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INTERNATIONAL ELECTROTECHNICAL COMMISSION

PROCESS MANAGEMENT FOR AVIONICS -

Guide for defining and performing highly accelerated tests
in avionic systems

FOREWORD
1) TheInternational Electrotechnical Commission (IEC) is a worldwide organization for stapdardization comprising
aII natlonal electrotechnlcal committees (IEC Natlonal Commlttees)

s “IEC

Publlication(s)”) Thelr preparation is entrusted to technical committees; any | erested
in the subject dealt with may participate in this preparatory work d non-
governmental organizations liaising with the IEC also participate in this{prepara closely
witH the International Organization for Standardization (ISO) in acegord ned by
agregement between the two organizations

2) The|formal decisions or agreements of IEC on technical matters ¢ ational
congensus of opinion on the relevant subjects since each jtéchnica rom all
intefested IEC National Committees.

3) IEC| Publications have the form of recommendations for btig and aré accepted by IEC National
Committees in that sense. While all reasonable effortg arg m of IEC
Publlications is accurate for any
mis|nterpretation by any end user

4) In grder to promote international uniformity, cations
transparently to the maximum extent posg rgence
between any IEC Publication and the corregpondj i¢ated in
the Jatter.

5) IEC| provides no marking froc for any
equjpment declared to be i

6) All yisers should ensure that theyshave theMatesire

7) No Jiability shall ch § t rts and
merbers of its } hage or
othg¢r damage o ps) and
expenses arising out er IEC
Publications.

8) Attgntion is drawn b tlve efernces C|ted |n this publication. Use of the referenced publicdtions is
indippensablesfar the coxgre

9) Attgntion is\drawn™ bject of
patént rights. \EC gha

A PAS is made

availaple to the ubI|

IEC-PAS 62500 has been prepared by IEC technical committee 107: Process management for

avionigs,

The text of this PAS is based on the This PAS was approved for publication

following document: by the P-members of the committee
concerned as indicated in the following
document:
Draft PAS Report on voting
107/54/NP 107/61/RVN

Following publication of this PAS, which is a pre-standard publication, the technical committee

or subcommittee concerned will transform it into an International Standard.

This PAS shall remain valid for an initial maximum period of three years starting from 2006-11.
The validity may be extended for a single three-year period, following which it shall be revised

to become another type of normative document or shall be withdrawn.
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PROCESS MANAGEMENT FOR AVIONICS -

Guide for defining and performing highly accelerated tests
in avionic systems

1 Scope and object

In an increasingly harsh economic context (tighter performance requirements, shorter
develgpment cycles, reduced cost of ownership, etc.), it i1s essential ta_ensure pfoduct
matur(ty rapidly and, in any case, by the time of commissioning.

It is Wi highly

accelq v type
of tes ! cation
and simply performing conventional tests, we on the contrg ) uct to
its limi i i i i evels h|gher than the
specifjcati i inating

defect

A well- to a
signific hge at
the beéginning of the development ph a pduct.
Furthd ifi mature" product helps design and

size i ore accurately, by increasing the
severi leading to a particularly significant
boostl|i iS"e 3 5S scheening process.

The opj i . ist i efs assigned to the highly accelerated|tests,
their Qasi i

This duide i \ i ent aimed at facilitating drafting of the specification
and th '

It is pri [ S ogramme managers, designers, test managers, and RAMS
exper{s.

This programmes, in particular aeronautical, space and armaments
progrgmmes:si-p ily concerns the industrial firms in charge of designing, developing and
produging(components built for these programmes, but also their customers who, in dfafting
contrgdctual clauses, may require that their suppliers implement highly accelerated tests.

The recommendation applies to all types of equipment used in systems developed in these
programmes, whatever their nature (electronic, electromechanical, mechanical, electro-
hydraulic, electro-pneumatic, etc.) and whatever their size, from "low-level" subassemblies
(PCBs, mechanical assemblies, connectors, etc.), up to components or component groups.

NOTE Presently, there are no documentary standards for highly accelerated tests. This recommendation thus
relies on a number of documents which are not standards, which are of various origins and which are usually very
recent, as well as on other more standard documents, but not specifically dedicated to highly accelerated tests.

1) Proposed by a working group comprising representatives of the aeronautical, space and armaments industries
(customers and suppliers), as well as representatives of laboratories specialising in testing.
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2 Terms and definitions

For the purposes of this document, the following terms and definitions apply.

NOTE Most of the terminology used in this recommendation conforms to that used in Recommendation RG.Aéro
000 27. For the other terms, it relies on those used in other documents, such as ET 99.04 (see Bibliography).

21
step stressing
gradual step-wise increase in the level of stress applied to a product

2.2

hard failure
failurd which does not disappear on returning to a lower stress level 4
eliminpted by repair

hly be

2.3
soft failure
failurd appearing after a certain given stress level, whici
back below this level

the stresp falls

2.4
chargeable defect
fault qr weakness inherent in the des
elimingtion of which, presumed to be e
operajing and/or destruction margins

acturing processes apd the
ds to an improvemen{ in its

NOTE ]
related |to the resistance limit impOsed by th

pfinition

2.5
latent| defect

defec{ which ori 3 5 thus
as yefundetecta )

2.6

paten

defecf i r being precipitated, has become detectable by conventional
perfor| W defect thus stems from a latent defect which has eyolved
follow icatiothQf appropriate stresses (for example, temperature, vibrations, etd.) and
which be ~ ¢table by a performance check.

2.7

cHe a v T —apP rg-to—the—eatHpmen ec—within the
limits permitted by its design, particular environmental stresses in order — during
manufacturing — to reveal and eliminate the largest possible number of defects which, in all
probability, would have appeared once utilization had begun (teething troubles)

2.8

accelerated test

test, the aim of which is to predict the behaviour and/or lifetime of a product in its operational
conditions of use, by subjecting it to stresses harsher than the values expected during its
lifespan profile. Contrary to highly accelerated testing, a "conventional" accelerated test
(time/stress exchange) always relies on one or more analytical lifetime and damage models
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29
highly accelerated test

test during which the product or some of its component parts are subjected to environmental
and/or operating stresses that are increased progressively to values far in excess of the

specified values, up to the operating and/or destruction limits of the product

NOTE The rise in exposure time or number of cycles, whether or not associated with a combination of certain
stresses raised to values close to, or equal to, the specification (or stresses whose nature is not specified) may

meet the same targets as those of the highly accelerated tests, as defined in this PAS.

210
reliability

ablllt of a2 nraduct tao nerform o raauirad function in aivan caonditione faor 2 aivvan timao |
O+—a—pt PO H—aegutreauetHo—H-ghe—6oRato SH—te—t

ororotTt

generglly expressed by a probability

o ToT——gtv

2.11
destryction limit

level of stress above which the product will suffer irreversible d
confomity with nominal performance once the stress level is
value [(notion of irreversibility)

212
operating limit

stress| level above which the product no longe
returned to below this level, product perf

2.13
fundamental limit
resistance limit determined by the t

respe¢t to a given stress ften ibre trical voltage, etc.). This limit, w
or nof destructive, is an aksol ¢ hot therefore be attributed to a charg
defect

NOTE |Examples ar, ic, the maximum junction temperature of a semicol]
the yield strength o i

2.14
operating margi
for a given stres S tween the operating limit and the specification

2.15
destrilict
for a given s erence between the destruct limit and the specification

2.16
matunity

terval,

be in
pcified

PSS s
ty)

, with
hether
jeable

ductor,

attainment of a product status for which its functional and operational performance can be

considered stabilized with respect to the specifications

NOTE Maturity is the result of a gradual process of eliminating chargeable defects still present in the product

and the associated processes. This process is called maturing.

2.17
precipitation

transformation, using appropriate stresses, of a latent defect (not yet detectable) into a patent

defect (detectable)
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2.18

robustness

property of a product indicating reduced sensitivity of its performance to changes in the
environmental stresses to which it is subjected, to dispersions of its components and to drifts
of its manufacturing processes. Robustness to a large extent is the result of action taken to
obtain sufficient operating margins while at the same time reducing all forms of variability

2.19

reliability, availability, maintainability, safety/RAMS

range of capabilities of a product enabling it to achieve specified functional performance, at
the required time, for the required duration, without damage to itself or its environment

3 Agpronyms

« CDR Critical Design Review.

« EMC Electromagnetic Compatibility.

« E$S Environmental Stress Screening.

« FNMECA Failure Mode Effects and Criticality Analysis:

e FRACAS Failure Reporting and Corrective Actio A,
« MJTBF Mean Time Between Failures.

« PC¢B: Printed Circuit Board.

- PDR: Preliminary Design Review

Preliminary Risk Analys

ts are
es in
s are

The pfimary purpose of highly accelerated tests is to contribute to

— improving the robustness of the product, by eliminating the weaknesses inherent in the
product design and/or processes, and in the technologies used;

— products that are mature as of the first production article;
— improving the reliability and lifespan of the product in service;
— reducing development times and costs;

— specifying optimal environmental stress screening.
Attaining these goals involves

— detecting chargeable defects as early as possible (so that they can be corrected), as
these defects are inherent in design errors or insufficient control of the manufacturing
processes;
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— exploration of the operating limits, once chargeable defects have been eliminated so that,
whenever applicable, they can be pushed back through new design choices, when the
margins in relation to the specified operating range appear inadequate.

Instead of reasoning in terms of conformity with the specification, which is a poor way of
reflecting the product's real lifespan profile, we will on the contrary look to push the product to
breaking point (often up to failure), using environmental stresses or various stimuli at levels
far in excess of the specifications, in order to reveal, identify, then correct the chargeable
defects still present. This implies, on the one hand, exploration of the available margins and,
on the other, improving these margins through appropriate action on the design of the product
itself or its manufacturing processes (see Annex D).

Owind to the adopted definition for the highly accelerated test, the followings aracteristics of
this type of highly accelerated test can be identified:

— A |highly accelerated test is a proactive type of test: we here highly
acfelerated test shall be considered as a tool to support the de ign\okthe nd its
processes and that it normally leads to engineering activitj €s> ing the
fai ure mechamsms observed in order to prowde the corr fe : nically

. The
highly accelerated test is "proactive" in that it encourages.thesg en i at the
earliest in development.

— A |highly accelerated test is not a conformi desire to explofe the
margins and expand them, if necessary, t ted test looks above]all to
reyeal the product defects which g ing beyond the specifigations.
It |s therefore the opposite of a cogformi wh|h simply aims at ensuring thiat the
product's performance is correct wh } s o the specific operating and
enyvironmental conditions.

— A highly accelerated tegs ithnan ordinary margins verification fest: a
margins verification tést im fa i psure that product performance rgmains
co | predetermined values above the spé¢cified

values, whatever theNpijti vargin” Consequently, the margins verificatign test

copsists in prastice\ oefficient to certain specified stresses (rgferred

to|as the "r@' \_ceftain mechanical professions). It is similaf to a

copformity test} e rformance conformity in operating conditions|which

ar¢ outside thé\ e highly accelerated test, for its part, estaflishes
op

tegt: Qfa élerated lifespan test is, in fact, to predict the evolution |of the
behayiourof a product\in its operational conditions of use, by subjecting it to stressgs that

' ues expected during its lifespan profile. To do this, the accelgrated
tegt relies(on’ analytical product failure mode acceleration models, which is not the case

- A h|ghly accelerated test has no predlctlve goal: as the highly accelerated test |works
outside-thespecified-domains—theanalytical acceleration—meode apply to
the domains explored Furthermore it is very hard to involve the "tlme factor g|ven the
very short duration of the test. The result is that, as things currently stand, the highly
accelerated test cannot be used to estimate product reliability or lifetime characteristics in
the specified conditions of use.

Annex A specifies the characteristics of a highly accelerated test versus a growth, validation
and reliability qualification test.

4.2 General principles of highly accelerated tests

As a design tool, the highly accelerated test aims — through application of stresses going
beyond the specification or simply not specified — to stimulate all the weak points in the
product design during development and in its manufacturing processes. Revealing these weak
points is thus an opportunity to improve the product or processes, more quickly than with a
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traditional approach, leading to an expansion of the operating margins and thus greater
reliability.

It is important to understand that in a highly accelerated test, the stresses applied are chosen
so as to actively stimulate the defects and weak points of the product and its processes, and
are not therefore designed to simulate the conditions of use of the product during its lifespan
profile. These stresses are applied either alone or combined, well past the values expected
during the lifespan of the product, until they reach the fundamental resistance limit set by the
technology. This implies gradually eliminating the various barriers preventing this limit from
being reached and which are due to the existence of any weak points still present (chargeable
defects). An essential goal of the highly accelerated test is precisely to reveal the existence of

theseﬁmﬂ&@MmWMmMm&aWeyond
its qualification conditions.

Among the reasons which justify the desire to correct chargeable dgfe rigger
malfupctions in out-of-specification product operating conditions idn the
follow|ng.

— The experience built up by companies that use highly a most
malfunctions detected during these tests end up if the
chprgeable defects revealed by these tests are not efir

— There is often a considerable gap between the ificati conditions and the jactual

conhditions of use of a product, in particular
Cdgnsequently, certain lifespan profile situati
to foperate in severity conditions f3

ty of a product sage.
» short, require the pfoduct

— ExXperience shows that chargeable ' i hn be
eliminated or i i , insufficient
component size, inadequately tlght C i i arts of
a PCB, PCB inadequa anical
link, etc.).

Owind to its damagin \Ci i i ultural

re the
e aim

sea-clhange in rg
confofmity of prod

is now no longer sim ration
has bgen conductéd beyoh ifi ier, i tacles
limiting its potentis stnes = i imi ogy.

NOTE S Liitimate
purpos¢ of Ahe hi 3 ferat i imi , i pir very
principle a C - i ith, i , i il design

and manufacture).c\lhese actio i iminati , ibyting to
improving the op® \ empt to
push back the _fundamental limits of the components and/or materials, which would call into question the| design
choiceq (product and/or pfocesses), entailing significant additional investment and time.
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Stress "i" \ / Stress "j"

Poten’tiél
margin
/

Fundamental
resistance limit

tresses "j+k"

Current domain
revealed by highly
accelerated tests

Specified domain: described in the prod
specification.

nofogical domain: this cg
the jdeal product, designed &
withiout error, but which re
fundamental limit, and defines
margin with respect to the spe

tests: this correspond i Growth in margin by gradual
the product, as 3\gh the stresses and correcting th
accelerated tests. defects revealed

domain ¢
detected,
function at thi

* Chargeable defect (to be ¢
eliminated)

edts-efficiency and speed, the highly accelerated test method does, nevertheless

rresponds to
nd produced
bresents the
the potential
ification.

y increasing
e chargeable

etected and

have

tations, and these may, in certain cases, require it to be supplemented by prior s

pecific

testing or security checking of product components.

In practice, and independently of the parameters that highly accelerated tests do not address
by their very nature (such as ESDs, sealing, etc.), they provide relatively little information
about the robustness of products that change over time as a result of internal physico-
chemical reactions.

Take, for example, the issue of electromigration in ceramic condensers.

This effect causes condensers ultimately to fail as a result of short-circuiting, which may take
two weeks or two years to occur, depending on the design of the product, the manufacturing
process and the conditions under which it is used.
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Highly accelerated testing of a new product cannot always reveal this type of fault, because at
the time of testing, the ceramic condenser complies fully with its specification and these tests
only marginally accelerate the latent electromigration effect.

In this example, prior “batch reliability” security checking of the condensers supplied would
considerably reduce the risk involved. Such prior reliability checking could involve specific
humidity/temperature testing of ceramic condensers, using tests that it may be impossible to
apply to the finished product.

On the basis of this example, it is the feedback of experience that will enable manufacturers
to decide whether the highly accelerated tests they have installed in their development and
mass i TCi i i ment

additipnal filters to achieve the desired degree of robustness.

5 Industrial technical domains covered by highly accelerated
The highly accelerated tests apply to all industrial domains.

From ical and

electr

In thg 5ist in
applyi

In the directly to the robustness charactferistic
well-k g 5, in a
purely test can consist in subjecing a
component or assembly t¢ a rising stati il, Jor example, the part deforms or breaks.
A dynamic highly acce g ORsist in)subjecting the component or assembly to
repeajed stress cycl sion—cycles, repeated shocks, etc.) to geperate

cumulative damag q
highly accelerat types of criteria: the stress level, the nunjber of

cycleq, the lengthe

In shq ah apply to all equipment categories, provided that the
most , climatic, electrical, etc.) are used, with respect o the
expec

6 H Y'tests in the life cycle and associated assembly levels

To engure . optimum efficiency, the highly accelerated tests must be integrated as far upgtream
as posgsible into the product life cycle, as of the programme feasibility phase, at the time the
initial design choices are being made.

During the definition phase, the highly accelerated tests can be implemented on test vehicles
to validate the technological choices and/or processes, and then on the first mock-ups or
prototypes once available, down to basic subassembly level (board, module, etc.), if the level
of testability so allows. The purpose of these first highly accelerated tests is to reveal and
correct the design weaknesses. As the development cycle progresses, more advanced highly
accelerated tests linked to the degree of complexity of the current levels of assembly, are
envisaged. Their goals are: to identify operating margins and to estimate the degree of
maturity of the product and/or its manufacturing processes.

The following are the four advantages in beginning the highly accelerated tests at a low level
of assembly, as soon as testability makes it possible.
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— Corrections are easy to make.

— It is often easier to stimulate low-level assemblies, by applying high stresses, than a

complete system.

— Defect monitoring is all the easier, the less complex the level of assembly of the entity

tested.
— ltis possible to work on homogeneous technologies.

For each phase in a highly accelerated test, the number of examples under test will depend
on the nature of the highly accelerated tests planned (analysis of a design parameter,
validation of operating margins, identification of inadequacies in the manufacturing processes,

etc.) and on the economic context.

The mjain goals of the highly accelerated tests at each of the various stg i le are

mentipned below.

a) Fédasibility
Feasibility corresponds to a technical and industrial analysj cified
tafqgets. At this stage, a product design orientation file i - i ined,
in lorder to eliminate unacceptable risks and draw up™a i n into

b)

acpount as of the definition phase). At this poiit, the hig 2 to be

After the feasibility analysis and<the\pre i Be-been identified, the |highly
acfelerated tests help to ratify the i i used as the referenge for
dejvelopment launch. When performeehon bg hassemblies or on an existing prpduct,

they contribute to validating a design modedg echnological choice, to clearing risks
i [ est ngadditional definition work, to proposing
e

plans of action for thecsubsgeqglent\y
Dgvelopment

At|the beginning of(the™develop phase, the highly accelerated tests performed on low-
leyel assem le-ihadeguacies to be highlighted and corrected in tefms of

the electrical, mé

fgrmance is yet measurable, this becomes a limitajion of
i5 level of assembly. In this case, the highly accelgrated

tegts pro tiated at higher levels of assembly.

Ag th y et 'phase/progresses, other prototypes corresponding to more cgmplex
leyelks_of ast become available: sets of interconnected boards, unit componenis in a
syptem, mechanical parts, etc. A cycle of highly accelerated tests dan be

performed(ai_this Yevel on one or more examples, in order to reveal insufficient opgrating
margins“of the™ew assemblies thus created. The quantity and nature of these tesF also

depend-on technological innovations employed and the persistence of the risks, ¢n the
checks needed to prepare for running qualification, control of the series production
resources, and the need for preparing the environmental stress screening profile
applicable to industrialization and production.

Subject to feasibility, when the first examples of the complete product are available
(component or system), in a configuration representative of the production item, a new
cycle of highly accelerated tests, tailored to this configuration, can again be run, in order
to

— identify insufficient margins on the interconnections and modules; and
— highlight weak points in the manufacturing and assembly processes
according to the representativeness of the sample of the examples chosen.

Furthermore, the highly accelerated tests facilitate the verification and validation stage in
the design cycle.
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d)

e)

f)

g)

7

The Righly accelerated tests consti

Qualification and industrialisation

The highly accelerated tests performed during the previous step contribute to the decision
taken during the testability review which determines whether the product is able to
undergo qualification and acts as the starting-point for defining the profiles to be applied in
the environmental stress screening or burn-in programme. The product configuration is
frozen and no corrective action must be taken.

Production

During the production phase, periodic highly accelerated tests may be envisaged on
samples, in order to ensure that there is no drift in the functional margins identified
following the development phase. They represent a pertinent indicator for maintaining
praduction quality as well as an effective tool for taking account of carrective action

(processes, procurements, checks, etc.).

Cgmmissioning
Ngt applicable.
Operation

In|the operation phase, highly accelerated tests may be i i s into
copfirmed or revealed drifts (modification of certain components \sange\in supplierqg, etc.)

Planning and management of highly accelerated, tests

ment activity, facilitating in

particlilar the verification and validatio i a ay as the qualification|tests,

and
produgtion) whose work must be
performance of the tests a
terms|of human resources

In thig respect, and in
the

urEstream o) es
implefentation.

bn activity involving many progt esentafives (design, industrialization,
a\ coordinator, guaranteeing dorrect
ioN, as well as a demanding activity in

juatification tests, this activity shall be planped in
and shall then be closely monitored furing

descriped in the hexhcha e—steps that should be taken when planning the tesf{s and

when perfor

In addition \ p_a highly accelerated tests procedure is one of the steps taken tp deal

with the risk~af betate
set in|the light'®
The lgvel of residua
analysedy as should the stresses linked to this approach.

7.1

d prdduct maturity and lack of robustness. The aims of the approagh are
these risks, at the same time as the requirements concerning the prpduct.
risk after performance of the highly accelerated tests shall therefpre be

Validation and verification

Highly accelerated tests are central to the validation of specifications and the verification of
final products.

The objectives of this approach are

to ensure that the requirements imposed by technical specifications will meet the needs of
the final user (validation);

to ensure that the intermediate products and final product will comply with their
specifications, particularly those concerned with maturity and robustness (verification).
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achieve these two objectives, the validation and verification approach requires the

implementation of key activities, such as

Hig

produtt risk analyses and form an integral part of validation and verificati

7.2

When| planning the programme (feasibility phase),

accepting the requirements imposed by technical specifications and validating the user
needs and constraints supplied by the customer;

validating the hypotheses on which product specifications are based, i.e. the assurance
that the specifications are sufficiently appropriate, correct and complete that the final
product will comply with the explicit and implicit needs of users;

verifying that intermediate products and the final product comply with their individual
specifications.

hly—acceterated—testsuse—theresuttsobtaimed—fromthe—firsttwo—activittes—as—pretiminary

Planning of highly accelerated tests

highly

accelgrated tests be taken into account by drawing up a specific p i maturity.

This te¢st plan must include the following.

Ddfinition of the targets to be attained, on the bagi
specified requirements.

analysis apd the

Ddfinition of the work linked to these
methodology for the highly acceler :
following paragraphs, which enab
hepvily influence the scope of the wo

the implementation
ycess in more detail [in the
. In general, the following

— | identification of the components assexblies that will be concerned py the

— | the criteria detfewmi i ) ind/or cessation of tests, the process |being
iterative;

— | the scop

Thle planned 1§

icipated on the basis of the results.
e tests will require the involvement of vjrious

participants ( ' i trialization and manufacturing managers, etc.), in an itgrative
process. It is \essential take~account of this additional activity and ensure optimum
coprdinat{on bet these warious resources.

Thie ns\(tools and test benches, supervisory resources, etc.).

Thie numbe of the examples subjected to testing.

Thie planned~ecourse to outside resources (specialist laboratories, etc.). If, as is Jsually
the¢ case, eSts cannot be performed with in-house test resources, outsidg test
orgafizations have to be called in. The conditions in which these organizations worl must

beldefined and planned o_tha he an pbe prought into the proce and contribute their

own expertise.

The planned work durations enable a schedule to be drawn up.

All these elements will enable budgets to be allocated to this activity. They are generally fairly
large, but the following should be noted.

On the one hand, these budgets vary widely according to the scale of the test campaign.

On the other, these budgets should be compared with the cost of non-quality and "non-
maturity" (MTBF not achieved, belated re-design, retrofits, etc.) and are generally far
lower, owing to the early detection of defects (see Clause 10).
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7.3

Management of highly accelerated tests

Once the highly accelerated tests have been scheduled, the coordinator in charge of the tests
shall ensure that this phase runs smoothly, in particular:

— availability of resources (testing, design, industrialization, production, etc. specialists);

— training of the various parties involved;

— smooth running of the failure analysis and root causes search process. The highly
accelerated tests approach is in fact only effective if associated with an incident
processing logic validated beforehand;

— smooth running of the test series, taking account of contingencies;

— id¢ntification of all incidents;
— taking of decisions concerning corrective action;

— compliance with schedules: significant drift may lead to the short
(w cy, in
particular with regard to the incident processing logic, makirg t ve, or
even counter-productive;

— bujlding on results acquired throughout the test campaigrn_(eXp

— budget monitoring: the pertinence of the approach’shall alsob basis
of leconomic criteria, the direct and induced expense all be
identified and checked, so that they can be ct the
faijures;

— integration of these tests into the cor

Runnipg the "highly accelerated tests' activity art or

other ppecific summary document allowing %{iv

8 G < 'n

8.1

To bg highly accelerated tests shall rely on a struptured

methg @ various players.

Itis a tand the behaviour of the product, the expected risks and its

reacti pplied to it, in order to be able to rule on the failures found and

decid toybe taken. This knowledge is necessary so as to establigh the
expected spectrd faifures and their mechanisms, in order to determine which of them it
will of will_not™~bhe ppssible to activate. It will then be possible to determine the| most
appropriate stresses’for this activation so that they can be applied in the highly accelgrated

tests, [subject to the necessary resources being available.

The complete approach can thus be broken down into five main sequences:

— an

— Se

alysis of sensitive points;
lection of the applicable stresses;

— preparation of the test plan;

— performance of tests;

— an

alysis of the results and implementation of corrective action.

This approach leads to definition of tests customized for each product and each company.
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8.2 Analysis of product sensitive points

A key step in running a highly accelerated tests approach is to determine beforehand the
sensitive points of the product, that is, those in which operational failures are most to be
expected.

Identifying points felt to be "sensitive" should reinforce the pertinence of the highly
accelerated tests given that we are attempting to use stresses the nature of which should
allow effective stimulation of the failure mechanisms associated with these sensitive points.

Identification of the sensmve pomts in addition to risk analyses and product and process

nction

and
ct will
terms
of [ levels, transition variation, frequency or dura ' esses
identified.

rating
rience
[tinent

¢ environmental a al Jeadings, i i served
alfunctions,

and/or

served,

embly
ental

— highlysaccelerated tests which have been performed on similar products.

The information provided by this data base can also be obtained or supplemented by expert
knowledge (for example, components experts, materials experts, quality method, etc.)
depending on the technologies concerned.

In the case of highly innovative products (for example, new technologies, new processes, little
proven or unproven environments and utilization profiles), it is necessary to be able to rely on

— a preliminary risk analysis (PRA) which in particular takes account of the existence of
external sources of hazards;

— FMECAs: these analyses, which include those from the suppliers, in fact identify the
characteristics of the product and/or processes (innovative technologies, specific circuits,
new mounting or assembly techniques, electrical or mechanical components, etc.) in which
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certain failure modes can, according to the experts, have a high probability of occurrence
in the light of the induced commercial or safety consequences.

In particular, any conceptual or technological innovation shall be considered as likely to
present a high risk of failure, whenever no experience feedback or sufficiently well-
documented test results are available. It is therefore possible to rank all these potentially
critical elements according to

— estimated probability of failure;

— uncertainty around these probabilities;

— the consequences of these failures.

Therefore, whatever their nature, taking account of, and performing, detai)é

d analysis'off these

various information sources (forecast analysis, feedback from the fie should
lead o identification of the product zones which are in principlg b, the
assoc|ated failure mechanisms and the nature of the environ usual
loadings most likely to stimulate these mechanisms.

8.3 [Selection of applicable stresses

The dtresses and loadings adopted in the highly a c 3 which
stimulpte as effectively as possible the failure modes i bf the

produgt felt to be vulnerable. These Iatter were |en|f'e us' g the” available inforgation
sourcgs, according to the criteria defin

An effective method is to draw up a tab . i_which the columns corresppnd to
the vgrious sensitive points identified ar mple,
random vibrations, heat, cold, thermal v 5lly no

tifying

) ) ) = . |On
point In listing all the foresgeable Joadi s'
the following:

— those loadings which\arg 1 inci ' "aggressive" (owing to their nature or their
level) and whieh w i tjfi cterising the product lifespan profile;
— the environm

G if absent or only rarely present in the normal
conditions of use 3 believed to have a significant impact on activajion of
the expected fai echanisms on the sensitive points of the product

Using|this tablexwith &« weighting, we will highlight the loadings and environiental
stressles i in >pKinG| ave a high potential for stimulating the predominant failure
mechanigms\assovi ith the identified sensitive points of the product. Organizing and
using [thiste 3 he responsibility of the highly accelerated tests steering grotip.

We will enstire that\ih€ loadings and stresses chosen for the highly accelerated tests ar¢ such
that ag many sensitive points as possible of the product can be stimulated, even if this means
using [loadings which are absent from, or rarely present in, the conditions of use pf the
product. It should not be forgotten that the key idea here is to "stimulate" and not to "simulate".

Moreover, the analysis data which contributed to selecting the stresses previously identified
cannot claim to be exhaustive, and certain stresses that have proven their effectiveness in
stimulating the usual failure mechanisms on similar products can be applied systematically.

In practice, the tests will be designed to allow optimum application of each loading
appropriate to the sensitive points identified. In certain cases, this can lead the assembly
under test to be split into various subassemblies to which it will be simpler to apply the
required loading(s) while preserving the capacity of measurement (for example, digital
electronic circuits, attaching parts, fragile assemblies, etc.).
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Finally, one should remember that simultaneous application of particular stresses can lead to
a synergy of effects improving the activation of certain defect mechanisms and thus reducing
the number and cost of the tests. This may, in particular, be the case of vibration cycles
combined with thermal cycles, or on/off cycles combined with temperature. When this type of
case is identified in the analysis of the efficiency table, we will run a test simultaneously
combining the stresses in question, if resources and economic considerations so allow.
Analysing the causes of the defects observed may, however, prove more difficult than in the
case of an individual stress test and thus it may be a more delicate affair to determine
appropriate corrective action.

NOTE The product may contain a very weak component that will mask the other weaknesses of the product. It is
then essential to strengthen the weak element (or provide a by-pass) before launching a campaign of highly
accelerated tests.  Furthermore some mechanisms mav bhe activated by several fypnes of stresses_ It is then

possiblg to choose the most effective stress or that whichiis simplest to usé.

8.4 |Producing a test plan

The fest plan shall be written up in a document contaify and

recommendations necessary for performing the tests and corre

It must contain at least the following.

a) A poncise description of the product under test: this productdescription al and
fupctional (dimensions, weight, utilisation, etc. g e and
checks that the resources employed are compati

b) THe list of identified potential risks/

— those included in the test pro

— those not included becaug
deadlines.

setting by budgets, resourges or

c) THe size of the samplé:
Statistics may se input fepdetermining the size of the sample to be tesfed. In

practice, this size\s justifi ) reht of faulty products so as to enable the test

campaign 0. Conti of the product so allows, it is always interesting
to be abl £ Ader stress. This improves the representatijeness
of the failuré/s

d) THe list of stand concerning the product, its operation and its lifespan
prpfile: thig i i for’ vital to sizing of the stresses and implementation |of the
tests to be applit g avoid reproducing tests already performed.

e) THe st sources needed for performing the tests, including the numper of

— the size o¥the product sample and the product allocation;

<{the elements needed for the products to operate;

— the test tools;
— the stress measuring tools.

f) The interface between test resources and products and the modifications to be made to
the products: it is in fact essential to ensure that the stresses are correctly applied to the
product. To do this, it may be necessary to adapt the product mechanical structure or
protections, for example,

— make openings to allow air to pass;

— remove covers;

— inhibit thermal protection systems;

— ensure that vibrations are transmitted to all components;
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— use an interface or plate to arrange the equipment and protect it from damage
other than that linked to the applied stresses.

Appropriate tooling may if necessary be developed to allow optimum transfer of the
applied stress from the test resource to the product.

g) Product instrumentation: in order to control the levels of stresses employed, the product

subjected to the highly accelerated tests must be instrumented. This instrumentation
(thermocouples, accelerometers, strain gauges, etc.) will also allow effective

measurement of the product's response to the stresses. Installation of this instrumentation
will be defined on the basis of the risk analyses and targeted on the most sensitive

components.

h) Definit he—good-operati : A he—good-oeperati oduct

shiould allow an unambiguous declaratlon of whether or not its op at| is alte ed by
agplying the stress. Definition of the good operating state and ik
ernables the test to be run in real time.

i) Description of the tests allowing permanent checking of the good o i roduct
unlder test: functional monitoring of the product which ig” as 5. pussible is
negcessary during the highly accelerated tests in order to\record\an ion|along

THis functional monitoring shall be taken into accgu O Mnj roduct

design phase. It may potentially be reused in productio 3 ch as environgnental
stfess screening, if necessary.

In| operation, it is often necessary {o inclyd ertain
prpducts, cessation of operation i : e with
complex products or products which\co S 8 itori i . It is then
egsential to develop or adapt an addii < i i brated
tests.
i) Description of the te ggraph
stipulating
— the type of s
esses

steps uprto the fa

Thie procedure for\the highly accelerated tests is to increase the amplitude of the stiess in
ilure levels. We will apply this same principle to defining the onder of

stresses’on the products. We will therefore begin with the type of stress least damaging to
thg product. In electronics, for example, operation at high temperature is more damaging
than at low temperature, so the tests will be run at low temperature before being run at

high temperature.

The combined stress tests are performed after the unit stress test. The fact of applying
several stresses in combination may be useful because the reaction of the product may
not be the same as with a succession of single stresses. In the combined tests, care will
be taken to apply a first stress at its maximum no-failure level previously determined, and
the other stress will be incrementally applied until failure or up to the level reached with
the single stress. This way of sequencing the highly accelerated tests guarantees against
the problems arising with analysing several failures which occurred simultaneously and

allows a search for the root causes of a failure on a single stress/failure pairing at a time.

To conclude, the test sequence shall not be random, but shall follow a loading logic which

always moves up to the next higher stress level and moves from the simple to the complex.
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The network of tests thus described constitutes a guide, and it shall be possible to adapt it
according to the product's reactions to the stresses applied.

8.5 Tests performing

Performing the highly accelerated tests involves the following two sequences:

test preparation;
actual performance of the tests.

Test preparation comprises

— copditioning the sample for correct exposure to the stresses (attach flow,
et¢.) and validation thereof;

— ingtrumentation: attachment of sensors and probes;

— pokitioning on the mounting interface in the test resource;

— chpeck on operation of product and test tools in the test rescurce

It may also be necessary to run a "dummy" test outside the te at the

instrumentation or the modifications made to the produe

The gtresses are applied to the product with sthod, using the|guide

descriped in the test plan. In principle S ach stress is close to the

speciffjcation value, and this value is cres §Si dgrements, the level of which is

stipulagted in the test specification. Whe iomooccurs at a given value of the a'I‘ppIied

stress|, the test is temporarily i D e cause of the malfunpction.

Partic patlon of the designer is essentia gvaluation of the importance pf the

malfu initi dme the test as quickly as possjble, it

is usefful to have several img [ ct tobe tested, or at least to have spgres to

repair|the product or re i . IMs therefore possible to set aside the item

which| caused the failure \ eXtensive search for causes later (se¢ next

paragf

Once becific

protedti again

steppi o’fundamental limit is reached. This means that ong¢ does

not si o the

destrd

Throu shall

compllise at Igast the Yollowing

— the complete test programme: stress levels, application times;

— themalfunctions observed and the corresponding applied stress values:

the presumed origin of the failures;
the repairs made, the components replaced and/or the bypass methods employed;
the identification of the operating limit and the destruction limit.

This information may be grouped in "test sheet" format and will be incorporated into the test
report.

Performance of the tests uses the currently applicable incident processing logic (FRACAS).

At the end of the tests, the product is removed from the test facility, taking care to damage
neither the instrumentation nor the product, for it may be necessary either to resume testing
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in the same conditions, or to run additional tests, should the data collected be insufficient for

succe

8.6

ssful analysis of the failure.

Analysis of test results, corrective action and resumption of testing

As concerns the analysis of test results and processing of the events which occurred during
the tests, two main approaches are possible (the right choice for the product shall be

descri

bed in the test plan).

— The tests are run in full according to the programme in the plan. After these tests, we have
a summary report and samples containing defects. Findings are drawn up and the search

is conducted for the root causes of the defects.
- Tr{e tests are interrupted as soon as a fault occurs, in order to identi fre_root.ca
faijure diagnosis is made. There are then two possible cases:

The fi

cause|
corred
ofaP

Once
Deper
a furth

There

- to
pu
- to
co

The i
scher;lnatically shown in Annex C.

Ise. A

5 of a
jress;

e test
hother

baired
I. The

cation

defined, these ctiy pduct.
ding on p 2 ' - , fi ing, ilabili q, etc.)
er series ofN\ygh s, Will be conducted on all or part of the progranhme.
are two re on:
check<tha been
Sh

cheg pifications introduced have not generated new problems rdinning
htrary o he goals Set with regard to the previous limits.

plementation~logic for the highly accelerated tests just presented in this chapter is

9 Building on and using experience

The experience obtained when running or analysing the results of the highly accelerated tests
must be put to good use by

— en

creating a database;

hancing the company's reference system;

rticipating in defining environmental stress screening;

— checking that the product has achieved maturity;

— moving company culture forwards.


https://iecnorm.com/api/?name=8c230d469c4e56072074785b38d8a83c

- 22 - IEC/PAS 62500 © IEC 2006

9.1 Creating the database

Experience must be capitalized in a database, consistent with the FRACAS, accessible to all
professions within the company involved in the design and construction of products, so that
each party can draw benefit from it.

It will comprise at least two types of data:
— data concerning how the products behave under stress (final robustness, operating
limits, etc.):

— data concerning all failures encountered during the tests and, in particular, the nature
of the stresses which revealed weak points and the associated failure mechanisms,
along with the associated corrective action.

To achieve all this, the database contains at least the following data:

—  product;

— product family;

— dominant technologies;

— particularities (for example, technological heterogeneit
— tests performed;

— types of stresses;

— maximum levels;
— resources used (stresses and test
—  results;

— faijures observed: symptoms, stres rective action on the product;
— regidual weak points;

— margins obtained.

9.2 Inclusion in the
As the product@

rence

system, it may be highly
accelg le, affect

patent

stomer.

It may be conducted on 100 % of all manufactured products or on a sample in the case of
large volumes with process control.

ESS is usually carried out by applying thermal and/or vibration stresses, whose profiles are
defined on the basis of experience feedback ("historical" profiles already implemented on
similar products).

ESS using combined tests (thermal, mechanical and electrical) can prove far more effective
than tests performed sequentially, with this effectiveness depending on the nature of the
product, the nature of the latent defects and the resources used.

The fact of having conducted highly accelerated tests on the product during its development
gives a clearer picture of its limit (operational and/or destruction) and identifies its weak


https://iecnorm.com/api/?name=8c230d469c4e56072074785b38d8a83c

IEC/PAS 62500 © IEC 2006 - 23 -

points. These results should be used to improve the effectiveness of ESS through a logical
tightening (choice, severity) of the stresses.

One should also ensure that this ESS is not in itself damaging, as it must eradicate teething
troubles while not significantly reducing the life of the product.

9.4 Correlation with feedback

In order to check the effectiveness of the highly accelerated tests, it is important to compare
the events encountered during the life of the product (production, commissioning, operation,
etc.) with the results of the tests performed.

The fgllowing cases may occur.

— The defects revealed during the highly accelerated tests and the onger
appear

— The defects which appear during operation were seen in thé hig s and
intentionally not dealt with. A case-by-case analysis is requi

- T i brated
tes a new
sefi

9.5

The h ifie proach t ottd be adopted by each cofpany

and th i i ' 3

The usual qualification/vélidati . eraII p» well known and are often covered by

standards that one need si tests,

based| on a search for [limj < Y ificati [ those

who riin them hav not only teck JiCs of all

manu : N roduct

behav st C hichy it may be subjected throughout its life and hgw the

failure

The h \s induce different attitudes and behaviour within the company

than t i

Indee of the

produg bs the

compamy tosadop

10 Customer/suppiier refations

10.1 Prime contractor/supplier relations
10.1.1 Responsibilities

The supplier has expertise in the design and production of its products, described in the
company's reference system. In this respect, it assumes responsibility for defining, preparing
and performing the highly accelerated tests, applicable to its products with the best value for
money. However, prime contractors may impose highly accelerated test stresses and levels,
to obtain the assurance of a minimum degree of robustness. In this case, the prime contractor
shall provide the information needed for sizing the tests.
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Each participant is responsible for the tasks entrusted to him. He is also responsible for
correct transfer of data to the lower and higher levels in the tasks organization chart (see
diagrams in Annex C).

In any case, the supplier remains responsible for assessing the pertinence of the margins
obtained after the tests.

10.1.2 Contract procedures

The customer expresses its requirements in the requirements specification (RS), defining its
maturity- related targets (for example, flrst fit removal rate, MTBF following comm|SS|on|ng,

etc.), g the

produgt, and SO on.

As regards the highly accelerated tests, the prime contractor may

— si nsible
forl defining the highly accelerated tests

- se i ) : pplier
proposes a preliminary programme of highly accelera ini i me (in
acpordance with the product development cycl i risks,
potential limits (economic and calendar) on the (test a d thé content ort. A
preéliminary agreement must be obtained froy highly
ac

Once |product development has been launched f agres i actor,

the prpgramme of highly accelerated te i ing i . ust be

updated and available before the i BWS imi initi iew, ¢ritical

definif

In the

— the¢ list and t ments (test programmes, test reports, pxpert
aspessment

— the level of tec isi cted by the prime contractor;

— tegti [ 8 ting the corrective action.

10.1.3

Followi 3 t is produced by the supplier, specifying the margins obtaiped in

relatig e cifications and including an exhaustive list of malfunctions observed, how

they d and the corrective action taken. According to the level of vigibility

negotiated; this totaor partial report will or will not be sent to the prime contractor.

It is particutarty important for the supptier to monitor the formutatiom and management of

residual risks, especially when the test objectives have not been reached (insufficient test
resources, etc.). If the prime contractor has accepted the programme of highly accelerated
tests, any discrepancies shall be communicated to it.

NOTE Particular vigilance must be exercised when interpreting test results beyond the specification limits, in
particular with respect to a certification authority or legal authority.

10.2 Supplier/test laboratory relations

The in-house or external test laboratory is responsible for performing the highly accelerated
tests in accordance with the established programme and contributes its expertise.
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Throughout the testing, the designer's support is essential when deciding on whether or not to
continue the tests, when determining possible bypass solutions, when determining repair

solutions or when developing the test programme as applicable.

The test laboratory assists the supplier when defining the test tools.

The test laboratory and the supplier jointly validate the test resources configuration, before

the programme launch.

The test laboratory records and synthesises all data related to the different test phases

(stress, level, duration, measurements, technical events observed, etc.).

entified
ic

Any dpviation between the programme and the actual tests shall be id
in thg test report, to ensure the traceability of the conditions indw
performed.

11 Pjrofitability of highly accelerated tests

11.1 |General

The pfofitability of the highly accelerated tests lies (ess
identification and correction of defects, which ea f
tests.|A design defect corrected latg in AP
expen

— eit
- or

The e

— the expenseg gene
g;

— | specific test and checking resources;

— | testengineeri

aqd-writ

ntiallyXin t ins obtained by
penses generated by
i fact incurs consid

rated by implementing the highly accelerated tests, chiefly compri

en up
were

early
these
erable

5ing

— the manpower needed to run the tests;

— failure analyses;

— the costs of engineering for recovery of the design during development;
— damaged and irretrievable products.

The elements to be taken into account when costing these various items, can be detailed as

follows.
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11.2 "Non-reliability” costs
11.2.1 Cost in delayed time to market

Today, the delay in time to market is without doubt the most penalizing element for the
product, especially in highly competitive sectors where the technologies evolve rapidly. This is
why the time to market (TTM) date has become essential for a project under development.

In principle, the "highly accelerated tests" process is an extra burden on the product
development schedule, making it longer. However, experience shows that the forecast TTM
date, set when the project is initialized, is almost never met, precisely because of
development difficulties or insufficient reliability, which can be avoided by carrying out highly
accelgrated tests.

By defining a development schedule incorporating a series of high s, we
determine a time to market date which is admittedly a little less optimistic, bt more
realisfic and which varies far less. The time to market date is today fantogiva 'ab e us to
imagine that product development is flawless and that the nev i Hiately
mastered. Highly accelerated tests provide a solution to this

The tu barate

periods:
— as
— a period of decline when other higher3g

Figurs product, reaching the market on time.
The tqtal production level t 2 8 the sales managers and on which the
profitgbility of the product™w & illystfates a product which is late with r¢spect

to market demand.

Therelare then t

a) TE] : ptitre xpdrket and sales will reach the targets, but belatedly
T

b) T ill be
los of the
de mised

an
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Monthly
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Figure 2 — Financial losses genera e to market
11.2.41 Cost of an in-service failurg
To determine the cost of an in-service fai i vay is to draw up the scenario
involved in repairing the system containing th o]ae detailing the equipment and |abour
costs linvolved in each step, without fq 3 pecific to spare parts (forecasting,
stock pompilation and mapagemen
The tqtal cost of an in-getvic

— th costofr
— thé¢ cost of mamag

- th

To thig
the tra

dted to

11.2.3

A recovery operation consists in retrieving a part of a system or a complete product
containing a defect, in order to repair it. Recovery can be general (throughout the installed
base), selective (only on the critical sites or a limited series of products) or simply logistic (on
stocks).

The recovery operation is typically indicative of a product on which reliability is not stabilized.
Its cost is higher the later the defect is identified.

The cost of recovery comprises

— the cost of initial stocks to initialize the cycle;
— the cost of the recovery operations;


https://iecnorm.com/api/?name=8c230d469c4e56072074785b38d8a83c

- 28 — IEC/PAS 62500 © IEC 2006

— the cost of the logistics put in place for equipment rotations;

11.2.4 Impact on brand image

A product whose reliability at the beginning of its life is mediocre is likely to be rapidly
discredited in the eyes of the customer. This will have consequences, even when product

reliability has been subsequently improved.

Delay in time to market creates a bad commercial climate, prejudicial to the brand image.

A prolpfem with a product has repercussions on the other products in the lne bn the

effectiveness of the company's communication efforts, as brand image is sales

argumients in the activity sector.

The impact on brand image is hard to cost. One can however as A |major

factor|in aggravating losses.

11.3 |Expenses generated by the highly accelerated t

11.3.1 Engineering upstream of testing

Engingering upstream of the highly accelerated tesH

— th¢ search for potential risks liabl based
onlan existing FMECA, may in fact no

— selection of the applicable stresses/or deter te the
fegred failure mechanisms;

— préparation and draf 5 describes how to perform the tesfs, the
equipment used bo sts.
Thesg various agtjvitie h will

primafrily depen

11.3.4 Used te

This ipvolves

— uspa

—  materi urcesNfoy’example, thermal chambers with very high RTV, 6-axis vibfators,
et¢.), whichy'go beyond the bounds of traditional tests, in-house or subcontracting in
specialized laberatories;

— dedicated test software;

— dedicated interfaces (for exampie, specific jig for bending a PCB) which witrhiave

built to apply the stresses with maximum efficiency.
11.3.3 Manpower dedicated to highly accelerated tests
This section includes the manpower costs generated by the activities

— of the various experts who will be running the test;

— of the operators performing the tests (in situ or in the subcontractor laboratory);

to be

— of the designers who are to analyse the failures and make improvements to the product;

— of the laboratories (in-house or external) who will be performing the failure analyses.
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11.3.4 The cost of damaged or destroyed products

Equipment pushed to its limits is weakened and cannot therefore be delivered to the customer.
This section shall be considered carefully, in that it depends on the size of the sample
subjected to testing. The aim is, however, to have a sample that is as large as possible, to be

able to

— keep as many defective products as possible, to maximize the amount of information
about failures;

— establish the dispersal of operating and/or destruction limits.

@%
o
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Comparative characteristics of highly accelerated tests
and reliability tests

Highly accelerated |Reliability growth tests| Reliability qualification Ffro:_:ll:Jctlon
reliability tests
tests (RGT) tests (RQT) (PRT)
Progra me. Start of validation End of validation Qualification Production
phase / / /
prototype prototype/pre- pre-
production production/producti
Produck Any product status in Product burned-in Product burneg-in rodyct bugrjed-in
status its lifecycle design defined design fryen\ design ep
Selectipn Recent design Recent design In case o usth Me of cystomer
criteria re requirementg

Non-proven
technology

Intended for a new
use

Manufacturing
transfer

Non-proven
technology

Intended for a new

Test duration

2 to 4 weeks,
iterations included

< SMhe forecast
\MgBF

< 5 times thd
forecast MTBF

Applicgble Choice of stregse Taken from product Taken from product
stresses resulting from specification specification
PRA/FME ) ) )
Depending on lifespan Depending on
Applicatiop of profile lifespan profile
stegped st o -
Individual and/or Individual and/or
Indiwd bined stresses combined stresses combined stfesses
combi
Purposg of To reve To check product To check thgt
test n operational reliability conformity with product quallty and
specified target reliability arg
To det To reveal and correct maintained
erati latent weaknesses throughout
. production cfcle
Capital L ing with Looping with Looping with Looping with
j(zatt'°" on 1) PRA 5) PRA 9) Feedback 11) Feedback
es
2) FMECA 6) FMECA 10) Forecast 12) Contro| of
3) Feedback 7} Feedback evaluations mﬂnllfa.cturing
rocess
4) ESS 8) Forecast P

evaluations
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