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CHAPTER I

INTRODUCTION

1. 1 Executive SunMary

The Airborne Tratfic Situation Display (ATSD), as the

name implies, is a concept for providing Advanced Radar

Traffic Control System (ARTS) information in the cockpit,

processed to place the equipped aircraft at the center of

a heading-up display. Other aircraft are displayed with

ident4.fication/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 Force one-year effort and the FAA two-year Phase

1 and II 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 Oetails on various aspects of the ATSD evalu-

ation program.

The objectives of the U.S. Air Force effort were to

develop an ATSD-equip[ed flight simulator corresponding to

the Boeing 707 jet transport, and use it to investigate the

effects of an ATSD on sdfety, efficiency and capacity in

the third generation ARTS Air Traltic Control (ATC) system

environment and to optitalze the display configuration and

operational procedures by conducting basic tracking, ATC

procedural, ard spj.n;uII tests. A digital computer was used

-15-
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to solve the equations of motion of the subject aircraft,

simulate movement of other aircraft in Boston's Logan

International Airport terminal area, operate the ATSD and

two sets of flight instrument displays. and process the

experimental data on-line.

The objectives of the FAA Ph.ase I continuing evalu-

ation of the ATSO were to complete the optimization of the

display configuration, to evaluate its use in a discrete

address communication environment and in enhancing safety

by enabling pilots to nnitor traffic and participate more

actively in normal and abnormal terminal area ATC operation.:,

including 2.500 toot closely spaced independent, parallel

ruwuway operati.na. in addition, the evaluation was to be

structured so as to ietermine whether the anticipated in-

crease in pilot dssurance, 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 t]. FAA Phase II ATSD evaluation

were to determine if the "pilot assurance" value of the

ATSD and the pilot's ability to detect qgois iystent errors

could be improved over the findings in Phase i by:

S Deleting the pilot's unfamiliar "inner loop"
spacing task.
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* Malzing the simulation more realistic by adding
a second crew member.

* Providing a finer scale on the A'SD for the closely
spaced phase of approaches.

* Increasing pilot simulator and ATSD familiarization
and adding conflict detection training.

* Providing computer-generated alarms of potential
conflicts.

In addition, the effect on pilot assurance and his ability

to detect gross errors was to be determined when "radar and

imperfect navigation noise" is added to other aircraft

appearing on the ATSD.

The more importan)t 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 maintaining 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 communication link.
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4. The ATSD is a vzluable aid to the pilot in flying

in the terminal area ani results in increased assurance

because he is continually oriented during extensive radar

vectoring and because 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 toot spaced parallel approaches.

6. Nearly all pilots noted an increase in workload

due to tha ATSD, but a large majority of those questioned

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

workload.

Fzcm the above, one can d'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 -nd, therefore, the simulation program should

be cortinued 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 2ongitudizal ktpdcations

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 is not the
limiting factor.

°"
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* Explore combining digitized weather radar in-
formation on the display to improve the pilot's
ability to navigate arournd severe weather.

Readers desi'i- more detailed information w41l 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 I1 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. A postulated complete

ATSD system is described in section 1.P. 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!

!--king for more information on the Phase 1 and IT results ar.d

on the conclusions that are presented in this first section.

Unlesb the reader has read earlier reports on the ATSD, it is

recommended that he read Chapter 2 before studying Chapter 5.

1.2 Background
Tne basic idea of presenting an onboard pictorial

display of traffic information is not new. TI'is was intro-
1

duced as early as 1946 by RCA in their TELERAN program. In

1963, the FAA conducted simulations using a cockpit display

(Sluka, 1963),2 and more re':.ntly in 1966, an effort to

provide televised radar picture , for pilots was tested
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in the Boston area uncr -ie direction ot the FAA. These

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 e1aough 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

ccmputerized radar tracking systems in the terminal areas

and computer generated displays now overcomes this previous

drawback with symbolic aid alphanumeric presentation of

traffic information in an appropriate format.

One approach 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 devisedr 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 information would be received by all aircraft equipped

with an ATSD and or.board processirg would be performed to

present a symbolic representation with either a north-up

or heading-up display format.

=2
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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 of on-cwnpus research groups cons Lstinq of the

Electronic Systems Laboratory, the Flight Transporation

Laboratory, and the Man-Vehicle Laboratory to evaluate

the potential usefulness 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 of 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 jet transport. An Adage AGT-30 digital computer was

interfaced with the cockpit and used to solve the equations

of motion of the subject aircraft, simulate the movement

of other aircraft in the terminal area, create the ATSD

and two fliqht instrument displays, and process experimental

data on-line.

Tests were run on the simulation facility tc evaluate

the operational value of the ATSD in a realistic environment,

modelc7 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 evaluation of the concept was completed

by Imrich5 in 1971 with initital indications that the ATSD

coul- increase spacing accuracy and decrease response time

in emergency conditions. In addition,the ATSD extended

the senses of the pilot to permit nearly Visual Meteorological

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 Aniderson 6 examined the

effect cf differenL display formats on pilots scan workload

and abl -i- to fol l'o otbLe 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-nonth 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 modes were cmployed: paiLy-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 oL the degree of difficulty the pilots experienced

in acquiring relevant information about the situation was

also regardc as a compunent 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 discrete address data links replace current ATC

party-line comnurnications. 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 resultz of the Phdje i ettort.

An extension of this work, designated as Phase II,

has investigated the effects of adding a second crew member,

providing computer-generated alarms of potential conflicts,

pilot training in conflict detection, and using one .;econd

instead of four second position updates. In addition, the

in-trail spacing task was eliminated in the Phase 1I test

series and irregularities added to target motion to make

the scenarios more realistic. Only the discrete address

communicati ,as mode with an ATSD were employed in these

tests. A side-task measure of crew perceptual workload

was also included in supporting experiments. Twenty-four

professional pilots participated in the Phase II tests.
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1.3 Sum'ary Of Phase I Work

This section is based ox: and supplements the back-

groLud given in section 1.2.

Whether or not the pilots can maintain separations

with an ATSD depends largely on the type and quality of

information that thc pilots have about their position

relative to navigation route seqments and fixes and othec

aircraft. To evaluate the information transicr, Howell

7
(1972) in Phase I undertook a set of simulation studies

to determine the type of information that the pilot has

with respect to his navigation and traffic situation within

the terminal area. The informatioa the pilot has about

his own aircraft and those surrounding him would seem to

be ot 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 Communications

Each factor has two levels. A combination of one level from

each factor is called a treatment and all four factorial

combinations uare considered. The combination of no ATSD

and party-line communications corresponded to the present
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day air traffic controL systum and provided a convenient.

baseline for comparison, Purposs. No display, discrete

address commancls corie_!sponded to the case where the pilot

received only the con-uiands directed towards his aircraft and

none of the other commands were heard. This will be the

situation that is presently envisaged with the Discrete

Address Beacon System (DABS). Traffic digplay, discrete

address commands corre3ponded to the situation wh:cre a

display is added to a discrete address com.munication system,

whereas traffic display, party-line communications corresponded

to the inforimation situation that would exist if the traffic

display were added to the present day air traffic conotol

The original request of the spon3oring 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 would 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 assu2-,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 consist

of the following elements;

r

L-



I. The pilot's knowl, dqo ot his curleint positioz,
with spepct to the air route St ructule.

2. The I ilut'.- knuwlcdju_ ot the pcnitioii of other
aircratt around him.

3. The pilot's ability to predict the evolution
of the traffic situation in the shct term
(erapccially the evolution of abnormal situations)

4. The pilot's ability to chooae appropriate escape
maneuverzi should ai emergency occur.

The Phase 1 s3imulations, then, were desiqned to

evaluate these facets ot awareners under t-ie fou, display/

commun.:catioiis conditions described above.

An analysis of this data indicated c'n increased

information transfer when the ATSD was empioyed, but also

showed that a highcr workload level on the part of the pilot

was required. In addition, a siqnificant, although riot

entirely satisfactory, increase in the ability to detect

conflicts was ohserved.

The results from these testL were confuunded by the

fact that, when the ATSD was used, the pilot was also re-

quired to perform a spacing task, tlhat is, to follow the

preceeding aircraft in trail by a sreciied d.'stance.

The inclusion of this task was thought to distort the

information transfer for the ATSD modes with both discrete

and party-line co.nmunications by increasing the pilot's

workload. More specifically, the spacing task was thought
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%-o 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

performing the functions that wo-ild normally 'at least in

the air carrie-. case) be performed by a two or three man

craw. For this reason tle pilot's ability to monitor the

ATSD for traffic awareness and conflict detection functions

was bel. ed to bc less effective than would be possible

%ith a more realistic crew situation because th- overall

workload imposed on the pilot was considerably increased.

1.4 Scope of the Phase II Work

Thi.s work is a direct extension of the work done in

Phase I. Near-terminal area simulations were conducted to

mea!,uye pilot awareness using both single pilot and two man

crew simulations. Greater emphasis in Phase II was placed

on conflict detection measurements particularly during

independent operations 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

awarenets with variations in five major factors:

(1) alarm vs. no alarm

(2) one second update vs. four second update
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(3) spacing ta.k vs. no spacing task

(4) one-man crew vs. two-man crew

(5) today's ATC syster,, (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 i. not a factorial

experiment in that all possible combinations of factor levels

were net considered. The differences in information transfer

and conflict detection are examined only for those treatments

of practical interest.

The spacinq task comparison consists of either including

or excluding the in-trail spacing task. Only discrete

comnmunicatiojn wL ani ATDwa iilJLze n a It -

The two flight crew options contidered 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 parallel runways.

However, the effect of a proximity alert and emergency alarm
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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 solicited at the conclusion of the

experiments via a questionnaire. The responses to specific

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

report.

1.5 Phase I and II Conclusion Highlights

Conclusions are stated somewhat differently in this

section than in the Executive Sumnary in order to expand

on the Executive conclusions by associating supporting

conclusions with primary conclusions. These Phase I and

i1 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

his aircraft more accurately behind the preceding aircraft

at the outer marker than a controller can who is sequencing

and spacing a number of aircraft. In addition, delegating

the spacing task to the pilot reduces pilot-controller

communications.

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 does 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 do 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 evaluating 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. In this report, one chance
in twenty (5%) 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 difftirences in the results from two treatments,
but still not be able tc classify the differences 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 consequence. To assist those readers
who have no baciground in statistical analysis, a short
explanation of the techniques used in this report is presented
as an Appendix.

r4
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a. Crossover Tau (range divided by range rate)

alarms reduce conflict detection times in some, but

not all, conflicts.

b. The 28 second Tau alarm used in the closely-

spaced parallel runway cases did provide a marginal

degree of safety for the 180 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 false

alarms.

c. The reaction time of crews to a conflict

situation tended to b: umewhat longer than that of

single pilots, both with and without alarms. The alarm

reduced reaction times in Situation 6 (ILS acquisition

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 i' Phase II. These

cases used both single pilots and crews, alarms and no

alarms, and singl.e 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 pilots with-

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

more intensive training in conflict detection given

to Melanson's Phase II 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 II cases, it is not

possible to draw statistically significant conclusions

with respect to the value of the alarm, the sec ond

crew member, or the target position update rate.

3. The Airborne Traffic Situation Display (ATSD)

with discrete addressed voice communications is superior to

today's party-line voice communications as a source of

information about other traffic. Hence, it would be 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 quiz (target position,

spacing, altitude, heading, and ground speed) depends

on the situation (scenario), on the sequence of

a particular target relative to ownship, and on the

information component being measured.

A. Many pilots were of the opinion that closely spaced

parallel runway independent c;erations might be acceptable

with the ATSD.

A1
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5. Pilot opinion of the ATSD was generally favorable.

Awareness with the display was superior to that achieved

with the voice party line. Their confidence in being able

to detect and resolve blunderi with it was high, but nearly

all pilots noted an increase in workload due to the ATSD.

This subjective workload opinion was verified by the results

of the perceptua' side task tests.

6. Crews 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 quiz and rated

the ATSD higher in the opnion questionnaire.

1.6 Display Format

IIThe ATSD was presented in the cockpit on a cathode

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 II
was 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 view of

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

craft) are shown as small circles with dots at the centers.

II
, l I I I : i I I I : " lI I I I I I I I I II
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Each element. was trailed by three tracer dots that mnarked

the past positions of that aircraft 12, 24, and 36 seconds

previously. Associated with each traffic element was the

NAS/ARTS data block shoying aircraft identification, altitude

in hindreds of feet, and ground speed in knots. The own-ship

data tag had only a ground speed r"-.dout. Also displayed

on the CRT were navigation stations, route structure, and

ground features. This information provided the pilot with

a pictorial di3play 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 man information by adjustir.g tha vulwtoe 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. rely

eliminate identification, altitude, ground speed, and the

tracer dots associated with the other aircraft. These display
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controls allowed the pilot to minimize clutter and to have

high resolution in the areas of close aircraft spacing.

1.7 Simulation Facility

The basic component of the simulation facility is

a fixed-base cockpit simulator that uses three cathode ray

tubes to produce the ATSD and the primary flight instruments

for both the pilot and first offl-er. The basic cockpit was

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 a 16K core memory and a two

microsecond cycle time was used to simulate the aircraft

dynamics and perform calculations 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 instrummnt package is patterned

after the Collins FD-109 integrated flight system, but does

not have the flight direct^r fulctions. The flight control

system simulates control wheel steering, an attitude rate

ca--tnd system that is avail.bls on th nowr, widw=body

Jets. This not only provides a uniform flying workload

while maintaining or changing altitudes, but it is felt

that the attitude control task with control wheal steering



-37-

.0

CL

0

an



wl
-38-

in a fixed-base simulator (no motion cues) is comparable

to that with conventional controls in a moving-base simulator

(with motion cues).

The experiments were conducted with a simulated air

traffic controller in an adjacent room. Communications

between 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

scenarios were stored sequentially on ?. tape recorder and

played back, as required, in response to the controller

commands.

The cockpit, contruiiuL display, com-putcr, and

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 NAB/ARTS based cockpit

Traffic Situation Display is shown in Figure' 1.8.1.

Primary and beacon surveillance radars provide basic

data t the computrs in the air route traffic control centers

and approach control centers. 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 this basic data could be broadcast

on a common radio frequency to aircraft within the facility

control area to provide the data base for the ATSD. Trans-

mission could be via a VHF digital data link. Studies indicate

thac the data required to service ".00 aircraft in a terminal

environment could be handled 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 infozmation, ground speed, and grouncd weather radar

contours (if desired) every four seconds. This data rate

can be acco.odated in a 25 KHz VF 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 the ATSD computer would

be.

1. Aircraft heading fiom the directional gyro
would be used to orient the display to heading
lip.

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

A study would be required to determine if background

map data, which would not change frequently, could be eco-

no.ically carried in storage on board the aircraft.

a.i
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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.

I



CHAPTFR 2

EXPERIMENTAL METHOD

The Phase II set of experiments were designed to

compare the abilities of single pilots and flight crews in

monitorinq the AT'SD for traffic information and conflict

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 frot these tests aas compared to

portions of the data gathered in Phase I to eliminate some

of the confounding of variables caused by the spacing task.

Fur this reason, there are really two experiments

end, therefore, two experimental plans being discussed here.

The experimental plan used in Phase I is recorded in Howell's

7report 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 Dcvclopment

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-
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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 fror 1 thru 7.

Each data run began with a formal clearance which

included a weather summary read 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 commandE intermittently directing the pre-programmed tar-

gets. The commands were timed to fit the pre-proqrammed

trajectories, and were sequenced by referring to a stop-

* watch. Responses from the program targets were played back

from a tape-recorder, while the dialogue with the subject-

pilot was, of course, liv.

Four of the seven scenarios (numbers one thru four)

consisted of merging streams of traffic to a single active

runway, while the remaining three consisted of Independent

approaches to closely spaced parallel runways. The runway

centerline separation was 2600 feet.* Except for one blunder

situation (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

has about ether 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

reasonable amount of information had been presented to the

pilot and the traffic density was approaching maximum, the

simulation was halted without warning. A given situation

was always halted at the same point for all subjects.

Presentations on all CRTs were blanked. The pilot or crew

was then required to complete the quiz on a map shown in i
Figure 2.2,1. Subjects were asked to supply the following

information about each aircraft in the traffic situation:

position, identification, landing sequence number, 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 2.2.5 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 responses were graded for

accuracy and completeness. Errors in subject estimates of

information components were recorded. Those components which
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TRAFFIC POSITION MAP

CASE
Subject Number

Acton

NORTH

0 1 2 3 4 5 6 7 8,,I I I I I ! I I J

Scale. nautical miles

1. Positions
2. Identification
3. Sequence
4. Heading
5. Altitude Touchdown6. Ground Speed Middle Markeroon
7. Attitude

Outer Marker

Normal

An a Whitman

Complete OC"* Ques lonnairo and announce that you are ramdy to continue

Fig. 2.2.1 Map used In Stop Action Quiz

.1
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TRAFFIC POSITION MAP
C..AE FAA I

Subject Number 2

Acton

NORTH

1 0 1 2 3 4 5 6 7 8 rI,,,,I

Scole. nautical miles

I. PositlorA
2. Identiflcation
3. Sequncwe
4. Heoding Touchdown Bosta-
5. Altitude Middle Marker
6. Ground Speed
7. Attitude #1 EA 477, 15 130

/ HOG 035'0

7 0. " O --;Ir M arker

p EA440
19 160

IDG 0350

20 160
0 HOG 0350

TW 144
20 200

Normal HOG 0900

Abnormal
Whitman

Complele *Cc** Questionnalre" wd announce that you ore ready to continue

Fig. 2.2.6 Typical Completed Stop Action Quiz 5heet for Situation I

A
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could be graded on a right or wrong basis (i.e. identification,

and landing sequence) 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 to 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

question. Thus both positive and negative errors were possi-

ble. Those cases where it was obvious that the subiect's

estimate for a qiven aircraft had it originating from the

wrong holding fix, were scored as gross errors. Missing

entries were recorded as null responses.

Spacing error was measured to determine the pilot's

accuracy in estimating the other aircraft positions with

respect to his owrL craft. It was computed in the same manner

as the other information components.

2.3 Conflict Detection

Four of the seven traffic situations culminated with

intrusions by other aircraft in the subject's airspace. Each

intrusion was 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 quiz. The subjects were required to specify on the

quiz whether or not the traffic situation was normal. After
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the stop-action quiz, the simulation was continued until the

point of closest approach (CPA) to the intruding aircratt

had been reached. It 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 quiz and the simulations were not continued.

Two of the conflict scenarios occurred during single iunway

approach situations, while the other two blunders occurred

during independent operations on closely spaced parallel.

runways.

One of the single runway approach 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 F.Lgure 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 intrusion for this

situation.

The parallel runwa-- conflicts were both essentially

ILS crossover blunders. The first conflict had the intruding

aircraft overshooting his ILS and acquiring the subject's

ILS (situation 6). At the time of this blunder, the subject
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was in the process of acquiring 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 subject was busy flying

the final approach glide path and preparing to land. The

ATSD presentations at points of acute intrusion for these

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: .i from when the emergency alarm threshold was vio-

lated (whether or not the alarm actually sounded) until the

beginning of the aileron deflection for the emergency escape

manuever.

2.4 Alarms

In some cases, aural and visual alarms were used to

warn the subjects of the close 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 violated a

two mile separation criteria. It consisted of a low-keyed

momentary aural signal accompanied 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 altitude criteria was

used for this alert because the experimental plan 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 not neces-

sarily constitute a dire threat. It merely informed the

pilot that there was ai -her 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 simulations.

The signal consisted of an attention-demanding bell alarm.

It was 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 measurement

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 was

required to initiate a standard emergency manuever.

2.5 Emergency Procedure

A standard emergency procedure was designated for

parallel runway operations. It consisted of the following
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two steps:

1) level off

2) perform a thirty degree banked turn at constant

altitude away from the intruding aircraft.* 4

When the emergency alarm was employed, the subjects were I
required to initiate the manuever as soon as the alarm was

tripped. In those cases where the alarm was not used, the

subjects 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 deviations

was complicated by a natural ILS track wander and radar

noise associated with the flight pathe of the adjacent

traffic elements.

The lateral constant-altitude minuever was chosen as

a standard because of its ability to generate the greatest

track deviation in the shortest period of time. I 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

escape route. In addition, it provided an easily obtainable

source of pilot reaction time measurements.

*A 300 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.

-I



2.6 Subjects

All subjects used in both tests conducted by Howell

and the results reported here were professional air carrier

pilots, military pilots or comnerical pilots with an instru-

ment rating. Most of the participating pilots had an air

transport rating.

Twenty pilots participated in the Phase I experiments

and 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 temaining 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 addition, one

other crew flew the parallel runway scenarios only. All

the Phase I experiments were flown with single pilots. None

of the Phase I subjects were used in Phase II.

2.7 Training

A three hour training session was used for both groups

of pilots. Those pilots in the Phase I 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. If any pilot felt that he needed more training,

that opportunity was made available to him.
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Since the pilots participating in the Phase II 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

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.

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-action 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-

gram were trained with these devices.

2.8 Flight Crew Task Allocation

During two man flight crew simulations, cockpit task

responsibility was divided between the Captain and First

Officer. For the most part, the division of duties corre-

sponded to typical air carrier procedures. That is, the

Captain was responsible for the inner loop control tasks of

actually flying the aircraft, while the First Officer was

responsible for handling communications, setting communication

I7
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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.

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 would operate the range selection

and information deletion controls. He also kept the Captain

informed of pertinent traffic information (distance,

altitude and ground speed of the nearest traffic elements).

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

generally engrossed in the inner loop control tasks.

2.9 Experimental Plan

2.9.1 InformAtion Components

Information transfer aspects of pilot awareness were

measured by pilot estimates of information components of

the surrounding traffic elements as measured by the stop-

action quiz. 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 tests. The four situations were pre-

sented in random order to these pilots. The independent

variables in this experiment were crew treatment along with

situation (scenario) treatment and alarm treatment, The

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 or 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. All twelve single pilots and five of the

crews participated in. these tests.

Of the single pilots participating, 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

update vite while 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 I
plan is shown in Table 2.9.1.

The independent experimental variables here were crew

*(one or two), alarm or no alarm, update period (. or 4 seconds)

and situation treatments. The dependent variables were

detection and pilot reaction times (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 single

pilots and 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 II

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 aldrm). 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 employeQ in this report is present in the appendix.

Iii addition t- testing for crew treatment effects, a

primarly aim of this analysis is to incorporate the data taken

durin i the Phase I 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 9pacing task on pilot awareness. Howell's data

concerning the present cay air traffic control system (no

ATSD and party-line communications) is compared to data from

the Phase Iltests taken in a discrete address communications

environment with an ATSD. Neither 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 during the Phase

Ilexperiments using the same display-conununication combination,

but without the spacing task.

The analysis of these two major treatments employing

two different data sources is based on two assumptions.

1. All. subjcL pilutt 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 II pilots, all of whom had the

same training program, the above training assumption does

not have to be emrployed. The homogeneity oi the subject

pilot population must, however, be assumed to validify the

r analysis.

°'1



Tne statistic:al model used to analyze all three major

treatments (air traffic control systems, spacing task, and

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

replications.

This chapter concerns itself with the analysis of the

data and a sumary of statistical parameters. A discussion

of the analytical results is included in the following chapters.

3.1 Analytical Design

3.1.1 Air Traffic Control Treatment

Only two of the four single runway scenari-s were used

in this analysis. One of these scenarios was a normal

situation (situation 2) while the other was the heading read-

back blunder (situation 3). No ptrallal runway reults wa'e

compared since no equivalent data had been collected by

Howell.

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 and

bl1 -ndcr situations.

The air traffic control system treatment along with

situation number and aircraft sequence number were the

independent variables. The information component estimates

and the number of conflict detections ware the dependent vwriables.

doom"
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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 xinway simulations were

ircluded in the conflict detection evaluation.

3.1.2.1 Information Components

With the spacing task, seven pilots participated in the

normal situation (2) while eight pilots participated in the

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

particpated in both situations. The stop-action quiz was

administered during both scenarios.

The spacing task trea&LunL as well au Oth bituation and

aircraft sequence were the independent variables while the

information component estimates were the dependent variables.

3.1.2.2 Conflict Detection

As previously mentioned, eight and ten subjects flew the

single runway blunder simulations with and withcit 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

situation 5, seven pilots 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) of conflicts.

3.1.3 Crew Treatment

The crew treatment analytical plan uses only Phase

II data and follows the experimental plan presented in Tahle

2.9.1.

3.2 Fre-Analysis Data Summary

3.2.1 Information Components

A statistical summary (number of data points, mean,

standard deviation, % gross errors, % null responses) for

information con-ponent estimates of the data taken during

the Phase II set of experiments ace presented in Tables

3.2.1 thru 3.2.5. The data is pooled in accordance with the

crew treatment. Position, sparing, altitude, ground speed

and heading error information compoinents are included.

Summaries 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 "0" while
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the aircraft just ahead and behind in the sequence are

designated "+I" and "-I" respectively. The aircraft two

slots ahead and behind are designated "+2" and "-2"

respectively, 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 value 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 definitions are used.

TODAY'S SYSTEM = No ATSD awd party-line coutL~u-i-
cations (Howell's data)

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

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

NO SPACING TASh = ATSD, discrete communications,
no spacing task (Phase ii data:
single pilots only)

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

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

3.2.2 Conflict r _tection

The reaction time statistics under the crew treatment

during the parallel runway simulcttions ie summarized in
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Table 3.2.6. Reaction time was defined as the time delay

between the beginning of the intruding aircraft's blunder

and the initiatiation of the subject's lateral escape

flzanue ve r.

:.3 Analysisv

3.3.1 Information Components

Throughout all of the analysis in this chapter, it

is assod that the replicatio. s in any given treatment

represent independent jstimaces of the parameter being measured.

A three way factorial analysis of varianceg9 was performed

on each information error c=ponent for all major treatment

variables. The main expernme-m.ei effects tested were the

major treatment variables (a.LT traffic control, spac:iny

task or crew treatmen-:,, situation treatment, and aircraft

sequence treatment (-2, -- l,etc.). First and second order interactions

were tested. If an interaction involving only two main effects

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

breakdown analysisof 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 w-re encountered, then a second

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

r 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.

Statiatical 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

eequence) and the null responses. No 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

8to test a situation and an aircraft null hypothesis . 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 responses) due to aircraft sequence
(all situations pooled).

If, 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 TREATKENT: RESULTS OP THREF WAY ANA.YSIS OF 'I.'ARANCE
FOR INFORMATION COMPONENTS

Main Effect$ Firqt Order In',ezactionu Second Order

Information _ _,_InteractIons

A'ZC x
Component ATC SITUATION AIV.FAPI ATC x ATC x S1TUATIUtV SITUATION

SEQU1ENCE SITUATION AIRCRAFT x AIR.RAP- x AIRCRAFT
_ SEQrENC. SFOUENCE _ SEQUENC

F 4.5 5.4 3.6 2.5 0.3 2.5 2.7
Position U F" 3:13C 1:134 .:1:13 4 1:1 34 3:134

-i7G. | 5G. N.S. N.S. ra.S. N.S. 5S.G.

18.8 0.8 1.7 2.] 5.9 -0
Spacing ID.. 1:97'] 1:97 2:97 1:97 2:97 2:97 2:95

1I . N.5. N.S. SIG. N.S. S11G, N.S.

F i.7 0.6 i1.5 3.4 3.2 11.5 2.7
Altitudo D.F. j1h82 1:62 2:82 1:82 2:82 2:R7

Z N.. I JG. N.S. SIG. C N.S.

Ground F 15:5 0.6 4.6 4.3 8.9 2.0 4.7
Speed D.F. 1:77 1:77 2:77 1:77 2,77 1:71 2:77

SIG N.S. SIG. SIG. SIG. N.S. SIG.

.F 37 2.1 .1.7 10I.6 9.7 11.3 0.7
Heading D.F. 1.74 j : 2:74 1:74 -74 2:74 2:74

N.S. H .S. SIG. SIG. 51G. sic. N.,S.

P E P RATIO

UP - M:Z56 Or REE"

N.S. N r" STATISTICALLY SIGNIFICANT (p>. 05)

SIG. -- ST. ISTICALLYd rGNIFICANT (p-r. 05)

r
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TABLE 3.3.2

SPACING TASK !;JTMENT.! RESULTS OF THP.RE WAY ANALYSIS OF VARIANCE
FOR INFORMATION CtqPOEN. S

olain Effeets First Order Interactions z-acond Order
InfoXNation __Interact ions

SPACING SITUI SP'ACING X
Components SPACING SIlUAT-'UO AIFCH fR SPACING A X AI4CRkFMTX AIR 'AFT SITUATION X

TAtSK sKQLWNc . SITUATION SEQUENCE SFQtr"CE A Id RCRFT

1 0.5 3.0 7.6 2.1 1.4 1.2 0
POSITION DF. 1:116 1:116 3 116 I:109 3:1C9 3:109 3:106

N.S. U.S. SIC. H.S. N.S. NS. N.S.

S 0 11.5 1.0 0 6.0 11 1 0

SPAIN D.P. 1:75 1:75 2:75 1:75 2:6S 2:;5 P;73
ND. . S.S. N.S. SIG. SIG. N.S.

P. 0.! 0.3 5.5 0.1 0.5 4.5 0.7

ALT TUD D F. 1:65 5 265 1:65 2:65 2:65 2:63
U.S. N.S. SIG. H.S. M.S. SIG . U.S.

;PEF - D.P. 1:65 1:65 2:65 1:65 2. 2:5 2:63H .S. SIG. ,, N.S. H.S. SIG. N.S-

F 6.5 23.9 32.4 7.0 3.2 53.S 0
IZADING D.F. 1:61 1:61 2:61 1;61 2:61 2:61 2:59

SIG. SIG. SIG. SIG. SIG. SIG. M.S.

I. I T= RATIO

D,.F -- DEsE OP E REEDOiM

5 .. m NlOT STATISTICALLY SIGNIFICANT (p>. 5)

Sj(, "-.STATIsTricALY E5INiICANT (pt. o5)

iI
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TABLE 3.3.3

CREW TREAT ET: RESULTS OF THME 'JAY ANALYSIS Cf VARIAC
FOR INFORM4ATION4 COMctKNTS

MAIN t"FECI FIRST ORDER INTERA'PCIONS SECQG0D ORDER
I iforuation IINERACTIO1S

CILW x
Co,,:po:ent CREW S)TAT1IO AIRCRAFT CREW X CREWX S TUATIOV SIIJATION

SEQUENCE siTuA.i ON AIRCRAFT X AIRCRA l) k AIRCRAFT
- - . .SEQE SEQUEEQUENCE_ 4  SEg.

r 2 .l 1.7 11.5 0.2 0.6 0.8 0.5
POSTION fD.P. 1:217 3,217 3;217 3;202 3t202 9:202 9:193

N . H.S. :iG. H.S. H.S. N.$. N.5.

F 1.5 19.6 1.0 ~ O0.7 10.2 0.3
SPACING .F. 1: 14 3,147 2:147 2:147 6:14"1 6:141

N.S. SIG. N.S. N.S. N.S. SIG. N.S.

ie  
0.1 2 0.2 0.k ; 23.3 0.5

ALTITUD h J.F. 1:133 3:13- 2:133 3;133 2:133 6!133 6:127
S N.S. N.S, H.S. N.S. H.S. SIG. H.S.

G404JND r 0.4 2.7 0.1 0.6 0.1 1.5 0.3

SPEED D.F. 1:144 3:44 2:144 3t144 3:)44 6:144 6:127
N.S. SIG N.S. H.S. N.S. H.S. NS.

F 2-6 22.6 21.1 1.5 z0 32.7 0.3
HEADING D F. 1100 3:100 3:100 3:100 2:100 6:100 6: .4

N S. SIG, SIG. J N.S. N.S. SIG. N.S.

- Ir RATIO

D3r. B pwrgzs OF 7P l(zlm

N.$. E .:,r STATISTIC.ALLY s$OudIFICAhT (p.0S)

51G. - STATISTICA.LLY SIGIFICAMT (p-r. 05)
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TAeLE 3.3.4

SPACING TASK TREATMKET I: "SLTS OF FIRST LEVEL 8REAKD)OWN (BY SITUAT.
ANALYSIS Oe VARIANCE FOR INFORMATION COMPkONENTS

SITUATION 2 SITUATION 3

InformaLion I
F'ain Effects First Order Main Effects First Order

Com.ponents I t o. interaction

SPACING AIRCRAFT SPACING X SPACING AIRCRAFT SPACING X
TASK 5EQUENCE A I RC-,AFT TASK SEQUENCE AIRCRAFT

SEQUCNC_ SECUENCE

F C.2 5.6 0.7 0 6.9 0.1
ALTITUDE D.F. 1:37 2:;3 2:35 1:30 2.30 2:28

., SIG. N.S. N.S. SIG. N.S.

GPfDUND F 0.6 2.6 0.6 0 4.4 5.2
SPEED L.F. 1.37 2:37 2:35 1:28 2:23 2:28

NIS. N S. N.S. N.S. SIG. SIG.

F H F RATIO

D.F. 7 DEGREES CF FRLEDOM

N.S. -C)T STATISTICALLY SIGNIFICAhT (p>,0-)

SiG Sq'TISTICALLY SIGNIFICANT (P<. 05
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TABLE 3.3.b

ATC TREATM Z-: PESULTS OF ANALYSIS OF VARIANCE FOR INCR4A7IOR N C mN r4E

I ST'UATION 2 sITTION 3
1INFORMATION

C(i4PO>0NE N I AC A/C ACf A/C A/C A /C

+2 *1 -1 0 +2 +1* 0/
/. -__ t ... ___

F 11.8 4.7 0.3 2.6 0.2 0 40.6 0.6
POsITION {D.F. 1119 1 :19 1:13 F I:19 1:15 J1:15. 1 :1~ 1:18

N.S. SIc. N.S. N.S. N.S. N. SIG. N.5.

F 5.4 12.1 1.4 0.4

SPEACING D.0 11 1:13 1:93 1:1
10 .. N.S.

N.S. E v. TAITIAL SIGIFC N .O SIG. NSTAISIAS

. - ... . 7 ,.-.... ,__ 2. o ""1 0. 2' *' 4I "5," ] ..
HEADIN D.F. 1:15 113 1:94I"Y 1:13 1:14/ 1:1 8 --

A/'c- A][RCIR. F "- F RATIO D.F. - DEGRLTS, OF rREEDIOM

N.$. -NOT STATISTICALLY S.-GNIFICAN'T (po>.05) SIG. -- STATISTICAL-LY

TABLE 3.3.7

SPACING TASK 7REATKENT: R.ULTS OF ANALYSIS OF VARIANCE FOR INFOPATION COHONENTS

SITUATION 2 SITWrATION 3
INFORMATION

INI'OI T1 12 -00'2 1 -

POSITIO 
r  

0.5
0.F. 1:116

N.S.

r 2.0 1.1 6.7 0.2 0.3 0

SPACING D.F. 1:11 1:14 1:11 1:12 1:15 o1:0,,.S. H.S. SIG. /. N "s' . ,.5.

F 0.1 0
A I.T ITVID D.F. 1.3' 1:30

I .S. X1.S. ,

GPLXUND F 0.6 zo 0.5 0.4
SPEED D.F. 137 1:7 I14 1:7

M_.S. 11.S. s .S. N.S.

F 0.9 0.1 .8C4 . 0.2
HRAVIK- D.F. 1:11 :7 1 .14 1:13 1:7

S H.S. M. s. x N.s. L .

71
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of the hypotheses were refuLud, tAen 'he ccntineiLcy tabl!

were broken down by the appropriate effect or effects.

Tables 3.3.9thru 3.3.11 present the results of the situation

and aircraft hypothesis tests for the information point

scores. Tables 3.3.12 and 3.3.13 present the results of

Chi square tests for significance in point scores due to

major trea'-nt variable. In computing Chi Square, Yate's

correction factor was used. Chi Square was judqed to be signi-

ficant if it reached the 5 percent level (p-.0 5 ).

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 I

in computing Chi Square and significance was judged at the

five percent level (p<.05).

3.3.2 Conflict Detection

Pilot reaction times to 1.S 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 variEnce. The main treatments in this analysis were update

rate ez:d situation. The results of this analysis are pre-

sented ia Table 3.3.-,S.
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TABLE 3.3.9

ATC TREATMENT: RESULTS OF SITUATION AND AIiRCRAFT HYPOTHE! N'S TESTS FOR
LANDING SEQUENCE INFORMATION COMPONENT

(N.S.) - NOT QUITE STATISTICALLY SIGNIrICANT

ATC FUTURE PRESENT ATC FUTURE PRESENT

TFEATNMENT SYSTE14 z STLP TREATMENT SYSTEM SYSTEM

x 0.47 3.52 X 0.15 1.60

DEGREES OF 1 1 DEGREES OF 2
FREEL"* FREEDOM

p .5 .07 I .92 .2
N.S. 'N.S.) N.S. N.S.

TEST OF SITUATION HYPOTHESIS TEST OF AIRCPAFT HYPOTHESIS
(SITUATIONS 2 AND 3) (AIRCRAFTS +2, +1, AND -1)

(a) (b)

X ,  Cl CI SQJaRE

PROBABILITY x COULD BE EXC'.DED BY CHANCE

TABLE 3.3.10

SPACING TASK TREATMENT: RESULTS OF SITUATION AND AIRCRAFT HYPOTHESIS TESTS
FOR LANDING SEQUENCE INFORMATION COMPONENT

SPACING NO SPACING SPACING SPACING NO SPACING SPACIt*G

TASK TASK TASK TASK TASK TASK
TREATMENT TREATMENT

X 0.47 .15 X 2  0.15 .94

DEGREES OF 1 1 DEGREES o 2 1
FREED4REED

i .5 .7 p .92 .32
N.S. N.S. N.S. N.S.

TEST OF SITUATION HYPOTHESIS TEST OF AIRCRAFT HYPOTHESIS
(SITUATIONS 2 AND 3) (AIRCRAFTS +2, +1, AND -1)

() (d)
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TAVLE 3.3.11

CREW ''REATMJNT: FESULTS OF SITUATION AND) AI.(CIvF;F' FIY['OTIi{lE'ES TLSTS

CREW SINGLE PILOTS CREW

TREATMENT

INFORMATION IDENTI- LANDING IDENT I- LANDING

COMPUNENT FICATION SEQUENCE FICATION SEQUENCE

2 n q 1S.30 0.0c

PEGREES OF
FREEDOM 3 3

p .82 .69 .01 .99

N.S. N.S. SIG. N.5

TE- iT 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

!N.S. N.S. N.S. N.S.

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

(b)

2X - CHI SQUARE

p PROBABILITY X2 COULD BE EXCEEDED BY CHANCE

N.S. E NOT STATISTICALLY SIGNIFICANT (p>. 05)

SIG. F STATISTICALLY SIGNIFICANT (p0. 05)
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TJLU. 3. 1.14

ATC TKI.AI"2 N! SITVA-1ON AN~ Al :Kkk.A1i Yi0'Ill:;1S [L:
I-CR NtKLL h~~tS

TAT MLNTF YSE TODAY'S SYSTEM4

INFORM4ATION 1r(XTION-I ALTITUE GROUN HEADING FOSITION- ALTlTJDI: LiRCND I FLAflIN'G

0-Vil JNLN i SrACI1NG SFUED S1"ACIG -___- Git

X2  1.2 0.t2 021. 0.ld 4.7 1 0.3-7 0.24 1.tuU

N.S. .72. N S N 5

TEST OF .I rWJATION IlyVOTtILsIS S'LAIJ 2 AND 3)

TREATMENT_____

IINFORMATION POSIO4- ALT 1111DL (.!VNI HLADING POSITIONj- ALTIjIUIJI. GiI{UND O D~;
COM.PONENTS $PACING ISEL, SPACIL, bplk)j

2
1.90 0.13 2.00 U.09 3.51. 0.61 0.07 1.86

DEGREES OF 2 2 2 2 222 2

F PE E DOM22

______ ____ K 1  
NG.-S. N~q '. NS ~..

TESIL OF A1RCRAFT HiYPOTHIESIS (AIRCP.AFT *2, +1, AND *1)

(b)

N.S. INOT 5TATISTICALLY SIGNIFICANT (p>. 05)
SIG. STATISTICALLY SIGNIFTGAI4T (p<.05)
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TAflh1r. 3.3.15

SPAC1Ntj TX .k TkAItQIfl: SITUJATIUN ANII AliFICIAI'T IIYI'SYT1IE7SIS ITST
YUP NULL R±SPON3F.S

SlA0N NO PAC18 ThSIX SPACXN; TAPSK~

II4?OR"ATWOt t0IT I LITD G. RrN,R D FA-IN 7C: ll - ALI I lvjl GRUKND) H 4A I I ;
Cc1ipru.4 SP'ACING IWCN SF

0.20 0.82 Olli 0.18 1.43 174 1.95 U.b?

DfEGIREE.IOF 1 1 1 1 1 1

(1 .4 .72 265 IV 11 .

TL~il Of SITUA~TIItilxynlkIAS (SITUATOS 2ANDi

TI.RATIGNT

1NF,.RMATIUN POISIT1O8- ALTITUDE1 GROUND HIADING ~-)biTI(*- ALTITUVE GROUND Nl;AD)I NG

C(AGPOtNtNTS SP'ACIW8O SPLELD SPALING8 SPEED

PFEX2 1..9 U 0.73 2.00 0 09~ 5.01 8.01) 5.b2 b.14

p .. 7 .3s .95 .08 .006 .05
H.. .S. 1... . N.S .. (N.S.) i. j (N.S.) Sw .

TEST Or AICRArr HYPOrHESIL (IRCHAF'r +2, +1, AND -1)

(b)

x CHII SQUAIRE

(Its. NOT sTATiSTICALLf SINIANTJW 0) YCAC

SIG.B SATITICLLYSIGIFIJT(pc .05)
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TA131Y 3.3.1(,

C14'W TKA-2),L4- ITLJATT Y%\N t Allx RAi NM-.ll'O1.lb S s k-I
UCH~ NULL klJ :WVOSES

c KEIW SINGLE I lAYTr; C Z1'W
7 P.LATW.fNV,

IN' JPYLAI lu IO 11l NN ALL 11If UPL N 0kl.. 1LALIU IQ II AM.' I,'UIAt 1., II.Al; I N(.
CAUVtILNII s PA1lNu SPELLt) SFACI EG '.I)L

x2 3.00 3. 14 3.70 0.bo~ XOu 2.0 2 . O 0.10

c 01 3 3 3 3 J3 1 3

N.'. !L.,. .. N.. Lo IN . SL.

TL6T QF 6jl'1:Arh)N LIflh11I sTAlh .2 3, ANT: 4)

TKF;ATrMLKI

I N FQ) kAJI r 01 posl O- ALTI'JUL GRUIN'S LILADlI4,; PI"Ill0N- AIl I[ Rl GK LI - Ii.NG.
CM)'NLNIl SP'ACING zSI .L. ) A'AC ING,51 t

X2 1.73 3.00 3.25 0.14 2.02 1.00 )0

Deytocu uf 2 2 2 j 2 2 2 2 2
Freadorni

p 4.4 .35 .92 . 35 .8 .
N.S. N.5 N .Z N.),. N'. N s. Ut.

ILLT OF AIhkPUrr liYLOSIS (AIRCRM~tT 42, 41, AND -- I)

X CliI SQ.JARL
p IROBALILX'IY 'MAT \CQULD al: EXCELl~i. BY CIMCL

N.S. NOT STATISTICALLY SIGNIFICANTI (pb.- 05)
S)L. i STh15ITICALLY IGNIFICJUfl (J.<.01)
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TABLE 3.3.18

UdrATE RATE- TREATMENT: R 06L' .0 7W'TO WAY

ANALYSIS OF VARIANCE FOR CMIUFLICT DF.TECTION
REACrXON TIMES (SINGLE PILOTS-NO ALAR1M ONLY)

1 MALE EFFk2T5 FIRST ORDLR

I .I 'TERACP' INt

UPDATE SITUATFOi! IJA72 UATE
RATE X

SlJVATION

S187 0.
D.F. 1:13 1:13 1:12

Il.s. SIG. N.S.

F F RATIO
D., F DEGREES OF FREEDOM
N.S. -- ,)T STATISTICPJ.LY SIGNIFICANT (p>. 05)

SI.' STATISTICALLY SIGNIFICANT (p<. 05)

r



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 information component analyses was used here.

Since the data showed no statistically significant update

rate effect, hoth one second and four second information

update rate data have been pooled. Table 3.3.19 and 3.3.20

present the results of this analysis. h e F ratio test was

judged to be significant if the probability of a chance result

was below the five percent level (p<.05).

Also of interest is whether ox not a conflict was detected

during single runway and parallel runway simulations under all

applicable major treatmnt 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 sir, ulations of the spacing task

treatment and both the single and parallel runway scenarios

of the crew treatment. The results of W;,se situation

hypothesis tests are shown in 1x zlos 3.3.21 and 3.3.22.

The results of all three of ,'o 3 u-,r treatment .. riables

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



TkBLE 3.3.19

CREW AND ALARM TREATMENT: RF-SULTS O THREE WAY ANALYSIS OF VARIANCE FOR

CONFLICT IETECTION REACfIOt TIMES

MAIN EFFECTS FIRST ORDER INTERACTIONS SECOND ORDER

INTERACTIONS

CREW ILLAPJM SIUATION CREW CREW ALARM CREW X ALAR4

x x x x
ALARM SITUATION SITUATION SITUATION

F 2.4 11.0 16.4 0.6 1.1 8.7 0

D.F. 1:23 1:23 1:23 1:23 1:23 1:23 1:22.

N.S. SIG. SIG. H.S. N.S- SIG. N.S.

TABLE 3.3.20

CRFW A;Dt ALAM TPSATM-'rT: PESLTS OF P--VD'JQ., BY S'TlC'!:' Cr

VARIATION FOR CONFLICT DETECTION UEACTION TIMES

S:TUATICON 6 SITUATION 7

MAIN EFFECTS FIRST ORDER MAIN EFFECTS FIRST ORDLR
INTERACTION INTERACTION

cz rwI ALARM CREW CREW ALARM CREW
x x

ALARM ALARM

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. SIG. N.S. N.S. N.S. N.S.

F F PATIO

D F. DEGRPES OF FREEDOM
N.S. NOT STATISTICALLY SIGNIFICANT (p>. 05)
51G. E STATISTICALLY SIGNIFICANT (p< .05)

L
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TABL[ 3.3.21

SFACING TASI TREAXTMUNT SITUATION H{YPOTHESIS TEST (SITUATI0NS 6 and 7,
Wl"V SPACING TASK SUBJECTS ONLY)

I1aNAY PARALLEL
CO FIGUR- FAM ¥
ATION

DoTw-'ION AT OR BEFORE
YOINT CPA

1x .82
D.7. 1L

p 4
N. B.,

TrABLE 3.3.22

C.IEW TREATM;T: SJITATIO HYPOTIRSIS TMT (SINGLE RIWKAY - SITUATION 3 and 4,
PAXALLSL RtWAY - SITUATION 6 " 7)

RlNWAY SIN GLE NRUMAY PARALLEL RO1WLY
CONFIGUR-
ATION

DETECTION XT OR a0lPORz AT OR DEONE CLOSEST AT OR WEPORE CLDFMST
POINT STOP-ACTICw QUIZ POINT O APPROACH POINT o APPROACH

CREW snw~cu CREW sINxi. CR3W SINGLE PILOT CREW
TRRATMENT PILOT PILOT

ALAM l l A A A A A

t1P1ATE RATZ 4 S3Cr)V, 4 SCOND 4 4 4 4 4 1 4
TREATMENT sl. Sac. SEC. SEC. SEC. SVC. SEC. SEC. SEC.

20 0.33 0 0 0 0 0 0 0 0 0

0.7. 1 1 1 1 1 1 1 1 1 1 1
p 1.0 .6 1.0 1.0 l.c 1.0 1.0 1.0 1.0 1.0 1.0

M.S.* U.S. N.S. X .S. h.s. H.S. M.S. H.S. H.S. M.S. U.S.

A - ALARM, A IO AJARM, X2  CHI SVQAE, D.?. 2 D 0? ?I320C

1.S. E NOT STATISTICALLY SIG N CAlrT (p>.
0

5), SIG.- STATISTICALLY SIGNIFICANT (p<.OS)
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TABLE 3.3.2'

TEST FOP TREATMENT CONITZON HYPOTIFSIS

MIAN CREW TREATMENT - SPACING TASK I -

(ThFATMENT j _______AEAtT4 -I 4 N[

P3NNILY SINGLE RNwwAY PARALLEL SINGLE PARALL L SNL
ONFIGUR- RUNWAY RUNWy RUNWAY
ATIO%

DETIO N~ AT OR AT OR AT OR B8 FORF Ar OR AT OR V A1O 1t AT F T P1

Pow EOE BEFORE CPA BEFokE BEFORE OLFORE BEFORE BtR
REERENCE SAQ 'I.VA SAQ CPA CPA SAQ CPA

ALARMA& A A A A A A A
TREA7WONT j____ ____ ___

.0 0 0 0 059 1 07 1.8 2.17 8.96
D.F. 1 1 1i1 1 1 I 1 1 1

p 1.0 i 1.0 1.0 1.0 .4 .18 .15 .01
N.S. N.S. N.S.[ . N.S. NS NS N.S. N.S. SIG.

'ABF 3.3.24

-EHOXRICAL PRO3ABILIT' OF DETEC'rIO: AT OR BEFORE Tf1E CLO3EST POINT OF APPROACH

K&JOR SINGLE P'LOT CREW SPACING 0DAY'S
TREATMENT (FUIURE S 'STEM, NO TASK SYSTEM
VARIABLE SPACIi(r TASKI

RIllW ky SINGLE PARALLEL SINGLE PARKLLL SINGLE PARALLEL SINGLE
C' 'L ZGUR- RUNWAY RUNWAY fIaNWAY RUNWAY RUNWAY RUNWAY RUNWAY
ATION I

-- - --------- --- -.-- -

ALARM A ] A A A A A A A A

(D) 1 1 . 1 1 1 1 1 .63 .79 .1NO. or1

SAMPLES (8) (12) (8) (16) (6) (6) (5) (5) (8) (14) (10)

A =AlA NO ALARM )
2 

z 011 SQUARE SAQ STOP-ACTtOV QUIZ
CPA E CLOSEST POINT C? APPROACHi D.F. -DEGREES OF FREEDOM
p = FROBABILITY (

2 
COULD BE EXCEEDED BY CHANCE P(D) I EMPIRICAl PROLIABILITY OF
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Sr. E-- STATISTICALLY SIGNIFICANT (p<. 05)
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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.

Emp~r-.cal 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 SummaEy

3.4.1 Information Components

Pesults ot 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 variable, situation, or

aircraft sequence treatment, then the data for the non-

significant treatment were pooled.

Combined graphs of the information comi onent errors are

presented in Figures 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 showed significance

for given aircraft, separate component estimates 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 I
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-alarn subjects only.) Table 3.4.2 is a suimary

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 questionnaire 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 thizI

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 categorie s for a given question

I
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TABLE 3.4.1

Pooled Update Rate Reaction Time Statistics

CREW SINGLE PILOTSTREATMENT

ALARM
TREATMENT NO ALARM

UPDATE RATE ONE AND FOUR

TREATMENT SECONDS

STATISTICAL No. M S.D.
PARAMETER _o. M S.D.

SITUATION 7 11.3 2.7

SITUATIONS O 8 11.3 2.3

No. u Number of Data Points
M wMean

S.D.n Standard Deviation

TABLE 3.4.2
Pooled Reaction Time Statistics

CREWTREATMENT SINGLE PILOTS AND CREWS
SITUATION
TREATMENT SITUATION 6 SITUATION 7

UPDATE RATE ONE AND FOUR SECONDS ONE AND FOUR
TREATMENT I SECONDS

ALARM ALARM NO ALARM ALARM AND
TREATMENT NO ALARM
NUMBER OF

DATA POINTS 9 17

MEAN 5.2 11.7 11.9

STANDARD

DEVIATION 0.4 3.1 2.3



-133-

QUESTION 1: How would you rate your overall awarenss of surrounding traffic
d"ived from the TSO?
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QUESTION 2: How does this corpore with your awareneoss in the current oir troffic

control system under instrum'ent nieeorlogicul condlitions?
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'PILOT OPINION QUESTIONNAIRE RESULTS FOR QUESTION 2
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QUESTION 3; How would you role the safety associated with closely spoced,
IFR operations using the TSD?
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QUESTION 4: How would you rote your confidence in being able to detect
potentiol cnflcts during closely spaced, parallel, IFR operations
osing the T'D?
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QUESTION 5: How would you rate your confidence in being able to resolve
potential -wnflicts during closely spaced, pofnllel IFR operations
utilizing _10?
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QULSTION 6: What is your evaluation of the overall workload level associated
with the simulator tasks utilizing the TSD compored to the normal
cocktit dutie you encounter?
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were pooled to give a total distribution of responses.

Figure 3.4.27 presents histograms of the pilot's responses

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

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

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

present research. Pilot's responses here were either adequate

or inadequate.I

t U

I I
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CHAPTER 4

DISCUSSION

This chapter presc-ts a discussion of the results

summarized in the Tables and Figures of Chapter 3. Because

real-world situations werc .mulated, cause and effect

relationships are much more complicated than wouid be the 1
case with carefully contrived abstracted experiments.

4.! Information Components

The party-line communication channel allows the pilot

to monitor air traffic control (ATC) radio transmissions.

These transmissions give tha 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 piloL 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

a-_ an auxiliary memory, thus eliminating the necessity of

memorizing information components.

-141-
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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 and when

these quantities were not changing. Substantial mean errors

and standard deviations usuaLly showed up in information

components of aircraft that were remote with respect to the

subject or in components that 6ith"r wure changing at the

time of the quiz or had changed Just prior to the quiz. In

addition, the heading component was estimated quite poorly

when the aircraft in question was off the STAR.

Very few statistically sinificant 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 cams 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, there 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



-143-

information components. The target aircraft (+l) 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 i
of spacing task treatment on null responses. Third, in

many cases, the two-man crews do significantly better in

responding to components than do single pilots.

4.1.1 ATC Treatment

The ATC major treatment variable compares the pilot'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 contact messages

(at or near one of the holding fixes), approach clearances

(at ILS turn on), and landing clearances (between outer and

middle markers). in 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 and

the three way analysis of variance results of Table 3.3.1
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I 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 analysis,

in essence, compared the ATC treatment effect aircraft by

aircraft in each situation.

According to Table 3.3.6 the only aircraft to show

significant ATC effects were the +1 aircraft of situation

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 observed 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 therefore 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 aircre ft's pilot misunderstood. The

with-display subjects coul.d, 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 suLjects, 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

cont-oller. 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

seem high, it should be remembered that the scale of the

quiz 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

of Figure 3.4.16 (a) are therefore broken down by situation.

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

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 sitliation 2,

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

away the other airceart 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

was 7.4 nautical miles. For those pilots operating in a

proposed future system employing the ATSD, the average spacing

error for this same aircraft decreased 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

iI
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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 section 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 seen 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 airctaft 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

" | I Ii ii I-
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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

to 2000 feet at 2000 feet per minute descent rate. The

large mean error (-1200 feet) and substantial standard

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

straight and level, though 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 general 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

resequencing 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 aircraft of situation 2. Consequently,

it is not surprising that the responses to these aircraft

are quite 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 monitox altitude is aircraft dependent

and, farther, is in some way related to the rate of change

of altitude. In 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. c

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 extrapolation 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 techniques 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 indicates 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. In both cases,

the magnitude of the mean error associated 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 results

presented in Figure 3.2.5 are .xpl.ained in light of the

ground speed histories of the various aircraft just prior

to the stop-action quiz.

in .ituation 2, the speed of the -1 aircraft has been

cvr.fn':ant at 200 knots throughout the entire pre-quiz portion

if t.he scenario. It is not surprising, therefore, that both

iniormation sources allow the pilot to estimate this com-

r.ent ;ti.th great accuracy. in fact, the combined mean

er-ix fcr this aircraft is approximately zero.

The +1 aircraft is in transition from 200 knots to

160 knots. he subjects did a much poorer job in estimating

the speed ir this case, but those with the display did

significcuLtL11 better thai-, those without it.

The +2 aircraft had been stable at 160 knots for a

reasonable length of time prior to the stop-action quiz,

but had reduces fron Ar. original speed of 200 knots earlier

in the simuiatior. Ekoch with and without display subjects

did reasonably w.l1 in estimating this variable. The combined

mean error was only about J knots.

In situation 3, the -i aircraft is in the process of

transiticning from 200 knots to 160 knots. At the time. of the

stop-acti<;n quiz,it hcs achieved the midpoint in itg speed

reduction with a ground speed of 180 knots. Pilots flying

the simulator uader both ATC treatments did a relatively
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poor job in estimating ground speed for this aircraft.

The average error was not too 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 quiz, but had reduced from an original speed

of 200 knots earlier in the simulation.

The +2 aircraft had just completed a speed reduction

from 160 knots to 131 knots at quiz time. The mean eiror

in this case was almost -8 knots with a standard deviation

of about 13 knots. 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 comparablu 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

higher 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.
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Since the percent null responses for the discrete communi-

cations with ATSD treatment was only about 5 percent, it

would seem that pilots in the present ATC display/communi-

cations system have a considerably 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 error components in

detail, a comparison should be made between the information

presentation formats of the two major treatment variables.

The party-line communications channel provides the

pilot with specific heading information in that heading

change cominands are a part of the radio transmissions. The

ATSD aoes not provide a specific heading readout. When

the display is employed, the pilots must obtain heading

information from the track history provided by the tracer

dots as referenced to known courses on t-, display.

Table 3.3.1 indicates that the only significant main

effect for heading error is due to aircraft 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 that significance is achieved

by only the -1 aircraft of aituation 3. A look 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 quite high. It is

interesting to note tVat 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

aircraft are so large. The pre-analysis composite graph

of Figure 3.2.4 does indicate a reasonably good mean error

for the with-display 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 healing 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 under

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 this 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

- **-*.-



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 become 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 spacing task requires

that the pilot use the ATSD to acquire and maintain a

specified separation with respect to an aircraft. The desired

separation was either three or four wiles depending on the

scenario. The subjects started the simulations at some

, 1- -
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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.

The subjects with the spacing task were not given

radar vectors, but were asked to use the STAR displayed as f
a nominal flight path. They did have, however, a great deal

of flexibility in deviating from the STAR to achieve the

in-trail spacing.

The data used for the nonspacing task condition are

the same as were used for the with-ATSD (future system)

treatment condition. The with-spacing task data was gathere

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 operations.

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 found to be

significant was the aircraft treatment.

As indicated in Table 3.3.2, neither the spacing task

treatment nor the situation are significant. It might be

expected 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

coiLcerning 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 t'-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

estimated the least accurately is not surprisin; in light

of previous observations that pilots seem to pay less

attention to this aircraft.

Because 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 for the +2 and -1 aircraft (33 percent each) and
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no null responses for the +1 aircraft. The premif.e that

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

aircraft, thus has at least borderline statistical validity.

The relationship of with-spacing-task null responses

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

The with-spacing pilots have fewer (zero) null responses i
for the +1 aircraft than do the without-spacing pilots,

but have considerably more null 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 aircraft 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 substantie.ed by the analysis

presented in Table 3.3.2. This table indicates that there

is a significant aircraft effect as well as a statistically

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 mean error for combined estimates for this air-

craft is zero. In addition, the standard deviation for

this case is comparatively small (about 240 feet).

The +1 aircraft has completed its descent from 600J

fee-t to 20G0 feet at a rate of 2000 feet per minute. This

caused t-he average combined error to be fairly large (about

-550 feet) and the dispersion of data to be great (standard

deviation of about 950 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 quite 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 situation 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 rg 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 reasonably 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, 41 aircraft (230 feet vs. 240 feet), the

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

It should also be noted tbat 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 greater 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. In addition, the

magnitude of both the mean error and standard deviation

of transitioning aircraft seem dependent upon the rate of

change of altitude.

r 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 aircraft

+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 without-spacing null responses

are more uniformly distributed with 25, 1! and 15 pexcz-

being recorded for the +2, +1 and -1 aircrafts respectively.

The without-spacing task subjects, in fact, show no violation

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.

0 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



-163-

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

effect due to situation treatment and a significant inter-

action between situation and aircraft. The first level

breakdown (by situation) analysis (Table 3.3.4) yields a

significant aircraft effect for situation 3, but this is

confounded by the associated first 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 taiget aircraft (+1 aircraft) would be estimated quite

accurately with thc spacing task since this is an important

element in acquiring and maintaining separation. More

specifically, the reduction of ground speed by the target

eircraft provides a cue to the pilot to start his own speed

zeduction manuever.

This fact is certainly evident in both situations.

Thto 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 aircraft

estimates under the with-spacing task condition.

Apparently, the fact that speed changes are made

rather infrequently washes out any significant difference



V

-164-

between the accuracy of the subjects in estimating this

component.

The co;mbined graphs of Figure 3.4.9 follow the same

trends observed 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 the pilots to do an excellent job in this esti-0

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 knots at the time of the stop-action quiz, was just short

of the point where it would begin its reduction to final

approach speed (131 knots). Some pilots apparently anticipated

the initiation of the speed reduction thus causing a mean

eiror of about 7 knots and a standard deviation of about

14 knots.

In situation 3, the -1 aircraft was in the process of

reducing from 200 knots to 160 knots and wat4, in fact, at

180 knots at the time of the quiz. The high mean error and

standard deviation (12 knots and 29 knots respectively) reflect

this.

The +1 aircraft was flying at a constant speed of 160

knots but was preparing to slow to 131 knots. The mean



error for this aircraft is only -3 knots, but the standard

deviation is 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 hypothesis for null responses was verified,

hut the air-craft 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 high for the +2 and -1 aircraft (68

percent in each case), while the +1 aircraft percentage undez

the condition is quite small (2 percent).

The with-spacing percentagea are substantially and

significantly (statistically) greater 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 inidicates that all main effects and first

order interactions are significant for this information corn-

ponert. The second level breakdown analysis, however, re-

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

craft exhibiting significance for the i;pacing task treatment
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(see Table 3.3.7).

The -1 aircraft 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 degrees). The reason for 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

quiz stop point. 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 swirprising that even

the fairly small dispersion of data was found.

As previously noted, the -1 aircraft of situation 3

was off the displayed STAR in the middle of resequencing

into the traffic flow. In addition, it was blundering by

turning too sharply to merge with the other traffic. These

facts combined to make the pilot's estimates for this

aircraft quite erroneous (mean of 107 degrees and standard

deviation ol about 4W).

V . ..
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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 situation 3, +1 aircraft

are both quite good. They are statistically different,

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 quite well.

The null response aircraft hypothesis 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 hypothesis 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

missing responses (20 and 60 percent respectively), while

the +1 (target) aircraft receives very few (2 percent).

As indicated in Table 3.j.17, there is no difference

between null responses due to spacing task treatment.

4.1.3 Crew Treatment

r All previous ATSD research efforts consisted of single

pilot simulations. The pilot was required 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 IIexperiments expressly for the purpose of analyzing

the crew condition comparison. No spacing task was required

and the party-line communication channel was 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 crew condition tends

to have more accurate responses, but according to the

three way analysis of variance these differences are 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 lauiding
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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 elsewhere.

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 of 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 a

significant aircraft effect for situations 1, 3 and 4.

Ai



-170-

The spacing error null responses are identical to the

position error null responses which are discussed in section

4.1.3.1.

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 to

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 Figure 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

WavS zerc and the standard deviation was 20 feet.

T'he +1 aircraft was descending at a rate of 800 feet

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

encountered (about 260 feet).

The +2 aircraft was also descending at 800 feet per

minute at the time of the stop-action quiz. This aircraft

had a mean error of about -160 feet and a standard deviation

of about 520 feet.

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)

and a substantial standard deviation (about 1000 feet)

in the pilot estimates for this aircraft. Tis aircraft

is rather remote from the subject and, therefore, seems

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

The +1 aircraft has just compleLed its descent from

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

Consequently, both the mean error and standard deviation

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

respectively).

The +2 aircraft at the quiz iE flying straight and
level at 1900 feet. As a result of this, the mean error

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

of responses was moderate (standard deviation of about

200 feet).

The altitude estimates for the -1 ai-criAL of biLuatiun

r3 are quite good since it is flying at constant altitude

(
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Icraft at quiz time (see Figure 3.4.14 (bl).

The +1 aircraft's altitude is also constant, while

the +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

quiz was administered, this aircraft had an altitude of

3000 feet. The fact that this aircraft was transitioning

in altitude and the fact that its position was fairly remote

with respect to the subject's combined to seriously degrade

pilot estimates of this component for this aircraft.

As can be seen in Figure 3.4.14 (d), both the mean

error and standard deviation for these estimates are very

large (-620 feet and 1220 feet respectively).

The +1 aircraft was, a. 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.

X ---------
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As noted in both 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 za pnoui werc ufaL4l for this c ip-onent. Consequently,

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, ises by crew treatment. The two man crews had a much

lower percentage of missing altitude est: ates (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 whet2,c'r or not an aircraft is

changing speed or is stable valued, but rather are situation

dependent. This is contrary to results obtained for ATC

and spacing task treatments, where a dependence upon speed

changes was noted.

The situation 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 this 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 absolute means of the pre-analysis heading data

seem to follow the same general trends for both crew treat-

ments (see Figure 3.2.15). Although there do appear to be
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some fairly substantial differences in these means, Table

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 two

situations are the conflict scenarios whose abnormalities

consist 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 aircraft has been flying a

constant heading of 058 degrees during the entire pre-

quiz portion of the simulation. Pilot estimation error for

this aircraft is reasonably small with a 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 th% quiz. Again, it is

interesting to note that the standard deviation is approximately

the samne 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 quiz time.

In 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 tahis

fact.

The -1 aircraft, as noted earlier, is resequencing

itself in the traffic after having performed a missed

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

of the field and it was turning too sharply into the traffic

f low.
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As can be seen in Figure 3.4.15 (c), pilots did a poor j
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 a 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'Le mean

heading error (135 degrees and 117 degrees respectively).

When the fact that the turn had not yet been completed at

the quiz oint 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 failure.

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 (about 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 42 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 zero and a very small dispersion.

The heading null response aircraft and situation

hypotheses were verified, thus permitting the poolinq of

aircraft and situations in the analysis (Table 3.3.16).

Once again, the single pilots have the higher percent-

age of null responses (36 percent verses 24 percent for

crews), but the difference is not statistically significda,

(see Table 3.3.17 and Figure 3.4.18 (d)).

4.1.3.6 Identification Point Scores

As can be seen in Table 3.3.11, both the aircraft

and situation hypotheses were verified for the single pilots,

while only the aircraft hypothesis was verified for the two

man crews. Consequently, the statistical analysis was

broken down by situation, although all aircraft within a

given situation were pooled.

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 pilots (93 vs. 80, 96

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

iI
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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 situations where no significant crew

treatment effect was observed, the combined statistics

indicate that 84, 83 and 84 percent (situation 1, 2 .nd 3

respectively) of i-he aircraft call signs were correctly

identilied. 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.T.3.7 LAnding Seguence Point Scores

rrom TaLle 3.3.11, it can be seen that thte bituation

and aircraft hypothesis were verified for both crew conditions.

This indicates th recounitLon of landing sequence position

is neither aircraft or situation dependent.

Table 3.3.13 indicates that both the single pilots and

two man crews did an equally good job, statistically speak-

incy, in -ecognizing landing sequence positions. For this

analysis, the data was pooled over rll situations and all

aircraft.

The pre-analysis results of Figure 3.4.20 show that

the subjects in the crew treatment had a higher percentage

of correct responses than did the single pilots (96 percent

verses 86 percent), but as indicated above, this difference



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 ATSD 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 t, the closest point

of approach (CPA) is emphasized here, not miss dis ances.

4.2.1 Air Traffic control Treatment

it is of interest to compare the ability of pilots to

detect abr.)rmalities using two different information sources.
The no-ATSD with party-line communication channel treatment

is the equivalent of today's air traffic control display/

j
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communications environment and prov-des the pilot with an i
aural information source. The ATSD with discrete communi-

cations 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 diffeiences in the detection frequencies

.associated with each treatment. These frequencies were

compared at two points, these being: at, or before, the

stop-action quiz (SAQ) and at, or before, the closest point

of approach (CPA).

As stated in Chapter 2, the conflict examined here

consisted 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 ArSD did not

have the aural cue, but, of course, could monitor the

situation on the display.

At the quiz stop point, the radio transmission contain-

ing the blunder cue had been issued and the intruding air-

craft had begun to turn toward the ILS. The intrusion at

this point was not acute.

Only one out of ten non-ATSD subjects detected the

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

the intrusion 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. In

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

rhannel.

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 systemL 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 obtained with different scenarios. At

least to the extent that the bluider considered here is
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representative of typical conflict situations, the ATSD

appears to be an asset in increasing pilot awareness and

thereby aircraft safety.

4.2.2 Spacing Task Treatment

Both spacing task treatments utilize the ATSD with a

discrete communication channel. The difference in the two

subject groups is that one group had to perform an in-trail

spacing task while the other followed radar vectors.

It was t--,ght that the inclusion of the spacing task

might detract from the pilots' ability to monitor the dis-

play for blunders. Consequently, the single pilot, no spacing

task, no alarm data collected during the Phase IIexperiments

is compared to the single pilot, no alarm, with-spacing-

task data collected by Howell. Only parallel runway

simulations are examined.

According to Tables 3.3.21 and 3.3.22, the situation

hypothesis 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, responses for both situations

are pooled in the analysis.

All subjects in both spacing task treatments detected

the blunder intrusion in situation 6 before impact would

have occurred. As reported by Howell, those subjects

required to perform the spacing task, and therefore not

require to follow the STAR, tended to displace tnemselves
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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 ag many detections would have been made with 2500' lateral

spacing. Table 3.3.3 in Howell's report (reference 7)

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

of the seven subjects .iuld not have detected the intruder

before collision if they had been flying the nominal STAR

course. The decreased lateral separation, however, could

possibly '.ave 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.

As can be seen in Table 3.3.23, there is no statistical

difference between 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

sam: circumstances for without-spacing subjects (Table 3.3.24)

is I. The combined treatment probability of detection is

.85.

4.2.3 Crew Treatment

The purpose of the crew treatment conflict detection

tests is to compare the difference in the ability of single

pilots and two man crews in detecting blunders. In addition,

it was desired to evaluate the effect of information update

rate (either four seconds or one second) and some simple

alarms on pilot reaction time.

4.2.3.1 Detection

All the conflict scenarios were used in this analysis

(single runway: situations 3 and 4; p::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 withi 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



runway and all parallel runway responses for a given treat-

ment have been pooled in the analysis.

In sittation 3, 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

the conflict before the collision would have occurred.

Four out of ten single .lots observed the blunder in

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 occurred,

while all but one alarm subject (single pilot) detected the

blunder at this point. The subject who failed to detect

ULe collision did so because his alarm failed to opereae.

Consequently, this data point was not used in the aralysis.

The analysis performed on the combined situati.on data

indicates chat there is no statistical difference between

single pilots and two man crews in performing conflict

detection on approaches with a single active runway.

All subjects (single and crew, alarm and non-alarm)

detected the croszover intrusions in both situation 6

and situation 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.
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Although a difference was expected in the crew treatment

case, none was founu. This may have been due to the fact

that thc implementation of control wheel steering allowed

the 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 e~tort was made to pin down the pilot reaction time

to the paralle: riaway crossover conflicts under various

crew, alarm ard update rate treatments. Pilot reaction time

was defineL t.- bz the time delay between the start of the

crossover manuever and the initiation of the constant alti-

tude turn. In actuality, time delays were measured with

respect tc trie time at which the emergency alarm was (or

would have been) triggered; i.e., when the Tau criteria

was violated. In the following discussions, 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 the3e experiments were developed

so that the nomiatal collision time corresponded to the

time it took the intruding aircraft to cross from his ILS

centerline to that of the subject. Nominal time to escape

is defined as the nominal collision time minus the reaction

i
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time in question.

4.2.3.2.1 Update Rate Treatment

The effect of information update rate on pilot

reaction time was examined first. These 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 oi 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 seconds (mean

plus one standard deviation of 2.7 seconds) would encompass

84% of the subject population. A 14 second reaction leaves

only 4.5 seconds to perform the avoidance maneuver. In

practice, of course, altitude separation would be in effect

during the ILS acquisition 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 of 2.3 seconds.

The Tau criteria in this case is violated 10.2 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 11.4 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, there is very

little altitude separation between aircraft making closely-

spaced parallel approaches. A crossover 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 Treatments

Table 3.3.19 indicate- no significant effect due to

craw treatrment, bu t does iudiute 4 significant effect due

to both alarm and situation treatment.

The significant 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

sar.e as the data used in the update rate analysis. Since

no significant difference was found between the two update

rate conditions, 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

situr'-.on 7 was 3.3 seconds, while the otandard deviation

3.2 seconds.

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 continuoub 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 conuittee

process; i.e., they discuss the situation for a few seconds

before executing the escape manu-_ver. The fact that no

statistical difference shows up can be accounted for by the

fact that the data spread is fairly 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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dcviations 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 obtained 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 non-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 11.5 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 ensi-ing 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 timwA is 11.5 seconds. Since the

nominal impact time is 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 ieaction delay time

increases to 14.8 seconds and leaves a 4.7 second nominal

escape time.

The pilots with the emei-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 conuencement, 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 seconds 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 awareness, conflict detection, conflict resolution,

and workload from the participating pilots.

a In response to question number one, most pilots indi-

cated that their overall awareness with the ATSD was excellent

(43 percent) or good (39 percent). Only 18 percent thought

that awareness was only fair while no pilots considered it

Ir to be poor. As can be seen in Figure 3.4.19, crew and with-
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alarm resp nses tended to be more favorab' i: -. ;n single

pilot or non-alarm responses.

In response to question 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 1MC. Only five percent of the pilots thought

that ATSD-derived awareness was the same as that presently

available, while no pilots thought that 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

clczz!y _paced parallel runways durinq TMC is either accepta-

ble (35 percent) or marginally acceptable (39 percent) when

the ATSD is employed (question 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 dangerous. 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 intrusions 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 to respond more favoraiJ.y than

did single pilots and non-alarm subjects.

Most pilots had a high (36 percent) or moderaLe

(44 percent) amount of confidence in their ability to resolve

parallel runway conflicts when aided by the ATSD (auestion five).

A fair percentage were extremely confident (13 percent) while a

smallcr 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 workload to a higher level. Two percent

thought that the workload was much higher, while five

percent thought that it was the same.

r
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CHAPTER 5

SU KARY OF RESULTS AND Cc3NCLUSIONS

5.1 Phase IIObjectives

The work statement for the Phase II effort EpecJfies that

the primary objective is to determine if the pilot assurance

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

system errors can be improved over the findinqs of Phase I

by:

(1) Conducting some simulation runs with Lhe
inner loop spacing task deleted from the
pilot's duties.

(2) 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 that
the second pilot has a normal workload.

(3) Increasing training in the use of the ATSD
and simulator over Phase I training levtli.
to determine if additional training and
familiarity improves the ability of the
pilot to detect conflicts.

(4) 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.

a (5) Providing a finer final approach scale than
was used in the Phase I simulations so as
to provide wider spacing between closely-
spaced parallel runway approach courses on
the ATSD. Determine if this increases the
pilot's ability to detect aircraft intrusions
from tl e adjacent ILS.

-196-
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To provide a more realistic test of th, pilot's

ability to detect anomalous situaC ions, the work state-

Inent further specified that radar and imperfect navigation

noises be added to the aircraft appearing on the ATSD.

All of the tasks above, except Item (5), were com-

pleted during the Phase Ii effort and the resultc are docu-

mented in tnis report. 1he scale expansion called for

in Item (5) was implemented, but it caused some targets to

"wrap-around". 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 a it1 o ,1-  z fOr '-e wit -A L .... wt-- % .. .

been subjects to evaluate what effect increased familiarity

and added training had on their performance in detecting

blunders. It was found, however, that practically every

measure of performance was situation dependent. If a new

set of scenarios were created for the Phase I subjects, tCere

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 not be tested on

the existing scenarios, because they had already been exposed

or
to the four blunder cases in that set. As a conse~quence,
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noec of the Phse I pilot subjects were used in the Phjis0_, TT

test s] s

Iwo reiatively ninor refinemcn.t:. were incorcorated in

tie Phzse Ii ciisplay formats that -were not expected to affect

test results. The unit digit on ground speed was eliminated

to make it compatible with the ARTS display and incidents of

tag overlap that sometimes occurred on final ipproach were

corrected.

This report has compared pilot assurance under three

main experimental treatments using the definition of assurance

and the meaburement techniques developed for the Phase I work.

The first comparison (ATC Treatment) was between the party-line

communication environment of the present ATC system (Today's

System) and a possible future system employing the ATSD and

a discrete address communications channel. T.e second compdai-

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 ATSD 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 compared data from Phase I party line

no ATSD tests on situations 2 and 3 (12 and 10 single pilots

respectively) against the corresponding discrete aadress -

See the first paragraph or Ciapte;: 3 toi d (Ai Ub , ,a
the term "treatment".
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ATSD tests in Phase llemploying 10 single pilots. Neither

set of tests incorporated the spacing task.

The analysis of variance of information components

revealed improve, ents in pilot awareness due to the use of

the ATSD. These in orovements were statistically significant

for the data on aircraft position, spacing, and grovad speed.

A detailed breakdown by situation and aircraft sequence showed

further that the improvement was only significant for specific

aircraft in each scenario.

The Future RTC 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 systnm in ground speed null responses was the

only item that was statistically significant, however. The

Future ATC system was also superior 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 comparisons were made since the party-line connunication

channel does not allow pilots to monitor aircraft tracking

performance along the adjacent ILS. Only one out of the ten

subjects detected an impending conflict in situation 3 on

0,
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the basis of inforaLion transmitted on the voice party-linc,

whercas all six no-alarm subiects wIh the AT5,D detected

the conflict prior to the point of closest appioach.

One serious drawback in using radio transmi:;sions of

radar 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 anothei aircraft in cloqc vroximity

to his own craft or if the pilot of the other aircraft either

fails to respond or responds incorrectly to a radar vector.

Whether or not a command has been executed correctly cannot

be ascertained by a pilot monitoring the party-line.

The ATSD on the other hand allows the pilot 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

favorable. Most subjects thought that their awareness with

the display was superior to that with the party-line communi-

cations channel. In addition, a turprisingly large number

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 conditions with the ATSD was generally high-to-

P moderate. Nearly all pilots noted an increase in workload

due to the ATSD. Although 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 ATSD io more effective than the party-line

aural presentation as a source of pilot awareness. It is

also 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 communications, and a more

complicated route structure, the differential in performance

between the two information sources would 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
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[hk Il.s for dutcctiny conilicts, hence it would b, a

than adcquaLc replacumunt for th voice party-line with

respect to pilot assurance.

5. 3 Spacing Task Effects

This treatment compared data trom the Phase I test.s

using discrete address communications ani the ATSU, spacing

task included, against the corresponding Phase Ii tests

without the spacing task. Only single pilots were employed

in the treatment. The measures derived from the stop action

quiz came from runs of situations 2 (7 pilots vs. 10 pilots)

and situation 3 (8 piloLs v6. 10 pilots), whcrean the con-

flict detection measures were based on furs of situations

3 (8 pilots vs. 6 pilots), 6 (7 pilots vs. 8 pilots), and

7 (7 pilots vs. 8 pilots). Subjects assisted by a computer-

go. .td a oz ef course, could not be included in this

com~parison.

Virtually no difference in the estimation of infor-

mation components due to the spacing task was detected.

Only with respect to the heading component was there a

statistically significant effect overall, the without-

spacing-task subjects excelling the with-spacing-task subjects.

in breaking down the data by situation and aircraft sequence,

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



-20.3-

signi [icant dI'1Jtl:JCJIJC2 inl the headingj W fl t ful th 1C 4 1

aircraft oi situation 3, but the d3Ifelence itscl is too

small to be ot practical consequence.

The spacing] task did not influence the estimatiOn of

landinq sequence in a statistically significant way,

althou(jh tihe without-spacinj subject., joneially outperformed

the with-sPV1cinq subjects on this compon. ant. The2 purcentayc

of null responses, however, did reflect a difference between

the two spacing task treatments as well us a difference by

aircrat in the way that with-task pilots reslonded. The

without-s5[acing-task uL'jects usually ;,,.A' zmaJlet pelcentayc

of mi.ssiny responses than the with-spacing task sulojects

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

than the with-task suujects for the +1 aircraft. This i:i

Pvp,,ctctd sin,, - witF--ak pi lt4-_re a t!

with respect to the +1 aircrait, hence devote more attention

to it. As a ccn!equcnce, the null responses on aircraft

+1 by the with-spacing zubjects were few while the +2 and

-1 aircraft generally had a substantially larger peicentage

of null responses.

In breaking the null response data down by information

component and aircraft sequence, it was found that the null

response differences were statistically significant for theI

altitiide component (aircraft -1) and the ground speed com-

ponent (aircraft +2 and -1). The results in all three cases

I
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maneuveis in the less acute situations 3 and 4, but in

the crossover cases on the closely-spaced parallel run-

ways (situations 6 and 7), an immediate and flawless pilot

reaction is barely adequate to evade conflict zega 'dless

of the test conditions.

The inclusion of the spacing task allows a more

efficient and higher capacity terminal area operation. It

permits aircraft separation to be decreased under Instrument

Meteorological Conditions (IMC) to approach spacings employed

uncr1 c_.c Visal Meteorological Conditions (VMC) an-1 also reduces

pilot-controller cominunications. It does, however, detract

from the pilot's ability to monitor the ATSD for information

not associated with the +1 aircraft.

5.4 Crew Trcatzmcnt Effects

Ir. the evaluation of information components under

the crew tredtment, only the sinjle runway date collected

in Phase 11 was utilized. These tests employed the ATSD
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and a discrete address communication mode. There was no

in-trail spacing task. Ten single pilots and five cr ws

made up the subject population.

No 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 component, 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 thc 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 both single and parallel runway

scenarios, and an emergency alarm based on a Tau criteria

which was used on parallel runway simulations only. Tau was

computed by dividing lateral distance to the adjacent ILS by

lateral rate. The two mile alext indicated the presence of

another aircraft within a two nautical mile raoius of the

subject. Penetration of this range cavi d a gong to ring

and the target symbol to blink. The eme gc'ncy audible alarm

IA
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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 Considered 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 posible to draw statistically signi-

ficant conclusions ,,ith respect to the value of the second

crew member, the alarms, or the faster update rate using

only the detec i performance data. The reaction time

measurements, 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 making 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

jt
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to be the time required 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 nianuever was specified. Decision tirie 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 them.

For with-alarm subjects, detection time is determined

by Lhe alarm threshold. Since no decision time delay is

involved, the remain-ng delay can be attributed to pilot

response 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

subjects.

In the Phase I 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
W

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

VI
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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,

zhe 18.70 bank angle was retained and five separate test

conditions were evaluated:

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

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

3. Single pilot, no alarm, 1 second update (4 subjects)

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

5. Crew, no alarm, 4 second update (2 ciews)

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 P!iase 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 Lrajectories of the intruding airrraft 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 130 knots. The intruder has a bank angle of 18.70

I
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and ownship's evasive maneuver is a turn to the right with

a 300 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

as the time delay between the sounaing 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 300 .

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 between the so.nding of the alazm 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 tests 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 closely-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 parallel IFR operations using the ATSD with

an alarm. Fifty percent had "high" confidence that they

could resolve conflicto successfully undez these conditions.

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 enployed on the Phase II subjects was

by no means a worst case. The intruding aircraft had a

bank angle of only 1.8.70, whereas bank angles in excess cf

450 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 T of 28, T being defined as the intiuding

aircraft's lateral distance to the adjacent localizer divided

by its lateral rate. Normal ILS tracking would frequently

generate lower values of T than this, hence a T 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 program,

it was felt that a definitive answer to the question, "Under

what conditions would independent operations or clo.se-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 rerults indicate

that the effect on reaction time due to update rate was

not significant, but that the emergency 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.

ta n The emergency alixm appreciably cut down the pilot

reaction time in situation 6 (ILS acquisition overshoot),

but offered no improvement for situation "i (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 threshold was equivalent in performance on the

average to the automatic Tau alarm for situation 7, but was

inferior 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 situation 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 done

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,
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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 NTC situation around him.

I -



APPEN D IX*

STATISTICAL ANALYSIS PROCEDURES EMPLOYED IN STUDY

A.1 Analysis of Variance

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

ments having the values X. is given by

N
I X

M = 1-.1_ (1)
N

The mean square of the data points aboqt this average

value is called the variance of the distribution. It is

given by

N. (Xi _ M)2
2ii

5 - N (2)

The operation 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 2 N (>i) (3)

i- i-1 1 N

N/N N\

from which s2  - N M2  (4)

*Contributed by Mark E. Connelly
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In genera] .i sct. of data points is a samplu 1.L-,,

a very much larger set of data pcints which replcsent the

entire population being evaluated. The use of samples

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 experiment is conducted.

Specifically, the analysis ot variance technique breaks up

the total sum ot 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 Pum of squares,

which measures the variation of the data within each of the

groups around the respective group means. Each of 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 differenc,

between the two groups of data, the value of F, on. the average,
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%'ill ] .00. Hlowevcr, if tht' qioup means; dillon, signifi-

cantly from each uthut bucauu of the ufiuct ol thu vxpoil -

mental variable, the between-groups; vaLiance will b greate_

than thQ within-yroups variance and F will b considerably

larger than 1.00. Standard tables of the F distribution

enable us to determine the piobability that a given value

of F could have occurred by chance. In this study, an

experimental treatment is considered statistically signifi-

cant if the corresponding F-ratio has less than a 5% proba-

bility of occurring by chance.

To illustrate the technique, a step-by-step uxl)ia-

nation of the three-way analysis of variance employed in

this report wil be -resented. me-o-- that, a more ueraieu

discussion of the theory and practice of analysis of vari-

ance may be found in References 8, 10, 11, 12, 13 and ]4.

As our illustrative example, 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 sequence.

The data for tte analysis is derived from Table 3.2.2 and

is restated in Table A.1 in a form more convenient for

computation. In genecating Table A.1 from Table 3.2.2,

Equation (1) is ufed to find .X. values and Equation (4)1
is sedte indthe\ X2

is used to find the x2 values. The number of sanples in

each categor-y (N) is )btained by subtracting the numuer of
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nulL responses from the number of subjects. The individual

subjects contributing to each category have been pooled in

Table A.1

A between-groups sum of sauares 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 Ni , N2,

and N3 samples respectively.

Ni

X average- - (5)

N2

Y average - -i . M 2  (6)

N3

average - 3  (7)
3

N N2  N
1 2 3

grand average - i2- 3 (8)

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

-T2 2 _M)
=N, 14M1 tL + N (MK ) + N (M 3" 2 % -2 - M 3 -

N1 (rz - 2 M1MT + MT ~ 2 ~~ + - L3~+~T

=Nj+J2 + N ) - 2MNM.,+ N2M2+ N3L) + T4(Nl + N 2+ N 3 9

but from Equations 5, 6, 7 and 8

N N N

N .M N2142 tq^ X, + ~Y+ M T (Nl + N2 + N 3) (10)

hence

Between Group Sum of Squares

=(N1 I4+ NA4 +NN? 3 ) - MT(Nl + N + N

( N N N N N2  
N2 ( 1)2 Zi)2 (i x + yi + 2

N N2 N3 N1 + 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 suwa of all items in all groups divided by the total

number of samples. In our illustrative analysis, the correction

I

tI
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factor is given by 2

correction factor (41.1)24165 o ,

The F-ratios for the main effects and for first order

and second order interactions are obtained from six tables

derived from Table A.1 as follows:

Table A.2

(Obtained from A.1 ty summing IX i 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.1 by summing IXi values over Situations)

Single Crew
Pilot

Aircraft +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 samples 19 samples
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Table A. 4

(Obtained from A.1 by summing .,X1 values over crew sizes)

Situation Situation Situation Situation
#i #2 #3 #4

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 Ejamples 11 samples 14 samples 14 samples

Table A.5

(Obtained from A.2 by summing over situations)

Single Crew
Pilot

sample ,:i, , eGrand Total 41.1109 1 -2.0 165 samples109 samples 56 samples

Table A.6

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

Aircraft Aircraft Aircraft
+2 +1 -1 Grand

S...Total 41.1
10.9 30.5 -0.3 165 smples

55 samples 57 samples 53 sampleit

16 srie

I1

-
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Table A. 7

(Obtained from A.4 by summing over aircraft)

Situation Situation Situation Situal ion
#1 #2 #3 #4

-4.9 18.2 50.3 88.142 samples 37 samples 42 samples 44 samples

Grand Total 41.1
165 samples

With this background and the data presented in Tables

A.1 through A.7, we can now calculate the sum of squares and

degrees of freedom associated with the crew effect(C), ihe

aircraft effect (A), and the situation effect (S), as well

as tne C x A, C x S, A x S, and C x A x S interactions.

Crew Effect

Divide the square of each entry in Table A.5 by the

nuMber of samples contributing to the entry, and subtract the

correction factor from the sun of these terms.

Crew Effect Sum of Squares = (431) 2 (-2)2 10.24 = 6.87

Since there are two levelb of the crew factor, there is

one degree of freedom associated with this sum of squares.

The corresponding variance estimate is the sum, of squares

diviued Ay the degrees of freedom.

6.87
Variance LstimatL, = 6.87 6.87
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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)2 (30"512 (-0.312
Aircraft Effect Sum of Squares - 9 + - + 10.24 8.24

55 57 53

There are three levels of the aircraft factor, hence there

are two degrees of freedom.

8.24
Variance Estimate = 8.24-- 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

(-4.9)2 + (18.2)2 -60.3) 2  (88 1)2  1" + + " 10.24 = 262.26,
42 37 42 44

There are three degrees of freedom corresponding to the four

levels of the situation factor.

262.26-
Variance Estimate = 2 87.4

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 sun of squares calculated for the aircraft

I ". o_

, II II: ii I : :: Ii ....------ i- II
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effect, and the correction factor.

C x A Sum of Squares

+)2 L __._72 + 0. 8)2+ (1.7)
+(21.7) + 4 (-9.1) +____. + (-.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 I x 2 - 2 degrees of freedom

Variance Estimate - -i 8 3.4
2

Crew x Situation Interaction

Divide the square of each entry in Table A.2 by the

nuner ofsemplee 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 S Sum of Squares

+ 6)2 11.)2 .2 (62)2 (-7.S) 2  (6-4) 2
" 26 + (1.)+ ( 3) + + +(61

27 25 27 30 15 12

+ + (- 6.87 - 262.26 - 10.24 - .07

15 14

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 - 0 - .02
3

LJ



-227-

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, subtact the sum of squares calculated

for the aircraft effect, the sum of squares calculated for

the situation effect, and the correction factor.

A x S Sum of Squares

-(12)2 (19) 2 (-35.9)2 4.72 (-. 8)2 (14.3)2
+ j- + 9)2 + +

13 15 14 13 13 11

+ (77)2 + (-38.3)' + (8.5)2 + (20)2 + (59.6)2

14 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

Crew x Aircraft x Situation Interaction

Divide the square of each JXj entry in Table A.1

by t~he 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

situation effect, the C x A interaction, the C x S inter-

action, the A x S interaction, and the correction factor.

t !

.I
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C x A x S Sum of Squares

(12) + ( + + (19.6) 6.87 - 8.24 - 262.26

8 10 4

- 6.8 - .07 - 275.6 - 10.24 - 8.77

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

8.77 I
Variance Estimate = 6- - 1.46

Total Sun 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 IX entries in Table A.1 minus the correction factor.

Total Su of Squares

= 43.9 + 29.6 + 81.1 + .... + 173.5 - 10.24 = 1321.6

Since Table A.1 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

squares calculated for crew, airc .aft, situation, C x A

interaction, C x S 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

753Residual Variance Estimate 3 = 4

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

the final Table of Analysis of Variance.

Tabk .A. 8

Sum Degrees Significant
of of Variance at

Effect Squares Freedom Estimate F-Ratio 5% Level

Crew 6.87 1 6.87 1.33 No

~Main Faco Aircraft 8.24 2 4.12

Situation 262.26 3 87.4

A x S 275.6 6 45.9 8.86 Yes

C x S .07 3 .02 .00 Noactions

C x A 6.a 2 3.4 .66 No

C x A x S 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. If this

second order interaction is significant, it is no. valid

to test any of the first order interactions (C x A, C x S,

or A x S) against the residual.

!I

j.%

I

IIII
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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.

1.46
F-Ratio for C x A x S Interaction = - .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 estimate of the residual variance.

From Table A. 8, we have

Revised Residual Sum of Squares = 753 + 8.77 = 761.8

Revised Residual Degrees of Freedom - 141 + 6 = 147

Revised Residual Variance Estimate = 761.8 . 5.18
147

The revised variance is used in the calculation of F-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 S

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, and 4, but that crew size is

not significant in any of the situations.

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

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

against the revised residual. The resultant F-ratio (1.33)

is not significant. 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

is relatively insensitive to minor perturbations in the

input data.

A.2 Chi-Square Tests

2The X (chi-square) test tells uc whether the observed

frequency of some event differs significantly from the frequency

i i "
I!
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which might be expected according to some assumed hypo'hCeisi.

Corresponding to each frequency predicted by the hypothesis

(E for expected), there will be an experimentally observed

frequency (0 for observed). If there are N items in the

contingency table, the index X2 is calculated by the following

sum of terms.

2 = N (01--E (12)

Naturally, if the observed frequency equals th-e expected

2

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

hypothesis is upheld. For finite values of X2 , tables of

tie X2 distribution give us the probability that the ob-

served frequencies occurred by chance even though the

hypotheiiz is actually tru . To use these tabLes, one must

also calculate the degrees of freedom associeted with the

X2 value. The degrees of freedom are equal to the riuirber 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-l) (p-l).

We will illustrate the X2 test by using it to determine

if the crew treatment had a significant effect on null re-

sponses. A null response is a missing data point, i.e., an

estimate of aircraft position, altitude, ground speed, or

heading that a subject failed to record on his stop-action

quiz. The raw data for this test (Table A.9) was derived
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from the null response data in Tables 3.2.1, 3.2.3, 3.2.4,

and 3.2.5.

We first test the hypothesis that there is no differ-

ence in the frequency of null responses due to situations

(all aircraft pooled). This is really eight separate

2
X tests based on data for the four information components

and the two crew sizes. The observed and expected null

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

The method of calculating expected values can be explained

in termis of the single ilot position null entries.

Since there are a total of 8 position nulls with

single pilots, one would expect, in view of the situation

hypothesis, that each of the four situations would have 2

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.

Similarly, the 24 altitude nulls yield an expected

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

expected 24 altitude responses. Ihis relatively simple

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

in Situations 1, 3, and 4. For each information component,

a total of 57 replied was possible, 15 from Situation 1,

I I I I : 1I I
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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)

in each situation is given by:

I
Situations #1,3,4 E = 15 - .26

Situation #2 E 12 .21

A total number of 15 position responses was possible in

Situations 1, 3, and 4, hence the expected number of responses

is 15 minus .26 or 14.74. Only 12 position responses were

possible in Situation 2, so *..he 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
i components. To illustrate the procedure, the X 2 value for

single-pilot position null data is obtained from Eq. 12 as

folIlows :

2 (3-2 (3-2)2 + (O-2)2
X2(single pilot, position nulls) 1-2) + 32 2 + 02

2 2 2

2 22
+ (27-28)+ (27-28) + (30-28)

28 28 28

3.21
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TA=U A. io

NJL lWMW D"XP T TMS? SITUJATIGA HY0TMSZS

Crew Information Situation Situation Situation Situation
Site Caomnet tl #2 #3 #4

Position ulls 3 2 3 0

1 2 2 2 2

Position W fponsee 0 21 28 27 30
3 28 28 28 28

Altitude Mulls 0 9 4 7 4
6 6 6 6

Altitude opmses 0 21 26 23 26

3 24 24 24 i,4

Pilot Ground Speed Nulls 0 10 4 5 5

a 6 6 6 6

Growbd Speed Maonve 0 20 26 25 25
E 24 24 24 24

Reading mlls i 0 12 10 10
R 10.5 10.5 10.5 10. -

Needing P"Prap f 0 20 13 20 20
19.5 19.5 19.5 19.5

PONitio. mulls 0 0 0 0 1
B .26 .21 .26 .26

Mltion lsponla.s 0 15 12 is 14
a 14.74 11.79 14.74 14.74

Altit
-
t

- 
mulls 0 1 1 0 0

a .53 .42 .53 .53

Altitude amponus 0 14 11 15 is
z 14.47 11.58 14.47 14.47

G roumd Speed Mull. 0 1 0 1
z .53 .42 .53 .53

aQo.w Sp,. a;p.s.. 0 14 12 14 is
3 14.47 11.Se 14.47 14.47

eadinnq mulls 0 4 4 3 S
a 4.21 3.3? 4.21 4.21

Reading eseporaoe 0 11 S 12 10
3 10.79 8.63 10.79 10.79

Total Nulls 0 38 27 29 25
1 30.25 28.24 30.25 30.25

otaol Responses 0 142 141 15! 155
1 149.75 139.76 149.75 149.75

A'
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Entering the X2 table for 3 degrees of freedom, we find

that the distv.bution of position replies had a 25-50%

probability of occurring by chance, i.e., the situation

hypothesis for this null component is upheld. The situation

hypothesis is likewise upheld for t- other seven information

components as shown in Tabje 3.3.16 ta).

2[

In actual practice, the X test cannot be safely

applied if the expected frequency in any cell is less than

5. Becauue of this, all the deta in Table A.10 should be

pooled and the X test applied to the totals in each column

as follows.

2  (38-30.25)2 + (27-28.24)2 (29-30.25)2 (25-30.25)2= + +-
30.25 28.24 30.25 30.25

+ (142-149.75)2  (141-139.76)2 (151-)49.75)2

149.75 139.76 149.75

+ (155-149.75) = 3.61

149.75

With 3 degrees of freedom, the probability that the null

response distribution was due to chance is between 25 and

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 responses due to aircraft sequence

inj upheld as zhown in Table 3.3.16 (b). Since both the

sittu:tion .,u aircraft hypotheses appear to be true, the

tI
II
II
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data from all situations and all aircraft can be pooled

in testing the hypothesis of most interest, namely, that

the number of null responses is not affected by crew size.

Table A.11 presents the data needed for this test.

In Table A.11, Yates' correction has been applied to

the observed values. This is an empirical adjustment that

compensates for the fact that the continuous X distribution

is being used for a binomial type of problem which is, in

fact, discontinuous. The Yates correction decreases by .5

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 information component can be conputed individually

or all the information components can be pooled and a X2

index computed from the totals. To illustrate the general

procedure once again, the X2 calculation for the position

null response data is presented below in detail:

2 (7.5-6.10)2 (1.5-2.9)2 (112.5-113.9)2X2 (position nulls) = + +

6.10 2.9 113.9

+ (55.5-54.1)2 - 1.05

54.1

Degrees of Freedom - 1

.25 < P < .50 Crew hypothesis is upheld by position data

r]
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Table A. 11

Null Response Data to Test Crew Hypothesis

(Situations and Aircraft Pooled)

Information Single
Components Pilot Crew

Position Nulls 0 8 - .5 = 75 1 + .5= 1.5
E 6.10 2.90

Position Responses 0 112 + .5 - 112.5 56 - .5 = 55.5
E 113.9 54.1

Altitude Nulls 0 24 - .5 = 23.5 2 + .5 =2.5
E 17.63 8.37

Altitude Responses 0 96 + .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 41 - .5 = 40.5

E 80.68 38.32

Total Nulls 0 98 - .5 = 97.5 21 + .5 = 21.5
E 80.68 38.32

Total Responses 0 382 + .5 - 382.5 207 - .5 = 206.5
E 399.32 189.68

I

I



-240-

In like manner, we can calculate X2 for the other information

components to obtain:

X2 (altitude and ground speed nulls) = 7.12

.005 < P < .01 Crew hypothesis rejected by altitude and
ground speed data

2
X (heading nulls) - .56

.25 < P < .50 Crew hypothesis upheld by heading data

We can also pool all Ahe information components and calculate

x from the totals in each column of Table A.11 with the

results below:

X2 (pooled data) - 13.09

P < .005

crew hypothesis 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. In this case, the two-

man crew has fewer null responses than the single pilot and

the differance is statistically significant.

' ..I!I :
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