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CHAPTER 1
INTRODUCTION

1.1 The Instrument TLanding Approach

The instrument landing system (IIS) has been in civil use
since 1947 and is in operation at about 600 airports throughout
the world, half of them in the United States., Its name, however,
is a misnomer. It should more properly be called an instrument
low-approach system, as a pilot must establish visual reference
with the ground in the last phase of the approach to complete the

landing. This is the "see-to-land" concept (DeCelles, 1970}).

The minimm height above the runway elevation at which a
pilot must abort the approach if the required visual reference
nas not been established is the "decision height". At present,
five categories of instrument landing approaches are classified
by the International Civil Aviation Organization, with different

decision heights (ICAO, 1965 and 1970):
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Table ...1 ICAO Categories

Category Decision Height (ft.) Runway Visual Range (ft.)
I 200 2400
it 100 1200
IIIA 0 700
IITB 0 150
II1C 0 -0

The category under which an ILS approach is conducted depends
on the certification of the particular aircraft and its crew and
on the available ground equipment at the airport. Category I landings
have been carried out for almost thirty years; the first eighi
United States airports were certificated for Category II operations
in August of 1968. At the present time there is only one runway

in the United States which is certificated for Category IIIA cperations.

The ILS is a precision approach system which provides accurate
course alignment and glide slope descent information during the
approach by way of specialized equipment on the ground and on board

the alrcrafi:

1. The glide slope transmitter, usually installed between




750 arxl 1250 feet from the approach end of the runway, establishes

a radiation pattern in space from which a signal is derived propor-
tional to the aircraft's vertical angular displacement fram the glide
path. This signal drives the up-down glide slope deviation indicator
(GSI) necdle and is one of the inputs to the longitudinal flight-
director in the aircraft. The glide slope bsam width is approximately
1.5°, half above and half below the glide slope line. The glide slope
line elevation is usually 2.5° +.. 2.5° above the horizontal.

2. The localizer transmitter is usually installed approximately
1000 feet beyond and 300 feet to che side of the far end of the
runway with the antenna in line with the runway centerline. The
localizer establishes a radiaticn pattermm in space from which a
signal is derived proportional to the lateral angular displacement
from the vertical plane through the runway centerline. This signal
drives the left-right course deviation indicator {CDI) needle and
is one of the inputs to the latcral flight director in the aircraft.
The localizer beam width is approximately 50, half to the right and
half to the left of the runway centerline extension.

3. Marker beacons and optional compass locators provide
definite fixes along the approach as distance spot checks. The outer
marker is placed on the rumnway centerline extension at a distance
of from 4 to 7 miles from the runway threshold; the middle marker is
placed where the glide slope is 200 feet above the runway elevation

and identifies the Category I decision height; the inner marker is



placed where the glide slope is at the Category ITI decision height
or to indicate runway threshold passage. In addition to an audible
tone, the outer marker lights a purple lamp on the instrument panel;

the middle marker, an anmber lamp; and the inner marker, a white lamp.

1.2 Background

In the last decade, a great deal of thought has been given to
Category TIT landings and their implications. One area of intensive
investigation centered around ti.e role of the crew during the

approach, and current thought is polarized around two extremes:

1. The crew is in the control loop and flies the aircraft in
accordance with instrument-generated signals.

2. Steering signals are coupled directly into the autopilot,
with the crew ronitoring the system.
Crew control based on the steering signals is favored by many crewmen
and operations parsonnel (Kayton, 1969), and comprehensive manual
control-display theories have been developed (Clement et al., 1968;
McRuer et al., 1967) to facilitate the design of optimal equipment.
For reasons of economy, civil aviation authorities and commercial

carriers prefer to retain the I1S for Category III quidance and are




working to set standards for compatible airborne equipment. The

ILS localizer can probably be made usable for lateral quidance during
Category III touchdowns. The ILS glide slope is not usable, however,
below approximately 100 feet of altitude, because of the parabolic
shape of the beam in that reqgion. Thus, for vertical guidance near
the runway, Category IIT landing systems must be based on non-ILS

equipment such as microwave guidance or a radio altimeter.

During ‘e early phases of an uncoupled fi_nél approach, at
sltitudes greater than the decision height, steering information
i~ presented to the pilot by the flight director. This system
incorporates as inputs not only the raw GEI and CDI position data
bhut also rate information and thus relieves the pilot of the need
to generate large leads in synthesizing the information (DeCelles,
1970} . New features are constantly being added +. existing flight
director systems (Monroe et al., 1968); they a'e, however, inadequate
as a mode of guidance during the final phase of the landing (DeCelles,
op. eit.) and their performance during sirulated Category III landing
studies has been disappointing (Gainer et al., 1967}, presumably
because of increased worklcads caused by the manual control mode

and because of excessive dispersion at touchdowns.

The first British European Airways Trident had been certificated

for automatic touchdowns in 1965 (St. John and Morgan, 1966} and




the first fully automatic landing in airline passenger service
occurred two years later. Since then, great progress has been achieved
in the development of automatic landing systems. The sinplex, fail-
hard couplers of vore have been replaced by redundant duplex systems
and triply-redundant autopilots which provide fail-soft capability

in the event of two simultaneous failures. Many systems are available

today, such as TALAR, FLARESCAN and AUTOLAND, o name just a few.

Yet computers are only human, and crews demand the capability
of monitoring the progress of the landing via displays which utilize
signals and data processors completely independent of the autopilot
(DeCelles, op. eit.). Indeed, a nunber of independent landing monitor
(ILM) concepts and configurations have been proposed to date, both
the conventional pacl-mounted variety (Bencivenga, 1970) and the
heads~up display (HUp) type (Parks and Tubb, 1870; Jenney et al.,1971).
Some of these concepts have been evaluated in flight: An instrument
panel display for monitoring automatic landings was flight~tested
in a DC-7 at the National Aviation Facilities Experimental Center
(Pursel, 1968), while in France a HUD all-weather approach and landing

monitor is being fiown or board a Noxd-262 (Dunbar and Collins, 1972).



1.3 Objectives of the Thesis

It is axicmatic that a pilot should be capable of detecting
and identifying failures in the autogmatic landing system accurately,
reliably and with minimal time delay. To this end, extensive studies
have been conducted in which the pilot was treated as a controlling
element in a one—-dimensional task; his decision processes (Schrenk,
1969) and his adaptive behavior following a sudden change in the
controlled plant dynamics were investigated (Young et al., 1964;
Phatak and Bekey, 1969). Other studies investigated the failure-
detection performance, treating the operator as a pure monitor
(Gal and Curry, 1975). In reality, the pilot is faced with multi-
axes, not single-axis, tasks; although models for interference among
multiple control tasks have been derived (Levison, 1970), the inter—
relationships between simultaneous control and monitoring tasks

are not as yet well understood (Levison, 1971).

Young et al. {op. eit.) found that in single-axis tracking
tasks the luman operator's performance as a fallure detector was
bhetter when he was in the control loop; simulated Category IIT
landing studies, on the other hand, revealed that the pilot's failure
detection performance deteriorated when he was faced with a manual

control i:ask, compared to the monitoring mode {(Vreuls et al., 1968a




and 1968b}. When faced with split-axis tasks, pilots' monitoring

and decision making was impaired (Monroe et al., 1968) and they
sometimes completely overlooked the occurrence of a failure,
presumably because of the increased workload associated with split-
axis tasks caompared to a monitoring task {(Gainer et al., 1967}.

The inadequacy of the human operator as a fault detector led to the
development of performance-monitoring hardware (Smith et al., 1972)
which has been installed in many modern aircraft (Jester, 1973).

Even with the aid c¢f such amnunciatc ° panels the ﬁilot‘s performance,
underr certain conditions, leaves much to be desired (Sample et al.,

1968).

It has been recognized that when the role of the human operator
changes from monitoring to that of an active controller, corresponding
changes take place in his workload level (Ekstrom, 1962; Wewerinke).
However, in pilot performance studies to date these effects were
completely confounded. It is the primary purpose of this i_l':vestigation
to separate these effects and to document pilot performance during
a Category III landing as a function of the particular control
mode at different workload levels. We wish to isolate and identify
the effects on performance due to the variations in the control
mode alone - and hence, variations in the operator's mode of behavior -
apart from the effects on performance due to the variations in the

workload level.
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1.4 Research Methed

As stated, the purpose of this research was the study of the
pilot's short term decisions regarding performance assessment and
failure monitoring. We wished to investigate the relationship between
the pilot's ability to detect failures, his degree of participation
in the control task and his over-all workload level. Also, we wished
our findings to be applicable to the general population of pilots who

fly low-visibility approaches in commercial jet transport aircraft.

To this end, this research conzisted of an experimental inves-—
tigation which was carried out in a static grouncd simulator. Airline
pilots flew zero-visibility landing approaches with different degrees
of automation and at different workload levels, which were induced
by similated wind disturbances. The pilots' ability to detect failures
and to provide a reliable manual back-up capability was monitored

and recorded.

The data were analyzed to identify statistically significant
relationships among the experimental treatments and the factors which

produced the optimal performance were scught.,




1.5 Results of the Thesis Research

The investigation has examined the effects of the pilot's
participation mde in the flying task on his workload level and
failure-detection performance. We found that the participation
mode had a strong effect on the pilot's workload, the induced workload
being Jowest when the pillot acted as a monitoring element during a
counled apprcoach and highest when the pilot was an active element in
the control loop. In addition, a very marked increase in workload
at altitudes below approximately 500 feet was documented at all
participation modes; this increase was inversely related to distance-

to~go.

The effects of workload and participation mode on failure
detection were separated. The participation mode was shown to have
a dominant effect on the failure detection performance, with a
failure in a monitored (coupled) axis being detected significantly

faster than a comparable failure in a manually controlled axis.

Touchdown performance was also documented and the findings
of previous investiyators were supported, namely that the conven-
tional instrument pancl and its associated displays were quite
inadequate for zero-visibility operations in the final phascs of

the simulated landing approach.
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CHAPTER 11!

THE EXPERIMENT

2.1 Hypotheses

In analyzing his performance as a systems component, the
human can be assumed to possess information-processing capacity
which is fixed and constant in any given set of conditions (Brown,
1964) . As long as the infocrmation processing demands, which are
imposed on the operator, are considerably less than this maxumal
capacity, the human's information sampling rate will be liinited
only by the presentation rate and by his own display scan rate
limitations. When the demands are increased, however, the human

must reduce his information sampling rate.

If the human serves as a controlling element in the system,
the reduced sampling rate will manifest itself in increased lag
and hence, to maintain an adequate phase margin, the operator will
reduce his gain which, in tumm, will effect an increased RMS tracking
error. If he acts as a failure-monitoring elemont, then failure-
detection times will be increased. These assumptions underline

our hypotheses:

11




1. Both operator participation level in the contrxol task
and his overall worklcad affect the information-processing require-
ments. The effects, then. ~I cthe operator's participation level and
workload on his failure detection performance are additive. Manual
trackino will result in longer detection times than will monitoring
a coupled automatic approach, and high workloads will manifest them-
selves in 1nger detection times than will low workload levels.

2. As the flight instrunents display angular, rather than
linear, deviations from the locaiizer course and glide path, they
increase in sensitivity as distance to touch-down decreases. In
addition, the menalty for errvor increases with increased proximity
to the groud. Additional pricessing demands are therefore placed
on the pilot and hence his werkload increases in inverse proportion

to the altitude or to distance-to go.

The validity of thesz hypotheses will be tested experimentally

in a fixed-base cockpit simulator with the aid of a workload—-measure-

ment device.

2.2 Workload Measurement Theory

As was already stated in Section 2.1, the human operator is

postulated to possess finite, fixed capacity to perform well on

12



tasks such as manual tracking or information processing (Brown, 1964).
This total capacity, TC, is assumed to be constant in a given set
of conditions such that the performance is inversely related to the

amount of workload required in excess of this level.

When the human operator is performing a task which reguires
less than his total capacity, then his total capacity is divided
into the expended capacity, EC, and the fraction which is unused,

the residual capacity, RC:
TC = EC + RC (2.1)

A now classic example of these concepts was given during evaluation
of alternative control modes for the X-15 research aircraft (Ekstrom,
1962). The subject first perfrrm.d a self-paced choice-reaction
pushbutton task, and his scores were recorded. As this was a self-
paced task and the subject was well-motivated, these scores were
assumed to represent his total capacity. Next, the subject performed
the primary control task concurrently with and at the expense of

the subsidiary pushbutton task. If the subsidiary task response

was reduced to 40 percent of the level obtained when performing

the subsidiary task alone, then this would be taken as an indication

that thé operator needed 100 - 40 = 60 percent of his attention to

perform the primary control task. The results of this analysis

13



showed that the pilot could use both contr2! modes equally well
but that one mode required less of the pilot's attention and there-

fore, in terms of workload penalty, was superior to the other.

In this application, the auxiliary task is intreduced as a
measuring tool. Tt is used to determine the price paid in operator
effort in meeting the performance criteria of ‘he primary task.

The rationale for using the subsidiary task is that as the load

of the primary task is increased, performance on the subsidiary
task will deteriorate, thus oiving a measure of how much additicnal
work the operator can handle while still meeting system criteria

of the primary task. The situation is illustrated schematically in

Figure 2.1.

2.3 Requirements of the Auxiliary Task

The problem of defining the requirements of the auxiliary
task is complicated by the simple fact that different experiments
impose different specific demands upon the awxiliary task, thus

hampering the development of a universal subsidiary task.

A generalized set of desired characteristics, however, can

be described for the auxiliary task. These characteristics do not

14
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define any one particular auxiliary task; they merely narrow down
the selection to a smaller number of possible alternatives, of which
the one is chosen which satisfies the additional requirements of the

case in point.

2.3.1 The Multiplex Model

The subsidiary task is used to measure the reserve capacity
of the operator during what is essentially normal performance of the
primary task. It should, therefore, be subtle in its effect on the
primary task; it should be demanding enough so that the operator
cannot. ignore it, yet not so demanding as to stress the primary
task to the point of disruption (Knowles, 1963). In analyzing the
specific requirements of subsidiary tasks, it is helpful to turn
to a rather sinple, vet effective, single chamel multiplex model
which has been proposed to summarize the basic notions of operator
loading and its measurement by subsidiary task scores (Knowles,
1973; Broadbent, 1957). A multiplex system uses a single, fixed
capacity channel to transmit messages fran several sources to
several destinations. GLnly messages fram one source to one destina-
tion can be processed at a .ime, but the information flow rate can
be maximized by proper coding an” sitching routines. A schematic
representation of the model is given “n Figure 2.2. In this model
S is an information source, D is a destination, Sl—Dl ropresent

the flow of the primary task information, Sy-D, represent the flow

16
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of the subsidiary task information.

In measuring operator workload it is assumed that, by appro—
priate motivation, priority is given to primary task information,
and that subsidiary task information is processed within the residual

charnel capacity.

Some lmportanc requirements of the subsidiary task are illu-

strated by reference to this simple model:

1. The switching points at the input and at the output repre-
sent opportwnities for task interference that must be minimized.
At the input end, priority must be given to the primary task.
Hence, by appropriate motivation, the subject should perform the
subsidiary task only whon he feels that he can respond with no
decrement in his performance on the primary task. It should be
noted here that in practice complete non-interference between the
svbsidiary and primary tasks is difficult to achieve. It should,
however, be minimized by using a subsidiary task which is different
in form from the primary task and which requires different effectors
at the output end.

2. The subsidiary task should be self-paced.

3. It has been mentioned that information flow-rate ithrough

the multiplex channel is a function of the efficiency of thw coding

18




method adopted by the subject, that is, the degree of learning
achieved. The learning effects of the subsidiary task should be
minumized if a meamingful measure of the workload is to be obtained.
Consequently, the subsidiary task should be simple, thus requiring
very little learning, and the subject should be given an opportunity
to practice on the subsidiary task alone until he reaches steady
state on the learning curve. This yields the added benefit of mini-
mizing inter-subject variations as the base performance for each
subject can he determined.

4. The subsidiary task information may occupy the channel
only in the absence of primary task information. This implies that
subsidiary task messages should be very short. This requirevent
can be met by using discrete stimulus-response units.

5. As mentioned above, the subsidiary task is used as a
neasurement tool, to determine the operator's reserve capacity and
hence the portion of his total capacity which is expended on the
primary task. As a measuring device, the scores of a given subsidiary
task should be comparable from situation to situation. In addition
to providing an average score over an entire run, in many applications
it is desirable for the subsidiary task to provide an indication
of the instantaneous rate of flow of information continuously through-

out the run.

»
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2.4 The Subsidiary Task

As mentioned in Section 2.3, the subsidiary task is characterized

by the following features:

1. It is performed only when the subject feels that this
wi'l not result in a decrement in his performance on the primary
task.

2. It involves psychomotor activity different from the primary

3. It is simple and over-learned
4, It consists of short, discrete message units.
5. It can be scored continuously throughout an entire run,
and the information conveyed by the scores is comparable from situation

to situation.

Based on these required features, a "warning light" type subsidiary
task was selected for this research. It consisted of two small,

1/8" diameter red lights mounted above each other outside the subject's
foveal vision and peripheral vision, and a rocker tlhmb switch

mounted on the left hormn of the control yoke.

The lights provided the stimuli. They were located 75° to

the right of the center of the flight instyruments. The intensity

20
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of the lights was very low and was adjusted individually for each
subject via a variable resistance to ensure that the subject would
not be able to detect the lights in his peripheral vision. The
lights were mounted on a matte black background and the two-inch
distance between them subtended a relatively large visual angle

of 40, to minimize confusion (see Figure 2.3).

During the run the upper or the lower light, with egual prob-—
ability, was lit ot random times for two seconds. A correct response
by the subject to this stimulus consisted of turning the light off
by a proper motion of the rocker thumb switch; that is, pushing
the switch up if the upper light was on or pushing it down if the

lower light was on.

A correct response by the subject caused the light to tumm
off. A "hit" was scored and the subject's response-time stdred.
In the absence of a correct response the light stayed on fer two
seconds, then twrned off and a "miss" was scored. An incorrect
response by the subject (that is, pushing the switch the wrong way)

was also scored as a "miss".
After a light was turned off, a time delay followed, uniformly

distributed between 0.5 and 5.0 seconds, and the process was then

repeated. The time delay, as well as the selection of the light, was
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controlled by a random muber generator in the computer program.

The subject was instructed to consider the piloting task of
flying an ILS approach as his major concern at all times (see Appendix
B, "Instructiomsto Pilot - Workload Measurement"). It was emphasized
that his primary concern should be to do the best that he could
flying the approach, and that he should respond to the lights if and
only if he felt that he could do so without sacrificing his piloting
performance. To further imwpress wpon the subject the importance
of the piloting task he was told that during the workload-measurement
runs h= did not have the option of executing a missed approach
and that each approach had to terminate in a touchdown on the runway

on the first trial.

A subsidiary task of this type has been shown to cambine
sensitivity to workload changes with minimal dejredation of primary
tracking task performance (Spyker et al., 1971). This point was
further substantiated in this study by subjective evaluation (see
Appendix C, "Pilot Questicnnaire") as well as statistical analysis
of RMS tracking errors. These results are reported in detail in

Chapters III and IV.
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2.5 Apparatus

For the purpose of this thesis, a sirmlation capability including
the ADAGE AGIL/30 digital graphics computer and a fixed-base cockpit

simulator has been developed.

A mathematical model has been developed of a large transport
aircra®t in the landing approach Flight envelope. The actual flight
data of a IX’-8 were used in the eguations of motion (Teper, 1969),
and the various parameters were later refined following a series
of flight tests by a senior airline captain witlh considerable Boeing
707/123 experience. Non-linear phencmena suth as ground effect
and stalls have also been included. As an added assurance, the
simulator had been flown by ex-fighter pilots and airline captains
prior to commencement of the actual experimentation and all felt

that it was quite adequate.

An integrated-cue flight-director system has been designed
for this simulator, providing the capability of landing the simulated
aircraft manually in zero-zero conditions in a relatively satisfactory
manner. Also, a two-axis auto-pilot has been incorporated into the
similation which is capable of flying ILS coupled approaches, in

either axis or in both axes, to touchdown. The autopilot and the
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flight-director systems have been tested extensively (see Figures

A.11-A.12).

We also had the capability of adding wind disturbances to the

simulation to induce different workload levels. The wind modes were:

1. No winag.

2. 5 kt wind, gusting to 15 kt, from 260° (i.e., at 45°
to the runway heading. Runway 4R at Logan Alrxport, whose heading
is 350, was our active runway).

3. 10 kt wind, gusting to 30 kt from 260°.

The gusts were modelled as filtered white noise with a cutoff freguency

of ©/6 rad/sec.

The eguations of motion of the aircraft, as well as the flight-

director and autopilot systems, are described in detail in Appendix A.

The mathematical model was programmed into the AGT/30 computer
which was linked via multiplexer chamnels and sense lines to the
cockpit simulator. The cockpit was a mock-up of the captain's
crew station in a Boeing transport aircraft (see Figure 2.4). The

windows were frosted to eliminate external visual reference.
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The controls included an opcrational, spring-centered control
colum with a control wheel and rudder pedals, as well as four
throttles, flaps, speed-brake and landing gear levers, and flight-

director and autopilot controls.

Apart from engine instruments and marker beacon lights, the
simulator was cquippad with three CRT screens, mounted one each
on the main instinment panels at the captain's and the first officer’'s
stations and one in ploce of the weather radar screen. The screens
were driven sinwitoncously by the ADAGE computor. The screens on
the main panels presented six standard flight instruments (see Figure
2.5): ai: ., _2d, attitude-flight director indicator, altimeter,
instantaneous vertical speed indicator, horizontal situvation (HSI)
and radio magnetic (RMI) indicators, as well as a DME digital readout
and a glideslope deviation needle which was repeated on the attitude
indicator and the HSI. The HSI included a course deviation line which
was tuned to the localizer. The RMI needles were tuned to the outer

compass locator and to the Boston VOR station (see also Figure A.3)

One of our goals in this study was to investigate the pilot's
failure detection perfommance based on his internal model of the
environment and on his capability of processing raw flicht data.

Consequently, we did not include any displays of a mode progress
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1. Airspeed 8.
2. (Glideslope NDeviation (GSI) g.
o. Attitude (Artificial Horizon) 10.
4. Aircraft Reference Symbol 11.
5. Integrated Cue Command Bars 14.
6. Bank Indicator

7. Altimetoer 13.

Figurc 2.5b  Flight Instruments
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annunciator, movable bugs or a fault annunciator panel, nor were

there any warning flags.

The CRT screens were driven by the computer at a rate of 24

frames per second which was sufficient to produce flicker-free

images. The images were updated at a rate of 5/second.

2.6 Measuremants

Throughout each run ceontinuous measurements were taken on-line
by the conputer program. These measurements were stored initially
in memory buffers; at the end of the run they were written on disk

and on magnetic tape as data files for subsequent off-line analysis.

2.6.1 Flight Data

During an approach, the airplane's spatial coordinates, i.e.,
the distance fram the runway threshold, the distance from the localizer
course (runway centerline) and the altitude were sampled at constant
time intexvals and stored. The sampling intervals were set at 5
seconds initially ard at one second at altitudes below 150 feet,
where aircraft responses of higher freguencies were expected during

the flare or go—aroumd maneuvers. These date enabled us to reconstruct
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the flight path and to estimate derivatives, such as velocity and

sink rate, which wa could not store directly due to memory limitations.

At touchdown (i.e., when altitude equals zero) pertinent

gquantities were sampled and stored. They ave:

1. distance from threshold
2. distence from centerline
3. airspeed

4. sink rate

5. pitch angle

6. bank angle

7. heading

8. crab angle

These data allowed us to assess the acceptability of the
landings. A landing was considered successful if it satisfied all

of the following requirements (Gainer et al., 1967):

1. range - first 3000 feet of the 7500-foot runway
2. centerline - + 75 feet

3. airspeed - less than 135 kt

4. sink rate - less than 360 fpm

5. pitch - between 0° and 9°

31

S BRI SET R | I 3 S T



6. bank - less than 5° left or right
7. heading -~ within 4° of runway heading, i.e., between
31° and 39°

There were no penalties for excessive crab, i.e., lateral drift,

as the pilot was not presented with any decrab information.

In addition to these, time to dztection of failures, when a
fatlure occurred, was also recorded. A detection was incicated by

pressing a push-button located on the center console in the cockpit.

2.6.2 Workload Data

When it was activated, the pilot's performance on the subsidiary
warning-light task was monitored on-line. Data were recorded in real
time throughout the run and stored in memory, to be written on

disk and on magnetic tape at the end of the run as data files.

Specifically, the program recorded the number of times that
the subject responded correctly to the warning light by ouivating
the thub switch ("hits"), his response time (latency) and the
X*~coordinate of the aircraft, i.e., the distance fram the rurway
threshold at the time of the response. This last measure cnabled us
to correlate the subject's workload with the altitude via the recorded

flight-path data. The distance from threshold was recorded, rather
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than the actual altitude, as it was conceivable that the aircraft
would fly at a constant altitude or pass through an altitude more
than once, while it wes iunprobable that a pilot would he more than
once at eany given X*~coordinate, that 1s, £'y a course at an angle

o .
of 95~ or more fron the yunway heading.

Ircorrect responses by the pilot, that is, not responding
to an 1lluminatcd light or activating the switch the wrong way,
*
were counted and labelled as "misses". The X —coordinates corresponding

+o the "misses" were also recorded and stored.

A workload index was computed from these data as follows:

-~
1. BAs each stimulus was present=d for 2 seconds, the total

response~time ratio, RTR, for both "hits" and "misses" was computed by

cumlative latency (2 Ti)

RIR = L (2.2)

Total muber of stimuli % 2 sec

2. A miss rate MR was conputed by

MR = Number of stimuli missed
Total nurber of stimuli

(2.3)
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3. A workload index WEX was then extracted using the best

least squares fit weighting coefficients

_ 0.780 RTR + 0.626 MR
WLX = —07780 % 0.676

x 100 percent (2.4)

This mezasure of workload has been shown (Spyker et al., 1971) to
be correlated with physiological predictors of workload with a
correlation coefficient p = 0.646, significant at the p < 0.005

level.

For the purpose of correlating failure detection performance
with workload levels, subject responses between altitudes of 2000
feet and 800 feet were used in conputing the workioad index because
between these altitudes the aircraft was stabilized on the approach
path and because failures occurred only in this region. Also, we
wished to eliminate differences between subjects which may have been
caused by different subjects assigning different relative priorities
to the primary tracking task and the subsidiary task. To this end
the workload index of each subject was normalized, that is, a workload
index of zero was assigned to the approach which resulted in the
lowest workload measure for each subject and a workload index of
100 was assigned to the approach with the highest workload measure

for each subject. The normalized workload index on approach 7 of
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subject 7 was computed by

WX, , - THWLY, L}
Normalized WIX, , = tJ v ] x 100 percent  (2.5)

1j  mam _mn

2.7 Experimental Design

The ~imental variables to be investigated in this study
were the pil.c. s participation level in the piloting task, the
workload induced by the control dynamics and by external disturbances,

and the pilot's failure detection performance.

The experiment involved four levels of participation:

1. ‘“Passive monitoring", with autopilot coupling in ail
axes, including autothrottles.

2. "Control vaw", with autopilot coupling in the pitch axis
and autothrottle coupled.

3. "Control pitch", with autopilot coupling in the yaw
axis only.

4. "Control both", i.e., a fully-manual approach.

35




There were three levels of wind disturbance:

1. No wind.
2. A 457 tailwind of five knots, gusting to fifteen knots.

3. & 45° tailwind of ten knots, gusting to thirty knots.

Three failure conditions were used:

1. No failure.

2. Failure in the yaw axis (see Section A.4). In this condition
the autopilot, if coupled, or the flight director would steer the
airplane away from the localizer course, resulting in a one-dot
deviation (1.25° of anqular error) about 100 seconds after the
failure occurred. This type of failure was chosen, rather than a

runaway failure, because it was quite subtle and so provided a

good measure of the limits of the pilot's failure-detection capability.

3. Failure in the pitch axis, which resulted in a one-dot
deviation (0.35° of angular error) approximately 30 seconds after

the occurrence of the failure (see Figure A.11).

Failures were presented only between the altitudes of 1800 and 800
feet. The selection of the failure altitude was randomized, as was
the selection of the direction of the failure (left-right in a yaw

failure mode, up-down in a pitch failure mode). Workload levels
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and failure detection performance were investigated in separace
expsriments, to avold possible contamination of failure detection
data by the presence of a concomitant subsidiary task. Also, we

were interested in measwring workloads at the different participation
levels. The occurrence of a failure during the approach would have

made this impossible, as the control mode changed following a failure.

2.7.1 Workload
The effects of the level of participation and of the winad
disturbance on the pilot's workload were investigated in a 4 x 3

factorial experiment as shown schamatically in Figure 2.6.

The order of presentaiion of the twelve treatments was randamized,
and every pilot (replication) flew all twelwve approaches indicated
by the design. The subject's workload level was measured by the sub~

sidiary task. No failures were presented and go-arounds were not

petmitted,

2.7.2 Failure Detection

The effects of the level of participation and of the wind
disturbance on the pilot's failure detection performance werec inves-
tigated in a 4 x 3 x 2 factorial experiment as shown schematically

in Figqure 2.7.
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Disturbance Level

(0} (1} (2)

Monitor (0)

Contrel
Yaw (1)

Control

Pitch (2)

Manual
Control

Fig. 2.6 Experimental Design - Workload Measurcment

No Failure (2t/// //// ////
Yaw Failure (])i //// ////

Pitch Pailure(0)

/
/
Monitor (0) //// ///)
Co$§£Ol (1) ////////
/
Hiten (2) //
Control (3)

(0) (1) (2)
bDisturbance Level

Fig. 2.7 Experimental Design - Failurc Detection
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The "no failure" condition was also incorporated in the design
so that the subject would not anticipate a failure on each and every
approach. This, however, resulted in a 4 x 3 X 3 = 36 treatments
par replication for this experiment in addition to the twelve treat-
ments of the workload experiment. We felt that such a large nunbor
of treatments placed an unacceptable burden on the volunteer subjects.
Consequently, some high-level interactions were partially confounded
in the failure detection experimental design (Cochran and Cox, 1968;
Li, 1955), resulting in eighteen treaiments per subject (replication).
With the workload index experiment, this meant 30 treatments in
all per subject, which we felt was a more manageable load. The
interactions which were partially confounded were (participation} x
{failure) and (participation) x (disturbance} x {(failure). The average
loss of information regarding these interactions was 1/27 and 4/27,
respectively (Li, 1944), camared to a full rank design; thgt is,
the accuracies of the estimates of these effects were 26/27 and 23/27,
respectively, of the accuracy of the estimates of the non—confounded
effects. The treatments presented to each subject, excluding the
six approaches in which no failures occurred, are shown in Table 2.1.
The subsidiary task was not presented in this part of the experiment

and go—arounds were permitted.

The order of presentation of the twelve treatiments was randamized,

Each pilot flew the twelve approaches indicated by the design, failures
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Table 2.1 Treatments of Failure Detection Experiment

Treatment {ijk} 4 participation mode i
disturbance level j

failure condition k
REPLICATION (SUBJECT)

2b 3a 3b da 4b 5a 5b 6a 6b 7a

001 o000 001 001 000 o001 000 000 001 000
010 o010 011 o010 o011 010 011 010 011 011
021 021 020 020 021 021 020 021 o020 021
101 100 101 100 101 100 101 101 100 101
110 110 11t 111 110 111 110 111 110 110
121 121 1260 121 120 120 121 120 121 120
200 201 200 200 201 200 201 201 200 200
211 211 210 =211 210 211 210 211 210 211
220 220 221 221 220 220 221 220 221 221
300 301 300 301 300 301 300 300 301 301
311 311 310 310 311 310 311 310 311 310
320 320 321 320 321 321 320 321 320 320
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Table 2.1

{(continued)

REPLICATION (SUBJECT)

b

Ba

000
011
020
lol
110
121
200
211
220
301
310
321

8b

001
010
021
100
111
120
201
210

221

311

320
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0a

0ol
011
020
100
110
121

9b

000
010
0621
101
111
120
200
210
221
301
311
320



were presented and the pilot's detection performance was monitored.

Each pilot flew six additional approaches in which no failure occurred.
These approaches were randomly interspersed among the twelve failure
approaches. No failure detection data were obtained fram these approaches,
of course, but recor s of these mmns were kept for identification

of possible loading effects of the subsidiary task, when present,

by means of analysis of variance of RMS tracking errors.

The data which were nbtained in these experiments were processed
off-line by a package of statistical computer programs, UCLA BMD.
The methods of analysis are described in detail in Chapter IV of this

thesis.

2.8 Procedure

2.8.1 Familiarization and Training
Each pilot was first briefed in general terms about the
purpose of this research, and after he filled out a personal data

questionnaire (Appendix C) he proceeded to the simulator.

The subject was familiarized with the instruments and with

the various controls, levers and switches. He was shown an approach

plate for runway 4R at Logan on which the initial aircraft position
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and heading were indicated by an arrow (Figure 2.8), and the approach
procedures were explained to him: the subject was told that all
approaches began at the same position, 12 miles from the runway threshold,
one mile to the left of the localizer course and heading of 0650,

at altitude 2500 feet and airspeed 170 KTAS, with the landing gear
up and flaps set at 30°, He was to capture and t—ack the TLS approach
path, lower the flaps to 40° when the ylideslope deviation indicator
needle started moving deam and call for the landing gear and for full
flaps (50%) when passing through altitude of 2000 feet. It was made
clear to the subject that, as pilot-in-command, he could deviate

from these guidelines at his own discretion. The experimenter

was to act as a co-pilot and cperate the flaps and the landing gear.

The autopilot was then coupled, the flight director was
turned ouf and biased ocut of view, and the subject observed a fully
automatic coupled approach to touchdown. The experimenter, in the
co-pilot's seat, called out the following events: localizer alive,
glideslope alive, 2000 feet, outer marker, 1000 feet, middle marker,
and threshold passage {inner marker). These calls were made on all

subsequent approaches.
At touchdown the CRT soreen blanked out for one second and

then a list was displayed (Figure 2.9) indicating to the pilot

the paramcters at touchdown.
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Next, the lateral autopilot was uncoupled, the flight director
was turned on in the roll (I0C) mode, and the pilot flew a split-
axis approach, in which he controlled the aircraft in vaw and in
roll, to touchdown. The third familiarization approach was a split-
axis control in pitch in which the pilot was, for the first time,

in control of the power, followed by a fully manual approach.

‘The subject continued to fly fully manﬁal approaches until
he indicated that he was satisfied with his performance or until
he flew at least two approaches which temminated in a successful
touchdown, which ever occourred later. This ended the training period.

| The actual experimental runs then commenced. The experiment

consisted of two separate sessions, with each pilot flying fourteen
approaches in the first session and sixteen approaches in the second
session. Seven pilots flew the workload approaches first, followed
by the failure detection runs; the order was reversed for the other
eight subjects. This was done to counter-balance any possible

learning effects .

Each approach lasted between five and six minutes; the first
session usually lasted for about three hours, including one 20-

minute break. The second session was conducted about a week or

two weeks after the first, and also started with a re~training
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period. Generally less practice was required, however, to reach
a plateau on the learning curve and the second session 'asted for

about two hours, including the 20-minute break.

2.8.2 Workload Bxperiment
The subject was instructed in the use of the subsidiary task
(see Appendix B.1l), and it was emphasized to him that his primary

concern at all times should be to do the best that he could on the

primary task (flying the approach). To further impress upon the subject

the priority of the primary task he was told that he could not elect
to execute a missed apprbach and that each and every approach should
temninate in a touchdown on the first trial. The brightness of the
subsidiary task's warning lights was then adjusted by the experimenter
with the subject looking at the attitude indicator, until the subject
reported that he could not detect the lights in his paripheral vision.
The twelve experimental runs for the record then ccmnenced.- At the
end of this session, the subj. ot was asked o answer a subjective

evaluation guestiomaire (see Appendix C).

2.8.3 TFailure Detection

Instructions concerning the general characteristics of this
experiment were read to the pilot (Appendix B.2). He was told that
as soon as he detected cpnflicting readings or diéctepanéies between

instruments he should call it out as a failure and specify the axis
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in which he suspected the failure occurred, such as "roll failure",

"lateral malfunction", "drifting off the localizer" and the like.

. This was done to assure that the pilot detected an actual failure

and was not reporting a false alarm which may have resulted from a

sudden gust or a vertical dvaft.

The pilot was told that his reaction time would be recorded
by way of the experimenter pressing a button on the center console.
The experimenter held his hand over the button throughout the approach
on every approach, including the ones in which no failure was to occur,

to minimize delay-times and to avoid cueing the subject inadvertently.

The pilot was told that following a correct identification,
the malfunctioning system would be discommected by the experimenter
and it would be up to him to decide whether to continue the landing
or to execute a missed approach, which consisted of calling for a
gd—aromd and establishing a positive rate-of-clinmb, at which point

the nm was terminated by the experimenter.

FAA regulations or company policy concerning the terminai_;ion .
of an approach were not to be adhered to. The pilots were to use
their own judgement, the decision-criterion being the pro}::_abi}it_y
of an acceptable landing. If | they thought that they cou]_.a compléte

the landing following a malfunction, the pilots were to do so;
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if, in their judgemant, an acceptable touchdown was precluded,

they were to initiate a go-around.

The flight-director opsrated only in the axes which were

controlled manually. The matrix of control modes following a failure

is given in Table 2.2,

2.9 Pilot Subjects

A total of twenty qualified pilots participated in this research.

Of these, four pilots -~ two airline captains and two MIT persénnel -
assisted in the preliminary phases of simuilator validation, f£light
péraﬂmters adjustment, and experimental procedures shakedown runs.

Of the remaining sixteen pilots, one dropped out of the program

after one session for personal reasons and fifteen pilots from Delta
Airlines and Eastern Airlines - seven captains, six first officers
and two second officers - flew 450 approaches for the formal experi-

ments. These pilots’ petsonal data are sumarized in Table 2.3,

All of the pilots were volunteers who had an interest in the

. program and who participated in the experiments in their free time.

- They did not receive any payment for their participation.
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Table 2.2 Control Modes Following a Failure

FAILURE
Autopilot Flight Director
Fully Automatic Autopilot disconnected,
flight-director coupled ———
in failed axis
o |
Split Axis Autopilot disconnected, Flight—-director disconnected,
Elight-director coupled pilot reverts to raw data in
in failed axis failed axis
Fully Manual Elight-director disconnected,

—-—— pilot reverts to raw data in

failed axis

;
|
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Table 2.3 Pilot Background Data

FLIGHT EXPERIENCE, HOURS FLIGHT
| COMMERCIAL MILITARY OTHER  DIRECTORS

PILOT AGE POSITION CESE%ET JET  RECIP. JET RECIP. CP RB O

2b 38 F/0 DC-9 5000 1500 1500 S

3a 56 Captain B727 5000 15000 2000 550 y

3b 32 Captain B727 4000 1000 2000 s

4a - 33  F/0 B727 2200 300 550 vy

4b 39 Captain DC-9 5000 5000 v

5a 41  F/0 B727 3300 250 v

55 62 Capt(ret) DC-9% 7000 18000 5000 1200 v

6a 55 .Captain B727 9500 16500 1500 850 vy

6b 35 - 8/0 B727 400 1500 150 500 Y

7a 32 F/0 Electra 300 2000 1000 250 v/

7b 40 Captain DC-9 5500 - 3500 v

8a 30  s8/0 B727 1000 1500 300 400 VAR

8b 32 Captain  B727 .  E000 3000 /oA

9a . 28  F/0 B727 300 600 3100 v/

9 - 31 F/0 B727 4000 ' 350 Y

Mean 39 - 3800 7400 1300 1600 1800

==CP=cross—-p'ointeré (Sperxy); RB=roll-bars (Collins); O=other (Litton)
fequipment  flown prior to retirement
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The total flight experience of the pilots who participated
in the experimental phase of the research ranged fiom 2,550 hours
0 31,200 hours, with a median of 6,000 hours. Twelve pilots had
acoumulated 10,000 hours or less, with a median of 4,200 hours;
three pilots had more than 22,000 hours each, with a median of

28,350 hours.

This experience had been accumilated in commercial jets such
as B707, B727, IXB, DCS, FH227 and CV880; reciprocating comercial
aircraft such as DC3, DC4, DC5, DC6, C7, Cv240, Cv340 and CV440;
military jets such as F4, A6, T33 and T37; malitary propellor-driven
aircraft such as 0-1, T4l, T42 and an assortment of World War II

alrcraft; and various light fixed- and rotary-wing airplanes.

All pilots, with one exception, had had experience with integrated-

cue flight directors such as the Collins FD105 and FDL109, With the
exception of subject 5b, all pilots had flown numerous ILS approaches
in the six-month period immediately preceeding the first experimental
session, the most recent ILS approach having heen within two weeks

or less.
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CHAPTER III
DATA AND RESULTS

3.1 Description of the Records

Data were accumilated during each run and throughout the run.

They were initially stored in arrays in the computer's memory; at
touchdown, which automatically temminated the run, or when the
experimenter manually tenn:inated the run after initiation of a
missed approach, all the data of that run were copied into data
files and stored on a disk. At the end of a session, all the data
files of that session were also copied onto magnetic tapes. In all,

about 1500 data files were accumilated.

The measurements which were taken on~line are reported in

Section 2.6 of this thesis. A sample output record is shown in

Figure 3.1.

3.2 Workload

Both raw and nommalized worklcad scores (Section 2.6.2) were

analyzed. The frequency distribution of the raw workload scores of
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RUN CODE: JHI13

PARAKETERS AT TOUCHDOWM OR AT STOPACTION!

DISTONCE FROM THRESHOLD
DISTANCE FROM CEHTERLINE
INDICATED aIRSPEED
VERTICAL SPEED

PITCH ANGLE 6. DEGS.
BAkK ANGLE 1. DEGS.
HEADING 36. DEGS.
CRAB RHGLE ¢, DEGS.
TIME TO DETECT 0.60 SECS,

TINE TO IDENTIFY ¢.00 SECS,

Figure 3.1 Sanple Output Record

(Continued on next 4 pages)

1936,
-88.
127.

-143.

FT.
FT.
KHBTS
FPH.




7S SANPLES OF SPATIAL COORDINATES FOLLOW:

ELAPSEB TIME,SECS.

p.o00B
5.203
10.008
15,058
20.108
25.008
30.058
35.108
40,153
45,009
50.059
55.10%
60.159
65.00%
70.059
?5. 110
20.210
£5.060
80.180
95.010
100.060
105,161
110,041
115.0101
120,111
125.1561
120.011
135,110
140,210
145,009
150,109
155,058
160.157
165.007
170,146
175,006
180.105
185,204
190.054
195,203
200,052
205,152
210.051
215,151
220,200
225.099
230,199
235.048
249,147
245,197

K+FEET

~-7iaov,
~70505.
~-69297.
-68832,
-66737.
~65512,
-&53204,
-£2862,
-61492.
-60128.
~-58701,
-T7248,
-55796.
-535440.
-53114,
-51806,
=S0472,
~49202.
-47374.,
-46612.
-452%7.
~4335%,
-42689.
-41386,
~40066.
~28769.
-z75aa.
-36207.
~34983.
~33897.
—-22768.
-2157E.
-3055%,
—2947 %,
~28319,
-3¥205.,
~25044,
=24875.
-22754,
-229556.
-214435.
~20286.
-181981,
-ig052.
-16930.
~15830.
~146%0,
=13607.
~12470,
~1134%,

ORIGINAL PAGE Ig
OB POOR QUALITY

RN SRR

]

+ FEET

2500.
2496,
2495,
2494,
2494,
2495,
2492,
2489,
2488.
2488,
2485,
2481,
2475,
247S.
2471,
2969,
2472,
2464,
2426,
2371,
2318,
2275.
2242,
21%2.
2120.
2046.
1983,
1934.
1890,
1819,
17E0.
1669.
1619,
1582,
1554 .
1518,
1458,
1382,
1215.
1261,
1210,
1149,
1079,
ig00.
9323,
285.
241,
7ol.
727,
£59.

55 ..

Y. FRET

-6079,
-5312,
456,
-38782,
-21%0.
-2379.
-1681,
~1080.
-547.
-93.
274,
482,
548,
501,
4440,
445,
380,
343,
zeg,
243,
224,
267.
312,
355.
237,
312,
269,
216,
152.
22,
sz,
-15,
-54,
-37,
-3
15,
44,
92.
156,
203,
127,
167,
121,
74.
41,
2s.
11.
11,
12,

0.




250.046
255.145
250,245
265.094
270 .144
275.243
226.092
285,192
289.191
290,091
291,19t
2%2.991
292.191
294.091
295.1980
296.090
297¢.13%0
298,090
299.190
300.090
301,124
202.0%0
303.:89
204.087
305.18%9

»

-1p274,
-9142.
-8013.
~6929,
-5818,
~4681,
-35%9,
-2467,
~-1582,
~-1284,
-1141,

-g42.
-699.
~586.
-258.
-60.
182,
380,
622,
220,
1062
12¢0.
1591,
1699,
1936,

592,
529.
474,
424,
370,
34,
299.
197.
149,
i3g.
126,
115.
102,
az.
79.
&9.
96.
a5,
23,
25.
16,
10.

18




28 CORRECT RESPONSES FOLLOU:

HFEET RESPONSE T. $EC,

~70013.940 1,950
~68357,560 2,000
~57100,440 6.850
-66200. 750 1.180
~63210,930 1.750 .
-57939, 240 1.750
-54917.410 1.350
~54266,280 ©1.300
-50538.250 1.200
~47704.720 0.960
—37689.345 1.550
~36321.215 1.200
~35192,125 1.100 ¥
-%2514.126 1.350 S
-30212.923 1.100 5
~27S12.260 1,750
~25682.032 1.550
. ~23695,449 1.600
-20428.949 1.750
-1§729,657 1.800
-14500,133 1.758
-12325.117 6.650
-992%,9236 1.5%0 )
-7625,890 1.350
-6251.277 1.e00
-5327.676 1.?750
~3989.502 1.350
-2554.590 0.500
:
b
1
1
i
!
]




38 INCORRECT RESPUNSES FOLLOW:
H.FEET

-64947.3
~61422,9
~59699.7
~56355.6
-54561.9 |
~53114.0 . !
~52027.2 ¢
~48745.5
-46723.0
-45518.7
~44248. 4
-43264.7
-41240.,9
~40519.0
-29782.0
-38371.1
~33897.2
-21235%.8
~2%417 .8 ?
-28313.8 }
-26852.9 :
~25689.9 ‘
-24471.2
-22154.6
-21090,9
-19592.0
-18946.7
-17762.4
-16424.7
-12462.3
-11591.8
-10805.4
~2456.2
-4530.,6
~1726.4
~302,1
622.0
1253, 7
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the 15 subjects, segregated by participation level, are shown in
Figures 3.2-3.5; those of the normalized workload scores are shown

in Figures 3.6-3.9.

The non—normalized workload scores ranged fircom 28.6 to 100.0;
the normalized scores ranged from 0.0 to 100.0. Normalized workload
scores as a functien of the gusts' strength are shewn in Figure 3.10,

and as a function of the participation mode - in Figure 3.11.

We were also interested in the time-variations in the instant-
aneous workload levels. To this end, workload data were segregated
by participation modes; mean scores were extracted at 300-feet
altitude intervals batween the altitudes of 2000 and 500 feet, and
at 100-feet intervals between 500 feet and touchdown. The results,

averaged over all pilots, are shown in Figures 3.1Z2 through 3.15.

A measurenent of each subject's evaluation of the primary and -
secondary task difficulty was included in our study. The guestionnaire
which was used (Appendix C) had four multiple—choice questions
related to the overall difficulty of the primary task and two questions
on the difficulty of the secondary task. Points were assigned for
each answer on a zero-to-ten Cooper rating scale (Figure 3.16), with
10 indicating the greatest difficulty (Cooper and Harper, 1969).

This was the same type of questionnaire that had been used in a pilot-
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Fig. 3.2 Non-Normalized Workload Scores - Monitor
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Fig. 3.3 Non-Normalized Workload Scores - Lateral Control
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Fig. 3.4 Non-Normalized Workload Scores - Longitudinal Control
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Fig. 3.5 Non-Normalized Workload Scores ~ Manual Control
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Fig. 3.7 Wormalized Workload Scores - Lateral Control
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NORMALIZED WORK LOAD

70

0

50

Figure 3.10

Normalized Workload Index at Two
Disturbance Levels

D1 - Calm Air

p2 - 10 kt. Wind, Gusting to 30 kt.
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Figure 3.11

Normalized Workload Index at Foux

Participation Modes

Pl - Fully Automatic

P2 - 8plit Axis, Yaw Manual

P4 - Fully Manual

P3 - Split Axis, Pitch Manual
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Lateral Control
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workload :fstudy conducted by Spyker et al. (1971). The results are

shown in Figures 3.17-3.22,

3.3 Datection Performance

Detection perfommance was analyzed in terms of detection-time
and accuracy. Detection-time was defined as the elapsed time between
the occurrence of a failure and the verbal report by the subject that
the failure has been detected; the subject also reportdd the failure-
axis to insure that he reported a bona-fide failure and not a false
alarm. Detection-time results are presented in Figures 3,23-3.25 for

longitudinal failures and in Figqures 3.26-3.28 for lateral failures.

Accuracy was measured by the fraction of failures that were
missed altogether. We differentiated between approaches in wﬁich a
failure went unreported but which resulted in a successful touchdown
or in an error at touchdown which was unrelated to the failure (such
as excessive bank, following a longitudinal failure), and approaches
in which a failure was missed and which did not terminate in a
successful landing because of a gross exrror in the failed axis. The
latter are shown in Table 3.1 and 3.2; the numbers in gerentheses
represent the fraction of all missed failures, whether or not they

resulted in a successful landing.
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Fig. 3.23 Detection Times - Longitudinal Failures
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Pigure 3.24

Pitch Failure Detection Times at Pour

Participation Modes

(See Fig. 3.11)
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Fig. 3.25 Pitch Failure Detection Timcs at Three
Disturbance Levels
D1 - Calm Air
D2 - 5 kt. Wind, Gusting to 15 kt.

N3 - 10 kt. Wind, Gusting to 30 kt.
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Fig. 3.26 Detection Times - Lateral Failures
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Figure 3.27
Yaw Failure Detection Times at Four
Participation Modes

(see Fig. 3.11)
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Fig. 3.28

Yaw Failure Detection Times at Three
Disturbance Levels

(See rig. 3.25)
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Table 3.1
Fraction of Missed Longitudinal Failures

in percent of all longitudinal failures (in parentheses)

and in percent of missed alarms resulting in gross

deviations in failed axis

disturbance Level
Participation Overall
Mode 1 2 3
Monitor 0. 0. 0. 0.
Control Yaw G. 0. 0. 0.
Control Pitch 12.5 0. 12.5 8.7
(12.5) {14.3) (12.5) (13.0)
Manual Control 0. 14.3 37.5 17.4
” (12.5){ (14.3)! (37.5)| (21.7)
Overall 3.3 3.3 13.3 |- 6.7
(6.7) {(6.7) {13.3) {(8.9)
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Table 3.2

Fraction of Missed Lateral Failures

in percent of all lateral failures (in parentheses)

and in percent of missed alarms resulting in gross

deviations in failed axis

Disturbance Level
Participation Overall
Mode 1 2 3
Monitor G. 0. 0. 0.
Control Yaw 25.0 14.3 12.5 17.4
{37.5) (14.3) {(37.5) (30.4)
Coutrol Pitch 0. 0. 0. -0.
Manual Control 14.3 0. 14.3 9.1
{14.3) (14.3) {(9.1)
Qverall 10.0 3.3 6.7 6.7
(13.3}Y] (3.3) (13.3) (10.0)
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In all, 90 approaches were flown in which a longitudinal failure
occurred; of these, eight went unreported, six of which did not
terminate in a successful landing. Of the 90 lateral failures pre-
sented, nine were missed; of these, six did not terminate in a

successful touchdown.

3.4 Touchdowns

Of the 450 approaches flown by the fifteen subjects, 389
terminated in an attempted landing. Go-arounds were initiated in
59 .pproaches, and data of two approaches (both fully-automatic,
no-failure cases! were discarded as simulator malfunctions occurred

during these approaches.

Figures 3.29 through 3.35 summarize the couchdown data. When
the criteria discussed in Section 2.6 were applied to the data, only
193 landings, or about 50%, were judged as acceptable. These

criteria are marked on Figures 3.29-3.35 by arrows.

87 -



i

P o150 W, = 2096

100 —

FREQUENCY

| - _1 F_- —
L [ i) i 3 i
0 1 2 3 4 5
3

DISTANCE FROM THRESHOLD, FEET x 10

Fig. 3.29 Distance From Threshold at Touchdown

(Frequency is shown in quantum steps of 3)
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3.31 Indicated Airspeed at Touchdown
- (Frequency is shown in quantum steps of 5)
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Fig. 3.32 Vertical Velocity at Touchdown

{Frequency is shown in quantum'stepsiof 4y
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Fig; 3;35 Heading at Touchdown
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3.5 Tracking Performance

As the time-histories of the spatial coordinates of the
simulated aircraft during each approach were available (Section 3.1),
it was possible to compute angular root-mean-square vector tracking
errors. We chose tu document tracking performence in angular, rather
than linear, RMS errors as only angular information was available to

the pilot from the localizer— and glideslope-deviation indicators.

The data of RMS errors were computed between the altitudes of
2000 and 900 feet for the approaches in which no failure occurred.
When a failure was simulatéd, RMS errors were computed batween 2000
feet and the point of failure cccurrence. Cross—track angular RMS
errors are shown in Figure 3.36 as fractions of a full-scale deviation
(5°); angular RMS errors in the vertical plane are shown as fractions

of a full-scale deviation (1.4°} in Figure 3.37.
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CHAPTER 1V
DISCUSSION

Various statistical analyses were performad on the data reported
in Chapter III. The University of California at Tos Angeles' School of
Medicine Biowedical Computer Programs Package (UCLA BMD) was used
extensively in the analysis. Particularly, advantagé was taken of the

following routines:

1. BMDOID, for computation of means, standard deviations and
standai:d @rrors.

2. BMDO5D, for plotting histograms.

3. PBMDO2D and BMDO3D, for computation of cross—correlation
and covariance matrices. "

4. BMD1OV, for analysis of variance and regression analysis.

Excellent documentation of the routines in this package is available

(Dixon, 1973; also Afifi and Azen, 1972).
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4.1 Workload

We were cognizant of the fact that our workload-measuring
side-task may have caused undesired loading of the sub'ects, and
hence, that the piloting performance results obtained in the workload
measurement experiment and the data obtained in the runs when the
side-task was not present came from different populations. 'This
possibility was carefully investigated. It has been shown (Kelley,
1966) that the most precise piloting performance measure is RMS
tracking error; consequently, RMS tracking-errcr data of the work-
load measuring experiment were compared with RMS data obtained from
the failure detection experiment, on approaches in which no failure
occurr .. Analysis of variance revealed that the liypothesis that
the data represented the sam= population could not be rejected
(Table 4.1). It was concluded, therefore, that the side-task did
not cause any significant loading of the pilots and that the work-
load scores which were obitained during the workload measurement runs

were applicable to the failure detection, no-side-tusk approaches.

It seemed clear from Figures 3.10 and 3.11 that the side-task
scores were sensitive to variations hoth in the disturbance level and
in the participation mode. Indeed, analysis of variance under the

hypothesis that the effects were additive revealed that the variations
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Table 4.1 ANQOVA of

Source

Mean
Replications
Treatments:
Participation Mode
Disturbance Level
Presence or Absenc
of side-task

Error

RMS Tracking Brrors

45974.99
2781.99

4201.48
6127.88

e
318.20

25023.09

* ~ Significance at the 1% level

1 45874.99
14 199.43

3 1400.49
1 6127.88

1 318.20

250 100.09

Table 4.2 ANOVA of Normalized Workload Scores

Source

Mean

Replications

Treatments:
Participation Mode

Disturbance Level

BError

457561.50
15019.85

79507.92
3868.10

81966.42

- 100

1 457561.50
14 1072.85

3 26502.64
2 1934.05

160 512.29

459 . 3%
2.0

14.0%
61.9%

893.2%
2.1

51.7%
3.8



in workload scores as a4 function of participation mode were significant
at the P << 0.01 level, and as a function of the severity of the

disturbance — at the P < 0.05 level (Table 4.2).

There was, however, no significant difference between workloads
at the two low disturbance levels, namely, calm air and a quartering
wind of 5 knots, qusting to 15 knots. It was assumed, and it was
verified by pilots' comments, that the components of the wind normal
and parallel to the final approach flight-path (3.5 knots gusting to
10.6 knots) were not strong encugh to induce workloads significantly
higher than those induced by piloting the simulated aircraft in calm
air. Consequently, these two disturbance levels were combined in the
analysis and the data were treated as if there were only two distinct

disturbance levels, "low" and "high".

An additive model was used in the regression of workload scores

on disturbance levels and participation modes:

W{P,D)} = Wl(P) -+ wz(D) = r@o + WP(P) + Wd(D) {4.1.a)

where w is the workload score
P is the participation mode
D is the disturbance level
WP and Wd are the partial derivatives 8W/3P and 9W/aD,
’r_espect_ively

and WO is the baseline workload score.

101



Using this model, Wy (P) and W, (D) were found to be

18.7 for the fully-automatic mode

36.6 for the split-axis, yaw-manual mode

W (P) =
61.0 for the split-axis, pitch~manual mode
72.9 for the fully—manuél mode
(4.1.b)
0.0 for the low disturbance level
W, (D) =

9.8 for the high disturbance level

These values yielded workload-participation mode correlation
significant at P < 0.001 and workload--disturbance level correlation

significant at P < 0.05.

Figures 3.12 through 3.15 reveal the asymptotic altitude behavior
of the pilot's workload: The workload is essentially constant at
altitudes higher than approximately 500 feet, but there is a very
marked increasz in the worklcad at lower altitudes. Undoubtedly, this
increase is at least partially due to the non-linear increase in
display sensitivity with decreasing distance-to~go. However, this

increase in pilot workload was observed even when the pilot acted as
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a monitor and the autopilot controlled the aixcraft, which seems to
indicate the effect of other factors as well; such as, possibly, the
pilot's mental state arising from his awareness of the proximity of
the ground. It is conceivable that optimal display design may rec’iucé.
the additional workloads imposed on the pilot as a result of the
increased display sensitivity; further studies are necessary, hsﬂevér,
to find out whether these other factors, if any, are inherent in the
situation or whether a reduction is possible in the pilot's worklosd

during the last phase of a landing approach.

4.2 Tracking Performance

Figures 3.36 and 3.37 show the vertical and lateral RMS tracking
errors, respectively, averaged over all subjects and over all wind-
disturbance levels. It is clear that our subjects were capable of
tracking the ILS glide-path within less than 10% of full-scale GST
deflection. Localizer tracking performance was even better, and the
largest mzan RMS error is approximately 5% of full-scale oI deflection.
The diilerence betwzen lateral and longitudinal tracking performance |
may be due partially to the larger size of U course deviation |
indicator instrument, as compared to the glide-slope deviation :Lndlcator,

and parually to the ch.fference in the dlfflculty of controlling the '
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simulated aircraft in the longitudinal and lateral axes: Longitudinal
control, reguiring the coordination of power and pitch attitude, impose
on the pilot higher demands than does lateral control. This point is
further substantiated by the evidence of the higher workload levels

which are induced by longitudinal control (Figure 3.11).

We wished to eliminate any learning effects from our experiments.
To this end, the order of presentation of the experimental treatments
to each subject was randomized. In addition, each expsrimental session
began with a training period designed to bring the subject to a steady-
state level on the learning curve (Section 2.8). Indeed, an analysis
of variance of the tracking errors, treating the order of presentation
as an independent variable, showed that the null hypothesis could not

be rejected (Table 4.3).

4,3 Detection Performance

As Tables 3.1 and 3.2 show, about 10% of all failures were not
reported by the subjects; about 7% were obvicusly not detected at all,
as evidenced by the fact that these approaches did not terminate in a

successful landing because of gross deviations in the failed axis.
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Table 4.3 ANOVA of RMS Tracking Errors

by Order of Presentation

Source 5.5. d.f. m.s. F
Mean 13649.57 1 13649.57 510.7*
Replications 547.72 14 39.12 1.5
Treatments:

Participation Mode 278.56 3 '92.85 3.5

Disturbance Level 1218.43 1 1218.43 45,6 %

Order of

presentation 627.92 29 21.65 0.8

Error 3527.73 132 26.73
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A very interesting pattern is cbvious from Tables 3.1 and 3.2
and from Figures 3.23 and 3.26: All failures in an automatically-
controlled axis were detected in consistently short times; between 9%
and 17% of the failures which occurred in a manually-controlled axis
were not detected at all, and the ones that vere required considerably
longer detection times. A t—test revealed the difference between the
mean detection times in the automatic and manual modes to be highly

significent, at the P < 0.001 level.

our first hypothesis (Section 2.1) attempted to explain this
difference in detection performance as being due, in part, to the
increased involvement of the pilot in the control task in the manual
mode and, in part, to the increased workload levels associated with
manual control. We set out, therefore, to separate the individual
effects of these factors, participation mode and disturbance level,

on the failure detection performance.

In Figures 4.1 and 4.2, the mean detection times of longitudinal
and lateral failures, respectively, are plotted as functions of the
corresponding mean workload levels for the four participation modes.

The following relationships are evident:
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1. Detection times in a manually-controlled axis are significantly
longer than detection times in an automatically-controlled axis |
(P < 0.001).

2. Detection times for lateral failures are significantly
longer than detection times for longitudinal failures at comparable
workload levels (Table 4.4). |

3. Detection times increase in direct relationship to work-
load (erl63 = 0.322).

The apparent similarities between Figures 3.23 and 3.26 and
Figures 3.36 and 3.37, respectively, suggest an attractive theoxy
to explain the shorter detection times in the autcmnatic-control modes:
The lower angular RMS errors in the automatic modes effect higher
signal-to-noise ratios of the displayed tracking error which, in turn,

result in better detection performance.

This hypothesis was tested by analysis of variance of the failure
detection times, with the angular RMS tracking errors in the failed
axis as a covariate (Table 4.5). The F-test rejected the hypothesis,
as the RMS errors did not show a significant effect on the failure
detection times. A linear correlation analysis yielded the same result,
as the RMS-detection timz correlation coefficient fell short of
significance at the P < 0.0L level (p__; . = 0.215). In addition,
under the SNR theory, the tracking errors on the approaches in w]ﬁch a

failure was missed altogether should be larger than on other approaches
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Table 4.4 ANOVA of Failure Detection Times by

Failure Axis

source "8.5. a.zt. m.s. P
Mean 279457.71 1 278547.71 (48.2%
Participation Mode 10613.87 3 3537.96 8.2%
Disturbance Level 1601.05 2 800.53 1.9
Failure Axis 10017.42 1 10017.42 23.2%
Error 67258.33 156 431.14

Table 4.5 ANOVA of Failure Detection Times

with RMS as Covariate

source 5.5. d.f. m.s. F
Mean 110966.97 1 110966.97 314.6%
Participation Mode 13556.86 1 13556.86 38.4%
FPailure Axis 10298.17 1 10298.17 29.2%
Mocde x AXisS 1053.07 1 1053.07 2.9
RMS . _ .100.91 1 100.92 0.3
Error 50785.94 144 352.68
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with comparable participation and disturbance conditions. A paired-
difference Student-t test, however, failed to reveal any difference.
Consequently, RMS tracking errors were excluded fram further consid-
eration and the failure detection performance was assumed to be a
function of the control mede, of the failed axis and of the workload

lewvel, but not a function of the RMS tracking error.

A disparity is obvious, however, between Figures 4.1 and 4.2.
The longitudinal failure detection data, shown in Figure 4.1 seem
to suggest that the increased detection times in the manual control
modes P3 and P 4 e due mainly to the associated increase in workload
and that, had the subjects operated at a constant workload level
(that is, along a line nommal to the abscissa), their detection perfor-
mance would have, in fact, improved in the manual control modes,

compared to the automatic control modes.

The lateral failure detection data of Figure 4.2, on ‘the cother
hand, exhibit a very different behavior. They imply that the dominant
factor in detection performance is the control mode, not the workload
(as suggested by Figure 4.1); furthermore, there seems to be an uﬁle_reni.
contradiction in the data, as they indicate that, assuming that the
extrapolation is valid, the detection performance at a constant .work%
load would be better in a fully autamatic mode (Pl) ~than in the yaw -
manual split-axis mode (Pz) ; but not as good as in the fully-manual (P 4) ,

control mode.



It should be noted that boLh Figure 4.1 and Figure 4.2 are
plots of two dependent variables, as the workload level was controlled
in the experiment only indirectly. Consequently, tﬁere were measuremsnt
errors in both coordinates and therefore, the slopes of the straight
lines in Figures 4.1 and 4.2 could, in reality, be quite different
than those shown; one possibility is plotted in Figure 4.3. Ouxr
statistical tests (t and r) did not have sufficiant i:ower to reject

either possibility with any degree of confidence.

To resolve the ambiguity, we assumed that tlj.e failure detection
mechanism of the human operator acts similarly in both lateral and
longitudinal axes; any difference in performance between these axes
is due to differences in the plant dynamics and in display variables

only, not to differences in processes internal to the operator.

Thig assumption of equivalence between the lateral and longitudinal
axes has been made, either explicitly or implicitly, by many inves-
tigators. It is based on the theory that the human operator behaves
optimally with respect to his task (ef. Smallwood, 1967) 3'_;n'_all axes,
and that the operator adjusts his describing function to match the task

~ {Young, 1969).

Tongitudinal and lateral failure data were thus pooled;
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detection times were regressed on the type of failure (longitudinal
or lateral) and on the control mode in the failed axis, with the vork-

load index as a covariate, based on the following additive model:

Tdetection = T{) + o{control mode) + B{failed axis) + y(workload) (4.2a)

A solution was cbtained for the regression coefficients o, B and y:

= ’) + 5 * -
Tdetection 20.9 + 16.5M + 15.4A + 0.10WL (4.2b)
1 if the failed axis is controlled mamually
where M =
0 otherwise
1 if the failure ccaxrs in the lateral axis
A=
T 0 if the failure occurs in the longitudinal axis
WL = the normalized workload index
and T detection is measured in seconds.

The relationship is plotted in Figures 4.4 and 4.5 for longi-
tudinal and lateral failuwes, respectively. Mean detection times at
the corr’esponding mean vworkload levels are also shown for comparison.

The model correlates well with the data, with p = 0.531, signifi-

n=163
cant at the P << 0.001 level.
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4.4 Touchdowns

As mentioned in Ssciiion 3.4, 389 of the 450 approaches flown
terminated in attempted landings, 59 terminated in a missed approach
and two were discarded because of equipment malfunctions. The breakdown

of landings and go-arounds by failure type is shvwn in Table 4.6.

When the "acceptable landing" criteria (Section 2.6) were
applied to the data, 193 landings were considered successful and 196
(or approximately 50%) were judged unsuccessful. Of these, 106 were
rejected because of an excessive deviation in any one parameter, 61
were rejected because of excessive deviations in two parameters
simultaneously, twenty-two - in three parameters, six - in four
parameters and one attempted landing was rejected because of simul-~
taneous deviations in five of the seven parameters. Tables 4.7, 4.8
and 4.9 summarize the touchdown performance s a function of the
manually-controlled axis and the presence or absence of f£light-director

information (see also Table 2.2).

It seems clear from Tables 4.7-4.% that the landing performance
was quite poor under all but fully automatic conditions. Longitudinal
control presented a more severe problem to the pilot, as evidenced by

the difference in the percentage of successful landings which is
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Table 4.6 Breakdown of Landings by Failure Conditions

FAILED AXIS TOTAL
NONE ™ PITCH YAW
ATTEMPTED LANDINGS 257 68 64 389
GO-AROUNDS 11 22 26 59
TOTAL 268 90 90 448

0y

"Including 178 workload~-measurement runs in which no failures
were presented and go-arounds were not permitted (see Section 2.8.2)

Table 4.7 Touchdown Performance, Pitch Manual

PERCENT OF LANDINGS, PARAMETER OUT OF TOLERANCE SUCCESSFUL

X Y SPEED SINKRATE PITCH BANK HEADING CATTEMPTS)
WiTH FLIGHT-DIRECTOR 22.0 17.7 46,2 31.7 6.4 4.3 0.5 27.4(186)
WITHOUT FLIGHT-DIRECTC> 24.2 9,1 48.5 42.4 6.1 3.0 0. 21.2( 33)
TOTAL 22.4 16.4  46.6 33.3 6.4 4,1 0.5 26.5(219)

"See Table 2.2
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Table 4.8 Touchdown Periormance, Yaw Manual

PERCENT OF LAMDINGS, PARAMETER OUT OF TOLERANCE

. X Y SPEED SINKRATE PITCH BANK HEADING
WITH FLIGHT-DIRECTOR 11.9 24.3 27.5 22.8 3.1 8.8 2.6

. WITHOUT FLIGHT-DIRECTOR  O. 51.7 17.2 6.9 6.9 0. 3.4
TOTAL 10.4 27.9 26.1 20.7 3.6 7.7 2.7

xSee'Table 2.2

Table 4.9 Touchdown Performance, Split-Axis Control

PERCENT OF LANDINGS, PARAMETER OUT OF TOLERANCE

X Y SPEED SINKRATE PITCH BANK HEADING
LATERAL 0. 24.5 0. 0. 0. 7.5 4.7
LONGITUDINAL 27.2 0. 42.7 26.2 - 5.8 0. 0.

MANUAL CONTROL,
ALL AXES 22.4 31.0 47.4 39.7 5.2 7.8 0.9

SUCCESSFUL
CATTEMPTS)

43.0(193)
37.9( 29)

42.3(222)

SUCCESSFUL
CATTEMPTS)

67.0{106)
34.0(103)

18.8(11s6)



significant at the P < 0.01 level. Table 4.9 separates the effects

of manual control in the yaw and the pitch axes.

We cannot ascertain from the available data whether the poor
landing performance was due to insufficient information presented
| by the displays, overloading of the pilot in the final stages of the
landing, deficiencies in the simulation or some other causes. Some of
our subjects executed consistently good landings, which seemed to
indicate that the simulator could be landed successfully; some
subjects, experienced pilots as they were, did not, however. Further
study of the factors affecting pilots' performance in the final
vhases of the approach and during the flare maneuwver is clearly

necessary.

4.5 Applicability of the Results

We wished our findings to bz applicable to the general population
of pilots who fly low-visibility approaches in commercial jet transport
aircraft. Great care was taken, therafore, in designing the experinents,
in the development of the simulator system and in the selection of

subjects. These will be discussed in the following sections.
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4,5.1 Expsrimental Design

The research consisted of two factorial experiments, a 4 x 3
workload measurement test and a 4 x 3 x 3 failure detection experiment.
Two full-rank factorial experiments would have resulted in a total of
4x3 + 4x3x3 = 48 treatments per subject. This number was considered
to be unrealistically large and, conseguently, som2 high level inter-
actions were partially confounded in the failurc detection experiment:
Each subject was presented only 18 of the 36 treatments, resulting in
a total of 30 experimental treatments per subject. The particular
treatments were assigned to individwal subjects in a way that resulted
in each pair of subjects being presented all the experimental treat—
ments and thus each pair of subjects represented one experimental

block.

We wished to estimate the accuracy of the significant differences
found in these experiments. Following standard procedures (Cochran and
Cox, 1968, pp. 17-23) the a posteriori probability of significant
differences being detected was calculated for the worst case, namely,
the difference in detection times between the lateral and longitudinal
axes. This case was considered worst as the mean difference (15.4
seconds or 37.04% of the mean detection time) and the number of rep—

lications (45) were the smallest.
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The probability P was calculated by (ibid.):

5
B T EE, T (4.3)

r g &
where +t - Student's random variable
8 - mean of the detected difference
g -~ standard error per unit

r - nuer of replications

1

and P_ level of significance

From the analysis of variance of failure-detection times, the
following values were obtained:
§ = 37.04%

g = 49,98% with 156 4.£f.

Ietting, for this "worst case" computation, P, = 0.05 one has, for

156 d.f.,
tg.05,¢=156 = Zp.05 = 1-99996
hence
By (1op) = it - 1.95996 = 1.5537 (4.4a)
(==} (49,98) _
45
o:a
2(1-P) = 0.125 . P = 93.7% | (4.4b)
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That is, the probability of a true difference being detected as a
significant difference is quite high, and the mumber of replicates in

the experiment was sufficient for the accuracy sought.

4.5.2 Simulator System

The simulator was intended to resemble a large transport jet
aircraft in the final approach f£light envelope. The actual flight
parameters of a DC-8 were initially used and later modified, following
a series of flight tests by an experienced Boeing-707 instructor
captain. The {light tests included adjustment, with the aid of a
stop-watch, of the simulated aircraft's throttle and control responses

arcl of the effects of the flaps, landing gear and speed brakes.

A subjective evaluation was solicited of the pilots who flew
the simulated aircraft (Appendix C and Figures 3.17-3.20). According
to this evaluation, the simulated aircraft was rated as corresponding
to 4.0 points on the Cooper-Harper rating scale (Cooper and Harper,
1969, p. 12). This rating represents an aircraft in which adegquate
performance is attainable with tolerable pilot workload but which has
some annoying deficiencies. It should be kept in mind that the
pilots evaluated the total aircraft system, including the intentionally

similated failures.

Due to technical and economic limitations, we used a fixed-base,

123



or static, simulator in this research. The case for the importance
of motion cues in flight simulations has been made by many investi-
gators (ef. Gibino, 1968; Jacobs et el., 1973). Our main purpose in
this research, however, was to document the pilot's failure detection
performance. The simulated failures were very subtle and it is our
belief that motion cues would not have aided the pilot in the
detection task, especially in the presence of the noise introduced
by turbulence and wind gusts, which ars quite common during a bad-

weather approach.

4.5.3 Subjects

Bl) ++ the fifteen subjects who participated in the formal
experiment were professional pilots from two major domestic airlines
who were highly motivated, enthusiastic and intelligent. AlL but
four flew jet transport aircraft regqularly; the four who did not
(one pilot who flew turbo-prop transport aircraft, two seconfﬁ
officers and one retired captain) did not reveal any difference m
performance (RMS tracking ervors, workload scores, touchdown per-
formance and failure detection times) when compared to the other
pilots. We are convinced that our subjects were a representative

sample of the population of airline pilots.
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CHAPTER V
SUMMARY AND CONCLUSIONS

5.1 Sunmary

In the last decadsz, a great deal of thought has been given
to Category III landings and their implications. One area of intensive
investigation centers around the role cf the crew during the approach.
Current: thought is polarized around two extrems=s:

1. The crew is in the control loop and flies the aircraft in
accordance with instrument-generated steering signals.

2. Steering signals are coupled directly into the autopilot,

with the crew monitoring the system.

It is axiomatic that a pilot should be capable of detecting
7. ildentifying failures in the landing guidance system accurately,
reliably and with minimal time delay. The purpose of this research
was the study of the pilot's short-term decisions regarding performance
assessment and failure monitoring. We wished to investigate the
relationship between the pilot's ability to detect failures, his

degree of participation in the control task and his overall workload
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level. Also, we wished our findings to be applicable to the general
population of pilots who fly low~visibility approaches in cammercial

jet transport aircraft.

To this end, this research consisted of an experimental
investigation which was carried out in a static ground simulator.
Fifteen airline pilots flew zero-visibility landing approaches with
different degrees of autcmation and at different workload levels
which were induced by simulated wind disturbances. The pilots’
ability to detect failures and to provide a reliable manual back-

up capability was monitored and recorded.

The data were analyzed to identify statistically significant
relationships among the experimental treatwents and the factors which

produced the optimal psrformance were sought.
Two hypotheses were tested in this research:

1. Both the participation mode of the opsrator in the control
task and his overall workload level affect his information processing
capability. The effects, then, of the coperator's participation mode
and workload level on his failure detection performance are additive.

Manual tracking will result in longer detection times than will
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monitoring a coupled, automatic approach, and higher workloads

will effect longer detection times than will low workload levels.

2. As the flight instruments display angular, rather than
linear, deviations from the localizer course and from the glide-
path, they increase in sensitivity as distance to touchdown decreases.
In addition, the penalty for error increases with increased proximity
to the ground. Additional processing demands are thersefore placed
on the pilot and hence his workload increases in inverse .relationship

to altitude or to distance-to-go.

To measure the pilot's workload, a "warning-light"-type
subsidiary task was selected for this research. It consisted of two
small red lights mounted above each other outside the subject's
peripheral vision field, and a rocker thumb switch mounted on the
left horn of the control yoke. The lights provided the stimuali,

During the run the upper or lower light, with equal probability,

was lit at a random time for a maximum of two seconds. A correct
resrynse by the subject to this stimulus consisted of {:urning the
light off by a proper motion of the rocker thumb switch. The subject's

responses were processed and converted into a workload index.

For the purpose of this research, a simulator capability
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including a digital graphics computer and a fixed-base cockpit
simulator has been developed. An integrated-cue flight director
system has been designed for the simulator. Also, a two-axis auto-
pilot has been incorporated into the simulati.n which is capable

of flying ILS-coupled approaches, in either axis or in both axes,

to touchdown. We also had the capability to add wind disturbances

to the simulation to induce different workload levels. The simulation
did not include any displays of a mods progress annunciator, movable

bugs or a fault annunciator panel, nor were there any warning flags.

The experimental variables to be investigated in this study
were the pilot's participation mode in the piloting task, the work-—
load induced by the control dynamics and by extermal disturbances,
and the pilot's failure detection performance. The experiment
involved four levels of participation:

1. Passive monitoring.

2. Split axis, yaw manuval.

3. BSplit axis, pitch manual.

4. Full manual control.

Three failure conditions were used:
1. No failure.
2. Failure in the vaw axis. In this condition the autopilot,

if coupled, or the flight director would steer the aircraft away from

128



the localizer course.
3. Failure in the pitch axis, similar in nature to a failure

in the yaw axis,
In addition there were three levels of wind disturbances.

The effects nf the level of participation and of the wind
diturbance on the pilot's workload wera investigated in a full-rank
4 x 3 factorial experiment. The effects of the level of partvicipation
and of the wind disturbance on the pilot's failure detection perfor-
mance were investigated in a separate 4 x 3 x 3, partially-confounded
factorial experiment. The "no failure" condition was incorporated in
the design so that the subjects would not anticipate a failure on

each and every approach.

The following results were obtained:

1. The workload scores were sensitive to both participation
made and the presence of wind disturbances.

2. There was a very marked increase in workload scrv2s at
altitudes below 500 feet AGL, which was inversely related to distance-
to-go. This increase was cbserved even in fully autamatic approaches,
which seems to indicate the effects, possibly, of the pilot’s mental
state arising from his awareness of the proximity of the ground, and,

- therefore, that a significant reduction in the pilot's workload at.
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low altitudes cannot be achieved by improved display design alone.

3. Detection times in a manually-coutrolled axis were
significantly longer than detection times ir an automatically-—
controlled axis.

A. Detection times for lateral failures were significantly
longar than detectiun times for longitudinal failures at comparable
workload levels. This result can possibly be attributed to some
comoination of the following factors:

a. A lateral failure, as simulated in our experiment,
resulted in a one-dot deviation in approximately 100 seconds, while
é longitudinal failure required only about 30 seconds to cause a che-—
dot deviation. The reasons for this are the differences in the
dynamics of the simulated aircraft in the lateral and longitudinal
axes and the larger linear distance represented by a one-dot lateral
deviation {(1.25°), compared to the distance represented by a one-dot
longitudinal deviation (0.35°).

b. 2s the lowest altitude at which a failure was presented
was 800 feet AGL, which corresponds to a distance of over 2 miles from
the runway threshold, the pilots may have assigned, in that phase of
the approach, a hidgher priority to vertical positioning of the simulated
aircraft tian to runway centerline alignment; consequently, they may
have been more sensitive to excursions of the glide-siope deviation

indicator.
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c. Both position and rate information are directly
available to the pilot in the vertical plane by means of the GSI
and the vertical speed indicator, respectively. Lateral rate infor-
mation, on the other hand, is availab;g only indirectly by means of
the heading displayed on the HSI; furﬁﬁernore, this information is
contaminated by extraneous inputs, such as lateral drift due to the
wind. The ready availability of vertical rate irformation, which
relieves the prlot of the need to generate a large phase lead, may
be responsible, in part, for the better failure detéction perfdrmance
in the longitudinal axis.

5. Destection times increased in direct relationship to work-

load:

T oetoction = 20-9 + 16.5M + 15.43 + 0.10WL

1 if the failed axis is contxolled manually
S wWhiere M=
0 othexrwise
1 if the failure occurs in the lateral axis
A =
" 0 if the failure occurs in the longitudinal axis
WL, = no:malized workload index

and is measured in seconds.

Tdetection
The model correlated with the data at the P << 0.001 level of
significance.

6. - Finally, the touchdown performance was poor under all
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conditions, with the exception of the fully-automatic, no-—failure‘zi%?.i--»
case. Of the attempted landings, 67% were acceptable under the split—
axis, yaw-manual mode of control; 34% were acceptable in the aplit-axis,
pitch-manual mode and only 19.8% of the attempted landings were
successful on fully-manval approaches. We could not ascertain fxom

the available data whether the pcor landing performance was due to
insufficient information presented by the displays, overloading of

the pilot in the final stages of the landing, deficiencies in the

simulats - <ome other causes.

5.2 Conclusions

Our goal in this researxch was to identify the participation

mode and workload level which optimize the pilot's failure-detection

~ performance. For the failures considered here the results suggest that
a coupled, fully-avtomatic landing with the lowest possible workload
is called for in Category ITTI operations, with the crew monitoring

the progress of the landing via a cockpit display. Furthermore, as
manual touchdown performance with the simuiated conventional flight |
instruments was unacceptable by commercial operational standards, a
failure in the_ automatic landing system may have to be followed by

the initiation of a mandatory missed approach and a diversion to a

better visibility alternate field; unless the required progress is
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made in display design and technology to radically improve manual

touchdown performance.

The detection times for pitch failures in a fully-automatic
mode ranged in our experiments from 7 seconds to 56 seconds, with
a mean of approximately 24 seconds. Yaw failures detection times
under the same conditions - that is, a fully-autamatic approach -
ranged from 17 sceconds to 52 seconds, with a mean of approximately
35 seconds. Assuming a rate of descent of 10 feet per second on the
final approach, our data suggest that below Category I decision
height a failure of the automatic landing system (as simulated in
our study) may not be detected at all or, at least, it may not be
detected in time to allow safe initiation of a missed approach.
Performance monitors and fault annunciator panels may alleviate the
problem somewhat and shorten detection times. They are inadequate
at altitudes below 100 feet, however (Vreuls et al., 1968a); also,
they are not infallible, and additional warning lights and buzzers
in the cockpit provide only more opportunities for malfunctions and

for crew confusion.

One possible answer to the dilemma may lie in the Independent
Landing Monitor concept. The monitor is campletely independent of
the guidance system and of current landing aids, thus reducing the

probability of simultaneocus failures. It presents to the crew a
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perspactive 1life-like synthesized analog display of the rurway
environment, enabling the pilot to monitor the performance of the
avtomatic landing system of to fly the aircraft ﬁxanually, following
an autopilot failure, by reference to artificial visual cues. One
proposed IIM system (Parks and Tubb, 1970) was based on microwave
transmitters or radio reflectors installed along the runway edges.
The display, when augmented with aiding symbology (e¢f. Van Houtte,

1970) may lead to safe Category III operations.

5.3 Recommendations for Further Research

A very marked increase in workload scores at altitudes below
500 feet has been observed, even on fully-automatic approaches. As
the pilot's failure detection performance was shown to be inversely
‘related to his workload, this phenomenon should be carefully inves-
tigated and its causes identified; an effort should be made to reduce
the flying pilot's workload during the final phases of the approach,

either through display design or by crew task allocation.

The pilot's failure-detection perfol:mance should be 1nvestlgated'
at a constant workload level; to valldate our findings. An J.nva.rlant
workload level across part:LCJ.pat:Lon modes can be :Lnduced,. poss:l.bly, by

a cross—-adaptlve concomtant loading task.
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In our experiments the failure detection performance in the
longitudinal axis was significantly better than in the lateral axis.
One possible explanation of this result (see Section 5.1) is the
availability of explicit rate information in the longitudinal axis.
This hypothesis shiould be tested and, if verified, the findings should

b= applied to the design of the lateral deviation instruments.

As stated in Sections 3.3 and 4.3 all missed alamms cccurred

in manually-controlled axes; no failures were missed when the failed

axis was under automatic control. An attempt to explain this result

by variations in the signal-to-noise ratio of the displayed tracking
error failed, as the RMS tracking errors on approaches which resulted

in missed alamms were not statistically different from the tracking
errors on other approaches under comparable experimental conditions.
Other possible explanations of the difference in missed alarm performance

batween manually- and autcmatically-controlled axes may be:

1. As detection times in manually-controlled axes were longer
than detection times in automatically-controlled axes, there was a
higher probability when the failed axis was controlled manually that
the approach would terminate (at touchdown) prior to detection. This
.. explanation leaves samething to be desired as it does not address the

question of the basic cause of the difference in detection performance
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between manually- and automatically-controlled axes.

2. When faced with simultaneous demands for monitoring and
control the pilot may divide his attention bstween the two tasks.
Under such "single channel" theory the fraction of attention allotted
to one of these tasks is not available to the other (even though the
pilot derives the information for both tasks from the same set of
displays), thus resulting in a better failure detection performance
when an axis is monitored by the pilot (and controlled auvtomatically)

as compared to simultaneous monitoring and control.

Further study is clearly necessary to effect a better under-
standing of the causes of the reported missed-alarm performance and

their implications in the context of low-visibility landings.

Finally, the behavior of the pilot during the last phases of
the aporoach is not well wnderstood. Factors affecting the pilot's
touchdown perxformance should be studied and his information require-
ments and processing mechanisms identified, as a prerequisite to
pilot-aircraft interface design; the design must be optimized if
future Category III operations are to maintain the excellent safety

record of comercial aviation.
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APPENDIX A
SIMULATOR DYNAMICS

A.l Equations of Motion

In order to describe fully the motion of a rigid airplane,
three frames of reference were used. They were the body-fixed frame
of reference and the cartesian axes §, n ¢nd { assoc .ated with it;
the so—called wind frame of reference and the gpherical coordinates
F’v’ vy and { associated with it; and the inertial earth-fixed frame
of reference and the cartesian coordinates X, Y and 2 associated

with it.

A.l.1l Body-Fixed Frame

In the body-fixed frame of reference £ is the longitudinal
axis of the airplane, positive forward; n is the pitch axis, positive
to the right; and ¢ is the yaw axis, positive down. thus completing

a right-handed orthogonal triad.

In this coordinate system, assuming small angular rates, cne

has:
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p= 52./IE (1.1)
gq = m/In (a.2)
T = n/I; (a.3)

where p, ¢ and r ave ‘he anguiax velocities around the &, n and ¢

axes, respectivoly,

£, m and n are the moments

and Ig . IT] and IC are the principal moments of inertia.
A.1.2 Iocal-Wind Spherical Coordinates
In the local-wind frame of reference Ev is along the velocity

vector v, vy is the angle, in a vertical plane, between £ v and the
local horizontal, positive upward; and ¥ is the heading azimuth
angle of the velocity vector, measured clockwise from the north.
The relationship between the body-fixed and wind frames is shown
in Figure A.l. Transforming vectors from the body-fixed ccordinate

system to the spherical wind coordinates, one has (Miele, 1962):

& =q cosf - p sinf ~ y cosé —- P cosy sing (a.4)
B = ﬁ:(oosy cos¢ ¢osa —~ siny sino) —'.Y sing cosa -~ r (A.5)
' &: = p cosSp cosa + g sinR cose - ¥ sino - ¥ siny (A.6)
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Fig. A.l Body-Fixed and Local Wind Reference Frames

L.
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While the equations of motion in the wind ccordinates are

g

v = 7 (T cosp cose — B — L sino — W siny) (8.7)

b = 2 (-T =inf cosa + L singd) (a.8)

Y = WV cosy Sing cosg .

v = W?V {(T sino cosp + L cosa)cosd — W cosy} (A.9)
and

8 = (a0 + ylcosd + RBsing (A.10)

where o - angle of attack
B — side-slip angle
¢ — bank angle
) — pitch angle

g - gravitational acceleration

W - aircraft weight

T - thrust

L - lift

D - drag

Equations A.1l through A.9 were developed under the following assump-
tions:

1. The aircraft has a left-right symmetry.
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2. All engines produce equal thrust, and the resultant thrust
axis coincides with the aircraft's longitudinal axis.

3. All rates of rotation are small and hence, all products
of inertia are negligible.

4. TFuselage side forces and secondary forces produced by
air hitting the jet intakes at an angle to the thrust axis are
negligible.

5. Effects of curvature of the flight path due to motion

about the earth are negligible.

A.l.3 Aerodynamic Forces and Momants
The aerodynamic l1ift and drag forces appearing in Equations

A,1l through A.9 were defined as follows:

sC,v? (A.11)
2
SC4V (A.12)
whaere p ~ density of air
S ~ wing area

.CE, C ¥ coefficients of lift and drag, respectively

‘As this model was meant for use in final approach studies p
was assumed to remain constant at 0.0023 lb.sec?/ft". The lift-

curve of the wing was assumad to be piece-wise linear with the
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angle of attack (see Figure A.2) and consequently, a lumpad cosffi-

cient of 1ift Cf.

[
=

Cf = —ipSBCR’/ aa (A.13)

and a lumped coefficient of drag CD

>

%“{JSBC /o (A.14)

CS

were introduced. The final relationships for the 1ift and drag forces

were then

L = Clov? 0<a< 23°
R O
= ()e=23" h0 | yy2 2P<a< 27° (A.15)
— 5
=0 27°%< o
- .16

The lumped coefficient of 1ift was a function of flaps position

cf’gcﬁ +C£F v - (A.17)
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23 27

ANGLE OF ATTACK, DEGREES

Fig. A.2 Simulated Lift Curve

143



The lumped coefficient of drag was a function of flaps position,

landing gear position and speed brake position

+c5F+c]=‘j'G +c]¥ss (2.18)
s

In addition, ground effect was included in the model, cheying the

relationship

G, = CE(L + —%—H—{h-— {A.19)

where h is the altitude and kg, k, and ki ave constant coefficients.

The aerodynamic moments &, mand n were computed by passing the

appropriate control deflections through a simple gain

= 2
2 (kmqjc + kmwc)v (A-20)
m=k 8 V® + L (I costo cosd — w cosy) (A.21)
noc Py

(taking into account pitching moments caused by lift and by the
fact that the center of gravity is located forward of the aesro-

dynamic center)

n={k (I ,+B~ k rl—"? - k0 1V (B.22)
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(including a yaw damper in the model).
In Bquations A.20 - A.22, d)c, BC, and Yy, are the roll, pitch and

yaw commands, respectively, and k%, km, km’ Pk’ kr and kn£ are

constants.

As a first approximation, the parameters of a DC-8 were used
in the eguations of motion (Teper, 1969). The various parameters
were later refined following a series of £flight tests by an American
Airlines senior instructor captain with considerable Boeing 707-123

experience. The actual values can be found in Section A.5.

A.l.4 Earth-Fixed Frame
The origin of the earth-fixed coordinates for the model was

set at the glide-slope touchdown point of runway 4R at Logan Airport
in Boston. In this frame of reference X lies along the runway center-—
line, positive toward the far end of the runway; Y is normal to it
in the horizontal plane, positive to the right; and Z is normalr to
both X and ¥, positive up, thus completing a left-handed orthogonal
triad. The earth-fixed coordinates are shown in Figure A.3 together

with various landmarks and navigation aids.

The geomztry of the runway environment is defined, in this

coordinate system, by:
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Fig. A.3 Runway Environment
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Iocalizer antenna is at X = 7500 feet, Y =0

Runway threshold is at X = ~1153 feet

Middle marker is at X = -4800 feet, Y =10

Outer marker is at- X = -5.49 n.m., ¥ =0

Roston VOR 18 at ¥ = =250 feet, ¥ = 4200 feet

Glideslope beam originates at X = 0, and the glide-slope angle

is 3.03°.

All approaches bagan at X = -12 n.m., ¥ = -1 n.m. -nd Z = 2500
feet, at aircraft heading and course of 65°. This course resulted in
localizer interception angle of 30° at approximately 11 n.m. from the

rmway threshold, well beyond the ocuter marker.

By sinple transforwation of the spherical wind axes one obtains
the kinematic equations of motion of the airplane's center of gravity

in the earth-fixed axes:

7 = V siny (A.23)
X = V cosy cos(y~35°) (A.24)
= V cosy sin{y~35°) {A.25)

For the purpose of various measurements during the approach (see

*
Section 2.6) an X -coordinate, distance from the rumway threshold,
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was introduced and defined by

*
X = ¥ + 1153 fest (A.26)

A.2 Wind bDisturbances

Both horizontal and vertical disturbances were modelled as
random wind gusts. A random aumbers generator was incorporated in
the canrputer program as follows:

Define

1 é t T =

X1 (7701 x * 3927) mod (10000) x = 7129 a.27)

to dbtain a pseudo-randem mmber in the range 0 < X! < 10000 with the

probability distribution shown in Figure A.4.

pefine

A nt 1
pd Am——r— s
X (10000 2) (2P) P <':< 10000 {(A.28)

to obtain a random number in the range -P < X <P with the square

probability distribution shown in Figure A.5.

]
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10,000

Fig. A.4 Probability Distribution of %n

f(Xn)

Fig. A.5 Probability Distribution of X
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Since, for a square distribution,

2 = 2
crx {(2P) /12
. P = /12 cx/?. (a.29)

.The gust sequence Yy, was obtained from the random sequence x

by passing it through a first-order filter G(s):
G{s) = 1/(s + mi) (A.30)
The output of the filter was sampled by the program at intervals of

T seconds (the program’s update rate), to obtain the gust sequence

-w,T

=e Ty +Tx vy =0 (a.31)

n+l n n+l

Hence, the gust sequence has the following statistics:

Y, =Tx, but %, = 0 ..y =0 (A.32)
, —2miT ) 2
0 =g o- +To {A.33
Y Yy X )
or
—2w. 7T
o] . - 1 ] ’
x d-e ) (A. 34)
s T
Y
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It was desired that the wind gusts Yy should not exceed some preset
maximan value Vm 99.75% of the time (which, for normal distributions,

corresponds to 30y) . Therefore, oy =V___ /3 and

maxy’
v —2w.T
o, = i“-%x— L-e *)%mp (a.35)
. 2. T
L
/17 Vmax (1-e *)72
= 12 = ==
P V12 Ux/.? 5 3 T
—2w,T
Vv ~ 1y
= & 3 ) (A.36)

The use of the normal distribution property is justified as the

output of a linear filter has approximately normal statistics.

To sunrarize:

1. A random sequence was genarated

X1l1+l = (7701 xlfl + 3927)mod (1.0000) x! = 7129

2. A modified sequence was defined

-2, T

)
= "n _;)zvmax,l-e * X:
n '1gooo 20 T ¢ 3

where V ~ the desired maximal gust velocity

w, - the gusts' cutoff frequency, set at /6 rad/sec
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and T ~ the program's update rate, =0.2 seconds.

3. The sequence X was passed through a filter G({s)

_ 1
G(s) (s + mi)

to obtain the random wind gusts.
4. As a final step, a steady (constant) wind was superimposed

on the gusts.

In a series of tests the actval mean and standard deviation of
the generated qusts were found to be within less than 1.2% of the
predicted values, even when as few as 150 sample points were used,
and t~ and F-tests could not reject the hypotheses that the actual
statistics of the gusts were equivalent to the predicted ones. A
typical time-history of the gusts over 200 seconds is shown in

Figure A.6.

A.2.1 Dynamics

The aircraft was assumed to posses two separate motions:

1. Motion relative to the air (wind axes)

2. Motion of the air relative to the ground, defined by the
wind speed Vw and its heading, pr.
The vector addition of these two motions defined the motion of the
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