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Abstract

Airline transport operations are carried out in a wide range of visual and
instrument meteorological conditions. For all but the most limiting of
degraded visibility situations, the pilot can choose to fly the approach to
the airfield and land thaircraft manually. S/he does this using the visual
cues available through the cockpit windshield. The answer to the question
- how is this achieved may seem rather obvious, but has actually
challenged researchers for some time. The optical flow théergual
perception offers solutions in terms of the way pilots pick up motion from
the environment in which they move. In a relatively recent incarnation,
flow theory transforms motion into the temporal, titoecontact

parametert, defined as the timt® close the motion gap to a surface or
object at the instantaneous closure rate. This thesis reports on the
development of novel display formats, usintpeory as a basis, for the

fixed wing jet transport approach and landing manoeuvres.

A simulation malel of a generic large jet transport aircraft is constructed

and a number of repeatable flight test manoeuvres developed. Using these
as a start point, a number of flight test trials are conducted. The first two of
these is to establish whether or ndhe@ntt -based relationships exist for

a series of motion gaps identified for each flight test manoeuvre. Here, itis
discovered that for the localiser capture, glide slope capture and flare
manoeuvre, pilots use constant rate of changd 8j guidance strategies

to close the motion gaps of interest. The use of such strategies is consistent
with the pilots coupling onto theguides that theory postulates. This

result is consistent with previous work conducted using rotary wing

aircrat.

Based upon the results obtained, a number of concept displays are

developed. First, a twdimensional lead aircraft concept is developed.



Here, the pilot must overlay a prediction of the aircraft position at some

nearfuture time with that of the desd position. Speed cueing is provided

by the |l ead aircraft o6l oomingd if ther
actual airspeed. Second, a flare command display is developed. It

provides a commanded flight path angle to achieve a desioédheight.

Again, the pilot must overlay the actual aircraft flight path with desired.

In order that these display designs could be finalised, the values of a
number of parameters had to be established. A display development trial
was condated for this purpose. The specific values of interest and their
final values were: optimum loekhead time for a lead aircraft to guide the
pilot along a given trajectory was found to be 2 seconds; for the localiser
capture manoeuvre, the gap clostireas set at 0.6 and the gap closure
duration fixed at 10seconds; for the glide slope capture manoeuvre the gap
closure# was also set at 0.6 and the duration at 5 seconds; for the flare
command display, th& commanded was 0.75 and the initiatioat 3.5

seconds.

The novel display formats were tested by comparing them with a
conventionalhead own pr i mary f |-of-theatr t di shpelaady ,u pa
display and a highwain-the-sky concept. The comparison was performed
using objective measuremaaitactual and desired trajectories and
subjective measurement using the NASA display flyability rating scale and
the Bedford workload scale. During this testing, the looming cue was
found to be insufficient for the purposes of accurate speed control.
However, the lead aircraft concept is shown to provide superior trajectory
tracking over the alternative display formats in both good and degraded
visual environments. The improved performance comes at the expense of
slightly higher pilotperceived workload Thet-based flare command

display is shown to provide landing touchdown performance as least as



good as a current stabé-the-art heaeup display in both good and

degraded visual environments.

Based upon the design process followed and the restdis@th a number

of conclusions are drawn. The most important istthetsed motion gap
closure strategies are a fundamental means by which pilots guide aircraft
through the environment. As such, the future display designers should

incorporate the metls and approach discussed in this thesis.
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Chapter 1

INTRODUCTION

1.1 The Future Development of Air Traffic Management

The demand for air transport is forecast to increase between twice and
three time present day levels by the year 2[130 This will put increasing
strain on an already crowded airspace systeterms of both the

economics and safety of air transport operations. The major cause of this
problem is seen as the inflexibility of the present day air traffic
management (ATM) syste[@]. The ATM system in use today dates from
the 1950606s. I t i s -bdsedradmavigatidny a seri es
beaconghat link a set of fixed routes called airways. Aircraft are vectored
along these routes and around airports by air traffic control (ATC) whose
remit is to ensure that legal vertical and lateral separation of the aircraft is
maintained. Aircraft operateiare therefore forced to fly fixed routes,

often at fixed speeds at a number ofgegermined flight levels

Flight-deck technology has, to some degree, raced ahead of the ground
based system used to support it. Modern jet transport aircraft areestjuipp
with on-board computers that provide a Flight Management System
(FMS). Such a FMS can provide functions that will allow the aircraft to
automatically fly more efficient trajectories point to point within defined
accuracy tolerances. Thesecadled RNAV operations (Required Area

Navigation) are slowly being introduced to current ATM systems but their

1 A Flight Level (FL)is a nominal aircraft altitudef constant atmospheric pressure that is related to
a specific pessure datum (1013.25 hPa) and is not necessarily the actual measured altitude of the
aircraft above sekevel. It is conventionally given a numerical valuethe nearest 1000 ft in units
of 100 ft in accordance with the structure of the ICAO Standard Atmosphere. For example, the
500-hPa level is written as FL 180, the ICAO standard height being 18 2809 ft.

1



utilisation is not yet widespread or optimal. To fully adopt the flexible

ATM system, the airways system would have to be abandoned.

In a parallel develoment, satellite and data link technologies (e.g. Global
Positioning System (GPS) and Automatic Dependent Surveitlance
Broadcast (ADSB)) can now provide the capability for aircraft to
broadcast their intended route and negotiate efficient trajectories wit
ATM computers taking into account other relevant traffic. The use of
modern technology to make global air transport operations more efficient
(including, for example, investigation into the utilisation of other aircraft
platforms to reduce capacity ptelns at busy airports) is the subject of a

number of studies including R¢8].

The danger in rushing to use technology in any realm of human endeavour
is that thehumanelement is either forgotten or owelied upon. Pilots are
highly trained individuals and one of their primary drivers is tlie sa

conduct of any flight. Reducing aircraft separations and allowing flight in
nondefined airways has the potential to reduce flight safety. In such an
environment, it is therefore incumbent upon fligleck equipment

providers to present informationa@li both the aircraft status and the
surrounding environment to an aircraft
and intuitive assessment of the safety and appropriateness of the current
situation (flight path selected, execution of that flight path.etuch a

system must allow easy manual intervention or the simple monitoring of

the automatic processes.

1.2 The Pilot as a Systems Monitor

It is perhaps more often the case that the human element of a system is not
forgotten, but rather, his /her needs aseattended to appropriately. This

may seem strange since for as long as there has been powered aircraft there

have been attempts to provide pilots with additional information to allow



the flight to be conducted in a more controlled and safe mannets &filo

| arge jet transport airc-ofgheggntasd | east
but ar dnfoimstprertoenm {4p Flighd control system
technology is mature enough to allow automaticafkeenroute flight

and landings to bearried out without the need of pilot intervention. The
pilot monitors the actions of the automation, ready to intervene and take
control if a system failure occurs. Failure of the automatic systems must
not lead to a catastrophic loss of the aircrathose on board and aircrew
are legally required to maintain their manual flying skills. Manual flight is
still performed but usually with reference to a Flight Director (FD). The
FD is a display that provides the pilot with automated steering informatio
All of this has led to concerns that:

1. whilst manual workload has decreased, mental workload has
increasedb, 6];

2. human beings do not perform at all well in monitoring task
situationg7];

3. removal of the crew from thaontrol loop of the aircraft reduces
their ability to maintain an awar e
[8];

4. flight-deck technology has become so complex that it is difficult
for flight crew to understandhé principles on which the
automation is operating] and

5. the extensive use of automation has reduced the proficiency of
pilots to perform flight tasks manually].

It is clear that there is a conflict between the desire to use increasingly
sophisticated automation to facilitate more efficient air transport and the

current level of understanding of how aircrew will be able to safely lbe par

of and utilise such systems. The most common question in modern
cockpits is report ed1l0}] &tispechapstine,at 6 s it

therefore, to take a fresh look at how human crew use their senses to guide



an aircraft through its environment and aptpig learning to the design

and development of the flight deck systems of the future.

1.3 The Perception of Motion

The primary sense utilised by humans to guide themselves through their

environment is sight. Sight has evolved into a precision system that

erables light rays impinging on theddmensional retinal surface to be
interpretedglianmsdeadt, yi (téwitt i vely and ir
When moving through that environment, the visual field must not only

provide information concerning where thieserver isiow, but where the

observewill be in the near future. If an obstacle stands in the path of this

prospectivdrajectory, avoiding action can be made in a timely fashion.

A review of airline transport safety statistics reveals that &atztients do

still happen and a majority of them occur either during or shortly after
takeoff or during the approach and landing phases of flight.
Understandably, manoeuvres in close proximity to the ground are less
tolerant to crew error. There is argument that a proportion of these
accidents are a resudac kopfi tmbo ddeirsnp led yesc tt
evolutions of their mechanical counterparts. These displays have been in
use for the last halfentury and the evolutionary process has added a

sets of symbols. By definition, this development process has not always
been coherent or part of a long term plan. The displays provide an almost
entirely two dimensional representation of the information required for
flight. The instruments providaformation on thenowbut the pilot must
assimilate the data presented to him and construetiiige mental

picture of the flight path of the aircraft in three dimensions from rather
limited information. This may not be intuitive and will certainbt be

instant, particularly in unfamiliar situations.



As previously mentioned, the reliabi

particularly critical when flying close to the ground or near to obstacles. In
a good visual environment, the pilot can obtaiffigant cues from the

visual scene to correlate with that of the cockpit instruments. As the visual
environment degrades, for example, due to adverse weather conditions, the
visual cues available become less reliable. The pilot must rely on the
cockpitinstruments alone. To counteract this degradation in visual

information, the pilot will require some form of guidance vision aid.

To provide such a guidance aid, a complete reconstruction of the natural
world from active/passive sensors coupled with temlatabases can, in
principle, be achieved. Even where this has already been achieved, the
cost of adopting and retfiiting suitable equipment to aircraft is proving
prohibitive in the short to medium term, resulting in the US government
funding the egipment for national carriers and a voluntary equipage
policy for the remainddil1]. This begs the question: what is the
minimum necessary and sufficient visual information required by a pilot to
develop a reliable nmtal model, rather than a dangerous illusion, that will
allow safe flight through the surrounding environment ? The implication
here is that a minimum information display will be cheaper and less

complex to implement than one with extraneous data digphlaye

The starting point to try to answer this question is the results of previous
work performed at The University of Liverpool that used the ecological
approach to visual perception as a basis. Proponents of this approach
emphasise that the pilot percesvthe aircraft and hence his/her own
motion (known as egmotion)directly from theoptic flowof surfaces in

the field of vision12]. Optic flow specifies how the observer is moving in
relation to their environment. It has been shown that optic flow rate can
provide the pilot with, for example, information on ground speed in-body

scaled units eye-heights per second 3], or surface slarjii4]. Lee has



developed the theory of optic flow and direct motion percefityon
introducing an bpthetimatd contaatoriclasbtoan, o6t au o
obstacle or surface at the current closure[d&k Tau theory provides a
framework for perceiving motion in terms of time and/esras a universal
variable for controlling motiomgaps. Evidence for pilots usiheguidance
strategies has been demonstrated in simulated helicopter manoeuvring at
The University of Liverpoo]16]. It was shown that when helicopter pilots
fly stopping manoeuvres close to tireund, there is a close correlation
between the motieh (instantaneous time to reach the stop point) and a
pilot-generated-guide that can follow constant deceleration or
acceleration laws. It is postulated that the correlation is so good, that the
model of pilot visual perception and motion is suitableeiktension to

other flight manoeuvres.

1.4 Research Aims and Objectives

Whilst evidence for the use bfuidance strategies has been demonstrated
in rotary wing flight, the equivalent literature for fixedng flight remains
sparse. The research presemt@tin this thesis aims to start to fill this

gap. It tries to answer the question posed earlier regarding minimum

sufficient information by:

1. Establishing a coherent engineering basis for the design of pilot
aids that will support flight in degraded visganditions,
particularly when close to the ground.

2. Evaluating synthetic displays that recover the visual cues necessary
to allow flight in degraded visual conditions for a range of

manoeuvres.
The project objectives established to support these ainas &dows:

1. Quantify the informative optical flow field variables that a pilot

requires for prospective flight control in a range of mission tasks.

6



2. Demonstrate equivalent performance and workload for:
a. Mission tasks flown in good visual conditions and

b. Mission tasks flown in degraded visibility whilst utilising
vision aids that synthesise the available optical flow field

information.

3. Quantify the impact of the synthetic vision aids on the level of
task performance and pilot workload during critical phases of
flight.

4. Produce guidelines for the design, evaluation and certification of

prospective flight systems.

1.5 Thesis Scope, Structure and Content
With the motivation and objectives of the project outlined, the scope of this

thesis can now be described.

1.5.1 ThesisScope

It is easier to define the scope of this thesis by first eliminating elements of
work that are definitelyotin scope. The first of these relates theory

itself. SectiorR.4.2provides a discussion on the research that debates
whethert theory is a useful concept in the natural world. The work
contained within this thesis does not set out to prove (or otherwise¢) that
theory is valid in terms of an observe
assumption is made thiainformation is used by observers and should
therefore be considered in gap closure scenarios. Shbaldhown to be
invalid as a visual perceptionathanism, the research contained within

this thesis is not invalidated. The work shows that the mathematical
relationships that defines for aircraft motion gap closures can neatly
describe the manoeuvres. It provides an alternatebased framework,

to allow a motion gap to be controlled.



If t is assumed to exist in theory, at the practical end of things, further
assumptions have been made. The goal of the project is to develop
guidelines for display development. It was considered that the besb way
do this was to go through the display design process itself. However, this
thesis does not deliver a production standard display ready for marketing.
A small number of concepts were developed and tested during the course
of the research. It is als@sumed that all problems associated with the
measurement of the required aircraft states (whose gaps are being closed)
have been solved satisfactorily. For instance, a major part of the work
concentrates on the fixeging aircraft flare manoeuvre durisgianding.

The gap to be closed is aircraft height. In a simulation environment, it is
easy to measure aircraft height to the precision allowed by the simulation
computer. In the real world, of course, radar altimeters provide one
solution for height @snation, but account would have to be taken of their
respective accuracy and position aboard the aircraft in any calculation of
thet of height. The simulated flight trials conducted during the course of
this research were O0ideal d and did not
produced by such a device (or any other). Hence, there is no measure of
the effect of position estimation errons display performance.

The effects of automation on display design were not considered in this
work. Only manual fixed wing flight is investigated. Similarly, the only
sense considered as providing the pilot with perceptual information as to
motion of he aircraft is th@isual system Vestibular, haptic and aural

stimuli were not investigated in this research.

The analysis of fixedaving aircraft flight in terms of is a novel concept in
itself. The use of such a theory for display design is also novel. The scope
of the thesis is therefore defined by the subject matter being at an early
stage of development. As such, the thesis includes the definition of basic

jet transport aircraft manoeuvres using the concept of the mission task



element (MTE). The motion gaps of interest for each MTE are then
described and basicanalyses performed upon them. Using results from
these analyses, a small number of new displagejats are developed and

tested against existing operational and research display concepts.

1.5.2 Thesis Structure and Content

The thesis is divided into a number of chapters, each with a specific
purpose in mind. Chapter 2 reviews the current-sthtke-artin the

technical areas across which this thesis cuts. Safety statistics are evaluated
in more detail than covered in this Section to establish the phases of flight
that would most benefit from pilot guidance vision aids. Existing
production and researt&chnology that provides guidance to the pilot of a
jet transport aircraft is reviewed. It is noted that current technology in
particular is still functionally based and using natural perceptual processes
might well yield benefits in terms of new displdgsign. This leads into a
description and brief assessment of competing motion perception theories.
Ultimately, the research has been guided by the ecologically based Tau
Theory and so Chapter 2 also contains a detailed examination of that
theory. Findly, Chapter 2 concludes with an identification of the research
guestions which support the project aims and objectives that have driven
the experimentation. The novelty of the resulting work is summarised in
Sectionl.6. Theremainder of the thesis then starts to address the

identified gaps in knowledge.

Chapter 3 provides a description of the work that had to be carried out to
bring the facilities at The University of Liverpool to a point were the
research could be starte@ihis comprised the definition of a jet transport
experimental manoeuvre set, the upgrading of the research facilities to
incorporate the capability to generate realistic degraded visual conditions
and construct aircraft displays and the building of agetsport aircraft

simulation model using FLIGHTLAB multbody modelling software.



Chapters 4 provide the experimental investigation method and results
which includes the design and testing of a small number of display
concepts. They are arranged arospecific jet transport MTES. Chapter
4 reports on the investigation into the Flare MTE and includes results
starting from the basicanalysis, through eytacking results, the
development of a flare command display and the testing of that display

agains other relevant concepts.

Chapter 5 reports on the investigation into the localiser and glide slope
capture MTE. The bastcanalyses are performed and a different approach
to eyetracking presented. Again, a display concept is developed and

tested agaist other formats.

Chapter 6 provides a more limited set of results on MTEs that require a full
approach to the airfield t-MTbhsd made.
that link together localiser capture, glide slope capture and the flare MTE.
However,given the potential move towards alternative uses of airspace,

results from a Curved Approach are also reported for each of the display

formats tested.

Chapter 7 provides the conclusions of the work performed and
recommendations as to how future relates@aech can be continued or

directed.

1.6 Original Contribution to Learning
The work contained within a PhD thesis

contribution to I earningé6. This can b
1 discovering new knowledge;
1 connecting previously unooected facts;

1 developing a new theory
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1 orrevising established vie&7].

The original contribution to learning of the work presented in this thesis

meets these criteria as follows:

1. The development of fixeding aircraft pilot displays in the
context of motion perception and specifically dmlogical
approach to motion perception connects, in itself, previously un

related disciplines.

2. The analysis of such a wide range of fbwgithg jet transport
manoeuvres in thieedomain has not been previously performed.
The discovery of a number of sigtes that close iflight
motion gaps using constafitrelationships is new knowledge.
Furthermore, this discovery has shown that pilots perform flight
manoeuvres using one of the mostly widely found relationships

in naturei the paver law.

3. The lessons learned from implementing the obsetved
relationships into algorithms that control aircraft displays

constitutes the discovery of new knowledge.

4. A linear relationship has been discovered between aircraft
touchdown velocity and the rate of change of the airdraft
height for one specific type of flare manoeuvre. This has been
linked to existing theory far-based flight guidance for rotary

wing aircraft.

5. The development and analysis of pilot elevator input as a
function oft, using the reduced aircraft equations of motion as a
start point is the start of the development of a new theory of pilot
control strategy and can also be considered to be the connection

of previously unrelated topics.

11



Chapter 2

TECHNICAL REVIEW

The research reported in this thesis encompasses a number of technical
areas that include the perception of self (or @godion and pilot guidance
display technology. This Chapter will examine each of the relevant
technical aras in turn and identify the gaps in knowledge that have driven

the research described within the subsequent Chapters.

2.1 Aviation Safety Statistics Review

The primary aim of the research is to develop guidelines to assist with the
development of future pitgguidance displays for jet transport aircratt.
Ideally, the guidelines would cover all phases of flight for a typical jet
transport operation. However, it was considered both necessary and
important to target the research to phases of flight wheredbtimpact

could be made in terms of benefits to the aerospace industry. One of the
hopedfor benefits of any new guidance system would be an increase in
flight safety. Aviation safety statistics were reviewed to provide
information on those phases agfit that would most benefit from

enhanced safety systems, whatever their form. This Se¢l#gosfore

provides ssummaryreview of availéale aviation fatal accident data. It
summarises aircraft fatal accidents where, by definittamnedlight is
beingconducted, but a chain of events have occurred that have led to loss

of life. Only fatal accidents have been considered for two reasons:

1. Safety statistics are more prevalent for aircraft fatal accidents in the

public arena.

12



2. Whilst nonfatal accidents thiadause injury or destruction of
aircraft/property are regrettable, it is fatal detits that cause the

mostupsea nd what might be termed d6dbad g

The purpose of the review wasenablean informed decision to be made
on the phases of flight thatomld most benefit frona pilot vision aid in
termsof increagdaviation safety and, as additional consequence,
reduceccosts to the aircraft operators (due, for examplaréaludion in

hull losses.

2.1.1 Organisations thatrpvide Aviation Accident Dat&tatistics
Accident data havkeeen reviewed from thénited Kingdom UK) Civil
Aviation Authority (CAA), theUnited StateslS) National Transportation
Safety Board (NTSBand the Aviation Safety Network (ASNYhe CAA
has responsibility fof18]:

1 Ensuring that UK civil aviation standards are set and achieved.
Regulating airlines, airports and National Air Traffic Services
economic activities and encouraging a diverse and competitive

industry.
T Managing the UKG6s principal travel

1 Bringing civil and military interests together to ensure that the

airspace needs of all users are met as equitably as possible.
The NTSB is a United States Federal Agency mandatd®}to

71 Investigate transporianh accidents and determine {h@bable

causes of the accidents.
1 Issue safety recommendations.

1 Study transportation safety issues

13



1 Evaluate thesafety effectiveness of government agencies involved

in transportation.

The ASN is a private independent initiative founded in 1996 and charges
itself with OProviding everyone with a
with up-to-date, complete and religbauthoritative information on airliner

accidents afd. safety issuesdo

A number of individial data sources have been consulted from the
organisations described above. Each of these publications is discussed in

the following Sections.

2.1.2 Global FataAccident Data StatisticCAP 681

The CAA produces Civil Aviation Publications or CAPs on a veuoét

topics including global fatal accidents. CAP 681 is the mostaate

version of the publication containing this informat[@d]. It provides a
summary analysis of 621 global fatal accidents to jet and turboprop aircraft
with a Maximum Take Off Weight (MOW) above 5,700kg between 1980

and 1996 inclusive.

The assessment of each accident consists of three main parts:

1 Causal Factors: an event or item judged to be directly instrumental
in the causal chain of events leading to the accident.

71 Circumstantial Faors: an event or item judged not to be directly in
the causal chain of events but could have contributed to the

accident.
1 Consequences: a record of the outcomes of the fatal accident.

The two most frequently identified primary causal factors of the &89 f

accidents that were judged to have sufficient information available were:

14



1. Lack of positional awareness in air (20.9%). This generally
involved a lack of appreciation of proximity to the ground,
frequently when the aircraft was not equipped with a Gaou
Proximity Warning System (GPWS) or when precision approach
aids were not available. This primary causal factor has shown an

increasing trend over the period considered.

2. Omission of action / inappropriate action (19.7%). This causal
factor commonly refeed to the crew continuing their descent
below the Decision Height or Minimum Descent Altitdeéthout
a visual reference or when visual cues were lost. This primary
causal factor has shown a decreasing trend over the period
considered.

The analysis méibd used in Ref21] meant that an accident could be
allocated more than one causal factor. When all causal factors are analysed
(i.e. not just the primary causal factor), the 2 most frequently attributed
causal factors to the same 589 accidents were still:

1. Lackof positional awareness in air (41.4%).
2. Omission of action / inappropriate action (36.7%).
The 2 most frequently identified circumstantial factors were:

1. Nonfitment of presently available safety equipment (39.8%). This
referred in most cases to the ladkGWS or enhanced GPWS

being fitted to the aircraft (even if it was not available at the time).

2 For an approach to a runway, a height is reached where the pilot must transition from instrument to
visual flight. If insufficientvisual cues cannot be acquired at this height, the landing must be
aborted. For a precision approach (vertical guidance provided to pilot via e.g. ILS), this height is
termed the Decision Height. For a Rarecision approach (no vertical guidance mvjated), this
height is termed the Minimum Descent Altitude.

15



2. Failure in CRM (37.7 %). This relates to whether, if the crew had
worked more effectively together, the accident could have been
avoided.

The 2 most frequerntlidentified consequences were:
1. Collision with terrain / water / obstacle (46.5%).
2. Controlled Flight Into TerrainGFIT, 35.3%).

Fig. 7.3 fromRef. [21] is recreate@sFig. 2-1. It shows an analysis of
fatal accidents bphase of flightOf the 621aircraft accidents, 310 (50%)
occurred during approach and landing phases (includiraga@md). A

further 23% of all fatal accidents occurred during the-tstkand climb.
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Fig. 2-1. Global fatal accidents broken down by phase of flight

2.1.3 Global FatalAccident DatdUpdate: CAP 701

Ref.[22] provides a review of UK civil aviation safety between 1990 and
1999. It differs from Refl21] in that as well as providing a worldwide
accident analysis, it provides analysis of 4fiatal accidents and also

divides this analysis between aircraft types. It does not, however, provide
analysis on causal factors, circumstantial factors and consequences by UK
aircraft mission type. The pertinent poifrtsm the fatal accident statistics

are summariseith the Sectiorbelow.
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Ref.[22] provides an additional thee3 years worth of aircraft accident
data to that of Ref21]. The two most frequently identified fatal accident

primary causal factors for Large Jet and Turboprop fatal accidents are:
1. Lack of positional awareness in air.
2. Omission of action / inappropriate action.

The 3 other major primary causal facto
OPr dtsisoh (i .e. the decision to continue
when conditions are deteriorating and a decision to turn back/divert should

have been mapadefeasdoaBbojudgement [/ ai

The two most commonly identified fatal accident circumstantial factors are

given as:
1. Failure in CRM.
2. Nortfitment of presently available safety equipment.

The twomost commonly identified fatal accident consequencegiaea

as:
1. Collision with terrain / water / obstacle.
2. CFIT.

Ref. [22] also provides the five most prevalent primary causal factor

consequence combinations. These are:
1. Lack of positional awareness in aiCFIT.
2. Flight handlingi collision with terrain / water / obstacle.
3. Omission of action / inapppriate action collision with terrain.
4. Omission of action / inappropriate actio€FIT.

5. Flight handlingi' loss of control in flight.

17



2.1.4 NTSBAccidentStatistics 1983 1999

The NTSB issues annual reviews of US air carrier (operators that fly
aircraft in evenue service) aircraft accident datehsas that provided at
Ref.[23]. The NTSB also provides the raw accident data in a convenient
spreadsheet form from 1983 to 1999]. It is these data that have been
used to providéhe analysis detailed in thig&ion. It is recognised that,

in some cases, these data forsubsebdf those provided in Ref21].
However, the provision of raw data has allowedider variety of analyses
to be performed to provide more insight than that available froiGA#e

dataalone

All of the analysis presented is for operations under Title 44sR21 and

135 of the Code of Federal Regulations (CFR). Broadly speaking, Part 121
refers to major airlines and cargo carriers whilst Part 135 applies to
commercial operators referred to as commuter airlinésair taxi services
(note- achange inhe definitions of these regulations in 1997, however,

now means that most commuter airlines operate under Part 121 of the
CFR).
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2.1.4.1Fatal Accident Review by Phase of Flight

Fig. 22 presents a breakdown of fatal accidents of Turbofan, Turbojet,
Turboprop and Turboshaft US Air Carrier Aircraft by phase of flight
(whereit is reportedl. As such, it provides some means ahparison
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Fig. 2-2 - Air Carrier Fatal Accidents by Phase of Flight 19831 1999
with Fig. 2-1. Fig. 22 showsthat of all 143 aircraft accidents, 56 (39.2%)

occurred during approach and landing phases. A further 29.4% of all fatal

accidentoccurred during the takaff and climb.
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2.1.4.2Fatal Accident Review By Phase of Flight alléather Condition
Fig. 23 presents a further briedown of the data presented iacon

2.1.4.1as a function of general weather conditioms(}lMeteorological

Conditions (VMC)and hstrumenMeteorologicalConditions(IMC) have

stiict definitions but generally speakinly)C weather represents a

degraded visual situation when compared to VM@Where the visual

conditions were unknown, they are recorded as such (UNK).
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Fig. 2-3. US Air Carrier Fatal Accidents by Phase of Flight and Weather
Condition 1983- 1999

It can be seen frofaig. 23 that for the two phases of flight where

accidents are most prevalent (Approach/Landing and-Ddk€limb):

1 More fatal accidents occur on Approach and Landing in IMC than
in VMC

1 A significant number of additionalccidents oaar on Take
Off/Climb in VMC when compared titMC.
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2.1.4.3Fatal Accident Review By Phase of Flight aldather Condition
Table 21 presents a breakdown of accident first occurrence for fatal
accidents of Turbofan, Turbojet, Turboprop and Turbasb&fAir Carrier
Aircraft in varying weather conditions

Basic Weather
Conditions

First Occurrence IMC | VMC | UNK | Grand Total
Loss Of Control - In Flight 18 24 1 43
In Flight Collision With Terrain/Water 10 7 2 19
15
14

=
w

Airframe/Component/System Failure/Malfunction 2
In Flight Encounter With Weather 10
On Ground/Water Collision With Object
In Flight Collision With Object
Miscellaneous/Other

[N
[

Propeller/Rotor Contact To Person

Midair Collision

Altitude Deviation, Uncontrolled

Collision Between Aircraft (Other Than Midair)
Loss Of Control - On Ground/Water 2
Loss Of Engine Power(Partial) - Mech Failure/Malf

N |k W s 0w N

Loss Of Engine Power(Total) - Mech Failure/Malf

Loss Of Engine Power(Total) - Nonmechanical

=N IN N

Abrupt Manoeuvre
Cargo Shift 1
Explosion

e

Fire

[EnY

Loss Of Engine Power

Missing Aircraft 1
On Ground/Water Encounter With Weather
Propeller Failure/Malfunction

Undetermined

[ e T N L N e N S H ISR IS SE L SE DS N S [ EN

1
1
1
Vortex Turbulence Encountered 1

Grand Total 51 87 6 144
Table 2-1. US Air Carrier Fatal Accidents by First Occurrences per Phase of Flight and
Weather Condition 1983i 1999

Table 21 showsthat of all 144 aircraft accidents with a first occurrence
|l i sted, 43 (29.9%) nweteghbtdsof &off Conhe

first occurrences were O0ln Flight Coll
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Other major first occuence dat of interesttotheresearalr e 61 n F1l i ght
Encounter with Weatherdé (9.7%) and 00n

Objectdo (7. 6%).

Further observations can be made from the IMC data:

1T 6Loss of Control in FIlight®& happene
OApr oach/ Landi nogfof /aGldi mbhée pohTaaskees o f

T 6Hn i ght Collision with Terrain/ Wat e
during the OApproach/ Landingd phase

T 6Hn i ght Encounter with Weatherd mos
OApproach/ b&ndi sgdDesdent &6 phases o

Additional observations can be made from the VMC data:

T 6Loss of Control in FIlightd happene
OApproach/ Landiofigd CandnbbthehaTalse of

1 6 Hilight Collision with Terrain/lWatedfs o ccurred most freq
during the O6Approach/ Landingbé phase
O0Tadkfef / Cl i mbé, &éCruise/ Descentd and

phases of flight.

T 6Hn i ght Encounter with Weatherd mos
OApproach/dmcmdd@mQui se/ Descent & phas:

f 60n Ground Collision with Objectd o
flight except O0Cruise/ Clbhymbdé and O6M
definition).

T 6Airframe/ Component/ System Failurel/

high proportion oMWMC first occurrence fatal accidents.
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2.1.5 Auviation Safety Network Statistics
The ASN issues an annual summary of fatal accident statistics for multi

engine airliners taken from afal sources, including NTSB. The latest of
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these is Refl25]. Fig. 24, taken and adapted from this reference, show
the number of individual accidents and consequent fatalities that resulted
over the |l ast 60 years from 1945.
has been an overall decreasing trend in both accidents and fatalities, with
2005 being an unfortunateaeption. This trend is reflected by aircraft

driven by all forms of propulsion iRig. 2-5 (also taken from Ref25]).
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Fig. 2-5. Fatal airliner accidents by propulsion type

2.1.6 AccidentStatistics Discussion
The purpose of the technical review is to identify the currentefdte
art and any gaps in the knowledge in the area of interestdiffi¢silt to

reconcile aviation statistics with this intention but it is clear from the
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revi ew conduc-ofthea rtthéa tt echhen o0lsadgayt eused t c
aircraft transport operations has reduced the overall number of accidents

from thatobservedinhe 19406s, 65006s and 0600s.
accidents and consequent fatalities cannot be considered insignificant and

more work must be done to continue to reduce both sets of figures. The

foll owing Sections i deastidenfifigdit he &6gaps?®o
terms of where to focus these efforts.

2.1.6.1Causal Factors

Refs.[21, 22]show that T avisual aidcould be developed to recreate pilot

vi sual cues to indicate the aircraftos
Decision Height or Minimum Descent Altitude, then a large proportion of

fatal accidents could potentially be avoided. Iditoh, if the same

display could recreate cues to generally increase pilot positional awareness,
increase O6visibilityd of the outside w
provide a substitute for current ground aids, then the fatal accident rate

couldbe further reduced.
The data from Ref24] suggestthat if a dsplay were developed that
could:

1 prevent loss of control in flight (by increasingusitional

awareness);

1 prevent inflight collision with terrain/water (by increasitige

pilotds awar e mpmoanstytoify t he aircraftds

1 increase the safety of flight when adverse weather conditions are

encountered and

1 prevent orground collisions with objects (by providing the pilot

with information about confliatg locations of those objects)

then a high proportion of fatal accidentsuld be avoided.
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2.1.6.2Phase of Flight

Fig. 21 andFig. 22 show broad agreement in that the majority of fatal
accidents occur during or shortly after tak&(including initial climb and
climb) or during approach and landingpproach and landing is cited as a
key safety priority area in R¢R6].

Fig. 2-3 providesan interesting statistic. It shows that a high number of
fatal accidents occur in VMC during the tab# and laming phases of
flight. Table 21 shows that some of these are attributébl@ectanical
failure (which it is unlikely that a visual agbuld prevent). Howevett,
shows that loss of control angflight collisions also have laigh

incidence. Th original project concept wasdevelop guidelines for
displays for use in degiad visual conditions to try to help prevent such
accidentsFig. 2-3 shows thatfor the apprach and landing phase of flight

at least, such displays wdlso be important in good visual conditions.

2.2 Review of Civl Pilot Guidance Display Technology

The pilot of a modern civil transport aircraft has a significant number of

systems at his/her disposal that provide guidance information. Despite this
technology, the statistics show that accidents continue to othere is

still, therefore, a need to reduce or eliminate such occurrences. One way to

do this is to improve upon existing pi
inventing the wheel 6, i fofthest useful to
guidance display techtamy available in the airline transport industry

today, how this state has come to be and the displays that are already being
explored for the future. Relatively #p-date treatments of modern aircraft

display technology can be found in R¢#/] and[28] and these have been

the primary sources of information fibre discussion that follows.
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2.2.1 Context of and Terminology Associated With Display Systems
2.2.1.1Navigation, Guidance and Stabilisation

Before starting the discussion on guid
needs to be defined. Classically, there are thr&e that a pilot must

carry out during a flight: navigation, guidance and stabilisgféh The

navigation task deals with the pilot knowing the current and next desired

position of the aircraft with respecttothelBat s sur f ace, with ti
measured in minutes and distances measured in miles. Stabilisation of the

aircraft, at the other extreme, involves the continuous correction of small

localised errors in the desired flight path or aircraft attitude inducdary,

example, atmospheric disturbances. Much of this task is automated for

large transport operations but will still be required for example, during a

manual approach and landing in gusty conditions. The stabilisation task

involves timescales of the omdef a second and rotations of a few degrees.

The guidance task falls between the stabilisation task and navigation task

in terms of both the timescales and spatial measures with which the pilot is
concerned. It deals with, for example, the avoidanabstiacles when

close to or on the ground and involves timescales of several seconds and

distances of several hundreds of {88f. It is the aircraft guidance

function for which this research project has sought to develop guidelines

for novel vision aid formats.

2.2.1.2The Future Use of the Airspace t&ys

The pilot of a jet transport aircraft will have to navigate, guide and stabilise

the aircraft in a managed airspace sys
defined by a series of groudsed radimavigation beacons that link up a

set of fixed route called airways. Aircraft are vectored along these routes

and around airports by air traffic control (ATC) who are mandated to

ensure that legal vertical and lateral separation of the aircraft is maintained.
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Aircraft operators are therefore forced tpffked routes, often at fixed

speeds at a number of pitetermined altitudes or flight levd).

The use of airspace is beginning to change and further changes are
planned. SaalledRNAV operations (Required Area Navigation) are
slowly being introduced to current air traffic systems but their utilisasio
not yet widespread or optimal. These allow aircraft to fly more efficient
trajectories point to point. This is only the beginning. Programs such as
those defined at R3] have been initiated to try to modernise air
transport operations, making them more efficient whaldticingthe
environmental impact of existing aircradtg.by reducing/removing
inefficient level flight segments with flaps and gear deploy&BS will be

a key enabler to allow the required increased accuracy trajectories that
these programs will demand to be flown usangider variety of aircraft

platforms (e.qg. tiHrotor aircratft).

Satellitebased navigation systems will make the transformation of airspace

usage possible. hE people that will have to interpret and act upon the

information that the technology provida® the aircrew. Their ability to

use the new systems and procedures put in place will be determined largely

by the way that information is presented to them and their ability to

assimilate it. Problems already exist. For current jet transport opstatio

pilots no | ondtaeep afnltys 6b y utth eardes ety st em
moni f4pbr s@he pilotébés task is to monitor
ready to intervene and take control if a system failure occurs. The

extensive use ofudomation has led to concerns that

1 whilst manual workload has decreased, mental workload has

increasedb, 6];

1 human beings do not perform at all well in monitoring task
situationg7];
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1 removal of the crew from the caal loop of the aircraft reduces

their ability to maintain[8an

9 flight-deck technology has become so complex that it is difficult

for flight crew to understand theipciples on which the

automation is operating] and;

1 the proficiency of pilots to perform flight tasks manually has been

steadily reducef’].

This situation is unlikely to improveThe technology already exidts
allow onboard aircraft computers to negotiate withteaffic management
computers to move through the new airspace sy&pnThis will further

distancethe pilot from the operational environment.

2.2.1.3Enhanced/Synthetic V@i Systems

awar en

Two terms in common use with reference to display systems are Enhanced

and Synthetic Vision System (EVS and SVS respectively). An EVS and
SVS are two different approaches to providing the pilot with a view of the

outside world when the enviroramtal conditions surrounding the aircraft
prevent an adequate view from being obtained through the cockpit

windscreen.

An EVS provides the pilot with a
0real 6 vi eobtaired
from onboard sensors that use
parts of the electrmnagnetic
spectrum other than the visual

range. Forwardboking infrared

(FLIR) or millimetre range sensors

are utilised to Fig. 261 Eample Enhnced Vision
degraded visual conditions (fog, System Image
dark etc.). Theoutptf t hese sensors is processed
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would be what the pilot could see if human eyes were sensitive to that band
of EM radiation. Fig. 26, taken from Ref{31] shows a typical EVS

image. It can be seen that symbology can be overlaid onto stemsyto
provide additional flight information to the pilot. EVS can be presented on

conventional PFD and on HUD installations.

Al t hough undoubtedly i mproving the pil
some issues, including: 1) relatively narrow field ofwigQV). The full

view that would be available from the cockpit window cannot bzeated

by the sensor; 2) reduced contrast sensitivity which can lead tes&grth

bl ending and thd@4oappeasédncg8)ofredualsev
leading to impirment of the visibility of manmade structures and altered

monocular depth perception and 4) lack of registration with the pilots line

of sight due to the sensor location on the air¢ét.

A SVS, rather than providing a sensed image, provides the pilot with a
softwaregenerated view of the outsiderld as it would appear in good
visual conditions. An example
of such an image is shown in
Fig. 27 (also from Ref[31)]).

The image is computed from-on
board global terrain and obstacle
databases based upon an

estimation of the air

Fig. 2-7 - Example Synthetic Vision System Imagecurrent position andttitude

from Global Positioning System (GPS) and Inertial Navigation System

(INS) data feeds. The success of such a system relies upon the accuracy of
data sources which it uses. The resolution of the terrain database, the level
of detail provided bytte obstacle database and the accuracy of the
estimation of current position will all determine how well the software
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generated view of the outside world correlates with what the pilot would

see if the view from the cockpit window was not obscured.

It is one thing to provide the pilot with an enhanced or reconstructed view
of the outside world, but these do not necessarily provide any extra direct
guidance to the pilot over and above those that he would receive from a
view of the outside world. In ordey teceive extra guidance, additional
symbology would need to be overlaid onto the displays (as shadwig.in

2-7). The research reported in this thesis deals specifically with the
symbology sets and logic useddiove them that may well end up being
overlaid on an SVS or EVS.

2.2.1.4Situational Awareness

In many situations in flight, but primarily in degraded visual conditions,

there are occasions when the view from the cockpit window does not

provide the pilot with th@ecessary information to conduct a flight. In this

case, the pilot must rely on the aircraft instrumentation to provide

information to construct a mental model of the outside world and the
aircraftos relationship torattdsThe pi
orientation, the state of its systems, thearte weather, its navigational

position etc. can all be termed as his/her situational awareness (SA). More
formally, it is defined as a pilotds 6
[aviation] environmat within a volume of time and space, the

comprehension of their meaning, and the projection of their status in the

near [28).tltean bedseen from this definition that an effective

guidance system, particularly one with adicgve capability, must

contribute to the pilotds SA.

2.2.1.5Prospective Guidance
The term 6prospectived features in the
to the supposition for that any observer under motion, guiding themselves
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successfully through theneironment to some target destination (e.g. a bird
landing on a branch of a tree) , will not generally be reacting to the
situation that instantaneously presents itself, but will be modifying their
motion with reference to some future point in time. Thaification will

be based upon the identification of obstacles that lie in the path of the
future trajectory and the urgency will be based upon the time to any

collision that would occur if no changes were made.

2.2.2 Historical Development of Pilot Guidancechmology

2.2.2.1HeadDown Displays

For as long as there has been powered flight there have been instruments to

give the pilot extra information to assist with the flight task: contemporary

film footage shows that the Wright Brothers used a piece of cloth tied

between the landing skids of their aircraft. If it streamed approximately

parallel to the skids, then any turn that they were in was safe; the Bleriot

monoplane had a resounter added to it to give an indication of engine

speed. Much of the developmentiarly aviation, however, was

necessarily devoted to aerodynamic and structural considerations. Even in

1927 when Lindbergh crossed the Atlantic in a Ryan monoplane, the

majority of the instruments provided the pilot with the state of the aircraft

e.g. aispeed and altitude and its all important engine parameters e.g. fuel
pressure and engine RPM. The only 6gu
the pilot was a compass and turn and slip indicator. It is arguably not until

1929 that the first true guidancessym was successfully tested by Lt.

James Doolittl e. Lt. Do@singlet !l eds airc
engine biplane) was modified with a Hood such that the pilot could not see

the horizon or the ground. A radio guidance system was used, in

conjuncon wi th aircraft instruments that e

recognise (including a gyroscopic artificial horizon and a vertical speed

31



indicator), to successfully fly a circuit around the airfield and land safely

with recourse only to the instrumentati@7].

As air travel became more routine, the need to rationalise and standardise

flight deck instrumentation was recoghn

a. b
Airspeed Airspeed
Dlrgctlon Radlo_ Horizontal Vertical
Indicator Magnetic o
: Situation
ndicato

Speed
Fig.28.Devel opment of the bnst 6dmand Ban
Configurations

configuration of electromechanical i ns

Attitude
Direction
Indicator

configuration that can still be found in some aircraft today. These
configurations are shown kig. 28 (adapted from Ref27]). Formats

and procedures were developed that made displays easier to follow and
check (e.g. how pointers should move and flags be displayed). For
instance, the Horizaal Situation Indicator (HSI) was developed to
combine the function of three of the 0O
(gyroscopic and magnetic compass, radio magnetic indicator and distance
measuring indicator). This process of rationalisation, howevetg led
increasingly complex mechanisms with their associated maintenance costs.
Under ever increasing financial pressure, the aviation transport industry
has, over the last two decades, been upgrading flight decks ttsddidr
thesec al | ed Oigfétrraas. s & cockp

Modern transport aircoaoacdkpiatrsed ntoow priawvi
the pilot with flight information. That is, flight data are displayed using
softwaregenerated displays using cathode ray tube (CRT) technology.

Although cockpit desigre are free to choose any symbols for a given
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display, at present, the softwagenerated instruments, in many cases, are

similar to the analogue devices that they repla@¢ This is particularly

true when 06égl as sfiiedintoartraftandensifitiagto ar e r et r
the same space in the panel where their mechanical counterparts were

housed. Replication is considered to be advantageous in reducing the need

for flight crew retraining.

Typically, there are two CRT displays per flight crew member mounted
side-by-side: a Primary Flight Display (PFD) and a Navigation Display
(ND). A typical layout is shown ifig. 2-9.

Fig. 2-9. lllustration of dual CRT layout in jet transport cockpit

The PFD typically provides the following information to assist guiga

and stabilisation:
q aircraft attitude information;

1 speed and altitude information (including trends for projected speed

at current power setting in 10 seconds);

9 flight path deviations obtained from, for example, an Instrument
Landing System (ILS);
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1 flight director command bars;
1 lateral acceleration;

1 aflight path vector (FPV, shows the aircraft horizontal and vertical
flight path angles) and

1 aflight path target (the desired aircraft horizontal and vertical flight
path angles).

The ND provides the pitawith either a plan view of the aircraft position

with respect to the planned track or an electronic version of the Horizontal
Situation Indicator (HSI). Due to their positions in the cockpit, the PFD
and ND are sometimes referred to as HBadn Display (HDD).

2.2.2.2HeadUp Displays

Although in use with the UK military since 1961, it is only in the last
decade that Headp
Displays (HUDSs)
have appeared on the
flight decks of civil
transport airaft [33].
The HUD derives its
name from the fact

that flight information

Fig. 2-10. Head-Up Display Combiner is displayed using a
glas s 6 ¢ o mbHgn240) that sjtssbetween the pilot and the outside
world. Key features of such a display image are (1) some symbology can
be conformal and (2) it is displayed at infinity or is collimatéd.

conformal display element is one where angles are preserved between the
display and the outside world. For example, the FPV on a HUD shows the
pilot where the aircraft is heading in real world space. So, by placing and

maintaining the FPV on the touawln markers of a runway, the pilot can
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ensure that a steady approach will be achieved. Providing images at
infinity means that the pilot can maintain his view out of the cockpit
window and does not have to continually refocus on the instruments on
eitherthe HDD or HUD. This is advantageous in poor visibility on the
approach when the flight crew needs to maintain station on defined vertical
and lateral descent profiles and, with only tens of feet to touchdown, look

for visual cues to allow them to landtinin legal requirements.

A number of manufacturers produce HUDs for civil aircraft. One example

is the BAE Systems 2020 Visual Guidance System ([&8) The VGS

provides all of the usual flight information in a standard conformal format.

lts 6l ook and feeld is based upon HDD

capable of providing the pilot with:

1 aclear touchdown point, even at airfields where precigiproach

equipment does not exist;
1 acceleration cues to assist with total energy management;

1 aguidance cue to assist with making precise corrections to flight

path, the flare and ground rallt;

1 precision takeoff guidance in the form of runway cerdiee

cueing and
1 a mode to provide cues to support recovery from unusual attitudes.

The VGS was desi gnfateadt d heocurhiestr ésé
project. It was used as a baseline against which novel displays developed
during the course of the peat were tested and compared.

2.2.3 Key Guidance Display Symbology in Use Today
There are a number of key symbols/displays that are used to provide flight
guidance to the pilot on a modern PFD and/or ND. These are described in

the following Section. The firshree guidance solutions are essentially
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electronic versions of the electneechanical devices that they replaced.
The remaining guidance solutions are softw@ased systems and would
have been difficult, if not impossible to develop mechanically. 8hes
solutions incorporate an element of prediction of where the aircraft will be
in the future. These displays are termdd @.e. four dimensional: three
spatial dimensions plus time). They allow the pilot to monitor the
aircraftds p amrsdsonedesiced positisni ahdimodify the g
aircraft trajectory accordingly.

2.2.3.1Flight Director

Flight directors (FDs) come in a variety of forms which mimic their
electremechanical préecessors. A common form is showrig. 211

(the magenta lines). The FD
symbol is superimposed upon the
Attitude Direction Indicator

(ADI). The horizontal line moves
_] I_ up and down to command pitch
angle. The grtical line moves

left and right to command roll.

The pilot must match the motion
of the FD symbols with that of

Fig. 2-11. Typical Flight Director Symbology

the aircraft symbol (the white dot). The command signals are generated by
information coming from, e.g. the aircraft navigation systemshé

example given irFig. 211, the FD is commanding a pitch up and roll to

the left. Although the FD makes use of navigation aid technology, it is
considered a guidance aid as the manoeuvres commanded wpllaege

over periods of time and distances consistent with the definition of Section
2.2.1.1 Furthermore, the FD does not blindly command a bank angle, but
(via the control law driving it) will react and modify its commandhsig

in response to the control inputs that the pilot makes.
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The FD is not considered to be a final solution to the pilot guidance

problem. Because the FD providesomnmandsignal, the pilot is obliged

to follow it. I t rfaskues o controlbugfacg i | ot 6 s
actuatorg35]. The pilot must focus his/her attention on the FD to reduce

the lag between command and response. Thigtnnreduces the time

avail able for scanning the other instr
ment al i mage of the aircraftodos state a
reduced.

2.2.3.2Instrument Landing System Deviation Indicators

Glass cockpit ILS deviation indicators also tend to be facsimiles of their
electremechanical counterparts. Lateral and vertical deviations from
target localiser (alignment with runway cerlire) and glide slope
(alignment with desired vertical flight path to runway) are shown
respectivel y. The O0targetd is indicat
a magenta arrow, diamond or, sometimes
line, indicates the relative position of the
locdiser or glide slope to the aircraft.
Typical display formats are shownhing. 2
12 In this example, the aircraft is shown

o
-
2
(%)
o
=
o

low on the glide slope and to the right of the

; X W |ocaliser (the target positions are times at

_ the centre of the respective lines of dots).

Fig. 2-12. Localser and dide slope . .
deviation indicator formats Unllke the FD, the ILS |ndlcators Only

provide the aircrew with guidance information rather than direct
commands. Itis the responsibility of the pilot to manoeuvre the aircraft

onto the localiser aglide slope as appropriate.
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2.2.3.3Non-Directional Radio Beacon/Automatic Direction Finder

Non-directional radio beacons (NDRBJye one of the earliest forms of radio

aid echnology but can still be fad in use today NDBs are simple

beacons that broadcast in all directions simultaneously. When the pilot

tunes into a particular NDB frequency on the
aircraftés radio navigatior
Automatic Direction Finder (ADF) will

indicate the direction &m which the signal

emanates. To fly directly to a beacon, the

pilot has to simply turn the aircraft such that

the NDB needle points Ostre

Fig. 2-13. ADF Indication to ] ) .
NDB 12 0006 clock position, as i

cyan needle ifrig. 213). The distinction between guidance and

navigation here is perhaps a little blurred, but an NDB can be argued to be
a guidance aid when used for narecision approaches to an airfield.

NDB indications are used to navigate to an airfield bliten be used as

a guidance aid to align the aircraft with the runway in use.

Care must be taken when using NDB displays as they are subject to a

number of potential reductions in accuracy, including:

1 NDB needles will point towards thunderstorms andyfom the

selected radio beacon;

1 interference from beacons transmitting on similar frequencies and
from radio waves reflecting from the ionosphere, particularly at

dusk and dawn and

T 6needle dipb6b where the direction ne
wing in a turn (caused by the NDB aerials on the aircraft taking
finite time to resolve the incoming radio waves during the turn)
[36].
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The techology that drives the preceding displays, i.e. a watilde

net work of radio and microwave beacons
becoming increasingly expensive to maintain and, in an increasingly

uncertain world, make secure from potential maliciansgering. There is

therefore an impetus to use satelbtesed information to drive guidance

technologies. The remaining guidance displays make use of such

information to provide aircraft position to the pilot in relation to its external

environment.

2.2.3.4Turn Prediction Display
The Turn Predictor display is thqg

first of the 4D displays to be
described in this Section. It

provides the-p | Predicted
Turn Track

(@)
(2]

eye view of the aircraft and a Planned tfa°k—>f
ine showing the [
predicted trajectory in a turn. 4
This is overlaid onto the ND
with the planned aircraft track
displayed. In this way, the pilot

Fig. 2-14. Example Turn-prediction Display

can adjust the trajectory by
steering in to or out of the turn to line the predicted trajectory tiptine

desired ground track. An example of such a display is shotig.ir2-14.

2.2.3.5Vertical Situation Display
In order to rdeve some of the
mental burden of recreating the
vertical aircraft situation in
relation to surrounding terrain,

Boeing have developed the

Fig. 2-15. Vertical Situation Display Showing
Terrain Profile

39



Vertical Situation Display (VSD[87]. The VSD depicts a side view of the
local terrain and current aircratft flighttpao the pilot as shown iRig. 2

15 (from Ref.[37]). In this way, there is an early indication to the pilot of
any conflict between aircraft flight path and local terrain. The VSD is a
corollary in the verticagblane to the existing plan view representations of

the aircraft position that is presented on a typical ND.

2.2.3.6Electronic Flight Bag

The average pilotdés flight bag contain
diagrams, departure and approach plates and edsbrarts that are

required for the forthcoming flight(s). These create a burden on crew,

airline and supplier in terms of storage, maintenance i.e. keeping charts up

to date and additional weight that has to be carried on the aircraft.

The move to a digal form of these navigation aids is slowly starting to
take place with the introduction of the Electronic Flight Bag (HBB).

There are various types of EFB hardware and software that are currently
available and thesary in permanence of installation on the aircraft and
technical capability. The combination of Class 3 hardware (either a
permanent standlone installation or part of a standard mfultiction

display avionics suite) with Type C software (softwangliaptions that

allow the position of the aircraft to be overlaid onto the electronic
document) provides the pilot with direct guidance information. Having the
aircraftés position overlaid on, for i
allow the pilotto guide the aircraft onto and then maintain the correct
spatial position in order to intercept the appropriate radio aid for that
approach (strictly speaking, this type of equipment has to be certificated

and must not be used for navigation purposes).
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2.2.3.7Highways in the Sky

The use of perspective flighath displays has been of interest to the
research commun 21t kis anly with the adviereof 1 950 0 s
modern computing, however, that these concepts have become a real
possibility. The favoured concept is of a geanned route overlaid onto a
representation of the outside world. The-pli@nned route generally takes

the form of a perspective tunnel

or highway in the sky (HITS)

and a FPV or predictive FPV is

overlaid onto this. Thpi | ot 6s
I — & task is to maintain the FPV (and
=== % || . & hence the aircraft) within the

route prescribed by the tunnel.

IER PR "z | Fig. 2216 shows an operational
Fig. 2-16. Highway In The Sky Display example of a HITS display

(courtesy Chelton Flight Systems).

Such a systensiadvantageous when compared to, for example, a FD
because it provides a level of flight path performance as good as a FD (for
the approach task) but provides all elements of a given flight situation (e.g.
position, attitude and flight path angle) andabBahe pilot to act on them
accordingly{39]. In addition to this, the pilot can select their own strategy
to intercept the defined track rather than slavishly following thelrased

FD command2]. However, other research has shown that whilst flight
path gerformance is improved with this form of display, global situation

awareness is reducgtD].

In an attempt to reduce the high accident rates that occurred during the
1 9 9 4, she General Aviation (GA) community and FAA in Alaska
have been the driving force behind degtification of HITS systems into

operational aircraft via the o0Capstone
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to be used, special permission has had to be granted to deviate from
existing FAA regulations in order for them to certificafédl]. Whilst the
safety benefits are not in question, the reliability of the systems being
implemented and the cost ofequipping aircraft with the required
technology have considerably slowed progrésheCapstone initiative
[43, 44]

2.2.4 Emerging Advanced Guidance Technology

Section2.2.3provides a brief tour of the guidance display formats inruse
todayodés glass cockpits. The devel opme
technology/symbology continues today. This Section describes some of

those technologies that are being actively researched but that have not yet

made it on to a commercial aircraft fligtheck.

2.2.4.1More Highways in the Sky

HITS have been a major contender for the next generation of pilot display
for some time and, as discussed in Se@i@rB.7 are now being used
commercially. However, these solutions are displayeHDDs. This

means that the pilot still has to make a visual and mental adjustment to
correlate display with the outside world when a look out of the cockpit
window is required (this, of course, is less of a problem in IMC then
VMC). The merits of HUD sytmology have already been described and it
therefore seems a logical next step to display the tunnel concept to pilots
using a HUD. This has been done by Rockw@alllins and is undergoing
evaluation[45]. This display also incorporates a wirame mesh of the
surrounding terrain. One of the criticisms of the display as tested was that
the wire frame tunnel was difficult to see, particularly when overlaid with

other information or when flying in bright sunshine.

The Capstone HITS already reporpdvides a FPV to assist the pilot in
guiding the vehicle through the tunnel. There is an issue here in that the
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FPV provides the pilot with information about where the aircraft is heading
now, whilst tunnel elements ahead provide information about where
aircraft needs to be at some point in the future. To rectify this, there is
research into providing some form of predictive FPV with
longitudinal/lateral control system coordination algorithms such as that
described in Refgl6-48]. The benefits of such an arrangetreme

reported as being enhanced fliglatth control performance and reduced
pilot workload.

The HITS concepts described thus far, whetherupaal heaedown, are
restricted to line drawings to limit the amount of the outside view that is
obscured. Thimits any image to a twdimensional representation of a
threedimensional world. In an attempt to address this issue, a stereoscopic
HUD has been developed and integrated into a-fbees flight simulator

for research purpos@49]. This offers a number of claimed advantages

such as: (1) improved perception of information in the outside view; (2) a
de-cluttered display as information is spatially separateis less likely to
merge; (3) flightpath, terrain and obstacles can be seen in their spatial
position and (4) new 3D symbology can be introduced to enhance spatial

awareness and motion perception.

The question arises as to what would happen if a pdog ¥ find his/her
aircraft outside of the tunnel, intentionally or otherwise ? If the tunnel
were still visible from the display, then of course, the aircraft could be
flown back into it. If it were not, a mechanism to enable the pilot to fly the
aircraft back onto the desired track would be required. A number of
methods have been proposed including arrows to indicate to the pilot the
correct turn direction to recover the tunnel trajectory, deviation indicators
(similar to current ILS indications) aradreturn tunnel that is automatically
generated to guide the pilot back to the original highway tunnel. There is

some evidence to suggest that the return tunnel concept is prefg@dble
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but it is rot clear what would happen in the case that the pilot flies out of
the newly generated return tunnel (one could imagine a whole series of

tunnels being required in this instance).

Whilst HITS is favoured for the next generation of guidance displays,
reseach has been conducted along similar lines, but which is sufficiently
different to be of worthy note. R¢&1] reports on a comparison between
perspective pavers (the desired track is displayadsases of perspective
rectangular paving blocks), a perspective tunnel i.e. HITS and conventional
format symbology. All of these were displayed Hégd The pilot
performance using pavers and tunnel displays was comparable and both

were superior to #t using the conventional format display.

2.2.4.2Enhanced Vertical Guidance

Vertical guidance is provided on a limited number of (Boeing 7487)
aircraft using the VSIBhown in Sectio2.2.3.5 Whilst this display has
been shown to be useful at increasing pilot situational awareness, it was
less helpful at providing information relating to how the terrain was rising
in relation to the currd
aircraft altitudg52].
Although it is clear from
the VSD that terrain is

e i | ol rising ahead of the
Fig. 2-17. Enhanced Vertical Guidance Display ¢ourtesy ) . .
TU Delft) aircraft, it pI’OVIdeS no

information on when a manoeuvre to initiate terrain avoidance should be
commenced or indeed how aggressive that manoeuvre should be. These
issues are starting teladdressed with investigations into enhanced
vertical situation displays that provide the pilot with climbing and
descending flight path indications based upon the performance limitations
of the aircraf{31]. These limitations are shown as the white lines in front

of the aircraft symbol ifrig. 217, taken from Ref{31]. In this way, the
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pilot is provided with an indication of whether or not the aircraft will be
able to climb above or glide clear of terrain that lies ahead at any given

moment.

2.2.4.3Pursuit Guidance

An alternative guidance concept exists in e of pursuit guidance and

this can take various forms. Two display formats use a 2D line drawing of
an aircraft to provide a 3D representation of an aircraft flying some
distance ahead of the piloted aircraft. Military research has used this

0f olmbowi rcraft symbol in conjunction w
representation of the intended flight pgaB, 54] This display format has
been shown to improve pilot performance with respect to maintenance of
commanded airspeed, altitude and heading during instrument I§&88]ng

This increase haseen shown to be independent of the external visibility
conditiong[53]. A similar pursuit aircraft/HITS concept has been used to
conduct rotorcraft precision approaches and very precise approach profiles
resulted with excellent situational awareness maiaththroughout the

manoeuvres.

Finally, the BAE Systems VGS uses a simpler pursuit concept for airfield
approaches in that the flight director guidance simply represents an aircraft
at afixed distance ahead of the piloted vehicle. This format resuited

both increased flight path tracking performance and reduced pilot workload
[56].
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2.2.4.4Abstract Concepts

The preceding discussion has concentrated on display concepts that portray
a version of the world that bears sosne mb |l ance t o o6r eal
class of display technology exists at the other extreme. These attempt to
provide the pilot with the same information using more abstract

representations of the world and aircraft state. One of the most recent of

6
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theseim di s pl ay [57thanesat woOZ0met aphor sé to pt
flight information to the pilot. A O
attitude information and a sense of fo
met aphoro provides aircraft configurat

Both of the metaphors are illustratedHig. 218, taken from Ref[58].

Use of this display witmon-pilots has demonstrated improved flight

performance (e.g. speed and trajectory control) compared with the same

test subjects using conventional flight displays.

2.2.5 Discussion of Display Taanology

The history of display development shows that instruments were added as
pilots or engineers discovered a need for them. Even today, new flight
deck technologies tend to follow a design process that is focused on
component functionality and tecleal performance rather than pilot usage
and operabilityf59]. Sectior2.1provides a safetyelated perspective on

why current display technology and design processes is neectethSe
2.2.1.2provides an operational imperativ€he vision of airline operations
highlightedhere is one whemmore aircraft and more aircraft typae

operating
more frequently;
with fewer or nadelays

in all weather coditions;

- == =_ =4

using norstandard procedures (compared with those used today)

and
1 with an increased requireent for trajectory precision.

Clearly, the technology employed to assist pilots in the guidance of their
aircraft using these procedures must be capdlaeping with such a

scenario.
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The HITS concept offers one possible solution to this problem but a
criticism of this format is that the display can quickly become cluttered. In
addition, there is a danger that the tunnel will mask an important feature on
either the real or synthetic terrain that it overlays.

It is argued that all of the technology discussed that is currently in use in
this Section requires the pilot to interpret the spatial information being
presented into a mental model of the aircstdte and its environment.

The HITS and the pursuit guidance concepts have started to address this

problem but these too retain shades of legacy symbology.

The question has to be asked, o6if pilo
making the most of visual peeption mechanisms that have already

evolved in nature, would any of the fo
The challenge for the display designer is to provide the pilot with
information that can be interdpr.eted as
The provision of an EVS or SVS might seem to be the answer but these

display systems have their own issues. These include how to provide

correct views of the outside world to more than one eye position (there are

usually two crew members on a jetsaort aircraft) and how to provide

the correct binocular cues that a real outside world view would provide

[60].

EVS ard SVS systems and the associated equipment required to produce
the images are also expensive. This is perhaps less of a problem for new
aircraft where this expense can be built into the cost price but for
maximum benefit, any display system would havieaaetrafitted to

existing jet transports. The display formats developed within this research
have therefore been kept simple partially as only simple concepts were
being tested but also on the basis that this will provide a low(er) cost
display systemfsuld any of the ideas be adopted.
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To start to tackle the problems highlighted, the display designer must

understand the processes that humans use to perceive and guide themselves
through their environment. The perception of motion therefore forms the

nex review topic to define the current statethear t f or t he O6knowl

spaced in which the presented research

2.3 Perception of Motion

The study and development of aircraft flight deck technologies displays
must not ignore the end user i.e. therainc The study of human
behaviour and mental processes falls under the remit of the science of
psychology. The meeting of psychology and aerospace engineering is
generally referred to as the study of Human Factors. The following
Section reviews thoseazhents of psychology and human factors that are
pertinent to the reported research.

2.3.4 Visual Perception in Psychology

2.3.4.1Sensing our Environment

The world around us is made up of atoms, molecules and energy. Atoms
and molecules can also be considered to be forms of energy. In order to be
able to perceive and int@tawith its environment, an organism must be

able to sense the various forms of energy that surround it that are important
to its survival. The process by which an organism mentally acquires

information about the world through the reception of it varfousis of

energy can be regarded as a working Sense | Type of Energy
o ) Sight Light
definition ofsensatiorj61]. For humans, [ Hearing | Sound
Touch Mechanical
the sense/energy relationship is defined irr Smell | Airborne Chemical
Taste Chemical

Table 22. The research in this thesis is  Table 22. Human senses and
their corresponding energy

primarily concerned with vision so the source

remainder of thi§ection will concentrate on the sensation and then

perception of light energy.
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The light energy received by a human observer, must first be converted by

the appropriate structure in the body to allow interpretation by the brain.

Specific receptor cellsexst wi t hin the structures to
the received energy into electrochemic
by the brain. Transduction of light is carried out on the retina of the eye.

The retina lies at the back of the dyadl andcontains special receptor cells

that convert light into neural energy:

1 Rods are able to react to very low levels of light and assist with
peripheral vision.

71 Cones respond to different wavelengths of light and are involved in
t he 6seei ng 0arentwo ogposingcolour visionT her e
theories in existence but discussion of these is beyond the scope of

this work.

These receptor cells contain chemicals that are broken apart when light
makes contact with them. This reaction triggers further reactions that
cause a neural signal to be sent to the visual cortex of the brain, the region

of the brain responsible for analysing visual stiféli].

2.3.4.2Perceiving our Environment

The world that a human experiences through the sense of sight is more
complex than the summation of thexsed energy. The pilot of an aircraft
sees runways, signposts and other aircraft rather than photons of light.
This process of organising, analysing and providing meaning to sensation
is defined as perceptidfl].

2.3.5 Theories of Visual Perception
There are two main compegirviews of how the complex process of

perception is accomplish¢él]. These are:

3Stimulus: an event, situation or object that triggers a psychological response; a sensory experience.
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1 The Constructionist view states that perception relies upon previous
knowledge ad information to construct reality from fragments of
sensation. Organisms do not passively receive stimuli but are

actively processing and constructing the world around us.

1 The Ecological viewpoint states that the environment provides all
of the informaton required to perceive the world. Interpretation or
construction of the world around us is rarely required when

controlling motion.

The research contained within this thesis has been guided by the ecological
approach to visual perception based upsalte obtained at The

University of Liverpool in Ref[16]. The following Sections provide a

review of both perception viewpoints and then a brief justification of the

approach adopted.

2.3.6 Constructionist View of Visual Perception

The start point for the Constructionist theoriéperception is the
impoverished twalimensional image that is formed on the retina. The
eye, in this case, is sometimes likened to a camera, and the image on the
retina is the resultant photograph.
photographically i.e. into dimensions where all objects are flat, they see

in three dimensions. The Constructionist argument is therefore that some
form of recovery of information must take place between the retina and the
brain. The threelimensional world has to be construtteom a twe
dimensional image. Attempts to explain how this occurs have taken place
over many centuries and by many researchers. Many of these have led to
6school s of tdivideuhe Kadnstructiohist delwpomtu b

236.1IMarr 6s Computati onal Theory
Computationalision theory stems from Information Theory (the

guantification of information flowing through any system), Cybernetics
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(the application of mathematics to systems that showesglfiation) and
Digital Computing (which became a metaphortfe human braing3].
Developments in these fields lexthe creation of the Atrtificial

Intelligence (Al) research community. Al provides an engineering
approach to the representation of organisms. Organisms are treated as
machines that are controlled by processes. Some processes are perceptual
and visionis one of these. dychologists aim to understand visual
processes bydilding computer models of therWision is seen as the
process of forming a description of what is in the scene from the retinal
images. The task of the visual system is to recovercidugses of the scene
from the images on the retina. Computational vision aims to specify
mathematically how this is done and to assign a functional role to neural

components involved in this computation.

2.3.6.2Empiricism

Ref.[63] asserts that the dominant paradigm for perception research in the

20" century was empicism. That is, perception is more than a direct

registration of sensations; somehow, other events intervene between the
stimulus and t he Tonekesanseefradimage x per i ence
sensory data has to be interpreted. This interpretation is cauntied the

basis of stored knowledge acquired through learning.

In the earliest version of empiricistd¢lmholt?, the visual system drew
"unconscious inferenceabout the visual imageGeneral conclusian
were drawrfrom these inferences. For exampf all the crows ever seen
are black, then the conclusion can be drawn that "all caogidack'. This

isthesame process as is used in the formation of scientific hypotheses.

In a later version of empiricism, Gregory takes the scientific argument
further and argues that perception is a collection of hypotheses about the
world. In the case of vision, light falls on the retina to trigger neural
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energy signals. Appropriate knowledge interacts with these signals to
create psychological information. Bhinformation is then used to advance
hypotheses to both predict and make sense of the environment causing the
light to impinge upon the retina in the first place.

2.3.6.3Gestalt Theory

The Gestalt theory describes perception as a dynamic but organised
process.lt differs from the empiricist viewpoint in that no learning or
hypothesising is required. The processing that is performed between
retinal image and perception is considered innate to the organism. Gestalt
Theory can be conveniently summarised intéaigs of organisation:

(1) Proximity: One of the most important factors in perceiving a visual
scene is the proximity of the elements within it. Items that are close to one
another will be grouped together and associated with each other;

(2) Similarity: Objects in the visual scene that look similar will be grouped

together;

(3) Common Fate: Elements of a visual scene that move together are
grouped together e.g. a flock of birds are seen as belonging to the same
6objectd in motion;

(4) Good ContinuatiorPerceptual organisation will tend to preserve

smooth continuity rather than yielding abrupt changes;

(5) Closure: The perceptual process will favour an organisation that

provides a o60closeddé rather than an 6bop

(6) Relative Size, Surroundedng8sientation and Symmetry: For all other
things being equal, the smaller of two areas will be seen as a figure against

a larger background.
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2.3.7 Ecological Theory of Visual Perception

The Ecological Theory of visual perception sits in stark contrast to the

Corstructionist view. Instead of an impoverished retinal image,
Ecological Theory maintains that the I
vision, particularly when the observer moves, is rich. The observer and its

environment are inextricably linked (fanecological).

The roots of ecological psychology are based in aviation. Its pioneer, J.J.
Gibson investigated the use of pictures, both static and motion, for the
selection of aircrew for the USAA[B4]. He was particularly attracted to

the mdion picture as a training aid due to the additional information that
was available to the observer due to the movement of objects in the film.
Gibson later hypothesised that this extra information came from the optic
flow field T the way in which individal points in the scene move from
moment to momerit that the motion causdl2, 65] Optic flow is the

first of a number of key concepts that underpin this apprimacisual
perception. The others are optical invariance and affordance. These three

concepts will be described in more detail in the following Sections.

2.3.7.10ptic Flow

Gi bsondés ecol ogical approach to visual
key concepts. Thigrst of these is the nature of light. Classical drawings

of light rays show one or two rays entering the eye. In reality, if light is

assumed to be made up of rays, the eye will be subjected to millions of

them. Some will have travelled directly frahe sun but others will be

reflected from objects in between. To Gibson then, the world is comprised

of surfaces under illumination

Second, because light travels in straight lines (unless under the influence of
strong gravitational forces), it can cainjormation. An example of
evidence for this claim comes in the form of holograms. The holographic
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plate used to generate a hologram does not contain an image of the object
in question, merely the interference pattern created whilst under laser
illumination. Shining light onto this pattern recreates a thligeensional

image of the original object.

The result of the above observations is that contrattyetompoverished

retinal image of single visual stimuli used in experimental laboratories, in
the real world, an observer has a huge amount of information available to
perceive the environment. When the observer moves, his/her movement is
then perceptild by the way that the optic field changes from moment to
moment . This change is termed O6o0optic
be the pilot of an aircraft, it has been shown that optic flow rate can

provide the pilot with information about ground speedyeheights per
second13], surface slantl4] and heading66, 67] Furthermore, this
phenomenon is used for practical applications such as autonomous robotic
vehicle gudance68-70]. Fig. 219shows an everyday example of optic

flow T approaching a garage dod¥ig. 2-19%a) shows the view from a

6di stant pointdé with a number of point

ig. 2-19. lllustration of optic flow when approaching a textured surface

Fig. 2219(b) then shows how these points move as the observer approaches
thesurface. Aso mar ked are the O6vectorso6 that
trajectory during the motion. At any instant during the motion, these

define the 6optic fl owb. The star mar

represents the point of impact if the motion istoared to the surface.
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The situation illustrated iRig. 2219is the Gibsonian ideal. However, the

situation is slightly more complicated than this. It is suggested that, for

practical purposes, the human eyergat detect motion below about 50min

arc/sed14]. This is shown for a pilot approaching an airfield to modify

the 6shaped of t he[7l [Tewrindipieel d det ect ed

nevertheless, still applies.

2.3.7.20ptical Invariants

Motion isa key component of the ecological approach to visual perception.
However, the flow of the visual scene due to the motion will not be
random, but will follow a lawful progression. Adjacent components of the
scene will move in a correlated manner. Tloigeation is a source of
information about the environment through which the observer moves and
is primarily received from optical invariants. They are the properties of
patterns of stimulation which remain constant during changes associated
with the obsgrver, the environment or baii3]. Examples if such ol

patterns or structures §frej:

1 texture gradients (e.g. the texture of a field of grass is more
apparent for regions close the observer than regions further

away);

1 occlusions (accretion or decretion of texture) i.e. an object that
passes in front of another object is closer to the observer and vice

versa,

1 motion perspective e.g. in a moving train, if the observer looks out
of the carriage window, close objects will be moving through the
visual field very quickly whilst motion of objects in the distance

will be barely perceptible;

1 focus of expansion i.e. the point denoted by the star symbBaj.in
2-19and
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1 the rate of expansion about the focus.

2.3.7.3Affordances

A key concept in Gibsonogd73l @isesr wr i tin
where the concept of the link between observer and environment is

particularly important. The affordance of @pject, Gibson maintains,

contains invariant information that has (survival) value for the perceiver.

So, a hut might afford 6shelterd6, wate
Where this claim is controversial is that the affordances are perceived

directly. The patterns of light reflected from an object allow the observer

to perceive what the object can do for him/her without any intervening

processing.

2.3.7.4Engineering Analogy Resonance and Pickup

A useful analogy to consider that helps to explairsGibbn 6 s ecol ogi c al
approach to perception to an engineering mind is that of resonance and

pickup[65]. In the ecological view of the world, the perceptual system is

likened to a traditional analogue raf®3]. Radio signals surround us all

of the time. When an analogue radio is not tuned correctly, all that the

listener can hear is stati However, when the radio is tuned to a particular

radio stationbés frequency, iIits compone
heard clearly. There is not one particular part of the radio that can be

isolated as the component that is performing thetiomof that radio.

Remove one component and the radio will cease to work. In the same

way, the visual system picks up information from the optic flow field that

is around us all of the time by resonating with it. Remove any part of the

system, the flowield or the perceptual system and perception is lost. At

the same time however, there is not one isolated component of that system

that i s O6perceivingo.
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2.3.8 Discussion of Visual Perception Theories

The research contained within this thesis is of an engneeature and

the author is certainly not a trained psychologist. It is therefore difficult to
provide a definitive, confident critique of the various theories of visual
perception and the gaps in the knowledge of each of those fields.

However, within he literature, there are arguments and evidence presented
for and against each theory (see, for example, &¥s74). Images can

be successfully generated on a comput e
mathematics but this does not necessarily img@y tthe methods used by

the programmers and within the computational hardware are those used by
a human vision system. Gestalt theory draws heavily on optical illusions to
illustrate its position, but optical illusions are often highly contrived

(though ineresting) and rarely affect an observer in real life. If, as the
empiricists might claim, the visual system has to continuously test
hypotheses, then what data are used by the perceptual systems in this
process? Finally, from an ecological standpoirheare is so much

information available directly to an observer from any particular

viewpoint, why is it that ambiguities can still exist in the visual field that
need to be resolved by closer inspection or a view from a different angle

i.e. requiring moement ?

From the literature available, there is clearly a marked variation in views

across the psychology community as to how motion is perceived.

Evidence exists for and against those theories described briefly in the

preceding Sections (and forthosath wer eno6t ) . So, which

guide for the research ? The first question that an organism must be able to

answer when it is moving is Owhere am
established, the next questilbn must be
the answer to this question is 6yeso,
collision occur?6d and O06is the correcti
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must be answered if a destructive collision is to be avoided. Any theory
regar di ng a percepiion gf selinotignamust Ise mldeso

explain how those questions are answered. The ecological approach, using
optic flow as a basis, provides explanations for how each of these questions

can be answered directly from the motion itself.

As a secondarigsue, in the context of engineering display design, it would

be useful if the theory were amenable to mathematical manipulation and

analysis. The theory must also provide relevance to the research subject

matter. Ecological psychology places the emunent at the heart of

perceptior[63] and does not rely oexperiments involving isolated stimuli

in laboratory conditions (organisms did not evolve under such conditions).

Thi s-woréadldb approach is compelling to a
deal wiwbohl dreal utions©o. Fr,rom a mat hem
ecological psychology and the use of optic flow has been developed into a
simple but elegant theory known as 0Ta
Liverpool has had some success in analyzing aircraft flight in tertns of

theory[16]. As suchthis branch of psychology has been used to guide the
research described i n -oftheias ttOhasnids an Th
analysis of where the gaps in knowledge exist must therefore now

concentrate on the theorytof

24 O0Ti-tm€ont actd ryTau) Theo

It has already been reat that one of the key facets of the ecological
approach to visual perception is that the motion of the observer and the
perception of the environment are inextricably link&tbtion leads to an
optic flow-field that contains optal invariants that the observer can utilise
to perceive that motionThe observer must usiee invarianinformation
about the perceived environmemtd the affordances that perceived objects

provideto navigate aroundnd survive withint. This mustinclude for
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exampleavoiding obstacles and predators and finding shelter and food.

To perform these tasks, the observer must be ablgitnate when an

obstacle will be reached or whempeedatowill reach their preyn order to

be able to take the pppriatemanoeuvringaction. The organism must

also be able to reach for an object by anticipating when its hand/paw/claw
will contact it. By their very nature, these actions are not based just in the
present, but must contain some form of predictigrabdity as to where an
object/hand/predator/prey etc. will be in the future. There must be,
therefore,atmdd ased variable (in Gibsondbés vVvi e
available to an observer that can be used to perform these actions. This
variable musexplain how such prospective guidance of movement can be
perceived and it must be biologically plausible. Such an invariant comes in
the form ofthetime to close a motiegap at its current closure rate

designated tau ar[75].

2.4.1 Time to Close a Motion Gap, Tau

2.4.1.1Motion Gaps and the Definition of Tau

Int theory, a motion gap is defined as being the changing gap between the
state that an organism is currently in and the state is desires itself to be in
[75]. In the examples given above, the gap is one of distance. However,
the concept is more general than that and can be any gap that an animal
will encounter. This will include, for example, the angular gap of the head
when turning to look at something, the force gap required to take a pace or
a pitch gap when singingatundh at 6 s mor e, at any given
are likely to be several motion gaps that need to be closed at any one time.
All of the gaps noted so far are in different units of measurement and it is
argued that a perceptual system that had to cater ferinlf units of

motion would be unnecessarily complex and that nature and the
evolutionary process would have provided a more compact and highly

efficient solution. Tau theory postulates that the most likely candidate for
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a dimension of an optical variabis one that underlies all motigap

changes, timgrs].

The single temporal variable that is

proposed for use in controlling

motion is the of a motion gap and

is defined as follows and shown in

Fig. 2-20. Tau definition variables

Fig. 220 (adapted from Ref76]. If an observer is under motion and
approaching a surface with velocigyand the current distance to the target
is X then the of the motion gapDx, is given by:

t. =

X

Dx
— 2-1

. (21)
In the case of an approach to an object or surfat®fermed the timéo-
contact (TTC) and is the inverse of the closure rate. In the event that an
organism inot heading straight for an objett,is termed the timéo-

passage (TTP).

2.4.1.2Perceiving Tau

It would seem at first sight, from E¢@-1) that to perceive, the observer
must first detect the size of the motion gap and then taefahange of

the size of the gap. This is not the cases directly available to the

observer from the view of the surrounding environment. It is useful at this

point to consider how this might be so.

Ref.[15] shows that if twd s are coupled i.e. maintained in constant ratio,
then the motions to which they relate are governed by a power law. If
g, = KU then by the definition of in Eq. (2-1):

=K (2-2)

<=
i<
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Inverting Eq.(2-2), integrating with respect to time and rearranging gives:

1

U=Cvk (2-3)
where 6C06 is an arbitrary cifitoaet ant .
be shown that a particular motion of an observer altomtrmation to be
picked up from an external scene. R&5] provides a number of cases of
motion that result in the observer being able to directly perteive
information due to motion of the visual scene. For the sake of brevity,
only one example will be included here. Much of the work contained
within this thesis relates to a fixedng aircraft landing flare manoeuvre,
which is primarily a change in motian the vertical sense. The following
example therefore considers only vertical motion and to further simplify
matters, assumes monocular vision and

projection plane) to be flat.

Fig. 221 shows an observer, @avelling in the inertial Z (vertical)
direction at a velocity dZ/dt parallel to a vertical plane. A point, P,

PO(FBZ'P)
-~

-

o

P(-d )
Projection
Plane

Surface

Fig. 2-21.7 Schematic Representation of an Observer, Qloving in the
Vertical Plane
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makes up part of the image of that pl a

From similar triangles we have:

% 2o
d X, (2-4)
When O is moving at dZ/dt, d ang &re constant, so:
_d
X @5)

Eq. (2-5) is equivalent to Eq2-3) with C=(d/Xp) and K=1. We can

therefore fomally say that:

tze =lgp (2-6)

i.e. a sensory flovfield t is coupled to an externally perceiviedIn this
way, information picked up by the obse

can be converted into information about the vertical gap being closed.

2.4.1.3Coupling Tau

Tautheory, as described at this stage, will enable a single motion gap

closure to be perceived. There may be many motion gaps to be closed in a

single manoeuvre. Tau theory offers a hypothesis that may go some way

to explain how this occurs. It is post@dtthat for the control of motion

where multiple motion gaps are to be closedt thef those motion gaps

are coupled i.e. kept in constant rdfis]. Such a coupling can be intrinsic

or extrinsic. An extrinsic coupling means that two externally perceived

motion gaps are keptin constantratho, i f a moti on gap 06Xx¢

cl osed #t amdr at enod i on gap ¥9 Bmsdbeing c

both gaps need to be closed together, then a possible means of achieving

t his thr oug hrceptioreof thabnsoonig:er 6 s pe

t, =Kt, (2-7)
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As noted in Sectio.4.1.2 such a relationship implies that the two gap

variables, x and y are linked by a povew relationship.

Such a hypothssis accounts for guided motion using two externally
perceived gaps but no explanation is provided for motion where a greater

number of gaps are involved.

Intrinsict-coupling is hypothesised as a means for guiding motion where
only one external gap is metived by the observer. In this case, an
internally generatetiguide is postulated as a means by wihghan be

coupled.

2.4.1.4Intrinsic Tau Guidance

Intrinsict coupling is based upon the premise that an internally generated,

soc al lt-gdi d é 6 appasis anio dhick an externally perceived

variable can be coupled. Such a guide, it is believed, is generated in the
brainds neur al net wor k by [#h Thss yet un
idea maps onto the noept of the visual field resonating with the observer.

A number oft -guides, denotetl;, have been proposed. These are:

1. Constant velocity-guide:
t,=(-T) (2-8)

2. The constant deceleratidrguide:
1
t, _E(t_ T) (2-9)
3. The constant accelerativrguide:

T2
ot

QOO

(2-10)

H
«
1
N
ok
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where t is the current time during the motion and T is the total duration of
the motion (0<t<=T]15].

The names are self explanatory with perhaps the excegftiba guide of

Eq.(2-10). This is valid for guiding motion of an object accelerating from

rest and stopping at a goal. As such, both acceleration and deceleration are
experienced by the observer. The intrinsguide model has since been

developed further into th@eneral Intrinsid -guide model. This applies to

guiding the motion of an object that is approaching or receding from a

destination and that starts at rest or starts with some initial ve[@5ity It

assumes that observerds perceptual sys
Earthdés gravitational field will be se

field causes. This geneittabuide, designatett, is given as:

_ YT+t
T+2t
where T is the total motion duration and t is current time during the motion

(2-11)

G

(inthiscasefT <= t <= 0) . For ant-ceuplé er nal s

onto the general intrinsicguide:

t, =ktg (2-12
wherety is thet of the spatial variable xg is the general intrinsicguide
and k is the coupling constant. Béthendtc vary with time. The
constant acceleratidng, it turns out, is a special caset ef coresponding
to the second phase i.e. the deceleration of the motion generatef by
75]. This can be shown as follows, using the original (constant

accelerationj-guide,tg, from Ref.[15]:

t,==&--0 0<teT 2-13)
2(; t =
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Ref. [75] provides the defining equation for the General Intrinsjuide,
tg, viz:

_t(T+1)
T2t
where T is the total duration of the motion and t is the current time during

-T¢te¢o (2-14)

the motion. Nowt g4 is equivalent tdc for the last half of &c motion.

Forthis period of the motion:

T
T, = 7‘3 (2-15)
and:
T
ty =tg +7G (2-16)

where T is the duration of the motion guided tyy tg is the current time
during this motion, & is the duration the equivalent motion guided by
tc and & is the current time during this motion. Substitut{2g.5) and(2-
16) into (2-13) (with t=tyand T = T):

[}
o
N

N
—~
(9]
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(2-17)
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and hence:
_Le(te +T6)
¢ T +2t,
Eq.(2-18) is now in the same form as Eg-14).

(2-18)

When coupled onto such a guide as per(£d.2), an object in motion will
follow one of the theoretical normalised motion profiles showfrign 2-

22. These curves were plotted using R&5]. This referenceéerivesthe

66



defining equation for the General Intrinsiguide,t s, and the resulting

motion that is implied by coupling onto such a guide as follows:

_tT+1)
¢ T+2t
where T is the total durain of the motion and t is the current time during

-T¢teo (2-19)

the motion. To normalise equati{19), define §=t/Tg, giving:

_Tedrt,)t,
1+2t,

I f a body under motion, aGdnawmasi ng a gap

(2-20)

G

Intrinsic Tau Guide then:

=k (2-21)

Integrating Eq(2-21) with respect to time successively yields:

1
2 T (2-22)
- Ky _ +2 K
X=X,,2%(t, - t7)
and:
2
K 1
X, 2% 1
=Zm S (L1- 2t )(t, - t2)k (2-23)
T k n n n
G
a b. C
N 7 @10 : 20
—_ S W FfYq £
€ .02B\N T
<A\ (fr g s S5 @0
- A 3 i l'_: B e — =
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N 4 & k=15
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Fig. 2-22. Theoretical normalised motion profile of a 1kg mass cougd to the General Intrinsict
guide for varying values of coupling constant, k: (a) distance of mass from target; (b) irsitaneous
velocity of mass and (c} of distance for the mass

Inspection ofthéecc oupl ed moti on profiles reveal

selected will provide differing responses when approaching a target surface
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or object (from time to ge0.5 to 0.0).A value of k<1.0 results in a series

of acceleration deceleration motions. As k approaches 1.0, the
deceleration phase of the motion starts at an increasingly later time. If
k=1.0, the resulting motion is performed under constant acceleration. The
body under motion reaches the target with some residual velocity. If a
value of k>1.0 is selected, then the object continues to accelerate towards

the target.

2.4.1.5Constant Rate of Change of Tau Strategy

One of the earliest hypotheses for the ugeaaime in the form of drivers
braking to avoid either a moving or a stationary obstacle dfi@&had

Rather than usingdirectly, it was proposed that effective braking
strategies could be achieved by maintaining a constant value of its first

derivative with respect to timé#. That is:

— =#=c (2-24)

o
o
g

o
=)
-

=025

o
=y
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o
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0 N

05 1
Time (s)
Fig. 2.23. Normalised theoretical trajectory data assuming motion gap is
closed usingaconstantt, 6c6: (a) motion gap

closure and (c) acceleration during gap closure
Holding # constant, it turns out, is a particular example cdupling[15].
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Fig. 223 shows the normalised trajectory for an observer in motion using
such a strategy to decelerate to a stop before striking an obstacle or surface.

The derivation of the calculations used to create these curves is as follows:

For a constant rate of changgaf f a moti on gap, 0cO:
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whebxebd 6i s current #gstheinstamtanecsratdodb sed and

Q_)o
|- OOt

o

closure of that gap. For ad#w@bDxisnstant an
given by (xxt). Integrating both sides with respect to time, bearing in

mind that, by convention, at time t=Q=0:

Dx
—=cCt -
m C (2-26)

Rearranging Eq2-26) yields:

c 1
—dDx ==dt 2-2
Dx . (2-27)
Evaluating the integrals and rearranging gives:

In(Dx°) =In(Ct) (2-28)
To find the constant of integration, C: at-T=manoeuvre duratiomx=xo,
initial gap value yielding:

1

& &
Dx = - 622 T(Z tu (2-29)
e’ H
Differentiating Eq(2-29) once to provide velocity and a second time to

find acceleration gives:

1-c

Xo ¢
#=—t (2-30
CcT®
and:
A ~":|_. 6 1- 2c
#:aex—i%fc?i? (2-31)
F.Lee -
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It is evident that two special cases exis i

—alim=15f/s
alim=2.0 ft/s”
alim=2.5 ft/s” d a t 0 . 5
== alim=3.0 fus’
——alim=3.5 fvs’

The first, i f 6cbd

results in a motion under constant

deceleration. In this case, the surface

Constant tau-dot, ¢ (nd)

obstacle is just reached. The second 0_55:

special case, mai I 1 at a val

05?1 -08 -086 -04 -02 0

. . - Residual Velocity, ft/s
of 1.0, results in motion with constant Fig. 2:25. Residual velocity at target

velocity. Ref.[75] stat es t h i surface using a constant closure
strategy with a limiting deceleration

maintained at less that or equal to 0.5 value, i6md

then stopping before reaching the surface or obstacle in question is assured.
However, it can be seérom Eq.(2-30)t hat al | motion for va
1.0 will result in zero velocity at the end of the motion (when t=0.0).

However, to achieve this, for values o
values that approach 1.0, aciieasing magnitude of deceleration is

required. This might be because it is beyond the physical limits of the
observer or the vehicle in motion or i
choice. If this is the case, then the gap will be closed/surface reaithed w

a residual velocity. If the surface or obstacle is a solid one, then a

controll ed 0 ¢ig.a23bhowsWwawlthe normalised | t

trajectory offFig. 223 with ¢=0.75 is modified if a nominal limit is applied

to the deceleration (1.5 fjs

T
) b. 2 .
1 2 2 0 — =10 ¢
. 5 * No limit 5
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Fig. 2-24. Comparison of rormalised theoretical trajectory data with trajectory
limited in acceleration (at 1.5ft/$) f or 6cd6=0.75: (a)
(b) rate of gap closure and (c) acceleration durig gap closure
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The modified behaviour is summarised in terms of the residual velocity
observed for a number of values of constaind limiting deceleration
(6al i moé Fig. 22b.l Itican be seethat pseuddinear relationships

are defined by this form of closure strategy.

2.4.2 The Arguments For and Against Tau Theory

There is vigorous debate as to the truth or otherwise¢hafory and for

every piece of evidence that supports the theory, it séanhthere is a
contradictory argument against. The following Section presents examples
of both sides of the argument.

Ecological psychology emphasises the importance of the interaction
between the environment and the observer. Naturally enough, teerefo
much of the evidence that suppdrtheory comes from experiments that
observe an organi smés behaviour i

examples of these are:

1 Plummeting Ganne{38]. In this analysis, evidence is presented
for the existence of a tire-contact strategy employed by gannets
in controlling the moment to fold their wings when diving into the
sea from a height of up to 30m i.e. wings were folded at a constant
t value. However, an alternative approach (dynamical systems),
has shown that modaeilj the gannets dive can be regulated

successfully by 1/[ 7.9 ]

1 Grasping movements e.g. catching a ball. One of the constraints
given fort theory is that the outline of an object must not change
since this would change the shape of the image and hence its flow
over the retina, leading to false tifteecontact information.

However, Ref[80] provides evidence that a tiri@contact
strategy is employed in timing a grasping action lbgeovers

catching a ball that is deflating during the approach. However, the
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same author revises this to include the requirement that such
interceptive action requires online regulation during the catching
activity i.e. contrary to the theory/ s not the sole piece of

information that is requiref81].

Pigeons landing on a perf32]. This experiment examined the
deceleration strategy of pigeons approaching a perch under both
binocular and monocular conditions (one eye covered). The results
claim that the birds regulated braking by maintaining the rate of
change ot of the distance of their feet from the perch constant.
Objections are raised to this claim, however, in B8]. Here,
simulated results are presented for similar pigeon flights that take
account of a p-bogbngandtke factshatthe a | head
image of the perch is projected onto a spherical, rathefldita

surface. In this case, th@f the footperch distance (and hence its
first derivative with respect to time) is shown to be-finear and

discontinuous.

Coordination of Movemeri84]. A number ot -coupling

hypotheses are tested, including intririsguidance, for the
movement of hand to mouth e.g. when feeding. It was found that
an extrinsic coupling relationship steéd between theof the angle

of approach of the hand to the mouth and thkthe distance
between the hand and mouth. An intrinsic coupling relationship
was found between theof the distance between the hand and
mouth and the original version oftimtrinsict guide,tq (see
Section2.4.1.94. These results were unaffected whether the test
subjects had their eyes open or closed. It was therefore concluded
that thet information was obtained from muscular information as

well as optic flow information. Some researchers object to and
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warn against this extensiontofrom a purely optical retinal

expansion variable to the more generic motion gap[8&$e

2.4.3 The Investigation of Tau in Aerospace Applications

The application of theory to aerospace applications is relatively sparse.

Refs.[86] and[87] investigate the effects of texture and pictorial detid

simulated visual field for the initiation of the landing flare manoeuvre.

These conclude that the inclusion of t
ability to perceive time to contact the runway surface (based upon an

indication of flare commencemerthd that when insufficient information

is available to make TTC judgements, flare initiation height is judged using

the runway visual angle;, (the angle subtended between the runway

surface and a line drawn from the pilots eyes to the aiming point).

Ref.[88] examines observers judgement of TTRmobject rather than

TTC and concludes that the test subjects were able to demonstrate a robust
ability to utilise such information. It is therefore proposed thaight

well be a useful metric for pilots to employ in planning and orchestrating

vehicuar control.

Further evidence for the usetd$trategies in flight comes from work
conducted at The University of Liverpool Resedfd}. This work

showed that when helicopter pilots fly stopping manoeuvres close to the
ground, there is a close correlation between the mot{orstantaneous

time to reach the stop point) and a pienerated-guide that can follow

constant deceleration or acceleration laws.

Related research effort within the aerospace field has been conducted
around optic flow and possible spatial opticaianants rather thanitself.
J.J. Gibson, the o6founderdé of the ecol

worked in association with the USAAC on an analysis of the landing flare
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[89]. In this work, Gibson argues that the contemporary thinking of the
time regarding the information available to the pilot for a flare was
insufficient. He then derived an alternative,jofibw based account,

called motion perspective and proposes that this is the mechanism used by
pilots to perceive their motion during a flare. This work was extended in
[71] to show that the area of imperceptible motion, as optic flowavoul

have it, is not just a point, but a larger area whose shape varies with angle
of approach. Interestingly, in this work, it is suggested that helicopter

pilots making steep approaches may be able to make better use of this
information than pilots in fix@-wing aircraft using more shallow

approaches due to the relative velocity rates induced by the perceived optic

flow.

At around the same time as the Gibson analysis, perspective analysis has
been carried out in the UK to establish the visual informatiariadole to a

pilot during the final phases of the approach. Based upon this analysis, it
was argued that conventional instrumentation, that provided only angular
error indications were insufficient to allow the pilot to make predictive
corrections to thaircraft flight path. Flight directors were seen as one
answer but it was also suggested that information be presented to the pilot

in a manner analogous to that in which it appears in the visual [B6d

From an optical invariant perspective, a body of research has been
conducted into how a pilot maintains station on the correct glide slope
when flying with reference only to visual cues. There are a number of cues
available to the pilot that will allow him to do this that relate to the relative
size and shape of the runway, the layout of its surroundings and its position
in the windscreen in front of the pilot (the optical invariants). For example
Refs.[91-94] document various attempts to quantify, by analysis, how a
glide-slope angle is detected and maintained using variables visually

available tohe pilot. The conclusions from this work are that the size and
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shape of the runway are key parameters in the judgement of approach
angle. However, the situation is more complex that that. At greater
distances from the runwathe angle in the vertical ghe between the line
from the eyepoint to the horizon and the line from the g@nt to the
runway aimpoint provide less uncertainty for estimating glide slope angle
and information from the runway shape provides less uncertainty in

estimating glide slpe angle when closer in to the runway.

2.4.4 Discussion of Tau Theory

There is a body of evidence that might well account for the universal use of
t-based strategies to guide animal (including human) motion which
includes humming birds docking at a fee[®%, bats navigating through
their environment using ecHocation[96] and athletes performing various
motions during the course of competiti®, 98] Further evidence exists
that the steering of vehicles is a tHin@sed perceptual task, rather than a
spatial ond99]. This evidence, perhaps coupled with the simplicity of the
theory itself, seems to have led to a widespread acceptance. There are
those researchers however, timaintain that such acceptance is not
warranted given the evidenf&8, 100, 101] They propose alternative
strategies that, they maintain, also fits the data. For example, relative
distance is proposed as an alternative strategy for an observey daliar
gravity [83]. In this perceptual theory, an event might be trigdevhen

the observer has travelled a fixed proportion of the distance towards the
destination. Ref83] asserts that the observer simply has to learn the
critical proportion that will allow for motor delays and movement time
(e.g. wing folding in the gannets experiment of R&3]). For this speific
example, one wonders whether the requirement to learn holds evolutionary
benefit for the organism involved. Oweawtious gannets i.e. gannets that
folded their wings late, might risk injury to their wings and unchartious
gannets might risk beirknocked unconscious or worse if their arrival

velocity at the water surface was too high.
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The proving or otherwise oftheory is beyond the scope of this thesis.

The success of a theory lies in its general explanatory power and the degree

to which it is supported by empirical evidence. Tau theory does possess

explanatory power for motion perception and has an attessitmplicity

that lends itself to analysis. There is significant empirical evidence in

support oft theory as well as evidence for other mechanisms to control

motion. It would seem likely, from a survival perspective, that there is

room for multipleconmt ol strategies in an observer
guidance information that will allow movement through their environment.

The strategy selected will be based upon the information (or lack of it)

available at the timf86]. One of these, it seems, might welltbe

Tau theory, or the application thereof, also provides the means to define
types of trajectory that may well find a use in aerospace applications.
Using either constartf, ty or t , as guidance strategies wiliqvide the

closure of a particular aircraft state gap with no overshoot e.g. turning onto
a heading or with a small residual collision velocity e.g. a landing flare.
This coupled with the results of REE6], where it was shown that

helicopter acceleratiedeceleration manoetas where closely correlated

with t guidance strategies warrants further investigation of the use of Tau

Theory for aerospace applications.

The question would be, therefore, which strategy to use. Given that this is
the first application of to display @sign, the simplest would be desirable.
tgis the latter half ot , and # strategies are a particular case of

coupling (with either extrinsic or intrinsic guidan¢é}]. On that lsis,

whilst none of the strategies are particularly complex, consétatrategies
were selected for the starting point for the display work conducted during

the research. The other strategies have not been completely ignored during
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the research, however, and some limited findings oeontrol strategies

can be found in Ref§30, 102]

2.5 Contribution of the Research
The vision of airline operations descridadsection2.2.1.2is one of more
aircraft and more aircraft types operating more frequently, without delays,
in all weather conditions using natandad procedures (compared with
today) with an increased requirement for trajectory precissattion
2.1.5shows that whilst aviation safety has improved considerably over the
last halfcentury, there is still room for improvemt. Sectiong.1.2 2.1.3
and2.1.4illustrate that the most improvement can be made in phases of jet
transport flight that are closest to the ground, in both good and degraded
visual environments Thereview suggests that tfi@llowing phases of
flight should be targeted as a priority:

a. Takeoff and Initial Climb.

b. Approach and Landing (to include-goound).
These are exactly the phases of flight where new airspace procedures will

require the mosttringent adherence to inertial position.

The increase in flight safety can be attributed in part to an increased level
of automation in jet transport operations. Howeweiinareasing reliance

on automated technological solutions to effect these chdrageresulted

in a disconnect between the flight deck displays and the creere ane

many reasons for this but it is asserted that the praklexacerbated by

the displays in current usave evolved over a long period of titoe

provide spatial infomation in a rather symbolic manner. rdore natural

(i.e. intuitive)display might well utilise the natural mechanisms that
organisms use to move through their environment. There are many
theories that provide an explanation for how this might be adahieve

(Section2.3.5 2.3.6and2.3.7). One of the more compelling from a
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motiontguidance perspective is the Ecological Approach using optic flow
as its basis (Sectidh3.7.). More specifically, a spatial representation of
the world might well be ignoring the naturane-basedguidance

mechanismt (described in Sectio?.4).

Previous results obtained at The University of Liverpool (UoL) have
indicated that-based guidance mechanisms are involved in at least some
aspects of rotary wing flight6]. One of the logical extensions to this

work is to investigate fixedaving flight in terms of the parameter,and, in

an attempt to make cockpit displays more intuitive, to use the results to

start to design natwiaspired flightdeck display concepts.

The research reported in this documaeztjins to tackle this issaad
providesrudimentary solutions to.itNatural motion perception
mechanismsire usedo provide information to cockpit pilot guidance
displays These are compared with existing display form&tsecifically,

the following research questions are addressed:

1. What are the visible motion gaps dahle to the pilot for the target

flight phases and aircraft manoeuvres ?

2. For the identified motion gaps, are cohetebtaised relationships

evident in the same way that they have been for rotary wing flight ?

3. If t-based relationships are evident for kéyases of flight, can these
be used as a basis for pilot displays to conduct flight in both good and
degraded visibility
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Chapter 3

RESEARCH EXPERIMENTAL SET -UP

Some of the key aspects of the research described in this thesis pertain to
the design of display formats to assist with large jet transport flight
manoeuvres in degraded visual conditions. At the start of theglesear
project, there were a number of constraints on the Flight Science and

Technology (FST) Research Groupébs abil

1 simulation facilities were unable to provide realistic degraded

visibility outside world views;

1 there was no capability to generaew displays over and above

those already in existence;

T the Groupds knowledge base did not

transport operations and
1 alarge jet transport simulation model did not exist.

A considerable amount of preparation was tleeeefequired before the
research effort could begin. The areas of focus for this task were to

upgrade FSToés flight simulation facild.i

1. Allow the simulation of more realistic degraded visibility outside

world visual scenes (i.e. fog).
2. Allow the develoment of cockpit HDD and HUD systems.

3. Incorporate a generic large jet transport aircraft (GLTA) simulation

model into the aircraft library.

Section3.1reports upon the upgrades carried out and Se8titneports
on the development of the GLTA simulation model. Once the new
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capabilities of the upgraded facility were established, then suitable
experiments could be designed to use them effectively. Experimental

design comprised three main stages:

1. Thedivision of jet transport operations into mission task elements
(MTES) that could then be developed into (simulated) repeatable

flight test manoeuvres.

2. The design of a number of experiments to first investigate each
MTE in terms of the closure ofbasedmotion gaps and then the
application of these research results to the design, implementation

and testing of novel display concepts and control laws.

3. The development of cockpit displays and the simulation

environment to support the designed experiments.

Secion 3.3reports upon the development of jet transport MTES and
Section3.4 explains the background of the experiments that were designed
around them. The results of the experiments are thenedporChapters
4-6.

3.1 HELIFLIGHT Upgrades

The key FST research group facility is the research flight simulator

OHELI FLI GHT®G. This comprises a cockpi
mounted upon a siaxis motion base. The name originates from the

original intended use of the device, namely for rotary wing flight

simulation. However, the aircraft modelling simulation software in use at

UoL, OFLI GHTLABOG, can -wrgsaimrafto Bheused t o
interface between the hardware and the software is dedtiry

OPI LOTSTATI ONOG. At the start of the r
facility was at a state defined by REf03]. This configuration did not

offer the functions required to conduct the research to answer the questions

posed by the technical review of Chapter 2. An element of upgrade work
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was therefore required. The following upgrattethe simulation facility

were carried out:

1. The six simulator visual channels (five outside world and one
i nstrument panel) were converted to
O0Lands c apl@éd@] Ehis pravidea noeonly the capability
to simulate degraded visibilityut also increased the flexibility of
the simulation environment by allowing the addition or subtraction
of 3D models e.g. runway lighting from the outside world scene

without having to create entirely new databases.

2. Engenuity TechnolAvignicsePsoidtyp¥vAPS ( Vi rt u
Suite) software was integrated with both Landscape and
FLIGHTLAB. This provided the capability to create software
based user interfaces (in the context of this research, HDDs and

HUDSs) in a usefriendly graphical environmet05].

3. An ASL-501 eyetracking
system was purchas§gtD6]. Scene camera
The intention was to use this
equipment to help establish g X =
how the pil ot :

requirements were changed SIS

as the visual scene was Fig. 3-1. Eye tracker headmounted
_ installation
degraded.Fig. 3-1 showsthe

key elements of the heamounted system.

Each of these upgrades is described in more detail in the following

Sections. The new facility is shown in schematic form in Se8tibd

3.1.1 Outside World Visualisation / Cockpit §play Software
3.1.1.1Limitations of theExisting Visual Channeboftware
The original HELIFLIGHT configuration is described in R@03]. With

this system in plce, the outside world view for a given simulation trial was
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originally driven by PILOTSTATI ON. Al
databases created and/or modified using FST Muliganr adi gmdés Cr eat
software tool. Flight was limited to daytime CAV@KThe only

mechanism to degrade the visual scene was to either change the quality of

the textures associated with database surfaces or remove elements of the

database altogether. Whilst a valid approach to scene degradation, a more

realistc meanstopafr m t hi s function was requiref
6Landscaped6 software (based upon SGI 6s
software tool) was procured for this purpose. The key features that

Landscape provided was a relatively easy to use interface and more

importanty, the ability to degrade the visual conditions in the outside

world database using fog modelling software.

3.1.1.2New HELIFLIGHT Outside World Display Capabilities

Landscape provides a number of enhancements to the HELIFLIGHT
facility including the ability toadd animated models to the simulation
environment; visualise the simulation réiahe from almost any angle and
customise existing databases more flexibly than was previously possible,
allowing many more outside world databases to be used per simulation
trial than was previously possible. The key desirable feature of Landscape
used for this research was the ability to obscure the visual scene to a

greater or |l esser extent using o6fogé6.

Landscape provides two |l evels of fog:
dividing altitude for these is approximately 100ft but if the two values

selected are different, then a linear blending is performed. In either case

however, the fog is modelled in the same way using the OpenGL

Performer squared exponential fog modele Tdg colour is blended with

the colour of the object being obscure

4CAVOKiaviation term for &é6Cloud and Visibility OK® i.
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(3-1)
f =@’
6d6 is the fog density (default = 1.0)

point to the object. In this wathe fog does not just appear to be a wall of

colour at a fixed distance from the gyaint, but, as in reality, objects are

gradually obscured until there comes a point were the fog obscures all

objects behind it. Thids ipno sl andosnc apse .s
In practice, the user merely needs to set this distance to a suitable value to

provide total degradation of the visual scene beyond that range. Examples

of outside world visual scenes containing fog are shov@mi2.4

3.1.2 Cockpit Display Software

3.1.2.1Limitations of theExisting Cockpit Displagoftware

For the original HELIFLIGHT configuration, only one hedown cockpit
instrument panel was available and a basic HUD could be switched on or
off. There was no easyaans to modify the existing displays or create
new ones. Engenuity Technol ogiesodo VA
software was purchased to fill this capability gap. VAPS provided a
straightforward mechanism for drawing display symbols and then
animatng them using aircraft simulation model data without having to
resort to lowlevel code generation. Furthermore, integration between the
two software tools had already been performed by Engenuity/ BAE
Systems so there was minimal risk that the softwate selected would

not work in an integrated manner.

3.1.2.2New HELIFLIGHT Cockpit Display Generation Capability
Engenuity Technologies produces a display rapid prototyping tool called
VAPS (Virtual Avionics Prototyping Software). This allows the user to
draw synbols, shapes and primitives (in the same way as one would in
Microsoft PowerPoint, for example) and connect data channels to various
properties of the graphical object in question e.g. size, colour, shape etc. to

animate them as required. There are pis@onfigured object types e.g.
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knobs and dials that allow for the rapid creation of cockpit (or any other

type of) displays. Conceptually, the user simply has to connect up the

graphical object data channel to the appropriate simulation model variable.

In practice, this means that a FLIGHTLAB aircraft simulation model must

have the variables in question being broadcast out on the simulation

network in one or more variable lists by PILTOSTATION. Each visual

channel that contains a VAPS display mustthen 61 i st eni ngd out
variable lists in order for the animation to work. In this way,

HELIFLIGHT gained the capability to be able to create displays, the only

limitation being the imagination of the user.

Communications software was coded and added into the Landscape
compilation process to O0listend for th
the corresponding variable lists added to the GLTA model to stream the

data to the VAPS display at rime. Various permutations of this

solution were tried during the course of the research project and the latest

version is shown ifrig. 3-2.

connect in ‘user_attach.exc’

Display Variable Landscape.exe sm_channel.CHA
Li |BridgeClass.
FLISEJ;AB Data Blocks i gé 22.c%P) VAPS Comms VAPS Display
Ethernet Hub Compiled Channel 1
from_VAPS T T T T sl Landscape (*.FRM, .CGL)
to_VAPS P Bridge [* from_VAPS channel member 1
o_

File e to_VAPS channel member 2

(220 data elements
per member)

Fig. 3-2. Schematic illustration of FLIGHTLAB 1 VAPS integration

3.1.3 Eye Tracking System

At the start ofthe research project, no eracking capability existed

within FST. It was envisaged that such a system would provide useful
information concerning pilotés infor ma
visual environment. After trialling a small number oftsyss, an ASL 501

eye tracking system with heawlounted optics (Ref107]) was seleted
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and purchased in conjunction with Mangold (R&®8]) video analysis

software.

The eyetracking apparatus, when
properly calibrated, provides a video
image of the scene that is presented
the pilot with a supeimposed cross
hair that indicat 6s O6point

gazed i.e. where eye 1s

6l ooki ngo. fastl mage x &im3s. IEye;;zkrzf coordinate

taken from such a video is shown in

Fig. 3-3. This figure also shows the orientation of the coordinate system
used for the cursor position. A corresponding data file containing the
crosshair xy coordinate positions can be recorded for subsequelieff

analysis. Two types ofx data can be generated.

1. An yo& Hhime ory of the pilotédés point
provide with the system could then produce a number of analyses
from these dta. The key analysis for the research described in this
thesis was the 6fixation analysisbé.
principle that just because the eye
direction, it does not necessarily mean that the viewer is gsiocg
the visual information. The assumption is made that to be
cognisant of the image being looked at, the point of gaze must
remain in approximately the same area of the visual scene for a
minimum amount of time. The default setting was used for the
results presented in this thesis. This corresponds to a fixation being
recorded if the point of gaze remained with 1 degree visual angle
for a minimum of 100ms.

2. Assuming that the eyacking system scene camera video output
was recorded, thenavisualrecd of t he pil otdés point
obtained by a crodsair being superimposed upon the scene camera
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image. These video scenes can then beprosessed (e.g. to
count how many times a particular flight instrument or piece of
information was sought ltpe pilot) using the Mangold video

analysis software.
The procedure used for eyracking trials is as follows:
1. Connect up eyracker heagnounted optics to control box.

2. Upload the control box software from the dyacking system

laptop.
3. Ensurethathtt scene and eye camera i mages

4. Fit headmounted optics to pilot and obtain a suitable image of the
pil ot ds pupcaimeraf(in gtumn simiolator gog wsing
the remote colour monitor purchased for that purpose). It is helpful
to have two people to do this such that the second person in the
control room can modify the eye illumination intensity and the
intensities of the automated pupil and corneal reflections. In this
way, loss of pupil and corneal reflections over the viewing @frea

interest can be minimised at an early stage.

5. Ask the pilot to adopt his/her normal flying position and adjust the
scene camera such that all of the items of interest (instruments,

external views etc.) are contained within the image.

6. Simulator pod doowas now closed and the efyacker calibration
procedure commenced. Nine computer desktop icons were used as
target points for the calibration process. The pilot was again asked
to adopt the normal flying position and maintain his/her head as
still as pesible. The target icons were then identified to the eye
tracker system. The pilot was then instructed to look at each icon
in turn. This provides the system with a means to identify where
the pilot is looking. The icons need to be placed over thangew
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area of interest as the accuracy of the system degrades outside the

calibrated area.

7. The pilot is then asked to relax and to look at each of the icons in

turn. If the scene camera crdssa i

rs i

nd

i cate

of regard is correct, thensulation trial outside world view and

t hat

instruments are started. The pilot is then asked to look at specific

features/instruments. If the point of regard is indicated correctly,

the trial is commenced. If not, the calibration process is repeated.

8. Steps @nd 7 are repeated at the end of each trial test point. If the

point of regard is indicated satisfactorily, the next test point is
commenced. If not, the results are ignored and the test point

repeated, time permitting.

3.1.4 Schematic of the Current HELIFLKBEI Facility

Fig. 34 shows a schematic diagram of the upgraded facilityTade 31

provides more detail on the key upgraded elements.
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Upgraded Element Description

Visual channel computers Processor: AMD XP 3000 or higher

(OTWL, OTWC, OTWR, Graphics: NVIDIA GeForce 5950 256Mb DDR or higher
CHINL, CHINR, INSTR) RAM: 512Mb

OS: Linux (Red Hat 8.0)

ASL 501 with head-mounted optics (HMO, 50Hz)

Model 5000 eye-tracker control unit

Eye-head integration hardware (laptop pc: (Pentium I,
OS: Windows)) and software

Mangold INTERACT video analysis software

SANYO VM-6609A black and white remote scene and eye
camera video monitors

Marshall V-LCD4-PRO-L LCD video monitor i this
repeated the eye and scene camera video images on two
separate channels to allow the optics to be set up with the
pilot in the cockpit seat.

Eye Tracking System

== —a R E I ]

=

Table 3-1. Description of key simulation facility upgraded items

3.2  Generic Large Transport Aircraft Simulation Model

At the start of the research project, the HELIFLIGHT facility had a
reasonably extensive library of rotary wing aircraft, includingralver of
tilt-rotor aircraft e.g. XV15. A smaller number of powered fixedng

aircraft were available but the largest (in terms of aircraft Maximum-Take
Off Weight, MTOW) simulation model in existence was the Hanélage
Jetstream (for a description sg. Ref[109]). The anticipated main
beneficiaries ofhe research output are the large jet transport operators. It
was therefore necessary to construct a FLIGHTLAB simulation model of
this type of aircraft. The decision was taken, due to the relatively easy
access to a limited amount of publicly availadikeraft data for the type, to
construct a simulation modeased upoithe Boeing 707.20B (B707)
marque. Unfortunately, insufficient data were available to build a high
fidelity B707 simulation model. Where data required by FLIGHTLAB
was missing for ta B707, it was obtained from alternative sources. For
this reason, for the purposes of this thesis, the FLIGHTLAB aircraft
simulation model used for the research will be termed the Generic Large
Transport Aircraft (GLTA).Fig. 35, taken from Ref[110], shows the

basic key dimensions of the modelled aircrate philosophy behind the

development of this simulation model was to provide a flight vehicle that
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behaved in a manner representative of a large jet transport aircraft. No
claims are made as to it ability to specifically simulate a Boeingl20B

(or ary other aircraft) faithfully. Appendix A shows a number of results
from the model validation exercise that was carried out.
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3.3  Mission Task Element Definition for a Jet Transport Aircraft

To be able to evaluate jet transport operations analytically, it is first
necessary to break down a typical aircraft sortie into smaller, repeatable
flight manoeuvres that can be tested in the laboratory. An accepted way of
doing this is to creatadividual mission task elements (MTE) for the

vehicle in questiofil0, 111] The process to define individual MTEs is as

follows.

First,tala r craft operations can be broken d
mission can be defined as the purpose for which theatiirs being

utilised[29] e.g. TransporfJrainingetc.

Second, ach mission can be broken down further into a number of
6Phasesb6. A mission phase can be defi
mission where a specific @etive has to be achieved e.g. Takk Climb,

Cruise, Descend, and Land etc.

Finally, themission phasecanthenbefurthersub-divided into a amber

of MTEs. An MTE is an individual component of a mission phase that:

1. Has a distinct start and end cdimh (usually trimmed).

2. Exerci ses t he ai-handting ¢hardcteristicd. i ght or
The definition of an MTE includes:

1. The operational objectives of the task (includind e si r abl ed and

0 a d e gparfarmanée requirements).
2. Piloting requirementsncluding those needing special attention.

An analysisas outlined above was carried out for fixgithg aircraft
operations and the results pertinent to the research reported in this thesis
are detailed in Appendix B. The key jet transport MTESs of intaresalso
contained in Appendix B.
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3.4  Experimental Approach

The preceding two Chapters have identified the need feegamination

of the design of pilot displays, a means by which this might be achieved
and the research questions that this approach raibespreceding

Sections have also briefly discussed the experimental apparatus and
facilities available to answer these questions. What follows is a description

of the experimental regime adopted to conduct the research.

3.4.1 Planned Experimental Regime

It was considered that the most instructive way to formulate relevant
guidelines for display design was to go through the design process and
discover the learning points/pitfalls through practical experience. A
number of individual simulated flight experimemisre performed to start

to answer the research questions and develop guidelines as follows:

1. Experiment SKYGFW-0001 The Search for Coherent Tau

Motion Gap Closure Relationshipihe purpose of this initial

investigation was to isolate aircraft state aakes for motion gaps
being closed during the MTEs described in Appendix B that
exhibited coherertt relationships. In this way, those state variables
could be used as design parameters for future display concepts.

The objectives of the testing and analysis were:

a. ldentify the key motion gaps that a pilot closes during each
MTE of interest.

b. Establish vinether the motion gap is closed using a coherent
t relationship e.g. constantconstant rate of changetof

coupled ta guide etc.

2. Experiment SKYGFW-0002a: Detailed Evaluation of the Motion
Gap Closures with Coherent Tau Relationships. The purpose of
experiment FSISKYG-FW-0002a was twdold:
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a. To increase the number of sample test points for any MTES
where evidence for coheranbased relationships exists in
the results of experiment SK¥BW-0001. If and when
such relationships were established:

b. Investigate the degradation of the establighesdationships

as the visual scene is degraded.

3. Experiment SKYGFW-0002b Eye Tracker Evaluation of the

Flare Manoeuvre. Analysis of the flare manoeuvre in ttl@emain
has yielded many interesting resultsidg the course of the
investigation. An eydracking experiment was planned with the

following purpose:

a. To qualitatively assess the
flare to gain an understanding of the details in the field of
view that contribute to angbserved coherent

relationships.

b. To qualitatively assess how the point of gaze changes
during the flare as the visual scene is degraded. In this way,
the intention was to try to understand how these changes
contributed to any degradation of the observed coherent

relationships.

4. Experiment SKYGFW-0003a Display Design Parameter

Shakedown. Having conducted research into the nature of any
coherent relationships that exist in fixeding flight motion gaps,

it was then necessary to use the findings of that researclotminf
the design of cockpit displays. A small number of concepts were
developed (see Secti@mbfor details) and the control laws

associated with them constructed. However, this left a number of
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design parameter values undecld The purpose of this

experiment was therefore:
a. To establish the values of the unknown parameters to allow
a o0finalisedé display design to
existing design concepts.

b. To select which of the flare display concepts should be

selected for the final display design.

5. Experiment SKYGFW-0003b Display Design Evaluation.

Having finalised the design of the novel display concepts, the final

task of the research project was to assess their effectiveness. The
assessment would be inrtes of both objective measurable aircraft
(simulated) flight data parameters and subjective pilot opinion
ratings. Identical assessments would also be made for a small
number of existing and alternative concept displays. In this way,
the ability of the neel concepts to actually assist the pilot with
aircraft guidance and the acceptability of its format could be
assessed in comparison to alternatives rather than as akiaad
solution. The purpose of SK¥EW-0003b was to:

a. Assess the capability of thewvel approach concept to assist
the pilot of a large jet transport aircraft in the guidance task
for a range of flight manoeuvres, including reitandard

arrivals at an airfield.

b. Compare the trajectory control performance of an aircraft
flown using the nosl approach display concept with that
flown using alternative display formats (including the
project benchmark displaythe BAE Systems 20/20 VGS).

c. Assess the capability bfbased control laws to drive a flare

command display concept.
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d. Compare the perforamce of the novel flare command

display (in terms of vertical touchdown velocity) with flare

MTEs flown using alternative display formats.

e. Measur e

t he

pi | o tdéfised teajectolyi t y

parameters and the workload required.

3.4.2 Experimental Degn

In line with standard experimental practice, experiments SEW-0001
and SKYGFW-0002a started with a hypothesis and the resulting

experiment was designed to test it (them). The starting hypothesis for

these experiments was:

d-or the motion gafs) of interest, the pilot closes the gap using a

constant rate of change of #).6

The remaining experiments were either more investigative or were

designed to test specific display designs and so did not lend themselves

easilyotbeai édbyp

I n

either

case

was to identify the specific motion gaps of interest for the MTE in

guestion. A generic approach profile then had to be constructed for both

standard and nestandard approaches. This natiyrled on to a set

defined start conditions for each of the flight test manoeuvres. The results

of this design process are outlined below.

3.4.2.1
3.4.2.1.1 Approach

Fig. 36 shows tle motion gaps of interest for the approach flight phase.

MTE Motion Gaps Per Phase of Flight

Table 32 indicates the motion gap applicability to the approach MTEs.

Approach MTE

Dy

Diocdev

Dxz

Dgsdev

Localiser capture

[¢]

[o]

Dy
o)

Glide slope capture

[¢]

[¢]

Full standard

[¢]

[¢]

[¢]

[¢]

[¢]

Curved

[¢]

[¢]

o]

Table 3-2. Spatial Gaps Closed by Fot During Take-Off MTE s
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The locaiser can be defined as a line that extends the elemgref either
end of the runway tat{ infinity. The glide slope is a notional flight path
angle,gs, which takes the aircraft over the threshold of the runway at a

nominal 50 ft screen height. The glide slope angle is typicalfy{ 36).

Fig. 3-6. Primary Motion Gaps Closed by Pilot During Full Standard Approach MTE
More extreme examples do exist. For example, due to its location,

London City Airport has a glide slope angle®6° [108]. For the
purposes of this and all other experiments, the glide slope angle Wwas 3.5
This angle is steeper than average. It was used to ensure correct vertical

ground clearance for the airfield being used in the simulation database.

For normal trangort operations, under ideal conditions, an aircraft will be
vectored towards the runway localiser with no more tharf diférence
between the aircraft headingscand the runway headingw®. The pilot

must then turn the aircraft onto a headind thaults in the aircraft track
across the ground following that defined by the localiser. Foastill
conditions, this will be the same as the runway heading. Where a cross
wind component exists to the prevailing breeze, the aircraft heading and
runway heading will be different. For manual flight instrument approaches
(MTEs NonPrecision and Precision Approach), this turn will usually be
accomplished with reference to the localiser deviation indicator or a flight

5 Based upon discussions withgté P1 and P2
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director. For the Visual Approach MTHEe turn must be made with
reference to the view of the outside word available through the aircraft

windscreen.

The localiser capture manoeuvre is usually performed first so that the glide
slope is intercepted from below, as illustrate&im 3-6°. The pilot must
transition the aircraft from its current flight path angle (this will usually but
not always be zero degrees, i.e. straight and level flight) to the glide slope
angle of the runway in question. Agadior, instrumentbased manual

flight, this will be accomplished with reference to either a glide slope
deviation indicator or a flight director. Once captured, the glide slope can
be maintained both with reference to this instrument and by setting an
apprariate rate of descent for the airspeed flown. For visual flight, the
moment to transition to descending flight and then maintenance of an

appropriate fligh{path angle must be judged visually.

3.4.2.1.3 Land
Fig. 37 shows the motion gaps of interest for the land MTE.

_e_a.ppr
ha”c““w‘“::"ééo
8
: - _“::-.:é-fda—ae
hone. X S appr

Fig. 3-7. Primary Motion Gaps Closed during the fare MTE

The flare is described in more detail in Appendix B. In brief, during this
manoeuvre, the pilot must arrest thecraft rate of descent from that of the
approach to one that will provide a comfortable and safe touchdown. This
is achieved by pitching the aircraft nose up to increase the pitch attitude
from that of the approachjapprto a value at touchdowny. In doing so,

the gap between the aircraft heighis, land the ground,/h is reduced to

6 Based upon discussions with pilot P1
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zero (and, by implication the vertical descent rﬁyeie reduced from

ﬁappr to #td : ﬁid is rarely zero for large transport aircraft as pilots are

advised to fly the aircraft oOopositivel

risk floating just above {112].

3.4.2.2 Approach Profiles

An approach profile was constructed by pilot P1 that satisfied regulatory
authority requirements fderrain clearance etc. for the outside world
database to be used during the research. The approach profile is

represented schematicallykig. 3-8.

Localiser Capture N
2nm y=360deg
Plan =
View w=330deg Glide Slope
Capture
1.5nm h g
Datum
nm, 8nm
~————_
Side _
View To=3.5d2g BOft F~———
il < >
3nm Flare
160knots | | 140 knots !

decel 1;10 knots
Fig. 3-8. Schematic representatiorof intend approach profile to airfield

In order that this information could be communicated in a way that
professional pilots could assimilate quickly, a set of approach and airfield
plates were also constructed by pilot P1 and are shown in Appendix C.
These provide all of the information required to navigate around an
aerodrome and have been constructed in the same style as would be

presented in professional pilot publications such as[RE3).
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To incorpaate a
non-standard
arrival, a curved
approach profile
was developed
as shown irFig.
3-9. No
approach plates
were developed

for this

Plan
View

Side
View

2.0nm

Datum

y=360deg

All at 140 knots

Ygs=3.5deg

\
v
—>

Flare

Fig. 3-9. Schematic representation of curved appoach profile

approach, rather, the pilots were given a verbal brief prior to any trial

sorte.

3.4.2.3

Experimental Start Conditions

Each experiment design incorporated a number of aircraft model start

positions. Fig. 310 shows the start positions used during this research for

Side View
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= #/4’5 ; ; :
= = - : : : : :
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2 ; :
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& 2000 ;
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Database X Coordinate (ft) x10°
5 Plan View
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=3 : 9> .
[ : : : J
o
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T 1l
£ \
[ : N : R
- = EN ¢ runway
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Database X Coordinate (ft) x10°

Fig. 3-10. Experimental Inertial Start Positions, standard approach
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t he

MT E s

coordinated =

Table 33 provides nore detail on the initial conditions. Start conditions 4,

5, 7 and 8 were included to establish the capability of each display to guide

MNorotrid i anrad e@o ssi tEiavsd )ay

i ncorporated

on

t he

condi

the pilot back to nominal d&éon
No. Description Alt IAS | Heading Lateral Vertical
AMSL | (kts) (deg) Offset Flight
(ft) (ft) Path
Angle
(deg,
+ve up)
1 Take-off (not used for work 242 0 360 0 0
described in thesis)
2 Flare 1407 140 360 0 -35
3 Glide slope capture, on condition 3265 140 360 0 0
4 Glide slope capture, vertical offset 3345 140 360 0 0
5 Glide slope capture, vertical & flight | 3345 140 360 0 35
path angle offset
6 Localiser capture, on condition 3265 160 330 0 0
7 Localiser capture, lateral offset 3265 160 330 360 0
8 Localiser capture, lateral & heading | 3265 160 320 360 0
offset
9 Curved approach, on condition 1635 140 270 0 0

For each start condition, the aircraft model was released to pilot control in

Table 3-3. Start condition definition for experiment SKYG-FW-0002

a trimmed condition. All simulated flighesting was conducted in il

wind and nitturbulence conditions.

3.4.2.4
The
introduction of more realistic degraded visibility outside world scenes into
the simulation envonment (the previous method used in FST flight vision
research projects was to reduce the texture content of the database that
makes up that scene). This is achieved by a fog model whereby the user
can t he
Landscape also allows the introduction of cloud layers and the visual range
within that cloud layer can also be specifi@@ble 34 shows the visual

ranges and cloud bases used during the research.

speci fy

acquisition
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Visibility o Cloud

Cogg(ijtei)on V'S('ft;')“ty ”33{1 t B(eftts)e Comment Csocnetre]zﬁ t
V1 60000 Day - Baseline condition Rich
V2 60000 Night - Runway lights only Impoverished
V3 8000 Day - Visual range = one runway length Rich
V4 4000 Day - Visual range = half runway length Rich
V5 1800 Day - Equivalent Category | RVR Rich
V5b 1800 Day 200 Equivalent Category | RVR Rich
V6 700 Day - Equivalent Category llla RVR Rich
V6b 700 Day 50 Equivalent Category llla RVR Rich
V7 150 Day - Equivalent Category Illb RVR Rich

Table 3-4. Visibility conditions used during the research project
The visual range achieved was calibrated against that entered in the
Landscape saip scenario files by qualitatively assessing when a test
modelwas just not discernible to the naked ek&y. 3-11 outlines the
calibration process. A 3D model of a mdaloured box was created and
placed at the required RVIRig. 311(a)). The fog range was then
adjusted within Landscape such that all of the coloured segments on the
box were obscured from viewi). 3-11(b)). This iterative process only
had to be carried out once peswal condition and then could be saved in a
configuration file for use during the research flight trials.

Fig. 3-11. Degraded visual environment calibration process

The visual scene presented to the pilot if the aircraft wessitg the
runway threshold at a radar altitude of 50ft for the different visibility
conditions ofTable 34 are shown irFig. 312-Fig. 318. Fig. 312 shows
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the cockpit view at the runway threshold for visibility condition V1. The
runway edges oOowarpbé slightly as the fi

representation of what is, in esseree, s c e ne t h atr osumawl d héewr :

viewer.

sam | www

Fig. 3-12. Visual condition V1

Fig. 313 shows the cockpit view at the runway threshold for visibility
condition V2.

Fig. 3-13. Visual condition V2
Fig. 314 shows the cockpit view at the runway threshold for visibility

condition V3.

Fig. 3-14. Visual condition V3
Fig. 315shows the cockpit view at the runway threshold for visibility

condition V4.
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T smm | wew

Z4
Fig. 3-15. Visual condition V4

Fig. 317 shows the cockpit view at the runway thresholdvisibility
condition V5 and V5b.

Fig. 3-17. Visual condition V5 and V5b
Fig. 317 shows the cockpit view at the ruawthreshold for visibility
condition V6 and V6b.

Fig. 3-16. Visual condition V6 and V6b
Fig. 318 shows the cockpit view at the runway threshold for visibility

condition V7.

Fig. 3-18. Visual condition V7
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The point should bmade
that even in the simulated
good visual environment
(V1, Fig. 312), the pilots
visual environment is
already degraded by the
simulator framework (which

is analogous to the

windscreen frame in a real Fig. 3-19. Visual scene as viewed from within the Biby
aircraﬂ) F|g 3_12_F|g 318 flight simulation facility

are not truly representative of the pilots view as they are amalgamated
screen shots of the three @be-window visual channels of the simulator.
Fig. 319 shows the inside of the simulator and gives some indication of

the degradation in the visual scene caused by its framework.

The 6 Cat e g olable@4&rdfer tg thevagcraft aperating minima

for making an approach and landing to a runway. The Runway Visual

Range (RVR) values used for the trial fgsints were taken from Ref.

[27]. Where a cloud base setting has been specifistkquates to the

decision height (DH) for that category, assuming a precision approach is

being fl own. Category I11b I andings h
content refers to the use of a highly detailed outside world database in

terms of bothéxture and objects in the scene. This effectively meant that

the approach was carried out during the day in a good visual environment.

The 6i mpoverishedd scene used the same
objects appeared black. The only objectdlasio the pilots were a set of

runway lights that provided an outline of the runway and that also marked

itscentrel i ne. For the night case, the vis
but there simply was not much to see. Of course, for the degraded visual

condition test cases, the texture and object detail of the outside world

database is obscured to a greater or lesser degree by the fog model.
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3.4.3 Experimental Procedure
The implementation of each experiment might be considered to only be the
running of a flidit simulation trial itself. However, a number of individual

tasks were undertaken per trial as follows.

1. Pilot Briefing Prior to the simulation trial, the pilots due to fly were
sent a written brief outlining the objectives of the session, the MTEs to
bef ]l own with their respective O0desira
criteria. Immediately prior to flying a sortie, this briefing was repeated
orally. This provided all involved with an opportunity to discuss and

resolve any outstanding queries.

2. Experinent- learning and measurement phaseach MTE was

conducted a number of times prior to collecting any results. The initial
runs allowed the pilot to familiarise himself with the general handling

of the aircraft simulation model during the MTE and thy®id of the
outside world database (airfield, terrain etc,) being used. Once the
pilot was satisfied that the MTE could be conducted in a manner
representative of a real aircraft manoeuvre, then data was collected for
the MTE.

3. Questionnairdilot Rating At the end of each MTE test flight, the

pilot was asked to provide ratings and comments regarding the
performance of the aircraft simulation model in response to a

questionnaire. Sectidh4.4.4deals with this topic in merdetail.

4. De-brief. Atthe end of each test day, aluteef session was
conducted to allow the pilot to elaborate on and summarise any
comments made during the trial and to allow the experimenter to

clarify any issues raised.
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3.4.4 Experimental Analysis

Raw daa obtained from the experimental flight simulation trials have been

subjected to a variety of analyses. This Section briefly describes each of

these analyses.

3441
Having identified the motion gaps of interest per MTE ttbéthat gap

Basic Tau Analysis

hasto be calculated to ascertain whether or not any coherent relationships

existed. The process for doing this was:

1.

Identify motion gap closures from the simulated flight time

histories.

l denti fy

t he

6t arget 6

mot i

on

gap

data variable that, when reached, the motion gap can be considered

to have been closed.

Calculate the value of the motion gap, its rate of change and hence

thet of that gap.

4. Plot thet time-history for the gap closure.

The process is best illustrated by an examplg. 320(a) shows the

Altitude, h ()

aircraft cg heightime history for a flare and land manoeuvre. At the flare

initiation height, i, the pilot pitches the aircraft nose up to reduce the rate

320

NN
2]
o

[ htd

h,
Ah

40

20

0

"
-

Tau deltah (s)

4

5 70 75

Time to go (s)

Fig. 3-20. Examplet analysis process

-20

-4 -2
Time to go (s)

0

-5

4

-2 0
Time to go (s)

of descent until touchdown on the runway surfacesatlhe motion gap

can now be defined as:
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Dh=h,-h (32
(Fig. 320(b)) andt , calculated as:

Dh
F (3-3)

(Fig. 320(b) and (c)).

3.4.4.2 Residual Velocity Analysis

The research has been primarily concerned with decelerative or constant
velocity motion gap closuresSectior2.4.1.5has already discussed the
consequences of the obsermet possessintiie decelerative capability
required © maintain aonstant¥ closure strategy. It has been shown that
when such limiting deceleration valua® applied, the gap target is
reached with a residual rather than zerocigland that for a given limit,

a pseuddinear relationship exists between the residual velocity and the
value of # used Flare manoeuvres rarely end with zero vertical velocity.

As such, the relationship between touchdown velaoid #,, was

investigated, primarily to establish whetheheory could be used as a
basis to first predict and then define a touch down velocity for a landing

manoeuvre.

3.4.4.3 Trajectory Performance Analysis

In order to be able to objectively compare the performance of each of the

display formats tested, the trajestof each MTE test point is compared to

the target value and the desired and adequate performance boundaries of

the MTEs defined in Appendi x B. OTr aj
to mean inertial O6x6, O0yod6 soped 6z6 posi

angle deviations and touchdown velocity at touchdown.

In order to gather sufficient comparative results, a relatively large number

of test points have been conducted over the course of the research. To plot
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each trajectory analysis individually wduinake this document unwieldy.

The data is therefore summarised by two processes:

1. Averaging. Where a target value fo
the average value of that parametey) is calculated for the
duration of each of thtest points conducted for a particular MTE.
This averaged value provides an indication of how close the pilot

was able to maintain the aircraft to target throughout each MTE.

2. Standard Deviation (s.&). The standard deviation from the
average value is calculated against the target value for a given
MTE. This provides some measure of the scatter of the parameter
from the calculated medmhl14]. All of the data recorded has been
used in this calculation and so the s.d. has been calculated using the
generaformula:
D (x- X)?

s=a T (3-4)

where 6ndéd is the number of readings

3.4.4.4 Pilot Ratings

To complement the objective assessment of the display format
performance, subjective pilot ratings were provided by each test mlbt us
Two rating scales are used, both based upon the Cbiapper flight
handling qualities rating scdl&l5]. These are:

1. Display flyability/controllability[116]. This scale provides a
subjective measure of the adequacy of the display dynamics during

the selected task or manoeuvre arghiswvn in Appendix D.

2. Bedford Workload Scalf17]. This scale provides a subjective
measure of the workload experienced by the pilot during the MTE

and is shown in Appendix D. It does this by asking the pilot to



consider hownuch spare capacity for other tasks was available
during the MTE.

These scales were selected as the pilots used during the research were
familiar with the CoopeHarper rating format/style which provides a less
complex method of obtaining rating infornmat than, for example the
NASA TLX workload assessment method of R&1.8].

In order to be able to present the ressaf this type of assessment,

individual ratings per pilot and per MTE have been averaged. In some
cases, this results in nameger values which strictly, do not make sense as
the scales are ordinal in nature. However, the values being averaged are
never more than 2 rating scale points different and so the averaging process
provides an indication of the relative values assigned to each display

without masking extreme differences in assigned ratings

3.4.45 Eye Tracking Analysis

To complement primarily the olggve trajectory performance analyses

and the subjective pilot assessments, eye tracking analyses were conducted

for the approach and flare MTEs. The-#ygeking system provided raw

point of regard data i.e. where it calculated that the eye was patting

given moment. The eye of an observer may be pointing in a particular

direction but this does not necessarily mean that anything is being looked

at or seen. The eye may not be o6fi xat
eyetracking software therefoel s o performs a o6fi xation
a position is only considered to be be
remains in a small region for a pilefined amount of time. For the results

presented in this thesis, the default fixation settigie used. This means

that a fixation was recorded of the point of regard remained within one

degree of visual angle for a minimum of 100ms.
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3.5 Display Development

3.5.1 Display Design Principles

Before commencing a description of the cockpit displays developed for the

research, it is first necessary to describe the general principles on which

such a display is based.dowm& andpl ays

0 h euapdd . I n t h eapprapriate,¢he symtmols wefe wher e
conformal with the outside

— Ngpree,=1280 pixels —
‘ k world. Conformal symbology

means that viewing angles are

preserved so the symbol appears

1024 pixels

on a display where it would

screen™

(e appear in the visual field if the

pilot were simply looking

V

<

= _ . through the aircraftvindscreen.
Fig. 3-21. Display Coordinate System

The first issue to understand, therefore, is that the view of the outside
world corresponds to a set of horizontal and vertical viewing anglgs.
3-21shows the forward view, as seen by the pdotided into a grid of 5

degree vertical and horizontal lines.

The second issue to comprehend is that these viewing angles must be
mapped onto the coordinate system being used to generate the display
symbology. For the purposes of the research reportbdsidocument, the
symbol coordinate system and screen dimensions used are shown overlaid

on the viewing angles iRig. 321

10¢



In order to positiorisplay
symbols conformally, a basic
understanding of how aircraft
angles in flight correspond to
features in the outside world
visual scene. These are shown
Fig. 322 From top to bottom,

t he -woigrud dol is them
aircraft boresight and can be

thought of as the direction in Fig. 3-22 Key aircraft display angles

which the aircraft nose is pointing. The horiine represents the zero
pitch angle positioand the aircraft symbol provides flight path vector
information i.e. the directiomiwhich the aircraft is actually moving. The
aircraft pitch angleq), incidence anglea() and flight path anglej( are

marked in relation to these symbols.

Finally, it must be recognised that a correction has to be made to the
display coordinates to account for aircraft roll. Any calculated dispiay x
coordinates must be conwér ttehdatt a ctchoas na

for aircraft roll usinghe following transformation:

x'=xcos(f)+ysin(-f) (3-5)
y'=-xsin(-f) +ycos(f) (3-6)

3.5.2 Specific Displays Developed
The displays developed during the course of the research can be divided

into two groups:

1. Novel displays developed as a consequence of the research effort.
These are denoted LEAD and LEAD* throughthis document.
In brief, these formats consisted of:
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a A o0l ead aircrafté symbol to prov
desired trajectortpredsSeconds in the future. This symbol
also provided a speed cue by looming as would a real lead
aircraftif the chasearr aft 6s speed did not m

b. A 6predictor aircrafté symbol th

indication of the aircraft positiopiéa seconds hence.

c. A flare command algorithm to bring the aircraft into contact
with the runway surface at an acceptataite.

d. The LEAD* differs from the LEAD format in that a digital
IAS value is also displayed to the pilot.

2. Displays developed to provide comparative data for the novel
formats. These are:

a. ageneric basic glass cockpit primary flight display (denoted
PFD);

b.the BAE Systems6 2020 Visual Gui
VGS)

c. and a rudimentary highwawg-the-sky display (denoted
HITS).

The detailed development of these displays is described in SE&B0B1S
and3.5.7.

3.5.3 Leadpredictor Concept

3.5.3.1Background

It is clear from the discussion in Sectibrd that aircraft will be

increasingly required to follow constrained, predictable trajectories. One

way tofollow a predictable path is to follow something that is taking the

same path. Further mor e, if the | ead o
speed of the observer must also be constant i.e. if the chase object gets no

nearer or farther away, the shapd &orm of the lead object will remain
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constant in size (assuming the object to be solid and fixed in shape). For
example, when driving (at a safe distance) behind another vehicle on a
motorway, by maintaining the lead car at a fixed aspect in the wirtdew,
chase car will follow the | ead caros
pulls away, its visual angle (the angle subtended at the eye by, for instance,

its left and right tail lights) will decrease and vigersa. This is an

example of optical loming. It follows, therefore, that if the pilot is

presented with the position of a lead aircraft at some time ahead of his

OoWn,tpreg Pl us i nformation about his own
position at that same time ahead, then by overlahiagwo, the chase

aircraft will follow the prescribed trajectory of the first. Additionally, if

the lead aircraft symbol is allowed to expand and contract, then
information should be available to t
actual speedinteat i on to the desired | ead ai
principles form the basis for the lepdedictor concept tested during the

research. The looming concept is illustrateBign 3-23 (note, arrows

included for llustrative purposes only).

7\ . N A question
a. Predicted Position at
t tpreq SECONdS immediately
_____ SN arises regardin
AN Target Position at g g
toreq SECONdS whether this
- 1 - concept is a useful
b. I X
________ . () , --——---- one. Informal
\ U / . . i
P .l_ N discussions with

Fig. 3-23. Predictor-lead symbol concept showing (a) current  pilots P1 and P2
predicted position high and left of target and (b) chase aircraft
speed high compared to target revealed that
formation flying is one of the hardest tasks that they can be asked to
perform. However, the pilots were from a military background and were
referring to tight fomation tactical lowlevel flying, inflight re-fuelling or

display flying. In both cases, the lead and chase aircraft are much less than
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a second and only a matter of a few feet away from each other. At the

other extreme, seffy aircraft safaris arevailable to private (and hence

often inexperienced) pilots (e.g. REf19]) where the primary means of

navigation for all but the lead participant is to follow the aircraft in front.

Of course, this is at much lower airspeeds and the difference in time

measured in fractions of minutes. Ptotpedbeing fixed, it was

anticipated that the required prediction time would be some value between

these two extremes.

3.5.3.2Symbol Set

FLAlRE HIGH SPEED
FLAP 50 LOW SPEED
———1

a.

@g \J
Fig. 3-24. Lead-predictor display concept evolution: (a) originalLEADI) and (b) final
(LEAD AND LEAD*) design concepts

Fig. 324 illustrates the evolution of the legdedictor concept display set

andTable35def i nes, for the fi nglrposei spl ay
Symbol Description Purpose Used on Display
. notel Provide target trajectory and | LEADI, LEAD,
! Lead aircraft airspeed cueing LEAD*
. . . Provide actual trajectory and | LEADI, LEAD,
2 Aircraft predicted position airspeed cueing LEAD*
3 Horizon line Provide aircraft pitch and roll | LEADI, LEAD,
attitude cueing LEAD*
Indicate to pilot when 5 & 10
4 Speed annunciations knots above/below LEAD, LEAD*
targetnolez
Pilot mfprmauon Indicate to pl_lo_t_to_ S%elfmd LEAD, LEAD*
annunciations flap and flare initiation
6 Indicated airspeed Provide IAS LEAD*
Table 3-5. Novel concept display symbol definition
Note:

1. All symbols coloured green as per current HUD practice.
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2. When5¢ [IAS,_, .- IAS

<10knots, symbol 2 starts to flash

target

andsy mbol 4 (with OHI GHO or OLOWO as

flashes simultaneously. Wh%alAS IAS 2 10knots, both

actual ~ target

symbols turn greeA red. These symbols were primarily added to

assist the pilots with the provision of ratings.

3. FLAP 50 indicatedo remind pilot to perform this action following
turn onto localiser for 5 seconds (flashing). FLARE indicated
(flashing) 3 seconds prior to pitch up for flare to warn pilot that this

was about to happen.

3.5.3.3Display Control Algorithms

The specific idea fathis symbol set is to provide translational guidance
information to the pilot of the chase aircraft via the relative positions of the
lead and predictor aircraft symbols on the screen. Changes in chase
aircraft translational location are driven by consti# trajectory gap

closures. Timing guidance is provided via the chase aircraft symbol
looming when compared to the lead aircraft as it would if there were a real
aircraft ahead. Finally, a general indication of roll and pitctudtiis
provided by an artificial straighine horizon. By implication, these

symbols need to be conformal with the outside world. The following
Sections describe the algorithms used to drive each symbol.

3.5.3.3.1 Horizon Line

To position the horizon line corracon the display screen, it is necessary

to consider the forward view as being made up of a series of viewing
angles. For the horizon line, only the vertical depression or elevation angle
(and hence the horizontal grid lines) are of concern. Theguaij of the
horizon line symbol was calculated based upon the negative value of the
aircraft Euler pitch angley. If the screen has a vertical resolution &fewn

pixels and a vertical viewing angle dfaxvertdegrees, then the vertical
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position of he horizon line Mrizon Where the symbol origin is at the

middle-centre of the screen is computed as:

Vv (3-7)

screen

d

=.-(03
A horizon q
maxvert

3.5.3.3.2 Lead Aircraft Symbol

The lead aircraft symbol requires four values:
1. x-coordinate position on siplay screen;

2. y-coordinate position on display screen;

w

roll angle of lead aircraft and
4. scale at which to display.

The start point for the calculation of theard y-coordinates was to define
the trajectory to be followed in terms of database X, y, z coordinates and

aircraft roll anglef . Fig. 325shows the nominal-B full standard

4000

3000
—X-y plane
y-z plane 2000
X-Z plane
_—Xyz 1000+

Database Z Coordinate x -1.0 (ft)

15 1.8

S - 14
1.58 1 12 x10°

Database Y Coordinate (ft) 156 08 Database X Coordinate (ft)

Fig. 3-25. Example full approachprofile in inertial coordinates

approach trajectory in the databasgzgcoordinate system. The
equivalent 2D plots of the data are also shown in the figure to more fully

illustrate the trajectory (N.B. the axis scales are not equal so the trajectory

11t



(X, Y, Z)cg chase

NN

(X! yr Z)eye

Fig. 3-26. Definition of variables used to compute screen position of lead aircraft symbol
proportions are distorted with respect to reality). The trajectompéor

Curved Approach MTE is shown in Appendix B. Each portion of the
approach was calculated at a specified true airspeed. The localiser glide
slope capture phase trajectories were calculated as motion gaps closed
using constan# strategies. These trajectory data are loaded into the
aircraft model as a table. For any simulation time step, the positions of the
centreof-gravity of both the lead and the chase aircraft are known. The
calculation to ascertain the screen position efléad aircraft can then
proceed as follows, with referenceRig. 3-26:

1. Calculate pilot eyegsition in database (inertial) coordinates. The

offset values for the pilot eye position from the modelled aircraft

centre of gravity @x, Dy, Dz)eye) are known in body coordinates:

gx eyeg gx cgcha:se?l é:)x f?

— u
Yot = et &g (39)
SZ eye Hb ody 82 cgchasqu]body gDZ Heye
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The pilot eye posibn coordinates of the chase aircraft can now be

converted into inertial coordinates through the usual

transformation:
\?Xeyeg éfxeyeg
& U —[D]-l‘? u
Fowtt =[O ot 39
u u
Szeyel-‘nter’[ial gzeyeuoody

Where[D] *is defined for an aircraft at an Euler pitch angle

Euler roll anglef and Euler yaw anglg, as[120]:

e
gcosy cosq cosy singsinf  cosy singcosf
é - siny cosf +siny sinf

é

(S|

N
N

é
[D]*=¢siny cosq siny singsinf  siny singcosf
2 +cosy cosf - cosy sinf
¢
€ sinq cosgsinf cosqcosf
é

e

(3-10)

coooooooooc o c

2. Calculate the, y and z offsets of the lead aircraft c.g. from the

chase aircratft pilot eye position.

@
Q

é:))( Iead? gx cgleadg é eyel\J
u —
gl:)ylead u - @/cgleadu - éyeye[] (3-11)
p 3 Z 0 p 0
g lead Hinertial gzcglead Unnertial gzeye Uinertial

3. Calalate the horizontal and vertical visual angles of the lead

aircraft c.g. from the chase aircraft pilot eye position.

a Q

dhoriz = ata Wlead 8 (3'12)
c lead +
abz, .0

d., =ata el (3-13
C="lead +

4. Calculate the screen x and y coordinates for the symbol. If the

screen has a horizontal resolution gfdnpixels and a horizontal
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viewing angle ofmaxoriz degrees, then the horizontal position of
the chase aircraft symboknkse Where the symbol origin is at the
middle-centre of the screen is computed as:
hscreen
hlead = dhoriz 3 == (3'14)

dmaxhoriz
Similarly, if the screen has a verticasolution of Vcreenpixels and
a vertical viewing angle ahaxvertdegrees, then the vertical

position of the chase aircraft symbasaéds given by:

— Vcreen
Viead = dV(-:*r’[ 3 = (3'15)

dmaxvert
5. Compensate the screen x and y coordinates for any chase aircraft

roll angle using Eq€3-5)and(3-6) with x=heagand y=vead

f lead =f leaddmd ~ f chase (3'16)
The display concept also calls for the le@draft symbol to provide some

indication of roll angle during any turn manoeuvres. The symbol cannot
simply be rolled through the required angle because account must also be
taken of the chase aircraft roll angle from which the lead aircraft is being

6ivewedOo6.

The scale of the symbol was driven by the idea that the symbol should be
as simple and yet as realistic as possible. To provide as realistic an
impression as possible of the lead aircraft with onlyCadrcraft symbol,

it was considered necesgdo provide an image that appeared to be, in at

Fig. 3-27. lllustration of the conceptfor sizing the lead aircraft guidance symbol: (a) lead
aircraft as it would appear; (b) lead aircraft symbol matched to real lead aircraft wing span
visual angle ard (c) lead aircraft as itappearsto the pilot
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DDI’F}G

By

tpred

Fig. 3-28. Definition of parameters used to compute scaling factdor lead aircraft symbol
least one dimension, the actual size that the lead aircraft would be at a time

tpres@head of the chase aircraft. The dimension chosen to be matched was
wing span since this is the major dimension illusgtan a 2D symbol.

The animated symbol has a wing span that provides a visual angle
subtended at the observer as would be by a real lead aircraft. This concept
is illustrated inFig. 3-27. The calculation to ptarm the scaling of the lead
aircraft is performed as follows, with referencé-tg. 3-28:

1. Compute the visual angle of the lead aircraft wingspan.

o b ~
d, @atange—o (3-17)
¢2D +
where b, the lead aircraft wing span is known and taken as 130.8ft

which is the GLTA model wing span taken from H&£1].

2. Compute the screen scaling factsy,, to apply to the lead aircraft

graphical symbol. This is achieved by knowing that when the scale
factor is 1.0, the symbol wing tips touch the screen edges, which

provides a horizontal viewing angle of 48 degrees.

V
s, =d, 3 —screen. (3-18)

dmaxhoriz
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3.5.3.3.3 Predictor Aircraft Symbol

The predictor aircraft symbol requires the same 4 pieces of information as

the lead aircraft symbol. However, the method by which these values are

obtained differs from tt defined in SectioB.5.3.4.%or the lead aircraft

symbol. A prediction timédpred, has to be defined to establish how far

ahead the predictor aircraft should be

time then has to beatched to the lead aircraft start position for any given

(X, Y, Z)cgcnase

Xy, Z)cgchase

Fig. 3-29. General illustration of aircraft motion parameters used to define predictor symbol
algorithm

trial test point. Oncéyredis defined, the calculation for the translational of

the aircraft can proceed for the general case shown in as follows:

1. Compute the horizontal and vertical translatiaftdets through
which the aircraft will travel assuming constant acceleration over

the nextpreasseconds.

é,DX cgpredg eu ﬂ e#ﬂ

€ u e 1¢ 2

eDyCQDFEdU —é ll:llt pred 2 e#ldt pred (3-19)
gchgpred ubody @N H @#H

2. Convert these offsets into inertial coordinates.

‘, cgpredQ cgpredg
5 cgpredu = [ D] cgpredu (3—20)

&Dz U gDz
cgpredUnt ertial Cgpre‘ju)ody

N N *

N
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1
Df pred = ﬁpred + E#fsred (3'21)
Where[D] * is defined in Eq(3-10).

3. Compute the predicted aircraft centre of gravity inertial position

based upon current inertial position plusgiction of translational

offsets.
?X cgchaseg QX cgchasei0 ‘?DX cgpred?
u _é u +§ u
éycgchase[j - @/cgchas@ éDycgpred[:] (3'22)

SZCQChaSéHinemm gZCQChasql\jlinemal EDZ cgpreat]
4. The computation can now proceed as for the lead aircraft from Eq.
(3-12), the pilot eye position having already been calculated in Eq.
(3-9), substituting [X§gmasefor [X] cglead

The chase aircraft would be indicating roll angle to the pilot and so the
predictor aircraft would also be required to indicate roll angle. A similar
scheme to the translational predictromtines was implemented. This
simply estimated the increment in roll angle that would be achieved at

current roll rate and acceleration:

The scale of the predictor aircraft symbol is calculated in the same manner
as for the lead aircraft symbol. HowevierEq.(3-17), the distance ahead
used to calculate the scale parameter is not calculated froncarppeited

track but is obtained using:

D ea = Volpred (3-23)
3.5.3.4Display Validation
Prior to any fomal assessments, it was necessary to ensure that the
algorithms were functioning correctly and that the display symbology was
being positioned on the display screen appropriately. In addition, although
not always explicitly mentioned in the algorithm d®mpment, a number of

approximations have been included as follows:
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1. The horizon line algorithm of E@3-7) is valid at the aircraft cg but
the actual flight simulation viewing point is ahead and above the

aircraft cg (in aircrafbody axes).

2. The scaling algorithm is only truly valid if the simulation viewing
position were on the notional fuselage longitudinal celimee The
eye point is actually offset to the left (to model the pilot sitting the

captainds seat).

The effect of hese approximations needed to be assessed and this exercise
was conducted during the initial testing phase of the algorithms and display

symbology. The results are presented in the following Sections.

3.5.3.4.1 Horizon Line
Fig. 3:30shows a small number of screen shots taken during the

development of the positioning of the horizon line (the line has been

Fig. 3-30. Development of torizon line algorithm

artificially enhanced for the sake of clgjit A seascape was chosen for

this exercise as, by default, this represented zero altitude for the scenery
database and there were no hills to confuse the issue of horizon placement.
Fig. 330(a) and (b) show thhorizon line with the aircraft cg positioned at
100ft and 4000ft respectively. It can be seen that at low level, the raw
algorithm of Eq(3-7) works well but an offset is introduced as aircraft
altitude is increased. To coenthis, a correction value, calibrated against
aircraft altitude, was added to the simulation algoritifiig. 3-30(c) shows

the results of this correction plus evidence that the roll algorithm also

functioned carectly (aircraft at 3000ft and 25 degree roll).
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3.5.3.4.2 Lead Aircraft Symbol

Fig. 331 shows screen shots taken during the development of the lead
aircraft symbol algorithm. The figures show the lead aircraft symbdl itse
and also a 3D model of a Boeing 707 aircraft that is placed at the lead

aircraft cg position within the outside world database itself.

Fig.33(a) shows the o6ideal 8 scenario wit!l
straight and level behind the lead aircraft. The scaling of the wing span

appears correct. The symbol itself is low compared to the 3D model of the

lead aircraft. This was considered acceptable as the symbol was not

intended to be a completely faithful repentation of the 3D aircraft.

Some of the offset was also accounted for by the incorrect positioning of

the 3D aircraft model origin (the point being driven by the algorithm)

compared to the notional aircraft cg position of the simulation model itself.

Fig. 3-31(b) shows the scenario where the pilot is having4acogiire the

correct trajectory position. Again the scaled wing span appears correct and

the roll algorithm is shown working in the correct sensar. éach of these

Fig. 3-31 Development of lead aircraft symbol

cases, a zoomed image is shown to improve image clarity. The display
symbology in the zoomed images has been artificially enhanced to improve
image clarity.
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3.5.3.4.3 Predictor Aircraft Symbol
Two methods were used to verify that the

predictor symbol algorithm was working
correctly. The first test veasimply that at
the start of a given run, the predictor and
the lead aircraft symbol should be the
same size and overlay each other exactl i. v ”ustraﬁon O e ictor

This was indeed the caddd. 3-32). symbol overlaying chase aircraft
symbol at start of test run

Indirect validation evidence is shownhig. 3-33. Fig. 3-33(a) and (b)
compare the trajectory of the chase aircraft flown for a glide slope capture
MTE and against the target trajectofyig. 3-33(c) and (d) show the same
information for a localiser captel

MTE. Both of these were flown 15708710 3300

1.57086|

by EP1 during the display

oordinate (ft)

development phase of the project § "

o

2

2

1.5702p - . e g . o}
a

~--Command Track| ™
- Actual Track

.05 1.1

1.1 1.15 1.2 1. 115 1.2 125
X Database Coordinate (\‘Q 105 X Database Coordinate (ﬂ} 10°

Y Databa:

The trajectory following is

particularly good during the s

straightandlevel portions of the 162 ] e\

1.61

MTE and degrades slightly during

the transition phases, particularly

Y Database Coordinate (ft)

the height during the turn onto 2050 [ Cormene |

'506.95 1 1.05 1.1 115 30000.95 1 1.05 1.1 115

localiser. At this Stage’ the X Database Coordinate (ft) 405 X Database Coordinate (ft) ;0%
o Fig. 3-33. EP1 trajectory comparison between
observed deviations were actual flown and target (a) and (b) glide slope

. I t d (d) locali t
attributed to the piloting capture (c) and (d) localiser capture

proficiency of EP1.

The looming functionality of the display was tested by EP1 simply
monitoring the aircraft indicated airspeed (IAS) arldtiee size of the

predictor and lead aircraft symbols. If the symbols remained the same size
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as one another, the IAS remained constant at its desired value. If the lead
aircraft symbol loomed and became larger than the predictor symbol, the
IAS was notd to have increased and wieersa. As such, this function

was deemed to work as planned

3.5.4 Flare Command Concept

3.5.4.1Background

A predictorlead concept was considered acceptable for aircraft
manoeuvring were there are no local solid surfaces to constrairotioam
However, such a solution would not be as useful for the flare because,
particularly iftoreqis large, the resulting chase aircraft motion would not
follow the lead aircraft due to the dynamic Howearity introduced to its
mot i on by withithe rudnayspriace.t Alternative methods were

therefore required.

It was considered that a commayge display would be more suitable for

a flare (e.g. VGS). The simplest method for providingoased trajectory
command is to provide the pilot with ravinformation. In order to be

able to do this, the decision as to whether to use a Type 1 or Type 2 flare
profile had to be made. For the Type 2 flare (i.e. constgnt 1.0 to
touchdown), only one parameter has to be displayed to the pilot. For the

Type 1 flare, the display has to transition from showffgginformation, to
t 5, and then back t#,, again. Consequentlthe decision was made to

concentrate on the Type 2 flargrofile.

A common method for identifying the aircraft flight path to the pilot is via

a o6flight path vectord symbol . This s
horizontal angles of aircraft motion. Displayed on a HUD, it provides the

pilot with an instataneous indication of where the aircraft is heading. If

the symbol overlays the ground, then that is the point where the aircraft

will strike the Earth if no correction is applied. An indirect method of
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obtaining a specifit-based trajectory would thdoee be to derive and
display the target flight path angle required to achieve it. The pilot would
then have to overlay the aircraft flight path vector onto this symbol to

achieve the desired trajectory.

Two concepts were therefore developed using the Ryftare command:

1. Directt command using raw,, target and actual information.

2. Indirectt command using vertical flight path angigtarget and

actual information to prescribe a given consténttrajectory.

3.5.4.2Display Symbology

The formatof the leadpredictor concept symbols essentially fixed the

design of the flare symbology since if both were to be used in one final

display format, they would have to blend seamlessly into each other. As

such, symbols 1 and 2 frokRig. 324al so form t he &étargetod
values for the flaré command display concepts. As for the kpaedictor

concept, the pilotds task is to overl a

3.5.4.2.1 Direct Tau Flare Command Symbology

For the flareportion of any 00
given manoeuvre, both the doe
command and actual symbols Actual @
Command— = === - - - L 1.0
were constructed as VAPS scal ~_- :
objects displaying#, ranging %Mil-,je

Fig. 3-34. Definition of direct t flare guidance

between 0 (corresponding to display

level flight if the surface height does not change) and 1.5 (corresponding to
accelerative flight towards the surface). As such, only vertical guidance is

provided. Values 00.0 <t ¢ 1.0 were anticipated to be required in the

design but an upper limit of 1.5 was selected to try to avoid the symbols
hittingobéohamhespopsti oning of the symb

specific meaning i.e. they were not conformal with the outside world but
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were simply placed directly in the

shown inFig. 334. The scale shown in this figure is for illustrative
purposes only and did not form part of the display symbol set. It should be
noted that the scale has been constructed so that the command symbol
transition from approach to flare is in the correxise i.e. a pitch up is

required so the symbol moves upward.

3.5.4.2.2 Indirect Tau Flare Command Symbology

The same symbols were used for the indirdlztre command symbols as
for the direct concept. In this case however, because the symbols were
indicating flight path vector, a simple scale was insufficient and additional
logic had to be incorporated to ensure that they were conformal with the
outside world. In this way, in good visual conditions, they would also
provide information regarding the direction #vel in relation to the

outside world.

3.5.4.3Display Control Algorithms
3.5.4.3.1 Direct Tau Flare Command Symbol

For the direct flaré command symbol, at the appropriate valu¢ gf, the

targett,, value was indicated to the pilot.

3.5.4.3.2 Direct Tau Flare Actual Symbol
For the direct flaré actual dsplay symbol, the,, value to be displayed

was calculated as (s€@. 3-7):

dabhg_ - D . Dnhif
Dhactual — a?_o— T =1- ﬁz

(3-24)

3.5.4.3.3 Indirect Tau Flare Command Symbol
The computation of the equivalent flight path angle to give a prescribed

t, trajectory is as follows (for the vertical plane only):

1. Compute current instantaneous titnecontact runway surface.
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ty, = (3-25)

bnh

K

2. At th=tyransition(= 4.0s), blend to the flight path andk flare
control law overgiend (= 0.5s). This is given by:

_ 1 € D, @
Yveommand = 4 - € +sinqu (3-26)
cosqcosf gulil-c 0

The expression of E¢3-25) is deived in Eqs(3-28)-(3-34).

3. Compute symbol vertical (y) screen coordinate as:

Vv

— screen
gcommand — - gvcommand d (3-27)

vert

\Y

3.5.4.3.4 Indirect Tau Flare Actual Symbol

The actual flight path angle symbaigition was calculated as follows:

1. Compute chase aircraft vertical flight path angle:

Ochase =4 - @ (3'28)
2. Compute symbol vertical (y) screen coordinate as:

\Y

g:hase: - gvchase%] (3'29)

vert

\Y

3.5.4.4Derivationof Flight Path Angle for Constant Talot
This Section contains the derivation of the expression used to drive the

indirectt flare command displayg,.,mmanc: 1 N€ result is a flighpath

angle command that guides the aircraft along a coin8tatrajectory. To

start the derivation, E¢3-24) must be rearranged to the form:

- [Bpff 3-30
& (3-30)

E

OO
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Perturbations in vertical flight path angig, may be expressedtierms of

perturbations in pitch attitudg, and incidence angle,[1 2 0 ]

w
gV:q-a@q-U (3-31)
Rearranging Eq3-31) for w yields:

w=u(g- g, (3-32
Now, f is the vertical velocity of the aircraft c.g. eeénced to Earth or
inertial axes. If lateral motion is ignored (an aircraft on final approach
should be sufficiently stabilised in its ground track such that this

assumption holds), it can be shown that the perturbation in aircraft height is

[120]

K= using- wcosqgcosf (3-33
Substituting Eq(3-32) into Eq.(3-33) for w and equating E¢3-33) with
Eq.(3-30), then rearranging fay, gives:

g =q- 1 21‘/Dhﬁ+sinqg 3-34
vcommand COSC]COSf éu 1- ¢ g ( - )

3.5.4.5Display Validation
3.5.4.5.1 Direct Tau Symbols

Fig. 3:35shows a selection of examplg, (¥, =Crare=C6) trajectories

flown by pilot EP1 during development testing of the direct flare command

c6=0.6 c6=0.7 c6=0.75 £6=0.8
~ 0 ~. 0 - 0 . 0 :
oo a. L3 » b n e o d
=] o =] =] >
© - © o ®
F o - . ) E o2
= actual| = = =
o o = =
e theoretical % % %
T4 4 4 4

M2 0o 4 -2 0o 4 -2 0o 4 -2 0
Time to go(s) Time to go(s) Time to go(s) Time to go(s)

Fig. 3-35. Example trajectories flown by EP1 during development of the direct
flare display concept
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concept display. The theoreti¢ah curve expeci by using the

commanded value ofiget2is also shown. In each case, the transition from
approach to flare command was initiateticat3.0s. For the cases of
craret2=0.7, 0.75 and 0.8, that the actu#lajectory closely follows the
theoretical cure. The gare12=0.6 case is less impressive. However, the
initial aircraftt onresponse does parallel the theoretical line i.e. the correct
., is being flown. However, analysis revealed that the pilot did not
follow the symbol althe way to the surface and this is evident in the

increase inf, in the final second or so before touch down.

Fig. 336 shows the vertical velocity at touchdown against the commanded

t, value. Also shown is the averaged Hedine of Eq.(4-2) and(4-3)

i.e. #, =-0.032, +0.529.

With the exception of the .

Craret==0.6 case, the display go_aj\\
conceptresutsinalower 5 T
vertical touchdown velocity thar é \“;\\
would be predicted by the linear § | = w05 | el
regressiorof observed flight test I 25;%25 :

and simulated flight test data. % s e N 0

T/D Velocity (ft/s)

This is considered acceptable as Fig. 3-36. Direct t flare display concept
o _ touchdown vertical velocities compared
it is safer than the alternative. with observations
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3.5.45.2

Indirect Tau Symbols

Fig. 337 shows a selection of examplg, (¥, =Craret2) trajectories flown

c6=0.6 c6=0.7 c6=0.75 c6=0.8

~ 0 - 0 -~ 0 0
o a: L 2 b P A RCR 5 e |d.
a : , g /:/ g /: g
= D = [y J R 2 s = D S = [y 1 TR PUVT AT
5 57 |57 |5
© -4 © -4 ‘© -4 ‘© -4
T : : T : T : T :

-4 -2 0 -4 -2 0 -4 -2 0 -4 -2 0

Time to go(s)

Time to go(s)

Time to go(s)

Time to go(s)

Fig. 3-37. Example trajectories flown by EP1 during development of the
indirect flare display concept

by pilot EP1 during development testing of the indirect flare concept

display. The theoreticdln curve expected by using the commanded value

of CrareT2iS also shown. As for the previous examples, the transition form

approach to flare command was initiatetlogt3.0s.

In each case, the aircrafdlomain trajectory followdhat of the theoretical

value, the most accurate being when€=0.8. In the other cases, the

aircraft trajectory lies parallel with the theoretical value for the majority of

the flare with an increase in the valuetgf during thefinal moments of

the flare.

As for the analysis in the previous Section, the vertical velocity at

touchdown was plotted against the

commandedt,, value and

compared with the averaged bést
line of Eq.(4-2) and(4-3). The
results are shown iRig. 3:38. With

the exception of thenger>==0.8 case,

the display concept results in a

o
&)

o

Q
»

c6=0.6
©6=0.7
c6=0.75

Cosnstant Taudot-h (nd)

4

05

c6=0.8

04

-10 -8

-6

T/D Velocity (ft/s)

4 -2 0

somewhat higher vertical touchdown Fig. 3-38. Indirect display concept
touchdown vertical velocities

velocity than would be predicted by
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the linear regression of observed flight test and simulated feghtata.

This is considered less acceptable than the direct case as this is less safe
than the alternative. This is attributed to the piloting experience level of
EP1.

The development testing highlighted an issue that, whilst predictable with

thebenéti t of hindsight, wasno6t anticipate
indirect display in particular (although the problem was encountered with

the direct concept on a few occasions), the flare was commanded, but

either shortly before or just after touchdowrpitch up was commanded

that resulted in the aircraft taking flight again. The reason, of course, is

that #,, can be equal toiget2 Whether the aircraft is in a descent or a

climb. If the aircraft bounced on its main gear, fotanse, then the

upward stroke would result in a negatideand a positiveﬁt. The

symbology would then continue to indicate a pitch up to obtain a flight

path angle to givé#, =c,..,. The following logic was therefore

implemented and resolved the problem:

1. Identify an acceptae touchdown velocityﬁdes. 2.0 ft/s was

(arbitrarily) decided upon in this case.

2. Calculate the aircraft flight path angle that would give rise to this

touchdown velocity.

Q
— H des
Gidtizes = @SIN 8 (3-39

3. Once ths flight path angle is achieved, symbology to maintain

command at this value.

3.5.5 Display Control Algorithm Blending
The final display concept comprises two differing information display

philosophies:
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1. For the approach to theargetunway

t hre

Opositiondé is displayed to the pilo
position.
2. For the flare, the aircraftodos targe
instantaneous basis.
Both philosophies are i mplemented by d
it future or instantaneous) to the pil
symbol representing the aircraftds cur

At some time between the approach and the flare proper, therefore, the two
differing signals have to be blended together so that the transition is as
seamless as possible for the pilot. How this is achieved for the lead

predictor display concept is des=d below, in conjunction withig. 3-39.
® ® ©

\ aircraft [ee] trajectory

//_//////_/_/ /_/////_///////_////_//
Fig. 3-39. Schematic illustration oflead-predictor and flare algorithm blending

Before point (A) is reached, the leptedictor algorithms of Sections
3.5.3.3.2and3.5.3.3.3are used to drivéne display symbology. (A) is the
algorithm transition start point and is defined as beirg-4.0s. (B) is the
nominal position when all of the legmledictor signals have been blended
out and the flare command algorithms commence. Point (B) is ishen
3.5s. Point (C) is main gear touchdowin€0.0s). Beyond this, the pilot

was instructed to ignore display commands.

3.5.4.6Lead Aircraft Symbol
During the blending, the lead aircraft symbol becomes the flare flight path

command symbol. At (A):
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1. If radar atitude < 70ft, fix lead aircraft symbol scaling (E(B-08))

otherwise wait until radar altitude <70ft.

2. Begin to linearly blend aircraft command flight path angle
information(3-33) converted to screemits) with the lead aircraft
symbol signal (E¢(3-15)) over 0.5s.

3. Calculate initial flare initiation height for point (B) based upon

current height and vertical velocity.

hg @h, + 0.5, (3-36)
4. Calailate the initial acceleration for the flare command.

&1- cgh,
hoga b 7

5. Calculate the initiak%, using Eq(3-24).
At (B):

1. If K

alccg

< ﬁé then hold#, at value usindt, in Eq.(3-37)

otherwise usdff

alccg

in Eq.(3-37).

3.5.4.7Predictor Aircraft Symbol
During the blending, the predictor aircraft symbol becomes the actual
aircraft flight path symbol. At (A):

1. Begin to linearly blend actual aircraft flight path angle information

(Eq. (3-28)) with the predictor aircraft symbol sigihover 0.5s.

3.5.6 Display Control Algorithmimplementation
A number of options were available to implement the algorithms detailed

above:

1. Utilise VAPS O0coll ector objectsd (a
coding) to manipulate the raw FLIGHTLAB aircraft simulation

data.
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2. Usethese al | ed Landscape 6Bridged file.

userdefine code to be executed during Landscape run time.

3. Perform algorithm calculations using FLIGHTLAB. Here, there
are two possible methods.

I Develop usedefined components (blocks$
FORTRAN code).

. Use the Control System Graphical Editor (CSGE) to
develop control systeitype diagrams to represent the

mathematical operations required.

Option (3)(ii) was the method opted for as it offered a number of

advantages:

a. All calculations reman within the FLIGHTLAB modelling
environment making data and calculation hekeeping more

robust.

b. CSGE is a graphical editor and as such, a visual representation of
the calculations was considered to be easier to manipulate and

manage than lines of code.

c. CSGE offers a reasonably extensive range otipfimed
mat hemati cal Obl ocks6 e.g. matri x m
MATLAB Simulink users would be familiar with) that speed up the

process of calculation 6écodingo.

d. CSGE offers a range of deigging fadities that make the tracing
of mistakes through calculations simpler.

e. Using CSGE | ends +dstouelcedt o mpéiemgna m
of the calculations. The calculations can easily be imported to
other FLIGHTLAB models by opting for this method.

13t



Presentation of all of the CSGE networks used to implement the symbol

algorithms would be unwieldy as some are quite large and hence difficult

to see clearly on A4 papeHowever, an example is presentedrig. 3-40.

This i1illustrates the pi 3Q@iB9eye posit

Body -> Inertial Transfermation Matrix
Inertial -> Body Transformation Matrix cf Cook 2.12and 2.16

T
I: BODYCFRT al MAT 1M 4 M1 M2 T M1 M2 - O:INEYEPOS

® ® ‘ ®

I: PILOTEYEPOS d MAT

I: ACX

I1:ACY = MUX = MAT

“ @

Fig. 3-40. Example display algorithm implementation in CSGE

@@ ® O

The transformation matrix [D] is samatically computed by the

FLIGHTLAB simulation environment and is input to the calculation as
OBODYCFRTO® (block 1). This vector 1is
matrix format (block 2). The required inverse, [0§ obtained, in this

case, by tranggsing [D] (block 3). The aircraft boelgferenced pilot eye
position offsets from the cg are input using block 4 and is converted to
matrix format via block 2. The two resultant matrices are multiplied
together by giving the result of E@-9) (block 5). The aircraft inertial cg
position is input as three individual (x, y, z) values (blocks 6, 7 and 8).
These are multiplexed together into vector format and converted to a 3x1
matrix (blocks 9 and 10). The inertial pilot eyéset coordinates and

aircraft cg coordinates are then summed in block 11 to give pilot eye
coordinates in inertial coordinates and the result output as a 3x1 matrix to

the simulation space (block 12).
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3.5.5 Comparative Display8asic Primary Flight DisplagPFD)

Fig. 341 shows the basic PFD used during the course of the research.
Table 36 provides the &y to the important display elements. This is
display is not intended to be a facsimile of any particular display currently
in service but features common symbol formats for existing display

elements with the exception of a dedicated flight director.

CRS 060

Ma. 0o

Fig. 3-41 Basic primary flight display



No. | Description Comment
1 Target airspeed Adjusted by simulator operator as required by test
point
2 Airspeed tape
3 Pitch ladder
4 Digital indicated airspeed
5 Localiser deviation indicator Full scale deflection = +/- 1 degree
6 Cockpit throttle lever position 0% = closed; 100% = fully open
7 Engine thrust Indicated as a percentage of maximum available
8 Radar altitude Only displayed when below 2500ft radar
9 Vertical speed indicator
10 Distance to navigation beacon
11 Flap position indicator Shown in full flap i.e. FLAP 50 position
12 Pitch trim indicator Shows stabiliser position in degrees
13 Landing gear position indicator | Red = up; grey = travelling; green = down
14 Compass rose
15 Localiser deviation indicator Full scale deflection = +/- 3 degrees
16 Glide slope deviation indicator | Full scale deflection = +/- 1 degree
17 Digital heading
18 Digital altitude
19 Target altitude Adjusted by simulator operator as required by test
point
20 | Altitude tape
21 | Glide slope deviation indicator | Repeat of item 16
22 Bank angle indicator
Table 3-6. Primary flight display symbol descriptions
3.5.6 Comparative Displays: Visual Guidance System (VB&dUp

The HUD used for the research was a version of the BAES t e ms 6

Display

Visual Guidance System (VGS). The form of the symbology was

replicated as faithfully as possible and the control laws for those symbols

A

20/ 20

recreated as closely as the information provided by BAE Systems allowed.

For reasons of commercial séivity, those control laws will not be

published within this thesis.

Fig. 342 shows the UoL implementation of the VGS arable 37

provides the key to the important dep elements (note: where comment

i ndi

cates

t hat

an el ement of

t he

di spl

actually set by the simulator operator to a suitable value for the test point in

guestion). The image iAg. 342 has been artificially enhanced to try to

improve the contrast between display and background.
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No. | Description Comment

1 Bank angle indicator

2 Pitch ladder

3 Target airspeed Pilot selectable target indicated airspeed.

4 Indicated airspeed tape

5 Digital indicated airspeed

6 Digital ground speed

7 Target course/heading Pilot selectable navigation course/magnetic heading. The
values selected define the position of the course and heading
markers on the horizon line. Only the heading marker was
used for the research.

8 Glide slope reference line Pilot selectable glide slope reference line. Switched off for all
research test points.

9 Localiser deviation indicator Full scale deflection = +/- 1 degree.

10 | Runway outline Provides a line-drawing representation of the runway edges
between specified altitudes AGL.

11 | Distance to navigation

beacon
12 | Vertical speed
13 | Flight path acceleration Defines the O6potenti al fligh
cue/caret where speed will not change at a given power setting. So,
when the caret is aligned with flight path vector left wing, the
aircraft will remain at a constant speed at the current power
setting. If the caret is above the left wing, the aircraft will
accelerate and vice-versa.

14 | Flight path marker / Speed Provides quickened flight path direction information such that

error worm the symbol dynamic characteristics in response to elevator
inputs is that of pitch attitude at high frequency and flight path
angle at low frequency. The error bar/worm indicates the
actual airspeed in relation to the pilot selected airspeed (above
the left wing = actual speed above target and vice versa).

15 | Flare alert cue Symbol that provides an indication to the pilot of the pitch rate
at which the flare will be performed.

16 | Guidance cue For the purposes of the research, provides flight direction
guidance (pitch and roll) onto the active localiser and glide
slope and pitch-only guidance for the flare.

17 | Digital barometric altitude

18 | Altitude tape

19 | Target altitude Pilot selectable target altitude.

20 | Angle of incidence indicator

21 | Horizon line / heading tape

22 | Warning annunciations Not used during the research.

23 | Boresight Shows where aircraft nose is pointing in space

24 | Airspeed trend arrow Predicted speed at a defined time in the future.

25 | Altitude trend arrow Predicted altitude at a defined time in the future .

26 | Glide slope deviation indicator | Full scale deflection = +/- 1 degree

27 | Radar Altitude

28 | Selected heading indicator

Table 3-7. VGS display symbol descriptions

3.5.7 Comparative Displays: Highway in the S|ITS)

Sectiors 2.2.3.7and2.2.4.Ireports that much attention has been focused

by the display research community onthesa |l | e d -idthasdklyvwwa y
concept and indeed, a version of this displaynfdris already available for
operational use in Alaskan airspa@eversion of this concept was
implemented for the purposes of the research and this is shéign B

43. Table 38 describes each of the display symbols. Based upon pilot

feedback, only % tunnel segments were displayed ahead to avoid
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obscuring distant but useable reference points e.g. runway threshold which
is visible inFig. 343(a). The concept also featured a flight path vector to
assist the pilot in maintaining station within the tunnel. This displayed
unmodified, instantaneous flight path information to the pilot.

Fig. 3-43. Highway-in-the-sky display layout: (a) glide slope descerand (b)
localiser capture turn

No. | Description Comment

1 Tunnel element Static 3D models placed in simulation database.

2 6Adequat ed | at | Setat+0.02nm. This is the proposed Cat. | precision
performance limits approach required navigation performance (RNP)

taken from Ref. [3].

3 6Adequatebd v e r| Setat £40ft. This is the proposed Cat. | precision
performance limits approach required navigation performance (RNP)
taken from Ref. [3].

4 6Desiredbd v e r | Setat+15ft. This is the proposed Cat. | precision
performance limits approach required navigation performance (RNP)
taken from Ref. [3].

5 6Desiredbo | at| Setat+0.01nm. This is the proposed Cat. Il precision
performance limits approach required navigation performance (RNP)
taken from Ref. [3].

6 Instantaneous  flight  path
indicator

Table 3-8. Highway-in-the-sky display element description
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3.6  Test Pilot Recruitment

Each of the experiments was performed using at least one current professional
jet transport aircraft pilot. These are designated (in no particular order) P1

P3 throughouthe thesis. Each has a background ingést flying and is

familiar with fixed and rotarywing operations. Their aviation curriculum

vitae are included in Appendix E for reference purposes as is that of
engineering pilot, EP1. EP1 is an engineeeldan FST with some, albeit

limited, flying experience who was used to test fly the displays prior to any

assessment by pilots PP3.
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Chapter 4

FLARE MTE

4.1 Introduction

This Chapter reports on the results obtained for the Flare MTE. Section
4.2reports on the preliminary testing performed to establish whether
coherent relationships were observed and whethah relationships are
affected by degradation in the visual environment. Sedt®describes

the investigation of residual aircraft vertical velocity at touchdown.
Sectiord.4 details an evaluen undertaken using the eyracking

capability developed during the research project. These results are used to
try to provide some explanation for the results in the previous two
Sections. SectioAh.5reports on the devagbment of novel-based flare
displays. Sectiod.6provides a comparison of the performance results
obtained for each of the display formats tested. Sedtibreports upon

the associated pilalisplay controllability and workload ratings. Section
4.8 provides an introduction to how thenalyses can be used i.e. for
modelling the pilot elevator command during the flare. Finally, Sections
4.9 4.10and4.11bring together and summarise all of the learning points
for the flare MTE.

4.2 Basic Tau Analysis

As discussed in Sectid®d4.4.1 t hetamalgsa 6i consi sted of th
selection of a number of potential motion gaps over which the pilot might

have visual control. Thieof these gaps was then calculated during the

flare (using the value at main gear to

observations nge about the coherence (or otherwise) ot thalue with
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time. For the flare, as pEig. 3-7, aircraft height and pitch angle were

selected as the motion gaps of interest.

4.2.1Aircraft Height Motion Gap

4.2.11 Flight Test Data

Ref.[122] investigates the behaviour of experienced pilots transitioning to
the McDonnelDouglas DC10 aircraft during the landing manoeuvre. A
proportion of the pilots received their transition trainisgng DG10
simulators. The remainder had performed the transition on the actual
aircraft type. It was found that the simulat@ined pilots had a slightly
inferior landing technique that was carried through to their chidek in

the real aircrafthat resulted in heavy or inconsistent landings. R2£]
analysed this behaviour using a pileithe-loop model of the landing
manoeuvre. It was found that the simuldtamed pilots exhibited a larger

effective lag icommanding the flare.

From an eganotion perspective, it might be said that the simulagined
pilots were either unable to pick up suitable motgaip closure cues or
picked up erroneous motiagap closure cues from the simulator displays
that werelien carried across to the real aircraft. It was felt that this would
make a relevaritstudy. From the data available in the reference, it was
only possible to analyse thef the height motion gap. It was considered
instructive to consider the variati oft o for the various groups of pilots
defined in the reference. It should be noted that thenformation
presented was calculated by the author and did not form part of the results
of Ref.[122]. The procedure adopted is as follows. The data available
from Ref.[122] was almost exclusively height and vertical descent rate
information presented in phase plane format i.e. iffvsThese data wer
scanned into electronic format to be used in the analyses described in
Chapter 3. However, to be suitable for analysis int thamain, time

histories of the data had to be derivédy. 41 shows the schematic
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representation of how this was achieved. The time taken to travel from
heights hto h can be approximated as:
(o %/;(2# . :nﬁ )g (41
¢ 2 1/ =
To validate the routine written to perform this task, a comparison was
made with the limited set of tirr@story dah that had been provided in the
reference.Fig. 42 presents the results of this compariséiyg. 4-2 (a)

shows a comparison of scanned

and derived altitude data over the
X final seconds of a landing
AY .
. manoeuvre.Fig. 42 (b) shows
. ~
h ‘\ the scanned and derived vertical
~
e velocity data andFig. 42 (c)
L presents the resulting, ,
Fig. 4-1. Schematic representation of phasplane )
portrayal of flare data calculated using Eq4-1), for
both sets of data (where Rh).
a b. o
100 — 2 0
N
3 — al
_ 80_ .......... \\ ................... gm‘ ___Scanned Data
% : = B Derived Data |- w5
& o k= i : @
S ) = 2
% g CAQ g 10
DOk N 2_12
S : :
%5 10 5 o s 10 N o "9 0 5 0
Time to go {s) Time to go (5} Time to go (s)

Fig. 4-2. Validation of data extraction routine
It can be seen that small differences do exist between the two sets of

altitude and vertical velocity data, but the resulting curves, particularly

close to touchdown, are insensitive to these differences. The routine as

developed was therefore considered to be valid.
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€ = z
g 60} 2 .10 E oA
= & £
S, 40 5 1B} gl Gy B
‘o L %
T 2 E-zo 8
: -25 -10 :
% 5 0 o 5 0 Mo 5 0

Time to go (s) Time to go ()
—Group FA: Pilot 409, Check Ride 02
— Group SA: Pilot 436, Check Ride 03

— Group SC: Pilot 4186, Check Ride 03

Time to go (s}

Fig. 4-3. Sample flight-test data: (a) height gap, (b) ertical speed and (c) height (ton).

Fig. 43 shows a representative Group: FA Pilot: 409 Check Ride: 02

0 ‘
sample of the results obtained b.
from the analysis performedon _ % ot
the flight test dataFig. 44 E -4 .;/
- r’

shows an example of tH§, E) B T
analysis that was conducted. a _________________ R'=0995

) o y=1.054x +0.03
The 6Gr ouRgo43l a .
relates to how the pilots were 10 Time ;2 go (s) 0

Fig. 4-4. Example analysis results for
basic tau analysis

divided in Ref[122], namely:

1 FA (flight trained pilots with check ride landings consistently less
than 5 ft/s vertical touchdown velocity);

1 SA (simulator trained pilots with check ride landings consistently
less than 5 ft/s);

1 FC (flight trained pilots with check ridardings harder than 5 ft/s
or height misjudgement tendencies). No data is shown for this

group inFig. 43 for the sake of clarity;

1 SC (simulator trained pilots with inconsistent check rides i.e. no

discernible mprovement) and

1 SB: simulator trained pilots where the first check ride landing was

harder than 5ft/s but followed by continual improvement).
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The pilotds number relates to the indi
ride number indicates which of theBeck rides used for data acquisition

is displayed. The latter data i.e. Group SB were not investigated. They

were given the lowest priority in the limited time available to conduct the

analyses.

From this investigation, the constalfy, hypothesis appears to be correct

during the last few seconds before touchdown. Furthermore, two different

techniques for the flare are apparent:

1 Pilot 433: The pilot commences the flare and decelerates the
aircraft to a vertical speed that is maintd to touchdown. One
additional feature of this technique is thats held approximately
constant for a period prior to touchdown. This strategy is

designated 6Type 106 for the remaind

1 Pilots 416 and 436: The pilot commences the flare and continues to
decelerate the aircraft in the vertical axist(mecessarily at a
constant rate) until touchdown. This results in an approach and

flare that features a constant rate of change,pf In the case of

pilot 416, the same technique was adopted but at a much higher

descent rate (andhlue of #, ) resulting in a touchdown with a

high vertical speed. This gives the pilot less time to assimilate the
(arguably stronger) cues provided by the view of the outside world
from the flare heighTypeThés strate

4.2.1.2Simulatedrlight Test Data

The first analysis conducted was to ascertain whether both forms of flare
technique observed in the flight test data were used by pilots in the
research simulation environment. In this way, additional confidemade

be gained from both the aircraft simulation model and the outside world

scenes being used for the experimefig. 45 shows sample flare time
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Type 1
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Fig. 4-5. Example flare time-histories for pilots P1, P2 and P3: (a) and (d) Altitude gap,
Dh; (b) and (e) vertical velocity and (c) and (ftn

histories for pilots P1, P2 and P3. It shows that all pilséxl both Type 1

and Type 2 strategies to land the simulated aircraft. The techniques to flare
and land a fixedalving aircraft observed in the fligiést data had been,
therefore, recreated. This provided a good level of confidence that any

further obserations made in simulated flight tests would be valid ones.

0 Pilot P1 0 Visibility = V7
~ & —~ |b.  p3
@0 : L ol e
S X7 | ISP
o e o
: " ’:A\ : I SRR NN AR
e o, e
= N =) Bl f
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-10 -5 0 -5 0
Time to go (s) Time to go (s)

Fig. 4-6. Extreme effects of degrading visibility ontpn relationship: (a) nor-linearity
and (b) runway not seen

An assessment was made as to any effect that degradinguile vis
conditions had upon the nature of therelationships observed in the

flight test data. The key points are summarisdeign4-6. There is a
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marked break down in then relationship as the visual condit®are
degraded for a small number of the landings carried out. Otherwise, both
Type 1 and Type 2 landings are carried out by all pilots for all visibility
conditions. In extreme cases, where the visibility is V6b or V7, the pilot
never becomes visual thithe runway and flies into it withta

approximately equal to or greater than one (indicating a constant velocity
or accelerative approach to the surface).

4.2.2 Aircraft Pitch Angle Motion Gap

Fig. 47 shows the secortdanalysis for the flare manoeuvre, that oftthe
of pitch angletg. All runs are for a good visual environment (V1).
Elemerts of coherence are evident in tlgtime-histories, but the
Ohuntingé for the corrEg47@tmaskc hdown at
any overall linear relationship that may exist to the moment of touchdown.

As such, no linear regression or degraded visual condition results are

presented for these cases.

0
C. - ,4“ 7 é
2 Lo T e . * \“
— = o T
g g zhA .
g g o] CUPR e
g z 2 ! .
2 o
= \j - & '; -5 o .
JERN T TR +«  Precision E S "
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SBpl o Non-precision i
Visual >
0 -10
A0 5 0 10 -5 0 -0 ~ g
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Fig. 4-7. Pitch Angle Tau Analysis ofthe Flare Manoeuvre: a.Pitch Angle Gap
Closure; b. Pitch Rate and c. Tau of Pitch Angle
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4.3 Residual Velocity Analysis
For the Type 2 flares in particular, there is an apparent relationship, in the

examples given ifrig. 43, between the value df, used and the

touchdown velocity achieved. A full analysis of the flight test data was
therefore undertaken to establish the touchdown velocity achieved for a

given #_observed

Type 1 Type 2
15-3. & °. 151 b

to towchdown. The

results of this
_E“ika_.aﬂ

° o
o
R‘%A a
o BB
a® @Qés =~

Constant Taudot-h (nd)
Constant Taudot-h (nd)

analysis are .
0.5} Group ¢ 05
. P O FA
summarised iffrig. é SA
sC
4-8. This showsthe S5 0 5 0 9s 70 5 0

T/D Velocity (ft/s)

constant value of Fig. 4-8. Summary analysis of variation of touchdown velocity
with #Dh for the obserwved flight test flare techniques: (a) Type
1 and (b) Tvpe 2

the check ride pilots to touchdown. It is clear from this figure that both

T/D Velocity (ft/s)

-, maintained by

Type 1 and 2 techniques are used successfully by pilot groups FA and SA

(success being measured by achieving a touchdown velocity < 5ft/s). The

Type 2 flare is predominantly used by pilot groups FC and SC for landing

flares that would be judged unsuccaksfThe Type 1 landing technique

appears to be the al most exclusive tec
Perhaps most striking is the approximately linear relationship that is

apparent betweeti,, and touchdown velocity for Type arding flares.

A linear regression was performed upon the dat&ag4-8 (based upon
the results presented in Sectibd.1.5andFig. 2-25) with the following
result:

#, =-0.031, +0.5203 (4-2)
The regression line is shownhig. 4-8(b).
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To be consistent with the flight test data, the results for the simulation
results have also been designated Type 1 &i@.49 shows the
respective values df,, plotted against the vertical velocity at touchdown.

The results show

similarity with the Type ! Type 2
15ra. : & 150 b .
flight test data for both g 3 g
T oV > 4 < k%
Typeland Type2 & owe *  sp..| 87704 .
= > va & 3 . DEWE .

. ] W v4 = ot %
flare control strategies. § s/ < Vs, 508 o B 3~
For T 1 1l 8 |+ve P1 8

+ P2
or Typel flares, * veo 72

0 0
there is a wide range " T}:Jovaocity (;tf:'s) ’ " T}?Velocity (}?fs) °
Fig. 4-9. Summary analysis of variation of touchdown velocity
with #py, for the observed simuated flight test flare
achieve low techniques: (a) Type 1 and (b) Type 2

of #, values used to

touchdown speeds (< 5ft/s) for all but one case. For Type 2 flares, the
linear relationship between touch down velocity #dis again evident.

What is perhaps most remarkabl e is
that can be calculated for these data are consistent between the two sets of

results. For the simulated flight test results, the linear regression line is
given by:

#, =-0.033f, +0538 (4-3)

The linear regresion line is shown ikig. 49(b).

4.4 Eye Tracking Analysis

To try to help explain the occasional degraded hdigbasponses observed
during the flare as the visibility is reducdgld. 4-6), a number of landing
manoeuvres were performed with the pilot wearing thetreayking
apparatus described in Sectiha.3 A typical fixation analysis for an

approach and landing flare is showrtig. 4-10.
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An element of

Pilot P1

D‘e.rotate\ ‘ interpretation is
100f 4
a. e T A1 M required in
£ 150} ~ H
8 200, “Fare ” | conjunction with
g0 | i the scene camera
g | | video to assess
3 350, f‘ 1/ H .
Ll }‘I R 10 1 LI | the data provids
450t r A{ by the eye
; ‘ ‘ AJpI"OaCh : ; ‘ ‘ ‘ . .
MYes 4789 are 4781 4752 4795 4794 4795 4796 4757 4798 tracklng anaIyS|s

System Time (s) X 104

Fig. 4-10. Example fixation analysis for pilot P1 in visual conditions t0Ol. Fig. 410

V1
shows how

different portions of the fixation analysis data correspond to different
portions of the approach. The initial data shows a gaze oscillation between
the irstruments and the outside world view. There is then a transition to a
different pointof-gaze strategy to initiate the flare. As contact with the
runway surface becomes imminei€10s), in the good visual conditions

of the example, at least, the instruments become less important and the
pointof-gaze transfers exclusively to the outside world view. There is then
a final apparent shift upwards of gaze due to the pilot rotdiagitcraft

to bring the nosav h e e | into contact with the run
position actually remains constant but the aircraft rotation downward shifts
the outside world scene upwards, resulting in the apparent upward shift in

gaze position obseed in the data.
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Fig. 411illustrates a sample of the fixation results obtained for both pilots

that cove the main observations in the eyacking analysis data. Only

two visual conditions are shown to avoid the figure becoming cluttered.

The figure shows the vertical el ement
the final 25 seconds of the approaciotachdown and then efetation.

Pilot P1 Fixation Analysis

[=)

Pilot P3 Fixation Analysis

-
o]
<

—V1

00 : —W1
—V/5 : —V5

: : . :
65 70 75 80 85 %0 70 80
Time (s) Time (s)

Vertical Cursor Position (screen units)

Vertical Cursor Position (screen units)

w
=}
[er =
=]

Fig. 4-11. Fixation analysis for pilots P1 and P3 in visual conditions V1 and V5

Fig. 412(a)-(d) show a sequence of still frames from the captured video
sequences to complement the description of the events highlighied in
4-11. There are a number of interesting points to note fgm4-11. The

first is that even in good visual conditions (V1), it is evident that pilots P1
and P3 have differing techniques in terms of witieeg look during the

flare. During the final approach in V1, both pilots continually shift their
gaze between the touchdown markers on the runway and the instrument
panel Fig. 412(a) and (c) stills 1 and 2 (failot P1, the cursor is not

visible on the scene camera image due to the nature of the calibration
performed)). This action accounts for the oscillations in gaze during the
first 10-15s of the data. During the transition to and execution of the flare,
which accounts for the final ten seconds or so of the data, pilot P1
continues to switch gaze position between the horizon and a position closer
to the aircraft Fig. 412(a) stills 3, 4 and 5). Pilot P3 howeverintains

the gaze position on the horizdfid. 412(c) stills 3, 4 and 5). When the

visibility is reduced to V5, pilot P1 continues to scan both inside and
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Fig. 4-12. Eye tracker stills to illustrate variation of pilot point-of-gaze position vith visual conditions:
(@) P1 V1, (b) P1 V5, (c) P3 V1 and (d) P3 V5

outside the cockpit (albeit, less frequent scans ouytsige4-12(b) stills 1

and 2). However, during the transition to and execution of the flare, he no
longer shifts gaze position during the flare but maintains a more or less
constant gaze position at the boundaefween the runway surface at the
limit of the fog visibility (Fig. 412b) stills 3, 4 and 5). During the

approach, pilot P3 concentrates his scan primarily on the instruRignt (
4-12(d) stills 1 and 2). This is evidenthig. 411 as a much smaller peak
peak fixation oscillation. During the transition to the flare and the flare
itself, pilot P3 maintains a more or less constgmze position at the
boundary between the runway surface at the limit of the fog visildHigy (
4-12(d) stills 3, 4 and 5). Again, the lower point of regard position is due
to the degraded visual environméninging the furthest visible point of
regard position closer and hence lower in the visual field available from the
cockpit wind screen. This is not apparent from the ddatggind-11and

may be due to the inhamt accuracy tolerance that is associated with the

eyetracker apparatus (quoted#&5 degrees of the visual field).
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4.5 Initial Display Design for the Flare MTE

4.5.1Display Options

For each MTE, and specifically in this instance for the flare, there are a
number of options that have to be considered foréisgyd of a guidance

display. These can be summarised in the following questions:

1. What information does the pilot require to allow him/her to

successfully guide the aircraft along the required path ?
2. In what form should that information be presented ?

Theanswer to question (1), from the results presented thus far, appears to
be that the pilot needs sufficient information to allowttloé the motion

gap (between aircraft and the runway surface) to be perceived. The rate of
change of thé can then be controlled by the pilot. With this in mind, two

potential answers to question (2) are:
1. Present thé-based guidance information dirgctb the pilot or
2. Present thé-based guidance information indirectly to the pilot.

The remainder of this Section briefly explores both of these possibilities. It
details the selection process used to reduce the options to a manageable
number to be testl and evaluated. Sectidrb.4then reports on a flight
simulation trial that investigated pilot preferences for various design

parameters required by the selected options.

4.5.2Directvs IndirectTau Display Information

One of he principle tenets of Tau Theory is that organisms control their
motion through the closure of gaps. One of the design drivers for the
displays from the research was that it must enable the pilot to close the
required motion gap. To achieve this, tHetpnust be aware of both a
target gap value and the current actual gap value in order that the closure
can be completed. The first option for a display format, therefore, is to

provide the pilot with thé information required to close the motion gap
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drect | y. To explain what is meant by t
required. The Type 2 flare will be used for this purpose. For the Type 2
flare, results have been reported that show thatanain relationship

exist for the closure of the airctddeight to the runway surface, namely:

#Dh = CflareTZ (4'4)
The term 6directd simply means that a

information to the pilot:
1. The desired val uéempneedf atnhde constant v
2. Thecure nt actual value efdt he constant

Each of these values would be represen
would be to overlay the 6éactual é and t
aircraft trajectory to move along the desired flighih.

The corollary to this argument is that indire@formation is information

that is displayed to the pilot that results in the same desired trajectory being
accomplished but using a means other than displaying the desired and
actual Vaedouen ohedpil ot . It still mea
the source of the information provided to the pilot, a target value and an
actual value must be presented. This is not a new idea in itself. Displays
already in existence use this method to preséotmation to the pilot.

The Flight Director provides target roll and pitch attitude to the pilot.

When flying manually, the pilot must match the aircraft roll and pitch
information to the commanded motion to achieve the desired motion. The
new ideam this instance is that the commanded motion be based upon the
information that the pilot naturally uses from the visual field to perceive

their selfmotion and hence the motion of the aircraft.

Thet analysis results for the flare analysis present a nuofbeitial
possibilities fotrathet desypge of sphayat
aircraft onto the runway surface. The key parameters are shéug B
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7. The final approach phase of flight to the ragwhreshold can be

accomplished by setting a target display value as:

t, =10 (4-5)
However, once the closure phase i.e. the flare is initiated, a number of

possibilities present themselves. For a Type 1 flargatiet display

would indicate:

t oh — CflareTl (4'6)
for a period, donstant UNtil a suitably low vertical velocity was achieved and

then return back to:

t, =10 4-7)
to maintain thavelocity to touchdown. Inspection of the flight test and

simulation trial results presented indicated that the transition can be
initiated at at ,, value of anywhere between 3.0 and 8.0 seconds, that the
value of @arer1 is in the rgion of 2.0 to 4.0 seconds and that this value is
maintained for the periodhstant between 1.0 to 3.0 seconds. These
values are, of course, itdependent and are likely to be specific to
aircraft typel the heave constant of the aircraft will have a significant role
to play on the selection of a suitable initiation point and a cdaiile

value of @arer1.

For a Type 2 flare, the target display is transitioned to:

#I:h = CflareTZ (4'8)
Inspection ofFig. 48 andFig. 49 indicate that acceptable values @f&2

(i.e. touchdown velocity < 5ft/s) lie in the range D.6.75.

4.5.3 Display Options Reduction
The discussion outlined above indicates that a number of decisions needed
to be made or unknowns to be defined forfthal flare display design. It

was clear at this stage that to achieve a design within the timescales of the



project, the number of unknowns had to be reduced. A process of de

selection on the available options was therefore performed as follows.

The first decision to be made for the flare MTE display concepts was
whether to use a Type 1 or Type 2 flaggrofile. This would

fundamentally influence the detailed design of the controlling algorithms
for the target display symbol. The Type 2 flare was selected for three

reasons:

1. Only one parameter had to be displayed to the pilot during the flare
rather tlan a combination. For the Type 1 flare, the display would

have to transition from showinty,, information, tot ,, and then

back to#,, again.

2. To avoid the problem described abotg, could be used as the
sole display parameter. However, assuming a display shd¥ying
against a scale, this would mean that the display symbol would
have to move fron#, =1.0, to 0.0 and then back to soatker

constant value (perhaps 1.0 to maintain the vertical velocity
achieved) again. There is no way to arrange this motion such that
one of the symbol movements is coustauitive to a flare

command i.e. the symbol moves downwards instead of up orsmove
when the pilot should maintain a constant longitudinal stick
position.

3. The algorithms that drive the BAE Systems VGS flare command
display, whilst using a different method, command a target flare
manoeuvre not dissimilar to the vertical velocity peobf the
Type 1 flare. The question has been already asked as to whether
displays would look as they do using motion perception as a basis.
This result suggests that the displays may look different but the

algorithms behind them may not be.
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However, athe initial design stage, there was no reason to favour either a
direct or an indirect method tfbased flare command data. The initial
testing therefore proceeded using both methods for the flare MTE. Section
3.5provides a detailed description of the implementation of both types of
flare command concept display. kmsmary:

1 The direct display was implemented as a simple scale showing the

commanded and actual valuet§f .

1 The indirect display showed actual flight path angle being flown.
The command display symbol showed the desired flight path

ande for a given value ofiiger2

4.5.4Flare Command Display Design Parameter Shakedown

4.5.4.1 Direct Tau Information Concept

4.5.4.1.1 Performance Rdtu

The full set of direct flare concept display results are summarised, to

illustrate the major findings, iRig. 413( @0 i s denoted 0C60

T=4.0s C6=0.65 C6=0.75 T=3.55
0 — 0 : 0
e 7 b » c
E_1 . @ 1 : > @_1 P
- d
g 2 S g 2 /,’ : g I ] TR A
[ : : — L [
_5)_3 ¥ | ——CB=04 _%) 34.,/... / 'S) 3 ,',/
B ——C6=06| T / r T |-
T 4. CB=0.7 I 4y ——T=3.0s I ALA —— /2
C6=0.8 : ——T=40s ——V7
5 -5 ; -5
-4 -2 1] -4 -2 0 -4 -2 0
Time to go (s) Time to go (s) Time to go (s)

Fig. 4-13. Summary illustrations of flare heightt trajectories using the direct
display concept: (@) manoeuvre duration, T=4.0s varyind?y, ; (b) ¥y, =0.65,

varying T and (c) pilotés preferi

visibilities

figure and OTO tinatdhichthetflaesommémeis val ue of
initiated rather than total manoeuvre duration of Equa(i@i®} to (2-11)).
This shows a number of flare trajectories inttftomain for the flare test
points flown. The dashed line st target value ofiger2and the colour of

this line indicates which actual trajectory it should be compared with.
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Fig. 413(a) shows that for a fixed flare initiation time (T), the trajectories

defined by thedwer values offaret2 coOuld not be achieved. As the value

of craret2 @pproach 0.7, the actual trajectory flown matches the command

trajectory more closelyrig. 413(b) simply indicates that the logic that

defined the initiation of the flare command was working in the correct

sense and at the appropriate time. Fin&lig, 413(c) shows the

trajectories flown with final design parameter values recommended by the

pilot for this display concept in differing visibilities. Both show close

adherence of the actual trajectory to the commanded value.

Fig. 414 further summarises the data by showing the vertical touchdown

velocities achieved against the commanded value of paramgferusing

1.2

0.8 o0 T

Commanded Constant Taudot-h (nd)
>
i B : 1
: o O%
: &%
: L P .
- Bs
i 7 : : 1
H /! o
: / H
i F i
: ¥ :
/!
Vi
/
i

025 10 5 0
Touchdown Velocity (ft/s)
Fig. 4-14. Touchdown vertical velocity for
flares performed using the directt -based flare
command display
t he

of curve

t hat i s

the direct flare display concept.
Fig. 414 also shows the averaged
bestfit line of the observed
simulated and flightest data of
Eqgs.(4-2) and(4-3). It can be

seen that for values of.e12>0.5,
the touchdown velocities achieved
using the display concept
approximately follow the slope of
the trend line. However, the
majority of the data lie on the side
optimistic i

velocity thanis achieved by using the display. In this sense, it might be

said that the display concept ungerforms the manual landings

performed by pilots flying visually.

4.5.4.1.2 Pilot Comments

Pilot P1 commented that the display, as implemented, required an

unnatural amount of piloting precision. This comment really applied to the
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approach phase of the flare test points where the pilot was being asked to

follow a #, =1.0 command. Small longitudinal control inputs would

cause alargemovementf t he od6actual 6 symbol maki ni
inputs necessary to arrive at the runway in the approximate touchdown

zone. Ultimately, this comment may be attributable to the stick dynamics

of the simulation facility. The control inceptor is a cevstick (as

opposed to a control yoke) arrangement. The stiffness and damping of the

stick movement is controlled by electric motors and only one static value

for each can be set. Approximately representative values used for the

GLTA model were ascertad empirically by pilot P1. However, the

control arrangement is a compromise solution for a simulator that can be
re-configured to represent a wide range ofvaihicles. The fidelity of the

control oO0feel & cannot beajettranspoted t o be
As such, this aspect would make an interesting topic for further research.

That is, what stick dynamics would be required to make the dugased

display concept more acceptable?

As for the flare itself, the pilot noted that low valuesake (0.3, 0.4)

caused bounces along the runway due to reasonably high touchdown

velocities. This is not particularly evident in the results presersdioe

initial touchdown that caused the boun
= 06 point. I n reality, pilot P1 note
instances would have resulted in aagound.

In forming a judgement as to the preferred desayameters, P1

commented that he was trying to balance flight performance with the
comfort of flying the flare manoeuvre. Initiating the flare at T=3.0s felt too
close to the ground to the pilot and at T=4.0s as too far away. As the value
of ciareT2Wasincreased, an optimal deceleration command point was

reached. Once beyond this point, the pilot commented that the pitch up
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command came too late. The final pitweferred design values, therefore,

were established agtaret2=0.75 and T=3.5s

A numkber of further comments were made by pilot P1 regarding what

mi ght be described as the o6l ook and fe

1. A clear indication of when touchdown occurs is required as the
pilot needs to know when to detate (this is also true of the

indirect flare display).

2. The display is slightly misleading in one respect. The pifch
motion is indicated by the command symbol moving from one rest
position to another. This gives the impression to the pilot that s/he
should commence a pull back or thtick and then stop. What is
actually required to maintain the actual symbol over the command
symbol is to pull back on the stick and continue that movement

until touchdown.

4.5.4.2 Indirect Tau Information Concept

4.5.4.2.1 Performance Results

The full set ofindirect flare concept display are summariseBiq 415to
illustrate the major findingsFig. 415 shows a number of flare trajectories

in thet-domain forthe flaret st  p o i nake®d fil so wihe n(odtced 0 C6 0

the figure).
T=3.5s C6=0.75 C6=0.75 T=3.5s
0 T 0 T 0
: b. c
E’: -1 r g @ -1 @ -1
= B =2 T . sl I =2 P B U
g2 g2 g2
5.3 ——CB6=03 _51_3 1 AR .&_3 £, :
T | ——C6=05 | © : T ——V2
T -4y ——ce=075| T4l “reans| LAl v
: C6=09 : ——T= —_—
5 H 5 : T=4.0s 5 ‘ Vi
-4 -2 0 -4 -2 0 -4 -2 0]
Time to go (s) Time to go (s) Time to go (s)

Fig. 4-15. Summary of flare ton trajectories using theindirect display concept:(a) T=3.5
varying #y ; (b) ¥5,=0.75, varying T a mal combinatiop af theotwood
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As with the direct display conceffiig. 415(a) is intended to show that the
pilot was unable to achieve trajectories consist with that commanded for
the lower values ofsgret2. Indeed, for the example shown withag=0.3,

the commanded flare actually induces a ballooned landing. However, with
craret2>=0.5, the actual trajectory flown closely follows the theoretical

command trajectory.

Fig. 415(b) shows that the flare initiation logic also worked as intended
for the indirect displayFig. 415(c) shows that the pilgireferred design
parameters resulted in coreist trajectories being flown in three different
visual conditions that were almost exactly as that commanded.

Fig. 416 shows the vertical touchdown velocities achieved against the

commanded value of parameteg42 using the indirect display concept.

12 , , Fig. 416 also shows the averaged
2 V7-Red  x T-38 bestfit line of the observed
3 1""\\\ sz(.sreen' 4T Simulated and flightest data of
E“-S'“ o __f_\f*_\_\_ el EgQs.(4-2) and(4-3). It can be
§ \t‘f\i ' seen that for values of
éo's_ ; 7 \::\- CriareT2>=0.5, the touchdown
g 04 : {  velocities acheved using the
S y ’ display concept approximately

0% | i
-15 -10 -5 0 1
Touchdown Velocity (ft/s) follow the slope of the trend line.

Fig. 4-16. Touchdown vertical velocity for flares A majority of the data
performed using the indirectt-based flare

command display (Crare2>0.6) lie on the side of the
curve that is pessimistic i.e. the
velocity than is achieved by using theplgs/. In this sense, it might be
said that the display concept operforms the manual landings performed

by pilots flying visually.
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4.5.4.2.2 Pilot Comments

The search for design variables for the indirect flare display concept was
guided by the resultsf the direct display concept design parameters. The
value of @aret2Was varied around the direct design parameter of 0.75. At
lower and higher values of&12(0.3, 0.8, 0.9), the pilot felt that the
touchdown point was not predictable and thatdwdd not comfortably

track the command symbol. For intermediate points{s=0.5, 0.6),

bounces tended to be induced. As such, the same design parameters were
set for the indirect display concept iogret2=0.75 and T=3.5s

On the whole, the pt felt that this display concept was less easy to fly

than the direct concept. This was primarily due to:

1. alack of indication as to when the flare would commence (there

was no such indication on the direct display either) and

2. the display symbology wasds well damped than the direct
concept symbols.

However, in a contradictory statement, pilot P1 also commented that he

perceived the workload involved in using this display to be lower.

4.5.5Final Flare Command Display Selection

The second reason for faming this experiment was to enable a decision
to be made as to which of the two flare display concepts should go forward
into the final design for testing

agai

Based upon pilot P106s layooncemwould al one,

have been selected. However, a number of factors led to the decision to

use the indirect displa for the final design

1. The flare display would ultimately have to be integrated into
commanding the flare following an approach using theé-lea
predictor concept. Assuming that the approach was stabilised, then

the lead aircraft would already be indicating the required flight path
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angle. It was therefore considered that the blend between the lead
predictor concept and indirect flight path coamd concepts would

be more easily constructed than with the alternative.

2. If it were considered that the dashed lin€iof. 414 andFig. 416
were some KkKkimidded tOhatwbgoverdmged t he
velocity at touchdown when usingbased flare displays, then the
maj ority of indirect results all fa
(Fig. 416) i.e. touchdown velocities will be lower than anticipated
whereas the opposite is true for the dicmmmand display
concept Fig. 414).

3. Flight path vectors are a standard symbol on existing HUD and
HDD and as such, integration of the indirect display concept

control strategy would be less onerous than foditext concept.

4.6 Display Trajectory Performance Comparison

This Section presents the summarised trajectory performance results
obtained for the flare MTE test points. Averaged pilot ratings for each
MTE are also presented. For all figures in this Sechilatk lines

represent result data for pilBiL andred lines represent result data for pilot
P2

a. Visibility Condition V1 b. Visibility Condition V2A/7
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Fig. 4-17. Aircraft cg height AGL at runway threshold
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The idealised trajectory placed the aircraft cg at an altitude abovedgroun
of 50ft as the aircraft crossed the runway threshbid. 417 shows the
mean aircraft cg altitude during the flare MTE at the runway threshold
achieved by each pilot per display in both good and degraded visua
conditions. On average, the PFD display format delivered the aircraft to
the threshold high and the HITS display low. Both have a wide variation
of threshold heights. With the VGS, LEAD and LEAD?, the pilot flies the
aircraft more or less at the tatgdtitude over the threshold (if anything, a
small distance low). The variation in height above the threshold is much
reduced compared to the PFD and HITS and is most tightly constrained
when the LEAD and LEAD* formats are used.

The planned threshold speed for the approach is 140 Krigts4-18

shows the mean aircraft IAS during the flare MTE at the runway threshold

a. Visibility Condition V1 b. Visibility Condition WV2A\/7
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Fig. 4-18. Mean IAS at runway threshold

achieved by each pilot pdisplay in both good and degraded visual
conditions. In general, 140 knots is achieved at the threshold except when
the LEAD concept is in use in visual conditions V2/V7. Both LEAD
concepts exhibit the widest variations of threshold IAS with the HITS and

VGS formats giving the least variation.
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Fig. 4-19. Mean easterly coordinate at runway threshold

In an ideal situation, the aircraft ground track should be on the runway
centreline at the threshold (on the runway headirfgy. 419 shows the
mean aircraft easterly (6yd6) database
by each pilot per display in both good and degraded visual conditions
(runway centrdine database-goordinate=157040ft)In general, all but

the PFD display format result in desirable lateral positions in both good
and degraded visual conditions. In degraded conditions, the PFD
occasionally results in a lateral position at 50ft AGL outside of even the
adequate performaa®bjectives (pilot P1). There is little to choose
between the LEAD, LEAD* and HITS concepts in a GVE, but the LEAD
and LEAD* displays show a small advantage, in terms of consistency of

threshold lateral position in a DVE.



Touchdown Velocity (ft/s)

The previous three flare analyses relate to the flare start conditions and as

such, do not provide a measure of the performance of the flare command

a. Visibility Condition /1 b. Visibility Condition VV2A/7
0 0
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Fig. 4-20. Touchdown vertical velocity for flare MTE
algorithms in use. To achieve thisg. 4-20illustrates the mean aircraft
vertical velocity at touchdown i.e. at the end of the flare MTE achieved by
each pilot per display in both good and degraded visual conditions. In
general, the touchdown velocities achievedagraded visual conditions
are worse (greater in magnitude) than those achieved in good visual
conditions. Additionally, on average, pilot P2 consistently makes heavier
landings than pilot P1. Flares conducted using the PFD format provide the
most inconistent touchdown velocities whilst the LEAD (pilot P1) and
VGS (pilot P2) produce the most consistent values of the same. Only the
VGS and LEAD* displays result in desirable average touchdown velocities
in visual condition V1 (pilot P1) and the best tbah be achieved in
degraded visual conditions is adequate performance by the LEAD* and
HITS concepts (pilot P1).
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Fig. 421illustratesh e mean aircraft easterly
touchdown at the end of the flare MTE achieved by each pilot per display
in both good and degraded visual conditions. Note that the performance
criteria are more relaxed thankig. 419. The pilots expressed the

opinion that in the worst case, touching down anywhere on the runway
surface is acceptable. In general, there is little to choose between any of
the display formats in good visual conditions. A&ult in touchdown

lateral positions within desirable limits. For degraded visual conditions,
the PFD format, once again, results in a variability outside of even
adequate performance criteria. For the remaining display formats, there is
little to choosébetween either overall positional accuracy or variability of
touchdown lateral position. If anything, the HITS format shows the most
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.Fiq. 4-21. Mean geasterlv coprqlin_a.te at touch_d.own _
accurate and consistent results in both visibility conditions. This results of

this analysis is academic as the LEAD aioh\D* display formats
actually used the same lateral guidance algorithm as the VGS so it is
perhaps no surprise that the results are similar. It has been included
primarily to show that using thebased algorithms for the vertical

guidance did not upset the lateral positioning of the aircraft at touchdown.

Fig. 422 shows the mean northerly runway coordinate achieved at
touchdown at the end of each flar@ K per pilot per display used. This
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gives an indication as to the distance along the runway at which touchdown
occurred. The mean actual touchdown position does not vary very much
(~500ft) for all conditions and displays. Pilot P1 achieves the least
varnation in touchdown position along the runway using the LEAD* format
in visibility condition V1, followed by the VGS format. Pilot P2 achieves
an equally small variation in longitudinal runway touchdown position in
visual condition V1 for the LEAD* and V&displays. In visual condition
V27, pilot P1 appears to have performed the most consistently using the
PFD display. This is interpreted as simply that he was unable to see the
runway on this condition and flew into it at the same spot every time.
Similarly, pilot P2 appears to touch down in a consistent manner using the
LEAD concept. Again, the result 6fg. 420 suggest that not much of a

flare was performed in these cases so the pilot simply flew intoitineay

at the approximate same location. Otherwise, both pilots perform equally
well with the VGS and LEAD* display formats in visibility condition

V2/\V7T.

x10® @ Visibility Condition V1 x10° b- Visibility Condition V2A/7

1.72 1.72
€ €
c c
92 2
2 4715t 21715
o o
w } ®
c c
: | I
5 1.7 5 1.71 {’
[=4 c a
[] [=]
— —
£ =
S 1.705¢ S 1.705
T . T .
£ £
o [=)
3 3
[s] (=]
[ [

1.7 1.7

PFD WVGS LEADLEAD® HITS PFD VGS LEADLEAD* HITS
Display Used Display Used

Fig. 4-22. Mean northerly coordinate at touchdown
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4.7 Flare MTE Pilot Ratings

Fig. 423 shows the average ratings for all of the flare MTEs givendbly
pilots in the differing visibility conditions for each display format. No
ratings are provided for the LEAD* format as these flare data were

a. Display Controllability b. Bedford Workload
PFD -=-=-P2V1 PFD
10 4 - = = P2V2N7 104
I — P1V1 Y\
— P1V2/V7 AW

N
S

-

=

HITs L&k

e HITS <

TN

S ves

LEAD

LEAD
Fig. 4-23. Pilot ratings per display for the flare MTE: (a) Display controllability
and (b) Bedford workload

collected from the Full and Curved Approach MTEs. The flares for these
test points were not rated sepamatdh terms of analysis, this is acceptable
since the flare is a short manoeuvre and speed can be considered constant
throughout it so the absence of speed information is not critical. The only
difference will lie in the initial conditions at the staftle flare whereby

the IAS at the threshold might not be as consistent as with the LEAD*
concept (se€ig. 418). Of course, any display would ultimately have to

cope with whatever initial conditions were throaint by a line pilot so it

is proposed that the ratings given for the LEAD display can be considered
valid for the LEAD* as well.

Fig. 423 shows that the clear favourite for the flare in terms of both
controllablity and workload was the VGS. The high ratings for the PFD
and HITS concepts in degraded visual conditions were awarded because
both pilots felt that a safe flare was not achievable in the visual conditions
presented (pilot P1 initiated goounds for 3FD test points). The LEAD
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concept is generally rated somewhere in between these two extremes. The

key comments that led to the LEAD concept being rated as it was are:

1. Low damping/command reversal makes the LEAD symbol a

moderate workload format to follosuccessfully.

2. The display was not initially intuitive and the pilots had to think
about which symbol to follow. This was exacerbated by difficulties

telling the two display symbols apart when they are overlaid.

The key additional comments arising frane flare MTE for the VGS

display concept were:
1. Initial attempts at flare not as easy as hoped it might be.

2. O0ne or two occasions where the wron
pilot being guided by the wrong symbol. The flare cue symbol
automatically aligningtself with the guidance cue on one or two

occasions.

3. Both pilots would have preferred the runway outline to have
remained in place as a flare cue and found that its disappearance at

100ft slightly disconcerting/disruptive.

4. Only small pitch changes requiréo control flight path. The
guidance provides a continuous movement e$tdk but with a

variable rate.

The key additional comments arising from the flare MTE for the HITS

display concept were:

1. The guidance provided was insufficient. If the pilatdd too high,
the tunnel frames disappeared from view before touchdown
occurred. In visual condition V2, this was very uncomfortable for

the pilots.
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2. The HITS concept, or at least the tunnel frames, as tested are not
suitable for use as a flare guide lasyt do not provide cues to allow

the manoeuvre to be accomplished consistently and predictably.

3. With good visual conditions, the flight path vector by itself is a
useful aid. The two other pieces of information required in the
headup field of view are aspeed and radar altitude above ground
(although both pilots also stated that so long as speed was stable
and at a sufficient value at the start of the flare, any change in IAS
was not really an issue thereafter). Pilot P2 commented that he
finds the taling radar altimeter in the Boeing 737 helpful during
the flare manoeuvre. As an aside, it may be that the silence
bet ween height annunciations provid
pilot can use as a tedhased motion controller. This would be an

interestingresearch topic for the future.

The key additional comments arising from the flare MTE for the PFD

display concept were:

1. Inthe degraded visibility conditions used for the testing, in the real

world, any form of landing would not be possible.

2. The ratingseally relate to a visual landing since the PFD display
itself provides no flare guidance.

3. Lateral characteristics of the aircraft model drove the workload
ratings higher than might be given in a more stable aircraft as
maintaining runway centfne down o touchdown required

significant attention to lateral stick inputs.

If the pilot controls the lateral axis of the aircraft model correctly, the only
other task is to set the correct power to achieve the desired 140 knots at

flare initiation.
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4.8 Pilot Control Strategy

4.8.1Pilot Control Strategy Background

The primary aim of the research was to produce guidelines for the
development of future pilot vision aids. However, for the flare manoeuvre,
it was noted that the trajectory (aircraft height) can be defined@gfiect

to time with reference to only its total duration and the valug,of

selected by the pilot. At the same time, using the gfeibd linearised
aircraft equations of motion, it is possible to derive an expression for
aircrat elevator angle that includes derivatives of the flare trajectory. This

is derived as follows.

The control of the height and vertical velocity of an aircraft is generally
exercised using the phugoid mode of th
[123]. The phugoid mode of an aircraft i
frequency mode, the implication being that it edfolittle or no shorterm

control over height. There are instances when the pilot of an aircraft will

want to exercise tight, rapid control over the height of an aircraft, the flare

manoeuvre being an obvious example. An alternative, therefore, is to

consider that during the flare manoeuvre, it is the short period dynamics of

the aircraft that are important. The short period mode is almost exclusively

an oscillation in which the principle
i nci denab, a ntdhemmajrsngd@amost constdhR0]. This

description seems to fitahof the flare manoeuvre. The analysis can

therefore now proceed on the basis of the short period dynamics equations.

Fig. 424 shows the quantities of interest for the approach case.

174



Fig. 4-24. Variable definition for derivation of pilot control input for constant rate of change
of height tau

U and W are the aircraft body axis velocities, made up of trimmed and
perturbation components (e.g. Uskku). W is the total forward flight
speed of the aircraft. The arrows show the positive directions for each
value. From Ref120] we have the equations of motion that are relevant

to the dynamics of the aircraft short period:

g _ eZ Z, zeWﬂ ezh (4-9)
eﬁtu em mqueQU gm

For the analysis, the primary variable of interest is the inertial i.e.
refererced to Earth axes vertical velocitye®hd specifically its
perturbation from trim value, sfwhere W=WetimtWe). For small pitch

anglesg, it can be said that:

W, ° W~ Vg (4-10
Assumingz, to be negligibly small fte first two equations of E4-9)
can then be furtheeducel to:
W =2z,w+Vq (4-11)

&: me+mqq+mhh (4_12)
Differentiating Eq.(4-10) w.r.t time and substituting the result into 4.
11) yields:

W, - z,(w,+V,0) =0 (4-13)
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Substituting Eq(4-10) into Eq.(4-12) gives:

&- m, (w,+V,0) - mg=myh (4-14)
It is now necessary to eliminate q aidrom Eq.(4-14) and this can be

achieved by rearranging E@-13) for g and differentiating the result to

give:
— \#e - Z,W,
v .
_ #e B Zw\#e
q= v, (4-16)
— ##e B Zw#e
= v, (4-17)

Substituting Eq94-15), (4-16) and(4-17) into Eq.(4-14) and rearranging
yields:
##e - (Zw + mq)#e + (quw - mWVO)\#e = thwVOh (4'18)

Eq.(4-18) provides an expression that relates elevator input angle to the
derivatives of the (eartteferenced) vertical speed of thecedrft, we. An
analytical solution is available for this equation because expressions are
already available or can be derived for the derivatives dfwe assume a

control strategy off,, =c. For the flare manoeuvre, in Eq-1p x=Dh

SO:

(4-19)

Eq. (4-19) can be further differentiated to give:
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an—aae—gt ¢ (4-20)

é. 1- 4
a&h, @l- c@l- 2c@l- 3cq
o el TG (4-21)

One final steps to normalise Eq4-18) by the final elevator angle for the

touchdownhs such that:

h
h=— -
h, (4-22)
Inserting Eq(4-22) into Eq.(4-18) gives:
:;(ﬁ#-(z +m )W, +(mz, - m VO)\#) (4-23)
hfthWVO e w q e q-w w e

The w derivatives can be calculated from E@s19), (4-20) and(4-21).
Vo andhs are known from the flight data anth, zy, mqand m, can all be

obtained from a linearised version of the

Parameter Value
GLTA FLIGHTLAB simulation model. Mh 0.00453
Z -0.787
Table 41 provides the values of the mV; 1110
linearised coefficients for the GLTA in the  Mw -0.0153
] o Table 4-1. Linearised derivatives
final approach condition (Dkts, FLAPS for GLTA simulation model

50, gear down). The derivatives values used for the analysis of Section
4.8.3are as per the output of FLIGHTLAB linearisation routines i.e. they
are t hheoronsad mis ed d e[29] amdaate equicakeritothd Re f .
6concise der[i20lati vesd of Ref.

By combining the trajectory definition with the pilot elevator command, it
was considered that thebased flare model might also provide the starting
point for a pilot model of the flare. This idea has not been investigated
during the course of this work.



4.8.2Pilot Control Strategy Theory
Before presenting the results achieve with the test pilotsyitrith first re
considering the theoretical background presented in S&dah5 This

shows that if a pure constafft, strategy is selected, then the resultant

residual (touchdown) velocity should beaeIn practice, this is very

rarely the case. The theory is then developed further to include a limiting
acceleration (be that obsensalected or vehicle limited). When such a
limit is imposed towards the end of the manoeuvre, it is shown that non

zero residual velocities are achieved.

Fig. 425 shows the theoretical values for normalised elevator input for
varying valuesoff, (denoted 6c6 in the figure).

the normalisation process, all but c=1.0 curves end at 1.0. Two special
cases exist for c=0.5 and ¢=1.0. For the latter case, a constant velocity of
approach to thtarget surface results. For the flare, this means that the
aircraft is flown into the ground at the trimmed approach condition. No
elevator input is made and this is showrhas 0.0. For the case of ¢=0.5,
the surface is reached witkro residual velocity. In this case, the initial
(step) input is just sufficient to bring the vertical descent rate to zero if it is

maintained to touchdown. For the

remaining cases 2

from 0.5 to 1.0, a step elevator

input of decreasing magude is 15
made, followed by an increasing 2
_ 5 1
input commenced at an =

[F)
increasingly late stage of the 05
manoeuvre. What is not shown,
for reasons of figure clarity, is tha 0 :

-1 -0.8 -_0.6 -0.4 -0.2 0
for the | arger Time to go (s)
. Fig. 4-25. Theoretical normalised pilot elevator

selected, the larger is the angle for flare MTE

maximum required elevator inpabmpared to the elevator command at
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touchdown (which is also reached at an increasingly late point during the

motion).

4.8.3 Pilot Control Strategy Analysis Results
In order to be able to compare theoretical and actual normalised pilot
elevator commands, a nunnlzeé data items had to be established for each

manoeuvre:

1. Thevalueoft,, 6cd6, wused. Only those fIl al

constantt, behaviour were selected for analysis.

2. The nominal 061 i electedibyitie piltc cel er ati ono

3. The linearised aerodynamic and control derivatives for the aircraft

model for the flare manoeuvre. These are providdaiie 41.

4. The moment of flare initiation. This is required since(£33)
provides the additional input required over and above the trimmed

approach value.

Fig. 426 shows a small number of representative results from unguided
flares i.e. flare conducted V1 conditions with aircraft under manual

control conducted by pilot P1 using the information detailed above.
Normalised elevator input is plotted against (normalised) time for both
theory and pilot. It can be seen that the theoretical input cagiteres
general character of the pilotds input
limited degree over the early portion of the manoeuvre which rises to a
peak value prior to a reduced value at touchdown. However, the detail of
the pilot input is not particatly well matched with the theory. In general,
the pilot input overshoots the theoretical curve during the initial ramp up to
the peak input value. The theoretical elevator response then consistently
overpredicts the peak actual value. What is notuwagktis that the pilot
elevator input is not one smooth pull back on the stick, but a small number

of pulsed (stick moved fore and aft) inputs to the peak value. Again, it
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may be that the simulation facility stick dynamics have their part to play in

thisresult but no data has been collected to support this claim as yet.

2 2
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Fig. 4-26. Comparison of theoretical and actual normalised pilot elevator input for flare
manoeuvre

4.9 Discussion of Results
The results of the analyses of thedlMTE have been presented in the
preceding Sections. These present a number of interesting issues and

opportunities which deserve further discussion.

4.9.1 Trajectory Definition

The results of the basicanalysis of the flight test data from REf22]

show two different strategies for the flare in what might be calledthe
6domai nb. These provide a new means
can be defined. Furthermore, usingtttoeirves, it is possiblto say, at a
glance, the character of the trajectory followed in terms of the motion gap
closure variable. The Type 2 flare trajectory definition has already been
defined in Eqs(2-25)-(2-31). Therejt is shown that the motion gap
changes as a function of a power law. For the Type 1 flare, it can be
further shown that during the constany, portion of the manoeuvre, the
motion gap follows an exponential change (and hence sdfumeslocity

and acceleration of that variable). The proof of this is stréayhtard.

For the closumbDed, fwiad dmbo:ti on gap, 6

Dx (4-24)
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whebxed 6i s current #gsaheinstantanbors ratdobsed and
closure of that gap. Rearranging E§24) and writing in longhand form

yields:

= ax=0 4-2
at (4-25)

The general solution to the first order differential eiqueadf (4-25) is:

t

Dx = Aea (4-26)
where O0A6 is the integration constant
the pilot initiates the constahiphase of the flare manoeuvre. It is evident
from Eq.(4-26) that the motion gap closure whitsis held constant is
exponential in nature. This would result, theoretically at least, in a flare
manoeuvre that never resulteccontact with the ground. Alternatively, in
order to make contact with the ground
6aiming pointd would have to be somewh
Whilst it is not claimed that this observation has any major new
applications, it does allow the character of the flare (or any other motion
that follows similar trajectories) to be decomposed and described in a

meaningful manner.

4.9.2 Type 1vs Type 2 Flare Strategy

It is interesting to note that for both the flight testl simulated flight test

flare summary touchdown velocity results, for all but one case of each

type, the Type 1 flare always result in touchdowns with vertical descent

rate below the nominal O&éacceptabled va
range of#,, values used over the final portion of the manoeuvre. By the

very definition of the groupings there
feature almost exclusively ifig. 48(a). Sectiort.5.30utlines the

primary reasons for selecting the Type 2 flare as a basis for a display

control law. In addition to these, however, the Type 2 flare lends an air of
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predictability to the display control algorithms in that the reteship

between touchdown velocity arfl, selected can be approximated by a

straight line in the first instance. The Type 1 flare touchdown velocity and
t,, relationships is indicative of the inherent flexibilitychadaptability of

pilots to given situations. In order to start to develop guidelines for display

design, it is necessary to take complex issues/problems and distil them

down into a more manageable form. The Type 2 flare results lend

themselves to suchprocess, whereas the Type 1 results do not. That is

not say that the Type 1 results should be disregarded completely (Section

10.2.1 recommends that the Type 1 flare be investigated further). As a first

pass, however, t he ofRgpd8andFigt49ar e Ol i nea

appeared to present a greater opportunity for success in this regard.

An alternative way to consider the result$-af. 48 andFig. 49. Is via

the concept of-guides. The best fit lines cross te = 0.5 boundary at
a touchdown velocity of Oft/s and tig, =1.0 at 15ft/s (approximately).

The former case represents a Operfecté
rate reaches e just as the main gear contact the runway surface. It is

equivalent to the pilot following (i.e. coupling onto) a constant deceleration

t-guide with the coupling constant set to unity. The latter case is the

ul ti mate O6i mper f e ctrikes the ausvay swfaceate t he ai
the approach descent rate (for the simulation flares, the approaches were

conducted at 140 knots on a 3diide slope. This equates to a vertical

descent rate of 14.4ft/s. It is assumed that the actual flight tests @osditi

were similar). It equates to the pilot coupling onto a constant vetacity

guide with the coupling constant set to unity. It is evident from the results

that the o6coupling const an-bebweenel ect ed
these extremes. Thight test results give an indication that a small

maj ority of pilots use a guidance stra
solution. This is also evident, but to a lesser degree in the simulation data.
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As sucht-guidance can also be used as a madédéscribe pilot guidance
strategies during the flare. This complements the previously reported

research in Ref16].

4.9.3 Tau of Height as a Visual Perception Variable in GVE and DVE
The constant, hypothesis and the results presented to support it provide

a deceptively simple potential solution to how pilots judge their descent to

the runway surface during the fl are.
present this as the o6final solutioné t
manoeuvre. Rather, it is ordypart of the complete picture. The end

result might well be simple, but the explanation of how this is achieved

(beyond the scope of this thesis) is unlikely to be so. The evidence for this

comes from two sources.

Firstly, t on relationships did not break down on every degraded visual
landing. Even in some extremely degraded conditions, the pilot was able
to carry out an acceptable touchdown, albeit extremely uncomfortably.
One example of this was an approach carried out imisual conditions.

The pilots commented that their ability to carry out a flare was dependent
upon whether a runway cemliee was visible just prior to touchdown. If

it was not, then the colour of the runway merged with the fog colour. No
flare was carried out and a hard landing resulted. If a white line did
become visible, however momentarily, this sometimes proved sufficient to
information to flare to some degree. This is perhaps again testament to the
adaptability of the test pilots used bigaato the information content

available even in extremely poor visual conditions.

The second source of evidence comes from thdragking analysis of
Sectiond.4. Here, pilots P1 and P3 are asked to carry out identical task
For them to be able to do this using, Dh, or its corollary, must be

visually available. The results from pilot P1 offer one solution to how this
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is possible and ties in with instructions issued to student pilots during the
flare. Pilots are encouraged to shift their gaze from theemebof the

runway during the approach to the far end of the runway (or horizon)

during the flare. In doing so, motion due to the ags@itch of the

aircraft is minimised and the runway end/horizon provides a point that does
not move against which to judgaircraft motion. Pilot P1 appears to use a
point a short distance ahead of the aircraft as a datum againstwhich

might be obtained by comparison with the horizon (see Setdoh.2on
perception ot). Itis possible to offer an explanation of the degradation of
performance during the flare manoeuvre with degraded visual conditions
because the O6horizondé moves increasing
motion of this point due to aircraft pitch increases when compared to a
more distant point and so th& information available by comparing with

the position ahead of the aircrafticomes less reliable. Unfortunately,

pilot P3 uses a different technique and maintains gaze on the horizon
during the flare. Despite this, pilot P3 makes successful landings with both
Type 1 and Type 2 characteristics. Discussions revealed thailot
maintained gaze on the horizon but used peripheral vision to detect descent
to the runway. In this way, some poin
line of sight are being used to judge the descent to the runway surface. Of
course, degrading thesibility means that the peripheral cues are also
degraded and this, it is proposed, leads to the lasmfdrmation in this

case. This difference of technique lends evidence to the suggestion that
visual perception systems have evolved to be robiuistnot sufficient in

terms of survival to rely on a single method of motion perception and so it
should be no surprise that different techniques exist to judge observer
motion. Of course, the foregoing argument does not rule out the possibility
that plots P1 and P3 are not both using, just different means of

detecting it (the explanation of Sectid.1.2can be used equally well for

points in the visual field not directly ahead of the observer).
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There is an alternative explanation for the gaze position behaviour of pilot
P1 and that is offered in R¢L5]. Here, it is posited that the pilot of an
aircraft (oran animal in flight) will land by coupling theof two distant

pointsi one some distance from the observer and one nearer to the
observer. It was not possible to test this hypothesis from the results taken
for this work but suggests an intriguing pbsgy for future

experimentation. This situation and the coupling required is shokig.in
4-27.

T DL: KT Dy DL

Fig. 4-27. Example of possile t-coupling strategy used to land an aircraft

4.9.4 Tau of Pitch Angle as a Visual Perception Variable

Thet g results have largely been ignored during the resdmaybnd the

basict analysis. This is because only small regions of coherence do exist,

but not nearly to the same extent as forldhenotion gap variable. For

this reason, the variable was discarded as being useful for the initial pass at

display desig but it does raise a more interesting general question. The

question that it raises relates to hiomight be used for dynamic pursuit

manoeuvring and how this might then be used either in aircraft display or

control systems. For the results presentded. 47, it is clear that the

pilot has a number of attempts at obtaining the correct pitch angle
(described as 6huntingd in Section 4.2
crossingso6 for t(&1,togpmust tbemefore hecane From E
infinite. Yet it is clear fronfig. 47(c) that despite this, coherent constant

t,, continuously reemerge for short periods. It is as if the motion gap
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bei ngetbd ein some way once the target v
would be useful for pursutyype command displays and should be further

investigated as a continuation of this work.

One further point to note from the results presentédgn4-7 is that there
appears to be a2Hz oscillation in the pitch attitude. Inspection of the

pilot control activity also showed this oscillation to be present and in phase
with the pitch oscillations. No pilot comments wegearded indicating

that this was an issue that needed to be corrected. A brief analysis of
using later trial data showed the oscillation to be less noticeable but the
reduced coherence to still be an issue. As such, the decision to not
continue thenvestigation using this parameter and the recommendation to
use it as a basis for future studies still stand.

4.9.5 Display Selection Process and Initial Testing

Having made the decision to use a Type 2 flare as a basis for the flare

command algorithms, itwagnc essary to decide bet ween
6indirecté methods of presenting comma
values of the parameters to use in the command algorithm. S&é&ién

reports on this process. There aneumber of other issues worth reporting

that were observed during this selection process.
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The first of these relates to the temporary solution used to guide the pilot

down to the runway for the direct display concept in order that the flare
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Fig. 4-28. lllustration of different approach trajectories flown using directt command
display concept (a) inertial trajectory and (b) commanded #y, against actual

algorithms could be tested. To allow the pilot to getmto within 3.5
seconds of contact with the runway surface, Béf. suggests that the

display concept should command an initial appragh=1.0. In theory,

given identical start conditions, this should result in a constant approach
path. This was found not to be the caBigy. 428 shows a number of the
approaches made by Pilot P1 using the direct command display. It can be
seen that despite nominally identical start conditions, perhaps due to small
differences in trim or initial pilbinput when released from trim, or even

not following the commande#,, value (the black dashed line) accurately,
large differences in flighpath trajectory result (by as much as 4000ft at
threshold height between examples 1 and 3o This highlights two
issues. The first is that using a simplg =1.0 algorithm to drive an
approach display is unlikely to prove fruitful (when factors such as gusts
and turbulence are included, for example). The second is teancat be
exercised in the use offor trajectory control where the values are not
supposed to be changing. By its very definition, there are many (parallel)
paths that can be followed whete= 1.0 for a given, fixed, gap closure

rate. Moreover, if the gap closure rate varies, there is still a solution for the
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instantaneous gap closure value that will meetthe=1.0 criteria.Fig.
4-29 shows this latter scenario. The final st flare command display
was not susceptible to this errortag , 1.0 and sdbh and its respective
rate of change were supposed to be changing. This issue adds further

weight to the decision not to use a Type 1 flare as the command algorithm

as the very final portion of the flare would be prone to the unpredictability

described.
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Fig. 4-29. lllustration of multiple trajectories that satisfy # =1.0
The second, related issue is one that was encountered during display

development. In the same way that many trajectories satisfy the

relatiorship #,, =1.0, there are two trajectories that fulfill the
t,, = Cy..1. relationship, even ifigret2does not equal 1.0. This arises

from the definition ot in Eq.(2-1). For the flare manoeuvre, Rk and

Dh is measured as positive from the target surface. An approach to the
surface means that the rate of changehois negative and the opposite is
true for motion away from theigace.t m is then positive or negative
respectively. However, the rate of changemebf can be the same in both
cases. ltis this parameter that is being used as the command variable for
the flare display. In practice, in the early stages of disgigorithm
development, this led to a commanded pitch up if the flare was ballooned.

Fig. 430shows this situation schematically. Sectob.4.5.2reports how
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this issue was overate for the display concept tested. A second method

to overcome this issue would be to test for the siganof

The final issue,

h-ve h +ve h+v
that of motion > l \ =
N
gap rate zero

777777

crossings, has

Tah ”’,,,
already been ,,r’
discussed in R A

-7 Taop =€

terms of pitch --"
Fig. 4-30. Commanded tiy, can prescribemotion away from as well

angle ad tpq. as towards atarget surface

This issue also arises for the flare command should the pilot be too
aggressive and lead the flare command symbol. Occasionally, this led to
the aircraft o6ballooningé (flying para

surface). The pilot would thefiore correct for this and the sign of the

vertical accelerationff, would be changed. In turn, the display symbol

would be driven to the limits of its travel on the screen (from(&g§4),

this gives theguare root of a negative number). This was the primary

cause of the O6jitteryd behaviour repor
that, in some instances, the display was difficult to fly. The manual

solution to this problem was to commence a smalllqadk on the stick

just prior to the flare algorithm bein
symbol starts to flash). This ensured that the vertical acceleration was

always in the correct sense when the algorithm of&84) was blended

in to control the flare command symbol. This is obviously not a

satisfactory long term solution. Such a signal would need to be injected
automatically or any solutions found to the pursuit issue already discussed

could be implemented to resoliree issue.
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4.9.6 Display Comparison

The results from the comparison of different display concepts for the flare
MTE have been encouraging. In terms of both spatial position at the start
of the flare and descent rate at touchdown, the LEAD and LEAD* concept
performs on a par with or better than the implemented version of the VGS.
It has to be said that pilot P1 eptrforms pilot P2 in this regard and this is
reflected in the ratings assigned to the display by each pilot, where the
LEAD concept fares slightlyeks well with P2 than P1. The weak area
identified for this concept is the speed control via optical looming and this
shows as a wide spread of IAS values at threshold height. Paradoxically,
pilot P2 outperforms P1 on this parameter. Again, this exgléne higher
workload ratings given by pilot P2 for the LEAD concept who reported
working hard to maintain speed. This issue will be discussed further in
Section5.7.

What is noticeable across all display formats is thaemgdly speaking,
adherence to target performance criteria worsens when visual conditions
are degraded from V1 to V2 or V7. This implies that, however
unconscious the process, the pilots are using additional information from
the visual scene (over and abdhat provided by the display symbols) to
fly the MTE. Itis not at all clear, however, from the -@sgcking results
(which only show poinbf-regard), what form this information might take.
This provides what may amount to a large source of reseatehmiah that

can be pursued in the future.

The HITS concept employed for the comparative trial essentially proved

either little or no help to the pilots, despite performance results that might

indicate the contrary. This was, in part, due to the facthlatunnel

frames ended at the nominal ideal touchdown point. If the pilot ballooned

the aircraft or o6flared | ongd, the air

by the time that the last tunnel frame had been reached. In V1 conditions
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this was not to much of a problem but in V2, with no runway lights, the
pilot was presented with a black screen. Any touchdown achieved was
carried out blind. For any future work in this area, it is suggested that the
tunnel frames be continued along the length oftingvay. As such, the
HITS concept has potentially been rated more harshly than it otherwise

would, had this improvement been implemented for the reported trials.

4.9.7 Pilot Control Strategy

The results presented in Sect#B provide some encouragement in terms

of being able to model pilot behaviour in termg ofThe general character

of the theoretical input matches practice but there are the noted significant
differences. These differences are not entirely unexpected[1R4f.

provides a similar pilot control strategy analysis for helicopter flight
approaching rising ground (in itself, a manoeuvre not dissimilar from the
fixed-wing flare). In thisanalysis, simulated flight test results are

compared with theoretically derived inputs and it was found that the actual
pilot inputs were larger and more aggressive than might otherwise have
been predicted. It is suggested in the reference that this beigb

stimulate the flow field to ascertain more quickly the motion that is being
undertaken. The same might be said for the fixed) results. For the

early to middle part of the manoeuvre, generally speaking, the elevator
input is more aggressiveatger and applied more quickly) than theory
would suggest. Although not visible from Figg. 425, large initial

inputs result in lower peak vads of elevator and this is clearly observed in
the actual pilot results when compared
of the theory (the theoretical peak elevator angles being unattainable in

some cases).

There is also the suggestion in H&R4] that the difference between

theoretical and actual control inputs might be the generator of workload in
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a manoeuvre. This would be an interesting avenue of research to pursue

given tre theoretical results presented in this thesis.

One further thought occurs on the issue of other avenues of research. The
current work has made use of the spatial variBblas a means of cueing

the pilot to perform the flare manoeuvre. An alternatiightrbe to

provide a cue to the pilot using the desired elevator input. For aircraft
where the pilot stick is directly connected to the elevator (as in the GLTA
simulation model), this translates directly into a commanded stick input.

Of course, for moreomplex control systems, the relationship would need

to be further manipulated to ensure that the actual pilot stick input resulted

in the required elevator input.

4.9.8 Limitations of the Results

There are a number of limitations to the results presentetthese will be
discussed in this Section. The first is that for the simulation experiments,
the number of pilots that has been used is limited to a maximum of 4 and

for SKYG-FW-0001 and 0002, is limited to 1 and 2 respectively. This is,

in part, due tohte expense of professional {&st) pilots but was also

deliberate in some cases. For example, the use of only a single pilot during
the development of the display concepts allowed a rapid evaluation to be
made of the unknown algorithm parameters. Tibebei nal 6 par amet er
values were then evaluated by other pilots. If a number of pilots had been
asked to indicate their preference for the parameters in question, there is no
guarantee that any of the responses would have agreed. The decision as to
which value to use per parameter would have been made increasingly
difficult. This issue is also mitigated to some degree for the basic

analysis for the flare by the inclusion of the results from R2R]. It is
recognised, however, that the results presented, particularly for the final
performance evaluation, would be more compelling if results from a

greater number of pilots had been obtained.
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Much use has been made in the basinalysis of the use of correlation of
ton. A well correlated set of results does not imply causation[REef].

As stated at the start of this thesis, the research did not set out to prove (or
otherwise) the existence bfn visual perceptual systems. However, the
eyetracking results and pilot comments from the same provide some

i ndi cati on o-df-regard euring ithe ftate ansl SegtidAd. In2t
provides a means by which such gpasitions might be capable of

picking upt information. Furthermore, flare manoeuvres were
successfully commanded using algorithms based updnrésellts

obtained. As such, it is suggested that the results presented herein lend
weight to the use dfas a visual perception variable for pilots landing an

aircraft.

4.9.9 General Comments

The inference from the preceding discussion is not intended to be that the
t-based flare command display, as described, is in its final form. The key
improvement required & reduction in sensitivity (increase of damping) of
the command display symbol to changes in the direction of the aircraft

acceleration vector.

It might be considered that the display concept does not add much to the
functionality provided by the VGS flammmand. In one sense this is

true. However, the algorithm that drives the LEAD and LEAD* concept
flare command symbol are based upon an accepted theory of visual
perception whereas the VGS algorithms have been developed in using
traditional control sytems theory. Both are, of course, valid (and the VGS,
being a commercially available system, will always win any argument
regarding practical application). It is argued, however, that a display
algorithm based upon a theory of how pilots perceive theiiom rests on

a better foundation. It also opens up the possibility or the need for a new

suite oft-sensors. One might look forward to a time when a downward
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lookingt-sensor detects the runway surface tabdsed algorithms such as
those described in this thesis to bring the aircraft to which it is attached,

safely onto the runway surface.

Having metionedt -sensors, it is an opportune moment to discuss the
practical implementation of the ideas discussed so far. As already
mentioned,n an ideakcenario, the aircraft would be equipped with an
appropriaté sensor that could measure thef the varous gaps directly

and hence its rate of change. The control algorithms would then operate on
this information. At present, there are extensive efforts being made to
produce and utilise optic flow sensors €68-70] but only a small

number of sources have been found regarding the extractibothe

motion gaps from that flow. Rfl25] cites an approximate method of

doing this (by measuring the divergence of the optic flow) and provides an
example of a robot vehicle that employs this method (R28]).
However, to the aut htosen8ossckrendywl edge, t h
available on the market. Use would have to be made, therefore, of other
means of measuring thef the motion gaps. One of the primary

attractions of theory as an explanation of how living organisms navigate
around an environmert that it only requires an understanding of time and
not measurements of distance, speed, force etc. It is therefore with some
reluctance that it is suggested that the most practical means of obtaining
for the displays described above is via the measeme of spatial

variables. The first obvious candidate for the localiser and glide slope
capture phases of the approach is to use signals from the shtedki

Global Positioning System (GPS). Typical horizontal accuracy figures for
GPS receivers suds those used in R¢L27] are 3.0m when used
autonomously or 1.0m when used with reference to a base station. Vertical
accuracy is likely to degrade by a factor of fd@7]. Such accuracy

would be satisfactory for the approach phases of the flight. By using GPS,
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theaircraft inertial position is known. Onboard INS systems will provide
aircraft attitude information and from this, the calculations detailed in
Section3.5.3.5.4can proceed. For the flare MTEegffically, it is

perhaps more likely that a radar altimeter would be used to asdatain

and hence provide the information required to be able to calculate its rate

of change andl.

The research has concentrated upon the degradation of the visual

environment by simulating environmental effects such as fog and darkness.
Itisworthcommenig t hat even in a visual condi
environment is degraded. The pilotds
is available to the cockpit windscreen. Large portions of the available

forward view are therefore obscured by aircséficture. This was also

true of the simulated field of vieivsimulator structure obscures some of

the available outside world view. It would be a relevant topic for research

to ascertain how a pilotds performance
flare when such obscurations are removed. It is postulated that the flare

performance would improve i.e. touchdown velocities would decrease in

good visual conditions and that the visual environment could be degraded

to lower levels (i.e. visibility furtheraduced) before deteriorationstin

based relationships are observed. A corollary to this idea is that flare

performance might also be improved if the main gear and runway surface

are displayed directly to the handling pilot. In the case, the motion gap

being controlled would be closdinked to #, as used in this thesis.

4.10 Conclusions

A number of fixeadwing large jet transport aircraft flare manoeuvres have
been analysed. The results from these analyses have been use to generate
algorithms to drive a flare commandpliay and this display has been

19t



compared with existing operational and research display formats. From

this work, the following conclusions have been drawn:

I Analysis of the flare manoeuvre can be greatly simplified using
t-theory as a basis with the motion gap variable being used as
thet parameter being defined as the distance between the

aircraft cg during the flare and the aircraft cg at touchdown.

. t og, Whilst showing some coherence during the flare

manoeuvre, does nobnform to the hypothesis thé, is

constant to touchdown.

iil. The hypothesis that, is constant during the flare has been
shown to be correct. Such a hypothesis is consistent with the

concept of the pilot couplingith at-guide to perform the

manoeuvre.

V. Two distinct techniques exist to flare the aircraft that result in
t,, being constant prior to touchdown. The first requires that
t 5, be held constant for a period before touchdoWnis
results in an exponential trajectory which, if maintained, would
never bring the aircraft into contact with the ground (or would
require the pilot to 6aimé bel ow t
strategy is then changed #g, being hell constant, to provide
a power law flight path to touchdown (Type 1 flare). The
second strategy involves the steady descent rate being arrested
by adopting a constart,, <1.0 all the way to touchdown (Type
2 flare).

V. Degrading the visd@onditions, on occasion, disrupted the
coherent relationships observed during the flare. This
disruption appears to be due to the degradation of visibility

interfering with the pilots mechanism that allowg
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Vi.

Vii.

viii.

information (and hete its rate of change) to be picked up. The
fact that the degraded visibility did not always result in this
disruption is testament to the skill and adaptability of the pilots

in question.

Performance against the MTE criteria decreases when the same
manoeivre is flown in a DVE compared to the same

manoeuvre in a GVE. None of the display formats tested
therefore recreate entirely the information available to the pilot

from the outside world visual scene.

t, =1.0 is not a suitable algoriththat will lead to a reliable

approach to a runway threshol d.

wind or turbulenced conditions

approaches resulted from this method of command.

Pilots that use Type 1 flares when flying manuallyststently
produce touchdown velocities within acceptable values. Pilots
that naturally use a Type 2 flare strategy are more prone to

misjudge the flare, resulting in harder landings.

The Type 2 flare is more amenable to engineering analysis for
display agjorithm generation. This conclusion is based not only
upon the apparent linear relationship between touchdown

velocity and value off, used but also the fact that only one

parameter is used to command a Type 2 flége)(

For the Type 2 flare, there is a constant relationship of the
approximate form#, =-0.032, +0.53. This is a linear
relationship that bisects zero touchdown velocitytfgr= 0.5
and the approach vertical descent rat# at=1.0. If this

relationship were to be normalised, it is postulated it would be

independent of aircraft type.
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Xi.

Xii.

Xiii.

Xiv.

An acceptable display design using the basis of the Type 2 flare
was found to be an indirect commaiyge display with the
following flare parameters: Total flare manoeuvre duration, T =

3.5s; #,,=0.75. The actual parameter commanded was flight

path angleg

The simple -based display concept performed at least as well
as and in some cases better than the version of the VGS
implemented on the UoL flight simulator in terms of MTE

performance criteria.

Pilot preference, both in terms of controllability andkioad

rated the VGS as first with thebased concept second.

In order to successfully fly the flare command display, a
particular technique was required. If this was not followed,
then the motion characteristics of the display were such that
significantpilot compensation was required to try te re
establish a sensible flare trajectory. Clearly this is an

undesirable characteristic of a display symbol.

411 Recommendations

Based upon the work reported in this Chapter is it recommended that:

Asolutiontothec oncept di splayds sensitivi
acceleration vector be sought and implemented.
A means of i njfelcatriendg ian psunta |slh obuplrde

to assist with recommendation (i).

Investigate the possibility of using the elevator angle as a
means of cueing the pilot in the flare. The first issue to resolve
here will be how to ascertain the final value of the elevator

angle required. One suggested means of calculating this is to
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compute the elevator angle required for a flare #jjh=0.5.

All other solutions converge on this value at the end of the flare

manoeuvre.
iv. Devise an experiment to test theoupling hypothesis
discussed in Sectich9.3 Given pilot P16s tecl

of flaregaze position, consideration should be given to using

P1 as a subject for such an experiment.

V. Limited t guide(tc) results are reported by the author in
Ref[128] for the flare and it has been stated in this thesis that
constant# strategies are equivalent to the pilot usiriggaiide.
However, much more use has been madegoide analysis in
rotary wing work (Refg[16, 124) and it may be that using this
formulation to command trajectory control has its advantages .
Of course, it may not but it would be useful to find out. As
such, it is recommended that this exercisespeated but using

eitherty ortcas a basifor the algorithms

Vi. The algorithms used to command the pilot flare symbol could
be used equally well as a basis for automatic control of an
aircraft. Consideration should be given to using thased
approacho implement, for example, an automatic landing

system.
Vii. It has been shown that the approximate relationship
t, =- o.osz’id +0.53 exists for two aircraft types (BCO

and GLTA simulation model). It has further been suggested
that normalising this relainship would make it applicable to
all aircraft flare manoeuvres. It would be an interesting

research topic to establish whether this is so.
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viii.

It has been hypothesised that providing the pilot with a view of
the runway that is not obscured by aircraft streecor a direct
view of the main gear would improve flare manoeuvre
performance. This hypothesis should be tested using the flight

simulation in the first instance.
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Chapter 5

LOCALISER AND GLIDE SLOPE CAPTURE MTES

5.1Introduction

This Chapter reports on the results obtained for the localiser and glide
slope capture MTEs. SectiérR2reports on the preliminary testing

performed to establishivether coherertrelationships were observed and
whether such relationships are affected by a degradation in the visual
environment. A residual aircraft vertical velocity analysis was not
considered appropriate for the MTEs contained in this Chapter since the
motiongapc | osur e o6targetodé i s not a physical
Section5.3details an evaluation undertaken using theteaeking system
purchased for the research project. Unlike the results of the previous
Section, this wanot to try to provide a direct explanation for the results
obtained, but to establish a basis for the information to be presented to the
pilot in the novel display concept. Sectd reports on the development
process undeaken for the -based localiser and glide slope capture display
concept. SectioB.5provides a comparison of the performance results
obtained for each of the display formats tested and Séceaports upon

the associated pilot display controllability and workload ratings. Finally,
Sections.7, 5.8and5.9 summarise all of the learning points for the

localiser and glide slope capture MTEs.

5.2Basic Tau Analysis
As discussed in Sectid4.4.1 t hetadlmd gyisé sd consi sted ¢
selection of a number of potential motion gaps over which the pilot might

have visual control. Thieof these gaps was then calculated during the
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MTE (using the extended runway ceAdtre ne and gl i de s
values) and observations made about the coherence (or otherwisej of the
of those values with time. The motion gaps of interest for the localiser and

glide slope capture MTEs are showrFig. 3-6.

5.2.1 Lateral Distance tRunway Centré.ine Motion Gap

The localiser capture manoeuvre is performed during all of the approach
MTEs and is also a dedicated MTE in its own right. The difference
between the localiser capture MTEs (i.e. visual or precision) is the manner
in which t is executed. For a visual approach, the appropriate ground track
along which to approach the runway must be judged with reference to the
outside world. For the ngorecision and precision approaches, localiser
information is provided by the aircraftstmumentation.Fig. 51 shows the

first of thet analyses performed for a sample of the localiser capture
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Fig. 5-1. Tau Analysis ofthe Localiser Capture Manoeuvre: a.Runway Centre-line Gap
Closure; b. Rate of Change of Runway Centrdine Gap and c. Tau of Runway Centrdine
Gap for Approach MTEs
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It can be seen fromaig. 5-1(c) that, in general, for both visual and

instrumentbased localiser captures, there is a lineatioelship between

thetpy and the time to close

Type Slope Intercept R?
Instrument 0.49 012 | 09 | the runway centréine gap i.e.
Instrument 0.77 0.13 0.99
Instrument 0.65 -0.25 0.99 constant¥,, . The data for all
Instrument 0.75 0.20 0.99
Instrument 0.63 -0.09 0.99 of the localiser capture MTEs
Instrument 0.68 -0.09 0.99 . .
Instrument 067 010 | o9 | Performed during this phase
Instrument 0.65 002 | 099 | of testing are summarised in
Instrument 0.68 0.01 0.99
Instrument 0.77 0.03 0.99 Table 51. Thisrelationship
Visual 0.77 0.11 0.99

Table 5-1. Linear Regression Pararaters for ~ appears to hold for a wiele

Runway Centre-line Gap ClosureTau Analysis

for the Localiser Capture MTEs range of localiser capture

events, ranging from rapid
instrument closures to a much more tentative visual approach. As with

previous analysis, the linear regions of the conggnportions of ach

manoeuvre (the last 5 seconds or so) are very well correlated. If anything,

after a visual inspection of the visual approacélationship, one might be

tempted to claim that it aplpielae® dfe on
the set of results. The majority of the slope values are greater than 0.5,

indicating some ovebDgshonel ent ¢dthe fi nal

5.2.2 LocaliserDeviationAngle Motion Gap
Fig. 52 shows the results of the secdnanalysis conducted for the same

sample of localiser capture manoeuvres as in Segiibl) t bocdev AS for

04 . - 0.03 0

S a. ; g @ b c.

S 02™ 8 002 2 5

3 Z

o > 001 8

2 0 a o -10

= -0.2%- — ; 3 " :

§ | é Q0T S 15 Instrument
) : : ) ——Visual
%% 10 5 o %5 40 3 0o W& 0

Time to go (s) Time to go (s) Time to go (s)

Fig. 5-2. Tau Analysis of the Localiser Capture Manoeuvre: a. Localiser Deviation Angle Gap
Closure; b. Rate of Change of Localiser Deviation and c. Tau of Localiser Deviation Angle
Gap for Various Approach MTEs
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thetpy analysis, a constant

MTE Slope | Intercept R?

..., relationship exists over the | instrument 0.52 017 | 0.99
Instrument 0.82 0.15 0.99

last 5 seconds or so of the Instrument 0.65 0.05 0.99
Instrument 0.87 0.29 0.99

manoeuvre andlable 52 shows Instrament 071 0.07 0.98
that these too, are well correlated. | nstrument 0.73 012 | 099
) Instrument 1.01 0.12 0.99

Indeed, the curves dfig. 51 (c) Instrument 0.72 -0.05 0.99
. Instrument 0.79 0.08 0.99
andFlg. 52(0) appear very Instrument 0.92 0.25 0.99
similar. This is perhaps nottoo | Visual 0.69 0.22 1.00

Table 52. Linear Regression Parameters for
surpising since the calculation of Runway Centreline Gap Closure Tau Analysis
for the Localiser Capture Manoeuvre MTES
the localiser deviation angle

includesDy.

5.2.3 Orthogonal Distance to Glide Slope Motion Gap

Fig. 53 shows the results

0
for thet analysis of the - o
motion gaptox.. Over the g'z' ol -
last 3.5 4.0 seconds of %7 o
. 6 - e -6 @

the manoeuvre, a linear

. D1GS20 - D1Gs20
8 ——D3 GS50 ol ——D3 GS50

relationship i.e. constant % % % =2 o ® 6 4 2 0
Time to go (s) Time to go (s)
#sz is observed. Fig. 5-3. Glide slopeDxz gap closure tau forvisual

conditions: (a) V1 and (b) V2

5.2.4 Glide Slope Deviation Angle Motion Gap
The glide slope capture manoeuvre is performed during all of the approach

MTEs and was also a dedicated MTE in its own right. The difference

MTE Slope Intercept R”2 between the capture
Glide slope Capture 0.86 0.01 0.99 manoeuvres is the
Precision 0.62 0.03 0.98
Precision 0.74 0.02 0.98 manner in which it is
N?n-PreC|S|on 0.66 0.06 0.98 executed. For a
Visual 0.56 0.05 0.98

Table 5-3. Linear Regression Parameters for Glide Slope  visual and non
Deviation Angle Gap ClosureTau Analysisfor the Glide
Slope Capture Manoeuvre forVarious Approach MTEs precision approach’
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the appropriate glide slope along which to descend must be judged with
reference to the outside world. For the precision approach, glide slope
information is provided by the aircraft instrumentatiéing. 54 and show
thet analysis performed on the glide slope capture manoeuvres in both

circumstanced gsdev

02 - 0.04 0

o
-

‘non-precision
T glids slope
visugl | caplre

B
capture

- -0. -10

10 -5 0 -10 -5 0 -10 -5 0
Time to go (s) Time to go (s) Time to go (s)

Tau GS Dev (s)

G5 Dey Gap (deg)
RoC GS Dev (degfs)

Fig. 54. Tau Analysis of Glide Slope Capture Manoeuvre: a. Glide Slope Deviation Angle Gap
Closure; b. Rate of Change of Glide Slope Dé&tion and c. Tau of Glide Slope Deviation Angle
for Various Approach MTEs

It is apparent fronfrig. 54 that an approximately lineégsdevcoherent
relationship exists over the last 5 seconds of the glide slpbereaTable
5-3 shows the linear regression data for the various approach MTEs. These

data show that the implied consta#t,., relationship is well correlated.

5.3 Eye-Tracking Analysis

The eyetracking equipment was used for the localiser and glide slope
capture MTEs for a different purpose than with the flare MTE. For the
flare, a set of results in both good and degraded visual conditions were
obtained and the eyteacker used to try to help dgm them. In degraded
visual conditions, there is no information available regarding the localiser
or glide slope location save that from any instruments. The design
philosophy for the novel concept included the reduction in the number of
display symbd used with the aim of reducing display clutter and increase
the pilotds ability to interpret the a
therefore, the eye tracker was used to ascertain what information the pilot

sought and the frequency of this during épproach to the runway surface.
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These analyses were carried out in both good and degraded visual
conditions using all display formatg&ig. 55 presents sample results from
pilots P3 and P4 conducting approadinedsual condition V1 (GVE)
using the PFD.

No. of Events {nd)

HD_Baralt HD_Radalt HD_ADI  HD_ASI HD_Pwr HD _Flp  HD_Loc HD_GE HD_HZlhdg HD_HSl HD_DME HU_OTW HU_rwih HU_rwend
Point-of-regard location (nd)

T T T T
: : I it P4
[ pict 3 |

= =] [
HD_Baratt HD_Racalt HD_ADI HD_ASI HD_Pwr HD_Flp  HD Loc  HD_3S HD_HS hdy HD_HSI HD_DME HU_OTW HU_rwih HU_rwend
Point-of-regard location (nd)

Total Duration per Event (s)

Fig. 5-5. Summary analysis for eyeracked approach to runway in visual condition V1
(a) number of times pointof-regard moves to a particular location and (b) total duration
of point-of-regard remaining at location during MTE

As might be expected, the number of events generally correlates with the
total duration data and the trend for both pilots is approximately the same
across the results. From theresultsigt 55, t he pil ot 6s i nforn

requirements during the approach in descending order are:

1. Glide slope location (HD_GS. HD refers to hehmvn instrument
panel).

2. Localiser location. (HD_Loc).

3. Airspeed (HD_ASI).

4. Altitude (HD_BaroaltHD_Radalt).

5. Aircraft roll and pitch attitude (HD_ADI).

6. Horizontal situation/heading/distance to go (HD_HSI/HD_Hdg /
HD_DME).
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7. Outside world information such as the view from the centre
channel display and the location of the runway end/threshold
(HU OTWCHU _r wt h, HU_r wend=:-up). 6HU®S

8. Aircraft condition such as power and flap settings (HD_Pwr and
HD_FIp).

From the perspective of display design, the question as to which

information items to include had to be addressed. Having decided @pon th

Ol @gackdi ctord concept in principle,

symbol provided localiser, glide slope, (desired) altitude and heading
information. The looming function of the combined predictor and lead
symbols was intended to providespeed information (against a target),

the horizon line would provide roll information and, in conjunction with
the predictor symbol, pitch information. The display was intended to look
at aircraft guidance so aircraft condition symbols were not incladéao
runway symbology was used as the intention was that the pilot would
simply follow the flare guide down to the runway surface.

Given the above argument, it was considered that the initial version of the
leadpredictor display (LEAD) provided the ptlwith all of the guidance
cues necessary to perform a successful airfield approach.

5.4 1nitial Display Design

Sectiord.5.1starts by asking a number of questions regarding what
information should be presented to the pilot ahetivert information

should be presented directly or indirectly. The decision to use the LEAD
concept, based upon the results of the previous Section appeared to be
capable of providing the pilot with the correct guidance information to
perform the apprad. The method chosen to do this was via an indirect
means: the lead aircraft symbol would indicate the position of-a pre

defined desired aircraft trajectory and when motion gaps needed to be
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closed, the closure is defined by a constant rate of chandavef The

reason for prelefined trajectories being chosen was that it was considered
that this is a practical solution to implementing such a display concept on

board a real aircraft the destination airfield approach procedures could be
stored on or wadcast to the aircratt.

5.4.1 Trajectory Generation
In order to make the LEAD concept design work, a number of design
decisions had to be made:

1. Which motion gaps should be used for the localiser and glide slope

capture MTEs ?
2. What value of#, T and freashould be used for each MTE ?

To answer the first question, given that the linear and angular relationships
for both MTEs gave similar results, to be consistent with the flare

command algorithm, the linearelationships were selected i.e. ugg

and ¥, , as a basis for motion gap closure.

To answer the second question, a series of trajectories were generated and
flown by Pilot P1 to establish the optimum values efriotion gap

closure variablest, T and freq).

5.4.1.1Localiser Capture
The duration of the localiser capture MTE was fixed at 105t(88 onto
heading at 3s. In the airline

community, this is known as a Yo

T Y

orate 1 turnd) y‘
0

differing lead aircraft trajectories
therefore had to be computed

using varying values Cl#Dy and Fig. 56. Parameters used to define localiser
capture command trajectories
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tres Varying #, was achieved, with referenceRig. 56 as follows:

1. Target indicated (Ms) and hence truairspeed (Yas in ft/s) and
aircraft heading are known for the approach phase (ISA conditions

assumed). The initiahtget closure rate is given by:

¥ =Vissiny - y) (5-1)

2. Calculate the distance from target that the turn onto the localiser
should commence. If EqR-30) is rearranged witbx=y0 and t=T

(start of manoeuvre), then:
Yo =% (DT (5-2)

Now generate trajectory data using E§29) with yo obtained
from Eq.(5-2).

Fig. 57 shows the

localiser capture I Iy

g0 ——c1=0.5
trajectories grome; \\ | T eior
15745 S . —c1=0.8

S€

i 3 1=0.9

generated using the S \ l
procedure given 7 1 1,065 107 1075 08 1085 109

X Database Coordinate (ft) ©10°

above for a target Fig. 5-7. Localiser capture trajectories defined by different

V1as=160.0 knots values ofC1 where #D), =C1

toredWas variel at simulation run time by setting the model variable that

representechitqin Eq.(3-19) to the appropriate value.

Note: in the following discussio#Dyi s referred to as

5.4.1.2Glide Slope Capture
Establishing the optimum glide slope trajectory parameters was slightly

more complicated than for the localiser capture because:
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1. Both manoeuvre duration, T, a], can vary. In the discussion

that follows, #_, is also refered to as C83.

2. All calculations had to be transformed from the eagflerenced
O0xyz~©6 axis system into an axis syst
steady approach path in the vertical plane i.e.the re@wx s ( 6 X6 )
for the calculation was the glide slopecipry itself. The glide
slope capture trajectories were derived in the same manner as
described for the localiser capture as defindeign 58 (Dxzo and

its derivatives replacByo and its derivatives in Eq&-1) and(5-2).

Fig. 58 shows the resultant glide slope capture trajectories from this
analysis for Vas=140.0 knots. To incorporate thdsgectories into

the final, full approach solution, they all had to be shifted to the right as
represented in the figure to

intercept the 3.5 degree
glide slope at the correct

point. The trajectories 0.0 dog _;;.ﬂ_%\
have been left in the ~.
format ofFig. 5-9to try to ¥~3.5 deg

) Fig. 5-8. Glide slope capture trajectories
illustrate more clearly the defined by different values ofC3 where

. #5,, =C3
effect of varying the D

parameters T an#f,,, .

T=5.0s
— 3180 . ~— 3180 o~ 3180
g | € €
-E 200 -E 3200 'E 3200
o] [ []
Qo : o o]
O I 1 T Fye O 3220 U 23220
] ] 3 :
g -3240 g 3240 @ 320
O O =}
© © o :
o 3260 o 3260 rReZ n] SRR
] ] [}
- : : - . . > 3280 : .
> 32810.19 1.2 1.21 1.22 > 32810_19 12 1.21 122 118 12 1.21 122
«10° 1o’ w1’
X Database Coord (ft) X Database Coord (ft) X Database Coord (ft)

Fig. 5-9. Glide slope cpture trajectories defined by different values ofC3 and T where
t,, =C3
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5.4.2 Trajectory Selection

5.4.2.2Trajectory Performance

5.4.2.2.1 Localiser Capture

Fig. 510shows the aircraft trajectory for each test point flown in tige x

(North-East) inertial plane, fosing primarily on the turn onto the

L C1=0.7 10 deltaT=2.0s
1585 == 1565 =
. : Tehe b T~ ——rc1=03
1566 : : T D BEBE IR C1=04
TBBTE et | T deltaT=2.0 15671 : : ——C1=05
—_ i | ——deltaT=30 — : 108
e T | PP PP PO PP P B TEBBE b C1=06
; deltaT=4.0 ; ——C1=03
,g 1869 5 deltaT=6.0 ‘g, AEEA e C1=09
= 157¢ : : = 187 A : :
-g -g ——————— e
B TET TR Pal 1571
O S :
> 1572¢ 5 1572
15731 1573
TETAE s ¥ 1574 |
i
: : i : : -
; = 1575 : ; =
1875, P - e 3 1 105 IERE 12
X Coordinate (ft) AT X Coordinate (ft) x10°

Fig. 5-10. Horizontal trajectory flown using lead-predictor display: (a) C1=0.7 varying
prediction time ahead and (b)tprea=2.0 varying C1

localiser. Just visible on the plots (dashed lines) are the ideal localiser

track and the desired overshoot boundaries based upon the MTE definition

of Appendix B It can be seen froiffig. 5-10that in each case the localiser

track is eventually captured. In some cases however, the capture only

occurs after one or two overshookg. 510(a) indicates that the most

directinterceptwi h C1=0. 7 was ac-hBhewadd when t he
predictiontime e was 4. 0 seconds. However, t
was for pre=2.0 seconds (seext Sction) and in this case the least

overshoot is observed kig. 510(b) when C1=0.6, although the localiser

capture is not as continuously progressive as for the C1x&#40s

case. All turns onto localiser including the overshoots are well within the

desirable performance boundaries0f5°.

Fig. 511 shows the variation of aircraft height AMSL during the same
localiser capture manoeuvres using the-gasdlictor symbology asig. 5

10. More clearly visible this timare the MTE performance boundaries
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from Appendix B. The centre dashed line represents the target altitude for
the manoeuvre. The innermost-oéfntre lines represent the desired

performance limits and the outermost lines the adequate performance

limits.
deltaT=2.0s
3330 3380 ‘ T
: : ——C1=023 :
—— =05 i
33401 irt bt boitstoots sl
3340 _, Jilo% :
= 3320 = 3320 ——CI=06 ]
=y : : = ——C1=08
o : AR U N Emannt o4 £ 0X: J F S S S
2z AN T T LT A T T I T e T T T R % 3300 C=pg | R R
3 o | -
E azank--, E A260F
2L e o < 3260 :
— N N A N :
g ARAO| e e 8 3240 F e S ATHEIIIE RURTIRI
ap0lT T T T T T T TS ——deltaT=20 30" T T Pt P |
: —+—deltaT=3.0 : :
3200} : : deltaT=4.0 3200 : :
oo ——dsltaT=60 agplz==== et eies et b sttt
180y 20 40 B0 80 0 20 40 80 &0
Time (s) Time (s)

Fig. 5-11. Vertical trajectory flown using lead-predictor display: (a) C1=0.7 varyingprediction
time ahead and (b)}tprea=2.0 varying C1

With C1=0.7, for thepes6.0s case, aircraft height is not maintained
within the adequatkoundary of +80ft whilst for thig~4.0s case, the
pilot manages to just hold the aircraft between the desirable and adequate
performance boundaries. Finally, for the~2.0s and 3.0s cases, the

aircraft altitude is kept within desirable performarmctiteria.

Whentpredis set at 2.0s, the pilot is able to fly the aircraft such that the
altitude remains within desirable performance boundaries for all values of
C1.

Fig. 512 shows the variation of IAS for daof the test points flown for
the localiser capture MTE.
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C1=0.7 deltaT=2.0s
180 T T 180 " ~1z03 ;
170 170
) i)
C 165 O 165
c c
= =
0 160 ) 160
< <
155 ——————————————————— 155 —————r————————— i — ——
——deltal=2.0
180 ——deltaT=3.0 15/ A S—
deltaT=4.0
——deltal=6.0 : :
145O 20 40 60 80 1450 20 40 60 g0
Time (s) Time (s)

Fig. 5-12. IAS profile flown using lead-predictor display: (a) C1=0.7 varying prediction time
ahead and (b) $re¢=2.0 varying C1

The IAS plots essentially mirror the amét altitude plots. However, due

to the different performance boundaries, when C1Hg. 612(a)), only
thetpre=2.0s case remains within desirable criteria, whilstgbe3.0s and
4.0s cases remain withihe adequate criteria. For the+6.0s case, the

pilot fails to maintain aircraft speed within even the adequate performance

criteria.

Whentpredis set at 2.05Hig. 512(b)), the pilot is (just) able to maain the
aircraft IAS within desirable performance criteria except in the case when
C1=0.8 when the desirable criteria are exceeded but the adequate criteria

are still maintained.

5.4.2.2.2 Glide Slope Capture

Fig. 513 shows the vertical trajectories flown by pilot P1 for each test
point using the leagredictor display concept for the glide slope capture
MTEs. Also shown are the performance boundaries as defined in
Appendix B(their relevance is reduced here because ttie glope

capture trajectories are all still offset from their correct inertial position for

this experiment).
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b Sensitivity Analyses

3300
3250

3200

& 3150}
L 3100t -
=
£ 2050
: y
§ 3000 C3=04 N AL &
= ——C3=05 Y \
m 2950 3206 e \\ B
——0C3=06 PN N : :
20 __ _Gaaepm [N y ——C3=05, T=6.05, dt=20]
2850| —— Ca=07 RS NURRE SRR VRO 2660| ——C3=06,T=605, =30 | -,
Y : N - - _
- - \ C3=06,T=50s, ct=4 0 :
2800 3208 R A 2500 Skt A
1.1 115 12 125 11 115 12 125
X Coordinate (ft) w10° X Coordinate (ft) wiaa®

Fig. 5-13. Vertical trajectories flown for the glide slope capture MTE test points: (a) manoeuvre
duration = 5.0s varying C3 and (b) assorted sensitivity analyses

All glide slope capture manoeuvres were completed successfully. The
desirable and adequate overshoot criteria are also shokig.dnrl3.

These are, to some degrigeelevant at this stage as the lead aircraft
trajectories were not in the correct inertial position for this trial. However,
it is evident fromFig. 513 that any overshoot would be well contained
within the degiable performance criteria.

There is a noticeable consistent drop in altitude of approximately 25ft for
all glide slope capture MTE test points. This was found to be due to the
small error in positioning of the predictor aircraft which ultimately caused
an offset in its screen position. This error was corrected for the display

performance testing reported in Sectioh

Fig. 514 shows the IAS profiles flown for each glide slope ceptast
point and the associated performance boundary criteria as defined in

Appendix B
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T=5.0 Sensitivity Analyses

155 155
a h.
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Time (s) Time (s)

Fig. 5-14. IAS profile flown for the glide slope capture MTE tes points: (a) manoeuvre
duration = 5.0s varying C3 and (b) assorted sensitity analyses

For all cases of the glide slope capture MTE test points, it can be seen that
the aircraft IAS is maintained within the desirable performance criteria

with just two very minor excursions into adequate.

5.4.2.3Pilot Comments
5.4.2.3.1 Localiser Capture
Thepl ot 6s first comments concerned the f

presented. It was P1l6éds opinion that

1. The style of the lines should be reversed i.e. the lead aircraft should
be the dotted line and the predictor aircraft should be the full line.

twasP16s preference to 6flyd the full

2. The box format for the predictor aircraft was not necessary and that
a single line symbol was sufficient i.e. a copy of the lead aircraft

symbol but with a full line style was all that was required.

3. A means was required to stop the chase aircraft overtaking the lead
aircraft and making it obvious to the pilot when this had happened.
In the form tested in this experiment, if the chase aircraft did
overtake the lead aircraft, then the looming worked in thestgpo
sense to that intended, so as the 0O
ahead of the o0l eaddé aircraft, the |

aircraft was actually pulling away from the chase aircraft. This
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effect 6dcommandedd t heeaicraft(the t o cat
opposite of what was required), making the situation worse, rather

than better.

The initial investigation fixed the value of C1 at 0.7 (based upon an
approximate average of the values observed in experiment SRNV-G
0001) and varied the pretion time,tpres The pilot comments for this

phase of the testing were as follows:

1. tpred6.0s: symbol too far away and hence too small to be seen and
used effectively for speed control. In terms of following the
localiser capture profile itself, pildt1 commented that it was

6comfortabl ed.

2. tpre™4.0s: symbol still perhaps a little too far away i.e. too small
and hence the looming effect caused by speed changes difficult to
pick up. This is evident iRig. 512(a). Flying the localiser
capture profile in this case was less comfortable and not intuitive
during the initial stages of the turn (large lateral stick movements

were required).

3. tpred=3.0s: The symbol sizes were considered to be more useable

and speedantrol was more accurate

4. tpre=2.0s: Pilot P1 considered that fine speed control i.e. within
2. 0knots of target waahse aadcoh iteiviaeb| e w

setting.

5. tpre=1.0s: The symbology was now considered to be too large so
no test point conducted.

Based upon the pilot comments above, it was decided to fix the prediction
time,to)a t 0o 2.0s and try to optimise the \

comments for this phase of testing were as follows:
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1. C1=0.3, 0.4: The turn commanded by these values of C1 was too
rapid in the translational sense. The swift movement of the lead

aircraft symbol across the screen w

2. C1=0.5: The bank angle required to follow the symbol was

6concerningo i.e. too high.

3. C1=0.6: The turn rate required for this manoewvas much more

acceptable and flying the manoeuvre felt much more comfortable.

4. C1=0.8, 0.9: For both of these test points pilot P1 observed that the
bank angle required to follow the lead aircraft appeared to be
discontinuous and that this feature was ueptable in a command

display.

With the above comments in mind, the recommendation of pilot P1 was to
opt for the following design paramete@t=0.6 tpred=2.0s (and T=10s by
default).

5.4.2.3.2 Glide Slope Capture

With tpreaeffectively set by the localiser captuest results, the first batch
of test for the glide slope capture MTE were used to establish and
acceptable value of C3 with T (manoeuvre duration) set at 5.0s. The

pilotds comments for these were as fol

1. C3=0.3, 0.4: capture manoeuvre manageableitia level of

aggression that was noticeable but not inappropriate.
2. C3=0.5: capture manageable with no specific problems.

3. C3=0.6: capture manageable with very accurate tracking of lead

aircraft possible.

4. C3=0.7: capture manageable but felt a little regressive then
the C3=0.6 case.



5. C3=0.8: again, the capture was considered to be manageable but
there was a feeling that the manoeuvre progressed inlanean

manner which is less desirable.

With pilot preference indicating C3=0.6, a small numbeesf points

were conducted around this value to check for sensitivity to variation of
other parameters$-ig. 513(b)). However, increasing T simply made the
manoeuvre increasingly gentle. Increaspaghad no wticeable effect in
this instance. With this in mind, pilot P1 recommended that the following
design parameters be used for the glide slope capture phase of the lead
predictor display concepE3=0.6, T=5.0s andprea=2.0s One further
important commentvas made by the pilot during a test point conducted in
degraded visibility condition V7. For this test point, it was indicated that
the horizon |line became very important
downward motion of the lead aircraft as the captureomavre was
commenced was made more obvious by the inclusion of the horizon line.

This gave the pilot an obvious 6gapb o

5.5 Display Trajectory Performance Analysis

This Section presents the summarised trajectory performance results
obtained 6r the localiser and glide slope capture MTE test points. For all
figures in this Sectiorhlack lines represent result data for piRit andred
lines represent result data for pifet.

5.5.1 Localiser Capture
This Section presents the results obtainedhfiocaliser capture MTE

test points.
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5.5.1.1Start On Condition

Fig. 516 andFig. 515 show summarised trajectory data for all test points
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Fig. 516. Summary altitude data fortheloa | i s er

flown for the localiser capture MTE stai n g

track and headingFig. 516 shows the mean aircraft altitude during the
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altitude within the desired performance boundaries. Both the LEAD and
the HITS formats maintain the average altitude at the desired value and the
least variation is observed in the two LEAD display formats. The PFD and
VGS displays give average #lile values, generally slightly below the

target and with higher standard deviations.

Fig. 515shows the average IAS achieved over the localiser capture MTEs
and the standard deviation of the errors obtainedipelagt format. As for

the altitude results, in all cases, the IAS is maintained within the desired
performance boundaries. The largest standard deviations are observed in
the PFD and LEAD display test points and the smallest variations observed
for the VGS and LEAD* display formats.

To facilitate ease of visualisation, rather than summary data, the actual
trajectory data fortheolc al i ser capture MTEs with 060
condition are shown iRig. 517. The LEAD, LEAD* and HITS display
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Fig. 5-17. Lateral trajectory data for |l ocalise

concepts give virtually identical flight paths with no discernible localiser
overshoot. Slightlynore variable tracks over the ground result when using
the PFD display and some ovand undesshooting is evident. The VGS

results are a consequence of the control laws that govern localiser capture.
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These bring the aircraft onto the localiser at geaangle of around 10
and as such, the lateral track is very different from that defined lvy the
based control law. In each case however, the pilot terminated the MTE

when the localiser capture was considered to be stabilised.

5.5.1.2Start with Lateral Offset

Fig. 518 andFig. 519 show summarised trajectory data for all test points
flown for the localiser capture MTE stimg with a lateral offset from the
desired track Fig. 518 shows the mean aircraft altitude during the MTE

a. Visibility Condition V1 b. Visibility Condition V2A/7

i ———— I S — T A e—
g 0 g 200
S S
N S R R s e ———% ———————— bt
[ [ %
& 22500 } & 3250
D @
o (o))
I R
2 2
<L 3200 <L 3200

3150 3150

PFD  VGS LEAD LEAD® HITS PFD  VGS LEAD LEAD® HITS
Display Used Display Used

Fig. 5-18. Summary altitude data for the localiser capture MTE with a lateral offset from
the desired track start condition

by each pilot per display in both good and degraded visual conditions. As
for t he 0o nthepdotsdairtainaircraft aktitads well within
desired performance boundaries. The two LEAD display concepts and the
HITS display provide average altitudes closest to the target and the two
LEAD formats give the smallest variations, particularly sual condition

V1. The HITS and VGS give an average altitude generally slightly lower

than average with marginally larger variations in aircraft altitude.
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Fig. 519shows the average IAS achieved over the localiser capture MTEs

per display format. In this case, there is a slightly more complex picture.
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Fig. 519. Summary IAS data for the localiser capture MTE with a lateraloffset from the
desired track start condition

For both pilos, the VGS, LEAD* and HITS displays give comparable
performance results in terms of the average IAS deviation from target and
spread of results. The PFD and LEAD display formats generally give

slightly larger deviations from target and larger standarchtiens.

However, pilot P1 performs better with the LEAD display and pilot P2

with the PFD for mat. Il n both cases

compare favourably with the results obtained with the other three formats.
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Fig. 520 shows the actual trajectory data for the localiser capture MTEs

wi t
t he

h a

6on condi ti

onbob

case with t

he

defined to the pilot with reference to the inertial frame i.e. LEAD, LEAD*

and HITS, there is a small correction required back to desirdddtice
start of the MTE.
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5.5.1.3Start with Lateral and Heading Offset

Fig. 521 andFig. 522 show summarised trajectory data for all test points
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Fig. 5-21. Summary altitude data for the localiser capture MTE with both lateral and
heading offsets from the desired track start condition
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flown for the localiser capture MTE starting with both a lateral track and
heading offset from the target valudsg. 521 shows the mean aircraft
altitude during the MTE by each pilot per display in both good and
degraded visual conditions. In general, the performance of the pilots in
maintaining altitude is now degraded. visual condition V1, both pilots

fail to maintain altitude within the desired performance boundaries with the
LEAD display and pilot P1 also exceeds this boundary with the HITS
display. Desired boundaries are maintained in all cases in visual conditions
V2/V7 but with larger standard deviations than previously observed. The
displays used to give the best or at least most consistent performance (in
terms of data scatter across both visual conditions and pilots) are the VGS
and LEAD* concepts.

a. Visibility Condition V1 b. Visibility Condition V2A/7
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Fig. 5-22. Summary IAS data for the localiser capture MTE with both lateral and heading
offsets from the desired track start condition

Fig. 522 shows the average IAS achieved over the localegetuce MTE
starting with both a lateral track and heading offset from the target values.
For these data, the desirable performance boundaries are exceeded by the
pilot when flying using the LEAD and HITS concepts. The VGS gives the
most consistent pilotsnd visual conditions, closely followed by the

LEAD* and PFD displays.
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Fig. 523 shows the actual trajectory data for the localiser capture MTESs

with a o6l ateral and heading offsetd st
apparent as for the dédon conditiond cas
the trajectory is defined to the pilot with reface to the inertial frame i.e.

LEAD, LEAD* and HITS, there is a now a more pronounced correction

required back to desired track at the start of the MTE. For the PFD case,

the overshoots of the localiser are now more severe although they still
generallyremain within the MTE desirable performance boundaries.
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5.5.2 Glide SlopeCapture

5.5.2.1Start On Condition

Fig. 524to Fig. 527 show the summarised trajectory data for all test

pont s fl own for the | ocaliser capture M

height, track and heading.
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Fig. 524 shows the mean aircraft glide slope during the MTE by each pilot
per display in both good and degraded visual conditions. The LEAD and

a. Visibility Condition V1 b. Visibility Condition V2A/7
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Fig. 5-24. Mean aircraft glide slope during capture MTEwith6on condi t i o
conditions

LEAD* displays give an average glide slope closest to target for both
pilots followed by the HITS, PFD drivGS respectively. The PFD format
results in the widest variation in glide slope angle in both visual conditions
whereas the remaining displays tested all result in approximately the same

data spread.
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Fig. 5-25. Mean aircraft altitude during level phase of glide slope capturaith 6 o n
conditioné start conditions

Fig. 525 shows the mean aircraft altitude during the level portion of the
MTE by each pilot per display in both good and degd visual

22¢



conditions. Again, the LEAD and LEAD* displays allow the pilot to fly at
an altitude closest to target and per pilot, these displays result in the
smallest variation in altitude. The VGS and HITS provide approximately
equivalent results, thalots flying slightly low on average with the largest
deviation from target and variation in altitude resulting from the PFD

display format.

Fig. 526 shows the mean aircraft y (east) coordinate during the MTE by

each pilot per display in both good and degraded visual conditions. This is

ameasureoftn@i rcraftodés | ater al deviation fr
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Fig. 5-26. Mean lateral deviation from extended runway centreline during glide slope
capture MTEwith6on conditiond start con

centreline during what is essentially a longitudinal manoeuvre. The
LEAD and LEAD* displays provide the closest average adherence to the
target value followed by the HITS, VGS and PFD displays réispéc

This order also reflects the variations #egordinate observed during the
MTE.



Fig. 527 shows the mean aircraft IAS during the MTE by each pilot per
display in both good and degraded visual conditions. For all cases, the IAS

is maintained within the desired performance boundaries. The VGS format
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Fig. 5-27. Mean IAS during glide slope capture MTEwith6 on condi t i
conditions

delivers the least variance in the averkigfe, followed by the LEAD*

display. In visual condition V1, the HITS display format provides a low
spread of IAS values but this significantly degrades in visual condition
V2/V7. The highest spread of IAS values is observed for pilot P1 using the

LEAD concept in visual condition V1.

5.5.2.2Start With Vertical Offset
Fig. 528to Fig. 531 show the summarised trajectory data for all test
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Fig. 528 Mean aircraft glide slope during capture MTE with a vertical offset from the
desired start conditionaltitude
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points flown for the localiser capture MTE starting with a vertical offset
from the target altitudeFig. 528 shows the mean aircraft glide slope

during the MTE by each pilot per display in both good and degraded visual
conditions. The LEAD and LEAD* displays result in the closest average
glide slope to target for both pilots. The largest deviation fronet#ésg
observed when the PFD display is used and flights using this format also

exhibit the largest variation in glide slope angle.

Fig. 529 shows the mean aircraft altitude during the level portion of the

MTE by each pilot per display in both good and degraded visual
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Fig. 5-29. Mean aircraft altitude during level phase of glide slope capturdTE
with a vertical offset from the desired start conditionaltitude

conditions. Test points nducted with the LEAD, LEAD* and HITS

result in approximately consistent results in terms of both deviation from
the target altitude and variation in the data over the course of the
manoeuvre. A larger deviation from target and variation about the average
altitude is evident for the PFD display and the VGS display exhibits a

curious result. This will be discussed further in Sedidgn
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Fig. 530shows the mean aircraft y (east) coordinate during the MTE by

each pilot per display in both good and degraded visual conditions. As

with the previous case, the LEAD and LEAD* concepts provide the closest
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Fig. 5-30. Mean lateral track along extended runway centrdine during glide
slope capture MTEwith a vertical offset from the desired start conditionaltitude

adherence ttarget and least variation from runway cediine track,
followed by the HITS and VGS formats. The PFD display lead to the
worst performance for both pilots in both visual conditions.
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Fig. 5-31. Mean IAS during glide slope capture MTEwith a vertical offset from the
desired start conditionaltitude

Fig. 531 shows the mean anaft IAS during the MTE by each pilot per

display in both good and degraded visual conditions. Again, for all cases,

the IAS is maintained within the desired performance boundaries.
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Adherence to the target speed is good in all cases and formats VGS,
LEAD*, HITS, PFD and LEAD provide increasing variance of the speed

from the average, in the order given.

5.5.2.3Start With Altitude and Vertical Flight Path Offset

Fig. 532to Fig. 535show the summarised trajectory data for all test
points flown for the localiser pdure MTE starting with a vertical offset
from the target altitude and in a 3.5deg clinfig. 532 shows the mean
aircraft glide slope during the MTE by each pilot per display in both good

a. Visibility Condition V1 b. Visibility Condition V2A/7
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Fig. 5-32. Mean aircraft glide slope during capture MTE with both altitude and vertical flight
path offsets from the desired start condition

and degraded visual cditions. The LEAD, LEAD* and HITS display
formats provide comparable performance in both visual conditions whilst
the VGS and PFD resulted in approximately equivalent deviations from
target with flights conducted using the PFD display format resultéxabin t

widest variation in glide slope.
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Fig. 533 shows the mean aircraft altitude during the level portion of the

MTE by each pilot per display in both good and degraded visual
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Fig. 5-33. Mean aircraft altitude during level phase of glide slope capture MTE
with both altitude and vertical flight path offsets from the desired start condition

conditions. The LEAD, LEAD* and HITS again resulted in comparable
performance in terms of both devatifrom the target altitude and the
variation in the aircratft altitude. The PFD format resulted in the slightly

larger deviation and variation in altitude and the VGS again exhibited the

behaviour to be discussed in Section

Fig. 534 shows the mean aircraft y (east) coordinate during the MTE by

each pilot per display in both good and degraded visual conditions. The
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Fig. 5-34. Mean lateral track along extended runway centrdine during glide slope
capture MTE with both altitude and vertical flight path offsets from the desired start condition
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LEAD, LEAD* and HITS formats all result in comparably good
performance in terms of deviation from the extendedvay centrdine

and the variation in y coordinate in general. The VGS performance is only
marginally worse and the track achieved using the PFD significantly less
tightly controlled.

Fig. 535shows the mean aircraft IAS during the MTE by each pilot per

a. Visibility Condition V1 b. Visibility Condition V2/A/7
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Fig. 5-35. Mean IAS during glide slope captire MTE with both altitude and
vertical flight path offsets from the desired start condition

display in both good and degraded visual condstioAgain, for all cases,

the IAS is maintained within the desired performance boundaries. The
pattern of results is more mixed than the previous cases here. Average IAS
values are all close to target but pilot P1 achieves generally a wider spread
of dat with the poorest adherence to target IAS being observed with the
LEAD display format. Again, the VGS gives the lowest IAS variation but
pilot P2 manages to achieve similarly low IAS variations with all but the

HITS concept.

5.6 Localiser and Glide Slope Capure MTE Pilot Ratings
This Section reports on the averaged pilot ratings for all of the localiser and
glide slope capture MTEs conducted during the display performance

assessment.
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5.6.1 Localiser Capture
Fig. 536 shows the average ratings for all of the localiser capture MTEs
given by both pilots in the differing visibiitconditions for each display

format.

a. Display Controllability b. Bedford Workload Rating

HITs < . ves HITS < - VGS

LEAD* ‘LEAD

LEAD* ‘LEAD

Fig. 5-36. Pilot ratings per display for the localiser capture MTEs: (a) Display
controllability and (b) Bedford workload

The trend for both rating scales is consistent for both pilots, with pilot P2
giving slightly higher ratings than pilot P1 (a trend which continues
throughout the remainder of the rating results). The most obviaus res
apparent fronfrig. 5-36is that the LEAD concept was the least favoured of
all of the concepts tested in terms of both controllability and workload.
The VGS is rated the best (lowest) with the PFD, LEAD* aiifH

concepts all being rated at an approximately equal level. Some of the key
factors provided by the pilots for the ratings given for the LEAD display

are:

1. The looming effect by itself provides effective speed control if the
speed is maintained aroune tfarget speed. To do this effectively
though, was a high workload task. However, once the speed
deviates significantly from the datum, then the looming cue is not
sufficient to maintain target speed accurately.

2. The looming effect provided by the symbuwlas not intuitive. The
pilots had to think i.e. compensate as to what one symbol being

larger than the other meant and then act accordingly.
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3. Linked in with the lack of speed cueing, the pilots found it difficult
to know what throttle setting to apply tamtain speed at the
target. I f they dguessedd the powe
right, then speed control was significantly easier to control than if
they were having to constantly adjust the throttle position. In fact,
throughout the testing, ¢tpilots learned what power settings to
apply and used this as a guide to control their speed, using the

looming cue for fine adjustment.

4. The roll cueing for the capture manoeuvre, whilst useful for the roll
in and out of the turn, was disconcerting intilma itself. This was
because matching the predictor symbol bank angle with that of the
lead aircraft symbol did not result in the correct rate of turn. This,
in turn, resulted in the pilot having to compensate with bank angle

corrections to maintain éhcorrect trajectory.

The remaining ratings are reasonable similar. The pilot key comments that
pertain to the LEAD* display being rated as p&y. 536 are:

1. Addition of IAS display makes the speed control issisappear
and therefore trajectory control can be concentrated on. The
localiser capture manoeuvre then becomes accurate and straight

forward.

2. For the lateral and heading offset test case, the initial turn cueing
was not at all intuitive (the symbologydicated a rapid pitch up
and then pitch down motion). From the pilots viewing position,
when this happened, there were also occasions when the lead

aircraft symbol was lost from sight and this causes anxiety.

The pilot key comments that pertain to the Vé@$play being rated as per
Fig. 536 are:

1. It was sometimes difficult to discern which symbol was being

controlled and which symbol was being used as the guide.
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2. However, the fact that the guide and symbol remaivedaid
despite the lateral snaking characteristic of the aircraft model used
gave a useful cue to the pilot that the motion was not being caused
by them and that so long as the two symbols remained overlaid, no

corrective action needed to be taken.

3. The guidance symbol did not take the aircraft to the correct height
if off condition but to the height that the aircraft started at.

4. The display, whilst providing all of the information that a pilot
would require, is cluttered, looks messy and in some cases, th

symbology is indistinct.
5. The guidance provided is straigiotward and intuitive.

The pilot key comments that pertain to the HITS display being rated as per
Fig. 536 are:

1. Difficult not to believe thatthetunrel ar e not 6real 6 and

slightly disconcerting when off condition and flying through them.

2. Pilot P2, at times, found himself concentrating on the tunnel

6symbol sé al most to the exclusion o

3. 6Approxi mat ed b anheloclisey damuredtelf t unnel s
requires some pilot compensation to obtain the correct angle to
ensure that the trajectory through the tunnels is correct.

4. Whenoffcondi ti on, it i s anordistyi arma® ki ¢
and this allows the pilot to choot® rate at which the aircraft is
returned to the desired trajectory. Pilot P2 specifically commented
that he oO6instinctively |likedbd the t

5. However, the number of tunnel segments ahead should be varied
depending upon the manoeuvre involvadhe five tunnel segments
used for the research was fine for straight and level segments,

however, this was not considered sufficient in the turn as it did not
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gi ve suf faiheciadmt tdlmeok n terms of whe
should be going. In this cagbe pilots tended to concentrate on

the furthest tunnel segment for guidance.

6. The natural horizon is a powerful cue and pilot P1 felt that for the
degraded visual condition test points, he was not able to fly as

accurately without it.

The pilot key commestthat pertain to the PFD display being rated as per
Fig. 536 are:

1. The display contained a number of minor but annoying
deficiencies. These were: the scan required to achieve desirable
performance, particularlyipoor visual conditions was wide and
Obusyd; a PFD in operational serviec
speed bugs to assist with observing any deviations from that set and

the vertical speed scale required an element of interpretation.

2. Accurate speed dmaltitude control presented a small issue in that
the tapes and digital displays had to be interpreted. This is
particularly true given that the localiser capture target height was
3265ft and the altitude display only gave reads to the nearest
10ft.

For the lateral and heading offset test cases in degraded visibility, the
pilotds situational awareness i s very

condition and capture the localiser proved quite challenging.

5.6.2 Glide Slope Capture

Fig. 537 shows the average ratings for all of the glide slope capture MTEs
given by both pilots in the differing visibility conditions for each display
format. Pilot P2 did not test the LEAD display format in visual condition
V2/\/7 so no réing is recorded.



a. Display Controllability b. Bedford Workload
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LEAD* ‘LEAD

Fig. 5-37. Pilot ratings per display for the glide slope capture MTEs: (a) Display
controllability and (b) Bedford workload

As for the localiser capture MTE, the LEAD display format was least
favoured by bothipts in terms of being able to control the test parameters
with the display and the workload involved in doing so. As before, the
ratings for this display were primarily driven by the issues already reported
regarding speed control and the related isgy®wer setting. The VGS
scores consistently best and the LEAD*, PFD and HITS concepts are alll
rate approximately the same. The key additional comments arising from

the glide slope capture MTE for this display concept were:

1. The display would be improvday providing some warning of the
imminent change in attitude/power setting required for the capture

of the glide slope itself.

2. Visual condition V1 allowed the pilots to have a better
understanding of what was going on as the outside world provided
situatonal awareness cues in terms of relative position of airfield,

attitude cues etc.

3. Pilot P2 commented that this MTE was easier to fly than the

localiser capture manoeuvre using the LEAD display.

The key additional comments arising from the glide slope ceyMU E for
the LEAD* display concept were:
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1. The addition of the IAS symbol is not necessarily the end of the
issues with this display. The aircraft symbols provide predictive
information whereas the IAS gives current speed. What is missing
Is some form oprediction as to whether the aircraft needs to be
accelerating or decelerating to be at the target speed at the predicted
0l ook aheadd time (authorés note: o

purpose of the looming cue).

The key additional comments arisingrh the glide slope capture MTE for
the VGS display concept were:

1. Moderate increase in workload to maintairdegpture speed once

the descent is initiated.

2. Pil ot P2 did not O0trusto the accel e
omi |l dl'y i rr it adedoividfortthsottidsetting ng t o gl a
information. Pilot P1 did find the acceleration cue to be useful for

power setting.

3. Both pilots had enough spare capacity to carry out other tasks (such
as talk to the simulator operator) whilst using the VGS. This is

indicaive of an easyo-use display.

The key additional comments arising from the glide slope capture MTE for
the HITS display concept were:

1. Pilot P2 had a tendency to fly close to the upper edge of the tunnel

frames.

2. To get to a control rating of 1 or 2, pilBR requested that the flight
path vector provide some form of flight path prediction capability.

3. Different coloured tunnel frames may be useful at key points e.g. at

point to initiate descent.
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4. The lateral instability of the aircraft model caused a sligtrease
in workload as it was not clear to the pilot if he were the cause of it

or not so was making inputs to try to dampen it out.

The key additional comments arising from the glide slope capture MTE for

the PFD display concept were:

1. Workload higher thatocaliser capture as attention is divided
between controlling the flight path and reducing power to maintain
the target IAS as the descent is initiated.

2. For the height offset with a 3.5deg climb start condition, the
workload is increased as the manoeusnot stable from the

outset.

3. A particular difficulty was encountered in visual condition V2/V7
where the outside world visual cues are very much reduced. Due to
the lateral instability of the aircraft model, the task to maintain a
steady approach was dw®artificially high with the only source of
information being the cockpit heatbwn instruments.

5.7 Discussion of Results

5.7.1 Trajectory Definition

The same comments used for the flare apply here in that trajectories that
conform to constank,, or #,, can be said to follow powdaw inertial

paths. However, what has been introduced here is that there is a further
predictive element that can be utilised, if required by knowing the power
law relationships of E(R-30) and(2-31). Initial velocity and acceleration
conditions can be calculated by knowing that at time, t = O]t =
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5.7.2 Speed Control via Looming

Fig. 538 shows examples of pilots P1 and P2 trying to maintain a target
speed of 160knots (IAS) using the LEAD concept during a localiser
capture manoeuvre. The figure stsavat both pilots are reacting to the
speed warning annunciations which were triggered when the IAS reached

5knots above or below target, and not the looming effect.

|
0 20 40 60 80 100 120 140
Time (s)
Fig. 5-38. lllustration of looming proving to be ineffective for speed control

It was somewhat surprising to discover, during the display performance

trials, the extento which the looming effect on the LEAD concept did not

provide adequate speed control capability as problems of the same

magnitude were not encountered during the development process. The

only explanation that can be offered is that during developitienpilot

was being asked to concentrate specifically on elements of the display

functionality and with this focused concentration, speed control was

possi bl e. However, during the perform
attention was divided on othexsks (flying more complex manoeuvres

with offsets, assessing the display as a whole, consideration being given to

ratings etc.), revealing the limitations of the concept.

The failure of this particular concept does not necessarily spell the end of

the ideathe author uses optical looming every day maintaining station

behind the car in front whilst travelling to work). It is believed that the 2D

aircraft representation was, in fact, too simple a representation of a lead

aircraft. Consider the situationrfeeal. A lead aircraft is not 2D but 3D.
6Loomingé is not only perceived by the
the fuselage crossection. The entire aircraft shape contributes to the

looming effect, which includes angular changes due to the lefgth
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aircraft structure (the third dimension which is missing from the LEAD and

LEAD* concepts). It is therefore suggested that, for future iterations of the

concept, the information regarding the lead aircraft is presented in 3D

form. Thismaybeviaasmpl e 63 D6 | ine drawing or v

model such as that shownkig. 3-31

't is also interesting ttmangepaudul at e t h
have performed more efficiently as a looming speed controller than the
6opend shape ofFigtSB®llustrates sucha tonced. yitmb o |

Open is interesting in that it not only ties in

() with pilot anecdotal evidence (pilot
_/ o
Closed P2 reported that some previous flight
director display testing he had

performed found that closed symbols

Fig. 539. Open and Closed Figures
were preferable to open ones), but

links to the closure law of the Gestalt Theory of motion perception. It may

be tha closed twedimensional shapes are more representative of the three
dimensional world and therefore are more effective at representing

6l oomi ngo. The LEAD di spl ayitideoes, of
circle of the 6f uesestihgeegperiinenttotést woul d be
which, if any, of the two concepts Big. 539 perform more effectively as

a looming speed controller.

5.7.3 tpy, tbxz t Docdevandt pgsdevas a Visual Perception Variables

It is clear from the results &iig. 51 andFig. 52 that the analysis dby
andt pocdevprovide very snilar results. It is less clear froRig. 53 Fig. 5

4 of any similarity betweehnx; andt pgsdevbut they are conceptually
identical, just in a different plane of refecen Overall, then, it would
seem that there is evidence to support individual hypotheses that pilot
control strategies, during the approach, strive to achieve the closure of

aircraft motion gaps using constahbf those gaps. This of interest
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from a display design perspective because there has long been a debate
about the form that design symbology should take. There is an argument
that providing displacemeiainly information does not provide sufficient
information to allow theilot to control the parameter being displayed
effectively and that rate information is also required to improve the
situation[129]. This argument still persists in the design of both hgad

and headlown displays in the form of the dia$-tape debatfl30] (it is
argued that movirigapes that are now almost universal for airspeed and
altitude displayon HDDs and HUDs deprive the pilot of rate information
that a rotating needle on a dial provides). It should be noted that the
definition oft incorporates both displacement and rate information. It is
possible to hypothesise, therefore, that pilots laways sought out

information.

The question arises as to how these variables might be perceived by the
visual systemor the localiser and glide slope capture MTES, both
instrument and visual techniques were employed by the pilots. For the
instrumentcases, the pilot reported that the instrument scan employed
concentrating primarily on the respective localiser or gidpe deviation
indicator. Once established, for the giglepe capture specifically, this
scan is supplemented by an occasionalagat the vertical speed to

ensure that it is about right for the combination of desired-glojee

descent angle and airspeed. Amglationship observed can therefore be
reasonably assumed to arise from the gap of the indicator needle and the
desired location on the instrument (which, for the instruments used in this

experiment, is directly proportional to the deviation angle )tself

For the case of visual flight, the 1| oc
mind by mentally extending the runway cerine over the terrain
between the runway and the aircraft such that as the turn onto it is

complete, for nlwind conditions, lte runway is lined up in the centre of

245



the display directly ahead of the pilot. For giglepe capture, pilots are
trained to O0remember the pictured of
during the descent to it. For a visual glglepe capture, the pilonust

initiate a descent as that mental picture begins to emerge and then maintain
it to the initiation of the flare. There are a number of cues available to the
pilot that will allow him to do this that relate to the relative size and shape

of the runwg, the layout of its surroundings and its position in the
windscreen in front of the pilot (see, for example Réf3], [92] and[91]

for various attempts to quantify, by analysis, how a egidpe angle is

detected md maintained using variables visually available to the pilot). It
would be an interesting next step in the research to ascertain whether any
of the variables suggested in this reference also demonstrate coherent
relationships during the motion gap elos manoeuvres. It could be

argued that if this were the case, the variable in question might be the most
fundamental invariant in the visual scene that is being used to close the
gap. Overall, however, the evidence suggests that pilotsgageclosure
strategies not only when using the outside world as a reference, but also for

null-selection of instruments.

For each of the motion gaps discussed, therefore, there is a plausible means
for the pilot to detect any change in that gap from visually availabl
information. However, some care must be taken with the selection and
definition of the motion gaps as there are issues that require careful

handling with analyzing. Traditionalt analyses (plummeting gannets,
pigeons landing on perchesomersaulters landiregc.) havea very clearly
defined enepoint. The same can be said of the flare manoédutite

moment that the main gear comes into contact with the grddoaever,

for capture manoeuvres analysed, thegrali nt i s o6virtual 6,
hardstop at the end of the manoeuvre. To cope with this, the@ntl

was taken to be when key variable in question changed by less than 1% of

the total gap. For a logsér capture, for example, the pilot may overshoot
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the nominal runway centlae and then reapture it from the other

direction. Where is the end point in this case ? For this specific example,

the view was taken that there are two gaps closed. rBhesfthe closure

to the overshoot value and the second theapture to the runway

extended centrline. This is why, orFig. 51 andFig. 52, for instance,

there ardoth positive and negative values of gap closure. For such

dynamic manoeuvring,analysis can be difficult, if not impossible,

because reversals of the rate of change of the motion gap can lead to large
excursions of the value bfas they return from close fox as the rate of

change term approaches zero. Thisur sui t &6 gui dance has a
di scussed, but-si tanélysie neitg afartheg t o O6soft

mention

5.7.4 Display Parameter Selection and Initial Testing

In general terms, the design parameters recommended by the pilot for the
LEAD concept are thse that would have been selected on the basis of the
performance results alone. For the localiser capture MEEA.Os looks
promising on the basis of the capture of the localiser track alone.

However, this parameter did not provide as good spedtbtasing the

looming concept as fdgre~2.0s or 3.0s. The decision to go wigh~2.0s
therefore came down to pilot preference for a slightly larger symbol.

C1=0.6 then represents the value for which the least overshoot (and indeed
some undershooiy observed and for which the pilot is most comfortable
performing the turn onto track. One limitation of the simulation facility

that may have contributed in part to this decision process was that of
display blurring. The displays were developed otaadard computer

monitor (resolution 1280x1024 pixels) and the displays appeared crisp and
easily visible. This was also true of the HELIFLIGHT monitors in the

flight simulator pod. Unfortunately, there is a collimation lens between the
monitorimageand he pi |l ot 6s eye. This places

also results in a slight shadow image being cast. This second image caused
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a distinct blurring of all of the HUDs used in this research. Short of using
an alternative simulation facility, there was way of getting around this
issue. There is an argument here that using a-basd simulation facility
has merit and a rudimentary one could quite easily be constructed for
future work from deskop personal computers. One of the cited
advantages afsing HELIFLIGHT is that it has a motion base. However,
the motion cues that such a facility can provide are always going to be
corrupted by the motion limits of the platform itself and of the washout
filtering that has to occur. In any case, pilotsteaimed to ignore kilight
acceleration cues as these can be deceptive and rely instead on their
instruments or visual cug¢4]. It can be argued that a good visual
environment (free of display blurring) would be more useful in display
develgpment than a facility with motion cues but a reduced ability to

provide clear displays.

For the glide slope capture MTE, there is actually little to choose between
the test points flown and so the selection of the final design parameters
rests solely witlpilot opinion. However, all of the MTE test points flown

were benign and one of many values could have been chosen.

5.7.5 Display Comparison

For the MTEs that start o6on conditiono
perform well in terms of adherence to desired vahetvariation away

from that target for spatial parameters (altitude, lateral track etc.). They

out-perform, if only by a small margin, HITS, VGS and PFD display

concepts in both good and degraded visual conditions. The LEAD concept

is poor at speed ctml cueing and that has already been discussed. With

the addition of the IAS to the LEAD* concept, it performs as well as HITS

or VGS but this is to be expected.

For the start conditions with offsets introduced, the LEAD and LEAD*

again perform well, butot significantly better than HITS, for example.

24¢



Using the HITS format, the pilots
to choose their own rate of return to the desired flight path. The similarity
of the spread of spatial data for these concepisateithat the same
approach was taken to-aequiring the lead aircraft (again, this simply
indicated where the aircraft should be with no sense of urgency implied as
to how quickly to return to the desired position). In this regard, the VGS
shows someugious results outside of adequate performance boundaries.
This was discovered (too late to do anything about it) during testing that
the VGS algorithms, as implemented, would, on occasion, guide the
aircraft onto a height other than the initial heighthef start conditions.

The pilot followed the guidance, as instructed, but this guidance was
6incorrect 6. The absolute values
deviation still provides a comparative indication with the other display

concepts. In thisegard, the VGS performs well.

In general terms, unlike for the flare MTE, there is no degradation in
performance compared to the MTE criteria and in some cases, there is
actually an improvement when the visual environment is degraded. This is
least trudior the LEAD concept and is interpreted as follows. The outside
world view, according to Gibson, contains a wealth of information for the
observer when under motion. Of course, for the results presented, the
pilots also flew with reference to instrumeatsl guidance. However, the
HUDs, at least, were overlaid onto that visual scene. Even if it were a sub
conscious process, it appears that the information available from the visual
scene is influencing aircraft guidance decisions in some cases. Tittis res

in less consistent trajectory performance. In the severe DVE tested, the

only information available is from the displays and the pilot can devote all

comm

shou

attention to-ctlhuetstee.r i nigté iosf tihnifsorondaet i or

more consisterttajectories being flown.
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In terms of pilot ratings, the LEAD and LEAD* perform better for the
localiser capture MTE than for the glide slope capture. In general, pilot
P16s ratings are | ower i .e. more favou
discussion withthe pilots it became clear that the reason for this was that
pilot P1 had been providing ratings based upon the guidance capability for
the concepts alone, whilst pilot P2 had been taking a more holistic
approach and rating the display in totality. Tleeaeral trends indicated
across pilot ratings are similar so it is not considered that this discrepancy
is too detrimental. However, it may be that the HITS, LEAD and LEAD*
concept may have been more severely rated by pilot P2 using the holistic
approach sithey are not, and were never intended to be, polished display
formats, like the VGS for instance.

There is one further reason why the LEAD and LEAD* concepts were

rated slightly more severely during the comparative display testing. For

the localiser capre MTE start conditions with offsets, the initial position

commanded by the lead aircraft directed a climb and then descent when

none was required. This was | ater fou
to constrain the lead aircraft symbol to theteerisual channel screen.

This will need to be corrected for any future work conducted using this

display format. As such, this has added an unintended extra element of
compensation to control the symbol and has contributed to the ratings for

this disphy being artificially high.

Overall, it should be remembered that the LEAD and LEAD* concepts did
provide suitable guidance in both good and extremely degraded visual
environments to allow the pilot to perform the MTEs at least as well as,
and in many casebetter than the alternative display formats. This showed
that using thé of a motion gap is suitable for driving a display that defines

a flight path trajectory.

24¢



5.7.6 Roll Command

Both the LEAD and LEAD* concepts provided roll cueing in the turn for

the localiser capture MTE. This proved to be adequate but not ideal. The

rolangl e commanded was Oaveragedd from a
pilot P1 during initial testing of the display. As such, it did not always

command a roll consistent with the cha
desired turn radius to4&cquire desed track. This attracted some pilot

comment and is suggested as an improvement for the next iteration of the

display concept.

5.7.7 Limitations of the Results

The same limitations apply to the results presented for the localiser and
glide slope capture MTEs &x the flare MTE. In addition, it should be
noted that the degraded visual conditions used for each display format are
not quite Osymmetrical 6. The HITS for
the tunnel frames placed in the outside world databaseg Wsgjrto create
visual condition V7 obscured these models as much as the surrounding
scenery. To solve this problem, V2 was used as the degraded visual
environment and V7 for the remainder of the display formats. It is not
considered that this had a najmpact as it resulted in the surrounding
environment appearing black rather than grey. It was, however, a
difference in test conditions and, as such, represents something to be

improved next time.

The test of a displ ay amanotheghasbeenr e or |
measured using MTE performance criteria and pilot ratings. However, the

use oft-based displays implies that the use of such formats should provide

the pilot with guidance information that is more recognisable, more

intuitive. The measures used do not necessarily translate to a direct

measur ement of thi s om Ewanathirngjptotsdé of t he

are used to using certain types of displays e.g. PFD and VGS and it is
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suggested that, however unintentionally, ratings awarded might lean

favourably towards the familiar rather than the unfamiliar. A true measure
oftheeffecw eness of a display is how qui ckl
the information that it provides. This is beyond the scope of the current

thesis but perhaps provides an interesting research topic for the future.

5.7.8 General Discussion

One of the initial goalsf the design process was to try to minimise the
display symbology that is used on any concept developed. For the case of
LEAD*, only four symbols are presented (lead and predictor aircraft,
horizon, IAS). The pilot should be using the VGS in much éimees

manner (flight path symbol, guidance cue, horizon and IAS tape/digital
readout). It can be argued that the number of symbols being used has not
really been reduced but, with reference to the specific tests, the total
number of symbols required to pamni the task satisfactorily that are
displayed to the pilot has been significantly reduced. Of course, the VGS
additional symbology is assumed to be there for good reason but an
interesting proposition for future displays is to project only that symbology
set that is absolutely necessary for the phase of flight ahead of the pilot
(such a function alreatdwpyteéexir®t snodespam

existing HUDSs).

5.8 Conclusions

A number of fixedwing large jettransport localiser and glide slope
capturemanoeuvres have been flown and analysed. The results from these
analyses have been used to gendritesed trajectories. Algorithms have
been developed to drive a lead aircraft symbol and predictor aircraft
symbol to provide guidance such that a pikr enanually fly the aircraft
around those trajectories. From this work, the following conclusions have

been drawn:
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Vi.

Vii.

During the final segment of the localiser capture manoeuvre,

the hypothesis that, and #,, ., remainconstant has been

ocdev
shown to be correct.
During the final segment of the capture of a gbttepe, the

hypothesis that,, and #, ., remain constant has been

shown to be correct.

In a GVE, the constartt, andt,, pilot strategies can be

achieved with reference to the visual information available in
the outside world.

In a DVE, the constart, and#,, pilot strategies is

achieved with referare to the nulling of gaps indicated by
cockpit instruments (in this case, localiser and glide slope
angle deviation indicators).

In general, for the approach MTES, performance against the
MTE criteria is either equivalent to, or improved, when the
same maoeuvre is flown in a DVE compared to the same
manoeuvre in a GVE. This is true for the PFD, VGS,
LEAD* and HITS display formats. In this case, it is
interpreted that the wealth of information available to the
pilot from the outside world visual sceneuwstly hinders the
manoeuvre being flown accurately and consistently. The
display formats provide sufficient information to fly the
manoeuvre, with the degradation in visual conditions
removing the Ounnecessaryéo
The use ba simple 2D representation of a lead aircraft
provides insufficient speed cueing to provide satisfactory IAS
guidance.

The use of average roll values to provide roll cueing was an

unsatisfactory solution and exact roll angle cueing would
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viii.

need to be intuced (or the roll cueing removed altogether)
to provide a more satisfactory pursuit guidance solution.

A lead and predictor aircraft symbol display concept provides
the means to indicate and fly very precise and invariant flight
paths.

Acceptable -based values for the leqdedictor aircraft

symbol concept are as follows: prediction titgeg=2.0s; for

the localiser capture MTE#,, =0.6 and total manoeuvre

duration, T=10.0s; for the glide slope capture M¥E;; =0.6

and total manoeuvre duration, T=5.0s.

The HITS concept finds acceptance with pilots in that it
provides the required guidance information but allows them
to choose the rate at which any deviations can be corrected.
The LEAD and LEAD * conceptdso perform this function

but the effect is more subtle.

5.9 Recommendations

Based upon the work reported in this Chapter, it is recommended that:

Consideration should be given to using a pseadactual
3D lead aircraft symbol to establish whether this maps
the speed cueing provided.

Investigation into methods to measure human cognitive
function should be made with pilots using various display
formats. The absence or reduction of cognitive processing
would be a measure of success of the ability ofdisaiay to
provide the pilot with the guidance information that is
required more effectively. It is hypothesised thetwased
display would be more effective in this regard than a

spatiallybased display.
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Thet-based relationships used to define the approach
trajectories could equally well be used as a basis for
automatic control of an aircraft along those trajectories.
Consideration should be given to using the relationships
reported to implement automated localiser (or general track)
and glideslope (or general descent and climb flighths)

capture manoeuvres.

If recommendation (i) yields more successful speed control
the LEAD and HITS concepts be combined into a single

display format.
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Chapter 6

FULL AIRFIELD APPROACH MTES

6.1 Introduction
This Chapter reports on the results obtained for the large jet transport
MTEs where the pilot conducted an approach to the airfield all of the way

to touchdown. Specifically, results from the following B are reported:
1. Full Standard Visual Approach;
2. Full Standard Precision Approach and
3. Curved Approach

The Full Approach MTE is the localiser capture, glide slope capture and

flare MTEs linked together with steady state flight segments. As such,

Chapters 4nd 5 cover the basic analyses that relate to the extended MTEs.

The purpose of using the d6extendedd MT
display concepts performed acceptably over an entire approach, rather than

limited portions of the approach, and thatmoblems were encountered at

60t he seamsbé6. As such, a more |imited
MTEs. Sectiorb.2reports the results of a trajectory performance analysis

and Sectiorb.3reports on the corresponding pilot ratings. Sections 6.4,

6.5and6.6 bring together the learning points from those results.

6.2 Display Trajectory Performance Analysis

6.2.1 Full Standard Approach

Fig. 6-1to Fig. 6:5 show the summarised trajectory data for all test points
flown for the Full Approach MTE for pilots P1 and P2 in visual conditions
V1 and V2/V7.Fig. 61 shows the mean aircraft cg altitude during the
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a. Visibility Condition V1 b. Visibility Condition V2//7
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Fig. 6-1. Mean Altitude during approach to localiser during Full Standard Approach
MTE

level portion of the MTE achieved by each pilot per display in both good
and degraded visual conditions. In general, the LEAD and LEAD*

displays resulted in the closesharence to altitude in terms of deviation

from target and variation in altitude over the course of the manoeuvre. The
VGS and PFD formats also provided comparable if not more impressive
results for pilot P2 but much less so for pilot P1. ConverselpilurP1,

the HITS display results in altitude adherence comparable with the LEAD
and LEAD* displays but less so for pilot P2.

a. Visibility Condition V1 b. Visibility Condition V2A/7
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Fig. 6-2. Mean localiser overshoot during glide slope capture and descent phase of
Full Standard Approach MTE
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Fig. 62 shows the localiser overshoot achieved during the MTE achieved
by each pilot pedisplay in both good and degraded visual conditions. The
LEAD, LEAD* and HITS (pilot P1) formats provide an average localiser
deviation very close to the target value and with the smallest variation over
the MTE. The VGS and PFD formats provide sinligaels of degradation

in the deviations and variations observed in both visual conditions.

Fig. 63 shows tle average glide slope achieved during the MTE by each

a. Visibility Condition \/1 b. Visibility Condition V2A/7
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Fig. 6-3. Mean glide slope during descent phase of Full Standard Approach MTE

pilot per display in both good and degraded visual conditions. The VGS,
LEAD, LEAD* and HITS all provided comparable results for pilot P1 with
pilot P2 generating his best performance with the LEAPIdjs For both
pilots, the PFD display format resulted in glide slope maintenance tasks
that were on average as close to target as the four other displays but with

the greatest variation over the MTE.
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Fig. 64 shows the IAS achievatlring the localiser capture portion of the

MTE achieved by each pilot per display in both good and degraded visual

a. Visibility Condition V1 b. Visibility Condition V2A/7
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Fig. 6-4. Mean IAS during approach to and capture of localiser during Full
Standard Approach MTE

conditions. The LEAD display format resulted in the widest variation in
speed for both pilots in visual condition V1 whilst the LEAD* fotma
provided a reduced variation for pilot P1 in visual condition V2/V7. The
PFD, VGS and HITS displays provide comparable average IAS values and
variations from that mean for both pilots in visual condition V1 with the
performance observed in visual coraitVV2/V7 degrading somewhat for

pilot P2.

a. Visibility Condition /1 b. Visibility Condition VV2A/7
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Fig. 6-5. Mean IAS during capture and descent phases of Full Standard Approach
MTE
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Fig. 65 shows the mean IAS achieved during the glide slope capture and
descent phases of the MTE achieved by each pilot per display in both good
and degraded visual cotidns. For all displays formats, the average IAS
achieved is close to the target of 140 knots. The LEAD display resulted in
the widest variation in airspeed for both pilots in visual condition V1 and

for pilot P1 in visual condition V2/V7. The pilotspiemed well using

the VGS and HITS formats in V1 but less so in V2/VV7, the LEAD* display
producing the least variation in IAS in this visual condition.

6.2.2 CurvedApproach
Fig. 6-:6 shows the mean lateral track deviation achieved during the entire

a. Visibility Condition V1 b. Visibility Condition V2/A/7
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Fig. 6-6. Mean lateral deviation from desired track for the Curved Approach MTE

Curved Approach MTE by each pilot per display in both good and

degraded visual conditions. It is clear that the LEskid LEAD* concepts
provide the best performance, both in terms of adherence to desired track
and deviation from it. For these cases, the mean and standard deviation fall
within the desirable performance criteria boundaries. The HITS concept
performs wd| maintaining average and variation deviations at least within
adequate boundaries (though pilot P2 just maintains desirable). The VGS
concept performs less well, however, SecGah3reports on why this is

the case. Wheihe pilot has only reference to the PFD symbology,
unsurprisingly, adherence to track is not maintained very well at all.
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Fig. 67 shows the mean vertical track deviation achieved during the entire

a. Visibility Condition /1 b. Visibility Condition V2A/7
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Fig. 6-7. Mean lateral deviation from desired track for the Curved Approach MTE

Curved Approach MTE by each pilot per display in both good and
degraded visual conditions. As with the lateral deviation results, both
LEAD concepts provide the mbaccurate and consistent adherence to

desired flight path, with HITS, VGS and PFD following on respectively.

Although not strictly an MTE performance criterion, the curved@gugh

was constructed such that the average glide slope during the descent was

a. Visibility Condition V1 b. Visibility Condition V27

~
o
I

B
1))
I

w
I

w
I

w
I

Average Glide Slope (deg)

w

(4]

!

\

|

T

|

)

|

|

L

\

|

L]

|

\

Average Glide Slope (deg)

w

n =

L

\ \

_%_9_\
[

\ \

\ \

9% \
\

L

| \

= I

T

| \

9 |

\ \

L

T

\ \

! !

N
3]
I
n
[
I

2
PFD WVGS LEADLEAD HITS PFD WGS LEADLEAD® HITS
Display Used Display Used

Fig. 6-8. Mean glide slope for Curved Approach MTE
3.5°. Fig. 68 shows the mean aircraft glide slope during the MTE
achieved by each pilot per display in both good and degraded visual
conditions. These are, of course, a corollary to the resufig.o8-7. Both
pilots achieved average glide slopes within the desired performance
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boundaries. The VGS, LEAD and LEAD* displays resulted in th&t lea

variation form the respective averages.

Fig. 69 shows the mean aircraft IAS during the MTE achieved by each
pilot per display in both goaaihd degraded visual conditions. Both pilots

a. Visibility Condition V1 b. Visibility Condition V2A/7
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Fig. 6-9. Mean IAS for Curved Approach MTE
achieved average IAS values within desired performance boundaries, VGS

and LEAD* producing comparable accuracy and least variation from this
mean. The PFD, LEAD and HITS formats show worse performance, but
still within desirable boundaries.

6.3 Full Approach MTE Pilot Ratings
6.3.1 Full Standard Approach
Fig. 610shows the average ratings for all of the full approach MTEs given

by both pilots in the differing visibility conditianfor each display format.
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a. Display Controllability b. Bedford Workload
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Fig. 6-10. Pilot ratings per display for the Full Standard Approach MTE: (a) Display
controllability and (b) Bedford workload

As with previous results, pilot P2 tends to rate the displays more severel
than pilot P1. For visual condition V1, pilot P1 rates the VGS as the most
controllable and resulting in the least workload followed by the PFD,
HITS, LEAD and LEAD* formats. In visual condition V2, the VGS is still
rated the best but the LEAD* becosm@ore comparable with HITS and

the PFD is rated as being difficult to control and as having high workload.

The same sorts of trend emerge for pilot P2.

Some of the additional pilot comments for the reasoning behind the ratings

follow. For the PFD format

1. Invisual condition V1, the approach is primarily a visual task,
making reference to the instruments occasionally. As such, itis

well within the capabilities of the average line pilot.

2. Lateral oO6instabilityé of the GLTA m
harderin visual condition V7 as it is not clear whether indicated
heading changes are real or a funct

the instability causes.
For the VGS display format:

1. Control of trajectory is very accurate and precise with
0i nst ant ance Varyditie cgmnpenshtion required.
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2. Loss of the runway outline in visual conditions V1 is less of an
i ssue than in V7. I n V7, the pilot
outline of the runway on the display (it appears at 500ft AGL and
disappears at 100AGL).

3. The flare guidance did cause a number of bounced landings and

this has driven the ratings up on occasion.

4. Both pilots were occasionally confused by which symbol to follow
during the flare. The flare alert cue moves up from the bottom of
the displg to provide pitch rate information for when the flare
commences. The arrival of this cue added an element of
uncertainty as to whether to follow it or the guidance cue (pilots
were briefed to follow the guidance cue at all times).

For the LEAD and LEADisplay formats:

1. Most difficulty (and hence higher ratings) was with speed control

during the approach (particularly with the LEAD format).

2. Due to the difficulties with the speed control, the flare annunciation
and speed warnings could activate togethdrthis could be

distracting at a critical moment.

3. For the offset start conditions, the lead aircraft symbol occasionally
di sappeared from the pilotds sight
disconcerting (the symbol was still on the screen but was obscured

from view by the simulator structure around the display monitors).

4. Control activity generally perceived to be higher throughout the
approach when compared to the VGS.

5. Some warning as to when the glide slope manoeuvre was about to

commence would be useful.

6. It would be desirable to know how far to go. The pilots felt

disconcerted, in visual condition V7, descending towards the
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ground for some time without any indication of how close they

were to it.

7. The ease or difficulty with which a particular approach could be
flown was a function of how quickly the desired track could be re

established from any offset condition.
For the HITS format:
1. In straight sections of the tunnel, workload is very low.

2. The turn portions of the manoeuvre raised 3 issues. The first is that
there is an apparent descent required when it is known that this is
not the case (this is an optical illusion). The second is that the bank
angle indicated is not necessarily the one that is flown. Finally, the
number of tunnel frames that can be vieweeaal is fixed at 5.

This is fine for straight sections of tunnel but needs to be increased

during turning manoeuvres.

3. The tunnel elements lend themselves to stable flight as there is no
chasing of | ocaliser or | ead aircra
the |l oopd on trajectory control | es
particularly true in visual condition V1 when the horizon assists

with peripheral vision attitude control.
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6.3.2 CurvedApproach
Fig. 611 shows the average ratings for all of the Curved Approach MTEs
given by both pilots in the differing visibility conditiofier each display

format.

a. Display Controllability b. Bedford Workload
-—— P2V PFD

- = = P2V2NT 104
— P1VI A
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Fig. 6-11. Pilot ratings per display for the Curved Approach MTE: (a) Display
Some of the additional pilot comments for the reasoning behind the ratings

follow. For the PFD format:

1. Invisual condition V1, if the turn onto localiser is left until the
localiser indicator needle starts to move, then a largesbwot
occurs and regaining a stable approach is a high workload task.
The task of anticipating when to turn on to localiser is therefore left

to the pilotds own judgement .

2. Invisual condition V7, the guidance is insufficient and almost
impossible to coplete. With no view of the runway, anticipating
when to turn is guesswork. This test point resulted in the most

number-anbunddé deci si ons.
For the VGS display format:

1. The method used to provide guidance cue information i.e. the
60st eppedimeanttha at norppint dround the turn was the
aircraft ever stabilised. It led to control reversals all of the way
round the approach profile. Neither pilot enjoyed this form of
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guidance. It was difficult to predict was the next required control

inputwould be.

2. Once round the turn, the control and workload issues disappeared
and the display performed as well as for the Full Standard
Approach MTE.

For the LEAD and LEAD* display formats:

1. On the first attempt at this MTE, it was not obvious to the pilots
where the power should be to maintain desired speed and so made

the task o6éhard wor ko.

2. The guidance, when flown with accurate speed control, did result in

a stable approach on O6Final 6.

3. Invisual condition V7, the absence of peripheral cueing made the
task kel harder to complete. After a number of practice runs in this

condition, the display format was <c

4. For the LEAD format, speed control was the determining issue for
the ratings. If datum speed was lost, it was very ditficutecover

due to the only source of speed information being the looming cue.

5. Overall, despite the aforementioned issues, the display did provide
guidance down to the threshold and

touchdown.
For the HITS display format:

1. It was dfficult to establish a stable turn using the tunnel frames as a

reference.

2. Knowing the height to initiate the flare proved difficult with
reference to only the tunnel elements in visual condition V2. This
task was a lot easier to perform in visual caadiiV1 due to

horizon and peripheral cueing.
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6.4 Discussion of Results

6.4.1 Trajectory Definition

The use of-based trajectories to drive the LEAD and LEAD* display
formats allowed standard and a continuous descent curved approach to be
flown to touchdown in a GVE and severely DVE. The PFD format, with
only localiser and glide slope deviation indicators wasdiaio be

inadequate in a DVE. The VGS format implementation of the desired
trajectory definition led to some adverse pilot comments during the turn
onto the localiser. The HITS format used proved suitable for use in
guiding the aircraft around the desireajectory but with a number of

shortcomings.

6.4.2 Display Comparison

With the exception of the PFD in visual condition V7, all the display
formats tested guided the pilot down to the runway surface. Itis clear,
however, that if the trajectory to be flonsia specific eartfixed path,

then the LEAD* and HITS concepts provide the means to do this. The
LEAD concept is not suitable in this regard as the speed control cueing is
insufficient. If the VGS guidance cue can be made to respond to curved
path trajetories rather than traditional straigimte ILS radio beams, then it

too would be able to perform the task well.

For a Full Standard Approach, there is little to choose between the HITS
and LEAD* formats. For the more dynamic continuous descent Curved
Approach, however, the LEAD* concept demonstrates the ability to guide
the pilot with much closer adherence to the desired flight path. Of course,
HITS concepts are already flying on operational aircraft fenoerte

phases of flight. However, if and whproposed airspace changes occur, it
is proposed that this method will need to be supplemented by something
like the LEAD* concept to ensure that the proposed required navigation

performance standards are met.
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It is interesting to note that the pilots cdaiped of powersetting issues

when using the LEAD and LEAD* displays. The only display format that
provided power setting cueing was the VGS. The same issue must
therefore have been present for the PFD and HITS display formats. This is
interpreted as eaning that other issues such as trajectory guidance were
more apparent for the PFD and HITS testing and that this was not as big an
issue for the LEAD formats. Because of this, alternative (and arguably,

increasingly minor) issues came to the fore.

6.4.3 Limitations of the Results

The major limitation as far as the Full Standard approach MTE is

concerned is that the PFD format results are perhaps more severe than they
should be. As reported in Sectidr2.3.1 modern jet transportse

equipped with a flight director capability. The PFD format did not possess

this function (although the VGS did). As such, the format tested is not
guite representative of the tools at

The Curved Approach MTE analysilso has a small number of

limitations. The first of these is that the VGS results, whilst an accurate
reflection of its performance in the simulator, are not representative of how
the display would work in the real world for such a trajectory. To eeduc

the development time required for the trial, the curved approach trajectory
was divided up into 5 straighibe ILS trajectories. In this way, the

existing VGS guidance algorithms could be used to guide the aircraft
around the (approximate) desired pa#ts each pseudi.S beacon was
passed, the simulation automatically updated the control signal to the next.
As such, the trajectory travelled using the VGS was not commanded to be
the accurate circular path and the ¢
and not continuous. The adherence to the desired spatial track obtained
with the VGS would always, therefore, be reduced. Nevertheless, in

reality, the VGS would not have been able to perform the MTE as tested in
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the simulation environment. Had this oanvre been flown with the
display as originally defined i.e. with an ILS straigihipproach function
only, would have performed much less adequately and presumably been

rated accordingly.

The second issue with the Curved Approach MTE, from the pénspet

this thesis, is that, given the inadequacy of the looming speed cue, there is
not content to it, except for the flare. The curved approach trajectory was
constructed as a circular arc, as described in[&db try to establish

whether any -based concepts developed could cope with other trajectories.
To that end, the LEAD* concept proved more than adequate. However,
the continuous descent approach would also seem to be a prime candidate
for an investigation intb-coupling. To arrive ahe threshold, the vertical

and lateral motion gaps must be closed simultaneously and that is exactly
what would result from an algorithm that couples thettsvof those

motion gaps together.

6.4.4 General Comments

The work carried out is intended to providedglines for the development

of guidance displays. A number of the pilot comments indicated that

whilst the LEAD and LEAD* did provide this guidance function, their

comfort levels when doing so in a DVE were not as high as for the PFD

and VGS displays (&n though the trajectory performance was worse).

Examples of comments made concerned how far from the airfield the

aircraft was i.e. how long was left to go, how high above the ground the

aircraft was, particularly towards the end of the glide slope deste

Whilst these issues are not specifically pure guidance issues, they do reflect

the pilotds need to be aware of their
(their oOsituational awareness (SA)Od).

terms of DME and radaitimeter readings. So, whilst the guidance issue
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is of prime concern, thought must also be given to symbology to provide

greater SA.

Overall, the results suggest that
symbology of the VGS provide suitableigance for jet transport aircraft

(as might be expected for a production system). However, as airspace
usage changes, paradoxically, stringent airways usage will be abandoned
but the constraints upon navigational accuracy during terminal
manoeuvring wilincrease. To achieve the greatest levels of spatial
accuracy the results suggest that a HITS display is satisfactory but a lead

aircraft can improve on this.

6.5 Conclusions

A number of fixeawing large jet transport aircraft approaches to an

airfield have ben conducted and analysed. These included a full standard
approach to an airfield using localiser and glide slope capture techniques
and a more intensive continuous curved descent to the runway. From this

testing, the following conclusions are drawn:

i. Thet-based display algorithms provided trajectory guidance
that equalled or otperformed the other display formats
tested in both a GVE and severely DVE.

il. Good trajectory adherence does not guarantee that pilots will
find the display easier to use. The VGl #ITS formats
were generally rated as being more controllable and inducing

less workload.

iii. Pilots appear to make use of peripheral vision cueing and
when this is lost, e.g. in visual condition V7, they become
sufficiently aware of this to comment upon thexceived

degradation in their ability to fly a given manoeuvre.
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Consideration of pure guidance cueing alone will not result in
a display format with which pilots are automatically
comfortable. Consideration needs to be given to symbology

to provide addional situational awareness to aircrew.

6.6 Recommendations

Based upon the work recommended in this Chapter, it is recommended

that:

The use of-coupling should be investigated for use in
continuous descent approaches similar to the Curved

Approach MTE trajetory.

The use of symbology to provide peripheral cues should be
investigated for use in a DVE. In the UoL Bibby flight
simulation facility, this would mean using displays on the

outthewindowleft andi right display channels.

The use of a combined HITéhd LEAD* type display should
be investigated, particularly for continuous descent (curved)
approaches. Eroute flight would utilise only the HITS
format but as the airfield terminal manoeuvring area was
approached, a lead aircraft symbol would be intoed to
increase the precision with which a desired trajectory is
flown. Issues surrounding how the symbol should be
introduced and display eguttering would make interesting

topics for research.

The next iteration of the LEAD* display should include

Iimi ts of travel t hat restrict

of sight in the simulator.
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Chapter 7

CONCLUSIONS AND FUTURE WORK

7.1 Introduction

The research presented in this thesis

aircraft through its surrounding environment using manual control as one
of perceived selfor egemotion. Ecological psychogy and specifically

tauf )-theory provides an explanation for how an observer can be provided
with temporal eganotion perception information directly from the visual
field. The temporal element is important because an observer in motion
needs to be able to assess not onlyuteeat position but also its position

at some time in the future i.e. its prospective position. Only in this way can
the motion be guided such that collisions are avoided, prey is captured etc.
A central tenet of-theory is that motion is guided via tblesure of

perceived motion gaps. A number of motion gaps available visually to the
pilot were proposed for the following-flight manoeuvres:

1 Glide slope capture
1 Localiser capture
1 Landing flare

The gap closure strategy was hypothesised to be one thibawe of
change of (#) of the gap was kept constant by the pilot. The research
that follows can then be divided into 3 main components:

1. Initial application oft -theory to a range of flight manoeuvres to test

the constan# hypothesis;
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