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The out-the-window view provides the main information pilots need to control the aircraft during the
final phases of landing. Pilots learn how to use this information through extensive practicing, and little
is known about the —mostly subconscious— perception and decision making processes playing a role.
In my research I try to reveal which visual cues (i.e., characteristics of the visual scene) pilots use for
their navigation and control decisions, and how they use them.

Outline:

This thesis consists of 3 main parts. The first part consists of critical reviews of visual cues and pilot mod-
els found in literature. After introducing the general principles of visual depth and motion perception, I
discuss the applicability of previously suggested cues to the final approach and landing of airplanes. Var-
ious control modeling approaches are reviewed, and especially applications to human operator modeling
and airplane pilot modeling in specific are considered.

The second part deals with the generation of fuzzy-neural network models to identify human pilot
control behavior. Using data from real and simulated landings by professional airline pilots, small
networks were trained to map the relation between visual cue inputs and the pilot’s longitudinal aircraft
control as output. The gamma-operator, know for its applicability to human decision making, was used
as a neuron transfer function to create a transparent model which can be interpreted in terms of a fuzzy
logic controller.

In the third part I introduce and analyze the hypothesis that the apparent motion of the runway
sidelines is an important cue for timing the initiation of the flare maneuver. Several pilots took part in
additional simulator experiments to test this hypothesis under different approach conditions.

Background:

The focus of this research is on the so called ‘flare’ maneuver for mid-sized jet airliners, although the
preceding ‘glide phase’ (Fig. 1) is also included to some extent. The flare maneuver is considered the
most difficult standard maneuver in airplane operations, while its timely initiation and proper execution
are indispensable for a safe and soft landing. A few seconds before touchdown, the pilot pulls the control
column to pitch up and change the 3 degree glide approach path to a shallower path. Apart from reducing



the sinkrate —and thus the impact with the ground— the higher pitch of the aircraft also ensures it will
touch down on the main gear first, before the nose gear touches down.
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Figure 1: The final approach to landing consists of the ‘Glide’ phase, where the pilot
has to track a 3 degree glideslope, the ‘Flare’ phase, where the pilot pitches up to arrest
sinkrate and prepares for landing softly on the main gear, and possibly a ‘Float’ phase
where the pilot needs to perform some final ‘touchdown control’. Ideally, a smooth flare
ends with the touchdown, and no float phase is present. (Pitch angles are exaggerated.)

Although training literature and pilots generally state that the flare should be initiated at a certain
altitude, it is also known that the timing should be changed according to the sinkrate (which depends
on e.g. wind and aircraft weight). Flare-related decisions are made in close proximity to the ground,
and information has to be integrated and processed so quickly that the pilot has no time to read all
instruments. Therefore he obtains the necessary information mostly from visual cues. Since visual
perception and situational awareness are subconscious processes, even highly skilled pilots cannot explain
their technique in words. This means that students have to learn by experience from extensive (simulator)
practicing, with only marginal feedback.

The study of visual cues is not only important for pilot training and developing training aids, but also
for a variety of other applications, such as the development of augmented or synthetic vision systems,
the improvement of simulator fidelity, and the awareness of possible visual illusions.

Materials and Methods:

In the literature review I consider several viewpoints and present findings from medical, psychophysical,
perception, and engineering reports, as well as guidelines found in pilot training publications. Gen-
eral introductions to pictorial cues, optical flow theory, and time-to-contact are provided. Visual cues
suggested by other researchers are inventoried, and their applicability to control in the final phases of
aircraft landing is investigated through an analysis of cue availability, perceptual thresholds, and visual
illusions. The question of whether binocular cues could be used by pilots is extensively discussed in a
special section. The review of literature on modeling techniques provides the reader with a little back-
ground regarding existing research on pilot modeling. Although most of this research was done back
in the late 1950s-70s and applies linear feedback control modeling strategies, I also present some other
methodologies that recently caught more attention.

Whereas most existing research involves simplified laboratory experiments and uses aircraft states
as model inputs, I obtained data from full flight training simulators with professional pilots and from



a few real flights, and use visual cues as model inputs. As mentioned before, the pilot obtains most
information for the final approach and landing control from the visual scene, since there is no time to
read all instruments and integrate this information. The visual cues are therefore the real inputs to the
pilot, and consequently they should be the input parameters if the model is to be used for analysis of
the human operator himself. Simulated landings in a Dornier Do-228-200 turboprop and in a Boeing 767
type airplane form the main data basis for this research. Landings were performed with clear visibility
and under various wind and loading conditions.

For the general analysis of visual cue use, I apply a neural network modeling approach. However,
instead of the commonly used sigmoid transfer functions, I use the y-operator proposed by Zimmermann
and Zysno [“Decisions and evaluations by hierarchical aggregation of information”. Fuzzy sets and sys-
tems, 1983; 10(3):243-260]. The ~y-operator allows for partial compensation and can ‘interpolate’ between
the common AND and OR logic connectives. The neural network framework allows the parameters of
the y-operator to be trained from data through error back-propagation learning. The y-operator was
chosen as it matches human decision making characteristics well, and its application makes the result-
ing network (model) more transparent. The model structure and parameters can easily be put into a
linguistic form, and are therefore well suited for applications in pilot training and feedback generation.

In the third part of this research (i.e., testing the hypothesis that the apparent motion of the runway
sidelines is an important flare cue) I analyze the proposed cue mathematically and compare it to other
cues proposed in literature. Statistical analyses such as ANOVA and coefficients of variation analysis
are applied to approach data obtained in dedicated simulator experiments. Additionally, eye-tracking
experiments were done to find out where the pilot is fixating during the final approach and landing.
Various cockpit instruments as well as various positions in the out-the-window scene were selected for
classification of the fixation data.

Results:

The literature study resulted in three lists of visual cues which are considered important in the glide
phase, the flare phase, and for the timing of the flare initiation. Especially for the glide phase, there seems
to be a strong agreement that the ‘H-distance’ (the angle in the vertical plane between the aimpoint and
the horizon; dy in Fig. 2¢) is important for keeping the glide path. Also the principle that the aimpoint
should coincide with the center of expansion of the optical flow is often noted, as well as the importance of
the height of the horizon with respect to an aircraft-fixed reference for inner loop pitch attitude control.
For flare control (touch down control), many possible cues were identified from literature, including the
runway sidelines, the focus of expansion, optical flow (through a wide field of view), the height of the
horizon and the time-to-contact. For flare initiation, mainly the angle between the runway sidelines (6,
a cue for altitude; Fig. 2) and the time-to-contact have been considered in literature so far.

The study of literature on binocular cues showed that pilots of mid-sized airliners most likely cannot
use stereopsis for depth perception in the final approach, although it may still benefit some last-second
adjustments in touch down control. Stereopsis may still be useful for landing small aircraft, close range
operations such as mid-air refueling and taxing, and for helicopter operations. Other interesting findings
from this investigation include the importance of a wide field of view and the notion that the effective
use of monocular cues may be trained.

The ~-network pilot models showed that the H-distance is the main cue during the glide phase,
which is supported by literature. A more interesting result was that, the apparent motion of the runway
sidelines (0 in Fig. 2b) was identified as the main visual cue for the timing of the flare initiation. This cue
was not found in literature, while literature did mention the importance of a combination of altitude and
sinkrate, two aircraft states directly influencing this visual cue. Application of the ~-network modeling
technique to aircraft states —rather than to visual cues— also identified altitude and sinkrate as the
main factors influencing the pilot’s flare initiation timing.

The surprising result of this general modeling required further investigation of the apparent motion
of the runway sidelines as a visual cue to flare initiation timing. A mathematical analysis of the landing
scene geometry revealed that 0 is a function of the runway width, altitude, and sinkrate. Altitude and
sinkrate are two factors of known importance to the flare, since an earlier flare (i.e., at higher altitude) is
needed in an approach with excessive sinkrate to obtain a gentle touchdown. The fact that the runway
width also plays a role in this cue could cause visual illusions when landing on runways of non-standard
width. Such illusions are actually reported by pilots, and it is therefore still possible that pilots indeed



(a) With pure forward movement of the observer, the angle between the runway side-
lines (0) is constant and the aimpoint markers move downward in the image.

(b) With pure downward movement of the observer, the angle between the runway
sidelines increases faster and faster (both 8 and 0, the time derivative of 6, increase)
and the aimpoint markers move upward in the image.

(c) When the observer maintains a constant glide-slope towards the aimpoint, the angle
between the runway sidelines increases in a way similar to the pure downward
motion case 2(b), but the aimpoint markers stay at a constant height in the image,
that is, the H-distance (dg) is constant.

Figure 2: Change of the visual scene for (a) forward motion, (b) downward motion
and (c) glideslope tracking. The sequences show a constant speed motion at constant
time intervals (within a sequence). 0 is the angle between the runway sidelines. dy is
the H-distance. The rightmost pictures combine all sequence geometries.

rely on the apparent motion of the runway sidelines.

In tailored experiments using full flight training simulators, professional airline pilots landed a Boe-
ing 767 under various wind and gross-weight conditions. These conditions resulted in various nominal
approach sinkrates and subsequently influenced the proposed visual cue, while the typical visual cues of
a 3 degree glideslope were maintained.

The strong winds appeared challenging for the pilots, and some data obtained under extreme head-
wind conditions may not be representative due to the exceptionally low pitch angles required in these
approaches. Data from the captain-rank pilot supported the hypothesis that the 8 cue is used to time the
flare initiation, although the use of other or additional cues is suggested in the extreme headwind cases.
Although the vertical time to contact 7, = % also matched the data well, its visual counterpart
Tw, Which is based on the apparent runway width, showed poor correspondence. Moreover, eye-mark
experiments showed that pilots are not paying attention to this cue. The one novice pilot (co-pilot-rank)
studied in this research appeared to use the automated voice callouts of radio altitude for timing the
flare maneuver. In comparison with a captain pilot’s control inputs during the flare phase, the co-pilot’s
control was clearly of higher amplitude and frequency, which suggests that incorporating the sinkrate in
the flare timing decision takes away the need for relatively aggressive touchdown control.

Using the eye-tracking device it was found that the pilots’ fixations are mostly on the instrument
panel (glideslope, altitude and speed indicators) up to about 1km before touchdown (below 200 ft).
When looking outside, the pilot mostly fixates on the runway threshold or the aimpoint markers. In
the following phase to touchdown, over 70 % of time is spent looking at the out-the-window scene, and
mostly at the end of the runway or the horizon. Extreme winds and the absence of motion simulation



were found to increase instrument use, while the variety of instruments checked also changed in some
cases. When asked to minimize instrument use, pilots keep checking the airspeed indicator like before,
while use of the artificial horizon (flight director/attitude) display reduced greatly. Use of the PAPI and
the sinkrate and glideslope indicators becomes prominent in visual flight.

Although the results for the extreme headwind cases remain inconclusive, the majority of the data
supports the hypothesis that pilots use the apparent movement of the runway sidelines is used as a visual
cue to time the initiation of the flare maneuver. It is likely that this cue is perceived foveally when the
pilot looks at the far runway end and the horizon, and probably also through optical flow in the periphery
of the pilot’s visual field.



