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CHAPTER I

INTRODUCT1ON

l.1 Executive Sumnary

The Airborne Tratfic Situation Display (ATSD), as the
name implies, is a concept for providing Advanced Radar
Trafiic Control System (ARTS) information in the cockpit,
praocessed to place the equipped aircraft at the center of
a heading-up display. Other aircraft are displayed with
identification/altitude/ground speed data tags and in proper
relationship to navigation routes, fixes, and the equipped
aircraft. This executive summary lists the objectives of
the U.S. Air Ferce one-year effort and the FAR two-year Phase
I and I1 efforts, summary conclusions reached in analyzing
both Phase I and II data, suggested additional simulation
studies, and closes with suggestions to the reader who
desires more details on various aspects of the ATSD evalu-
ation progran.

The objectives of the U.S. Air Force effort were to
develop an ATSD-equipped flight simulator ccrrespoanding to
the Boeing 707 jet transport, and use it to investigate the
effects of an ATSD on safety, efficiency and capacity in
the third generation ARYS Air Tratitic Control (ATC) system
envircnment and to optimize the display configuration and
operational procedures bv conducting basic tracking, ATC

procedural, ard spasing tests. A digital computer was used

-15-
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to solve the eguations of motion of the subject aircrafy,
simulate movement of other aircraft in Boston's Logan
International Airpert terminal area, operate the ATSD and
twe sets of flight instrument displays. and process the
experimental data on-line.

The objectives of the FAA Phase I continulng evalu-
aticn of the ATSD were to complete the optimization ot the
display configuration, tc evaluate its use in a discrete
address communication environment and in enhancing safety
by enabling pilots to munitor traffic and participate more
actively in ncrmal and abnormal terminal area ATC operation:,
including 2,500 foot closely spaced independent, parallel
runiway operatisns. 1n addition, the evaluation was to ke
structured so as to determine whether the anticipated in-
crease in pilov assurcnce, i.e., awareness resulting from
having the ATSD in the cockpit was measurable, and what
effect its presence would have on pilots being willing to
accept 2,500 foot spaced parallel runway operations,

The objectives of tl. FAA Phase¢ II ATSD evaluation
were to determine if the "pilot assurance" value of the
..... the pilot's cbility to detect gross aySstem errors

could be improved over the findings in Fhase I by:

® Deleting the pilot's unfamiliar "inner loop”
spacing task.
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@ Making the simulation more realistic by adding
a second crew member.

® Providing a finer scale on the AVSD for the closely
spaced phase of approaches.

@ Increasing piiot simulator and ATSD familiarjization
and adding conflict detection training.

® Providing computer-generated alarms of potential
conflicts.,

In addition, the effect on pilot assurancs and big ability
to detect gross errors was to be determined when “radar anc
imperfect navigation noise” is added to other aircraft
appearing on the ATSD.

The more important of the conclusions resulting from
the analysis of Phase I and II simulation results and prior

research appear below:

1. The ATSD is a positive aid to the pilot in
establishing and mainvaining separation during his approach
to the outer marker, and the precision is better than with

current methods.5

2. Delegating the final meraing and spacing task
to a pilot having the ATSD reduces controller-pilot

communications and controller workload.

3. While not totally effective in assisting the
pilot to detect and avoid blunders in terminal area operations,

the ATSD is more than an adequate replacement for the voice

party-line controller-pilot comwm:nication link.
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4. The ATSD is a valuable aid to the pilot in flying
in the terminal area anad results in increased assurance
because he is continually oriented during extensive radar
vectoring and becausz he is aware of other aircraft operations

in his vicinity.

5. Many pilots felt the ATSD gave them the confidence

to fly independent 2,500 foot spaced parallel approaches.

6. DNearly all pilots noted an increase in workload
due to tha ATSD, but a large majority of those questioned

on the subject felt that the benefits out-weighed the increased

workload.

Frem the above, one can 4" aw the general conclusion
that although the ATSD is not envisioned as a mandatory
device, it does oi.’er advantages to pilots flying in high-
density areas and, therefore, the aimulation program should

be cor.tinued to:

¢ Improve its utility in detecting and avoiding worst
case blunders in independent parallel runway
operations.

® Explore its application to airport surface navi-
gation and control.

@ Determine the reduced longitudinal separations
pilots would find acceptable under Instrument
Meteorological Conditions (IMC) if the preceding
aircraft can be seen clearing the runway on the
ATSD and assuming wake turbulence 1s not the
limiting factor.

e e AA.;L____‘- T e e o emm e ——
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® Explore combining digitired weather radar in-
formation on the display to improve the pilot's
ability to navigate around severe weather.

Readerc desirira more detailed information will find
additional background in section 1.2 and a more extensive
discussion of the conclusions in section 1.5 and in Chaptcr 5.
More details of the Phase I effort will be found in section 1.3,
Phase JI is discussed in sections 1.4 and 5.1, and in Chapter 2.
The ATSD format and the cockpit simulation facility are treated
in sections 1.6 and 1.7 respectivcly. & postulated corplete
AT3D system is described in section 1.8, Chapters 3 and 4 and
the Appendix go into great detail on the statistical analysis
of the data and will be useful primarily, to human factor method-
ologists. Chapter 5, however, will be of interest to thos-=
lanking for more information on the Phase T and JIT results ard
on the conclusions that are presented in this first section.
Unless the reader has read earlier reports on the ATSD, it is

recommended that he read Chapter 2 before stucying Chapter 5,

1.2 Backgroqgg

“ne basic idea of presenting an onbkoard pictorial
display of traffic information is not new. This was intro-
duced as early as 1946 by RCA in their TELERAN prOgram.l In
1963, the FAA conducted simulations using a cockpit display
(Sluka, 1963),2 and more rerintly in 1966, an effort to

provide televised radar pictures for pilots was tested

LS -
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in the Boston area under e direction of the FAA.3 Thesc
prior investigations showed that definite advantages for
the air traffic control (ATC) system could be derived from
such information, but that the attention span required to
derive eaough information from a rather poor quality of
display was too high. What these initial) efforts lacked
was the ability to provide the essential elements of
information about traffic in an easily discernable format
for quick interpretation by the pilot. The advent of
cemputerized radar tracking systems in the terminal areas
and computer generated displays now overccmes this previous
drawback with symbolic and alphanumeric presentaticn of
traffic information in an appropriate format.

One approcach to the presentation of this information
is presented by Bush et al (1970)4 where it is assumed that
an Airborne Traffic Situation Display (ATSD) could be devised
that would make portions of the NAS/ARTS (National Airspace
System/Automated Radar Terminal System) computerized data
base available to the air crew by an omnidirectional broad-
cast of traffic information throughout the terminal area.
This infermation would be received by all aircraft equipped
with an ATSD and onboard processing would be performed to
present a gsymbolic representation with either a north-up

or heading-up display format.

i M S AT

i
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In July of 1970, under U.S. Air Force contract, the
M.I.T. Lincoln Laboratory initiated a one-~year effcrt by a
consortium O0f on-campus rescarch groups consisting ¢of the
Electronic Systems Laboratory, the Flight Transporation
Laboratory, and the Man-Vehicle Laboratory to evaluate
the potential uselfulness of displaying selected ARTS data
in the cockpit and the effect that the availability of such
information would have on terminal area procedures and
capacities. The ATC functions that could beneficially be
delegated to the cockpit were to be specified, as well as
the optimum way cf utilizing airborne displays in implementing
these functions. To carry out this program, the consortium

developed an Air Traffic Situation Display (ATSD)-equipped

fixed base flight simulator corresponding to the Boeing
707 ijet transport. An Adage AGT-30 digital computer was
interfaced with the cockpit and used to sclve the equations
of motion of the subject aircraft, simulate the movement
of other aircraft in the terminal area, create the ATSD
and two flight instrument displays, and procegs experimental
data on-liine.

Tests were run on the simulation facility tc evaluate
the operational value of the ATSD in a realistic environment
modele T on the airspace structure of Boston's Logan Inter-

national. Typical tasks were sequencing, merging, spacing
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in trail, following route structures,and conveyor belt
tracking. A basic cvaluation of the concept was completed b
by I:nrich5 in 1971 with initital indications that the ATSD !
coul't increcase gpacing accuracy and decrease response time

in emergency conditions. In addition,the ATSD extended

the senses of the pilot to permit nearly Visual Meteoroclogical
Condition (VMC) operational approach rates under Instrument

Meteorological Conditions (IMC) and reduced radar controller

)

workloads significantly by increasing pilot participation

in ATC functions. Other studies by Anderson6 examined the

effect ¢f different display formats on pilots' scan workload

._‘-i—.rw—-—'""

and ability to follow other aircraft in trail.

Following the one-year program for Lincoln Laboratory,
the Office of Systems Engineering Management of the Federal
Aviation Administration sponsored a six-month Phase I
investigation of the use of the ATSD as a traffic monitor
in busy terminal areas to increase pilot assurance. Twenty
professional pilots were exposed to a set of typical normal
and abnormal terminal approach situations. Three basic
communications-display modee were cmployed: party-line and
no ATSD, party-line with ATSD, and discrete address with
ATSD. The level of pilot assurance was determined by their

detailed knowledge of each situation as measured in stop-

action quizzes and by their ability to detect conflicts.
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Workload or the degree of difficulty the pilots experienced
in acquiring relevant information about the situation was |
aiso regarded as a cowpunent of assurance. Specific problem
areas emphasized in the test scenarios were simultaneous
approaches to closely-spaced parallel runways, blunder
detection and resolution, and providing a "picture" for the
pilot when discrere address data links replace current ATC
party-line communications. All of the Phase I tests employed
single subjects and involved an in-trail spacing task. No
conflict detection training was given to this group of subjects
prior to testing. Report FAA/EM-72-3 by Howell documents
the results cf the Flhiase 1 ettort,
An extension of this work, designated as Phase IT,
haz investigated tne effects cf adding a second crew member,
providing computer-generated alarms of potential conflicts,
pilot training in conflict detection, and using one second é
instead of four second position updates. In addition, the
in-trail spacing task was eliminated in the Phase 1I test :

series and irreqularities added to target motion to make

e Wb

the scenarios more realistic. Only the discrete address
communicaticas mode with an ATSD were employed in these
testse. A side-task measure of crew perceptual workload
wag also included in supporting experiments. Twenty-four

professional pilots participated in the Phase II tests,

-~




1.3 Summary of Phasc I Work

This scction is based o and supplements the back-
ground given in section 1.2,

wWhether or not the pilots can maintain scparations
with an ATSD depends largely on the type and quality of
information that thc pilots have about their positicn
relative to navigation route seqments and fixes and other
aircraft. To evaluate the information transier, Howell
(1972)7 in Phase I undertook a set of simuletion studies
to detevmine the type of information thot the pilot has
with respect to his navigation and traffic situaticn within

the terminal area. The informatioa the pilot has about

his own aircrait and those surrounding him wculd seem to

be of significant interest, and to our knowledge, this was
the first time that a quantitative study has bee. undertaken
of the subject. Phase I evaluated the information transfer

with four combinations of the following display/communication

factors:

ATSD vs. no ATSD

Party-Line vs. Discrete Address Communicatiocns

Each factor has two levels, A combination of one level from
each factor is called a treatment and all four factorial
combinations wa2re considered. The combination of no ATSD

and party-line communications corresponded to the present

- . . . . - -
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day air traffic control system and provided a convenient
baseline for comparison puiposes. No display, discrete
address commands coriesponded to the case where the pilot
received only the commands directed towards his aircraft and
none of the othexr commands were heard. This will be the
situation that is presently envisaged with the Discrete
Address Beacon System (DABS). 1Traffic dieplay, discrete
address commands corresponded to the situation where a
display is added to a discrete address communication system,
whereas traffic display, party-line communications corresponded
to the information situation that would exist if the tratfic
display were added to the present day air traffic control
Sysieu.

The original request of the sponsoring agency was the
evaluation of the ATSD as an "assurance" device. To do this,
assurance was equated with awareness. Although it is true
that the majority of pilots wouléd like to have more infor-
mation about the traffic situation as it evolves around them,
there probably is a sub-population of pilots who would be
more assui:d by not having to assimilate this type of
information and would like to rely on the air traffic
control system completely. Awareness was defined to cousist

of the following elements:




..2(,-

1. The pilot's knowlndge ot his curient position
with respoct te the air route structure.

2. The pilut's knowledge ot the pesition of other
aircratt around him.

3. The pilot's ability teo predict the evolution
of the traffic situation ir the shert term

(espoecially the evolution of abnormal situations)

4. The pilot's ability to choope appropriate escape
maneuvers should ar emergency occur.

The Thase 1 simulations, then, were designed to
evaluate these facets of awsraness under tae four display/
commun‘cations conditions described above.

An analysis of this data indicated 2n increased
information transfer when the ATSD was employed, but also
showad that a higher workloud lcvel on the part of the pilot
was reguired. In addition, a significant, although not
entirely satisfactory, increase in the ability to detect
conflicts was ohgerved.

The resuits from these test: were confcunded by the
fact that, when the ATSD was used, the pilct was also re-
quired to perform a spacing task, that is, to follow the
preceeding aircraft in trail by a specified distance.

The inclusion of this task was thought to distort the
information transfer for the ATSC modes with bhoth discrete
and party-line communications by incrcasing the pilot's

workload. More gpecifically, the sgpacing task was thought

- — . - -  mme s — ——————
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Lo fucus the subject's attention on the aircraft that was
being followed with a corresponding decrease in attention
to other aircraft.

all tests conducted in Phase I used a single pilot
pzarforming thas functions that would normally {at least in
the air carrie.' case) ba pexformed by a two or three man
crew. For this reason the pilot®'s ability to monitor the
ATSD for traffic awareness and conflict detection functions
was hellin2ved to be less effective than would be posgsible
with a more realist.c crew situation because th~ overall

workload impoused on the pilot was considerably increased,

1.4 Scope of the Thase II Work

This work is a direct extension of the work done in
Phase I. Near-—terminal area simulations were conducted to
measure pilot awareness using both single pilot and two man
crew simulatinns. Greater emphasis in Phase II wasg placed
on conflict detection measurements particularly during
independent onerations on closely spaced parallel runways.
In light of the data obtained in Phase i1, a further analysis
of portions of the Phase I results was performed.

This report addresses itself to a comparison of pilot

awareness with variations in five mejor factors:

(1) alarr vs. no alarm

(2) one second update vs. four seccad update
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(3) spacing tasx vs. no spacing task
(4) oOne-man c¢rew vs. two-man crew
(5) today's ATC systen (no ATSD, party-line

communications) vs. future ATC system
(ATSD, discrete address communications)

Each factor has two levels. A combination of one level from
each factor is called a treatment. It is not a factorial
experiment in that all possible combinations of factor levels
were nct considered. The differences in information transfer
and conflict detection are examined only for those treatments
of practical interest.

The spacing task comparison consists of either including
or excluding the in-trail spacing task. Only discrete

- ey S ey | 3 e~ A
wabd ulLliiigcda in o

)

communication witli an ATS

The two flight crew options concidered employed
either a single pilot or a two man flight crew. These
tests were conducted with a discrete communication channel
and an ATSD. The subject pilots were not required to perform
an in-trail spacing task.

The effects of position update rate (either four second
or one second) on the conflict detection capabilities of
single pilots under the discrete communication with ATSD
display/communication format was tested during simulations
of independent operations on closely spaced rarallel runways.

However, the effect of a proximity alert and emergency alarm

e S
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on conflict detection was examined during both single runway |

and parallel runway operations.

Pilot opinions concerning awareness, workload, and
. . !
simulation realism were colicited at the conclusion of the :

experiments via a questionnaire. The responses to specific

questions, as well as pilot comments, are presented in this

l
report.

1.5 Phase I and II Conclusion Highliaghts ]

Conclusions are stated somewhat differently in this

section than in the Executive Summary in order to expand

wm  ———

on the Executive conclusions by associating supporting

e @

conclusions with primarv conclusions. These FPhase I and

II conclusion highlights provide a condensed version of the

Chapter 5 results and conclusions. Primary conclusions are

preceded by numerals and supporting conclusions by small

case letters:

1. With the ATSD, a pilot can consistently space i

his aircraft more accurately behind the preceding aircraft
at the cuter marker than a controller can who is sequencing
and spacing a number cf aircraft. 1In addition, delegating

the spacing task to the pilct reduces pilot~-controller

communications.5’7

a. The presence or absence of a spacing task

does not aifect the pilot's estimation of information
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components in a statistically significant* way, but
the spacing task deoes increase the percentage of null

(no answer) responses in the stop-action quizzes.

b. In stop-action quizzes, subject pilots made
fewer "gross errors" with the ATSD than they de with
party-line information. A "gross error" in this report
is defined as assigning the wrong sequence to a target

or having it originate at the wrong feeder fix.

2. The ATSD, unaided by intruder alarms, permits a high
percentage of conflicts to be detected, but not always in
time to take evasive action, particularly during closely

spaced parallel approach operations.

*In ev2luating results, it is important to understand the

term "statistically significant." A statistically significant

result is one that would be highly unlikely to occur by
chance with the data as given. 1In this report, one chance
in twenty {S%) has been arbitrarily selected as the threshold
level of statistical significance. With a limited number

of subjects in each test population, it is common to measure
substantial differences in the results from tiwo treatments,
but still not be able tc classify the differencas as
statistically significant because of the small number of
samples. Conversely, with a large number of samples, a

small difference in results may be statistically significant,
but be of no practical conseguence. T¢ agsist those readers
who have no background in statistical analysis, a short

explanation of the techniques vsed in this report is presented
as an Appendix.
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a. Crossover Tau (range divided by range rate) 7
alarms reduce conflict detection times in some, but i |

not all, conflicts.

b. The 28 second Tau alarm used in the closely- é !
spaced parallel runway cases did provide a marginal
degree of safety for the 18° banked turn crossover
intrusion used in the simulations. This Tau was too .
high, however, for practical use in the real world : ]'

because it probably would result in too many falsc ! y

alarms. : }

c. The reaction time of crews to a conflict
gsitvaticn tended to bLe sumewnat longer than that of
single pilots, both with and without alarms. The alarm )
reduced reaction times in Situation 6 (ILS acgquisition

blunder), but not in Situation 7 (ILS intruder crossover).

d. With no spacing task, the detection of conflicts
- prior to the point of closest approach occurred in
100% of the cases employing the ATSD ir Phase II. These
cases used both single pilots and crews, alarms and no 2
alarms, and single and parallel runway situations.
Howell's Phase I data, with the spacing task included,
showed six missed detections in 32 conflict cases,

hence the spacing task, at least for single pilcts with-

out alarms, seems to detract from the conflict detection
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performance. This result may be cdue in part to the

. more intensive training in conflict detection given
to Melanson's Phase IXI subjects, but there is no vay
to isolate the effects of training and the spacinj
task with the present data base. Similarly, with
100% detection in all the Phase I1I cases, it is not
possible to draw statistically significant conclusions
with respect to the value of the alarm, the second

crew member, or the target position update rate.

3. The Airborne Traffic Situation Display (ATSD)
with discrete addressed voice communications is guperior to
today's party-line voice communications as a source of
information about other traffic. Hence, it would he a more
than adequate replacement for the voice party-line as a

source of pilot assurance and awareness.

a. The accuracy of pilot estimates of information
components in the stop-action qguiz (target position,
spacing, altitude, heading, and ground speed) depends
on the situation (scenaric), on the sequence of
a perticular target relative to ownship, and on the

information component being measured.

. Many pilots were of the opinion that closely spaced

parallel runway independent cperations might be acceptable

with the ATSD.

—
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5. Pilot opinion of the ATSD was generally favorable.
Awareness with the disglay was superior to that achieved
with the voice party line. Their confidence in being able
to detect and resolve blunders with it was high, but nearly
all pilots noted an increase in workload due to the ATSD.
This subjective workload cpinion was verified by the results

of the perceptua’ sicde task tests.

6. Crewe generally estimated the information components
more accurately than single pilots, but the margin was not
great enough to be classified as statistically significant.

In addition, the crews had a smaller percentage of null
(no answer) responses in the stop-action guiz and rated E
H

the ATSD higher in the op:nion questionnaire.

1.6 Display Format

The ATSD was presented in the cockpit on a cathode

st |

ray tube (CRT) masked to a 7 inch square size. The CRT was
mounted above the throttle pedestal where the weather radar

is normally located in a Boeing 707. The display presentation

wae a heading-up, own-ship-centered format with a four or
one second display information update rate. The display
orientation, therefore, corresponded to the pilot's vicw of

the externai world. Traffic elements (i.e., other air-

craft) are shown as small circles with dots at the centers.
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Each element. was trailed by three tracer dots that marked
the past positions of that aircraft 12, 24, and 36 seconds
previously. Asscciated with each traffic element was the
NAS/ARTS data block showing aircraft identification, altitude
in nundreds of feet, and ground speed in knots. The own-ship
data tag had only a ground speed r-i.dout. Also displayed
on the CRT were navigation stations, route structure, and
ground features. This information provided the pilot with
2 pictorial display of his geographic position. A picture of
the ATSD format is shown in Figure 1.6.1.

The display controls were mounted to the left of the
CRT. These controls allowed the pilot to select the desired
tratiic and map information by adjuscing the voluie of
displayed airspace and by limiting the alpha-numeric readout
items for each aircraft. The major controls were, first,
control of the altitude layer above and below the subject
aircraft within which treffic would be displayed and,
second, a control of horizontal range from ownship to the
top of the CRT frame (4, 8, 16, 32, 64 and 128 nautical
mile ranges were available).

The presence of the alpha-numberic readout items was
controlled by four toggle switches, which could select. vely

eliminate identification, altitude, ground speed, and the

tracer dots associated with the other aircraft. These display

ot S, et e - o
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controls allowed the pilot to minimize clutter and to have

high resolution in the areas of close alrcraft spacing.

1.7 €imulation Facility

The basic componant of the simulation facility is
a fixed-base cockpit simulatoxr that uses three cathode ray
tubes to produce the ATSD and the primary flight instruments

for both the pilot and first offi er. 1lhe basic cockpit wae

built from an SST pre-prototype donated by the Boeing Company.

The interior panels, switches, and instrumentation facsimiles
are representative of a Boeing 707-123B aircraft. An ADAGE
AGT-30 digital computer with & 16K core memory and a two
microsecond cycle time was used to simulate the aircraft
dynamics and perform calcuiations for the displays. An
interior view of the cockpit simulator is shown in Figure
1,7.1.

The aircraft dynamics are representative of a Boeing
707 aircraft; the flight instrument package is patterned
after the Colline FD-109 integrested flight system, but does
not have the (light direct~sr fuactions. The flight control
gystem simulates control wheel steering, an attitude rate
command sysatem that iz availgbla on ths newer, wids=body
jets. This not only provides & uniform flying workload

while maintaining or changing altitudes, but it is felt

that the attitude control task with control whesl stearing
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in a fixed-base sgimulator (no motion cues) is comparable
to that with conventional controls in a moving-base simulator
(with motion cues).

The experiments were conductad with a simulated air
traffic controlier in an adjacent room. Ccmmunications
betwaen the subject-pilot and the controller were accomplished
through the use of standard head sets (hot mike; and intercom
lines. Live communications were used between these two
stations. Responses from other aircrafi! in the traffic
scenariovs were stored sequentially on s tape recorder and
played back, as required, in respconse to the controller
commands.

The cockpit, contruller display, computer
associated interface hardware are shown in block diagram

form in Figure 1.7.2.

1.8 Postulated System Configuration

A functional diagram showing one suggested system
configuration proposed for a NAS/ARTS hased cockpit
Traffic Situation Display is shown in Figure 1.8.1.

Primary and beacon surveillance radars provide basic
data t7 the computors in the air route traffic control centers
and approach control centexs. This basic data is processed
along with flight plan information and used to generate the

ATC controllers' displays. With limited reprocessing and
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formulating, portions of tnis basic data could be broadcast
on a common radio frequency to aircraft within the facility
control area to provide the data base for tre ATSD. Trans-
mission could be via a VHF digital data link. Studies indicate
thac the data required to service 100 aircraft in a terminal
environment could be handied by an 8 kilobit/second
transmission rate.4 This would provide a complete traffic
picture, including aircraft positions, identifications,
altitudes (for mode C beacon equipped aircraft), selected
map information, ground speed, and grouna weather radar
contours (if decired) every four seconds. This data rate
can be accomayodated in a 25 KHz VHF channel,

Aircraft equipped to receive the data link broadcast
would use a small, on-board computer to select appropriate
information from the data stream, process the data according
tc the settings on the pilot's display controls, and generate
the ATSD picture., Other inputs to tke ATSD computer wouid
be.

1. Aircraft heading from the directional gyro
would be used to orient the display tc heading
up.

2, Central air data computer (CADC) signals would
provide own aircraft's altitude.

A study would be required to determine if hackground
map data, which would not change frequentiy, could be eco-

norically carried in storage on board the aircraft.
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The display of air-derived or ground-derived weather
radar system information, processed and displayed on the
ATSD at the appropriate range scales, also deserves further

study.

cr——y




CHAPTFR 2

EXPERIMENTAL METHOD

The Phase II set of experiments were designed to
compare the abilities of single pilots and flight crews in
monitorinag the ATSD for traffic insformation and cenflict
detection. In addition, the effect of alarms and infor-
mation update rates on conflict detection was tested. Also
a more detailed understanding of pilot awareness derived
from an ATSD with no in-trail spacing task requirement was
sought.

Part of the data from these tests was compared to
portions of the data gathered in Phase I to eliminate some
of the confounding of variables caused by the spacing task.

For this reason, there are really two experiments
and, therefore, two experimental plans being discussed here.
The experimental plan used in Phase X is recorded in Howell's
report7 and it was briefly discussed in section 1.3 of this
report. The experimental plan used in the Phase II experi-
ments is outlined in this chapter. An analytical plan used
to analyze data covering aspects of both experiments is

presented in the next chapter.

2.1 Scenario Dcvelopment

In each of the seven basic traffic simulations, all
the aircraft conformed to the Standard Terminal Arrival Route

(STAR) chart constructed for this work. The transition routes

-43-

s




T

e

B . . -

-44-

¢

appeared on the ATSD along with the three fixes and the two
ILS {Instrument Landing Systems) courses for runways 04 left
and 04 right {(Figure 2.1.1). The situations were numbered

sequentially from 1 thru 7.

Each data run began with a formal clearance which

included a weather summary rxead by the air traffic controller.

The simulation was begun once the correct response was given.
The subjects were then guided by radar vectors except in the
spacing task treatment where the subjects used the STAR
structure as a nominal course. When the party-line communi-
cation channel was employed, the controller read a series

of commands intermittently directing the pre-programmed tar-
gets. The commands were timed to fit the pre-programmed
Lrajectories, and were cequenced by referring to a stop-
watch. Responses from the program targets were played back
from a tape-recorder, while the dialogue with the subject-
pllot was, of course, live.

Four cf the seven scenaricos (numbers one thru four)
ccngisted of merging streams of traffic to a single active
runway, while the remaining three consisted of .ndependent
approaches to closely spaced parallel runways. The runway
centerline separation was 2600 feet.* Except for one blunder
situaticn (situation 6), a vertical separation of 1000 feet
was maintained at the turn-on points for the two ILS's. In-

trail separations of three to four miles were maintained

*Closely-spaced parallel runways are nominally taken 2500
feet apart. The extra 100 feet has no major effect.
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unde~ the direction of the simulated approach controller.

2.2 Stop-Action Quiz

One of the primary goals of this investigation was ,
to determine the type of information the simulator pilot i
has about cther traffic within the terminal area. A stop- |
action quiz was used to evaluate this type of information.

When the situation had developed to the extent that a

reasconable amount of information had been presented to the
pilot and the traffic density was approaching maximum, the
simulation was halted without warning. 2 given situation
was always halted at the same point for all subjects.
Pregentations on all CRTs were blanked. The pilot or crew

wag then required to complete the quiz on a map shown in

Figure 2.2.1. Subjects were asked to supply the following
information about each aircraft in the traffic situation:
position, identification, landing sequence numnber, heading,
altitude, and ground speed. Stop-action quizzes were com-
pleted for single runway simulations only. These maps
were the primary source of quantitative information in the
results reported here. Figures 2.2.2 thru 2.2.% show the
ATSD at the time of the stop-action quiz. Figure 2.2.6
shows a t_pical completed quiz map.

The stop~action quiz reeponses were graded for
accuracy and completeness. Errorg in subject estimates of

information components were recorded., Those components which

0 "R - . - . - LT .
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TRAFFIC POSITION MAP
CASE

Subject Number

\ Ac'on

10123 456 78
bl 1 V10 ]

Scole: nautical miles

NORTH

Positions

ldentification

Sequence

Heading Touchdown

Altitude Middle Marker
Ground Speed
Attitude

NovhwN -

Cuter Marker

Normal
Abnarmal

Whitman

Complete “Case Questionnaire® and announce that you are rasody fo continue

Fig. 22.1 Mcp used in Stop Action Quiz
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TRAFFIC POSITION MAP
CASE FAA 1
Subject Number 2.

T

1 0V23 435

Scole: nouticatl miles

Positiors
. Identification

1.
33
. vence
4. H:':ding
S
é
7

NORTH
67 8

Touchdown
: élﬁh.x:'os Middle Marker \'>°°"°"
. roun: P"d
. Attitude 477
130
0a35°
O.ier Morh\or
-2
e w ,
EA 440
19 160
HDG 035°
——
#3
EA 207
Millis #4 © 2 10
HOG 035¢°
W 144 -
20 200
Normal HDG_-290°
Abnormal
' @) Whitman

Complate "Case Quesiionnoire” end announce that you ora ready to continua

Fig. 2.2.6 Typical Completed Stop Action Quiz Sheet for Situation !
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could be graded on a right or wrong basis (i.e. identification,
and landing seguence) were scored on a point system. Correct
responses received a positive point score while incorrect
responses received a negative point score. Position error
was defined as the error in the pilot's estimate of the
position of aircraft,including his own, with respect ts the
route structure. For all other information components, a
component error was computed by subtracting the estimated
value from the true value of the particular component in
qguestion. Thus both positive and negative errors were possi-
bie. Those cases where it was obvious that the subject's
estimate for a given aircraft had it criginating from the
wrong holding fix, were scored as gross errors. Migsing
entries were recorded as null responses.

Spacing error was measured to determine the pilot's
accuracy in estimating the other aircraft positions with
regspect to his own craft. It was computed in the same manner
as the other informaticon components.

2.3 Conflict Detection

Four of the seven traffic situations culminated with
intrusions by c¢ther aircraft in the subiject's airspace. Each
incrusion wags due to some abnormal event, and evidence of
those events was provided to the pilot through either radio
transmissions or the ATSD prior to the pause for the stop-

action guiz. The subjects were required to specify on the

quiz whether or not the traffic gsituation was normal. After
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the stop-~action guiz, the simulation was continued until the
point of closest approach (CPA) to the intruding aircratt
had been reached. If the blunder had not been detected
before the quiz and if the ATSD was not being used, there
was little likelihood that the intrusion could be detected
subsequent to the gquiz and the simulations were not continued.
T™wo of the conflict scenarios occurred during single runway
approach situvations, while the other two blunders occurred
during independent operations on closely apaced parallel
runways.

One of the single runway aprroach conflicts was the
misinterpretation of a heading change instruction from the
approach controller (situation 3). This resulted in a potential
collision abeam of the subject's own aircraft which at the
time was flying on the ILS. This blunder is depicted at a
point of acute intrusion in Figure 2.3.1.

The second single runway conflict consisted of a
radio blackout and suosequent failure to turn to a new heading,
thus bringing the intruding aircraft into a head-on collision
course with the subject's aircraft (situation 4). Figure
2.3.2 shows the ATSD at a point of acute intrusicn for this
situation.

The parallel runwa- conflicts were both essentially
ILS crossover blunders. The first conflict had the intruding
alrcraft overshooting his ILS and acquiring the subject's

ILS (situatior. 6). At the time of this blunder, the subject
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was in the process of acguiring his ILS. The second blunder
had the intruding aircraft veering sharply (eighteen degree
bank angle at 130 knots) from his ILS towards the subject
aircraft after both planes had passed the outer marker
{situation 7). At this time, the subicct was busy flying
the final approach glide path and preparing to land. The
ATSD presentations at points of acute intrusion for thease
situations are depicted in Figures 2.3.3 and 2.3.4.

Pilot response times were measured by a strip chart
recorder which monitored aileron deflection. Response time
was measu: u from when the emergency alarm threshold was vio-
lated (whether or not the alarm actually sournaed) until the

beginning of the ailleron deflection for the emergency escape

manuever.
2.4 Alarms

In some cases, aural and visual alarms were used to
warn the subjects of the clese proximity of other a.rcraft
or of an impending emergency.

The two mile proximity alert was an aural and visual
alarm that was triggered whenever any aircraft viclated a
two mile separation criteria. It consisted of a low-keyed
momentayxy aural signal accompanled by a blinking of the
intruder’'s aircraft symbol on the ATSD. The ship symbol
would continue blinking as long as the intruding aircraft
remained within a two mile range. No sltitude criteria was

used for this alert because the experimental plar required
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all subjects to react to the intrusion. In actual practice,
some sort of altitude filtering would be implemented.

The violation of this alert criteria did ncot neces-
sarily constitute a dire threat. It merely informed the
pilot that there was ai..~ther aircraft nearby. It was up to
the pilot to evaluate the situation and take whatever action,
if any, was required.

The emergency alarm was based on a Tau-like criteron
and was used only during the parallel runway simulaticns.
The signal consisted of an attention-demanding bell alarm.
It wes tripped whenever the nearest aircraft flying the
adjacent ILS violated a Tau Criteria (lateral displacement
divided by rate of change of lateral displacement with respect
to the subject's ILS). The lateral displacement measuremant
was taken as the shortest distance from the intruder to the
subject's ILS centerline. The rate of change measurement
was taken as the rate of change of this distance. The Tau
threshold was set at 28 seconds.

The simulations were designed such that the tripping
of this alarm constituted a dire threat to the safety of the
subject's aircraft. Upon hearing the alarm the subject wvas
regquired to initiate a standard emergency manuever.

2.5 Emergency Procedure

A standard emergency procedure was designated for

parallel runway operations. It consisted of the fcllowing
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two steps:
1) 1level off

2} perform a thirty degree banked turn at constant
altitude away from the intruding aircraft.*

When the emergency alarm was employed, the subjects were
reguired to initiate the manuever as soon as the alarm was
tripped. 1In those cases where the alarm was not used, the
subiects had to monitor the ATSD to detect when an overt
threat had been established and then initiate the manuever.
Detection of blunders causing sigrificant track deviatione
was complicated by a natural ILS track wander and radar
noise associated with the flight paths of the adjacent
traffic elements.

The lateral constant-altitude manuever was chosen as
a gtandard because of its ability to generate the greatest
track deviation in the shortest period of time. It is realized
that this manuever is not the best avoidance prccedure under
all circumstances,but within the context of the scenarios
developed for these experiments,it provided the safest
egcape route. In addition, it provided an easily obtainable

source of pilot reaction time measurements.

*A 30° bank does not exceed stall limits under these con-
ditions, and it is believed that pilots will accept such
a maneuver as an emergency procedure.

M‘,‘:«”“M\W‘»ﬁ‘ﬂ
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2.6 Subjucts
All subjects used in both tests conducted by Howell

and the results reported here were professional air carrier
pilots, military pilots or commerical pilots with an instru-
ment rating. Most of the participating pilots had an air
transport rating.

Twenty pilcts participated in the Phase 1 experiments
arnid twenty-four pilots participated in Phase II. Of those
pilots participating in the latter tests, twelve flew as
two man flight crews (six crews), while the :emaining twelve
flew the simulations as single pilots. Five of the crews
flew the single runway simulations and four of these crews
also flew the parallel runway simulations. In additicn, one
other crew flew the parallel runway scenarios only. All i

the Phase I experiments were flown with single pilots. None

s o s

of the Phase I subjects were used in Phase 1I.

2.7 Training

A three hour training sesaion was used for both groups
of pilots. Those pilots in the Phase 1 tests were considered
adequately trained if they could close-~up and follow another
aircraft in trail at a specified distance with a standard
deviation of aircraft separation not greater than one tenth
nautical mile. 1If any pilot felt that he needed more training,

that opportunity was made available to him.



b

-3 i

Since the pilots participating in the Phase I1 experi- !
ments were not required to perform a spacing task, the previous
training criteria was not appropriate. Instead, a nominal
three hour training session was conducted. If, at the end

of that session, both the experimenter and the subject felt

ookl o o g e B8 T8 9

that an adequate training level had been achieved,then train-

ing was terminated. If it was felt that performance was

not adequate, then further training was provided. l.
Both training programs consisted of practice simulations

that were representative of those that would be encountered

during data gathering runs. Those pilots participating in

the Phase II tests received more instruction in conflict

detection and practice in taking the stop-acticn quiz than
did Phase I pilots. Pilots flying as a two-man crew also
received instruction in task allocation and coordination.

Those pilots who would encounter the alarms in the test pro-

i e s g b meins . bl 1B,

gram were trained with these devices.

2.8 Flight Crew Task Allocation

During two man flight crew simulations, cockpit task

vt i S A | 1

responsibility was divided between the Captain and First
Officer. For the most part, the division of duties corre-
spcnded tc typical air carrier procedures. That is, the
Captain was responsible for the inner loop control tasks of

actually flying the aircraft, while the First Cfficer was

responsible for handling communications, setting communication
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and navigation frequencies, cross checking the flight instru-

ments and performing auxiliary control tasks, such as lowering

the flaps and landing gear, at the Captain's request. E
The procedures in this program differed from actual %

* operations in that the ATSD had to be operated and monitored !

by the crew. The primary monitor of the ATSD was the First

Officer. In addition, he wculd operate the range selgction

and information deletion controls. He alsc kept the Captain

l
l
informed of pertinent traffic information (distance, |
]
altitude and ground speed of the nearest traffic elements). }

s

;

The Captain would monitor the ATSD as time permitted, but was

2.3 Experimental Plan

generally engrossed in the inner loop control tasks. i
|
|
|

* 2.9.1 Information Components

Information transfer aspects of pilot awareness were 1

measured by plilot estimates of information components of

the surrounding traffic elements as measured by the stop-

action gquiz. Stop-action quizzes were administered only

? during the four single runway situations.

" Ten of the twelve single pilots and five of the crews

} participated in these teste. The four situations were pre- ‘
sented in random order to these pilots. The independent
variables in this experiment wera crew treatment along with

: |
r situation (scenario) treatment and alarm treatment. The ' }

N dependent variables were the information component estimates.
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2.9.2 Conflict Detection

Cognizance of a potential conflict on the single run-
way simulations was indicated by the appropriate response
on the stop-action quiz cr the pilot's radio transmission
from the pilot to the controller. This data was acquired
at the same time as the data on information components.

Awareness of a conflict during the parallel runway
simulations was indicated by the performance of a standard
emergency manuever. Pll twelve single pilots and five of the
crews participated in. these tests.

Of the single pilots pavticipating, four had the aid of
the alarms while eight did not. Of the eight single pilots who
did not have the alarms, four had a one second information
uUpdate i1te wnile the remainder had a four second update rate.
Two of the crews had the alarms while three did not. All
crews had a four second update rate, The experimental master
plan is shown in Table 2.9.1.

The independent experimental variahles here were crew
{one or two), alarm or no alarm, update period (1 or 4 seconds)
and situation treatments. The dependent variables were

detection and pilot reactiontimes (parallel simulations only).
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CHAPTER 3

DATA SUMMARY AND ANALYSIS

The term "crew treatment” refers to the two sets of

data selected to carry out the comparison between gingle

pilots arnd two man crews. One data set represents various

combinations of experimental factors which employed a single
pilot, and the other set represents the same combination of
experimental factors which employed two-man crews. The sets

are balanced in every regard except for crew size. Similarly,
groups of data were selected from the Phase I and Phase I1
data bases to carry out comparisons of the ATC treatment (no

ATSD and party-line communications vs. ATSD and discrete

address communications); of the spacing task treatment (with

vs. without a spacing task); update period treatment (1 second

vs. 4 seconds); and alarm treatment (alarm vs. no alarm). A
“"treatment", therefore, implies a specific grouping of data
for the purpose of comparing experimental factors against each

other by statistical analysis. A brief review of the statistical

techniques employea in this report is present in the appendix.
In addition to> testing for crew treatment effects, a
primarly aim of thisg analysis is to incorporate the data taken
duriny the Phagse II experiments with portions of Howell's Phase
I data. This combination of data is tested for the effect of

two different air traffic control display/communications systems

~67-
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and the spacing task on pilot awareness. Howell's data
concerning the present cay air traffic control system (no
ATSD ard party-line communications) is8 compared to data from
the Phase IItests taken in a discrete address communications
environment with an ATSD. Nelther set of tests involved the
in-trail spacing task. Howell's tests with discrete address
communications and the ATSD incorporated a spacing task.
This data is compared to the data collected duriny the Phase
Ilexperiments using the same display-cormunication combination,
but without the spacing task.

The analysis of these two major treatments employing
two different data sources is based on two assumptions:
1. 21l subject piluts are representative of a

homogeneous population of equal abilities

and motivation.

2. Training for pilots from both data sources
was comparable,.

The statistical validity of the conclusions drawn from the
analysis is, of course, correct only to the extent that
the underlying assumptions are correct.

Since the data for the crew treatment was generated
entirely by Phase 11 pilots, all of whom had the
same training program, the above training assumption does
not have to be employed. The homogeneity of the subject

pilot population must, however, be assumed to validify the

analysis.
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Tne statistical model used to analyze all three major

v -

treatments (air traffic control systems, spacing task, and

} crew) was a fixed constants model with a variable number of

replications.

| -

} Thie chapter concerns itgself with the analysis of the

data and a summary of statistical parameters. A discussion

of the analytical results is included in the following chapters.
3.1 Analytical Design

3.1.1 2ir Traffic Control Treatment

‘v
Only two of the four sincle runway scenari~s were uzed

in this analysis. One of these scenarios was a normal

situacion (situation 2} while the othcr was the heading
back Llundex

~
0
v
[N
¢

(situation 3). No perallel runway results

comparea since no equivalent data had been collected by
Howell.

« —

I

Stop~action qui.zes were administered during both

situations, Under the party-line communication channel with

no ATSD condition, twelve subjects participated in the normal

situation (2), while ten subjects participated in the blunder

case (3). Under the discrete communication channel with ATSD
]

condition, ten svbjects participated in both the normal ard

blunder situations.

The air traffic control system treatment along with

situation number and aircraft sequence number were the

independent variables. The information component estinates

and the number of conflict detections ware the dependent vnriables.

!
!
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3.1.2 Spacing Task Treatment

The same two single runway situations used to compare
air traffic control treatments (Situations 2 and 3) were
used to compare the spacing task treatments. In addition, !
the results from all three parallel cunway simulations were
ir.cluded in the conflict detectiosn evaluation.

3.1.2.1 Information Components ¢

With the spacing task, seven pilots participated in the

normal situation (2) whiie eight pilots participated in the

blunder situation (3). Without the spacing task, ten pilots

- ——

particpated in both situations. The gtop-action quiz was

information component estimates were the dependent variables.

administered during both scenarios. i
. . o . I

The spacing task trealmenti as well as the situation and i

!

aircraft seguence were the independent variables while thre ¢
1

]

3.1.2.2 Conflict Detection

As previously mentioned, eight and ten subjects flew the
single runway blunder simulations with and withcat the spacing
task respectively. All ten of the without-spacing-task ‘
subjects are included in the detection analysis at the stop-
action quiz point, but only six are in the detection analysis
at the closest point of approach since the others had alarms.

In the parallel runway scenarios, four pilots flew
gsituation 5, seven pilcots flew situation 6, and seven pilots

flew situation 7 with the spacing task. Without the spacing
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task, twelve pilots flew in each of these cases. Of the
twelve pilots not required to perform the spacing task, only
eight {(i.e. those not having the alarms) are considered in
this analysis.

The independent variables here were the presence or
absence of the spacing task, while the dependent variable
was the detection (or non-detection) cf conflicts.

3.1.3 Crew Treatment

The crew treatment analytical plan uses only Phase

II data and follows the experimental plan presented in Takle

2.9.1.

3.2 fYfre-Analysis Data Summary

3.2.1 Information Components

A statistical summary (nurmber of data points, mean,
standard deviation, % gross errors, % null responses) for
information conmponent estimates of the data taken during
the Phase II set of experiments arc presented in Tables
3.2.1 thru 3.2.5. The data is pooled in accnrdance with the
crew treatment. Posgition, spacting, altitude, ground speed
and heading error information components are included.
Summarjes for the party-line/no ATSD system and for the
discrete address/ATSD system with the spacing task are listed
in the Phase I report.

The tables are broken down by situation and aircraft
sequence within a given situation. Aircraft are indexed
by their position relative to the subject in the landing

sequence. The subject's aircraft is designated "O" while

- -
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the aircraft just ahead and behind in the sequence are
designated "+1" and "-1" respectively. The aircraft two
slots ahead and behind are designated "+2" and "-2"
respvectively, and so forth. Most simulations included three
or four aircraft besides the subject's. Only the -1 thru

+2 aircraft are included in the analysis since these are the
only aircraft to appear in all simulations.

Composite graphs depicting the absolute vaiue of the
mean information component errors are presented in Figures
3.2.1 thru 3.2.17.

In both the tables and the graphs the following heading
and label definitione are used.

TODAY'S SYSTEM

No ATSC and party-line coniwuni-
cations (Howell's data)

FUTURE SYSTEM = ATSD, discrete communications,
no spacing task (Phase I data:
single pilots only)

SPACING TASK = ATSD, discrete communications,
spacing task (Howell's data)

NO SPACING TASK = ATSD, discrete communications,
no spacing task (Phase II data:
single pilo%s only) '

P ——

SINGLE P1lOTS = ATSD, discrete communications,
no spacing task (Phase II data:
single pilots only)

CREW = ATSD, discrete communications,
no spacing task (Phase II data:
two man crews only)

3.2.2 Conflict Lz2tection

The reaction time statistics under the crew treatment

during the parallel runway simulations ace summarized in

o

R A o
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Table 3.2.6. Reaction time was defined as the time delay

betwecen the begianing of the intruding aircraft's blunder
and the initiataation of the subject's lateral escupe
manuever.

3.3 Analysis*™

3.3.1 1nformation Components

Throughouz all of the analysis in this chapter, it

is assu.eed that the replicsticrns in any given treatment
represent independent 2stimactes of the parameter being measured.
A three way factorial ana.ysis of variancegwas performed

on each information erro- component for all major treatment

variables. The main experimen:al effects tested were the

major treatment variables (a:rtr traffic contrcl, spacing

task oOr crew treatmen:t), situation treatment, and aircraft

seguence treatment (+2, *l,etc.). First and second order interactions

were tested. If an interaction invelving only two main effects

was found significant,then & first level (by situation)

breakdown analysis of variance was performed. If significant
interactions involving all three main effects during the
original analysis were encountered or a significant inter-
action involving two of the main effects during a first

level breakdown analysis wvre encountered, then a second

level breakdown (by s:tuation and aircraft) analysis of

variance was performed.

*See Appendix for explanation of statistical methods.
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The results of the original and first level breakdown

analyses are summarized in Tables 3.3.1 thru 3.3.5. The
results of the second level breakdown analyses are incorporated
in Tables 3.3.6 thru 3.3.8 which indicate statistical
significance {or nonsignificance) of the main effects.

tatiegtical signficance was achieved if the F ratio

bettered the five percent level (p<.05). In calculating

F, the effect being tested was always used as the numerator

while the residual term was used as the denominator. This

accounts for some of the values of F being less than one.
Contingency tables were used to judge signficance for

both the information point scores {(identification and landing

gequence) and the null responses. Mo identification component

analysis was performed for the air traffic control or spacing

task treatment because data in an appropriate format was

unavailable. In both cases, a Chi Square test was performed

to test a situation and an aircraft null hypothesise. The

. hypotheses tested were the following:

Situation Hypothesis: There is no difference in point

scores (or null responses) due to situations (all air-
craft pooled).

Aircraft Hypothesis: There is no difference in point

scores (or null responces) due to aircraft seguence
(all situations pooled).

I1f, for a given major treatment variable, these hypotheses

were verified then all situations and aircraft were pooled

in constructing the contingency tables. If either or both

-
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TABLE 3,3.1 ‘
ATC TREATMENT: RESULTS OF THREF WAY ANALYS1S OF Y NRIANCE !
FOR INPORMATION COMPONENTS
| Main Effects Firat Crder In:ezactions Second Crder
Information Interactions
' ATC x
. Component ATC SITUATTON AIRCRART ATC x ATC x S1TUATION SITUATION {
] SEQUENCE SITUATION AIRCRAFT x AIRCRAFT x AIRCRAFT (
! SEQUENCE | SEQUENCE SEQUENCE - ;
F 4.5 5.4 3.6 2.5 0.3 2.5 2.7 ‘
Fosition |D.-F,|1:13¢ 1:134 3:134 1:13¢ 3:134 3:134 3:134
3G. S1G. N.S. N.S. N.S. N.S S1G.
}
) r |i8.8 0.8 1.7 5.7 2.1 5.9 = ‘
Spacing {D.F.|1:37 1:97 2:97 1:97 2:97 2:97 2:9% .
N slG. N.S. N.S. S1G. N.S. S)G. N.S \
____~,___r____+-_ :
F 1.7 0.6 12.5 3.4 3.2 11.5 2.7 !
Altitude |D.F. |1:82 1:62 2:82 | 1:82 2:82 4:R? 2:80 %
N.5. .o, $1G. N.S. 1G. 51G. N.S. 1
' Ground F o |15:s 0.6 4.6 4.3 8.9 2.0 4.7
Speed D.F.|2:77 1:77 2:77 1:77 2:17 2:77 2:77
' sl N.S. S1G. S81G. S51G. N.S. 516G, A
: _ !
F 3.7 2.1 1.7 10.6 9.7 11.3 0.7 4
Heading D.F.[1:74 1:74 2:74 1:74 <274 2:74 2:74
N.3. N.S. Slg. slG. 51G. slc. N.G.
]
i ¥ P RATIO
LF > CEGPEES OF FREEDOM
N.S. 2 ROY STATISTICALLY SIGNIPICANT (p>. 05)
]

S1G. I STATISTICALLY SIGNIFICANT (pr, QS)
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TABLE 3.3.2
SPACING TASK TichTKENT: RESULTS OF THRES WAY ANALYSIS GF VARLANCE
FOR INFORMATION COMPONENTS
Main Effects First Order Interactions >acond Order
Information - Interactlons
SPACING SITU.TION SPACING X
Components SPACING | SITUATION | AIKCRAPT [SPACING & | X AIRCRAPT | X AIRCOAFT | SITUATION X
) . 1 on | s AL RCRAPT
TASK SEQUENCE SITUATI SEQUENCE SEQUENCE SEQUENCE
r 0.5 3.0 7.6 2.1 1.4 1.2 Q0
POSITION | D.F.| 1:116 1:116 3:116 1:109 3:109 3:109 3:106
N.S. N.S SKG. H.S. N.S N.S. N.S.
P [+] 11.5 1.0 ] 6.0 11.3 0
S#ACING o.P.] 1:75 1:7% 2:75 1:75 2:75 2:75 2:73
N.S. SIG. N.S. N.S. 51G. SIG. N.5
4 0.} 0.3 5.9 0.1 0.5 4.5 0.7
ALTITUDE | D.F.]| 1:65 1:65 2:6% 1:65 2:65 2:65 2:63
n.s. N.S. S1G. N.S. N.S. SIG. N.5.
GROUND F 0.1 4.8 0.? 0.3 0.3 5.8 0.5
SPEFD c.P.! 1:65 1:65 2:65 1:65 2:6% 2:65 2:63
N.S. SIG N.S. N.§5. N.S. SIG. N.S
) 4 6.5 23.9 32.4 7.0 3.2 53.% 0
HEAD ING D.F.] 1l:61 1:61 2:61 1:61 2:61 2:61 2:59
SIG. SIG. SIG. SIG. SIG. SYG M.S.
t = F RATIO
D.T. Z DEGPEES OP FREEDOMN
N.5. T NOT STATISTICALLY SIGNIFICANT (p>.C5)
$%C, = STATISTICALLY SIGNIFICANT (p<. 05)
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CREW TREATMENT:
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TABLE

31.3.3

RESULTS OF THREE WAY ANALYSIS CF VARIANCE
FOR INFORMATION QOMPONENTS

MAIN EFFEC1S PIRST ORDER INTERACTIONS SECOND ORDER
I formation , INTERACTIONS
CREW X
Coaponent. CREW SITUATLION | ATRCRAFT | CREW X CREW X SITUATION SITUATION
SEQUENCH SITUATION | AIRCRAFT | X AIRCRAPT | X RIRCRAFT
SEQUENCE! SEQUENCE_| SEQUENCE
r 2.1 1.7 11.3 0.2 0.6 0.8 0.5
POSITION | D.P.|1:217 3,217 3:217 3:202 3202 9:202 9:193
K.y, N.S. 16, N.S. N.S. N.S. N.S
F 3.5 19.6 1.0 < 0.7 10.2 0.3
SPACING 0.F.{1:1¢7 3,147 2:147 .ad7 2:147 6:147 6:141
N.S. S1G. N.S. N.5. N.S. S1G. N.S
1
r 0.1 2 ¢.2 G.¢ i.2 3.3 .5
ALTITUDE | D.P.[1:133 3:13) 2:133 3:133 2:133 6:133 6:127
N.S. M.S. N.3. N.S. N.S. S1G. N.S.
—— b -
GROUND F 0.4 3.7 0.1 0.6 0.1 1.5 0.3
SPEED D.F.i{1:144 3:344 2:14¢ 3:144 3:)44 6:144 6:127
N.5. 5lG N.5 N.S. N.S. N.S. N.§.
| 4 2.6 22.6 21.1 1.5 T 32.7 0.3
HEADING D F.|1:100 3:100 3:100 3:100 2:100 6:100 €:%4
N.S. 51G. S1G. N.S. H.S. s1G, N.S.
T Z r RATIO
D.P. = D®GRELS OF FREEDOW
N.§. T 0T STATISTICALLY SIGNIPICANT (p>.05)
S1G. = GTATISTICALLY SIGHIPICANT (p<. 05)
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TARLE 3.3.4

« SULTS OF FIRST LEVEL BREAKDIWN (BY SITUAT: I}

ANALYSIS Of VARIANCE FOR INFORMATION COMPONENTS

w —— ———

. J

SITUATION 2 SITUATION 3
Information
Main Lffects First Order|Main Effects First Order
Components Interaction Interaction
SPARCINC ARIRCRAFT SPROING X SPACING AIRCRAFT SPACING X
TASK SEQUENCE | AIRCRAFT TASK SEQUENCE | AIRCRAFT
SEQUCNCE SEQUENCE
F C.2 5.¢ 0.7 0 6.9 0.1
ALTITUDE D.¥F. 1:37 2:27 2:35 ):30 2:30 2:28
N.3 S1G. N.S. N.S S1G. N. S,
GROUND 3 0.6 2.€ 0.6 ¢] 4.4 S.2
SPEED L.F. 1.37 2:37 2:35 l:28 2:23 2:28
N.S N S N.S. N.S S1G. 316G.
F = F KATIO
D.F. Z DEGREES CF FREEDOM
N.S. = NOT STATISTICALLY SIGHIFICANT (p>.0%)
SiG I STATISTICALLY SIGNIFICANT (p<. 05}
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TABLE 3.3.6

ATC TRERTMEXT: RLSULTS OF ANALYSIS OF VARIANCE FOR INFORMATION CQMPORNENTS

TR

-

STTUATION 2 SITUARTICN 3
INFORMATION
CUMPONENT L A/C A/C A/C A/C A/C A/C A/C l A/C
+2 +1 -1 ¢ +2 +1 -1 o]
F 1.8 4.7 0.3 2.6 0.2 o] 40.6 0.6
posiTion | b.F.|1:19 | 1:19 | 1:13 ] 1:29 | 2:a5 | 1015 1 1:17 ] 118
N.S. S1G. N.S N.S. N.S. N.S. slG. N.S
F | s.a | 121 1.6 0.4
SPACING | D.¥.{1:18 | 1:18 | 1:13 1:14
slic slg.| ¥.S N.S. !
F | c.9 3.3 0.4 1.8 ] 0.3 l 3.0
ALTITUDE | D.r.|1:15 | 1:13 | 1:14 < iy asie i:i5
N.S N.S N.& N.S. L.S.l N.S.
GROUND F 3.7 ] 29.3 0 0.z 1.4 [ 4.7 1.4
SPEED D.F.jl-14 | 1:14 | 1:14 1:1: ] 1:13 ) 1:11
N.S S1G. N.S. N.S 516G, N.S
F | 2.9 z e.1 / 0.3 | 2.4 | 5.8
HEADING | D.F.|1:15 | 1:13 1:9 1:13 | 1:14 1:8
N.S. N.S. N.S N.S5 N.S.| 516G,
A/C T AIRCRAFT F I F RATIO D.F. I DEGREFS OF FREEDOM
N.S. = NOT STATISTICALLY SIGNIFICANT (p>.0%) SIG. = STATISTICALLY

STCNTIFPYOCANT [Galet
< - I

TABLE 3.3.7
SPACING TASK TREATMENT: RESULTS OF ANALXSIS UF VARIANCE FOR INFOPMATION COMPONENTS

SITUATION 2 SITVIATION 3
INPORMATION
COMPONENTS A/C A/C A/C Y \/C A/C (N2 F V2
*2 +1 -1 0 42 +1 -1 0
POSITION r 0.5
D.7. 1:116
N.S
.4
F 120 |11 6.7 /1 0.2 | 03 =
SPACING D.P.l1:11 [1:14 |1:11 1:12 J1:15 {1:10
N.S. | N.S. { SIG. | - N.5. | W.s. | N.S5.
4 0.1 Y
MTITIDE | D.¥. 1:37 1130
N.S. N.S.
GROUND 4 0.6 z 0.5 0.4
SPEED D.F. 1:37 117 {1:14 1:7
N.S, N.5. | #w.S. | N.S.
P 0.9 0.1 0.8 C.4 5.2 0.2
HEADING D.P.f1:11 1:9 1:7 1:14 1:13 1:7
_ N.5. | ».5. N.S. N.S. | slg. | N.S.
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of the hypotheses were refuted, then thé Sontinycncy tables
were broken down by the appropriate effect or effects.

Tables 3.3.9 thru 3.3.11 present the results of the situation
and aircraft hypothesis tests for the information point
scores., Tabies 3.3.12 and 3.3.13 present the results of

Chi square tests for significance in point scores due to

major treatment variabln. In computing Chi Square, Yate's
correction factor was used. Chi Square wa3 judged to be signi-
ficant if it reached the 5 percent level (p<.05).

The results of the situation and aircraft hypothesis
tests for the null responses are presented in 3.3.14 thru
3.3.16. Table 3.3.17 shows the results of the Chi Square
tests performed on the null responses for the major treatment
variable effects. Again Yate's correction factor was used
in computing Chi Square and significance was judged at the
five percent level (p<.05).

3.3.2 Conflict Detection

Pilot reaction times to ILS crossover intrusions were

measured for the crew treatment variable only. All non-

alarm single pilots were analyzed for the effect of information

update rate on conflict reaction time in a two way analysis
of variaznce. The main treatments in thie analysis were update
rote and zituation. The results of this analysis are pre-

sented ian Table 3.2.:8,
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TABLE 3.3.9

ATC TREATMENT: RESULTS OF SITUATION AND AIRCRAFT HYPUTHESES TESTS FOR
LANDING SEQUENCE INFORMATION COMPONENT
(N.S.) - NOT QUITE STATISTICALLY SIGNIFICANT

ATC FUTURE PRESENT ATC FUTURE PRESENT
TREATMENT | SYSTEN | 5¢STkh TREATMENT | SYSTEM | SYSTEM
2 2

X 0.47 3.52 X 0.15 1.60
DEGREES OF 1 1 DEGREES OF 2
FREEDUM FREEDOM

p .5 .07 D .92 .2

N.S. ‘N.S.) N.S. N.S.

TEST OF SITUATION HYPOTHESIS TEST OF A1RCPAFT HYPOTHESIS
(SITUATIONS 2 AND 3) (AIRCRAFTS +2, +1, AND ~-1)
(a) (b)

2. .
- 2 X =
p I PROBABILITY X~ COULD BE EXCEEDED BY CHANCE

>

TABLE 3.3.10

SPACING TASK TREATMENT: RESULTS OF SITUATION AND AIRCRAPT HYPUTHESIS TESTS
FOR LANDING SEQUENCE INFORMATION COMPONENT

SPACING NO SPACING SPACING SPACING NO SPACING SPACING
TASK TASK TASK TASK TASK TASK
TREATMENT TREATMENT
2

X 0.47 .15 x* 0.15 .94
DEGREES OF 1 1 DEGREES O 2 1
FREEDOM FREEDOM

p .5 .7 p .92 .32

N.S. N.S. N.S. N.S.

TEST OF SITUATION HYPOTHESIS
(SITUATIONS 2 AND 3)

(c)

TEST OF AIRCRAFT HYPOTHESIS
(AIRCRAPTS +2, +1, AND -1)

{d)

o, st

g 7 e

o - g o e g emcman o o -
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TAPLE 3.3.11

|
CREW TREATMINT: RESULTS OF SITUATION AND AIRCRAFT HYPOTHECSES TLSTS

. |
CREW SINGLE PILOTS CREW {
TREATMENT i
INFORMATION | IDENTI- LANDING IDENTI- LARDING !
‘ COMPUNENT FICATION | SEQUENCE | FICATION | SEQUENCE
) .
32 o on A £9 16.30 0.08 .
PEGREES OF
FREEDOM 3 3 3 3
E .82 .89 .01 .99
, N.S. N.S. $1G. N.S.

TEST OF SITUATION HYPCTHESIS (SITUATIONS 1, 2, 3, AND 4)

(a)
CREW SINGLE PILOTS "CREW
. TREATMENT
INFORMATION IDENTI~ LANDING IDENTI- LANDING
COMPONENTS FICATION SEQUENCE FICATION SEQUENCE
2
X 0.58 0.37 0.27 0.33
- ; DEGREES OF
: FREEDOM 2 2 2 2
p .75 .85 .9 .85 H
| : N.s. N.S. N.S. N.S.

TEST OF AIRCRAFT HYPOTHESIS (AIRCRAFT +2, +1, and -1)
(b)

- 2 .

| X° I CHI SQUARE

r Z PROBABILITY X2 COULD BE EXCEEDED BY CHANCE

e
n

N.S. 2 NOT STATISTICALLY SIGNIFICANT (p>. 05)
SIG. = STATISTICALLY SIGNIFICANT (p<. 05)

i
]
1
H
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AL 3,314

FOR NULL RUSPUNSLS

SITURTION AT ALRCLAF T BYPOTHLS TS TREST

FUTURF SYSTEM

BTC TODAY'S SYSTEM
TREATMENT
T Tﬁ-—"—
INFORMATIGH TOSITION~ ALT1TUCE GROUND ‘ HEADING POSITION- ALTITUDE GROUND HEADIKG
COMEOLNTS SFACING STLED SFACING SEFLD
$* 0.20 0.82 0.11 0.1 4.79 0.37 0.29 ' 1.6U
DEGREES OF 1 1 i 1 1 1 1 1
¥ REEDOM
P .65 .4 72 .65 .01 .55 .65 .2
N.S. N_5. N.S N.S S1G. N.S N.S. N.S.
TEST OF SITUATION HYFOTHESIS (SIVUATICNS 2 ANG 3)
(a}
ATC TUTURE 510t TOTAY '3 CvLTLM
TREATMENT
INFORMATION POSTTION~- ALTI1TVDE GRWND HUADING POSITLION- ALTITULL GRUUND HEAD It
COMPONENTS SPACING SPLED SPAC1NG SPEED
X2 1.90 0.73 2.00 .09 3.51 0.61 0.07 1.860
DEGREES OF 2 2 2 2 2 2 2 2
FPEEDOM
P .4 . .35 .95 .15 .75 .95 .4
N.S N.S N.S. .S, N.S N.S N.S N.S.
TEST OF AIRCRAFT HYPOTHESIS (AIRCRAFT +2, +1, AND -1)
(b)
2 . - .
X< : CHI SQUARE
vy - PROBABILIIY THAT X~ OOULD ul CXCITDULD ¥
N.S. I NOT STATISTICALLY S1GNIFICANT (p>. 05)
SIG. 3 STATISTICALLY SIGNIFIZANT (p<.05)




(LR a4

n.s.)
§1G.

(b)

LUSTUNITN RN

(AIRCRAFT 42, +1, AND -1)

NOT STATISTICALLf SIGNIFICANT (p>. 05)
NOT QUITE STATISTICALLY SIGNIFICANT
STATISTICALLY SIGNIFIC2?AT (p<.05)

»
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TABLE 3.3.15
SPACING TASK TREATMENT: SITUATIUR AND AIRCFAPT HYPOTUESIS TFST
FUR KULL RLSTONSES
TSEACING NU SPACLNG TASK SPACING TASK
TREATMENT
INFORMATION | COLITION - | ALTITUDL | GRUWD | HEADING | PusITron- | ALTITULL | CROUND | MEADING
COMPONLNT SPACING SYEED SPACING SFEED
x2 0.20 0.82 0.1i 0.18 1.4 1.74 1.95 0.6?
DEGREES OF 1 1 1 1 1 1 1 ]
FREFDON
n
p .65 .4 .72 .65 .25 e .15 .4
N.§ NS, N.S5. N.S, N.S N.S N.S N,b,
TEST UF SLTURTIUN HYPOTHESIS (SITUATIONS 2 AND 3)
(a)
EPACING NG STATING TALR SPAULNG 1ABK
TREATMENT
INFORMATION POSITION- ALTITUDE GROUND HIADING rosIiTION=- ALTITUDE GRCUND HEADING
COMPONENTS SPACING SPEED SPACTNG SPEED
x° 1.90 0.73 2.00 0 09 5.01 8.09 5.62 6.14
DEGREES OF 2l e 2 2 X 2 2 2
FREEDOM
' .4 ) .35 .95 .08 .02 .06 .05
N.S N.S. N.§ N.s (N.S.) SIG. (h.5.) S1G.
—l [
TEST OF ALRCRAFT HYPOTHESIC

. = ot =

e

s " &%




~107- {
’
-
| TASLE 3.1.1C
CELW TREATMLNT. SITUATIOW 4D ALKCKAFE EYPOINES1S Thol :
FUR NULL XESPONSES :
CREW SINGLE 1 LLOTS - CUAW ' .
TREATNENY
]
INFORMATION | 1orarion- | ALtImton | GroutD | HLACTI | POSITIOR- [ ALATUL | GRow | LA
COUMP'ONLNL SPARCING SPEED l SPACING St \
2 = {
X 3.09 3.00 3.70 0.00 LU 2.00 2.00 .50 !1
i
Degrees ot ? R 3 ) 3 k] 3 3 |
Freedom
t
) |
P .4 .4 .3 .9 A 6 .6 9 }
J Nt Ly, M.5. N.t. N.E, L5, N.E. NS, !
. i |

TEST OF SITUATION nybIlutsls (SITUALLUNG 1, 2, 3, ANU 4)

(a)

CReW SINGLL PILOTS CREW :
THEATMLNI
)
INFORMANT | POS11ION- | ALTITUDE | GROUND | HEADING | PUSITION- | ALTIIULE | GROUND | mzaling :
CUMPONLN1 | SPACING STLED SFAC ING SPLED :
. 3 -1 — :
N X 1.73 3.00 3.25 0.14 2.02 1.00 1.9%0 0.88

Deyrues of
Freadom

"y
»
LS
»
~
L~]
L¥]
N

N.>. N.5. N.S. N. N.S N.<. 5

12
e

TRLT OF ALKCRAFT 1LiYPOTHESIS (AIRCRAFT 42, 41, AND -1)
(b)

T CHI SQUARE
t PROBALILITY THAT X° CUULD BE EXCEELAD BY CHANCE
NOT STATISTICALLY SIGNIFICANT (p>. 05)
STATISTICALLY SIGKIFICANT (p<.05)

e x
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TABLE 3.3.18

UPTATE RATL TREATMENT: RESULTS OF TWO WAY
ANALYSIS Of VARIANCE FOR OXIFZLICT DRTECTION
REACTION TIMES (SINGLE PILUTS-NO ALARM CHLY)

~ |MAIR EFFECTS | FIRST ORDER
{ JATERACTIMN
UPDATE SITUATICN UPUATE RATE
RATE b4
SITUATION

F 0.3 18.7 c.4

D.¥. 1:13 1:13 1:12
H.S. 3IG. l N.S.

F I F RATIO
D.F. = DEGREES OF FREEDOM
N.S. = BT STATISTICALLY SIGNIFICANT (p>. 05)
SIG.- = STATISTICALLY SIGNIFICANT (p<. 05)

o e e o e ir————— e = aua e
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A three way analysis of variance was performed on the
reaction time data to test for crew, alarm,and situation
effects. The same procedure concerning breakdown analysis
used in the iaformaticn component analyses was used here.
Since the data shiowed no statistically =ignificant update
rate effect, hoth one second and four second information
update rate data have been pooled. Tables 3.3.19 and 3.3.20
present the results of this analysis. %he F ratio test was
judged to be significantif the probability cf a chance result
was below the five percent level (p<.0S).

Also of interest is whether or not a conflict was detected
during single runway and parallel runway simulations under all
applicable major treatment conditions. As previously stated,
no parallel runway tests were conducted comparing the air
traffic control display/communication treatments. In addition,
the single runway tests for both air traffic control and
spacing task treatments involved only one conflict scenario.
For this reason, the situation null hypothesis was only tested
for the parallel runway simulations of the spacing task
treatment and both the single and parallel runvay scenarios
of the crew treatment. The results of iliese situation
hypothesis tests are shown in Tubles 3.3.21 and 3.3.22.

The results of all three of i muisy treatment - riables

is presented in Table 3.3.23. The results are broken down by

o~

g

[P
Py

LA




|

e

y
i
1
{
{
i
4
iy
f
{
i
H
3
E

CREW AND ALARM

TREATMENT :
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TABLE 3.3.19

CONFLICT DETECTION REACTION TIMES

RESULTS OF THREE WAY ANALYSIS OF VARIANCE FOR

MAIN EFFECTS FIRST ORDER INTERACTIONS SECOND ORDER
INTERACTLONS
CREW | ALAFM STTUATION CREW CREW ALARM CREW X ALARA
X X X X
ALARM | situaTiON SITUATION | SITUATION
2.4 11.0 16.4 0.6 1.1 8.7 0
n.F. 1:23 1:23 1:23 1:23 1:23 1:23 1:22
N.S SIG. SIG. N.S. N.S. SIG. N.S.

TARLE 3.3.20

CREW AND ALARM TREATMENT: RESUTTS OF RREAVDOWN BY SITUATICN MMALYSIS OF

VARIATION FOR CONFLICT DETECTION REACTION TIMES

SITUATION 6 SITUATION 7
MAIN EFFECTS FIRST ORDER | MAIN EFFECTS FIRST ORDLR
INTERACTION INTERACTION
ciow | ALARM | CREW CREW | ALARM | CREW
X X
ALARM ALARM
F 0.7 16.6 2.7 2.9 0.2 0.1
D.F 1:10 1:10 1:9 1:14 1.14 | 1:13
N.S. 5I1G. N.S. N.S. N.S. N.S.
¥ I F PATIO
D.P. = DEGRZES OF PREEDOM
N.S. I MOT SIATISTICALLY SIGNIFICANT (p>. 0S)
61G. = STATISTICALLY SIGNIFICANT (p< .0S)

1
!
3
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TABLF 3.3.21

SFACING TASX TREATMENT: SITUATION HYPOTHESIS TEST (SITUATIONS 6 and 7,
W1 ¥ SPACING TASK SUBRJECTS OWNLY)

RUNMAY PARALLEL
CORY IGUR~- FOAMAY
ATIORN
DETECTION AT OR BEFORE
POINT CPA
REFERENCE

2 .82
D.F. 3

P 4

N.g.*

‘ABLE 3.3.22

CREW TREATMELT: SITUATION HYPOTHESIS TEST (SINGLE RUMMAY - SITUATION 3 and 4,
PARALLEL RUNWAY - SITUATION 6 and 7)

RUWWAY SINGLE RUNWAY PARALLEL ROURMAY
CONPIGUR-
ATION
DETECTION AT OR BEYORE AT OR BEPOKE CLOSEST AT OR BEFORE CLOREST
POINT STOP~ACTION QUIZ POINT OF APPROACH POINT OF APPROACH
REPERZNCE
CREW SINGLE CREW SINGLE CROW SINGLE PILOT CREW
TREATMENT PILOT P1LOT
ALARM Asn As R A Y A Y A A A by
- TREMMENT
UPDATE RATE | 4 SBOML | 4 SECOND | 4 4 4 4 4 1 4 4 4
TREATHENT suc.] sec. | sEc.| sec sec. | sec. | sec.| sEcC SEC.
x* 0 033 | o | o o | o 0 0 ) 0 0
D.F. 2 1 by 1 1 1 1 1 1 1 1
P 1.0 .5 1.0 10 | 2.cf 2.0 1.0 | 1.0 | 1.0] 1.0 1.6
n.s.* .S, N.5.{ K.6. | h.B.| N.§ N.5. | m.s. { m.s.| W.8. K.S.
i - 7. -
A S ALARM, K I NO ALARM, X° I CHI BQUARE, D.P. I DEGRKES OY PREEDOM
L]
F N.6. I NOT STATISTICALLY SIGNIFICANT (p>.05), SIG.Z STATISTICALLY SIGNIFICANT (p<.05)
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TABLE 3.3.2:
TEST FOF. TREATMENT CONDITION HYPOTHFSIS

MAIN CREW TREATMENT SPACING TASK ATC
TREATMENT TREATMENT TREATMENT
RONWAY SINGLE RUNMAY PARALLEL SINGLE PARALLEL ; SINGLE
CONPIGUR- RUNWAY RUNWAY RUNMAY RUNWAY
ATION
DETECTION AT OR AT OR AT OR BEFORF | AT OR AT OR | am Ao AT OR AT op
POINT BEPORE | BEFORE CPE BEFOKE | BEPOSE | BEFORE BEFORE | BEFORE
REFERENCE SAQ CEA SAQ CPA CPA SAQ CPA
ALARM A X A Al A Y Y ry Y Ky Y
TREATMENT

x2 o 0 of o 0 0.59 1.07 1.8 2.17 8.96
D.F. 1 1 1] 1 1 1 1 1 1
p 1.0 voo ] toofr.e | 1.0 .4 .3 .18 .15 .01
N.S. N.5. [N.s.[n.s. |N.s. N.S. N.S. N.S. N.S. sIG.
TABLE 3.3.24
EMPIRICAL PROBABILITY OF DETLCTION AT OR BEFORE THE CLOSEST POINT OF APPROACH

NAJOR SINGLE B7LOT TREV SPACING 10DAY 's
TREATMENT (PUTURE S 'STEM, NO TASK SYSTEM
VARLABLE SPACING TASK)

RINW Y SINGLE PARALLEL SINGLE PARALIEL |SINGLE | PARALLEL | SINGLE
COM. IGUR- | RUNWAY RUNWAY RUNWAY RUNWAY RUNWAY | RUNWAY RUNWAY
ATION
ALARM A Y A A A A A Iy R Y Y
TREAT-

MENT

P (D) 1 1 1 1 1 1 1 1 .63 .79 .1

NO. OF

SAMPLES @ ]l aa | w | e | ) | & (5) sy | (8) (14) 10)

A Z MARK R S NO ALARM  ¥° T CHI SQUARE  SAQ = STOP-ACTION QUIZ

CPA I CLOSEST PUINT CP APPROACH  D.F. - DEGREES OF FREEDOM

P £ FROBABILITY X2 COULD BE EXCEEDED BY CHANCE  P(D) : EMPIRICAL PROBABILITY OF
DETECTION AT OR BEFCRE CPA N.S. I NOT BTATISTICALLY SIGNIFICANT (p>. 0S)

SIG. I STATISTICALLY SIGHIPICANT {(p<. 05)

R PP e

-—— e
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runway configuration (single or parallel), detection point
reference time (at or before stop-action quiz or at or before
closest point of approach), and alarm treatment (no alarm or
alarm). A Chi Square satisfying the five percent (p<.05) ‘
significance level was considered statistically significant. i
Emp.rical probabilities of detection based on the number
of observed detections divided by the number of possible
detections were computed for each of the treatments considered |
above. These detection probabilities are presented in Table
3.3.24.

3.4 Post-Analysis Data Summary

3.4.1 Information Components

Regultg of the analysis of variance for the information
components were used to guide the combination of data from
the main effect conditions. If no statistical significance
was found for the major treatment variabie, situation, or
aircraft sequence treatment, then the data for the non-
significant treatment were pooled.

Combined graphs of the information component errors are
presented in Figurecs 3.4.1 thru 3.4.15. These graphs depict
the means values plus and minus one standard deviation. The
signed mean rather than the absolute value of the mean is
shown. Where a major treatment variable showad significance
for given aircraft, separate component eatimates are indicated.

Histograms of null responses for each major treatment

variable are presented in Figures 3.4.1€ thru 3.4.18. The
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pooling of situations and/or aircraft was guided by the
situation and aircraft null hypothesis results. Histograms
of aircraft Identification Scores and Landing Sequence Scores
for single pilots and crews are shown in Figures 3.4.19 and
3.4.20.

3.4.2 Conflict Detection

Main effects of reaction time data were pooled whenever
no statistical signficance was shown. The results of this
pooling is presented in Tables 3.4.1 and 3.4.2. Table 3.4.1
is a summary of pooled update reaction time statistics (single
pilot, non-alarm subjects only.) Tahle 3.4.2 ig a summary

of pooled crew, alarm, and update rate reaction time data.

3.4.3 Pilot Opinion Questionnaire

Pilot opinion questionnaires here refer to those submitted
by participants in the Phase II set of tests only. The pilot
opinion gquestionnaire consists of two sections. The questions
of the first section pertain to pilot awareness, workload,
and conflict detection and resolution problems. The questions
of the second section deal with simulation realism,

Histograms of the pilot responses to questions of th:
first section are presented in Figures 3.4.21 thru 3.4.26,.

The histograms have been broken down into main effect categories
(single pilot, crew; alarm, no alarm; one second update rate,
four second update rate) for comparison. In addition, the

subjects in all the treatment categories for a given guestion
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o i L,
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TABLE 3.4.1
Pooled Update Rate Reaction Time Statistics

CREW
ALARM

TREATMENT NO ALARM
UPDATE RATE ONE AND FOUR
TREATMENT SECONDS
STATISTICAL

PARAMETER | Mo M 5.D.
S'TU:"ON 7 n3 | 27
S"UQ"ON 8 na | 23

No. 8 Number of Data Points
M B Meon
$.D.® Stondard Deviation

TABLE 3.4.2
Pooled Reaction Time Statistics
CREW
TREATMENT SINGLE PILOTS AND CREWS
SITUATION
TREATMENT SITUATION 6 SITUATION 7
UPDATE RATE ONE AND FOUR
TREATMENT ONE AND FOUR SECONDS NS
ALARM ALARM AND
TREATMENT | ALARM NO ALARM | “NTAl ARM
NUMBER OF
DATA POINTS 4 9 17
MEAN 5.2 n.7 n.9
STANDARD
DEVIATION 0.4 3.1 2.3

e — e -
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derived from the TSD?
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QUESTION 2: How does this compare with your awareness in the current alr troffic
control system under instrument meteorlogical conditions?
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PILOT OPINION QUESTIONNAIRE RESULTS FOR QUESTION 2
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{FR operations uiing the TSD 7
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QUESTION 4: How would you rate your confidence in being able to detect
Y Yy e}
potential conflicts during closely spaced, porallel, IFR operations

wing tha TS0 ?
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QUESTION 5:  How would you rate your confidence in being able 1o resolve
potential ~anflicts during closely spaced, parnllel IFR operations
utilizing - T3D?
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QUCSTION 6: What is your evaluction of the overall workload level associoted
with the simulator tasks utilizing the TSD compared to the normal
cockpit duties you encounter?
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PILOT OPINION QUESTIONNAIRE RESULTS FOR QUESTION 6
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were poocled to give a total distribution of responses. i

Figure 3.4.27 presents histograms of the pilot's responses

PP

to the second section of the questionnaire. Each category
' has two parts. The first part shows the distribution of

responses by degree of realism; i.e., excellent, good, fair

o AN DA

and poor. The second part indicates the pilot's thoughts

P

on whether or not realism was sufficient for the goals of the

present research. Pilot's responses here were either adequate
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or inadequate. ‘
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CHAPTER 4

DISCUSSION

This chapter presents a discussion of the results
summarized in the Tables and Figures of Chapter 3. Because
real-world situations werc .mulated, causc and effect
relationships are much mcre complicated than woulid be the
case with carefully contrived abstracted experiments.

4. Information Components

The party-line communication channel allows the pilot
to monitor air traffic control (ATC) radio transmissicns.
These transmissions give the pilot specific indications of
the information components of surrounding aircraft. A
communication concerning a given information component of
any given aircraft occurs rather infrequently. In fact,
such a transmission usually occurs only when a change in
that component is desired by the approach controller. More-
over, if the piloiL has no other means of monitoring traffic
motion, he must assume that each aircraft is following
instructions. This assumption is not always justified.
Misinterpretations and blunders do occur.

The ATSD, on the other hand, provides the pilot with
a nearly continuous source of information, but, by its
nature, requires that the pilot specificaliy seek out a
decired information component. In addition, the display acts
ac an auxiliary memory, thus eliminating the necessity of
memorizing information components.
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A summary of the results discussed at length in the

following sections is offered here.
Estimation of information components tended to be
situation dependent. In most cases, there was either a

significant main effect or interaction involving the air-

craft sequence treatment. Altitude, ground speed, and heading

components tended to be estimated fairly accurately when
an aircraft was in close proximity to the subject ard when

these quantities were not changing. Substantial mean errors

and standard deviations usua.ily showed up in information
components of aircraft that were remote with respect to the
sublect cr in compenants that «lther were changing at the
time of the quiz or had changed just prior to the quiz. 1In
addition, the heading component was estimated quite poorly
when the aircraft in question was off the STAR.

Very few statistically significant major treatment
results were observed in the results of the analysis of
variance. The contingency tests performed on the null re-
responses tended to be a more sensitive measure of differences
due to these treatments.

Three major results came from the null response analysis.
First, except for the ground speed component, there is no
statistical significance in the differences in missing

responses due to ATC treatment. Second, therse is a signifi-

cant difference by aircraft in the ability of pilots with

the ATSD and an in-trail spacing task to respond to most
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information components. The target aircraft (+1) always
has a very low or zero percentage of null responses while
the other aircraft have high percentages of null responses.
In addition, there is, in most cases, a significant effect
of gspacing task treatment on null responses. Third, in
many cases, the two-man crews 3o significantly better in
responding to components than do single pilots.

4.1.1 ATC Treatment

The ATC major treatment variable compares the piiot's
ability to acquire traffic information via two different
sensory modalities. The "Today's System" treatment provides
an auditory information source consisting of party-line
ATC transmissions while the "Future System” treatment provides
a visual source of information via the ATSD. Radar vectors
concerning the subject's own aircraft were given when the
display was employed, but, unlike the party-line cases,
instructions to other aircraft could not be monitored.

Radio transmissions consisted of initial contacc messages
(at or near one of the holding fixes), approach clearances
(at ILS turn on), and landing clearances (between outer and
middle markers). 1In addition, commanded heading, altitude
and speed changes were issued.

4.1.1.1 Position Error

The pre-analysis composite means of Figure 3.2.1 ard

the three way analysis of variance results of Table 3.3.1
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indicate a significant effect due to both ATC treatment
and situation. Table 3.3.1 also indicates an interaction
between the three main effects (ATC treatment, situation
and aircraft).

This second order interaction means that the effect
of these three treatments on position error are not inde-
pendent. Consequently, a second level breakdown (by situ-
ation and aircraft) analysis was performed. This analyasis,
in essence, compared the ATC treatment effect aircraft by
aircraft in each situation.

According to Table 3.3.6 the only aircraft to show
gignificant ATC effects ware the +1 aircraft of gituation
2 and the -1 aircraft of situation 3. In both cases, the
mean error was less when the ATSD was used.

Just prior to the stop-action quiz in situation 2,
the ~1 and +2 aircraft had received messages containing
information placing them near a holding fix and the ILS turn
on point (gate) respectively. Such specific position
information concerning the subject and +1 aircraft was not
as current. This accounts very well for the obgarved trend
in the Today's System date. Because the with-display subjects
could monitor aircraft positions as frequently as other
duties permitted, they did, on the average, considerably
better in estimating position for their own craft and the one
just ahead on the landing sequence. The only statistically

significantdifference, however, was in the estimates for the
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+]1 aircraft.

In situation 3, the -1 aircraft was coming around
on a missed approach and thererore was not flying on any
of the route segments. Radio transmissions to that craft
consisted of a resequencing message and a heading change
command which the aircreft's pilot misunderstocod. The
with-display subjects could, of course, monitor the -1
aircraft with the ATSD and thus were better informed as
to its position.

The +1 and +2 aircraft were both on the ILS and had
recently received transmissions with specific position
information. The without-display suL ,ects, therefore, did
an equally good job a. the with~display subjects in esti-

mating the positions of these aircraft.

Just prior to the stop-action quiz, the subject's air-
craft had received a heading change command from the approach

contioller. This gave them a reference to the route structure

on which to base a position estimate.

Figure 3.4.1 indicates the best estimate under this
treatment as to a pilot’s information concerning aircraft
position. Although the magnitude of the mean errors may
geem high, it should be remembered that the scale of the

guiz map was only one inch for every four miles.

As can be seen in Table 3.3.14, the aircraft hypothesis
for null responses was verified, while the situation hypothe-

sis was refuted for the position component under the Today's
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System treatment. The percent null response histograms f

«opren ogifis

' ! of Figure 3.4.16 (a) are therefore broken dowr by situation.

t In situation 2, about 7.4 percent of the aircraft went
undetected without the ATSD while the with-display pilots

did not miss any. This difference, however, was found to

be statistically insignificant as can be seen in Table 3.3.17.

In situation 3, ten percent of the aircraft failed to

s — S o w mee 4 on

be reported without the ATSD, while eleven percent were not

detected when the ATSD was employed. Again, this difference

was found to be insignificant.

4.1.1.2 Spacing Error

Figure 3.2.2 indicates that, at least in sitnation 2,

pilots with the display had a much better idea of how far

away the other airccart were. It can be seen that when

the pilots operated in the present day display/communications
environment their average spacing error for the +1 aircraft
wag 7.4 nautical miles, For those pilots operating in a
proposed future system employing the ATSD, the average spacing
error for this same aircraft dacreased to .4 nautical miles.
Such major improvements in spacing estimates for situation

3 are not evident.

The results of the analysis of variance presented in

Tables 3.3.1 and 3.3.6 substantiate the superiority of the

. ; visual information source in estimating aircraft separation.

It was found that accuracy in spacing estimates is situation
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dependent and that in situation 2 significant results were
obtained for both the +1 and +2 aircraft. No statistical
significance was observed for situation 3.

Figure 3.4.2 indicates the post-analysis statistics
for spacing error under the ATC treatment variable. Both
positive and negative errors are shown. A negative error
means that, on the average, subjects thought the aircraft was
farther away than it really was. All but one of the air-
craft responses are negative. This suggests a false sense
of security on the part of many pilots.

The spacing task null response data are identical to
that of position error and is discussed in the gection 4.1.1.1.

4.1.1.3 Altitude Error

At face value, Figure 3.2.3 seems to indicate a
substantial difference in altitude error for situation 2
(especially for aircraft +1). As can be gseen from Tables
3.3.1 and 3.3.6, analysis does not bear this out.

The analysis does indicate, however,that there is a
significant effect due to the particular aircraft being
considered. This seems plausible. Except for one distortion
(aircraft +1 of situation 2), the magnitudes of errors seem
to follow the same trend and considerable differences in
these magnitudes for different aircraft can be observed.

Using Figure 3.4.3 as a reference, the aircraft effect
can be explained. The +2 aircraft is flying straight and

level at 1900 feet on the ILS. Estimates for this aircraft
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are quite good. This seems reasonable because the altitude
for this aircraft has been constant for a considerable :
length of time preceding the stop-action quiz. |

The +1 aircraft has just transitioned from 6000 feet i
to 2000 feet at 2000 feet per minute descent rate. The .
large mean error (-1200 feet) and substantial standard g
deviation (+1800 feet) indicate that the rate of change of

this component makes it difficult to monitor efficiently.

The -1 aircraft, like the +1 aircraft, is flying
gtraight and level, thcugh at 6000 feet rather than 1900 '
feet. If the altitude component of this aircraft were
being monitored as closely as the +2 aircraft, itwould be
expected that mean errors and standard deviations for the
two aircraft would be similiar, This does not appear to be
the case. This lack of attention in altitude estimations for
aircraft behind the subject in the landing sequence is
indicative of a genaral trend of degradated responses for ‘
the -1 aircraft for many information components.

Situation 3 seems to exhibit just the opposite trends
from those that are observed in situation 2. The -1 air-
craft is estimated rather well. In this scenario, the -1
aircraft has performed a missed approach procedure and is
regsequencing in the traffic flow. This fact is enough to
distinguish this aircraft as an abnormal situation and accord

it special attention. The fact that it is flying at constant

altitude (1900 feet) also makes it easier to respond correctly.
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At the stop-action quiz, the +1 aircraft is at about

the same place as the +2 ajircraft of situation 2. Consequently,

it is not surprising that the responses to these aircraft
are guite similar.

Pilots seem to have difficulty in estimating the
altitude of the +2 aircraft in situation 3, although not
nearly as much trouble as the situation 2, +1 and -1 air-
craft., It happens that the +2 aircraft in this case is past
the outer marker and is descending at 800 feet per minute
on final approach.

It appears that the pilot's ability, with either
information source, to monitor altitude is aircraft dependent
and, farther, is in some way related to the rate of change
of altitude. 1In addition, it seems probable that aircraft
behind the subject's in the landing sequence are, to a great
extent, ignored unless some special situation (e.g., a go-
around) attracts the pilot's attention.

That pilots utilizing only the party-line communication
channel as an information source fail to make altitude
component responses a large percentage of the time is evi-
denced by Figure 3.4.16 (b). Null responses with the display
is cut to just over half of what it is without the display
(35 percent verses 19 percent). The statistical significance
of this improvement is borderline as shown in Table 3.3.17.

If a real difference in null responses does exist, it

would not be very surprising. Specific altitude information
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for other aircraft comes rather infrequently to the pilots
depending on party-line communication. For the most part,
subjects must use their knowledge of the route structure

and a bit of extrapclation or interpolation to make estimates.
Many pilota evidently do not feel confident in making such an
estimate and therefore do not respond.

Although the two information source treatments (present
or future ATC display/communication format) require different
monitoring technigques and supply information in different
ways and at different frequencies, the result, insomuch as
altitude is concerned, appears to be very nearly the same.

4.1.1.4 Ground Speed Error

Table 3.3.1 iandicates that there is a significant effect
on ground speed error due to ATC and aircraft treatment, but
that a number of interactions necessitate a second level
breakdown analysis by situation and aircraft. The results
of Table 3.3.6 show that the only significant differences
for the ground speed statistics presented in Figure 3.2.5
are in the +1 aircraft of both situations. 1In both cases,
the magnitude of the mean error asszociated with the ATSD
information source is considerably less than that provided
by the party-line communication channel.

Ground speed error responses follow the same basic
trends that were observed for altitude error. Those air-
craft that were in the process of, or had just finished,

reducing speed were estimated less accurately than those that
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were stable. This fact becomes obvious if the resultsg
presented in Figure 3.2.5 are c¢xpiained in light of the
ground speed histories of the various aircraft just prior

Lo the stop-action quiz.

it W 1 7

in situation 2, the speed of the -1 aircraft has been

conitant at 200 knots throughout the entire pre-quiz portion

N et s i

>f the scenario. It is not surprising, therefore, that both
inrormat.on sources allow tle pilot to estimate this com-
F.-rent vith great accuracy. in fact, the combined mean
erv~r fcr this aircraft is approximately zero.

The +1 aircraft is in transition from 200 knots to
160 knota. The subjects did a much poorer job in estimating
the specd ir this case, but those with the display did f
significanilly better than those without it.

The +2 aircraft had been stable a% 160 knots for a
reasonable length of time prior to the stop-action quiz,
but had reduced fron a1 original speed of 200 knots earlier
in the simulatior. PRoch with ané without display subjects
did reasonably well in estimating this variable. The combined
mean error was only about 3 knots.

In situation 3, the -1 aircraft is in the process of
transiticning from 200 knots to 160 knots. At the time of the
stop-actiun quiz,it has achieved the midpoint in its speed
reduction with a ground speed of 180 knots. Pilots flying

the simulator under both ATC treatments did a relatively
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poor job in estimating ground speed for this aircraft.
The average error was not tco large (8 knots), but the
spread of the responses had a standard deviation of about
24 knots.

Significantly different results were observed for the
+1 aircraft. The without-display subjects had a mean error
of -24 knots, while the with-display subjects had a mean
error of only about -6 knots. This aircraft had a constant
speed of 160 knots for a reasonable amount of time prior to
the stop-action gquiz, but had reduced from an original speed
of 200 knots earlier in the simulation.

The 42 aircraft had just completed a speed reduction
from 160 knots to 131 knots at quiz time. The mean error
in this case was almost -8 knots with a standard deviation
of about 13 kncts. This represents a slightly less accurate
estimation than for aircraft that had been at constant
speed for longer periods of time prior to the stop-action
quiz, The dispersion of the data, as indicated by the
standard deviation, is comparablce to that obtained with
other aircraft at a stable speed.

As can be seen from Figure 3.4.16 (c) and Table 3.3.17,
the number of missing (null) responses is significantly
Ligher for the party-line communication with no ATSD treat-
ment. In fact, subjects in this treatment failed to respond

to the ground speed component about 43 percent of the time.

e I T e S el R e b -

[PPSR,

© i v g

s 7 L e o g




s

-153-

Since the percent null responses for the discrete communi-
cations with ATSD treatment was only about $ percent, it
would seem that pilots in the present ATC display/communi-
cations system have a cunsiderably more difficult time in
picking up ground speed information than those in the pro-
posed future system with an ATSD.

4.1.1.5 Heading Error

Before discussing the heading errcor components in
detail, a compariscn should be made between the information
presentation formats of the two major treatment variables.

The party-line communications channel providas the
pilot with specific heading information in that heading
change commnands are a part of the radio transmissions. The
ATSD does not provide a specific heading readout. When
the display is employed, the pilots must obtain heading
information from the track history provided hy the tracer
dots as referenced to known courses on tlt= display.

Table 3.3.1 indicates that the only significant main
effect for heading error is due to alrcraft treatment. In

addition, all first order interactions are significant.

This last fact necessitated a second level breakdown analysis

(by situation and aircraft). This breakdown analysis, pre-
sented in Table 3.3.6, shows thatsignificance is achieved

by only the -1 aircraft of 3ituation 3. A lock at Figure

3.2.4 reveals that there is a difference of about 108 degress
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in the magnitude of the means of the responses for this com-
ponent. The party-line communications (aural information
source) had the better average estimate.

In situation 2, the -1 aircraft has been on a constant
heading of 058 degrees from the beginning of the simulation
until the stop-action quiz point. As can be seen from
Figure 3.4.5 (a), both the mean and the standard deviation
of these estimates are quite small (-8 and 8 degrees respective-
ly).

The +1 aircraft has just turned from a heading of
330 degrees to 360 degrees at the quiz stop point. The mean
error for this aircraft is very close to zero, but the
standard deviation in the estimates is guite high. It is
interesting to note that the standard deviation is approximately
the same as the difference in the heading change (34 degrees
vs. 30 degrees). It seems obvious that a number of pilots
had not yet become aware of the heading change at the
time of the stop-action quiz.

The +2 aircraft was well established on the ILS at the
time of the quiz. It is therefore surprising that the mean
error and standard deviation in the estimates for this
airxcraft are so large. The pre-analysis compcsite graph
of Figure 3.2.4 does indicete a reasonably good mean error
for the with~dispiay subjects, but the differences with

respect to the without-display responses fails to be
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statistically significant.

As previously noted, in situation 3 the -1 aircraft
is executing a go~around procedure and is in the process
of re-entering the landing sequence. Subsequent to the quiz
stop point, a healding change had been ordered for this air-
craft+ which the pilot read back incorrectly. The ordered
heading change was from 220 degrees to 255 degrees, while
the actual change was from 220 degrees to 355 degrees.

The mean error in the responses for this aircraft undex
the party-line communication treatment was quite good
(about -5 degrees). This is contrasted to the significantly
poorer estimates made by the ATSD subjects (average error
of 112 degrees). The with-display subjects did, however,
have a much smaller dispersion in their estimates as measured
by the standard deviations (24 degrees and 80 degrees re-
spectively) .

The very large standard deviation associated with the
nondisplay treatment can be explained by the fact that
some of the subjects in thig treatment used the commanded
heading (255 degrees), while others used the read-back
heading (355 degrees).

it is believed that because the -1 aircraft was off
the nominal route structure and therefore lacked a course
reference, thepilots in the with-display treatment had a

more difficult time in interpreting heading information.

It is worth noting that the mean error for these pilots is
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reasonably close to the difference in the heading change

(112 degrees vs. 135 degrees). When the fact that the turn
had not yet been completed at the quiz stop time is considered,
these numbers becope even closer.

The responses under both ATC treatments for the +1
and +2 aircraft of situation 3 are very nearly the same.

The mean error in both cases is close to zero and the
standard deviations are quite small. The high degree of
estimation accuracy can be accounted for by the fact that
both aircraft are well established on the ILS course by the
time the stop-action quiz occurs.

The percentage of null responses for the with-display
subjects (37 percent) was higher than that for the without
display subjects (21 percent), although this difference falls
just short of statistical significance. Null responses
for both ATC treatments did not show a dependence on situation
or aircraft,

The high percentage of heading null responses for the
ATSD subjects is indicative of the difficulty in obtaining
such information from the display.

4.1.2 Spacing Task Treatment

The inclusion of the in-trail spacirng task requires
that the pilot use the ATSD to acquire and maintain a
specified separation with respect to anaircraft. The desired

separation was either three or four miles depending on the

scenario. The subjects started the simulations at some
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a nominal flight path. They did have, however, a great deal
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initial separation, which was greater than the desired ’
separation, and had to merge with the traffic flow and ‘
acquire the proper spacing interval. x %;
The subjects with the spacing task were not given i t
radar vectors, but were asked to use the STAR displayed as ] ‘
! 8-
i
1

i of flexibility in deviating from the STAR to achieve the

e

in-trail spacing.

The data used fox the nonspacing task condition are

the same as were used for the with~ATSD (future system)
treatment condition. The with-spacing task data was gathered
during Howell's experiments.

The reason for including the spacing task was to see

how accurately subjects could perform this task. It is
thought that with the aid of the ATSD pilots can decrease
aircraft separations during IMC and achieve the higher

landing capacities typical of VMC orerations.

4.1.2.1 Position Error

Figure 3.2.6 shows a close agreement between the magni-

tudes of the mean errors for both the with and without

spacing task treatments. The only main effect tound tc be

significant was the aircraft treatment.

ey 5 oo - . ? | "

As indicated in Table 3.3.2, neither the apacing task

treatment nor the situation are significant. It might be

axpected that since the with-spacing subjects were forced
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to monitor the +1 aircraft, their estimates for that air-
craft would be better than their estimates for the other
aircraft.

According to the pre-analysis data, the expectation
coucerning a better estimate for the +1 aircraft for the
with-spacing subjects on the +1 also seems to be true in
both scenarios.

These expectations do not, however, hold up under
statistical analysis. The analysis of variance indicates
no difference between spacing %“..eatments and, although
an aircraft effect is indicated, Figure 3.4.6 says that
the +2 aircraft is estimated best. In fact, this graph
indicates that aircraft position estimation is a monotonically
decreasing function of relative landing sequence.

The fact that the position of the -1 aircraft was
egtimated the least accurately is not surprising in light
of previous observations that pilots seem to pay less
attention to this aircraft.

Becauge Table 3.3.15 (b) indicates that the aircraft
hypothesis for null responses for position error is very
close to being refuted, these responses are broken down
by aircraft. The results are presented in Figure 3.4.17.

The null responses seem to conform to expectations.

The with-spacing subjects have high percentages of null

responses fo- the +2 and -1 aircraft (33 percent eacnh) and
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no null responses for the +1 aircraft. The premise that

the with-spacing subject focuses his attention on the +1

aircraft, thus has at least borderline statistical validity.
The relationship of with-gpacing-task null responses

to without-spacing~-task null responses is also as expected.

The with-gpacing pilots have fewer (zero) null responses

for the +1 aircraft than do the without-spacing pilots,

but have considerably mcre nuil responses than the without-

spacing subjects for the other two aircraft. This trend

is, however, lacking in statistical validity in that

the only case that approaches significance is the +2 air-

craft and even this a a borderline case.

4.1.2.2 Altitude Error

The pre-analysis plots of the absolute value of the
mean altitude error presented in Figure 3.2.8 seem to indi-
cate very little difference due to spacing task treatment
(except for the -1 ailrcraft of situation 2), but a strong
dependence on aircraft treatment. In turn, this aircraft
dependence seems to be dependent upon the situation.

These observations are substancie.ed by the analysis
presented in Table 3.3.2. This table indicates that there
js a significant aircraft effect as well as a statiatically
significant situation-by-aircraft interaction. The results
of the first level breakdown analysis (by situation) in
Table 3.3.4 indicates no significant spacing task effect,

but it does indicate a statistically significant aircraft
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effect for both situations.

In situation 2, the +2 aircraft was flying straight
and level at 1900 feet for a considerable period before
the quiz stop point. Consequently, as can be seen in Figure
3.4.8, the mearn error for combined estimates for this air-
craft is zero. 1In addition, the standard deviation for
this case is comparatively small (about 240 feet).

The +1 aircraft has completed its descent from 600V
feot tu 2000 feet at a rate of 2000 feet per minute. This
caused the average combined exror to be fairly large (about
-550 feet) and the dispersion of data to be great (standard
deviation of about 9230 feet).

The -1 aircraft was flying at constant altitude (6000
feet) from the beginning of the simulation to the time of
the stop-action quiz. The fact that the mean error and

standard deviation for this aircraft is guite large (700

feet and 1500 feet respectively), despite the constant altitude,

is, as noted earlier, a reflection of the pilot's apparent
casual interest in this aircraft.

In contrast to situation 2, the estimates for the -1
aircraft in situation 3 are quite good with a small mean
error (-20 feet) and small standard deviation (50 feet).
Like eituation 2, this aircraft has been flying at constant

altitude from the beginning of the simulation to the quiz

stop point. Unlike situation 2, however, attention is called
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to this aircraft because it is execut rqg a go-around and is,

in fact, in the process of blundering.

At the quiz stop point, the +1 aircraft is flying
at constant altitude on the ILS. Both the mean error and
standard deviation statistics are reascnably good (about
-80 feet and 100 feet respectively).

The +2 aircraft was in the process of descending at
800 feet per minute on final approach when the stop-action
quiz occurred. Although the standard deviation in this
case is about the same as the standard deviation of the

situation 2, +1 aircraft (230 feet vs, 240 feet), the

mean error is substantially greater (-250 feet vs. 0 feet).

It should also be noted that both mean error and standard
deviation for the +2 aircraft estimates of situation 3 are
less than the same values for the +1 aircraft of situation
2 which was also descending, but at a greaterxr vertical
velocity.

As was the case for the ATC treatment altitude data,
the accuracy of the spacing task data is dependent upon
whether or not an aircraft is transitioning or just has
transitioned at the quiz stop point. 1In addition, the
magnitude of both the mean error and standard deviation
of transitioning aircraft seem depsndent upon the rate of

change of altitude.

According to Table 3.3.15, there is a signficant effect

on null responses due to aircraft sequence for the with-
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spacing subjects. No situation dependence is observed.

Figure 3.4.17 shows the same trend in null responses
for the with-spacing subjects observed for the position
component. The percentage of missing responses on alrcraft
+1 is quite low (8 percent), while the null response percent-
ages for the +2 and -1 aircraft are quite high (48 and 73
percent respectively). The withoub-spacing null vesponses
are more uniformly distributed with 2%, 1f and 15 pexrcont
being recorded for the +2, +1 and -1 aircrafts respectively.
The without-spacing task subjects, in fact, show no viclation
of the aircraft or situation hypothesis.

This same graph indicates that the with-spacing pilots
had considerably more missing responses for the -1 and +2
aircraft than the without-spacing subjects, but had fewer
null responses for the +1 aircraft. Statistically, however,
the only significant difference was obtained for the -1 air-
craft.

The percentage null responses for the altitude component
is another example of the target aircraft attention focusing
characteristic of the spacing task.

4.1.2.3 Ground Speed Error

Figure 3.2.9 shows the absolute value of the mean ground
speed errors for the spacing task treatment. Although some
substantial differences in these means exist (especially the
+1 aircraft of situation 2 and the -1 aircraft of situation

3), statistical analysis fails to indicate a significant

e e —————
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spacing task treatment effect (see Tables 3.3.2, 3.3.4 and

3.3.7). Table 3.3.2 does, however, indicate a significant
effact due to situation treatment and a significant inter-
action between situation and aircratt. Tha first level
breakdown (by situation) analysis (Table 3.3.4) yields a
significant aircraft effact for situation 3, but this is
confounded by the assoclated f£irst order interaction. The
ensuing second level breakdown analysis (Table 3.3.7) does
not yield any significant effects due to spacing task on
any of the aircraft.

It would seem likely that the ground speed readout
of the target aircraft (+1 aircraft) would be estimated quite
accuratély with the spacing task sgince this is an important
element in acquiring and maintaining separation. More
specifically, the reduction of ground speed by the target
¢ircraft provides a cuwe to the pilot to start his own speed
reduction manuever.

This fact is certainly evident in both situations.
Tha absolute mean errors for the +1 aircraft under the with-
spacing condition are zero knots for situation 2 and 2 knots
for situation 3. In both cases, these values are less than
the corresponding absolute mean errors under the without-
spacing task condition and better than the +2 airzcraft
estimates under the with-spacing task condition.

Apparently, the fact that speed changea are made

rather infrequently washes out any significant difference

Ok o U i b

L i e e A Vi 48 i e P




-164-
between the accuracy of the subjects in estimating this

component.

The combined graphs of Figure 3.4.9 follow the same
trends obsserved earlier. The -1 aircraft of situation 2
has been flying at a constant ground speed of 200 knots during
the interval from simulation commencement until the quiz
stop point. It is apparent from the graph that this fact
permitted thepilots to do an excellent job in this esti-
mation (mean error of zero knots).

The +1 aircraft was just beginning to reduce speed
from 200 knots to 160 knots. <Consequently, both the mean
error (14 knots) and standard deviation (16 knots) are
fairly high.

The +2 aircraft, although having a stable speed of
160 knonts at the time of the stop-action quiz, was juat short
of the point where it would begin its reduction to final
approach speed (131 knots). Some pilots apparently anticipated
the initlation of the speed reduction thus causing a mean
error of about 7 knots and a standard deviation of about
14 knote.

In situation 3, the -1 aircraft was in the process of
reducing from 200 knots to 160 knots and was, in fact, at
180 knots at the time of the quiz. 7The high mean error and
standard deviatinn (12 knots and 29 knots respectively) reflect
this.

The +). aircraft was flying at a constant speed of 160

knots but was preparing to slow tc 131 knots. The mean
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errcr for this aircraft is only -3 knots, but the standard

deviaticn 1s 13 knots.

The +2 aircraft of situation 3 had just completed its
final approach speed reduction at the quiz stop point. Again,
the fact that this aircraft had made a recent change in
ground speed caused a fairly large mean error {-12 knots)

and standard deviation (17 knots).

The situation hypotheszis for null responses was verified,

but the aircraft hypothesis was very nearly refuted (see
Table 3.3.15). For this reason the null response analysis
was broken down by aircraft (Tabl¢ 2.3.17).

Figure 3.4.17 shows that, once again, the same basic
spacing task null response pattern emerges. The with-spacing
percentages are very hign for the +2 and -1 aircraft (68
percent in each case), while the +1 aircraft percentage unde:
the . : condition is quite small (2 percent).

The with~-spacing percentayes are substantially and
significantly (statistically) aqreater than the without-
spacing percentages for the +2 and -1 aircraft, while being
slightly less for the +1 aircraft.

4.1.2.4 Heading Error

Table 3.3.2 indicates that all main e¢ffects and first
order interactions are sigrificant for this information com-
ponent. The second level breakdown analysis, however, re-

veals that the +1 aircraft of situation 3 is the only air-

craft exhibiting significance for the spacing task treatment
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(see Table 3.3.7).

The -1 aircraf: of situation 2 has been flying on a
constant heading of 058 degrees from the beginning of the
simulation until the stop-action quiz. In Figure 3.4.10,
the mean error (-7 degrees) and standard deviation (about
12 degrees) indicate that pilots do a fair job of estimating
this aircraft.

The estimates of the +1 aircraft show a small mean
error (about .5 degrees) but a very large standard deviation
(about 25 deyrees). The reason ior the large data scatter
seems to be that this aircraft has just barely completed
a turn from a heading of 330 degrees to 360 degrees at the
guiz stop peint. It is interesting to note that this
standard deviation is approximately equal to the pre-quiz
heading change (25 degrees vs. 30 degrees). It seems
apparent that some pilots had not yet detected the change.

The +2 aircraft was well established on the ILS at the
time of the quiz. Consequently, it is surprising that even
the fairly small dispersion of data was found.

As previously noted, the -1 aircraft of gituation 3
was off the displayed STAR in the middle of reeequencing
into the traffic flow. In addition, it wes blundering by
turning too sharply to merge with the other traffic. These
facts combined to make the pilot's estimates for this
aircraft quite erroneoues (mean of 107 degrees and standard

deviation of about 4€).
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These results are a further indication of the relative
difficulty pilots have in estimating aircraft heading when
no underlying course reference is available.

The means and standard deviations of both spacing
task treatment conditions for the gituation 3, +1 aircratt:
are both quite good. They are statistically diffecent, j
though, with the with-spacing condition having the better
estimates. The +1 aircraft is, of course, the target air-
craft for the spacing task. The situation 3, +2 aircraft
is well established on the ILS and is estimated gquite well.

The null response aircraft hypcthesis was refuted for
this information component (see Table 3.3.15 (b)). For this
reason the analysis was broken down by aircraft. As can be
seen in Table 3.3.15 (a), the situation hypcthesic was
confirmed.

The same trend in with-spacing task null responses
observed in the other information components is also found
here. The +2 and -1 aircraft receive a large percentage of

rissing responses (20 and 60 percernt respectively), while

the +1 (target) aircrait receives very few (2 percent).
As indicated in Table 3..,.17, there is no difference
between null responses due to spacing task treatment.

4.1.3 Crew Treatment

All previous ATSD research efforts consisted of single
pilot simulations. The pilot was reguired to perform many

of the cockpit tasks normally performed by two pilots as well
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as monitor the ATSD. This, of course, created a high
workload situation and it was thought to seriously degrade
the pilot's ability to monitor the ATSD for both traffic
and conflict detection information.

As a consequence of this belief, it was decided to
compare the awareness associated with single pilot and two
man flight crew treatments.

All data presented in this section was collected during
Phase II experiments expressly for the purpose of analyzing
the crew condition comparison. No spacing task was required
and the party-line communication channel wae not provided.

4.1.3.1 Position Error

The pre-analysis position error graphs of Figure 3,2.11
indicate a very close agreement between single pilot and crew
estimates., For the most part, the c¢rew condition tends
to have mbre accurate responses, but according to the
three way analysis of variance these differences ars not
statistically significant (see Table 3.3.3).

As can be seen in Table 3.3.3, no significant effect
due to situation was observed, but a significant effect
due to aircraft is indicated. The post-analysis plot of
Figure 3.4.11 shows the previously noted ATSD position error
trend, i.e., a monotonic function of relative landing
sequence with the -1 and +2 aircraft being estimated the
least and most accurately respectively. It is believed that

the reason the higher numbered (indexed by relative lar:ding

. —————— o —

e Bl an ) i e ey o — T g ¢ - ——



\ Lt b I b ot @b e e A

-169~
sequence) aircraft are estimated more accurately is that
there is an abundance of land-marks (ILS, outer marker,
middle marker and airport) with which to reference these
aircraft. Such references are less abundant eleewhere.

Neither the situation nor the aircraft hypothesis
was refuted for either treatment (see Table 3.3.16). As
a result, the position null response data was pooled by
situation and aircraft.

The position null response histograma shown in Figure
3.4.18 (a) indicate a small percentage cf missing responses
under both conditions with the crew treatment having a
lower percentage than the single pilots (1.8 percent verses
6.7 percent). According to Table 3.3.17, however, this
difference is insignificant.

4.1.3.2 Spacing Error

Spacing error estimates, like position error estimates,

follow the same trends under both crew treatments. Figure
3.2.12 indicates that there seems to be no clear cut
superiority for either case. This fact is supported by the
analysis results presented in Tables 3.3.3, 3.3.5 and 3.3.8
which indicate no significant effect due to cre’’ treatment.
The first table does, however, indicate a significant main
effect due to situation as well as a significant situation-
by~aircraft interaction. The second table indicates &

significant aircraft effect for situations 1, 3 and 4.
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The spacing error null responses are identical to the

position error null responses which are discussed in section

4.1.2.1.

4.1.3.3 Altitude Error

Except for situation 2, altitude error also shows
comparable means errors for both single pilots and two
man crews (see Figure 3.2.13). This observation is supported
by Table 3.3.3 which indicates no significant effect due tc
any of the main treatments. A situation-by-aircraft inter-
action in the three way analysis and an aircraft-by-crew
treatment interaction (situation 1) in the first level
breakdown analysis (Table 3.3.5) necessitated a second level
breakdown (by situation and aircraft) analysis (Table 3.3.8).
In neither the first nor second level breakdown analysis
was there observed a significant effect due to crew treat-
ment.

The ~1 aircraft of situation 1 is, at the time of the
stop-action quiz, flying straight and level at 2000 feet.
It had descended from an altitude of 5000 feet earlier
in the simulation. As can be seen from the combined graph
of FPigure 3.4.14 (a), the fact that the aircraft was flying
at constant altitude allowed the pilots to do a good job
in estimating this component. The mean error in this case
was zerc and the standard deviation was 20 feet.

The +1 aircraft was descending at a rate of 800 feet

per minute at the quiz stop point. Although the .ean error
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was zero, a comparatively high standard deviation was !

encountered (about 260 feet).

— pros.ais me -

. The +2 aircraft was also descending at 800 feet per
minute at the time of the stop-action quiz. This aircrart : \
had a mean error of about -160 feet and a standard deviation i

of about 520 feet. i !

[ : At the quiz stop point in situation 2, the -1 aircraft

was flying at a constant altitude of 6000 feet. Figure ‘
3.4.14 (c) indicates a large mean error (about 420 feet) ; Q
and a substantial standard deviation (about 1000 feet)

in the pilot estimates for this aircraft. This aircraft

is rather remote from the subject and, therefore, seems

to be of less concern than other aircraft in the scenario.

| R The +1 aircraft has just completed its descent from

- —————— W Ay

} i 6000 feet to 2000 feet prior to the stop-action quiz.

Consegquently, both the mean error and standard deviation

for this aircraft are fairly poor (-350 and 950 feet
respectively).

The +2 aircraft at the quiz is flying straight and

< T— A 2 T O P 8

} : level at 1900 feet. As a result of this, the mean error

o

for this craft was small (abcut 50 feet) and the dispersion )

of responses was moderate (standard deviation of about

200 feet).

The altitude estimates for the -1 zircralit of siiuation

—
A — . A e % 1 A R

3 are quite good since it is flying at constant altitude

(1900 feet) and is in close proximity to the subject's air-
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craft at quiz time (see Figure 3.4.14 (b)).
The +1 aircraft's altitude is also constant, while

he +2 aircraft is descending on final approach. Both craft
are on the ILS. The constant altitude aircraft data have
a fairly small mean error (about -80 feet) with a small
standard deviation (about 120 feet). The descending air-
craft data have approximately the same mean error (-~100),
but the standard deviation is considerably larger (450 feet).

In situation 4, the -1 aircraft is in the process of
descending out of 5000 feet to 2000 feet at a rate of 2000
feet per minute. At the point in the simulation where the
Juiz was administered, this aircraft had an altitude of
2000 feet. The fact thet this aircraft was transitioning
in altitude and the fact that its position was fairly remote
with regpect to the subject's combined to seriously degrade
pilot estimates of this componernt for this aircraft.

As can be seen in Figure 3.4.14 (d), both the meen
error and standard deviation for these estimates are very
large (-620 feet and 1220 feet respectively).

The +1 aircraft was, av. quiz time, flying at constant
altitude of 2000 feet. For this reason, the estimates in
this case were comparatively good (mean of -50 feet and
standard deviation of about 270 feet).

The +2 aircraft was well established on the ILS at
constant altitude (1900 feet). Consequently, subjects did

a very good job in their estimations for this aircraft.
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As noted in bhoth the ATC treatment and spacing task
treatment discussions, the accuracy in altitude estimations,
as measured by both mean error and standard deviation, is
dependent upon whether or not an aircraft altitude is or
recently has been changing. The constant valued altitudes
tend to get estimated quite well while the transitioning
aircraft tend to get estimated comparatively poorly. The
only exception to this seems to be the -1 aircraft which,
although having constant altitude at all situation quiz
points, it estimated poorly when remotely positioned with
respect to the subject (situations 2 and 4) and is estimated
quite well when in close proximity (situations 1 and 3).

Neither the situation nor the aircraft hypothesis for
null responses were refuted for this component. Conseguently,
all aircraft and situations were pooled in the crew treat-
ment analysis (see Tables 3.3.16 and 3.3.17).

Figure 3.4.18 (b) indicates a substantial (and
statist .cally significant) difference in percent null
resp.1ses by crew treatment. The two man crews had a much
lower percentage of missing altitude est. wates (about 3.5
percent) than did the single pilots (20 percent).

4.1.3.4 Ground Speed Error

The pre-analysis plots of Figure 3.2.14 indicate a
large difference in many of the absolute mean errors for the

ground speed component. In all but one case (+1 aircraft
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of situation 3), the crew condition responses were better
than those given by the single pilots. According to the
analysis of variance, however, this difference is not
significant. As can be seen in Table 3.3.3, the only signi-
ficant main effect or interaction for this component is

the situation treatment.

It seems that the combined statistics from both crew
treatments are insensitive to whetlhicr or not an aircraft is
changing speed or is stable valued, but rather are situatiocn
dependent. This is contrary to results obtained for ATC
and spacing task treatments, where a dependence upon speed
changes was noted.

The sitvation and aircraft hypotheses for null responses
were verified for the ground speed component (Table 3.3.16).
Consequently, all situations and aircraft were pooled in the
null response analysis. The result of thie analysis is pre-
sented in Table 3.3.17 and shows a significant effect of
the crew treatment on missing data.

Figure 3.4.18 (c) indicates that once again the single
pilots have significantly more null responses than do the
two man crews (20 percent verses 3.4 percent).

4.1.3.5 Heading Error

The absulute means of the pre-analysis heading data
seem to follow the same general trends for both crew treat-

ments (see Figure 3.2.15). BAlthouwgh there do appear to be
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some fairly substantial differences in these means, Teable
3.3.3 indicates that there is no significant crew treatment
effect on the heading error component. This table does,
however, indicate statistically significant results for
both the aircraft end situation main effects as well as a
situation-by-aircraft interaction.

The first leve! breakdown analysis also yields non-
significant results for crew treatment, but does yield
statistically significant results for aircraft treatment
in situations 3 and 4 (see Table 3.3.%5). These twvo
situations are the conflict scenarios whose abnormalities
congist of heading anomalies. The second level breakdown
analysis (Table 3.3.8) again indicates no statistically
significant crew treatment.

The -1 aircraft has just turned from a heading of 080
degrees to new heading of 060 degrees at the time the stop-
action quiz is administered in situation 1. As a result
of this, the spread in the responses for this aircraft is
fairly large (standard deviation of about 16.6 degrees)
even though the mean error is reasonably small (about 2.4
degrees). Apparently some pilots did not detect the heading
change at the quiz point. It is interesting to note that
the standard deviation of the responses and the heading
change are approximately the same (16.6 degrees vs. 20

degrees) .

Both the +1 and +2 aircraft are flying the ILS course
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and are consequently estimated quite well (Figure 3.4.15 (a)).

In situation 2, the -1 ailrcraft has been flying a
constant heading of 058 degrees during the entire pre-
guiz portion of the simulation. Pilot estimation error for
this aircraft is reasonably small with a2 mean of -4 degrees
and a standard deviation of about 7.6 degrees (Figure 3.4.15 (b).

The mean error associated with the +1 aircraft is
small (about 3.5 degrees) but the standard deviation is quite
large (about 26 degrees). This was probably caused by the
fact that this aircraft had turned from a heading of 330
to a heading of 360 just prior to thu quiz. Again, it is
interesting to note that the standard deviation is approximately
the same as the heading change (26 degrees vs. 30 degrees),
thus indicating that some pilots had not detected the new
heading prior to the stop action quiz.

The +2 aircraft was estimated quite well since it was
well established on the ILS at guiz time.

Jn situation 3, both the +1 and +2 aircraft were well
established on the ILS course and the accurate pilot heading
estimations associated with these aircraft reflect this
fact.

The -1 aircraft, as noted earlier, is resequencing
itself in the traffic after having performed a missed

approach. 1Its position was off the nominal STAR to the East

of the field and it was turning too sharply into the traffic
flow.
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As can be seen in Figure 3.4.15 (c), pilots did a poor
job in estimating the heading of this aircraft. The mean
error of the responses was about 117 degrees while the
standard deviation was 23 degrees.

Before turning, this aircraft's heading was 220 degrees.
It was turning to 4 new heading of 355 degrees after having
misinterpreted a commanded change to 255 degrees. This
misinterpretation was, of course, unknown to the subjects
since they were not provided with the party-line comnuni-
cation channel. It should be pointed out that the difference
in the heading change is approximately equal to t'ie mean
heading error (135 degrees and 117 degrees respectively).
When the fact that the turn had not yet been completed at
the guiz ooint is taken into consideration, these numbers
become even closer. It seems apparent that mcst of the
subjects were unaware that the «1 aircraft was turning into
the traffic.

Situation 4 is also a conflict scenario. In this case,
the +1 aircraft is the blundering aircraft. This aircraft
failed to make a heading change because of radio fajilure.

It was suppose to turn from a heading of 170 degrees to a new
heading of 120 degrees. Instead, it made only a partial

turn to 140 degrees. In addition, if it had followed the
STAR, it would have made a second turn to 060 degrees before
the quiz stop point. The large mean (about 54 degrees) and

standard deviation (ahout 55 degrees) indicate that prior to
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the quiz many pilots did not detect that this aircraft had
deviated from the STAR.

The -1 aircraft is flying on a constant heading of 170
degrees while the +2 aircraft is flying the ILS course
(035 degrees). The -1 craft is estimated with fair accuracy
having a mean of about 4 degrees and a standard deviation of
about 17 degrees. The +2 aircraft is estimated very well
with a mean of about zerxo and a very small dispersion.

The heading null reaponse aircraft and gituation
hypotheses were verified, thus permitting the pooling of
aircraft and situations in the analysis (Table 3.3.16).

Or.ce again, the single pilots have the higber percent-
age of null responses (36 percent verses 24 percent for
crews), but the difference is not statistically significait
(see Table 3.3.17 and Figure 3.4.18 (4)).

4.1.3.6 Identification Point Scores

As can be seen in Table 3.3.11, both the aircraft
and situation hypothcses were verified for the single pilots,
while only the aircraft hypothesis was verified for the two
man crews. Conseguently, the statistical analysis was
broken down by situation, although all aircraft within a
given situation werec pccled.

Figure 3.4.19 indicates that for all scenarios, except
situation 4, the two man crews have a higher percentage of
correct responses than do the single piiots (93 vs. 80, 96

vs, 78, 90 vs. 82 and 60 vs. 90 for situations 1, 2, 3 and 4

-
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respectively). The results of the analysis, however,

indicate that the only significant results were obtained for
aircraft +2, situation 4 (Table 3.3.12). This was the case

in which the single pilots were superior to crews in remembering
aircraft identity.

In the three situaticns where no significant crew
treatment effect was observed, the combined statistics
indicate that 84, 83 and 84 percent (situation 1, 2 and 3
respectively) of rhe aircraft call signs were correctly
identitied. In situation 4, the single pilots correctly
identified 90 percent of the aircraft while the two man
crews only identified 60 percent of the aircraft correctly.

4.1.3.7 Landing Sequence Point Scores

Trom Talle 3.3.11l, i%* can be seen that the witualion
and aircraft hypothesis ware verified fov both crew conditions.
This indicates th. recognition of landing sequence position
is neither aircraft or situation dependent.

Table 13.3.13 indicates that both the single pilots and
two man crews did an equally jgood job, statistically speak-
ing, in rzecoynizing landing sequence positions. For this
analysis, the data was pooled over ~ll situations and ail
aircraft.

The pre-analysis results of Figure 3.4.20 show that
the subjects in the crew treatment had 2 higher percentaage
of correct responses than ¢&id the single pilots (96 percent

verses B86 percent), but as indicated above, this difference

o - ——
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was not statistically significant.
The post analysis combined statistics indicate that
in the scenarios developed for this program, the pilots
(both single and crew} with the ATED and no spacing task
were able to correctly state the landing sequence 91 percent

of the time. Only 9 percent of the responses were either

incorrect or missing.

4.2 Conflict Detection

To merely accumulate information regarding surrounding
traffic elements is insufficient to attain full pilot aware-
ness (assurance). The pilot must also be able to use
this information to detect abnormal situations, especially
those that pose a potential threat to his own aircraft.

The three major treatment variables (ATC, Spacing, and
Crew) are examined in this section for their effect on
conflict detection. In addition, the effect of information
update rate and alarm algorithms on pilot reaction times
are discussed. Because of the elimination of the spacing task
in some tests, the relative position of the intruding aircraft
varied. For this reason detection prior ts the closest point
of approach (CPA) is emphasized here, not miss dis ances.

4.2.1 Air 7raffic Control Treatment

it is of interest to compare the ability of pilots to
detect aovnnormalities using twe different information sources.
The no-ATSD with party-~line communication channel treatment

is the eguivalent of today's 2ir traffic control diaplay/
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communications environment and prov.des the pilot with an
aural information gource. The ATSD with discrete communi-
caticns treatment is representative of a possible future
air traffic control display/communications environment
and provides the pilot with a visual information source.
Only one single runway conflict scenario (situation

3) was used to compare differences in the detection frequencies

. associated with each treatment. These frequencies were

compared at two points, these beirg: at, or before, the
stop-action guiz (SAQ) and at, or before, the closest point
of approach (CPA).

As stated in Chapter 2, the conflict examined here
congsisted of a heading readback error (aural cue) and a
resulting collision abeam of the subject's aircraft. At
the point of nominal impact (i.e.. the point where collision
would occur if the intrusion went undetected) the subjects'
position was on the ILS between the gate (turn on point) :
and the outer marker. Those subjects ..ing the ATSD did not
have the aural cue, but, of course, cculd monitor the
situation on the display.

AL the quiz stop point, the radio transmission contain-
ing the blunder cue had been issued and the intruding air-
craft had begqun to turn toward the ILS. The intrusion at
this point was not acute.

Only one out of ten rnon-ATSD subjects detected the

aural cue and indicated an abncormal situation on the quiz
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map, while four out of ten of the ATSD subjects detected

the intxusion at or before the stop action quiz. As can

be seen in Table 3.3.23, this difference was not statistically
significant.

The without-display simulations were not continued
past the quiz since subjects in this treatment had no further
opportunity to ascertain that a blunder had occurred. 1In
this case, the number of detections at the SAQ was considered
to be the same as at the CPA. The with-display simulations
were continued past the quiz point since subjects in this
treatment could continuously monitor the situation via the
ATSD. Only six out of the ten with-display subjects are
considered here, however, since the others all had proximity
alarms (2 mile range threshold).

Of the remaining six ATSD subjects, all detected the

intruding aircraft before it would have impacted. Table

3.3.23 suggests that this represents a significant improve-
ment over detection using the party-line communications
channel.

Table 3.3.24 indicates that the empirical probability

of detection P(D) at or before the closest point of approach is

.1 _for the present ATC system, and 1 for the possible future

system utilizing an ATSD. It should be pointed out that

conflict detection is situation dependent and different

results could be ohtained witli different scenarios. At

least to the extent that the bluider considered herc is

e e
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1 representative of typical conflict situations, the ATSD

appears to be an asset in increasing pilot awareness and {

thereby aircraft safety.

g 4.2.2 Spacing Task Treatment % '

Both spacing task treatments utilize the ATSD with a

discrete communication channel. The difference in the two

subject grcups is that one group had to perform an in-trail
spacing task while the other followed radar vectors.

It was tt-aght that the inclusion of the spacing task

\ ——

might detract from the pilots' ability to monitor the dis- f
} play for blunders. Consequently, the single pilot, no spacing

L task, no alarm data collected during the Phase Il experiments

ie compared to the single pilot, no alarm, with-spacing-
task data collected by Howell. Only parallel runway
simulations are examined.

r % According to Tables 3.3.21 and 3.3.22, the situation

% hypcthesis is verified thus indicating that, as far as

|

detecting whether or not a blunder has occurred, there is

; no difference between situations 6 and 7 for either spacing §
task treatment. Consequently, respcnses for both situations

» H are pooled in the analysis.

% All subjects in both spacing task treatments detected

the blunder intrusion in situation 6 before impact would

i have occurred. As reported by Howell, those subjecis

required to perform the spacing task, and therefore nct

require to follow the STAR, tended to displace themselves




BT I AT

-184-
well to the outside of the ILS centerline, thus increasing
the lateral separation between themselves and adjacent air-
craft roughly to current standards (around 5000 feet). The
pilots would acquire the ILS centerline at the outer marker
and proceed with the final approach. Because of this pilot
generated extra safety margin and the relatively crude
method in which detection times were measured (i.e., stop
watch and voice transmissions), it is not clear whether or
not as many detections would have been made with 2500' lateral
spacing. Table 3.3.3 in Howell's repcrt (reference 7)

indicates that at least two and possibly as many as four,

of the seven subjects would not have detected the intruder

before colligion if they had been flying the nominal STAR

course. The decreased lateral separation, however, could
possibly rave had the effect of increasing the pilot's
vigilance and decreasing detection time.

In situation 7, only four of the seven spacing task
subjects detected the crossover intrusion while all of the
eight non-spacing task subjects detected the blunder. The
with-spacing subjects were all flying the nominal STAR at
the time of conflict, but were no longer performing a spacing
task since their target aircraft had just landed.

Ag can be seen in Table 3.3.23, there is no statistical
difference betwezen spacing task treatments when situations

6 and 7 are combined. It is suggested, however, that

judgement on this matter should be postponed until more
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definitive data is obtained.

Based on results of these tests, the empirical proba-
bility of detection P(D) of with-spacing subjects for both
situations is .79, while the detection probability in the
samc circumstances for without-spacing subjects (Takle 3.3.24)
is 1. The combined treatment probability of detection is
.85.

4.2.3 Crew Treatment

The purpose of the crew treatment conflict detection
tegts is to compare the difference in the ability of single
pilots and two man crews in detecting blunders. 1In addition,
it was desired to evaluate the effect of information update
rate (either four seconds or one second) and some simple
alarme on pilot reaction time.

4.2.3.1 Detection

All the conflict scenarios were used in this analysis
{single runway: situations 3 and 4; pz=.allel runway:
situations 6 and 7). Both single runway scenarios were
run with a four second update rate, while in the parallel
runway scenarios, four single pilots were run with a one
second update rate. The remaining subjects had a four-
second update.

Table 3.3.22 indicates that there is no difference in
detections under the main treatments (crew, update rate
and alarm) due to situation for either the single runway

or parallel runway simulations. Consequently, all single
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runway and all parallel runway responses for a given treat-

o e PRI e,

K ment. have been pooled in the analysis.

In silvation 2, four of the ten single subjects de- :
tected the intrusion at or before the stop-action quiz,
while two of the five crews did the same. All subjects
(single pilots and crews, alarm and non-alarm) detected j
! the conflict before the collision would have occurred. H

Four out of ten single ; ..ots observed the blunder in i

situation 4 prior to the quiz, while cne out of five crews

did the same. All non-alarm subjects, single and crew,

detected the conflict before the collision would have occurread,

e el

while all but one alarm subject (single pilot) detected the
blunder at this point. The subject who failed to detect
the collision did so because his alarm failed to operc:e.
Consequently, this data point wes not used in the aralysis.

The analysis performed on the combined situation data
indicates chat there is no statistical difference between

_ single pilots and two man crews in performing contlict

detection on approaches with a single active runway.

All subjects (single and crew, alarm anc non-alarm)
detected the croesover intrusions in both situation €
and gituation 7. Obviously, there is no statistical difference
due to crew treatment.

When the question of detection rather than reaction
time is considered, there is no difference in either single

or parallel runway simulations due to crew or alarm treatments.

I N
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Although a difference was expected in the crew treatment
case, none was founc. This may have been due to the fact
that tde implementation of control wheel steering allowed
tie pilot to monitor the display more effectively than he
would have been able to with a conventional attitude con-
trol system {although not as effectively as with a true
autop:ilot).

4.2.3.2 Reaction Time

An elfort was made to pin down the pilot reaction time
to the parallel ruaway crossover conflicts under various
crew, alarm arid update rate treatments. Pilot reaction time
was definec to be the time delay between the start of the
crossover manuever and the initiation of the constant alti-
tude turn. 1In actuality, time delays were measured with
respect tc the time at which the emergency alarm was (or
would have been) triggered; i.e., when the Tau criteria
was violated. In the following discusesions, this time dela,
is referred to as pilot response time. The nominal collision
time is defined to be the time from blunder commencement
to the time that a collision would occur if the subject did
not perform an avoidance manuever. The parallel runway
conflict scenarios used in these experiments wexe developed
so that the nominal collision time corresponded to the
time it took the intruding aircraft to cross from his ILS
centerline to that of the subject. HNominal time to escape

is defined as the nominal collision time minus the reaction
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time in question.

4.2.3.2.1 Update Rate Treatment

The effect of information update rate cn pilot
reaction time was examined first. 1hese tests consisted
of non-alarm simulations utilizing single pilots only.

The mean response time for the situation 6 conflict
under the one second update rate condition was 6.4 seconds,
while the mean time during the same scenario under the
four second update rate condition was 7.2 seconds. The
standard deviations associated with these were 2.4 for the
one second update rate treatment and 3.5 seconds for the
four second update rate condition.

In situation 7, subjects using a one second update
rate had a mean response time of 1.9 seconds with a standard
deviation of 2.5 seconds, while the subjects using a four
second update rate had a mean response time of 0.6 seconds
with a standard deviation of 2.4 seconds.

Table 3.3.18 indicates that there was no significant
effect on response time due to information update rate,
but that the response times are situation dependent.

The combined update rate response time data for
situation 6 have a mean of 6.8 seconds and a standard
deviation or 2.7 seconds. The combined data samples for

situation 7 have a mean of 1.2 seconds and a standard devi-

ation of 2.3 seconds.
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It seems apparent that situation 6 is the more
dangerous of the two conflict scenarios in that the average
response time is longer and the time from blunder initiation
to collision is shorter. For this case, the Tau threshold
is violated 4.5 seconds after the intruding aircraft crosses
its own ILS centerline. The average pilot takes another
6.8 seconds to notice the blunder. This means that the
average pilot did not react to the conflict until 11.3
seconds after the blunder commenced. Since the nominal
collision time is 19.5 seconds, this leaves the average
pilot 8.2 seconds to perform an avoidance maneuver. Assuming
that pilot reaction times are normally distributed about
a mean value of 11.3 seconds, a delay of 14 seccnds (mean
plus one standard deviation of 2.7 seconds) would encompass
84% of the subject population. A 14 seccnd reaction leaves
only 4.5 seconds to perform the avoidance maneuver. In
practice, of course, altitude separation would be in effect
during the ILS acqguisition phase and this alleviates some
of the danger associated with the situation. Overshoot on
acquisition is also much less likely with the ATSD.

In situation 7, the combined update rate data have a
mean of 1.2 seconds and a standard deviation cf 2.3 seconds.
‘The Tau criteria in this case is violated 1G.2 seconds after

the beginning of the crossover blunder and the nominal

collision time is 24 seconds.
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It therefore takes the average pilot 1l1.4 seconds from
the time of blunder commencement to react to the situation.
This gives him 12.6 seconds to perform an escape manuever.
A delay of 13.7 seconds (mean plus one standard deviation
of 2.3 seconds) would encompass 84% of the subjects and
would allow the pilot only a 10.3 second nominal escape
time. Even with runway threshold stagger, thexe is very
little altitude separation between aircraft making closely-
spaced parallel approaches. A crosasover such as that
simulated in situation 7 requires a very quick reaction time
to assure a safe evasive maneuver.

4.2.3.2,2 Crew and Alarm Treaiments

Table 3.3.19 indicatec no significant effect due to
crew treatment, bul does indicate a significant effect dua
tc both alarm and situation treatment.

The gignificant alarm-by-situation interaction, however,
necessitated a first level breakdown analysis by situation.
The results of this analysis indicate a significant alarm
effect for situation 6 only (Table 3.3.20).

The single subject data used in this analysis is the
sare as the data used in the update rate analysis. Since
nc significant difference was found between the two update
rate conditiona, the data was pooled. Consequently, the
statistics for this treatment (single pilots without alarm)
are the same as the statistics of the combined update rate

statistics presents in the previous section.
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In situation 6, the non-alarm two man crew subjects
had a mean reaction time of 8.9 seconds and a standard
deviation of 4.9 seconds. Their mean reaction time in
situ~r:.on 7 was 3.3 seconds, while the utandard deviation
3.2 geconds.

Although Tables 3.3.19 and 3.3.20 indicate that there
is no statistical difference between single pilot and crew
reaction times, there is a fairly substantial difference
(2.1 seconds for situation 6 and 2.2 seconds for situation
7) between the means of the data for the two crew sizes.

The two man crew had the longer reaction times in both cases.

A priori it would seem reasonable to expect that with
a two man crew, detection times would be decreased. The
addition of the second pilot permits a more continuous ATSD
monitoring capability.

Judging from cockpit (Captain to First Officer) communi-
cations, the detection times are probably just as good and
possibly better than the single pilot situation. The
reaction time, however, is longer because in the simulator
crews have a tendency to make decisions by a committee
process; i.e., they discuss the situation for a few seconds
before executing the escape manusver. The fact that no
statistical difference shows up can be accounted for by the
fact that the data spread is tairly large.

The mean response time of the single pilots with alarm

was 0.6 seconds for both situation 6 and 7. The standard
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deviations for these scenarios were also equal to 0.3
seconds.

The crew condition response time with alarm was 1.2
seconds for situation 6 and 2.9 seconds for situation 7.
Since only one good data point was cobhtained for this crew
and alarm treatment in situation 6, the small sample
standard deviation estimate is infinite. The standard
deviation of the situation 7 response times is 3.3 seconds.

A significant effect due to alarm treatment is indi-
cated for situation 6. The average time delay from blunder
commencement to initiation of escape manuever (reaction
time) for alarm pilots (singles and crew) was 5.2 seconds,
while the average for ncn-alarm pilots (singles and crew)
was 11.7 seconds.

In situation 7, no significant difference was found
between alarm treatments. The average reaction time
for alarm pilots (singles and crews) was 1l.5 seconds,
while the average reaction time for non-alarm pilots was
12 seconds.

The results of the analysis of variance was used as
a guide ir pooling the data for the ensuing discussions
{see Tables 3.4.1 and 3.4.2 for combined statistics).

In situation 6, the non-zlarm subjects (singles and
crews) mean reaction time: is 11.5 seconds. Since the
nominal iwpact time ig 19.5 seconds, this leaves 8 seconds

for the average pilot or crew to perform an escape manuever,
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To encompass a one sigma distribution of pilots (i.e.,

84 percent of the population), the reaction delay time
increases to 14.8 seconds and leaves a 4.7 second ncminal
escape time.

The pilots with the emer- ;ency alarm in situation 6
had a mean reaction time of 5.2 seconds. The nominal escape
time was therefore 14.3 seconds. To encompass a one sigma
distribution of pilots increases the reaction time to 5.6
seconds. This leaves an escape time of 13.9 seconds.

The combined (singles and crews; alarm and non-alarm),
delay time referenced to blunder commencerent, for situation
7 was 11.8 seconds. This means that the average pilot had
a 12.2 second nominal escape time. To encompass a one
sigma distribution of pilots increases the reaction time
to 14.1 geconds and decreases the nominal escape time to
9.9 seconds.

4.3 Pilot Opinion Questionnaire

The purpose of the questionnaires was to get subjective
views on awarenzss, cconflict detection, conflict resolution,
and workload from the participating pilots,

In response to gquestion nunber one, most pilots indi-
cated that their overall awareness with the ATSD was excellent
(43 percent) or good (39 percent). Only 18 percant thought
that awareness was only fair while no pilots considered it

to be pocr. As can be seen in Figure 3.4.19, crew and with-
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alarm respcases tended to be more favorap™ = t:xn single
pilot or non-alarm respcnses.

In response to guestion two, most pilots thought that
awareness with the ATSD was either much better or better
(52 and 43 percent respectively) than that presently
available under 1IMC. Only five percent of the pilots thought
that AT3D-derived awareness was the same as that presently
available, while nc pilots thought thact awareness with
the display was worse or much worse than present day aware-~
ness. In this case, single pilots and non-alarm subjects
tended to give more favorable responses than did crews and
alarm subjects.

Most subjects thought that independent operations on
clczgly spaced parallel runwavs during TMC is either accepta-
ble (35 percent) or marginally acceptable (39 percent) when
the ATSD is employed (questicn three). Nine percent of the
pilots thought that operations under such conditions are
completely safe, while fifteen percent thought that they
are unacceptable. Two percent of the pilots thought that
such procedures are positively dangercus. For this question,
crews and alarm subjects tended to respond more favorably
then did single pilots and non-alarm subjects.

Most subjects had either a high (48 percent) or a
moderate (46 percent) amount of confidence in their ability
to detect crossover intrusicns on parallel runways with the

ATSD (question four). A smaller percentage had either
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extremely high confidence (4 percent) or low confidence
(2 percent) in their detection capabilities. Again, crew
and alarm subjects tended %o respond more favorawly than
did single pilots and non-alarm subjects.

Most pilots had a high (36 percent) or moderate
(44 percent) amount of confidence in their ability tc resolve
parallel runway conflicts when aided by the ATSD (cuestion five).
A fair percentage were extremely confident (13 percent) while a
smallecr percentage (9 percent) had a low confidence. Al-
though single pilots and non-alarm subjects had a higher
percentage of "Extremely High" responses than did the crew
or alarm subjects, the overall tendency was far more
favorable responses from the latter two groups of pilots.

The responses to question six indicate that nearly
all (93 percert) subjects thought that the inclusion of the
ATSD increased worklcad to a higher level. Two percent
thought that the workload was much higher, while five

percent thought that it was the same.
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CHADTER 5

SUMMARY OF RESULTS AND CUNCLUSIONS

5.1 Phase ITObjectives

The work statement for the Phase I1 effort

the primary objective is to determine if the pilot assurance

value of the ATSD and the piiut's ability to detect gross

system errors can be improved over the findings of Phase 1

by:
(1}

(3)

(4)

(5)

Conducting some simulaticn runs with ihe
inner loop spacing task deletcd from the
pilot's duties.

Using a two man crew, one for inner loop
tasks and one for management, communication,
checklist, power and configuration changes,
and conflict detection, making certain thet
the second pilot has a normal workload.

Increasing training in the use of the ATSD
and simulator over Phase I training levels
to determine if additional training and
familiarity improves the ability of the

pilot to detect conflicts.

Incorporating airborne-generated conflict
alarms into the simulation and comparing
the pilot's ability to detect blunders
with the ability of pilots not having
alarms. Prior to implementation, analyze
how and what possible airborne generated
algorithms might be used to alert the
pilot to a potential conflict.

Praviding a finer final approach scale than
was used in the Phase I simulations so as

to provide wider spacing between closely-
spraced parallel runway approach courses on
the ATSD. Determine if this increases the
pilot's ability to detect aircraft intrusions
from tre adjacent ILS.

-196-
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To vrovide a more realistic test of the pilot's
ability to detect anomalous situacions, the work state-
ment further sgecified that radar and imperfect navigation
noises be added to the aircraft appearing cn the ATSD.

All of the tasks above, except Item (5), were com-
pleted during the Phase II effort and the results are docu-
mented in this report. 1he scale expansion called for
in Item (5) was implemented, but it caused some targets to
"wrap-arcund“. This spurious effect could not be corrected
before the first subjects were tested so the expanded
scale had to be eliminated from the entire test series for
the sake of consistency.

The work statement also called for the development

of adqad ith

use with pilots wlhio liad already
been subjects to evaluate what effect increased familiarity
and added training had on their performance in detecting
blunders. 1t was found, hLowever, that practically every
measure of performance was situation dependent. If a new

set of scenarios were created for the Phase I subjects, there
was no way to guarantee that the new and old scenarios were
fully equivalent and that performance differences were

really due to additional training and not to the scenario
changes. Further, the old subjects could nct be tested on

the existing scenarios, because they had already been exposed

to the four blunder cases in that set. As a conse~:juence,
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none of the Phase I pilot subjects were used in the Phasoe T1

Twe relatively minor refinements were incorrverated in
thie Phase 11 display formaits that were not expected to affect
test results. The urit digit on ground speed was eliminated
to make it compatible with the ARTS display and incidents of
tag overlap that sometimes occurred on final approach were
corrected,

This report has compared pilct assurance under three
main experimental treatments using the definition of assurance
and the measurement techniques developed for the Phase I work.
The first comparison (ATC Treatment) was between the party-line
communicaticn environment of the present ATC system (Today's
System) and a possible future system employing the ATSD and
a discrete address communications channel. The second compari-
son (Spacing Task Effects) was between the performance of pilots
executing an in-trail spacing task and the performance of pilots
without such a task, both sets of tests using the 2TSD with dis-
crete communication. The third comparison (Crew Treatment*
Effects) was between a single pilot and a two man crew, both

sets of tests using the ATSD with discrete communications.

5.2 ATC Treatment Effects

This treatment compaved data from Phase I party line -
no ATSD tests on situations 2 and 3 (12 and 10 single pilots

respectively) against the corresponding discrete address -

w
See the first paragraph orf Cuapter 2 tor 4 discvuscodin oF
the term "treatment".
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ATSD tests in Phase 1T employing 10 single pilots. Neither
set of tests incorporéted the spacing task.

The analysis of variance of information components
revealed improvenents in pilot awareness due to the use of
the ATSD. These invrovements were statistically significant
for the data on aircrart position, spacing, and grovad speed.
A detailed breakdown by situation and aircraft sequence showed
further that the improvement was only significant for specifac
aircraft in each scenario.

The Future ATC system had fewer null responses on the
stop action quiz for the position, altitude, and ground
speed information components, but Today's ATC system had
fewer null responses for heading. The superiority of the
Future ATC system in around speead null responses was tha
only item that was statistically significant, however. The
Future ATC system was also sunerior with respect to¢ the land-
ing sequence information component. The margin of superiority
was statistically significant.

The ATSD proved to be much better in providing pilots
with conflict detection information during the single runway
blunder scenario than party-line voice. No parallel run-
way ccmpariscons wcere made Since the party-line communication
channel does not allow pilots to monitor aircraft tracking
performance along the adjacent ILS. Onlv one out ¢l the ten

sub jects detected an impending cconflict in situation 3 on
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the basis of information transmitted on the volce party-ling,

whercas all six no-alarm subiccts with the ATSD detected

the conflict prior to the point of closest approach.

One serious drawback in using radio transmissions of
rador vectors as a source of conflict information is that
the pilot has no way of confirming that the other aircraft
are actually manuevering as directed. The only way a pilot
can detect a potential conflict is if the controller generates
a command that would place anothe: aircraft in cloac rroximity
to his own craft or if the pilot of the other aircraft either
fails to respond or responds incorxrectly to a radar vector.
Whether or not a command has been executed correctly cannot

be ascertained by a pilot monitoring the party-line.

Tue ATSD un the otihier hand allows the pilct to monitor
visually the actual manuevers made by other aircraft. If
the pilot can effectively monitor and interpret the display,
then the conflict will be detected. So far, all evidence
indicates that pilots can adequately extract meaningful con-
flict detection information from the ATSD (see Table 3.3.24).
Pilot opinions of the ATSD were generally quite
favcrable. Most subjects thought that their awareness with
the display was superior to that with the party-line communi-
cations channel. In addition, a surprisingly laryge numbeyr
of pilots thought that the reduced ILS separation during

IMC parallel runway operations was acceptable with an ATSD.

-~
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There confidence in being able to detect and resolve blunders
under such eonditions with the ATSD was genevally high~to-
moderate. Nearly all piloits noted an increasec in worklnad
due to the ATSD. HAlthough not specifically asked, most
pilots indicated that they thought the increase in awareness
was worth the additional effort,

On the basis of these objective and subjective results,
it is clear that the visual presentation of traffic infor-
mation on the ALTSD is more effective than the party-line
aural presentation as a source cf pilot awareness. It is
a1lso worth noting that professional airline pilots consist-
ently derived more information from the party-line than non-
airline pilots. For this reason, the enhancement of aware-
ness by the ATSD would be more pronounced for non-airline
pilots. In a more'complex ATC environment with heavier
traffic, a greater number of communicaticns, and a more
complicated route structure, the differential in performance
between the two information sources wouid probably favor
the ATSD to an even greater degree. Under such conditions,
the ability to focus attention on selected aircraft and to
use the ATSD as an auxiliary memory to be referenced on
demand would be particularly useful.

All things considered, it is concluded that the
ATSD is superior to the party-line communication channel

as a source of information about other traffic and as a




L

Eecaiie SN came A e

N

-202-

means for detecting conflicts, hence it would be a2 nmzre
than adequate replacement for the voice party-line with
respect to pilot assurance.

5.3 Spacing Task Effects

This trcatment compared duta trom the Phase I tests
using discrete address communications and the ATSD, spacing
task included, against the corresponding Phase 11 tests
without the spacing task. Only single pilots were employed
in the treatment. The measures derived irom the stop action
quiz came from runs of situations 2 (7 pilots vs. 10 pilots)
and situation 3 (6 pilouws vs. 10 pilots), whereas the con-
flict detection measures were based on runs of situations
3 (8 pilots vg. 6 pilots), 6 (7 pilots vs. 8 »nilots), and
7 (7 pilots vs. 8 pilots). Subjects assisted by a computer -
§Cawrated 2larm, of course. could not be included in this
comparison.

Virtually no difference in the estimation of infor-
mation comporents due to the spacing task was detected.

Only with respect to the heading component was there a
statistically significant effcct overall, the without-
spacing-task subjects excelling the with-spacing-task subjects.
in breaking down the data by situaticn and aircraft seguence,
however, only the spacing component for the -1 aircraft

in situation 2 shows a significant difference. The difference

favors the no-spacing-task subjects. There is a statistically
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signiticant driference in the heading conponent for the +1 {
arrcraft o1 situation 3, but the difference itscelf 1s tou
small to be ot practical consequence.

The spacing task did not influence the eostimation ot
landing seguence in a statistically signilficant way,
although the without~-spacing subject: generally outperformed
the with-spacing subjects on this componaznt. The percentayge
of null responsas, however, did reflect a difference between
the two spacing task treatments as well as a difference by ;
aircraft in the way that with-task pilots responded.  The 4
without-spucing-task subjoects usually Lad o omaller percentaygce

of missing resvonses than the with-spacing task subjects

for the +2 and -1 aircraft, while havinyg a larger percentage

than the witii-task subjects for the +1 ailrcratt. This is

2 3 ]
with respect to the +1 aircrait, hence devote more attention
to it. As a censeguence, the null responses on aircraft
K

: +1 by the with-spacing cubjects werc few vhile the +2 and
-1 aircraft gencrally had a substantially larger percentage
of null responses.

In breaking the null response data down by information
component and airvcraft sequence, it was found that the null
response differences were statistically significant for the
altitude component (aircraft -1) and the ground spced com-

. i ponent (aircraft +2 and -1). The results in all threc cazes
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favoer the without spacing subectes,

The dato frem hice conflict sttnoccons (1, ¢ and

1

7Y show that the Phase T with-spaclng subjects failed to
detoect 6 contlicts out of a rotal of 27 eyposures, whereas
the without-spacing subjects detected all 20 of the contlicts
they werve oxposed te. This Jdilference, howevolr, could also
be due to the facl that the without-spacing subjects received
intensive training in contlict detection prior to testing

and the with-spacing pilots in I'hase T had no contlict
experience whatsoeve:r in their training program., With the
present experimental data, therefore, it is only possibic

to say that the combiination of more intensive corftlict
troining and the eliminatien of the spacing task imvbroves
contlict detection performance.

The spacipg task indirectly guaranteed that the
subject's aircraft and the intruding arrcratt would have a
very specific kinematic relationship at the time the in-
trusions becowe acute. Withent the sgpacing tesk. how~ Lo,
there was considerable voriation in the relative position
of the subject's aircratt and the intruding aircraft. As
a consequence, it was not possible to use the actual misy
distonce during a conflict as a measure c¢f periormance and
the puint ot closest approach was not even recorded in the

tusts because the data would heve been meaningless. "2

gencral, subjects had no difficulty executing safe evasive
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rmaneuvers in the less acute situations 2 and 4, but in

the crossover cascs on the closely-spaced parallel run-
ways (situations 6 and 7), an immediate and flawless pilot
reacticn is barely adequate to evade conflict regavdless
Of the test conditions.

The inclusion of the spacing task allows a more
efficient and higher capacity terminal areaoperation. It
permits aircraft separation to be decreased under Instrument
Metecrological Conditions (IMC) to approach smacings employed
undcc Visaal Meteorological Conditions (VMC) anl also reduces
pPilot-controller cocmmunications. It does, however, detract
from the pilot's ability to monitor the ATSD for information

not associated with the +1 aircraft.

5.4 Crew Trestient Effects

Ir the evalvation of information components under
the crew treatment, only the sinjle xunway date collected

in Phase 1I was utilized. These tests employed the ATSD

e e e e b+ s e
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and a discrete address communication mode. There was no
in-trail specing task. Ten single pilots and five ¢r ws
made up the subject popuiation.

Mo significant difference between single pilots and
two-man crews in estimating information components was ob-
served. In all cases, however, the crews had a smaller
percentage of null responses. In the breakdown of null
response data by information compconent, the better perform-
ance of the crew was statistically significant with respect
to the altitude and ground speed components. The size of
the crew was significant in estimating the aircratt identi-
fication component of only the +2 aircraft of situation 4
and was not significant in estimating any of the landing
sequence components.

Included in the crew treatment evaluation was a
comparison of the effectiveness of alarms in aiding the pilot
in blunder detection. The alarms consisted of a two mile
proximity alert, employed in bhoth single and parallel runway
scenarios, and an emergency alarm based on a Tau criteria
which was used on parallel runway simulations cnly. Tau was
computed by dividing lateral distance to the adjacent ILS by
lateral rate. The twou mile alert indicated the prescnce of
another aircraft within a two nautical mile radius of the
gubject. Fenetration of this range cavs~d a gonq to ring

and the target symbol to blink. The emeigency audible alarm
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was triggered whenever an aircraft on the adjacent ILS
violated a Tau threshold set at 28 seconds.

Also included in the crew treatment evaluation was
a comparison of the effect of information update period

(either four seconds or one second) on conflict detection
capabilities. The four second period is representative of
information update associated with the ARTS III system and
is determined by the scan rate of the surveillance radars.
The one second update period is expected to be available
with the electronic scan antennas being conside:ed for the
discrete address beacon system (DABS).

The detection of conflicts prior to the point
of closest approach occurred in 100% of the Phase II expo-
sures, hence it is not possible to draw statistically signi-
ficant conclusions vith respect to the value of the second
crew member, the alarms, or the faster update rate using
cnly the detec 1 performance data. The reaction time
measuremenrts, however, did provide some useful clues.

The human reaction time in a conflict would normally
consist of both controller and pilot delays, but in these
.experiments only the pilot was in the decision makina loop.
The pilot reaction time consists of three delay times;

detection time, decision time, and response time. Detection

time is defined as the time delay between blunder commencement

and detection by the pilot. The decision delay time is defined

-
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tc be the time reqguired to decide upon an appropriate escape

manuever. The pilot response time is defined to be the

time it takes the pilot to initiate the chosen manuever and

is caused primarily by the pilot's neuromuscular dynamics.

Pilot reaction time is, therefore, the time between the

commencement of the blunder and the initiation of the evasive

manuever.

In the simulations conducted in Phase II, a standard

escape manuever was specified. Decision time was, therefore,

not a major factor. In reality, there would be a number of

alternative escape routes and the pilot would have to choose

among then.

For with-alarm subjects, detection time is determined

by the alarm threshold. Since no decision time delay is

involved, the remaining delay can be attributed to pilot

responsgse time,

In the non-alarm case, the measured delay times include

both the detection and response times. An estimate of the

detection times of these subjects can be made by assuming
that their response tim:' are the same as those of the alarm

subijects.

In the Phase 1 crossover tests, the time for the in-

truder to fly from ILS centerline to ILS centerline was 24

seconds. This results from a continuous turn with a bank angle

of 18.7° at 130 knots. Single pilots were used in these

e s
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tests and no computer-generated alarm was employed. Only 4
out of 7 of the subjects detected the intrusion.

In the Phase II crossover tests run by Melanson,
the 18,7° bank angle was retained and five separate test
conditions were evaluated:

l. Single pilot, alarm, 4 second update (4 subjects)

2. Single pilot, no alarm, 4 second update (4 subjects)

3. Single pilot, no alérm, 1 second update {4 subjects)

4. Crew, alarm, 4 second update (2 crews)

5. Crew, no alarm, 4 second update (2 crews)
All of these subjects detected the conflict, even without the
benefit of an alarm. Two factors could be responsible for
the better performance shown by Melanson's pilots. First,
they were given extensive training in conflict detection,

whereas the Phase I subjects had no conflict experience prior

tc their test runs. Secondly, the spacing task was eliminated

in the Pliagse II experiments, i.e., the Phase II pilots did
not have to establish and maintain a specified spacing with
respect to the aircraft ahead. This reduced their workload
and allowed them to monitor the ATSD more diligently for
conflicts.

The irajectories of the intruding aircraft and own-
ship for the Phase I and Phase II crossover with critical
stagger are shown in Fig. 5.4.1. Both aircraft have a ground

speed of 1390 knots. The intruder has a bank angle of 18.7°
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and ownship's evasive maneuver is a turn to the right with
a 30° bank angle. When a crossover alarm was employed in
Phase II, it went off 8 seconds after the start of the
intrusion or 16 seconds before impact would occur on the |
adjacent ILS centerline. The pilot reaction time, defined i
as the time delay between the sounding of the alarm and

the initiation of the subject's lateral escape maneuver, |
averaged 3.6 seconds for four single pilots and two crews.

In addition, the 707 has a relatively slow roll rate and

5 seconds are required to establish a bank angle of 30°.
Lateral offset is being developed while ownship is banking,
however. The combined effects of pilot reaction time and
limited roll rate are approximated in Fig. 5.4.1 by a fixed

6 second delay bketween the souvnding of the alarm and the
initiation of the circular escape trajectory. The miss
distance for the flight path shown is 600 feet. Had any of
the subjects turned left instead of right, the miss distance
would have been only 440 feet. Thus, the pilots in the

Phase II crossover test had a reasonable chance of devel-
oping a "safe" miss distance even when the intrusion occurred
at the critical point, i.e., the stagger at which a collision
would take place on the ILS centerline if no evasive manuever
were attempted. Since the spacing task was eliminated in

the Phase II tegts the dispersion of ownship position

about the critical point at the start of the intrusion was

great and several pilots achieved even greater miss distances
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than that illustrated in Fig. 5.4.1. As a consequence,
many subjects on the opinion questionnaire rated independent
operation with closelyv-spaced runways as acceptable using
the ATSD. For example, 60% of the pilots had "high" confi-
dence in being able to detect potential conflicts during
closely~spaced varallel IFR operations using the ATSD with
an alarm. Fifty percent had "high" confidence that they
could resolve conflicts successfully under these conditicns.
Seventy percent rated the safety associated with closely-
spaced IFR operations using the ATSD with an a.arm as either
completely safe or acceptable.

These results are misleading, however, because the
crossover maneuver erployed on the Phase II subjects was
by no means a worst case. The intruding aircraft had a
bank angle of only 18.7°, whereas bank angles in excess c¢f
45° would be possible without stalling. The crossover time
decreases with increased speed, hence a higher final-approach
speed than 130 knots would represent a more realistic worst
case. Finally, the alarm threshold in the Phase II tests
corresponds to an 1 of 28, 1 being defined as the intiuding
aircraft's lateral distance to the adjacent localizer divigded
by its lateral rate. Normal ILS tracking would frequently
generate lower values of 1 than this, hence a 1 of 28 must
be regarded as impractical because it would cause at high

false alarm rate.
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Consequently, at the end of the Phase II progranm,
it was felt that a definitive answer to the question, "Under
what conditions would independent operations or cloase-spaced
parallel runways be acceptable to pilots?" was still lacking.
Granted that a crossover would be a rare event, it was felt
that pilots would accept closely-spaced parallels if they
had a reasonable chance of detecting and evading a true
worst case intrusion.

Pilot reaction times were measured under all the crew,
alarm and update rate treatments in parallel runway situations
6 and 7 (Table 3.2.6). The statistical rerfults indicate
that the effect on reaction time due to update rate was
not significant, but that the emergeancy alarm had a signi-
ficant effect with both single pilots and crews on the
reaction time for situation 6. Reaction times were found
to be situation dependent for both update rate and alarm
treatments.

The emergency aiarm appreciably cut down the pilot
reaction time in situation 6 (ILS acquisition overshoot),
but offered no i1mprovement for situation 7 (ILS crossover).
The conclusion to be drawn from this is that the pilot's
ability to monitor the ATSD coupled with his own internal
detection ﬁhreshold was equivalent in performance on the
average to the automatic Tau alarm for situation 7, but was

infericr to the automatic alarm for situation 6. The blunder
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in situation 7 is easier for the pilot to detect because
of the abrupt course change,

The equivalence noted in gituation 7 is, of course,
true only for the Tau threshold (28) employed in these
tests. The selection of a higher threshold wouid probably
cause a statistical difference in this case as well.

No statistical difference in reaction time due to
crew treatment was detected for either situation. The
two man crews did, however, tend to react slower than did
the single pilots. This was caused by a tendency for crews
to discuss the situation briefly before acting. This,
therefore, is an area where more work needs to be docne
in refining procedures and training crews.

Although clear, statistically significant differences
between the performance of crews and single pilots were
lacking, it is worth noting that the crews generally rated
the ATSD higher on the opinion questionnaire than the
single pilots. This probably reflects the lower workload
that the ATSD imposed on the crew since the inner-loop
and outer-loop tasks were split between the two pilots in-
stead of being handled by one man.

5.5. Final Comment

With the contemplated implementation of discrete address

communication channels and the initiation of independent

operations on parallel runways spaced closer than 5000 feet,

M
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it would appear that consideration should be given to
developing a means for providing pilots with assurance
(peace of mind) that ATC operations are running smoothly
and safely. With present terminal area surveillance and
monitoring procedures, independent operations under IMC are
conducted with parallel runways separations down to 5,000
feet. It appears that improved surveillance will permit
separations down to 3,500 feet while the desired ultimate
objective is 2,500 feet. Providing a pilot with a means
of cross-checking the operations of the ATC system and the
performance of other pilots appears to be one method of
enhancing safety and generating pilot acceptance of closer
parallel runway operations. The ATSD is one practical
mechanism for providing the pilot with an easy-to-use

real-time picture of the ATC situation around him.
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APPENDIX*

STATISTICAL ANALYSIS PROCEDURES EMPLOYED IN STUDY

A.l Analysis of Variance

The arithmetic mean or average of a set of N measure-

ments having the values Xi is given by

Ms —e (1)

The mean square of the data points about this average
value is called the variance of the distxibution. It is
given by

N
2
E(Xi M)

2 i=1
=

g - —— (2)

The cperation of summing squares about a mean value
occurs repeatedly in the analysis of variance. A more con-

venient formula for performing this operation is the following:

N
2
- N N (3> x))
S omw?_ S8 _mmt 3
i1 in1 N ‘
N N N
2 o PRACEIEA
from which s = Z%— - =R B W (4)

=

*Contributed by Mark E. Connelly
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In general, u sct of data points is a sample fiu
a very much larger set of data pcints which represent the
entire population being evalvated. The use of sanples
introduces random errors which could be eliminated if we had
the patience and resources to test the entire population.
This is seldom possible in practice. The techniques of
statistical analysis have been developed to enable us to
make judgements with reasonable assurance on the basis ot
data contaminated by errors due to a finite sample, the
presence of experimental factors other than those we are
trying to evaluate, measurement errors, variations in the
subjects or experimental material, and variations in the
ambient conditions under which the experimeut is conducted.

Specifically, the analysis ot varian

[}

e technique breaks up
the total sum of squares about the grand average of all
data points into two or more component parts. In the simplest

case, there are only two components, a between-groups sum

of squares, which measures the variation of the group means

around the over-all mean, and a within-groups sum of squares,

which measures the variation of the data within each of the
groups around the respective group means. Each cf these
component sums of squares is divided by an appropriate degree

of freedom index to yield two independent estimates of the

population variance. The ratio of these two estimates is

called the F-ratio. 1f there is no significant differenca

between the two groups of data, the value of F, on the average,
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il ke 1.00. However, if the group means diffor signifi-
cantly from each cther because of the effect of the eaperi-
mental variable, the between-groups variance will be greatex
than the within-groups variance and F will be considerably
larger than 1.00. sStandard tables of the F distribution
enable us to determine the probability that a given value

of F could have occurred by chance. In this study, an
experimental treatment is considered statistically signifi-
cant il the corresponding F-ratio has less than a 5% proba-
bility of occcurring by chance.

To i1llustrate the technique, a step~by-step expla-
nation of the threc-way analysis of variance employed in
this report will be presented. Heyond that, a more detal.ea
discussicn of the theory and practice of analysis of vari-
ance may be found in References 8, 10, 11, 12, 13 and 14.

As our illustrative exanple, we will repeat the three
way analysis of variance shown in Table 3.3.3 and find F-
ratios fcr the spacing error information component. The
main effects are crew, situation, and aircraft seguence.

The data for the analysis is derived frow Table 3.2.2 ard
is restated in Table A.1 in a form more convenient for
computation. In genecating Table A.1 from Table 3.2.2,
Eguation (1) is used to find ;xi values and Equation (4)
is used teo find the §,X§ values. The number of sanples in

each category (N) is obtained by subtracting the numper of
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null responses from the number of subjects. The individual
sub jects contributing to each category have been pooled in

Table A.1

A between-groups sum of gquaregs is obtained by replacing

each item by its own group average and taking the sum of squares

about the grand average of all groups. For example, suppose

we have three groups of data X, Y, and Z consisting of Nl' N

2l
and N, samples respectively.

X average =

Y average =

Ny
12121
Z average = g— =M, (7)
3
Ny n§ N,
X, +5Y, + 52
121 1 md 121 i

. (8)
Rl 4-112 + Na

grand average =

(]

Replacing each item by its own group average and taking the

sum of squares about the grand average, we have
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Between Group Sum of Squares
R
“Nlmi-znlurﬂé) +N2(b£§—2mzur+b§) +N3(M§-2M3MT+M§.)
=mllq+uzu7‘:+n39§) -mrm1M1+N2u2+N3n3) +p€ml+nz+n3) (9)

but from Equations S5, €, 7 and 8

N N N ‘

R
NM M, M, = {.Ll.x + ?,’ Y, + 1’xlzi = M) + B, + N,) (10)
hence

Between Group Sum of Squares

= (8 + MG ¢ NN - Moy + N, + Ny

N N

3
(g-lx ) +(121Y ) z1 lex i ley * 12121) (11)
Nl N2 N3 Nl + N2 + N3

Equation (11) applies strictly to the three data group case,
but it illustrates the standard form for computing the between -
group sum of squares. In the general case, the sum of all
items in each group is squared and divided by the number of
samples in that group. These values are added together and

the correction factor subtracted from the sum. The correction
factor, which occurs repeatedly in an analysis, is the square
of the sum of all items in all groups divided by the total

number of samples. In our illustrative analysis, the correction
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factor is given by

. (41.1)2
correction factor = —_I%E"_ = 10.24

The F~ratios for the main effects and for first order
and second order interactions are obtained from six tables

derived from Table A.l as follows:

Table A.2

(Cbtained from A.l by summing ZXi values over Aircraft)

Single Crew
Pilot
Situation #1 2.6 -7.5
27 samples 15 samples
Situation #2 11.8 6.4
25 samples 12 samples
Situation #3 -33.3 =27
27 samples 15 samples
Situation #4 62 26.1
30 samples 14 samples
Table A.3

(Obtained from A.l1 by summing ZX1 values over Situations)

Single Crew
Pilot

Adrcraft +2 20 -9.1
36 samples 19 samples

Aircraft +1 21.7 8.8
38 samples 19 samples

Aircraft -1 1.4 -1.7
35 gamples 19 sanples

V-




FUN—————— L DL Rt

(Obtained from A.l1 by summing 2

=223

Table A.¢

xl values over crew sizes)

Situation | Situation Situation Situation

2 L P 43 4

+====: 1%=r—’ — — |

Aircraft +2 12 4.7 -14.3 8.5
13 samples | 13 samples | 14 samples | 15 samples

Aircraft +1 19 -.8 - 7.7 20
15 samples | 13 samples | 14 samples | 15 samples

Aircraft -1 -35.9 14.3 -38.3 59.6
14 samples | 11 samples | 14 samples | 14 samples

Table A.S

(Obtaired from A.2 by summing over situations)

Single Crew
Pilot
43.1 -2.0
109 samples 56 samples
Table A.6

Grand Total 41.1
165 samples

(Obtained from A.3 by swmming over crew sizes)

Afircraft
+2

10.9
55 samples

Alrcraft

57 samples

Aircraft

+1 -1 Grand
Total 41.1
30.5 -0.3

53 sampies

165 samwples
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Table A.7

(Obtained from A.4 by summing over aircraft)

Situation Situation Situation Situation
#1 §2 3 4
|
-4.9 18.2 50.3 88.1
42 samples 37 samples 42 samples 44 samples

Grand Total 41.1
165 camples

With this background and the data presented in Tables
A.l through A.7, we can now calculate the sum of squares and
degrees of freedom associated with the crew effect(C), che
aircraft effect (A), and the situation effect (S5), as well

ag tne C x A, Cx S, Ax 5, and C x A x S interactions.

Crew Effect

Divide the square of each entry in Table A.S Ly the
number of samples contributing to the entry, and subtract the

correction factor from the sun of +hese terms.

(43.1)% |, 27
Crew Effect Sum of Squares = —15&___ t g - 10.24 = 6.87

Since there are two lewvels of “he crew factor, there is
one degree of freedom associated with this sum of squares.
The corresponding variance estimatc is the sum of squares

diviued Ly the degrees of freedom.

Variance Lstimats = §f§1-= 6.87

- - gy T —
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Aircraft Effect

Divide the square of each entry in Table A.6 by the
number of samples contributing to the entry, and subtract

the correction factor from the sum of these terms.

10.9% , (20.5%, (0.»%

Aircraft Effect Sum of Squares = 5 %7 53

- 10.24 = 8.24

There are three levels of the aircraft factor, hence there
are two degrees of freedom.

variance Estimate = i;—’-— = 4.12

Situation Effect

Divide the square of each entry in Table A.7 by the
number of samples contributing to the entry, and subtract the
correction factor from the sum of these terms.

Situation Sum of Squares

2 2 2 2
= (-4.9) . (18.2) + =60.3) (88.1)° _ 10.24 = 262.2€
42 37 42 44
There are three degrees of freedom corresponding to the four
levels of the situation factor.

Variance Estimate = 262.26 = B87.4

3

Crew X Aircraft Interaction

Divide the squares of each entry in Table A.3 by the
number of samples contributing to the entry. From the sum

of these terms subtract the sum of squares calculated for

the crew effect, the sum of squares calculated for the aircraft
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effect, and the correction factor.

C x A Sum of Squares

P 2 2 2 2 2
(20) (21.7) + (1.4)" , (-9.1) + (8.8) (=1.7)
36 38 35 19 19 18

- 6.87 - 8.24 - 10.24 = 6.8
The crew effect had one degree of freedom and the aircraft
effect had two degrees of freedom, therefore the C x A

-~

interaction has 1 x 2 = 2 degrees of freedom

= 3.4

Variance Estimate = ﬁ;ﬁ_

Crew x Situation Interaction

Divide the square of each entry in Table A.2 by the
nurber cfsamples contributing to the entry. Frcm the sum
of these terms subtract the sum of squares calculated for
the crew effect, the sum of squares calculated for the

situation effect, and the correction factor.

C x § Sum of Squares

2 2 2 2 2 2
J2.e?, me? 33.1? 6?1592, (6.0
27 25 27 30 15 12
2 2
s 2210, (26.1)0 o og9 - 262.26 - 10.24 = .07
15 24

The crew effect had one degree of freedom and the situation
effect had three degrees of freedom, hence the C x S inter-

action has 1 x 3 = 3 degrees of freedom.

Variance Estimate = 4%1— = .02

.
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Aircraft x Situation Interaction

Divide the square of each entry in Table A.4 by
the number of samples contributing to the entry. From the
sum of these terms, subtract the sum of squares calculated
for the aircraft effect, the sum of squares calculated for

the gituation effect, and the correction factor.

A x S Sum of Squares

2 2 2 2 2 2
a2’ a9t -35.9° 4.1, -.8° | (4.3
13 15 14 13 13 11
2 2 2 2 2
L 21 n? L c3snf L (8.5)% | (200° | (59.6)
4 14 15 15 14

- 8.24 - 262.26 - 10.24 = 275.6

The aircraft effect had two degrees of freedom and the
situation effect had three degrees of freedom, therefore

the A x S interaction has 2 x 3 = 6 degrees of freedom.

Variance Estimate =

275.6_ . 45.9

Crew x Aircraft x Situation Interaction

Divide the square of each 3X; entry in Table A.l
by the number of samples contributing to the entry (N).
From the sum of these terms, subtract the sums of squares
calculated for the crew effect, the aircraft effect, the
gsituation effect, the C x A interaction, the T x S inter-

action, the A x $§ interaction, and the correction factor.
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C x A x S Sum of Squares

2 2 2
a2) , Q4" , L N9:6) _ ¢ g7 - 8,24 - 262.26
8 10 4

- 6.8 - ,07 - 275.6 - 10.24 = 8.77

The degrees of freedom are 1 x 2 x 3 = 6

Variance Estimate = 8‘37 = 1.46

Total Sum of Squares and Residuals

The total sum of squares of all data points about
the grand mean, from Equation (3), is given by the sum of

all in entries in Table A.] minus the correction factor.

Total Sum cf Sguares

= 4309 + 29-6 + 81-1 + e e o0 + 17305 = 1002‘ = 1321.6

Since Table A.l represents 165 data points, the total degrees

of freedom will be 164. To get the residual sum of squares,

we substract from the total sum of squares the sums of
aquares calculated for crew, airc.aft, situation, C x A

interaction, C x § interaction, A x S interaction, and the C x A x S
interaction.

Residual Sum of Squares

= 1321.6 - 6.87 - 8.24 -262.26 - 6.8 - .07 - 275.6 - 8.77 = 753

The residual degrees of freedom are found by subtracting

the sum of the degrees of freedom of all the main effects

and the interactions from the total degrees of freedom.

\ —
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Residual Degrees of Freedom
= 164 - 1-2-3-2+-3-6-6 =141

Residual Variance Egtimate = %%% = 5_34

On the basis of the calculations made thus far, we can form

the final Table of Analysis of Variance.

Table 7.8
Sum Degrees Significant
of of Variance at
Ef fect Freedom | Estimate F-Ratio L S% Level
Crew 6.87 1 6.87 1.33 No
Main .
Factors Aircraft B.24 2 {4.12 — _
Situation | 262.26 3 87.4 ___ .
A XS 275.6 6 45.9 8.86 Yes
Inter- Cxs .07 3 .02 .00 No
actions
C xA 6.8 2 3.4 .66 No
CxXAXxS 8.77 6 1.46 .27 No
Experi-
mental Residual 753 141 5.34
Error

The statistical significance of the F-ratio for
the C x A x S interaction must be tested first. 1If this
second order interaction is significant, it is not valid
to test any of the first order interactions (C x A, C x S,

or A x S) againat the residual.
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The F-ratio for the C x A x S interaction is calculated
by dividing the C x A x S variance estimate by the residual
variance estimate.

F-Ratio for € x A x S Interaction = %L%% = ,27

Consulting a standard F-distribution table and entering the
table at the appropriate degrees of freedom for the numerator
and denominator (6:141), we find that an F value of at least
2.18 is needed to reach the 5% level, i.e., the sum of squares
had more than a 5% probability of occurring by chance. The
C x A x S interaction, therefore, is not statistically signi-
ficant.

Since the C x A x S interaction is not significant,
we can lump the C x A x S sum of squares and degrees of
freedom with the corresponding residual values to get a
slightly more accurate eatimate of the residual variance.

From Table A.3, we have

Revised Residual Sum of Squares = 753 + 8.77 = 761.8

Revised Residual Degrees of Freedom = 141 + 6 = 147

Revised Residual Variance Estimate = l%%;ﬁ = 5,18

The revised variance is used in the calculation of P-ratios

for the first order interactions C x A, C x S, and A x S.

Each F~ratio is obtained by dividing the corresponding inter-

action variance estimate by the residual variance estimate.
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The results are indicated in Table A.8. As one might ex-
pect from the non-parallel plots in Fig. 3.4.13, the A x §
interaction is highly significant, hence it is not valid
to test either the aircraft or situation main effects
against the residual. To evaluate these effects, it is
necessary to break down the analysis of variance into four
separate analyses for each of the four situations. The
results of this breakdown are given in Table 3.3.5. They
show that aircraft sequence is significant in estimating
spacing in situations 1, 3, ard 4, but that crew size is
not significant in any of the situations.

Since neither the C x A or ¢ x S interaction was

significant in Table A.8, the crew main effect can be tested

againgst the revised residual. The resultant F-ratio (1l.33)
is not gignificant. The numbers presented in Table A.8
differ slightly from those in Table 3.3.3 because the latter
were derived from raw experimental data whereas the former

were derived from the means and standard deviations given

in Table 3.2.2. Note that these small differences did not

affect the final conclusions since the analysis of variance

et o o S i Y 1 g, 7 O 7 A

is relatively insensitive to minor perturbations in the

input data.

A.2 Chi-Square Tests !

The x2 (chi-square) test tells uc whether the observed

frequency of some event differs significantly from the frequency
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which might be expected according to some assumed hypolhesis.
Corrcsponding to cach freguency predicted by the hypothesisg

(E for expected), there will be an ecxperimentally obsecrved
frequency (O for observed). If there are N items in the
contingency table, the index X2 is calculated by the following

sum ¢f terms.
N
XS =y 23 (12)

Naturally, if the observed frequency equals the expected

frequency in every case, the value of X2 is zero and the

hypothesis is upheld. For finite values of Xz, tables of
the X2 distribution give us the probability that the ob-

served frequencies occurred by chance even though the

hypothesis is actually true. To vee these tables, one must

(2]

also calculate the degrees of freedom associeted with the

X2 value. The degrees of freedom are equal tc the number of
entries in the contingency table whose frequency may be
assigned arbitrarily. If the contingency table has r rows
and p columns, the degrees of freedom are (r-1) (p-1).

We will illustrate the x2 test by using it to determine
if the crew treatment had a significant effect on null re-
sponsas. A null response is a missing data point, i.e¢., an
estimate of aircraft position, altitude, ground speed, or
heading that a subject faiied to record on his stop-action

quiz. The raw data for this test (Table A.9) was derived

4 AA;L- ke -
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from the null response data in Tables 3.2.1, 3.2.3, 23.2.4, ,

and 3.2.5. ‘
We first test the hypothesis that there is no differ-

ence in the freqpency of null responses due to sgituations ‘

(all aircraft pooled). This is really eight separate é

x2 tests based on data for the four information components '

and the two crew sizes. The observed and expected nuil

——

frequencies and response frequencies are given in Table A.10.

o

The method of calculating expected values can be explained

in terms of the single »>ilot position null entries.

T g—— -

Since there are a total of 8 pcsition nulls with
single pilots, one would expect, in view of the situation
hypothesgis, that each of the four situations would have 2
T position nulls. A total of 30 position responses are

possible in each of the four situations, so if the expected

} number of null responses is 2, the expected number of re-
| sponses must be 28,

iu Similarly, the 24 altitude nulls yield an expected

P value of 6 nulls for each of the four situations and an

expected 24 altitude responses. This relatively simple

. e e a s o caaD tas _OR ot e T T SIS

(]

L method of calculating the expected number of nulls and

} responses cannot be used on the crew data, however, because

‘ 4 crews were tested in Situation 2 and 5 crews were tested i

: in Situations 1, 3, and 4. Por each informztion component,

\ a total of 57 replies was possible, 15 from Situation 1,
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12 from Situation 2, 15 from Situation 3, and 15 from
Situation 4. Since the crews produced only one position

null overall, the expected number of position nulls (E)

ir each situation is given by:
Situations #1,3,4 E = gy 15 = .26
Situation 2 E=rgy 12 = .21

A total number of 15 position responses waa possible in
Situations 1, 3, and 4, hence the expected nurber of responses

is 15 minus .26 or 14.74. Only 12 position responses were

v A

possible in Situation 2, 80 *ne expected number of responses
is 12 minus .21 or 11.79. The expected number of nulle and
responses for the other crew information components is

computed in a similar fashion and the results are given in

Table A.10.

Using the observed and expected frequencies in Table

A.10, we now compute eight separate x2 values corresponding

to the eight combinations of crew size and information
components. To illustrate the procedure, the x2 value for

single-pilot position null data is obtained from Egq. 12 as

Up————

follows:

2 2 2
xz(single pilot, position nulls) = iégl) + (322) + (022)

2 2 2
- , (27-28)° | (27-28)° | (30-28)

28 28 28
= 3.21

e e+

[ —
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TABLE A.i0

NJILL KESPOMSE DATA TO TEST SITUATION BYPOTHESIS
(AIRCRAFT POOLED)

Crew Information Situation | Situation | Situa%ion | Situation
Sice Componant 1 #2 LX) [
Position Wulls ] 3 2 3 1]
z 2 2 2 2
Pcaition Responses ] 27 28 27 Rl
4 28 28 2e 20
Altitude ulls 0 9 4 7 4
4 [ 6 6 6
Altitude Respnnscs V] 21 26 23 26
|3 24 24 24 2
Sirgle == = =
Pilot | Ground Speed Mulls 0 10 4 s s
B 6 6 6 6
Ground Speoed Raespotices | 0 20 26 25 25
*Fi a4 24 24 24
F =
Heading Mulls 0 10 12 10 10
B 10.5 10.5 10.5 10.S
Beading Rasporses ] 20 19 20 20
3 19.5 13.5 19.5 19.95
Position Wulls [} ] 0 0 1
B .26 .21 .26 .26
eition Mesponses [+ 15 12 15 14
14.74 11.79 14.74 14.74
: =
Altituds Wulls 0 1 1 0 [
B .53 .42 .53 .33
Crew
Altituds BResponses 0 14 11 15 15
14.47 11.58 14.47 14.47
. —_— *
Ground §peed Wulls 0 1 [} 1 (s}
) § .53 .42 .53 .$3
Ground Spaed Reopamses| O 14 12 14 1s
14.47 11.%8 14.47 14.47
Boading Bulls o 4 4 3 5
B 4.21 3.3? 4.232 4.2)
Reading Responses ] 11 S 12 10
B 10.79 8.623 10.79 10.79
Totel Nulls [ 38 27 29 25
4 30.25 28.24 30.25 30.25
Total Pasponass [+] 142 141 152 15%
R 149.75 139.76 149.75 149.75

—

o

e
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Entering the x2 table for 3 degrees of freedom, we find

that the distvibution of position replies had a 25-50%

© o oy~

probability of occurring by chance, i.e., the situation
hypothesis for this null component is upheld. The situation ‘ |

hypothesis is likewise upheld for tr~ other seven information . !

components as shown in Tabie 3.3.16 (a). ‘7

In actual practice, the x2 test cannot be safely '8
applied if the expected frequency in any cell is less than
S. Because of this, all the d¢ta in Table A.l10 should be

pooled and the X2 test applied to the totals in each column i k'

as follows. : N

W2 o (38-30.25)%  (27-28.200% | (29-30.25)2 _ (25-30.25)2 ; }
; 30.25 28.24 30.25 30.25 ’ ’

(142-149.75)% | (141-139.76)% | (151-149.75)°
g 149.75 139.76 149.75

§ , (155-149.75)% _
; 149.75

3.61

i With 3 degrees of freedom, the probability that the null
: response distribution was due to chance is between 25 and
i 50%, so the situation hypothesis is upheld by the pooled

data also.

In the same fashion, the hypothesis that there are -

no differences in null respongses due to aircraft sequence

: 13 upheld as zhown in Table 3.3.16 (b). Since both the

situvation z.a aircraft hypotheses appear to be true, the

o, v
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data from all situations and all aircraft can be pooled
) 2 in testing the hypothesis of most interest, namely, that
the number of null responses is not affected by crew size. ‘
Table A.ll presents the data needed for this test.

. In Table A.ll, Yates' correction has been applied to :

the observed values. This is an empirical adjustment that ‘
compensates for the fact that the continucus xz distribution
is being used for a binomial type of problem which is, in \
fact, discontinuous. The Yates correction decreases by .5 d
. those observed values in the table which exceed the expected %
| value and increase by .5 those observed values which are ?
less than the expc~ted value. From Eq. 12, the x2 value ’
for each infermation compcnent can be computed individually
or all the information components can be pooled and a x?
index computed from the totals. To illustrate the general

2

procedure once again, the X calculation for the position

null response data is presented below in detail:

2 2 2
Xz(position nullg) = (7.5-6.10)" (1.5-2.9) + (112.5-113.9)
6.10 2.9 113.9

. , (55.5-54.1)2
54.1

= 1.05

Degrees of Freedom = 1

.25 < P < ,50 Crew hypothesis is upheld by position data !

4
~
y
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Table A.1l1l

Null Response Data to Test Crew Hyrothesis
(Situations and Aircraft Pooled)

Information Single
Components Pilot Crew
gm p—n % — ———
Position Nulls 0 8 -.5=175 1+.5=1.5
E 6.10 2.90
Pogition Responses ¢ |112 + .5 = 112.5 56 - .5 = 55.5
E 113.9 54.1
| ———— e
Altitude Nulls 0 24 ~ .5 = 23.5 2+ .5=2.,5
E 17.63 8.37
Altitude Responses 0 9% + .5 = 96.5 55 - .5 = 54.5
E 102.37 48.63
Ground Speed Nulls 0 24 - .5 = 23.5 2+ .,5=2.5
E 17.63 8.37
Ground Speed Responses| 0 96 + .5 = 96.5 55 - .5 = 54.5
E 102.37 48.63
Heading Nulls 0 42 - .5 = 41.5 16 + .5 = 16.5
= 39.32 18.68
Heading Responses 0 78 + .5 = 78.5 4) - .5 = 40.5
E 80.68 38.32
Total Nulls o] 98 - .5 = 97.5 21 + .5 =2].5

80.68

38.32

Total Responses

mo | m

382 + .5 = 382.5
399.32

207 - .5 = 206.5
189.68

A, g o P

e
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In like manner, we can calculate X2 for the other information

components tc obtain: '

Xz (altitude and ground speed nulls) = 7.12 :

.005 < P < .01 Crew hypothesis rejected by altitude and i
ground speed data

x2 (heading nulls) = .56

.25 < P < .50 Crew hypothesis upheld by heading data i

We can also pool all ‘he information components and calculate ﬂ

xz from the totals in each column of Table A.ll with the

!
?
results below:

x? (pooled data) = 13.09

P < .00S5

crew hypothasis rejected by pooled information component data

The rejection of the crew hypothesis, of course,
imples that crew size does have a significant effect on null
- responses in the stop action quiz. 1In this case, the two-

man crew has fewer null responses than the single pilet and

the adi€fersnce is statistically significant.
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