of the track. The average traveling time was 2.2338 

minutes, TO reduce this time, the design of the cart was d»nged. 

The notdhed trade was replaced with a 1,25" by 72" rail. Also, 4 

(*eels were attadwd to the cart, replacing the gear bCM, Pcuee was 

supplied to the cart's 5 volt motor by utilizing two metal brushes 
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which toudwd Mch side of the rail. The average traveling time of 

the cart warn reduced to significantly to 0.09 minutes. Figure 3-5 

shows the modified A8/RS cart and its rail. 

4. Model characteristics 

The modified IMS model is different from a conceptual job shop 

in various ways. These differences are summrimed below. 

. Oonputer-cMtrol - Two microcomputers including a Cdmndore 
C8M 8032 and a Radio Shack TRS-80 Model III control the 
model's operation and the robotic am*s movsmsnts. The 
model's operation is therefore automatic. 

. Closed loop operation - h finished psrt returns to its 
miglnal storage area as new tm§ maWrial. 

. Mttltl̂  input dtunels - Seven identical storage arws are 
used. Parts em be randomly stored on each of diannels. 

. Maximum queue length - The madilne centers, the tionlng cell, 
and the retion queue have a maximum qmm length of five 
parts. 

. Tran̂ ntation time for part tr«msfer - A constant part 
travel time fro# a storage area to a madiine osnter or the 
turning cell, «nd vice vwsa exists. 

. Breakdowns of mjot components « Failure of «y ccwpcnentg 
can be simulated at my time. 

C. CoMponent Breakdowns 

For this meard), unplanned dowttime events of constant 

#ratlon were assumed. Failures of major components sud) as the 

AS/R8 cart, tiie Kinl-Mover-S in the turning cell and the machine 

center could be simulated at any time. Several components could fail 

cwncurrently «kring the model's operation. When a breakdown 
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ocoixtflâ» nonnl operations did not iwm# until A# breakdown waa 

r̂ ired. Detailed deecriptioma twc failurM are preaenM in 

Ctapter 5. Mhmever a failure occurred in a major component, the 

failure time started immediately after the related ccmgxment finished 

its work <̂ le. The work q̂ le wss d̂ sndsnt #on the failed 

c<jwponeitl*a perfommnce. Table 3-1 Aowa the work cycle of the major 

components on the basis of current p«cf<»manoe and failures. 

The failme time data include failure occurrence time and 

duration of the failure. These data were obtained from the actual 

fNB. The actual data are presented in Chaptnr 5. 

0. Rysioil Operation of the Model 

1. Overview 

The operation of the model is completely «ttomtic# with the 

exception of starting it. Parts must he placed in the storage areas 

at the beginning of the simulation. 

2. Initialization p%oceA»e 

At Ae beginning of eadi simulation, seven différent part 

families are placed in eadi ô  storage areas. Bad) family consists 

of five identical parts. Thm̂ efore, total mmia» of parts to be 

allooited to the seven storage areas is thir̂ five. In part 

selection, a specific priority value is assigned to each part. In 

each part (aaûly, parts have the sane priority value. Figure 3-6 

dhows the part allocation method. An exĉ ion to this is storage 
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Tdalc 3-1. Htm vmxk cycl# of failed caqpcmmts 
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component 
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AS/DS cart ing poeition until 

— commotion of failure. 
contaim no part 

— commotion of failure. 

Mini-MPV#r-5 

on lath# 1 

on lath# 2 
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waiting «nd idl# 

Nhm th# Mini-Nov#x-S 
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tucning c#ll opmra-
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machin# c#nt#r# 
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processing, failur# 
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after th# proceaaing 
is finimWd. 

idle mité imtil (mpi#tion 
of Cailinr#. 

68 87 88 85 83 

cart 

82 

starting 
position 

• key: 81 • 87: each storage area 
88: semifinished storage area 

: part family 1 : part family 2 
: part family 4 : part fmaily 3 

: part family 5 
: part family 7 

: part family 6 

Fiçpî e 3-6* Part allocation method 
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an» 8 i# XM«cvid for amifinlahad parts. Figure 3-6 

illustratee that a row has seven different parts. Bmdx colum has a 

différait seçpiMce of the stwed parts. The storage arrangement 

permits the AS/RS cart to access wy of the seven pert typee on 

retrieiml. In every fetdt» computer tries to find a part %Ai(A has 

the hî M̂st priwity. 

There are no parts at aiy other locations in the model at the 

start of the simulation. The next step in the start# procedure is 

to loed the aoftware programs into the two wmputers, a Oomodore CBN 

M32 and a Radio Shack TSS-SO Model 111. These software fxogitmm are 

daeeribed later. 

Once the ŝ tware is loadsd «id the required operational parame

ters are entered into the computers, the rdbot must be mwually 

positioned on a loading block. With the fixed locating block as a 

reference point, the rAot mx̂  «meute ipreciae movements aocmrding to 

its control software. 

rii»lly, all of the motwized gates in the model must be closed 

by mtering the appropriât» c«.wmii>ls on the C8f computer. These 

coiwands are also described in a later section. 

3. Selecting a pert frcm the model 

In the first stqp of a manufacturing cycle, the control computer 

(CBI 8032) diecks three basic conditiws. 

. Nhick madiine center has a space on its waiting line fcx a 
part? 

. Does the turning cell have a ̂ pace in its input queue for 
a part? 
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. %# there # aonifiniahtd pert <» storage area 8? 

If the first condition exists» a pert %Aid% hw the highMt 

priority «d «fill be proceesed on a midline omter in the first row 

of the storage areas of Figure 3-6 is selected, if the second 

condition exists, the highest priority part %*ich will be processed 

on the turning cell in the first row of the storage arew is se

lected. If both conditions exist, the pert with the higher priority 

pert is selected. This mewis that a priority rule is spplisd 

whenever there is «i awiil̂ e spsce fw a pert. If the third 

condition exists, one of the ssmifiniWxsd psrts i# selected first 

This means that a smifiniWisd pert supersedes all priority rulM. 

One or ttan parts cm have the sane pgiority in Wm first row 

of the storage arse. In this situation, a pert wbidh is stored in 

the area neerMt to the AS/US cart starting position (figure 3-6) is 

selected first. Ihis reduces travelling time for part movement. 

The computer arnaSm a signal to tàm AS/KB cart to fetdi the se

lected pert from the storage area. The AS/KB cart begins to move 

into the AS/R8 systsm as tAwm in Fî ire 3-7. While the cart is 

moving, Wm oosputer diedis the electric ̂  at the stm̂ age area 

storing the selected part to determine whether the cart has reached 

tihe pert load area, Mh«i the cart interrupts tiw light beam at the 

stmage area, the computer sœds a signal to the AS/RB cart to stqp, 

A signal is tihen sent to the motorized loading gate at the storage 

area. This signal causes the gate to autosatically l<»d tiie selected 

part onto tte cart as shown in figure 3-8. 
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After the pert is loaded on the c»rt, a signal from the cotqiuter 

causes the cart to return to the mtrance of the AQ/RS starting 

position as shown in Figure 3-9. Mien the art reedies the «ntrance 

of the AB/RS starting position, it psssM the «md of the part holding 

well «f)d «î iges a stop switdi* The pert then falls from As cart 

and rolls to the lifting rnp as ahown in Figure 3-10. The lifting 

ramp providw elevation so that the part may move throu#out the 

model by gravity feed, liiile the lifting rasp is elevating the pert 

{tànom in fifœce 3-11), the computer decides how the pert Aould be 

routed according to the part's PKOOSM routing. Using this infw-

nation, the computer checks the status of the machine cmtex/tuming 

cell gate (Wxown in Figure 3-12) and smte a sî ial W move the gate 

to the proper position to route the pert to the turning cell or a 

madiiine omter. When the gate is opsn, the part is routsd to the 

madiine center. Othwwise, the pert is routsd to the turning cell. 

In this selection process, the majw component is the AS/US 

cart. If the cart fails, all selection processes are tesminated. 

When Ae A6/N6 fails un̂ edicUAAy, the failed cart reWms to its 

original station no matter where it is positioned at the time the 

failure occurs. Ihis msans that the failure starts immediately after 

the cart finishss its work cycle (refer to Table 3-1). 

4. Processing by turning cell 

Figure 3-13 shows the beginning of the turning cell's operation. 

The r*ot first takes the part from the turning cell input queue and 

places the part on the first lathe. The robot then starts the 
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3-9. Ag/RS cwft cetnsnifig with part 
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fi9» WO. M/W e«« unWdW to Utti«9 «V 
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rî a» Ï-U. Lifting xmp in operation 
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Figw# 3-13. Robot taking part from taming call infwt guai» 
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iMtdilM and mov## to a waiting poaitiw. Th# ccdbot waits until the 

lath# 1*8 machining cycle is ccoplete. The machining times for the 

lathes axe containad in the xobot contxol softwaxe t̂ idi is dimxibed 

later. When the lathe l*s machining cycle is complete, the tctoot 

tuxns the lathe off and xemoves the pert fxon the lathe. The same 

d̂# is x̂ eated for lathe 2 as ahoun in figuxes 3-13» 3-14 and 

3-15. 

The final step in the turning cell op«raticm is to wash the 

part. Figure 3-16 Aows tiw robot waAing the part. tOien the waW* 

cyde is completed, the robot places the part in Ae turning cell 

finiW* queue (Aown in rî xre 3-17) and returns to chsck for anoth« 

part at the input queue. 

in the turning cell, the major ccmpmeiit is the Nini-Mover-5. 

If the robot fails, the entire operation of the turning cell is 

texminstsd. Mmri the robot fails, the r̂ ot rawains its onrmt 

processing position until completion of the failure. This means that 

the cell's operation raïunaa at the position at «Aiidh the failure 

originally occurred (refer to Tztle 3-1) « 

5. Placement in semi-finished storage area 

When the computar detects a part in the turning cell finished 

queue, a signal is sent to U* gate attached to the finished queue 

(show) in Figure 3-17). The part is then released to AQfff the 

(automatic guided v̂ icle medianism) route and joins a return queue. 

#*eo released, the part rolls to the return gate attached to the 

return queue (̂ lown in Fi#re 3-18) (4iidi opens when a second lifting 



www.manaraa.com

uo 
^tpeo 

H 



www.manaraa.com

es 

Figun» )-15. Machining in progress on lathe 2 
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Mgm# W6. Wbot washing paffc 
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FiQii» 3-17. Robot placing pwtt in tuzning œil finish gueue 
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figure W8, Rttuxii gat» and its queue 
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ranp (th# ratuxn lifting tmp) is down. Mwn ths xstuxn qusM is 

Axil with fivs psxts, a ssmifiniAsd part from th# turning csll is 

not rslsassd to th# AGVM. It is hold in th# turning evil finished 

qumi# until th# return qu#u# g#n#ratM at laast on# availabl# spac# 

iot th# part, Th# lifting ran̂  s#rv#s th# parts in th# return qu#u# 

on a first cant-first s#rv# basis (fCIS). 

Th# r#tum lifting ramp #l#vat#s th# part in th# sama manner as 

th# if9ut lifting ranp. lOiil# th# psrt is b#ing elevated, the 

computer dtecks the status of th# part return routing gates. The 

«mputer thm smds signals to adjust the iqiproprial» gates to return 

th# part to th# pccp#r stwage area fox ««## th# part is r#-

twmlng m a semifiniAed part, th# part is routed to th# semi-

finiWxed stocag# «m (storag# ar#a 8). Th# «wput#r adjusts storag# 

gat# #î  as tàtom in Fî ir# 3-19. Whm th# part raadias th# gat#, 

th# part is diverted into storage area 8 as shown in Figure 3-20. 

rigur# 3-21 Wxows th# part aftnr it has readied th# storag# area 8. 

It is assumed that thnr# ar# no failures in this part of the system's 

operation. 

6. groCTSsing by aadiin# w*t#rs 

The next st̂  in manufacturing cycle is madhining on one of th# 

oachin# cwters. Cadh of six madiin# centers has a ̂ iorî  value 

determined by a madiine center selection rule to be described in 

Cteqpt̂  5. The ccnputer decides whid* machine center has the highest 

l̂ iorit̂  value. However, it xAowld be noted that a part is selected 

only a madhim center has at least one space on its waiting 
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rigim 3-19, Storage gate eight moving to route returning part 
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riguw ï-20, Paît ntuming to mtoiag# we# eight 
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figuze 3-21. Part in storage area eight 
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lin*. If the machine center corresponding to the highest priority 

doe# not have an avallAle apace, the computer tries to find the next 

highest priority machine which has a space. After both priority and 

«qpace conditiws are satisfied, the pert is fetched and elevated by 

the lifting ramp, tVio ox more machine centera can have the aame pri

ority value. In this case, the machine cmter nearest to the storâ  

area is selected first so that part traveling time is minimised. 

The machine c«nt«r/tuming cell routing gate is moved to route 

the pert to the msdiine center cell. The routing gate leading to the 

machine csntu is moved by the conput» as in Figure 3-22. 

Just before the part reediM the machine center, it rolls over a 

switd* «hid) tells the computer that the part has readied the prop» 

machine (see Figure 3-23). Figure 3-24 show the part being machined 

00 a madilne center. 

Ons OK more madiine oentmrs can fail. Part fetdies frcn the 

storage area can continue as long as those failed machine centers 

have available qoeue spaces. When the spaces of the waiting line 

bscoma AUl, the medxine center is «fcluded from {priority allocation 

until it recovers from the simulated failure. If a failure occurs 

during tàm processing of a part, the madiine centu completes in part 

being procMsed. The failure begins immediately after the part is 

completed. 

7. Return to storage operations 

Mh«n the part is finished on a madiine «̂ ter, the computer 

sends a signal to the machine œnter gate to release the part as 
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Fifur» ̂ 22, Q@t# touting pogt 
to machine owit»r 
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Aown in Pigur* 3-25. Th# part th«i rolls to th# return gat# (slwwn 

in Pigur# 3-18) and joins a r#tum quM#. Th# part waits imtil th# 

r#tum lifting ramp is down. Aft#r r#l#as# from th# r#turn qu#u#> 

th# part r#tums to Its original storag# area to replenish th# raw 

matarial inventory. Xn the actual INS, finishad parts would be sent 

to a finished part storage ar«i. 

The lifting ramp can serve only one inocessed part at a time. 

Therefwe, if several procMsed parts are awaiting the service of the 

lifting ramp, a first cone-first serve process allies. Figure 3-26 

shows the releese of the part ixm the return queue. 

The maximum quwe length of the return queue is five perts. 

tftim work centers try to release their procMsed parts to the AGVM 

route, thsy cannot release the perts if the return queue is currently 

full. A ppocMsed pert must wait at its marine center or the 

turning cell imtil th# r#tum qu#w# has «n availabl# specs. It is 

assumsd that no failures ocaa in this part of the model's qperatiw. 

i. $mmfy 

In the dbove physical operations, some important features cw be 

summarized. 

. Parts are allot»ted to the storage areas through five 
different sequences of parts in the initialization 
proceAire as Wwwn in figure 3-6. Thir̂ five parts are 
initially stored in the sevw storage areas. 

. Whenever a for a part is aWlable in the waiting 
line of a madûne center w in the input queue of the 
turning cell, the highest priority part is selected 
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rigow )-25. Machin» center releasing cmpleW part 
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Tigmm 3-26. Fwt being mlewed fro» tmtmn <f»m 
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first, n» priority is detexminsd by the part selection 
rule in use. 

. Xf there is s semi-finî isd part in the semifinished 
storage arse (storage area 8), that part is selected 
first md sx̂ rcedes any part selection rule priority. 

. Bidi msdiine center starts processing parts in its 
waiting line on s first come-first serve bssis (POPS). 

. Teaming cell selection is Amendent iqpon the procws 
routing of a selected part. Since only one turning 
cell SNists, madiine center selection rules do not 
qpply for perts initially routed to the turning cell. 

. The robot picks a part up frcm the turning cell input 
queue on a first cone-first serve bssis (fCfS). 

• All psrts accessed by the macMne <Mnt« cell return 
to their OKiginsl storage area to rê enish the raw 
material invmtory. 

. All processed parts by the turning cell return to 
storage area 8 to await tiieir next operation. 

. The following components fail during the simulation. 
One or more failures can occur sinultaneously; 

. The 9Sm cart in the AS/RS cell} 

. The robot CHini-Mover-5) in the turning cell; 

. One or mmre machine centers. 

. Wwaevn a w%kcw$ter for processing has an available 
spsM fn a selected part, a part selection (Koce&ire 
cofitinuM even though major conponsnts manf have failed. 

Becaise the physical IH8 model is a miniature version of the 

actual system, it is possible to use actual data in the model's 

operation. The actual data used include process routings, access

ing times, traveling times and failure data. The model, however, 

must use t*e adjusted time data with scaling factors to its 

operational diaracteristics. This pewits the model to operate at 
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rat## fast#x than r#al tin#. Tim# mealing fMtocs ar# th# Wbj#ct of 

th# following diaptar. 
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XV. "MME SCALING PROCEDURE 

A. Xntzoduction 

Tim fcaling is # rational way to acoalerat# tha modal'a opara-

ti<m to rataa faatar thw raal tima. Thia chapter daacribea tha 

acaling pcooadure adopted in thia reaearch. 

The physical operation of the model daacribad in Chapter 3 ia 

very conplm. However* the entire system operation is dependent on 

one simple repetitive operation, the Ag/M cart. As a result of the 

AO/US wt operation, a pert is (latched fxm a atorage area and ia 

provided to a workcenter cell. The same operation occurs in the 

actual lystm. Therefore, the feW* time required for the AS/US cart 

to ietdi can be directly conpsnd with the operation of the actual 

system. 

Fart tnmsit or route time is another time factor that must be 

compared. A route tism is defined as a time required for a fetched 

part to be routed to a madiine canter w the turning cell. 

Both time factmem, fetid* time «ad route time, vary with working 

distance of the AS/RS cart fzm a atorage area and the distwca a 

part must travel to a machine center or the turning cell. These tWe 

factors are alŵ  constant in every decision rule set that has been 

evaluated in this researd). There is, however, a ttme factor which 

varies with a decision rule set. 

As mentioned previously, the model has three major cells: the 

AS/BS cell, the machine center cell and ^ turning cell. In the 
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actual syatam, each cell can be controlled separately by control 

computers. In the î iyaical FMS model, however, only the turning cell 

ie independent. It is Mlely controlled by the TRS-80 computer. TO 

control both the AS/BS cell and the madtine center cell with one 

microcoRVuteTf the CBN coRfKiter, a cmtrol link is necessary. A 

ccsntrol lix* is a bridge with %Aid% me major cell can determine the 

other cell's operating status. 

This mwns that the madiine center cell's operation is dependent 

on the AS/US cell's operation. The machine center cell an start its 

operation aft«c completion of the Afl/SS cell's operation. 

Oonwsely, the AS/RS cell can not start its fetching operation 

until all necessary machining operations have been completed on the 

madtine cmter cell at a î ecific tiam. The CBN computer needs a 

delay time during «Aiidt the AS/RS cell cxm cowmmicmW with the 

machine oenUnr cell through the control liiA. CSdi decision rule set 

perforas iv*cific operations in both the AS/RB cell and the machine 

centm; cell. The del̂  time that CBN compute» needs in eadi 

decision rule set is then different. The coitrol link is included as 

sWaroutines in the model software control urograms dMcribed later. 

The CBN computer controls Uie finî Md queue of the turning cell 

through a photo register attached to the finî wd queue. The fin-

iWied queue operation is therefore included in the control link. 

The purpose of Ws chapter is to detemine time scaling factors 

for all decision rule sets by canpering the factors of fetch time, 

route time «md delay time of the model with those of the actual 

t̂em. 
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B. Actual Fttdi Tin» and Modal Fttdi Time 

1. Overview 

h £atd) time i# defined a# a time raquired to fetdi a part from 

a atwage area. Becauae the apeed of the AS/RS cazt ia cmmtant, the 

fetd) time is alw contant but varies with the distance the cazt 

m*mt travel. 

Theze aze thzee diffezences between the model and the actual 

systam with zespact to the AS/RS. The diffezmces remit fzom 

diffKwwes in medumical design. To compare an actual fetdi time 

with the model fetch time, these differmcas must be considered. 

TSble 4-1 dMcribes thMe differences and «̂ sequent adjustments for 

the #̂ icel model. 

2. Actual fetch time 

An actual fetch time is a pure amount of traveling time re

quired far the AS/RS cart to fetdi a part from the AS/RS cell in the 

actual ̂ tem. Actual time data were not avail̂ le becwse the 

actual AS/RS was not yet oper«Me at the time, this researdi was 

canpleted. 

As tibom in Table 4-1, the actual î tem has thirty-one storage 

locations. FOr a consistent canparison of the actual fetdi time with 

the model fatd) time , eight storage areas wmt be equated to the 

thirî y-one storage locations. This is because the model has only 

ei#t horizontal storage areas as shown in Figure 3-3. 

TO estimate the actual fetch time, the following ̂ ocedures 

apply: 
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Table 4-1. Differences in the AS/RS operations 

Actual 
system 

Pt̂ ioil 
model Adjmtnent 

1. No starting poetloi. 
ttm cart can start 
from a current 
position fw next 
fetdt. 

1. Exist**# of a 1. 
starting positim. 
The cart mwt 
return to its 
starting poeitim. 

Bxistmce of a 
starting position. 
The cart nwst 
r#turn to its 
starting position. 
Th# part d#liv#ry 
conveyor section 
(B-1 - B-5 in Fig. 
3-1) of th# actual 
system is assumed 
as a starting 
position. 

2. Thirty-one different 
storage locatims 
in a storage radt 
sĝ tsm. 

2. Bigght differmt 2. 
storage areas. 

Thirty-ons storag# 
locntions ar# 
equally divided 
into ei#(t differ
ent storage areas 
for th# model on 
bMis of distmco. 

3. flw cmrt both 3* fern esrt works only 3. Th# cart's fotd) 
horizontally and horizontally in tim# is assmsd to 
vwtically in f#tdiing a part* includ# th# amowt 
fotching a pert, of tim# ##nt for 

vertical movoMnts. 

. In th# concsptual Û yoot tinam in Figwr# 3-1, th# actual 
fHB is scalad dam by 0.0437$** » 1 ft, mch sgmg# is 
10 ft. long and 10 ft, «rid#. The top of Figure 3-1 sim» 
thir̂ -on# storage locations; 

. h rowd trip distance from a middle point of the part 
deliiwry conveyor section (B-1 - B-5 in Ficpire 3-1) to 
a middle point ô  ead> storage location was meaaired 
from the conceptual k̂ out; 

. The most distmt storage area in the actual î stem is 
assumed to be Location 31 (1̂ .0 ft,). This corres
ponds to storage area 8 in the model; 

. The average horizontal gpood of the AS/BS cart In the 
actual ̂ tem is 176 ft./Wnute. The actual fetch time 
from Location 31 becones 0,9091 minutes (160 ft,/176 ft, 
/minute). The model fetch time (known) from storage 



www.manaraa.com

86 

area 8 is 0.1465 minutes which will b# dsscxibsd in the 
nsxt section. The actual time is slower by a factor of 
6.20M (0.9091/0.146S) thtfi the model fetdi time. This 
meam that the actual fetch time should be equal to W%e 
known model fetd) time * 6.2055} 

. Each round trip distance frô /to each location in the 
actual system is divided by the cart's speed to obtain 
the acWal fetch time data. Then, thir̂ -̂one actual time 
values are be compared with eight model fetch times. The 
final eight locatiw* of the actual intern were «elected 
from thirty-one locatims utilising a factor 6.2055* 
Tĥ  are prassntsd in TWble 4-2. 

Table 4-2, Actual fetch time (minutes) 

Stocage 

area 

Distance 

(ft.) 

Actual 
fetch 
time (min.) 

Location 
in the 
aerial system 

1 34.732 34.732/176 
"0.1973 

betwen 15 and 16 

2 54.613 54.613/176 
"0.3103 

between 17 «d 18 

3 70.#4 0.3996 between 19 and 20 

4 91.419 0.5194 between 22 and 23 

5 111.951 0.6361 between 24 and 25 

6 123.739 0.7031 between 26 and 27 

1 139.257 0.7912 between 28 mà 29 

8 160.000 0.9091 31 

3. Model fetd* time 

h model fetch time is defined as a pure amount of trweling time 

required tot the AS/RS cart to fetd* a part from a storage area in 

the physical model mâ deposit it on the lifting ramp. TO obtain the 

model fetd) time data, the KB/VtS cart of the model was movW a total 

of times. Obtained data are presented in "WAe 4-3. 
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Tabla 4-3. Model fetch time (minutes) 

Storage NWdbec of Avexage Standard Cmifidanee 
fttdi Interval 

area observation# time tmin.) deviation (e-O.Ol) 

1 425 0.0318 0.0333 0.0276 - 0.0360 

2 447 0.0500 0.0104 0.0487 - 0.0513 

3 450 0.0644 0.0097 0.0632 - 0.0656 

4 692 0.0837 0.0110 0.0826 - 0.0848 

5 585 0.1025 0.0190 0.1005 - 0.1045 

6 190 0.1133 0.0154 0.1104 - 0.1162 

7 215 0.1275 0.0138 0.1251 - 0.1299 

8 984 0.1465 0.0391 0.1433 - 0.1497 

Total number of Aeervation#» 3,98$, 
Xwerage fetdi tW» 0.09 minuta#. 

The data were AWinad fay recording the time# to travel to different 

storage area#. VUue# for different area# were collectad during the 

debugging of variou# ̂ aduling ndsrootine#. It i# tot this reason 

that the mnter of observation# varie# betwen different storage 

awes. 

The collected data include undesirable fetch time value# which 

occurred due to pause# in the cart's operation. pauses occurred 

because of intemittent continuity between the rail and the metal 

brwAe# attached to tibe cart which receive power. The paused cart 

continued roming after being t##d slightly. This is the mason 

why the standard deviation value of storage area 1 is reasonably 

high. 
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C. Actual Routa Tima and Modal Route Tima 

1. Ovatviaw 

A xouta tima ia dafinad aa a tima taquixad for a part aalactad by 

tha A8/R8 cart to ba routad to a mWiina c«ntar ox tha turning call. 

Tha rout# tima ia a cmetwt in both th# actual î tam and ttw 

pl̂ ical modal. 

Th«# ia a diffaranoa in routing oparationa. In tha actual 

î tam* a limitad nuRdMr of Automatic <Aiid#d Vahiclaa (mora than ona) 

provida part# to WMkcantwa. Parts ar# continuously dalivncad to 

workcsntncs as an U9/8 bacomas availaWa. In tha physinl modal* 

honavar, thw# is no limitation of available AGWSa. In avwcy fatch, a 

stiiactad part an b# provid#d to a %#orkc#nt« imlass all wMkcantmr 

qmam ara full with pravioualy aalactad parta. Th# maximum quma 

length of a workcmt#r in th# actual mystam is one part. This length 

is five parts in the pt̂ ical model. The difference can be justified 

when it is a«uned that at least one hom is always available in every 

fetch the 93/98 cart in the model. 

2. Actual rout» time 

An actual route time is a pure amount of traveling time of a part 

to be routed to a wMkcenter in the actual system. These data were 

not directly waiWble because the actual FHS was being installed 

Airing the ccnpletion of this researdi. TO estimate the actual route 

time, the conceptual l̂ out of the actual fM8 dwwn in Figure 3-1 was 

used. The actual FM6 was again scaled down by 0.04375" » 1 ft. in the 

conceptual layout, iiadh square is 10 ft. long and 10 ft. wide. 
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A# shoMn in Piguxs 3-1, the actual systm has six machine 

centexs (A-1 - A-€) $Aid% are distributed thrmighout the systam. in 

the lefthand side of the layout, there is cm turning cell (D-1 -

D-3, I>*6 and D-7). The most distant marine center from the AS/RS 

cell is machine center A-2. In the ̂ tysical model, the most distant 

madiine emt«c from the A%/RS cell is R̂ ine center 6. 

The avwtage apesd of an AGVS wes known to be 156 ft./Wimte. 

%ing this apisd, actual rcnite timw were mlculatad. Tĥ  are 

pcMented in TWble 4-4. Bach distance was maa«ared from the part 

delivny conveyor lection to a 180 dsgree pallet Aangwr (A-10) 

attachod at each madiine cmtmt. The pallet dianger works to 

autOMticslly load and unload a part on a machine centmr. The 

distance to the turning cell MM mMsiaed FTCN the input cell <0-l -

C-5) to the input conv̂ or (D-7) of the turning cell. 

3. Model route time 

A model route time is a pure amount of traveling time for a part 

to be routed to a machine center or a turning cell in the model. 

This time is meesursd from the AS/RS cart's starting position to sW* 

worteenter's input queue. It includes a lifting tmp operating time 

(O.l minutes) to elevate a part to the AGVM (Automatic Guided Vehicle 

Medtaniam) route. Model route times are presented in Table 4-5. The 

confidence intervals are competed using Student t distribution with 9 

of degrees of freedom àas to small sample sizes (32). 
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Table 4-4. Actual route time 

!
 

I
 

Machine Distance Actual 
route 

c«ter (ft.) time Gain.) 

I tA-5) 152.35 0.9766 

2 (̂ -6) 176.47 1.1312 

3 (A-3) 216.47 1.3876 

4 (A-4) 256.12 1.6290 

5 {h-D 299.41 1.9193 

6 (̂ 2) 328.24 2.1041 

Turning œil 87.36 0,3600 

TWbl# 4-5. Motel route tine Wnwtee) 

Mmdiine Nmber of Avwrage Standard Confidence 
route inbnrvel 

center obMcvatione tine (nin.) deviation (a>0.01) 

1 10 0.2017 0.0042 0.1974 - 0.2060 

2 10 0.2173 0.0037 0.2135 - 0.2211 

3 10 0.2275 0.0038 0.2236 0.2314 

4 10 0.2327 0.0030 0.2296 0.2358 

5 10 0.2427 0.0035 0.2391 - 0.2463 

6 10 0.2581 0.0048 0.2532 - 0.2630 

Turning 
cell 

10 0.1229 0.0040 0.1188 - 0.1270 

0. Oel̂  Tines in the Automatic Storage/Retrieval System (A5/RS) 

1. Overview 

The control liidc was a bridge by tAidi the AS/RS cell could 

communicate with the machine center cell. The link was necessary 
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beau## only cm computer, ûm ŒM 8032, controlled both the AS/RS 

cell «nd th# madiin# center cell. 

Bidi decieio) rule set muet have a specific delay time to 

activate the control lix*. At a apecific simulation time, a 

decisioi rule set performs different operations in both the A9/RS 

cell and the madtine center cell in comparison with the other 

decision rule sets. 

Mxenever the cert stops at its starting position (ISO in 

Ĥ jre 2-3) to mload the fetdied pert, the current systsm 

opération staws is updatsd to prepare for next fetdi operatiw. 

The hB/m operation can be divided into the following operating 

factmrs* 

. Traveling to a storage area selected by a part selectim 
rale; 

• Loading a pert from the storage area; 

. Returning to the starting position; 

. Qnloading the selected pert at the starting poeitiwi; 

. Malting at the starting position until the next fetch 
operation. "Aie control link works f<K Wbroutinw of 
the nodî  control software Airing this watlng time. 

The model fetdh time described in Section B is a pure amoimt of 

time required tcx the AS/BS cart to travel to a storage area and to 

return to its starting position. There are two types of delays in 

the AS/R8 opRcation; one for loading a part and the other for both 

tsiloadlng a part and waiting at the starting position to î pdate the 

current ̂ tem operating status (work for the control link). The 

former is called "MLAg-l", and the latter is termed "DBLAY-Z". 
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2. DBLAY-l 

MLM-1 is ths amount of waiting tim# par fètch caquitad to load 

a past to tha cart and to chack to saa if a lifting ram# ia raady to 

aarv# naxt fatchad part. Loading a part to tha cart is achiavad by a 

motoriaad gata attachad at a atoraga araa. Mian tha OM computar 

sands a aignal to qpan a motorisad gata, a part ia raady to faa dvnpad 

on tha cart. According to ramt aignal from tha coNqputar, tha gata 

cloaas, and tha part ia loadad to tha A8/RS cart. Tha cart is thsn 

raady to laava to its starting pMition. 

It takas 0,1 minutas for ths cenputar to caspHata thia taWx. 

During this loading pKOcadura, tha lifting ronp is dwdwd if it is 

raady to lift a fatchad part. Tha lifting rasp must ba in tha down 

position for avary fatdiad part. BscstMa of high utilisation of tha 

lifting tmip a conatant dal̂  is *msd. It takas «i awaga 0.1 

minutaa tot tha lifting ramp to alavata a part. It alao takM 0.1 

minutas to raWm to its dow> pwition. Tha AS/SS cart must stay at 

a stocaga araa until the lifting ramp returns to the down position. 

This takas 0.1 minute». 

As a result, DBLAÏ-l is always a cor»tant at 0.2 minutes (0.1 

minutes for a gate operation and 0.1 minutes for the lifting ramp) in 

every fetch. 

3. DeLA%-2 

0BLA%-2 occurs in the actual system and is diffeemt fro» the 

model. In the actual system, a fetched part is ̂ ovided to a work-

center after a 7 mimite del̂ . This occurs in the part delivery 
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conveyor Mction (D-1 - B-4 in Figure 3-1) or the input cell (C-1 -

C-5 in Figure 3-1). The DELAÏ-2 value is thus 7 minutas in the 

actual system. During this delay time, s crew transfers the fetched 

pert to the delivery fixture. 

In the model, aSLAY-2 is the amount of waiting time per fetch 

required to unload a part at the cart's starting poaition and to 

update the current system operating status. After DELAY-2, the cart 

can fetch the next part. 

Unloading a pert from the cart is accomplishad automatically as 

soon as the cart arrives at its starting pcwition. The top of the 

cart has a slide to drop the part on the lifting ramp in less than 

one second. 

As soon as the cart returns to the starting position, the CSH 

computer checks the following systam operating conditions; 

. SxMld the motorizsd gate between the turning cell and 
the machine center cell be opened for a fetched part? 
(Open for routing to the turning cell and closed for 
routing to the machine center cell.); 

, Which machine center ̂ wuld open its motorized diver ter 
to receive a fetched part? 

. Which machine center should start processing of its next 
part? A motoriad gate attached at the machine center 
lowers to start processing; 

. Which machine center should finish processing of its 
current part? A motorized gate attached at the machine 
center rises to release the ĵ ocessed part; 

. Is there a semi-finished part in the turning cell 
finished <|ueue? h motorized gate attadied at the queue 
lowers/rises to release the semi-finished part; 

. Mtich part should return to a {vedeteonined storage area 
from the return queue? Hbî  storage area should qoen 
its motorized diverter to receive the part? 
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Them# quamtion# arlme in «vccy fetch undet normal tystam oparatlng 

ccmâitlona. Tha CBH conputar naads aona amo&mt of time to dwdc 

these questions and update the current oparating statw. The total 

•notmt of time required to check and vqpdats is included in DELAY-2. 

Ths qusstions related to failtms of major coR̂ onents are not 

included in the above (Aeck points. This means that failure checking 

time is not considered in determining the MLAY-2 value. 

In addition, the C8N computer î dates all simulation statis

tics related to the above check points. This (̂ dating time is 

indudsd in OILMr-2. 

Each dacision rule set generates a î Kific CffLAï-2 value. Kwh 

decision rule set has different operating conditions at different 

time segments when cmysred with other decision rule sets. In this 

rsseardhf eadi dacision rule set was simulated for over 11 hours. 

Therefore, the exact nSLMr<-2 value must be obteined by cwsidering 

all combinations of possible operations in a 11-hour simulation run 

under s spscific dseision rule set. Howŝ wr, an exact simulation 

time for a decision rule set is also a function of a time scaling 

faetm «bidi in itself contains OBLMr-2. The time scaling factor is 

described in nsxt section. 

In this researcti, the DELAY-Z value WBS estimated after the 

model operations wtered a stable condition. When all workoenters 

are busy processing parts, the model can be cwsidered to be in 

steady state condition. This atsbls condition was achieved after 2 

hours. Therefore, a DBLAY-2 value was obtained after 2-hour time 

simulatim for every decision rule set. 
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Table 1-1 in Chapter 1 shows twenty-eight decision rule sets 

that hmv# bem evaluated in this reseazdi. The detailed descriptions 

of eadi act axe pceamted in Chapter 5. Tdble 4-5 presents the 

obtained CHBLMr-2 values for the twenty-eight decision role sets. 

According to %ble 4-#, the average DELAY-S value for all twmty 

eight decision rule sets is 0.1972 minutes. The overall standard 

deviation is 0.0136. The S/PT/WINQ rule set (Set 24) is the most 

complex rule set It has the highest value of DELAÏ-2 (0.2239 

minutes). h onparatively simple set, the RMDOH/VHTO rule set (Set 

2), has the lowest value (0.1717 minutes). This means that the 

oompl#* rule aets require longer waiting times to be ready to fetch 

the next part at the AS/RS cart's starting position. 

t* Time Scaling factors for Decision Rule Sets 

1. Oweview 

A time scaling factor is used to adjust simulatim input infor

mation audh as part processing time, due-dates, failure data (m«m 

time between failures and mean dam time), and simulation nm time. 

The determination of a scaling factor is based on actual fHB data. 

A scaling factor of a decision rule set can be obtained with 

values of fetdh time, route time, DBLAX-1 per fete** and DELA3f-2 per 

fetch. These values have been described in preceding sections. 

In the model, there are eiĉ t different fetch time values for 

eight different storage areas. Sev#% different route time values 

exist for the six machine centers and the turning cell. Also, the 



www.manaraa.com

96 

Tabl# 4-6. DELAY-2 value for twenty-eight decision rule sets 

Machine tàBdber 
Pact center of mMt'2 Confidence 
«election •election dseetva- Standard interval 

8et rules rule tiorai (min.) deviation (aM).01) 

1 RANDOM 162 0.1768 0.0777 0.1611-0.1925 
2 RANDOM IMPS 168 0.1717 0.0893 0.1540-0.1894 
3 ttmo 163 0.1846 0.0746 0.1696-0.1996 
4 mm 159 0.1970 0.0656 0.1836-0.2104 

5 RNCOH 163 0.1846 0.0889 0.1667-0.2025 
6 rsrs mre 167 0.1796 0.0782 0.1640-0.1952 
7 muo 163 0.1907 0.0647 0.1777-0.2037 
8 NINO 160 0.2019 0.0659 0.1885-0.2153 

9 RMOGH 161 0.1961 0.0768 0.1805-0.2117 
10 SPT nn 165 0.1818 0.0749 0.1668-0.1968 
11 mm 160 0.1993 0.0662 0.1858-0.2128 
12 muo 156 0.2100 0.0615 0.1973-0.2227 

13 RMDOH 162 0.1986 0.0780 0.1829-0.2143 
14 fxam nw8 162 0.1916 0.0864 0.1742-0.2090 
15 muo 159 0.2050 0.0672 0.1913-0.2187 
16 mm 158 0.2151 0.0645 0.2019-0.2283 

17 RMBON 158 0.2103 0.0742 0.1951-0.2255 
18 SUCK nms 160 0.2051 0.0765 0.1896-0.2206 
19 mm 158 0.2156 0.0703 0.2012-0.2300 
20 mm 156 0.2120 0.0662 0.1984-0.2256 

21 RMIDON 159 0.2028 0.0757 0.1874-0.2182 
22 8/VT IMPS 162 0.1945 0.0788 0.1786-0.2104 
23 MliO 157 0.2106 0.0755 0.1951-0.2261 
24 mm 154 0.2239 0.0712 0.2092-0.2386 

25 RANDOM 164 0.1827 0.0776 0.1671-0.1983 
26 VALUE IMTS 167 0.1780 0.W38 0.1613-0.1947 
27 WW 161 0.1962 0.0725 0.1815-0.2103 
28 fflNQ 158 0.2065 0.0643 0.1934-0.2196 

OELMT*! value is defined as a constant. Twenty-eight different 

raELAX-2 values are defined for twenty-eight different decision rule 

sets. 
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Under a dacision rule aet, the total mmber of pwaible time 

acaling factors i# fifty-five. A total of 48 paths exist from the 

eî t storage areas to the six madiine centera. Seven paths exist 

from storage areas 1 through 7 to the turning cell. Parts from 

storage area 8 are altmqfs routed to a mchine center. 

The model has six madiine emters, eight storage areas and the 

turning call. Ŝ ppMW "i" is defined aa the index of a atorage area 

and "j" is defined as the index of a machine center or the turning 

cell. Each path (i«j) generates a time scaling factor. The scaling 

factor is d̂ inad by Bguaticn 4-1. 

A7(i) • Mt(j) • AOELMT-l + ADELA%-2 
sra»))' (4-1) 

Mr(i) • »fi(j) * ttmMt'i * moMt'i 

Wiere 

sr(i,j) » a time acaling factor for path (i,j); 
Af(i) • «I actoal fetch time value from storage area ij 
AR(jl) * «I actual route time value to machine center it 
MMOmx-l » actual NLMf-l value {• 0.0 minutes) t 
MNBLAy-Z * an actual value (» 7.0 minutes) ; 
MPCi) • a model fetdi time \»lue from storage area i; 
MR(j) » a model route time value to madiine center j oi 

tile turning cell; 
MDBtMT-l » a DELAX-l value of the model {» 0.2 minutes) ; 

» a DZLAX-2 value of the model (show» in Table 4-6) ; 

i • a storage area (i» 1,2,3,—,8) ; 
j » a madiine center (j* 1,2,3,—,6: j»7 for the turning cell) ; 

When a semi-finished part is selected from storage area 8 (i*8), the 

part cannot be routed to the turning cell ( j"7). The part must be 

processed by a machine center. The fifty-five SF{i,j) values for 

every decision rule set are premmted in AppMidix A. 
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2. Nonamllzation delay (ND) 

h dacition zul« «et has 55 possible time ecaling tactot values. 

The minimum scaling factor value among the 55 valuM is used for a 

decision rule set. The minimm value is called by the overall time 

scaling factw. The overall time scaling factor alwŝ  corresponds 

to the path (8,2) for «very decision rule set. 

Within a specific rule set, constant values of DltAY-l and 

DlLMr-2 apply. For any storage area, the fetch time is also 

cmstant. The remaining variable that deteminw the loigMt path is 

the model route time. Aapcisingly, the longest rwte time is not 

from storage area 8 to machine center 6. Instead, the longest route 

time is from storage arse 8 to madtine center 2. 

The dmmwaW slqpe of the model's delivery ciwte to the m̂ ine 

cmters is variable. The speed of delivered parts is «nail by the 

time they readh machine center 2. As parts pass this location, they 

aocelerat# and therefore readh machines 3 through 6 in slightly 

Wiorter times. This time difference is slight and is on the order of 

2 second or less (refsr to W. 

Utilizing the overall scaling factor, the minimm operating 

speed can he $mlf«mily maintained in the model's qperatiw. However, 

eadh path (i,j) must have a normalization delay value to account the 

difference between tiie time scaling factor iml%%s generated by fifty-

five paths. Ose of the normalization del̂  valw envies a decision 

rule set to maintain a constant overall time scaling factor. The 

noraslization delay of a path is defined by Equation 4-2. The first 

term of BQuatitm 4-2 is the time required for a path (i,j) to main
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tain tha ovarall minlmun time scaling factor under a decision rule 

set. The second term is the time of a path (i,j) greater than the 

miniimia value. For each decisi<m rule set, these paths are the 

remaining 54 scaling factors as shown in Appendix A. 

Ar(i) + AR(j) + ADELMT-l + MSLAy-2 

SPmm 

- (W(i) 4 MR(j) + MSLAY-l + ffSLAY-Z) 

$*er# 

* noBMlintion del̂  value of path (i,j) (min.); 
Ar(i) • actual tetRh time from storage area i} 
AR(j) " actual route time to machine center j or the 

turning cell; 
MXmy-l • actual OfLAY-l wUue (• 0.0 minutes) | 
MOBMi'Z • actual ODLMr-2 value (• 7.0 mimites)} 
Mr(i) • model letdi time from storage area i; 
MRij) • model rwte time to madtine center j or the 

turning cell; 
MCELW-l • M&AY-l value of the model (» 0.2 mimites); 
NDCLMr-2 • MUiY-2 value of the model (show* in Table 

»m,n -mmsrti^j) 

• the overall time scaling factor of a decision rule set; 
1» a storage area (i* 1,2,3, — 8); 
j» a madtine center (j» 1,2,3, — 6s 

 ̂7 ftxt the turning cell). 

By adding the value of lD(i,j) to the sua of Hr(i), MB(j), 

MCeWMP-l and MDeLMr-2, all paths have the same time scaling factor. 

In the model's operation, Ais normalization delay is actually added 

to the MLA%-1 value described earlier. The IHSLWf-l value of 0.2 

mimites is increased with a normalization del̂  for each decision 

rule set. This delay varies with each (i,j) paUi. 

ĵpendix h simts the ND(i,j) values for all possible paths, 

According to Appendix A, the minimum time scaling factor always 
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to (8,2). Th# valu# of nonnalixation delay for path 

(8,2) is th«c#for# always 0.0 minutas. 

3. Average fetch tiia# p#r fatch 

The average amount of time qwnt to fetch a part from the AS/RS 

is determinad by the ram of the fetdi time, DBLAY-l, OBLAY-2 and the 

normalization delay. The average fetch time of the eight storage 

areas is 0.09 minutes. DCLAY-l is 0.2 minutes (excluding the normal

isation delay). The average DELAY-2 for all twenty eight decision 

rule sets is 0.1973 minutM. The avmrage normalisation delay for all 

decision rule sets is 0.0512 minutes. Therefore, the average total 

time to fetch a part is 0.5384 minutw (0.09 * 0.2 * 0.1972 * 

0.0512). This means that the AS/88 has capability to provide a part 

to the wozkcenter cell in every 32.304 mconSm (• 0.5384 * 60). This 

illustratw that the modified model for this researdi has an AS/8S 

lAiidh operates six timss faster th«i Oiesd)*s original AS/88 design. 

4. Time scaling factors for decision rule sets 

Table 4-7 shows time scaling factors for twenty eight decision 

rule sets that have hem evaluated in this researd). from this 

Table, it can be seen that rule set RAWXXVflffS has the minimum time 

scaling factor value. The rule set S/PT/WIHQ has the maximum time 

scaling factor. In general, the simple rule sets such as RAMDOH/ 

RANDOM, lANDCM/mPS and VALOÎ /fMPS have larger scaling factors than 

the complex rule sets wch as S/PT/HlllQ, and SACK/NINQ. 

This neatm that the simple rule sets in the model operate more 

quickly than the complex rule sets. The siaçle rule sets can there-
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Table 4-7. Time waling factor for decision rule sets 

Set 

Part 
selection 
rules 

Machine 
centn 
selection 
rule 

Mninum 
scaling 
factor 

1 RMBOH 12.20*7 
2 RANDOM fNTS 12.2913 
3 mvQ 12.0795 
4 mvQ 11.8826 

5 mom 12.0795 
6 tars IMPS 12.1607 
7 NINO 11.9818 
8 WNO 11.8065 

9 RANDOM 11.8966 
10 spr IMPS 12.1248 
11 NINO 11.8468 
12 WHO 11.6829 

13 RANDOM 11.8576 
14 OOMTB mes 11.9675 
15 NINO 11.7589 
16 NINO 11.6064 

17 RANDOM 11.6784 
18 SLACK r>V8 11.7574 
19 NINO 11.5990 
20 WNO 11.6528 

21 RANDOM 11.7927 
22 8/Vt nm 11.9217 
23 NINO 11.6739 
24 WNO 11.4768 

25 RANDOM 12.1102 
26 mm mes 12.1869 
27 NINO U.8951 
28 WNO 11.7360 

fore be evaluated in a ̂ wrter simulation times* However, it ̂ wuld 

be noted that real time simulation intervals and other simulation 

iî t data are fixed within every decision rule set. 
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P. Swmary 

A time mealing factor for a decision rule let is obtained from 

the fetch time, route time and delays. This fwtor is used for 

adjustment of the model's operation. Also, the scaling factor 

providM for # mwningful and indsiased caqwrisoi betwem* decisim 

rule sets that have been evaluated in this rewarch. To illustrate 

the use of tive scaling factors, the following example is presented. 

Bxanplei AippOM, 

. Decision rule set 1 is to be simulated for 100 
hours of the actual system time. 

• Decision rule set 2 is to be simulated for KM) 
hours of the actual «ystem time. 

. The actual processing time for part 1 is 50 
minutM. 

• Dscision rul# set 1 has a soiling factor value of 
20. 

. Decision rule set 2 has a scaling factor value of 
16. 

These 6ta must be adjusted tox tàm model's operation. 

Then, 

. Decision rule set 1 is simulated for 5 hours 
(• 100/20) in the model. 

. Decision rule set 2 is simulated for 6.25 hours 
(» 100/16) in the model. 

. The processing time of part 1 is 2.5 minutes 
50/20) in the decision rule set 1. 

. The processing time of part 2 is 3.125 minutes (« 
50/16) in the decision rule set 2. 

According to Uie ̂ bove example, a decision rule set can be ccapateà 

with the other decision rule sets by using its time scaling facta:. 



www.manaraa.com

103 

Alio, the actual data cbtainad from tha actual myatam imjat ba 

adjuatad by a tin» acaling factor of a daciaion rule aat. 

In thla chaptar» tha acaling factors for twanty-sight decision 

Kula sat# hava been preaented. The next chapter includes detailed 

descriptions of twsntysight decision rule sets. Other simulation 

input information is presented as wall. 
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V. PHïSiatL SIMULATION 

A. Intxoductim 

A# dMcribcdl in Chapter 3, th# physical modal consisted of two 

parmllsl structuras* ona was tha aight storaç̂  araas, and tha otlwr 

was tha aix machina cantars. Only cm AS/RS cart was usad to fatch a 

part from ona of storaga arms. Thncafora» <mly ma part %«s aslact-

ad in avary fatch. Itianavar tha AS/RS cart movad frcn its starting 

position to fstdt a psrt, ths following tteaa questions wara ad-

drasssd. 

. Which part had tha highMt priority to ba wlactad in the 
first row of the stmcage arae? 

• Miidi workcanter Aiould process a selected part, (me of 
six naaiine canters or the twning cell? 

. Itiidi midline cwxtmr Awld prooMW a aelected part if 
the part was routed to a machine centm;? 

The first dacisiw was made by the part aelectiw rule that was 

in effect. The second decision was made by the detmmining first 

operation of a aelected part, rirally* the third decision was made 

by the madiine center aelectioi rule in effact. Both part selection 

rules and marine cwiter selectiw rules were extracted from a large 

set of traditional job ahop sdieduling rules idhid) could be used for 

flexible manufacturing interns. 

In this researdh, the selected part selection rules and machine 

cmtear selection rules w%e evaluated in a flexible mwfacturing 

environnait utilizing the develĉ ed FM6 physical model. One decision 

rule set consisted of one part selection rule and one madiine center 
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selection rule. Therefore, total number dtciaion rule aets was 

twenty-eight. The evaluation of seven part selection rules and four 

machine center selection rules is described in this chapter. 

The evaluation work has been ca#leted through pt̂ ical simu-

latim undsr the effects of failwes of major ̂ stsm componsnts. For 

the evaluation of the decision rule sets» the following six input 

parameters wera nsosssary. 

. Processing ssqusnce of a part; 
• Processing time of a parti 
. Due-date of a pert; 
. Downtime teta of major systwn canponsnts; 
. Value of a part; 
• Systsm simulation time. 

TO select the best dscisicm rule sets, the following six per-

foxmsnoe criteria wew considered* 

. System effectivity (system utilization rate); 

. Traveling time of parts; 

. Actual ̂ oduction output; 

. Mmufacturing tteouglfmt time; 
• Production lateness; 
. Work-in̂ prooess inventwy. 

The purpose of this dieter is to describe all of these wWects 

as Asy relate to the (Â siral simulation. 

B. Part selection Pules 

1. Overview 

The ptysical model had eight identical storage areas. Storage 

a»as 1 to 7 were used for raw materials. Storage a»a 8 was for 

semifinished parts. Each storage area contained raw materials for 

five different parts as shown in Figure 3-6. The front row of the 
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seven storage areas contained seven different parts. Therefore, 

total number of raw materials in the storage areas was thirty-five. 

This total was divided into seven different part families, A part 

family consisted five identical pieces of raw material. 

A part selection rule was defined as a decision rule by which 

the highest priority part was selected from the front row of the 

storage areas. The ruls gav# a part a new priority value **enew»r 

the AB/PS cart %ws ntày to fétdi. One exception was storage area 8. 

That is, a semi-finished part was independent of a part selectim 

ruls. tttw) storags area 8 had a aemifinishsd part, it was always 

assignsd the highest priority valus. This ruls was also applisd in 

ths actual 1MB. 

Mmny jd> shop scheduling rules have been reviewed and mmmarized 

in Oî ter 2. Of Oisse, sons rules can be considered or used as part 

selection rules without ths loss of aî  general diaracteristics. 

Part selection oriented sdwduling rules are described in the next 

section. The final seven part selection rules used in the simulation 

am described in Section 5-3. 

2. Bart selection oriented sdw&iling rules 

Most dispatching rules have been developed for the general jds 

W)op. The definition of a dî tching rule for this research was a 

decision rule used to select a part from storage areas. The die* 

patching rules were called as part selection rules. Sense of the 

dispatching rules reviewed in Oî >ter 2 could not be used with the 

l̂ sical EMS model. For example, the rule PaSPS (First Arrival at 
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Shop, First Served) by which a job which arrives at the shop was 

selected first, could not be used in this research because an initial 

queue at the front of the shop did not exist in the model. 

To choose appropriate part selection rules, the following 

criteria were used: 

. No setup time was necessary in the model; 

. The model was a closed-loop system; 

• Priority was never changed during the simulation 
(static rules) j 

• Each pert had a specific ((tollar) value, no family of 
high values or low value#; 

. No preferred class pacts existed in the storage area; 

. No truncated version of the 8PT rule was considered in 
part selection. 

Table 5-1 shows nineteen part selection rules that satisfy the above 

criteria. The following notation (5. 6, 7) was used to define 

various priority rules in Table 5-1. 

t » the time at which the selection is made at a 
storage area; 

i » an index of a part (i»l, 2, 3, — 7); 

Z(i,t) • a priority value of the i th part at time t; 

j * an index of operation on a part; 

J • a specific value of j. The operation for which 
a part was in the storage area; 

k * an index of a storage area's stored parts; 

g(i) « the total nmber of operations on the i th part; 

» the time at which the i th part becones ready 
for its i th operation - that is, the time at 
whidi the i-i th «̂ ration is completed; 
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Table 5-1. Scheduling rules applicable to part selection 

NO. Rule Definition Description 

RMBGN Z(i,t)" X(i,J) 

SPT 2(i,t)" P(i,J) 

LPT Z(i,t)" -P(i,J) 

ronn 

8 

9 

10 

u 

MOfMt 

IMQI 

MNKR 

ïxam 

suai 

omso 

z(i,t)" -(9(iwn) 

Part is selected randomly, 
(not# that a pert receives 
ft nsw number for each of 
its operations). 

Part is selected «Atich has 
the shortest (iaminent) 
operation processing time. 

Part is selected $Aich has 
the longest (imminent) 
opersticm processing time. 

Past is selected <4iich has 
the fewest operations 
remaining to be perfomed. 

Part is selMTted which has 
the most operations 
remaining to be performed. 

Z(i,t). T P(i,j) 

3(i,t)" «23 P(i,j) 

%(i,t)» P(i,]) 
i*» 

Z(i,t). d(i) 

d(i)-t- 2] P(i.j) 

Z(i,t)» R(i,l) * 

(d(i)-m(i,i)) W/gU)) 

Part is select «Aiidi has 
the least work remaining 
to be perfomed. 

Part is selected which has 
the most work remaining 
to b# perfomed. 

Part is selected »*id% has 
the greatest total work 
(all operations on the 
routing). 

Part is selected «hî t has 
the earliest due-date. 

Part is selected which has 
the least slack time 
remaining. 

Part is selected «Aiidt has 
the earliest operation 
due-dates; eqû ly ̂ aced 
due-dates are assiĝ  to 
each operation at time part 
enters the storage area. 
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Tabic 5-1. (cmtlnucd) 

NO. Rul# Definition Daactiption 

12 

13 

Si/OPN %(i,t)" 

s/n 3(i,t)" 

d{i)-t- S-îlhÉl ffii 
Lp(i»j) 

14 

IS 

16 

JPJ 
PmKR(a) %(i,t)" a * P(i,J) 

• (l-a)« V P(i,j) 

P/l«R(a) %(i,t)" 

P(i,J) • 12>U»J)Î 
m 

9/m %(i,t)» 
P(i,J) 
t»! 
P(i,i) 

17 p*g/OPW(a,W 3(i,t)" a * P(i,J) 
• (1-8) • (d(i) -

#) 
t • EMi,j)) / 

4% 
(g(i)-J+l)* 

18 VMUB Z(i,t)» V(i) 

19 fSfS 3(i,t)* 8-k 

Past is sslactad whid) has 
the smallsst ratio of 
slack-tim# to nwter of 
qparation# ramaining. 

Part is sslectad which has 
th# smallest ratio of 
slack time divided the 
remaining processing time. 

Part ie selected which has 
the millest weightsd sum 
ci next processing time 
and work remaining* 

Part is sslectad which has 
the eaallest weighted 
ratio of next processing 
time to work nmaining. 

Part is selected «Aiich has 
the mallest ratio of next 
processing time to total 
work. 

Part is sel#NAed which has 
the aaallest weighted sum 
of mxt processing time 
wd slack time per ̂ ra
tion nmaining. 

Part is selected which has 
the highest dollar value. 
The priority is taken to 
be equal to the value of 
the part. 

Part is selected (*ich is 
stored at the nearest 
distance frcm the AS/RS 
starting point. Storage 
area 1 has the highest 
priority. 



www.manaraa.com

110 

P(i»j) • the processing time for the j th operation of the 
i th part; 

X(i»j) • a random number. K particular value of a random 
variable# uniformly distributed between 0 and I, 
assigned to the j th operation of the i th part; 

d(i) • the du»-date of the 1 th part; 

V(i) » the (dollar) value of the i th part. 

In Table 5-1, the rule FSfS (Rule 19) is a rule in which the 

traveling time of the hS/VS cart was coiwidered. Storage area 1 had 

the highest priority due to the ihortest traveling time. Storage 

area 7 had the longest traveling time. Storage area 8 was inde-

pmdenfc of a part selection rule evm though the asM mm the moat 

distant from the cart's starting position. 

Conway (5» 6) md Conwî  et al. (7) deteminsd the best valuM 

for Rules 14 (P# ##m(a)), 15 (P/MOKa)) and 17 (P*8/0fli(a,bn • These 

imlues have bem nnnarized in Chapter 2. 

3. Part selection rules used in the simulation 

Wble 5-1 Aows ninetem pert selection rules whidt could be 

evaluated in a flexible manufacturing system environment. Among the 

nineteen ruW, seven part selection rules were finally selected for 

this ressert after comsidMatiw of the physical model's diaracter-

istics. 

In a genmral IMB* a grotqp of parts «̂ idi has similar character

istics in manufacturing and design is groqped into a part family, 

Usually, this grouping proca&wre is accomplished by gro%̂  technology 

classification and coding methods (2) which is a manufacturing phil-

osoply. the defined part family usually has a less complicated 



www.manaraa.com

Ill 

piooMS Mqu#nce when compared to a traditicmal j<̂  shop process 

xoite* 

In the pl̂ ical IMS model, seven different families were 

processed in %Aid% maximum mndser of processing st̂  of a part wes 

two. This feature was %Med to select the final seven î rt selection 

xulM that were evaluated. For exmple, the rule FOPNR (Rule 4 in 

Table 5-1) was not expected to show mucA) variatim in the motel. The 

rule, therefore, was excluded from further «maideration. 

Detailed descriptions of the criteria used to select the seven 

part selection rules are presented below. 

• The maximum number of operations fm any IMS part was 
small (two). Parts 1, 3 and 4 needed only two machining 
operations. Parts 2, 5, 6 and 7 needed am machining 
operation. Because of this, the rules PWNR, MWm, 
EM», MM», OPIDD and S/OfU in Table 5-1 were excluded 
from further consideration; 

. Due to the «nail nudùer of operation, the TWMK rule was 
expected to perform like the WT rule. This rule «os 
also Aerefmre mcluded. Since the P/TMK rule was based 
on the TWMK rule, it tas also eliminated; 

. The LPT rule never performed better than the SP7 rule in 
earlier studies. This rule was therefore exeluted from 
further consideration; 

. All rules in which performance «as dspwident qptm a 
cific eoimttmt wwe «icluded. Thcwe rul#a included the 
rules M#m(a), pyliKlt(a) and P*@/OPN(a,b). 

As a result, the following seven part selection rules were selected 

to be evaluated as part of this reŝ urch. 

. RANDOM rule " A storage area was selected randomly at time 
of dî tching. The first part of the selected 
storage area had the hî iest ̂ iority* The 
first part of ead) storage area was assigned 
a new priority value in every fetd). 
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FSFS rultt - A Storage ana was islacmd which was nearest 
to the AS/RS cart's starting position. The 
first pert in storage area 1 had the highest 
priorî . The first pert in storage area 7 
had the lowest priority. 

SPF rule - A storage area was selected whwe first pert 
that had the shortest operation processing 
time. 

OOATC rule - A storage area was «elected whose first |»rt 
that had the earliest due-date. 

SLACK rule - A storage area was «elected whose first part 
that had the least slack time rmmaining. 
According to the priority equation in Table 
5-1* this rule generatmd a new slack time 
value for the first psrt in every fetch. 

B/Vt rule - A storage arm was selected Wioee first psrt 
that had tiie «mal lest ratio of slack time 
divided ly the remaining processing time. 
According to the priority equation in T*ble 
5-1, this rule generated a new S/Ff ratio of 
the first pert in every fetch. 

VALOB rule - A storage area was selected $*ose first part 
that had the highest (dollar) value. The 
priority was taken to be equal to the value 
of the pert. 

Ead) pert selection rule was tmwd for the duration of simulation nm. 

The following operating characteriatice applied: 

• If no parts were avail̂ Ale in the storage a»as, the part 
selection rule in effect ceased operation until at least 
one part became available; 

. Storage area 8 was independent of each part selection rule. 
Whenever there was a eeei-finished part stored on storage 
area 8, the part was aligned the highest priority in every 
£etd); 

. Nhwwer a machine center ot a twning cell had at least one 
spaœ for a part, the part selection rule was in effect 
activated to select the highest priority part; 
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. If no wmre available in either machine center cell 
or the turning cell, the part selection rule in effect 
ceeaed operation mtil at least one qpece became avail̂ le; 

. Bad) part selection rule was evaluated wider the effects of 
random failurw of major cmponents of the physical model. 

C. Machine Canter Selection Rules 

1. Overview 

The physical model had six î tical iMdiine centers. Bach 

mad)ine cmter could process aiy parts provided from the AS/R8 

stwage arws. A madiine center selection rule was defined as a 

decision rule by which the highest priority madiine cw)t« mm 

selected to process a pert. Bad) rule assigned a mad)ine center a 

new priority value Wien the AS/US cart was reê  to fetd). 

Mwy job «hop scheduling rules hav been reviewed and ramarized 

in Chapter 2, Among these, aoae rulM can be used as machine center 

selection rules without the loss of aî  general characteristics. 

Those rules that are madiine center «election oriented are described 

in the next awtion. The final foiar mad)ine cent« mlection rule# 

aelecud for use in the simulation are described in Section C-3. 

2. Machine center selection oriented scheduling rules 

Some traditional job Oiop sdieduling rules can be used as 

madiine center selection rules. The model contained only one turning 

cell. The process route of a selected part determined which parts 

were sent to the turning cell. 

TO select propriété machine center selection rules for evalu-
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at ion, the following criteria were uaad. 

. NO aetif time wae neceenucy in the model; 

• h pert had only one machining qperation on a machine 
cMteri 

. madiine center proceeaed a pert on a first come-
first MTve basis (icrs) t 

. The priority was never diangsd during the aimulation 
(static rulaa); 

, No preferred class of madiine centers existed in the 
machine cmUa cell; 

. Eadi marine center had a maximum queue length of five 
pwtsi 

Table 5-2 Aows five machine center aelection rules %*id* satisfy the 

above criteria. The following notation {5, 6) is used to define 

various prlwl̂  rulM in TWble 5-2. 

t • the tine at W)ich a aelection for marine 
assignmsnt is made. This time is the Mme as the 
definition for the part selection rule; 

m » an index for a machine center to process the 
selected parts; 

i » an index for a pert to be procMsed by a madhine 
csntw; 

j • an index for an operation of a part; 

J • a ̂ eclfic value of j, the operation for n̂ ich a 
part arrived at a machine center; 

P(i,i) » the processing time for the j th operation of the 
i til part; 

Z' (m,t)* the priority value of the m th machine center; 

N(m,t) » the total number of parts at the waiting line on 
the m madiine; 
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Table 5-2. Sdiedullng nilM applicable to mî ine center Mlecticm 

MO. We Definition DeKripticm 

RMOON 2*tm,t)» X(m) 

3 

4 

NXMO 

mm 

P*W(a) 

mes 

Z*Cm,t)- w#,t) 

Z* (m,t)» *CRi#t) 

Midline cmtex is selected 
randomly at the time a part 
is fetched. 

Machine center is selected 
which has the Aortest 
queue. 

Machine center is «elected 
which has t)w leest work. 

# * P(i,J) Machine center is selected 
which has the asallest 
weighted mm of next 
procMsing time md work in 
the waiting line. 

• a-a) * Y(m,t) 

Z* (Rift) •7-01 Midtine cmter is selected 
whidi is nesrest to storage 
arses. Machine omter 1 had 
the hif̂ iest priority. 

X(m) • a random number, a particular value of a candcm 
varî Oe, unifomly distributed between 0 and 1, 
assigned to the m th madiine center; 

y(m,t) • the total work at time t, at the waiting line on 
the m th nadiine canter (total wwk was the ma of 
the imminent oporation processing times ot the 
N(m,t) parts in the waiting line). 

The IMPS rule (Rule 5) is a rule in which the route time of a 

part is considered. Machine center 1 had the hî xest priority, vAiile 

madiine center 6 had the lowest priority. Conway (5, 6) and Conatu 

et al. (7) detemined the best parameter values for Rule 4 (P*WD(a) ). 

These values have been described in Chapter 2. 
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3. Machin# oantar «election mie# uagd in the simulation 

Table 5-2 mhow# five machine center selection rules t̂ ich can be 

evaluated in a flexible manufacturing systm environment. Among 

these five rules, four machins center selection rules were finally 

selected for evaluation in this research. Rule 4, P+«0(a) was 

excluded from the final four rules because its performance was 

dependent qpon a specific constant. As a rssult, ths following four 

machine center sslsction rules were selected for evaluation. 

• RANDOM rule - K machine center wes selected rantomly at 
time a part was fstdwd. 

- h madiine center was selected «hich was 
nearest to the Ag/RS cell. Machine center 
1 hsd the highest priority while inchins 
center 6 had the lowest priority. 

- h machine center was selected which had 
the Aortest queue at the time a part wes 
fettled. 

- A madiine center was selected which had 
the least w»ic at the time a part was 
fst%*sd. 

The following operating characteristic* «qp̂ Aied in each simulation 

run. 

. The mximni queue length of each madhine center was five 
parts including the part WUtA* being processed. Wienever 
the queue was full, the machine center was assigned the 
lowest priority no matter %*ich machine center selection 
rule was in effect; 

• Mhen all madiine centers were full with thirty parts 
(» 5 parts per queue * 6 machine omters), the AS/RS cart 
stopped fetching parts processed by machine centers. 
This means that both part selection and machine center 
selection ceased until a machine center generated one 
ĵ pace in its queue. The turning cell selection was inde
pendent of a marine center selection rule; 

. IMTO rule 

, Nmo rule 

. WWQ rule 
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. BmcA machine center selection rule was evaluated under the 
effects of random failures of major components of the 
p*VKial model. 

Sevm part selection rules and four machine cmter selectim 

rulM have bem dMKxibed for the pl̂ ical model. One part sel̂ ion 

rule was condbined with one mwhine center selection rule to nwke one 

decision rule set. The total ranter of decision rule sets was 

twenty-eight. If all nineteen part selection rules and five machine 

cmter selection rules had been evaluated, the total number of 

decision rule set would have been ninety-five. Bad* decision rule 

set was simulated for more than 11 hours in the pî ical model. If 

all ninety five decision rule sets had been evaluated, the total 

simulation hours required would have exceeded 1,045 hours (• 95 sets 

* 11 hours per set). This time requirement was the impetus for 

limiting the simulation analysis to twenty-eight sets. 

D. Fixed Simulation Parameters 

1. Overview 

Wimâ parameters were the operational parameter# of the model 

that remained constant during ead) of the î iysical simulations. The 

fixed parameters of the model were; 

. Manufacturing process sequence; 

. Processing times of parts; 
, Due-dates of parts; 
. Maximum queue length of a machine center and the turning 
cell; 
. \%lues of parts; 
. Faliure data for major î stem con̂ ponents. 

This section describes these fixed parameters with rê «ct to the 

actual system. 
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2. Manufacturing ptoceaa sequence 

The developed model uaed meven different part famillM to 

rê ee«nt the aeve% differmt pert gro»v# (namifactured in the «rtual 

t̂em. Table 5-3 present# the fixed set of mamifacturing process 

asquences used for the manufactured parts in the model. Parts 1, 3 

Table 5-3. Manufacturing process aequences (3) 

Part nmber Proceas ssquence 

1 A8/R8, turning cell, AB/RS» machine center, A8/RS 
2 9S/VB, machine center, AS/IS 
3 A8/W, turning cell, AS/M, mchine cmter, AS/RS 
4 MS/fS, machine emtm, A8/RB 
5 M/RB, turning cell, AB/RB, machine cmter, AS/16 
6 AS/US, madiine center, Ag/RS 
7 AS/RB, machine center, AS/RS 

and 5 «itered to the semi-finished storage area (storage arm 8) 

after pawing through the turning cell. Parts 2, 4, 6 and 7 entered 

to their original storage areas as new raw materials after processing 

by a mad)ine center, 

3. Processing times of machine centers 

Actual machining times, in minutes, of «even different part 

families ranged between 11,2 and 160.4. The turning cell processing 

times were identical for all parts. Table 5-4 thorn the actual 

machining times and the turning cell processing time for ead) of the 

seven part families. Bach family contained five identical parts. 

The actual madiining times and the turning cell processing times 

were adjusted by a time scaling factor ĥ idi was described in Chapter 

4. Table 4-7 showes time scaling factors for all twenty-eight 
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TWbl# 5-4. Processing times of part families 

Pact mmber Actual time tmin.) 

1 47.8 
2 82.8 
3 23.0 
4 11.2 
5 14.4 
e 160.4 
7 20.2 

Turning cell 20.0 

Total 419.8 

decision rule sets evaluated in this refeardi. t̂pendix B prwents 

the adjusted pxooMsing timss with the time soiling factor of eadt 

decision rule set, 

An ÊsmfUm can be trnd to illustrate the data presented in this 

Appaodix. The read» is referred to the data ̂ Mmted in Appendix B 

for the RMOOH/RMSCH decision rule set. A scaling factor of 12.2067 

fqpplies for this rule. The adjusted processing times are obtained 

reducing the original processing times (also presented in Table 5-4) 

by this factor. All adjusted times total 34.3909 minutes (• 419,8/ 

12.a%7). This amount is the number of machine-minutes required to 

produce the seven parts in the model tAtm the RANDOM rule was used 

for both part selection and machine center selection. 

Since the six madiine centers and the turning cell can all 

operate simultaneously, the average ĵ oduction rate was effectively 

increased by as mudi as seven. This is equivalent to manufacturing 

seven parts every 34.3909/7» 4.913 minutes imder the RANDOM part 

selection and RANDOM madiine center selection rule. This rate 

assunes that no breakdowns occur. The material handling system must 
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thet#fot* «vply an avazaga of aavm paxta in 4.913 mimitaa, Aa 

daaeribad in Sactim E of Chapter 4, tha average amount of time ̂ nt 

for the AQ/FS cart to fetdi a part wm 0.5384 mimitea* Thia maana 

that the A8/RS cart had aufficiant capability to provide 9 parta (• 

4.913/0.5384) to either the machine cantata or the turning cell. 

4. Procaaaing time of the turning ctII 

The turning cell ccnalatad of lathe 1, lathe 2, a waahing 

atation and the robot. The turning cell proceaaing timea were 

idmtical for all parts (20.0 nimitas in the actual intern). Thia 

total time waa divided among lathe 1, lathe 2, the waahing atation, 

and the robot, every pert entered to the turning cell waa proceaaad 

fay a fixed aaqumce apacified below. 

SWpe* 1. pidiing a part up from the input queue by the robot; 
2. moving the part to lathe 1 by the robot; 
3. procMaing the pert on lathe 1; 
4. moving the part to lathe 2 by the robot} 
5 procewlng the part on lathe 2; 
6. moving the part to the waAing atation by the robot; 
7. waidiing the part; 
8. moving the part to the finiah queue by the robot; 
9. tiie robot's return to the input queue to pick up the 

next part. 

Of these nine staça, steps I, 2, 4, 5, 8 and 9 were accomplished by 

the robot. 8t# 3 was pmrfwmed on lathe 1, st̂  5 was completed on 

lathe Z, and st̂  7 was performed at the waiting station. The total 

amo%mt «E time execute stqis 1 through 9 is 20 minutes in the actual 

t̂em. 

The detailed explanation of the turning cell operation has been 



www.manaraa.com

121 

presented in Chapter 3, An industrial robot in the actual turning 

o#ll was lapxeasnted by a Mini-Novvr-S miniati»» «Aot of the model. 

The Ninl-Novex-5 (33) is a 5-a*is td»le-t<̂  fM»ipulator »Aich is a 

point-to-point nonservo am. Each joint is controlled by a stepper 

motor mranted oi the body. The lifting opacity of the mwipulatoz 

is 8 ounces when fully extended. The maximum speed is from 2 to 6 

indies per second depending upon the weight of the object being 

handled. Thp resolution of the manipulator is 0.013 inches »Aich is 

the smallest amount that the manipulator can move. The arm is 

connected to a computer (a TRS-BO Model III microcomputer in the 

model), and the MMMSIC (33) cassette is loaded. MMASIC is a 

special machine language used to ccntrol Ae Hini-Mover-5. The major 

stoeuetual ccmponents of the robot are Aoim in figure 5-1. 

aipsed is a main factor %*en the Itiini-Mover-S is reipresents m 

in&mtrial robot. The Mini-Mover-5 moves at mud* slower speeds than 

do full size robotic arms. The Nini-Mover-5 uses the 6 stepper 

moteurs to move all joints simultaneously. The speed of each motor 

(33) is determined by a delay between st̂ pe detemined by 

Delay • 1.2 • 0.03 * 0 (5-1) 

Wmre D » the del̂ v «xpwssion evaluated to an integer. 

The mailer the del«y, the faster the resulting motion. For a 

delay value of zero, the am waits 1.2 milliseconds between motor 

steps. For eadi additional unit of del̂ , the am waits an 

additional 0.03 milliwconds between pulses. Comparatively, actual 

inAmtrial robots have a wide variety of speed values. For example, 

a 6.B. model P50 industrial robot (34) has five joints (*ich are 



www.manaraa.com

122 

SNOUlOill JOINT 

• AXIS 

PORfARM 

WRIST MINT 

MANO 

Figure 5-1. Major Structual Component# 

oparatad by aarvo motor#. Programmable î eeds range between 0.3935 

and 78.7 inches per minute. 

In both the actual FMS and the model, robots move both hori

zontally and vertically to load/unload parts, the Mini-Mover-5 in 

the model operated at 0.7842 minutes per part in the turning cell, 

this means that ti» ltini-Mover-5 «quired 0,7842 minutes in order to 

complete steps 1, 2, 4, 6, 8 and 9 of the tuening cell step sequence, 

A delêQT value of 50 in Bguatiw 5-1 was used to <̂ tain this movment 

p̂eed. 
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The operation time for the robot in the actual FMS was not 

available for uae in this researdi. It wis assumed that the actual 

robot's operation time was the same as the Mdni-Mbver-5 operation 

time (• 0.7842 mimites/pert). This assumption is reawnabl# because 

the time programmed on the Mini-Mover-5 is well within the range of 

speed values of mwt industrial robots. 

TO maintain a time 0*7842 mimites per part, the speed of the 

actual riAot would be roughly 20" per second. The r̂ t's operation 

time was includsd in the total turning cell time (20 mimites per 

pert) • The remaining tW was divided between lathe I, lathe 2 and 

the washing station* This remaining time WM prorated on the basis 

of data from the actwl ms. Processing times of laUw 1, lathe 2 

and the waiting station were 56.67%,, 26*67% «id 16.66% of the 

remaining time respectively. 

The turning cell time of the actual ay9tm is defined in Table 

5-5. The actual turning cell processing time was adjuited a time 

scaling factw for eadh decision rule set, it mearai that the 

processing times of lathe 1, lathe 2 and the washing station were 

adjusted by the time scaling factor. However, it should be noted 

that the robot's operation time (> 0.7842 minutes) was a fixed value 

in all decision rule sets because the î seed of the r<*ot was fixed at 

a del̂ y of 50. Other component times in the turning cell were 

consequently adjusted so that the total time was reduced by the value 

of the «fplioidble scaling factor, ĵ ipendix B ̂ wws the adjusted 

accessing times of the turning cell under each decision rule set. 
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"Nbl# 5-5. Turning cell tim# distribution 

Ocmpcmmt Proceaaing time per part (min.) 

Lathe 1 10.8896 
Lathe 2 5.1249 
NMher 3.2014 
Mini-Mov«r-5 0.7842 

Total 20.0000 

5. Du# dates of psrts 

Oonŵ  (6, 7) has described four different assî pmant methods 

for Aie-dates. Due-dates are the time at whid) pert completion is 

dMiired. It was Msumad for this reseerdi that the Aie-dates were 

assignsd to parts prior to their being dî tching from storage 

arees. Further, these dates were asranad to remain constmt AKing 

the simulation. The four methods of due-̂ te awignment dMcribad by 

Canma are* 

. TMK (Total-Mbrk due-dates) - The allowance for flow time 
(the diffwewe betwaw* <ke-dates and arrival time) was 
9 time# the sum of the proceesing time#. 

. NOP (WUsber-K̂ -Opmration due-datM) - The allowMce for 
flow time wm 8.883 times the nuÉbcar of opwations. 

. COW (COraitant-Allowance due-dates) - Bach part received 
exactly the same allowance (78.7985 minute#). 

. RDH (Randat»-Allowance Aie-dates) - Bach part was assigned 
an allowance at random. Allowance# were uniformly 
distributed between 0 *md 157.597 minutes. 

In this research* the THK Axe-date assigment method was 

adopted. Table 5-6 ̂ *ow# the allowance for processing times of seven 

different part families imder the TfOC method. The allowances for 

parts 1, 3 and 5 were computed by including the turning cell time. 
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"Pabl* 5-6. Allowanc* fox flow tin» 

Pact family tm (min.) 

1 
2 
3 
4 
5 
6 
7 

610.2 
745.2 
387.0 
100.8 
309.6 
1443.6 
181.8 

Th# arrival tim of every part wac initially aaauned to be Mro when 

aimilaticn atartad. Howavar, «vary part had ita own arrival time 

valu» «Awn tha part ratumad to its original atoraga area as raw 

matsarial. 

Tha allowanoaa of prooawing tina wara alao adjusted by a time 

acaling factor for a decision ruls aat. Tha time aealing factora of 

all tNanty-«lght decision rule asts are Wiown in Table 4-7 in Chapter 

4. Appendix B tfXMS the adjusted allowwces with the time acaling 

factors for the decision rule aets. 

6. Maximum queue length 

The nuÉber of parts in eacA* storage area was limited to five. 

Queue length at the machine centers and at the turning cell waiting 

line was limited to five parts including the part being ctarrently 

processed. 

The perfomwmce of a decision rule set was dependent upon 

miMfiman queue length. Vhsm a machine center was full with five 

parts, one of the other of machine centers had to have at least one 

available qpace for a part to be rwted to it. When all machine 

centers were full, the part selection procedure of a part aelection 
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rul* «## tnqporarily stê ipad until a machine center generated a space 

for a part. When the turning cell warn full with five parts* the part 

eelection procedure waa alao striped until the tinning cell generated 

a new apace for a part. During the #%y#ical aimulation, theae 

aitiwtia» occurred both frequently and aiimiltaneoualy. They are 

deaacribed in greater detail in Chapter 6. 

7. Valuea of carta 

The dollar value of a part was necessary to determine a priority 

in the "VAWE" rule. In this stû * actual dollar values of seven 

different part families were used. Table 5-7 shows the values i*ich 

wem determined from raw material costs and processing costs of 

psrts. The pgocessing cost was a linearly increasing function of the 

processing time fw a part. The processing times of parts 1, 3 and 5 

include the turning cell's operatiw time. The cost Anction used 

was (9 1.333 per vwit-minote) * t lAere t was the processing time in 

minutes for a part. This value and the raw material costs ware baaed 

on actual data for parts manufactured in the actual IMS. 

Table 5-7, Dollar values of part families 

Part Actual Processing Raw Total 
processing 

Processing 
material 

family time (lain.) cost (8/unit) cost (8/unit) cost (8/unit) 

1 67.8 90.38 100 190.38 
2 82.8 110.37 10 120.37 
3 43.0 57.32 35 92.32 
4 U.2 14.93 3 17.93 
5 34.4 45.86 62 107.86 
6 160.4 213.81 18 231.81 
7 20.2 26.93 56 82.93 
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B. Breakdown Timaa of Oanpontnts 

1. Overview 

TWen̂ îght declaim rule aets were evaluated under the effecta 

of random failures of major ayatem ccmpanants. There were three 

major com̂ onenta in the model t the A8/R3 cart, the machine center# 

and the Mlni-Mover-S of the tvanlng cell. Th#a# major can̂ onanta 

were allowed to unpredlctidttly and ainultaneoualy fail during the 

aimulatlon* Theae component# had different average time Intervala 

between failure# (MTBf), diff#r#nt awrag# duration# of fallur## 

(tor) md diff#r#nt avallabiliti##. Th# MTV i# th# m#«* tin# 

b#twMn fallur##. MBT 1# th# m#an downtin#. Th# avail Ail Ity ia 

d#fln#d a# th# prdbabillty Aat th# syaten i# operating at tin# t 

(35). In contraatf the reliability is the probability the system has 

operated with failures over the interval 0 to t. The reliability is 

alwiQf# less than the availdt»ility. Th# availability i# d#t#%mined by 

tfm/omr * »®t> (35), 
failure data were obtained from the actual system. Detailed 

failure data malysls by wkid* the MTBF, WT and availability of eâ  

major coaqponent war# obtainW is ipresented in ̂ ippendix C. 

This c$*̂ t#r describes application of the MTBP, MDT and 

availability of eadi major ceê mnent for the model# 

2. Ose of an exponential distribution 

The MTBT of each mj<K aaçonent vas (Attained from Appendix C. 

It can be mmariaed as follows: 
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. WTBF of the AS/RS cart • 1.6315 hours; 

. VISBf of th# robot » 78.6503 hmcs; 

. WTBP of machin* center 1 • 66.7697 hours; 

. WTBP of machine center 2 • 64.1815 hours; 

. MTBT of machine center 3 • 145.2707 hours; 

. (fnP of machine cmter 4 • 183.4626 hours; 

. wrap of machine center 5 • 114.9211 hours; 

. MX6P of machine centmr 6 • 114.9211 hwrs. 

In general, the TBP (time between failures) follows an expo

nential distribution (35). With an exponential distribution* randkm 

nuRdbers whidi r̂ prnent uptimes between failures can be generated 

over simulation run time. A graphical illustraticm of the failures 

is shown in Figwrs 5-2. 

time 
45 38 40 

„r~ 140 hows 

down 

total qptime 45+38+40*2 
. HTBf » ———— ••••• • m 31.25 (hrs.) 

total number of î ime 

total downtimes 
. MOT » 

total muter of downtimes 

total qptims 

• 3.75 (hrs.) 

. Availability « 
total avaiWAe production time 140 

mer 31.25 

«rer • tm 31,25 + 3,75 
0.8929 

Figure 5-2. Graphical illustration of failures 

In Figure 5-2, unshaded areas represent uptimes in which a 

component is operable. Shaded areas represent downtimes in vAich a 
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caiqpawnt is in a failed condition. 

With an «xpmmtial random watÊX gwierator, un̂ iadsd areas 

(qptimss) cam b# randomly ganeratsd. The random mmbers were 

generated fay Equation 5-2 (36). 

ln(l - r) 
X ——— (5-2) 

- X  

%Aere 

X « the desired random observations (uptimes) ; 
r • a random decimal number between 0 and 1} 
X " the mOÊ of a ccnpmmt. 

Equation 5-2 is m exponential random mnbn; generator which is 

dncived from the cumulative distribution Amotion of an «iponential 

distribution. The X valu## in Equation 5-2 were generated ov«r the 

simulation run time. The simulation run <m a reel time basis was 140 

hours (# 7 * 20 hours/dî ) • The n» time was adjusted by a time 

acsling factor for a decision rule aet. Th# adjusted simulation run 

time is presented in a later section of this duipter. 

3» Be# of mean downtime (nrr) 

The Mnr of eacii major component was used to randomly generate 

the uptimes between failures ti»oû  the esqponential random nwbw 

generator. The Itft of eodi major ccnponent is î esented in Appendix 

C. It can be summarized as follows; 

, MDT of the AS/RS cart • 0.1835 hours; 
. MBT Of the robot » 3.1238 hours; 
. HPT of matWne cmter 1 » 6.3225 hours; 
. MOT of madiine center 2 » 5.7971 hours; 
. MDT of machine center 3 » 19.8283 hours; 
. MET of madiine center 4 » 3.36% hours; 
. MDT of marine center 5 » 8.8277 hours; 
. MPT of machine center 6 * 8.8277 hours. 
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In ̂ neral, th# DT (downtime) also follow# an exponential 

distribution (35). With an exponential distribution, random numbers 

t̂ idi r̂ aaant Ammtimw (shaded araaa) of failures can b# 

gmaratad. However, the MOT should consist of two time fMtors to 

follow an eNpmwxtlal distribution* mean repair time and mean 

rê oim time. The mean r̂ ir time is an average time required to 

repair electrically or mechanically a failed component. The mean 

réponse time is an average time required to aAniniatratively manage 

a faillie. The mm (DT) of the mem repair time and the mean 

re#poR## time follows m exponential distribution. 

The dowitime data collected for the four actual robots omtained 

both the maÉMK of failures «id their derations. Failure durations 

included not only repair times, but also tinwe to administratively 

dispatch repair perswmel to the failed imit. This permitted the 

calculation of a mean dOMitims (MDT) as shown in Appndix C. uptimes 

between failures were generated frcm an exponential distribution. 

See Bgoation 5-2. 

failure data for the actual AS/SS arts again obtained both 

numbers of failure and their Nations. Nowevmr, the failure 

durations included only r̂ ir times. The mean domtime was again 

calculated as riwwn in Appendix C. Uptimes between failures were 

generated using Bgwation 5-2. 

Failure data were available for only four of the six madiine 

centers. Time int̂ als and total downtimes were available. No 

records existed to indicate the number of failures in each interval. 

A Poisson process was therefore used to estimate the failure rate. 
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This pcoccM is described in Appendix C. Fsiluxe rates for t)w fifth 

and sixth mKhine centers were taken as simple averages of the 

failwe rates for machine centers 1 through 4. 

The failure durations in the model were not equal to the MOT 

values obtainsd for Ae rdaot, the AS/RS cart, and the machine 

cmters. The failures that occurred in the motel were ttn» of 

cowtant duration for agy particular coByonent> This was tene 

benuse of the vacation in format of the available actual data f% 

eadi these three IHB s%Asyst#ms. 

4. failures oi tim AS/RS cert 

h major oomponrnt of the AB/R8 cell was the cart. The cart 

moved bad! rad forth to dispatch a part selected by a part selection 

rule. lÊmi this cart failed to work either mechanically or electri

cally, the fetching operations ceased, and no more parts were 

provided to the workosnt«rs. The failed cart alwî  recovered at its 

starting position mentioned in Chapter 3. 

from Appsndix C, die mSF for the AS/RS cart was 1.6315 hours. 

The MDT was 0.1835 hours. The availability was 0.8989. Utilizing 

the MfBT value, random mnbers fm %#times between failures were 

generated from Bgoatioo 5-2. However, the MDT was fixed as mentioned 

previously. During the simulation run time (140 hours), the AS/RS 

cart failed 60 times. Table 5-8 shows the AS/RS cart's failure data. 

The first failure of the cart occurred at a time of 1.2624 

hours. This meai» that no failures occurred between 0 and 1.2624 

hours. The first failure recovered at time of 1.4459 {« 1.2624 * 
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Table 5-8. Pailuze data for the M3/BS cart 

No. Random number Pmiled at (hr.) Ricovered i 

1 1.2624 1.2624 1.4459 
2 1.0756 2.5215 2.7050 
3 0.4435 3.1485 3.3320 
4 3.1190 6.4510 6.6345 
5 6.8761 13.5106 13.6941 
e 1.8338 15.5279 15.7114 
7 0.8645 16.5759 16.7594 
8 2.1397 18.8991 19.0826 
9 1.8401 20.9227 21.1062 
10 0.4398 21.5460 21.7295 
11 0.6803 22.4098 22.5933 
12 0.5084 23.1017 23.2852 
13 2.5739 25.8591 26.0426 
14 2.6335 28.6761 28.8596 
15 1.5132 30.3728 30.5563 
16 1.3536 31.9099 32.0934 
17 1.3396 33.4330 33.6165 
18 1.5703 35.1868 35.3703 
19 2.6859 38.0562 38.2397 
20 4.4478 42.6875 42.8710 
21 1.9518 44.8228 45.0063 
22 3.0189 48.0251 48.2086 
23 3.3005 51.5091 51.6926 
24 2.4035 54.0961 54.2796 
25 1.3321 55.6117 55.7952 
26 3.3598 59.1550 59.3385 
27 4.1048 63.4433 63.6268 
n 0.5246 64.1514 64.3349 
29 1.0351 65.3700 65.5536 
30 8.0166 73.5702 73.7537 
31 3.73a 77.4898 77.6733 
32 0.5629 78.2361 78.4196 
33 1.0670 79.4867 79.6702 
34 1.1377 80.8079 80.9914 
35 0.5199 81.5113 81.6948 
36 5.7881 87.4829 87.6664 
37 1.0633 88.7298 88.9132 
38 0.8392 89,7524 89.9359 
39 3.4371 93.3730 93.5565 
40 3.7657 97.3222 97.5057 
41 1.7381 99.2438 99.4273 
42 1.4791 100.9064 101.0899 
43 5.1210 106.2109 106.3944 
44 0.4034 106.7978 106.9813 
45 0.4412 107,4225 107.6060 
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Tabl« 5-8. (continuad) 

No. Random nutter Failed at (hr.) Racov«nd at <ht.) 

46 1.3554 108.9614 109.1449 
47 2.6253 111.7702 111.9537 
48 2.3639 114.3176 114.5011 
49 1.9030 116.4041 116.5876 
50 1.4097 117.9973 118.1808 
51 2.5975 120.7783 120.9618 
52 1.1128 122.0746 122.2581 
53 1.4294 123.6875 123.8710 
54 0.8666 124.7376 124.9211 
55 1.3286 126.2497 126.4332 
56 2.6451 129.0783 129.2618 
57 1.5269 130.7887 130.9722 
58 0.5535 131.5257 131.7092 
59 2.4265 134.1357 134.3192 
60 4.6921 139.0113 139.1948 

0.1835). Tha next uptime (random number) between the first failure 

and ascend failure was 1,0756. Than, the second failure occtsrad at 

time of 2.5215 (• 1.4459 + 1.0756). The second failure recovered at 

time of 2.705 (» 2.5215 • 0.1835). This procedure was continued for 

the duration of the simulation nn time. 

5. failure of the machine cw>t»r cell 

Six machine centers pgooessed parts provided from the AS/US 

cell. Badi mâ ne crniter failed randomly during the simulation 

intervals. Hon than one madtine center ccHild fail simultaneously at 

any time. Nhm* a madtine center failed either mechanically or elec

trically during the processing of a part, the failure was assumed to 

start as soon as the miacMne center finished processing. If the 

Riadiine center was idle, the failure started immediately as described 

in Chuter 3. 

To estimiate the mean time between failures and the mean downtime 
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fos «ach of six machin# cwntors, a PoisMn pcoceas was u«d. 

hppmnàin C ahowa datailad dMcriptiona of the Poiaiw* pKocaaa to 

Mtkata th# (fTBf and th# MOT for aa<* of aix madiina cantaza. 

Tabla 5-9 praaanta th# WTBP, th# MOT and th# availability for 

th# aix imdiin# crnitwa. Tto HTBT «id MOT for machin# ccntcra 5 and 

6 war# th# avarag# th# MTBT and MOT valuaa for madnin# cantara 1 

thxoû  4. As daacibad in ;#p#ndix C, actual failur# data for 

mWxin# cmtsrs 5 and 6 was not availid»!#. 

Ming th# imr value for aadi mdiin# c#nt#r, ratdom nwdoara for 

uptiflMS between failures were gennratad by Equation 5-2. Table 5-10 

W)ows the failure data used iot the simulation. The data are hourly 

data and wwe adjusted by a time scaling factor f«r eadi daciaion 

rule set. 

Table 5-9. MTBF, WT and availability of six machine centers 

Machine mv mr Availability 
cmter ihr.) (hr.) 

1 66.7697 6.3225 0.9135 
2 64.1815 5.7971 0.9172 
3 145.2707 19.8283 0.8799 
4 183.4626 3.3628 0.9820 
5 114.9211 8.8277 0.9287 
6 U4.92U 8.8277 0.9287 

. Average Nnr » 114.9211 

. Avmage MDT » 8.8277 

. Average Availability » 0.9287 

Prom Tdble 5-10, total number of failures of the machine center 

cell is 10 during the simulation interval of 140 hours (real time). 

For example, first failure of machine center 1 occurred at time of 

76.3061. The failure recovered at time of 82.6286 (» 76.3061 + 
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Tabic 5-10. Failux* data for aix machina oantaca 

Machine Failure Random Failed Racovered 
cantar no. mmbar at (hr.) at (hr.) 

1 1 76.3061 76.3061 82.6286 
2 6.5257 89.1543 95.4768 

2 1 4 5854 47.5854 53.3825 
2 36.8361 90.2187 96.0158 

3 1 99.5060 99.5060 119.3340 

4 1 17.3079 17.3079 20.6707 
2 40.5086 61.1793 64.5421 

5 1 65.1861 65.1861 74.0138 
2 54.0881 128.1020 136.9300 

6 1 97.5032 97.5032 106.3310 

6.3225). Th# fwit î ia» betw##n ficat failuxa and aacond failura 

mm 6.5257 hotncaa. Than, aacond failura occurrad at tima of 89.1543 

(» 82.6286 + 6.5257). Tha failu» ncowarad at tima of 95.4768 (• 

89.1543 * €.3225). The aama prooadura mm applied for other machine 

oantara. 

6. failura# of the turning cell 

The turning call pvocaaaad the first operation of parts 1, 3 and 

5. The cell consisted of lathe 1, lathe 2, a washing station and a 

miniature robot (the Mini-Mover-5). As described in Chuter 2, the 

rdbot picked a part # from tha input queue and loaded the part on 

lathe 1« lathe 2 and the washing static in consecutive operations. 

Finally, the processed part was placed m the finished queue as a 

semifinished part by the robot. The robot was idle %*ile the part 

was processed on either the lathes or the washing station* 
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In the turning cell, the Mlnl-Mover-5 warn a major component, 

the zĉ ot failed randomly during the eimulatiw, the entire 

turning cell wee considered to be "down". From actual failure data, 

the ms«i time betwtm failiaces was fornd to be 78.6511 hmirs. The 

moan down time WM 3.1238 hours. The availability was 0.9618. These 

valuM were detained frem Appendix C. 

Utilising the obtained fffBT value* random numbers for tytimes 

betwesn failures were generatsd from Equation 5-2. The MOT was fixsd 

as a constant in sed) failure. TaMe 5-11 Aows the failure &»ta for 

the Mini-Hover-S. fm example, first failure occurred at time of 

9.4556. The failure recovered at tW of 12.5794 (• 9.4556 * 

3.1238). The next uptime between first failure and second failure 

wes 52.8951. Thsn, second failure occurred at time of 65.4745 (• 

12.5794 * 52.8951). The failure recovered at time of 68.5983 (• 

65.4745 + 3.1238). The same proce&ire was qpplisd for other 

failures. The data are hourly and was adjusted by a time scaling 

factor for ssdh decision rule set. 

7. Cowbinad failure data 

The faillies of ea<A cell were addressed separately in the 

previous sections. Table 5-12 shows the chronological failures of 

the model which include eadi of tiie major system components. The 

data are in hours and were adjusted by a time scaling factor of each 

of twenty-eight decision rule sets. Appendix D presents the adjusted 

failure data in minutes for the twenty-eight decision rule sets. 
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TAl# 5-11. Fallut* data for tha Mini-Mov*r-5 

PalluK# Random Failad Racoverad 
no. nunbac at (hr.) at (te.) 

1 9.4556 9.4556 12.5794 
2 52.8951 65.4745 68.5983 
3 27.4936 96.0919 99.2157 
4 21.5900 120.8060 123.9300 
5 3.7401 127.6700 130.7930 

Tabla 5-12. CORdbinad chrwological falluM data 

Failad at RMovacad at 
NO, Failad ccnponant (hr.) (hr.) 

1 wm cart 1.2624 1.4459 
2 cart 2.5215 2.7050 
3 wm cart 3.1485 3.3320 
4 A6/M cart 6.4510 6.6345 
5 Hini-Hovar-5 9.4556 12.5794 
6 Ag/NS cart 13.5106 13.6941 
7 AS/KS cart 15.5279 15.7114 
8 A6/RS cart 16.5760 16.7595 
9 Machina cantar 4 17.3079 20.6707 
10 AS/RS cart 18.8991 19.0826 
11 AS/US cart 20.9227 21.1062 
12 M/M «rt 21.5460 21.7295 
13 AS/RS cart 22.4098 22.5933 
14 Aft/RS cart 23.1017 23.2852 
15 AS/RS cart 25.8591 26.0426 
16 AS/RS cart 28.6761 28.8596 
17 AS/RS cart 30.3728 30.5563 
18 AS/RS cart 31.9099 32.0934 
19 AS/RS cart 33.4330 33.6165 
20 AS/RS cart 35.1868 35.3703 
21 AS/RS cart 38.0562 38.2397 
22 AS/RS cart 42.6875 42.8710 
23 AS/RS cart 44.8228 45.0063 
24 Madiine canter 2 47.5854 53.3825 
25 AS/RS cart 48,0251 48.2086 
26 AS/RS cart 51.5091 51.6926 
27 AS/RS cart 54.0961 54.2796 
28 AS/RS cart 55.6117 55.7952 
29 AS/RS cart 59.1550 59.3385 
30 center 4 61.1793 64.5421 
31 AS/RS cart 63.4433 63.6268 
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"Mbl# 5-12. (continued) 

Failed at Recovered at 
No. P#il#d empomnt (hz.) (hz.) 

32 MS/JS csct 64.1514 64.3349 
33 Mmchin# otnter 5 65.1861 74.0138 
34 Mm cast 65.3700 65.5536 
35 Nlni-Nowz-5 65.4745 68.5983 
36 M/RS cart 73.5702 73.7537 
37 HMhina oantaz 1 76.3061 82.6286 
38 MS/KS cazt 77.4898 77.6733 
39 AS/RS caxt 78.2361 78.4196 
40 MS/M cast 79.4867 79.6702 
41 tiS/KB cazt 80.8079 80.9914 
42 WW cazt 81.5113 81.6948 
43 AQ/R8 cazt 87.4829 87.6664 
44 Mi/US art 88.7298 88.9132 
45 Machine center 1 89.1543 95.4768 
46 AS/98 cazt 89.7524 89.9359 
47 HKhina center 2 90.2187 96.0158 
48 AS/RS azt 93.3730 93.5565 
49 Mni-Mov#z-5 96.0919 99.2157 
50 offt 97.3222 97.5057 
51 Midline oentez 6 97.5032 106.3310 
52 A8/RS cazt 99.2438 99.4273 
53 Midline oentez 3 99.5060 119.3340 
54 AS/RS cazt 100.9060 101.0900 
55 MS/VS cazt 106.2110 106.3940 
56 JI8/R8 cazt 106.7980 106.9810 
57 AS/R8 cart 107.4230 107.6060 
58 A0/RS cazt 108.9610 109.1450 
59 A6/RS cart 111.7700 111.9540 
60 ASi/RB cazt 114.3180 114.5010 
61 hS/VS cut 116.4040 116.5880 
62 A@/R8 cazt 117.9970 118.1810 
63 AS/RS cazt 120.7780 120.9620 
64 Mini-Movez-5 120.8060 123.9300 
65 AS/R8 cart 122.0740 122.2580 
66 Ag/RS cazt 123.6870 123.8710 
67 AS/US cart 124.7380 124.9210 
68 AS/RS cart 126.2500 126.4330 
69 Mini-Mowr-5 127.6700 130.7930 
70 MxMne center 5 128.1020 136.9300 
71 AB/RS cazt 129.0780 129.2620 
72 AS/RS cart 130.7890 130.9720 
73 AS/RS cart 131.5260 131.7090 
74 AS/RS cart 134.1360 134.3190 
75 AS/RS cart 139.0110 139.1950 
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8. "ttwottical mymtem effectivity 

In this xMMZdi# thwrctical î t«n «ffcctivity we# defined as 

the meximum system utilisation rate W*iA was achieved fay the model 

during the simulation with consideration of failures. The data in 

Abies 5-8, 5-10 and 5-11 indicate the following* 

. The A8/R8 cart failed 60 times and was do*m a total of 
11.01 hours (0.1835 hwrs * 60 times) in each simulation 
run; 

. ths machine cmter cell failed 10 times and was down a 
total of 77.2762 hours (6.3225 * 2 > 5.7971 * 2 * 19.8283 
* 3.3628 * 2 + 8.8277 * 2 + 8.8277) in each simulation run; 

. The Hinl-Nov«r-5 failed 5 times and wes dowi a total of 
15.619 hours (3.1238 hours * 5 times) in each simulation 
run. 

The tWft was constant in each failure. Then, the total failure time 

was 103.9%2 hours (11.01 * 77.2762 * 15.619) in the model. 

The tiworetical aystem effectivity is defined by the expressim 

below. 

TFT 
T6B » 1 - (5-3) 

M * CAP 

where 

T8E • the theoretical system effectivî ; 
CAP • the total simulation time available at full 

l̂ oAjction; 
M » the total nmber of cells including the AS/RS 

cell, the madiine center cell and the turning 
o»ll. im 3); 

TFT * the total failure time. 

The total simulation time was 140 hours in any simulation run. Then, 

from Equation 5-3, 

103,9052 
fSE • I - . " •' » 0,7526 

3 * 140 
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According to Equation 5-3, the theoretical â tm eff̂ ivity is 1 

without failures. With the failures of all three major caifxsnents, 

the symtem can achieve a maximun utiliiatiMi rate of 75.261. 

Eadi decision! rule set generated an actual ̂ stsm effsctivity 

%Aich «as less than Ae theoretical ̂ tem effectivity value. The 

actual system effeetivities are described in a later section. 

r. General Asmnqptiais in Cornering Dscision Rule Sets 

for consistant conperisons of decision rule sets, the following 

asseption# were adopted. 

• The pert processing time# were known «id were sequence 
independent; 

• The due-dates were known; 

. Once a pert was started on a model, it was processed to 
completion; 

. There were no merging or assembly operations; 

, Oiûy one part could be processed on a wnrkcenter at a given 
time; 

. There wee no alternative routing; 

• There was no pwemption; 

• Lot î itting md phase lapping were not pexmitted. 

G, Berfomance Criteria 

1. Overview 

All co8d)inati<ms of sev@n part selection rules and four madûne 

center sekxrtion rules were evaluated in this researdi. Decision 



www.manaraa.com

141 

nil* Mta war# evaluated uaiog the aix perfomaiwe criteria below. 

. Actual ayatem effectivî  (ayatem utilisation rate) i 

. Travelling time of parta; 
, Actual production output; 
• Hunifacturing Aroû t̂ time; 
. Mork-in-proceaa inventory; 
. Production lateneaa. 

Cadi performance oriterioi waa affected random failurea and the 

idle timea of mjor cowponenta in the model. The perfmnmance 

criteria are individually deacxlbed in the following aectione. 

2. Actual ̂ tem effectivity (ayataw utilisation rate) 

The thewetinl aĵ iwm ̂ fectivity in aection B waa defined aa 

the maximum effectivity that the model could adiiev* under the 

effects (d failtsM. In cwtraat, the actual î tem effectivity ia 

defined as the ratio of the actual operation time required to produce 

parts divided fay the available manufacturing time. This actual time 

does not include the failure timea and idle tWes ayatam com

ponents. The actual operation time of the model includM the 

following three majw factors* 

. Nodal fetch time - This time factor is described in 
Cĥ Wr 4. h model fetch time from eadi of eî  
storage areas is m awage time value. Howevwc, 
obaerved fetdi time imlues from ead) atorage area are 
uaed to obtain the actual î stem effectivity. Any 
failwe time and idle time of the AS/SS cart are 
«eluded from the model fetdi time; 

• Processing times or the madiine centmr cell - The 
processing time of each pert family is Resented in 
Table 5-4. This tine does not include any failure time 
and idle time of the machine center cell. However, the 
time is scaled down by a time scaling factor for each 
decision rule set; 
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. ProocMing tinws <m th# turning cell - Th# processing 
time of the turning cell is pwsented in 'Table 5-5. 
The turning cell operation time of a pert is 20 minutes 
in real time* failure time and idle time are not included 
in the turning cell operation time. However, the time is 
scaled down by a time scaling itctox for ead% decision 
rule set. 

The throughput tWe of a pert (dsscribed in a later section) reflects 

both factors, failioe times and idle times, in the performance of 

eadi decision rule set. 

As described, the failure times of the three major sysWm 

component# are fixed in each decision rule set. This meaiw that 

lower than average actual ̂ tem effectivity indicates high idle 

times in a decision rule set. 

The acWal aystm effectivî  is defined by Bguatiow 5-4 

through 5-6, 

TfT • TIT(i) 
Brrs(i) • I - (5-4% 

M • CW 

• (i) • BVfMcU) • (5-5) 

Î *M1) • ( EE W(k,)n/6 * £ic(j) (5-6Î 
H • CUP 

where 

B?Fs(i) • actual q̂ tem effectivity of decision rule 
set i; 

BP7at (1) * actual AS/8S cart effectivity of decision rule 
set i; 

EFFmc (i) • actual machine center cell effectivity of 
decision rule set i; 

BPPpq (i) * actual turning cell effectivî  of decisim 
rule set; 

TFT » total failme times (min.); 
TIT(i) » total idle times of decision rule set i train.); 
CAP « Ae avail̂ le manufacturing time (min.). This 

time was equal to the total simulati<m time; 



www.manaraa.com

143 

M » th* total number of cells: th* AS/RS cell, the 
madtin* canter c*ll and th* turning c*ll (f# 3) * 

AT(1) • th* amount of travelling time of th* AS/RS cart 
fronv'to storag* araa 1; 

PT{k, j) • th* amount of proceaaing time for part j in 
maAin* cmtar k; 

TC(j) • th* meemt of turning c*ll oparation tim* for 
Vtt jf 

N, (i) • total mxnber of fetches from the AS/RS cell of 
éecisioi rule aet it 

Nh(i) • total number of parts proceaaed by machine 
cwnter k zander decision rule aet u 

%(i) • total nundoer of parts processed by the turning 
cell under decision rule aet i| 

i » an index for a decision rule aet (i»l, 2 ,—, 28) ; 
j " M index for a pert (j»l, 2, , NtCi) or Ni,(i) or N|U))} 
k » an index for a machine center (k»l, 2, —, 6) j 
1 • m index for a storage sree (1»1, 2« —, 8). 

In Bqpiation 5-6, the numerator reprwmts the moisit of running times 

of three msjw cells. The aanunt of running time is less thm the 

total amount of available mwufacWring time (the denominator of 

elation 5-6) 

The individual effectivity of aach of Uw three major cells was 

computed am follows. 

a. Actual effactivî  of the AS/RS The effectivity of the 

AS/RS cell is defined as the effectivity of the AS/RS cart. 

The effectivity of the cart is represented by 

T) Affd) 
BfTAsd) * , (5-7) 

CAP 

BFFas (i) • the actual effectivity of the AS/RS cell under 
decision rule set i; 

CAP » the available simulaticm time; 
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N,(i) • total mndcwr of (etches from the AS/RS cell 
under a décision rule set i; 

AT(1) » the net amount of travelling time of the 
AS/RS cart frcRv/to a storage area 1; 

i « an index for a decision rule set (i-l, 2, —, 28); 
1 » an index for a storage area (1*1, 2, —, 8). 

b. actual effectivity of the machine center cell The actual 

effectivity of the machine center wll is defined m the averâ  

effectivity of six marine cmters. 

The effectivity of the machine center cell is defined by 

Wiere 

EfFwc * the actual effectivity of the machine center 
cell under decision rule set i; 

CAP » the available manufacturing time (the total 
similatian time); 

PT(k#j) • the amount of processing time for required by 
part j on madUne center k; 

M(k) » total nwter of parts processed marine 
cmter k; 

i » an index for a decisim rule set (i«l« 2 ,  — 2 8 )  ;  
j » an indsx for a pert (j"l, 2, —, M(k)); 
k » an index for a machine center (k*l« 2, —, 6). 

c. Actual effectivity of ttie turning cell The actual 

effectivity of the turning cell is defined as the total effectivity 

of lathe lathe 2« the waiting station and the Mini-Mover*S. A 

part was sequentially processed by lathe 1# lathe 2 and the washing 

station. If the Mini-Mover-5 was idle due to either a failure or no 

parts in the turning cell iî t queue, the entire turning cell was 

(5-8) 
6 * CAP 
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idle. Th# Mini-Movtr-5 welted at the front of ead) lathe or the 

washing station when lathe 1, lathe 2 and the washing station were in 

opexatim. 

The effectivity of the turning cell was defined by 

«AM»e 

EfF.- (i) • the actual effectivity of the turning cell 
imdex decision rule set i; 

CAP • the avmiWble nanufacturing tine (the total 
simulation time); 

Frt(j) • the pcoceMing time of lathe 1 for part j; 
PTsij) • the processing time of lathe 2 for part ji 

* the washing time for pert jf 
PTq(j) • the net Mini-Hower-5 operating time for a 

part j? 
Ng » total number of parte processed by the 

turning cell; 

i » an index for a decision rule set (i»l, 2 ,  —, 28); 
j » «» index iac a part ( j»l, 2, —, . 

By oomparisoo of the actual system «ffectivity with the theo

retical system «ffectivity mentioned in section E, an additional 

criterion called by Relative System Effectivity was CMisidered and 

used to evaluate decision rule sets. The relative system effectivity 

is defined by the expression below. 

Bfrs(i) 
RSE(i) « (5-10) 
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whew 

RSE(l) • the ralativ* «y#t«m cffiMtlvity of ducitim rulo 

TSC * th» theoretical eyetem efitectivity (• 0.7526); 
EFFg (1) • the actual syatem effectivity of decision rule 

i • an index for a decieion rule aet (i"l, 2 ,  — ,  28). 

3. Total trawling time of parte 

In a deciaim rul# aet, the total trawling of parte ia defined 

as the sun of the mowt of fetch time for a part from each of eight 

storag# areas and the amount of routing time to either one of aix 

machine centers or the tiaming cell. This meara that the total 

trawling tim# is detemined by the mm of model fetch time and model 

route time. This criterion was affected by both the diatmoe from a 

atorage area and routing distance to a worhcenter Airing the avail

able pro&Ktion time (OW). The criterion is described by Bguation 

5-11. 

TTP(i) • the total trawlling time of decision rule met i; 
lT(j) • the ietdi time for part j; 
i9(j) « the route time for part ji 
Mt (i) * the total number of fetches from the AS/RS cell 

imdnc decision nOe aet i; 

i • an index for a decision rule set (1*1, 2, —, 28); 
3 » «I index for a part (j»l# 2, —, N, Ci)). 

4. Actual production output 

The actual production outqput is defined as an actual mWber of 

parts produced by the machine center cell and the turning cell under 

set i; 

eet it 

TTP(i) » (Ml) 

(where 
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a daciaion zula aat. In the modal# tha ptoduction output waa 

dapandant upon thzaa factoxa, 

. Tha M/BS fetching capacity; 

. Tha madiina canter cell capacity and the turning call 
capacity; 

• The failuxea of major componanta. 

Tha AS/RS fetching capacity waa the capacity to provide par ta to 

either the machine center cell or the turning cell. Both the machine 

canter cell opacity and the turning cell capacity ware the capacity 

to proAxm perte. The failurea of major componanta ware fixed in 

every daciaion rule aet. 

It the AB/RB fatting capacity waa larger than the â ecitiea of 

the madilna center cell or the turning cell, the actual production 

output would be dapandant upon the capacity of the machine center or 

the turning cell. If the aqpacity of Ae machine center oac the 

turning call ma larger than that of the MS/VS, the act*»l produeticnn 

output would be dapandant upon the ofocity of the AS/R8. 

In thie rewardi* the feting ampacity was 1.8574 parts 

per minute as mentionad in Qtapter 4. The average fatdi tim to 

faW* a part was 0.3384 «Imites in all twenty-eight dKlsloo rule 

sets. This opacity mm an average value fw all dKision rule aets. 

The oqpaeities of tite madiine center cell wd turning cell were 

determined by the total processing time (Tïd»le 5-4) mâ the average 

time sealing factor (Table 4-7 in Chapter 4). The total processing 

time required to proAice seven parts was 419.8 mimites in the actual 

system. This value was adjusted t>y an awrage time scaling factor of 

the #)ysic@l model. 



www.manaraa.com

148 

Th# average tina acaling factor of all daciaioi rula aata waa 

11.8825. Than, tha total ptooaaaing tima for tha modal bacama 

35.3293 mlnutaa (• 419.8/ 11.8825). Sinoa tha aix madiina caniMra 

and tha turning call qparatad aimultanaoualy# tha avarag* production 

rata waa affactivaly incraaaad by aavan. Thia waa aquivalant to 

muiufacturing aavan parta avary 35.3293/7 • 5.047 minutaa. Than» tha 

capacitiaa of tha machina oantar call and tha turning call vara 1.387 

parts par minuta. 

This indicates that tha AS/US call had anmigh capability to 

provida parts to tha machina oantar call and O# turning call. 

Howavar, tha 98/V8 <»11 fetching opacity was limitad by by two 

factors. Ona wm tha failures of majmr component, tim other waa the 

mnciaKBi queue length of each macMna canter and the turning cell. 

If aewal breakdowns occurred in the hS/V8 cart during the 

aimulation, the fetch time incrwaed. Thia decreased the AS/RS 

fetching capacity. If all the waiting lines on the machine centers 

wd the turning oell iî ut queue ware full, the £atehing capacity was 

alao reduced becauw the AB/VB cell was idle. 

The actual production output was compared witit the total msdser 

of fatdies under each decision rule set. Every decision rule set 

generated different values of the actual production output and total 

iWbers of fetches. The total mmter of fetdies was dependent î «n 

the storage areas selected, the mS(M'2 mentioned in Ouster 4 and 

the failures of the AS/RS cart. The time was necessary in 

order to update tbs current (grating status of the model isider a 

«̂ «rific decision rule set. 
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A puamtcr defined as an achievement rate is described by the 

expression below. 

ND(i) 
AR(i) (5-12) 

srii) 

»AMe 

Mt(i) • the achievement rate of declaim rule set i| 
W}(i) • the actual production output of decision rule 

set i; 
NF(i) • total mmber of fetches under decision rule 

set it 
i » an index for a decision rule set (i*l, 2$ —, 28)} 

5. Total manufacturing throughput tW 

this criterion is definsd as total manufacturing time of all 

processed parts Airing the simulatim. The average througt̂ ut time 

is defined as follows. 

P(i) 

where 

F(i) 

»(i) 

CFTlj) • MCj)) 

(5-13) 

NtXii 
ND(i) 

Z](C(j) - r(j)) 

ma)  

» the average througî t time tmder decision rule 
set i; 

» the manufacturing throug*#%t time of part j; 
s the actual production (mtpit under decision rule 
set i; 

P?(ji) • the processing time of part j; 
» the SUB of idle times and failure times that 
a part has experienced imtil its release by 
either a machine center or the turning cell; 

F(j) 
MD(i) 

W(i) 
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C(j) • Ûm completion time of part j; 
rij) * the arrival time of pert j to a storage area 

a# raw material; 

i • an Indm for a decision rule set (i*l, 2, —, 28); 
j • an index for a pert (j"l, 2, —, ND(1)). 

The numerators of Equation 5-13 represent the total manufacturing 

througt̂ ut time. According to Equation 5-13» the average throughput 

time is affected fay the idle times of parts, if is increased, 

the average throughput time would be also increased. an 

incxeMe would corr̂ pond to a redkced level of actual production 

output. 

6. Warlt-io-ptoce— inventory 

In this research, the work-in-process inventory is defined as 

the total processing times of parts waiting to be procMsed fay a 

machine wnter ax the turning cell. Thnre are two ŵ  (5) to 

meawre the work-in-process inventory at the end of the simulation 

f<m a decision rule set. 

a. Mnatk ngwInlnH The sun of the processing times of all 
opMcatSofMi not yet «ëjpleted cx in process for all parts in the 
marine center cell cx the turning cell. 

H, T—inn Mt»rk The Ml of the pTocsssing 
times of the particular operations tcx which parts were waiting in 
ead) queue ot six machine centers or the turning cell input queue. 

In addition, Conway (5) has described two more measurements including 

Total Work Cmtant and Work CCepleted. Total work content is the am 

of the processing times of all operations of all parts in the model. 

WKk completed is the mm of the processing times of all coqpleted 

operations of all parts in the model. The total work content is not 



www.manaraa.com

151 

RMMningful in this cM«arch becauM the model always processed 

thirty-five parts in every decisiw rule set. The work completed was 

indirectly represented by the actual production output awmtioned 

earlier. 

Total waiting time was added to measure the work-in-process 

Inventory. The total waiting time was defined as total waiting times 

on the waiting lines of the machine center call. Even though this 

factor {W(j) in Equation 5-13) was included in the total throughput 

time, it was extracted from the througt̂ ut time for the detailed 

analysis. In the owe of parts to be procesasd by the turning cell, 

the total waiting time of parts onnot be commuted becwse the CBH 

cwputer dosa not know when the robot picks 19 each of parts on th# 

turning cell input queue. A# mmtioned previously, the r<*ot was 

controlled by the TRS-SO computer whid) did not have a communication 

link with th# CBH computmr. 

The average waiting time is described by the expression below. 

fir(i) » the average waiting time on the aWiine center 
cell tmder decision rule set i; 

WKj) » the waiting time of part y, 
ND(i) » the actual production output under decision rule 

set i; 
S(k, j) » machine starting time for part 3 on machine 

center k; 

(5-14) 
MXi) 

»(i) 

wiiere 
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A(k , j )  »  th# arrivai time of part ) to machina cantar k; 
Nj (k) • total nunbar of parts procaaaad by machina canter 

ki 

J • an indax for a part (i"l, 2, —, N̂ (k))j 
k • an indax for a machina center (j»l, 2, —, 6). 

7. Total production lateanaaa 

Tha total production latanaaa it dafinad a# tha mm of diffar-

anoaa batwaan tha actual tima at *A%ich a part waa complatad and tha 

tima at %Aich complation waa daairad (dua-data) %mdar a daciaion rula 

aat. Tha avaraga production latanaaa is tha avaraga valua of 

latmass of all {«ocasaad parts. Tha avaraga latanass is dafinad as 

follows. 

_ - d<j)) 
lD(i)  ̂ (5-15) 

* "tJ) • M01 -dtjil 
# III 111,1,1 i>>t • ii m in • m 

MD(i) 

Wiara 

LD(i) • the average production lateness of decision rule 
set i| 

C(j) » the coBpletion time of part ); 
d(j) » the due-date of pert ji 
m(i) » tiie actual proAjcticm output wider decision rule 

set i; 
r{j) • the arrival time of part j to storage area as 

raw material; 
W(j) » the mm of idle time and failure time that a 

part has experienced %wtil a machine center or 
the turning cell releases it; 

PT(j) » the processing time of part j; 

i » am index for a decision rule set (i»l, 2, —-, 28); 
3 » «* index for a part (i»l, 2, —, ND(i)). 

The arrival time, r(j) in Equation 5-15 represents the start of the 
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production pcoccM foc parts that re-#nter the model as raw material. 

At the beginning of the simulation, all r(j) valuM are initially 

nro. A pert is assiçpied a new r(j) value time it completes the 

production process and r»-enters the storage area as raw material, 

H. ̂ tem Simulation TimM 

In this study, seven part selection rules and four machine 

centn selection rulM wwe evaluated. One pert selection rule was 

combined with a machine center S4̂ ection rule* The total mmber of 

decision rule sets wss twmty-eight. These rulM have been described 

in Sections B and C of this chapter. 

To evaluate tiie full pwfmmance of a decision rule set, each 

set was simulated for 140 hows of actual system time. This amount 

of time was equivalent to one week period time (7 days per week at 20 

hours per day) • The total simulation time was 3,920 hours (> 28 

decision rule sets * 140 hours p«F a decision rule set). 

Bad} decision rule set had its owi time scaling factor as do

ser ibsd in Chapter 4. The actual simulation time was adjusted by a 

time scaling factor for the pl̂ ical simulation of the model. Table 

5-13 shows each gpeciiic simulation time determined by the time 

scaling factor uoed with each of the twR%ty-ei#t decision rule sets. 

I. Summary 

This chuter has described seven part selection rules and four 

madhine caiter selection rules. Bach decision rule set was simulated 
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with four fixed mimulation parameter* such a# manufacturing sequence, 

pcocem# tim##, du#-date# and values of patts. Ths model ptoccsssd 

Mvm pazt families *̂ idi wars classified for the RB ̂eratims. 

Three major IMS coaqponMits were allowed to fail («predictably and 

simultaneously during each simulation run. The failure of the major 

ccwponei>ts were Mtimated from the actual failure data. All actual 

dats for the pî icsl simulation was scaled down a î scific time 

s»ling factor tot sadi decision rule set. 

The best decision rule sets for the IMS model were determined 

wing six msjor performance criteria. Each perfoemsnce criterion was 

heavily dmpmdmt upon the idle times of major onponmts of the 

model. The perfrananoe of each decision rule set was plotted on a 

time mis to obsmrve the chronological diangm undw the effects of 

the failuTM «id the idle tines. 

finally, the simulation time for every decision rule set is 

show* in TdUe 5-13. Bach simulation time was equivalent to 140 

hours in the actual xq̂ tsm. 

Intensive control software implements tihe simulation charac

teristics which have bsm described in this dŵ Aer. This software 

is the Wbject of the following chî ter. 
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Tiabl# 5-13. Simulation time# for decision rule sets (minutes) 

Mo. Decision rule set Time scaling factor Simulation time 

1 RMBOH/mNDON 12.2067 688.1467 
2 RMBOH/RffS 12.2813 683.4102 
3 RMBQH/tllMO 12.0795 695.3930 
4 HÊUCCHmm 11.8826 706.9160 

9 rSffl/RMOON 12.0795 695.3930 
6 FSIS/IMiS 12.1607 690.7497 
7 rsrs/MNQ 11.9818 701.0633 
8 rsrs/MMo 11.8065 711.4725 

9 SPF/miBOK 11.8966 706.0841 
10 spf/nvs 12.1248 692.7949 
11 spt/mvQ 11.8468 709.0522 
12 sstAnvQ 11.6829 718.9996 

13 amn/mom 11.8576 708.4064 
14 ïxam/nm 11.9675 701.9010 
15 ïtsKOAnm 11.7589 714.3525 
16 fxnohAnm 11.6064 723.7386 

17 aja/wmm 11.6784 719.2766 
18 suix/mm 11.7574 714.4437 
19 ssxKAnm 11.5990 724.2004 
20 SLXX/mVQ 11.6528 720.8568 

21 sm/umm 11.7927 712.3051 
22 sm/fm 11.9217 704.5975 
23 smAmQ 11.6739 719.5539 
24 s/vTAim 11.4768 731.9113 

25 VKum/mnm 12.1102 693.6302 
26 wmm/wms 12.1869 689.2647 
27 mraymNQ 11.8951 706.1731 
28 VRUWWINO 11.7360 715.7464 
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VX. MCraL OCNTROL SOmARE 

A. Xntxodttctlon 

Th* model contzol ̂ t«n cwmimted of two pert#* 

electrical control and software control. Electrical control i# 

defined am the control of physical components (electronic and 

electrical devices) of the control system. Software control is 

defined as the control of the entire set of program, procedures# and 

related documentation. In this chapter, the software control of the 

model i# dMcribed. Electrical control wsa not a part of this 

reaearch. Oiesch (3) haa described the electrical control of the 

model in detail. 

The software control consisted two distinct parte. The software 

used to omtrol the r*ot is presented first. This is followsd by a 

dsKription of the software used to control the rest of the model. 

The control software fot the rdbot was identical in e«Kh of 

twen̂ îght dscision rule sets. The cnly difference in eMh rule 

set was the input data «ich as the processing times of lathe 1, lathe 

2, the waWxer md Urn simulation run time. The control software for 

the rest of the model consisted of the following subroutine»; 

. part selection procedure; 

. Machine center selection procedure; 

. Fetching procedure; 

. Rooting proceAxre; 

. MadUne center processing proce&xre; 

. Retrieval fcocedure; 

. failure decking ̂ ocedure. 

There were twenty-eight control software programs vAiidt contained the 
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abov» sxibtoutinM. Each lubroutin* is separately described in this 

duipter. 

B. Robot Control Software 

1, Overview 

A# mentioned previously» the robot (the Mini-Mover-5) was con

trolled by a Radio Shack TRS-80 microcomputer. The foundation of the 

robot software control was a machine language program called MSfMSIC 

(33). The AMASIC program enabled the TRS-80 and the rdoot to ccm-

municate with a straightforwrd set of commands. The robot is 

constructed with six DC stepper motors to control each of the five 

axes of movement. Through the use of A9MBASIC, simple commands 

instruct each of the six stepper motors the TRS-80 to move a partic

ular number of steps. 

2, Program comawnds 

The AIMA81C has five major commands (33). They are described 

in the following sections. 

a. tflfg* ccwwiand The syntax for this command is as follows: 

98m Q, Jl, J3, J4, 

where: 

D » an integer for the delay between the pulses to 
the six stepper motors; 

Jl » an integer for the number of step» of base 
swivel; 

* m integer for the number of steps of shoulder 
bend; 

J3 » an integer for the number of st̂  of elbow bend; 
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J4 • an intagct for th# numbar of ataps of th# right 
wriati 

J5 " an intagar for th# number of atapa of th# l#ft 
wriat} 

J6 " an intagar for th# nuiriscr of atqpa of tha hand. 

This commanda cmxaaa all of tha six motors to mov# aimulta-

naoualy. Th# joint axpraaaiona, J1 - J6, avaluatad aa intagara, 

datmnin# th# motion of aach joint. Aftar avaluation, th# aign of 

aach axpraaaion indioitM th# direction in Nhich Mch motor ahould b# 

dxiv«n. 

b. tSBf eomtnd Th# ayntax for thia command is as follows: 

•ser D 

This command puts tha manipulator into a %»iual" mod#. By 

prsssing certain k#ys on th# TRS-80 k̂ board, aach joint of the 

oanip- ulator can be moved. Th# optional delay expression D 

detraaines th# ipaad of motion. 

c. fOLOgg command Th# syntax for this command is as follow: 

tcum D 

This oomBMUid cauaas th# hand to cIm# until th# grip switch 

indicatca that a gripping force has been readied. This occurs eitMr 

when the fingmrs doe# on m object, <s when th# finĝ s close and 

toudi on# another. The optional delay expression 0 determines the 

êed of cloaure. 

d. giaSTOf command The syntax for this command is as 

followa: 

ifOBsm 

This command resets the oouncers for the six motors Jl - J6 to 
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zero. This command is used for  arm intialization. 

#. @REN) command Ttw syntax for this command is as follows* 

IRBM) VI, V2, V3, V4, V5, V6 

VI - V6 • optional BASIC variables. 

This command rsads th# mndasx of stsps that th# robot hu moved 

m sadfi motor. Thus, th# current position of th# manipulator is 

availabl# to th# user's bssic ̂ ogram at my tim#. 

3. Opération ai cwitrol program 

Th# nmindss of th# robot control sofWar# mm written in 

BASIC. Th# MMBASXC program allowed th# us# of robot control 

cuwiamls within a BMHC program. 

Th# robot mntrol program consistsd of th# following* 

. Moving th# robot to a specified point; 

. Determining failur# occurrence tinws and recovery times 
of th# robot; 

• Determining the preseno# of a part at the turning cell 
iî ut qimmt 

. Bhtwing th# Qcl# tim## of lath# 1, lathe 2, and the 
wWwK; 

, Entering the simulation run time of a decision rule set; 

. Computing the simulation statistics of the turning cell* 

The majorî  of the ̂ ogram was dedicated to the movemmt of the robot 

and the «œcution of Wie r̂ »ot's failures. Whenever the rdbot was 

iumtructed to move a particular numter of stepe, a failure checking 

proce&Ke was performed. fAien a failure occurred at a ̂ ecified time, 

normal movement of the robot ceased until the failure recovered. 
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h real tin» clock we# pxogzammed to datennine the following time 

factor#* 

. Whan Aould e«:h of lathe# and waaher conqplete their 
pcooe####? 

. When ihould the robot fail? 
• Mwn should the failed rdbot recover? 
. How long should each of lathes and washer continue their 

processes after the failed robot recovered? This ̂ les-
tion arwe beca%ae both lathes and washer ware "down** »Aen 
the robot failed; 

. What we# the turning cell effectivity at a specific time? 

. When Wwwld each ainulatim rim be cm#eted? 

the cycle time and the aimilation run time were adjusted time 

values whidi were soOed down 1̂  a tine scaling factor for eadt 

dscisiw rule set. Appendix B shows both the cycle times and the 

sbNulation rwi time of each decision rule set. 

h flow chert of the rdbot software is ahom in Figure 6-la and 

figure 6-lb. h compte ̂ ogr» listing tot the WNDOM/MNDOM 

decisioi rule set is presented in Appendix E. h list of variables 

ussd in Wie r̂ »t control program is shown in Table 6-1, the program 

was written in a stdbrwtine format with a main program to coordinate 

the aubroutinM. The subroutines we xAow* in Table 6-2. 

4. Hdbot mcwe swuence 

The moves associated with the rdbot to execute the desired 

Operation of the turning cell are tfhown in Figure 6-2. The locating 

blodc was waed as a zero reference point at the beginning of each 

simulation. Prom this point* the rdbot was instructed to move to the 

27 different locations. The rdbot moved in the straightest possible 

path between two points. Therefore, it was necessary to program sane 
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START 

tht decision rule 

ei% failure oocuxienoe/ 
timee of the gdbot. / 

fiêSS 
/six failtm time dur 
/ tien of the robot 

wraii 
eiwuletioo run time. 

ENTER 
desired epeed of the 

DRIR 
lathe 1 DTOceeeina time. 

BITER 
lathe 2 Droceaeing time. 

ENTER 
waAer time. 

[WTŴ  
Iweit delw. 

zero position of 
rdbot. 1 

DISSLMf 
reel tWe clodt. 

MOVE 
to Ae home positicm 
of the robot. 

COMPUTE 
cumulative operating 
%im 9t tg# Mbot. 

SXECOTE 
the failure nd&routine. 

rem) 
the current time. 

EXKure 
the failure 
«Arrotine. 

camm 
the current effKtivity. 

PRINT 
the current time and the 
affectivité. 

-© 
the input queue. 

ICOMWTE 
cumulative iwriber of 
pert# process ed. 

A 
EXECUTE 
the failure 
adtooutine. 

4 
IMQWE 
[the part to lathe 1. 

COMPOTE 
cumulative 
mmber of 
idle yaw». 

execute 
the Wlure 
eubroutine. 
I 

MOVE 
to the home 

BOBCUTE 
the failure subroutine. 

cumulative 
operating time; 
of the robot. [ 

Figure 6-la, Flow ĉ iart of r<Aot control software 
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STMT 
lath* 1, I—<S) 

th# currant tim# 

no execute 
*tha faillira 

Ygg Imbootina. 

bxecotb 
tha failora autoroiitina. 

STOP 
lath# 1. 
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1 
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EXBCOfS 1
 

1 1 2 1
 

i 
STOP 
lathe 2. 
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faacan 
the failure subroutine. 
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1 

part to 

EXECUTE 
th#̂ failure subroutine. 

start 
waaher. 

READ 
the current time. 

lâaher pre 
coiq̂ e|#d 

NO 
the failure 
iubroutine. 

EXECUTE 
the fallua «Aroutlo#.̂  
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th# part to th# finish ouaua. 
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to the home poaition. 

X 
exkofe 
the failure subroutine. 

READ 
th# ciKr#nt tim#. 

COMPUTE 
cumulative grating of the 
robot. 

OOKPOTB 
the current effectivity. 

* 
pRiMr 
the current time and 
effectivity. 

tmam 
tAe failure subroutine. 

Figure #-la. (continued) 
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mimulation 

tm oocvnczcno» tim 
of th# ntxfc failure 

failure 
itim 

failure 
Lathe 

the failure to 
between lathe 1 

failure to 
t lathe 27 

OOMRITS and PRINT 
total operating time of lathe 1» 
total operating time of lathe 2 ,  
total operating time of %wAer, 
total oceratinq time of the rdbot. 

mm 
total muter of perts proceeaed, 
total muter of idle# qraace. 

X 
ICOMPOtB and PBIWr 
the effectivity of lathe 1, 
the effectivity of laU* 2,  
the effectivity of %ŵ r, 
the effectivity of the rdbot 
the effectivity of the turning cell. 

ns lOGMVOTC i.——I 
failAew——» cumulative failure 

r? I renter. 
NO 

«S 
failure---* 

COMPUTE 
the remaining procees 
time of la<te 1, 

failuy—4 
req̂ r? 

CGMPUTE 
the remaining process 
time of lathe 2» 

 ̂Has 
the failure occwwd 
between lathe 2 

;r? 

YES 

t>the failure 
ât washer? 

YES 
failû —? 

COIfflTTE 
the remaining wâ  
time of washer. 

Figure 6-lb. Flow diagram of failure subroutine 
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Tabl# 6-1. Vferiablcs vamâ in robot control mof̂ r# 

V̂ xiabl* Lo<9 COtflttt 
(% - int«g#r) 

Dttcrlption 

Al(l%) It m 1, 2, 61 The number of step# for base. 
A2(X%) XI m 1, 2, 61 The mater of step# for shoulder. 
A3(%%) 1% m 1, 2, 61 The midber of steĵ  for elbow. 
A4(%%) XI m 1» 2, 61 The mmAer of step# for right wrist 
A5(%%) XI m 1, 2, 61 The mster of step# for left wri#t. 
A6(W XI m 1» 2, 61 The muter of step# for )und. 

BD(%%) XI m 1» 2, 6 Failure occurrence time (MC.) 

00(1%) XI m 1, 2, 6 Failure time duration (sec.) 

XI m 1, 2, 6 Failure recovery time (SK.) 

IMdl) XI m 0, 1» 5 Msmory for the real time clocks 

h 

B 

C 

El 
E2 
63 
U 

aw 

G 

imm » 0 

» I 

TN(0)- Month; 
Dayj 

1H(2)» Ynri 
1H(3)» Hoar? 
1N(4)* Minut#; 
1M{5)» Stcx»id. 

The ramaining cycle time of lathe 1 
after it# failure racovers. 

the rwaining cycle time of lathe 2 
after ite failure rccoswre. 

The rweining cycle time of wwher 
after ite failture recover#. 

Part meaaurcBient in steps. 

BffKTtivit̂  of lathe 1. 
If̂ ectivilĝ  of latAe 2. 
Effectivit̂  of washer. 
Effsctivity of the robot. 

Effèctivity of the tmrning cell. 

fart measurement in inches. 

When no part# were available at the 
irfxit queue. 
When the r(*ot had a part at the 
ir̂ t queue. 
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Table 6-1. (continued) 

Variable Deeofiption 

n% 

1 <- ni <" 22 
23 <- 11% <» 30 
31 <" IX% <* 42 

43 O lit <- 30 
51 <- n% <• 55 

m >- 56 

K 

u 

u 

m 

M 

81 
62 
83 

TE 

tX, m, V6 

VO 

An index to apecify a pœition at which 
the tttoot failed. 

The rdbot failed at the iî t queue. 
The robot failed at lathe 1. 
The r<tet failed between lathe 1 and 
lathe 2. 
The rdoot failed at lathe 2. 
The robot failed between lathe 2 and 

The robot failed at waaher. 

CtRMlative muter of pert# proceeaed by 
the turning cell. 

Total mater of failwee. 

Lathe 1 qycle time Csk.) . 

Lath# 2 cycle time <iec.). 

Muter cycle time (a#c.). 

Cumulativ# idle grappe of the r<*ot due 
to no presence of a part in the input 

Counter for failures. 

cumulative xàbot operating time (fee.) 

Stepper motor spaed. 

cumulative processing time of lathe 1. 
emulative processing time of lathe 2, 
Cumulative processing time of washer. 

Simulation run time of a decision rule 
set (sec.). 

Current turning cell effect ivity. 

Current simulation clock time (sec.). 

Wait delay (sec.). 
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Table 6-2. Rcdsot «mtzol program atructuxŝ  

Lira msybcES Oaicription 

1 - 1280 M#in program. 

1 - 9  
10 - 180 
185 - 200 
240 - 280 
290 - 380 

390 - 415 
420 - 550 
600 - 1280 

10000 - 40110 

10000 - 10050 

20000 - 20U0 

30070 - 40110 

41000 - 41010 

45000 - 50200 

45000 - 45010 

50000 - 50210 

program heading. 
input data. 
act the real time clock. 
move to the home poaition. 
chack to aee if the input queue haa a 
part. 
no part available at the iî ut queue, 
compute the turning cell effectivity. 
move a pert to lathe 1, lathe 2 and 
waWier in order to prooa«. Raturn 
to the heme poeitim after a prooaamed 
i« put on the finiah queue. 

Sî outira for failuree of the rdsot. 

check to aae if a failure occurred in 
the robot. 
detexmira the current poeiticn at 
which the robot failed. 
determira the rMOvery time of eac** 
failure. Mfo, de tannine the remaining 
prooeae time of each lathe «id waidier 
after the failure recovera. 

aibroutira for the robot's movement. 

Subroutine for computing the turning cell 
statistics. 

check to see if the simulation run time 
has been exceeded. 
compute and print all statistics related 
to lathe If lathe 2, washer and the 
robot. 

1. See Appendix B. 

inteBMdiate points betwwn ead) fwctional location to avoid col

lision with the model ccnqpcments. 

At the beginning of each simulation, the robot moved from the 
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Figure 6-2, Overview of robot movement locations 
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locating block to location 1. After the real time clock was set and 

displayed on the TBS-80 screen, the r̂ wt then moved to loratioi 2 

which was the home position. After checking to see if the robot 

failed, a fixed wait delay was emcuted. As ao«i as the wait delay 

ended, the effectivity of the turning cell was computed, and the 

robot proceeded through locations 3, 4 and 5. The program then 

instructed the rdbot to close its hand and measure how far the hand 

clossd. If a part was not present, the r<*ot moved to the hone 

position, the peogrm ifdated the cumulative nooriber of idle grasps 

md again execuW the wait delay. The failure checking proMdure 

was repeated at this point. 

If a psrt was fomd at the iî t queue, the robot took the part 

and moved through Locations 4, 3, 2, 6, 7 and 8. This sequence of 

positions loaded the part on the Lathe 1 fixtia». The r̂ x>t ««s 

again dwckmd to ae# if a failure was achsduled to <xxur. The r̂ t 

then moved from location 8 to locations 7, 6, 9 and 10 to turn the 

lathe on. It than retraced its steps to location 6 where it waited 

\»til the machining cycle was completed. During the waiting time, 

the failure discking procedure was «cecuted repeatedly. 

The r<*ot next moved to locations 11, 12 and 13 to turn the 

lathe off. By again retracing its steps, the rdbot was able to 

remove the part from Wie lathe I fixture and ̂ oceed to lathe 2. The 

failure decking procedure and the conputatim of statistics were 

r̂ eated for lathe 2 and the »m;#ier until the part was finally plsceà 

on the finî ied parts queue. The robot then moved back to the home 

position before diecking the iî t queue for another part. 



www.manaraa.com

169 

Tî l« 6-3 ptcMnta a complete list of the r(̂ t*s stepper motor 

cmitts for the 27 locations. To move tiw r<A)ot from om location to 

another, the robot wu iMtructsd to move the difference bet%*en the 

step comts of the two location. For exnqple, to move from L̂ ation 

4 to Location 5, the command issued would be *fSTEP 50, 666, 558, 

-646, -347 , 373, 0*. The robot motor speed, S, used for the simul

ations was 50 which is 185 steps per second. 

5. failures 

The robot failed five times during the simulation. As described 

in Chapter 5, the mean time between failures (HTBTÎ was 78.6511 

hours. Utilising the MIBF, the random failure occurrence times were 

generated by a «iponmtial random number generatoc. The repair time 

was fixed in each failure. Table 5-11 in Chapter 5 presents five 

failure occurrence times and recovery times. 

6. Startup procsdure 

The first st̂ p in the operation of the rdbot control software 

was to load the AIMM81C program into the TSS-M memory. Wien the 

TSS~80 is initially turned on, the çtasç*. "CAM" is displayed on the 

screen. In reî onse, the user types "L" and presses the key. 

The next prompt is "MEMORY Size?* The i*er presses the "mren" key 

in tesçaam. The user n«(t types "SYSTEM" and presses "̂ DITBR". The 

screen then diî lays a ***?** pro»#. In response, tihe »»er loads the 

ABMBASIC Ê ogrm into the TRS-80 cassette recorder, types "ANMBASIC," 

presses "WTER," and jesses the "PtAï* button on the recorder. The 

ABWASIC ̂ ogram is then loaded into TBS-80 memory. After loading. 
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Td)!# 6-3. Wbot stepper motor counts 

Location Motor Motor Motor Motor Motor 
# A B C 0 E 

0 0 0 0 0 0 
1 0 532 16 0 0 
2 0 -792 -41 388 -380 
3 0 -1736 870 388 -380 

4 11 -1031 903 375 -393 
5 11 -989 792 375 -393 
e 677 -431 146 28 -20 
7 677 -283 304 28 -20 

8 677 -283 304 46 -38 
9 759 -362 324 28 -20 
10 759 -362 324 -5 13 
11 837 -519 398 28 -20 

12 766 -519 398 28 -20 
13 766 -519 398 63 55 
14 1150 -419 135 31 -23 
15 1150 -282 291 31 -23 

16 1150 -282 291 42 -34 
17 1192 -492 232 31 -23 
18 1192 -492 232 0 8 
19 1360 -631 284 0 8 

1184 -631 284 0 8 
21 1184 -631 284 27 -19 
22 1563 -419 135 31 -23 
23 1563 -822 667 373 -365 

24 1563 -284 509 373 -365 
25 1563 -1000 844 373 -365 
26 2141 -1000 844 373 -365 
27 2141 «896 736 269 -469 

The hand motor (motor F) is omitted from this table. This is because 

the jaw opem/cloee movement relates only to grafting or releasing a 

part aoâ not to the location of the robot. 
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the following display appears on the screen: 

mwaic 
VEMION 2.x 

CWmiQ* (C) 1980 
NiaUBOT, INC. 

Tht UMC must next nwind and nmovt tht ARMBASIC caaacttt from 

the recorder. The robot control BASIC program is next placed in the 

recorder. The uaer types "CLOAD ROBOT omTRCL** presses "ENTER" the 

"PLASf* key on the recorder. Itisn the program is loaded, "READY" will 

î ppear on tht icntn. Tht Mts typts "mm#" whtn nâ  to execute the 

simulation. In ct̂ ponss to the run comMmd* the following prompt 

<W#srs an tht Kwen* 

wtm smsjunfm mm m MiNims 

In xspoMt* ths user suites ths dtsirsd sinulsticm tins and 

prssass "ENTER." Ths iMsr is thsn proeptsd to sntsr ths dssirsd 

stsppsr motor epasd, cycls timss for laths I, lathe 2, ths wsahsr and 

As wsit dtlsy. Aftsr ths cycls times havs been entered, ths follow

ing pgo#t ĵ pptsrs* 

SB? HOHB I061TSON AND THBI PfUSS 0 

Ths robot cm th«i bs manually positioned in nfsrsnoe to ths 

locating block. For proper cycls operatiw, the hand must be in a 

horizontal position with the tip of the hand at the rear of the 

locating blodt. After the hand has been positioned at the correct 

refermée point* the user initiates the ̂ ograe cycle by passing the 

"0" key and then "mTgR," The robot then operates automatically 

until the user halts the operation by pressing the "BREAK" key. 
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C. Model Control Software 

1. Overview 

In this reeearch, the total number of model control software 

ptogrons was twsnty-eight. This is because twenty-eight different 

decision rule sets were evalv»ted. Each software program is 

described in detail in the following sections. 

The model control software written in BASIC was executed on the 

CBH computer. It consisted of two types of logic. The first type 

involved commands used to send and receive signals to and from the 

model. These I/O ccwnands were of the following format; 

output - POKE 59471, X 
input - POKE 59471, X 

PEEK (59471) 

when S 
X » model location number of the I/O devices shown in 

Figure 3-2. 

The second type of control logic concerned the operation of the 

model am an automated flexible marmfacturing system. This logic 

included the following features; 

. Part selection procedure; 

. Machine center selection procedure; 

. Patching procedure; 

. Routing procedure; 

. Machining procedure; 

. Retrieval procedure; 

. Failure checking procedure; 

. Ccnputaticm of the system statistics. 

2. Program structure 

Each control program by which a decision rule set was simulated 

consisted of seven basic subroutines: the retrieval procedure sub-
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routine, the pert selection/bachine center selection subroutine, the 

pert routing mubrwitine, the modiine proceea «#leti<m mubroutine, 

the turning cell procwe coî letion Wbroutine, and the failure aub-

routine. Seven basic mî routines are Aown in Table 6-4. Figure 6-3 

illustratee a flow chart depicting the relationahip between the main 

program and the aubroutinee. eadt nudMot r̂ eaentm the first line 

number of eâ  a%dkgoutine. The center section of Figure 6-3 is the 

main pxogran. The wbroutines mxm continueously executed until a 

specified simulation tm time wss comĵ eted. 

h gmmal flow diagram of the model control Mftwsre program is 

pEMsnted in fî ire 6-4. One full program list reguirw ten pages, 

fftrni the twenty-eight decision rule sets are listed, the total number 

of psgw bscowss Selected ̂ ogram listin̂ p are presmted in 

Appendix F, Appsndix F contains the program listing for the 

following decision rule sets* 

. RRMDOH/miDOH . SMCK/NIWQ 

. Fsrs/fHPS . s/mwiwo 

. mmm • vAuwnes 

. DOftf̂ /WINO 

3. starts procedure 

%on mergizing the OH, the following diî lay «̂ pears on the 

screen. 

* * * COMIOOOiE * * * 

31743 WUm FREE 

REM» 

The user loads the control program into CBH memory by typing the 



www.manaraa.com

174 

Tabl# 6-4. Motel control program structure 

Line nuribera DMcriptim 

5-780 Main program. 

5 open the CBM 4023 printer. 
10 - 50 program heading. 
100 120 set dimeneions for system variable. 
130 160 initialize the I/O function of the 

multiplexer. 
170 - 340 initialise model control variables. 
350 440 read part numbers allocated to seven 

storage areas. 
441 443 read part family mmbers. 
445 initialise the process completion 

time of parts. 
450 • 499 reed iiĤ  data. 
500 - 560 adjust manually all necessary gates 

in the model. 
580 - 590 «Iter the simulation nm time of 

a decision rule set. 
620 - 630 set the internal clock to zero. 
650 - 670 read failure data for the model 

<xmpon«its. 
700 - 780 model control main subroutines. 

10000 

11000 - 11170 

12000 - 12220 

13000 - 13550 

14000 - 14040 

16000 - 16040 

17000 - 17130 

17500 - 17620 

18000 - 18230 

aibaubrowtine for the currmt clock. 

ftAnroutine for part selection and 
madiine center selection. 

ad9eid»outine fox part fetching 
operation. 

6#rowtine for part routing operation, 

9Wbe#rootine for madtining (̂ ration. 

SUbe#routine for updating the current 
system status. 

Subsubrowtine for part selscticm. 

Subeubroutine for mâ ne center 
selection. 

SUbeubroutine for costing ̂ stem's 
intemediate statistics. 
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Table 6-4. (omtimMd) 

Line nunbec Oeecription 

20100 - 20220 Subsubtoutlne for machining operation. 

30000 - 30330 Subroutine for the retrieval process. 

39000 - 35010 Subsubroutine tot determining the 
original storage area of a returning 
pert. 

40000 - 40580 Subroutine for finishing the machine 
center process and the simulation run 
time. 

41000 - 41620 SubKoutine for failure checking 
procedure. 

45000 - 45220 Subroutine for the turning cell finish 
queue. 

50900 - 50910 Close the CBM 4023 printer. 

caBwmS "LOAD (a name of decision rule set) .** Next, the user loads 

 ̂program tî  into the GBH cassette recorder. The "WTZR" key on 

the CBN keyboard md the "FLAX** key on the cassette recorder are then 

depressed. The following messages «qppear on the screen: 

SEARCH (a naae of dK̂ ision rule set) 
fOlM) (a name of decision role wt) 
LOADING (a name of decision rule set) 

When tihe CEH has completed reading the tf̂ , a "RgRO;" prompt appears 

on the screen. 

All times were measured by the CBM internal clock. The minimum 

unit of ti» clock is a "JlfFï." One jiffy is equal to 1/60 of a 

second. Therefore# om minute of real time ̂ uals 36(H) jiffies. The 

cm clock is accessed by reading the value of the variable TI. After 

coB̂ letion of any desired dtenges in the program, the user may exe-
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Figure 6-3, Belafcion̂ ip between subroutines 
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START 

READ 
ixt allocstionj 

data, i 

J REM) 
all ay*tam 
input data J 

YES MOVE 
gat# 

NO 

READ 
failure data 

Sir 
ainolation clodt 
to zero point. 

BRER 
the aimulation 

run time desired 

Figure 6-4. General flow chart of the model control 
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xf  ̂
t̂ht nturn <mm tW'rirmt part on,*.̂  
hava two parts7̂ ~L—ratum cpiaua ba~̂  

ratmnad to its ̂ ginal 
MorMauaa? 

jHO 

YES 

RELEASE 
tha part and 
adjuat tha 
divartara of 
tha atoraoa araam 

«LEASE 
tha part md adjuat 
tha divartar of atorag# 
araa 8. 

COMPUTE 
througl̂ put tima, 
latanaaa and 
arrival tima of 
tha part. 

la %. 
tiiaea a aaniflniahad , 
p̂art on atorag# arM 8 

Baa «S 
âny machina can tar ̂ — 
an availabla apaca? 

UPDATE 
qoaua langth and 
quaua ordar of 
Wh tha atoraga 
araa and tha 
raturn ouaua. 

Boam 
a madiina oantar 
ialaetlon rula. 

mSf 
 ̂until my machina oantar 
ganarata# a mm, 

Ooaa 
any atoraga araa hava_ 
parts to ba 

YES EXECUTE 
a aalactad part 
salaction rula* 

war 
until my atoraga araa 
has a part. 

tha aalactad part ba 
V̂ ooaaaad by Om t%̂ ing' 

mit 
until tha turning 
call generates a m 

Doef 
the twning cell 
1m available ̂ eô  

Figure 6-4, (cwtinued) 
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|READ 
Ith# c 1th» curwnt tin», ® 

ADJUST 
th# diWKtCtS of 
th# madilm cstnttrs 
t9 ttW MEt, 

Jkh# csxt »i 
mtorag#' 

;Tws 

it# #ft#i # d#l#v. 

CLOSE 
%h# wtt % Iwd t wgtf ISBLp 

btmI 
am l«ft affg a d#l#v. 

th# cart nadwo it#, 
•toting po#it̂ .to' NO 

0» «elected 
p#rt a aemi-!̂  
fini pert? 

X̂w# pert be 
ĵ̂ oceeseti bŷ the'̂  
twmimĝ oell? *®® 

HO 
pert reached>-— 

dWeî Ŵ l̂ îon? 

GGMPOTE 
Ae pert*# arrival 
time to the location. 

«enter 
there machine 

•htmld # 
• my 
W*i<m 

the machine center 

Î 

a failed centfr?' 

mm 
fh# flMUThi'"» canter, 

waiting tiwe of the cert. 

queue length and 
tfmm order of both 
the machine center 

lum̂ j 

ADJUST 
the nâ ne omter/ 
fcumiHQ <̂ 1̂  

X 

fm̂ m center • 
a 

PPDME 
madber of fat̂ me, 
nuWber of parts of the 
turning cell and 
nwiber of parts of the 
machine omter* 

completion time 

Figure 6-4. (cmtinued) 
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COMPOTE 
Hall simulation 
•tatiatica 

41» ainulatim 
t 

Doaa 
t̂Ka xatuxn 
ĥav# an avaflabl# 

.tha xatiuRi qua 
nava #n avaî la 

thaw 
ĉantar which ahoul 
(ihlA iwjp 

tha finiahad qua 
of̂ kha turning g#ll 

hawa â part? 

OBT 
tha machina cantar 

Ygg p- a noBRal working 
tha fMdiina oanta 

xacovnad 
SBDIBLi 

CL06E 
tha gata to calaaaa 
tha ccMiOatadĵ  

length and quaua 
t of both tha turning 
an̂  ttn qwwtt 

length and goeue order of 
retrieval queue and cumulative 
r of parte proceeeed by the 
ne OMitar. 

iracm 
the part that should return 
to ita «riqlnal atoraqe area. 

W3U 

ativa nwdber of parta 
oceaaed by Ae turning 

AND a06B 
rtW «WWl 

XHTOTB 
cumulative proœaaing time 
of tha machine center. 

ntermediate avatem atatiatice. 

jmm 
gueue length and queue 

îPKIf* 
the part that should return 
to atoraqe area 8. 

WgW* and queue order] 
BBCbJlBB.. SSIiter • 

42) 

Figu» 6-4. (continued) 
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SET 
M fallut# time. 

Hm 
machin# c#nt# 
failad? Ma# 

any f ai lad mwhi 
oantex rncw# 

DELETE 
th# failux# tim# 
JBSiSli 

YES 

Ma# 
th#" failux# ooci»x#d 

idl#7 

DELETE 
th# failux# tim# 
fiSinfc 

RBOOHPfnS 
th# failux# occuxnno# tim# 
and th# failum r#cov#xy 
tim#. 

Pigux# 6-4, (continued) 

RECOMPUTE 
th# pxooaaaing 
ccBglation tim#. 

DELETE 
th# x#cov#xy tim# 
SSMĵ  

eut# th# program by iaauing th# "MW" comand and pr#aaing ''ENTER.'* 

A# aoon 99 th# cenund is #%#cutad, th# OBM 4023 printer 

i# ready to peint all wquired etatement# and Ae sinulation eta-

tistic# of Mch decision rule set. This execution was completed 

the following statements; 

OPEN 1,4 
CK> 1 

where: 

1 • a file mndaer; 
4 » a device rmSoet, 

The printer was closed by the statements of FRmril and CLOSEl after 

the simulation was completed. 
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4. intiaHaaticn of variable» 

The program first intialind the variables used in the program. 

Table #-5 shows a list of the variables used in each of twenty-eight 

model control software programs. 

Three statemsnts initialized the I/O function of the multiplexer 

(3). The statsmsnt ««POKB 59459, 127«* sets PAO - PA6 (X/a lines) of 

Ae parallel user port of the CW computer to mitput modes and sets 

PA7 to an iî ut node. The statement "POKE 59467, PEEK(59467) and 

227" and "POKE 59468, PEEK(59468) and 31 or 224" enable the CB2 out-

pot of the parallel taer port «id holds it at high state. This 

allowsd output infmosation to paw through the multiplexer to the 

model, 

5. Allocation of parts 

As msfitionsd previously, the fNS mdel processed seven different 

pert families which wtre allocated to seven different storage areas. 

Each family consisted of five idsntiod parts. This allocation was 

shown in Figure 3-4 in Chapter 3. 

rot the model control software, eadh port had a specific two-

digit number. The first digit râ eewxtsd a part family. The second 

digit represented a storage area. Figure 6-5 shows the allocation of 

parts with ttm wsigned ntnÉers. 

When Ae user typed the "iSAl" command wd pressed "ENTER," the 

model control softmre read the tw»̂ igit part nWbers as iiqput data 

after the initialization of variables. 
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TWbl# 6-5. Variablaa uMd in modal ccmtrol aottmn 

Variabl# tioqp counter Oiacxiptian 

AL(X) - 1, 2, 7 Allowanoaa to dafaatmina tha dua-daWa of 
part family I. 

ATU) • 1# 2, 77 AKcival tima of part X to its original 
atoraga araa. 

»(!> • 1, 2, 70 I th failure recovery tima. 

BO(X) • 1# 2, 70 X th failure occurrence time. 

CP(%,J) • 1# 2, 
• 1, 2, 

6 
6 

Cumilative time of X th machine centwr 
queue which had J parts. 

0(1) • 1# 2f 30 Gate status (It ̂ n, -It cloae). 

or (I) • 1» 2» 8 emulative mnter of parts tetchad from 
storage arw X. 

W(I) • 1# 2, 6 Qmilative number of parts rouWd to 
machine center X. 

DO<V • 1, 2, 70 Peiltnre time of X th failure. 

mm X • 22, 23, 27 Failure statua of machine center It 

DXd)' 1 
OKd)- 2 
CXiX)» 10 

BMdiina center X failed; 
failed madiine center X recowred; 
nonwl machine canter operation. 

EM(I) » 1, 2, 6 Effectivity of machine center X. 

ID(I) • I, 2, 77 Waiting time of part X to be processed 
by a marine center. 

IM(X) • I, 2, 6 1 - 1H(X). 

LA(I) » I, 2, 77 Production lateness of part X. 

tOW) » I, 2, 30 Iftnber of parts in Location X queue. 

MN(I) • 1, 2, 70 NuWaer of madhine center for I th 
failitte. 

HO(I) • 1, 2, 6 CuRulative nwdoer of parts fnrooesaed by 
machine center I. 
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Table 6-5. (continued) 

VariaMe Loqp counter Deacription 

MP (I) X • 1» 2, - 7 Process time of part family I to be 
processed by the IMS model. 

I • 1» 2, - 30 Part nuRter of locatiai I with J th 
J • 1» 2, - 5 order. 

I • 1» 2, - 30 Part family mnber of location X with 
J • 1, 2, - 5 J th order. 

PP(I) X • U 2, - 6 Process time of imdiine center I. 

PTd) X • 1» 2, - 7 Process time of pert family X. 

RLU) X - 1» 2, - 77 Am indw for specifying pert X in the 

ROW) 

1 

NL(%)" 2 

I " 1, 2, —,6 
and 16 

ni(l)f % » 1, 2, * 6 
*?(%) 

nU) % » 1, 2, —,77 

retrieval procedures 

pert 1 lAould return to its wiginal 
at<nage area am a raw material; 
pert I should »ti«n to storage area 8 
as a semifiniWwd pert* 

Route time to machine center X or the 
turning cell input queue. 

QRRilative process time of machine 
center I for parts rwted to the n̂ diine 
center. 

The current time at whicA the AS/MB cart 
started to fetch pert I. 

mi) I • 1, 2, --, 77 Process conpletim time for pert I. 

TP(I) I » I, 2, --, 77 Throughput time of part X. 

TO(I) X » If 2f —, 77 Arrival time of part I to a machine 
center or the turning cell iî t queue. 

I • 1, 2, --, 70 A failed component name for which the 
I th failure occurred. 

I • I, 2, -
J » I, 2, -

and 16 

-, 8 
-, 6 

The SUB of OBLAy-l and normalisation 
delay in fetching operation for a path 
from storage area X to machine center J. 
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T*W* 6-5. (continued) 

Vimriabl* Loop cotmtoc Oncxipticn 

H6(I) I * 1, 2, —, 8 Rttioning tim to storage axsa 1 from 
the xstrisval queue. 

VL(X) % " 1, 2, —, 7 Dollas velue of pert family 1. 

XX(I) 2 • 32» 23, —, 27 Process completion time of the failed 
machine center. 

El Avereg# effectivity of the machine 
center cell, 

E% Effectivity of the hB/VS cart. 

r* ir h storage area mnter. 

IT fiitdiing time of the A6/RS cart for 
every pert. 

îh 1 - BL 

IT 1 - El, 

Ml "total mater of parts provided to the 
machine center cell. 

HZ Total mater of parts provided to the 
turning cell. 

N3 Total mater of outputs from the 
machine center cell. 

m Total mater of aemifinî wd parts 
ĵ ocessed by the turning cell. 

N Total mater of parts fetdwd from the 
AS/RS cell. 

m Qamlative fet̂ ing time of the AS/RS 
cart to fetd) parts. 

SO OsBulative process time of the machine 
center cell. 

T3, T5, T6, T7, Variables for reading the current 
T8, Wt XB clodt. 
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Table 6-5. (continued) 

Variable OeacziptiMi 

T, TJ, TH, TN, 
TT, KL, NC 

TD 

T1 

Tt 

TO 

M 

m, m 

Marine center nunter. 

Cumulative waiting time of parts 
processed by the machine center cell. 

Internal clock of the CBH cmgwter. 

CuRMlative production lateness of parts 
proossssd ty the FN8 model. 

Qnmlative thrcMighput time of parts 
processed by the mS model. 

failure time of the Ag/RS cart. 

riMd delay times in every fetch. 

8 8 S 7 » 5 8 5  8 4  S 3 ^ 8 1  

3 7 2 6 1 5 7 4 6 3 5 2 4 1 

4 7 3 6 2 5 1 4 7 3 6 2 5 1 

5 7 4 6 3 5 2 4 1 3 7 2 6 1 

6 7 5 6 4 5 3 4 2 3 1 2 7 1 

7 7 6 6 5 5 4 4 3 3 2 2 1 1 

Starting 
ksZuon 

, 81 ' S7 s Bach of the mvm storage aaum; 
. S8 ; The eesifinî ied storage area. 

Figure 6-5. Allocation of parts 
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6. Read input data 

Each dacision tula a#t was simulated with tha following input 

data* 

. Savan aata of procaaaing tima data for aavan part 
familiaa; 

. Savait dollar valuaa for tha aavan part fmiliaa* 

. Savan allowanoa valuaa to datamina tha dua-datea of 
aavan part familiaa; 

. Eight raturn tima valuaa to aight atoraga araaai 

• fifty-fixw valuaa of tha KtMr-l plua tha normalization 
dalay undar a daciaioi rul# aati 

• Savan routa time valuaa for aix machina oantara and tha 
turning call; 

. Simulation run tima of a decision rul# eat; 

. Savan̂  failixw data point# #Aid* included seventy 
failure occurrence time#, failed component# and failure 
duration# of the MS/WS C9xt ml the machine center cell. 
Recall that the failure data for the turning cell were 
atmred on the 7RS-W empoter. 

All input data «xcept the <&>llar value, return time# and route time# 

were adji»ted by a time acaling factor in each deeiaion rule set. 

7. Gate adIttBtment 

After reading the input data, the software was ready for the 

user to adju#t the motorized gate# in W» model that required ad

justment. Gate# were adju#ted by entering ̂  «̂ prĉ iate nwWber of 

W» de#ired gate. All the gates in the model were cWed in this 

meawet to ensure their correct operation prior to a simulatiw run 

for each decision rule set. 
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8. Part selection and machine center selection (subroutine 11000} 

"Nmtŷ ight decimiw rule sets were simulated in this researdi. 

The major difference between sets was the pert selection and marine 

cmter selection procedurM used. This subroutine coraiisted of a 

pert selection algorithm and machine center selection algorithm. The 

pert s#lectiw rule was executed throû  subnibroutine 17000. The 

machine center selection rule was executed through subsubxoutine 

17500. 

a. Bart selection subeubroutine (mAs%*routine 17000) This 

màmàxtùotim was executed with the following operating rules. The 

operating rules wars ussd for cmtinuing part selection witil the 

simulation run time mm completed. 

. h ssnifinishsd part was fetdhed first whenew storage 
ares 8 had a parti 

. The first opwation of parts 2, 4, 6 and 7 was processed 
by a madiine center. The first operation of parts 1, 3 
and 5 was processsd by the turning ĉ l. The second oper
ation WM procMssd a madtine 

, If there was no part avaiW»!# in the stMage area se-
Isetsd by a pert selection rule, the next highest priori-
ty stmrage area was selected had an available part; 

. ftws no stwage areas had availabls parts, part selection 
ceased wtil a madiine center released its part to the 
retrieval queue and the processed part returned to its 
storage area. Mien this happened, noenel part selection 
was not tmed. The part selection rule was cmverted to a 
first cow first serve (PCFS) rule until the storage area# 
were replenished. 

There were seven different part selection subsubroutines which 

are described below. 

. KUmOM - A new random nundber between 1 and ? was assigned 
to a storage area in every fetdi. The ramkm 
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number was equal to storage area number. The 
first part in the selected storage area wa# 
fetdted. 

. FSFS - Storage area 1 had the highest priority, and 
storage area 7 had the lowMt priority. A# soon 
as the neerMt storage area from the AS/RS airt 
station had a pert, the storage area wes assigned 
the higMst priority. 

. 8PT - h storage area was selected «Aich had a part that 
had the ĵ rtest processing time. 

. COAfTS - A Storage area was selected which had a part ttwt 
had the earliest due-date. The due-date was 
determined by the sum of the part's arrival time, 
processing time and its allowance. It mm assumed 
that the first thir̂ fiv# psrts arrived simulta
neously at time 0 when the simulation started. 

. SLACK - A Storage area was selected whiA had a part that 
had the least remaining sladi time. The slack 
time of eech part in every fetdi was determined by 
(due-date - remaining processing time - current 
fetch time). It was asmmsd that the first thirty-
five psrts arrived simulUmeowly at time 0 %*en 
the simulatiw started. 

. S/PT - h stœrage area was selected tAiidi had a pert that 
had the smallest ratio of slack time divided by 
the remaining processing time. The determination 
of the sladc time md the part's arri\ml time «os 
the same as the SLACK rule. 

. VALUE - A Storage area was selected v^ich had a part that 
had tàm highMt dollar value. 

All pert selKtiw* rule» except Rules RANDOM and fSFS were 

ôgrameed in sdoeubroutine 17M0 for ead) decision rule set. Rules 

RANDOM and FSFS selected an appropriate part wing subroutine 11000 

without suteubroutine 17000. tAwnever a part selection rule wm 

executed, the CBH specified tim workcenter to i*ich the selected part 

was rmited. If a machine centmr had to procec» the «elected part, a 

machine center selection al̂ r̂ithm was executed through sub64â>routine 

17500. Parts initially routed to the turning cell irçut queue did 
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not require execution oC subeubzoutine 17500. In this caee, however, 

there were two eddltiwel qperating rulee that applied: 

. If the turning cell irqput queue we# full with five pert#, 
the CBH computer diecked to eee if the finiA queue of 
the turning cell had a eemifinitfwd pert. If there we# a 
eemifiniAed pert, the pert wa# releaeed to the retrieval 
queue, h new ̂ ece then we# generated in the turning 
cell iwfut qumie. Then, the pert eelectiw we# re-
executed to aelect a pert. If no aemifiniaïwd pert# were 
detected in the finish queue, the pert «election we# 
temporarily stopped until a qpace was generated* 

. If the first part in every etorage aree WM to be pcoc-
eeeed by the turning cell, the fetching operatim peueed 
until the turning cell released a semifinished pert to the 
retrieval queue from the twming cell input quwe. 

b. Machine cmter eelection mAsubroutine («ribeuteoutine 17500) 

this #ubmÉ%routine wa# executed using the following opmrating 

rulM* The opnrating rule# were tned tax continuing the machine 

center eelection proce## wtil the eimulation run time we# coqAeted, 

. If a «elected madtine <»iter we# full with five pert#, the 
next high##t ̂ iority madiine center wtiidi had an available 
space was selected; 

. If all six madiine ontters ms9 full with thirty parts, 
each machine center was checked to see if there was a com
pleted part. If thnre wes the completed pert, the part was 
released to the return queue, and the machine center se
lection was re-executed. 

Four differwit macMne center selectim rules were used: 

. RANDOM - A new random number beWeen 22 and 27 was as
signed to a machine center in evmy fetch. The 
random noBdser was equal to machine center nuodser. 

.  ftfgs - MmdUne cent̂  1 had the highest î iwity, and 
machine cmter 6 had the lowest ̂ iorî . As 
soon as the madiine center nearest to the AS/SS 
cell generated a qpace for a part, the magAine 
center was assigned the highest priority. 
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- A madliM c#nt#t was a#l#ctad which had the mall-
eat nuBdaex of parts including the currently proc-
Msed ̂ rt in its waiting line. 

- A madiine center was «elected which had the least 
amowit of procMsing timw including the current
ly pcocMSing pert in its waiting line, for this 
rule, mhrootine 18900 was called to compute total 
processing time of the machine center queue at 
every aelacticm time. 

Wes RANDOM and nvs aelectad an â xĉ iate machine center withmt 

mbn̂ outine 17S<K). As aoon as both a part and a machine center 

VÊX9 deteminad, the program proceadad to subsubroutine 12000 for the 

fetdiing the part, 

9, match sdWRdbroutine (Wbeubroutine UKWO) 

This aidwiteoutine was called to aend a signal to the AS/US cart 

to pvooaed into the ÂS/1S cell. Before sanding the signal, the pro

gram dhecked to see if the AS/RS cart failed &«ing Wie fetdi. The 

cart al%â  failed and recovered at its starting position in every 

failure. The failure time of ead) failure was ccnatant and is 

danoted by %. When the cart recovered at its starting position, the 

program checked to aee if there were completed parts in the machine 

center cell. The procesaed parts released to the return queue. 

An electric signal was sait to the cart, then the cart moved to 

the specified storage area that had a viable part. The program then 

monitored the electric eye at the storage area. When the cart 

reaĉ wd the proper area, the ̂ ogran sent a signal to ̂  cart to 

stop. After a del̂  of W3, a sigpmal was issued to the motorized gate 

of the storage area to open. The W3 included the normalization delay 

(mentioned in Chapter 4) tdiidi applied an uniform time scaling factor 

. NINO 

. NINQ 
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untec each dtcision rule aet. The following message was then 

displayed on the scxem: 

LOADING PART 0Q(P,1) FROH STORMS F 

Wiere F was a storage area. 

A three second delay was executed to close the gate. 

Another 4.2 lecond delay (W5) was «wcuM before a signal was sent 

to the cart to move out of the A8/RS cell. After the cart started to 

move, the following message was displaysd* 

RETURtilNG WITH Q0(F,1) FROM STORAGE F 

«hem F was a storage area. 

When the cart readMd the starting position to unload the part, 

a fourth signal was issusd to stqp the cart. The ̂ t Ûmn rolled 

off the cart to the lifting ramp. While the pert was moving the 

lifting ramp, the computer determinsd the actual traveling time 

excluding aî  del̂  time. The following message was dî ayod; 

FETCH TlIC IS Th 

where T& was a fetch time value in mimite. 

The cŵ ter updated the cumlative traveling time (fiM) of the cart. 

10. Part routing subroutine tsijtooutine 130<K» 

fAiile the selected part was moving the lifting ramp, the part 

routing subroutine vms called to detemine yhere the part (Should go. 

The desired routing location of parts I, 3 and 5 was the turning cell 

input queue. For these parts, the machine center/turning cell gate 

was qpened to route the part to the turning cell irqput queue. The 

following message was then diî l̂ ed: 
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PART 0Q(F,1) SHOULD GO TO TURNING CELL 

%A#z# 0Q(P,1) we# a pact rnsÉicr and P we# a storage area. 

The pert imit tolled over the iî ot «witch of the turning cell 

input queue. The program then confuted arrival time (TR(00(P,1))) of 

the pert to the turning cell. 

If the «elected part we# one of pert# 2, 4, 6 and 7, the part 

we# rmited to the machine center. The following meeeage was then 

displayed; 

nxf OQ(r,l) SHOULD BE SOUTZD TO MACHINE CQITER T 

%*er# 00(f>l) was s pert nurtm and P vas a storage aree. 

The machine center/turning cell gate was closed, and any motorized 

divMter whid) wes not in the correct position to route the pert to 

the proper madiine cent«C WM adjusted. 

The prognn thm dwcked to see if the part rwched the desired 

aad)ine center. The arrival time of the part to the prqper machine 

center was then computed. As soon as the part arrived at the turning 

cell OK the madtine center, the following subsubroutines were called* 

a. Machining sufawteootine (subsubroutine 14000) In this 

eubeukrwtine, each machine center was checked to see if any part was 

waiting in a madUne center queue to be processed. If a pert was 

waiting <md the madiine center was idle, the part in the queue was 

processed on a KT8 (first come-first serve) basis. Subeubroutine 

20100 was called to start processing. The aadiine center started 

processing by opening its motorized gate. A "Wled" condition in 
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any machine center is preventing the start of processing. The 

conqputez ccn̂ tod the waiting time for which the part had waited in 

the queue \3pOR its arrival. Alao» the cumulative waiting time of 

pert# <m the maAin center warn «updated. The follow- ing meaaî  

next diaplî i 

ÏA1TIM0 TIMS or OQ(TT,:> ONH/C IT IS ID(0Q(TT,1)) 

where 00(TT»1) was a part nundaer» TP was a machine 
center and ID(00{TT,1)) was the waiting time. 

The process completion time of the part was then detemined. If 

the marine emter was just recovering from its failure, the process 

conpletion time was determinsd in the failure subroutine described 

later* 

b, Op̂ ting subwibroutine (ŵ bsitooutine 16<XXM After 

sWisWKOwtin# 14000 was executed, the program proceeded to 

subsubroutine 16COO to update both the queue length and the queue 

order of the storage ares. The storage ares larovided a part to 

either a machine cmter or the turning cell. The locatim (4tich 

received the selected part was also tfdated. 

Both the queue Imgth mâ Wie queue order of the location were 

updated. 

After the stoom subsubroutine* wne executed, the current 

subroutine (sî outine 13M0) contiiwed updating the cumulative 

nunriser of parts fetdned for Uie turning cell operations or the 

machine canter operations. The cumulative nunb̂  of parts fetched 

from the storage area and the cumulative mndber of parts routed to 

the marine center cell were also i#dated. Every busy machine center 
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WM ch#ck#d by fubxoutin* 40000 to ### if its processing should 

texminste. 

11. Mmchin# pgocMS coByltion mAtoutin# (siawtoutine 400(X)) 

This Mbxoutirai chscksd to se# if the sinalstiwi xm time wss 

exceedsd and if th#c# w#x# ptocessed pscts which should be released 

txm the machine center cell. Iftien the simulation was completed for 

a dscision ntle set# the pKogxan proceeded to compute all simulatiw* 

statistics related to the perfomsnce criteria. The following sta

tistic# were gsnerated tay this sitooutines 

• The AS/KB cart's effectivity and its idle rate; 
. each msdiine center*# effectivity and it# idl# rat#; 
• Av#rag# #ff#ctvity of th# machin# c«it« c#ll; 
. fst̂  rat# of ssch #tmrag# ar#a; 
. Hontm rat# to «ech madiin# c#nt#ri 
. fstch rat# for th# machin# o«tt#r c#ll; 
. ftstch rat# fm th# turning c#lli 
. Total nwimr output# from sadi madiin# 
. Total nwb#r of oû ut# from th# madiin# c«nt«c c#ll; 
. Total mate of oû t# from th# turning c#ll; 
. Total nurtwe of dispatĉ m from th# AS/RS c#ll; 
. Currmt qmu# l#ngth of each storag# araa; 
. current 9i#u# length of th# return qwue; 
, Qirrwit qiieu# l#n̂  of th# turning c#li; 
. Currant gasu# Iwgth of #sch machin# c#nt#r; 
. a»rsnt qosu# oscàta of eadt storage area; 
. Qjrrwit qusue order of esch machine omter; 
. Current queue order of the turning cell; 
. Total fetch time of the AS/RS cart; 
. Total processing time of the machine center cell; 
. Total througî ut time; 
. Total pro&Ktion lateness; 
. Total waiting time on d%e machine center cell. 

After dwdcing the simulation wm time, each machine center 

vAtich was bi»y processing a part was dwcked to see if the process 

should be completed. If a part was done and the retrieval queue had 

an available space, the following message was displayed: 
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PART OOCmA) IS DONE AT LOCATION TN 

wh#K# 00(TN,1) MM a part nurabaz and TN was a machine center. 

The coRfJutez then sent a signal to the specified machine center 

to close its gate. After cumulative niWser of outputs from the 

machine center wm# increased by one, the pcccesMd pszt mm released 

from the machine center and joined the return queue. The qwMue 

length of the return queue was increased by one and the queue order 

was updated. The program gave then the part an index of 1. This 

meens that the pert should return to its original storage area as a 

raw material. This subroutine then called a subsubroutine to commute 

the intermediate simulation statistics. 

#. Intermediate statistics subsubroutine (wbwtooutine 18000) 

In this wbsutoroutine, the cumulative psocescing tia» of tlie 

machine center %*ich released the processed part was computed. The 

following message was displayed: 

TOTAL PSOCESSINC TIME OTH/C IN IS RT(MC) 

where IfTtNO was the total processing time in minute, 
and both NC and TN mtm a machine center» 

The intermediate average effectivity for both AS/R5 cart and the 

machine center cell were computed next. The following message was 

displî ed: 

amSEUT TÏMB SïSTDi HPFBCTLVITÎF 

Recall that the turning cell effectivity at that time could not 

be added to compute the ̂ stem effectivity because there was no 

connufiication link between the TBS-SO computer and the CEH conqputer. 

The turning cell effectivity was therefore computed by the THS-80 
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coifuter. After the rmaining pacts' pcocaasing tin# of the machin# 

omtac was c@#)t#d, the following iMMsaga was diaplayad* 

MMMNZNG TIME Of H/C QUEUE TN IS CP(NC,L0(TN)+1) 

CP(NC,LQ(TN)+1) was tha camaining tima, both W 
and NC waca a machina cantac, and LQCm) was tiw qua%m 
length of madilna cmttt TN. 

Both tha quaw length and t*# qwu* order of the mchine center 

were then t̂ datad. 

12. Ttorninq cell WOCMS cowpletion mtemitine tiid»<aitine 48000) 

tAwn tha CBN computer detected a mamifinished pact on the finixA 

queue of the tucning cell, the aemifinî wd pact was released «Awn 

the return queue had an available space for the semifinitfted part. 

The cuntlative nmtM of aami finished parts was thm increased by 

one. The following wesiaqe was diî layadt 

PUfr O0(tN,l) 18 DONE AT LOOmCW TN 

(Aere OQ(TNpl) wm a part nuabmr and TN was a machine center. 

The motociwd gate of the finiW* queue was opened by a signal 

from the cmpuWg, After 2.4 aacoid del̂ « the aemifinished part ms 

celemead to tiie return queue #y closing the gate. The total nunbec 

of pacts on the turning cell was then decreased by one, and the queue 

order was updated. The queue length of the finî  queue was also 

decreased by one, and the queue order ms updated. After the total 

mnb&e of parts of the return queue was increased by one, m ind̂  

was assigned to the aemifinished part. This index vas 2, and meant 

that tihe part Wwuld return to storage area 8, 
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13. R#tri#val procedure «temtin# Çn̂ outir» 30000) 

TO prevent mê wniail ntalfunction of the return gate, the return 

queue had to alwî  poaaw# at least one part. If there waa no part 

in the return queue, the next part releaMd by a madiine center or 

the turning cell wea %mually dropped outside the model a# soon as the 

part hit the return gate. This malfunction occurred due to the 

part*a accerated rolling ipead. 

Bvwy part on the retincn queue was assigned a specific index. If 

the index ws 1, the part was returned to its original storage area 

Otherwise* the part was returned to storage area 8. tOien the index 

was 1, subsvteoutine 35000 was called to determine a storage area to 

whidi the part should be returned. 

a. StOTage area determination submAroutine (subsitoootine 

3M00) Recall that eadt part was represmted by a two-digit 

ramber. The first digit represented its family, and the second digit 

represented its storage arm. Nhenevu the family nutnbw was 

required by the program, the two-digit number was converted to a <me 

digit number i4)idi r̂ esented the family numiNK* Also, the two-

digit nuBter WBS converted to a one digit number wkich represmted 

the storage area when the storage area nuRte was required by the 

program. 

After subroutine 35(K>0 was executed, the following message was 

displayed: 

FART 00(30,1) SHOOtO RETORS TO SIORAGE PF 

(*ere 00(30,1) was a pact number and PF wms a storage area. 



www.manaraa.com

199 

Th# program than checked to see if the return lifting ranqp was in the 

"down" poeition. if the ramp was down, the returning part rolled to 

the lifting tmp by qpening/clocing th# motorized gat# of th# K#turn 

qa#u#. Aas aom m th# lifting tamp ataxted iqpwaxd, th# conqput#; 

wmputed th# throughput tim# (TP) of th# part. The motorized di-

v#xtexs of th# atoxag# az#a# wet# Own adjusted to th# px(̂ x 

pceitione. Thia permitted the part to return to its raw material 

origin. The following intexnadiate statistics associated with the 

returning pert were th«i ccnputedt 

. Th# ttiroughMt time; 

. Th# production Isteww; 

. Cumulative throughput time of th# procesMd parts; 

. Qmulstiv# production latwwas of th# processed perts; 

. Axrivel tim# of th# pert to its stcnrage area as a raw 
iMterisl* 

Th# qu#u# length of the storage area mm next increased by oim, 

md th# qa#u# order was updat#d. Th# qw#u# length of the retwn 

queue was also decreased by cm, and th# gww# (nd#r was iqpdated* 

When the part's index was 2, the part was a semifinished part. 

The aamifiniiriiad part was retimied to storage area 8« No commu

tations for intwaediat# statistioi were made ft» parts retiming to 

storage arw 8. 

14. fiailure sxAroutine (subroutine 41000? 

The total nunber of failures whid* occurred in the AS/RS cart 

and the machine center cell was 70. The failures of the turning cell 

w%e controlled by the TltS-80 computer. the cart failed, the 

following message was dî l̂ ed; 
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AS/RS CART FAILS. FAILURE NUMBER IS IC 

i*#r# IC was th# cuzxtnt failux# iWRdb#t. 

Failux# tim# (Ml) was d#t#xmin#d and th# failux# point waa 

dalatad fxom th# ̂ ta. Th# valu# of MI waa considaxad aa a dalay in 

th# f#t«h aubxoutin# (mAxwtin# 12000). 

Mhcn on# of th# machin# cmt#xa failed, two aituationa «xiatad 

in executing the failure. One waa for a buay condition, and the 

other was for an idle condition. Wien a machine center failed in an 

idle ccmditionf the failure started immadiately. The failure point 

MM th#% deleted from the data. The following mwsaqe MM displayed * 

MACHINE CORER TJ FAILS M BOC1C)/3€OQ 

where BO(IQ MM the failure occurrence time, TJ was 
the failed nadiine cmter and IC MM the corrmt 
failure vmtm. 

Mien a machine center failed in a busy condition, the failure 

MM executed imaadiataly after the madiine center finiWxed its pxoc-

Msing. In this situation, both the &*ilwe occurrence time and the 

recovery time had to be modified. This meant that the computer re-

dhecked the mwhine center and implemented the failure with modified 

time valuM. 

fiten failed machine center recovered, the following message was 

displayed: 

FAILED mCHINE CENTER TJ IS RECOVERED AT Br(IC)/3600 

%*ere HPdC) was the failure recovery tWe, TJ was the 
recovered ma<*ine center. 

The ̂ ocess completion time of a part Wiich had waited until the 

failed machine center recovered was then recomputed. The recovery 
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point warn thm dolotod from th# failuK* data. 

13. summary 

Am shown in Figuz* 6-3, #ach program which a daciaion rule 

a#t wa# aifflulatad conaiatad of aevan baaic mibrowtinaa* th# retrieval 

peoceAire wbrwtine, the part aelectiwvWchine center aelection 

«̂ routine, the part routing wk»c(Mtine» the nadtine proceaa com

pletion auteoitine» the tvaning cell proceaa completiwi subroutine 

and the failure «̂ routine. Thee# «dbroutinw were continuously 

executed uttil a apecified aimulation run time was coô eted. 

from th# madiin# proceas completion mt»outine (a*Aroutine 

40000) f all aimulation atatistics under a daciaion rul# a#t ware 

genwated at the end of the aimulation. All aimulatiw statistics 

haà to be oonvnted to time values for the real system. Thmge were 

twenty-eight different time sealing factors presented in Chapter 4. 

With th# time scaling factors for twenty-sight dscision rule sets, 

th# simulation data were regenerated from the data of the model. 

EMb decision rule set was th«i consistently ooapared with other 

decision rule sets. 

CkVter 7 presents collected data vAiidh wnre hourly data re

generated from the scaled model data. decision rule set had a 

relative rank in each performance criteria from the bwt 

decision rule sets were selected. An analysis î oce&nre is also 

presented in Chapter 7 by wlûdi the performance of eadh decision rule 

set is evaluated. 
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Vil. DATA COLLECTION AND ANALYSIS PROCEDURE 

A. Introduction 

Each of tw#nty-#ight dtcision rule m ta wsa aimulatad over 11 

hours of model time. A# deeeribad in Chapter 6, the aimulation 

master clocks in both the CW con̂ ter and the TRS-80 computer were 

set to zero «Awn the similstion started. This mesfw that the per-

formance of a decision rule let was (Aserved from the bagining of the 

simulation* The nmster clock wm incremented by a variable amount 

rather than by a fixed mount of time. The clock kept the siawlated 

system ruming withwt interruptim until an event occurred. At this 

point, Ae CGnqputer paused momentarily to record the change in the 

systam. The computer kept tradt of vhên future similated events were 

scheduled to occur. It jtn̂ wd in simulated time to the next of these 

events, and updated the syatam. This cycle mm repeated a# many 

times as required during each of the simulation. 

All simulations for the tuentŷ ight decision rule «ets were 

experiments without repetition. The Img simulation run time (over 

11 hours on the master clock) was the impetus for not repeating eaĉ  

of the simulation rws. 

Whenever a simulation was cmpleted for a decision rule set, the 

following statistics were tallied the CBH computer; 

. Bet̂  rate for each of the eight storage areas; 

. Rimte rate for eadi of the six wchine centers; 

. Route rate for the turning cell; 

. Total output from each of the six machine centers; 

. Total out̂ t from the turning cell; 
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. Total model fetch time of the AS/PS cart; 

. Total pKOCMsing tin» in the machine center cell; 

. Total waiting time in the machir» center cell; 

. Current queue length and its order for each of the eight 
storage areas, each of the six machine centers, the turn
ing cell, and the return queue at the end of #ach simula
tion. 

In addition, the CBM computer tallied the following intermediate 

simulatim records for eadi decision rule set* 

. Current reading of the simulation master clock; 
• Mrt raàmt loaded from a storage area at time t; 
. ObMtvid fetch time for a fetdii 
. Part noriber rwted to a nwchine center; 
. Part nunter routed to the turning cell; 
. Part nunber completed by a machine center; 
. Part number rettaned from the return queue at time t; 
. Throû iput time, production latenwe and arrival time 
of each return part at time t; 

. miting tW of a port on each machine center queue; 

. Total pcoceeeing time in eadt madiine center; 
• Average effectivity of the NS/fS art and the machine 
omtex cell; 
. railed cmponent, failure occurrence time, failure 

recovery time# and failure naatmc. 

The turning cell statistics were gmerated by the TRB-SO com

puter. The following statistics were obtained for the turning cell: 

. Total processing times of lathe 1, lathe 2, the washing 
station and the r<*ot n̂i-Mover-5) ; 

. Total mmdoer of parts processed by tW turning cell; 

. Total number of idle grasps of the robot due to no 
presence parts in the Unming cell irqput queue; 

• effectivity of lathe 1, lathe 2, the waiting station and 
tàm robot; 

. Total effectivity of the turning cell. 

The TRS-80 also determined the intermediate turning cell effectivity 

whenever the robot finished its cycle and failed at time t. 

All simulation statistics were measured in model time. The 

model time was an adjusted time with a time scaling factoa: (w a 

decision rule set. Each decision rule set had a specific time 
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scaling factor described in Chapter 4. There were twenty-eight 

different time scaling factors. This means that all simulation 

statistics RMSt be converted to real time values for consistent 

comparison of twmty-eight decision rule sets. That is, the model 

time was multiplied by a time scaling factor for each decision rule 

set. All performance criteria values except the actual production 

output presented in this chapter are the real time values regenerated 

from the model time under every decision rule set* 

Specific data collected tot eed) decision rule set are sepa

rately presented in this chaqptw. The analysis proĉ irM for the 

obtained perframnce cxitmria values are presented m well. 

B. Data Collection 

1. Overview 

The detailed description* of six performance criteria were 

Resented in Chapter 5. The six performance criteria are; 

, Actual system effeetivity; 
, Rawelimg times tax parts; 
• Actual proctection output; 
. NsmifacturinQ tbrouglqput time; 
. MB*k-in-process invent«y; 
. Production lateness* 

Specific performance criteria values under every decision rule set 

were obtained after simulation times of approximately 11 hours. 

2. Actual system effectivity 

The actual system effectivity was defined as the ratio of the 

actual operation time required to prodwe parts divided by the 
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available manufacturing time (simulation time). The effectivity was 

determined by effeetivitie# of the AS/PS cart, the machine center 

cell and the turning cell. Th# d#t#minatian of 9êdh of tĥ  

fMtor# was pr###nt#d in Chaptar 5. A# another baaic comqpon#nt, the 

automatic guided vehicle system (AGVS) of the actual FM8 might have 

been merged to co#ute the actual system effectivity. However, no 

failures were assumed in the AfiVS because th# actual failur# data 

w#r# not aWlaW# for this r#s#arch. Th#r#foK#, th# effectivity for 

th# AGVS «MS omitt#d in computing th# actual system effectivity. 

Th# following valu## wnr# r#quir#d to d#t#n»in# th# actual 

aysun #ff#ctivity for #ach of twen̂ -#ight dscision rul# s#ts% 

. Total mod#l f#tcA* tW# of th# AS/R8 cart 
• Total procsssing tin# of th# machin# c#nt#r c#il% 
. Total processing time of th# turning cell; 
• Simulation tim# tac a dscision rul# s#t. 

Th# total modal fetch times were determined from both the 

ob##rv#d model f#tch tim# and th# numb#r of fetches from a storage 

area. Th# mod#l f#td) time presented in Ouster 4 was the average 

value of all obeervatiom from a storage area. 

The total model fetch times were d̂ endent upon which storage 

area was selected frequently undw a decision rul# set. Storage area 

8 was the most distant storage area. Storage area 1 was the nearest 

area to the AS/SS cart's starting position. However, storage area 8 

was indepaident of a part selectiw rule because semifinî md parts 

stored at the storage area were always selected first. Therefore, 

storage area 7 was the im»t distant storage area v̂ ich could be 
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wl«ct»d ky a part aelaction rul«. 

Tha modal tetch tlma did not includa any failure times» idle 

time#, and delay times sud) as QELMf-l, DCLMf-l and and notmalization 

delay in the A8/RS fetching (̂ ration. 

The total processing timss of six machine centers were dependent 

upon »Aat types of part families were processsd frequently 1̂  the 

marine center cell under a dacisim rule set. Part family 6 had the 

Imgest processing time, and pert family 4 had the Wwrtest process

ing time. Processing times did not include any failure times or idle 

tioM of each machine center. 

The total procMsing times of the turning cell were dependent on 

prooewing times of parts on lathe 1, lathe 2, the washing station, 

the rAot, mtâ raadser of parts processed by the turning cell. Again, 

this time factor did not include aty failure times of the rdbot or 

idle times of lathe 1, lathe 2, the washing station, and the r<*ot. 

The turning cell inrocessing time «as 20 minutes as presented in 

QN#er 5. 

Table 7-1 presents the total fetch time, total svocessing time 

on 0» machine omter cell, and total processing time on the turning 

cell for every decision rule. Ml times are W%e real time values 

regenerated from tihe model times using the time scaling factor for a 

decision rule set. Table 7-2 (^resents the effectivities of the AS/JtS 

cart, tile madtine center cell and the turning cell for ea<* decision 

rule set. 

The actual system effectivity was an average efÉactivity of all 

major ̂ stem coBfxments. It is presented for each decision rule $et 
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Table 7-1. Total processing time values for major components 

Decision A B C 
Stt rule set (hrs.) (hrs.) (hrs.) 

1 nOCOH/RMOON 67.7302 516.8329 110.0728 
2 RMOOH/nVS 67.4764 509.2157 109.5389 
3 RMBOH/MINO 69.4161 537.5287 110.0084 
4 RMOoMneiQ 66.3607 543.6296 110.4246 

S rsrS/RMIDGH 66.0885 522.0355 109.9024 
6 rsrs/nffs 66.7514 555.6948 108.7515 
7 rars/niNO 66.3900 556.1841 108.6514 
8 rsrsABHQ 65.3854 543.6755 109.4599 
9 SPr/SMBOH 66.9869 495.8197 111.4879 

10 sPT/mre 64.3874 504.1696 109.6098 
11 snAfJMO 68.8166 452.0172 108.8305 
12 stTAnm 66.8151 434.0662 109.1642 
13 DOWMMDOM 66.7356 487.3686 109.9631 
14 wm/rm 65.1759 505.0123 108.8162 
15 OONfC/WMO 68.3255 447.0199 109.4221 
16 ODAWWINO 66.3686 452.7475 109.3484 
17 63.6124 463.4709 110.1308 
18 ojCK/nvs 64.6141 502.7152 110.5338 
19 sucMauo 66.̂ 1 470.3096 108.7829 
20 ajCKAom 65.4308 451.%97 108.9856 

n S/PT/RMDON 65.3336 487.0797 109.9882 
22 64.6650 499.1725 108.3235 
23 6/M/WMD 67.4887 478.4986 110.6258 
24 8/fT/mm 64.4943 488.0472 110.5698 

% mjm/nAtccM 65.7384 536.0550 109.4459 
26 VJILOVMS 64.7591 505.4698 108.6563 
27 VAU%4»W0 65. m7 552.9937 109.2751 
28 vMOSAmio 63.4627 563.7280 108.7295 

A * total fetch time for the AS/BS cart 

B » total {«roceming time for the B»chine center cell 

C » total processing time for the turning cell 

Actual system effectivity 
» (A • B/6 C)/(simulatim run time * 3} 
Simulation run time » 140 hours 
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Table 7-2. Effecivity for major component# (effectlvltytrank) 

Decision 
Set role act A B C D 

1 mocu/mom 0.4839*4 0.6153*10 0.7862*7 0.6285*9 
2 RMSOH/rWS 0.4820*6 0.6062*11 0.7824*13 0.6235*11 
3 MttOOH/NlMO 0.4958*1 0.6399*7 0.7858*8 0.6405*1 
4 mofm/mvQ 0.4740*12 0.6472*5 0.7887*5 0.6366*4 

5 mmimcH 0.4721*15 0.6215*9 0.7850*11 0.6262*10 
6 rars/iMPS 0.4768*8 0.6615*3 0.7768*24 0.6384*2 
7 rsrô MO 0.4738*13 0.6621*2 0.7761*26 0.6373*3 
8 rsrs/mtio 0.4670*18 0.6472*5 0.7819*14 0.6320*7 

9 OT/RMBOH 0.4756*10 0.5903*17 0.7963*1 0.6207*12 
10 8FT/f»VS 0.4599*26 0.6002*14 0.7829*12 0.6143*15 
11 snmm 0.4915*2 0.5381*26 0.7774*21 0.6023*23 
12 SPT/UXMO 0.4773*7 0.5167*28 0.7797*19 0.5912*28 

13 OOMTC/miDOH 0.4767*9 0.5802*19 0.7855*10 0.6141*16 
14 comMs 0.4655*21 0.6012*13 0.7773*22 0.6147*14 
15 mamxm 0.4880*3 0.5322*27 0.7816*16 0.6006*24 
16 ixmAam 0.4741*11 0.5390*24 0.7811*17 0.5981*25 

17 SUCX/RMOON 0.4544*27 0.5518*23 0.7866*6 0.5976*26 
18 sjo/rws 0.4615*24 0.5985*15 0.7895*4 0.6165*13 
19 suamm 0.4732*14 0.5599*23 0.7770*23 0.6034*22 
20 sLxsnAnm 0.4674*17 0.5379*25 0.7785*20 0.5946*27 

21 sm/9mm 0,4667*19 0.5799*20 0.7856*9 0.6107*19 
22 sm/nm 0.4619*22 0.5943*16 0.7737*28 0.6100*21 
23 smAom 0.4821*5 0.5696*21 0.7902*2 0.6140*17 
24 emmm 0.4607*25 0.5810*18 0.7898*3 0.6105*20 

» ymm/mmm 0.4696*16 0.6382*8 0.7818*15 0.6298*8 
26 mUE/FW5 0.4626*23 0.6017*12 0.7761*26 0.6135*18 
27 VRUm/WNQ 0.4664*20 0.6583*4 0.7805*18 0.6351*5 
28 vMUMmio 0.4533:28 0.6711*1 0.7766*25 0.6337*6 

A » effectivity of the AS/RS cart 

B » effectivity of the machine center cell 

C # effectivity of the turning cell 

D » actual listen effectivity 
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in T%61# 7-2. Rtcall that the simulation run time was 140 hours in 

reel time. Bad) decision rule set has a relative rank by effectiv-

ity. Table 7-3 presents the relative system effectivity and its 

relative rank for •adh dscisim rule set. The relative systsm 

effectivity wes determined by the Mtual system effectivity divided 

by the the%etical system effectivity. The relative system effectiv

ity was the maximum system utilization rate possible with failures of 

major system coiipcnents. 

The RMOOH/NINO rule set had the highwt value in both the 

actual system effectivity and relative system effectivity. The 

san/nnviQ rule set had the lowMt iwluee for both effectivity 

cxitfficia. 

3. Total traveling times for parts 

The total trailing time for pacts was defined as the tm of 

total model fetd) time from/to a stocage area and the total model 

route time to eitiiec a machine center or the turning cell. The total 

model fetdh time wm determined by total nunb«r of fetches multiplied 

by model fetcA time from each of eight storage areas. The total 

model route time was determined by both total ninber of routes to any 

of six madhine centers or the turning cell and model route time for 

cadi route path. This time factn did not include any failure times, 

idle times or del̂  times in either the A6/RS cell and tW 

Txdbles 7-4a and 7-4b ĵ ŝent the total mndber of fetdhes from 

eâ i storage area and the total nurtbec of routes to either a madiine 

center or the turning cell. Table 7-5 presents the total fetch times 



www.manaraa.com

210 

Tabl# 7-3, Relative system effectivity and its rank 

Dtciaioi Relative ̂ tam 
Set xul« «et effectivity Rank 

1 RANDOM/MMXM 0.8351 9 
2 RMOOH/IMPS 0.8285 11 
3 msm/mvQ 0.8510 1 
4 nmmmvQ 0.8459 4 

5 Fsrs/RWJDOM 0.8320 10 
6 ms/ms 0.8483 2 
7 fsgsmvQ 0.8468 3 
8 vsn/mvQ 0.8398 7 

9 SPT/RMDCN 0.8247 12 
10 SSf/WÊB 0.8162 15 
11 SPT/WNO 0.W03 23 
12 SPT/NIHO 0.7855 28 

13 txaoE/mom 0.8160 16 
14 aoKWnws 0.8168 14 
15 tomAtim 0.7980 24 
16 tSDKWmVQ 0.7941 25 

17 sucK/mom 0.7940 26 
18 SLACX/FWS 0.8192 13 
19 sucK/mNo 0.8018 n 
20 OACKMliQ 0.7901 27 

21 S/VT/miDON 0.8115 19 
22 s/vr/ftvs 0,8105 21 
23 s/PT/muQ 0.8158 17 
24 S/fT/mtlQ 0,8112 20 

25 vKmmnDon 0.8368 8 
26 VAum/ftws 0.8152 18 
27 mmmHo 0.8439 5 
28 musBAnm 0.8420 6 

Theoretical aystai effectivity » 0.7526 

Actual Intern effectivity 
R e l a t i v e  s y s t e m  e f f e c t i v i t y  »  — ^ -  — - —  

Theocetical system effectivity 
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Table 7-4a. Total nunber of fetches 

Decislw Storage area 
Set rule met 1 2 3 4 5 6 7 8 

1 RMOOfVRANDOn 101 96 89 106 103 102 93 259 
2 RANDOM/mWS 99 96 101 96 98 96 101 255 
3 RMmOM/NiNO 91 105 89 99 96 99 118 257 
4 RMCOM/WINQ 107 104 100 107 97 101 96 257 

5 FSrS/mMDOH 129 133 118 122 105 57 41 250 
6 nts/ftws 113 106 101 105 106 95 82 248 
7 psrs/HiNQ 162 ISO 128 130 62 52 40 248 
8 rsfs/nxMO 162 145 117 122 99 41 23 255 

9 SPT/RMOON 146 111 84 145 133 54 27 271 
10 spr/ifvs 106 95 96 106 95 91 68 257 
11 SPT/WNO 217 49 28 241 194 30 10 251 
12 SPT/WNO 220 43 40 245 194 13 1 249 

13 oonac/iOiBOH 84 79 80 149 138 79 87 262 
14 102 92 95 U2 97 88 96 248 
15 w/mmniQ 79 71 71 204 174 60 77 253 
16 vuoËAnm 92 72 67 182 162 65 79 251 

17 SLMX/mnm 90 76 83 141 126 82 83 257 
18 ojot/wn 99 102 102 106 102 87 88 265 
19 oMXAam 87 83 72 184 154 72 73 246 
20 sucm/mm 77 70 68 193 166 61 79 239 

21 S/PT/RMBON 103 89 86 109 105 86 99 264 
n 94 97 97 99 101 92 93 241 
23 smAom 100 92 93 124 107 94 90 260 
24 smAim 101 95 91 120 103 95 99 260 

a VHIXm/VMOOH 104 109 103 96 90 83 83 250 
26 mjtmmws 97 97 95 93 92 84 96 249 
27 vmrn/mm 136 142 140 128 61 53 43 245 
28 mmAnm 146 134 130 137 62 50 36 246 

Storage area 1 was the nearest storage area froa the AS/RS cart's 

starting position. Storage area 8 was the most distant storage 

aw@. However* storage area 7 was the most distant storage area 

to which the AS/RS cart could access under a part selection rule. 
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Table 7-4b. Total msdber of routes 

Decision Mmchine center Tttxning 
Set rule let 1 2 3 4 5 6 cell 

1 RMmOM/RMOOM 117 128 115 124 103 97 265 
2 lUMDOIî PMPS 122 131 98 114 125 90 262 
3 RMOOMilNO 107 124 119 124 106 115 259 
4 RMBOK/WIMO 120 123 115 116 122 110 263 

5 fsn/nam 112 116 118 121 113 119 256 
6 tsgs/mm 132 116 110 134 110 98 250 
7 fsmAnm 132 135 118 117 115 103 252 
8 ram/mm 113 115 115 143 102 119 257 

9 srr/mom 109 125 106 126 117 114 274 
10 SFr/mrs 131 133 103 112 96 81 258 
11 SPFAnUQ 149 148 116 128 126 98 255 
12 SPT/WINO 153 136 113 131 111 109 252 

13 OCMRS/RMSOH 117 115 122 120 110 108 266 
14 OCDVnS/MS 137 127 107 123 97 84 255 
IS DDMWWNO 149 138 112 131 105 97 257 
16 DOAWWINO 136 125 115 133 103 103 255 

17 SEJâ /RMBON US 115 109 120 111 102 263 
18 ojot/tims 122 128 120 126 105 80 270 
19 flUCMillfO 124 126 127 125 113 105 251 
20 suaAnm 130 119 116 127 113 103 245 

21 S/PT/RMCOH 126 117 106 121 108 97 266 
22 sm/n98 129 121 97 114 107 98 248 
23 8/rtAam 139 117 125 120 98 94 267 
24 em/mm 135 123 114 118 95 114 265 

25 VMm/RilDOH 127 100 107 121 111 98 254 
26 mus/mrs 110 122 109 104 101 102 255 
27 VALUB/WINO 138 115 m 103 114 115 252 
28 mUKAWNQ 124 121 121 110 107 106 252 

The first operation of parts 1, 3 and 5 was processed by the 

turning cell. The first operation for the rest of parts was 

processed by a machine center. Semifiniidied parts were routed to 

a macWne cmmter. Machine center 1 was the nearest center from 

the AS/RS cell. Machine center 6 was the most distant center. 
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Tabic 7-5. Total traveling time 

Dtciaim A B C 
Sat rule let (hre.irank) (hi#.* rank) (hra.*rank) 

1 RMBOIVRMDOH 67.7502t25 44.1543*28 111.9045*28 
2 RMBOM/rWS 67.4764t23 38.4437*19 105.9201*23 
3 RANDC#0»NO 69.4161s28 38.5926*21 108.0087*26 
4 mtSOHAOMQ 66.3607x17 38.3823*18 104.7430*18 

S tsts/vimm 66.0885*14 38.7350*23 104.8235*19 
6 rsrs/mrs 66.7514*21 38.6617*22 105.4131*22 
7 fsts/wm 66.3300*16 39.0400*25 105.3700*21 
8 ntBAnxiQ 65.3854*11 38.2284*17 103.6138*13 

9 sn/mmm 66.5869*19 38.4809*20 105.0678*20 
10 spT/rws 64.3874*3 36.5223*3 100.9097*3 
11 sstAam 68.8166*27 40.5956*27 109.4122*27 
12 snAnm 66.8151*22 39.4585*26 106.2736*24 

13 tjom/mom 66.7356*20 37.8516*16 104.5872*16 
14 WKo/mn 65.1759*8 36.8512*7 102.0271*8 
15 tjDmAtxm 68.3255*26 38.8257*24 107.1512*25 
16 jxmAam 66.3686*18 37.6487*13 104.0173*14 

17 sucuymom 63.6124*2 36.4172*2 100.0296*1 
18 sua/fms 64.6141*5 36.9097*8 101.5238*7 
19 SUCKAnVQ 66.̂ *15 37.8406*15 104.0947*15 
20 suanAam 65.4308*12 37.3166*12 102.7474*11 

21 sm/mom 65.3336*10 36.7635*5 102.0971:9 
22 sm/nws 64.6650:6 36.2916:1 100.9566:4 
23 s/nAom 67.4887*24 37.1001:11 104.5888:17 
24 smAom 64.4943*4 36.8022:6 101.2965:6 

25 vmm/vmm 65.7384:13 36.9957:10 102.7341:10 
26 VKLOE/nVS 64.7591*7 36.5352:4 101.2943:5 
27 yKummm 65.̂ 97*9 37.7401:14 103.0398:12 
# mmAmi 63.4627:1 36.9150:9 100.3777:2 

h • total fetch time in real time 

B • total route time in real time 

C • total traveling time A • B) 
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and total route times for each decision rule set. The svzn of both 

totals is the total traveling time for eadi decision rule set. All 

time values are the real time valuM regenerated from the model times 

ttting a time scaling factor for each decision rule set. 6â  de

cision rule set is assî wd a relative rank for wch of the total 

time valvMS. 

Table 7-6 presents average traveling time per part which $*s 

determined by the total traveling time in real time divided by the 

total number of fetdMS under a decision rule set. Each decision 

rule set is amignsd a relative rax* in terms of the average travel

ing time per pert. 

The total traveling time would be minimized if the AS/US cart 

traveled to storage area 1 each time and evney fetched part was 

routed to the turning cell. However, parts WKe not alŵ  available 

in stwage area 1. hïao, the turning cell was restrictsd by a maxi

mum queue length of five parts. Further, some parts were initially 

routed directly to one of the machining centers. 

4. Actual production output 

The actual productif) output was defined as the actual nusdber of 

parts î oduced by the fHB moddl under a decision rule set. As î e-

seoted in Chî pter 5, the last operation of ea<* part family was proc

essed by one ot six machine centers. This means that parts processed 

by a machine ĉ ter were counted as the actual production oû t. 

The actual production output wider a decision rule set was 

affected ky both the failures and idle time of major system 
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Table 7-6. Average traveling tine per part and its rank 

Dacisim Total mndoer Average traveling 
Set rule aet of tetchee time per part (hrs.) Rank 

1 RAMDOH/ltMOOn 949 0.1179 28 
2 RMDOH/rWS 942 0.1124 26 
3 RAMDOĤ NO 954 0.1132 27 
4 RA»mAm#0 969 0.1081 11 

S ms/mm 955 0.1098 20 
6 vst8/mn 950 0.1110 23 
7 fsnmm 972 0.1084 14 
8 rsn/mm 964 0.1075 9 

9 sn/mm 971 0.1082 12 
10 SPT/MS 914 0.1104 21 
11 mmm 1020 0.1073 8 
12 snAnm 1005 0.1057 2 

13 mm/mom 958 0.1092 18 
14 wm/nws 930 0.1097 19 
15 ïjannAtm 989 0.1083 13 
16 wmn/mm 970 0.1072 6 

17 sucs/wmm 938 0.1066 3 
18 UHx/nws 951 0.1068 5 
19 sLACx/mm 971 0.1072 6 
20 SLACXyldNQ 953 0.1078 10 

21 s/PT/mom 941 0.1085 15 
22 8/fT/nW8 914 0.1105 22 
23 S/FTAim 960 0.1089 17 
24 s/PT/mm 964 0.1051 1 

25 VALUE/RANDOM 918 0.1119 24 
26 mjm/nrs 903 0.1122 25 
27 mmAtuiQ 948 0.1087 16 
28 vMum/muQ 941 0.1067 4 

Total traveling time 
Average traveling time » .—.......m,,,..,,,., .m 

Total nuriber of fetches 
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mnts. Am pmwnted in Chapter 5, the AS/RS fetching capacity was 

1.8574 parts per minute. The production capacity of the machine 

center cell and the turning cell was 1.387 parts per minute. There

fore, the A8/SS cell could provide enough perts to either of the 

tforkoenters. 

The achievement rate wee determined ky the actual production 

output divided ky total mnber tetches in Chapter 5. This rate 

xê wsents a meawre of the productivity of the IMS model under a 

decision rule set. 

Table 7-7 present# total msAer of fetches, tiw actual pco-

Awtlon output and the â evenent rate wider a decision rule Mt. 

Badi decision rule set is assignsd a relative rank in each category. 

If the more perts were fetched from storage areas imder decisi<m 

rule est, the model also manfactured more perts foom the machine 

OMtter cell. The adiievement rate for a decision rule set was high 

if the actual production output was high. 

MBfwfacftiylffT kipf 

The mntofaeturing throughput time of a part was detemined by 

the differrace between arrival time and process com̂ Aetiw time. As 

presented in Chapter 5, the arrival time for each of the thirty-five 

parts stored on sewm storage areas was zero Wim* the simulation 

started. A fetdied part was assigned a specific arrival time (*en 

the part retioned to its original storage area as a raw material from 

ti» œtum queue. That is, the arrival time of the processed part 

was determined by the sun of caqpletim time and return time to its 
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Table 7-7, Actual production output and its rank 

Decieim Total mxAer Actual Achievement 
of fetchee production rate 

output 
Set rule set (tetcheeirank) (mitputxrank) (ratexrank) 

1 RMOOH/miOOH 949*18 658x19 0.6993*15 
2 RMDOH/TMPS 942x20 655*20 0.6953*20 
3 wxxrnmm 954*14 666x16 0.6981*16 
4 mocm/mm 9€9t8 680*8 0.7018*14 

5 rsrss/RMsoN 955*13 673*10 0.7047*10 
6 rais/nvs 950*17 671*12 0.7063*9 
7 fars/HXMO 972*4 692x7 0.7119*7 
8 isrs/MNo 9*4x9 677x9 0.7023*13 

9 SFT/RMDQH 971x5 669x14 0.6890*24 
10 spr/mra 914x26 626x27 0.6849*28 
U SFT/WIQ 1020x1 739x1 0.7̂ 5*4 
12 SFT/lmiO 1005x2 731x2 0.7274x2 

13 CDKn/RMBQN 958x12 664x17 0.6931x22 
14 Dowmes 930x24 649x22 0,6979x17 
15 DDAWWINO 989x3 718x3 0.7260x3 
16 Dowm/mNO 970x7 694x5 0.7155x5 

17 SUCX/RMDON 938x23 649x22 0.6919x23 
18 suoL/nm 951x16 655x20 0.6888x25 
19 sucn/mm 971x5 693x6 0.7137x6 
20 sucu/mvQ 953x15 699x4 0.7335x1 

21 g/PT/RANDOM 941x21 647x24 0,6876x27 
n S/W/fWS 914x26 642x25 0.7024x12 
23 e/w/Niwo 960x11 669x14 0.6969x19 
24 smAim 964x9 672x11 0,6971x18 

25 vnun/mmm 918x25 637x26 0.6939xa 
26 mxm/nws 903x28 622x28 0.6888x25 
27 vnsjoBAnm 948x19 670x13 0.7068x8 
28 vMOBAnm 941x21 663x18 0.7046x11 

Actual production output 
Achievement rate » .....i.,. 

Total ouWber of fetchee 
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original mtorage area. 

The coRpleticn time waa the tW at vAtich the return queue re-

leaaed a proceaaad part to the second lifting ramp. The return tine 

included a part's traveling time to its original storage area and the 

seccmd lifting r«̂ *s qperatim time. TmMe 7-8 presents the return 

time to each aeven storage areas. Storage area 1 ww the most 

distant storage area from the return queue. 

Table 7-8. Retwcn time to a atorage area 

Storage area Retimt time (Rdn.) 

1 0.2501 
2 0.2155 
3 0.2004 
4 0.188* 
S 0.1842 
6 0.1761 
7 0.1673 

The througtvot time of a pert included all failure times anâ 

idle timM ̂  major system components, md delî  in every fet̂ . A 

part experienced idle time i*en the following situatiora occurred; 

• A pert waited at a storage area m a tsm material; 
• One of parts 1, 3 or 5 waited in the turning cell 
input qmeue; 

. One of parts 1, 3 or 5 wited in the turning cell 
finished queue; 

. h pert waited in a machine center waiting line; 
• h processed part waited in the return queue. 

Xf a decision rule had less idle time than other decision rule 

sets, the rule set would have lower tiirougtqput times. The ma%im%m 

queue length was a factm in determining the idle times vmder a 

decision rule set. This means that the model must generate available 

spaces more frequently for either the machine center cell or the 

turning cell to reduce the througtqput time of a part wider a decision 
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rule Mt. Either a machine center or the turning cell was easily 

full with five parts (maximum queue length) when the following 

situations occurred: 

. The AS/RS cart failed; 

. One of six machine centers failed; 

. The robot in the turning cell failed; 

. A machine center queue had parts with long 
processing times. 

Average througt̂ t time per part was determined by total 

throughput times divided by the actual production output under a 

decision rule set. Table 7-9 presents the total throughput times and 

the average throû fut time per part. All throughput time values are 

the real time values regenerated from the model times using the time 

scaling factor for a decision rule set. Bach decision rule set is 

assigned a relative rank in esdi category. 

6» Work-in-process inventory 

As described in Chapter 5, there are two traditional ways to 

measure the work-in-process inventory; 

. Work Remaining - The ma of the processing times of all 
operations not yet completed or in process for all parts 
in both the machine center cell and the turning cell at 
the end of the simulation for a decision rule set; 

. Imminent Operation Work Content - The sum of the proc
essing times of the particular operations for those 
parts that were waiting in ead) queue of six machine 
centers or the turning cell iî ut queue at the end of 
the simulation for a decision rule set. 

As an additional measure, total waiting time was used. This 

measure was included in the total idle time of the total througî t 

time under a decision rule set. The total waiting time was defined 

as the sum of waiting times of all processed parts in the madhine 
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Table 7-9. Throughput time and its rank 

Decision Total througï̂ t Average thxcHtgl̂ t 
Stt :ul# Mt time (hre.troik) time (hxs.trank) 

1 RMOOH/RMOOM 4704.9684:9 7.1504:18 
2 RMCOH/fMiS 4744.1880x27 7.2430*21 
3 RANDOM/MNQ 4695.7622*4 7.0507*13 
4 RMBOM/WNQ 4722.2048x15 6.9444:9 

5 rsrs/isttooH 4697.5972*5 6.9801*10 
6 fsfs/mm 4700.3354*6 7.0167:11 
7 FHfS/NlNO 4716.5522:12 6.8158:6 
8 msmm 4695.5417:3 6.9358:8 

9 spr/ntMDCH 4730.6549:22 7.0712:14 
10 SVT/IMPS 4704.0742:7 7.5145:27 
11 snAttm 4611.4026:2 6.2401:2 
12 sn/mm 4051.8839*1 5.5429:1 

13 COKfK/RMSON 4729.6523*20 7.1230:17 
14 DOAWWeS 4737.4669:24 7.2996:24 
15 wKttmm 4724.6045:16 6.5802:3 
16 oomAnm 4715.3661*11 6.7945:5 

17 suan/mmm 4729.9889*21 7.2881*23 
18 SLACx/mrs 4721.5081*19 7.2176*20 
19 sumAnvQ 4730.9574:23 6.8268*7 
20 OJCKAOm 4721.7816*14 6.7551*4 

21 sm/mtxm 4704.5690*8 7.2714*22 
22 sm/mrs 4716.7887*13 7.3470*25 
23 smmvQ 4754.1233*28 7.1063*16 
24 8/sTAnm 4726.8576:17 7.0340*12 

25 vnjuat/mmm 4705.4997*10 7.3870*26 
26 VALUE/im 4727.1372*18 7.5999*28 
27 VALUiyWNO 4743.8633*26 7.0804*15 
28 VALOE/WMO 4741.9019*25 7,1522*19 

Total throughput time 
Awrage thsougl̂ t tW » 

Actual proâuetiofi output 
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oantar quauaa. Every naw arrival joinad tha machina oantar quauas 

and waitad until pravim» arrival# ware released fran the machine 

center#. The waiting time for a pert waa Owe the difference betwaen 

a part'a arrival time to a marina center and the machine center'a 

•tart tWe to procea# the pert. The total waiting time included the 

failure time# and idle time of major ceRçcoient## and delays in every 

fetch. Average waiting time per part was datemined ky the total 

waiting time dividad the actual productim output tmdar a daciaion 

rule aat. 

Table 7-10 preaant# both the work remaining and the imminent 

operation %#ork content for evwcy daciaion rule aet. Both meanirea 

are the wal time value# regenerated from the model time# wing the 

time Kaling factor for a daciaion rule aet. Badi daciaion rule aat 

i# a##ignad a relative rank in each catagwy. Table 7-11 preaant# 

both the total waiting times and the average waiting time per part. 

Both maanu»# are the real time values regenerated from the model 

time# iwing a time scaling factor tot a decision rule set. Bach 

dKision rule set is again tftsignad a relative rank in e«̂  cat̂ pry. 

7. Production latenese 

The total production lateness was definW m sun of diffar-

enoes between the actual time at which a part was cm#eted and the 

time at «toidi completion was desired (a*-date) under a decision rule 

set. The actual coq̂ tion time was deteenined by the sum of arrival 

time, processing time of a part, the failure times/idle times of 

major conqponents, and del̂  in every ietch. 
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Table 7-10. Matk-ln-proeeu inventory and its rank 

Decision Work remaining Imminent operation 
Set rule let (hrs.srardt) work omtent (hrs.trank) 

1 RMOCH/RMCOH 27.5600119 10.8666*28 
2 RANDon/mrs 24.0700*7 6.8333*10 
3 RMBOH/tllMO 27.3701x16 9.3134*34 
4 MWDOn/NXllO 28.0468*23 6.8367*11 

5 rsrs/HMDON 28.6101*27 9.0100*22 
6 rsrs/Rffs 23.9666*5 5.9466*4 
7 27.0801*14 10.6167*27 
8 wsnAnm 28.2333*25 8.9900*21 

9 SPr/RMOOH 24.8166*8 6.1433*6 
10 ssr/rms 37.5933*20 10.2833*26 
U snmm 27.8567*23 6.1433*6 
13 SPT/WINO 16.9668*3 6.5300*8 

13 OOMn/RMBOH 28.4167*26 9.0367*23 
14 27.4101*17 7.8434*17 
IS oomniNO 16.3201*2 8.7400*19 
16 imnsAam 19.9967*4 7.7700*16 

17 sucK/imm 29.0167*28 5.4100*1 
18 sucm/ms 36.6434*12 7.1334*13 
19 ojcxAnm 27.8100*21 8.8134*30 
7Ù sucMnm 11.2500*1 5.6767*2 

21 8/n/msm 28.1800*24 7.5467*15 
22 sm/nws 26.6034*11 6.7267*9 
23 smAam 27.4335*18 9.5561*25 
24 smAom 23.9933*6 7.1400*13 

% VALO /̂RMDOH 26.1733*10 7.2866*14 
U 25.1533*9 7.8667*18 
27 mjoAam 27.1234:15 5.8934*3 
28 mras/WNQ 26.7099*13 5.9933*5 

Work remaining » The sua of the processing times of all 
operations not yet completed or in process for all parts in 
the wwkcenters. 

Imminwt operation work ccmtent * The sum of the processing 
times of the particular operations for (*i(A parts were waiting 
in eaĉ  queue of the workoenters. 
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TWm# 7-11. Itaiting tin» and its rmk 

Decision Total waiting Average waiting 
Set rule set time (tee. t tank) thee (hzs.trank) 

1 RMmcM/RwmcM 2554.528**20 3.8823*20 
2 motxi/wtvs 2801.5895126 4.2772*24 
3 mtDon/tnNO 1632.3811*9 2.4510*9 
4 RMOOn/MlMO 1727.4392*10 2.5404*10 
5 rsrsj/RMOON 2373.7681*19 3.5272*19 
6 rsrs/mrs 2895.1471*27 4.3147*26 
7 rsfS/imQ 2016.5904*16 2.9142*13 
8 MWWNO 1956.4216*14 2.8898*11 
9 sn/mom 2021.3746*17 3.0215*17 
10 8PT/INP8 2749.8514*23 4.3927*27 
11 mmm 848,4780*5 1.1482*4 
12 SVT/mVQ 690.3297*3 0.9444*3 
13 tonens/nmxm 1958.6166*15 2.9497*16 
14 oomMs 2752.0157*24 4.2404*22 
15 ocm/miio 645.5550*2 0.8991*2 
16 wnsËAom 848.4172*4 1.2225*5 
17 sua/mom 1895.3455*11 2.9204*14 
18 oMX/tms 2699.3833*21 4.1212*21 
19 sucxmvQ 1169.9402*7 1.6882*7 
20 suaiAnm 568.7459*1 0.8137*1 

21 sm/mmm 2059.3666*18 3.1829*18 
n 8/VT/imS 2766.8777*25 4.3098*25 
23 smAom 863.8741*6 1.2913*6 
24 8/vfAfsm 1220.4032*8 1.8161*8 

25 mm/mom 2723.2689*22 4.2751*23 
26 mm/nws 2947.9559*28 4.7395*28 
27 mmmm 1945.9020*13 2.9043*12 
28 1938.9364*12 2.9245*15 

Total waiting time 
mrecage waiting time » 

Actual production outqput 
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The due-date of each part family warn described in Chapter 5. 

The due-date of a part family was determined by the arrival tin» and 

pact's pxoceMing time. Part family 6 had the largest allowance (• 

due-date - arrival time) value due to its longest processing time. 

Part family 4 had th# smallest allowance due to its shortest proc

essing time. 

As previously described, the arrival time of each of thirty-five 

parts wss assuned to be zero when the simulation started. However, a 

processed part was assigned a specific arrival time when the pert 

returned to its original storage area as a raw material. Average 

production lateness per part was determined by the total production 

lateness divided by the actual production output under a decision 

rule set. 

Table 7-12 presents both the total production lateness and the 

average production lateness per part. The lateness values are the 

real time values regenerated item the model time using the time 

scaling factor fw a decision rule set. Zadh decision rule set is 

assigned a relative raidc in eacA* categoî . every decision rule set 

ahomà a negative proAiction latenems (mrliness) • This means that 

the IMS model processed and relwsed parts before due-dates with the 

failures and idle times of major caapon«its no matt» whidi decision 

rule set ms used. 

8. Relative ra** of all decision rule sets 

In the previous section», a decision rule set ms assigned a 

relative rank for ead> performance criterion. The relative rank can 
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Table 7-12. Productif latsaness and ita rank 

Decision Total production Average production 
Sat nile set latemse (hrs.txank) laiMness (hre.*rank) 

1 RMcon/mioon - 687.5324110 - 1.0449*10 
2 RMoon/rws - 520.0507*14 - 0.7940*14 
3 RMBOH/MIMO - 848.7736*7 - 1.2744*7 
4 RANDOM^miO - 902.S636t6 - 1.3273*6 
5 tms/mom - 716.8891*9 - 1.0652*9 
6 nn/WÊS - 960.1203*3 - 1.4309*2 
7 tsis/mm - 982.4617*2 - 1.4197*3 
8 rers/MMO - 921.3955*4 - 1.3610*5 
9 m/mtm - 471.0215*17 - 0.7041*18 

10 8Fr/mrs - 541.3993*11 - 0.8649*11 
11 m/mm - 165.7094*25 - 0.2242*25 
13 SVTAnVQ - 532.1745*13 - 0.7280*16 

13 oDim/nmm - 397.7716*20 - 0.5990*20 
U wm/nm - 512.1764*16 - 0.7892*15 
15 wmAom - 31.8666*» - 0.0444*28 
16 wkwmm - 72.9090*26 - 0.1051*26 
17 sucK/mom - 177.0825*24 - 0.2728*24 
18 sucK/rws - 539.9585*12 - 0.8228*13 
19 SUOVWNQ - 197.9445*23 - 0.2856*23 
20 sLMx/mwi - 39.0357*27 - 0.0588*27 

21 S/PT/RMBOH - 425.6491*19 - 0.6579*19 
22 s/VT/rms - 467.2121*18 - 0.7277*17 
23 sm/mm - 299.0134*22 - 0.4470*22 
24 sm/mm - 388.4706*21 - 0.5781*21 

25 sfâjm/mom - 800.9347*8 - 1.2574*8 
26 vRum/iNre - 512.9028*15 - 0.8246*12 
27 - 918.0388*5 - 1.3702*4 
28 wunwmo -1025.0576*1 - 1.5461*1 

Total production lateness 
kmtstg» produefciofi lateness » 

Actual proAjction oî t 
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be «sBiaziied for all daclslon nile sets. %ble 7-13 presents a 

mimwry of the ranks under the performance criteria . According to 

Tmble 7-13» the NINQ and WIND rulM dominated other dsclsim rules 

for madilne center selection. Also, rulas sudi as FSFS, SPT, DOATC-

SLACX and VALUE domlnatsd ottwr decision rules for part selection. 

C. Analysis Procedure 

1. Overview 

in eâ  of six performance criteria, the bwt performers can be 

sheeted, the beet decision rule set am be indicated by the corre

lation coefficient betwem performance criWria, fetch rate and proc

essing rate for a pert family. 

The pKfoxmance of each decision rule set was dependent vfxm 

both the failures and idle times. The effects of the failures and 

idle times are described in this section. Finally, the time point at 

vhidi the FHB model stidsilized isnder a decision rule set is also 

pTMmted. 

2. Correlation between perfommnce criteria 

h correlation analysis (32) has been adopted in this research to 

analyze tiie performance criteria Woes obtained for twenty-eight 

decision rule sets. For ary two criteria values among six per-

fomence criteria valmsi the sample correlation coefficient, r, can 

be determined by the following equation: 
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Table 7-13. Relative ranks of all decision rule sets 

Decision Perfoamano# criteria 
Sst rule set A B C D E F G H 1 J K L M 

1 RAHDOH/RMOOM 9 28 28 19 15 9 18 19 28 20 20 10 10 
2 RMDQH/IMTS 11 23 26 20 20 27 21 7 10 26 24 14 14 
3 RMBOH/HIMO 1 26 27 16 16 4 13 16 24 9 9 7 7 
4 RANDCH/KINQ 4 18 11 8 14 15 9 23 11 10 10 6 6 

5 fSfS/RMOOM 10 19 20 10 10 5 10 27 22 19 19 9 9 
6 ms/wms 2 22 23 12 9 6 11 5 4 27 26 3 2 
7 rsrs/nxNo 3 21 14 7 7 12 6 14 27 16 13 2 3 
8 rwmm 7 13 9 9 13 3 8 25 21 14 11 4 5 

9 sfr/mnm 12 20 12 14 24 22 14 8 6 17 17 17 18 
10 spr/nvs 15 3 21 27 28 7 27 20 26 23 27 11 11 
11 23 27 8 1 4 2 2 22 6 5 4 25 25 
12 SFT/MMO 28 24 2 2 2 1 1 3 8 3 3 13 16 

13 I»Kn/RMOOM 16 16 18 17 22 20 17 26 23 15 16 20 20 
14 ooiKn/nvs 14 8 19 22 17 24 24 17 17 24 22 16 15 
15 Gowm/iniio 24 25 12 3 3 16 3 2 19 2 2 28 28 
16 DOW%miQ 25 14 6 5 5 11 5 4 16 4 5 26 26 

17 SUCK/MimOM 26 1 3 22 23 21 23 28 1 11 14 24 24 
18 euai/nm 13 7 5 20 25 19 20 12 12 21 21 12 13 
19 eucmmm 22 15 6 6 6 23 7 21 20 7 7 23 23 
20 suaAnm 27 11 10 4 1 14 4 1 2 1 1 27 27 

21 S/n/RMBOH 19 9 15 24 27 8 22 24 15 18 18 19 19 
n 9/PT/MS 21 4 22 25 12 13 25 11 9 25 25 18 17 
23 B/mmNo 17 17 17 14 19 28 16 18 25 6 6 22 22 
24 s/n/WNo 20 6 1 11 18 17 12 6 13 8 8 21 21 

25 VAUnVSMCOM 8 10 24 26 21 10 26 10 14 22 23 8 8 
26 yfram/nvs 18 5 25 28 25 18 28 9 18 28 28 15 12 
27 ytamAim 5 12 16 13 8 26 15 15 3 13 12 5 4 
28 vhim/mvQ 6 2 4 18 11 25 19 13 5 12 15 1 1 

A • Actual system effectivity 
B » Total traveling time C * Average traveling time per part 
D » Actual production output B * Achievement rate 
F » Total tkrooghpwt time f » Average throughput time per part 
H » Votk remaining measure for work-in-process inventory 
I « Imminent operation work content for work-in-process inventory 
J « Total waiting time K» Average waiting time per part 
L » Total production lateness 
M » Average production lateness per part 
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ut »• i' •' 

X • th* corzvlfttion coefficient {-!<* r <•!) ; 
n " th# «mpl# #i%# (• 2*); 
*(i) • cm of two pezfommnc# criteria values fox 

decision rule set i; 

y(i) • the other performance criterion value for 
decision rule set i« 

The r value msesures the strength of the linear relaticmship betwsen 

X and y. If the r has a negative value, the relatimship between two 

perfoRflonce criteria is inverse. Conversely# the relationship 

between two performance criteria is direct Wien the r has a positive 

value. 

Bguation 7-1 was applied to tiw performance criteria. The r 

values (Atained are presented in Table 7-14, Table 7-14 lAwws that 

the dMolute value* of five correlation coefficients among thirty-

four coefficients are greater than 0.8. They are the coefficients 

for the following relation#a*ip#* 

• h direct relationWiip betwsen the total midber of fetches 
and the actual production output (r- 0.9409) ; 

. h direct relationWiip between the actual î tem effectiv-
ity and the effectivity for the ma<̂ ine center cell 
(r- 0.9606) Î 

. An imwrse relationship between the actual ̂ stem effec
tivity and the average production lateness/part 
(r» -0.9086)Î 

. An inverse relationship between the actual production 
output and the average througlfMit time/part (r» -0.9306) ; 
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Table 7-14. Correlation cofficient between performance criteria 

A B C D E r G H 

A — .1485 -.3372 .3784 .5075 .2162 .5016 -.9086 

B — -.4603 .4330 .2121 .4308 .5580 -.3182 

C — -.9306 -.4813 -.1217 -.8306 .3406 

D — .4966 .1419 .7422 -.2533 

E .2810 .5144 -.4538 

F .0878 -.1166 

G -.5473 

A • actual iyttam effectivity 
B • average traveling time per pert 
C » actual production output 
D » averaM titrougl^ut time per pert 
E • work-in-procesa inventory (the work ranaining) 
W • work^in-procee* inventory (the imminent operation work content) 
G » «lork^in-procuMi inventory (average waiting time per part) 
H • average production lateneea 

In addition, the following relationahipe were investigated to 
analyze the performance of a decision rule aett 

simulation nm time vs. total nwter of fetches t r » 0,4522 

simulation run time vs. actual production output : r • 0.4642 

total number of fetches vs. actual production outputs r » 0.9409 

actual system effectivity vs. effectivity for the AS/RS cart: 
r « 0.0851 

actual system effectivity vs. effectivity for the machine center 
cell : r * 0.9606 

actual ^stem effectivity vs. effectivity for the turning cell i 
X • 0.0817 
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. An invtttM telatiorohlp between the actual production 
output and the average waiting time/part (r« -0.8306). 

No significant relationships were obtained for other performance 

criteria. For example, the average travelling time/part i# rela

tively indépendant of the work remaining as a work-in-process 

inventory criterion (r* 0.2121). 

The following result# can be cœcludsd from TWble 7-14* 

. The actual eyetsm effectivity of the model mm strongly 
dépendent on Ae machine canter's ef(activity; 

• If a decision rule set fetdMd more parts during the 
sianlatim than other dscisim rule sets, the model manu
factured more pert# under the rule seti 

• If a décision rule set had higher actual systm eflsc-
tivity than other dscision rule set#, the rule set 
generatsd «nailer average proAiction lateness per part; 

• If the model m«Kifactu»d more pert# wider a dscieion 
rule #et, the average thewghput time per pert we# small
er under the rule set; 

. %f ths model msmtfactured more pert# under a dscieion 
rule set, the average waiting time per pert on the 
madiine canter cell we# smaller than other dscision rule 
set#; 

• The actual productif wtput wm# the manufacturing ea/p»" 
city of the model in a fixed simulation run time. The 
actual production output we# not affsctsd by the speci
fic simulation run time <4)idi we# deteminsd a titne 
scaling factor for a decision rule set. 

3. Fetch rate for a storage area 

Every decision rule set had a specific fetch rate for each of 

eight storage areas, hs described previously, storage area 8 was the 

moet distant storage area. Storage area 1 vas the nearest storage 

area to the A8/R5 cart's starting position. However, storage area 8 

was independent of a part selection rule. A semifinished part stored 
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on storage area 8 was retrieved with the highest priority. There-

toxm, storage area 7 was the most distant storage area for WiiA a 

pert selection rule was applied. 

If a decision rule aet aelscWd storage area 1 frequently to 

feteh a part, the rule aet would be expsctsd to gsnerate a «mall 

traveling time, snail throughput time and low effsctivity of the 

AS/FS cart. In contrast, if a decision rule aet MledMd stora^ 

ares 7 frequsntly# the rule aet would he expected to generate a large 

traveling time, large througt^ut time and high effectivity of the 

hS/W cert. 

The fetch rate for eadi storage area was computed and presented 

in TÉble 7-4a. The fetch rate was determined by total mnter fetches 

for a storage ante divided bf the total nuAer of fetches for parts. 

Table 7-15 j^esents the fetdi rate for each storage area and a rela

tive rank under every decisim rule aet. The FSTS rule as a part 

•election rule was expected to have the highest msriber of fetdws for 

storage area 1. However, Uie SFT rule had the highest n«*er of 

fetches for this storage area. This meams that the fittdi rate for 

eadi storage area was heavily dependent qpon What types of parts were 

stored on each storage area in every fetch. Under a decision rule 

set, eadt of eight storage areas had a new part order in every fetch. 

The initial part allocation was illustrated in both Chapter 3 

and Chapter 6. According to part allocation, storage areas 2 and 

3 did not contain part family 4 with the #)ortest prooessing time 

while storage areas 4 and 5 did not contain part family 6 witii the 

longest ^ooessing time at the beginning of the simulation. Recall 
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Table 7-15. Fetch rate and rank for a storage area 

Oecistm Batch rate and rai^ for storage area 
Sat rule set 1 2 3 4 5 6 7 8 

1 RM830H/RMOOH .1044 .1012 .0938 .1117 .1085 .1075 .0980 .2729 
16 16 17 20 15 1 9 8 

2 RMflDOn/FMFS .1051 .1019 .1072 .1019 .1040 .1019 .1072 .2707 
17 15 8 28 18 4 2 11 

3 RMOOH/NINQ .0954 .1101 .0933 .1038 .1006 .1038 .1237 .2694 
23 8 18 27 23 3 1 13 

4 RMGOH/WINO .1104 .1073 .1032 .1104 .1001 .1042 .0991 .2652 
12 10 13 23 24 2 8 15 

5 MM/RANDOM .1351 .1393 .1236 .1277 .1099 .0597 .0429 .2618 
8 5 4 14 14 21 22 18 

6 nn/ttws .1189 .1053 .1063 .1105 .1116 .1000 .0863 .2611 
9 13 9 22 10 6 15 20 

7 wsnmm .1667 .1543 .1317 .1337 .0638 .0535 .0412 .2551 
4 1 3 12 28 24 23 24 

8 .1680 .1504 .1214 .1266 .1027 .0425 .0239 .2645 
3 2 5 15 21 26 26 16 

9 sPT/mmoN .1504 .1143 .0865 .1493 .1370 .0556 .0278 .2791 sPT/mmoN 
6 7 21 9 8 23 25 3 

10 SPT/IMPS .1160 .1039 .1050 .1160 .1039 .0996 .0744 .2812 
10 14 12 18 20 7 20 1 

11 mr/WNQ .2127 .0480 .0275 .2363 .1902 .0294 .0098 .2461 
2 27 2B 2 2 27 28 28 

12 sm/msQ .2189 .0428 .0398 .2438 .1930 .0129 .0010 .2478 
1 28 27 1 1 2S 27 27 

13 ïxfftn/mnm .0877 .0825 .0835 .1555 .1441 .0825 .0908 .2735 
26 22 22 7 7 16 12 7 

14 wmn/mB .1097 .0989 .1022 .1204 .1043 .M46 .1032 ! .2667 
13 17 14 17 19 10 5 14 

15 vNotmrn .0799 .0718 .0718 .2063 .1759 .0607 .0779 .2558 
28 26 24 3 3 20 18 23 

16 wma/mm .0948 .0742 .0691 .1876 .1670 .0670 .0814 .2588 wma/mm 
24 24 26 6 5 18 17 21 

17 SLMX/mmm .0959 .0810 .0885 .1503 .1343 .0874 .0885 .2740 
22 23 20 8 9 15 14 6 

18 suaa/ms .1041 .1073 .1073 .1115 .1073 .0915 .0925 .2787 
20 10 7 21 16 12 U 4 

19 mcxAam ,0896 .0855 .0742 .1895 .1586 .0742 .0752 .2533 
a 21 23 5 6 17 19 25 

20 suGHAom .0W8 .0735 .0714 ,2025 .1742 .0640 .0829 .2508 
27 25 25 4 4 19 16 26 
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Table 7-15$ (continued) 

Decision Fetch rate and rank for storage area 
Set rule set 1 2 3 4 5 6 7 8 

21 S/PT/RMOOH .1095 .0946 .0914 .1158 .1116 .0914 .1052 .2806 
14 20 19 19 10 13 4 2 

22 S/PT/FMPS .1028 .1061 .1061 .1083 .1105 .1007 .1018 .2637 
21 12 10 24 13 5 7 17 

23 S/PT/NINO .1042 .0958 .0969 .1292 .1115 .0979 .0938 .2708 
19 19 15 13 12 9 10 10 

24 S/FP/WINQ .1048 0.985 .0944 .1245 .1068 .0985 .1027 .2697 
18 18 16 16 17 8 6 12 

25 VALUZ/RANDOM .1133 .1187 .1122 .1046 .0980 .0904 .0904 .2723 
11 6 6 25 25 14 13 9 

26 VALUK/fMPS .1074 .1074 .1052 .1030 .1019 .0930 .1063 .2757 VALUK/fMPS 
15 9 11 26 22 11 3 5 

27 VTILU^NO .1435 .1498 .1477 .1350 .0643 .0559 .0454 .2584 
7 3 1 11 27 n 21 22 

28 VMQS/WINO .1552 .1424 .1382 .1456 .0659 .0531 .0383 .2614 
5 4 2 10 26 25 24 19 

that every pcocmaed pert returned to its original storage area. 

Therefore, storage areas 2 and 3 were not repleni^Md with part 

family 4, Storage areas 4 and 5 were not r^lmished with part 

family 6 during the simulation. This means that the fflPT, DDATB, 

SLAOC and S/FT rules had low fetdi rates for storage areas 2 and 3 

because these rules gav# hig# priority to parts with short processing 

times. In contrast* the rules RANDOM, fSïïS and VAUm had low fetch 

rates for stmrage areas 4 and 5 because these rules gav# high 

priority to parts with long processing times. 

4. Part family fetdi rate 

The part family fetch rate is an important factor in analysing 

the performance of eadi decision rule set. The fetch rate is total 

nu#er of parts fetched from a storage area divided ky the total 

nuriier of fetdies for parts under a decision rule set. 
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If a decision ml* Mt frequently fetched a part family with the 

longest proceMing time (part family 6), the rule set would have high 

actual ^tem effectvity» low production output, high total through

put time, high work-in-process inventory and low total production 

IsteneM. From Chapter 5, part family 6 had both th# lon#st proc

essing time and the longest du»-dat#, Itert family 4 had both the 

shortMt processing time and the shortsst due-date. If a decision 

rule set fetdMd pert family 4 frequently, th# decision rule set 

would have low actual s ystem effectivity, high production outptut, 

low total throug^iput time, high production output, low work-in-

PKOCMS inventory and high total ^oduction latrniMS. 

##%sn a decision rule set sheeted psrts with the lAort proc

essing time from the AS/M cell, the following situatiaw would be 

expected in W* model: 

• large arrival rate to the seven storage areas. That is, 
the machine center cell would process parts with the lAwrt 
processing time quicker than psrts with the long procsM-
Ing times, thm, eadi of seven storage area would be 
filled with raw mat««ials more quickly. This tM»ns ttot 
eadh storage arm would have various parts to be selected 

a pert selection rule; 

. anall tffect ot failures on the madiine cmter cell, h 
mdtim wnter could finidi its idxKt process before a 
long foilure time would occur in the machine center. 

Part fetdies wmre affected by both the failures of major ^stem 

components and the maximiin queue length in eedi workcenter's waiting 

line. 

If either a major system ccmpmsnt failed or a workcenter was 

full witit the maximmi queue length, the performance criteria were 

affected as follows: 
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. Th# actual system «ffectivity warn low; 

. Th# traveling time of pacts mm large; 
• The total manufacturing throughput time was large; 
. The actual production wtput wee low; 
. The work-in-process inventory was high; 
. The total production lateness was high. 

Table 7-16 presents total number of fet^tss for each of seven 

psct families. TSble 7-17a shows the part fetch rate and its 

relative rank for a part family. Table 7-17b pceaenta both the fetch 

rate for parte to be rwted to the machine cmter cell and the fetch 

rate far parts to be routed to the turning cell. The first operation 

of part families 1, 3 and 5 woe pxocessed by the turning cell. The 

CMt of the pact families and second qpecation of pact families 1, 3 

and 5 wece j^ocMSSd by the madtine centec mil. 

Item Table 7-17a, the SPT/NINO cule Mt has the lacgwt fetch 

cete fmr pect family 4. The VRLX%/WINO cule set ha# the mallest 

fetch cate. FW pact family 6, the FSre/fMPS cule set has the 

lacgast cate and the SPt/WVQ cule set has the mnallest cate. 

Fcom Table 7-17b« the 6PT/MN0 cule set has the lac^wt fetch 

cate ten the machine centec cell while the mACK/R*5 rule set has 

the smallest fetch rate. The SUCH/WK rule set has the largest 

Cetd) cate foe the turning cell while the tW cule set has 

the «mallest fetdi cate. 

S. Pcocessing cates and ccmpletiom cates foe pact families 

Six madtine centecs ppoceseed pacts fetched from the AS/BS cell. 

Pacts 1, 3 and 5 wece routed to a machine center to complete their 

gaocesses after the turning cell operaticm. The rest of the pacta 

ware directly couted to a machine oaitec. 
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%a)le 7-16. %t@l nuidMr of fetches for part families 

Decision Part family 
Set rale set 1 2 3 4 5 6 7 SF A B 

1 RMOOM/MMDOH 85 102 85 128 95 82 113 259 684 265 
2 RUMDOFVMS 86 97 87 126 89 80 122 255 680 262 
3 miBOMIlllO 84 105 82 124 93 88 121 257 695 259 
4 RMDOM/MMO 85 107 86 126 92 88 128 257 706 263 

5 rsrs/R»ooM 89 106 79 116 88 79 148 250 699 236 
6 fsrs/Rffs 84 107 81 126 85 93 126 248 700 250 
7 rsrs/MiNo 102 108 70 117 80 87 160 248 720 252 
8 wsn/mm 106 104 73 118 78 85 145 255 707 257 

9 sn/mmm lOO 99 83 131 91 69 127 271 697 274 
10 sn/nvs 89 98 82 116 87 81 104 257 656 258 
U spT/mwo 104 99 71 223 80 46 146 251 765 255 
12 en/mm 102 97 70 219 80 37 151 249 753 252 

13 OOATC/RMOON 87 110 91 138 88 65 117 262 692 266 
14 oomMs 81 100 90 124 84 79 124 248 675 255 
IS DDMg/WNO 86 105 91 184 80 42 148 253 732 257 
16 OOMH/MmO 86 104 93 172 76 48 140 251 715 255 

17 sua/mom 80 101 93 145 90 63 109 257 675 263 
18 OJCXyiMFS 86 107 89 117 95 73 119 265 681 270 
19 SUCX/lnNQ 80 109 89 167 82 57 141 246 720 251 
20 sjcmmm 81 109 91 168 73 43 149 239 708 245 

21 S/PT/RWBCH 84 96 94 117 88 73 125 264 675 266 
22 s/w/rws 78 106 82 130 88 77 112 241 666 248 
23 B/vt/mm 83 98 89 138 95 67 130 260 693 267 
24 S/PT/mHQ 77 95 94 143 94 72 129 260 699 265 

25 vmm/ttAHDOh 91 109 70 106 93 87 112 250 664 254 
26 muB/Fwrs 84 94 80 106 91 84 115 249 648 255 
27 vAum/mNQ 99 105 76 105 77 89 152 245 696 252 
28 vxLOB/nnio 104 113 76 99 72 90 141 246 689 252 

Part family 4 had the Aortest prooessing time. 
Part family 6 had the longest ^ocessing time. 
SF • SemifiniWmd parts 
A » Total muter of parts routW to the marine center cell 
B » Total mwber of parts routed to the turning cell 
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Tabl* 7-17#. Fetch rate and its rank for a part family 

Decision Part family 
Set rule set 1 2 3 4 5 6 7 sr 

1 RANDOM/RANDOM .(m96 .1075 .0896 .1349 .1001 .0864 .1191 .2729 
15 16 15 12 2 11 26 8 

2 RMSOH/IWS .0913 .1030 .0924 .1338 .0944 .0848 .1294 .2707 
12 22 10 14 12 13 19 11 

3 RMOOH/M2NO .0881 .1101 .0860 .1300 .0975 .0922 .1268 .2694 
19 13 18 17 6 6 21 13 

4 RMOOH/MIMQ .0877 .1104 .0888 .1300 .0949 .0908 .1321 .2652 
20 12 16 17 11 7 17 15 

S rsrs/miooN .0932 .1110 .0827 .1215 .0921 .0827 .1550 .2618 
10 10 21 23 15 15 4 18 

6 rsrs/iws .0884 .1126 .0853 .1316 .0895 .0979 .1326 .2611 
18 6 20 16 18 1 16 20 

7 fstsAtm .1049 .1111 .0720 .1204 .0823 .0895 .1646 .2551 fstsAtm 
3 9 26 24 20 8 1 24 

8 wm/mm .1100 .1079 .0757 .1224 .0809 .0882 .1504 .2645 
2 14 25 22 22 10 5 16 

9 SPf/RMBON .1030 .1020 .0855 .1349 .0937 .0711 .1308 .2791 
S 24 19 12 13 19 18 3 

10 SPT/IWS .0974 .1072 .0897 .1269 .0952 .0886 .1138 .2812 SPT/IWS 
9 18 13 19 10 9 28 1 

U ssTAam .1020 .0971 .0696 .2186 .0784 .0451 .1431 .2461 ssTAam 
6 27 28 1 25 25 11 28 

12 SPr/MNQ .1015 .0965 .0697 .2179 .0796 .0368 .1502 .2478 SPr/MNQ 
7 28 27 2 24 28 6 27 

13 COKfBl/WIMDOH .0908 .14% .0950 .1441 .0919 .0678 .1221 .2735 COKfBl/WIMDOH 
13 4 7 9 16 21 24 7 

14 CDftTI/MS .0871 .1075 .0968 .1333 .0903 .0849 .1333 .2677 
21 16 4 15 17 12 14 14 

IS mmwwiMQ .0870 .1062 .0920 .1860 .M09 .0425 .1496 .2558 mmwwiMQ 
22 20 11 3 22 27 8 23 

16 CDMg/WMO .0887 .1072 .0959 .1773 .0784 .0495 .1443 .2588 
17 18 5 4 25 24 10 a 

17 SLACX/RAMXSH .0853 .1077 .0991 .1546 .0959 .0672 .1162 .2740 
24 15 2 7 9 22 27 6 

18 suai/n9B .0904 .1125 .0936 .1230 .0999 .0768 .1251 .2787 
14 7 8 21 4 17 22 4 

19 sLMxmm .1123 .0917 .1720 .0844 .0587 .1452 .2533 
27 8 12 6 19 23 9 25 

20 sucx/mm .0850 .1144 .0955 .1763 .0766 .0451 .1563 .2508 
26 5 6 5 27 25 3 26 
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Tabl* 7-17a. (continued) 

Sat 
Dacision 
eula aat 1 2 

Part family 
3 4 5 6 7 sr 

21 S/PT/RWCOM .0893 .1020 .0999 .1243 .0935 .0776 .1328 .2806 
16 24 1 20 14 16 15 2 

23 S/W/IMFS .0853 .1160 .0897 .1422 .0963 .0842 .1225 .2637 
24 3 13 11 8 14 23 17 

23 fl/W/MlNO .0865 .1021 .0927 .1438 .0990 .0698 .1354 .2708 fl/W/MlNO 
23 23 9 10 5 20 12 10 

24 S/PT/WNO .0799 .0985 .0975 .1483 .0975 .0747 .1338 .2697 S/PT/WNO 
28 26 3 8 6 18 13 12 

25 VALUE/RANDOM .0991 .1187 .0763 .1155 .1013 .0940 .1220 .2723 
8 2 24 26 1 3 25 9 

26 mos/iMrs .0930 .1041 .0886 .U74 .1008 .0930 .1274 .2757 
11 21 17 25 3 5 20 5 

27 mjosAfim .1044 .1108 .0802 .1108 .0812 .0939 .1603 .2584 mjosAfim 
4 11 23 27 21 4 2 22 

28 VALUE/WINO .1105 .1201 .0808 .1052 .0765 .0956 .1498 .2614 
1 1 22 28 28 2 7 19 

ar * Sanifiniahad pacts 

Tabla 7-17b, Petch tat# and rank for tha wotkcantog oall 

Dacision Patdi rata for natd) rata for 
Sat rula aat machina oantara tha turning oall 

1 RANDOM/RANDOM 0.7206:22 0.2792:7 
2 RMDOIVMS 0.7211;20 0.2778:9 
3 mKm/mm 0.7285:15 0.2715*14 
4 mm/mm 0.7286:14 0.2714:15 

5 fSFS/RHMDOM 0.7319:12 0.2681:17 
6 fsrs/tNPS 0.7368:8 0.2632:21 
7 MM/WIWQ 0.7407:5 0.2593:24 
8 rsKAom 0.7334:10 0.2666:19 

9 SPT/RMdDOH 0.7178:24 0.2822:5 
10 OTT/ÏKP8 0.7177:25 0.2823:4 
U spi/mwo 0.7500:1 0.2500:28 
12 0.7493:2 0.2507:27 

13 DDATS/RANDOM 0.7223:19 0,2777:10 
14 DDWS/aes 0.7258:16 0.2742:13 
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Tabl# 7-17b. (continued) 

set 
Decision 
rule set 

retch rate for 
machine centers 

Feteh rate for 
the turning cell 

15 OMTS/MINO 0.7401*6 0.3599*33 
16 DOAWRNO 0.737117 0.3639*33 

17 SLACX/RMCXM 0.7196*33 0.3804*6 
18 SLàCK/FMfS 0.7161*28 0.3889*1 
19 SLACK/NINO 0.7415*4 0.2585*25 
20 suatAnuQ 0.7429*3 0.2571*26 

31 S/PT/RMCON 0.7173*27 0.2837*3 
22 S/PT/ÏÏHTS 0.7287*13 0.3713*16 
23 S/fT/UlHO 0.7319*31 0.3781*8 
34 9/Pr/WlliO 0.7351*17 0.3749*13 

25 mjJE/HMtXM 0.7333*18 0.3767*U 
36 VALUS/IMTS 0.7176*36 0.3834*3 
27 vmuic/HINO 0.7343*9 0.3658*30 
38 mmAim 0.7333*11 0.3678*18 

%# pKooMwing nw foe Mdi pmtt Amily is dtfimd as ths total 

mnfasc of pxootsMd parts of a family divided by ths actual produc

tion output mltr a dicisim nils #st. Tabls 7-18 prsssnts total 

mndbsr of a i^ocssasd parts of a family. Tabls 7-19 premnts the 

processing rote and its relative rank by a part family, from these 

tables, a decisim rols set <4iicb had high fetc^ rate for a part also 

had a high processing rate. 

Ihe ccnpletion rate is defined as Ae total ms&er of processed 

parts of a family divided by the total nunber of fetches for that 

part family voider a decision rule set. Table 7-20 presents the com

pletion rate for each part family. The average cowpletion rate is 

the overall average for all caapletion rates of the seven part 

families. Every dérision rule set has an average conpleticm rate 

whidi is more than 95%. This oeaim that every part fetdxed from a 
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TWble 7-18. Total mrobr of procewed parts ly family 

Set 
Decision 
rule #et 1 2 

Part fan 
3 4 

,ily 
6 7 

1 RMnmMOOM 80 98 80 124 91 77 108 
2 RMDOH/IMTS 82 92 82 122 84 76 117 
3 nmon/mno 80 101 78 119 89 83 116 
4 mttjoi/mno 81 102 81 122 87 83 124 

5 PSFS/RANDOH 84 101 75 113 83 74 143 
6 Fsfs/mrs 80 103 76 121 81 89 121 
7 rsrs/NiNQ 97 104 65 112 76 82 156 
8 rsn/mno 101 99 68 113 74 80 140 

9 SPT/RMDOH H 94 79 126 86 65 123 
10 fiPr/TNPS 84 94 78 111 83 76 100 
11 str/mm 101 94 66 219 76 41 142 
12 spr/muo 97 94 66 215 76 35 148 

13 Dom/HMtxm 83 105 86 134 83 60 113 
14 wm/nw8 76 96 85 U9 79 74 120 
15 tmwmno 82 101 87 184 80 40 144 
16 VDMlTE/mUO 82 100 89 168 73 45 137 

17 SUCX/RMDON 75 96 89 141 85 58 105 
18 SLMX/mWS 82 103 84 114 90 68 114 
19 suaAom 76 104 84 163 77 52 137 
20 SLHXAOm 80 107 86 166 71 41 148 

21 sm/nmoH 79 91 91 113 85 68 120 
22 s/PT/rws 74 101 78 127 83 72 107 
23 sm/mm 79 93 84 134 91 62 126 
24 smAom 72 94 89 138 89 68 125 

25 vrajoB/mMom 87 104 65 102 89 83 107 
26 mOB/IMPS 79 89 76 102 86 80 110 
27 mui/umo 94 101 71 100 72 84 148 
28 VKum/mm 99 109 71 94 68 85 137 

Part family 4 had the shortest i^oeessing time. 
Part family 6 had the longest processing time. 
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Table 7-19. Processing rate and ramk by part family 

Decision Part family 
Set rule set 1 2 3 4 5 6 7 

1 RMOOH/RMDCH .1216 .1489 .1216 .1884 .1383 .1170 .1641 
16 15 13 12 2 11 26 

2 RMOOH/fNPS .1252 .1405 .1252 .1863 .1282 .1160 .1786 
11 23 9 14 13 12 19 

3 RMCOH/MIMO .1201 .1517 .1171 .1787 .1336 .1246 .1743 RMCOH/MIMO 
17 8 19 18 6 6 a 

4 RMBOH/lflMO .1191 .1500 .1191 .1794 .1279 .1221 .1824 RMBOH/lflMO 
19 14 17 17 14 7 17 

5 rsra/KMBOH .1248 .1501 .1114 .1679 .1233 .1100 .2125 
14 12 21 22 16 15 3 

6 rsrs/nffs .1192 .1535 .1133 .1803 .1207 .1326 .1803 rsrs/nffs 
18 6 20 16 18 1 18 

7 rsrs/tnNO .1402 .1503 .0939 .1618 .1098 .1185 .«54 rsrs/tnNO 
5 10 26 25 21 9 1 

8 nrs/MMo .1496 .1467 .1007 .1674 .1096 .1185 .2074 
1 18 25 23 22 9 5 

9 SPr/RMDOH .1435 .1405 .1181 .1883 .1286 .0972 .1839 SPr/RMDOH 
3 n 18 13 12 19 16 

10 8PT/nVS .1342 .1502 .1246 .1773 .1326 .1214 .1597 8PT/nVS 
8 11 10 19 7 8 28 

U SPr/WNQ .1367 .1272 .0893 .2963 .1028 .0555 .1922 SPr/WNQ 
6 28 28 1 26 27 11 

12 SFr/MMO .1327 .1286 .0903 .2941 .1040 .0479 .2025 SFr/MMO 
9 27 27 2 25 28 7 

13 wtammm .1250 .1581 .1294 .2018 .1250 ,0904 .1702 wtammm 
13 3 5 9 15 21 23 

14 WMZ/ftWS .1171 .1479 .1310 .mi .1217 .1140 .1849 WMZ/ftWS 
n 16 4 15 17 13 15 

15 ïmn/mm .1142 .1407 .1212 .2563 .1114 .0557 .aw6 ïmn/mm 
26 21 15 3 19 % 8 

16 vmrmAavQ .1182 .1441 .1282 .2421 .1052 .0648 .1974 vmrmAavQ 
20 19 6 4 24 24 10 

17 sucMimm .1156 .1479 .1371 .2173 .1310 .0894 .1618 sucMimm 
23 16 2 7 10 22 27 

18 SLMOi/mS .1252 .1573 .1282 .1740 .1374 .1038 .1740 SLMOi/mS 
11 4 6 21 4 17 22 

19 suaamm .1097 .1501 .1212 .2352 .1111 .0750 .1977 suaamm 
27 12 15 6 20 23 9 

20 SUCKAaHQ .1144 .1531 .1230 .2375 .1016 .0587 .2117 SUCKAaHQ 
25 7 11 5 28 25 4 
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Wû# 7-19. (continued) 

Set 
Decieim 
rule e#t 1 2 

Pert family 
3 4 5 6 7 

21 S/PT/RANDOM .1221 .1406 .1406 .1747 .1314 .1051 .1855 
15 22 1 20 9 16 13 

22 S/PT/IMTS .1153 .1573 .1215 .1978 .1293 .1121 .1667 S/PT/IMTS 
24 4 14 11 11 14 25 

23 smmm .1181 .1390 .1256 .2003 .1360 .0927 .1883 
21 26 8 10 5 20 12 

24 S/PT/WIHO .1067 .1393 .1319 .2044 .1319 .1007 .1852 
28 25 3 8 8 18 14 

25 WM/mtm .1366 .1633 .1020 .1601 .1397 .1303 .1680 
7 2 24 26 1 2 24 

26 mm/mm .1270 .1431 .1%2 .1640 .1383 .1286 .1768 
10 20 12 24 2 3 20 

27 WUWWINO .1403 .1507 .1060 .1492 .1075 .1254 .2209 
4 9 23 27 23 5 2 

28 VALUE/WINO .1493 .1644 .1071 .1418 .1026 .1282 .2066 
2 1 21 28 27 4 6 

TdW# 7-20. Co^letion cat» foe a pwt family 

Décision Fast family 
Set cul« eet 1 2 3 4 5 6 7 A 

1 RMSOH/RMOOH .9412 .9602 .9412 .9688 .9579 .9390 .9558 .9520 
2 KAHDOH/fHPS .9535 .9485 .9425 .9683 .9438 .9500 .9590 .9522 
3 RMOOH^niiQ .9524 .9619 .9512 .9597 .9570 .9432 .9587 .9549 
4 RMOOH/WmQ .9529 .9533 .9419 .9683 .9457 .9432 .9688 .9534 

5 fSfS/RMDOH .9438 .9528 .9494 .9741 .9432 .9367 .9662 .9523 
6 fsrs/mps .9524 .9626 .9383 .9603 .9529 .9570 .9603 .9548 
7 tmsmvQ .9510 .9630 .9286 .9573 .9500 .9425 .9750 .9525 
8 wstsAom .9528 .9519 .9315 .9576 .9487 .9412 .9655 .9499 

9 SfT/miDON .9600 .9495 .9518 .9618 .9451 .9420 .9685 .9541 
10 8Pr/fiffs .9438 .9592 .9512 .9569 .9540 .9383 .9615 .9521 
11 ssf/mm .9712 .9495 .9296 .9821 .9500 .8913 .9726 .9495 
12 snmm .9510 .9691 .9429 .9817 .9500 .9459 .9801 .9601 

13 tofat/vmm .9540 .9545 .9451 .9710 .9432 .9231 .9658 .9510 
14 imxE/nws .9383 .9600 .9444 .9597 .9405 .9367 .9677 .9496 
15 ixmB/mnQ .9535 .9619 .9560 l.OOO l.OOO .9524 .9730 .9710 
16 WKWwm .9535 .9615 .9570 .9767 .9605 .9375 .9786 .9608 
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Table 7-20. (ccmtinutd) 

OKision Part family 
Set rule set 1 2 3 4 5 6 7 A 

17 SLACX/RMDGH .9375 .9505 .9570 .9724 .9444 .9206 .9633 .9494 
18 .9535 .9626 .9438 .9744 .9474 .9315 .9580 .9530 
19 OJCX/tiXNO .9500 .9541 .9438 .9760 .9390 .9123 .9716 .9495 
20 SLACK/mW .9877 .9817 .9451 .9881 .9726 .9535 .9933 .9746 

21 S/Pr/MMDOH .9405 .9479 .9681 .9658 .9659 .9315 .9600 .9542 
22 s/PT/rws .9487 .9528 .9512 .9769 .9432 .9351 9554 .9519 
23 S/FT/MXNO .9518 .9490 .9438 .9710 .9579 .9254 .9652 .9526 
24 S/M/WINO .9351 .9895 .9468 .9650 .9468 .9444 .9690 .9567 

25 VALOH/RMDON .9560 .9541 .9286 .9623 .9570 .9540 .9554 .9525 
26 VMWPWS .9405 .9468 .9500 .9623 .9451 .9524 .9565 .9505 
27 VAUnVMXNO .9495 .9619 .9342 .9524 .9351 .9438 .9737 .9501 
28 mmAttVQ .9519 .9646 .9342 .9495 .9444 .9444 39716 .9515 

A • Average completion rate 

storage area MM proceaaed with 951 pcdiability no matter **ich 

decision rule set was ̂ plied to the IMS model. 

6. failure effact and idle effect 

Every decision rule set evaliaited three najmr system con^ponents 

under a fixed amount of failure times. The total failure time pre

sented in Chapter 5 was 103.052 hours in real time, the total 

failure time was adjusted by a time scaling factor for each decision 

rule set. The total anm»t of idle tW of parts imtil completion of 

their processes varied with each decision rule set. 

The failuw effect is defined as an overall rate of failures in 

the model operation. Idle effect is defined as an overall rate of 

idle time in the model operation tmder a decision rule set. Both the 

failure effect and the idle effect for a decision rule set affected 

the actual system effectivity and the theoretical ^stem effectivity. 
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Th# thtoratical «ftectivity (HMMntad in Chapter 5 v«s 

defined am the maximm eyetem utiliution raw *Aich waa achieved by 

the model with ccmsideratim of the failuree. The theoretical system 

eftectivity was determined as follows* 

Theoretical system effMtiv^ « 1 - failure effect 

In Chapter 5, the theoretical system effectivity ahould be 0.7526. 

The failure effect thus becomes 0.2474 wder a decision rule eet. 

Retail that a fixed failure time $*s applied to every decisim rule 

eet. This msam that the failure effect is aleo fimd in a dMision 

rule eet. 

The actual eystam effectivity for every decision rule eet was 

pHMMited in Table 7-2. The effectivity wes an average value of the 

effectivities for the AS/16 cart, the madiine center cell, md the 

turning cell. The effectivity for the AGVS was not considered for 

computing the actual eystem effectivity because no failure data wes 

available. 

Each major coaqponent's effectivity wes determined without em*' 

sideratim of any failure times % idle times. The actual eystem 

effectivity was then a maximum utilizatiw rate detemlned as 

follows; 

Actual systea effectivity * 1 - failure effect - idle effect 

The thewetical x^stem effectivity Wwuld be larger than the actual 

system effectivity because of the idle effect. When the actual 

Intern effectivity is gdbtracted from the theoretical extern effec

tivity, the idle effect for a decision rule set can be obtained. 
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TaW# 7-21 pccMnts the idle effect fox each decision rule met. 

The RMSXH/NIMQ rule «et had the minimum idle effect becauM the rule 

•et had the hi^wat actual systam effactivity. 

7. Model atabiltiation 

Aa deacribad pravioualy, the mater clock of the aimulaticn ««a 

aet to zero »Aienever the a inflation started evaluating a decision 

rule set. This means that the model waa completely empty except for 

the seven storage araas in the AS/US cell. At the initial startup, 

each of seven storage areas had five different parts as raw materi

als. ftm9 were no parts in process in both the madiins center cell 

and the turning cell. In the actual system, the system would only be 

mtpty during the initial starttqp of the i^tam aft» cmstruction M 

following a complete systam shutdown. In this research, either of 

these situations was assuwad whan the simulation started. The spsci-

fied simulation run time for sad) dscision rule set was 140 hours in 

reel time. This is sufficient time to observe the perfomance var

iation under a decision rule set. 

The actual effectivity for sack major component was a meawre by 

wbid) model stabilization was determined under a decisiw rule set, 

Whenever one of six machine ccmters ccmpleted its processing and 

released the processed part to the return queue, an intermediate 

effectivity for both the A8/KS cart and the machine center cell was 

generated by tiie CEM caqputer. fOteo either the robot completed its 

operation or the r<*ot was idle à» to no part presence in the 

turning cell input queue, an intermediate effectivity for the turning 
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Tabic 7-21. Idl# affect for a decision rula sat 

Décision Actual system Idle 
Sat Eula sat effectivity affect 

1 NIIOOH/KMOCH 0.6285 0.1241 
2 RMOOn/FMFS 0.6235 0.1291 
3 RNmCM/WNQ 0.6405 0.1121 
4 RMeoH/wmo 0.6366 0.1160 

5 Fsrai/iaNDOH 0.6262 0.1264 
6 rsrs/mrs 0.6384 0.1142 
7 rsnt/tiiMO 0.6373 0.1153 
8 fSfS/MNO 0.6320 0.1206 

9 SPT/RMOOM 0.6207 0.1319 
10 8FT/IW8 0.6143 0.1383 
11 sn/mvQ 0.60» 0.1503 
12 sffAnvQ 0.5912 0.1614 

13 OOMTC/miSON 0.6141 0,1385 
14 EDMTB/nVS 0.6147 0.1379 
15 DOWMNQ 0.6006 0.1520 
16 wfm/mvQ 0.5981 0.1545 

17 8LMCK/WMD0H 0.5976 0.1550 
18 SLACx/mrs 0.6165 0.1361 
19 SLACK/WNO 0.6034 0.1492 

sua/mnQ 0.5946 0.1580 

21 S/PT/RMOOH 0.6107 0.1419 
22 8/n/mm 0.6100 0.1426 
23 sm/rnm 0.6140 0.1386 
24 sm/mm 0.6105 0.1421 

25 VNJJE/ftMSXm 0.6298 0.1228 
U movmrs 0.6135 0.1391 
27 muc/WNQ 0.6351 0.1175 
28 mmAim 0.6337 0.1189 

Idle effect • Theoretical system effectivity - Actual system 
effectivity 

ThMMtical system effectivity » 0.7526 
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o#ll was generated ky the TRS-80 computer. Because there was no 

interfMe between the CBM coi^wr and the TRS-80 computer, the 

turning cell*! effectivity was not combined with the mixed effec-

tivity for the AS/RS cart and the machine center cell. The CBM 

cxm^ter did rwt know %*en the turning cell started/coR^leted its 

operations. Each computer generated the intermediate effectivity for 

its OM) ccmtrol ccB^ment at different points in time. 

The actual lystem effectivity was collected for a decision rule 

set at the end of the simulation. The effectivity for each major 

ccnpment was also collected at the end of the simulatiw. This 

means that the actual effectivity was a maximin effectivity which the 

model adiieved during the simulation. It was assumed that the model 

stabilised before completion of the simulation. The actual system 

effectivity was used to determine the model stfAilizatiw point under 

a decision rule set. Mwn the actual system effKtivity was divided 

the simulatioi run time for a decision rul# set, the average 

effectivity per mimite was obtained. The model asmmed to be 

st^ilized when the effectivity per mimite increased to a value equal 

to the average effectivity per minute Obtained at the end of the 

simulation. This same procedure was applied to the individual cmqpo-

nents of the model. 

The major component's stabilization was achieved under a deci

sion rule set when the average effectivity per mimite at time t was 

greater than or equal to awrage effectivity per minute at the end of 

simulation. However, recall that the simulation run time for each 

decision rule set was adjusted by a time scaling factor for a deci-
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aion xul« «#t. Thêtmtotm, a stabilization time point must be re

adjusted for consistent canparison with other stabilization time 

points. This means that each stabilisation time point was multiplied 

a time soiling factcn for each decision rule met. Thm, the 

multiplied stabilization time point thus became real time data. 

Table 7-23 presents the tin* point at «Aiidi either the AS/M 

cszt and the mMhine cmter cell or t)w turning cell stabilized under 

every decisim rule met. Ewh decision rule aet is assigned a rela

tive rank for eedt stabilization time point. 

from Table 7-22» the turning cell stiA>ilized eerli» than both 

the MI/RB cert and the machine cmter cell. 

Recall that the actual system effectivity mm highly affected by 

the effectivity for the marine cmter cell in the correlation coef-

ficient analysis. If a decision rule set had high effectivity for 

the madiine center cell, the rule aet alao had hi# value of actual 

^tem effectivity. Again# recall that the effectivity for the 

madiine center cell was hi# if both fetch rate and the processing 

rate for pert# with the Icmg processing time were high toid» a d^i-

sioQ rule met. To detttosine the effectivi^ for the madiine ccmter 

cell, the total processing time was used without consideration of the 

failure time and idle time. The total processing time was high if 

parts with the long processing time fetdied and processed frequently. 

For an wrly stabilization time point for both the AS/BS cart and the 

machine center cell, both the fetch rate and the processing rate for 

parts with the long i^oceesing time must be high un^r a decision 

rule set. 
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Table 7-22. Stabilization point by decision rule set 

Decision A B C D 
Sit rule set (effec./tein.) (hrs.umk) (effec./bin.) 

1 1 
1 RWrnOM/RANDOM 0.00080 10.2778*10 0.00114 0.6680*7 
2 RANDOM/meS 0.00080 42.8762*20 0.00114 0.2530*27 
3 RANDCM/NINO 0.00082 7.2565*4 0.00113 1.1744*24 
4 RANDOM/WINO 0.00079 8.4775*7 0.00112 1.1651*23 

5 rSrS/lMMDOH 0,00079 31.3787*13 0.00113 0.5436*2 
6 0.00082 41.8969*17 0.00112 0.6688*8 
7 rare/MiNO 0.00081 7.9317*6 0.00111 0.5425*1 
8 rSFS/WNO 0.00078 7.6441*5 0.00110 0.6002*3 

9 SPr/RMDOM 0.00075 59.5580*27 0.00113 0.7105*9 
10 8PT/FWS 0.00077 38.1218*14 0.00113 0.7847*21 
11 SPTyHINO 0.00073 121.8659*28 0.00110 0.7766*18 
12 sPTAnuo 0.00069 11.5748*12 0.00108 0.7140*10 

13 OOMVRMOOH 0.00075 56.7386*26 0.00111 0.7806*19 
14 ooims/iMPS 0.00076 44.7172*23 0.00111 0.7845*20 
15 OOATVNINQ 0.00071 40.1719*15 0.00109 1.1759*25 
16 OOArC/WlNO 0.00070 43.3114*21 0.00108 0.7705*15 

17 SLACX/RMBXM 0.00070 46.2890*24 0.00109 1.2749*% 
18 suoc/rws 0.00074 42.1958*18 0.00111 0.7675*12 
19 SLACK/WNO 0.00071 53.0302*25 0.00107 0.7700*14 
20 SUCK/WNO 0.00070 42.8051*19 0.00108 0.7613*11 

21 S/PT/IWWDOH 0.00073 43.9678*22 0.00110 0.7764*17 
n s/wnws 0.00075 40.4971*16 0.00110 0.7749*16 
23 S/Pr/MINQ 0.00073 10.4838*11 0.00110 0.7685*13 
24 s/wnuo 0.00071 9.9107*9 O.OOIM 1.1572*22 

25 VALDE/KMOOH 0.00080 6.4847*3 0.00113 1.1773*26 
26 vAiwnws 0.00077 8.7308*8 0.00113 0.6093*5 
27 VMUB/HINQ 0.00080 4.8902*1 0.00111 0.6011*4 
2S VAUWWINQ 0.00079 5.1692*2 0.00109 0.6585:6 

A » Average effectivity/minute for both the AS/BS cart and the 
machine center. 

B > Stabilizaticm time point readjusted by a time scaling factor 
for both the A5/RS cart and the machine center cell. 

C » Average effect ivity/minute for the turning cell. 
D « Stabilization time point readjusted by a time scaling factor 

for the turning cell. 
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If th# model generated more available spaces for fetc>*d parts 

under a mi^ine center selection rule» the model usually stabilized 

early. Generally, the rules NINQ and WINQ generated more spaces than 

the rules RANDOM and FMFS. 

Whenever the turning cell had a pert on its ir^ut qtmim, the 

turning cell stabilized. This is this cell stabilized mxSh 

quicker than the AS/RS «art and the machim center cell. 

The simulation data collected for each of twenty-eight decision 

rule sets and the analysis procedure for the data have been presented 

in this chapter. These data must be evaluate to determine which 

decision rule sets lAwold be used in practice. This evaluatim is 

the subject of the following ai^tcr. 
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VIII. SIMULATION RESULTS 

A. Intxoduction 

Of th# dteision rule #et# Wx*# perform

ing bemt thould have the following performance faaturae under a fixed 

failure effecti 

. Hi^ actual intern effectivityi 

. Low traveling time; 

. High production output; 
• Low minufacturing throughput time; 
. Low wMk^in-procea# inventory; 
. Low pro&Ktion latene##. 

In this dieter# the best decision rule sets for the fMS nwdel 

are evaluated using the tlbovm criteria. Both the best and the worst 

performers ore illustrated in relation to each performance criterion. 

B. Best «nd Worst Decision Rule Sets 

The best decision rule sets can be selected from ti» simulation 

results prwented in Chapter 7. Table $-1 presents both the best 

decision rule #ets »nd the worst decisim rule sets on the basis of 

various performance criteria. There is no decision rule set vAidh 

was the best one for all performance criteria. Under ead) per-

foxmmce criterion, a ^«cific decision rule set was the best or ttm 

worst set. The inplicatitms of these results are described in 

greater detail in the sectims that follow. 
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TaM# 8-1. B##t and worst decision rule sets 

Performano# 
oritecion Best worst 

actual systas 
•ffictivlty 

RANDOM/NINO 
(0.640S) 

SPT/WINO 
(0.5912) 

relative ^twn 
effectivity 

RANDOrVMIMQ 
(0.8510) 

SPT/WIMQ 
(0.7855) 

total travelling 
tW (hrs.) 

aACK/MUmOM 
(100.0296) 

RMOOn/RMSXM 
(111.9045) 

average travelling 
time (hrs./part) 

S/PT/MINO 
(0.1051) 

RANDOM/RMCCM 
(0.1179) 

actual pro&Ktion 
output (parts) 

SPtmVQ 
(739) 

VAUm/RM 
(622) 

adiievment rate SLMXmVQ 
(0.7335) 

SPT/FWS 
(0.6849) 

total throughput 
tine (hrs,) 

wr/wmo 
(4051.8839) 

smmvQ 
(4754.1233) 

average tlaougl^ut 
time (hrsVpart) 

SPT/WMO 
(5.5429) 

mUï/TMPS 
(7.5999) 

work rasaining 
(hrs«) 

SLACX/WINO 
(11.3500) 

OJO/KMOOH 
(29.0167) 

imeiramt operation 
wwk cwUmt (hrs.) 

8LACK/RAND0H 
(5.4100) 

RMmOM/RANCCM 
(10.%66) 

total waiting 
time (hrs.) 

GLXK/Wm) 
(568.7459) 

VALOH/rWS 
(2947.9559) 

average waiting 
time (hrs./part) 

mMXAtm 
(0.8137) 

VMWRfS 
(4.7359) 

total j^oductim 
labmese (hrs.) 

VRLUB/WBR 
(- 1025.0576) 

DDAWWINO 
(- 31.8666) 

average production 
lateness (Ivs./part) 

mm/mm 
(- 1,5461) 

DDWWINQ 
(- 0.0444) 
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C. Actual System Effectivity 

1. Owtview 

Fxon the equati<m for the actual system effectivity, a dmcimion 

rule set should have the following features to have high actual 

lyatem efftctivityt 

. Per the AS/PS cart, the fetch rate for the most distant 
storage area (storage area 7) should be high. 

• for the machine center cell, both the fetch rate and the 
processing rate for parts with the longest processing 
time (pert family 6) shcwild be high; 

. for the turning cell, the fetch rate should be high. 

Under this performance criteria, the MNDOH/NXNO rule set was 

the best perfomer (0.(405). The 89T/WIUQ rule set was the worst 

perfosner (0.5912). These same rule sets also perfomed best and 

worst on the basis of relative system effectivity. 

According to the correlation coefficient analysis, the actual 

system effectivity was high if the effectivity for the machine center 

cell was high (r* 0.9606 in Table 7-14). Also, the actual system 

effectivity had s strong relationship with the average production 

lateness per part (r* -0.9086) in Table 7-14. 

2. RAiPOH/WMO rule set 

On the basis of system effectivity, this rule set was the best 

performer. Under the rule set, the effectivities for the AS/RS cart, 

the machine center cell and the turning cell were 0.4958, 0.6399 and 

0.7858 reflectively. The effectivity for the AS/BS cart was the 

highest value Obtained for all decision rule sets. The effectivity 
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for th# machine center cell was the 7th highest value. The effec-

tivity for the turning cell was the 8th highest value obtained. 

This rule met had the following operating features: 

. Frcra Table 7-15, the fetch rate for stora^ area 7 was 
the highest value obtained. The fetch rate for storage 
axes 1 ranked 23rd; 

. Fran Table 7-17a, the fetch rate for pert family 6 was 
the 6th highest. The fetch rate for part family 4 ranked 
17th; 

. Prom Table 7-17b, the fetch rate for parts routed to the 
machine center cell ranked 15th. The fetch rate for the 
turning cell ranked 14th? 

. From Table 7-19, the processing rate for part family 6 
ranked the 6th highest, and the rate for part family 4 
ranked 18th. 

3. 8PT/WMQ rule set 

On the basis of system effectivity, this decision rule set mm 

the worst performer. Under this rule set, the effectivities for the 

AS/RS cart, the machine center cell and the turning cell were 0.4773, 

0.5167, and 0.7797 respectively. The effectivity for the AS/BS cart 

was 7th highest obtained. The effectivity for the machine center 

cell was the lowest value obtained and ranked 28th. The effectivity 

for the turning cell ranked 19th. 

This rule set had the following operating features: 

. From Table 7-15, the fetch rates for storage areas 2 and 
7 were the lowest values obtained. However, the fetch 
rates for storage areas 1, 4 and 5 were the highest 
values obtained; 

. Fran Table 7-l7a, the fetch rates for part families 6 and 
2 were the lowest. The fetch rate for part family 4 was 
the 2nd highest; 
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. Fran Table 7-17b, the fetch rate for parts routed to the 
machine center cell was the 2nd highest. The fetch rate 
for parts to routed to the turning cell ranked 27th. 

. Ft era Table 7-19, the processing rate for part family 6 
m» the lowest. The processing rate for pert family was 
the 2nd highest value. 

4. Other decision rule sets 

As described previously, if the fetch rate for storage area 7 

was the highest value in a decision rule set, the AS/RS cart effec 

tivity tended to be high. The RANDOM/NINO rule set had the highest 

fetch rate for storage area 7 in Table 7-15. This rule set had also 

the highest AS/RS cart effectivity in Table 7-2. The RANDOH/NINQ 

rule set was the best performer on the basis of actual system 

effectivi^. 

If the fetch rate tot part family 6 with the longest processing 

time WW the highwt value in a decision rule set, the effectivity 

fw the madiine center cell tended to be hi^. The f^/WWS role 

set had the highest fetch rate for part family 6 in Table 7-17a. 

This rule set had 3rd hi^wet effectivity for the nadiiiw cmter cell 

in Table 7-2. On the basis of actual system effectivity, the fSfS/ 

FMTS rule set was the 2nd best perfoxmer. (See Table 7-2.) 

If the fetdt rate for parts routed to the Wming cell was the 

highest value in a decision rule set, the effectivity for the turning 

cell tended to be high. The aACK/nes rule set had the highest 

fetch rate for the parts in Table 7-l7b, This rule set had 4th 

highest effectivity for the turning cell. On the basis of wtual 

^stem effectivity, the SLACK/RES rule set ranked 13th in Table 7-2. 
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5. Relationship with avtage production lafness 

ftcm the corrélation coefficient analysis tot the performance 

criteria, the actual ayatm effectivity had an inverse linear 

relationship with the average prod\wtion lateness per part (r* 

-0,9086 in Table 7-14). This means that a decision rule set had low 

average production lateness (high earliness) when the rule set had 

high actual system effectivity ct vice versa. All dscision rule sets 

presented negative values of the average production lateness. 

The RMBOVUXMO rule set was ths best performer m the basis of 

actual systm effKtivity. It raidnd 7th (-1.2744 hrs./psrt) on the 

basis of average productim Istenen. (Sse Table 7-12.) The SPT/WHQ 

rule set mm the worst performer on the bssis of s^tem effectivity. 

This rule set ranked 16th (-0.7280 hrs./pert) on the basis of average 

pcoductioi lateness. 

The VMW/WNO rule set raidced 6th on the basis of actual tystsm 

effectivity. This rule set was the best perfomer on the basis of 

average proAictioo lateness per part. 

6. ajwwary 

A decision rule set with high actual system effectivity had high 

relative tystem effectivity. The rwiks of decision rule sets were 

identical for both criteria. A decision rule set generally had the 

following features foir hi# system effectivity: 

. High fet<* rate for parts with long processing times; 

. High accessing rate for parts with Iwg («ooessing times; 

. High effectivity fox the machine center cell; 

. High relative system effectivity; 
. lou average production lateness per part. 
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D. Trawling Time 

1. Overview 

Total traveling time mm determined by total fetch time and 

total route time. Average traveling time per pert was determined by 

the total traveling time divided by the total nmèer of fetches. In 

this research» either minimum total traveling time or minimum average 

traveling per part is desirable to reduce the manufacturing through

put time of a ^t. A dacision rule set has the minimm values 

either the total traveling time or the average traveling time per 

pert %*en the rule set satisfies the following «editions* 

. Minimm value of total fet(A time; 
, mnteRi value of total nnite time. 

The total traveling time under a dacision rule set did not 

include my failure time, and idle time of the Ag/RS eaxt, or delays 

sud) as oeLAX"!, MLAY-Z, and normalization delay. From tim c»rre> 

lation coefficient analfais, Uiis criterion did not have my signifi

cant relatioiship with other performance criteria. 

The OACK/RMDOH rule aet had the mlnimue value of the total 

traveling time (1(KI.0296 hrs.) in Table 7-5. The g/PT/WNQ rule set 

had the minimum value of the average traveling time per part (0.1051 

hrs./part) in Table 7-6. The RMOOH/RANDOH rule set had the mayinmi 

value of both the total traveling time (111,9045 hrs.) and the 

average traveling time per part (0,1179 hrs./part). 

The wsis/nws rule set was introduced to re&xse the traveling 

time of a part. The nearest storage area from the AS/BS <»et*s 
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Starting positicm was aalectsd ty tha FSFS part aalection rule. The 

nearest madtine center frcm the A@/RS cell was selected for a fetched 

pert ly the IMPS madiine center selection rule. 

The fSSS/TtVS rule set ruiked 22nd in the total traveling tine 

and 23rd in average traveling time per part. This means that the 

traveling time of a part was highly dependant upon the part distri-

buticn in the «even storage areas in every fetch. Also, the 

traveling time was dependant upm the maximum queue lengO* of a 

madiine center. If storage area 1 did not have my available parts, 

the MS/US cart had to travel to the other storage areas to fetdi the 

dasirad part. If madiine center 1 was full witii five parts, a 

fetched pert was rcHited to a mtnre distant machine center having an 

availdble ^paoe. 

2. SUiCK/RWDOH rule set 

On the basis of total bcaveling time, this decision rule set 

perfomed best. For this rule set, the total fetoh time in real time 

was the 2nd lowest value (63.6124 hrs.). The total route time was 

also the 2nd lowest value (36.4172 hrs.) (See Table 7-5b.). The 

total number of fetdies for parts was the lowest value «Attained as 

Whow) in Table 7-7. The average traveling time per part rWwd 3rd 

(0.1066 hrs./part) in Table 7*6. 

3. S/FfAnm rule set 

The total fetch time and the total route time ranked 4th 

(64.4943 hrs.) and 6th value (36.8022 hrs.) respectively in Table 

7-5b. The total traveling time ranked 6th (101.2965 hrs,). The 
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total number of fetch#» for parts ranked 4th in Table 7-7. Due to 

the low total traveling time and high total number of fetches, the 

rule set ranked first on the basis of average traveling time per 

pert. 

4. WtfCOH/WttBOM rule set 

The total fktch time and the total route time ranked 25th and 

28th reivectively in Table 7-ab. The total nunber of fetche# for 

pert# ranind 18th, Tbi# rule set p#rfozm#d th# wor#t cn the basis of 

average traveling tin# p#r pert. 

5. Summary 

h d#ei#ion rule set had low valu## of total travelling time Wien 

both the total fetch time and the total route time in real time mm 

###11. Tb have a mall average traveling time per part, a decision 

rule s#t had to hov# a laî  total nuriwr of fatdiM for parts. 

B. Actual Production Output 

1. Overview 

The actual production output was defined a# muter of parts 

produced by the fN6 model »mder a decision rule set with failures of 

majw system components. The achievement rate was determined by the 

actual pro&Ktion CKitput divided by the total mmter of fetdies. The 

ad)ieven»r}t rate was considered as Uie prô K?tivit̂  of the fMS model. 

For a high value of actual production output, the model had to 

generate mots available wpacm for fetched parts on either the 
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machine center cell or the turning cell under a decision rule set. 

Pot a high achievement rate, a decision rule set had to demonstrate 

both high production output and a low number of fetches. 

According to the correlation coefficient analysis, this perforn>-

ance criterion had a significant relationship with both average 

throughput time per part (r- -0.9306) and average waiting time per 

pact (E« -0.8306). 

Under the SPT/NINQ rule set, the model produced the highest 

number of parts (739 parts). The model pxoduced the lowest number of 

pexts under the VALUVfMFS rule set. For the achievement rate, the 

SUCK/mUQ rule set had the highest value (0.7335). The SPT/FfffS 

rule set had the lowest value (0.6849). 

2. SPT/NINQ rule set 

The SPT/NINQ rule set had the highest production output and 

demonstrated the following operating features: 

. From Table 7-7, total nonber of fetches for parts was 
the highest obtained (1020 parts), The achievement rate 
ranked 4th (0.7245); 

. From Table 7-17a, the fetch rate for part family 4 with 
the shortest procwsing time was the highest obtained. 
For part family 6 with the longest processing time, the 
fetch rate ranked 25th; 

. From Table 7-l7b, the fetch rate for parts routed to the 
machine center cell was the highest obtained. Among 
twenty-eight decision rule sets, this rule set generated 
the highest number of spaces on the machine center cell; 

. Fran Table 7-19, the processing rate for part family 4 
was the highest Obtained. The rate for part family 6 
ranked 27th. 
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3. VMWFMPS Ml# «et 

This rule set had thê lowsst value of actual pcoducti<m wtput. 

It damofuitxated the following operating fsaturees 

. Pron Table 7-7, total nuidber of fetches for parts ranked 
27th (903 parts). The achievsment rate tanked 25th 
(o.eeeen 

. Fion Table 7-17a, the fetch rate for part family 4 ranked 
2Stii, «id the rate for pert family 6 ranked 5th; 

. rron Table 7>17b» the fetch rate for parts rmited to the 
machine center cell ranked 26th) 

. rron Table 7-19, the procewing raw for part family 4 
rmked 24A, and the rate for part family 6 rwked 3rd. 

4. SLACX/WIHQ rule set 

This rule est had the highsst value of achiewment rate and 

damonstrated the following operating featunst 

. rron Mble 7-7, total nwAer of fetches for parts ranked 
15th (953 parts). The actual ̂ oduction out̂ t rWwd 
4th (699 parts)} 

• fxm Tmble 7-17a, the fet̂  rate for part family 4 ranked 
5th, and the rate for pert family 6 ranked 25th; 

. Item TiBble 7='17b, the fatoh rate for parts routed to the 
madiine cmter cell ranted 3rd; 

. Pro» Table 7-19, the processing rate for part family 4 
ranked 5th. The rate for part family 6 ranked 25th. 

5. SPT/fwre rule aet 

This rule set had the lowest value achievement rate and demon

strated the following features; 

, Prom Ttsble 7-7, total noftoet of fetches for parts rankW 
26th (914 parts). The actiml î oâuction output ranked 
27th (626 parts); 
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. Fxom "Mbl# U* fetch rate for pert family 4 ranked 
19th. The rate tot part family 6 ruUted 9th; 

. Prom Table 7-17b, the fet<A rate for parts routed to the 
madiine centK cell rmked 25th; 

. Prom Table 7-19, the procwsing rate for part family 4 
raffed 19th. The rate for pert family 6 ranked 8th. 

6. Welatiotwhip with total nutriper of fetches 

The cwrelation between the actual production output and the 

total number of fetdws for parts was 0.9409 in Table 7-14. This 

means Aat the IMB model manufactured more parts if a decisim rule 

set had a highm; msdber of fetches, fbr exaê e, the SPT/tHliO rule 

set yielded W* highest values in both the actual production output 

«id the total number of fetdiw. 

7. Relationship with average throughput time per pert 

from the correlation coefficimt analysis, the actual productif 

output had an inverse linear relationship with average througl̂ t 

time per part (r» -0.9306 in M»le 7-14). This means that a decision 

rule set gmerally had a low value of average thr̂ igt̂ ut time p«p 

part wiNHi the rule set W hig#* proAiction output, for example, the 

SPT/W%WO rule set yielded the 2nd lowest value of Uie average 

throuĝ iput time per part. 

8. Relationghip with average waiting time per part 

Average waiting time per part was an additional measure of 

vntk'in^ocess inventory mder a decisis rule set. The average 

waiting time was defined as an average amount of time for a part to 

wait in a ma^ne center guew for processing. 
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Fxom Table 7-14 > the correlation between the actual prodwtion 

output and the average waiting time per part was -0.8306. This means 

that a decision rule set generally had low value of the average 

waiting time ptac pert whm the FM8 motel manufactured a large msdber 

of parts under the rule set. for example, the WT/NINQ rule set 

ranked 4th in terme of the average waiting time per part. The SLACK/ 

NINO rule set %*idi had the hî wst value of the achievement rate had 

the lowest value of the average waiting time per pert. 

9. Suwaary 

If the machine center cell gmerated more ̂ acee for fetdied 

pert# under a decision rule set, the rule set showed better per-

fommoe. when the fetd) rate for parts with the short processing 

time was high, both the actual ̂ o&iction output and the adiievsment 

rate wwe high. Also, the best decision rule sets consisted of 

either HINQ rule ot tflNQ rule as a machine omtmr selection rule. 

This mesne that the MINQ and WINQ rules dominated the RANDOM and FMFS 

rules for generating more spaces on the machine center cell. 

A decision rule set #lch had high values of both the actual 

pro&Ktlon output and achievement rate generally had the following 

features: 

. The total mnber of fetches for parts was large; 

. The fetd* rate for parts with the short processing times 
MBS BL0)I 

. The processing rate for parts with the short processing 
times was higfi; 

. The fetd) rate for parts routed to the m̂ Alne center 
cell was high; 

. The average tiu:ougtf>ut time per part was low; 

. The average waiting time per part was low. 
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P. Manufacturing Throughput Time 

1. Overview 

The tlucoughput tine defined as a total amotmt of time 

wquited for a pact to be mamifactured by the IMS model. Thie time 

factor includes processing times, failure times and idle times for 

major cowpments, and delays such as OBLMT-l, OELAX-2 and the nomal-

ixation delay in fetching operation. Average throughput time per 

pert MM detemined ky total thrmighput time divided fay the actual 

production output under a decisim rul# met. 

According to the equation for total throughput time in Chapter 

5, a decision rule eet had to demonstrate the following operating 

features to have mall amount of ttetHiglfiut time. 

. Saall amcisit of idle time. It ahould be noted that 
failure times of eâ  major conpoiwntf MLMP-1, OtlKSt'2, 
noBRMlisatSon delay %»re fixed in each decision rule eet; 

, Bott) few* rate and prooMsing rate for ports with the 
Wwrt processing time had to be high, this permitted the 
machine center cell to generate more «paces for parts; 

, High value of acwal production output. 

For the total thrwghput time, the SPT/WINO rule set was the 

best performer (4051.S139 hrs.). The S/PT/NINQ rule eet was the 

worst performer (4754.1233 hrs.). for average througt̂ nit time per 

part, the SPT/WHQ rule set was the best performer (5.5429 hrs/part). 

The VMMI/FMPS rule set was the worst performer (7.5991 hrs/part). 

Frcm the correlation coefficient analysis, the average thrwghput 

time per part had a strong inverse relatiâ ip with the actual 

pcoduction output (r® -0,9306) 
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2. SPT/WïNO Ml# mt 

This ruls set was tht best ptrfomwr in terms of both total 

throughput tim# and avsrag# thioygt̂ t time per part. This rule set 

dmonstrated the following operating features* 

. From TAle 7-7, the rule set had the 2nd highest values 
of both the actual production output and the total nunbec 
of fetches for parts} 

. From %ble 7-17a, the fstch rate for part family 4 MIS 
the 2nd highest value. The rate tox part family 6 was 
the lowest value ̂ tainsd; 

. from Table 7-17b, the fetch rate for perts routed to the 
machine center cell m» the 2nd highest value} 

• ftas Table 7-19, the processing rate for pert family 4 
wee the 2nd highsst value. The rate for pert family 6 
was the lowest value obtainsd. 

3. 8/nmm rule set 

This decision rule set was the worst perfomer on the basis of 

total throughput time with the following opsrating features; 

, From T̂ *le 7-7, the rule set rwAed 11th and 14th for 
the total nuRÉier of fstches and the actual prodwtion 
output rexqpsctively. The average thrtwghput time per 
part ranked 16th under this decision rule set; 

• from Table 7-17a, the fetch rate for part family 4 ranked 
10th, and the rate for part family 6 ranked 20th; 

• from Table 7-l7b, W%e £et̂  rate for parts routed to the 
madiine center cell r»*ked 21st; 

. from Table 7-19, the processing rate for part family 4 
ranked lOth, and the rate for part family 6 ranked 20th. 

4, VALUE/FWS rule set 

This rule set was the worst performer on the basis of average 

throug*Tut tâe per part with the following operating features: 
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. From Table 7-7, the rule set yielded the lowest values 
both the total mmdber of fetdiw and the actual 

production output; 

. Prom Table 7-17a, the fetch rate for part family 4 ranked 
25th, and the rate for part family 6 ranked 5th; 

. rrom Td»le 7-17b, the fetdi rate for parts routed to t)w 
machine center cell rmAed 26th; 

. ftm Table 7-19, the proce##ing rate for part family 4 
r«*ed 24th, and the rate for part family 6 rankad 3rd. 

5. Belaticnehip with actual pcodiKtion wtput 

from Male 7-14# the correlation between the average througt̂ t 

time per pert and the actual proAictim output was -0.9306. This 

mean# that a decision rule set generally had high production output 

«tien the rule aet had low value of average throû Â̂ ut time per pert, 

roc exampile, tiw S9T/MIIQ rule set had 2nd highMt value of the 

actual pgoAiction output in Table 7-7. The 89T/N1N0 rule aet «Aiich 

was the best perfocner under the actual production output criterion 

had the 2nd lownt value of average throû t̂ time pw pert. 

6. SUBHwry 

A decision rule set genwally yielded a low \mlue the 

thrcû ^̂ ut time when the following conditions were satisfied: 

• Hî  fetch rate for the machine center cell; 
. Hî  fetdi rate for parts with Wx%t processing times; 
. High processing rate for parts with short processing 
times; 

• High actual production «itput. 
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G. Mork-In-Process Inventory 

1. Overview 

A# stated in Chapter 7, there were four different meaaures for 

work-io-procesa inventory under a decision rule set: work remaining, 

imminent operation work content, total waiting time, and average 

waiting time per part. Both the work remaining and the imminent 

operation work omtent were measured at the end of simulation for a 

decision rule set. Total waiting tim» was the cumulative waiting 

tim# for all procMsed parts on the madiine center cell during the 

simulation. The average waiting time p« pert was detemined by the 

total waiting tim» divided fay the actual production output. 

At the end of each simulation, each decision rule set yielded a 

specific part seqpwice on the machine center cell and the turning 

cell. Table 8-2 presents the part sequence at the end of simulatim 

for eodi decision rule set The final part sequence was used to 

obtain the wnrk remaining and the imminent operation work content. 

The work remaining was the mm of processing times of all parts on 

all machine centers and the turning cell %mder a decision rule set. 

The left-hand number in each kw is the very next part to be 

processed ky a machine center or the turning cell. The imminmot 

operation work content was the mm of processing timiee of all 

left-hand entries %m̂ r a decision rule set. From Table 8-2, all 

decision rule sets exĉ  the WMM/ NINO and the SLACMnNQ rule 

sets had almost full waiting lines in the madiine center cell. 

For a small amount of the work-in-process inventory, either ti» 

machine center or the turning cell had to generate a large mWber of 
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TWBle 8-2. Final past aaqumcc fot dacision cula acts 

Dacialon MacAine cmntar 
Sat lula a#t 1 2 3 4 

1 RMBOH/RAtBOH 1,4,4,7 2,1,3 6,1,5,1,6 6,7,7,4,4 
2 RMBOH/IWS 3,5,4,6 6,4,4,6,5 7,6,7,7,4 7,7,5,2,5 
3 mtm/mvQ 6,4,7,4,6 6,1,1,2,7 7,4,2,7,7 3,5,3,2 
4 mocÊi/mno 7,4,2,6 6,7,4,5,4 5,7,6,1 6,7,3,3 

5 ffSrS/RMBOH 6,6,1,2,7 4,3 2,6,4,2,5 2,7,1,7,4 
6 rsrsi/iMFS 5,7,3,3,3 4,5,1,4,5 7,2,3,2 6,7,4,6,7 
7 tsnmrn 1,7,4,7,1 6,6,4,5 2,7,3,1,4 2,5,4,1,2 
8 tsn/mvQ 6,2,5,6,1 6,4,7,2,7 2,5,5,3,3 1,4,4,3,6 

9 esT/mom 3,5,3,2,6 7,4,6,3,4 6,2,4,5,2 2,5,4,7 
10 sn/nwa 1,5,6,5,4 6,2,3,7,2 1,6,4,2,1 7,3,1,1,3 
U sst/mm 1,6,4 7,1,4,2 6,2,7,2,3 3,3,6,7,2 
12 SBT/mVQ 5,1,4,4,7 2,3,2,4 6,5,3 2,1,1,1 

13 wmt/nmm 3,4,5,4,6 6,1,1,3,6 2,7,5,2 1,3,7,2 
14 am/tms 1,7,6,4,7 4,4,1,6 6,3,4,2 1,7,3,2 
15 vomAum 2,7,6 2,2 2,1,7 6,3,7 
16 whnAnm 2,4,1,7 6,3 6,7,2 4,3,2,6 

17 sucn/nmm 3,7,2,4,7 5,1,2,6 6,6,1,2 1,4,2 
18 Bua/nws 3,5,6,6,7 6,7,6,7,3 2,3,5,4,2 4,7,6,2 
19 sues/mm 6,7,5,7,1 4,5,4,3 2,1,4,6,6 4,7,5,2 
% SLMCXAmiQ 4 2 7,2 3,4,6 

21 8/vt/wmm 6,3,6,2,4 1,3,4,7 2,7,6,6,2 1,5,2,1,1 
22 5/PT/fWS 5,1,7,4 3,6,2,7,7 2,2,6,7,6 2,4 
23 sm/mm 6,1,2,5,6 2,4,1,7,6 6,7,2,4 7,4,6,3 
24 smAam 1,6,7,4,5 5,2,4,2 2,4,7,4,3 7,1,6,1 

25 VMWXMBOH 1,2,7,2 3,1,7,2 6,7,7,4 6,4,6,2,2 
26 2,7,2,7 2,1,5,4,5 7,7,4,6 3,2,3,5 
27 vMmmm 7,1,7,7,5 2,6,1,3,7 1,5,5,2 4,6,4,4 
28 vKum/wm 3,5,6,4,7 1,2,4,2 4,7,6,7 2,1,1,6 
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Table 6-2. (continued) 

Decision Machine center Turning 
Set rule set 5 6 cell 

1 RMixxvmnOM 6,6,3,3,2 7,2,7,2 5,5,3,3,5 
2 RMnXVfMFS 2,2,5 2,1,2 3,3,1,1,3 
3 miOOIVNXNO 6,2,1,4,1 5,3,3,6,4 5,5 
4 RMMDCWWNQ 4,2,6,2 3,2,1,1,2 1,5,5,3,3 

5 fsrŝ /micoN 3,5,7,7 6,1,6,1,2 5,1,3,5,3 
6 FSfS/fHPS 1,5,2,4,6 2,6,4,3,7 1,1 
7 Fsrs/MINO 2,6,3,7 6,5,4,5,6 3,3,1 
8 rsrs/mNo 7,3,5,4,2 1,6,1,2,4 1 

9 m/mtxm 1,1,6,7 5,2,7,5,4 1,3,1 
10 spt/nms 6,7,2,5,7 6,4,4,4,5 3 
U snmvQ 2,3,1,6 5,4,4,6,7 5,3,5,5 
12 snAfivQ 4,3,7 7,6,5 3,5 

13 mun/nmh 6,7,4,2,2 1,5,7,4,6 3,5,3 
14 tBKwnm 6,2,2,7,6 3,5,1,4 5,5,5,1,3 
15 oDnm/mm 1,7 1 3,3,1,3 
U mmnAnvo 4,3,3,5,4 7,1,2 1,5,1,5 

17 sucK/nmh 1,1,3,6,7 4,2,4,7,6 5,5,5,3,3 
18 sucK/nws 2,4,3,1 1,7,5 1,5,1,5,3 
19 sLKxmm 2,7,5,6 6,2,1,3,2 3,5,3,1 
20 sucKAnm 3 6 1,3,5,3,3 

31 S/PT/SMSCH 4,5,4,6 2,7,7,3,7 1,5 
22 S/PT/FMfS 6,3,4,3,5 7,2,6 3,1,5,5,5 
23 9/vf/mm 1,4,2 2,7,3 5,3,1,5,5 
24 sm/mm 2,5,7,6 6,3,5,4,3 3,3,1 

25 mjsB/mtm 4,5,3,7,4 5,3,1,1,6 3,5,3,5 
26 whum/nws 6,4,3,7,4 2,1,6,6 3,1,5,1,1 
27 mjmmm 4,2,2,1 6,6,4,5 3,3,3,1,3 
28 vnumAiiiQ 6,7,3,4,4 5,5,6,2 1,3,1,5,3 

epacee foe feWied poKts. This means that a large number of machine 

centers which have ^rt queties or the cnall ammmts of work in queue 

will result in small work-in-process inventory. For the turning 

cell, a short queue is also desir^le. When the fetch rate for parts 

with short processing times is high, more available spaces for 

fetcAied parts can be generated. 
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From the correlation coefficient analysis, both the work 

remaining and the inninmt operation work cwtent meeauree had no 

migiificant relationahipe with other performance criteria. However, 

the average waiting time part had a aignificant relation̂ ip with 

the actual production output. 

Under the work remaining measure in Table 7-10, the SLACX/WINQ 

rule aet was the beat performer# and the SUCK/RMOOH rule set waa 

the worat performs. However, under the imminent operation work 

content mMwre in TUble 7-10, the SJCK/HMDCM rule aet we# the beat 

pMfomM, md the mMXXVMNDOH rule aet waa the worst performer. 

Under the total waiting time meamre in Table 7-11, the SLACK/ 

mUQ rule set was the best performer, «id the VALOC/mrs rule set was 

the worst performer. For the average waiting time meaaire in Table 

7-11, the SUCKAauo rule aet was the best performer, and the V̂ LUE/ 

IMPS rule set was the worst performer. 

2. SMCK/WINQ rule set 

This decision rule set was performed wry well in relation to 

the work-in-process inventcncy criunrlon. This set vm the best p#»-

former In the wnk remaining measure, the total waiting time and the 

average waiting time per part. Ofid̂  U* imminent operation work 

content measure, tills rule set was the 2nd best performer. The 

following features were demonstrated by the mMX/WlMQ rule set: 

. fros Tzdble 7-7, the total mmtee of fetdiM for parts 
rwked 15th, The actual production output ranked Ath, 
The achievement rate was the best obtained; 

. Pro» Table 7-173, the fetdi rate for part family 4 ranked 
5th, The rate for part family 6 ranked 25th; 
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. Ft on Table 7-17b, th* fetch rate for parts routed to the 
mdilm center cell ranked 3nl} 

. from Table 7-19, the processing rate for part family 4 
rwrdted 5th, and the rate for part family 6 ranked 25th; 

. From TW5le @-2, the least numdber of psrts awaited for 
processing an the machine center cell at the end of the 
simulation. 

3. SLACK/RANDOM rule set 

This dscisim rule set was the worst performer wider the work 

remaining meawre. The rule set was the best performer under the 

imminent operation wtnk content msswre. The following features were 

obMTvedt 

. From TÉble 7-7, the total ninber of fetdws fw psrts 
rmksd 23rd, The actual production output rmked 22nd. 
The achievemmt rate raiAed 23rd; 

. From Table 7-17a, the fetch rate for pert family 4 ranked 
7th. The rate for pert family 6 ranked 22nd; 

. From TËWe 7-17b, the fetdt rate for parts routed to Wie 
mâ ne center cell raidted 23rd; 

. From Table 7-19, the processing rate for part family 4 
ranked 7th. The rate for part family 6 ranked 22nd; 

. From Td»le 9-2, each machine center wm busy with three or 
more parts. However, the very next part to be processed 
by eadi marine center was a part with a shmrt processing 
time at the end of the simulation; 

. From Table 7-11, the total waiting time ranked Uth. 
The average waiting time per part ranked 14th. 

4. RMmOM/RANDCM rule set 

This decision rule set was the worst performer imder tW immi 

nent operation work content measure. The following features were 

observed: 



www.manaraa.com

272 

. From Table 7-7, the total mndoer of fetches for parts 
ranked 18th. The actual production output ranked 19th. 
The adiievamant rate ranked 15th; 

. Prom Table 7-17a, the fetd) rate for part family 4 ranked 
12th. The rate for part family 6 ranked 11th; 

. From Table 7-17b, the fetdi rate for parts routed to ttw 
madtine center cell ranked 22nd; 

. From Table 7-19, the processing rate for part family 4 
ranked 12th. The rate for part family € ranked 11th; 

. From Table 8-2, the very next pert to be processed by 
each madtine center was a part with a Img processing 
time at the end of the sinùlation; 

. From TXMe 7-11, the total waiting time «id the average 
waiting time per part both ranked 20th, 

5. VALUg/TWPS rule set 

This decision rule set was the worst performer under both the 

total waiting time and the average waiting time per part. The 

following features were observed; 

. From Table 7-7, the total number of fetdws for parts 
ragged 27th. The actual production oî put was the lowest 
value obtained. The achievement rate ranked 25th; 

. From Table 7-17a, the fetch rate for part family 4 ranked 
25th. The rate for part family 6 ranked 5th; 

. Fran Table 7-17b, the fetdi rate fw parts routed to the 
madiine center cell raidced 26th; 

• From Table 7-19, the processing rate for part family 4 
ranked 24th. The rate for part family 6 ranked 3rd; 

. From Table 8-2, eadt imadhine e&tt̂  was busy witii more 
than four parts at the end of the simulation; 

, From Table 7-10, the work remaining ranked 7th. The 
imiineit operation work content ranked 16th. 
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6. Average waiting tiam and actual production output 

From tha correlation analysis, the average waiting time per part 

had an inverse linear relatiowAip with the actual production output 

(r« -0.8306). This maan# that a decision rule set generally had a 

•nail amount of the average waiting time if the rule set had high 

production outjAit. A# result, the SLACX/KINQ rule set ranked 4th in 

actual production output. The VRLUE/FMPS rule set ranked 28th in the 

actual production wtput. The SPT/NINO rule set had the highest 

value of the actual production output. It ranked 4th in average 

waiting time per pert. 

7. Skmuuy 

A decision rule set generally had low work-in-process inventory 

wtim the following condition# exiswd; 

. A large muter of machine centers had either low ammmts 
of work in queue or the Wwrt queues throughout the 
simulati<»ij 

• High £et<A) rate and high ^ocessing rate for parts with 
Ae ^Nxrt processing tW* were Observed frequently; 

. High actual production <Mitput was dtuerved. 

H. Production Lateness 

1. Overview 

The productitm lateness vas defined as difference between com

pletion time and due-^te of a part. The completion time includes 

processing time, failure times and idle time of major components. It 

also includes delays sudi as DELAÏ-1, DEtAy-2 and the nonnalization 
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delay in every fetch and arrival time of a part. TM Aw-date was 

detemined by arrival time plus Tim allowance of a part. This has 

been presented in Chapter 5. 

The average production lateness per part was determined ky th# 

total production lateness divided ky th# actual production output 

wder a decision rul# set. According to the equation for the pro

duction lateness in Chapter 5, a decision rule set had to demonstrate 

the following operating features to Mve low production lateness. 

Th# rMder should recall that negativ# production latenMS means 

production earliness. 

. arnll anoimts of idle tin#. Rscall that failur# times, 
MLMT-l and OCLMT-S w#r# fixed in eadi simulation; 

. Eithn hî  f«tch rat# f«r parts with th# Aort procsssing 
tin# or hi#$ f#tch rat# for psrts with th# Img processing 
tin#. High fetch rates for psrts with th# Wwrt ppocsss-
ing timci am b# #*pscted to result in «Mill ccnpletion 
tinM. On th# oUwr hand, th# high f#td) rat# for parts 
with th# long processing time can be #*psct#d to rMUlt in 
hî  duo-dat# valuss. Part family 4 had th# smallsst due-
dat#, and part family 6 had th# largest du#-dafc#. 

Prom Td)l# 7-12, every decision rul# s#t generated negativ# 

productif latwess values {earliness). The best perfomm: was the 

VMUIMiXNO rul# s#t und#r total ̂ oAiction lat#n#ss. The wMst 

p#rfomer was the GOAnywiNp rule set. Under the average production 

lateness per part, the VMUJE/inHQ rule set was also the best per

former, and the DDMR/NINQ rule set was the worst performer. From 

the correlation coefficient analysis, the average î oductiw lateness 

per part had an inverse relatio*W*ip with the actual system 

effectivity. 
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2. Vhummm rule mt 

Under both the total production latanau and average production 

lateness» this decisis rule set was the best performer. It dmmon-

strated the following features: 

• rran Ttiole 7-7, the total mmber of fetches for parts 
ranked 21st, The actual production output rantwd 18th; 

. From Table 7-17a, the fetch rate for part family 4 was 
the lowest value (Stained. The rate for part family 6 
rmifed 2nd; 

. rxcm TSble 7-17b> the fetch rate for ̂ rts routed to the 
machine center cell ranked 11th; 

. Prom Tmble 7-19, Ae processing rate for pert family 4 
w#s the lowest value obtained. The rate for pert family 
6 ranked 4th. 

3. Dwmi/mwo rule set 

This decision rule set was the worst perfomer wder both total 

proAiction lateness and the average production lajteness. The follow

ing operating features were observed î 

• Prom TaWe 7-7, the total noster of (etches for ports 
ranked 3rd. The actual production output ranked 3rd, 
also; 

• From Table 7-17a, the fetch rate for pert family 4 ranked 
3rd. The rate for part family 6 rwked 27th; 

. Pro# Table 7-17b, the £etĉ  rate for parts routed to the 
machine center cell rmked 6th; 

. Prom Table 7-19, the processing rate for part family 4 
ranked 3rd. The rate for port family 6 ranked 260*. 

4. Helationship with actual systan effectivity 

According to Table 7-14, the correlation coefficient was -0.9086 

between the average production lateness per part and the actual 
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ayfltwn effectivity. This means that a decision rule set generally 

hsd high actual sysWm effectivity vAwn the rule set had a low value 

of sverag# production lateness per part. As a result, the VKLUE/WINQ 

rule set ranked 6th in the actual ̂ tem effectivity. The DDATC/MINQ 

rule set ranked 24th. The RMCOH/NINQ rule set vAtich was the best 

performer under actual system effectivity criterion ranked 7th on the 

basis of svwrage production lateness per part. 

5. Sumary 

A decision rule set had low production latensss (a large nega

tive value) %*en the following features were satisfied: 

. High fetch rate and high processing rate for parts with 
the long processing times. This mean# that a large due-
date value is desirable in obtaining low production 
lateness; 

. High actual system effectivity. 

I. Overall Features 

1. Perfomtanoe criteria 

All of the best decision rule sets for the six performance 

criteria have been preswited and analyzed in the previwm sections. 

In general f the performance criteria can be classified into two 

groins using both the fetch rate and the processing rate. The first 

group includes the actual ̂ sten effectivity and the production 

lateness. The second grmç includes the actual production output, 

maiufacturing throughput time and work-in-process inventory. The 

traveling time can be included in either grotç. 
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Fot the first group, both the fetdi rate and the processing rate 

for parts with long processing times were a principal factor in 

determining the good performance of a decision rule set. For the 

second group, both the fetdh rate and the processing rate for parts 

with short processing times were a principal factor in determining 

the decisim rule sets that performed well. 

There vmxm no "best" decision rule sets which can be included in 

both groins. That is, if a decisiw rule set showed good performance 

for the first group of performance criteria, tlwn that sane rule nt 

demonstrated poor perfoxmance under the secwd groqp of perfomance 

criteria. Both groupe wnre thmrefore evaluated to find good as 

opposed to optimal decision rule sets that demoraitrated acceptable 

performance wder both ̂ oî s of criteria. 

Bidi pnrfocmance criterion for all twenty-eight decision rule 

sets exhibited the following characteristics: 

. The actual system effectivity was low due to both failure 
fects and idle effects. There was no significant 

difference between the actual ̂ stem effectivity values 
for decision rule sets. The difference was less than SI. 
High effectivity f<u the madiine center cell usually 
resulted in hî  actual î stem effectivity. Also, high 
actual system effectivity uwally inferred the low 
production lateness under the bmt decisiw rule sets; 

• and» the traveling time criterion, there was no signifi
cant relation̂ ip «riUi other performance criteria. This 
means that the traveling time criterion was independent 
and did not affect the other performance criteria; 

. If the AS/HS cart fetched more parts, the model produced 
more parts (high production output). Also, the achieve
ment rate was high under this condition. The actual 
proibxrtion output demonstrated strong relationships with 
throuç̂ p̂ut time and average waiting time per part. There
fore, high production outqput inferred low throught̂ t time 
low average waiting time values; 
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. Under the thzougf̂ t time criterion, the SPT/NINQ and 
SPT/WINQ rule sets performed very well. The throughput 
time criterion was mwt in̂ rtant because the criterion 
included failure times, idle times and delays. Bscause 
of strmig relationship with the actual production wtpat, 
a decision rule set which had high production output 
generally had a low throug*#it time; 

. Wtok-in-process inventory measures except waiting time 
did not have strmg relationships with other performance 
criteria. This mear» that the work-in-process criterion 
was independent and did not affect other performance 
criteria. The SLHXAflVQ rule set perfomed very well 
under all the work-in-process inventory msasures; 

• All decision rule sets generated nsgative production late
ness (productif earliness). This msaiw that am decision 
rule set could be wed for the FMB wider the production 
lateness criterion. These remits would have been quite 
different for alternate mea«ires of generating simulation 
t̂oe-dates. The VMinyHlNQ rule set perfomed very well 
under the lateness criterion. The production lateness 
criterion had a strong relationship with the actual 
system effectivity. High system effectivity generally 
meant low ̂ oduction lateness; 

. Because both the idle effect and Om model stAilization 
were Obtained Arom the actual systsm effsctivity, a deci
sion rule set tiAiich had high system effectivity had gener
ally low idle effect and an early stabilization time 
point. 

2. Part selection roles 

From Table 7-13, the MNDOH, FSTS and VMLOE rules are the first 

groqp i4iid) had high values of the actual system effectivity and 1<̂  

values of the production lateness. This is because of the high fetch 

rate for parts with the long processing times (part family 6). The 

SST, WXm, SLACK and S/PT rules are the second grot̂  which had high 

values of the actual production output, low througî t time and low 

work-in-process inventory. This is because of the high fetch rate 

for parts with the short processing times (part family 4), 
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3. Machine center #*l*ction rule# 

Generally, when either the machine center cell or the turning 

cell generated more available apacee for fetched parte %mder a 

machine center aelection rule, the performmce of a decieion rule set 

containing the machine center aelection rule wee good. Under all 

performance criteria except the traveling time and the imminent oper

ation w%k cmtentf the beet decieim rule mete contained either the 

NINO rule or WINQ rule for machine center «election. Alto, the beet 

dfcieioR rule eete had high proceeeing rate# for parte with ahort 

prooeeeing timee. Tbie meane that mere available apeoee were gener

ated by high prooeeeing raw for parte with Aort proceeeing timee. 

4. Major decieion rule «eta 

Major dkcieion rule eete are defined ae the beet decieion rule 

eete wder each performance criteria). Table S>3 p*eente relatif 

r«*e of the major decieion rule eete for the perfoosanoe criteria. 

According to Tadble the SUCK/wniQ and SPT/MNQ rule eete domi

nated other major decieion rule «etc. The SLACK/WINQ rule «et showed 

etrong performance uider the work-̂ in-pcoceee inventory wd the 

achievement rate criteria. The SfT/ifINQ rule eet Aowed etrmg per-

fomonoe under the throughput time and the actual production oulqput 

criteria. The SPT/WINO rule set also showed etrong perfomance under 

the average traveling time per part criWriw. Both decision rule 

sets are major rule sets in the secanA gxô sp whidi showed high 

performance wder the actual production outqput, throygt̂ t time and 
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Tidbltt 8-3. Relative ranks for the major decision rule set 

RANDOM/NINO 1 26 27 Ifi 16 13 16 24 9 7 

SLACX/RAMDOM 26 1 3 22 23 23 28 1 14 24 

S/n/Wm 20 6 1 18 18 12 6 13 8 21 

8PT/MIN0 23 278142226425 

mJCK/mm 27 11 10 4 1 4 1 2 1 27 

SPT/WNQ 28 24 2 2 2 1 3 8 3 16 

VhUmAflUQ 6 2 4 18 11 19 13 5 15 1 

h • AcWal eyetw effsetivlty 
B • Total travelling time 
C • Average travelling time per part 
D • Actual productim eiî t 
B » Adiievement rate 
P • Average througl̂ ttt time per part 
G » Work remaining meamire 
H • Imminent operation work content 
X « Average waiting tine per part 
J « Average production lateness 

The sn/WHQ rule set mm also the best perfomer in tern* of the 

total throughput time. The SUCX/WIHQ rule set was the best per

fomer en Oie bwis of the total waiting time. The VMLUB/WMQ 

rule set was also the best perfomer in terns of the total produc

tion lateness. 

work-in-process inventory measures. 

The SMCK/WINQ and SS^/mVQ rule sets used the WNQ rule m a 

machine center selectim rule. This means that the WINQ rule 

(kminated other machine center selection rules. 

Major 
decision 
rule set 

Relative rank tot 
Pirfomance criteria 

A B C D B F G H t J  
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Th# nsults of th* simulation constitute new infor

mation on work scheduling rules for flexible manufacturing systems. 

The use of these rules in ppwrtice, together with suggestions for 

further researdt» are discussed in the following chapter. 
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IX. CONCLUSIONS AMD SUGGESTIONS FOR FURTHER RESEARCH 

A. Conclusion 

As dsscribsd in Chaptsx 8, th* SLACK/NINO and SPT/WINQ rule Mts 

dominstsd all others, these decision rule sets «ne from the second 

gr«q>. The second group of rules had hi# values of actwl produc

tif* (Mtputf low througî put time and low work-in-process inventory. 

This is because of both the high fetch rate and the high processing 

rate for parts with the itfwrt processing times. The first gro%̂  had 

hi# veluM of the actual system effectivity and low valuM of the 

production lateness. This is because of both the high fetdi rate and 

the high processing rate for parts with the long processing times. 

Both of the dominant rule sets used the WHO rule as the machine 

center selectim rule. 

Both the SLACK/WUQ and the SPT/WINQ decision rule sets can be 

hi#ly recQOMmded f% %me in actual flexible manufacturing system. 

The reader #iould reall that evwy decision rule set had both high 

fetch rate and hi# processing rate for parts witit the Wiort process

ing times (either part family 4 or part family 7) as compared with 

other part families. The SFt rule demcnatrated the highest rate in 

fetching and processing of part family 4. The SPT rule gave the 

hi#est priority to part family 4 because of the î rtest processing 

time. 

The SPT/WINO rule set had the following (grating features: 

. More available spaces were generated on both the machine 
center cell and the turning cell. This means tiiat the 
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total number of fctches frcm the AS/PS cell we# the 2nd 
highest value obtained. The model therefore manufactured 
the fetched parts quickly. The adiievemnt rate was the 
2nd highest value also; 

. Rmrts with the short processing time were fetdwd and 
processed mwt frequently; 

. Througl̂ t time was the lowsst value stained wider fail
ures of major systm# componsnts;. 

. Wmck-in-process inventory was very low in the model due 
to parts with the short processing time being selected. 

Every decision rule set had an actual ̂ tem effectivity of 

approximately €01 wider failures of major system câ cments. There 

was a mall difference (less than 0.5%) betwsen effectivity values of 

decision rule sets. The actual sytem effectivity wder eadi decision 

rule set could be indicative of a low ̂ tem utilization rate. Be

cause of minimum set̂ p times# efficient workpert handling, simul

tanées worlqpart processing «nd other featwes, the utilization rate 

of a flexible manufacturing system twy be as high as 801 (2). This 

is substantiated by the fact that the relative system effectivity was 

approximately 601 in every dKision rule set. The achievement rate 

of Wie model was ̂ p̂roximately 70$ in every decisi<m rule set, while 

the processing rate for each part family «(CMded 95%. 

The traveling time for a decision rule set was highly dependent 

î on the distribution of parts on eight storage areas in every fetch. 

This means that the arrival rate of parts determined the traveling 

time for a decision rule set. If there were no parts available on a 

storage area specified by a part selection rule, other storage areas 

were selected in Settling a part. In other words, the total model 

fetch time was dependent upon the arrival rate. The total model 
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Kouttt tira wss dspsndent upon ths maximum qusus length of either the 

marine center cell or the turning cell. If a machine center was 

full for a fetched part, other machine centers were selected for the 

fetched part. 

All decision rule set generated negative production lat»ness 

(prodixtion earliness). This means t>wt aî  decision rule set could 

be applied to the model to data in low production lateness (high pro

duction earliness). These results would, of course, have been quite 

different under a different method of Am-date generation. 

B. Suggestions for further Research 

The IHB is the latest development in nafwfacturing tecimology. 

This technological comdbinatiw* î ovides maiy Interesting ideas for 

further research. Seam pwsible areas of further research using a 

FMS physical model include; 

. Determination of an optimal allocation method for part 
families on the AS/W cell; 

. Determination of an optimal nusriser of marine centers and 
m optimal mniser ot queue length for a wcarkcenter; 

. A comperiaon of physical model simulation versus digital 
and mathematical methods of simulation; 

. Investigation of other sdieduling rules for fM6 facili
ties; 

. Investigation of other Aje-date assignment methods; 

. The use of other FMS configurations in applying the deci
sion rule sets; 
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. A ccmperison of physical simulation with failure effects 
versi» without failure effects. 

In this physical simulaticm, the fetch rate for a part family has 

bem an important fwtor by whidi various minerical remits were 

obtained in performance criteria. Part family 4 had the s)wrtest 

procusing tine while part family 6 had the longest processing time. 

The fetch rate for either part family 4 or part family 6 was a 

principal factor whid* perfomance criteria, part selection rules 

and madtine center selection rules were divided into two grmips in 

this research. If the difference between two procMsing time values 

is either larger or «Miller than the difference in this research, 

each decisioi rule set might will have generated different numerical 

remits for perfwrnanc# criteria. Therefore, as another possible 

area for further research, the investigation £ae the effect of 

procMsing times on pmrformanM criteria is desirable in either 

digital simulation oc physical simulation. 

The majcnr benefit of the physi»l simulation completed in this 

research is to convince decision-makmrs that a ̂ qposed design 

cwcept *md control scheme are going to adtieve their exported ̂ 1». 

This researdi has evaluated possible decisicn rule sets fw a EMG 

ptqfsical model which is a clwed loop extern, and had reccmmended the 

best decision rule sets under six performance criteria. This re-

seardi represents a aibstantial "first step" to improve the d̂ ign 

and operation of an actual EMS installation. 
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Proceeding# of 1979 AJIE Qpring Annual Conference, San Fran-
ciaco, CA, May 1979. 

32. freund, J. E. and R. E. Nalpole. "Mathematical Statistic#", 3rd 
ed.ï Prentice-Hall Inc. s Englewood Cliffs, Mew Jersey, 1980; 
Chapter 10. 

33. Mini-Movr-5 User Refermoe and Application# Mamial, Microbot, 
Inc.* 1259 El Cmaino Real, Wte %0, Manlo Park, CA, 1981. 

34. P50 Process Robot Operator's Mamial, Automation SysUns Oef»rt-
ment, Ganeral Electric Con̂ any, P.O. Box 2W, Plymouth, FL, 
1981. 

35. Shoonan, M. L. "Probabiliatic Reliability: An Engineering 
Approach"; McGraw-Hill Book Compwy; New York, 1968; 
Chapter 6. 

36. Hiller, F. S. and G. J. Libeman. "Introducticm of Operations 
Research", 2nd ed.; Holden-Day Inc.; San Francisco, 1974; 
Chapter 15. 

37. Ross, S. H., "Introduction of Probability Models", 2nd ed.; 
Academic Press: New Ywk, 1981; Chapter 5, 



www.manaraa.com

289 

XI. ACKNOWLEDGMENTS 

I would like to cxptMS my gratitude to nunwrous individuals who 

hav# provided support for th# conplstio) of this rsssardi. First of 

*11, X would lik# to sxprsss my dŝ Mt gratitude to my major pro
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XI2. APPENDIX A* 

Tim SCAUHO fRCrOSS FOR DECISION RULE SETS 

Th following dëta show th# tim# mealing factor fot oMh daciaion 

xula Mat* Tha following notation waa uMd in thaaa tabla#* 

. I " a atocaga araa; 

. J • a machina cantar} 

. 1C • tha turning call; 

. AT * actual fatch tima (nin.) * 

. All • actual coûta tima (nin.) ; 

, W2 » ictual raLAÏ-2 valu# (» AMLAy-2 in Chaptar 4) (nin.) 

. Mr • modal fatch tima 

.MR » modal zouta tima Wn.); 

. 01 • DZLAY-1 valu# of th# model (• MDZLAY-1 in Chapter 4) 
(min.) 

. D2 • MLA%-2 value of tha modal (« WELAï-2 in Chapter 4) 
Win,) 

. AJ • a time scaling factor for path {i,j) C* sr{i,j) in 
Chapter 4)2 

. ND « normalization delay valu# of path (i.j) (• ND(i,i) in 
Chapter 4) (min.). 
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!i:Sni 

'.Ssa* 
.KP 
a# 

4 i 
Î Î 
4 3 

;l!8 

ill 
.:îi« 
m I n 

.8879 

#1 1 i  
'sSS 

18.3099 
18.8988 

m 

1888# 

:Uli 
J0718 

II III .8381 

.8788 

!:«# 
8.1041 

7.0 

II 
.lf»9 

;!S§ 
!# 

.8879 

lew 
.8981 

.80 

I 
.8090 
.8090 

il 

18.1448 

18*7371 
18.7883 

.0838 

.8887 

.0383 

.0477 

.0884 

.0887 

6 1 .7031 .9788 7.0 .1133 .8017 .20 .2090 12.0991 .0191 
8 8 .7031 1 .1318 7.0 .1133 .8173 .80 .2090 12.0096 .0196 
6 3 .7031 1 .3878 7.0 .1133 .8879 .80 .8090 12.1891 .0878 
8 4 .7031 1 .6880 7.0 .1133 .2327 .20 .2090 12.4282 .0486 
8 9 .7031 1 .9193 7.0 .1133 .8487 .20 .2090 12.6444 .0973 
0 8 .7031 8 .1041 7.0 .1133 .2981 .20 .8090 12.8316 .0976 

7 1 .7818 .8788 7.0 .1279 .2017 .20 .2090 11.9419 .0114 
7 8 .7918 1 .1318 7.0 .1879 .2173 .20 .2090 11.8987 .0069 
7 3 .7818 1 .m78 7.0 .1279 .2279 .20 .2W0 18.0773 .0809 
7 4 .7818 1 .68W 7.0 .1279 .2327 .20 .2090 12.3107 .0399 
7 9 .7818 1 .9193 7.0 .1279 .2427 .20 .2090 12.9264 .0906 
7 6 .7818 8 .1041 7.0 .1279 .2981 .20 .2090 12.9161 .0909 

8 1 .W91 .9766 7.0 .1469 .2017 .20 .2090 11.7972 .0084 
8 8 .8081 1 .1312 7.0 .1469 .2173 .20 .2090 11.7989 .W00 
8 3 .8091 1 .3876 7.0 .1469 .2279 .20 ,2090 11.9341 .0116 
8 4 .9W1 1 .6290 7.0 .1489 .2327 .20 .2090 12.1629 .0869 
8 9 .9091 1 .9193 7.0 .1469 .2487 .20 .2090 12.3798 .0416 
6 6 .9091 2 .1041 7.0 .1469 .8991 .80 .8090 12.3660 .0419 

1 TC 

Î J è  
S TE 
f TE 

. 1973 

•JIM 
;§iit 

:IS!i 
.9800 
.9600 
.9600 
.9600 
.9600 

7.0 

?:S 
?:l 
?:i 

.0318 
.MOO 
.0644 

.1889 

.1289 

. 1889 

. 1889 

. 1289 
.1889 
. 1889 

.80 

;iS 

'IS 

.8090 

:i§^ 

13.M97 
13.6167 
13.4364 

.0999 

.09)4 

.0846 

.0754 

.0666 

.0515 

.0549 



www.manaraa.com

307 

OOATC/UINO 

MINIMUM SCALINO PACtOR-
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SLACK/FMPS 

MINIMUM SCALING FACTOR" 11.7374 
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SLACK/MINQ 

MINIMUM SCALING FACTOR* 
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S/PT/RANOOM 

MINIMUM SCALINO FACTOR* 11.7987 
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.0848 
.0757 
.0663 
.06*6 
.0543 
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î r^KKî r! pTpTNNfCfC 

m. ii S# i# m g# m ii iiii 
ssssss 

#####%#* 0g 

2828:8 
• • • « • •  

SSSSSS 
###########» 

(nnnniiin ***#*» 

«•••«•««M 

#######«# 
#&##«####»#* 

mnt̂  

«»###*#» (y 

!?S2SX2m"» 

ft ft ft ft * » ft 
ssssss 

#####%#* 0g 

2828:8 
• • • « • •  

SSSSSS 
###########» 

(nnnniiin ***#*» giiii * * * * * *  IIIIII # » * * * »  

«•••«•««M 

#######«# 
#&##«####»#* 

mnt̂  Iiiiii 
!?S2SX2m"» 

ft ft ft ft * » ft 

ilMMMMM mmnmmm nnir)iftg»i» *##### NNIWNIWN 

••Atntvifttt 

•»»««»» «(ttn«if>(0N 



www.manaraa.com

SmUlAWN*- nmmmmm «««««• WMVIWUIM 

«««MM» «utAwai.-

iiiiil 
iiiili àaâàiia WNWMWN 

H) 

iiiili Sii2S§ 
îifiôicitf» 

S88888 
Www w w 

iiiiil 

àaâàiia 
WNWMWN 

H) ##*»#**#*« himmwm 

îifiôicitf» 

S88888 
Www w w 

iii 
52§85iS 
w88m%8 ii ii ii ii 

QOSsèoQ ooôosà oisoàôô @@@*@@ ooclooô onmhhtm 

iiiiii ïissss 
WW###"*##* 

Tsm 
$##»#»*##### 
888888 iiisi 

*#####*#*##### 

ss 
ilpp ## *»̂ «4WIWN ii ii iiii 

8888888 
% « « « « «  
888888 888888 888888 

###### 
888888 

#*#### 
888888 

!««» « « ' • % « «  

la 

* # # # $ #  

iS iiii ii 
#**#####**#»## 

WNNNWWW WW#"#»#*#* 
$#»####»#### #####»#»#»#» #»##%»«##*#» 

www*-»*#* 
#»#####»###» 
WWWW#"w 

iii ii iiiiÉ lïi ii ii 

S38S883 ttkÏÈÏ 
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VltLUf/NINO 

MINIMUM SCALINS FACTOR* 11.8991 

I J m# m* m MF MR 01 08 M NO 

k 
Î 

-.i»i 

iia 
.:ÎÎÎS 

!.»iS 

1 

.0318 

.0318 

:8I: 
•m 

ti®78 
.80 
.80 

I 
:!!» 
ill 

iS.ISK 

ii.sn; 
!l:iSS 

.0974 

.0948 

.0888 

m 

II .3103 

:î\n 
:ll§ 

.9788 

8.1041 11 
m 
m 

.8017 

i 1 

.1888 

11 

18.7903 

\î:VSSt 
13.1873 
13.3979 
13.3870 

.0487 

:Î?A 
.Sin 
.0871 

11 .3998 il II i  i  I il 11 '.ut* 

'.SSSà 

î ; 
: I il 

.9789 

!:UiS 

!:?«T II il a 
a II 

.1898 

im 

18.4847 

SÎ:ÎSÏÎ 

lia 

.0389 

1̂ 09 
.0710 

i l  -Éi 
toaoi 11 II il iiB# 

:isf I i !!:S8S 1818979 .0475 
.0919 
.0880 

11 ill i l l 

.9789 

)l39% 

!;SfS 
8.1041 II ill .1133 

.8879 

.8991 
I 
.80 il 

18.8043 

18.7794 

.0184 

iSItI 

.0998 

7 8 

; % 

; I 
II 
17912 

Î:M 
l:îiîî I •m 

:iS 

IlM8 

il 
!I;SS!S 
ii.iiS 

\î:Un 

.0116 
,0090 
.0804 
.0355 
.0493 
.0900 

i § 
II 

,9091 

:##} 
.9091 

.9799 

h 39  ̂

8,1041 
II 
7,0 

,1409 

Il40 

•MU 
,1469 

.8017 

.2173 

.8879 
,2387 
.2487 
.2991 

:1s 
.20 
.20 

. 1992 

:!## 

Il## 
,1962 

11,9367 

il'.Sflè 
12.3000 
12,9139 
12.9039 

.0026 

;SÏÏI 
,0264 
.0406 
,0409 

il 
9 TC 
6 TC 
7 TC 

•ÀVÂ 
.9194 
,6361 
.7931 
.7912 

:i§SS 
.9600 
,9699 
.9600 

II 
7.0 

I05W 

,1029 
,1133 
. 1279 

. 1229 

. 1229 

.1229 

iH 
:ig 
,20 

:!MI 

11962 
,1962 
, 1962 
. 1962 

14.0911 
13.6293 
13.6411 
13.4031 
13.1994 
13,0662 
12.3199 

. 1012 

.0925 
,0996 
,0764 
.0674 
,0622 
,0534 
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VM.UCXMINQ 

MINIMUM aCALINO FACTOR* 11 .738 

1 J AF AN U8 MF MR 01 08 M NO 

1 1 .1873 .8788 7.0 .0318 .8017 .80 .8089 18.7717 .0984 
1 1 •*ÎZ2 1.1318 7.0 .8318 .8173 .80 .8089 18.7038 .0940 
1 3 1073 1.3878 7.0 .0310 .8879 .80 .8889 18.8841 .0897 
! 4 >>073 1.8880 7.0 .0318 .8387 .80 .8889 13.1938 .8810 
1 9 ,1072 1.8183 7.0 .0318 .8487 .80 .8889 13.3870 .0898 
1 8 . 1873 8.1041 7,0 .8318 .8981 .80 .8089 13.3984 .8881 

II .31$! 

Il i II *«980 
.0900 
.0900 
.0900 

loISo 

.1017 

:Ull 
:ini 
.8981 I .1089 

i 
18.9888 

ÎÎ:Î?SÎ 

.0479 

.0494 

.0971 

.0724 

.0878 

.0079 

II list 
m: 

.;îî« 

I# 
?;8 

iil 

nsi 

i I i ii.sus 11%: 
is'.osoS 

'.nai 

:SSS$ 

i S 

3 I 
:SiS} 

il II .8837 
.0837 
.8837 

m; i I .8089 

18.8788 

\î:^l 
18.8804 

.0380 

:Bîî 

.0718 

11 
:Stt 
:SSi 
>838] 

.;ÎÎK 
1 8 »  
sltôSf i i :îSiT i iSë i#:# 

18.8874 

:S# 

'oils 
8 1 ,7031 .8788 7.0 .**33 .20*7 .80 .2005 *8.0300 .0180 
1 8 .TMl 1 .*3*2 7.0 .**33 .2*73 .80 .8065 **.8092 .0196 
8 3 .7031 * .3878 7.0 . *133 .8275 .80 .8069 18.*647 .0272 
6 4 .7M1 1 .8280 7.0 .1133 .8387 .20 .8065 *2.40*4 .0426 
6 9 .7031 1 .8*83 7.0 .**33 .8487 .80 .8065 *8.6*99 .0974 
8 8 .7031 2 .1041 7.0 .**33 .858* .20 .8005 *2.6078 .0977 

7 1 .7812 .8788 7.0 .1879 .20*7 .20 .2065 11.8*76 .0113 
7 8 .7918 * .13*2 7.0 *879 .8*73 .80 .2065 11.8799 .0089 
7 3 .7818 * .3876 7.0 . *275 .2875 .80 .8005 18.0535 .%66 
7 4 .79*8 % .88#8 7.0 .*279 .2387 .80 .8065 12.8866 .0399 
7 9 .7912 * .8*83 7.0 . *875 .2427 .20 .2065 12.5022 .0907 
7 9 ,79*2 2 *04* 7.0 .*275 .250* .20 .8085 12.4924 .0510 

0 1 .809* .9766 7.0 .*465 .20*7 .20 .2065 11.7730 .0024 
0 2 .9091 1 . *3*2 7.0 . *465 .2*73 .20 .2065 11.7360 .0000 
0 3 .9061 * .3876 7.0 .*465 .2275 .20 .2065 11.9112 .0116 
6 4 .9091 * .6290 7.0 .*465 .2327 .20 .2065 12.1396 .0270 
6 9 .%1 * .9*93 7.0 .*465 .2427 .20 .2M5 12.3510 .0417 
6 6 .9091 2 .*04* 7.0 .*465 .258* .20 .2065 12.3452 .0421 

* 7C 
2 TC 
3 TC 
4 TC 
5 TC 
6 TC 
7 TC 

.1873 

.3103 

.7031 

.7912 

:il§S 

a# 
.9600 
.9680 
.9609 

a 

.0316 

.0900 

.0644 

.0637 

. 1029 

.1133 

. 1279 

:\m 
. 1229 
. 1228 
.1229 
. 1229 
. 1229 

I 
.20 
.20 

.2069 

.2M»9 

.2069 

.2«59 

.2069 

.2069 

.2069 

13.4049 
13.1779 
12.9709 
12.9566 
12.7130 

.0997 

.0912 

.0944 

.0753 

.0664 

.0613 

.0546 
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XIII. APPENDIX B: PROCESSING TIMES AMD DUB-DATES 

Th# following data praaant tha ptocaaaing timaa and dua-dataa 

fox aavOT |»xt fmiliaa. Tha data waxa adjuatad by a tima mealing 

factor f<a Mch of twmty-aight daciaion xula aata. Tha tMter 

ahould ba notad that all tima valuaa axa in miiwtaa. 
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* OECtSION RULE SCT-RANOOH/RANDOM 
# TIM SCALINO FACTOR - tS.SSS? 

ORISINRL 

PART RROCCSStNO 

TIME 

ADJUSTED 

PROCESS:N@ 

TIME 

ORIOINAL 

DUE-DATE 

ADJUSTED 

DUE-DATE 

i 
Î 

I 

«I 

l!-

3. 

a 

iîltSSSSs 
l.#34#*SSI 

»a* lio.s 
fSSlfs 
ISI.S 

'ts?SstsSt 
*4.S##4#0# 

« TIMNINB CELL TIME 

LAtMC t LATMC « WASHER_ HtNI-MOVER-9 

4S4ÎSÔ̂  lÊSTsÊsSS# T%4%3)7Ts7 l7S4g 

# DECISION RULE SET#RANOOM/FMFS 
« TIME SCALINS FACTOR» 12.2813 

ORISINAL 

FMIT PROCESS :N0 

TIME 

ADJUSTED 

PROCESSINS 

TIM 

ORIGINAL 

DUE-DATE 

ADJUSTED 

DUE-DATE 

B 
3 
4 

I 
7 

U:l 
11.B 
*4.4 
ISO,4 
20.B 

3.88892897 
6.736472*4 
*.87*24226 
.8**2*3622 
*.*7*96037 
*3.0488608 
*.64343886 

6*0.2 
749.2 
367 
*00.6 
308.6 
*443.6 
*8*.6 

48.6446708 
60.6262482 
3*.489669 
8.2008226* 
29.*68948 
**7.446927 
*4.7308487 

» TURNIND CELL TIME 

LATHE I LATME 2 WASHER MINI-MOVER-9 

.477708902 .224813348 .*40438333 .7842 
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« DECISION RULE SET*RANOOM/tllNQ 
* TIME SCALINS PACTOR* 18.0785 

ORIGINAL ADJUSTED ORIGINAL ADJUSTED 
PART PROCESSING PROCESSING 

TIME TIME DUE-DATE DUE-DATE 

I 47.8 3.85711743 810.8 50.5153358 
8 88.8 8.85458838 745.8 81.8818858 
3 83 1.80405838 387 38.0377488 4 11.8 .887180885 100.8 8.34471888 5 14.4 1.18810838 308.8 85.8301888 S 188.4 13.8788853 1443.8 118.588858 
7 80.8 1.87885485 181.8 15.0508818 

• TURNING CELL TIKE 
LATHE 1 LATM 8 WASHER MINI-MOVER-S 
488877788 .838488488 .145181518 .7848 

• DECISION RULE SET#RmWOM/WINe 
« TIME SCALING FACTOR» 11.8888 

ORIGINAL 
PART PROCESSING 

TIWÎ 

ADJUSTED 
PROCESSING 

TIME 

ORIGINAL 

DUE-DATE 

ADJUSTED 

DUE-DATE 

8 
I 
1 
7 

8:8 
u.e 
iSè% 
so.8 

SI Si 17 lis 
!84gSS48̂  
I.81185588 
13.4887882 
1.68886485 

$ii:i 

100.8 
308.6 
1443.6 
181.8 

Is'ftiiSII 
KaBKB 

15.8886813 

• TURNING CELL TIME 
LATHE 1 LATHE 8 WASHER MINI-MOVER^? 
.5̂ 85513 .839745517 7148768881 .7848 
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# DECISION RULE SET-FSPS/RANOOM 
« TIME SCALING FACTOR" 18.0789 

ORIGINAL ADJUSTED ORIGINAL ADJUSTED 
FART PROCESSING PROCESSING 

TIME TIME DUE-DATE DUE-DATE 

1 

1 
1 

88*8 u •IiMnasi 

It» îsli?. 
181.8 19.0908818 

« TURNING CELL TIME 
LATHE 1 LATHS 8 WASHER MINI -MOVER-9 

.483077789 ,838480488 .149181918 .7848 

« MC18I0N RULE 8ET*F8FS/FMF# 
* TIME SCi%.IN0 FACTOR» 18.1807 

ORIGINAL ADJUSTED ORlGINfH. ADJUSTED 
PWT PROCESSING PROCESSING 

TIME TIME DUE-DATE DUE-DATE 

1 47.0 3.83000470 010.2 90.1700329 
2 02.0 0.00801090 749.2 01.2783072 
3 23 1.08133840 387 3140230290 
4 II.2 .020808013 100.0 0.20080092 
9 14.4 1.10414230 308.0 29.4900000 
0 100.4 13.1000302 1443.0 110.710272 
7 20.2 1.00100090 101.8 14.0487073 

« TURNING CELL TIME 
LATHE 1 LATHE 2 WASHER MINI-MOVER'S 

.407012970 .229470080 .143340609 .7042 
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# OKClStON RULE SET-FSPS/NINO 
« TIME 8CALIN0 FACTOR» 11.9818 

ORIOINAL ADJUSTED ORIGINAL ADJUSTED 
FART PROCESSIN8 PROCESS!NO 

TI« TIME DUE-DATE DUE-DATE 

i 
J 
I 
7 1 

IS Uf ' 
Isli?. 
181.8 

pa 

19.1790114 

• TURNINO CELL TIME 
LATHE 1 LATHE 8 WASHER MINI -MOVER-9 

.9ei9C«91« .83M8te4C .147440714 . 7t4C 

# DECISION RULE SET»FSFS/W|ND 
* TIME 8CALIN0 FACTOR» 11.8889 

ORISINAL ADJUSTED ORIOINim. ADJUSTED 
PART PROCESSINS PACKLESS INS 

TIME TIME OW-DATE DW-OATE 

I 
S 
i 7 

U:î 
n.: 
14.4 
168.4 
S9.e 

l̂eiSeeM 

1.71898199 

749lg 
1W.8 

e:' 

SirîîHÎSÎ 

19,3983979 

• TURNING CELL TIME 
LATHE t LATHE S WASHER MINI-MOVER'S 

.919973938 .84Si33394 .I9I9S3703 .7#4g 
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« DECISION RULE 9ET«9PT/RAN00M 
« T:ME SCALING FACTOR- It.8868 

ORIGINAL 
PART PROCESSING 

TIME 

ADJUSTED 
PROCESSING 

TIME 

ORIGINAL 

DUE-DATE 

ADJUSTED 

DUE-DATE 

1 
e 
3 
Î 
S 
7 

47.8 
iS' 
lil! 
«y 

els3ss7:% 
I.S333S948 
ifSiiJtss? 

ÎÎI-' 

iîîv 

S1.8SIS898 
SilllllSs! 
htagis 
iSiiitSf?? 

« TURNING CELL TIME 
LATHE I LATHI 8 MASHER MlNI-MOVER-9 
.swsêsês? "TâssÊîfÊss îÂMsêsês Twê 

# DECISION RULE SET»SPT/FMPS 
$ TIME SCALING FACTOR» 18.1848 

ORIGINAL 
PART PROCESSING 

TIME 

ADJUSTED 
PROCESSING 
Tl« 

ORIGINAL 

DUE-DATE 

ADJUSTED 

DUE-DATE 

1 
2 
3 
4 
9 

47.8 
M® 

U:l 

3.84833307 
6.88887888 
1.88683891 
.883788977 
I.18764846 
13.2286842 
1.66666686 

610.8 

36816 
1443.6 
181.6 

90.3866633 
61.4608076 
31.8186983 
i4?éiS3Sî» 

• TURNING CELL TIME 
LATHE 1 LATHE 2 WASHER MINI-MOVER'9 

.490372169 .230778642 .144160837 .7642 
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« OeCtStON RULE SET»SPT/'N:N0 
« TIME SCALING FACTOR* 11.8468 

ORIGINAL ADJUSTED ORIGINAL ADJUSTED 
PART PROCESSING PROCESSING 

TIME TIME OUE-OATE DUE-DATE 

i 
3 
4 
9 
? 

47.# 
a* 
Ui 

4.034S44S9 
ulSfSSSiS 
.!S!$»STS 

iÎTÎÎÎSÎi' 

W' 
ISsIs 
i:!v 

51.9075801 

!s?!!!i!!l 

« TURNING CELL TIME 
LATHE 1 LATME t WASHER MINI-PmVER-9 
912307908 .241102828 .190#0SSS# .7842 

omeiNAL 
PMtT PROCESSING 

TIME 

ADJUSTED 
PROCESSING 

TIME 

ORIGINAL 

DUE-DATE 

MPJUSTEO 

OWE-DATE 

S g 
3 
4 
9 
5 
7 

47.8 
89,8 
S3 
Uiî 
168.4 
28.2 

4.8814488 
îlSewMe 

ifMIsTwi 
13.7284678 
1.72882278 

618.2 
IS?-* 

IMiS 
1443.8 
181.8 

92.2301828 
63.7899327 
33.129337 
8.62788478 
26.98̂ 688 
123.969211 
19.9612048 

• TURNING CELL TIME 
LATHE I LATHE 2 WASHER MINI'MOVER-9 

.929728693 .247418983 , IW95944 .7842 
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« DECISION RULE SET>OOATE/RANOOH 
« TIME 8CALIN0 FACTOR* 11.8978 

ORIGINAL ADJUSTED ORIGINAL ADJUSTED 
PART PROCESSING PROCESSING 

TIME TIME DUE-DATE DUE-DATE 

1 
8 
3 
4 
9 Î 1! 

lV!i* 

TiMIiîE 
i?îîa!î8î NIMIN 

!îl* 
irai! IIW 

siillHIl Si?!!!Sin! 
iiïiitsî!̂  

# TURNING CELL TIME 

LATHE I LATHE 8 WASHER MlNI-MOVER-9 
911438988 .848881888 .198393484 .7848 

ORIGINAL 
PART PROCESSIFS 

TIME 

ADJUSTED 
PROCESSINO 

TIME 

0RI9INAL 

DUE-DATE 

ADJUSTED 

DUE-DATE 

1 g 
3 
4 
5 
I 

47,8 
g* 

!i:l 
IS?i* 

3.88419883 
Î̂ SîsTtfî 

810.8 

ISS:I 
lît?é' 

90.M888g8 

Sillflîî" 

• TURNING CELL TIME 
LATW I LATHE g WASHER MINI-MOVER-9 

.908898837 Ts3e9#0883 '.147773003 .7842 
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ORfOlNAL ADJUSTED 

QUE-DATE DUE-DATE 

t 47.# 4.0#5M#eS 
!  8*  

4 tt.S .S9f47ee43 
9 t4.4 t.t«4te434 
? lïfè" 

« TURNINO CELL TIME 
LATHE t LATHE t WASHER MINI-MOVtPI-9 
.9si48̂ 7 rÎ444«77Î8"'""rÎ9i7Îtn5' Tfw# 

* DECISION RULE SET>DDATC/NtNQ 
« TIME SCALING FACTOR» n.798S 

ORIGINAL ADJUSTED 
PART PROCESS INS PROCESS!NO 

TIME TIME 

Bte.s si.tsfses 
749.t S3.3731747 
3S7 3«.9ttf4t7 
ISO.S s.97113839 
ses.S i0.3t8SS34 
1443.8 188.788989 
181.S 19.4888888 

ORIGINAL ADJUSTED ORIGINAL ADJUSTED 
PART PROCESSING PROCESSING 

TIME TIME DUE-DATE DUE-DATE 

t 47.8 4. 11841743 818.2 92.9744417 
2 82.8 7.1338^03 749.2 84,2898993 
3 23 1.88188928 397 33.3438729 
4 11.2 .864884839 180.8 8.88488393 
9 14.4 1.24888478 308.8 28.874838 
8 180.4 13.8188814 1443.8 124.379893 
7 29.2 1.74841888 181.8 19.8837717 

« Tumim CELL TIME 
LATHE l LATHE g WASHER MINI-MOVER-5 
.93212409 .250427882 .198439269 .7842 
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* DECISION RULE 9ET»SLmCK/RAN00M 
* TIME #CmL:M% FACTOR* n.ft784 

ORIGINAL ADJUSTED ORIGINAL ADJUSTED 
FART FROCEtSINS PROCESSINO 

TIME TIME DUE-DATE DUE-DATE 

t 
1 
4 
9 
? 

i;! 
l?iîîîs~ 

UI-' 
iSS:î 
iîî?é" 

9S.1909883 
n-.uîïiu 
:i!l!i4SiS 
Il7é»8r 

« TtMNINO CELL TIME 
LATW 1 LATME t MASHER MINI -MOVER-9 

.3t«ie39t« .14799490» . 194ft93M .704# 

ORIGINAL ADJUSTED ORIGINAL ADJUSTED 
FART FROCESSING FROCEff IIN6 

TIME TIME DUE-DATE DUE-DATE 

1 

î 
4 
5 
f 1 

4.00992488 

t̂ 47«m 
!?7t8MÎi2 

810.2 
749.2 
387 
100.8 
308.8 
1443.8 
181.8 

91.8882284 
83.3813988 
32.8194409 
8.97332403 
28.3323924 
122.782248 
15.4828023 

• TURNIN8 CELL Tl>« 
LATHE 1 LATHE 2 MASHER MINI -M0VgR-5 
.9}99SS49e .24492539 .t58748289 .7842 
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« OtCtSlON RULE SET'SLmCK/NINQ 
# TIME SCALING FACTOR# 11.999 

ORtOlNAL 
PART PROCESSING 

Tl« 

ADJUSTED 
PROCESSING 

TIME 

ORIQimL 

DUE-DATE 

ADJUSTED 

DUE-DATE 

! 
9 
6 
7 

g: 
ii:î 
iV.i* 

liîuBHI 
l.f4148S34 

HI"* 
188.8 
aes.s 
iîîV 

98.6878839 

2i?iStSSa 
iiîsîPSi' 

« TURNING CELL TIME 
• WASHER MlNl-MOVER-9 

.938747883 789878188 198818484 Tw# 

Î çîa'4?a.îKb'4!;ssi~wiSî. 

ORIGINAL 
PART PROCESSING 

TIME 

WJUSTEO 
PROCESSING 

TIME 

ORISI^mL 

DUE-DATE 

ADJUSTED 

DUE-DATE 

1 
5 
3 
4 
9 
6 
7 

47.8 
W 
\i:i 
iVti* 

4.1888184 

13.784838 
1.73348899 

818.2 
IS?-® 
iMis 
ilî?ê® 

98.3898888 
63,8888998 
33.8188081 
8.69888148 
86.9687817 
183.884389 
19.8014885 

« TURNING CELL TIME 
LATIC 1 LATWC 8 WSWgR MINI-MOVER-9 

.988839689 7848997988 . Î9M% 14 .784g 
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« DECISION RULE SET-S/PT/RANOOM 
# TIME SCALIM) FACTOR- 11.7917 

ORIOINAL 
PART PROCESS1NO 

TIME 

ADJUSTED 

PROCESSINO 

TIME 

ORIOINAL 

DUE-DATE 

ADJUSTED 

DUE-DATE 

I 
Î 
4 
9 
? 

Ir 
ii;S 
«V 

!:œ 
.848746083 
1.88188441 

l î f î  
tee.8 
308.8 
1443.8 
181.8 

91.7438799 
83.1818399 
38.8183188 
8.94788884 
88.8939887 
\itiur,iî 

ê TURNINB CELL TIME 
LATHE I LAT>« C WASHER MINI -MOVER-9 

.918888819 78̂ 187978 """"7191888898 " "77848 """ 

• DECISION RIA.E 8ET#@/PT/PMPS 
• TIME 8CALIN0 FACTOR* 11.8817 

ORIGINAL 
PART PROCESSING 

TIME 

ADJUSTED 
PROCESSIW 

TIME 

ORIOINAL 

DUE-DATE 

ADJUSTED 

DUE-DATE 

1 

i 
4 
9 
? iSfi' 

4.M84S989 
8.8493182 
1.82829988 
.838483331 
1.20788143 
13.494497 
1.88438922 

810.2 
749.2 
387 
100.8 
308.8 

ilîfé* 

91.1838799 
82.9078638 
32.4818133 
8.49918898 
29.8884907 
121.080113 
19.248903 

« TURNIW CELL TIME 
LATHE 1 LATHE S WASHER MIMI-MOVER-5 

.90828^88 7238273272 7148842821 ' 77842 
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« OCCISION RULE 3ET"3/PT/N1N@ 
• TIME SCALINO PACTOR" n.6739 

ORIGINAL ADJUSTED ORIGINAL ADJUSTED 

PART PROCESSINS PROCESSINB 

TIME TIME DUE-DATE DUE-DATE 

1 47.S 4.eS4S04t 010.1 9S.17044S9 
t St.S 7.eSt7493S 749.1 03.8347081 
3 t3 1.07030704 387 33.190879 
4 ll.t .S58409I8S 100.8 8.83484893 
5 14.4 l.t339teS3 309.6 88.9107 
S ite.4 13.7400910 1443.8 113.880473 
7 tot 1.73039979 181.8 19.9731018 

* TURNINO CELL TIME 

LATHE t LATHE t WASHER MINI -MOVER-9 
.Stf477SIS .147770971 .1947793It .7t4t 

ORIGINAL WJUSTED ORIGINAL ADJUSTED 
ptmr PROCESSING PROCESSING 

TIME TIME DUE-DATE DUE-DATE 

1 47.8 4.16481401 @10.1 93.1681305 
t 81.8 7.11499459 749.1 84.9309913 
3 13 1.00404194 387 33.7101006 
4 tt.l .979881778 100.8 8.78193801 
9 14.4 1.19470914 309.6 16.9761606 
8 180.4 13.9760111 1443.6 119.784191 
7 10.2 1.76007149 181.9 15,8406515 

« TURNING CELL TIME 
LATHE 1 LATHE 1 WASHER MINI -MOVER-5 

.943191367 .3956*7957 .I5SÔ7710S .7842 
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ê OCCtSlOM RULE SCT*VALUC/RANOOM 
« TIME SCALtNO FACTOR* tf.tteS 

ORteiNAL ADJUSTED ORtOINAL ADJUSTED 
PART RROCEfStNO PROCESSINO 

TIME TIP* DUE-DATE DUE-DATE 

t 
i 
4 
9 
? 

!;! 
lV!i* 

3.S47M9SS 

iffsMsits aosis 
!îî?é* 

50.3871768 
sllwswms 

ienuiv 

« TURN:NO CELL TIME 
LATHE t LAT»« f WASHER MINI 11

 
1 1 • 

,49149919 .tStSlftetS . t444f8f4S .7l4t 

ORtOINAL ADJUSTED ORIGINAL ADJUSTED 
PART PROCESS IW PROCESStwo 

TIME TIME OWE-DATE DUE-DATE 

t 
S 
3 
4 

I 

47.8 
8S.8 
23 
U:î 
160.4 
20.2 

3.82224438 
6.78418084 
t.8872724 
tTIRgwM 
i?éé?éî?r 

610.2 
749.2 
387 
180.8 
388.6 

30.0701973 
61.1476298 
31.7994089 
6.27117643 
29.4043276 

• TURNIN8 CELL TIME 
LATHE t LATHE 2 WASHER MINI -MOVER-9 

.489608876 .238936846 ,t427606tS .7342 
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* DECISION RULE SET-VALUE/NINQ 
* Tlht SCALING FACTOR* tl.SSSt 

ORIGINAL ADJUSTED ORIGINAL ADJUSTED 
PART PROCESSING PROCESSING 

TIME TIME DUE-DATE DUE-DATE 

1 47.8 4.01848138 810.8 51.8884338 
i 88.8 S.86084843 745.8 68.8478448 
3 is 1.83358888 387 38.5344048 
4 11.8 .841504174 100.8 8.47407756 
5 14.4 1.81858851 308.8 88.087584 
8 ISO.4 13.4845441 1443.8 181.360887 
7 80.8 1.68817884 181.8 15.8838048 

« TURNING CELL TIME 
LATHE 1 LATME 8 WASHER MINI-MOVER-5 
508483178 .838873788 .I4S4S7888 .7848 

ORIOINAL 
PART PROCESSING 

TIME 

ADJUSTED 
PROCESS INS 

TIME 

ORIGINAL 

DUE-DATE 

ADJUSTED 

DUE-DATE 

I 
e 
3 
4 
5 
6 7 

47.8 
se,S 

!!., 14.4 
ir.i' 

4.e71«37S7 
7.W9gl473 
1.85878187 
,854338562 
I.ES688387 
13.6873483 
I.78I18873 

810.g 
745.8 
387 
100.8 308.8 1443.6 
181.8 

51.883895 
63.4868325 
32.8754601 
8.58885706 
36.3803681 
123.006135 
15.4907876 

« TURNING CELL Tilt 
LATHE 1 LAT1« 2 WASHER MINI-MOVER-5 

.521340281 7245352838 .153285027 .7842 
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XIV. APPENDIX C: RULURE DATA ANALYSIS 

A. Raw Data 

Th# pmpoM of this Êpp&nûin i# to dMcribc th# procadux* of 

determination of the MTBF> Wt and availability for th# major mymtam 

caqponcnts, 

rsiilttcc data obtained from th# actual ̂ tam weta aa follow* 

• Total downtimn in hours and total numbaz of failucM 
of five Ag/RS carta over 19 days with two ahifts/day; 

. Total downtime in hours and total nundber of failures 
of foiff different robots over 365 days; 

. Total downtimes in hours for four machine centers over 
12 days. 

The failur# data of both th# A5/RS carts and th# r̂ ts were 

obtained from a iecond midwestem manufacturing facility. This is 

because the data from the first manufacturing facility with the 

actual FHB were not available during completion of this research. 

This first facility provided mly failure data for four marine 

emters. 

Specific analysis of each set of actual data is described in the 

following sortions, 

B. Analysis of the A6/RS Cart's Failure Data 

Actual failure data obtained for the AS/RS carts consisted of 

total downtimes and total nuràier of failures of five carts over 19 

da^ with two shifts per day. The total available production time 
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for the five carts over 19 days was 1,520 hours (19 days * 8 

houza/î ift * 2 shifts/day * 5 casts). 

Actual raw data can be classified by shifts over 19 days as 

follow»* 

. first Aift: 

total dowitiiM of five arts • 100.2 houza 
total mndOttf of failures of five «rt# • 440 times; 

. 8#c<md Aift* 

total downtim# of five carta • 53.5333 hours, 
total nunbn of failurw of five carta • 398 tiaws. 

from thMa data, tiie Mrar, MOT and availabilî  of all five 

arte were computed aa followa* 

total downtime 100.2 * 53.5333 
. wr » 

• Availability 

total numtac of failures 440 * 398 

0.1835 (hours)I 

total uptime 

total avaiWble prodwtion time 

15% - (100.2 • 53.5333) 
• 0.8989 

1520 

HXBr 
(14-1) 

MTBT + mt 

(availability) * MOT 
. MTBF • (from Equation 14-1) 

1 - aimilability 

« 1.6315 (hours). 

Because the fH6 model operated with only one AS/FS cart, the 

HJT, MW, and availabili^ ^>tained from five AS/BS carts were used 

for the model's AS/BS cart. 
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Using ttw MTBFf randan nuttdbers for uptimes between failures were 

ĉ nerated from an exponential random numdoer ĉ nerator. This proce

dure was described in Chapter 5. 

C. Analysis of R̂ t's Failure Data 

Actual failure data ditairad for fair independent robots were 

total downtimes and total mndber of failures of four rcAiots over 365 

days. Also, the availability of each robot was available for this 

resesrd). 

the actual data were as follows: 

. Total downtime of four r(Aots « 1,118.31 hours; 

. Total number of failures of four r(Aots • 358 times; 
• AvaiWbility of rKAot 1 • 0.9637; 
. Availabilî  of robot 2 » 0.9731; 
. Availability of robot 3 • 0.9671; 
. Availability of r<*ot 4 • 0.9434. 

From these data, the MTBF, MDT and availability of all four 

rdsots were computed as follows: 

total down times 1118.31 
If» • 

total number of failures 358 

> 3.1238 (hours); 

0.9637 • 0.9731 * 0.9671 + 0.9434 
Availabilî  » 

4 
# 

» 0.9618 

(availabilî ) * MOT 
MTBF = (from Equation 14-1) 

1 - availability 

* 78.6511 (hmirs) 
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Th# turning cell of the model has only one miniature robot (the 

Mini-Mover-5). Therefore» the MOT, MTBF and availability obtained 

from fwr Independent rd)ots were used for the model's tctoot. Using 

the MTBP, random noidbsrs for uptime between failures were generated 

from an «fponsntial random number generator. This procedure vtm 

described in Chapter 5. 

D. Analysis of the (tachine CSntsr Call's failure Data 

Actual failure data obtained for the marine center cell 

consisted of total downtime for four machine centers over 72 days. 

Ths total madber of failures for the four madiine centers was not 

available in the actual data. As described previously, the total 

nuriber of failures m» a main factor in determining the tWft, MTBF and 

availability of a component. Since the total number of failures was 

not available, the tot, and Nier were estimated using a Poisson 

process. 

The IMS model has six identical machine centers which can fail 

equally likelyhood. The failure parameters (HDT, and avail-

ability) for the fifth and sixth machine centers were estimated from 

the obtained failure data. A detailed description of the procedure 

used is presented in this section. 

The total available production time for each of the four machine 

centers over 72 days was 1,440 hours (72 days * 20 hours/day). 
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1. Actual failuf data 

This Mtimaticn pxccaas warn ncctssary to «stlmata the failure 

data for th# mix machin# c#nt#r# in th# iiwd#l. Th# proc### was 

n#c#snry bacaua# th# actual data was iwt aufficiant to accurately 

specify th# mwn tin# b#tw#en failures (ifSBf} and the m#an downtime 

(WT). Th# actual data showed th# total failur# tin» of #Mh of four 

actual machine centers on an irregular time interval. The obtained 

actual failure data for th# four machin# centers is prewnted in 

TËble 14-1. From the data in Tabl# 14-1, th# total downtime for each 

fflsdtine center on mmarind as Wwwn in Table 14-2. 

2. goisscn access 

A stochastic process (N(t), t >* 0) is said to be a counting 

process if N(t) represents th# total nwdbar of "ewnts" that have 

occurred vp to tWe t (37). One of th# met important ̂ pcs of 

counting ̂ ocess is th# Poisson process whidt is defined as follow 

(37). 

definitimt The cwnting process (N(t), t>»0) is said to be a 
Poissai ̂ ocMS having rate x « A if 

i) N(0). 0. 

ii) th# process has independent increments; 

iii) the number of events in interval of 
length t is Poisson distributed with mean t. 
That is, for all s, t>»0, 

P((N(t*s) - »(«)• n)» B{P(-At> * (Xt)Vnî 

n*0# I, 2# " • 
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Table 14-1. failure data for four machine centers 

A B C D h B C 0 

1 320 1 80.0 8 80 1 4.8 
2 41.6 2 0.0 
3 22.4 3 0.0 
4 0.0 4 0.0 

2 208 1 14.5 9 80 1 0.0 
2 10.4 2 0.8 
3 76.9 3 0.0 
4 6.2 4 0.0 

3 80 1 0.0 10 64 1 0.6 
2 1.6 2 0.0 
3 0.0 3 0.0 
4 1.6 4 0.0 

4 80 1 4.8 11 80 1 0.0 
2 7.2 2 0.0 
3 0.0 3 0.0 
4 0.0 4 0.0 

5 64 1 1.3 12 80 1 8.0 
2 3.81 2 5.6 
3 0.0 3 58.4 
4 4.5 4 4.8 

6 80 1 6.4 13 80 1 0.0 
2 8.0 2 32.0 
3 0.0 3 4.0 
4 8.0 4 0.0 

7 64 1 2.6 14 80 1 1.6 
2 8.3 2 0.0 
3 1.6 3 9.6 
4 0.0 4 0.8 

A > time interval 

B » duration (hrs.) 

C » machine centers I thrcwgh 4 

0 = total downtime (hrs.) 
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Table 14-2. Total downtimes fot each machine center 

Midline %tal Total 
downtime data 

cmter (hr.) collection time (hr.) 

1 124.6 1,440 
2 119.3 1,440 
3 172.9 1,440 
4 25 9 1,440 

Note that it follow# from condition (iii) that a PoiMon procew haa 

staticmary increment# and alio that 

A* t (14-2) 

which explains why a  i# called the rate of the process. 

3. Oae of Poisson process 

To estimate the muter of failures at time t, the following 

processes ww# used. 

« Asmnptions failures of eadi nadiine center occur at 
time t according to a Poisson process. 

. Parameters: A * nwan failure rate 

» mean time between failure 

. Variables: X(i)» 1 if at least erne failure occurs in 
the i th period (time interval), 

otherwise (i»l, 2, , 14). 

t(i)» actual operation time of i th period 
(total available mamifacturing time 
total down time of i th period). 

Then, ky the definition of the Poisson process, 

P(X(i)» 0)» P(no failure occurrences in period t(i)) 
» B»{- A t(i)) (14-3) 

P(%(i)* I)» P(l or mote failures in period t(i)) 
= I - EXP(- A t(i)) (14-4) 
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With both Equations 14-3 and 14-4, the following joint probability 

functions can be established for each machine center. For example, 

machine center 1 has cm or more failures at time intervals 1, 2, A, 

5, 6, 7, 8, 10, 12 and 14 in Table 14-1. In time intervals 3, 9, 11 

and 13, there were no failures in Rirchine center 1. The same pro

cedure is applied to other machira centers. As a result, the 

following joint probability functions can be established. 

. Riadilne center 1 

P|Xa)-X(2)- 1, X(3)"0, X(4)"X(5)"X(6).X(7)»X(8)" 1, 
X(9)« 0, X(10)- 1, X(ll)> 0, X(12)" 1, X(13)- 0, 
X(14)" 1 : ̂ ) (14-5Î 

» (1 - BXP(- 240X))a - BXP(- 193.5A)> (EXF(- SOXH 
(IXP(- MX)) (I - EXF(- 75.2 X))(l - EXP{- 62.7X)) 
(1 - fXPt- 61.4 X))a -BXP(- 75.2 X)) a - BP H 63.4 X)) 
a - DCPt- 72X))(1 - BXF(- 78.4X)) 

• a - EXP(- 240X))a - EXPH 193.5X))(BCP(- 368X)) 
(1 - EXF(- 75.2X)) (I - BXP(- 62.7)1)) (1 - EXI»(- 61.4 X M 
(I - EXP(- 63.4X))a - EXP{- 72 X)) (I - EXPt- 78.4 X)) 

. machine c»nter 2 

P(X(1)"X(2)"X(3)*X(4)»X(5).X(6)»X(7)» 1, XC5)>X(6)» 
X(7)»X(8)» 0, X(9)* 1, X(10)*X(11)»0, X(12)»X(13)* 1, 
X(14)» 0 : ̂) (14-6) 

» a " EXPI- 278.4 X)) a - EXP(- 197.6 X)) 
(I - BCP(- 78.4A)) a - 8XP{- 72.8X))a - EJSPt- 60.19X 
(I - eXPh 72X))a - EXP(- 55.7X))CBXP{- 80A)) 
a - OfPh 79.2X))(D(P(- 64X))a - eXPh 74.4X)) 
(1 - EXP(- 48X)) 

* (1 - BXPh 278,4 A)) (1 - BXPh 197,6A)) 
a - 0(P(- 78.4 A)) (I - EXP(- 72,8 A)) (I - EXP H 60.19 A H 
I l  -  B X P C -  7 2  A ) )  a  -  E X P ( -  5 5 , 7 A ) ) ( E X P ( -  3 0 4  A ) )  
.'I - EXPh 7 9 . 2  A ) )  (I - exPC - 7 4 . 4 A ) )  CI -  EXP(- 4 8 A ; i  
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. machin# center 3 

P(X(1)"X(2)" 1, X(3)"X(4)"X(5)"X(6)" 0, X(8Î-a(9Ï-
X(10)"X(11)- 0, X(12)"X(13)"X(14)" l ' JLi (14-7) 

• (1 - EXP(- 297.6A))(1 - EXP{- 131.1 A)) (latPH 80X)) 
(1 - EXP(- 62.4AU(B3CP(- 64X)Ï (1 - EXP(- 21.6À)) 
(1 - BXPt- 76 X)) a - BXP(. 70.4Xn 

• (1 - EXP(- 297.6X))(1 - EXP(- 131.1 X)î {EXP(- 608X)Î 
il - EXP(- 62.4X)H1 - EXP(- 21.6XÏM1 - BXP(- 76Xï> 
a - EXPH 70.4 xn 

. machine center 4 

P(X(1)" 0, X(2).X(3). 1, X(4)- 0, X(5)"X(6)" 1, X(7). 
X(8ï»X(9)«X(10)-X(ll)» 0, X(12)- 1, XU3)» 0, X(14)* 1 
t ̂ ) (14-8) 

" (1 - IXP(- 320X))(1 - IXP(- 201.8X)) (1 - BXP(- 78.4 X)) 
(OCP(- 8 0 X ) )  ( 1  - DCP(- 5 9 . 5 X ) ) ( 1  - B3CF(- 7 2  X ) )  
(BCPC- 64X)Ï (1 - IXP(- 75.2X))(1 - BXP(- 79.2 X)) 

4. IMe oi th# maximum likelihood method 

to estimate X , the maximum likelihood method (32) is adopted. 

The maximum likelihood method is a method by vAtidi the unkrwwn 

population parameter can be estimated with the values of a random 

sample. The maximum likelihood estimator is th* valiw (or which tM 

probability of obtaining the obeerved data is a maximum. 

The likelihood function is defined as follow». 

definitions If x,, x^, —# and Xn are the values of a random 
sample frcm a populatim with the parameter $, the 
likelihood Amotion of the satqple is given by 

LCd)® f(K , X2# —t % :û} 

for values of within a given domain. Here 
f(x , X , —, Xr tû) is the value of the joint 
density functi<xi of the random variables X , Xj, 
—, X r at the dbserved sa^le point. 
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ThuSf th# method of maxiimsn likelî mod consists of maximizing the 

likelihood fwction with tMpect to 9 . The valiw of $ that maximize 
the likelihood function is the maximum likelihood estimator of $ . 

An example application of the maximum likelihood method to the 

joint pr̂ Mbility function of mMhine center 3 is shown* The 

solution procedures for the other machine centers are the same as 

that of machine center 3. 

. machine center 3 

a - EXP(- 297.6X))a - EXP(- 131.1 A)) 
(EXP(> 608 A)) (1 - EXP(- 62.4 AH 
a - tXPh 21.6 Aï) (1 - EXP(- 76A)) 
a - DCP(-70.4A)) (14-9) 

In ln(l - EXP(- 297.6A)) • ln(l - B3(P(- 131.1 A)) 
• ln(BCP(- 608A)) • ln(l - IXPC-62.4A)) 
• ln(l - B»(- 21.6A)) • InCl - IXP(- 76AÏ) 
• Ind - BXF(- 70.4 A)) (14-10) 

TO maximize In L(y), tM first derivative is taken both sides* 

a(ln(L(y)) 297.6 • (E3(P(- 297*6 A)) 

dA (1 - BXP(- 297.6A)) 

131.1 * (EXPt- 131.1 A)> 

(I - BXP(- 131.1 A)) 

62.4 * (BCPC- 62.4A)) 

• (14-11) 

(1 - BXP(- 62.4 A)) 

21.6 * (B{P(- a.6A)) 

(1 - BXP(- a,6A)) 

76 * (JSXPh 76A)) 

a - EXPl- 76A>) 

70.4 * (gXP(- 70.4A)) 

(1 - EXP(- 70.4 AH 
608 * 0# 
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This complex equation was solved by a TRS-80 Model ill mic£0-

conqputer. X was found to be 0.0069. ^ thus 145.270?. This 

means that the mean failure rate per hour was 0.0069 and the mean 

time between failures (MTOF) is 145.2707 hours. With these PfTBF 

values, random numbers for uptimes between failures of each machine 

center were generated by an exponential random number generator. 

This procedure was described in Chapter 5. 

5. Generating failure data of machine centers 

Utilizing the Misson procMC and the method of maximum likeli

hood, the MTBT of each machine center warn Obtained. The original 

failure data Atained from the actual system contained only total 

doimtimse of four marine centers. The physical model had six iden

tical madiine centers. TVo additional IWBF imlue# were therefore 

derived from the ttfBi values of four nachine centers. The MTW value 

for madiine centers 5 and 6 was the average value of the MTET valws 

of machine centers 1, 2, 3 and 4. These MW values %med to generate 

random î imes betwew failures for machine centers 5 and 6. This 

procedure was described in Chapter 5. 

The mean doimtime of a machine center was estimated by the 

following equation. 

mtUi iDTCiî 
, (14-12) 

WBFti) + ICT(i) TT 

Then, 
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TDT(i) + MrBP(i) 
W)T(i) • 

TP - TDT(i) 

MDT(i) » th# mean downtime of machine center i; 
MTBF(i) " the mean between failures of machine center i; 
TDT(i) • th# total downtime of machine center i; 
TT » th# total data collection time {• 1,440 hour») ; 
i • an index for a machin# center (i- 1, 2, —, 6). 

Th# righthand mid# of Equation 14-12 is equivalent to (1 - avail

ability) . Th# availability waa determined by MT̂ /(MT6r * (fJT). 

The average MOT value of machine centers 1, 2, 3 and 4 was used 

as th# IDT valuM for mmchin# centers 5 and 6. Th# estimated failure 

data for six madiin# oent#rs ar# as follows. 

Table 14-3. Estimated failure data 

Nadiinc NIBT MOT 
cent#r (hrs.) (hrs.) Availability 

1 *6,7*97 *.3225 0.9135 
2 *4.1815 5.7971 0.9172 
3 145.2707 19.8283 0.8799 
4 183.4*2* 3.3*28 0.9820 
5 114.9211 8.8277 0.9287 
6 114.9211 8.8277 0.9287 
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XV. APPENDIX D: FAILURE DATA AND SIMULATION TIMES 

The following data pttMnt the failure data for major astern 

component#, and siimilation times for twenty-eight decision rule sets. 

The reader should be noted the following points: 

. All actual times are in minutes; 

. Adjusted times are actual times reduced ky t)w 
applicable time scaling factor; 

. All adjusted times are in minutes. 
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DECISION RL»: iîT» RAN33M/RAt403X 
Tîf« SCALIf*0 P4CTGR# 18.3087 t 3UAJLAT10N TIME-

RAILED 
NO. COMPONENT 

ACTUAL 
FAILING 

TIh« 
ACTUAL 

RECOVERY 
Tlh* 

ADJUSTED 
FAILING 
Tl« 

688.146873 
ADJUSTED 
RECOVERY 

TII»K 
I AS/R# CART 79.744 88.754 
8 AS/RS CART 191.81 183.3 
3 A8/RS CART 188.81 188.88 
4 A#/R8 CART 387.68 388.07 
9 MINI-MOVER-9 967.338 794.784 
6 AS/RS CART 816.838 381.848 
7 A#/RS CART $31.874 348.884 
8 A#/R8 CART 984.98 (089.97 
8 MACHIP# CENTER 4 (038.47 1340.838 
16 AS/R8 CART 1133.89 t144.88 
II A8/R8 CART 1899.38 *388.37 
15 AS/RS CART 1898.78 1303.77 
13 AS/RS CART 1344.98 1399.8 
14 AS/RS CART 1388.1 1387.11 
19 AS/RS CART 1991.99 1988.98 
18 IMI/RS CART 1786.97 1731.98 
17 AS/RS CART 1888.37 1833.38 
16 AS/RS CART 1814.98 1889.8 
16 AS/RS CMIT 8669.88 8618.88 
86 AS/RS CMIT 8111.81 8188.88 
81 AS/RS CART 8883.37 3884.38 
88 AS/RS CART 8981.89 8978.88 
83 AS/RS CART 8886.37 8706.38 
84 MACHINE CENTER 8 8899.18 3808.848 
89 AS/RS CART 8881.91 8888 93 
86 AS/RS CART 3686.99 3101.96 
17 AS/RS CART 3849,77 3896.78 
86 AS/RS CMIT 3336.7 3347.7} 
86 AS/RS CART 3949.3 3986.31 
36 MACHINE CENTER 4 3676.78 3878.988 
31 A8/R8 CART 3806.8 3817.81 
38 AS/RS CART 3848.08 3880.09 
33 MACHimm CENTER 9 3911.17 4440.833 
34 AS/RS CMIT 3688.3 3833.31 
39 MINI-MOVER-9 3988.47 4119.888 
38 AS/RS CART 4414.81 4439.32 
37 MACHINE CENTER t 4978.37 4997.73 
38 A8/R8 CART 4648.39 4880.4 
38 AS/RS CART 4884.17 4789.18 
46 A8/R8 CART 4789.8 4780.81 
41 W/RS CART 4848.47 4898.48 
48 m/nZ CART 4880.88 4801.68 
43 IW/RS CART 9848.87 9398.98 
44 A8/RS CART 9333.79 9334.8 
49 MACHINE CENTER 1 9348.38 9728.81 
46 A8/R8 CART 9389.14 9386.19 
47 MACHINE CENTER 8 9413.18 9780.948 
48 AS/R8 CART 9808.38 9813.38 
48 MINI-MOVER-9 9769.91 9%2.938 
9@ A8/RS CART 9838.33 5890.34 
91 MACHINE CENTER 6 9890.18 8378.898 
98 AS/RS CART 9894.83 9369.84 
93 MM^HINE CENTER 3 9870.38 7160.098 
94 AS/RS CART 8094.36 8089.37 
99 AS/RS CART 8378.88 8383.87 
96 nsyns CART 8407.88 5418.88 
97 AS/RS CAST 8449.38 8493.33 
99 AS/RS CART =537.SS 5345.3? 
59 CAP-r 670S.2 6717.21 

8.80911887 
18.3846131 
19.4798878 
31.7088197 
48.4774383 
66.4031033 
78.3348893 
81.4785S61 
89.07377% 
83.8897648 
108.841883 
109.309773 
110.191803 
113.993383 
137.106489 
146.698318 
149.168863 
196.847489 
164.334341 
178.899017 
187.698748 
368.883384 
830.318168 
833.887777 
836.698769 
393.164736 
369.860694 
373.348683 
380.768946 
360.716818 
311.849134 319.33918 330,411741 
331.319343 
381,638888 
361.681886 
379.670848 
380,888389 
384.998848 
330.703488 387.187441 
400,899378 
430.007381 
436,136713 438,883371 441,16884 
443,494834 
498,898484 
473,383336 
473,370889 
473,38097 
487,816987 
483,109184 
489,98883 
988.068474 
384,847779 
983.313898 
933.273=4: 

3. 3êE': : = 

7.10708094 
13.3399788 
10,3778908 
38.8107783 
61.8313448 
87.31 losat 
77.3367883 
83.3789333 
101.803094 
83.7878889 
103.743848 
106.807737 
111.093788 
114.494397 
138.008383 
141.894883 
190.194589 
197.748433 
189.838309 
173.89888 
187.86071 
310.789393 
881.881133 
883.383497 
836,861668 
894.08883 
366.808698 
874.891849 
381.88391 
317.846103 
313.747038 
318.837:94 
383.80883 
333.317307 
337.183914 
363.93386 
406.147444 
381,730328 
389.498808 
381.60343 
388.088404 
401,997341 
430,908239 
437.038878 
463.300483 
442.084804 
471.848903 
499.881388 
487,677819 
473.272358 
322.891895 
488.718431 
536.587383 
483.883934 
522,364438 
525.843735 
528,321322 
e33.4=154 ; 
3:2.3337-8 



www.manaraa.com

349 

60 AS .-^3 CART 3853. S3 3370 .03 58*. 3*:@8* S8£. ai3J43 ei AS/RS CART #984. 84 8385 .25 572. 184467 573. 08643* es A9/R9 CART 7073. 82 7090 .83 578. 884583 980. 886557 63 A9/R9 CART 7846. 88 7257 .68 583. 884*35 934. 568089 64 M1NÏ-M0VER-9 7848. 38 7439 .788 533. 801785 608. *58883 
52 A9/R9 CART 7384. 44 7339 .45 600. 034407 600. 93637* 66 A9/RS CART ?4S(. 82 7438 .83 607. 88884 #06. 864804 67 A#/R9 CART 7484. 28 7485 .88 #:3. *88899 8*4. 0308*9 6# A9/R9 CART 7975 7988 .01 #20. 56084 #8*. 462803 #9 MINI -WVER-9 7880. 8 7847 .686 #87. 5406*3 #42. 899*3* 70 MACHINE CENTER 9 7696. 12 8215 .788 #29. 664037 #73. 055186 71 A9/R# CART 7744. 68 7755 .69 #34. 46*408 #35. 3633## 7S A9/R9 CART 7847. 34 7858 .35 848. 87*538 643. 773502 73 A9/R9 CART 7891. 96 7808 .57 #46. 494*38 847. 38#*02 74 A9/R9 CART 8048. *8 8059 .17 #59. 383*58 «68. 225*22 79 A9/R9 CART 8840. 86 835* .8'» 833. 285409 684. *87372 

DEC It ION RULE lET* WmmOM/PI»## 
T*ME #C*L:N@ IPACTORa *#.%#*# t SIMULATION TK'K» «#3.410#*? 

FAILED 
NO. COMPONENT 

ACTUAL 
PAILINO 

TIME 
ACTUA4. 

ftECOVEflV 
TIME 

AOJUSTES 
PA1LIN9 

TIME 
AOJySTZO 
RECOVERY 

TIME 
1 A9/R9 CART 
S IW/R9 CART 3 A9/R9 CART 4 A9/R9 CART 9 MilNI-MOVER-9 6 A9/R9 CART 7 Mt/HS CART 6 A9/R@ CM$T 9 MACHINE CENTER 4 10 A9/R9 CART 
11 A9/R9 CART 18 A#/R9 CART 13 AS/R# CART 
14 AS/RS CART 
15 A9/R9 CART 
16 A8/R9 CART 17 AS/RS CART 16 A*/R9 CART 
19 AS/RS CART 20 AS/RS CART 
21 AS/RS CART 
22 AS/RS CART 
23 AS/RS CART 24 MWHINE CENTER 2 29 AS/RS CART 
26 iWt/RS CART 
27 AS/RS CART 
29 AS/RS CART 
29 AS/R9 CART 30 MACHINE CEt4TCR 4 31 AS/RS CART 
32 f*8/n9 CART 
33 MACHINE CE^ÏTSR 5 34 AS/RS CART 
39 MINI-M0'/ER-9 36 AS/RS CART 37 MACHINE CENTER * 38 AS/RS CMtr 38 AS/RS CART 40 AS/RS CART 4! AS.'RS 42 AS/BS CAR-" 

75.744 
I9t.l9 
ISS.St 
3S7.ee 
9e7.33e 
eie.ssc 
S3t.e74 
#94.36 
1031.47 
1133.89 {299.3e 
tS8t.7e 
1344.99 
13##.I 
1991.99 
1780.97 
ISSf.37 
1814.99 
1009.98 
SUt.2t 
#283.37 
2901.29 
2893.37 
2899.Î2 
2881.91 
3080.99 
3849.77 
3338.7 
3948.3 3870.78 
3808.8 
3848.08 
381».17 
3822.2 
3828.47 
44*4.2: 
4578.37 
4648.38 
4884.17 
4788.2 
434?-47 

##.794 
*#2.3 
189.92 
398.07 
794.7#4 
#21.#4# 
942.984 
1009.97 
1240.238 
1:44.88 
t2e6.37 Î303.77 
1399.6 
1387.11 
*982.98 
*731.98 
1833.38 
*829.8 
2018.88 
2122.22 
2284.38 2972.28 2700.38 
3202.84# 
2882.92 3101.98 
3298.78 
3347.71 
3980.31 
3872.928 
3817.81 
3880.08 
4440.832 3833.21 
4115.888 
4429.22 4857.72 
4880.4 
4705.IS 
4780.2: 
4555.43 
450 : ,53 

8.t824079# 
12.3087082 19.369407# 
3t.4308##9 
4#.19792S1 
#9.9920148 
79.7984078 
80.9197897 
84.4802*92 
82.2903*14 
102.13403 109.178832 
*08.383838 
112.770822 
*28.231582 
138.882752 148.289033 
159.78730* 
183.203241 17t.78498I 
*85.771237 
208.378887 
218.80273 
232.287878 
234.434825 
251.442077 
284.070521 
271.488437 
288.785224 
288.8470* 308.88873 
313.*54833 
318.208374 
313.*83756 
3*3.8*3873 
353.*32883 372.48887Î 378.28674* 
531.308383 
333.0Î4537 3r4, -,=5^54 
3i7.=577 

7.058*830# 
*3.20448*7 
18.2891632 
32.388322 
#i.4oe3#oe 
«#.«477704 
7#.#992234 
61.31*9252 100.80372# 
93.*520869 103.028785 
*08.072588 
*10.288382 *13.668577 
*27.*27318 140.878508 
148.160788 
196.663696 
164.088387 172.680337 
*86.8#888g 
208.274853 
218.688488 260.58643* 
239.33068* 
292.337833 
284.866277 
272.364*83 
288.68038 
319.062524 310.584486 
314.850588 
361.288805 
318.8885:2 334,862703 
380.023833 403.35*384 378.*82487 
382.305724 
388.8*8042 35: .3333. -• 3  5S.753-:-
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43 AS/SS CA'^T 
44 mS/RS CART 
48 MACHINE CENTER t 
4# A9/R9 CART 
47 MACHINE CENTER S 
48 AS/R9 CART 
48 MINI-MOVER-5 
se A8/RS CART 
51 MACHIME CENTER 6 
38 A8/R8 CART 
93 MACHIM: CENTER 3 
94 A8/R9 CART 
99 AS/Rf CART 
98 A8/R8 CART 
97 A9/R8 CART 
98 A8/R8 CART 
98 A8/R8 CART 
80 A8/R8 CART 
81 A8/R8 CART 
8S A8/R8 CART 
83 A8/RS CART 
84 MINI-MOVER-9 
89 A8/R8 CART 
88 A8/R# CART 
87 A$/R8 CART 
88 AS/Rl CART 
88 MINI-MOVER-9 
79 MACHINE CENTER 9 
71 A8/RS CART 
78 A8/R8 CART 
73 A8/R8 CART 
74 A8/R8 CART 
79 AS/R8 CART 

524£. 37 3g53 .33 4ir. 04733# 343:46 
9323. 73 5334 .8 433. 134819 434. 030574 
9349. 88 5788 .81 435. 807018 466. 07031 
9385. 14 9338 .19 438. 188194 439. 08181 
9413. 18 9780 .948 440. 408981 488. 701114 
9808. 38 9813 .38 499. 800444 438. 8888 
5789. 51 9858 .838 489. 078433 484. 381883 
5839. 33 9890 .34 479. 078308 479. 974083 
9890. 18 8378 .898 475. 981898 918. 094831 
5394. 83 9889 .84 484. 498888 489. 354838 
9870. 38 7180 .098 439. 738883 588. 53057 
8094. 38 8089 .37 438. 978739 483. 488591 
837%. 88 8383 .87 918. 488181 913. 384917 
8407. 88 8418 .88 581. 334803 988. 830358 
8449. 38 8498 .38 584. 385941 985. 881837 
8937. 88 8943 .87 531. 883891 938. 788043 
8708. 8 8717 .81 945. 805488 548. 901184 
889#. 88 8870 .08 958. 043434 998. 83885 
8984. 84 8889 .89 988. 888308 38». 188088 
7079. 88 7080 .83 978. 008938 978. 888884 
7848. 88 7857 .88 988. 977334 980. 47375 
7848. 38 7439 .788 989. 714878 804. 883511 
7384. 44 7339 .49 989. 80448 988. 800178 
7481. 88 7438 .83 803. 778888 804. 874038 
7484. 88 7489 .88 808. 80874 808. 804488 
7979 7988 .01 818. 88857 817. 189388 
7880. 8 7847 .888 883. 881303 838. 470138 
7888. 18 8819 .788 885. 330118 888. 488543 
7744, 88 7759 .88 830. 084497 830. 330813 
7847. 34 7898 .35 838. 448708 838. 348488 
7881. 98 7808 .57 848. 044373 843. 84018$ 
8048. 18 8098 . 17 854. 789088 855. 880848 
8340. 88 

•
 • 1 

s
!
 

1 1 

.87 878. 988418 @78. 478188 

0ECI8I0N RULE 8ET» RANOOM/IWINO 
TIME SCALINB FACTOR» I2,87@9 t SIMULATION TIME* 885.393022 

FAILED 
•». COMPONENT 

ACTUAL 
FAIL INS 
TIME 

ACTUAL 
RECOVERY 
TIME 

AOJÛ STEO 
FAIL:W 
TIME 

ADJUSTED 
RECOVERY 

Tlt-IE 

1 A8/R@ CART 75.744 88,754 
8 A9/R@ CART 151,28 162,3 
3 A8/RS CART 188,91 198.92 
4 «3/RS CART 387,08 338,07 
5 MlNl-MOVCR-5 587,338 754,784 
8 AS/RS CART 810,838 821,846 
7 A9/ms CART 331.874 842.884 
8 A8/R8 CART 384.58 low,57 
9 MACHINE CENTER 4 1038.47 1240,233 
10 AS/RS CART 1133.95 1144.36 
11 AS/RS CART 1255.38 1286.37 
18 AS/RS CART 1292.78 1303.77 
13 AS/RS CART 1344.53 1355.8 
14 AS/RS CART 1388.1 1397,11 
15 AS/RS CART 1551,55 1962.58 
18 f^/RS CART 1720,57 1731,58 
17 AS/RS CART 1822,37 1333,33 
18 AS/RS CART 1914,53 1925,8 
19 AS/RS CART 2005,38 2016,33 
20 AS/RS CART 2111,21 2122,22 
21 AS/RS CART 2283,37 2234.38 
22 AS/RS CART 2581.25 2572,26 
23 AS/RS CART 2683,37 2700,33 
24 MACHINE CENTER 2 2355. 12 3202.346 
25 2551.5: =532.î= 

8.S794582S 
12.524529 
15.8388823 
32,8427i7 
48.3883447 
87.1084888 
77.1285239 
82.3345337 
85.389818 
@3.873#187 
103.324831 
107.820338 
111.311727 
114.748127 
128.444838 
142.437137 
150.984638 
158.433U 
tes.08482I 
:74.778274 
133.0285IS 
2:2.032733 
222.633132 
238.350777 
23S.3̂ :47 

7.1813*373 
13.435386# 
18.5503333 
32,354178* 
82.4830433 
88,0138834 
78.033385t 
33.2453353 
102.872358 
34.7853303 
104.338233 
107.33244# 
112.223188 
115.693533 
123.358343 
143.348845 
191.77815 
153.410572 
133.378232 
175.337735 
133.333331 
212,344244 
223.550644 
=55.159512 

455351 
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86 AS/RS C«RT 3M0. 55 31:1.ss 335. 895383 3SS. ?6S2«i 
87 AS/RS CART 3849. 77 3338.78 8S3. 700891 269. 818133 
88 AS/RS CART 3338. 7 3347.71 878. 888381 877. 139738 
8S A8/RS CART 3543. 3 3560.31 893. 888387 894. 733349 
30 MACHINE CENTfSR 4 3670. 78 3878.988 303. 883439 380. 988779 
li AS/RS CART 3888. 8 3817.81 319. 189938 318. 040399 
II AS/RS CART 3848. es 3880.89 318. 849839 319. 997101 
33 MACHINE CEMTER S 39tt. 17 4448.838 383. 789793 387. 83378 
34 AS/RS CART 3988. 8 3933.81 384. 89887 389. 810332 
39 MINI-WVER-9 3888. 47 4119.888 389. 817931 340. 734136 
3# AS/RS CART 4414. 81 4489.88 389. 489881 388. 341388 
37 MACHINE CEMTER 1 4978. 37 4997.78 379. 019887 410. 484873 
31 AS/RS CART 4849. 39 4880.4 384. 89981 389. 810671 
39 AS/RS CART 4894. 17 4709.18 388. 808317 389. 317778 

7891£6 48 AS/RS CART 4789. 8 4780.81 394. 817887 399. 
317778 
7891£6 

4t AS.'HS CART 4848. 47 4898.48 401. 380084 408. 891486 
48 A8/R8 CART 4880. 88 4801.89 404. 874374 405. 789836 
43 AS/RS CART 9848. 87 9899.98 434. 93937 435. 448838 
44 AS/RS CART 9383. 79 9334.8 440. 789339 441. 840797 
49 MACHINE CENTER t 9349. as 9788.81 448. 837868 474. 848311 
48 AS/RS CART 9389. 14 9398.19 445. 808188 448. 71964# 
47 MACHINE CENTER f 9413. 18 9788.948 448. 184909 478. 919844 
48 AS/RS CART 9808. 38 9813.39 483. 798378 484. 703837 
48 MINI-MOVER-9 9789. 91 5998.938 477. 187074 498. 813879 
90 A8/R8 CART 9839. 33 9890.34 483. 408894 484. 319719 
91 MACHIM; CENTER 8 9890. 19 8378.898 484. 307898 988. 199305 
98 AS/RS CART 9894. S3 9989.84 498. 893391 493. 964813 
93 MACHINE CEMTER 3 9970. 38 7180.098 494. 899997 998 74496# 
94 MI/RS CART 8094. 38 8089.37 901. 809487 908. 180949 
99 AS/RS CART 8378. 88 8383.87 917. 999918 988. 471378 
98 A8/R8 CART 8407. 88 8418.88 930. 479999 931. 387061 
97 AS/RS CART 8449. 38 8498.39 933. 980033 934. 491484 
98 AS/RS CART 8937, 88 8948.87 941. 819488 948. 130883 
99 AS/RS CART 878#. 8 8717.81 999. 171988 998. 093446 
80 AS/RS CMRT 8898. 88 8870.08 987. 889139 988. 7396 
81 AS/RS CART 8884. 14 8989.89 978, 189489 979. 100898 
88 AS/RS CART 7079. 88 7090.83 988. 108074 987. 013535 
83 AS/RS CART 7848. 88 7897.88 5#@. 81998 300. 827021 
84 MINI-MOVER-9 7848. 38 7439.768 800. 094838 619. 570843 
89 AS/RS CART 7384. 44 7339.49 808. 398918 607, 884374 
88 AS/RS CART 7481. 88 7438.83 814. 384833 619. 876235 
87 AS/RS CMtT 7484. es 7439.88 619. 989848 620. 49671 
68 AS/RS CART 7979 7588.01 627. 099483 628. 006854 
88 MINI-MOVER-9 7880. 8 7847,61» 634, 148769 643. 66497 
70 MACHINE CENTER 9 7688. 18 8819.782 636. 894949 680, 142556 
71 AS/RS CART 7744. 88 7799.88 641, 148431 648. 093833 
72 AS/RS CART 7847, 34 7S5S.39 64 t. 841188 350. 59253 
73 AS/RS CART 7881. 98 7801.97 693. 301679 894, 213337 
74 AS/RS CART 8048. IS 8099.17 666. 28598# 667, 177449 
79 AS/RS CART 8340. 68 8351.87 680. 480567 891. 392026 

OeCfSIQt-l RULE SET» 
TIME SCALING FACTOR» 11.#%# » SIMUL#»T}OI-* TIME. 7ee,SI5dâ9 

FAILED 
NO. CWPOf-CNT 

ACTUAL 
FAILIW 
TIME 

ACTUAL 
RECOVERY 
TIME 

AOJUSTEO 
FAILING 
TIME 

ADJUSTED 
RECOVERY 
TIME 

I AS/RS CART 75,744 9#.754 
f CWT 151.58 163,3 
1 ES5I I8S.3I ÎSS.S8 
4 AS/RS CART 337,0# 338,07 
5 MINI-MOVER-5 567,330 754,794 
6 AS/RS CART St0.S35 Set,@46 
7 AS/RS CART S3I.@74 S42,$S4 
g AS/RS CART 334.56 1905.57 
S MACHIfg CE^^TER 4 «033.47 Îg40,233 
Î0 AS-'̂ ÎS Ta?-" !:Î;.55 1:4̂ .5 = 

5,37453352 
12.733962 
î5,3333353 
32,57567S2 
47,7451063 
S3,2204232 
73.4065777 
S3.638S538 
57.394173 
55.4154?1r 

7.30032741 
13,3536353 
16.3246027 
33.5002441 
63.5134213 
33.1463831 
73.3351425 
34.6234137 
134.3-74255 
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H ftS/RS ca«r 1255. 36 :2S8. 3T 8*i831â IBS. 573477 
IS Af/RS CART issa. T@ i3C3. lea. :C3. 720937 
13 AS/RS CART 1344. 99 1399. 113. 198218 114. 008777 
M A9/R# CART 1380. 1 1337. 11 lie. 049999 117. 57012 
IS Af/Rt CART 1991. 99 1588. 90 130. 973879 131. 49984 
!! A#/R# CART 1780. 97 1731. 98 144. 797439 145. 784 
17 AS/HS CART 1888. 37 1833. 38 193. 304904 194. 891149 
It AO/R# CART 1914. 99 1989. 0 101. 189511 188. 358079 
ts AO/R@ CART 8009. 90 8010. 99 180. 010900 189. 743154 
80 At/Rt CART 8111. 81 8188. 88 177. 078309 178. 90030 
ii A#/R# CART 8803 37 8894. 30 198. 100007 193. 087372 
88 AfyHl CART 8901. 89 8978. 80 819. 540801 218. 478889 
89 At/Rl CART 8883. 37 8700. 38 880 388413 887. 854373 
84 MACHINE CENTER 8 8099. 18 3808. 940 840. 87738 883. 943257 
89 A$/RO CART 8SSt. 91 8098. 98 848. 498879 843. 48484 
89 A8/R9 CART 3000. 99 3101. 90 880. 090304 801. 010343 
87 A#/R9 CART 3849. 77 3890. 70 873. 193108 874. 079747 
8# A9/R9 CART 3330 7 3347. 71 880. 809948 881. 738113 
IÎ A0/R9 CART 3949. 3 3900* 31 899 097899 839. 08388 
1? MMHINE CENTER 4 3070. 70 3078. 980 300. 919983 389. 899048 
31 «l/RO CART 3000. 0 3017. 01 380. 390709 381. 87733 
38 A8/R9 CART 3049. 00 3900. 09 383. 98974 384. 398309 
39 MACHINE CENTER 9 3911. 17 4440. 938 389. 191080 373. 789919 
34 A$/R9 CART 3988. 8 3933. 81 330. 079878 331. 009941 
39 MINI-MOVER-9 3989. 47 4119. 990 330. 800939 340. 380893 
3# A#/R# CART 4414. 81 4489. 88 371. 499197 378. 411708 
37 MACHINE CENTER 1 4979. 37 4997. 78 399. 300399 417. 889137 
38 A9/R9 CART 4049. 39 4000. 4 391. 877108 308. 803727 
39 AO/R# CART 4094. 17 4709. 19 399. 049097 309. 073232 
40 AO/RO CART 4709. 8 4700. 81 401. 399978 408. 889937 
41 A@/R# CART 4840. 47 4099. 40 400. 031071 400. 097030 
48 AO/R# CART 4990. 09 4901. 09 411. 903384 418. 909909 
43 A9/RS CM#T 9849. 97 9899. 90 441. 739919 448. 09233 
44 AO/R# CART 9383. 79 9334. 9 440. 038417 440. 390932 
49 MACHINE CE^fTER 1 9349. 80 9788. 01 490. 179880 402. 100713 
4# AO/RO CART 9309. 14 9390. 19 493. 199489 494. 181334 
47 MACHIN* CENTER 8 9413. 18 9700. 940 499. 990138 404. 982003 
48 AO/RO CART 9008. 30 9013. 39 471, 477023 472. 404199 
48 MINI-MOVER-9 9709, 91 9998. 930 409, 8001 500. 373415 
90 AO/R# CART 9039. 33 9890. 34 491, 418949 492. 34511 
91 MMHINE CENTER 0 9090. 19 0379, 092 492. 332480 939. 307074 
98 AO/R# CART 9994. 03 9909. 04 501, 121909 902. 049373 
93 MACHINE CENTER 3 9970. 30 7100. 090 902. 449533 902, 99991 
94 A#/RO CART 0054. 30 9003, 37 323. 5:«793 5ia. 44;3l9 
99 AO/R# CART 0378. 00 0313. 0 539, 39 198 337, iEfS£-3 
90 AS/Rl CAI?T ?«0T. 08 @4:3. 33 333, £93817 S40. 132^33 
97 35 . 3 5 342, 421533 543, S4«î3« 
90 Af/R# CART 0937. 00 0949, 07 950, 10797 991, 114235 
99 A9/R# CART @700. 2 0717, 3t 994. 371434 999. 207333 
00 AO/RO CART 0093. 00 9070. 00 977. 237309 979, 19307 
91 Ag/RO CART 0004. 24 0309. 29 907. 770394 999, 939913 
OS AO/R# CART 7079. 02 7000, 03 905, 914040 999, 740913 
03 AO/RO CART 7840. 00 7297, 03 909, 050420 910. 792333 
04 MINI-MOVER-9 7240. 30 7439, 700 009, 007012 929. 771123 
09 AO/RO CART 7324. 44 7339, 49 019, 400491 917, 327019 
00 AO/RO CART 7481. 22 7432, 23 924, 949133 925, 471939 
07 AO/^0 CART 7404. 20 7409, 29 923, 992093 930, 773913 
00 AO/RO CART 7979 7900, 91 937, 400749 939, 41331 
09 MINI-MO'iER'9 7000. 2 7047, 029 944, 059094 990, 430239 
70 MACHINE CENTER 9 7000. 12 0219, 702 949, 939234 931, 412922 
71 AO/RO CART 7744, 00 7795, 99 951, 799449 952, 933013 
72 AO/RO CART 7047. 34 7093, 35 993. 405372 931, 332537 
73 AO/RO CART 7531. 55 7902, 57 964, 12739 995, 053345 
74 AO/RO CART 0940, 19 0090. 17 677. 309313 979. 232575 
75 AO/RO CART 0340. 96 0391, 37 731, 322139 782, 343703 
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DECISION RULE SET. P3PS/RftN0GM 
TIME SCALIW FftCTOH» It.0739 I 3!*mAT10N TIME" G99.3#30g2 

FAILED 
NO. COMPONENT TIME 

RgE3#Y 
TIME 

ADJUSTED 
FAILING 
TIME 

ADJUSTED 
RECOVERY 
Tlf* 

I AS/RS CART 79.744 88.794 

I \îi:V, iSi;i. 
4 AS/RS CART 387.08 380.07 
9 MINI-MOVER-9 587.338 794.784 
I 5f<5f CART 810.830 881.848 
7 AS^ CART 931.874 S48.884 
8 AS/*S CART 894.98 1009.97 
f- MA%:NE CENTER 4 (038.47 1340.838 

I •'<»:>" I"!:" 
i; g::; iin-.n im:r 
*4 M/m CART 1300.1 I3S7.U 

I: 
: E»; iin-M \iu:v 

It K^îîijsî iîîîjî iVâ:îî 
81 AS/RS CART 8883.37 8894.38 
88 AS/RS CART 2901.85 8978.8S 
83 AS/RS CART 8009.37 8700.33 
84 MACHINE CENTER 8 8099.(8 3808.840 
89 AS/RS CART 8831.5t 8388 58 
80 AS/RS CART 3000.59 3101.50 
87 AS/RS CART 3845.77 3358.73 
50 AS/RS CART 3338.7 3347.7Î 
53 AS/RS CART 3949.3 3960.31 
30 MACHINE CENTER 4 3070.70 3S78.988 
31 AS/RS CART 3060.0 3017,61 
38 AS/RS CART 3849.00 3800.08 
33 MACHINE CENTER 5 39*1.17 4440.838 
34 AS/RS CART 3988.8 3933.8} 
39 MINI-MOVER-5 3980.47 4*19.096 
30 l^/RS CART 4414.81 4489.88 
37 MACHINE CENTER I 4970.37 4997.78 
30 AS/RS CART 4048.39 4609.4 
38 AS/RS CART 4004.17 4709.10 
40 KW/RS CKMIT 4768.8 4780.81 
41 AS/RS CART 4040.47 4099.48 
48 AS/RS CART 4090.00 4901.68 
43 AS/RS CART 9840.97 9899.96 
44 AS/RS CART 9383.79 9334.8 
49 MACHINE CENTER I 9349.86 9788.61 
46 AS/RS CART 9309.14 9396.19 
47 MACHINE CENTER 8 9413.18 9760.846 
48 A9/R8 CART 9698.38 5613.39 
49 MINl-MOVER-5 5765.91 5952.936 
90 A9/R9 CART 5833-33 5S50.34 
51 MACHINE CEf-rfER 6 5350.13 @273,892 
98 AS/RS CART 5954,63 5365.64 
93 MACHINE CENTER 3 5970.36 7160.056 
54 AS/RS CART 6054.36 6065.37 
55 AS/RS CART 6378.66 6383.67 
56 AS/RS CART 6407.86 6416.89 
57 AS/RS CART 6445.38 6456.39 
58 AS/RS CART 6537,66 6548.67 
59 A3/R3 CART 679S.2 57i7.gî 

8.87045383 
18.984989 
19.0308983 
38.048717 
48.8888447 
87.1084089 
77.1885835 
88.3345337 
85.308018 
93.0733187 
103.984031 
107.080886 
111.311787 
114.748187 
188.444888 
148.437187 
150.804688 
158.48911 
186.084881 
174.778874 
*89.088918 
818.038733 
888.839188 
83#.300777 
838.54547 
255.850322 
283.700891 
276.82832: 
893.888387 
303.883438 
319.188938 
318.649638 
383.789753 
324.88887 
325.817831 
305.429861 
379.019827 
304.89881 
388.800317 
394.617667 
401.360084 
404.674374 
434.53537 
440.789335 
442.637866 
445.606186 
446.124509 
463.792376 
477.297074 
453.409254 
4S4.30729# 
492.#53351 
494.2^557 
501.209487 
527.559916 
530.475599 
533.580033 
541,219422 
555.17:586 

7.18131978 
13.4399866 
16.5503539 
38.9941788 
88.4830438 
88.0198884 
78.0333851 
83.8459853 
108.678858 
94.7353303 
104.838883 
107.838448 
118.883188 
115.859588 
189.398348 
143.348848 
191.77915 
198.410978 
186.976888 
175.687736 
183.938931 
212.944244 
223.550844 
265.155512 
239.458331 
25f.7S2SiS 
293.312153 
277.138782 
294.739849 
320.988779 
318.040399 
319.557101 
367.63376 
385.610332 
340.734136 
366.341322 
410.424273 
389.010671 
389.517778 
399.729128 
402.291486 
409.785836 
435.446832 
441.640797 
474.242312 
446.719649 
476.919244 
484.703837 
492.813273 
464.3:3715 
52i.155535 
433,0645*3 
532.744563 
502.120343 
523.471378 
531.387061 
534,431434 
542,130333 
5SS.ee3443 
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80 AS/R3 CART 8358. 88 @370 .03 367. 383133 ssa. 7336 
81 A9/R8 CART 8884. 84 8389 .25 978. 188489 373. 100356 
IS A9/RS CART 7079. 82 7080 .83 988. 108074 987. 013535 
03 A8/R8 CART 7848. 88 7857 .89 538. 81598 800. 887081 
84 MINI-MOVER-9 7848. 38 7433 .788 880. 034838 815. 570843 
83 m#/R# CART 7384. 44 7333 .43 808. 338818 807. 884374 
88 A#/R# CART 7481. 88 7438 .83 814. 384833 813. 878835 
87 A8/R8 CART 7484. 88 7483 .88 819. 383848 880. 49871 
88 
8# 

AS/RS CART 7379 7388 .01 887. 093483 888. 008354 88 
8# MINI-l«VER-9 7880. 8 7847 .888 834. 148783 848. 88437 
70 MACHINE CENTER 9 7888. 18 8819 .788 838. 894948 880. 148558 
71 A#/R8 CART 7744. 88 7799 .88 841. 148431 848. 033833 
7* A8/R9 CART 7847. 34 7838 .33 848. 841188 830. 53853 
73 A#/R8 CART 7881. 98 7808 .37 893. 301873 834. 813337 
74 A8/RS CART 8048. 18 8058 .17 888. 883888 887. 177443 
79 A8/R8 CART 8340. 88 8351 .87 880. 480587 881. 338028 

ofctfiaN RULE 3:7* pgpg/pffs 
TIME SCALINO PACTCR» t  @:MULAT10:4 '»««• iil3.74371 

FmiLEB 
NO. cwPOfCNnr 

ACTUAL 
FAILINO 
TIME 

ACTUAL 
RECOVEHY 
Tl« 

ADJUSTED 
FAILING 
TIME 

ADJUtTEO 
RECOVERY 
TIME 

1 A8/R9 CART 79.744 88.754 
8 A8/R8 CART 191.88 182.3 
3 A8/R8 CART 188.81 138.88 
4 A8/R8 CART 387.08 388.07 
3 MINT-M0VER«9 987.338 794.784 
• A8/R8 CART 810.838 821.848 
7 A8/R8 CART 831.874 848.984 
0 M/R8 CART 884.98 1009.97 
9 MACHINE CENTER 4 1038.47 1240.238 
10 A8/R# CART 1133.89 1144.88 
11 A8/R8 CART 1899.38 1288.37 
18 A8/R8 CART 1888.78 1303.77 
13 A8/R8 CART 1344.98 1399.8 
14 A8/R8 CART 1388.1 1387.11 
19 MI/RS CART 1991.99 1582.58 
18 A3/RS CART 1780.97 1731.58 
17 A#/R8 CART 1888.37 1833.38 
18 AS/RS C/WIT 1814.98 1825.8 
18 AS/RS CART 2009.88 2018.39 
80 AS/RS CLWÏT 2111.21 2122.22 
21 AS/#S cfmi 2283.37 2234.33 
88 AS/RS CART 2981.29 2572.26 
23 AS/RS CART 2888.37 2700,38 
24 MACHINE CENTER 2 2899.12 3202.346 
29 AS/RS CART 2881.91 2832.52 
88 AS/RS CWIT 3080.99 3101.56 
27 AS/RS CART 3245.77 3258.78 
28 AS/RS CART 3338.7 3347.71 
28 AS/RS CART 3948.3 3560.31 
30 MACHINE CENTER 4 3670.76 3872.523 
31 fmyns CART 3806.6 3817.61 
32 AS/RS CART 3848.08 3860.03 
33 MWHINE CENTER 5 3911.17 4440.332 
34 AS/RS CART 3S22.2 3333.21 
39 MINI-MOVER-5 3328.47 4115.333 
36 AS/RS CART 4414.21 4425.22 
37 MACHINE CBf-ffER 1 4578.37 4357.72 
38 AS/RS CART 4643.39 4660.4 
39 fvs/ns CART 4634.17 4705.16 
49 AS/RS CART 4763.2 4760.21 
4Î AS/93 CAST <346.47 4859.48 
42 43/QS C49T 433 :.5? 

•.11SS8888 
13.4408857 
19.9344878 
31.8887988 
48.8938394 
88.8803074 
78.8139173 
81.7847897 
89.3899778 
83.8470883 
103.8308 
108.30838 
110.988471 
113.881889 
187.987888 
141.488038 
148.897387 
197.440778 
184.899889 
173.80829 
187.768389 
810.818888 
881.192589 
234.782937 
838.898843 
294.142443 
288.80851 
874.383878 
281,868422 
301.854334 
313.024744 
316.517864 
321.623755 
352.530775 
323.046371 
362.388735 
376.488018 
382.329142 
386.011436 
332.181371 
398.6593: 
425.ITcSaa 

7.13386433 
13.3482713 
16.4388431 
32.7341354 
82.085835 
67.5858828 
77.9188828 
82.8801418 
101.887386 
84.1924748 
104.136275 
107.211756 
111.473846 
114.887301 
128.482603 
142.331474 
150.762703 
158.346148 
165.86134 
174.514625 
188.871705 
211.522383 
222.057841 
263.385003 
237.858018 
259.047818 
267.811886 
275.233251 
282.771738 
318.446142 
313.830113 
317.423333 
365.178378 
323.436151 
338.45837 
363.335171 
437.383763 
383.2345ÎS 
336.S16372 
333.086747 
333.605236 

.2753 5 3 
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43 AS/"R9 CA9T 5243. 97 5259. 98 431. 63337 432. 533245 44 AOZ-RG CART 5383. 79 5334. 8 437. 786478 438. 891352 45 MCHINC CENTER 1 3349. 29 3789. 81 439. 880989 471. 079878 46 A9/R9 CART 3385. 14 5399. IS 448. 831418 443. 736791 47 MACHII# CENTER 8 3413. 18 5790. 948 445. 13887 473. 734738 
46 A9/RS CART 3608. 39 5913. 39 490. 893319 491. 800895 
49 MINL-MOVER-5 3763. 31 3938. 938 474. 110843 489. 581843 SO A#/R3 CART 3839. 33 5830. 34 490. 180417 491. 085793 91 MACHINE CENTER 9 3650. 19 9379. 891 491. 073458 S84. 988991 98 A$/R9 CART 3934. 93 5999. 94 499. 96178 490. 597195 
2? MACHINE CENTER 3 3970. 39 7190. 099 490. 95919 599. 788885 34 A#/R# CART 6034. 36 9693. 37 497. 881788 498. 788183 
55 A9/R9 CART 6378. 96 9393 97 384. 037187 584. 941943 
36 A#/R# CART 6407. 98 8419. 89 318. 833483 587. 838853 
37 A9/R9 CART 9445. 38 8456. 39 330. 017187 530. 981562 

n 
A9/R9 CART 6337. 96 8548. 97 537. 805565 538. 510941 

n A9/R9 CART 6706. I 6717. 11 SSI. 484995 558. 370341 60 A#/R# CART 9639. 68 8970. 09 584. 03881 584. 941995 6* MI/R9 CART 9994. #4 8999. 13 574. 38878 375. 134158 68 A8/R8 CART 7079. 88 7090. 93 981. 188919 983. 093901 
63 A#/## CART 7846. 99 7137. 99 395. 909773 386. 91515 64 
65 

MINI'MOVER'S 7849. 39 7433. 799 998. 047919 611. 490515 64 
65 A#/R9 CART 7384. 44 7333. 43 901. 304144 803. 809519 
66 A#/R# CART 7481. 88 7431. 13 810. 191997 611. 197943 67 A6/R9 CART 7484. 99 7499. 19 615. 449114 616. 353499 6# A#/R# CART 7375 7386. 01 811 908111 813. 913397 69 MINI-MOVER'S 7660. 8 7847. 818 819. 914397 845. 319996 
70 MACHINE CENTER S 7886. 18 8815. 781 631. 045953 875. 901076 
71 A8/RS CART 7744. 99 7755. 69 836. 961365 837. 78674 
71 A6/R9 CART 7847. 34 7999. 39 643. 303313 846. 106889 
73 A6/R6 CART 7691. 39 7908. 37 848. 839917 649. 944993 74 A#/R# CART 6048. 19 9039. 17 861. 917199 881 711541 
75 A#/R6 CART 6340. 99 9331. 97 883. 970097 886. 775432 

OfCltlON «Utf 3fT» 
Tir̂  sĉ Ltr» u.atig * Tir-t» 70t.pf3273 

HO. 
FAIUEO 
COMPONENT 

ACTUAL 
PAILIIS» 
TIME 

ACTUAL 
RECOVERY 
Tîfe 

A0JUSTE9 
RAILim 
TIME 

ADJUSTED 
RECOVERV 

T|f4E 

I A»/R@ CART 75.744 »t.754 
S ^/R# CART 131,## *#e.3 
3 AS/R9 CART If8.»l 199.98 
4 A9/RS CART 397.0# 399.97 
» MINI-MOVER-5 567.33® 754.764 
8 A8/R9 CART 910.636 811.646 
7 A9/R# CART 931.674 942.964 
9 CART @94.56 1005.57 
9 MACHINE CENTER 4 1939.47 1240.239 
10 A9/R8 CART 1133.95 1144.56 
II fW/RS CART 1655.36 1266.37 
12 A8/R6 CART 1292.76 1303.77 
13 /vsyn9 ceoiT 1344.59 1355.6 
14 A9/R9 CART 1396.1 1397.11 
15 A#/R9 CART 1551.55 1562.56 
16 t^/nS CART 1720.57 1731.59 
17 A8/R6 CART 1822.37 1933.39 
18 A9/R6 CART 1914.59 1925.6 
19 W/R9 CART 2005.99 2016.99 
20 A9/R9 CART 2111,21 2122.22 
21 A9/R9 CART 2263.37 2394.39 
22 A9/R9 CART 2561.25 2572.28 
23 A9/R9 CART 2699.37 2700.39 
24 MACHINE CENTER 2 2855.12 3202.948 
25 A3/R8 CfWT 3831.51 2332.52 
26 AS/RS CART 3090.55 3101.56 
27 AS/RS CART 3245.77 3256.73 

6.32156775 
12.6266504 
15.7964124 
32.3039944 
47,349813# 
67.6996111 
77.7574321 
83.0056923 
86.6706172 
94.9393699 
104.772239 
107.993639 
112.219366 
115.683797 
129.49223 
143,598825 
152.094844 
159.781517 
167.418919 
176.201406 
190.569884 
213.761705 
224.454589 
238,23807 
243.433573 
257.S37033 
270.891535 

7.2404814 
13.5455441 
16,9853861 
33.222393 
62.9925387 
98.5745048 
78.6763258 
93.324796 
103.510157 
95.5592934 
105.691132 
108.812532 
113.13828 
116.902931 
130.411124 
144.517518 
153.013738 
190.710411 
199.337812 
177.120293 
131.488759 
214.683533 
225.373433 
297.317533 
24Î.40347Î 
258.955322 
271.3:0573 
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se AS/R9 CART 3336. 7 3347.71 879.499699 879.399599 
89 A9/R9 CART 3949. 3 3999.31 899.884874 897.143197 
39 MACHlNi CENTER 4 3979. 79 3978.989 399.391319 383.899999 
31 M/R9 CART 3999. 9 3917.91 317.99991 319.917493 
38 A9/R9 CART 3949. 99 3999.99 381.843997 388.19879 
33 MACHINE CENTER 9 3911. 17 4449.938 389.489913 379.931499 
34 A9/R9 CART 

MINI-MOVER-3 
3988. 8 3933.81 387.349479 389.899399 

39 
A9/R9 CART 
MINI-MOVER-3 3989. 47 4119.999 387.999799 343.918494 

39 A9/R9 CART 4414. 81 4489.88 399.499999 399.389498 
37 MACHINE CENTER 1 4979. 37 4997.78 398.119399 413.779999 
39 M/R9 CART 4949. 39 4999.4 399.93799 399.999994 
39 A9/R9 CART 4994. 17 4799.19 391.779989 398.993919 
49 A9/R9 CART 4799. 8 4799.81 399 997983 399.999917 
41 A9/R9 CART 4949. 47 4999.49 494.99899 499.971794 
4t A9/R9 CART 4999. 99 4991.99 499.179733 499.994987 
43 A9/R9 CART 9849. 97 9999.99 439.979999 439.99749 
44 A9/R9 CART 9383. 79 9334.9 444.383997 449.84199 
49 MACHINE CENTER 1 9349. 99 9789.91 449.449791 479.199899 
49 A9/R9 CART 9399. 14 9399.19 449.443383 499.398819 
47 MACHINE CENTER 8 9413. 18 9799.949 491.779931 499.999999 
49 A9/R9 CART 99m. 39 9913.39 497.974199 499.493949 
49 MINI-MOVER-9 9799. 91 9998.939 491.19997 499.931999 
99 A9/R9 CART 

MACHINE CENTER 
9939. 33 9999.34 497.349991 499.899979 

91 
A9/R9 CART 
MACHINE CENTER 9 9999. 19 9379.998 499.899399 938.491991 

58 A9/R9 CART 9994. 93 9999.94 499.978999 497.991993 
93 MACHINE CENTER 3 9979. 39 7199.999 499.899734 997.977987 
94 A9/R9 CART 9994. 39 9999.37 999.899399 999.81989 
99 A9/R9 CMIT 9378. 99 9999.97 931.991997 998.799991 
99 A9/R9 CART 9497. 99 9419.99 934.991119 939.789999 
97 A9/R9 CART 9449. 39 9499.39 937.939998 939.949799 
99 A9/R9 CMIT 9937. 99 9949.97 949.938949 949.991437 
99 A9/R9 CART 9799. 8 999.999977 999.91777 
99 A9/R9 CART 9999. 99 978.499889 973.377188 
91 A9/R9 CART 9994. 84 9999.89 998.994978 999.988999 
99 A9/R9 CMKT 7979. 98 7999.93 999.99117 991.999994 
99 M/R9 CMIT 7849. 99 7897.99 994.997891 999.789199 
94 MINI-MOVER-9 7849. 39 7439.799 994.947994 989.999889 
99 A9/R9 CART 7384. 44 7399.49 911.897134 918.819989 
99 A9/R9 CART 7481. 88 7438.83 919.374399 989.893879 
97 A9/R9 C<WIT 7494. 89 7499.89 984.937397 989.999881 
99 A9/R9 CART 7979 7999.91 938.89999 933.187744 
99 MINI-MOVER-9 7999. 8 7947.989 939.319939 994.99836 
79 MACHINE CENTER 9 7999. 18 9819.798 941.498919 699.999461 
71 A9/R9 CMIT 7744. 99 7799.99 949.379389 647.869822 
78 MI/R9 CART 7947. 34 7999.39 994.939383 999.997217 
73 A#/R9 CART 7991. 99 7998.97 999.989981 699.947919 
74 A9/R9 CMIT 9949. 19 9999.17 971.999744 678.617637 
79 m@/R@ CART 3349. «6 9391.97 699.119799 697.929662 

DECISION RULE SET» FSFS/WINO 
TI« SCALING FACTOR» U.I I SIMULATION TIME* 711.4784S4 

MTTUAL ACTUAL AOJU9TEO AOJUSTED 
FAILED FAILIN6 RECOVERY FA1L1N9 RECOVERY 

NO. COMPONENT TIME Tl>« TIME TIME 

t A9/RS CMIT 79.744 96.794 6.41944912 7.34799629 
2 A9/R9 CART 191.29 162.3 12.9141279 13.746669 
3 A9/R9 CMIT 199.91 199.92 16.9909062 16.9330494 
4 A9/R9 CART 397.99 399.97 32.7936361 33.7161733 
9 MINI-MOVER-? 967.336 794.764 49.9929923 63.9279364 
6 A9yR9 CART 919,636 921.646 69.6691449 69.992692 
7 AS/RS CART 931.674 942.694 79.9119993 79.9444924 
9 A3/R9 CART 994.96 Î009.97 94.2393433 69.1706904 
9 MACHINE CENTER 4 1039,47 1249.239 97.9974811 109.04705 
(0 A3/RS CART 1:33.99 1144.36 96.0445517 36.5770533 
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AS/«IS CART £855. 3S laas .37 ies .33737 :cr. 
AS/RS CART 1232. 78 1303 .77 109 .495617 1 *0. 489154 
A8/RS CART 1344. 99 1355 .3 113 .839978 114. 3*3109 
At/RS CART 1388. 1 1397 .11 117 .401431 119. 333369 
A#/RS CART 1591. 95 1968 .58 131 .414999 138. 347436 
A8/R9 CART 1780. 97 1731 .58 149 .730748 146. 663879 
Al/RS CART 1888. 37 1933 .38 194 .393111 155. 895646 
A8/R# CART 1914. 99 1989 .8 168 .194068 163. 096999 
A8/R# CART 8889. 96 8016 .99 169 .904714 170. 837891 
A$/R# CART 8111. 81 8188 .88 179 .9176 179. 790133 
A#/R# CART 8883. 37 8894 .38 193 .399399 184. 331938 
AS/R# CART 898!. 85 8578 .89 816 .939999 817. 968184 
A#/R# CART 8889. 37 8700 .39 887 .797836 888. 719773 
MACHlhg CCNTSR 8 8899. 18 3308 .946 841 .888113 871. 893664 
A#/R# CART 8881. 9% 8898 .58 844 .061388 844. 993359 
A8/RS CART 3890. 99 3101 .59 281 .766983 888. 699361 
A#/R# CART 3849. 77 3899 .78 874 .913919 375. 846356 
A#/R# CART 3338. 7 3347 .71 888 .919909 883. 948046 
A8/R# CART 3949. 3 3960 .31 300 .688939 301. 999076 
MACHIKE CENTER 4 3878. 78 3878 .588 310 .910092 387. 99966 * 
A#/R# CART 3808. 8 3917 .61 388 .419619 383. 348156 
A#/R# CART 3849. 09 3860 .09 386 .013637 386 946174 
MACHINE CENTER 9 3811. 17 4440 .938 331 .878604 379. 134508 
A8/R# CART 3988. 8 3933 .81 338 .806835 333. 139373 
MlNl-WOVlR-5 3988. 47 41*5 .996 338 .737899 349, 818883 
Af/RS CART 4414. 81 4485 88 373 .979643 374, 81819 
MACHINE CEMTER 1 4578. 37 4957 .78 397 .793849 419, 914454 
M(/R8 CART 4848. 39 4660 .4 393 .799179 394, 73*716 
AS/R8 CART 4884. 17 4705 . 16 397 .598004 398, 584542 
A@/R# CART 4789, 8 4790 .81 403 .946979 404, 979516 
A8/R8 CART 4848. 47 4959 .48 410 .661077 411, 993614 
A#/R# CART 4890. 88 4901 .69 414 838826 419. 169793 
A#/R8 CART 5848. 97 5859 .96 444 ,993069 445, 515609 
A#/R@ CART 5383. 79 5334 .6 450 ,980856 4SI, 698713 
MACHINE CENTER Î 5349. 86 5789 .61 453 ,077948 495, 206*49 
A#/R# CART 9385. 14 5396 .15 456 ,116946 457. 049093 
MACHINE CENTER 2 5413. 18 5760 .946 458 .486487 497, 946979 
A#/R# CART 5608. 36 9613 .39 474 ,91696 475, 449*17 
MlNI-MOVER-9 5785. 51 5998 .939 499 .333545 504. 80853 
A#/R# CART 5839. 33 5850 .34 494 .566033 495. 5*257 
MACHINE CENTER 6 5850. 19 6379 .958 495 .5056€5 540. 367793 
A@/R# CWIT 5954. 63 5965 .64 504 .35134 505. 884373 
MACHINE CENTER 3 9175. 36 7160 .056 505 .694157 606. 4505*5 
At/RS CART 6094. 36 8069 .37 518 .799698 513. 73142 
Af/RS CART 6378. 66 6393 .67 539 .759609 540. 69*145 
A@/R@ CART 6407. 89 6416 .99 542 .741711 543. 67424.3 
A9/R8 CART 6445. 36 8456 .39 545 .9*7927 546, 8504S4 
m^ns CART 6537. 66 654» .67 333 .73396 554. 666437 
A#/R$ CART 6706. 8 8717 .81 563 .009146 569. 94*635 
AS/RS C<WIT 6659. 99 6870 .09 560 .957947 591. 690434 
A8/RS CART 6964. 84 6995 ,85 591 .559987 592. 491424 
A#/R6 CART 7079. 68 7090 .83 593 .654423 600. 566365 
AS/Rf CART 7846. 63 7S57 .63 6:3 .73732 6*4. 7*9353 
MINI-MOVER-5 7846. 36 7435 ,763 613 .3296*5 629. 304532 
AS/RS CART 7324. 44 7335 .45 620 .373523 62*. 30623 
AS/R# CART 742 82 7432 .23 623 .570703 629. 50324 
A6/R6 CART 7434. 55 7d95 .39 633 .91*329 634. 344335 
AS/RS CART 7575 75S5 .01 64* .595731 S42. 526269 
MÎWÏ-MeVSR-5 7660. 2 7347 .628 €43 .312095 664. 667073 
MACHINE CEffTER 5 7666. 12 S2Î5 .732 65* .007496 635. 663334 
AS/R6 CART 7744. 69 7755 .99 655 .967476 656. 3003*3 
A6/RS CART 7347. 34 7359 .35 664 .662696 865. 595223 
A6/RS CAST 763 Î. 56 7902 .57 iSS .40903* 639. 3436*3 
A9/R9 CART 6043. 16 @059 . 17 63: .671961 632. 604455 
A3/RS CART 3340. 65 3351 .67 796 .446443 707. 37835S 
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DECISION RULE SET# SPT/R,<»NOOM 
TIME SCALINO FACTOR* 11.8966 » SIWLmTION Tl̂ ê  

RAILED 
NO. COMPONENT 

ACTUAL ACTUAL AOJUSTEO 
PAILINS RECOVERY PAIL INS 
TIME TIME TIME 

•M.08<i392 
AOJUSTEO 
RECOVERY 
TIME 

1 AS/R9 CART 73.744 
8 A9/R9 CART 131.89 
3 M/R9 CART 188.91 
4 A9/RS CART 397.08 
3 MINI-MOVER-3 397.339 
8 A9/R9 CART 910.939 
7 A9/R9 CART 931.974 
8 A9/R9 CART 994.39 
9 MACHINE CENTER 4 1039.47 
10 A*/R# CART 1133.93 
11 A9/R9 CART 1833.38 
18 A9/R8 CART 1898.79 
13 A9/R9 CART 1344.39 
14 A#/R9 CART 1388.1 
13 A9/R9 CART 1331.33 
It CART 1780.37 
17 A9/R1 CART 1988.37 
1# A#/R9 CART 1914.39 
19 A9/R9 CART 8009.99 
80 A#/R9 CART 8111.81 
81 A9/R# CART 8893.37 
88 A9/R9 CART 8991.89 
83 A#/R# CAUT 8898.37 
84 MACHINE CENTER 8 8933.12 
83 A#/R9 CART 8381.31 
89 AS/R9 CART 3080.33 
27 A9/R9 CART 3843.77 
89 A9/R9 CART 3339.7 
29 A9/R9 CART 3849.3 
30 MWHINE CENTER 4 3979.79 
31 A9/R9 CART 3999.9 
32 A3/RS CART 3949.99 
39 MMCHirC CENTER 5 3911.17 
34 A9/R9 CiW$T 3922.2 
39 MINI-MOVER-5 3929.47 
36 A9/R9 CART 4414.21 
37 MACHINE CENTER 1 4579.37 
39 A9/R9 CART 4649.39 
39 A9/R9 CART 4994.17 
40 A9/R@ CART 4799.2 
41 A9/R9 ClWRT 4949.47 
42 A9/R9 CART 4990.69 
43 A9/R9 CART 5249.97 
44 A9/R9 CART 5323.79 
43 MACHINE CENTER 1 5349.29 
49 A9/R9 CART 5393.14 
47 MACHINE CEffTER 2 54Î3,12 
49 A9/R9 CART 5603.39 
49 MINI-MOVER-5 5795.51 
50 A9/R9 CART 5939.33 
31 MftCHir« CENTER 6 5650.15 
52 CART 5954.63 
33 MACHÎ î  CENTER 3 5970.36 
54 A9/R9 CART 6054.36 
55 A6/R# CART 6372.66 
56 AS/R3 CART 6407.39 
57 A3/RS CART 6445.36 
56 AS/R3 CART 6537.66 
59 AS =705.2 

8t.7S4 
tSf.3 
199.St 
393.87 
734.784 
881.848 
941.884 
1093.97 
1840.838 
1144.98 
1888.37 
1303.77 
1338.8 
1397.11 
1388.36 
1731.38 
1833.38 
1923.6 
8916.89 
8188.88 
8894.39 
2378.88 
8700.39 
3298.946 
8998.38 
3101.36 
3886.78 
3347,71 
3860.31 
3978.386 
3917.61 
3960.09 
4440.838 
3933.21 
4115.399 
4483.28 
4937.78 
4680.4 
4705.18 
4790.21 
4959.46 
4901.69 
5239.99 
5334.9 
5729.61 
5396.15 
5760.949 
5613.39 
5952.938 
5950.34 
6379.952 
5965.64 
7160.859 
6065.37 
6363.67 
6413.33 
6456.39 
6543.67 
Ç-7 • -7 _ - • 

6.38686118 
18.7170786 
13.8793868 
32.3333463 
47.8888193 
88.1401409 
78.3143083 
83.8003564 
87.8913869 
93.3171493 
103.328586 
106.886342 
113.083049 
116.318881 
130.419616 
144.827036 
133.184103 
160.993998 
169.617925 
177.463309 
191.93467 
213.292605 
226.062068 
239.99462 
242.212901 
239.784309 
272.931733 
290.473094 
299.343746 
309.335386 
319.973774 
323.544542 
328.76388 
329.690836 
330.217977 
371.048031 
364.646931 
390.916704 
334.530903 
400.997649 
497.530997 
411.09997 
441.215979 
447.50317 
443.646117 
452.662105 
455.014039 
470.922795 
494.635:06 
490.94024 
491.753106 
500.532095 
50:.954311 
583.915153 
535.670696 
533.S31306 
54i.733367 
543.543285 •'3̂  = 75 

7.29833363 
13.6483533 
18.8048014 
33.480S207 
63.443873 
69.0636134 
79.2397928 
84.3838309 
104.231467 
98.2426839 
106.448081 
109.391816 
113.948323 
117.437755 
131.34309 
145.332511 
154.109379 
161.961372 
169.543393 
179.393793 
192.980145 
216.218073 
226.967343 
269.232049 
243.139376 
260.709793 
273.757203 
291.400569 
299.27122 
325.515525 
320.999249 
324.470017 
373.295913 
330.616311 
345.972931 
371.973505 
416.734133 
391.742173 
395.506273 
401.913123 
403.476371 
412.024444 
442.141452 
449.430644 
491.53333 
453.53759 
494.251457 
471.343255 
500.333655 
431.7657:5 
536.275238 
50;.457553 
301.357536 
503.840527 
536.59617 
533.55663 
542.703541 
550.465673 
58-,=3=7:= 
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60 AS/R3 CART 6353. 03 3370. 03 57S. 593Jg3 577 .4334:3 
81 A8/RS CART 69S4. 84 8385. 25 537. 978681 988 .004136 
68 AS/RS CART 7079. 88 7030. 83 595. 11889 538 .038364 
63 AS/'RS CART 7846. 88 7857. 69 809. 138749 810 .08422 
64 MINl-WVER-5 7848. 38 7439. 788 809. 879983 629 .034716 
69 AS/R8 CART 7384. 44 7339. 49 619. 879067 816 .600541 
66 AS/R3 CART 7481. 83 7438. 83 683. 910164 684 .735833 
67 AS/Ri CART 7464. 88 7499. 89 @89. 110836 630 .036313 
66 A9/RS CART 7575 7986. 01 836. 736947 637 .668021 
69 MINI-MOVER-5 7660. 8 7847. 688 843. 898897 859 .85301 
70 MACHINE CENTER 5 7666. 18 3219. 788 648. 07703 890 .599163 
71 AS/Rf CART 7744. 68 7799. 69 890. 999449 651 .92432 
78 AS/RS CART 7647. 34 7896. 35 699. 688808 680 .554373 
73 AS/Rf CART 7391. 96 7308. 57 863. 34933 884 .271305 
74 AS/RS CART 8048. 16 8099. 17 878. 909299 877 .434789 
75 AS/RS CART 8340. 86 8391. 87 701. 096118 702 .321538 

DECISION RULE SET» SPT/PMPS 
TIME SCALING PmCTOR" IS.(848 t SIMULATION Tim* 332.794333 

FAILED 
NO. COMPONENT 

ACTUAL 
PAILINO 
TIME 

ACTUAL 
RECOVERY 

TIME 

ADJUSTED 
FAILiriO 
T|?« 

ADJUSTED 
RECOVERY 
TI»m 

1 AS/RS CART 75.744 
8 A#/RS CART 151.89 
9 AS/RS CART 186.91 
4 AS/RS CART 387.06 
S M:NI-M0VER-5 587.338 
6 AS/RS CART 910.836 
7 AS/RS CART 831.674 
6 AS/RS CART 8S4.96 
9 MACHINE CENTER 4 1038.47 
10 AS/RS CART 1193.89 
11 AS/RS CART 1255.38 
12 AS/RS CART 1882.78 
13 AS/RS CART 1344.59 
14 AS/RS CART 1386.1 
15 AS/RS CART 1551.95 
18 AS/RS CART 1720.57 
17 AS/^9 CART 1822.37 
18 AS/RS CART 1914.59 
19 AS/RS CART 2005.98 
20 AS/RS CART 2111.21 
21 AS/RS CART 2293.37 
22 AS/RS CART 2581.25 
23 AS/RS CART 2889.37 
24 MACHINE CENTER 2 2955.12 
25 AS/RS CfWT 2881.51 
26 A8/RS CART 3080.55 
27 AS/RS CART 3245.77 
28 AS/RS CART 3338.7 
29 AS/RS CART 3549.3 
30 MACHINE CENTER 4 3670.78 
31 AS/RS CART 3808.8 
32 AS/RS CART 3849.08 
33 M%HINE CEr^TTER 5 39:1.17 
34 A8/RS CART 3922.2 
35 MINI-MOVER-5 3928.47 
38 A8/RS CART 4414.21 
37 MACHINE CENTER 1 4578.37 
38 AS/RS CART 4849.39 
39 AÇ/RS CART 4894.17 
40 AS/RS CART 4789.2 
41 A8/R3 CART 4848.47 
42 AS/mS 4350.=; 
43 -'R? 5245.9? 

SS.794 
182.3 
188.38 
388.07 
754.784 
821.848 
842.884 
1085.57 
1248.238 
1*44,88 
1288.37 
1303.77 
1355.8 
1387.1! 
1582.58 
1731.53 
1833.38 
1825.8 
2018.89 
2122.22 
2234.38 
2572.28 
2700.33 
3202.848 
2882.52 
3101.58 
3258.78 
3347.71 
3580.31 
3872.528 
3817.81 
3880.08 
4448.332 
3833.21 
4115.833 
4425.22 
4357.72 
4880.4 
4705.18 
4783.21 
4553.48 
43?:.;s 

6.24703888 
12.4777318 
15.5804832 
31.9230088 
48.7913888 
88.8578802 
78.8403803 
82.02882 
85.8484231 
83.5231822 
103.538553 
108.82114 
110.88585 
114.319411 
127.884887 
141.805021 
150.301038 
157.308835 
185.444378 
174.123285 
188.322282 
211.240538 
221.80737 
235.477888 
237.854229 
254.884928 
287.888787 
275.188292 
282.730802 
302.748087 
313.95157 
317.455133 
322.578043 
323.435748 
324.00287 
384.064582 
377.803754 
383.48117 
337.154427 
333.342571 
383,38341 
433.gs:??? 

7.1550871 
13.3857878 
18.4885194 
32.831057 
82.2498041 
87.7857383 
77.7484185 
82.9349782 
102.289357 
94.4312483 
104.444809 
107.529188 
111.803808 
115.227488 
128.873054 
142.813077 
151.208092 
153.814881 
188.352435 
175.031341 
188.230338 
212.*48854 
222.715426 
284.164852 
238.582288 
255.802382 
288.604843 
278.104348 
293.838858 
313.383021 
314.853827 
318.38313 
388.280227 
324.333305 
333.481105 
384.375815 
433.830383 
334.383227 
388.082484 
334.250827 
430.788487 
4e«.2e37c1 
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44 CmPT 532:. T3 Î334 .3 433 .03272S 433. 45 MEN 1 NE CENTER t 5341. 28 S7at .81 441 .12338 472. 470474 46 AS/RS CART 9339. 14 5398 . 15 444 .142584 445. 89064 47 HACHIM; CCMTER S 9413. 12 5780 .348 448 .490291 475. 137404 
48 A#,/R# CART 9802. 33 5813 .39 482 .09959 482. 967637 
49 MINI-WVER-9 9789. 91 9391 .933 475 .913823 490. 972057 98 A#/R8 CART 9339. 33 9850 .34 4SI .801171 482. 91022? 91 MACHINE CENTER 8 9890. 19 6379 .852 432 .497858 528. 18204 
2§ A9/R# CART 9S94. 83 9989 .84 491 .111806 492. 019682 93 MACHINE CE^RRER 3 9370. 38 7180 .058 492 .408947 590. 523333 94 A8/R# CART 8094. 38 8089 .37 499 .338898 500. 244353 
22 A#/R9 CART 8371. 88 8383 .87 525 .588378 528. 498932 
21 A8/R# CART 8407. 88 8418 .89 518 .493886 529. 401722 
22 A8/R# CART 8449. 38 8498 .39 531 .538501 532. 434557 
2S A8/R# CART 8937. 88 8548 .87 533 .197348 540. 105404 
2S Ai/R9 CART 8708. 1 8717 .11 553 .097783 954. 00534 80 A8/R# CART 8899. 08 8870 .03 989 .708651 588. 614737 
8T AI/RS CART 8984. 14 8999 .19 979 .029299 978. 937351 
88 M;/R8 CART 7079. 81 7090 .83 983 .912312 584. 820363 #3 A8/R# CART 7848. 88 7197 .89 597 .874188 599. 582245 
K MINI-MOVER-S 7148. 38 7439 .788 597 .811748 813. 270332 
89 A#/R8 CART 7314. 44 7339 .49 804 .08749 804. 995546 
88 A8/R$ CART 741T. 11 7431 .13 812 .089478 612. 977934 87 A8/R8 CART 7484. 18 7499 .19 817 .170388 613. 178444 
88 A8/R8 CART 7979 7988 .01 824 .791573 625. 88063 
#* MINI-MOVER-9 7880. 1 7947 .818 831 .779493 847. 237728 
70 MACHINE CENTER 9 7888. 11 9119 .781 833 .917161 877. 801445 
71 A8/RS CART 7744. 88 7799 .89 838 .747031 939. 855037 
78 A#/R# CART 7847. 34 7998 .35 847 .213979 648. 122031 
73 A#/M8 CART 7891. 98 7901 .97 850 .881045 691. 789131 
74 A$/R8 CART 8048. 18 8099 .17 863 .778722 884. 884773 
79 A$/R8 CART 8340. 88 8391 .87 887 .900831 883. @08883 

0CCI9I0N HT» SPT/NINO 
TIME 9CALIN9 FACTOR* FT,«4CF t Slf-fULATIOM Ttm' 735.352234 

ACTUAL ACTUAL ADJU9TE0 A0JU9TED 

NO. 
FAILED FAILINO RECOVERY FAILING RECOVERS 

NO. COMPONENT TIME TINE Tift TIME 

1 A9/R# CART 79.744 86.794 6.39392529 7.322930*3 
2 A8/R9 CART 191.29 182.3 12.7705372 13.6939021 
3 A9/R9 CART 189.91 199.92 19.9460783 13.8794432 
4 A9/RS CART 397.06 399.07 32.672114 33.9014733 
9 MINI-I40VER-9 987.336 794.784 47.8893979 63.710363 
# A9/R9 CART 910.936 est.646 69.4269794 69.3953443 
7 A9/R9 CWIT 931.874 942.884 79.6439196 79.9729334 
# A9/R9 CART 994.98 1009.97 83.9917949 84.8911494 
f ««WHINE CE^fTER 4 1038.47 1240.238 97.8982706 104.699735 
to A9/R9 CART 1133.09 1144.98 99.717931 96.6471353 
tl A9/R9 CART 1299.38 1268.37 109.966169 136.995533 
IB A9/R9 CART 1292.76 1303.77 109.123139 110.052534 
13 A9/R9 CART 1344.99 1399.6 113.49916 114.427529 
14 A#/R9 CART 1389.1 1397.11 117.00206 117.931425 
19 A8/R9 CART 1991.99 1962.56 130.967356 131.337221 
16 A9/RS CART 1720.97 1731.98 149.239 148.164365 
17 A9/R9 CART 1822.37 1833.39 193.329039 154.757433 
18 AS/R9 CART 1914.53 1925.6 131.912419 162.541734 
19 A9/R9 CART 2009.99 2016.39 163.326738 170.253133 
20 ^/R9 CART 2111.21 21S2.22 173.209305 173.13367 
21 A3/R9 CART 2263.37 2234.39 132.7415 133.373335 
22 Af/Rf CART 2581.29 2972.26 216.137623 217.126338 
23 AS/RS CART 2639.37 2733.33 227.312353 227.341723 
84 MACHINE CEr.TES 3 2859.12 3232.346 241.333473 273.35331 : 
29 CART 2991.5! 3332.52 243.S3 1084 244.160443 
2S 3399.35 3 : :=2.37535= Î 5 i.SS:72 
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17 A9/R8 CART 3849. 77 3888.78 873.878687 874. 807998 
m#/RS CART 3338. 7 3347.71 881.694118 888. 983483 as AS/RS CART 3949. 3 3960.31 899.998688 380. 989857 

30 MACHINE CENTER 4 3670. 78 3878.988 389.89849 388. 883884 
31 A3/R1 CART 3888. 8 3817.81 381.318837 388. 848888 
3t M/R9 CART 3849. 88 3888.88 384.904818 389. 833981 
33 MACHINE CENTER 9 3911. 17 4440.838 330.149893 374. 884888 
34 AS/RS CART 3888. 8 3833.81 331.878747 338. 808111 
39 HtNI-MQVER-9 3S88. 47 4119.888 331.888803 347. 488884 
3# AS/RS CART 4414. 81 4489.88 378.807783 373. 937198 
37 MACHINE CENTER t 4978. 37 4897.78 388.484888 418. 488889 
#e AS/RS CART 4S49. 38 4888.4 381.499987 383. 388838 
3# AS/RS CART 4SS4. 17 4709.18 388.838481 387. 188898 
40 AS/RS CART 47SS. 8 4788.81 488.978847 483. 908818 
41 AS/RS CART 4848. 47 4898.48 489.884189 4*0. 18347 
4# AS/RS CART 4880. 88 4801.88 418.887893 413. 798498 
43 AS/RS CART 984S. 87 9899.88 443.078703 444. 880068 
44 f»/RS CART 9383. 78 9334.8 448.388338 450. 319687 
45 MACHINE CENTER t 9349. 18 9788.81 491.93888 483. 997985 
4# AS/RS CART 

MACHINE CENTER 
9389. 14 9398.19 494.984848 499. 484311 

47 
AS/RS CART 
MACHINE CENTER t 9413. 18 9780.848 498.888789 488. 887886 

4# AS/RS CMIT 
MINI-MOVER-9 

9888. 38 9813.38 478.801387 473. 831758 
4# 

AS/RS CMIT 
MINI-MOVER-9 9789. 91 9998.838 488.87839 988. 483332 

90 AS/RS CART 9839. 33 9890.34 488.803988 483. 838834 
91 MACHINE CENTER S 9899. 19 8378.898 483.888878 938. 989981 
9# Af/RS CART 9994. 83 9989.84 981.838199 383. 99992 
93 MACHINE CENTER 3 9979. 38 7180.898 903.98384 884. 397914 
94 AS/RS CART 8994. 38 8889.37 911.994488 911. 993887 
99 AS/RS CAMT 8378. 88 8383.87 937.911477 938. 891942 
9# AS/RS CART 8487. 88 8418.88 940.999431 941. 824787 
97 AS/RS CART 8449. 38 8498.39 944.980844 944. 880808 
9# AS/RS CART 8937. 88 8949.87 991.998888 991. 779894 n !3^£SS7 SSt: M 

8717.11 
8878.88 

80888 
811831 

•1 AS/RS CART 8884. 14 8889.89 988.948949 990. 479808 
•s AS/RS CART 7979, 88 7990.83 987.814948 988. 943911 
•3 M/RS CART 7848. 88 7897.88 811.899381 611. 828727 
•4 MINI-MOVER-9 7848. 38 7439.788 811.841173 817. 892194 
#9 AS/RS CART 7314. 44 7339.49 818.88318 618. 188525 ee AS/RS CART 7481. 88 7431.83 888.431494 827. 381819 
#7 AS/RS CrWtT 7484. 88 7499.89 631.799411 631. 884776 
## AS/RS CART 7979 7988.81 838.413179 640. 34254 
S# MINI-MOVER-9 7889. 8 7847.888 648.60499 662. 425972 
70 MACHINE CENTER 9 7888. 18 81*9.782 648.788923 683. 902212 
71 AS/RS CART 7744. 88 7799.89 693.73683 694. 665395 
72 M/RS CART 7847. 34 7898.39 681.481661 883. 331826 
73 AS/RS CART 7891. 58 7901.97 668.134319 687. 88368 
74 AS/RS CART 8848. 18 8I»9,17 679.393874 888. 282439 
79 AS/RS CART M40. 88 8391.67 794.043288 784, 972651 

OCCIS ION RULE SET» SPT/WINB 
TIME SCALINB FACTOR» U.SSSS t SIMULATION TIME» 718.SS8563 

MKIUSTEO 
RECOVERY 

TIME 

ACTUM. ACTUAL ADJUSTED 
FAILEO FAILING RECOVERY FAILING 

NO. COMPONENT TIME T|« TIME 

1 (W/RS CART 75.744 96.754 6.48332178 
2 AS/RS CART 151.28 162.3 12.9486957 
3 W/RS CIWT 188.81 199.92 16.1697866 
4 AS/RS CART 387.88 396.07 33.1304728 
5 MINI-MOVER'5 567.336 754.764 48.5612305 
6 <^/RS CART 910.636 821.646 69.3865393 
7 AS/RS CART 931.674 942.684 79.7488895 
8 AS/RS CART 994.58 1005.57 95.1295483 
9 MACHINE CEt-fTZfi 4 1039.47 1240.238 98.988033 
10 AS/RS CART : 133.95 1144.96 97.0606613 

7.4g57247S 
13.8980587 
17.iistsse 
34.8729797 
64,6841851 
70.3288423 
38.6892124 
86.0719513 
108.158483 
#8.8038843 
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11 mS/RS CART :255. 33 :2ss .37 :@7. 4527?2 ICS . 33S;?6 
12 mS/R3 CftR- (292. 76 1333 . 77 1 B5<»C3i til. 536436 
13 mS/R9 CART 1344. 59 1355 .6 115. 090431 116. 038834 
14 A9/RS CART 1366. 1 1397 .11 119. 643468 119. 585891 
IS AS/Rf CART 1551. 55 1568 .56 138. 805811 133. 747814 
16 A9/R9 CART 1788. 57 1731 .58 147. 878509 148. 814912 
17 A1/R9 CART 1388. 37 1833 .36 155. 986099 156. 983802 
18 A9/R9 CART 1914. 59 1885 .6 163. 978887 184. 88809 
19 A9/R8 CART 8085. 38 8018 .99 171. 708831 178. 844635 
80 At/Rl CART 8111. 81 8188 .88 ISO. 708413 181. 651316 
81 A9/R9 CART 8883. 37 8894 .39 195. 44548 188. 387883 
88 A9/R9 CART 8581. 85 8578 .as 819. 830871 820. 173074 
83 AS/Rf CART 8889. 37 3700 .38 830. 197188 831. 133583 
84 MACHINE CfMTtR S 8355. IS 3808 .946 844. 384583 874. 158753 
89 A8/R8 CART 8881. 51 8898 .58 246. 643385 847. 535733 
86 A#/R8 CART 3090. 55 3101 .56 884. 536803 865. 478806 
87 A9/R9 CART 3845. 77 3858 .78 877. 888887 273. 76483 
88 A#/R9 CART 3338. 7 3347 .71 885. 805458 286. 547861 
89 A9/R3 CART 3549. 3 3580 .31 303. 808894 304. 745397 
30 MACHINE CENTER 4 3670. 76 3878 .588 314. 199388 331. 489755 
31 A9/R9 CART 3806. 8 3917 .81 385. 886838 388. 788039 
38 A8/R9 CART 3849. 88 3880 .09 389. 488719 330. 405122 
33 MACHie# CENTER 5 3911. 17 4440 .838 334. 777384 380. 113842 
34 A9/R9 CART 3988. 8 3933 .81 335. 781439 336. 863842 
39 MINI-MOVER-9 3988. 47 4115 .898 338. 858181 358. 301055 
36 A9/R9 CART 4414. 81 4485 .88 377. 835187 378. 77753 
37 MACHINE CENTER 1 4579. 37 4957 .78 391. 886438 484. 396868 
38 A9/R9 CART 4649. 39 4680 .4 337. 965408 398. 307805 
39 A9/R9 CART 4994, 17 4705 .18 401, 798355 408. 740758 
40 A9/R9 CART 4769. 8 4780 .81 408. 880568 408. 168985 
41 A9/R9 CART 4849. 47 4859 .48 415. 005898 415, 848095 
48 A9/R$ CART 4999. 88 4901 .69 418. 618665 419. 581068 
43 Mt/n9 CART 5848. 97 5859 .98 449. 886584 450. 883337 
44 A9/R9 CART 5383. 79 5334 .8 455. 990736 456. 633133 
45 MACHINE CEffTER 1 5349. 88 5788 .61 457. 970905 490. 341433 
46 A9/R9 CART 5385. 14 5398 . 15 460. 948061 461. 684433 
47 MACHINE CENTER 8 5413. 12 @760 .946 463. 337014 493. 109245 
46 A9/R8 CART 5608. 36 5613 .39 479. 536759 480. 479162 
49 MINI-MOVER-5 5765. 51 5958 .938 433. 499302 509. 542836 
50 A6/R9 CART 5839. 33 5850 .34 493. 613538 500. 76034 Î 
51 NACHir« CENTER 6 5850. 19 6379 .852 500. 748102 546. 084613 
58 A6/R6 CART 5954. 63 5965 .64 509. 637863 510. 630036 
53 MACHir<C CENTTER 3 5970. 36 7160 .058 511. 034073 612. 866437 
54 m6/R6 CART 6054. 36 6065 .37 513. 224071 513. 166474 
55 f»yn9 CART 6372. 66 6383 .67 545. 463013 546. 411422 
56 A6/R6 CART 6407. 86 6418 .89 548. 463681 543. 426064 
57 A6/R@ CART 6445. 38 6458 .39 551. 693501 552. 635804 
56 A9/R9 CART 6537. 66 6548 .67 553. 592225 560. 534826 
59 Ae/R8 CART 6706. 2 6717 .21 574. 018437 574. 36034 
60 A6/R6 CART 6659. 06 8670 .09 537. 104223 533. 043632 
61 A6/R8 CART 6984. 24 6995 .25 597. 817323 538. 753726 
68 A6/R6 CART 7079. 82 7090 .83 605. 938511 606. 340314 
63 A6/R6 CART 7246. 68 7257 .69 620. 280923 621. 223326 
64 MINI-MOVER-5 7249. 36 7435 .738 620. 424724 636. 467653 
65 A6/R6 CART 7324. 44 7335 .45 . 626. 336305 627. 373203 
66 A6/R6 CART 742*. 22 7432 .23 635. 220707 636. 16311 
67 AS/R6 CART 7484. 23 7495 .23 640. 61834 641. 550745 
66 A8/R3 CART 7575 7586 .01 643. 383535 643. 325333 
63 MINI-MOVER-5 7668. 2 7347 .623 655. 676245 671, 7:3:73 
70 MACHIhE CEf-fTER 5 7686. 12 3215 .782 357. 694672 793. 23133 
71 A6/R6 CART 7744. 68 7755 .63 662. 90732S 663, 849723 
7g A6/RS CART 7347. 34 7338 .35 671. 634523 672. 336931 
73 AS/R8 CART 7631. 56 7302 .57 675. 473547 376. 42135 
74 AS/RS CART 9046. 16 3053 . 17 636 « 333753 633-826156 
75 ASXRS CART 3340-65 9351 .67 713. 320345 714. 252743 
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DECISION NULS S£T« OOftTS/RAfCCM 
TI^E SCALim PACTOR" M.857S I SfWLATION TIM:» 708.466423 

FAILED 
NO. CO^POMEMT 

ACTUAL 
FAILING 
TIME 

ACTUAL 
RECOVERY 
TlhS 

ADJUSTED 
FAILINO 

time; 
ADJUSTED 
RECOVERY » 
TIME 

1 A8/RS CART 79.744 88.794 
8 A9/R8 CART 191.29 182.3 
3 A8/R# CART 188.91 199.92 
4 A$/R$ CART 387.08 398.07 
S MINI-MCVER-9 987.338 794.784 
# A9/RS CART 810.838 881.848 
7 A9/RS CART 931.874 948.884 
8 A9/R8 CART 994.98 1009.97 
9 MACHIh# CENTER 4 1038.47 1240.838 
10 A8/R8 CART 1133.89 1144.98 
11 A1/R9 CART 1899.38 1888.37 
IS A8/R8 CART 1888.78 1303.77 
13 A9/R8 CART 1344.99 1399.8 
14 A8/R8 CART 1388.1 1397.11 
IS At/Rf CART 1951.99 1982.98 
le A8/R# CART 1710.97 1731.98 
17 M/R8 CART 1882.37 1833.38 
1# A9/R8 CART 1814.98 1929.8 
1# A8/R9 CART 2009.88 2018.89 
20 A8/R8 CART 2111.11 2121.12 
81 At/Rf CART 2283.37 2294.38 
99 A8/R9 CART 2981.29 2972.28 
99 A#/R8 CART 8889.37 2700.38 
84 MACHINE CENTER 2 2859.12 3202.848 
19 A8/R8 CART 1881.91 2881.92 
28 A8/R8 CART 3090.99 3101.98 
27 A8/R8 CART 3249.77 3298.78 
88 A8/R8 CART 3338.7 3347.71 
8# At/R8 CART 3948.3 3980.31 
30 MACHINE CENTER 4 3870.78 3872.928 
31 A8/R8 CART 3808.8 3817.81 
38 A8/R8 CART 3849.08 3880.08 
93 MACHINE CENTER 9 3911.17 4440.832 
34 AS/R8 CART 3822.2 3933.21 
39 MINI-MOVER-9 3928.47 4119.898 
3« A9/R8 CART 4414.21 4429.22 
37 MACHINE CENTER 1 4978.37 4897.72 
38 A8/R8 CART 4849.39 4880.4 
38 fm/n9 CART 4884.17 4709.18 
40 A8/R9 CART 4788.2 4780.21 
41 A8/R8 cmr 4848.47 4898.48 
42 A8yR8 CART 4880.88 4901.89 
43 A8/R9 CART 9248.87 9299.98 
44 A8/R9 CART 9323.78 9334.8 
49 MACHINE CENTER 1 9349,28 9728.81 
48 AS/RS CART 9389.14 9398.19 
47 MACHINE CENTER 2 9413.12 9780.948 
48 A8/R9 CART 9802.38 58:3.39 
49 MîNl-WOVBR'9 9789.91 9992.338 
90 AS/R8 CART 9839.33 9890.34 
91 MACHINE CENTER 8 9990,19 8379.892 
92 A8/R8 CART 5994.83 5385.84 
93 MACHINE CEfrrSR 3 9970.38 7180.053 
94 a8/R3 cart 8094.38 8089.37 
99 a8/r8 cart 8372.88 8383.87 
98 a8/rs cart 8407.38 8413.83 
97 as/rs cart 9449.35 8458.33 
99 as -"93 c,4s?t =53-^.5= 5543.57 
5-3 as/53 cart s7i^.3l  

S.387S01SS 
!i.7988057 
19.8319944 
33.848398 
47.8497888 
88.3848998 
78.9718884 
83.8793809 
87.9784308 
89.8308904 
109.888893 
108.083748 
U3.384789 
118.889483 
130.84897 
149.108718 
193.88783 
181.489811 
183.178914 
178.048891 
198.989848 
818.000708 
388.809983 
840.78387 
843.008947 
880.838747 
273.788089 
881.387989 
888.387014 
308.970834 
321.088178 
324.80888 
328.844884 
330.779188 
331.303874 
372,288418 
388.112704 
382.102112 
389.878983 
402.20818 
408.891344 
412.491088 
442.88719 
448.977028 
491.129017 
494.190929 
498.910993 
472,471684 
488.228088 
492.494828 
493.370437 
902.17839 
903.534325 
gi0.5s89s 
937.452533 
340.40278 
543.589303 
f3i .34751-5 
565.55:32= 

7.31838034 
13.8874841 
18.8800723 
33.9708744 
83.8923411 
88.8387743 
79.9004048 
84.8038383 
104.984393 
38.9991889 
108.788178 
109.898287 
114.323303 
117.824012 
131.777088 
148.031237 
194.818449 
182.393739 
170.101032 
178.97991 
193.494488 
218.928227 
227.734112 
270.117982 
243.938089 
281.987299 
274.897804 
282.328103 
300.299933 
328.98819# 
321.994838 
329.937208 
374.913981 
331.703718 
347.Î10949 
373.198837 
418.104844 
393.03083 
388.807111 
403.134899 
409.818383 
413.373809 
443.999889 
449.809948 
483.117197 
499.078443 
489.344189 
473.400:93 
502.039857 
493.383147 
938.033064 
903.i0€585 
803.837033 
911.917908 
335.381051 
941.33:288 
544.4353=7 
;fî,37§;7ç 

. 4Î 5â-r ' 
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80 A@/RS CART 6958. 08 8870 .08 573. 4S4325 57S. 382343 
61 AS/RS CART 6884. 14 6399 .15 368. 808981 363. 338038 
81 A8/R8 CART 7878. 82 7080 .83 987. 078134 587. 886751 
83 A#/R# CART 7146. 68 7197 .88 811. 141111 611. 07074 
#4 MINI-MOVER-9 7148. 36 7439 .768 811. 183803 617. 080474 
69 AS/Rt CART 7314. 44 7339 .49 617. 700041 616. 818998 
66 A#/## CART 7411. 11 7431 .13 619. 861689 616. 780413 
17 A#/R8 CART 7484. 88 7489 .18 831. 180003 831. 108531 
68 AS/RS CART 7975 7588 .01 638. 630781 638. 758311 
88 WlNI-M0VS1-9 7680. 1 7847 .618 648. 016098 661. 882618 
70 MACHIME CENTER 9 7686. 11 6119 .761 646. 101887 681. 678969 
71 A#/R# CART 7744. 68 7799 .68 693. 140601 894. 068111 
71 A9/R# CART 7647. 34 7898 .39 661. 7SS341 661. 786698 
73 AS/RS CART 7681. 96 7801 .97 669. 917988 666. 496113 
74 AS/RS CART 6048. 16 8098 .17 678. 734314 678. 681831 
79 AS/RS CART 8340. 66 8391 .67 783. 481038 704. 338996 

DEC It ION MULE SET« OOATE/PI## 
TIME tCALINO FACTO## 11.##73 i tlMULATION TIME" TOl.teOtat 

FAILED 
NO. COMPONENT 

ACTUAL 
FAILINB 
TIM: 

ACTUAL 
WECOVEAY 
TI« 

AOJUtTEO 
FAILINS 
Tl« 

AOJUtTEO 
WECOVEAY 
TIME 

1 AS/R# CART 
1 A#/R# CART 
3 AS/RS CART 
4 M/RS CART 
9 MINl-MOVER-9 
6 AS/RS CART 
7 M/RS CART 
S AS/RS CART 
S HACHIW CENTER 4 
10 AS/RS CMIT 
11 AS/RS CART 
11 AS/RS CART 
13 AS/RS CART 
14 AS/RS CMT 

' 19 AS/RS CART 
16 AS/RS CART 
17 AS/RS CART 
IS AS/RS CART 
IS AS/RS cwrr 
10 AS/RS CART 
11 AS/RS CART 
11 AS/RS cmr 
13 AS/RS CART 
14 MACHINE CENTER 1 
19 A8/RS CART 
IS AS/RS CART 
17 MI/RS CART 
18 AS/RS CART 
18 AS/RS CART 
30 MACHINE CENTER 4 
31 ^/RS CART 
31 AS/RS CART 
33 MACHINE CENTER 5 
34 A8/I» CART 
39 MINI-MOVER-9 
38 M/RS CART 
37 MACHINE CENTER 1 
% AS/RS CM*T 
38 A8/R8 C«RT 
40 A8/R8 c«rr 
41 A8/RS CART 
41 A8/R9 CART 

75.744 
191.» 
Itt.Sl 
3t7.0t 
9t7.tat 
•10.tat 

IMS.47 
1133.99 
1:99.3# 
l«#t.7# 
1344.9# 
13##.I 
1991.99 
171#.97 
1111.37 
1814.9# 

UP,.U 

îm:?I 
i##1.91 
3#M.W 
3149.77 
333#.7 
3948.3 
3679,7« 
388#.# 
3848.8# 
3811.17 
3811.1 
3818.47 
4414.11 
4978.37 
4848.38 
4884.17 
4788.1 
4848.47 
4880.68 

88.794 
181.3 

3M*S 
794.7#4 

SiIMÎ 
1##9.97 
114#.13# 
1144.8# 
11##.37 
13#3.77 
1399.# 
1397.11 
19#1.9# 
1731.9# 
t#33.38 
1819.# 
let#.88 
1111.11 
1184.38 
1971.1# 
1700.3# 
3101.84# 
1881.91 
3181.9# 
319#.7# 
3347.71 
3980.31 
3871.928 
3817.81 

4440.831 
3833.11 
4119.888 
4419.11 
4897.71 
4880.4 
4709.18 
4788.11 
4898.48 
4901.88 

#.31#14143 
II.#4173# 
19.7991917 
31.3419849 

77.8903447 
#3.109#7#3 
##.7741##1 
«4.7914949 
194.##7431 
te#.eii9#i 
III.393497 
119.811#1# 
118.#4#8#1 
143.770111 
191.179961 
198.8M491 
1#7.#188## 
178.411#48 
180.787977 
114.01713 
114.711781 
138.971801 
148.77784 
198.149148 
171.119379 
178.813493 
188.978133 
388.717387 
318.078118 
311.817741 
318,81988 
317.737813 
318.181941 
388.848801 
381.986891 
388.981398 
381.143198 
386.511638 
405.138411 
408.6834Ô3 

7.14#133#7 
13.9#17187 
1#.7#91434 
33.1#198#1 
#3.0#7###7 
##.#9#444# 
7#.77#33#3 

1#3.#33#41 
89.8714463 
189.817411 
188.841993 
113.173448 
116.74181 
130.9#6891 
144.880103 
193.186974 
160.801444 
166.93886 
177.331841 
181.717568 
114.837111 
115.641783 
167.637017 
141.687831 
158.169138 
171.139367 
178.733445 
187.488124 
313.567048 
318.88811 
311.547733 
371.074326 
328.657614 
343.821898 
368.788783 
414.269302 
388.42135 
383.16315 
388.43263 
406.058403 
408.583455 
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43 AS/RS CART 5S4S. 37 5253 .33 4 33. 30234? 433 .92ac a 
44 AS/RS CART 3323. 79 5334 .3 . 353373 445 .7T3&TI 
49 MACHINE CENTER 1 9349. 26 9728 .61 446. 988244 478 .630333 
48 A9/RS CART 9389. *4 9396 . 19 443. 880383 490 .300395 
47 MACHINE CENTER 2 9413. IS 9780 .948 492. 318362 481 .382973 
48 AS/RS CART 9888. 39 9813 .39 468. 13888 469 .098892 
49 MINI-MOVER-9 9789. 91 9992 .938 4SI. 783944 497 .48936 
90 AS/RS CART 9839. 33 9890 .34 487. 832317 488 .898308 
91 MACHINE CENTER 8 9890. 19 8379 .892 486. 839774 933 .098141 
9« AS/RS CART 9994. 83 9989 .84 497. 986743 498 .488739 
93 MACHIM: CENTER 3 9970. 38 7180 .098 498. 881137 988 .291874 
94 AS/R8 CART 8094. 38 8089 .37 909. 800148 906 .820138 
99 AS/RS CART 8378. 88 8383 .87 932. 48718 933 .417172 
98 AS/RS CART 8407. 89 8418 .89 939. 44019 936 .380148 
97 AS/RS CART 8449. 38 6498 .39 933. 973337 938 .433823 
98 AS/RS CART 8937. 88 8948 .87 948. 884921 947 .804912 
98 AS/RS CART 8708. a 8717 .81 980. 367883 961 .287694 
80 AS/RS CART 8899. 08 8870 .08 973. 14826 974 .062292 
81 AS/RS CART 8984. 84 8999 .29 983. 800989 984 .920976 
88 AS/RS CART 7079. 88 7080 .83 931. 987819 988 .507207 
83 AS/#S CART 7848. 88 7297 .83 60S. 988377 806 .449869 
84 MINI-MOVER-9 7143. 38 7439 .788 809. 870398 881 .331773 
89 AS/RS CART 7384. 44 7339 .49 618. 087979 812 .847966 
88 AS/RS CART 7481. 88 7432 .23 820. 114477 821 .034469 
87 AS/RS CART 7484. 88 7499 .29 889. 383748 626 .303739 
88 AS/R8 CART 7975 7988 .01 838. 884278 833 .88487 
89 MINI-MOVER-9 7880. 8 7847 .828 640. 08396 695 .744976 
70 MACHINE CENTER 9 7888. 18 8819 .782 842. 849486 886 .907732 
71 m/n9 CART 7744. 88 7799 .89 647. 142878 848 .08867 
78 AS/RS CART 7847. 34 7898 .39 699. 720911 698 ,640802 
73 M/RS CART 7881. 98 7908 .97 898. 419918 660 .33991 
74 AS/RS CART 8048. 18 8099 . 17 672. 901398 673 ,42139 
79 AS/RS CART 8340. 88 8391 .87 636. 342993 337 .832344 

QECIStON RULE SET» OOATE/NIMG 
TIME 8CAL1N9 FACTOR» 11,7983 » SIMULATION T»«» 7:4.392933 

ACTUAL ACTUAL A0JU9TE0 ADJUSTED 
FAILED FAILING RECOVERY FAILINO RECOVERY 

NO. COMPONENT TIME TIME TIP« 

1 A9/R8 CART 79,744 86,794 8.44141884 7,37773031 
2 A8/R8 CART 191.29 162.3 12.8699894 13.8023114 
3 AS/RS CART 188.91 199.92 16.0692782 17.0019903 
4 AS/RS CART 387,06 399.07 32.9183442 33.8528963 
9 MINI-MOVER-9 967.336 794.764 48.2473701 §4,1886181 
6 AS/RS CART 910.636 821.646 89.9380809 68.874393 
7 AS/RS CART S31.674 942.684 78.2313908 80.1677027 
9 AS/RS CART 994.96 1009.97 84.9783399 89.919692 
9 MACHINE CENTER 4 1038,47 1240.238 88.3139328 109.472231 
10 AS/RS CART 1133.99 1144.96 36.4333388 37,3696913 
11 AS/RS CART 1299.36 1266.37 106.798289 107.89453? 
12 AS/RS CART 1292.76 1303.77 109,338899 110.879167 
13 AS/RS CART 1344.98 1399.6 114.34699 115.282832 
14 AS/RS CART 1386.I 1397.11 117.876872 118.812334 
19 AS/RS CART 1991.99 1962.96 131.346386 132,333173 
16 AS/RS CART 1720.97 1731,98 146.320699 147,253371 
17 AS/RS CART 1822,37 1833,38 194,977932 155,314244 
19 AS/RS CART 19:4,99 1329,6 162,820902 183,7968Î4 
19 AS/RS CART 2009,38 2018,33 170,992487 171.9283 
20 AS/RS CART 2111.21 2122,22 173.941454 180,477783 
21 AS/RS CART 2283.37 2234,38 134,182273 135,113531 
22 AS/RS CART 3961,39 2972,26 317.813741 213,750053 
83 AS/RS CART 2693,37 2700,33 223.703313 223,64583 
24 MACHINE CEtrren 2 2395.12 3202,345 342.3C5?24 £"3. 
25 AS/RS CART 5331.51 2832,5= 24%.345=-2 
26 ^3/9-S CAPT 313: .5- 5=2. rSî-TÏ: ZCi ' 3 < 
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a? AS/RS CART 3245. 77 3256 .73 «rs.ssesii 
as AS/RS CART 3338. 7 3347 .71 233. 753835 £â4. 6â5o47 
89 AS/RS CART 3949. 3 3560 .31 301. 839458 308. 77577 
30 MACHINE CENTER 4 3670. 76 3878 .588 318. 188855 389. 387403 
31 A9/RS CART 3886. 8 3817 .61 383. 780758 384. 857018 
38 Af/RS CART 3849. 88 3880 .09 387. 333339 388. 283851 
33 MACHINE CENTER 9 3911. 17 4440 .838 338. 613599 377. 657034 
34 AS/RS CART 3988. 8 3933 .81 333. 991608 334. 4879a 
39 MINI-MOVER-9 3988. 47 4115 .888 334. 084881 350. 084067 
38 A8/R9 CART 4414. 81 4489 .88 379. 393107 378. 389419 
37 MACHINE CENTER t 4978. 37 4897 .78 389. 393598 481. 814886 
38 A9/R9 CART 4849. 39 4880 .4 399. 393878 386. 389588 
39 A9/R9 CART 4684. 17 4709 . 18 399. 801458 400. 137788 
48 A9/R9 CART 4789. 8 4780 .81 409. 588195 408. 518467 
4t AS/RS CART 4848. 47 4899 .48 418. 383431 413. 859744 
48 A8/RS CART 4880. 88 4901 .68 419. 913093 418. 849365 
43 A9/R8 CART 9848. 87 9899 .88 448. 38874 447. 319852 
44 A9/R8 CART 9383. 79 9334 .8 498. 74998 453. 881892 
49 MMCHIW CENTER 1 9349. 88 5788 .81 494. 911993 487. 178289 
48 A9/R9 CART 9389. 14 5388 . 15 457. 868905 458. 399816 
47 MACHINE CENTER t 9413. 18 5760 .848 480. 348379 489. 922186 
48 A8/R9 CART 9888. 38 5613 .38 478. 437488 477. 373734 
48 MINI-MOVER-9 9789. 91 5998 .938 480. 310318 586. 849584 
2® A9/R9 CART 9839. 33 9890 .34 488. 988116 487. 524488 
91 MACHINE CENTER 8 9890. 19 8379 .858 497. 911878 548. 599171 
9* A8/R8 CART 9994. 83 9989 .84 508. 383499 307. 323787 
93 MACHINE CENTER 3 9970. 36 7180 .058 907. 731189 888. 805425 
94 AS/R9 CART 8094. 38 8089 .37 514. 874881 919. 811003 
99 A9/R9 CART 8378. 88 8383 .87 541. 943949 948. 879881 
98 A8/R8 CART 8407. 88 8418 .89 944. 938727 549. 875039 
97 W/R8 CART 8449. 38 8498 .39 948. 187801 949. 084113 
98 A9/R8 CART 8937. 88 6948 .87 999. 979474 55#. 911786 
98 A8/R9 CART 8708. 8 8717 .81 970. 308447 571. 244759 
88 AS/R9 CART 6899. 88 8870 .08 583. 309883 984. 245975 
81 AS/RS CART 8884. 84 6999 .89 993. 993916 594. 889929 
88 A#y#S CART 7079. 88 7080 .83 802. M1887 803. 01814 
83 AS/RS CART 7848. 88 7897 .89 616. 27193 817. 808242 
84 MINI-MOVER-9 7848. 36 7439 .788 616. 414801 832. 354047 
89 AS/RS CART 7384. 44 7339 .49 682. 884793 823. 621105 
88 AS/R9 CART 7481. 88 7438 .23 631. 115159 632. 051487 
87 A#/R8 CART 7484. 88 7499 .89 839. 477901 837. 414214 
88 AS/RS CART 7979 7588 .01 644. 192909 845. 129231 
89 MINI-MOVER-9 7660. 8 7847 .888 851. 438485 687. 37773; 
70 MACHINE CENTER 5 7686. 12 8219 .782 653. 642773 338. @88272 
71 AS/RS CART 7744. 98 7759 .89 658. 62283 859. 559142 
78 AS/R8 CART 7847. 34 7858 .35 687. 393238 688. 289551 
73 AS/RS CART 7891. 98 7908 .57 671. 113799 672. 090107 
74 A8/R8 CART 8048. 18 8099 . 17 684. 431387 @#5. 38767S 
79 AS/RS CART 8340. 66 639 Î .67 709. 308143 710. 242454 

DECISION RULE SET» ODATE/WINO 
TIME SCALING FACTOR» 1X6064 

FAILED 
NO, CO*#ONEHFT 

SIWLATION TIKE® 7g3,73Sôg7 

ACTUAL ACTUAL ADJUSTED ADJUSTED 
FAILINS RECOVERY FAILIW RECOVERY 
TIME Tn« T1(4E TIME 

79.744 88.754 6.52805458 7.47488315 
191.29 182.3 13.0350498 13.3838843 
188.91 •99.93 18.2783843 17.8243733 
387.08 338.07 33.348842 34.2974583 
587.336 794.784 48.8813088 69.0238854 
810.@36 821.648 83.3438758 78.7324333 
931.S74 342.884 83.2724359 8î.22îç5e4 
994.5S 1305.57 35.3386534 88.833335 

.47 1=43.252 55. -^"'33 IÇS.êSÎ.:3 
t133.35 : 144,=S 57, 5 33 . 34 5-'. 2-3 

I AS/RS CART 
S AS/RS CART 
3 AS/RS CART 
4 AS/RS CART 
5 MINÎ-MOVER-0 
S AS/RS CART 
7 AS/RS CART 
3 AS/RS CART 
9 fîftCHÎ'-E 4 
î? %S/95 CSST 
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It mS/RS CA9- 1339. 36 :2S8 .37 103 .tai@i3 1S3. ic@a*a 
IS A@/#9 CA?T tSiS. :303 .77 .313375 11 £ ,  
13 M/nt CART 1344. 53 1355 .6 1:5 .849014 118, 797829 
14 Af/RS CART 1306. 1 1397 . 11 119 .485409 180. 374104 
19 Af/R8 CART 1551. 55 1508 .50 133 .680550 134, 88917 
10 AS/RO CART 1780. 57 1731 .59 140 .843811 149, 191985 
17 At/RO CART 1088. 37 1333 .39 157 .014834 157. 968843 
10 AO/RO CART 1014. 59 1985 .0 164 .95995 165. 909484 
IS AS/R8 CART 8008. 90 8010 .99 178 .833954 173. 798563 
SO AO/RO CART 8111. 81 8188 .88 161 .900503 198, 849113 
CI Af/Rf CART 8803. 37 8894 .39 130 .733699 197. 693313 
8C AO/RO CART 8501. 85 8578 .80 380 .075868 881. 084870 
C3 AO/RO CART 8000. 37 8700 .30 331 .714390 838. 063013 
84 MACHINE CENTER 8 8055. 18 3808 .940 845 .905313 879, 903779 
85 AO/RO CART 8001. 5t 8008 .58 848 .889058 849, 817873 
80 AO/RO CART 3000. 55 3101 .50 800 .879811 897. 889486 
87 AO/RO CART 3845. 77 3850 .70 879 .053467 890. 608031 
80 AO/RO CART 3330 7 3347 .71 807 .407938 86# 438538 
80 AO/RO CART 3540. 3 3500 .31 305 .009410 300. 754038 
30 mCHINE CEWER 4 3070. 76 3878 .589 318 .870334 333, 154533 
31 AO/RO CART 3000. 0 3017 .01 387 .974881 389, 988336 
38 AO/RO CART 3040. 00 3960 .00 331 .634871 338. 588165 
33 MACH!»>C CE^fTER 5 3911. 17 4440 .938 330 .993905 388. 810845 
34 AO/RO CART 3988. 8 3933 .81 337 .934843 338 998859 
35 MÏNI-M0VER-5 3080 47 4115 .333 339 .474408 354. 683139 
30 AO/RO CART 4414. 81 4489 .88 380 .38591 391. 874185 
37 MACHINE CENTER 1 4570. 37 4957 .78 394 .40943 487, 153994 
30 AO/RO CART 4049. 39 4000 .4 400 .599408 401, 537093 
30 AO/RO CART 4094. 17 4705 .10 404 .440695 405. 395839 
40 AO/RO CART 4709. 8 4710 .81 410 .911881 411. 059936 
41 AO/RO CART 4040. 47 4959 .40 417 .74*074 418, 009689 
48 Af/Rf CART 4000. 00 4901 .69 481 ,37789 483, 386475 
43 AO/RO CART 5840. 07 5850 .98 458 .847997 453, 199512 
44 AO/RO CART 5383. 79 5334 .9 459 .094341 459, 642955 
45 MACHINE CENTER 1 5349. 89 5780 .01 460 .88898 493. 573373 
40 AO/RO CART 5305. 14 5396 . 15 403 ,990819 464, 929332 
47 MACHINE CE^ITCR S 5413. 18 5710 .346 486 .390957 498, 359421 
40 AS/RS CART 8008. 30 56*3 .33 492 ,097477 493, 848093 
49 MINI-MOVER-5 5705. 51 5952 .939 436 .798654 512, 90133 
50 AO/RO CART 5639. 33 5950 .34 503 ,112939 504, 061532 
51 MACHINE CENTER 6 5050. 19 9379 .952 504 ,043689 549. 603*87 
53 ^/RO CART 5954. 03 3965 .94 513 ,0471:8 513. 995730 
53 MACHINE CENTER 3 5973. 36 7160 .059 514 ,408399 619, 9080:7 
54 Af/RO CART 0054. 36 6065 .37 521 .039739 522, 5864 
55 AO/RO CART 0378. 96 0303 ,67 549 ,064309 550, 012924 
50 AO/RO CART 0407. 99 6419 .99 552 ,099942 553. 047457 
57 AO/RO CART 044S. 30 6456 .39 555 ,329919 556. 879433 
50 AO/RO CART 0537. 66 @540 .07 503 ,890994 594, 2292:3 
59 AO/RO CART 0700. 8 6717 .81 577 .901903 579, 790517 
00 #MI/RO CART 0059. 00 6970 .09 590 ,973945 591, 98256 
01 AO/RO CART 0904. 84 6395 ,25 601 ,757651 602, 706265 
OS W/R@ CART 7079. 98 7090 .93 609 ,992763 910. 941377 
63 AO/RO CART 7846. 60 7257 .69 624 .369313 625. 317929 
64 MINI-MOVER-5 7240. 36 7435 .763 624 .514061 640. 69273# 
65 AS/RS CAST 7384. 44 7335 ,45 631 .069065 032. 017g@ 
66 AS/RS CART 7421. 38 7432 .23 633 .407565 649. 356:35 
67 AS/RS CART 7484. 83 7495 .23 644 .340777 645. 799332 
63 AS/RS CART 7575 7fS5 ,0: 652 ,657154 953. 605763 
69 MINI-MOVER'S 7660. g 7347 .623 653 .9*7332 676. 146603 
70 MACHINE CENTER 5 7@SS. 12 S215 .782 632 .231133 707. 969522 
71 AS/RS CART 7744. 60 7755 .69 667 ,276675 663. 325299 
73 AS/RS CART 7947. 34 7359 .33 676 ,121735 677. 070409 
73 AS/RS CART 7991. 56 7902 .5? 67# .931762 690, 990376 
74 AS/RS CART 3046. 16 305S . Î7 353 ,424319 654. 372553 
75 AS/RS CART 6340. 65 635 Î ,S7 713 .62593 713. 574545 
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ose ÎS row 9ULS ÎS'» SLACK/RAP-iCOr; 
TIME SCALim FACTOR* iUô784 i SIMULATION TIME» ?t3.2rS8J3 

FAILED 
NO. COMPONENT 

ACTUAL 
FAILING 
TIME 

ACTUAL 
RECOVERY 
Tll« 

ADJUSTED 
PAILINQ 
Tir-s 

ADJUSTED 
RECOVERY 
T»'» 

I AS/RS CART 75.744 36.754 
a AS/RS CART îst.as 188.3 
3 AS/RS CART 183.3I tSS.SS 
4 AS/RS CART 337.08 383.87 
5 MIWÎ-M0VER-9 587.338 754.784 
8 AS/RS CART 3(0.838 @31.848 
7 AS/RS CART 331.874 348.834 
8 AS/RS CART 384.58 1305.57 
S MACHINE CENTER 4 *038.47 1840.238 
*0 AS/RS CART 1133.35 % 144.30 
II AS/RS CART ;855.38 1888.37 
IS AS/RS CART 1838.78 Î303,77 
13 AS/RS CART 1344.59 1355.8 
14 AS/RS CART 1388.1 1317.11 
15 AS/RS CART 1551.55 1582.58 
18 A9/R3 CART 1720.57 1731.58 
17 AS/RS CART 1888.37 1833.33 
18 AS/RS CART 1914.59 1925.8 
19 AS/RS CART 2005.98 2018.99 
29 A9/R9 CART 2111.21 2122.22 
21 AS/RS CART 2283.37 2294.38 
22 A9/R8 CART 2561.25 2572.28 
23 AS/RS CART 2889.37 2700.38 
24 MACHINE CEfTTER 2 2899.13 3202.948 
29 AS/RS CART 2891.51 2892.52 
29 AS/RS CART 3090.55 3101.58 
27 A#/R9 CART 3245,77 3258,78 
28 AS/RS CART 3338.7 3347.71 
29 AS/RS CART 3549.3 3580.31 
30 MACHINE CEf-ÎTER 4 3870.78 3872 92# 
31 AS/RS CART 3808.8 3817.81 
32 AS/RS CART 3849.08 3880.09 
33 MACHIhm CENTER 5 3311.17 4440.833 
34 AS/RS CART 3922,2 3933,21 
39 M%NI-M0VER-5 3929,47 4119.393 
38 AS/RS CART 4414.21 4425.22 
37 «ACHîr« CEr<ITER 1 4978,37 4397,72 
39 AS/RS CART 4849,39 4880,4 
39 A8/R8 CART 4894,17 4705,13 
40 AS/RS CART 4799.2 4733.2: 
41 AS/RS CART 4843,47 4893,43 
42 AS/RS CART 4399.69 4301.83 
43 AS/RS CART 9248.97 9259,98 
44 AS/RS CART 9323.73 5334,3 
49 MACHINE CE^^TER Î 9349,26 9728,81 
46 AS/RS CART 9389,14 9336,19 
47 MACHINE CBMTER 2 5413,18 9760,346 
48 AS/R3 CART 5602,38 5613,33 
49 MINI-MOVER'9 9769,91 9998,338 
90 AS/RS CART 9633,33 9890,34 
91 MACHINE CENTER 8 5890,13 6379,892 
92 AS/RS CART 9354,63 5969,64 
53 MAÇHI^C CSf-rrSR 3 9373,36 7160,053 
54 AS/RS CART 8094,38 6065.37 
99 A6/RS CART 6372.66 6383,87 
56 AS/RS CART 6407,38 64!6.S9 
97 AS/RS CAST f445.33 8456.33 
99 eS/RS CART Ç54S.Ç' 

8.48581998 
18.9548858 
18.1780173 
33.1432388 
48.5799425 
89.4132753 
79.777538 
85.188351 
38.9232339 
97.0980814 
107.494177 
110,638871 
119.134779 
118.839204 
132.898384 
147.329257 
158.048205 
183.942835 
171.769393 
180.779045 
199.92079 
219.315148 
230,285827 
244.479638 
248.738423 
284.833135 
277.929339 
235,715509 
303.920058 
314,320455 
325.992189 
329.98387 
334.308323 
339.890801 
338.38789 
377.980717 
332.037437 
388.119743 
401,893173 
408.37788 
415,169809 
418,77987 
449,459636 
459,966386 
455.047335 
461,113874 
463,91959 
479,721537 
493,8900# 
500,011131 
900,341054 
903,38406 
911,238391 
915,423757 
549,673203 
943,835027 
591,508033 

7,48893811 
13.8974517 
17.1187834 
34.0880043 
84.3283338 
70.3580413 
@0.7203041 
38.1051172 
108.199303 
93.04032T5 
108.433343 
111.833437 
118.077545 
118.83197 
133.799151 
14$.272023 
158.988371 
184.885801 
172.711159 
181.721811 
198.483557 
220.257912 
231.228533 
274.282333 
247.881189 
265.580902 
278.872138 
238.658275 
3#4.982324 
331.537473 
328.894851 
330.532436 
380,26031 
336,733563 
352,436805 
373,323483 
424,520432 
333,081519 
402,893945 
403.320828 
413.108371 
413.722736 
450,402452 
496,803192 
490,530381 
462,06244 
493,283253 
480,564504 
509,733177 
500,393338 
946-23504 
513.323325 
613. 102691 
919.386523 
548,821363 
549.637733 
552.343843 



www.manaraa.com

369 

69 .»S/#3 CART 
SI AS.-^S C*"?? 
es ms/ms cart 
83 AS/R9 CART 
@4 MIMI-MOVER-5 
S5 mS/RS CART 
fS A#.-## CART 
87 AS/R8 CART 
88 A9/R9 CART 
89 MIN%-M0VER-5 
70 MACHINE CENTER 5 
71 A9/R# CART 
78 A#/R9 CART 
71 A9/R9 CART 
74 A#/R9 CART 
75 A9/R9 CART 

@353. ja 6675 .C3 
3334. 24 3333 .25 
7079. 88 7090 .33 
7848. 88 7857 .83 
78 # 38 7435 .788 
7384. 44 7335 .45 
7481. 88 7438 .83 
7484. 88 7485 .83 
7575 7588 .01 
7880. 8 7847 .888 
7888. 18 8315 .788 
7744. 88 7?55 .89 
7847. 34 7858 .35 
7991. 58 7908 .57 
9048. 18 8059 . 17 
8340. 88 8351 .87 

'373 
@08.233818 
@20.513534 
820.86379 
887.17833 
835.485479 
840.885187 
848.833374 
855.988894 
858.*48377 
883.182781 
871.95335 
8?5.?3t328 
889.249188 
714.195438 

««».£.  w 
3âé«^444 
SOT.174734 
aai.4Ga? 
#38.712308 
883.18:147 
838.408841 
841.807953 
849.57814 
871.378©!I 
703.902383 
8£4. 103528 
878.89811# 
878.882334 
880. I'M 4 
715.138284 

DEC 19ION RULE fET» SL;»CK/PMF3 
TIME 9CALIN6 FACTOR* 11.7574 » 91M»LATI0N TIME# 714.44387 

ACTUAL ACTUAL ADJU9TE0 ADJUSTED 
RAILED RAILINQ RECOVERY PAILIW RECOVERY 

NO. COMROI«MT TI^« Tl« TIME TIME 

1 A9/R9 CART 75.744 96.754 6.44224069 7.37167218 
8 A8/N9 CART 151.29 168.3 12.8676408 13.3040723 
3 A9/R8 CART 188.91 189.98 16.0673878 17.0037593 
4 A#/R9 CART 387.06 398.07 32.8805437 33.3589752 
9 MINI-MOVER-5 587.338 754.764 48.2935255 64.194905 
e A9/R9 CART 810.838 681.64# 88.8488761 §9.3833078 
7 AS/R9 CART 931.674 948.684 79.241499 60.1779305 
8 A8/N9 CART 994.56 1005.57 84.5901305 95.528512 
9 MACHir« CÊ fTER 4 1038.47 1840.838 88.3847998 105.485737 
10 A9/R9 CART 1133.85 1144.96 96.4458427 97.3820743 
11 A9/R9 CART 1855.38 1868.37 106.771905 107.708337 
18 A9/R9 CART 1898.76 1303.77 109.952881 110.889312 
13 A9/R9 CART 1344.59 1355.6 114.38118# 113.2978 
14 A9/R9 CART 1388.1 1397.11 117.891711 118.828142 
15 A9/R9 CART 1551.55 1568.58 131.9637 138.900131 
IS AS/R# CART 1780.57 1731.58 148.33-9327 147.275758 
17 A8/R3 CART 1832.37 1833.38 154.397704 155.934135 
19 A#/R9 CART 1314,53 1985.6 162.841274 183.777708 
19 A8/R9 CART 8005.38 8016.93 170.614851 171.550653 
SB A3/R8 CART 8111.81 2188.88 179.584359 180.500731 
21 Af/R8 CART 8883.37 8894.38 194.807053 135.143484 
38 A9/R9 CART 8561.85 8578.8» 817.84153 218.777381 
83 A9/R# CART 8889.37 8700.39 888.738437 229.674923 
34 KMCHl̂ C CEMTER 2 8855.18 3808.948 842.838001 272.413532 
89 A9/R9 CART 8881.51 8898.52 245.080545 248.016977 
88 A9/RS CART 3080.55 3101.58 282.959988 233.798413 
17 A#/R# CART 3845.77 3858.78 276.081884 276.393318 
88 AS/RS CART 3336.7 3347.71 233.795737 294.732183 
89 AS/RS CART 3549.3 3580.31 301.377388 302.814353 
30 MftCHff«(E CEffTCR 4 3870.7# 3872.523 312.208481 329.369415 
31 A9/R3 CART 3806.6 3817.81 323.788058 324.898438 
32 A8/RS CART 3849.08 3880.09 327.3751 388.311532 
33 MACWIf̂  CEffTER 5 3311.17 4440.832 332.858029 377.705275 
34 AS/IRS CART 3922.2 3333.21 333.534132 334.530593 
35 MÎNÎ-K0VSR-5 3928.47 4115.83-3 334.127443 352.083723 
38 A3/R9 CART 4414.21 4425.22 375.440399 373.37743 
37 MACHINE CENTER • 4578.37 4957.72 333.403293 421.553355 
33 A3/R3 CART 4843.33 4883.4 395.44372 393.383 !52 
39 AS/RÇ CART 4884.17 4733.15 333.252333 403.:33317 
40 AS/RS CART 4783.2 4730.21 405.833c33 40S.57Ç33 
t • AÇ./9S C®'" 42̂ ?.47 4353.43 4:2.3-=;; =5 

se .'9C 2̂??.== 433 ' . r 



www.manaraa.com

370 

•as CAPT 
44 mS,/Rg CAPT 
45 MFTCHTFC CEMTSR J 
48 #S/R@ CART 
47 MPICHINF CENTER S 
4» AS-'RS CART 
49 M%N:-PWVER-3 
59 mS/RS CART 
5Ï FFWCHIMC CENTER S 
58 A9/RS CART 
51 MACHINE CEHFTER S 
54 A»/*RS CART 
55 AS/RS CART 
5I A#/R# CART 
57 AS-<^S CART 
5» A9/RS CART 
5T AF/RS CART 
TE AS/RS CART 
•T AS/RS CART 
•8 AS/RS CART 
•3 AS/RS CART 
54 MFNF-MOVER-9 
59 AS/RS CART 
55 AS/RS CART 
S7 AS/RS CART 
SS AS/RS CART 
S# MINI-IMCVER-5 
70 MACHINE CENTER 5 
71 AS/RS CART 
71 AS/RS CART 
73 AS/RS CART 
74 AS/RS CART 
75 AS/RS CART 

5843. 3? 5â5S. 33 , 439̂ 3 3 «*47 . 
5383. ?3 5334. 8 658. 33334 ; 4̂ 9. T33778 
5349. SS 5783. a* 454. 963636 437. 234423 
5385. *4 5398. *5 453. 02*33* 4S3. 957763 
54*3. *8 5780. 948 460. 40**09 433. 38469 
5803. 38 5813. 39 476. 493805 477. 434637 
5785. 5* 5958. 939 490. 378972 506. 3*4*5* 
5939. 33 5850. 34 498. 95*47 497. 597302 
5850. *9 8379. 953 497. 575*44 548. 68433 
5954. 83 5995. 84 509. 45909 507. 394492 
5970. 38 7*80. 059 507. 79594* 606. 333:33 
8054. 38 8085. 37 5*4. 940379 5*5. 376383 
f3?t. 88 8383. 87 548. 0*889 548. 949*8* 
8407. 88 84*8. 83 545. 00385 545. 344S32 
8445. 38 8458. 39 548. *97731 549. *34*63 
8537. 88 8548. 87 559. 049405 556. 992337 
8708. 8 87*7. 8* 570. 39*807 57*. 3*7933 
8859. 08 8870. OS 593. 394031 534. 3805*3 
8984. 84 #985. 35 584. 089898 534. 365784 
7079. 88 7090. 83 808. *5864* 803. 095078 
7848. 88 7857. 83 9*8. 350554 8*7. 888985 
7849. 38 7435. 78# 8*9. 493448 632. 434788 
7314. 44 7335. 45 888. 98489* 683. 900632 
748*. 88 7438. 83 83*. *95873 638. *38*f4 
7484. 89 7495. 89 <39. 559*03 637. 435534 
7575 7588. 0* 844. 875095 845. 8**529 
7880. 8 7847. 888 851. 58*595 867. 438375 
7898. *8 88*5. 782 853. 789*64 698. 77541 
7744. 88 7755. 88 958. 706957 959. 643899 
7847. 34 7959. 35 687. 439379 663. 3743 i i 
7991. 58 7908. 57 97*. 199419 978. *35346 
9049. 19 8058. *7 884. 519999 995. 455**2 
8340. 88 8351. 97 703. 396935 7*0. 333037 

DECISION RULE SET» SLAC%/NI>A 
TIME SCALIM FACTOR* U.SSS 

RAILED 
NO. COMPOf̂ f̂T 

ACTUAL 
FAILING 

TLT« 

t  SIMULATION TTT'ÎE» 7S4,AA03ÉÏ 
ACTUAL 

RECOVERY 
TIME 

AOJUSTES 
3AILIW 
TIt« 

ADJUSTED 
RECOVERY 

TIME 
*  AS/RS CART 75.744 66.754 
2 A9/R9 CART 15*.29 *62.3 
3 A9/R9 CART *99.9* *99.92 
4 AS/R9 CART 397.06 399.07 
5 MINI-MOVER-5 567.336 754.794 
9 f̂ /RS CART 9*0.936 92*.646 
7 A9/R9 CART 93*.674 948.614 
9 A9/R9 CART 994.56 *005.57 
9 MACHINE CENTER 4 *039.47 *240.238 
10 A9/R9 CART **33.95 **44.96 
* *  A9/RS CART *255.36 *266.37 
*2 A9/R9 CART *292.76 *303.77 
*3 AS/RS CART *344.59 *355.6 
*4 AS/RS CART *366.* *397.** 
*5 AS/RS CART *55*.55 *562.56 
* #  AS/RS CART *720.57 *731,59 
*7 AS/RS CART *322.37 *333.36 
19 AS/RS CART *3*4.53 *325.6 
IB AS/RS CART 2005.93 20*6.33 
20 AS/RS CART 2* **.2* 2122.22 
2* AS/RS CART 2283.37 2294.33 
22 AS/RS CART 256*.25 2572.26 
23 AS/RS CART 2633.37 2720.39 
24 MACHir-C CEffTER S 2355.*2 3532.345 =5 CF9T 253 1.31 2 3 = ̂  . Ç S 

@.53#2*#t3 
13.0433653 
ÎS.33874S9 
33.3701iSÎ 
4f,3ie4SS4 
33.9934337 
30.3239439 
95.7453339 
99.530394* 
97.7987392 
*03.83002 
***.454439 
**5.322924 
**3.50*63* 
*33.795542 
*43,337733 
*57.**4409 
*55.035092 
*72.344219 
*33.0*6553 
*35.3532*2 
230.3*945 
22*.33223 

*32255 

7.47343733 
*3.3325396 
*7.2353633 
34.3*33373 
05.07*47*7 
70.9373534 
3(.2729694 
39.3345420 
*86.323297 
33.7**953 
*03,*7324 
**2.403655 
**3.972*44 
*20.45030* 
*34.7*5032 
*43.237003 
*53.093623 
*36.0*43*2 
*73.933435 
*32.965773 
*37.325452 
22*.73537 
232.3:*443 
273.*3334 i = 
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27 AS/RS CART 3243. "*7 3256. 73 373. .78%2a 
33 AS/RS CA?T 333S. 7 3347. 237. S7Î391 333 .62C371 
39 AS/RS CART 3543. 3 3588. 31 308. 000517 308 .843737 
30 MmCHIMC CEWSR 4 3870. 76 3873. 538 318. 4731 : 333 .867403 
31 A9/R# CART 3808. 8 3817. 81 338. 183484 339 .133884 
3S A9/R9 CART 3S4S. 08 3980. 09 331. 845849 333 .795089 
33 MACHIf# CENTER 5 3911. 17 4440. 833 337. 198897 383 .88335 
34 A8/RS CART 3988. 3 3933. 31 338. 14994 339 .09908 
35 MINI-WVER-9 3983. 47 4115. 833 338. 890404 354 .849383 
38 A9/RS CART 4414. 31 4439. S3 380. 589153 381 .917378 
37 MACHir« CENTER t 4978. 37 4997. 73 334. 731097 437 .438503 
38 A9/Rf CART 4849. 39 4860. 4 400. 844038 401 .793353 
39 Af/RS CART 4894. 17 4705. 18 404. 704718 405 .653936 
40 Af/RS CART 4789. 3 4790. 31 411. 173377 413 .133597 
4* AS/RS CART 4848. 47 4859. 48 418. 007587 413 .958387 
4S AS/RS CART 4SS0. 88 4901. 88 431. 848894 432 .535814 
43 AS/RS CART 9348. 87 5358. 88 453. 538438 453 .485845 
44 AS/RS CART 5333. 79 5334. 8 458. 886983 459 .938381 
45 MACHl^iE CENTER t 5349. 36 5738. 81 481. 183881 483 .888388 
48 AS/RS CART 9389. 14 53S8. 15 484. 378331 485 .335451 
47 MACHIP# CEf'fTER S 9413. 13 5780. 948 488. 888508 498 .878083 
48 AS/RS CART 9803. 38 5813. 39 483. 005433 483 .954833 
49 MINI-WVER-9 9789. 91 5953. 938 497. 089575 913 .338555 
90 AS/RS CART 5839. 33 5880. 34 903. 433917 504 .393137 
91 MACHINE CENTER 8 5850. 19 8379. 853 904. 370304 550 .034853 
9t AS/RS CART 9994. 83 9989. 84 913. 374439 514 .333849 
93 MACHINE CENTER 3 5970. 38 7180. 098 514. 73098 817 .399595 
54 AS/RS CART 8054. 38 8085. 37 531. 973984 533 .931804 
95 AS/RS CART 8373. 88 8383. 87 949. 414809 550 .383835 
98 AS/RS CART 8407. 88 8418. 89 953. 491073 553 .400334 
97 AS/RS CART 8449. 38 8458. 39 955. 884111 558 .833331 
98 AS/RS CART 8937. 88 8543. 87 583. 839989 584 *593189 
99 AS/RS CART 8708. 3 8717. 31 578. 170533 579 .119753 
80 AS/RS CART 8898. 08 8870. 09 591. 399979 993 .300138 
et AS/RS CART 8984. 34 8939. 35 803. 141584 803 .890784 
8S AS/RS CART 7079. S3 7090. 33 810. 38:93 811 .331149 
83 AS/RS CART 7348. 88 7357. 89 834. 787853 835 .718873 
84 MINI-WVER-S 7348. 38 7435. 788 834. 913493 641 .071472 
85 AS/RS CART 7334. 44 7335. 45 831. 471879 833 .430898 
88 AS/RS CART 7431. 33 7433. 33 839. 815503 840 .784731 
87 AS/RS CART 7484. 38 7495. 39 845. 393177 848 .301397 
88 AS/RS CART 7975 7588. 01 853. 073541 654 .032761 
89 MINI-WVER-5 7880. 3 7847. 838 860. 4î9003 87# .577381 
70 MACHINE CEr-fTER 5 7898. 12 3215. 783 68S. 853877 708 .3:8131 
71 AS/RS CART 7744. 88 7755. 89 887. 703388 668 .851603 
7g AS/RS CART 7847. 34 7858. 35 876. 553151 877 .50337: 
73 AS/RS CART 7891. 58 7902. 57 880. 385543 831 .314763 
74 AS/RS CART S043. 18 8059. 17 §93. 8887:3 834 .815933 
79 AS/RS CART 8340. 98 8351. 87 719. 964404 720 .033624 

OeCÎSIOM RULE SET» SL.»CK/WIN8 
TIME SCALIW FACTOR» M.#328 i  s r iULATION T:M£-  72v%5î37 j  

MO. 
FAILED 
cOMPorcrrr 

ACTUAL 
FAILÎW 

Tir-c 

ACTUAL 
RECOVERY 
T|l« 

ADJUSTED 
FAIL IW 
TICIE 

ADJUSTED 
RECOVERY 

Tl«»€ 

î AS/RS CART 75.744 88.754 
2 AS/RS CART 151.29 162.3 
3 AS/RS CART 198,91 139.92 
4 AS/RS CART 387.06 398.07 
5 MINI-f'WVER-5 557.336 754.764 
6 AS/RS CART 8:0.636 62:.646 
? AS/RS CART 33î.674 342.634 
3 AS/RS CART 394.53 •005.57 

!?-:.47 :24?.23S 
• ? AS/?S C4=T *. :33.35 : '-4.=5 

S.50026885 
IS.@831457 
*@.3113543 
33.EÎS05!: 
45.33SSS7S 
53.5657557 
73.35233U 
35.3434433 
35.1 uai-
37.2.:_-f5 

7.44433535 
Î3.327333 
17.;563313 
34.1603834 
64.7713452 
7e.51062*5 
@0.3373363 
33.53423;5 
.25 . TÏf-
55 . 'it 5;: • i i 
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11 AS/R3 :255. 3S lÂsa .37 1Ù7. 73333: 18* .ôrsiss 
t& me/RS CART 1233. ?S 1:83 110. 3:336 111 .384âSr 
13 m#/R9 CART 1344. 59 1355 .# US. 357718 lia .338559 
14 #9/R8 CART 1336. 1 1397 . 11 119. 949998 119 .894739 
IS A9/R3 CART 1991. 55 1588 .56 133. 148898 134 .093034 
16 At/RS CART 1789. 97 1731 .98 147. 698985 148 ,997768 
17 AS/Rf CART 1888. 37 1933 .38 158, 389088 197 ,33386 
IS AS/RS CART 1914. 99 1985 .8 184, 303 189 ,847833 
19 «l/Rt CART 8089. 98 8016 ,99 178, 14579 173 ,090539 
SO A9/RS CART 8111, 81 8188 ,88 181, 178198 188 ,181035 
St A8/R# CART 8883. 37 8894 ,38 199, 99033 198 ,899167 
ss A#/R# CART 8961. 85 8978 86 819, 796959 880 ,741736 
S3 A$/R# CART SSS». 37 8700 .38 830 791741 831 ,738979 
84 MACHlNt CENTER S 8S99. IS 3868 .94# 345. 01579 174 .884385 
SS AS/Rf CART 8981. 91 8998 ,53 847, 830488 848 ,885313 
S6 A#/R$ CART 3090. 59 3101 .56 869. 813913 268 ,184355 
87 At/Rf CART 3849. 77 3896 ,78 178, 939988 879 ,484753 
St A$/R# CART 3336. 7 3347 .71 886, 34313? 887 ,288034 
SS A$/R# CART 3949. 3 3980 .31 304. 987739 305 ,938578 
30 MACHINE CEMTER 4 3670. 78 3978 .988 319, 010814 338 ,385385 
31 At/Rl CART 3806. 6 3917 ,81 388, 888889 38? ,813108 
38 A#/R8 CART 3849. 09 3860 ,09 330. 313749 331 ,858538 
33 MACHINE CENTER S 3911. 17 4440 ,838 335, 848073 38: ,095733 
34 A#/R$ CART 3988. 8 3933 .81 338, 988831 337 ,933463 
39 HlMI-IMOVfR-9 3989. 47 4119 ,896 337. 188898 353 ,211074 
36 A$/R# CART 4414, 81 4489 ,88 379, 811101 379 ,799933 
37 MACHIM; CENTER J 4979. 37 4997 ,78 398, 898703 485 ,49311 
38 A#/R# CART 4649. 39 4660 ,4 398, 983379 399 ,939812 
38 AS/Rf CART 4694. 17 4709 ,18 408, 838888 403 ,781089 
40 Af/Rf CART 4769. 8 4738 ,81 409, 879084 410 ,219832 
4} Af/Rf CART 4649. 47 4699 ,48 418, 077881 417 ,082913 
48 Af/Rf CART 4890. 68 490 Î ,69 419, 899986 480 .844824 
43 Af/Rf CART 9849, 97 9853 ,98 450, 447103 491 .39194 
44 Af/Rf CART 9383. 79 9334 ,8 496, 967377 497 ,118719 
49 #*CHI^% CENTER Î 9349, 86 9783 ,81 499, 093318 491 .803026 
46 Af/Rf CART 9389, 14 5398 ,15 468, 132706 463 ,077944 
47 MACHIIKC CENTER 2 9413. 18 9760 ,346 484, 933846 494 ,38893: 
43 Af/Rf CART 9608, 38 96:3 ,39 480, 779438 481 ,780274 
48 MINI-MOVER-9 9769. 91 9998 ,938 494, 774847 910 ,89902 : 
50 Af/Rf CART 9839. 33 9890 .34 501, 109609 508 .054442 
9t mCHIME CENTER 6 9690. 19 6379 ,858 502, 041983 947 ,489:94 
98 Af/Rt CART 9994. 63 9365 ,64 911, 004233 511 ,94306 
93 M»CHit« CfrnriR S 9970, 36 7160 ,098 912, 394113 6:4 ,443974 
94 AS/Rf CART 6094. 36 6069 ,37 919. 96268 520 ,507513 
99 Af/Rf CART 637S, 66 6383 ,67 546, 873004 947 .322341 
96 Af/Rf CART 6407, 86 6418 ,89 549, 800493 950 .34329: 
97 Af/Rf CART 6449. 38 6496 ,33 993, 118964 954 .063401 
96 Af/Rf CART 6937. 66 694# ,67 961. 037831 96: ,382923 
99 Af/Rf CART 6706, 8 6717 ,21 979, 901167 578 ,443005 
60 Af/Rf cfmr 689S, 08 6370 ,09 986, 620761 583 ,589993 
61 Af/Rf CART 6964, 24 6999 .29 999, 361927 600 ,306364 
68 Af/Rf CART 7079, 88 7090 ,83 607, 96334# 80S ,508339 
63 AS/Rf CART 7246. 66 7297 ,69 621, 833:93 622 .32733 
64 MINI-MOVER-9 7246, 36 7439 ,786 622, 027324 636 ,111633 
69 Af/Rf CART 7384, 44 7339 ,45 323. 996227 628 ,901064 
66 Af/Rf CART 7481, 88 7432 .23 636. 361927 637 ,306364 
67 AS/RS CART 7484. 88 7499 ,23 642, 273102 843 .2:7333 
68 AS/Rf CART 7979 7986 ,01 890. 098359 691 ,333133 
69 MINI-MOVER-9 7660. 2 7847 ,328 697. 369903 673 .454275 
70 MACHI^C CENTER 9 76gs. 12 #219 .783 653. 984261 709 ,047386 
71 AS/RS CART 7744. 68 7795 .63 664, 813862 665 ,5649 
78 Af/RS CART 7847. 34 7398 .35 673, 423962 674 ,374393 
73 AS/SS CART ?S9Î. 56 7902 .97 377. 224393 67= ,:33:35 
74 AS/RS CART $04$. 16 3093 . 17 333. 663133 63: .603023 
79 AS/RS CART 8340. 63 8351 .57 715. 754492 7ÎS .7255Î 5 
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0ECXS%3N euLS 3S?« 3, PT/RAWCX 
TIME 9CALIW FACTOR» tl.79S? t SIMULATION TIME* 7:2.30501 

RAILED 
NO. C0HP0R«W 

ACTUAL 
PAILIW 

TIME 

ACTUAL 
RECOVERY 
Tl̂ * 

A0JU3TE0 
FAILIM 
Tl̂ % 

ACJUSTEO 
RECOVERY 
TIME 

1 A9/R9 CART 75.744 
8 A9/R9 CART 151.89 
3 A8/R1 CART 188.91 
4 A#/R9 CART 987.08 
9 MINI-MOVER-5 567.336 
8 A1/R9 CART 810.838 
? A9/R9 CART 931.674 
e CART 994.56 
9 mCMINE CENTER 4 1038.47 
10 A9/R9 CART 1133.95 
11 A9/R9 CART 1859.38 
18 A9/R# CART 1898.78 
19 A9/R9 CART 1344.59 
14 A9/R9 CART 1386.1 
15 Af/R* CART 1551.55 
16 A8/R8 CART 1780.57 
17 A9/R8 CART 1888.97 
19 A9/R# CART 1914.59 
19 A9/R8 CART 8005.98 
80 A3/R8 CART 8111.81 
81 A9/R9 CART 8883.37 
88 A9/R9 CART 8581.85 
89 A8/R8 CART 8889.37 
84 MACHINE CENTER 2 2955.12 
85 A#/## CART 2881.51 
88 A#/R8 CART 3090.55 
87 A#/R# CART 3845.77 
88 A$/R9 CART 3338.7 
89 A8/R9 CART 3549.3 
30 MACHINE CEf-fTER 4 3870.78 
31 A9/R9 CART 3908.8 
98 A9/R8 CART 3849.06 
39 MACHINE CENTER 5 3911.17 
34 A9/R9 CART 3922.2 
35 MINl-MOVER-5 3989.47 
36 A@/R3 CART 44*4.21 
37 MACH»« CSf-fTER 1 4578.37 
38 A8/1R9 CART 4849.39 
39 A9/R9 CART 4694.17 
40 A9/R9 CART 4769.2 
41 A9/R9 CART 4948.47 
42 A9/R9 CART 4890.66 
49 A3/R9 CART 5246.97 
44 A6/R9 CART 5323.79 
45 M«CHÎf« CEf-fTgR 1 5349.26 
46 A6/R9 CART 5365.14 
47 mCH!^C CSrfTER 2 5413.12 
46 A6/R9 CART 5602.36 
49 MÎNI-MOVER-5 5735.51 
50 A9/R9 CAR-^ 5639.33 
5! MACHIfSE CENTER ? 5350.19 
52 A3/R? CART 5954.63 
53 mçHî^s esf-rrgR 3 5970.36 
54 A3/R3 CART 6054.36 
55 Af/RS CART 9372.66 
56 AS/RS CAR"^ 640^.96 
57 AS/03 C#»5!T 6465,36 
ÇÇ 
5? #3 ."9 3 J . E 

88.754 
tea.3 
199.38 
398.07 
754.784 
881.848 
941.884 
ICÔS.S7 
1240.238 
1144.98 
1888.37 
1383.77 
1355.8 
*397.n 
1588.58 
1731.58 
1833.38 
1985.8 
80:8.99 
1188.88 
8894.38 
8578.88 
8700.38 
3808.946 
8998.58 
3101.58 
3858.79 
3347.71 
3580.31 
3978.588 
3817.81 
3880.09 
4440.932 
3933.81 
4115.13® 
4435.38 
4357.72 
4880.4 
4705.*8 
4790.2Î 
4853.43 
43#I.9# 
5259.38 
5334.3 
5728.81 
5396.15 
5760.94g 
5613.33 
3952.333 
5850.34 
@373.352 
5965.64 
7:60.053 
6055.37 
6333.67 
64:2.63 
S-5S.3S 
::45.=T 

8.4889585# 
18.8891831 
18.0198328 
38.9880601 
48.1090845 
88.7404931 
79.0048993 
84.3389803 
88.0804103 
96.1589448 
108.458897 
109.88375 
114.018848 
117.53881# 
131.588888 
145.901878 
154.533737 
188.353889 
170.103539 
173.088858 
193.885719 
2:7.:99448 
228.053796 
242.109101 
844.348987 
282.073147 
275.235527 
282.84623 
300.974332 
311.273924 
322.792914 
326.395143 
33:.860264 
332.595569 
333.127274 
374.317163 
38# 237639 
394.26000# 
396.357273 
404.413634 
411.14:633 
4:4.720972 
445.:33327 
451.44793 
453.60774 
456.650301 
453.022355 
475.07:867 
466.9050^1 
435.164335 
435.035714 
504.34204 
505.2739*7 
5:3.396367 
540.39064: 
543.37323: 
546.555753 

7.35858501 
13.7887515 
18.9988607 
33.7558295 
64.0088457 
89.8741:03 
79.937987" 
85.2705436 
105.189379 
97.090573 
107.385925 
110.557379 
114.952471 
116.472445 
132.502311 
146.83430# 
155.467365 
163.287458 
171.037167 
179.980464 
194.559346 
216.123076 
226.967425 
271.60412# 
245.280555 
263.006775 
276.169156 
293.879853 
301.90736 
326.363432 
323.726543 
327.328771 
373.57466: 
333 5292:7 
349.020935 
375.250791 
420.405544 
395.:93637 
393.93030: 
405.3533*2 
4:2.075267 
4:5.6946 
446.036355 
452.36:55a 
435.775343 
457.533323 
486.517961 
476.005495 
504.733565 
436.053434 
541.000:: 
505.275663 
92?.tSVii2 
514.332533 
541.32337 
544.3:0434 
54T.4303ir 



www.manaraa.com

374 

il qci =::: 
Il îi^siéî?; ;iji:ii ;ii?:ii 
If MÎW-WVER-S 7t4a.36 743S.7SS 

Il il il m il 
inT'il if 75 m@/RS CART 8340.66 8391.67 

Tê..êaTfèâ 
:3a 

308.353:53 
@14.505584 
6:4.848045 
881.089434 
889.388888 
834.853848 
848.348538 
848.57*345 
851.789315 
65#,735099 
885.440484 
889.130388 
888.489683 
707,873143 

îà.. 57 
801.839731 
815.433813 
830.541806 
688.033188 
630.839895 
635.58787 
843.880165 
885.484308 
898.883711 
657.868727 
888.374113 
870.18339 
683.403898 
708.808772 

DEC 19 ION RULE lET» 9/PT/FWS 
TIME SCALING FACTOR« 11.981? I SÎMU-ATîO;-. TINS* 704.537438 

FAILED 
NO, COMFONEMT 

ACTUAL 
FAILING 

rim 

ACTUAL 
RECOVERY 
TIME 

ADJUSTED 
FAIL*## 
Tlf4e 

ADJUSTED 
RECOVEHY 

rtm 

I AS/RS CART 75.744 86.754 
8 A#/R# CART *9*.89 *68.3 
3 A8/RS CART *88.91 *88.98 
4 A#/R8 CART 387.06 398.07 
5 MINI-MOVER-5 587.33# 754.784 
6 A9/R$ CART 910.83# 881.846 
7 A8/R# CART 931.874 948.884 
8 A8/R9 CART 984.58 *005.57 
8 MACHINE CENTER 4 *038.47 *840.238 
10 A8/R8 CART **33.85 **44.98 
** A8/RS CART 1859.3# *886.37 
*8 AS/R9 CART *888.76 *303.77 
*3 A#/R@ CART *344.59 *355.8 
*4 A9/RS CART *386.* *387.** 
19 A8/R# CART 1951.95 *588.56 
*# A9/R8 CART *780.57 *71*.99 
*7 A8/R9 CART 1888.37 *933.38 
*8 A9/R9 CART *8*4.99 *985.8 
*8 A8/R8 CART 8009.98 80:6.99 
80 A@/R@ CART 8*1*.8* 8*22.88 
8* A9/R9 CART 8883.37 8894.39 
88 f^/R9 CART 8981.85 8578.2# 
83 A@/R9 CART 8689.37 8780.38 
84 MACHINE CEffTER 8 3999.18 3808.946 
39 AS/R8 CART 8881.9* 8998.58 
8# A5/R9 CART 3090.59 310*.98 
87 A9/R9 CART 3849.77 3898.78 
88 A9/R8 CART 3338.7 3347.7* 
89 A9/R8 CART 3949.3 3960.31 
30 MftCH*r« CENTER 4 3870,76 3878,9S8 
31 AS/RS CART 3808.6 38*7.81 
33 A9/RS CART 3849.08 3888,09 
33 MACHINE CEffTER 9 3911, Î7 4440.832 
34 A@/R9 CART 3988.2 3933,21 
39 MINÎ-M0VER-9 3988.47 41*9.853 
36 A$/RS CART 4414.21 4429.22 
37 MACHINE CEffTER Î 4578.37 4997,72 
38 AS/RS CART 4849,39 4683,4 
39 AS/RS CeRT 4534,17 4705.IS 
40 AS/RS CART 47S3,2 4733,21 
4t rÇ/HS 4S4S.47 43ïc,'a 
•i- %S/9S ^?S5.5= -S: 1 . =3 

#,39345#31 
*8.#803048 
*9.8498849 
38.4##84#t 
47.9##5*9* 
#7.####783 
7S.S49489 
#3.4843438 
87.*079434 
89.*164883 
109.3004*9 
*08.437599 
1*8.789089 
**8.886979 
130.*4503 
*44,338938 
*52.88*589 
180.997063 
*68.8689*8 
*77,089877 
19*.93097 
8*4.839327 
889.988118 
239.489334 
841.708949 
299.237397 
272.297312 
279.88498 
897.717807 
307,909792 
3*9,3001 
322,88339 
328,07*9 
328,998704 
329,922839 
370.288824 
334.038673 
339,993877 
393.798053 
480.043818 
4C5.SS3Ô37 

7.2768833: 
13.8*38303 
16.7894209 
33.3803728 
63.3100984 
68.9208043 
79.07299* 
84.3478888 
*04.03*979 
96.0399943 
10#.883949 
108.381081 
113.708819 
117.190501 
131.088598 
149.248084 
193.789114 
*8*.930989 
169.188442 
•73.313203 
192,494096 
219.762893 
228.909842 
268.889207 
242.828471 
280.*80983 
273.180838 
280.808108 
298.841133 
324.830194 
320.223828 
323.788876 
372,499895 
329,35023 
349,2442:3 
371,15035 
419,398739 
330,91''403 
334,873578 
400.367144 
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43 AS/R3 CART -24®. 97 tktè .:a --iC. 44, ;. a 
4«a5i3 d4 AS/RS CART 9322. 79 .3 44Î. sea## 447. 
a 
4«a5i3 

45 MACMIfC CENTER t 9349. 86 5788 .81 448. 69943 480. 519557 
48 AS/RS CART 9389. *4 9338 . 19 491. 789983 498. 832594 
47 MACHINE CENTER 8 9413. ts 9780 .948 494. 058049 483. 831382 
48 AS/RS CART 9888. 38 9813 .39 489. 931308 470. 854883 
49 MINI-mVER-9 9789. 9t 9998 .939 483. 814793 499. 336337 
se A8/"R8 CART 5839. 33 5850 .34 489. 888883 490. 730349 
91 MACHIP* CENTER 8 9890. 19 8379 .858 490. 717787 935. 146132 
98 A9/R9 CART 9994. 83 9989 .84 499. 478883 908. 491738 
93 MACHINE CENTER 3 9978. 38 7180 .098 980. 797769 800. 599352 
94 A#/R# CART 8894. 38 9889 .37 587. 84388 988. 767206 
99 A8/R1 CART 837S. 88 8393 .87 534. 948888 939. 488418 
98 A9/R8 CART 8487. 88 8418 .89 537. 497189 938. 480695 
97 A9/R9 CART 8449. 38 8458 .39 540. 848894 541. 51888 
98 At/Rf CART 8937. 88 8948 .87 548. 3838 549. 388787 
99 Af/Rf CART 8708. 1 «717 .81 588. 980448 583. 443973 
88 A8/R8 CART 8899. 88 8878 .09 579. 34418 578. 867347 
81 A9/R$ CART 8984. 84 8999 .39 589. 848183 588. 786149 
88 A9/R8 CART 7879. 88 7898 .83 993. 899938 584. 783463 
83 A9/R8 CART 7848. 88 7897 .89 837. 898888 808. 779?8& 
84 MINI-MOVER-9 7148. 38 7439 .798 807. 997188 883. 718785 
89 A9/R# CART 7384. 44 7339 .45 814. 3788#8 815. 308343 
88 A8/R8 CART 7481. 88 7438 .83 882. 498798 883. 480318 
87 A8/R9 CART 7484. 88 7499 .89 187. 788399 888. 709831 
88 A9/R9 CART 7979 7988 .01 839. 399998 838. 319485 
89 MINI-MOVER-9 7888. 8 7847 .888 848. 94899 858. 884174 
78 MACHINE CENTER 9 7888. 18 8819 .788 844. 718777 889. 149173 
71 A8/R8 CART 7744. 88 7799 .89 #49. 888818 850. 598394 
78 A8/R$ CART 7847. 34 7899 .39 8S9. 848918 85@. 183548 
73 A@/R@ CART 7881. 98 7988 .97 881. 849819 888. 178745 
74 A#/R8 CART 3048. 18 9099 . 17 879. 984989 878. 908455 
79 A8/R9 CART 8348. 88 8391 .87 899. 88698Î 709. 54354 7 

SECTTION RULE #ET* $/FT/NINO 
TIME SCALÎF» FACTOR* 11,0739 

FAILED 
r«. coNPONEfrr 

ACTUAL 
FA IL IF# 

TIME 

i Tim» 71a.@53377 

ACTUAL 
RECOVERY 
TIME 

ADJUSTED 
FAILIWO 
Tlf̂  

AOJUFTEO 
RECÔ ÊRY 

TIME 

1 A9/R9 CART 79,744 88.794 8.4883891 7.43(44385 
g A9/R9 CART 191.89 168.3 12.9598793 13.9928988 
3 A9/R# CART 188.91 199.92 18.1882927 17,1253823 
4 A9/%9 CART 387,98 398.97 33.1969147 34,9991443 
9 MINI-MOVER-9 967.336 754.764 48.5988888 84.8533717 
9 A$/R$ CART 810.638 821.846 69.4499339 79.3831625 
7 A9/R9 CART 931.174 942.684 79.8982393 89.7914138 
9 A#/R# CART 994.56 1999.97 89.199179 86.1383338 
9 MACHINE CENTER 4 1938.47 1249.238 38.9965813 198.240245 
19 A9/R9 CART 1133.99 1144.96 97.1394393 98.9788133 
11 AS/RS CART 1299.36 1266.37 197.939814 198.476743 
IS A9/R9 CART 1298.76 1393,77 119.739342 111.882471 
13 A9/R9 CART 1344.99 1399.8 1:9.*7918 118.*2229 
14 A9/R9 CART 1388.1 1397.11 118.734996 119.678985 
19 A@/R9 CART 1591.99 1582.98 132.997537 133.859727 
16 AS/RS CART 1729.97 1731.98 147.388949 148.329179 
17 AS/RS CART 1822.37 1833.38 158.108357 157.94943S 
18 AS/RS CART 19*4.99 1929.8 164,99893: 184.94918 
19 AS/RS CART 2999.98 29:8.39 171,834899 172,777755 
29 AS/RS CART 2111.21 5122.22 189.84873: 181,791351 
21 AS/RS CART 2283.37 2234,33 199.996:99 138.9392$3 
23 AS^'SS CART 2581.25 2572.25 £13.395658 229.342818 
23 AS/RS CART 2883.37 2799.38 239.374558 231.317733 
24 MACHr? CENTER S 2895.12 3202,346 244.572338 274,38313 
25 3531.51 ii 5s.52 : =.933^5: 2^7.77 Si 3-
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2? CART 3345. 77 3296 .73 2-3. 036475 2T3. S73«C4 
29 CART 3S3S. ? 334? 233. @85645 8âË. -sârrs 
S9 AS,^# CART 3943. 3 3580 .31 384. 037811 304. 38034 i 
30 MACHINE CEWTER 4 387C. 78 3978 .988 314. 441818 331. 789308 
31 Af.<^S CART 3888. 8 3817 .81 388. 077338 387. 080981 
38 A8./#8 CART 3849. 88 3388 .09 389. 718719 330. 899843 
33 MACHINE CEMTER 9 381%. 17 4440 .838 339. 039481 380. 40889: 
34 A8/R8 CART 3988. t 3933 .81 339. 880884 336. 983393 
39 MINI-MDVER-9 3888. 47 4119 .898 338. 917399 358. 978662 
38 A8/R8 CART 4414. St 4489 .88 378. 188419 379. 088548 
37 MACHINE CENTER Î 4978. 37 4997 .78 398. 188997 414. 684189 
38 A8/R8 CART 4848. 39 4880 .4 398. 878814 399. 819344 
38 A#/R8 CART 4884. 17 4789 .18 488. 108138 403. 091251 
48 Al/Rl CART 4789. 8 4730 .81 408. 93988 409. 478409 
4t A3/R3 CART 4348. 47 4898 .48 419. 389641 418. 86877 
48 A9/R# CART 4888. 81 4981 .89 418. 941399 418. 88453S 
43 A8/R8 CART 9848. 87 9899 .98 449. 638948 450. 976071 
44 A*/R8 CART 9383. 79 9334 .3 498. 048111 498. 989841 
45 MACHIfC CENTER I 9349. IS 9788 .81 498. 883801 490. 719461 
48 A8/R# CART 9389. 14 9398 . 15 481. 897484 468. 840954 
47 MACHINE CENTER 8 9413. 18 97fe .948 463. 884814 433. 489408 
48 A#/R8 CART 9883. 39 9813 .39 479. 808498 480. 949583 
49 MlNI.MOVER-9 9789. 91 9998 .938 493. 880388 999. 935860 
98 A#/R8 CART 9839. 33 9890 .34 900. 803873 501. 147003 
91 IMACHtrC CENTER 8 9898. 18 8379 .398 501. 134194 946. 905884 
98 A8/R8 CART 9994. 83 9989 .84 910. 080607 911. 083737 
93 MACHINE CENTER 3 9978. 38 7180 .098 911. 488098 613. 338987 
94 A8/R8 CART 8894. 38 8889 .37 918. 883996 519. 568786 
99 A8/R8 CART 8378. 88 8383 .87 949. 883949 548. 838678 
98 M(/R8 CART 8487. 88 8418 .88 948. 908939 549. 849869 
97 A8/R8 CART 8449. 38 8498 .39 998. S 18889 993. 06199# 
98 A8/R8 CART 8937. 88 8948 .87 960. 083843 560. 988778 
98 Af/R8 CART 8788. 8 8717 .81 974. 480977 979. 404107 
88 A#/R8 CART 8899. 88 •870 .08 987. 998998 988. 499387 
81 Af/Rf CART 8884. 84 8989 .89 998. 873811 998. 88134 
88 A8/R8 CART 7879. 88 7090 .83 808. 489788 607. 408839 
83 A8/R$ CART 7848. 88 7897 .89 880. 793188 681. 708853 
84 MINI-M0»/ER-9 7848. 38 7439 .788 680. 80304 638. 998343 
89 A8/R$ CART 7384. 44 7339 .49 687. 480148 886. 363878 
88 A8/R# CART 7481. 88 7438 .83 839. 710431 839. 69338t 
87 A8/R# CART 7484. 88 7499 .88 641. 118829 648. 053334 
88 A9/R8 CART 7979 7988 .01 648. 883407 843. 883538 
68 MlN:-M8VER-9 7#8@. 8 7847 .888 696. 181739 678. 237042 
78 MACHINE CENTER 9 7f88. 18 8819 .788 638. 403878 703. 773548 
71 A#/R8 CART 7744. 88 7799 .89 418399 884. 381984 
78 AS/RS CART 7847. 34 7888 .39 678. 813371 673. *99901 
73 AS/R» CART 7891. 98 7988 .97 678. 000308 S78. 943438 
74 A#/R# CART 8848. ts 8099 , 17 6S9. 414849 630. 397979 
79 A$/R# CART 8340. 88 839: .97 714. 470743 715. 413878 

OeCISIOM RIMLE SET» @/PT/W*m 
TIWR 9CAUINQ FACTOR* 11.4769 î SIMULATION TIME» 73:.31:334 

FAILED 
ACTUAL ACTIM ADJUSTED ADJUSTED 

HO 
FAILED FAILIW RECOVERY FAILir% RECOVERY 

HO . COMPOf-CNT TIME TIME Tlf4E TIME 
î AS/R9 CART 79.744 86.794 6.99974306 7.5930757 
3 A9/R9 CART 191.89 188.3 13.1828493 14.141575S 
3 AS/RS CART 188.91 139.98 13.460183: 17.4134538 4 AS/HS CART 387.09 398.07 33.7894857 34,6S479T4 
5 MINI-MOVER-'9 987.338 754.784 49.43383:5 85.7843843 
9 A9/RS CART 310.636 381,846 7#.9385333 71.53:3072 T AS/RS CART 931.374 348.884 a t . 1783 92.1398867 a AS/RS CART 394,9# 1039.57 38.598338 37.3:73335 

TEr-TER « less.-" :24?,Î3= 3T. ? 3=•-
•n : : 
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> t 
13 
13 
14 
IS 
le 
17 
It 
19 
se 
S{ 

S! 
14 
19 

II 
se 
31 
31 
33 
34 
33 
3# 
37 
38 
39 
40 
41 
41 
43 
44 
45 
49 
47 
iî 
se 
91 

II 
55 
99 
97 
59 
99 

II 
93 
94 
99 
99 
97 
99 
99 
70 
71 
72 
73 
74 
79 

377 

AS/RS CA^-r 1255. 3^ * ̂  ; : 1'. . : J j 
Ag/99 C4R- :2S2. T3 13C3 : la. 941154 iU. ; 
A9/RS CART 1344. 53 :35S .i 117. 157212 113. Î13543 
A9/RS CART 1339. 1 1397 . 11 130. 774383 121. 73341 
AS/RS CART 1591. 55 :5@i .58 135. 190123 139. 148449 
A9/#9 CART trie. 57 1731 .59 143. 917124 iS0. 979551 
A@/R9 CART IME. 37 1333 .39 153. 797293 159. 749913 
A#/R@ CART 1914. 59 1315 .9 199. 922934 197. 79199 
A9/R9 CART gees. 99 2019 .99 174. 795955 175. 744991 
A9/R» CART 1111. 11 2:21 .21 193. 994937 194. 913913 
A#/R9 CART 1393. 37 2294 .39 199. 995194 199. 91491 
AS/Rl CART 2591. 25 2572 .19 223 197803 224. 129934 
Al/Rt CART 1999. 37 2700 .39 234. 330999 235. 298325 
MACHINE CENTER 2355. ÎI 3302 ,94# 243. 773177 173. 09005V 
A#/R@ CART 2991. 51 2992 .51 251. 071593 252. 031325 
A9/R# CART 309e. 55 3101 .59 193. 199735 270. 2490Sa 
AS/Rl CART 3145. 77 3259 .79 192. 911411 293. 770739 
A9/R# CART 3339. 7 3347 .71 130. 734351 291. 993973 
At/Rf CART 354$. 3 3590 .31 309. 199979 310. 219005 
MACHINE CEWEft 4 3970. ?# 3171 529 313. 941799 337. 411279 
A#/R9 CART 3909. 9 3917 .91 331. 97792 332. 937149 
A9/R# CART 3949. 09 3990 .09 335. 3792 339 339527 
MACHINE CEMTER S 3911. 17 4440 .932 340. 733245 339. 939914 
A#/R$ CART 3912. 1 3933 .21 341. 790314 342. 70994 
MINI-MOVER-5 3919. 47 4115 939 341. 199933 391. 927999 
A#/R$ CART 4414. 21 4425 .22 394. 910179 395. 579904 
MACHIP# CENTER 1 4579. 37 4157 .72 399. 123919 431. 977555 
A9/R9 CART 4949. 39 4990 .4 405. t12052 40i. 071373 
A@/R# CART 4994. 17 4705 . 19 409. 013937 409. 973193 
AS/R# CART 4799. 2 4790 .21 415. 591373 419. 9107 
Af/Rf CART 4949. 47 4999 .49 423, 49935 : 423. 417973 
A9/R9 CART 4990. 99 4901 .99 429. 139205 427. 095532 
A9/R9 CART 5249. 97 929# .93 457. 394939 453. 314195 
A9/R9 CART 5323. 79 5334 .9 493. 974077 494. 933403 
MmCHI^m CENTER 1 9349. 29 5719 .91 499. 093339 499, 149975 
A9/1?S CART 9399. 14 5399 . 15 493. 219943 470. 17997 
MACHINE CENTER 3 94*3. 12 5790 .349 471. 997809 501. •994415 
A#/R9 CART 9902. 39 5913 .39 439. 149299 499, 107591 
MlMI-MOVER-5 5795. 91 5952 .939 502, 392197 519, 93319 
A9/R3 CART 9939. 33 5990 .34 509. 794293 509, 79353 
MACHINE CENTER 9 9990. 19 9379 .952 503, 74092 555. 531133 
A9/R9 CART 5954. 93 5999 .94 5*9. 940919 913. 733345 
MACHINE CEr-fTER 3 9970. 39 7190 .059 520, 21120» 923, 372334 
A9/R9 CART 9954, 39 6095 .37 527. 530322 523. 493943 
A9/R9 CART 9372. 99 9393 .97 555, 294934 999. 223291 
A9/R@ CART 9407. 99 9413 .99 559, 333334 559, 23299 
A9/R9 CART 9449. 39 9459 .39 591. 900795 592, 560122 
A@/R9 CART 9937. 99 1549 .97 5S3. 941394 970. 90063 
A9/R9 CART 9709. g 97:7 .21 594. 323942 595, 235393 
A3/R9 CART 9999, 09 9970 .03 537. 847429 993, 909755 
A3/R9 CART 9994. 24 9995 .25 903. 592307 909. 512234 
A9/^9 CART 7079. 92 7090 .93 919, 991013 917. 340333 
A9/R9 CART 7249. 99 7297 .93 931, 419909 932. 373234 
MINl-WVER'5 7249. 39 7435 .799 931, 599291 947. 337323 
A9/R9 CART 7324. 44 7335 .45 939. 195319 933. 154642 
A9/R9 CART 7421. 22 7432 .23 943, 92739 947. 537337 
AS/R9 CART 7494. 29 7435 .23 @52, 122543 993. 03137 
A9/R9 CART 7979 7599 .01 933. 027195 930, 3395:2 
min:-moveb-s 7990. 2 ?347 .929 997, 450958 993, 73Î53I 
MACHINE CENTER 9 7399. 12 8215 .792 999, 709327 715, 953339 
A9/R9 CART 7744. 99 7799 .99 974, 911795 975. 771121 
A@/R9 CART 7347. 34 7353 .35 933, 753757 994. 71912: 
AS/R3 CART 739:. 53 7532 .57 S37, 303737 633. 563: 
AS/RS cmR"^ i045. 19 8053 . • 7  73:, 254705 732. 214032 
AS/RS CART 9340. if sss; .57 729, 740303 727. 70023 
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D B C I S I Q ' s  P ' i L . Â  3 Z T #  '  
TIf!E SCALING FACTOR" 12.IÎÎS » SIMULATION TIMS» è̂ ê.àJàîiJ 

"AILED 
NO. co^rorcMT 

*CTUAL 
FAtLINO 

Tîf'C 

.ACTUAL 
RECOVERY 
TXf,# 

AOJUITEO 
FAILING 
TIME 

ADJUSTED 
RECOVERY 
TIME 

Î 
a 
3 
4 
5 
e 
T 
9 
t 
10 
tt 
ts 
Î3 
*4 
15 
ÎS 
Î7 
t9 
i9 
19 
St 
tt 
II 
S9 
tt 
t7 
S9 
19 
30 
9* 
ft 
33 
34 
39 
36 
37 
3# 
39 
40 
41 
42 
43 
44 
49 
40 
47 
40 
49 
50 
51 
5g 
53 
54 
55 
56 
57 ssa 

AS/R8 CART 
AS/R» CART 
Af/Rf CART 
A#/R9 CART 
MÎWf-MOVSR-5 
AS/Rf CART 
AS/Rl CART 
Af/RS CART 
MACHINE CEMTSB 
A#/R# CART 
Al/Rf CART 
Af/RS CART 
Ai/Ri CART 
At/Rf CART 
AS/Rf CART 
Al/RS CART 
A$/R# CART 
A#/R# CAR"^ 
Al/Rl CAPT 
AS/R3 CART 
A#./R$ CART 
AS/RS CART 
AS/RS CART 
MACHINE CEMTER 
Al/Rf CART 
A#/R# CART 
Af/RS CART 
Af/RS CART 
Af/RS CART 
MACHINE CEWER 
A3./RS CART 
Af/Rf CART 
mcHtNe cÊ mER 
AS/RS CART 
MINI-MOVER-9 
AS/RS CART 
MACHINE CENTER 
AS/RS CART 
AS/RS CART 
AS/RS CART 
1%/RS CART 
AS/RS CART 
AS/RS CART 
AS/RS CART 
MACHIfWe CENTER 
AS/RS CART 
MACHINE CSf-.TER 
AS/RS CART 
MINI-MOVER'5 
AS/RS CART 
MACHINE CSt'JTER 
AS/RS CART 
MACHIP̂  CENTER 
AS/RS CART 
Af/RS CART 
AS/RS CmRT 
AS/RS CART 
Af.'̂ S ft?" 

= 9 nS 

75.744 
191.as 
tss.sx 
3f7.08 
5S7.338 
its.638 
13Î.174 
334.56 
{038.47 
1*33.99 
ta59.38 
last.78 
1344.93 
1398.1 
1591.55 
:730.97 
ifat.37 
isi4.gs 
3005.33 
f IH.tl 
taS3.37 
t56!.a9 
tf68.3? 
2399.ie 
2SSI.9I 
3030.95 
3E4S.77 
3336.7 
394S.3 
3670.78 
3f08.9 
3643.OS 
3SÎ1.Î7 
3922.a 
3028.47 
4414.21 
4970.37 
4648.39 
4694,17 
4769.2 
484S.47 
4890.68 
9848.97 
9323.79 
9349.28 
9309.14 
5413.12 
5802.3# 
5785.51 
5839,33 
5350.19 
5394.83 
5370.38 
8094.38 
5372.88 
S407.38 
5445.38 
?«3T,5i = . z 

88.754 
182.3 
133.98 
339.07 
79̂ ,784 
821.846 
342.834 
1003.97 
1249.233 
1144.38 
1388.37 
1353.77 
1355.8 
1397.11 
1532.58 
1731.53 
1333.38 
lS2*.f 
2018.33 
2123.22 
2234.38 
2972.28 
2700.38 
3202.946 
2882.92 
3*01.58 
3253,73 
3347.71 
3980,31 
3672.523 
3817.81 
3860.03 
4440.832 
3933.21 
4*15.898 
4425.22 
4897.72 
4660.4 
4709.18 
4780.2t 
4899.46 
4901.89 
9299.98 
9334.5 
9726.81 
5396.15 
9760.948 
5813.39 
5952.938 
5850.34 
8̂ 79.352 
5385.84 
7180.053 
6065.37 
8333.37 
8413.83 
3455.33 
5f4?,5" 

8.89458827 
12.4927747 
15,539248# 
31.381417 
48.84773*2 
SS.933Ê33S 
78.8333838 
82.1298113 
85.75138)}4 
93.8393433 
*63.68*378 
108.743882 
111.028349 
114.497234 
123.*19371 
142.373 5?: 
150.432333 
151.097306 
185.643837 
174.333207 
198.949322 
21*.499288 
222.07478 
235.76*58$ 
237.940744 
259,202228 
288,01852* 
279,929067 
293,0839*8 
303.1*3078 
3*4.330089 
3*7.837896 
322,964939 
323.875741 
324.393438 
384.903477 
378.059892 
393.923469 
387.62*178 
393.8*8733 
400,362504 
403.847996 
433,4333 
439.6*2083 
44*,719248 
444,87804 
448.988489 
482,8*8838 
478,0871 
482,*82783 
433,079553 
49*,703835 
493,002553 
499,933335 
525.232523 
523.*30218 
533.237375 
5 ; 5 . i 4 r iT : 

7.18371323 
13.4013257 
*6.9083379 
32.970833 
62.3246513 
67.3474344 
?T.8421438 
33.0343623 
102.412877 
34.5450943 
134.578527 
*07.699333 
111.93889# 
*15.338339 
123.023422 
142.999252 
151.39*33» 
153.006457 
138.598933 
175.242358 
139.498473 
2*2.404419 
222,98393* 
284.433328 
238,949895 
256.*1*377 
288.928672 
276,4372*8 
293 9S2838 
3*3.774075 
315.23925 
9*8,747007 
366,701789 
324,794892 
339,870357 
385,4*2628 
409,383825 
384.83282 
388,53033 
394.725934 
401,27*855 
404,797*47 
434,34235* 
440,52*2*3 
473,040092 
445,587*91 
475.7*0223 
483.525788 
43*.583971 
453.09*933 
525,818423 
492,8*2839 
591,24*323 
900.343045 
527.131574 
530,039357 
533.13553 
5-C. 
55% , =•' 1T' tS 
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fO ftS/'Ss CART @353. C3 5«rc .03 56 3 357. '3.J 
V A3/R« C.aiW 3934. 34 S3tS .25 57 3 .723754 377. 
ee AS/RS CART 7079. 12 7090 .93 534 .9*8274 585. 525425 
83 m/m CART 7S4S. 93 7857 .89 599 .394742 599. 303333 
84 MINI-MOVER-9 724#. 38 7435 .798 599 .533499 8*4. 0*0339 
89 Af/RS CART 7384. 44 7335 .45 804 .9*5775 905. 724928 
88 A8/R# CART 748*. 82 7431 .83 8*2 .907388 8*3. 7*8537 
87 AS/RS CART 7494. S3 7495 .89 8*9 .0*4588 8*8. 9237*7 
88 A#/R8 CART 7575 7588 .0* 825 .505772 928. 4*4923 
89 MINI-WVER-5 7880. 2 7947 .888 832 .54**84 949. 0*9034 
70 MACHIM: CENTER 5 7888. *2 92*5 .782 834 .88*508 979. 4*9358 
71 A8/R8 CART 7744. 89 7755 .89 939 .5*7*0* 840. 429252 
71 Af/Rf CART 7147. 34 7958 .35 847 .994253 849. 903404 
73 A1/R9 CART 789 Î. 58 7302 .57 85* .84572 852. 55437* 
74 A#/R9 CART #049. *9 8059 .*7 884 .578999 835. 499**3 
75 A8/R8 CART 3340. 98 935* .97 889 .730*9* 899. 9393*3 

OIClilON flULI SCT> VALU:/PMP# 
TIME 9C L̂tm FACTO#* Il.tfft t StHULATIOH TIME# fiS.ae4793 

FAILED 
NO. COMPONEW 

ACTUAL 
FAILING 

TIME 

ACTUAL 
KECOVEAV 
TIWi; 

ADJUSTED 
FAILim 
TIf« 

ADJUSTED 
RECOVERY 

TIME 

* A9/RS CART 79.744 88.794 8.2*9*9828 
2 A9/R8 CART *91.28 182.3 *2.4141498 
3 A8/R8 CART 188.9* 199.92 *5.50*0708 
4 A8/R8 CART 387.08 398.07 3*.7803328 
5 MIMÎ-M0VER-5 987.338 754.784 48.552338 
8 A8/R8 CART 810.838 921.848 88.5*88878 
T fm/nt CART 931.874 #42.884 78.4488098 
8 A8/R8 CART 984.58 *005.57 8*.8083408 
8 MACHINE CENTER 4 *038.47 *240.238 85.2*189 
10 A9/R8 CART 1133.95 1144.98 83.0488321 
It A8/R9 CART *299.38 *288.37 103,00938# 
12 A9/R* CART *292.78 *303.77 *08.077338 
*3 A8/R8 CART *344.59 *355.8 1*0.330785 
*4 A9/R9 CART *388.* *397,** 1*3.73888* 
19 A9/R9 CART *951.55 *582.58 *27.312934 
18 A$/R8 CART *720.57 *731.58 *4*,If*925 
*7 A9/R9 CART *922.37 *933.38 *49,535*57 
*9 A9/R9 CART *9*4.59 *925.9 *57,102299 
*@ m/m9 CART 2005.9# 

2*1*.2* 
2018.99 *84,80*334 

20 A9/R9 CART 
2005.9# 
2*1*.2* 2*22.22 *73.2390*8 

21 A9/R# CART 2283.37 2294.38 *97.38299 
22 *@/R9 CART 298*.25 2572.29 2*0,*84*93 
23 A#/R9 CART 2889.37 2700.39 223.977*2* 
24 MACHlt^e CEf-TTER 2 2955.12 3202.949 234.27779 
29 A9/R9 CART 298*.91 2992.52 239.44323 
28 A9/R9 CART 3099.55 3*01.59 253.599075 
27 A9/R9 CART 3245.77 3298.79 296.332702 
29 A9/R9 CART 3336.7 2347.7* 273,793992 
28 A9/R9 CART 3949.3 3590.3* 2^*.238953 
30 MACHirC CEI-fTER 4 3870.79 3972.529 30*.205393 
3* A9/R9 CART 3906.9 39*7.9* 3*2.35*799 
32 A9/R9 CART 3949.09 3990.09 3*5.937493 
33 MACHINE CEf-ifZK 5 39*:.Î7 4440.932 320.9323*3 
34 A9/R# CART 3922.2 3933.2* 32*.937393 
39 MINI-MOVER'5 3928.47 4**5.999 322.35*97 
39 A9/RS CART 44*4.2* 4425.22 332.205422 
37 MACHINE CEf-nrSR * 4579.37 4357,72 375.979523 
39 A8/R9 CART 4649,39 4650.4 3S*.507*92 
39 A9/R9 CART 4994.*7 4705.*9 395.19*93 
40 A9/R9 CART 4799.2 4780.2: 39*.33924 
4: AS/R9 4543.47 45? 3. 35-.S4=7i: 

=•: 4S31.53 4'2 i Î z. . 

7. Itfi873i 
13.3175797 
I*.4044993 
3I.te37$ti 
#(.@324023 
•7.4204213 
77.352238» 
82.5123339 
101.798129 
93.950091Î 
*03.3123»# 
109.991397 
US.234194 
114.0403:* 
*29.218383 
*42.095354 
*50.438539 
•59.005718 
*95.504793 
*74.*39445 
*99.299099 
2**.097622 
221.53055 
28%.8*8785 
237.349159 
254.499504 
267.23SÎ3* 
274.99742* 
292.*42392 
3*7.79*53* 
3*3.2552*7 
3*9.740327 
394.393959 
322.7409*2 
337.73*534 
393.**295* 
409.9073* 
392.4:0921 
399.09505# 
392.241993 
35= €:i5 
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43 AS/PS CART 
44 Cm-T 
45 MACHINE CEhfTER I 
46 m@/RS CART 
47 MACHIhE CENTER S 
4» A#/RB CART 
4# MINI-MOVER-S 
50 AS/RS CART 
51 MACHIhE CENTER 8 
58 AS/RS CART 
53 MACHINE CEWER 3 
54 A«/R@ CART 
55 AS/RS CART 
58 AS/RS CART 
57 AS/RS CART 
58 AS/RS CART 
58 AS/RS CART 
80 AS/RS CART 
81 AS/RS CART 
88 AS/RS CART 
83 AS/RS CART 
84 MINI-MOVER-5 
85 AS/RS CART 
88 AS/RS CART 
87 AS/RS CART 
88 AS/RS CART 
88 MINI-MOVER-S 
70 MACHINE CENTER 5 
71 AS/RS CART 
78 AS/RS CART 
73 AS/RS CART 
74 AS/RS CART 
75 AS/RS CART 

324 3. 5253 .33 43C. 7̂ 3̂ 22 -iji. 9ZSjSi 
3323. 5S34 .3 43ê. 3433®J 43?. T-3T3 
5349. S@ 5788 .81 439. 33585 470. 088338 
5385. 14 5338 . 15 441. 873335 448. 788124 
5413. 18 5790 .948 444. Î75303 478. 718877 
5806. 38 5813 .39 459. 705093 480. 808388 
5785. 51 5358 .938 473. 090779 483. 470843 
5833. 33 5350 .34 473. 148108 490. 05I33I 
5850. IS 8373 .858 490. 033823 583. 500808 
5954. 93 5395 .84 488. 80308 483. 518503 
5873. 39 7(90 .059 488. 899811 587. 580883 
8054. 38 9095 .37 498. 798458 497. 935987 
8372. 88 9333 .97 588. 310888 583. 914095 
9407. S3 9419 .39 535. 800855 588. 704084 
8445. 38 9459 .39 583. 87773 583. 711 
9537. 88 9548 .97 338. 449735 537. 353884 
9709. 8 8717 .81 550. 879398 551. 198983 
9859. 08 9370 .03 588. 884018 583. 787445 
8884. 84 9995 .85 573. 08408 573. 887483 
7073. 88 7030 .83 590. 838103 581. 840337 
7848. 88 7857 .89 534. 888859 595. 538033 
7848. 38 7435 .789 534. 788518 810. 145878 
7384. 44 7335 .45 SOI. 00989 801. 31871 
7481. 88 7438 .83 808. 350535 80S. 354084 
7484. 88 7435 83 814. 185003 815. 088432 
7575 7588 .01 881. 588088 888. 478431 
7880. 8 7847 .888 888. 580175 843. 33384 
7988. 18 3815 .788 830. 887043 874. 149835 
7744, 88 7753 .89 835. 438803 838. 335838 
7847. 34 7858 .35 843. #18008 844. 813437 
7881. 58 7308 .57 847. 544435 848. 447384 
8048. 18 8053 .17 880. 384358 881. 837787 
8340. 88 8351 .87 884. 385538 885. 838388 

DECISION RULE SET» VALUE/NÎ m 
TIME SCALING FACTOR, U.SSSt » Sir-IWLATIOW Tlf-IE» 7BS.Î73I3 

ACTUAL ACTUAL ADJUSTED ADJUSTED 

W. 
FAILED 
COMPONENT 

FAILIW 
Tî m 

FAILINO 
TIf« 

I AS/RS CART 75.744 88.754 8,387884 7,23325521 
8 AS/RS CART 151.29 182.3 12.7188825 13.8442737 
3 AS/RS CART 138.SI 138.32 15.8813233 18.3083205 
4 AS/RS CART 387,08 388,07 32,533443 33.4850403 
5 MlNI-MDVER-5 587.338 754.754 47.8343332 85,4516734 
8 AS/RS CART 810.838 821.848 88.1487335 83.0743245 
7 A3/RS CART 331.874 342,884 78.3241833 73.2437751 
8 AS/RS CART 394.58 1005.57 83.8108338 84.5384333 
8 MACHINE CENTER 4 1031.47 1240.233 87,3083348 104.284513 
10 AS/RS CART 1133,35 1144.38 35.3231832 33.2547804 
II AS/RS CART 1255.38 1288.37 105.535833 108.461484 
18 AS/RS CART 1282.78 1303.77 103.880045 103.805833 
13 AS/RS CART 1344.53 1355.8 113.037301 I13.382332 
14 AS/RS CART 1388.I 1397.II U8.528373 117.452585 
15 AS/RS CART 1551.55 1582.58 130.438062 131.351853 
18 AS/RS CART 1720.57 1731.58 144.845274 145.570335 
17 AS/RS CART Î322,37 1833.33 153.20342 154.123811 
18 AS/RS CART 1314,53 1325.S 180.358132 181.331753 
13 A9/RS CART 2005,38 2018.39 133.833133 183,584773 
20 AS/RS CART 2111,21 2:22.22 177.435823 173.411273 
21 AS/RS CART 2283.37 2234.33 :3:.358374 132.3344̂ 3 
32 AS/RS CART 2551.25 2572,25 215.313754 212.245345 
23 A3,̂ S CART 2639.37 2703,33 223.030575 227,3ie:5c 
24 2 2355.12 3302.34S 213.324::4 2E3.Z-5 
2? irS :.3: 2=52.52 3-2.Eh-î 3= ?.wT Z % - - r 1 r 
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87 AS/RS CART 3349. 77 3238 .73 272. 366*38 273. 73173 
89 AS/RS CART 3338. ? 3347 .71 830. 5:0488 as;. 436034 
89 A$/R3 CART 3949. 3 3580 .3* 838. 333388 833. 30335^ 
30 f#CM%^E CENTER 4 3870. 7f 3878 .988 308. 994899 389. 958574 
3t Af/R8 CART 3808. 8 38*7 .8* 380. 0*4*84 380. 9337*5 
38 A#/R3 CART 3849. 08 3880 .69 383. 989348 384. 5*0333 
33 MACHINE CENTER 9 391*. *7 4440 .838 388. 809*39 373. 338385 
34 A#/R8 CART 3988. 8 3933 .8* 389. 73841 * 330. 658002 
39 MINI-M)VER-S 3989. 47 41*9 .888 330. 8999*9 346. 0*6893 
38 A#/R8 CART 4414. 8t 4489 .88 37*. 09488* 378. 0804*8 
37 MACHINE CENTER 1 4978. 37 4997 .78 384. 88948* 4*8. 788744 
38 A8/R8 CART 4849. 39 4880 .4 390. 889987 38*. 79*978 
38 A8/R$ CART 4894. 17 4709 . *8 394. 830988 339. 998*54 
48 A8/R3 CART 4789. 8 4780 .8* 400. 939808 40*. 883733 
41 A8/R# CART 4848. 47 4898 .48 407. 80889 408. 58788t 
48 A8/R$ CART 4890. 88 490* .89 4t*. *908* 4*8. 07640* 
43 A8/R8 CART 9848. 87 9899 .88 44*. 87*8*8 448. *97808 
44 A$/R8 CART 9383. 79 9334 .8 447. 38:80* 448. 487*32 
45 MACHIN# CENTER t 9349. 18 9788 .8* 449. 7088*9 43*. 594*02 
48 A8/R8 CART 9389. *4 9388 . *9 498. 7*9*87 493. 844773 
47 MACHINE CENTER 8 94*3. ts 9780 .948 499. 07*4*6 484. 3*8538 
48 A#/R$ CART 9808. 38 98*3 .38 470. 988*83 47*. 90778 * 
48 MINI-MOVER-9 9789. 9t 9998 .938 484. 88888 900. 49898 
90 A#/R8 CART 9839. 33 9890 .34 490. 808*38 49*. 887788 
91 MACHINE CENTER 8 9890. 19 8378 898 48*. 8*9**7 538. 348884 
98 A#/R8 CART 9894. 83 9989 .84 930. 999803 90*. 580735 
93 MACHINE CENTER 3 9970. 38 7*80 .098 90*. 9*7997 80*. 83340* 
54 A$/R$ C^T 8094. 38 8089 .37 908. 979388 909. 9049*9 
99 A8/R# CART 8378. 88 8383 .87 939. 738849 938. 883837 
98 A8/R8 CWIT 8407. 88 8418 .89 938. 898*88 939. 88472 
97 A8/R8 CART 8449. 38 8498 .38 941. 891887 948. 777873 
98 A8/R8 CART 8937. 88 8948 .87 549. 809904 990. 935099 
98 A8/R# CART 8708. 8 8717 .8* 983. 778383 984. 703954 
88 A8/RS CART 8899. 08 8870 .09 978. 830714 977. 556305 
81 A#/R# CART 8984. 84 8999 .85 987. 158893 988. 078884 
88 A8/R8 CART 7079. 88 7080 .83 999. 187839 998. *î392ë 
83 A#/R# CART 7848. 98 7897 .88 808. 8*9999 8*0. 14* *5: 
84 MINI-MCVER-9 7848. 38 7439 .788 808. 398794 885. 1*3534 
89 W/R8 CART 7384. 44 7335 .45 8*5. 758705 8*6. 878896 
88 A#/R8 CART 748*. 88 7438 .83 883. 888888 884. §*448 
87 A#/R8 CART 7484. 88 7499 .39 889. 190*7* 630. ;Î5762 
88 A#/R8 CART 7979 7988 .3* 838. 8*884* 637. 742432 
88 MINI-MOVSR-5 7680. 8 7347 .628 843. 979454 859. 733*34 
70 MACHINE CENTER 5 7686. *8 0S*9 .782 848. *51503 830. 68625 
71 AS/Rf CART 7744. 88 7755 .89 851. 08*938 352. 007*23 
78 A8/RS CART 7847. 34 7858 .35 859. 7**983 660. 837574 
73 Ag/R# CART 

ÎSSl:!! 
7S02 .57 663. 42848 664. 35507 * 

74 A#/R8 CART ÎSSl:!! 8059 . *7 §76. 594564 677. 580*56 
79 AS/Rf CART 8340. 88 8351 .67 70*. *84522 702. 1*0**3 

OeCIflON RULE SET» vmLUE/WIW 
TIME SCALIW FACTOR- 11.736 t Slf'tULATIOM Tîf-Cs T:?.7464SS 

FAILED 
NO. COMPOWWT 

ACTUAL 
FAILfNO 

TIME 
ACTUAL 

RECOVERY 
TIME 

adjusted 
FAILir® 
TiriE 

A0JU9TE3 
RECOVERY 

TIME 
I m/n9 CART 75,744 96.754 
S A9/RS CART *51.2# I®8,3 
3 AS/RS CART 183.3Î 193.32 
4 AS/R5 CART 3S7.0S 3S9.37 
5 MINÎ-MOVER'S 5S7.33f 754.754 
6 AS/SS CART 3*0.=3# 821,646 
7 A3/R3 C4RT 931.674 $42.634 
3 46,/R6 CAST 334.53 Î335.57 
3 C~*rE,- - 32; 

6.45336773 
12.33*1043 
ÎS.0366233 
32.3305723 
43.34*5133 
63.0725372 
73.33533:6 
84.7443763 

7.33212375 
13.3232434 
*7.0347345 
33.31S7U7 
64.3**36:3 
79.81073S5 
20.3241535 
33.6225:34 



www.manaraa.com

382 

tt CART 1255. 36 1256 .37 108. 968538 107. 364733 
IS A@/R# CART :29S. 7® 1303 .77 110. 153374 111. 831513 
13 A3/R9 CART 1344. S3 1355 .6 114. 5697 : 15. 507833 
14 Af/RS CART 1366. 1 1397 .11 119. 10668 119. 044813 
IS AS/RS CART 1551. 55 1568 .56 138. 804389 133. 142468 
If A#/R# CART ITfiO. 57 1731 .59 148. 806189 147. 544308 
IT A#/R# CART isas. 37 1933 .39 155. 880334 156. 218473 
le AS/RS CART 1914. 59 1385 .6 163. 138807 164. 076346 
IS M/RS CART tees. 91 2016 .93 170. 925358 171. 363437 
te AS/RS CART a m .  at aiaa .88 179. 891796 180. 829925 
tt AS/RS CART aass. 37 8894 .36 194. 981179 195. 4993 IS 
ft AS/RS CART 1561. 85 1578 .86 8:8. 839793 219. 176832 
ft AS/RS CART aess 37 8700 .39 889. 15953 230. 093723 
#4 MACW!^« CfMTfR a asss. la 3208 .348 243. 8799 272. 916323 
ts AS/RS CART assi. St 8938 .98 245. 587437 846. 465976 
ft AS/RS CART seso. 55 3101 .56 263. 339899 864. 277437 
97 AS/RS CART 3a45, 77 3856 .79 876. 995869 877. 903406 
fit AS/RS CART 333#. 7 3347 .71 894. 313884 285. 851363 
t$ AS/RS CART 354#. 3 3960 .31 301. 483485 303. 386965 

MACHINE CENTER 4 3S79. 76 3378 .583 318. 777779 329. 370007 
31 AS/RS CART 3666. 6 3917 .61 384. 35848 325. 290953 
3t AS/RS CART 3S49. 09 3960 .09 317. 978098 388. 910191 
33 MACHINE CEMTER 5 3911. 17 4440 .938 333. 898911 378. 394001 
34 AS/RS CART 39». 1 3933 .81 334. 808494 335. 140833 
39 MINI-MOVER'S 3919. 47 4115 .999 334. 736709 350. 707095 
3# AS/RS CART 4414. 11 4415 11 379. 115597 377. 093736 
37 MACHINE CENTER 1 4579. 37 4957 .71 390. 113317 411. 438946 
3# AS/RS CART 4649. 39 4990 .4 399. 164791 397. 108931 
3# AS/RS CART 4694. 17 4705 . 19 399. 990401 400. 918941 
40 AS/RS ClWIT 4799. 1 4790 .11 406. 373591 407. 311691 
41 AS/RS CART 4949. 47 4959 .48 413. 117391 414. 099111 
4t AS/RS CWfT 4990. 99 4901 .99 419. 784609 417. 661747 
43 AS/Rf CART 5149. 97 8159 .99 447. 153749 449. 191839 
44 AS/RS CART 5313. 79 5334 .9 453. 919005 454. 967144 
45 MACHINE CENTER I 5349. 16 5719 .91 455. 79925 488. 12297 
4# AS/RS CART 5395. 14 5399 . 15 499. 95951 499. 794849 
47 MACHINE CE^nrER E 5413. 11 5760 .946 461. 140927 430. 373153 
4# AS/RS CART 5601. 39 9613 .39 477. 367076 473. 3052:5 
4# MINI-MOVER-5 5765. 51 5951 .939 431. 267042 907. 23733 
50 AS/RS CART 563#. 33 5650 .34 497. 55709 498. 435228 
51 MACHINE CEMTER S 5950. 19 6379 .852 488. 481447 543. 613833 
5S AS/RS CART 5954. 63 5965 .84 907. 381561 508. 3197 
53 MACHIfC CENTER 3 5970. 36 7160 .058 508. 721682 810. 093353 
54 AS/RS CART 6054. 36 6065 .37 515. 879346 518. 817433 
55 AS/RS CART 6372. 66 6393 .67 543. 001023 543. 339182 
5# AS/RS CART 6407. 69 6416 .89 546. 002045 548. 940135 
57 AS/RS CART 6445. 39 6456 .39 549. 197342 550. 135431 
5@ AS/RS C«PtT 6537. 66 6549 .67 557. 060327 557. 998487 
59 AS/RS CART 6706. 1 6717 .21 571. 421268 572. 353407 
69 AS/RS C«*T 6959. OS 6970 .09 984. 447853 585. 385332 
«t AS/RS CART 6964. 14 6995 .25 535. 112475 536. 050813 
ee AS/RS CART 7079, 62 7090 .S3 603. 258647 604. 134738 
63 AS/RS CART 7146. 69 7257 .69 817. 474438 818. 412577 
64 MINI'MOVER-5 7243. 36 7435 .788 617. 617587 633. 537335 
65 AS/RS CART 7324. 44 7335 .45 624. 100205 625. 038344 
66 AS/RS CART 7481. 12 7432 .23 632. 348628 833. 234785 
67 AS/RS CART 7494. 3S 7495 .29 637. 718837 638. 857378 
68 AS/RS CART 7575 7586 .01 845. 449838 848. 3SS037 
69 MlNI-MOVER-5 7660. 2 7S47 .628 652. 709812 688. 87355 70 MACHINE CErfTER 5 7606. 12 6215 .782 654. 9182 700. 049535 
7t AS/RS CART 7744. es 7755 .89 959. 907976 680. 848115 
72 AS/RS CART 7647. 34 7853 .35 883. 85543 683. 533553 
73 AS/RS CART 78S1. 55 7S02 .57 872. 483313 873. 381452 
74 AS/RS CART SS43. iS 835S . 17 855. 766871 658. 705311 
75 AS/RS CART 9340. 66 835 Î .67 710. 530154 711. 
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XVI. APPENDIX E 

PROQUN LISTING FOR ROBOT CONTML SOFTWARE 

1 cls 
4 print •** 
5 print 
7 print 
8 print 

robot control program 
for fin* 

randCRi/random 
*•* 

9 print ********************************************* 
10 dim tm{5) ,bd(10) «du(10) «rc(lO) «al (70) «a2 (70) «a3 (70) 
15 dim a4(70)«a5(70)«a6(70) 
30 j*0:n»l%k"6%kl"61*mm0%rr»0% indexai 
40 for it"l to k 
50 read bd(it) 
60 bd(it)-bd(i%)*60 
70 next il 
80 for i%»l to k:du(i$)"0:next it 
90 tôt il»l to kl 
100 read al(i%) «a2(i$) «a3(i%) «a4 (i$) «a5(i$) «a6 (i%) 
110 nmxt it 
120 print "enter simulation time in minutes."sinput UsU«ll*60 
130 print "enter desired speed." s input s 
140 print "enter lathe I time in minutes." îiî t Usll»ll*60 
150 print "enter lathe 2 time in minutes."sir̂ t 12:12*12*60 
160 print "enter waî  time in mimites." sirqput wt;wt=wt*60 
170 forint "enter wait delay in minutes." lir̂ t wd2Md>wd*60 
175 print "set heme position and then press 0.";#set 
180 ̂ int "press enter to start cycle.":ii^t z 
185 cl»16924 
190 for it«0 to 5;tm(it)>0:next it 
195 for it*0 to 5:p(*e cl-it«tm(it):next it 
200 poke 16526,l52:poke 16527«2:y«v»r(0) 
240 for iit»l to 3:gosub 41000;next iit 
250 rr»rr+0.06*60 
280 goto 440 
290 #close;@re0et 
300 gosub 10000 
310 for iit»4 to 6:gosub 4X000:next lit 
350 felose 
360 goaib lOOOO 
370 Iread %«%«%,%«x,g:d=g/306 
330 if d<0.5 then 390 else 600 
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390 iiMR*l:prlnt:print "̂ pâtt not present." 
400 gomub 10000 
410 foe tll*7 to 9*goaub 41000:next iit 
415 if index-l then 420 else 430 
420 rx*rr̂ 0.245*60tindex>0tgotG 440 
430 rr«rr*0.19*60 
440 9oeub 10000 
460 tx-pMk (16921 ) *3600+m#k (16920) *60+peek (16919) 
475 if tx+W<"peek (16921)#36004'peek (16920) *60+peek (16919) then 510 elee 480 
480 peint '̂ executing wait delay."tgomub lOOOOigoto 475 
510 te»(U*j+12«i"Hit*ĵ tr)/«f 
520 w3"peek (16921) *3600̂ Feek (16920) *60̂ peek (16919) 
530 print "̂ current time", "turning cell effectivity** 
540 print w3/60,te 
550 goto 290 
600 |»intsprint "pert preaent.** 
610 j»j+l:inde%»l 
620 gotnib 10<X)0 
630 for ii*10 to IStgoaub 41CK)0tnext iil 
670 fcloee 
690 geW) 1(X)00 
700 for iil»19 to 22tgonib 41000snext iil 
710 goaub 10000 
750 tx«peek (16921) *3600*peek (16920) *60+peek (16919) 
760 aftit̂ U 
765 if a<#peek(16921) *3600*paek (16920) *60*peek (16919) then 795 else 770 
770 print %achining en lathe I for part",j%goewb lOOOOsgoto 765 
795 gOÊXt 10000 
800 for iil»23 to 30sgo«ib 41000:next iil 
840 fcloee 

goetd» lOWO 
860 for ii%»31 to 38%gomA 41000*next iil 
900 eclme 
910 goedb lOOOO 
920 for ii%«39 to 42sgo««b 41000;next iil 
930 goe# IWOO 
970 t*«peek(16921) *3600*peek(16920) *60#peek (16919) 
980 b»t*̂ 12 
985 if b<»Beek(16921)*3600+peok(16920)*60+peek(16919) then 1010 else 990 
9W ĵ int Sechining on lathe 2 for part",3:̂ )mib 10000:goto 985 
1010 goeW) 10000 
1020 for iiW3 to 50;goe%# 41000;next iil 
1060 fcloee 
1070 goeub 10000 
1080 for iil«̂ l to 5S:goewb 41000;next iil 
1100 goeub 10000 
1130 tx«peek(16921)*360a+peek(l6920) (159:9) 
1140 c=fcx+wt 
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1145 if c<«pi«k (16921) *3600+pe«kae920>»60+r;9e!« (16919) then 1170 ©1* 1150 
1150 print "waahing foe p@rt",j*goaub 10000:goto 1145 
1170 go#ub 10000 
1180 for ii"56 to 61:gosub 41000:n#*t tit 
1200 goflub 10000 
1220 v6"p##k(16921)#3600+peek(16920)*60+p#ek(16919) 
1230 rr«»rr+0.749*60 
1235 t#"(11*j+12*j+wt*j+rr)/#r 
1240 print "current tim","turning c#ll cffcctivity" 
1250 print v6/60,t# 
1260 gwub lOOOOxgoto 290 
10000 g(wd» 45000 
10020 if bd(n)<«pMk(16921 )*3600^pMk(16920)*60^pMk(16919) then 20000 
10050 return 
20000 it»ntprint ii% 
20005 wad du(i%)%du(i%)"du(i$)*60*rc(i$)"bd(i%)+A*(i%) 
20010 if l<"ii% and ii%<-22 then 30070 
20060 if 23<"iit and ii$<#30 then 35090 
20070 if 31<-iit and iit<«42 then 30070 
20090 if 43<«iit and iil<«50 then 38090 
20100 if 51<«iit and iit<»55 then 30070 
20110 if iit>«56 then 40080 
20120 y)to 20010 
30070 if rc(i%)<"peek(16921)*3600+peek(16920)*60+peek(16919) then 30100 
30080 print %ini-mover-5 failed."igoto 30070 
30100 nfn»l* return 
35090 if rc(il)<»peek(16921)*3600*peek(l6920ï*6û+f»ek{l69l9ï then 3)130 
35100 print %ini-mover-5 failed.":goto 35090 
35130 iipn»l%a»a+du(i$)(return 
38090 if rc( i$) <"peek(16921) *3600*peek(16920) *604^k(16919) then 38130 
38100 ̂ int "^sini-wover-S failed.":g»to 38090 
38130 n»n^l;b>b^du(i%):return 
40080 if rc(i%) <#p#ek(16921)*3600+peek(16920) *60#:%ek(16919) then 40110 
40090 print '%ini-mwer-5 failed."sgoto 40080 
40110 mn»l;c*c*du(i$)*ret%Kn 
41000 fetep *,al(ii$),a2(ii$),a3(ii$),a4(ii$),*5(ii$),a6(ii$) 
41010 return 
45000 if #r<#peek (16921) *3600*peek (16920) *60*p@ek(16919) then 50000 
45010 return 
50000 print(print "** statistical results **";print 
50050 8l>0ss2»0:s3«0 
50060 sl*ll*j/60î82»12*j/60îs3^*3/60îrr=rr/60îsr»8r*60 
50090 print "total processing tim of lathe 1 (min.)« ",sl 
50100 print "total processing time of lathe 2 (min,)* ",s2 
50110 print "total {nrocessing time of waher (min.) » ",83 
50120 print "total running time of mini-mover-5 (win,)- ";rr 
50125 print "total mjriber of parts ptoœsaeâ» ",3 
30128 print "total number of idles® ",3 
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50130 «l"sl/sr :e2"s2/sr :e3"s3/@r :e4>rr/sr 
50140 •££«(®l+a2+i3+rr)/8t 
50150 print "ef(activity of latha 1" **,«1 
50160 print "effactivity of latha 2» ",#2 
50170 print "effactivity of «mahar • **,«3 
50180 print "affactivity of inini-nwvar-S" ",a4 
50190 print "̂ avaraga affactivity of tha turning call# " aff 
50200 atop 
50210 and 
60000 data 46.4774 
60010 data 321.629 
60020 data 472.324 
60030 data 593.802 
60040 data 627.541 
60050 data 999999999999 
60100 data 0,0,0,0,0,100 
60110 data 0,-532,16,0,0,0 
60120 data 0,-260,-57,388,-380,0 
60130 data 0,-944,911,0,0,0 
60140 data 11,705,33,-13,-13,500 
60150 data 0,42,-111,0,0,0 
60160 data 0,-42,111,0,0,0 
60170 data -11,-705,-33,13,13,0 
60180 data 0,944,-911,0,0,0 
60190 data 0,-42,111,0,0,0 
60200 data -11,-705,-33,13,13,-20 
60210 data 0,944,-911,0,0,0 
60220 data 677,361,187,-360,360,0 
60230 data 0,148,158,0,0,0 
60240 data 0,0,0,18,-18,0 
60250 data 0,0,0,0,0,100 
60260 data 0,0,0,-18,18,0 
60270 data 0,-148,-158,0,0,0 
60280 data 82,69,178,0,0,0 
60290 data 0,0,0,-33,33,0 
60300 data 0,0,0,33,-33,0 
60310 data -82,-69,-178,0,0,0 
60320 data 160,-88,252,0,0,0 
60330 data -71,0,0,0,0,0 
60340 data 0,0,0,35,-35,0 
60350 data 0,0,0,-35,35,0 
60360 data 71,0,0,0,0,0 
60370 data -160,88,-252,0,0,500 
60380 data 0,148,158,0,0,0 
60385 data 0,0,0,18,-18,0 
60390 data 0,0,0,-18,18,-20 
60400 dat3 0,-148,-158,0,0,0 
60410 dati 473,12,-11,3,-3,0 
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60420 data 0,137,156,0,0,0 
60430 data 0,0,0,11,-11,0 
60440 data 0,0,0,0,0,100 
60450 data 0,0,0,-11,11,0 
60460 data 0,-137,-156,0,0,0 
60470 data 42,-73,97,0,0,0 
60480 data 0,0,0,-35,35,0 
60490 data 0,0,0,35,-35,0 
60500 data -42,73,-97,0,0,0 
60510 data 210,-212,149,-31,31,0 
60520 data -176,0,0,0,0,0 
60530 data 0,0,0,31,-31,0 
60540 data 0,0,0,-31,31,0 
60550 data 176,0,0,0,0,0 
60560 data -210,212,-149,31,-31,500 
60570 data 0,137,156,0,0,0 
60580 data 0,0,0,11,-11,0 
60590 data 0,0,0,-11,11,-20 
M600 data 0,-137,-156,0,0,0 
60610 data 413,0,0,0,0,0 
60620 data 0,-403,532,342,-342,0 
60630 data 0,538,-158,0,0,0 
60640 data 0,-716,335,0,0,0 
60650 data 578,0,0,0,0,0 
60660 data 0,104,-108,-104,-104,0 
60670 data 0,0,0,0,0,100 
M680 data 0,-104,108,104,104,0 
60690 data -2141,208,-885,15,-15,0 
60700 data 15.3545 
60710 data 15.3545 
60720 data 15.3545 
60730 data 15.3545 
60740 data 15.3545 
60750 data mm999999 
ready. 
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XVII. APPENDIX ft 

PROQUM LISTINGS TOR MODEL CQWTML SOFTWARE 

2 optn2,4,6{pcintf2,chr$(22) 
5 0|penl#4}andl 
10 print "3" 
20 print •Hf**#####*#*****#**##*##*****#*####*##*####****#**#*##**# 
30 print î iysical simulâtim for 6i» 
40 print •** (random-randan)-(tĥ } 
50 print "**••**••**•****<'****•**«*•*****•****•#****#************* 
100 dim d(30),lq(30),oq(30,5ï.pn(30,5ï.tp(77J,tr(77ï,ida7î,xx(30î 
110 dim tf(77ï,w3(8,16),rl{77),tl(77),tS(77),dx(30î,at(77ï,l8(77ï 
120 dim cp(6«6),bo(70),bf(70),du(70)̂ (70) 
130 dr*»59471*pok# 59459,127 
150 pok# 59467, (MH(59467) and 227 
160 pok# 59468, p##k(59468) and 31 or 224 
170 for i«l to 30%d(i)»-l*lq(i)«0*dx(i)"0:xx(i)»0:n#xt i 
210 tot i»l to 30;for j«l to 5;oq(i,j)"0*next j:next i 
220 for i«l to 30;for j«l to 5;pn(i,j)*0tn*xt j:naxt i 
230 tot i»l to 77trl(i)*0;at(i)«0;la(i)"0;rarxt i 
240 for i»l to 77stp(i)"0ttl(i)»0strU)*0:id(i)*0:next i 
250 for i"l to 6spp(i)«0;rt(i)>0;rr(i)«0»no(i)«0;dt(i)«Q;next i 
258 for i»l to 70sbo(i)«0;bf (i)«0sdu(i)«0:n»xt i 
260 for i»l to 7;pt(i)«0tvl(i)>0sw6(i)*0snext i 
275 for i»l to 8tdf(i]i«0snext i 
278 for i»l to 8:for to 16iw3(i,j)«0:next jïnext i 
290 t»0îf»0îtt»0îff*0îfor i»l to 6;kk(i)"l;next i 
300 nfO:«M);ml»0;m2»0:m3*0;m4»0;tu»0*tl»0;td«0 
310 ta*Oswl«0:w4«0.05;w5>0.07sn»H); t3»0; t5»0: t6*0; t7»0î t8»0 
330 f% 4»l to 7slq(i)»5;n«ft i 
340 for i*8 to 30;lq(i)«0;next i 
350 j#l 
360 for to 7:oq(i,j)*î (i-j*l)*l0;ncxt i 
370 i»i+l 
380 if i<»5 then 360 
390 j«5îjj«j-l 
400 for i»i3 to 1 step -1 
410 oq{i,j)»jĵ 70-U*(jj-i) 
420 next i 
430 
440 if i>=2 then goto 400 
441 for i*l to 7;£or j»l to 5 
442 pn(io)=int(og(l,j)/ll+0.6) 
443 rext j:next i 
445 for i=^X to 77;tf(i) =999999999559:next i 
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450 for i"l to 1 
460 read pt(i),vl(i),al(i) 
470 pt(i)-pt(i)*3600îal(i)«al{li*3600 
480 next i 
490 for i»l to 8:r@(^ w6(i):n@xt 1 
492 for i*l to 8:for j«l to 6 
494 read w3(i,j) 
496 next jtnext i 
498 for i"l to 7:read w3U,16Mnext i 
499 for t"! to 7;read roUHnext i 
500 print **do you wimh to chancy the status of any output?" 
510 print '*enter 1 for yes, 2 for no": input x 
520 if xOl then 580 
530 print "enter desired output number": input g 
540 if g<32 then 560 
550 print "illegal wtjpxt number (must be 0-31)"%goto 530 
560 poke dra,g*poke dra,0:goto 500 
580 print "3"%print "enter simulation run time in minutes." 
590 input srtsr«sr*3600tprint "initialization has been completed," 
620 ti$""000000"*s#"ti 
630 print "similati<m starting time is ",ss/3600 
650 for i«l to 70 
660 read i,t$(i) ,mnCi) «bo(i) ,du(i) 
670 bo(i)«bo(i)*3600+sstdu(i)>du(i)*3600tbf (i)«bo(iHdu(i)tnext i 
700 go&cto 300<K) 
720 gosub 11000 
730 goeW* 13000 
7W gosub 40000 
760 goW» 45000 
770 gosid> 41000 
780 goto 700 
10000 return 
11000 if lq(8)>0 then 11040 
11010 f.int(7*rnd(l)+l) 
11012 if lq(f)a then 11028 
11025 goto 11100 
11028 ggpO 
11030 for j«l to 7;if lq(j)<l then qqp»<5Q+l;next j 
11032 if 95-7 then 11036 
11034 goto 11000 
11036 gomib 40000:goeub 30000:goto 11000 
11040 f»8:goto 11130 
11100 if oq{f,l)>10 and oq(f,l)<20 then 11160 
11110 if oq(f,l)>30 and og(f,l)<40 then 11160 
11120 if oq{f,l)>50 and og(f,l)<60 then 11160 
11130 t#int(6*rnd(l)+l)+21 
11135 if lq(t)>4 then 11145 
11140 kl»t-2l:goto 11170 
11145 pq»0 
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11150 foe k"22 to 27;if Iq{k)>4 then pq"pq*l:f»xt k 
11151 if pq-6 then 11157 
11152 goto 11130 
11157 if lqt30)>4 then 11159 
11158 goeub 40000*goto 11000 
11159 goflub 30000:goto 11157 
11160 if lq(16)>4 then 11164 
11162 kl-16igoto 11170 
11164 if lq(30)>4 then 11168 
11165 goeub 45000:goto 11000 
11168 goaub 30000*goto 11164 
11170 goeub 12000}return 
12000 gwub 10000 
12006 if W3600<"(ti/3600)-wl then 12010 
12008 goeub 40000:goto 12006 
12010 wl"0*tl(oq(f,l)Mti 
12015 print ''current time*";ti/3600 
12020 p(*e &ra,28*po^ dra,0 
12040 poke dra,f+50 
12050 if peek(dr#)*f+50 then 12070 
12060 goto 12040 
12070 poke dre,28*poke dra,0 
12072 go«A 10000 
12074 if W3600> (ti/3600)-w3 (f,kl) then 12074 
12080 poke Ara.fspoke drs,0 
12090 t5*titprint "loading pert •*;^(f,l);'*fro8 *torage";f:t6»tt-t5 
12095 goaub lOOM 
12100 if tm/3600>(ti/3600)-w4 then 12100 
12102 pok# dra,f:poke dra,0 
12104 goeub 10000 
12106 if tm/36W>(ti/3600W5 then 12106 
12110 poke dra,28:poke dra,0 
12130 t7*ti;print "returning with'*îoq(f,lîî''fro» *torag@";(:t8»ti-t7 
12140 poke dra,50 
12150 if peektdraî *178 then 12170 
12160 goto 12140 
12170 poke dra,28;poke dra,0;%a»ti 
12180 taPti-tl(oq(f,1) )-(wi*w3 (f,kl)+w4+«5) •3600-t6-t8 
12185 ; ta»ta/3600 
12190 i^int "fetch time i« ";ta 
12210 ft»taHi#3(f,kl)+«4+w5;«w»8»+^ft*3600 
12220 return 
13000 if f»8 then 13040 
13010 if oqC£,l)>10 and oq(f,l)<20 then 13500 
13020 if oq(£,l»30 and oq(f,l)<40 then 13500 
13030 if oq(f,lî>50 and oo((,l)<60 then 13500 
13040 if d(16).l then 13070 
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30194 tp(oq(30,l))"Spioq(30,l))/3600:la(oq(30,l))*la(oq(30,l))/3600 
30196 print '*throughput time of part ";oq(30,l);*ie"";tptoq(30,l;) 
30198 print **production lat»neis of part";oq(30,lM"ie»";la(oq(30,lU 
30199 tu"ttt*tp(oq(30,l))%tl"tl+la(oqi(30,l)) 
30200 at(oq(30»l))-xbH<e(ff)*3600{at(oqC30»l)}-«t(oq(30A))/3600 
30230 print "arrival time of a new part ";cq(30,l);"i*#";et(oq(30,l)) 
30295 lq(££)-lqt££)>li«itff,lq(££>)-oq(30,l) 
30300 if lq(30)<l then return 
30305 lq(30)"lg(30)-l 
30308 if lq(30)<l then return 
30310 for j"l to lq{30î 
30320 oqt30,J)-oqC30,i+U 
30330 next jsreturn 
35000 £f-oq(30,l)-(int(cq(30,l)/ll*0.6nn0 
35010 pn(30,l)"int(oq(30,l)/ll*0,6) sreturn 
40000 if ti>"(ar+#a) then 50000 
4(K>10 for tn#22 to 27 
40020 if d(tn)—1 then 40060 
40030 if IqftnXl then 40060 
40040 if lq(30)>4 then 40070 
40050 if ti>»tftoq(tn,l)) then 40500 
40060 next tn 
40070 return 
40500 print "pert";oq(tn,lU"i# done at location";tn 
40510 if dx(tn)>2 and xx(tn)<»tf (oq(tn,l)) then 40514 
40512 goto 40520 
40514 dxCtn)>10 
40520 poke dra,tn%poke dra#0îd(tn)»d(tn)*(-lîïmo(tn-2lî^BO(tnr-21)+l 
40550 lq(30)»lq(30Hl 
40560 oq(30,lq(30) )"cq(tn,l) 
40570 rl(oq{30,lq(30H)»l 
40575 goWb 18000 
40580 «3*1^*1 (goto 40060 
410<K) for ic*l to 70 
41150 if ti>*be(icï then 41200 
41160 if i8n(ic)>0 then 41180 
41170 if ti>#bf(ic) then 41400 
41180 next ic; return 
41M0 if t8(ic)»"a»" 0»n 41610 
412%> tj"mn(ic)+21*i^(tj,l)»int(oq(ti,l)Al+0.6) 
412% if d(tj)"-l then 41255 
41240 bo(ic)*t£(oq{tj,1} ) îbf( ic) »bo( ic) •du{ic) 
41250 if foo(ic)<ti then return 
41255 dx(ti)»l 
41260 print %a(Aine center"; tjî "fails at*jbo(ic)/3600 
41270 bo(ic)»bo(ic)+999999999999: return 
41400 tj»8in{ic)+21:pn(tj,l)'int(oq{tj,l)/ll+0.6) 
41440 print "failed m»A%ine center"; tjî "is repaired at";bf {ic)/3600 
4X450 dx(tj)»2:tf (oq{tj,lî)»bfHc)+pt(ï»iîtj,l)î (cc(tj,l! ; 
41460 bf ( ic) -bf Ê ic) +999999999999 ; re cum 
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41610 print "̂ as/rs cart fails, failure number is'*; ic 
41620 wl"du(ic)/3600îbo{ic)»ho{icï +999999999999:rekucn 
45000 if lq{30)>4 then return 
45010 poke dra,59 
45020 if paek(dra)«59 then 45040 
45030 return 
45040 m4"m4+l%tnm29 
45050 lq(tn) "lq(tn) +l*oq{ tn,lq{tn) ) *oq(16,1) 
45060 print *p@rt";oq(tn,l;;"i# done at loc@tion";tn 
45070 poîw draftntpoke dra,Q:d(tn%*d(tn**(-l) 
45080 90«ub 10000 
45090 if tm/3600>(ti/3600)-0.04 then 45090 
45100 poke dra,tn*poke dr#,0%d(tn)»d(tn)*(-l) 
45110 if lq(16)<l then 45150 
45120 lq(16)"lq(16)-l 
45130 if lqtl6)<l then 45150 
45140 for j»l to lq(16)*oq(15,j)*<̂ (16,j+1)*ne*t j 
45150 if lq(tn)<l then 45190 
45160 lq(tn)»lq(tn)-l 
45170 if lq(tn)a then 45190 
45180 for j»l to Iq(tn) *oq(tn,j)"oq(tn,j+1)*ne%t J 
45190 lq(30)«lq(30)H 
45200 oq(30,lq(30))"Oq(tn,l) 
45210 rl(oq(30,lq(30)))>2 
45220 return 
50̂ KK) w#«N/#r % ieml-e@ 
50005 for kn*l to 6%em(kn)»rt(kn)*3600/*r;ne*t kn 
50010 f% kn#l to 6*im(kn)»l-em(kn) *next kn 
M040 el"(em(l)+em(2)+em(3)+em(4Mem(5)+ew(6))/6;it"l-el 
W050 for k»»l to 8%df(kn>*df(kn)/n;ne%t kn 
5(K)60 ml"ml/4*:m2»m2/n 
50070 print "3" 
50080 p%int:print *»t3ti«tic8l remits** 
50090 printîĵ int ** efftctiwity of at/re carb-̂ êa 
50100 î int " idle rate of as/re cart»*,ia 
50110 for kn»l to 6 
50120 print •* efÉectiwity of madiine center";kn;''»'*;ejn(kn) 
50130 print " idle rate of midline center";kn; im(kn) 
50140 next kn 
50150 print "average effective "ty of machine center cell»";el 
50160 print "average idle rate of machine center cell»"; it 
50180 print:for kn»! co 8 
50190 print "fetch rate of storage awa";kn;"»";df(kn) 
50200 next kn 
2̂10 for km»! to 6 
50220 print "route rate to machine center";kn;"=";dt(kn% 
50230 next kn 
50250 printrprint "fetch rate for machine cencec cell-";Tl 
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50260 print "fetch rate foe tuenif̂  cell» ";m2 
50262 for kn*l to 6 
50264 print "total nuridber of outputs from iVc";kn;"i»*";mo(W 
50266 next kn 
50270 print "total miidoer of outputs from m/cr ";m3 
50280 print "total noAer of ougmts from turning cell*";m4 
50285 print "total mztdber of dispatcher ";n 
50290 print{for kn>l to 8 
50300 print "current queues of stoê  area ";kn;"»";lq(kn) 
50310 next kn 
50320 print "current queues of retrieval gate» ";lq(30% 
50350 print "current queues of turning cell» ";lq(16) 
50360 printtfor kn#22 to 27 
50370 print "current queues of machine center")kn-21; "»"; Iq(kn) 
50380 next kn 
50390 printtfor kn*l to 8 
50395 if lq(kn)<l then 50435 
50398 print "current queue sequence of storage area"}kn 
50400 for nn»l to Iq(kn) 
50420 print oq(kn,nn); 
504% next nn 
50432 print 
50435 next kn 
50440 printtfor lm#22 to 27 
50445 if lq(kn)<l then 50485 
50448 print "current queue sequence of m/c center"; kn-21 
50450 for nn»l to Iq(kn) 
50470 print oq(kn«im); 
504% next nn 
50482 print 
50485 next kn 
50490 if lq(16)<l then 50530 
504% printsprint "cmrrent queue ŝ ûence of turning cell" 
50495 knml to lq(16) 
50510 print oq(16,kn); 
50520 next kn 
50530 printsprint "ci»rent queue sequence of retrieval queie" 
50535 for kwl to lq(30) 
50550 print oq(30,kn); 
50560 next kn 
50570 forintsprint "total fetch time of as/rs» ";m/3600 
50580 pcinttprint "total processing time of m/c*";su/3600 
5̂90 print:print "total throughput time(tp)» ";tu 
50600 ̂ intsprint "total production lateness» ";tl 
50610 printîprink "total idle time on machine centers»"; td 
50900 print#l,4îclosel,4 
50910 stop:9nd 
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51000 data 3.9159,190.38,49.9889 
51050 data 6.7832,120.37,61.0484 
51100 data 1.8842,92.32,31.7039 
51150 data 0.9175,17.93,8.2578 
51240 data 1.1797.107.86,25.3631 
51290 data 13.1403,231.81,118.263 
51360 data 1.6548,26.93,14.8935 
51362 data 0.2501,0.2155,0.2004,0.1886,0.1842,0.1761,0.1673,0.1637 
51365 data 0.1393,0.1364,0.1472,0.161»?,0.1756,0.1753 
51370 data 0.1304,0.1274,0.1383,0.1528,0.1666,0.1663 
51375 data 0.1233,0.1204,0.1312,0.1457,0.1595,0.1593 
51380 data 0.1138,0.1109,0.1217,0.1363,0.1500,0.1498 
51385 data 0.1046,0.1016,0.1124,0.1270,0.1408,0.1405 
51390 data 0.0993,0.0963,0.1071,0.1217,0.1355,0.1352 
51395 data 0.0923,0.0893,0.1001,0.1147,0.1285,0.1282 
514% data O.O829,O.06OO,O.MO8,O.lO54,O.1192,O.1189 
51405 data 0.1840,0.1751,0.1680,0.1585,0.1492,0.1439,0.1369 
51410 data 0.2017,0.2173,0.2275,0.2327,0.2427,0.2581,0.1229 
514% data 1,as,0,6.2051,0.902 
51440 data 2,ac,0,12.394,0.902 
51450 data 3,as,0,15.4759,0.902 
51460 data 4,a#,0,31.7088,0.902 
51470 data 5,a#,0,66.4091,0.902 
51480 data 6,as,0,76.3248,0.902 
51490 data 7,a#,0,81.4766,0.902 
51500 data 8,mc,4,85.0741,16.5293 
51510 data 9,a#,0,92.8954,0.902 
51520 data 10,a#,0,102.842,0.902 
51530 data 11,a#,0,105.906,0.902 
51540 data 12,as,0,110.152,0.902 
51550 data 13,a#,0,113.553,0.902 
51560 data I4,a»,0,l27.l06,0,902 
51570 data 15,as,0,140.953,0.902 
51580 data 16,a#,0,149.292,0.902 
51590 data 17,as,0,156.848,0.902 
51600 data 18,as,0,164.334,0.902 
51610 data 19,a#,0,172.955,0.902 
51620 ̂ ta %,aa,0,187.059,0.902 
51630 data 21,as,0,209.823,0.902 
51640 data 22,a*,0,%0.319,0.902 
51650 data 23,mc,2,233.898,28,4947 
51660 data 24,am,0,236.059,0.902 
51670 data 25,ag,0,253.184,0,902 
51680 data 26,aa,0,265.9,0.902 
51690 data 27,a«,0,273.35,0.902 
51700 data 28,a«,0,290.767,0.902 
51710 data 29,mc,4,300.717,16.5293 
51720 data 30,as,Q,311.845,0.902 
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51730 data 31,aa,0,315.326,0.902 
51740 data 32,mc,5,320.411,43.3911 
51750 data 33,a#,0,321.315,0.902 
51760 data 34,aa,0,361,622,0.902 
51770 data 35,mc,l,375.07,31.0772 
51780 data 36,a#,0,380.868,0.902 
51790 data 37,a#,0,384.557,0.902 
51800 data 38,a#,0,390.704,0.902 
51810 data 39,a#,0,397.198,0.902 
51820 data 40,a#,0,400.655,0.902 
51830 data 41,a#,0,430.008,0.902 
51840 data 42,a#,0,436.137,0.902 
51850 data 43,mc,1,438.223,31.0772 
51860 data 44,a#,0,441.163,0.902 
51870 data 45,mc,2,443.455,28.4947 
51880 data 46,a#,0,458.959,0.902 
51890 data 47,a#,0,478.371,0.902 
51900 data 48,ne,6,479.261,43.3911 
51910 data 49,##,0,487.816,0.902 
51920 data 50,mc,3,489.105,97.4627 
51930 data 51,a#,0,495.987,0.902 
51940 data 52,a#,0,522.063,0.902 
51950 data 53,as,0,524.948,0.902 
51960 data 54,a#,0,528.02,0.902 
51970 data 55,a#,0,535.58,0.902 
51980 data 56,as,0,549.387,0.902 
51990 data 57,a*,0,561.911,0.902 
52000 data 58,a#,0,572.165,0.902 
52010 data 59,a*,0,579.995,0.902 
52020 data 60,a#,0,593.664,0.902 
52030 data 61,a#,0,600.304,0.902 
52040 data 62,a#,0,607,963,0.902 
52050 data 63,a#,0,613.129,0.902 
52060 data 64,as,0,620.561,0«902 
52070 data 65,mc,5,629,664,43.3911 
5̂ 80 data 66,as,0,634.46l,0.902 
5%90 data 67,a*,0,642.872,0.902 
52100 data 68,a#,0,646.894,0.902 
52U0 data 69,ae,0,659.323,0.902 
52120 data 70,38,0,683.285,0.902 
ready. 
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494 nad w3(i,j) 
496 mxt jiMXt i 
498 for 1*1 to 7tr«ad *3(1,16):next i 
499 for i*l to 7*read roUMnext 1 
500 print "do you wish to change the status of any output?** 
510 print **enter 1 for yes, 2 for r»**: input x 
520 if xOl then 580 
530 print "enter desired output nwber"* inp*t g 
540 if g<32 then 560 
550 print "illegal output mndoer (must be 0-31*"%goto 530 
560 polw dra,g*poke dra,Otgoto 500 
580 Mint "3"%print "enter simulation run time in minutes." 
590 irnut sr*sr"sr*3600;print "initialization has been completed." 
620 ti$«"000000"«ss*ti 
630 print "simulation starting time is ",ss/3600 
650 for i*l to 70 
660 read i,t6(i),mn(i),bo(i),du(i) 
670 bo(i)-bo(l)*3600̂ sstduU)-duti)*36002bf(i)-bo(i}*du(i)inext i 
700 gosub 30000 
720 gosub 11000 
730 gosub 13000 
750 goK̂ b 40000 
760 goeub 45000 
770 goW) 41000 
780 goto 700 
10000 tsptisretum 
11000 if li|(8)>0 then 11040 
11010 f»l 
11012 if lq(f)<l then 11028 
11025 goto 11100 
11028 gqpO 
11030 for j*l to 7îif lq<j)<l then qyĝ linext j 
11032 if w7 then 11036 
U033 f»f+l 
11034 if f<»7 then 11012 
11035 goto 11000 
11036 goma* 40000;gos# 3<m00;goto 11000 
11040 f-8sgoto 111% 
11100 if og(f,l)>10 and oq(f,l)<20 then 11160 
11110 if oq(f,l)>30 and eq{f,l)<40 then 11160 
11120 if oq(f,l)>50 and eq{f,lî<60 then 11160 
11130 p̂  
11135 for îp'22 to 27:if lq(k)>4 then pqppç̂ lînext k 
11140 if pg=6 then 11157 
11145 t»22 
11150 if lq(t)>4 then 11154 
11152 kl#t-21:goto 11170 
11154 t't-l 
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11155 if k<*27 then 11150 
11157 if lq(30}>4 then 11159 
11158 9<»ub 40000:goto 11000 
11159 gomib 30000:goto 11157 
11160 if lq(16)>4 then 11164 
11162 kl"16*goto 11170 
11164 if lq(30)>4 then 11166 
11165 goeub 45000sgoto 11000 
11166 goeW) 30000igoto 11164 
11170 goeub 12000treturn 
12000 10000 
12006 if tm/3600<-tti/3600)-wl then 12010 
12008 goeub 40000fgoto 12006 
12010 wl"0;tl(oq(f,l))"ti 
12015 print "current time»";ti/3600 
12020 poke dra»28tpolw dra,0 
12040 poke drm,f+50 
12050 if peek(dra)"f*50 then 12070 
12060 goto 12040 
12070 poke dra,28tpolw dra,0 
12072 goeub 10000 
12074 if t»i/3600>(ti/3600)-w3(f,kl) then 12074 
12080 poke dra,ftpoke dra,0 
12090 t5*ti*print "loading part "foq(f,l);"frcm atorage";f%t6»ti-t5 
12095 goeub 10000 
12100 if tm/3̂ >(ti/3600)-w4 then 12100 
12102 poke dra,f*poke dra,0 
12104 goeub 10000 
12106 if tB*/3«H»(ti/3600i-«5 then 12106 
12110 poke dra,28;poke dra,0 
12130 t7#ti(print "returning witĥ jcqd̂ lĤ fre» storage"?f:t8*ti-t7 
12140 poke dra,50 
12X50 if peek(dra)«178 then 12170 
12160 goto 12140 
12X70 poke dra,%;poke dra,0;%a»ti 
X2X80 ta»ti-U(oq{f,X))-(wX+«3(f,kX)+w4̂ )»3600-t6-t8 
12185 n̂ ml;ta»ta/3600 
12190 print "fetch time is ";ta 
12200 ft# (t»*w3 (f,kl) +w44w5) *3600 
122X0 w»#ft 
X2220 return 
X3000 if f=8 then X3040 
13010 if og(f,l)>10 gmd og(f,l)<20 then 13500 
13020 if oq(f,l)>30 and oq(f,l)<40 tĥ  13500 
13030 if oq(f,l)>50 and oq{f#lï<60 then 13500 
13040 if d(16)»l then 13070 
13050 poke dra,16:poke dra,0;d(16)=d(16) * HI) 
13070 print "part";oq(f,l);'*sh<yald be routed to machine center";t 
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18170 print "remaining time of m/c qu@ua";tn;"is";cp{nc,lq(cnï»l) 
18175 if IqCtnXl then 18230 
18180 lq(tn)*lq(tnHl 
18190 if lq(tn)<l then 18230 
18200 for j«l to Iq(tn) 
18210 oq(tn,j)"oq(tn,j+l) 
18220 next j 
18230 return 
20100 if A((tt)"l then return 
20110 poke drSftttpoke dre,0%d(tt)*d(tt)*(-l) 
20112 id(oq(tt,in«ti/3«00-tr(oq(tt,l)J 
20115 print "Smiting time of";oq(tt,l%;"on m/c**itt?'*ie'*lidtoq{tt,lH 
20120 td"td*id(oq(tt,l)) 
20125 pn(tt,l)»int(oq(tt,l)/ll+0.6) 
20130 if A((tt)*2 then return 
20135 goeub 10000 
20150 tf(oq(tt,l))"pt(pn(tt,l))+tm 
20220 return 
30000 if lq(30)<2 then wturn 
30010 if rl(oq(30,l))"2 then 30025 
30020 goeub 35000*goto 30030 
30025 ff#8 
30030 print "pert";oq(30,l) % return to etorage"; ff 
30040 poke âra,60 
30050 if pcek(<lrs)0188 then 3(KM0 
30060 if d(30)«l then 30100 
30070 poke dta,30spoke dra(0sd(30)«d(30)*(-l) 
30080 goeub 10000 
30090 if W3gOO>(ti/3600)-0.03 then 30090 
30100 poke dra«30spoke dra,0sd(30)«d(30)*(-l) 
30105 xb>tistp(oq{30«lH*xb-at{oq(30| 1)11*3600 
30110 poke dra,60 
30120 if peek(dra)>60 tWn 30110 
30125 if ff>l then 30160 
m30 if d(ff+7)*l then 30150 
30140 poke *a,ff+7;poke dra,0;d(ff+7)=d(ff+7)*(-l) 
301») if ff»8 then 30295 
30160 for l»ff+8 to 15 
30170 if d(l)—l then 30190 
30180 poke dra,l:poke dra,Oîd(l)»d{l)*(-l) 
30190 next 1 
30192 la(oq(30,l))«tp(oq(30,l))-al{pn(30,l)) 
30194 tp(oq(30,l))»tp(oq(30,l))/3600;la(oq{30,l))»l3(oq(30,l))/3600 
301% print "througl^t time of part ";oq(30,l);"le^'*;tp(oq(30,l)) 
30198 print "productiwi lateness of parfpogOO.l);la(oq(30,l) ) 
30199 tu»tu*tp(oq(30,l));tl»tl̂ la(cq(30,l)) 
30200 ak(oq<30,l))#xb#w6(ff)*3600:at(oq(30,l))"3t(oq(30,l))/3600 
30230 print "arrival time of a new pact '*;oqf30,l) ;"i^'';atlcq(3C,l: ) 
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30295 lq(ffï-lq{ff)H:oq(ff,lq(£fn-oq(304) 
30300 if lq(30)<l then return 
30305 lq(30)«lq(30)>l 
30308 if lq(30)<l then return 
30310 fox j»l to lq(30) 
30320 oq(30,j).oq(30,j+l) 
30330 next j(return 
35000 ff-oq(30,l)-(lnt(oq(30,îï/ll+0.6îÏ*10 
35010 pn(30,l)*intioq(30,l)/ll+0.6);return 
40000 if ti>"then 50000 
40010 for tm22 to 27 
40020 if d(tn)"-l then 40060 
40030 if IqttnXl then 40060 
40040 if lq(30)>4 then 40070 
40050 if ti>«tf(oq(tn,l)) then 40500 
40060 mxt tn 
40070 retmcn 
40M0 p«int "pert";oq(bm,l);"i# done at location**! tn 
40510 if dx(tn)>2 and xx(tn)<"tf(oq(tn,l)) then 40514 
40512 goto 40520 
40514 dx(tn)«10 
40520 poke dra,tn:poke dra,0ïd(tnï»d(tn)*(-l)«i»(ti>-21î«*jBO(tn-21)+l 
40550 lq(30)»lq(30)n 
40560 oq(30,lq(30))«oq(tn,l) 
40570 rl(oqi30,lqi30)))*l 
40575 9omà> 18000 
40580 mi3#m3+l*goto 40060 
410<M) for id to 70 
41150 if ti>*bo(ic) then 41200 
41160 if nin(ie)»0 then 41180 
41170 if ti>»bf(ic) then 41400 
41180 next ic: return 
41200 if t8(ic)»W then 41610 
412%) tj«iwr»{icH21îpn(tj,l)»intloq{tj,lï/ll+0,6ï 
41230 if dUji—I then 41255 
41240 bo(ic)»tf (oq(tj,1) ) :bf (ic)«bo(ic) +du( ic) 
41250 if boticXti then retwn 
41255 dx{tj)»l 
41260 print "machine center";tj;"fails at";bo(ic)/3600 
41270 bo(icï»bo(ic)+999999999999; return 
41400 tj*wn(iç)+21îpn(tj,l)*int{oq(t3,lîAl+0,6ï 
41440 print "failed machine center";tjï"is repaired at";bf(ic)/3600 
41450 dx(tj)*2îtf(oq<tj,l))»bf(ic)+pt(pn(tj,l))îxx(tj)»tf(eq(tj#l)) 
41460 bf ( ic)»bf ( ic) +999999999999: return 
41610 print "as/rs cart fails, failure number is";ic 
41620 wl=du ( ic) /3600îbo( ic) »bo ( ic) +999999999999: return 
450<K) if lq{30)>4 t!»n return 
45010 poke dra,59 
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45020 if pMk(dra)«59 ttmn 4SQ40 
45030 return 
45040 m4"m4+l*tnm29 
45050 lg(tn)»lq(tn)+l;oq(tn,lq(tn))"og(16,l) 
45060 print '*pBXt'*;oq(tn4);**is done at location";tn 
45070 poke drâ tntpofw dra,0:d(tn)"d(tn)*(-l) 
45080 goflub 10000 
45090 if tm/3600>(ti/3600).0.04 then 45090 
45100 poke dta,tnxpoke dra,0:d(tn)"d(tn)*(-l) 
45110 if lq(16)<l then 45150 
45120 lq(16)"lq(16).l 
45130 if lq(16)<l then 45150 
45140 for j"l to lq(16Mĉ (16,j)«oq(l6,jH) :next j 
45150 if lq(tn)<l then 45190 
45160 lq(tn)«lq(tn)-l 
45170 if lq(tn)<l then 45190 
45180 for j»l to Iq(tn) *oq(tn,j)"oq(tn,j*l) xnext J 
45190 lq(30)"lq(30)+l 
45200 oq(30,lq(30))«oq(tn,l) 
45210 rl(oq(30,lq(30)))"2 
45220 retunm 
MOOO e#"m/*rii»'l"ea 
50005 for knml to 6s#m{kn)*rt(kn) *3600/»* x next kn 
50010 tot kn̂ l to 6%im(kn)"l-em(kn)%ne%t kn 
50040 el"(em(l)+em(2)+em(3)+em(4)+em(5Mem(6))/6:it*l-el 
500M for knpl to 8idf(kn)«df(knj|/ntnext kn 
50W0 mi"ml/nw2"m2/̂  
50070 print "3" 
50080 printsprint "atatistical results'* 
M090 print;print "effectivity of a»/rs cart»*,ea 
50100 print "idle rate of as/rs eart̂ f̂ia 
50110 for kn*l to 6 
50120 print *effectivity of machine center";knî'*»'*îe»(knï 
50130 i»rint "idle rate of machine center";kn;"»";i»(kn) 
W140 nwife km 
50150 g%int "average effectivi*̂  of machine center cell»";el 
50160 print "awrage idle rate of machine center cell»"; it 
501M ̂ int;for km»! to 8 
50190 print "fetch rate of storage area";kn;"»";df (kn) 
50200 next kn 
50210 for kn»l to 6 
50215 print "route rate to machine center";kn;"»";dt(kn) 
50220 next kn 
50250 ĵ intjprint "fetdi rate for machine center cell»";ml 
50260 print "fetdb rate for turning cell® ";m2 
50262 for kn»l to 6 
50264 print "total number of outputs £zm Bi^^c";kn;"is'";3K)Ckn) 
50266 next kn 
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50270 print "total number of outputs from %/cs* '*;m3 
50280 print "total naidser of oupute from turning cell»";m4 
50285 print "total razidber of ditpetches* ";n 
50290 printtfcff kn*l to 8 
50300 print "current queues of storage area ";kn;"*";lq(kn) 
50310 next kn 
50320 print "current qwues of retrieval gate» ";lq(30) 
50350 print "current queues of turning cell" ";lq(16) 
50360 printifor kr̂ 22 to 27 
50370 print "cwrent queues of machine center"|kn-21}'*»";lq(kn) 
503% next kn 
50390 printxfor kn#l to 8 
50395 if IqtknXl then 50435 
50398 print "current queue sequence of storage area"}kn 
50400 for nn>l to Iq(kn) 
M420 print oq(kn,nnU 
50430 next mn 
50432 print 
50435 next kn 
M440 printtfor kn#22 to 27 
50445 if IqCknXl then 50485 
50448 print "current queue sequence of m/c oenter";kn-21 
50450 for nn*l to Iq(kn) 
50470 print oq(Jm«rm)} 
504M next rai 
50483 print 
50485 ra»ft kn 
50490 if lq(16)<l then 50530 
50492 print:print "current queue sequence of turning cell" 
50495 for kn»l to lq(16) 
50510 print oq(16,kn); 
M5%l! next kn 
50530 print {print "current queue sequence of retrieval queue" 
50535 for kn«l to lq(30) 
50550 print oqOO.kn) ; 
M5€0 next kn 
50570 printspcint "total fietch time of as/re* ";smi/3600 
50580 print;print "total processing time of m/c»"isu/36C0 
505% p̂ intsprint "total Wwougl̂ put tine(tp)» ";tu 
50600 print:prlnt "total production lateness* ";tl 
50610 print;print "total idle time on machine center#»"; td 
50900 print#l,4:cloeel,4 
50910 stopsend 
51000 data 3.9307,190.38,50,1780 
51050 data 6.8088,120,37,61.2794 
51100 data 1.8913,92.32,31.8238 
51150 data 0.9210,17.93,8.2890 
51240 data 1.1841,107.86,25.4591 
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51290 data 13.1900,231.81,116.71 
51360 data 1.6611,26.93,14.9498 
51362 data 0.2501,0.2155,0.2004,0.1886,0.1842,0.1761,0.1673,0.1637 
51365 data 0.1391,0.1362,0.1471,0.1617,0.1756,0.1754 
51370 data 0.1301,0.1273,0.1381,0.1528,0.1667,0.1665 
51375 data 0.1231,0.1202,0.1311,0.1457,0.1596,0.1594 
51380 data 0.1136,0.1108,0.1216,0.1363,0.1502,0.1500 
51385 data 0.1044,0.1016,0.1134,0.1271,0.1410,0.1408 
51390 <tota 0.0992,0.0963,0.1071,0.1218,0.1357,0.1355 
51395 data 0.0922,0.0893,0.1002,0.1148,0.1287,0.1285 
51400 data 0.0829,0.0800,0.0909,0.1055,0.1194,0.1192 
51405 data 0.1836,0.1747,0.1676,0.1582,0.1490,0.1437,0.1367 
51410 data 0.2017,0.2173,0.2275,0.2327,0.2427,0.2581,0.1229 
51430 data 1,am,0,6.2286,0.9115 
51440 data 2,a#,0,12.4409,0.9115 
51450 data 3,a#,0,15.5345,0.9115 
51460 data 4,a#,0,31.8288,0.9115 
51470 data 5,a#,0,66.6603,0.9115 
51480 data 6,a#,0,76.6135,0.9115 
51490 data 7,##,0,81.7848,0.9115 
51500 data 8,mc,4,85.3959,16.7033 
51510 data 9,##,0,93.2468,0.9115 
51520 data 10,as,0,103.231,0.9115 
51530 data ll,a#,0,106.306,0.9115 
51540 data 12,ac,0,U0.S68,0.9115 
51550 data 13,a#,0,113.982,0.9115 
51560 data 14,a#,0,127.587,0.9115 
51570 data 15,a»,0,141.486,0.9115 
51580 data 16,a#,0,149.857,0.9115 
51590 data 17,*#,0,157.441,0.9115 
51600 data 18,a#,0,164.956,0.9115 
51610 data I9,a»,0,173.609,0.9115 
51620 data 20,aa,0,167.766,0.9115 
51630 data 21,a#,0,210.617,0.9115 
51640 data 22,a#,0,221.152,0.9115 
51650 data 23,we,2,234.783,28.7947 
51660 data 24,a#,0,236.952,0.9115 
516% data 25,a#,0,254.142,0.9115 
51680 data 26,as,0,266.906,0.9115 
51690 data 27,aa,0,274.384,0.9115 
51700 data 28,as,0,29l.866,0.9115 
51710 data 29,mc,4,301.854,16.7033 
51720 data 30,a»,0,3l3.025,0,9ll5 
51730 data 3l,ae,0,3l6.518,0.9115 
51740 data 32,mc,5,32l.623,43.848 
51750 data 33,88,0,322.531,0.9115 
51760 data 34,a»,0,362.99,0.9ll5 
51770 data 35,mc,l,376.499,31.4044 
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51780 aaea 36,a#,0,382.329,0.9115 
51790 data 37,a#,0,386.Oil,0.9115 
51800 data 38,a#,0,392.182,0.9115 
51810 data 39,a#,0,398.7,0.9115 
51820 data 40,a#,0,402.171,0.9115 
51830 data 41,a#,0,431.*34,0.9115 
51840 data 42,aa,0,437.78*,0.9115 
51850 data 43,me,1,439.881,31.4044 
51 WO data 44,a#,0,442.832,0.9115 
51870 data 45,<nc,2,445.132,28.7947 
51880 data 4*,a#,0,4*0.*95,0.9115 
51890 data 4?,a#,0,480.181,0.9115 
51900 data 48,mc,*,481.074,43.848 
51910 data 49,a#,0,489.**2,0.9115 
51920 data 50,me,3,490.955,98.489 
51930 data 51,a#,0,497.8*3,0.9115 

Big a: 
519*0 data 54,as,0,530.017,0.9115 
51970 data 55,a#,0,537.*0*,0.9115 
51980 data 5*,am,0,551.4*5,0.9115 
51990 data 57,a#,0,5*4.037,0.9115 
52000 data 58,a#,0,574.329,0.9115 
52010 data 59,a#,0,582.189,0.9115 
52020 data *0,a#,0,595.91,0.9115 
52030 data *l,a#,0,*02.304,0.9115 
52040 data *2,a#,0,*10.2*3,0.9115 
52050 data *3,a#,0,*15.448,0,9115 
520*0 data *4,aa,0,*22.908,0.9115 
52070 data *5,nc,5,632.04*,43.848 
52M0 data *6,a#,0,*3*,m,0.9115 
52090 data *7,**,0,645.303,0.9115 
52100 data *8,ac,0,*48.94,0.9ll5 
52110 data *9,a#,0,**l.817,0.9115 
52120 data 70,aa,0,*85.87,0.mi5 
ready. 
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494 raad 
4% mxt jiraxt 1 
498 for l"l to 7:read w3(i,I6):next 1 
499 for i»l to 7:re«d ro(i):next i 
500 print "do you wish to change the status of any output?" 
510 print "enter 1 for yes, 2 for no"t inpit x 
520 if xOl then 580 
530 print "enter desired output number"s input g 
540 if g<32 then 560 
550 print "illegal output rninber (must be 0-31)":goto 530 
560 poke dra,g*poke dra,Osgoto 500 
580 print "3"*print "enter simulation rim time in minutes." 
590 iimt srtsr«sr*3600tprint "initialization has been completed*" 
620 til>"000000"tss»ti 
630 print "simulation starting time is ",ss/3600 
650 for i*l to 70 
660 read i,t$(i) ,iim(i) ,bo(i) ,du(i) 
670 bo(i)"bo(i)*3600+ss*du(i)*du(i)*3600%bf(i)»bo(i)+du(i):next i 
7W gomjb 30000 
720 goeub 11000 
730 goeub 13000 
740 gwub 40000 
750 gomb 45000 
770 goeub 41000 
780 goto 700 
10000 tm̂ ti: return 
11000 if lq(8)>0 then 11040 
11005 for j»l to 7 
11010 if IqCjXl then 11018 
11012 po(j,l)-int(oq(j,l)/U+0.6J 
11015 if pn(j,l)»2 or pn(j,l)»4 or pn(j,l)»6 or pn(j,i;»7 then 11017 
11016 i»p(pn(j,l)î»pt(po(j,l)î̂ l.6882*3600:goto 11018 
11017 mp(pn(i,l))"pt(pm(3,l)) 
11018 next j 
11020 
11021 for j»l to 7 
11022 if lq(j)<l then qyWl 
11024 next j 
11025 if qq»7 then 11027 
11026 goto 11030 
11027 goe%6 4(K>00:g<HRd» 30000;goto 11000 
11030 goeub 17000:goto 11100 
11040 f»8;̂ to 11130 
11100 if oq(f,l)>10 and og(f,l)<20 then 11160 
11110 if og(f,l)>30 and oq(f,l)<40 then 11160 
11120 if oq(f,l)>50 and oq(f,l)<60 then 11160 
11130 pq=0 
11135 for k»22 to 27;if lq(k)>4 then pq»pq+̂ l;next k 
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11140 if pq>6 then 111S7 
11145 goaub 17500 
11152 kl-t-21sgoto 11170 
11157 goeub 40000:goto 11000 
11160 if lq(16)>4 then 11164 
11162 kl«16tgoto 11170 
11164 goeub 45000*goto 11000 
11170 gw#* 12000: Ketuxn 
12000 goeiâ) 10000 
12006 if W3600<"(ti/3600W1 then 12010 
12008 goeub 40000*goto 12006 
12010 wl*0*tl(oq(f,in"ti 
12015 print "current time»**;ti/3600 
12020 poke dre,28*poke dra,0 
12040 poke dra,f+50 
12050 if pe#k(draMf+50 then 12070 
12060 goto 12040 
12070 poke dra,28%poke dira,0 
12072 goeid» 10000 
12074 if t»/3600>(ti/3600)-w3(f,kl) then 12074 
12080 poke dra,f:poke dra,0 
12090 t5»tisprint "loading pert "joq(f,l)j*£ra» etorage";f;t6»ti-t5 
12095 goeub 10000 
12100 if tm/3600>(ti/3600)-w4 then 12100 
12102 p̂  dra,f;poke dra,0 
12104 goeub 10000 
12106 if tiV3600>(ti/3600)-w5 then 12106 
12110 poke dra,28*poke dra,0 
12130 t7»ti(print "returning with";oq(f,lM"from #torage";f:t8»ti-t7 
12140 poke dra,50 
12150 if pnk(dr8)»178 then 12170 
12160 goto 12140 
12170 poke dra,28spoke dra,0;%*"ti 
12180 tyti-tl (oq(f,1) ).(wl#f3 (f,kl) +w4+w5> *3600-t6-t8 
12185 n̂ n*!: ta#ta/3600 
12190 print "fetch time ie "ita 
12200 ft* (t**w3 (f,kl) +w4+w5) *3600 
12210 emmamt̂ ft 
12220 vetum 
13000 if f»8 then 13040 
13010 if oq{f,l)>10 and oq{f,l)<20 then 13500 
13020 if og(f,l»30 and oq{f,l)<40 then 13500 
13030 if cq{f,l»50 and oq(f,l)<60 then 13500 
13040 if d(16î»l then 13070 
13050 poke dra«16:poke dra,0;d(16)»d(16)*(-l) 
13070 ̂ int "Bart"îoq(£,l)î"8haild be rooted to machine center";t 
13090 if t̂ 27 then 13130 
13100 if dCt-5)-l then 13120 
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13110 potw dra,t-5:pok* dra#0:dCt-5)»<3(t-5)*(-l) 
13120 if f22 then 13170 
13130 for a"t-6 to 17 step -1 
13140 if d(a)"-l then 13160 
13150 poke dxâ aipoke dra,0;d(a)*d(a)*(-l) 
131W next a 
13170 poke dra,t+10 
13180 if peek(dra)"t+10 than 13170 
13190 tr(oq(f,in«*a/3600+ïO(t-21î 
13200 goeub 14000 
13210 goeub 16000 
13220 Ha-Bii+lidftfî-df(fî+ltdt(t-21ï-dt(t-21J+l s return 
13500 if d(16)"-l then 13520 
13510 poke dra,16*poke dra,0:d(16)"d(16)#(-l) 
13520 print "part";̂ (f,1 );"ahould ̂ to turning cell" 
13530 poke dra,40;if peek(dra)-40 then 13530 
13540 t«16*tr(oq(f,l))**a/̂ 600»ro(7) 
13542 gomà» 14000 
13545 goeub 16000 
13550 m2"m2*l*df(f)»df(f)+l*return 
14000 for t̂ 22 to 27 
14010 if lq(tt)>0 and d(tt)#-l then 14040 
140% next tt 
14030 setum 
14040 gom* 20100*goto 14020 
16000 Iqft)»lq(t)Hsog(t,lq(t) )«oq(f,1) 
16010 if lq(f)<l then return 

IWM flr'j»l̂ t?îq(f)»oq{f,j()»oq(f,jHîïne*t j 
1W40 return 
17000 f»l 
17010 if IqCfXl then 17110 
17020 fl"f*l 
17030 if fl>7 then retwrn 
17040 if IqiflHl then 17060 
170% if np(pnCffl))>n|»(pnCfl#l)) then 17100 
17060 fl*flH 
17070 if fl>7 then return 
17090 goto 17040 
17100 f»flsgoto 17060 
17110 ̂ 'f+l 
17120 if f>7 U»n 17000 
17130 goto 17010 
17500 fc»22 
17510 if lq(t)>4 then 17600 
17520 th=t̂ l 
17530 if th>27 then return 
17540 if lq(th)>4 then 17560 
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17550 if lq{tï>lq(th) then 17590 
17560 thmthtl 
17570 if th>27 then return 
17580 goto 17540 
17590 fthxgoto 17560 
17600 ̂ t+1 
17610 if t>27 then 17500 
17620 goto 17510 
18000 nc*tn-21 
18035 p*(tn,l)*int(oq(tn,l)/ll+0.6) 
18040 M>iw*"pt(pn(tn,in 
18050 cttnc)*rrine)̂ pp(ncHtc(nc)*Kt(nc) 
18060 ct(nc)«Etinc)/3600 
18070 print "total pxoceasing time of m/c";tn;"i#";rt(nc) 
18080 mu"#u*pp(nc) 
18090 me" (a»^au/6)/(2*ez) %t3*ti/3600 
18100 print "current time","̂ etmi effectivity" 
18110 print t3,m# 
18120 for j»l to lq(tn)tcp(nefj)>Otnext j 
18130 if lq(tn)<2 then 18175 
18140 for 5*2 to Iq(tn) 
18150 pn(tn,j)oint(oq(tnf j)/ll-»0.6) 
18160 cp(nc,j-̂ l)«cp(nc,j)-̂ pt(pn(tn,j))tnext j 
1810 cp(nc,lq(tn)+l)*cp(nc,lq(tn)+l)/36(X) 
18170 print "remaining time of m/c queue";tn;"i#";cp(w,lq(tn)+l% 
18175 if lq(tn)a then 18230 
18180 lq(tn)»lq(tn)-l 
18190 if IqttnXl then 18230 
18200 for to Iq(tn) 
18210 oq(tn,j)«oq(tn,j[H) 
18220 next j 
18230 return 
20100 if dx(tt)»l then return 
20110 poke dra#tt:poke dra,0;d(tt)»d(tt%*(-l) 
20112 ld(oq(tttl))»ti/3600-tr(oq(tt,l)) 
20115 ̂ int "waiting time of"joq{tt,l);"on m/c";tt;"ie";id(oq(tt,l)) 
20120 td>td̂ id(oq(tt,l)) 
20125 pn(tt,l)»int(eq(tt,l)/U+0.6) 
20130 if (3x(tt)»2 then retwrn 
20135 goeub 10000 
20150 tf(oq(tt,l))»pt(pn(tt,l))+tm 
20220 return 
30000 if lq(30)<2 then return 
30010 if rl{oq(30,l)>»2 then 30025 
30020 goeub 31̂ 0:goto 30030 
30025 ff"8 
30030 print "i»rt";oq(30,l);"should return to storage";ff 
30040 poke dra,60 
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40570 tl(oq(30,lq(30n)-l 
40575 gotub 18000 
40580 mSMRÛ̂ ltgoto 40060 
41000 for ic-1 to 70 
41150 it ti>«bo(ic) than 41200 
41160 if RBiCiO-O then 41180 
41170 if ti>«bf(ic) then 41400 
41180 next icuetuxn 
41200 if t$(ic)""ae" then 41610 
41220 tj*mn(ic)+21%pn(tj,l)*int(oq(tj,l%/ll+0.6; 
41230 if d(tj)—1 then 41255 
41240 botic)"tf (oq(tjflH {bf(ic)-botic) +du{ic) 
41250 if boticXti then return 
41255 dx(tj)«l 

î}i58Kiîï.."Sîîïiî!9sms;yîi:fîii;n"""~""̂ "» 
41400 tj"mn(ic)+21;pnttj,l)*inttoqttj,l>Al+0.6) 
41440 print "failed machine oenter";tj;*i# repaired afibftiĉ /ieoo 
41450 d*(tj)-2îtftoq(tj,lï)»bftic)*pttpn(tj,l))***ttl)»tf{oq(tj,l» 
41460 bf(ic)*bftic)4999999999999iretum 
41610 print "a#/re cart fails, failure mnber i#"f ic 
41620 wl«du( ic) /3600tbo( ici «bo t ic) *999999999999: return 
45000 if lq(30)>4 then return 
45010 poke dra,59 
45020 if pMk(dra)»59 then 45040 
45030 return 
45040 m4"m4+l*tn#29 
45050 lqt̂ )*lq(tn)Htoq(tn,lq(tn) )«oq(16,l) 
45060 print "part";oqttn,l);"i# dcme at location**;tn 
45070 poke dra,tn%poke dra»Osd(tn)»d(tn)*(-l) 
45080 gomib 10000 
45090 if W3600> tti/3600)-0.04 then 45090 
45100 poke dra,kn:poke dra,0;d(tn)»d(tn) * t-1) 
45110 if lq(16)a then 45150 
451% lq(16)"lq(16)-l 
45130 if lq(16)<l then 45150 
45140 for |»l to lq(16);oqtl6,j)»oq(l6,jH):next j 
45150 if lq(tn)a then 45190 
45160 lq(tn)»lq(tn)-l 
45170 if lq(tn)a then 45190 
45180 for j'l to Iq(tn) :oq(tn,i)»oq(tn,i+l) ;ne%t j 
45190 lq(30)*lq(30)+l 
45200 oq{30,lqC30))»oq(tn,l) 
45210 rl(oq(30,lq(30)))»2 
45220 return 
50000 ê m/sr;ia»Wa 
50005 for lw®l to 6:em(knî«rt(kn)*36<K)/sKînext kn 
50010 for kn»l to 6:i3i(kn)*l-€»{kn} înext kn 
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50040 el"(em(l)+em{2)+em{3)+em(4)+em|5)+«m(6))/$: 
50050 kn*l to 8:d({knWf (kn)/n:next kn 
50060 ml«nû/n:m2»m2/n 
50070 print "3" 
50080 printtprint "statistical results" 
5(K}90 printiprint "effectivity of as/rs cart-",ea 
50100 print "idle rate of as/rs cart"",ia 
50110 for kn̂ l to 6 
50120 print "effectivity of m«hine cenwr";kn;"»";em(kn) 
50130 print "idle rate of machirw center";kn; "»"i im(kn) 
50140 next kn 
50150 print "averâ  effectivity of machine center cell*'*;el 
50160 print "averâ  idle rate of mwhine center cell"";it 
50180 print*for kwl to 8 
50190 print "fetch rate of storage area";kn%"*";df(kn) 
502M next kn 
50210 for kml to 6 
50215 print "route rate to machine center";kn;"»";dt(kn) 
50220 next kn 
50250 printtprint "fetch rate for machine center oell"";ml 
50260 print "fetch rat# for turning cell* ";m2 
50262 for kî l to 6 
50264 print "total raster of outputs from m/c";kn;"isi»";mo(kn) 
50266 next kn 
50270 print "total raster of cmtputs from m/cs* ";î  
50280 print "total muter of oqputs from turning cell»";m4 
50285 print "total raster of dispatches» ";n 
50290 printifor kn»l to 8 
50300 print "current queues of storage area ";kn;"»";lq(kn) 
50310 next kn 
50320 print "current queues of retrieval gate* ";lq(30) 
50350 print "current queues of turning cell* ";lq(16) 
50360 printifor knm22 to 27 
50370 print "current queues of machine center";kn-21; lq(kn% 
503% next kn 
50390 printsfor kn*l to 8 
50395 if lq(kn)<l then 50435 
503% print "current queue sequence of storage area";kn 
50400 for nml to Iq(kn) 
50420 print oq(kn«nn); 
50430 next m 
50432 print 
50435 next kn 
50440 print;for ki*»22 to 27 
50445 if lq(kn)<l then 50485 
50448 print "current queue sequence of VB/C center";kn-21 
50450 for nn»l to Iq(kn) 
50470 print oq(kn,nn); 
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50480 next nn 
50482 peint 
50485 next kn 
50490 if lq(16)<l then 50530 
50492 printjprint "current queue sequence of turning cell" 
50495 for kf̂ l to lq(16) 
50510 print cq(16,kn); 
50520 next kn 
50530 pxintsprint "««rent queue tequence of retrieval queue** 
50535 for kn»l to lq(30) 
50550 print oq(30,kn) ; 
50580 next kn 
50570 printipxint **total fetch time of u/w «m/3600 
50580 printxprint "total processing time of m/c*";s%/3600 
50590 printî int "total tbrouĝ Hput timettp)» ";tw 
50800 printxprint "total noâuctim lateness* ";tl 
50810 printxprint "total idle time on machine centers»";td 
50900 printfl,4xcloael«4 
50910 stopxend 
51000 data 4.0349,190.38,51.5078 
51050 data 8.9892,120.37,62.9031 
51100 data 1.9415,92.32,32.6871 
51150 data 0.9454,17.93,8.5086 
51240 data 1.2155,107.86,26.1336 
51290 data 13.5395,231.81,121.856 
51360 data 1.7051,26.93,15.3459 
51362 data 0.2501,0.2155,0.2004,0.1886,0.1842,0.1761,0.1673,0.1637 
51365 data 0.1372,0.1346,0.1461,0.1612,0.1757,0.1759 
51370 data 0.1285,0.1260,0.1374,0.1526,0.1671,0.1673 
51375 data 0.1216,0.1191,0.1305,0.1457,0.1602,0.1604 
51380 data 0.1125,0.1099,0.1213,0.1365,0.1510,0.1512 
51385 data 0.1035,0.1010,0.1124,0.1276,0.1421,0.1423 
51390 data 0.0984,0.0958,0.1073,0.1224,0.1369,0.1371 
51395 data 0.0916,0.0890,0.1005,0.1157,0.1302,0.1304 
51400 data 0.0826,0.0800,0.0914,0.1666,0.1211,0.1213 
51405 data 0.1808,0.1721,0.1653,0.1561,0.1471,0.1420,0.1352 
51410 data 0.̂ 7,0.2173,0.2275,0.2327,0.2427,0.2581,0.1229 
51430 data l,as,0,6,3936,0.9294 
51440 #ta 2,98,0,12.7705,0.9294 
51450 data 3,as,0,15.9461,0.9294 
51460 data 4,38,0,32.6721,0.9294 
51470 data 5,as,0,68.4266,0.9294 
51480 data 6,as,0,78.6435,0.9294 
51490 data 7,as,0,83.95l8,0.9294 
51500 data 8,«c,4,87.6586,l7,0314 
51510 data 9,ae,0,95.7175,0.9294 
51520 data 10,38,0,105.966,0.9294 
51530 data ll,a*,0,109.123,0.9294 
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51540 data 12,as 
51550 data 13,as 
51560 data 14,as 
51570 data 15,as 
51580 data 16,as 
51590 data 17,as 
51600 data 18,as 
51610 data 19,as 
51620 data 20,as 
51630 data 21,as 
51640 data 22,as 
51650 data 23,mc 
51660 data 24,as 
51670 data 25,as 
51680 data 26,as 
51690 data 27,as 
51700 data 28,as 
51710 data 29,mc 
51720 data 30,as 
51730 data 31,as 
51740 data 32,mc 
51750 dau 33,as 
51760 data 34,as 
51770 data 35#c 
51780 data 36,as 
51790 data 37,as 
518(M) data 38,as 
51810 data 39,as 
51820 data 40,as 
51830 data 41,as 
51840 data 42,as 
51850 data 43,nc 
51860 data 44,as 
51870 data 45,mc 
51880 data 46,as 
51890 data 47,as 
51900 data 48,mc 
51910 data 49,as 
51920 data 50,mc 
51930 data 51,as 
51940 data 52,as 
51950 data 53,as 
51960 data 54,as 
51970 data 55,as 
51980 data 56,as 
51990 data 57,as 
52000 data 58,as 
52010 data 59,as 

0,113.498,0.9294 
0,117.002,0.9294 

0,153.828,0.9294 
0,161.613,0.9294 
0,169.327,0.9294 
0,178.209,0.9294 
0,192.742,0.9294 
0,216.198,0.9294 
0,227.012,0.9294 
2,241.004,29.3603 
0,243.231,0.9294 
0,260.876,0.9294 
0,273.978,0.9294 
0,281.654,0.9294 
0,299.6,0.9294 
4,309.852,17.0314 
0,321.319,0.9294 
0,324.905,0.9294 
5,330.145,44.7093 
0,331.077,0.9294 
0,372.608,0.9294 
1,386.464,32.0213 
0,392.459,0.9294 
0,396.239,0.9294 
0,402.573,0.9294 
0,409.265,0.9294 
0,412.827,0.9294 
0,443.071,0.9294 
0,449.386,0.9294 
1,451.536,32.0213 
0,454.565,0.9294 
2,456.927,29.3603 
0,472.902,0.9294 
0,492.904,0.9294 
6,493.82,44.7093 
0,502.636,0.9294 
3,503.964,100.4236 
0,511.054,0.9294 
0,537.923,0.9294 
0,540.896,0.9294 
0,544.061,0.9294 
0,551.85,0.9294 
0,566.077,0.9294 
0,578.982,0.9294 
0,589.547,0.9294 
0,597.815,0.9294 
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SiûiO data 60,as,0,61i.ôS&,0,9294 
52030 data 61,*#,0,618.263,0.9294 
52040 data 62,a#,0,626,432,0,9294 
52050 data 63,##,0,631.755,0.9294 
52060 data 64,a#,0,639.413,0.9294 
52070 data 65,mc,5,648.793,44.7093 
52080 data 66,a#,0,653.736,0.9294 
52090 data 67,##,0,662.402,0.9294 
52100 data 68,a#,0,666.134,0.9294 
52110 data 69,##,0,679.353,0.9294 
52120 data 70,##,0,704.043,0.M94 
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2 open2,4,6:prink#2,chfS(23) 
5 op«nl»4:cmdl 
10 print "3" 
20 print "*##**##**##****###***#*#*#*##*##**#*#*##*#*#*#*#*#*###****" 
30 print *** physical aiffiulatim for tm *** 
40 print "* (dc!«t*-winq)-(twk) 
50 print "*****###**##***##*#***####*#*##*####***#*****#**##****#**** 
100 dim d(30),lq(30î,oq(30,5î,ax(30î,*x(30î,pnt30,5ï,tp(77î,tr(77ï 
no dim tf{77),w3{8,16î#rl(77î,x{77î,tl{77î,id(77y,bo(70î,bf(70î 
120 dim la(77),at(77),cp(6,6ï,dd(?7),du(70hffln(70î,tS(70î 
130 dra"594?l*pok# 59459,127 
150 poke 59467, p##k(59467) and 227 
160 poke 59468, pMk (59468) and 31 or 224 
170 for i"l to 30%d(i)*-l;lq(i)"0%d*(i)*0;x*(i)"0;n#xt i 
210 tot i«l to 30*for j»l to 5ioq(i,j)»0tnoxt jintxt i 
220 for i»l to 30*for j«l to 5tpn(i,j)*0tnaxt )*n#xt i 
230 for i«l to 77*rl(i)"0;x(i)"0*tl(i)"0*la(i)*0;n#xt i 
240 for i*l to 77;at(i)"0*tp(i)*0%dd(i)*0;tr(i)*0*id(i)"0in*xt i 
245 for i«l to 6*mo(i)*0:dt(i)»0;rt(i)*0*pp(i)*0;rr(i)"0*n#xt i 
258 for i"l to 70ttaoti)*0sbf(i)»0tdu(i)«0tnaxt i 
260 for i»l to 7;pt(i)"0*vl(i)»0*w6(i)"0*n#xt i 
275 for 1*1 to 8*df(i)*0fntxt i 
278 for i*l to 8%for j«l to 16*w3(i,j)"0%n#xt j*n#xt i 
290 t*0*f"0*tt*0*fM) 
300 nM)%am#0:ml"0*m2*0*m3"0*m4"0%t%M)%tl*0%td"0 
310 ta#0*wl"0;w4*0.05;w5*0.07mŵ Os t3*0s t5*0116*0$ t7«0s t8»0 
330 for i«l to 7;lq(i)*5:n#xt i 
340 for i*8 to 30%lq(i)"0;n#xt i 
350 j»l 
360 for 4»ji to 7joq(i,j)»i+{i-j+l)*10inext i 
370 j-j+l 
380 if j<»5 then 360 
390 j»5;jj.M 
400 for i*jj to 1 step -1 
410 oq(i,j)*jj+70-U*(jj-i) 
420 next I 
440 goto 400 
441 tot i*l to 7;for j»l to 5 
442 pn(i,j)»int(Qq(i,3)Al+0,6) 
443 next j;next i 
445 for i»l to 77:tf(i)=999999999999*next i 
450 for i»l to 7 
460 read pt(i),vm),al(i) 
470 pt(i)'»pt(i)*3600îal{i)'»al(l)*3600 
480 next i 
490 for i»l to 8:read w6(i);nexk i 
492 for i-l to 8;for j«l to S 
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494 tmeti 
496 next jsnext i 
498 for i"! to 7tre«d «̂ (i>16):next 1 
499 for 1*1 to ?*r#ad ro(i)snext i 
500 print "do you wish to change the status of any output?" 
510 print "enter 1 for yes, 2 for no" s ir̂ t x 
520 if xOl then 580 
530 print "eni*r desired output mmber"* input q 
540 if g<32 then 560 
550 print "illegal output number (RMSt be 0-31)":goto 530 
560 poke dra,g*pok# dra,0*goto 500 
580 print "3"%print "enter simulation rim time in minutes." 
590 irî t sr*sr*sr*3600%print "initialization has been completed." 
620 ti8-"000000"fss*ti 
630 print "simulation starting time is "«ss/3600 
650 for i-l to 70 
660 OMd i,t$(i),Rai(i),bo(i),du(i) 
670 bo(i)*bo(i)*3600*ss%du(i)"duii)*3600*bf (i)»bo(i)+du(i)%next i 
700 gcmb 30<K}0 
710 gosidB 18500 
720 goeub 11000 
730 goeub 13000 
740 go«A) 40000 
750 gomxb 45000 
770 goe%A 41000 
7W goto 700 
10000 tsptiiraturn 
11000 if la(8)>0 then 11040 
11005 for M to 7 
11010 if IqtjXl then 11015 
11012 pn(j,l)»int(oq(j,l)/ll+0.6) 
11015 next j 
11018 qgpO 
11020 foœ j*l to 7 
11022 if lg(]Kl then gg»qg»l 
11024 next j 
11026 if ggr? then 11028 
11027 goto 11030 
U028 gorn* 40000:goeid> 30000;goto 11000 
11030 goeub 17000;goto 11100 
11040 f*8:goto 11130 
11100 if oq(f,l)>10 and oq(f,l)<20 then 11160 
11110 if oqCf«l)>30 and oq(f,l)<40 then 11160 
11120 if og(f,l)>50 and oq(f,l)<60 then 11160 
11130 pg=0 
11135 for k=22 to 27;if lg(k)>4 then pg*pî l:ne%t k 
11140 if pq*6 then 11157 
11145 goeub 17500 
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11152 kl"C.21 goto 11170 
11157 wadb 4Q000*goto 11000 
11160 if lq(16)>4 thtn 11164 
11162 kl-16:goto 11170 
11164 gotub 45000igoto 11000 
11170 go#%A 12000%tetum 
12000 goaub 10000 
12006 if W3600<"(ti/3600>^1 thtn 12010 
12008 ywd) 40000*goto 12006 
12010 wl«Ottl(Qq(f>lB"ti 
12015 peint '*cuxe«nt ti(iw"*fti/3600 
12020 poke dM,28%pok# d*#,0 
12040 poke dM,f*50 
12050 if pMH(dx»)-f^50 then 12070 
12060 goto 12040 
12070 poiw dr#,28*poke df#,0 
12072 goiub 10000 
12074 if W3600>(ti/3600)-w3(f,kl) then 12074 
12080 poke *#,f%poW dra,0 
12090 t5#ti*ptint "loading pert '*;oq(f,l)}'*fcoRi etogage"*; f;t6»ti-15 
12095 gowb IMOO 
12100 If W3600>(ti/3600)^4 then 12100 
12102 poke (k#,f%poke d%a,0 
13104 goeub 10000 
12106 if W3600>(ti/3600)-w5 then 12106 
12110 poke dra,28(poke &a,0 
12130 t7"ti:p:int "returning with^fo^tf^iu^from mtora^"*;f*t8»ti-t7 
12140 poke <&r@,50 
12150 if peek(dra)«178 then 12170 
12160 goto 12140 
12170 p#^ dra,28;poke dra,0;xa»ti 
12180 taf»ti-tl(oq(f4)H(wlHâCf»klî+w4+«5î*3600't6-t3 
12185 npnM:ta#t^600 
12190 print "fitch time i# "jta 
12200 ft* (t#*w3 (f,kl% +w4tw5) *3600 
12210 em#w»ft 
12220 return 
13000 if f«8 then 13040 
13010 if og(f,l)>10 and og(f,l)<20 then 135(m 
13020 if oq(f,l)>30 and oq(f,l)<40 then 13500 
13030 if oq(f,l)>50 and oq(f,l)<60 then 13500 
13040 if d(16î»l then 13070 
13050 ptrice dra,16;poke &ra,0;d{l6)»d(l6î*(-lï 
13070 print "parfïoqCf^lî; "should be rowtW to machine center"? t 
13090 if t»27 then 13130 
13100 if d(t-5)»l then 13120 
13110 poke dra,t-'5;poke dr9,Q;d(t-5)»d(k-5)*Hl) 
13120 if t-22 then 13170 
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13130 for to 17 step -1 
13140 if dta)—1 than 13160 
13150 polw die«(«tpotw d%a,0:d(a%*d(a)*r-l) 
13160 next a 
13170 potw dta,t+10 
13180 if pmek(d%a)"t+10 than 13170 
13190 tf(oq(f,l))"*a/3600+KO(t-21) 
13200 go## 14000 
13210 gwA 16000 
13220 #"#+l*df(f)*df(f)+l%dt(t-21%»dt(t-21)+l*r#tUM 
13500 if d(16)*-l than 13520 
13510 polw dra,16%poke d%a,0*d(16%"d(16%*(-l% 
13520 print "part'*;oq(f,lU'*#hould goto turning call** 
13530 potw dra«40tif pe«k(dra)»40 than 13530 
13540 fl6jtï(oq(f,l))»»«i/3600#ro<7î 
13542 goaub 14M0 
13545 goaub 16000 
13550 n2"ffi2-̂ lidf(f)*df(fHlt»ti»n 
14000 for tt-22 to 27 
14010 if l<j(tt)>0 and dttt)—1 than 14040 
140% naxt tt 
14030 tatinm 
14040 go## 20100*goto 14020 

iSSS 
1«0» 
16030 for ̂ 1 to lg(f)tQq(f«j)«oq(f,jHHna»t j 
16040 rattnm 
17000 for j»l to 7 
17010 If IqUMl than 17050 
17020 if df(jl)>»5 then 17040 
17030 *(oqCj,l)î-Osgete 17050 
17040 9f(oq(j4H«l 
17050 rmt J 
17060 W 
17070 if lg(f)<l than 17190 
17080 n»f+l 
17090 if fl>7 than return 
moo if Igmxi then 17140 
17110 dd(oq(f,l))»al(|in{f,lï)•*toqU.lïî*3t(oq(f,l))*3600 
17120 dd(og(fl,l))*»i(P»(ft#l)ï**(oq{fl,l))*at(oq(fl,l)»*3600 
17130 if da(og(f,l)î>dd(oqtfl,in then 17180 
17140 a»fl̂ l 
17150 if fl>7 tihen retmm 
17170 goto 17100 
17180 f*fl:goto 17140 
17190 fmf*l 
17200 if f>7 then 17060 
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17210 goto 17070 
17500 (or j-22 to 27 
17510 if lq(j)>4 then cp(j-21,lq(j)+l)-999999999999 
17520 next j 
17530 t-22 
17540 th»t̂ l 
17550 if cp(t-21,lq(t)+l)>cp{th-21,lq(th)+l) then 17590 
17560 th"th*l 
17570 if th<-27 then 17550 
17580 return 
17590 fthxgoto 17560 
18000 rw"tn-21 
18035 pn(tn,l)"int(cq(tn,i;/ll+0.6) 
18040 pp(nc)*pt(pn(tn4)) 
18050 rt(nc) »tt (ne) *pptne) t rr (nc) rt (nc) 
18060 rt(nc)»rt(nc)/3600 
18070 print "total proceeeing time of m/c"; tn; "im"; rt (nc) 
18080 (Rj"fû pp(ne) 
1M)90 mem (m#m;/6)/(2*#r) %t3»ti/3600 
18100 print "current time","*̂ tem effectivity" 
18110 peint t3#m* 
18120 if lq(tn)<l then 18180 
18130 lq(tn)»lq(tn)-l 
18140 if IqttnHl then 18180 
18150 for ̂ 1 to Iq(tn) 
18160 og(tn,j)"og(tn,j+l) 
18170 next j 
181M return 
18500 for #*22 to 27 
18510 for j»l to Iq(jj) 
18520 cp(jj'21,j)»0 
18530 next j 
18540 next jj 
18550 for jj*22 to 27 
18555 if lq(jj)a ttwn 18610 
18560 for j'l to Ig(jj) 
18570 pn(jj,j)»int(cq(jj,3ï/ll*0.6î 
18580 cp(jj-21.jn)«cp(jj-21,j)̂ pt(po(jj,j)) 
18590 next j 
18600 cp(ii~21,lq(tn)+l)»cp(i)-21,lq(tn)+l)/3600 
18610 next jj 
18620 return 
20100 if dx(tt>»l then return 
20110 poke ara,tt;poke dra,0:d(tt)*d(tt)*(-'l) 
20112 id(oq(tt,l))»ti/3600-tr(oq(tt,l)) 
20115 print "waiting time of";oq(tt,l);"on Ds/c";tt;"i8";id(oq(tt,l)) 
20120 td=ta»id(oq(kk,in 
20125 pn(kk,l)»int(cq(tt,l)/U+0,6) 
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20130 if dx(ct)*2 then return 
20135 goeub 10000 
20150 tf(og(tt,l))"pt(pn(tt,l))+tm 
20220 return 
30000 if lqt30)<2 then return 
30010 if rl(og{30,i;)*2 then 30025 
30020 gœW» 35000sgoto 30030 
30025 ff"B 
30030 print "pert";^(30,lM**:A%uld return to stora^'*iff 
30040 poke dre*60 
30050 if peek(âraî<>188 then 30040 
30060 if d(30)-l then 30100 
30070 poke dr«f30ipoke dr#,0;d(30}"d(30)*(-l) 
30080 goeub 10000 
30090 if W360O>(ti/3e0OHO.O3 then 30090 
301(K) pof» &re,30*poke dr#,0*d (30W(30) * (-1 ) 
30105 *lB»t4itp(o«(304îî»*b-et(oq(30,l))*3600 
30U0 poke dre.W 
30120 if peek(dre)"60 then 30110 
301% if ff»l then 30160 
30130 if d(ff+7).l t)wn 30150 
30140 poke dr#,ff*7:poke dr»,0*d(f£+7)«d(ff*7)*(-l) 
30150 if ff*8 Aen 30295 
30160 for l»ff+8 to 15 
30170 if d(l)*-l then 30190 
301W poke drSfltpoke dra,0;d(l)*d(l)*(~l) 
30190 next 1 
30192 la(oq(30,in»tp(oq(30,l)).al(pn(30,l)) 
30194 tp(oq(30,in»tp(oq(30,lïî/3600îla(oq(30,lïî-la(oq(30,lîî/3600 
30196 peint "thrtwgh^ time of part ";oq(30,l);"i#»";tp(oq(30,l)) 
30198 print "pro&Ktim latenee* of part";*^ (30,1 ) ; "ie#"; la (og (30,1 ) ) 
30199 tu-t%)*tp(og(30,l%);tl»ti*la(oq(30,in 
30200 at(og(30,in»%Ww6(ff)*3600;at(og(30,in»at(og(30,in/3600 
30230 print "arrival time of new pert ";oq(30,l);"ie»*;at(oq(30,l%) 
30295 lq(ff)«lq(ff)nioq(ff,lqiff) )-0^(30,1) 
30300 if lq(30)<l then »turn 
30305 lg(30)»lg(%Hl 
30308 if lq(30Xl then return 
30310 for to lq(30) 
30320 oq(30.3)*og(30.j+l) 
30330 next j:return 
35000 £f»cg(30,lH(int(oq(30,l)/ai+O.6))n0 
35010 pn(30,l>»int(OQ(30,l>/U+0,6) (return 
40000 if tl>»(«r>8eî then 50000 
4W10 for tni»22 to 27 
40020 if d(tn)*-l then 400W 
40030 if lq(tn><l then 400W 
40040 if lq(30)>4 then 40070 
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400% if ti>*tf {Qq(tn»l}> then 40500 
40060 ntxt tn 
40070 return 
40500 print **i»ct**|oq(tn,l)|'*ia Am# at lo«iti<m**; tn 
40510 if dx(tn)*2 and xx(tn)<*tf(oq(tn»l)} then 40514 
40512 goto 40520 
40514 dx{tn)-10 
40520 poke dra,tntpcke dta,0*d(tn)"d(tn)*MMmo(tn-21)"mo(tn-21)+l 
405% lq(30)»lq(30Hl 
40560 oq(30,lq(30U"cq(tn,l) 
40570 rl(oq(30,lq(30)))"l 
40575 goeub 11000 
40580 m3"m3+l*goto 40060 
41000 foe ic*l to 70 
41150 if ti>«bo(ic) then 41200 
41160 if mn(ic)"0 then 41180 
41170 if ti>«bf(ie) then 41400 
41180 next ietxett»n 
41200 if t#(io)»"a#" then 41610 
41220 tj*Bn(ieH21tpn(tj«l)»int(oq(tj,l)/11̂ .6) 
41230 if d(tj)—1 then 41255 
41240 bo(ic)»tf(oq(tj«l))tbf(ic)«bo(ic)̂ dii(ie) 
41250 if bo(ie)<ti then retozn 
41255 dK(tjMl 
41260 print Machine omter̂ ftj; "fails at";bo(ic)/3600 
41270 bo( ic)"bo(ic) +999999999999;retwm 
41400 tj"mn(ic)+21*pn(tj,l)»int(oq(tj,l)Al+0.6) 
41440 print "failed machine centec"|tj;'*is repaired at";bf(ic)/36W 
41450 dx(tj)*2ttf(oq(tj#l))«bf(icHpt(pn(tj«l))i»x(tjî«tftoq(tj,l)) 
41460 bf(ic)»bftic)*999999999999iretura 
41610 print "ae/rs cart fails, failure mndser is"; ic 
41620 wl«dtt(ie)/36<X)*W(ic)«bo(ie) +999999999999: return 
45000 if lg(30)>4 then return 
45010 poke dra,59 
45020 if peek(dra)»59 then 45040 
45030 return 
45040 m#"w4+l:tm»29 
45050 lq(tn)«lq(tnlHsoq(tn«lq(tn))«Gg(16«l) 
45060 print "part";oq(tn,l);"i8 àom at location"; tn 
45070 poke dra«tn:pote dra,0;d(tn)»d(tn)*W) 
450# gowb 10000 
45090 if W3600> (ti/3600M.04 then 45090 
45100 poke dra«tn;poke dra,0:d( tn)«d(tn) *(-1) 
45110 if lq(16Kl then 45150 
45120 lqa6)*lq{l6Hl 
45130 if lg(16)<l then 45150 
45140 for j»l to lq(l6)ioqCl6#3)(=c<5Cl6#j>l) inexc j 
45150 if IqCtnKl then 4S1# 
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45160 lq(tnï«lq(tn)-l 
45170 if IqttnXl then 45190 
45180 for j*l to Iq(tn)*oq(tn,j)"oq(tn,j+1):n*xt j 
45190 lg(30)"lq(30)+l 
45200 oqi30»lq(30))«oq<tn,l) 
45210 rl(oqt30,lq(30»)-2 
45220 return 
50000 e»"m/#r ; ia»l-ee 
5<K}05 for tô l to 6s«it(kn}"rt(kn)*3600/srtnext kn 
50010 for kn*l to 6%im(W»l-«m(kn) xnext kn 
M040 #l#(em(l)+em(2)+em(3)+em(4>+em(5)+em(6H/6tit*l-el 
50050 for kn"l to 6sdf{kn)«df<kn)/ntnext kn 
50060 ml"ml/n;m2"m2/n 
50070 print "3" 
MOM ppintxprint '*ttatistical remits** 
500% printsprint "effectivity of tm/tm cart"**,ee 
501W print "idle rate of tm/tu cart*",ia 
50110 for kn*l to 6 
50120 jpgint "effestivity of machine eenter̂ iknî ^̂ jemtkn) 
50130 print "idle rate of machine center";knf im(kn) 
50140 next kn 
50150 ĵ int "average effectivity of machine center ceH»";el 
50160 print "average idle rat» of machine center oell*";it 
50180 pcinttfor kn#l to 8 
50190 print "fetch rate of storage area";kn;"»"fdf (kn) 
50M0 next kn 
50210 for kn*l to 6 
50215 print "route rate to machine center"îknî"»"îdt(knî 
50Z20 next kn 
50250 printxMint "fetch rate for machine center cell""fml 
50260 print "fetch rate for turning cell» ";m2 
50262 for kn»l to 6 
50264 print "total number of outputs from m/c"jknj"is»"jwe(kn) 
50266 next kn 
50270 pfint "total mster of wtput# from m/cs* ";bû 
50280 print "total nwdser of ouputs from turning oell»";m4 
50285 print "total nwâser of diĵ whe#» ";n 
50290 print;for kn»l to 8 
50300 print "current queues of storage area "îkn;"»"îlq(kn) 
50310 next kn 
50320 print "current queues of retrieval gate* ";lq(30) 
50350 print "current queues of turning cell» "jlq(l6) 
50360 printsfor km*22 to 27 
50370 print "current queues of machine center";kn-2l;Iq(kn) 
50380 next kn 
50390 print:for kn̂ l to 8 
50395 if lq(knî<l then 50435 
50398 print "current queue sequence of stocag® sr§a";'<n 



www.manaraa.com

427 

50400 for nn»l to lq(kn! 
50420 print oq(%n,nn); 
50430 raxt m 
50432 peint 
50435 next kn 
50440 printsfot kn*22 to 27 
50445 if IqtknXl then 50485 
50448 print "current queue sequence of m/c cenMe ";kn-21 
50450 for nn"l to lg(knl 
50470 print oq(kn,nn) ; 
50480 next nn 
50482 print 
50485 next kn 
50490 if lq(16)<l then 50530 
50492 printxprint "current queue lequence of turnir̂  ceil" 
50495 for kn*l to lq(16) 
50510 print oq(16,knU 
50520 next kn 
50530 print}print "current queue «equence of retrieval queue" 
50535 for kn*l to lq(30) 
W550 print oq(30,kn)i 
50560 next kn 
50570 printtprint "total fetch time of a$/r# ";e%/3600 
50580 printtprint "total proceeeing time of m/c»";W36W 
50590 printiprint "total throughput time(tp)» "itu 
50600 printiprint "total productim lateneeâ  ";tl 
50610 printtprint "total idle time <m machine center#»"; td 
50900 printtl#4icloeel#4 
50910 etQpxend 
51000 data 4.1184,190.38,52.5744 
51050 data 7.1340,120.37,64.2060 
51100 data 1.9817,92.32,33.3437 
51150 data 0.9650,17.93,8.6849 
51240 data 1.2407,107.86,̂ .6749 
51290 data 13,820,231.81,124.380 
51360 data 1.7404,26.93,15,W38 
51362 &ita 0.2501,0.2155,0.2004,0.1886,0.1842,0.1761,0.1673,0.1637 
51365 data 0.1357,0,1334,0,1453,0. W9,0.1759,0.1764 
51370 data 0.1272,0.1249,0.1368,0.1524,0.1674,0.1679 
51375 data 0.1205,0.1182,0.1301,0.1457,0.1607,0.1612 
51380 data 0.1115,0.1092,0,1211,0.1367,0.1517,0.1523 
513% data 0.1028,0.1005,0.1124,0.1280,0.1430,0.1435 
51390 data 0.0977,0.0955,0.1073,0.1229,0.1380,0.1385 
51395 data 0.0911,0.0888,0.1007,0.1163,0.1314,0.1319 
51400 data 0.0823,0.0800,0.0919,0.1075,0.1225,0.1230 
51405 data 0.1786,0.1701,0.1634,0.1544,0.1457,0.1406,0.1340 
51410 data 0.2017,0.2173,0.2275,0.2327,0.2427,0.2581,0.1229 
51430 data l,as,0,6.5261,0.9436 
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51920 data 50,mc,3,514.402,102.5036 
51930 data 51,as,0,521.64,0.9466 
51940 data 52,a#,0,549.064,0.9466 
51950 data 53,as,0,552.099,0.9486 
51960 data 54,a#,0,555.33,0.9466 
51970 data 55,aa,0,563.281,0.9466 
51980 data 56,a#,0,577.802,0.9486 
51990 data 57,a#,0,590.974,0.9486 
52000 data 58,a#,0,601.758,0.9466 
52010 data 59,a#,0,609.993,0.9486 
52020 data 60,a#,0,624.369,0.9466 
52030 data 61,a#,0,631.069,0.9486 
52040 data 62,a#,0,639.408,0.9486 
52050 data 63,aa,0,644.841,0.9466 
52060 data 64,a#,0,652.657,0.9486 
52070 data 65,mc,5,662.231,45.6353 
52080 data 66,as,0,667.277,0.9486 
52090 data 67,*#,0,676.122,0.9466 
52100 data 68,##,0,679.932,0.9486 
52110 data 69,a#,0,693.424,0.9486 
52120 data 70,a#,0,718.626,0.9486 
r«ady. 
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492 for i*l to 8:for j*l to 6 
494 read W3tl»j) 
496 next jtnext 1 
498 for i*l to 7*r#ad w3(i,16)*n#xt 1 
499 for i«l to 7%r#ad ro(i)*n#*t i 
500 print **do you wish to change the status of any output?" 
510 print "enter 1 for yes, 2 for no**t input x 
520 if xOl then 580 
530 print "enter desired output mmber": input g 
540 if g<32 then 560 
550 print "illegal output roanber (must be 0-31)"%goto 530 
560 poke dra,g*poke dra»0:goto 500 
580 print "3"xp;int "enter simulation run time in minutes." 
590 if̂ t srtsr«sr*3600fprint "initialization has been completed." 
620 ti8-"000000"tss»ti 
630 print "simlation starting time is ",ss/3600 
6M for i»l to 70 
m read i,t$(i),*m(i),bo(i),du(i) 
670 boa)»bo(i)*3600*sstdu(i)«du(i)*3600tbf(i)-bo(i)̂ (iHnext i 
700 goeub 30000 
m qomà> 11000 
730 goeub 13000 
750 goeub 40000 
760 goeub 45000 
770 90«̂  41000 
780 goto 700 
10000 w#ti* return 
11000 if lq(8»0 then 11040 
11005 for j»l to 7 
11010 if lq(j)a then 11025 
11012 pnU,lMint(oqU,l)/ll+0.6) 
11025 next j 
11028 qyO 
11030 for J»1 to 7:if lq(ji)<l ti»n gyqg*̂ l:next j 
11032 if ggp7 then 11036 
11034 goto 11039 
11036 gosub 40000;goe%A 3«M%;goto llOOO 
11039 go«A 17000;goto 11100 
11040 f»8;goto 11130 
11100 if oq{f,l)>10 and oq(f,l)<20 then 11160 
11110 if eq(f,l)>30 and oq(f,l)<40 then 11X60 
11120 if oq{f,X>>50 and oq(faî<60 then XXX60 
XXX30 pqpO 
XXX35 for W2 to 27;if Xq(k)>4 then pq»pqf̂ X;next k 
XX140 if pqp6 then XXX57 
XXX45 gosub X7500 
XXX52 kX»t-2X;g©te XXX70 
XXX57 gosub 40000;goto IIOOO 
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11160 if lq(16)>4 then 11164 
11162 kl*16:goko 11170 
11164 goaub 45000tgoto 11000 
11170 gwub 12000s ratutn 
120(K) gotub 10000 
12006 if tiK/3600<" (ti/3600)-wl than 12010 
12008 ̂ ub 40000sgoto 12006 
12010 wl.O;tl(oq(f,l))"ti 
12015 print "current time*'*;ti/3600 
12020 poke dra,28tpctw dra,0 
12040 poke dra,f+50 
12050 if peekfdraMf+50 then 12070 
120M goto 12040 
12070 poto dra,28%poke dra,0 
12072 gocub 10000 
12074 if tm/3600>(ti/3600)-w3(f«kl) then 12074 
12080 poke dra,f%poke dra,0 
12090 t5#ti%print "loading part ";oq(f,l);"from mtorage";f:t6#ti-t5 
12095 goeub 10000 
12100 if tst/3600>(ti/3600)-%»4 then 12100 
12102 poke dra,ftpoke dra,0 
12104 goedm 10000 
12106 if W3600>(ti/3600)̂  then 12106 
12110 poke dra,28:poke dra,0 
12130 t7"ti:̂ int "returning with";oq(f,l);"from *torage";f*t8"ti-t7 
12140 pĉ  dra,50 
12150 if peek(dra)>178 then 12170 
12160 goto 12140 
12170 poke dra,28;poke dra,Oz*a"ti 
12180 ta»ti-U{oq{f,1))-(wl*w3(f,kl)*3600-tf-t8 
12185 n#n̂ l: ta»tÂ/3600 
12190 print "fetch tWe is "jta 
12200 ft*(t»̂ 3(f,kl)+«4+w5)*36C0 
12210 
12220 return 
13000 if f"8 then 13040 
13010 if og(f,l)>10 and oq(f,l)<20 then 13500 
13020 if oq(f,l)>30 and oq(f,l)<40 then 13500 
13030 if oq(f,l)>50 and oq(f,l)<60 then 13500 
13040 if d(l6)»l then 13070 
13050 poke dra,16%poW dra,0;d(16)»d(16)*(*1) 
13070 print "part"îoq(f#l)î "should be routed to machine center";t 
13090 if f27 then 13130 
13100 if d(t-5)-l then 13120 
13110 poke dra,t-5;pote dra,0:d(t-5)=d(t-5)*(-l) 
13120 if t»22 then 13170 
13130 for a^k-6 to 17 step -1 
13140 if aU)—I t-hen 13:60 
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13150 poke dra,0:d|a)*d(8)#̂ -l) 
13160 next a 
13170 poke dra,t+10 
13180 if peekWM)"t+10 then 13170 
13190 tr(oq(f,l))*xa/3e00troU-21) 
13200 9oeub 14000 
13210 goayb 16000 
13220 Rû"ml+1 *df(fWf(f)+l%6t(t-21)"dt(t-21 )+l%retu:n 
13500 if da6)—l then 13520 
13510 potw dza»16ipoke d%a,0%d(16%*d(16;*(-l) 
13520 print **part'*jQq(f»lH'*itwuld #to tmning cell** 
13530 poke dra,40tif peek (Ara* »40 then 13530 
13540 fl6*tr(oq(f,l))"X8/3600*ro(7* 
13542 9oeub 1400Q 
13545 goeub 16000 
13550 Râ*nl2Hfdf(f)«df(f)-̂ lsxeturn 
14000 for tt»22 to 27 
14010 if lqCtt)>0 and dttt)»-l then 14040 
140% next tt 
14030 wturn 
14040 qimto 20100*goto 14020 
16000 lq(t)*lq(t)Hsog(t«lg(t) )*oq(f»1) 
16010 if lq(f)<l then return 
160%) lqtf)«lq(f)-l 
16030 for j»l to lg(fMoq(ff j)«oqiff̂ l)snext j 
16040 retmn 
17(HK) xc»titfor j»l to 7 
170% if IgtjXl then 17080 
170% if pn(3«l}«l Of pn(j,l)»3 or pn(),l)»5 tWn 17035 
17032 et-Osgoto 17040 
17035 et#l,7243*3600 
17040 if df(j»-5 tt»n 17070 
17050 sl(oq(j,l))»al(pR(j,l)Hpt(pn(j,llHat(oq(JAi)*3600̂ t*xc 
17055 el(oqij,l)>>slCoq(j,lH/3600 
17060 x(og(j#l)}»l{y(oq[tj,l)l«0:fOto 170W 
17070 x(09fj,l))«0$y(og(j,l))>l{ektoq(j,l))>lcCoqCj,l))-xc/3600 
17080 next j 
17090 f»l 
17100 if IgCfia then 17220 
17110 fl*fH 
17120 if fl>7 Uien return 
17130 if lq(fl)a then 17170 
17140 xf-x(0Q(f,lî)*el(0q{f,l))+y(«ï(f»lH*8k(0Q( f A)ï 
171% yf»x{oq(fl,l)î*»l(oq(f 1,1)) +y(eqtf 1,1) )*ek(og(fl,l) ) 
17160 if xf>yf then 17210 
17170 fl*flH 
171W if fl>7 tiien return 
17200 goto 17130 
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17210 f*flîgotO 17170 
17220 (*f+l 
17230 if f>7 then 17090 
17240 goto 17100 
17500 t"22 
17510 if lq(t)>4 then 17600 
17520 th"t+l 
17530 if th>27 then retuxn 
17540 if lq(th}>4 then 17560 
17550 if IqUPlq(th) then 17590 
17560 th"th+l 
17570 if th>27 then return 
17580 goto 17540 
17590 t«thfgoto 17560 
17600 t«t+l 
17610 if t>27 then 17500 
17620 goto 17510 
18000 nc"tn-21 
18035 pn(tn,l)"int(oq(bï,l)/ll*0.6) 
18040 pp(nc)«pt(pn(tn,l)) 
18050 tt(nc)»rK(nc)^sip(nc)icr(nc)**rt(nc) 
18060 Kt(nc)«xt(nc)/36(M) 
1W70 peint "total pcoceeeing time of m/c"; tn; "i#"; rt (ne) 
18080 mu0e#;v(nc) 
18090 me" (m*w/6)/(2*#r) * t3»ti/3600 
18100 print "eussent time","#yetem effectivity" 
18110 print t3,me 
181% for j*l to lq(W *cp(nc,j)*0:ne%t j 
18130 if lg(tnM2 then 18175 
18140 for ̂ 2 to Ig(tn) 
18150 pn(tn,j)"int(og(tn,))/ll+0.6) 
18160 cp(nc«jH)«cp(nc*jHpt(pn(tn«jHsnext j 
181fô cp(ne,lg(tn)H)>cp(ne«lq(tn)H)/3600 
18170 print "remaining time of m/c queue";tn;"i«";cp(nc,lq(tn>+l> 
18175 if lq(tn)<l then 18230 
18180 lq(tn)»lq(tn)»l 
18190 if lq(tn)<l then 18230 
18200 for j»l to Ig(tn) 
18210 oq(tn,3)»oq(tn,jH) 
18220 next j 
18230 return 
20100 if dx(tt)»l then return 
20110 poke dra,tt;pQke <Sra#0;d(ttî»<l(tt)*(-'l) 
20112 id(oq(tt,l»»ti/360a-tr(eq(tt,lî} 
20115 print "waiting time of part";oq(tt,l);'*on m/c";tt;'*is'*;id(oq(tt#l)) 
20120 ta»td+id(oq(tt,l)) 
20125 pn(tt,l)»int{oq{tt,l>Al+0.6) 
20130 if dx(tt)»2 then return 
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40010 for tn>22 to 27 
40020 if <l(tn)>«l then 40060 
40030 if lq(tn)<l then 40060 
40040 if lq(30)>4 then 40070 
4(X)M if ti>«tf (oq(tn»l)) then 40500 
4(K)60 next tn 
40070 return 
40500 print "pmrt";oq(tn,l) ; "i# done at location**; tn 
40510 if d%(tn)»2 and xx(tn)<«tf(oqitn,!)) then 40514 
40512 goto 40520 
40514 d%(tn)"10 
40520 poke dra,tn:poke dra,0*d(tn)"d(tn)*(-l):mo(tn-21>"mo(tn-21)+l 
40550 lq(30)"lq(30)+l 
40560 oq(30,lq(30))"oq(tn,l) 
40570 rl(oq(30,lq(30))).l 
40575 gomd» 18000 
405% m3"mO+l:̂ to 40060 
41000 for ic-1 to 70 
41150 if ti>«bo(ic) then 41200 
41160 if Rm(ic)»0 then 41180 
41170 if ti>«bf(lc) then 41400 
41180 next ict return 
41200 if t#(icM"ae" then 41610 
41220 tj"mn(ic)+21*pn(tj,l)#int(oq(tj,l)/ll+0.6) 
41230 if d(tj)—1 then 41255 
41240 bo(ic)«tf (oq(tj »1) ) tbf {ic) »bo(ic)>du( ic) 
412M if bo(ic)<tl then return 
41255 dx(tj)»l 
41260 print "machine center**;tj;"fails at'*;bo(ic)/3600 
41270 bo(ic)-bo(ic) +999999999999*return 
41400 tj"im(ic)+21;pm(tj,l)»int(oq(tj,l)Al*0.6) 
41440 print "failed machine center"; tj;"ie repaired at";bf(ic)/3600 
41442 if IqttjXl then 41460 
41450 tf(oq{tj,l))«bf(ic)+pt(pn(tj,l)){xx(tj)«tf(oq(tj,l)) 
41460 dx(tj)»2;bf(ic)»bf t ic)+999999999999:return 
41610 print "ae/re cart fails, failure mWber is"; ic 
41620 «iL*du( ic)/3600:bo( ic)»b<»( ic) +999999999999?return 
45000 if lq(30)>4 then return 
45010 poke dra,59 
45020 if peek(dra)=59 then 45040 
45030 return 
45040 m4»̂ +l:tn»29 
45050 lg(tn)»lg(tn)+l;og(tn,lg(tn))=og(16,l) 
450W print "part";oq(tn,l)?*i» done at loc3tic«";tn 
45070 poke dra,tn;poke dra,0;d(tn)»d(tn)* W) 
45080 goW) 10000 
45090 if (ti/3600)-0.04 then 45090 
45100 poke dra,tn;pote dr3,0:d(tn)=d(kn)*(-l} 
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45110 if IqdfiXl then 43150 
45120 lq(16)"lq(16;.l 
45130 if lq(16)<l then 45150 
45140 for j>l to lq(16)*oq(16,j)"oq(16,j+1):ne%t j 
45150 if IqttnXl then 45190 
451W lq(tn)"lq(tn)-l 
45170 if lq(tn)<l then 45190 
45180 for J«1 to lq{tn)*oq(tn,j)"oq(tn,j+l):next j 
45190 lq{30)-lq(30)̂ l 
45200 oq(30,lq(30))"oq(tn,l) 
45210 rl(oq(30,lq(30)))"2 
45220 return 
50000 #ymm/#%*ie"l-#e 
50005 for knpl to 6tcm(kn)«rt(kn)*3600/irtnext kn 
50010 for knml to 6*im(kn)"l-em(kn) *ne%t kn 
50040 el"(em(l)+em(2Hem(3)+em(4)+em(5)+em(6))/6*if 1-el 
50050 for kn*l to 8ïd£(kn)«df(kn)/nrnext kn 
50060 mlmi/nWMia/n 
50070 print "3" 
50080 pcintxprint "statistical results" 
50090 peintipcint "effectivity of a#/rs cart»"#ea 
50100 print "idle rate of as/rs cart»",ia 
50110 for knml to 6 
50120 print "effectivity of machine center";kn;""";em(kn) 
50130 print "idle rate of machine center";kni im(kn) 
50140 mut kn 
50150 print "awrage effectivity of mchine center cell»";el 
50160 ̂ int "average idle rate of machine center cell«"fit 
501M printsfor knml to 8 
50190 print "fetch rate of stora# area";kn;"»"2df(kn) 
50200 next kn 
50210 for kml to 6 
M215 print "route rate to machine center";kn;"#";dt(kn) 
50220 ramt kn 
50250 print;print "fetch rate for machine center cell=";ml 
50260 print "fetch rate for turning cell* ";m2 
50262 for knml to 6 
50264 î int "total wWber of outputs from m/c";kn; "is»";n»(kn) 
50266 next kn 
50270 print "total mwber of outputs from m/cs» ";m3 
50280 print "total nwter of oiipits from turning oell»";m4 
50285 print "total msâaer of dî tches» ";n 
502% print;for kn»l to 8 
503% ĵ int "current queues of storâ  area "jkn;'̂ *;lq(kn) 
50310 next kn 
50320 print "current queues of retrieval gate» ";lq(30) 
50350 print "current queues of turning cell» ";lq(l6) 
50360 print:for kn*22 to 27 
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50370 print "current ûes of machine center";kn-21 ; lq(kn; 
50380 next kn 
50390 print*for kn*l to 8 
50395 if lq(kn)<l then 50435 
50398 print "current queue lequence of storage arM";kn 
50400 for rai*l to lq(kn} 
50420 print cq{kn,nn); 
50430 next nn 
50432 print 
50435 next kn 
50440 printtfor kr̂ 22 to 27 
50445 if IqtknXl then 50485 
50448 print "current queue eequence of m/c center";kn-21 
50450 for nn»l to Iq(kn) 
50470 print oq(kn,nn) t 
50480 next m 
50482 print 
50485 nmtt kn 
50490 if lq(16)<l then 50530 
50492 print sprint "current queue sequence of turning cell" 
50495 for kn«l to lq(16) 
50510 print oqClfî kn); 
50520 nmtt kn 
M530 printxprint "current queue sequence of retrieval queue" 
50535 for kml to lq(30) 
50550 print oq{30,kn)| 
50560 next kn 
50570 pfintxprint "total fetch time of as/rŝ  ";sm/36W 
50580 printsprint "total processing time of (n/c""j«u/3600 
50590 printsprint "total througl̂ t time(̂ )* ";tu 
50600 ̂ intsprint "total productif lateness* ";tl 
50610 printsprint "total idle time on machine centers»";td 
50900 printll«4sclosel»4 
50910 stopjend 
51000 data 4.1210,190,3#,52.W80 
51050 data 7.1386,120.37,64.2469 
51100 data 1.̂ 9,92.32,33.3649 
51150 data 0.9656,17.93,8.6904 
51240 data 1.2415,107.86,26.6920 
51290 data 13.8288,231.81,124.4590 
51360 data 1.7415,26.93,15.6738 
51362 data 0.2501,0.2155,0.2004,0.1886,0.1842,0.1761,0.1673,0.1637 
51365 data 0.1356,0.1333,0.1452,0.1609,0.1759,0.1764 
51370 data 0.1271,0.1249,0.1368,0,1524,0,1674,0.1680 
51375 data 0.1204,0,1182,0.1301,0.1457,0.1607,0.1613 
51380 data 0.1115,0.1092,0.1211,0.1367,0.1518,0.1523 
51385 data 0.1027,0.1005,0.1124,0.1280,0.1430,0,1435 
51390 data 0.0977,0.0954,0.1073,0.1230,0.1380,0.1335 
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51395 data 0.0911,0.0888,0.1007,0.1164,0.1314,0.1319 
51400 data 0.0823,0.0800,0.0919,0.1075,0.1225,0.1231 
51405 data 0.1785,0.1700,0.1633,0.1544,0.1456,0.1406,0.1340 
51410 data 0.2017,0.2173,0.2275,0.2327,0.2427,0.2581,0.1229 
51430 data l,a*,0,6.5302,0.9492 
51440 data 2,a#,0,13.0434,0.9492 
51450 data 3,a#,0,16.2867,0.9492 
51460 data 4,a#,0,33.3701,0.9492 
51470 data 5,a#,0,69.8884,0.9492 
51480 data 6,ai,0,80.3237,0.9492 
51490 data 7,a»,0,85.7453,0.9492 
51500 data 8,mc,4,89.5313,l?.3953 
51510 data 9,a#,0,97.7624,0.9492 
51520 data 10,as,0,108.23,0.9492 
51530 data ll,a#,0,lll.454,0.9492 
51540 data 12,as,0,115.923,0.9492 
51550 data 13,as,0,119.502,0.9492 
51560 data 14,a#,0,133.765,0.9492 
51570 data 15,a#,0,148.337,0.9492 
51580 data 16,a«,0,157.U4,0.9492 
51590 data 17,a#,0,165.065,0.9492 
51600 data 18,as,0,172.944,0.9492 
51610 data 19,a#,0,182.016,0.9492 
51620 data 20,a«,0,196.859,0.9492 
51630 data 21,a#,0,220.816,0.9492 
51640 data 22,as,0,231.862,0.9492 
51650 data 23j*c,2,246.153,29.9876 
51660 data 24,aa,0,248.427,0.9492 
51670 data 25,as,0,266.449,0.9492 
51680 data 26,as,0,279.832,0.9492 
51690 data 27,as,0,287.672,0.9492 
51700 data 28,as,0,306.001,0«9492 
51710 data 29^BC,4,316.472,17.3953 
51720 data 30,as,0,328.183,0.9492 
51730 data 31,#e,0,331.846,0.9492 
51740 data 324*2,5,337.199,45.6645 
51750 data 33,88,0,338.15,0.9492 
51760 data 34,as,0,380.568,0.9492 
51770 data 35j*e,l,394.721,32.7054 
51780 data 36,as,0,400.844,0.9492 
51790 da^ 37,a*,0,404.704,0.9492 
51800 data 38,as,0,411.174,0.9492 
51810 data 39,as,0,418.008,0.9492 
51820 data 40,as,Q,421.646,0.9492 
51830 data 41,a*,0,452.537,0.9492 
51840 data 42,aa,0,458.987,0.9492 
51850 data 43,me,l,461.183,32.7054 
51860 data 44,as,0,464.277,0.9492 
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51870 data 45,me,2,466.689,29.9876 
51880 data 46,aa,0,483.005,0.9492 
51890 data 47,a#,0,503.434,0.9492 
51900 data 48,mc,6,504.37,45.6645 
51910 data 49,a#,0,513.374,0.9492 
51920 data 50,mc,3,514.731,102.569 
51930 data 51,a#,0,521.972,0.9492 
51940 data 52,a#,0,549.415,0.9492 
51950 data 53,a#,0,552.451,0.9492 
51960 data 54,80,0,555.684,0.9492 
51970 data 55,a#,0,563.64,0.9492 
51980 data 56,80,0,578.171,0.9492 
51990 data 57,80,0,591.351,0.9492 
52000 data 58,80,0,602.142,0.9492 
52010 data 59,80,0,610.382,0.9492 
52020 data 60,80,0,624.768,0.9492 
52030 data 61,80,0,631.472,0.9492 
52040 data 62,80,0,639.815,0.9492 
52050 data 63,80,0,645.252,0.9492 
52060 data 64,80,0,653.074,0.9492 
52070 data 65,mc,5,662.654,45.6645 
52080 data 66,80,0,667.702,0.9492 
52090 data 67,80,0,676.553,0.9492 
52100 data 68,80,0,680.366,0.9492 
52110 data 69,80,0,693.867,0.9492 
52120 data 70,80,0,719.084,0.9492 

ready. 
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492 foe i*l to 9sfor to 6 
494 rud w3(i,j) 
4H next jtnmt i 
498 for 1*1 to ?ir#ad w3(i,15);n#*t 1 
499 for 1*1 to 7*r#ad ro(i)%n#%t i 
500 print "do you wimh to change the status of any output?" 
510 print "enter 1 for yee, 2 for no**: ir^t x 
520 if KOI then 580 
530 print "enter desired output nanber": input g 
540 if g<32 then 560 
550 print "illegal wtpit nmber (met be 0-31) "(goto 530 
560 poiw dra»gspolw dr»,Ot^to 500 
580 print "3"*print "enter simUation run time in minutes." 
590 iiqjut srtsr*sr*3600iprint "initimlizatiw has been completed." 
620 ti8«"000000"*se"ti 
630 print "sinmlation starting time is ",ss/3600 
650 f% i*l to 70 
660 read i,t8(i),mn(i),bo(i),du(i) 
670 bo(i)»bo(i)*3600»ssidu(i)-du(i)*3600ibf(i)-boti)+du(iyine*t i 
700 goeub 30000 
710 goeub 18500 
720 goeub 11000 
730 goeub 13000 
750 gosdb 40000 
760 goWb 45000 
770 goeub 41000 
780 goto 100 
10000 tn*tit return 
11000 if lq(8)>0 then 11040 
11005 for j»l to 7 
11010 if lg(j)<l then 11025 
11012 po(i,lMint(oq(i,l)/ll+*.*) 
11015 if pn(),l)»2 or pn(j,l)*4 or pn(j,l%*6 <a pn(j,l)*7 then 11020 
11018 n^(pn(j,l))«pt(pn(j»l))/}6<HHl.7427;^to 11025 
11020 aqp(pDtj,l))*^(pn(j,l]l)/3600 
110% next i 
11028 qqpO 
11030 for j»l to 7;if lg(j)<l then ggpqg»l;ne%t j 
11032 if 91*7 then 11036 
11034 goto 11039 
11036 gwA* 40000:goed» 30W0;goto IKXW 
11039 goeub 17000:goto 11100 
11040 f#8:goto 11130 
moo if og(f,l)>10 and og(f,l)<20 then 11160 
11110 if oq(f,l)>30 and oq(f,l)<40 then 11160 
11120 if oq(f,l)>50 and og(f,l)<60 then 11160 
11130 pg=0 
11135 for k?22 to 27; if lq{k)>4 then pq»p£|*^l;next k 
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11140 if pq»6 then lliS? 
11145 90flub 17500 
11152 kl"t'-21*qoto 11170 
11157 gomib 40000*goto 11000 
11160 if 1(3(16)>4 then 11164 
11162 kl-16tgoto 11170 
11164 gwub 45000*goto 11000 
11170 gomb 12000sreturn 
120<K) gwub lOOW 
12006 if tm/3600<"(ti/3600)-wl then 12010 
12008 g<Mtub 40000tgoto 12006 
12010 wl"0;tl(oq(f,in"ti 
12015 print "current tim#m'*;ti/3600 
12020 poke dr#,28*poke dra,0 
12040 poke dr#,f450 
12050 if peek(d%#)"f»50 then 12070 
120^ goto 12040 
12070 poke dre,28%poke dre,0 
12072 goeub 10000 
12074 if tm/3600>(ti/3600)-w3(f«kl) then 12074 
12080 poke dre,f:poke dra«0 
12090 t5»ti:print "loading part ";oq(f,l);"from storage**}f:t6«ti~t5 
12095 goeub 10000 
12100 if W3600>(ti/3600)-w4 then 12100 
12102 poke dra,f spoke dr#,0 
12104 goeub 10000 
12106 if tm/3600>(ti/3600)^ then 12106 
12110 poke dra«28spoke dra,0 
12130 t7»tiî|^int "returning with"joq(f,l)j*fra» #torage";f;t8*ti-t7 
12140 poke dra,M 
12150 If peek(dra)*178 then 12170 
12160 goto 12140 
12170 poke draf%spoke dra,0;xa#ti 
12180 taftl-tl(oq(f,l))-(*l+w3(f,kl)#f4*w5r3600.t6-t8 
12185 i^R^lsta»ta>^600 
12190 print "fetch time is ";ta 
12200 fftt»*w3(f,kl)*w4^>*3600 
12210 we# ft 
12220 return 
13000 if f#8 then 13040 
13010 if og(f,l)>10 and og(f,l)<20 then 13500 
13020 if oq(f*l)>30 and oq(f,l)<40 then 13500 
13030 if oq(f,l)>50 and oq(f,l)<60 then 13500 
13040 if d(16)»l then 13070 
13050 poke dra«16;poke dra,0îd(l6)»d(l6)*(-lî 
13070 print "par"should be routed to machine center"; t 
13090 if t?27 then 13130 
13100 if dCt-5î'l then 13120 
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17160 if xf>yf then 17210 
17170 fl"fl+l 
17180 if fl>7 then return 
17200 goto 17130 
17210 fmflxgoto 17170 
17220 f"f+l 
17230 if f>7 then 17090 
17240 goto 17100 
17500 for j»22 to 27 
17510 if lq{J)>4 then cp(J-21,lq(3î+lî-999999999999 
17520 next j 
17530 t-22 
17540 th#t*l 
17550 if cpU-21,lq(t)+l)>cp(th-21,lq(th)+lî then 17590 
17560 th"th*l 
17570 if th<-27 then 17550 
175W return 
17590 fthigoto 17560 
18000 nc-tn-21 
18035 pn(tn,l)-int(oq(bn,l)/ll>0.6) 
18040 pp(nc)>ipt(pn(tn,l)) 
1W50 ct(ne)»rc(nc)H^t)p(ne)trr(nc}«rt(nc) 
18060 ct(ne)*rt(ne)/3600 
18070 peint "total processing time of m/c"itn;"i#"'frt(nc) 
18080 «]Pi»»pp(nc) 
18090 ma* (em»«i/6)/<2*#r) st3»ti/3600 
18100 print "current time^^^eyetem effectivity** 
18110 print t3,ms 
18120 if lq(tn)<l then 18180 
18130 lq(tn)»lq(tn)-l 
18140 if IqCtnXl then 18180 
18150 for J*1 to Iq(tn) 
18160 og(tn,j)"<^(tn,j+l) 
18170 next j 
18180 return 
18500 for jj»22 to 27 
18510 for j»l to Iqijj) 
18520 cp(j5-21oJ»0 
18530 next j 
18540 next j] 
18550 for jj»22 to 27 
18555 if lq(3jîa then 18610 
18560 for j»l to Iqtji) 
18570 po{3j,j)»int(oq(j3,3Î/ll+0,6) 
18580 cp(j)-21,j*l).cp(jj-21,))+pt(pn(j),j)) 
18590 next j 
18600 cp(jj-21,lq(jj>n)=cp(jj-21,lq(jj)n>/3600 
18610 next jj 
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45030 ratum 
45040 m4"m4+l*tm29 
45050 lq(tn)"lq(tn)+lioq(tn,lq(tn))"oq(16,l) 
45060 print '*part**;oq(tn,l);'*it don# at location";tn 
45070 pok# dra>tnipotw dra,Osd(tn)«d(tn)*(-l) 
450M goaub 10000 
45090 if tm/3600> (ti/3600M0.04 than 45090 
45100 polw dra,tn*pok# dra,0;d(tn)"d(tn)*(-'l) 
45110 if lq(16)<l then 45150 
45120 lq(16).lq(16).l 
45130 if lq(16Kl than 45150 
45140 for j"l to lq(16) %oq(16,j)'"oq(16, j+1) *next j 
45150 if lq(tn)<l than 45190 
45160 lq(tn)»lq(tnHl 
45170 if lq(tn)<l than 45190 
45180 for j"l to Iq(tn)%oq(tn,j)"oq(tn,j+1)«next j 
45190 lq(30)#lq(30Kl 
45200 oq(30,lq<30))"oq(tn,l) 
45210 rl(oq(30,%q(30))).2 
45220 return 
5(KKK) ea"am/#r;i*"l-ea 
50005 for kn»l to 6;«m(kn)»rt(kn)*3600/#%:ne%t kn 
50010 for knf*l to 6* im(kn) »l-aw(W xnext kn 
50040 el»(am(l)*em(2)+am(3)*am(4)+em(5Mam(6))/6%ifl-el 
50050 for kn*l to 8;df(kn)*df(kn)/n;n*%t kn 
50060 ml"mlA%m2"m2/n 
50070 print "3" 
500M printtprint ''statistical re wits" 
50090 (arintsprint "effactivity of as/rs cart»",ea 
50100 print "idle rate of as/rs cart»",ia 
50110 for kn»l to 6 
50120 i^int "ef«activity of machine center"jknj"»"j«»(kn) 
50130 print "idle rate of machine center";kn; im(kn) 
50140 next kn 
50150 print "average effactivity of machine center cell»";el 
50160 print "average idle rate of machine center oell»";it 
50180 printifor kwl to 8 
50190 i^int "fetch rate of storage area";kn;""";df (kn) 
50200 next kn 
50210 for kn*l to 6 
50215 print "route rate to machine center";kn;"»";dt(kn) 
M2%) nmft kn 
50250 |^int:print "fetch rate for machine center oell*";ml 
50260 print "fetch rate for turning cell» ";m2 
50262 for kn=l to 6 
50264 print "total number of outputs (zm a(/c";ka;"is»";mo(kn) 
50266 nect kn 
50270 print "total nuo^r of outnuta fran m/cE= '*;œ3 
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50280 print **total nanbor of ouputs from turning 
5028S print "total nxxitÊt of dispatchss* "jn 
50290 print xfM kml to 8 
50300 print "currsnt qususs of storage area **;kn} ***>"; Iq(kn) 
50310 next kn 
50320 print ''current queues of retrieval gaUi* **|lq(30) 
50350 print ''current qususs of turning cell* ";lq(l&> 
50360 printffor kn»22 to 27 
50370 print "ciacrent queues of machine oenter'*;kn-21; Iq(kn) 
5M80 next kn 
503% printtfor kn#l to 8 
503% if IqtknXl then 50435 
50398 print "current queue sequence of storage area^ikn 
50400 for xwfI to Iq(kn) 
M420 print oq(kn,nn)i 
50430 next rai 
50432 print 
50435 next kn 
50440 pcintsfor kn*22 to 27 
50445 if lq(kn)a then 50485 
50448 print "current queue sequence of m/c oenter";kn-21 
50450 for ra«"l to Iq(kn) 
50470 print oq(kn,rm) | 
50480 next m 
50482 print 
504M next kn 
50490 if lq(16)<l then 50530 
504% printsprint "current queue sequence of turning cell" 
50495 for kn>l to lq(l#) 
50510 print oqil6,kn); 
50520 next kn 
50530 printsprint "current queue sequence of retrieval queue" 
50535 for kml to lq(30) 
50550 print oq(30,kn)i 
50560 RKft kn 
50570 printsprint "total fetch time of ss/rc* ";«m/3^ 
50580 printsprint "total processing thie of m/c*";s%*/3600 
50590 printsprint "total Wwrwigt^put time(^)» "ftu 
5WW printsprint "total pro^jction lateness* "jtl 
50610 printsprint "total idle time on machine centers*"; td 
SOSNX) print#l,4:cloeel,4 
50910 st<^send 
51000 data 4.1649,190.38,53,1681 
51050 data 7.2146,120.37,64.931 
51100 data 2.0040,92.32,33.7202 
51150 data 0.9759,17.93,8.7829 
51240 data 1.2547,107.86,26.9762 
51290 data 13.976,231.91,125.784 
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51360 data 1,7601,26.93,15.9407 
51362 data 0.2501,0.2155,0.2004,0.1886,0.1842,0.1761,0.1673,0.1637 
51365 data 0.1348,0.1327,0.1448,0.1607,0.1760,0.1767 
51370 data 0.1265,0.1243,0.1365,0.1523,0.1676,0.1683 
51375 data 0.1198,0.1177,0.1298,0.1457,0.1610,0.1617 
51380 data 0.1110,0.1088,0.1210,0.1368,0.1521,0.1528 
51385 data 0.1023,0.1002,0.1124,0.1282,0.1435,0.1442 
51390 data 0.0974,0.0953,0.1074,0.1232,0.1385,0.1392 
51395 data 0.0909,0.0887,0.1009,0.1167,0.1320,0.1327 
51400 data 0.0821,0.0800,0.0921,0.1080,0.1233,0.1240 
51405 data 0.1773,0.1690,0.1623,0.1535,0.1448,0.1399,0.1334 
51410 data 0.2017,0.2173,0.2275,0.2327,0.2427,0.2581,0.1229 
51430 data l,a#,0,6.5998,0.9593 
51440 data 2,a#,0,13.1822,0.95*3 
51450 data 3,a#,0,16.4602,0.9593 
51460 data 4,a#,0,33.7254,0.9593 
51470 data 5,a#,0,70.6326,0.9593 
51480 data 6,as,0,81.1789,0.9593 

51510 data 9,a#,0,98.8033,0.9593 
51520 data 10,as,0,109.383,0.9593 
51530 data 11,a#,0,112.641,0.9593 
51540 data 12,as,0,117.157,0.9593 
51550 data 13,a#,0,120.774,0.9593 
51560 data 14,a#,0,135.19,0.9593 
51570 data 15,as,0,149.917,0.9593 
51580 data 16,a#,0,158.787,0.9593 
51590 data 17,a#,0,166.823,0.9593 
51600 data 18,a#,0,174.786,0.9593 
51610 data 19,a#,0,183.954,0.9593 
51620 data %,ae,0,198.955,0.9593 
51630 data 21,a»,0,223.168,0.9593 
51640 data 22,as,0,234.331,0.9593 
5X650 data 23,mc,2,246.774,30.3069 
51660 data 24,aa,0,251.072,0.9593 
51670 data 25,88,0,269.286,0.9593 
51680 data 26,as,0,282.811,0.9593 
51690 data 27,88,0,290.735,0.9593 
51700 data 28,88,0,309.259,0.9593 
51710 data 29,mc,4,319,642,17,5805 
51720 data 30,88,0,331.678,0.9593 
51730 data 31,88,0,335.38,0.9593 
51740 data 32,mc,5,340.789,46.1507 
51750 data 33,88,0,341.75,0.9593 
51760 data 34,88,0,384.621,0.9593 
51770 data 35,mc,1,398.924,33.0536 
51780 data 36,48,0,405,112,0.9593 
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51790 dAta 37,aa,0,409.014,0.9593 
51800 data 38,aa,0,415.552,0.9593 
51810 data 39,a#,0,422.459,0.9593 
51820 data 40,a#,0,426.136,0.9593 
51830 data 41,a#,0,457.355,0.9593 
51840 data 42,as,0,463.874,0.9593 
51850 data 43,mc,l,466.093,33.0536 
51860 data 44,a#,0,469.22,0.9593 
51870 data 45^mc,2,471.658,30.3069 
51880 data 46,a#,0,488.148,0.9593 
51890 data 47,as,0,S08.795,0.9593 
51900 data 48,mc,6,509.741,46.1507 
51910 data 49,a#,0,518.84,0.9593 
51920 data 50,mc,3,520.211,103.^11 
51930 data 51,a#,0,527.53,0.9593 
51940 data 52,as,0,555.265,0.9593 
51950 data 53,a#,0,558.333,0.9593 
51960 data 54,as,0,561.601,0.9593 
51970 data 55,a#,0,569.941,0.9593 
51980 data 56,a#,0,584.327,0.9593 
51990 data 57,a#,0,597.647,0.9593 
52000 data 58,a#,0,608.553,0.9593 
52010 data 59,aa,0,616.881,0.9593 
52020 data 60,as,0,631.42,0.9593 
52030 data 61,as,0,638.195,0.9593 
52040 data 62,a#,0,646.628,0.9593 
52050 data 63,as,0,652.123,0.9593 
52060 data 64,a#,0,660.027,0.9593 
52070 data 65,mc,5,669.709,46.1507 
52080 data 66,aa,0,674.812,0.9593 
52090 data 67,a#,0,683.757,0.9593 
52100 data 68,aa,0,687.61,0.9593 
52110 data 69,a#,0,701.255,0.9593 
52120 data 70,a#,0,%6.741,0,9593 

t9aây. 
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494 read 
4% next jinext i 
498 for 1«1 to 7:read w3Ci*16):next 1 
499 for i*l to 7sread ro(i)tnext i 
SCO print "do you wish to change the status of any output?" 
510 print "enter 1 for yes, 2 for no**: input x 
520 if xOl then 580 
530 print "enter desired output number**} input g 
540 if g<32 then 560 
550 print **illegal output nuRdûer (must be 0-31)**}goto 530 
560 poke dra,g*poke dra,0tgoto 500 
580 print **3**%print **enter simulation run time in minutes.** 
590 input sr}sr«sr*3600tprint "initialization has been completed." 
620 ti6«"000000"sss»ti 
630 print "simulation starting time is ",ss/3600 
650 tcx i»l to 70 
660 read i,t$(i) ,bo(i) ,du(l) 
670 bo(i)-bo(i)*3600^sstdu(i)-du(i)*3600:bf(i)«bo(i)^du(i):next i 
7(M) gomib 300<H) 
720 gosub 11000 
730 goeub 13000 
740 go«ib 40000 
750 goeub 45000 
770 goeub 41000 
780 goto 700 
10000 tuptit return 
11000 if lq(8)>0 then 11040 
11005 for j»l to 7 
11010 if then 11018 
11012 pn(j,l)»int(oq(j,l)Al+0.6i 
11018 next j 
11020 gyO 
11021 for J»l to 7 
11022 if lq(j)<l then qyqg»l 
11^4 fmtt j 
11025 if qy7 then 11027 
ntm goto 11030 
11027 gornâ» 40<J00:goeub 30000;goto 11000 
11030 goeub 17000sgoto 11100 
11040 f«8:goto 11130 
11100 if oq(f,l)>10 and oq(f,l)<20 then 11160 
11110 if oq(f,l)>30 and oq(f,l)<40 then 11160 
11120 if oqCf#l»50 and oq(f,l)<60 then 11160 
11130 pqpO 
11135 for W2 to 27; if lq(k)>4 then pq»pq+l;next k 
11140 if pqp6 then 11157 
11145 t»22 
11150 if lq(t)>4 then 11154 
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11152 kl»t-21:goto 11170 
11154 t«t+l 
11155 if t<*27 then 11150 
11157 gcwub 40<X)0%goto 11000 
meo if lq(16)>4 then 11164 
11162 kl"16%goto 11170 
11164 goeub 45000%goto 11000 
11170 goei^ 12000f return 
12000 ao«â> 10000 
12006 if W3600<»(ti/3600W1 then 12010 
12008 gwW) 40000%goto 12006 
12010 tfl-0ttl(oq(f,l))»ti 
12015 print "current tiiise"**|ti/3600 
12020 poke dra,28tpoke dra,0 
12040 poke dre,f+M 
12050 if peek(dr#)"f*50 then 12070 
12060 goto 12040 
12070 poke dr#,28*poke dra,0 
12072 foeub 10000 
12074 if W3600> (ti/3600W3 (f,kl) then 12074 
12080 poke dra«ftpoke dra,0 
12090 t5*tifprlnt "loading part ";og(f,l);"from etorage";f;t6#ti-tS 
12095 gowb 10000 
12100 if tm/3600>(ti/3600)-w4 then 12100 
1Z102 poke drafftpote dra,0 
12104 goeid» 10000 
12106 if tm/3600>(ti/3600)-w5 then 12106 
12110 poke dra,28>poke dra,0 
12130 t7"ti%print "retwning with'*;oq<f«l)i'*frciit *torage";(;t6»ti-t7 
12140 poke dra,50 
12150 if peek(<ka)»178 then 12170 
12160 goto 12140 
12170 poke dra,28;poke dra,0;%a*ti 
12180 ta#ti«tl(oq(f,in-(wl^(f,kl)tw4tw5)*3600.t6.t8 
12185 n#n»l;ta»tÂ/3600 
12190 print "fetdi time ie "jta 
12200 ft# (t#w3 (f,kl) *3600 
12210 
12220 return 
13000 if f»8 then 13040 
13010 if oq(f,l)>10 and oq(f,l)<20 then 13500 
13020 if oq(f,l)>30 and oq(f,lK40 then 13500 
13030 if oq{f,l)>50 and og(f,l)<60 then 13500 
13040 if d(16%»l then 13070 
13050 poke dra,16:poke dr3*0;d(l6î»d{16)*(-l) 
13070 print "part'*;oq(f,l%; "should be routed to machine center"; t 
13090 if t#27 then 13130 
13100 if dCt-^J'l then 13120 
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18070 print "total processing tin» of m/c";tn;"is";rt(nc) 
18080 fu»su*^pp(nc) 
18090 nia»tff»fsu/6)/(2*st)rt3«ti/3600 
18100 print "cwrrent tim#"#"my#tem effectivity" 
18110 print t3,m# 
18120 for j»l to Iq(tn) }cp(nc,j)»Otraxt j 
18130 if la(tn)<2 then 18175 
18140 for j»2 to Iq(tn) 
18150 pn(tn,j>»int(oq(tn,j)/ll+0.6) 
18160 cp(nc,j*l)*cp(nc,j)*pttpn(tn,j}Mncxt J 
18165 cptnc»lq(tn) +lMcp(nc,lq(tn) +l)/3600 
18170 print "remaining tin» of m/c quaua**jtnj**i»'*jcp(nc,lq(tn)+l) 
18175 if IqttnXl then 18230 
18180 lq(tn)»lq(tn)-l 
18190 if IqitnXl then 18230 
182(M> for 3*1 to Iq(tn) 
18210 oq(tn,j)"oq(tn,j*l) 
18220 next j 
18230 return 
20100 if dx(tt)*l Own return 
20110 poke dra,tt:poke dra,0:d(tt)*d(tt)*(-l) 
20112 W(oq(tt,l))-ti/3600-tr(cq(tt,l)) 
20115 i^int "Smiting time of";oqitt,l);"on m/c";tt;"i#'*;id(oq(tt,l)) 
20120 td#td»id(oq(tt,l)) 
20125 pn(tt,l)"int(oq(tt,l)/ll+0.6) 
20130 if dx(tt)«2 then return 
20135 goeub 10000 
20150 tf(oq(tt,lH"pt(pn(tt,lU+tm 
20220 return 
30000 if lq(30)<2 then retvffn 
30010 if rl(oq(30,l)).2 then 30025 
30020 goeub 3am:goto 30030 
30025 ff*8 
30030 print "part'*;oq(30,l);"ehould return to storage**;ff 
30040 poke dra,60 
30050 if peek(dra)0188 then 30040 
30060 if d(30)»l then 30100 
30070 poke dra,30;poke dra,0;d(30)«d(30)*(«l) 
30080 goeub 10000 
30090 if tm/3600>(ti/3600)-0.03 then 30090 
30100 poke dra,30:poke drd»0:d(30)>d(30)*(<l) 
30105 %b»ti:tp(oq(30,1} ) «xb-at<oq(30,1Î ) *3600 
30110 poke dra,60 
30120 if peek(dra)*60 then 30110 
30125 if ff*l then 30160 
30130 if d(ff+7)»l then 30150 
30140 poke dra,ff+7îpoke dra»0:d(ff+7)sd(ff+7)*{-l) 
30150 if ff'8 then 30295 
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30160 for l-ff+8 to II 
30170 if d(lî«-l then 30190 
30180 potw dra,l*pQke dra,0:d(l)*d(l)*(-l) 
30190 next 1 
30192 l«(oq(30»l) )"tp(oq(30,l) Hal(pn(30,l)) 
30194 tp(oq(30»l))»tp(oq(30,l)}/3600ila(oq(30,l))»la(oq(30,l))/3600 
30196 print "througt^t time of part ";oq(30,l)%"i#"";tp{oq(30,l)) 
30198 print "production lateneas of parf^foqOO,!);"ia*";la(oq(30,in 
30199 t%P't#tp(oq(30,in*tl"tl+la(oq(30,i;) 
30200 at(oq(30,l))"xWw6(ff)*3600%at(oq(30,l))"at(oq(30,l))/3600 
30230 print "arrival time of a new part *;oq{30,l);*i#"";at(oq(30,l)) 
30295 lâ(ff)*lQ(ff)+lîoq(f£,lqUf)ï-oqt30,l7 
30300 if lq(30)<l then return 
30305 lqi(30)"lq(30)-l 
30308 if lq(30)<l then return 
30310 for j-1 to lq(30) 
30320 oq(30,j)"oq(30,j+l) 
30330 next jtretum 
35000 ff-oq(30,l)- (inttoq(30,l)Al+0.6) )*10 
35010 pn(30»l)*int(oq(30,l)/ll>0.6) tretum 
40000 if ti>» (er+ee) then 50000 
40010 for tn-22 to 27 
40020 if d(tn)*-l then 40060 
40030 if IqttnXl then 40060 
40040 if lq(30)>4 then 40070 
40050 if ti>«tf(oq(tn,l)) then 40500 
40060 next tn 
40070 return 
40500 print "part'';oq(tn,l)%"i# done at locatim**; tn 
40510 if dx(tn)«2 and xx(tnM»tf(oq(tn,l)) then 40514 
40%2 goto 40520 
40514 dx(tn)-10 
40520 p<Ae dra,tn;poke dra,0;d(tn)»d(tn)* N) *mo(tn-21)»mo(tn-21)+l 
40550 lg(30)*lq(30)H 
40560 oq(30,lq(30))»oq(W,l) 
40570 rl(oq(30,lg(30)))»l 
40575 goeub 18000 
40580 m3mi8+l;goto 4%60 
41000 for ic*l to 70 
41150 if ti>»bo(ic) then 41200 
41160 if im(ic)»0 then 41180 
41170 if ti>#bf(ic) then 41400 
41180 next ic:return 
41200 if t«(ic)»W then 41610 
41220 tj»wnCic)+21îpn{tj,l)»int{oq(tj,l)AX+0,6î 
41230 if d(t])*-l then 41255 
41240 bo(ic)»tf{oq(tj,lî) :bf(ic>»bo{icï +du( ic) 
412% if i3o(icî<fci then return 
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41255 dxttjî-l 
41260 print "machine o*nter*;k);"failm at'*;bo(ic)/3600 
41270 bo(ic)-bc( ic)+999999999999*return 
41400 tj"om(ic)+21;pn(tj,l)"int(oq(tj,l)Al+0.6) 
41440 print "failed machine oenter";tj;"i# repaired at*;bf(ic)/3600 
41442 if IqttjXl then 41460 
41450 tf(oq{tj,l))-bf(ic)+pt(pn(tj,l)):**(tj)-tf{oq(tj,l)) 
41460 dx (tj) "2:bf ( ic)«bf {ic) +9999999999991return 
41610 print "ae/r# cart fail#, failure mitdser i#";ic 
41620 wl«du(ic)/3600tbo(ic)*bo(ic) +9999999999991return 
45000 if lqOO)>4 then return 
45010 poke dra,59 
45020 if peek(dra)"59 then 45040 
45030 return 
45040 m4"m4+l*tn#29 
45050 lq(tn)"lq(tn)+l*oq(tn,lq(tn))"oq(16,l) 
45060 print "part";oq(tn,l)f"i# dwie at location";tn 
45070 poke dra,tn%poke dra,0sd(tn) -d{tn) • (-1 ) 
45080 QMub 10000 
45090 if tiV3600>(ti/3600)-0.04 then 45090 
45100 poke dra,tn*poke dra,0;d(tn)*d(tn)*(-l) 
45110 if lq(16)<l then 45150 
45120 lq(16).lq(16).l 
45130 if lq(16)<l then 45150 
45140 for 3»l to lq(16) w(16,j)»oq(16,j+1) *ne%t j 
45150 if lq(tn)<l then 45Ï90 
45160 lq(tn)«lq(tn)«l 
45170 if lq(tn)a then 45190 
45180 for j»l to lq(tn)soq(tn,j)>cq{tn,j+l):next j 
45190 lq(30)-lq(30)+l 
45200 oq(30,lq(30) )»oq(ta,l) 
45210 rl(oq(30,lq(30)))-2 
45220 retim) 
50000 eafem/mriia^'Wa 
50005 for kn#l to 6;em(kn) »tt (kn) *3600/»r:ne*t kn 
50010 for km*! to 6;im(kn) •l-e»(kn) ;next kn 
5(X)40 el»(em(l)+em(2)+em(3)+e»(4)+cBi(5)+cs»(6))/6ïit>l^l 
50050 for kn*l to 8:df(kn)»df(kn)/n:ne%t kn 
50060 mL'*ml/nta(Z'a2/n 
50070 print "3" 
50080 jarintîj^int "atatiatical results'* 
50090 ^intsprint "effectivity of as/rs car^^^ea 
501(K) print "idle rate of as/rs cart^^^ia 
50110 for kn^l to 6 
50120 print "effcctivity of machine center" ; kn; em (kn) 
50130 print "idle rate of madiine center";kn; im(kn) 
50140 next kn 
50150 print "average effectivity of machine center cell'";el 
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50160 print idle rate of machine center cell*'*;it 
50180 print:for kn"l to 8 
50190 print "fetch rate of storage area";kn;""";df(W 
50200 next kn 
50210 for kn>l to 6 
50215 print "route rats to machine center";kn;""";dt(kn) 
50220 next kn 
50250 printxprint "fetch rate for machine center oell"";ml 
50260 print "fetch rate for turning cell* ";m2 
50262 for knml to 6 
50264 print "total number of outpit# from m/c"}kn;"iw*"}R»(kn) 
5026# next kn 
50270 print "total mnber of outputs from m/cy "fm3 
50280 print "total mndoer of o%^ts frcm turning oell*";m4 
50285 print "total number of dispatches- ";n 
502% print*for kn"l to 8 
50300 print "current queues of stora^ area "}knj"*"ilq(kn) 
50310 next kn 
50320 print "current queues of retrieval gate* ";lq(30) 
50350 print "current queues of turning cell" "jlq(16) 
50360 printtfor knp22 to 27 
50370 print "cwtrent queues of machine center";kn-21 ; Iq(kn) 
50380 next kn 
50390 printtfor kn#l to 8 
50395 if lq(kn)<l then 50435 
50398 print "current queue sequence of storage area";kn 
50400 for rw»l to Iq(kn) 
50420 print oq(kn,nn) ; 
504% next nn 
50432 print 
50435 next kn 
50440 print;for kn#22 to 27 
50445 if lq(kn)<l then 50485 
50448 print "current queue sequence of m/c center";kn-21 
50450 for nw»l to Iq(kn) 
50470 print oq(Im,nn); 
504W nK*t m 
50482 print 
50485 next kn 
50490 if lq(16)<l then 50530 
50492 printsj^int "current queue sequence of turning cell" 
50495 for kn»l to lq(16) 
50510 print oq(16,kn); 
505%) n^t kn 
50530 printsprint "current queue sequence of retrieval queue" 
50535 for kn^l to lq(30) 
50550 print oq(30,kn); 
50560 next kn 
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50570 pcintîprint "total fetch time of as/ta« ";m/360Q 
50580 prlnttpeint **tot«l pcoceaslng time of tiv/c*'*}su/3600 
50590 printtprint "total thcougt^t tiffie(tp)* **;tu 
50600 pfinttptint "total production lateneaa* ";tl 
50610 printtprint "total idle tinw <m machine center#*"; td 
50900 prlnt#l,4icloael,4 
50910 stc^iend 
51000 data 3.9222,190.38,50.0702 
51050 data 6.7942,120.37,61.1476 
51100 data 1.8873,92.32,31.7554 
51150 data 0.9190,17.93,8.2712 
51240 data 1.1816,107.86,25.4043 
51290 data 13.1617,231.81,118.455 
51360 data 1.6575,26.93,14.9177 
51362 data 0.2501,0.2155,0.2004,0.1886,0.1842,0.1761,0.1673,0.1637 
51365 data 0.1392,0.1363,0.1471,0.1617,0.1756,0.1753 
51370 data 0.1303,0.1274,0.1382,0.1528,0.1666,0.1664 
51375 data 0.1232,0.1203,0.1311,0.1457,0.1596,0.1593 
51380 &ita 0.1137,0.1108,0.1217,0.1363,0.1501,0.1499 
51385 data 0.1045,0.1016,0.1124,0.1271,0.1409,0.1406 
51390 data 0.0992,0.0963,0.1071,0.1217,0.1356,0.1353 
51395 data 0.0922,0.0893,0.1002,0.1148,0.1286,0.1284 
51400 data 0.0829,0.0800,0.0908,0.1055,0.1193,0.1190 
51405 data 0.1838,0.1749,0.1678,0.1584,0.1491,0.1438,0.1369 
51410 data 0.2017,0.2173,0.2275,0.^27,0.2427,0.2581,0.1229 
51430 data l,a#,0,6.2152,0.9034 
51440 data 2,a#,0,12.4142,0.9034 
51450 data 3,as,0,15.5011,0.9034 
51460 data 4,a#,0,31.7603,0.9034 
51470 data 5,a#,0,66.517,0.9034 
nm data 6,a#,0,76.4488,0.9034 
51490 data 7,ae,0,81.6089,0.9034 
51500 data 8,mc,4,85.2123,16.5561 
51510 data 9,as,0,93.0463,0.9034 
51520 data 10,aa,0,103.009,0,9034 
51530 data ll,as,0,106.078,0.9034 
51540 data 12,a#,0,110.331,0.9034 
51550 data 13,as,0,U3.737,0.9034 
51560 data 14,a#,0,127.313,0.9034 
51570 data 15,as,0,141.182,0.9034 
51580 data 16,as,0,149.535,0.9034 
51590 data 17,a«,0,157,103,0.9034 
51600 data 18,aa,0,164.601,0.9034 
51610 data I9,a«,0,l73.236,0.9034 
5X620 data 20,a»,0,l87.363,0,9034 
51630 data 2x,a«,0,2l0,l64,0.9034 
51640 data 22,aa,0,220.677,0.9034 
5X650 data 23,me,2,234,273,28.5410 
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51660 data 24,as,0,236.443,0.9034 
51670 data 25,as,0,253.596,0.9034 
51680 data 26,a#,0,266.332,0.9034 
51690 data 27,as,0,273.794,0.9034 
51700 data 28,a#,0,291.239,0.9034 
51710 data 29,inc,4,301.205,16.5561 
51720 data 30,a#,0,312.352,0.9034 
51730 data 31,a»,0,315.838,0.9034 
51740 data 32,mc,5,320.932,43.4616 
51750 data 33,a#,0,321.837,0.9034 
51760 data 34,a#,0,362.21,0.9034 
51770 data 35,mc,l,375.679,31.1277 
51780 data 36,a#,0,381.507,0.9034 
51790 data 37,a#,0,385.181,0.9034 
51800 data 38,a#,0,391.338,0.9034 
51810 data 39,a#,0,397.843,0.9034 
51820 data 40,a#,0,401.306,0.9034 
51830 data 41,a#,0,430.706,0.9034 
51840 data 42,as,0,436.845,0.9034 
51850 data 43,mc,l,438.935,31.1277 
51860 data 44,aa,0,441.88,0.9034 
51870 data 45,mc,2,444.176,28.5410 
51880 data 46,a#,0,459.705,0.9034 
51890 data 47,as,0,479.148,0.9034 
51900 data 48,mc,6,480.039,43.4616 
51910 data 49,a#,0,488.609,0.9034 
51920 data 50,mc,3,489.9,97.6210 
51930 data 51,as,0,496.792,0.9034 
51940 data 52,as,0,522.911,0.9034 
51950 data 53,a#,0,525.801,0.9034 
51960 data 54,a#,0,528.878,0.9034 
51970 data 55,ae,0,536.45,0.9034 
51980 data 56,a#,0,550.279,0.9034 
51990 data 57,as,0,562.824,0.9034 
52000 data 58,as,0,573.094,0.9034 
52010 data 59,aa,0,580.937,0,9034 
52020 data 60,a#,0,594.629,0.9034 
52C30 data 61,as,0,601.Q09,0.9034 
52040 data 62,as,0,608.951,0.9034 
52050 data 63,**,0,614.125,0.9034 
52060 data 64,as,0,621.569,0.9034 
52070 data 65,mc,5,630.687,43.4616 
52080 data 66,as,0,635.492,0.9034 
52090 data 67,ae,0,643.916,0,9034 
52100 data 68,38,0,647.545,0.9034 
52110 data 69,as,0,660.394,0.9034 
52120 data 70,38,0,684.396,0.9034 

ready. 
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