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Abstract: This paper presents experimental results regarding the timing of the landing flare initiation by airline pilots. From previous
research it was hypothesized that pilots use the visual cue & —which denotes the speed of apparent rotation of the runway side lines—
to decide the proper time to commence the flare. Experiments were carried out in a Boeing 767-300 full flight training simulator, with
one Captain and one Junior pilot. Approaches were flown under calm, head, cross- and tail wind conditions, resulting in a variety
of approach sink rates, without the demerit of ‘unnatural’ visual cues as would be the case with varying glide slopes as usually done
in such experiments. Both the proposed 6 cue and several other cues suggested in literature are analyzed. Results show significant
differences between the pilots with respect to the flare, while the main parameters during glide and at touch down did not. Data of the
captain pilot seems to support our hypothesis, although the relatively small sample size and some outliers make it difficult to draw hard
conclusions. No clear flare initiation cue could be identified the junior pilot, and and his control throughout the flare is less sophisticated

as well.
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1. INTRODUCTION

The out-the-window view provides the the main information
pilots need to control the aircraft during the final phases of
landing. How the pilot perceives and uses this information,
however, is still largely unknown. The work we present here
is part of a project in which we try to reveal which visual cues
pilots use for their navigation and control decisions [1-3].

Applications of knowledge about visual cue use can be found
in, for example,

* pilot training and evaluation,

* the development of enhanced or synthetic vision displays
for bad weather approaches or remote-controlled mis-
sions,

* increasing the fidelity of flight simulators while balanc-
ing computational workload intelligently between im-
portant and less important visual elements,

* better modeling of human-machine interaction, e.g., for
evaluating handling qualities in early phases of aircraft
design

¢ the development of automatic landing systems, for ex-
ample vision-based systems to increase robustness, or
systems that adopt a more ‘human-like’ control style to
simplify human-machine interaction and reduce accident
risk,

¢ the study of visual illusions and spatial disorientation
in aircraft operations. Training pilots to use the more
reliable and significant cues, rather than the most salient
cues could prevent dangerous situations.

In the current research we especially work towards applications
in pilot training and evaluation.

The most difficult standard maneuver is the flare, which will
be explained in more detail in §2.1] Timely initiation and proper
execution of the flare are indispensable for safe and soft land-
ings. However, even highly skilled pilots cannot explain their
technique, so student have to learn by experience from extensive
practicing.

In the work presented here we focus on the timing of the
flare maneuver for medium sized jet airliners such as the Boeing
B767 and Airbus A320. We will especially look at how cap-
tain pilots use the available visual cues, as these cues provide

the main information in this phase of flight. Section [2] will
provide some more background for readers unfamiliar with the
flare maneuver, visual cues, and literature related to this topic.
Section[introduces the hypothesis that the apparent rotation of
the runway side-lines is used by pilots as a cue to flare timing.
The experiments are then described in section d] and the results
in section 3] Sectionprovides a discussion of the experiment
results and section[Z]lists the conclusions.

2. BACKGROUND
The following subsections provide some background infor-
mation for readers unfamiliar with the flare maneuver, the re-
lated visual cues, and/or previous research & literature on this
topic.
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Fig. 1 In the final approach to landing, the pilot pitches up to

arrest sink rate and land softly on the main gear. This maneuver
is called the flare. (Pitch angles are exaggerated.)

2.1 The Flare Maneuver
The flare is a maneuver to decrease the high sink rate used
during the glide phase to levels acceptable for landing (fig. ).
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Fig. 2 Definition of some visual cues for longitudinal landing control. [(@)] A picture from the cockpit. A false horizon is visible below
the real horizon due to the edge between land and sea. Familiar size can be used as a distance (altitude) cue, and the runway side line
angle can also be an altitude cue. [(b)] Minimalistic view of the landing scene with various distances that can be used as cue. Note that
the depression angle dp=Y-0F; similarly, cues like dy=Y-0y and dy=Y-H (the latter being the H-distance or ‘implicit horizon’) could

be constructed. Additionally, ratios such as £/W may be used as cue.

At the same time it ensures that the plane touches down with
the main gear first. This is achieved through an increase of the
plane’s pitch attitude by a few degrees.

It is very important that the flare is performed properly. If
the flare is too late or too soft, this will result in a hard landing
(which may damage the landing gear and causes passenger dis-
comfort) or even in a crash. A too early or too strong flare on
the other hand, may lead to ‘floating’ over the runway (leaving
too little runway length for breaking), missing the runway at all
and going back into the air, or even stall (sudden loss of lift).

For mid-sized and large jet aircraft the flare is commenced
when the landing gear reaches a height between 20 and 40 ft
(6 — 12 m) above the ground and it roughly takes 4 — 8 seconds
from flare initiation to touchdown. The actual values depend on
the aircraft weight, descent rate, wind variations, etc. [B—B]. For
these large aircraft the time lag between a pilot’s control inputs
and the effect on the aircraft state is in the order of 1 second.
This means that pilots have to ‘look ahead’ and cannot easily
correct once a maneuver has been started.

2.2 Visual Cues

Below the ‘Minimum Descent Height’ or ‘Decision Height’
of 200 — 300 ft (60 — 90 m) the pilot must have established
a visual reference. This means that he must be able to infer
the aircraft state (position, orientation, speed, etc.) from the
visual scene. The reason for this rule is that in close proximity
to the ground, the pilot will not have enough time to read all
instruments and integrate all information before making control
actions. Additionally, instruments may give wrong or inaccu-
rate information at low altitudes, while visual cues get stronger
and more reliable when closing in.

Figure2lshows a large number of variables that a pilot could
use for (longitudinal) positional awareness. The way these vari-
ables change over time reveals even more information about the
aircraft states. There is for example a direct relation between
the distance Y (lower windshield edge — horizon) and the pitch
attitude of the aircraft. It is also well known that the H-distance
dy=Y-H (aim point markers — horizon) remains constant if the
aircraft is on a constant glide slope to the aim point (see also
fig. and that this distance only depends on the glide slope
angle. We provided an extensive overview of general visual

cues and of research on visual cues in aircraft landing in another
paper [9].

In this paper we will especially look at 8, the apparent angle
between the runway side lines (fig. PJ@). As fig. Blillustrates, 6
remains constant in level flight, while it increases with decreas-
ing altitude.

(a) With pure forward movement of the observer, the angle between
the runway sidelines is constant and the aim point markers move

downward in the image.
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(b) With pure downward movement of the observer, the angle between
the runway sidelines increases and the aim point markers move
upward in the image.
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(c) When the observer maintains a constant glide-slope towards the aim
point, the angle between the runway sidelines increases and the aim
point markers stay at a constant height in the image.

Fig. 3 Change of the visual scene for [(@)] forward motion,
downward motion and [(c)| glide slope tracking. The sequences
show a constant speed motion, at constant time intervals (within
a sequence). O is the angle between the runway sidelines. The
rightmost pictures combine all sequence geometries.



It can be shown that
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with @ half the real runway width and y the height of the ob-
server above the runway [1]. This means that 6 can be used as
an altitude cue, although care must be taken when the runway
width is different from what the pilot is used to.

Previous research indicated that the time derivative of 0 is
used as a cue for flare timing [2]. It can easily be shown that
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Since approaches with higher sink rates require flare initiation
at a higher altitudes, commencing the flare at a specific value of
6 could make sense.

2.3 Related Research

As mentioned before, in some previous papers we discussed
visual cues in general [9], visual cue analysis of aircraft landing
through pilot modeling [2], and visual cues for flare timing (in
particular the motion of the runway sidelines, 9) [1/]. These
works, obviously, form the basis and general background of the
research presented here.

Pilots and training literature generally mention that the flare
should be initiated at a certain altitude [6p.6.9, [7p.6.10, 10].
However, several researchers have found that sink rate also plays
an important role for the timing of the flare initiation [10-14,
15 Vol.1, §2.4.5]. Some also mention the distance to the desired
touchdown point could be a factor, with initiation at higher alti-
tudes in case of feared undershoot [12,13].

An interesting combination of altitude and sink rate is con-
tained in the variable T, specifying ‘time to contact’ and first
defined by Lee [16,[17]. The altitude-based 7t (altitude divided
by sink rate) has been suggested as a guide for the flare phase
[12, [18]. Others have suggested a visual time to contact cue,
the runway width-based Tw, which is defined as the apparent
runway width (W in fig. B[B)) divided by its time derivative [[19—
21].

Several visual cues (such as 6, 8, W and Tw) depend on the
physical runway width. This is undesirable, since not all run-
ways have the same width, and thus basing decisions on such a
cue could be disastrous for approaches to runways with different
dimensions than the pilot is used to. It appears however that
pilots actually do experience such ‘runway width illusions’ [22—
24ﬂ, which makes it more likely that visual cues like these are
actually used. (Pilots may however “calibrate” their perception
using some other cues and still use the width-dependent cues.)

3. HYPOTHESIS
The hypothesis in this paper is that pilots use the speed of
rotation of the runway sidelines (8; eq. @) as a cue for flare
timing. As explained in the “background” section (sect. ),
this visual cue integrates information about altitude and sink
rate, which are the two main aircraft states involved in the flare
maneuver. We formulated the 8 hypothesis after analysis of data

'Reynolds [24] actually found that pilots did not suffer the illusion
in dynamic experiments, although they did when they had to make al-
titude estimates based on a static scene. Non-pilot participants suffered
the illusion in both the static and dynamic experiments.

from simulated landings of both a D0228-202 turboprop and a
B767-300 jet aircraft [1, 2]. The experiments we present here
are a first effort to further test this hypothesis. We are especially
looking for answers on the following 2 questions:

1. Does the hypothesis hold over a wide range of approach
conditions?

2. Does every (good) pilot use this cue, or are there other
(main) strategies?

4. MATERIALS & METHODS

4.1 Apparatus & Subjects

For the experiments we used a Boeing 767-300 full flight
training simulator owned by All Nippon Airways (ANA) op-
erated by certified pilots. The simulator includes simulation of
motion and sounds, most notably engine noise and radio altitude
(RA) call-outs when the landing gear is at 100, 50, 30, 20 and
10 feet above the ground. All approaches started 2 NM (3.7 km)
out of runway 35 of Shimojishima airport, Okinawa, Japan, in
a trimmed condition and on the glide slope. Simulated gross
weight was £125.000 kg and the simulated weather was clear.

The subjects in this study were two certified pilots, whom we
will here refer to as KOB and OTA, having 8370 and 2700 hours
flight experience respectively. They were asked to land the
aircraft under several conditions like they would do normally.
The pilots were instructed that they could use the flight director
display in the beginning of each approach, but that they should
switch to visual approach as soon as possible. Previous data
—which lead to the hypothesis currently under investigation—
were obtained with the same settings by pilot SUZ who had 8340
hours flight experience at the time.

4.2 Experiment Conditions

Training literature and pilots generally state that the flare
should be commenced “at a certain altitude” while several re-
searchers found the sink rate influenced flare timing. We there-
fore want to setup an experiment where the pilots have to land
under different sink rate conditions.There are several ways to
change the (nominal) sink rate at approach.

Changing the commanded glide slope is probably the most ap-
plied method [12, 19-21]. However, especially com-
mercial airliner pilots are not used to glide slopes sig-
nificantly different from 3 degrees, so we cannot expect
to measure the pilot’s normal behavior and data will be
unreliable. Additionally, it is not clear in which ratio
airspeed and sink rate should be adapted to reach such a
different glide path.

Approaches with head or tail winds are more natural to the
pilot than glide slope changes. Only in case of head
wind the pilot corrects the airspeed with half of the wind
speed. This means the wind always changes the aircraft’s
ground speed, and the pilot has to adjust the sink rate to
keep a 3° glide path.

Changes in weight influence the aircraft dynamics. Although
partly corrected for by higher airspeeds, higher gross
weights still result in higher sink rates throughout the
approach. Large weight changes may have the drawback
that the aircraft inertia and thus response time increases.
As the pilot will know the gross weight, he may give the
flare command earlier just because he knows the aircraft
requires more time to settle, rather than because an ear-
lier flare would be needed. (We currently do not know
how big this effect is though.)



There are some other ways to test the 8-hypothesis. This would
involve changing the appearance of the perceived cue rather
than the aircraft state.

Changing runway widths would result in different values for
0 even for similar approach paths (eq. ). However, pi-
lots may be used to different runway widths because dif-
ferent widths are encountered in real life, and compen-
sate for this. On the other hand, it is know that differ-
ences in runway width may lead to illusions and wrong
altitude judgments [22-24]. As it is hard to tell how
the illusions and altitude perception influence particular
results, this method is not preferred.

Tapering runways , that is, runways which get narrower or
wider towards the far end, would influence the perceived
0 in a complex way. One problem with this method is
its practical implementation, since the simulator scene
would have to be adapted. Another problem is that the ta-
pered runway may provoke illusions similar to the ‘slop-
ing terrain illusion’ [25-28].

We chose to use head and tail winds to adjust the nominal
sink rates in these experiments. We used the maximum allowed
wind conditions of 40kt head wind and 20 kt tail wind (21 and
10 m/s respectively), resulting in nominal sink rates of about
3.2 m)s (head wind), 3.9 m/s (calm) and 4.4 nys (tail wind). For
a different study some crosswind approaches were flown in the
same experiment session. Winds were 20kt from a 60° angle,
which results in airspeeds and sink rates equivalent to the calm
wind case. Some light turbulence was added in these crosswind
approaches.

4.3 Data Processing

From the simulator we obtained state data such as position,
orientation, airspeed and sink rate, as well as control inputs at a
rate of 30 Hz. We applied a moving average filter of 20 samples
to all state data to reduce noise. We chose the touchdown point
as the point with maximum vertical acceleration and selected all
data below 300 ft (91 m) altitude up to touchdown for analysis.
From the aircraft state values and the known runway geometry
we calculate the visual cues as the pilot would see them. We
assume the pilot’s control is driven by these visual cues and we
don’t explicitly analyze the motion and aural cues.

The moment of flare initiation is determined manually based
on the column (elevator) control, with reference to the time his-
tories of pitch, sink rate, height of the horizon in the visual field,
etc. Even though literature generally assumes flare control to be
smootlﬂ [12,119,129], we found in previous experiments that the
pilot often performs the flare in 2 steps [[1]. First he pulls the
column a bit and regards the aircraft’s response, then he pulls
more to achieve a proper flare. Later we found confirmation of
this notion in some literature |14 p104] and also in a discussion
with ANA pilots [priv. comm.]. In this analysis we consider the
second step (which may coincide with the first) to be the ‘true’
flare and consider the first step a ‘pre-flare’.

5. RESULTS
Unfortunately, the limited availability of the simulator al-
lowed only two or three repetitions under each condition. The
pilots also seemed to see the strong winds as a challenge, espe-
cially the tail wind. It is, however, something they train for. For
one landing of pilot KOB it was impossible to define the moment
of flare initiation.

2This may still be true for small aircraft

A one-way analysis of variance (ANOVA) showed there was
a significant effect of each of the three wind cases on the sink
rate during the glide phase (1%o0, F(2,9)=86.74, p<10~°) and
also at the moment of flare initiation (5%, F(2,9)=5.34, p=0.014).
This means the experiment setup was successful in achieving a
variation in approach conditions.

It appeared that the pilots often initiated the flare well above
30 ft and up to 60 ft altitude, even when we disregard the pre-
flare. This is much higher than the values prescribed in training
literature (see §2.1). Heffley et al. [[13 p104] found similar dis-
crepancies between training literature and simulator practice for
jet aircraft. A Japan Airlines Boeing 747 pilot commented that
flares in the simulator should be initiated earlier (around 50 ft)
than in the real aircraft (around 30 ft). Because of these notes
we feel that the obtained experiment data are not exceptional.

Figure @] shows the profiles of the landing approaches flown
in this experiment. A few more data sets were obtained, but
these lacked a corresponding set flown by the other pilot under
the same conditions. The omitted sets are in agreement with the
results and conclusions presented here.
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Fig. 4 Selection of state, control and visual cue time histories
for pilots KOB and OTA. Data sets were selected such that the
experiment conditions match between the pilots. The square
indicates the start of the ‘pre-flare’, while the circle indicates
the true flare.



Figure[Qpresents a close-up of the 6 data around the moment
of flare initiation. In the data for captain pilot KOB we see that
4 of the 7 flares are commenced at a § of about 11 %. The
remaining 3 data sets are the first landing trials under head wind
(magenta), cross wind (red) and tail wind (cyan) conditions.
Since the second head, cross- and tail wind landings were in the
cluster around 6=11 %, we argue that the pilot was somehow
surprised by the strong wind effects and therefore performed
worse in the initial trials. The Hampel-test ([30]) confirmed
that these 3 points should indeed be regarded as outliers. Other
parameters, especially glide slope and sink rate, also seem to be
different for these 3 landing approaches, although according to
the Hampel-test they were not significantly outliers.

For junior pilot OTA there seems to be no consistent value of
the 6 cue at the moment of flare initiation. Second landings for
each case seem to be a bit more consistent than the first trials.
Differences may be caused by the wind, although the extreme
value in the calm (no-wind) is very peculiar. Wind effects did
not reach significance in an ANOVA analysis.

A statistical analysis (Tab. [[) shows that the main aircraft
state parameters during the glide phase and at touch down were
not significantly different between both pilots. Note that the
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Fig. 5 Comparison of the 6 cue around the moment of flare
initiation for both pilots. Colors: blue: calm, cyan & yellow:
tail wind, red & black: crosswind, magenta & green: head wind.

Table 1 Statistical analysis including mean values, standard de-
viations and one-way ANOVA analyses. The rightmost column
indicates whether values of pilots KOB and OTA are significantly

different ( - means 5% significance was not reached).

KOB KOB OTA OTA p Signi-
Mean St.dev. Mean St.dev. F(1,12) (X10’3) ficance

During glide phase (average over the timespan 15 — 10 s before touchdown)

altitude 36.61 10.21 38.89 8.94 0.20 . -
sink rate 3.70 0.85 3.58 0.78 0.08 . -
pitch 1.79 0.73 1.97 0.37 0.35 . -
glide path 2.92 0.29 2.83 0.20 0.46 . -
At the true flare initiation (average over 1 s prior to flare; this reflects cue integration)
altitude 17.68 2.77 13.06 3.03 8.86 3.6 5%
sink rate 3.75 0.69 3.91 0.64 0.21 . -
T, 4.78 0.64 3.36 0.70 15.66 0.4 1%
0 119.30 7.89 133.30 9.60 8.89 3.6 5%
[} 10.52 1.40 12.47 1.79 5.16 16.9 5%
Ty 11.64 2.60 10.89 1.63 0.43 . -
w 34.73 5.38 45.87 7.22 10.73 1.9 1%
Tw 6.57 1.68 11.51 3.61 10.78 1.8 1%
At touch down
sink rate 1.36 0.50 1.36 0.64 0.00 . -
x (—1000) -28.24 100.27 -71.60 60.06 0.96 . -

glide path is very close to the desired glide slope of 3 °. The sink
rates during the glide and at the moment of flare initiation are
also within the expected ranges. However, the sink rate at touch
down is quite high (0.5 — 1 ms is ideal), meaning that landings
were a bit rough.

Table [ further indicates that pilot KOB initiates the flare
significantly earlier (higher altitude, higher real time-to-contact
T;) than pilot OTA. From this analysis it can not be concluded
whether this difference is due to their different use of visual
cues, since all proposed flare timing cues (even the altitude cue
0) have significantly different values for each pilot.

A quick analysis of the coefficients of variatiorf] shows that
the variation of 6 at flare initiation is lower than that of W (0.12
vs. 0.15) and much lower than the variation of Ty (ca. 0.25) for
both pilots. If we would discard the 3 sets with outlier 6 values
for pilot KOB, the variation of @ is even a factor 10 lower than
that of Twy.

6. DISCUSSION

We can obviously state that the 8 values at flare for the three
trials where pilot KOB first encountered each wind type, are out-
liers. Can we then also state that our hypothesis holds for pilot
KOB? Although these 3 approaches did seem a bit different,
they were not significantly so. Therefore we should keep the
possibility open that pilot KOB has several methods to decide
the timing of his flare initiation, of which the 0 cue is one.

Pilot OTA’s data seem to reject the 6-hypothesis. However,
no other visual cue or aircraft state was found indicative for his
flare timing. It seems that his flares are timed sloppily and late,
and that he makes up for that by exerting relatively aggressive,
high amplitude control actions during the flare phase (fig. [6).
After all, there was no significant performance difference be-
tween the two pilots at touch down. High amplitude control
is undesired at low altitudes, and captain pilots like KOB (and
SUZ in the previous experiments) may have learned through
experience how to avoid this by appropriately timing the flare
initiation.

7. CONCLUSION

Due to the small sample size and therefore limited possibili-
ties of statistical analysis, it is difficult to draw hard conclusions.
It seems very likely that pilot KOB used the speed of apparent
rotation of the runway sidelines, 6, as a cue for flare initiation at
least in some of his landings. Although the results are still open
to discussion, the data presented here seems to support our hy-
pothesis. The first question we raised regarding our hypothesis
can thus be answered: the 8-cue can be used over a wide range
of conditions.

As for junior pilot OTA, there is no clear indication that he
is using 8. The results, however, made clear that junior pilot
OTA’s control during the flare phase is very different from vet-
eran pilot KOB’s. Whether this is really related to the amount
of flight experience or just an interpersonal difference can not
be established from this data. It seems likely that experience
plays a major role since it is well known that proper landing
technique is one of the most difficult things to learn in pilot
training [21), 31}, 32].

The second question we raised would thus be answered by
the statement that, at least as far as the current experiments go,

3the coefficients of variation —standard deviation divided by the
mean— is a dimensionless inequality measure which can be used to
compare variables which are measured on ratio scales. © itself for
example can not be analyzed this way, as we could just as well define
this cue as 180 — 0, and © must thus be considered an interval scale.
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Fig. 6 Difference between the two pilots in column control dur-
ing the flare phase. Standard deviations of pilot OTA’s column
control were higher than pilot KOB’s at a 1% significance level
(F(1,12)=20.04, p= 0.00015).

all experienced pilots have been shown to use the 8-cue and
show calm and conservative control throughout the flare, while
the junior pilot who does not seem to rely on the #-cue as much,
needs stronger control actions in the final phase of landing. In
other words, it seems that the use of the 6-cue for flare initiation
comes with more sophisticated control.

The experiments additionally revealed that the pilots flare
much earlier (at much higher altitudes) than training literature
advises. This could be a general trend, or a specific artifact of jet
aircraft simulators. In the latter case, this would indicate some
imperfection of the simulation, possibly omission of ground
effects or variations in wind speed over altitude.
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