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Abstract: The Automated Airspace concept uses ground-based computers and a ground-to-air data link to provide
separation assurance and other selected air traffic services for properly equipped aircraft. The elimination of manual
separation monitoring and control of equipped aircraft allows sector capacity, which is currently limited by controller
workload, to be increased significantly. In this environment controllers can safely shift their attention to more strategic tasks
such as optimization of traffic flow. Controllers will manually control unequipped aircraft operating in Automated Airspace
sectors. An independent separation monitoring and conflict avoidance system provides a safety net againgt failures of the
primary ground based computer system as well as failures of certain on board systems and pilot errors. Techniques for
conflict detection and avoi dance designed to support this concept are described. Operational procedures and responsbilities

for controllers and pilots are outlined.

I ntroduction

This paper describes a new concept for air traffic
control, cdled Automated Airspace It has the potential for
significantly increasing bah terminal area and en route
capacity while a the same time enhancing safety and flight
efficiency. The key to the Automated Airspace oncept is a
new approach to separation asaurance that, unlike today's
system, does not depend entirdly on controllers for
maintaining safe separation. Instead,  ground-based
computers that issie deaances to the pilot via adata link
provide separation asaurance for properly equipped aircraft.
Alternatively, the ground-based computers can use the data
link to send trgjedories diredly into the Flight Management
Systems of suitably equipped aircraft. Pilots of the eguipped
aircraft and the ground based automation system are jointly
responsible for separation asarance Controllers in these
sedors will be responsible for such tasks as grategic control
of traffic flow, handling of exceptional traffic situations,
reroutes due to weather as well as manua separation
monitoring and control of unequipped aircraft. By relieving
the ontroller of the workload associated with tacticd
separation monitoring and control for a large proportion of
the traffic in his airspace, the @pacity constraints due to
workload limits can be relaxed, thereby permitting a much
larger number of aircraft to gperate in Automated Airspace
sedors.

The Automated Airspace @ncept requires new
components on the ground and in the cockpit as well as a
reliable two-way data link for exchanging information
between ground and airbarne systems. The primary ground-
based componentisan Automated Airspace Computer System
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(AACY) that generates efficient and conflict freetraffic control
advisories and asciated trajedories for all equipped aircraft
operating in an Automated Airspace sedor. Many of the
functions to be performed by the AACS have aready been
demonstrated in the Center-TRACON Automation System
(CTAS) [1-3]. For example, an advanced version of the
CTAS software generates conflict-free sequencing and
spacing advisories to help controllers manage arrivals and
departures. However, in this applicdion, the control
algorithmsin CTAS must be upgraded to make them suitable
for use as autonomous agents. The deaances and trajedories
generated by the upgraded agorithms must med additiona
safety criteria that qualify them to be sent to pilots or on
board systems via data link without first being validated by a
controller. With the operationa experience gained in long
term use of the CTAS advisories, combined with further
progressin control algorithms and air-ground data links, it
now appeas to ke tednically feasible to build a more
autonomous traffic control system that can be at least as sfe
astoday’ s manual system.

The most important technicd and gperational challenge
in designing the Automated Airspace system is providing a
safety net to ensure the safety of operations in the event of
failures of primary system components such as computers,
software and data link systems. It includes defining
procedures for reverting to safe, though less efficient, back-
up systems. In the design of this safety net, the controll er will
play an indispensable role by assiming separation asaurance
responsibility for any aircraft that has lost its link to the
ground-based system or has experienced other failures.
Another element of the safety net is the capability to display
the location, heading and speal of neaby traffic on a display
in the ackpit, referred to as cockpit display of traffic
information or CDTI [4]. CDTI will give the ackpit crew
situational awareness of surrounding traffic and thus enable



the pilot seledively to take responsibility for certain traffic
control functions under exceptional circumstances, for
example when components of the Automated Airspace
system fail. While CDTI will therefore contribute to the
safety net of the Automated Airspace @ncept, it is not
intended here be used routingly in high-density airspace as a
stand-al one cockpit-based traffic control tod.

Protedion against nea term loss of separation due to
falures of the AACS or falures of aircraft to corredly
exeaute dearances will be performed by a new ground based
system that operates independently of the AACS. This
system, caled Tactica Separation Asdssed Flight
Environment or TSAFE, independently monitors the
clearances and trajedories snt by the AACS to each
equipped aircraft. It aso monitors the separation of
unequipped aircraft that are being handled manuadly by
contrallers. If TSAFE predicts a loss of separation conflict
within 1-2 minutes from current time, it will send a onflict
avoidance deaancediredly to the equipped aircraft. TSAFE
will be built as a separate component that is insulated from
both hardware axd software failures of the Automated
Airspace Computer System. It also can be developed as a
contraller tod for current operations to give wntroll ers more
timely and acaurate warnings against loss of separation than
Conflict Alert provides.

On board system requirements for equipped aircraft will
include data links integrated with an ATC cleaance
read/send device a traffic display such as a CDTI and,
preferably, a Flight Management System. One of the data
links must have the bandwidth to accommodate the
transmisgon of automated cleaances from the ground while
a seoond data link will provide traffic information on nearby
aircraft. Although the doices of a data link technology and
the data transmisson protocols to med these requirements
are uncertain at this time, it is likely that Mode S, ADS-B
and VDL2 will beimportant candidates for this appli cation.

The automation of separation assurance removes everal
operational constraints that limit the cpacity and efficiency
of today’ s system. With the reduction of controll er workload
achieved in this environment, controllers can accept more
aircraft in their airspace Therefore, traditional sedors can be
combined into larger super-sedors without the risk of
overloading controllers. The fixed air route structure of
today’'s en route airspace ca be largely eiminated in the
super-sedors and replaced by a less ¢ructured and
dynamically flexible routing system that approaches the ideal
free flight environment users have long desired. The
implementation of Automated Airspace for landing
approaches at major hub airports will make it posshle to
optimize runway assgnments, landing sequences and
spacing control to a degree not posshle with dedsion
support tods such as those in CTAS, which are limited in
their potential by controller workload considerations. This
will result in significant increases in throughput and
reductions in delays even if separaion criteria remain
unchanged.

A recent study has estimated the potential capacity gains
of the Automated Airspace @ncept [5]. In this study two
adjacent en route sedors that are often capacity limited due
to controller workload were examined. Using current traffic
flows, route structures and separation criteria as a basis, the
study showed that traffic levels in the sedors could be
increased to more than twice arrent cagpacity without
creating an excessve number of new conflicts compared to
base line traffic levels. This demonstrated that controller
workload and not the availability of conflict freetrgjecories
currently sets the limit on traffic density and throughput in en
route sedors

The tednologies for implementing the Automated
Airspace oncept are available or could be developed in a
relatively short period. The major technical issues that
reseach must addressinvolve integration of air and ground
components and performing a systematic safety analysis. The
issue of equipage standards for aircraft must be resolved as
soon as posshle to give aircraft operators adequate lead time
to purchase and ingtall equipment needed for operation in
Automated Airspace Findly, since ontrallers will
experiencesignificant change in transitioning from current to
Automated Airspace operations, the human factors issies
asociated with the controller’s changed work environment
must be given careful attention. Although the antroller’s
workload will change from performing fewer tactical control
tasks in today’s system to more strategic tasks in Automated
Airspace the ontrall er’ sinterfaceto the system must still be
based on the human-centered design principles incorporated
in advanced dedsion support tods sich as CTAS.

More than a decade ago, in the late 1980s, the MITRE
Corporation, in cogperation with FAA, conducted the AERA
3 program that had oljedives broadly similar to those of the
Automated Airspace oncept [6]. Work on the program was
terminated around 199.. With the benefit of hindsight, it is
now apparent that the basic design knowledge as wdl as
several enabling technologies neaded for building AERA 3
did not exist or were sill under development in that time
period. For example, such essntial prerequisites for
designing automated air traffic control systems as trajedory
synthesis oftware, algorithms for dedsion support tods and
contraller interface design were immature. Furthermore, air-
ground data cmmunicaions technologies, esential for
integrating air and ground systems were also insufficiently
developed. However, recant advances in automation design
techniques and data link technologies, combined with a lack
of smpler dternatives for increasng cagoacity, have
improved the prosped for successin designing a system such
as proposed in this paper and having it deployed.

The paper begins with a description of the system
architedure for this concept and then concentrates on the
design of TSAFE with emphass on drategies and
methodologies for nea term conflict detedion and
resolution. The paper concludes with an outline of the
operational concept and a candidate design of the wntraller
interface



System Architecure

In this dion the system architedure of the Automated
Airgpace oncept and the functions performed by its major
elements are described. Figure 1 shows the major € ements of
the system and the information flow between elements. The
elements consist of the arcraft and its on-board systems, a
two-way data link between aircraft and ground systems, and
three ground-based elements, referred to as the Automated
Airspace Computer System (AACS), the Tactical Separation
Asdgsted Flight Environment (TSAFE) and the Controller
Interface A more detaled dagramn would aso
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Figure 1. Automated Airspace Architecture

include supporting infrastructures such as surveillance
radars, navigation systems, airbone llison avoidance
systems, and en route and terminal area computer systems as
well as the flow of information between them. While these
elements are indispensable for the operation of the system,
they nevertheless play only a peripheral role in the design
and are therefore omitted from the diagram.

The design of the system architedure was grongly
influenced by the neal to provide @st effective and seaure
protedion againg potential lossof separation asociated with
critical component failures, software aashes and errors by
controllers or pilots. The key element in the system that helps
to med this requirement is TSAFE. This element together
with AACS and the Controll er Interface provide the esential
ground-based functions for the operation of the Automated
Airspace oncept. In the discusson to follow the functions
and design considerations of the main elements comprising
the system are briefly described.

The AACS solves air traffic control probems for
equipped traffic operating in the Automated Airspace sedor.
Solutions to many of those probems are being devel oped for

application in today's system under the aegis of dedsion
support tods for controllers. Asthe design of these tods has
advanced in recent years, it has become apparent that the
algorithms and software developed for them can provide the
basis for building air traffic control tods that interact
autonomoudly with the aircraft. In this context, autonomous
interaction is understood to mean that the sol utions generated
by these tods provide a level of corrednessand a sufficient
operational envelope that they can be up-linked to the aircraft
without first being chedked by controllers. Several dedsion
support tods available in CTAS are candidates for
application in AACS. The three CTAS tods that are
fundamental to AACS are the Dired-To/Triad Planner [7],
the En Route Descent Advisor (EDA) [2] and the Find
Approach Spacing Tod (FAST) [3]. After these tods have
reached a mature state of devel opment, they will provide the
full range of advisories neaded to control en route traffic as
well as arrival traffic transitioning from en route airspace to
landing approach. The set of advisories these tods generate
correspond one-to-one to the set of clearances controll ers use
to solve a variety of traffic control problems. Moreover,
since the advisories are derived from the four-dimensional
trajedories by a process of sequential decomposition, it is
possble to up-link the trajedories to the aircraft in a single
transmisdgon, instead of controll ersisaiing the advisoriesin a
series of clearances. For a range of nominal operating
conditions the advisories as wdl as the entire four-
dimensional trajedories are generated to be bath conflict free
and to ensure dficient flow of traffic.

Therefore, a CTAS-based AACS could serve as the
computational engine for automating traffic control under
seleded conditions. However, before this g/stem can be
considered safe for operational use, a aitical evaluation of its
performance limits and potential failure wnditions must be
conducted. Such an evaluation, conducted below, reveals that
a singe-threaded AACS is inadequate for controlling traffic
autonomously.

Automation software such as CTAS, unlike a
experienced contraller, isinherently limited to solve a set of
air traffic control problems that fall within the operational
envelope determined by the finite parameterization of
solutions built into the software. Unfortunately, for complex
software amprising several hundred thousand lines of code,
the controllable problem set cannot be determined becuse of
the etremely high dimensionality of the inpu conditions
that would have to be evaluated. Therefore, the boundary
between the set of solvable and unsolvable problems is
unknowable. While the envel ope of prolbems controllers can
solve is also limited, it is much larger than the CTAS
solvable set. Moreover, human controllers excd at adapting
their control strategies to completely new situations, a
capability that is beyond existing software design.

Even if the inpu traffic conditions are dosdly monitored
to keg them within the wntrollable range of the AACS's
operational envelope, undanned and unpredictable events
such as equipment failures or weather may produce



conditions that fall outside the AACS's normal operationa
envelope. When that happens, traffic flow could become
inefficient, chactic and perhaps even unsafe. These inherent
limitations of an autonomous system, used standalone as the
AACS, make it unlikely that such a system can ever be
cetified as safe by aviation authorities. Furthermore, the
complexity of the dgorithms embedded in the software
presents another obstacle to the system passng a certification
test. Establishing the robustnessand gperational envelope of
the dgorithms and even documenting the design will be
difficult. Finally, the test procedures cetification authorities
will perform to establish the safety of such complex
automation software have yet to be determined.

Two steps are proposed to avercome the difficulti es with
a standalone AACS. These steps are intended to provide an
effedive safety net for a variety of failures and simplify the
cetification process. The first step consists of adding
independent software and hardware designed to monitor the
hedth and performance of the AACS, to deted imminent
conflicts mised by the AACS, and to generate nflict
avoidance advisories. This oftware/hardware addition is
referred to here as Tacticd Separation Asdsted Flight
Environment or TSAFE. The sewmnd step consists of the
ability of the mntroller to accept separation responsibilities
for an equipped aircraft, but only after the arcraft has been
isaled a TSAFE cleaance ad is not a immediate risk of
loosing separation. The transfer of control from AACS to the
contraller will be handled by functions built into the
controller interface Functions built into AACS and TSAFE
and accesshle through the interface will also permit the
controller to return the arcraft to AACS control when
appropriate.

As the system architedure ill ustrated in Figure 1 shows,
the TSAFE eement operates in paralld with the AACS.
Both recave surveill ance data and can exchange data with
aircraft via data link. However, TSAFE is designed anly to
identify and solve problems over a time horizon of lessthan
about 3 minutes, whereas the AACS is designed to cover the
entire planning horizon from current time to 20 a more
minutes into the future. Because TSAFE's time horizon for
problem solving is very short and its function is limited to
preventing lossof separation, its oftware design can also be
much simpler than that of AACS. As long as AACS is
performing normally, TSAFE will not deted any problems
and therefore will not generate advisories. The next sedion
will describe the design of TSAFE and its interaction with
AACSin greater detail.

It isimportant to clarify the relationships and dfferences
between TSAFE and the airborne alli sion avoidance system
TCAS (Traffic advisory and Collison Avoidance System)
[8] and to determine if the functions performed by TSAFE
could instead be performed by TCAS, thereby rendering
TSAFE unnecesssry. TCAS isaues traffic aerts and
advisories to help pilots avoid calli sions when the predicted
minimum separations are very small and the time to avoid a
collision islessthan 25 seands. It considers only the aurrent

relative motion of aircraft pairs and works best in one-on-one
encounters when other traffic is not a factor. However, it has
several disadvantages when used in dense and highly
organized traffic such as in the terminal area. A TCAS
maneuver performed in dense traffic can disrupt the orderly
flow of arrival traffic, potentialy producing chaoctic
conditions and generating secndary conflicts. While its use
as the final safety net to prevent a allision is not at isaue, it
was never designed to reliably and efficiently hande
conflicts involving multiple drcraft. Furthermore, in dense
traffic TCAS is susceptible to false alarms, many of which
can only be avoided by taking into account the planned
trajedories of neaby aircraft. Its limitation to vertical
resolution maneuvers also reduces its effedivenessin dense
airspace

TSAFE deteds and helps avoid conflicts at least 60
seconds before a loss of required minimum separation is
predicted to occur. By incorporating in its agorithms the
planned trgjedories of nearby traffic, TSAFE can generate
conflict avoidance maneuvers that minimize disruptions to
the orderly flow of this traffic while also avoiding false
alarms more effectively. It istherefore especially suitable for
application in high-density airspace, including the termina
area. Since TSAFE compares the planned trajedories
obtained from AACS with the actual trgjedories flown by
the arcraft, TSAFE can identify any aircraft that has failed to
track its planned trajedory and take that into acoount when
generating the avoi dance maneuver.

In addition to its role as a critical component for the
Automated Airspace oncept, TSAFE can dso ke
incorporated in the aurrent operational system to give
controllers improved protedion against operational errors.
The achitedure for this implementation would be similar to
the onein the figure except that conventiona controll er-pilot
voice communications would take the place of the data links
to the arcraft. In this role the system would not operate
autonomously, but as a conventional dedsion support tod
for controllers. As in the Automated Airspace ®ncept,
TSAFE would make use of planned trajedories provided by
CTAS or an equivalent trgjedory engine to deted short-term
conflicts and to generate anflict avoidance advisories. The
controller would issue the advisory to the pilot by
conventional voice link. Becuse of its more dfedive
methods for deteding short-term conflicts and its conflict
avoidance advisories, TSAFE promises to provide more
complete protedion againg operational erors than the
currently operational Conflict Alert function does. The nea-
term use of TSAFE as a contrall er tod in the current system
also will provide an opportunity to evaluate its effectiveness
and improve its performance under current operational
conditions. Most importantly, the experience gained from
this use will help to determine whether the proposed system
architedure and its mgjor building bocks provide the proper
foundation for buil ding the Automated Airspace @ncept.



Design of TSAFE

Because of its safety-critical role in protecting against
loss of separation during primary system failures, TSAFE
poses the most important design challenge in the
development of the Automated Airspace concept. The design
must focus narrowly on achieving essential requirements and
exclude any function that is not absolutely necessary or can
be incorporated in other components. Idedlly, the final
product should be as simple, reliable and easily verifiable as
possible.

The modules comprising TSAFE and its inputs and
outputs are shown in Figure 2. Primary inputs are track
positions, velocity vectors, and planned four-dimensional
trajectories for al aircraft. These inputs are provided by the
surveillance system and the AACS, respectively, and are
updated in real time. The controller interacts with the system
via the controller interface. The output of TSAFE consists of
clearances and trajectories that are sent to the Controller
Interface, to the appropriate equipped aircraft via data link,

Trgectory
Tracking Error
Module

4D Conflict

Surveillance

Conflict
Avoidance

DataLink

To CTAS

Controller Interface

Figure 2: TSAFE Architecture

and to the AACS. In the Trajectory Tracking Error module,
TSAFE andyzes the tracks of every arcraft in the
Automated Airspace sector to determine whether the tracks
match their planned trajectories to within prescribed error
tolerances. It sends the call signs of aircraft with excessive
tracking errors together with their error classification and
eror states to the Conflict Detection module.

The Conflict Detection module identifies all aircraft that
are at high risk of losing separation within 3 minutes or less.
This module is designed to identify only such near term

conflicts, since the Conflict Probe/Conflict Resolution
function built into AACS is responsible for finding and
resolving conflicts with longer time horizons. Over its short
time horizon the conflict search performed by this module is
intentionally redundant with the search done by the AACS.
This redundant search acts as an independent safety net. It
monitors both automatically and manualy controlled traffic
for short-term loss of separation produced by software or
hardware failures of the AACS as well as by operational
errors made by controllers or pilots.

For aircraft in conflict identified by the Conflict
Detection module, the Conflict Avoidance module generates
advisories to eliminate the short-term conflict threats. The
advisories provide a conflict-free interval of time of short
duration to give the AACS or the controller the opportunity
to find a strategic solution to the problem. Limiting the
TSAFE solution to a short interval of time reduces software
complexity and therefore helps to simplify the design.
Further characteristics of the advisories are described in a
later section. In addition to sending the advisories to the
appropriate aircraft via voice or data link, the module also
sends them to the AACS where they are used to update the
database of planned trajectories.

Traectory Tracking Error Analysis

Early and accurate detection of errors in tracking
planned trajectories is key to the effective operation of
TSAFE. The primary use of tracking error analysis is to help
the conflict detection algorithm minimize missed and false
alerts and correctly identify real conflicts asearly as possible.
This section analyzes the relationships between segments of
planned trajectories and the types of tracking errors that can
occur. Insights gained from this analysis provide the basis for
designing the error detection and categorization agorithm
that must be built into the Trajectory Error Tracking module.

For purposes of tracking error analysis, planned
trajectories are divided into two classess 1. Steady
trajectories, which designate flight at constant altitude and
heading, and 2. Trandtion trajectories, which designate flight
segments wherein ether dtitude or heading is changing.
Since the tracking error analysis for the two classes pose
significantly different problems, they are examined here
Separately.

1. Steady Trajectories

This class subdivides further into steady horizonta and
steady vertical trajectories. Steady horizontal trajectories are
defined as directed straight-line paths in the horizontal plane
and deady vertical trajectories as flight at a specified
atitude. The error tracking logic detects when the aircraft
track position has deviated from the reference values by an
amount larger than a prescribed error tolerance. For the
horizontal case in en route airspace, the error tolerance is a
maximum lateral displacement (~4 nmi) from the reference



line, whereas for the verticd case it is a maximum deviation
from the reference dtitude (~400 fed). The horizontal error
logic also deteds deviations of the drcraft heading from the
reference heading dcfined by the direded line segment.
When a deviation exceealing the error tolerance is deteded,
an alert message is generated and sent to conflict detedion
functions and ather clients. Another monitor function could
be added to deted deviations from a spedfied airspeed.
However, speal deviation monitoring is not included here
because it is considered nonesential for nea term conflict
detedion.

The types of errors that ocaur in tracking stealy
horizontal or verticd trajedories can be dassfied into four
tracking error states. These aror states and their designations
arelisted in Tables 1 and 2for steady horizontal and vertical
trajedories, respedivey. In each case, the first error sate
designates the on-track condition, whereas the following
three states refer to the posshble off-track conditions. The
second column in the tables identifies the types of predicted
trajedories that are used as the basis for conflict seaching.
The recommended choices designate the trgjedories the
aircraft are most likdly to fly in the spedfied error state and
are based on extensive analysis of data colleded in testing
CTAS tods as well as empirical observations of live traffic.
It is important to note that for error state 2 in Table 1 two
different prediction trgedories are used for conflict
detedion, one being the dead redoning trgjecory and the
other the CTAS-generated trgjedory. This dua trajedory
strategy for conflict detedion is the mnservative approach
adopted here to identify potential conflicts under conditions
of irresolvable ambiguity. The dual strategy is also used for

certain error states arising in the other trajedory types. The
third column in each table spedfies the @nflict detedion
strategy and lodk-ahead times for each eror state. For
horizontal tracking errors Figure 3 ill ustrates the evolution of
the four tracking error states along an example deviation path
that begins on a draight-line reference segment and
terminates at the end o the segment. Several dead redkoning
and CTAS predicted trajedories involved in the @nflict
search are shown at various points along the deviation path.
The type of deviation path shown is often observed duing
convective weather activity when pilots are attempting to
avoid areas of turbulence Such deviation paths have
contributed to loss of separation in the past and thus
represent opportunities for TSAFE to provide a more
eff edive safety net againgt operationa errors.

The eror dates in tracking steady altitude segments
listed in Table 2 and illustrated in Figure 4 involve
uncoordinated or unintended altitude deviations from the
cleared atitude level. Although such deviations ocaur less
frequently than horizontal path deviations, they are easy for
contrallers to miss For the dimb o descent phase of the
deviation the CTAS-generated verticd trajedories are
combined with observed altitude rates to determine the
predicted trajedories used in conflict seach. Since the target
atitude level during the unscheduled climb o descent is
unknown, al altitude levels that can be reached within the
look-ahead time ae tested for conflicts. When the dtitude is
changing and the target dtitude level is unknown the look
ahead time isreduced to only 3 minutes, refleding the large
uncertainty in the prediction process

Track Error Applicable Conflict Detection
State Trajectories Strategy
1. Ontrack, On healing 4 D trgjedory Normal conflict probe detedion, full
look ahead time ~ 20 minutes
2. On track, Off heading 4 D trgjedory Normal conflict probe detedion

Dead redoning trajedory

reduced look ahead time~ 10
minutes

| Separate wnflict check dong dead
redkoning trajedory; ~ 3 minute
lodk ahead

3. Off track, Off heading

Dead redoning trgjedory

Conflict probe detedion disabled;
dead redkoning conflict ched
activated; ~ 3 minute look ahead

4, Off track, On headingtoa
capture waypoint

4 D trgjedory

Conflict probe detedion with
reduced look ahead time~ 7
minutes

Table 1:Horizontal Trajectory Tracking Error States



Track Error

Applicable

Conflict Detection

State Trajectories Strategy

1. Atassigned dtitude (Error- 4 D trgjectory Conflict probe detection with
free state) normal look ahead time ~ 20 min.

2. Unscheduled climb above Trajectory prediction based on Vertical airspace conflict search,
(descent below) assigned observed altitude rate envelope ~ 3 min. look ahead time
atitude level

3. Unscheduled steady altitude 4 D trgjectory at observed altitude | Conflict probe detection with
flight above (below) assigned | leve reduced look ahead time of ~ 6
altitude minutes

4. Descent (climb) toward Trajectory prediction based on Vertical Airspace conflict check,

assigned altitude, following atitude rate envelope ~ 3 min.; conflict probe detection,

unschedul ed altitude deviation

6 minutes

Table 2: Vertical Trajectory Tracking Error Sates

Track Error Applicable Conflict Detection
State Trajectories Strategy
1. Transition on track and on 4 D trgjectory while position Conflict probe detection, full look
heading (no errors) errors within bounds during turn | ahead time ~ 20 min.
2. Improper turn initiation 4 D trgjectory to capture Conflict probing, reduced time.
waypoint. Dead reckoning conflict check
Dead reckoning trajectory ~ 3 minutes
3. Position error during turn 4 D trgjectory to capture Conflict probing, reduced time.
exceeds bound waypoint. Dead reckoning conflict check
Dead reckoning trajectory ~ 3 minutes
4. Turn terminated at wrong 4 D trgjectory to capture Conflict probing, reduced time.
heading waypoint. Dead reckoning conflict check

Dead reckoning trajectory

~ 3 minutes

Track Error
State

Table 3: Horizontal Transition Error Sates

Applicable
Trajectories

Conflict Detection
Strategy

1. Altitude transition on time and
on profile (no errors)

4 D trangtion trajectory; dead
reckoning before start of
transition

Conflict probing; dead reckoning
maneuver criticality check

2. Altitude trandtion not initiated
on time or in wrong direction

4 D trangtion trajectory; altitude
rate envelope

Conflict probing; vertica
airspace conflict search ~ 3
minutes

3. Altitude trangtion profile
failure: Profile out of bounds
or A/C leveling out early

4 D trangtion trajectory; altitude
rate envelope

Conflict probing; vertica
airspace conflict search ~ 3
minutes

4. Assigned dtitude capture
failure A/C flies past
assigned altitude

4 D trgjectory if in levd flight;
atitude rate envelope

Conflict probing; vertica
airspace conflict search if adtitude
rate not zero

Table 4: Vertical Transition Error States
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2. Transition Trajedory Tracking

As previously defined, transition trajedories conned the
end point of the arrent steady flight segment to the
beginning of the next seady segment. The starting time and
position of the transition trgjedory and the cnditions to be
achieved at the end of the transition are determined by the
4D trajedory, which is provided to TSAFE by the AACS. A
trangition trgjedory initiated by the @ntroller is referred to
as a deaance or vedor, and is intended to take the aircraft
to a new flight level, heading, speed or route segment. In
general, the transition trgedory of interest here is any
segment of a 4D trgjedory where the dtitude, heading o
speal is changing monotonically to capture new steady
values. The trangition trgjedory ends when the spedfied
steady values have been captured. Transtion trajedory error
analysis chedks for the proper exeaution of the trangtion. It
determines if the transition starts within prescribed time
limits, if the trangtion variables such as heading or atitude
are moving at the proper rates toward the target values and if
the transition is terminated at the target values. The tracking
errors permitted during the transition will depend strongly
on the method used to exeaute the transition. If the transition
originates with a cntroller cleaance and is flown manually
by the pilot, the error tolerances will be much larger than if
the transition is a segment of a 4D trajedory, which is flown
automaticdly by the FMS. The andysis algorithm outputs
alert messages if transition error tolerances are excealed.
These messages are sent to the mnflict detedion logic and
may also be used to aert the wntroller.

Table 3 ligts four types of horizontd trandtion error
states and describes the applicable trgjedories and conflict
detedion strategy for each type. The man probem in
horizontal transition error analysis is deteding the initiation
and termination of planned heading changes. The detedion

algorithm analyzes siccessve radar returnsto determine if a
heading change has begun or has terminated. It must be
designed to require the fewest posshble radar returnsin order
to minimize detedion delays. An example of tracking errors
along a transtion trgjedory consisting o a 90 degree
heading change is shown in Figure 5. Each of the posshle
error states listed in Table 3 isillustrated in the figure. The
limit point for heading change initiation defines the position
where heading change must be observed to begin in order
for the aircraft to complete the turn within the transtion
boundary. Before the beginning o the healing change is
deteded, bath the predicted transition trgjedory and the dead
redkoning trajedory are used in conflict search. Conflicts
found along the dead redoning trajecory establish the time
criticality of the heading change initiation. Once healing
change is observed to be in progess deal redoning
prediction is terminated and conflict seach is performed
only aong the arrently available 4D tragjedory. Dead
redkoning prediction resumes after the turn detedion
algorithm indicates that the arcraft has completed the
heading change. If, as shown in the figure, the new heading
is incorred and the aircraft's postion is outsde the
maneuver boundary, the AACS or the ntroller will guide
the arcraft back to its planned path.

Verticd trangtion error monitoring is espedally criticd
to the design of TSAFE becuse lossof separation incidents
often occur while aircraft are changing altitude or just after
leveling out a a new altitude. This can be eplained by the
fact that atitude transitions are more difficult for controllers
to monitor than horizonta transtions, since the plan view
format of controller displays does not provide a graphical
visualization of verticd trajedories. Furthermore, the
vertical trgjedories generated by trgjedory engines such as
in CTAS are prone to substantia prediction errors. Such



errors limit the usahility of controller tods for managing
dtitude transitions. These drcumstances necesstate an
approach that uses maneuver uncertainty regions in verticd
airspace instead o predictive trajedories as the basis for
conflict search. For this purpose a vertical uncertainty region
shaped like the dice of a pie is defined as foll ows. The gex
of theregion islocated at the airrent position and altitude of
the arcraft. Two direded line segments radiating from the
apex form the upper and lower boundaries of the region. The
angles of the lines in the verticd plane are defined by the
maximum and minimum flight path angles the aircraft is
likey to fly during the transition. A line @mnneding the
upper and lower line segments at a distance from the apex
corresponding to 3 minutes of flying time wmpletes the
spedfication of the region. The vertical region so defined
liesin aplane determined by the arrent heading angle of the
aircraft. The agorithm in the CTAS conflict probe @n be
adapted to search for conflictsin thisregion.

Trangtion error states and conflict seach strategies for
vertical transitions using the approach described above are
summarized in Table 4. An example transition trgjedory
ill ustrating two error states is own in Figure 6. Similar to
the horizonta transition case, the firg step here is to ched
for the initiation of the altitude transition and to determine
its time aiticality. Once initiation has been confirmed, the
next step isto monitor the climb (or descent) profile in order
to deted anomdies sich as leveling out below the target
atitude. The last step isto determine whether the aircraft has
completed the dtitude transition by leveling out at the target
altitude or is climbing (descending) past it.

Tadical Conflict Detedion

The onflict detedion logic for TSAFE must be capable
of providing timely and reliable warnings for controllers
against imminent lossof separation. The cuses for the loss
of separation may be pilot deviations from controller
clearances or flight plans, controller monitoring failures or
potential operational errors embodied in the most recantly
issled clegance The detedion time horizon for this
function istargeted to be about 3 minutes from current time.
Several techniques of conflict detedion for TSAFE have
aready been discussd in the precading sedion. In this
sedion TSAFE conflict detedion is compared with other
types of conflict detedion currently in use or under
development. Additional detedion procedures for TSAFE
are dso described..

TSAFE differs sgnificantly in its purpose and technicd
approach from bath the Conflict Alert capability installed at
en route canters and the Conflict Probe approach, as well as
the on board collison avoidance system, TCAS. Both
Conflict Alert and TCAS predict conflicts by analyzing the
current velocity vectors of aircraft pairs that are in close
proximity of each other. Pilot or contraller intent, even if
known, is not considered. The Conflict Probe approach, on
the other hand, is designed primarily to deted strategic
conflicts, which are mnflicts predicted to occur between

about 5 and 20 minutes in the future [1]. Thetechnicd basis
for strategic oonflict probing is analysis of the aircraft's
planned trajedory. In conflict probing, flight plans, aircraft
performance models and wind models play esentia roles.
On the other hand, the @nflict detedion function in TSAFE
combines velocity vector and airspace analysis with nea
term intent information, derived from AACS trgjedories, to
provide a more reliable procedure for identifying nea term
conflicts.

Conflicts deteded by TSAFE are categorized into two
types, high and moderate risk, based on the nea term risk
they pose for losing separation. A high-risk conflict is one
for which lossof separation is lessthan a minute away and
the maneuvering airspace avail able for conflict avoidanceis
limited. A high-risk conflict will cause a conflict avoidance
clearance to be generated and sent to the equipped aircraft
via data link or issied to the unequipped aircraft as a
clearance by the ntroller. A moderate risk conflict is one
for which lossof separation is more than a minute away and
maneuvering airspace is available. A moderate anflict, if
deteded, causes an alert message, but not necessarily an
avoidance deaance to be sent to the AACS or the
controller viathe cntroll er interface

The detedion logic also identifies aircraft pairs that
have an increased potentia for high-risk conflicts before
they become actual conflicts. This logic asks the question:
Will an aircraft come into immediate @nflict if a transition
maneuver to a new steady flight segment is not initiated
within a spedfied time window? If the axswer is yes, the
logic will cdculate the time remaining for the maneuver to
be initiated in order to avoid a @nflict. The logic thereby
establishes the time criticdity of a scheduled transition
maneuver. If the logic determines that a transition maneuver
is time criticd, the conflict avoidance module will generate
several options for potentia avoidance maneuvers and hold
them ready to be isaued.

Conflict Avoidance

The purpose of this module is to generate a onflict
avoidance maneuver in the form of a brief controller
clearance Theintent of the maneuver isto dired the arcraft
to an atitude level and healing that is conflict freefor about
3 minutes. The maneuver is not intended to provide an
optimized strategic oonflict-free solution that takes acoount
of all predicted trajedories for the next 20 minutes, but
rather a solution that avoids an imminent conflict risk for a
short period of time andisaso reatively simple to compute.
This type of solution will give the mntroller sufficient time
to plan amore strategic solution, either manually or by using
automation tods at his disposal, such as a wnflict probe/tria
planner.

The onflict avoidance deaances are of the following
two types:.

1. Climb (descend) to a spedfied altitude
2. Turnright (Ieft) to a spedfied heading
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The transition component of the deaances-climb, descend,
turn right or turn left - will be generated to avoid the
imminent conflict risk and is functionaly similar to a TCAS
colli sion avoidance dert, although TCAS gives only vertical
maneuvers. The altitude or heading assgnment given in the
clearance asures that the drcraft will be operating in a safe
region of airspace for a limited period of time after the
imminent conflict risk has been eliminated.

The dgorithm that generates the conflict avoidance
clearances has at its disposal information on the
characteristics and apparent causes of the cnflict identified
by the nflict detedion module. Important conflict
characteristics include the a@nflict geometry, missdistance,
time to loss of separation as well as aircraft positions and
velocity vedors. The ausal information includes the
identity of the arcraft that has deviated from its planned
trajedory or has failed to exeaute a controller cleaance
Other important information includes the identity and
planned trajedories of al nea-by aircraft that are properly
tracking their planned trajedories, as wel as any that are
not. Furthermore, the geometry and location of airspace
regions that are to be avoided duing an avoidance maneuver
are dso known. By factoring all this information into the
calculation of an appropriate onflict avoidance deaance
the dfectiveness and rdliability of the nflict avoidance
module is dgnificantly enhanced compared to current
operational systems such as Conflict Alert or TCAS.

Controller Interface

The ontroller interface will include bath visua and
aural sgnals. Thevisual signalswill consist of messages and
symbols displayed on the ntroller’s monitor and will
indicate track deviation errors, conflict severity and the time
criticality of alerts for the unequipped aircraft. The aird
alerts intended for unequipped aircraft will consist of voice
synthesized conflict avoidance dearances. They will be
inserted into the antroller’s voice communication channel
and be head by the @ntroll er over his headset.

A longer-term enhancement of the ntroller interface
will involve the use of voice reagnition tecnology. This
technology has greatly advanced in recent years and is now
used in numerous consumer applications. Voice reagnition
systems can monitor the ntroller’s verbal cleaances to
pilots, such as dtitude and heading assgnments, and
automaticdly enter the deaances into the AACS. They
could therefore help to reduce the number of keyboard
entries controllers have to make to keep the AACS up to
date. The voice remgnized cleaance ®uld aso be
compared with the manually entered cleaance to identify
discrepancies. By having more mplete and accurate
knowledge of controller intent, the @nflict detedion
algorithm can achieve a higher leve of accuracy, with fewer
false and mised derts.

Operational Concept

This sedion broadly outlines operational procedures,
controller responsihilities and computer-human interfaces
for the Automated Airspace oncept.

Automated Airspace operations take place in a well-
defined volume of airspace referred to as an Automated
Airspace sedor. However, the airspace volume and the
traffic density may be significantly greater in an Automated
Airspace sedor than in a mnventional sedor. Asin today's
operations, a ntroller has broad responshility for
maintaining an orderly and expeditious flow of traffic
through the sedor. It includes monitoring the inflow,
outflow and sedor count of owned aircraft to ensure that the
traffic density in his ®dor does not exceal sedor capacity.
He will aso monitor the movement of convective weather,
respond to pilot requests for reroutes around weather,
resolve confli cting pil ot requests and asgst pil otsin handling
emergencies and aher abnormal situations.

The major change in operational procedures compared to
procedures in today's system involves the ntroller’s
handling o the equipped aircraft in his sedor. Monitoring
and control of separations between equipped aircraft is
performed by the ground-based Automated Airspace system
that communicates diredly and autonomoudy with aircraft
systems via data link. The controller is therefore exempted
from the responsibility of controlling the separation between
these aircraft as long as they remain in the equipped status
category. However, the antroller retains authority to re-
route equipped aircraft at any time by using interactive tods
that are part of the Automated Airspace Computer System.
These tods enable the ontroller to seled conflict-freere-
route trajedories, coordinate the changes with the pilot and
transmit the trajedories to the aircraft via data link. Sincethe
efficient operation of the Automated Airspace system
depends on the system’s up-to-date knowledge of planned
trajedories, the ontroller must perform all traedory
changes by using the interactive tods. Similarly, the pil ots
of equipped aircraft are obligated to coordinate all trajectory
changes with the ground system before deviating from
previously established trajedories. However, it is inevitable
that improper or uncoordinated deviations will occasionally
occur. The Tactical Separation Asssted Fight Environment
(TSAFE) element of the system is designed to deted such
deviations and assgs the antroller in re-establishing an
orderly traffic flow.

The ontroller retains responsibility for monitoring and
contralling the separation of unequipped aircraft as well as
those ejuipped aircraft that have reverted to unequipped
status becuse of on-board equipment failures or other
reasons. By considering the mplexity of the traffic
situation and his workload, the ntroller determines how
many unequipped aircraft he can hande in his Automated
Airspace sedor. If his workload in handling the equipped
aircraft is low he may permit more unequipped aircraft to
enter. In general, however, equipped aircraft will have
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higher priority than unequipped in entering Automated
Airspace In dedding how many unequipped aircraft he can
handle, the ontroller has to plan for the posshility of an
unexpeded increase in workload dwe to events such as
rapidly changing convedive weather activity or onboard
fail ures that may cause several equipped aircraft to revert to
manual status. While ntrollers could use arrent manual
procedures for handling unequipped aircraft, it is more likely
that they will perform most control tasks with the ad of
dedsion support tods such as conflict probe/ trial planner.
By using these tods, the mntroller can be cetain that
modifying the trgjedories of the unequipped aircraft will not
lead to conflicts with the equipped aircraft. These interactive
tods will therefore be a basic requirement for Automated
Airspace operations.

Aslong as equipped and unequipped aircraft are neither
operating in close proximity nor arein trail with each other,
the ntroller’s attention will be focused primarily on
handling the unequipped aircraft. He will monitor separation
between unequipped aircraft, resolve conflicts and direa
them so as to avoid encounters with the equipped aircraft.
However, encounters between equipped and unequipped will
sometimes be unavoidable and therefore it is essntia that
controller procedures for handing such situations be
defined. The levd of difficulty in handling encounters wil |
strongly depend on the density of traffic and the complexity
of thetraffic flow. Asarule, an unrestricted mix of equipped
and unequipped aircraft will have to ke avoided, since it
would reduce @pacity and efficiency. The complexity of
contralling a mix of traffic without some degree of airspace
separation between equipped and unequipped aircraft would
strongly increase antroller workload, thus reducing the
number of aircraft allowed to gperate in an Automated
Airspace sedor below its potentid maximum. While
operationaly feasible, an unrestricted mix of traffic would
defeat the main benefit of the Automated Airspace oncept
and therefore must be avoided.

The most effective procedure for handling isolated
encounters between equipped and unequipped aircraft will
be for the wntraller to use the trial planner/ conflict probe
tod. This procedure is particularly applicable to en route
sedors where over-flights make up most of the traffic. By
using the trial planner tod, the wntroller has the freedom to
change the trajedories of either or bath aircraft involved in
the encounter and therefore to choose the best control
strategy. Factors such as encounter-geometry, efficiency of
trajedories, workload, and effect on other traffic will
determine his choice In one-on-one encounters, the
controller may prefer to change the ejuipped aircraft’s
trajedory via data link, thereby avoiding the more time
consuming and less reliable voice dearance method for
issuing changes to the unequipped aircraft.

In traffic scenarios where dosdy spaced streams of
equipped arrival aircraft are mnverging at a feeder control
point in center airspace or a a fina approach fix in the
terminal area encounters between the euipped strean of
arrivals and an unequipped aircraft are handed by having

the unequipped aircraft avoid crossng the arrival strean of
the equipped aircraft. Controllers hand e unequipped arrivals
in center airspace by controlling them along a separate
strean to a separate feeder control point. If the terminal area
does not acoommodate Automated Airspace operations, the
approach controller merges the equipped and unequipped
streans after handoff from center. In a terminal area
designed for Automated Airspace operations, a separate
runway must be set asde to land unequipped aircraft during
arrival rushes. Although a ntroller could occasionally
choose to insart an unequipped aircraft manually into a
landing strean of equipped aircraft, it would be at the
expense of bath high workload and reduced capacity.

Ancther significant difference between current and
Automated Airspace operations is the transfer of control
process between sedors, referred to as handoff. Handoff
coordination into and from Automated Airspace sedors of
equipped aircraft is automated regardiess of whether the
adjacent sedors are automated a manua. Along with
automated separation asaurance automation of handoffs is
another important function that helps to shift the controller’s
workload from routine tactical tasks to strategic tasks and
handling o exceptiona stuations. Instead o dedding
aircraft by aircraft whether to accept a request for a handoff
into the Automated Airspace sedor, the cntrall er maintains
control over the inflow rate by setting the sedor’s capacity
limit. However, handoffs of unequipped aircraft will
continue to ke handled manualy by controllers. A handoff
situation unique to Automated Airspace occurs when an
equipped aircraft's datus changes to wequipped. The
change may be voluntarily initiated by the controller or pilot
or may be forced by the system. A forced change typically
would occur when on board equipment fails or when TSAFE
isaues a conflict avoidance advisory to the aircraft. A forced
handoff is aubject to the condition that TSAFE has issued a
clearance to the aircraft that is conflict free for a least 2
minutes a the time of handoff. This time interval is
considered to be the minimum period the Automated
Airspace ontroller neeads to gain awareness of the traffic
situation and be able to safely take over separation assurance
responsibility for the aircraft. During the two minutes of
conflict free operation following the forced handoff, the
controller uses his automation tods to develop a strategic
solution for re-integrating the arcraft into the traffic flow. If
at a future time the arcraft recovers its ability to goerate in
the equipped mode, the ntroller has the option to change
the arcraft back to equipped status by handing it off to the
Automated Airspace system.

As the discusdon above has demonstrated, the
requirement for the Automated Airspace system to handle a
mix of equipped aircraft and manually controlled
unequipped aircraft complicates bath the design of the
system and the development of controller procedures and
interfaces. Nevertheless this requirement is indispensable to
the development of the cmncept as a practical operational
system.
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The key to the operation of the Automated Airspace
concept is the separation asaurance function in TSAFE. As
described earlier, it provides a safety net against trgjedory
errors and contral fail ures when they threaten an imminent
lossof separation. As a safety net, TSAFE effects operations
only during the infrequently occurring events when the
normal processes and systems for ensuring separation have
failed. When such events occur TSAFE generates conflict
avoidance advisories for bath equipped and unequipped
aircraft. After issuiing a onflict-avoidance advisory to the
equipped aircraft via data link, TSAFE sends a @py of the
advisory and a handoff message to the wntroller, who
asaimes manual control of the arcraft at that time. A
TSAFE advisory intended for an unequipped aircraft is snt
to the ontraler via an appropriate @mputer-human
interface The cntroller isthen responsible for isaling it asa
clearanceto the aircraft.

The ntroller monitors and controls the traffic in the
Automated Airspace sedor through a computer-human
interface that combines features found in the traditional plan
view radar display with functions designed spedfically for
Automated Airspace operations. An example of a candidate
display configured for the northeastern arrival sedors in the
Fort Worth Center is given in Figure 7. Targets with full
data tags identify unequipped aircraft for which the
contraller is responsible for maintaining separation, whereas
those with reduced data tags that show only altitude and
meter gate sequence number identify equipped aircraft.
Equipped and unequipped arrivals are ntrolled aong
separate streans, which converge a their respedive feeder
gates (Karla and Sasie) at the battom left in the figure. The
reduced data tags identifying the eguipped aircraft help to
minimize display clutter by suppressng superfluous

information while till providing the ontraller with the
basic information he neals to supervise the traffic flow.
However, the @ntraller retains the option at any time to
display the full data tag by dwelling and clicking on the
target. If the reduced data tag of an equipped aircraft target
expands to full size and simultaneoudy changes its color to
yellow (not detedable in the non-colored version of the
figure) asillustrated by AAL391], it indicates that the arcraft
has changed its equipage status from equipped to
unequipped and that it has been handed off to the contraller.
As down in the figure, the data tag also includes a
diagnostic message (data link inoperative) identifying the
type of failure that caused the handoff and change in
equipage status. To assg the ntroller in handliing the
unequipped aircraft, the display includes a list of predicted
strategic conflicts. The ntroller uses the @nflict lig in
combination with thetrial planner to manage the unequipped
aircraft. In addition to using these tods, the antroller can
accessDired-To, Descent Advisor, Final Approach Spacing
Tod and others included in the Center-TRACON
Automation System through the display interface to help
him manage arange of traffic problems for bath equipped
and unequipped traffic. As a further enhancement of the
interface new graphicd tods can be added to minimize the
contraoller’'s workload in managing encounters between
equipped and unequipped aircraft.

The operational concept and the interface design
described in this sedion are intended to serve as a starting
point for the development process They provide sufficient
design cetail s for buil ding a system that can be evaluated in
red time smulations with controllers in the loop. These
simulations will be the primary mechanism for developing
the final design spedfications.
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Figure 7; controller display for automated airspace sector

Concluding Remarks

This paper has addressed the problem of how to design
an air traffic control system that maintains safe separations
in high density traffic without depending on contrallers to
monitor and control separations of each and every aircraft in
his £dor. The mgjor problem in designing such a system is
defining an architedure that incorporates a safety net for
protedion againgt lossof separation in case failures or errors
of exeaution occur in the primary system of separation
asarance This probem is lved by augmenting the
primary ground based computer system for automating air
traffic oontrol functions, including separation asaurance
with an independent system for deteding imminent loss of
separation and generating conflict avoidance maneuvers. It
was down that such a system for deteding and avoiding
nea term lossof separation could be implemented in today’s
system as atod to help controll ersavoid operational errors.

The traffic control functions performed by this gstem are
designed to hand e only those aircraft that are equipped with
data link, cockpit display of traffic information and flight
management systems. The cntroller will handle unequipped
aircraft and equipped aircraft that have lost a required
capability by manual techniques. In this concept the
digtribution of controller workload will shift away from
monitoring separations of each aircraft in a sedor toward
managing traffic flow and handing those exceptional
problems that only humans have the knowledge and skill to
solve. This redistribution of workload combined with
integration of ground and airborne systems characterizing
the Automated Airspace oncept lays the foundation for
achieving a substantial increase in the @pacity of en route
and terminal area drspace By reusing software wmponents
and infrastructure technol ogies devel oped in support of other
programs, an experimental version of the cncept could be
built and evaluated within arelatively short time.
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