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Theory ami Practice 

It is a constant aggravation to have to counter the charge of 

"that ie alright in theory but what about practice?".       The wry heat 

engineers have alaoat invariably been these who ted a sound ¿rounding 

is Hit mathematical science*? nnd '•*•.* h? ve vrrij ther?   'illa in the 

construction and testing o£ théorie».     Matheaatics are not a set of 

taeorie», of coursa, especially aa it would spoil one's définition that 

theeriee are simplifications, or approximations, to practice.     A 

favourite stricture is to listen to people who use theories bit to be 

•nry wary if you think theos people actually Believe the théories tnty 

are prosaOfating.     Indeed, it is one of the tasks of all of its, 

especially if we work in a university, to challenge existing theories 

and to try to get better ones)   that is, ones which relate sort closely 

t© the observations in practice«     Thus are theory #^rf praotiee cumulanentsi j 

and in no Banner the antithesis of sac* other. 

Tn the particular field of communication and endeavour called 

•éanation, it is useful to identify the extrañes of approach and subject 

natter as follows t 

teP*3** subject natter 

»inple m e» trivial 

QSSHBAaX 4^HMNMiMMHiMi^^ T^mm^Ami^A 'ww^ftm.m» , -w     _.        important 

It in all too assy to assoie only a horizontal relationship, yet one 

nay presune that «any have suffered fron complex triviality.  Bowever the 

subject in eminently suitable for a diagonally opposite viewing. 



3. 

«" «lo Of ma pap«. l8 to ^^ ^^ ^içh w ^ ^ to 

tfet fi.14 of -.into«**. «^^nt ^^^ ^ ^ te tht 

Wie i»p«ta.     n»tly, w .^t „, ^^ Äbout the ^^ ^ 

«» 4.«* *Moh Lada u. dimtl, to th. f.irly f-uiar f i.a of 

atatiotica. 

A vary 
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*Wta*t par« of »tatiatiw OOMOTM a«pl.. .*, **. 

• *>•*. ««•««• ^aBt «4 «^ ^^^ Ab0(|tt a ,4%1(||tis 

tmm iMMUMt tel*.     ^«w^t»**»^.«, 

net «o «to Con«« of Popiû.U«*, it i. ,t4i| ^^ 

wt oan »paod «fefaig» tap tail «ay. 



One way indicating the principles behind ctatemente of confidane« 

level and the raethods of statistical inference can be shown by the 

above diagra«.      The first use of sampling to make comment upon a larger 

aunber related to data about human beings, and to this day we talk of 

»populations«.     To aaintain our scientific objectivity, ne pronao that 

ve Imo« nothing about the parent population as well as taking the «tupi» 

without bias, or 'at random» as it ia often callo«.     The neat stop i* 

to Masure the ««pie characteristic in which we «re interest«* and to 

«et« how «any eo»ply or, «ore usefully, how its variability i» «prt«4 

throughout the «espíe.     Then a eo«pari«on is «ado of the distribution 

of the «eaeuro and a »atheaatical »odel, about whoso propertio« everything 

ia known, which iaablsa ue to infer «oaethil« about the origin«! pofuUti« 

fro« which the ««pie wa« drawn,     Skill is required in sil «mea «top« 

and we nake probabilistic «tateaeata of how nearly the «aapl« nu«b«r 

«llews it to bo indicative of the population, and also of what significan© 

are the differences between the saapl« and the «odel.     Shu« all our 

Ufertncee have this «double probability• about then, even though we wish 

to bt in the position of «eking a single decision. 

Ita« ve are seeking «athesatieal «odels which fit our set of data 

to enable us to predict the performance ia life.     Meet feailiar in «to 

ia the Noraal, or Oausaian, distribution, but the experiaentally-derived 

weibull distribution i« of particular ioportanoe ia aaintenaoce «redietii 

This ia because of the flexibility allowed in altering the shaping, «cali 

and locating paranetera.     warning« »net be restated concerning the way 

Sa which the failure data were derived \ for instance, accole ratei life 

tooting «*y ottuse failure «odes other than those of real service conditio 
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Fürth«, we must be sure of the way in which our model Is working - for 

instance, with re.pect to truncations, replacement and so on.      On a «ore 

optimistic note, we can hope to apply prior knowledge within the mani- 

pulation of our matbaavitical models, an, thereby make DOre positive 

•tafment, than thoae possible from starting at 'zero knowledge'. 

Sanation 

Vithin a population the variable (uaually call* » variata and, 

in thi. case, Xim) will be distributed in a certain way.     in practice, 

tear* tanda to be a relatively nm^ll number of standard patte», to whioh 

•oat attribution, approximate.     Each di.tribution i. defined by . ft,,^ 

faction, or in the enee of a continuous variate a probability den.it, function, 

in nhich the population parameter* appear.     Sample, also hay. their di.- 

tsibution. incorporating the .««pie statistica and the Utter may t. u»ed 

to estimate the corresponding value, of the population parameter., i... 

•a Point fi.ti.ator..     Estimator, may be unbia.»ed, e.f. the mean, or bias.*, 

•.*. rar lance, the latter needing correction to give a «be.t« eat ima te. 

U»\ stimate, of population parameter, are indicated by a 'hat* syabol, 

•.*. mtif (mean ti» to failure), attr (mean time to repair) and to on. 

JnUrpgftatjon of Uto Charactarjetie runet^on« 

Experience ha. »noun that certain .tati.tical di.tribution. «optar 

to nava a rational relationship to the »napea of certain hasard rate curv.s 

found In analyai. of aaintaj^ability  record*  and identification of these 

•»•P.. i« therefore important.    Individual diatribution. are cone id «red 

Inter but they «ay be «roup«! initially under the three pha.e. of biological 

lifo, described colloquially in engineering applications by the 'bath-tub» 

curvet 



Early life failure.       These are identified by having a decreasing 

hasard rate as the equipaost logs up operating hour».     Stabilisation, 

bedding down, undetected assembly errors are all examples of this initial 

period. 

Random failure.       Are associated with a Poisson process since they 

occur randomly In tlae and their incidence it» independent of accumulated 

life.     They are sometimes called "aeaory-less failures".     With rande« 

failure the hasard rate is constant and unrelated to any prior pattern and 

the corresponding failure density function is exponential in for««   While 

academically a true 'con»tant' failure rate is »oat unlikely to exist, 

constant hazard rate nodeIs may be appropriate In such circumstances m 

a.     Complex »ature eleetro-r*choanieal or mechanical 

système in the middle rangea of Ufe whore many 

different failure patterns combine and where« 

because of repair by replaçaient, the average age 

of the system is falling. 

filia arrests the normal increase of Bâtard Bate 

with age and a atable aiate of random failure can 

reeult.     De ponding on k« extent of renewal at 

overhauls an effectively constant failure rate 

can continue for some time, and the relevance to 

mtwy types of engineering is clear. 

b*     ttoetremJc systems such es computers, where again 

• large number cf different components is combined. 

C.     fcoTt time intervals wn«re it may be convenient to 

accuse constant hasard rates for analytical puxposee. 

Care should be taken not to extrapolate such assumed 

values ever longer life periods. 
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Hrh*T.s w-2 can aid î.a/>- a iew voris that Ue    r,-re^ r.  «„• 

»trategy ^ere is to .l^vt. well ,.,ïorK>    =»Uh—»». •<   ^    . «.IJ. UK.IJ-, v.Atnw.gh u  -.ooic yiara ef arguing 

in certain airlines tc replsr» carta""  '!,-)„, <„r t,       ^    , • «.        wT.a.„   .ijirç inr.trUr,.?-it3  'on condition« 

ana not according i„ sor,te preventive aaJntcwmce Dtratcgy. 

Wearout fall-LTfe.      Vliei* exhaa< nni-  *r ,•*,  i*.* UMWJ....OI. of oooa property cr properties 

related to life i* occurrinr -H» »--,„     » .,., *•    • 

to rullio wear, the «««iati« .«.of of vi^tion or of overheating, 

or to eheaical chon^, etc.      3ü,ce  the „«*» Jn the orlglnal populatlon 

«• also f.ü ißg tne ftlw wil] tcad ^ ^ ^ ^ ^^ ^ 

v«* out, walue and the fluency di.tribution function will typically 

*• of the aayleigh or normal shape, or Wei^ll with ehapin* factor of, 

•ay, two or more. 

in iflcreasine haaard rate in early llx. aay alao indicate mom 

uncorrected copulative design deficiency, 

iSSOaJáilitmeation.     The erucial différence» which it 1. 

important to identify ae «oon c6 i»„iW. ar« whether fftllwt(| are| 

*.     Life Dependent, and if ao whether the hazard rate is 

Inorengine (wear-out) or ^creasing (Bum-in)i 

or 

*.     Indapendent of Ufe History, i.e. Mnáom. 

Th. tmaitlcn from one phane to another nay not be well defined. 

**ly life failures are often distinctive, but in compi« équipât which 

i» »iiitelMd W replacement policies and where withdrawal froa eervic. 

mr ariae fro» technical obsolescence- a true W-o-t' phase may not be 

rtached.     The concisione crawn ae to the trend of Failure Rate .hould 

l*ve a direct impact on the Planned Maintenance «traten adopted eine, if 

Allure* continue ranaco, no overhaul ia indicated. 
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Som Useful Distributions 

». 

Negative Hxpcii*nt:alt       A poisson distribution of failure« 

in «qiirtl intervals of tioe will give rise to an exponential 

distribution of i'ailura donai t.y vdth tine and a corresponding 

constant hazard rate.   AB well as its legi tiros te application 

in situations such as laentioned atove the mathematical 

simplicity of the exponential function has led to its use 

in cases where it may be unjustified, or often by default 

when the true distribution ia unknown. 

91» Negative Exponential is almost universally called an 

•Exponential« and is typically of the fon 

f(t)   .   •"** 

£ojrnaJ.i       The majority of HeliaMlity statistical SMxlels 

are skew but in eoae wear-out casos the symmetrical and 

well-known normal or near-noraal distribution is appro- 

priate.     A classic ease is the failure pattern of a 

large family oí lik* objects, e.g. eleotrie light 

jfiiJonajLt        This positively skewed distribution in 

which the logarithms of the raudo« variable for« a 

nomai dlatrlbatiwi has been in use for sosie twenty- 

five years and, before the development of the Veibull 

distribution, proved a useful aodel for «any repair 

tioe distributions.     These involve situations where 

due to the need for diagnosis and to initial adminis- 

trative time no repairs actually take aero tine but the 

subsequent pattern of times tends to cluster about a 

•tan, with a relatively few jobs taking auch longer. 

It has also been used to describe the pattern of earl/ 
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i. 

•~- *.*•.   "«ii^tj,  i#1#.  before they 

are corroe ted by m.-vHf i-, «,-,.....    „   , 
. ani p*.jv.iC€íl fc reasonable 

basis   t>f  crril-mat •• - *•    i', .     . 
llnat"n îyr ^tRjn P-V-Jca of faim,. aodea, 

o-*u      Tno ^r^tor flexibility and oath*. 
metical oijirî'r ! •'••<  il- ri    '- IL  ,. 

p-i i..i.«*rtbui-,.;> makes it, 

hovevár, aore ancrai>y attractive ^A -4 

tia*s aug*c«ts that  ta* latter ahi-v  <„ r , Ci 8llû^ in future be adoptad 

SoaaUüHe,   Tu. i. â dwjwtlv, uf tho neßativ# 

«<P«u*tUl ftBd i. a^oriptiv. of th. p*.l€tl .ltuatiôn 

of bmw* streng, 0-4r. „^ Hnk in th# chain 

»tructurei» 

tea.     tu. «d.pt*l. ¿utnhuuon î. „ «, ta,l0 feÄ| 

rit)   -  K.t"-1. ,-* 

"» o- te «« to oontam two taw•,»* tm. i» t. 

- tu» riwt in which t 1. »Led te c powor 

- â »<,«.„,] d.creaaing «ponenti «11/ with t. 

*w « «.lot fore. coM„M .ith . .«o•, .,,.* 

Inv.r.oljr propottl„nal to .g. „>a *, ^ „^ # f   ^ 

«4.1 « lt.. «.nine on „.lng ,ubÍ9Ct8d to a W1M of 

repeated ahoeki.     it become » «.».** *    sconca a negativ« tsponantlal 
vhan c a 1. 

)bttBUi     »• Vaibull distribution ima no fecial 

thaoratical Ju.tifn.tic* but vas d*valop*d iB 1951 

•• «» •-pirleai aeens of describing certain a,t. of dat. 

«mntetad with th* breaking strength* of satariala.      It 

i. link* to the Ga^a distribution a. can b* aeen fro. 

th« probability distribution fimotiom 



f(t) . -i,ct-¿/-1 .(i-M) 

where - 

* i» a «caling factor (scale parameter) defining 

th« point in time where 63.2$ of the population 

have failed, i.e. it ia th« Characteriatic Ufa, 

$ is s shape parameter controlling the rat« of 

interaction of tho two tenas containing the 

nudes variable, and therefor« the thai» of 

th« distribution. 

V ie • location paraaeter d«fânlnf the origin, 

whs»   $m f   th« diatriiutioa again ^eooaee exponentiel 

(0- 1 -0) 

jgpUcatJon of mmi PiatritHition to Ufa A.^«^.   Thi. a« 

Wing increaeingly applied to Reliability and Maintainability problems. 

X%s importano* lieo in the faot that variation of the thro« parameters 

lead« to the adoption of a wide variety of shape« of which certain othar 

»•11 known distributions are «pedal oases.     This ia illuatrat«d i» th« 

figure below and the can« of the negativ* «xpofi«ntial ha« «lready ossa 

Indicai«*. 

0« M 

iyxouxi yrobaUilxLy Penalty >Lrigtigg  



11. 

Into uae.       mey ,..,,  »tart lato,- .,„j ,wn  J 

promut, „U i«    "l^"*" «**'»" 

liarle» l  Wctal,*« U,r ,l8ri»I„,;: e.timtor. „i,t, ,.g   by 

"'• llkelih,0d W "°°!" ""*"" « * **» «.«.tic. but „. «ta. 

,    «* ttat o.r.Unc «rt attraction ior !».«„to ^„Uctlon. i. th. ». „ 

M-l data HotUn*.      Thi. ,. .,„. m:i ef„oUï. ^ ^^ ^^ 

«u-1« t, ». M1¡f obt,in6d to aC0ttraclra tóh arc MHsfMtoty ^ ^ 

•• fooct ag numerical «ethoda. 

I« addition th*y giw , C0Bpltte Mâ ^^ ^^ ^^ 

of «I. 4*ta, ^M. thaoretical 4i.trtt.tl« to be convaniantly fittad by 

•y «ad «Mito, of fit to ba ^d (though not quantify) and aUw 

•««Pia data to b* .vallad 8nd ^^    Confina* li^ta can aia* b. 

r»*dily «»tlaattd. 

graphic**! Kfttheda of ^--^ rnHrVIm. 

I» .11 catea tel. Involve piottln» th» Colativa »latri**!«*», 

i... th. Silura or Maintainability action, ar-lnat tha rande, diabla. 

Probability papar has baen da.ignad for a variaty of dia- 

tributi«» » typically i 

H.      Exponential and Kormal 

b.     lag Nomai 

e.     Vaibull 

tentatili «nd N;^:     ïn the3g ^^ ^ ^^ ^ 

llnatt but th. ordita .cale la 80 arr^ that if exponential and „o«al 

cativa diatribe«, reapeetivaly 8re plotted, tha curvad «xt^itia. 
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aro appropriately ' stretched *    so that stx-aight line« result whan data 

corresponding to the parent distribution are plotted. 

Data whose cumulative function plots as a straight lin« on 

exponential paper (usually logarithmic paper inverted) must therefor« 

represent random failuro and this i« a valuable test.    A wear-out 

situation would ideally plot a straight line on Nomai » «ort usually 

Called Arithmetic-probability paper. 

hag Ifonaali       This is arithmetic probability paper on which a 

logarithsjio scale is used for the abac is «a and which therefore inherently 

carries out th« necessary log nomai to normal transforation of the 

•ariate. 

WeJMi*     It will be recalled that the Weibull distribution 

incorporates an expression with a double exponent,   e to a power of t, to 

the power of Ê  .     If double natural logarithms ara taken the function will 

reduce to an expression linear in t   and of the fors y - a t • b.     It can i 

reeult be shown that any distribution which is dee cri hable by the Weibull 

function will plot as a straight line on probability paper whose sbsolssa 

ie a single natural log scale of the rando* variable ant whose ordinate 

le a double natural log scale containing the proportion failing.     If a 

straight line does not appear it suet be because either the origin ie 

incorrect or because the data are suiti-modal, and both situations asm 

readily be investigated.     Since the Veibull function can cover such s 

variety of shapes thie provides a technique of versatility and power. 

Weibull probability paper has been developed incorporating also 

staple noaograi» from which the empirioal parameters and sean of the 

distribution can be read directly.    It ia also necessary to have Median 

Rank tables available, as well as thoae suitable for the plotting of 

confidence limits should these be required. 
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BSiisajBWÎt.       To ,„*.,„», thf efficiry oí gnr¡úM 

~tttf. . .tapufi*. „*,„ u .We,,      TV KmM „ (ttM to 

failure, although they ccn.k be anv cth-  «a«^.   .     , L .   c^...  ««pur« m vnich we are intwo.t«! 
«ach as TTR, tia» to reo-dri *«>. <.« 

repair; .or un •qui^t, in hour., i. a0 fol2w,t 

190 1*° *40 M 155 

Th. fim «t.p i. tc ran, the*« «* VWl â„ribt ^^ ^^ 

Preb. and Log Prob, 

io 
130 

155 
1*> 
240 

10 

» 

50 
70 

JO 

Veibull 

15.0 

51.5 
50.0 
to.a 
•T.1 

ïhf foratila« for the two tuta at t **.^-.*„~.   , *.*, •««• or parentage plotting point« It 

3QQ <i - f> 
li 

Mi 
t» • 0.4 ^ 

** bibuli plot «iso «how th« *% Confidano. i*t.•i a« tt» 

*~. «M V ». ^ Un.. ** M «^ #f ^ ^^^ RMti-iiy 

i. WA     Th. .„try peiat. ** oyr .«.pi. iit# of flv, m „ ^^ 

Cibili Farcantag« Plotting Point» 

At this point vo cm lo«v. .tatatioml «athodology for ti» ti«. 

*** and loo* «t « dirent {vA m. tim ^„^ ^ .^^ 
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Financial Taotora 

In »»intanane« decieion making v« often have to conaider epcnding 

money mm in orda* to aava ooney in the futura, or, eonvereely, deciding 

not to apand now knowing that it will coat uà «ora to repair in tho futura. 

Vhilat tha .odala wa uee are dtttnlniatlo (indeed, they rnly employ 

rarUUon. on tha oonpound intereet formula) tha eetiaatea whioh we 

•mipujnta nay be fraught with under- or over-opt iaie«, nodified by 

lnfUtion tnd ao on,     «fr, Wf m* ateva «uard aan«-t ^n^ mlmmmmam 

being a oubotltuU f0y engin—rln^ experience. 

»• «ay which la frequently recoaaended for any Urge inveataent, 

beoauee it giva« a »ore aooinmte pieture over the life of an aeeet than 

«ny of the averaging or approximating aathoda,ia to dleeetmt the «Mb fie*. 

Aia conaider. the oaah tlomiag la fron an inveetaent for each etwoaedlng 

yta* ahead.     Aron theee expeoted aaeunta the amount which would have to be 

imraated today to achieve thia aaount ia calculated.   That la, there art 

no aeauaptiona about regular, or oontinuoue or äqual assunta of return, 

ftia ia «here diaeount tablea eoa» in. 

i.e. an inveataent of ¿492 today will yield £¿00 over 
6 year e,   or 
the proaise to pay £100 p.a. for 6 yeara ia worth 
1492 today. 



HB 

LC» 

• «lightly core complex example, and more realistic, ii vhere an 

inveetaent does not earn a constant stream. 

Values given assume that payments are made at the end of each year» 

Tear Ko. Ainual Saving 
Expected 

i - 10* 

1 0 m 

2 0 m 

5 200 15© 

4 150 102 

5 150 n 
6 155 n 
1 100 51 

• 100 «7 

«855 «51« 

Thus ve ave gating a 10* ate of return m on* glf tart it ia 

pot §518 invseted at 10* for 8 yeare 

nhieh it 51® * (1 • 0.1©)8 

•  I eafM    - 2.144 sp 

Ê51« | what ia happening? 

****t vaius at 
beginning of year 

5Ü 

510 

62? 

490 

5»9 

270 

175 

90 

10JÉ 

52 

57 

65 

49 

59 

28 

17 

9 

Asset velue 
at and of year 

570 

627 

690 

559 

428 

506 

190 

99 

Drawing« 

200 

150 

150 

155 

100 

100 

C855 

10JÍ 
to and 
of period 

122 

69 

51 

28 

10 

0 

lad of 
period 
value 

522 

219 

201 

161 

110 

100 

«,115 
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fhue we ax« «ttting a 10£ return on our invcataent but only 

in a Ttry epeolal way«     Thie lattar it loia eorioue an objection thin 

we nifht think because the enterprise! for which ve work hare a eonetant 

etreaa of decisions like this coin* on fron year to year «ad the strings 

enjoyed oan be regarded «a part of the flow of aoney which eote «a tot 

blood ttreaa of any ooupeny.     A tat of typical single payaent am unlfora 

aerlae nultiplying factors ia given for one of the aany interest ratea which 

could at «aployad. 

fri* frtho* 

Vein* the ideas developed by oonaiderin« the tie* value of aanoy, 

of the aost aiaple extensions of thi« oonoapt emblée m to oontidcr 

the ralstira aerlte of overhaul, replacement or leaving tho imolH* «low. 

the libata of lnfonetlon necessary aro ourrent and eeúvag» vaiuee of the- 

afulmnnt, operating costa («hieb Inelude mintenaaoe) and a definition af 

vhat vaina we pat on aoney.     This latter enables ua to oaloulate tht 

orfçj (capital recovery faotor for a unlfo** eeriee, which ia lite a 

uortgpge repeymnt).    Vo than oca the foraulai 

Ooat  •      (Initial value • Salrafe)x off •   (Selvage 
mine x i)   •  Operatine costs 

A ooapany ic oonolderlnt tho roplaocntnt or renovation of a vertical 

boxar.    Tho existing mohíno hie a csoonHhand value of M «000, «alea ia 

axpooted to deoraase to ull ia tea yeara1 tine, and has an oparatiaf eeet 

of tt9000 par annua,    to renovate would eeet £3,000, but it ie estiaatod 

that £1,000 of this would bo recoverable at tho end of ten yeara j ia 

addition, the annual operatine costs would be redaoed by £750«    fht new 

•tonine would ooet £6,000 par annuel to run but the act capital outlay would 
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20g£ COMPOUND MEREST FACTORS 

Single Payment ïïniforn Series 

n 

Compound 
Amount 
Faotor 
cef 

Present 
Worth 
me tor 
pvl' 

Sinking 
Fund 
Factor 
off 

Cnpitnl . 
Recovery 
Factor 
orf 

Compound 
Amount 
Factor 
oaf 

Prosent 
Worth 
Phctor 

n 

Giron P 
TO find S 

(!•!)• 

Civen S 
To find P 

THTF 

Given S 
To find ? 

Given P 
To find a 

i 

Given R 
To find S 

Given R 
To find P 

flfi)R-l (UJ»-i 

1 1.200 0.8533 l.OOOOO 1.20000 1,000 0.059 1 

2 1.440 0.6944 0.45455 0.65455 2.200 1.528 2 

3 1,728 0.5787 0.27475 0.47473 5.640 2.106 5 

4 2.074 0.4823 0.18629 0.58629 5.568 2.569 4 

5 

6 

2.468 0,4019 

0.3549 

0.13438 

0.10071 

0.33458 

O.3O07I 

7.442 

9.950 

2.991 5 

2*986 5.526 6 

7 5.585 0.2791 0.07742 O.27742 12.916 5.6O5 7 

0 4*900 0,2526 0.O6O61 0.26061 16.4*> 3.«57 6 

9 5.160 0.1938 0.04808 0,24608 20.799 4.031 9 
10 6.192 

15.407 

0.1615 

0.0649 

0.03852 

0.01588 

O.25852 25.959 4.192 10 

15 0,21388 72.055 4.^75 15 
20 98.358 0.0261 0.00556 0.20556 186.688 4.870 20 

25 95.596 0.010$ 0.00212 0.20212 471.981 4.94« «5 
50 9100.427 0.0001 0.O0O02 0*20002 45497.1 4.999 90 
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be £13,000, only £3,000 of which is recoverable at the end of ten years. 

With a »in^ required rate of return of 20*, *ak. an annual coat estiva, 

using the basic 1-year teßt we use- the formula for annual coot. 

A C - (Initial - Salvage) x erf at reo^red rate over n -ear« of life 

• Salvage value x required rate 4 operating disbursements. 

Hew Machine 

A C «   4(10,000 x 0.23852) • (3,000 x 0.2) • 6000 

•   *2t3$5 • 600 • 6000 «   £8.98s 

piotine   Machine 

AC«   £U,000 x O.2385?) • 8000 

-   9^.08 • 80OO .   £8,o^ 

Existing Machine, rs-conditio&ad 

A 0   «   £(6,000 x 0.2J852) • (1,000 x 0.2) • 7,250 

»   M31 4 200 • ?t250        .   £8,881 

»us it would «pp.« tìiat th. renovation of the axistiag «adune should 

fee recommended. 

ït eight also be apposite to resembsr that these cablati«* an 

•aly - good a» the art tetas which were given in the first place. However, 

we anali leave tha accuracy of the dectel place and look at the third cf 

<**r **io approaches wherein it is very difficult to develop anything like 

a aatheaatieal .-aodel. 

Huaan factore 

The most important, difficult and fascinating input te any aaintenano» 

situation is tha huaan one.   It both dominates and liaite.   It is the key 

factor to all activity relating to the design that is, making decisions 

"*»t, how, whan even if, anything should be done.   This factor is also vital 

-hen we want to monitor, or control, what is being done.   So important is 
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thi» factor of control that management »   the moat highly paid part of the 

production complox,  (aio highly skilled) docs little else but control. 

Engineering (if not most of human history) can be written in term 

of our contro]ling our environment, er   latina forms of p wer (other than 

human) to help select, control and make decisions.      We have used »achines 

•a far as possible to take the drudgery out of life.     Howaver, we cannot 

eliminate the human factor because ve shall always need to make decisions 

«bout whlcli decision a to a¿ake.   Kany people hope that automatic inspection 

vili eventually replace that particular part of the maintenance function. 

Certainly a machine is more efficient in '100 per cent» checking of a 

continuous flow of producta for one or two faults.     But whenever control 

le complex and conditions are variable a man has certain decided advantages 

over a machina aa a deteotor.     It is difficult to find a machine that can 

•etch huaan powers of examining for numbers of different faults at once over 

a vide range of possibilities, or take note of a rare, perhaps unspecified» 

fault«     The human may be 'reprograaaed*  by management more rapidly than any 

•achine, and he is capable of acting on instructions with discretion.      Es 

la unsurpassed where discrimination in required between a large number of 

faulte, where olaasiiication and diagnosis are needed, and where elininating 

the fault involves liaison work.     His performance and his value to a fiza 

do not depreciate but tend to increase with time and experience. 

Technical progress is creating new demands for the maintenance factor. 

In eeae of the more advanced industries the total number of maintenance 

•en has actually risen in spite of an overall reduction in the labour force. 

In fact, this is very much an area of Ergoaoaics', where ve have to 

discover what physiology and psychology say about our problem area.     We 

rig ourselves up with aids, astrology,   * non-destructive testing», but ve 
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rely on our in-built doctors < . gu^ the most portant «***„.    What 

•re theae?     How do we use them?     What do ve know about the«?     The 

»iaplest possible ßodel iot- 

RSCEITOÎi •4P 
Cfc;.r«AL 
IL-iWUS » srPBCToa 

(1) (2) (5) 

whereby i      (1)   We perceive cignale üuímgh our sensory organsi- 

electrcwacnetlc   ?,gt    oy«« 

Saohanieal e.g.    touch 

«h«*ie*ü e.g.    taste 

{*)    V« store, procese «ad «et upon these signals through 

«» »ental processes, though «11 our brain, receive 

i« • series of clicks fro« the nerver»,   and t^ »b««t 

theory1 «t the nouent postulate« einöle channel. 

{$)     îhese «entai proc«nues are effected through our 

physiological make-up (we can only »ove «uncles) 

Aioh 1« «ffected by the phyaieal and a*eiel 

envirorneent, «nd subject to error. 

Throughout the recorded history of man we ha^ been observing, sai 

theorising-, «hoot how we »fork,     fhe traditional aodesty of the eoieatiat 

I* Mi a aaoke •creen, it i« very hurtling to réélise how little we know 

•bout this fantastic component in the field of e-aint«nance. 

Elootron «iscroscopes have enabled us to develop better theoriee 

•bout how ve work in a physical ecose, but these are only «pproxisations 

towards a real answer which (one can be reasonably confident in saying) m 

•bftll iievar schiert. 
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Essentially, we are looking at tho nervous ays torn in this 

oonraunications problem within the human body.      we have many observabls 

facts and we have many more theories about the explanation of these, starting 

in tho early 1950s with an ingenious theory?    e.g. it was only in 196} that 

Professors A.P. Huxley ana À.L. Hodgkin shared the Nobel Frits for Medici«« - 

their discoveries concernine nerve transmission, with Sir J.C Eccles (Auatr.) 

supplementing their work later.     This relates only to the » input/output« 

side of our 3-step model.    "We oannot even prove the existence of a mental 

lit*». 

But even if we do not know the nature of the aind, we know omite t 

lot «bout this mechanism, or the nervous system.   Simply, the job of receiving 

and reacting to stimuli is given to this system.     Consisting of the brafo, 

the epinal chord and a complex network of nervet«   Nerves can be split into 

»ensory (to the brain) or motor (froa the brain).   Som systee» e» consolo«», 

others sub-conscious\   e.g. the viscera, which is the name given to the 

various organs filling the chest and abdoainal cavities. 

Ine transmission of information via our electro-chemical (hence «it 

leale title) nervous system is sent at speeds varying fro« 2-200 a.p.h. 

The 10,000, (to10) nerve cells of the brain forming the campy knot 

of tgrey Better' can be divided, crudely, in taras of anatomical entities 

related to different functions. 

HUH SUR (spinal cord) and CEREBSLLDM work below the level of 

consciousness.     They are responsible for MUSCULAR CO-ORDDMTIOI 

and aodify unrealistic demands on the«. 

WâLAMAS (and COHTEX) working together IKTfiQHATB MESSAGES froa 

the cense organs whioh are received via the thalanas. 

afflfmay. CORTiJC is where sensations are registered and voluntary 

actions initiated.   Higher THOUGHT PROCESSES occur and MafORf is 

UW1C «ystea contributes to the EMOTIOBS. 
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Perception 

Is concerned with the aensory nerves And we can identify several 

ohannele through which the brain receives relevant tignala, though va 

are particularly eoncemed with the consoious ayates oalyt- 

Yiaion 

Rear int- 

asali 

Touch 

Tasta 

Balano«, retati«* 

Vibration 

acceleration 

1. 

2. 

5. 

4* 

5. 

6. 

h 

9. 

to* 

lai*ljr obviously, ve «ce wary auoh in the area of theorleo or 

•asa* explanations' but va can be fairijr oonfident Is asserting Hist 

perception is not si « constant level sad sseaia vary sues like « 

probabsliatic ooncept.   Highly relevant is the probles of senaltlvity 

absolut« and relativ« - especially important is tha latter in terse of 

remarkable ability to detect signala aajsinst s noisy background. 

• baokaround or reference can increase our sensitivity. 

A» sensitive organe have a logarithmic response to e&eltetloni 

Oto the psroeption of a change In environment dependa «pon its previoaa 

laviti.     In the absolute eenee, an eardrum oan deteot a soveaent «aaal to 

tas aise of one-tenth of tha disaster of a hydrogen atea.    The aye oan 

«stoat • aandl«*s light at the distane« of one allei it san also 

to a lance varying from 1 quanta to 10* «usnta. 
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flit probi«« of diecriraination i« explained by levale of diaearnaeat 

vitit and without reference, e.g. 

LIGHT etimulas ^        ,  
in isolation     i   4 - 5 Intenaitlee 12-13 diacrat« coloure 

with refevenoa i   570 inteneitiee 12S shades of "hit« light 

in isolation     i   3 - 5 inttnaltiaa   3-5 p»*o tona« 

with raíannos i   325 intenaitiee 1,800 notas 

The problem of dataotion la beat explained la tana of 

and lavai of aklll. 

A alenai ©ornes 1» »ixed with noiáf, and the lavai of tha ayate« 

Bolsa varies In a fashion piallar to Gaueeian distribution so there vili 

Va a statiatleaUy-based deciaic«, at the amall lavala, la order to deteot 

the alenai.     Vbxn a atlaulua ia applied to tha receptor organa, extra 

sotiTity la producid froa this source and it ia added to tha exietinf 'noiaa'. 

Whether this increase in eetivity ia oonaidarad a randan peak or • alenai 

applied to tha ayate« vili depend on the statistical criterion which la 

being eaployed by tha «decision centre' at that »osant. 

Still In the area of atatiatical analogy, va only ever «s* part of 

information which ia presentad to ua.     With experience, va can perfora 

secondary task, apparently with little or no conscious effort.   Similarly, 

> can identify by minimal information. 

povera of dlaoriaination and detection ara «ulta remarti able 

but there axe also snags, i.e. Inconsistency, fatigue, euaoeptibility to 

«starnai conditions (payaical and social) also there ara problem" with 

abort term/long term 
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Certainly,perception is related to the learning procese.   Physical 

obilitiea with regard to different perception« *lter between persona but 

this say be a reflection of training     Certainly physical characte Unties 

between pereeotions in one parson «how narked dif ferencea. 

Physical Environnent 

undoubtedly, phyaieal condition« nava n prinary influence ia the 

porceptiaa, for thty affect directly the Detection a tage.   But once wo 

hare the satisfactory physical conditions the psychological and social 

conditions wUl be preponderant, far they affect directly the Judgment 

and ftccialon Stages.    The relevant conditions of particular iaportanee to 

no arei 

1. fonpmtttre (and huaidity) 

2. Vibration 

%       Noise 

4.       Visual Environnent 

Etttrene environmental conditions can bava ar effect on the individual 

la aaiatenance in three vaya*     Firstly, they can be detrimental to health 

*nd possibly cause peraanent annaget aecondly, they can cauae diacanfort 

with resulting distraction fro« the job» and thirdly, thty can reanca 

working efficiency.    The last two ways art particularly significant tn n* 

tank.    Ve anali net consider general environmental effects bat noni mm 

•pacifically with conditions affecting the tank of subjective ••••aanint. 

Social Environnent 

H*ny people today consider that a nan goes ta work solely tn 

•May.     thin concept is only partly trutt the other part la that tho 

•eos lar the social benefits that he can deriva fron working with 

within n factory there nro two types of organisations, tat fononi 

iafomal.     The amai organisation, or group nn «a anali call itt 
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consists of asanagement and workers working; together to produce an article. 

The infornai group, although it has the title 'informal', ha« its own rules, 

régulations and standards.     It is through this group that a man can be 

influenced «ore than by management. 

It therefore follows that if the standards are to be raised the» 

we aast tadele the« with the group as a whole and sot with individuals. 

The group attst be cade to feel that it does ooacthing for the final product 

(and the way to start to do thiu is to show then where the particular 

task they ars doiag fits in« and how important it is to maintain the 

standard).       Secondly, we oust keep them informed because an infernad 

as» is as iaterssted one.     A constant supply of the right type of 

intonation about performance shows dur sac that if the one above hin, 

o.g. the fereeen, is interests« in the job, then the job is important, and, 

oonsoqutntly, the standard will be maintained. 

Maintainability 

In general tersa maintainability relatos to the ease or difficulty 

vita which an ite» can be repaired when it fails.     Maintainability is a 

design factor which coapetes with other requireaenta such as low initial 

cost, good perforaance and reliability.     For exaaple, it aay improve the 

saiatainability of an aircraft to have an access plate in a certain spot, 

bit this will also increase the cost and reduce the perforaance because 

of increased weight.     Similarly, the maintainability of an electronic 

deviee aay be iaproved by Baking it in the fora of detachable boards Joined 

by plaga.      The plugs, however, nay have low reliability when conpared with 

soldered joints.     Here there is usually a trade-off between Maintainability 

sad reliability. 

Maintainability osa be defined as the probability that aa ilea which 

has failed will be repaired within a stated tine.     The stated tiae is known 
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as tht maintenance tiae constraint, and i6 dictated by operational 

circumstances, e.g. aircraft turn around tiae. 

Maintainability relates nonaally to active repair tiae, and not 

to tiae waiting for aparea, etc.     H any be related to repair tige, or 

repair «an hours depending on the application.     Thin definitioii iapliee 

that the tin» to repair is a randa, variable, a« aefiaes aaintaiaability 

N for tiae conetraint to as 

H   -   R(tc) 

»Atre function R i. the cumulative distribution function of the repair 

Atmtlab^m 

Availability is the proportion of tiae for which a Bachine is 

available for use.     The overall objective in «ont «aintcnance «sé 

replaceaoBt problème is to aiaiaise the cost per unit a.rvic«.     this is 

related to the availability as follower 

Goat per unit service   »   Poet per unit ti« 
Availability 

Since availability appears as a leaoainator in W.;s equation, it 

ia dear that a low value of availability will result in a very high 

«•at per unit service.     In many public service applications it nay be 

taken as «a actual conetraint that the availability should exceed atat 

lawer liait.     Por these reasons it ia generdly a requirement ia aost 

practical oases that availability should be 90$ or higher. 

«nah of the study of problem of availability has been inspired by 

what ia called the Bachine interference problea.     This arises frost 

the practical problea of determining the optimist niaber of aaehlaee ser 

operative ia taattile mills.     Sotae typical problems are as follows: 
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A single aaeoiae is Maintained by a tingle repair crew« 

UM KIEP of ta« machine id Ta and the MTTR i« Is.   Suppose 

that the «lie of the repair crew ia variable and that the 

eoat per unit tiae of providing a repair eren which can 

ao&leVt a MTTR of T» ie C/ÏO where C is a constant.   Ut 

1 be the profit per wit tiae for which the «achine operate». 

tataratas the optima MTTR (and hence the opt!»« crew aise). 

Availability    a    fc  ft   fc 

Pvsfit por unit tiae .   ta  m  6 

fa    •    f»   CI i*/e>* • ÌT% 

*fe» availability la thent 

A      •     1 - <C/* Te)* 

Hi «ay just require tat availability to achieve a «ertela 

lovol. A »lot of thie equation revéala tat difficulty of 

aokieviac hi«h availability* 

\»0 * 

AfaAaaMlltJf 

i 

12 16 

•   1/Naiateaeaoe ratio 

AfallaMlitV end Haiatonaana Ratio 

20 
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Repair Pools 

Probi«» of determining the optimum number of repair MO to 

aaintain N »achan« «hen the profit per «achine hour and the cost per 

rspair man i* known can be tackled by queueing theory.     Typically 

the resulte appear in the for« of tables. 

However, in the repair port situation, where i teas undergoing repair 

are offset by drawing on a repair pool, »OB» miwpU «myses em to 

giren provide« that we assuiee that the repair pool is rar*l, completely 

•»»ty.     the over«!' failure rats san then be regsrM *s constant, 

•ay U      Wth a single repair ere« with «Til » y a the asan 

of nachinea broken down ist 

A 

mi the s.d. of the matter iettine« 

n - k 
if we base the repair pool sise on Man 4 2s.a., 

i • ? ma 

1-f 

is I 

»epair Pool      • 

[T 

1. 1 

10 « 

T 

V* 

»pair Pool Optimisation 
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Boplaceaent 

Most equipment deteriora tee in use.     Thus anyone who wishes to 

as* equipment over any tiling but the very short term oust operate a 

replacement policy - «aether deliberately or by default.     The aia of 

a replacement policy is to balance the costa associated with equipment 

Provision and Maintenance in the most favourable way«     The following 

faotora should ideally be considered i 

Aoquicition coat 

Bepair costs 

Valus of ¿he service or production 

Availability 

Obsolesoence 

Safsty requireaenta 

BSM of amplication 

Bite of interest 

Scrap or second-hand value 

Plaaninç horison 

Alternative foras of investment 

fm saia replaceaent areae oould be considered.     Tht first relates 

la us replaceaent of eoapoaoats which nay suddenly fail in ass and which 

at* Always replaced by new eoaponeats of the same type»     fas second aain 

araa is eauipaent replacement} that is the replacement of itene which 

deteriorate gradually and which require repaire fro« tiae to tiae prior t< 

it. 

tf Bata Collection 

ft re-introduce that aoat complex of all the inputs sad conaideratio» 

. 
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relevant to a preliainary diecueeion on aaintaiaabillty Ut m consider 

ta» collection of data.   Ideally we art attempting s 

a.     to iwm the operation Availability levelt 

».     to provide (quick reaponau») failure data fer pott dee in ( 

«.     to bulla up a data bank for tao benefit of futura desigliela 

la order tea 

(i)     ainlaiac repetition of known design wsalmsssss 

Cil)     fit« design groups a realistic baoe to* ¿he 

•Misa and teatine •* a«» equipnentei 

d.     to provide amftaeat control «ata. 

lie aaseeaa of any study depende on good pi»-><ng «ai a eettad 

oaporiaoatal doslga aast preeode any Hind of life oharacterietic or date 

gather 1 ng exerolae.    the technical objectivée auet flrat be explicitly 

defined aa« tao data gathtring progresa» then planned to realise thea. 

the aia aaat be to collect a sufficient quantity of data frea 

aotual service eonditione te enable conclueione to bo drawn with the 

stipulated confideaoe.    No aero data than is necessary fbr thie parpóse 

should bo aaaeaed.    Motivation le i»n iaportant factor ia eaeurief 

aeenrecy of returae aad tat Knowledge that redundant data will net be 

sought aaat aseiot ia improving it,     Ae well as being accurate the data 

aaat be repreeentative of the true operatioaal sad aalateaaaoe earireaacat. 

•aaapaeat aodifioation state, level of aaintenanoe exper tiec, logietie 

saafart avouable, etc., eay noraally be repreeeatatlvo but poeeible 

eaooptioaal eireuaetancea »hould bo identified. 

fas following questione shoal * be oooaidorodt 
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What data «re required? 

How «ill the data be analysai? 

Bow accurately art tht resulta to be stated* 

lew mich «ata ara r edad to achia*« ti lot 

Moo vili, uea tha results? 

lev will they ba used and for «bat? 

9M MN background information available the «ore exactly tha 

oirouaetances surrounding «ay technical «rent earn bo reconstructed. 

Vaila voluiinoue records aro unnecessary, brief notaa oa tha followinf 

ahould be available for each rolo vast avant i 

Bouipaent identification to level required. 

Vrent -   faillira, defect» adjustaent, trial, aodification, 
aaintenanoe, ate.      It ia inportant to record triala 
co:  cioualy undertaken, since miaaaps nay occur during 
tosta which it would be aisls&din* to attribute to 
aoraal operation. 

Matt of equipment at tiae of event 

fiat of ocourraaoe 

Oasulative runainf hours, cycles, ato. to oocwronoe 

Has tfc-taa for repair 

Bona Viae sunarwss   a* anew» 

Beeaona for failure if know» 

Bavirotasent at tiae particularly if wwnatl 

Stares «sad ia repair 

Usa honra and akills needed for repair 

Beatona for any delay ia repair or in rotimi to operational atate. 

Sure ia as eaay way to tha pro via ion of accurata Ufo characteristic 

«ata aad broad brush, looaaly aonitored systoaa tall ho as ossessivo waste 

•f tiae.    A oyataaatie approach with painstaking attention to all fasto» 
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whleh any inprovo the quality «ad oonaleteney of the lata nart he 

fellow««.    In** will involto de tai loti planning, opacification, eetafr» 

liohJMiit of reeponaiBilitiee, training, caroful tosiga of logt, 

aapervlaioa, aotitation and infoine*: angineerinc leadtrahip ovar tat 

pa—my lengthy period« of list inrolvri. 

If thte aetata « pedantries an« poeeiely aopgaailna, eatalogee, it 

to ropoot at epiaioa by Ino enginnen» of JUCUflmlO« 

•#••• li te »aia to any that tao iaoal«.*er 

MaBaaaalar efficient nethod of fiala! data 

MB yet to no Ojonaoa**«*in 






