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The paper reports the results of an experiment on the performance and retention
of a complex task. This was a computer-based simulation of the essential elements
of a spacecraft’s life support system. It allowed the authors to take a range of
measures, including primary and secondary task performance, system interven-
tion and information sampling strategies, mental model structure, and subjective
operator state. The study compared the eVectiveness of two methods of training,
based on low level (procedure-based) and high level (system-based) under-
standing. Twenty-® ve participants were trained extensively on the task, then given
a 1-h testing session. A second testing session was carried out 8 months after the
® rst (with no intervening practice) with 17 of the original participants. While
training had little eVect on control performance, there were considerable eVects
on system management strategies, as well as in structure of operator’s mental
model. In the second testing session, the anticipated general performance
decrement did not occur, though for complex faults there was an increase in
selectivity towards the primary control task. The relevance of the ® ndings for
training and skill retention in real work environments is discussed in the context
of a model of compensatory control.

1. Introduction

1.1. Training and performance

In many work environments that involve highly complex and automated human ±

machine systems, there has been a strong interest in the question of what might be
the most eVective training method to provide operators with the necessary skills. One

might argue that the goal of training is generally twofold: it should produce rapid

skill acquisition among trainees and also lead to high skill retention during periods

of non-practice. Depending on the operational context, one of these two goals may

have the stronger emphasis.
For the present purposes, process control provides a good model work

environment for the demands placed on the operator during work with complex
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and highly automated technical systems. There are three features (e.g. Wickens 1992)

that exemplify these distinct skill requirements. First, the process variables

controlled have long time constants and therefore respond only very slowly to

operator input. Second, it requires the control of a large number of interdependent

process variables, which makes it diYcult to understand the underlying dynamic
(and usually opaque) process. Third, many areas of process control application

represent high-risk industries, such as nuclear and chemical plants. The research

reported in this article is directly relevant to process control because of the

experimental task environment used, which simulates a complex life support system

of a space vessel.
Morris and Rouse (1985) identi® ed four training approaches that have been used

to teach operators trouble-shooting strategies for the identi® cation and recti® cation

of system faults: (1) instruction in the theory upon which the system is based, (2)

provision of opportunities for trouble-shooting practice, (3) guidance in the use of

system knowledge and (4) guidance in the use of algorithms or rules. (In practice a

mixture of these is often used.) There is some evidence to suggest that operators who
had been given procedural instructions did not show poorer performance (sometimes

they did even better) than operators whose training was based on the teaching of

system principles (e.g. Crossman and Cooke 1974, Shepherd et al. 1977). This not

only applied to familiar faults (i.e. those which were discussed or practised during

training), but also to novel faults. However, other work showed that subjects trained
on diagnostic heuristics performed less well on novel faults (but did equally well on

familiar faults) than a second group, which received a t̀echnical story’ about the

functioning of the system components (Patrick and Haines 1988). Woods (1988) also

expressed concerns about the danger associated with the procedure-based approach

during unfamiliar events. However, there seems to be little doubt that extensive
practice on the task is a critical factor for the development of a good understanding

of how to deal with system disturbances of diVerent kind (De Keyser 1988).

There are also concerns that as a result of automation, traditional training

approaches become less eVective (Sarter et al. 1997). Therefore, operators `need to

form a mental model of the overall functional structure of the system to understand

its contingencies and interactions’ rather than `accumulating compartmentalized
knowledge’ (Sarter et al. 1997: 1933). Only an appropriate mental model allows the

operator to allocate attention eVectively across the diVerent information sources of

the system, which is the basis for eVective control.

Previous research has often focused on (primary) performance measures to

evaluate the eVectiveness of training while neglecting other aspects of task
management (such as intervention and information sampling strategies) and, indeed,

the impact onto the individual’s operational state. Furthermore, the retention

intervals used during the evaluation process were only of a short duration, which is

not always appropriate.

1.2. Skill retention

While the maintenance of acquired skill levels is a desirable goal in any training

context, there are some work environments where long-term skill retention is a

critical factor. These are characterized by a number of low frequency tasks, which

require completion only at certain intervals. The tasks may have to be completed as

part of normal operational conditions (shutdown procedure in a processing plant) or
they may have to be carried out as part of an emergency procedure (e.g. fault® nding
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in nuclear power plant). Examples of work environments with long retention

intervals are: the military (Hagman and Rose 1983), extended space¯ ight (Sauer et

al. 1997), shutdown and start-up procedures in process control (Daniellou 1986,

Woods et al. 1987).

In a recent review of the skill retention literature, seven factors that aVect degree
of retention were identi® ed (Arthur et al. 1998): length of retention interval, task

characteristics, instructional strategies or training method, individual diVerences,

degree of overlearning, conditions of retrieval, and testing methods. Particularly

relevant to the present work are issues relating to task characteristics and training

method. It is not surprising that the type of task characteristics has been found to
make a considerable diVerence. For example, perceptual-motor skills show very little

forgetting over long periods, although this appears to be true only of those that

require continuous control (Patrick 1992, Swezey and Llaneras 1997). Discrete

(procedural) tasks involving step by step actions are more vulnerable to forgetting

(Annett 1989, Rose 1989).

Less systematic assessment has been carried out on the eVect of training methods,
and the literature is generally limited, though it is acknowledged to have an in¯ uence

on skill retention (Arthur et al. 1998). As far as one can tell, however, there have, in

any case, been no direct studies of the stability of acquired skills over long periods of

retention. One kind of training may be more bene® cial in a short-term retention test,

and another over a more extended interval. This is especially important in the
context of complex tasks, such as process control, where many critical actions need

to carried out only infrequently or during emergencies. In the context of process

control, this could mean that operators trained under diVerent regimes (e.g.

diagnostic heuristics versus system knowledge) might diVer in long-term skill

retention (even if acquisition performance and immediate operational eVectiveness
was identical). Alternatively, any short-term advantage for one kind of training may

be lost when skills are retested some months later.

While refresher training is an obvious means to maintain any skill under threat,

one still needs to identify the skills most at risk to develop an optimal training

programme. In particular, in the area of extended space¯ ight, training facilities are

limited and training time is at a premium. Furthermore, the problems surrounding
skill retention may be aggravated by other factors, such as non-forgiving nature of

the tasks (i.e. the ® rst attempt has to succeed) and the non-replaceability of operator.

1.3. Mental representation of knowledge

The degree of skill retention and performance in complex physical systems (such as
process control) has been associated with the mental model of the operator (e.g.

Wickens 1992). The mental model (DeKleer and Brown 1983, Norman 1983) may be

considered an intermediate factor in the link between training and performance, with

training in¯ uencing knowledge representation, which in turn in¯ uences performance.

With the process of mental model re® nement being regarded as a continuous
activity, the mental model changes as a result of training or through the interaction

of the individual with the system (DeKleer and Brown 1983). During the knowledge

acquisition process, the individual makes a number of implicit assumptions about

the functioning of the system, which are constantly modi® ed if inconsistencies

between the model and the external reality emerge. The concept of mental model

may be a very eVective tool because it helps us better understand how training
methods in¯ uence operator behaviour and performance. In particular in the area of
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process control, a good mental model is critical because of the long time constants

involved in the process. A good mental model enables the operator to predict and to

anticipate the eVect of control actions on the system state so that a series of actions

can be executed without having to wait for system feedback.

Mental models are multifaceted, with some facets referring to constantly
changing knowledge structures (such as current state of the process) whereas others

are of a more stable nature. Mental models include diVerent types of knowledge of

the physical and functional aspects of the system, such as components, plant layout,

cause ± eVect relationships between parameters, constraints of operations (e.g.

maximum allowable levels of parameters) and the current state of the process
(Wirstad 1988). It seems plausible to suggest that the stable knowledge structures are

primarily determined by the type of training received while knowledge of the current

system state is more likely to be a function of system design features such as

transparency, feedback and interrogability.

The elicitation of system knowledge from human operators has generally been

considered a diYcult task (Rouse and Morris 1986). A number of methods have been
used in the research literature to elicit knowledge. Rowe et al. (1996) identi® ed four

general methods: (1) accuracy and time measuresÐ performance measures collected

during task completion, (2) structured or unstructured Interviews, (3) process

tracingÐ verbal protocols in which operators think aloud while completing the task

and (4) structural analysis of concepts by paired comparison similarity judgements.
Naturally, each method is associated with certain advantages and disadvantages

(Rowe et al. 1996).

For the present study, a combination of the ® rst three of these methods was

adopted, based on a distinction between implicit and explicit knowledge (Broadbent

et al. 1986). Implicit knowledge relates to accuracy and time measures, and is derived
from performance measures (knowledge that manifests itself in task performance).

For the measurement of explicit knowledge (knowledge that can be verbalized and

explained), the process tracing method, supplemented by a variation of the interview

method, was made use of. The methods process tracing and interview represent a

means to explore underlying cognitive processes in more detail while accuracy and

time measures oVer only indirect evidence for existing knowledge structures (Rowe et
al. 1996). They are considered complementary methods in gaining access to operator

knowledge of a system.

2. The present study

The work aims to compare two fundamentally diVerent training approaches with
regard to their eVectiveness for short- and long-term skill retention in managing

faults of diVerent complexity. Of interest was not only which training method would

be best after an extended layoV period, but also the interaction between training

method and fault diYculty. A comprehensive methodological approach was

employed to evaluate the training methods, which took into account the often
subtle adaptation patterns of individuals in response to changes in task demands,

which can make them diYcult to detect.

The ® rst training approach (called system-based training) aimed to provide the

operators with a deeper understanding of the relationship and interaction between

the components of the system. It was demonstrated how this knowledge was to apply

to manage system failures of various kinds. In contrast, the second training approach
(called procedure-based training) provided the operators with precise procedures to

2046 J. Sauer et al.
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follow when a system disturbance occurred. This approach belonged to the category

`Guidance in the use of algorithms or rules’ in Morris and Rouse’ s (1985)

classi® cation system while the system-based approach corresponded to the category

`Guidance in the use of system knowledge’ . Applying Stammers’ (1996) model of

three levels of knowledge to the present training methods, the procedure-based
approach focused more on the lowest knowledge level (task knowledge, i.e. how to do

something) than the system-based approach. Conversely, the system-based approach

placed more emphasis on the higher knowledge levels: functional knowledge (why

something is done) and general knowledge (putting something into a wider context).

2.1. Model of compensatory control mechanisms

The research is embedded within a model of compensatory control (Hockey 1993,

1997). This model argues that humans use various compensatory strategies to

maintain performance under stress and high workload. Although decrements in

primary task performance are sometimes observed, these are rare in operational

contexts, probably because of the recruitment of additional eVort, particularly where
the costs associated with a severe performance breakdown are high. Instead of

suVering decrements on primary tasks, individuals may show one or more of a

number of latent decrements. A common pattern is that of strategic adjustment.

Work goals may be lowered to prevent a catastrophic breakdown of performance, or

the way in which the task is carried out may be changed to reduce the load on
planning and working memory (e.g. the shift by process operators to closed loop

control in high workload situations; Bainbridge 1974). In multiple tasks, people may

reduce attention to secondary task components, so that decrements are more likely

to be found on these. It is also possible to measure the costs of compensatory

activity, such as increased ratings of eVort and fatigue, or increased levels of
sympathetic nervous system activity (e.g. the release of catecholamines). Finally,

prolonged periods of sustained eVort in the performance protection mode are likely

to give rise to fatigue after-eVects, which can be detected by the administration of

sensitive probe tasks at the end of a work session.

2.2. Multiple-task environment
The model has already been tested in previous studies (e.g. Hockey et al. 1998) and

proved useful in guiding research in the context of complex task performance.

Following from the kind of compensatory control mechanisms predicted by the

model, it was necessary to use a task environment that allows these adaptive patterns

to occur and to be observed. Based on the characteristics of a process control
environment, a computerized simulation task CAMS (Cabin Air Management

System) was developed to evaluate these patterns. Since the European Space Agency

funded the work, CAMS was modelled on a life support system in a spacecraft (for a

detailed description of the CAMS rationale, see Sauer et al. 2000).

Real work environments are characterized by a range of tasks that have diVerent
priorities attached, that is, some are of greater importance (primary tasks) than

others (secondary tasks) for the ful® lment of overall work goals. Therefore, it is

important to incorporate this feature into the simulation environment.

This paper reports an experiment that examined the eVectiveness of two methods

of training, based on low level (procedure-based) and high level (system-based)

understanding of complex system. The eVectiveness of training is compared across
retention intervals of diVerent lengths (short- versus long-term skill retention).
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Furthermore, system faults of diVerent diYculty (well-practised, novel and

emergency faults) were used to test for diVerential eVects of the training methods.

It was predicted that procedure-based training would lead to better performance

for practised faults while system-based training would be bene® cial for novel faults

and emergencies. This was based on the assumption that procedure-trained
operators would be more eYcient in the execution of rule-based system management

strategies. In contrast, operators trained on the system-based approach were

expected to be at an advantage when real-time problem solving was required. It was

also predicted that the rule-based execution of system control would require fewer

mental resources, which would be re¯ ected in fewer secondary task decrements.
Finally, on the basis of the scant previous work on skill retention one would expect

procedural training to show generally greater decrements of performance over a long

retention interval.

3. Task environment CAMS

3.1. General features
The task environment was an enhanced version of CAMS, which has already been

used in studies (Hockey et al. 1998, Sauer et al. 1999a ± c).

The task environment provides a generic simulation of a spacecraft’s life support

system, running on a (386 or better) IBM-compatible PC. The life support system

comprises ® ve subsystems, with the main system variables (O2, CO2, cabin pressure,
temperature, humidity) normally maintained within their target range by automatic

controllers. These subsystems are closely coupled and, therefore, have an eVect on

each other during system operation. While the system is running automatically, the

main task of the operator is to monitor the performance of the automatic controllers

and to intervene (by adopting manual system control) in the event of a system fault
(e.g. ineVective CO2 scrubber, N2 leak, O2 set point failure).

To aid eVective control of the parameters, three zones were de® ned in which a

parameter can move. The white zone de® nes the normal operating range, wherein the

parameter should oscillate ideally. The automatic controllers have their set points at

the boundaries of the white zone and therefore eVectively maintain the parameter in

that area. However, occasionally the parameter drifts outside that range into the
yellow zone, before it is brought back into the white zone by the automatic system. If

the deviation from the white zone is considerable, it can be an early warning sign of a

failure of a system component. This would indicate an elevated risk of a parameter

moving into the red zone. If a parameter moves into the red zone, it is counted as an

error. The boundaries of the red zone were de® ned: oxygen (19.0 ± 20.5% ), pressure
(970 ± 1040 mbar), carbon dioxide (0.1 ± 1.5% ), temperature (18.5 ± 23.0 8 C) and

humidity (36 ± 44% ).

A characteristic of complex systems is that their components do not operate

independently from each other. Similarly, CAMS has been designed to incorporate

interactions to make the task environment as realistic as possible. The knowledge of
these interactions will aid the skilled operator to control the system more eYciently.

Because of the limited time available for performance testing, the dynamic processes

in the system were greatly accelerated and some interactions were magni ® ed in

comparison with the natural laws that represented the basis of the mathematical

equations used in the simulation (e.g. Boyles Law: increasing pressure causes a rise in

temperature). Each subsystem operates by using set points, which trigger oV some
regulatory activity once a parameter has reached this prespeci® ed level.

2048 J. Sauer et al.
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CAMS allows any combination of automatic and manual operation of the

system. However, it should be emphasized that full manual control of the system is

not a trivial undertaking. The ® ve subsystems are tightly coupled and aVect each

other’s operation. Therefore, if the interdependencies of the subsystems are not well

understood, manual control can lead to operator-induced system disturbances. The
adoption of manual control attracts some costs in the form of increased attentional

resource requirements and a higher risk of errors.

3.2. Operator interface

The main display (® gure 1) provides a mimic of the topographical layout of the
system, with additional features such as a warning system, history display and system

clock. For each parameter a control panel is available, enabling the operator to

manipulate the levels by taking over manual control.

The main display also provides feedback about the operation of various

system components. Flow meters indicate the ¯ ow of gases at several locations

in the pipework. The icon of the mixer valve rotates when either gas is ¯ owing.
The operation of the various subsystems (e.g. CO2 scrubber, cooler, dehumidi-

® er) is indicated by various icons and messages. The warning system issues an

alarm if any of the key parameters moves out of its safe range. This takes the

form of a sign being displayed in red colour, indicating the parameter

concerned. In addition to genuine alarms, false alarms occurred at a rate of

~ 0.25/min.

Figure 1. Main display of CAMS.
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With the screen manager (® gure 1, top right), the operator can invoke diVerent

displays (history display, ® ve control panels) by clicking on the appropriate button.

The history display (® gure 1, bottom left) provides graphical information about the

development of each key parameter over the previous 4 min. The maintenance

facility (® gure 2) is evoked by clicking on the `maintenance’ button, allowing the
operator to repair system faults. Each repair takes 1 min to complete during which

time no other repair can be carried out. Since no explicit feedback is given whether

the diagnosis was correct (as in real work environments), the operator needs to carry

out checks to determine whether the fault state has been recti® ed.

3.2.1. Tasks of the operator: Four tasks are to be carried out by the operator,

which are classi® ed as primary and secondary tasks according to their importance

for crew survival. The ® rst two tasks listed below are de® ned as primary tasks,

whereas the remaining two are considered secondary tasks.

(1) System control: a safety-critical task is to maintain the ® ve key parameters
within their target state. This requires the monitoring of safe levels and the

completion of interventions if required.

(2) Fault diagnosis: if the operator discovers a system fault, he/she is required to

engage in a process of fault diagnosis and repair. To diagnose malfunctions

of the system successfully, the operator needs to carry out a number of tests
to determine the precise cause of the disturbance.

(3) Acknowledgement of alarms: this task refers to the monitoring of the alarm

system and is essentially a reaction time task. If a warning signal appears on

Figure 2. Maintenance facility of CAMS.
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the screen, the operator needs to click upon it immediately. If it turns out to

be a false alarm, no further action has to be taken. If the alarm is genuine,

appropriate interventions are to be carried out.

(4) Tank level recordings: this is essentially a prospective memory task (e.g.

Brandimonte et al. 1996), where the operator is required to execute an
activity at ® xed intervals without receiving any further prompt. In the current

study, the task was to record O2 tank levels at 3-min intervals.

3.3. Special features of CAMS

3.3.1. Data-gathering facility: The data logging facility allows the recreation of the
experimental session in its entirety. It automatically records the system state at 10-s

intervals. This comprises the level of key parameters and tanks. Every action taken

by the operator (e.g. increasing O2 in¯ ow, viewing of history display) is also recorded

with the exact time of its occurrence. Likewise, if the system carries out an activity

(e.g. a warning signal comes on), a record is made in the result ® le.

3.3.2. Fault states: Up to 18 diVerent fault conditions can be programmed into

CAMS by the experimenter, specifying the exact time each of them will occur during

the testing session. The faults may be grouped into ® ve categories according to the

underlying technical problem: Set point failures, leaks, blocks, closure failures and

control panel failures. A set point failure essentially represents a failure of the
automatic controller, which requires manual control action to keep the parameter in

range. A leak refers to the escape of gas at one point in the pipework. If the ¯ ow of

gas through the pipes is reduced when passing a valve, a block has occurred. The

opposite defect to a block is the closure failure, where a valve cannot be entirely

closed. The last group of faults, control panel failures, refer to a qualitatively
diVerent kind of fault. These are much more diYcult to manage for two reasons.

First, part of the fault state is a complete breakdown of a control panel, which means

that the corresponding parameter cannot be controlled any more in a direct way.

Second, control panel failures cannot be repaired because of a concurrent failure of

the maintenance facility.

3.3.3. Subjective state measures: CAMS allows the collection of subjective state

measures at ® xed intervals during the experimental session by means of visual

analogue scales (100-mm lines) that are presented on the computer screen.

Participants are asked to indicate their rating of mental eVort, anxiety and fatigue

by moving the slider along the scale with the mouse. The number of scales was kept
small deliberately to minimize disruptions of the task. Previous experience with the

use of the scales was positive, with all of them showing a satisfactory scale reliability

(Cronbach’ s a > 0.85; Hockey et al. 1998).

4. Methods
The work presented here was based on two experimental testing sessions. The

® rst lasted for 3 h, with each 1-h period associated with a diVerent noise

condition (quiet, noise, quiet). The eVects of noise are published in a separate

paper. Here, only the ® rst hour of this testing session (i.e. noise-free) will be

examined and the results will be compared with a second testing session, which

was completed 8 months after the ® rst to assess the impact of training on long-
term skill retention.
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4.1. Design

The design employed was a 2 ´ 4 ´ 2 mixed factorial design, with training, fault type,

and layoV period as independent variables. Type of training was a between-subjects

variable, varied at two levels (system-based versus procedure-based) . Fault diYculty

was varied within sessions at four levels: Fault-free, practised fault, novel fault and
control panel failure (the fault types are described in detail below). LayoV period, a

within-subjects variable, had two levels: short-term (immediate testing after training)

and long-term skill retention (testing after an 8-month layoV period, with no

intervening practice).

4.2. Participants

Twenty-® ve participants (23 male, two female) were recruited for the study, all

members of the University of Hull either as ® nal-year undergraduates (n = 8),

postgraduates (14) or staV (3). Participants were members in (or graduated from) the

following departments: Engineering (15), Chemistry (7), Biology (2) and Computer

Science (1). All were chosen on the basis of some basic selection principles to ensure
that they matched the elementary criteria for the selection of trainee astronauts.

Because some of them have left the university during this period, only 17 participants

(68% ) completed the second testing session. The average age of the participants was

25.1, ranging from 21 to 31 years.

4.3. Training

Participants were randomly assigned to one of the two training regimes. Thirteen

participants received procedure-based training and 12 were given system-based

training. Both groups received ~ 6 h of training, which comprised ® ve sessions. The

® rst session was identical for both groups, in which the basic functioning of CAMS
was explained. In the following four sessions, both groups were trained on exactly

the same system faults but with a diVerent emphasis (see below). Both groups had a

fault® nding guide at their disposal, which they could refer to during training as well

as during the experimental session. The guide was problem-centred and provided

quick access to the identi® cation of faults and the appropriate control strategies to

deal with them.

4.3.1. Procedure-based training: In this condition the training approach empha-

sized the importance of following the procedures for fault identi® cation and

management, both of which were described in the fault® nding guide. As a result,

participants in this group spent more time consulting the guide than the system
group. After the participants had become more familiar with the diVerent fault state,

the instructor only intervened if they did not follow the prescribed procedures.

During procedure-based training, no explanations were given about interactions

between the diVerent subsystems or how a particular fault may aVect the principal

system parameters. If a participant asked a question concerning these issues, the
importance of following the procedures was stressed as being the most eYcient way

of managing the system.

4.3.2. System-based training: In this condition participants were encouraged to

understand the relationship and interactions between the diVerent components of the

system. During the occurrence of faults, they should base interventions on their
understanding of the causes of the disturbance rather than following a guide of step-
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by-step procedures. The training sessions were similar to those of the procedure

group with regard to the sequence of faults practised. However, one important

diVerence was that the faults were grouped according to types (e.g. leaks, valves

stuck open) and introduced at the same time. This was thought to facilitate the

understanding of the eVects of each fault on the main system parameters. In practice
this was done by asking the participants about their expectations of the symptoms of

a particular fault (i.e. eVects on diVerent parameters). They were constantly

encouraged to make a priori predictions about system behaviour and to give a

posteriori explanations. The instructor challenged their views if they were

inconsistent or did not re¯ ect the actual processes of the system.

4.4. Fault diYculty

Four levels of the fault variable were manipulated in the experiment. (1) In the

faultfree (F-free) state the automatic controller operated perfectly well and no

system component failed or was defective. (2) Practised faults (PracF) were fault

states that were extensively practised in training. (3) Novel faults (NovF) referred to
faults that had not been encountered before but were of the same general type as the

practised faults. (4) Control panel failures (CtrlPanF) were also unpractised faults

but of a diVerent kind to those encountered in training. The operator had to develop

an alternative strategy since the most straightforward approach of dealing with the

fault (via the corresponding control panel) was unavailable due to a concurrent
failure of the control panel. Furthermore, the maintenance facility was not in

operation for the duration of the fault, hence the operator was unable to repair the

fault. It was expected that control panel failures would be most diYcult to manage,

followed by novel faults and practised faults.

4.5. Assessment of mental model

Measuring the operator’ s knowledge of the system (both implicit and explicit)

assessed the operator’s mental model. In each case they were tested on their

knowledge of the three control panel failures, as these were the most comprehensive

fault states used in the study, and those that are most strongly related to dealing with

low frequency problems. A score of one was given for each CtrlPanF, allowing each
participant to achieve a maximum score of three. The criterion for this was a clear

demonstration of the understanding of the system functioning relevant to this

particular fault state (e.g. that the in¯ ow of liquid N2 will reduce the cabin

temperature and can therefore be used in the event of a failed cooling system).

Implicit knowledge was measured by examining performance during the
occurrence of the three control panel failures, and by asking participants to give a

brief demonstration of their control strategies in the post-experimental interview.

Explicit knowledge was measured by means of verbal protocols and a structured

questionnaire. The verbal protocol was recorded while the participant managed the

system during the three fault states. The verbal protocol was transcribed and then
analysed to assess the participant ’s understanding of system operation. This was

supplemented by the results of a questionnaire that measured the operator’s

understanding of the underlying causes of particular fault states. The questionnaire

was in two parts. The ® rst consisted of 12 three-alternative multiple choice items (e.g.

What happens to the cabin temperature when nitrogen is pumped into the cabin? (a)

Increase, (b) decrease or (c) no eVect). Below each item, operators were asked to
explain the nature of the relationship in more detail. In the second section, open
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questions were asked about three cabin parameters (pressure, oxygen, temperature),

in which the operators’ mental models were tested by asking them to explain their

understanding of the system (e.g. Please explain which components or processes have

an impact on cabin oxygen levels, and describe the direction of the relationship).

The evaluation of the mental model was carried out independently by two of the
experimenters. The interrater reliability coeYcient (Cohen’s K) was satisfactory for

explicit (K = 0.88) as well as for implicit knowledge (K = 0.83).

4.6. Procedure

In the experimental session, participants encountered fault types with the following
frequencies: three practised faults, two novel faults and one control panel failure.

Following an experimental plan, the order and duration of faults was balanced

across fault types. Fault phases lasted between 5 and 10 min, with fault-free phases

occurring at the beginning of each period and between fault states. Participants did

not know the order in which faults would occur or their duration. The following

example illustrates a typical set-up of a 30-min subperiod: fault-free (min 0 ± 3.5),
practised fault (min 3.5 ± 11), fault-free (min 11 ± 15), control panel failure (min 15 ±

22), fault-free (min 22 ± 24.5), novel fault (min 24.5 ± 29.5).

The following four practised faults were used during the experimental session:

leak of oxygen valve, leak of mixer valve, vent permanently open and nitrogen valve

permanently open. The four novel faults were presented in the session: block of
oxygen valve, O2 set point failure, N2 set point failure and dehumidi® er set point

failure. The following three control panel failures were used: cooler failure (with a

simultaneous temperature control panel failure), N2 valve permanently open (with a

simultaneous pressure CtrlPanF) and O2 valve permanently open (with a

simultaneous O2 control panel failure). Two faults were practised during the
training sessions but did not occur in the experiment (carbon dioxide scrubber failure

and cooler failure).

The second testing session (after the 8-month layoV) began with a 3-min `warm-

up’ session to allow the participants to familiarize themselves again with the task.

They were reminded of all the tasks they had to complete during the experimental

session and the diVerent priorities attached to them. After the brief warm-up, the 1-h
testing session was completed, corresponding exactly to the procedure for the ® rst

testing session. Following the task session an assessment was made of the mental

model of each participant.

5. Results
The data analysis is based on the 17 participants (10 from the procedure group, seven

from the system group) that completed both testing sessions. For most performance

data, a square-root or log-transformation was carried out to reduce the skewness of

the distribution. This is a standard procedure applied when data are positively

skewed (as often occurs when performance is expressed in error terms). However, for
reasons of clarity the means presented represent the untransformed values.

5.1. Primary task performance

5.1.1. Parameter control failures: This measure refers to the percentage of time

each of the ® ve key parameters had been out of range (i.e. in the red zone) during the

task sessions. The system group did slightly better than the procedure group (3.7
versus 4.6% ), though the diVerence was not signi® cant (F = 1.23; d.f. = 1,15;
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p >0.05). This small diVerence between groups remained stable over the retention

interval. It was predicted that ProcG (procedure group) would perform better during

PracFs while SysG (system group) would be better at NovFs and CtrlPanFs. While

there is some suggestion of this in table 1, the interaction was not signi® cant (F <1).

After the layoV period, participants, surprisingly, showed improved performance
compared with their ® rst testing session (3.0 versus 5.2% ). The main eVect of layoV
period was signi® cant (F = 5.51; d.f. = 1,15; p < 0.05). However, as table 1 shows,

this was largely due to a strong interaction between fault type and skill retention

(F = 12.5; d.f. = 3,45; p <0.001). For PracF, there were twice as many errors on the

second session (LSD-test p < 0.05). No eVect was found for novel faults although the
data indicate a small improvement. The strongest eVect was observed for control

panel failures, which were halved (12.9 versus 6.1% ; LSD-test p < 0.001). As

predicted, the data showed a strong main eVect of fault type, the number of control

failures rising with increased fault diYculty (F = 96.8; d.f. = 3,45; p < 0.001). Post-

hoc LSD tests showed that all means were signi® cantly diVerent from each other

(p <0.05). Overall, there was no evidence for forgetting of the primary control
activities.

5.1.2. Errors in fault diagnosis: This measure was scored for the percentage of

incorrectly diagnosed faults. Control panel failures were not included in this analysis

since they could not be diagnosed as the failure of the maintenance facility was part
of the fault state. Most faults were correctly diagnosed at the ® rst attempt in both

groups (84.3% ). A further 11.3% of faults were correctly diagnosed at a later

attempt, leaving 4.4% of faults where a correct diagnosis failed. For this analysis, the

strict error criterion (incorrect at ® rst time) was employed, though the less strict

criterion did not provide a fundamentally diVerent pattern. ProcG (14.2% incorrect
diagnoses) showed a slightly better performance than SysG (17.2% ) but the

diVerence was not signi® cant (F < 1). Diagnostic performance was also found to have

deteriorated slightly after the layoV period (13.1 versus 18.2% ) but again, this

change was not signi® cant (F <1). As predicted, NovFs were less accurately

Table 1. EVects of training on primary and secondary task performance at T1 and T2 (mean
score of performance measures).

System group Procedure group T1 T2

T1 T2 T1 T2 overall overall

Percentage of parameter control 4.9 2.5 5.6 3.5 5.2 3.0
failures

PracF 0.7 0.9 0.1 0.9 0.4 0.9
NovF 1.5 1.4 3.3 2.4 2.4 1.9
CtrlPanF 12.4 5.2 13.3 7.1 12.8 6.2

Fault identi® cation time (s) 109 113 92 131 101 122
Percentage of omitted tank level 13.8 17.2 8.0 12.7 10.9 14.9
recordings

F-free 7.1 7.1 0.0 5.0 3.6 6.1
PracF 14.8 8.7 6.4 20.4 10.6 14.6
NovF 4.8 19.5 15.4 17.9 10.1 18.7
CtrlPanF 28.6 33.3 10.0 7.5 19.3 20.4

F-free, fault free; PracF, practised faults; NovF, novel faults; CtrlPanF, control panel
failures.
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diagnosed than PracFs (22.5 versus 8.8% ). This diVerence was signi® cant (F = 7.59;

d.f. = 1,15; p <0.05). No other signi® cant eVects were found (all F < 1). As with

control performance, there was no evidence of forgetting on the diagnostic accuracy

measure.

5.1.3. Fault identi ® cation time: The speed of fault diagnosis was evaluated by

measuring the time needed to make a correct diagnosis. Table 1 shows an overall

increase in fault identi® cation time at T2. This was almost entirely accounted for by

ProcG, who took 40 s longer to identify faults on the second session (an increase of

43% ). SysG participants showed very stable identi® cation times over the two
sessions (109 versus 113 s). While the main eVect was signi® cant (F = 6.35;

d.f. = 1,15; p < 0.05), the interesting eVect is the signi® cant interaction (F = 4.83;

d.f. = 1,15; p <0.05).

5.2. Secondary task performance

5.2.1. Annunciator reaction time: This measure indicates the time needed (in
seconds) to respond to the appearance of an annunciator that warns the operator of

the unsafe level of a system parameter. Whereas no main eVect of training was found

(F < 1), the analysis revealed an eVect of fault type (F = 9.13; d.f. = 3,45; p <0.001).

The more diYcult the system faults became, the longer participants took to respond to

annunciators (F-free: 1.9 s; PracF: 2.0 s; NovF: 2.3 s; CtrlPanF: 2.5 s). Post-hoc LSD-
tests con® rmed that the diVerences between all four levels of fault type were

signi® cantly diVerent from each other (at p < 0.05 level or higher). There was, however,

no signi® cant eVect of layoV period (F = 3.45; d.f. = 1,15; p > 0.05), RT actually

improving between the two sessions (from 2.8 to 2.5 s). No other eVects were observed.

5.2.2. Prospective memory (tank level recording): Recordings were assigned to four

diVerent categories according to the accuracy of timing: early (5 s or more before

scheduled time), on-time (within 5 s of scheduled time), late (between 5 and 20 s after

scheduled time) and omissions (missed or >20 s after scheduled time). The

occurrence of early responses was generally very low ( < 1% ). Most recordings were

made on time (47% ), followed by late responses (39% ) and a not inconsiderable
number of omissions (13% ). The category of omissions emerged as the most sensitive

one and was therefore selected for the analysis. The data are presented in table 1. As

found for reaction time, fault type had an impact on performance, more recordings

being missed during more complex fault states (F = 3.26; d.f. = 3,45; p < 0.05). The

interaction of training and fault type was signi® cant (F = 3.02; d.f. = 3,45; p < 0.05),
though the pattern of results is unexpected. Procedure-trained participants had less

omissions during CtrlPanF (8.8% , averaged across T1 and T2) compared with the

two less demanding fault states (PracF: 13.4% ; NovF: 16.7% ). This was in contrast

to SysG, who followed the expected pattern of increasing omissions with higher fault

diYculty (PracF: 11.8% , NovF: 12.2% , CtrlPanF: 31.0% ). Again, there were no
eVects of layoV period (F = 3.45; d.f. = 1,15; p > 0.05).

5.3. Control actions and information sampling behaviour

5.3.1. Manual control actions (MCA): The data for MCA are presented in table 2.

The F-free condition was not included in this analysis since virtually no control

actions were carried out during this phase. The analysis of MCA revealed that
system-trained participants carried out more than twice as many control actions than
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their procedure-trained colleagues at T1 (0.59 versus 0.25/min). This diVerence

disappeared at T2 where both groups were equally active. The interaction however

failed to reach signi® cance (F = 2.59; d.f. = 1,15; p > 0.05). The eVects of fault type

are quite complex. There was the expected main eVect of fault type, with most MCA
being carried out during CtrlPanFs, followed by NovFs and PracFs (F = 25.22;

d.f. = 2,30; p < 0.001). Post-hoc LSD-tests revealed that CtrlPanF was signi® cantly

diVerent from the two others (both LSD-tests p <0.001). More importantly, the two

training groups showed diVerent patterns of interventions with increasing fault

diYculty. The increase in MCA for CtrlPanFs was more pronounced for SysG than
for ProcG (F = 7.03; d.f. = 2,30; p < 0.001). While ProcG was more active for

PracFs and NovFs than their system-trained colleagues, this pattern was reversed for

CtrlPanFs. There was a signi® cant main eVect of layoV (F = 14.14; d.f. = 1,15;

p <0.005), both groups carrying out nearly twice as many interventions at T2 than

T1. Overall, these results show that participants carried out more control actions at

the second testing session, which is consistent with their improved control
performance at T2.

5.3.2. Information sampling behaviour: Similar to the complex pattern found for

MCA, multiple eVects of training were also observed for information sampling

behaviour. As table 2 shows, there was a propensity of SysG to make more use of the
¯ ow meters and the maintenance facility, both displays of high relevance for

diagnostic activities. However, statistical tests failed to con® rm signi® cance of either

eVect. A signi® cant eVect of the layoV period was recorded for both displays but in

diVerent directions. While there was an increase in ¯ ow meter sampling at T2

(F = 4.74; d.f. = 1,15; p <0.05), there was a sharp reduction in interrogations of the
maintenance facility for both groups (F = 19.8; d.f. = 1,15; p < 0.001). Whereas these

two displays have primarily diagnostic functions, the history display is a dual

function facilityÐ not only does it have diagnostic properties, but also it represents a

monitoring aid to identify system disturbances. The analysis revealed that after the

layoV period, SysG participants sampled the history display less frequently (table 2).

No such change was observed for ProcG. This means that the diVerence between the
groups observed at T1 increased at T2, giving a signi® cant interaction (F = 4.68;

Table 2. EVects of training on control activity and information sampling behaviour at T1

and T2 (mean score of intervention and sampling frequency).

System group Procedure group T1 T2

T1 T2 T1 T2 overall overall

Manual control actions 0.59 0.79 0.25 0.78 0.42 0.79
(interventions/min)

PracF 0.05 0.33 0.06 0.52 0.05 0.42
NovF 0.13 0.14 0.23 0.71 0.18 0.43
CtrlPanF 1.59 1.89 0.47 1.10 1.03 1.50

History display 86.0 79.0 88.5 89.0 87.3 84.0
(time on screen in % )

Flow meters (samples/min) 2.41 2.62 1.80 2.19 2.10 2.41
Maintenance facilty 0.39 0.24 0.26 0.17 0.32 0.21

(samples/min)

PracF, practised faults; NovF, novel faults; CtrlPanF, control panel failures.
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d.f. = 1,15; p < 0.05). There were also main eVects of training (F = 4.59; d.f. = 1,15;

p < 0.05) and layoV period (F = 6.37; d.f. = 1,15; p < 0.05) for this measure.

5.3.3. System management strategies: Since there is a close functional relationship

between system monitoring and interventions, it is useful to relate the changes
observed for information sampling behaviour and manual control activities. Control

activities increased after the retention interval (in particular for ProcG) while

information-sampling activities showed no overall increase. There was a tendency

for SysG to increase the level of intervention between T1 and T2, at the expense of

monitoring, with increasing fault diYculty. No such pattern was observed for
ProcG. Overall, the approach to system management, and the way this changes over

time, shows considerable diVerences between the training groups.

5.4. Subjective state measures

The subjective state of the participants was measured at the end of each trial.

Responses were made on 100-mm visual analogue scales for three variables: EVort,
Anxiety and Fatigue. The data are presented in table 3. Little diVerence was found

between training groups for mental eVort expenditure and anxiety (for both F < 1).

The data appeared to show that participants made more eVort and were less anxious

after the retention interval but again, the diVerence was not signi® cant (for both

F < 1). However, a main eVect for fatigue was found with increased fatigue levels
reported at T2 (F = 1.67; d.f. = 1,15; p < 0.05). The observed main eVect was due to a

signi® cant interaction between training and layoV (F = 3.08; d.f. = 1,15; p <0.05)

because ProcG showed an increase in reported fatigue levels from T1 to T2 while

levels for SysG remained relatively stable.

5.5. Mental model of operator

The results for both explicit and implicit knowledge are presented in table 3. They

indicate that system trained participants had a higher level of system knowledge at

both testing times and for both types of knowledge (F = 10.3; d.f. = 1,15; p < 0.01).

It was also found that the mental model improved over the retention interval for

both training groups and both types of knowledge (F = 4.8; d.f. = 1,15; p < 0.05).
No interaction was found (F <1).

6. Discussion

In contrast to expectations, training had overall only a limited impact on

performance, merely a few measures showing an eVect. More marked eVects were

Table 3. Self-reported subjective state measures (mean ratings on a 0 ± 100 visual analogue
scale) and assessment of system knowledge (mean score) at T1 and T2.

System group Procedure group T1 T2

T1 T2 T1 T2 overall overall

EVort ratings (0 ± 100) 48.7 51.9 53.0 53.9 50.9 52.9
Anxiety ratings (0 ± 100) 44.7 38.2 36.5 38.6 40.6 38.4
Fatigue ratings (0 ± 100) 53.9 51.7 39.3 53.7 46.6 52.7
System knowledge (max score= 6) 2.6 3.3 0.7 1.8 1.6 2.5

Explicit (max score= 3) 1.2 1.6 0.5 1.1 0.8 1.3
Implicit (max score= 3) 1.4 1.7 0.2 0.7 0.8 1.2
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observed for system management, notably for manual control activities, but to some

extent also for information sampling strategies. The results also showed that overall

performance remained remarkably stable, even after an extended period of 8 months

without practice. This is an encouraging outcome since it indicates that skill

retention is an issue that requires careful attention but does not represent an
insurmountable problem.

One of the obvious limitations of the study is the small sample size (n = 17). This

was unfortunate but unavoidable, given the complex demands on participants, and

the problems of maintaining the full sample over the 8 months between testing

sessions. Because of this, analyses are necessarily carried out with rather low
statistical power (between 0.12 and 0.52 for diVerent analyses), so that there is a risk

of failing to reject the null hypothesis when it is false. However, it is relevant to note

that eVect sizes (Cohen 1992) are, in any case, generally s̀mall’ (Cohen’s d < 0.5). The

only two comparisons that show even moderate eVect sizes are the reduced

maintenance sampling at T2 (d = 0.58) and the increase in system knowledge

(d = 0.56). Thus, even if a more powerful design were employed, one would still wish
to conclude that the eVects of the long layoV in skill use are much less than would

normally be expected. Furthermore, the overall eVect of layoV for the most critical

performance measure, management of system failures, is actually in the `wrong’

direction. If anything, control performance improves from T1 to T2.

It was predicted that ProcG would be better at managing practised faults but that
the more diYcult faults (both novel and control panel failures) would be most

eVectively dealt with by the system-trained operators. This was based on the

assumption that system-based training would lead to the development of a superior

mental model of the life support system, which would enable the operator to

understand better unfamiliar fault states and to deal with them more eVectively. The
results for parameter control failures were in the expected direction (but did not

reach statistical signi® cance), with SysG performing better on both of the more

diYcult fault states. In addition, SysG had a more complete mental model on both

explicit and implicit knowledge. It is therefore surprising that SysG participants did

not do better on the primary control task. There are well-known problems associated

with predicting performance from diVerent types of knowledge (e.g. Rowe et al.
1996), and Broadbent et al. (1986) and others (e.g. Buchner et al. 1995) have reported

the dissociation between verbal system knowledge and displayed performance in

control tasks. However, Rowe et al. have pointed out that the identi® cation of

meaningful action patterns can increase the predictive value of knowledge structures.

This means focussing on those aspects of performance that are most closely related
to the knowledge structures under investigation.

While these issues may also have played a role in the present study, further

analyses pointed at other possible causes, too. It emerged that certain system

management patterns were more frequent in SysG, which appear to have oVset their

initial advantages. System-trained participants set more subsystems to manual than
they could manage, which resulted in unnecessary deviations from the target state

because the control load was excessive. The diYculties operators have in managing

an increasing number of manually controlled subsystems have been clearly

demonstrated in some ® eld studies with the CAMS task (Sauer et al. 1999a, c).

Furthermore, it appeared that SysG participants intervened in situations where such

actions were not entirely justi® ed. This suggests that the more exploratory behaviour
of SysG was, under some circumstances, counterproductive. Both patterns may have
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been caused by an over-con® dence of SysG participants in managing the system,

since previous research has indicated that more con® dent operators make more use

of manual control skills (Lee and Moray 1994). In hindsight, it would have been

bene® cial if one had included a measure of operator con® dence since it would have

enabled the hypothesis to be tested. It is recognized in training programmes that
there is a ® ne line between instilling the necessary level of con® dence and giving rise

to over-con® dence in trainees (and, similarly, the relation between trust, overtrust

and mistrust; Muir 1988). The results demonstrate that even with a training method

that produces a richer mental model, there is no guarantee that such undesired side-

eVects will not occur.
Despite the absence of eVects of training on performance, considerable

diVerences in system control and system monitoring were observed. This suggests

that training substantially shaped the system management strategies used by

operators. Information sampling and system interventions need to be examined

together because of their close functional relationship. An increased fault diYculty

(particularly the CtrlPanF condition) was found that led to a general shift from
monitoring behaviour (e.g. reduced sampling of the history display) to more control

activity. This is not unexpected since monitoring requirements are highest in

automatic systems (Sheridan 1987) and system disturbances of increasing diYculty

demand more interventions. Similar changes in the intervention/monitoring ratio

have been demonstrated in previous research, as a function of sleep deprivation
(Hockey et al. 1998). Interestingly, the present study showed that this shift was more

pronounced for SysG, which may be indicative of their higher adaptability to

changes in operational requirements. Marked changes in system management

strategies have been observed in a number of studies, which showed that primary

performance was largely maintained but this was only achieved by adopting a more
suitable strategy (Hoc and Moulin 1994, SpeÂ randio 1995). A typical example of these

adjustments may be found in the context of process control, where operators move

from open loop to closed loop control under increased workload (Bainbridge 1974).

An important aspect of the eVectiveness of training is the long-term skill

retention, as opposed to immediate performance gains. While complex continuous

tasks of the kind used in the study are thought to be relatively less vulnerable to
forgetting, one would generally expect some performance degradations after an 8-

month layoV period. For the primary control task, while control errors did increase

for practised faults after the layoV period, operators were actually better in dealing

with the complex CtrlPanF problems. Models of skill decay (Rose 1989) would

predict that PracFs would be less likely to show decrements because of the greater
practice. Therefore, any refresher practice (such as the testing session at T2) should

be most eVective for the well-developed skills in terms of the time needed to attain

previous performance levels. Instead, surprisingly, PracF was the only fault type that

showed a decrement. While the observation of such a decrement does not contradict

current theories of skill acquisition, there is clearly a need to address the question of
why performance deterioration was absent for NovF, and why performance for

CtrlPanF improved.

Several hypotheses may be advanced for this unexpected ® nding. First,

although considerable training was given before the ® rst session, more diYcult

faults may have bene® ted from the additional learning opportunity aVorded by the

second session. Second, knowledge gains may have occurred following the mental
model testing that followed the task at T1, which required participants to solve

2060 J. Sauer et al.

SebastiaoR
Zone de texte 



D
ow

nl
oa

de
d 

B
y:

 [S
au

er
, J

ue
rg

en
] A

t: 
11

:0
0 

6 
D

ec
em

be
r 2

00
7 

problems concerning control panel failures. Although great eVorts were made not

to reveal solutions to participants, the session may have encouraged them to think

more about these fault states and their possible control strategies. In addition, this

session may have given them more con® dence (Lee and Moray 1994) in dealing

with the fault at T2, since they may have become aware that there was a possibility
to cope with the system disturbance, without participants knowing the solution.

The second explanation appears to be stronger than the ® rst for the following

reason. If there had been a learning process, one would have expected some

performance improvements in the second and third hour of the ® rst testing session.

These however were not observed. Evidence for a more active coping with
CtrlPanF at T2 comes from the manual control action data. These indicated an

overall increase in manual control activity for both groups, though it was much

more pronounced for ProcG. This was in contrast to the perhaps very cautious

approach to system control employed at T1, which displayed a stronger reliance on

the automatic system. This strategy might have been the direct consequence of the

procedure-based training method that discouraged an explorative approach
towards the system.

A third possible explanation for the improved control performance for complex

faults at T2 is that participants became more selective in managing the overall task

environment. They may have focused more strongly on the primary task at the

expense of secondary tasks, as predicted by the compensatory control model. The
calculation of a selectivity index (SI) allows for the test of this hypothesis (Hockey et

al. 1998). First, performance diVerences as a function of retention interval (T2 ± T1)

are standardized for each performance variable, using a z-transformation.

Performance improvements over the layoV period are indicated by a negative value

(since the data are based on error scores). The selectivity hypothesis was tested by
calculating SI for RT and parameter control failures (ZRT ± ZPCF). If SI has a

positive value, it shows that the performance on the primary control task is relatively

better than on the secondary task after the layoV. For example, a positive SI will

result if there are no changes over the layoV period for RT (i.e. ZRT = 0) while

control performance improves (i.e. ZPCF = negative value), or if RT gets much worse

than control performance. The analysis showed that participants appeared to
become overall more selective at T2, though the diVerence was not statistically

signi® cant (F <1). However, a signi® cant interaction between layoV and fault type

was found (F = 4.96; d.f. = 3,45; p < 0.005), indicating that a signi® cant increase in

selectivity occurred only for the most demanding fault condition (LSD-test

p <0.001). This would be in line with the performance improvements for CtrlPanFs
found at T2. No signi® cant eVect of training emerged for SI but, not surprisingly,

analysis of variance con® rmed that with increasing fault diYculty, participants

increased their focus on the control task (F = 9.42; d.f. = 3,45; p <0.001). It seems

likely that the eVects of layoV on the primary task are the result of both this change

in compensatory control and the above argument concerning the after-eVects of the
mental model session. An awareness that the complex faults may be manageable may

be one of the reasons why more resources are devoted to them in the retest.

Although the demands of the parameter control task go far beyond a simple

tracking task, it still contains some fundamental elements of a tracking loop. This

may explain its resistance to skill loss as previous research indicated that

performance on tracking tasks showed little impairment as a result of non-use
(Farr 1987, Annett 1989, Rose 1989). The improved control performance is
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underpinned by an improvement of the participants’ mental model after the layoV
interval. Although the observed improvement of the mental model is consistent

with the results from the performance measures, it is at odds with ® ndings that

consider mental models as temporally unstable and as being subject to a trend of

simpli® cation (Norman 1983). In contrast to the tracking skills, the recollection of
diagnostic rules was aVected by non-practice, resulting in longer identi® cation

times while accuracy was maintained. This eVect occurred only for ProcG,

suggesting that their presumed strategy of remembering procedures rather than

using their system knowledge may have been less resistant against time-induced

forgetting. This is supported by evidence in the literature, which suggested that a
set of procedures is diYcult to retain over time (Hagman and Rose 1983, Rose

1989). However, unlike in these studies, the present procedure-trained participants

appeared not to have left out essential steps in the procedure (since diagnostic

accuracy was maintained) but required more time to complete them. Maybe

accuracy was unimpaired because the procedure-trained participants used the extra

time to consult the fault ® nding guide. In hindsight, it would have been useful to
collect data on the use of the fault ® nding guide, for example, by providing a

software-embedded version of it.

As predicted by the theoretical framework of the study, decrements of

secondary task performance as a function of fault diYculty were found. In the

context of resource theory (Navon and Gopher 1979, Wickens 1992), one may
argue that, with increasing diYculty of the fault state, the cognitive requirements

for the primary task increased, which resulted in fewer resources being available

for the secondary tasks. This pattern emerged very clearly for prospective memory

and reaction time.

7. Conclusion

The pattern of results from the present experimental work was largely in line with the

predictions of the model of compensatory control mechanisms. Primary task

performance was largely maintained. The observed impairment of secondary task

performance (through increased demands as a function of fault states) may be

interpreted as being the result of a reduction in residual capacity. This means a
redirection of resources occurred, away from the secondary tasks, to increase the

available resource pool for the primary task. In addition to secondary task

performance decrements, increases in demands led to adaptive changes in

information sampling behaviour and intervention strategies.

Despite the fundamentally diVerent rationale behind the two training
approaches, the results did not indicate any clear superiority of one over the other.

Even though there were clear indications that SysG had a better mental model and

even demonstrated that in control performance, it did not pay oV in terms of

achieving better performance in the measures used. The analysis of the system

management approach also corroborated the ® nding that the training methods
resulted in diVerent knowledge structures. However, due to non-optimal system

management the SysG did not bene® t from their initial advantage. This

demonstrates that even with a better training method, there is no guarantee that

undesired side-eVects of this method will not oVset its advantages. This reiterates the

point that great care needs to be taken in the design of training, in particular,

concerning those aspects of the training programme that go beyond the knowledge
base, such as con® dence, trust and risk-taking.
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