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Abstract

METHODS FAQRIVERSAL BEACOODE 3SIGNMENT
Vivek Kumar, PB.
George Mason Universit2011

DissertationDirector:Dr. Lance Sherry

The primary responsibility &fir Traffic ControlATQis to expedite the flow of
traffic while maintaining safe separation. Positive identificatad the primary radar
returns for individual aircraft is achieved through a system of interrogation and
identification know as Air Traffic Control Radar Beacon System (ATARBS)tlight is

identified by a uniqu@&Beacon Codeassigned by th&TCbefore departure.

Due to installed equipment limitationandreservation of dew codes for special
usagepnly 3,348Beacon Codeare available for use by nanilitary flights. AT@ust
& NB | sBaakdh Lddeto flighs when theyenter an ARTC@ir Route Taffic Control
Center)in whichtheir current code is already in usBach instance ddeacon Code
reassignmentequires human intervention and this process is therefauénerable to
humanerrors. An undetected erromaylead to misidentification of fliglstwhich results

in reduced safety margin. For this reasB8eacon Codesassignments are undesirable.



On a typical day (04/11/2007) includin®421flights (non-military), 62,805
handoffsoccurred,whenflightscrosed ARTCC boundaries. With the curreigtributed
code dlocationschemeand the existing route structuré,730(10.7%) code
reassignmentsvererequired.The current allocation method is also subjecttale

shortages as the volume of d@naffic grows.

The objective of this researatas to cvelop a detailed understanding of the
problem and enumerate and evaluate alternatimethodsto eliminate (orminimize
coded NB I & & A ahy potenfidl shértages. The methods weeguired to berobust
in the face of routingyariationsnecessitated byveather andalso to the evolution of
airline networks. This dissertation descrilzesd evaluateshree new alternate methods
for centralizedBeacon Codassignmenthat assign codes bgxploiting the temporal

and spatial opportunities available in the NAS

1. AMixedInteger Linear ProgaifMILP)optimizationmodel,
2. ASpaceTime AdjacencySTAheuristicalgorithm, and
3. A hybrid approacltombiningMILPoptimization and STAeuristicalgorithm.
The results of this researdemonstrate the feasibility amplementinga code
assignment system that eliminates need for reassignment and is scalable to future

traffic growth.



Chapter 1 Introduction

The primary purpose of Air Traffic Control (ATC) is to prevent collisions between
aircraft operating in thNationalAirspace Sstem(NAS)organize and expedite the flow
of traffic, and to provide support for National Security and Homeland Def@valkan,
2007) Maps, blackboards and shrimp boats were used by early controllers to track the
position of aircraft. Over time, increas volume and omplexity of traffic haeled to

improvements in surveillance, navigation and communication capabilities.

This chapter describase functionsof ATC and theole of radar in surveillance
Thesecondary radaralso known as Air Traffic Control Radar BeaSystem (ATCRBS) in
the United Statesand therole of Beacon Codas flight identifieris described Next, the
currentBeaconCode allocation methodDOT/FAA, 20093 described. Alescription of
the drawbacks of the current allocation plan is followedaalysis ohistorical citato
guantify the magnitude of current problenNext, the results of the new alternate
methods ofBeacon Codassignmenteveloped during this resear@re summarizedA
list of unique contributions of this research is summarized in thesastion of his

chapter.



1.1. TheAir Traffic ControlATG and Radars
Theprimaryresponsibilityof the Air Traffic Contrq]ATC) is to expedite the flow
of traffic while maintaining safe separation. The ATC supports three major functions,
namely,communication, navig&n and surveillance. Surveillance is primarily achieved
through radar. Radar asdeveloped during th&econdNorld Warfor tracking enemy
aircraftand waslater adapted for civilian usi@®r separation assurance and coordination

of air-traffic. Radar techalogy can broadly be classified into two types:

1. PrimaryradarA & G KS G NJ RA ( A 2Itopetatesioitiie priiciplethak y G €
rotating radar transmittes broadcast electromagnetic radio pulses of which a very
small portion is reflected back fromreraft that falls in thepath of these pulses. The
azimuth orientation of the radar antenna and the time taken for the reflected pulse
to return provides the bearing and distance of the target aircraft respect{idyan,
2007) Primary radar ipassiveas it relies solely on thequipment(rotating
antenna) orthe ground.

2. Secondaryadaris asystem used in ATiG providesurveillance radar monitoring

and separation of aircratty transmitting aircraft ID and/or altitude from the cockpit
to the ground radar stationt consistsof a Secondary Surveillance Rad&6Rwhich
is celocatedat ATC witlPrimary Surveillance Rad@SR as shown ifrigurel and

a transponder which is located in the aircréfeeFigure2). Unlikethe primary

radars which argassive secondary radarare activeasthey relyon the

transponder which responds to interrogation from ground station by transmitting a

NJ
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coded reply signdhat represents eitherdentificationor altitude of the aircraft. This
system is also called ATCRBS (Air Traffic Control Radar Beacon System) in the United

States.

SSR

-Dependent on
transponder response
in aircraft

-Signal strength ~ d-2

PSR (skin paint
radar)

-Traditional radar.
Transmits radio pulses and
listens for and times

reflections from the
skin/metal component of
aircraft

-Radar Eq (Signal ~ d)

Figurel: Typical Ground Radar. S@&®condary Surveillance Radanpunted on top of
PSRPrimary Surveillance Radar)

1.2. Role of Beacon Codes
The transpondeslocated in aircraftespondto interrogationsfrom ground
stationswith four digit codes, known aBeaconCodes (hereafter referred to as BC or
codes) Each of theséour digits is octal (0 to Aesulting in a totabf 4,096(8") possible

combinations The eplyof transponder represents eithér KS I A NONJ FG§ Q& A RSy

altitude depending on the type of interrogation.



Beacorncodes are used by ATC to identify aircraft on the radar display. Every
aircraft within an ARTC boundary must have a unigeedeassigned to itOut ofthe
4,096total code combinations/48 codes are assigned to the military or reserved for
other special usage. This lea&348 codesavailable for civil aviation ug®OT/FAA,

20009)

Figure2: A typical ATCRBS transponder (located in cockdiflanufacturer. Honeywell
International Inc.

1.3. The CurrenBeacon Codéllocation System
TheContiguous United Statd €ONUPBIs subdivided inttwenty ARTCCs as
shown inFigure3. The process of allocatir§eacon Codeto flights in the National
Airspace System (NAS) is owned and managed byaRé&Aublished in DOT/FAA orders
which are revised periodically. The code allocation was last revised in November of 2009
and is publishedh (DOT/FAA, 2009This oder enlists the code blocks that are

allocated to each of the ARTCCs in the CONUS.



Figure3: The 20 Centers in the CONUS (Google Earth Representation)

The current process @deacon Codallocation is ARTGE&ntric. Each ofite 20
ARTCCs in the CONUS isgllecated a static subset of codes as per the DOT/FAA Order
(DOT/FAA, 2009)The distribution of the number of codes allocated to all the ARTCCs is
illustrated inFigure4. The number of codes allocated to each ARTCQ isgual andis
dependent on the expected traffit.e.demandfor codes The center with the least
number of codes allocated to it is ZKC (Kansas City City) center with 601 codes. The

center with themostnumber of codes is ZMA (Miami) center with 1,558 &s.



:

1200

200

727 727 740 740 FI5

Total Number of Codes

o -

R R

Figure4: Distribution of total number ofBeacon Codg allocated to 20 ARTCCs in the CONUS as

400 -

601 614 614 856

‘6’-&‘%0?,‘?)@0%4&54\,&"\9'&@*{1#

per the National Beacon Code Allocation PIEDOT/FAA, 2009)

1200
1000
800
600
400
200

Number of Codes

Code-Sharing Histogram

975 949
477
315
— |
3 4 5 6

314
252
1 2 7 8 9

Number of Centers Sharing the Code

Figure5: Histogram of Codé&haringamong the 20 ARTCCs in ti®NUSlerived from

Ideally, flights could fly from their origin to destination using the same code for

the entire flightduration. Howevercodes are limited (3,348) and as a result the code

(DOT/FAA2009)




subsets allocated to individual ARTCCs have overlapping set ofasstesvn inFigure
5. For example, there are 975 codes which are shared by 4 ARTCCs. As a result of the
sharing of codes among the ARTCCdikasy/that when a flightenters a new ARTCC

enroute to its destination, its current cods already in use bgnother flight.

Wheneveraflight enters an ARTCC with a code that is already inthisdjost
Computer System (HC&)the new ARTCustassign another (nogonflicting) code to

the incoming flight from its own subet of codesThis process is known &eacon Code

reassignment.

Center k |ICenter k+1  Center k+2

|/ NoBC | i
i Conflict | |

T | Communicate, / Ack i i
\_BCtoPilot.” ‘._Change -
C St | |
Voice, . .
TN "/ R iertogdion | AV

(Note BC 1 _SetBCon : M)
)/ \Transponder - | | AN |

-

Manual Activity AT |
- .
/  Sourcesof .
\ Error
~

- -

Figure6: Flow diagram of Beacon Code Reassignment Process

Each instance ddeacon Codesassignments achieved through sequence of

processes as shown kgure6. Initially, the HCS (Host Computer System) of the ARTCC



retrieves a valid BC from its subset of coddsen theATC communicates iBCvia
voicel 2 (GKS LIAf20d ¢KS LAf20 Oly26f SRe&3S a
a note of the new BQ\ext,the pilot manuallyadjuststhe transponder knobs to the new

BC. The ATC then verifies this change by a radar interrogation.

The voicecommunications between the pilot and the ATC and also the
adjustment of transponder knabto the new BC by pilot are processes whaxduire
human intervention andire vulnerable to humaserror. These humaerror prone
processes are shown in dotted red boxe§igure6. Any humarerror, if undetectedin
the BC reassignment process would lead to flight squawking an erroneouswdtide

may lead to a safety hazard due to misidentification of the flight.

Himinating reassignmentslsoallows for more efficient Host Computer System
(HCS) software imprewments as the system moves to higher degree of automation. In
the Next Generation Air Transportation SysteektGen report the multtagency Joint
Planning and Development Office (JPDO) describes an expectdd ttweefold
increase in air traffic demanily the year 2025 and the need for new automation
technology and operating procedures in the National Airspace SyStemtPlanning

and Development Office, 2004)

The currentapproachof allocating static subset of codes to individual ARTCCs is
not robust to accommodatéhe seasonalluctuationsin code demand (because of

increasechumber of flight$ caused in certain geogphic regionand may lead to



localized code shortaga the corresponding centergor example, Miami experiences
heavy traffic in wintersvhich may lead tshortage of codesVhenan ARTCC exhausts
all the codes in itsubset thenthe ATC startsassigingnon-discrete codes to flights.
Thisprocessof assigning noiwliscrete BeaconCodesis workload intensive for the ATC
andreduces the safety margimecause dlight may respond to ATC communications

intended for anotheiflight on the sameBeacon Code

1.4.Code Reassignmerftrequencyand Likelihood
| AA02NROFE RFEGE 6l & Fylrfel SR FNRBRY (g2 a
data and Enhanced Traffic Management System (ETMS) dajaaidify the number of

Beacon Codesassignmentsaind establish a baseline

An analysis of historicBHTMSJatafor 5 days of 2007 yielded that on an average,
there are 62,11hand-offs (Table3) per day in NAS.he ratio of the number of code
reassignments and number of haioffs is the likelihood thaa flight crossing a center

boundary gets a nelBeacon Code

The number oBCreassignments in NAS for 153 day$iost dataanalyzedover
the period of £' August 2007 to 31December 2007 shown irFigure7. The average is
7,642 with a standard deviation of 1,45Thisis equivalent tcan averageeassignment

likelinood of 12.3 % (842/62,111).



The average number @C reassignmentsr the 5 days of ETM&D trajectory

data analyzedsi6,208. Thereassignmentikelihood is irthe range of 9.26:10.7% with

an average of 9.96% (S€able3).

Number of Days

Histogram for # of BC Reassignments

|
_ +
Q_90
II-

=
4000 5000 6000 TOOO  B000 9000 10000 11000

BC Reassiemment Statistics
M 3143
Max 10571
Median 7769
Mean 7042
Std Dev 1451 I
BC Reassignments Per Day

Figure7: Histogram of BC Reassignments for 153 days of HOST Data

The BC assignment methods discussed in this dissertation are de$mne

eliminate (orreducs the likelihood of codeeassignmentsind as a result, increase

safety marginsimprovesHost software efficiency and redusATC/pilot workload
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1.5.2ummary of Results

The average likelihood of code reassignments from data ardhigze 96%Table
3). Three alternative methods were developed for Beacon Code assigniftemipace
Time Adjacency &) heuristicalgorithmpresented in the dissertation achievasl00%
improvement over the existing system bymainating the need for codeeassignments.
The Mixed Integer Linear Program (MILP) formulation proved infeasible due to
computational limitations. The hybrid method derived from a combination of
clusterization and STA heuristic algorithm eliminates reassgts for the current day

traffic (2007 data).

The methods presented in the dissertation are also tested for 1.5x projection of
current traffic volumes. #suming the best casaherethe likelihood of code
reassignmentsising thecurrent system(Description of Existing Beacon Code Allocation
Method) remains the saméor 1.5x traffig the ST Aalgorithmachievesan 87% reduction
(9.96% to 1.29%ip codereassignment likelihootly reducing the likelihood of code

reassignment td..2%a

1.6.Unique Contributionsof the Research
This researctpresentsnovel method for UniversaBeaconCode assignment
that assigngodes to flights by exploiting the temporal and spatial opportunities
available in the NAS so that the likelihoodcotlereassigments is minimizedThe

methods presented are Mixed Integer Linear Program (MILP) based optimization

11



(Chapter 4)heuristicalgorithm(Chapter 5)and a hybrid methodChapter 6which

combinesMILPoptimization andheuristicalgorithmic approach.

Also, the robustness of the proposdsieacon Codassignmenimethodshas
beenverified for different traffic pattern days including different weather scenarios and

enhanced futue traffic levels.

Also described is an algorithm to convert th®4rajectory of flighs into a time
ordered sequence of ARTCCs that a flight goes through enroute to its destination along
gAGK GKS SYydNB FyR SEAG GAYS |G SAHa ! we/ /
National Beacon Code Allocation Plan simulator was built thpkeiments all the rules

and procedures of Beacon Code allocation in the current system (Appendix B).
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Chapter 2 Background and Literature Review

Adescriptionof the Air Traffic Contro{fAT(Q and a brief summargf the history
and functioning of ATCRB&: described in the first subsection of this chapter. In the
second subsection, the current procesBafacon Codallocation is described. In the
following subsection, a literature review of past relevant work on this topic is presented.

In the final sipsection of this chapter, the need statement for this research is stated.

2.1. Description ofATC andHistory of ATCRBS
The primary purpose of the Air Traffic Cont(éiTC) system is to prevent
collisiors between aircraft operating in the systemrganize ad expedite the flow of
traffic, and to provide support for National Security and HomelBfence(Nolan,

2007)

Maps, blackboards and shrimp boats were used by early controllers to track the
position of aircraf(Nolan, 2007)Over time, increase in volume and complexity of
traffic has led to improvementis surveillance, navigation and communication
capabilities. In 1930, the first radexjuipped control tower was established at Cleveland
Municipal Airport. Increased traffic levadreated the need for extending ATC services to

en-route phaseof the flights. This led to the opening of the first Airway Traffic Control

13



Center at Newark in December 19356.1936, en route ATC became Federal

responsibilityandthe Government &rted providing air traffic control servise

Advances in the field of fligmavigation and surveillanceechnologies in years
leading up to and duringvorld War 1l led to the development oddar. Radar is
system that uses radio waves to detect distant objebisployment of adar enabled
the controllers to see aircraft position ansual displays. This technology vea®ntually
incorporated by Civil Aeronautics Administration (CAA}xtoveillance andontrol of

civil flights.

In 1937, the Naval Research Laboratory (NRL) developed the first U.S. radio
recognition Identification fkend or Foe (IFF) system, the Model XAE, which met an
urgent operational requirement to allow differentiation of friendly aircraft from enemy
aircraftin World War 11 The Mark X IFF was a later radar beacon system developed by
NRL. It was essential toghmilitary because it reduced fratricide when used with

beyondvisuatrange weapons.

By 1958, the FAB-ederal Aviation Administratiomad established the Air
Traffic Control Radar Beacon System (ATCRBS), which is the civil version of the Mark X.
This newsystem required flights in certain positive control areas (higlume air traffic
areas near airports, IFR traffic under ATC guidance and(ADZefense Identification
Zone) to carry a radar beacon called a transponder. This transpoméguwelyidentified

individualaircraftyieldingimprovement inradar performancend surveillanceThe

14



International Civil Air Organization (ICAQO) later adopted the ATCRBS, making the Mark X

GKS olaara 2F GKS g2NIRQa FFANJGNFXFFAO O2y i N

2.1.1TheATCRBS (Air Tifec Control Radar Beacon System)

ATCRBS is a system used in ABDhance surveillanceadar monitoring and
separation of aircraft by working in conjunction with primary radar to produce a

synchronized surveillance. The two major components of the ATS§RESn are:

(i) ASecondary Surveillance Rada6R), as shownhigurel, isthe part of ATCRBS co
located at ATC with Primary Surveillance R&B&fR It transmits interrogations and
listens for response.

(iAtransponder, as shown irFigure2, islocated in the aircratft is usually mountédl
the avionics rack. Installations typically also include the altitude encoder, which is

O2yySOUGSR (2 GKS NI sstaticystedmnIoNarovidg pressuie NO NI F

altitude information to the transponder (for mode C interrogation)

2.1.1.1ATCRBS Operation
The ATCRBS interrogator at the ATC facilittherground, shown irFigures,
periodicd f @ AYOGSNNR3IIF1Sa FANONIFG 2y | FNBIdzSy
antenna at the assigned Pulse Repetition Frequency (R8&h, 2007)Typical
frequency of interrogation is 45800 per second. Einterrogation travels at the speed
of light in the direction of the aenna.Upon receiving an interrogationjraraft reply

with requested information (altitude or identification) at 1090 MHz after a 3 micro

15



second delayThe interrogator then decodes the reply and identifies the aircréfie
aircraft position is determiné by the delay between interrogation and regd

antenna bearing

The transponders typically have four operating modes: Off, Standby, On {Mode
A) and Alt (ModeC). Theonly difference between th©n and Alt modess that when
the transponder is ithe On mode, it does not transmit any altitude information. The

Standby mode allows the unit to remain powered but it inhibits any replies.

Figure8: ATCRBS systerilow of Information(Bussolari, 2000)

Interrogation consists of three pulses. Each of them is 0.8 microseconds in
duration and is referred to as P1, P2 and Pg8yre9). The time interval between P1 and
P3 determines the type of interrogation. P2 is used for-4ude suppression. If P1 and

P3 are separated by 8 microsecortds interrogation is of typeMode 3/A. The reply

16



expected from the aircriais the beacon/squawk code. If P1 and P3 are separated by 21
microseconds, it is a mode C type interrogation, requesting aircraft pressure altitude
from the transponder. There is no difference between a Mode A and Mode C Téay.

decoding of the replgepends on the type of interrogation issued.

If the ground station sendsraode 3/A interrogation, the transponder replies
with a string of pulses that are the squawk code onlthdfinterrogation ismode Cthe
reply is altitude only.Each altitude cde has an equivalent squawk code. This means
that the same data would decode as a squawk rather thaaltitude. But each squawk
code does not necessarily have an equivalent altitude. There,@86 #entification

codes but only P80 altitude codes, ontor each 100 foot increment fror,200 to

126,700 ft.
MODE A |-|
INTERROGATION & bl & &
8us :|1
MCGDE C |-|
INTERROGATION eldi a
!‘ 21u§ J

Figure9: The distinctionbetween Mode A and Mode C interrogation pulses
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2.2. Description of Existing Beacon Code Allocation Method

The current system ddeacon Codallocation is ARTG€&ntric. Each of the 20
ARTCCs in the CONUS isgllecated a static subset of codes as per the DOT/FAA Order
(DOT/FAA, 2009)The distribution of the number of codes allocated to all the ARTCCs is
illustrated inFigure4. The number ofades allocated to each ARTCC is not equal and
dependent on the expected traffic, i.e. demafuat codes. The center with the least
number of codes allocated to it i¥XZ Kansas Ciyywith 601 codes. The center with the
least number of codes is ZMA (Miamith 1,559 codesAs the total number of codes is
fixed (3,348)codes are shared by multiple ARTC&=eFigure5). For exampleBeacon
Code2101 is allocated to both ZKKansas City center) and ZNMiami center)

centers.

Codes allocated to each ARTCC can be eigxézrnal orinternal. Internal codes
are assigned to flights with fligilans that do not cross the ARTCC boundary. For
example, a flight from LAKos Angeles International Airpott) SFQSan Francisco
International Airport)would be assigned an internal code by ZL@s Angeles Center)

All othercodes are external codes, and are to be assigned to flights that cross at least

one ARTCC boundary.

Theexternal andinternal codes are further subdivided inpsimary, secondary
andtertiary codes as shown FigurelO. This categorization of codes represents the

search order. Whenever an ARTCC needs to assign codes to a flight it looks for codes in

18



the primary bucket first, and then if needend secondary and tertiaryn a given ARTCC

code list, each code can only be in one of these six categories.

A code which isternal for one ARTCC may be an external code for another
ARTC@Another example is cod2677, which is an eternal code for ZABAIbugquerque
center)but internal code for ZT(Atlanta center) Also, ajacentARTCQsever share an

External Code

Code Type
External Internal

. 1256 7441

Primary IEF2 3622
3472
S_eart_:.h Secondary 2377 T466
Direction| £221

Tertiary 3020
v

Figurel0: Categorization oBeaconCodes into Primary, Secondary and Tertiary subsets for
each ARTCC

A flightis assigned its firddeacon Codby the Host Computer System (HCS) of
the departure center. The HCS searches for codes iafgpeopriateorder. Codes are

allocated first from the primary bucket, and then secondary and tertiary if nectedl.

19



primary andsecondary codes are searched in a cyclic fashion, whereaettiary
codes are searched tegown (FAA, 2007)The beaca/squawk code retrieved by the
HCS is printed on the flight strip (Seigurell) along with other informatiorior ATC.

The ATC relays the Beacon Code to pilot via VHF (Very High Frequency) communication

(radio).
Callsign -_'"S'quawl‘:‘“:.Dep Apt  Arr Apt  Alt Apt Route Annotations
“"h—.-&—"’ \‘:_l‘ _,..’//
Aircraft [EAL218 3401 KnLB’/W‘-——-"" 22L | vis
Type ~grsa/F 118 Eggg;
CID —--49311/’ 214 fuel [/V/Have charts
) N
IFR/VFR Temp Cruise
! Alt Alt Scratchpad Remarks

Figurell:A sample flight strip

Before a flight crosses into a neMRTCC enroute to its destination airport, the
HCS of that ARTCC checks whether the code being used by the incoming flight is also
being used byny otherflight in that center If so, the HCS assigns another ctyden its
bucket ofexternal codeso the flight. This process of a flight getting a nBeacon Code

assigned to it by an enroute center is calelacon Codesassignment process.

2.3.Beacon Code Reassignment Scenarios

There are two scenarios in whiddeacon Codesassignment occurs:

20



2.3.1. Competing Center Scenario

CKS GO2YLISGAY3I OSYUuSNE aOSylINAR2 200dzNE
airports in dfferent centers are assigned the same code and they are in a common
downstream center at the same time. this situation, the flight which enters the

downstream center second reassigned Beacon Code

For example, the two flightdisplayedn Figurel2 start from different origin
ARTCCs and head towda ZDC (Washington DC Center). Fligishawn in red), is
headed from Kansas to Washington DC and fliglatyBn), from Miami to Washington
DC. If both flights happen to be assigned the same code 2101 by their origin ARTCCs,
then flight B is reassignealnewBeacon Codby ZDC because flight A would already be

using code 2101.

Figurel2 Competing Center Scenario for Code Reassignment
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2.3.2. Overtaking Scenario

When two flights get the samBeacon Codassigned by a center
initially(because they are offset in time and not in conflict in the center), but later on
happen to be active in a center downstream at the same time, then the flight that
enters the downstream center later gets reassigned a new code. This type of

reassignmenti®F £ ft SR GKS G20SNIF{Ay3Ié a0SylFNA2O®

For example, the two flights shown kigurel3 are starting from ZLA (Los
Angeles Center). Flight A (shown in red) is headed from San Diego to Dallas Fort
Worth(DFW) and flight B (shown in cydrgm Las Vegas to DFW. Both these flights
happen to be assigned the same code 7201 by their ocigimiers;because they were
not in initial conflict in departing center ZLA (B departed ZLA before A became active).
When A enters ZAB (Albuquerque centar@:45 Hours, it has to be reassigned a new

code by the center because code 7201 is already being used by B.

2.4.Research on Alternate Beacon Codes
AlternateBeacon Codallocation methods have been proposed in the past. The

most notable of them are descrideas follows:
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Figurel3: Overtaking Scenario for Code Reassignment

2.3.1Code AssignmentyAirline (9 Airlines interaction basallocation)

This method allocated blocks of codesstachairline whichit in turn assigedto
its own flight(Elbourn and Saunders, 1972, pp-Z®® ! AN Ay Sa GoK2aS NEPB
croad 2NJ 20SNIFL¥ YIé& 0SS fft20r0iSR GKS alyYS
O2RS& o0& GKS C!'! AYRSLISYyRSylGufeod ¢KS RSTAYA
2OSNI L)X YSIya FEA3IKGA sgK2asS NRdziSa R2 yz2i
was camducted in 1971 and at that time 9 airlines were chosen. The conclusion of this

research was that the airline routes were riotlependent of each other and therefore

the scope of duplicating codes among airlines wasfeasible
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2.3.2Altitude StrataCodeAssignment Plan (Codes assigned by Altitude, Reserved
codes for Climb/Descent)

This method assigned codes to flights based on the flights lvathgn certain
altitude layergElbourn and Saunders, 1972, pp-3. In addition, certain codesere
reserved for climb and descent indications. The rationale was to partition the altitude
into layers and the coddanks into proportional partitions for each altitude layer. The
assignment plan was not considertghsiblebecause the degree of coordination
required to follow this kind of code assignment rules far outweighed the profitability of

the plan.

2.3.3Directional CodeAssignment Plan (Same codes shared by flights operating in
geographically independent regions)

This method proposed that flights which do not share a common center could
use the same codéElbourn and Saunders, 1972, pp-39H. As a result,lie
north/south flights on the west coast, midest and east could use tteame codes since
the flights would never run together. Based on this rationtiie,same codes could be
shared by flights operating in geographically independent region. To test this theory, the
country was divided into geographically independent pantiigo that they could all
share the same codes without any interference. The conclusion of this study was that,

~
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2.3.4Master Assignmat Plan (Flight Plan aware assignment of BC)

According to this rathod, codesare assigned to flights bgne mastercontrol for
all IFRInstrument Flight Ruleg$lights in USElbourn and Saunders, 1972, pp-Z8.
Themastercenter usedlight-plans to assign deonflicted codes for each flight on a
FCFS basishis method used FCFS (Firsin€ First Serve) rule to allocate-denflicted
codes to flights and noptimizationwasused.In the conclusion of this study, the
authors statedthan c p O2RSa oSNB adzZFFAOASY(d G2 Ftt20

IFR traffic (1970) without argode reassignment.

2.35 GeographidBeacon Code Allocation

Thisstudyfocused on the optimization oBeacon Codeallocationsto reduce the
number of code reassignmenitgsed on a new geographic schethecic, 2005)This
method ofgeographiBeacon Codecheme addresskli K &mpgetingcentersé (Figure
13) scenarioas a major source @eacon Codesasignments. However, thimethod
made the problems caused bthe tovertakingé scenario Figurel3) worse since many
flights flying approximately the same patrere forced to share a smalumber of

codes.

The code allocation wasteloped based o7 daysof ETMS data ranging from
the year 2000 to 2004 as shownTiable4. The data wasinitially used to estimate code
demand and to determine the interference betweeanter-regions. A destination

region inthis case consists of either a single center or a union of several ceStece
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the code allocation to centeregions consists of primary and secondary blocks of codes,

two optimization problems were defined. The primary code allocation is a set of codes

to be assigned to the traffic with the highest prioritywas determined for all center

regions firstThecenteNB I A 2y a4 Q LINAYIFI NE O2RS Fft20F0GA2Y
allocate the available codes proportionallytocendB 3A 2y aQ O2RS RSYIl YR
allowing small or no interference between cert@gions sharing the code allocation.

Since each centaegion nee@d a specific number of codes to support the traffic, the

difference between the required number of codes and size of primary allocetasn

allocated in the secondary block of codes in a way that minghgépele sharing between

centerregions with high interference.

The proposed allocation was tested using Beacon Codallocationsimulation.
A total of 31 days of ETMS data were includethe simulation testing.The test results
showed that the proposed allocation reduddhe total number of reassignments by
approximately 60% with standard deviation of approximately 2%. The simulation results
also revealed that approximately 35% of tleassignments obtained by the proposed

7 A

centerNBIA2Yy FEft20F0A2Yy | NB (K NBadzZ G 2F (GKS

2.5. Objectives of ths Research
The objectives of th problems being addressed in this dissertatwam be

summarized irthe followingthree research gestions
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RQ": Is there aBeacon Codeeassignment problem in the currently usBéacon
Codeallocationsysten? Answering thisesearchquestionformally demonstrates the
existence oBeacon Codesassignmenproblemand establishethe primary motivation
for this research. An analysis afchiveddata for ahistorically high traffic volume period
(2007) is used to fadentifying and quantifying the problem of reassignment in the

current system(Chapter 3)

RQ* Isthere a centralizedBeacon Codassignmensolution that eliminates the
need for reassignmes? To answer thisesearchguestion, dternate methods for code
reassignmentvere developed, formulatedcodedand evaluated The results
demonstrate that centralize@eacon Codassignment method existhat eliminates

the need for code reassignme(@hapter 45 and 6)

RQ* Is there acentralizedBeacon Codassignment solutiothat scalesup to future
traffic growth (X1.5 traffi) The methods proposed in this research are tested using
future projectian of traffic to ascertain their scalability with growth in future traffic
demand. It is shown that using the Space Time Adjacency (STA) algorithm developed in
this research it is possible to assign codes for 1.5x traffic projections with only 1.29%

likelihood of code reassignmeri€hapter 5)

Analysis of historical data, and formulation and evaluation of the proposed

Beacon Codassignment methods were used amswer these research questions.
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Chapter 3 Data Sources and Statistics on Beacon Code Usage and
Reassignments

The twoprimaryfunctional problems that 8eacon Codassignment system
must be capable to address arede reassignments and code shortagesis section
describes the data sourcesed and the analysis that was done in order to idendihd
guantify the code reassignment and shortage problems in the code allocation system
being used currentlyn the National Airspace System (NAB)is system is called
National Beacon Code Allocation Plan (NBCAP) and is amdettanagedby Federal
Aviaton Administration (FAA), th&ir Navigation Service Providé&NSpfor the

airspace of United States.

The goal of the analysis described in this chapter is to be alelegwer the first
research questio®' (See Sectio@.5) which states s there eBeacon Code
reassignment problem in the currently usBeéacon Codallocation metho® Answering
this questionestablishes the need for thiszssearchandalsoprovides aaseline for

comparison of the proposeBeacon Codassignnent methods.

The data sources used in this research are described in the first subsection of this

chapter. Next, statistics oBeacon Codasage and reassignmeate presented. In the
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nextsection of this chapteiBeacon Coddemand in the NAS (Nationairgpace
System) is discussethe last section summarizes the results of data analysis in this

chapter.

3.1Data Sources

The threeprimarydata sources used in this research are:

(i) DOT/FAA Order JO 7110D
(i) HOSTdata

(iif) Enhanced Traffic Management SystdeT ¥1$4-D trajectorydata

Multiple data sources were used in this research for two main reasons. Firstly,
there is a higher degree of confidence in the result wiretependent data sourcesre
used to quantify the same metric (code reassignmami) their analysiyield similar
results. Secondly, theesolution ofETMS (Enhanced Traffic Management System)idata
higher thanHOST data for any given day and as a result the analysis of large volumes of
ETMS data is prohibitive in terms of computational space ane riaguired. For this

reason 153 days oHOST datas opposed to 5 days of ETMS data are used for analysis.

3.1.1 DoT/FAA order 7110.66D

Theprocess otllocation of codes to ARTCCs in the NA%/ised byFAA and
published inDOT/FAA ordex. The code altmation was last revised in November of 2009

and is published i(DOT/FAA, 2009This order enlists the code blocks that are
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allocated to each of the ARTCCs in the CONUS. The number of external and internal
codes allocated to each of tl#) ARTCCs in the CONddSPer the orders shown in

Figure4.

3.1.2Host Data

Host Data is recorded by the Host Computer System (l4€&dh of the20
ARTCCsinthe CONUS, { Aa (GKS (S@& AyTF2NNI{GA2Yy LINROS3
environment. It processes radar sunlailce data, processes flight plans, links filed flight
plans with actual aircraft flight tracks, provides alerts of projected aircraft separation
violations (i.e. conflicts), and processes weather data. The HCS along with the other
hardware components aldoas a direct access storage subsystem which archives flight

records.

The two types of Host Data used for analysithis dissertation are Utilization
Beacon (UB) and Beacon Reassignment (BA) messages. Data was extracted for a period

spanning 153 daysdm 1st August, 2007 to 31st December 2007.

3.1.2.1Utilization Beacon Messages

A snapshot of the Utilization Beacon (UB) message is shokigureld. The
HCS of each ARTCC maintains an hourly count of the numBeaobn Codeof each
type (primary, secondargndtertiary) in bothcodecategoies(external and internal).

Each rowof the UB message for a given ART&Cesentsthe peak hourly count of
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Beacon Codebeing used in the corresponding code categories for every hateof

day.

The relevant fields that were extracted are in column (vi) through (Kjgafrel4:

i.  Column (vi)Peak Number of Internal Primary and Secondary Codes and the total
number of adapted codes.

ii.  Column (vii)Peak Number of bernal Tertiary Codes and the total number of
adapted codes.

iii.  Column (viii)Peak Number of External Primary and Secondary Codes and the
total number of adapted codes.

iv.  Column (ix)Peak Number of External Tertiary Codes and the total number of
adapted codes

v. Column (x)Number of Code Reassignments since midnight.

(i) (i) (ii) ) ) (vi) (vii (vii) (i) ¥
zab 2007-07-18 39592 0010014081 601 0049/0189 0000/0000 0081/0315 0007/0110 0224
zab 2007-07-18 43980 0100011272 3601 0049/0189 0000/0000 0081/0315 0007/0110 0234
zab 2007-07-18 48164 0150017942 6601 0049/0189 0000/0000 0081/0315 0007/0110 0242
zab 2007-07-18 52268 0240014546 9601 0049/0189 0000/0000 0081/0315 0007/0110 0257
zab 2007-07-18 56413 0330011023 12601 0049/0189 0000/0000 0081/0315 0008/0110 0266
zab 2007-07-18 60217 0420016473 15601 0049/0189 0000/0000 0081/0315 0008/0110 0269
zab 2007-07-18 62884 0510010100 18601 0049/0189 0000/0000 0081/0315 0008/0110 0271
zab 2007-07-18 64691 0600012415 21601 0049/0189 0000/0000 0081/0315 0008/0110 0000

Figurel4: Snapshot of Utilization BeacofUB)Message fromARTCEIOST Data

3.1.2.2Beacon Reassignment (BA) Messages

A snapshot of the Beacon Reassignment (BA) medsaiowrin Figurelb.

Each row corresponds to an instancecofle reassignment.
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The relevant fields that were extracted are in column (vi) through (&)gfrel5:

i.  Column (vi): Call sign of FlightThe flight identifier of flight which is already
using the correspondinBeacon Code

ii.  Column (vii): Call sign of Flight 2: The flight identifier of flight wiBzsecon
Codeneeds to be reassigned due to potential conflict wteacon Codef flight
1.

iii.  Coumn (viii): Computer Identifier of Flight 1.
iv.  Column (ix): Computer Identifier of Flight 2.
v. Column (x): Beacon code of Flight 1(In use).

vi.  Column (xi): Beacon code of Flight 2(reassigned BC).

i () (iif) (iv) (v) (vi) (vil) (i) (x) (x) () () (dil) (dv)  (x)
zab 2007-07-18 39242 0006163454 376 SWA2301 SWA2721 882 695 7334 0727 SAN SAN BNA PHX
zab 2007-07-18 39982 0014174729 857 AWE369 N453AM 453 812 1546 0753 PHX XNA SMF AMA
zab 2007-07-18 40596 0021055711 1265 AWE92 USA1561 326 197 4172 0721 PHX PIT PDX PHX
zab 2007-07-18 41488 0031407169 1900 N390JK ups305 275 422 1741 2636 GBD MMCU AMA KELP
zab 2007-07-18 41954 0037107941 2230 C0A427 N424QS 901 929 7222 2647 SAN SNA EWR GGG
zab 2007-07-18 42479 0043228820 2602 AAL2452 AAL1324 178 154 7236 2646 LAX SNA DFW DFW
zab 2007-07-18 42576 0044318991 2671 AWE399 AAL2458 572 175 7371 1603 IAH LAX PHX DFW
zab 2007-07-18 43084 0050069821 3006 COA541 N425AP 041 686 7370 2657 LAX GTU IAH TDW

Figurel5: Snapshot of Beacon Reassigant (BA) Message from ARTCC HOST Data

3.1.3EIMS4-D TrajectoryData

The Enhancedraffic Management Systere [M$is a system developedwned
and used byFAA to manage the flow of air traffic within the Nét&a daily basiETMS
datahelpsprovide trdfic management specialistgith guidance to maintain air traffic

flow in the event of changing capacities in NAS due to weather advers&ifiddSlata
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for five days of 2007a year of historical higair trafficdemand)were chosen. The five
days chosengan over different seasons to account for the seaseaaiation in traffic

demand and route structurelhe dayshosen for analysisere:

(i) 3"“Jan, 2007 (Winter)

(i) 11" April, 2007 (Spring)

(iii) 26™ July, 2007 (Summer)

(iv) 21° November, 2007 (Day before Thanksgiyin

(v) 19" December, 2007 (Winter)

An algorithm was developed to convert tEFMS D trajectory datdo & OS y i S NJ
ONER & a A yTHescontetsion-was done by superimposing thi2 t#ajectories on the
center geometries and finding the entry and exit point indiand space for each center
on the route of a flightThedetails of this algorithm ardescribed imMAppendixA: 4DTF

to-CenterRoute Converter

3.2Beacon Code Usage Statistics

Beacon code usage statisticens derived from analgis of 153 days of HOST
data for all the 20 ARTCCs in the CONUS. The ETMS data could not be used to derive
code usage statistics because it is a flight centric dataset that does not have HOST

specificBeacon Codaformation.
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