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AUMMARY

A simulation study was undartaken to avaluate two time~bhased self-~apacing tech-
niques for in-trail following during terminal-area-approach operationa, The tests
ware conducted in a fixed-base cockpit simulator configured as a current-qeneration
transport aircraft. An electronic traffic display was provided in the weather radar-
scope location, The self-spacing cues displayed on the electronic traffic diaplay
allowed the pilot of the simulated aircraft to follow and to maintain spacing on
another aircraft which was being vectored by air traffic control (ATC) for landing in
a high-density terminal area environment, Separation performance data and pilot

subjective ratings and comments were obtained during the study.

Eight unique approaches representative of the aircraft vectoring used at
Stapleton International Airport in Denver, Colorado, were flown and recorded in the
simulator for use as target aircraft, The test subjects flew approaches following
each of these prerecorded targets using constant=-time-predictor and conatant~time-
delay spacing display formats. These time-based self-spacing techniques provided a
spacing distance which was increasingly compressed as both aircraft descended and
decelerated during the approach. In addition, the target aircraft left a trall of
past-position dots on the electronic traffic display of the pilot's aircraft, which
described the horizontal path for the pilot to follow,

Results of the study indicate that the information provided on the traffic dis-
play was adequate for the test subjects to accurately follow the approach path of
another aircraft without the assistance of ATC. Pilot comments indicate that the
workload associated with the self-separation task was high., Location of the traffic
display in the weather radarscope position and the senaitive manual control system of
the simulator contributed to the high~workload condition. Pilot comments further
indicate that additional spacing command information and/or aircraft autopilot
functions would be desirable for operationa® implementation of the self-apacing task.

Analyais of the separation performance data revealed some significant differ-
ences between the conatant-time-predictor and constant-time-delay spacing techniques.,
The apacing cue implemented for the constant-time=-delay spacing technique produced a
significantly lower disperaion in displayed spacing error. Actual spacing accuracy,
measured in terms of deviationa from ideal spacing, was not significantly different
for the two spacing techniques, The constant-time-predictor technique exhibited the
inherent problem of requiring the pilot's aircraft to fly an overall slower profile
than the lead aircraft., For the particular profileas flown in thia study, the
constant-time-predictor runs averaged 10 wmec longer than the same runs using conatant

time delay.

INTRODUCTION

The combination of air traffic demands and airport capacity limitations has
resulted in coatly delays in take-off and landing for aircraft and in high vorkload
levels for air traffic controllers. Solutions to these problema are neceasary in
order to improve controller productivity and to allow for the future growth of the
air transportation syatem projected by the Federal Aviation Administration. One
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mathod which has hnen cited as a posaible means to reduaa controller workload and to
improve alrport capacity is to allow greater participation of pilota in the air traf-
fic control (ATC) process,

The concept of cockpit diasplay of traffic informatlion (CDTI) has the potantial
for providing the pilot with the traffic information necassary to perform some ATC
functions. Previous studies involving airborne traffic displays have ildantified many
areas where active une of CIHTI may have henaficial applications (ref, 1). Pilot
control of in~trail aspacing during approach to landing has been suggested as a means
to increase airport capacity by raducing the dispersion in aircraft spacing at tha
runway threshold, Addition of spacing information to the CDTI gives the pilot the
capability to perform the in-trail spacing task. The nature of this display informa-
tion, the pilot's ability to successfully use the diaplay to perform the spacing
task, and the resulting effects on overall system efficiency and safety are suhjects
of continuing research,

The primary objective of this study was to evaluate two time-based self-spacing
techniques used during approach to landing operations in a high-density terminal area
environment, The spacing technigues were chosen to provide a naturally conpressing
spacing interval as the aircraft decelerated during the approach, The primary pilot
task was to maintain the aspecified spacing interval hehind a lead aircraft which was
being vectored to the landing runway by ground ATC. Pilot performance in maintaining
precise spacing intervals as well as subjective analysis of the workload assoclated
with the self-spacing task were principal measures in the evaluation.

RESEARCH SYSTEM
Simulator Dascription

This study was conducted with a fixed=base cockpit simulator configured as a
conventional, two-engine jet transport aircraft (fig. 1). The four throttle controls

present in the cockpit were mechanically pinned together in pairs to represent the
two~engine configuration., The aircraft dynamics modeled for the simulation were
those of a Boeing 737. Nonlinear aerodynamic data and atmospheric effects were
included in the simulation model. The host computer for the simulation was a CDC®
CYBER 175 system, which contained the alrcraft dynamics, navigation, and flight-
director alyorithms., Conventional navigation instruments, which included horizontal-
mituation indicators, flight director, and distance measuring equipment (DME), were
provided in the cockpit. Flight instrumentation consisted of standard instruments
required for manual flight control; however, no autopilot or automatic flight-control
systems were provided to the pilot. In addition, no attempt was made to duplicate
any specific aircraft cockplt configuration or control-force-feel characteristics,

Traffic Generation Schems

The displayed traffic was generated from data previously recorded using the
Langley Flight Simulation Computing Subsyatem. Specifically, the traffic data were
created by using a capability of the piloted simulation wherein fliqghts were made
along various routes that corresponded *o the alrway structure prescribed by the test
dcenarios. These individual flights were recorded and then merged into a sat of data
that was correlated for position and time, The output of these merged data was the
representation of numerous airplanes following several flight paths. A description
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of the agtual traffic mcenariom usad in this atudy im contained in the "Air Teaffiic
Scenario” aeotion.

EXPERIMENT DESCRIPTION
CDTI Description

The instrument used for the CDTI for this study was a monochrome, 875-line,
ragter~acan cathode-ray tube (CRT) located behind the throttle quadrant as shown in
figure 1, This location corresponds to the normal location for a weather radar dis-
play on most conventionally equipped tranaport aircraft. The CRT measured 10 in,
across the diagonal with a display area approximately 6 in. high by 6 in. wide used
for the CDTI information,

The traffic information was presented on this display in a horizontal plan viaw
superimposed on a map display. The map information provided pimplified route struc-
ture and navigation way points for the approach patterns to runway 26L at Stapleton
International Alrport in Denver, Colorado (fig. 2}, A solid line was drawn from an
antry corner post toward Denver VORTAC to indicate the initial approach radial that
the pilot's aircraft would be flying. Approach radials from the other three corner
postas were drawn as dashed lines to indicate alternate approaches that other aircraft
might be following. A gecond solid line was drawn along the extended centerline of
runway 26L, through the outer marker (LOM) and WATKI navigation way points, to high=-
light the final approach path to the runway. In addition, short straight lines were
drawn on the display depicting the main runway complex at Stapleton. The map display
was oriented with the ground track of the pilot's aircraft being up, with apparent
continuous movement of the map information about a fixed own-alrcraft symbol, Six
map scales, ranging from 1.0 to 32.0 n.mi./in,, were available to and controllable by
the test sublects.

Figures 3{a) and 3(h) illustrate the CDTI format as it appeared in the cockpit
for the two spacing technigues used in this study. In these figures, the plilot's
aircraft is on a downwind segment of the approach, with the axtended centeriline of
runway 26L shown on the right aside of the display, The runway complex is located in
the lower right-hand corner of the display in these figures,

praffic aircraft were displayed on the CDTI referenced to the map display.
Unlike the map, the traffic data were not updated continuously but at 4-sec intervals
to approximate the update interval for data obtained using a terminal area secondary
surveillance radar. Between updates, the traffic symbology remained fixed on the
moving map and then jumped to its new position at the update,

The traffic symbology was obtained from reference 2 and was the same as that
used in references 3 and 4, Figure 4 11lustrates this symbology and the information
provided to the pilot concerning the aircraft traffic, Aircraft within $500 £t alti-
tude were considered "at" the altitude of the pilot's aircraft. The straight-line
trend vector on the traffic symbol indicated where the traffic would move in 60 sec
at its current ground speed and heading. The alphanumeric data blocks provided iden-
tification, beacon-reported preassure altitude, and ground-speec information for the
traffic., The trend vectors and data blocks were indeyendently selectable by the test
subject at any time during a run. Selaction of either option resulted in that option
appearing for all the displayed traffic. The alphanumeric characters and the symbols
were of conatant sizes independent of map scale, It should be noted that the sizes
of the alphanumeric characters in the traffic data blocks were not the same as in
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rafarancas 1 and 4, The numhers providing the altitude and ground-mapaed information
wara snlarged to facilitate readability, The traffic identifisrs ramained the
amaller ailze in order to minimize the overall Aiaplay clutter,

The lead aircraft, which the pilot's aireoraft wam instructed to follow, created
an additional diaplay featura on the pilot's CDTI conmimting of a trail of position
dots indicating the laad-aircraft ground-~track hiatory over a apscified timea inter-~
val, The porition dota repredentad the location of the lead aircraft at each 4-sec
update for the pravious 80-aec time pariod, For the conatant-time-Aelay spacing
canagd, a Aatraight lina parpendicular to the lead-aircraft ground track was drawn
through the 80-aac~position dot on the lead~aircraft trail to provide an easy refar-~
ence point for the self-spacing task. (See fig, 3{a).) A predictor vector axtending
from the own~aircraft symbol provided the pilot with an indication of the ground
track hia aircraft would follow at the current turn rate. The length of the wvector
was based on the distance the pilot's alrcraft would traval in 80 sec at its currant
ground apeed, For the constant-time-predictor spacing cases, an arc was drawn at the

tip of the own-aircraft pradictor vector for raferenca in performing the apacing
task. (Sea fig. I(b).)

Air Traffic Scenario

The air traffic approach patterns modeled in this study were based on typical
approach profiles used by jet transport alrcraft for landing at Stapleton
International Airport as of April 1981, As with other high-denaity terminal area
airports, Stapleton's capacity is limited at peak periods, requiring flow control,
holding patterns, and high controller workload levels. Depending on wind and runway
configuration in use, under visual meteorological conditionas {VMC) more than 70 air-
craft per hour may enter the terminal area requiring individual altitude, apeed, and
vectoring commands from the approach traffic controllers to land on two parallel
runwaya. Departures are typically handled on a cross runway and are generally not a
factor for appreoache=aircraft spacing.

Approach airspace in the Denver terminal area is divided into four approach
corrldors and a final approach zone, which surrocunds the extended centerline for the
primary landing runway. Figure 5 shows a view of a horizontal slice of this
approach=airspace configuration. A vertical slice of the overall approach airspace
is shown in figure 6. The accompanying table provides a brief description of the
five major airspace segments an aircraft will travel through during a typical

approach. It should be noted that separate air traffic controllera are reasponaible
for the aircraft in each segment,

The "profile descent" referred to in fiqure 6 is a published descent procedurae
which specifies altitude and airspeed boundaries the aircraft must observe at the
corner posts and inner way points along the approach. Once the aircraft has crossed
a corner post and is in approach control airapace, the profile descent clearance is
typlcally cancelled and the controller assumes "manual® control over the aircraft,
It is in this reqion (emegment III of fig, 6) where the traffic streams from the four
vorner posta must he funneled to the single final approach zone, Conseguently,
extanaive apeed control and radar vectoring of alrcraft are required to smoothly mesh
the arrival traffic, Even under visual conditions, aircraft are radar separated in
the approach corridors until they are merged into the final approach gone, where the
pllota assume visual separation responsibility.
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Traffic flow into Danvar followa rapeatable patterns with "rush" pariods of
schedulad airline traffic arriving at the same timas each day, Typically, thasa rush
parioda conaiat of long mtreams of traffic arriving at ona or two of the cornex poats

with only a amall number of arrivalas using the other approach corridors, It in quita
common for theamea atreans of airoraft to stratch wall into the en route control seo-~
tors with as many as 20 airoraft lined up in trail, Under these circumatances, the
spead of each aircraft im controlled and each aircraft im vectorad along a aimilar
approach path,

For the purposes of thia study, eight uniqua approach profiles ware flown in the
simulator and recorded for use as traffic aircraft, These profiles represented the
four astandard profiles from each corner post, as well am four extended profile pat-
terne modeled after techniques used by controllers for merging and spacing multiple
streams of traffic., Figure 7 shows the ground tracks of these eight traffic pro-
files, The solid lines are the standard profiles, with the dashed lines being the
extended profiles., It should be noted that only the short profiles from the KIOWA
and KEANN corner posts were modified for the extended profiles. Extensions to the
long BYSON and DRAKO profiles would merely consist of extending the downwind megment
in a "“tromboning" manner, with no siynificant difference in the profile, Fight
unique traffic scenarios were created by defining each traffic profile as the lead
aircraft to be followed by the teat subjects and selecting three or four of the other
profiles to be included as background traffic. The background traffic profiles were
carefully merged with the lead aircraft profile to provide a realistic flow of the
traffic to final approach with minimum aircraft spacing at the runway threshold.
Departing aircraft traffic were not included in the simulated traffic scenarios,

Tagk Description

The basic piloting task in this atudy was a manual instrument approach inte a
terminal area environment, The test subjects were instructed to follcow and maintain
a specified separation on a lead aircraft which was being directed for landing by
typical altitude, speed, and vectoring instructions from ATC. The only instructions
the test subjects required from ATC were altitude clearances, The descriptions of
the piloting task, initial conditions, and specific ground rules provided to the test
subjects are given in appendix A, " » test subjents consisted of three NASA research
pilota and an Alr Force research pii. assigned to NASA Langley Research Center, All
test subjects had attended an airline training school and were experienced at flying
the Boeing 737 alrcraft.

As described previously, the simulator used for this study was a fixed=-base,
partial-workload cockpit, It was, therefore, impossible to simulate the full-
workload environment associated with actual operations. Previous experience had
indicated that using the standard two-pilot crew in partial-workload gimulations of
thia type resulted in unrealistically low workload levele, For this reason, a test
subject in this study was required to function essentially as a single pilot perform-
ing all decision-making functions and traffic display monitoring while exercising
total manual control of the simulated aircraft. The only taske not required of the
test subjects were manual operation of landing gear and flaps, tuning of radios to
proper navigation frequencies, and changes in traffic display formats. These func=-
tions were performed by the teat engineer at the verbal requests of the subject
pilot.

Air traffic control communications were simulated by having the test engineer
relay pertinent ATC commands to the test subjects. This was done by determining the
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elapaed time from the atart of the aimulation run until the lead airoraft wou)d nead
to receive a command from ATC, Tha times and avents were tabulated and used by the
taat engineer for realay to the test mubjact at the proper tinem during tha run, Only
ATC instructions to the lead aircraft, as wall as the subject pilot's altitude clear-
ances, ware ralayed to the tast auhjecta., This method was chosen as a compromina
hetwaan a full~party~lina ATC aimulation and not providing any information at all,

Spacing Criteria

The self~apacing task for this study involved maintaining an indicated (dis-
played) spacing interval behind a lead aircraft throughout aa approach to landing,
Selection of a suitable spacing criterion is critical to the succesaful implemanta-
tion of auch a task. The criterion must ensure safe separation throughout the
approach without excess separation, which would reduce the traffic flow rate into the
terminal area. 1In addition, the display of the spacing criterion should be eagy tc
implement and readily understood by the pilot, Finally, the spacing criterion muat
be achievable within the maneuvering capabilities of the trailing aircraft,

Past simulation studies involving CDTI self=spacing tasks have typically used a
constant-distance criterion for spacing. This technique provides a representation of
the required spacing interval that is simple, direct, and eaay to implement. The
major drawhack to constant-distance spacing stems from the decelerating epeed pro-
files inherent to landing approach operations, 1In order to maintain a congtant=
distance spacing interval, a tralling aircraft must hegin to decelerate at the same
time the lead aircraft starts to decelerate, Asguming both aircraft have the sape
landing approach speed, the trailing alrcraft will reach this speed at the same time
as the lead aircraf: but at a distance farther from the runway. This situation is
undesirable from an operational efficiency standpoint, since the trailing aircraft
would he required to lower flaps earlier than desired, take longer to fly the same
approach, and therefore use more fuel., An obvious solution might be to provide a
series of constant-distance spacing intervals which would allow a decrease in separa-~
tion resulting from the deceleration profile of the lead aircraft. This hrcomes
difficult to implement and results in a spacing technique which is dependent on the
lead aircraft following a prescribed deceleration profile. For these reasons, it was
decided that constant-distance spacing techniques would not be suitable for the
approach profiles used in this study,

A time-baged apacing criterion that has been used in previous self-spacing simu-
lation studies is the constant-time-predictor technique, This technigque accounts for
the deceleration of the approach speed profile by basing the required spacing inter-
val at any instant on the current ground speed of the trailing aircraft multiplied by
a time constant. The time constant is chosen to provide a minimum safe separation
distance at the slowest speed the aircraft will ke flying during the approach. This
technique is consistent with current electroniec horizontal-situation displays, which
present time-based predictor vectors indicating where on the map display the aircraft
will be after a given time interval at the current ground speed., A possible drawback
to this spacing technique is the potential confusion resulting from the change in
length of the time-predictor spacing vector on the CDTI as the ground speed of the
pllot's aircraft changes, Earlier studies (e.g., ref, 5) have indicated no gignifi-
cant problem with the constant-time-predictor spacing technique, so it was decided to
evaluate this technique further in this study,

The second time-based spacing criterion used in this study is referred to as the
constant-time-delay technique, This concept essentially provides the pilot with a
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moving rafarence mark which dafinas the deaired horigontal location of his airoraft
At any given time, The reference mark ia a reprepentation of where tha leading air-
craft had hesn locatad on the horigontal map a conatant time interval earlisar, In
affact, by following thia moving refarance, the pilot's aircraft tracks the same
spead profile am the lead airaraft with a tima delay in deceleration agual to the
selected conatant~time~delay intarval, Flgure J(a) Lllustrates the Aiaplay format
used for this mpacing tachnique, The apacing refarance mark, refarred to as the
apacing command bax, was a perpendicular line drawn through the desired point on the
path of the lead aircraft whare the pllot's aircraft should be located, To the side
of this line ware numbhers rapresanting the previous altitude and qground spasd of the
lead aircraft at that point on the approach path. The tima predictor vactor extend-
ing from the own-aircraft symhol was retained as an ajd in horizontal path following,

RESULTS AND DISCUSSION

A total of 84 simulated approaches were flown by the 4 test subjects in this
study. Of these approaches, 20 were practice rung, 59 were good data runs, and
5 runs were lost because of various problems encountered which were not related to
the CDTI or to the piloting task. Table I shows the matrix of test conditions, with
the 59 runs which were used in the data analysis indicated,

The results obtained from this study are divided into two basic cateqgorles,
namely, the tracking performance achieved by the test subjects throughout the
approach and the accuracy with which the aircraft wag delivered to the runway thresh-
old by use of the CDTT gself-spacing techniques., The discussion of these results
considers the performance achieved by the test subjects in conducting the in-trail
follewing task, the comparison of the two spacing techniques, the pilot opinions of
the CDTI display formats, and the implications on pilot workload, The part-task
nature of the simulation precludes any detailed analysis of fullemission operational
factors or effects on ground-based ATC resulting from the CDT1 self-spacing task,

Tracking Performance

Analysis of the tracking performance achieved by the test subjects required an
accurate measure of both longitudinal spacing between aircraft and the lateral
deviation of the pilot's alrcraft from the desired horizontal path. Since the test
subjects had been instructed to follow the horizontal ground track of the lead
aircraft, lateral deviation is defined as the shortest distance between the pllot's
aircraft and the trailing path of the lead aircraft, The distance (projected in the
horizontal plane) along the trailing path from the location of the lead alrcraft to
the point on the path nearest to the pilot's aircraft is defined as the longitudinal
gpacing, The spacing numbers used in the dat.. analysis thue represent a projected
epacing along a defined path rather thar the strajght-line distance between the
alrcraft. Defining spacing in this manner provides a more representative measure of
spacing performance for path-following situations and facilitates analysis of
multiple approaches along the same described path,

The time-based spacing techniques used in this study provided the pilot with a
single spacing cue throughout the entire approach. This cue was a graphical indica-
tion of the spacing situation presented on the CDTI, Fiqure 8 illustrates the actual
spacing, desired spacing, and spacing error for the constant-time=predictor and
conatant-time-delay spacing techniques, As noted previoualy, these dis*ances are
measured along the horizontal ground track of the lead alrcraft,
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A atatistioal analysis waa parformed on the spacing errvor apnd lateral tracking
arror data from all tha runsk in order ta compara tha perfaormasce achiavad uweing tha
fWa spacing techniques, For thipg analysis, each approach profile was divided into
thres aeqments corremponding to the typs of lateral navigation quidance provided the
teat mubjects during that Regment. Thene maguants are desorihed aas follawm:

fegment 1 - Fxtends from entry norner post to the
the initial turn is ancounterad,

path of the lead airoraft plus the

point on thea approach whare
Tateral quidance is providad by the trailing
straight-lina radial drawn on the CD'IT map.

Segment 2 - Extends from the initial turn until roll-out onto final

approach,
Lateral guidance iam pProvided solely by the trailing path of the

lead aircraft,

Segment 3 - Extends from the end of sagment 2 until the lead aircraft crosses

the runway threshold. Latera) guldance is provided by instrument landing
gystem (ILS) localizer indications on the flight director,

An example of the three se

gmentes of the approach from the BYSON cornexr post is shown
in figure 9,

Position and velocity data for both the pilot's aircraft and the lead aircraft
were recorded at 1-sec intervals throughout each approach, These data were then
processed to provide average and root-mean-gquare (rms) values for the spacing and
lateral tracking errors during each of the three sagments of each approach, For a
given spacing technique (constant time predictor (CTP) or constant time delay (CTD)),
the values of average and rme spacing and lateral tracking errors obtained from the
same segment of all the approaches were agsumed to follow approximate normal distri-
butions when pooled together. This allowed calculation of mean and standard devia-
tion values which were used for statistical t-test comparisons of the two spacing
techniques. (See ref, 6 for statistical methods used.)

Figure 10 presents the confidence intervals calculated for the mean of the aver=
age spacing errora and for the mean of the rms spacing errors during each of the
three approach segments. The intervals were calculated at the 95-percent confidence
level using the equations for a standard t-distribution with sample sizes of 32 for
the conatant=time=-predictor data and 27 for the constant-time-delay data,

The average apacing errors for the two spacing techniques,
ure 10(a), are essentially the same with overlapping confidence intervale centered
roughly at 0.1 n.mi. positive error. The results of a t-test on the average apacing
data revealed no significant difference batween the means of the average spacing
errors for the two spacing techniques (table I}, The positive values of the average
spacing errors indicate an average spacing greater than the desired spacing for hoth
the criteria. This result agrees with data obtained from Previous self-gpacing stud-

ies (refs, 3 and 4) showing a pilot tendency to hold a spacing interval which ig
8lightly greater than commandegd,

presented in fig-

The rms spacing error values for the two spacing techniques, presented in fig=
ure 10(b), are noticeably different, 'The 95-percent confidence tntervalas for the
means of the rms values for the two spacing techniques do not overlap during meg-
ments 1 and 3 and only 8lightly overlap during segment 2 of the approach, The
results of a t=-teat on the rme spacing error clearly indicate a significant differ-
ence between the mean values of the ¥rms spacing errors for the two spacing techniques
during all three segments (table I, Constant-time~delay spacing results in lower




rme valuen of apacing error, indicating more acourate mpacing parformancs anhieved
naing thin tachinigua,

The confldancn intearvala ealenlated for the mean of the average lataral tracking
arrorn and tha mean aof the rma lateral tracking errorn during the three approach
weqmentn are pragented {n figure 11, nea again, the intervals were calculated at
tha 9%-parceant confidence lsval in the same manner an the spacing error confidence
intervials,

Table ITY presonts the remults of t-teswts of the lateral tracking error data for
the two apacing tachnigues,  No slgnificant differences bhatweon the two technigques
are indicated {n elther averaqe lateral tracking ervor or rms lateral tracking error,
The vim lateral tracking error during seguent 2 has the largent t-value, Fig-
ure 11(h) alse indicates a larger confidence interval for the mean of the rinw lateral
tracking ervor for the 0T technigue in that segment, Thene results sugyesat a possi-
ble differcence in lateral tracking acouracy during sayment 23 howaver, the data from
thin study do not indlcate any aignlficant differences,

rilot comments and ratings of the diaplay formats were obtained following each
aimulated approach,. e pilots were asked to rate the suitability of the diaplay
format for performing the path=following and relf-spacing tarke using the rating
gcale given in appendizx A, A rating of 3 or leaa indicated the dlaplay format wan
ratinfactory, with a rating of 1 being the most desirable, A rating of 4 to 6 indi=
cated the display was still acceptable, although modifications would be required to
make it satisfactory. A rating of 7 or greater indicated major shortcomings result-
ing in a totally unaceeptable display,

The results of the pllot ratings of dimplay suitability for the self-spacing and
path-~following aspects of the tracking task are presented in figures 12 and 13, The
constant-time-~delay format received better overall ratings for the self-apacing task,
with the constant=time-predictor format having a slight edge for the path-following
task, Both diaplay formatn received acceptable ratings; however, a large percentage
of the ratings indicate some wnsatisfactory aspacts of the displays. Pilot comments
and responses to the quertionnaire given in appendix A were obtained to determine
reasgond behind the subjective vatings,

A major objection raised by two of the test aubjects was the lack of quidance
fnformation present in the display. They would have preferred a apacing cue that
told them what to do (e.9.,, slow down or spead up) rather than merely what the spac-
ing error was, The constant-time-predictor format was cited as especlally needing
this type of quidance since changes in the pilot's ground apeed directiy affected the
displayed spacing error, and proper apacing atrategy was not alwaya obvious, The
other two test subjects liked the situational presentation of the apacing cues; how-
aver, they adqreed the workload involved with that type of display was high when cou-
pled with the manual £light-control task,

Minor objections to the displays involved clutter and the excessive time
required to extract the desired information from the display. Color coding of the
aymbology wan cited as a methat to improve the display and to enhance readability.
The discrete update of traffic positiona at d=sec intervals was cited as a prime
factor in the excensive dwell time required to extract apacing information from the
dirplay. This problem was especially noticeable because the display was located in ’
the weather radar position and thus outside the pilot's primary scan, A faster
update interval for the traffic was suggested an a method to lower the CDTI dwel)
time requirements, Pllot commenta further indicated that the conatant-time-delay
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format faoused their attentian on their own-airaraft aymbol and raduoad the amount of
predintive path information ohtained fram the Ailmplay.

At thim point 4t shonld he noted that many of the pilot ohjeotione were related
to the manual control systam of the mimulator, The primary ohjaction was to the
nignly manaitive nature of the aontrol aystem, which raquired a very minor control
input. to produan a responma, Although the high sennitivity of this ayateam had bean
somewhat. of a problem in pravious atudias, the added workload reautting from tha
characteristics of thim control ayatem was conmidarad a ponitiva factor in thomse
studien bacauke it compensated for reduced workload stemming from the part-task
natura of tha mimulation. 7In the current mtudy, the approach tasmk was more compli~
catad than in the previous self-spacing studies, and the senmitivity in the simulator
control syatom presmented the pilot with a very high workload. At the conclusion of
the atudy, pilot comments were molicited concerning the effect of the control system
on their performance, These comments indicated that the ovarall plloting workload
did not preclude ansessment of the diasplay formate or of the self~spacing task,

There was some concern about the absolute spacing and tracking performance achjevad
heing worse than would be the case under two-crew-member operations with a gocd air=-
plane control syatem, All the teat subjects stresaed the need to evaluate CDTI sslf-
spacing under more realistic conditions.

De.ivery Accuracy

The delivery accuracy achieved using the gelf«spacing tachniques wasm measured in
terms of the time interval between the lead aircraft crossing the runway threahold
and the trailing aircraft arriving at the runway threshold. This time interval,
referred to as interarrival time (IAT), is frequently used as a parametar in defining
arrival capacity for a particular runway. More apecifically, the less the IAT varies
from the mean IAT, the shorter the mean IAT can be for an equivalent level of safety.
Flgure 14 illustrates this effect of IAT dispersion on runway arrival capacity. as
shown, for a given minimum allowable IAT, the mean IAT of a distribution c* times
with a low dispersion can be less than the mean of a distribution with a higher dis=-
persion, Since a shorter mean IAT results in an increase in arrival capaclty, it is
desirable to minimize the diapersion of IAT (ref. 7).

The self-spacing techniques evaluated in this study provided the pllots with
time~based spacing cues, The time constant associated with the spacing cues is
directly related to the desired IAT betweean the lead aircraft and the pllot's air-
craft, The time-delay interval of tha constant-time-delay spacing technique (80 gec
in this study) is equal to the desired mean IAT, assuning both aircraft fly the same
final approach speed. Alrcraft with different approach speeda would need to adjust
the time-delay spacing interval in order to achieve a consiatent mean IAT. The lead
and the trailing aircraft in this stvay flew the same final approach apsed, thus
simplifying the analysis of delivery accuracy for the congtant=-time-delay spacing
rung, For the constant-time-predictcr spacing technique, the time conastant is also
equal to the IAT, assuming the aircratt maintalns its final speed after the lead
alrcraft crogses the threshold. Therefore, the desired IAT for all approaches in

this study is equal to the time constan: of BO sec used for both self-sapacing
techniquen,

Histograms of the actual IAT's obtained frum the simulated approaches are pra-
sented in figure 15, The Aistrihution of times from the constant-time-delay apacing
rung exhibit a mean IAT of approximately 1 sec greater than the desirad time of
80 msec, with a atandard deviation of 8 sec. The constant-time-predictor dimstribution
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has a Ahift of nearly 1% sec in mean IAT with a atandard daviation of approximately

7 mea, Applying a twa~tailed t-test to the IAT distrihutions revealam A statimtically
significant. diffarence hatwean tha mean IAT'm of the two spacing techniques. Pooling
tha atandard deviations of the two dimtributions ramsults in a te~valua of §,208 com~
parad with a tabla valuae of 2,668 for tha two~talled t-test at a significance of

1 parcent, ‘Thim shift in the mean IAT for the conAtant-time-predictor apacing tech-
nique prompted a closar evaluation of the two mpacing techniques,

gpeed profilas and the resultant apacing time histories for ideal followine of
the same laad alrcraft uweing 'oth constant=time~dalay and conmtant-time~.radictoy
spacdng techniques ware caloulated for sach of thea eight lead aircrafit profiiles.
Appendix B descrihea the equations used for calculating thenc ideal profiles., Fig-
ure 16 presents an example of tha spred~profile and spacing time histories for ideal
following of a typical lead aircraft for both spacing techniques. The ideal conatant-
tima-delay mpeed profile is identical to the profile of the lead aircgraft with a
shift in time equal to the spacing time constant (80 sec in this case), The ideal
constant=time~predictor spned profile, on the other hand, is characterized by early
decaleration with relatively amooth and shallow deceleration rates., As a raesult,
when the lead aircraft crosses the runway thrashold, the trailing aircraft, following
the speed profile for ideal constant-time~-predictor spacing, is at a higher spesd and
has a greater mpacing interval than would he the case with the constant-time-delay
spacing, The aircraft using constant-time=-predictor spacing must continue to the
runway threshold at this final value of ground speed in order to arrive at the
deaired IAT., Since the alrcraft Ls constrained to a specified landing speed,  * must
depart from the ideal profile and decelerate to landing approach speed. ‘fie result~
ing increase in time is a problem which is inherent to operational use of :the
constant=time-predictor spacing technique.

Operationally required ideal speed profilee were calculated for constant-time-
predictor following of the eight lead alrcraft profiles used in this atudy. These
*ideal" profiles were identical to the profilen calculated with the equations in
appendix B up to the time when the tead aircraft crossed the runway threshold. At
this point, the aircraft were assumed to make a nominal 1 knot/sec deceleration to
final approach speed. From these profiles, "opurationally ideal" IAT'a were calcu-
lated, The table below gives these IAT's for both the constant-time-predictor and
the constant-time-delay spacing techniques for the eight lead aircraft nprofiles.

Operationally ideal IAT, sBec, for -

Lead aiicraft
Constant-time~delay technique | Constant~time-predictor technique

80.0 8547
92,1
91,7
87.5
87.0
87.6
90.5
86,4
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The inharant incraage in IAT with conetant~time~pradiator mpacing is clearly
avident in thia tabla, fThe IAT data prasanted in fiqure 14 wara reanalyrad in tarms

of theae opsrationally ideal timea, An IAT arror, defined am aotual IAT minus ideal
TAT, was caloulated for each approach, Thase Arror values are plottad in histogram
form in fiqure 17 for both mpacing tachniquaen,

The larga shift in mean IAT, presant
in tha aonstant-time~pradiator data {

n fiqura 15, ham heen Almost entirely elimi=
nated, PRoth conatant-time~pradictar and constant«time-dalay techniques exhihit a
Alight shift in mean IAT error, with constant~tima~pradictor mean srrxor heing approx-

imately 1,5 mac greater than the constant-time~delay mean exror. The pooled standard
deviation for the two TAT-error distributions is 7.6 mac, The t-value from the two-
talled t~test for theas IAT-error distributions is 0,80, which indicates no signifi-

Thase results indicate
IAT present in the conatant-time~predictor spacing technique

The dispersions in arrival time errors ghewn in figure 17 indicate a slightly
lower standard deviation for the congtant-time-predictor technigue. This result
appeara to he contradictory to the results presented in the "Tracking Performance®
data analysis section, That analysis revealed a statistically aignificant advantage
in spacing accuracy using the constant-time-delay technique (fig, 11(b) and

table II). ‘The reason for this apparant contradiction ia the manner in which spacing
error was defined in the spacing performance analysis, 1In figure 8, the spacing
error values were referenced to the displayed spacing cues, The spacing error for
the constant-time-delay technique represents the actual error in distance from the
ideal Spacing location. For the constant-time=predictor technique, the displayed
spacing error represents the actua! error in distance from the 1deal spacing lacation
only if the trailing aircraft isg at the speed for igeal following as defined by

equation (5) in appendix B, Therefore, any variations in speed from the speed
profile for ideal following would result

which do not répresent errors from the id
in IAT errors shown in figure

it would be inappropriate to o
results for the congstant-time

eal spacing location., Since the dispersions

from ideal gpacing,

th the displayead apacing error
=predictor spacing technique, 1In addition, the compari=-

r the two spacing techniques presented in figure 11 and
and does not represent a

An analysis of the spacing performance referenced to ideal spacing was performed
in the same manner as the analysis of diasplayeq spacing performance presented in the
"Tracking Performance" section. Figure 18 shows the 95=-percent confidence intervals
calculated for the means of the average ideat spacing errors and of the rma ideal
Bpacing errors during each of the three approach segments. The t-values for the
t-tast between the two 8pacing techniques are given in table 1v. fThe regults of this
analysis reveal no significant differences in spacing performance between the two
8pacin; techniques when the spacin e ideal spacing profile,
Therefore, although there in a Big displayed spacing

there appears to be no signifi-
using either the conatant=time-
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CONCLUSTONS

A piloted mipulation wam conduated to avaluate two time~bamed malf-~spacing tech-
niques using a oockpit display of traffic information (CDTI) during approach to land-
ing in a tarminal arsa vactoring environment, Tha following conclusions ara bamed on
tha rasults of this atudy:

1. The information provided by tha CDTI provad to ba adaguate for the test sub~
jacts to follow the approach path of a praceding aircraft in a high~density terminal
araa without the amalstance of ground air traffic control,

2, Pilot comnents indicated that the 4-~sec update interval of the traffic loca-
tions on the CDTI, coupled with the location of the display ocut of the pilot's
primary scan, rasulted in an increasa in dwell time on the CDTI which would not he
necessary if the traffic were updated at a faster rate, Further comments suggested
that an autopllot and/cor additional mpacing guidance information are desirable to
lower the overall workload associated with the approach and egelf-gpacing tasks,

3. The spacing cue implemented for the constant-time-delay spacing technique was
found to produce a significantly lower dispersion in displayed spacing error. Actual
apacing acouracy, measured in terms of deviationa from ideal apacing, was not signif-
icantly differant for the two apacing techniques. The pooled standard deviation of
interarrival times at the runway threshold for the two spacing techniques was
7.6 mec,

4. The mean interarrival time achieved at the runway threshold using the
constant~-time-delay spacing technique was 80,9 sec with a standard deviation of
8,0 sec, The ideal interarrival time was 80.0 sec,

5. The congtant-time~predictor spacing technique, as implemented, produced an
inherent slow down in the overall speed profile of the trailing aircraft. The result
wag & maan interarrival time of 91.0 aec with a atandard deviation of 6.9 sec, The
desired interarrival time was 80,0 sec,

Langley Research Center

National Aeronautica and Space Administration
Hampton, VA 23665

February 25, 1983
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APPENDIX A :

PILOT INSTRUCTIONS AND QUESTIONNAIRE

Pilot Instructions
-_'-_-——.—_-_

You are flying a twin-engine jat tranaport (R-
Denver Stapleton Airport, Your tamk is to utilize a CDTI mounted in the weather
radar location to follow and maintain asparation on a preceading aircraft while manu-
ally controlling your own aircraft, The aircraft you are following ia being diracted
hy altitude, speed, and vectoring instructions from Alr Traffic Contrel 4n a mannar

reprefentative of current Denver approach procedurea., ATC will monitor your apiproach
and provide you with altitude clearance as necessary,

737) on an IFR approach into

Initial Conditions

Your aircraft is trimmed in an idle thrust descent crossing into Denvar TRACON
airspace at one of the four corner-post locationa., You have been Cleared to descand
and maintain 11 000 £t altitude while following and maintaining a meparation of
80 sec (time predictor or time delay) on the aircraft precgading you,

Specific Ground Rules

1+ Your primary task is to follow the path of tha breceding aircraft while maine
taining a specified gaparation oh that alrcraft, Ppath deaviationas to adiust

spacing are not permitted unless required to prevent a hazardous situation,

2. A test enyineer will serve as your copilot during thia study. His functions
will be limited to the manual tasks of operating the flaps and gear at your
raquest and informing you of ATe inatructions, both to you and the aircraft

you are following., He will not asaist you in monitoring the CDTI or flight
iustrumenta,

3. fanding gear and flap airspeed limitations should he atrictly observad,

4. Fvery effort should be made to fly the aircraft in a manner which you feml
would be acceptabla for airiine operations.

Pilot Rating Scale

Uze the following scale to rate the suitahilit

y of the diaplay format for the
path-following and self-apacing tauky following eac

h gimulation run,

——

Categyory Description N:ﬂ:i;gﬂl

Ratisfactory Fxrcellent

1
Good, neqligible deficlencies 2
Fatr, mild defictenciesn 3

14
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Catagory Deuoription Numerical
rating
neatinfactory | Minor deficianciam, modarate pilot compensa- 4
tion ragquirad
Moderate deficiencies, conaiderable piloet 5
conpansation requirved
Vary chijectionable deficlencies, sxtenaive 6
pilot compensation regquirad
tnaccaptahls Major deficiencien, requirad information im 7
too difficult to extract
Major deficiencies, ragquirad information ina a
not provided
Major deflicienciesa, diaplayed information ins 9
minleading
flarardous Major deficiencien, diaplayed information 10
will reault in a hagardous aituwation

1.

2.

3.

q.

S,

1.

2.

Pilot meationnaire

Diaplay Questions

Md the trail of past poaltion dota left hy the aircraft you ware following
provide you with adequate information to acourately follow the path of that
alrcraft?

Comment on the ahortcominga of the dimplay for the path-following task and
improveamentas you feel would be beneficial,

Did the time prodictor apacing eriteria provide you with adaguate information
to accurately aeslf-apace on the target aircraft? Comment.

Did the time delay spacing criteria provide you with adequate inforpation to
accurately self-mpace on the target aircrafc¢? Comment,

Do you feel a diaplay such aa this would ba acceptable for operational self-
apacing and following in a terminal-area environment? FElahorate,
Piloting Tark and Workload Queationm

What affect did the location of the CDTI have on your ability to carry out
the piloting task?

Mo you think the workload ammociated with flying a manual appreoach in thia
aimulator wan repreasentative of that amsociated with flying a B~737 on an
ILS approach into a terminal area smuch am Denver? If not, explain the
difference,

15
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3. Nid the fixad-hase (Lem., no motion cues) nature of the simulator advarsaly
affact your performance? ExXplain,

4. Do you think an operational autopilot, much am the

oha availahla on the
B~737, would have made a significant difference in your performance?
Explain,

5, What suqgeations do you have for improving future dis
simulator such as the one uged in this etudy?

play studies utilizing a

16




APPENDIX B

IDEAL BPACING PERFORMANCE

The self-apacing task in this atudy involved maintaining a specified time-hamed
spacing interval behind a preceding aircraft. For a given lead aircraft spaed pro-
file there is a corresponding unique speed profile for the trailing ailroraft which
allows maintenance of the desired spacing time interval throughout the entire
approach. The purpose of this appendix is to present the basic equations which were
used with the constant-time-predictor and the constant-time-delay spacing techniques
to calculate the speed profiles for ideal following of the eight lead aircraft uaed
in this study.

Constant Time Pradictor

The desired spacing interval for the constant-time-predictor spacing technigue
at any point along the approach is equal to the distance the aircraft would travel at
its current ground speed for the time interval specified by the spacing time constant.
The actual spacing interval is equal to the horizontal distance between the two air-
craft along the common ground track they are following., These spacing intervals can
be written mathematically as functions of time as follows:

84(t) = T, V,(¢t) ‘ (1
8,(t) = r () - r (t) (2)
where

Sq(t) desired spacing interval

p o gpacing time constant

Vo(t) ground speed of pilot's aircraft

sa(t) actual epacing interval

rt(t) ground range of target aircraft from common reference point

ro(t) ground range of pilot's aircraft from common reference point

Ideal spacing is achieved when the actual spacing interval 1s equal to the
desired spacing interval, as follows:

S4(t) = 8, (t) (3)

17

i

S

"

.




ST fe el IR SR T

5
f
2
s
IE.
g
;
E
F.
?
?‘;.
gl.
:
:
E
%
)
f

APFENDIX B
Then, i MR, o e
OF POOR QUALISY
Ty Vo(t.) - rt(t-) ~ ry(%) (4)

Diffarentiating aquation (4) and arranging terms yialds

va(t)

— T +:%— Vit --%— v (t) (5)
¢ c
where
dro(t)
Vol = =5
dr_(t)
Vt(t) -~

Equation (5) is now a linear first-order differential equation which can be
golved for V_{(t). Since the speed profiles of the target aircraft are known, time
histories of V_(t) can be generated through a simple numerical solution of

o
equation (5).

This technique was used to generate a unique speed profile for ideal constant-
time-predictor following of each target aircraft used in this study. Once the target

alrcraft crossed the runway threshold, the pilot's aircraft continued at its final
value of ground speed until it reached the runway threshold.

Congtant Time Delay
Speed profiles for ideal constant-time-delay following are much simpler to

obtain., The desired spacing interval is solely a function of the approach profile of
the target aircraft. The separation equations for this case are given by

Sqlt) = £ (t) = r (t=Tp) (6)
and
Sa(t) = r (t) = r (t) (7)

where T, is the spacing time constant, Setting actual spacing equal to desired
spacing yields

Sqft) = 5,(¢t) (8)
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and

FelE) = re(emy) = r(e) - ro(e) ORICINAL FAGE 3
OF POOR QUALITY

Tharefore,
ro(t) » rt(t-TD) (9)

Differentiating yields

Volt) = v, (t=T)) (10)

The speed profile for ideal constant-time-delay spacing described by aqua-
tion (10) is seen to be mimply the speed profile of the target aircraft shifted in
time hy the spacing time conatant, Ideal spred profiles for constant-time-~dalay
following of sach of the target alrcraft in this atudy were determined in thia
MANNAr,
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Mlot 1 pllot 2 rilot 3 pilae 4
Traffial - . - - . I
k. profilalconstant time|Conatant tima|Cenatant time|Canatant time)Conatant time |Conatant time|Conatant time [Conatant time
! prediator delay pesdiotor delay pradiator delay pradiator Anlay
. ) X | X X L] ] X X
2 X X % X | X X X
3 X X X X X X ] R
- 4 X X X X X x X A
' ) X ] X X X {a) X ]
] X X X (a) % {(a) X X
7 % X 4 X X {n) X X
a X X X X X (a) x X
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Spata from thia oonditicn were not obtained.

TABLE II.- t-VALUES FOR SPACING PERFORMANCE COMPARISON

§- CTP spacing C¢TD spacing
: Approach t-value
} segment Standard Standard
; Hean deviation Hean deviation
; Average spacing error, nemi, ’
. 3
3 1 0,082 0,200 0.079 0.108 0.073 !
5 2 +158 « 337 W17 +243 +541 !
3 +152 +295 114 2206 580
rmg espacing error, nemi .
1 0.260 | 0.13¢ | 0.164 | 0,083 b4.060 g
2 424 218 4303 .190 “;2.279 .
3 +356 175 «237 119 3,092

apqasumes unequal population variances (ref, 6).
brndicates 1-percent significance level.
Crndicates 5-percent significance level.
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TABLF III,- t~VALUER FOR LATERAL TRACKING
PERFORMANCE, COMPARISON

QTP mpacing CTh mpacing
Approach t-valua
seagment Mean Standard Mean Standard vel
' deviation daviation :
|
Average lateral tracking error, n.mi. E
1 0.002 0.091 0.011 0.091 -0,378 i
2 '.030 .080 '|°37 |079 0337 ,
3 +005 «027 002 011 575 i
rme lateral tracking error, n.mi, ‘
i
1 0.105 0.051 0,103 0.051 0.150 :
2 152 «050 «186 110 -1.482
3 «016 037 +013 017 «410

8pgaumes unequal population variances (ref. 6).

TABLE IV.- t=VALUES FOR IDEAL SPACING PERFORMANCE COMPARISON
CTP spacing CTD spacing e
Approach tevalue
seqgment Mean Standard Mean Standard
deviation deviation
Average spacing error.h n.emi.
1 0.036 0.105 00079 0-108 -1.543
2 l102 1252 0117 0243 “0232
3 115 277 114 + 206 +016
rma spacing error,b n.mi.
1 0.123 0.079 0.164 0.083 -1.932
2 n264 1169 .303 0190 -.826
3 «249 174 +237 119 «313

8pagumes unequal population variances (ref. 6).

breferenced to ideal profile,
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Figure 1.~ Simulator cockpit with cockpit diaplay of traffic information (CDTI},
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Figure 4, Traffic symbology for information provided to pilot.
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spacing error for two spacing techniques.
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Figure 10.~ Spacing performance represented by mean values of
average and rms displayed spacing error with 95-percent
confidence intervals,
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Figure '11.- Lateral tracking performance represented by mean
values for average and rms lateral tracking error with
95-percent confidence intervals,
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Figure 13,~ Pilot rating of display suitability for path-following task.

t 3




L
4

Cay '““‘:“':g,ﬂ
tf?iﬁucnzcgu:¢4;i

Low dispersion

High dispersion

-

-
,/I" l \\\
1% - | -
Minimuml l
IAT

Figure 14,~ Illustration of effect on mean IAT resulting from lower IAT dispersion.

36

P

e



- - - - - = ST T TEWFL.MEET S AT ITRRT R T T W TR AT 7R e e LR 4 -
ﬁ e o o - e
1

b0 — ' Ouiiian ety b s g

OF FOOR QUALITY
40

30

Cccurrence, percent

10| |

”HJ
d

|
I

|
i [l
W mm"mwmmdmr

50 60 70 80 90 100 110
Interarrival tine, sec

{a) Constant=time-predictor technique; Mean = 91,0 secg;
Standard deviation = 6.9 sec,

50—
«» 40P
=
]
o
[T}
2 304+
o

Occurr:

nenel
50 60 70 90 100 110
Interarrival time, sec

(b) Constant-time-delay technique; Mean = 80,9 sec;
Standard deviation = 8,0 sec.

Figure 15.~ Histograms of interarrival times achieved using constant-
time~predictor and congstant~time-delay spacing techniques,
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Figure 18.- Ideal spacing performance represented by mean values
for average and rme errors from ideal spacing with 95-percent

confidence intervals. ;
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