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ABSTRACT

In all service organizations, both prevenlive and breakdown maintenance are carricd
out 1o keep the system in operating condition and to reduce the downtirne as minimum
as possible. The frequent complain of mamienance ofgarization is sparc paris shorlage.
So there is a tendency to sock spares in excess amount Bul this intern incurs
substantial capital cosl. The excess invenlory alzo increases the mventory carrying cost.
Om the other hand shortage of spare pars causes production delay in marmfacturing
organizations and less svailability of the csseniial equipmeni i service organiZzatiom
resuling m loss of profit and repulation.

Dhiesel Electric Lotomotives are used in Bangladesh Railway as motive power m Tram
operation. These Locomotives are to be property maintained (o atiain highest level of
reliability n train operation. The system of maintenance of Railway Locamoines has
been developed from years of experience. Prosent system determines the quantity of
different components to be stocked on the bagis of average annnal consumption of
sparcs for schedule and breakdown maindengnce. The method cwrenlly being waed to
delermine the quantity scems 10 be unscientilic as it does not take mio consideration the
different parameters of imentory and maintenance, Existing method ignores the

mporiant rade-off that exists between imvenlary and mainienance.



In this project work, an ordering policy (S, s) is developed by comsidering both
imventory and maintenance related costs logether where S is the maximum invenlory
Jevel and s is the re-order level. A simulation model has been developed o determine
(S, s) for the proposed system. Various corbinations of S & s can be determined
from the model. The combination of variables for which the expected total cost per

it time i3 minioum for a given sel of parameters is the optimum.

Cost inputs of the mode] arc different costs of Invenlory & Mainienance such as unit

cost of the component, order cost, holding cost, shorlage cost and replacement cost ete.

for a panticular component. The model can be used in carrying oul sensitvvity analysis

of different parameters.



CHAPTER ONE

Introduction

¢ Introduction
e Scope of the Present work

¢ Objective of the Present work
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organizations, The main objectives of maintrmance arc

b)

ensure maximum availability of the plant and equipment by reducing faihro
lo minimum.

ensure operational readiness of all cquipment and thus assure the optimum
availability of installed equipment for production or service and obtain the
maxiTum possible retum on investment

mcreass the uscful life of assets.

ensure the safcty of the personnel.

reduce the expenditare on mamtenince material and labor.



Today maintcnance organization mresses on the cosi and service optimality and the
micgration of maintenance activittes wilth other major department aciivitics. Inventory &
nmaininimce management are two importand rms o indusinial jargon, each
complementing the other and both serving towarda achicving a cost and service optimal
industrial emvronment The present work is imtended to investigate the influence of

different parameters on total cost of both mamtrnance and imventory.

1.2  Scope of the presemt work

Operating items can be roplaced either individually or in a group. Block replacement is a
preventive maintenance scheme where a group of identical iloms is replaced after certain
inlerval of time. This policy is widely acclaimed Ww be most cosl and service effective policy

for large mmmber of low/medium coet ilems or where system downtime is very critical.

In this research work, a study has been carried ow on the imventory and mainienance policy
af Diese] Ekectric Locomotives used in Bangladesh Railway, Diese] Electric Locomotives
mu&udmmn&\tpnwninmumﬁmmmlmumnﬁ\ummh;:muiﬂed
properly to emsure maximum reliability of the system. The system of mamtenance aof
Railtway Locomotives has been built up from years of experisnce. For Dicsel Electric
Locomolives, different types of Inspections along with the standard time for their

completion have beem shown below:-



Type of Inspectlon

C

D
E

1

All these schedules are progressive schedules. I means that during the tme of E' type
mspection, ‘C' and ‘T types are also carried out For cach inspection, there is a standard
schedule of works o be done, These schedules have been prepared laking into

comsideration the manufacturer'y recommendation and arc subject 1o revision from time 1o

Interval

Every 30 days
Every 90 days
Every 180 days
Every 365 days
Every 1095 days

Every 2190 daya

time on the basis of expericnce gamed.

Starcs Department in Bangladesh Railway in responsible for the Inmventory control, This

department determines

- the re-order lovel of individnal ftem,

- number af orders 40 be placed per year,

-cost for the total imentory.

Standard comp,Ume
& hr...75 dayn

8 ho/t day

16 hr./2 dayn

20 hr./10 dayn

168 hr./21 days

360 hr./45 days



This Department is also respansible for timely supply of maintenapce materials for both
preventive and breakdown mainicnance and for keeping all recards releicd to Inventory.
Figure 1.2 shows procurement process af Dicsel spares required for (he maintenance of

Dresel Electne Locomotives.

Store Depat |2 o [ty R Fam
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Figore 1.2, Procurement Process
Mechanical depariment is responsible for repair, maintenance and operation of Disscl
Electric Imaﬁm%mﬁﬁueﬂmﬁmfmpﬂfamﬁignpmiﬁslmm
tagks, Each scction performs jobs in co-ordination with other sections for timely
completion of maintenance wark. Necessary spares arc drawn by (he respective sections
from (he siores department by subrnitting requisition against specific maintenance work.
Individual section reports 1o the work manager af the respective workshop on maierials

msed, cost of materials, labor and the time taken W complete a type of Inspection.



Presently investlory and maintenance problems are canzidered almost independently. This
study zims af addressing both the sbove problems cimultancomly and developing a
comprehensive model which will optimize the entire systemw. By optimization of Inventory
& Maintenance policy, totl mamtenance cost can be considerably reduced, yot maintaining

the same product quality.

1.3  Objective of the present work

The olbyectives of the present work under the context of what has been discussed above are

defmed as follown:-

1. To study the current Imventory and Maintenance Policy of Bangladeah Rudlway
Locomptive .

2. To develop an (8,s) simulation mode] to caloulate the maximum imventory level(S)
and the reorder level(s) so that tolal cost of mventory and maintenance becomes
minipum.

3. To camry cut the sensitivity analysis on varicus cost componenis relaied o mmventory
and matnienance such as ordering cost, holding cosl, shortage cost, failure replace-

menl cost and preventive replacemeni cost



CHAPTER TWO

Literature and Background Study

» [Introduction

+ Different Maintenance System
¢ Maintenance Management

¢ Inventory for Maintenance

Joint Inventory and Maintenance Policy



2.1 Introduction

Intense competition together with a rapidly advancing technology has brought about
many changes in the pattern and outlook of companicy’ policies, Modem plant and
cquipment are very expensive demanding igh quabity of maintenance. So it is essantial
for the companies 1o keep the machine downtimo as low as possible. This recognized
the importance of mairdcnance & imventory functiom This chapier presents a brief
discussion on mainicnance, imveniory, maminance managemenl, inventory for

maintenance and joint inverlory & maintenance policy.

22  Dilferent Malntenance Systems

Maintenance is developad in relation to the management functions such as  finance,
labour management, development, procurcment and sales in order o secure good

performance of elements comprixing the system.

1.2.1 Total Producllve Maintenance ( TPM)

Tolal Productive Manitnance (TPM) was developed in Japan. This syslem was
announced by the automobile parts manufacturer Nippon Demnso in 1971 as an
equipment mamtenance method in which everyonc parficipates in  voluntary
maintenance. In this way (he expression “Total” in TPM perhaps meant the full
participation of the expanding maintenance organization. Confrary W the specialist
mainlemnﬂe,ithafnrminwmnhﬂmupuﬂnmnflhumdcpmm

L]



participate. However, with the motto, "Frotect your own equipmern by your own
hmds" a revohrtionary changr was made so that the operating department would
condust as much maintenance work as possible as gymbalized by the expressions, " you
are the people who ropair the equipment, we arc the people who opemaic the

equipmen”.

2.2.2 Types of Mainicnance

The main(enance policics can be classified into following three categories:-
al  Bregkdown Maintenance (RDM) Palicy :
Machine and equipment can be operaied until they fail and then repaired. This
obviously c¢rude mrihod of maintenance is very cxpengive in terms of lost
production and machinery destruction. BDM is the best maintensnce policy only

when machinery is inexpensive and spare machinsry can lake ower resuling m no

loss of production.

b)  Time Based Preventive Maintenance(TBM) :

In TBM (Conventfiomal Preventive Mainicnance) Policy, a plant or machinery is

withdrawn from service at constant intervals for repair, These inlervals are vsually

determined statistically,



¢} Condition Based Maintenance(CEM)} policy :

In "CBM" policy mainienancs is carricd out i response o 4 deterioration m a
machine or equipment as indicaled by a change of the monitored parameter of the

machine or equipment conditions.

The mosl csscotial requirement is machine conditiom diagnosis echaology W
measure and analyre (he parameters such as vibration or sound that refleci the
machine condition, so that detectable changes m the pammetcr can pive sufficienl
advance waming for appropriate maintensnce action o be taken In the CBM
policy each machine is considered individually by making fixed imierval condition
checka to obtain a quanbiative value of the “heatth™ of the machine. So m CBM
policy, maintcnance service is only allowed when measured paramcters show il Lo be
necessary. Condition checks mvolves laking routine messwements and comparing
them with maximum accepiable levels. Roughly speaking, by adoping the CBM
policy, statistical elements in failure prediction can be elimmnated and the life of the
machine can be exiended. The machine condition ahould be mcasured o fixed
imdervals, and maintenance service should be executed only i case of abnormalitica
found in measured valoes. In case the measured valucs show oo abnormalifics, no
maintenance service should be excculed. The basic policy of CBM i o lnave the

smoothly running machine unmouched

10



2.2.3 Breakdown

According to Japan Industrial gtandards a failure or hreakdown is the loes of epecified
function in 2 cerigin object (¢.g. Sysiem, machine Parts). Breakdown is divided in the

two categories: fiunction loss breakdowns & function Lass reduction breakdowns.

Function loss Breakdown:

For mosi people the tenn hreakdown means 2 sudden dramstic failure m which the
equipment stops completely. Such unexpected breakdowns are cloarty hosses becausc
production it stopped. This i3 called a function loss breakdown or a broakdown in

which all functirmmg equipment slop.

Function Reduction Breakdown:

Deterioratinn (nol filure) of equipment causes other losses even when the equipment
can stll operate . Long sctirp , adjustmem times, frequent idfing and mimor stoppage,
reduced mamifacturing epecd and cycle times & increased defectn i process and
dusing slari-up are all possiblc losscs of this type. Problems relaied o doterioration are
considered funclion reduction breakdowns or breakdowns resulting in various losses
{defects, minor losses stoppages cic.). They are cansed by deterioration in specific parts
of the equipment and are comsidered less scrious than function Ioss breakdowns.
Generally, People tend (o ignore function reduction breakdowns, though in many cascs,
fimction reduction breakdowns account for the largest proportion of overall equipment

lonses.

11



2.3 Mainienance Management

Modem plant and equipment require heavy capital expenditure, making downtime
extremely costly. To ensurc maximum plant svailability and rclishility, mainicnance
magmuﬁmdnnnuulmmmbcd:whpedmdingly.hhimmuh
expected o be carefully plamed in conjunction with production requirements and
schedules so that it causes lhe minimum disturbances and loss  of production New
prnducmmhdngdmmlopedmnﬁnmudyudmchniqm,mmmd
methods are being updated time to time. Therefore, &mahﬂmmoﬂlmﬂmgmm
science has been continuously updared to keep pace with advancement of production
technology.

2.3.1 Maintenance Organiration and Control

Mazntenance organization may be centralized or dispersed, vertical divisiom or
horizontal division, with detail description of relation among depariments, allotment of
personnel, machinery measurernen ete. For proper management and conirol following 1
points arc be considered.

Ferformance Analysis:

Grasping of current performance, clarification of present and future performance

requiremenis, performance standards.

12



Trouble Analysis:
Anal}thufﬂumnfuuuhlﬁ,{dah’sandmnul)mﬁsﬁcﬂambﬁsufmhb.
mean time between falure (MTBF), temporary coumicr measred and basic

Sounlermeasares.

Study of Improvement:
Production improvement ,maintenance improvements ,budget, reliability, maintenance

case, atomation of mainicnance Work.

Standard:
Preparation and mamichance of standards and guideline sheets, maintenance slandards,

inspection standards ,service standarda repairing cyole, checkhist, parts standards.

Advancement of standardization.

Standardization of paris, materials, works, jigs, tools, procedurcs and terms.

Werk Plan:
lmgmrmmdahmmmmﬁonlﬂm,ﬁmﬁm,adjmﬁm
h:hlicaﬁmmpah‘ing,rﬂphwmmhhuprmmuplm,pmmnhﬂwphn,nmﬂﬁnl

preparation, adjustment of shutdown perind.

13



Work fnstructions.

Allocation of work both imternally and externally, progress control, grasping of resulrs.

Work Contral:
Utlization rate  of works, reduction of wiiting time, person-hour conirol, tool cantrol,

standard tims control, warker fraining, ducation ,safety control, eivironmental comirol,

Material control:
selection of conirol sysem, puchase plan, order control, acceptance, etorage,
shipment, imventory, mventory contral, standardization and specifications

2.4  Invenlory Maintenance

An imventory problem cxisis when it s nccessary fo stock physical goods or
commodities for the purpose of satisfyimg demand over a specified tme borizon,
Almost every busimess muat siock goods to enmme emooth and officiend nmning of its
operation. Decisions regarding how tmuch and when to order are typical of every
imventory problem. The required demand may be satisfied by stocking once for  the
mﬁmﬁmahnﬁzmmbyﬁmﬁngmmb'fmmﬁrmnfﬂuhmimmtwo
cases correspond to overstocking and under stocking,

An ovemtock rcquires higher imvestmen! capilal per vnit tme but less frequent

ocoumrences of shorlages and placement of orders. An under stocked, on the other

14



hand, decreases the imvestment capital per unil ime but increases the freqouency of
mdcﬁngasw:ﬂuﬂeﬁukufmhgnﬂofmnammmaimﬁmm
coslly. Decisions regarding the quantity ordercd and the time at which it is ordered
nuybcbmdmmﬂnﬁnﬁzﬁzaﬁnnufmappmpﬁucmﬂmnﬁnnﬂmtbﬂmwﬂﬂu
total costs resulting from overswocking and under stocking.
Spare parts stocking and control arc necessary to fulfill following threa objectives:
1. To pramoic increased equipmens relisbility and extend cquipment Jife tmes
throngh purchase , fabrication and storage of sparc parts.
2. To ensure that necessery spare parts available whenever needed and thus
minimized plarmed maintenance down tims and production stoppage doc
o breakdowns.

3. To reduce imventories ordering and acceptance costs and elorage cost
2.4.1 A Generalized Inventory Model

mmderqumﬂtymdmcrd:rpnmtmmunydcmmﬂmdbymhﬁuizingdmm
imverory cost thal can be exprenscd 83 a fimction of these two varables. We can
summarize the total cost of a general inveniory mode! as a function of its principal
componenis in the following manncr:

Total
( imveniory cost)= ( Malcrials Cost) + ( ordering cost)+ (holding cost)+(shortage cosl )
The material cost becomes an important factor when the commodity unit price

hecmdepudmtmﬂmsiznufﬂmurdcnﬁ&ssimﬁmisnnmnﬂymmcdh

15
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terms of a quantify discount or a price break, wheve the unil price of the itom decreases
with the increase of ordered quantity, The ordering cout represents the fixed charge
'mcunwdwhmanmdaisphwdlhm,mﬂﬁsfyﬂmdﬂmndfuragi\mﬁmepuiod.
the (more frequeni) ordering of smaller quantitics will result in a higher sctup coet
during the period than if the demand is satisfied by placing lerger (and hence less
ﬂequcnl]mdm.ﬂwhnhﬁngmsﬁwhinhmprmmﬁlhﬂmﬁuufmninghmmh
stock e.g., interest on imvesicd capital, storage, handling, depreciation, and
maintenance, normmally increases with the level of imvenlory. Finally, the shortage cost is
apmallyhnmudwhenwenmuutofstncknfanwdadcummodity.Ilgcnm'all}'

includes costs due to loss of customer's goodwill as well as potential loss in mcame.

2.5  Ordering Method

Method of ordering spare paris can be broadly classified into individual orders and
permanent siock method. Individual orders are for parts that ardered only as they src
needed. Permanent stock is material kept on hand confimuously and permanent stock
methods restocks sutomatically whenever designated quantities for such parts drop
below ceriain invenlory level. Permanent stock methods arc cither based on a fixed
quantity ar a fixed period, depending on the method of stocking. Other now methoda
of replenishing permanent stock include the partial delivery and deposit sysiem, which
arc armanged through special contracts with suppliers. These new eystem zinplify
ordering, delivery, storage and administrative proccdures. Figure 2.6 shows various

ordening methods.

16



Individual Order

Permanent Stock systam ;ﬁm
= Order point mcthod(Pasic purchazing method)
Diouble bin method
(Order point & order quantity are equal)
Packagng method
{Simplifics Administration}
Batch issue method
{Issuc parts in baiches and etore om site)
Fixed Petiod (Check stock at fixed iniervals and issuc order.
Order method | Order quantity varies)
Fixed Number | (Reorder quantity used cach time, Stock
Order method  { level conslant)
Special Contact
with Suppliers
Partial delivery (Check stock contiruoualy and rooeive

method based on | deliverics in amall batches)
hanit price contract

Beposit System

{(Vendors deposit panis in warshouse.

Purchaser only pay for parts uscd)

Fig_ 2.5 Ordering methods

17



2.6  Joint Malntenance and Invenlory policy

The firsi age based replacement policy was mathematically formulated by Bardow and
Proschan [1] assuming thel an unlmited mmnbear of spares units sre mmediarcly
available when replacement is needed. For real time situation this is not a judicious
assumption. Lead tme, replacement tme along with ondering palicy have to be
incorporated m ithe original model Thomas & Oaalki [2} developed an ordering palicy
for a single operating jlem considering consumt lead time for spare delivery which can

be surmmuarized as follows:

Lzt an jtem siart working at tme zere, If thal jlem does not fail upto 2 pro-specified
ordering lime I, ,an order for replacement is made al I, and the delivered sparo is
replaced immediatcly when it amives, imrespective of the condition of (he original iem
On the other hand if the ftem fails before the ordering time t,, an mmedixte order is
placed and the delivered spare is replaced immediately when #t arrives .Once spare is
replaced, the cycle is repeated for an infinite bme span. The cycle can be defined from
the time that a delivered sparc starts working to the time at which the next delivered
spare starts working. Optimum ordering palicy was determined by minimizing the cost
function for each cycle.

Osaliel al developed a generalized form of the model considening no repair or
minimal repair of the operating itexn, His policy may be stated as:
an order for a spare unit is placed al a specified tire 1, and on delivery afier a constant

lead time 1, the spare in kept in stock upto another specified time t; (~,t;+ L) When

18



menperaﬂngurﬁtfnﬂshcfml,aspammﬁiismdnudinmcdiml}'.whm&n
nperaﬁngmﬁtﬁlﬂsberwmntu+Lmdthilhrcphwdhyﬂ1emmﬂhm'I'h::
joinily optimal ordering time t*, (O < t*,< aj and replacement tme t, (t, + L} arc
determined by minimizing the expecied total imrventory costs per unit time. This model
was developed assuming constant lead Gme. Park and Park[3] developed 2 model with

varable lead time.,

Al the above modecls aimed at the detcrmination of an optimal ordering policy
considering imventory function onty. They take failure pattern of the operating ilem mio
agcount only 10 delermine the order placemenr petiod and no consideration was given

to the com af the ilem related to mamtenance,

The mainienance related cost of the ilem is rcasonably high and thons can not be
ignored in real time sifuations, Kabir and Olayan {4] indicated the complexity m
developing a mathematical model that incorparates the maintenance related costs .They
developed an (S. s. T) simulation model, where 8 is the maximam imventory lovel, s is
the re-crder level and T is the proventive replacement period. This model considered
continuous review mwventory policy with individual preventive mamtenance of the
operating ilem. This policy can be described as: an order of (5-4) spare umits will be
phmdwhmﬁnhumﬂnﬁlaﬂfﬂth.Thﬂupﬁaﬁngunﬂnﬂhprmﬁwly
replaced after interval T provided a spare is available. If the opcrating unit fails befors

T, it will be replaced as scon a8 the spare is available. The arder lead ftime is considered

19



to be randomly distribmed Optimal valies of the decision variablo (8, 8, T) arc
determined by minimizing the expected total cost per unit time, where cost components
mclude both mamicnance and imventory related costs. The cost formulation of the

rooddel 5 as follows:

i} Ordertng cost occurs at a unit replacement if the mmventory level is equal to or
below the reerder level.

i) Shortage cost for a unit is incurred over the length of time for which a failure
replacemeni is delayed due to unavailability or late arrival of stocks.

ifi) Holding cost is compuicd for each spare untt individually and over the tme it s
held

) Replacement cost for unit is according to the type of replacement.

The resuli obtained by Kabir & Olayan are very much impressive in terms of cost
effectiveness, when compared to Bardow and Proschan age replacement pohcy
supporiad by optimal (S, s) policy. However, the model did not consider replacement
time and also the tolal system consisted of gingle or few itemm. But In real time
eifuations, mamy flema are to be replaced, 5o hlock replacement palicy must prove more
cost cffective,

Acharyael [5] developed a mathematical mode] tha considered block replacement af
operating iteps for the first tme with periodic review of spares inventory. They
assumed that the ordening for replenishment of replacement spare is done at preventive

replacement instants only,
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CHAPTER THREE

Inventory and Maintenance Policy of Railway

s Introduction
¢ Inventory Pdlicy of Bangladesh Railway

¢ Maintenance System of Diesel Electric Locomotive



3.1 Introduction

This chapter deals with the prescnt maintenance and imantory system of Bangladesh

Railway. This is mainly confined to maintenumce and inventory of Dicsel Electric
Locamotives, Store Department is mainly responsible for supplying materials to various
Departmerd of Bangladesh Railway and Mechanical Department is responsible for the
maintenance of Locomotives, Rolling Stocks , Machines and equipment ctc. The first

part of this chapler deals with the imventory system and the second part with the

maintznance system of Dicsel Electic Locomotive, The Organogram of Director

General of Bangladesh Railway is shown below upio two stages.
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3.2.1 Procurement of Slore Materials:

Store department procures maierials required for vanious depariments of Bangladesh
Railway. The main objectrves are to ensure

« quality of the malcrial

- oplimum quantity Lo be procured,

- amely delivery of materials 1o the wark ceniem,

= tmely procurement of materials and

= the mosl economic price in negotiated.
A.2.2. Sloring and Stock Comtrol:

The first part iy concemned with supervision, identification and storing of material in a
eafe and pood condition. It protects against pilferage, damage and obsolescence. The
sccand part is concerned with movement of goods mto and out of stores and the levels

of stocks al all times,
3.3  Malotenance System of Diesel Electric (DE) Locomotive:

Diesel Electric Locomotives are used in Bangladesh Railway as motive force in Train
operation. A Dicsel Eleciric Locomotive consists of one or more Diesel Engines
operaled from aipgle control Engine drives a main Generator and supplies eleciric

curren! to traction modors geared to the axies. Different Elecmical equipment and



control devices are uagd to trangmit the power developed by the dicsel engine to the

Locamolive driving wheel

The main comporients of D. E. Locaomotive are !
s Dhcscl Engine
s Air compresaor
+ Vacum Exhausior
s Mam Generalor
o Traction Motors
's# Driver's Control Sation
¢ Eleciical Cabined
¢ Auniliary Generalor
» Storage Batieries

s Trucks

Besidea, Locomotives have mamy safety devices insualled to prowect the engme,
electrical equipmend and brake equpment. These safety devices protect the equipment
from damage by auiomatic shutdown or give indication of the fanlty operation.

The complete and systematic mspection of Dizsel Electric Locomotive is of paramouirt

importance for ensuring proper perfarmance. The periodic mapection schedules have

been set up, adherence to which will result m standardization of mamtenance, and
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provide the necessary information for correct repair and the efficient operation of each

unit.

Adjustments are not necessarily required at cach inspection, but as examination is not a
long procedure, the important components musi be mspecied regularly. Any peculiariey
in sound or appearance of ary moving parts musi be carcfully imvestigated and any
abnormal condition 1o be comrected without delay. The faulty operation of amy part may

affect others and will eventually cause failure and posaible serious damage,

Instruction Books, Mamntenance and Instruction Mammals, Service Manual, gwners
manuvals and other manufacturers service and mamienance publications are used as
guide line for mainlenance. However , changes or revisions to these books or manual

may be issued from tme to time.

3.3.1 Planning and Scheduling of Dies¢l Electric Locomotive:

The intervals afier which 4 Diesel Electric Locomotive will be Overhauled is based on
the periods established for scheduled mainlenance inspections as follows:

Iriesel Electric Locomotives are normally scheduled for performance of a maintenance
event every 30 days and will undergn a General overhaul (GOH) every 6 (&ix) years an

completion of the preventive maintenance inspection cycle fllustraled in tahles [ and IT
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Table I - Diesel Electric Scheduled Inspection Interval

Inspection Interval Time

Type Standard

C Every 30 Days 6 Hms. /.75 Day

D Every 90 Days 8 Hrs. / 1 Day

E Fvery 180 Days 16 Hrs. / 2 Days

F Every 365 Days 80 Hrs. / 10 Days

G Every 1095 Days 168 Hru. / 21 Days

GOH Ewery 2190 Days 360 His / 45 Daya

Tabie Ii- Diesel Electric Scheduled Inspection cycle
Months # ! 2 3 4 5 6 7 8 & 10 11 12
Insp. Tvpe € C D & CE C C D C C F
Month # 13 14 15 16 178 19 20 21 22 23 4
Ip. Type C C D C CE € C D C C F
Month # 25 26 27 28 29030 31t 32 33 34 35 36
Imp.Ty e C C D € CE C C D C C G
Manth # 37 38 39 40 41 42 43 44 45 46 47 48
Inp.Type C C D C CE C C D C C F
Month # 49 S50 51 52 53 54 55 56 57 58 59 60
Insp. Ty p¢ C C D C CE € C D C C F
Month # 6l 62 63 4 65 66 67 68 69 70 T1 72
msp.Type C C D C CE C €C D C C GOH

26



Inwable I, the different schedules, the tme interval for different schedules and the tme
require to complete a particular shedule have been shown. Far examplo “C” schedule
should be done in overy month and the time for completion of this schedule i § hrs.
Simﬂarly“D“s:hndﬂ:shuuldbednn:inm%mundmmdiﬂmmpleﬁonﬁmaiu
shown in the lable. The Schedules are Progressive schodules ie. at the time of E'

Schedule, 'C' & D' Schedules are also done.

In Table II the different schedules to be carried out for a Locomotive in her six yearly
cycle is shown. In the 1st month “C” schedule is 0 be done for a Locamotive and in
720d menth “G” scheduls is to be done. C,D & E are called bight schedule and F,G &
GOH are called heavy schedule. As the schedules are progressive, at the time of GOH
all the scheduls are done ic. all the tasks of different schedule are performed Table
shows the different schedules 0 be done in differeni month, For all the schedules,

there arc prescribe forma for the tasks to be performed.

FParts Reoord ;

Bhnﬁmﬂaﬂfmmhmmhlymdnlhcrcmnpmmwhichamhdiﬁdmﬂy
nmnbemiﬂdsgivwamadymsw:rmmyquerymgmﬁnglhclmaﬁnnufmy
cnumnnmtumqrﬁ:m.ﬂisalmhdpfdhascmainingaparﬁculnmmpunmtfaﬂﬂd

repeaiedly.
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Locomotive History File !

For each Dicsel Electric Locomotive, history file is mosintained which confains
foltowing information:

(a) Pant nos. of camponents, Mamufacturers clearancen

(b) Details of all schedule maintenance done

(c) Detzils of tub. ol changes & readings

() Detzils of Camponent changed.

(¢) Details of all acciderns, faihures and troubles

(f) Details of all modifications, trial conducted on the Locomotive.

3.3.2 Revisions to Scheduled Inspection Interval:

Dicsel Locomotive cyclical mspection schedules, procedural guidelines and comtrols arc
developed 10 provide inspection, ropaif, management and control information necessary
for the cconomical efficient operation and mamienance of cach locomotive and

mainlenance facility. This optimizes flect availabitity and reliatality.

Scheduled inspection intervals can be affected by technological change and operational
experience. It is the responsibility of technical service and Quality Assurance personnc
mdumhcmdrmmmdmymisinnmihnhmpccﬁnnhmahlhumhmsﬁl
maintenance operations while sustaining locamotive fleet and facilities objectives. Any

mcammzndaﬁnnfurm&ainnmﬂwhmpecﬁun'mtmmhmuﬂmthswcmﬁml
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approval of the Chicf Mechanical Engineer before submission for final approval
Recommendations are 10 be submitied w0 the Chief Exccutive, Central Locomotive
Waorkshop/Parbatipur for production impact assessment by the Production Planning
and Control Commiftee. Based upon their findings, the Chicf Fxcoutive, Central
Locomotive WorkshopParbatipur may submit the recommended change (o the Joint

DirectorMechamnical for issuance aof a directive and revision of this marwal,
Scheduled Inspection and Overkaul

The Master Locomotive Maintcnance Schedule (MIMS) and the Detailed Annmal
Maintenance Schedule (DAIMS} are prepared to plan, balance and control the fow
and workload of locomotive preventive mainienance scheduled inspections, General
Overhauly and unscheduled special repairs into maintenance Facilities These also enable
the facility management suthorities 10 know the volume and nature of (he maimcnance
workload and consequently forecast and prepare the physical human and financial
resources accordingly, Once the MIMS and DAIMS schedules heve been prepared,
they should nat pormally be aliered cxcept under special circumstances and for which
permission should be ebtained from the CMS's office. This will inchude simations when
easential malerials arc not available o meet the scheduls, ar when premature
locomotrve failures alter the workload, or indicate thal mamtcnance intervals
(overhauls) should be decreased to ehminate the Falures, Individual facilities and
operating Districts/Divisions arc required 10 adhere Agidly to the dates laid down in the

detalled anmual Tocomotive Mantenance Schedule so that the locomothve and



companen! mspection, repair and production schedules m associated ahops are nal

affecied

Special Repairs
Special Repairs may be incorporated mto production plans:
- at times af locomotives failure ;
- when locomotives are damaged as a resull of derailment or collision;

- when programmed modifications (o locomotives are to be made.

Prior to release to service from a maimepance facility locomotives subject to spedial

repairs must recefve a schedule B’ Trip Inspection.

The following works are carried out on locomolives i the major Running Sheds and
Facililies at Pahartali, Chittagong Porl Yard, Dhaka, Ishurdi and Parbatipur :

- 'A' Trip Servicing ;

- Lighi Running Repairs ;

- Scheduled : C (30 day); D (90 day); E (180 day) inspections ;

- Minor Special Repaire, Coampanent changeouis and Trouhle Shooting:

- Lubricani and Fuel Oil Analysis (CGPY excepted) ;

- Preparation of locamntives for shipment to workshop or CLW facilities

for heavy repair and GOH.
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The following works are camied out on locomotives in workshops at Pahartali, Dhaka
and Parbatipur :
- Intermediale Scheduled F (360 day) and G (1080 day) Ingpections ;
- Intermediale Special Repairs and Component change-outs loo heavy o
be undertaken in Sheds;
- Load Bax Testing of Dicsel Electric Locomotives ;
- Overflow of General Overhauls from the CLW on the advice of the
CWX/CLW and approval of the Chief Mechanical Engneer,
- Overflow of Component Rebuilds from the CLW on the adwice of the
CEX/CLW and approval of the Chicf Mechanical Engineer;

- Minor equipment modifications.

The followmg works are to be cartied out al the Ceniral Locomotive Warkshop :
- All Locomotive General Overhants;
- All Locomotive Component Rebuilds;
- Special Repairs wo heavy w be undartaken al the Workshops;
- Heavy Wreck Repaim (Special);
- Programmed Locomotive Electrical Modifications, Rehabilifation's and
Rewiring;
- Lubricant and fudl oil detaded anabysts.

- Mmor Locomotives Spares Manufacture.
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3.3.3 Accuracy of Reports and Forecasts

The success of the preventive mamtenance shopping program is dependeni upon the
accuracy and timely submission af the Management Information System(MIS) and
Production Planning & Control (PP&C) reports from cach facility, Works Managers
must ensure both accuracy and tmely submission of reparts from their facility to
enable the PP&C Comnuillee'’s revicw and updating of the forecasted shopping program

each month.
Time Standards for Campletion of Scheduled Worls

The time standards for Scheduled Inspections work in Rurming Sheds, Workshops and

the Central Locomotive workshop are as follows :

Type of Inspection Time Standard

A 2 Hours
B 4 Houms
C 6 Hours
D 8 Hours
E 2 days

F 10 days
G 21 Days

GOH 45 Day
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The breakdown of asks and the time required Lo perform them may be shown on
detmled inspection sheets to control the tmely outun of locomotives.

The time limits for Scheduled inspections, and for specific work Lasks, are subject Lo
change. Any change will be based upon analyses and cvaluations conducied and
recommended by personne]l amthorized by the Chief Executive, Central Locomotive

Workshop, Lo perform such studics.

334 Work Performed Behind Schedule

When C or D inspection are not accomplished within 15 days of ity programmed 30 or
90 days cycle, it is 0 be superseded by the next scheduled inspection at the earliest
comvenicnce by advancement of the next higher order inspection, i.¢., ‘C’ mspection

tasks are mchided in a *D’ mspection

If not accomplished ar the next scheduled date, ‘E', ‘F’, and G’ mspectiong, or
General Overhauls, mnst be re-planned for the following inspection date and canmot be
superseded by the next inspection m succcasion Upan completion and release of a
locomotive from GOH, the unit will be placed on the six ycam progressive cycle of

preventive mainlenance spections.
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41 Iotroductlon

This chapter is devoted to the concept of aimulation and the development of simulation
models, especially in the conteat of the present research problem. At first the nature of
simulation is discussed along with the sicps to be followed to develop 2 valid and
credible sonulation model. The next section describes the general problem stated
chapier one in the context of a specific maintenance organization system. This system
and the components within it are mathematically and logically refated to develop a
simulation model. The final scction of this chapter iniroduces the computer program

and the SIMSCRIPT IL S amulation language used to code the program.

4.2  Steps in Simulation Modeling

Most real-world systerns are oo complex to allow realistic models to be evalualed
nunericalty, and thess models can be developed by Simnlation In simulation
¢omputer is used to evaluate 2 modst numerically over a time period of mterest , and
data are gathered to estimate the desired trug characteristics of the modsl. The different
types of simulation are used in analyzing real warld problems .
I is the nature of the sysiem ¢lemenis that defines the type of the models, which may
be of the following three dimensions;

a stalic ar dynamic,

b. delerministic or stochastic

. conbmuous or discrete evenl
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A model simulating mainienance and imventory functions is expecied to comtain
discrele, probabilistic evenis since the syslem cxperiences stochastic changes of ity
siales only at countahle numbers of points in ime. Accordingly the simudation mode}
developed in this chapter has 1o be dynamic, stochastic and a discreis event in Type.

Deimled simulation modeling and coding are in fact just part of an gverall simulation
effort 1o understand or design a complex system. Figure 4.2 shows the neccssary
stcps that will compose a typical, sound sinmlatiom study, and the relationship among

them

1 Study problem
i-
o
Collect data and
2. detine » model
3 No _
Wabd?

ll.{akepmductiunrlms]

2 I.#.l‘lﬂ.l}'ﬂ: output data F

10. lgﬂcmmt,;n'cm&nuplmmﬂmsu]ﬂ
Figure 4.7, Steps in a sirmlatinn Shudy
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Sicps in simulation studies can be explaned as follows:-

The prohlem for which simulation model is to be developed is identified and studied.
Data related o the prﬂblmtubcouﬂmtndandamodclfmmhingpmlbhmismbc
defmed. If the model is found valid, a computer program ia o be developed. Otherwise
model i3 1o be redefined. Trial mn  of the compuler program to be mads, After
succesaful trial run, steps to be followed arc Design cxperiments, Production nms,
Outpur data analysie, printing result, presentation and implementation of result

Not all models are supposed o contzin all theve steps and be in the order stated. Some
studics may conlain steps that do not fil nsatly into the sequence shown i figure 4.2
Moreover, simulation studies do not have a hard and fast sequential process. Therefore,
it ofien may be a good decision to reshuffle the sicps, in case new insights arc obiained
after amy one of them. Fruitful simulation models could only be developed afier the
verification (checking of whether program is performing as intended) and validation
(checking of whether the concepiual model is an accurate representation of the system
under study). Credibility of the mode] is marked with successful implementatinn of the

simulation results.
43  The Conceptual Model

The problem conaidered in this present work is to determine the Maximum Erventory
and Re-order lewel for a particular type of componeni used in Dissel Electric
Locomotive af Bangladesh Railway, The componenis are replaced afier a certain

interval of time T provided the spares arc available. Otherwise components will be
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rebhudassnnnu&mﬂuckhmpimishcd.lfacmnpumfaﬂshcfumﬁm:T,m
failed component will be replaced after its failure if spare ia  svailable. The following

assumptions have besn made to develop the conceptual model.

1. A gingle type of operating componenl is considered only. The iem is
used in all Diesel Flectric Locomotives. All the sparea for the item, along
with the operating one are identical in lerms of their pamameters and
characteristics such as life time, design etc.

2. It is agsumed that i is more cost effective 1o replace rather than repair
any of the failed fiems.

3. All flems are replaced after certain time inlervals called the block
replacement period. Any item failing berween these group
replacernent instants are replaced mstanizneoualy if spares are available.

4. The spar¢s in inveniory do not deteriorate with the passage of time.

5. The filure or block replacement of the component is perfect.

6. Thﬁfaﬂmramfnruchitcmincrmnimﬁmtmdmhwphommt
introduces a new item with new lifs.

7. The umil cost of the ilems is 8 constant mdependent of time or order
quantity.

8. The imvemory policy to be investigated is continuous review (5,5) type.

9. The imveniory shortage cost includes the direct loss of profit due to
idling of the system and the indircect loss m terms of bad repulation of

the organization.
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4.4 Cost FormulaUons

Mamtenance and ioventory related costs and assumptions on their nature have been
considered in (his model The maintenance costs are the mdividual breakdown
replacement cost per umit item (C) and the block preventive replacement cost per unil
ilem (C,).

Among the inventory costs, the most imporiapi oncs arc the costs for canrying
inventary, The cost of carrying inventory is not emnply the storage cost bud it inclades
the cost of the money tied up with the irventary and also other contiderations such as
cost of insurance, pilferage, deterioration, packing, obsalcscence, cosis of equipment
and handling machine. This cost is also called inventory holding cost. Let (Cy) be the
holding cost for each spare item held for cach tme unil. The cost of not having the
required orventory or out-af-stock cost in accrued to the total cost when a spare part is
not available at hand has to be backordered Tlis type of cost has direct effecis on
profil and indirect cost is bad reputation of the organization. Inventory shoriags cost
(C.) is considered io be calculated for cach unavailabls sparc item for cach time unil 23
long as this unavailability remams. The ordening cost mchudes all the components
encoumicred throughout ihe inventory procurement procesa, Let (C)) be regular
ordering cost Mamlenance costs include breakdown and block replacemeni costs

which inchide cosl of wols and equipmenl, Iabor and the costs of facilities such as

electricity, gas, waler efc.
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Computation of the total cost for the system can be made in the following ways.

1. Ordering cost (C,) is mcurred afier cvery insianl the imventory level (L)
goes below the reorder level for the (S,s) system,and in charged instantancously.
TC=TC,+C, fors>=IL>0
where TC is the latest of most recently updated total cost and 7C, is the total

cost previews o the placement of the order.

2. Inveniory holding cost (C)) is computed for the invenbary level between any
two cvenis laking place in the system Lhat generate demand for one or more
sparc paris, Lt t be the present sunulated time and ¢, the time af the previous
demand ar inveniory replenishment event. Then the holding cost is added to the
iotal cost sccording o the following manner.

TC=TC,+ Cupft-)IL farll > (7

3. The imventory shorlage cost (C,) is calcutated for cach umavailable spare part
for cach ttme unit 0 long this unavailability remaine, When the frmventory level
faﬂsbdnwmn,mﬁrﬁardmnmdscuﬂdbcuﬁgﬁndlmdﬂmm
backordered, while the system remaing idle until the shipment amives and the
imventory level is updated. This cost in calcnlated in a similar fashion as the
holding cost

TC =TC, + Cuft-t)IL for IL < 0



Block replacement cost (C, ) is included in the lotal cost afier the fixed block

replacement periods (T) in the following manner.

IC =TC, + M, .C;

Where ¥, is the total number of operating items. If the imventory level does not
permil all the ¥, items to be replaced in the preventive maintenance schedule,
block replacement is carried oul until the invertory is dopleted. After that the
rest (N, [L) items are assigned a special mode which enables Lheir replacement,
when spares become available. In such case shortage cosl for (N, . /L) ikems is
incurred which is io be added io iotal cost and can be charged as

TC=TCp + IL.Cp + (N, -1L) Cft-t) for N, >IL >0

The individual failure replacement caost (Cy ) is calculated in the event of faiture
of N, ficras provided required pumber of spares is available. In case of
insufficient inventory, the available spares arc cxhausted. The rost ¢V, - fL)
trems are then back ordered and the operating unil remains idle unh] the
imventary is replenished These uneatisfied demands are then charped with
inventory shortage cost only. Taking t as the present simulated time, ¢ the time
of the next event,

TC = ICp +N,Cy, if all demands could be satisfied

= T +ILCHN-IL).Ct- -4} , Otherwise
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The total cost is zero far =0 and increases with tme as all these vanious cosis are
addadtnitITﬁucunﬁnuesunﬁlaspmiﬁndsimuhﬁmpmiodTismchad. After that

mcmulcnstisdhidedbythashnmﬁnnpaiodtngctﬂmtnmwpcrmitﬁmc.

4.5  Simulation Software and Coding

SIMSCRIPT IL5 is a general programming language containing the capabilitics for
building discrete-evenl, comtinnous, or combined simmlation models, It has the
programming feature of FORTRAN, ALGOL AND PIL Law & Kelon Furthermore
its Engfich-like and freeform synlax make SIMSCRIPT 105 simulation programs atmost
sclf-documenting, Becausc of its general process approach, its sophisticaled dats
structures, and ity powerful control statements, this langnage is often used for large,

complex stmulation models.

Th:concaphmlshnulnﬁmmndeldmcﬁhudinlhepmﬁammﬁnmfﬂhhmthc
diacrete event category becausc it is ovident that the state of the proposed system
descrﬂmdhlhaprniuussmﬁmchmg:snilhdiscrchpohminﬁma. All dscrete cvent
modnlsuhamanmnbcrofcummanunmpmmnmmdmmisalugjcﬂm'ganiznﬁanfm
dmecnmmnmﬂutpmmummsmdingdchuggingmdﬂnmchmgingofﬂm
vomputer program. The following components are expected o be found in most

discrete event models,
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System state:

The collection of state variables necessary o describe the system at a particular time.

Simulation dock:
A variable piving the currenl value of the gimmilaled tane.

Event lisr

A list conlaining the nexi time when sach type of event will occur,

Statistical counters:

Variable used for storing statistical information about sysicm performance,

Initiglization routine:

A subprogram to initiabze the simulation modet af time zero.
Timing routine:
A sub-program that determines the next evenl from the cvent list and then advances the

simulation clock to the ime when that event is 1o occur,

Event routine:

A subprogram that updates the system staiz when a particular type of cvent occurs.
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Library rogtines: . s pon o A
A st of subprograms used 10 generate random observations from probabiliry

distributions (hat were determined as part of the simulation model

Report generator:
A suobprogram that computes estimates (from the siafistical counters) of the desired

measures of performance and produces a report when the simulation ends,

4.5.1 Organlzation of the Program

A camputer simulation program consists of the following modules:-

Preanble:
It is the miractuctory module whose statements are declaraiive and non-exccutable, This
module is used lo define afl the building blockn, the global variablea the basic time wnit

of tme for the simulatinn clock, and the desired measure of system performance.

Main:

This is he module where the cxecution of a SIMSCRIPT program begins. In the
present program this routine is used to read mput cost and statistical parariveters for the
amulation by calling the COST and STATISTICS ruutines, to initialize the sysicm by
calting the INTTIALIZE routine, and to place the #nitfal event records in 1o the event list

using the ACTIVATE statemenL. The simulation actually beging after the execition of



the START SIMULATION statemeni, which is nolthing i just a call to the in-built
timing routine. The control then is tranaferred berween the three basic events, amival of
a regular or expediled order, block preveniive and breakdown replacement These
evenls are described in the CHECK, FAILURE and REPLACEMENT routines
respectively. Whichever event takes place, the gystem operating cost is updated by the
routine EVALTUATION, Exccution of the END statemeni in the MAIN module will
occur only when the event list no longer contains amy process notices. The simmulation

will also lermmate if 3 STOP slatement is executed m same routine.

Cost
This routine is called from the MAIN module to read the input cosl parameters, Cosis
inchude erder cost, imventory holding and shortage cost and preventive replacement and

breakdowm replacement cost.

Stutistics;

This routine called from the MAIN moduls to aasign the vafues for the statistical
parameters for the system. These are the stalistical parameters of the campenent life
time and order lead tine distributions and the number of the presenily employed

randorn number generating strearn.
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Initialize:

This routine, when called from the MATN, assigns the initial staic o the sysiem
parameters. The operating components are aasigned thejr lifetimes, ll:u: perfommance
parameters are get to their mitial valne of zevo. The simulation clock remains still af

time equal 1o zero.

Replocement:
Cormlisn'uufmcdl‘rmﬂmhmﬂ\ltnlhismuﬁnnmt!minstanmufblcckmliw

replacement. The fallowing actions are mken through this event routine when imvoked.

L. A demand for the replacement of all the operating companenis is
created.

2. The iterns that are duoe to faill at the presend simnlated tme are idergified
and replacement is carried out as long as spares are availehle,

3. All other items are then replaced as Iong as the imventory level remains
abme zoro.

4, [E&lﬂrﬂmsmnuilemsﬂwnefaihdbulsﬁﬂmuldmth:mphwdduc
1o sparc shortage arc assigned fo remain failed uniil the next Fme i,

5. If there are some items that are still operating, then these are assigned a
special mode which enables the program to mark them and carry out
replacements whenever spares are available.

6. The block preventive replacement costs are calculated accoriding to the

cost formulations and the wotal cost is updated.



Fuailure:
This routine is 4lso invoked from the MAIN when the present simulation thme coincides
with the breakdown time of ane or more af the operating components, The following

1, The total number of the componernis fajled on this instant is delermined
by calling the routing IDENTIFY. The demand for spares is created for
these ilems. Failed items are replaced with new ones if spares are
available.

2. In casc of spare unavailahility, the operating component remainna idle
unti? the spare is available.

3. A check is carried out if there are such items to be replace as stated in
the action number five in the previous routine. These itema are replaced
if spares are available,

Evaluation:
Thus routine is called from MAIN to calculate the total operating cost for the simulation
pexiod. It also checks the inventory level and prevaifing order status to create a regular

order.

Order:
This routine is called from EVALUATION to dispaich a regular order spare parts. An
order for (S-present inventory level} ftems for the (5,s) system is placed if the order

gtaiey is in off slate,
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Report:
This routine is activated from MAIN after the simmlation is over. It prints the syslem

and cost parameter inpuis and also the output values of total cost per unit time.

&6 Simulatlon Procedure

After setting data, the job lefl remains determination of the procedurc Lo search for the
optimum values of the decision variables. Thesc arc the parameters of conlinuous
invenlory review technique, the optimat values of maximum allowable stock level (5,

reorder tevel (5} and the optimal block replacement interval (7).

Setection of the ranges of the values of the decision variable has been made ar fist.
Priority has been given to the choice for suilable values far the sysiem and al the same
time avoid heavy compulational time, The maximum allowable siock level § and the
stock reorder level s have been varied from 200 to 600 units of spare itenty and O 1o
100 mits of spare items respectively with increments of 50 and 10 unity respectively.
The block replacement interval T has been searched from 100 to 800 time units with
increments of 100 time units. Afer finding approximate ramges of the decision
variables, search for the optimal value ¢5,s) and block replacement ome is mldc by

varying decision variables by 10 unity,
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The simulation program has been nm with the chosen values af the system parameters
and decision variables for the existing aystem of Railway and for the combined system

af Toventory and maintenance.

The total cost per unil time is determined with the presented sets of dals of different
parameters with Optimal valve of Block Replacement Period and existing block

replacemeni period for the component under consideration.

The optimal valne of Imventory can be delermuned from thse model by ignonng

mainienance related costs. smmilarly optmal maintenance cost can be determinsd by

ignoring Inventory related costs.
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51 Introduction

This chapter containe the most important part of the project work. This chapter deals with
the collection of failure particular of the component under consideration to determins s

distnibution, development of a valid stochastic simulation model.

Alffier the development of a valid and credible simulation model, the nexi taak is 1o run the
program. This is the determination of initial conditions for the simulation runs, thes length
of warm-up period, the length of simulation runs and the number of mdependent

simulation runs; Law and Kelton, [6]

512  Input Dala

The step pext 1o problem formulation is the collection of information and data on the
systern of imerest. Five years fajlure data of Dhaka based Diese] Electric Locomotives has
been collected, These failures were due to failure of different companents of Locomotive.
Present work is confined to failure of Locomotive dus to compressor, Failtue particulars of
Locomotives due 1o compressor is given in appendix-A. The model developed is complex
and real data related to inveniory and Maintenance costs are difficult to obtain as the detail

particulars do not maintained in the respective departments,
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52.1 Component Life Time Distributions

The data caftected for failure of Diesel Electric Locomotive due to compressor is lesied to
find out component life time distribwtions. Test result in finding the distribution is given in
Appendix-B, This data 6t mto Weibull distribution For order lead time, Weiball

distribution i3 assumed.

This continuous distribution, widely known as a family of distribution , Kahir & Olayan,
[4] is very much vematile and play a very important rolc in the smabstical analysis, In
simscripl IL5, pacudo-random data, matching weibull distribution can be generated by
calling the m-built routine weibull.f {c,P,n) where n is the number of random momber
generating stream. The slatistical infarmation on the Weibull distibution is given m
Aappendix-C along with the typical shapes that can be produced by the Weibull
distribution for the faflure density function, cumulative failure distribution and hazard rate,

5.2.2 Selectlon of Lthe Cost Values

Imventory Relatad Costs:

The mventory related costs are the regular ordering costs, inventory holding and shortage
costs. The regular ordering cost (C,) inchades administrative cost much as Paperwork,
postage, processing cost of ordering, reni of building, depreciation of m/c &. equipment
used m processing order, advertising cost, Bank charpe ctc. It has been taken Tk 3000.00.

The imventory holding cost per sparc per unit time (Cy,) has been considered as 25% of the -
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umit cost per year and ig Tk, 1.25. Unit cost of the component under consideration is Tk
950.00, Similarly, the imventory shortage cost has been laken Tk 50.00 per spare per tmif

ime.

Maintenance Relaled Casis:

Maintenance relaled cosis are the costs incurred duc o fajlure replacement for individual
ilem and preveniive block replacement of ilems afier 3 definite interval of time. Both
failme and preventive replacement costs include cosl of facilitics, land & building, cost of
m/c & equipment used for replacemeni, direct and indirect labor cosi The cost of
preventive replacement per ilem (C,) has been considercd 12% of the cost of the
companent, Here (C;) is Tk 114.00 and (Cy) has been considered double of (C,) md i

Tk. 228.00.

5.3  Experimental Daia

First, a set of data of different parameters for the system under consideration is fixed and
after that only onc parameter i varied kecping all other parameter unchanged to tesl the
effect of the varied parameter on the system under consideration, From the chosen valued
of the various input parametess, a munber of dala groups have been set o study the effect
of these parameters on sysicm response. The simulation program has besn executed with
these dala sets with necesgary replications. Following are different sels of data taken to

determine (5,s) and to analyze the cffect of different parameters on the system.
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a. Data of different parameters:

The following set of data has been used for the systern under consideration.

x Be |ow |Po C |G Cy G, Co

117 | 21.48 | 3.00 {10 2280 (1140 | 125 |50.0 |3000

Table 5.3a Data of different pararncter

b. Study ont Ordering Cost:
Here only the regular ardering cost is varied keeping (he values of other parameters

constant The dals sciz taken to study the effect of regular ordering cost on total cosl per

unirt tme are,

& |3 t X ﬂ' o Ci Cp Ch G
1.17 21.48% 3.00 10 228.0 | 114.0 1.25 50.0
Da Set | 1 2 3 4 5 (S T 8

Ca 1000 12000 3000 | 4000 | 5000 | 6000 | 7000 | 800D

Table 5.3b. Data sets o study the effect of regular ordering cost



e Study on Irventory Holding Cast:
Cmly the Imventory holding cost i varicd keeping other parameters unchanged. The

following data seis have been Laken to test the effect of inventary holding cost on the toml

cost per unit time

] ﬁl oy ﬁn Ca G Cp G
1.17 21.48 3.0 10 3000 228 - 114 50
Data Set | 1 2 3 4 5 6 7 g
Ch 1.0 2.0 3.0 4.0 5.0 6.0 7.0 &80

Tabie §.3¢. Date sets to study the effect of inventory holding cost

&  Study on Imveniory Shariage Costs:
Only lhe Inventory shortage cost in varicd keeping olher parameters unchanged, The
following dala scis have been taken to test the effect of inventory shortage cost on the total

cOSt per unit Gme,

o B o Bo Ce G Ca Co
1.17 21.4%8 [ 3.00 10 2280 |114.0 (1,25 | 3000
Data Set |1 2 3 4 5 6 7 8
L 0 50 100 150 200 250 300 350

Table 5.3d, Dala sets (o study the effect of imenlory shortage cost.
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e. Study an Block Replacement Cost:

Only the Inventory biock replacement cost 1s varied keeping other parameters unchanged.
The following dala scis have been laken o test the effect of block replacement cost on the

iotal cost per unit time.

1 7} ﬂt o, ﬁn G C Ca Ce
1.17 21.48 3.00 10 2280 | 500 1.25 3000
Data Set |1 2 3 4 5 6 7 8
(o ) 100 110 120 130 140 150 160

Table 5.3¢, Data sets $o siudy on the effect of block replacement cost

S Study or Failure Replacement Cost,

The failure replacement cost s varied keeping other parameters unchanged, The following

dala scts have been taken to test the effect of failure replacement cost on the jotal cost per

umit Bme per unit time.

o B t L [3 o Cp C’ Ch Cn
1.17 21.4R 3.00 10 114.0 | 50.0 1.25 3000
Data Set | 1 2 3 4 5 6 7 B
Cy 180 200 220 240 260 280 300 320

Table 5.3f. Data set to study the effect of individual item failure replacement cost,




g Studv of Block Replacement Period:
The block replacement period is varied keeping other parameiers unchanged. The

following data scts hawe been Laken ko test the effect of block replacement period on the

lotal cosl per unil time,

& P L Po & G Ca Co
117 2148 | 3.00 10 114.0 | 500 1.25 | 3000
Data Set |1 2 3 4 5 6 7 8

T 100 (200 |300 |(400 |500 |600 (700 |80OO

Table 5.3g. Dala set 1o giudy the cffect of block replacement period on tolal cost.
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6.1 Iniroduction

This chaprer presensy resulis obuined from the previousty ss1 dala by running the
simulation program. The results for all the data sets have been presented in both tabular

and graphical forms, Effects of the various cost parameters on system performance is
anatyzed in this chapter,

6.2.1 Effect of Mazimum Inventory Level .

Program has been mun to test the cffect of the decision variable maximum fventory
level (5) an the lotal operating cost per unil time keepmg other paramcters fixed .
Maximum Imventory Level has Ibecn determnined with fixed block replacement period T
for the component under consideration. The fixed block replacement period for the
component tnder consideration is 365 days. The iotal cost per umil time with different
values of 5 obtained with the fixed set of data of different parameters is presented in
Table 6.2.1.

Sl.No. Maximum Toital Cost per
Inventory 8 unit Tune
1 200 B5l
2 250 484
3 260 08
4 35 260
5 400 312
& 450 a7s
7 500 439
3 350 321
e &00 652
10 650 B4

Table 6.2.1 Effect of Maximum Irventory Level on lotal cost per unit tme

The graph plotted for different vatues of 8 and the tfotal cost per unit times thown in
figure 6.2,1,The cost function is found to be comvex. This is because lower valuas of
(5) implies esser invenlory on hand and need more frequent orders. It may even induce
significant imventory shortage cost. On the other hand, keeping larger maximum
imventory leve! is penalized by subslantial foad of inventory holding cost.
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Effect of Maximum Inventory on total cost
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Yatd Cost per unil time
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Maximum nvanlory Level

Figure 6.2.1 Effect of Maximum Imventory Level on total cost per unit time
6.2.2 Effect of Reorder Level on Tolal Cost

The wtal cosl per unit tme with different values of reorder level 5 oblained with the
fixed sct of data of different parameters is presented in Table 6.2.2.

SINo. | ReorderLevels | Total Cost per
unat Trma
1 0 821
2 10 650
3 20 480
4 30 355
5 40 300
6 50 250
7 60 208
8 70 235
9 80 205
10 0 425
14 90 575

Table 6.2.2 Effect of Reorder Level on total cost per unit time

The graph piotted for different values of reorder level s and the iotal cost per il time
 is shown in figure 6.2.2. The cost values have been obtained for the cxisting system for
various values of the reorder level while keeping the other parameters canstant. The
cost function in this casc has also been found to be convex. This can be explained duc
1o the fact that smaller reorder levels cannot guard against sudden large demands (those
m cases of block replacements) and resubis in high inventary shortage cost. At the same



time. larger reorder level meanB a considerable mventory has 1o be carried throughout,

Ea =

which apain, increases the toral cost, ™

Effect ef Reorder Level on total Cosat

o

Tolal Cost par undt Hine
- 888§ 8 8

10 20 3 A0 5] B 70 8 = 1)
Ruowder Luval

=]

Figure 6.2.2 Effect of Reorder Level on the tota] opetaling cost per unil time

6.2.3 Efecl of Block Replacement Period on Total Cast

To investigale the effect of block replacement period on total cost program was
executed for a single set of (5, s) values and different values of block replacement
periods while keeping the other parameters conslant. The 1otal cost per undl bime with
different values of block replacement period oblained with the fixed sct of data of
different parameters is presented in Table 6.2.3

SINo. | Block Replacement | Total Cost peT umit
penod T Time
I 130 B551
2z 200 4183
3 300 B37
4 A0 122
5 o 1260
6 600 834
7 100 3304
8 | 300 4314

Table 6.2.3 Effect of Block Replacement Period on total cosl per unil time .
The total cost per unit ime for different valuss of block replacement period is shown

in fipgnre 6.2.3. It shows several minimum pointe with an  overall downward trend,
R.iggs[B]suggmtsthatmeﬁmtmi:ﬁnumpui:noflhsmstfuncﬁmisI.akentubelhs
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optimum pomt if this value is lesser than the cost oblamed considering mdividual
breakdown costs only.

Effect of Block Replacement Period an total cost

Total cocd par unit time

10 200 30 400 S00 @OD 70O G600
Elock Aeplacemand Periad

Figure 8.2.3 Effect of Block Replacement Penod on Total Cost per unt time
6.2,4 EfMects of Ordering Cosi

Ordering  cost directly infloences the optimizaton of mmventory related variables and
thus have significani effect an both the combined system and the existing system of
mainicnance and inmvenfory policies of Bangladesh Raillway. This is reflected m the
numertical results presented in table 6.2.4

Drata Set Combined system with optimal T Existing systermn with fixed T
5 & Tatal Cost 5 5 Tatal Cost
1 240 40 190 300 il 208
2 23 50 191 300 o 208
3 260 &0 192 300 60 209
4 260 40 195 300 &0 209
3 270 a5 198 300 &0 209
[ 27 65 201 300 G0 208
7 280 65 205 300 a0 20
B 280 70 210 304) & 211

Table 6.2.4. Resubs illustrating the effects of ordering cost on total cost

Graphs plotted with different values of ordering cosl for the combinad system and the
system under study is ehown in figure 6.2.4a and 6.2.4b. Increasc in ordering cosl
causcs Lhe system Lo operate with higher inventory levels in order W prechude the cvenis
of more frequent ordering. For the existing policy, the total cost per unit time ncreases

'. 1
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with the increase of ordering cost wilth out affecting the decision variables. So
optimization of maintenance or mventory policy only can not give global optimal

solution

Effect of ordering cost on decision variables & Total cost

g
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—i— Teom.
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Figure 6.2.4a, Effect of ordering cost on decision vaniables & (otal cost.

215 Efect of ardering cost on total cost per unit ime
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Figure 6.2.4b. Effect of ordering cost on total cost per unit time for the existing and
combined systemn.

6.2.5 Effects of Inventory Holding Cost

The resulls obtained with different dala st of Inventory holding costs are presented in
table 6.2.5 for the camhined systern and the sxisting syslem.



Daia 5at Combined systam with optimal T Existing system with fixed T
= 5 Total Cost 5 5 Total Cost
1 330 0 17 M0 a0 i1
3 ¥ ol 93 300 ol 300
3 3la &0 199 3 a0 47]
4 300 50 201 0 o 621
3 200 30 211 300 &0 721
4] 280 50 219 300 (] o2
ki 280 40 228 300 a0 1104
g 270 44 246 350 [+1H 12

Table 6.2.5 Results ilustrating the effects of mventory holding cost on system

behavior.

Graphs plotied with these results are shown in figure 6.2.5a and in figure 6.2.5b. It is
found that the maximum imventory level and the reorder level decrease wilh the increase
of Inventory Holding Cost, The impact of Invemory Holding Cost on the system is
very significant. The total cost per unit time becomes very less when the Inventory
holding cost is very low. It reduces shoftage cost, frequent ordering cost by maintaining
higher Inventory and Reorder levels,
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[

Figure 6.2.5a. Effect of holding cost on decision variablss and Lotal cost .
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Effect of Invemory holding cost oh total cost per unit ime
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Figure 6.2.5b, Effect of holding cost on tolal cosl per unit time for the existing and
combined system.

6.2.6 Effect of Inventory Shortage Cost

Results for the investigation on the cffecs of inventory shortage cost on systemn
behavior is given in table 6.2.6.

Data Set | Comhbined systern with optimat T Existing system with fixed T
s & Total Cost 5 3 Total Cost
1 250 25 170 MK 6 207
2 260 ) 192 306 60 208
3 265 G 194 M0 oY) 210
4 20 0 197 300 =] 211
5 280 75 190 300 &0 213
& 290 TS 202 300 &0 214
7 300 80 24 30 60 215
B '3 80 | 211 300 &0 217

Table 6.2.6 Resulis plustrating the cffects of imventory shoriage cost on gysiem
behavior.

Imventory shortage cost routcs out Lhe posaibility for under siocking them with
adjustmeni to 3 maintenance policy. Therefore the ¢ffect of imventory shartage cost is
expected to increase Lhe reorder level and consequently Lhe mmventory holding cost
Graphs are plotted showing the values of decision variables for the combined sysiem
and Lhe total cost per unit time for cambined & cxisting system. Both S & s ia higher
for higher value of shortage cost. The higher valuc of s,guards against shortage of
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spares and protect the system from incurring higher shortage cost. S & & is less for
lower shortage cost resulting leas total cost per unil time.

Effect of Invertory shortage cost an total cost per unit time

£
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—i— Tetm.
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Figwre 6.2.6a, Effect of chortage cost on decision variables and total cost.

_ Effect of inventory shortage cost on total cost per unit time
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Figure 6.2.6b, Effect of shortage cost on total cost per unit time for the existing and
combined system.

6.2.7 Eflfect of Block Preventive Replacement Cost
Table 6.2.7 shows the resufis of the investigation on the effect of the block replacemerd

cost om the systern behavior. Block replacement cost directly affects the combined

maintenance and inventory policies. Increase in the block replacement cost results in
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increase of the block replacement period fo reduce huge preventive maintenance cost
and the fendency i3 fowards adopting a breakdown maintensnce strategy. The
imvensory level in such cases meed not be too high since therc are no sudden large
demands, Graphs plotled with different values of Block Replacement cost for the
combined gystem and the system under study are shown in figure 6.2.7a and 6.2.7b.

Data Set | Combined systemn with optumal Existing system with fixed T
T

8 5 Total Cost ) 5 Totad Cost
1 250 50 185 300 ] 205
2 260 G 152 00 60 204
3 260 G0 193 390 80 208
4 270 (Y] 198 300 &) it
5 280 [ 20 30 o 211
g 280 1 &5 202 300 &0 212
7 285 a5 204 300 &0 214
B 290 63 211 300 G 216

Table 6.2.6 Resuhs illusirating the effects of block replacement cost on system
behavior.

Effect of block replacement cost an dechion vanisble & tatal cast

300 *
- —i
..
E 250
& . 200
Yy
Er- - ——5
- E ——s
2100
.i - ==d— Teom,
. & -
o p——a - —=8
£ 50
0 + } + } 3 } i
a0 100 110 120 130 140 150 150
Block Replacement Cost

Fignre 6.2.7a Effect af block replacement cost on decision varisbles and total cost,



220 Efeect of block replacement cost on total cest per unit tima
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Figare 6.2.7b. Effect of block replacement cost on tolal cost per unil tme for the
existing and combmed system.

6.2.8 Eflect of Failure Replacement Cost

Table 6.2.8 presents the numerical valugs oblained after running the program with the

grven set of data.
Data 8ot | Combined system wth optimal Existing system with fixed T
T
5 s Total Cost s 5 Taotal Cost
1 250 30 194 300 a0 208
2 260 50 152 300 a0 208
3 260 &0 193 300 a0 208
4 27 80 194 300 &0 208
5 280 Gl 295 Mo o0 208
] 230 65 297 300 60 208
7 285 85 204 300 &0 208
8 200 &5 200 300 il 208

Table 6.2.8 Results lustrating the effects of faihme replacement cost on system
behavior.

The effects of individual failure or breakdown cost on the decision variables on the
syslem 8 cxactly opposite o those of the block replacement cost, This 5 quite
anticipated because smaller values of breakdown cost will encourage failure, rather than
preveniive maintenance, Therefore the incrsase of this cost will induce a switch over



from failure W preventive maintenance. Graphs plotted with different values of failure
costs are shown in figure 6.2.8a and 6.2.8b
For higher breakdown cost values, the imventory levels also become high. This can be

explained due 1o the fact that adopdon of a preventive maintenance policy requires
sufficient inventory to meet the large demands at the block replacement instants and o
prevent the imventory shortage cost thal may arises during block replacememt of

components.

ENaci of falure replacement ¢cosl on dacision variabie B's 4 total
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Figure 6.2,8a. Effect of failure replacement cost on decision variables and otal cosi.
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Figure 6.2.8b. Effect of failure replacement cost on toral cost per unit ttme for the

existing and combined system .
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6.3 Cost Effecliveness of the Model

Program has been run to test the effect of the decision variables, maximum inventory
level (S) and reorder levei (5), on the tolal operating cost per unit ime keeping other
paramgters fixed .Total cosi per vt time has been determined with fixed block
replacement period T for the component under consideration and with that of optimal T
.The fixed block replacement period for the component under consideration is 365
days.The optimal value of T is determined with a set of value of (S,s) putting inventory
related cost equal to zero, The toial cost per unit time with fixed value of T of the
existing systern and thal of the combined gystem with optimal value of T with various $
is presented m table 6,3 .

&l No. Combined system with opt. T Existing system with fived T
3 Total Cost 3 Totel cost
i 230 350 230 01
2 240 265 240 452
3 250 220 150 411
4 260 142 260 370
5 270 1335 7 301
b 280 205 280 248
7 290 230 200 126
B 300 250 30 208
g 310 265 310 221
10 320 32 320 283
tH 330 368 330 351

Table 6.3 Effect on tolal cost per unit time for the combined and the cxisting system

Comparsan of cast of the combined system and existing

system
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Figure 6.3 Tolat cost per unit time for the combined system and the existing systern.
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Graph plotied with the resulis shown in figure 6.3. From Lhe figure it is found that both
the curve are similar to EOQ curve. But if is secn from the cunves that the total cost per
unit tme for the combined system is less than that of existing system of Bangladesh
Railway. This is due to Lthe fact that the combined system optimized both invenlory and
maintenance related costs. On the othethand the system under consideration of
Bangladesh Railway optimized imvenlory related costs omly. It ignomes the irade off
between Inventory and maintenance. Again the optimal T obtained from (he model is
450 days which is >T for the existing system. It means that block replacement of Lhe
component is made much carlier and as a result lotal cost per unit ime becomes higher
a3 Llhe component is replaced earlier than is expected life.
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6.1 Iniroduction

This chapter is intended to draw conclusions on the present research and to put forh
some recommended actioms that are supposed to complement and comsolidaie the
study. Conclusions are drawn on the basis of the findings of the study in view of the
scope and objectives of the present work. The next section conlains the conchiding
remarks on (he performance and significance of the proposed joinily optimized block
replacement maintenance and continuous review imvenlory control {5, s, ) policy. The
last section is devoted to furnish some recammendations for fiture work.

6.2 Conclusions

The general problem considered in this preseni work is to develop a combined
majntenance and imventary policies for a service organization where there s no
accumulation of in process mventory. The existing sysiem of sparcs provisioning of
Bangladesh Railway does not consider maintenance related costs and paramefers in
optimizing Inventory. Hence the existing system of Bangladesh Ratway can not ghve
optimal soluation Here 2 model has been developed for sparcs provisioning by
considering both inventory and maintenance related costs and parameters. Program has
been run varying different operating parameters. The results of both ths Eyslems arg
comparcd and it is found that the model developed is more effective than the 8ysicm
presenily used in Banpladesh Railway. So it can be concluded that a policy which
comsider either Invenlory or maintenance policy alone, can not ensure global optimality.

The following conclusion may be drawn:

1 A combined policy which considers both Inventory and maintenance together
gives beticr resull than when they are considered separately. The oprimum
replacement incerval for the combined system developed is different from that

of maintenance policy only,

b

The component kife ilime shape parameter determined from the data taken from
Bangladesh Railway is quite low. It means lower hazard rate and does not show

i3



aging of the component. I is found thal the existing T is much less than that of
optimal T oblained for the combined systemn for a Fxed set of daia,So the rotal
cost per unit tme for the combined system is found much less than (hal
oblained for fixed interval T of the existing systern.

For very close value of the Block replacement and the Failure replacement cost,
the model suggests failure replacement policy when considered in terms of cost
only.

Block replacement period changes decisions variables(S, ). High vahue of block
replacement peviod results in frequent failure of operating component increasing
tols] cost per unif time.

The extent of influence of one cost parameler on decision variables(S,s)
depends on the value of other parameters.

It is observed that the holding and the ordering cost have mare influence on the
optimal value of 5,

For a very low value of shorlage cost, the total cost per unit time becomes very
low mdicaring that the fallure of the component does affect the system and low

value of s can meet the requirement of the syslem,

Obtaming anafytical results far the syslem comsidered could be extremely
difficult. This is because the total cost estimation for the combined maintenance
and invenlory cycle in terms of eilher inverrtory level or time units seems fo be
an insurmountable problem, The stochastcity in componend fajtures and arder
delfvery adds further complexity and thus simulation comes w0 play the role of
savior, However, simmlation itself is statistical sampling only and therefore the
resulis can be accepied omly after rigorous sttistical analysis echnique. The
process 15 very much time consuming and selection of the scarching values of
the decision variable affects the findings significantly, But simulatiom has proved
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6.3

to be a powerful tool in analyzing the behavior of complex systems as reflecled
from the study.

The (S,5) pelicy presented herc can be applied in senvice organization and can
be used as anahytical too] to test the impact of different parameters. The model
developed is applicable for a system which 18 totally independer.

Recommendalions for Fulure Work

In perspeciive of the problems and findings, the following recommendations can
be put forth:

The work can be extended to make imvestigation on the component repair

policy rather than replacing them or on both repar and replacement of failed
components.

Fogther work can be conducted in order to optimize the system having system
downiime, work-in-process-inventory and also for (he systems which are mter-
dependent,

Experiments ¢an be carried for a unmber of operating components in the sysiem

Further researches can be carried out considering non-identical camponents that
may of may not have the same failure patterns and differeni cost parameters.

T
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APPENDIX-A

Failure & repair statistics of locomotive due to a particular component

Sl Ma, Locomotive No. Time between Fathure | Repair time of Locomaotive
1 2108 - 7
2 2310 23 2
3 2515 20 3
4 2314 23 7
5 2505 ] 2
3] 2314 26 2
7 2502 44 d4
g 2322 27 5
i 2507 13 7
10 2412 1 2

11 2508 18 2
i2 2507 1 2
13 2522 50 4
14 2503 & 2
15 2508 20 3
16 2322 3 1
17 2503 30 &
18 2319 1 1
18 2407 2 2
it 2511 43 4
21 305 1 2
2 2511 b 2
23 2317 14 2
24 2513 25 4
5 2507 14 1
26 23507 27 1
27 2516 0 1
28 2318 6 2
29 2504 2 l
30 2515 28 4
31 2313 40 2
32 2504 50 1
a3 2513 2 1
34 2404 44 1
35 2508 5 2
35 2310 15 1
37 2410 41 &
38 2509 12 2
3% 2508 16 i
40 2403 31 2
4] 2403 35 2
42 2307 23 ]
43 2517 i l
44 2319 36 i
45 2411 17 2
46 2316 9 i
47 2324 39 2




X LN{x)
23 3.133494
20 %.995732
23 3135454
1 0

26 3.258097
44 3.78419
77 3295837
13 2.564949
1 0

18 2.890372
| 0

56 4.025352
é 1.791759
20 2 995732
3 1.098612
30 3.40197
10 2.302585
2 0.693147
13 3.7612

1 b

6 1.791759
16 2.992589
25 3.218876
14 2 639057
27 3.205837
9 2.197225
6 1.791759
) 0.693147
28 3,332205
40 3.688879
50 3912023
2 0.693147
40 3.653879
5 1.609438
15 2.70805
41 3713572
9 2.944439
16 2772589
31 3.433087
35 3.555348
23 1.3354%
1 0

36 3.583519
17 2.813213
20 3.367296
I 3663562
920 116.165
20.43478
14.87872

2213762

l18
i18
118
118
118
118
118
1.13
118
118
L18
1.13
118
1.18
118
LIg
L.18
L1E
118
118
118
i18
118
l.ig
i.lg
i.18
.18
1.18
1.18
112
LI8
1.13
1 18
L18
118
118
118
L.ig
118
118
l.i8
118
1.12
118
L18
1.18

XAl
4044258
34.29378
4044258
i
45,7378
86,0502
48 Bo52R
2062781
1
3028458
1
1153.5745
B.2B35R3
329378
1655974
353354
15.1355]
2265768
5432385
l
B.2ZR3558
26,354
4462407
2251288
4% BSG28
1335614
B.IE35ER
1165768
5100896
T TOL7S
101 1078
2265764
TITO0TS
G.680125
2442123
TRR0T
32277958
26.254381
375184
66 37435
4044258
1
6461783
PE.30934
5316347
7541474
1716737

XrAL LN
1268074737
102, 7349924
126 BOTATAT
¢
152.2763642
325.0087515
161 0552732
3200918205
o
RT.53:09453
i)
4632278468
14.842196T3
1027349424
401649797
188.20656293
3.B5103568
1.570510542
318 2872327
o
14.8421%73
73.07133332
143.6392507
3241278448
161.0552732
20 26842182
1484219673
1570510542
1699722897
285.6323823
305 535989
1370310542
285.6323823
10.75124683
ol 13698558
297.0823204
9504555424
73.07133332
197 5174505
2355830217
126.8074737
i)

245 8932771
20.20639668
1790238572
275.2863479
5790852246

APPENDIX-B

effference
0.000374
For Beta=21.4861



APPENDIX-C

Weibul! Weibull (@, [3)
Density fOO= afx* e P if x>0

= ) otherwise
Distribution Fix)=1-¢ &P if x=0

utherwise

Parameters Shape parameter o > 0, Scale parameter B > 0
Range [O-=]
Mean [Bie] T (1/B)
Variance [P/} {2200 - Ve[ T(1/e)’}
Comments The exponential (ot} and Weibull (1,3 are the same

P < | represents a decreasing hazard rate or the debugging period.
=1 represenis 8 constant hazard mle or Lhe normal hie peried.
B> 1 represents an increasing hazard rate or the wearout period.

Poasible applications: Time to complete some task, time to faiture
of a piece of equipment ¢te.

Information regarding Lhe Weibull distribution




APPENDIX-D

preamble

end

main

define costs, sial, inil, replace, fail evalustion, order, and check as roulines

define ord.cost, umi.cost, nor.heost, abnihcost, fail cost, rep.cost, acosl, nor.cost  and
cost as real variables

define x, ¥, z, mu, alpha, xx, yy, ord.state, replaced, time, run, rev.period, rep.period,
irv.level, nos.failed, amall s, big s}, ned fail, level, demand, ord armive, ord. gty, rep.ime,
rev.ime, yyy and order.lead as integer vaniables

define fail.ume and mode as 1-dimensional arrays

' * open unit 10 for outpul, name=""result dat** **
' * use unit 10 for output *°

reserve fail.ime as 60

reserve mode as 60

call costs

call st

for big.s = 260 to 340 by 10 do
let rep.period = 363
let rev.period = 60

cal il

for 1=11060do
let nexd. fal=weibull.f {x,y,7)
let fail. time (i) = ims + next.fail
letmode {iY=1

loop

for time = 10 2190 do
if ime = ord.amive call check always
if tme = rev.time call order always
il ime = rep.time
call replace
clse
call fail

cndif
Cemi’d P2



loop
end

P2

tet trv. level = inv.level-demnand
call evaluation

loop
print 1 line with cost thus

C-C'E" = ##**#***_****
let acost=coat / 2190.0

print 1 iine with acost thus
acost = SEkRdckk kbE

routing stat

end

let x=1.17
lat y=21. 48
let z=6

let xx =3
let yy =10

routine cosls

end

et ord cost =3000.0
let nor,hcost =1.25
let abn.hcost =-50.0
let failcost = 228.0
let rep.cost =114.0
let unit.cost = 950,0

rmouting inal

let cost = 0.0

let ord.stat = 0

Yot replaced = 0

let ime = 0

let rep.time = rep.period
let rev.time = rev.period
let inv.jevel= hig. s

led nos_failed = 0

Cont’d P/3



end

routine fail

end

P/3

fori=t w 60 do

it time = fail. time (i)

it mode (i} = 1 nos.failed=nos failed always
let level = imv.tevel

if leve 1> 0

loop

else

endif
always

le1 next.fail = weibull £ {x v,7)
let fail imeli) = time+ next.fal
let modde (i) =1

let level = 1evel-1

let fail time (i) = time+1
let mode (i) =0

fori=1 w60 do
ifmode (i)=5

always

loop

always

ifamv]eve 1 0

let next. fail = weibull.f (xy,z)
I¢1 fail time (i) = tme+next, fai
let mode (i) =1

let demand = nos.faited
let cost = cost+fail, cost*demand
let nos faded = 0

routine replace

let demand=60

let level=inv.level

fet rep.time=rep.time + rep.period
fori=] to 60 do

loop

if ime = fail. Gme (i) mode (i) = 0 always

Cond’d P/4



P/4

fari=1 to 60 do
if level 1>0 and mode (T)=0
let nexd fail=weibull.f (x,y,2z)
let fail bme (i)=time+next. fail
let Jevel=level-1
always
Toop

fori=1 to 60 do
if Tevel > 0 and mode (i)=1
let next.fail=weibull. f{x y, 7}
let fal. time (i)=time+next. Fail
let mode (i)=1
let level=level-1

always

loop

fori=1 to 60 do
if level <=0 and mode (i)=0

let fail.ime (i) =fail.time {i}+1

always

loop

fori =1to 60 do
if Jevel <=0 and mode (i)=1 mode {(i)=5 atways
loop
let cost = cost+demand™ rep.cost
end

rouline evaluation
if inv. leve] <=0 )
Iet cosi=cost+abn, heost*imv. level
elss
let cosr=cost+nor.hcost*inv.level
endif
end

routne order

let ord.stag = 1

let order.lcad = weibull. {xx,yy,z)

let ord qty = big.s - mv.level

let cost = cost + ord cost + ord qoy*unit cost

Cont’d F/5



Pis

1=t ord.armrive = time + order.lead

if order.lead=0
invlevel = imv.level + ord gty
ord sat =0

always

end
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