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Eseaemy of Maintenance lanniug
- Bird's kye View of Mainteannce Theory -

Recently, it Lis been a tremd that production activity depends more and
more on the ability of equipment ratin. that on miun's al tity. Therefore,
it hos become of crcat importonce to i) select proper equvipient  if) to Loeep
It in good condition in order to demonstrate its ability in full iji) re
replace inefficient equiment with the sroper one at proser time,

But the subjects of 1) wseleetion, iii) removal and reneval of erui ment
themselve, mike up one broad area of theoretical study, and which mov be
consfderc! a hittle off from the mein theme of this symposium, C.nse-uently,
let me focus, the attent fjon of my oresentation to the mrintenance of cqui pmept
by reviewing the theoretical works achicved so far, Tt will be my ogreat pleasure
if this report can serve as @ bira’s-eye-view for all the participants here to
locate the viricuy studscs anld mactical exampies which will be piven later omn
this symyw iium ind to relate one with another,

ﬂhnl.ﬂsnxm.u_nmuma_um ,

Nimbers of thesis have been written on the miintenance activity in theory

’

with te cuphasis on numerical aspecty, but in order te have a total view of these




theorfes, it will be convenient to classify ~hem into two mijor categories -
one involves the thecorics concerning for production department, the other
conceming for mintenance department.,

The former can be further bioken Jow: into three sub cot pories : the first
concerns determination of timing of repairy the second, the determination of qualiey
level of repair; and the third, the determination of kinds and numbers of spare
parts or mchines necessary for productjon.

The luatter can be divided into three sub cutegories as well: the tirst concerns
the theories for determining the kinds end nusbers of m.intcnance equipment, jigs
and tools (which include the mike or buy problems): the second the theories for
euvwnining mechant zation of the repair work; and the third the theories for

shortening the time length of regwir,

This classitication is set up for the sake of convenience to understand the

general tremd of 1 weantendrre theories, thus there are by all meana other

maintenance theories which are not Included inmthe two ma jor catagories mentioned

above, Also, JU rust be understood thar the theories are ever advancing and the
sut § ret of study and {ts scope are ever broadening, therefore it may even be
dangerous to make an effort in confining all the miintenance theories to the

clansiflcation civen lere. But keepin: these thines in mind, let uy have a view



on theories in accordance with the classification piven here, The synopsis

is listed in the following chart-l,
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1. Theeries concerning for the production department

1-1 Theories for determining the timing of repeir

1l-2 Theories for determining the quality level of repair

1-3 Theories for determining the kinds and mumbers of
spare machines and parts,

— ——— o~ -

2. Theories concerning for the maintenance department

2-1 Theories for determining the kinds and numbers of

miintenance cquipments, apparatus snd teols. i

2-2 Theories for examining mechanisation of the repair verk,

-3 Theories for shortening the time length of repeir !

3. Other theeories

1 ETRT IR . Caee e e eue  cube vamm vH e W .-..“..'.o‘

1-1 Theeries for determiming the timimg of repsir

Among the theeretical research werks dens on meintonance, 'ﬂun my be the

fiedd where the greatest number of research papers have boen written. The ressareh




made on this catepory con be classified inte foliowing two cases,

1) The case where the operating cost of cquirment gradually increases,

( where tie function of eyuipments pradually deterioratcs)
2) The case where the equiprent stons to function sudderly due to failure,

The rescreh made by DPr. burton V. DeanT1] will be a good refecence, where he
sums up the work herctofore made in simple and clear form,

In the first case, as the cumulative operating time after the repair increases,
the profit gradual.ly decreases, aftected by increased operstion cost or decreasing
in production. Therefore, it is necessary to choose the apuropriate time for repair,
(Refer to figute-l)

with this type of problem, even if f(x) should
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Jperation cost

represent the random variable, the optimal tiue

operation time

for repair can easily be found,
Fig-1 The case where
the operation cost

gradually increases

In the sccond case, the simplest exsmple is that the failures of an

e uipment is brought by parts of one kind, The characteristic of the case is

shown in figure-2, Fig-2 Individually Scheduled Replincement

| | I x |
Replacement after failures c,__._j;i._.m.........;.o.._._i.__ua__ .
Replacement Before fuilures ool 3o .9 ' w-tion
— KO-+ Replacement of parts after failures

= Q= Replincement of parts before faflures
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The prok;l;a in this case is whether the part should be replaced after the fatlures,
or should be rcplaced after certain proper time length, soy Xg, before the foilures,
In other werds, it will be the problem of individually scheduled replacement before
foilures,

In the sccond case, if a failure occurs before the cumulative onersting
time reaclies some predetermined time limit xy, then the part will be replaced
at the time of failure, \llm\ & part survives time lhn(gh of g, .“ is replaced
with a new !onc witheut wu_i‘t.tng for its feilure. For thin tyre of preblem, plesse
refer to the following graphs frow which the optimel time for individuslly
scheduled replacement before failure can easily be found., We will emit the
theories on this [2]. In erder to use this theory, one must keep the recerd of
time elapsed for each of the purts.
Definition of sywbols:
a(yen)* wnit price l‘_o_r the part
di.(yen)=cost for repﬂcin one breken

part. (minly tic hundling charge,
no cosl for part )

82 (yen)acost required for replacing
w-broken part, (mainiy hendling
charge, no cost for the part)

b(ysn)= averuge loss per damege

c.v, = coefficiont of variance in !ife distribution
standard deviation/average life tims
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Fig-4 cost ratic of replacement

before and after failure

Fig-8 Optimal time for individusily
Scheduied replacement
before failure

Figure-) shows the rutio between X3, the optimel time for individually

scheduled replacement before failure, ami m , the average life time of the

part. In order to find the rutio of x4 to m, first pick tire curve which nas

tive coefficient of variance of life distridbution, and find the value for

(e, ~ae4b)/(atas) on the horisontal axis. For exomple, when, (8, ~a2+b)//ats, =l
€.v.*0.32, then xo/w=0.46. This means the part which hes kept itself unbroken
till 46fof its 1ife time should be replaced with the new part at that time.

Figurc 4 shows the ratio of the cost required for individually scheduled
replacement before fsilures, to the cost required for replacement after failures.
Taking the previous example, the cost for replacement before faflure will be
approximstely 237, which is less than 1/4 of the cost renuirei for replacement
after failures, '

Figure -5 shows the theoretical average

damoge rate for the most proper way of performing
individually scheduled replacement before n
foflures. In the previous exsmple, it is N
most appropriste when the sverage demage
rate is 27, Therefore, if the actual damage
rate is signifirantly greater than that
this means the time for replacement is tvo
latc, and vice versa. It will be convenient
to use the stutistical control chart for
damage rate together with this graph,

]
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Fig-5 optimal damage rate
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When there are numbers of pMres of the same kind for ne production

equipment, it is somctimes advantageous tu roplace all the parts simultanecusty

at certain tire, say Xn, (Refer to F{rure-6)
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Fig-t Model for simultamecus replacement before failure

Yor this tyne of problem, there .re graphs, as in the cuse of individuelly

scheduled replacement » Showing the most proper time for the simultancous

replacement before failure, cemparisen in cost for the simultancous replacement

before and after failure, and the optimsl expected number of damage. The

method of wsing these graphs will be the same as in the graphs previously

L », ‘
"o i
mentioned, i a \
A
"; sy ~ d. -
l ! : S~
. 9 R . e
Pefinition of symbols: f j:__t “ k%ﬁﬂ:‘%
a(yen) = unit price for the part : g " —f ” M}‘;ﬁ,- N2 ma UG
for replacing one broken Fig-7 optimal time for simsitanecus
fyear ;.::- (-h:; “:.W“'l charge u. éP‘ replacement before failures

ne cost for part )

a,(ven)e cont reswired for replacing wa-broken
pert. (meinly handling charge, no cost for the part)

b (yen)= aversge loss per demaye

C.¥. = coefficient of wariance in life distribution; standerd deviatien/average 1ifc
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Fig-2 ratio of cost in replecement Fig-9? optim] expected number
before and after fajlure of fallure

The purpose for introducing the theories of these tvo cases is to m ke
clear the important role the probabdility theery plays in retiemslising the
preventive mintemance., 0f courase in practice, preduction eavipment is
Constructed by mamy p;ns of differeat ktﬁs and the actus! maintemance invelves
the combinvtion of check-up, minor repiir, and major repair, therefore the case
i3 not se simple as hes been ment iened esrlier. 1Inm order to 30lve these prodiems,
it is quite matural thee we need the higher level of theories, for which the
sone theoretical study has already lm published, Some of these mey be

oifficult te put fnte proctice as they 4re, but among the Compéretively mew

references,(3] chrough{9] which have been vritten in M!lﬂl‘:ﬂy be recommsnded

to get an idea,




1-2 m‘-‘“mmm_mwm

T he problems that the industriul corporations frequently encounter ore
these of determining the recovery Uevei‘ of the function of prxxi;ctlon equi jment
after th; repeir has been made, ﬁcrutnly, there is ro prodlem if the function
of equijment recovers te the highest level withewt costing much. But {a general,

it costs mech o bring the function Up to the high level of recovery,

Quality level of repir tn;lun the follewing twe himds of problems. The
first comserns the recovery level ef functiem, ﬂu problem here is to determine
83 to what Level tie function of the equipment should be recovered by heving it
Tepaired. And in the Case where the defective rate of the preduet isp effected
by the precess capability or processing precision of the equipments, the mtlc-“
of determining the recovery Jevel directly uffects company ‘s mﬂt_‘.. In case of
mintaining the boilers, low recover - level will give - bad effect on heot
efficieney. In aeneral, che higher the recovery level, the better the operating
efficioncey, by ol BBns. but, in many cases, if the lovel ho.n higher Ghla
Seertein limit, 4t wil) bring wp chg cost in great smeuwns. Thers should be o

sreper level of recovery. This is the firat problem concerning with the quality




'lcnl of repair,

The second problem concerns the cause factor which affects the intervels
of repair. For example, b using a bigh guality packing for a certain
equipment, the interwals between the repe .rs could be exten ad y keeping the level
of recovery the same, \nother exauple is, in vainting building of the factory,
uiing good quality paint will lenzthen intervals between the paintings hereby
reducing the total cost of labor aud the paiant,

Therefore, when the lator cost amounts high, use of pood auality paint is
econemical,

There is, of course, the case that these twe problems are closely inter-

related. Taking the water pollution problem for instance, it iy somctimey true

that high level of recovery len-htens th. repait o intervals, since the law specifies
the allowabie maximum percentage,

In examining the problems like these the Lheorics stat d earlier in lel
may be applicable, but in many cases, the existine theorjes Jeveloped in other
ficlds are applicd. Mathematical stutistics is used (n analyzing the relationship
between process capsbility and defective rate, and Pagineering Economy [10] for

investment ca’cuation, Althoueh these theories nre usefnl, ve vill not ro into




further details here, becausc these are not called troditionnl maintainance

theories,
1-3 MmWMMHWWMW
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If there are spare mactines which can replace machines when broken, jt myy
be possible to avoid the reduction of production vlume, so as ¢to prevent the
reduction of ssles profit amd delay in delivery, but su Jdojny needs tluf
investments for spare machines and space for them,

For the equipment whose failures heavly aftect the wholc operation of the

factory such as gemerators of electric power, boilers and compressers, the epure
¢juipment is usually stored » for the reascn stated above, Rut failure is not

0 major and it dees not greatly affect the whole operation of the factory, it
is in most cases more economical to have a soure for a certain small pirt of
equipment or for. special parts. An'  4ic Lrings up the roblem of determining
how mony ef what spare parts should be stored, The necessary minber of apore
ports depends on ity lead time, Uut having more of the cxsensive parts conses
the higher co-t,

fhire!on. in order to enforce the econemical coentrel of spure perts,

“lle




it needs to deteraine the time and amount of spare parts to be srchased,
Concerning this tyse of problem, the theory cailed "inventory contrel® in the
field of Operations Reserch vill be of valuable use. But, in apolyine the theory,
it is necessary to standordize the parts or to devise the plant layout so as te
carry the repair work quickly, Otherwise the theorjies may not give pood effect
a3 it should.

Whea large amount of capital investnents . re involved, engincering economy
wiil e uscful in order to determine whether the spare equipment should be used
or vather smmlil spire parts should be used for substitute. Having or not having
the spere equipment and spare parts will make o big difference in damage cost
at time of failure, and this, in turn wi!l affect the interval of preventive
mintenance. No, these must always be tahen into consideration to examine the

mintenance problems.

When the scale of msintenance capacity is large, the wnole repair work may
be completed progptly even when o great number of michines must be repaired

simultaneouly, If such is 4 casc, dowtime loss of the equipment may be little




and few sp.re pnrts' will be ncedea. But on the other hand, a large amount of
investments for cquipments will be required for large maintensnce capacity,
But, in another case, if the maintenance equipment is of small scale, chere

“are oppesite sliorteouings. Therefore it is sienificant o determine the ‘suitable

scale for mintenance capucity. The same will be true for apparatus, machines,
jigs, amd tools.

The theory which iy most frequently ap-lied to this type of problem mey be
the (ueueing Theory. When the machines break down and they can not be repaired
immediately, there will the mechines waiting in a line. The theory cxaminea how
the nusber of machines in line varies with sech factors like the scate of
maintenamce capscity, the sige of repair crew, the probability of failures and
%0 on, by using probabilicy theory. 1In this problem,bre.k down intervals of
o'q'dh-':mt and the net repair time are regarded as random variables, and 1f the
probadility functions of these random varisbles have the spécific probadility
denaitics, the problem cin be *olved by using the probability theery. Using
this theory, it becumes €05y to examine this type of problem from the ecomemic -

point of yiew, But in pract feey © . -roblem of mrinfrnince iy more complicated,

13-




In many cases, machines which rejuire repair are found after the regular inspection
and the number of machines sest to repair department Jdoes not necessarily beleng
to the same population every day. Amons those machines sent to the repair
factory, some mey need immediate repair and some miy not, Also, we can not neglect
that even if they are sont to the factory, the maintenance equipment of the
factery mey not operete due to failures, Therefore, in investigating the actwal
repeir work theorctically, Queueing Theory may be applied less than expected,
88 the wey the theory is.

For the reasons stated above, simulation technique is mere practical then
the prebebility theory. It is not imrossible to perform simulation menually
but in most cases, it is done by usinz computers these days,

2-2 Theories for mechnization of repair work

Machanisstion of repair work, ss well as the mechanization of production work,
is ene of the important methods for reduction of the cost. Hut the erfectiveness
of mechanization iy closely connected with Labor cost and investments for equipment.
Therefore the same effect of the Qtomatic lubricating equi pment in a country

vith higher ladbor cost can not be expected in a country with lower labor cest,

Bt the underlying throry will be common to both, cxcept for the value of inaput




dats such as cost factor,

For this type of problem the theories of Engineering kiconomy will be useful ,
Possibility of mechanization will be deterwined by comparing the factors 1{ke
initial investments necessary for mechanization and routine operating cost with
possible reduction of ladbor cost. This theory can also be applied to the case
where there are scvers! sltemative propossls for sechanizing mintenance work
such us the use of expensive machines or less expensive machines,

Suppese, three altermutive investment proposals are given, say Ay As,andhy,
for sutematic lubricating squipment, and twe Siternatives, say By, By for apparatus for
measuring wear out rate and three altermatives , say G, Cy, ond Cy for automstic
sssembler for the use in miintemance department. Aad Suppese that the budget
given to meintemance depurtment is not enough. Under thcﬁ circumstances, .m
st mehe o selection 30 that the effect of the mechanisation will be maxismem
vithin the Linit of given budget. If the plans are meay in numbers it vi]l be
8 rether cemplicsted Investment problem, but there exists simple systematic
mthed of selving for it, [ll]

In meintenance depertment, there is o similer but mere complicoted preblem,




But, most lmportant misslon of the malntenance de-
partment 1: not try to ad!ust the investments and custs,
but to manifest the ablliity of productlon equipment 1in
full. In cowparis.on Lo this, the cost preduction withlin
the maintenance department 13 not :0'!mpovtant. Mever-
theless, the demands of maintennnce department may not be
totally accepted Lecuause of limitation of tflnarelal or
human rescurces. Therefore i tg necessury to know clearly
what 18 involved in the miking of mos} favorable 1investment
plan for the maintenance department., Under the various
limitations of various resources ‘such as capital and per=-
sonnel requirements), select the proper means among the
group of several altersative propesals ment loned earlier,
and further if possible, matertallizo the reduction of cost
in the maintenance department.

When the problem tecones compllcated as In this case,
higher level of Operations Hesearch teehnlgue such as inte-
ger planning [12} or iincar programming (13] will be neces-
sary. But considering the complexities of the practieal
problems, it should be evaluates high in practic . even {t
does rnot give the optimal solutlon in a Muthmaticél sense,
At this view point, Effective Gradient sicthod 14  and 1ts

variations may be repurded as effect fve theories.

- 16 -
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dhen o faetor; n:s 1 graat production Cpicity 18 compared with
the rejuired production volume beciuse of short\ag: of desand or
ras muteriale,as 1s often secu .n timens of bus. 1es: depression,
das:ge loss 45 not so much. However, in gener«l, it is 2 common
pragtice that, 1f 1 large size production equipment brenks, the
dusage loss amounts to be enormous.

Therefore, it wil| be dusirable for most industries to do the
oonstruction, replacemsent of the ejuipaent in a short tiae. Por this
1t will be important to muke an Qliborite pl.n on the proc.dures,
as well as the preparation. The Gantt chart which his been used
primarily in the industrial englneering fleld is in fre,uent use
for this, but it is not sufficient to examine the interrelationship
asong the various isprovement a:tivities., The moet suiti.ble method
1s PER! (Program Svaluition and Revisw Technlyue) or OPM (Critical
Path Method). In dexlinz with a lacrg: uvcale facility tﬁo use of
coaputer aay de necessary.

I the soale of facility, the nusber of rspair crew und the

nuaber of repalr tools incresnee in the saintenance departaent, 1t

-17-



will b:come eu:sler to complete the repalr im a short time. And

this will reduce the downtime loss which ia turn mikes it possibdle
to lengthen the intervals of overhaul and to reduce tne nuabder

of Bpure mucnines. In tulg Way, all tne fictore are closely related
to one another,

2. Other theories and_their rclstlonships

3ince the works performed in the naintenunc: departaent is of
great variety, sany existing tneories mny be applied in varlety of
cases. Methods englncering and work measurensnt which have been
developed in the ficld of industrial englineering ire by all meane
applicadle to almost all the repalr work that the maintenence
departaent ie reeponsible for. But slnce tha Job 1y of wide variety
ratner rough techniques of measurenents 8uch as workegaapling
technijue or Multi-Regr:ssion Analynis are more sujtadle thun precize
tize estlastinn method using mieromntion fllas, stuop watches and
80 on. Also, those theories concerning aatsrial handllng. plant
la,0ut und scucduling are Nleo \aportant tools for maintenance
departaent. Technijue: onm cost control and budgst control can not

be lel't out eltier.

Ia tie milatenance departaent tnere are many probieas

«l8-




concerning many different fields, and theoriee which amuy be applicable
are of greit varlety. To give examples of thuse problems, there

are probleas on organizatisn and administration of the maintcnance
department wiiuin the corporatich, method of tr:ining, make or bup
probless, maintenance prevention by the feudback to either planning
department or to purchasing departsent, and individual technical
problems on m.iintenance,

Therefore it is almost impossible to show the total view of
salntenance work by presenting sll the theories and estadiish their
distinctive interrelationehips. Bven rough and 1n66-pleto it may
be, showing bird's-eye-view of activities of muintenance departaent

aay be of significance. The effort is ehown on chart 10.
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Let us consider g simple example here. Although thepe

exists theories using probabliltty fror determining the eco-
homical interval of repair and inspection, first, 1t 1s
important to examine closely the necegsity or preventive
maintenance by finding how much the down time loss wil} be,
which are affected by the relative volume of demand and
production capacity. Even if the production can not meet
the demand, a) down time loss can be reduced by having spare
machines or spare parts, or 4) by increasing repair equip-
ment or if b) repair time can be shortened, then h) down
time loss will be reduced and e) the interval of preventive
maintenance can be made longer, and there may even be the
case that preventive maintenance may not be needed.

The essential for the maintenance department is to
8et up the policy considering over all eéconomy with a broad
view not in a manner to hasten the conclusion in a small
area. To do this, once the main objective 1s set, one must
make a good use of all the theories, in such a way to it
the right theory in a right r ace. In a sen 2, 1t {s like
an art. There 18 no end in maintenance, the future 1s wide
open. Effective theories are to be developed to make a
proper plan systematically for the maintenance, the field
which 1s so0 complicated and intricate. It is no doubt
that they will emerge
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through shared efforts and coopsr.tion on the part of enlichted

people of all over the world,
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