AlAA 2003-5597

AIAA Modeling and Simulation Technologies Conference and Exhibit
11-14 August 2003, Austin, Texas

NATIONAL AIRSPACE SYSTEM SIMULATION CAPTURING THE INTERACTIONS
OF AIR TRAFFIC MANAGEMENT AND FLIGHT TRAJECTORIES

George J. Coulurif?h.D.,Seagull Technology, Inc., Campbell, CA
C. George HunterPh.D.,Seagull Technology, IncCampbell, CA
Matthew Blale, Seagull Technology, IncCampbell, CA
Karlin Roth, Ph.D.,Chief of Aerospace Operations Modeling OffiddASA Ames Research Center
Moffett Field, CA
Doug Sweet, Seagull Technology, In€ampbell, CA
Philippe (Ari) Stassart, Seagull Technology, If€agmpbell, CA
James Phillips, Seagull Technology, In€ampbell, CA
Alex Huang,Seagull Technology, IncGCampbell, CA

Abstract

The Airspace Concepts Evaluation System (ACES) is
a largescale, fastime computer simulation of flights
through the NatiorlaAirspace System mulsector,
multi-airport network The simulation accounts for
terminal gate pushback and arrival, taxynway
system takeoff and landing, local approach and
departure, climb and descent transitiand cruise
operations.ACES employs a multitrajectory based
modeling approach thaturrently models Traffic
Flow Management, Air Traffic Controland Flight
operations en route winds, and airport operating
conditions Future versions of ACES will model
Airline  Operational Control operatims and
Communication, Navigation, and u8eillance
technologiesand weatherThe ACES toolappliesa
continual feedback, hierarchical modeling procéss
capture actions and responses amscigeduling and
trajectory  planning, flight deck trajectory
managenent, Traffic Flow Managementstrategic
trajectory planningand Air Traffic Control tactical
trajectory management operation3he intent is to
guantitatively describe air traffic movement resutfi
from the interaction of the operational and
technologich constructs By this process,Traffic
Flow Managemenmodeling agents in ACES assess
projected demand over planning horizons, develop
traffic flow plans and issue traffic restrictions far
Traffic Control agents. ACES simulates the
propagation ofTraffic Flow Managementonstraints
through theNational Airspace SystemATC agents
manage tactical flight movement by applying
standard operating procedures subject to Thaffic
Flow Managementrestrctions. An advanced four
degree offreedom trajectory modieg emulates the
movement of each aircraft along faur-dimension
trajectory in conformance with its current flight plan
and clearance. ACES implements agerbased
modeling usinghe High Level Architecturestructure
for inter-computer communicationsrial results of
ACES show conformance with actuaNational
Airspace Systendata and demonstrate its ability to
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estimate and distinguish quantitatively flight time
data aggregated at the natiside level for different
operational  circumstances. ACES is under
developmenby the National Aeronautics and Space
Administration and will be used to evaluate
proposed system upgrades such as those intended to
reduce delay, increase capacity, and support the
dramatically increased traffic levels forecasted in the
coming decades.

Introduction

The National Aeronautics and Space Administration
(NASA) has established the Virtual Airspace
Modeling and Simulation (VAMS) Project to
examine proposed operational concepts for increasing
the capacity of National Airspace SystdMAS). As

part of this effort, VAMS is developing the Airspace
Concepts Evaluation System (ACES) gmulate
NAS operations. ACES is a fatitne, computer
simulation oflocal, regional and nationwidéactors
coveringaircraftflight from gate departureo arrival.

ACES’ overarching objective is to provide a flexible
NAS simulation and modeling environment that can
assess the impact of new NAS tools, concepts, and
architectures, including those that represent a
significant departure from the existing NAS
operational paradigmTo meet this objective, ACES
utilizes the High Level Architecture(HLA) and an
agentbased modeling paradigm to create the large
scale, distributed simulation framework necessary to
support NASwide simulations. HLA is a set of
processs, tools and middleware software, developed
by the Department of Defense, to support "plagd
play* assembly of independently developed
simulations. For ease in integration and efficient
runtime execution of the simulation, the ACES
simulation  framework employs agentbased
modeling The ACES gentbased processes simulate
airspace and aircraft operatioh’s.

The ACES architecture is designed to accommodate
models of each operational component of the NAS.
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ACES currently is in an early state of development.
The current statemodels Air Traffic Management
(ATM), encompassingir Traffic Control (ATC) and
Traffic Flow Management (TFMpperationsaircraft
dynamics and en route winds. The current modeling
accounts for airspace and gport designs and
procedues, including airport visual flight rule
(VFR) and instrument flight rules(IFR). Agents
represent presemtay NAS operations and include
Air Traffic Control System CommandCenter
(ATCSCC), the en route iA Route Traffic Control
Center (ARTCC), TerminaRadar Approach Control
(TRACON), Airport Traffic Control Tower (ATCT)
and aircraftentities

The fully-developed ACES will have simulation
constructs describing a comprehensive set of NAS
components.These include those incorporated in the
current ACES as well as aeronauticdairline
operational control (AOC)and ramp managaent
operational components Other constructsdescribe
additional infrastructure and  environmental
components. These includeodels and databastsat
further descrile: airspacestructures, airport locations
and layoutsmeteorological conditions and forecasts
Communication, Navigation, and Surveillance
(CN9S, human behavior,flight planning, flight
management system (FMS), and more

ACES Modeling Concept

The current ACES is a subs of the fullyevolved
concept both adhering toa commonagentbased,
trajectorybased modeling design This modeling
concept is discussed in the following paragraphs in
theabstractontext of a fultfeatured application.

The agents are autonomous &a#, each simulating
operations according to algorithmic and data
processing logic defined by its model based on
information exchanged with other agents and
supporting constructs. In the ACES modeling
concept, the unifying factor is the aircraft trajegtor
Each of the basic NAS agentserforms modeling
functions thatoperate on flight trajectories. AOC
agents conduct prakeoff flight plaming to define
four-dimensional (4D) desired/requested trajectories,
posttakeoff flight following to coordinate tjactory
flight plan revisions, and flight schedule revisions
based on delay, diversion and cancellation
assessments. The TFM agents conduct local, regional
and nationwide flow constraint assessments and
determinations based on flight plan, traffic
surveillance, meteorological and airspace and airport
statusand constraintinformation. The ATC agents
conduct trajectory intervention assessments and
resolutions based on traffic situation surveillance,
procedures,separation rules and TFM constraints,
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trajectoy stateand intent meteorologicabnd aircraft
performance information.The aircraft trajectory
simulations ardased on trajectory state estimated
intent planned trajectory, ATC clearance, aircraft
performance and meteorological information.

Each aget has information describing a trajectory
and performs action on the trajectory based on this
information. But each agent does not necessarily
have the same information as another, and none may
know the true trajectory state of a flighthe ACES
design enables each agent to maintageparate or
different trajectory data and trajectory management
logic, hence implementing a multi-trajectory
modeling concept.ACES also maintains a model of
trajectory truth for each flightHence ACESwould
have the ability to model effects of trajectory
estimation errors concurrentlyith the modeling of
agent operational processdhe degree of accuracy
and fidelity with which the agents operate on
trajectories depersd on the technologies and
functional capabilities of theNAS operational
concept being simulated. In ACES these are
represented by the logic encoded into each agent and
associated modeling parameters.

The information exchange process fits into a
hierarchical structure in which TFM strategies define
traffic corstraint plans which guide ATC operations
(seeFigure 1). The simulation process idriven by
input data describing the arrival and departure
schedule by airport and flight plan for each flight.
TFM models in ACESexamine the flightschedule
develop traffic flow plans and issue traffic
restrictions and advisories to each other and ATC
agents. ATC models in ACES manage flight
movement and apply standard operating procedures
subject to satisfaction of the TFM traffic restrictions.
Reailting flight trajectory revisions are feback
through flight schedule mdfilcations to support
TFM planning updates.

Agents dynamically exchange operational information
[ AoC f—) ATCSCC TFM |
ﬁ ﬁCongestion Alﬁts, GDP/GSRMsgs ﬁ

[ARTCC TFM | <= TRACON TFM |¢=| Airport TFM |

ﬁ TFM Res@ction Msgs ﬁ

[ARTCC ATC | <= TRACON ATC |¢=>|Airport ATC |
ATC Cle%iance Msgs

\ Flight |

Figure 1 ACES Agent-Based Modeling Concept
Example. NAS operationsare simulated
modularly. Information exchange is simulated by
agentmessage transactions.
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Overview of Current ACES

The ACES design supports the evaluation of a wide
range of NAS operational concepts. These
evaluations may not require modeling all NAS
components, or modeling each component to the
same level of fidelity. But models of basic NAS
components would be included, and, in fact, are part
of the currentlydeveloped ACES. The remainder of
this paper describes the current ACES modeling logic
and parameters to provide an understanding of NAS
operational concept assessment capabilities and
potential.

ACES is being developed as series of buildA€ES
Build 1.1° was completed in February 28, 2003, and
Build 2 is scheduled for completion on September 30,
2003. The remainder of this papéescribeBuild 1.1
and ongoing Build 2 development Build 2
incorporates features described for Build 1.1.

ACES Build 1.1 simulates NAS domestic operations
covering the conterminous US. The coverage
includes all domestic ARTCCs and en route sectors, a
nationwide mtwork of airports, and flights between
any airport pair. Each simulated flight trajectory is
generated using a foutegree offreedom (4DOF)
aircraft dynamics model. Figure 2 summarizes the
current modeling scope of ACES.

ACES Simulates:

*Hundreds of airports with

TRACONSs

*All centers & sectors

10,000's of individual flights

*Gate-to-gate

Full multi -day flight schedule

wi/flight plans
*4-D gridded winds

ACES Provides:

*Dynamic visualization

*Data recording/analysis tools
ACES has a highfidelity 4-DOF Trajectory Model

*Based on laws of physics and aerodynamics

*Realistic pilot-based control laws

eIncludes elliptic-Earth trajectory propagation

Figure 2 ACES Scope. ACES models tens of
thousands of daily flights among hundreds of
airports.

ACES Build 1.1 implements software models to
describe ATM and AOC agent operations, flight
trajectories and wind conditionsACES ATM agents
are defined to distinguish ATC and TFM functions:

TEM ATC
Airport Airport
TRACON TRACON
ARTCC ARTCC

ATCSCC

As used intoday’'s ACES, the term “TRACON”
refers to generic radar and nomdar terminal
airspace operations:uture ACES development will
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enable terminal

designs.

representations of actual area

Each agent is an instantiation of its corresponding
model. An Airport agent is constructedfor each
airport in the simulation, a TRACON ageris
constructedo representhe teminal airspaceof each
Airport agentan ARTCCTFM and an ARTCC ATC
agent isconstructedfor each of the 20 domestic en
route centersand one ATCSCC agent onstructed

A flight agent for each flightAOC and wind models
are also constructedModeling input parameter
values are adjusted to describe the operational
characteristics unique among instantiated agents
(e.0., runway system operating parameters
distinguish the traffic handling capabilities of
different airports; traffic sector capacity parameters
define different Imits on traffic acceptance
capabilities among en route sector8CES usesan
agent messageassing communication construct and
a distributed architectureusing the HLAbased
structure shown irFigure 3. All coding is in Java.
Agerts are organized into HLA federates (i.e.,
collections of models)ln addition to coordinating
models of NAS operations, the HLA federate
structure provides an interface with traffic situation
visualization, data collection and simulation control
functions

’ Region #2 Federate -
Region #1 Federate :>
Events
TFM Agent | =) | TFM Agent |c=)
a ﬂﬂ <:I ﬂ—ﬂ <:I Replies
/LEVSK Visualization,
ATC Agent ATC Agent N\ — Scenario &
Sim Control
Events Replies Federate
Flight || Flight || Flight || Flight
Replies :j
’ Wind Model ‘ A

ATCSCC & AOC Federate

ATCSCC AOC
Agent Agents

Data
Events Interactions Collection
Federate
N

Figure 3 ACES Agents inthe HLA Structure.
HLA manages message transactionsn a
distributed computer system processing event
and reply messages among federate&gents
within a federate exchange eent and reply
messageslir ectly between each other

ATM Modeling in Current ACES

ACES Build 1.1 performs a gatéo-gate simulation

of each flight Flight movement is modeled from the
departure airport terminal gate, through the departure
airport surface taxi system to and throutjle takeoff
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runway system, through thterminal airspace to a
departure fix, through a seriexf en route ARTCCs
and their sectors to an arrival fix on a terminal
airspace boundary, through the terminal airspace to
and through the landing runway systemgdahrough
the arrival airport surface taxi system to the arrival
airport terminal gate. The corresponding ACES
agents that handle the flight are showrFigure4.

ACES Build 1.1 provides various levels of modeling
fidelity. En route operationgurrently are simulated
with higher fidelity than terminal A 4-D aircraft
trajectory model is used to simulate detailed, time
stepped flight dynamics in en route airspace, whereas
nodeto-node transit times are used to simulate
terminal flight movement. The boundaries of the 20
domestic ARTCCs and all en route sectors are

ATCSCC
(15 min)

CCMessages

AllUpdated Time&

encoded in ACES databases. Each terminal operation
is defined by nodes representing the terminal gate
system, runway system and arrival and departure
fixes (see Figure 5). These fixesdemarcatethe
terminalen route airspace boundary.

ACES currently applies a generic terminal area
design to represent the TRACON. This generic
design assigns four arrival and four departure fixes to
each TRACON where thfixes are evenly spaced on
a 4GCnautical mile (nmi) circle centered on the
airport, aligned and interleaved as showrrigureb5.
The arrival fixes are assigned only to flights landing
at the airport and departure fixes are assijonly to
flights takingoff from the airport. One TRACON is
associated with each giort. ACES currently models
250airports.

r
1 \
- ! ! -
Airport TRACON|, ! ARTCC ’ ARTCC ARTCC i |TRACON Airport
TFM TEM : TFM TFM [*¢— o o0 +— TFM : TEM TFM
15 min) Inter'yTE (A5 min) [inter-TFM_(A5 Min) finter-TFM (15 min) |mer,-|—i,: Proje;ted (15 min)
Restlhcuon Restriction Restriction Restrigtion RW Time:
Arrival and 1 H
Departure H ! )
Queuing / Inter-TFM ! Intra-TFM Intra-TFM Intra-TFM i Airport|  [Arrival and
Data Restriction i Restriction Restriction Restriction | Acceptance| |Peparture
H H Rate| [Queuing
: 1 Data
i H
H i
i H
A ! L '
Airport |12 [fRacon] | [ARTCC ARTCC ARTCC : Airport
IPOM Isequencd ' 000 ! [TRACON b0
ATC ATC ' ATC ATC ATC ' ATC - ATC
(5 min) (5 min) H (5 min) (5 min) (5 min) H Landing | (5 min)
) y : quenc
Mod Actual Mod : T T T :
1
rakeoff Departure | AC State AC State (1min), AC State (1min), H Boundary Mod
Time Fix 1 (1min) Mod Center|Vod TRAcON[Vod H Crossing Landing
C»rossmg ' Maneuver Boundary| Maneuver boundary| Maneuver ! Time
+ Time ) l Crossin Crossing) !
‘\\ - ‘\\ - Initiate ™~ End

> »A_lDOF o ‘\\ &—r*; 000 ‘\\ &—r*; 4_DOF ‘\\ &—r*; ‘\\ k—r*;,
light at Flight at

Createa 5 min |
before Gate Meter Fix
Departure R R

Meter Fix £nas a
1 Arrival
_____________________ H Gate

—_ Any flight modifications sent to ATCSCC I ——

Figure 4 Gate-to-Gate Modeling. ATM agents manage the trajetory through each flight phase.
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TRACON
Departure Fix Node

«— Arrival Fix Node

_ Airport
«——— Runway System Node
Taxiways
Terminal Gate System Node
Figure 5 Generic Terminal Modeling Structure.

ACES accounts for terminal gate, surface, runway
system and terminal airspace operations.

The ACES modeling of terminal operations across
the NAS is illustrated in Figure 6. This network
generates the simulated flights that are processed by
the Airport, TRACON and ARTCC TFM and ATC
agents.

L

Figure 6 NAS-wide Airport Network Modeling
Schematic.ACES currently models 250airports.

Airport TEM Model

ACESBuild 1.1treats the runway system node the
critical factor in modeling each terminal operation. In
this modeling structuregach Airport TFM agent
invokes its model to examine projected takeoff and
landing traffic loading at the rumay system based on
the flight schedule gee Figure 7). This model sets
runway system arrival and departure acceptance rates
over a TFM planning horizon based on airport
capacity descriptors. The acceptance rates vary over
time degending on arrival versus departure mix and
airport operating conditions where VFprocedures
generally provide higher rates than IFRocedures
Concurrently, the Airport TFM model also
determines planned landing times, which include any
delays needed to eet the acceptance rates. The
Airport TFM agent transmits the planned acceptance
rates to its Airport ATC agentand transmitglanned
landing time to its TRACON TFM agenthe Airport
TFM agent also relays to its Airport ATC agent any
planned flight takef time restriction received from
its TRACON TFM agent Such a restriction is due to
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an en route constraint at a departure fix set by an
ARTCC TFM agent.

Runway system planned
arrival & departure
acceptance rates are
responsive to timevarying ;
Departure demand
Arrival demand surges | surges stress runwa
stress runway system system
Figure 7 Airport TFM Operations Modeling.
Airport TFM sets runway system arrival and

demand imbalances
departure acceptance rates ovea TFM planning
horizon in response to traffic demand schedule

Airport ATC Model

Each Airport ATC agent in ACES Build 1.1
simulatesthe management of actual flight operations
through the surface and runway syste(seeFigure

8). The Airport ATC model generates each flight's
actual departure time from the terminal gate system
based on the schedule. The AirpoNTC model
constructs a takeoff schedule of flights based on the
terminal gate ystem departure times and originally
scheduled (wdelayed) taxiout time. Concurrently,
the Airport ATC model constructs a landing time
schedule of flights based on projections received
from the TRACON ATC agent. The Airport ATC
model assigns actual takiéand landing times based
on comparative analyses of the flight schedule versus
the arrival and departure acceptance rates. The model
spaces successive takeoffs and successive landings to
conform to the arrival and departure acceptance rates.
The actual akeoff and landing times include delays
induced by the acceptance rditased traffic
overloads, which result in runway system departure
gueues on the airport surface and airborne arrival
delays. The Airport ATC model assigns each flight's
terminal gate aival time based on its actual landing
time and originally scheduled (totelayed) taxin
time. The Airport ATC model transmits the actual
takeoff times to its TRACON ATC agerand the
ATCSCC agent

Airport ATC assigns
actual landing time

Airport ATC assigns
actual takeoff time

Airport ATC assigns

Airport ATC assigns 0 .
terminal gate pushback time

terminal gate arrival time

Figure 8 Airport ATC Operation s Modeling.
Airport ATC manages runway system and surface
actual opeations in conformance with TFM
arrival and departure acceptance rates
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TRACONTEM Model

In Build 1.1, each TRACON TFM agent relays traffic
restrictions, subject to local adjustments,vioetn its
Airport TFM agent and its adjoining ARTCC TFM
agents. The TRACON TFM model determiniiight
restrictions to be applied at each arrival fix over the
TFM planning horizon in conformance with the
runway system planned acceptance rates. The
TRACON TFM model processes planned landing
times received from the Airport TFM model, applies
originally scheduled (wdelayed) terminal airspace
inbound transit timg and assigns planned arrival fix
crossing times. The TRACON TFM model also
determinedlight restictions to be applied to airport
departure flights over the TFM planning horizon in
conformance with constraints imposed by ARTCC
agents. The TRACON TFM model processes planned
departure fix crossing times received from an
ARTCC TFM agent, applies origitlg scheduled
(undelayed) terminal airspace outbound transit
times, and assigns planned takeoff times. The
TRACON TFM agenttransmits the inbounglanned
crossing timeat each arrival fix to the ARTCC TFM
agent handling that fix, and transmits plannedetatk
time restrictions to its Airport TFM agent.

TRACON ATC Model

Each TRACON ATC agentin ACES Build 1.1
simulates management of actual flight operations
through the terminal airspace. The TRACON ATC
model determines a scheduled departure fix crossing
time based on the actual takeoff time and originally
scheduled (wdelayed) terminal airspace outbound
transit time. The TRACON ATC model assigns
actual departure fix crossing times based on
comparative analyses of the flight schedule versus
pair wise aircrdf separation procedures (sé&gure

9). The model spaces successive crossings at each fix
in altitudeseparated traffic streams (i.e., representing
turbojet, turboprop and pistgmowered aircraft) to
conform to minimum separation equirements.
Concurrently, the TRACON ATC model constructs a
projected landing time schedule of flights based on
actual times of arrival fix crossings received from the
ARTCC ATC agent and the originally scheduled {un
delayed) terminal airspace inboundrsé time. The
TRACON ATC agent transmits the projected landing
times to its Airport ATC agent, and the actual
crossing times at each departure fix to the ARTCC
agent handling that fiand the ATCSCC agent

6

Arv & DepFix
Altitude Separation

By Stream Class
Turbojet: 10000

Tuboprop: 8000’
& Pison: 6000

~

TRACON ATC
assigns
departure fix
crossing time
per aircraft
separation rules

and sets pending
runway landing
time

/\

Figure 9 TRACON ATC Operations Modeling.
TRACON ATC manages actual operationsn
terminal airspace.

ARTCC TFM Model

The ARTCC TFM agents generate and propagate
TFM traffic restrictions through the en route network.
Each ARTCC agent plans traffic restrictions for its
multi-sedor airpace The ARTCC TFM model in
Build 1.1 receives planned exit boundary crossing
time requirements from adjacent TFM agents (e.g.,
ARTCC or TRACON TFM agentspnd relays the
exit time requirement to its ARTCC ATC agerithe
ARTCC TFM model examines ts capability to
absorb delaysand adjusts planned flight times
accordinglyto delayflights in its own airspace, to the
extent possible, to meet TFM exit time requirements.
Otherwise, planned delays are propagated upstream
by assigning planned ARTCC entrytime
requirements for delayed flights. The ARTCC TFM
modelsets gplan (seerigure 10) for flights requiring
outbound delay that either adsorbs the delay,
transposes the delay upstream, or a combination
thereof. Hence, all or padf a planned arrival delay
due to runway system acceptance rate may be
absorbed en route (in one or more ARTCCs) or
propagated to the origin airport and absorbed prior to
takeoff.

ARTC# B ARTCQ A
Runway
Sector Boufdary Metpring Takgoff
Boundary Propagates Unabsorbe Metering
\ Deldy to ARTCC B \
i
\ N ‘H
B 3o 3 > 33 3 )
Runw: | , I, ¥
Takeo ’7( Delay Ab orpt)tion Arrival Fix
Metering 7( ) in ARTCG A (ARTCC A
T | Departurg Fix Mitig N Exit Boundary)
Metering Delay Prgpagation Metering for Rwy
‘1‘ x ) Acceptance Rate
—

Figure 10 ARTCC TFM Operations Modeling.
En Route TFM restrictions are dynamically
defined and systematically propagated ovea
look-aheadspan

In Build 2, the ARTCC TFM model alsaeceives
Monitor Alert-based projected sector overload
advisories from the ATCSCC TFM agefsteeFigure
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11). In response to a Monitor Alert advisory, the
ARTCC TFM agent independently assesses that
sector's projected traffic loading, determines the
existence and severity of a projected overldag
comparing projected instantaneous aircraft counts
and prescribed capacity, and assigns delay to
selected flights to resolve the overload. ACES
propagates these delays upstream by specifying
planned crossing time requirements at the ARTCC
entry boundary.The determination of delague to
sector overlod is integrated withthe determination

of the exit boundary constraint resolutiaescribed

in the preceding paragraph.

The ARTCC TFM agenttransmits planned entry
boundary crossings time restriction messages to
adjacent TFM agents whether generated by exit
boundary constraints or sector traffic overloadss
both These messages prescribe exit boundary

crossing time restrictions for assessment and
resolution by the adjacent TFM agents.
Flight Data
Other TFM Agents }
— Exit Boundary Crossing ATCCC
Time Constraints Monitor Alert
1 Sector Congéstion Alerts

This ARTCC TFM
‘ Exit Boundary Constraints Assessment

‘ Sectors Traffic Overload Assessment

I
This Entry Boundary Crossing Time
v

1
This Exit Boundary Crossing Time
I
This ARTCC ATC
ARTCC, TRACON TFM Exit Boundary Constraints
Exit Boundary Constraints Assessment & Resolution
Assessment & Resolution Il

Upstream

Maneuver Requirements/Instructions

v

ATCSCC Elight
Trajectory Update Track Update

Figure 11 En Route Congestion Mamgement
Process TFM agents propagate traffic restrictions
through the NAS. ATC agents implement delay
requirements.

ARTCC ATC Model

The ARTCC ATC modelin ACES Build 1.1
manages traffic to maintain conighce with the
TFM restrictions.The ARTCC ATC model maintains
a list of all aircraft within the airspace and it receives
TFM restriction messagespecifying which aircraft
are to be delayednd their required ARTCC exit
boundary crossing time-or theseTFM restrictions,
the ARTCC ATC agent implementfgath stretching
by turning the aircraft offroute temporarily to fly one
or more dogleg turns about its nominal route. It
rejoins the nominal route approximately as it exits the
ARTCC. The dogleg turn model is an approximate
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solution. It uses a local flaearth reference frae and
accounts for wind and finite turn rates.

The ARTCC ATC models being enhanced in ACES
Build 2 to resolve potential iolations of separation
minima. After delaying all aircraft with TFM
restrictions the ARTCC ATC model next performs a
tactical corflict detection and resolution QD&R)
computation for all aircraft pairs. It projects all
aircraft into the future along their current state
vectors to determine if there are any predicted
conflicts. The default time window in which conflicts
are checkeddr is two to ten minutes. For predicted
separation loss, the ARTCC ATC model manesver
the aircraft in an attempt to achieve at least minimum
separation at the point of closest approadtie
restrict the resolution maneuver to only one of the
two aircraft b minimize controller workload.
Furthermore, the resolution maneuver is limited to
two turns, the first to resolve the conflict and the
second to return to the flight plarhe resolution
maneuver is determined by approximating the
separation at the pointf closest approach using a
two-dimensional, secondrder Taylor series
expansion in the velocity vector components of each
aircraft. This evaluan of all the options accurately
and efficiently. The aircraft that requires the
minimum maneuver is selected

The ARTCC ATC model derives maneuver
instructions to resolve any TFM restrictions, potential
conflict, or both.This generallyresuts in a series of
vectors to betransmittedto the ATCSCC agent and
eachFlight agentat specific times.

ATCSCC TEFMModd

An ATCSCC TFM agenin ACES Build 11oversees
gateto-gate flight movementreceiving andpassing
traffic movement information from and to other
agentsIn ACES Build 2,The ATCSCC TFM model
simulates a Monitor Alert function by examinirtge
predicted tajectories of all aircraft and computing
sector traffic loadings. The sector traffic loadings are
compared to the sector capacity to identify predicted
overloaded sectors. TheATCSCC TFM agent
transmits sector congestion alert messages to ARTCC
TFMs.

Non-ATM Modeling in Current ACES
AOC Model

An AOC agentis usedin ACES Build 1.1 to
implement a traffic demand model This model
assigndlight plans for all flights for the given ACES
simulation run. The output of the traffic demand
model is a set of flightswhere each flight is defined
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by a city pair, planned departure and arrival times,
aircraft type, and route detailln ACES Build 2, an
AOC model is being developing to perform rtime
analysis of flight irregularities and actively delay or
cancel flighs to meet schedule objectives.

Flight Model

The ACES Build 1.1Flight model flies the aircraft
forward in time to generate a dio dimensional (4D)
trajectory.The model uses 4-DOFlynamics modef*
including the aircraft roll angle for realistic turn
mareuver modelingin the en route airspace (i.e.,
between the departure and arrival meter fixés)ses
airframe and propulsiomodelsto construct a free
body diagram and solve the aircraft equations of
motion. For guidance it uses route following and
route capture logic for the horizontal plane
maneuvers, and realistic energyanagement logic
for capturing a speedltitude state A lower fidelity
approach is applied in terminal using transit time
input data. Here, nominal (udelayed) flight times
specificto the stream class (i.e., jet, turbojet, piston)
of the aircraft are assigned to define terminal airspace
transit times. Similarly, nominal (udelayed)
inbound and outbound surface taxi times are assigned
by airport. The TRACON TFM may apply delay to
these urdelayed flight times.

Wind Model

ACESBuild 1.1 uses theRapidUpdate Cycle RUC)
nationwidehourly wind estimates to model wind as a
two horizontal vector components in the nestbuth
and eastvest directions, respectively, at the aircraft
location. These data appear in the equations of
motion of flight which are used to propagate the
aircraft trajectories. Wind forecast error is not
currently modeledThe RUC data are interpolated to
the aircraft position and time for all aircraft. This
four-dimersional  interpolation  (three  spatial
coordinates and one temporal coordinate) is done
using a sequence of four owdmensional
interpolation steps.

Resuts

Trial Application

Given its current early state of development,
application of ACES to elaborate realorld
problems would be premature. Issues first need to be
addresed concerninghe fundamental viabilityof the
ACES designas a tool to evaluate NAS operations.
For this purpose, the currehil_A-basedACES Build

1.1 software wastested on a personal coputer
system of ten Windows machingds simulate the
following NAS environment:
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e 20 pairs of ARTCC TFM and ATC agents, one
pair for each domestic ARTCC (with airspace
boundaries defined for each ARTCC and each en
route sectgrand with a sector capacityefined
for each sector as a maximum instantaneous
aircraft coun.

e 250 sets of Airport TFM and ATC and
TRACON TFM and ATC agents, where a set of
these four agents is constructed for each of 250
airports(with runway system maximum arrival,
departure and tal acceptance rates defined
uniquely for each airport)

* Scenarios defining changing VFR and IFR
procedures by airpart

*  One ATCSCC TFM agent

» Atleast oneAOC agents, representimne or
more generic airline/aircrafiperator(trial
exercises runs havastantiatedl8 agents)

» 25000 domestidlights over a 24hour
simulation period (thaircraft dynamics model,
parameterized for different aircraft typegas
used to construct trajectories individualtyr
each flight)

Example results are shown Figure 12 and Figure

13 using the gateo-gate flight timedistributions for
NAS-wide traffic over 24hour periods ACES was

run using input flight plan data derived fromthe
Enhanced Traffic Managnent System (ETMSjor

the sample daysdentified in the figures Figure 12
compares ACES results with trajectory times derived
from gateOut, runwayOff, runwayOn, gateln
(O0O0I) statistics collected rém actual airline
operatons on the same day that was modeled. These
results indicate ACES results correspond reasonably
well to actual operationsFigure 13 shows ACES
results for NAS traffic loadings on two different
days, indicating its ability to model different
operatios and quantitatively assess relative
differences or similarities in performanc&imilar
modeling results have been appfiegreviously to
evaluateATM system alternatives.
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Figure 12 Gate-to-Gate Flight Time Distribution:
ACES vs. Actual, May 26, 2002.
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Figure 13 ACES Gate-to-Gate Flight Time
Distribution: May 17 vs. May26, 2002.

Overall System Performance

All message are sent in a reliable mode,
guaranteeing delivery. Time critical messages are
time-stamped to arrive in the next second of
simulation time. The simulation clock is discrete,
currently set with a minimum orgecond time step.
Early trial runs of ACES Bud 1.1 took 24 hours to
complete. System improvements have reduced the
run time to approximately eight hours.h& ACES
Build 2 is estimated to simulate 25,000 flights (3000
peak count) through 250 airports and 20 centers in
five to six hours. We anticipat more efficient
message handling, algorithmic design and data
processing will significantly improve performance.
This capability to improve performance is important
because the ACES modeling concept and architecture
is intended to simulatenanyhundreds bthousands

of flights and manyhundreds of terminal aredsr
future operational concepts
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Conclusions
Finding
The key finding: it worksACES processdthe
25,000daily flights, handling over 3000 flights
simultaneously at peak periadsgenerated
trajectories, assessed runway systeaiffic demand
versugsthroughput limitations for each and all
airports, calculated runway system acceptance rates
based on arrival versus departure traffic loading,
propagated airpofbased TFM restrictions through
terminaland en route airspace, adjusted TFM
restrictions to account jointly for airport overloads,
further propagatedFM restrictions througlthe
airspace to departure airports if required, and
conducted ATCQtraffic assessments and resolutions to
implement TFM estrictions ACES generated
computer graphics visualization of each run and
collected statistics describing individual trajectories
and general traffic activity.

NearTerm EnhancemenBeyond Build 2

Someenhancement® ACES capabilities to emulate
NAS operations includesimulation upgrades that
enable provision of multiple airport TRACONS,
complex runway system configuration and
sectorization alternative flexible route and fix
structures for extended terminal aiesp, and
rerouting, TFM functions that pply ground delay
and stop programs and distinguish miles in trial and
time-based meteringmaturation of conflict detection
and resolution functions (e.g., short term conflict
avoidance), and stochastic perturbations
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