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FOREWORD 

With the advent of the TCAS II airborne collision avoidance system, an airborne display of 
surrounding aircraft traffic is about to become generally available in the cockpit. It has been 
proposed that this cockpit display of traffic information (CDTI) provides the mechanism whereby 
the flight crew can assist the controller in tightening the spacing tolerances that are maintained 
between adjacent aircraft for many phnses of flight. This possibility crentes the potential whereby 
significant gains may be obtained with respect to increased airspace capacity and reduced flight 
delay. 

The possibility of the TCAS traffic sensor and display being used for meaningful CDTI 
applications has resulted in the Federal Aviation Administration initiating a project to establish the 
technical and operational requirements to realize this potential. This report is the summary of 
Phase I of this project. Phase I has been organized to define specific CDTI applications for the 
terminal area, to determine what has already been learned about CDTI technology relevant to these 
applications, and to define the engineering required to supply the remaining TCAS-CDTI 
technology for capacity benefit realization. The CDTI applicatbns examined have been limited to 
those appropriate to the final approach and departure phases of flight. 

The TCAS-CDTI project has been managed by Malcolm Burgess of the FAA Engineering Field 
Office (ACD-20) at NASA Langley Research Center in cooperation with the FAA TCAS Program 
Office. The TCAS-CDTI Project Engineer has been Dean Dav:s of Diversified International 
Sciences Corporation (DISC). 

The Phase I Project Operations Team has been responsible for defining CDTI applications in the 
terminal area and for suggesting needed technical investigation regarding requirements for flight 
safety, system certification, flight standards, and air traffic procedures. Members of the Project 
Operations Team include: Ward Baker of ALPA, Bill Cotton of United Airlines, Frank Cirino of 
American Airlines, Richard Danz of FAA Air Traffic, Mike Frank of United Airlines, Amy 
Kauffman of NA TCA, R. J. (Pepe) Lefevre of APA, Frank Rock of FAA Certification, Daniel 
Schillaci of ATA, and Duane (Spyder) Thomas of FAA Right Standards. Mike Frank has been 
Operations Team Leader. 

The Project Technical Team has been responsible for (a) examining the applications from a 
requirements point of view, (b) determining what previous and on-going TCAS and CDTI research 
has been done that is related to this current effort, (c) determining to what extent the current TCAS 
II design is adequate to support the applications, (d) specifying need for further technical analysis 
and testing to realize the benefits of the CDTI applications, and (e) making recommendations for 
continuing the engineering development into a second phase of effort. Members of the Project 
Technical Team include: Sherry Chappell of NASA Ames Re~:each Center, Dean Davis of DISC, 
Tsuyoshi Goka ofT Goka Avionics, Walter Hollister of MIT Lincoln Laboratory, Carl Jezierski of 
FAA Technical Center, David Lubkowski of Mitre Corporatio1, John Sorensen of Seagull 
Technology Inc., and David Williams of NASA Langley Research Center. Each member has made 
contributions to the content of this report. John Sorensen has been Technical Team Leader and 
editor of the viewgraph presentations. 

This is the final Phase I report prepared by the Technical Team. John Sorensen, 
Walter Hollister, Malcolm Burgess, and Dean Davis have served as co-editors. The Phase I 
effort was conducted over the period of February through June 1990. 
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I. PROJECT OVERVIEVV 

Background 

The concept of a Cockpit Display of Traffic Information (CDTO has been suggested and studied 
since sometime in the 1940's. The 1ELERAN system, developed by RCA and tested in a Link 
trainer and a C-47 in the late 1940's, was based upon television transmissionof ground radar 
information and map overlays to the aircraft In 1947, the MIT Radiation Laboratory proposed 
two restricted visibility condition traffic display concepts: an airborne radar capability to derive 
traffic, terrain, and weather information and presentation of ground radar detected information on 
a cockpit PPI display. In 1948, the Radio Technical Commission for Aeronautics (RTCA) 
recommended that future domestic air traffic control be based on both ground and airborne pictorial 
situation displays. 

Airborne station-keeping equipment has been employed successfully by the military services for 
many years to maintain safe air-to-air separation in formation flying. In 1963, the Air Force flight 
tested the RATAC system in which ground radar information was transmitted via a TACAN data 
link to an airborne television to display nearby aircraft. Alphanumeric text was also transmitted 
and displayed to demonstrate the feasibility of providing flight clearances, weather advisories, and 
other pertinent information to the pilot. In 1965, a televised pkture of the FAA's Boston 
TRACON display was used to test navigation and conflict detection concepts for general aviation. 
In 1974, MIT Lincoln Laboratory developed a digitized version of CDTI. The target data base was 
supplied by an Air Force 407L radar system via the SEEK BUS data link; this concept was later 
reconfigured for the USAF Airborne Warning and Control SyHem (AWACS) flight 
demonstations. 

CDTI studies were continued in the 1970's and 1980's to investigate potential applications that 
could increase airport capacity, reduce controller stress and workload, and enhance safety of flight. 
These studies used simulations of the proposed Threat Alert and Collision A voidance System 
(TCAS), Mode S radar, and other data link systems. Based on these simulations, traffic displays 
were postulated and tested under simulated traffic conditions. Pilots and controllers participated in 
these tests, and much was accomplished in understanding the relative vehicle dynamics, the human 
factors of traffic displays, and the potential of CDTI to provide benefits. The studies also revealed 
potential problems such as increased pilot and controller workload and possibilities of traffic flow 
instability, secondary conflicts, and pilot distraction. The results of these studies are discussed 
further later in this report. 

Airborne traffic displays were developed as optional equipmen: during the TCAS IT program. The 
functions of these displays are to: 

1. Aid in visual acquisition of adjacent traffic; 

2. Discriminate threat traffic from any other traffic; 

3. Provide range and bearing information on adjacent aircraft; and 

4. Instill confidence in the resolution advisories. 

Installation ofTCAS II has begun and will extend through 1992 for air carriers. In all cases, 
installation plans include some form of the TCAS traffic display. Thus, via the TCAS Program, 
the inclusion of a cockpit display of adjacent traffic has become: a reality. It is now appropriate to 
investigate how this new capability should be exploited. 
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TCAS II • CDTI Opportunity 

The air carrier fleetwide installation of TCAS II systems will provide fleetwide display of aircraft 
traffic directly to the flight crew. This airborne traffic sensing and cockpit display of traffic are 
two of the primary elements required to mechanize the CDTI concept. It remains to be determined 
(a) how this traffic information is to be used by the flight crew, if at all, other than for collision 
avoidance prevention, and (b) what additional features or system sub-elements are needed to 
supplement the existing TCAS II information to provide the mechanism for realizing the CDTI 
applications. 

Many pilots who have seen the TCAS display have concluded that there is now the immediate 
potential for the flight crew to assist the air traffic controller in the traffic management process via 
several CDTI application ideas. This has long been a vision of aviation researchers who have 
studied the CDTI concept The previous CDTI research indicated that there could be airspace 
capacity benefits from using the CDTI to provide tighter spacing and relative positioning control of 
adjacent aircraft. 

Today, there is an increased flight efficiency motivation for exploring these concepts further 
because there in a increasingly critical demand to create more airspace capacity and to reduce in­
flight delay in the National Airspace System. Loss of airspace capacity is costing this nation's air 
transportation industry millions of dollars annually, and with increased demand for flight, these 
costs will continue to rise. Thus, if the CDTI concept can be used to increase airspace capacity and 
reduce delays in addition to providing increased safety and controller productivity, this opportunity 
should be quickly pursued and capitalized upon. 

Industry requested a study to determine if TCAS-CDTI could be used in a cooperative manner with 
ATC to increase terminal capacity. The intent of this project is to involve the FAA A TC and Flight 
Standards organizations fully. Their participation in the development of any application would 
provide project guidance, maintain the safety factor and insure any concept acceptance that might 
evolve. 

Project Objectives 

The objectives of Phase I of this project has been to identify and to evaluate potential applications 
of a TCAS II-derived CDTI that will improve capacity in terminal areas during both marginal 
Visual Meteorological Conditions (VMC) and Instrument Meteorological Conditions (IMC) [1], as 
well as enhance the safety of flight This included the following: 

1. Identify procedures and system requirements necessary to achieve the mechanization of the 
prospective CDTI applications; 

2. Assess the current TCAS II configuration to see if it could meet these requirements; and 

3. Define the necessary engineering, development, and testing remaining to be conducted for 
CDTI application realization. 

The objective of Phase II of this project will be to use the evaluation results of Phase I to specify 
TCAS design modifications, application testing requirements and controller-flight crew procedural 
changes to realize the potential airspace capacity and safety benefits. 
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PROJECT OVERVIEW 

TCAS II· CDTI Opportunity: 

• Advent of TCAS II Implementation Provides Displ.iy of Adjacent 
Traffic In the Cockpit 

• Traffic Display May Allow Flight Crew to Assist C•lntroller In 
Traffic Management Process 

• Previous Research Indicated NAS Capacity Benelits May Exist 
from CDTI 

• TCAS Implementation May Afford an Opportunity to Realize 
These Benefits 

Project Objectives: 

• Evaluate Selected Applications of TCAS II Derived CDTI for 
Improving Terminal Capacity In IMC 

• Identify Necessary Procedures 

• Identify System Requirements 

• Use Evaluation Results to Specify TCAS Design 
Modifications, Applications Testing Requirements, and 
Controller/Crew Procedural Changes to Realize F'otential 
Benefits 
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Project Scope 

During Phase I of this effort, the following items were addressed: 

1. The Operations Team, consisting of flight transportation industry and government 
personnel, identified five specific terminal area CDTI applications which would 
subsequently be evaluated by the Technical Team. The results of the Operations Team 
work, along with associated issues that require attention, are summarized in Section II of 
this report. 

2. The Technical Team, consisting of engineers who have had experience with the design, 
development and testing of TCAS and/or CDTI concepts conducted the following sequence 
of evaluations: 

a. The previous research that had been conducted on cockpit traffic displays and on the 
design of the TCAS II system were reviewed. Information that was relevant to the 
CDTI applications proposed for this effort was extracted and summarized; this appears 
in Section III. 

b. The existing TCAS II design elements - sensor accuracy and coverage, signal filtering, 
threat logic software, and display generation - were reviewed with respect to the selected 
CDTI applications. The results of this review are summarized in Section IV. 

c. In review of the TCAS II design, it was determined that this design must be enhanced 
somewhat to fulfill the requirements for certain selected CDTI applications. In addition, 
further studies are required to assess flight safety and workload and to specify flight 
crew and controller procedures and training as part of realizing the mechanization of the 
CDTI applications. These further requirements are summarized in Section V. 

3. As a result of the above evaluation, a 33-month Phase II effort is being recommended to 
provide the engineering, development, and testing to support achieving the CDTI 
applications. The specific aspects of the Phase II effort recommended are presented in 
Section VI. Phase II will include further detailed analyses and display enhancement 
investigation. Successful concepts will be integrated into a full workload aircraft simulator 
system. The potential applications will be objectively investigated via this simulation over a 
range of IMC traffic situations. An experimental CDTI display system, using modified 
TCAS II production equipment and operating procedures, will be established based upon 
the simulation results. This system will be integrated into an aircraft for flight 
investigation. Flight tests will be conducted in simulated IMC traffic situations and will 
involve both pilots and controllers. The results of Phase II will be proposed operational 
procedures, minimum CDTI performance requirements, and system certification guidelines 
to mechanize concepts that have demonstrated an improvement to tra(fic capacity in the 
terminal area while maintaining an equivalent level of flight safety. 
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PROJECT OVERVIEW (CONT') 

Project Scope: 

Phase 1: 

• Identify Specific Terminal Area CDTI Applicationu 

• Review Previous CDTI Research; Determine Relevance 

• Assess Existing TCAS II Sensor, Software, and Cispiay 
Performance Relative to CDTI Applications 

• Where Necessary, Specify TCAS/CDTI Development Effort Needed 
to Establish System Performance to Meet CDTI ·"pplicatlon 
Requirements 

• Summarize Results in Feasibility Repon and Pro·,lde 
Recommendations to Meet Project Objectives. 

Phase II: 

• Provide Required Engineering, Development, and Testing to Support 
CDTI Applications as Recommended In Phase I 
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II. PROPOSED POTENTIAL TERMINAL AREA APPLICATIONS 

This section presents the suggested applications of the TCAS-based CDTI in the near terminal area 
as proposed by the Operations Team. These suggestions are followed by a list of critical questions 
associated with each application that must be answered to allow the air traffic controller and the 
flight crew to use the CDTI to complement the traffic management function. It is recognized that 
TCAS provides only a limited view of the overall traffic picture to the aircrew. Nevertheless, 
industry has proposed that the efficiencies of flight operations and air traffic control can be 
enhanced through the more complete sharing of information between the aircrews and the 
controllers without necessarily changing their respective responsibilities. 

As stated earlier, the TCAS technology places a traffic display in the cockpit and a new, redundant 
system for separation assurance in the National Airspace System (NAS). Flight crew experience 
during the Limited Installation Program (LIP) indicated that pilots will monitor nearby traffic with 
this display [2,3]. With regard to possible CDTI applications, a process must take place which 
institutionalizes the associated procedures in both air traffic and flight standards to allow pilots to 
use the display to gain NAS efficiencies. At the same time, safety should be enhanced by allowing 
the pilot to use the CDTI to monitor the air traffic management process. 

The three-step approach to CDTI investigation suggested by the Operations Team was as follows: 

1. Identify procedures that can be accomplished in the short term with minimum to no 
enhancements to current production TCAS units. 

2. Identify procedures that can be used in the intermediate term with minor modifications to 
current TCAS technology. 

3. Identify procedures that can be used in the longer tenn imd which may require extensive 
modifications to the TCAS system. 

At no time should the primary TCAS function of collision avoidance be compromised. Also, the 
Operations Team recommended that steps be taken now (a) to implement the short term procedures 
as airline fleets begin to equip with TCAS sets, and (b) to begin action now on all procedures 
which show promise for capacity and safety enhancement. 

Five terminal area applications of using the TCAS for CDTI ptuposes were suggested; they are: 

1. Improve the speed and reliability of (a) visual acquisition during the transition from IFR to 
VFR, and (b) transfer of the responsibility of separation from controller to pilot. This is 
considered a passive application in that no procedural changes are required, and that the 
TCAS display can be utilized directly in its present fom1at. 

2. Reduce departure separation during IMC. 

3. Provide in-trail following (station keeping) to reduce ur:.necessary spacing and to reduce 
interarrival error. 

4. Enable parallel approaches in IMC to closely spaced pa::1illel runways. 

5. Enable converging approaches under lower ceilings and visibilities than is permitted today. 

Each of these applications is now discussed. 
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Application No. 1. Improve Visual Acquisition 

Concept 

Visual separation is applied by air traffic control to enable a number of capacity enhancing terminal 
procedures. These include parallel approaches to very closely spaced runways, converging 
approaches, and closely spaced departures. Visual separation may be used by a controller who 
sees both aircraft More frequently, however, visual contact is established by one of the pilots and 
he is instructed to maintain visual separation from the other aircraft. These procedures are 
terminated when the pilots begin having difficulty establishing or maintaining visual contact due to 
meteorological obstructions to vision. The TCAS traffic display can be used to establish more 
easily the visual contact with another aircraft, thus increasing the amount of time that visual 
separation procedures may be used. 

Scenario 

While being vectored to the final approach course, a pilot receives a radar traffic advisory on a 
flight making an approach to a parallel runway. Haze under the clouds restricts in-flight visibility 
to just over three miles. By referring to his traffic display, the pilot is able to focus more precisely 
his visual scan for sighting the traffic. He locates the traffic and reports such to ATC before radar 
separation is lost The tower is able to continue using two runways for landing at the airport. 

Closer in, as both aircraft are on approach, widely scattered low clouds intermittently obscure the 
other aircraft. The TCAS display once again aids in the quick re-acquisition as the airplane 
emerges from behind the small cloud. While this pilot might have reported losing visual contact 
without the display, he is confidant of being able to carry out his separation responsibility because 
of the continuous display of his traffic. 

Product 

The program will facilitate this use of the TCAS traffic display for both pilots and controllers. 
There will be an attempt to quantify the effect of this use of the display during the upcoming flight 
evaluation of TCAS in the airline fleets (TCAS Transition Program - TIP). 

Benefit 

Visual approach criterion can be used more often when there are lower visibility conditions. This 
will increase terminal capacity and overall flight safety. 
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PROPOSED POTENTIAL 
TERMINAL AREA APPLICATIOI'IS 

1.1mprove the speed and reliability of visual acquisition during the 
transition from IFR to VFR and transfer of responsibility ot separation 
from controller to pilot (Passive application) 

2. Reduce departure separation. 

3. Provldeln·trall following (station kHplng) to reduce unnecessary 
spacing and to reduce lnterarrlval error. 

4. Enable parallel approaches to closely spaced parallel runvtays. 

5. Enable converging approaches under lower ceilings and visibilities than 
permitted today. 

APPLICATION DESCRIPTION 

NO. 1 IMPROVE VISUAL ACQUISITION 

Concept: 

• Vlaual Separation Applied by ATC to Enhance ca.-city of Tarmlual 
Proc:edu,.. 

• Vlaual Contact Eatabllahed by Own Flight c-: They arelnatruC111d to 
Maintain Vlaual s..-rallon from Other Alrcr•L 

• Proc:edurea Terminated wnan Own cr- Baglna to have Difficult) 
Maintaining Vlaual Contact. 

• TCAS Dlaplay can ba Uaed to Eatabllah and Maintain Vlaual ConbtcL 

sc:enarto: 

• Durtng Vaelortngto Final Approach, Own Pilot Racalvea Advlaorr on Flight 
Making Approach to Parallel Run-y. 

• Hu8 Reatrtcta tnlllght Vlalblllty to Juat Over 3 Nml. 

• By TCAS Ralarenc:e, Own Pilot PreciMiy FocuMa Vlaual Scan on Traffic; He 
Localaa TraHic and Ealabllahed Poalllve ID wllh ATC; He Acc:epta 
Raeponalblllty for s..-rallon According to VFR. 

• To-r Able to Continua Ualng T- Runwayalor Landing . 
llanaiM: 

• Vlaual Approach Crllarlon can ba Uaed More Ollan (In Lo-r VIall >lilly 
Condlllona). Terminal Capacity and Safety are Improved. 
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Application No. 2. Reduction of Departure Separation 

Concept 

In today's environment, successive departures are separated by standard radar criteria during IMC. 
The distance can be reduced to 1 mile if departure courses diverge by 15 degrees or more. This 
requirement equates to several minutes delay and can significantly reduce departure capacity 
causing delays at the departure airport. By observing a previous departure on the TCAS display, a 
pilot could depart behind another aircraft as soon as he observed an altitude increase. 

Scenario 

Own pilot is cleared into position behind a departing aircraft Upon seeing the altitude readout of 
the preceding aircraft begin to increase, he informs the tower who then clears the specified aircraft 
for takeoff. Own pilot then maintains a specified distance from the preceding aircraft using the 
TCAS display. This can be used by successive departures from the same runway or by 
simultaneous departures from parallel runways. 

Product 

The program will determine (a) the minimum departure spacing required and if that can be achieved 
by the use of the TCAS display, and (b) if TCAS II is accurate enough to insure that the required 
separation intervals are maintained. 

The program will also propose procedures for inclusion in Air Traffic Control Handbook 7110.65 
and the Airman's Information Manual, Part 1. 

Benefit 

By using this technique to reduce departure separation in IFR conditions, the departure capacity 
should substantially increase. 
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APPLICATION DESCRIPTION 

NO.2 REDUCE DEPARTURE SEPARATION 

Concept: 

• In Current IFR Envlronmenl, Succ:nelve Departura .,. Sapar•ecl by Stancla~l Reeler Criterion or 1 Nml If 
CourMe Diverge by 15 deg. 

• Currant Crltarlon Reclucee DepertuN Capacity ancl CMI- Delay 

• By Obaervlng Prevloua DepartuN on TCAS Dlaplay, own CNW Can Depart u Soon u Altitude lncreue 
Obaerved. 

Scenario: 

• OWn Craw Clearecllnto Poaltlon t.hlnd DeparluN: own Craw Eatabllahee Po1lllw ID ana SHs Other 
AltHude lncNaM. 

• OWn Craw lnlorme T-r: To- Clea,. OWn Cr- for TallaoH. 

• OWn Craw Malntalne S.-c:lfled Dlatance from Other Alrcrllt Ualng TCAS Dlaplay 

• TCAS Provldee the Stanclard Protection Volume 

Potantlal ~eflt: 

• Departure Capacity In IFR Could Sut.tantlally lnc:reaM. 

CDTI DISPLAY 
Departure Scenario 

~I"'.._ ______ 12.5 nml 

-~~----------~,~~.~~~------------~ 

10 nml 

• 

~ ~ ~ 
\ I I 
\ I I 

~+~ 
\ I I 
\ I I 
~i> 
\II 

' T 

4nml 

2 nmt 

e 

~~~--------------_. ________________ ~ 
Beanng Error! 9° 
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Application No. 3. In-Trail Following to Reduce Inter-arrival Error 

Concept 

While runway occupancy and wake turbulence separation are generally considered to limit the 
capacity of a runway, as a practical matter, the inter-arrival spacing error actually limits the 
achieved arrival rate. Variability in spacing between arrivals causes aborted landings on the short 
side, and wasted runway time on the long side. For at least twenty years, engineers have sought a 
way to capture this wasted resource with spacing algorithms for controller's use. This application 
of TCAS would involve the pilot in the spacing control loop, using the traffic display to 
accomplish the controller's spacing objective. By referring to the traffic display or enhancements 
up to and including speed guidance, pilots would exercise control over the interval either in 
distance or time as requested by A TC. 

Scenario 

The pilot receives radar vectors from A TC to intercept the final approach course. Whenever 
warranted by demand, a desired spacing interval at the threshold or fmal approach fix behind the 
preceding arrival will also be issued by approach control. The pilot identifies the aircraft ahead by 
azimuth, distance, and altitude as called by ATC and verified on his traffic display. He then 
modifies his speed, while above 1000 feet AG, as necessary to establish the desired interval and 
then to match the speed profile of the aircraft ahead 

With respect to the TCAS display design: 

1. The current production TCAS units only show distance to other airplanes on the traffic 
display. It would not be possible for pilots using this basic display to do more than fly to an 
approximate target distance interval. 

2. Enhancements to the basic display might include a predictor on the ownship symbol, and a 
relative velocity vector on the target aircraft These vectors could be controllable to the 
desired time or distance spacing. 

3. A further enhancement would track the speed profile of the aircraft ahead and provide a 
speed command on the EADI to capture and maintain the desired time interval. 

Product 

The program will provide descriptions of various options for performing the final approach 
spacing function and the performance of each. 

The program will also propose procedures for inclusion in Air Traffic Control Handbook 7110.65 
and the Airman's Information Manual, Part 1. 

Benefit 

It is currently estimated that from 5% to 25% of runway capacity is lost because of spacing gaps 
between sequential aircraft. A significant portion of this loss may be recovered by aircraft self­
spacing control. The flight crew would use the CDTI display to remove large initial gap errors as 
directed by the controller. 
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APPLICATION DESCRIPTION 

NO.3. REDUCE UNNECESSARY SPACING AND INTERARI~IVAL ERROR 

Concept: 

• On Flnel Appro.ch, lnt•·Arrlvel Spacing Error Llmll8 the Achieved Arrlv81 Riot .. 

• Verleblllly In Spacing CeuMe Aborted uncllnge (Too Cl-) encl We81ed Runwe·r Tlnw (Too Fer) 

• UM ol Spacing Algorithm. encl Dlepleya to Remove Thla Error have bMn Extanc~vely Teatecl vie Cockpit 
Slmulellon. 

• TCAS Dlepley May Provide &rly MKhenlam to Remove Pllft olthla Error. 

Scenerlo: 

• OWn cr- Recelvee Cleerenca to Intercept An81 Appro.ch CourM. 

• When Werrented by Denwncl, Deelrecl Spacing lntervel Belllncl Preceding Arrtvelleeued by Approech 
ControL 

• own c.- ldenllllea Other Lead Alrcrell on TCAS Dlaplay ancl Sew Dealrecl Spac lng Dlatenc.. 

• OWn Pilot UMa TCAS Dlepley wMh Enhencenwnta to CloM encl Malnteln Dealrec Spacing to Remove Moat 
ollntererrlvel Error. 

Potentlel Benefit: 

• Cunwnlly &llmeted thet 5% to 25% ol Runway Cepaclty Ia Lo.t BecauM ol Spec:lng gepa between 
Sequenll81 Alrcrelt. 

• A Slgnlllcent Portion olthla Lou rney be Reco-.cl by Simple Alrcrell SeH·Spa•:lng Control. 

CDTI DISPLAY 
In-Trail Following Scenaric• 

I· 12.5 nm1 

-----.----------------~----------------~ 
J...6nm1 

I 

Lee1 
4nms 

• • 

• +2rvni • • 10.0 nm1 

I 
I 

• T • 
~ 
I 

~----~----------------~----------------~ 
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Application No. 4. Closely Spaced Parallel Approaches 

Concept 

Independent parallel ll..S approaches may be conducted in IMC with runway spacings as little as 
4300 feet using current procedures. There is work under way to expand this procedure to runways 
with as little as 2500 - 3000 feet lateral spacing using new radar technology and a system known as 
the Precision Runway Monitor (PRM) [4]. 

Dependent parallel ll..S approaches can currently be made if runways are at least 2500 ft apart if 
diagonal separation between aircraft on adjacent approaches is maintained to be at least 2.0 nmi. 
The FAA is currently investigating what the requirements are to reduce the lateral separation down 
to 1000 ft and the diagonal stagger down to 1.5 nmi or less [5]. 

This application of TCAS is an alternative for providing the safety required to conduct parallel ll..S 
approaches to the current minimum spacing for wake turbulence independence, namely, 2500 feet. 
After standard radar separation and altitude separation are lost during the respective "turn ons" to 
the final approach courses, separation would be provided procedurally through navigation on the 
localizers, backed up by TCAS resolution logic to prevent a collision hazard in the event of error or 
navigational blunder. The TCAS display could be used to help the flight crews maintain side-by­
side positioning for independent approaches. It could be used to help the flight crews to maintain 
tight stagger position control during dependent approaches. Thus, in addition to providing flight 
safety, the TCAS display could be used for position control to enhance airspace capacity. 

Scenario 

The pilot receives A TIS information indicating parallel ll..S approaches are in progress. He selects 
the terminal mode on the TCAS mode selector, and sets his radios for his ll..S approach. The 
approach controller verifies the flight is TCAS equipped by reference to the equipment identifier on 
the flight strip (or electronic flight strip). Normal radar vectoring and altitude assignment place the 
aircraft on an intercept heading with clearance for the ILS approach. 

The pilot notices another aircraft on his traffic display which, by reason of its position and altitude, 
appears to be making the adjacent parallel approach. At the normal time, this traffic triggers a 
traffic advisory (TA), and it becomes yellow on the display. Both pilots fly their ll..S approaches 
with modified instrument scans. The TCAS is used by Own pilot to monitor and to adjust Own 
aircraft position relative to the adjacent aircraft As long as no separation hazard exists, the TCAS 
remains silent throughout the approach. 

If, during the approach, one of the aircraft blunders toward the other, the TCAS resolution logic is 
triggered either by the Tau or absolute distance criterion, directing the pilot either to climb or not 
climb as necessary to ensure separation. The pilot may have noticed the situation developing on 
the display, but it is not necessary that he do so. He is at least aware that another aircraft is on the 
other approach. When the advisory sounds, the aircraft response begins within five seconds as 
was confirmed during the TCAS LIP flights. If a climb is required, the pilot calls a missed 
approach and proceeds as depicted on the approach chart or as directed by A TC. If the other 
aircraft is pulling overhead, TCAS advises not to climb and the pilot continues his approach. 
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PARALLEL APPROACH RULES AND ON-GOING PROJECTS 

INDEPENDENT PARALLELS 

• Parallel Mperatlon "b" rnul( be at leaat 4300 It apert 

• FAA developing Parallel Runway Monitor (PRMjeyelem to l'lduce Mperel one to range ol 
2500-3000 n via Improved aurvalllance. 

DEPENDENT PARALLELS 

• Parallel Mperetlon "b" mu• be at leal& 2500 II apert and diagonal Mparat on "d" muat be 2.0 
nml on adjacent approachea. 

• FAA projecle eaamlnlng reduction ol perallelaapuatlone down to 1DDD n and diagonal 
etagger down to 1.5 nml or leaa. 

Concept: 

APPLICATION DESCRIPTION 
NO.4. ENABLE CLOSELY SPACED PARALLEL APPUOACHES 

(Independent Approaches) 

• Currently, Independent ParalleiiLS Approachea may be Conduelad In IMC wl·.h Runway Speclnge down 
to 4300 n. 

• On-going Parallel Runway Monitor (PRMI Project Examining F•elbUHy ol Reoluclng Runway Speclng 
down to 2500-3000 n. 

• Altar Turn onto Final Approach CourMa, Sepuatlon can be Provided Proced Jrally Through Localizer 
Guidance P-lbly Backad up by TCAS RaaoiU11on Logic to Prevent Conlllct Huard In the Event ol 
Pilotage Blunder. 

Scenario (Independent Approachl 

• OWn Cr- Rec:elvee A TIS lnlormallon lndtcellng PuellaiiLS Approachea; Selacta Terminal TCAS Mode; 
Seta up Alrcr.rt Syllema lor ILS Approach. 

• OWn c.- ldentlllee Other Alrc:ran on TCAS Dlaplay Which Ia Determined to I• Making Adjacent Parallel 
Approach; Traffic Advleory (TAl Trlggere 81 Normal Time. 

• Both Crewe Fly Their ILS Approachaa with Unmodltled lnatrument Scene; TCAS Ramalna Silent 
ThroughoU1 Approac:ll. 

• II One Alrcren Blundere During Approach, RaviMd TCAS Logic Would be Triggered; TCAS Advleory 
Datermlnae Whether OWn Alrcran Should Fly Mlaaad Approach or Continua La11dlng. 

Potential BenaiH: 

• 01 Top 100 Alrporte, 28 haw or Plan to have Runway• with Spacing• oi250Q.430D It 

• Arrival Capacity Doubled over Single Runway Capacity In IFR 
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ProdUCt 

The program will produce sufficient data through simulation and flight test to determine the 
viability of the parallel approach concepts to pilots, air traffic personnel, and certifying authorities. 

The program will produce logic for TCAS II units to support the parallel operations as proposed. 

The program will also propose procedures for inclusion in Air Traffic Control Handbook 7110.65 
and the Airman's Information Manual, Part 1. 

Benefits 

For independent approaches, of the top 100 aiiports, 28 have or plan to have runways with 
spacings of 2500- 4300 ft. Using parallel runways, the arrival capacity is doubled over a single 
runway's capacity during IMC [5]. 

For dependent approaches, of the top 100 airports, 27 have or plan to have parallel runways with 
spacings of 1000 - 2500 ft. Parallel operations have a 39% capacity improvement over single 
runway operation with the diagonal set at 2.0 nmi. This improvement increases to 54% when the 
diagonal is reduced to 1.5 nmi [ 5]. 
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Conc:ept: 

APPLICATION DESCRIPTION 
NO. 4 • ENABLE CLOSELY SPACED PARALLEL APPROACHES 

(Dependent Approaches) 

• Currently, Dependent ParalleiiLS Approechee may ._ Conduc:teclln IMC with Ru11wey Speclnge down to 
2500ft. 

• Dlegonel Seperellon muet ._ 2.0 Nml on Adjacent ApproechH. 

• on.golng Projec:le Eaemlnlng Feeelblllty ol Reducing Runway Spec:lng d-n to 1000 n and Dlegonal 
Seperetlon d-n lo 1.0 Nml. 

• TCAS Dlapley c:en ._ UMd to Provide P-lble Blunder Protec:llon and to Cl- un Deelred Diagonal 
Seperellon. 

Scenerto: (Dependent Apptoec:h 1 
• OWn Crew Seta Up and Selec:la TCAS lolode lor ParalleiiLS ApproechH. 

• OWn Crew Seee Other Alrcrall on Adjacent Approach on TCAS Dlepley; Deelred Diagonal Speclnglnlerval 
IMued by Approech Control; 

• OWn Pilot UMa TCAS Dlepley with Enllenc:emente to CloM end Maintain DeeiNd Dlagonel Spacing. 

Potenllel Benelll: 

• 01 Top 100 Alrporte, 27 heve or Plan 10 heve Perallele Runway• wllh Spac:lnge ol1000.2500 IL 

• 31% Capeclty lmptovemenl over Single Runway wllh Dlagonelat2.0 Nml; 54% mprowment wllll 
Diagonal at 1.5 Nml. 

5.0 nmi 

CDTI DISPLAY 
Parallel Approach Scenario 

lt"-=--------6.25 nml ----1 
I I 
I Leed on 

-+Parallel 

• I I e 2.0 nmt 

• I I • - --
• 

1 I 0.25 nml 

~ 
• 

• • 
• • 
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Application No. 5. Converging Approaches 

Concept 

Converging approaches are conducted today in IMC but under relatively high minimums due to the 
fact that aircraft must maintain TERPS separation criteria plus three miles in the missed approach 
area. In some locations, minimums are as much as 500ft higher than they would be for the stand­
along approach when converging approaches are published and as much as 1000 ft. and 3 miles 
for non-Part-97 procedures. In many instances, this almost negates the benefits of the procedure. 
By using the TCAS displayed traffic, pilots can monitor the aircraft on the converging approach to 
maintain the appropriate stagger so that if a go-around becomes necessary, separation is insured. 
Furthermore, the crews will be able to monitor the other aircraft during the missed approach. 

Scenario 

The pilot is cleared for a converging approach and told that there is another aircraft executing a 
simultaneous approach to another runway. The pilots acquire one another on their TCAS displays 
and adjust speeds to remain relatively staggered. To do this, it may be necessary to enhance the 
TCAS display with a ghost target of the other airplane. Should it become necessary to go around, 
Own's crew can monitor the Other aircraft on the display and maintain the appropriate spacing. 

Product 

The program will produce sufficient data through simulation and flight test to determine the 
viability of the concept to pilots, air traffic personnel, and certifying authorities. 

The program will produce logic for TCAS II units to support the operation as proposed. 

The program will also propose procedures for inclusion in Air Traffic Control Handbook 7110.65 
and the Airman's Information Manual, Part 1. 

Benefits 

Of the top 100 airports, 58 are candidates for dependent converging approaches. Allowing 
dependent converging approaches in IMC will produce about 8 aircraft/hour increase in runway 
capacity over that of single runway operation [5]. 

Of the top 100 airports, 33 are condidates for independent converging approaches. The capacity 
increase for independent converging approaches is about double that over the single runway 
operation [5]. 
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Concept: 

APPLICATION DESCRIPTION 
NO.5. ENABLE CONVERGING APPROACHES TO PARJ~LLEL OR 

CONVERGING RUNWAYS 

• Converging Approachea Conducted Today under Relallvely High Minimuma au Aircrall can Maintain 
TERPS Separation Criteria plua 3 Nmi in Miaaed Approach AreL 

• Project Underway Ia Provide Ghoat Projection on Controiier"a PVD of Aircrall ,,n Adjacent Approach. 
Controller Objeclive iato Maintain 2 Nmi Separalion bel-n Aircrall Poaition a1ld Ghoat Poailion. 

• Flight Cre- can UM TCAS Diaplay to Monitor Converging Traffic arid to Mai11tain Appropriate Stagger; 
II Go-Arourld Nece .. ary, Separation can ba Aaaured. 

• Flight Crew can Uae TCAS Diaplay to Monitor Other Aircraft During Miaaecl Approach 

Scenario: 

• Own Crew Cleared lor a Converging Approach and Direcled to Execute a Stag,3ered Spacing Behind 
Other Aircrall on Adjacent Approach. 

• OWn Crew Seea Other IAed Aircrall on Adjacent Approach on Enh8ncad TCAfi Diaplay; Own Aircraft 
Cl-• Up Spacing on Ghoat Target or Adjacent Other Aircraft Direc:lly. 

• II Go·Arourld Nece ... ry, Each Aircraft Monitor• Flight of the Other. 

Potential Benefit: 

• 01 Top 100 Airporta, 58 are Carldidatea lor Dependent Converging Approacheu. Capacity lncreaM ia 
About 8 Aircraltlhr over Single Run-y Operation. 

• 01 Top 100 Airporta, 33 are Carldidatea lor Independent Converging Approactua. Capacity lncreaae ia 
About Double over Single Runway Operation. 
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Application Requirement Issues 

The TCAS system is designed to provide on-board protection against airborne collisions; that is, 
the TCAS is a device to provide an extra measure of flight safety to the individual aircraft. It is 
imperative that using the TCAS traffic sensor and display for CDTI applications not compromise 
this TCAS-established degree of safety of flight. In fact, use of the TCAS-CDTI for improved 
visual acquisition and parallel and converging approaches should enhance flight safety. This is one 
of the primary issues that has to be addressed during the process of developing each of the CDTI 
applications. 

With regard to the functional design of the CDTI system. the other issues governing the direction 
of the engineering effort can be divided into three categories: 

1. Surveillance and tracking - Here, it is required to assess whether the current TCAS II 
designs provide adequate surveillance reliability to ensure that the Other aircraft (whether it be 
Lead for in-trail following on approach or departure, parallel aircraft, or converging aircraft) 
is always displayed or that surveillance drop-outs are not critical. The estimated position and 
velocity of the Other aircraft, as determined by the tracking algorithm, must be accurate 
enough to support the application. The antenna pattern must be sufficient to provide the 
spatial coverage required to include the geometry of the Other aircraft's relative path. Finally, 
it must be established how multi-path and other site dependent phenomena can affect the 
utility of each of the suggested CDTI applications. This may be especially important for 
departure control at busy airports with significant ground clutter. 

2. Display - To use the TCAS to support the CDTI application, several technical items need to 
be addressed relative to the display design. The information content of the display (e.g., the 
position and relative speed of the Other aircraft relative to Own aircraft and the intended 
approach paths) must be shown to be adequate and easy to use. The image quality and 
update rate of the Other aircraft must be adequate to convey pilot confidence in using the 
information and to provide adequate information rate to allow acceptable aircraft position 
control. Display format, including size of the display, symbols used, choice of color, and 
placement of the symbols within the display need to be specified. Finally, the location of the 
TCAS display within the cockpit must be appropriate, relative to the pilot's primary scan and 
flight phase workload; for in-trail following on final approach, a heads-up display may be 
required. 

3. Human Factors - Here, questions that will be addressed include those relative to the interface 
between the flight crew and the CDTI display, the communications protocols between the 
flight crew and the controllers, and the flight crew and controller training that must occur 
before the specific application can be exercised. 

For each of these four issues, a series of questions can be posed. These questions serve to focus 
the investigation of CDTI concepts. Some important questions to be addressed in the subsequent 
study are now listed. Specific meaning of the terms used in these questions are explained later in 
this report. 

Safety 

1. What separation distances provide adequate safety margins to utilize each of the CDTI 
applications? 

2. What CDTI display accuracy and operational procedures are necessary to meet these 
separation standards? 
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TCAS-CDTI SYSTEM REQUIREMENT ISSUES 
THAT NEED TO BE ADDRESSED 

1. Safety 

2. Surveillance and Tracking 

• Rellablllty 

• Accuracy 

• Spatial Coverage 

• Site Dependence 

3. Display 

• Information Content 

• Image Quality and Update Rate 

• Format· Size, Symbols Used, Color, Placement 

• Location within the Cockpit 

4. Human Factors 

• Crew/COn Interface 

• Crew/Controller Communications Protocols 

• Crew and Controller Training 

APPLICATION ISSUES AND QUESTIONS 

AREAS OF CONCERN AND EXAMPLES OF EA<:H 

Safety: 

What COn display accuracy and operational procedure COnlltraints are 
necessary to ensure meeting safe separation standards? 

Tracking and Data Processing: 

How do the current TCAS II limitations of antennae pattern volume of 
coverage, measurement error, and tracker algorithm aHect tl1e ability to utilize 
each of the five candidate applications? 

Display Information Content and Location: 

Do the current TCAS II display formats and cockpit locationn support each 
application? If not, how should they be relocated or enhanced? 

Human Factors: 

What crew/controller communication protocol is required to Initiate and 
conduct the diHerent applications? What training Is require•~ to allow flight 
crews and controllers to use these applications? 
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Tracking and Data Processing 

1. How do the current TCAS II limitations of antennae pattern volume of coverage, measure­
ment error, and tracker algorithm affect the ability to utilize each of the five candidate 
applications? Can additional filtering improve the tracker and display errors without 
introducing un~ceptable lag error? 

2. How do the TCAS tracking errors affect the information quality of the designated Lead 
aircraft and associated state information (e.g., trailing history dots)? 

3. What basic tracking reliability requirements are necessary for each application? How is this 
Other aircraft bearing and altitude dependent? What surveillance coverage volume is needed? 

4. For departure separation: Will tracking accuracy support parallel runway departures? What 
separation is required during IMC conditions? Do both aircraft need TCAS for this 
application? What are the effects of multipath? How does multipath off buildings degrade 
the display or cause the target to disappear? Will antennae diversity solve the problem of 
takeoff hiding the antennae? Will reflections near the ground unacceptably reduce signal 
strength? Is this application aircraft type dependent? What about track drop out? Is six 
second target coasting a problem? What about ground target filtering? Does traffic density 
cause confusion of which aircraft is the Lead? 

Display Information Content and Location 

1. Do the current TCAS II display formats support each application? If not, how should they 
be enhanced? Does the display location impact the use of CDTI applications? 

2. How is Positive Identification established for the Lead or Other aircraft? Will an identity tag 
be necessary on the Other aircraft symbol for this purpose? What TCAS data processing is 
required to show identity, altitude, ground speed, and heading of the Other aircraft? 

3. Would using a separate Other aircraft or Lead symbol or color marking be useful to maintain 
positive identification? Is such a modification necessary? 

4. Are the current 2 nmi or 3 nmi range rings adequate for maintaining in-trail separation? 
Should an adjustible range ring or some in-trail following designator be added? 

5. For Departure Separation: Is increasing altitude rate on Other aircraft adequate to provide 
Own crew with identification information to re-acquire Other aircraft during a busy takeoff 
period? 

6. For In-trail Following: How can Lead's history dots be stored and displayed? How should 
the appropriate trailing distance be computed (ground or airborne?) and designated? Should 
Own aircraft's predictor vector be computed and displayed to assist in capturing the 
appropriate spacing? How can ground speed, acceleration and tum rate be measured and 
included? How can the nominal ground track be computed and displayed? How does the 
wake vortex (distance) separation constraint during final approach get converted to a time 
separation requirement previous to crossing the Final Approach Fix? 

7. For Parallel and Converging Runway Approaches: Can extended runway centerlines be 
shown? How can separation distances between centerlines be set? How can the displays be 
anchored to the ground reference frame? Is a displayed "no-transgression zone" necessary? 
Are ghost targets necessary on Own aircraft's centerline? 
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Human Factors 

1. What crew-controller communication protocol is required to initiate and conduct the different 
applications? What is the protocol for Own crew to communicate to the controller that it is 
TCAS equipped and able to utilize the specific CDTI app1ication? 

2. Are there runway and traffic scenarios that would cause confusion on the part of Own flight 
crew as to which aircraft is the Other/Lead aircraft? By what means does Own crew 
positively identify and maintain identity of Other or Lead aircraft? 

3. What training is required to allow flight crews and controllers to use these applications? 

4. Can these applications be utilized with partially TCAS-equipped aircraft, partially trained 
flight crews/controllers, and a spectrum of traffic display types? 

5. How can the pilot be trained to weight appropriately the :tx>ssibly conflicting goals of (a) 
capturing/maintaining a desired in-trail spacing, and (b) S·~tting up and maintaining the 
appropriate landing speed? 

Some of these questions have been addressed during this Phase I effort. Most of them, however, 
require more in-depth analysis of cockpit simulator and flight test results. These must be 
addressed during Phase II. 
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III. RELEVANT RESEARCH, DEVELOPM:ENT AND TESTING 

It was important during this effort to review the research, development, and testing that had 
previously been conducted or was on-going relative to the TCAS Program and to various aspects 
of CDTI concepts. This was so that (a) previously well established technical results could be 
factored into defining the requirements for using the TCAS II as a CDTI system, and (b) 
documented previous research would not have to be repeated; this would save project development 
resources and time. 

The previous and on-going work can be divided into two categories: TCAS development results 
and generic CDTI studies. Many aspects of the TCAS design process are specific to establishing 
and meeting the minimum operational standards, and they are not repeated here. However, three 
elements of the TCAS design are of importance to the CDTI applications in that they must be 
considered (a) when devising TCAS enhancements to implement the CDTI concepts, and (b) when 
developing the procedures for using the TCAS as a CDTI. These are: 

1. Surveillance- As discussed in Section II, the accuracy, reliability, and volume of spatial 
coverage of the TCAS II surveillance and the associated a(;curacy of the tracking algorithm 
govern to what extent TCAS can be used for the five selected CDTI applications. The TCAS 
II surveillance system design is primarily the result of work performed at MIT Lincoln 
Laboratory. 

2. Logic Design- The TCAS II threat detection and collision avoidance logic was primarily 
developed by the Mitre Corporation. Many aspects of this logic will have to be examined in 
terms of the software enhancement requirements for each of the CDTI applications. 

3. Pilot Interface - The TCAS II display design format and o1her aspects of the flight crew 
interface were studied at both NASA Ames Research Center and MIT Lincoln Laboratory. 
Because the CDTI will require changes to the display fommt as well as development of flight 
crew and controller procedures, the lessons learned from this previous work are important. 

Previous research in cockpit traffic displays focused to some degree on the in-trail following 
application. This research consisted of both analytical work and experiments conducted using 
cockpit simulation. During the 1980-84 time period, NASA Ames and Langley Research Centers 
both sponsored analytical studies and conducted a series of experiments to determine (a) what were 
the important elements that allowed pilots to use the CDTI for in-trail following, (b) how could the 
CDTI be mechanized, and (c) what benefits might be realized from CDTI implementation. 
Previously, in the mid 1970s, MIT Flight Transportation Laboratory conducted cockpit simulator 
studies that explored many terminal area applications of the cn·n. 
The important learnings and the methods used for the TCAS development and CDTI research are 
summarized in this section. 
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TCAS Surveillance Development - MIT Lincoln Laboratory [6] 

TCAS conducts surveillance in one of two modes. If the Other aircraft has Mode S, then 
surveillance is done in Mode S. Otherwise, surveillance is done in Mode C. With a Mode-C 
interrogation, all aircraft that are not equipped with Mode S reply together which leads to a problem 
with synchronous garble. Mode S does not have a synchronous garble problem but there needs to 
be a way to determine the interrogation address of each nearby Mode S aircraft. 

There are also other surveillance problems common to both modes including multipath, angle-of­
anival accuracy, and power level determination. Using top mounted antennas was one step toward 
combating multipath. TCAS was designed to use both a top and bottom antenna although most 
existing transponder installations use only a bottom antenna. 

Dynamic receiver thresholding is also used to combat multipath. Whisper-shout is a technique that 
was developed to combat the synchronous garble problem. Interrogations begin· at low power and 
suppress those transponders that have already replied during the sequence. It was found that 
whisper-shout not only stopped synchronous garble but also reduced multipath on the interrogation 
link. An interference-limiting function was built into TCAS that limits the interrogation-power 
product of the transmitter based on a local monitor of the interference condition. 

Acquisition of Mode-S addresses was accomplished by having all Mode S transponders squitter at 
a rate of once per second. A squitter is a spontaneous transmission in the format of a reply which 
includes the address of the transmitter. 

A four-element antenna was developed which measured angle-of-anival to an accuracy of 8 
degrees one sigma. These developments have become a part of TCAS II. 

Current surveillance research is focused on the development of a Bearing Rate Accuracy Monitor 
(BRAM) which could be used with TCAS ill. The concept is to filter range measurements during 
encounters to deduce the bearing rate independent of the angle-of-anival measurement. A post 
encounter comparison could provide calibration of the antenna. The work is not yet complete. 
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TCAS II 

TCAS DESIGN AND TEST 
Surveillance - Lincoln Laboratory 

• Whisper-Shout to Combat Mode C Synchronous Garble 

• Mode S Squitter to Establish ModeS Addresses 
• Dynamic Receiver Thresholding and Diversity Antenna to Combat 

Multipath 

• Four Element Angle·of·Arrival Antenna Accurate to 8 Deg (One Sigma) 

TCAS Ill (Work In Progress) 

• Bearing Rate Accuracy Monitor (BRAM) Filtered Range History Provides 
Bearing Rate Information 
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TCAS Logic Design - Mitre Corporation 

MITRE has conducted considerable research to develop the present TCAS logic and explore TCAS 
applications. Portions of that research which are germain to the application under consideration are 
noted. 

The primary logic to determine alerting thresholds to provide collision avoidance and 
desensitization schemes to eliminate false alarms has evolved over a decade of testing and 
development. The Phase I Operational Evaluation (Nov 81 - Mar 82) was conducted with TCAS 
installed in two Piedmont B-727 passenger-carrying aircraft with trained observers viewing the 
displays placed aft of the cockpit. Problems with the logic were detected and subsequently 
corrected. Piedmont Phase II (Mar 87 - Jan 88) had the TCAS in view of the pilots. Modifications 
were made to eliminate nuisance alarms and improve system performance. Two Limited 
Implementation Programs on United (Feb- Aug 88) and Northwest (Sept 88- Mar 89) evaluated 
the results of previous logic modifications and measured operational encounter rates. Earlier work 
had predicted operational encounter rates on the basis of analytic traffic models and ground radar 
data. 

An analysis was conducted of potential conflicts between TCAS resolution advisories and ground 
proximity warnings. For example, an aircraft descending with a high sink rate might receive a 
TCAS resolution advisory to continue descent below the altitude at which the ground proximity 
alarm would activate. 

A System Safety Study was conducted of the use of TCAS under Instrument Meteorological 
Conditions including interaction with the Air Traffic Control System. The study analyzed the level 
of safety considering .such things as the fraction of aircraft equipped and the potential for one 
TCAS directed maneuver to initiate an additional conflict. 

A concept was developed for using a cockpit display of traffic as derived from a modified TCAS to 
support reduction of the separation minima for oceanic track systems. Cost benefits, alert rates, 
operational procedures, and implementation strategies were studied to verify the feasibility of the 
concept. [7] 

An obstacle avoidance service using TCAS was explored. Information on the location of an 
obstacle would come from a Mode S transponder mounted on the object. A Mode S message 
could contain special information such as identity or presence of multiple objects. TCAS would 
generate obstacle advisories using special logic. 

The TCAS logic as originally conceived, designed and implemented was intended to perform the 
single dedicated function of collision avoidance [8,9]. All components of that system, both 
hardware and software, were structured in a way that did not anticipate other applications. 
Nevertheless, the current logic, unmodified, can find use in other applications such as some of 
those investigated in this report. Minor display modifications and development of operational 
procedures may be all that is required. The display modifications would not change the collision 
avoidance logic, only the way that TCAS data is presented to the pilot. For other near-term and 
advanced applications the TCAS logic will have to be partitioned, restructured and revalidated. 
This is needed to enable application insertion, assure application isolation, eliminate redundant 
logic functions, and facilitate recertification after applications have been added to the system. In 
order to do this it will be necessary to 1) identify and separate functions that will be common to all 
applications (e.g. surveillance, vertical tracking, etc.), 2) design standard interfaces between 
functions and applications, 3) identify additional inputs needed by the applications and design the 
logic to handle them, and 4) defme, where possible, standard output data and their formats for use 
in annunciation systems and displays. 
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TCAS DESIGN AND TEST 
Logic Design - MITRE Corporation 

• TCASII 

• Logic deaign, aimulalion, and valldalion 

• Defined concapla lor neer·lerm TCAS.CD11 application• 

• Planned realrucluring and !Mirlilioning of TCAS Illogic and logic !Mirlormanca •-menl 
I rom TCAS Tranaition Program dala 

• TCAS Ill 

• Logic deaign, aimulalion, and valldallon 

• Deaign uaing U!Mirl ayacem approech lo advance TCAS Illogic 

• Conduellng ay81am ulely analy-

• Related Research Germain to Development and Test o1' TCAS 
Applications 

• Determination of logic alertingthreaholda and deaanaillzation achem .. 

• Evaluation of TCAS !Mirlormanca ualngground redar and flight record<~d data 

• lnter8ction of TCAS With GPWS and A TC In IMC 

• Uae of TCAS lor ovar·the-ocean •IM'clng monitor 

• Uae of TCAS lor ot.tacle avoidance 

TCAS DESIGN AND TEST 
Logic Design - MITRE Corporation (Cont') 

Constraints to Any TCAS Logic Modifications 

• TCAS Logic Intended to Perform Single Dedicated Function: Collision 
Avoidance 

• All ayatem component a atructured withoul anliclpallon of other u .. a 

• Unmodified or alight diaplay modification may aupporl other application 

• Diaplay modiliuliona would not affect CAS algorithm 

• For TCAS Logic to Support Other Applications, It will Require 
Re-Partltioning, Re-structuring, and Re-validation , 

• Enable application in .. rtlon 

• Aaaure application iaolallon 

• Eliminate redundant logic luneliona 

• Facilitate re-cerliliution alter application• added 

• Requirements for TCAS Logic Re-design 
• Identify and .. IM'rate common application function• (e.g., aurveillanca) 

• Deaign atandard luneliona-application interlacaa 

• Identify addillonalinputa, aourcea, and proceaalnglogic 

• Deline atandard output data and format a lor annunciation ayatema and dia >laya 
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TCAS Pilot Interface Studies - NASA Ames Research Center [10] 

A full-mission night simulation of TCAS operations was conducted at NASA Ames with airline 
pilots serving as subject crew members. Twelve crews had TCAS available and four crews did not 
have TCAS available. Crews with TCAS advisories available visually acquired 116 of the 207 
aircraft (56%) which triggered TCAS traffic advisories. Crews which did not have TCAS 
advisories available visually acquired 44 of the 88 aircraft (52%) which would have triggered 
TCAS traffic advisories. Some of the aircraft which triggered traffic advisories were obscured by 
clouds; however, these conditions were similar for both groups. One non-transponder target was 
visible to each crew near the outer marker on one approach. It was visually acquired by 3 out of 4 
of the non-TCAS crews and 5 out of 12 of the TCAS crews. It was concluded that the probability 
of visual acquisition at night was the same with or without TCAS. The result is plausable because 
aircraft lights at night are visible and conspicuous well beyond the threshold of TCAS traffic 
advisories. The results do not apply during daylight when the average range at visual acquisition is 
inside the threshold of TCAS traffic advisories. (Most midairs occur during daylight VFR, and 
current simulators are unable to display the inconspicuous daylight targets that match the lower 
than one arc minute angular resolution of the pilot's eye.) Crews rated the usefulness of TCAS for 
aiding visual contact with a mean score of 8.8 out of 10. 

Crews were observed to check their TCAS traffic display before accepting heading and altitude 
assignments. If a traffic conflict was detected, the crew would notify the controllers suggesting 
that they delay a turn until clear of traffic. In one instance, a crew detected an altitude deviation by 
another aircraft. 

Crews reported a consistent increase in workload with TCAS which was considered acceptable. 
Pilots rated the addition of TCAS to the other flight duties as 7.4 on a 10 point scale from "very 
distracting" to "not at all distracting". 

TCAS DESIGN AND TEST 
Pilot Interface Studies - NASA Ames Research Center 

• TCAS Human Factors Evaluation 

• All Ieete conduewd vie lull miNion elmuletlon 

• Developed lrelnlng program model 

• Improved pelformence wltll new dlepley form• 

• Provided pllol pelformence conetente lor logic chana•• 

• VIsual Acquisition (Night Simulation) 

• Probllblllly ol vleuelly ecqullfng elrcrelllllat -uld evou a TCAS edvleory ... ume wllll or wllllout 
TCAS. 

• Cr•- gave TCAS 8.8110 rallng • blllng very UMiulto aid In vleual contect 

• Operational Error Prevention 

• cr._ ob-ve TCAS blllore acc:epllnglleadlng and alt•ude ... lgnmente 

• II conflict delltded, CIWWe notify controller 

• Workload 

• ConeletentlncreaM In crew workload Willi TCAS; llo-ver, lncreaM conelderad acceplable 

• TCAS lnlormellon not coneldeiWd d•tractlng 
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TCAS Pilot Interface Studies - MIT Lincoln Laboratory [11] 

A mathematical model for predicting the probability of visual acquisition by pilots flying under 
daylight visual conditions has been developed and validated through flight tests conducted at 
Lincoln Laboratory. The model describes visual acquisition as a nonhomogeneous Poisson 
process in which the probability of visual aquisition per unit time is proportional to the solid angle 
subtended by the target. The model originated during testing of a proposed ground-based collision 
avoidance system. Subject pilots flew near-collision encounters and reported by radio 
transmission when visual aquisition occured. The paths of bod1 aircraft were recorded by radar. 
By correlating speeds and distances with the times of sighting, the tests produced quantitative 
measures of visual acquisition performance, and validated the model. 

Later, during testing for TCAS, six subject pilc;>ts flew a variety of missions that resulted in similar 
data for 66 near-miss airborne encounters. Using the TCAS, they visually acquired the threat 
aircraft in 57 of the 66 encounters. The median range of visu.t. aquisition was 1.4 nmi. In five of 
the nine cases of acquisition failure, the subject aircraft was no:;e high in response to a TCAS climb 
advisory that prevented sighting the threat passing below. 

Another series of flight tests was conducted to determine pilot performance under unalerted search. 
A group of 24 general aviation pilots each flew a short cross-country flight while an intruder 
aircraft made unannounced passes over and under the subject-pilot's route to provide a target for 
visual aquisition. Data were collected in the cockpit by a safety pilot. Aquisition was achieved in 
only 36 of 64 encounters. The median aquisition range was 0.99 nmi. Based on these two test 
programs, the probability of visual aquisition under alerted search was 8.2 times greater than for 
unalerted search. The conclusion applies only to daylight visual conditions. 

TCAS DESIGN AND TEST 
Pilot Interface Studies - MIT Lincoln Laboratory 

• Near-collision encounter In daylight VFR 

• Alerted Search • 6 SubJect pilots • 66 encounters 

• Unalerted Search • 24 SubJect pilots • 64 encounters 

• Andrews Visual Acquisition Model developed; lnstanta11eous 
acquisition rate proportional to visual angle subtended by target 

• Acquisition probability 8.2 times greater for alerted search than for 
unalerted search 
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In-trail Following via CDTI - FAA-NASA Sponsored Analysis 

Both the use of more automation and more involvement of the pilot in the air traffic control process 
are understood to be future needs for providing greater terminal area capacity. A joint FAA-NASA 
research project was conducted during the 1980-84 period to explore the uses of CDTI to meet 
these needs. One application that was focused upon was the use of the CDTI display by the pilot 
for non-vectored clearances relative to other traffic. Under this category are functions such as 
aircraft control into a traffic merge point and spacing along a route. In order to derive the control 
requirements for such functions, it was first necessary to understand the dymimics of merging and 
trailing aircraft [12]. 

Several questions were posed associated with the CDTI-based terminal area traffic tactical control 
concepts. These included: 

1. What are the basic dynamic phenomena associated with independently controlled aircraft in a 
string? 

2. What conditions would produce instability in the string? 

3. What information does each pilot need (from CDTI and other sources) to merge his aircraft 
adequately into the string and then to maintain appropriate spacing? 

4. What are the effects of measurement and display errors, wind shears, aircraft mixes, spacing 
constraints, and merge trajectories on the dynamics and control performance of the system? 

5. What advantages does this concept have compared to ground-based control? 

Six different cockpit simulator studies were made at NASA Langley and Ames Research Centers to 
produce data to analyze in-trail dynamics during this time period. In particular, the analysis 
addressed the first three questions and part of question 4 above. 

A simplified generic CDTI display used for in-trail following is shown in the opposite sketch. 
Here, the pilot views the horizontal positions of his (Own) aircraft and the surrounding (Other) 
aircraft on the cockpit display. Own's position is indicated on the heading up display by the 
chevron symbol one-third the distance up from the bottom and centered laterally. The route path 
and other display features move continuously with respect to the Own symbol. Other aircraft are 
indicated by triangles. Own and Other aircraft symbols are preceded by vectors proportional in 
length to the ground speeds. They may be curved proportional to bank angle, and they produce a 
prediction of where each aircraft will be at a future time. 

In the sketch, three different longitudinal separation criteria are depicted by the symbology. The 
separation criterion is the mathematical rule used as part of the CDTI display to indicate to the pilot 
what the desired separation should be between his and the Other leading aircraft. The criterion 
must establish a lower separation limit that is safe; yet, it must keep the aircraft close enough to 
provide for airspace and landing efficiency. The resulting implied acceleration commands must be 
within the normal limits of the aircraft Finally, it should be possible to compute the criterion 
simply from available information and to display it to the pilot without ambiguity. The criteria 
depicted are: 

1. Constant Range- This is shown by the constant range ring, and the pilot's objective is to 
steer Own aircraft so that the depicted range ring is on top of the Lead aircraft's current 
position. Current TCAS displays have fixed distance range rings. 
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Other 
Target 

PREVIOUS STUDIES -In-Trail Followin~g via CDTI 
Analytical Studies- FAA-NASA Sponsored 

• Background 

• CDTI Research Sponsored by the FAA, NASA Langley end Ames 
Research Centers from 1980.1983. 

• Work Focused on Analysis of Dynamics and Control Requirements 
for Merging and Spacing of CDTI-Equipped Aircraft on A~~proach. 
• Six Different NASA Cockpit Simulator Studies made to l:lroduce Data 
to Analyze In· Trail Following Dynamics. "Daisy Chain" ol Following 
Aircraft Set Up for Studies. 

• Four Different CDTI Display Concepts Analyzed to Exa1nine Stability, 
Pilot Workload, and Landmg Efficiency· Constant Range, Constant 
Time Predictor, Constant Time Delay, and Acceleration C1Je 

• Studies Proved that there were no Particular In-trail Stability Problems 
but that Constant Time Delay or Acceleration Cue were Batter than 
Constant Range or Constant Time Predictor In Terms of Improving 
Landing Rate 

POSSIBLE DISPLAY FORMATS 
FOR IN-TRAIL FOLLOWING 

/ 

/ 
/ 
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Poaaible In-Trail Folluwing Criterion 

• Co natant Range - S l"r Own aircrall'a 
appropriala range rlnglo be on top ol Lead 
alrcrall'a currant 110ailion. 

• Conatanl n,.. Predictor· Sl"r Own' a apeed 
pradictor vector lu be on lop ol Lead'a 
current poailion. 

• Conalanl TirtW Deluy - Sl"r Own'a poailion 
to be on top ol muked h illlory dol. 



2. Constant Time Predictor - This is the predictor vector that is in front of Own aircraft symbol; 
its length is the product of a time constant Tp and the measured ground speed V g· It shows 
where Own will ideally be Tp seconds from now. The objective is to steer the np of Own's 
predictor vector to be on top of the Lead aircraft's current position. 

3. Constant Time Delay- This criterion consists of controlling Own to be where the Lead 
aircraft was To seconds earlier. This position is indicated on the CDTI display by an 
enlarged history dot. Own is steered so that the tip of the chevron symbol is on top of this 
moving dot. 

A fourth separation criterion studied was called the Acceleration Cue. It modified the Constant 
Time Predictor criterion to include the effect of Own aircraft's measured acceleration. 

Constant Distance Spacing. A simplified sketch of the CDTI display using constant 
distance spacing via range rings is shown on the next sketch. The nominal approach path is shown 
as the dashed line. Again, the objective is to control Own's speed and heading so that the range 
between Own and the designated Lead aircraft is held constant. Th~ controller would instruct the 
pilot to close and maintain a particular separation. This concept has certain advantages: 

1. Fixed range rings are a part of the current TCAS II display. Thus, pilot's will become quite 
familiar with using these rings to judge and partially control distance to other aircraft. 

2. The range ring idea is simple to understand; they show exactly what the separation distance 
is now. 

3. The range ring idea can show if large separation errors exist between consecutive aircraft; 
therefore, they can be used by the pilot to remove the greater part of these errors. 

4. Because range rings are used currently, the constant distance criterion can most easily be 
adapted to the CDTI applications. The software enhancements required for this criterion 
would be the easiest to implement. 

However, use of range rings for tight in-trail spacing control has inherent dynamics problems: 

1. If the Lead aircraft slows down, this requires that Own instantaneously match this 
deceleration to maintain fixed distance spacing. 

2. The instantaneous speed match causes a slowdown at an earlier range-to-go for Own aircraft. 

3. Successive aircraft will slow down at increasing distances from the runway. Thus, using this 
criterion for a string of approaching aircraft would produce significant fuel penalties and 
operational problems. This would be caused by forcing aircraft to lower flaps earlier than 
normally required for landing in order to achieve the lower speeds required for spacing. 

4. To meet final approach spacing of 2.5 or 3 nmi will require greater fixed distance spacing at 
speeds faster than landing speed. For example, if a 3 nmi separation is required behind an 
aircraft landing at 120 kt, then this separation will have to be 4.25 nmi when both aircraft are 
traveling at 170 kt. 
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CONSTANT DISTANCE SPACING 
(Range Rings) / " 

/ 

~ /~ 

• Advantage: Current TCAS dlaplay format; almple to undaratand; UMfullo partially ramove 
large apaclng errora. 

• Dluclvant1111•: Raqulrft lnatantaneoua apaecl match ol Laed alrcraltto rrelntaln llxed 
apaclng; lnatantaneoua apaecl match c:au- early alowd-n lor OWn a, rcn~ll; Succeulve 
alrcrall al- down atlncn~ .. lng dlatan-lrom runway. 

• E.llample: A 3 nml Mparallon on llnal at120 kt -uld require a 4.25 nrnl Mparallon at 170 
kL 

Some further unknowns about using this criterion are: 

1. It is not known whether depicting the nominal route is required for in-trail spacing 
applications. 

2. Adjustible range rings or range scale lines ("tick marks") may be required on the display to 
allow the controller and pilot to have flexible distance spacing, depending upon the speed 
regime of each pair of aircraft 

3. Another enhancement that may be necessary for certain applications is the addition of a 
display feature that shows the relative speed between Other and Own aircraft. This 
enhancement will govern how tight the spacing control c~.n be maintained. 

35 



Constant Time Predictor and Acceleration Cue. For the Constant Time Predictor, the 
nominal spacing between two aircraft can be expressed as 

INom = IL- ro = YoTp 

In this equation, INom is the desired longitudinal separation distance, rr.. and ro are the longitudinal 
ranges traveled from some initial waypoint by the Lead and Own aircraft, Yo is the ground speed 
of Own, and Tp is the time constant. Note that the Federal Aviation Regulations specify minimum 
separations in terms of distances rather than times. Thus, the time constant Tp must be chosen so 
that the minimum separation specification at the slowest landing speed is not violated. Also note 
that Yo must be implemented as ground speed. 

From the above spacing equation, it can be shown that the ideal speed of the Own aircraft is a 
lagged response with time constant Tp with respect to the Lead. The following figure illustrates 
the theoretical ground speed which would result as a function of range-to-go for a string of nine 
aircraft using the Constant Time Predictor criterion with Tp of 60 sec. Note that the lead 
deceleration causes successive slowdown of each following aircraft until the end where there is 
overcompensation causing increased landing speeds. Since the trailing aircraft must decelerate to 
their own landing speeds prior to touchdown, the higher landing speeds required to maintain the 
spacing time interval are actually never achieved. This results in an inherent loss in arrival capacity 
using this technique. 
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In the accompaning sketch, a generic Constant Time Predictor display is shown. Below it is a plot 
of successive ground speeds as a function of range-to-go taken from one of the NASA in-trail 
following experiments. Note the similarity in successive slowdowns for each aircraft in the string; 
this is very similar to the results predicted by the analysis. 

A solution to the inherent slowdown effect of the Constant Time Predictor was to add an 
acceleration term to the separation equation [13], or 

INom = IL- ro = YoTp + 0.5 aMo Tp2 
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In this equation, aMo is the measured acceleration of Own aircraft This modification was referred 
to as the Acceleration Cue criterion. The figure below shows the ideal ground speed and 
separation between pairs of aircraft in a string when using this criterion modification. The trailing 
aircraft follow the lead much more closely than when the Constant Time Predictor criterion is used. 

The advantage of using the predictor vector on the CDTI display is that it is easy for the pilot to 
visualize his future position and to steer around turns to reduce separation error. The disadvantage 
is that this criterion causes early slowdown of Own followed by late excessive speed. This 
disadvantage can be compensated by adding the acceleration term, but this is a more complex 
mechanization. 
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Constant Time Delay. For this separation criterion, it is assumed that a trail of history dots 
is depicted on the display to indicate previous positions of the Lead aircraft. An enlarged moving 
history dot (or some other designator) can be used to indicate the ideal spacing of Own behind the 
Lead. The steering task consists of controlling Own to be where the Lead aircraft was To seconds 
earlier. 

The advantage of the Constant Time Delay separation criterion is that the history dots provide an 
ideal trail and position for Own aircraft to follow. There is no inherent time delay in using this 
criterion. A disadvantage of this criterion is that the dots by themselves provide no turn indicator 
or deceleration cue for Own. Another disadvantage is that to implement this criterion requires 
storage of the Lead aircraft's position relative to the ground. 

The plot on the opposite page shows ground speed vs range-to-go for a string of seven aircraft set 
up in another NASA in-trail following experiment using the Constant Time Predictor criterion. For 
these results, the time constant To was 60 sec. As can be seen, there is fairly good agreement 
between successive aircraft groundspeeds. 

Either the Constant Time Delay or Acceleration Cue criteria produce acceptable spacing between 
successive aircraft in a string. The choice will have to be made based upon which is easier to 
mechanize using the TCAS traffic sensor. It may be advantageous to use features from each of the 
criteria for an overall display to facilitate tight in-trail spacing. This requires further TCAS design 
study in Phase II. 
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Additional Analytical Work. Beyond the cockpit simulator investigations of in-trail 
spacings via CDTI, NASA Langley and Ames sponsored further analysis concerning (a) how the 
CDTI display could be implemented using TCAS II and other traffic information sources, and (b) 
some of the issues associated with filtering the surveillance data to produce the traffic display. 

Various estimation problems were addressed. These included: 

1. The performance and choice of gains for range-bearing data processing jn a Cartesian 
coordinate frame using alpha-beta filters; 

2. Range measurement filtering; 

3. Quantized altitude measurement filtering including the Level Occupancy Time filter, and 

4. The effect of the encounter geometry including that of turns, climbs, and descents of one or 
both aircraft. 

These results were all applied to the problem of generating the CDTI display to show the relative 
position and velocity of adjacent traffic plus the Lead aircraft prediction vectors, history dots, etc. 

Another effort was to develop a comprehensive digital simulation model of the enhanced TCAS II 
system which was being considered as a traffic sensor for flight testing of CDTI concepts. This 
model was based upon characteristics of either the Bendix or Dalmo Victor (now Honeywell) 
prototype TCAS systems. The model was subsequently used in NASA cockpit simulation studies 
and Monte Carlo estimation error analyses [14]. 
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PREVIOUS STUDIES -In-Trail Following via CDTI 
Analytical Studies- FAA-NASA Sponsored 

• Various estimation problems analyzed 

• Horizontal X Y lUter perlor11111nce 

• Range llllera 

• Altitude llltera Including Level Occupancy Time IIIIer 

• CAS geomtry Impact 

• CDTI application• • target prediction vectory error performance 

• Comprehensive digital simulation model of enhanced TCAS II • CDTI traffic 
sensor developed 

• Bued on Bendix and Sperry·Dalmo VIctor prototype ayatema 

• Model u- In NASA cockpM almulallon atudlea and Monte Carlo eatlmatlon error analyala atudlea 
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CDTI Cockpit Simulator Research Emphasizing In-trail Following - NASA 
Langley [15,16] 

NASA Langley has conducted considerable research on CDTI system concepts, the majority of 
which has involved the in-trail following task. The simplest traffic display used there was an 
electronic navigation display oriented track up in the weather radar location with map features 
rotating and translating about a fixed ownship symbol. Traffic was displayed relative to the 
ground, with the traffic remaining fixed relative to the map between updates which occurred at four 
second intervals. Later, the updates were reduced to one second intervals. 

Pertinent findings included the following: Distance spacing criteria is of limited use for descending 
and decelerating approach situations. The trailing aircraft is forced to decelerate at the same time as 
the lead aircraft rather than at the same point in space. For three mile spacing, the trailing aircraft 
would reach approach speed three miles earlier than desired. Some type of cue that Lead aircraft is 
decelerating turns out to be more important than display size or sensor accuracy. It is very difficult 
for pilots to detect a change in spacing, and once spacing is lost on final approach, it cannot be 
regained. Display of Lead aircraft groundspeed and relative predictors of Lead position have 
proven useful in this regard It was found to be important that traffic be updated at the fastest 
possible rate which ended up as a one second interval. 

To extend the utility of station-keeping further out on the approach, a constant time-delay spacing 
criteria is preferred This requires saving of the past history of traffic locations. Since TCAS 
senses traffic position relative to Own aircraft, it is necessary to incorporate Own navigational 
position to obtain a ground reference for the traffic. The history location corresponding to the 
desired time-delay interval then becomes the target location for Own aircraft. Displaying history 
dots at 4 second intervals was found to be very effective in allowing the trailing aircraft to follow 
the Lead during turns. 

The ultimate use of TCAS in an enhanced combination with pictorial navigation information is 
closest to the Langley research scenario. It was demonstrated that self spacing could be utilized 
from cruise to the outer marker, but it required time-delay spacing criteria and extensive display 
enhancements. These included a plan-view display with map and ground-referenced traffic, 
assistance to capture the desired trail position, and a target history trail to follow during turns. It 
would be desireable to put spacing guidance on primary displays. The flight director could be used 
for path guidance with a fast-slow indicator for spacing. A Head Up Display could be used for 
final approach spacing and wake vortex avoidance inside the outer marker. A first cut at a speed­
command algorithm, which compensates for actual groundspeed of the target and desired approach 
speed of Own aircraft has been tested with time errors less than half a second over the threshold. 
Without speed control on final (inside the outer marker to the threshold), there will be large 
interarrival time errors due to pilot variations in approach speed. 

Knowledge of traffic identification was always assumed in the Langley scenarios. During 
departure operations pilots had a difficult time fmding targets called by Air Traffic Control even 
with flight ID tags on the traffic. There were typically 4 to 5 targets on the display at the time. 
Plan-view traffic displays are apparently not intuitive to the pilot, and recognition of specific targets 
is not a simple task. Training the pilot to use the new displays properly takes considerable time. 
During the simulation tests pilot variations were always a significant factor in the results. 
Operational evaluation of pilot performance will be essential. Successful use ofTCAS will require 
consistent performance by the below average pilot whereas the simulation studies have traditionally 
attracted the above average, highly motivated pilots. 
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PREVIOUS STUDIES· In-Trail Following via CDTI 
Operational Cockpit Simulator Research - NASA Langley 

• Current minimum level TCAS display not evaluated 

• Display used was electronic Nav display on Wx radar location 

• Track up wllh traftlc dlapla~ relallve lo ground teat urea 

• Tralllc update every 1 • 4 aec 

• Findings • Current TCAS display format 

• Dlatenca apaclng of limited uaelor ciHcandlng d-lerallng approach 

• Qua lndlcallng LHd cleGeleratlon and ground apaed more Important I han dll play aiD or aenaor 
accuracy 

• High tralllc update rate Important 

• Findings • Minimum TCAS enhancements 

• Slmpleal requirement • dlaplay relallve veloc:lly lor Improved apaclng 

• Uae Conetant nme Delay ·lie TCAS to Navlgallon wllh atored hlalory 

PREVIOUS RESEARCH • NASA Langley (CONr) 

• Findings • Ultimate Use of TCAS Information 

• Come• cloaeal to Langley reaearch ellorla 

• Require• exlenalve dlaplay enhancemenla 

• Planvlew wllh map and ground reference 

• Ac:celerallonld-lerallon required w•h Leed hlalory trail 

• Spacing guidance on primary dlaplaya and lllghl director 

• HUD lor llnal approach apaclng and wake vortax avoidance 

• Concluded lhal with ATC aulomallon aida and HUD, TCASoderlved approach apaeda can reduce 
lnlerarrlval error lo very amall valua 

• Findings • General 

• Even wllh l.d. laga, pllola hed trouble llndlng ATC d .. lgnaled largela 

• Oparallonalevaluallon ol pilot parlormance •-nllal; during almulallona, pllol varlallon alway• • 
algnlllcanl factor 

• Succeaelul uae ol TCAS de panda on conalatanl parlormance by below avera,;• pllol. Simulation 
aludlea uaually have above average, highly mollvaled pllola. 
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CDTI Cockpit Simulation Studies • MIT • 1970-1977 [17] 

A sequence of research projects was undenaken by M.I.T. during the 1970-1977 period to 
evaluate the potential usefulness of an integrated display of traffic, map, and weather information 
in an aircraft cockpit and to ascertain the effects that the availability of such information would have 
on air traffic control procedures and performances. Real-time simulation tests involving a total of 
about 100 professional pilots indicated that the airborne traffic situation display (A TSD) would be a 
valuable aid in conflict detection and resolution, conforming to airspace structures, precise spacing 
in trail, merging, sequencing, monitoring runway occupancy, executing backup procedures after 
an ATC failure, monitoring the adjacent approach when two closely-spaced parallel runways are 
operating independently, and taxiing on the airport surface in reduced visibility. A simulation 
study of a terminal area metering and spacing system in which computer-generated commands 
were transmitted directly to the pilots showed that the introduction of the A TSD eliminated all 
violations of spacing minimums and cut the dispersion of arrival times at the runway threshold in 
half. When the A TC-generated metering and spacing schedule was made available to the pilots and 
their flight instruments were modified to assist them in executing a 4D RNA V approach 
corresponding to the schedule, the dispersion of arrival time errors at the runway threshold was 
reduced to less than three seconds. 

An alternative A TC system configuration based upon a greater degree of pilot participation in the 
ATC process (distributed management) was suggested for the post-1985 period. In this concept, 
the key element was a modularly expandable avionics device that can provide navigation, collision 
avoidance, and communication functions, the full ATSD capability being its most sophisticated 
embodiment. A cost-benefit analysis indicated significant advantages for the proposed system in 
terms of greater capacities (reduced delays), greater safety, improved aircraft operational 
efficiency, and reduced ATC capital and operating costs. The work did not consider dynamic 
traffic response (Only one piloted simulator was used.) or controller interaction (No professional 
controllers were involved.). 

PREVIOUS STUDIES ·In-Trail Following via CDTI 
Operational Cockpit Simulator Research - MIT FTL 

• Reaearch ProJects Evaluated Usefulness of Integrated Display of TraHic, 
Map, and Weather Information In Cockpit. 

• ProJects Ascertained EHecta of Such Information on Air Traffic Control 
Procedures and Performance. 

• Real-time Simulation Testa Involved About100 Professional Pilots 
Using Airborne Traffic Situation Display (ATSD) 

• Tests Indicated that ATSD Valuable Aid In Conflict Detection and 
Resolution, Conforming to Airspace Structures, Preclae Spacing In 
Trail, Merging, Sequencing, Monitoring Runway Occupancy, Executing 
Backup Procedures to ATC Failure, Monitoring AdJacent Parallel 
Approach, and Airport Surface Taxiing In Reduced VIsibility. 

• Introduction of ATSD Eliminated All VIolations of Spacing Minimums 
and Cut Runway Arrival Time Dispersions In Half. 
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CDTI Research Emphasizing Human Factors - NASA Ames 

Several experiments were run at NASA Ames Research Center over a five-year period focusing on 
developing a knowledge base concerning the content and use of cockpit traffic displays. Elements 
of this interface that were emphasized were those that enhanced the understanding of the human 
factors involved [18,19]. 

The following objectives were addressed in this series of studie:i: 

1. Measurement of pilot opinion concerning the information c:ontent and format of the CDTI 
display. 

2. Determination of the pilot's performance via display interpretation while conducting particular 
CDTI application functions - mainly in-trail following tasks. 

3. Measurement of the system efficiency gains (runway throughput) when the cockpit traffic 
displays are available and used for in-trail spacing; 

4. Evaluation of pilot situation awareness of adjacent traffic ~ia the CDTI 

Two of the important findings of this work were: 

1. The aircraft spacing behind a given Lead aircraft became excessive in the fmal stages of 
approach using the CDTI. This was because the pilot's attention shifted from following the 
Lead aircraft via the CDTI to setting up and landing his Own aircraft. 

2. The flight crew workload during in-trail following tasks \\as significantly higher than when 
there was no in-trail following task. 

PREVIOUS STUDIES -Traffic Display Flesearch 
Cockpit Simulator (Human Factors) - NASA Ames 

Content and Use of TrsHic Displays 

• Measured Pilot Opinion of Information Content and Form<lt 

• Determined Pilot Performance In Display Interpretation 

• Measured System EHiclency (Runway Throughput) with ~:OC:kplt 
TraHic Displays 

• Evaluated Pilot Situation Awareness of Traffic 

• Found Aircraft Spacing from Lead Became Excessive In Final Stages 
of Approach Using CDTI for In· Trail Following 

• Found that ln·trall Following Workload was Significantly Higher than 
for no Following Task 
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Summary of Relevant Research, Development and Testing 

Display of traffic information was found to be a valuable aid in conflict detection and resolution, 
airspace conformance, merging, sequencing and parallel runway approach monitoring. It has been 
demonstrated that a properly designed cockpit display of traffic information will permit flight crews 
to assist air traffic controllers in tightening the spacing tolerances between adjacent aircraft to 
increase airspace capacity and reduce delays. With proper displays and onboard navigation it is 
possible to have adjacent aircraft landings spaced in time to a precision of about 5 sec one sigma. 
The TCAS II system which has been developed as a backup to the primary Air Traffic Control 
system can provide the necessary surveillance in most cases provided that aircraft are equipped 
with diversity antennas. 

The Phase II effort does not have to prove the utility of traffic information in the cockpit. That has 
already been demonstrated. Phase II should focus on improving the display of TCAS surveillance 
data to the pilot, developing the operational procedures for both pilots and controllers, modifying 
the separation standards, and flight tests. Other items of relevance include: 

1. The TCAS traffic display will need modification to expand the traffic volume and to provide 
suitable information for in-trail spacing. The display will have to show appropriate range 
marks and range rate information in order that the pilot can perform the task. 

2. Pilots will not use the spacing information inside the outer marker unless it is in their primary 
scan. There will be an increase in pilot workload, but it is considered acceptable. 

3. Target identity will have to be established operationally as TCAS does not provide aircraft 
identity. Previous research has always assumed identity was available. 

4. The normal resolution advisory logic will give false alarms during closely spaced approaches. 
New resolution logic will need to be developed if the TCAS is to provide threat protection 
against blunders during parallel approaches. This requirement could be waived in favor of 
the gound-based parallel runway monitor. TCAS II bearing accuracy of 8 deg one sigma 
limits the resolution of approach blunders to climb maneuvers only. 

5. The TCAS traffic alert improves daylight visual acquisition by a factor of nine over unalerted 
search. 
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IV. CURRENT TCAS II DESIGN ADEQUACY 

An important task of the Phase I effort was to critique the current TCAS II design to see if it is 
adequate for the CDTI applications presented in Section IT. The Technical Team (a) addressed the 
Section IT questions that had been posed concerning safety, swveillance and tracking, display 
generation, and human factors, and (b) conducted the review o:f relevant TCAS and CDTI research 
and development summarized in Section ill. In addition, the te:am conducted the following 
activities: 

1. The TCAS II MOPS specifications, TCAS Limited Installation Program (LIP) results, 
Parallel Runway Monitor (PRM), Terminal ATC Automation (TATCA) ghosting concepts, 
and other related projects and reports were reviewed. 

2. Visits were made to Rockwell Collins, and Bendix-King to review the TCAS IT designs. At 
Bendix, team members observed operation of the TCAS U display in the Bendix aircraft 
during flight. This gave the team an assessment of the quality of the TCAS display of other 
aircraft and the utility of using the display for improving visual acquisition, departure 
separation, and in-trail following - three of the proposed 1:::J)T1 applications. 

3. Team members rode on the FAA B-727 aircraft during an FAA Technical Center test and 
demonstration of the Bendix PRM system at Raleigh-Dw·ham airport. A hybrid TCAS IT 
system, consisting of a Honeywell antenna system and a Bendix display, was in this aircraft. 
A Convair 580 flew as the Other aircraft on the right parallel runway approach to the airport; 
the B-727 flew the left runway approach. The C-580 made intentional blunders during each 
parallel approach to test the PRM system and to obtain qualitative reactions from controllers 
and pilots participating in the tests. The team members were able to monitor the relative 
position of the C-580 out of the B-727 window as well a~; to watch the associated TCAS 
symbology on the on-board display. This gave the team a first hand assessment of the utility 
of TCAS for providing the CDTI function for independent parallel approaches. In addition, 
nuisance and missed TCAS alarms were both observed on several of these flights. 

4. A simplifed relative position and velocity estimation error analysis was conducted by 
assuming that TCAS range and bearing measurement processing uses an alpha-beta tracker 
formulation to produce estimates of the target (that is, the Other or Lead aircraft) Cartesian X­
Y coordinates and their derivatives. The associated position and velocity errors were derived 
as functions of assumed range and bearing measurement errors. This analysis is outlined in 
Appendix A, and is summarized later in this section. 

5. Considerable discussion and, in some cases, debate was conducted among the team members 
as to what the engineering needs were for realizing the Q)TI applications. This was based 
upon the review summarized in Section ill, the four previous steps, and the considerable 
experience of the team members on various aspects of the: CDTI concepts. 

Based on these steps, technical judgements were made on the appropriateness of each of the 
suggested CDTI applications and the adequacy of the current TCAS II design to fulfill the CDTI 
traffic sensor role for each application. Each application is discussed in turn, relative to this 
assessment. 

Improve Visual Acquisition 

This passive CDTI application seems to be a straightforward one that will not require any 
modifications to the present TCAS design. During the LIP program, pilots reported that the TCAS 
aided them in sighting other aircraft. The most benefit will be gained from this application during 
marginal VFR conditions when other aircraft are hard to see and may disappear in haze or clouds 
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from time to time. The TCAS serving as a traffic display will allow the flight crew to sight and to 
monitor the position of adjacent aircraft for more of the flight time allowing VFR rules to be in 
effect over these additional time periods. Thus, this application can improve both the safety of 
flight and the airspace capacity, because flight under visual flight rules is inherently more efficient 
than under instrument rules. 

It is recommended that data be taken during the TCAS Transition Program (TIP) to verify that 
visual acquisition is improved by using the TCAS and that during marginal VFR conditions, these 
rules may be maintained longer if the aircraft are TCAS equipped. The operational procedures 
existing between controller and flight crew under marginal VFR conditions should be reviewed to 
see if TCAS presence has any impact 
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CURRENT TCAS II DESIGN ADEQUACY 

Decision Process 

• TCAS MOPS, LIP Program results, and previous TCAS and CDTI research 
reports reviewed 

• Visits made to Collins and Bendix to review TCAS II desl~1ns. Operation of 
TCAS display reviewed In Bendix aircraft flight demonstration. 

• FAATC flight test of PAM at Raleigh-Durham observed In B727 aircraft 
with operating TCAS 

• Display observations during departure, final approach, and parallel 
apP.roach scenarios provided first hand assessment of display quality and 
ability to support proposed CDTI applications 

• Display error analyses conducted to examine effect of potential bearing 
error on departure and final approach spacing and parallel/converging 
approaches. 

• Judgments made as to appropriateness of application based on limited 
data; unanswered technical and operational issues require further work 
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Departure Separation Reduction 

Based upon observing the relatively stable nature of the Other aircraft symbology on the TCAS 
screen and the clarity which the pilot can discern his Own position relative to another aircraft that is 
departing before Own, it was the Team concensus that the current TCAS system is capable of 
supporting departure separation reduction during IMC. The range and bearing accuracies of the 
TCAS surveillance system support observing 2 - 2.5 nmi separations and 15° departure course 
divergences. Also, the relative kinematics that are existing during consecutive departures favor this 
application. The Lead aircraft is accelerating and pulling away from Own during most of the 
departure sequence. The TCAS-CDTI display gives Own pilot the assurance that the separation is 
adequate, much like what he observes visually during VMC operations. 

While this CDTI application looks favorable with the current TCAS, there are some caveats that 
must be made to this general conclusion and certain operation details that must be addressed. 
These are: 

1. During departure, the Lead aircraft must be continuously visible on the CDTI display. This 
probably requires that the Lead aircraft also be TCAS equipped with diversity ( dual above 
and below) antennae so that surveillance is not lost as the Lead rotates and shields the 
underside antenna. 

2. Multipath anomolies will occur at many airports and in the presence of heavy aircraft ground 
traffic. It must be determined to what extent the presence of multipath adversely affects this 
application. Certain airports, runways, or traffic conditions may produce multipath problems 
such that this application can not be locally used. For these cases, procedures must be 
devised that allow use of departure separation reduction via CDTI only as is safe and as 
observing the Lead aircraft is unambiguous under the local conditions. 

3. A means of identifying which aircraft is the Lead in a multiple aircraft environment (such as 
during dual departures) must be established. Several means exist including (a) logical 
deduction by Own's crew based upon the observed altitude time history and relative position 
of the candidate Lead, (b) providing an identity tag for the Lead on the display, or (c) 
marking the Lead aircraft with a separate color or symbol on the display. 

4. Procedures need to be developed for both the flight crew and the departure controllers for 
this CDTI application. These procedures need to take into account that the commercial 
transport fleet will be only partially TCAS equipped for some time. 

5. The increase in flight crew and controller workload that this application will cause during the 
departure period needs to be examined. It must be established that the increased runway 
capacity that reduced departure separation produces is well worth the extra work involved, 
and that this workload increase does not compromise flight safety. 

. 
The questions of whether this application would require that the display have adjustable range rings 
and relative velocity computation and display were addressed. These two enhancements are 
required for the last three applications, but it was the team consensus that they would not be 
required for departure separation. It was the team's belief that the fixed range rings set at 2.0 or 
3.0 nmi will be adequate display information for judging the magnitude and monitoring the 
departure separation. Also, because Own aircraft's crew will not be attempting to close and 
maintain a certain separtion distance, relative velocity information will not be needed. 
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CURRENT TCAS II DESIGN ADEQUACY 

Departure Separation Reduction 

• TCAS II capable of supporting departure separation reduction. 

• Range and -ring accuraci• aupport ob .. rving 2 • 2.5 nmi .. parationa and15 dag courae 
divergence 

• Relative kinematica favorable; Lead Ia accelerating and pulling a-y 

• However 

Lead aircraft aurveillance muat be continuoualy available 

Multipath anomoliea will occur and muat be dell with procedurally 

ATC clearance procadur .. need to be eatabllahed 

Poaitlva ldantilicatlon of Lead aircraft In multiple aircraft environment n1uat be eatabiiahed 

• Cockpit procadurea muat be eatabliahad 

• Pilot workload and human factora n- to be atudied 
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In-Trail Following 

The current TCAS surveillance system and display has the potential of supporting in-trail spacing 
reduction and station-keeping in IMC. However, this flight procedure can only be applied during 
straight, constant speed portions of the nominal approach flight profile. By using the TCAS 
constant range rings to implement a Constant Distance separtion criteria, large spacing errors 
during constant speed portions can be removed. There are many runway approaches where long 
fmal approach legs have large portions using 170 kt speeds (e.g., SFO Rwy 28L and R, BOS 
Rwy 4L and R). It is during these legs that the flight crew could use this application to assist the 
controller in lowering the inter-aircraft arrival error and thereby increasing the runway throughput. 

To realize this potential benefit, the TCAS-CDTI display will require enhancement The minimum 
separations required between consecutive aircraft prior to reaching the Final Approach Fix must be 
set based upon (a) the minimum final separations that are allowed and desirable (aircraft type and 
runway dependent) prior to landing, (b) the nominal speed used for the segment of flight being 
considered, and (c) the prevailing winds. Because the aircraft approach speed is decreased by 
controller advisories in a stepwise fashion, the allowable separations also decrease in this same 
manner. Thus, flight crews using the CDTI to close to some specified distance need to be able to 
set this distance on their display. This requires having adjustable range rings, a special range 
marker, or range spacing interval ("tick") marks on the display. Also, based upon the results of in­
trail following experiments conducted at NASA Langley Research Center, to provide for the pilot 
to successfully close the spacing gap, it will be necessary for the CDTI to have some type of 
relative range rate indication to give a visual measure of instantaneous closing rate. Adjustable 
range rings and relative range rate display are not currently part of any TCAS mechanization. 
However, the information is available within the current software, so these requirements will be 
relatively straightforward to realize. 

As discussed previously in Section ill, the Constant Distance separation criterion is limited in 
application because it causes each consecutive aircraft in an approaching string to decelerate earlier 
in range-to-go to touchdown. This would produce an overall slowdown to approach which could 
result in unacceptable fuel penalties and operational problems. To mechanize an alternate 
separation criterion (either Constant Time Delay or Acceleration Cue criterion) that will allow tight 
control during both constant speed and deceleration portions of final approach will require more 
sophisticated time-based displays and flight guidance using primary flight display mechanization. 

Additional issues that need to be addressed for this application include: 

1. Depending upon the prevailing conditions, the desired minimum spacing for a given phase of 
the approach path will vary. A method must be devised to allow the controller to compute 
this spacing and communicate it to the CDTI-equipped aircraft flight crew. 

2. In addition to setting the spacing desired, the procedures used by the flight crew and the 
approach controller when in-trail spacing is in effect, must be established. This application 
implies that the flight crew accepts in-trail separation responsibility, and the controller 
monitors this separation, much like during visual flight rules. The procedure for transition of 
the responsibility back to the controller during waveoff because of missed approach, runway 
obstacles, etc. must also be established. 

3. Also, as terminal ATC automation aids come on-line to provide controllers with the means to 
tighten the in-trail separation from the ground, there must be a coordination with the airborne 
CDTI capability. It is not known at this point, whether airborne in-trail spacing control and 
ground-based automation aids to tighten fmal approach spacing will be complementary or 
redundant. 
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4. There will be additional mechanization cost to provide the CDTI display enhancements to 
realize in-trail separation control capability. Also, there will be increased workload required 
on the part of the flight crew to control spacing via CDTI. Workload impact on the 
controllers may decrease, but this is not a certainty. Thest: cost impacts have to be weighed 
against the potential increase in runway throughput that in--trail spacing control via CDTI may 
provide. 

5. Special flight crew and controller training may be required to enable successful use of this 
CDTI application. If so, then there must also be a procedural way to detennine, on the part 
of the controller, if the approaching flight crews are qualified to use on-board in-trail 
following procedures. 

CURRENT TCAS II DESIGN ADEQUACY 

In· Trail Following 

• Current TCAS surveillance has the potential for supportin,iiiMC In-trail 
spacing reduction during straight and relatively constant speed flight 
phases Including along final approach. 

• Minimum display requirements are range spacing lnterv1,1 marks, 
adjustable range marker, and relative velocity Indication of Lead aircraft; 
these requirements are not avalable In all TCAS systems. 

• In-trail spacing during decelerating final approach will require more 
sophisticated time-based spacing guidance provided on JUimary flight 
displays. 

• Additional Issues 

• Dlaplay of apactng requlramenta to aupport -lc decele,.llng dneendlng approach M8d to be 
eatebUahed 

• Ground/air coordination Including weWOII proc:eduru M8d to be re•arct ad to ...... how to 
clo• apaclng gap and to r•open In ca• of mlaaad approach 

• Tile tr-11• bel-n lncreaaad runway capacity, controllerlfllgllt crew wurkload, and coat wllh 
lncrea- TCAS aurvelllence and dlaplay aoplllallcallon need to be made 
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Parallel and Converging Approaches - Dependent Case 

For the dependent approaches, the controller's objective is the same for both parallel and 
converging runways. That is, a certain minimum range must be maintained between aircraft on 
the two approaches. This slant range, referred to as stagger, must currently be held to at least 2.0 
nmi. for parallel approaches. For converging approaches, the distance between Own and the 
projection of the Other aircraft onto Own's approach must be held to at least 2.0 nmi. It is the 
controller's job to position the alternate aircraft so that their stagger ranges are as close as possible 
to this desired separation. Again, tightness in control of this separation increases runway capacity. 
Research is underway to determine if this minimum distance can be lowered and if the minimum 
separation between parallel runways in IMC can be reduced from the current minimum 2500 ft. 

CDTI can potentially be used to allow the flight crew to assist the approach controllers in lowering 
the spacing errors that exist today in achieving the desired stagger ranges. In this sense, the CDTI 
provides a means for increasing runway capacity. In addition, by using the CDTI to detect 
blunders on the part of the Other aircraft, safety of flight is increased. 

For the CDTI to be used to reduce and control stagger range or Own aircraft -Other aircraft 
projection range, the same issues as in-trail following just discussed apply. Additional issues that 
must be addressed include: 

1. For maintaining in-trail and lateral separations for various parallel and converging 
geometries, the effect of the TCAS surveillance and tracking errors must be re-assessed. 

2. Surveillance reliability must be established. Several times during the team's observation of 
the Raleigh-Durham parallel approaches, the TCAS image of the Other aircraft dropped off 
the screen. The Other aircraft was not TCAS equipped so it did not have a top antenna; when 
the Other aircraft turned toward Own's path, the lower antenna was shielded. This may 
imply that for this application, both aircraft involved must be equipped with diversity 
antennae. 

3. The CDTI display requirements to allow dependent approaches in IMC need to be resolved. 
Questions of whether the Other aircraft's path needs to be computed, how the stagger 
distance should be shown, and how to project Other's position onto Own's path for the 
converging case will require investigation. 

4. The questions of flight crew-controller procedures, workload issues, and training 
requirements have to be addressed as with the other applications. 
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CURRENT TCAS II DESIGN ADEQUACY 

Parallel and Converging Approaches 
Dependent Case 

1 fl 
D 

__ ...~-J ---- j<(--
.... L.___L __ .,. 

• Potential payoff is possible In reducing lateral (D) and lon!~iludinal (L) 
separations 

• To reduce longitudinal separation, same Issues as in-trail following must 
be addressed 

• Additional issues: 

• Safe minimum D and L combinations for the current TC~S II 
surveillance accuracy need to be established 

• Surveillance reliability needs Investigation 

• Flight crew and controller procedures and display requirements need to 
be resolved 
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Parallel and Converging Approaches - Independent Case 

The CDTI could be used for two different functions for parallel independent approaches: (a) to 
provide the mechanism to control in-trail spacing so that side-by-side flight is maintained (that is, 
to drive the longitudinal spacing L to zero); and (b) to provide lateral protection against a blunder 
on the part of the Other aircraft. 

The first function -longitudinal spacing control- uses the CDTI to increase runway capacity. 
Maintaining side-by-side operation decreases the amount of spacing that must be allowed for 
departing aircraft on crossing runways. To reduce longitudinal separation, the same issues as in­
trail following need to be addressed. Some guidance generation will be required to allow 
maintaining the desired spacing when the Other aircraft is decelerating. 

For the second function - lateral blunder protection - the current TCAS threat logic is not designed 
to support lateral separation for side-by-side operation as is ideal for independent parallel 
approaches. Thus, as a minimum, this logic would need to be modified to include an independent 
parallel approach mode. Other issues include: 

1. For providing an airborne alternative to the Parallel Runway Monitor (if this is desirable), a 
significant amount of research will be required. This includes conducting mathematical and 
simulation analyses of the relative dynamics of aircraft flying abreast with one aircraft 
blundering into the path of the other. Factors needed are the effects of flight crew reaction 
times, TCAS surveillance and tracking errors, and the consequential false and missed alarm 
probabilities. 

2. The display requirements may include depicting the nominal ground tracks of both aircraft in 
addition to some type of "no transgression zone" between them. 

3. The threat logic must be expanded to include provision for converging approaches and the 
relative dynamics involved. 

4. Flight crew and controller procedures, workload assessment, and establishing training 
requirements will be required for this application as with the others. 

5. Finally, to realize this application, will require increased costs for the CDTI system as well as 
additional controller and flight crew training. These have to be balanced against the potential 
benefits of increased runway throughput or the alternative of using the PRM. 
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CURRENT TCAS II DESIGN ADEQUACY 

Parallel and Converging Approaches 
Independent Case 

• Required safety cannot be provided for side-by-side opemtions with the 
current TCAS II threat logic. COTI has the potential to reduce the 
separation gap (L) to abreast operation for throughput elflciency. 

• To close longitudinal separation, the same issues as In-trail following need 
to be addressed. 

• To reduce lateral separation, several additional Issues ne•td to be 
addressed: 

• -hemalical and aimulatlon anaty•a of relative dynamlca (inCluding hu~nan reaction lima 
allecta), aurveillance accunocy, and lalae alarm and miaaed alarm probllbilitiaa 

• Reviaion olthraat logic lor parallel or converging dynamlca 

• Modllicationa of diaplay format to ahow ground ralarance and Intended tr1 cka 

• Flight craw and controller proc:edurea, workload etudiea, and training req• iremanta 
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TCAS Traffic Sensor and Tracker Adequacy 

Previous research has shown that successful in-trail spacing requires the display of along-track 
relative velocity. The necessary accuracy is expected to be near five kt one sigma On landing 
approach, conflict resolution in the vertical plane will probably be limited to climb maneuvers only 
because of the potential for conflict with the Ground Proximity Warning System. In order to use 
horizontal resolution it is necessary to predict the horizontal miss distance which depends on the 
relative velocity of the threat The accuracy of the miss distance estimate and the horizontal 
resolution advisory depend on the velocity estimation accuracy. 

To begin to make this accuracy assessment, a simplified Other aircraft velocity estimation error 
analysis was conducted which is summarized here. More detail is found in Appendix A. 

The error sources that will affect the TCAS display output include 

1. The range and bearing measurement errors provided by the TCAS surveillance system; 

2. The absense of roll and pitch attitude compensation of Own aircraft in the filter 
mechanization. Ideally, the TCAS Cartesian computation frame is tied to a locally level 
inertial reference frame. Because the range and bearing measurements get transformed to 
Cartesian X-Y components, without compensation, these components will be in error if the 
aircraft is pitched or rolled away from a straight and level flight attitude. 

3. The filter mechanization used by TCAS is based upon the assumption that all aircraft being 
tracked and Own aircraft are flying straight, constant speed segments. Thus, any 
accelerations of Own or Other aircraft will produce tracking errors. 

In the following, only the effects of range and bearing errors are considered. 

The signal processing used by the TCAS is known as an alpha-beta filter. This is depicted by the 
block diagram and discrete state equations on the opposite page. The range and bearing values r 
and~ are subject to measurement errors or and o~ to produce the measurements rm and ~m· These 
measurements are transformed to Cartesian values xm and Ym· These transformed measurements 
are passed through the filter equations to produce estimates of position and velocity of the Other 
aircraft These estimates are designated by the "II." over the values. Y elocity components of x and 
yare designated by the dot"·" over the values. For the particular analysis discussed here, the fixed 
gains a and~ were set to 0.18 and 0.0091, respectively. It was assumed that measurements and 
estimate updates are made every time step ~ equal to 1.0 sec. 

The steady state error statistics of the estimated position and velocity components that are the 
outputs of the alpha-beta filter can be shown to be related to the input statistics by the expressions 
shown. That is, the standard deviation of the estimated position component x will be 0.34 times 
the size of the standard deviation of the measured position component xm's error. The standard 
deviation of the estimated velocity component in the x direction will be 0.016 times xm's error. 

These error characteristics can be transformed to determine how they would affect the position and 
velocity estimates for different positions of the Other aircraft In the second diagram, three 
different geometries are depicted for the CDTI being used for in-trail following, stagger control for 
dependent parallel approach, and side-by-side control for independent parallel approach. 

If the range error standard deviation is 200 ft and the bearing standard deviation is 8° (both 
conservative values), the resulting speed error components are as indicated below each sketch. 
The first line designated CJv gives the total speed error in kt. The next line is the speed error 
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Simplified Velocity Estimation Error j~nalysis 

• Enor Sourcee 
• Range and bearing meaaurement errora 
• OWn attitude 
• OWn ana lead acceleraliona 

• Simple Analyaia Model 

• Alpha-Beta Filler 

" "] + • ~~ 
n • 

• Ealimation Error (Typical) lor u: 0.18; II= 0.0091; ~ = 1 eec 

2 2 2 2 
P;l = (0.34 cr; ; (<J:) = (0.01& crJ 

Simplified Velocity Estimation Error Analysis 
(Cont') 

• Eaamplea 

r= 2.5 nml 

II= oaeg 

In-Trail 
Following 

Dependent 
Parallel 

r :0.5 nmi 

I 
II =90•teg 

I 
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For o, = 200 It ana "'I = 8 aeg, opeed component erron. are 

cry = 20.2 kt cry = 12.2 kt cry = 4.5 kt 

a, = 1.11 kl a· = 1.11 kt a· :1.9 II r r 
arf} = 20.1 kt a,~ = 12.1 kt a. :4.0 II 
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component along the range line (i.e., the range rate error). It is a constant 1.9 kt. The third line 
gives the cross range ermr which increases linearly proportional to range. It varies from 4.0 kt for 
0.5 nmi range (parallel side-by-side) to 20.1 kt for 2.5 nmi range (as for close in-trail following). 

From these calculations it appears that the existing TCAS II accuracy is adequate for in-trail 
spacing. However, the existing TCAS II bearing accuracy of 8 deg one sigma is inadequate to 
support horizontal resolution of approach blunders. 
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V. NEED FOR FURTHER VvORK 

This section summarizes the Technical Team's consensus position on work that remains to be 
accomplished in order that the five CDTI applications can be fully mechanized and made 
operational. First, general conclusions are made that apply to all applications and to the general 
task of developing future fleetwide cockpit traffic displays to enable flight crew aid in the traffic 
management process. This is followed by a summary of the ba~;ic technical requirements that must 
be addressed for each application. Then, the specific required features, or TCAS II enhancements 
that are needed for the applications are presented. Finally, some of the detailed requirements for 
further engineering development are summarized. 
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General Conclusions 

As stated before, the passive application of using the TCAS display for improving visual 
acquisition can be advanced by using the TIP data collection and analysis process to quantify the 
benefits and to modify, as required, any controller-flight crew procedures that are applicable during 
marginal VFR conditions when this application will provide the most payoff. 

All active CDTI applications require TCAS system enhancements to some degree. The departure 
clearance application requires the least amount of modification, although it may be necessary to 
provide for adjustable range rings and possibly a relative velocity indication. On the other end of 
the spectrum, providing for use of the TCAS-CDTI to enable independent parallel approaches, if 
this is warrented, will require major system analysis and design modification. In conclusion, these 
enhancements will require further technical analysis, design and testing of an enhanced TCAS 
system. 

This study was limited to considering to what extent the TCAS II design could be used for CDTI 
applications as it currently is designed or with modest enhancements. However, it is the strong 
opinion of the Technical Team members that in the long run, the TCAS function of collision 
avoidance should be isolated by design from the CDTI applications. This would be so that the 
elaborate filtering and threat logic certification that has already been completed for TCAS II would 
not have to be repeated because of logic changes to mechanize CDTI. 

The general desire to implement CDTI applications, both for the terminal area considered in this 
study and for other phases of flight, requires the future development of a new airborne "A TC 
module" rather than extension of the current TCAS. This module would have the following 
features: 

1. It would use direct input from the TCAS traffic sensor. It would also obtain input from the 
FMS or RNA V systems so that the display coordinate frame would be tied to the earth for 
map generation and other fixed symbology. It also would be tied directly to ATC computers 
via data link for future air-ground cooperative ATC developments. There may also be some 
advantage to have direct data link with adjacent aircraft 

2. The function of this module would be to supplement the primary TCAS function with 
parallel enhancements. That is, TCAS would continue to protect the aircraft from mid-air 
collision. CDTI would enable more efficient use of the airspace for capacity improvements. 

3. The output of the CDTI-ATC module would be on a primary map display, heads up display, 
or flight director. In other words, for tight spacing control, especially as the aircraft enters 
fmal approach, the CDTI information has to be in the pilot's primary field of view. 

4. The module would provide for direct dialog between airborne and ground A TC computers. 

CDTI applications should not be limited to the terminal area. Other flight phases (e.g., oceanic 
spacing) may have greater economic payoff. Thus, it is recommended that this study be expanded 
to consider these other applications. 
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NEED FOR FURTHER WORK 
General Conclusions 

1. All active COTI applications require TCAS system enhancements to some 
degree. 

2. The development of TCAS enhancements and establishment of active COTI 
application system requirements and benefits require furtt1er technical 
analysis and testing 

3. Paaalve application - Improve VIsual Acqulaltlon • can be ••dvanced with 
TTP date collection and analyala only. 

4. The general dealre to Implement COTI applications to lmp1·ove ATC 
efficiency requires development of a new airborne "ATC module". 

• UM Input from TCAS MniiOr, FMS, RNAV and data link 

• SUpplement TCAS threat logic with perallelenhancementa 

• OUtput to primary mep dlaplay, HUD, or flight dlrKtor 

• Interact with ground ATC 

5. COTI applications should not be limited to terminal area; other flight phases 
(e.g., oceanic spacing) may have greater payoff. 
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Basis Requirements • All Applications 

There are eight basic requirements that must be addressed for each of the active CDTI applications. 
These are: 

1. The impact on flight safety of using the TCAS for CDTI must be addressed. It must be 
positively established tl}at using the CDTI application to increase airspace capacity will not 
adversely affect the basic safety of flight. · 

2. Each of the CDTI applications is based on the assumption that the TCAS traffic sensor is a 
realiable surveillance system and that the position of the adjacent traffic is continuously 
available. The degree of surveillance reliability must be established, and the effect on flight 
safety and operational conduct if the traffic sensor is lost, even temporarily, must be 
considered. Operational procedures must be designed with this possibility in mind. Also, it 
must be shown that positive identification of the Other aircraft can always be readily 
established and maintained by glancing at the display. 

3. Operational testing of each CDTI application must be conducted to include the effects of site 
specific aspects. These include the possibility of increased multipath errors in cluttered 
airports and the effects of variations in local nominal approach patterns. 

4. Flight crew and controller procedures need to be developed for each application. The 
associated Airman's Information Manual and Air Traffic Controllers' Handbook must reflect 
these new procedures. These procedures must include provision for aircraft that are not 
TCAS equipped or that have different display capability. 

5. It must be established that flight crews and controllers understand and approve the reasons 
for implementing the CDTI applications and associated new procedures, that they accept 
these changes in terms of possible increased workload, and that the increased workload is 
acceptable in terms of flight crew performance. 

6. Given that implementing CDTI will increase airline equipment costs for the enhancements 
and additional training involved, and that CDTI applications will increase the flight crew 
workload, these costs must be compared to the potential capacity benefit gains to determine 
that the result is favorable and that further development work is warrented. 

7. Flight crew and controller training requirements must be established to allow specific use of 
each of the CDTI applications. 

8. Finally, the Federal Aviation Regulations must be modified to encompass the CDTI 
concepts. Flight standards and equipment certification processes will have to include 
provision for the CDTI. 
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NEED FOR FURTHER WORK (CONr) 

BASIC REQUIREMENTS· ALL APPLICATION::; 

• Safety Impact must be evaluated 

• Surveillance reliability and positive Identification must be ostabllshed 

• Operational testing must be conducted Including eHects o I site specific 
aspects such as Increased multlpath and variations In nornlnal approach 
patterns 

• Flight crew and controller procedures nHd to be developed 

• Flight crew and controller acceptance of procedures In ter1ns of Impact on 
safety and Increased workload must be established 

• Increased workload must be assessed with respect to antlo:lpated benefits 

• Crew and controller training requirements will be required 

• Regulations must be modified to encompass the appllcatlc•na 
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Necessary TCAS Enhancements 

The TCAS surveillance system volume of airspace coverage is limited depending upon the flight 
altitude of Own aircraft. This is to minimize display clutter from aircraft which do not present a 
potential threat and to prevent unwarrented alanns from adjacent aircraft in tight patterns near the 
airport. This surveillance volume will have to be adjusted to allow for mechanization of the active 
CDTI applications that are all to be mechanized within the close-in terminal airspace. 

Each of the applications considered here requires the flight crew to judge accurately the range to the 
Other aircraft. This requires that the range rings and range scale be made available on the TCAS 
display to facilitate this judgement. It is desirable that the range rings be adjustable so that they 
can be set exactly as required by the separations used for each application. 

Beyond these two general enhancements, each of the CDTI applications requires specific 
modifications to the current TCAS design. These requirements are summarized in the chart. 

A diversity antenna is required on the Other aircraft (i.e., Other must also be TCAS equipped) to 
prevent shielding and loss of signal during departure separation control and lateral separation 
monitoring for independent parallel approaches. 

Relative velocity indication is required, as a minimum, to allow closing in and maintaining a fixed 
separation with only range rings (Constant Distance criterion). This is defmitely required for in­
trail following, and for dependent and independent parallel runway approaches. There might be a 
need for this capability for departure separation control, although this will have to be established 
during the subsequent investigation. 

The converging runway application will require tracking of aircraft from a considerable distance. 
The increased range increases the Other aircraft position uncertainty because of the bearing 
measurement error. Thus, this application may need improved bearing measurement available with 
TCAS III. Likewise, to provide sufficient blunder protection for the independent parallel approach 
case, enhanced bearing accuracy may be required. 

To use the TCAS for spacing control for converging runway approaches will require that Own's 
crew can discern where the Other aircraft is relative to the Other's path and its projection on Own's 
path. This will require that the display include ground reference information available from the 
navigation system. Ground reference would also be useful for the independent parallel runway 
approach application. 

For pilot efficiency and workload reduction, it is best that the CDTI information be in his primary 
scan. If the in-trail following is to be extended to spacing control inside the Final Approach Fix or 
Outer Marker, placing the CDTI display in the primary scan is an absolute necessity. 

For the initial CDTI applications, the longitudinal separation control provided by using range rings 
and relative velocity will be relatively crude. That is, this capability will only allow removal of 
large spacing gaps during phases of constant speed flight. This separation criterion will not 
support spacing in the time domain which is necessary for tight control during the approach that 
includes periodic decelerations to new speeds by the Lead aircraft. For the independent parallel 
approach application, the objective will be for Own to close the gap so that Own is positioned 
parallel and abreast of the Other aircraft during the approach. This will require some additional 
along-track guidance information on the CDTI display. In addition, for spacing control inside the 
Outer Marker where there will be the conflicting objective of setting up and maintaining final 
approach and landing speeds, the pilot will need along-track guidance to resolve this conflict. 
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NEED FOR FURTHER WORK (CONr) 

TCAS Enhancements Necessary to Support the Active Applications 

• All applications require: 

• Adequate altitude volume 

• Range rlnga at dealred eeparallon plue range acale 

• Application specific requirements: 

Application 

Deperlure SefMirallon • • 
In-trail Following • 
Dependent Parallel Rwya • 
Independent Parallel Rwya • • • • • 
Converging Runwaya • • 41 

SfMiclnglnalde OM • • • 

If the TCAS-CDTI is to be extended to facilitate independent parallel approaches (that is, to serve 
as an airborne version of the PRM), then the collision avoidanc,: logic has to be modified to 
provide blunder protection. Also, if converging runway approaches are to be facilitated via CDTI, 
then it might be necessary to project the position of the Other aircraft onto the path of Own [20]. 
The TCAS logic then would be modified to interact somehow with these "ghost" projections. 
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NEED FOR FURTHER WORK (CONr) 

Research and Development Needed in Following Areas 

• System Specification and Test Program Development 

• Analysis and Fast Time Simulation 

• ATC/Cockpit Simulator Real-Time Simulation Studies 

• Part-Task Simulations 

• Human Factors Analysis and Human-computer Interface 

• Operational Feasibility Testing 

• Flight Test and Demonstration 

• Dedicated Flight Tests 

• TCAS Transition Program (TTP) Data Collection and Analysis 

Areas of Needed Research and Development 

Four areas of endeavor are required to realize the mechanization of the CDTI applications. These 
are: 

1. The CDTI system details must be specified, preliminary engineering design must be 
completed, and the test program plan must first be developed for each application. This 
initial activity would govern the course of the subsequent work. 

2. After the design is established, backup analysis would be required to investigate cost-benefit 
tradeoffs, the effects of system errors and accuracy requirements. Monte Carlo and other fast 
time simulation techniques may be used to obtain certain measures of design requirements. 

3. A large amount of the effort can be accomplished by use of cockpit simulation. This 
includes both part-task simulation to set the display characteristics, and full-mission 
simulation to develop procedures, measure workload effects, develop training requirements, 
and other human factors elements. The cockpit simulation phase would establish that the 
CDTI application is operationally feasible. 

4. The final phase is flight test and application demonstration. Dedicated flight tests would be 
planned to follow the simulation phase to check simulation results and to include aspects that 
cannot be fully included in a cockpit simulator. In addition, advantage would be taken of the 
on-going TIP flight program where specific data would be requested for analysis to suppon 
the CDTI concepts and their mechanization. 
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NEED FOR FURTHER WORK (CONT') 
Analysis and Fast Time Simulation 

• Error analysis 

• Establish effects of range, bearing and other errors on Ctther aircraft 
position and velocity uncertainty 

• Determine necessary TCAS sensor accuracy requirements to support 
different application geometries 

• Establish TCAS logic false and missed alarm rates for different 
approach scenarios 

• Algorithm development and testing 

• Simulate operation of new algorithms 

• Dataliltering 

• RA threat logic: lor independent parallel operation 

• Enhanced display generation logic: 

• Analysis of cockpit simulator and flight tracking data 

Analysis and Fast Time Simulation 

As discussed in Section IV and Appendix A, an extensive error analysis needs to be made to 
determine the effects of range and bearing measurement errors, lack of aircraft attitude 
compensation, aircraft acceleration effects and other errors on the accuracy of the displayed 
positions and estimated velocities of Other tracked aircraft This analysis would determine the 
necessary TCAS sensor accuracy that is required to support the different application flight 
geometries. Also, as a result of this study, the error statistics involving false and missed alann 
rates of modified TCAS threat logic would be recomputed. These would have to be judged in 
terms of the minimum requirements for satisfying basic airborne safety needs. 

Another aspect of the analysis would be to design, debug, and ~:imulate the operation of the new 
algorithms that are required to enhance the TCAS display. This would include provision for such 
items as computing relative velocity, Own and Other positions with respect to a moving map 
display, provision for guidance commands, and ghost projections. New data filtering may be 
required. A new Resolution Advisory (RA) concept would ha~e to be developed for the blunder 
protection aspect of parallel independent approaches. Enhanced display generation logic would 
also have to be checked. 

Another analytical task would be the processing of both cockpil simulator and flight test data. This 
would include evaluation of the actual aircraft trajectories compared to those computed by the 
TCAS-CDTI system 
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NEED FOR FURTHER WORK (CONT') 
Cockpit Simulation Studies 

• Develop display concepts and procedures in part-task workstation 
simulation 

• Real-time aircrall motion and dlaplay update 

• Linearized aircrall dynamice with Joyatick control 

• Simplified TCAS simulation 

• Highly modiliable display 

• Limited ATC interaction 

• Provides candidate displaya and procedures lor cockpit simulation 

• Test full scenarios in piloted cockpit simulation 

• Full aircrall dynamica and realistic controla 

• High liclelily TCAS aimulatlon 

• Live ATC interaction (pre-recorcled trallicl 

• Provides diaplaya and procedures lor lull system teata 

• Analyze human factors in full system simulation 

• Full workload cockpit 

• ATC aimulation (live paeudo-aircralt reaponM) 

• Providea linal validation prior to llighttasting 

Cockpit Simulation Studies 

The display concepts and operating procedures can be developed in a part-task workstation type of 
cockpit simulation. This simulation would include real-time aircraft motion effects on the display 
and regular display updates. The aircraft motion would be based on linearized aircraft dynamics 
with joystick control. The TCAS simulation would be simplified so that it would facilitate ease of 
modifying different display features. The involvement of the air traffic controller in using this 
simulation would be minimal, and would only be necessary to check out the procedural flow. 

The next step would be to go to a full scenario piloted cockpit simulation. This would include full 
aircraft dynamics and realistic controls. Here, a high fidelity TCAS simulation would be required 
for test purposes. Live A TC interaction would be required. The objective of this simulation would 
be to fine tune the displays and operating procedures in more realistic conditions. This would 
prepare the system for the subsequent full workload tests. 

The final phase of cockpit simulation would be conducted in a full workload, {ull mission cockpit. 
The simulation would require full ATC simulation for high fidelity flight crew-controller interface 
study. This simulation would be used to investigate all human factors issues regarding use of the 
CDTI. It would also provide the final system validation prior to flight testing. 
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NEED FOR FURTHER WORK {CONT') 
Human Factors Analysis 

• Human factors analysis required for each con application (a) to ensure that 
pilots and controllers can perform the applications as desc:ribed, and (b) to 
establish required procedures for each application 

• In addition, the airspace capacity· flight efficiency gain and safety 
requirements must be analyzed for each application. 

• Each application should be tested in a full-mission environment 

• Testing should consist of comparison between current VFn use of outside 
visual information, current IFR operations, and proposed C:OTI procedures 

• Pilot and controller performance, workload, and system pltrformance 
should be measured. 

• Experimental trials should begin when pilot/controller learning of con 
procedures is no longer significant 

Human Factors Analysis 

Human factors analysis is required for each CDTI application to ensure that pilots and controllers 
can perform the necessary elements to realize the potential of th·~ application. For example, it must 
be established that average pilots can remove large in-trail spacing gaps in IMC by just using the 
range ring and relative velocity information from the CDTI. It must be determined when it is 
appropriate for the controller to request that the pilot use his CDTI to remove this spacing gap, and 
what monitoring is necessary on the part of the controller while the pilot conducts this maneuver. 
Part of this analysis would be to perfect the interactive procedw·es that are followed on part of 
controller and pilot throughout the application. 

As mentioned before, human factors study is required to measure increased flight crew workload 
when using the CDTI. Safety impact assessments would also be made from these studies. These 
would be weighed against the increase in airspace and runway capacity expected from the CDTI 
applications. 

Human factors analysis requires use of a full-mission environment. Testing would compare the 
performances obtained with current VFR use of outside visual information, current IFR operations 
conducted with advisories from A TC, and the new proposed CDTI procedures. Both pilot and 
controller performances and workload would be measured and assessed. 

It is important to note the the experimental trials should only begin after the pilot and controller test 
subjects have been given ample time to learn the CDTI procedures. 
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Phase !!.a 

NEED FOR FURTHER WORK (CONT') 
Flight Tests- Dedicated 

• Objective: Evaluate TCAS·CDTI applications In controlled flight 
environment. 

• Method: Determine operational variance using ground based "truth" 

• Airborne Data: TCAS II measurements of Other aircraft range, altitude, 
bearing 

• Ground Data: PAM recordings, ARTS sensor readings, precision tracker 

• Processing : Compare TCAS measurements with best state estimate from 
ground Information; establish statistical error model 

Phase ll,b 

• Objective: Demonstrate capabilities of TCAS-CDTI with display upgrades 

• Method: Integrate ground reference data and new symbology onto TCAS 
display 

• Airborne Equlppage: TCAS sensor, navigation and attitude Inputs, 
modified symbol generator 

• Ground data: PAM, ARTS, precision tracker 

• Processing: Compare TCAS and ground slate estimates; establish safety 
and gained capacity of applications using upgraded TCAS display 

Dedicated Flight Tests 

The flight tests dedicated for final evaluation and demonstration of the CDTI concepts would be 
structured into two phases. During the first phase, the objective would be to evaluate the TCAS­
CDTI having minimal enhancements in a controlled flight environment. The relative dynamics 
between Own and Other aircraft for each application would be detennined by comparing data taken 
from ground tracking systems (the "truth" model) and the TCAS systems on each aircraft. Ground 
tracking sources can include PRM facilities, normal ARTS tracking, and special precision tracking 
systems that can be brought to the facility. The data would be used to create a best estimate of both 
aircraft trajectories and to establish or verify the statistical error model for the TCAS-CDTI system. 

During the second phase of flight testing, the more substantial enhancements to the TCAS display 
for the more complex applications would be investigated. This would include use of airborne 
navigation and attitude inputs as well as the substantially modified display modifications. Again, 
ground tracking would be compared with the airborne state estimates. The expected gains in 
airspace capacity would be verified as a result of the design enhancements. Also, the ability of the 
modified system to provide adequate blunder protection for parallel independent approaches would 
be verified and demonstrated to both flight crews and controllers. 
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NEED FOR FURTHER WORK (CONT') 
Flight Tests - TCAS Transition Program (TTP) 

• Develop specific requirements to collect data and verify feasibility of five 
applications 

• Collect and analyze following qualitative data: 

1. Improve Visual Acquisition- flight crew ability to mainlaln visual 
contact In marginal VFR 

2. Departure Spacing 

• Displayed separations during VFR 

• Site-specific multlpath problema 

3. In-trail Following 

• Assessment of constant speed final approach phaau 

• Ability of pilot to close and maintain fixed spacing 

4. Parallel Approaches 

• Dependent • ability to close and maintain fixed stag"er 

• Independent • ability to close to aide-by-side approac:h 

• Evaluate CDTI appiicatlona with respect to collected TTP clata 

TCAS Transition Program 

In a sense, the TCAS Transition Program is a flight test period where data are being collected and 
analyzed to ensure that TCAS provides collision prevention, as expected. This test period offers a 
special opportunity to gain technical and operational insight into how well each of the suggested 
CDTI applications might work. Discussion was given earlier about how this program should be 
used to verify that visual acquisition could be improved via TCAS. 

The TTP period is already underway, so it is imperative that the first step of Phase II of the CDTI­
TCAS project be to affect the TfP project to obtain desired data. For the CDTI applications, the 
following data should be collected and analyzed from TTP fligh·:s: 

1. Improve visual acquisition. Demonstrate the flight crew's ability to acquire and maintain 
visual contact with Other aircraft in marginal VFR conditions. Show that this allows the 
VFR rules to be used for longer periods of flight time which should improve overall tenninal 
area capacity. 

2. Departure spacing. Use displayed separations during VFR conditions to demonstrate that the 
TCAS display could be used to decrease times between consecutive depanures during IMC. 
Investigate how site-specific multipath problems might affect this application. 

3. In-trail following. Investigate during VFR approaches how Own aircraft pilot can use the 
TCAS with constant range rings to remove large spacing gaps during periods of constant 
speed flight by the Lead aircraft. Investigate how well the pilot can close and maintain fixed 
spacings with fixed range rings and no relative velocity information. 

4. Parallel approaches. Under VFR conditions, investigate the pilot's ability to close and 
maintain a fixed stagger distance for dependent parallel approach geometries. For 
independent approach geometries, investigate the pilot's ability to close to a side-by-side 
approach condition. 
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VI. RECOMMENDATIONS 

Based upon the review of previous TCAS development and CDTI research, an assessment of the 
adequacy of the current TCAS design, and an evaluation of the technical effort that remains to 
allow full realization of the CDTI applications, the Technical Team makes the following 
recommendations for the Phase II effort. 

First, the general requirements that remain to be satisfied regarding TCAS II enhancements are 
summarized. Then, general recommendations are presented relative to the overall organization of a 
Phase II effort. This is followed by specific recommendations relative to the upcoming TCAS 
Transition Program and work to be done in areas of analysis and design, cockpit simulation, and 
flight test. This section concludes with a recommended Phase II schedule and budget. 
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Summary 

Eight basic requirements were previously explained in Section V. These apply to all CDTI 
applications, and Phase II must be organized to ensure that each of these requirements are met for 
any CDTI application that is being seriously considered for mechanization. These basic 
requirements are: 

1. Evaluate the application's impact on flight safety; 

2. Establish that the TCAS surveillance system provides display input that is acceptably realiable 
and that positive identification of the Other aircraft can always be made; 

3. Develop procedures for use of the CDTI when local anomalies such as multipath signal 
problems may be present; Consider variations in normal approach patterns; 

4. Develop the procedures to be followed by the flight crews and the approach and departure 
controllers for use of the CDTI capability; 

5. Establish the process whereby the flight crews and controllers understand and accept use of 
the CDTI procedures; 

6. Assess the implementation costs and increased flight crew workload relative to the 
anticipated increase in airspace capacity expected from using the CDTI; 

7. Develop training procedures for the flight crew and controller use of the CDTI; Establish 
minimum proficiency requirements to allow terminal area usage; and 

8. Modify FARs and other documentation to encompass the CDTI applications. 

With respect to the five suggested CDTI applications, certain enhancements will be necessary as 
are summarized in Section V. However, the current TCAS IT design is sufficient to allow use for 
the passive application of improving visual acquisition of Other aircraft. The Technical Team also 
believes that the current design is sufficient to support the departure separation application, 
although there may be improved performance with addition of adjustable range rings and a relative 
velocity indication. 

The in-trail spacing and dependent parallel approach applications will require the addition of 
adjustable range rings plus relative velocity computation and display. These are relatively simple 
display logic additions. However, with range ring only display of separation distances, these 
applications are limited to only allowing the removal of large spacing gaps during constant speed 
flight phases. 

To implement the independent parallel and converging runway approach CDTI applications will 
require the addition of a significantly greated amount of TCAS display enhancement. The 
requirements include adjustable range rings, relative velocity indication, enhanced bearing 
accuracy, modified CAS protection logic, and along-track guidance. For these applications, 
investigations of (a) more accurate in-trail following capability with different spacing criterion, and 
(b) the use of a new ATC module are warren ted. 
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SUMMARY 

CDTIIMPLEMENTATION REQUIREMENTS 

• Basic Requirements - All CDTI Applications 

• Evaluate aafety Impact 

• Eatebllah aurvelllance reliability and poaltlve Identification 

• Develop proceclu,. for oparlllona with multlpath anomallea and approach pa tem variation• 

• Develop flight crew and controller procedure• 

• Eatebllah flight crew/controller acceptance of procedure• 

• A ... aa lncreaaed workload relative to anllclpallld benellta 

Develop flight c..w and controller training proceaa 

• Modify Ngulatlona to encompaaathe CDTI appllcallona 

• TCAS Design Enhancement Requirements per Application 

• Vlaual Acqulalllon and Departure Sep.ratlon • Current TCAS cleelgn auHiclent 

• In-Trail Spacing and Dependent Parallel Approachea - Require lldtuatable rangt rlnga plua relative 
velocity; theae are almple cllaplay logic addlllona; llmlllld to removlnglarga 11paclnggapa 

• Independent Parallel and Converging Run-y Approachea- Requlrelldtuateblt range rlnga, relative 
velocity, enhanced bearing accuracy, modltled CAS protection logic, and along-track guidance. 
Include lnvelltlgallon of accurate In-trail following and airborne ATC module. 
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General Recommendations 

It is recommended that a Phase II effort be conducted to address the requirements to realize the 
potential of using TCAS IT for terminal CDTI applications. 

The FAA is currently supporting ground-based methods for enabling closely spaced independent 
parallel and dependent converging runway approaches [ 4, 20]. It is for this reason that the 
Technical Team recommends that Phase IT be focused on the following four applications: 

1. Improve visual acquisition; 

2. Decrease departure separation in IMC; 

3. Reduce in-trail spacing gaps during constant speed phases of approach; and 

4. Control stagger separation to the minimum requirement during dependent parallel approaches. 

However, the Technical Team recommends that other terminal area applications that have been 
investigated be continually pursued, even if only under limited funding. A limited set of 
complementary tasks should be planned and conducted to investigate: 

1. Control of relative parallel position and provide blunder protection during independent 
parallel approaches; 

2. Facilitate making converging approaches with appropriate relative spacing control during 
IMC; and 

3. Develop a preliminary design of the ATC module that provides growth potential for more 
complex applications of CDTI including direct airborne-ground computer communications. 
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GENERAL RECOMMENDATIONIS 

• Pursue a Phase II Effort to Address the Requirements to Flealize the 
Potential of Using TCAS II for Terminal CDTI Applicatlon:s 

• Focus on the Following Applications: 

• Improve Visual Acquisition 

• Departure Separation 

• In-Trail Spacing 

• Dependent Parallel Approaches 

• Conduct a Limited Complementary Set of Tasks to Exami11e: 

• Independent Parallel Approaches 

• Converging Approaches 

• Airborne ATC Module 
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Specific Recommendations 

It is specifically recommended that Phase IT be organized into four distinct types of activity with the 
accompanying tasks. These are: 

1. TCAS Transition Program. Immediate advantage should be taken of this on-going project. 
The first task would be to develop requirements for data to be collected during the TTP 
flights, to collect and process these data, and to analyzed the results to answer specific 
questions concerning the use of the TCAS IT system for CDTI applications. From this 
analysis, evaluate both the feasibility of using the TCAS IT sensor and display for CDTI 
applications and the resultant impact on the safety of flight. 

2. Analysis and Design. The first task should be to plan for the development of each CDTI 
application, including TCAS design enhancements, simulation, and flight tests. The error 
characteristics and elements of the system design need to be analyzed to determine the effects 
of estimated relative position and velocity error on the ability of the pilot to conduct the CTDI 
application. Error effects on basic conflict detection missed and false alarm rate need to be 
reassessed. The TCAS sensor accuracy requirements to support different approach and 
departure flight geometries need to be established. New ftltering, threat logic, display 
generation, and A TC module software needs to be designed and tested. 

3. Cockpit Simulation. The CDTI display concepts and operational procedures can first be 
designed and developed using a part-task (workstation) cockpit simulation. These display 
features and flight crew/controller interactions should then be tested in a piloted simulator 
with live ATC interaction. The final task would be to analyze the human factors aspects of 
the CDTI applications in a full mission cockpit simulator. Human factors aspects include 
investigation of safety aspects, procedures, crew workload, and training requirements. 

4. Dedicated Flight Test. The first task should be to verify the previous results obtained from 
the TTP analysis, other off-line analysis and design, and the cockpit simulation results. The 
fmal task would be to demonstrate via flight to pilots and controllers the feasibility and 
recommended procedures for using CDTI to improve terminal airspace capacity and runway 
throughput. 
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SPECIFIC RECOMMENDATIONS 
RELATIVE TO EACH CDTI APPLICJ~TION 

• TCAS Transition Program 

• Develop requlrerTWntalor, collect, and analy;ra qualitative data 

• Evalua• leaalblllty and aalety ol con appllcallonalrom TTP data 

• Analysis and Design 

• Determine error ellacta on poalllon and velocity uncertainty, mlaaed and I aiM nlarm ratea 

• Determine TCAS Mnaor accur~~ey requlrerTWn• to aupport different lllght geon•trlea 
• Dealgn and teat new llltarlng, threat logic, dlaplay generation, and ATC module concepta 

• Cockpit Simulation 

• Develop dlaplay concep• and procadurea In part--.k (wou•uon) almulellon 

• TMtlull-narloaln piloted almulator with Uve ATC ln•ractlon 

• Analyze hurNin tactoraln lull mlaalon cockpit alrnulator • aalaty, procedurea, •orkload, training 

Dedicated Flight Tests 

• Verily reaulla ol TTP, analyala, and cockpltalmulallon 

• Demonatrata to lllght crewalcontrolleta leaalblllty and recomrnen- proceduma Of COn 
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SPECIFIC RECOMMENDATIONS 
CDTI SCHEDULE AND BUDGET 

• Conduct a 33-month $2.0 million Phase II Engineering, Development, and 
Testing Phase in Parallel with TIP Program and TCAS Equipage Process 

Cost Period • months 

• TCAS Transitions Program • $ 58.6K 1- 12 

• Analysis & Design 

• Analysis of errors, flight scenarios, etc.· $105.8K 1 • 6 

• Design of new filters, threat logic, ATC module· $198.0K 7 ·12 

• Cockpit Simulation 

• Develop concepts via part-task simulation • $625.9K 1 ·12 

• Teat concepts & human factors via full 

work load simulation • $571.6K 6 ·18 

• Flight Testa 

• Verify TIP, analysis, and simulation results • $245.5K 16-24 

• Demonstrate feasibility and verify procedures • $84.9K 25-33 

• Establish System Description, Procedures, etc. • llZlMIS. 25-33 

$2,019.6K 

CDTI Schedule and Budget 

The accompaning chart summarizes the recommended schedule and budget for pursuing Phase II 
of the TCAS-CDTI project. Tasks shown are those summarized on the previous chart. 
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APPENDIX A 

SIMPLIFIED ANALYSIS OF RELATIVE POSITION AND VELOCITY 
ESTIMATES 

A brief and simple analysis is given below for the relative position and velocity estimation errors 
that can be expected from the TCAS sensor. The analysis is perfo:med with respect to three active 
CDTI application geometries. These are the in-trail-following, dependent parallel and independent 
parallel approach applications as shown in Fig. A.l. 

• Examples 

r = 2.5 nmi 

~= 0 deg 

A 
In-Trail 
Following 

I 
I 

A 

r = 1.5 nmi 

~= 19 deg 

Dependent 
Parallel 

r ::0.5 nmi 

~==90 deg 
I 
I 

A---o 
lndept~ndent 

Paranel 

Figure A.l. Example Geometry of Three CDTI Applications. 

In this analysis, only the TCAS/CDTI surveillance errors in range and bearing are considered. 
Figure A.2 shows a schematic flow-chart of the analysis model. This indicates that errors are 
added to the range and bearing terms to produce the measurement values. These values are 
transformed to Cartesian coordinates relative to the Own aircraft heading. These X-Y coordinates 
are processed using an alpha-beta tracker mechanization. Table A.l summarizes the mathematical 
model used in this analysis. 
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6r 6b 

X-Y r b __)V rm bm 
' ' Transformation /+ ap Filters / / 

"' Xm m 

Figure A.2. Schematic Flow Chart of Analysis Model 

Table A.2 shows the expected lower bounds on the position and velocity estimation accuracy. In 
reality, other factors need to be considered. 

As depicted in Fig. A.3, a more refined and complete analysis would include: 

• TCAS/CDTI surveillance error spectrum (i.e., TCAS II, ill or new specification); 

• TCAS/CDTI surveillance coverage reliability model; 

• Target Mode C altitude error, 

• Own attitude errors; 

• Relative dynamics and kinematics effects; 

• Pilot reaction time effects; 

• CDTI monitor logic; and 

• Resulting TCAS Operating Characteristics (Missed Alarm and False Alarm 
Probabilities) 
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TABLE A.l Mathematical Model of TCAS Surveillance and Tracking System 

Range and Bearing Measurements: 

= r + Br; 
= b + Bb; 

Transformation: 

Xm 

Ym 

where 

=rmCOSbm 

= rmsin bm 

<Jr =200ft 

<Jb = 5 deg. 

=X+ OX; 

= y +By; 

crx2 = cos2b cr~ + r2sin2b <Jb2, 
cry2 = sin2b crr2 + r2cos2b <Jb2. 

Alpha-Beta Filter Algorithm: 

X+ 
X 

Xn+l 

Xn+l 

where 

=Xn +~Xn· 
I 

=Xmn+l-X+; 

=x++ax; 

= Xn + ~x/~; 

~ =1sec 
a = 0.18, and 

~ = 0.0091. 

Prediction, 
Feed back error, 

Position update, 
Velocity update, 

Estimation Error Covariances: 

where 

= E(x- x)2 

= E(x- x)2 

Den = a(4-~-2a). 

= {2a2 + ~(2-3a)}crx2/Den 
= {2~2}crx2 I ~2 /Den, 
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& ~/------~ 

False Alarm ' 
Probabilities 

CDTI 
Monitor 
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CDTI 
Geometries 

1\ 1\ 
xy 
1\ 1\ xy 

Figure A.3. Elements to be Included in More Complete Error Analysis 
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TABLE A.2. Position and Velocity Estimation Lower Bounds for the Three 
CDTI Active Applications 

C DTI Application crx (ft) crx (ft) crx (ft I sec) 

cry (ft) crv (ft) cry (ft/ sec) 

(A) Intrail Following 200 98 10 
1310 645 66 

(B) Dependent Parallel 323 l59 16 
788 388 39 

(C) Independent Parallel 260 128 13 
200 98 10 
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