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Abstract

Anecdotal and subjective evidence suggests that the manual flying ability of pilots operating
highly automated aircraft is declining owing to a lack of opportunity to exercise such skills in
the modern air transport environment. However, there is a paucity of objective evidence to
support this safety concern. Consequently, the work presented in this thesis aims to provide
empirically derived data to evaluate the extent and causes of the speculated manual skills

decline and guide possible intervention strategies.

Initially a cognitive task analysis is undertaken to determine the cognitive demands of
performing manual flight in a large jet transport aircraft. Expert pilots report employing highly
refined mental models structures which enable them to predict the aircrafts performance
whilst causing minimal burden to their mental capacity. The study concludes that when
measuring manual flying performance careful consideration must be given to designing a task

which challenges both the cognitive and physical aspects of manual flying skill.

Secondly, relatively novel pilot performance measures based upon the frequency analysis of
control input data are evaluated. An empirical study finds that these techniques are both
reliable and sensitive to manual flying performance. Furthermore, when studying large
transport aircraft, such measures of the pilots control strategy are found to contribute valuable
information about performance which is missing when just traditional ‘outer-loop’ performance
measures are applied. The study concludes that these measures of control strategy are

valuable in evaluating manual flying performance.

Finally, the manual flying skills of a sample of pilots of highly automated aircraft are evaluated
on a challenging manual flying task. A significant proportion exhibit poor manual flying
performance as judged by a type rating examiner. Further analysis reveals that the
performance of the pilots is significantly influenced by the amount of recent manual handling
experience they have accumulated, rather than their longer-term manual flying experience.
Significantly, airspeed tracking ability is influenced which is cited elsewhere as a causal factor
in many manual flying skill related accidents. The results support the previous anecdotal and

subjective concerns relating to the loss of manual flying skills.
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Chapter 1

Introduction

Given that weather conditions over the UK were relatively benign, the pilots of
an Airbus A321 airliner returning to Nottingham East Midlands airport elected
to perform a manual approach. This involved disengaging the auto-pilot and
auto-thrust systems and ‘hand flying’ the aircraft via its side-stick controller,
rudder pedals and thrust levers. The flight director system remained engaged,
providing assistive flight guidance information to the crew. However, because
they failed to select the approach mode on the Flight Management and
Guidance System (FMGS) the flight director did not prompt the crew to
descend towards the runway. Consequently, the aircraft was allowed to fly
through the Instrument Landing System (ILS) glideslope and became slightly
high on the approach. The crew, realising their error, elected to deselect the
flight director and continue following the ILS using raw data alone. The slight
perturbation in profile was relatively minor and should have been safely
recoverable in the distance remaining. However, the handling pilot was unable
to perform a stable approach in this manual condition. The aircraft oscillated
significantly on the ILS and the airspeed was allowed to bleed off excessively.
The aircraft arrived over the runway threshold with low energy, requiring the
pilot to command an unusually nose high attitude in order to arrest its rate of
descent. The touch down was heavy and the high body angle caused the
aircraft to strike its tail on the runway surface, resulting in substantial
structural damage. The subsequent accident investigation found the aircraft to
be fully serviceable prior to the event. It highlighted several issues with the
flight but primarily noted that the pilot’s manual flying skill was inadequate and
a significant contributory factor (AAIB, 2002). A review of the recent UK
accident and incident reports (Ebbatson, 2006) revealed many similar events,
all in which the manual flying ability of the handling pilot was considered to be
lacking. This thesis will investigate how differences in exposure to manual

flight operations influence the strength of a pilot’s manual flying skill.
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1.1 Background

The evolution of the airliner flight deck from primitive wheel-house to highly
automated control room has been driven by the concurrent desires for
increased efficiency and safety in flight operations. In the past, the approach
to the integration of flight deck automation has been predominantly
technology driven. Automatic functionality has often been incorporated into
aircraft designs as and when it has become available, simply with the view
that more is better (Billings, 1997; Hawkins, 1998). The support offered by
automation on the flight deck has been touted as a means of freeing up crew
capacity and suppressing human error at its source, by substitution of the
human. However the validity of this approach has been strongly challenged
on human factors principles (Wiener, 1988; Billings, 1997; Parasuraman,
Sheridan and Wickens, 2000; Goteman and Dekker, 2003). It is apparent that
automation sometimes fails to work as a co-operative crew member and,
rather than aiding pilots in their work, it becomes a hindrance which must be

‘worked around’.

During initial training, all pilots are taught the complex psychomotor and
cognitive skills required to control their aircraft by physical manipulation of the
primary flying controls i.e. basic manual flying skills (see JAR-FCL).
Conversely, during routine operation of a modern jet transport aircraft it is
more common for the flight path and energy to be controlled by a combination
of automated systems (i.e. the auto-pilot and auto-throttle). In this mode of
operation the psycho-motor aspect of control is minimal and the cognitive
aspect is modified (Damos, John and Lyall, 2005; Latorella, Pliske, Hutton
and Chrenka, 2001), with the emphasis of the pilots work shifted towards

higher order cognition (i.e. complex decision making & problem solving).

The opportunity for airline pilots to practise basic manual flight is usually
minimal, although this is somewhat modulated by the type of carrier, its fleet,
operational philosophy and route network. For example, two of the most

prominent European low cost carriers have quite distinct operational
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philosophies, one encouraging routine manual flight over use of the
automatics wherever possible and the other vice versa. The only mandatory
requirement for manual flying proficiency to be evaluated (outside of initial
training and type rating) is during the biannual Operator Proficiency Check
(OPC) and annual License Proficiency Check (LPC). Even on these
occasions only a small set of manual handling tasks with limited scope are
stipulated (see CAA Standards Document 24).

However, the ability of the pilot to revert to basic manual control is essential,
for example, in cases where the aircraft’s automatic capability is diminished or
when reconfiguring the automatics is an ineffective use of the crew’s capacity
(Amalberti, 1998). It is conceivable that, due to the infrequent opportunity to
exercise manual flying skill in modern flight operations, crew may experience
“out-of-the-loop unfamiliarity” (Wickens, 2000) and their basic flying ability
may diminish over time. The threat of this skill fade is a concern shared by
pilots, operators, regulators, manufacturers and researchers alike (Baron,
1988; Childs and Spears, 1986; Parasuraman, Molloy and Singh, 1993;
Tenney, Rogers and Pew, 1998).

There is much subjective affirmation of this concern in the manual flying skills
literature (see following sections) but a paucity of objective data with which to
support it, nor much suggestion as to a viable future strategy for monitoring
manual flying ability on a day-to-day basis. In order for regulators and
operators to address the safety concern higher quality, empirically derived
data must be available which better defines the nature of the potential
problem. This research programme aims to provide these data and develop

methods to assist other research in the field.
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1.2 Rationale for Research

1.2.1 Automated Flight

The late 1970s were a turning point in the evolution of flight deck design.
Rising oil prices coupled with advances in microprocessor technology saw the
emergence of ‘two crew’ operations which dispensed with the flight engineers
position, their role being absorbed by sophisticated automated systems. This
transition significantly shaped the modern flight deck environment. The
literature divides flight deck automation into three principle types (Billings,
1997), these being information automation, control automation and

management automation.

Information automation relates to the presentation of flight related information
and is encapsulated by the Electronic Flight Instrument System (EFIS) found
in most modern aircraft. When operating aircraft equipped with these systems
the crew view highly processed information via computer generated ‘glass’
displays rather than having to gather and mentally process large amounts of

raw data from a disparate array of electro-mechanical gauges.

Control automation governs the aircraft’s flight path and energy and when
engaged has (limited) authority over the principle flying controls. Modern
autopilots and auto throttles have advanced significantly since the early
generation jets. They allow the pilot to delegate short term tactical flight goals
and are capable of performing sophisticated vertical transitions and automatic

landings with incredible reliability and precision.

Management automation relates to the long term strategic planning of the
aircraft’s operation and guidance. The Flight Management System (FMS) is
perhaps the most significant piece of technology to be incorporated into the
modern flight deck. These systems integrate navigational and environmental
data and use complex algorithms to continually compute highly optimised
flight paths which satisfy a series of strategic goals stipulated by the crew (i.e.

fly from waypoint A to waypoint B, cross waypoint C above a certain altitude,
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climb to an altitude using the most fuel efficient profile etc.). Furthermore the
pilots can choose for the FMS to deliver its guidance information directly to
the autopilot and auto throttle systems where it can be executed, thereby

integrating the automated control and management of the aircraft.

The result of automation has been vast increases in the precision of
navigation and the efficiency of aircraft operations. However, it has also
brought about a fundamental shift in the way pilots operate their aircraft,
redistributing workload and creating fresh opportunity for human error to occur
(Sarter, Woods and Billings, 1997; Harris, Hancock, Arthur and Caird, 1995).
Pilots have predominantly become aircraft managers rather than direct
controllers, spending the majority of their time planning the flight,
programming the automation and monitoring its operation rather than actively
handling the flying controls (Wood, 2004).

1.2.2 Manual Flying Skill

At a very basic level, manual flying skills may be defined as those which are
displaced by the presence of automation on the flight deck. As previously
noted automation is responsible for both the processing of flight information
and the physical manipulation of the aircraft and therefore it seems logical that
in the absence of these automated systems the pilot must employ both
cognitive and psychomotor skills to compensate. Certainly the psychomotor
aspect is observable in that the pilot must physically actuate the aircrafts
primary flying controls to govern its orientation and trajectory in the absence
of the autopilot and autothrottle. However, the previous examination of
automation functionality shows us that in the absence of information and
management automation systems, such as the FMS and electronic flight
displays, the pilot must also employ significant cognitive skills. These skills
are required in order to assess the aircrafts current condition, predict its future

state and plan flight paths which satisfy navigational requirements.

Naturally the demand placed on these manual flying skills is not uniform

across the flight profile but is dependent upon the transient nature of the
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aircraft. For instance during cruising, straight and level, flight the aircrafts
state tends to be relatively steady and when properly trimmed few physical
inputs are required and little cognitive effort is required to monitor the
situation. Contrastingly, during the departure and climb and the approach to
landing phases the aircraft’'s state tends to be highly transitory both in the
horizontal and vertical planes. It takes far more physical input to guide the
aircraft during this phase and much more cognitive involvement to monitor
and predict its path and energy. A more detailed definition of the differences
between manual and automated flying skills will be developed throughout the

course of the thesis.

1.2.3 Evidence for the Loss of Manual Flying Skills from Pilot Attitude

Surveys

As highly automated airliners began to enter operation a great deal of new
human factors research also began, much of it focusing on the skills required
to operate the novel technology and potential errors which may occur (Curry,
1985; Wiener, Chute and Moses, 1999; Tenney, Rogers and Pew, 1998).
Researchers also showed interest in the attitudes of the pilots who were the
first to transition to these new types. The earliest signs that pilots were
concerned about the potential loss of their manual flying skills owing to the
operation of highly automated airliners emerged through this work. Although
these surveys of opinion extended for more than a decade few empirical
measurements of flying proficiency were collected during this time to

substantiate or refute the concerns they presented.

Curry (1985) distributed a cockpit automation attitude measurement scale to
recently appointed Boeing 767 pilots who had transitioned from older
generation aircraft. Over 80% of the sample ‘strongly agreed’ that the new
generation of flight deck technology could lead to a degradation of manual
flying skill, however only 63% of respondents believed their own skills had
suffered. This disparity was either an artefact of the pilots’ self rating biases,
or may indicate that crew of the time were still working around the automatics

and operating their aircraft like they had the previous generation of ‘manual’
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airliners. The latter suggestion was supported by a second statistic from the
research which reported that 87% of the sampled pilots were seeking to hand
fly the aircraft as much as possible on every sector. Similar results were
obtained in a study of crew transitioning from the early generation DC-9-10/30
to its highly automated variant, the DC-9-80 (MD-80) (Curry, 1985) and also
between electro-mechanical and highly automated variants of the Boeing 737
(Wiener, Chute and Moses, 1999).

Flight crews of this generation were evidently sufficiently confident in their
manual flying ability to disengage the automatics from time to time and
exercise their skills. It is likely that this is because those crews had a
considerable foundation of manual operating experience to fall back on.
However the modern pilot demographic is considerably different to that which
existed at the time of the aforementioned research. Highly automated airliners
are now prolific amongst the airline fleets of developed nations and have been
for some time. Even many highly experienced pilots have likely spent the
majority of their career operating highly automated types. With smaller
turboprops and regional jets (the starting point for many flying careers) now
also incorporating highly automated flight decks many of the younger
generation of pilots may not have been exposed to ‘manual’ types outside of

their ab-initio training.

The current generation of pilots may therefore conceivably lack the same
foundation of manual handling experience which gave earlier generations the
confidence to routinely revert to manual control and maintain proficiency
(Curry, 1985). With a lack of experience feeding a lack of confidence to build
experience the problem could likely worsen. The phenomenon is exacerbated
by other developments in the air transport environment. As highly automated
aircraft have demonstrated increasingly reliable and precise navigation,
operational procedures have evolved to exploit this capability, allowing higher
traffic flows through airspace whilst improving environmental and economic
performance. Many airport departure and arrival navigational procedures are
now highly complex and principally designed to be flown via the automatics.

They can be difficult to fly manually in large high performance aircraft.
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Furthermore airlines have introduced Flight Data Monitoring (FDM)
programmes to feedback operational performance data into their Safety
Management Systems (SMS). Whilst these programmes have been hugely
beneficial to flight safety, if they are improperly implemented they could
potentially further deter crews from disengaging the automatics since poor

manual performance is likely to be detected and questioned.

Owen and Funk (2007) summarised the concern more recently when they
undertook an online meta-review of perceived flight deck automation
problems, citing evidence from research literature to either support or refute a
collated set of issues. Part of this review detailed manual flying skills issues
caused by the operation of highly automated aircraft. A total of 31 pieces of
evidence were found to support the statement “Pilots may lose psychomotor
and cognitive skills required for flying manually or for flying non-automated
aircraft, due to extensive use of automation”. Although this is a reasonably
large body of evidence, the nature of the data sources limits its objectivity.
The data were almost exclusively derived from the compilation of subjective
pilot opinion (bar a single incident survey and two citations from accident
reports), the majority of which is sourced from just two principle research
studies (Curry, 1985; Wiener, 1989). Whilst this evidence provides compelling
support for the existence of a safety concern, it does not offer an objective
grounds to measure the extent of the problem. Furthermore, it is evident that
the assumed definition of ‘manual flying skill varies considerably between
sources. In some cases just the physical components of skill are considered,
relating primarily to the impact of control automation (see Billings, 1997). In
other cases the cognitive aspects of manual flying skill are considered,
relating to the impact of information and management automation (Billings,
1997).

1.2.4 Evidence for the Loss of Manual Flying Skills from Accident Data

The analysis of past accidents and incidents is an important means of

assessing where operational risks exist and guiding intervention strategies.
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Previous studies have reported that between 70% and 80% of aviation
accidents result from some form of human error (O’Hare, Wiggens, Batt and
Morrison, 1994). However, establishing accident causality is notoriously
difficult since there are typically multiple convening factors which make up an
accident sequence. Consequently, it may be complex to isolate the
contributory factors, such as manual handling deficiency, and to distinguish
cause from effect. However, frameworks and taxonomies have been created

which aim to make the analysis of these events more systematic.

The Human Factors Analysis and Classification System (HFACS) is one such
taxonomy which extracts the human factors which contribute to an accident or
incident sequence. HFACS has been widely applied and well validated
(Wiegmann and Shappell, 2003). It is based upon Reasons ‘Swiss cheese’
accident model (1990) and structured around four hierarchical levels 1)
Organisational influences 2) Unsafe supervision 3) Preconditions for unsafe
acts, and finally 4) Unsafe acts of the operator (see figure 1). Each level is

sub-divided into more specific elements.

When examining the contributory actions of the flight crew to accidents, as is
the case when looking for evidence of manual flying deficiencies, the focus
falls on the ‘unsafe acts’ level of HFACS. Unsafe acts are broken down into
three types of error 1) Decision errors 2) Skill-based errors, and 3) Perceptual
errors. Manual flying deficiencies are encompassed principally by the ‘skill-
based error’ category which is defined by Weigmann & Shappell (2003) as
“stick-and-rudder and other basic flight skills that occur without significant
conscious thought”. The authors of the methodology cite ‘breakdown in visual
scanning’, ‘poor technique’ and ‘over-controlled the aircraft’ as typical aviation

skill based errors.

There are distinct performance phases which define the process of skill
acquisition. Rasmussen’s skill-rule-knowledge framework (Reason, 1990) is a
commonly adopted model which defines a tripartite of performance levels. At
the lowest level “knowledge-based” performance is applied in novel situations

where the performer must used detailed on-line analytical processes to
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understand a situation and formulate an effective course of action. Errors at
this level typically occur because the performer has an incomplete or
erroneous knowledge base or insufficient processing resources. Pilots who
have had little opportunity to build manual flying knowledge may exhibit this

form of erroneous behaviour, becoming overwhelmed by the task demands.

With increasing expertise the performer may then exhibit “rule-based”
behaviour, where familiar problems can be diagnosed and solved using stored
rules of the form if (state) then (action). The level of conscious activity is
somewhat reduced. Errors at this level typically occur because a situation is
misdiagnosed and the wrong rule is applied. Finally, at the highest level,
expert performers apply skill based behaviour whereby upon diagnosis
complex sequences of pre-programmed instructions are executed, largely
without any dedicated conscious monitoring. These action structures allow for
cognitive efficiency since they place little demand on the information
processing channels. The manual flying inputs of a highly skilled pilot will
therefore be made largely with little conscious effort and in response to very
sophisticated situational assessments. However, the manual control inputs of
less skilled pilots will be made very consciously and demand far greater

information processing bandwidth.

Meta-cognition is an awareness of ones own cognitive performance,
particularly relating to the acquisition of skill. An individual with heightened
meta-cognitive ability understands the process of skill acquisition as well as
their own position in that process, thus allowing them to enhance their
learning performance. Very skilled pilots who are reflective with good meta-
cognitive ability may thus be able to recognise inefficiency in their cognitive
performance during manual flight and adapt their information gathering and

assessment processes to suit.

Using HFACS, a review of the US National Transport Safety Bureau’s (NTSB)
commercial aviation accident records for the years 1990 through 1996
(Weigmann and Shappell, 2001) revealed that 63.6% of accidents occurring

to FAR part 121 operations (scheduled passenger or cargo airlines operating
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large transport category aircraft) involved at least one skill-based error. Errors
of this category were by far the most prominent in the data set and remained

at a fairly consistent level throughout the seven year sample period.
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Figure 1 - The HFACS model (reproduced from Weigmann and Shappell, 2003)

A more recent report published by the Australian Air Transport Safety Bureau
(2004) analysed accidents occurring to Australian registered aircraft operating
over their national territory during the period 1993 to 2002 using HFACS. The
use of a common taxonomy allowed the analysis to be compared alongside
equivalent data from the US. The analysis showed that 84% of Australian
accidents and 77% of US accidents involved at least one skill based error.
However it should be noted that the data set was not restricted to FAR part
121 type operations and in fact approximately 80% of the accidents related to

general aviation operations. No specific break down is given for the
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percentage of skill-based accidents occurring to air carrier operations and so

it is difficult to make direct comparisons with the earlier NTSB analysis.

The aforementioned HFACS analyses do not explicitly define the number of
accidents in which poor manual flying skills were directly attributed as a
casual factor. However they do suggest that a significant proportion of
accidents occurring to large air transport aircraft involve a skill-based error,
giving scope to the proposition that manual flying skill deterioration represents

a significant threat to flight safety.

The UK Civil Aviation Authority (CAA) Accident Analysis Group published a
review of global fatal accidents occurring over the period 1997 through 2006
to large public transport aircraft (CAP 776). The group use a bespoke
taxonomy rather than the HFACS system, allocating primary causal factors,
causal factors, causal groups and circumstantial factors. In a similar result to
previous studies flight crew related causal factors were listed for 78% of the
fatal accidents. More specifically ‘flight handling’ was listed as a primary
causal factor in 14% and a causal factor in 29% of all fatal accidents. The
group reports that flight handling ‘tended to be associated with inadequate
speed, pitch attitude and/or directional control, often following an engine
failure, resulting in the aircraft stalling’. When sorted by consequence, 17% of
the events involved a loss of control in flight, following non-technical failure
(the report cites the example ‘flight crews inadequate speed control’) and 63%
of these events involved a flight handling causal factor. Therefore flight crew’s
handling of the aircraft was often cited as a contributory factor to fatal

accidents in cases where no aircraft malfunction existed.

The CAA report appears to give more direct evidence about the significant
role of flight crews’ manual flying skill in large transport aircraft accidents.
However the definition of ‘flight handling’ assumed by the report is not
explicitly detailed and it is not clear if it also includes flight control actions
performed through the auto flight systems. Some caution must therefore be

given in the interpretation of these results.
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Fatal Accidents by Phase of Flight
Worldwide Commercial Jet Fleet 1998-2007
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Figure 2 —Distribution of fatal accidents by flight phase for the period
1998 to 2007 (adapted from Boeing 2008)

Boeing (2008) recently conducted an analysis of accident data pertaining to
the worldwide commercial jet fleet, including the distribution of fatal accidents
by flight phase for the period 1998 to 2007 (see figure 2). Notable is the
dominance of the approach and landing phase, which is where 43% of fatal
accidents occur despite this only representing approximately 16% of the
typical flight period. Contrastingly, the takeoff and climb phase, which also
accounts for 16% of the flight period, was associated with 31% of fatal
accidents and the cruise phase, which represents a sizable 57% of the total
flight period, was associated with just 9% of fatal events. The approach and
landing phase thus seems to be a particularly high risk and perhaps
demanding flight phase, and when combined with the previously mentioned
CAA data, likely to involve loss of control issues. This view is shared by the
Flight Safety Foundation (2000) who has long labelled approach and landing
accidents as “the biggest killers in aviation” and has consequentially designed
the Approach and Landing Accident Reduction (ALAR) toolkit. It seems
prudent that in order to tackle the most critical manual flying skills issues we

should first look to this phase of flight.
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Ebbatson (2006) noted a trend amongst highly automated aircraft types in a
review of the recent UK incident and accident data (2000 to 2006) published
by the Air Accident Investigation Branch (AAIB). This includes the accident
case study reproduced in the introduction to this thesis. Many reports centred
on pilots who had deliberately disengaged their aircraft’'s automatics at an
early stage of the approach and had subsequently demonstrated poor manual
handling ability. In the bulletins issued by the AAIB there are accounts of at
least two very similar incidents occurring relatively recently. On both
occasions the autopilot, auto thrust and flight director systems were
disengaged at an early stage of the approach, as in the East Midlands
incident. Also on both occasions there were significant deviations on the
localiser and glideslope, followed by poor airspeed management in the latter

stages of the approach resulting in high flare angles and tail strike damage.

Significantly these, and many similar events, often involved highly
experienced crew and occurred shortly before the handling pilot was
scheduled to undertake a licence or operational proficiency check in the
simulator. This gives support to earlier evidence that flight crews confidence in
their manual flying ability is diminishing and that some feel they need to
practise manual flight, even in sub-optimal conditions (i.e. following an un-
briefed reversion to raw data), in order to perform successfully during their
proficiency check. lronically, in these cases the roles of the aircraft and
simulator appear to have been reversed, with crews practising in the aircraft in
order to perform well in the simulator. The problem seems to be exacerbated
by a general decline in the number of simulated training hours made available
to crews as airlines are pressured to reduce costs, and face the need to focus

the remaining hours on more dominant automation related issues.

The UK CAA recently issued a Flight Operations Department Communication
to Aircrew (FODCOM 24/2004) which highlights their concern over this
practise, encouraging crews to participate in manual flying but urging that it is
conducted in appropriate circumstances and is properly planned and briefed

for.
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These individual accident reports support the broader anecdotal accounts and
subjective evidence (e.g. Curry, 1985; Wiener et al., 1999; Wiener, 1988) of
manual flying skill deterioration. It must also be considered that all of the
statistical data and evidence evaluated in this section were the subject of
aircraft accident reports. Accidents are the most severe consequences of
errors, where significant damage to the aircraft, its occupants or other
property occurs, and fortunately they are relatively low in frequency. They are
the result of the perfect alignment of many latent and active failures. The
Heinrich ratio (1959) suggests that for every fatal accident there are 29 less
severe accidents and as many as 300 near misses, many of which may go
unreported. In summary, the relatively severe manual handling events
highlighted in these studies may only represent the tip of a much greater

issue.

1.2.5 Evidence of Manual Flying Skill Loss from Experimental Work

Surprisingly, given the amount of the aforementioned subjective data and
anecdotal evidence (Wood, 2004), very little objective experimental work has
been conducted to evaluate the loss of manual flying skills concern. Arthur,
Bennet, Stanush and McNelly (1998) compiled a meta review of generic skill
decay research finding that, whilst in general all skills will fade without
sufficient frequency or quality of practice, complex, open-loop, predominantly
cognitive based skills are likely to decay more rapidly than simple, closed-
loop, predominantly psychomotor based skills. However, only two studies
have been conducted in the aviation domain and they did not form part of this
meta review. It has already been noted that many pilots report a loss of
confidence in their manual flying ability and it is possible that this in itself may
affect meta-cognitive processes, such as the focusing of attention or
management of capacity. There is insufficient evidence in the literature to
confidently predict how the effect of deteriorated confidence or other
emotional factors brought about through inexperience may impact the

performance of manual flying skill. However, a study of young pilots (Terelak,
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1993) found that increased levels of anxiety generally had a negative impact

on the learning of psychomotor flying skills.

In contrast to the findings of Arthur et al. (1998), Viellette (1995) compared the
manual handling performance of pilots operating electromechanical (with little
automation) and EFIS equipped (with sophisticated automation) variants of
the same basic jet transport aircraft. The study evaluated performance on a
course tracking and instrument approach task in a full flight simulator. It was
found that the group operating the EFIS equipped variant demonstrated
significantly lower tracking performance in a number of dimensions compared

to the group operating the traditional electromechanical variant.

Whilst the results of this trial make a valuable contribution there are a number
of limitations in its method acknowledged by the researchers. Primarily, the
RMSE performance metric employed is relatively insensitive (see Hubbard,
1987) and much progress has been made in the development of performance
metrics and multivariate statistical techniques since this study was performed.
Also no detailed data of the individual pilot's operating experience was
collected and the unlikely assumption is made that all pilots in the EFIS group
have the same level of recent manual handling experiences and that other
differences in the pilot’s career background did not significantly influence their
performance. However, the researchers noted that they found considerable
variation in performance in the EFIS group suggesting that individual
differences in career background and automation exposure may have
influenced performance. It was suggested that future studies explore the
contribution of these factors. Furthermore, given the shift in pilot demographic
since the research was performed, the utility of the results in the modern

environment are questionable.

More recently Young, Fanjoy and Suckow (2006) evaluated the manual
handling performance of a cross section of pilots undertaking airline interview
simulator checks. Detailed information about the participating pilot’s career
background and automation exposure was collected allowing for it to be

correlated with performance, along with a survey of the pilot’s instrument
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procedures knowledge and self-reported scan proficiency. There was some
evidence from the study that those pilots who placed greater faith in the
automatics had weaker manual flying skills. However performance was
evaluated using a subjective observer rating system for which no validation of
reliability was provided. Consequently few statistically significant results were

presented.

1.2.6 Adapting Training

Recent changes in regulations allow airlines to be more flexible with their
training, modifying their programmes to be relevant to their particular
operation, rather than to meet generalised criteria. This scheme is know as
the Alternative Training & Qualification Programme (ATQP). However, in
order to justify such modifications the airline must put forward a robust safety
case based on strong objective evidence. The training and assessment of
manual flying skills may be an area that could benefit from modification under
ATQP in future training programmes for highly automated airliners.
Unfortunately, as noted in a CAA review of Flight Crew Reliance on
Automation (Wood, 2004) and affirmed in this review, there is currently a lack
of objective data to demonstrate the postulated decline in manual flying ability,

nor a definitive method with which to provide these data.
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1.3 Scope of Research

The research focussed exclusively on commercially operated jet transport
aircraft equipped with highly automated flight decks. For the purpose of this
research the term ‘highly automated’ is considered to indicate a flight deck
equipped with auto-pilot, auto-throttle, flight-director, flight management
system and electronic flight information system (including, as a minimum, an
electronic attitude directional indicator (EADI) and electronic horizontal
situation indicator (EHSI) or equivalent). The research focused on the primary
flight control and management tasks and did not consider secondary manual
tasks, such as aircraft’'s system control. The research is orientated towards air

transport operations in developed nations.
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1.4 Research Objectives

In light of the literature discussed in this chapter the following research

objectives were defined.

1. Clarify the definition of manual flying skills and evaluate the

cognitive mechanisms of manual flight.

2. Determine the most appropriate means of objectively measuring

manual flying skill proficiency.

3. Assess the manual flying performance of a broad sample of pilots
operating highly automated aircraft on a valid and relevant manual

handling task.

4. Evaluate the effects of differences in the career background and
recent manual handling exposure of the pilots on their manual flying

performance.
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1.5 Structure of the Thesis

Chapter 1
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General Discussion and Chapter 5
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for Future Work.

Figure 3 — Structure of the Thesis

The diagram in Figure 2 is presented as an overview of the Thesis structure
and to indicate where each research objective is fulfilled. The shaded element
indicates the reader’s current position in the Thesis. The diagram is

reproduced at the beginning of every major section.
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Chapter 2

Study I: Cognitive Manual Flying Skills

Chapter 1

Introduction
Define Rationale &
Objectives

Chapter 2 ‘/\ Chapter 3

Investigate the Cognitive Evaluate & Select
Demands of Manual Flight Objective Performance

Measures

Assess the Manual Flying
Performance of a Sample.
Evaluate the Effects of Chapter 4
Differences in Automation
Exposure on Manual
Flying Performance

A 4

General Discussion and Chapter 5
Conclusions. Suggestions
for Future Work.

2.1 Introduction

Manual flight is generally defined as a condition whereby the pilots operate
the aircraft without the support of its primary automatic systems and exert
control by manipulating the primary flying controls i.e. inceptor, rudder pedals
and thrust levers (Parasuraman, Sheridan and Wickens, 2000). This leads to
a distinctive and quantifiable difference in the physical skill requirements of
manual versus automatic flight, with the former clearly requiring far more
sophisticated psycho-motor ability. This overt characterisation of manual flight
can lead to the assumption that the only skills threatened by ‘out of the loop

unfamiliarity’ (Wickens, 2000) are motor skills.
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However, automation is also designed to support the pilot's cognitive
functions (Sarter, Wickens, Mumaw, Kimball, Marsh, Nikolic and Xu 2003).
Sophisticated instrument displays which present highly processed information
via systems such as the flight director and flight management system all work
to relieve the pilot’s information processing requirements and support decision
making. Ideally the pilots should remain cognitively engaged in order to cross
check the automation using raw data sources. However the exceptional
reliability of modern automatics, the complexity of navigational procedures
and other operational pressures may reduce the level of cognitive
engagement (Parasuraman et. al., 1993; Wood, 2004). There is therefore
potential that the cognitive skills required for manual flight may be redundant
during automatic operation and that these skills may also be vulnerable to
decay. The purpose of this chapter is to better understand the cognitive

processes that underpin and shape manual handling proficiency.

Aircraft State Transitions over a Typical Flight Profile
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Figure 4 — Aircraft state transitions over a typical flight profile
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Figure 4 presents an overview of the aircraft state transitions which occur
during a typical flight. Whilst the aircraft is in a steady state the complexity of
the cognitive problem is reduced and the pilot can employ a relatively simple
mental model to determine how the aircraft will respond and what information
should be monitored. Transitory states however are far more complex since
the pilot’s mental model must incorporate two aircraft states and the risk of it
failing is correspondingly increased (see later sections for a more detailed

discussion of mental models and aircraft control).

The diagram shows that during the initial climb the aircraft rapidly enters a
relatively steady climbing state. There is typically no need to modify the
aircrafts thrust or configuration during this phase. There may be an occasional
requirement to stop the climb and adopt level flight due to airspace
requirements but generally all climb segments will be flown with the same
fixed thrust, with the pilot seeking to maintain steady climb airspeed. Without
automatic assistance the cognitive burden of the pilot is focused on the lateral
navigation of the aircraft. The pilot must scan and integrate the primary flight
and navigational data to build a horizontal mental model and determine the
aircrafts current horizontal position, it's future horizontal position, how that
relates to the horizontal goals and restrictions, and what course adjustments
may be required. The cruise phase is also highly steady with configuration
and thrust essentially fixed, and with minimal requirement for changes in the

aircrafts altitude or course.

By contrast the descent, approach, landing and missed approach (if executed)
phases are highly transient. Lateral manoeuvring increases significantly and
the aircraft must make significant energy changes, adopting varying
configurations and descent profiles, in order to conform to a variety of
airspace and traffic constraints. The pilot's mental model must therefore
incorporate a multitude of aircraft states and be highly dynamic, increasing the
chances of cognitive failures occurring. This latter phase of flight therefore
appears, from a high level, to be the more cognitively challenging and prone
to error, supporting the data which show it to generate a greater number of

accidents (see section 1.2.4).
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2.1.1 Models of Human-Aircraft Control

Manual aircraft control requires the pilot to employ both open-loop and closed-
loop control behaviour (Baron, 1988). Open-loop behaviour is independent of
feedback (i.e. a golfer driving a ball) and involves the execution of pre-
programmed motor schema to effect large changes in the aircrafts orientation,
path or location. Closed-loop control is used to track and maintain a target
state by monitoring feedback channels. In this control mode the pilot monitors
and adjusts their performance in order to reduce any discrepancy between the
desired aircraft state and the observed aircraft state. This is often termed
‘pursuit tracking’. Feedback is delivered primarily via the flight instrumentation
and outside field of view although vestibular, somatic, proprioceptive and
auditory cues are also utilised. The continuous closed-loop control
requirement of manual flight is therefore highly demanding of the pilot’s

physical and cognitive capacity.

Human factors research has developed process control models to describe in
more detail how pilots achieve manual aircraft control. The series model
(McRuer, 1982) presented in figure 3 is widely cited and demonstrates the
hierarchical nature of the control process. For example, whilst the pilot
ultimately wishes to satisfy high level flight goals, such as flying level at
6,000ft, the control system only allows for direct manipulation of the aircraft’s
basic six degrees of freedom i.e. body attitude and translational rates.
Consequently the pilot must manipulate lower order parameters (e.g. attitude,
airspeed etc.) in order to satisfy higher order goals (e.g. altitude, path etc.).
The pilot must close several control loops concurrently. In the series model
these control loops are shown nested within each other. The ‘inner’ attitude
control loop is closed in order to satisfy the ‘outer’ flight path control loop.
Owing to the control system design employed in large transport aircraft there
are generally significant time lags between the pilot making a control input
and the occurrence of an effect in an outer loop parameter i.e. a control wheel
input causing a lateral displacement of the aircrafts position (this will be

discussed further in chapter 3). Consequently such aircraft require the pilot to
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anticipate the aircrafts likely and desired flight path in order to achieve
effective control. The associated mental projection is highly demanding of

cognitive resources (Moray, 1999).

Unfortunately models such as the series model of control lack detail of the
higher level cognitive processes which underpin them. For example, in the
model there are two confluence points where feedback of the observed
aircraft state is compared to the desired aircraft state in order to determine
their relative error and to select a future course of action. However, the
cognitive skills and strategies which are necessary to generate the requisite
data and perform this ‘black box’ function are not detailed. Also, the desired
flight path is specified as an input to the model. In automatic operation this
information would usually be provided by the flight management system.
However in manual flight there is a substantial degree of cognitive processing
which must be undertaken to derive the required goals. Again the processes
by which this is achieved are not detailed in these models yet form a crucial

component of the ‘skill’ of manual flying.
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Figure 5 — The series model of pilot control showing the nested inner and outer control
loops (adapted from McRuer, 1982)

2.1.2 Mental Models

It is theorised that for a human to have effective control over any process they
must possess a mental model of that system (Moray, 1990; Sarter et al.,

2003). A mental model is a user's memory of the structure of a system which
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may be used to simulate how it will respond to a control input or
environmental change (Delzell, Johnson and Liao 1998; Hegarty, 2004; Klein
and Crandall, 1999). The quality of a pilot’s mental model is a key determinant
of their flying performance since it guides their attention and allows them to
prioritise tasks. The development of strength in the mental models structure is
related to experience and any weaknesses in it may be directly related to
failures in task performance. Strong mental models are critical under
conditions of stress since performers will tend to revert to familiar routines and
those most easily recovered from memory, which are generally one and the

same.

Humans generally find it simpler to control simple linear systems but higher
order (2" and 3") rates of change with significant time lags are characteristic
of translational phases of flight. To accomplish control the pilot must be able
to think ahead of the aircraft. Accordingly, the mental model acts as a
mechanism of mental projection and enables anticipatory control of a system.
This is congruent with Endsley’s (2006) definition which states that the highest
levels of situational awareness are achieved when the controller can
anticipate the future state of the system. Mental models therefore play an
important role in problem solving, judgement, decision making and planning
for the pilot. They are simplifications of the real system which rely on
abstraction and mental rules of thumb (heuristics). Carley and Palmquist
(1992) propose that expertise is signified by more efficient mental model
structures which are simplified in some areas, where unnecessary system
complexities are removed in favour of generalised rules, and expanded in
others, where more detailed system knowledge is beneficial. Flach and
Jaques (2003) published work which showed how a pilot’s mental model of
the inner control loop problem was refined with expertise. It was shown that
on a precision approach pursuit tracking task experienced pilots effectively
‘lock out’ several of the aircrafts degrees of freedom in order to simplify the
control problem. For example, controlling the descent profile by ‘fixing and

forgetting’ the aircrafts thrust setting and manipulating just the pitch attitude.
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There is large body of research which has examined the cognitive demands of
using automation on the flight deck (Harris, Hancock, Arthur and Caird 1995;
Holder and Hutchins, 2001; Sarter, Woods and Billings, 1997; Sarter et al.,
2003). However very little objective research has been undertaken to
establish the basic cognitive mechanisms and mental models which pilots use
to operate large transport aircraft manually, and how these mechanisms and
models may be subject to decay (Childs and Spears, 1986). Accordingly a
study was undertaken using objective cognitive task analysis techniques to
audit the cognitive processes employed by pilots in a challenging manual
flight scenario. The results of this study were intended to inform further stages
of the research programme and to ensure that the scenarios used to elicit and

measure manual handling ability were valid from a cognitive 