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ABSTRACT

Control room design has proven an important component when
the safety and avail abil i ty of a complex industrial
process p l a n t åre c o n s i d e r e d . Many Control room
def ici enci es can be traced back to oversights and other
errors during the design process. The introduction of
powerful computers and software for computer-aided design
(CAD) offers one possibility when tools for improving the
quality of design åre being selected.

The report gives a broad assessment of problems of design
and the benefits of using computer-aided design. One
proposal for a structure of a computer-aided design system
is considered in more detail. In this system special
emphasis has been l a i d on dealing with requirements during
the design process. A demonstration system has been built
and sample system user dialogues åre described. The report
is the final report of the LIT3.1 project of the Nordic
cooperation on human reliability in the energy production
f i e l d.

Key words: Computer-aided design, control room design,
specif ication languages, human r e l i a b i l i t y ,
control and instrumentation, nuclear power,
energy production, man-machine interface,
N o r d i c co-operation, Denmark, F i n l a n d ,
Norway, Sweden.
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SUMMARY

The aontrol room design and the automation eoncept used in
a aomplex industrial process aould be decisive in
preventing a minor event from developing into a major
disaster in safety or in eaonomia terms. Minor
defiaiencies in the design aould inarease the likelihood
of human errors in operation and maintenanae and every
effort should therefore be made to aahieve the beat
possible man-maahine interface. The designer of the
aontrol room and the automation eoncept to be ueed should
therefore be given appropriate design tools and be
supported by an effieient organisation.

The development of aomputer-aided design (CAD) systems in
engineering and technical design has been proceeding at a
rapid pace. The system can not only increase the
productivity of the designer, but more imprortantly,
improve the quality of the design. The computerization of
the design data base also provides new possibilitiee for
the integration of oomputerised design tools and for the
presentation of design information. The techniaal
development with commeraial availability of new equipment
and software, makes it necessary to re-evaluate how the
design of aontrol rooms and the automation eoncept used
should be carried out in the future.

The design procedure may be seen as a series of
consecutive decisions to match technical solutions to
epecified requirements. The growing complexity of modern
industrial plants with an increasing number of
interactions between the parts of the plant puts heavier
demands on the designer of the control and instrumentation
system. The management of the design data base, espeaially
in the oase of design ahanges, has also been becoming
increasingly diffioult due to the interactions and the
large amount of information to be håndled. The
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introduation of computerised design tools is the obvious
solution to many of the problems in design.

The specifiaations of aomputerised design tools should
always be tailored to the design procedure defined in
terms of information flows and information users. This
means that an idealized design procedure should be broken
down into a sufficient degree of detail to facilitate the
seleation of suitable information representatione and data
structures. O n e s u c h model o f a a o n t r o l and
instrumentation design projeat has been developed using
the structured analysis and design teahnique method.

In addition to the design tools, attention given to the
design organisation is another means of reduaing the
likelihood of hidden errors in the design. It is important
to set up an appropriate procedure for a continuous review
of the design quality to make it possible to spot and
correct errors as early as possible. In the design
organisation it is also important to colleat experience
gained in earlier design projects in order to be able to
make reaommendations on organizational praatices to be
used. The report gives a general review of typical
problems of design that have been observed in a number of
projects in the field of computerised control and
instrumentation.

Human errors in design will lead to hidden deficiencies in
the control and instrumentation. These deficiencies may
suddenly be observed when the plant is brought to a new
operational regime. The design tools developed should be
based on a aonsideration of the seriousness and the
frequenay of errors a designer makes in his work. This
means human error data has to be collected befare the
design tools can be optimized. A classification scheme for
design errors has been developed, which oould be used to

collect data on the importance of different ty.pes of
errors.
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The aomputerisation of the aontrol and instrumentation
systems of oomplex industrial plante plaees new demands on
design praatiaes. The total design period has been
shortened and there has been a shift from hardware design
to software design. Computers åre also being inareasingly
used in different phases of the tendering, the
speoifiaation and the detailed design of the aontrol and
instrumentation systems. This means that the design data
bases of future plante to a large extent will be
aomputerised. This will also provi.de new opportunities for
the presentation of design information during the design
and operation. The aonaept of a designer's work has been
developed in the projeot and proposed solutions seem
feasible in a projeation of the expeated teahniaal
development.

Present design praatiaes rely to a large extent on natural
language deskriptions. These åre, however, not suitable
for aomputerisation. This means that a formal design
language has be aonstruated to serve as a aore of a CAD
system. The formal language should inalude all the
aonaepts manipulated during the design proaedure but
should also be easy to extend later. The most obvious
solution is to define a "metalanguage" , whiah is used to
speaify the design language to be used. This aonaept of
speaifying tools for the oonstruotion of the design tools
to be used in a epeaifia design projeat has been
elaborated in the report and the present teahniaal
development seems to prooeed in such a direotion.

The task of the designer is to aonstruat a model of his
vision of the plant. This may be used as a blue print for
the aonstruation of the aontrol and instrumentation
system. This means that the design effort aorresponds to
the modelling of this vision in terms of the formal design
language. The design language oould thus be seen as a

system modelling language (SML), enabling the designer to
speaify his design on a high level of abstraation. The
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verifiaation of the design and the production of low level
descriptions may then be done automatically using special
software paakages operating on the high-level

descriptions. The SML aonaept has been elaborated in the
report and it seerns to be a viable approach for the
aonstruation of computerised deeign tools.

The prototype of the SML aonaept has been built as a
demonstration system to assees the difficulties in the
formalization of the design data base and in aonstruating
the computerised design tools. The demonstration is based
on an assessment of typiaal errors made during the design
procedure. One of the key features of the demonstration is
the establishment of an aaaurate and traaeable connection
between the requirements and the teahniaal solutions of
the design. Another feature is the possibility to build a
rich and well-speaified set of associations between
different pieces of information in the design data base.

The report aonaludes that there åre both ample reasons for
improving the quality of the design as well as
possibilities of doing so. There is also a clear consensus
that CAD methods should be used. The main question is what
functions it is feasible to inalude in the computerized
system. The development of a speaifia CAD system for some
particular type of design within the control and
instrumentation field is a large task which has to be
carried out separate l y . The different aoncepts and
approaahes developed in the report aould serve as the
basis when future tools for computer aided design (CAD)
åre developed.
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SAMMANFATTNING (Sumniary in Swedish)

Vid en komplex industrianlåggning kan kontrol!rummets utformning
eller graden av automatisering vara det som avgor om en relativt
obetydlig håndelse utvecklas till en betydande olycka med
sakerhetsrelaterade eller ekonomiska konsekvenser. Små forbiseenden
under planeringsprocessen kan medfb'ra brister i kontrol l rum och
instrumentering som okar sannolikheten for tekniska fel och som
bidrar til! ri sken for manski i gt fel handl ånde. Det ar dårfb'r
uppenbart att de personer som svarar for planering och konstruktion
bor ha ti 11 gang till basta mojliga verktyg och att de bor ha stod av
en effektiv organisation.

Planerings- och konstruktionsprocessen kan uppfattas som en serie av
på varandra beroende beslut dår tekniska losningar skal l anpassas
till uppstallda systemkrav. Moderna processanlåggningar har bl i vi t
al 11 mera komplicerade, framfor all t beroende på ett all t storre
antal kopplingar infbrs mellan olika system och komponenter. Likaså
uppstår, t.ex. nar åndringar i konstruktionen maste goras, problem
med stora datamångder och komplicerade beroendeforhållanden mellan
olika delar av processen och instrumenteringen. Komplexiteten
stal!er okade krav på de personer som planerar kontrol!rum och
instrumentering. Den uppenbara losningen av många av dessa problem
ar att i storre utstrackning anvånda datoriserade system som verktyg
vid planering och konstruktion.

Utvecklingen av sådana datoriserade planeringssystem, d.v.s.
CAD-system (Computer aided design) har skett i rask takt.
CAD-systemen okar effektiviteten av det arbete som gors under
planering och konstruktion men viktigare ar att systemen också hojer
kvalitén på planeringsarbetet. Att planeringsprocessen ar
datoriserad innebar att också slutprodukten av arbetet design
databasen, d.v.s. system- och konstruktionsbeskrivningar, ritningar,
etc. kommer att vara datoriserad. Detta betyder att nya mojligheter
oppnar sig for att soka informationen databasen och att den kan
anvåndas for automatiserade dokumenterings- och konstruktions-
verktyg. Den tekniska utvecklingen och kommersiellt tillgångliga
system kommer också att gb'ra det mojligt att i framtiden omvardera
hur planeringen av kontrol l rum och automation skal l genomforas.



Datoriserade system bor all ti d anpassas ti 11 behoven hos sina
anvandare. Detta betyder for planerings- och konstruktionsprocessen
att olika anvandare och informationsboden mellan dessa maste
identifieras. Man maste sålunda beskriva en idealiserad planerings-
och konstruktionsprocess for att gbra det mb'jligt att specificera
olika datarepresentationer och la'mpliga sa'tt att struktura den
information som behandlas. En sådana modell av ett planerings och
konstruktionsprojekt av kontrol! rurn och instrumentering for en
processanlåggning har utarbetats i LIT-3.1 projektet och beskrivs i
rapporten.

Det sa'tt på vilket planerings- och konstruktionsprocessen genomfbrs
bidrar på ett avgbrande sa'tt til l kvaliteten på konstruktionen. Det
ar viktigt att anvanda sig av val definierade procedurer for att
bvervaka kvaliteten av arbetet. På detta sa'tt kan man hitta och
korrigera planeringsfel så tidigt som mojligt. Det ar också viktigt
att utnyttja erfarenheter samlade från tidigare planerings- och
konstruktionsprojekt. Rapporten ger en bversikt over problem som har
observerats i ett antal projekt med anknytning ti 11 planering och
konstruktion av datoriserade system for kontrollrum och
instrumentering.

Olika fel som gors i planerings- och konstruktionsskedet av en
industrianlaggning ger upphov till dolda fel som plotsligt
observeras exempelvis nar processen kommer in i ett nytt driftlåge.
De planerings- och konstruktionsverktyg som anvands skal l vara
baserade på en uppskattning av vilka typer av fel som vanligtvis
gbrs och hur ofta dessa forekommer. For att kunna optimera
designverktygen bor således data om manski igt felhandl ånde under
planering och konstruktion samlas in. Rapporten foreslår ett schema,
som kan anvandas for att saml a data om olika typer av designfel.

Datorisering i kontrollrum och instrumentering i komplexa
industrianlaggningar kommer att fora med sig nya behov for system
och rutiner av planerings- och konstruktionsarbetet. Den totala
tiden for detta arbete har bl i vi t kortare och man kan se att
proportionen av program varo planering vuxit kraftigt. Datorer
anvands i bkande grad i olika skeden av offertgivning,
specifikation, planering och konstruktion av de system som
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installeras i kontrol!rummen och i instrumenteringen. Detta innebår
att konstruktions databasen for framtida anlaggningar ti 11 stor del
kommer att vara datoriserad. Dessa system kan a'ven anvåndas under
driften for att presentera information for operatorer eller
underhallspersonal. De koncept for en konstruktbrs arbetsbank som
har utarbetats i projektet och presenteras i rapporten ar också
sannolika beaktande den tekniska utvecklingen.

Det ar idag vanligt att planerings- och konstruktionsarbetet stbder
sig på beskrivningar avfattade på vanligt sprak. Vanlig text år dock
svar och ibland omojlig att behandl a med datorer eftersom en text
ofta maste forstås for att kunna behandl as ra'tt. Det ar da'rfbr
nbdvåndigt att konstruera ett formal iserat sprak, som tåcker in de
begrepp som kommer att anvandas under planerings- och konstruktions-
arbetet. For att erhålla tillråcklig flexibilitet, bl.a. for att
senare kunna bygga på spraket, år den naturligaste losningen att
definiera ett metaspråk. d.v.s. ett sprak som anvånds for att bygga
upp det formaliserade språket. Oenna metod, att snarare specificera
ett verktyg med vilket planeringshjålpmedel konstrueras an att
specificera planeringshjålpmedlen, har anvånts inom området for
programvara och liknande Ibsningar fore slås for planerings- och
konstruktionsprocessen.

Designerns uppgift år att bygga en modell av sin vision av
konstruktionen och att gbra det på ett sådant sått att denna modell
kan anvandas som en ritning for alla faser i konstruktionsprocessen.
I planeringsarbetet beskrivs således konstruktionen med de termer
som ingår i det formaliserade designspråket som anvånds.
Designspråket kan da'rfbr ses som ett systemmodelleringsspråk (SML)
som gbr det mbjligt for konstruktbren att beskriva konstruktionen i
abstrakta termer. Denna beskrivning kan anvandas for att verifiera
konstruktionen och generera andra beskrivningar som kan anvandas for
bl.a. dokumentering. SML konceptet har utvecklats i projektet.
Bedbmningen år att konceptet år en anvandbar bas for datoriserade
planerings- och konstruktionshjålpmedel. En prototyp av SML
konceptet har byggts for att demonstrera anvåndbarheten och
uppskatta det arbete som behovs for att formal i sera en konstruktions
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databas. Demonstrationen bygger på en uppskattning av vilka
hja'lpmedel som ar de viktigaste i planerigs- och konstruktions-
arbetet. Den nuvarande versionen av SML gor det mojligt att uppra'tta
en noggrann och dokumenterad koppling mellan kravspecifikationer och
tekniska losningar. Den ger också mojlighet att bygga upp ett rikt
nat av kopplingar mellan olika objekt i design databasen.

Slutsatsen f ran rapporten ar att det både finns anledning ti 11 och
ar mojligt att hoja kvaliteten på det arbete som gors under
planerings- och konstruktionsarbetet for kontroll rum och
instrumentering. Det ar också en sjålvklarhet att man bor anvanda
sig av datorer i detta arbete. Frågan ar då vilka funktioner som
skall ingå i de datoriserade planerings- och konstruktions-
hjalpmedlen. Den losning som foreslagits i rapporten separerar
mellan utvecklingen av datoriserade hjalpmedel och utvecklingen av
verktyg som kan anvandas for att utveckla hjalpmedlen. Det visar sig
att de koncept och losningar som har tagits fram ar lampliga for att
utveckla de praktiska system som sedan kan anvandas i planerings-
och konstruktionsprocessen.



- 11 -

PREFACE

The safety of nuclear power stations and other complicated
i n d u s t r i a l processes depends on an accurate and well-timed
execution of tasks during the operation. There is,
however, always the possibi l i ty that human errors either
directly or indirectly can initiate an unwanted course of
events. The general problem is then to decrease the
p r o b a b i l i t y of h u m a n errors and to i n c r e a s e the
p r o b a b i l i t y of their detection. This is in p r i n c i p l e made
possible by careful task design and by g i v i n g the human
operator appropriate training. This means in practice
that one should consider the tools of the operator, the
organization he is working in, and the t r a i n i n g he is
given. All these aspects have been considered in the
Nordic LIT-research programme, which was started in 1981
and has been r u n n i n g to 1985.

In partic u l a r , the Nordic LIT-research programme has
addressed the following questions:

human errors in test and maintenance
(LIT-1)
safety oriented organ iza t ions and human
re l iab i l i ty ( L I T - 2 )
c o m p u t e r - a i d e d des ign of cont ro l rooms
and plant automation (LIT-3.1)
c o m p u t e r - a i d e d o p e r a t i o n a n d
e x p e r i menta l v a l i d a t i o n ( L I T - 3 . 2 and
LIT-3 .3 )
p l a n n i n g and e v a l u a t i o n of operator
t r a i n i n g (LIT-4)

The selection of these fields of research was based on
experience from an earlier phase of the Nordic cooperation
(cf. the reference Wahlstrom, Rasmussen, 1983).
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The Nord ic L I T - r e s e a r c h programine i n v o l v e d a total e f fo r t
of about 40 rnan-years of q u a l i f i e d r e s e a r c h e r s in Denmark ,
Fin land, Norway and Sweden . Fhe resea rch programme has
been f i n a n c e d par t ly by p ro jec t funds f rom the Nord ic
C o u n c i l o f M i n i s t e r s and p a r t l y by f u n d s f r o m the
di f ferent par t i c ipa t ing o rgan i za t i ons . The L IT - resea rch
p rog ramme w a s in i t ia ted by the Nord ic L i a i s o n Commi t tee
for A t o m i c E n e r g y ( N K A ) as a par t o f the N o r d i c
c o o p e r a t i o n in the f ie ld of s a f e t y in the e n e r g y
produc t ion f ie ld . The f o l l o w i n g o r g a n i z a t i o n s have been
f i n a n c i n g and have a l s o been d i rect ly i n v o l v e d in the
LIT- research programme:

Risø Na t iona l Labo ra to ry , R o s k i l d e , Denrnark
T e c h n i c a l R e s e a r c h Cen t re o f F i n l a n d ( V T T ) ,
E spoo , F i n l a n d
Inst i tu te fo r Energy T e c h n o l o g y ( I F E ) , H a l d e n ,
Norway
S w e d i s h N u c l e a r P o w e r I n s p e c t o r a t e ( S K I ) ,
S t o c k h o l m , Sweden
Swed i sh State Power Board, Va l l i ngby , Sweden

The L I T - p r o g r a m m e is repor ted in the f o l l o w i n g f ina l
reports:

The human componen t in the sa fe ty of c o m p l e x
s y s t e m s ; L I T p r o g r a m m e s u m m a r y r e p o r t
N K A / L I T ( 8 5 ) 1

Human errors in test and main tenance of nuclear
p l a n t s ; LIT-1 f inal report N K A / L I T ( 8 5 ) 2

Organ iza t i ons for safety ; L IT-2 final report,
N K A / L I T ( 8 5 ) 3
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The design process and the use of computerized
tools in control room design; LIT 3.1 final
report, NKA/LIT(85)4

Computer aided operation of complex systems LIT-
3.2 & 3.3 final report, NKA/LIT(85)5

Tr a i n i n g diagnostic s k i l l s for nuclear power
plants; LIT-4 final report, NKA/LIT(85)6
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1. INTRODUCTION

The design activity may be seen as the process where the
designer b r i n g s his v i s i o n of the plant to a point from
where it can be built. The operator of the plant wil l in
a way reconstruct this v i s i o n into an internal model
which, however, w i 1 1 be based both on formal t r a i n i n g and
experience gained. The actual design w i 1 1 naturally bear
a'resemblance to the internal models of both the designers
and the operators, but there may also be important
differences (cf. Figure 1).

designer s vision
of the plant

operator's internal
model of the plant

design
activity

Figure 1. The internal models of the designer and the operator
and their relations to actual plant design



- 15 -

The design of the control and instrumentation is an
i m p o r t a n t part of the d e s i g n and c o n s t r u c t i o n of
industrial production systems (cf. the reference Hanes,
O'Brien, D i s a l v o , 1982). The control room and the
automation concept åre developed as a part of the design
of the control and instrumentation. The control room and
the automation concept have great bearing on the
operability of the plant and can thus be decisive in plant
economics. The design of control rooms and the automation
concept for different industrial processes has a long
tradition, where the development has evolved in smal!
steps, and it has been possible to collect experience
prior to full-scale implementations. The advent of cost-
effective computers that can easily be reprogrammed has
initiated a rapid development with a corresponding need
for a more general e v a l u a t i o n of the w h o l e d e s i g n
process.

The quality of design al so has an influence on the safety
of potentially dangerous processes, such as nuclear power
and various chernical processes. A small design deficiency
could be the trigger which through a series of events
m i g h t cause a major a c c i d e n t (cf. the reference
R u b i n s t e i n , Mason, 1979). When we consider the safety of
such processes, it is clear that all possi.ble means should
be employed to ensure high design quality. One of the
problems then is to define the design quality, to select
the best approach for the design and to measure the
resulting quality.

It is evident that the design quality should rely on some
measure of operability, where the main objectives of the
pl a n t åre taken into account. The d e f i n i t i o n of design
quality is then related to the requirements placed on the
process. However, some man-oriented measures also need to
be included in the design quality, because the control
room and the automation should give the operator a simple
and easy process.
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Even in the case where some accepted measure for the
quality of design has been defined, the main difficulty
during the design is to relate any design decision to such
a quality measure. Another difficulty of the design
process involves the long chains of interrelated design
decisions, where the final outcome is difficult to judge
before the d e s i g n has a d v a n c e d to some l e v e l of
concretization.

With the introduction of computers in other fields of
production, systems åre now a v a i l a b l e to increase the
productivity of designers. One of the arguments for the
introduction of computer-aided design (CAD) systems has
been that the dull and monotonous tasks in the design
could be automated, leaving for the designer the tasks
where human creativity is needed. This is certainly true
provided that a proper d i v i s i o n of tasks between the
designer and the computer is found. This proper division
is, however, problematic and fears have been raised that
the CAD systems w i l l tend to proletarize the jobs of the
designer. Consequently, the in t r o d u c t i o n of new
technology makes it necessary to consider the problems of
design on a broader basis.

Software has been playing an increasingly important role
in the design of control and instrumentation. The design
of control rooms and automation concepts åre also to a
large extent realized by software using intelligent
display terminals and computers. It is therefore possible
to use in the control room design similar kinds of tools
that have been developed in the f i e l d of software
engineering.

The LIT-3.1 project on "Computer-aided design of control
rooms and plant automation" has been a part of the Nordic
cooperation in the safety field. The main goals of the
LIT-3.1 project have been to investigate the a p p l i c a b i l i ty
of computer aided design (CAD) methods to the design of
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con t ro l r o o m s and i n s t r u m e n t a t i o n f o r i n d u s t r i a l
i ns ta l l a t i ons , such as nuc lear power p lan ts , chem ica l
p r o c e s s e s and o f f - s h o r e fac i l i t i es . The a n g l e o f app roach
inc luded des ign qual i ty and poss ib i l i t ies of human e r ro rs
in the des ign . The p ro jec t w a s d iv ided into the f o l l o w i n g
main par ts :

a n a l y s i s o f present des ign methods
c o n s t r u c t i o n o f a n i d e a l i z e d d e s i g n
model
analysis of information needs and data
flow during the design process
s p e c i f i c a t i o n and construction of a
demonstration system
experiments with and assessment of the
demonstration system.

The LIT-3.1 project is related to the other LIT projects
with respect to the following subjects:

the design of the control rooms and the
plant automation has to also cater for
the interface with personnel outside the
control room (LIT-1)
the design organization is an important
determining factor when the quality of
design is considered (LIT-2)
new approaches to information display
have to be considered when future design
systems åre to be built. The use of new
methods (e.g. m u l t i l e v e l flow models)
could have an important impact on the
design process when the designer has to
t r a n s f e r an u n de r s tå n d i n g to the
operators of the plant (LIT-3.2 and
3.3).
an interface with the design data base
could serve as a training device for the
training o f operators (LIT-4).
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2 THE DESIGN PROCESS

Each new plant or system has to be designed before it
can be built. The design process is in this context
understood to be separated from the construction process
although this seldom is the case in reality. It is al so
clear that the design process wil l vary considerably
depending on the target of the design, national practices
and the organization responsible for the design. The
consideration of the design process below is based on an
idealized model (cf. Ranta, 1985), which has borrowed
characteristics from many different fields and countries.
The section contains the following parts:

* On the design of complex systems
* Problems of design
* The design organization
* Human errors in design
* An idealized model of the design process
* Actual design practices
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2.1 On the design of complex systems

Design in general may be seen as the process where a
v i s i o n of a d e s i g n e r is b r o u g h t to a l e v e l of
concreteness from where a construction process can be
started. In the design process the designer is considering
alternative designs, e v a l u a t i n g them, settling for one and

'ultimate
goal

INTERPRET
in relation to design
quality neasures

GEHERATE ALTERNATIVES

_. N
/ S E T OF
( INFOR.IATI'J'J

OCFIHE DESIGN TASK
selection and schedul-
ing of activities

^
( PLAN

COLLECT INFORMATION
requirements, restric
tion s i m i l å r designs,
interfaces

/
SELECTION OF DESIGN
SOLUTION

ACTIVATION
detect need for design]
a c t i v i t y (time, need
for change etc.)

EXECUTION
prepare detailed
design drancirrgs
descriptions etc.

Figure 2.1 A de scription o f the decision making
tasks of the designer. (Adopted from
Rasmussen, 1976).
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documenting it as a part of the design. The design effort
may be seen as an information processing task (cf. figure
2.1) where the designer's different information processing
activities åre separated by states of knowledge. Two
different modes of mental processing may be identified;
one knowledge-based, where the long route is followed, and
the other rule-based, which is characterized by rapid
associations between states of knowledge.

goals
requi rements

top down
design

bottom up
design

techni caL
solutions

Figure 2.2 The design means that goals and requirements have
to be matched with technical solutions. This
can be done in two ways either using top down or
bottom up design methods.

The design process in general can be seen as a search for
technical solutions consistent with the requirements
imposed on the design (cf. F i g. 2.2). The design selected
evidently has some relation to the design requirements,
i.e. the requirements give the reasons for the choice of
design solutions. The search for design solutions could in
p r i n c i p l e be carried out either starting from the goals
and requirements or from the technical solutions. In the
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top-down design approach the goals and requirements åre
broken down in several steps to specifications for which
technical solutions can be selected. In the bottom-up
approach the design is started from technical solutions
w h i c h åre r e v i s e d in order to m eet the d e s i g n
requirements. Actual design projects åre usually carried
out as a continuous alternation between both approaches.

The design of complex systems is a problem solving task
where a tree of design decisions is built (cf. figure
2.3.), w h i c h g r a d u a l l y b r i d g e s the gap between the
requirements and the technical solutions. Actual design is
often carried out by applying general schemata, which åre
expanded locally to become b u i l d i n g blocks in the design
process. As in many problem solving tasks, it is difficult
to assess the quality of design before it has been
advanced to soine level of concreteness. This means that it
might be necessary to re-do large parts of the design when
incompatibi l i ti es between requirements and technical
solutions åre observed.

AA

path of
design

Figure 2.3 The design process can be viewed as a tree of
consecutive design decisions. (AA alternative
abandoned).
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In the design of complex systems one has to find ways to
cope with the complexity (cf. Rasmussen, Lind, 1982). A
d i v i s i o n of the system into parts makes the parts easier
to manage but makes it necessary to consider also the
interactions between the parts. It is therefore important
to select a proper d i v i s i o n of the system, so that the
interactions between the parts åre rninimized.

In the design process, early decisions wi11 influence the
Tater design stages not only by g i v i n g more guidance on
acceptable alternati ves, but also by imposing additional
restrictions on the design choices. This means that the
freedom of the designer to use different solutions wi 11
decrease with time as the design proceeds. If some large
design modi fications have to be introduced, they w i l l have
more influence on the later stages of the design than in
the earlier stages. This means that more effort is needed
in carrying out a design modification in the later stages
than in the earlier stages. This faet can be illustrated
with the conceptual graph in Figure 2.4.

In the design and construction of large and complex
i n d u s t r i al p l a n t s there is a d e f i n i t e need for
standardization. Standardization of components and design
solutions makes it easier to plan the maintenance of the
plant and produces higher efficiency. Standardization also
tends to rationalize the design process by p r o v i d i n g
guidance to the i n d i v i d u a l designers. Standardization
makes it easier to understand the plant and to document
the c o n s t r u c t i o n . S.t a n d a r d i zat i o n , h o w e v e r , a l s o
introduces additional restrictions by l i mi ting the design
freedom and may thus i n v o l v e higher costs. On the other
hånd one must consider the trade-off between the costs of
the i n i t i a l construction and plant lifetime costs.
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freedom
of
design

r i y u r e i . 4

costs
of
change

time

conceptua L
design

pre-engineering
design

detai Led
design

ihe freedom in the design decisions wi 11 decrease
g r a d u a l l y w i t h time and the costs of c h a n g e s
introduced w i 11 increase correspondingly (cf. E P RI,
1984, p. 5).

The use of standards may be introduced from different
l e v e l s , such as:

- international standards
- national standards
- recommended practices
- compå ny practices
- project practices

I n t e r n a t i o n a l s t a n d a r d s , n a t i o n a l s t a n d a r d s a n d
recommended practices have usually such a status that they
åre enforced by agreements for the design projects. The
safety rules which åre a p p l i e d e.g. in the field of
nuclear power, åre on the other hånd mandatory and hold
for different l i c e n c i n g procedures. In forming company
and project practices there is more freedom, but it is
advantageous to arrive at such practices as the result of
a deliberate design effort.
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2.2 Problems of design

The increasing complexity of industrial plants means that
more effort is needed simply to maintain the design data
base. The increasing complexity also means that there is
a larger number of relationships between the different
objects manipulated during the design. The relationships
between the objects åre actually many to many, where one
object serves many purposes and one purpose is sat isfi ed
by many objects. The many to many mappings between goals,
functions and equipment has been considered by Lind
(1983). It is desirable for the designer to have easy
access to all design data related to the objects he is
working with. The complexity of the design data base also
makes it more difficult to carry out design changes
because it is easy to forget to carry out the change in
some part of the data base.

Design is often iterative, which means that the decisions
needed to complete a part of the design process åre
mutually interdependent. In such cases it may be necessary
to carry out the design process in several rounds of
iterations before an acceptable solution is reached.

It is always difficult to assess the quality of design
before it has been completed. By this time, however, it
may be d i f f i c u l t to change the design and far more
d i f f i c u l t to find an acceptable solution for re-design. It
is also very d i f f i c u l t to ensure that all important
requirements åre considered because the operation of any
new system w i l l always bring in new operating experience,
which in turn may introduce new requirements.

The effort to design a large industrial plant has to be
d i v i d e d between a large number of designers or groups of
designers, all having their own areas of responsibil i ty.
This means that there w i l l be much interaction between the
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different designers or groups of designers when they åre
working towards common design goals. This d i v i s i o n of
effort between many persons is a potential source of
problems because different persons may interpret the
requirements in different ways with the result that there
åre incompabi l i ties in the design. Areas of design on the
b o r d e r l i n e of the respons i bi l i ty for two different
designers or groups may also be forgotten with a resulting
lack of completeness in the design.

The largest problem of the design process is the need to
foresee the i m p l i c a t i o n s of different decisions. The
problem is illustrated by the possibility that a chain of
reasonable design decisions could lead to a completely
unacceptable design solution. Each design project needs
some accepted practices for ensuring the quality of the
design. In the simplest form it could be regular design
reviews where one would especially address the interfaces
between different areas of the design. The governing rule
for each design project is that design errors should be
spotted as early as possible. This means actually that
there w i l l not be a single body responsible for the
quality of design, but the quality should be considered at
all levels .

The documentati on of the design as it proceeds is one of
the most important tasks because during design continuous
reference is made to e a r l i e r d e s i g n decisions. The
documentation is also the main path for transferring
knowledge and intentions from the design process to the
operational phase of the plant.

Different design alternatives evaluated before a design
d e c i s i o n is made åre u s u a l l y not documented. The
dependence of a design solution on the design requirements
is rarely documented, this meaning that it could be quite
difficult for an outsider to understand why the system is
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designet! as it is. This, combined with the faet that the
o r i g i n a l designer is seldon a v a i l a b l e to e x p l a i n the
details when the design has been completed, makes it
increasingly difficult to carry out changes in the design
after the plant has been in operation for some period.

As rnentioned above, the main problem in the design process
is related to the u n a v o i d a b l e need for m a k i n g changes. It
is clear that a common aim is to m i n i m i z e the need for
late changes because they åre bound to introduce cost and
tirnetable overruns for the project. It is, however, also
clear that it is i m p o s s i b l e to consider all the details
beforehand because each project is in a way unique. If a
design change is carried through, there should be means to
ensure that all the objects influenced by the change åre
considered for a possible re-design. It is also important
to ensure that there is no possibility of the designers
working with designs that åre outdated as a result of some
previous change.

2.3 The design organization

The organization is regarded as a set of formal and
i n f o r m a l r u l e s a i d i n g i n d i v i d u a l s a n d g r o u p s o f
i n d i v i d u a l s in carryi n g out thei r tasks (cf. Li n d q v i s t ,
Rydnert, Stene, 1984). The organization thus provides
certain resources for m a i n t a i n i n g the functions necessary
for f u l f i l l i n g the goals of the organization.

The design of a new plant or new system is always in some
way unique and is therefore usually carried out as a
project restricted with respect to both time and money.
The organization responsible for the design is therefore
e s t a b l i s h e d for thi s sole purpose, and the project
organization is broken up when the design has been
finished. The l i m i t e d lifetime of the design organization
is an i m p o r t a n t character i sti c that makes it very
different from e.g. the operational organization of a
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plant. Different arrangements in the case of vendor
organizations and turn-key contracts may change the
situation, though in this case the transfer of technology
t o t h e o p e r a t i o n e l o r g a n i z a t i o n from t h e v e n d o r
organization may pose a problem.

The d e s i g n o r g a n i z a t i o n is e s t a b l i s h e d by a mother
organization, which w i l l either lend expertise to the
design organization or hire it from outside. Depending on
the type of design project under consideration, the mother
organization could be the final user of the system to be
designed, the vendor of the system, or a consultant. In
practice this means that the design is usually carried out
as some sort of cooperation between the vendor and the
user of the system. This arrangement fiiakes it possible to
carry out iterations between user requirements and vendor
solutions in an efficient manner, provided that the vendor
and the user åre able to express themselves in a comrnon
language.

The l i m i t e d lifetime of project organizations means that
there is an inherent difficulty in a c c u m u l a t i n g knowledge
on how projects should be carried out, because the
experience collected once the project is terminated w i l l
be scattered around to different piaces. The l i m i t e d life-
time of a design project also has the consequence of
placing a very strong emphasis on the documentation of the
design. Generally all information on the why's, what's,
and how's, i.e. the reasons for and the selected solutions
to the design have to be transformed into a written form.
The test operation of a new design naturally leaves some
overlap when the design organization and the operations
åre working together, but this does not change the faet
that it is difficult to get some of the designers to
e x p l a i n the details of their design after the plant has
been in operation for some years. The documentati on also
has to be adapted for different classes of personnel such
as operations, maintenance, etc .
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The problems of the design organizations have naturally
been i m p l i c i t l y known and they have been at least
partially solved by different practices used in the design
projects. One of the s o l u t i o n s is to e s t a b l i s h
organizations s p e c i a l i z i n g in design. This has been
practised for many of the vendor organizations e.g. in the
field of nuclear power. Another such practice is to start
the design as a pre-project, where the complete design
project in a way is simulated. The pre-project makes it
possible to survey the possible difficulties of the design
project in advance and thus to allocate enough resources
for the solution of the problems. Many of the crucial
design decisions w i l l actually be made as a part of the
pre-project, which thus guides the design project. The
pre-project also makes i t p o s s i b l e for the design
organization to b u i l d up its informal parts to some extent
before the main project is launched. The breaking up of
the design into smaller design tasks, and the preparation
of a schedule for the whole design åre also important
parts of the pre-project. The budget for the design
project is usually settled during the pre-projectstage.

When we consider the motivational aspects of a designer,
one often-cited advantage in working with design is the
possibility to create. This means that design tasks often
appeal to creative people, and this is a faet which has to
be considered when systems with strick safety requirements
åre constructed. The safety requirement makes it necessary
to standardize the design to a large extent, i.e. to make
the d e s i g n more a routine task. There is also the
requirement of precion right down to detail, which makes
the design more a tedious time-consuming clerical task
than a task for a creator working on a large scale. It may
even be so that the two aspects require different personal
design styles difficult to combine in one person. The two
aspects follow frorn the design phases to some extent,
where conceptual design requires more creativity than the
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detailed engineering. In selecting people for design
projects, one should be aware of the contradiction between
the two aspects in order to a v o i d differences in
expectations.

The d e s i g n organ i z a t i o n s h o u l d n a t u r a l l y g i v e the
designers as much support as possible in their work in a
well-timed and efficient manner. This means that enough
resources should be allocated to building the design tools
and setting up the information system of the design
effort. The aim of the information system is to give the
d e s i g n e r s a l l t h e i n f o r m a t i o n they need w i t h o u t
overloading them with unnecessary information.

In any design project there åre always things that have
not been foreseen and which require a solution on the
spot. The human mind is, however, very error-prone when a
decision has to be taken in a new situation and under
stress. Different fixes for problems encountered during
design therefore de serve special consi deration. When need
for design change is detected in the midd l e of a design
project, it has to be håndled very carefully. If a change
is suggested, it has to be evaluated with respect to all
the original design requirements i.e. the design has to be
tracked back to find a level of invariance. After the
change, it is very important that also all the completed
design tasks influenced åre subjected to re-design; that
all the designers concerned åre informed; and that all
changes åre introduced in the final documentation. If
those steps åre not carried out properly, the design wi 11
contain contradictions or be poorly documented, i.e. there
w i l l be a deficiency in the design.

Large design changes should generally be avoided during
design projects, and one way to cope with the need for
changes is to freeze the design at some instant. Freezing
the design can in practice be done at several levels after
main design activities, where design goals, functional
design, and detailed design åre frozen before the system
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is iss'ued for constructl on. Freezing the design is an
administrative necessity in order to make it possible to
complete the design project on time. The design change is
then carried out as a separate project after the original
design and construction have been completed.

2.4 Human errors in design

The definition of a human error has always to be made in
relation to some accepted standard of performance (cf.
Rasmussen, 1978). A human error is then an act which is
outside the required performance limits. In investigati ng
human errors it is, however, important to note that they
often may be seen as c o n s e q u e n c e s of the task
characteristics, which means that a more constructive
approach is to consider the task design as a cause of
error rather than to put the blame on the person carrying
out the task. It is, however, clear that a causal
e x p l a n a t i o n of human errors is very d i f f i c u l t to
construct as there åre usually several causes contributing
to an observed error (cf. Rasmussen, 1981). In the case
of errors in the design, the error made is not the only
one because it should have been observed either in the
design reviews or during the test operation.

In investi gating human errors and ways to decrease thei r
probability, it is important to collect data on incidents
and accidents. One proposal for such a data collection
system has been given in Rasmussen et al. (1981). Such
data have, however, to be categorized to enable the
i nvesti gators to see the patterns. When patterns in the
data have been identified, more general models of human
behaviour can be suggested and tested on new data. This
indicates that both aspects, the collection of data, and
the construction of theoretical models, åre necessary for
the u n d e r s t a n d i n g of human errors (cf. H o l l n a g e l ,
Pedersen, Rasmussen, 1981).
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A broad categorization can be used for human errors:
- errors induced by the task characteristics
- errors due to human v a r i a b i l i ty
- intentional errors

This d i v i s i o n is not unambiguous; there åre errors which
could be attributed to two or even all three categories.
With consideration to the design task and the design
tools, the first category is the most important. The
errors due to human v a r i a b i l i t y i n clude clumsiness,
occasional lapses of attention, etc., and they should be
taken care of by the quality control of the design
process. The i n t e n t i o n a l errors, such as different kin d s
of sabotage, åre not here a matter of investigation.

The design errors åre h i d d e n in the construction and åre
thus d i f f e r e n t from h u m a n errors made d u r i n g the
operation. An operational error could be the immediate
initiator of some unwanted chain of events, but the design
error w i l l only introduce some hidden deficiency in the
system. The design error can, however, unexpectedly cause
either a technical failure in the system or a human error
when the plant is brought into an operational regime where
it has not been before. The existence of a design error is
an i n d i c a t i o n of incomplete or erroneous testing of
design. The complexity of present industri al processes
rnakes it on the other hånd completely i m p o s s i b l e to carry
out a complete testing programme. The definition of the
test programme of the completed design is therefore also
an important part of the design process.

Different models have been constructed to e x p l a i n the
causes b e h i n d human errors. The models can be used to
suggest senernes for the collection of human errors, which
a g a i n can be used to v a l i d a t e the models. In appendix l
such a model is suggested with a corresponding scheme for
the categorization of design errors. The model and the
categorization scheme åre based on the model considered in
Rasmussen et al (1981).
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The classification system should be seen as a conceptual
model of human decision making during design rather than
as a scheme for the collection of human error data. This
conceptual model can be used to make a subjective
judgement on the relative importance of the different
error categories, and can thus serve as a basis for the
construction of design tools. The conceptual model may
also be used to develop a method for the collection of
human error data during design.

2.5 An i d e a l i z e d model of the design process

The des ign p r o c e s s p roceeds f rom the c o n s i d e r a t i o n of
general requirements to the generat ion of technical
s o l u t i o n s . U s i n g t h e c o n c e p t o f a d i m e n s i o n o f
abst ract ion, the design proceeds from a more abstract
concept to the concre te rea l i za t i on . R a s m u s s e n ( 1 9 7 9 )
eh'scusses the dimension of abstract ion in terms of mental
mode ls of a comp lex sys tem. The des ign can be v i s u a l i z e d
as a two-way search, where the requi rements prov ide the
r e a s o n s in a top-down manner and the techn ica l so l u t i ons
å r e bu i l t on the p h y s i c a l b a s i s in a b o t t o m - u p
c o n s t r u c t i o n p r o c e s s ( c f . Figure 2 . 5 ) .
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LEVELS OF ABSTRACTION

FUNCTIONAL PURPOSE

PRODUCTION FLOW MODELS/
CONTROL SYSTEM OBJECTIVES ETC,

ABSTRACT FUNCTIQN

CAUSAL STRUCTURE, MASS, ENERGY &
INFORMATION FLOW TOPOLOGY, ETC.

GENERALISED FUNCTIQNS

"STANDARD" FUNCTIONS & PROCESSES,
CONTROL4.00PS, HEAT TRANSFER, ETC.

PHYSICAL F.UNCTIONS

ELECTR1CAL, MECHANICAL, CHEMICAL
PROCESSES OF COMPONENTS AND
EQUIPMENT

PHYSICAl FORM

PHYSICAt APPEARANCE AND ANATOMY,
MATERlAt S FORM, LOCATIONS, ETC.

— . <n
co ui
<
Q.

O O

F i g u r e 2.5 The a b s t r a c t i o n h i e r a r c h y used for r e p r e s e n t a t i o n of
f u n c t i o n a l p r o p e r t i e s of a t e c h n i c a l system (from
R a s m u s s e n , L i n d 1981).
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As a s impl i f i ca t i on of th is scheme, the des ign p rocess can
be desc r i bed by a model ( c f . F igure 2 . 6 ) , in w h i c h the
d e s i g n p r o c e s s p r o c e e d s t h r o u g h t h r e e d i f f e r e n t
a b s t r a c t i o n l e v e l s . The uppermos t level c o n c e r n s the goa ls
and requ i rements of the des ign p r o c e s s , and i t s ta tes why
the system is needed, w h i c h p rob lems åre s o l v e d by i t , and
h o w t h e s y s t e m i n t e r a c t s w i t h i ts e n v i r o n m e n t . T h e
i n terme d iate leve l t r ans fe r s the g o a l s and requ i rements
in to the f u n c t i o n s o f the s y s t e m and i t g i v e s the
f u n c t i o n s t h e r e q u i r e m e n t s n e c e s s i t a t ed , w h y t h e s e
func t i ons åre needed, w h i c h c r i te r ia a func t ion fu l f i l l s ,
and how a func t ion can be rea l i zed in p rac t i ce . The lowes t
l eve l dea ls w i th the techn ica l rea l i za t ion of the sys tem,
and i t te l ls how the sys tem is f unc t i on ing , and what
t echn ica l so lu t i ons have been used.

WHY

WHAT

HOW

requirements, goals

guiding instructions

functions, technological alternatives

guiding instructions

technical realization

Figure 2.6 The three-level model of the design process.
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At the same time as the design proceeds from abstract to
concrete, the attention of the design shifts from the
whole to parts. This shift corresponds to what can be
termed another d i m e n s i o n related to the l e v e l of
a g g r e g a t ion and decom p o s i t i o n of the system to be
des i gned.

The d e s i g n process and the r e l a t i o n of the d e s i g n
activities to the design dimensions åre illustrated in
Figure 2.7. The arrows indicate the temporal ordering of
the design activities. The design thus proceeds in the
dimension of abstraction from the why's through the what's
and the how's. In the dimension of aggregation the what's
on the system level åre used to generate the why' s on the
subsystem level, and so on.

WHOLE PARTS

requi rements

functions

implementation

WHY

WHAT

HOW

system subsystem component

Figure 2.7 The design p rocess broken down w i th respec t to the
two d imens ions of des ign . A r r o w s ind ica te the
tempora l o rder ing be tween des ign ac t i v i t i es ( D A ) .
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The two dimensions of the design, the level of abstraction
and the level of aggregation, should be reflected in the
design data base to give the designer easy access to data
at different levels. A continuous updating of the design
data base as the design process proceeds is important,
because documentation has to be done when the design
decisions åre made. The designer should even be forced to
g i v e a track of his thought when a r e q u i r e m e n t is
considered and broken down to subrequirements or to a
specific technical solution.

The computer-aided design (CAD) system should be adapted
to the design process and in tailoring the CAD system it
is important to consider the design process as a whole and
to investigate when different data items åre generated and
when they åre used. Such an analysis of the information
flow during the design w i l l then form the basis for the
application of the CAD system to the specific design
problem.

CONTROL

DATA
ACTION

DESIGN RESULT

f TOOLS AND
RESOURCES

Figure 2.8 A model of the design action, which is used as the
b u i l d i n g block for the SADT diagrams.



- 37 -

i.i
\

r
/l N _________,

-/A— — --/=Vn

l \

\

12.2.1

Figure 2.9 The decomposition of the design process.
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One p o s s i b i l i t y to analyse the design process is the so-
c a l l e d structured an a l y s i s and design technique (SADT)
(cf. Jackson, 1982), in which the design process and its
subtasks åre described through actions, Figure 2.8. The
actions process input data with respect to the control by
u t i l i z i n g certain tools and resources, and they produce as
an output the design task of the subtask. The starting
point of the analysis is as general as p o s s i b l e , e.g. the
basic action could be the complete design process of the
control and instrumentation of the plant. The basic
action is then decomposed into a fine structure or
subactions according to a given rule in the design
practice used. The results åre structures as shown in
Figure 2.9. We can see that it is also possible to follow
how control i n f l u e n c i n g a certain task acts on the
subtasks. In the same way we can also analyse the
u t i l i z a t i o n of resources and tools w i t h i n the subtasks.

Control and instrumentation design can be presented as in
Figure 2.10 (cf. Ranta, 1983). The fine structure of the
requirement specif ication is found by decomposing the task
i nto subtasks:

- analysis of requirements o r i g i n a t i n g in law,
authorities and social norms,

- analysis of goals related to the p l a n t safety
and a v a i l a b i l i ty,

- a n a l y s i s of g o a l s r e l a t e d to the p l a n t
economy, product q u a l i t y and organization

In the same way the functional specif ication can be
d i v i d e d into subtasks, which can be

- d e f i n i t i o n of control room functions,
- definition of controls and sequences,
- d e f i n i t i o n of i n t e r l o c k i n g s and protections,
- d e f i n i t i o n of reports and alarms,
- a n a l y s i s of realization possi b i l i ti es.

T h e s e s u b t a s k s c a n f u r t h e r b e d i v i d e d i n t o t h e
sub-subtasks, and so on. The design process is described
in more detail by Ranta, 1985.
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The formal analysis of the design process helps to
specify the design tools to be used by different
categories of designers. The formal analysis may also be
used as a check-list to structure the design process in
terms of:

- subtasks of the design process,
- necessary resources and s k i l l s required,
- schedules and check-points,
- standards, g u i d e l i n e s and agreed practices to

be used,
- documentation p r i n c i p l e s ,
- supervision, control and evaluation methods to

be used.

2.6 Actual design practices

Commonly used design practices do not always follow the
idealized model. Where a standarized design has been
adopted, in the projects there is not always the same need
to consider all the details of requirements and the
technical solutions as in a completely new design. Here
c a s e t h e d e s i g n p r o j e c t t e n d s t o b e m o r e
construction-oriented, and the design concentrates on
changes from standardized design.

The commercial interaction between the parties i n v o l v e d in
a design project w i l l also bring new aspects into the
d e s i g n . The p r e p a r a t i o n of the different t e n d e r i n g
documents here w i l l actually be a part of the design
process. The tendering docurnents also have a legal status
and this means that they åre not written for the designers
only. The legal status of the documents i m p l i e s that
changes have to be agreed on and documented on different
organizational levels, which means that the design data
base tends to be distributed into minutes of meetings and
other documents.
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The administration of a design process and construction
project is a task which grows rapidly with the size of the
p l a n t . O r g a n i z a t i o n s s p e c i a l i z i n g i n d e s i g n a n d
construction nave therefore developed their own routines
for producing, c i r c u l a t i n g , and a p p r o v i n g technical design
documents. The d i v i s i o n into d i f f e r e n t o f f i c e s and
departments also offers a model of the design process as
it is carried out.

The design process can be visualized in different ways, of
which the PERT chart perhaps is the most common. The PERT
chart maps the time for ordering different design tasks
and their relations. The PERT chart is ideal from a
project management point of view, because the chart can be
used to monitor the progress of the design with respect to
an agreed schedule. The PERT chart can also be used for
resource allocation and to calculate a critical path of
tasks, which w i l l determine the length of the design
proj eet.



- 42 -

CONTROL ROOM DESIGN

Control room design has to be based on a consi derati on of
the resources and l i m i t a t i o n s of the human operator. This
means that behavioural science should be combined in the
design process and the operability of control rootn should
be the g u i d i n g quality measure. It is, however, not
possible to embark on thorough investigations on the
relative merits of different solutions as a part of a
design project. This means that the considerations
regarding the human operator should be b u i l t into the
design tools and the design organization. The section
contains the f o l l o w i n g parts:

* Design of control and instrumentation
* Elements of control room design
* Quality measures in control room design
* Documenting the reasons in design
* Display of design information in the control

room
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3.1 Design of control and instrumentation

The control and instrumentation of an i n d u s t r i a l p l a n t
encompass the collection of measuring signals, c a b l i n g ,
control equipment, control rooms, process computers and
interfaces to the final control elements. Control and
instrumentation design is based on the defined operability
criteria of the plant. The operability criteria include
requirements on speed and accuracy of the control as
defined for different operational states of subprocesses
and components. General requirements on the plant in terms
of safety, a v a i l a b i l i ty and economy also i n t r o d u c e
additional requirements on control and instrumentation.

D e s i g n control and i n s t r u m e n t a t i o n use the process
diagrams and system descriptions of the plant. In the
design process the requirements åre interpreted in terms
of functional specif ications, which steer the selection of
technical solutions. The control and instrumentation
design w i 1 1 , for instance, produce the fo l l o w i n g types of
diagrams:

process and instrumentation diagrams
(Pi-diagrams)

control d i a g r a m s cover i n g c o n t i n u o u s c o n t r o l ,
sequence automatics, protection logic and interlocks

c a b l i n g diagrams

software flow-sheets and l i stings

Control and instrumentation design depends to a large
extent on the hardware concept and on the vendor selected.
A standard instrumentation system has the advantage of a
proven and debugged design, but the possibi l ities of
i n f l u e n c i n g the d e t a i l s of the i m p l ementå tion åre
smal ler.
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The selected i n s t r u m e n t a t i o n hardware wi 1 1 a c t u a l l y
provide a kind of system design language by which the
c o m p o n e n t s of the system åre c o m b i n e d . This d e s i g n
language w i l l influence not only software modules but also
the actual hardware produced. The design language provides
several interfaces by which the different parts of the
control and instrumentation åre specified, ordered, tuned,
produced, tested and installed.

In control and instrumentation there has been a shift from
analog to digital systems (cf. Wahlstrom et al., 1983).
The d i g i t a l systems h a v e several a d v a n t a g e s , for
i n s t a n c e :

- higher sophistication
- greater r e l i a b i l i t y
- easier installation and testing
- easier to u se
- easier to modi fy

The digital systems have also made it possible to shorten
the time between design freeze and plant start-up.

The clear distinction between the instrumentation and the
process computer has been blurred in the development of
mi c r o c o m p u t e r - b a s e d i n s t r u m e n t a t i o n systems. Most
instrumentation systems today have features which earlier
were c o n s i d e r e d t y p i c a l of process computers. The
efficient use of process computers is to a large extent
dependent on the availability of a library of tested
software modules.

Control and instrumentation design uses different
computerized tools to a large extent during the whole
production process from tenders to accepted delivery.
Typical systems åre:
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- component and price lists for preparation of
tenders

- production p l a n n i n g systems i n c l u d i n g inventory
control

- production control and manufacturing systems
- cable routing systems
- automatic testing i n c l u d i n g dynamic si m u l a t i o n
- i n s t a l l a t i o n m a n a g e m e n t a n d p r e v e n t i v e

maintenance systems
- word processing and computerized information

r e t r i e v a l

There is also a trend towards implementing the interfaces
between the systems in such a way that information may be
transferred in a machine readable format. This points
towards a larger integration of future computer systems
where design, manufacturing, i n s t a l l a t i o n and testing
represent different facets of only one process.

Technical development has been introducing new generations
of control and instrumentation systems at a rapid pace.
When the projected lifetime for industrial plants is
between 20 and 40 years it means that most plants w i l l
undergo a major revision of their control concepts at
least once. This means that control and instrumentation
design w i l l also be a concern in plants that have been in
operation for some time.

3.2 Elements of control room design

Control room design is carried out as a part of the
control and instrumentation design (cf. Ranta, Wahlstrb'm,
Westesson, 1981). The starting point for control room
design is the preparation of the plant automation concept.
The automation concept defines the roles of the operators
and the automatic control system in different operational
states of the plant. In defining the automation concept,
consideration has to be given to the type of plant,
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staffing policy, a v a i l a b l e infrastructure, etc. There is
usually a m i n i m u m level of automation determined by the
safety, avai l abi1 i ty and economy requirements for the
piant.

There is also a maximum level of automation set by costs
and a v a i l a b l e technology. In between there åre
possibi l i ti es either to select a high level or a low level
of automation. There is, however, a clear trend towards
increased automation, which has been facilitated by the
improved cost-performance relation of new control and
instrumentation systems.

The following general areas of control rootn design can be
i d e n t i f i e d:

- general lay-out of control room
- control boards and panels
- computer displays
- alarms and other operator aids
- recording and reporting systems
- operational procedures
- maintenance interfaces

The design in the different areas has to be based on the
specif ication of general p r i n c i p l e s for information coding
and p r e s e n t a t i o n w h i c h åre used in a l l areas as
a p p l i c a b l e . The system used for the naming of different
objects, e.g. signals, components, etc., of the plant
forms an important part of the design where an efficient
system has to be selected and a p p l i e d in a logical way.

The general p r i n c i p l e s for information coding and
presentation åre then further concretized, where parts of
the control boards and panels åre assigned to different
subsystems, functions and plant operational states. The
detailed design is then carried out by selecting displays
and controls for the s i g n a l s and by g i v i n g them specific
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locations in the control boards and panels. The final
quality check of the design may be carried out using a
mock-up of the control room. The general problem of
v a l i d a t i o n of a rnan-machi ne interface has been touched on
by H o l l n a g e l (1981).

The design of the alarm system and other operational aids
s h o u l d a l s o be c a r r i e d out by s p e c i f y i n g g e n e r a l
p r i n c i p l e s before the systems åre designed. Where unproven
d e s i g n s åre p r o p o s e d , it is necessary to bu i Id a
demonstration system with w h i c h concepts åre tried out
before the final design is fixed. In the demonstration,
care has to be paid to the transportabi l i ty of results
obtained to f u l l - s c a l e implementation .

The operational procedures åre often written as a task
separate from the control and instrumentation design. One
p o s s i b i l i t y is to i n v o l v e the personnel that w i l l be
responsible for the operation of the plant. The writing of
the procedures is again d i v i d e d into two tasks where the
general lay-out of the procedures is established before
the procedures åre written. The general documentation of
the plant and the control and instrumentation form another
part of the written material i n c l u d e d in the control
room.

3.3. Quality measures in control room design

The quality of the control room design depends on the
operabil i ty measures of the plant. The control room should
support the operators in their tasks and it should also
provide a work environment compatible with human needs.
When considering the long term aspects of the control
room, there is no contradiction between the system's view
and the hurnan view.

The f o l l o w i n g quality measure factors of control room
design have been identified, Rasmussen (1981):
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- compatibi l i ty and sensitivity,
- trustworthiness,
- clear d i v i s i o n of responsibi 1 i ty,
- f l e x i b i l i t y w i t h r e s p e c t to o p e r a t o r s '

demands,
- reversibi l i ty and error tolerance.

Compatibi l i ty and sensitivity imply that the control room
supports the operator so that he can keep his expectations
updated and select a proper cognitive level in carrying
out his tasks. Trustworthiness means that the systems in
the control room åre r e l i a b l e and that the information
presented is dependable. In the control room there should
be a clear border of responsibi l i ty between the automatic
systems and the tasks where the operator is supposed to
take action. The systems should also conforrn fl e x i b l y to
the o p e r a t o r ' s p r e f e r e n c e s , g i v e the o p e r a t o r a
p o s s i b i l i t y to pace his own work, and provide support for
all the different tasks required. The control room actions
should also always be reversible when possible, and the
systems should have a large amount of i n b u i l t error
tolerance.

There åre also other quality measures which the control
room should sat i s fy, such as:

- f l e x i b i l i t y with respect to changes
- må i n tå i n ab i l i ty
- e x p a n d a b i l i ty
- time and costs for design and con s tru etion

The requirements åre occasionally incompatible and in this
case a compromise has to be found as a part of the design
effort.

During the design process there is a continuous assessment
and optimization of the design with respect to the
selected quality measures. In addition, there åre regular
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design reviews i n c l u d e d where the quality is checked
before a design is approved for construction. A final
check on the operabil i ty of the Control rooin can be
obtained using s i m u l a t i o n and a mock-up of the Control
room.

The final result can be assessed using a check-list (e.g.
E P R I , 1984). It is, however, very difficult to get a
v a l i d assessment of the operability of a control room
based only on details (cf. Norros, Ranta, Wahlstrom,
1983). An assessment of the design quality has to be made
on the same level of abstraction where the designer has
the freedom to select between two alternative designs.
Thi s i m p l i e s that a l s o g o a l s , r e q u i r e m e n t s a n d
speciflcations should be included in the quality control
of the design project.

3.4 Documenting the reasons in the design

The requirements and the quality measures of the design
w i l l govern the design process. The designer in his work
translates the requirements and earlier design into
intentions and reasons on which he wi 1 1 base his design
decisions. This means that there is a step which is
usually not documented in the speci f icati on or in the
technical solutions. This missing step could on some
occasions make it very d i f f i c u l t to trace the connection
between the requirements and the technical solution.

The problem in the control and instrumentation design is
seen in the difficulty of making changes in the o r i g i n a l
design because design changes have to be verified. This
difficulty i m p l i e s that modi f ications of the design often
åre b u i l t as additions to the o r i g i n a l design and not as
changes. This means that the plant gradually becomes more
complex when new systems of exceptions åre b u i l t onto the
o l d de s i g n .



- 50 -

According to present design practices, there åre no
systematic procedures for documenting the reasons for the
design solutions. The documentation of the design has to
be done as a part of the design activity, otherwise it is
very l i k e l y that there w i l l be deficiencies in the
documentati on. The design has, on the other hånd, to be
c o m p l e t e d b e f o r e i t is d o c u m e n t e d , as o t h e r w i s e
changes w i l l cause additional documentation tasks. The
solution to this problem is to combine the design and
documentation effort to make the design self-documenting.

The documentation of the reasons of the design solutions
makes it necessary to e s t a b l i s h formal design routines by
which that information is collected and stored. There
s h o u l d also be some agreed format, which is used to
express the purpose of a technical solution because
otherwise large variations between different designers åre
'l i k e l y .

A s i m p l e system for documenting the reasons into the
design can be obtained by a s s i g n i n g different goal and
requirement identif ication codes. The designer can then
give a formal reference for a technical solution to the
corresponding goal or requirement. A computerized system
can be b u i l t to generate such references automatical ly
based on the i n q u i r i e s the designer is making in his
navigation in the design data base.

3.5 D i s p l a y of d e s i g n i n f o r m a t i o n in the control room

The designer is in the design process d e s c r i b i n g his
mental model of the process using the terms of the design
language. The operator w i l l acquire a mental model of the
process which is based on his training and his own
operationel experience. There w i l l naturally be large
s i m i l a r i t i e s between the designer's and the operator's
view of the process, but there could also be important
differences, and views may differ from the actual design.
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One possi bi l i ty to cope with the problem is to give the
operator more direct access to the design data base. The
p l a n t d o c u m e n t a t i o n w i 1 1 n a t u r a l l y p r o v i d e such an
interface, but it is imp r a c t i c a l to use in the control
room work. Another p o s s i b i l i t y , which is becoming feasible
w i t h t h e i n t r o d u c t i o n o f c o m p u t e r - a i d e d d e s i g n ,
is to give the operator a computerized interface to the
des i g n data base. The interface can be realized to
provide a k i n d of computerized knowledge data base to the
p l a n t which may be used as a t r a i n i n g aid d u r i n g quiet
operational per i ods.

The control and instrumentation systems in the future åre
l i k e l y to be realized as a network of independent data
processing nodes. The flow of information between the
nodes w i l l then be governed by standard mecham" sms for
transmitting data packages from one computer to another.
The networks åre also likely to include the facil i ty of
u s i n g any other of the data processing nodes from each of
the nodes as a v i r t u a l terminal. This means that the
operator can be provided with direct access to the
interface of the computer-aided design systems used.
Indirect access to the design data base can be realized
using different automatic production tools. The tools also
provide addit i o n a l f l e x i b i l i t y in b u i l d i n g different types
of operator aids. The present methods for b u i l d i n g
computerized operator aids already often use the p r i n c i p l e
of e s t a b l i s h i n g a computerized data base, which gives
large f l e x i b i l i t y in r e a l i z i n g the details of the operator
i nterface.

The interface to the design data base from the control
room has its l a r g e s t p o t e n t i a l in the d i s t u r b e d
s i t u a t i o n s w h e r e t h e r e seems t o b e c o n f l i c i t i n g
r e q u i r e m e n t s r e g a r d i n g the a c t i o n s to be taken. A
p o s s i b i l i t y to check the purpose of, e.g. an interlock,
may give the operator confidence in bypassing it in a
situation where it is not a p p l i c a b l e . The designer's
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intention documented as a part of a Control loop may also
help the operator to diagnose and correct failures in the
c o n t r o l l e r . I n a n o t h e r s i t u a t i o n t h e c h a i n o f
associations between two objects of the design data base
may make the operator aware of an important connection
between two subsystems which w i l l help him to avoid an
operational error.
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COMPUTER-AIDED DESIGN

Computers åre the obvious solution to many of the human
short-comings in the h a n d l i n g of l a r g e amounts of
information and so also in the field of design. Control
and i n s t r u m e n t a t i o n d e s i g n and control room d e s i g n
p a r t i c u l a r i l y , have rnany s i m i l a r i t i e s but also important
differences as compared to other areas of design. This
means that a computer system intended to support control
room design should be based on a careful assessment of the
needs, combined with an evaluation of a v a i l a b l e functions
of a commercial system. The optimal system for a specific
environment w i 11 always be a combination of standard ized
parts and tailor-made solutions. The section contains the
f o l l o w i n g parts:

* Computerized design methods
* Advantages of computer-aided design
* H a n d l i n g lists of plant objects
* Formal ization of the design process
* Association networks of plant concepts
* Retrofitting of plant design data bases
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4.1 Computerized design methods

The i n t r o d u c t i o n of powerful c o m p u t e r s has made i t
possible to rationalize the design process. At the same
time there has been pressure to increase the productivi ty
of the designer in order to cope with increased design
costs. It is therefore very natura! that there has been an
increased interest in computer aided design (CAD).

There åre commercial CAD systems a v a i l a b l e , but they to a
large extent concentrate on the generation and h a n d l i n g of
two and three-dimensional drawings. The systems have been
a p p l i e d to design in different fields, such as:

- electronics design,
- bu i l di n g and construction work,
- manufacturing.

The development of the present CAD systems has meant that
many data processing and a l g o r i t h m i c a l problems have been
solved and has thus itself generated a research field The
use of computers in the control and instrumentation design
has been a d v a n c i n g from the most urgent needs, and
different stand-alone systems have been utilized. In the
field of nuclear power, computers have been used to
support design e.g. in the following tasks:

- transient analysis using accident codes
- design and verification of control concepts

u s i n g simulation models of p l a n t processes and
control systems

- generation and h a n d l i n g of lists of s i g n a l s ,
components, d i s p l a y s , alarms, etc.

- r e l i a b i l i t y calculation and ri sk assessment
- management and production of drawings and other

plant documentation.

The functional realization of a CAD system is i l l u s t r a t e d
by Figure 4.1. The designer has access to the design
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data base through a user terminal. The design data base is
stored in different data files and user access to the
design data is either on a read-only or a read and write
basis. Several designers can work with the system in a
time shared mode. From his terminal the user can i n i t i a t e
the f o l l o w i n g general classes of d i a l o g u e :

- make i n q u i r i e s on data stored in the design
data base,

~ ask for sorted l i s t i n g s and different reports,

- give new data to the system,
- modify old data in the system,
- generate new transformed data files from the

data in the data base,
- check the v a l i d i t y and the quality of data in

the design data base.

Figure 4.1 Functional realization of CAD system.

4.2 Benefits of computer-aided d e s i g n

The use of computer-ai ded design has the potential to
increase the productivity of the designer. The most
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important effect is, however, when p l a n t lifetirne costs
åre considered, the increased quality of the design (cf.
Lauber, 1983). The increased q u a l i t y has several
cornponents, which may be attributed to the more efficient
design process and the use of automatic design tools.

A computerized design data oase gives the designer far
more efficient access to the current state of the design
than any manual system. This makes it possible for him to
avoid the danger of working with outdated design. The
computerized interface makes it also possible to b u i l d a
system of associations between the objects of the design.
This makes it easy for the designer to make cross-checks
between requirements and technical solutions that have an
influence on the design he is working on.

The management of changes is also far more easy in a
computerized design data base, because the change will be
introduced in only one place and is iimnedi ately effective.
The computer i zed design data base can also keep track on
parts of the design which w i l l be influenced by a change.

A computer-aided design system can also be constructed to
standardize the design by the use of default mechanisms.
The system w i l l then automatically present a suggestion
for a design solution for the designer, which he can
approve or disapprove. The standardization of the design
can also be enhanced by bu i Id i n g in different guidance and
h e l p mechanisms by which the designer can make inquiries.

Automatic verification of the design can De a p p l i e d by
b u i l d i n g software modules which check the content of the
d e s i g n d a t a b a s e a c c o r d i n g t o s o m e a c c e p t e d
verification rule. The most sim p l e check possible to carry
out, is to check that al l items of the design data base
have been defined when the design project is completed.
Other v e r i f i c a t i o n procedures could use a general design
rule, which has to be satisfied for some subset of the
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design data base. The verification modules may also be
used to compare two alternative designs by c a l c u l a t i n g a
performance measure of the proposed alternatives. One
example of an algorithm for an automatic v e r i f i c a t i o n of
proposed al phanumeric displays has been reported in
Danchak (1985).

Automatic production can be used for the generation of
software modules or to prepare parts of the documentati ori.

design
data
base

tools for
verification

tools for
verification

tools for
construction

Figure 4.2 The computerized tools of the designer and the
operator and their relations to the design data base
and the process data base.

Computers used in the controls and instrumentation wi 1 1
require a large programming effort, which at least partly
can be r e a l i z e d u s i n g program generators. Program
generators may also be used for the production of other
software, e.g. to be used in t r a i n i n g simulators.
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The preparation of plant documentation is an important
part of the design process which is easy to automate. The
generated documents can also be used as sheets for the
collection of additional design information. The use of
document generators makes it also possible to tailor the
d o c u m e n t a t i o n for a s p e c i f i c user. F i g u r e 4.2 is
presents this general view of a design system.

4.3 Handl i n g lists of plant objects

In the design process it is necessary to establish
different lists of plant objects and their attributes.
Typical plant objects appearing in the list åre

- measuring points
- control elements
- control room displays
- alarms
- plant components

The attributes of the objects i n c l u d e identif ication,
l o c a t i o n , power s u p p l y , c a b l i n g , log i es, associated
drawing, data processing, etc.

The lists can be generated from a data base in which the
plant objects have been stored in standardized records.
The cl assif ication system by which plant components åre
g i v e n codes åre then used as the primary search keys in
the data base. Table 4.3 presents a typical compilation
of l i s t i n g keys and corresponding items listed.

The h a n d l i n g of ordered lists of plant objects provides
many of the benefits of computer-aided design systems
earlier indicated. The c l a s s i f i c a t i o n system itself
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Li sti n g key Items listed

system

display page

procedure

a 1 g o r i t h m

measuring point

components
measuring points
control elements
procedures

components
measuring points
control elements
procedures

components
measuring points
control elements
di splays

analog s i g n a l
binary signal
control element
parameters

d i s p l a y
procedure
a l g o r i thm
equiprnent

Table 4.3 Examples of ordered lists possible to generate
on a specific l i s t i n g key

provides paths of association which can be used to l i s t
a l l components or s i g n a l s w i t h i n a given subsystem. The
naming conventions for p a n e l s , displays and control



- 60 -

process components
val ve
pump
pipe
tank
heat exchanger
special components

measuring point
pressure
temperature
f l ow
l evel
radiation
concentration

control and instrumentation
control loop
sequence control
protection log i c
interlock logi c

display pages
tables
control displays
drawi ngs
curves
special d i s p l a y s

Table 4.4 Example of a cornpi l a t i o n of objects w i t h
a p p l i c a t i o n to a power plant



- 61 -

senernes also provide a possibi l i ty of making the necessary
associations in the data base for the l i s t i n g of al l
s i g n a l s addressed in a panel, a display or a Control
a l g o r i t h m .

The lists generated by such a system åre used in the
design process as documents of reference. The lists may
also be used to provide a simple check on the completeness
of the design. In testing the i n s t a l l a t i o n at the p l a n t
the lists åre important instruments, which åre used to
tick off the work as i t progresses.

The l i s t s of p l a n t objects åre also s u p p l i e d w i t h
reference to actual hardware and the lists åre i n c l u d e d as
enclosures with the tendering documents. A li s t of typical
objects of a power p l a n t is g i v e n in Table 4.4. Sometimes
there åre direct connections between the lists generated
and the project management, e.g. when the lists åre
transferred in m a c h i n e r e a d a b l e format between the
computer systems used for project management and the
desi gn data base.

Simple record-oriented data base systems together with an
efficient plant classif ication system can provide a design
system i n c l u d i n g many of the advantages of computer-aided
design systems earlier indicated. A record- oriented data
base system does not, however, provide for f l e x i b i l i t y in
d e f i n i n g new concepts. Neither w i l l a record- oriented
d a t a b a s e system p r o v i d e the r i c h s t r u c t u r e of
associations between different concepts used in the
design. Natura! language descriptions åre also difficult
to implement in the record oriented-structure.

Recent innovations in the theory of data base systems have
made it possible to use efficient search strategies with
d i f f e r e n t k i n d s of search keys. For power p l a n t
a p p l i c a t i o n the existence of an unambiguous component-
naming convention using a classification sy stem provides
the most natura! primary search key. The use of l i n k e d
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random storage files makes it possible to use nanies, with
redundancy without sacrificing fast access to items in the
data base.

4.4 Formalization of the design process

Present design practices rely to a large extent on natural
l a n g u a g e descriptions. This means that requirements, goals
and t e c h n i c a l s o l u t i o n s åre e m b e d d e d in the system
descriptions, serving as one of the inputs for control and
instrumentation design. In order to carry out computer
searches in the design data base, the information has to
be content-coded in such a way that, e.g. a requirement is
g i v e n an i d e n t i f i c a t i o n code and is stored among the
requirements.

The need for content-codi ng of information on the design
data base i m p l i e s that a far-reaching formal ization of the
concepts has to be carried out. Formal i zati on rneans that
the semantics of the design specif ications have to be
written u s i n g an a r t i f i c i a l design l a n g u a g e with a w e l l
defined syntax. This means that the governing concepts
i.e. g o a l s , r e q u i r e m e n t s , f u n c t i o n s and t e c h n i c a l
s o l u t i o n s of the actual design process s h o u l d be
extracted, combined and defined as a r t i f i c i a l concepts to
be used in the CAD system.

To i l l u s t r a t e how the f o r m a l i z a t i o n of the n a t u r a l
descriptions may be worked out, one can consider e.g. the
goal that the display system should be easy to operate.
This goal is then given an identification code i n d i c a t i n g
that it is a terminal goal. This goal may be broken down
e.g. as in the fo l l o w i n g two quantitative subgoals, which
åre given their own identification:

- the complexity index of each display should be
less than a specified parameter

- the d i s t a n c e between two objects operated
w i t h i n one step of a procedure should be less
than a specified parameter.
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An automatic checking of the goal and two subgoals w i l l
then require that the technical solutions of the displays
and the procedures can be written into the design data
base. The algorithms for c a l c u l a t i n g the complexity
index and the distance between two objects must be defined
and programmed. When the displays base has been designed,
then the designer can i n i t i a t e the automatic checking,
which calculates the complexity indices and the distances.
If the goals åre f u l f i l l e d , then the goals åre given a
reference to the displays and vice versa to indicate that
the design has been proven. If not, then the designer
gets information on which displays should be improved. If
a proven design is changed then the system should remove
the corresponding reference from the display and the goals
and generate a reminder to the designer that the goal
checking algorithms should be run anew.

The artificial design l a n g u a g e cannot, however, deviate
too much from the design practices used, because it should
be possible for designers to adopt the new practices with
a m i n i m a l amount of training. In the artificial design
language there should be necessary support also for the
use of natural language descriptions. The natural language
descriptions could, however, be restricted to records of
finite length, which åre used to characterize some general
concept, such as a description or a purpose.

In the formal ization of a design language it is also
i m p o r t a n t that persons with different e d u c a t i o n a l
backgrounds åre able to use the language. The design
language should also support all the different views of
the design which åre a p p l i e d during the design. The
language should have a clear and simple structure to make
it easy to b u i l d different interfaces to it. The most
important interfaces to the design data base åre:

- interfaces between different designers and the
design data base
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- interfaces between the design data base and
verification tools

- interfaces between the design data base and
production tools

- interfaces between the design data base and
control room operators

4.5 Association networks of plant concepts

The formal ization of a design language means that a formal
system should be b u i l t defining all the concepts, used in
the design process. To be feasible such a formal system
has to fit very well with the natura! language models of
the plant used by plant designers and operators. The
formal description should include:

- the concepts
- the syntax of the language
- the semantics of the sentences
- the associative relations between the concepts
- a system of metaconcepts and metarelations

The concepts s h o u l d i n c l u d e p l a n t objects, thei r
attributes, actions, parameters, logical delimiters etc.
The syntax of the language is a description of how the
defined concepts may be combined to form allowed sentences
w i t h i n the formal language. The semantics of the language
is a natural language description of the meanings of the
concepts and the allowed sentences. The relations between
the concepts åre actually embedded in the syntax and the
semantics but åre to be håndled separately because they
should provide the search mechamism within the data base.
The metaconcepts and the metarelations form a kind of
artificial core of the formal design language, which is
used to define the concepts and the relations. The
concepts, objects, attributes, actions etc. åre thus
actually metaconcepts because they åre use to characterize
very general types of concepts. S i mi lår i ly the relations
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being connected; being a member, h a v i n g a property, etc,
åre examples of metarelations.

a v a i l a b i l i ty
requi rement

back-up
component

name

o c a t i o n

purpose

purpose lu b r i c a t i o n

transmitter displays

algorithm —— alarm

pi ant
state

start-up
procedures

r e l i a b i l i ty
requi rement

mai ntenance
procedures

component name

cool i ng

a u x i l i a ry —— back-up
power \ power

subsystem

protection logic a u x i l i a r y
power

algorithm component

s i g n a l s

Figure 4.5 Example of possible associations starting from a
component. In the design data base it should be
possible to move from one object to another along the
relations håndled.
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The construction of the design language could proceed by
d e f i n i n g a m i n i m a l set of plant concepts in interviews
with designers and operators. Table 4.4 compiles sorne
typical plant objects, which w i l l be i n c l u d e d in the set
of concepts. The a s s o c i a t i v e r e l a t i o n s between the
concepts åre then collected and documented within a number
of prototype descriptions. A final formalized model of the
plant concepts can then be found as a structure which
encompasses most of the descri ptions. The model of the
p l a n t concepts should be based on a system and task
description and can be documented using a standard model
for describi n g formal languages e.g. the Baccus-Naur
formalism (cf. Tuominen, Wahlstrb'm, Timonen, 1978)

The associative l i n k s of the design process in terms of
the two design dimensions, the aggregation dimension and
the abstraction dimension, åre one important part of the
association network. The associations between concepts,
s u b c o n c e p t s and s u p e r c o n c e p t s is another i m p o r t a n t
mechanism. Figure 4.5, give sorne typical association
networks between plant concepts.

Considering the general association network, one could
separate the following meta-relations:

- types
- connections
- attributes

The type relation indicates a c o u p l i n g from the object to
another more g e n e r a l object and thus i n t r o d u c e s a
hierarchy of the objects. One example of the connection
relation is the p i p i n g network connecting different
c o m p o n e n t s of the p l a n t . The c o n n e c t i o n r e l a t i o n s
introduce a general c o u p l i n g between two objects which is
not hierarchical. The attributes of an object represents a
set of different properti es associated with the object.
The connections and the attributes can be typed in the



- 67 -

same way as the ob jec t s . One e x a m p l e of p o s s i b l e re la t i ons
is g iven in Tab le 4 . 6 .

type b e i n g p a r t o f
be ing inc luded in

c o n n e c t i o n g i v i n g input to
get t ing output f rom
s a t i s f i e s
s a t i s f i e d by
to be a p p l i e d in
requires application of

attributes name
identif ication code
purpose
location

Table 4.6 Examples of relations between concepts. The
relations w i l l provide an associative branching
from each concept considered in the design data
base.

The use of a c o n c e p t u a l model as the b a s i s for an
understanding of the plant is illustrated in H o l l n a g e l ,
Woods (1982). The formal ization of such a conceptual
model also has interesting i m p l i c a t i o n s on how the plant
is operated.

4.6 Retrofitting of plant design data bases

There åre several advantages of computer-aided design for
new constructions and therefore one could ask if there åre
benefits with using computers for the design data base
also in plants already in operation. If so, it may be
advantageous to consider the computerization of the design
data base as a retrofitting effort. Considering the
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present problems with plants already in operation, one can
identify the f o l l o w i n g

- handling of plant documentation
- management of changes in the plant,
- i n s t a l l a t i o n of new operator aids.

The p l a n t documentation contains immense amounts of
information and the f i l i n g system has to be very f l e x i b l e
if a document sought is to be found. The a p p l i c a t i o n of
m e t h o d s d e v e l o p e d f o r modem l i b r a r i e s may p r o v i d e
remedies for many of the problems of cross-referencing and
executing document searches. Where the documents do not
c o n t a i n key w o r d s , such can even be g e n e r a t e d
automatical ly by programs operating on the titles of the
documents. Modem information storage techniques may also
provide a p o s s i b i l i t y of storing most of the information
in m achine-readable format only.

The management of changes is the touchstone of any design
data base, and in using manual systems there is always the
risk that some important part of the plant or the plant
d o c u m e n t a t i o n is not u p d a t e d . One e x a m p l e is the
operational procedures, which åre very seldom kept up to
date with respect to the annual revisions at a plant. Even
the use of computers in the form of word processing
systems makes it far more easy to make necessary updates
as a result of a change.

The h a n d l i n g of the operational procedures, however,
represents a task where the benefit of more advanced
systems than si m p l e word processing may be found. By the
establishment of a standard vocabulary, one can ensure
that a consistent naming convention is used in all
operational procedures. One can also establish simple
search routines for specific components, which means that
a l i s t i n g of routines effected by a change is obtainable.
A standard coding of the procedures makes it also possible
to i n c l u d e the procedures in computerized operator aids.
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The i n s t a l l a t i o n of new operator aids always means that
some d e s i g n effort has to be c a r r i e d out. In the
construction of specific operator aids, there is the
b e n e f i t of b u i l d i n g tools by w h i c h the d e s i g n is
implemented. Such a design tool w i l l always mean that some
description of the plant is b u i l t into a design data base
which is used by the operational aids. This again points
to the benefit of h a v i n g the plant data in machine-
readable format, which gives the p o s s i b i l i t y to b u i l d the
system using construction tools rather than to b u i l d the
system manually.

Considering the lifetime projections of an operating plant
with the prospect of going through at least one major
revision of the control and instrumentation, there åre
many arguments for the computeri zati on of the design data
base. The revision is l i kel y to be a rnajor redesign which
w i l l h e a v i l y rely on the use of computers and computerized
control and instrumentation systems.

A retrofit of an operating power plant in terms of a
computerized design data base w i l l naturally not cover all
the aspects considered feasible in a new design.
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AM APPROACH TO DESIGNER WORK BENCH

Computers have had a large impact on må ny human activities
and it is likely that they wil1 also have one in the field
of design. What the final impact w i l l be remains to be
seen, but experience from other fields has shown that it
is likely that work practices, organizations and even the
concept of the design profession w i l l change. If the
changes åre properly considered before introduced the
chances åre higher that the development w i l l be a positive
one. The designer work bench outlined below tries to
identify some technological details of the development and
their impact on Control room design. The section contains
the fo l l o w i n g parts.

* System m o d e l l i n g languages
* The construction of design tools
* Default and inheritance mechanisms
* Automatic verification tools
* Automatic production tools
* Technological changes in the design process
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5.1 System modelling languages

The design of complex industrial plants is p l a c i n g new
demands on the integration of different views towards
d e s i g n . These d e m a n d s together with the power and
f l e x i b i l i t y of modem computer systems make feasible new
integrated approaches towards the design process. This
means that not only the control and instrumentation design
should be integrated into one approach, but also other
phases of process design. This concept gives a more
general view of a designer's work bench with a tool box of
computerized design tools.

The designer's work bench means that a common framework
for all aspects of the design should be established. This
again implies that a common language for the m o d e l l i n g of
the system to be desigried should be constructed (cf. Li n d ,
1983). Such a system m o d e l l i n g l a n g u a g e would provide a
framework for the designers in their task of describing
their vis i o n s of the p l a n t to be constructed.

It is clear that a system m o d e l l i n g language w i l l not
provide only one, but rather many descriptions of the
p l a n t (cf. Rasmussen, 1979). One aspect of the m o d e l l i n g
would certainly be a 3-dimensional computer model of the
b u i l d i n g s and the p i p i n g of the plant. Another view in the
m o d e l l i n g w o u l d b e t h e m a i n c o m p o n e n t s , t h e i r
c h a r a c t e r i s t i c s and their c o n n e c t i o n by the p i p i n g
network. A third view is provided by the c a b l i n g , both for
the control and instrumentation and the a u x i l i a r y power
system. A fourth view is provided by the fault trees and
cause consequence diagrams of the risk assessments of the
piant.

W i t h i n the control and instrumentation, one benefit of
u s i n g a h i g h - l e v e l system m o d e l l i n g language is that a
common description can be used, regardless of the final
implementation, for a control law. A common description
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makes H possible to advance the functional d e s i g n , f a i r l y
far without making the final decision where to locate the
control law. When the final decision has been made,
program generators can then be used to convert the
functional description to operational procedures, process
computer software, or instrumentation system hardware
descri pti ons.

Item

plant structure

control

structure

control room

description

structure of
safety systems

instrumentation
structure

plant concepts

plant dynatnics

Content of design data base

plant coinponents and their

i nterconnection

con t rollers, protection
logics

procedures, locations of
displays and controls

engineered safeguards,
protection systems

locations of flow, level

concepts, concept types and
their relations

simulation model for
calculat ion of responses to
control inputs

Tå sk of production program

preparation of input data
for standardized simulation
model s

compilation of simulation
models

preparation of a time line
model of operator tasks

preparation of f au H trees
and cause consequence
diagrams

search for aggregates in
terms of mass and energy
flow

preparation of a formal
model of plant concepts

calculation of small
signal model

Use of the model

calculat ion of
plant responses
during transients

ver i f icat ion of
control senernes

assessment of
operabil i ty of
control room

reliability
analysis and risk
assessment

assessment of
completeness of
instrumentation
for diagnostics

elimination of
contradictions and
verif ication of
completeness

construction of
control algorithms

Table 5.1 P o s s i b i l i t i e s for automated p r o d u c t i o n of
models for the verification and v a l i d a t i o n of
p l a n t desi gn.

The system m o d e l l i n g language would provide a computerized
model of the plant, which can be used for different
automated verification checks. The model is also a v a i l a b l e
as a computerized b l u e p r i n t of the plant for a more or
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less automated production of the different parts of the
real plant. The newly adopted concepts of computer-a i ded
manufacturing make it also possible to proceed fairly far
in pursuing a really automated production system. Some
possi bi l i ti es for the use of a computerized design data
base åre illustrated in Table 5.1.

5.2 The construction of design tools

The construction of design tools w i 1 1 follow s i m i l a r paths
as used in software design, where several h i e r a r c h i c a l
l e v e l s of tools åre b u i l t . The i m p l e m e n t a t i o n of a
computer-aided design system should as far as p o s s i b l e
rely on the use of standardized systems. With the present
level of technology this means that an efficient computer
together with a suitable operating system is selected for
the final implementation. The computer and the operating
system selected w i l l influence the transportabil i ty of the
design data base to other computers. The final selection
w i l l depend on the demands on faci l i t i e s , and the capacity
and efficiency of a v a i l a b l e data base systems. At present,
there åre many commercial systems a v a i l a b l e and a suitable
relationel data base system would seem to provide an
efficient b u i l d i n g platform. Other possibi l i ti es åre the
computers used in the field of artificial intelligence.

The next level in the construction process of the design
data base is to use the primitives of the data base system
to define a set of p r i m i t i v e concepts, by which the design
concepts åre implemented. The definition of the p r i m i t i v e
concepts also includes the d e f i n i t i o n of typing mechanisms
and the h a n d l i n g of connections and attributes. The
primitive concepts in this connection åre equivalent to
the metaconcepts and the m e t a r e l a tions touched on
e a r l i e r.

When the pr i m i t i v e s of the design data base have been
defined, the actual objects of the design process itself
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can oe defined. The d e f i n i t i o n of the objects i n v o l v e s the
utilization of the typing mechanisms, the connections and
the attributes to define an internal structure in the
design data base. Thi s general approach of bu i Id i n g the
system model!ing language on several hierarchical l e v e l s
is i l l u s t r a t e d in Table 5.2.

Level Design a c t i v i ty

design activity u s i n g concepts of
actual plant

d e f i n i t i o n of plant concepts using
genera! metaconcepts

realization of a set of metaconcepts
using a relational data base

implementation of a relational data base
usi n g commands of the operating system

operating system of computer used

Table 5.2 The general p r i n c i p l e of b u i l d i n g the design
data base from computer p r i m i t i v e s

The construction of the design data base using several
hierarchical levels, where p r i m i t i v e s on one level åre
used to define the primitives on the next level, provides
a simple interface with the design data base. With this
constructional procedure it is possible to exchange parts
of the hardware or software of the design data base
w i t h o u t f a c i n g a c o m p l e t e r e w r i t i n g o f a l l t h e
definitions. The interface between different data bases is
also simple to b u i l d , because it is only necessary to find
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a c o m m o n i n t e r f a c e l e v e l f o r t he d a t a t r a n s m i s s i o n
m e c h a n i s m s . Even if the data b a s e s have been us i ng
d i f f e ren t c o n s t r u c t i o n p r i n c i p l e s , i t is p o s s i b l e to
d u p l i c a t e t h e n e c e s s a r y t r a n s i t i o n s b e t w e e n t h e
hierarchical level of the irnpl ementat ion.

5.3 Default and inheritance mechanisms

The need for the s tandard ization of the design can easily
be implemented in a computer-aided design system by
different default mechanisms. A default mechanism provides
an assumed value for the objects of design in the data
base. The designer can then either accept or change the
default v a l u e when an object is the target of a design
task. The default mechanism is used to define typical
constructions which the system w i l l propose as a design
solution whenever the designer attempts the design of an
object which is of the defaulted type.

Another mechanism by which standard ized solutions åre
b u i l t into the design is inheritance mechanisms, which go
through the ty p i n g concept. The mechanism irnpl i es that
each object w i l l inherit the properties of its parent
objects. The inheritance mechanism means e.g. that the
same types of attributes that have been defined for an
object type can be transferred to be defined for each of
the objects of that type. S i m i l a r inheritance mechanisms
may be defined for the connections and the attributes.
The inheritance mechanisms may be used to verify the
completeness and the consistency of the design by checking
whether c h i l d objects have all the inherited properties
defined and whether the child and parent properties
defined åre consistent.

The default and inheritance mechanisms w i l l be defined by
using the p r i m i t i v e s of the design data base. A change in
the default or the inheritance Mechanisms w i l l affect the
design data base fairly extensively, but w i l l be traceable
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t h r o u g h the tree of d e f i n i t i o n s of the data base
concepts.

The d e f a u l t mecham'sms s h o u l d al so be extended to
encompass larger entities in terms of definitions using
the concepts of the design. Such a macro d e f i n i t i o n
m e c h a n i s m means that it is possible, e.g. to define a
standard flow controller by a typing mechanism, which by
its attributes supports the definition of a flow meter,
control v a l v e , algorithm, display and control element. A
general controller can be a s i m i l a r extension of al l
different controllers. This mechanism makes it easy to
duplicate the same standard solutions throughout the
plant. The generation of drawings, w i r i n g diagrams and
procedures can then be done automatical ly by a program
m a k i n g necessary modi f ications of a p p l i c a b l e attributes.

The inheritance mecham'sms makes it also possible to
construct more complicated schemata, which åre inherited
through the typing mecham'sms. They can be connection
types and attribute types, which åre supposed to be
inherited by the use of object types i.e. use of an object
type w i l l not only transfer attributes but also attribute
types from the parent to the c h i l d objects. Such
mechanisms suppose that both object types åre typed with
consistent connection and attribute types.

The combination of production modules with the default
mechanisms makes it possible to automate the design by
letting the system propose design solutions. A production
module w i l l in this connection combine information in the
data base according to some specified rules and present
the result for the designer as a candidate design. Such a
system w i l l approach expert systems for design, where a
number of design rules can be integrated in a knowledge
base for the design process (cf. Barr, Cohen, Feigenbaum,
1981) .
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5.4 Automatic verification tools

The verification of the completeness and consistency of
the design is an important task of the design process. It
is also a very tirne-consumi ng and monotonous task, where
the alertness of the designer plays an important role. It
is therefore very natural to try to b u i l d automatic
verification tools, which can search for deviations from
accepted designs rules.

The most simple automatic verification system is search
for data items not defined in the data base. By the system
of inheritance, mechanisms such as verification become a
comparatively efficient tool to ensure that everything has
been considered. This verification procedure i m p l i e s that
the default values also should have a flag, indicating
that the value has been accepted.

path of verification
path of construction

Figure 5.3 The procedure of construction and verification of
items in the design data base
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Another simple verification procedure is to check the
input from the designer with respect to p i a u s i b i 1 i ty. This
a l s o m e a n s that e a c h d e s i g n e r has some area of
responsibi l i ty where he is able to work. All other areas
of the design data base åre then considered as read only
areas, where the designer is allowed to look at the data
but not to change i t.

Automatic v e r i f i c a t i o n of the design data base i m p l i e s
that some general rule can be constructed which the data
has to sat i s fy. Such rules w i 11 be de f i ned on a higher
l e v e l than the rules i n c l u d e d in the default and
inheritance mechanisms, because to be verifiable they
should not be b u i l t into the design. Such rules w i l l be
either a part of the design requirements, or the result of
a deliberate design effort. Figure 5.3 illustrates this
general approach. G u i d e - l i n e s represent typical examples
of d e s i g n r u l e s for w h i c h automat i c v e r i f i c a t i o n
procedures may be built.

In considering control room design there åre different
p o s s i b i l i t i e s to carry out automat i c v e r i f i c a t i o n
p r o c e d u r e s . One p o s s i b i l i t y is to c o r r e l a t e the
operational procedures with the control room description
in terms of displays and controls, and verify that it is
possible to carry out the required actions within the
time frame allowed. Such a v e r i f i c a t i o n procedure makes it
also possible to assess the control room lay-out in terms
of operator movements in a specific transient.

Another possibility is to verify the consistency of the
man-computer dialogues with respect to more general rules
on how commands and messages should be constructed. Such
systems have been proposed e.g. for the verification of
command structures of text editors.

5.5 Automatic production tools

The most important production tools åre directed towards
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documentation. The use of document generators gives ample
f l e x i b i l i t y to tailor the documentation to specific needs.
One example is the divergent needs for the operational
procedures to be used in the training and in the Control
room. The documentation tools make it also possible to
use the c o n t r o l room c o m p u t e r s for p a p e r - f r e e
documentation of plant design.

The use of computers in the control and instrumentation
makes it possible to generate parts of the operational
software by program generators. The description of the
control concepts in terms of a functional language may
be utilized to compile the control algorithm into the
programming language of the target machine. This means
that a compiler is written for an automatic compilation to
the target m a c h i n e rather than c o d i n g the control
a l g o r i t h m s d i r e c t l y for the target m a c h i n e . The
implementation control and instrumentation w i l l also need
reference to different data base items, e.g. to set up
tables for the computer inputs and outputs. It may also
be possible to generate algorithms for the v a l i d a t i o n of
process signals (cf. Lind, 1984).

The plant description in terms of components, their
properties, and their interconnections, can be used to
generate simulation models by setting up the data bases
and the connections between models. The simulation models
may then be used to verify the control concepts in
different simulated transients.

The plant descriptions can also be used to automatical ly
generate fault trees for use in safety studies. The
generation of the fault trees w i l l in this case assume
that mi ni fau 11 trees have been defined for the different
components under consideration (cf. Suokas, Karvonen
1985) .

The naming of plant components is a task where a large
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number of conventions åre used in spite of the selected
cl assification system. By b u i l d i n g a naming system as a
modul e i n to the design system, i t is pos si bl e to må k e the
rules e x p l i c i t and thereby ensure a l o g i c a l a p p l i c a t i o n
of the cl assif ication system. A s i m i l a r system could also
be used for the writing of a procedure where a module for
the h a n d l i n g of terms could propose standard words to be
used. The module may also include syntax checking and
modi f ication to make all procedures conform to the same
accepted standard.

5.6 T e c h n o l o g i c a l changes In the design process

It is very clear that computers w i l l play an increasingly
important role in the design process in the future. Some
of the reasons have been touched on already, but perhaps
the rnost important is the increasing complexity of modem
ifidustrial plants. The increasing complexity of the plants
i m p l i e s that the design effort is growing rapidly. The
i n c r e a s e d c o m p l e x i t y a l s o m a k e s t h e d e s i g n more
v u l n e r a b l e , because the management of the design process
is becoming increasingly difficult. The increased size of
plants also i m p l i e s that the economic risks associated
with poor design quality åre increasing.

The increased complexity of industrial installations has
an impact on the operation of the plants. It is getting
considerably more d i f f i c u l t for one operator or even a
team of operators to handle all possible combinations of
events. Still the complexity of the plants makes it
necessary to have human operators as the final l i n e of
defence with an unforeseen disaster. The only possibility
to cope with the complexity of the operational tasks is to
present all possible information the operators may need on
the pla n t and its past, present and future states. The
construction of such plant-wide information systems wi 11
require a considerable design effort together with a
better understanding on what information is needed in
different operational situations.
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Another devel opment trend which may be seen åre the new
components in the roles of the Control room operators.
They have already been participating in design projects,
they have been given inaintenance tasks and they have been
writing operational procedures. One can expect that the
new control room systems w i l l provide more functions for
b u i l d i n g specialized displays, which the operators can
learn to use. This may even lead to a situation where the
operators w i l l be responsible for the detailed display
design and the designers only b u i l d the tool s for the
design. The same trend may apply also to other areas in
the control and instrumentation design.

The development of more efficient concepts of h i g h - l e v e l
programming languages has been seen as a trend for a
time in the field of software engineering. A s i m i l a r
d e v e l o p m e n t of h i g h - l e v e l d e s i g n l a n g u a g e s can be
expected. One could even argue that the object of design
effort is slowly shifting from the plant itself towards
the design tools. This means that future computer-aided
design systems may contain only the tools by which new
tools åre b u i l t and not the design tools themselves.

Another tendency in the design process is that by use of
the computerized design tools it is possible to make the
t e c h n o l o g i c a l d e c i s i o n s f o r t h e c o n t r o l a n d
instrumentation late in the design. This has also the
benefit of a l l o w i n g the design to be completed to a far
greater extent than at present before the restricting
decisions have to be made. This also i m p l i e s that it is
possible to utilize the latest technology for the control
and instrumentation, with the correspondingly longer
projected lifetime.

The introduction of the computerized design tools w i l l
tend to make the borders between different areas of
design less sharp. This means that there w i l l be an
i n t e g r a t i o n of different d e s i g n data bases. The
integration w i l l , however, not imply establishment of one
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large monoli thi c design data base; a more likely
d e v e l o p m e n t is the i n t r o d u c t i o n of a network of
independent CAD systems. The apparent integration of the
design data bases is then realized using well-defined
interfaces and mechanisms for data transmission. A
conceptual model of the future design process is given in
Fi gure 5.4.

The design process and the design organization w i l l also
be influenced by all the innovations made in the field of
office automation. This means that electronic mail w i l l
be used between different members and parts of the design
organization. Word processing systems will be a standard
feature of the designer work bench and standard schemata
w i l l be used for minutes and messages. The project
management routines, such as budgeting and schedules, w i l l
be Integrated in the information system of the design
organization.

The experience needed by the future designer w i l l
certainly be in the area of software engineering. He
s h o u l d be very f a m i l i a r with the use of different
conceptual models and he should be able to express such
models in a formal programming language. He should also
have experience in the use of a v a i l a b l e systems for office
automation. This background does not, however, mean that
the designer will manage without a thorough knowledge of
the process he is d e s i g n i n g for. A g a i n it may be
d i f f i c u l t to combine all the required a b i l i t i e s in just
i n d i v i d u a l persons, which means that design probably w i l l
continue to be a team effort.

In many fields where computers have been introduced, a
fear has risen that the computer may automate the man out
of the system. One could ask if the same fear may be
a p p l i c a b l e also in the field of design. With automation
there is always some tacit human knowledge which may be
lost, and this w i l l probably also be the case in the field
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of design. In considering control and instrumentation
design for complex industrial i n s t a l l a t i o n s however, there
seems to be no fear that the designer w i l l be put out of
a job by the new systems. Instead, it would seem to be
necessary to mobilize all the inguenuity of man to design
the industrial systems of the future, which must be safe
and economic to operate.

Figure 5.4 A model of the design sys tem.
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6. A DEMONSTRATION SYSTEM

The system tnodell ing language elaborated below has been
built on many of the ideas con ta ined in the sec t ion on the
d e s i g n e r ' s work bench . W h e n the SML demons t ra t i on w a s
built, these ideas were howeve r not as c lear as they were
in wr i t i ng this report. The actual demonst ra t ion was a l s o
far more modest than o r ig ina l l y intended. In spi te of this
it is our hope that the reader shou ld be ab le to grasp at
l eas t a part of the poss ib i l i t ies inherent in u s i n g
c o m p u t e r - a i ded d e s i g n in the f i e l d o f c o n t r o l and
i n s t r u m e n t a t i o n . T h e s e c t i o n c o n t a i n s t h e f o l l o w i n g
par ts :

* Goals and scope of demonstration
* SML concept
* Elements of SML
* Use of SML
* H a n d l i n g of requirements in SML
* Connections between SML and the design process
* Features of the SML concept
* Implementation of the SML concept
* SML-user interface
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6.1 Goals and scope of the demonstration

The motive for b u i l d i n g a demonstration system as a part
of the project was twofold:

it is necessary to check the feasibility
of the proposed concept before a full-
scale implementation can be initiated,
the demonstration system can serve to
g i v e rough estimates of the effort
needed for the impl ementation in terms
of cost and manpower.

It is itnmedi ately clear that the demonstration system has
to be restricted both in the level of detail and with
respect to the functions implemented.

In specifying the scope of the demonstration system all
references to a u t o m a t i c drafting and 3 - d i m e n s i o n a l
m o d e l l i n g were excluded. The reason was not that these
parts would be unimportant in a CAD system, but that they
could be implemented using commercially a v a i l a b l e modules.
The functions intended solely for the management of

component data such as code, type, location, manufacturer,
state, etc., were also not i n c l u d e d , because many
u t i l i t i e s and vendors åre already using such systems. The
demonstration system was instead directed towards the
problems of the design where additional benefits of a
computerized data base could be seen.

The demonstration system especially addressed the problem
of establishing a computer-traceable connection between
the requirements and the t e c h n i c a l s o l u t i o n s . An
additional aim was to b u i l d the demonstration system to
support the d i v i s i o n of the design data base according to
the two dimensions of design; the dimension of abstraction
and the dimension of decomposition/aggregation.
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The aim of the demonstration was also to gain experience
in how the present design practices could be formalized.
Formal ization i m p l i e s that the concepts relevant to the
design process åre extracted from the natura! language
descriptions and åre Integrated in to the formal design
language. In this process the designer uses the concepts
of the designed system m o d e l l i n g language, which provides
him with a set of design tools. The target for the
demonstration was the properties of the system m o d e l l i n g
language not the design process itself. The construction
of the design language w i l l be a part of the design
p r o c e s s i t s e l f a n d t h e r e f o r e t h e d e m o n s t r a t i o n
concentrated on the e s t a b l i s h m e n t of the necessary
metaconcepts of the system m o d e l l i n g language.

The d e f i n i t i o n of the metaconcepts of the demonstration
system was based on an information analysis of concepts
from a nuclear power plant. The information analysis was
used to convert s a m p l e system d e s c r i p t i o n s into a
formalized models of metaconcepts, by which an e q u i v a l e n t
plant description can be built. This formal model was
then reduced to a m i n i m a l system of metaconcepts, which
could be used to reconstruct a l l the concepts used.
A p p e n d i x 2 i l l u s t r a t e s the use of the p r e s e n t
demonstration system. The demonstration has been b u i l t to
allow also restricted natural language descriptions.

6.2 SML concept

The formal language used in the design may be seen as a
tool for b u i l d i n g a model of the plant. This model w i l l
then serve as the b l u e p r i n t for a more or less automated
construction process. Therefore the demonstration system
in the LIT-3.1 project rapidly evolved into the concept of
a system m o d e l l i n g language (SML).
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In the definition of the SML concept, formal i sm from the
f i e l d of software science was used because i t is
advantageous to use standardized constructions. This
rneans that a language of metaconcepts is defined by which
the concepts of the SML åre defined and b u i l t . This
approach has also the benefit of a l l o w i n g the addition of
new and the deletion of old concepts with time. The
language of metaconcepts thus includes only the skeleton
of the SML, with all the power piant-associated concepts
to be defined by the a p p l i c a t i o n as a part of the design
project. During the LIT-3.1 project, the SML concept went
through several rounds of cornplete revision. The SML
concept has been described in more detail by Heinonen,
1985.

The definition of the SML concept was s i m i l a r to an actual
design project going through the f o l l o w i n g phases

collection of the concepts to be used
during the design process,
de script ion of collected concepts u s i n g
a standardized set of metaconcepts,
establishment of requirements on the
number and record lengths of attributes
of the concepts used,
feeding the concepts to a common data
base,
description of the design in terms of
the agreed concepts,
feeding in the design to the design data
base.

The dimensions of the design åre in the SML concept simply
d e s c r i b e d by the s t a n d a r d r e l a t i o n s b e t w e e n the
metaconcepts. This means that one could use an arbitrary
rich d i v i s i o n with respect to both dimensions of the
design, the abstraction and the aggregation dimension.
The earlier d i v i s i o n of the dimension of abstraction into
the why, what and how classes, and the dimension of
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aggregation into the system, subsystem and component
classes, åre thus only to be seen as a matter of
convenience not as a restriction.

The definition of s i m i l a r concepts is defined with the
typing mechanism of the SML, which gives a method for
defining sub- and superconcepts, their names, attributes
and relations. The relations between the concepts åre
impl emented by a general connection mechanism which rnakes
it possible to implement a rich structure of connections
between the data base items. The association structure
w i l l allow the user to navigate in the data base along the
relations. This means e.g. that the following associations
can be made:

systems to subsystems to components and
back
r e q u i r e m e n t s t o f u n c t i o n s t o
components and back
o b j e c t s to at t r ibutes and to at t r ibute
types and back
ob jec t type to other ob jec ts of that
type
object to object outputs and object
inputs to other objects.

The default and inheritance mechanisms described earlier
have not been very extensively included in the present
version of SML.

6.3 Elements of SML

Considering the elements of the SML, one should separate
between the concepts of the metalanguage and the concepts
of the design data base. In selecting the elements of the
metalanguage there åre two conflicting requirements; on
one hånd it should be possible to describe the richness of
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concepts of a real power plant, and on the other hånd one
should select the most simple structure possible. This
means that one should consider the following questions:

w h i c h types of bu i Id i n g b l o c k s åre
necessary? (ae ti vi ti es, processes,
procedures, events, devices, data),
which is the level of detail that has to
be included?
w h i c h type of d e s c r i p t i o n l a n g u a g e
should be used for the implementation?
(relational, procedural).

In the present form the SML gives a loose formalism, by
which the design could be described in terms of structure,
requirements and functions. The basic b u i l d i n g blocks
selected for the metalanguage åre

objects,
connections,
requirements.

An object is a metaconcept, which has a name, a type and a
number of attributes. A connection is a metaconcept
operating on the set of objects and it establishes a
binary relation between its operands. A requirement is a
special type of entity which can be attached to objects
and connections.

To establish the concept of classes to which sets of
objects belong, the f o l l o w i n g constructs åre used

object types,
connection types.
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A hierarchy of associations can then be defined as an
object type being a subtype of an other object type (cf.
Fi gure 6.1).

Object type

DEVICE

Objects

subtype

Object type

PUMP

instance

K512

instance

K513

F igure 6.1 An example of objects and object types

The connection between the design data base and the design
process is established with the concept procedure. A
procedure is attached to an object or an attribute of an
object to indicate that a design activity has to be
carried out when the object or attribute is addressed.
The concept of a procedure can then be used, e.g. to
indicate that a consistency check or a verification
procedure has to be carried out.

The metalanguage of the present SML can be described with
an entity relationship model (cf. Figure 6.2), where an
entity stands for an arbitrary concept of the metalanguage
( i n d i c a t e d by arrows). The interfaces between the
entities åre conveyed with the following additional
concepts:

s a t i s f i e s ,
attached,
composition,
reference.
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Figure 6.2 Entity-relationship model of the SML data base

6.4 Use of SML

Each of the SML e n t i t i e s uses a set of at t r i b u t e s
depending on the specific entity. The following general
types of attributes åre used:

name,
purpose,
parameter,
ports,
algorithm,
status,
verification.

The name is a unique al phanumeri cal string given to each
entity and each object in the whole data base. The name
serves as the basic search key for all data in the data
base. In practical cases it is advantageous to construct
a naming system, by which all objects åre given names
according to some general rules.
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The purpose of the object is defined as an a l p h a n u m e r i c a l
string y i v i n g a short explanation in natura! language.
Tne purpose may i n c l u d e references to entities and objects
of the data base.

The parameters of the objects åre numerical values and
their corresponding units, which characterize the objects.
One object may have several sets of parameters.

The ports åre used to b u i l d a structure of connections
between the objects in such a way that an object is
defined to have a specified number of input ports and
ouput ports. The ports åre used, e.g. to describe the
p i p i n g network of the plant.

A l g o r i t h m s åre used as a general term for computations
w h i c h åre made in some of the objects. Typical examples
of algorithms åre the automatic Control algorithms and the
logic for the p l a n t protection. The details of the
algorithiii åre described using a language that depends on
the specific impl ementation.

A status is used to flag different conditions in the
construction of the actual data base during the design.
Typical examples åre by whom and when the information for
one object has been defined, updated and verified. The
use of the status makes it possible to search for objects
of the design that have not yet been finalized.

The v e r i f i c a t i o n attribute a p p l i e s to the requirements
which should have some procedure of verification. The
verification could either be manual or automatic, and may
be seen as an algorithmic rule which has to be satisfied
for al l the objects of a specific type in the data base.
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6.5 Handling of requirements in SML

The requirements form the most important construct in the
present SML demonstration. The systematic h a n d l i n g of
requirements and the associated technical solution also
provide an interesting a p p l i c a t i o n potential, both with
respect to the control room operation and the problems of
modi fications in the design.

The requirements to be imposed on a design åre usually
documented in natural language descriptions of design
rules, standards, guide-lines and accepted practices
t o g e t h e r w i t h t h e d e s i g n s p e c i f i c a t i o n s . T h e
formal ization of the requirements w i l l therefore be a
considerable effort in itself.

R e q u i r e m e n t s can be c l a s s i f i e d with respect to the
following general properties:

structural r e q u i r e m e n t s ( d i m e n s i o n s ,
redundancies, material, etc.),
f u n c t i o n a l requirements (capacity,
operation, accuracy, etc.),
positive and negative formulation (the
object must have or must not have a
property),
s ta t i c and dynamic d e p e n d e n c e ( t h e
requirement is a l w a y s a p p l i c a b l e or only
in a s p e c i f i e d dynamic s ta te ) ,
q u a n t i t a t i v e a n d q u a l i t a t i v e
requirements,
requ i rements wi th a va ry i ng pr ior i ty
( e . g . d e m a n d s , p r e f e r e n c e s a n d
d e f a u l t s ) .

The connections between the requirements and the technical
solutions åre b u i l t both top-down and bottom-up as the
design process proceeds. In the top-down mode the
designer defines deduced requirements from the given
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terminal requirements and a network of requirements is
gradually b u i l t . In the bottom up mode the designer gives
the reasons for the technical solution chosen in terms of
formal SML requirements. As a result of the design
activity, all the requirements and the reasons should be
formally defined and there should be connections l i n k i n g
them a l l together. The system of interconnected
requirements makes it possible to verify the design in
searching for i n i t i a l and terminal requirements and the
chains connecting them.

The demonstration data base was built using the technical
specif ications of the l i q u i d waste system of a BWR plant.
The technical specif ications were written in natura!
l a n g u a g e , and 16 formal requirements were identified and
documented. The number of requirements for a real design
project could easily be of the order of several hundred.

6.6 Connections between SML and the design process

The SML concept has been defined based on needs seen
e s p e c i a l l y in control room design. The Control room
integrates all operational aspects of the plant, and that
means that control room design has connections with al l
parts of the plant. The control room w i l l also convey an
operational model of the plant to the operator.

The plant as reflected in its documentation w i l l form the
most important part of the design data base. The control
and instrumentation together with the power supplies for
plant components is another large part of the design data
base. The third part of the design data base is associated
with the control room i tse l f.

The process objects defined on a system and a subsystem
level should include all the different components used in
p l a n t s of d i f f e r e n t designs. This means that the
following general types of objects should be defined:
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pumps,
valves,
pipes,
heat exchangers,
tanks,
special components.

The control and instrumentation objects w i 1 1 be associated
with the different systems and subsystems of the plant.
The following general types of control and instrumentation
objects should thus be defined:

measuring points,
control elements,
c a b l i n g ,
power supplies,
controllers,
control sequences,
protection log i es.

The objects associated especially with the control room
and the control room operators åre the control room
e q u i p m e n t , procedures, and pe r s o n n e l s u p p o r t i n g the
control room tasks. The control room equipment w i l l
contain the following types of objects:

di splays,
controls,
al arms,
display pages,
communication equipment,
other types of control room equipment.

The separation of the specific and the general information
is obtained by the separation of an object and an object
type. This means, e.g. that a pump and a pump type differ
in respect that the data for the pump w i l l give its
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specific name, its capacity, etc., and the pump type wi 11
have a name attribute, a parameter attribute g i v i n g its
capacity, etc. As s i g n i n g specific names to object types
makes it possible to execute searches for object types in
the same way as for objects themselves.

6.7 Features of the SML concept

The SML concept provides a framework for the construction
of a CAD system. The features of a CAD system b u i l t
w i t h i n the framework w i l l thus depend on how the features
of the SML concept åre utilized. Some of the needs
identified on a system m o d e l l i n g language have, however,
been specifically addressed in the present SML concept.

Regardless of the need for a formal i zation of the design
data base, it is clear that there have to be possibi l ities
to use natural language descriptions. In the SML concept
such descriptions åre proposed for inclusion in the
attributes, purpose and description.

Design verification is one of the most important tasks of
the design process and can be done in two ways either
operating directly on the data base or producing separate
verification tools for the design data base. The checking
that requirements åre f u l f i l l e d is directly supported in
SML u s i n g a l i s t of requirements and a reference to
requirements for each of the entities.

The decompositional structure of the SML concept makes it
possible to proceed down to the descriptions at the
implementational level. It is also possible to oreak the
design up into sub-areas to be implemented on ph y s i c a l l y
different CAD systems. Lower-level objects can be defined
before higher-level objects åre defined or vice versa,
which makes it possible for the design to proceed either
in a top-down or bottom-up fashion.
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The SML concept a lso prov ides a more general framework for
a k n o w l e d g e - b a s e of a p lant . Such a k n o w l e d g e - b a s e can
s e r v e as a bu i l d ing p la t f o rm for the cons t ruc t i on of

e x p e r t s y s t e m s , w h i c h can be used to suppor t the des ign
and the ope ra t i on of the plant.

The use of the concep t of a lgo r i t hms makes i t p o s s i b l e to
bui ld au tomat ic c o m p i l e r s and program genera to rs for the
con t ro l s o f t w a r e . The s t ruc tura l i n f o r m a t i o n encoded in
the map of c o n n e c t i o n s between the ob jec t s of the data
b a s e w i 11 de tenn ine , e . g . the c o n n e c t i o n b e t w e e n
s i m u l a t i o n m o d e l s . The a l g o r i t h m i c d e s c r i p t i o n o f

o p e r a t i o n a l p rocedu res may aga in be in terpreted in terms

of cont ro l ac t ion to be a p p l i e d when the s imu la t ion model
is used .

The d e s i g n p r o c e s s can be g u i d e d by i n t e g r a t i n g
c h e c k - l i s t s and des ign gu ide - l i nes in the man -mach ine
interf ce of the f inal CAD sys tem. The SML concept a l so
suppo r t s the de f in i t i on and use of de fau l t v a l u e s and
mac ro -de f i ni t ions in the des ign p r o c e s s .

6.8 Implementation of the SML concept

The implementation of the SML concept is based on a
relational data base model. This means that a more
complex structure than a simple record-oriented data base
is required. In the demonstration system, the relational
structure has been implemented by programming the standard
mechanisms of the SML concept separately.

The SML concept has been implemented on a VAX11/750
computer within the VMS operating system. The programming
language has been Pascal, and the file m a n i p u l a t i o n has
been b u i l t using the RMS software. In writing the
demonstration system, portability has been considered.
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This means that it should be comparatively easy to
transfer the software to any other computer having s i m i l a r
p e r f o r m a n c e to the VAX11/750 computer.

The present S M L i m p l e m e n t a t i o n is composed of the
fo l l o w i n g parts (cf. Figure 6.3):

entity m a n i p u l a t i o n ,
a p p l i c a t i o n software,
f i l e h a n d l i n g interface.

Figure 6.3 Implementation of the SML

The entity m a n i p u l a t i o n is directed to the metalanguage
part of the system m o d e l l i n g language. The entity
m a n i p u l a t i o n system is accessed from a user interface,
which gives different users different possibil ities to
rnanipulate the design data base.

The a p p l i c a t i o n software is directed to different
verification, construction and l i sti n"g programs. In the
present demonstration system, the a p p l i c a t i o n system is
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almost non-existent. In real a p p l i c a t i o n , verification of
the control room design may be carried out, e.g. using the
following quallty measures:

a v a i l a b i l i t y of plant information as
needed in operational procedures,
distance between displays and controls
as needed in plant transients,
s e p a r a t i o n of a l e r t i n g c u e s as
d e t e r m i n e d b y d i f f e r e n t p l a n t
transients,
n u m b e r of active cues in specific p l a n t
transients.

The file h a n d l i n g interface is computer-dependent and has
to be rewritten if the present SML program is transferred
to another computer. The file h a n d l i n g interface has been
written to include the v a r i a b l e length data fields, which
åre used for natural language descriptions.

6.9 SML user interface

The user interface of a CAD system is very crucial when
its efficiency is considered. The user interface must be
interactive if the ful l benefit of the CAD system is to be
utilized. It should also be a multi-user system, because
several designers åre supposed to work with the system
concurrently.

In the demonstration system, a far more modest user
interface has been written. The present version of the
SML concept i n c l u d e s an i n t e r a c t i v e user interface
consisting of a working area and a set of commands. The
working area has buffers for each type of entitity
(object, object type, requirement, procedure, connection,
connection type). The following set of commands has been
ind u de d:
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display help information,
list commands,
create an entity in the working area,
clear an entity in the working area,
delete an entity frorn the data base,
modify an entity in the working area,
list entities,
store entity in the data base,
find an entity in the data base,
read an entity from the data base to the
worki ng area,
read next/former entity from the
data base to the working area,
get entity (find and read),
show the state of the user interface,
set d e f a u l t parameters of the user
i n te r face,
save and destroy an earlier saved state
of the user interface,
open a command file.

As the present SML version is intended for research and
demonstration purposes it has been implemented only with a
one user interface. The code has not been optimized for
e fficiency.
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7. CONCLUSIONS

The benefit of computer aided design (CAD) systems in the
design of control rooms is beyond doubt, and the question
is only which features should be i n c l u d e d in the CAD
system and which not. The benefit of a computerized
design data base may be so large that it could be feasible
to t r a n s f e r p a r t s of the d e s i g n data base to a
computerized system as a retrofitting effort for old
plants. For a new plant the benefit of the CAD system is
seen in i m p r o v e d d e s i g n q u a l i t y and in increased
designer productivi ty.

The construction of a CAD system should be based on a
thorough analysis of information flow during the design
process. The analysis should concentrate on when and by
whom design information is used and produced. The CAD
system should be constructed with a consideration of human
errors in the design in order to support the designer in
tasks where errors åre likely to occur. The CAD system
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should also pay attention to the organization of the
d e s i g n , but i t is also i m p o r t a n t to note that the
introduction of CAD is bound to change the requirements on
the organization.

The most important feature of the CAD system is the
management of design changes. By using computerized
searches in the design data base, it is possible to trace
the requi rernents and all the paths of influence that have
to be considered before the a change can be implemented.
Such a feature necessi tates, in the case of Control roorn
design, management of a rich set of relations between the
different data items in the design data base.

Features to be included in a CAD system to be used in a
real project will always depend on the special needs in
that project. This means that a CAD system w i l l always
need some tailoring before use in a specific project.
Comnierci al ly a v a i l a b l e systems such as drafting packages,
3-dimensional mo d e l l i n g packages, and data base systems
offer efficient b u i l d i n g s blocks in a CAD system to be
used for control and instrumentation design.

The present design practices include a large number of
different natural language descriptions. The introduction
of CAD tools will imply that many of the descriptions have
to be formalized to enable the design process to be broken
down into a number of data processing activities. The
requirements imposed on the design data base can then be
assessed considering the data input and ouput of the data
processing activities, the tools and resources that åre
required and how the activities åre controlled.

Design can be seen as a m o d e l l i n g activity where the
designer describes his vision in terms of a language which
has the property of being able to be converted more or
less automatically into the final construction. This view



- 103 -

suggests the use of a system m o d e l l i n g language as the
basis for a CAD system. The v i s i o n of the designer is
b u i l t into the system, but has al so to be conveyed to the
operator in his training. The computerized data base has
also interesting appl ications in the presentation of
information in the Control room.

As a part of the LIT-3.1 project one approach for the
system m o d e l l i n g language, the SML concept, has been
constructed. Being a l i m i t e d effort, the SML rather
serves as a v e h i c l e for the demonstration of a concept
than a proposal for a CAD system. The demonstration has
also served as a pilot for an assessment of the required
resources and costs for a CAD system to be implemented for
control room design.

On the basis of this limited experience it seems feasible
to extend the demonstration to involve also direct efforts
of industry. The preparation of such a follow-up project
has been started. Experimentation with the system and
projections of possible user dialogues give reason to
believe that the proposed SML concept could serve as the
basis for future CAD systems used for control room design.

The implementation of the ideas of the SML concept should
proceed from an analysis of plant concepts, which åre
refined to form the metaconcepts to be used in the
construction of the CAD system. The final reporting of
the LIT 3.1 project is thus to be considered as g i v i n g a
framework and a box of ideas for the construction of a CAD
system for control room design. The realization of the
CAD system wi 11 depend on when it is going to be used,
because rapid technological development is introducing new
computers and new software at a great rate. It is also
very likely that technological development w i l l change
design project management considerably.
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The design process itself involves many questions which
could be interesting from the viewpoint of cognitive
psychology. One of the questions is how the tools the
d e s i g n e r has at h i s d i s p o s a l w i 1 1 affect his
understandi ng of the plant tie is designing and how the
tools wil l affect the likelihood of different design
errors. Research in the design area seems well justified
in terms of its importance and the scarcity of clear
guidance on how design projects should be assernbled.
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A p p e n d i x l

A classlf ication system for design errors

The classi f ication system is based on the f o l l o w i n g
causal explanation (c.f. Rasmussen et al. 1981).

EXTERNAL
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The different boxes in the c h a i n represent different
facets of the d e s i g n errors and can be correlated with
each other for an investi gation of the most important
d e f i c i e n c i e s in the d e s i g n process. The f o l l o w i n g
s u b d i v i s i o n of the different boxes is suggested:

Observed design deficiency (ODD)

ODD l Design requirement not considered
1.1 Incoinpati bl e design
1.2 A m b i g u i t i e s in design
1.3 Incompleteness in design

ODD 2 Unsatisfactory compromise between
design requirements

ODD 3 Bug in design



Mode of malfunction (MOM)

MOM1 Specified task not performed
1.1 Omission of a part of the

task
1.2 Extra act done in task
1.3 Unsatisfactory performance in

task
1.4 Delays in task

MOM2 Commission of erroneous act
2.1 Wrong subject selected
2.2 Wrong act selected

MOMS Sneak path, unlucky coincidence

Task description (TD) described in task (T) and phase
(P)

T Task w i t h i n design activity
1. Setting goals and priorities
2. Interpreting requirements
3. P l a n n i n g of activity
4. Selecting design alternat i ves
5. M a n a g i n g changes in design
6. Documentation of design
7. Qua!i ty assurance

P Phase within design proj eet
1. Preproject
2. Specification
3. Functional design
4. Detailed design and

implementati on
5. Construction
6. Test operation
7. Commercial operation



Internal human rnalfunction (IHM)

IHM1 Need for decision not detected
1.1 Need for decision not

presented
1.2 Need for decision not

observed
1.3 Signal rejected

IHM2 Error in collection of information
2.1 Information not asked for
2.2 Information not checked
2.3 Information not understood

IHM3 Error in generation of design
alternati ves
3.1 Alternative not observed
3.2 Insufficient alternatives

generated
3.3 Alternative not considered

IHM4 Error in evaluation of design
alternatives
4.1 Consequences of design

decision not evaluated
correctly

4.2 E v a l u a t i o n not carried out far
enough

4.3 Personal preferences
domi nating

IHM5 Error in selection and carrying out
alternative
5.1 Wrong alternative selected
5.2 Error in carrying out selected

alternative



IHM6 Execution documentation and information
di ssemi nation
6.1 Delay in execution
6.2 Documentation not carried out
6.3 Insufficient documentation
6.4 Information not distributed

Mechanism of human malfunction (MHM)

MHM1 Discrimination
1.1 Stereotype fixation
1.2 F a m i l i a r short cut

MHM2 Observation
2.1 Information not observed
2.2 Misinterpretation
2.3 Pieces of information not

c omb i ned

MHM3 Recal1
3.1
3.2
3.3
3.4

Forget isolated part of task
Histake between alternatives
Agreed solution forgotten
Other s l i p of memory

MHM4 Interference
4.1 Side-effects not considered
4.2 Intermixing of two or more

task s

MHM5 Physical coordination
5.1 Motorski 11 v a r i a b i l i ty
5.2 Spati al misorientation



Performance shaping factors (PSF)

PSF1 Stressing environment
1.1 Time pressure in proj eet
1.2 Cost pressure in project
1.3 Personal disagreement between

project members
1.4 Other kinds of stress

PSF2 Organizational atmosphere
2.1 Management style
2.2 Goal identification
2.3 Style of communication
2.4 Performance feed back

PSF3 Task character i sti es
3.1 Structured vs. unstructured
3.2 Content of c h a l l e n g e

PSF4 Inadequate tools
4.1 Information system
4.2 Communication system
4.3 Desi gn tools

PSF5 Inadequate training
5.1 Lack of understanding
5.2 Lack of experience

External causes (EC)

EC1 Excessive task demand with respect to
1.1 Knowledge needed
1.2 Time for execution
1.3 Memory required



EC2 External events
2.1 Distraction
2.2 Change in proj eet plans

EC3 Designer incapacity
3.1 Sickness

3.2 Fatigue
3.3 Lack of motivation

EC4 Latent system conditions
4.1 Errors in design data base
4.2 Lates changes m a k i n g design

obsolete

EC5 Inherent human v a r i a b i l i t y
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UBO noX 'uoiqonj^suT ue ^noqs UOT^BUIJOJUT BJOUI ^UBM noX
JI -sBuT^STi pus sdn >|oid jo sput>( ^uaaajjip op UBO noX
uaqtj pus asBqs^Bp aq^ UT ,a^B6TABu, UBO noX ajouuaq^jnj

auiss aq^ UT ajtj UMO S^T UT qosa ^Sfxa qojqw

så jnpaoo jd-
s u o T } o a u u o o -

s ̂ u a ui a j T n b a j -
s^oafqo-

s a d X } - } o a f q o -
:XjTpouu pus ^SJT 'a^ajap 'pps UBO noX lusjBoad sjq^

*****************************************************************
* *
^ 'uaajos aq^ uo UMoqs ST uua^sXs ~ins *
* aq^ jo asn aq^ uo UOT^BUIJOJUT ajouu ,^, sadXq jasn aq^ jj *
* *
*****************************************************************
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A2.3

(deletes the entity from database)
MODIFY ENTITY

(modifies the entity that exists
in the working area)

LIST ENTITY ALISTING-DEVICEÅ HLISTING-TYPEA
(lists the entity or entities the
user wants listed)

TYPE ENTITY
(lists the entity that exists in
the working area to the terminal)

STORE ENTITY
(stores the entity in the database)

FIND ENTITY
(finds the entity from the database)

READ ENTITY
(reads the entity from the database)

READ-NEXT ENTITY
(reads the next entity from the
database)

READ-PRIOR ENTITY
(reads the prior entity from the
database)

GET ENTITY
(the find and read operations together)

GET-TYPE ENTITY
(reads the type of the entity from
the database)

GET-OWNER ENTITY
(reads the owner of an object
from the database)

RETURN-DRIGINAL ENTITY
(reads the original object from the
database, can be used after
the get-owner statement)

LIST-OWNERS ENTITY
(lists all the owners of one object)

GET-COMPONENT ENTITY
(reads the component of an object
from the database)

GET-ORIGINAL ENTITY
(reads the original object
from the database, can be used afte
the get-component statement)

LIST-COMPONENTS ENTITY
(lists all the components of one object

LIST-CONNECTIONS ENTITY
(lists all the connections of one object)

SHOW STATE
(lists some state information on the
terminal)

SHOW ENTITY
(shows all the entity names of an entity-
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1786L-AON-0£ =3HIi lN3Hyfl3 3H1

oiuap :3WVN 3SVOV1VC]

a^B^S MOqS'

**********************************************#************#**#*
* *
* aoBjia^uT Jasn aq:j jo a^e^s ^uajjno aq^ *
* s^aB aasn aq^ ,a^e^s woi|s , BuidX^ Xg x

* *
****************************************************************

jo sja^^ai; fe^ideo jaq^ya UT UB^TJM aq UBO SUOT^OPJ^SUT

ST ^-o s ^nq anbtun ST ^-o qs a-[duiBxa
anbiun uisq^ a>|eui 03 ajns aq ^nq 'sax^T^ua

pue suoT^onj^sut aq^ jo siujoj paua^joqs asn osts ueo

Xq UOT^BUIJOJUT ajouj ^aB "[Ti
no/

^
 sa

TT j-puBuiuioo aq^
i^onj^suT OTjioads aq^ }noqB UOT^BUJJOJUT aaoiu auios
f[,noX uox^ona^suT aq^ ajojaq >j JBUJ- , i , "B S^TJM noX

aoi Aap-
°
 auo o:

\ spuodsajjoo
• a Jnpaoo jd

'uoi^oauuoo ' adÅ^-uor^oauuoo ' ^uauia Jinba J '
o :BuiMoxTOJ am jo auo o^ spuodsauoo

wejBoad aq^
3X9

(jjo Buidaa>| Boj aq^ s^nd)
JJO-301

(uo 6uidaa>i 6o-[ aq} sqnd)
NO-301

( wo^aq }xa} aas )
<3WVN 31IJ-aNVWW03>3

XjBJoduua^ B UJDJJ/O^
aasn aq^ saAssun/saABS )

31V1S 3AVSNn'3iVlS 3AVS
aq^ jo anjBA }~[

ne
J
a
P aq^ swoqs)

aq^ uo an-[BA ^i;nejap B s^as)

ue jo anjBA Xa>) aq^ swoqs)
X1IIN3 A3X-MOHS

UT ^sxxa
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•uiarjsXs a^sew pinbt~i '
asodand

ssaoojdqns 3dAl JO 133CaO

*****************************************************************
* *
* 'aaaq U3AT6 aq ueo ^uatuajtnbaj *

jo qxa} ai|} asTMjaii^Q 'aTTJ }uauia JTnba j ai|^ uioaj ^
ua>|B^ uaq^ ST qxa^ am 'pauijap ST ssaooadqns *

uagw uaAt6 aq ^snuu aaquinu aq^ Xjuo 'aiaqMas^a pauijap ST *
^uatuajrnbaj B jj • • • • ' LOO

J
 pajaquinu aae s^uauia jfnba a aqi *

'ssaoojdqns adX^ jo ST #
s^uauiaJTnbaj Xueuu seq LIOT^M iZVfs, ^oafqo UTB^JSO y *

*****************************************************************

ssaoojdqns
V86I.-AON-92 MP 'HOHinV

ssaoojdqns
3SOdiJnd

3dAi-133CaO ssaoojdqns

****************************************************************
* *
» 'pauTjap aq UBO sassaoojdqns jo spuT>] \IB qoTqw

-[Bjaua6 a^tnb B jo

****************************************************************

S3I1I1N3 JO S31dWVX3 Z

l,uoTqoauuoo-npaj :NOI133NN03

Xouepunpaj :3dAl~ 'NN03

LZ\,* ^BjdsTp-/.z |,A

XBidsTp-aA^BA XBidsTp-aAfBA XB-[dsTp-aA-[eA : 3dAi-133l?aO

:M3iNIOd 31IJ :y3Jjna JO S1N31N03
 :

 3WVN A3>1

S'ZV



A2.6

r001 :
System 342 must serve F3.

r002:
Earthquakes need not be taken into account.

r003:
The reuse of water must be maximized.

r004:
There must be so much redundancy in components and
flow routes that there is 24 hours time for
repair.

r005 :
If a passive component or an active large component
is damaged, the functions must be restored in
one week.

r007:
Electric supply is taken from the 10kV net Of F3.

r008:
Redundant components åre supplied from different
electric nets (C or D).

r01 3:
Operators work 40 hrs/week, at other times the system
342 is controlled from the control room of F3.

r014:
System 342 must have so much automation that the
shifts of F3 åre not disturbed too much.

r015:
There is only local control if the function is
needed only a few times a week.

r016:
There must be displays in the control room if
continuous supervision is needed
(measurements, alarms,...).

AUTHOR: jh 26-NOV-1984
END s342

**#***************#***#********»#*#******##*#************#*#****#
* *
* The requirement r008 which the previously defined subprocess *
* 's342' must satisfy is presented here in more detail. *

r008 REQUIREMENT
TEXT

Redundant components åre supplied from different
electric nets (C or D).

PARAMETER
type : mandatory
verifying method : automatic
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aq} q6nojq:( n^ >IUB^ aq^ uiojj JB^BM sdujnj

duind 3dAl JO 133C90

t*************

uoT^dTjosap ^UBjd aq^ jo s^jsd jaq^o aujos oq 'a^dtUBxa JDJ #
'pa^oauuoo aq UBO -;T qoiqM Xq s^jod OM^ OSJB seq ^T *

PUB sja^awe jed •[BjaAas SBq ^j -duind adÅ^ jo qoafqo UB ST |,|,d »

******************************************************************

QN3
1786I-AON-9Z MT SHOHinV

VPd
 :

 apooj
auiBU

UT aouaaajjip
3SOd«nd

JO

******************************************************************
* *
* • ̂uaiuajnseaiu aouaaajjip ajnssajd B ST LLZ

111
 *

^ 'paujjap aq UBO s^uaiuaansBatu *
* pus sjajT;

0
-

1
^

1
-

100
 Bo^sue qojqM q^TM adX^ ^oafqo UB ST ~[°

J:
1

UOO
~

B
 *

* *
^»»^nnnnnnt********************************************************
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1786L-AON-9Z MT
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L 3WVN A3X 133reO 3H1
qoafqo Xa>]-a:)B9J3

*******************************************************************
* *
* *joj paqojBas aJB adX^ *
* BuipuodsgJjoo jo saj^T^ua ai|} 116 }BL|} susgui qoTqM , <., jo sguusu »
* Xa>( jo aBuBj B 'auieu Xa>| e ButAiB Xq paijioads aq ueo sXa>| aq| ^
* *

3SVaVlVQ 1WS 3Hi NI NOI1V3IAVN £

LU QN3
1786L-AON-9Z ^P

LI.} : auiBU

uicj'o Jo ^sawoi;) X"[~[
BnUBU1

J°

LUDJJ

m 5'Q jo qq6taL) e }e qa^^no UB aq osje ^sniu ajaq^
'J9A8MOH 's^uiod ^saMoy aq^ qBnojm par^duia
pue z 'i suua^sXsqns jo S^UB} uot^oaxjoo aqi

aBeuTBJp uja^sXs aqq
3SOddnd

JO

******************************************************************
* *
* 'Xjsi^BS ^sniu qt qoiqM s^uaiua Jinba J OM^ seq [,1,^ >|UB| »
* *
******************************************************************

17861-AON-9Z MP :yOHlRV

ofg 'Butuunj snonuT^uoj
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SlN3NOdW03

uoT^oauuoo- ja^xi J
 :

 adÅ}
uof^oauuoo- 1 u : auueu

B -}B 6uT}Bjado aq 0} waq}
jo auo X~[uo joj ajqissod ST }T os £i,j

ja}-[Tj
 SL
H M}T

M
 iuepunpa.1 BT \, |,j jat^Tj

•BuT^BJado ST ja^-[TJ 111 ^Ml ^T
uo

uado aq }snw saA"[BA L|OTL|M

JO 1G3C90 uoi^aauuoo- u A

*******************************************************************
* *
* 'a^BTjs }uejd UTB^JBO B +

uoT^oauuoo- j, i, j 'uoT^dTJOsap ^UB~[d aqq jo
a^jnb osje ^uasajdaa o^ pasn aq OS^B UBO s^oafqo

*
***************************************************************

XBjdsip-a A-[BA : ÅExdsip-f i \, A

uoi^oauuoo- ja^^T j : uoi^oauuoo-xaiTB jsd
uoi^ounj- ja^-[TJ

 :
 uoi^ounj- \, \, j

uoi^oauuoo- aa^"[T j : uoi^oauuoo- \, \, j
:
 £UA 133C90 3H1 JO SHJNMO 3Hi

***************************************************-****************
* *
* 'SJauwo jejaAas aABq UBO ^oaTqo aq| -^uauodmoo Jiaq^ SB +
* ^oafqo aq^ autjap ^Bq^ sqoafqo aq^ aje ^oaTqo UB jo sjauwo aqi *
* *
*******************************************************************

fUA QN3
VB6L-AON-9Z MT

a A"[B A :
£ 1 1 A : aiueu

JO 133C80
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A2. 10

valvel= v 1 1 1
valve2= v112
valve3= v11 3

AUTHOR: jh 28-NOV-1984
END f 11-connection

list obj eet

v113-display OBJECT OF TYPE val ve-display
PURPOSE

Shows the state and location of the valve v113.
PARAMETER

name : v113
type : x-valve
location : y
status : y

COMPONENTS
signal= v 1 1 3

AUTHOR: jh 26-NOV-1984
END v113-display

list-components object
THE COMPONENTS OF THE OBJECT v113-display :

v113 : valve
list-owners object

THE OWNERS OF THE OBJECT v113-display :
f11-display : Pi-display

get-owner object
list object

****#*************#*************#*##******#*#**********************
* *
* f11-display shows many plant components and uses several other *
* subdisplays. *
* *
****-*-************************##*#*#************************#*******

f11-display OBJECT OF TYPE Pi-display
PURPOSE

The display shows the pressure difference in the
filter f11.
Also the flow after the filter and the conductivity
before it åre shown.
The display also shows if the valves that control
backspooling flow to the filter f11 åre open or not.

PARAMETER
ident :
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*******************************************************************
* *
* "jajjnq aaBjja^ui *
^ jasn aq^ O^UT peaj aq UBO ÅB-[dsTp B jo s^uauoduuoo aqi #
* *
*******************************************************************

UJ QN3

ip-c; 1 1 A ^
ÅB~[dsTp-i7 1 i A ^
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********************************************************************
* *
* °jjo }ja~[ aq UE3
* Å^T^ua au.} jo srjjed -SÅEM ÅUBUU UT paqsfx aq UBO
* *
********************************************************************

SNdOJ ONI1SI1 1?

01 Q3NIJ3C] SNOI133NN03 ON

XouBpunpaj : 3d AlZNOI 133NN03
(,uo-tqoauuoo-npai : 3WVN NOI133NN03

duund JQ 3dAl \,1*°d'tld -OL

: Ud 133090 3H1 JO SNOI133NN03 3H1

********************************************************************
* *
^ 'sduind ^uspunpaj OM} ^oauuoo o^ pasn ST *
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T *
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* *
********************************************************************
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A2.13

name
type
capacity
location
power
calculationdata

PORT
portl
port2

ALGORITHM
jh 26-NOV-1984

P13
centri fugal
10kg/s

1 .5kW
1.OMPa/60C

AUTHOR:
END p13

jh 26-NOV-1984

.list requirement author

jh
jh
jh
jh
jh
jh

jh
jh

26-NOV-1984
26-NOV-1984
26-NOV-1984
26-NOV-1984
26-NOV-1984
26-NOV-1984

26-NOV-1984
26-NOV-1984

r016 REQUIREMENT
TEXT

There must be displays in the control room if
continuous supervision is needed
(measurements, alarms,

PARAMETER
type :
verifying_method :
status :

SATISFIED BY
s342

mandatory
automatic
verified

jh 26-NOV-1984

AUTHOR: jh
END r016

26-NOV-1984

jh
jh
jh

26-NOV-1984
26-NOV-1984
26-NOV-1984
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