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Introduction

Yhen discussing the conception of nvailnbilitx it is probably fruitful to
start by visuslizing some typical exaaples of various pieces of equipment, which
Wwe wan: to have available for their intended use. '

We wam' the aeroplane, the ship, the truck, the steel rolling mill, the
machine tool or whatever we have in mind, ready for work, when this would be
profitable, i.e. when this would meet a demand from & market to which we can
sell the product or the service, rendered'by our equipment. And furthermore
we want it to keep on doing this work as long as possible or at least as long
as there is this market demand.

We want the equipment available for start, when requested, and available
for continued work as long as requested. Our equipment must therefore have a
certain svailabi lity. Tufore we gv into this conception further, we stick for
a while to our seroplanes etc. Let us bring 2ll there together under one comaon
| nme, which is, and will be, frequently usecd., All these things are technical
1 gystens. When we discuss these systems snd lock st them from an availability
| Point of view, we apply a combined ecor.omical/tachnical viewfinder to sorutinige
their qualities and characteristics, which is called Systems gineering. The
methods used in Systems "ngineering have beén derived from the field of Opera~
tione Research or Operations Analysis, which was built up during and after the
last wer.

1 Hhon locking at the availability from the theoretical side it is unavoidable
| to pay nome attention to definitions of the “asmic conoceptions., We will do so tut
firet say some words about why this kas to “e dome. It is not very diffioult to
] design and tuild even very complex equipmer.: for various objectives. The diffioul ty
148 to make this within the limited allowance of resources which we always have to
okon with. And trying that, our objectiv. is to produos the best result possible
jwithin our allowance. Therefore we have to consider and compare different possible
faltematives in order tu chose the one, which gives us the best result within our
moans. Now, to be able to chose, we must measure, and to bs able to Beasure, e
st define measurable qualities or charactaristios. It is here, that the thespmti.-
side, tho theoretioal tools oome into view, ‘ ’




The aim of this paver is not to teach the different theoretical tools,
mathemetical models, etc. which are used, That is not possible and would need
much mathematical grounding kncwledge a.nd extensive training courses., What we
can 4o, is to lnok at the basic definitiens for the important system characteristics
and illustrate how these are related to each other. By acing sc, we can get an
idea of, what can be done and what has to be done in order to produce the information,
necegssary for us to facilitate our cho’'ce, or - in other words - to give us a ground
for the decisions we must make, the so-called decision process, when we purchase

our systems, ~r we design and build them ourselvec,.

Our systems, iliustrated by the various examples of systems, mentioned in the
beginning, are meant to produce some sort of products, for instance a *hardware”
product, such as rolled steel bars or steel sheets, or a service, such as transport
capacity, or a machinihg job, or whatever is requested. And this product is measured
in tons/year, or ton-km/year, or passenger-km/day, or worked awsy weight of steel
in kg/hour. To produce these products, resources must be spent. The produets give
a known or expected inceme, which must excecd the cost of the spent resouroces to
make the whole thing possible. Now, ' must presume that we know, what we can .11
in the market for ocur "produsts™, but what are our costs, and - very important -
all our costs? THe systéems, tded nowadays, producing complex products or having
a very high output productivity are complex and gceem to become gradually more so.
That does not necessarily mean complicated, but being built of a very great number
of components, mechanical, hydraulic, pneumatic, electric, electremic eto., and
being very automiged, they - no doubt - get more and more complex. And complex
systems cost mich to prooure, to install and to operate.

The investment ccsts, for which we use our earned money or we borrow monsy
in the bank or are allowed mmey from -he governnont, are costs for, mainly,

- the development work for new Jdoesign,

~ the design work itself,

- the cowstruction or building,

- ths commissioning,

- the initial training, and

eventual surrounding service installations.
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After the commissioning - which is a word for setting the system in operation
with possitle starting difficulties, "teething troubles" or "children's diseases",
- the operation period or production period is expected to bring in the money to
Pay back the investment cost as well as to pay for the running operation costs.
These are costs for resources spent ints the prodh.ction such as

- operator’s man hours
= rav material
- power
~ continuous operator's training
and costs for activities to keep the operation running, such as

= Planned, preventive maintenance

= corrective mairtenance, in case of failure

- domtime costs,

= renovation, big overhaul from time to time,

= modification for improving the system, if proved neces
~ continuous main tainer's training.

The oosts fall out during the lifetime of the equipment from the stars of
the development work through design, construction, commissioning and operation to
decommissioning for selling or screpping, principally something like the diagram
in Pigure ar 1, vhereas the incoms tums up only during the operation pericd and
then has to pay - by depreciation and interest - algo for the investment cost.
Thus, the total coct per each produced product item during the total lifetime mugt
be paid by the total meen selling prioce.

Some comments seem logical %o make here, even if they have little to do with
the availability aspects. The total selling price must, of course, also pay for
the overhead costs, tut, and this is important, these costs must cover a margin
to allow for developing the production methods, in order to make it possible to
keep abreast with the actual technology.

The price also must €ive a margin for rieks by unpredictable market surprisss
and suchlike. The remedy for this is to request that the new equipment is paid for
in a limited nuaber of yoars. Policies here in the industrially developed countries
aaottmtovminthsmefB-Gm. ’
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Tven if the costs fo1 the products are not paid for by the consumers, if
f.i. government railways or cther transport means are paid for by the government
and the tickets do nnt go half way to pay back the costs, it is very helpful to
calculate in terms of tntal lifetime cost per product item and to have an idea of
whet a market price would have to be. By doing so it is possible to do suitable
comparison caloulations to find out the best -lternatives for spending money in

order to attain certain deiined and sp:cified objectives.

Hinimizigg'the conts

If we now, after this introduction laok closely at the task to minimise the
total cost, it should be obvious, that it is desirable to know .he operation cost
fairly well already at the procurement stage, and in fact already at the development
or projocting stage. When the detai) design starts the contract is generally
already ocncluded, This means, *hat the buyer already has decided on which esupplier
end which design ie to be used. The buyer then must rely on the supplier to
deliver a system, the operation costs of which in the future do not exceed what
is economical. So the buyer has to rely vither on the suppliers good name and
reputation, or on proved eicperianoe from earlier deliveries, or he must make the
supplier prove 1is promises in some way or other or, lastly, to take his owmn
responsibility and not blame anyone else, if later the operation shows to be more
exponaive than anticipated.

Why do I stress the part of the supplier so much? Does he not just have to
deliver a system that can produce the correct products in the correct number? And
leave the question of the operation cost to the buyer/operator? No, this is the
central point in my conception. The operation cost is to a very large extent
built into the systemn by the desigmer. And when once the design is decided upon,
there is not much to be done afterwards to change the situation, unless of course,
the owner is prepared to pay heavily for modification of the design or even more
heavily later for modifying the equipment itself. There has been suggested, based
on experience mainly in the electronic equipment field, but probably with signifioanoce
also in other fields, that if the cost for a modification of the design, after the
coniract is concluded, in order to lower the oﬁeration cost, is represented by the
numbter 1, Lhe following series of numbers is valid for the same gain in bringing
down the operation cost by messures at the different development stages of a certain
syotem: :
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0.1 Project stage before coptract

1 Design stage af.er contract

10 Building stage before delivery from supplier's workshop
100 Assembling stage at the buyer's before commissioning
1000 Operation stage after commissioning.

This seems a bit diagreamtic, but proebably in most cases it does not deviate much
from the true reality,

So, when buying techniocal equipment, do not ask for the lowest bid, ask for
the lowest "ife cycle cost" or "ownership cost". And it ig here that the dif-
ficulties come into the problem. How high are the operation cost part of the
"ifs cycle ocost” during the years to come? Well, it is for these questions that
the System "ngineering has been developed. It is no witchceraft formula, that can
solve our problems just by a stroke. It takes much boring work. It is applied
mainly at the project stage ond deals with the cost for different altermnative
investment measures in order to bring down the operation cost. The technique
comprises different methods to predict the guin in raised availability and lowered
operation ocost by undertaking defined suggested measures, which aight raise the
investment cost. 0f course generally it costs more to procure a g00d reliable
pPlant than to buy just 2 plant. The questions are: How much more? And: How
wuch better plant? And both questions answered in plain monetary terms,

The work coasists of comparing cost for investment and operation for all
altermatives, found worth while to evaluate. And of course also of comparing
anticipated availability - how much work do we g3t out of the machine? To underline
the importance’ of this we can as an example consider just one production unit,
Obvicusly in such a case the availability is deciding for the income side of
the caloulatior. If we risk a low availability we must perhaps consider a spare
unit to be sure to keep up the requested production. This is an investment item,
taking us back to the cost side. Obviously spare production units comprise an
alternative, to be evaluated, compared to the altermative with a lower number of
units with higher availability.

The Gharacteristics

To structurise our cost~benefit-problem, let us take a look at those character-
istios of a system, which are decisive for the result. Generally they are defined
48 i® shown in the Figure 2. This diagramatio description is a generally valid
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model of a system, but concentration on those characteristics, whicn are specially

relevant for the operation eccnomy problem.

The diagram is to be understood so, that the system is expected to accomplishi
an overall mean total production rate or productivity, an Operative Performance.
To do this the system must eccomplish a Technical Performance, which is the
productivity or production rate, provided no failures or hindrances whatsoever.
The system also must accomplish a Reliability Performance which is the extent, to
which the system can work at this productivity rate. It cannot work continuously
go. The production is set down below 10C 'ﬂ by failures and repair and by necegsar
preventive planned maintenance woirk, which necessitates the system to be shut down
and taken out of operations from time to time. For how long depends on a number
conditions, often rather diffiocult to define and to measure. To make us able to
handle often complicated reality by mathematical methods or even just to underst
the real problem we make a simplified picture cf the reality to facilitate our
understanding. We make a model, Figure 2. That is to say, that we simplify
reality to a certain extent and excluda or consider as constant such factors that

are not necessary to define in n certain problem situation.

This Figure 2 is meant to be read so, that the "front" squares indicate name
of the real system characteristics, whereas the 'back" squares indicate the cor-
responding model characteristics, For the model characteristics we use measures,
possible to work with in mathematical symbols. So f.i. the techniocal performance
is the production if no failures occur but still under influence nf various envi
ment conditions more or less known and more or lcss possible to define correctly,
and the influence of which on this performance is not exactly known. To make us
able to work in a modei we have to define the model characteristic Capability,
which is the production rate under constant and specified conditions and provided
no failure or sven failure risk exists. In the same way the Reliability Perfo
is the rate at which the production can be kept at the defined capability taking
into oconsideration the eventual failures and the necessary time to correct these
and also the time it takes to carry through the necessary inspection routines and
generally preventive maintenance. All sorts of conditions weether, porsénal, e
political, can set down the production. To be able to speak of a modsl characts
we must presume that we have constant and defined conditions of operation. Ome o

the model characteristics, most widely used for this is Availabil: -ty and that is
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the proportion of time during which we have the defined capabillity. It can be
expressed alternatively »s a probability figure, saying that during 2 certain
period of time with that probability we have the system working at this capability,
Or, in rase we deal with o starting availability the number of successful starts

we have out of 100 trials, which is equal tc the Probability measured in percents,
that the system will stapt on trial.

The Reliability Performance, or in model terms, the Availability depends on
three model characteristics, as shown in Figure 2. At what rate or risk does
failure oceur? To be able to say anything about this, we must define, what sort
of failures we speak about, Is f.i. every occurance, when we have to change an
electrical fuse or a lamp bulb, a failure and an action of corrective maintenance?
Cr is it just a part of the operation? How severe does an occurance Lave tn be
for tue pProduction, to be defined as a failure? Is it usually spoken of

~ failures, that totally prevent the production or the funoction,

~ failures, that usteriorate *ie production or fuiction to a
certain degree or to a lower quality, and

- failures, which do not - at the moment ~ affect the function,
but can wait until next planned stop.

It is obvious, that we can speak of a certain Security of Function, measured
in f.i, probability of failure or number of failures per 1000 running hours or
mean time between failures, MTWF, only if the conditions, under which the syatem
is vorking, are constant and defined and can be measured. Constant conditions,
winich are known and defined, is a base for the model conception.

In reality the conditions are not constant and, not always known, especially
in the future, where they have to be anticipated with a certain security, when we
try to predict the operation costs. 3till they have to be anticipated by the
designer and for the future ownar/operater who has the tagk of economic operation
during the years tc come. Sc the more knowledge we have available of operating
conditions and faiiure riask the better,

The Security of Punction is one of the characteristics, which belong to the
techniocal system itself, The name of the characteristic, used here, is not com-
monly used. Ver$ often the word Reliability is heard of., This word however ig
often used also for the overall security-of-operation characteristic, see PFigure 2.
It is somewhat confusing with "Reliability” im two oapacities. Therefore, the




expression "Serurity of Function' 18 chesen here. ‘me other thing. For this
characteristic we 4o not have different expressions for the real characteristic and |
the model value, cerresponding tc '"Meliatility Perfermance” compared to "Availability"

So we must know when we talk about the ~ne er ihe other.

The other impsriant sharacteristic of the technical system, Figure 2, is the
Maintainability, impertant encugh tc justify twe separate papers in this conference.
Alsoc here we have the same name for the model value and the real value of this char-

acteristic.

The Maintainab.lity can be defined as the suitability of the system to become
repaired in cases of failure, or the adaption of the system for maintenance. 1t
depends on all such things, that facilitate or delay the maintenance job such as
easiness to inspect end localize a defect by f.i. operation condition indicators

or by inspection hatches. Other such measures are building the system in modules,
easy to disconnect and exchange, or generally the easiness tc dismantle and re-erect.
Sometimes one finds also such things as specially designed tools and specially made
up instructions for the job defined as measures io improve maintainability.

What we want - whioch we do, in the system engineering field - to define exact
measures for this charecteristic we must have a model version. This version must
be defined as the amount of job to make a certain maintienance action or all neces-
sary actions during a defined space of time. It is measured f.i. in the time it
takes or the number of manhours or even the cost and provided that the necessary
maintenance support is at hand., This means all tocls, instiructions, spare parts,
skilled people, etc. To be able to talk of the model characteristics and to have
an sdequate measure of this, only such factors as belong to the system itself are
taken into consiueration. All surrounding factors, which consequently belong to
the organizs’ion, must be considered as constant and of adequate quality, and so
excluded from influence on the job time,

If the surrounding factors vary, which indeed they do in real life, they
influence the time for the job. Therefore, we must necessarily collect such factors
which belong to the surrounding orgenization under a heading. See Figure 2 again.
Here is used "Maintenance "fficiency" or alternatively "Support "fficiency". To
be able to speak of a model characteristiic, this must be defined in a way to allow
for representation in figures, which can be used in comparison of altematives,

i i AR e T
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in f.i., the time to wait for the work to start after a failure hag occurred. To
g€ive such comparison significance, the factors not belonging to the organization,
which influence waiting time ~p the resource spending for a iob, must be considered

excluded from influence, be considered as constant,

4 few more words about how these system modal characteristicg are related to
each other, The higher they are the higher the availability, that ig obvious,
But the higher they are, the more expensive they ere. Not necessarily always, but
mostly, Availability costs mcney. How much do we gain in availability -~ and
consequently in promoted producticn - for a certain spending on raising these
cheracteristics? Well, that is for the systematic project work to find out,
Generally i% can be gaid though, that if these characteristics are balanced towards
cach other 8o, that if a certain spending on either of them gives the game result
in craised availability, we most Probably have a good design alternative. If we
gain considerably more in availability for spending a sum on one of them than on
the others, we should certainly do go,

%

4 simple example might illustrate this discussion.

: le: 4 machine

Seourity of Munction .
Mean Time Between Failures MTRR 100 hours

¥aintainability - Mean Time to Repair MTTR 10 hours

Maintenance "fficiency - Mean Waiting Time Wi 2 hours

dvailability = Hean Down Time MDT 12 hours
- Availability 88/100 0,88

Lltemative measures to improve availability;
1. MNTBF Raised

for £ 1000 to 200 hours
Lvailability 188/200 « 0.94
~ ‘ + 64
2. Maintainability Raised
+ for & 400 to 5 hours
‘ Aveilsbility 93/100 ‘ 0.93

S




3.

Maintenance “fficiency Naised

for £ 10.000 to O hours
Availability 90/100 0.90
+ 249
1+2 £ 1.400 193/200 0.965
+ 8.5 %

How much is gmined by the raised productivity? Does it pay?

Reliability design

Further cn a more detailed discussion abcut these characteristics, which
build up the availability, will be presented. Before that is done however, s
btrief introduction into the System "ngineering ways to attack the problem will
be ussful.

The system consiste of "hardware", a number of material parts, which are
built together according to a defined structure. These parts functicn together
to give the aystem the intended total function, needed for the requested production,
Therefore, wa say that a system consigts of a nucleus, material and struoture,
and & function. The nucleus can, acocording to the structure, be broken dowm further
into parts, sub-systemes of lower order and finally into what we call components, |
the smallest parts practical to deal with in the actual problem of availability.
It oan be f.i. pumps, electric motors, etc. Of course a pump can be broken down

into casing, shaft, impeller and bearings, but let us for the time being leave the

question of the lower limit for this breaking down of the nucleus, In the same

way of course the function is broken down into sub-functions etc, down to the
functions of the components. This system conception will be dealt with further
later on. Let us so far illustrate what we do by Figure 3.

We call this way of breaking down the aystem‘ nucleus and system funotion
hierarchical. It is obviocus that a certain sub-system's sub-function must add
value to the system function if the sub-system it worth its coast. We evaluate
the security of funotion, the maintainability and the required maintenance efficienc
for each sub-system and consequently also the aveilability of this sub-system. The
availability of the different sub-systems in our system should be balanced, We
compare them, evaluate them if possible in money terms or in terms of availability
and find cut if any of them mean a weak spot, worthwhile to attend to for improving.
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after these general statements let us have a look 1t the traditicnal reliability
design methods. If a number f components are connected into a sub-gystem for
combining their functions into the sub-system function they can be connected in
series or in parallel, (This is e model Picture, where we use the electric terms ),
See Figure 4.

When sub-systems are connected in series it indicates that their functione
are neocessary for the system function, If they are connected in paralle]l it
indicates that their functions can be substituted for each other. 1In the game
way, the function of g group of components parallel to another group indicates,
that thege 8roups can b substituteq for each other,

If we have a series ~f oomponents with (by laboratory research or otherwise )
mown security of function, oxpressed ag probabilities, we can by knowm mathematioa]
toole find the sscurity of function for the group, See Figure 5,

A8 each one of P’ - P4 is below 1.00, obvicusly P is very much so, To have
& reasonably acoeptalle value of P for a long series as often % modern electronic
equipment, each one of the components must have a very high value of P.

If we have a number of componentis connected in parallel, still with known
values for ssourity of function, expressed a8 probabilities, we can find the
Beourity of funotion for the group., See Figure 6, This shows that the security
of funotion is raised considerably vy inserting spare units or using sud-systems
as substitute for each other, By using mathematioal tocls of this kind, it {s
Possible to analyse a system. It is possible to work so to say from top to bottca,
from reasonable requirements for the system to werk down to find requirements for
the various components to achieve the requested result for the system. It is
also possible to work from bottom to top. If we know or find out the characteristioe
for the components we plan tc use, we can by oaloulation find out the resulting
characteristic which we reach for the system. In working with real prohlems we
i have to combine these approaches and work up and down the ladder until w feel
satisfied, We might £.i, know the characteristios of most of our componests and
our sub-systoms. We want however to sodify or modemise by using & nev dosign
th improved funotion for some sub-system or other. By working along the lines,
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It is important for the resulting system reliability that the components hrave
go0d qualities, have a high security of function. That should be obvious from what
is said., I will come back to the component question later under the heading "Com-
ponents". Here however I will end this section by stressing the fact that the
structure, the way we build the components together, is very important as well.

If £.i. some components are not as reliable as we would like, we can connect spare
ones in parallel and thus attain a higher availability of the "ub-system in which
they work. If it is not possible to insert parallel units, we can build them
easily exchangable and have spare units at hand and good facilities and a high
preparedness of the maintainers to locate the { ilure and to change for new ones.
This is to compensate the lower security of func:iion by higher maintairability and
maintenance efficiency. This might be more economic than tc raise the securiiy of
function of the first ones or to add permanently connected parallel ones. And of
course, in some applications the only way.

ton hriutisp. S Details

It seems appropriate at this stage to discuss more in detail the system
characteristiocs.

Security of function, (often called reliability with some confusion as a result
moans, as stated before, the ability of the system, sub-system or component to work
68 requested without failure. It can be stated as the adaption of the design agains
rigk for failures. It can be measured in mean time vetween failure, or probability
for functiom, or inverted probability for failure. Such values must be stated under
defined conditions of service or operation, as such envir-mment factors can influen
the risk for failures considerably without this being attributed to the system |
design itself. Such conditions can be temperature, air moisture and cleanliness,
load variation, vibration and shock, operational mimtakes, overloading, bad main-
tenance not up to the prescribed standard and various other things. 8o obviously
to make our predictions about reliebility come true we must try to kesp such oom-
ditions during the operation stage at the stated standardas. This takes a lot »f
instruction and training and acoepted responsidility for the production result. It
also takes much of routines, fixed down to details to avoid overlooking small but
important factors. This will however no doubt be dealt with in the later papers
giving the practioal spplication aspects,
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The maintainabilitl, the characteristic of the system to be sultatly adapted

for the maintenance work, is exiremely important, Having a crnsiderable influence
on the availability, it will he dealt with in two papers tn follow, yo T leave it
cut here,.

istic: the suitable adaption of the orgonization to the maintenance work reques ted,
and as a model charaoteristic, with this adaption measured in such measures as f.i,
waiting time after a failure has occurred until the repair work starts, or the cost
far keaping up the necessary attention or alertness for attaining a certain maximum
weiting time., It can also be expressed as waiting time plus repair time, provided
the naintaina.bility of the technica] system is defined and constant, and soc does

not influence the repair time. If we expresg thia characteristic ag cost, it ig

of course not very often possible to allocate the maintenance organization costs to
each separate technical system of the enterprise, which is under the responsibiljty
of the maintenance organization. Some of the cost items though could be pPossible to
allocate, such ag cost for special 8pare parts, special tools, speciclly skilled

' pecdle, maintainers on watch for eventual failures if thege are specially directed
towards specified systems,

Mmontl

It should be obvious now from what is said under "Ralisbility Design" that the
quality of the components of the sysiem are of decisive importance for attaining a
certein reliability of the System. of oourse the st.ucture, the way of building
the components together and let thenm function together also is of a decisive impor-
tance. That was dealt with under the heading "Reliability Design". Here we will
Linit the disoussion to the Components and their characteristics, °

First: what ig o component? We touched upon this question earlier under the
peading "Rolhbility Design". Do not let us bs toc logiocal op theoretical here,

8t us be practiocel and pragmatic and say: The components are the basic units of a
Tiin aystem design, whioh are not Practical to break down further, because we
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know or can achieve kncwledge of these basic units as they are. They d . not have
alternative designs, are often standardized and can be procured 1in the merket.
~yamples: n small standard electric mctlor, = ball berming, a hydraulic valve, a
gear box. Of crurse technicnlly, these can Ye tr-ken down furither, the mctor in
armature, bearings ind stat -, the ge~r box i different pearings, shafts, rear
Arives and gear wheels. Hwever w‘o“’w‘fuld pr-obatly nct get any better Knowled e
about security of functicn of ~ur hasic units tc be used for cur reliability cal-
culation bty *his further breakinyg down. PFurthermore, we weould probally never pick
these apart for repair in case ~f failure but exchange them a8 units for spare.
They are ~bviously not 5f interest f.or maintalners, econmically or technir.lly
o-herwise than as units. So let us stop the breaking d~wn with these and come1der

them ag cur comp-nents.

let us ncw discuss s-me different iypes »f components fr~m a reliability point :

of view.

In the electronic field these ways .f handling the reliability problems have
leen developed originally for several reasons. Firstly it waa necessary. The
electronic techniques allrwed for very complex and intricate equipment. Think of
radar, cwputers, radio, telecommunication generally. Tlectronic scluticne need ve
many components in series. These must have very g od and alsc very well known cha- ‘f
racteriatice, if the resulting characteristics .f the system would meet any reasons 4
requests. So it was necessary. It was however nls~ made possible, becsuse the '
electronic compoments in most cases culd be fairly well knowm Ly research and
devel pment w-rk, which did not cost ~verwhelmingly much cvm;ia.md te the total amour§
of mney involved., Specially the military applicatiwne have taken & lead by all |
sorts nf communication and fire control equipment, by aquipment to lead missiles,
oven by the "mocn transport service® develcped by the NASL >rganization in the USA. |
Purther these compnents can be t> a great extent tilt into "black boxes", in whick
the environment, air mcisture and cieanliness, temperature, vibretion and others
oan be rigidly controlled, Or the other way round, the laboratory research and
develcpment work ocsn rather well simulate the real conditions ~f the practical
applications. 11 in all, these relinbility design methods are not generally
applied for all electronic esquipment and are gradvally more and more used for oon- |
trolling, sut>@ation and information purposes in all sorts of technical brenches.
The aut-mation and mechanisation that gradually have rationalized industrial proces




transpertaticn and all sorts of human life ir made P.ssible by electrenics. It 18
n2tural therefore, that the "ther part »f the equipment, the ele.tric and mechanical
macninery, which is contrnlled by the electronic equipment, Yas come int. focus for
*he reliability interest. Mich work and much thinking and digcussiw is going on
aid much 18 8 far achieved - Apply this technique to all technical branches and

©oall surta of equipment.

S¢ we come down to the mechanical, aleciric, hydraulic, pneumatic and other
compconents.  Can the sacurity f Sunction and the meintainability of thegse pe found,
o6 relied upon and used in the same s°rt of calculationg? Well, the general idea
now is, that could wr Just predict the security of function for these components,
¢ could npply the same technique and we could find out with reasonable security
the fu ure cparation cost for all equipment ani we would know very well, what we
were dhing and avoid many unpleasant surprises.

Well, why d-n't we? Mostly the opinion held f r this is, that we don't have
the sare possibilities to achieve knowledge of these components., Ye cannot as
sanily simulate the operatiom conditione in the laboratory, We cannot as easily
conirol the environment for many of the components., We cannot build them intn
"bleok bozes"”, where we shelter them off from vibration, shcck, load, moist air, .
polution eto. Look at electric motore, generators and apparatuses in switch boards
f.i. Or look at all sorts of valves, pumps, other hydraulic items as cntrollsrs,
relays and motors, look at bearings generally.

3ome system engineers hold the opinion, that now we are in the same situation
for other than electronic equipment. as we were 10 - 15 years ago for the electronic,
Thet then we just had to design the equipment with the aim to achieve a high reliabily
which meant: #ind the characteristice of the componentes, bhuild them together with
spare unite attached, easily exchanged, Design the components themselves with very
high reliability. Here the pew semi-conductor technique came in very handy. Cone
sequently an extremely high effort was spent to develope this technique. The result
wae rot only the very small compnents, it was also the very high security of functiom,
the possibility of integrated circuits, which meant building several functions
i2gether ints ™ 8" easy to apply as Wuilt-in spare units, and easily exchangeable,
If we now look at mechaniocal components we find f.1. ball bearings. Of theme we
kaow & 1lot, We ean look up the typical characteristios in the supplier's catalogue.
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The reason for this is, that they come in very long series, they are consequently
very rigidly standardized, thev can be tested by research and the applications can
be simulated in the laboratory and the conditions in the real application can be
very well controlled by an intelligent system design. If the ball bearing is not
exposed to ex-essive lcad variation, vibrations etc. which can be done with avail-
able technique, if the right sort of lubrication is apr .ied and they are sealed off
from pcllution, which also can be done, it is possible to predict fairly well how
many working hours they will stand up, before they have to he exchanged for new

ones.

So, if the system engineers finds, that certain parts, sub-systems or components
are vital or critical for the system function, he has ways to approach his problem
and sugge~* measures. Chose well kncwn standard components. Seal off from dis-
turbing factors. Insert redundances. See to it, that they are easily exchangable.
More of this will be presented in the papers to follow about maintainability.

See to it that a suitable maintenance organization quickly takes any failure
on hend and does the right thing immediately, see to it, that this maintenanoe
orgsnisation does a good, effective planned inspection in order to make the right
thing, if possible before the failure happens.

Now, perhaps this seems rather easy. Still, ihere are ao many new components
jntroduced in the market, so many new systems with very atiractive capability
figures, where also well known components come into new applications.

So many designers want, whet is generally known as Data Banks, collection of
data of all sorts of components, where one could just ask for data for all the
components, which are alternatively considered in a certain system design. Such
Data Banks are available for electronic components, where data are published about
f.i, mean time to failure or mean life provided the component is exposed to a

specified lead and specified conditions generally. Why can we not have the same
for other components? Well, the reasons are the same as have been given as reasons
for the difficulties generally for reliability prediction work, The matter is
discussed eagerly .t the moment in various circles, some colleciions of data are
available for d»sign work and eventually we will have data officially available for
many rigidly etendardized components used in standardiszed applications. Probebly
however, we will sooner have what might be called Neliability Centres where it




-17 -

would be possible to get systiem engineering service fcr sppliers and buyers of
complex syctems, These Meliability Centres woula of course have access to such
data banks, which might be avzilable for various technical branches, Such
Reliability Centres would be in need for their work not only of data from available
data banks, they would be us well in need cf data supply from all available sources
and would prebtably work hard to utilize these sources for data for completing the
banks as well as for their Job at hand,

One of the sources for attaining esuch data is laboratory work. This means
testing the componont in a simulaticn of the application as true to reality as
possibla,

Fext source is prototype work, where the system or sub-systems is tested in
¢ real application, which is operated for testing and development purposes.

T™e third source is the real life itgelf, By an intelligent systematic
collection of experience date from systems in operation, very much valuable
information can be collected and processed to give design foundation. This is
done to a very great extenmt in militaiy organizations. It 1s also done in large
industrial enterprises where much equipment is in operation and the meintenance
tudget is heavy. This is however not so easy. If we order all experiencs to be
noted dowm on forms, which is felt to be of value to get to know what really has
hoppened and why a certain sub-system suduenly failed, this filling In of forms
would be a very heavy job, which either would not be done or would be too expensive,
If we take in a very thin flow of data, possible to collect without too much
diffioulties, we would perhaps not get to know what We really need. The hegt
balance between these two extreme alternatives is yet to be found, but it has to
be found. Some very good applications are working and have given good results,
Mach development work is going on. Some difficultiee lie in the fact that data
is collected from the operation of the system for several different reasons One
is this reliability data collection purpose, One is the collection of economical
data to control, that the work is Prooeeding according to the production budget,
Yet another is to collect all the information, that is of importance to plan the
Baintenance work. Thege different purposes set sonewbat different requests for
the information dats collection system. Alse here the correct bvalance between and
combination of the various objectives has to be found. We find a combined interest
betwoen the financial, production and maintenance dopartments and the organization
for Projecting Ond design of new equipment.




The 3ystem Concept

Ye leave ncw ‘or a moment the reliability design and component questions
and take a wider look around. I have been talking much about systems. A4 Sysiem
Concept, a way to model the system, independently of which technical branch is
considered, has becn developcd and published., Tt is in various circles felt to
be of great help wher going into one's problems to structure and define them and

go facilitate the finding of the sciution,

Under the heading of Reliability Design it was stated, that the system
consistas of a

nucleus:

material elements built together and interacting according to a
structure,

and a function,
aiwed at fulfilling a specified requirement or reach a specified
objective.

The elements are all needed within the system in order to schieve the
functional output. The structure defines how these clements interaot in s7ace
and time i.e. how they are commected and intended to work together to achieve
the function., By inflow of resouces into the system, this produces a product
according to a defined objective.

Another necessary feature in system analyses and system identificatiom is
the concept of system environment surroundings and of the corresponding borderline
between the nucleus and the environment. Let uc illustrate thege facts by
Pigure 7.

With reference to this Figure we can vemture this

Definition: Factors, that belong to the system, are by

definition under the control of the analyst in the sense, that

he can add or subtract quality and quantity to or from the fumction

by the comtrol of resources. |

and: Uncontrollable factors or factors oomsidered or

deliberately chosen not to be under control belong to the system
environment. '




- 19 -

The description of the System is an incompleto model of the realiiy., This

is always the fact, when describing a complex reality. The degree of viclating

the reality is deliberately chosen to make the madel suitable 28 1 tool for

studying the actual problem, The analyst describes by thi model the characteristics
of the system, important for the aralyses, and doca this in such a woy as to
express, how the function is generated by the nucleus under inflov of resources

znd under the uncontrollable influence of the environment, The value of the
resources, absorbed ii. the nucleus is the system cogt. This cost cr deponging

on circumstances mean diffarent sorts of resources such ag investment cost,

operation cost, life cycle cost ete,

The value of the function in relation to the required sutput is characterized
7y a measure of effectiveness, A certain effectiveness “orresponds to a certain
cost of spent resources.

The proocedure of evaluating cost and effectiveness and their relationship
is called cost-effectiveness aralyses,

Neferring to Pigure &, a system, defined as we have done here, hag these
important characteristics,

1. The system is identified by reference to elements, structure
and function.

2. The system can be evaluated in a way oonsistent with jits
identification i.e. in terms of value of a function and value
of resources consumed by the nucleus.,

3.  The system can be designed by a procedure, that combines
evaluation of function relative to ohjective with allocation
and evaluation of spent resources.

The identification of the System nucleus can be done by a successive
identification of sub-systems in a way that is indicated by Pigure 3, The systes
is thus identified by a hierarchial breaking down of the symtem function and the
system nuclous,

In order to maintain the cvtiuatim and design charscteristics of the system,
Point 1, 2 and 3 above, tha sub-systems must have the same characteristios, see
Figure 9.
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An Tffectiveness Model

mffectiveness generally is a measure of system value. Cost effectiveneas
analyses is & decision-making tool. The Aistinct meaning of effectiveness as
well as cost can vary, depending on such things ns the systems under consideration,

the alternatives under evaluation and which measures are best suited to the values

in question, etc.

Here it is interesting tc introauce another aspect. In the discussion s0
far I have not mentioned the fact that the characteristics of the system can vary.
The system can work in different condition states. It can work £.i., with reduced
capacity because of a certain failure, which has demanded the use of a redundancy.
It can have several defined system states, which can be utilized according to a
known or predicted patterm. The environment can as well have a number of defined
states, which also are valid according to a predicted pattern. These patterns
represent a system dynamics and an environment dynamics. To those familiar with
methematiocal teims these dynamics can be represented, "modelled", in a matrix or

as vectors,

For each system state and environment state a certain cost-effectiveness

relation (Figure 8) is valid.

The sketches of models, shown so far, have not demonstrated these dynamic
properties of the system and the environment. . model which illustrates these
in a diagrammatic way is found in Figure 10, This model is introduced in the
literature by Hans Fbenfelt and Robert Holmqvisi (Reference nv 1).

It is the intention of the model that the static capabilities are those,
valid under each pair of system and environment states, whilst the system and
environment dynamics represent the prttern for these variations, the "dynamic
vectors"., The effeotiveness representis the mean capability during the considered
spece of time, which can be any from lifetime down to any small period of operaticn
time, which is of interest to study, provided the patierns for the dynamics are
known or predicted during this period. One example of application of this conoept
is given in a.n Appendix. This system concept cun te applied already for methods
to define and structurize a complex problem, where complex technical systems work
in & varying environment. By using this method it is possible to isolate and
define those systeme and functions, which are of interest to study and those
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environment faotors, which have a significant influence on the system's capacity.
This has been done in a large work, made for the Swedish Shipowners dAssociation,

§ with the objective to find out in what way and to what extent the terotechnology
function has significance and how manning and maintenance of the ships should be
organiged around 1985, The prerequisited are given by a number of prognoses and

§ judgements about the sea trade and the technological conditions in the near futux:e.
§ Among other tasks the study has coverad the structuring of what has been called

8 the shipowmer system with its function in the system hierarchy above the operative
ship system down to the different sub-systems of the ship, relevant to the main-

| tenanos system,

The concept, applied for f.i. a production unit, producing some product for
a market, fluotuating in product demand - quality and quantity - as well as in
@price, would lead to a problem structure like the following: The market has

jo number of defined states, of which each would lead to a certain gross income
g for sold products.

| The production unit, the system, has (in a unplc example) a number of system
Mstates such as f.i. :

- full production capability,

- limited production capability dus to a certain ndundanoce,
engaged after a failure, :

- out of service for planned maintenance,

- out of service waiting for and under mpair of a failure.

The probability that the unit during a ocertain time period will bs in any one
Df this states, estimated or caloulated according to available reliability technigques
presents the system dynamics. The Probability that the market will bde in anyone
f the different defined states during the considered period represents the environ-
At dynamios.,

The net profit in each pair of states can be estimated or caloulated and repres
nted in & matriz. A satrixz or weotor caloulation gives the mean net profit during
period. The mesn net profit corresponding to each separate market state oan
180 be found, comstituting the maxisum and minisum amplitudes of the profit. The
Ariations in difference Letween preduction and market demand can fore the besis
dimensioning a stook of Produocts, which can be & sub-objective of the study.
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Demands for limiting such a stock can on the other hand be constiraints in the
problem solution. If we find the mean net prcfit and the fluctuations according
to different market states during a number of successive significant time periods,
- provided i% is possible to estimate the system and environment dynamios during
each period - the result is a series of net profit figures, which in itself

v

represents a dynamic course of events.

\pplying this concept could be c.e way to estimate the economical life time
of the production unit.

Importance of Coopera.ion

The successively higher complexity of the technical systems, we deal with
nowadays, makes a more integrated cooperation necessary between different people
involved in the origin, installation and commissioning, operation and maintenanoce
of these systems.

Tarlier I touched upon the collection of operation experience data for systems,
sub-systoms and components, to be used in projecting and design work for new
equipment. The importance of systematic collection and analyses of knowledge
should be obvious. This fact is recognized in big organisations, who can afford
to let skilled designers use this information when developing the organization's
cwn equipment., Big suppliers of capital goods with 2 limited number of buyers can
cooperate with these to acquire their experience. This is however a much more dif-
ficult task, when smaller companies cannot afford to make the work or when a
supplier has a large number of customers, and the necessary correspondence with
all these would be too bhig and complicated and consequently expensive work.

The importance of acquiring service experience data from all sources makes
i1 however worthwhile for all buyers of technical systems to cooperate in this
way. How to do this efficienily has yet to be found in the sense of generally
applicable methods. It is no doubt one of the factors of great importance in the
development in this field. '

Txperience data available or not available however, a close rohﬁau&ia
between the supplier and the buyer, before the contracts are concluded and the
specifioations decided on, will do much to avoid unpleasent surprises for the
responsible operator after the commissioning. The supplier should be asked to

*
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specify and to “rove the availability of the system to be, before the contract is
concluded, and the two parts should agree, what environment and operation conditicns
the design should be based on. There is 8till a 1ot of hesitation among even famous
suppliers to the world market about specifying and Proving security of function

§ and maintainability and the necessary maintenance security for attaining a reason~

ably satisfactory and reasonably certain tool systems reliability performance,

This can be done to afar greater .xtent than is usucl., Of course it is
done, but all buyers of complex technical systems should be more consoious about
the money which is hidden in this conoept and should press harder when dealing

§with their suppliers about future contracts,

With this statement I arrive at my other point of necegsary cooperation., Note

' withstanding systematiocally collected expericnoe, experienos of course is available

in form of the technical knowledge cf the experienced technical operator specialists
at the buyer's. This expersnce should be brought to bear on the new design. It

is not very much new in this. This is usually done during the negotiations when

a specifioation is considered. It happens as well, but not as much as it should,

to my opinion based on experience, that the future maintainers are called up to

take part in these negotiations and to put their wishes, based on their experience,

to bear on the new equipment in time. In time means before the contract is oconcluded.
fot after. When the contract is concluded the influence on the design from the
aintenance point of view, and in fact from any point of view, is very small. The

oney involved is to be earmed - and thie is & very important point - mainly before
he contract is concluded,

Of course it is possible to carry through many wise disoussions during design
nd specially during installation and commissioning., MNany small but important
bservations about maintainability, inepection routinos and other well known

intenance points, oan oontribute to the future ecomomy. No doudt about that,
me most important contributions however is made at the Project stage., And here is
lere the systems engineering comes in. Systeas engineering is, according to a
finition given lately by an important British industrialist, "to handle available
howledge and put it to Propar use, where it is needed”, To cooperate with tschniosl
pecialiste and maintenance specialista and systomise their knowledge, where it aight
soquired, to bring it tc proper use in the appropriate situation, to he used as Base
r the sucoessive deoigions in the project process, that is the Jystems Mnginesrs
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job. Such people are not seldom available at the supplier's, at the buyer's or

as consultants. The last alternative is of great advantage, if these consultants
do not have any economical ties with such supplier's, which can be considered in
the actual case, and therefore have no obligations except to the Luyer they work

for.

In complicated cases with large and expensive projects it is mostly of great
advantage to have a project leader, p-eferably an exper:cnced person at the buyers,
who is to take charge of the installation in the future operative phase, &8 pro-
duction superintendent. He wants to see to it, that his future job does not get
upset by surprises. He w'll do what ever is possible to handle available knowledge
and put it to proper use. He will see to it that he gets a project group repre- ;,
senting operators, technical specialists, working for a good capability, anintainers;
working for a high reliudility and systems engineers who can help him to control,
that all knowledge is put to proper use, that all important questions are asked
and answered in time for the development of the project process and that everything
possible is done to specify availability measures as well as availability verificati
in the oontract.




A suitable Project Organization is shown in principal in the following table:
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Very roughly we can speak ~f systems, rroduced in long series contrary to

unique systems and of complex systems contrary to uncomplex systems.

Systems in long series are scld *< a large number of buyers, e.g. cars,
refrigerators and passenger arroplanes. For tanse it is not possible to huve co-
operation during the project stage for acquiring, systemizing and utilizing all
collected experience, ‘the supplier has t¢ 20t much more ¢n his own, has to utilize
laboratory tests and prototype work a.d has t: offer hi: customers a more or less
standardizaed product. Often the supplier seeks outl a panel of users for testing
out his equipment. The more expensive type of equipment and the more expensive
any failure on the prospective market, the more money must be and can be spent
on such preparations as laboratcry, prototype and panel-testing work. If on the
other hand we have to do with a fairly short series or just one unique system for
one client, then the whole programme with the project group manned with representati
for both parts is the correct thing to do. If we assume that much money is involved
such as for military equipment or commercial ships or a factory with a number of
machinery units, the whole system engineering project programmec will undoubtedly
pay off for ig{melf. The risk for unpleasent surprises is bigger in the same
proportion as the money involved i bigger. The more money involved, probably
the more people, prospective customers, government and community officials. The

more money spent on the system itself, probably the more money spent on environmen
investments, streets, housing, transport, vther community service, etc. Consequentl;
the more mutual obligations and trerefore the more carefullness is justified in

the project plamning. .

-

N,

S

The other bdnpar’isaﬁ, complex and uncomplex systems, is per..ape rather more

obvious from Whis life cycle cost reliability point of view. The more complex

the system, in the sense of more inter onnected componen i, more components depend
on each other in a more complex structure to fulfil the systems function, the bigmer
risk for deterioration of the function due tc failure in ne sub-systes ~r the other.
Consequently the more complex system the greater weight on a good Planning, whether
this falls tc the supplier alome or tc the buyer as well in some scrt of cooperatiom
organisation. Hore uncomplex systems naturally camnct cause very much of surprise

the competenoce necessary for designing suitable systems for the intended functiom
is tc a greater extent .of a pure technical charmcter. The good technician solves
the problem without bothering himself too much about project process/reliability -
availability/life cycle cost prctlems. Then it is pPrebadly more a matter of finding
out what the market requires and see to it that these requirements are fulfilled.
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Summing up

Under this rather ambitious headline, quoted from the title of a novel by
the famous author Somerset Maugham, I would like to draw some conclusions of
the discussion around the characterigtic of availability. I have tried to tuild
up the conception that the reliability performance expressed f.i, ag availability
is a2 property of any system, which is consistent With the capability property.
The availability should be specified when a buyer ‘supplier negotiation about a
proposed gystem is going on. It should be not only specified as definitely and
exactly as any other technical property f.i. stating the capability, it should
also, in the same Wy as these technical Properties, be subject to emot agreements
about how to measure the specified properties when delivery tests are carried out,

This iz a difficult task, no doubt about that, but the more energy is spent
‘n this task the more benefit is achieved in a better knowledge of what car be
expected of the new system's productivity, or cost/affectiveness relation. The
difficulties are Prooably in many cases overwhelming, if the objective is to state
the system's total availability and oout/orrgotivonou. If the available experience
from similar, earlier system is not complete enough, the contract cannot be very
specific about those properties. It would however be possible f.i, to state,
that by specified tests the maintainability should be Proved and that Ly specified
tests of the critical component's security of function, combined with reliabiiity
calouletions acoording to agreed methods, the system's total security of funotion
should ve proved. Marther it would be quite possible to let the specification
cover a detail description of the documentation hecessary for a planned preventive
inspection routine, for s maintenance information system, and for the organization
of the BeCessaAry maintenance teams and for supplying these with appropriate tools,
tpars exchenge units and spare parts, handbooks, space and transport facilities.

The spare exchange unit and spare part question is a very impartant one. The
base for a good solution comes from a good system engineering work in connection with
*he Project anddesign prooess of the system. T part questions in this field are
sich as Swse: How Sny and which units and spare parts in etock at the buyers?

How many at the suppliers? Can any of them be ordered for preduction when they are
N@Mfammmtm“t carried in stock? If the parts are usable
for reveral systems located far apart, where should the parts in stock be located,
close to the systems in question or in some ocentral stock? Specially the
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dimensioning of the spare part stock is economically very important. Tc have
too many paris in stock is very expensive. Too few parts in stock can suddenly
lead to a very unpleasent down state, waiting for a missing part, when preduction

demand is severe. To find the right balance is a bit o1 systems engineering.

It might be a fruitful idea to consider the possibility that UNIDO includes
in its support activities for industry in the developing areas, a service of
systems engineering work, directed towards the reliabilitv performance of the

equipment, delivered to the industry in these areas.

The important thing is, that the tuyer gete support to evaluate for his
special purposes and his special environment conditions, the different proposals
put forward. If this evaluation is made by organizations, authorized by UNIDO,
this would be a guarantee for the buyer, that he has a good chance to receive the
best equipment for his purpose.

So my suggestion to which I would like to concentrate my "summing up" is
ihat we all ask UNIDO to earneztly consider how a Reliability "ngineering Centre
could be attached to its orgsnization, whioch could furnish service when this is
requested by myers of complex equipment.

Such service is not very easily given. The buyer of this service must have
enough knowledge of maintenance reliability and system engineering to be a
competent tuyer. He must be able to cooperate with system engineers and reliabili
and maintenance experts in a constructive manner. By these conferences and by the

 training given in various maintenance courses this condition is created.
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This example shows a fire control station for an artillery or missile battery,
Such a system can have a number of function modes with different combination of
its redar-, laser- and infrared instruments for measuring range and direction to

a target during the time this target is approaching. The function modes are shown
in this table:

Punotion . Range Direction
mode information ‘ information
A radar , readar
B laser IR
c - radar IR
D lager radar
] laser lager

The system also is constituted by a centrel unit, producing electrio power,
calculating the information into direction and fire orders to the gns (missile
launchers) and controlling ihe function of the different parts of the system,

The sub-systems are sssumed to bave known, predicted pattems of failure rete.
™e semn tmhm&rm&ﬁetshm&ﬁhhhmu&for&m
of simplicity constant for all defeots, All is walid during a certain actual time
period, at which the study is aimed. The environment, surrounding, in this case
is defined as a number of tactical situstions, aharacterised by different combina~
$ioms of the conditions: reduced visidility by fog or clouds, electromic counter-
measures (WON), optical countermeasures (0CH) which all reduce the capacity or the
tactioal value of the system. Pollowing table shows these ocombinations.

"avircnment faotors
situations visibility TCN ocH
81 - - e
83 L - s -
853 . s -
86 * - *
87 , - e e
8 B SR + +
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The probability for any of the environment fagtors to prevail during
the assumed or considered enemy contact situation is estimated by tactical
experts and the probability for the different tactical situations S 1 - 8 8
to prevail is a consequence of these judgements. The series of probability
figures, which are arrived at in this example are

0.24 0.16 0.18 0.12 0.12 0.08 0.04 0.04
and is an expression for the environment dynamics, the "environment wvector",

The tactical capability of the system, which is a consequence of each pair
of funcvion mode and environment state, can be established by known methods and
can be represented in a matrix. In this example this matrix is given in the
following table where the figure 1,00 represents the maximum capability with no
defects and the ideal tactical situation.

"nvironment Punction mode
State A B ) ) !
s1 1.00 0.95  0.95 1.00 0.9

- 82 1.00 0.03  0.60 0.05  0.02
83 | 0.25 0.95  0.48 0.50  0.90
8 4 0.25 0.03  0.30 0.02  0.02
85 1.00 0.08 0.08 0.10 0,01
86 1.00 0.02 0.50 0.05  0.00
817 0.25 0.05 0.40 0.05 0.0
S8 0.25 0.02 0.25 0.02  0.00

The probability for function, a measure of the operative availability, de-
pending on the predicted failure pattern of the sub-systems now comes inte the
pioture and causes a further deterioration of these capability values. The “re=
bability for funotion has besn calculated under ocertain presumptiomns:

-« Failures are repaired in ihe order they ocour, if this makes the
system able to furnish range as well as direction information.

= Othervise the central unit has priority 1 and the radar priorih 2.

- One vepsir team repairs one defect at a time,

-~ The operation crew always tries to use that function mede, which
gives the best oapability in each environment state.
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= If more than one failure occurs at a time, so that thr whole
system is in a down state, it is switched off. All failure rates

then are considered equal to zero.

The system now has a number of combinations of function modes and function
or failure of the sub-systems. This gives a large number of system states, in
this example 22. The probability that the system is in any one of these states
can be calculated by known methods and the series of protability figures is an
expression for the system dynamics, the "system vector". In this example it is
established that the probtbilities.f‘or the states 9 - 22 are small enough to be
uninteresting.

In the states 1 - 8 the probabilities are:
0.9363, 0.0140, 0.0002, 0.0168, 0.0003, 0.0002, 0.0112 and 0.0002.

The state pairs, environment situstions 31 - 3 8 and the system states 1 - 8
are expressed in the following matrix giving for each pair the calculated capability,

Mavironment . Systen states

situation 1 2 3 4 5 6 7 8
81 1.00 0.95 0.90 1.00 0.90 1.00 1.00 1,00
32 1,00 0.C3 0,02 1.00 0.02 1.00 1.00 1.00
83 0.9% 0.95 0.90 0.90 0.9¢ 0.2% 0.48 0.2%
34 0.3 0.03 .02 0.2% 0,02 0.25 0.30 0.2
85 1.00 0.08 0.€1 1.00 0.01 1.00 1.00 1.00
8é 1.00 0.02 0.00 1,00 0.00 1.00 1,00 1.00
37 C.40 0.05 0.01 0.25 0.01 0.25 0.40 0.2%
88 0.25 0.02 €.00 0.25 0.00 0.2% C.25 0.2%

Now 1t is possible to caloulate, by kmown trivial matheastioal methods, out
of thess capability figues and the series of probabilities for each state of
environment and systes, the mean capability to 0.8159, 1.0, 82 £ of the maximum
Possible value if the system is working without defects and the tactioal situstion
is ideal

It is also possible to caloulate that in the least favoursble situation the
state 5 8 the mean capebility is 24 7 of the highest possible. The state S & is when
with reduced visidility, the enemy is using both kinds of countermeasures.

This example is rather trivial but illustrates how it is possible to approach a
prodlem where two dynamic conditions independent of each other influence the resulting
solution.
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