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ABSTRACT 

This thesis deals with the establishment of a planned-replace­

ment . system in the wire drawing department of Rabak Elec- , 

. trolytic Copper and Products Co., fo~ the achievement of ope­

rational cost savings, through r~duction of the annual main­

tenance costs. The major inputs utilized by the model are, 

the component failure data, ~lann~d and fai1~re replac~ment 

costs .for the criti~~l componenti of~he wire drawing mach'i-
. . .' 

nery. The m.odel is also expressed under, constraint setting by' 

imposition of minimum pr6duction tonnage, maximum production­

losses allowed and maximum ma.intena"ncecash budget constraints'. 

The major outputs of the model are, the optimal planned rep~ 

lacement periods, for thi analysed .componerits,which minimize 

the annual expected planned~replacement'policy costs. The 

applicatio~ of the proposed model will also lead to more 

reliable production sc~~duling, whiled~creasingexpected 

machine~breakdownsand production l6sses in'the drawing 

departm~nt. In the oVerall,the model will improve~ the wire 

drawing operati~ns, while'brin~ing, a systematic approach to 

the sol~tion of the currently existing maintenance problems. 

The application of the pr6posedmodel is possible in other 

industries as textile~ paper, aluminium and iron wire drawing 

etc. where continous production is vital, for the quality and. 

costs of the operations. The' ext~nsions to the work cari be 

made in spare parts safe~y stock planning and in opti~al 

maintenance work and personnel scheduling etc. 



- iij -

o Z E T 

Bu tezde, Rabak Elektrolitik Bak1r ve Mamulleri A.S. Ka~ltha­

ne FabrikaS1nda y~r alan· telcekme bH1UmUnde,pllhl~ de~istir-

. me sisteminin olusturulmas1 ile, Y1ll1kbak1m giderlerinin 

enkUcUklenme~iam~c1anm1$t1r. Uneri1en'modeli~ girdileri, 

kritik makina parcalar1na iliskin bozu1ma kaY1t1ar1 ile plan-

11 ve bozu1ma sonucu parca yeni1eme veya de~iitirme giderle­

ridit. Model ,enaz [retim .tonajlar1 ve enc~k Uretim kaY1plar1 . 
ileencok bak1m nakit bUtce k1s1tlan alt1-nda dagene11esti-

rilmektedir. Modelin C1kt1lann1, Y1ll1k p'fanl1.-bak1m politi-
. . 

. . 

kas1 giderlerini- enazlayan, enuygun planl1-de~istirme sUreleri 

olusturmaktad1r. Unerilenuygulama ayn1 zamanda tel cekme bH~ 

lUmUnde daha gUvenilir.bir Uretim p1an1anmas1n1 mUmkUh kl1ar­

ken, b.ek·1enen-makina durus1anfll ve Uretim kaY1p1ar1n1 bUyUk 

oranda aza1tacakt1r. Gene1 olarak, sHzkonusti U~etim bH1UmUn­

deki faa1iyet1erin daha gUvenilir ve verimli olmas1 sa~Tan1r­

ken, mevcut bak1m probl~mlerinin cHzUmUne daha sistematik bir 

yak1aS1~ getiri1misolmaktad1r. Un~rilen modelin~ sUr~kli 

Uretimin kalite ve gider1er aC1,slndan bUyUk-HnelJl tCiS1d1~1 

t e k s til, . k a ~ 1 t, a 1 U m i ny u m, C e 1"1 k tel v s. 9 i b i end Us t r i k 0 11 a-
. . 

r1nda da uygulanmas~ mUmkUn bulunmaktad1r. Modele eklecieler, 

parca emniyet stoku planlanmas1, enuygun bak1m personeli ve 

pak1m aktivitesi planlanmas1 konular1nda yap1labilir. 
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I I INTRODUCTION 

1.1. OBJECTIVES AND PRELIMINARIES 

This study focus~es on the development of a maintenance system 

in a copper:-wire drawing plant". Tlie primary objective is to' 

determine effective planned replacement tim~s for the criti-

,cal components of wir~ drawing machinery. Thus~ it is sought 

to increas~ the operational profits through reduction of 

probable failures and lost praducti,on. 

In many wire-drawing firms" continous production is very 

vital once the lin,e,is set up for' the appropriate wiredia­

meters~ The reason is that, both the quality' and the opera­

tional costs of drawn wire ar~ closely related to tontinoos 

production. Lost producti~n costs due to machine breakdowns 

are notably high. When unexpected failures occur, the manage­

ment needs to ~ive rush-oiders of spare parts, which in turn 

significantly increases the costs of component r~placement. 

The ~urrently applied re~air or replace-on-failure policy, 

costs the c~mpany approximately 348 million TL. per y~ar, 

taking into account the costs of lost-production,material and 

labour. The gross p~ofits of the company i'n the jear this 

analysis is carried, amounts to 450 ~illion TL.'s. It is 

"apparent that the current maintenance policy costs constitutes 

approximately 77 % of the gross-~rofitS of the ~~mpany and 
{J 

deserves attention for analysis. Theap~ltcation of the, 

proposed p~anned replacement policy w1ll maintain a cost 
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advantage of about 86.5 million .TL.'s annually to the company 

under study. It will also provide a sy~tematic approach to 

the maintenance problems in the drawing department, by peri­

odic replacement of the critical components of the drawing 

machinery. Also, significant productivity increases will be 
. . 

realized due to de~reased downtimes, along. with quality impro~ 

vements in drawn wires, becau~e of less welding requiiements, 

less scrap and more homogenity o~ wire surfaces. The implemen­

tation of the proposed policy. will also enable more reliable 

production scheduling in th'ecompany. 

This study can be gener~lized to other wire-drawing opera­

tions, such as iron, steel, brass; aluminium wire-:drawingand 

can e'asily~be adapted to other firms.' 

Before reviewing some fundamental replacement models,the 

basic ter~inology, symbols and lifetim~ distributions will be 

introduced. If we consider a machine in any production shop, 

a realiiatiori of its status through the time horizon is . . . 

illustrated in Figure 1.1. The· term machine availability is 

us~d to deScribe thepr6bability that the machirie can'operate 

under satisfactory conditions. The operating time stands for 

the periods when machine is actually wor'king. The'remaining 

portion ~f the available time is referred to as idle time. 

The dciwntime consists of thre~ phases. The first phase 

includes administr~tive and log~stic'w~rk such as informing 

the maintenance department, procure~~nt of spare parts, form­

ing the repair team and~scheduling the repair or replac~ment 

activity. This is followed by an active repair time and a 
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period of some more administrative work. 
Time Horizon 
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FIGUR E 1.1 Ml\CHINE STATUS OVER A TIME HORIZON 

Let f(t), F(t)-and R(t) stand for the probability. density 

function (pdf),' cumulative distribution function (cdf) and 

the reliability functi~n respectively for the lif~time models. 

The hazard rat~ (also called failure rate) is the. i~stantenous 

probability of failure at time t given that the unit ~as 

survived upto that time point. This is given· as 

. r(t) = f(t)/R(t) 

The major lifetime distribution to be employed in this study 

is Weibu11 distribution. This is beca~se Weibu11 distribution 

can adequately' represe~t most of the failure data collected. 

·The Weibu11 model whi·ch is frequent1yuti1~zedfor wear-out 

types of failures is initially developed- by Weibu11 in 1951. 

The probability 'density function can be expressed as; 

.. 

'I 
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FIGURE 1.1 MACHINE STATUS OVER A TIME HORIZON 
. . 

Let f(t),·F(t) and R(t) stand for the probability. density 

function (pdf),' cumulative distribution'function (cdf} and 

the reliabilityfuricti~n respectively for the lifetime models. 

The hazard rat~ (alio called failure rate) is the instantenous 

probability of failure at time t given that th~ unit ~as 

su r v i v e d up to that time p. 0 i n t. T his i s g i vena s 

• 
. r(t) = f(t)jR(t) 

The major lifetime distribution to be employed in this study 

is Weibul1 distribution. This is beca~se Weibull distribution 

can adequately' represe~t most of the failure data collected. 

'The Weibull model which is frequently util~zed for we~r-out 

types of failures is initially d~ve1oped' by Wei~uli in 1951. 

The probability 'densi'ty function can be expressed as{J 

Tilli 
I 
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with a > 0 
and A > 0 

and its r eli a b il i t Y fu n c t ion is; 

The parameters .A and a are referred to as scale ~nd shape 

. parameters respe~tively. The scale parameter i~ a measur~ of 

degree of spread, whereas the shape parameter indicates the 

degree of skewness of the p.d.f. 
-.~ 

When a= 1 , exponential 1 i fetime model emerges as a special 

case of Weibull. Exponential distribution yield~a constant 

hazard rate. When a<l, this means that hazard rate is of 

monotonically· decreasing type. When a>l, the hazard rate is 

monotic~llyincreasing. The failure rate function is exemp-
• 

1 if ie din Fig u r e 1.2. 

The planned-replacement timesneedt~ be obtained only for 

the case a>l. Otherwise, the policy of replace on failure is 

optimal. 

Whena~4, .the skewness of the Weibull distribution starts to 

disappear andit tends to look I1lore like a symmetric distri-

bution. 

Log-Normal fiiilure probability distribution is also applicable 
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for wear-out failures due to its incr~asingfa{lure rate~ The 

p.d.f.of this distribution is expressed as; 

.f(t) ={._l~ 
I2TI a.t 

wh ere cr?, O. 

, , 
" , 

" " " , 

-Ont-~2 
( , 2 ) 

2<1 } e 

IncTAasing "Failure Rate for S>l 

., . _" • " ~" .. constC:.nt Failure ,Rate for p=l 
'. ---. --:a...;. • _.....;..."..-'. --1. , ' 

.... .......... ..... 
...... ..... .......... ~ Decreasing Fail ure Ra te for I 

-1... ------
t (Time) 

FIGURE 1.2 WEIBULL FAILURE RATE FUNCTION 
• 

1.2. LITERATURE SURVEY ON PLANNED REPLACEMENT ~OLICIES 

In preventive replacement strategies,'a unit is replaced 

either at some specified time or at. time of failure, which­

ever occurs first. Such policies are meaningful for'the main­

~enance systems, .because the replacement cost incurred at 

failure ,is usually much higher cQmpare~ to the p~anned repla­

cement coit. Also, the operating items have the aging ~harac~ 

teristics. In other words, the failure rater(t) isIFR 

(Increasing Failure Rat-e) type and items tend to wear alit as 
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their op~rational time increasesfBarlow and Proschan, 1962}. 

Fora planning horizon. t, 'the expected total replacement cost 

E D"~ can be expressed as: 

where: 

Cp = Planned-replacement cost 

Cf ~ Replacement cost on failure 

. Np(t) • Number of planned replacements in period (O,t) 

Nf(t) = Number of failures i~ period (O,t) 

The objective ,can be stated as the minimization of the 

expected cost-per unit.time, E[!:] for an· infinite time 

h 0 r i z 0 n { R 0 s S, 1 9 70} • 

E~] : 1 i m ErT C ( t ) ] 
t-+oo t . 

It can be shown{Jardine, 1978} that th~ expected cost per 

unit· time is equal.·to: 

E ~J :E[Y J IE []] 

where: 

y • Cost incurred betwe~n two renewals 

Z : Cycle time(duration of renew~l period). 

() 

We shall refer to those time points at which the process 

starts over again, as r~newal times. In the remain~~r of this 
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section, some of the major preventive replacement policies 

will be review~d. 

Age Replacement Policy (ARP): An item is either replaced at a 

specified age tp or on· failure. For a· planning horizon t, a. 

realization of renewal times is porirayed in Figure 1.3. Each 

cr~ssmark corresponds to a renewal point in this figure. 

REPLACEMENTS 
ON FAiLURE t j 

Or-----~~----~--~----+-------~----------------
PLANNED . '.~ 
REPLACEMENTS -- tp -, -- tp 

time 

:GURE 1. 3 A REALIZATION OF REP. TIMES FOR A PLAN. HORIZON t FOR AGE REp. POLICY 

The value of tp can be fo~nd by minimizing the expected cbst 

per unit time: 

where M(tp) is the mean time to failure (MTTF), of the unit 

given that planned replacement occurs at age tp' 

. . 
Block Repla~ement Policy (BRP): In these policies, planned 

. . 

replacements occur at fixed· intervals of length t . Thus, p . 

they are also ~eferred to as constani interval policies. A 

realization nf replacement times and renewal times is illust~ 

rated.in Figure 1.4. It should be noted that the ~enewal 

.times designated with crossmarks appear only at· fixed inter-



- 8 

REPLACEMENT I 
ON FAILURt-~_""*!~._._· _. ~'t~-._.· . .;,..l_ .. _. ·-1-·-4-· -41f..--~-.\i------.. time 

0 ____ - t ---..... t ~ 

PLANNED P P 
REPLkEMENT 

. FIGURE 1.4 A REALIZATION OF, REPLACHIENT TIMES FOR A PLANNING HORIZON t 
FOR A BLOCK REPLACEMENT POLICY. ,', . , 

The value of t can be found by minimizing: p 

, cfE ~f( t)] + C 
EQ:]. ". ~ p 

p 

Delivery and Replacement Policy With De1ay~ In thi~ type of 

policy, a delay period asth~ delivery pe~iod, is introduced 

into t~e system~This pertod is viewed a~ extending the 

expected stage duration. For instance, we could consider the 

following app1icatio~ given by T.Nakaga~a{Nakagawa,1977}. 

A one unit system is, given with fai1ure.tim~ distribution 

F(t). The inv~ntory of spare unit is assume~ to be at most 

on~ unit. The unit starts operating and the spare unit is 

ordered at t=O. The ~e1ivery of the spare unit will be at 

t=to (called the planned delivery time of spa're unit). The' 
, . ' 

spa r e u nit can no t fa i 1 , . its ins ta 11 a t ion t i me i s c los e to 

zero ~nd replacement of it starts the next renewal period. 

·The spare unit"s ordering cost is co' which .inc1udes its own 

cost also. 

If the unit fails before spare unit is delivered, the system 

incurs a unit cost k for idle time due to late delivery. -
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If the unit isdelivered before it is needed, the system incurs 

a unit cost c i for inve'ntory. 

The planning horizon is assumed to be infinite. A cycle time 

or a .. renewal period is identified· here as the period starting 
. . 

just after its replacement. The expected cost of one stage is 

given then, by sum of, ordering, downtime and inventorY'costs: 

t . 
o ~ 

Co + k,~ (to-t)dF(t) + .c i '{ .(t-to)dF(t) 
o 

to ~ 
= ,c 0 +. k, J F ( t) d t + c, , J 

o 1 t 
( 1 -F ( ~) ) .. d t 

o 

The expectedcy~le-time is: 

t + o 

~ 

J Q-F(t[] .dt 
to 

Thus, the expected cost per unit time is: 

• to· ~ 

E~J= 

co+k.J F(t).dt+ci,J O~F(t)J.dt 
o to 

00 

F(t)].dt 

Repair-Limit Models: One.ofthese models is first applied 

·by Drinkwater andHas~ings on·army vehiiles{Drinkwateriand 

Hastings, 1967}. In their model, 'they check the sit.uation of 

the failed unit at a time to and estimate its repair cost.· If 

the estimated cbst of repair is larger than a certain am~unt 

they delete repair and replace the unit: 
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An alternative approach is to repair the failed unit, if 

repair time is short and to replace it~ if repair time is 

10ng{Nakagawa and bsaki, 1974}. In other'words, if repair 

cannot be completed in a specified period (i.e. the repair-

~ limit time), then the unit is replaced with a new one. The 

objective is again to minimize the expected cost p~r unit 

time for an infinite time span .. Conside'ring a cyc.le-time, 

from the beginning of the operating ·unit till the completion 

of repair (or replacement), t~e expected cost per unit time, 

whe~ a repair limit duration of to,is giveri, can be expressed 

as: 

E~] = 

where: 

to 
~ l/A + f ~(t).dt 

o 

Cf = Failure replacement, cost of the unit 
• 

~(to) = C.d.function value of repair-t1mes over repai~ limit 
ti me to' 

G (t) = C.d.f. of repai,rlimit times; 

to 
f ~(t}.dt = 
o 

Mean time to repair unit, given replacement done 
at to,if repair i~ ncit finished till that time. 

dC (t) = Exp~ctedrep~ir~cost + downtime cost incurred at 
. r ins ta n t d t~ 

, . 

, 
l/A= Mean time to failure for the failure distri~ution F(t). 

r) 

Replacement Models Combined With :Ordering Policies for Spare 

Units: If. lead~times fo~ replacement parts cannot be neglec-
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ted, then ordering policies for spare units would be consider­

ed. Wiggins{Wiggins, 1967} considered such.an ordering policy 

- where ~ spareunit'is ordired at to units of time, after 

installation of the original unit orat fai.lure of the origi-

- nal unit, whichever one occurs fi~st. Then he minimized the 

Expected Average Cost function given by the expected inven­

tory and expected shortage costs, by obtaining the optimal 

re-ordering time to' 

Wiggins introduced the following costs in his model; 

al : Shortage cost/unit .time, when the system fails before· 
spare unit is available -

a2 : Inventory cost/unit time, when the spare unit is delivered 
before ~eeded:~~· 

'. 

c l = Expedited Ordering cost/unit, when the system fails 
befor~the fixed ordering. time to' 

c2 : Normal ordering cost/~nit, when ordering at the normal 
6rdering time to' 

l/A: Mean time to failure for the arbitrary failure distribu­
ti 0 n F{ t) . 

L : Lead-time for delivery of the spare unit . 
• 

Then, the expected cost for each stage is developed into the 

following formula; 

. E[C] : 

t +L 
o 

a l' J F ( t ).d t + 
to 

a2'tJ+L{1-F(t)~dt+C1F{tO)+C2~1-F{tO)) 
" 0 . , _ -

, .t +L 
o. 

l/A + J F{t) .dt 
to 

_ T~e Exp~cted Cost per unit time~ given to' will be minimized· 

at optimal to (the optimalre-ordering time for the spare unit). 
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Some of the other replacement models fake into account addi-' 

tiona1 cost factors asfor.instance', the ,costs of keeping a 

unit operating, as' adjustment, d~~reciation ~nd interest. 
, -. . . 

costs{Clearoux and Hanscom, 1974}. There are age replacement 

. policies whic.h take into acc()unt primarily the discountfac-. 

tor. Such applications wo·uld·be feasibie;for policies plan'n'ed' 

over longer ti;me horizo.ns,.i.e. longer than 'a year{Fox, 1966}. 

Some authors ass:umed replacement only on detection of failure 

"and introduced inspect jon peri.ods, which wouldmin"imiz·e·the 

expected total cost until detectio.n o'fthe failure{Barlow and 

Pros~han, 1965}. 

1.3; SCOPE ANDDR~ANIZATION 

This work covers,only thewire~drawing machinery in the·dra­

wing d~partment of the selected company. It includes sixteen 

machines and eighteen types. of critical components,located.on 
. . 

these machines. A total of ni~etynine components on all 

machines are cbnsidered in this study . 
• 

In Ch~pter II, an overvie~ of the production system is gi~en 

and the current maintenan~e practices in the wire-dr~wing 

department 'is reviewed in detail. In Chapter III, the fa,il ure 

datai~orga~~zed~nd the critical components are identified. 

The critical 'components se'lectedfor analysis are ·coded to 

en~ble.data-processing ap~licati~n and to aid in presentation. 

Statistical arialysis is performed on the 6rganized failure 
. . - • A 

data" inorder to determine the types of Lifetime models rele­

vant for eachcompone~t. By the end of·ChapterIII, decisjons 
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are t~ken to del~te planned-replacement poltcy for some com­

ponents~ The decisionr~le for deletion i~ simply th~ failure 

rat e, b e i n g m 0 n ot 0 n i c all yd e c rea sin 9 or' rem a i n i n 9 'co n s tan t . 

The parameters of lifetime models areestimated'for the 
;. .... ~ :.,~ _ .. 'Il'. 

remaining, selec1:edcomponents and the adequacy of the models 

are checked .. 

. In Chapter IV, expected unit cost formuli~ applicable to each 

component type are developed. Material~labdr arid production­

.loss costs are caJcu~ated for e~ch comprinent both for planned: 

and failure-replacement events. Then,'computatiaons for:'expect­

ed costs of the proposed poncy per unit time are performed 

and the optimal-,planned-replacement periods which minimize. 

theexpe~ted u~it c~sts are' o~t~ined; Next, a more generalized 

. m~del., involving minimum production requi·rements on main-
. . 

feeder machines, maximum al~o~able production 16sses .onfinal 

~raw~rs and minfmumcash budget constraint' on failure and 

planned-repl acement periods' 'is constructed. The sel ection of only one ,inte.:. 
, . 

ger variable is imposed for each compon~nt, by integrality 
. .' . . . 

c6nsttaints~' An appiication with the m6del is carried, .. by 

'i m p 0 sit ion 0 f m i nfm u m p ro due t i on ,r e qui r e me n t son the m a i n­

feeder machines an~ also a cash-budget constraint for failure 

and. p 1 a n ned - rep lacemen ta ct 1vi ti es .; .' - '. . 

in Chapter V, analy~is ofsolutfonsrelated to optimal 

planned-replacement periods and 'costs, under non~constraint 
~. . . 

and constraint settings is performed. 

() 

The finalchapte~ involves conclusions and suggestions as to 
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the improvement~ obtained by the imp1eme~tation of the 

proposed model and accounts for possible extensions. 

In Figure 1.3,a macro flow-chart for the ap~lication of the 

planned-replacement model is given. 
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t1ACRO-FLOH CHART FOR THE APPLICATIOi~ 
OF THE "PLArltlED-REPLACEf·1Ei4T f.10DEL II 
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LIFE-TIME MODEL IDENTIFICATION 
STAGE 

(>1.0) 

Transformation 
of Weibull Data 
to 'Bxponeri tial 

Data 

Application of 
nedenko Tes t to 
Tansformed Da ta 

~Findex 

at 5% 
c. Level, 

>Findex atS~6 c. Level 

Applic~tion of Lii 
liefordsTest to 
Check Log-Normali t 
of Ori inal Data Jj 

Value at 5?~ 

c: Level 

Lifetime Models 1.4-______________ -1 Value 



Weibull-Lifetim 
Model Selected 

CalcuJ.atiqn of 
Scale Parameter A. 
wi th MLE Formule 

• 

-'-

- 16 -

Development of the, 
Expected Average 
Cos t Fbrmule. , 

Calculation and Tabu­
lation of. Material, 
Labor and Production­
Loss Costs' 

Cal,culation of Expec­

ted Dayly Avera'ge, " 
Cos ts ,Foreach ,Componen 

Selection of Minimum 
Expected AverageCostsj 

, Day for Each Component; 
and: Determination of, 

Optimal to' 

Tabulation of, Calcula­
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t" 
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STAGE FOR CONSTRUCTION 
OF A PLANNED-REPLACEMENT 
MODEL UNDER CONSTRAINT 
SETTING 
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Construction of Const· 
raint Relations and 
the Objective Function 
for a General P.R. 
Model Under Constraint 
Setting 

Application of the 
Model wi th Production·· 
and P.R. Cash Budget 
Constraints on Main· . 

- Feede 

-- --.- ---

• 

Tabula tion of Sol utions 
Under Constraint'Setdn 
with P.R. Policy and 
under Current: Yolicy 

Comparison and 
Evaluation otResult:s 

AilALYSIS STAGE 

(j 
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,II. DESCRIPTION OF THE CURRENT SYSTEM 

, , 

11,1, MATERIAL FLOW AND THE DRAWING PROCESSES WITHIN THE PLANT 

Fig~re2.l. ref1~~tsthe direction of material flo~ to~ether 

with the dimensions of the drawn ,,;w,ir.es produced by each type 

of machine: The ~pprDximatedaily' ~apaciti~s of'each ma~hine 

,are also given in this' figure. 

As can be observed from Figur~ 2.1., the drawing machin~~y in 

the department are classified under three primary categori'es, 
. . . ~ . 

namely: Mai n Fe~de~, Intermediate 'and Final Drawing 'Machi nes. 

The main feeder 'machines" also called Thick-Wire Drawers, are 

very vital, for the overall drawing operations, sinc~ they 

produce inputs", to all 'other draw i ng'ma c hi nery . 

Adrawingoperatio~ consis,ts of the fbllowing major phases. 
. . '. .' . 

, , , 

Fi rs t,th e feeder-spool g5ves the wire into the danc~r pulleys 

which lets the wire into the fir~t drawing die at:a right­

angle •. ~econd ly, the wire is pulled over the Draw; n'g:':Head 

afterpassingthrbugh the first-die and' the ,wire-guide 

chan'nel.Next,it is fed 'into the n'ext die at right~angle and 

fed' into the first'drawing-capstan. The drawing-cap~tan l~ts 

the wire irito. the third die at' a ~ight:angle and then into 

the secondca. ps tan and 'so forth. The d i ameter'ofth e wire .i s 
.. ' 

reduced at a certain ·level as' it runs through each die,with-
, . 

in specified tolerances. Act:,iJally, reduction, amount~'are pre-

set bymachinerytechnic'al data and are almost standart for 
() " 

each sii~ of wire;diameter to be,produced. The wire is fed 
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'into the' capstans several times back and forth before being 

sent into th~ final die and over th~ dancer pulleys after 

which they are fed',into the spooler system. Particularly in 

thos e 'mac hines, wh ich rna nufacture very th in wi res, the tra ve i 

~ of the wi!eover the same capstans {over its different wire­

tracks)i may be ten to fifteen tim~s, While the total ri~mber 

of drawing capstans used may.'range up to twenty •. 

'The tensi~n and heat level is us~all~ ver~ high during the 

drawing 6perations, which reqJi~esconstant cooling by spray­

ing of a, special bora~andwater emulsion onto the moving 
. ' 

wire. Sometimes"the wire travels within the emulsion' its~lf. 

The wire, reduced to its final required diameter is 'fed' into 

the spooler system, governed by anN~~halt .and variator system 

which enable~ proper spdoling bf the wir~. 

. , 

In those ,drawingm~chines,which have automatic hea~-treatment 

system, 'the :drawn wires run into a heat trea'tment unit after 

final redu~tion. in'this ~nit, current i~ applied at incoming 

and outgoing ends vf the running wire, at low voltage and, 

high intensity. -Therunnfng of the wire in the heat-treatment 

unit is over theporcelaii1.pulleys and.:bridges to prevent 

short-current damages. To give, ariidea of thedtawingop~ra­

tion,anoverview of the drawing h~ad,capstans,dies', feeder 

,spool, along with the dancer pulleys and the fina1 spooler 

syst~m is illustrated ih Figure.2.2~ 

(i 
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FIGURE 2.2 AN OVERVIEW OF THE MAJOR-DRAWING COMPONENTS IN A 5-0IE AND 
AUTOMATtC';'SPOOLER WtCHI~E, WITH NO HEAT TREAn1ENT UNIT. . 

11.2. CURRENT MAINTENANCE PRACTICES AT THE WIRE-DRAWING PLANT . 

The company m~nagement, being under pressure for continous 

pro~uction in the wiredrawing plant carries the general 

attitude-of overlooking at the machine preventive replacement 

practices. They believe that the machine inter'ruptions for 

such purpose ~ould me~n considerable loss of production. It 
• 

is thought that tepair-on-failure policy is cheaper and more 

pra~tical than a periodic check-up and planned replacement .. 
policy for the drawing m~chines •. 

FeE 
Spc 

It is obs~~ved that so~e of the ~achines tarry certain measu­

rement devices like voltmeters, ampermeters, oillp.ve1 and 

emulsion level indicato:rs, wire ~reakage signals. However, the 

operators do. not usually react. at the right time t6 such 

devices. When t~ey r~act, they simply stop the ma~hin'land 
inform the technical supervisors. The: supervisors sometimes 
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forego necessary inspections , unless they are very critical. 

During night-shifts, the operator check-ups of these devices 

are at mirtimum. Th~ machines are conn~cted to automatic 

control and it is when th~ wire breakages occur or when the 

~ machine totally stops, that the operators w6u1d check-up the 

machines. 

The operator warning signals on the .drawing machines ~an be-. 
classified as follows; 

1- Signals for e1ectrfca1and e1ectroni.c equipment (control 

devic~s fo~ electrical circuits, termics, N-shalts,poten-. 

tiom~ters, vo1tm~ters,am~ermet~~s). 

2- Signals for other than electrical and electronic e.qllipment 

(Speed'ometers, Oil-pressure, emulsion-level indicators, 

wire-breakage signals) .. 

8ythe first group of signals, automatic contr,ol is more or 

less provided forele~trica1 and electronic systems~ In fact, 

in this·'work, electronic'and electrical compon~ntsareexc1u.;. 

.dedfrom the critical components list,ex~ept for N-sha1ts 

which are circuit tont~o11ing device~:for regular functio~ing 

of the spooling and variator systems . .' 

There are also some cleaning, oiling and die-maintenanceacti­

·vities on the machines'. Especially the die maintenance acti­

t;vities are ci~ried with care. infact, there's a ,separate 

die~r~pai'~ arid mai~tenarice shop equipped with d1e~i~spection 
(") 

microscope, r~ctification and polishing iristruments and die-, 

-I 

1 
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angle measyrements are made between ce~tain drawing-tonnages 

and necessary angle adjOstments, re~tifications and poliihing 

work are carried b~ 2 experts in this room. It 'sh6uld be 

pointed out that wire surface quality is directly proportional 

.. toa proper die-maintenance acti vi ty. As to this ina i ntena nce 

activity, the plant management issensif~ve and awar~ of the, 

,impdrtance of this component. Thus in this ~ork~ "dies~ are 

also excluded from analysis. 

Several measures are taken in "the p1a'nt to 'repair fail ing 

components. These can be sl,lmmariied as: 

1- To'keep'the frequently failing items such as seals', bolts, 

nuts~ N-Sha1ts, hoses~ slee~es, clutches, filters in the 

spare part stocks 

2- ~rovision of such mate~ia1 in the in-~lant auxiliary ~epot, 

3- To kee~ ~aint~nanc~ personnel in the plant.,' 

Even thoughsuch~easureshave been applied in the drawing 
• 

department for the lait four years,~ st6ck scarcities are faced 

frequently for "many critJc:C!L5:temsjteThis indicates tttat-~c:~ 

critical stock levels are not properly specified in the plant, 

which causes the purchasing de~artm~n~ to buy at hi~h prices 
, ' 

for urgent repair needs. Fo~ certain other items, undesired 
, ' 

~tock pi1ihg is'~bserved, which leads to unnecessary working­

capital tie-up. 

A positive approach noted as to t~e m~intenance activ~~ies' in 

ihe 'plant, is related to failure-information collection. 
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Machine failures and actio'ns taken to~repair the failing 

components~ are r~corded into the "Shift-Files" bj the tech­

nicia.ns. 

Currently, five maintenance personnel are employed in the 

plant,one of which is a qualified techrtician while others, 

are expert-labourers. It is always possible to provide seven 

,more workers from other .departments for 'repa ir or replacement 
. 

operations,if required. Failures are handled in following 

steps; 

1- If it is a s~all failure~ like capstan wear-out (whi~h is 

, handl e'd,' when wir'e-breakage occurs due to the track wear"; 

out in the capstan},th~ operators will record failure and. 

replace th~capstan while the worn~6ut capstan is sent to 

repa.i~~shop fo~ r~new~l~ 

2- If it is a major failure, like breakdown of shaft 'or pi nion 

gr6up, the operators warn the headtechnici~n and the 

department chi~f-engi~eer ahout the event .. The head engineer 
• , , 

informs the factory manag~i. Themac~inery is dismount~d 

by a group o~worker~and technitian~, whil~ a listing of 

the failing components and required number of replacement' 

items is p~ep,ared by the technicians. Then starts a search 

for the existence of required items in Plant Spare-P~rts 

, ~pot., Anoth~r listing 'is made for n6n-existing items. 

These listings~,together with 'caus~s of break-down are 

submitted to factory manager~ The factory manager contacts 
.r) 

General Ma nager ,who in turn instructs the Purcha~ing Manager 
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for urgent provisio~ of missing items. Also, if requir~d, 

additional electricians and mechanics from lzmit Plant are 

requested. The purchasing departm'ent usually takes about 3-10 

days in ord~r to com~l~te market search and collects offer . 

• letters. Meanwhile productions of the fa1iing machinery and 

re1at~d ~a~hine~y have stopped. This is criticaJ especially 

for first, second and third thick wi~e drawers, sinc~ inter­

mediate stocking cannot be made for ,these machines. 

Thus~ usually a longproce~s takes .p1ace~efore the mainte­

nanc"e people can get their missing parts and start re-assemb-

1y. Generally, the results of the current repair or tep1ac~­

on-fai1ur~ ma~ntenance policy leads to the fo11oWin9 costs; 

a) Costs due to Machine Failures: 

1- Production~Loss costs due to down-times 

2- Qua1'ity-Loss costs due to sudden stoppages 

3- Productio~ interruption~costs in related. machines 

4- Idle ope~ator time 'costs 

• b) Costs due to Lat~ Handling of WQrn~Otit Components; 

1- Costs r~lated to quick~r wear-out,of components 

2- Costs due to Side-effects of breakage in other compo-· 
nents 

c) Costs due to Rush-Orders; 

1- Purcha~ng department is obliged to buy at highe~ costs. 
than norma1~ 

d) Costs due to Failure-Repairs; 

1- Failure-repair leads to ~i~h~~ costs then planned repla­
cement since more damage 1S 1ncurred usually. , . 

BOGAliGi ONiVERSiTESi KOTOPHANES\ 
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2~ More labour tim~ is required fOr dismounting and r~pla­
cement activiti~s~ 

• 

('j' 
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III. STATISTICAL ANALYSIS OF FAILURE~DATA 

111.1. DATA COLLECTION ANb ORGANIZATION 

The raw data fo~ component failures are collected from the 

plant maintenance files. Data as tci the repair and 're~lace­

ment pr~ctices are obtained fr~m the, chief-engineer of th& 

drawing department, maintenance~supervisor and machi~e fore­

men. Also, machi~ery catalogs and bulletins were used for 

obtaining information on machines ~nd compon~nts. 

The criticalness of the components included in our model 

~ependson th~ following fact6r~;: 

1- The frequency ~f its ,breakdowns, . 
, -

2- The durations 6frepair or replacement due' to sudden 
failures, 

l~ The durations of replacement-p~riods when planned replace­
ment is applied, 

4- The produ~tion~loss costs incurred. 

Th~se1~cted components are classified into four primary 

groups,.in line with their degree of criticalness as A, B~ C 
. 

and D types. In Table 3d , a listing of the cr.itica1 compo-, 

nents, including their code na~es used. in thisapp1icatirin is 

given. In Table 3~2, the main cha~acteristics 6f each critical 

component gr6~p' are ·summarized.The locations of the maj~r 

components are illus~rated in Figure 3.1 •. 

The organization'of fai1ured~ta is performed in the fo110~­

ing manner. For each compona~t~ successivefai1ura periods 
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TABLE 3.1- COMPONENTS USED FOR THE APPLICATION 

Code Name of Compon~nt, Function of the Component or 
or Component'Group Component Group on the Machine 

001 Drawing Head ari~Capstan Drawing wire and feeding into dies or 
over the pu11eys 

002 Oi 1 Fi 1 ters Fi 1 teri ng macliine-oi 1 'i n' the' 'sys tern 

003 Ernul si on Pump Pumps borax + wateremu1sioriinto spray 
channels and nozzles 

" 

004 Cooler Sys tern Pumps water .through cooler pi pes in the 
system 

,005 Grip Aids ·in spool ing of wire ;over the drums 

006 Gears, + Pinion + Schaft' Connected directly to head and capstans 
group~ produces clockwise turn in' this 
group;, also drives spooler system' and 
oil distribution mechanism 

007 Automatic Stop Motor 

008 Wire-Induction Bridge 

009 Air Ventilsand 
Cham1el s System 

010 N-Schaft 

011 Variator 

012 Wire Guide Channel 

013 Spooling System 

014 Mirror 

015 Magnetic Caps~an 
Brake System 

" 

Stops, Feeder-Spooler System's MOtor, 
when wire is broken in the system 

Helps easyrunn~ng ofthe~ire and also 
prevents contact of it with metal part~ 
by aid of porcelain bands, in the heat 
treatment unit 

BlOws air through its ventils Qver the 
dri1wn wire to dryemul si'onand clean any 
particles remaining on wire surfaces 

Aids in automatic spooling of the drawn 
wire over the drums in an orderly way" 

Regulates spooling operation and stops 
final spooler system ,if breakage occurs 

Guides running wire for properly and 
straight forward feeding into and out-of 
dies ' ' , 

Consists of the spool ing, mechanism, , 
spooler shaft and gears 

Aids in lJroper and orderlystra'nding of 
wires in the wire- strandingmachine~y " 

Aids in sudden stoppage of the capstans 
and head when wire, is broken by magnetic:­
brake mechanism 
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TABLE 3.1- (CONTINUED) 

Code Name of Component Function of the Component or 
or Component Group Component Group on the Machine 

016 Die-Holder' Holds, die in a straight and. firm position 
by aid of a special mechanism 

017 Turks t-ead Flattens round ,wire in required rectan-
gular crossection in the flat-\'/ire draw-
ing machine ' . 

018 Vee-Belt Transfers motor-drive movement to vantil-
ators . -

TABLE 3.2-:- MAIN CHARACTERISTICS. OF CRITICAL COMPONENT-GROUPS 

'Duration 'of Rep1 acemen1 '. .Existence of 
Type. or Group 'Activity· Production-Loss 
of Component Failure Planned Fallure Planned ' 

Replacement Re.p1 acement Repl acement Replacement 

A -'- < 1 DAY < 1 HOUR 'YES NO 

B < 1 DAY >1 HOUR YES YES' 

C > 1 DAY,' < 1 HOUR YES NO 

'D > 1 DAY >1 'HOUR YES . YES 

., 
are carefully recorded and tabulated as in Table 3.3, in in-

creasing·order. 

TABLE 3.3- IIMAGNETIC-GRIP SYSTEMII FAILURE DATA IIFOR" FIRST THICK WI.RE 
DRAWING MACHINE 

T(I); (Days of Survival Since Last Failure) 1417 • 20, 223233 

FREQUENCY {T(I)}: (FrequencY'ofthe 
Specific Survival, Period) 1 1 2' 1 2 1 

13~ 
, .) 

6~r 36 39 41 42 45 48 55 

1 1 1 1 1 1 1 
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Next, above data is re-organized in tractibnal days by assum­

ing uniform distribution of failures in each day (e.g. two 

occurrences were r~corJed on day 32; it was then recorded as 

31.5 and 32" days atn~xt step). This procedufe would enable 

.. us to index each occurrence as a specific time-interval and 

in an increasing sequence with i = 1,2,3 •.••.•. n. 

iII.2. MENNON ESTIMATORS FOR WEIBULL PARAMEfERS 

In order to "determine the:shap'e and scale parameters of the 

Weibull lifetime model, several estimatorfo'rmulas are 

available such as~ 1I~1axtmum Likelihood Estimator ll
, IIBain and 

Antle Estimator" and "Mennon Estimator" fbrmu·las. The super­

iority of the.Mennon Estimators ~ith re~pect to others is 
\ 

primarily that the Q~statistic. ~hich is used for Wei bull 

lifetime model check is found to ·be closest to the Fisher 

distribution, ~hen Mennon estimated shape para~eter is use~. 

Also, the Menno'n Estimator for-this parameter.'is consistent 

{ T h i a gar a jan and H a r r i s, 1 976}. 0 u e to abo ve rea son s, 0 n 1 y 
"9 

Mennon Estimators are used in this work. The shape paramete.r 

s; ises~imated as: 

1 
S = .... 

<f 

whered 

and t.'s are the "ordered fail ure time.s of the compone.flt 
1 . 

analysed and nis the total number of observatioris. 
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Th~ scale parameter, a is estimated by employing; 

n t 6 ~ IT 2 n . 2 ~t - E (lnt i /n)-0.577( ~ E(lnti)-(Ellnti)/n .. 
i=l. .i(n-l) . 1 

-OncelnA is' calculated, we derive A 
-1 n; '. 

= eA:as the scale 

parameter estimat~{Mann, et.al.~ 1974} •. The shape parameters 

are calculated for all components i.n thiswbrk and the 'scale­

parameters are calculated for only those componel1ts, which 

pass the Weibull":Checkexplainoed in the next section.' The 

sh~pe and scale par~meterhestimates for those components' 

which have .. Wejbu11 :, distribution are displayed in Append'l'x-3. 

° 

111.3. VERIFICATION.OF WEIBULL-MODEL 

In order to check whethe r the fa il ure ,data comes from ,a 

Weibu11 distribution, the following procedure is used: 

As exp1ained~before, the shape parameter a sh~uld be. larger 

than 1.0, to justify ~ planned-rep1acementoppl1ca.tfon. If', 
• 

the est i mat e d s hap epa r·a met e r s are big g e r t han, 1 • 0, the 

failure times ti's froll) the suspected Weibuli'population are 

transformed to expo~ential times by usin~ thea estim~tes as: 

Gredenko-F test for exponentiality is applied to transfor~ed 

data at the next step{Thiagar~ja~ and Harris, 1976}. Using 

the transformed variables,·the statistic called the IlrQ-Statis..,. 

ti c "wil r be calculated as follows: 
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Q(r,n-r) 
r 1 n 

- (l/r) ~ Si/(n-r) ~ S. 
i:l i:r+l 1 

Where, r is taken approximately as half of the total number 

of observations, n. Si' called the ith.normalized spacing is 

calculated by , . 

S.: (n-i+l) (x.-x."l) 
1 . 1 1-:- i = 1,2, ... nan d Xo = 0 

The resulting Q-statistic is tested against the F-distribu­

tion with 2r and 2(n-r) degrees of freedom at a = 5 % criti­

cal level. If the Q-Statistic < F-Value at 5 %, the exponen­

tiality of the transformed distribution and thus the Weibull 

lifetime model is verified. 

11.4. TESTING FOR LOG-NORMALITY OF DATA 

The log-normality.of fai1ure-data is tested, if the check for 

the Weibull check is negative. The commonly applied method 

used for the verification of the suspected log-normal p.d.f. 
)' . 

is the IlLillieford ' s Test". In this test, the log-normal 

failure data are converted into normal data first. Then a 
4 

statistic called "O-Statistic" is calculated{Mann, et.al., 

1974}: 

4 

On = max (L i ), 

L. = 
1 

max 

1 < i ~ n; 

i-l - --n 
i _ F 

'n 0 

Where Fo(li;l;s) is the cumulative distribution function. If 

the value of 0 is lower than the critical O-statistic ¥alue 
n 
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-
at a =5 % level, the hypothesis that the failure data comes 

from a suspe~ted lognormal failure distribution is accepted. 

In above re1ation~: 

1. = natural log values ot"observed interfai1ure periods, t· 1 . 1 

T = sample mean of 10gti 

s = sam p 1 e. s tan dar d de v i at ion, 0 f1 0 gt i 

n • no of observed- interfailure periods in the analysed 

sample. Theresul ts of ttieLNorma1 ity Test are .refl ec.ted 

in Appendix-3, which summarizes the meansandstandard 

devi·-ations of theveriffed·10g-norma1 distributions. 

'. 

!J. 
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IV. CONSTRUCTION.OF THE PLANNED~REPLACEHENT MODEL 
.. 

IV.l. COMPUTATIDNOF THE EXPECTED PLANNED~REPLACEMENT POLICY COSTS 
AND TOTAL EXPECTED REPLACEMENT CYCLES 

.. The expected age repl acement pol icy cost peruni t time can be 

expressed as: 

E{C} 

o 

Inour analysis, this formula will. be us.ed with a slight 

~odification. Thatis,t~~ ~nt~gr~tion of ~(t) in the deno­

minatoi is converted into the discrete summation expression 

as: 

(4.2) 

for computational convenience on the computer~A similar app-
• 

roach is made by Ackoffand Sasieni {Ackoff and Sasieni, ·196S}. 

Also, an extension period due -to late ;replacement dOays (d i ), 

for the C and D types of compo nen ts o are added to th is, 

expression as: 

° tp 
d i ~ - R (tp >] (4.3) 

Ii R( ti ) + 
ti=O 

The general Lin it cost-expression utilized in this 
(~, 

work is: 



EDC .• {t } = 
1 J '. P 

where 
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[ViJ· + CP .. J. R .. (t ) + tu, .. J. + CF, .. J [l-R. '.(t )] . . 1l 1l P J. 1J P 

tj ~ij(tiJ+dijG-R .. (t~ 
t ... O .- 1J p-

1 

tp = Planned-replacement period in_days 

(4.4 ) 

EDC i j ( t p) = Expec ted Daily Pol fcy Cost for component i ,of 
ma'chine j, given planned-replacement perio~·tp 

Rij(t p) = Reliability function value ~t t p ' forccomponent i 
of machine J. 

Vij = Production-Loss Cost for planned~~ep1acement" event 

CP ij = Planned ReplacementM"ateri~l and Labor Cost. 

Uij = Production-Loss ,Cost for" failure-replacement evento 

CFij -. Fai1ur~ Replacement Mbterial and Labor Cost. 

d .. = Extended days of failure replacement. 
1 J 

The above formula will change slightly for each critical 

group of components, by droppihg some of the coefficients ~s 

explained below: 

In "A type" of components", wh.ere ther.eis no p1anned-rep1ace-

ment production-loss and no. delays in days for fai1ute-rep1a­

cement, the expressions v"l·Joand-d .. fl-R .. (t )1 will. be .. 'JL 1J P~ 
dropped. 

I' 

In liB type" of components, where there is no ~elay in failure-

replacement activity~ in days, the expression d· oG-R.~(t jl 'JI"': 1J P~ 

wi 11 be dropped. 

. ("").' . . 

In "C type" cbmponen.ts; where there is no production~lois .in~ 

curredin p1ann'ed replacement activities, Vij 'is dropped and 

in "0 type" of components, the formula is utilized fully. In 
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our study, production-loss effects are considered only for 

those machines· which are in faifure state. This ass'umption is 

based on the avail~bility of suffici~nt buffe~ stocks whi~h 

can feed the following machines without any inte~ruptions . 

.; The details of obtaining material, labor and productionloss~ 

costs-are explained iii detail in Appendix-2. To'i1lu'strate' 

how these costs components are identifie~, we will ~ummarize 

the procedure used for "l KATEL/OOV' coded component which 

is anA-type of component. The.CP iJ consists: of welding and 

pol.ishing costs oJ the inrier~wire channels, 'using maintenance 

personnel costs. Also,. it-will ·include material costs .ofthe 

. newly installed bolts, nuts, special washer and pressure·­

plates .. Thereis no Vij co~t in~urred, since, plan~ed-repla- . 

cemen·tactivity takes' less ·than an hour: on the average,'which 

mea~s that it can be completed in ~~t-up hour ~ith rio prod~c~' 

tion-loss' cO,st. incur.red. 

Minimum expected-Daiiy C()sts.and their associ.a'tedoptimal 

planned-replacement periodsc(iri days) are computed. by a prog-
• 

ram and tabul~ted in summary form for all components in 

Appendix-3. 

The total number o.f expected replacement-cycles perannum, 

n(tp),is utilized in the constrained- planned~replac.ement 

model in the next section. The n(tplcan be defined as the 

total number of planned and fai14~e ~~eplacement.~cycles per 

annum, 9 i venap 1 an ned- repl acemen t-)eri od tp. Generally 

expressed: 
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(t) ( Work-Program Days-
n p = Expected Replacement Cycle's Dur-abon> 

Where the de~ominator value~ are retrfeved from equation 4.2 

for A and B type of components and .from equation 4. 3 for C 

~ and D ty~e of co~ponents. Work~program days is given by th~ 

management. In the company studi~d, the work prrigram ijays for 

the wi re-drawing department was taken t.o be 280 days. 

'IV.2. CONSTRUtTION OF THE GENERAL CQNSTRAINT RELATIONS AND THE' 
. OBJECTIVE FUNCTION 

In this section,the planned-replacement model is generalized. 
. . . 

by employment of thepos~ible production arid bud~et ton-

straints on the wit:'e-drawing machinery. The selection of thE 

. optimal planned-replacement periods can.be aehieved,: from a 
.' 

wide range bf possible replacement-periods for each component 

type, through utilizati6n of the "Mixed-Integer Program .Pa~t~ 

age". A small-sacale appl~cation of, the genefal· model is 

explained in Section IV.£ . 
• 

The generaliz~d model, including the productioritonnage' 

req ui remen ts for rna i n-feede r d rawi ng mach i ner'y, rna x i mum 

product~onl.oss al~owances,for fin~l drawers and ~he maxirn~~ 
' .. 

~ash~budget constraint for the' application of the planned­

replacement policy, can be summarized as follows: 

. The Objectiv~ Function 

J I(j)K(ij)· () 
Minimize A.nnual Policy Cost, Z. = W. E EE EDC .. (k) .m .. , 

mm j=l i=l k=l lJ lJj( 
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where, 

mijk = 1, !f planned-repiacement is done at period k 
0, 1f planned-replacement is not done at period k 

, , 

W = Annual work-program days pl an ned for operations 

r i IS Com p 0 n e n tin d e x ( i = 1 , 0 0 0 , I ( j ), I • To t al ' no 0 f c r i tic a 1 
components for mach ine j 0 . 

j =Ma~hine index (j=l,~ooJ)~ J=Total nO of machines 
; ., :.:1 i; ::: 

k = planned-replacement period in days; k.l,oo~,K(i,j). 

Subject to; 

1- Minimum Production Requirements for·Main-Fe~de~ Drawing 
Mach1nery· ,. . . 

[ 
I(j)·K(i,j) 

W - r r- no °k~dooG-Ro o(k}l 0 m1°Jok] 0 CJo ~ XJo, V.Jo . i=lk.l 1J. 1JL1J ~ 

whe re, 

do 0 =Fai 1 u re- rep 1 acemen t period in daysfo r' C and D type of 
1J ~omponents, ... 

..... . . , . 

Cj = Dayly production capacity for machine j 

~j = Mini~um production ionnage requireme~tfor machine j 

nOOk 1J = To.tal number of expected replace'mentcycles per annum 
fof ~omponent i of machine jat period k. / 

Rij(k) = Rel iab;l ityvalue at period k', for component; of . 
machine j 

2- Maximum ~roduction-Losses Aff~rdable bn Final-Drawing 
Mach1nes 

. (") 

Vo ooRoJo(k)} 0 no 0komook <y.o 1 J 1 1 J . lJ - J 



_ 40 -

where, 

u' , , lJ - Downtime cos,tfri~ failure-replacement event for 
nent i of machine j . compo-

v' , lJ = Downtirn~ cost for plan~ed-feplacement'event for 
component i of machin~ j . 

y , 
J 

= Maximum pto~uction-lossin TL allo~abl~ on machine j 

3- Maximum Cash-Budget Allowed for Planned-Replac~ment-Policy 

J I(j) K(i,j) . '@ , ;. 
,r , ,r r { C F i J,l - Ri J~ ( k)1 + C p' . J' .R, ,( k.)l • n 1, J' k •. m1' J' k. < B 
J = 1 1 =1' k =1 . ~ 1 1 J . , 

where, 

B = Cash or out-of Pocket Costs Budget Constaint·. 

4- Integrality Constraints' for '(0-1) -Integers 

K(i,j) 
r 

k=T 
= 1 V· , , ,1, J 

• For computational simplification, the range for th~ index k 

of the decisionvariablesmijk is restrieted by some upper 

bound design~ted as K(i,j).These values can be determined as 

K ( i ,j) = rna x {k; R. ~ (k) > ex} TJ -

Where a. value is selected as a small value su.ch as 10-20~. 

This rate is bas.ically related t~ the aging characteristic of 

~he compon~nt~. Since it is predetermined that .. the crimponen~s 
(j 

under i.nvestigation are IFR type, the risk of failure is 

. quitehigh~fter the survival functionR(k) reaches.a certain 

• 1 

1 
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level a. Consequently, it is more advantageous to make the 

planned replacement before that time. 

IV.3. PROBABLE IMPACTS OF CONSTRAINT RELATIONS ON SELECTION OF 
PLANNED-REPLACEMENT PERIODS 

... 
'. 

It is beneficial at this point to account. for the po'ssible 

impacts of above constraints on the selection of optimal 

planned-repl~cement periods. 

As can be observed from Figuri 4~1, the impacts of each con-

str~int is reflected as· upward or downward mo~ement on the. 

pianned-replacement (P.R.) time scale. Fo'r i"ncreas'ed p·roduc..,. 

tion req.uirements, the selection of .P.R. period would be at· 

shorter periods (represented by t p' in the. first diagram in 

Figure4~1), and under no-constraint setting thesel~ction 

would be'at tp". At pr~ductiont6nnagesto t~e left of P~, 

which is the level at non..,.constraint setting, selection of 

replacement-per10ds would be th~ same~ For de~reased cash -

budget.fonstra.ints,. the selection of th~ plan~ed-r~~lacement 

periods woiJld be towards upwar~. direction, represented by t ' . . . p 

in the second diagram of Figure 4.1. At cash-budge~ levels to ,. .. 

the right hand side ofM", which is the cash ~tiliz~tion at 

non-constraint setting,' the seiection of the .P.R.· periods 

would be the same., as tp". The effect of maximumproducti-on 

)osses on P:R. periods would be towards downward direction as . 
the p~oduc~ion-losslimits are lowered (repre~ented.byt~ in 

the third diagram of Figure 4.1). Atter the .P.R. period'tp' 
which corresponds to the solutio~ at non-constraint setting~· 

the selection of the P.R. periods would be the same with t p' 
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when the production~loss constraint is relaxed .. 

In Table 4.1, the .effects of the mode.1, constraints on selec-' 

tion of planned-replacement periods, re1.iabi1itie~ of compo­

nents, expected number of replacement cycles, fai1ure-rep1ace-' 

ment downtime days: and cash-costs of the planned-replacement 

pblicy, are summarized with arrows in upper and lower direc­

tions (indicating increases and decreases correspondingly·) • 

TABLE 4.1';' EFFECTS OF MODEL CONSTRAiNTS ,ON SELECTION OFP. R. PERIODS, 
. RELIABILITIES, EXPECTED NO OF REPLACEMENT-CYCLES, FAILURE -

REPLACH1ENT DOWNTU1E DAYS AND CASH~COSTS.oF THE P.R. POLICY 

- . 
Effects of. Effects of Effects of 

NOT E S Increased Decreased Decreased; 
Production Production Casll-Budget 

Requi rements losses· Constraints 

1- Planned-Replacement Period (k) I ./ / 
2- Reliability at Selected P.R. /. / / Period 

3- Expected No qf Total Replacement / /. I Cyc1 es/ Annum 

"./ / I 4- Failure Replacement, Dm'lntime 
Days 9 .. 

/ /. I 5- Total Cash Cost of the P. R •. 
Policy 

IV.4. APPLICATION GF'THE MODEL UNDER'CONSTRAINT SETTING FOR MAIN-
FEEDERS / 

~ small-si~e ~pplication of the model under constraint set-
.' . 

ting is carried out by imposing minimu~ prod~ction-ton~age 

requirements and replacement cash-budget constraintso~~ main­

feedetmachines, ~amely the first J second and third thick- ~. 

wire drawers, coded ·by 1 KATEl., 2 KATEl and 3 KATEl,in this 
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"M" 
Cash Budget Constraint (in million .TI,'s) 
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.. I 

L' 

I 
. I , 

L" 

Maximum Production-Losses Allowed (in millionTL' s) 
() 

FIGURE .4. 1" REFLECTION OF PROBABLE EFFECTS OF. ~DDEL CONSTRAINTS ON 
SELECTION OF OPTIMG.L· PLANNED-REPLAcEMENT PERIODS 
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study. 

The components in~olv~d in this application were: 

1- Gear, Pihion and Sihaft System 

2- Magnetic Capstan Br~ke System 

Both com~onents have fai1ure-rep1ace~~ht periods of more th~n 
." "'. '., . . . . 

a day and all have Weibu11 1ifetim~ ~odels ex~ept for s~cond 

component in 3 KATEl,which has10gnorl1la1' Lifetime ,model. 

Also, the failure 'and planned"' replacement' cash r:eq'uirements 

arere1a~iv~ly high for both compohents. The coristraint-re1a­

tion~ used in this ~ase are summ~riz~d below: 

1- .Min i mum Prod ucti on. Req ui'remen tCons tra in ts 

2 K(i,j) Q Q' 
-{W- I: I: n .. k . d.. 1 -' R .. ( k) '. m· '. k} .C. > X. j.. 1,2,3 

·i .. 1 k1 l'J' ,lJ lJ ", lJ J ~ J, 

Whe re, 

W = 280 work-pro~ramda~s 

C1 = 15 tons/day for 1 KATEl 

C2 '- 12 tons/day for 2 KATEl 

C3 = 9 tons/day for 3 KATEl 

,X1 - 3800 tons/annum for 1 KATEl 

.X2 = 3100 tonslannum for 2 KATEl 

X3 = 2400 tons/annum for 3 KATEl.-

oth~rcoefficients are taken from firstph~se solutions of' 
r) 

the computer-program. 



2~ Maximum Replacement Cash-Budget Constraint 

3 2 K( i ,j) E' U· . 
L L L { CF1· J" 1 - R1: J' ( k ) . + CP. " R .. ( k ) } • n .. km .. k < B 

j=l i=l >,k=l . ,lJ lJ lJ lJ.-

, Where, 

B = 10.0 million TL/annum 

3-:-· Integral'ity Constraints for (0-1 ) Infegers, 

K( i , j) 
, L m .• k =1, 
k=llJ 

"/. . ' 

1 , J. 

In ~bove~applicatio~,'K(ijj) periods are given u~per limits" 

at those k t h periods, w.h ere R.. ( k ) val u e s are ' at or bel 0 \'1 20% 
,lJ 

1 i mit. 

The ribjective function is: 

3 2 K(i ,j) 
Min Cos t L L L EDC .. (k) m I. =, • " k 

j= 1 i=l k=l lJ ' 1 J 
• 

Mixed-integer mode of FMPS package program is used on Univac 

1106 System to solve the above ~ode1,' the summary 'results Of 

which will be presented in the next. 

. .... 
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V. ANALYSIS OF SOLUTIONS 

V.l. ANALYSIS OF SOLUTI~NS UNDER NO~CONSTRAINT SETTING 

The solutions taken in th~first ph~~e of this ~tudy i~vol~es 

optimal planned-~ep1acement periods and related minimum 
, " 

ex~ectedcosts,under the assumption that the~e are no pro­

ductio~"or cash-budg~t constraints tor the operations. 

The optimal p1anned-~ep1acementperi6ds under no constrain~ 
- . . .' 

,setting is obtained with'~he aid of a comp,uter program, \'Ihich ' 

is run on,aUnivcic 1106 System, ,"n fourprimary:steps: 

1"-" Ident"ification of the i.ifetime-mod"els~ for components with' 

increa,sing failure rates and :e1imination of components 

With consfant or decreasing failure rates. "" 

2- Computatiori of "Expected Cycle Ctist"and"Expecte~Cyc1e 

D u rat ion" fore a"c h co m p 0 n e nt, give n' a set, 0 f rep] a ~ em en t 

,periods, k=l, ..• K(i~j)"wh"ere K(i,j)is the longest inter­

fai1~re period observed. 

3- Computation of ,the ~Expected plahn~d~Rep1acement Policy 

Cost Per Oaj'i~, EDCij(k), for each alternative "kith period." 

4- Se1e~tion o~ the minim~m'EDCij(k); the corresponding kith. 

period of which is the optima1"p1anried-rep1acem~nt pe~iod 

for component- L 

The computed dayly expect~d minimum-cost~ ,are multipli~d by 
() 

280 work-prQgram days, to ~nnua1ize theco~t figures. In 

order to be able to compare theP1anned-Rep1aceme~t Policy 
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Costs with Current Policy Costs, the current "Annual Fai1ure~ 

Maintenance C'osts" are calculated manually in .the following 

manner: 

1- Computation of Failure-Replacement Costs per failure' 

event. 

2- Com"putation of mean failure durations foreach'component, 

given its already identified 1 ife'time" distribution.· 

3- Com~utation of "Average Oay1y Failure-Replacement Cost" 

whic~ is then annualized by mu1tip1y~ng"with 280. 

In Table· 5.1, the computed optimal planned-replacement period 

periods, minimum planned-replacement and current policy costs 

together with the .annua1cost advantages .ofthe proposed 

policy are" tabulated. The annual cost of the curr~nt polity 

is at a level of 348 millionTL, whereas. the proposed policy 

cost is at ab6ut 261.5 million TL, with a~ annual cost advan-

tage of about 86.5 million TL~ 
• 

In Ta"b1e 5.1, al"so the.l ifetime models applicable to each 

component are summarized. In few ca~e$, some type of compo­

nents, located in similar type of machines~·are obs"erved to 

have different lifetime models. This discrepancy is mainly 

due todiffere~tw~rk-1~ads ~n same components and also due 
. ., . 

tb different models and sizes of these.co~ponents. "The ratios 

of' the mean-failure peoriods,.derived from the lifetime models 
" . 

identified in thfs work, to the optimal p1ann~d-replac~e:n:: 

peripds are observed to increase as the ratios of failure _. 

" 1 
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replacement costs to planned-replacement costs i~crease. For 

example~ for 1 KATEL/OOl coded component the mean-failur~ 

period to P.R. period is 1.9, whereas the failure-replacement 

to planned-replacement cost ratio .is 6.8. For·13FR91002 com-

.... ponent,the first ratio is 3, whereas the second ratio is 
-' . ' 

8.5 A summary of above ratios for a nOmber of components is; 

given in lable5.2 . 

• 
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TABLE 5.1- SUNMARY OF PLANNED-REPLACEMENT POLICY COSTS ANO CURRENT POLICY COSTS 

(OCO TL) 

MIN. EXP. P.~. CURRENT F.R. 
Optimal Policl, Costs Policl ' Costs Annual ?~R. 

Machine/ Camp. Failure P.R. Average ' Average Po licy Cos t 
COIDEonent TlEe . Dis tribe " Period /Da't. ' Annual' , /Dal.' ,Annual' Advanta;:~s' 

1 KATEL/OOl A, ~/tIBULL ,6 1.5 420 3'.6 1.008 
005 A 1/ 16 0.6 168 0.9 ' 252 
006 0 II 9' 65.8 18.424 80.0 22.400 
013 A l' II 10 1.6 " 448 2.0, 560 
015 0 II 13 25.0 ' 7.000 31.3 8.764 
016 A II 16 0.9 252 1.1 308, 
018 A ' II 22 0~3 84 0.4' , "112, 

26.796 33;,404 6.608 

2 KATEL/OOl A WEIBULL 5, 3.1 868 4.4 1.232 
005, A II 13 0.6 :168 l.2 " ,336 
006 0' II ' 15 ' . 59.6 16.688 68.7 19.236 
013 A II • 15 ' 0.8' 224 1. 3 364 
015 0 II 16 18.7 5.236·· 29.7 8.316 
016 A II '15 0.6 168 1.1 ' 308 
018 , A II 19 0.2 56 0.5 , " . "140 

23.408' . 29.932 6.52~_ 

,,3' KATEL/OOl A WEIBULL " 5 ' 1.6 448 4~3 1.204 
-005 A ,LOGNOR. 13 0.5 140 1.2 336 

006 0 II 9 19~:1 ' 5.516 , 68.'7 19.2~6 
013 A WEIBULL, 10 0.8 224 .1.3 364' 
015 A LOGNOR. 15 _16~8 4.704 29.7 8.316 
016 0 II 15 0.5 140 1.0 280 : 

018 ' A WEIBULL 18 0.2 56 ' '0.5 ' 140 
9, 

, 1L228 29.87.,6 18.648 

8 OR~1El/002 ,A WEIBULL . 15 0.3 84 0.8 224 
006 0 1/ 21 45.7 12.796 - 49.2 13.776 , 
012 A II 14, '0.5: 140 1.0 280· 
013 A 

II, 11 0.6 168 l.2 336 
014 A II 14. 0.3 , 84 0.6 168 
018 A II 13 0.1 : 28 ' 0.4 112 

13~ 300 14.896 1.59£ 

0.9 
. 

252 . 90RME2/002 A WEIBULL 17- 0.3 84 
006 0 II 25 47.7 . 13.356 51.1 14.308 
012 A II 14 0.5 '140 1. 1 ' ,308 

, 013 A II, 10 - 0.6 168' 1.5 420 
014 A 1/ 9 0.6 168 0.9 252 
018 A II 14 0.1 28 0.4 . ' , ' "112() 

13.944 15.652 1.7DE 



TABLE 5.1- (CONTID) 

MIN. EXP. P. R. CURRENT F. R. 
" 

Optimal Policl Costs Policy Costs Annual P.R., 
Machine/ ' Cotllp. 'Failure P.R. ' Average Average' Pc;>1{cy Cos t 
Com2onent Tl2e Distrib. ' Period /Day Annual /Da't. Annual Auvantu6es 

10 ORME3/002 A LOGNOR. ' 16 0.4 ' 112 1.0 ,280 
006 0 WEIBULL 16 104.5 ' 29.260 '117.2 32.816 
012 A II 11 0.6 168 1.6 448 
013 A II 10 0.7 196 1.8 '504 ' 
014 A II 14 0.7 196 0.9 ·252 
018 A II 11 0~3 84 0.7 ' 196 

", 

30.016 34.496 4.480 

11 HKW9/001 A WEIBULL 3 2.4 672 6.9 . 1.932 
003 B II 6 7~3 2.044 10.2 2.856 
004 B II' '~6 15.7' 4~396 ,16.5 4.620 ' 

" ' " 

006 0 II 14 103.8 29.064 116.5., 32.620 
018 A II 12 0.9 252 1.6 ' "448 

36.428 42 • .476 ' 6.048 

12 FS,13/00 1 A WEIBULL 2 3.2 896 10.8 3.024 
002 A 'II 4 2.9 812 4.9 1.372 
003 B II ' 11 5.8 1.624 7.2 '2.016 
006 0 II 22 67.7, 18.956 74.4 20.832 ' 
007 C LOGNOR. 6 1.7 476, 29.3 ,,8.204 
018 A WEIBULL' 12 0.3 84 0.7 ' , '196' " 

22.848 35.644" 12.796 

• 
13 FR9/001 A WEIBULL . 3 ' 7.4 2.072 9.0 2.520 

002 A II 2 3.5 980 5.7 ' ,1.596 
003, B II .. "". 8 7.5 2.'100 8.5 2.380 ',) 

004 B II ::22 17.3 ' 4.844 15.8 4.424 
005 A LOGNQR. ' 15 0.5 140 1.2 336 
006 0 EXPONENT. ' (NO PLANNED-REPLACEMENT APPLICABLE) 
018 'A WEIBULL 14" 0.3' '84 0.6 ,168 

10.220 ' 11 ~424 1.204 

17 U171/001 A WEIBULL 3 5.0 • 1.400 6.0 1.680 
002 A LOGNOR. , 11 0.4 112 ' 1.2 336 
003 B II 21 2.0 560 ,3.7 1.036 
006 0 WEIBULL 

.. 8 17.2 4.816 55.6 15.568 
008 B II 14 3.5 980 5.0 1 ~.40,0," 
009 A II 10 0.3 84 0.7 196 

018 A II 15 0.4 112 8.0 ,2.240 

. 8.064 22.456 . 14.392 
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TABLE 5.1-( CONTI Dr 

MIN .EXP. P.R. CURRENT F. R. 
Optimal Policl Costs Policy Costs Annual P.R. 

Machinel Camp. Failure P.R. Average Average J,>olicy Cos t: 
Comeonent ' Tl2e Distrib. Period IDa'/. Annual IDa'/. ' Annual Advan CageS' 

18 U172/001 D. F.R.(NO PLANNED~REPLACEMENT "APPLICABLE) 
002 A [OGNOR.' 16 0~2', 56 1.4 392 

' ' 

003 B WEIBULL 16 ' ' 3.3 ,'924, 3.4 95~ 
006 D II 25 105.1 29.428 115.6 32.368 ' 
008 B II 16 3.4 952 " 4.4, 1.232 " 
009 A LOGNOR. ',' 25 0.1 28 0.4 112 
018 A WEIBULL 17 0.4 ' '112 0.7 ' , , '196 

, , 

31.500 35.252 ' 3.752 

14 DECCO/002 A LOGNOR~ 10 0.6 168 1.8 504 
003 , B WEIBULL 13 5.9 1.652 11.8 3.304 
017 B II. 10 15.3 4.284 15.5 ' 4.340 
018 A II 19 0.3 84 0.7 

' , 196 

6.188 8.344, 2.156 

21 W211/001 A WEIBULL 4 2.1 588, 4.4 1.232 
, 002 A LOGNOR. ; 15 0.2 56 1.4 392 

008 B II 15 3.2 896 4.5 1.260 
011 B WEIBULL 13 6.4 1.792 6.6 1.848 
013 A LOGNOR. 21 0.3 84 0~9 252 
018: A WEIBULL: 14 OA . ·112 0.9 252 

3.528 5.236 1.708 

21 W212/001 A WEIBULL ' 5 1.6 448 3.8 1.064 
002 A LOGNOR. 13 0.3 ; 84 1.3 364 
008 B ' ,II 15 3. 1 868 4.7 1. 316 

011 B WEIBULL . , "10 6.4 1.792 ' 7.2 2.016 

013 A LOGNOR. 17 0~3 84 0.9 252 

018 A WEIBULL 13 0.15 140 1.0 280 

3.416 5.292 1.876 

19 N1 E1 /001 A WEIBULL 4 1.8, 504 3.5 980 

. 002 ''P. LOGNOR • 14 0.3 84 1.0 280 

006 D WEIBULL 24 ' 34.4 9.632 37.0 10.360 

008 B LOGNOR. 16 ,2.3 • '644 2.9 812 

009 ' A WEIBULL 13 0.2 56 0.6 168 

018 A II 20 0.4 112 0.7 196 
" 

11.032 12.796 '1. 764 
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TABLE 5.1- (CONT'D) 

MIN~ EXP. P. R. CURRENTF.R. 
Optimal . Poli.c:t Cos ts . Polic~ Costs· Annual .p .R. 

~1achine/ Camp. Failure P.R. Ave.rage .Average Policy Cos i 
Com~onent Tl:~e . Dis crib. Period /Da'L Annual /Da'L Annual Advanta~es 

20 N1E2/001 A WEIBULL 7 1.2 336 2.3 644 . 
002 A LOGNOR •. 12 0.3 84 0.9· ·252 
006 D WEIBULL 28 30.2. 8.456 32.3 . 9.044 
008 B LOGNOR. 20 1.9 532 . 2.1 588 
009 A II 15 0.2 56· .0.4 .. 112 
018 .. A WEIBULL 18 0.4 112 0.7 196 

9.576 10.836 1.260 

261.492 .348.012 .. 86.520· 

• 
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. TABLE 5.2- CALCULATED RATIOS OF FAI.LURE' REPLACEHENT COSTS _AND 
MEAN FAILURE PERIODS .TO OPTIMALPLANNED-REPLACE~' 
MENT POLICY' COSTS.AND PERIODS 

Machine/Component Fai,lure Rep. Costs Mean Failure Periods 

1 KATEL/OOl 

2 KATELl015 

. 3 KATEL/018 

8 ORME1/012 

9 ORME2/002 

100RME3/0l4 

llHKW9/003 

1 2FSl 3/007 ... 

l3FR9/002 

l7U171/001 .-

14DECCO/002 

21W211/008 
.. 

19NIE1/009 

• 

Planned Rep. Costs Optimal ,Planned Rep.' Periods, 

6.8 

3.5 

6.'2 

7.7 

7.3 

4.5 

2.6 

; 100 

8.5 

8.5 

7 

2.7 . 

7.5 

1.9 

1.6 

1.8 

1.7 

1.9 

1.5 

1.4 

4.6 

3 

. 1.9' 

2.0 

1.7 

1.9 
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V.2. ANALYSIS OF SOLUTIONS UNDER CONSTRAINT-SETTING FOR MAIN­
FEEDERS 

The 'appl,icationof the model under .constraint-setting for the, 

most critical drawing machin~s, the main~feeders, prooved 

.. that high 'production requirements on these machines would 

shift,the optimal planned-replace~ent,period; io earl~er 

,periods, while the resirictio~s on the cash-budget would urg~ 

s~lection of opti~al planned-replac~ment periods at later:' 

periods. ".:- . 

A parametric analysis is al~o carried by altering the degree 

of the applied production and c~sh~budgetconstfaints on',the 

main~feeders. The ca~h-budget utilization and the production 
/ ' 

tonnages attainable with the optimal 'replacement periods, 

calculated urid~r no-coristr~int setting, ii reflected ,in Trial 

,0 of Table 5.3. In T~ial-l, the 'minimum production require­

ments for the first and second thick wire drawer~ are faised 

slightly, while the cash-bud~et isrela~ed to 10 million TL. 

The optjmal planned-replacement periods selected unde,r this 

setting, are relatively shorter'than,:the initial soluiion; 

~ainlydue to decreaseddo~n-time days, requirin'gearlier 

repl acement periods. In Trial-'2, the minimum production 'c": 

, ' 

requ~rement 'for first thick ~ire dra~er is raised further, 

while keeping the production tonnage~for the second ~nd 

third thick-wire drawers and thecash'-bud'get requirement at 

the same·le'vel w.ith Trial-1.The effect' of this change is on 

the repl acementperiods of' comp'onents in, thefirst and ~econd 

thick-wire dr'awers, urging still shorter optimal r;~placement-
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periods. In Trial 3, the minimum production tonnages were 

kept at the same'levels with Trial-l, while the ~ash-budget 

limit was decreased to 9 million TL. The solutions for optimal 

- planned-replacement periods were similar to solutions of 

.. Trial-l, sincethe decrease in cash-budget constraint.was not, 

sufficient to produce a shift in the planned~replacement 

periods. In Trial-4,the minimlJm production requirements were 

raised further, while thi cash-budg~t was kept at In million 

TL,still. There-was rio-feasibl.e,solutionfor this trial, since 

both the cash b~dget and the productiontonnagerequireme~ts 

could not.be fulfilled by any alternate selection of the" 
-, ,"' 

planned-replacement periods.' Iri Trial-5, the cash-budget was 

lowered to 7.5 million TL,while.the production require~e~t 

constraints ~were kept at the samele,vel \,I.ith Trial-l. The 

planned-replacement periods for third thick-wire drawer, were 

selected at slightly higher-periods for this tr,ialas 

compared to Trial-l. 

Table '5,4 also reflects the daily expected cost values~f 

'each t~i~l. In Trial-O, the daily expec~ed cost is 205.600 

TL, in Trials-l and 3, the daily expected costs are·20~.100 
, ' 

TL due to sl ightly ra ised production ,~equi rement constra ints. 

In Trial-2, the da{ly~expeited'cost is 230.700 TL due to 

highly restricted productiOn requ~rement ~onstraints and 
, ' . 

·shortened, planned replacement periods. In Trial.;.5; the daily 
" 

e x pee t e ,d cos tis a t 21 0300 T L. I tea n beg en era liz e d· t hat, i n 

turn f6rincre~sed production and lesser downtime days, 
() 

relatively higher dai'ly costs ,will beincur,red: by the planned-
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-, replacement application as compared to, the daily policy costs 

under no~constraint setting. ~he same-is true wh~nthe cash -

budget allowances are decreased for the policy application. 

','; TABLE 5. 3-SUMMARY INP,UT DATA FOR MODEL APPLICATION ON MAIN-FEEDERS' 

-

Trials 
/ Cash Budget t4in imum,'Product.ion·Requi rements 

'. 

(Tons /Year) 

(In Millions) 1'. KATEL 2 KATEl 3 KATEl 

0 (7.8 ) (3669) (3077 ) (2486 ) 

1 10 3800 . . . 3100 . 2400 
' . 

. 

.2 10 '.4000 .. 3100 2400 . 

3 9 '3800 . . 3100 2400 

4 10 4100. 3300 2470 

5 7.5 3800 3100 2400 

TABLE 5.4- SUMMARY OUTPUT DATA FOR MODEL ~PPLICATIONON MAI~-FEEDERS 
, I 

1. KATElJ 2 KATEl 3 KATEl EXPECTED COSTS 

TRIALS . . . 
.015 006 015 006. 01 §, : I Daily )Ann.ua'l 

006 
~'OOO Tl) ( '000 Tl) . 

0 9 13 15 16- 9 . 15 205,6 57.568 

1 9 12 14 15 9 1"5 '205,7 57.596 

2 . 6 12 8 10 9 15 230,7 64.596 

3 9· 12 14 15 9- 15 205.7 57.596 -

4 _NO f EASH lE SO ... UTIC NOBl ~INE[ . 

5 9 12, 14 15 
. 
12 17 210.3 58.884 

.- . 
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. VI.' CONCLUSIONS AND SUGGESTIONS 

VI.l. CONCLUSIONS 

~ This sttidy displays the fact that the applicationofa planned 

~replace~ent ~ policy in the wire drawing department of the 

analysed company,would provide both considerable cost advan-· 
. . . . .' 

tages and a .systemati,c approach for the ·soiution of the main­

tenance problems tn this department. 

Given the characteristic .failure distributions, identified 

fo~ the critical components studied in this w~rk, the t6tal 
" .' ... 

ann~al ~ost of th~ current~y appli~d "R~place-on~Failure 

Pdlicy" is ~t a level of 348 million TL. The ~p~ljcation of 

the proposE!d policy would maintain a cost advantage of about 

86.5 million TLper year, to the company unde~ study, which 

indicatesacut down of approximately 25 S. in the current 

maintenance-costs and isapproximatel.y about 29 % of the ~et 

earning~ of the company for the year this study is carried . 

• The planned-replacement model was convert~d into a more 

g~neralformin Chapter IV. The production requirement con-· 

straint~and a c~sh· b~dget ionstraint ~as applied on the., 

Main-Feeder Machines to' observe the probable i~pact of these 

constraints on the selection of optimal planned-replicement 

.periods. The solutions of this application reveals that,'~s 

the cash-budget'allowari~e for r~placement activities is dec­

reased" the optimal replacement periods wiil. be selected at 

1 ater periods '. whereas when the production tonnage req,u)i re-·' 

ments are increased,the optimal plannedreplacemeht periods 
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will be selected at earl i.erperiods. -The effect of' the 

applied constraints, incr~ase the planned-replacement policy 

_costs slightly. HO'wever, "the increase in these cO,sts, would 

~ot significaritl~ reduce the high cost-advantages of the 
. '., 

• planried-replacement policy~ Thus, even under constraint 

"setting~ the planned-replacementapplic~tion would still 

maintain very high cost advantages with respect to the cur...; 

rent policy. The application of the .proposed planned-replace~ 

ment pol icy ,will also lead to other cost advantages ·w.hich " 

could not be expressed in monetary terms, as reduced scr~p 

costs due to"decr~ased downtime days on theCm~chines, as 

decreased o~erhead expenditures due to iricreased productivity~ 

less idle-times"because of decreased failures," lesser over~ 

time costs for maintenance ~ersonnel, tog~ther with savings 

due to less r~sh~orders in the company. 

Apart from the above stated cost advantages ~ much reliable 

y~arly p~oductionsthedul~,wil1bepossible due to conside~ 

rable cutdowns in the number of expected failures in the draw-
• 

ing machinery.- Also, the sched'ul ing of the maintenance per-· 
. . 

sonnel for·the planned-replacement activities will be ea~ier", 

~hile the requirement to ~ssignmaintenance personnel ·to 

night shift~ willbedecreas~d~ 

In the overall,theoperations of the wire-~ra~ing department 

will be imp~oved both with t~s~e~t to the reduction of the 
. . . 

maintenance probl,ems·~ndto the cut· down of the annual main-

.tenance costsiri this departm~nt. 
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vr:2:.SUG£ESTIONS 

For e f f i c i en t u t il, i z a t i on 0 f the pro p 0 sed p la nne d - rep 1 ace­

ment pol icy a ,follow-up system will be requfred. A type of 

identity-card for each component will ,be prepared involving 

technical information as to the suggestedwork-;loads and, 

planned repl~cementperiods, service entry dates, failure .... 

times and actions taken for each renewal or replacement 

event. 

Extensions of the model are possible in spareparts safety -

stock planning and in optimal maintenance pers~n~el 'planning 

et~. by using some of the results o~ the planned~replacement 

policy. In safety stock planning, the criti~al parts list­

ing,alongwiththe expected number of repl~cement cycles per 

annum, ',for' eachco,mponent, can be used to calculate the 

expected yearlY pa~ts requit~menis. In maintenanc~-personnel 

planning, knowledge of the expect~d number of replacement 

activities would lead to adjustments, in the number of current 

maintenance pe~sonnel. 

In an extended study, 'production-loss effects of the stopping 

machinery on other machinery due to 1 imited. intermediat'e ' 

stocks could be crin~idered as ~n addition to down time costs 

per failur~ or planned-replacement activity. 

1 
, I 



APPENDIX - I ,. 
COMPONENT FAILURE ~ DATA SUMMARY 
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MACHINE CO~1PONENT 
CODE CODE 

1 KATEl 001 

.005 

. 006 

. 
-

013 

, 
015 '. 

0.16 

) 
018 

) 

2 KATEl 001 

COMPONENT' FA I LURE - DATA SUMMARY·. 

~ 

DAYS ELAPSED TILL NEXT FAILURE / N·NO.OF OBSERVATIONS 

5 7 7 9 9 9 11 11 11 12 13 13 13 .14 16 16 16.' 16 
\ 

16 17 17 17 18 18· 18 18 19 19 19 20 20 :21. 22 22 23 
. , .. 

. 23 24 25· 27 28 / N = 40 " 

1417 20 20 22 32 32 33 35 36 39 41 42 45 48 55 62 

, / r( .17 

6 6 6 8 ,8 .8 9 9 9 9 10 10 . ·10 11 11'11 1 2 12. 

12' 12 12 12 13 13 13·" 14 1 5 1 515 16· 17 1'7 .17 18 19 
.. 

19 19 20 22 24 25/.N •. 4l 

6. 8 9 11 12 13 15 15 15 ~5 '15 16 16· 17 .19 19 ~4 

24 . 27 29 . 30 30 31 31 32 3'2. 36 . 37 37 I N' = 29' , 

7. 8 '8 17 18 19 21 
. . 

21 22' 2430 .32 33, 35" 35 40 43 43 
-44 45· 46 50 / N ='22 

. . ' . 
. , 

8 15 21 23 27 28' 28 28 . 29.· 33 36 54 56 .59 ·60 I·N • 15 

21 . 23 28 28 32 40 47. 47 54. 62 65 67 70 74 77 77 /N.16 . 

; , . 

4 7 8 10 14 14 22 27 28 . 29 30 33 3.5. 44' / N • 14 
------ -------- ------ --~ 

O'l 
'-' 



MACHINE COMPONENT 
CODE CODE 

2 KATEL 005 

006 

013 

015 

016 

, . 

. ,018 

3 KATEL 001 .. 

005 

,00'6 

j , , 013 

, 0'15 

0"6 

. COMPONENT FAILURE - DATA SUMMARY' 

DAYS ELAPSED TiLL NEXT FAILURE I N~NO.OF DBSERVATIONS 
' . 

16 18 20 23 23 26 26' 26 27' 27 29 ·33 36 43 49 52 I N=16 

7 13 14 16 16 16 1'9 22 24 24 31 32 32 401'N= 14 

11 21 22, 24 '25 28 28 31' 33 35 36 40 4i 4'3 50 62 I N= 16 

14 ,18 23, -23,' 23 27 28 30 30 31 32 35 36 '37 <f8 39 ·44 
~ .- . 

56lN = 1.8 .. 

11 20 : 24 " '28 ' 30' 31, 31 31 32 35 37 4'1 44,45 46 50 56 / 

N'.17 ' " 

25 ,29 29 32 38 38 ' 42 49 54 55 66' 69,77 I N = 13 
,', 

, 

, -
6, ' 8 14 16 18 18 20 21 ' 21 24 26 28 32 35' I N = 14' 

17 18 20 ·22 23 24 24 ,24 24 25 25 27 28 ,31 33 39 44 I 

N • 17 

11 14 17 17 19 19 19 19 20 20., 22 24 24 26 29 35 IN .16 
. , 

16 18,18, 19 20 20 2,1 22 24 27 29 30 41 46 49 / N = 15 

, 6' ,.8, 2 5· ' 2 5 28 28, 30 30 32 32 32 32 ,35 37 I N = 14 

'4 21 25 29 32 34, 34 36 36 36 36 '37 40, 4247 54 I N-,'6 
-

0'1 
N 



MACHINE COMPONENT 
CODE CODE 

3 KATEL 018 

8 'ORME1 002 

006 

012 

013 , 

014 .. 

. 018 

9 ORME2 002, 

006 
, . 

012 

013 . 
, 014 

J 
,018 

COMPONENT FAIl.,tJRE -DATA SUMMARY 

. , 

DAYS ELAPSED TILL NEXT FAILURE / N.NO.OF OBSERVATIONS 

19 19 22 26 30 . 30 37 41 49 54 55 57 62 65 66 71 /N =16 

21 . 25 29 32 32 35 38 41 49 54 '60 69 r N =12 

8. "0 13 16 20 21 23 23 25 29 .31 36 ',39 / N • 13 

1420; 27 30 33· 33 36 3943· 46 ·53 / N .= 11 

12 17" 23 28 30 33 34 36 . 41 46 51 56 60 ( N = 13 

17 20 23 24. 25 25 27 3'1 34 39 43 49 ; 52 .. 60./ N II 14 
'. 

26 27 '29 29' 32 '36 39 41 54 . 62 71 .76 . 80 l N'. 13 . 

24 28 32. 34 36 36· 37 38 40 .. , 44, 56 59 64 66 .. 72 I N = 15 

11 15 17 21 21 24 24 25 ·28 36 4.3.54 65 / N = 13 ' 

16 23' , 26 27 30 32: 32 32 42 45 49 ,53 . 58 64 / N= 14 

13 16 19 22 28' 28 30 30 30 30 32 37 44 56 64 I N= 15 

9 1,. 15 18 22 . 24 24' 26 29 37 42 49 56 I N. 13 

30 30 ,31 32 35 39 46 54 .' 60 66 '69 74 79 86 / N = 14 
, 

, . 

--- ---_._---------

... ~,.' : 

0'1 
W 



MACHINE COMPONENT 
CODE CODE 

10 ORME3 002 

006 

0.1 2 

013 

014 

018 

11 H KW9 001 

003 • 

004 

'006 

018 

, 

J 
12 FS13 001 

002 

COMPONENT FA I LURE - DATA SUMMARY . . . . .' 

DAYS ELAPSED TILL NEXT FAILURE / N.ND.OF OBSERVATlONS 

18 29 30 30 34 35 37 . 41 . 42 44 / N =' 10 

3· 5 7 8 9 9 11 13 15 19 : 20 2.0 21 22 22 23. 24' 24 

"24 25 / N = 20 . 

11 19 25· 28 29' 29 '29 ' 30 31 32 42 IN. 11 ' . .' 
., 

11 19 20 32 33 33 34 '35 36 :38 / N = 10 

)618 20 22 22 24 29· 33. 36 . 41 '54 I N =11 " .. 

'. 

19 22 22 26 29 35 44'48".56' 61 72 78 I N = 12 
'. 

t.', 

' . , , 

3 5 8 ,8 11 . ,." 12 . 1 2 . 12 14 14,' 14 14 16· 16 19 26/N=1.7 
, , 

6 8 9 10 10 10 1,0' 11 11 13 15 17 '20 IN. 13, 

4 7, 7 
" 

8 8 '8' ' '8 '9 ' 9 9 12 14 ' :1:7 22,/ N II 14' 
" , 

" 

3 5 6 6" 1414 ,15 ' 15, 17 17 17 17 18 20,21/ N =.15 
, ' 

16 18 20 ' 20 22 26 29 36 3947 '56 63 69 / N = 13 
" ' 

4 4' 5 . 6 7 7 8. 
.' 

8 9 ,10 10 .12 12 13 1 5 21 /N=16 
., 

2 6 6 7 ' 7 ' 9 ,10 10, 11 11 11 13 14' 14 14 : 14 1 6' 16 

m 
~ 



MACHINE COMPONENT 
CODE CODE 

1 2FS 13 002 

003 . 

006 

007 
.. 

018 

13 FR 9· 001 

002 .. 

, 

003 

004 

. 005 

J 006 

018 . 

'" 

COMPONENT FAILURE - DATA SUMMARY , 

D~YS ELAPSED TILL NEXT FAILURE / N.NO.OF OBS'ERVATIONS 

20 20 21 22 23 / N =( 23 

7. 12 13 14 14 . 18 19 20 23 24 28. 32 34 35/N.13 
.. 

8·16 16. 17 2.3 " 35 37 42 . 44. 47 / N =10 

16 '18 18 24 25 . 28 30 31 32 .32 35 40 / N = 12 
,'. . . .' 

. . 
19' 24, 26 ·29 32 38 .' 46' 51 62 67 '76 .81 / N = 12 . 

. , .. . "- .- . , 

1 3 4 7 8 8 9 9. 9 10 11 . '12 14 27 '. 28 30· 32 

,32 / N = 18. . 

3 ·.3 4· 6 6 .6 . 6 7 . 7 .7 7 8 9 9 9 10 10 11 

12 13 . 14.17 20 . 20 20 31 , 34 /' N • 27 

5 8 9 10 . II . ,13 13 "14 .14 15 16 17 26 . 27 . '32 46 / N=16 

1 .4 5 7 7 9 ., 13 14. .16 17 . 21 2225 25 26 32 I.N=16 

23 23 23. 23 24 . 25 30 32 "35 / N· = 9 .' 

2 6 .10 15 '21 23 30 44. 56 .56 59 / N .11 .. 

19 24 26 29: ... 3.2 38' 46 51 62 67 76 .81 / N =12 

. ; 
" 

--

0"1 
0'1 

-_..............> __ ._- "-~---.----~-.-"-~--~~ -_._- ----,_._- -_._-_.- -."~-



MACHINE ' COMPONENT 
CODE CODE 

14DECCO 002 

003 

" "017 

018', 

, 

17 U171 001 

002 . 

003 
" 

006, 

008 

009 

018 

J " 

18 U172 001 

COMPONENT FA I LURE - DATA SUMMARY 

" 

DAYS ELAPSED TILL NEXT FAILURE / N.NO.OFOBSERVATIONS 
" 

13 1 3 16, 16 21 21 22 22 23 23 23 24. 24 30 I 'N = .l4 
, L 

12 '12 13 ' 14 15, 29 30 , 32 34 38 54 j N • 11 

5 6 7 8 10 13 '. 15 16 17 1 7 f8/N = 11 

27 30 32 ' 37 41 48' ~O 57 64 69 77 81 I N ,=12' 
, , 

" 

" 

, 

1 3 '4 7 7 7 8 8 9 ,9 10 11 12 13 14 15 16 

3158 (N = 19 
, , 

14 22 25 29 '29 30" 32 32 ,34 34 46 I N' =,11 " 
, ' 

, '" . 
23 26 29 29 29 ,31 32 32 ' 38 . 40 :,42 I N .11, 

. 
31 f 32 ',10 16 22 23 24 25 26 34 37 I N =' 11 

. ", 

1 0 17 20 24 28 29 29 29 30 31 32, 32 I N = 12 
" 

16 20 28 30 3,1 ,32 32' 61 '65 I N = 9 

20 23 23 26 28 ' 33 37 44 ' 49' 57 64 69 74 79, / N = 14' 
' " ,,' " 

, ' , ' 

1 1 ' 3 4 6 8 8, 9 10, 10 10 11 11 12' 14 14 15 
, ' .. 

16 17 17 ' 20 20 22 ' 23 27 / N .:25 ' . , . ' 
, 

.' 

.' 

' " 

, I 

0'1 
0'1 



MACHINE COMPONENT 
CODE, CODE 

'18 U172 002 

I '003 ' 

006 

008 

0,09 

.. 018 

19 NIEl 001~ 
" 

002 

006 

008 

J ' 0,09 

018 

COMPONENT FAILURE - DATA. SUMMARY 

, 

DAYS ELAPSED TILL NEXT FAILURE / N.NO.OF OBSERVATIONS 
" 

21 24 25 ,26 26 26 27 27 27 28 28 ,28 29 29 30 30 30 
" , 

34 35 37 37 IN = 21 ' 

14 19 'i9 '27 29 29, 30 34 " 37 40, 4,8' / N =11 
, 

34 "49 / N = 16 : 3 ,7 '7 8 9, 10 11 12 14 15 20 22 23 ",30 
'. , 

20'2-7 27, ' 29 29 30 ' 31 31- 31' 32 34 34' 35 36' 38 . 38 41 

43 57 / N • 19 

32 36 37 ' 41 47', 47 A8 50 51 
" , 

52 ' 5356 / N .12 
; 

25 25 26 28 29 34 39 44 '48 52 57 '63 69 71 76 IN:: 15 . ' 
' , , 

, 
, , .. 

5, ,7 8 ,1 0 10 ,12 i 2 12 12 12 13 16 17 21 '32 I N, = 15 

1 6 24 , 25, . 27 2728 29 30 . 30 30 30 31 33 34, 39 41 I N.16 
, ' .. 

14,16 23, 28 30' 30 32 32 32 34 38 44 / N • 12 

18,21 23 23 25 25 25 ' 25 ' 27 '31 36 37 46 I N = 13 

18, 22 26 ' 26 28 28 28 29 34 ,38 44 ,47 54 56 IN. 14 

26 ·28 31' 35 39 46 49 53 64 70 76 81 I N = ,12 
-_._-

en 
"'-J 



'\., 

COMPONENTFAI LURE - DATA SUMMARY 

MACCOHOIENE COM(OOONEENT O~YS ELAPSED TILL NEXT FAILURE / N.NO;OF OBSERVATIONS 

20NIE2001 6 8 15,15 17 17,,17 18',18 20 2022' 24 27 34 '41/N=16 

002 17 23' 26 26 28 '31 34 3'7 4044 ,52 / N I: 11 ' 

'006 15'1726,2733,3336,363739',40 4'147 49/N.14 

008 ' 23 25 28' 28 30 30 31 33., 38 45 49 51 54 5,9 / N ::= 15 

009 21 24 27 27 29, 29 '29 29 33' 33 35 38,42 44 50, 56 / 

': N = 16 '. 

• 018 25 25 27 29 31 36,39 43 ,4758 ,,63 68,7,279/ N = 14 
. . . . 

. ' 

21 ~211 , 001 ,5 7 9 11 11 ,11 13 16 19 23 26 31 / N ~ 12 

OOZ. 18, 23 ,25 25 28, 28 28 30 30 30, 30 31 3133 36 / N • 15 

008 16 21 21 23,23 2.4' 24 24 26 31,' 33 34 I N ,.12 

0" 7 1 0 ,,, 121 6 1 6' 1 7 23" 2 5 2 9: 3 2 3 5 3 6 / N • 1 3 

0'13 23 3.4 4042 ,43' '47, 48 49,,51 52 53 ,53 57 '59 67 / N. 15 
, ' 

, J 018 ,22 22' 23 24 27,3133 38 4,2 47 54' 59 '63 '69 731 N = 15 

21 W?,l2 001 ,6 ,B 13 13 15 15 1 !i~-1-5'- "16'·' '18"-"~2i':-- 29'" '34' I N"~";-:3 
~,--. 

0'\ 
(Xl 

- .. 



·MACHINE COMPONENT 
CODE CODE 

21W212 002 '19 

008 17 

011 8 

013 24 

018 1,9 

. 

- . 
-.'. -

,. 

J 

: 

- --~--

. oj, 

COMPONENT FA I LURE - DATA SUMMARY 

04A Y S E LAP SED TIL L N EXT F A I LURE I N.NO.OF OBSERVATIONS 

.22 27 27 29 29 30 32 34 36 41 IN = 11 

20 ,22 22 24 24 \'24 24 27 .30 35 / N = 11 

11 13 13151515 1-5 18 20 ·23 32 / N = 12 

30 41 . 49 52 52 53 59 60/,N =9 .. , , 

22 23 25 29 ; 33 37 44-49 '63 67 , 73 .. 79 / N = 13 

,. 

. . 

- .... 

'. 

0'\ 
U) 



. .. 

• 

APPENDIX':' II·· 

COST -DATA"' SUMMARY· 

{J 
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NOTES ON CALCULATION OF COMPONENTS! PLANNED AND FAILURE 

REPLACEMENT COSTS 

CODE/NAME OF COMPONENT CLASS OF 
, COMPONENT N'O T [ S . 

OOl/Draw;ng Headand A Type CP.~consist~ of welding and polishing lJ . . , Capstan 

002/0i 1 Fi 1 ters : 

OQ3/Emul si on Pump 

• 

004/Coo 1 er Sys tern ' 

costs of inner wire cha~ne1s using 
maintenance personnel costs. Also 
inc 1 udes cha ng'e of bolts and nuts if 
they are ,worn out. No loss of produc­
tion incurred during p .R~activity. 
CF

1 
.. consists of same costs asCP .. ', 
J . ' . lJ . 

Uij will involve downtime cost for 1 
hour. for HKW-9·; FS-13, FR-9, and 1/2' . 
hour for others. 

A Type CPij consists, of clean~up of dismanti!( . 
fi1 ters using maintenance. personnel 
cos ts .' Cl ean-up '; s performed by spray:­
ing 18 p~s .. i. 'air and wash up by kero-

sene. 
B TypeCP;j consists of gr~.pnite seal costs, 

.renewed pin costs ana maintenance 
personnel costs • Downtime cost for 1/2 
hour is incurred during planriedrep1a­
cement. CF .. consists of sallie costs 

lJ . 

B Type' 

as CP.;. U .. i nc1 udes' 1.5 hours I down-
lJ lJ 

time cost. 
CP .. consists of change up costs of 
lJ' '. 

gr~phite seals +.0 - rings .in the 
Drawing capstans. +. replacement costs .' 
of 'couplings'~nd. dri.pping·f1anges .,,: I. 

using maintenance personnel costs. 
P1 arlf\ed-rep.l acement uses both set:-up 
+ operational hour~ Operational hour 
used is -"'1 hour •. CF. . is close to lJ ' 
CP... U.. is about 2 hours I of~down-

lJ lJ' , . 
time.cost. 
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NOTES ON CALCULATION OF COMPONENTS.' PLANNED AND FAILURE 

REPLACENENT COSTS 

CODE/NANE OF CO~lPONENT ~LASS OF 
. COMPONENT NOT E S 

'. r~~---+---:--t-:-~---'-------'--~--.:..--...-J 
OOS/Grip A' Type CPij.~onsists ofgrip-sprin~ and pin 

.. 

OOp/Gears, Pinion' and 0 Type 
Shafts System 

007/Automatic Stop 
"Motor .. 

• 

008/Wire-I.nduction B.Type 
Bridge' 

change .... up costs. Change of bolts and 
nuts a~d maintenance personnel costs . 
No. production loss cost incurred. '. 
during P.Replaceinent CF .. ,is dose to 
.' , lJ ' . 

CPij.costs~ However production loss-
, cost is about for ~ 1/2 an hour. 

CPij consists of change up ofworn~up 
gears; of gear"7pins, greasing, bea·r-. 
ings. Planned.replacement production­
loss cost, vij ' is for lO hours. 
CFij consists of change up of worn:-up 
gears, pins, all shaft bear.ings. uij 
consistS of. 1.5 days '.production;.loss. 

cost. 
CP .. consl s ts of renew a 1 of motor 

lJ ' . 
coils, changeiJp·of motor'brushes etc., 
with maintenance personnel costs. P. 
Repi~cem~nt'causes 1/2-1 hour:of pro­
duction-loss cost. CFij consists of 

a1mo.stsame costs with CPijplus , 
camp 1 ete change up of all. brushes ~ .: 

Wir,i ng' and s~itches. u .. downtime· .. . . lJ ,. 
costs for 1..1 days. 
CP. ~ cons i s ts of change up of worn-out 

lJ ' . 
brass bridges and porcelain ins.ula-
tors'; .takes tV. 1/2 hours from opera­
tiona 1 period. CF ij consis~s of same 
costs and additlonal costs of change­

. up of all bri dges •. Producti on loss 
cost is incurred for 1 .1/2 hours. 



- 73-

NOTES ON CALCULATION OF COMPONE~TS' PLANNED AND FAILURE 

REPLACEMENT COSTS 

CODE/NAME OF COMPONENT CLASS: OF 
CO~lPONENT 

009/Ai r Venti 15 and' 
Channels 

NOT E S 

CP ij' consists of cleaning-up costs of 
air venti1s and channels. CF .. almost , ' , 1J 
sar:ne with CPi'~ 'U i . involves produc-: 

, J J', 
'ti ori-1 oss 'cost of1 /4 hour. 

01 O/N.:.Scha 1 t ' A Type CP ij consists of c1ea~-lipand renewal 
of.end-bi tS No Loss';'of producti,on, 

011/Variator, 

'012/Wi re-Gui de 
Channels 

• 

( 

013/Spooling System 

014/Mi rror. ' 

,B Type 

A Type 

A Type 

A Type 

incurred. CFij consists ,of complete 
change-up of the'i:oinp~nent +'downtime 
cost of t\, " hour. ' ' 

CP ij consists of ch'ange-up of weak"':, 
coils ~ c1ean-!JP and adjustment. Down-' 
time cost is for 1/2 hour.CFij con­
sists of change-up of complete varia~ 
tor. Downti me ~os tis for IV 1 hour 
with failure 'replacement. 
CP .. consists of renewal costs ,of ' 1J' " .'" ' 
wire 'channels at no downtime costs'. 
CF .. consists of above costs. ,Fail ure 

1J 
downtime costs consis'ts of 1/2 
hour's' produCtion-loss cost. 
CP .. consists of change'up of arm-1J', ' " 
pins ,and grearing at no loss of-pro-
duction. CF .. consists of change up 01 1J ~ 

bearings, ann-pins anQ greasing. Down 
time cost incurred at fail ure'is for' 

,1/2 hour.' 
CP ~. consfsts of renewal of mirror at 1J."" ' , 
no10s~ of production. CF .. consists , , 1J', . 
of complete change up of the mirror. ' 
Failure repfacement causes 1/4 (hours' 

downtime cost. 

I 
J 

i 
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NOTES ON CALCULATION OF COMPONENTS' PLANNED AND F~I[URE 

REPLACEMENT COSTS 

CODE/NAt-IE OF· COMPONENT CLASS. OF 
CO~lPONENT . NOT E S 

015/Magnetic~Capstan 
Clutch and Brake 

\ 

016/Die-Holder 

017/Turkshead --

• 

018/Vee-Belt 

o Type .CP ij consists 'ofd~J11ounting and re~ 
.coi1ing cos.ts •. P1anneO 'replacement 
leads. to loss of production for "'5 
hours. CFi j i nvo 1 ves complete change­
up of al1'coi1ing~ plates. Failure. 
replacement takes";' J .. 2 days.1 period. 

A Type .CP ij ~onsists of change up casts of 
po1ts, nuts, washers,adjustment 
springs and plates. No downtime cost· 
incurred at planned replacement. CFij 
consists of above costs; Uij invo1ve.s 

.l dowtime cost of 1/2 hours •. 
B Type CP ij consists of change up. of bearings 

adjus tment spri ngs andp 1 at~~and 
pol.ishing costs ofinrier siJr.face~. 1 
HourIs downtime incurred with planned 
replacement~CFij cost involves above 
costs ~rid complete renewal of the 

. A Type 

component. Downtj me i ncurred·i s 2 
hours with failure rep.1acement. 
CP.. cons i s ts of bel t-s tretch adj us t­

lJ 
ment, oil and emulsion c1eanin~ with 
abundant water. No. downtime incurred 
wit~ p1ann·ed replacement. CF ij ,con­
sistsof complete change~upof the 
belt and adjustment-cost. Downtime 
cost i ncurred i~ '" 1/4 hours whh 
fai1ufe replacement· 



'l 

P.H. 
P.t-!. 

F.M. , , 

F .M.Daily ;:ame of 
Component Componeri t, 

Haterial 
Downtime 

Material F .M~Do,wn- F.M.Down-:- Downtime ' Component ~1achine Code & Labour' & Labour time Cost time Days Code Type • Cost " Cost or , Cos ts 
'v 

Costs U d 
K Subsystem 

Cp Cf 

1 KATEL 001 A 6.000 - 11.000 30.000 - - Drawing Head and 
\ 

Capstans Group I, 
: 

,005 A 7.000 ' - 7.000 15~000 - - Wire-Grip 
.. 006 0 80.000 300.000 90.000 - 1.5 420.000, Geaus, Pinions 

andSchafts 
System. , 

01'3 A 10.000 ' - 12.,000 ' 15.000 - . - Spooling System 
", 

015 0 15.000 150.000 ,16 .. 000 - ' 1.2 420.000 Magnetic Capstan 
Grip and Brake 

8.'000' 
" ' 

016 : A ' - 8.000 15.000 - - Die-Holder . 
018 A 4.000 -... 7.000' 7.500 - - V~e-Be1 t " 

2 KATEL 001' A 7,.000 ,- 10.000 40.000 - ' Drawing Head and 
Capstans Group 

005 A 6.000 - 6.000 20.000 - - Hire Grip ,. 
006 0, 75.000 ' 440.000 80.000 - 1.6 560.000 Gear, Pinions and 

Shafts System ' ' 
, , 

, , 013 A 8.000 ' - 10.000 20.000 - - ,Spooling System 
015 0 13.000' 200~oon 14~000 ' - "1.3 560.000 Magnetic Capstan 

Grip and Brake 
J 016 ,A 6.000 - 6'.000 20.000' -' - Die-~ol de,r 

018 A 3.000 - 6.000 10.000 ' - - Ve~-Be1t 

, ' 

'---"---~-~-------~-~----------'---~~---------------'..-

! 

-..,J 

01 



P.H. P.H. F.H. 
Haterial Haterial 

~1achine C~de Component Component & Labour Downtime 8o.Labour Code· Type 4. .. Cost 
·Costs v. Costs 

Cp Cf 

3 KATEL 001 A. 5.000 - 6.000 . 

005 A 5.000 - 5.000 
()06 0 .80.000 550.'boo 90.000 

013 . A 6.000 - 1O~000 

015 .0 10.000 200.00Q 12.000 

. 016 A 5.000 - 5.000 
018 A 3.000 - . 6.000 

. . 

8 ORME 1 002 .A ... .3.000 - 3.00.0 
006 0 90.000. 400~000 ·90.000 

, 
, , .. 012 A ~ .000' . - 5.000 

013 A 4.000 - 8.000 . 
014' A 3.000 - 3~000 

J 018 A 1.000 - 2.500 

. - ___ L-. 

F .H.Down- F.H.Down-
time Cos.t time Days 

U d 

50.000 -
25.000 -

- 1.4 
... 

. 25 .• 000 -
- 1.2 

" 

. 2'5 .000 -
12.500 - . 
20.000 -

. - 1.3 

20.000 . -
20.000 -
10.000 . -
10.000 -
.. 

F .H.Daily Name of 
Downtime Component 

Cost ·or 
K Subsystem 

" 
.- .' . . DriiwinqHd and 

Capstan 
.. - Wire~Grip 

700.000 Gears, Pinions 
and Schafts 
System 

.- Spool ing System. 
700.000 Magnetic Capstan i 

Gr,1pand Brake 

- Oie-Hol der 

- Vee~Belt 

- Oil Filters 
480.000 Gears, Pinions 

and Schafts Syst. 

- Wire-Guide' . 
, Channels 

- Spooling System 

- Mirror 

- Vee-Belt 

I 

-...J 
0'1 

I 



P .H •. 
P.M. F .H. 

Haterial Material 
Machine Code Component Component 

& Labour Downtime & Labour Code . Type .. . -Cost 
Costs. · Costs 

I' 
Cp 

·V 
Cf 

9 ORME 2 ·002 . ·A 4.000 '-. - 4.000 
006 0 95.000 500.000 95.000 . \, 

012 A 5.000 
: - 5.000 

013 A 4.000 - . 8.000 
.. ' 

014 A 3.000 , - ·3.000 
018 A 1.000 - 3.000 

10 ORME 3 . 002· A 5.000 - 5.000 . 
006 0 100.000 550.000 100.000· 

. . . 

012 A . 5.000 - , 5~000 

013 ' A 5.000 ~ 9.000 
014 : A 4.000 - 4.000 
Ol8 . A . 2.000 - 4.000 . 

11' HKW 9 001 A 4.000 . -. · 4.000 . 
, 

003 B 8.000 25.000 10.000 
J 

B 9.000 '~'o.000 · .9.000' , 004 

F .M.Down- F.M.Down-
time Cost time Dais 

U d 

25.000 -
- 1.4 

25.000 -
.,25.000 -

, . 
12 .• 500 -
12.500 -

. 27.500 -
- 1.5 . 

27.500 _. 

27.500 -
14.000 -
14,.000 -
50.000 -

. 75~000 -

.100.000· -

F .M~Daily 
Downtime 

Cost 
K 

-
600~000 

-
-
-
-
-

660.000 

-

-
. -
. -
-
-, 

-

Name of 
Component 

or 
Subsystem 

, 
Oil Filters 
Geurs, Pinions 
andSchafts Syst 
Wire-Guide 
Channels 
'Spooling System 
Mirror 
Vee-Belt 

Oil Filters: 
Geaurs, Pinions 
and Schafts Syst 
Wire-Guide 
Channels 

'. Spooling System 
Mirror 
Vee-Belt 

Drawinq Head and 
Capstan' 
Emulsion Pump. 
.Coo 1 er System 

I 

I 

......, 

......, 
I 

·~··h-

I . 
I . 



P.N. F .H •. 
Material 

. . F.H. 
Material 

Nachi~e ~ode 
Component Component 

& Labour Downtime & Labour Code ... Type • Cost Costs . . Cos ts 
V 

Cp Cf -
11 HKW9 . 006 D 55.000 . 500.000 80.000 

018 A 7.000 . - 10.000 

12 FS 13 001 A. 4.000 - 4.000 

002 A 6.000 - 8.000 
003 B 7.500 , 30.000 8.000 
006 . D 60.000 600.000 90.00p 

. 
,.·007 C 8.000 ..; 8.000 

-
018 A . 2.000 , - 5.000 

13 FR 9 DOl A 5.000 - . 5.000 
. , , .. 

" 002 A 4.000 - 9.000 
003 B 8.000 25;000 ,10.000 
004 B . 9.000 50.000 12.000 

005 A ·6.000 _. 6.000 

J . 006 D 60.000 500.000 90.000 

--- . •.. -.............. -'--~---.-.--~-'----.~- ----~ ...... ~ .. 

. . 
F.H.Down- F.M~Down-
time Cost time Days 

U d 

- 1.4 
" 

25.000 -
60.000 -

. 30·~000 -
90.000 -

~ ·1.6 

. - 1.1 
. 

15.000 -
50~000 -

.25.000 -
75.000 -

100.000 -
25.000 -

- 1.2 
.. 

F .H.Daily 
Downtime 

Cost 
,'K 

600.000 

-
-

-
-

720.000 

720.000 

-
-
_. 

-
-
-

.600.000 

Name of 
Component 

or 
Subsystem 

. , 

Gears Pinion, 
Schafts Syst. 
Vee~Be1t 

Drawing Head and 
Capstan' 
Oil Fi1 ter 
Emulsion Pump. 

. Gears, Pinions 
and Schafts Syst 
Automatic Stop 
Motor 
Vee-Belt 

Drawing Head ~nd 
Capstan 

' Oil Filter 

Emulsion Pump 
Water Cooling 
System 
Wire-Grip 
Gears, Pinions 
ilnd Schaft.Syst • 

~ 
co 



P.H. 
P .H. 

Component· Material 
Downtime ~Iachine Code Component & Labour Code Type ·Cos ts Cost 

'V 
Cp 

13 FR 9 018 ,A 3.000 -
14 DECeO 002 A 5;000 -

~ 003. B 11.000 . 30.000 
.- 017 B 16.000 .. 60.000' 

018 A 4.GOO .-
" 

17 U 171 001 A 4.000 -
. .'. 

002. ' A 3.000 -. 
003 B 6.000 30.000 , 

. 006 D 40.000' '6.00.000 .'. -., 

008 B 5.000 : 30.000 

'" 
009 A 2.000 -
018 A 4.000 -

18 U 172 001 A 4.000 -
.', 

002 A 3.000 -
J 003 B 6~000 30~000 

F .H. 
Material· F .M.Down~ F.M.Down-
& Labour time Cost time Days 

Costs l!' . ' , d 
, Cf 

6.000 . 13'.000 ' -
5.000 30.000 -

\ .. 
14.000 90.000 -
16.000 120.000 -
10.00Q 15.000 -

4.000 ' 30.000 -
6.000 30.000 . , -
8.000 90.000 -

70.000 - 1.3 . 

5.000 90.000 . -
2.000 15.000 -

8.000 15.000 -
4.000 . 30.000 -
6.000 30.000 -

' B.OOO 90.00Q .,. 

F .M.Daily 
Downtime 

Cost 
K 

-
-
-
-
-
-
-
-

720.000 

-
-
-
-
-
-

Name of 
·Comporient 

or 
Subsystem 

Vee-Belt 

'Oil Filter 
Emulsion Pump 
,Turkshead . 
Vee-Belt 

Drawing Head and 
Capstan 
Oil Filter 
Emulsion Pump 
Geous, Pinions 
and Schafts Syst 
Wire Induction 
·Bridge 
Air Ven til sand 
Channels 
Vee .. Belt 

Drawing Head, and 
Capstan 
Oil Filter 
Ernul sion Pump , 

I 

.~ 

\0 
, I 

-')­
f'· 



P .H. . P.M. ' 
Haterial 

Machine Code Component Component 
& Labour' Downtime 

Code Type • Cost. Costs 
, C

p 
V 

18 U172 006 D 40.000 600.000 

008 B 5.000 30.000 
; 

009 A . 2.000 -
018 A 4.000. . -

, 19 NIE 1 001 . A 5;000 -
.... 

. 002 .A 3.000 -. , 

, 006 D , 55.000 . 500.000 
. -

<-. " 

008 B 4.000 25.000 

009 ' A 2.000 -
018 A 5.000 -

2'0 NIE 2 001 'A 5.000 -
, 

.' 002 A 3.000 -
J 006 0 55.000 500.00C 

'F .. H • 
Material F.M.Down- F.M~Down';' 

& Labour time Cost time Days 
Costs U d 

Cf 

70.000 - 1.3.· 

'.' 5.000 90.000 . -
. 2.000· , 15.000 -

.. 
8.000 15.000 ~ 

5.000 25 .• 000 -
5.000 25.000 -

80.000 - 1.2 . 

4.000 75.000 -
" 

2.000 13.000 -
10.000 13.000 -

5.000 25.000 -
5.000 25.000 -

80.000 - 1.2 

F .M.Daily 
Downtime 

Cost 
K 

720.000 

-
-
-
-
-

600.000 

-
-
-
-
-

600.000 

t. 

Name of 
Component 

or 
Subsystem 

I 

l 

· Ge ars, Pinions I 
I 

and Schafts Systl 
· Wi re Induction 

Bridqe 
Air Venti1s 
and Channels 
Vee-Belt 

Drawing Head arid 
Capstans 
Oil Filters 
Ge'art Pinions 
and Schaft 
Wi.re . Induction 
Bridges 

· Air-Ventils ~nd 
Cha:nne1 s 
Vee-Belts 

Drawing Head an< 
Capstans 
Oil Filters 
Gear~" Pinions 
and Schafts ~ 

, 
co 
o 



I 

P.H. ' 
P.M. , 

I 

Component Component 
Material 

Downtime '~fachine Code & Labour Code , Type • ' Cost 
Costs 

V 
CD 

20 NIE 2 " " 008 B 4.000 25.000 

009 A 2.000 -
0l,8 A' , 5.000 -

21 W2 12 001 A 5,000 -
002 A '3.000, -
008, . B 6.000 35.000 

, . 
011 B ' 10.000 35.000 
013· -A 5.000 ' -
018 A 4.000 -

21 W2 11 001 ' A 4.500 -
002 A 3.000 '-
008 B 6.000 35.000 

, 

011 B 9.000 35.000 

J 013 A '5.000 -
018 A 4.000 -

L--_~ __ . __ 

F.M. 
Material F.H.Down- F.M.Down-
& Labour time ,Cost time Days 
" Costs U d, 

' Cf 

4.000 75.000 -
' 2.000 ' 13~000 -
,10.000 13.000 -
6.000 ,35.000 -

. 3.000 35.000 -, , 

8.000 105,.000 -
15.000 70.000 - . 
7~000 35.000 ~ 

8.000 J8.000 -, 

5.000 35.000 -
3'.000 35.000 -

,7.000 105.000 -
15~000 70.000 '-, 
7'.000 35.000 -
8.000 '18.000 -

t-

F .M.Daily 
Downtime 

Cost 
K 

-
-
-
-
- ' 

-
-
-
-
-

" 

-
-
-
-
-

Name,of 
Component 

or 
' Subsystem 

Wire Induction 
Bridges 
Air Ventils and 
Channels 
Vee-Belt 

, Drawing Head and 
Capstan 
Oil Filters 
Wire Induction 
BHdqes 
Variatdr 
Spooling S>,stem 
Vee-Belt 

.. Drawing Head and 
Capstan 
Oil Filters 
W,ire Induction" 
Bridges 
Var iator 
Spooling System 

Vee-Belt 

, 
co ..... 



.,; 

APPENDIX ~ II I 

OUTPUT~DATA SUMMARY:·FOR FIRSl PHASE SOLUTIO'NS . 

Ii 



SUMMARY OF OUTPUT-DATA FOR FIRST-PHASE SOLUTIONS 

. Parameter Optimal Ninimum 
Lifetime Estiftlates Q-Sta- Dn-Sta- ' Planned Expected 

Nacn~/Component '~!odel ' Relilacement Daily Cost 
Selected Of Lifetime tis tic tistic Periods OfP.R .. Nodel '( Days)' Policv (TL.) 

B A cr, III 1.,191 : 1 KATEL/OOl WEIBULL 3.2 12.6 - 6 ,'1572,5 , 

005 WEIBULL ,~ 3.0 26.6 0.895 . ...,;' 16 658;5 

,006 WEIBULL 3.3 10. 1 0~529 . - 9 ' 65791,7 , 
, ", 

013, WEIBULL 2.,6 15.3 0.534, - 1,0 1641 ,8 

015 WEIBULL 2.'2 18.9 0.759 - 13 -25036,9 

016 WEIBULL 2.3 23.2 0.563 - '- , 
,16 934,0 

" . 
018 WEIBULL 2~8 38 -0.869 - 22 - 289,7 , 

" 

" 

2KATEL/00l ' WEIBULL L8 12. B 1.34 -' ; 
5 -3134,3 

,. 
005 WEIBULL 3.8 24 0.378 - 13 . 619,8 

006 WEIBULL 2.8 16. 1 0.577 - 15 ' 59577 

013 WEIBULL 3.2' 25.7 0.702 - 15 819,1 
, 

3~9 18718,5 01'5 WEIBULL 25.6 0.666 - 16 

27.4 0.709 
" 15' 591 ,1 . OJ6 WEIBULL 3.3 ..; 

.. '.-

018 WEIBULL 3.5 36.9 0.416 - 19, 227,3 

,iC'.'."" ". j~ ",.' /;,1.- >-:>",,, ,.: ~ l ~ .' I.~ \ .• ,'" ~. * .', ~ '/ ,\ ,j .: ... ..: 

Reliabllities 
At, Optimal 
P.R~Pedods 

0.91 

0.80 

0.51 

0.72 

0.64 

0.66 

0.81-

0.83, ' 

0.91 

" 0.44 

,0.83 " 

0.85 

0.87 

0.91 

Total 
Expected 

Replacement 
Cycles/ 

Annum 
1 

48.1 

18.5 

33.7 

31.J 

24.0 

19.9 

13.5 

----=z 

61.0 

22.1 

21.6 

19.6 ' 

1 T.9 ' 

19.3 

15. 1 
- --

, I 

OJ 
W 



S~~RY OF OUTPUT-DATA FOR FIRST-PHASE SOLUTIONS 

Parameter Optimal Hinimum 
Lifetime 

Estimates Q-Sta- Dn-Sta-
Planned Expected. 

~lach. /Component t-todel Replacement Daily Cost 
Selec'ted Of Lifetime' dsdc tistic Periods Of P.R. , Hodel (Days), " Policy ('fL.) 

3KATEL/001 WEIBULL B A a u 1.08 5 1625,0 2.6 14.8 -
005 LOGNORMAL 5.1 6.9 26~2 ,- , 0.21 ' - 13 499,4 

006 LOGNORMAL 4.6 ,- 5.7 20.7 - 0.18 9 ' 19672,0 

013 WEIBULL 3.6 21.2 0~246 - , 10 ' 805,0 

015 LOGNORMAL " 5.4 5.7 28.4 - , O.lS '15 '16821,3 
" 

'. 
016 LOGNORMAL ,4.0 9.2 34A -' ' 0.15 15 463,0 

. 
018 WEIBULL 3.5 36.8 0.416 18 238,6 

80RME1/002 WEIBULL 3.6 32.3' ' 0.408 " "'.15 '. 288,9 
,. 

006 WEIBULL 2~6 16.5 . ' 0.936 . 21 , 45729,9 

012 WEIBULL 3.3 26.9 0.832 14 523,7 

013 WEIBULL 2.7 26.5 0.769 11 565,2 

014 WEIOULL 3.3 26.3 0.318 14, 305,8 

,018 . WEIBULL 3.1 35.4 0.327 '. 1 ~ 117 ~9 
J 

-----:-

., 

Reliabili ties 
,At, Optimal 

P.R.Periods 

0.g4 

' 0.94 

0~96 

0.93 

0.94 

0.93 

0.92 

0.94, 

0.15 

0.89 " 

0.91 

0.88. 

0.96, " 

Total 
Expected 

Replacement 
, Cycles/ ' 

Annum 

57.3 

' 2L8 

31.2 

28.5 

18.8 

" 
19.,0 

' 15.9 

18.9 

18.8 

,20.6 

26.2' 

20.7 

, 21.8. 

1 

, 

I 

00 
~ 



Life time 
Hach ./Component !-fodel 

Selected 

90RME2/002, WEIBULL 

006 WEIBULL 

012 '. WEI BULL 

013 WEIBULL 

014 WEIBULL 

018 ' WEIBULL 

1 00RME3/002. LOGNORMAL 

·006, WEIBULL 

012 WEIBULL 

013 WEIBULL 

014 WEIBULL 

018 WEIBULL 

12FS(13/001 WEIBULL 

SLM"1ARYOF OUTPUT-DATA. FOR FIRST-Pr;hSE soLuTIONS 
Optimal . Nin'imum . 

Parameter . 
. Estimates Q-Sta- Dn-Sta-

Planned ' Expected . Reliabilities 
Replacement Daily' Cost . .. At Optimal 

Of ·'Lifetime tistic tistic Periods Of P.R. P.R.Periods 
Hodel ( Days) Policy (TL.) 

(3 ),~ cr II 0.327 13 316,7 0.95' 
3.~ 36.3 
2.5 20.8 0.365 25 47698,7 0.20 . 
3.3 .29.5 0.428 ' 14 519,2 0.92· . .. 
3.0 N.l 0.548 

.. 
·10 ·613,3 '. 0.93 ' 

2.3 19.0' 0.544 9 592,9 . 0.84 

3.2 40.6 0~461 14 105,2 0.97 . , 

4.9 7.4 34.0 . 0.150 16 . 401 ,2 0.95 

2.1 10.6 3.29' ' . 16: 104544,9 .. 0.10 .. 

3.7 22.6 1 .. 71 11 '. 634,2 0.93: 

3.2 22.8 ' A.88 10 • 731,0 '0.93 
. . . . 

1.8 23.8 . 6.82 14 .. 706,3 0.68 . 

2.6 30.5 0.442, 11 288,6 0.93 

2.7 6.7 0.495 2 ' . 3227,5 0.96 
- -- --- ~ 

Total 
Expected 

Replacement 
Cycles/ 

Annum 
' 16. r 

15.4 : 

20.5 

·28.6 

33.1 

·20.2 

17.7 

27.9 

25.9 

28'.6 

. 23.2 

26.1 

143:2 

I 

J 
I 

I 

(X) 
0"1 

) . I, 



I 

I Lifetime 
~!ach. /Component Nadel' 

Selected 

002 . WEIBULL' 

003 WEIBULL 

006 WEIBULL 

007 'N8~~1AL 

018 WEIBULL 

. 
13FR9/00l WEIBULL 

002 WEIBULL 

003 WEIBULL 
, , 

004 WEIBULL 

005 LOGNORMAL 

006 EXPONENT. 

018 WEH1ULL . 

') 
'-'. 

SIJ1v1ARY OF OUTPUP-DATA FOR FIRST-PHASE SOLUTIONS 

Parameter Optimal Hinimum 
Planned Expected ' ' 

Estimates 
' . 

Q-Sta- D~-Sta-
Replacement Daily Cost 

Of Lifetime . tistic tistic Periods Of P.R. Nodel 
( Davs) Policy (TL.) 

8 A cr 'U 1.26 4 2945',6 2.3 8.7 
2:8 15.5 0.677 

( 

11 5813,6 

2.2 19.0 0.586 22 676,80,0 , 

' 4.4 7.1 27 .• 3 .' 0.16 6 . 1698,2 

2.6 33.2 0.457 12 270,7 .. 

1.4 6.8 0.606 3' 7445,1 

2.0 6.8. 0.406 2 3480,9 

2.3 11.5 0.412 .8 ' 7472,1 
.. 

~ 1.4 7.6 1.403 22 17320,4 

7.5 4.5 26.3 0.28 15 450,1 

ru1.0 NO PLANNE[ -REPLACEMEN APPLICABLE 

2.6 32.9 0.361 . '14 343,0 

; 

~ 

Reliabilities 
At . Opt~mal 
P.R.Periods 

0.85 . 

0.68 

0.25 

0.99 

0.93 

0.73 

0~91 

0.65 

.0.02 

0.97 

0.90 

Total 
Expected 

Replacement 
Cycles/ 

Annum 

75.3 

28.5 

.17.3 

46 • .7 

23.8 

112.1 

148.1 , 

40.7 

43.6 

18~8·. ' 

'ZO. '7 

00 
m 



Sl.M'1ARYOFOUTPlJf-DATA FOR FIRST-PHASE SOLlJfIONS 

Parameter 
Optimal Ninimum 

Lifetime 
" 

Planned Expected 
Nach./Component ~rodel 

Estimates Q-Sta- Dn-Sta- Replacement 'Daily Cost 
SeleCted 

Of Lifetime tistic tistic Periods Of p.R. 
Hodel ' ( Davs ) Policy(TL ~J 

14DECCO/002 LOGNORMAL ~ ~ ~9 l1tl 0.26 10 ' 635,4 ':;'-.0 

003 WEIBULL 2'~ .w 17.5 ' 1.'15 13 5912,9 ' . / 

017 WEI BULL • 2.3 10.1 1.99 10' 15321,3 
, , 

, 018 WEIBULL 3.4 .40.5 0.611 19 296,6 ' 

" 

, ' 

17U171/001 WEIBULI' 1'.5 6.2 0.514 ' 3 5061 ,1 

002 'LOGNORMAL ' ~ '4 • .J 24.9 0.19 11 366,0 
: 

003 ,LOGNORMAL 7.0 28.8' 0.21 21 2059.4 ' 

006 WEI BULL 3.4 20~3 '0.982 8 17162,2 , , 

", 

008 . WEIBULL , 3 ., . ./ ,21.1 I, 4.85' , ' 14 3509,8 

009 WEIBULL 2.8 25.9 0.436 ,10' • 304,3 

018 ' , WEI BULL 2.~ 32.4 0.444 15 " 436,0 
" 

18U} 721001 - 0.7 D. F. ~'. NO PLANN~ ~-REPLA :EMENT 'APPLI ~ABLE 

002 LOGNORMAL 9.1 0.17 16 " 208,9 

.~ .. 

Reliabili ties 
At Optimal 
P .R~ Periods 

0.96 , 

0.61 

" 0.37 . 
0.93 ' 

0.71 

0.97 

0.89 
" 

0.96 ' 

' 0.81, 

0.,93 , 

0~88 

.. 

0.99 

Total 
Expected 

Replacement 
'Cycles/ '" 

Annum 

28.3 

25.2 

37.8 

15.0 

1.12.7 

25.6 

" 13.6 

• 35.2 

21.1 

28.6' 

, , 19.4 

17.5 
-

J , 
I 
I 

co 

" 



SUMMARY OF OUTPUT-DATA FOR FIRST~PHASE SOLUTIONS 

Parametet: Optimal Hinimum 
Lifetim~' Planned, ' Expected 

!-{ach. /Component !-1odel Estimates Q-Sta- Dn-Sta - Repiacement Daily Cost O'f Lifetime tis tic tistic Selected }1odel Periods' Of P,R. ' 
, , (Davs ) Policy (TL.) 

18U172/003 WEI BUll '8 X C1 lJ 0.753 16, ' 3321,9 3.5 23.7 
,006 WEI BULL '1.8 '9.9 0.451 ,25 105077,8 

, ' 

008 ' , WEIBULL 2.9, 24.5 1.97 16 3412,6 
, 

009 LOGNORMAL 7.2 7.3 45.8 0~21, " 25 94 7 
, " 

018 ' WEIBULL 3.1 35.2 '0.574 17 353,0 

" 

, . 
19NIE1/00l WEIBULL '2.9 9.1. 0.398 4 .U77.8 

002 . LOGNORMAL 6.0 5.6 29.4 0.16 14 . 259',3 

006 WEI BULL 3.8 24.1 1.500 0.19 24 34352,4' . 

008 LOGNORMAL, ' 5.0 7.5 27.7 0.26 16 2274,5 

009 WEIBULL 3.8 27.6 0.317. 13 214,0 , 

018 WEI BULL 3.3 38.9 . ,,0.573 20 . 358,1 . 

: 
" 

20NIE2/001 WEI BULL 2.7 14.5 0.672 7 ' 1233,0 

002 LOGNORMAL 4.0 9.7 32.5 ' 0.13 ' 12 ' 340,5 
- ~ -.--

~, 

Reliabilities 
At, Optimal 

,P.R.Periods 

0.77 

0.01 

0.74 

0.98 

0.90 

0~92 

0.98 

0.37 

0.87 

0.94 

'0.89 

' 0.87 

0.96, 

Total 
Expected 

Replacement 
Cycles/ 

Annum 

' ,,8.6 

29.3 
, 

19.0 

11.2 

16.9 

72.2 

20.1 ' I 

: 

13~6 

18.0 

21.9 

14.4 

4L9 

23.6' 

I 

OJ 
OJ 



Lifetime 
~!ach. /Component Hodel 

Selected 

120NIE2/006 WEI BULL B 
, .' ,.3.,7 

008 LOGNORMAL ,.4.2 

009 LOGNORMAL 4~7 

018 WEI BULL 3.1 

21W211/001 WElBULL 2.3 
. 

002 LOGNORMAL 7.7 

008 LOGNORMAL 6.0 

011 ' WEIBULL 2.4 
,. , 

013 ' LOGNORMAL '5.0 

018 WEI BULL . 2.9 

21W212/001 WEI BULL 2.8 
'I 

002 LOGNORMAL 5.9 

008 ' LOGNORMAL 6.6 
---- - - ----" --. 

,SIJIMA.RY OF OUTPUT-DATA FOR FIRST-PHASE SOLUTIONS 

Parameter 
Optimal' .. Minimum 
Plann.ed . Expected 

Estil!lates Q-Sta- Dn~S:ta-
Replacement Daily Cost Of Lifetime' , tis tic tisdc Periods Of P.R. Nodel 

( Days) Policy (TL.) 
A (J u 1.719 28 30229,8 27.6 

11.2 36.8 0.23 20 ,1888',1 

9.4 33.9 0.21 ,15. 172,1 

35.2 0.414 18, 408,8 

10.3 0.376 4 21,45,1· 

4.2 28.1 0.16 15 ,235,4 

5.1 24.8 0.24 15 3240',2 
.. 

14.5 0.444 1,3, 6380,0 

10.2 47.8, 0.13 . ' , 2J 297,9 
'. 

31.4 . 0.467 14 437,6 

12.3 ' 0.515 5 1622,0 

'5.9 29.5 0.12 13 ' 273,9 

4.7 24.2 0.25 15 3167.9 
----- ------~. 

,. 

Reliabilities 
At . Optitnal 
P.R .Periods· 

0.35 

0.85 

0.96, 

0~88 

0.90 

0.99 

0.90 

0.46 

0.97 

0.91 

0.92 

0.98 

" 0.92 

. Total I 

. Expected I 
I 

Replacement I 
.Cycles/ I 

Annum I 

11.9 i 
14.5 

18.8 

16. 1 

I 

73.4 ' i 

18.7 I 

I 

19.0 ' i 

27.0 

13.4 

20.5 

57.7 

21.6 ' 

18.9 

I' 

co 
~ 



SLfvi<1ARY OF OUTPUT-DATA FOR FIRST-PHASE SOLlJfIONS 

Parameter Optimal, ' Minimum 
Lifetime 

Estimates Q-Sta~ Dn-Sta-
Planned " 'Expected 

:-lach. /Component Hodel 
Of Lifetime,' tistic tistic 

Replacement Daily Cost 
Selected 

Hodel 
Periods Of P.R. 
( Davs ) Policy, (T1.) 

21W212/011 WEIBULL ,R A 0' u 
~ .. 6: 1::S. I ' 0,.419 10, 6358,5 

013 LOGNORMAL 4.0 11.5 44~9 
i ' 
. 0.26 17 384,8 

-

018 WEIBULL 2.6 31.0 OA15 13 490,9 
,-

" 

llHKW9/001 WEI BULL 2.6 8.9 0.954 3 2404,6 

, 003, WEIBULL 3.9 -9.3 0.306 6 7317,8 . 
004 WEI BULL 2.9 • 7.4 0.321 ,6 15732,6 

006 WEIBULL 2.1 9.0 3.07 14' 103825,4 

018 WEIBULL 2~5 25.1 0.355 12 '957,8 

--, 

. 
" , 

, , 

! 
-j 

, ' 

- - -- -~--' -

... 

Reliabilities 
At Optimal 
P.R.Periods' 

0.68 
" 

0'.96' 

0.90 

0.94 

0.83 

0.58 

0.07 

0.86 , 

Total 
Expected 

Replacement 
Cyc~esl 

Annum 

30.8 
16.6 

--

22.3 

96.1 

49.2 

55.1 

32.6 

24.5 

I 
l 

l 

I 

1.0 
o 

'!,-
1. 



APPEND IX ~ IV . 

DATA ... PROCESSING 

• 



Print 
Beta -. D 
ta·.is 

stop· 

- 92 -

FLOW-CHART FOR STATISTICAL ANALYSIS 
.' OF FAILURE DATA AND COST CALCULATIONS 

start 

Calculate 
Shape. 

Parameter 

( <1.0) ( )1.0) 

• 

stop 

Call 
bull 

Subprogr 

Apply 
Gnedenko 
with 'fJ' 
X· = t· 

stop 

~alculate 

c 



. .; 

Calculate 
Weibull 
scale· \ Parameter/J 

Print 
Shape an 

~~fl~ete . 

- 93 ~ . 

Call -Sub":" 
routine 
ANALYZE 
COSTFN 

Stop 

I· 
. j 

f' 

II 



"7 

• • • ~NIVAC 1106 -­

RUNID • TANA 

.. ". ;I"'~ . ;~A"AJ\AA;A .. ' 
TTTTTTTTTTTT '.AAAAAAAAAA NNW NN A'AAAAAAA;~A:" 

TT .:. · .... '"AA :' :~ .:' AA' NNNN' ., 'NN AA AA 
• ' z.-

TT AA AA NNNNN . .~ NN' AA' . AA 
TT,AA , AA NN NNN·':: NN AA AA 
TT AAAAAAAAAAAA NN ·NNN. NN AAAAAAAAAAAA 
Tt AAAAAAAAAAAANN NNN NN AAAAAAA~AAAA 
TT . AA ' AA NN NNN NN AA AA 
TT AA AA NNNNNNNAA AA 
TT AA~A NN NNNN AA AA 
TT AA· AANN NNN AA AA 
TT AA AA NN NN AA AA 

BOGAZICIUNIVERSITESI .KOMPUTER .MERKEZI --ISTANBUL , VER.·33R3/BU~-7 ' 

USER 10 • PART NUMBER .00 '''00 %NPUT DEVICE: • SC6TOl 

:1, .. ': 
.~ 

",':.:) ," , 
~··t.~ 

SITE 

FILE NAME • PRAOOOTANA CREATED AT,: 09:43:41 JUN '23,1981 • '~ PRINTED AT:. 
. . , . . . . 

1234561890123456189012345~7890123456789ri1234567890123456789012345678901234567890123456789012345~789012 
AHUN' E/BRTAN, 111'::'15;'219', TAN' 5, 250 . 

, AASG,A LINPAK*LINpAKI • . 
FAC WARNING '04020nOOOOOo, :. 
AASG,A BU*BUlIB. .' , ., 
FAC WARNING . 040000000200 
4FTN,IS .MAIN 
FrN ·8Rl .0(>/23/81-09:43(,0) 
. 1.' EXTERNAL FX 

2. PARAMETER L=50 
3. INTtGER :Vl,V2' . 

, 4. CHARACTER~12 KOD,KODI 
5. DIMENSION Tct:.> ,XCL),YCl) 'NTY(4) 
6' DATA CNTYU),I=1'4)'/,A",R,',C",D" 
1. EXL=0.95' 

I 

.. 
, 8. ITypE=l ,",\ 

9. CP=1000.0 
10. CKI1=20000.0 
11. CK12=0.0 ," .. " 

. .12.. CF=1000. 0 
~3. lREADC5,101)KOD,N,CTCI),I:l,13) 
14. 101 FORMATCA12,I3,13CF5.0» 
15. IF(N'l~.13)GO TO 2 " 
16. REAOC5'102)(TCI)'I~14'N) 
11. 102 FOHMAT(16F5.0) 
18. 2 REAO(5,103)KOD1'ITYPE,CP,VI'CF,CKI1,OI,CKI2 

g 
~ 
S 
I 

> 

I 

\0 
~ 



19. 
20. 
21. 
22. 
~3. C 
24. C 
25. C 
26. ,,' 
27. 
28. 
29. 
30. 
31. 
32. 

,,33. 
34. 
35. 
36. 

J 

103 FORMAT(AI2~2X'Il'6FlO.O) , 
IF(KOD1.NE.KOD)PRINT*"KOO ERROR"KOD,KODI 
CALL MENNON(T'N'BE~A,IER1 
CALL' EXPTE~(T,N~X'Y'AX'A'B'R'ALFA,AETA) 

I M~CHIN~ SUM~ARY OUTPUT:SECTloN 

WRITE(6,201)KOD,NTY(ITYPE),N,BETA,ALFA 
201' FORMAT(lHl,I/,10X"MACHINE ,I 'COMPONENT "A12" TYPE OF COMPONE 

*NT, "Al'I'10X"NUM~ER OF O~SERVATIONS"I3'1'10X',SHAPE pARAMETER, 
*, FlO. 5, I ,lOX, , SCALE,PARAMETEih, FlO'. 5) , 
'WRI TE (6,202) CP ;,VI ,CF, CKI 1,01', CK 12, 

~02 FORMAT(/il,IOX"COST COEFFICIENTS,',1,10X'17(lH*),1'10X. 
*,P.M ,MATERIAL. LABOUR COST,.T40'F~O.2'~ Tl."1,10X,,P.M DOWNTIME 
*CbST"T40'FlO~2., TL,',/~10X"F.M MATERIAL'8LABOU~COST,'T40,FIO. 
*2" 'TL.; ,1.,10X"F ~"M DOWNTIME COST, 'T4Q,F10.2, 'TL. ,,1, lOX, ' 
*, F. M, DOWN: TIME DAYS, "T40, F6.2, 1.1 OX ,', F. M DAILY DOWNTIME COST " 
*T40,FI0.2" JL.,) , -

I 

I 
I 
" 

, 
I 

\0 
01 



J 

... , 

37 •. _ 
38. 
-39. 
40. 
41. 
42. 
43. 
44. 
45. 
46. 
47. 
48. 
49 •. 
50. 
510 
5'2. 
53. 
54. 
55. 
56. 
57 •. 
50. 
59 •. 
60. 
61. 
62. 
63~ 
64 •. 
65. 
66. 
bTl 
68. 
69. 

C 

C 

C 

c 

IF(lER.EQ.1)GO TO ql 
IF(BET~.GE.EXLrGO Tb 10 
PRINT .,KOD, ,BETA IS LESS :THArJ EXL,BETA=, ,BETA 
GO TO 99 

10 CO'NTINUE. .' 
FIND THE INTERVAL AND TYPE OF DISTRIBUTION 
I~(BETA~GE.EXL.AN6.BETA.LE.l.n)GO TO 40 
IF(BETA.G1~I~n.AND.BETA.LT.4.0)GO TO 50 

60 CONTINUE-' '. '., . . . 
NORMAL DISTRIBUTIO~ 
CALL NORTES~FX,T'N·,tiMAX'TAAR,SDEV) 
GO TO 99. 

50 CONTINUE .' 
. WEIBULL DISTRIBUTION 

CALLWEIBUL (T ,N, BETA, X ,.VI, V2, Q)' 
ALP=0.9 
F1=FISHIN(ALP,Vl,V2,$51) 

~1 . ALP:O • 1: "", 
F2=FISHIN(ALP,Vl,V2,$52) 

52- tONTI NUE 
WRITE(6'203)F2 

203 FOHMAT(/,lOX"FISHER TEST CRITICAL VALUE"F12.~). 
IF (BETA,GT,3.0)GOTO 60 . • 
GO TO. 99 

40 CONTINUE 
EXPONENTIAL DISTRIEJUTION 
GO TO 99 .... . 

91 PRINT .,KOD"NEGATIVE ARGUMENT IN SQRT, 
99 CONTINUE . '. . . 
. CALL ANLYZE(HETA~ALFA'ITYPE'CP,CF'DI,CKIl,CKI2'VI'N'KOD'T) 

GO TO 1 . 
999 STOP 

END 

, I 

U) 

0\ 



'END FTN 
AFTN~IS 
FrN SRI 

.1 
1 
1 
1 

EI'JD FTN 
At:TN,IS 
FJN 8Rl 

1 
1 
1 

100 IUANK 513 DBANK 
• MEtJI~ON 
*06/~3/81-09:~4('Oi 

1 .SUtiROUT I NE MENt JON ('T , N, BET A rI ER ) 
2. DIMENSION T(N) 
j. I EH=O " • 
4. BETA,U,V=O.O 
~). ' DO 10 I=I,tJ 
u. AU~ALOG(TCI» 
7. lJ=U+AD 
8~ , V=V+AD*AD 
9. 10 CONTINUE 

10. AO=CV~U*U/N)*0.609 
11." IF (AD ~-LT .0'.0) GO TO 20' 
12~ AD=SQRT(AD/(N~l» 
13., BETA=l./AD 
14,' RETURN 

• 15. 20 IER=l 
1~. RETURN 
17., ' END 

72 InAN~~2 OBANK 
.NORTES 
*06/23/81-09: 44 t, 0) , 

1. 'SU~ROUTINE NORTES(FX,T,N,DMAX,TOAR,SDEV) 
,2. EXTERNAL' FX 

3',. 
4. 

J 5. 
6 •. 
7. 

, 'B. 
Y. 

10. 
11. 
12. 

DIMENSION T(N) 
SN=r~ 

'CALL MEANCT,N,TBAR) 
CALL STDEVCT,lBAR,N,SDEV) 
DMAX=-1.EI0 
Al="p.O' ' 
DO 10 I=l,N' 
S=I .. 1 ' 
l=(T(I)-TBAR)/SDEV 
M::<z-Al)/O.07 

I 

U) 

'-I 



.L J.':J • 

1 16. 
1 17. 
1 .1B. 

19. 
20. 
21. 
22. 
23. 

, 

. F~= (~+U ISN-F 
OEL=AMA XfCFl,F2) 
IF(OEL.GT.DMAX)OMAX=DEL 

10 CONTINUE . 
WRIT EC 6'101)TBAR'SDEV'DMAX 

101 FORMATCI'20X"NORMALITY T.EST,.,2X" MEAN,'G12.S" ST.DEV"GI2.S, 
*, MAXIM0M D-VALUE"G14~6) 

20RErDRN • 
ENO 

EdO FTN 105 IUAr-.lK 80. DBANK 
AFTN, 1 S .• "1EAlJ 
Ffr~ BKI . • 00/2..5 /8 1-09:44(,0) 

1.. SUtiKOUTINE MEAtJ(X,N,A) 
2. U~M[NSION X(N) 

3. 5=0.0 
4.00 10I=1'N 

1 5. S=S+XCI) . 
16~ .10 CONTINUE· 

7. A=5/N 
8.· RETURr~ 
9. END 

EiJOFTN3B I BANK 13 OBANK 
AFTN, IS .STOEV 
FrN 8Kl *06/23/81-09:44(,0) 

'l.SUUROUTINE STDEVCX,A,N,SD) 
2. DIMENSioN X(N) 
.3., 5=0.0 
4. DO 10 1=1, N 

1 5.. S=S+CXCI):--A)**2 
1 b. . 10 CONTINUE.' .. 

7. SD=SURT(S/N) 
8. ~ETURN 
9. END 

EI~O FTN, 47 IOANK, c"O DBANK 
AFTN,IS .WEIBuL 
FrN 8RI .06/23/~1-09:44(,0) 

1. SUBIWUTIt~E: WEIAUL CT,N,HET!\,X,VbV2,Q) 
2. INTEGER ·Vl,V2 
3. DIMENSION T(N),X{N) 
4.' C 

lO 
()) 



1 

1 
1 

1 
1 

EI~D FTN 
AFTN,IS 
FrN 8R1 

1 
1 

5. 
9. 

10. 
Ih 
12. 
13. 
14. 
15. 
16. 
17. 
lU. 
19. 
20~ . 
21. 
22. 
23. 
24. 
25. 
20'. 
27. 

10 

->4 - I~.' 1\,L-I, •• Ut:..lAl 

00 10 I = I,N 
XCI) = T(I) •• OETA 

L = (N+!> 1 2 
DO 20 I = 2,L 
si = S1 + (N-I.I). * (X(I) ~ ~(I-l) 

20 CONTINUE 
Ll =. L + 1. 
DO ·30 1 = Ll~N . 
52 = S2 + (I~~ I + 1) • (X (I) - X (I-1) 

30 CONTINUE 
51=.SI 1 L 
S2 = S2 I. ~N~L) 
Vl=L 
V2=N-L 
Q = S1/S2 , 
WRITE(~'101)Vl'V2'Q.' . 

101 FOHMAT(/,20X"GNEDENKO TEST',4X" DEGREE OF FREEDOM(1')"I3 
.~5Xi'DEGREE OF FREEDOM(2)"13'/~2riX', Q _ VA~UE',F12.8) . 
RErU~I~ . 
ENU 

143 IBANK 71PBANK 
.EXPTES· 
*06/23/81-09:44(,'0) '. . 

1. 'SU~ROUTINE EXPTES(T,N,X,Y,AX,A,O,R,ALFA'UETA) 
2. 
3. 
4. 
5. 

J 6. 
7. 
8. 
9~ 

lO. 
11. 
12. 
13. 

) 

C 
C 
C 
C. 
C 

DIMENSION T(N).X(N},Y(N) . , 
T(I): ORDERED 
AX: X INTERCEPT 
A: Y INTERCEPT . 
B: SLOPE 
ALFA:' PARAMETER6F EXP DISTRIBUTION 
SUM=O~O . 
00 20 l=l,N 
X (1) =ALOG (T (I) ) 

20 SUM=SUM+X(I) 
ST=SUM/N 

- ST=St-0.577.(I./BETA) 

'. 

I 

1.0 
1.0 



.Ltt. 

l~. 
16. 

ALFA=EXP(ST) 
RETURN' . 
ENO 

EI'JD FTN 75 IBAN'K :~1. DBANK. 
AFTN~IS .ANLYZE 
F1N 8Rl *06/23/81-09:45(,0) 

1 
'I 
1 
1 

1 
1 
1 
1 
1 
1 J' 
'1 

1. 
2. 
J •. 
4. 
5. 

'0. 

7. 
8 •. 
9. 

10. 
11. 
12. 
13. 
1'4. 
15. 
16. 
17 .. 
18. 

19. 
20. 
21. 
22 •. 
23. 
24~ 

25. 
26. 
27. 
2u. 
29. 
30. 
31. 

C 

SUBROUTINEANLYZECHETA,ALFA'ITYPE,CP,CF,DI,CKIl,CKI2,VI,tl,KOD,T) 
CHARACTER*I!' KOD . ' .' 
DIMENSION T(N) ,'X(100),Y(100) 

. IJI<=1 
IF(BETA.G.Eitl.0.AND.BETA.LE.4.0)IJK=1 
CMIN=9.E18·· .' . 
LIMIT=T(N)+l 
RSUM=O.O 
WRITE(6,101)KOD _ 

101 FORMAT(/,2X"/T(l)"4X,,MACHINE /COMPOtJENT"2X,A12'/,5X,,NO •. OF C 
.YCLES"5x,,EXPECTED CYCLE COST (TL~,,5Xi'EXPECiED CYCLE TIME (nAYS 
.) , , 5X, , EXPECTEDAVG .COST /DAY, , 3X, , R(T (1) h , I, 5X, i4 (lH*', 5X, 24 (IH*) 
., 5x, 26 (IH*h5X, 21 ClH*",3x,A C Iff*) /) . . . 

DO 10I=1~LIMI~' . 
, .1=1 

. .,·XCl)::J 
'R=REL'(BETA,ALFA'IJK,J) .'. , 

' 102 

10 

103 

20 

CALLCOsTFN(CP,CF,DI,CKil,CKI2,VI,RsUM,R'COsT,ITYPE,ECC,ECT) . '. .. ' .. 

YCI)=COST 
AOC=2BO/ECT . 
WRITE(6'~02)J,AOC'ECC'ECT,C05T'R . 
FORMAT(lX,I3,5X,F6.2'15X,F12.2'21X,F6.2,20XrF12.2,7X,F8.6) 
PRINT INTERMEDIATE RESULTS . 

. IF((OST.LT~CMIN)CMIN=COST 
CONJINut' 
WRITE(6,103)CMIN 
FOHMAT(//,10X,~MINIMUM AVERAGE .COST/DAY "F12.2., TL." 
IFCLIMIT.GE.l)GO TO 20 
CALL GRAPH4(B.0,8.0,LlMIT,X,Y) 
RETURfJ 
END 

-o 
o 



1. 
2. 

· -- SUBR6uT'INE COSTFN(CP,CF'DI,CKll,CKI2,VI,RSUM'R~COST'ITYP~'ECC,ECT) 
RSUM~RSUM+R 

3. 
'4. 
5. 
O. 
7. 
8. 
9. 

10. 
11. 
12. 
13. 
14. 
'15. 
16. 
17. 
lB. 
19. 
20,. 
21. 
22. 
23. 
24. 
2~. 
26. 
27. 

'r:'ln 

GO TO (l~'26~30'4n)'ITYPE' 
10 B=CKI1+CF 

ECC~CP*R+B*(1.0~R) 
ECT=RSUM 
C05T=ECC/ECT 
RETURN 

ao B=VI+CP 
C=CKll+CF 
ECC=B*R+C*{liO-R) 
ECT=RSUM ' . ' , 
CO~T=ECC/ECT 
RETURN 

30 U~CKI2*DI+CF 
C=UI*(l.0-R) 
ECC=CP*R+~*(l~O-R) . 

'ECT=RSUM+C ' 
'COST=ECC/ECT 

, RETURN 
40 B~VI+CP" 

C:bI*CK12+CF 
D=Dr*(1.0-R) 
ECC=B*R+C'(1.0-R) 
ECT~RSUM+D 
CO~T=ECC/ECT 
RETURN 
C'tdr, 

EI'-JD FTN 95 IBANK 12 DBANK 
AFTN,lS .REL , 
FrN 8Rl *06/23/81-09:45,(,,0) 

1"FUNCTION,REL(UETA,ALFA,IJK,J) 
2. ,GO ,TO (10,20) rIJK 
3. 10 B=J/ALFA 
4. C=l.O 
5. IF(B.EQ.O.OlGO TO 11 

J 6. B=~**OETA ' 
7. C=EXP(B) 
8.C=1.0/C 
9. , '11 REL=C 

10. RETURN " 
11. 20 CONTINUE, 

• 

...... 
a ...... 



E,~D FTN 
. AFTN.IS 
FIN 8R1 

12. 
13. 
14. 

REL=1.0 
RETURN 
END 

40 IBANK13 DBANK 
~FX ' 

'.06/23/81-09: 45( .0) 
1.' FUNCTLON FX(X};It 
2~ 'FX='(1./SQRT(2~3.14159»*EXP(-X*X/2.) 
3. RETURN 
4. END 

Ei JD FTN 24. IHANK 14. DBANK 
A,Y1AP. I. • • MA I I~ 
MAP 30Ri 574T11 06/23/81 09:45:21 

AUDRESSLIMITS . 001000 005677 
040000,047150 

STARTING ADD~ESS 005534: 

SEGM~_NT $MAI tJ$ 

2496' IUANK WORDS DtCIMAL 
3689 DUANK WORDS DECIMAL 

001000 005677 .,040000 047150 

A~INCOS$/MATH 

MbPKT$ 

$(1) 001'000 001215 $(2) 040000 040027 

ASINCOS$IMAJH 

M.bPKT$ 
F ~RTRN$ . 
OVERFL,'J)IFORFTN. 
CHOPN 
F~TABX 
F~FCA 
FuRCOM'J)/FORFTN 
F~CLOSE 
Ct:.RU$ 
P,.10'LCOM (COMMOIJBLOCK) 
F~CON 

$(037)' INFO-Ol0~LC 

$ (1) 
$(037) 

$ (1) 

$(,1> 

001000 001215 
INFO-OIO-LC 

001216001246 

001247 001300 

$(034) MOERO$ 
$(Z}_~ __ 0900~D_0~~041 

$(2) 
$(034) 
$(2) 
~(2) 

$(4) 
$(2) 
$~O) 

$(2) 
$(0) 

$(2) 

04000'0 04(j027 
MOERO$ 

.040030 040041 
. 040 042040043 

040044 040246 
040247,040560 

. 0405~1 '040565 
(}4056b 040573 
0,40574 040576 

040577 040577 
040600 042454 . 

fI.. {n .... , l.1nC'nn .. · ' 

-" 
o 
N 



.jI \,C:: , u"tC:l"t:l U'+~U'+b 
F~INIT $(2) 043047 043226 
F2ACTIV$/FOHFTN . $(1) 001404 001417 $(2) 043227 04323t 

. $ (3) 001420 001433 
$ (5)· . 001434 001434 

C,IACT $.( 0) 043232·043270 
CrlCNE. $(0) 043271 043415 
E.x.P$/MATH $(1) 001435 .001525 $(2) 043416 043437 

$ (0.37) INFO-010-LC .$ (034) 'MOERO$ 
SJRT$/MATH $(1) 001526001561 $(2) 043440 043452 

.$ (037·) INFO"OI0-LC $(034) .MOERO$ 
F~CDCD$ , $(2) 043453 043520 
XpRR$/MATH $·(1) . 001570001714' $(2) 043521 043575' 

$(037.) INFO-OIO-LC '$ (034) MOERO$ 
XpRI$/MATH $ (1) 001715002061 $(2) 043516 043603 

$(037) ItJFO-010~LC $(034) MOERO$. 
EKU$/SYS14Rl 

F~EXIT $(2) 043604 043631 --' 
. F ~IOEIH a 

w 
M~ERD$(COMMONHLOC~) . 043640 043643 
AL.:.OG$/MATH $ (1) 002062 002205 $(2) 043644 043712, 

$ (037) INFO~OI0-LC $(034) MOEHO$ 
F!SH $( 1) 002206 002535 $(0) 043713 04.3722 

$ (4) 04'3723 043737 
$(6) 043740 043752 
~'( n,~) n4'7C;" n4,,7'\" 

$ (012) '044753 044755 
REL $(1) 004162 004231 $(0) 044756 044757 

$ (4), .' 044160 04476'4 
$(6) '044765 044771 
$(012) 044i72 044772 

CUSTFN. $(,1> 004232 004370 $(0) 044173 044775, 
J . $ (4) 044176 045004 

$ (·6) 04500S 045005 
$( 0 1,2) 045006 045006 

~,~LYZE $ (1) '004371 004573 $(0) '04 5007 045331 
$ (II ) . 045332 04~)533 
,,( () ) 045!>3 1+ (j1'!>~)b4 
"(012) . 04556~ 045~7~ 

E}(.PTES ,,( 1> 004574 004706 $(0) 045573 04551~ 
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