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The increasing significance of maintenance as a cost -
factor 3ue to the increase of construction-intensity on
account of risinz automation in the field of machine
fabrication nckes a systematic and careful planning of
maintenance absolutely necessary today. This planning

aust comprise both the moment of maintenance as ™ell as
the completion of the maintenance planning us its objective
is the nininization of the total maintenance costs.

1l. Agplioption of ..aintenance Policies

" To begin with it must be established that unexpected
failures ususlly occurring at the most unsuitable moments
can be acticipated by preventive actions which can be
shifted to more advantaceous times. ilereby the downtime
of an aggrecute, however,has not been avoided dbut in
cartiin cases it nay cause iess damares or costs than an
accidental breakdown. The preventive actions have to bde
rlanned in advunce zrnd here the time-scries of application
wnpd the gize of actions have to b: arranced &écording to
the ratio of the sinrle costfactors to the fullure
ddstridution of the agrrecate, Such a layout defining
tine-series and size uf preventive actions ie called
"stratagy". The strategy essentially derends on the kind
of the objective which is to be a:plied, i.e. whether

a) the attainable profit is to be maximiszed
by the actions

b) the appearins costs are to be minimised
or

¢) the reliadbility of the aggregate at fixed
budget is t: be maximized.




ol uaxinizatiop of Preriy
Jhe muxi-izotien of prof.t is taec most emgential objeotive
2L evars ntreprenewr, iherelore the insertis~n o this obe
+2endve netion vouid alae ba desirabie ror t'o optiml -
ziticn of tna Avintelanceeasyronteciog, - the preiit g
Birenoly indluenrad b0 the triuie eand:yieon oL L.uf one annd,
TR L diseritution of proiits or. the ik ie achines ig
drolanperad 4f sottleneels ure anoncs t227 on the other
Laldy Tz objdeciive i:nelion of the peelit naximization
Lo sl enlice nroblewe i3 not vcrx'suitabie.f Ic is
VIS el om used in ~-1terature ¢ mainte. u..go - abd 3oniy
Lot oe diseuzced - oepe aiy i .r,

fo - ddadeavior gy vOEYS
157 She reducticn or costa ot nsintenurean actions nn
Jdisirect Wximization ou Lrotfit is . ursued umd therefore
vl ordoctive g 8reciali; sulturie fop tﬁw exaet cul -
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1) sna are. ey rBursuelhun oty zup deatiruune dep Oy timalen
veemdratlion von dLotanitaleunygarsng Tan Sertigungs e
Tageninen by aefkstfttehrc;cifqn; s nl oireg Simulationl-
odeLls, uima, Mg .y Cen 1408, Lage 375 Levall Jedo,
suintenance irolicies rc - stochustica. y - Liiting Sguipment
A. sterbey, SRS TG o0t snge ) (1958) puge 495 - 8§13

2) compare urenicic .y, ~3tlematienl Aspects of the Keliabi-

11ty irobiem, Ccup 4i 0 tie Jociety of industrial amd
Arrlied Jatnenatics 7 U%0) puge 1025 rr,
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Acoording to the structure of maintenance problems l)silplo
cost-estinitions with average costs were chesen, e.r.

ka ‘(__; /‘7' 4 5". /.:o ( II.I)

Xa or Xp mives the number of fuziluve or the rlanned actions
vnile Ca or Zp rives the aversge costs per failure e y OF
else, ull single costs per failure or preventive action were
considered :nd suumed up for the totaul costs 5 + Anong these
sxtreues there are of course many combined opinicns operating
woreor less with average or single costs “ .

In ary cuse the maintenance costs will have to be divided
into 3 sroups in crder to be able to calculate 1ll parts
and ghén decide wiicther an average account is sufficient or
not “/;
a) downtime coats
. b) naterisl coasts
¢) persorn:l costs

a) The dountinme ecsts of a wachine contain =11 ccats which can
be sortcd to this muciine for the period of its downtime

and the increase of value whic: could have been attained with
the menufactured product of this machine. Additionally lost
profits h:ve to be coasidercd . too. By the additional

R

1) Often a simple cost-estimition wus chosen in order to allow
ut. analytie treat:-ent of the problem.

2) compare fcCall J.J., 2.2.0. puge 49C
5) compare arel :1., a.8.0, page 88 rr,

4) compare Bovaird R.I., Characteristios of Optimal laintenanee
Folieies, ianagement sScience 7(1961% page 258 ff., Kettelle J.D.,
Least Cost Allocations of Reliabild Investments, Operations
Researoh 10(1962), page 249 rf., ucNelll J.G. 2 Forecasting of
Equipment .aintenance, Diss.with Cambridge 1955, Lindsay G.P.,
Bishor A.3., Allocation of - reeuing - Inspection Effort - a
Dynamic Programmins Approuch; <anagenent Sciance 10(1964), page 342
ff., Farson J.A., Preventive .airtenance Policy 3election,lndus-
trial Engineering 16(1965) page 321 ff.; dc.ker E.R., Relation-
ship between Equipment Rehability,Preventive Aaintenance Poliocy
4pd Qperating Costs, ARTC Research Report Nr.7,washington 1957

5) colpare Kred H., a.a.C., page 88 rf,
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application of expediency costs, the significance of the
machine may be expressed in regard to the manufactures (e.g.
bottleneck muchines) and thus a long waiting period for
maintenance may be avoided by - planning of the raintenance-
completion according to cosvselwction,

b) iaterialcosts include spare-part costs or reparations of the
respective spare-parts as well as costs arising from defective
gocds caused by muchine failure.

¢) Personalcosts include all costs conc:rning the maintensance-
depurtient, directly applicable costs 18 vell as general
costs of maintenance,

e sum of 411 thesge cost-shures must be minimized, The poliey
¢ssentially influences the downtime costs =s vell as the
waterialcosts,

A suitable policy causes more downtimes, however but less
dontime experses, because the waiting pariods for service

ire reduced, if the ztandstill of an aggregate is planned in
udvanse. The material costs for spare-parts rise, on t4e

otaer hand the occurerce of defective poods is abolished, and

0 otl:er parts of the .cuchine will be damzged by the failure 1).

1) The followiny iitersture sives information on the composition

of maintenuance costs: Cziner ,4., 'fow 5 cecnirol aintenance Costs,
Fe'rcleum Refiner 33(1954) rupe loft,, Althcorf I'., .ililler X.D,

Jn8 rroblem der Reparaturkosten in den USA-Chemie Ingenieur 8(1§56)
ruge 29%f£f., o.V., 4t should «airtenance Costr factor lanagement
= and daintenance 11101955 zge 112; oLV, Refinery ﬂ;intcnlnco
whut it costs, The (il «nd 3as cournal 58(193C) page 100; Clapham

? Coke, Economic Life of iq4ipment, Cperational esearch Quarterly
8(19575 page 181ff; i&lbel H., Jchulze Jo, #irtschaftiichkeitg-
kontrolle der Instandhaltung in Cheniebetrieben, leitschrift fir
30:riebswirtschaft 35(1065) page 2911, , (Ergiinzun shef%); largo B.A.,
A new qgstam for aintenance Control ﬁetroleum sefiner 36(?857)
rege 235 and 6 page 171; Lude W4,3. éix Steps to Zquipment Cost ,
Fetroleum Refiner 58(1959) page lbé’ Pretzger A.A.3., The Jetting
of ..aintenance Tolerunce Limits._Inéuatrial En ineerfng 14(1963)

page BOff; Rachal E.A., Dough - ieEe - Reports for tlaintenance Cost
wontrol, retrolews N:fires Bor1mily 2, pige 178, Teol d.L., Use
duta Processing to Control waintenance Costs, Fetroleunm Refiner
42(1963) 1, page 115.




gy b T T ——

5 a

le3 waximizatior of Reliability

In certain cases - especially aviation or military projects -
tie reliability of the function of 1n agrsregate is most
importart. iere no estimution in the sense of cost-consideration
can be reulized, because the operational resdiness of an
asnregate wvhich misrht determine the eni of o war {(e.”ouse of
rockets) or ¢ven human lives {(transport aircraft) cannot be
calculated. Jith very complex amgrecutes e,-. gr:tenis of iews
trunamiscion, comruters or complicated metiods of fadrication,
tie roliability of the various agaresites is of special
snperininee because a failure misht cause extremely high costs;
faporiint informutions ~might be lost or catastrophes caused.
“Atemic resctor, coh~wicnl works, plpeelines)

it m.y be cenvoniert to manufacture the less accesnsible purts
of aven the s ailer abrieation winresites vory carefully,.
(#e7e by redundancy in order to avoid exyensive repair).

-an objective of ~izimization of rclinbility essentially differs
from tae mininization ol eosts. The policy in the first case
toes rov : n ider . scri:z of costesharess, tecause a cal -

culaution fur': :nt ig luclhing «nd it endeavours to impr ve
conditions with gmiven meisi.ras. 1) In tre second ciize a
{.ilure of tho oystan is puriosely occented as it '8 cal =
culable, whereby orl: the sum of uil cost-zhiures is minimized,

«e2e the poiic re ard. only valuesbic ar~rersates worthys of
recelivine eivraful trea% =rt, It iz ¢t . 000 ce I.CCe88:Ty TC

srreetly dilstivoaics Uotweosn s bt et ve Nimeticns and

1

t a3e oldclr,

-r. onder to b ublie to Jurmalate the ¢bjoetive Minction the
cord MrolLivility" rust oowill be d2fired, The definitions
‘iver in litesuture “re v.pr: different J). he scale varies
{rom very gencral definiticns, like e.-. "The ieliability of @
System 1is t.e probanility that it can catisfaetorily fulfil

1) compare Burlow ReEe, rroschun F,, tlunter C.L., ..uthematical
Theory of Reliability, New York 1945 - Lame V.

compare paplow R.E.,Frosciam . .funter C.l. dedsCopage 5,
ni@k R.E.,a.a.v. page 125 p
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b)

the required duties under certain work-conditions for a
certain period of timey" 1) to exact mathematical definitions
which must unconditionally be preferred. Some of the most
importart of these shall be doscribed here ard the following
concepts havz to be Aistin~uished:

a) reliadbility
b) efficiency
¢) operational reilinees
d) irtervual reliability

If ou look at singi: ecnditions of 2 eysten at timeg and
they are doscerided by a probability size X(t) with the values
Xl(t), Xa(t).....,xn(t) and the distribution function F

(X T-geeseeyi yt), these conditions muy receive » cartain
wrofis function dix). :erety wse ratt2r think of a techinical
thzin on economic :rofit; e.:. the probubitity that the
azsresate dons net fulle. The relisbility 2R(t) is them given
o th~ exveciel v.iue of this profit-firnction at moment. 2)

L
Rw - € h[x(&)]i-j,[xm].af(x.')
208, ( 11.2)

Me efficlency 5tf,°) is, coatrary to the reliability R(t),
inderendent of the time. It haa the value

1
€4, - { RIG). JF (&) ( 11.5)

1) compare Sarlow R.E., 2.:.C., page €

2) compare Barlow F.i,, Lunt-r L,C,, .lathematical Liodels for
Syaten Reliabhility, Svlvania Technoio
aspeciully page 17.

3) compare Burlow R.EZ., Uede, 8.2.0, page 7

gist 125(196.) page 16 ff,,




and here F(t) represents the probability that the system
is ready to o;perate at a certain time. Efft beins the
mean value of the reliability, represents the expected
time of operation in the interval T, ullowing maintenance
actions as they can easily be considered by changing L(t)
and ?(t).

¢) The operational readiness Y axpresses the probability
t«=t a system i3 rauly to operate at any time. This value
i influenced by the reliability urd j;ossible maintenance
actions., It 1e caleculated out of the efficienc:r of a
3rate - A ease tact the tine interval T increuses infini=
talye. 2n- sinmcle ccnczaption that probubility is express-
abi? 0. the nunbver of favourable cascs to the numggr of
#2383l ie c:8:8 (Ap:lication of the ccunting rule <y
2a3ily nates tale diversion clear.

¢
Ty - &’5 2 R(®) dF () L11.4)

d) The reliability of irtervols 3) i3 the pronvavility of the
readiness of o systcm within an intervui beginningat no -

1) see Brashyam N., Juiswal ».X,, Operationul Readiness of a
vonplex 3§sten, Upsearch 1{1954), page 135rf,; Colemann J.J.,
Abrans I.J., dathematicul .olel for Operationa. Readiness,
vperations Research 1C{19%-), rage 126ff.

2§ see ileimhold J., Gaedc .M., page af

5. see Bar.ow R.E., Zunter L.C., Reliabilitg Analysis of a
one-unit Jystem, Cperatione .eseurch 9(1951) page 20C; Ple~
hinger B.J., A Jeneral .lodel for the Reliability Analysis und-
der various preventive Maintenance Policics, Anna.s of ilathe-
matical Statistics 33(1962), page 137ff.; Puzh E.L., The best
catimation of Reliability in the exponential Case, rations
Research 11(1963) puge 57¢f. . ‘
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-1 or 0, if the system works or hasa failed at moment t.

ment T and lasting at leist t, time units. Until T
maintenance actions are allowed, lLet it be X {(t) =

.

Men it has the value

RUL,T) - wlntoet{ TeteTok] (11.5)

i2is value cannot be explicitly ca.culate: us it de=
rYerds very much orn the events within interval ¢ to T
ar.d hereby reflocts the policy.

322ides thagse values tiere sre of course a nunber of
oth:r definitions wilchy, howaever, may be diverted nostly
C:om thzse concartse. S0 we find o,.;, the stratezioe
reliubilicvy lj, ieve the ;rovability of using a machine
at any interval 2 from the interval reliubility with
the threshcld crossing 7 —» o®. Ho furtiar special de-~
finitions 5) shall be gzivern here,

Mhese measu.'cd numbers ray be inlluenced by the scparate
preventive uctiorns. It ie the objective to choose the
strateay in =.:h 4 way thut the Ziven costs naximize the
mensured vailucs or that the costs are minimized by the
given iinits ceinimun decind),

L — . e

1) asee Truelove A.J., Strategic Reliability nndlircvcntivo.
vaintenance, (rerations lesearch 9(13G1) page 22f¢. _

2) Bsrlow an Hunter call this functiom a Liliting‘lufdi-

val Reliability; compare Burlow.R.E.-puge 8 :
3) see Jeiss G.H., Cn the Theory of Replacenent of Machi-
nery with a Random Pailure Time, U.S.lNaval Ordonance
Laboratory Report, #iite Oaks, o.J.; Corcoran Hedo,

Jeingarten H., Zo.ma P.id., Estimating Reliadility after

- Corrective Action, iianagement 3cience 10(1964) page 7862f.
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2. The Strotecies and

2.1 Juipogitions for inteliizent appligation of

preventive actiong,

The maintenarce costs cin be roduced, if either the
expenses p>r actiocn or the number of actions or doth
ure reduced. Jdnailer savinzs ure uchiaved, if the
irfluence of tie cne fuctor is stron-ly reducel dy
mls'ng the other onec. In maintenance these foctors

“re ainly revresented by downtime coats 1) which
strongly var betwesn yrreventive action and repa -
ration of f:ilure, and by the number of dcwntines

#iicl 1o eszertiiLly deterninéd by the failure
disoritution. It is impoasitle to reduce both fuctors
simultaneously. only redundancy coul? influence f:ilure
distribution. Thc redundanc. :o0sts, however, would
stronily ralne the costbalunce, ev:n if only insigni -
ficant inprcvements ure jesirced. Theref.re the re -
dunduncy 1s reczerved for those special cascs where
rather the reliability snculd be naxinized than costs i
rinimizod, becausze du.ntime - or Tailure costs are
incomparably nigher t:un tiae tctal costs of an agsre- 1
gate, or vocause fuilure cests nre rot at all or not {
eagily clerulable, To b:gin wity it "4y oe attemptaed

thwus to raduce dovrtine costs witacur pre-entive

actions. Tais is achieved by shortening the reparation

pericds or reducing downtime costs per time unit.

7
&

e —

1) The personnsl - and matarisl costs are usually very low ia
comparison to the doantime costs. Although tney shall etill be

considered in the later exzosition, they shall be neglested
for the time beins, .




The second value cannot be influenced as it is
predecided by the production; the firat effect |
could be attained by an increase of personnel. “
But this action again raises the expenses. It is
achievable, however, to reduce the downtime costs

per time unit by means of optimum “imensioning of

the mainterance crew to such an extert thut 2 ainimum
of total costs arises which depends on the ratio of
downtime costs to personal costs. The next step
screening these problems covers the material ex =
penses. High naterial costs arise from breakdowns

of sirgle machine parts which involve couplex mecha-
nical systems. Cften such involveients are un =
necessary - an objective construction 1) considering
the failure conditions, too, may help to avoid high
moterial costs anl also high downtime costs due to
unnecessarily high peoriods of repair of the affected
series of parts. Starting from one of such best
constructed agzregates tie cost may Le further reduced
wncer certain conditions by raisin; the amount of
dointires - i.e. by preventive actions - simply be -
cause hereby the downtime costs ure reduced. The time
waen this occurs will be discussed in the following,
To bezgin w-th a table shail be given here, shortly
stating the result or the following coumentary.

R

1) T™e value-analysis .3 . strongl;r ~rowvin~ divigion in
our days compl.es vith this demand with.regard to every
rossible odjective,
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P4:  Daternirant table for the
execution ol preventive nzinterance.

|

- 3% 07 u.i this inodel shows the rate of fiilure r{t)
in its periedic dov:lopment as o substitie of the
fiilure dYictrihutior. As already chown the periodic
deveolopmenut of tue fiilure rate ig o neasure of the
¢.inze of the fulilure probability ov:r a reriod of
time, Thercfcre it is easily conceivebie thut a Lre=
veutive tction, i.e. a periodic rre-3nift of o failure,
is put en only, if this failure c.n trnap eby be avoided
or statel rore jprecisely, if the srovability of a
frilure i3 decrezsed vv the yreventive oeciong,

f2¢ second crit..rion of the r-tic of uverasa ccats for
4 vlarned action (ur vreventive -etion) C. to the
averure ccosts of a fiilure rev:irstion Ca 5till needs
comarntari2s. If =ore dointinmes =pe caused Lty rreven -

1) ¥reventive uctions seldom : ray with electrounic parts which
cfton at first show f falliry = ard then risin-: ziluro rutes
due to cauterizuasion procs::es, because tie orevencion causes
ceste only, withwut ehanzin: the failure situation, or even
agsravating it,
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tive actions l)one should be sure shut t:en the ;

coats per downtirme .re essentially Less in order to ]
reach a minimum. It is therelore ne¢cescary in each , . i
case to exunine how the costs ui & preventive action

in relation to a failure reraration car be reduced.
Garerally the followingy reasons are determinant:

a4} idhe wait nz time of the miachine for re=-
raraticn in cases of nrevent.ve mainpe-
s:ance is ot important sag the actions can
be planned while the fuilure usuaily
hu ons whnen the maintennance .2rsonnel 1s
enty fed eLseaicres

b) The ceriod of repair is shcrter, tco, as the
reprlaceable .arts are exactly kaown while the
defects of a fuilure nuave to de searched for
first. vtaer Larts e usudiiy involved, too,
and th=zse are aizo re:nlaceatle,

¢) For the s1-e re:son Sn- materisl ccats uve
usua.ly hisher,

d) ™e rersonil costs rise too, cecuuse there
is vore work ani more workers sre rejuired
durin~ failures.

In special cages, howaever, it may by all neans happen
that the costs Cp are hizher than Ga, perhaps because
the downtime costs are vary high so that with less

1) As preventive actions are appliecd before the failure the
mean operation interval of the nachine is shortened and

thus the amast o. downtimes per time unit increases.
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technical complexity of the machine parts there are

Do essential cost differences per time unit between
prevention and failure ,whereby the greater amount

of downtimes may have a unegative result, if they are
prevented. In the majority of cases, however, especially
those with technical equipment, the application of
Planned prevention actions brings the expected cost
advantage. Then it is important, however, to find the
suitable strategy which is to be optimized inm order
to totally scoop the cost advantage.

Tnis strategy is then applied to an object of which

the structure 3till has to be screened in the respective
sases a3 it will surely be of great importance whether
the stratecy is used per part of rachine, per part-set
per machine or per machine-set. Ir order to describe
this object more precisely the concept "maintenance
unit” was formed, which is to determine the application
ares of the strategy. It cannot be described here ia
details a3 this maintenance unit very much varies in
literature and it is more appropriate to leave a
specially favourable choice of this maintenansce unit

to the specific problem of practice.

Sriteria for the division of waintspance

As described before the maintenance policies can de
divided according to several viewpoints. Jundanentally
we here find the same criteria for cost-and reliadbility-
models, even if the problemswith regard to the executed
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maintemance actions ( e.. inspestion, reparation,
replacement) are partly considersd differentlys

a) time lapse

b) knowledge of condition

¢) distridution

d) complexity of machine

o) Reliability of infor=:tionm

'hese oeriteria are to be explain:d more preeisely in
t e followin::

221 Jine - gepiee of acticna

rreventive measures muy be applied periodically or
sequentiully with regard to their succesaion of time,
A reriodic strutegy is bascd on th~ fact that specifie
nowents of preventive actionc during the duration

tine of 4 machine must be repeated in regular time
intervals. (r the c:ntrary n sejuential strategy

sives sejuaences of differing periolds or culculates
twse during the utiliz.ation time of the zachine.

The period between the preventive actions of a machine
n:iy b2 bused on various momerts what the neriodie stra-
texy is concerned. l'rincipuily a rachire is mainsained
preventively after tle period has rassed or 8f it has
previously failed,
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) 4 X Th. periodic strategies. .
v b o v L v
'

4 nl.' N 'a l.:_l.; v LT
r ¢ ‘ -f-, Y ?- [ -
B, 1 "- 3 g, ¢ L ?‘h’
b a Mo b Gy = w be-o
Pickwe L 3hows a time-axis which is to demonstrate
a sector of the durabil ity of a machine. This muchine
is in use (3), fails (A), is repaired (R aly 18 set
goine amain (3), is closed down for prcvention (",
nnd thie is carried out. The difference between the
time-uxes (a) and (v) is that by (a) we mexn the period
t, between the initial points of the resyective preven-
tfvc measures, while (b) is ¢.e period dctermined by
t.e so0le operation time of t.e :uchine between two

dewntimes., Yhus one discerns two strategies:

1) exact pericdic strute:y
b) reriodic stratery after operation
ti.ﬂeo

The exuct poriuvdic strate~y is optimun only, if the
downtime overicds of the machire in relation to the
periods are s'ort, bacause only then it can be
guaranteed that the carrying capacity and durability
of the raciine parts sre uniformly utilized. If one
allows big oscillations of the duration time of the
parts, or if cne forces them by an exuct periodic
strategy, .Jateriul reserves will not be fully utilized
which naturally inorensesthe maintenance costs. The
periodie strategy, however, allows a possibility te
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fully utilize the opsration jauses for the maintenance
which is particdarly advantageous, if

a) the optimum period is not tu be
‘egsentia.ly chan;ei in order to fall
into the operation rauses,

b) tha: optimum above the v~-riod runs
flat (see V.3)

¢) th farriszition capacity is stron-ly
utilized.

PJs Sest puttern above the pericd of a
p=riodic atrategys

-

iie optimum period nay then b2 ¢hunzel within the
iiaite whick ar'se due to vhe avoidance of downtime
costs #Ks during thie orerstion puuse, If one succeeds
thus to cuiange the ;eriod withir tu""""'to’ 20
that it coincides with the period of operation pause,
the total costs may still be reduced,

This ie not possible with the periodic strategy after
operation tire, us the interval betwecn two planmed

A
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do/ntimes is obtained a3 u sum of reraration times,
vaiting times for reparation and operation time. The
interval is a contingent value hecause only the
operation period can be given. iet this strategy is
normally to be preferred to the exact periodiec
stratesy, althouzh it causes slisutly greater plan-
nirg exsenses because a registration of operation
hcurs hac to be ke t for every agrrecuta, As, however,
tie raiting- and reparation times are usua.ly not to
be neglected and additionally only few plants will
carry out reparation during nisht zhifts, if they
orerate on a one-shift production bazis (operation
rauses!) taus ulso causing inerensed rersonzl costa,
tie slight - extra costs of manage.ent wiil be accepte-
1bin and the exact periodic stratexy will be limited
to s.ecial cases (e.3. at very Li~h downtine costs).

+he se uocntial stiristesies ~lso carry out vreventive
measures after certain time intervals and immediately
repair frilurcs, if they occur. The difference in
relation to t e perliodic stratr:y conaists of the
shaping of the ‘nterval for the jprevention. For the
sequertial strite~y u se.uerce of ti.ie iitervals is
sur;osed or caiculated in the cource ¢f utilication,
Cne hereby 3sunes thut with incre:n: of age a machine
¢ .ang28 its failure conditior becuause the general

idea of « repaired m-chine being as (;ood a8 new proves
to be an approxiuation in ;ractice. Accordingly the
time interval will be ujain calculuted after every
failure or after eaonh .reventive action, iiere one

W el
AP
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conziders tne experiences of known data and the
remaininm interval of utiligzation of the nachine.

The objective ie the minimizatior of t:e total

co;ts over che remainins period of utilization. The
metnod sh:il not be described in details here 1) as

it is very costly and has iitt.e siTniticance on

t22 other Lund, it can se shown thut the segu ritial
Ltratey alone is indeed ontimum for rinal utilization
periods of michine, uhat the devi:tiorn, how.ver, of
2 ortimum oriodic straté;y from thic Zerneril bpti -
M is only vory zidght,

e gories Af intorysl, however, miy also ne aceidentul.
Cenh Ure [irat irstaice tnere ig the poscibility to use
--on%e Curlo meth.ds to cencrite a Given failure distri-
bution. Thuy ure fixed aftoer . c.rresvoniing dininution
by sesus of o fuctor snailep t an 1 as prevertive inter-
Vii=Goricse A8, 0vever, the contingarey of zuzh numbure
3.rics Letveean contingert numbors esi eliective

Iuilure nmore:ts “ay cuuse Treat diiferences, this

Retod se2 s to be unsuitibie in practice. ‘he con -
tingerey of s.ch intervals, however, ray be a8 pesult

of the fact tuat an orisinally periodie pre-planned
preventive nocasure cunnot be carriasd ~ut because at

the prevertive momeni thnre ic nc available worker

30 that the aachine of cscurse eontinucs operition

until 4t fiiis c¢r until is =ay be conirolied, 3) In

L

N

1) see 3arlow ReZe, sruschun ., Placned stexlacensnt, page 68
2) see Xre3d M., pare :8

3) ®s2e xreB H., age 431f ,Areis speas of a periodie operati
tine stratery,in the strict sense of classification this

srrategy has to be defined as sequential strategy wi
incidental periods. q ¢y wish
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tale cuce t-e series of the prevantive irtervils
autnomnaticilly results in&de cont noernt sequence,
even thoush the measures were plarned periodiea:ly,
3i2ilari; vari-us other application-acquainted
gemential siratesiss ray be sugrestd which are
certuinly nreferab.e to sure reriodic strateries
4.2t specifiec cases ure conc2rned.

ag¢ icoown derreg of the condition of a mue

'us far ve “nve always regurded the conlition of a
Leeaine Lo "gocd" or "fiiled"., mis is not alwars
the cuse, lowevir, 8 miny parts of 2 aachine don't
Suuse the hresitiswn of 4 machine, if they are de-
Lictive, 2ven t cu-h they have = negcetive influerce
of ths proivetion outccwa. hus it nay hap:.e2n that
oni ;art ol L2 nmachine hpenis dewn unnoticed, vith
22 conseercs cf a gr:duul-neither noticeabice
aparavition or eveu unroticed defective socdse An
2xanrle i the orly occrzionlly con: rolled con -
veyer d2lt, v era a top inside: a work;iece nirht
hreak off g Ghe defoctive result will only ba
noticed i Tin.l comtril. Zvery vworiyiece following
thig one Ls te be peurded dolective, someties
ciusine ivh davames of recorditionins aftorwards.
Such exanilea and many othsr different cages may
surely be avolded b a4 cuitab. et ye as the
determinction of toe cuniiticn iz uliuys connected
with on irs;ection, such strateties 11y uiso be
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Called "inspection strategies.” Contrary to this
are tie reparstion strateities not rejuiring any
ingiection us the condition 13 krown, These in -
gpection strute:ies ean again be 4ivided into
stratesies for operating agroragates o1 into thcse
pplying to aggregaites ready for insertion at a
eécrtuin moment - the readiness stratecies, (see

’ . ’..') l)
| Wornhive Bline
::::::‘iu'uoéa I "J:=:

Divisior of preventive strateies in
Vi of the vardle thown docre: of
the ccn..ition of . mwachine,

e divigian of the eritorion ~lroudy shows that the
¢tnolae of o atrate:y accomMins to tiuin viemoint ;
derends on o apegific prodb.em, 1,2, cre has no T
voreihilit of free Judzerient wiet er this op that

xinl of slrate .y would ;rove wore apurouriate,

divon problens will Always easily stow,y whether the
condition is recognizabie or not,

1) eoe fred 1., page s-




2.23 Ihe lumber of Possible Copditions of sn_Azgregste

If we expand the case mentioned in the previous para -
graph into another direction, we have aggregates which,
besides the two extremes "good" and "failed", show up
various steps or a continuous course of the quality of
4 condition, In a2 strict sense this will almost always
be the ccse as, in most of the practical exsmplea, a
failure is caused by wear, whatever the nature of wear
may be, and such appearances of wear seldoa develop by
lears. (e.g. overburdening leading to breakdown, over -
charging alectric apparutus) Such pure contingent
failures may, however, bde avoided by :eans of preven -
tive strategies, too. Inspite of the frequent existence
of u continuous course of a condition one finds that
there will be no affect of the cohtinsont dininution
oa the output of un aggregate -~ this agsregate is %o be
callel "good" - until a certain limit is passed bde -
low hereby t:e sriiregute fuils and receives the ¢on -
dition "failed". A typical cxample is an incandescent
bulb of which the glowing filameant is continuously
thinned due to evaporation without arfecting the fumc-
tion until it breaxs and the lamp has ts be replaced.
«00t% of the technical aggrerutes react in this way so-
that in muny instarces two conditions are sufficient.
#ith other exﬁuples it is :ure favourabla, howevar,

to distinguish anong scvernl conditionq)if ditrerogg
denszrds are to Le expected of various uj;:rogates.

1) eig. Syres for tractors may be classified in conditien
. uurdu? 1 'gutuo depth. New tyres are omly
wo

or agrisulture and worn tyres for transposs.
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dere ome speais of sulti-staged stratenies soatrary to
- single-gtared strate~ies which only allow two condi -
tions. ‘the aulti-stared strategies usualiy apprly the
theory of ..ar%ov Chaing inm o1der to e able to desori-
be the various Bttpl.l The transiticn rrom .ne
wality=gt:;: t2 the next is Yere desor.::d b Frodae
dbilities. e gtrategy ‘'iteelf is multi-sti~od becauge
for all %he con:.ition grades ruies o. optimum }Pro -

ceading must be found which, however, huve n reci;poe
64l infiuence.

‘he :rob. emegetting stroagly influences the applicution
ot ainrie or milti-staged strate;y so that here, too,
. n judeement of ctreategies is impessible. [t say bdbe
stated, howevor, that in the first instance on» should
“aveys try to st alonr with a simple atrate~v ag
"Mitieat.irad sirutesies are o°engive in their sduwi
rlstration ol $aus increise t-e tiun.orovent coats whigh
45900 W% ubsorb the sdvantare of thoir upplicatiea,

“o2 Da Beadvrooal depeadenge of Aggreisses

1 ote nreu.8 0 t.g 1ependence of wy;reg.tos op e inee,

& distirction must Le “ude between:

a) the atatistigal dependence
¥) econonic dependence

D —— e ——

1) CORpAFe 0.3, lolesar i, +“inisua Cegs l
mu Lttumti;r;’-"lal,‘;ﬂ'llt :hzmc i2 () ’
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&) The statistical technical or stochastic dependence of
agRretnton vocves 1te mutual tecindounl rd complex
ddnkace v Ln dujurlous aroeet of o tailure of a
1nWehine or of a machine J4rt on tie oneratine
elfigirney 2.0 urothap DREDLTT 0D WUWRNITE LDt
o8 thon thoe Cdlur 2loteidutions o, Lt UETre -
sntes nre rtatisticully Jeperdent, theen invay =
depentencics must be consideroed ween detarnining the
ssrate-iea of puch ageresatos o rather vin choosing
th maintenwuce unit, The jrevlem nay be gimpiified
Ly enoosing the tutal oom¥lex of such derendent jparts
as the maintern .uce unit, )

b) the econsmic dependence must be ctrictly diseerned
{rom the ubove mentioned burupdiu;ne It 46 limited to
t2030 ¢n808 proving to huvo a cheu; or mu.: ntenanee
of a purt set am n whole, than a_separate maimSenance
of purts belonging to this set, -/ 4his happens 1f
1epiadr custs in times of refurnish ave relativeLy
1o and it would pay to carryout muinterunce dy
OXChANnTing or rercirin-: u s.inc.e jert together with
o$hnr jurts in order Lo prevant hi.-her downtime
cuasts., 5

M, SR A R <Al
1) snis sheught underlirns the mors recent and growine teme
1ency Sowards she oxchange of whole construstion

of Rine ;arts e.; OXchange en:ine ut nutemedile re-
vair) whieh more and more oudstitutes the vepade of sinzle
(480, Hor::z $he repuir of she fatled part and all other
mgmc J 8 6an be brought %o a derree cf "as goed as
Tew” as all damares cun Yo dnpe away culmly,

2) see MeCa il ‘o‘o. yoge )

3) typieal 108 sre general ovirhauls of cnveyor belts,
:Ruux.mn ote,
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With the increaesing reciprocal dependence of machines

it will be necessary to consider whether the experienced
downtime ¢f & nachire o> another preventive action does
advise thc jreventive maintenance of other macrines in
oraer to avoil further dowantines o ever fuilures. Hdere
snc speuks of opportunistic strategies in oppoaition

to simple stratercies. An important problem must here be
consicered. It iz not at all easy to determine such
"opportunistic" purts.A cost optimum exists here, dut due
to the many possibilities of combinations with several
machines .n sttainabie calculation would be very costly.

Unly o particular case can determine the application of
an opportunistic or a simple stratess. Opportunistic
strateies are very different. It is hi.rd to find such
& morned or typical strategy. Consequently the further
Froceeding hus to be determined by a simple cost com -
parison of optimum strate;ies of both cuses.

“+25 The Beliability of Informstion op the Pailure Distribution

Thus far we supposed that the failure distribution was
known. Only few practicul cases submit this. Reality
provides very few dates necessary to generate the failure
distribution,forrespondingly various strategies have

been developed in literature which, according to the de-
gree of uncertainty (i.e. according to the value of
existing dates) shall guurantee optimum ways of pre -
ceedings. A more precise inspection of these strategies
and models at uncerteinty shows, however, thut ia a
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strict sense no new kinds of strategics are revealed
here rather than methods of calculation of how to obtain
estimation values for the failure distributions from
unreliable information. Of course thase proceedings are
usually 30 closely connected with the applied strategies

that we prefer to only touch the proceedings here brief-

1y, while the commerts ramhap with the corresponding

modeis will be added in a lgter chapter, 1 If one

wishes to agree with the concept given in literaturc,
the result will be the structure of P, 5.

Trevantive Rlicies

terdain Mininuiion Vnosréainty

S~ '\\

Hin's aean Aplie Wi
Souncting Tochwi faee

.1.:...54
Division of strategies according to degree of reliabi-
lity of information on failure distridbution,

The fo'lowing 1a a brief iaracterization of the proces-
ses:

) dinimax Stravegios
It attempts to mininie the expectod maximur costs by
proposing any strategy. is there is no report on ex-

1) see paragraph 2.351




b)

periences concerning the failure di-tributioa‘n
oope to the trivial conclusion to do nothing ia the
case of reparation policies, i.sa. to only repair
failures. This strategy has significance only wish
problems of readiness when soeking the optisum ip ~
spection atrategy in order *o prevent failed parts
from blocking tic puso-suoei vhus causing uaneces -
84ry expenses.

Bowding Technigysg

Based on sput-checks of failure momeunts (sporadic
measurements) tals proceeding endeavours to find
limits for the failure distribution as the kind of
distribution is unknown. Estimated values for the
expected value and extent of scatter of such
distributicrs are formed from measurerent resulss
of the spot-check and by means of laws of stltilfiﬁs
evaluations of the upper and lower bounds of
failure distribution sre proposed, Very evidently
the proceeding only aims at a development of the
failure distribution hased on sxiating dates.

¢) Adeptive Strategies

Starting from the kind of failure distridution
(provided that it is known) the psramaeters are
estimated from fow vulues. as new dates and ex =
periences can be coliected in the course of sachine
application it is obvious fo immediately use every
date for the improvement of the parameters thus
very quickly achieving an adrption of the original
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roughly estimated parameters to the values ¢ the
actual distridution. This proceeding guarantees
the best success at uncertainty of information be-
cause it continually works out availabie infor -
mations thus reflecting the actual dates and con -

ditions with low expe  ses-better thar every esti -
utidﬂ.

2.3 The liedels i Particular

It has already been mentioned that the particular
stratepies are strongly interwoven among themselves.
udeny authors have forced dov.lopnonta,conpared strea -
tegies and unrolled entire maintenance models with
built-in and often hardly separable strategies. As the
particular criteria are oftem all or sometimes only
separately applicable to the atrategies,we here attempt
to present these nodels of literature in a simplified
total structure 1) in order to define the actual po=-
sition in the field of strategy research,

2.51 Tne Cosy licdels

The most suitable divisinn eriterion is given by the
objective function. Minimum coste are distinguished
80 clearly from maximum reliability that a covering

1) £:!=:ally only the essential and fundamental models of
Iohance strategies cam be discussed here. dany eppli-
cation oriemted strategies which often developsd from
slight ehamges of thege basical strategies are not aena -
Sioned here, unless by data of literaturs.




of the problems will not be uchieved. The reliability
rodels, however, also deal with costs but there thess
costs are independsnt variables or datea. The coats
here are dependent variables snd objectives in regard
to their minimizution.

Although a certain inenr- agu It e anannot he avoided,
the divieion pattern of 7.5 is to be applied to
these cost modals. It shows o compromi se between the
total number of possibilities of ail criteria and the
merely incomplete existence of strutegies touching
these criteria,

RelisBle Unreliable

Information Informetien

Inspection- Reparstion- R aration-
molels nodsls Minimexe ols

Proceed ing\ Inspection-

-periodic -periodic models

~sequentinl -5@quential
-opportunistiec -opp-ortunistic _. Reparation-
-multi-gtaged -nulti-staged \Boundxng~ - nodels

proc‘eding\\klnsp;ctionp
models

Re@dration-
\\\.Adaptivc- lodoln

procoedinp Inspection-
modoll

P.6:1 Divieion of Cost .odels
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2.311Y Reparstion sodels
In the case ~f repair strategies there ig a
dirference above sll between rrevertive reparation
and rejaration at failure., A failure machine will
of course be repaired as quick 18 possible and
aecorldin~ to tne organized maintenance ( thut is a
Testion of avuilability of personnel and ejuipment),
As we shail realize later it is the size of the
operations liere which is of importance and not the
monent. In this connexion the concept "jroventive
rerair" is not to ba applied oniy to reuaration
processes, Jhe action comprises mainterance proce-
jures as w-11 as replicenents of parts. ere the
prodlem is det.rmin:d once by.Optimum plarning of
nounents an. twice alao %y the sige of action: of
gourse.

2e31118 Pardgdic Gtrate-ieg

Periodic s.:ut- ieg are found very ortone A great deal
of mode.: could be nent.oned here. The strate -
87 which intendis a preventive measure at fixed




moments, thereby removing failures appearing in

the mean time, is the simplest strategy und tnere-
fore particularly suitable for yractical objectives
of application,above all with workshops using simp-
le mac ines. 3Jome typical examples ghall here be
quoted from rich sources of 1:terature. A

a) The Qox siodel with Exuct Toriods of Time

A unit ig repaired in constant periuls tb’ 2t
seseccess indspendent of the duration of ser -
vice in this time. Should it fuil during the
reriod, it will also be repaired., The averape
conts Cb are calculated per time unit,

B

- p *k.'oug)
. ;—“ -
(S

c

1) soe sarlow R.Z., Proschawm F,, prge ©5ff., dsrenter D.u.,
The Jtatistical Dynamies of . raventive R~ lacenent, JEICCB
Convention Record 195%, Cox De .oy 3mith Wele, On the Sue
per position of Herewal Yroceucos, Bionetrica 40 (1953)
page 1ff., Ramins .. Jdeterminine Checkout Intervals for
Jystems to Rundom Fuilurea, Rund Corp.194(, Ri-2578,
YoCall J.J., Solution of =« 3imple OUverhawl =odel, Rand
Corp. 1962, Ri~-2989 "R., icCall J.J., Maintenance Poli-
cies...., page 493ff,, .orse Pedey Quewss, Inventories and
isaintenance, New York 198, 3avage &ycli y Naval
Research Logistice quarterly 3 (1956) page 163ff.. wel -
ler E.L., Bradley C.Z., A ..odel for Schegulinm'za ntenance
Utilizing deasures of ﬁquipment Performance, ARINC Corp.
Jashington 1959 No.8, #hite D.J., Optimus Revision Per ods
International Journal of Product!on Research 1 (1961)
page 44ff, These duta are by no weans complete as the
amount of auch models is incalculably dig.
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Cp respectively Ca represent the conts per plan-
ned or else per failure dependent reparation.

H, ( t, ) is the exspected amount of failures in
the interval C.......tb and ia termed " Renewal
tunction?. This funetion is €iven by a multi -
stuced extremely complicated intesral as functionm
of tb and is calculated from the fiflure distri-
bution of the unit,

The objective of the model ic ¢o define an opti-
aam period tpopt which is derived from dcb/dtbno.

b) 25;_595_}) sodel with Rynnipg-Ting reriodg

AL aggregate is always repaired at the moment it
fails or if since the last reivaration (immaterial
“iether prevention or failure) u certain operation
time tc hus paseed without a failure., The mean
costs per tine unit which are to be minimized are
given from

€« o (o ¥l
. et T
f [4-Fg) a4 ( 11.7)

1) conpt'r.o. Cox R., Renewal Theory, london - New York' 1961

R
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with F (t) representins the failure distribution
of the agpgregute. The optimum p=riod tc may dbe
derived from dCc / dtc ® 0,

f 3arlow and ilunter l).

sy cvriefly applying the sane s ruteries of constaut
running-time periods like in paracminh b) tais

' ~odel shous that the ortimum period ¢, Justifios
the division ’

to

q (t:o)]0 [1 - F (t)] at - # (to) = Cu/(Ca=Cp)

(11.8)

q(to) is the degree of failure oi the distri -
vution; va recpectiveiy Up are the reparation
conts «t fuiiure or at prevention., This result
corregyonds with that of Cox evem tahough it as
firat fourd by ucing 2 dilferent time unction,
nat 1w tia deverninntion of musiimum availenility
i g (m0rpure e untior 1I,J). therefore this
model i aleo useful sor relivbility inspections
and is tnus supericr 40 Lhe modael or Cox.

1) see Barlow R., dunter £:4 Optimum Freventive Maintonan;:-
FPolicioes, Opcéations Rea;urch 8 ( 1960 ), page 90 ff.
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d) Cox sodel w dle Times of the llachin

In model a) it may oceur that a part which has

Just been reploced after failure and whizh is still
new will again be rerlaced due to consideration of
a preventive reparation which is to consiet of a
replacement of parts ‘n our case. Ir such cases it
may be of advantage not to repair the machine at
breadown, if a preventive action will be rer -
formed soon., 1 Thus the part will be replaced at
moments by 2 tyeeeeeess 3hould it fail within the
r = period in an interval td before the termination
of this eriod, that is in the interval bo tb - td
tor tb’ the part will not be replaced. The mean
Gosts miy here be determined as:

&
G gl st fledonib o malag

( I1.9)

1) #hen closing transistor tubes consisting of two glass -
tubes a melting process i applied in a machine with 20
paurallel incandescent spirals. dhould a spiral fail, it
will de top}acod only, if there will be no preventive re-
Placement of all spirals in the near future, because
otherwise a higher charge of the other s, irals is caused.
If a prevention is planned within a short time, however
the process will be continued with 19 spirals {n order ‘o

grtvont unhecessary downtime costs, material costs and

imes of refurnish,
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ierehy GC respaCtively ¢. is tle s.2re of the

fixed or vuriatle costs }o;~tde fuiin e poriod

o!f length tu, hy (tb ~ t) is the cuelricisnt of
the rerewail Ifuncticn .o (th - t) according to t
at retiined ty . kquationm (II.3) ivus 4t 2 cur -
tdn velue tb an opbimum vale td Iron dCd/vti-O.
17 one reaiizes t. piocedure 'ro- nodel a) ud
a0 el o) for varicus values t.y it 15 possiocie to
octain the bust covinotion S tyle

g,_t!lgg Qg S

3oma other models ire still to b mert..ned hore
iwieh treit th: touching s-ctorg of ;rriotls stree
tuiegs 70 ber.n vith we pefer to another model of
wOX w0 ri<s to make use nf tie waup of rarte rup
:neip rei.i.cement criterions This ;roce.dine, hove
evVer, 15 urn.conl, Yecause it mi-nt b vers difficult
in yreitice to estimate probabiiities deccrining
the chunge~over of the 2. ndition "s.0d" %o anuther
ceniltions CLl7 few cuses u.low QLerinents on
aceount of wiiel g5 ¢ rrobavilitics a3y be funda =
amentally defin:d, At trne same time Terborgh, Rirus
and zisen , ~eivowits developed nmodels
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optimizinx the renewal of ontire aggregates de-
pending on the appearing maintenance costs and
other costs (Return on Inv . stment etc.) Such models
are therefcre of mere gsecondary interest, becauss
the replacement of entire apgregate ig less de -
cided by view~pointe of replacemnent theory than

by those of inveastment theory.

2.511% apquential Reperetion Strategies

In practice und literature sequentiai maintenance
strategies have shown little significance. In re =
lation to the periodic strategy it requires much ad-
ministration expensca. Bariow and Froschan worked
out a comparison of thege striterics. Although they
established thut the sequential strutegy es superior
to the ;p:riodice strateysy with regurd to final dura-
bility or nachines, these improvenents would cause
maximum 14 of the maintenance costs. The calculation
procedures of such a program alone would affect its
improvements.,

The proceeding of 3arlo and Freschan s very compli-
cated and becuuse of its unimportance it shall not be

mentioned nera.
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~+3118 Quportunistic Stratexies

Opportunistic strategies are of great importance for
nulti-furnished aggregates. The intention to decrease |
downtime costs by saving refurnishing-time is stri -
king inspite of grea+ 4iffinnlty of realization and
higher materisl costs. The difficulty consists in the
lack of an impartial, actual limit precribing the
planned size of the preventively treated parts. The
only answer here would be a definition of a limit of
the failure-probability beyond which a part shall be
treated alony with the reparation of another. In a
complex aggregate (machine, conveyor-belt) all such
endangered parts are now to be processed. The cause

requires certain pondering, too. Several possibilities
are relevant:

a) Failure of a part
b) Amount of endangered paris

¢) Particularly high degrece of en-
dangering of parts.

To utilize the failure of one part by preventively main -
taining others is very evident, and this is the basis of
opportunistic stratacies. M course an optimum defined
amount of parts exceeding an optimum defined limit of
failure-probability may also lead to downtimes. In this.
case the costs may be less than in the previous case,
because the damage costs caused by this failure are to
be estimated very high. The third case is somewhere be -
tween these extremes - but it also proves that such da -
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sages may often be higher than additional down -
tines.

Even if the reason for the application of an opportu-
nigtic strategy is known, it is necessary to define

the optimum proceeding - erarding sever:l par.s, i.e.
the optimum number of the parts to be naintained pree
veutively and the optimum limit of failure pussibility.
It is very obvious that this procedure is a very complm
combinative problem.

Therefore literature only dealt with moie.s of very
spceial assumptions (like the joint usinter ance of two
pu!"tﬁ).

a) A_ipdel with Two Units apd Two Conditiong

The argregute {8 to consist of two uac ines 1 and 2,
with the possibvle counditions "-vod" and "faiied", A
failed unit is repaired. #ailures of each nachine
cause the breakdown of the spociiic aggregute, Every
machine muy be repairei separately. A sirategy is
rursued vhich mirimizes the oxpected value

E(%nt.n') i O<¢a c1l

(T1.10)

-horoby

(11.11)
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represents a contingent value which can take up
the values in equation (. II,11) at moment t. Here
01. 02 or C,, are the costs of the preventive
actions for machines 1, 2 or for a Jjoint prevention,
and Op are the costs arising on account of the
failure of a machine. The anticipation-value in
squation ( I[I.1C) thei gives ..e expected dis =
counted costs at the actual momcnt. The moments ¢
depend on the failure distribution of the machine.
The minimization of E from equation ( II.10) is
solvable in two cases:

”1) If one of the feilure rates e.z. r, is
oconstant, the muchine 2 will only be re -
paired at failure. Y Thus a strategy has
to be developed only for machine l. It can
be shown that the following strutegies are
optimum hero:‘?)

- if t @« n, repair machine 1 at failure

-if ng t « N, repair mauchina 1 at
failure and at failure of muchine 2

- if Ng t, repair machine 1 without
delay - preventively.

This scratery has value oulv if Gl + 02 012,

at border-line cuse Cl + 012 - 012 g N,

_ i.e. the result is & periodic strategy. The
parameters n,i are non-negative whole numbers
- (wheredy n ¢ N), which are ebtained by mini -
X . misation of equation ( I1.10) as E represeats

RS s —

1) see paragraph 2.1
2) see MoCall J.J.' page 493 fr,




Bt (n,N, T1» T5). This procedure of
ealculation is rather spacecus and will
therefore be skipped.

8,) If the failure costs are given with OP-O.
the probiem is 11s0 solvable with Ty
r, = coust, 1 Aithough no failure costs
are saveable on account of prevention, it
wi.l pay here to replace both machines
together in order to prevent refurnish ccats,
because Cl + C 2’012. The following stra -
te:y proves to be optimum:

- 1f 1 l'ails, it will only he repaired,
if the age of 2 is t2 £ n,, and both,
if the age is t,xn,,

~ The procedure is analogous at failure
of machine 2, whereby t, is compared

The ocaloulation of n, and n, is again derived from
equation ( II.1C) the value again being E = t,

( .10 Rs Ty Ty e

An expansion of the mcdel with M machines at consteat
failure rete aad 1 machine with increasing failure rete
has been developed by Jorgenson and Radner. 2) Here a
stretegy is formed with M + 1 parameters which are eale-
oulated by neans of dynamic programaming. This medel,

m
1) eoe Neenan 3., Opsimuam Preventive Maintenance Policies
ehoa lIamediave Detection of Failure is Uncertain,Operatioms
Rosearch 10(1962) - page 70 ff,
2) Radner R., Jorgenson D.#., Opportunistic Replacement of a
Single Part in the Presense of Several XNonitored Parts,
ent Science 10(1963) - page 70 ff.
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horevzr, 18 very costly al.eady.
f 4h Wachine-ur

If the fallure rates of several .achinc-parts are
all known, and if the costa of individual and
groupvwige reapraticrs of ro:id mchinea are ¢ial -
culable, 2 model of Rifas may be ariiled. “his
model wns developed for the case of repsration
conglating of a re.lacement of arts, ihe siratery
ativiges to change all parts separateiy, should
tiey uili within a certain period, ani to pre -
ventivaly renlice all parts at the end of 1 period,
Mmis straie:y is based on the copinicn that proup
repincement muy avoid retfurnich conts. An optimum
interval is cwlculated., The given costs at the end
of interim periods determine the necessity of a
wroup rey-laceient,s In this way the replacenent ine-
terval is built up stepwise. The sriterion consists
of the rmeun costs ver time unit. It i3 to de

t-1
x(t)/t-(ucl»,cas_v:,xa(i))/t

(11.12)

with C ‘1 or C- costs per purt at group renlucenent
or at individual replacement, X, (1) as the number
- of anticipntad failures in the i - interim period,
Kk as the number of parts and t as tae number of the
considered interim pericds. In the optimum point,




i.0¢ t = to, the differsnce of the mean costs of
the previous interval must be negative while it
must be positive to the following interval. i.e.

W) _ K(4-4) Kldeet) _ Klt)
T -4 toc¢ Ty te

with equation ( II,12) it thus zives

K-
N eC T Yali)
Cutglée) '

and

\e
&-4 ( 11.15)

If hence the costs of individual replacement during
& running period are higher than the average costs
acoordin: to equation ( II.12), the group replace-
nent will be carried out at the end of an interim
period, 1) Otherwise the next period will be started
without replucement.

M

1) e.gs The interim period is to last one week. In the 6%h
week the costs of individual re:lascement (i.e. caused
failure) appear to be higher tham the average costs
the past 5 weeks. Them group replacement will be carried
out at the end of the 6th week.
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3L Mylti-gtage Strategies 1)

The conception "multi-stage" may be used in different
ways. On the one hand an aggrerate muy ;ass several
stur~s of quality nnd for the differeut de;i'rees of
dermsnd in ticse stuges it is of course useful to carr%)
out the renlacewent with old parts of the rre=stie, ~
in order to save material costs. On the other n.nd ex=
pensive varts car be repluced lcss frequentiy than ine
expengsive oncs as far as opportunistic strategles are
concerned. Therefore the strategy itself is to make

2 multi-staged decision, e.p. testing successively

a) which of the purts are to be pre =
ventively maintained according to
limit of failure-probability?

b) ivich of the parts are to be re =
moved because of too hih materiul
costs?

this last conception of "multi-stage"” shull not be dealt
with nere, There is no corresponding model in literature
either. 3)

£
5
[ i
,
B
. I
vv' q

2,311 Inapegtion Modelg

The obJjective of inspection models is not only the opti-
sulm planning of reparation, maintenance or replacenent

? R A
i BRI Sy

1) Naik M.D., Nair K.P.K., Bulti-gt lacenent with ;;;;
Duretion of Transfer, 6p0rutionn lizgch 13(1965)-pu:= 82811,

2) compare example of tractors on page 24
3) T™his problem is a typical opporgunictic strategy which is to

be solved in the special case of practice by simulation.
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but above all the determination of the unknown con-
dition of amn agiregate by means of inspection. Thisg
inspection has to be plann:d optimum, immateriu! of the
fact that an aggregate igs in operation or held in
readiness for a eortain moment, as tooc many inspections
cause high costs, while too few inspections entail
danages witn running aggregates (conveyor-belts with-
out continual control) or depot costs for failed aggre~
gates which are kept in readiness.

An optimum insvection strategy does nct only treat
inspection itself. It also considers the consequent
decisions with re~ard to reparation. it may by all
Tweana be appropriate to ins;ect recently repaired parts
only after a lon time, as their immediate failure is
very unlikely, and to test them more frequently at
increasing age., This already hints at what is Jeter -
minable in practi~e or ia literature, namely that a
sequential strategy hus a greater singnificarce for
ingpections t-an for reparations,

Cogt .lodels at Unreliable Information

Unreliable information usually mesus that there are
only few gjot-checis concerning a freque: tly statistic
diatribution‘und dates based on statistic laws of a
procedure are totaily or partly missing. In our case
the unreliability rerers to the failure distribution
of the concerned aggregates or to their single parts,

Type and parameter must be absolutely known at failure
distribution in order to be able to strictly apply
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them us basis for optimum maintenance strategies.

According to the degree of xunowl:dge of these symptoms,
however, several procedures may be applied in order to
develop good estimations of the nigsine criterion or
significant stratecies., P .7 snows wnich rocedures
are to be applied for the relative ciges,

failure distribution procedures
parameter
xind
expected value fevintion
unknown unknown unknown minimax-procedure
congtantly ‘
rising rate known kggwn or boundins-procedurel
of failure unxnown
known unknown unknown adaptiVe-procedurj
? . & ’Z .'

Division of procedures for determination of failure
distribution accordine to fields of apyulication,

There are only few such models in iiterature, as one
usually starts from feilure distributions which, according
to existing experiences, a;pear appropriate and reliable,
( Partly due to othar research) In many instances this
procedure is more priactical than the development of
lengthy models, bacause the minimax- and bounding proce-
dures only allow rough estimations., The adaptive proce-




2.8

-85 -

dure appears to be very promising, because by means
of few dates it estimates the parameters of a distri-
bution and improves this continually with dates of
practice, also allowing repeated checking of the ori-
ginal assumption on the kind of failure. This proce =
Qure will be superior to the usual method of tro -
ceeding as it was initially deacrided, bdecause it
derives its information from actual dates and con -
tinually adjusts them. 1)

ney . 8yst dund

The most effective way to increase reliability is not
preventive maintenance - it is the redundancy coatrol
of agxregate parts. The grouping of redundancy con =
trols, however, is duty of the construction and not of
the maintenance and has thus little in coumon with
the uphold of value, the actual problem of this analysis.
We briefly deal with redundancy models here, because
it has some significance for the nmaintenance wiether
yarts are maintained which are directly engaged in the
process of operation or those which are in redundance.
The maintenanoce strategy for redundant aggregates can
often restrict itse.f to firstly testing the size of
dangexr of failure by means of inspection, i.e. how

.many redundancy parts have already failed. Por the

Tuture such inspections will not be repeated too oftenm,
theredy avoiding downtimes and in the end only actually
failed parts will be replaced to decrease material oosts.
T™he advantage of such redundant systems is the full
utilisation of the material until failure, while pre -
vention wastes possidble utilisation of material. The

1) see kre8 K., a.0.0




price of redundant systems conaists of the additional
‘ expenditure space and the costs of additional in -

1 vestiuent. The reliadility is generally hicher with re-
dundant systems. If we think of redundancy controls,
the gquestion immediately arises how such controls are
to be set up, how the reliability is hereby influenced,
how the redundancy is to be distributed along with
restricting secondary conditions (weight of rockets),
whether advantages of redundancy may be combined with
those of preventive maintenunce and ot-.ers -~ in short,
ti» question for an optimum redundancy.

The literature on the calculation of reliability of
multiple systems is copious. L Beyond that tere is a

1) see Barlow K.t. -¥Froschan ro’ Hunter COLO'
4athematical ..odels, 3irnbaum 2.{., Esary J.J., Saunders 8.C.,
dultic nent Systems and 3tructures and their Reliability,
Zechnometrics 5 (1261) page 55f{f.; Esary J.D., Yroscham F.,
voh.erent 3tructures of Non-Identical Components, Techno -
metrics 5 (1963) page 191ff,; keary J.D., Froscham F., The
Reliability of Cbherent 8tructures, in: Wilcox, Kann, Re-
dundancy Techniques for Computing Systens, #ashington 1962
pege 47ff.; Hees R.ll., i{eesendonk H.¥., Cptimum Relisbility
of Farallel Kulticomponent 3ystems, Operation-Research
gpnrtorly 12 (1961) page 16ff.; Lipp J.F. Topology of
witchinf Elemepts v,.3. Reliability, IRE Trungactions on
Reliability and Quality Control, 0.3.; Noore E.F., 3hannon
Celey Reliadle Circuits Usinz Lee Reliab:.e, Journal of the
Franklin Institute 262, page 191ff. (Part 1) and page 281ff.

gfnrt 2); doskowitz P.', dcLean, Some Reliability Aspects of
ysten 0001!356181 Transaction on Reliability and Quality

Control 8 (1956),page 7ff.; Weiss G.H., The ieliability...
4alter R.l., Uickimson é.E., Reliability Iaprovement by the
Use of Hultiplo Element Circuits, IBM Journal of Researeh
and Developaent 2 (1958) pago'luét

f.
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series of research of optimum redundancar in view of
the most dinru‘ optimiging criteria, 1

111, Wmm

Insrite of the larpe number of the developed stru -
teies it g established that an isolated ressarch
ol aiintenance igs favourable only in few ingtanc:s,

IZ oue esnsicars literature, the toom of maintenance
Tolearches Y1ag consiierally declined, At present one
atteapts to attribute the assistant finction of
rainter: nce becauge 1t only serves to uphold the
operation condition to the right position in the process
of manufacture, Especially aviation industry which re-
Quires maintenance on a large scale hag realized thig
Decessity and has been 8 gignpost in thig development.

1) see 3urliow ReBey Proschuwm F., Hunter C.L., ioskowits r.,
~clean, page 7:*., #0188 G.H., On the Theory...B30ep Jey ;
Sone .ixthematim Aspects of Reliadbility Problems, Sta - i
Sistica Neelundica 18 (1964) page 45321, dalperin u,,
Sonme Yaiting Time Distridbutions for Redundant 3ystems,
Technometrics 6 (1964) 1, page 27f{f,. Gordoa R, Optinum
ponent Redundancy for Naximum System Reliubiiit ’
rations Research 5 (1967), page 2291¢, ; rlohinfor B.J., L
Reliability Inprovement Through Redundancy at Var ous f
S{Itn Levels, IBM Journa) of Hegearch and Developmeat z 0
(19%8) ® 1"8ff,; Proschan P, Sray T.A., Optimum Re- ;
dundarb ia !

;) or Multiple Congtra ts, Operations Re
P

Seareh :

age 800ff.; Masatunii 8, a 3implified Method |

Bilt éw:t Ii:g,(Jgsz of ;::“ §
(] m. . ‘

13 (1
og ébgfi Highest

Iast.of Kleosrical Comm.Enr. (Japan) 1




For the fabrication management it hus the following
significance:

a) In a workshop with simple machines nothing is
won by applying complicated strategies, as the
cost assets of improved prevention are agaiu
copsuned by administraticn costs. ilere the
objective of maintenance is to guarantce a most
irexpensive completion of the muinteuance our-
ders. (with simple strategy) L)

In line production the discovery of a very
favourable strategy is certainly advantageoug.
3eins an ovpotunistic stratezy 1t is usually
of : some.what complex structure. It pays here,
however, ag one will always have personnel 1in
readiness for completion., (Uowntime costs out -
veirh 1)

In both cuses, however, resesrch in the field of
naintenance will have to ieal with the problers of
manufacture. A real, totally optimum planning of
fabrication-completior will also have to oe conzidered
but also vice versa - 4 nainterance research must also
be adjusted to a greater extent to the problems of
fabrication. The 'only ard almost independent research
on the sector of maintenance can be achieved by deve-
loping opportunistic strategies - the optimization of
which, however, again recuires dates of the manufacture
-~ a development which gradually begins to atasd eut in
the literature of maintenanca, |
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IV, Agmg;g of I’rgvgnggve sajintenance in Devexggnong ggtrieg

l. tptimum Folicies
The probiems of development countries differ to some
extent fron t.oase of highly deveioned, industrial
countries. Thi\s also has an irfl ‘erce orn the para =
meters of a prevertive aaintenance,

The essential cost shares are

- downtime coats
- personnel costs y
- material costs i

The dovntime costs are obtained .roc the losgt covering
dues, i.e. the poasible turnover minus the variable

costs for those products which could have been manu - !
factured during the downtime period. ;

V.

It is to Le expected taut the downtime costs in deve - /
lorment countries are no: a8 dominuant ag in highly
developed industrial countries, bocuuse on the one side i
the automation with its high, fixed ccst-shares does i
not yet outweirh, and on the otner h-nd the machines
are usua.ly not fully utilized, so thit the failure
reriod does not carry great weignt.

A

The personnel costs are incomparably lower influencing
the preventive strate;y to a great extent. Due to low
personnel costs and the existence of sufficient labour
Tesources it is possible to interchange whole aggregates
and repair them very calmly. This shortens dowatime
periods, operation procedures are simplified and less
skilled workers are required. It also solves the pro-
blen of insufficient treining of professionals who
would have to be put into action very universally in
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cuse of emergent reparations, because it is simple te
teach plain jprocedures of agrregate=-rerlacements eveh
to ungkill>d workers.

Mhe materiul costs in development countries are usually
nigh, because often the rawmatericls aud sesi-findished
produsts re ot available and huve to to imported. The
reparation of failed parts thorefore | ioys & ooore ime
;ortant purt than in irndustrial countrisc, where after
scar such parts are simply replaced by new parts, be =
chuse it woull be too costly to repsir these parts oa
.ccount of the high personn:l costs.

All thes ressons spea: in favour of a periodic re -
placement stratesy, repairing the failed parts after-
sards. This strategy is of simple applicatioa and
causes the leaat costs, especially for aediuam sise and
snall enterprises wiere the cosats of adainintrative
execution have a relatively bLiy influence. Apart from
this there will of course be caases where one of the
other strateries - opportunistic or amlti-staved eo@
readiness stratecies - must be applied, These stra -
tegies ure very complicated, however, and too oX -
pensive for medium size and small companies,

2. ipape Fart Irobleas
The question of stocking of spare parts is impertest
for the maintenance. In many cases ons would have %
consider, whether it pays o keep up a totally seewsre
spare part depot because of she high depot oceets.
#e 4o not have this prodblem, however, ia develepment
countries. Here the time of delivery for fmpersed
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spare ports {s ae Tong, that o ~yees

4 ELY BT s .
it oAl edene stockire

must be guarsnteed in ouder o Baliarly the dopund

ot ey b e N ky s e R . ;
SO Spave jarts ot sd bl Lumes, Wie nhiiep o na thn

sLocking may Yo reduced, 15 e 1 TS L) mostly

BN renscd srtep reparatiorn,

ihus it ig commendable to L8Nl ot [eagt o rogarye

eulpment bogide the basic equlpmenty, ant oo croviie
r'er anotherp locition where the Farled yootg Yy be re-
vuired a:fter thejrp removal,

e maintenance preblem of the TDLre ]t
not Fererally solvable, It will stronoly denend on the
Conditi ‘nine factors of the speciitic country, on t'.e
resionnl conditiong Wit repard to the ~upply of roa-

tapot {n

material, orn the industry of semi-finicied produsts
wnd on the special econumic conditions nupd rovernment
Keprulations on import of spare parts

D

Ve Dggcgipgign of Joncrete wchedules in Dpeeifice Industrie§

ie ireventive mddnbensnce in Aviction slustry 1

irefuge to Jajnten ncc

Su8tens of Airerufy Meciiuni smgs

The necessity of preventive zmalitenance of aireraft in
AiTtransport s based on the gravitation of ansolute

cecurity, urilariined b the demand fop "cafety first",
The mainten.nce system -

¥e wich to apply this general

.\‘v .

|

— b
1) Griger oy EXCS (znrine depsir and (veraaul 3imulation) - ‘
ein Planungs ingtrumcnt e :vifhw¢paiwstauihaltunyswerk - p
stitter wor LUftVHITﬂﬁEQHCS‘LLBCJUft@R ~ iL Bugsminn K, P, i
sortens i.(ed.) Uperations Seseapch und Datenverarbeitung "
bei der Inatandhaltungsplanung, Stuttgart 1968 - PPel’7-154 5;

b
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conception for the gum sf =11 necasi.ry MeAsSUres 2Xxe-
cuted to maintain operating conditions of the air -
craft - will usuaily be carried o' oy the zirline
ccmpany in 4 different levels.

Level 1 : Comtrols carried out on the way to
deatination {e.-.: Sturt control be-
fore every take-off)

Level 2 : Jma.ler maintenance meagures exacuted
in certain periodic intervals (e.it.:
airceraft basic control after 25C
f1ight hrs.)

Level 3

Kaintenance measures carried out
regularly after longer periodic inter-
vals in the tecnical basis of the air-
line company (e.c.: Overhasul of engine
after 4.00C flight hrs.or overhaul of

cells after 5.000 fliint ars.)

These maintenance neasureg are partly or totally carried
out by the airlipe company itse.if,

The mechanic workshops in the technical hasis have %o
execute the maintenance works ol ievel 2 and 5 for the
mechanism znd mechnnism ayctems.

It is trheir duty to supply aireraft operation with ready
mechanisms at any time.

de wish to briefly deal with their function and their
problemns.

1.1 Qhjectives of a Simulative Circulation of dechanigm,

The objectives which are attaineble by means of a eir-
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culation of tue —echanisnm are amiti-leveliod . .nd sholl
be briefily patterned .5 follows:

a) Tueeplanuing - lonst rerpe wd eiiun LANge w-
Yor the awchanic vorkshop.s by ire=delinins
dannad nd unplunned repliesintg of
mechanis: s,

b) irediction of the rejuired mLr-houp cupacity
2.d operation capital derived :ren the pre-
lefined number of repliaceients.

c) Uetermination of expect:d nuca . naterini.,

d) Prediction of capuc ity reserves for the
mainterance of mechanisns of forei~n coin -
vanies or fafilure capacitios by irediction
of rewovals snd worksiorp 3uuypliea,

e) Listin: the development of the ctock of
8uare aechanig

f) Quaniicative daterminition of $he rcisl Lavel
Wiel ro spare er:cine ic psady o Xl at
siver. initin:. v:lue.

m) Lie“ins of congerucnces at ¢uante ¢f nara -
anters, (2.0, veliability of weeianism or
rate of pussase throu n worza op).

1.2 saintenance Completion

daintenuance uses o swrictly periodic strategy. in each
of the mentioned ievels which is supplemented by acticns
at unpredxctabie moments cof fuilures of machine parts,
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the maintenance system is simulated in order to
determine the optimum ;orameters o the maintenance
strategy.

: A certain key-dute i3 chosen us verinnins ternm of

4 bi:e sinmulation period. Starting from this moment

; as a bagis of ail static parametcers, 3 continous
iraustry c:lowder is kept. Every cuyv all inecidents
of the tetal zyster of eirculation will b Letad
sejuentially, just =3 tier micht cceur in resiity
urider the cu~operation of 1.l foectore of infiusrnce,
The ghow-up of an incident im a 'ro rum-branch way
ciugse  chain of reactions in unotner ULiranch. As the
coentingent-de: endent incicents are determined by
weans of the .onte-Carlo-iethod, the results of each
test-run enntinmently differ, even ut e .uul initial

varameters. ihus several simulation-runs are executed und

: concentruted in a finul provram into arithmetical mean
] vialues in ordar tu ottain the most probable vaiue,

ine result of simulation nrovides the mess important
record of a ghort-ramged worksiop scredulin: with
weanly and snonthly concentrated workshop inputs and
outputs, as Ll as vorishup andé regarve-stocs of en -
Zineg,

<o ifgventive heplacemurt of Ag§§ rates wit
gapufacture ¢f Iransistors,

A maciaine, welding the gloss coat of transistors, has
a particularly failure inclined single part; a heating

; L) Sehare F., Die Ermittlung der optimeclen Keparatur - oder
Ersatzstrategie mit Hilfe der 3imulation,lhesis 1967 -

TH - diinchen
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spiral whic¢h hag multi-parallel arransament. Should

one spiral fail, we have the following maintenance
alternatives:

= replacement of all spirals
= replucement of the failed spiral

The alternatives are only determinable by the exami.
nation of tho arising costs,

“he following strategies have beern examined in detail:

Lne strate;y deale with the sincle repurition or pre-
rdac2nment of une respective part ¢+ failure; the other
3tratesy propcses the collective reparation or re -
placoment of equal eingle parts after . certain ope-
ration interval which is shorter than the expected
durability, or at failure, - according to necessity,

37 variation of the operation interval the optimum coste
aoment of reparation opr replacement may he established.
the situation of total cost minimum will shift according
to the retio of costs arising firstly rrom %ne single
reparaticn or re.lacexent or Parts .nd secondly from
tctal reparation or total replycurent,

As the single heating srirals econsist of ubasolutely
equal parti, we u3sune they are c¢f equal durability,

furthermore the maintenarce strate’y was varied to that
point t'.:t sincle parts which, due to early contingzens
failure, hzd tc be repa red or replaced juct before a
total replacenent and were not sonsidered again at
actual total replucement or %otal reparation,
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This might avoid possible additional costs.

Both alternotives were simulated, whereby the model
was constructed im such 2 way tri v 14 could bhe used

for all statistic distributions for the fuilure periods
of the heating spirals.

It was found thut the strategy of collective replace =
ment (as by ail means the superior ous. an additional
examinution 1) proved that the cost-optimum did not
cceur witn strict tine-periods (e.g. replacenent aftusr
2 weeks) but with running time-pericis (i.e.replece =
ment after 10 ars.of continuous rurnine time)

In the discussed cuse all heatiny suirsis sre thus
replaced after having run through .. certaxn operstion
time, or sinsle spirals are rerl.-cod at failure, if
ttie does not occur just hefore total rervlacenent,

Je wujlitenance icheduling of Jorikshops

For the optimum muintenince of worishop macnines the
fclloding model wag developed:

8y means of preventive uctions ond completion of the
maintengnce orders with the +«id of vriority rules a
cost-optimum is to he obtained. The variable values
iere are the parameters of the strutegy which determine
the processing series o thc orders, tiie xind of rule
and tne number of wi.rkers,

5.1 fmgpoaitiop of wodlelg

The examinations were based cn the following

1) Fels P., EBin Vergleich von priventiven Instandhaltungsstrate-
gi~n, in Bussmann n.F., dertens P., page S.«63
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3.12

suprcsition:

fhe deopendency of the n.chines in the workin-
rcecgs in described by tne organisation-type
of the wurkshop fabrication wilch neans that
tie ‘suchines are technically as well us eco -
nonically independent of eacn ot»er. “here is
no j3roupinug of asimular michines for trne ;urpose
of simultaneous maintenance. In priactice the
geparate achines have only few parts which may
really cuuse a failure. As, on t e other hand,
the failure digtribution as a vure durabliity
distribution is only determinable with nachine
paris, and moreover a precisce calculution of
@aterinl ccats and reparation time is possi’le
only for sinile parts, thece prts were chosen
for u mnintenance unit whirh 1.ght e deter -
Binant o> the failure of .. machiue,

The total ukilization Uine of t e '1uchinzg ig
withggt siznificance, 38 it shall be assumed
thit Iin:i shut down of a sachine it will be
repliced by x simular new unit,

A periodic preventive strategy is chosen
acocording to operation hours, and shall be
applied to the failure-dmelined independent sing-
le parte or purt groups of a machipe.
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When applying preventive sctions the m.chines

-are only shut down, it workers are available

for tie execution. i'iled into the already
existing orders of the waitin; jucue the pre -
ventive uction is planned, however, for the
scheduled moment,

#hould the muchine fail, howaver, its downtime
is inevitable, and it must wait for maintenance
accordiug to its scheduiing into the waiting
queue,

1f there have buen maintenancc neasures for
several parts of a specific machine during an
operation time, the machine will be classified
agcording to the highest rriority of all its
parts. All =xisting measures are conaidered at
the service of maintenance orders.

Exspapstiop of idaintenange

The time for technizal management required for
the plurning of failures ard preveutive actions,
and the listing of tche individu:l waintensnce
orders is not considered in tie model, Neither
is the time of preparation of the works at
chan,te of orders,

furthermore it is assumed that there are me Sine
losses due to imsufficient material and tool
prerarations.
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triority Rules

The model ass asts to investisite the effects
of priority rules on the maintenance completion
planning, 1U rules were siven for the model
which were developed from rules of the fabri -
cation completion planning with consideration
of particular data during maintenance.

The muintenance personnsl consists of univerasal
workers with an equal de:ree of performence,

fhis cunscs only a waitine cueue of orders from
waich read:- workers obtain new work. The necessary
working course should bu ialtogether carried out
by the sume worker.

T\ 3 f A

The duration of sinsle naintenance actions is
presupposed 28 know:: - It is nlways of similar
lenizth with prevertive uwgtions tor tue single
part - it is different, however, for the various
parta. "he time comsumption for the settlement
of a failure is derived from the time for the
preventive maintenance of the failed part plus
an inspection time which varies as a machine
eonstance for the sinile machines acoording %o
technical complexity.
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dateriul conts of sing.e “crts, costs of maintenance
organization and downtime costs are considered. Here-
by it ir nsrumed, thaut the costs of maintenunce ur-
fanizotion -re proportional to the number of umainte-
uance workers. Jhe :lnwntime costs reveal the upset
gseusitivity of the fabrieation process.

The yuality of ur orzanization system of maintenance
“ertg for fabrication agpregutes carn be judged dest
~rok the -r:ain;: costs. The custs ccnsist of:

“

a, rergonnel ccats for tie exccution sf the
ruintenance works,

b) tie muteriul costs of ma. ntenarce,

6) tre loct profit amd tue Goverin: chare
o tha fixed produssion eczts for t:ie
prodaetion fulieout <urine the paricd
20 calirternenesd (lovngl e custl).

d) the cucts ior t e anlitary set up of
Al crsnnization suntan und

¢) thv rurnins munajgerent eoats for the
wlannine, uidaree iau surervision eof
che rainterurce.

The trtul sun of thase cost shsres shculd give e
aininum for an optimal .sinteuance organisasien.

for the wlunning o tae orzanization only the
quaniitssive cost siares - personncl costs, maserial
sostc and d.wntiie ccats - can be used in one sedel.
the cost shurcs for the sot up und contimous eea~
trol of the syst-m must :e consid:rad in the besic
aonuont of the orgrnization aceu~ding to q&ﬁlity.




Is 1ay easily Lo cstimatod thut a minimum of totul
eosts urices, because the downtime custs and the
working costs have u conura - deperdency on the
aumber of mainten:ince worcers.

The muteriul costs on the othner hand are lurredy
aoutral - they onir grow w.th increasins rrovention
‘Sheredy decrensing the downtime cozts whieh hus,
howevez, only aeconiary im.ortarce, hecause oy
soans of repesated nreventive muintenn:;ca:r tie ire
spestion tites of the machive fall avay in foct,
Shouth this effect is weakenad by the frecucncy of
downtires,
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5.9 Mamnlie of Javestisationa

The result of investigations cousists of tae
optisum deterninution - 1.3, of the cost winie
e - of the foliowin: svstem=paraicters:

a) Jype of uriority rule for comi-letion , ‘
planning ol maintonance.

%) Freveative poriod for time pl.aming: of
mainterance,

¢) waber of aulntenuns: workers.

And the caisul:stion of minisum so%al cosirn o
|inven.mes.

he wmcrliein: dntu ver: -reeizelr scuoved vans

& sodt ainioum ean bo »ttainad i, i ::iaveneive
ROAsures are applied. donsiiorin: ull enzia e
OveR the ¢osts of maintenance avesution - t .+¢
periodic strategy is must a;: coprinte o .hion
she period 43 omly slightly talow & : .ver- -
failure time of the simgtie par.s. thoe best wisa
wp of orders is obsained, if the naohines Wiyt
She highaes downtime costs aro trented riz-s,









