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Both the words *theo ' and 'theatre' come from the Greek 6eq
which means to si.e oy to widerstand, and this precisely is the aim of any
theoretical approach. Our ability to explain any situation, to predict
wvhat will happen and thereby be in a position to control illustrates the
fact that we evolve theories so that they can be used to practical
advantage. Any theory has three elements:

& Parmmeters, which are outside the analytical framevork,

]

b Variables, the Bagnitudes of which are to be determined within
the theory, and

6. Postulates, or behavioural assumptions, which define the set
of operations by which the values of the variables are found,

In astual research work we progress along two paths, theoretical analysis
(or deduction) ang eupirical investigation (or induction), as follows:

|
R

Theory does not equal practice, although the nearer it oquates them
the better is that theory. Easentially theory is much sore simple than

practice and it enables us to cast wider and to see the principles rather

than the details. In this paper we shall start by developing approaches
ocnéoning statistical iothodology, finance and husan factors.
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Theory and Practice

It is & constant aggravation to have to counter the charge of
"that is alright ia theory but what about practice?, The very best
engineers have alnaost invariably been these who had a sound grounding
in the mathematical sciences ond ma hove veed thecs <:111s ir the
oonstruction and testing of theories. Mathematics are not a set of i
theories, of course, especially as it would spoil one's definition that

theories are simplifications, or approximations, to practice. A

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

very wary if you think thece people actually believe the theories M

are promulgating. Indeed, it is one of the tasks of all of us,

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

and to try to get better ones; that is, onos which relate more closely

to the odservations in practice. Thus are theory and practice conplemsentary
end in no manner the antithesis of eac! other.

n the particular field of communication and endeavour called

oducation, it is useful to identify the extremes of approsch and subject
satter as foliows:

Appreach Subject matter
Simple Trivial
Complex . Inportent

It is all too easy to assume only a horizontal relationship, yet ome
may presume that many have suffered t"ran complex triviality. However, the
subject is eminently suitable for a disgonally opposite vieving,
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The aim of this paper is to develop models vhich we can use in
the field of maintenance Banagement and 50 we can relate them to the

basic inputs. Firstly, we must suy eomething about the handling of
the data which leads us directly to the fairly familiar field of
statistics.

Statietson) approacies
A very Mt part of statistics concerns samples and this

enables us to make ocaments upon, and even decisions about, a situaticn
vhere we have incomplete data. hnmmx:ouhnmuﬂo




One way indicating the principles behind ctatements of confidence
level and the methods of statistical inference can be shown by the
above diasran. The first use of sampling to make cosment upon & larger
aumber related to data about human beings, and to this day we talk of
‘populations's. To maintain cur scienti fic objectivity, we presume that
we know nothing about the parent population as well as taking ‘the sample
vithmt bias, or 'at random' as it is often callede The next lup is
to measure the sample charactetristic in which we are intorum and to
'4 mote how many comply or, more usefully, hov its variability is lm-d
throughout the sample, Then a mp.rnon is made of the distx’ibutﬁn a
'of the measure anl a mathematical model, atout whose promtiu mr:thht
48 known, which enatles us to infer mthing about the original populnt11
from vhich the sample was drawn, Skill is required in all such steps
and ve make probabilistic statements of how nearly the sasple number
allovs it to be indicative of the population, and also of what significan
are the differences between the sample and the model. Thus all owr
4aferences have this 'double probability' atout them, even w we vish

to be in the position of making a ningle deccision.

 Thus ve are seeking mathesatical models which fit our set of data
to emabdle us to predict the performsnce in life. Most familiar in uee
{8 the Normal, or Gaussian, distribution, tut the experinentally-derived

Weitull distribution is of particular importance in maintenance predicti
This is becsuse of the flexibility allowed in altering the shaping, scali
and locating parameters. Varnings must bte restated ccncerning the way
4n vhich the failure data were derived; for instance, accelerated 1ife
testing may cause failure modes other than those of real service condit




Purther, we must be sure of the way in which our mcdel is vorking - for
instance, with resvect to truncations, replacement and so one. On a more
optinistic note, we czn hope to apply prior knowledge within the aani-
pulation of our mathematical models, an: thereby make more poaitive

statements than those possible from starting at 'zero knowledge',

Bstimation

- Within a populaticn the variable (usually called a variate and,
in this cese, tims) vill be distriduted in a certain way. In practioce,
there tends to be a relatively small nunber of standard patterns to which
most distridutions approximate. Each dietridbution is defined by a frequenay
funotion, or in the cuse of a continuous variate a probadbility density funetion,
in vhich the population parameters appear. Samples also haye their dis-
teibutions incorporating the sample statistios and the latter aay be used
to estimate the corresponding values of the population parameters, i.e.
88 Point Estimators. Estimators may be unbiassed, e.g, the Eean, or biassed,
®.g. variance, the latter needin;: correction to give a 'best' estimate,
Bes® or.timates of population paraneters are indicated by a ‘hat' syabol,
.8 .?u (mean time to fatilure), mar (nean time to repair) and so om,

te tion of Life C cteristic Funetions

Experience has ehown thit certain statistical distridbutions appear
to have a rational relationcvhip to the shapea of certain hasard rate curves
found in analysis of aeintainability records and identification of thess
shapes {s therefore important. Individual distributions are considered A
later but the;- may be grouped inftially under the three phases of biological
1ife, described colloquially in engineering applications by the ‘bath-tud’

curves
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Early 1life failure. These are identified by having a decreasing

hazard rate as the equipnent logs up opercting hours. Stabilisation,
bedding down, undetected aszembly errors are all examples of this initial

period,

Random failure, Are amsociated vith a Poisson process sinoe they
occur randomly in time and their incidence is independent of accusmulated
11fe. They are sometimcs called "memory-less failures”, With random
faslure the hazard rate is constant and unrelated to any prior psttern and
the ocorrceponding failure density function is exponential in form. While
acadenically a true 'constant' failure rate is most unlikely to exiet,

constant hazard rate models may be appropriate in such circumstances as:

&, Complex mature electro-mechoanical or mechanical
systens in the middls rangea of life vhore many
different failure pstteins comdbine and where,
because of repair by replecement,the aversge age
of the syston is falling,

This arrests the normal increase of Harard Rate
vith age and a stable state of random failure oan
result, Deponding on tie extent of rensval at
overhavuls an effectively constant failure rate
¢an continue for sone time, ani the relevance to

suny types of engineering is clear,

b. Blectronic systems such as computers, vhere again
8 large nunder of different components is combined,

6. Short time intervals wrnere it may be convenient to
assure oconstant hasard rates for analytical purposes,

Care shoulé be taken not to extrapolate such assumed

values over longer life periods,
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Perhaps w2 ean ald race a few wordn that ire covrect intcnance

ptrategy “ere is tc Zoave well clone, altnough {4 <ok yedars of arguing

in certatir airlines tc replac: cartaln “lying inctowns it ton ceudition!

and not acccrding in s~ preventlve maintersnee glratogy,

Wearcut fuil e, Wheo exhauntion of 80%e croperty er propertics
Lraperty Py

related to life ;i occurring the hawurd saty increases,  This my be due
to metallic weur, the cumuiat;io erfects Of vibration or of overheating,

or to chemical changes, ete,  Since the numbers in the original population

are also fail ing the fadlurec will tend to bunch about #ome limiting, or

vear out, value and the frosuency diatribution function will typrically

be of the Rayleizh or normal shape, or Wei*ull with shaping factor of,

say, two or mor:.

An incressing hazard rate 'n early life may also indicate some

uncorrected cumulative deaign deficiency.

Koy to identificatioii, The erucial differencos which it is

important to identify ag soon os po3Eible are whetner failures aret

| 8. Life Denendent, and if o whcther the hazard rate is
Inoreasing (Wear-out) or ~ecreasing (Burn-in);

or

b.  Inderendent of Life History, i.e. Random,

The transition from one rhase to another may not be well defined,
Barly life failures are often distinctive, but in complex equipment which
is maintained by replacenent pelicies and whare wilhdrawal from service
iny arise from technical ¢bsolewcence a true 'wear-out' phase may not be
reached, The conclusicns crawn ag to the trend of Failure Rate should
have a direct izpact on the Planned Maintenance sirategy adopted sinee if

failures coniinue randen, no svervaul is inrdicated.




Some Useful Distributions

b

Negative Nxpcuential: A poiseon distribution of failures
in equal intervals of time will give rise to sn exponential
dlstribution of railurs denaity with time and a corresponding
constant hazard rate. As well as ite legitimate application
in gituations such as wentioned above the mathematical
simplicity of the exponential function has led to its use

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

when the true diatribution is unknown.

The Negative Exponential is almost universally called an
'Exponential’ and is typically of the form

f(t) = ¢ At

Forwal:  The majority of Reliability statistical models
are skev but in some wear-out casos the symmstrical and
well-known normal or near-normal distridbution is appro-
priate. A classic case is the fuilure pattern of a
large family of 1like objecte, e.g. electric light lampe,

leg Normal: This positively skewed distribution in
which the logarithms of the random variable form a
normel distributisn hes been in use for some tventy-
five years and, before the development of the Veibdbull
distribution, proved a useful model for many repair
time distributions. These involve situations where
due to the need for diagnosis and to initial adminige
trative tire no repairs actually take gero time but the
iubnquent pattern of times tends to cluster about a

mean, vith a relatively few jobs taking much longer.

It has also been used to describe the pattern of ﬁrly
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iife deoiprm 4rg ramitact, {n Tallures, ... bafore they
are currecied by o ifleationn, ang PTIYitey & reasonable
basis of explanation for cevtajn physics of failure modes,
Befe In trinsistors, e Freator Tlexivility and 2athe-
matical sinplicity of 1h. Wedbal Cirteibutics nukes it,
howevir, nore generally attractive and BLuay of repafr
times mugrents that the latter should in future be adopted

Tor analysiy af fepairahility Wharover posgible,

g‘xtrem@”m;xg: This Qe a derivative of the negative
exporentinl nud is deacriptive of the physical situation

of bresking sirength, o.o. weakest lizk in tre ohain

structures,

Gammat  Thie adaptabdble distridution {a of the basic form:

£(t) » 4% -t

*

and can be zoen tc contain tyo interzctir.y terme in ts

~ the rirst in which ¢ I8 rafsed tc & powor

- & pecond decreasing cxponentially with ¢,
It can therefore be Tepres ntative of 4 physical situation
where a constent force combined with a sccond effect
inversely proportional to age and has been used, e.g, to
model an ten failing on being subjected to a uﬂu of

repeated lhbckl. It becomos a nNegative exponential
“h.n Ca 10‘

Yeibull: The Veibull dfstribution has no apecial
theoretical Justiffcation but was daveloped in 1951
83 an empirieal means of deacribing certain sets of data
connected with the breaking strengths of zaterials., It
is linked to the Gamra dietridution as can be meen from

the Probadbility distribution functions
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vhere -
@ is a scaling factor (scale parameter) defining
the point in time where 63.20 of the population

have fajled, {.e. it im the Characteristic Life.

B is & shape parameter controlling the rate of
interaction of the two terms containing the

randoe variable, and therefore the shape of
the distribution, )

Y 48 a location parameter defining the origin,
vhen Pe 1 the distridution again bdecomes exponential
(8~-120)

Aeolicution of Weilull Distribution to Life Assessment: This s

being increasingly applied to Reliability and Maintainability prodleas.
Its importence lies in the fact that variation of the three paransters
deads to the adoption of a wide variety of shapes of which cersain other
well imown distributions are spocial oases. This is 1llustrated (n the

figure belov and the cane of the negative exponential has already been
indicated.

pa B>1

ri.-——-“

Bffect of Variation of Shape Paramneter on
. 0babil ity Iens
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FNotes: 1 (f ‘e G, failures siart whan equirment i{g put
into use, They 5.y start later ani even in
sotie cnaws, o,7, Latippries which deteriorate in
#toru, asooner,

2 Pwlll be found o 1o the Blere of the Cumulative
Dastribic® lon Jurctior when plctted on Weibull
probabiiity piper - n:o below,

Nuierical tectwiquesa for darivii: estimators oxist, e.g. by
maximum Jikelihood or wen: iz Gethode or by order etatistica, but are tedious
and that offerine meat attraction for imredinte “pplications 1s the use of
mphioél data plotting., This is sinple ard effective ang enables parameter
eatinates to be easily obtained to accuraciesn which are satisfactory and often

&8 good as numerical me thods,

In addition they give a complete ang easily visualised picture
of the data, enable theoretical distridution to be conveniently fitted by
6ye and goodnezs of fit tc be gauged (thoush not quantifiod) and allow
'lanpm. data to be ¢valunied and smoothed. Confidence 1imits can also be

readily eswtimated,

Graphical Methods of Paramatur Estiration

In all cases this iavolves plotting the Cunulative Distribution,

1.0. the Fajlure or Maintainability Funetion, arainst the randoa variable,

Probability peper has been designed for a variety of dig-
tributions, typicallys
e  Exponential and Norma}
b. Log Normal
¢. VWeibull

' m ential and Normal:  1In these papera the abscissa is

linear but the ordinate scale is so arranged trat {f exponential and normal

curulative distributions respectively are plotied, the curved extremities
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are appropriately 'stretched*®. so that straight lines result when data

corrasponding to the parent ¢istribution are plotted.

Data vhose outulative function plots as a straight line on
exponential paper (usually logarithmic paper inverted) must thersfore
represent random failure and this is a valuable test, A wear-out
situation would ideally plot a straight line on Normal -~ more usually

called Arithmctic-probability paper.

Log Normals This ie arithmetic protability paper on which a

logarithmic scale is used for the abscissa and vhich therefors inherently
carries out the necessary log normal to normal transfovmaiion of the

variante,

Weibull:s It will be recajled that the Weidull distribdbution
incorporates an expression with a double exponent, e to a power of t.‘ to
the pover of B . If double natural logarithms are taken the funotion will
reducs to an expression linear int and of the formy wa ¢t + b, It can as &
result be shown that any distribution vhich is descrihable by the Weibull
function will plot ae a straight line on probability paper vhose abscissa
is a single natural log scule of the random variable and whose oxdinate
is a doudle natural log scale containing the proportion failing., If a
straight line does not appear it must be becauce ¢ither the origin is
incorract or because the data are multi.modal, and both situations ean
readily be investigated, Since the Weibull function can cover such &

variety of shapes this provides a technique of versatility and power,

Weibull probability paper has been developed incorporating also
simple nomograms from which the empirical parameters and pean of the
uitribution can be read directly, It is alsc necessary to have Median
Rank tables available, as well as those suitable for the plotting of

confidence limits should these be required.
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FPlotted Example: To demonstrats the efficiey of grapnical

methods a simplifiaod exuirle {s given, The recorded TR (time to
failure, althoug! they coule be any othes Beasure in wnich we are interested
such as TTR, tine t; repiir) for an €Qiiraent, in hours, is ag followss

190 120 40 BY 148

The firet step is tc ranc these and i11en ascribve nlottiag points,

TP (hours) Percentage Piotting Points
Preb, and log Prod, Weidull

8 10 13,0

12 30 31,5

135 50 50,0

190 70 .8
240 | 90 0.9

L . .

™he formulas for the two sets of percentage plotting points ig

Joo (1 - 4) and 100 ({ - 0.3) respectively

n ne0.4

The Veidbull plot also shovs the 9074 Confidence interval as the
area enclosed by the broken lines anc &n oxample of the construstion neeessary
is included. The eniry points for our sazple sise of five are as followss

Veibull Percentage Plotting Points —1
r 5% Rank Median Rank 95% Rank
1.0 13.0 45
7.8 3.5 66
19 50.0 81
M 68.8 92
55 | 87.1 9

At this point we can leave statisticn) methodology for the time
being and ook at o different (and this time deterninate) model concerning

Soney,
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Financial Factors

In maintenance decision making we often have to consider spending
money now in order to save woney in the future, or, conversely, deciding
not to spend now knowing that it will cost us more to repair in the future,
Whilst the models we use are deterninistic (indced, they cnly employ
variations on the compound intsrest formula) the estimates which wve
sanipulate may be fraught vith under- or over-optimism, modified by
inflation and so on, e we must alwavs gus
Delng e gubetitute for ensineering exverience.

The vay whioh ﬁ frequently recommended for any large investaent,
because it gives a more accurate picture over the 1ife of an asset then
any of the averaging or approximating methods,is to discount the eash flow.
This considere the cash flawing in from an investwent for each sucoeeding

yoar ahead. From these expected amounts the amount which would heve to be
invested today to achieve this amount is caloulated. That is, there are
0o assumptions about regular, or continucus or equal amounts of retumn,

M™is is vhere discount tables come in,

Present Worth Faotor . —7
a ™iep

r , —
| (1eg) ®

0.9434
0.8900
0.8396
0.7921
0.7473

07020

€491.74
ST

1.0, an investment of €492 today vill yield £600 over
é years, or
the promise to pay £100 p.a. for 6 years is worth
£492 w.

OV B N -




A slightly more complex example, &nd more realistic, 1s vhere an

investment does not earn a conestont stream,

Values given assume that paymenis are made at the end of cach year:

L Year No. A1nual Saving 1= 100
Expected

1 0 ) -
2 0 -
3 200 1%0
4 150 102
5 150 9
6 133 L}
7 100 51
e -0 —il

£835 e518

, Thus ve are gotting & 10% rate of return on our £518 dut it is
pat £518 invested at 10% for 8 ysars

vhioh is 518 x (1 + 0,10)°

- x oaf'p o 2,144

= 518 x 2,144 = 1113 f£ 833

£518; vhat is happening?

Asset vgiue at Asset value 108 Bnd of
beginning of year 10% at end of yesx | Drawings | to end period
# of period| value
518 52 s |
570 57 . 627 .
627 63 690 200 122 322
490 49 539 150 69 219
385 » 428 150 51 201
2 28 506 133 28 161
173 17 190 100 10 110
% 9 9 ~Joo 0 100
€835 £1,113
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Thus we are getting a 10% return on our investment but only
in & very special vay. This latter is less serious an objection than
- we might think because the enterprises for vhich we work have a oonstant
lﬁrun ot decisions 1ike thu going on from year to year and the savings
cn:ondun borcnrdodupnrtof the flov of money vhich acts as the
. blood stream of any company. A set of typical single payment and wmiform
series multiplying factors is given for one of the many mtmot_nm vhioh
oould Ve elployed. - |

A3 .thod

Ulln__c_t& ideas developed by ocnsidering the tise veluwe of memey,
one of the most simple extensions of this concept emadles us to oconeider
the relative merits of overhaul, replaceaent or hsvuc the faoility alome.
The inguts of information necessary are current and salvage values of the
qulptafq operating costs (which include maintenance) and a definiticn of
viat value we put on money. This latter enadbles us to caloulate the
oxfyy (capital recovery factor for a unifoim series, vhich is 1ike &
morigage repayment), Ve then use the formulas

Amnusl Oost =  (Imitial value - Sslvage)x oef * (Salvage

valwe x 1) ¢ Operating ocosts
Baaala. ‘

A company is considering the replacement or rescvation of & wertieald
borer, The existing machine has a secondhand value of £4,000, vhieh is
expected %0 docrease to nil in ten years' time, and has an opersting coet
of £8,000 per anmm. To removate would cost £3,000, but it is estimated
that £1,000 of this would be recoveradble at the end of ten years; in

addition, the annual operating costs would de reduced by £750. The nev
machine would ooet £6,000 per annum to run but the set oapital owtlay would




20% CONTOUND INTEREST F..CTORS

8ingle Poyment Tniforn Series
Coupound | Preswent t Sincing | Capital | “rVCompound Prosent
hmount Worth Fund Recovery Anount Worth
Factor Factor Factor Factor Foctor Factor
n| cof pt off orf caf et n
Givoﬁ P Civen 8 Given 8 Given P Civen R GivenR |
Tofind 8 | Tofind P|| To fdnd P | Tofind R ! To find S | Po find P |~
(1ea)m Tf-'-)ﬂ' Tﬂ%m i Jla * i = % {.
1] 1,200 | 0.8333 1,00000 | 1,20000 1,000 | 0,833 1
21 1,40 0,694 0.45455 | 0465455 2,200 | 1.52¢ 2
3] 1728 | 0.5767 0027473 | 0,47473 3,640 | 2,106 5
4| 2,074 | 0.4823 0,18629 | 0,38629 50368 | 24569 4
S| 2488 | 0,4019 0,13438 | 033438 70442 | 2,991 s
6| 2o Jomsw || onoors oo 9,930 | 3.326 | 6
7| 3503 | 0.2791 0:07742 | 0,27742 12,916 | 3.605 7
8] 450 | 0,2326 0,06061 | 0,26061 16,45, | 3.837 e
9| 5160 ] 0.1938 0,04808 | 0,24608 20,799 | 4.0% 9
10 6,192 0.,1615 0.03852 0423852 25.959 | 4.1292 10
15 15.;51 0.06;49 0.0135—‘””;:2;536 T 72,035 | 4.675 13
20| 36,338 | 0,0261 - 0.00536 | 0,20536 . 106.688 | - 4,870 20
251 95.396 0,0105 0.,00212 0,20212 471,901 |- 4.948 25
50 | 9100.427 - | 0,0001 0,00002 | 0,20002 | .45497.1 4.999 50
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be £13,000, only £3,000 of which is recoverable at the end of ten Years,
With a minimum required rate of return of 20%, make an annual cost estimate,
Using the basic 1-year test we usc the formula for annual cost.

A C = (Initial ~ Salvoge) x crf at reciired rate over n “ears of life

+ Salvage value x required rate + operating disbursements.

New Machine

AC= £(10,000 x 0.23852) + (3,000 x 0.2) + 6000
= £2,385 + 600 + 6000 = £8,985

Exinting lachine
AC= £(4,000 x 0.,23852) + 8000

- 95”008 + 8000 L 58'22

&egig Machine 2 n-conditim

AC = £(6,000 x 0.2:852) + (1,000 x 0.2) + 7,250
= 1,431 + 200 + 7,250 = £8,881

Thus it would appear that the renovation of the existing machine should
be recomnended.

It sight ulso be apposite to remeuder that thene ca:culations are
only as good as the estimates vhich were given in the first place. However,
we shall leave the accuracy of the decimal place and look at the third cf
our basic approaches wherein it is very difficult to develop anything like
a mathematical modfl.

Human Factors

The most important, difficult and fascinating input to any maintenance
situation is the human one. It both dominates and linits. It is the key
factor to a1l activity relating to the design; that is, making decisions
what, how, when even if, snything should be done. This factor is also vital
when ve want to monitor, or control, what is being done. 5S¢ important is
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this factor of control that management, the most highly paid part of the

production complex, (sic highly skilled) does little else but control.

Engineering (if not most of human history) can be written in terms
of our controlling our environment, er " istinz forms of p wer (other thap
human) to help seclect, control and make decisions., We have used machines
as far as possible to take the drudgery out of life. Kowaver, we cannot
eliminate the humun factor becapse we shall always need to make decisions
about which decisions to muke, Many people hope that automatic inspection
will eventually replace that particular part of the maintenance function,
Certainly a machine is more efficient in '100 per cent' checking of a
eontinuous flow of products for one or two faults, But whenever control
is complex and conditions are variable a man has certain decided advantages
over a machine as a detector., It {s difficult to find a machine that oan
matoh huznan 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 'reprogrammed’ by management more rapidly than sny
machine, and he is capable of acting on instructions with disccetion. He
is unsurpavsed vhere discrimination ia required between a large musber of
faults, where clagsification and diagnosis ure needed, and where elimimating
the fault involves 1liaison work, His performance and his value to a firas

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

Technioal progress is creating new demands for the maintenance factor.
In some of the more advanced industries the total number of maintenance

men has actually risen in spitc of an overall reduction in the labour force.

In fact, this is very much an area of Zrsunomice', where we haye to

discover vhat physiology and psychology say about our problem area, We

rig ourselves up with aids, metrology, 'non-destructive testing’, but we
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rely on our in-built detectors *: gupily the most important answers. What
are these? How do we ute them? What do we know about them? The

simpleat possible rciel {a:-

—
e RECEFTOL Novous %{Bmc'roa [———
AT

(1) (2) (3

vherebys (1) Ve perceive cignals tidugh our senzory organsie
electroragnetic e.g. oyes
fechanical ¢.8+ touch
chemical ¢.g. taste

(2) Ve store, process and act upon these aignals through
our mental processes, though all our brains reccive
is & series of clicks from the nervesn, gand the "best
theory! at the moment postulates single channel,

(3) These mental procenses are effected through our
phyaiological make-up (we cau only move 2uscles)
viioh {s affected by che physical and sveial

wvironment, and subject to exror,

Throughout the recorded history of man we haye deen obeerving, and
theorising, about how we work. The traditional modesty of the scientist
is not & smoke screen, it is very humdling to sealice how 1little v know
about thiso Igntutic component in the field of maintenance.

Eleotron aiscroscopes have enabled us to develop better theories
about how we work in a physical sense, but these are only approxizations
tovards a real answer which {one csn be reagonably confident in saying) we
shall never achieve.




Essentially, we are looking at tho nervous syston in this
comsunications problem witiin the human body. We have many observable
facts and we have many more theories atout the explanation of these, starting
in the early 1950s with an ingenious theory; e.g. it vas only in 1963 that
Professors A.F. Huxley and A.L. Hodgkin shared the Nobel Poize for Medicine -
their discoveries concerning nerve transmission, with Sir J.C. Eccles (Austr,)
supplementing their work later. This relates only to the ' {nput/output’
side of cur 3-gtep model. "We ounnot even prove the exivtence of a mental

life",

But even if ve do not know the nature of the mind, we know quite 8
lot about this mechanism, or the nervous system. Simply, the job of receiving
and reacting to atimull 15" given to this systen, Consisting of the brain,
-]

the 1 chord end a complex network of nerves, Nerves cun be split into

sensoxy (to the brain) or motor (from the brain). Some systems are conscious.
others sub-conscious; e.g. the viscera, which is the name given to the

various organs filling the chest and abdominal cavities.

The transmission of informstion via our electro-chemical (henoe the
lonio title) nervous system is sent at speeds varying from 2 - 200 n.0.h,

The 10,000, (1010) nerve cells of the brain forming the bumpy kmot
of ‘grey matter' can be divided, ocrudely, in terns of snatomioal entities
related to different functions.

BRAIN STR® (spina) cord) and CEREBELLUM work below the level of
eonsciousness, They are responsible for MUSCULAR CO-QRDINATION
and modify unroalistic demands on them.

TRALAMAS (and CORTEX) working together INTEGRATE MESSAGES from
the sense organs whioh are received via the thalamas.

CEREMRAL CORTEX is vhere sensations are registered and voluntary
sotions initiated. Higher THOUGRT FROCESIES occur and MEMORY is
stored.

LIMBIC system contributes to the EMOTIONS,
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Perogption

Is ooncerned with the sensory nerves and we can identify several
channels through vhich the brain receives relevant signals, though wve
are particularly concerned with the conscious systen onlyt-

1. Vieion

2.  Hearing

3¢  Smel)

4. Touoch

5.  Taste

6. . Balapoe, rotation

7.  Vibration |
8.  Pressure ;
9. Tempereture

10. Acceleration

hhlyoMmh.manmmmﬂnmorWuc
Yvest explanations' but we oan b fairly eonfident in asserting that
poroaption 1s not at a constant level and seems very much like a
probabalistic concept. Highly relevant is the problem of sensitivity -
absolute and relative - especially important is the latter in terms of our
remarkable ability to detect signals against a noisy background. Nowever,
& background or reference can inorease our sensitivity,

Our sensitive organs have a logarithmic response 0 excitation;
also the peroeption enmmmt«m-mmwm
lavel. In the absolute sense, an eardrum can detect a movement ogual to
the sise erm-mmotmum:otawmmam The aye omn
detect a candle's light at the distance of one nile; it can also respond
%o a renge varying from 1 quanta to 109 quanta,




The problem of discrimination is explained by levels of discerrment

with and wvithout reference, e.g.

LIGHT stimulus
in {solation 3 4 - 5 intenaitiss 12-1} discrete colours

vith reference ¢ 570 intensities 128 shades of white light
S0UND

in isolation 1 3 = 5 intensities 35 pure tones

with reference § 325 intensities 1,000 notes

The prodlem of detection is best explained in terms of background
noise and level of skill,

A signal ooues in mixed vith noiss, and the level of the systes
p0ise varies in a fashion gimilar to Caussian dietridution so there will
be & statistically-based decisjon, at the small levels, in order to detect
the signal. VWhen a stimulus is applied to the receptor organs, extra
aotivity is producsd from this source and it is added to ihe existing '‘nojse’.
Whether this increage in activity is oconsidered a random peak or a sigml
applied to the systes will depend on the statistical criterion vhich is
Yeing esployed by the 'decision ecntire' at that moment,

84411 in the area of statistical anslogy, we only ever use part of
the information which is presented to us. VWith experience, we can perfors

a secondary task, apparently vith 1ittle or no conscious effort. Similarly,
we oan identify by minimal information.

' Buman powers of discrimination end detection are quite remarkable
but there are also snags, i.e. inconsistency, fatigue, eusceptibility to
external conditions (physical and sooial) also there are problem~ with
short tern/long term memory, |
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Certainly,perception is related to the learning process. Physical
abilities with regard to aifferent perceptions tlter between persons bdbut
this may be a reflection of trainince Certainly phyrical characteristics

between perceotions in one person show marked differences,

Physical Environment

Undoubtedly, physical conditions have a primary influence im the
perceptien, for they affect directly the Detectiom stage. But once we
have the satisfactory physical conditions the psychological and social
conditions will be preponderant, for they affect directly the Judgement
and Decision Stages: The relevant conditioms of particular importance to

w

% Temperature (and humidity)
2. Yitration

3¢«  Noise

L Visual Enviromment

Extreme environmental conditions can have ar effect on the imdividual
ia saistenance in three wvays, Firstly, they can bs detrimental to health
and posaibly cause permanent damage; secondly, they oan cause disceafort
vith resulting distraction from the job; and thirdly, they can reduce
working efficiency. The last two ways are particularly significant te o
task. Ve shall not consider gemeral environmental effects but doal more
specificslly with conditions affecting the task of subjective assessment.

Socisl Eaviromment
Many people today consider that a san goes to work solely te earn

noney. Mmtpthoalyprustmgﬂnothrpnhmtth_m
§o¢s for the social benefits that be can derive from working with others.

- Within a Zactory there are two types of organisations, the formal

and inforwal. The formal organisation, or group as we shall call it,
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consiets of management and workers working together to produce an article.
The informal group, although it has thc title *informal', has its own rules,
regulations and standayds. It is through this group that a man can be

influenced more than by manarement.

It therefore follows that if the standards are to be raised then
we sust tackle them with the group as a whole and not with individuals.
The group must be made to feel that it does somcthing for the final product
(and the way to start to do this is to show them where the particular
task they are doing fits in, and how important it is to maintain the
standasd) . Becondly, we must keep them informed because an informed
man is an interested one. A constant supply of the right type of
information about performance shows dur san that if the one above hia,
e.g. the foremsn, ic interested in the job, then the job is important, snd,
consequently, the standard will be maintained.

Majntainability

In general terms mointainability relates to the ease or difficulty

vith vhich an iter can be repaired when it fails. Maintainabdlity is a

’ design factor which competes with other requirements such as low initial
cost, good performunce and reliability. For example, it may improve the
saintainability of an aircraft to huve an access plate in a certain spot,
bt this will aleo increase the cost and reduce the performance becawse
of increased weight. Similarly, the maintainability of an electronic
device may be improved by making it in the form of detachable boards joined
by pluga. The plugs, however, may have low reliability when compared with
soldered joints. Here there is usually a trede-off between maintainability
and reliability.

Maintainability ocan be defined as the probability that an item vhich |
has failed will te repaired within a stated time. The stated time is kmown
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as the maintenance time constraint, and is dictated by operational

circumstances, e.g. aircrait turn around time,

Maintainability relates normally to active repair time, and not
to time waitinz for spares, ote, If may be rolatid te repair time or
repair man hours depending on the application. This definition implies
that the time to repair is & randoa vuriable, and defines saintainability
M for time constraint tc as

N = R(te)

vhere function R is the cumulative distribution fuaction of the repair
time.

Avlﬂgbgin
Availrbility is the propertion of time for which a machine is
available for use. The overall objoctive in most saintenance wnd

replacement problems is to mimimise the cost per unit service. This ia
related to the availability as follows:-

Cost per unit time
Cost per unit service = Availability
Bince availability appears as o lenominator in thi: equation, it
is clear that a low value of availability will result in a very high
008t per unit service. In many public service applications it may be
taken as an actual constraint that the availadbility should exceed seme

lower limit. For "t'hoe'o' reasons it is generdly a requirement in mest
prectical cases that availability should be 90% or higher.

Much of the study of problems of availability has been inspired by
what is called the machine interference problem. This arises from
the practical problem of determining the optimws number of machines por
operative in textile mills. Some typical problems are as follows:
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A single machine is maintained by a single repair crew. ‘
The NTIF of the machine is Ta and the MITR is Ta. Suppose
that the size of the repair crew is variable and thnf the
cost por unit time of providing a repair orew which can
aol¥leve a MTTR of T8 is C/Ts whcre C is a comstant. Let

'3 be the profit per unit time for wvhich the machine operates.
" Deternine the optimum NTTR (and hence the optimum crev sise).

Avedlability = E“?"’E‘

Prefit per mit time = fioB . &

This hes a saxinum vhent
» = % 0wol.d!
e availability is thens

A e 1-(nmt

We may just require the availability to achieve a certain
Jovel. A plot of this equation reveals the difficulty of
ashieving high availability.

. “ s ' 1Maintensace ratio
Avpilaldlity wmd Maintenance Ratio

wie
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Repair Pools

Problems of determining the optimum numdber of repair men to
maintain N machines when the profit per machine hour and the cost per
repair man ic known can be tackled by queueing theory. Typically
the results appear in the forw of tables,

Howewver, in the repair posl situation, vhere items wdergoing repair
are offset by drawing on & repair pool, some simple analyses can de
given provided that we assuse that the repair pool is rafely completely
eapty. ‘The over’” fuilure rate can thes be regarded as constant,
8ay 2. With a single repair crew with MM = /¥ the meen numbder
of machines broken down iss |

-4y

m&oc.d.dthnut‘w::chim-mmua
Ap
“-

If we base the repair pool size om meun ¢ 25.de,

mmm

®eA
4
- p-tz[p-' - 1¢2J)

1= %_1
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Most equipment deteriorates in use. Thus anyone who wishes to
wse equipment over anything but the very chort term must operate a
replacement policy - whether deliberately or by default. The aim of

& replacement policy is to bLalance the costs associated with equipment

provision and maintenance in the most favourable way. The following

factors should ideally be considereds:

. Aoquisition cost
Repair costs
- Value of :he service or production
Availability
Obsolescence
Bafety rtquirﬁcnts
Eese of application
Tax
Rate of interest
Borsp or second-hand value
 Planning horisen
Alternctive forme of investment

wo main replacement areas could be considered. The first relates
%o the replacement of components which may suddenly fail in use and which
are always replaced Ly new components of the same type. The second main
srea is equipsent rerlacoment; that is the replacement of items which
deteriorate gradually and which require repairs from time to time prier &«

M‘o

h mm. of Data Collection

%o re-iantroduce that most complex of all the inputs and consideratio:
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relevant to a preliminary discussion on saintainability let us consider
the collection of data. Ideally we are attenpting:

& to measure the opsration Availabdbility level;
% to provide (quick response) failure data for post designg
6. %o build up a data bank for the bemfit of future designere
fa order to:
(1)  minimise repetition of known design veaknesses
‘.(‘I.ﬂ Give desipn groups a realistic base for ‘h
7 design and testing of nev equipmentay
4 % provide mamgment control data.
hmor-:_ntudy upmummmmnm
experinental design must precede any kind of nfo characteristic or data
Eathering exarcise. The technical objectives must firet be exmplisitly

dofined and the data gathering progresse thes planned to realise thes.

T™he ais must be to collect & sufficient quantity o7 data from
astual service conditions to emable conclusions to be drewn with the
stipulated confidence. No more datg than is necessary for this parpese
should be anassed. Motiwation is en isportast fastor in ensuring
ascurasy of returns and the knowledge that redundant data vill not be
sought must assist in improving it. As well as being accurate the data
sust b representative of the true operatiomal and saintenance eavirenment.
Bquipsent modification state, level of maintensnce expertise, logistie
suppert available, eto., may normally be representative but possible
exoeptional circmtuno« should be identified,

. The folloviag qustions shoul” be ocnsidered:

L
-’




3. \

‘What data are required?

How will the data be analysed?

How accurately are the results to be stated?
How much data are r eded to achieve t. is?
Who vill use the results?

How will they be used and for what?

The nore background information available the more owuy Ghd

oiromstances surrounding any technical event can be reconstructed.

While voluninous records are unnecessary, btrief notes on the following

should be awailable for each relevant event:

Bquipment identification to level required.

Bvent ~ failure, defect, adjustaent, trial, modificatien,
saintenance, etc. It is importamt to record trials
0o: ciously undertaken, since mishaps say oscur duwing
tests which it would be misleading to attribute to
sormal opsration.

State of equipment at time of event

Tine of ocourrence

Owsulative running hours, oycles, ete. to ecourrence

Tine tucon for remir

Down Time

Bonsons for failure if knowm

Bavironment at tise particularly if wuswal

Stores used in repair

Nen hours and skills needed for repair.

Beasons for any delay ia repair or in return to operational state.

W™ere is no easy vay to the p:gmm of accurate life characteristic

data and troed bWrush, loosely monitored syctems will be an expensive waste
of tims. A systematic approsch with painsteking atteation to all facters




.

vhich may improve the quality and comsistency of the data swt be
folloved. This will inwlve detailed plamning, specification, estad=
1ishment of responsidilities, training, careful design of logs,
supervision, motivation and informed engineering leadership over the
possibly lengthy periods of time involved.

If this sounds a pedestrian and possibly depressing cstalogwe, 1%
Ay ensourage i Tepest aa epinica by twe engimeere of R.C.A.(Coansda)s

®eeeit i safe to say that the ideal...0r oven &

roasonsdly officient method of field data asguisitios
hos yot to Bo dovised.o..l"









