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Abstract. The paper describes a systems modelling methodology, 

called multilevel flow modelling, or MFM, which aims at 

describing complex production plants as designs, i.e. as 

systems having goals, functions and equipment realizing these 

functions. The modelling concepts are based on thermodynamics 

and lead to a system description in terms of multiple levels of 

interrelated mass or energy flow structures. The paper dis

cusses as a basis for the modelling framework the general 

properties of artifacts or designs, characterizes the com

plexity of production systems and defines the MFM concepts 

which allow a consistent specification of goals and functions 

of these systems as generated in the process design. A 

modelling example is given and the application of the models 

for the design of plant control strategies is outlined. 
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INTRODUCTION 

Recent developments in the control of complex production plants 

such as power plants and chemical processing units indicate a 

trend towards integration of protection functions and control 

functions for normal operation, and an increased integration of 

production functions in the plant. This is the case for nuclear 

power plants where some vendors provide flexible control 

schemes which allow a graduated handling of plant disturbances 

to avoid the initiation of protective functions when not 

absolutely necessary. The increased effort towards the re

duction of energy consumption in the process industries has led 

to the consideration of more complex equipment resulting in 

increased process interaction. This tendency indicates that the 

control and supervision problems previously associated with 

large comple:: systems as nuclear power plants also will be 

faced in other process industries in the future. The result of 

this development should be an increased concern for the 

problems of control of complex systems. These problems include 

both the proper planning of the plant control strategies, the 

allocation of control functions to the computer and the 

operator and the design of man-machine interfaces which provide 

adequate support to the operator in diagnosis and control. 

The application of computers for control supports this develop

ment , but ful 1 advantage has not yet been taken of the 

information processing capability of the modern computer. One 

of the reasons for this has been the lack of an appropriate 

theoretical framework which allows the analysis of the total 

control problem in a complex production plant independently of 

the actual implementation. This includes the consideration of 

sequence control for start-up or shut-down of plant systems, 

protection systems, control functions for normal operation and 

the interface to the operator. In order to obtain real 

improvements in plant control it is necessary to consider all 

the He aspects of plant control as parts of an integrated 

problem. 
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The paper will describe a multilevel systems modelling frame

work (MFM, multilevel flow modelling) developed by the present 

author which has a potential as a basis for design of overall 

control strategies for production plants. The main principle in 

the modelling is to describe the process to be controlled as a 

design, or as an artifact adapted to the environment, i.e. as a 

system having goals, functions and physical components realiz

ing these functions. A modelling language based on mass and 

energy balances is used for modelling the plant. This approach 

leads to a structured way of dealing with the problem of 

designing integrated control systems as it identifies the 

control tasks to be solved to achieve, maintain and protect 

normal operation. Furthermore it also provides tne basis for 

design of information systems for op ator support in diag

nosis. 

THE SYSTEM REPRESENTED AS AN ARTIFACT 

The aim of the MFM modelling method is to describe a production 

plant as an artifact or as a system designed to satisfy 

specified purposes. The implications of this aim have profound 

consequences both for the modelling concepts used, the infor

mation gathering processes implied in the modelling activity, 

the kinds of questions which can be put to the model and the 

nature of the answers which can be expected. In the following I 

will discuss in more detail the implications of adopting a 

design stance in modelling. 

The nature of designs has been discussed by Simon (1981). Simon 

characterizes an artifact or a design as - an interface between 

an "inner" environment, the substance and organization of the 

artifact itself, and an "outer" environment, the surroundings 

in which it operates. If the inner environment is appropriate 

tf the outer environment, or vice versa, the artifact will 

serve its intended purpose -. The separability of the inner and 

'Mi'fT ':.TIV i ;•<"• nmen' s is the reason why we can î onnid̂ r arMfact:-. 
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as organized in levels and can describe behaviour of the system 

from different perspectives. This point is elucidated by the 

following citation from op.cit. - the advantage of dividing the 

outer from the inner environment in studying an adaptive or 

artificial system is that we can often predict behaviour from 

knowledge of system goals and its outer environment, with only 

minimal assumption about the inner environment -. - Further

more, quite different inner environments accomplish identical 

or similar goals in identical or similar outer environments -. 

System goals are determined by the outer environment whereas 

the constraints of the inner environment determine system 

capability i.e. the limits of adaptability to the outer 

environment. 

THE SYSTEMS APPROACH AND THE MODELLING OF ARTIFACTS 

Simon's characterization of artifacts is closely related to the 

top-down approach to design, the so-called systems approach. As 

artifacts are distinguished from natural non man made systems 

by realizing the intentions of a design agent, identification 

of design goals provides an important ingredient in their 

modelling. The true nature of artifacts is not captured if 

goals are left unspecified. Gregory (1979) has given the 

following description of the systems approach as a managerial 

procedure relying upon 

- the identification of objectives (or goals) to be attained 

- fhe specification of functions needed to achieve those 

objectives 

- the quantification of performance in terms of output quality 

and value 

- f,hc specification of parts of the system needed and their 

inffT" 1 at i^psh i p 
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- the optimal configuration to achieve the objectives given the 

environment, constraints and resources. 

This description of the systems approach to design identifies 

tne key concepts to be considered in modelling of system 

designs. Note that a clear distinction is made between systems 

functions and their performance. Functions can be realized 

without consideration to their performance and a distinction 

should be made between what a system does and how wel 1 it does 

it. The latter requires some quantitative measure of perform

ance. As an example it is possible to consider the heat removal 

function in a nuclear power plant as an abstract object without 

considering how much heat is removed. The heat removal fun tion 

provides a potential for heat removal. This systems approach to 

design leads naturally to a description of a system in terms of 

an abstraction hierarchy. 

THE ABSTRACTION HIERARCHY 

The properties of process plants can be described by using an 

abstraction hierarchy as shown in figure 1 (Rasmussen, 1979). 

This hierarchy provides a multiple view of the same system in 

that each level emphasizes certain selected aspects of system 

properties. Abstraction hierarchies are used as overall model

ling frameworks within several problem areas related to the 

topic considered here. As examples could be mentioned Computer 

Aided Design (Eastman, 1978), System Theory (Mesarovic et al., 

1970), and Artificial Intelligence (Sussman et al ., 1980). 

On the highest level of abstraction in figure 1, the level of 

functional purpose, the system is described by its purpose, 

i.e. in terms related to its interaction with the environment. 

On this level , a power plant would thus be described as an 

energy production system since this description is adequate for 

des'ing with its interaction with the environment, which 

•:.-c.nn i .s'.s of the electric distribution network and the con-
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LEVELS OF ABSTRACTION 

FUNCTIONAL PURPOSE 

Production flow models, 

system objectives 

ABSTRACT FUNCTION 

Causal structure, mass, energy & 

information flow topology, etc. 

GENERALISED FUNCTIONS 

"Standard" functions & processes, 

control loops, heat transfer, etc, 

PHYSICAL FUNCTIONS 

Electrical, mechanical, chemical 

processes of components and 

equipment 

PHYSICAL FORM 

Physical appearance and anatomy, 

material & form, locations, etc. 
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sumers. When we shift a level down to the level of abstract 

function, we describe the internal function of the system in 

terms of the topology of the flow of energy, mass and 

information. This type of description represents the overall 

processes performed by the system considered and ignores 

physical details on how these processes are implemented. These 

details are described on the next lower levels. These types of 

models will be discussed in more detail below. Returning to the 

abstraction hierarchy in figure 1, the system can be described 

on the level of generalized function in terms of the behaviour 

of functionally integrated subsystems. In power plants, we can 

talk about the air-gas path in the boiler and the component 

cooling system etc. as abstract functional ODjects and the 

behaviour of the plant in terms of states of and interaction 

between these objects. In the example of a watch given by 

Sussman et al . (1980) this level provides a description in 

terms of balances, escapement and wheel-trains etc. Moving dov.n 

to the level of physical function, the system is described in 

terms of interactions between components and equipment; i.e. 

valves, pumps, turbine generator units etc. This is the level 

which is usually described in a piping and instrumentation 

diagram. On the lowest level of abstraction we deal with the 

physical anatomy, material form and location in space. 

The abstraction hierarchy organizes the different levels ac

cording to the degree with which they represent system proper

ties related to the overall plant purpose or to the implemen

tation in terms of physical components. At each level of 

abstraction, the reasons and specifications, i.e. the require

ments for proper function, are formulated from above, and the 

means for control and potential for function, i.e. the physica1 

capabilities and limitations, are coming up from below. In case 

of disturbances due to technical faults, the causes of malfunc

tion are propagating bottom-up through the hierarchy of ab

straction, at the same time as rules for proper functions are 

derived top-down. 
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CHARACTERISTICS OF SYSTEM COMPLEXITY 

The notion of an abstraction hierarchy emphasizes the need of 

different levels of descriptions when modelling a technical 

system as a design. The complexity of designing and operating 

large processing units is partly due to the need of applying 

multiple perspectives on the system. But another factor which 

is important is the nature of relations between "objects" on 

different levels. Although we will deal in detail with these 

relations later it is appropriate to provide an idea of their 

nature already here. 

Consider the overall production and safety goals of e.g. a 

nuclear power plant which are to maintain electricity pro

duction and to prevent the release of radioactive materials to 

the environment. Each of these goals can be approached bv 

proper control of various functions related to inventory and 

heat balances in the plant system, and each function can in 

general be implemented by means of different equipment and 

configurations. Furthermore, each piece of equipment may sup

port several plant functions. These many-to-many mappings 

(fig. 2) among the levels in the abstraction hierarchy contrib

ute to system complexity. Control problems occur if several 

conflicting goals should be achieved by means of the same plant 

functions. But at the same time the many-to-many mappings also 

provide the potential for corrective actions by operators or 

automated controls, since they make it possible to replace H 

disturbed function by the service of other equipment. This 

reflects the use of redundancy or diversity techniques in the 

design for reliable and safe system operation. 

There is, in addition to the many-to-many mappings discussed 

above, another type of relations between plant goals and 

functions which relates to the dynamic nature of systems. This 

is kind of equivalence relation dealing with cases where a goal 

specifies the function of a system with respect to its 

environment i.e. what it should do (not how wel1). Satisfaction 

of the goal requires the coordination of the functions of 

subsystems and takes time, hence the relation to dynamics. This 



- 12 -

Goals 

Functions 

Equipment 

Fig. 2. System complexity is partly due 

to many-to-many mappings between goals, 

functions and equipment. 

aspect is closely related to the recursive nature cf the MFM 

models to be described later. The MFM approach allows the 

specification of system goals and functions using the same 

modelling concepts. The distinction between goals and functions 

depends on two interpretations of the model information. 

Another factor contributing to complexity has to do with the 

conditions tc be satisfied during plant operations in order to 

ensure proper system integrity and function. In terms of the 

distinction between goals, functions and equipment, there are 

three types of conditions. One relates to the conditions 

necessary to ensure that a certain plant function exists (this 

will be called a support condition), another type deals with 
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conditions necessary to ensure that the equipment (including 

its configuration) necessary for a certain plant function is 

available (an availability condition). The third type of 

condition deals with the situation where system reconfiguration 

is conditioned by the proper state of a plant function (a 

switching condition). 

A consistent description of plant properties in a purpose -

function - equipment hierarchy is accordingly an important 

basis for the design of overall plant control strategies 

involving the identification of control tasks and the sub

sequent allocation of tasks between operators and automated 

control and protection systems. This is a way to identify 

operational conflicts and constraints. Such a system descrip

tion would at the same time provide a basis for design of 

operator support systems for diagnostic and supervisory pur

poses (Rasmussen and Lind, 1981). An approach to such a plant 

description has been made by Westinghouse (Rumancik et al . , 

1981) for the specification of a disturbance and surveillance 

system (DASS), and, in a more formal way, by Rasmussen (1979) 

and Lind (1979, 1981, 1982a and 1982c) the latter by the 

multilevel flow modelling methodology MFM to be described 

be low. 

MULTILEVEL FLOW MODELS 

In multilevel flow modelling the functional structure of 

process plants is described in terms of a set of interrelated 

mabs and energy flow structures on different levels of physical 

aggregation. The basic concepts used are closely related to 

thermodynamics which is the basis for every consistent approach 

to modelling physical phenomena in process plants. The method

ology is used to provide normative models as the aim is to 

describe plant goals and functions as specified in the process 

design. The flow modelling concepts may also be used for 

descriptive purposes. A descriptive model represents the actual 
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behaviour of the system, whereas a normative model represents 

the system in terms of how it is intended to behave (Simon, 

1981). This distinction is important for understanding how flow 

models are used for functional specification and for avoiding 

pitfalls in applying the methodology for this purpose. The 

modelling approaches in the two cases are basically different 

as the normative model requires a top-down function-oriented 

holistic approach whereas the descriptive modelling is a 

bottom-up atomistic approach starting with minute details and 

ending with a level of detail determined by simplifying 

assumptions. The MFM method distinguishes between two groups of 

modelling concepts, one related to the representation of plant 

goals and functions, the socalled flow functions, the other 

group deals with the representation of how flow functions are 

realized. 

FLOW FUNCTIONS 

The function of the plant and its subsystems is described in 

terms of a very restricted set of basic flow functions. These 

basic functions can be interconnected into functional networks 

called flow structures, such a network is also called a flow 

function. A flow structure is a functional network representing 

the plant on a level of physical detail <uven by an aggregation 

of plant components and equipment into subsystems. It is an 

important aspect of the methodology that this physical aggre

gation is motivated by functional considerations. Two distinct 

functional elements (nodes) in a flow structure may, as a 

result, correspond to two overlapping plant subsystems, i.e. 

they may share components. The individual functions will be 

explained below and their symbols used in the construction of 

flow structures are shown in fig. 3. The performance parameter 

mentioned in the explanations is a plant variable which can be 

used to evaluate the success of the system to perform its 

intended function. 
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The storage function represents the property of a system 

to act as a buffer or accumulator of mass or energy. We 

distinguish between mass storage and energy storage. The 

storage function is characterized by a performance para

meter indicating the amount of mass or energy accumulated. 

The cransport function represents the property of a system 

to provide transfer of material? or energy between two 

other systems. As for the storage function, we distinguish 

between mass and energy transport. A transport function is 

characterized by a performance parameter indicating the 

rate of flow of the mass or energy transferred. 

The distributor function represents the property of a 

system to provide a balance between the total rates of 

incoming and outgoing flows. Again we distinguish between 

material and energy distribution. The performance para

meter is a vector characterizing the ratios between rates 

of the individual ingoing/outgoing flows and the total 

ingoing/outgoing flows. 

The barrier function represents the property of a system 

to prevent the transfer of materials or energy between two 

ether systems. We distinguish between material an«-' energy 

barriers. 

The source/sink function represents the property of a 

system to benave as an infinite reservoir of mass or 

energy. No physically realizable system has in principle 

unlimited capability of delivering or receiving mass or 

energy. However, this representation may in many cases be 

perfectly adequate. 

The support function represents the property of a system 

to provide the conditions necessary to allow another 

system to perform its function. The performance parameter 

associated with a support function is the variable defined 

by the condition to be provided. The variable has no fixed 

type as it depends on the actual case. Any plant variable 

may be chosen such as e.g. temperatur^, pror.nurf level:-, r.r 

f 1 ow v-ir i nh 1 es . 
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SYMBOL ATTRIBUTES 

FLOW F U N C T I O N S 

STORAGE 

TRANSPORT 

D I S T R I B U T I O N 

B A R R I E R 

S O U R C E / S I N K 

FLOW PATH 

SUPPORT C O N D I T I O N 

PERFORMANCE 
REQUIREMENT 

" F L O W " CONTROL 

SUPPORT 

MASS ENERGY INFORMATION 

O 

e> 

MASS/ENERGY LEVEL 

MASS/ENERGY FLOW RATE 

FLOW RATE RATIOS 
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i -i — 
K CD I-
O < Z 
•L •-• < 
a tx 5 
ui < O 
a. > — 

O O 

o 

> 

STATEMENT INDICATING CONOITtON FOR 

EXISTENCE OF ASSOCIATEO FLOM FUNCTION 

PREDICATE EXPRESSION 

CD ANY PERFORMANCE VARIABLE 

P H Y S I C A L R E A L I Z A T I O N 

COMPONENT -e- -t̂ -t̂ -
AGGREGATE 

A V A I L A B I L I T Y 
C O N D I T I O N 

C O N F I G U R A T I O N REQ. 

S W I T C H I N G C O N D I T I O N 

C O N F I G U R A T I O N 

CONTROL 

COMPONENT CHARACTERISTICS 

AGGREGATE NAME 

- c 
© 

- * 

PREDICATE EXPRESSION 

Fig. 3. Summary of Multilevel Flow Modelling concepts. 
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A performance requirement represents a -^ndition to be 

satisfied by performance parameters related to a flow 

function (any of the functions above). The requirement is 

expressed in terms of a predicate which should be true. 

A support condition describes the conditions to be satis

fied in order to ensure that a flow function exists. Can 

be associated with any of the flow function above. 

Flow paths provide the linkage between the concepts above, 

mass flow paths interconnect mass flow functions, energy 

flow paths interconnect energy flow functions and infor

mation flow paths are used to interconnect conditions, 

performance requirements and support functions. It should 

be noted that flow paths are abstract concepts which do 

not have direct physical correlates such as pipes. 

THE PHYSICAL REALIZATION OF SYSTEM FUNCTIONS 

The rodelling concepts above relate to the specification of 

goals and functions, i.e. they deal with a pure functional 

perspective and ignore how functions are realized. Now I will 

consider how to represent system implementation in terrr.s of 

components, equipment and subsystems. In terms of the abstrac-

tion hierarchy this involves a description of the system or. the 

level of physical function. As the choice of plant components 

and system configuration determines system capability, the 

description of system realization aspects deals with an import-

ant part of the representation of design decisions. The linkage 

of a flow function to its physical realization involves the 

following five modelling concepts. 

- An availability condition identifies, in the form of a verbal 

statement, th? system which should be available in order to 

provide the function in question. The condition can be 

••";ns i dfT"d as an attribute to k'rv function. 
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- A specification of system goal configuration describes the 

component or subsystem interconnections which should be 

achieved, maintained or prevented in order to realize the 

function. For each goal configuration, the associated func

tional capability of the system may also be specified. This 

specification relates performance parameters of the function 

to parameters <f system components. 

- A physical aggregate identifies by name the system realizing 

the function (e.g. feedwater system, primary coolant circuit 

etc.) and its associated configuration parameters defining 

the degrees of freedom in configuring when realizing the 

function. 

- A configuration control function reoroser^s the network 

switching task (valving) involved in the interconnection of a 

collection of components, equipments, or subsystems (physical 

aggregates) into an aggregate (as defined above). A valving 

procedure constitutes a specific solution to this task. 

- A physical network is a network of components, equipment or 

subaggregates. The network represents the physical topology 

of the system realizing the function. Components are 

characterized by their functional characteristics. 

- A switching condition describes a condition to be satisfied 

before equipment reconfiguration (interconnection, disconnec

tion, closing or opening valves etc.). 

It should be noted that a clear distinction is made between a 

support condition and an availability condition. 

The formal similarity of these concepts with the flow concepts 

introduced previously should be noted. The similarity is due to 

the circumstance that the MFM method aims at the identification 

of control requirements in the plant. There is, from a formal 

point of view, no difference in specifying the task involved in 

the control oT e.g. a plant subsystem temperature and the 

.-•specification of system configuration. The logic structure is 

t h" ::-im«--. only • h" "ontent of the specifications will differ. 
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The problem spaces involved have the same form but have 

different "contents". In configuration control the network 

topology will define the system state whereas in temperature 

control the system state involved is a continuous variable. 

A summary of the MFM modelling concepts as introduced above is 

given in fig. 3. This figure also indicates the symbols used in 

the construction of MFM models. Fig. 4 provides a simple 

example of how some of the concepts are used. Later I will 

describe a more oiaborate example (see also Lind, 1982c). 

DECOMPOSITION OF FLOW FUNCTIONS 

The flow modelling framework described above can be used to 

describe plant function at any level of physical aggregation. 

This is possible because of the general nature of the thermo

dynamic conservation laws. In this way, we can describe a 

process plant from many perspectives or levels of abstraction 

using the same moc Ming concepts. As an example, we can 

describe a power plant on a high level as providing an energy 

distribution function, but we can also describe the plant on 

the level of pumps and valves. However, models on these two 

extremes of physical aggregation are related as the pumping 

function contributes to the overall plant function and because 

changes in requirements to overall plant performance (energy 

demand from grid) may lead to changes in the requirements on 

pump performance. These relations are established by proper 

decomposition of the flow functions in the overall plant, model 

into lower level flow structures. This decomposition is guided 

by knowledge of the intentions of the plant designer. In 

principle any node in the flow structure can be decomposed, and 

the flov; structures generated can again be decomposed leading 

to a recursive application of the modelling concepts. However, 

a distinction should be made between socalled vertical and 

horizontal decomposition. 



GOAL CONFIGURATIONS 

_J^V2OPENA^ V,O0SED A 

Fig. 4. Use of availableity condition, configuration requirement, 

configuration control and aggregate concepts for the modelling of 

feedwater system realization. 
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In vertical decomposition, the model representing the de

composed flow function expresses the means available for the 

achievement c:" "his function. A vertical decomposition lead? r o 

the description of the system on a lower functional leve! and 

corresponds in Simon's (1981) terminology to a transition from 

c:.r:si lering the "outer environment" to the description of the 

"i:".r.->r er.vi ronn--:.-". "he use of v--rtica'. ie - -x.pori* i >n leads *-o-

the construction of mul ti 1 evel flow models. 

As an illustration of the use of vertical decomposition in flow 

modelling consider the example in Fig. 5. This example shows a 

model of a feedwater system consisting of a feed pump, a 

condensate pump and a feedwater tank. Two models are provided. 

on level 1 the feedwater system is described as a mass 

transport system, which indeed is the function intended of such 

a system. On level 2 the transport node on level 1 is 

decomposed into sub functions including a flow control function. 

which in this case can re associated directly with the 

components of the system. This example shows a general aspect 

of a vertical decomposition that it increases the functional 

degrees of freedom. From considering only the flow F. on levei 

I we consider two flows F. and F, and a r.ass M on level 2. This 

ir.p-1 ies that F- and F ̂  should be coordinated in order to ensure 

that the model on level 1 is an adequate description of th'"-

•. verail function of the feedwater system. We can accordingly 

•• nsider the transport node on level 1 as specifying the goal 

of the function described on level ?. and the d'ufcle arrow 

implies that a control function (automated or the manualt is 

required to constrain the variability on levM 2. A possible 

constraint could be F,=F- = F_. This corresponds to •"he choice f 
i c i 

o specific control strategy and F. will re the setpoint for the 

r-'-r/i'. • iVi£ control 1" '7- . The aspects rf vertioal decoir.p'.s i r ion 

iis-ussed here in terms of an example arn general, i.e. flow 

func' ions can be considered as goals when decomposed and th" 

decomposition implies a control constraint. H'W'v^r. wn-r. a 

su;po rt function is decomposed, the associated supro: *" -r.ri_ 

::* : n is considered as rhe goal and not t-vĵ  support fur.o' ; ri 



o^o 
/ \ 

Cond. pump Feedtank Feed pump 

Condensator etc. f \ y~*y \ / \ * V ' V J boiler t-tc. ru 

Pig. 5. Example illustrating the use of vertical 

decomposition in flow modelling. 
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When using horizontal decomposition a flow function is describ

ed in further detail without change of level. As an example 

could be given the decomposition of the mass transport node in 

fig. b on lev^l 1 into two transport nodes in series. The 

function described by this decomposed model is essentially the 

same as for the original transpor*- function. 

The decomposition of a flow function cannot, he done without 

cor., idering how the function is realized and accordingly 

requires use of design information. In essence, the development 

of a multilevel flow model is a combined process of top-down 

decomposition of functions and a bottom-up aggregation of plant 

components and equipment into subsystems. The proper level of 

detail to apply in a plant model is determined by a matching of 

functions with physical aggregates. This may require an iterat

ive process of both vertical and horizontal decompositions and 

physical aggregations before a successful match between func

tions and aggregates is obtained. One obstacle here is the fact, 

tha*" plant subsystems given names not always represent meaning

ful aggregates from a pure functional point of view. They may 

be chosen from other more pragmatic reasons. 

In •"-•mplex processing plants it is often the case that critical 

functions may be accomplished in several ways. As an example 

can be mentioned the main and the auxiliary feedwater systems 

in p-wer plants as being alternative systems for the provision 

of feei flow to the steam generators. Similarly, a condition 

may be provided by several alternative support systems. Such 

alternatives can also be represented in a multilevel flow 

model. This is discussed in more detail in (Lind, 1982c). 

From the discussion in relation to the example in fig. c< it 

appeared that there are two interpretations of the information 

at any level in a multilevel model (Lind, 1982c) as the flow 

functions can be considered as specifying either goals or plant 

functions. This is an important, aspect of the N!FM modelling 

framework. The significance of this feature "an be realized by 

considering three consecutive levels of vertical decomposition 

in a MFM model. Assuming that leve1 i describes the function of 

a particular plant subsystem under investigation in -» given 



- 24 -

model application, then level i+1 will describe why this 

function is required. Similarly, level i-1 will describe how 

the plant function on level i is established and level i will 

relate to what is going on in the plant subsystems considered. 

The triple of why, what and hows can be shifted upwards or 

downwards as the subsystem considered changes and provides a 

systematic functional7y motivated strategy for searching 

through model information. This may be important for the use cf 

MFMs in training as it provides a way of organizing plant 

knowledge into a coherent structure. The why, what and hows are 

also important for an operator in diagnosis if supported by an 

information display designed on the basis of an MFM plant model 

(Goodstein, 1982a-b, Rasmussen and Lind, 1981). In constructing 

an MFM model it is also necessary to consider the triple as it 

guides the modeller in the choice of plant aspect to address at 

a given instant in the modelling (enforces the systems 

approach). 

GENERIC CONTROL TASKS 

From the discussion above it appears that in the MFM framework 

we can define a very restricted set of socal1ed generic centre] 

tasks. This is basically a consequence of using MFMs for 

functional specification. The highly structured and recursive 

nature of such models leads via the interpretation of the MFM 

as specifying control requirements to a considerable reduction 

in the number of control task categories to consider. The 

fallowing generic types can be identified: 

- maintain mass and energy inventories and flows at their 

target values or constraints. 

- change mass and energy inventories to new target value? or 

constraints. 

- reconfiguration or network switching. 
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Any control task can be decomposed into sequences or concurrent 

sets o-? control tasks of the generic type. The concept of 

generic control tasks provides accordingly •-• useful tool for 

planning of complex control sequences. Another important prop

erty of generic control tasks is that they can be formulated 

within a uniform language which a'•ows a consistent pianning of 

control sequences which is independent of the actual physical 

context of the task. It could be an overall production control 

problem or it could be the problem in controlling lubrication 

oil flow to a pump. 

To each generic control function in a MFM model a monitoring 

function is associated. Control functions allocated to the 

computer, i.e. all the automated controls, should be monitored 

by the plant operator. The monitoring requiremen'' can readily 

be defined from the MFM model because the model specifies the 

control function which should be achieved, i.e. the goal of ^he 

control system, and sets accordingly the standard against which 

actual control system performance should be evaluated. 

A MODELLING EXAMPLE 

In order to illustrate the use of the MFM methodology, the 

modelling of a reactor coolant system will be discussed in some 

d-'tai I below. This example is chosen as it shows some of the 

main features of multilevel flow models and because it shows 

some characteristics of the functional structures of process 

plants. The physical realisation of the system function will 

not be modelled in detail, only the many-to-many nature of the 

relations between functions and equipment will be indicated. 

The coolant system and the multilevel flow model describing its 

functions are shown in figs. 6 and 7. But I will first, before 

discussing the model, describe the function of the reactor 

coolant system. 
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The reactor coolant system shown in fig. 6 is typical to 

pressurized water reactors (PWR) and is a very important system 

due to the safety concerns involved in its operation and 

because proper control of the system is also mandatory from the 

point of view of power production. Although the system (in this 

simplified version) has rather few components and looks simple, 

its functional structure is rather complex. This means that a 

description of the system at the physical level will not 

provide a proper understanding of its functional properties. 

This can be done in terms of an MFM model. 

The purpose of the system is to transport energy from the 

reactor core to the steam generator secondary side where the 

heat is used to produce steam. The system has at the same time 

another purpose which is to act as a barrier for radioactive 

materials in order to prevent releases from the fuel to the 

environment. In order to function as a barrier it is required 

•".hat temperatures and pressures are kept within specified 

limits. This involves the control of the energy accumulated in 

the system and of the water inventory. The pressure is 

controlled by management of the energy accumulated in the 

pressurizer. The transportation of energy through the coolant 

system is supported by the circulation of water in the coolant 

system. Flow of coolant water can be provided in two ways, by 

natural circulation (depending on temperatures in reactor core 

and steam generator primary side), or by forced circulation 

using a pump. The circulation will be prevented if system 

pressure decreases below the boiling pressure of the fluid 

because of boiling phenomena in the pump. 

This description of the functional aspects nf the coolant, 

system was in fact a verbal description of the information in 

the MFM model of the system shown in fig. 7. From this model we 

can recognize the two overall goals of safety and production, 

and we can see how these goals/functions are supported by flov/ 

functions at lower functional levels down to the functional 

details of the pumping -neration. It can be seen that the model 

is not a hierarchy because there are loops in the structure. 

Even when ignoring these loops the model is best characterized 

as two interconnected hierarchies. When taking the loops in 
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consideration the model is a functional network. This will be 

the case for most MFM models. The appearance of loops in the 

structure indicates "bootstrapping" problems in the start-up of 

the coolant system. This problem is in the present case solved 

by providing alternative means of establishing pressure in the 

initial phases of the start-up. Loops will always indicate the 

need of auxiliary or "help" systems, and are important to 

identify in the planning of control strategies. 

The nature of the many-to-many mappings between function and 

components can be seen in fig. 7 (heavy lines). Another 

interesting feature of the model is that support functions may 

pro/ide conditions which relate to flow functions which are 

implemented by "subsystems" belonging to a level of physical 

decomposition which is below the level of components. This is 

the case for the pump in the example considered here. The 

pumping function is modelled by a (mechanical) energy balance, 

and a support condition at that level is provided by a high 

level plant function dealing with overall heat balance in the 

coolant system. These features are also general properties of 

multilevel flow models. 

THE DESIGN OF CONTROL STRATEGIES USING MFMs 

Multilevel flow models can be used as a basis for planning 

control strategies. The information in the model is created 

during process design and the modelling framework can be 

considered as a method of transferring process design infor

mation into control design. For this purpose it is important to 

recognize that an MFM model defines the problem space for 

decision making in control, i.e. it represents the total 

control problem to be handled by the control systems designer 

or the operator. This feature of MFM models is especially 

important when considering control problems where two or more 

goals should be pursued at the same time using the same plant 

functions and equipment. If one of these goals is related to 
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safety and '.is the highest priority the situation may call for 

a protective action. In other situations all goals may be 

reachable and lead to another control action. These two cases 

call for different control decision but the MFM framework 

allows the embedding of both decisions as two particular cases 

belonging "o the same problem space. This is the reason why 

MFMs can be used as a basis for design of flexible control 

strategies. 

The control synthesis problem considered includes both sequen

tial automatics and continuous control, but does not deal with 

the actual control implementation which depends on the allo

cation of control tasks to the operator and the plant computer 

(Rasmussen & Lind, 1982). Rather, the approach deals with the 

control requirements as specified from plant design and the 

result of the synthesis is a scheduled plan of control tasks to 

be executed. Obviously, it is an assumption for the synthesis 

that the actual plant state and the goal to pursue have been 

properly identified in terms related to a plant MFM. This plant 

state identification problem has been discussed elsewhere 

(Lind, 1982b) and involves both the identification of the 

states of plant functions and the availability of equipment. 

The synthesis can, in principle, be divided into two separate 

phases, the first constitutes a planning phase resulting in a 

set of possible control strategies to apply, and the second is 

a scheduling phase in which the strategies developed during the 

planning phase are evaluated for feasibility, i.e. whether they 

actually can be carried out within the actual operational 

constraints. If a strategy is found not feasible another must 

be chosen or another goal should be pursued. 

The planning nhase deals with the functional relations as 

specified in tiie MFM for the given operating mode considered. 

Assuming a hierarchical model (i.e. no loops via conditions) we 

obtain readily a partial ordering of control tasks by consider

ing the logic precedence of conditions in the model (equipment 

should be available before a function is realized, support 

condition should be satisfied before the function is operable 

and switching conditions satisfied before configuration 

changes). Accordingly the MFM can be used to derive a set of 
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sequence or concurrent sets of generic control tasks on the 

basis of plant state information, each sequence representing a 

possible strategy. 

In the scheduling phase different categories of constraint 

information can be used to determine «"he feasible set of 

strategies. One type of constraint originates from the 

one-to-many and many-to-one relations befwten functions and 

physical structure as discussed previously. Generic tasks 

within the same control sequence may be related to plant 

functions which are mapped into the same physical subsystem. 

This makes the two control tasks dependent and requires 

coordination of control actions if the goals related to the two 

tasks should both be satisfied. This is the problem of 

decoupling in control theory. This typo of constraints may in 

some cases render the whole associated control strategy in

applicable if alternative physical implementations of *"he 

functions involved are not. available. In such a case a nev/ 

strategy must be selected from the planning phase and evalu

ated. Another type of constraints which are used in the 

scheduling phase for discarding or selecting strategies are the 

resources of mass, energy, and time. 

The generation of all possible plans as described abcv° will 

not be a practical approach in most cases because a very large 

number of plans will usually be generated and a solution to the 

whole synthesis problem cannot be obtained. This is a general 

problem in design problems involving large solution spaces. A 

solution to this problem is to apply different heuristics to 

reduce the size of the solution space. These problems are not 

unique to the specific planning problem studied here. It has 

also been discussed in relation to robot problems within 

artificial intelligence research (Nilsson, 1980). 

The synthesis procedure outlined above may bo followed by the 

control system designer and the result being operating instruc

tions to the operator and programs for automated control 

functions. The operator may also use the procedure fr>r coping 

with unforeseen situations where operating instructions ar^ not 

available. This will require ex ten:: i ve '--amputer .'supp'-r-t and 
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"hanges of the man-machine interface as discussed in (Rasmussen 

'* Lind. 1981"! ap.i changes •->f the content of training towards 

the -Tn̂ 'ictsis ::' genvra'. :r L I • rrr. solving skills. As a third 

icssit i I ir y trio synthesis procedure may be the basis for an 

adaptive or seiforganizing control program. 

APPLICATIONS OF THE MFM METHOD 

An extensive application of the MFM method«-1'ogy has been made 

by West inghouse Electric Corporation. U.S.A.. and Risø in 

cooperation. In this study, the MFM methodology was used as a 

systematic approach to the identification of critical safety 

and availability requirements of a nuclear power plant (PWR'i as 

formulated by Westinghouse in the DASS/EPRI study (Rumancik et 

al., 1981). Results from this application of the MFM method

ology have been published by De et al . (1982) and the work 

provide a basis for the development of a new advanced control 

room concept. 

Another application of the MFM framework has been done in 

relation to the work of Goodste in (1982b) on the development of 

new display concepts and the GUP experimental program (Good-

stein et al., 1983) for opera*or support evaluation. Part of 

this program will also consider the use of MFM plant models for 

training and for the design of knowledge-based systems for 

operator support in diagnosis. A related experimental program 

is conducted by the OECD Halden project (Yoshimura et al . , 

!98 n . 

The modelling method will also be applied in risk assessment as 

a consistent way of specifying the context of operator- de

cisions with the aim of identifying sources of human error 

which are due to the design of the operators task environment 

(Rasmussen et al., 198?). 
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