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EXECUTIVE SUMMARY

This report documents Group 3 results of the Federal Aviation Administration
(FAA) Technical Center's helicopter Traffic Alert and Collision Avoidance
System (TCAS) evaluation. 1In this group of tests, a TCAS I equipped Sikorsky
§-76 was flown along helicopter routes in Atlantic City, Philadelphia, New
York, Boston, and Washington, D.C. Surveillance data were gathered and
processed to validate the proposed Radio Technical Commission for Aeronautics
(RTCA) Minimum Operational Performance Specification (MOPS) of transmitter
power and whisper shout power programming.

After each flight, interviews with Technical Center project pilots were
conducted to gather pilot factors data. FAA pilot opinion was compared to a
census of commercial pilot responses on the subject of helicopter safety. The
two groups of responses produced similar conclusions; the main one being that
added workload can be a detraction from flight safety. FAA pilots stated that
excessive TCAS alerts could create a distraction causing added workload.

As a result of FAA pilot comments, special attention was given to validating a
traffic advisory logic for helicopter operation. Tau and modified distance
(DMOD) threat screening were adapted from TCAS II and optimized for the slower
speeds associated with helicopters. A feature of the logic is that enhanced
protection against high speed intruders Is >ffered. False and nuisance aler:cs
due to multipath and on-ground aircraft are addressed. This report recommends
providing optional provisions to sense radar altitude.

Alert rates with the optimized TCAS 1 logic are 3 or 4 per hour compared to 15
to 20 per hour with the TCAS II logic (version 9.0) programmed into the TCAS
Experimental Unit (TEU).




1. INTRODUCTION.

1.1 PURPOSE.

This report documents the results of the third group of tests of a Traffic Alert
and Collision Avoidance System (TCAS) unit installed in Sikorsky S-76.

1.2 BACKGROUND.

A test plan (reference 1) has been developed by ACT-140 which outlines three
major groups of tests to be conducted. Group l tests were designed to verify the
TCAS Experimental Unit (TEU) installation and operation in the aircraft
(reference 2). Group 2 tests were designed to evaluate antenna performance and
surveillance link reliability in controlled tests with Technical Center chase
aircraft (reference 3). Group 3 work, documented in this report, was designed to
examine the performance of a prototype TCAS installed in a S-76 operating along
defined helicopter routes into and around several east coast cities, including
Philadelphia, Boston, New York, Newark, and Washington, D.C.

.

1.3 SCOPE.

The analysis defined in this report is limited to the examination and
presentation of Group 3 flight data to either validate current TCAS I concepts,
or 0 demoastrate improvement in those areas which are Jeficient. 3peciflically,
this analysis is limited to the topics of surveillance (section 5), traffic
advisory generation (section 6), and signal corruption by multipath (section 7).

1.4 EQUIPMENT DESCRIPTION.

A TEU was built at the Massachusetts Institute of Technology (MIT) Lincoln
Laboratory and was designed to be reconfigurable in order to emulate several TCAS
specificacions.

in the Technical Center flights the TEU was coafigured to encompass the Junc:lions
of a TCAS I as defined in a draft Minimum Operational Performance 3pecification
(MOPS) (reference 4). The draft MOPS defines a very basic TCAS I as a minimum,
and also lists numerous enhancements to improve TCAS I performance.

The MOPS also permits a TCAS Iioperating mode whereby TCAS I interrogations can
be as high in peak power as TCAS II interrogations, with the condition that
TCAS I must have the capability to transmit Mode S broadcast signals,

o ohme eI T0RdT L0 0 aeile Aal JULgT LTINS ST LamT

. TCAS 1 operating mode.

Table | lists the operating characteristics of the Lincoln Lab TEU and compares
them to the appropriate current draft MOPS requirement,

The displav in the S-76 was esseatially a TCAS II displav with the resolution
advisories 1nhibited. The TCAS Il functions of shared weather oresencaticn ind
selectable l5-second display of traffic (all prox switch) were retained.
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1.5 POST-FLIGHT DATA PROCESSING.

TCAS data recorded during each flight consisted of own aircraft data, target
aircraft reply data, and target aircraft track data.

Aircraft position information was determined from the NIKE/Hercules radars, the
laser tracker, or the extended area instrumentation radar (EAIR). Data from
these trackers were time tagged to permit merging with flight data.

The first step in the Center's data processing cycle was the creation of a data
base for each flight. The data base contained own aircraft data and target track
data taken directly from the flight data tapes and aircraft position data from
one or more of the precision ground trackers. Before the intruder reply data

" were entered into the data base however, it was correlated with the intruder
track data. The correlation matched raw replies (in the reply buffer) with
aircraft tracks (in the track buffer), according to the track extension
parameters defined in the TCAS I MOPS. Thus, this procedure is a reverse order
tracker wherein real aircrafr replies are distinguished from fruit and are
further matched to a particular aircraft track. Using this technique,
surveillance parameters, including update rates versus interrogator power, updace
rates versus range, and multipath elimination, are examined through the use of
the data base.

Intruder track data and own aircraft data taken from the data base were plaved
back through a TCAS logic model resident on the Ceater's Honeywell computer.
This technique permits the optimization of Traffic Advisory (TA) generation
criteria through an analysis where TA rates were compared versus dxfferlng TA
thresholds.

2. TEST DESCRIPTION.

The TCAS equipped S-76 was flown along commercial helicopter routes in five east
coast ciries. Maps of these cities are ahown in figures | through 4. The Tacs
snow ctae .ocal traffic contro. arza (TCA], the zround Irich Ilowm S oioe 14T
landmarks used as position fixes, and time tags to identify specific events whlch
occurred during the flight,

Figure ! shows operations in the Philadelphia area, figure 2 shows the New York
and Newark area, figure 3 shows the Boston area, and figure 4 shows the
Washington area operations.

Two studi2; have heen pudlisha? which axamine the hazards of helicopter
operations. Reference 5 1s a compilation of accident data from the National
Transportation Safet: 30ard (WTSB) reports and briefs, aloag with interviews with
the operitars and pilots actialiv involved in the inciients. Reference » Is 3
user syrvev which contains heiicopter operator and pilot resoonses to guestisns

specificalls related te midai- and near midair collisions NMACT'3)
In reviawing refereaces 5 and H, TCAS personnel were attempting to:

2. Understand the factors assoclated with near NMAC's. This information

was used in selecting the questions asked of the pilots in the post-€lizht
debriefing (section 3.1).
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b. Gauge the correlation of FAA test pilot responses with commercial pilot
(and operator) opinion. The FAA test pilot responses were used to determine how I
adequately the helicopter TCAS, as implemented in the $-76, will be able to meet

the needs of helicopter operators and pilots at large. o~
The key items gleaned from the literature review are: l'
a. Single Pilot Versus Dual Pilot Operation. Seventeen mission types were . : :g
reviewed for one or two pilot cockpits. Of these, 53.2 percent of total ﬂ:
helicopter utilization involves strictly two pilot crews. 1i
b. Root Cause of Helicopter Accidents. 1In all pilot-caused accidents, "
inadequate training and/or proficiency was the leading cause. The second leading d
cause of accidents is pilot fatigue due to excessive workload. )
v
c. Flight Profiles. Helicopter pilots tend to fly low to avoid interaction ;
with air traffic control (ATC), to stay clear of fixed wing aircraft, and to e
facilitate landing in case of machine failure. ﬁ}
)
Ly
d. 1Incidence of NMAC. NMAC's were most frequently reported as occurring in A
straight and level flight on approaches or departures in terminal areas. ly
e. Critical Quardant. Helicopter pilots feel most susceptible to y
collisions from the left rear. 'E‘
Rt
f. ATC Involvement. The coacensus among commercial pilots and operators is }_:
that ATC has had little involvement in NMAC. !
g. Pilot Perceived NMAC Risk. Commercial pilots and operators have ranked .
the NMAC risk equal to pilot fatigue and machine failure. Moreover, the Q-
consensus dat2 made six recommendations for present and future changes to improve RS
the safety of helicopter operations. One of the proposed improvements was the ::‘
installation of a reliable collision avoidance system. i&
3.1 PILOT SURVEY QUESTIONS. A
After each flight, TCAS project persoanel (including flight crew and project o
coordinators) conducted an interview with the Techanical Center test pilots who ]
flew the mission. During the interview, the TCAS project manager asked the W
pilots to comment on their experience with helicopter TCAS according to the ;
following set of questions: N
a. What is your previous experience (in-flignt hours) wica I[Cas’ {i
b. Did you find TCAS (a) Useful? (b) Timely? (c) Necessary? or ;:.
(d) Correct? .
. . ‘*
¢. Was TCAS ever helpful in maintaining separation’? 0
4. Did TCAS increase/decrease workload? :::
R
Lo
e. How, in vour opinion, did TCAS operate (i.e., bearing qualityv/track Ee
reliability)? 7
e
’t‘
"\-
:~ ¢
8 Y
.t
®
ﬁ
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s
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X
f. Would you/how would you change the TCAS displays, controls, specified “nd
procedures? 't
g. Did TCAS augument/conflict with ATC? .
i
h. General comments, observations, suggestions. ,s
B

Only Technical Center test pilots participated in this test program; no industry
pilots participated.

3.2 FAA TEST PILOT RESPONSES.

3.2.1 Pilot Experience.

Six Technical Center test pilots flew the missions to the east coast cities.
Their experience in the S-76 ranges from recently certified to many hours in the
machine, Similarly, their prior experience with TCAS ranges from none to several
hours flying prototype systems. The experience of each pilot is described in

y 3 L A ein'aBlh i
Lo T LT g

table 2.

A 1t
TABLE 2, FAA PILOT EZXPERIENCE IN S-76 AND TCAS N
1
Yl
FAA Pilot Hours in S-76 Hours with TCAS e
- . N

1 150 40
2 30 1 E
i
3 150 10 :
1""

4 500 130
-3
S 70 7 r::
~
6 S0 50 o)
-

7.2 2 Nuestinnnaire Resp~-nses.

3
: : . : . *
Tabie 3 contains the responses to the questions in section 3.1. Some questions ;.
are answered with "ves' or "no" responses fol.iowed by notes. The nctes are o
additional comments made by the pilots Lo either emphasize or qualify their o
responses, and are described in the table.
"
Additicnal pilot comments are as follows: .
|,’
a. "When en route, TCAS is prettv gocd; not many false TA's and bearing Aot -
too bad." o
" . : " )
b. Multipath and on-ground targets are overwhelming. :
A
¢. "En route, TCAS is invaluable."” v
",
<y
e
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TABLE 3. FAA PILOT QUESTIONNAIRE RESPONSES (CONTINUED)

Note 1. Question 5, pilot 1l; "Did TCAS operate properly?". This "no"
response was the result of a consistent bearing error observed by the pilot.
This pilot also commented in question 7, that TCAS did not agree with ATC, also
based on the bearing error. After the flight, it was determined that the cause
of the bearing error was an improper setting of the top antenna bias word.

Note 2. Pilot 3, question 2; "Was TCAS helpful in maintaining separation?".
q

This pilot stated that TCAS was "absolutely essential" when flying en route. He
also commented that TCAS was necessary when flying in terminal areas.

Note 3. Pilot 3, question 6; "Would you change displays/controls?". This
pilot stated that a continous traffic display would be desirable compared to the
15-second time out of the "all-prox" function, when flying in terminal areas.

Note 4. Pilot 3, question 7; "Did TCAS agree with ATC?". Pilot 3 was
favorably impressed when a coaltitude target of opportunity (TOP) overtook the
S-76. As the incident unfolded, the TCAS presentation augumented ATC's traffic
advisories such that the pilot relied on TCAS to resolve the conflict. The

actual response to this question was '"yes +". This incident is further described

in section 3.2.3.3.

Note 5. Pilot 4, question 2; "Was TCAS correct?". The "no" response is the

result of display saturation over Washington National Airport. When flying the
river approach, heavy traffic plus multipath filled the traffic advisory display
with targets, This pilot called this condition "overwhelming,”" and stated it
increased workload by creating distractions when no real threat was present.

Mote 3. Pilot 4, juestia i fsee n~cte S oabave),

Note 7. Pilot 4, question 5; '"Did TCAS operate properly?"'. This pilot
observed an apparent hole in the antenna coverage when a TOP overtook the S-74.
The TOP approached from 6 o'clock and approximately 500 feet higher in altitude
than the S-76. The aircraft had a slight rate of descent. No traffic advisory
was issued by TCAS until the intruder was nearly overhead.
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Dl10C stated tnat TCas 'lncreaseg’’ wOr<i10ad wnen ne reca..2d J4hn i0cidenl wnele
mistonk a false mulzioath track nn the displav for a second aircraft visible in
the general direction.
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N d. "False tracks are very distracting; the pilot is better off without a
K display. The activity distracts a pilot from flying."
- e. "In single pilot operation, the pilot can get very busy. Audio prompt
o is mandatory. Should be a low tone in headphones. False tracks can also be a
oy serious distraction." :
N f. "I liked the display presentation very much; not much useless
information."
i" g. "At first I wanted to know where everyone was all the time. Later on,
By the blank scope was ok and I could get traffic when I wanted."
(%
1d 3.2.3 1Incidents With Targets of Opportunity.
ey 3.2.3.1 Mission 101885, Philadelphia Area. At 10:41:40 (figure 1) a traffic
{9 advisory was generated against a coaltitude intruder. A few seconds later, a
u second advisory was generated on an intruder 400 feet low. The pilot in command
{i visually acquired both targets; a Bell 206 (coaltitude) and a Hughes 5C0 (400
e feet lower). Both helicopters were opposite direction traffic. The Bell 206
- passed 0.2 nautical miles (nmi) to the right and the Hughes 500 passed directly
S velow.
'|
" I3 . I3 I3 . . .
q? After the incident, the pilot commented that TCAS augumented visual acquisition.
h‘ . He also stated that he turned to avoid the coaltitude aircraft.
M
" 3.2.3.2 Mission 1211858, Washington, D.C., Area. At 13:19:31 (figure &) the
" $-76 encountered a coaltitude helicopter crossing from left to right. The pilot
o visually acquired the intruder, a helicopter of unidentified type, several
{r seconds before TCA3 issued a TA. The iatruder eventually passed aprcraximatal:
fs 0.25 nmi behind the $-76.
|
4‘|
After <ne incident, the piL.0C commenCed :nalL chNe visuad. scefe 4gre22C w:i.n .ie
¥ TCAS presentation and that he did turn slightly to increase separation with the
" intruder aircraft. It was the pilot's estimation that this iancident mav have
;g' been an NMAC if no avoidance maneuver was ma-e.
"
L)
‘ . - 0
uﬁ 3.2.3.3 Mission 121985A, New York Area. At 10:02:15, over the Hudson River, S
yr ATC called traffic (a light twin); same direction, coaltitude. Almost )
X coincidentlv, TCAS ganerated a traffic advisorv. The displav presentatisn showed ]
R N e . . .. . . - 3
\ erootiThaer o . L L 5 _ )
;Q that this traffic was over the center of the river, and the S-76 was fiving the
ﬁ' right shoreline, =he 2170t commentad thaz TCAS was "working like 1 :hamo,"
a referring to the display bearing accuracy. J
Ik The confliict was ressived without a maneuver. The light twin cvertsok the £=-7% ]
] . . . .
N on the lef:. Compiariscn of the TCAS displav with the visual scene ormot=d the b
4' pilot to comment on thne excellent agreement. 4
; 3.2.3.4 Mission 121985A, New York Area. At 10:20:13 over Newark, ATC said i

"expect VFR traffic at Linden Airport.'" Several seconds later a TA was generated
w showing a TOP 400 feet lower in altitude closing from left-rear. The oilat

o maneuvered to the right slightly to visuallv acquire, then returned to course

" when the intruder was observed to be no factor.

)
[
'.‘
..
o

4 12




3.2.3.5 Mission 121985B, Boston Area. At 13:29:20, a TA was generated on a twin

engine Mooney. The TA display showed the target at 12 o'clock, -400 feet, and
climbing. ATC called this traffic which was not visible against the skyline of
the city of Boston. The Mooney was crossing the nose of the S-76 and eventually
passed 0.2 miles to the right, 100 feet below. The pilot commented that he
relied on TCAS to continually ascertain the position of the intruder in the event
a maneuver was necessary. No maneuver was made, and the pilot commented further
that this encounter was "a real confidence builder."

At 13:31:17, a helicopter (type unidentified) caused a TA, displayed as 12:00

2 miles, altitude unknown. The pilot acquired based on the TA and turned left to
avoid an almost certain NMAC, After the incident, the pilot commented that the
TA was correct and timely.

4. SUMMARY - FAA PILOT RESPONSES COMPARED TO INDUSTRY OPINION.

: ¥
AN ‘_o"”" 4

From section 3, industry concensus contained seven key items relative to the

cause of helicopter accidents, factors relating typical flight profiles, and

recommendations to improve safety. These are paraphrased in table 4, and are
compared to FAA test pilot concensus.

Generally, the FAA pilot responses agree with industry concensus. It,
therefore, seems reasonable to expect that a helicopter TCAS as implemented in
the S-76 can meet the needs of the helicopter community once the problem of
display clutter generation due to ground traffic or multipath is resolved.

5. DATA PRESENTATION - SURVEILLANCE DATA.

Helicopter TCAS must be capable of tracking threatening aircraft in order to
issue timely traffic advisories. TCAS must do so constrained by interference
iimiting and a requirement that the false advisory rate be kert low.

In the subsections that follow, surveillance performance measures including
protection volume size, track acquisition time, track celiabilicy, ina 7wuitipath
rejection are all considered within the reduced interrogator power and increased
scan period imposed by interference limiting. The intent of the analvsis is to
validate the draft MOPS surveillance requirements using flight data gathered in
the east coast tour.

5.1 PROTECTION VOLUME.

o s : .
track distance required to ensure adequate TCAS protection.
Reference 6 (Helicopter User Survey) contains computed protection volumes for

three typical geometries in helicopter operation. Figure 5 shows the cases
jevaloped in reference 6.
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PROTECTION Py ;: ]
/—\ RADIUS / ‘.
s 45 SECONDS -
/‘/’ : ) - - }
- // / N - - - .
—p—— '7—"// < - T B — B - i "
=TT < - = [ — .
— \ A . T - »
/ : R
TCAS EQUIPPED / r
CASE 1 68- XT8

HELICOPTER 1
CASE. 86 xTS CASE 2 132KTS :
CASE-3 132KTS .
CASE 3 250 KTS o
!
FIGURE 5. THREE SCENARIOS DEFINING TCAS PROTECTION VOLUME ‘
A
ot
Figure 5 shows a range of closing speeds which TCAS must be able to track. E::
Closing speed coupled with advisory time defines the size of the protection ¢
volume. The authors of reference 6 used an advisory time of 45 seconds (after :

TCAS 1I) in their calculations, yielding the protection volumes shown in

figure 5. 1In a practicai TCAS however, the adviscry time will probably Be set to .
threshold at 25 seconds with an appropriate distance modification parameter N,
(DMOD) (DMOD extends the advisory time two or three seconds, depending on closing 3
speed). N
-
It should be noted at this point that the draft TCAS I MOPS defines a minimum >
surveillance range of 4 nmi, but ieaves the tau (TA) threshold and DMOD X,
Parameters unspecified. For purposes of this analysis, values of tau equal to 25 :
seconds and DMOD equal to 0.5 nmi (reference 7) will be used. 4An additicnal case K
will be added where the surveillance range is expanded to 5.0 nmi in order to 9
provide 3 comparison to the minimum MOPS specification of 4.9 ami. A\
Combining the information compiled thus far, it is possible to determine a =
minimum protection volume: -
Let tau minimum = 25 seconds =
Let range rate (RDOT) = 382 knots f'-
then: "
R = DMOD + (tas x RDOT;+3600 B
R= 0.5+ (25 x 332)+3400 K
R = 3.15 ami :
where R is the radius of the protection volume. )
~
:"
N‘
R N A e N e N e e N N e



5.1.1 Estimated Time Required to Initiate Tracks.

In section 5.1 it was determined that tracks should be established against
intruders as far away as 3.15 nmi so that a traffic advisorv of at least 25

seconds duration can be provided.

The track initiation process cannot even begin until the intruder falls within

the 4.0 mile range gate specified in the MOPS. Thus, TCAS must establish a track
in (4.0 - 3.15) = 0.85 nmi. For an intruder closing at 382 knots, that distance
equates to 8 seconds. Using 5.0 nmi surveillance, TCAS I must establish a track

in 17 seconds.

Eight (or 17) seconds may or may not be enough time to initiate a track given the

MOPS requirement that a track is started only after three successive

interrogation scans are answered by intruder's replies. Assuming perfect

surveillance, every interrogation is answered. Real systems are not perfect.
The probability of receiving three successive replies is a measure of the TCAS
interrogator efficiency or "update rate (some texts also refer to interrogator

efficiency as blip-scan~ratio)." The time to initiate an intruder track

directly related to update rate.

s

To estimate the time required to start a track requires a knowledge of the target
update rate and interrogation scan period. Given these, the actual time can be
estimated using a cumulative binomal distribution (reference 8) as developed in

equations | through 4. .

P n>c = P .(p,c,n)
n

Ppowe = Y (D(p)eU-p)Te
X=c

(1)

(2)

Equation | estimates the probability of obtaining three hits in exactlv N scans.

Al b}

Zquaction . estimates Che prodadiiity Of odfalining three nics i1 =) scans.

further modified (equation 3) by the condition that three "hits" occur
consecutively with no interspersed misses.

P(AB) = P A P(B/A)

and becomes equation 4

The defiaition oI z2rms ia equations 2 and 4 are:

¢ = number of scans to initiate track (= 3),
n = number of scans elapsed.
P, = update rate for scan m.

l-p = miss rate.
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PROBABILITY
OF TRACK
START

UPDATE RATE = 0.8

LI L3 L R i L LB T 1 T L4
s 7 9

N e

SCANS ELAPSED AFTER TMRZAT AIRCRAFT ENTERS TCAS SURVEILLANCE

FIGURE 6. SCANS REQUIRED TO INITIATE TRACK VERSUS SURVEILLANCE
UPDATE RATE

Ziuacions 2 through 4 wers uysad o compute “he dradbadility of srarting 3 track
versus update rate and scan count. The results are shown in figure 6. The
portions of the curves above the dashed line include those conditions >¢ -
rate and scan count where the probability of starting a track is 0.9 or zr
Returning to the nigh speed scenario {case 5, figzure 5Y, it is now Dossidie o
compute the tatal possible advisorv time within the MOPS snpecified syrveil!lince
range after accounting track initiation time. Table 5 contains computed advisorsy
times versus update rate and interference limits for the minimum surveillance
volume specified in the MOPS. Ia addition, two cases are added where the
surveillance range is expanded to 5 nmi to increase the advisorv time.
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TABLE 5. TOTAL POSSIBLE ADVISORY TIME (IN SECONDS)

VS INTERFERENCE LIMIT, UPATE RATE, AND
SURVEILLANCE RANGE FOR A HIGH SPEED ENCOUNTER

(CASE 3, FIGURE 2)

Total Possible Adivsory
Time in Seconds

Interference Limit Scan
Update Scans to Range Gate Period in Seconds
Rate Start Track *in omi 1 2 3 4
4.0 28 23 18 13
0.9 5 5.0 39 32 17 22
4.0 25 17 9 1
0.8 8 5.0 34 26 18 10
4.0 20 7 - -
0.7 13 5.0 29 16 3 -
4.0 16 - - -
0.55 17 5.0 25 8 - -

*nmi denotes nautical miles
Legend:

J. 3 P}

28 - Advisory time in seconds with 4.0 mile surveillance range.
37 - Advisory time in seconds with 5.0 mile surveillance range.

5.1.2 A Means to Reduce Track Initiation Time.

N =

The data in tabie 5 present quite clearly several cases that vioc.afe tne M P:
reguirements of surveillance range and track initiation criteria. The orobien
simply stated is: to provide reasonable advisory time; the surveilllance ranze
4.0 miles is too small when interference limiting is invoked Secause too much
time 1s taken to initiate an intruder track. Orne proposed alzernative Is 0
increase the surveiliance range, another (reference @) to reduce the iaber »F
scans required tH sLirl @ LrTick.

5.1.2.1 Advantage of Usinz Two Scans to Start a Track.

Equation 4 was azain used to compute probabitiityv of track start wersas o iate
rate and scan count, this time requiring onlv two sulcess.ve sSCcins t> stars 3
track. Table 5 shows these results, ind compares the data to the "rhree hit”
case to illustrate the improvement.
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TABLE 6. SCANS REQUIRED TO START TRACK,
2 HITS COMPARED TO 3 HITS

Scans Required for 0.9
Track Probability
Update Rate ' 2 Hits 3 Hits

902 3 5

852 4 7

802 5 8

75% 5 10

70% 6 13

652 7 15

Table 6 shows that a track can be started in five scans with 75 percent update
rate using two hits, compared to ten scans using three hits. Conversely, if a
70 percent update rate is maintained, six scans are required for the 2-hit case
compared to thirteen scans for the 3-hit case.

5.1.2.2 Potential for False Tracks Using 2-Hit Criteria.

. A A A A A A pe - e e e e e e m e e e
L O A I N A W e A N N A I A T P N A A S S N A AT A
() B & o ' - D 0 L O PRGN

The potential improvement in using only two successive hits to initiate a track

is evident when considering just the delay in track initiation. However, there

is possibly a very serious drawback to this approach and that is the false track
proliferation which could result. To quantify this risk, knowledge is required

of the "update rate" of false replies. These false replies are considered to be
solely due to fruit and are, thus, uncorrellated.

To further this analysis, it is helpful to determine the probability that a false
track will progress to impact the display status by being extended one »r more
times sefore coastiag cut.  The MOPS5 raguires deletioa P 5 zrack 18 o~ 3l
reply is received in the three scans following the previous update or track
initiation, whichever occurred last.

Thus, in determining the false track risk, it is necessary to determine the

probability of track start, and the combined probability of track start and
extension. Equations 5 through 7 give these probabilities based on 2-hit or
3-hit track start criteria and fruit update rate.

First, determine fruit update rate:

* W o-
Per = Fr x Wg x Rg * 12,6 s x(WotRp) (s)
where:
F. = number >f frui: ceplies ner second.
Ws x R_ = listening interval; whisper shout levels multiplied Hv the

3 .
surveillance range gate.

12.6 4s = conversion from range to radar time.
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W, = reply correlation wiandow (taken from reference 10).

Equation 5 will be used ts compute the number of replies, per scan, which will be
eligible for track formation or extension. The result of equation 5 will be used

/

as update rate in equation 4.
Reference Il contains a model for predicting airborne fruit rate (equation 6).
F =150 x N : (6)

TCAS | must be able to function in 0.08 aircraft density. In 30 miles that
density equates to 226 aircraft. Of these, the majority are Mode C equipped and
the remainder are non~Mode C. Density measurements in reference 12 show that the
ratio is typically 3:1, Mode C to non-Mode C.

This analysis is concerned with false tracks due to non-Mode C aircraft.
Therefore, the fruit rate will be calculated using non-Mode C only as follows:

£ = 226/3 x 150
f =75 x 150
= 11,280 replies/second.

Substituting f, equation 6 for fr in equation S, a fruit update rate for false
tracks is computed in equation 7:

Pe. = 11,280 x 4 x 4.0 miles x 12.6 ysec x W, + 4.0 (7)

= 0.568 x W,

The term W, is either 0.619 or 0.102 depending on the current scan. In the
first and second scans, W, = 0.619; in the third scan W, = 0.102. (This is a
characteristic of Lincoln's surveillance subsystem - reference 10..

Therefsre,
Pel = 0.352 scans 1, 2
Pg. = 0.058 scans 3

The probability of starting a track using the 3 hit criteria is then:

r s =
- I = - <

B N R L

B JoLad K s.u00

= 1).0066
or | false track every 15] scans.
Using the 2-hit criteria, no velocity prefilter mav be applied as is dfone in the

J-hit criteria. Therefore, the correlation window size must Se incrais.s
LS "

0.333 ami. The ‘term ~." 1a equation 5 bSecomes 0.333; 2!l ther tems romicn
the same as the 3-hit criteria.

Per = 0.189 2-hit criteria
Using this value in equation 4, the probability of starting a false tracx :s:
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P = 0.035; or 1 track every 28 scans "
2-hit case - every 28 scans i
4
J-hit case - every 151 scans d
.
Turning attention to false track extension, equations 2 and 5 may be used to NS
compute the probability of receiving "C" replies in "M" scans. In this problem, fy
C=1 and M=3 (equation 2) because only one reply in three scans is required to .
extend track. Smaller correlation windows, taken from reference 10, are used in
; -
: equation S. -
i . <
) Pie = pr x2c (where p = 0.133; equation 2) f’
..
where p,, = probab’lity of one extension \
‘E
P, x2c = results of equation 2
F
The probability of extending a false track in M times is: "
N
m A
Pte = (Pre) L
|
Combining equations 2, 5, 6, and 7 yields: "
"
. !,
pte = 0-31 ' n
Pro = 0.096 ]
Pre = 0.029 h
Pra = 0.009 -
~
These results show that the probability of extending false tracks based on random ::
fruit replies starts out reasonably high, but then vanishes rather quickly. 9
However, it should be remembered that each update extends track life at least :
lncrze sc4ans. o
As each scan can last 4 seconds, a false track updated only once can exist long o
encugh to impact display status for at least 12 seconds; long enough to attract :
the pilot's attention.
Lt
. Y
5.1.2.3 A Method of Reducing False Tracks. i
R T S T I R S T S SIS A ST s e s 2T e e e ;
replies elicited during a Whisper Shout (WS) interrogation sequence. «hen .
multiple replies are received, thev are :o0mbined into a single target report. f
This process is called defruitting. ;\
. . ‘
The effect of defruitting can easily be computed because the process essentially )
"squares' the fruit update rate. Thus, using the methods of section 5.1.2.2 the N
following results are obtained: Ni
N
Y
™
”
F
F
"
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With track initiation in two scans:

| false track every 816 scans, and

ptel = 0.051
Prey = 0.002

These results show the dramatically reduced likelihood of false track generation
and extension, using defruitting.

The success of defruitting depends heavily on the reply efficiency of real
aircraft. The determination of the value is made from observations of actual
flight data. The discussion is contained in section 5.2.

5.1.3 Probability of Track.

In the previous section, the topic of track initiation was examined. In this
section, attention is turned to the likelyhood of maintaining a track once
started.

The analysis of the previous section was based on update rate; that is, the
ratio of received replies to interrogation scans. The analysis in this section
employs the same technique and as such is based on equation 2.

In order to maintain track, at least one valid reply (update) must be received
with no more than three elapsed scans since the previous update. But the update
order is not critical; the reply may be received in any of the three scans. The
fact that the order of update is not critical is the reason that equation 2
suffices for this analysis.

Using equation 2, probability of track was computed versus rate. The results are
shown in figure 7.
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As seen from figure 7, rather high probabilities of track can be expected from
only mediocre update rates. In fact, probability of track reaches 0.90 at

slightly less than 0.55 update rate (as indicated by the dashed lines in
figure 7.

In the next section (5.2) realizable update rates versus interrogation power are
determined. That data will give meaning to the results of this section by
linking update rate, the basis of this section's analysis, to interrogator
power.

5.2 DETERMINATION OF UPDATE RATE.

Flight data from each of the cities toured by the S-76 were filtered for
occurrence of Mode C and non-Mode C tracks. Raw reply data was then correlated,
on a per second basis, to the track files in the corresponding mode. In this
way the presence or absence of correlating replies during each track second
accumulated to a measure of update rate versus range and WS level. This
correlation process was then repeated, this time with the additional condition
that at least two replies must exist in each track second, in order to measure
update rate when defruitting is employed.

This section also contains surveillance data from Group 2 flights, which
consisted of planned encounters against ome or two Technical Center aircraft.
The planned encounter data will be used as a baseline for comparison to the data
from the cities tour.

5.2.1 Update Rate - Planned Encounters.

5.2.1.1 Data Presentations. Twenty-nine encounters were flown. They include 25
single-intruder and 4 multiple intruder encounters. Convergence angles, as shown
in figure 8, were derived from near NMAC and actual midai: ccllision scenarios
(reference 1). These angles include directions where antenna coverage is
somewhat limited due to fuselage shielding.

Figure 9 shows Mode C update rate as a function of range, for four different
combinations of interrogator power, defruitting, and WS step.

Figure 10 shows update rate as a function of WS level and defruitting over a
surveillance range of 5 nmi.

Figure 9 consists of four parts, 9a through 9d. The graohs denoted 9a and 95

{70/ anceana :intarrogation sequences. Graphs 9¢ and 9d show update rate for the
six lowest WS steps (9¢c) and full bottom (9d) antenna iatervogirion :eq:e~ce

Graphs %a and 9b were developed based on the Technical Center's Group 2

rotorcraft TCAS effort. That work determined analvtically that the peak nower
contained in the lowest six WS levels of the TEU interrogation sequence shou!d he
sufficient to pnrovide adequate s:rveillance. Therefore, zraphs %9a ind 9% wero

developed specificaliy to validate the previous analwsis.

Graphs 3¢ and 9d were developed to utilize the full top and bottom antenna

Interrogation sequences. This data set provides a comparison to the lower nower
case developed 1n %a and 9b.
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Figure 10 provides the link between the lower power case of 9a and 9b, and the '$
high power case of 9c¢ and 9d, by showing the increase in update rate as e
increasingly higher power is transmitted. 2

5.2.1.2 Data Analysis - Track Initiation. The proposed TCAS I MOPS limits the

maximum interrogator power in a baseline TCAS I to 167 watts peak in a single
second. An enhanced TCAS I with the capability to transmit Mode S broadcast
signals may interrogate with up to 250 watts in a single interrogation. The
analysis in this section concentrates on update rate based on these two power
levels; making use of the data presented in section 5.2.1.1 Note that the two
data sets presented in figures 9a and 9b correspond to the baseline TCAS I case
and the data presented in figures 9¢ and 9d correspond to the enhanced TCAS I
case.

It is necessary to compute the rate-power product for the TEU interrogation, and

compare to the MOPS requirement. Considering the noninterference limited case
for baseline TCAS I:

WS, = 13.1W + 15.85W + 24W + 49W + 68.4W + 117W
= 287.3W

Thus, the TCAS interrogator sources 287.3 watts peak. Accounting for cable
losses, the peak power delivered to the antenna is computed.

Cable losses in the $S-76 = 2.7 dB

ARAAARAR NI ARG ¥ Y 2 P PP i Fr ol #

Pont = 287.3 watts x cable loss
= 24,6 dBw - 2.7 dB
= 21.88 dBw
= 154 watts Sy
o
In the enhanced TCAS I, the power delivered to the antenna 1s: >
?anc = W3 € cabe2 13s3 ~
= (g WS, + 287.3W) x Cable Loss .
= (287.3, + 186.2, + 331, + 426,) x cable loss .
30.9 dBw - 2.7 dB K
= 660 watts ~d
\I
N
In table 7 these results are compared to the MOPS requirements. ™~
!
R - e S T T e L T P L P e 3 Tetaaimd e e -.'
interrogacion per:od. Sﬂ
L]
. . R - . ¥
The estimated time to initiate track can be computed from the results of secticn ‘\
5.2.1.2 and the data contained in figure 9. These track initiation times are
contained in table 8. Minimum and maximum times are specified in table 8 on

calculations based on two data sets, October 9 and 15, 1985, Table % shows no
real zain In using 2-hit track initiation with defruitting, because uniate rates
for this case were so much lower than the nondefruitted (3-hit case’.
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TABLE 7. EXPERIMENTAL TEU WS SEQUENCE VS MOPS REQUIREMENTS

MOPS Requirement For

Antenna - Input Power: Actual Antenna Input Power:
MOPS Definition Rate - Power Product* Rate - Power Product
TCAS 1 16 7W 154W
TCAS II 2430W 660W

*Noninterference limited; based on l-second measurement

Table 8 shows another rather interesting result. That is, the time required to
initiate a surveillance track changes very little from the minimum TCAS (low
power) case to the enhanced TCAS (high power) case. This result means that the
decrease track initiation time. Figure 10 illustrates this. From 117.4 watts
(minimum TCAS) to 426.6 watts (enhanced TCAS), the gain in update rate is about
8 percent for each curve. Table 6 predicts that difference causes a two-scan
reduction in track initiation time.

The gain realized by the increased interrogator power occurs at surveillance
ranges beyond 5 nmi. Such ranges are not included in this document.

5.2.1.3 Data Analysis - Track Extension. Using the update rates shown 'in

figure 9, it is determined from figure 7 that the probability of track exceeds
0.9 over a surveillance range of 5.0 nmi for the minimum TCAS I.and enhanced TCAS
interrogation sequences.

5.2.2 Update Rate - Targets of Opportunity.

$.2.2.1 Da%t3 Praesentaticns. Figure l! shows Mode C update rate versus range for
four combinations of interrogator power, defruitting, and top antenna/bottom
antenna interrogators. These data were accimulatad in the Terminal Cities of

2hiladerpara, 21., wasncag:oen, 2.2., Nes Yooz, S.7., and Zoston, Cliss.

Figure 12 shows update rate as a function of transmitter power and defruitting
over a surveillance range of 5 nmi.

5.2.2.2 Data Comparison - Planned Encounters vs Targets of Opportunity.
Comparison of figures 9 and ll shows a slightly higher update rate obtained in
planned encounters versus the chance encounters from O to 4 miles range. 3Sevond

. . - . - . - - - - -

higher.

A second comparison of figures 9 and 1l shows that the planned encounter update
rates tail off 20 to 30 nercent in the lower power transmit sequence, and remain
"flatter”" using the hizh power transmit sequence. This is especiallv true in the
data from the October 15, 1985, flight. The data in figure !l generally exhibit
the same cail but foliows the trend of the October 9, 1985, data mora closelw,
A word about the test aircraft used in the planned encounters 1is aporopriate. 7
October 9, 1985, all the encounters were flown using the Center's Aerocommander,
a twin-engine aircraft equipped with a "Part B" transponder, i.e., tvpical of air
carrier units. The October 15, 1985, mission was flown predominatelv with a
Cessna 172 equipped with a "Part A" transponder typical of general aviation {(GA

\
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0.9 PROBABILITY OF TRACK INITIATION

Track Initiation

TABLE 8. TRACK INITIATION - NUMBER OF SCANS REQUIRED FOR

Track Initiation
Number of Scans

2. Data shown are for enhanced TCAS I (TCAS II)

29
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Case Update Rate Criteria Antenna Defruitting to Start Track

Note | 0.72 min 3 hits Top No >10 minimum
0.82 max 3 hits 7 maximum
0.72 min 3 hits Bottom No >10 minimum
0.85 max 3 hits 7 maximun

Note 2 0.72 min 3 hits Top No 10 minimum
0.85 max 3 nits 7 maximum
0.74 min 3 hits Bottom No 9 minimum
0.87 max 3 hits 7 maximum

Note 1 0.27 min 2 hits Top Yes >10 minimum
0.58 max 2 hits 8 maximum
0.32 min 2 hits Bottom  Yes >10 minimum
0.68 max - 2 hits 6 maximumn

Note 2 0.22 min 2 hits Top Yes >10 minimum
0.30 max 2 hits ' >10 minimum
0.2] min 2 hits Bottom Yes >10 minimum
0.51 max 2 hits 9 maximum

Notes:

1. Data shown are for minimum TCAS I.
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units. The two main differences in air carrier vs GA transponders are transTit
power and receiver sensitivity. The differences in transponder twvpes account for
the shape of the curves in figures 9a and 9b, and also explain whv the data in
figure 11, mainly air carrier data, aligns with the October 9, 1985, data in
figure 9. )

5.2.2.3 Track Initiation - Targets of Opportunity. From figure 11, track
initiation times were computed for the defruitted case and the nondefruitted
case. These times range from 12 scans (nondefruitted, Philadelphia, TCA) to IS5
scans (Washington TCA, nondefruitted).

Combining table 6 and figure ll, track acquisition times for the defruitted case
range from >10 scans for Boston to >12 scans for the New York TCA.

As in the planned encounter data, no real benefit was realized in using
defruitted replies, due to the low reply update rate.

Once again, as in the planned encounter data, the minimum TCAS I interrogation
sequence provides adequate surveillance, compared to the enhanced TCAS I case.

5.2.2.4 Probability of Track - Targets of Opportunity. The probability of track
remains above 0.90 for the nondefruitted case, and drops to aa average of 0.79
for the defruitted case.

5.2.2.5 Interrogation - Reply Link Margin. In figures 10 and 12, the observed
update drops slightly from the enhanced to the minimum TCAS I cases. Update rate
begins to drop significantly at 49 watts and below. These results yield a liak
margin of 8 dB for the enhanced TCAS I and 2 dB for the minimum TCAS I.

6. DATA PRESENTATION - TRAFFIC ADVISIORY DATA.

In rhis saction the nerfirmance of the traffic advisory logic iastiallei and
flight tested in the TEU is evaluated. The evaluation attempts 20 determine
the suitability of the logic to the helicopter environment. Data from severs)
east coast citles are analyzed via playback of flight data three, a CAI iog!
model (see also section 1.5). Observer notes taken from flight log he'n to
focus the analysis.

<

The installed logic was taken from the TCAS II MOPS; tau driven with

SaTamErecas TMAN = A -l gnd TA shraghald TTATURY = 15 gosrands ‘see 1lso

el ANALTSIS APPOCACH,

As a starting point TEU flight data, includiang ATCR3S track and raw replv dara,
were assembled into a data base and screened for those intruder tracks which
met the disnlav requirements of a2 baseline TCAS I svstem (far rofarence seo

tabie 1.

The same data base was further screened for onlv those tracks which met the
installed TA logic criteria. In an enhanced TCAS 1 these tracks would cause
TA's with the associated amber TA display and aural alerting. This screeaina
includes all TA eligible tracks, some of which are valii, some are false
created by fruit, some are multipath, etc. Each case is cons.dered
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individually; for valid tracks, optimization of the TA logic is considered;
for fruit or multipath generated tracks, the existing nuisance rejection logic
ls evaluated and improvements suggested if applicable.

6.2 BASELINE TCAS I.

A baseline TCAS I is designed to show all traffic within its surveillance
vange. Traffic is shown on a proximity basis; that is no display coding
employed to identify threatening aircraft from nonthreat aircraft in the
vicinity. 1In areas of heavy traffic density, the display can get very
cluttered very fast, as witnessed by pilots and observers who used the
"all-prox" feature while flying in the S-76.

€.3 ENHANCED TCAS I.

Enhanced TCAS I makes provisions for priotitization of intruder traffic to
prevent display clutter. The premise of the threat prioritization logic 1is the
ability to predict the safe or unsafe passage of an intruder aircraft based on
his tracked position and velocity vector. The quality of the prediction (a
subject of various papers) is generally measured by comparing the intruder's
predicted future position with the actual position some fixed time later at the
point of closest passage. It is this measure that will be used in the
paragraphs to follow.

Figure 13 shows the range and relative altitude, at their closest point of
approach (CPA), of all aircraft that ventured within 4.0 nmi of the TEU. In
the figure, two regions are highlighted. The shaded region bouads all aircraft
considered to be genuine threats and, thus, would qualify for TA status. The
hashed region shows the altitude filter and DMOD parameters currently
‘mplemented in TCAS II, sensitivity level 5.

Figure 13 shows only valid aircraft data; no fruit tracks or multipath effects
are included because the data in the figure will be used to optimize the TCAS I
TA Logic. It is assumed that the nonvalid tracks will be eliminated hefore

progressing to impact display status.

6.3.1 Traffic Advisory Logic Optimization - the Range Test.

—— s - - SR . L T T .- C N ~ - s . t . CRNPN cen - = - [P

threshold (reference 13). Tau represents the predictea future f1me wnen an
intruder aircraft will penetrate a sphere surrounding the TCAS aircraft, In
TCAS 11, the radius.of the sphere is parametrically dependent on altitude and
is called "DMOD."

The variable tau is also an altitude dependent parameter in TCAS II. When its
computed value drops below some threshold, e.g., 35 seconds, TCAS IT issues a TA.
Thus, tau is maintained as part of 2ach iatruder's track file (ITF) and i3
updated each scan period.

TCAS II tau is computed according to equation 8:

tau = Rn - DMOD (8)
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Where:

" Rn = ITF range measurement
at the Nth gcan
RDOT = Smoothed ITF closing
rate at the Nth
scan

In the TCAS II TA logic, DMOD is used to protect against very slowly converging
intruders who would not otherwise satisfy the TAU criterion. Except for the
slow convergence case, DMOD usually has a small effect on the size of the tau
protection volume because closure speeds associated with TCAS II are several
hundred knots. At slower closure speeds, the effect of DOMD on tau can be
magnified. Figure 14 shows how DMOD, as used in equation 8, increases the size
of the tau protection volume. Figure 14 shows that for low values of closing
rate (e.g., 100 knotg) the protection volume is almost doubled.

Figure 15 shows a histogram of closure rates of all targets of opportunity
(TOP) and only those TOP who passed within +1200 feet relative altitude of the
S-76. Figure 15 shows fairly heavy concentration around 90 kts, with a
secondary mode at 190 kts. These results agree with reported airspeeds from
reference 5. Comparison of figure 15 with figure 14 shows the increase in tau
protection volume (equation 8) for values of DMOD from 0.1 to 0.5. At 90 kts,
DMOD contributes from 5 seconds (0.1 nmi) to 20 seconds (0.5 mmi). At 190 kts,
DMOD contributes from 2 seconds to 10 seconds. This increase of protection
volume due to DMOD means that aircraft which would normally cause alerts at

25 seconds prior to-CPA will actually alert at 30 to 45 seconds prior to CPA,
assuming 90 kt closure and DMOD range from 0.l to 0.5 nmi. The benefit is
increased warning time; the detractor is an increase in unnecessarv alerts,

Returning to figure 13, the region of necessary alerts is shown ian the shaded
region {reference !4). ZIxcluding for a moment the effects >f DMOD, :the =2i=inum

attainable tau for 90 kts closure rate is (using equation 8):

tau = Range - DMOD
RDOT

= 0.5 nami - 0
90 kts x ! hr

LYY

= 20 seconds
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FIGURE 15. CLOSING RATE DISTRIBUTION OF TARGETS OF OPPORTUNITY
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Thus, necessary TA's will have tau minima of 20 seconds or less. Figure 16 shows
a histogram of minimum achieved tau values (DMOD = 0) for all TOP and only those
“Rar agccad giehia L1NA faae =algrica 3lriecda To Ffiaure 1H rhig axzmnla
dPP1i€S {0 J4Cd {00M LU S€COOGS IS =wU SBUUOGS, wCeJUNE.ig <97 - e .20 .

TOP and 55 percent of all TOP which passed within +1200 feet.

To summarize the results thus far, figures 13 through 16 show that the TCAS II
protection volume increases as the closure rate of a threat aircraft decreases.
The increase in protection volume may be inappropriate in the helicopter flight
regime because the unnecessarvy TA rate mav become excessivelv hizh.

‘

A more usefu! approach is to provide more warning time against distant, rapidlv

converging intruders, and less time against closer, slower threats. This
rationale is based on the assumption that closer threats are easier to see.
Less time spent in acquisition means more time for avoidance.
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Equation 9 is an alternate method of computing -
except that DMOD is added to rather than subtrac

tau = ITFR, + DMOD
IIPEBU’ N

Where ITFR and ITFRDOT are the same as equation 8.

au It is the same as equation &
ted from the range measurement.

(97

Figure 17 is a graphic presentation of equation 9, showing the reduction in
protection volume (TRTAU) versus closing rate and DMOD. The bold line denoted
(R=0.5 nmi) represents an arbitrary sphere of radius 0.5 nmi placed around the
TCAS aircraft. Any aircraft penetrating this sphere would unconditionally
qualify for a TA. The effect of the sphere on warning time is illustrated by
the dashed portion of the curves. 1In linear flight the dashed region is
impossihle to enter. Thus the sphere protects against dangerously short
warning times.

The curves in figure 17 show that warning time (i.e., protection volume)
dcreases with decreasing closing rates, This is exactly the desired effect in
light of figure 17. Using a DMOD of 0.3 mmi in equation 9, the warning time
around 90 kts is approximately 22 seconds. The desired effect is achieved; more
than 20 seconds warning is achieved for necessarv TA's. while many

unnecessary TA's (55 percent) are eliminated.

One additional note: a low level jet fighter closing at 360 kts would be
afforded 32 seconds warning time providing l0 extra seconds for visual
acquisition.

6.3.2 Traffic Advisory Logic Optimization - the Altitude Test.

Returning to figure 13, attention is turned to the relative altitudes of TOP at
C?A.

The S-76 flew commercial helicopter routes, sometimes overflying airports or
underflying approach corridors. In reviewing figure 13 it becomes evident that
two "modes' exist in the relative altitude spacing. Traffic is clustered from
0 feet to approximately 450 feet relative altitude. This natural clusiering
suggests an altitude filter for TA logic.

An apporopriate altitude filter mav be 800 feet because VFR separated traffic

reporting altitude would be screened.

It seems prudent, however, to retain the +1200-foot relative altitude window used
by TCAS 11 for screening of prceimity traffic.

Alrcraft departing airports or helipads present a possible hazacd of climbing

int> a TCAS T ailecraft =sinz onlv 5 simple alcitude filter, To nrat=t 121ins¢
these tntruders, TCAS Il uses a vertical tau threshold, «hich comnatas the ©ome
to closest apnroach in the vertical nlane. More details 3dout 3 vertical o

~

threshold are contained (n section 7.1.2.
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When the data from the Potomac incident was examined, the reason for the strong
image was clear. Nearly all of the correlating replies were received on the
bottom antenna. Bottom antenna susceptibility to multipath is well documented,
and two techniques have been developed for TCAS II to combat it. One technique
marks a multipath track based on encounter geometry and renders the track
ineligible for TA status, which is done in surveillance (reference 15). The
other technique disallows a track to enter TA status until established

(see 6.3.3).

These two techniques work together; the geometric technique marks a track before
it becomes established; the establishment technique recognizes a track as
multipath and does not display it.

One drawback to the geometric technique is the requirement to know actual height
above terrain (i.e., radar altitude). Many helicopters do not have radar
altimeters, but a fair percentage, such as corporate and offshore, do have them.
This report, therefore, recommends that an enhanced TCAS have provision to sense
the direct current level proportional to altitude and status (per ARINC
standard) that are supplied. When radar altitude is not available, barometric
altitude should be used to determine height above terrain. The use of barometric
altitude was suggested by MIT Lincoln Laboratory, and found to work well when
applied to the Technical Center data base.

6.3.5 Aircraft on Ground. Aircraft on the surface with operating transoonders
can cause numerous TA's and display saturation, which one FAA pilot called
"overwhelming.” The impetus is strong to eliminate this source of interference.

The FAA test pilots could regularly identify aircraft on the ground by their
altitude tags, but only after being distracted by the TA, Even after an aircraft
was dismissed as causing no threat, the display symbol was still present causing
clutter and distraction by virtue of its color.

MIT Lincoln Labortaory proposed an intaresting soluticn ‘vefarance 7V wherabv 3
rough estimate of the ground is made at takeoff in the barometric altitude.
Aircraft that satisfied on-ground detection criteria would be displaved "G" and
would be classed proximity traffic (not TA eligible).

This idea has merit because it reduces clutter and distraction. It is probably
most effective at altitudes of approximately 700 feet above ground level (AGL) or
greater.

The optimum solution wouid be tne use Of raaar Jitidude (O gecermine INe dac.ud.
height above ground. A fair portion of aircraft that operate in terminal areass,
corporate and commercial, report equippage with radar altimeters (referencs 5).
This report, therefore, recommends an option to TCAS I, for a radar altimeter
1nput.

The Tachrnical Center experimented with zround bounce ~f TCAS interriciatisns nd

replies to find actual altitude. As with all zood multipath, the interrsgai o’
reflections were easily visible In the tranponders intermediate frequencwy 17
output. Yhen the transponder antenna was oriented toward the reflecting

surface, the level of the reflected interrogations was approximatel» -3 leoihels
relative to one milliwatt (dBm). The reverse path was approximat=.v =1ual;

transponder replies were detectable at the TCAS I[. This technique has two
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obvious limitations, however. It becomes ineffective below approximately 300
feet, and produces excessive reflections from buildings. This second limitation
could be assuaged by a directional antenna with added cost.

Given that actual height above ground can be determined, it s necessary to
determine the optimum altitude buffer for screening aircraft on the surface. The
buffer size should be large, to capture altitude encoder variations, but small so
that aircraft leaving the ground will afford timely protection.

Altitudes of surface aircraft were logged while the S-76 sat on the ground in
Philadelphia, New York, and Washington. The distribution (one sigma) of relative
Mode C altitudes ranged from +13 to ~113 feet (barometric). This distribution
leads to a buffer which can be built around the ground estimate. To encompass
the data range plus a small margin, a buffer size of 150 feet (concordant with
TCAS II ) is recommended by this report. Thus, the on-ground parameter becomes:

Zbuff = Zground + 150 feet
Zbuff = (Zbaro - Zradar) + 150 feet

.

Aircraft whose reported altitude is less than Zbuff should be tracked by
surveillance but not be eligible for display status.

Assuming that an aircraft takes off and climbs out at a rate of 1,000 feet per
minute (bin transistors every 6 seconds), this aircraft wculd be ralisbly
detected as airborne in not more than 12 seconds. At that climb rate, a TCAS
equipped helicopter operating at altitudes of 300 feet AGL or less would be
afforded virtually no protection in the worst case. Therefore, whenever a
helicopter is operating at low altitudes, e.g., 500 feet AGL or less, and is
equipped with radar altimetry, it is advisable to adopt Lincoln's approach and
display ground targets as proximity level denoted by "G."

6.3.6 Tau Oscillaticn. Redundent TA's have been observed on tracks whose *tau
oscillates about the TA threshold. On successive scans tau falls below, then
above, the TA threshold due to range rate variations. Each :fime -au falls b“e’'ow,

a new TA is issued with associated aurai aierting. A similar condicion =x:s3Is .a

altitude oscillations.

The need for hysteresis was illuminated by several tracks exhibiting rather large

range jumps (see section 7.3.3). 1In trying to track through the range jumps, the
tracker was generating rather large range rate excursions. The computed value of
tau was oscillating as a function of the rate excursions. Figure 20 shows an
2xamola of tau oscillation.

6.3.7 Ootimized Helicopter TA Logic. This section compiles the kev features of
the TA logic outlined in seczion 6.

a. TCAS I velocity filter should be set to 600 knots.

b. Non-Mocde tricks should pass a track establishment critaria, {.a.,
dpdatad four scans before being eligidle for traffic advisorv status.
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FIGURE 20. EXAMPLE OF OSCILLATING TAU
4
2. Tauw alzulactisn s ln ozqueatisa 2
| d. TCAS T should sense radar altitude as an option.
K e. When TCAS I equipped helicopters are flying at or below 500 feet (AGL)
K aircraft on ground should be displayed rather than suppressed, as proximitv level
denoted as "G."
following divergence to prevent redundant Ta § [TOM ranzge ot rdle Osci..di.on.
\ 7. EVALUATINN OF AN ENHANCED TCAS I.
; This section ties the results of sections 5 and 6 together to verifv that the
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7.1 TRAFFIC ADVI3SORY PRESENTATION.

7.1.1 Reduction of Unnecessarv Alertrs. When the recommendations of section 5
(TA logic optimization) were emploved, the rate of unnecessary alerts was reduced
approximately four to one. This a substantial reduction considering that the
basic philosophy of a tau based threat logic remained unchanged.

When the recommendations of section 5 were employed, i.e., defruitting or

- discarding illegal mode C replies, the false TA rate in Non-Mode C was reduced
approximately eight to one. The end result is that the TA rate is approaching
manageable proportions.

7.1.2 Alerts Against Real Aircraft. In section 6.3 a definition was given for
necessary alerts versus unnecessary alerts. A necessary alert results when the
actual position of a threat aircraft (at CPA) falls within 0.5 nmi and 500 feet
altitude of the TCAS aircraft, as predicted by the tau based threat logic.

In this section the accuracy of the predicted positions of the existing TCAS II
TA logic versus the optimized TA logic of section & are compared.

Of the 12 necessary TA's in the data base, the existing logic alerted against
every one with a mean warning time of 33 seconds. All TA's except one provided
25 seconds or more of warning time. A single TA on an accelerating intruder
provided 14 seconds warning time.

Using the uptimized TA logic, the mean warning time was 22 seconds. All TA's
except two provided at least 18 seconds warning time. One of the TA's provided
16 seconds warning time. This is the same TA that provided l4 seconds using the
TCAS ITI logic. The other TA yielded 7 seconds warning against an aircraft
descending into the terminal area. When an altitude tau test was emploved, the
warning time increased to 27 seconds.

The details of the TAUV algorithm include a prediction of time to coaltitude as
the quarianz of rolanive gloitcde gnd -2l3rive 3ltirude rate, ad a1 TA'Y

threshold of 20 seconds (in accordance with 6.3.1).

7.1.3 TA Logic Sensitivity to Range Measurement Noise. In some of the siower
closing rate encounters, range jitter caused range rate variations of up to

60 knots. When the error component was subtracted from the true tracked closing
rate, the warning time was reduced but never fell below 18 seconds. The 0.5 ami
DMOD combined with slower closing rates kept the warning time above 18 seconds.

' :
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typicaily to 23 or 30 seconds.

Range measurement jitter significantly affects only tracks wnose closing r4:cs
are sufficiently slow such that a DMOD based TA affords sufficient warning.

7.1.4 TA Logic Sensitivitv to Accelerating Intruders. One TA from the dafa
hase vaesulled In 19 seconds warnirzg sime. This alrerafl was (losing wvors slow
until sast o mtside DMOD gna then 2e2an Lo coanverze riandilu. 3ot TIAS 1D ;

optimized TCAS I failed to provide at least 20 seconds warningz.
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The case of the accelerating intruder illuminated a potential problem area. To
study it further, the optimized TA logic was then subjected to encounters at
various rates and from several turning radii in computer simulation. Curvilinear
flightpaths were modeled for both TCAS and the intruder to produce an
accelerating closing rate profile. The resulting warning times were not less
than 16 seconds for collision courses, and warning times as low as 3 seconds for h
horizontal miss geometries. Figure 21 summarizes the results of the simulation. :

& v u_ & " « 3

~

o,
Figure 21 shows a minimum warning time of 16 seconds for an intruder turning
maneuver of 5° per second. Considering a more realistic 3° per second turm, the =
minimum warning time produced in simulation was 17 seconds (the
\ 3°/second case is not shown in figure 21). TCAS II produced a minimum warning of N
h 28 seconds for collision courses and 12 seconds for a horizontal miss of 0.5 iy
nmi. =
7.1.5 TA Rates. In this section, alert rates for a minimum TCAS I are compared :
to the optimized TCAS I and also compared to TCAS II (version 9.0). L,
N
L In Boston, Atlantic City, and in the New York area the advisory rates were ”
approximately equal. Minimum TCAS I exhibited proximity level alerts at a rate b,
of about 100 per hour. TCAS II generated approximately 32 caution level alerts ’§
(TA's) per hour, and optimized TCAS I generated 4 TA's per hour. In Washington, :
the rate was slighcly less, averaging 80 proximity level alerts (minimum TCAS 1), e,
25 TA's (TCAS II), and 3 TA's (optimized TCAS I) per hour. .
The highest rates were observed in. Philadelphia, due to a proliferation of A
Non-Mode C targets. Those rates were 110 per hour (minimum TCAS 1), 40 per Ryt
hour (TCAS II), and S5 per hour (optimized TCAS I). -
»
Alert reduction in Boston, Atlantic City, and New York was primarily due to the :
change in the tau calculation. A lesser effect was due to the track -
establishment criterion of four scans compared to three used in TCAS II. A
In Washington, the primary reduction was due to multipath reduction and aircraft -
on~ground detection. *
In Philadelphia, the two primary vehicles for TA reduction were the four-scan .
track establishment, and the 600-kt limit imposed on closing speeds. These two .
combined to eliminate many non-Mode C tracks formed on fruit that would have -
created TA's. A
7.2 MULTIPATH REJECTION. .F

The Washington, D.C., flight data base was reviewed for the occurrence ot i
multipath. These data were chosen because the Washington flight log contaias the )
most notes regarding multipath TA's. "

L]

The data base contains | hour and 40 minutes of flight data. A total of 23

multipath tracks were picked out. The track characteristics are shown in >
table 9. :
~
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TABLE 9. TYPE AND DURATION OF MULTIPATH TRACKS ‘i
FROM THE WASHINGTON, D.C., FLIGHT DATA E.
)
. . ]
Quantity Tvpe Duration »
i
11+ Mode C 1 Scan
3+ Mode C 2 Scans
2+ Mode C 3 Scans
10+ Mode C 5 or more scans
2+ Non-Mode C 10 Scans f
{
28 Total Tracks '

The non-Mode C tracks in table 9 were the result of corrupted Mode C replies;
they will not be displayed if TCAS I tracks only NAR replies. This is a correct
result. .

S ) R g

Ly
A
o

Of the 28 total tracks, none would have been eligible for display status
considering the smaller altitude window and track establishment criteria proposed
in section 6. Under the existing TCAS II logic (implemented in the S-76), three

L=t

tracks would have been eligible for display status. Two of those tracks would i
have been displayed 20 seconds each, and one of these prompted pilot comments N
when the S-76 pilot obseryed it. SE
The quantity of these multipath tracks would have been reduced if a working radar b,
altimeter input was provided. This became evident when the data base was

subjected to the geometric algorithms proposed by MIT. Once the barometric -3
altitudes were corrected to reflect actua]l height above ground, the performance ”

of the algorithm was markedly improved. 1In fact, only three multipath tracks <

would have progressed to the track establishment stage. None would be eligible 5

for display. N
7.3 TRACKER ANOMOLIES. o

This section describes several track anomalies which are likely to be peculiar to =

the TEU or the S-76 installation. o

7.3.1 Close Range Zero Rate Tracks. In screening the flight data base for TA
elizible tracks, a particular class of tracks emergzed. In all cases, their range

. o - .. P i 4 PRt R N ,‘, 3 - B - - - ° .‘-
updated six or so times before coasting out. ﬁ
. hY
. . 3
In the Washington data base alone, 13 of these tracks were found. The replies -
which formed and extended these tracks were examined, and the following :
characteristics were noted:
. . . \
a. The replies alwavs contained il!lezal Mode C codes. \‘
L}
b. The replies always appeared in the bottom antenna WS sequence, rever on -t:
the top antenna. Also, the replies are distributed over several WS levels. i
A
A
o
l.‘
~
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c¢. The range of the replies always remained the same (0.18 nmi), regardless
of helicopter altitude.

B W W e e S

-

d. The replies always occured in pairs spaced 0.0l nmi.

?‘ “.V'

) The initial impression was that these tracks were the result of ground

[ backscatter of replies or interrogations. However, the independence of tracked

' range on helicopter altitude rules out reflected replies (or interrogations) as a
source of the tracks.

[ I ]
oL LA o

A more likely cause is spurious transponder output at the end of the mutual
suppression pulse. Lincoln incorporated an option in the TEU to select either a
long (200 microsecond) suppression or a short (30 microsecond) suppression pulse.
The S-76 TEU incorporated the short pulse. Considering that the total duration

! of the interrogation is 27.5 microseconds, the delay imposed by the difference
(30-27.5 microseconds) equates to 0.19 nmi in free space.

. a -
e "2 " %y

o fuTe s

-’

. Two solutions to this anomaly are: a slightly longer mutual suppression pulse .
y (60 microseconds) and diminished power on the bottom antenna. These solutions
were effective in TCAS II.

P gt RS
Lt AR

.y

7.3.2 Extreme Negative Altitude Tracks. Occasionally, tracks formed
distinguished by tracked altitudes of -800, -1000, or -1200 feet, with a
_ propensity toward -1000 feet. While it is possible that a nearby aircraft is
' remitting bad Mode C codes, it is more likely that fruit replies were being
corrupted. The altitudes -800, -1,000 and -1,200 are unique in that each
altitude requires only a single code bit set; the rest remain zero. These are
the only altitudes in the Gilliam Code with this characteristic.

2T VN S v e

Incidence of these tracks rose sharply in the airport traffic area where density
increased. Evidently, fruit pulses aligned to form brackets or NAR replies
caused bracket detection, and a singular code pulse was declared in the '"C" bit
positions. These tracks always formed, then coasted out immediatelv. The random
nature of range and range rate at track formaticn, combined with their short
lifetimes, give strong evidence that these are fruit generated tracks.

e A TR N
-~

The origin of these tracks was most probably in the TEU reply processors. It 1is
possible that dynamic minimum threshold level (DMTL) gating was clipping altitude
code pulses in replies from aircraft on the ground; alternately, it is possible
that chance combinations of pulses were forming replies. 1In any event, due to
the fairly low frequency of occurence, no action is necessary, beyond the
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7.3.3 Range Jumps. .Occasionally, tracks formed on fruit indicated by short f:

lifetimes and unrealistically high range rates. Several tracks in particular oy
closed to zero range and should have progressed smoothly through '"CPA" and -
cont inued outbound, but, instead, made a discontinuous jump to a range bevond b
I0 nmi (note that surveillance was range gated at 6.0 nmi). On the following .

scan, the track discontinuously jumped to a range around 0.25 nmi. On subsequent Y

scans the range of these tracks alternated between 9.25 nmi {or so), and 19.5 2m1 )

(or so). Total life times lasted between 10 and 15 scans. :l

[N.

Each time one of these tracks oscillated toward zero range, a new TA was ~

generated (with associated aural alert). 2
N
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s‘ This condition has its origins in Lincoln's surveillance subsystem and a simple
,§. software change will correct it. However, a very important condition, tau
N oscillation, was illuminated by these occurances. In section 6 a recommendation
o was made to require hysteresis on TA eligible tracks. Hysteresis would have
?Z eliminated the redundant TA's on these tracks, as well as redundant TA's on
Si aircraft just skimming the edge of the protection volume.
1k,
:a: 7.3.4 Range Offset. When examining the data base for multipath tracks, a
- condition previously reported by MIT was noted. Several tracks thought to be
= multipath, i.e., outrange and equal altitude with a prominent track, were
ol actually duplicate tracks offset from the real track by 0.1 nmi. The offset was
iﬁ constant regardless of the range of the real track.
A
s: This offset track phenomenon resembles the "late Mode C" effect, characteristic
’ of directional (sector) interrogation TCAS. Late Mode C occurs when victim i
" transponders answer interrogations comprised of P,, P, pulses rather .than
m Py, P3 pulses. However, the TEU: (a) did not transmit either P, or P,
:% and (b) late Mode C offsets are 0.16 nmi rather than 0.10 nmi. More likely, the
nﬁ of fset tracks in the $-76 data base are the result of the double pulse
:ﬂ suppression pair in the TEU interrogations. 1In Technical Center laboratory
y tests, victim transponders were 20 to 30 percent more likely to answer

he interrogations with double pulse than single suppression. A side effect of the
o double pulse suppression, however, is a small amount of range jitter, wnich is
;; believed to cause the S-76 range offset.

B

Technical Center engineers, therefore, concur with the MIT report in attributing
* the.range offset to the double suppression WS. No action is necessary because
the TCAS 1 MOPS specifies a single pulse suppression scheme.

_ 7.3.5 Track Merge. One feature of the TEU surveillance is the elimination of
:‘ redundant tracks by merging those tracks with similar range and altitude
characteristics. Occasionally, tracks were merged when they shouldn't have been.

i . . . 3

i Filgure 22 shows an iateresting examole of an incorrect merze. Tracks 19 and 27

. were two tracks distinct in range, altitude, and AQA.

K :

&: They crossed at approximately 45 seconds and were merged. Track 56 was then

%b formed and continued outbound. Track 19 continued inbound, a correct result, but
as surveillance assigned track number 23 in addition to track number 19 to the reply
- stream. Eventually, two TA's were generated on track number 23, because

i surveillance had two track numbers assigned. It is quite evident in figure 22

ll.. chavra thn rea-Tre pova maesad

Lo -

v..‘

h; To prevent this condition it may be useful to employ range rate in the track

JQ merge logic. TCAS II uses rate differences of 40 kts as a parameter in its merge
i logic. TCAS II also uses an altitude rate of 600 feet per minute as an altitude

parameter. These parameters seem reasonable for adoption into TCAS 1.

8. SUMMARY OF RESULTS

8.1 PILOT EXPERIENCE

oy

Six FAA Technical Center pilots flew the TCAS equipped S-75. Their evaluation
Bt highlighted two points: (a) TCAS is invaluable in augmentinz the pilot's ability
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to see and avoid, and (b) unnecessary workload is a serious detractor to flight

safety. Additional responses indicate that the display configuration is useful,
but that false traffic advisories and advisories against intruders on-ground are
a nuisance and contribute to workload.

8.2 TCAS SURVEILLANCE.

In order to provide adequate warning time against real threats and minimize false
advisories, two schemes were explored. The first is the expansion of the
surveillance volume from 4.0 miles radius to 5.0 miles radius, and the second is
a reduction, from three to two, in the number of replies to initiate a track.

The expansion of iLhe protection volume proved reasonable especially under
interference limiting. However, the new track initiation, while feasible, did
not result in a significant benefit over the existing three-reply criteria. This
result is due to the requirement that at least two replies are received, via WS,
in every interrogation scan.

8.3 TCAS TA LOGIC.

In section 7, the existing TCAS II TA logic was modified to be better suited to
TCAS I. The optimized logic provides a 20-second warning time against low speed
intruders and up to 30 seconds warning against higher speed intruders.
Additionally, features were proposed to limit the frequency of false and nuisance
alerts. The optimized TA logic was then tested against a live flight data base,
"and the results were compared to TCAS Il logic performance with the same data
base. In linear encounters the optimized TA's logitc attained the designed goal
of 20 seconds minimum alerting, while reducing nuisance TA by approximately eight
to one. Against accelerating intruders the optimized TA logic was somewhat worse
than TCAS II, on the average, affording as low as 17 seconds warning for standard
rate turns compared to 28 seconds for TCAS II.

9. CONCLUSIONS.

l. Federal Aviation Administration (FAA) Technica. Center pilots favoradiy rated

Traffic Alert and Collision Avoidance System (TCAS) but emphasized that false and
nuisance Traffic Advisorys (TA's) are unacceptable.

2. Based on minimum operational performance specifications (MOPS) for TCAS I,
adequate TA information can be obtained from existing TCAS I surveillance.

3. The surveillance range can be expanded from 4.0 miles to 5.0 miles to provide
AWl plevzilllll oS L T S S,

4. The use of radar altitude in helicopters so equipped can dramaticallv improve

the performance of multipath and on-ground aircraft TA elimination logic.

5. By comparison, the existing track initiation criteria is approximatelv as
effective as the proposed reduced replyv initiation criteria. There is no obviosus
benefit to changing to the proposed criteria,

5. Several proposals were made in section 7 to improve the ratio of real TA's to

false and/or nusiance TA's., Most of these were adapted from TCAS II and proved
to be gainful in TCAS I.
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10. RECOMMENDATIONS. '

l. Traffic Alert and Collision Avoidance Svstem (TCAS) I should, as an option,
be capable of sensing radar altitude from helicopters so equipped.

=%k

2. The TCAS I surveillance outlined in RTCA SC147-223 should be adhered to in a pt
TCAS I, with the exception that surveillance range sould be expanded to 5.0
naut ical miles. ‘ v
' !
' 3. Whenever possible, installed TCAS I systems should include barometric :
by altitude sensing to provide traffic advisory (threat screening) logic. -
: b
B e
] 4, False and unnecessary alerts can detract from TCAS usefulness by increasing n
! workload. The decision to install a minimum TCAS I (as opposed to an enhanced ol
4 TCAS I) should be carefully considered. !
)
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\
AGL Above Ground Level )
ATC Air Traffic Control &f
ATCRBS Air Traffic Control Radar Beacon System 4
CPA Closest Point of Approach nd
dBm Decibles Relative to 1 Millowatt o
DBW Decibels Relative to 1 Watt 3
DMOD Distance Modification; a Traffic Advisory Logic Parameter »
s DMTL Dynamic Minimum Threshold Level .
’ EAIR Extended Area Instrumentation Radar t
FAA Federal Aviation Administration -
FRUIT Replies from Uninterrogated Beacon Transponders 3
GA General Aviation o
IF Intermediate Frequency b
IFR Instrument Flight Rules o
I1TF Intruder Track File Yy
kts Knots (Nautical Miles per Hour) My
MIT Massachusetts Institute of Technology bty
Mode C  Transponder Operating Mode Where Encoded Baro Metric Altitude is Remitted ol
MOPS Minimum Operational Performance Specification f
m.s.l. Mean Sea Level o
NAR Nonaltitude Reporting 3
NMAC Near Midair Collision )
nmi Nautical Miles )
NTSB . National Transportation Safety Board My
RDOT Relative Speed Expressed in Knots b
RF Radio Frequency -
TA Traffic Advisory . v,
TATHR Traffic Advisory tau Threshold '\i
tau An Expression of Time Remaining to CPA -
TCA Traff€iz Contrnl Area W7
TCAS Traffic Alert and Collision Avoidance Systems
TEU TCAS Engineering Unit ;7
TOP Target of Opportunity o
TRTAU Actual Time to Closest Point of Approach ::
WS Whisper Shout -
p
£
N
.
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APPENDIX
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VERIFICATION OF THE TRACK MODEL IN SECTION 5.l.1
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In sestion 5.1.1, the likelvhood of extending a false track for n scans was
computed. In this appendix, actual flight data will be compared to the results
. of the model used in 5.1.1.

A review of the model:

iy The binomial distribution is used to calculate the cumulative probability of
] receiving one correlating reply in n scans:

¥ n
H . P x2c = 3 (M(p)e(1-p)n_c
K x=C
X
L where ¢ = 1 (one reply to extend track)
n = total scahs
‘
i p = update rate
"\
i l1-p = miss rate
& Py the update rate, is determiaed from:
(
)
K P = Pg, = £, x Wy x Rg x 12.6 ysec x (W, +Rg)
[
! In this problem:
L]
" We = 22
q Rg = 6 nmi
u Wh o= 1250
'
\ The fruit rate is taken from observation of the Washington area traffic on the
morning of December L1, 1983, an average of 1.J nco-Mode C Iracks were
:; maintained, yielding a fruit rate:
"
N . = 150 x 1.0 (r! ?
v
¢ = 3750 where ry = 6.0 nmi
i: which vields a fruit update rate:
1)
¥ f. = 3750 x 22 x 6 x 12.6 ,sec x 0.25046.0
= 0,259
4 = 25.9%

Tsing this fruit rate ia the binomial distridbution the prodabilisy 7 oxionding
false track N times 1is:

Pe, =0.216
: Pre = 0.047 \
f' pte = 0.01
: Pte = .002

A-1
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From the flight data, a summary of 38 false non-Mode C tracks was compiled. The
data includes 20 non-Mode C tracks which were not updatecd, 9 updated once, 3

AN WA S E RGO

update twice, etc. From the data base, the following numbers were derived.
Pee = 9/38 = 0.236
Pro = 3/38 = 0.083
P.e = 3/38 =0.083
"Pre ™ 1/38 = 0.026
Table A-l compares the measured versus computed: N
r
TABLE A-1. MEASURED VERSUS CALCULCATED PROBABILITY :
OF TRACK EXTENSIONS e
)
Measured Calculated Error =
~
Pre 0.236 0.216 8% N
Pre2 0.083 0.047 437
- Pre3 0.082 0.01 87% -~
Pred 0.026 0.002 92% g~
&
The data in table A-]1 was from a lO0-minute sample of flight data. TCAS was ;‘
operating at one scan per second yielding 38 false tracks in 600 seconds, or 5

approximately 1 track every 16 scans. Based on the observed environment, a false
track rate is predicted:

s v ae A
PRt At
.~ .'[‘.'A".‘

fruit update rate =

~
]
.

fr = 3750 x zZ b x 12,6 ygsec x wn + 6.0 !

wn = 0.691 after 2 scans .

= 0.102 after 3 scans “
\;
then, *-’;,
N

fr = 0.718 after 2 scans b

= 0.102 after 3 scans 7

s

n c c N

] - - - -«

P. - <« n! ' (pY (1-p)*x.102 "

— cila=c,! A

X=C '.)

p. = 0.416 x 0.106 :

s

= 0.0s4 o

or 1 false track everwv 22 scans. \i
)

Thus, the predicted false track rate is 1 everv 22 seconds, while the measured »
rate is | evervy lA seconds. N
~
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