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Abstract Robust error management within the cockpit is
crucial to aviation safety. Crew resource management
(CRM) focuses on non-technical skills for error man-
agement but the training of technical skills for error
detection and error recovery is also a potentially valu-
able strategy. We propose a theoretical basis for training
technical skills in error management as well as a cogni-
tively oriented technique for analysing accidents and
incidents to identify specific training requirements. To
evaluate the strengths and limitations of this new ap-
proach, we present a case study of its application to the
F-111, a strike aircraft in the Royal Australian Air
Force. This case study demonstrates that the new
training approach is both feasible and useful, although
an empirical validation of the approach is still necessary.
In addition, the case study highlights the limitations of
the current F-111 simulator for training technical skills
for error detection and error recovery.

Keywords Aviation Æ Safety Æ Training Æ Error
management Æ Cognitive work analysis

1 Introduction

Initial efforts to improve aviation safety were based on
the view that humans are unreliable and that safety
interventions should focus on preventing human error.
Over the last decade, there has been an increasing rec-
ognition that errors are not only difficult to eliminate
completely but that they are a consequence of the same
cognitive mechanisms that allow humans to operate
flexibly under demanding conditions. Moreover,
although humans often make errors, they also provide
a critical line of defence in averting the adverse

consequences of errors because of their ability to adapt
to dynamic situations. The focus of safety efforts has
therefore shifted from error prevention to error man-
agement; that is, creating systems that are better able to
tolerate the occurrence of errors and contain their
damaging effects (Hollnagel 1993; Maurino 2001; Paries
and Amalberti 2000; Rasmussen and Vicente 1989;
Reason 2000 and 2001; Sarter and Alexander 2000;
Shappell and Wiegmann 2000).

In this paper, we propose a new approach for training
technical skills for error management. This approach
was motivated by three main observations. Firstly, the
training of technical skills in aviation emphasises error
prevention. Yet, errors still occur. Second, crew resource
management (CRM) programs provide aircrew with
non-technical skills for error management. Yet, accidents
still occur. Third, although poor CRM is a causal factor
in many aircraft accidents, poor technical skills in
operating the aircraft after it has been placed in an un-
safe or undesired state by human error are also often a
factor (Naikar, Saunders and Hopkins 2002). Before we
present the new approach for training technical skills for
error management, we elaborate the concept of error
management and explain existing approaches to error
management in light of this concept.

1.1 Error management

The concept of error management can be illustrated by
characterising work systems as having boundaries of
safe operation (Flach and Rasmussen 2000; Rasmussen,
Pejtersen and Goodstein 1994). Using this characteri-
sation, a system is in a safe or desired state when it is
operating inside the boundaries of safe operation
(Fig. 1). When a system crosses the boundaries of safe
operation, it is in an unsafe or undesired state and an
accident or incident can result. This is inevitable in
competitive work environments where the pressure to
achieve system objectives within tight resources and
operating constraints leads to systematic migration
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towards the boundaries. Safety interventions must
therefore focus not only on preventing errors to keep a
system within the boundaries of safe operation but also
on managing errors by making it possible for a system to
return from crossing the boundaries of safe operation.
Therefore, in terms of aviation, aircrew must be able to
detect that an aircraft is in an unsafe state and to recover
the aircraft to a safe state.

Rather than there being a tangible boundary between
a safe and an unsafe state, an alternative view may be to
think of a dimension from safe to unsafe states with
migration along this dimension making an accident
more likely. This characterisation avoids the complica-
tion of pinpointing where the boundaries are. However,
the original characterisation by Rasmussen is adequate
for the purposes of this paper.

1.2 Existing approaches to error management

An existing approach to error management is error-
tolerant design (Billings 1997; Kontogiannis 1999;
Noyes 1998; Rasmussen and Vicente 1989). A key
strategy of this approach is to design interfaces that
make errors and their effects visible and reversible.
Error-tolerant interfaces, therefore, highlight the
boundaries of safe operation, present feedback when the
system crosses the boundaries and provide opportunities
for operators to return the system to a desired state.

Another existing approach to error management is
CRM. The latest generation CRM relies on observations
of normal line flights to pinpoint areas for organisa-
tional improvement and to develop training strategies
for error management (Gunther 2002; Helmreich 2001;
Helmreich, Klinect and Wilhelm 1999; Helmreich,
Merritt and Wilhelm 1999). Forms of organisational
improvement include: modifying standard operating
procedures, changing the nature and scope of technical

training, altering scheduling practices and establishing
or enhancing safety departments. These interventions
are aimed at preventing error or minimising the likeli-
hood of error. CRM strategies for error management
involve making the flight crew aware of sources of
threats to flight safety and training them in core
behaviours for managing errors effectively, such as
maintaining vigilance and cross-checking team mem-
bers, reviewing and modifying plans and leadership and
communication skills. CRM therefore trains aircrew in
non-technical skills for detecting unsafe states and
recovering the aircraft to a safe state.

2 Training technical skills for error management

While CRM programs provide training in non-technical
skills for error management, the training of technical
skills in aviation is still focused on error prevention. A
technical training approach that is based solely on error
prevention gives aircrew the opportunity to practise er-
ror-free performances and therefore to operate the air-
craft within the boundaries of safe operation.
Consequently, aircrew have considerable experience in
operating the aircraft when it is in a safe state. However,
aircrew have little opportunity to operate the aircraft
when it has crossed the boundaries of safe operation into
an unsafe state. As a result, they get little practice in
detecting cues that the aircraft has been placed in an
unsafe state by human error and recovering the aircraft
to a safe state. The typical response when an aircraft
enters an unsafe state is often confusion as aircrew seek
to understand what is happening (Naikar, Saunders and
Hopkins 2002). Recovery action is usually straightfor-
ward if the aircrew understands the situation.

To develop systems that are more prone to error, an
approach for training aircrew in technical skills for error
managementmay be necessary. The training approach we

Fig. 1 The characterisation of
work systems as having
boundaries of safe operation
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propose would give aircrew the opportunity to cross the
boundaries of safe operation so that they can practise
detecting the cues that the aircraft is in an unsafe state and
strategies for recovering the aircraft to a safe state. Then,
if aircrew cross the boundaries of safe operation during
real missions, they are more likely to detect and recover
from the error, and consequently avert an accident or
incident. This training approach generally requires a
simulator because it would be dangerous to cross the
boundaries of safe operation in a real aircraft.

The technical training approach to error management
that we propose can lead to novel ways of training.
Consider, for example, the training of procedures in
both commercial and military aviation. The most com-
mon approach is to drill aircrew in executing the steps of
a procedure to minimise the likelihood of error during
real operations. However, a slip or lapse in executing
procedures is inevitable, as any incident database will
show. Adopting a technical training approach to error
management would require that aircrew are also given
practice in dealing with the evolving situation if they
make an error in executing a procedure. Therefore,
aircrew should be given the opportunity to not follow a
procedure or parts of a procedure in a training simulator
and to practise detecting and recovering from the error.

Some empirical support for this approach is available
from studies in the area of human-computer interaction
(Dormann and Frese 1994; Frese and Altmann 1989;
Frese, Brodbeck, Heinbokel, Mooser, Schleiffenbaum
and Thiemann 1991). These studies showed that trainees
who were encouraged to make errors while learning
computer programs perform better on test tasks than do
trainees who were required to follow procedures or
instructions. Two of the explanations offered for the
superior performance of trainees who were encouraged
to make errors were that they learn strategies for rec-
ognising errors and dealing with the resulting situations,
and that they develop more knowledge of the system by
experiencing it in phases that are not normally present
during error-free performance. The differences between
the two groups were more pronounced with difficult
tasks than with easy tasks, presumably because greater
knowledge is necessary to solve difficult tasks and errors
are more likely to occur.

The technical training approach to error management
that we propose is also consistent with findings about
expert decision making in high-risk operations (Klein
1997; Klein, Calderwood and MacGregor 1989). Studies
of fire fighters, military commanders and paramedics
have shown that in time critical, high-workload situa-
tions, experts can use their prior experience to make
rapid and effective decisions by matching situations to
‘templates’ of cues, diagnoses and solutions that have
worked in the past. In most of the domains, between
ninety and ninety-five percent of the decisions were
made in this way. These studies demonstrate that prior
experience provides an effective basis for recognising
situations and implementing plans and actions under
demanding circumstances.

Finally, certain aspects of training in the Royal Aus-
tralian Air Force suggest that the technical training ap-
proach to error management that we propose may have
validity in military aviation. Firstly, the approach is
consistent with that taken for training aircrew to manage
equipment failures. Specifically, equipment failures are
presented to aircrewduring simulator training so that they
can practise processes for managing the failures if they
occur on real missions. Secondly, in some cases, the air-
crew receives training in detecting and recovering from
human error, although usually not to the extent advo-
cated by the approach that we propose. For example, the
aircrew is required to place the aircraft in an unusual
attitude and to practise recovering from this situation.
However, to recover from an unusual attitude in real
operations it is critical to detect the unusual attitude in the
first place. Therefore, aircrew should also receive training
in detecting unusual attitudes.

In other cases, aircrew receive limited training in error
detection. For example, a training instructor acting as a
navigator in a two-person strike aircraft may deliberately
enter a wrong weapons delivery mode to check if the pilot
detects the error. If the pilot does not detect the wrong
entry, the training instructor will usually alert the pilot to
the error and correct the weapons delivery mode prior to
the attack on the target. However, since failing to detect a
wrong entry can also happen on realmissions, the training
instructor should leave the error uncorrected and give the
pilot more of an opportunity to learn to recognise the cues
that an error has occurred and to practise recovering from
the evolving situation.

3 Techniques for identifying training requirements

To train aircrew in technical skills for error manage-
ment, it is necessary to identify both potential errors and
strategies to detect and recover from the errors, as well
as to incorporate the strategies into training programs.
Therefore, in addition to a theoretical basis for training
technical skills in error management, we have developed
a technique to identify specific training requirements.
This technique involves analysing accidents and inci-
dents to examine the boundaries of safe operation that
the aircrew has crossed and their error, error detection
and error recovery processes. Subsequently, this analysis
can be used to develop requirements for the unsafe states
that an aircrew should experience during training and
the strategies that they should practise for error detec-
tion and error recovery.

The technique that we have developed consists of
three main steps. The first step is to identify the critical
events in an accident or incident mission. The second
step is to use Cognitive Work Analysis (CWA) (Ras-
mussen et al. 1994; Vicente 1999), in particular the
decision ladder or step ladder model, to examine an
aircrew’s error, error detection and error recovery pro-
cesses during the critical events. The third step is to
identify training requirements for technical skills in error
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management on the basis of the preceding analysis. In
the following sections we illustrate the three steps of the
technique with a hypothetical F-111 accident.1

3.1 Identifying critical events

The first step of the technique is to identify the critical
events in an accident or incident mission. Critical events
are points during a mission when the aircrew crossed the
boundaries of safe operation, and/or the aircrew had the
opportunity to detect that the aircraft was in an unsafe
state, and/or the aircrew had the opportunity to return
the aircraft to a safe state. Therefore, to identify critical
events, analysts should search for points during the
mission when:

1. The actions or decisions of aircrew, or the absence of
actions or decisions, placed the aircraft in an unsafe
state

2. Information was available to aircrew that the aircraft
was in an unsafe state

3. Opportunities were available to the aircrew to recover
the aircraft to a safe state

To illustrate these points, consider a hypothetical
accident involving an F-111 aircraft in which a pilot tries
to perform a manoeuvre manually without disengaging
the autopilot. The pilot finds it difficult to perform the
manoeuvre because the autopilot is fighting him for
control of the aircraft, but the pilot perseveres with
completing the manoeuvre. The autopilot has a bank
limit on it, so when the pilot achieves a 45� bank angle
during the manoeuvre, the autopilot produces a fail tone
and then disengages from controlling the aircraft. As the
autopilot disengages while the pilot is exerting high stick
forces to gain control of the aircraft and complete the
manoeuvre, the aircraft is thrown into a hazardous state
and then hits the ground.

In this accident, the first critical event occurred when
the pilot tried to perform a manoeuvre manually without
disengaging the autopilot. This action placed the aircraft
in an unsafe state where the pilot and autopilot were
fighting for control of the aircraft. The pilot had cues
that the aircraft was in an unsafe state because he
experienced difficulty in executing the manoeuvre
against the control inputs of the autopilot. At this point
the pilot also had the opportunity to recover the aircraft
to a safe state by disengaging the autopilot. The second
critical event occurred when the autopilot disengaged
and produced a fail tone, which was another cue that the
aircraft was in an unsafe state. At this point the pilot
also had the opportunity to recover the aircraft to a safe
state by reducing stick forces while the autopilot disen-
gaged, and then taking manual control of the aircraft.

3.2 Examining the aircrew’s error, error detection
and error recovery

The second step of the technique is to consider possible
explanations for the aircrew’s error, error detection and
error recovery processes during each critical event using
the decision ladder (Rasmussen et al. 1994; Vicente 1999).
Wechose thedecision ladderovermore traditionalmodels
of information processing (Norman 1986; Wickens 1992)
since the steps in the decision ladder need not be followed
in a linear sequence, the decision ladder accommodates
many starting points and the decision ladder accommo-
dates shortcuts or shunts and leaps from one part of the
model to another (see Vicente 1999 for a detailed discus-
sion of these points). This model was motivated by
observations that experts rarely follow the strict linear
sequence from perception to execution that characterises
traditionalmodels of information processing (Rasmussen
1974). The decision ladder has previously been used
in accident analysis for classifying errors (O’Hare,
Wiggins, Batt and Morrison 1994; Rasmussen 1982).

Using the decision ladder (Fig. 2), the aircrew’s error,
error detection and error recovery processes during each
critical event are modelled in terms of the following:
observation, diagnosis, option evaluation, goal prioriti-
sation, planning and execution. Table 1 shows a sample
of prompts relating to these different parts of the deci-
sion ladder. The cells that are filled in the last two col-
umns indicate that error detection processes are related
to the left side of the decision ladder, whereas error
recovery processes are related to the top and right side of
the decision ladder. By using these prompts to review
accident or incident data, analysts can analyse which
aircrew errors placed the aircraft in an unsafe state, why
the aircrew did not detect or recover from the error or
how the aircrew detected and recovered from the error.

Specifically, at each critical event, analysts should
first use the prompts in the second column of Table 1 to
analyse what aircrew errors placed the aircraft in an
unsafe state. Then, if the aircrew did not detect the error
or recover from the error, the analysts should use the
same prompts to analyse why they did not detect the
error or recover from the error. If the aircrew did detect
and recover from the error, the analysts should use the
prompts in the third and fourth columns, respectively, to
analyse how they did this. When using the prompts to
model these processes, it is important to avoid the
hindsight bias (Dekker 2002; Woods, Johannesen, Cook
and Sarter 1994) and rely solely on information that was
available to the aircrew at that time, rather than bring-
ing in knowledge about the accident that is available to
the analysts after the fact.

To illustrate, at the first critical event in the hypo-
thetical accident, the aim is to analyse the pilot error
that placed the aircraft in an unsafe state and then to
examine why the pilot did not detect and recover from
the error at this point. The decision ladder prompts to
use to analyse the critical event are shown in the second
column of Table 1. Figure 2 shows a decision ladder for

1 We use a hypothetical accident because information about actual
F-111 accidents is classified.
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this critical event. The annotations to the decision ladder
describe the responses to the prompts with the numbers
indicating the order in which the decision ladder should
be followed. From the decision ladder, we can see that
the pilot did not execute a procedure correctly. That is,
he tried to perform a manoeuvre manually without
disengaging the autopilot. The pilot then had difficulty
in detecting the error he had made. This was not because
he did not observe the critical information (he was aware
that it was hard to perform the manoeuvre) but rather
because he was unable to diagnose why it was hard to
perform the manoeuvre. If the pilot had made the right
diagnosis, he would probably have detected the error
(that is, he would have realised that he had forgotten to
disengage the autopilot) and consequently, he would
have recovered from the error (that is, disengaged the
autopilot while reducing stick forces).

3.3 Defining training requirements

The third step of the technique is to define training
requirements for technical skills in error detection and
error recovery from the preceding analysis. In particular,
the elements of the preceding analysis that are relevant
here include: the aircrew’s errors, the unsafe state that the

aircraft was placed in by the aircrew’s errors, the cues that
were available to the aircrew that the aircraft was in an
unsafe state, the problems that the aircrew had in
observing the cues or diagnosing the situation, the options
that were available to the aircrew to recover the aircraft to
a safe state and the problems that the aircrew had in
evaluating options, prioritising goals, planning and exe-
cuting procedures to return the aircraft to a safe state. This
information can be used to specify training requirements
in terms of the unsafe states that aircrew should experi-
ence during training and the strategies that they should
practise for error detection and error recovery.

The training requirement from the analysis of the
hypothetical accident is to give aircrew the opportunity
to fly the aircraft manually with the autopilot engaged so
that they can experience the difficulty in performing a
manoeuvre. In addition, aircrew should practise disen-
gaging the autopilot while exerting appropriate stick
forces so that the aircraft is not thrown into a hazardous
state when the autopilot relinquishes control of the air-
craft. Then, if the aircrew forgets to disengage the
autopilot before performing a manoeuvre manually on a
real mission, they are more likely to recognise the cues
that the autopilot is still engaged and disengage the
autopilot to regain control of the aircraft without
throwing the aircraft into a hazardous state.

Fig. 2 A decision ladder for a hypothetical accident

175



4 Applying the technique to the F-111

Having proposed a theoretical basis for training tech-
nical skills in error management and a new technique for
identifying specific training requirements, we now offer a
case study that shows how we applied this technique to
the F-111, a strike aircraft in the Royal Australian Air
Force. This case study allows us to evaluate the
strengths and limitations of the new training approach.
We begin by providing some information about the
F-111.

The F-111 is a strike aircraft that is manned by a pilot
and a navigator. F-111 missions typically involve flying
in formation to a series of waypoints to deliver weapons
to land and maritime targets. Weapons must be deliv-
ered to the targets on time, while evading threats to the
platform, and with ingress to the targets occurring at a
low level—approximately 200 feet from the ground.
These missions are characterised by a high aircrew
workload and tight time constraints (Lintern and
Naikar 2000). Over the last 32 years, there have been
nine F-111 accidents, six of these fatal. In addition, 124
incidents have been entered into the Royal Australian
Air Force’s incident database over the last two years.

5 The F-111 accident analysis

To identify F-111 technical training requirements for
error management, we used the technique that
we developed to analyse the three most recent F-111

accidents which occurred in 1987, 1993 and 1999. All
three accidents were fatal. To perform the analyses, we
developed profiles of the accident missions based on
data in the reports of the accident investigations and
boards of inquiry. In these profiles we listed the various
phases of the accident mission, for example, the ingress
to the target, the pull up and weapons release and the
turn execution. Then, for each mission phase, we de-
scribed the duration of the phase, the crew communi-
cations and control actions, the system alerts, the
aircraft status including the altitude, the bank angle,
pitch, etc., the status of the displays including radar
images, the standard operational procedure at that
phase and the alternative explanations for the aircrew’s
behaviour or for the aircraft’s departure from the stan-
dard operational procedure at that phase.

Typically, it took between three to five days to con-
struct a profile of each accident mission. From these
profiles we identified the critical events in the accident
missions and developed decision ladders for each critical
event. It took approximately one day to identify the
critical events and two days to develop decision ladders.
From this analysis it took approximately one day to
identify training requirements. The analysis of the three
F-111 accidents resulted in six training requirements.

5.1 The F-111 incident analysis

We also used the technique that we developed to analyse
F-111 incidents that were reported in the Royal
Australian Air Force’s incident database between

Table 1 A sample of prompts for developing decision ladder models of the aircrew’s error, the error detection and the error recovery
processes

Parts of the
decision ladder

What was the error? Why didn’t the aircrew
detect the error? Why didn’t the aircrew
recover from the error?

How did the aircrew
detect the error?

How did the aircrew
recover from the error?

Observation Did the aircrew not observe critical
information?

What information or cues
did the aircrew observe?

Diagnosis Did the aircrew find it difficult to
diagnose the situation?

What was the aircrew’s
diagnosis of the
situation?

Option evaluation Did the aircrew find it difficult to
evaluate options?

What options did the
aircrew consider? Why
did the aircrew select/
reject options?

Prioritisation of goals Did the aircrew give precedence to
alternative goals?

What were the
aircrew’s goals?

Planning of tasks
and resources

Did the aircrew find it difficult to plan
the tasks and resources required for
dealing with the situation?

What tasks and resources
did the aircrew plan to
use to recover from the
error?

Planning or selection
of procedures

Did the aircrew find it difficult to
plan or select procedures for dealing
with the situation?

What procedure did the
aircrew plan to recover
from the error? What
standard procedure did
the aircrew select to
recover from the error?

Execution Did the aircrew not execute
the procedure as intended?

What procedure did
the aircrew execute?
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January 2000 and June 2002. We eliminated incidents
that reported equipment malfunctions and incidents that
involved human error outside the aircraft while it was
still on the ground. We were left with 21 incidents that
reported aircrew errors inside the cockpit of the aircraft.

A major difference in analysing incidents, compared
to fatal accidents, is that the incident aircrew can pro-
vide important information about how they detected
and recovered from the error. We found, though, that
the incident reports are typically very brief, and limited
to describing the sequence of events in the incident. For
instance, aircrew may report that after performing the
weapons checks they suddenly realised that the aircraft
had descended inadvertently. However, they generally
do not describe the cues that alerted them to the situa-
tion. This is not surprising because this type of implicit
knowledge is usually difficult to articulate (Klein
et al.1989).

To elicit information about the aircrew’s errors and
their error detection and error recovery processes, we
interviewed the aircrew about the incidents they had
reported using the critical decision method (Hoffman,
Crandall and Shadbolt 1998; Klein et al. 1989). This
technique allows interviewers to gradually shift oper-
ators from an operational description of the incident
to a description of the cognitive processes behind the
incident. This is typically done in four ‘sweeps’. In the
first sweep, the operator recounts the whole incident
in their own terms with minimal interruption from
the interviewer. In the second sweep, the operator and
the interviewer develop a more detailed account of the
incident including the sequence of events. In the third
sweep, the operator and the interviewer establish a
timeline for the incident and identify the decision
points. In the final sweep, the interviewer uses a
number of probes to elicit information about the
operator’s decision-making processes during the deci-
sion points.

For the purposes of this study, some tailoring of this
interview procedure occurred at sweeps 3 and 4 (Naikar
and Saunders 2002). Specifically, for each incident, the
interviewer targeted at least three decision points: (1) the
error(s) (2) error detection (3) error recovery. The
interviewer used general probes to prompt a free recall
of the aircrew’s experiences at each decision point, fol-
lowed by specific probes where necessary for construct-
ing decision ladders. So, for example, Table 2 shows that
for error detection, a general probe is, ‘‘How did you
know that something was wrong?’’, whereas a specific
probe is, ‘‘What did you see, hear or smell that alerted
you that something was wrong?’’ Some of the specific
probes are similar to those described in Klein et al.
(1989) and Hoffman et al. (1998). Finally, after probing
all of the critical events with the general and specific
probes, the ‘in hindsight’ probes in Table 2 may be
useful for uncovering further information to define
training requirements for error management.

It took approximately one hour to conduct each
interview and approximately one day to transcribe each

interview. Analysing the interview data with the tech-
nique that we developed took approximately two days.
The analysis of 21 F-111 incidents resulted in 8 training
requirements. Several of the incidents involved the same
type of error, for example, setting a particular autopilot
parameter incorrectly.

5.2 An evaluation of the training requirements

To evaluate the training requirements, we interviewed
seven F-111 aircrew and seven F-111 instructors about
the training requirements from the accident analysis,
and six F-111 aircrew and six F-111 instructors about
the training requirements from the incident analysis.2

For each training requirement, we asked the inter-
viewees the following questions:

1. whether they had already conducted the training
2. whether they thought that the training would be

useful for helping them deal with errors on real
missions

3. whether they had been in an unsafe situation similar
to the accident or incident that had motivated the
training requirement

Table 3 shows the number of ‘‘yes’’ responses and the
total number of responses for each training requirement.
The first six training requirements were from the F-111
accidents, whereas the remaining eight training require-
ments were from the F-111 incidents. The total number
of responses for the training requirements from the
F-111 accidents varies between ten and fourteen because
in a few cases it was difficult to assign a categorical ‘‘yes’’
or ‘‘no’’ to the responses in the interview transcripts.
During the interviews for the training requirements from
the F-111 incidents, which were held on a later occasion,
we asked interviewees for a categorical ‘‘yes’’ or ‘‘no’’
answer if we weren’t sure about their responses.

The table shows that for each training requirement
the majority of interviewees responded that they did
not conduct the training already. For those responses
that are coded as ‘‘yes’’, the interviewees generally re-
ported that they had been exposed to the training once
before when the opportunity arose through aircrew
error. None of the training requirements were con-
ducted systematically or were documented in the F-111
training syllabus.

For each training requirement, the majority of in-
terviewees responded that they thought the training
would be useful for helping the aircrew deal with errors
on real missions. A few of the interviewees judged that a
training requirement was not useful because they be-
lieved that they were unlikely to make the error that was
the basis of the training requirement. However, for each
training requirement, several interviewees reported that
they had been in an unsafe situation similar to the

2 We are not able to describe the F-111 training requirements in this
paper due to the classified nature of this material.
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associated accident or incident, suggesting that the er-
rors may not be so rare.

The interviewees had some general concerns about
the implementation of the training requirements. Some
of the interviewees were concerned that if an aircrew
deliberately make errors during training they are more
likely to make errors on real missions. However, the
interviewees were receptive to the idea of instructors,
rather than aircrew, deliberately making errors during
training so that aircrew could experience the unsafe
states. Moreover, for more than half of the training
requirements, it is not necessary that either the aircrew
or the instructors make errors during mission training to
enter the unsafe states. For example, the training
requirement from the hypothetical accident was for the
aircrew to fly the aircraft manually with the autopilot
engaged so that they can experience the difficulty in
performing a manoeuvre. Rather than ‘forgetting’ to
disengage the autopilot during mission training for a
particular weapons profile, aircrew could participate in a
simulator demonstration where they ‘jump in’ and fly
the aircraft with the autopilot engaged and practise
disengaging the autopilot without throwing the aircraft
into a hazardous state. The interviewees responded
favourably to the suggestion of focused simulator dem-
onstrations for implementing the training requirements.

The interviewees were also concerned about practical
issues such as the potentially infinite number of errors to
train for and the time and resource implications of this.
In addition, they raised the issue that if the errors were
very rare then it may not be worth the resources to train
for those errors. These concerns highlight the need for
prioritising the training requirements, perhaps based on
the frequency of the errors and the seriousness of the
errors in terms of potential consequences. Assessing the
frequency of errors may not be as simple as counting
incident reports, however, because we obtained many
more accounts of similar errors during our interviews
than there were incident reports.

The biggest challenge that we identified from the
interviews was that the F-111 simulator does not have
the capability to enter or simulate some of the unsafe

states that were identified by the training requirements.
To illustrate, the training requirement from the hypo-
thetical accident was to fly the aircraft with the autopilot
engaged. However, the simulator does not replicate the
aircraft’s performance in this state. This is perhaps not
surprising, given that technical training to date has fo-
cused on avoiding errors and keeping the aircraft within
the boundaries of safe operation. A potential long-term
solution is to document the training requirements for
future simulator acquisitions.

Meanwhile, another option may be to explore alter-
natives to simulator-based training. Reason (2001), for
example, found that the ability of surgical teams to deal
with adverse events depended in part on the extent to
which they had mentally rehearsed the detection and
recovery of their errors. Therefore, it may be possible to
use mental rehearsal techniques, perhaps with the aid of
PC-based visualisation tools, to give an aircrew ‘expe-
rience’ in crossing the boundaries and in detecting and
recovering from their errors. Another option is case-
based learning. O’Hare and Wiggins (2002) reported
that written materials and desktop simulations were
important sources of remembered cases in pilot decision
making. The training requirements could form the basis
for cases that illustrate the boundaries that an aircrew
may cross and the processes for error detection and error
recovery.

6 Conclusions

In this paper we have proposed a theoretical basis for
training an aircrew in technical skills for error detection
and error recovery and a technique for analysing acci-
dents and incidents to identify specific training require-
ments. By applying the approach to the F-111 we have
demonstrated that the approach appears to be both
feasible and useful. The case study also highlighted a
number of concerns regarding the implementation of
training requirements including the lack of simulation
capability for training outside the boundaries of safe
operation. To develop systems that are more prone to

Table 3 The number of
interviewees that responded
‘yes’ to the interview questions
against the total number of
responses for each training
requirement

Training
requirements

Already done in training? Useful? Similar situation?
Number responding ‘yes’ Number responding ‘yes’ Number responding ‘yes’
(Total responses) (Total responses) (Total responses)

1 0 (10) 10 (10) 8 (10)
2 1 (14) 13 (14) 7 (14)
3 0 (13) 14 (14) 8 (13)
4 1 (13) 12 (13) 4 (13)
5 4 (14) 14 (14) 13 (13)
6 5 (12) 11 (11) 9 (12)
7 1 (12) 12 (12) 6 (12)
8 1 (12) 11 (12) 8 (12)
9 0 (12) 12 (12) 11 (12)
10 0 (12) 12 (12) 5 (12)
11 2 (12) 11 (12) 10 (12)
12 1 (12) 12 (12) 4 (12)
13 0 (12) 12 (12) 9 (12)
14 0 (12) 12 (12) 5 (12)
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error, the design of training simulators and the training
of technical skills must move beyond error prevention.

Finally, we acknowledge the need for an empirical
validation of the technical training approach to error
management. As this approach has been well received by
the F-111 community, as well as other parts of the Royal
Australian Air Force, some of the F-111 training
requirements will be trialled in the near future. Practical
issues such as time and resource limitations and the
availability of F-111 aircrew will dictate whether it is
possible to conduct a field experiment. The findings that
we have obtained so far with F-111 are encouraging and
provide motivation for pursuing further research in this
area.
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