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CONCLUSIONS

To provide praliminary design data for refinement of the Automoted
Terminal Services (ATS) concept [1], a study of airport traffic vas
intitiated. Data was acquired on aircraft behavior in a typical
traffic pactern at Manaesaes Airport: an uancontrolled, primarily
general aviation airport. A time step computer model of the multi-
aircraft traffic situation was generated. Variour statistica of the
traffic were extracted and potential collision warning logics
exercised to determine alerm rates. The results have inmplications
for both the effectiveness of proposed afrborne collision avoidance
systems in the traffic pattern and of ground based concepts that
include threat detection such as ATS.

Data was acquired on the muiti-aircraft traffic situation for two

45 wminute periods at a single airport. This smell sample yieided
statistics compatible with more extensive NASA studies of the traffic
pattern [6,7]. However, these NASA studies did not include simulta-
neous aircraft track data. The alarm rate computations require
relative aircraf” positions and therefore are based exclusively on
the data presented here.

Spec!fic reasults of this study include:

1. Some cbservations (based on the 45 minutes of 150 operations
per hour data) have impact on the general dasign of an automated
advisory service such as ATS. They are.

a. Touch-and-go operations accoumt for over 50% of the
total operations.

b. Only about 11% of the tracks exhibit unexplained
non—-standard pattern behavior, but another 16X execute
maneuvers that can be interpreted as escape behavior
due to traffic,

c. At tne point of passing abeam the runway threshold
on downwind leg, a given alrcraft always had at least
one and as many as five other ircraft ahead in the
landing sequence with an average value of 2.6. The
sequence order was preserved to landing for all alrcraft
that actually landed during the 45 minute sample period
except for one instance .f cutting into the pattern

and two straight-in approaches.
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2.

Alarm rates were briefly studlied for two classes of threat

detection logics: thuose using only range and range rate data,
such as might be avallsble in an airborne collision avoidance
gystem, &and those also using vector miss distance information,
such as a ground based ATS system would have available through
tracking. Farameters for warning time, miss distance, and range
threshold were varied to determine sensitivity of the alarm rates
to these values. Some significant résults are:

3.

of the traffic and conformance tc standard procedure increased.
Tt

system were wonltoring and encouragiug well structured tratfic.

a. At warning times of 25 seconds, the use of miss
distance information can reduce alarms by 61% with
respect to a t~with-immediate-range only criterion.

b. At the high 150 opera ions/hour rate, there is a 50%
chance that an aircraft w.ll be declared in conflict
during a single operation ("track") using the "airborne"
logics. This reduces to 25% with the "'ground based"
systems.

¢. JYf an alarm is given from an airborne system, there

is a 50% prohability that an additional aircraft besides
the threat aircraft is within 0.5 nmi. This raises
questions about pilot identification of the correct threat
when the alarm is given without bearing information.

d. Approximately a third of rhe alarms given by a
ground based system are "true" alarms in the sense that
actual "escape" behavior was observed for those aircraft
during the data collection effort.

e. Using different alarm logics (and/or parameters) in
different regions of the traffic pattern can result in

a reduction of alarms (e.g., 33% reduction demonstrated)
and an increase in the fraction of als ‘ms that are
"predictive" of true events. This ty; of adapcati_n can
be easilv arranged in the software of a ground based system
and is expected to be useful in ATS design.

As operation rates Increased, it was observed that regularity

Is ~xpectcd that this same effect would occur if an electronic
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1. INTRODUCTION

A concept for providing Automated Terwminal Services (ATS) is
being explored within the FAA Office of System Engineering
Management. This ATS concept proposes a scanning beacon radar
and minicomputer at each ATS airport, with computer generated
voice messages transmitted on VHF aercnautical radio to the
pilots. Such a system would be used at alrports that might
otherwise require the installation of a manned control tower.

It also could play a role in reducing the number of hours a
tower would be manned st presently controiled airportas. Along
with other services, a key safety feature of this system would
be automatic detection of conflicts between aircraft and warning
to the pilots of the poteuntial collision threat. The concept i=s
described in detall in the report FAA-FM-76~6, "A Description
of the Automated Terminal Services Concept™ [1].

To provide preliminary design data for ATS, a study was initiated
to 1) observe air traffic in close proximity of the VFR traffic
pattern, 2) create a realistic model) of such traffic providing

a time stepped picture of the traffic over the period observed,
and 3) perform an analysis of traffic bchavior and the alarm

rate properties of possible threat detection logics in the
pattem.

This report contains data on ailr trafflc observed at the Manassas
Municipal Airport (Davis Field), an uncontrolled general aviation
airport located in Virginia whicn is typical of the class of
afrports considered for ATS. Alarm rate results .f &puiying
ieveral possible logics for the automatic collision detection
function are presented. Insight into the behavior of threat
detection in the traffic pattern 1s rovided by comparing
potential ATS alarm rates with those that might be experienced

by an airborne collision avoidance system (ACAS).

While this study i: essentially a single point measurement of the
traffic pattern at une alrport, the statistics acquired are con-
sistent with the fairly extensive multi-airport results onr traffic
behaviar *n the YFR treffic pattem acquired by other investi-
gators [6 and 7]. However, these earlier studies ccnsidered

each aircraft track entireiy indupendent of other tracke and

then collected total statistical descriptions of the traffic.

In this process, relative nformation about alrcraft trajectories
is not obtained, and the performa.ce of threat detection logics
can not be evaluated using rhis data. The alarm rates given

here are therefore based only on the Manassas data described in
this report.

1--1
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Organization of the document is as followa: The method of
traffic observation and the creation of the model is described
in Section 2. Section 3 containe summary description of the
traffic, including traffic pattern characteristics such as
rattern dimensions and interarriv.l times. The model is then
aystematically studied for alarm rates under sevecal di.ferent
logics and parameter sets for detection of collision hazard.
This 1s described in Section 4. Section 4 also contains 1 study
of true and false alarms in various parts of the pattern (under
a sultable definition of "true” alarm). The analysis in

Section 4 1 'irecily ralevant to analyzing the relative behavior
of ailrborne cullision avoidance systems and ground-based systems
in the traffic pattern environmen:. Summary is presentad in
Section 5.
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THE TRAFFIC MODEL

This section describes the process of obtaining the primary data
sets, the two traffic models of Manassas Alrport. It also
contains an estimate of accuracy of these models. Various terms
and abbreviations are defined in Appendix C.

2.1 Choice of Alrport

Manassas Municipal Airport (David Field) in Virginia was chosgen
as the umcontrclled airport to be studied. This choice was made
after comparison of uncontrolled airports in the vincinity of the
Washington National and Dulles Airporta. The factors considered
were that: 1) the =zirport should be busy =nouzh, (Manassas
experienced 80,000 annual operaticns in 1974) and 2) should be
typical in its operating nractices {(Manassas 1s a single rumway
airport, follows a standard left hand pattern, allows touch and
go, and has no mmusual topography).

Table 2-1 summarizes Manassas airport data. Figure 2-1 shows
the map of the ailrport and vicinity

2.2 Overview of the Models

The output data sets consist of two models of traffic in the
immediate vicinity of Manassas ailrport corresponding to two
traffic densities, low and high. Th2se two models are referred
to as Manessas 1 and Manacsas II respectively, throughout this
xeport. FEach mocel represents 45 winutes of real traffic. It
consists of a data get, ordered {n time on a 4 second scan by
scan bagis, giving datea on all alrcraft at each time epoch.
Trus, ar each scan., X,Y,Z2,X,Y,Z information 1s provided for
each ailrcraft in the system. The data, in this static form,
exists ¢n tapes. The data formats are described in Appendix D,
with tapea presently stored at MIUTRE/Washington.

2.3 The Method
Appendix A describes full experimental detalls of how raw data
was collected and how ir was reduced into final data sets. A
byief description is previded 1a this gection.

The raw data waz obtalned by wanual observation at the airport.
The Informztion gatheran was absoluie times of important events
in atrcraft protiles and cpeed and position on dewnwind leg.
The process invelved 6 ¢sarvers. Fach observer was equipped
with a vortable cassette tape vecorder Yor reccrding his
commentary in real time and a pair of binoculars for observing

2-1
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TABLE 2-1

MANASSAS MUNICIPAL AIRPORT (BARRY P, DAVIS FIELD)

Location: 38° 43' N - 77° 31' w
Altitude: 186 fe- = MSL

Single Runway ( .dominant use: RWY 3%)
Runwsay Length: 3700 feet

UNICOM ai 122.8 MHz

Touch and Go's allowed

Annual Operations Count: (1974 Data Airport Manager's Estimates)

GA local 40,000
GA Itinerant 39,000
Air Taxi 1,000
Total 80,000
!
|
22
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traffic. Two of the observers were stationed with surveying
transits to be used {or measuring speed and position on downwind.

For each aircraft obtained visually in the airport area, a ]
verbal description of its flight profile is recorded in real '
time on the cassette tapes. The descriptions are so made as to
correlate exactly to the times that the events occur. The time
intervals are measured by playing back the tapes ~t a later date.
A list of possible events for traffic in this environment is
shown in Table 2-2. The method anticipates that most alrcraft

in the vicinity of the runway follow a left-handed traffic
pattern as shown in Figure 2-2. A flight profile is thus :
obtained for each aircraft in the system, a profile being made i
up of straight and turn sections, with time in each section
known by observation. Since times of crossing each end of the
runway (whichevir 1s applicable) are known, these afford
position fixes for the flight profiles. In addition, each
aircraft on the downwind leg of the pattern has its speed,
position and time 2zt one point on downwind fixed by an optical
transit-based method described in Appendix A. Thus, for all
circulating aircraft we have the time information for the

entire profile, plus we have three points in its flight (the two
ends of the runway and one point on downwind) fixed in space.

PP
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Given the times for all sectiomns of the profile if we assume
speed and heading in each section, we can deduce x-y values of
the flight profile. The assumed speed determines the size
while the assumed headings determine the shape of the pattern.
This may seem to lead to an infinite number of solutions.
However, since we know three points in space and speed on down-
wind, the fit is not as free as it might appear. Only a certain
i range of combinations of speed and heading changes can fit the

1 time profile. To begin with, patterns are assumed to be nearly
rectanguisr, (unless otherwise observed) and reasonable speed
profiles for changes in ground speeds are assumed. Then each

. aircraft is projected through each section. A process of trial .
3 *  and error is used to find a set of speed or heading changes such [
that the resulting x-y profile fits the three points known to ‘

belong to it. This fit (that contains the speed, heading and |
each wection of the flight) is the first represcntaticn of the i

track in the process of dota reduction. An altitude profile is
then assumed for the track on the basis of any qualfitative
altitude observations and normal aircraft behavicr. The entire
profile is then converted into a 4 sec scan picture of the
entire traffic. The resulting data set is tested for unreason-
able, construction induced aircraft proximities. 1f an alrcraft
pair is found to be too close, changes in the fitted headings
and speeds are made a0 as to adjust the tracks to better

v e
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TABLE 2--2

EVENTS OBTAINED BY OBSERVERS

. Time of 1ift off

. Time 2n cutbound aircraft passes over the end of the runway
at the takeoff end

- . Time a landing a‘rcraft passes over the landing threshold
. Time of touchdown

. Times of the beginning and end of all turns
(e.g., begin turn to croeswind, end of turn to final, etc.)

Time aircraft first acquired

. Any other events of in'erest that may occur for aircraft that
don't fly a standard piofile and a description of these events.

2-5
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reprasent the actual traffic behavior originally observed. The
criteria for this cleaning operatiom are described in Appendix A.
Estimates of the accuracy of the resulting model are provided in
the next section.

2.4 Actual Experimentsl Conditions and Accurecy Estimates

Data for the low density model (MANASSAS-1) was gathered on
Sunday, May 5. 1974 from 2:30 p.m. to 3:15 p.m. There was a
gusty 20 knot crosswind from south-west with scattered clouds
and more than 10 miles visibility. RWY 16 wes in use. Only two
cbservers were used. Transit measurements were not msde and
information on speed and position on downwind wns therefore not
available for MANASSAS-I.

Data for the high density model (MANASSAS-II) was gathered on
Saturday, October 26, 1974 from 1:15 p.m. to 2:00 p.m. There
was a 10 knot wind very nearly along the rumway. The sky was
clear., In short, it was excellent flying weather. RWY 34 was
in use. The complete obaervation process described earlier was
used for MANASSAS-II. The overall accuracy of the high density
model is thus improved with respect to the low density model.

The overall accuracies within the pattern may be studied by
simple geometrical methods reflecting the process of fit, for
first order estimates. Intuitively speaking, all errors are
largest about midway between those poilnts known accurately,
namely, the two ends of the runway and the point established
precigsely by the transit. The accuracy of the position infor-
mation therefore depends upon the type of track and portion of
the track recorded. If an aircraft does not land or 1lift off
from the runway or cross the transit lines of sight on downwind,
its position is known very poorly, based on judgment only. On
the contrary, for a circulating aircraft (40X of the tracks),
the position is known to within 1000' at all times since three
points on the trajectory are known very accurately.

Appendix B contains a detailed error analysis. Estimates of the
overall accuracies in MANASSAS-II are given in Table 2-3. The
table shows that accuracies are different for different parts of
the pattern. The overall expected vrlue of the position accuracy

is 850'. Position and speed on downwind are umknown in MANASSAS-I.

Yean values for errors in MANASSAS-I are estimated to be twice as
much as those for MANASSAS-II.

i i T TRy




L e 0 o AR T 08 8 SO A

"7-7 ?IN3TJ U PIUTISP aie syoquis uialled Iyl

Sondyns

otT uypeag .
s3ou} %1 paads ALVWILISE
AOWVD0Y
1068 uei3lrscq TIVIZAD
o0 o0€ ,0€ | BurpeeH
*2TQRTIRAR S9XT}]
siouwy Of 830wy (Of sjcuwy Of paadsg noy3ysod ou moyam
103 8%d®13l 1ay3lo pue
1000Y ,000% ,000% | UOTITBOJ | 819Aa0 ‘saja3us Buliioqy
(Aemuna
ol (aMa) ,ST| woz3 3Isay3zey) of | Burpesn
(p1Ooysaaya (Aeaunz wmoay
sjouy ST e QMg) s3ouy % 3I89Yy3Iey) s3omy Qf paadg *gainjaedap puw
(eTqeTTeAR JUBWRINSEAW
(401 ‘pyousaiyl {feauna wozxjy JJSUB11) puUTMUMmOp
1008T 3® aMd) , 002 I83y21®3) ,000€ | UOTITBOZ Suturof ai103aq L13juy
ol b (N4 ‘403) S * (8TBAT1IE pue
(3sg‘oma ‘amx) ST | Buypeen sulajjed Sup3enoald
(pTOYsaxys 3o sased G4 Inoqy)
s3jouy €T I3® QM) 830wy ¥ | (FSE ‘@MX) s3owy 07 poads ‘3742 TTIBAR 31R®
(PTOoYs2ayl 3= S31UAWIINERIE JFHUBIY
4009 QM@ ‘7INd ‘301) ,002 (2s9 ‘amMx) ,000T | uoyr3lysoq YoTyms 103 8YOBI]
ADVHNDOV ¥ (TUIHN) x (TIZHM)
40 INT¥A QdLIadXd SAoW¥E ASYD 1Ss3d SAOWIA dSVD LSHOM | TTEVIUVA 419VI11ddV Z¥dHM

{SANTVA 2T) II-SVSSVNVH d0d SAIVWNIISE AJIVENDIV

€-¢ F19VL

e . a




.-}

i
L S A AT NI A e
;

SUMMARY DESCRIPTIUNS OF THE TRAFFIC

Thias section contains statistics on the behavior of air traffic
near Manassas Airport as observed on the two days, MANASSAS-I on
May 5, 1374, and MANASSAS-II on October 26, 1974,

3.1 Gross Traffic Mix

Table 3-1 contains an overview of the two models. Both models
are of 45 minutes duration. MANASSAS-II has an hourly operations
rate of nearly 150, more than 3 times that of MANASSAS-I. A
total of 37 different aircraft use the airspace in MANASSAS-II,
compared to 17 in MANASSAS-I. An ajircr ft in MANASSAS-II stays
in the system about 502 longer than in MANASSAS-I.

On the average, there are five to six aircraft in the model at
all timee i{in MANASSAS-II - more than 3 times as many as in
MANASSAS-I. Touch and Go's exist in both models and we see that
the denser situation can create fairly long departure queues.
The most dramatic effect of the denser traffic is seen in the
phenomenon of aborting aircraft. About every sixth track* in
MANASSAS-II is seen to exhibit some type of an abortive maneuver,
such as resulting from an unsuccessful entry where the downwind
traffic is such that the aircraft decides to leave the pattern.
This phenomenon is discussed later in greater detail and has
important consequences for the design of any automatic traffic
control system.

Table 3-2 provides a detailed breakdown of airport operatioms.
Landing and departure each contribute one operation. A touch
and go contributes two operations. An over flight contributes
one operation. We see that over 50X of the operations ere
accounted for by touch-and-go's.

Table 3-3 provides a breakdown of the types of tracks observed.
502 of all tracks in MANASSAS~II are of the circulating type.
Thus, every second airborne aircraft is circulating in the
pattern.

3.2 Order and Disorder in the Pattern: Effect of Traffic Dens.ty

One of the most striking features of MANASSAS-II is the existence
of so many instances of abortive tracks. This is clearly related
to 1ts increased traftic density. We have a dual situation here.
As the traffic density goes up, we expect that aircraft may start

*

See Glossary
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TABLE 3-1
SOME OVERALL TRAFFIC CHARACTERISTICS

VARIABLE MANASSAS-1I MANASSAS-11
Duration of Model 45 minutes 45 minutes
Number of Operationr in Model 33 111
Hourly Operations Rate Implied 43 148
Number of Distinct Aircraft in 17 37
Model (Distinct Tail Numbers)
Average Duration of an Aircraft
(a specific tail number) in Model 4.1 minutes 6.7 minutes
Average Number of Aircraft in 1.6 5.6
Model at one time : *
Peak Number of Aircraft in Model 5 9
at one time
Peak Number of Touch & Go per 7 9
Aircraft
Peak Length of Departure Queue 1 6
Total Number of "Tracks'*
Exhibiting Some Type of Abortive 0 13
Maneuver
Total Number of "Tracks'"* in Model 25 79

* See glossary for definition of "Track'".
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TABLE 3-3 ;‘
MiX OF TRACK® — TYPES A

¥
Number of Tracks* ;
In Model (45 min) i
TYPE y
MANASSAS-1 MANASSAS-TI §
g
Circulating Patterns* 8 34 i
Coming to lLand 8 14
Aborting at Entry _ 7#
ARRIVALS on Downwind
Performing Go- _ 14
Around
e mrl
Off Crosswind 8 10
DEPARTURES
Aborting on _ 4 1
Dowvnwind Near Base }
OVERS 1 5
Initial Tracks - 3
UNKNOWN Initial Track
Performing Go- - 1#
Around
TOTAL 25 79

* See Glossary for definition.

# These tracks involve an abortive maneuver performed by aircraft.
There are a total of 13 of these.




showing a greater orderliness in the pattern. If the traffic
bacomes tco dense, however, aircraft may start breaking out of
the pattern for reasons of lack of space or traffic hazards.

It is of interest to any terminal aiv traffic control system to
see how regular or orderly the behavior of aircraft In a typicadt
terminal airspace 1s. 1In this section we delineate these
characteristics of MANASSAS-I and MANASSAS-II,

Manassas Airpert has no published traffic pattern contradicting
the standard left hand traffic pattern normally flown by VFR
aircraft at uncontrolled airports. The traffic pattern shown

in Figure 3-1 is the FAA recommended standard traffic pattern,
(Reference 8) and is taken here as a point of departure. An
aircraft track conforming to this standard will be called
"reguiar'", one not conforming wi'l be called "irregular". Thus,
straight-ins and crosswind entries are irregular in our definition.
Appendix C describes the various possible regular and irregular
tracks.

Table 3-4 contains a detailed suumary of all irregularities
cbserved on both days of observation. We see that about 25% of
all tracks exhibit some type of irregular behavior in both
models, the proportion being slightly greater for MANASSAS-IT,
the higher density model. This count, however, includes those
irregularities that ere correlated with traffic hazard. The
numbers in parenthesis in Table 3-4 are the irregularities thac
were apparently caused due to pilot action inltlated in response
to busy traffic conditions. Thus, an aircraft attempting to
enter the pattern by a standard 45° entry may abort its entry
by a right turn because of existing traffic on downwind in o
position of threat or congestion. (There are 6 such instances
in MANASSAS-~I1). Similarly, an aircraft well established on
downwind, eligible for turning base after having crossed the
threshold line, may decide to abort due to too many aircraft
existing on base and/or final. This latter type of abort
typically involved turns and simul taneous climbs. (There are
four such instances in MANASSAS-1I). The table shows that 17%
of all tracks exhibit some such escape maneuver in MANASSAS-II.

When irregularities caused by pilot perceived traffic hazards
are counted out, we find that the per:entage of unnecessary o1
unexplainable behavior reduces in MANASSAS-11 to 11%. Thigs
confirms our expectaticon that wmecre standard behavior can be
expected in higher deusity traffic.
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RECOMMENDED STANDARD LEFT TRAFFIC PATTERN

GNIMSSOYD

ENTER FATTERN IN LEVEL FLIGHT, ABEAM THE MIDPOINT OF THE RUNWAY,
AT PATTERN ALTITUDE.

MAINTAIN PATTERN ALTITUDE UNTIL ABEAM APPROACH END OF THE LANDING
KUNWAY, ON DOWNWIND LEG.

COMPLETE TURN TO FINAL AT LEAST 1/4 MILE FROM RUNWAY.

CONTINUE STRAIGHT AHEAD UNTIL BEYOND DEPARTURE END OF RUNWAY.

IF REMAINING IN THE TRAFFIC PATTERN, COMMENCE TURN TGO CROSSWIND 1.EG
BEYOND THE DEPAKTURL END OF THE RUNWAY, WITHIN 300 FEET OF PATTERN
ALTITUDE.

iF DEPARTING THE TRATFIC PATTERN, CONTINUE STRAIGHT OUT, OR EXIT

WITH A 45" LEFT TURN BEYOND THE DJPARTURE END OF THE RUNWAY, AFTEK
REACHi LG PATTERN ALTUTUDE.

FIGURE 3-1
FAA RECOMMENDED STANDARD TRAFFIC PATTERN
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TABLE 44

JTRREGULAL BEHAVICR 114 PATTEKN AREA

Nuaber of Imstances in Model (45 wloutes)

TYPE OF IRREGULAM BREHAVIOR MARASSAS- I MANASSAS-11
- J—
SUBIVISION sud PESCRIFTTLI —
Nonstandard Entrins dtratght-Ins. - 2
Crosswind antriey. 2 3
Standard Entries Standacd Abortion
(Joining dowmwind (right turn) on ¢tanderd
on Entry) 45° Entry (6)
Non-5tandard Abortion
(left turn) on staandrzd
43° Fntry (1)
Departure Swall Left Tum off IWD 1 1
Right Turn off Takecff Leg 1 -
Departure off WD 1 -
liowowind near base Aborting by right turn on DWD
nesr buse (2)
Aborting by oon-stsndard left turn
on DND nesr threahold (aircreft - (2)
verformad s 364° turn)
Teka off Turp to crosswuind while
8rill rvver the BY 1
Landing Go-aruound by small right turn
and ciimb - (2)
Go-around by climb only 1%
Over Flight thirough airspace 1 1
Total of s}l irregular instances 6 22
X of Total tracks exhibieting irregular ! havior 24X 281
Total # of Tracks poesibly velsted to
soms traffic hazardél) (Escape behavior} G 13
X of Total tracks exhibiting
sscape bahavior O 1/%
Total § of tracks exhibiring unexplanable ll'regulnr(z)
bshavior [ ]
T rf all tracks with unexplanable irregular
_shavior P 112
L
Rotes
1. Wusbers in parenthesss repreasnt instances that sre wost probably caused by

traffir condirtions (hazsid, tedium, etc.)

I

XY

related to any irafftc haxard conditions.

. A minced approach type of sftuation,
indivi{dual ptlot'a ekill,

"Unexplanable ircegular” behavior raters to instances definitely not

presumabiy related to

it ot

e 21 e et 5 ann g



Another interesting aspect of crderliness in heavier traific

12 the celf ordering behavior of aircraft inm pattern. A closer
lcok at MANASSAS-II reveals that when aircraft on downwind are
passing threshold in close time proximity, they generally line
themselves up in sequence. We fouad 13 instances (piirs) where
wwo gircraft wece passing sbeaw the threshold within 20 seconds
of each othex. Of these, in three instances the trailing air-
craft was slready aborting its pattern on downwind. Of the
remaiaing ten instarnces, Iin eight the trailing alrcraft was
within 1000 feet latexal spicing of the leading aircraft and the
trailing alrcraft was traveling at about the same or slwer
speed as the lead aircraf(. This is clearly a self spacing
tehavior of aircraft.

The two exceptions were as follows. One involved a twin engine
ajrcraft, executing a very wide pattern at a much higher speed.
The second exception is an interesting aberrant case. The
trailing alrcraft passed abeam the threshold 6 seconds alter the
leading aircraft and was 1500 feet farther out on a wide down-
wind leg. The tralling aircraft then attempted to breask the
sequence by cuttin. ahead. The pilot regretted his actions later,
for at the time of lar.uig the originally leading aircraft was

80 close bebhind that the oiffending pilot elected to execute a
go-around.

3.3  Sequence PBehavior and Inter—Aircraft Times in MANASSAS-IY

The previous secticu hints at aircraft generally establishing
and maintaining gome kind of a sequence in the downwiad-base-
final sections of the pattern. We explore this further here.

dssune the ovdar in whiclh alrcrafi pass abeam threshold on down-
wind as defining the sequence to lsnd, regardless of how far out
the aircrsfe is lateraily on base leg. Figure 3-2 1s & histogram
of tar nuwber of alxcraft taat may be cousldered to be ahead in
the landing order at the moment when an ajrcraft 1s passing

abesm the threshold on downwind. Figure 3~:i shows that iun
MANASSAS-II, at least one and possibly as many as five aircraft
are shesd walting to land. On the averuge, there are 2.6
aircraft shead. This nuwsber includes alircraft that may be
aborting aud those coming straight n. (For the straight-iva,

an expected time tv land was estlmabted).
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INSTANCES

oy

NO.

20

15

10

1
[

TOTAL NO. OF POINTS = 55

MEAN = 2.6 AIRCRAFT

w

1 2 3 4

NO. OF AIRCRAFT AHEAD* OF AN *;"pHEAD" IMPLLES AL{ AIRCRAFT

AIRCRAFT WHEN IT IS PASSING COMING TO LAND AND ARE AHEAD,
ABEAM THRESHCOLD ON DOWNWIND IN TIME, OF THE AIRCRAFT NOW
PASSING ABEAM THE THRESHOLD

FIGURE 3-2
ACTIVITY IN THE BASE-FINAL REGION
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In assisting the pilot in sequencing his landing in an automatic
advisory system such as ATS, a messa;2 containing observed
sequence may be provided. It is of interest to see if a simple
sequence determination rule (such as that given above) is
adequate, 1.e., is the declared ordering maintained to landing.
Table 3-5 summarizes the results., We see that with one
exception, the sequence order is maintained in normal circum-
stances. The number to land may, however, be altered becaure an
aircraft on downwind may abort after paseing downwind beam
threshold, or an aircraft may be coming straight in.

Figure 3-3 provides a histogram of inter—arrival ctimes in
MANASSAS-II. There is about one landing per minute on the
average with half the inter-arrival intervals being betwen
25 and 30 seconds.

Figure 3-4 gives a histogram of inter-departure times. There
1s abour one departure every minute.

3.4 Pattern Dimensions Statistics

This section summarizes major observations on patiarn
dimensions.

As discussed in Section 2, the speed and positions of aircraft
on downwind when abeam the threshold are d.rectly observed in
MANASSAS-II. Figure 3~5 shows the histrgram of speeds. About
75% of all aircraft are traveling at 90 + 10 knots, although

the total spread is from 60 knots to 50 knots. Figure 3-6
shows the histogram of position on downwind abeam the threshold.
75% of the aircraft are &' Hut 3/4 mile out on downwiud.

&1lthough considerable spread both in speeds and downwind-offsets
exists over the entire model, w2 have ali’ ady secn (Saction 3.2)
that this does not happen randomly. Aircraft occuring closely
in time are also clusteved in space, moving at nearly equal
speeds in trail-type formation.

The primary information obtained for both MANASSAS-1 and
MANASSAS-1I was tim of event infcrmation as dJdescribed in
Table 2-2. From this information, the time th :t each aircraft
spends in the various sections of the pattern is directly
obtained. This data effectively gives us pattern dimensions
in time unite, and is summarized in Table 3-6. This table
provides average times in each section, as well as cumslative
tJmeg from the beglnning of ¢ach track, We note the following
important information from this table.

3-10

B Ny



TABLE 3-8
SUMMAR', OF ALTEREED SEQUENCE NUMBERS OF AIRCRAFT
- - PASSING THRESHOLD ON DOWNWIND FOR MANASSAS-11

Instances of szircraft not landing (aborting on downwind 9
after passing rthreshtld on downwind).

e

t
Instances c¢f aircraft ceming suraight-in to land. 2
: Instances of two alrcraft switching their sequence between 1
pasgsing thieshold on downwind and crossing threshold to
land.*

-

f In all other cases, the sequence in whicli aircraft pass -
B threshold on downwind is preserved to landing.

*In this case, trailicg aircraft A cuts ahead of aircraft B, When
on final, B is too close behind and A (the leading aircraft) was
observed to go around.

311
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60 80 100 120 140 160

DOWNWIND SPEED
(KNOTS)

ERROR ESTIMATES: 7% UNKNOWN MAXIMUM BIAS (AFFECTING ALL
AIRCRAFT THE SAME WAY) + 4% RANDOM

FIGURE 3-5
DISTRIBUTION OF AIRCRAFT SPEEDS MEASURED ON
DOWNWIND WHILE PASSING THRESHOLD IN MANASSAS-I|
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FIGURE 36
DISTRIBUTION OF DOWNWIND OFFSETS IN MANASSAS-1I
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Most turns are seen to be about 10 second in duration. This
would imply about a 9°/sec turn rate when turning in the
pattern.

The straight line part of takeoff, crosswind and base sections
are all about 30 seconds or less in duration. The crosswind
sectior is often only about 20 seconds in duration. In contrast,
the downwind section is about 90 seconds long. Minute-lcng
finals are seen in the high-density model. In MANASSAS-I,
shorter finals are seen.

About 15% of the time in the traffic pattern is spent in turms.
This is an important characteristic of the traffic from the
point of view of collision avoidance systems, which usually
assume straight line flying.

Figures 3-7 and 3-8 give the average pattern dimensions for
MANASSAS-I and MANASSAS~II respectively. The uncertainties
in track headings and speed variations avound the pattern
result in uncertainties in these dimensions, as already
sumnarized in Table 2-3. On the average, these dimensions
are accurate tc within 1000 feet (lo).

Figure 3-8 also identifies the positions where abortive
maneuvers were estimated to have started in MANASSAS-II. Most
abortions, whether of ailrcraft trying to enter the pattern or of
alrcraft already wirhin the patterm (those who took off from

the runway) occur o: downwind before coming abeam the threshold,
althougls one escape maneuver begins on downwind way down near
the base region.

3.5 Alrcraft Physical Characteristics

There have been suggestions in past research on automated
traffic services for unattended airports, that alrcraft be
identified to each other by their phvsical appearance, by
volce communication.

Table 3~7 summarizes observed physical characteristics of air-
torne aircraft in MANASSAS-1 and MANASSAS-1I. The characteristics
in question are the color of the aircraft and wing-type (High
wing or Low wing). When such characteristics were observed,

wmost of the alrcraft were seen to have the standard colors of
either blue and white or red and white. No information on the
type of aircraft ma'e and model was recorded.
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ALARM RATES

The goal of this section is to study the feasibility of

collision detection logics in terms of alarm rates in the pattemn
environment using the models described in preceding sections.

An analysis of the performance of several collision detection
logics applied to these models is presented. For the purposes

of this analysis, position and velocity informati.n is assumed

to be available in "perfect" form as provided by the models.

The effects of surveillance errors and tracking errors on the
performance of the logics 1s not addressed.

Let us recall that in MANASSAS-II, 13 of the tracks are
characterized by some type of an abortive maneuver on downwind,
related to pilot's perception of existing traffic hazard
(collision danger) or a traffic situation such as an

excessively long downwind leg causing a long final. An
intelligent system may therefore be expected to 1ssue alerts

on some of these situations. The performance goal in this
terminal environment is therefore no longer the reduction of
alarms to zero. Rather, we would expect to minimize the total
frequency of alarms, given that the true hazards are alerted.

In Section 4.1, system alarm rates are studied, while in

Section 4.2, the mix of true and false alarms is analyzed.

The analysis 1s carried out for four different loglcs (designated
A,B,C and G) representative of alirborne and ground based systems.
For each logic the effect of parameter threshold values, and
traffic density is studied. Finally in Section 4.3, the effect
of airspace reglon (e.g., entry region versus final approach
region, etc.) is studied.

4.1 Conflict Logics and Parameter Sensitivities

The simple airborue collision avoidance (ACAS) systems such

as those designed bv RCA, Homeywell or McDonnel-Douglas make
ugse of measured values of separation (range), and derived
values of range rate and altitude difference between aircraft
as well as the vertical speed of the subject aircraft. (Seec
Reference 5). Relative bearing between aircraft is not
measured. The parameter 1 (tau) defined as the ratlo of range
to range rate 1s used as a measure of time to collision for
non-maneuvering aircrafr. A ground based system [1, 3, and 4]
or an advanced alrbornc system [10] has access to the vector
velocities of each alrcraft. Therefore, in addition to the
parameters mentioned above, projected miss distance and relative
bearing information can be cobtained. It will be interesting to
compare performance of each clars of system.
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Conflict detrction logics act on palrs of alrcraft. Let:

R = Relative Range between two aircraft in ami

v = (Range)/(Rauge Rate) = EE%EE in seconds 7
z = |

altitude difference between aircraft in feet
MD = projected minimum miss distance between aircraft in nmi

Let Rg, tCs Z¢ and MDy represent the threshold values for these
variables.

We consider four logics representative of airborne and ground
based collision avoidance systems.

The logics are given by the following expressione, where an
alarm is issued when the expression is satisfied:

Logic A: (v §_TC|R f_RC) &2 22,
Logic k: (R < RCI) &2 <2, §
Logic C: ((t < 1, & R<R,)IR<R) &2 <2

Logic G: ((1 T & MD j_MDC)|R :-RC) & Z <

T it

o}

Logic A is the nominal ACAS detection logic. It alerts alrcraft
based on a tau-criterion to detect collision danger. In addition,
it uses the range criterion to alert aircrasrt with low closing
rates which are very near each other. Logic B is tho range only
lugic essentially reflecting proximity warninpg. Yo encompass
sufficient 1. ok ahead time in hign closure rate geometries, this
logic can issue a large uumber of alerts to nearby aircraft not
really in conflict geometries. Loglc C is ar effort te reduce
the alerts that may be issued by A or B within the constraints
of a simple airtorne system which cannct compute projected

miss distances. It iutroduces a range cut off Rgp (Rg2 > ¥¢)
with the tau criterion. Logics A, B and C can thus be realized
by a simple ranging and altitude telemetry form of airborre
system. They can, of course, also be realized by a ground based
system. Logic G is the most descriminating logic of the four
logics described. It uses a projected miss dlstance test and
hence can only be realized by a ground based system or perhaps
an advanced airborne system provicing vector data. Many
variants of logic G, utilizing time to closest apyroach,
modified-v, etc. are cowncelvable and exist in the literature,
Howevar, at small look ahead times and miss distanceg, these
become neerly equivaleat.




The following nominal threshold values have been used in this
analysis:

7. = 20 seconds (Warning Time)

C
RC = (0,2 nmi (Immediate Range)
RCl = 0.3 nei (Range Cutoff)
RCZ = (3,4 nmi (Range Trunication on T)
MD. = 0.2 rmi {Miss Distance)
ZC = 500 feet (Relative Altitude)

Figure 4-1 shows the seasitivity of alarm rates to the tau-
threshold in MANASSAS-II. Logic A which is the baaic tau-logic,
is seen to be quite sensitive to the tau-threshold value.

Logico C and G which impose tighter limit conditions, are iess
sengitive to the tau value. Selecting a tau threshold is a dual
process, of ylelding low enough alarm rates and providing large
enough lead times to pilots for whatever correcting action may
be necessary. The latter consideration 1s outside the scope of
this paper. However, Monte Carle studies of the lead time value
indicate abnut 20 seconds cffective time at alarm initiation to
be adequate in the pattern [9]. We see that Loglic C is able to
provide rates of less than 20 alarms per hour for a tau threshold
of 20 seconds.

Figure 4-2 shows the sensitivity of alarm rates to the ran;e
threvhold. Logics A and B, shich issue an alarm whenever the
range threghold Re is violated are seen to be very vulnerable
to {nrcreasing the threshold value. For these Loglics, at a
threshold of 0.4 nmi (2400 feet), we are declaring a conflict
every minute in MANASSAS-II. Although Logics B and C can
provide low alert rates at 0.2 nmil threshold, such a low
threshold is probably unusable by itself since in gecmetries of
higher closing rates, it would mean very low lead times (6 sec
at a track crossing angle of 90° for two aircraft at 105 & 75
knots).

A vertical threshold of 500 feet has been used in both figures
apbove. Figure 4-3 shows that only a 20 to 30X reduction 1is
possible with a tighter 200 feet vertical threshold. The effect
of the vertical threshold is not very significant on alarm rates.
There 18, of course, considerable altitude correlation in the
tratfic pattern and the result is consistent with this
characteristic.
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LOCICS: A: (1 < tc| R < 0.2) & Z < 500
B: R< 0,36 Z< 500
C: (T 1c&R<0.4|R< 0.2) &2Z< 500
G: (T < -c &§MD < 0.2 | R <0.2) & Z < 500
A
—4 40
® L — B
c
- 20
C
| 1 1
15 20 25
: THRESHOLD t¢
(SEC)
FIGURE 4.1

EFFECT OF TAU THRESHOLD ON ALARM RATES IN MANASSAS. |1
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LOGICS:

A: (r <20 | R < RC) & Z < 500

B: R<RC & 2 < 500

C: (T <20 6R <RC) | R <0.2) & Z < 500
G: (T <20 &MD < 0.2 | R<0.2)&Z < 500
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FIGURE 42

EFFECT OF RANGE THRESHOLD ON
ALARM RATES FOR MANASSAS-IH
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: (1<2 | R<0.2) &§2<2ZC

B: R<0.3&2<12C
: (r<20&R<0.4,R<0.2) §2<2ZC
: (t<20&M<0.2 | R<0.2) 82 <2C

TR
> o

NO. OF TWO AIBCRAFT CONFLICTS PER HOUR

: B ] |

-4 40
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200 500
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4
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FIGURE 4.3
EFFECT OF ALTITUDE 'THRESHOLD ON ALARM
RATES FOR MANASSAS-I{
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Figure 4-4 compares alarm rates for the two models, MANASSAS-I
and MANASSAS-IJ. MANASSAS-II traffic is three times as dense
as MANASSAS-I. It has nearly nine times as many alarms for any
logic -~ fine fit for the conjecture that conflicts go up as the
square of the density. This means that the alarms rate per
operation at low density is about a third of that for high
density. Thua, the system could use larger detection parameters
at low traffic densities and still maintain the same alarm rate
per operation as for higher density traffic. By using larger
detection parameters, the system would be giving alerts at
farther distances and earlier times. This many be of wvalue in
a low density flying enviroument where one may expect aircraft
not to be flying in as well organized or vigilant a fashion as
in higher density traffic.

Table 4-1 shows some statistics on alarms as seen by the indivi-
dual pilot. It says, that for any of the three ACAS-type logics,
(A,B,C) there is a 60% probability that if I conduct a flight in
MANASSAS-II (whether a single arrival or multiple touch and goes),
I will be declared to be in conflict at least once in my use of
the airspace. This same value is 372 for the ground based

Logic G. A more normalized number is provided by the percentage
of tracks declared in conflict at least once. (A track 1is the
smallest logical flight an aircraft may make in the pattern
airspace. The same aircraft may contribute several tracks -
e.g., as many as 10 circulating patterns in MANASSAS-II. See
Appendix C for definitions.) For Logics A and B, every time I

fly one complete track T have about a 502 chance of getting an
alert sometime in my flight. This reduces to 25% for the ground-
based Logic G. Finally, for Logics A, C and G, when I am in
conflict, I may expect to stay in the conflict condition for
about & to 10 seconds. For Logic B, this value is much larger,
22 seconds, because of densely packed in-trall situations in the
traffic.

The fact that aircraft are fairly closely packed in the 0.3 to
0.5 nul immediate relative range zone is seen in the sensi-
tivity of alarm rates to range threshold in Figure 4-2. This
feature has important consequences for airborne systems. Figure
4-5 shows the probability that a two aircraft conflict (as de-
tected by any one of our logics) 1s actually part of a larger,
multi-afrcraft conflict. A multi-aircraft conflict is s!mply an
aircraft cluster greater than two in which each aircraft 1s in
conflict with at least one aircraft. There are no multi-
alrcraft conflicts with the airborne C and ground based G logic.
There are many multi-aircraft conflicts for Logics A and B. For
the range only Logic B, at 0.5 nmi threshold, 50% of all two

-7




HOURLY OPERATION RATE

FIGURE 44

EFFECT OF TRAFFIC DENSITY ON ALARM RATES

4-8

A: (1 <20 | R<0.2) &2 < 500
"B: R<0.34&2< 500
C: (r<20&R504| < 0.2) & Z < 500
G: (1 <20 &§MD < 0.2 | R<0.2) &Z < 500
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TABLE 41

SOME COMPARISONS OF DETECTION LOGICS FOR NOMINAL
PARAMETER VALUES FOR MANASSAS-II

A B c G
1<20|R<0.2 R<0.3 {1<206R<0.4) (7<206MD<0.2)
|R<0.2 |R<0.2
% OF FLEET 60 60 60 37
IN CONFLICT
AT LEAST ONCE.
I OF TRACKS 44 48 39 25
IN CONFLICT
AT LEAST ONCE
AVG DURATION 9.5 22 8 10
OF CONFLICT
IN SECONDS

Vertical Threshold = 500 Feeot
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alrcraft conflicts arve involved ir a multi-aircraft conflict.
This same number is 152 for a 0.4 nmi threshold for that logic.

Suppose an airdorne system detects two alrcraft in conflict

using any of the logics A, B or C as specified in Figure 4-5

with range threshold 9.3 nmi. Suppose the system sounds an alert
for both pilots involved to bring to their attention the fact
that each is in conflict (with the other), but suppose that the
system gives no bearing information. Both pilots would therefore
look around to identify the other aircraft of the conflict pair.
However, for at least one of the aircraft in the conflict pair,
there is a 50X probability that we have at least one other
alrccaft (other than the conflict aircraft) wichin 0.5 nmi of it.
(There is a 15X probability that there 18 another aircraft, other
than the conflict aircr *, within 0.4 nmi.) 1In flight, the
exact estimation of distance and conflict geometry is difficult
and the pilot may identify tnis other aircraft 0.5 nmi away as
the threat alrcraft and not even try to locate the true threat
(L.e., the threat detected by the logic being used).

In & groumd based or advanced airborne type system, directional
Information could be providec with an alert. This would
eliminare the potential confusion discussed above.

4.2  True gnd Fulse Alarms

We have mentioned earlier that conflict alerts are in fact quite
approprlate in MANASSAS~ITI. There are times when some observed
afircraft themselves appear to have considered their course
hazardcuas and made abortive maneuvers., About 17% of tracks in
MANASSAS—-YI are velated to such abortive mancuvers. Detecting
puch fustances by an automatic system can therefore be considered
"true" detection. If a loglc declares a conflict involving an
escaping aivceraft within close temporal proximity preceeding or
following its maneuver, the alert is defined to be a "true"
alert. Of these true alerts, those detections that are made
within 1 seconds (i.e., 3 scans) ahead of the time of actual
manuvever are defined as "predictive alerts'. (It 1s predictive
in that it preceeded rhe pilot's observed maneuver. The pllot's
action may have been well early with respect to collision so
non-predictive dowe «ot necessarily mean late). Alerts that are
not assoclated with any such observed escape behavior may be
termed "false” alertm. No escape maneuvers were observed without
an alert, i.e., no wissed slarms,
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It 18 clear, that an automatic system such as ATS would aim

at maximizing the ratio of the true alerts to false alerts., It
should alsoc be recognized that the absolute rate of alarms would
be a separate engineering consideration. Even at a fairly high
true alarm to false alarm ratic, if the total alarms per hour
are too high, it may not be desirable to use that particular
logic. In this section a detailed study of this phenomenon is
made .

By assigning specific threshold values to the basic logical
schemes (A, B, C, G) described in Section 4.1, several specific
candidate logics can be considered. Table 4-2 describes ten
different threat detection logics (labeled LP1-LP10) created by
selecting specific parameters for the previously studied logic
schemes. The total number of alarms issued and thelr composition
into true, predictive and false alarms are described in each case.
Thus, a basic tau-logic LP4 which incorporates a 20 second tau
threshold, declares a total of 22 conflicts, only six of which
are true. This implies almost three false alarms for every true
alarm. P introducing a miss-distance criterion as in LP8, for
the same tau-threshold, a total of 12 confljicts are declared,
four of these being true. Here we have two false alarms for each
true alarm. ¥For LP7, which uses a 15 second tau-threshold, we
get more true alarms than false alarms. We see generally that
increasing threshold values greatly increases false alarms.

An automatic conflict alert system aims at giving a warning to
the pilot in sufficient time to avoid collision. The concept
of the predictive alert attempts to describe those alerts which
were given prior to the pilot's observed maneuver. We see that
for all logics, about 40X to 50X of all true alerts are
predictive.

4.3 .. Regional Analysis

We expect that for each logic, certaia regioms of the ailrspace
contribute more iilse alarms than others. The entry-downwind
reglon is "sloppier”, due to alrcraft entering at different
points on downsind and iuherently exhibits higher closing rates.
The final approach region, in contrast, generally contains more
structure due to tighter in-trail geometries. We may expect
each logic to function differently in these regions. We have
already seen that we expect different values for the average
straight line flight time in different parts of the pattern.
Thus, different parts on the pattern impose different upper
limits on lead time values. A ground-based system may be able
to identify where in the pattern area an aircraft is, and thus
be able to use those various differences to optimize the total

4-12
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numter of alarms it issues. In this section we study the
hchavior of each loglc in different regions of the alrspace.
The system variables cousidered are the predictive and total ‘

alarms.

Figure 4-6 shows the region map used for this study. It contains
10 rectangnrlar zones. The avevrage [aittern for MANASSAS-II is
shown gupcerimposed on 1t. For each logic used in Table 4-1, we
now provide "ailrcraft alert position counts'" of aircraft detected

to be 1u conflict. This is done as follows. .

Suppose a conflict invelving aircraft A and aircraft B has been
detected by Logic LP of Table 4-7., Suppose A is in zone Zi and
B in Zj at the first scan that the conflict is detected. The
"alrcraft alert position count' for these two zoner is updated
by one each. Iu addition, if the detection occurred from 1 to 3
scans before either A ¢r B was observed to make an escape
maneuver, then the "pr:dictive alert count" in each zone is also
updated by one. The total counts for the entire model (i.e.,
for a1} aircraft pairs ir MANASSAS-TII) are provided in the maps
of Figure 4-7, one map for esch logic. The pair of numbers (n,m)
4 in each zone refer to its total "aircraft alert positions count"
3 and the total "predictive alert positions count" respectively.

’ The numbesr of aircraft positions are always twice the number of

contifcts.

Szl at wles

e oAk R ORI e S e el A

; We see that Logic LP2 i3 extremely efficient Iin the entry region
Z wheveas it glves unuecessary alarms everywhere else. Logilc
LP/. in contrast, does not 4o juite as well in entry region Z,
but is able to predict some other conflicts in the downwind-entry
region X and significantly reduces unnecessary alarms everywhere ~
else. tuppose we use logic LP2 (i.e., R < 0.3) in the entry zones !
¥ awd Z, and use logic LP7 ({.e., T < 15 and MD < 0.2 | R < 0.2)

everywhere else. Figure 4-8 showz a simplified reglon map

depicting thi: A detailed accounting for =2ach conflict shows

that with such a combination logic, we would declare a toiul of

MOTPRET A e ey

e

e o=t PR

& & wruflicts, 4 of which would be predictive. This {s a significant
. tmypyrovement in "predicoive" alarms over anything seen in Table

i 42,

% Other logic combinations are powusible. The one described above

X provides the best ratio of total alercs to predictive alerts,

§ whille alsc giving a very small number of total alerts.

B

i He conclude ~hat the use of a replon-dependent loglec In the

traffic patteru can provide a definite {mprovement ove. using
any one logic over the entiro pattery aresw. Th!s approach should
be explored in designing th threat detecticn logic of an
Automated Terminal System
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5.

SUMMARY

This section will note some of the implications of the data pre-
sented above for the Automated Terminal Services concept and
&8lso briafly discuss use >f an ACAS system in the traffic pattern.

The first general observation ia that ever with no preseat
regulatory requirementa beyond the general left hand trat.iic
rule, traffic usually follows the stande~d traffic pattern. As
many as 150 hourly operations have been observed at Manassas
Alrport and characteristics of the traffic pattern change con-
siderably with how busy it ia. At low traffic densities, greater
individual vaviation and more unorderly behavior is seen. At
higher traffic densities traffic tends to follow the standard
tattern more closely and once in pattern, tends to order itself
more. It appears that using the traffic pattern as the basic
organizing tool for an automated system will be effective. The
natural orderliness of the traffic also indicates that practical
sequencing aids for the pilot can be developed.

The design of a threat detection logic for ATS will be 1ufluenced
by some basic points:

1. In the uncontrollcd traffic pattern a-ring high
density opera.ions, there is a significant incidence

of pilota electing to maneuver becaume of the proximiuvy
of otier traffic. If the AJS system generates a warning
for these cuses, the design yoal can not be zero alerts
during normal operations.

2, Traffic prox'mity is such that even modest T &nd
range criteria yieil relatively frequent alerts.

3. The logic should attempt to alarm . nly on the
irreducible "tr.e" conflicta. Factors in designing an
acceptable logic include:

a. use of a miss distance crf'terion.

b. exploitation of the varving traffic
spacing end intent in the various regions
of the traffic pattern.

c. theesholds might be set tighter during
high densit: operations (since alrcraft are
observed to uperate with more order) anid
expanded during periods of low traffic.

5~1
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These will be pursued in developing an effective ATS logic.

Finally, some preliminary estimates of the behavior of an ACAS
system in the traffic pattern can be made as a result of this
work. First, the 30 second warning times that have been con-
sidered for ACAS designs become marginally acceptable in the
pattern. Even a CAS logic with protection volumes defined by
tau < 15 seconds and immediate range < 0.2 nmi yields an alarm
rate of sbout 1 every S5 minutes. About 15X of these alarms are
true predictive alerts.

Second, an alert without directional proximity warning informa-
tion (PWI) may be almost ineffective in this enviionment due to
the high probability of multiple targets in the immediate
vicinity and the low tau-values we are considering. These two
factors together would make pillot's sighting the particular
threat aircraft quite difficult. This is especially true in the
dowmwind-entry region where traffic is more scattered and closure
rates are higher,

An ACAS system even with low T thresholds would provide some
protection in low closure rate areas such as final apprcach.
Hiatorical data [2] indicates that sbout 2/3 of all midair
collisjons occur at low convergence angles and this system

would be expected to be useful in those cases. It should be
noted however, that vurtical commands are not very usable in the
pattern. Descend commands can not be issued due to terrain
proxdmity and climb-commands are undersirable because they disrupt
the pattern. It would therefore :npeer that an ACAS system in the
traffic ,attern muat at most be uscd to give a simple, short
look—-ahead advisory in case of a threat and leave the avoidance
maneuver to the pilot.

5-2
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APPENDIX A
DATA COLLECTION AND REDUCTION

This appendix provides full details of the model building activity.
An overview has been given in section 2.3. Here, the elements of
the process are elaborated.

oo

The raw data is time of event data that can be utilized to identify
specific events in the flight of each aixcraft. In addition, a
special technique is used to compute speed and position of downwind
aircraft. Section A.l describes this technigue, in theory.
Section A.2 provides the full experimental details of gathering all
required informetion. Section A.3 describes the process used for
raducing the raw data.

" 11 — e b s e . n
A e L VNN N

& & A.1 Speed and Position Msscurement: Theory

We deacribe here the technique for computing speed and position of
an aircraft in straight flight.

In Figure A-1, let PQR be the path of an aircraf: AC wmoving at ground
spead V., We set :p two observers A & B and three fixed lines of
sight, L1, L2 snd L3 as shown. L1 and L3 are parallel and both sare
perpendicular to AB. L2 is at an angle 6 to L1, Let Tl, T2 and T3
be the absolute times of crosaing of AC at these three lines of
pight. Thus Tl < 72 and Tl < T3. Then,

PQ _ T3-T1
PR~ T2-T1

Let RQIP1 be a line parallel to AB through R. Then,

) PQ _ P1Q1
; PR © FIR

P1Q1 _ T3-T1
PIR  T2-T1

T2-T1
T3-TL (1)

PIR = D %

and P1lA = P1R * cot0

- p #1211

T3-T1 °

cotd

;; 3 D, T1, T2, T3 and © are known. Hence PlR and PlA are known. Thus
- the x and y offsets of the aircraft at time TZ are known with
respect to the point A and the line AB.
A-1
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Further, let VX be the component of speed along AB. Then

JPIQL _ D
VX = 7300 T TiTL
and VX 18 thus known.
. X
cos

and hen
° (___—VX) = gecoa-l
VX e

If o 48 < 16°, V is within 5% of VX
If o i8 < 23°, V 1s within 10% of VX

The next section includes description of the experimental procedure
used to exploit these relationships to cempute point R and speed.

A.2 Experimental Procedure

The fully implemented procedure, used only in the high density case,
involves € observers. 4 of these are used for gathering time of
profile events (turn times, etc.) and 2 for the speed and position
measurement on downwind. We describe the following three aspects
in turn:

Technique of time measurements
. Division of responsibility amongat observers
Speed and downwind offset measurements,

Time was recorded by using portabie (battery operated) cassette
recorders that ran continucusgly. An observer simply recorded a
continuous verbal commentary of the events he perceised. (Example:
the red and white high wing is turning to crosswind now.) Since
this was recorded in real time on the csssette tapes, the tape was
simply played back later to retrieve the time information. In order
to minimiz: the small nonlinear vaciations in recording speed and
the consequent discrepancies between recordirg and playback times,
frequent time hacks off wrist watches with sweep second hands were
included in the commentary. (Example: At the hack, 1t will be 1:32
and 50 seconds. HACK.) All watches were synchronized before
starting. Casgettes run for 45 minutes on each side. Hence the 45
minucte model!




Four observers are used to record time-of-eve.t information abour
the traffic pattern traffic., They record informaticn of the type
described earlier in Table 2-2. Due to the dimensions of the
pattern (approximately 1 mile out) no one observer is able to
observe the entire patiern with clarity. Observers therefore take
reaponeibility to note ovents in a certain part of the patterm, as
shown in Figure A~?., Redundancy 1s provided between observers, for
the sake of reliability and correlation. Finally, for purposes of
correlation, each observer notes the physical appearance (color,
wing-type) of each aircraft and gives the last three alphanumerics
of the tail number whenever possible. In cluster situationms,
context is used for descripticn. Binoculars are provided for help
in identification. The only equipment these observers need, then,
are tape recorders, wrist watches and binoculars.

Two observers corresponding to positions A and B in Figure A-l1 are
needed for speed and position measurement. The measurements are
made for aircraft on downwind as they approach threshold, thus
getting ready to turn base. The fixed, known lines of sight (see
Figure A-1) required by the method are provided by the use of
surveying transits, one for each line of sight. Figure A-3 shows
the positions of the observers, A & B, and the set up of their
transits Tl, TZ and T3. A monitors Tl, TZ and B monitors T3. Each
transit-telescope is fixed in azimuth, but free to move in the
vertical plane. Thus, each provides & fixed vertical plane,

corresponding to L1, L2 and L3 in Figure A-1.

Al Y D,

S

A and B have a tape recorder each. On these are recorded transit
crossings of alrcraft, again in real time: 1i.e., the tape recorders
are continuously operated, =o be plaved back later for cxtracting
the time information. (Example: "Low wing aircraft approacking
Transit #1 - HACK'". The HACK corresponds to the aircraft crossing
the vertical line in the teléscope.) Time of transit-crossings csan,
in principle, be obtained more accurately than the accuracles of
playback and correlation allow. These observers a-e therefore each !
provided with a radio receiver receiving a continuous time signal
from WWV (a beep each second and time of day each minute). This is
being recorded on their tapes in the background. In addition they
are equipped with a pair of walkie-talkies. A transmits all his
information on transit crossirgs to B. B thus has a record of all
three transit times on Lis tape, 1improving accuracy of difference
measurements and greatly helping correlation of aircraft in hectic
traffic conditions. ;

A & B's positions are known accurately with respect to the runway.

'y H

Calibrations are made at the conclusion of experiment for the ectual
angles at which the transits were aimed. For calibration of speed
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and distunce measurements, two test flights by a test pllot are
made, the pilot flying at known airspeeds and over known landmarks.

A.3 The Data Reduction

Data on the voice tape obtained from each observer is first
transcribed intc raw data about events in particular geographical
secticns of the traffic assigned to each observer. This data is
correlated to yield raw data on all events of each track observed

in the area. A "track'"* is defined as the path of an aircraft from
initial acquisition up to the point of crossing threshold to land
(for circulating or arriving aircraft) or up to the point at which
last seen (for aircraft departing from the runway). Thus, an
aircraft arriving from outside the airport, doing 4 circulating
patterns (by touch and go's or otherwise) and then leaving the
alrport, contributes 1 + 4 + 1 = 6 tracks in this model. Each
aircraft never landing at the airport (an '"over flight") yields 1
track. Each track is represented by a series of concatenations of
straight and curved flight paths called profile. All speed changes
are assumed to take place in the straight sections. All turn
gections are assumed to be atconstant speed and constant bank angles.
Since a wind of at least 10 knots was present for both experiments,
the turns were not circular in reality. The approximat.on to
represent the flight during a turn is shown in Figure A-4. AB is
the acutal path of the aircraft. Time in AB = TTURN. V1, V2 are
ground speeds of the aircraft. WD is the wind speed, assumed to be
along V2. AB 1is approximated by one circular sectiou AC of duration
TTURN at speed V1 and a straight section of duration DT with

Vg;"l—') where DT = (WD/(V + %- ¥D)).TTURN. The time DT
is taken up from the straight section that follows turn AB. This
scheme ylelds the exact coordinate and velocity values at A and B
after approximation. The errors introduced are reflected in the
time DT and the values during turn. For the environment in questicn,
these are acceptable.

acceleration (

The basic scheme of speed changes assume.' in the pattern is shown
in Figure A-5. This was tailored as necessary if other factors
(fit or minimum speeds) required changes in a particular track.

As for turn angles, rectangular turns are assumed to start with,
unless otherwise known as 1In cases of entry on downwind. Projections
through each section are made to see discrepancies in known positions

DA s LI ST DTSN NS

See Glossary

A-=7

e ame s



V2

STRATIGHT SECTION OF APPROXIMATION

— DT CIRCULAR SECTiON
c N(///OF APPROXIMATION
Y
B ~
~,

— TP G e

¢=—-—=

WD

V1, V2 ARE GROUND SPEEDS
WD IS WIND SPEED

V2 = V1 + WD

TTURN = ACTUAL TIME OF TURN
DT = (WD/V + 1/2 WD) - TTURN

FIGURE A4
APPROXIMATION OF A TURN IN PRESENCE OF WIND
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1 SPD ~ WD
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; 1
Y
;gf
gl
‘é‘ SPD = MEASURED GROUND SPEED OF
¢ AIRCRAFT ON DOWFWIND
. WD = ZNOWN WIND SPEED
; Vg = ASSUMED <UTBOUND GROUND SPEED
& (80 + ) - WD
g v, = ASSUMED INBOUND GROUND SPEED
(70 + 10) - WD
.
§
.;%
§
“IGURE A5

ASSUMED PROFILE FOR CROUND SPEED CHANGES IN THE FATTERAN
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(downwind at threshold, threshold at landing). Angles are adjusted
until an exact fit to known positions is obtained. Note that a fit
i{mplies specific positions at specific time. Any known information
from observers' descriptions of the flight is jnceorporated to make
this fit as realistic as possible.

When all tracks ars fitted, they contain exact flight-plan type data
(in their "profiies'"). A reasonable profile for altitude changes is
asgumed for each aircraft, based on qualitative observations of
observers. Each such track, represented bty one horizontal and one
vertical profile, is now translated into a 4-second scan data set.
All these data points are then sorted on absclute time to yield a
L-gecord scan plcture of the entire traffic.

The resulting "model" is tested for unusually close encounters. The
criterion used to find these "urusually clese” encounters is as
follows:

RANGE

__RANGE . 1, §EC|RANG FEET) .
SNCE Sip < L4 SECIRANGE < 800 FEET)

(ALTSEP < 300 FEET) & (

where ALTGEF = Vertical Separation; RANGE = Relative Horir-mtal Range.

for alrcraft palrs violating these criteria, individual profiles are
studied and altered as necessary to eliminate the construction

induced wviolations. Such a cleanup was only necessary for MANASSAS-TI,
Out of 1ta 79 total trarks, 10 were found to violatc these criteria in
the first cut of the model. They required minor alterations in turn
angies or specds to yleld the cleaned data set now named MANASSAS-IT.

L ean nmtaE
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APPENDIX B

ACCURACY OF THE MODELS

This section contains estimates of how closely the models approximate
the traffic actually ovserved.

B.l Overall Accuracy

Factors that affect the overall accuracy of the models can be
identified as follows:

+ Accuracy of time-of-event observations
+ Accuracy of the turn approximation
+ Accuracy of speed and vositior measurements on downwind
+ Accuracy of assumed speed changes
+ Accuracy of assumed headings.
We now discuss these in turn.

Times of events (such as crossing ti: -eshc'd) are observable at
about 2 sec (l¢ value) accuracy. At 70 knots, the error at crossing
threshold is 220 ft (1o value).

The time-iraccuracy introduced in the turn approximation for a 10
knot wind for a 90 knot aircraft turning for 10 seconds is 1 sec.
Since there is a 2 sec error in noting the time of turn event
itself, the net error is \5 = 2.3 sec. At 150 ft/sec, this implies
a position error of 350 feet,

Section B.?2 provides a detailed analysis of the accuracy cf peed
and position measurements on downwind. Speed errors (gaussian) of
4 knots (lo) and position errors of 220 ft (lo) are estimated for
these measurements.

When downwind speed is known (as in MANASSAS-11) speeds everywhere
elgse i the pattern are estimated to be accurate to within 10 knots
(lo value). In MANASSAS-1, this same value is estimated at 20 knots.

The largest lnaccuracies in headings occur for entering aircraft
before they cross threshold on downwind and for departing aircraft
after then turn off crosswind, (And of course, for over-flights).

o
4
i
#
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In the remuining sections of the pattern, imnaccuracies in hLieading
are a function of the overall "fit" and hernce depand upon the
lnaccuracles mentioned above.

8.2 Accuracy Egstimate of Downwind Speed and Position Meudsurements

Lat ¥ be the downwind offset and VX the X coumponent of speed on down-
wind, at threshoid. Referring to Section A and Figure A-l, we have:

T2-T1
Y Ta-T1 De«coth
D
VX = 5o

where D » distance between transits Tl and T3
6 = angle between transits T} and T2.

Tor MANASSAS-1I, D = 1212 feet; 6 = 20°, nominally

Hence,
_ (r2-T1) | . .
Y = {73rr) | 1212 - cotd (1)
1212
VX = 1311 ()

Calibrations made for the lines of sight and by test flights require
some modification of these formulae. T.e lines of sight were not at
exactly 90° and 70° as required. Instead L1, L2 and L3 were at
90.25°, 69.8° and 88.34° respectively. The slight deviations can be
accounted for by a division factor of 1.0246. The calibration flight
provided speed and distance .nat would be consistent with these
formulae, if the measured speed was multiplied by 0.9275. (This may
be seen as a fixed bias of 7%, affezting all measurements in the

S8ame direction.) Thus, both equations (1) and (2) need to be

multiplied by %4%%%%; yielding:

T2-T1
- ———l . Q
Y T3-T1 2987 feet
Q7 !
VX = %%:%1 teet per second
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Use of radio-synchronized time signals makes it possible to measure
time~differences (T3-T1l) and T2-Tl) to within 0.15 seconds. (T3-Tl)

and (T2-T1) are both of the order of 10 seconds. Errors in Y and VX

are therefore given by

€y = 3% of Y

tyx = 1.5% of VX

For Y = 4800' and VX = 160 ft/sec, this yields

EY = 150 feet
' (D

Eyx ° 2.5 feet/sec

The uncertainty in the direction of the track independently affects
the acrcuracy to which Y and speed are known. In Figure A-1l, PQR is
the true track. All the above estimates, however, have heen made
assuming PlQlR as the true track. Thus QQ, is the error in Y
resulting from the track angle a. .Let AY = QQl' Then

AY = (Y tan 6 - D) , tao a
and 1f V is the true speed, then
AV = (V=VX) = VX * (sec a - 1)
At V= 150 ft/sec, Y = 4800', D = 1200', 8 = 20° and a = 15°,
AY = 150 feet
(11)

and AV = 6 feet/sec.

If o = 15° be a lo value, then equations (I1I) cimply reflect the lo
errors caused by this unce: tainty in aircraft track heading.

Thz values given by eq. :tioms (I) and (I1I) can be root mean squarad
to yield the lu values of errors in downwind offset Y and speed V.

/m:ffwmm“wii‘ |
UY = V150" + 1507 = 220 feet

oy = J%Z + 2.52 = 6.5 feet/sec = 4 knots

Note that there exists a separate 77 fixed bias error, affecting all
Y and V values in the same direction,
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APPENDIX C
GLOSSARY AND EXPLANATION OF TERMS

Airport Operation: A landing, a take off or an over flight.
(A touch and go thus contributes two
operations.)

Circulating Pattern: A flight such that an aircraft takes off
and lands at the runway without ever
leaving the airspace. See Diagram A in
Figure C-1.

Continuous Flight: A continuous flight ends only when an
aircraft leaves the airspace or lands
and elther joins the departure que or
leaves fonr good. Thus, an ailrcraft
executing five circulating patterns by
touch and ge's, joining the departure
que and making another circulating
pattern contributes only two continuous
flights.

Track: A track is the smallest loglcal flight
an alrcrart may have in the airspace.
A track ends everytime an aircraft
crosses the threshold to land or leaves
the airspace. A track begins when an
alrcraft enters the airspace or when it
takes off from runway. Figure C-1 shows
types of tracks that are commou.

An aircraft coming from afar, doing a
touch and go and one pattern and then
leaving the runway thus contributes
three tracks but only one continuous
flight. An aircraft doing ten patterns
all by touch and go's, contributes ten
tracks but only one continuous flight.

A track contributes one operation except
3 for a circulating pattern, where it con-
tributes two operations.

taa F o

Traffic Pattern Section See Figu e C-2.
‘ Abbreviations:
§ CAS Collision Avoidance System

C-1
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BSET

DWET e

\ DWDT

BSE

FNLT

DEP -
ENT ~

BSE -

DWD
7
KWD
N\ DEPT
JL
RWY +
FNL TOF ’
XWDT
LANDING DEPARTURE END
THRESHOLD
TAKEOFF LEG XWDT - TURN TO CROSSWIND
CROSSWIND LEG DEPT - TURN TO DEPARTURE LEG
DEPARTURE LEG DWET ~ TURN TO DOWNWIND FROM ENTRY LEG
ENTRY LEG DWDT - TURN TO DOWNWIND FROM XWD
DOWNWIND LEG BSET - TURN TO BASE
BASE LEG FNLT - TURN TO FINAL
FINAL LEG
FIGURE C-2

ABBREVIATIONS FOR FATTERN SECTIONS
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Regular Track:

Irregular Track:

True Detection:

Predictive Detection:

False Alarm:

RS

A track that conforms to the standard
left hand pattern.

A track that does not conform to the
standard left hand pattern.

A conflict detection where the detection
first occurs in immediate temporal
vicinity of the time when an aircraft
involved in this conflict is actuvally
observed making an escape maneuver.

If a detection first occurs 1 to 3
scans (i.e., 4 to 12 seconds) ahead of
the time when an aircraft is actually
observed maneuvering, it is called a
Predictive Detection.

An alarm issued when the conflict 1is
not '""true'" by the above definition.
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APPENDIX D

DATA FORMATS

The data for each model exists on tapes. MANASSAS-I data is cn Tape
#293 and MANASSAS-II on Tape #008 in the MITRE/Washington Computing
Center. The tapes are unlabelled, CMS compatible data sets written
under the VM operating system.

The data set exists in the form of a series of 4 sec. scan pictures
of the airspace, sorted on time, one record per aircraft. Each
record is 40 bytes long and is written in the following PL/I
structure:

o

STATIC

TIME BINARY FIXED (31),
ID CHAR (7),
FLG BIT (8),
XAC BIN FLOAT,
YAC BIN FLOAT,
ZAC BIN FLOAT,
GSPD BIN FLOAT,
XD BIN FLOAT,
YD BIN FLOAT,
zD BIN FLOZT,

RN NRODNRNNNDNN D

The variables are described below:

B e L

A A NI T Y L A TN S AT Y

F;;RIABLE DESCRIPTION FIELD LENGTH 1N # OF BYTES
TIME Absolute time 1n seconds 4
1D Aircraft IL. 7
FLG (An empty field) 1
XAC X-coordinate of aircraft in nomi. 4
YAC Y-coordinate of aircraft in nmi. 4
ZAC Altitude of alrcraft in feet 4
(MsL)
GSPD Ground apeed Iin umi/sec. b4
Xp X~-coordinate of ground speed 4
in nmi/sec.
YD Y-coordinte of ground speed 4
in nmi/sec.
L&D Verttcal speed fin teet/sec .+ 4 _
| TOYAL L Lo 40
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The coordinate system used is shown in Figure D-1. RWY 34 1is used
a8 the Y-axis and as the reference direction for bearings. The
origin 1s at the center of the runway.




—

1850°

3700°

)

FICGURE D-1
THE COORDINATE SYSTEM
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