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The object of the study is diagnostic judgement in the control of dynamic
processes. The starting point was the known difficulty process operators have in
utilizing knowledge of process dynamics in disturbance situations that require both
diagnostic and prognostic actions. A model of the diagnostic judgement process
as a construction of coherent interpretation of the situation is outlined, and
comprehensive data from simulated disturbance handling by 6 crews of a PWR
type nuclear power plant, was analysed. The phases of analysis included evaluation
of the adequacy of task performance, utilization of available process information,
and evaluation of the interpretation of disturbance situations. The results suggest
that a functional orientation towards task performance allows a more coherent and
comprehensive interpretation of the situation and more adequate task performance.
Coherence of interpretation seems to be reflected in a higher subjective certainty
compared with crews with an incoherent interpretation.

1. Introduction
Work processes become more and more conceptually mediated through technological
development. This comprises two intertwined tendencies. One is the objectivization of
mental functions in technology, automation, which causes a physical distancing from
the objects of work. This also changes the role of immediate experience as the basis
of competence. Another, often neglected, tendency is that the creation of possibilities
for a more profound and extended knowledge of the objects (Zuboff 1988). Realization
of the knowledge increasing/character of technology requires what have been called
'intellective' skills. The function of these skills is to give meaning to the mediated
information that automation produces. The more complex and indeterminate a system
is, the more difficult it is to give meaning to process information in a particular
situation. This is a challenge to the operators who control the processes. At least two
approaches in cognitive human factors research have been utilized to analyse this need.
One is the human error approach (Reason 1990) and the other the diagnostic problem
solving approach (Dowie and Elstein 1988, Rasmussen 1986). The study reported here
has roots in both of them.

In an e;uiier study nuclear power plant operators* performance- in two different
simulated disturbance situations was studied (Norros and Sammatti 1986). The results,
that were based on analysis of operators' errors, indicated that while having an
adequate knowledge base on (he system the operators still had difficulties in utilization
of this knowledge. Crews' difficulties did not seem to concentrate on the diagnostic
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function; but inadequacies in controlling important process parameters could al.so
indicate lack of understanding of the situation as a whole. In the more straightforward
disturbance (one-to-one relationship between localization and operations), diagnostic

•accuracy was closely related to operating accuracy. In the more complicated
disturbance (not a one-to-one relationship between localization and operations), the
relationship between diagnosis and operations was also more complex. The collected
data were, however, insufficient for evaluating the crews' conceptions of the situation
because only the operations and their adequacy, but not the information that was
utilized nor the verbalizations of operators, were recorded and analysed.

When trying to understand the operators' difficulties, the problem of making
knowledge operational seemed to be central. This problem has been pointed out in the
psychological literature on dynamic processes control. One aspect of it is reflected in
the conclusion that diagnosis and operating actions are mutually integrated tasks
in process control activity. Models and descriptions of the cognitive procedures in
diagnostic, prognostic, and operative tasks have been reported in the literature. Also
typologies of the cognitive representations necessary for control have been elaborated
(see, e.g., Hacker 1978, Rasmussen 1986, Bainbridge 1992). It seems, however, that
it is not enough to state that the tasks are integrated, if the problem in practice is
that they are not integrated. The question is, why they are not integrated?

In this question the philosophical reflections of Ewald Iljenkov (1977) about the
nature of intelligent judgement activity seemed helpful. In his conception there are two
major aspects in judgement First, judgement is not an act of using knowledge
but, instead, an active (re)construction of knowledge is taking place in making a
judgemenL Second, judgement involves comprehending a concrete particular situation
in general terms. In his thinking 'general* means something that summarizes the
essential dynamic laws of the object, comprehension of which in the concrete context
enables one to decide on actions even in a novel situation. Thus, the problem of
operationalization of knowledge, and integrating diagnostic, prognostic, and operative
activities, could stem from difficulties in the construction of meaning in a particular
situation and from deficiencies in conceiving the concrete situation in dynamic and
functional terms. These questions were brought up in the present study and they guided
the formulation of the model that was used in the study.

2. The model
The model is depicted in figure 1. As indicated in the model task performance is
supposed to consist of intertwined diagnostic and operating activities. Carrying out
these activities requires an interpretation of the meaning of the whole situation both
from the diagnostic and prognostic point of view. The interpretation is thought to be
based on utilization of dynamic process information and of operating instructions.
These interactions (indicated by the horizontal arrows in figure I) reflect different
levels of functionality and reflectivity of orientation and they are thought to contribute
to the interpretation of the meaning of the situation.

Orientation is the process that defines the actor's subjective relationship to
a situation or problem that requires activity (Galperin 1979). Orientation can be
conceived as serving a control function in the contextually situated construction of
diagnostic and prognostic interpretations.

The existence of qualitatively different orientations as determinants of the nature
of expert activities has been proposed by Engestrõm (1992) and also identified by
Lawrence (1988). While the possible relationship between orientation and cognitive



Diagnostic orienitiiioit 821

«CFICCTION
OH

ACTIVITY

««omcocc
or

PHOCCSt
DYNAMICS

1

СООРСЯАТЮН

COUCCTIVE
DIAGNOSTIC a

OtCRATIVC
ACTIVITIES

Figure 1. Model of the interpretation of the disturbance situation.

operations, e.g., those in diagnostic and prognostic interpretations, was suggested by
the former author, the relationship is examined deliberately in the present study.
Orientation is developed through the knowledge and concepts the actor has available
for comprehending the process. Concepts also mediate the communications which
serve the function of distributing awareness in the functionally constituted social group
of actors (Hutchins 1988). Likewise they mediate reflection They are essential
in contextualizing activity, and they enable one to redefine orientation and die
development of concepts. Moreover, there is an important interaction between
cooperation and reflection. Dialogue as a means of considering the other's view is both
the histoncal origin of, and an actual tool for, reflection and it increases the power of
judgements under uncertainty (Abercrombie 1989, Wertsch 1991). Thus, to conclude,
in our model, the notion of contextually situated activity should not be interpreted
as reaction to the environment, but instead as active use of feedback in organizing
and developing activity in the situation. Orientation serves as a mediator in this
constructive process.

3. Material and methods
Our material has been collected by an international research project, the OECO Halden
Reactor Project. The aim of the project was to test the validity of an operator aid, the
Critical Functions Monitoring System for nuclear power plants (Hollnagel et at. 1983).
Validation experiments were carried out by using a full-scale simulator of a PWR
type nuclear power plant. The experiments were used for evaluating the operators'
operative performance. We have used pan of the same data for psychological
evaluation of the crews' diagnostic orientation. The data chosen for this studv consist
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of protocols from 6 crews carrying oui a task without use of the CI:M system
(the base-line task)|whieh-i;t-s-upposcd to rcHect (lie crews' orientatieo-in-disturbance i_i
«iuutliofls. The protocols include recording of operators' verbalizations and
operative activities, plant alarms, and other indicators of the state of the nuclear
production process.

Each of the 6 crews (G, H, I, J, К and L) consisted of 3 operators: a shift leader,
a reactor operator and a turbine operator. An exception was crew H whose turbine
operator was absent. The operators were experienced with process control and
the training .simulator (average experience at least 4 years). Average subject's age was
36 years.

The test transient was very difficult because in addition to the main disturbance, a
loss of coolant accident (LOCA), there were several simultaneous minor malfunctions.
Therefore it was supposed to represent a genuinely new, unexperienced disturbance
situation. Because of the short duration of the transient (about 35-40 min) some effects
of the disturbances had to be exaggerated a bit The main malfunction was a fairly large
leak from the primary loops of the primary circuit. There existed, due to an simulation
error, an extra malfunction (decrease in the level of one of the 6 steam generators)
during the test of crews H, I and L. This malfunction at the beginning of the run was
a minor one and has been taken into account when evaluating the results.

The material of the study can be considered exceptionally comprehensive and
valuable for the analysis of operators' activity in a realistic disturbance handling
situation. Due to the original aim of the experiments to test a particular decision aid,
the focus in data collection was on available process information and on crews'
operating actions. Consequently, operators' verbalizations were recorded from an
operative point of view but not from a communicative point of view. Due to these
limitations in the data we were not able to analyse cooperative aspects of diagnostic
judgement in detail. Also an analysis of the utilization of instructions had to be
excluded.

4. Phases of analysis

4.1. Evaluation of the adequacy of task performance
Adequacy of the operators' activities was evaluated by using reference tables which
have been developed for this research in collaboration with a nuclear power plant
expert. These tables contain inferential knowledge about diagnosis of the disturbance
on the basis of available process information, and stabilization of normal functioning
of the process on the basis of the critical symptoms. With these references we have
evaluated the adequacy of the operative actions and diagnostic hypotheses of the
crews. By hypotheses we mean any explicitly or implicitly expressed suggestions
concerning possible reasons for the disturbedness of the process. We have been able
to consider the hypotheses only as the collective hypotheses of the crews due to
limitations set by the nature of our data.

4.1.1. Results: AH 6 crews succeeded in stabilizing the process within half an hour
without severe operative mistakes. There were, however, some major and minor
deficiencies and delays in operative performances. The major deficiencies were of
three types: stopping one or both of the emergency make-up system pumps in use
(crews H, I and L: the pumps were started later on by the operators or in one case
by plant protection), neglecting starring at least one primary coolant pump (crews К
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Table I. Time of (he identification «if lhe leak. Numbers = elapsed time in minutes and
seconds from ihc beginning of the run.

Crew

G
H
1
J
К
L

Recognition
oi' ihc leak

7 1 7
7-00-9-20

6-30
S-35

10-51
6-47

Adequate localisation of ihe leak

Identification
of lite circuit

8 2 2
2305
34-20

S-35
13-36
908

Litcali/^ition
inside the

circuit

I34S
2УО4

34-2(1
835

13 36
908

Adequate
estimation ol

ihc size of
the leak

1047
19-20
2057

X-50
13-36
17-47

and L), and closing of the discharging line of the accumulators in the emergency (core)
cooling system (crew L; the line was opened later on).

Efficiency in identification of the disturbance varied considerably between crews
(see table 1).

The crews' hypotheses concerning recognition and localization of the leak are
demonstrated in figure 2. Localization of the leak was clearly more difficult for 2 crews
(H and I) than for the other 4 crews (G, J, К and L). When compared to the fact that
all crews were able to stabilize the disturbed situation satisfactorily it is obvious that
there was disjunction between localization of the leak and operative activity in the
performance of these 2 crews. In the next phase of the study we carried out an analysis
to find out if there were any differences in the crews' utilization of available process
information which could explain this kind of incoherence.

4.2. Utilization of available information
As indicated in the model (figure 1) operators could utilize process information
and operative instructions (e.g., emergency procedures) as reference for diagnosing.
Due to incompleteness of our data we were not able to analyse the utilization of
emergency procedures.

To evaluate the utilization of process information we analysed the protocols to find
the moments when different kinds of relevant information about the process states
were noticed and which of them were used, and when, as criteria for the operators'
prognostic activities and diagnostic inferences. For diagnosing, this was not an
easy task because, inspite of instructions to think aloud as much as possible, the
operators' verbalizations were rather infrequent and often fragmentary. It was,
however, possible to iind out most of the unverbalized criteria of their diagnostic
activities by inference on the basis of their other verbalizations and, in some cases, of
their operating activities.

To begin we considered how coherently same process information was used on the
one hand for prognostic purposes and, on the other, for recognition and localization of
the leak. For example, the prognostic decision to change the main operating goal from
productivity to safety of die plant, which manifested itself as aiming for plant
shutdown, was frequently made as reaction to primary circuit pressure (low),
secondary circuit pressure (high) and level of pressurizer (low or lost). Two of these,
the secondary circuit pressure and the emptiness of the pressurizer can also be used
diugnosiically in localization of the leak. The crews used it in different ways: G, J, К
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Figure 2. The crews' successive diagnostic hypotheses in the localization of the leak. * = the
location of lhe leak: two small arrows = time span within which all symptoms of the leak
had appeared, f

and L for both purposes, but H and I only prognostícaliy. After this phase we continued
the analysis by examining in more detail the diagnostic use of process information.

4.2.1. Utilization of diagnostic infornuitiveness of process information: Our aim was
to clarify the extent to which the crews utilized process information for comprehending
ths dynamic state of the whole process. For this purpose the informativeness of process
information was classified according to the following principles. Process information
is functional if it can be used as evidence of the functional state cf the process on a
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global level. By that we mean information on the basis of which it is possible to infer
directly something about the functional state of the whole process (e.g , boiling margin
is an indicator of heat transfer through the whole system) or of a functionally essential
pan of it (e.g., primary pressure is a physical parameter of the primary circuit, one
of the main functional parts of the system). Process information is locationally
informative if it makes it possible to infer the location of the source ol the disturbance.
An example of locationally informative process information is ihc normality of
parameters in the pressurizer bubbler which indicates that the safely valve of the
pressurizer has not been left open by accident, but gives no direct information of
functionally essential process parameters.

According to our view, diagnosis should be conceived of as a conceptual
interpretation of the disturbance situation as a whole, and that is why estimation of the
size of the leak is as important as recognition and localization. Therefore the crews'
concepts about the size of the leak have been included in our considerations.

For every hypothesis concerning recognition or localization of the leak the type
of diagnostic informât!veness of the utilized evidence was allocated into 3 classes:
(I) locational; (2) functional; and (3) both locational and functional. Hypotheses
concerning the size estimation of the leak can be made either directly by inference on
the basis of functionally informative process information or, but only to some extent,
also indirectly, on grounds of the location of the leak.

4.2.1.1. Results: In the recognition and localization of the leak 4 crews (G, J, К
and L) were able to utilize functional informativeness of the process information and
2 crews (H and I) utilized locationally informative process information. It is worth
noticing that none of the crews seem to have used diagnostically the functionally most
informative process information, boiling of the primary circuit coolant. Table 2
presents two example analyses of utilization of diagnostic informativeness in
recognition and localization of the leak. These examples have been chosen to
demonstrate two clearly different ways of utilization. Crew J utilized functional
informativeness of the available process information at a very early phase of the run
whereas crew I used a locational way of utilization and did not locate the leak
adequately until the end of the run.

Verbalizations concerning estimates of the size of the leak were relatively rare,
especially those concerning the criteria for estimations. Crews G, J and К expressed
explicitly their comprehension of the size of the leak quite early (J at 8.50 and G at
10.47), and crew К a little later (at 13.36). The explicitly expressed criteria of crews
J and К were functionally informative. The criteria of crew G are unknown. The other
crews (H, I and L) underestimated the leak size at first These underestimations
have been infered mainly on the basis of their operating actions, due to missing
verbalizations. The estimations were corrected afterwards (L at 17.47, H at 19.20 and
I at 20.57). On the basis of these findings it is obvious that crews G. J and К utilized
the functional informative process information for size estimation more adequately
than the other groups (H, I and L).

In conclusion the following inferences can be made. Crews G. J, and К were
able adequately to utilize the functionally informative process information both in
localization and size estimation of the leak. Crew L utilized it in leak recognition and
localization but not adequately in size estimation. Crews H and I did not utilize
functional informaiiveness for either of these purposes.
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Table 2. Utilization of (lie diagnostic inlbrmaiivcncss in recognition and localization of
the leak. У
CrcwJ

Time

X.35

Time

6.30

6.40

12.58

14.24

26.35

27.16

31.54

34.20

34.20

Diagnostic
hypothesis-

leak in primary circuit
from primary Joops
(Hyp. 1)

Diagnostic
hypothesis

in secondary circuit
safety valve of one
steam generator left
open
(Hyp. 1)
in secondary circuit
steam pipe rupture of
one steam generator
(leak into
containment)
(Hyp. 2)

leak from secondary
circuit
(Hyp. 3)

in secondary circuit
steam collector break
(Hyp. 4)
in primary circuit tube
rupture of steam
generator
(Hyp. 5)
cannot be steam
generator tube
rupture
leak into containment
(Hyp. 6)
leak cannot be in
secondary circuit

leak in primary circuit
from primary loops
(Hyp. 7)

Utilized process information

Locationally
informative

Crew 1

Functionally and
locationally
informative

prcssurizcr empty
AND/OR
secondary circuit
pressure high

Functionally
informative

primary circuit
pressure decreased
AND
pressurizcr level
decreased

Utilized process information

Locationally
informative

level of one steam
generator decreases

level of one steam
generator decreased
AND
safety valve of that
steam generator is
closed
AND
overpressure in
containment
no radioactivity
alarms from primary
circuit
(information not
simulated)

no radioactivity

Functionally and
locationally
informative

alarms from secondary
circuit
overpressure in
containment
no isolation of steam
generators due to auto-
matic plant protection

-

Functionally
informative
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Concerning the Uiitcr two crews we continued the analysis of their diagnostic
activity by evaluating their ability to use available process information as feedback. In
the case of the other crews tha'diagno.sing phase was too short for such an analysis.

4.2.2. Utilization of process information us feedback: According to our definition the
ability of reshape diagnostic inferences by utilizing available reference information
reflects contextual situativity of diagnostic activity. In our analysis we evaluated how
the crews used process information as counter evidence to their iocational-hypotheses.
The size estimations could not be analysed due to lack of explicit expressions.

4.2.2.1. Results: As indicated earlier (see table 1), crews H and I were not able
to identify the circuit (primary or secondary) until the last third of the run, at 23.05
(crew H) and 34.20 (crew 1). Both these crews supposed at first that one of the steam
generators was leaking in the secondary circuit which was not unlikely because of
the simulation error. A detailed analysis of the operators" diagnostic inferences and
operating actions indicates that, in spite of other hypotheses expressed later on, they
were at least partly fixated on this hypothesis for a long time (crew H until 23.05 and
I until 34.20) and did not utilize the available process information as counter evidence.
This means that their diagnostic activity in localization did not manifest situativity
in terms of utilization of process information as feedback about their own.inferences.
It seemed that their knowledge of process dynamics was not operationalized during
task performance. * "*

4.3. Diagnostic interpretation of the disturbance situation
In the last phase we made ал evaluation about the crews' interpretation of the
disturbance situation. This evaluation, which sums up the results of the previous
analyses, was made by comparing the utilization of functionally informative process
information in different aspects of the diagnostic and prognostic task performance.

Crews G, J, and К utilized functionally informative process information
adequately both prognosticaily and diagnostically and, in diagnosis, both for
recognition, localization and size estimation of the leak. They seem to have interpreted
the available process information coherently, i.e., functionally informative process
information was used to comprehend the disturbedness of the whole process. Crew L
utilized functionally informative process information prognostically whereas
diagnostically only for recognition and localization, but not adequately for size
estimation. This crew seems to have interpreted the process information fragmentarily.

Crews H and I utilized functional informativeness only prognostically but not
diagnostically, neither for recognition and localization nor for size estimation.
Their interpretation of process information was not coherent because functionally
informative information was utilized only for prognostic and operating purposes.

On the basis of these evaluations we concluded that crews G, J, and К oriented
functionally, crews H and I clearly less functionally, and crew L partly functionally
towards the task performance.

Crews' H and 1 diagnostic activity in localization did not manifest situaliviiy in the
sense of utilization of feedback. This suggests that the crews" orientation towards their
own activity was not reflective. The difficulty of comprehending the whole nature of
(he disturbance situation manifested itself also as increased subjective uncertainty and
emotionality as compared to other crews
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As noted above, ihcrc were some clear operating deficiencies in ihc crews' task
performance. One of the main reasons for deficiencies common (o crew И, 1, and L was
an underestimation of the size of the leak. Thus it seems dial non-opiimal operations
were connected to incoherent interpretation of process information.

The occurrence of the simulation error in the test situation of 3 crews (H, I. and L)
lias probably increased the difficulty of «he diagnosis to some extent However, this
docs not decrease the importance of the results concerning differences in functionality
of their orientation towards the disturbance situation. In the case of crew H an extra
source of difficulties must be taken into account: the crew was incomplete because of
the absence of the turbini.st. It is impossible to evaluate how much this fact has affected
the operators' orientation in the task performance. The position of the shift leader is
the most important because he is the one who decides. The work routines of the crew
were, however, undoubtedly disturbed.

5. Conclusions
The results suggest thai the model we have used is a feasible tool for the analysis of
diagnostic judgement in a disturbance situation.

The orientation point of view seems to be a promising approach for analysing
activity. It makes it possible to consider activity as a constructive, conceptually
and reflectively controlled process. Activity can thus be seen as a contextual,
multidimensional construction directed by the characteristics of orientation.

In the case of a disturbance situation the crews were normally supposed to
concentrate primarily on stabilization of the process and only secondarily on
localization of the leak. This kind of fragmentation of activity into temporal subtasks
can, however, make comprehension of the whole situation more difficult unless the
crews are able to utilize functionally informative process information. The task can be
carried out with less functional diagnostic orientation but then the operators may have
to make a prognosis and operate without,knowing the reasons which have led to the
situation. In that case the operators lack a common conceptual reference for diagnostic
and prognostic activity, which can manifest itself as increased subjective uncertainty.

Reflection on one's own activity increases utilization of contextual feedback.
It makes it easier to notice deficiencies of one's own activity and. at the same time, it
contributes to comprehension of the nature of the disturbance situation by making
relationships between separate elements of the situation more visible.

We were not able to analyse the co-operational aspect in orientation because of the
incompleteness of our data. However, this important aspect will be included in our
future work.

Recently introduced operator aids based on the critical functions approach
and increased use of symptom-based emergency procedures require and promote
functional orientation in disturbance handling. When these new tools are adopted it is
necessary that a conceptual basis for functional orientation/be developed by training
and maintained by everyday routine.
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