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ABSTRACT

Author: Prakash Subramanian

Title: A Simulation Study to Investigate Runway Capacity Using TAAM
Institution:  Embry-Riddle Aeronauticd University

Degree: Master of BusinessAdministrationin Aviation

Yeda: 2002

This dudy outlines amethodto evaluate runway layouts using simulation, to aid in the
airport planning and decision making process As a sample study, the maximum throughpu
cgpaciti es of proposed expansion aternatives at Phil adelphia International Airport (PHL),
constrained at varying levels, areidentified. The objedive is to compare the ultimate arport
cgpacities acdhievable for ead o the diff erent layouts to estimate their respective dficienciesin
terms of runway system utili zation. Given its cgpabiliti es for modeling at a very high level of
detail and closely representing reality in terms of appli cable separation standards and air traffic
control procedures, TAAM (Tota Airspace and Airport Modeller) is used to simulate eab
propacsed aternative. Using the methoddogy proposed here, the baseli ne and the diff erent
alternatives were evaluated in terms of design functionality, sensitivity to techndogicd and
procedural improvements and overall utili zation of potential capacity. Results indicae that the
Diagonal concept layouts provide abetter alternative, irrespective of the set of constraints onthe

airport.
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“ Ninety percent of aviationis onthe ground.Only 10% isin the air.” ---Glen Curtis, Aircraft

Designer and Entrepreneur.

1. INTRODUCTION

Airports play akey rolein the mmmercial aviation system by alowing airlines and their
customers to converge. However, since the early 1970s, the pe&king of traffic & airports has been
aproblem of increasing concern to airport operators aroundthe world. Though the systems put in
placeby airports today are extensive and highly developed, the busiest airports gill facethe
problems of congestion and celay. Fadliti es at most airports are not adequate enough to
acommodate demand at all times andin al condtions of weaher and visibili ty. The resulting
delays leal to inefficiency and increased expenses to airlines, inconvenience and oppatunity
costs for pasengers, and increased workload for the FAA air traffic control system. In fad, a
ladk of airport cgpadty has been forecasted by the FAA to be one of the most serious constraints
to the growth of commercial and pivate aviation (Wells, 2000.

One main reason for this ladck of capadty isthat airport development projeds are
enormously capital-intensive and probably some of the largest infrastructure devel opment
projedsthat are undertaken. Hence, it isa challenging task for airports to kegp pacewith the
rapidly growing demand for air transport (Dempsey, 2000. Thisfad aso accentuates the
importance of thorough analysis of the various options and their outcomes in the planning stage.
Therefore, demand-capadty analysis, avita component of the arport planning process is

crucia in defining the physicd requirement of airport fadliti es to mee future demand.



Airport fadliti es broadly include, the arfield — runway, taxiway, gates, the terminal
building; and airport access/ parking faciliti es (Mumayiz, 1999. Approades to improving these
fadliti es, thereby expanding airport cgpadty, may be cdegorized as,

- Tedniquesto increase runway operationrate and hence aigment airside capadty or
mitigate arcraft delay.

- Tedniquesto move the arcraft from the runway to the passenger loading gates and back
again as quickly as possble to shorten the taxi-in and taxi-out componrents of delay.

- Tedniquesto aid in the transit of passengers through the terminal buil ding and the flow
of vehicles onairport circulation and accessroads (Well's, 2000Q.

A prerequisite to an airport planning processis an evaluation d the existing operational
environment. The next step would be to estimate the dfed of propcsed developments on the
airport’s performance Thisis then compared with the performance of the existing system to
justify the proposed developments. Methods used to assessairport capadty and/or delay may by
broadly caegorized uncer Observation and Smulation (IATA, 19%).

- Observation: Involves actual observation d traffic adivity at an airport, particularly
during peak periods. It may also involve comparison d the arport and its subsystems
with thase of ancther airport similar in terms of demand charaderistics.

- Smulation: Employs computer simulation modelsto predict the dfed of projeded airline
schedules on existing and improved airport fadliti es. Computerized simulations also
provide aquantitative and visual demonstration d the benefits that are expeded from
physicd improvements to airfields, enhancement of airspace and air traffic operation,

analysis of passenger flows in the terminal area, or a padlicy change.



Observation is normally used to assessthe static or existing situations and faaliti es while
simulationis usually employed to study dynamic condtions.

Simulationisthe process of imitating the operation d area-world system over time. It is
used to describe and analyze the behavior of a system, ask “what if” questions abou the red-
world system and aid in designing the system. Given the complex nature of airport systems
owing to interdependence anong a number of subsystems, simulation provesto be an
indispensable tod in addressng the various problems that are faced here. The very processof
developing the model itself often provides valuable insightsinto the system. Computer driven
simulations provide abetter understanding of the behavior of the system under various
conditions, suggest ways to increase dficiency by experimenting with arange of variablesin the
system, and are extremely useful in identifying bottlenedks. Using smulation modelsin airport
planning provides insight into theimpad of current and future dhanges on the functioning of the

airport.

1.1 Genesis of the project

Thethesis projed has evolved from an ongoing simulation analysis of Phil adelphia
International Airport (PHL) that is being carried out at Embry Riddle Aeronauticd University
(ERAU). This project uses TAAM Plus (Total Airspace ad Airport Modell er), ore of the most
sophisticaed software packages for simulation d airspace and airports. Detail s of the
cgpabiliti es and the vali dity of the model are provided in sedion 2.3.The essence of the main
projed has been to compare anumber of proposals for the development of PHL andto aid in

dedsion making based on the &solute values of performance measures sich as the number of



movements, delay, fuel and nonfuel costs, taxiingtimes, etc. Although TAAM is cgpable of
predicting these variables fairly accurately, a problem is posed by the fad that the differencesin
the values being compared are often very small. This may render the cmparisons between
aternatives nebulous, thereby cloudng dedsion-making.

The TAAM functionality has been developed to imitate red-world traffic patterns and
behavior aswell asto closely replicate adual air traffic control procedures. It is adiscrete event,
deterministic model that generally does not use aprobabili ty distributionin any of itsinpus
(although such dstributions can be generated for spedfic inpusif so desired). All inpus
required to runavalid simulation are real-world data. A more detail ed li st of the inpusto
TAAM isprovided in section 2.2and 2.3.Though this “red-world” feature of TAAM is
extremely useful in visually validating each smulation, solving tadicd issues andidentifying
battlenedks, it restricts the model from being eff edively used for multi ple iterations based ona
randam seed. This may be ansidered aweanessof the model in comparisonto cther simulation
models gich as Arena or Automod. However, it must be noted that TAAM is not ageneric,
statistica simulation model and is primarily suited for reliable technical evaluations of complex
airside scenarios. For studies such asthe PHL simulation analysis, this fundamental | ogic of
TAAM provesto be an as=t given the mmplexities of the various scenarios being examined.
Therefore, since the model does not lend itself well to statisticd analysis (such as gandard
hypothesis testing), it is generally validated by comparing its fidelity against existing red world
condtions.

In additi on to the performance measures determined for the baseline and for ead
propasal under agiven set of operating condtionsin the main study for PHL, it is also important

to seethe performance of eat of these scenarios under diff erent condtions andin a broader



sense. These condti ons may include improvementsin techndogy and procedures that aid in air
traffic management (many of which are drealy in the pipeline and are discussed in sedion 4) or
the theoreticd condtion d no constraints onthe airport environment. Evaluation d these
alternatives in a broader sense would involve looking at the functionality of the layout design,
sensitivity to technological changes and owerall utili zation d the potential maximum capadty.
Evaluating these scenarios in this fashion would be very useful in the dedsion making process
itself. Given the uncertainty of the future & today’s rate of techndogicd change and lead times
required in airport planning and development, it would also serveto help evaluate any dedsions

made.

1.20bjedive of the Thesis

Thisthesisis asimulation study that investigates diff erent runway configurations to
evaluate eab of the airport layoutsin terms of runway system cgpadty utili zation. Capadty
utili zation is measured in the form of indexes, computed using maximum capaciti es at varying
levels of groundand airspace onstraints. The objedive isto make acomparison between these
indexes computed for each scenario instead of comparing the asolute values of parameters
mentioned previously. From a planning perspective, this all ows more informed dedsion making,
by providing estimates of efficiency in terms of design functionality, sensitivity to technologicd
and procedura improvements and overal utili zation o potential cgpacity.

As asample study of the gplicaion d the evaluation methoddogy, two propasals for
expansion at Philadelphia International Airport (PHL) were investigated. For ead alternative the

maximum cagpadti es mentioned above were determined to arrive & the runway system utili zation



indexes. A comparison between these indexes was made and inferences were drawn with regard

to the best dternative in terms of the fadors deli neated.



2 LITERATURE REVIEW

2.1 Capacity

An airport’s capacity may be broadly defined asits ability to hande agiven vdume of
traffic (demand) over time (Well s, 200Q. Congestion accurs when demand approadies or
excedls cgpadty.

The Airports Courxil International (ACI) and International Air Transport Asociation
(IATA) guidelines for airport cgpacity/demand management (1996 defines the most significant
asped of an airport’s cgpadty, Runway System Capadty, as the hourly rate of aircraft operations
which may be reasonably expeded to be accommodated by a single or a @mbination d runways
under given locd condtions.

The Runway System Capaaty is primarily dependent on the runway occupancy times of,
and separation standards applied to successve arcraft in the traffic mix. Other key items
aff ecting runway cgpacity include: avail ability of exit taxiways, especially that of high speed
exits that help minimize runway occupancy times of arriving aircraft; aircraft type/performance
traffic mix; Air Traffic Control (ATC) and wake vortex constraints on approad separation;
wedher condtions[Visua Meteorologica Condtions (VMC)/Instrument Meteorologicd
Condtions (IMC)]; spadng between paral e runways; interseding point of interseding runways,
and whether the mode of operationis sgregated or mixed.

To better explain the cgpadty measures introduced here, we may begin with the concept
of Pradicd Capadty. Thisis defined as the number of operations that can be accommodated in a

given time period, considering al constraints incumbent to the arport, and with nomore than a



given amourt of delay (Wells, 200Q. On atypical delay curve, this may be depicted asin Figure
1 (Raguraman, 199). The key hereisthat cgpadty is determined at a given level of delay. This
cgpacity level does nat necessarily reflect the maximum throughpu capacity of the runway

configuration.

Delay (mins)

Apx
Capadty (movements/hour)

Figure 1: Practicd Capadty: Ap

Asanillustration o Practicd Capadty, we may consider the following example. Let us
asume that cgpaaty at 10 minutes of delay is 100 movements per hou and that at 20 minutes of
delay is 125 movements per hour. On atypicd delay curve, this could be represented asin
Figure 2. From the figure, it may be observed that, at 20 minutes of delay the arport has amost
readed its maximum cagpadty. However, capadty at 10 minutes of delay does not represent the

maximum throughpu capadty of the arport.
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Delay (mins)

100 125

Capadty (movements/hour)

Figure 2: Practicd Capadty: Example

Expanding onthe ancept of Pradicd Capacity, if we wereto dsregard delay, the
airport’s capadty would orly increase until a cetain maximum level. In the bove example, this
would be dou 125 movements per hour. Every movement abowe this level in the same hour
would contribute more to delay than to the arport’s cgpadty. Thislevel may be regarded as the
point of negative returns, beyond which every additional movement would only contribute to the
overal delay withou improving capacity; this concept is cdl ed the Maximum throughpu
cgpacity or Saturation capadty. It can be measured as the number of operations that can be
acomplished in agiven period d time disregarding any delay that aircraft might experience and
assuming that the arcraft will always be present, waiting to land a take-off (Well's, 2000,
Ashford and Wright, 1992. This concept is depicted asin Figure 3. Put simply, thisisthe

cgoacity level where the layout gets sturated.
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Delay (mins)
X

Apx As
Capadty (movements/hour)

Figure 3: Saturation Capadty: As

Saturation cagpacity is the key concept for this gudy and it is used for threedifferent
measures of cgpadty for ead propaosed runway configuration. The capadty measures differ in
the sense that each ore represents a capacity that has a separate set of constraints associated with

it. Each of theseis discussed below.

As1: Fully constrained capacity: As; takesinto accourt al constraints that exist in an airport
environment. These include both layout/groundfactors as well as airspace factors. Ground
constraints include the locaion d runway exits and taxiway and apron capacity. Airspace
constraints arise from fadors such as increased controll er workloads due to the dsence of
sufficient procedural and techndogicd suppat. This measure of capacity is smilar to what is

described by Reyndds-Feighan and Button (199) as Ultimate caaaty.
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As2: Semi-constrained capacity: The secondmeasure of capadty (Asp), which may also be
cdled semi-constrained capadty, assumes that technologicd and procedural improvements are in
place A detail ed explanation d these improvements and the impad of each of them are provided
in Seaion 4,which aso explains the detail s of the sample study. These improvementsaid in
maintai ning separation standards more precisely thereby increasing runway throughpu.
However, the arport layout constraints discussed above, are still considered in determining this

measure of capacity.

Asu: Unconstrained capacity: Finaly, Unconstrained capacity (Asy), assumes away all
constraints except those paosed by safety requirements. These would broadly include separation
standards establi shed in order to al ow for wake turbulence and rurway occupancy rules. The
concept of unconstrained capacity has been advanced by IATA and represents the maximum
possble cgadty of agiven runway configuration (Pitfield and Jerrard, 199). The main

asumptionsin determining this measure of capacity are,

- Sufficient high-speed runway exits exist allowing significant reduction d runway
occupancy times,
- Taxiway and apron constraints are asent and

- Procedures to suppat high intensity runway operations are implemented.

These three aoncepts may be represented dagrammaticdly asin Figure 4. Again, nde that each
of theseis esentialy a saturation cgpadty. They fal on dfferent curves because each ore

represents adifferent level of constraints on the system and is hence aseparate scenario. Asthe
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constraints onthe system deaease, cgpacity increases and the arve moves in the positive-x

diredion.

Delay (mins)

UJ//

As1 As2 Asu

Capadty (movements/hour)

Figure 4: Capacity Measures Determined in This Study: Asy, As2 & Asy

For example, for aparticular layout, the fully constrained saturation capacity As;, may be
110movements per hour. For the same scenario, the semi-constrained cgpacity Asp, could be 130

movements per hour and the unconstrained cagpacity Asy, could be 160 movements per hour.

2.2 Capacity Estimation Models

A distinction between analytical and simulation models is made based onthe
methoddogy used to compute cgacity, delay or other such metrics. Analyticd models are
primarily mathematical representations of airport and airspace daracteristics and operations and

seek to provide estimates of capacity by manipulation d the representation formulated. These



13

models tend to have alow level of detail and are mainly used for pdlicy analysis, strategy
development and cost-benefit evaluation (Odon et al., 1997.

Most ealier anayticd models generated to estimate runway capacity such as that
propased by Harris (1972), subsequently extended by Amodeo, Haines and Sinha (1977 aimed
to compute the average interarrival time between aircraft over the runway threshold given a
certain mix of lead and trail aircraft. The inverse of thiswould yield the runway arrival cgpaadty
per unit of the interarrival time, using which, the hourly arrival capacity of the runway could be
computed. For mixed operations, the probabili ty of releasing a departure between arrivals could
be fadored into the model for the arivals only configuration assuming that departures occur only
when permissble by the separation between arriving aircraft. If perfed interleasing of arrivals
and departures was asumed, then the separation between arrivals would have to be the greder of
the minimum separation required between arrivals and the minimum runway occupancy time of
the departure released between the two arrivals. Error correction fadors were gplied to these
models where gpropriate. Most computer based models for runway cgpacity estimationin the
late 70s and early 80s were based onthis fundamental logic (Weiss 197§.

The primary analyticd models used to estimate runway cgpadty include, The LMI
Runway Capadty Model and the FAA Airfield Capaaty Model (Odon et a., 1997. A hybrid of
these two models, with the logic of the LMI model and the extension to multi ple runways
feaured in the FAA model, was expeded to be very useful in providing quick estimates of
runway system capadty (Odoni et a., 1997.

Simulation d the arport environment has been increasingly used recently to oltain more
redistic estimates of capacity by randamizing the various inpu parameters. In fad, meteoric

improvements in computer technology, espedally in the aeas of computer graphics; human-
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computer interaction;, computer networks; and the world wide web, have had a significant impad
on modeling and simulation (Nance and Sargent, 2002). Fishburn and Stouppe (1997) have
suggested that simulation modeling and analysis be integrated into the arport planning process
rather than being simply used for final evaluations.

Monte-Carlo simulations have been used extensively to study the arport environment.
Thistod was used by Pitfield and Jerrard (1999 to estimate the unconstrained airport capacity —
taking only safety requirements into consideration, and assuming all other fadors sich asair
traffic management and control procedures and best pil ot practicesas “ided” - at the Rome
Fiumucino International Airport. Pitfield, Brooke and Jerrard (1998) have also used Monte-Carlo
simulation to analyze patentially conflicting ground movements at a new airport propcsed in
Seoul, Korea Thisisacommon simulation tool for sampling from cumulative distributions
using randam numbers until a steady state evolves. Given knowvn or reasonable distributions, as
the number of simulations increase, the results match the distributions and predict the likely
outcome.

In comparison to the &ove, microscopic simulation models dedicaed to airport or
airspace types of simulation seek to generate traffic flows through the arspacesegments and
airports, which are model ed and configured to represent actual constraints and urcertainties.
Observations from these flows all ow appropriate measures of capadty and/or delay to be
computed. Microscopic simulationstendto have amuch higher level of detall i ncluding conflict
resolution, airport taxiway and gete selection, pushbadk maneuvering, etc., to ded with more
tadicd issues (Odon et a., 1997%.

Microscopic models can be ather node-link or 3-dimensional (3-D). Node-link models

such as SIMMOD and the Airport Machine separate the arport and airspace into a number of
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nodes and links over which aircraft move. Conflict occurs when more than ore arcraft try to
passone node. 3-D models such as TAAM and HERMES (Heuristic Runway Movement Event
Simulation), allow flight over randam 3-dimensional routes (Odon et al., 1997).

A detailed compilation d al existing and required modeli ng capabiliti es for ATM
systems and concepts was provided by Odon et a. (1997). This gudy aso presented an
exhaustive list of airport capacity estimation models together with extensive insightsinto and
comparisons between these.

To summarize, avariety of tedhniques may be used to evaluate runway capadty. These
may range from basic analytical models, through more sophisticaed Monte-Carlo and aher
randam number probabili stic models, to complex computer-intensive discrete event models
requiring extensive inpu data. The compromisein the chaiceof atednique lies between “the
higher reliabili ty of the results of the higher-order model versus the increased eff ort and cost”

(Mumayiz, 1997%.

2.3TAAM Review

Developed by The Preston Group (now Preston Aviation Solutions) in cooperation with
the Australian Civil Aviation Authority, TAAM (Total Airspace& Airport Modeller) isalarge
scde detall ed fast-time simulation padkage for modeling entire ar traffic systems. The model is
athree-dimensional flight path smulator and al ows greaer realism than mesh based simulations
such as SIMMOD (Odoni et al., 1997. A versatile smulation model, TAAM has been used in a
wide variety of applicaionsincluding airport capadty estimation (gate, taxiway, runway

cgpacity), planning airport improvements, extensions, de-icing, nase impact, effed of severe
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wedher, design of terminal area procedures (SIDS/STARs) and terminal area ATC sedors,
controll er workload assessment, impad of new ATC rules, system wide delays and cost/benefit
studies.

Being alarge-scde smulation d an air traffic system, TAAM requires comprehensive
inpu data fil es describing the entire ar traffic system. The level of detail, however, isvariable
and can be alapted to suit individual projed needs. Typica inpusinclude, the arport layout, air
traffic schedule, environment description, aircraft flight plans and air traffic control rules. These
are used to investigate the usage of the arport and airspace, confli ct detedion and resolution, and
to compute aggregate metrics using TAAM' sinterna algorithms and user spedfied rules (Odon
et a., 1997. These aggregated metrics include system delay and its distribution; costs: fuel, non
fuel, and total; airport movements; operations on taxiways and runways, runway occupancy and
airspace operation metrics such as usage of routes, sedors, fixes and coordination.

TAAM has been verified by many users on many different scenarios. TAAM simulation
outputs have been compared with some FAA studies on aspeds of new ATM concepts and have
shown comparable results. In fad, the four dimensional movement of aircraft can be simulated in
TAAM to get within 3- 4% of the actual aircraft profiles. Airport movement rates and aher
characteristics can be modeled with similar acarracy (Odon et a., 1997. An gperational
evauation d TAAM by the Eurocontrol Experimental Center (Sill ard, Vergne and Desart, 2000
has provided detail ed evaluation d the diff erent aspeds of the model. The study identified a
number of discrepancies and limitations, however, expertsin thefield o airports, whose
opinions were solicited during the @wurse of this gudy, were in agreement that the model was
respondng to particular events or scenarios in a manner that refleded day-to-day fluctuationsin

airport operations. The evaluation also concluded that TAAM demonstrates a significant
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cgpability to simulate an airport and its environment in amanner that can be very close to redity.
Besides being recognized by ATC controll ers who examined the baseline, thisrelative accuracy

has been measured through dfferent sensitivity analyses.
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3 PROPOSED AIRPORT LAYOUT EVALUATION

3.1 Airport Layoutsin General

Most airport layouts are austomized to represent the most useful configuration given the

airport environment. The airport’s environment is characterized by,

- Airfield characteristics: Basic determinants of the airfield’ s abili ty to acoommodate
different types of aircraft and the handling rate. These include the physical layout of the
runways, taxiways, aprons etc.

- Airspace daracteristics: The situational relationship of the arfield to ather airports and
to natural and manmade obstades and the navigable arspace hence devel oped.

- Air traffic control: ATC rules and procedures.

- Meteorological condtions: Visual Meteorologicad Condtions (VMC), atmospheric
conditions, which all ow pil ots to land and take-off visually and Instrument
Meteorologicd Condtions (IMC), atmospheric condtions, which do na al ow visual
reference and require ATC rules and procedures for safe conduct of operations.

- Demandcharacteristics: The number of aircraft seeking service, their performance

characteristics and their usage of the arport. (Wells, 200Q

Asaresult, airport operations, including, runway dependencies, airspace procedures and

limitations, and ather charaderistics, are usually unique to every airport. A more generic
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description of runway configurations and their correspondng dependencies has been laid ou by

the FAA. These configurationsinclude the following:

1. Singlerunway

2. Close paralels (distance between runway centerlines, lessthan 2500feet)

3. Intermediate parall els (distance between runway centerlines, 2500— 4300fed)
4. Far Pardlels (distance between runway centerlines greder than 4300feet)

5. Dual lane (two pairs of close paral e runways sparated by more than 43@ fed)

Under instrument flight condti ons, simultaneous independent approacdes are permissble
onfar paralels. Intermediate paral els can employ simultaneous dependent approades, requiring
adiagona separation ketween approaching aircraft. Close parall els are treded as a single runway
and simultaneous operations are nat permitted (Burnham, Hall ock and Greene, 2007).

Airport layouts may correspondwith ore of the above configurations or may be a

combination d two or more of them.

3.2Evaluation Methodology

To begin with, the threesaturation cgpadty measures (A;) described in sedion 2.1are
determined for each of the layouts. A standard assumptionin the determination d these
measures was that visual meteorologicd condtions existed. Also in the sample study, for each
configuration, only the westerly flow was considered as this represents the majority of the aanuel

usage of the arport.
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Hencewe have,

1. g Capadty asinfluenced by all constraints incumbent at an airport —groundas well as
airspace anstraints,

2. \s2: Capadty under procedural andtechndogicd constraints— only Airspace @nstraints,

3. Asu: Capadty in an unconstrained environment— considering only safety rel ated

constraints guch as sparation standards.

Based onthe &ove measures of capadty, the foll owing ratios are computed for each layout,

1. Asi/Asy: indicaes the runway system utili zation owing to al constraints incumbent at an
airport. Thiswould show where the layout stands, in cgpacity terms, in light of its
maximum potential. Hence, [(Asy-As1) / hs1] indicates the potential for maximum rurway

system utili zation.

2. \si/Asp: provides an estimate of the utili zation as aresult of airspace onstraints.
Therefore, the sensitivity of the layout to tedhindogical and procedural changes that

improve the traffic flow in and ou of the drport isindicaed by [(As>-As1) / Asi].

3. As/Asy: indicates the utili zation constrained by the airport layout design fadors aff ecting
taxiing, gate usage €c., thus throwing light onthe layout’s functionality or what may be
cdled itsdesign efficiency. Here again, [(Asu-As2) / As2], Shows the potentia for runway

system utili zation by improving airport design.



21

Comparison between dfferent layouts are made based onthese indexesto arrive & the

best configuration, grimarily in terms of,

1. Efficiency interms of design functionality;
2. Sensitivity to tedhindogica and procedural improvements and,

3. Oveall utili zation d potentia capacity.

To ill ustrate the use of these ratios, we may build onthe example provide on page 12in

Sedion 2.1.Let us assume the values provided in Table 1la & the cgpadty measures determined

for two propacsed alternatives.

Table 1la- Example of propased methoddogy: Capadty measures

Ast As2 Asu
Alternative 1 110 130 160
Alternative 2 120 140 160

The ratios associated with these cgadty valueswould be asin Table 1h.

Table 1b: Example of proposed methoddogy: Ratios

As1/Asu Asi/As2 Aso/Asu

Alternative 1 68.8% 84.6% 81.3%

Alternative 2 5% 85.%0 87.9%
(Asu - As1)/As1 (As2 - As1)/As1 (Asu - Ax2)/hs2

Alternative 1 45.%% 18.2% 23.1%

Alternative 2 33.3% 16.%6 14.3%
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From Table 13, it may seem asif the two alternatives are equivaent in terms of their
maximum adievable cgaaty (Asy). However, oncomputing theratiosasin Table 1b, it

beoomes evident that Alternative 2 is the better one since,

1. Itisless &ngitiveto tedhndogicd change (comparing As; with Asp),
2. Provides better design efficiency (comparing As; with Agy), and

3. Provides better overall utili zation d patential cgpadty (comparing As; with Asy).
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4. SAMPLE STUDY: PHILADELPHIA INTERNATIONAL AIRPORT

4.1.0verview

The FAA Capaaty Benchmark Report (2007) estimated the aurrent cgpadty benchmark
at Philadelphia International Airport (PHL) to be 100-110flights per hou in goodweégher (VFR
condtions) and 9196 flights (or fewer) per hou in adverse weaher condtions (IFR condtions),
which could include poar visibility or low cloudbase. Figure 5 represents a westerly usage of the
runwaysin VFR condtions. In thisfigure, the cdlouts provide the runway names. The arrows
show the usage of the runways. An arrow toward a runway represents arrivals to that runway

while an arrow away from the runway represents departures from it.

‘—FX 09R/27L

Figure 5: Current West-VFR Operations at PHL
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One of the aurrent problems facal at PHL is that of significant delays. For example, in
2000, ower 4% of al flights at Philadelphia experienced significant delay (defined by the FAA as
more than 15minutes of delay). Under IFR condtions, capadty is excealed for abou 3 1/2
hous of the day resultingin abou 14% of the flights experiencing significant delay. Moreover,
traffic & PHL is expeded to increase by 23% over the next decale, which will further increase
delays. The capacity estimates in the FAA report assume that the short runways 17/35 and 826
provide for 25% of airport traffic operations. The arport’s capadty stands to deaeaseiif this
percentage declines (Federal Aviation Administration, 200).

Because of these aurrent cgpacity problems, a number of enhancement initi atives are
being undertaken by the arport authorities. Technologica and procedural improvementsto be

implemented include:

» Automatic Dependent Surveillance-Broadcast / Cockpit Display of Traffic Information
with Local Area Augmentation System [ADS-B/CDTI (with LAAS)], which would
provide a ockpit display of the locaion d other aircraft thus helping pil ots maintain
desired separations more precisely;

* Flight Management System/AreaNavigation (FMS/RNAV) Routes, to enable amore
consistent flow of aircraft to the runway;

* LandandHold Short Operations (LAHSO), allowing independent arrivals for spedfic
aircraft types onintersecting runways and

* Predsion Runway Monitor (PRM), a sophisticated radar system that all ows smultaneous
instrument approadiesto perallel runways as close @ 3000feet apart (Federal Aviation

Administration, 200).
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Acoording to the Capacity Benchmark Report, these dhanges will im prove Philadelphia’'s
cgpacity in goodweaher by 17% (to 117#127flights per hour) over the next 10 years, while
cgpacity under adverse wedher is expeded to increase by 11% (to 101106 flights per hour).
Besides these, mgjor expansions invalving the mnstruction d new and/or expansion d existing
runways and taxiways, improved and/or new terminal area ad cargo handling faciliti es are being

planned. These expansion dans may be cdegorized under two broad concepts,

1. The Parale concept, which is an extension d the aurrent layout, and
2. The Diagonal concept, which involves a complete dnange of the layout including new

runway orientations, new termina areadesign, new apron and taxiway designs.

Under each o these mncepts, two propased full-build layouts were chosen for purpaose of
thisanalysis. Therefore, in total, five layouts were examined in this gudy — the baseline or the

airport layout, as it exists, two Parallel concept layouts and two Diagonal concept layouts.
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4.2 Parallel concept layouts:

4.2.1 Full-Build Parallel Layout With Crossvind Runway (Parallel-1):

Runway 09L/27R to be shifted to the south and west, to provide more taxiways closer to

the goron areajust above the runway.

- Runways 17/35 and 0826 to be extended to enable turboprops and jets other than
widebodesto use these runways.

- New runway, 09R/27L, built to the south of the arfield to be used as a departure runway.

- The «isting southerly runway, 09R/27L would also be extended and would then be

cdled 09C/27C. Thiswould be the primary arrival runway.

Figure 6 represents the full build of thislayout and also explainsits usage.

08/26

17/35

09L/27R =
_ - gF
My = «—
T
/ 7_-‘——:;”
e
P 09C/27C
-
« ~— | oor271L

Figure 6: Parall el-1: West VFR Operations
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4.2.2. Baseline Layout with 4" Parall el Runway (Parallel-2): Thisconfigurationis
essentially the same & the Parall el-1 except that

- The aosswind runway, 17/35would be conwverted to ataxiway in order to provide for
easier taxiing to and from the northern aprons. Other advantages from avoiding the use of
this runway would include the removal of the dependencies associated with it.

- 27R/0SL would be ain the baseline scenario and nd shifted south and west asin
Parallel-1.

- Runway 0826 would na be built to the full | ength asin Parallel-1 and would hencebe
unavail able for use by jets.

Figure 7 depicts this configuration and explains its westerly usage. Esentially, the usage of

this configuration would be the same as that of Parallel-1 with the exception d runway

17/35.

08/26

09L/27R

P —— 09C/27C

= 09R/27L

Figure 7: Parall é-2: West VFR Operations
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4.3Diagmal concept layouts:

4.3.1. Full-Build Diagonal Layout With 4 Runways (Diaganal-1):

- Two new pairs of close parallel runways sparated by more than 4300feet.

- Thenew runways would be oriented 30 cegrees clockwise from 09C/27C.

- Thetermina areain this concept would also be redesigned to a more symmetric one
allowing more structured taxi patterns.

- Thetwo inner runways, 11R/29L and 12L/30R would be used as departure runways.

- 11L/29R and 1ZR/30L, the two ouer runways would be used as arrival runways.

Figure 8 represents the westerly usage of this configuration.

11 /29R \

11R/29L

121 /30R

\ -
12R/30L

Figure 8: Diagonal-1: West VFR Operations




4.3.2. Full-Build Diagonal Layout With 3 Runways (Diaganal-2):
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This configuration is the same & the Diagonal-1 with the exception d the northernmost

runway.

Runway usage is smilar to that of Diagonal-1 with runway 11R/29L being used as a dual

use runway. Dual usage of arunway means the runway is used for arrivals as well as for

departures. Departures are normally interleaved between arrivals.

Figure 9 depicts this layout and explains its usage.

121 /30R

11R/29L

4 I IE

¥ Ok G i 3

dE 48 AE JE 3
—
. —
12R/30L

Figure 9: Diagonal-2: West VFR Operations
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4.4 Simulation Methodology

4.4.1 Inputs

In TAAM, anumber of inpus arerequired to carry out asimulationasindcaed in
sedion 2.3.Theinpus, commonto all the scenarios evaluated, were the routes, airports,
waypoints and the traffic schedule. The routes, airports and waypoints are filesin TAAM format
that represent those in the aurrent National Airspace System (NAS). Each of these inpus may be
foundin Appendix B.

To satisfy the asumption d an ever-present traffic flow the traffic schedule was
restricted to a one-hou time frame with atotal of 364flights - equal arrivals and departures. The

foll owing represent the basis on which the schedule was generated.

- Thetraffic mix representing the forecast for the year 2020for PHL was used.

- The arivals, departures and dff erent types of aircraft were evenly distributed through
the one-hour time period.

- Theyea 2020was chosen, asthisisthe expeded date of completion d the full-build

layouts in either concept.

Appendix B provides the entire traffic schedule used including, flight number, aircraft
type, market segment, origin and destination, cruising atitude, Estimated Time of Departure

(ETD), Estimated Time of Arrival (ETA) and filed flight plan for each flight.
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Inputs that were unique to eat scenario included the arport layout, and rules governing
the arport usage such as Air Traffic Control (ATC) and sequencing rules and taxiway, gate and
runway usage rules. Instrument Departure Procedure (DP)/Standard Terminal Arrival (STAR)
were inpu to guide arcraft to and from the departure and arrival runways. Again, the detail s of

these inpuis may be found in Appendix B.

4.4.2 Basdine Generation and Validation

The baseli ne was generated by gathering data and information for PHL from the
contradors and the FAA at the arport. Gate dl ocation information was obtained to develop
acarate arcraft terminal parking rules. Information from the tower was used to design acairate
arrival and departure procedures and runway usage rules and assumptions.

The traffic schedule was devel oped from archived Enhanced Traffic Management System
(ETMS) datafor aday in 2001.Using a parsing utility developed at ERAU, the adua filed flight
plans were extraded and converted into TAAM format. Timetables generated in this way
provide an accurate departure to destination representation o flights that flew on that particular
day.

The baseli ne scenario was vali dated in two ways:

1. FaceValidation: Air traffic controllers at PHL Air Traffic Control Tower (ATCT)
validated the model after observing the movement of aircraft in the baseline simulation.
They agreed that the simulation reasonably represented operations as they are conducted

in the usage cnfigurations modeled.
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2. Empirical Validation: Delay, arrival and departure rates, and taxi-in and taxi-out times
from the simulation were compared with the ad¢ual values for the particular day
simulated. These values were foundto be comparable with an acceptable level of

variance.

Mr. JohnLane, ATC research specialist and TAAM expert at ERAU has acknowledged
that thismethod d validationis widely accepted by airport operators. Past simulation analyses
using TAAM, which have been validated in this manner, have proven very beneficial to a
number of entities. More information onthe benefits of using TAAM and case studies that
ill ustrate these may be foundat
<ht tp://www.preston . net/products/TAAMcaseStudies.htm >, The &ove validations were
achieved in the curse of the primary simulation analysis. The validated simulation model has

been used in the thesis with the necessary changes made to simulate the desired conditions.

4.4.3 Alternative Generation

The dternative simulations were performed with predicted 2020activity levels and with a
series of inflated timetables to measure adivity. Basic runway operational configurations were
discussed with PHL staff. Proposed layouts were developed from drawings provided by the
contrador for both the diagonal and perall €l concept.

This phase required atimetable that would represent 2020adivity levels and aircraft fleet
mix. Predicted traffic levels and fled mix were taken from the PHL Master Plan Forecast. Using

an ERAU cloning utili ty, atimetable was generated using the baseline 2001 timetable & the
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starting point. The original arrival and departure bank structure was generally maintained and
exaggerated to accommodate the extra number of daily movements within the constraints
impased by accommodating the new fleg mix. Gate dl ocaion information for 2020was nat
avail able. However, new terminal layouts were included into the arport layouts and, where

posgble, aircraft were parked in the gopropriate arezs.

4.4.4 Determination of Capacity Metrics

The following is adescription d the methoddogy used to simulate eab of the previously
discussed cagpadty measures. Table 1 provides asummary of the key differencesin the

simulation d ead of these measures.

As1: In computing As;, the measure of fully constrained capadty, groundconstraints were
simulated by turning taxiing onto seethe dfed of the taxiway and apron design oncapacity.
Airspace onstraints were simulated by setting the terminal arearadar separationto 3 reuticd
miles (nm). This separation dstance has been arrived at as a result of calibration & TAAM
simulations to represent redity. 2.5rm separation is authorized in VFR conditions, where
permissble by wake turbulence separation requirements, between aircraft on the final approad
course within 10miles of the landing runway (U.S. Department of Transportation 2000).
However, in redity, air traffic controllerstendto leare a“buffer” of typicdly an extra half mile

in order to ensure that separation standards are met.
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The net effed of the tedndogies and procedural improvements discussed previously is
that these separation standards can be dosely met. In ather words, the “buffer” can be
significantly reduced, thereby increasing runway throughpu.

Finally, the departure sequencing strategy is st asaFirst In First Out (FIFO) strategy.
This smply meansthat aircraft depart in the order in which they arrive & the runway threshold.

Thisisalso TAAM’s default departure sequencing strategy.

Asp: In determining Asp, the semi-constrained capacity, groundconstraints are again simulated as
before, by turning taxiing on.Setting terminal arearadar separation at 2.8hm simulates the
asumption that techndogical and procedural improvements are implemented. Although
pessmistic, this estimate has a noticedl e impad on runway throughpu. Departure sequencing
strategy is st as optimized.

When departure sequencing is optimized, TAAM examines al possble combinations of
departures, in light of the arrivals to the particular runway and the spadng required. The
combination that provided the shortest total delay in the line-up queueis then chasen (Preston
Aviation Solutions 2001). Esentially, runway capadty isincreased by interleaving departures
going in dfferent direction. This has been endorsed a “best in class’ ATM procedure (Pitfield

and Jerrard 1999

Asu: Finally, in determining Asy, the unconstrained cgpacity, the aumption d no gound
constraintsis smulated by turning taxii ng off. The implementation o technologicd and
procedural improvements is simulated as in Asp, by Setting the terminal area radar separationto

2.8rm and the departure sequencing strategy as optimized. As mentioned before the only
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constraints considered in computing this measure ae those that are safety related. In TAAM,
wake turbulence data and the associated separation standards are used to satisfy this assumption.
The wake turbulence and separation standard information used in this projed may be foundin

Appendix B.

Table 2: Key Differencesin Simulation Methoddogy of the Capaadty Measures

Asy As2 Asy
Taxiing and gate usage Yes Yes None
Radar Separation 3.0NM 2.8\M 2.8\NM
Departure Sequencing _— -
Strategy FIFO Optimized Optimized
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5.1 Results
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Table 2 summarizes the saturation cgpadti es under varying constraint levels for each of

the scenarios evaluated. The detail ed ouputs from TAAM, showing the movements per hour and

split up into aircraft categories, may be foundin Appendix A

Table 3: Results
As1 As2 Asu
Arrs Deps All Arrs Deps All Arrs Deps All
Baseline 56 61 117 69 61 130 69 67 136
Diagonal-1 77 86 163 84 88 172 84 90 174
Diagonal-2 75 62 137 78 65 143 78 69 147
Paralel-1 76 69 145 82 73 155 81 95 176
Paralel-2 77 69 146 80 70 150 80 82 162

The ratios obtained from the simulation results are presented in the foll owing tables.

Table 4: As1 VS. Asy

Asi/Asu | [(hsu-Asi) / Asi]
Baseline 86% 16.26
Diagona-1 | 93.7%6 6.7%0
Diagona-2 | 93.2%6 7.3%
Parallel-1 82.%% 21.%%
Parallel-2 90.1% 11.0%




Table 5: As vS. Asp

Asi/As2 | [(As2-hsi) / Asi]
Baseline 90% 11.1%
Diagona-1 | 94.8% 5.5%
Diagona-2 | 95.80 4.4%
Parallel-1 93.8% 6.9%
Parall el-2 97.3% 2.™%

Table 6: Asp vS. Asy

Aso/hsu | [(Asu-hs2) / Asd]
Baseline 95.68% 4.6%
Diagonal-1 | 98.9% 1.2%
Diagonad-2 | 97.3% 2.8%
Parallel-1 88.1% 13.5%
Parallel-2 92.68% 8%

37



38

5.2Analysis

Asdiscussed in Sedion 1.1, TAAM does not lend itself well to running multiple
iterations based onarandom seed. The way randomizationworksin TAAM isto render a
number of aircraft performance taracteristics sich as take-off mass cruising level, fuel
consumption, etc. as randomly variable between preset limits. Detail s of the randamization
parameters may be fourd in Appendix B. Given the relationship between these various
parameters and the extent to which ead is varied, randamizing a TAAM simulation may end up
constituting an entirely diff erent scenario. Moreover, being randamized, it would be dmost
impassbleto replicate the exad same wndtions for ead alternative being evaluated and as a
result the samples of outputs would na be cmparable.

In light of the &owe, statisticd analysis has been excluded from this gudy. However, a
possble method d conducting valid statisticd analyses of TAAM simulation ouputs are
discussd in Sedion 7.

The following inferences are based oncomparisons between the layouts within ead

concept and between the different concepts themselves.

5.2.1 Comparison between the Diaganal concept layouts - Diaganal-1 Vs. Diaganal-2:

1. Both layoutsarelargely similar with resped to the ratios evaluated.

2. Diagonal-1is marginally better than Diagonal-2 with resped to,

a. Runway system capacity utili zation (Figure 10) and
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b. Efficiency interms of taxiing and gate usage, as sownin Figure 11

0.99-
0.9851
0.981
ASZIASU
0.9751
0.971
0.965

ASl/ ASU

i

0.929-

Diagonal-2 Diagonal-1 Diagonal-2 Diagonal-1

Figure 10: Diagona Concept: Asi/Asu Figure 11: Diagonal Concept: Asp/Asy

The fact that Diagonal-1 is marginally better that Diagonal-2 may be dtributed to the
presence of the extranorthern runway in the former. This four parallel runway configuration
eliminates the dual usage of the northern runway 11R/29L (asin Diagonal-2) and the related
dependencies and runway occupancy restrictions. Furthermore, this all ows for steady arrival and

departure streams and lesser congestionin the arrival and departure lineup queues.

3. The Diagonal-2 configurationis marginally lesssensitive to techndogical and procedural

improvements in comparison to the Diagonal-1 as depicted in Figure 12.

This may be again be explained by the dual usage of runway 11R/29L. In Diagonal-2 this
runway is used for both arrivals and departures, which mitigates the eff ect of these
improvements. The reason for thisisthat arrivals and departures on this runway are
interdependent besides being governed by other techndogical and procedural constraints. These

improvements have agreater impaa on the Diagonal-1 configuration, sinceonly dedicaed
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arrival and departure runways are used here. Consequently, the practice of departure
optimization and the reductionin the “buffer” in aircraft separation (explained in Sedion 4.4.4

have amore naoticedle effed on this configuration.

0.06

0.05

0.04

(As2- As1)/As; 003
0.02+

0.01

0

Diagonal-2 Diagonal-1

Figure 12: Diagonal Concept: (Asz —As1)/ As1

5.2.2 Comparison between the Parallel concept layouts— Parallel-1Vs. Parallel-2:

1. Paralel-2 isbetter than Paralel-1 with resped to,
a. Runway system capacity utili zation (Figure 13) and

b. Efficiency in terms of taxiing and gate usage (Figure 14).

Parallel-2 is better in terms of overall utili zation o potentia cgpacity because of the
absence of the crosswvind runway 17/35. This eliminates the related dependencies, which in the
fully constrained scenario of Parallel-1 restrict arrivals to 0826 and 09C/27C aswell as

departures from 17/35.
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Figure 13: Parallel Concept: Asi/Asy Figure 14: Parallel Concept: Asp/Asy

The use of the aosswind runway 17/35 as a taxiway provides for more efficient taxiing
to and from the northern aprons. Further, na using this runway for departures also eliminates the
lineup qreues associated with it. Because the runway 17/35threshold is 9 close to the northern
aprons, these lineup queues can cause asignificant amourt of congestionin Parallel-1. Asa
result, the Parall el-2 configuration emerges as more dficient in terms of taxiing and gate usage

in comparisonto Parallel-1.

5.2.3 Comparison between the Baseline and the two proposed concepts:

1. The Diagona concept layouts were foundto be better than either the baseline or the
paralel concept layouts, with resped to,
a. Runway system capacity utili zation, as may be seen in Figure 15, and

b. Efficiency in terms of taxiing and gate usage (Figure 16).
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Figure 15: All: Asi/Asu

Figure 16: All: Asp/Asy
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Thisis dueto amore structured and symmetric taxiway and terminal design in the
diagonal concept, which fadlit ates more structured flow of traffic onthe ground.In either
Diagonal concept layout no runway crossng is required for aircraft that are departing. This
ensures a mntinuous feed to the departure runways, which is not influenced by the arival flow.
In contrast, in the baseline as well asin bah Parallel layouts, departures from runway 09R/27L
arerequired to crossother adive runways. During non-pe&k hous, runway crossng does not

pose aproblem. However, duing periods of heavy traffic, this causes considerable angestion.

2. TheBasdlineis better than either paral el concept layout with resped to design fadors

aff ecting taxiing and gate usage, which is again depicted by Figure 16.

Thisisaresult of the greater number of runways that departures have to crossin either
parale concept layout. For example, in bah Paral el layouts, departures on 27L have to cross
the departure runway 27R, aswell as, the arival runway 27C. In the baseline, these departures
have to crossonly the arrival runway 27R. In the event of continuous arrival and departure flows
onthese runways, the feed to Z7L is greatly constrained in the Parall el layouts. The solution to
thiswould invalve hading the departures on 2R and arrivals on 27C periodicdly in order to let
aircraft crossthese runways. However, thiswould negatively affed the overall runway system

throughpuit.
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3. Parallel-1 and Baseline are most sensitive to technologicd and procedural improvements

asmay beseenin Figure 17.
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Figure 17: All: Asi/Asp

Thisis primarily caused by the use of the crosswvind runway 17/35in bah these
configurations. Using this runway impases dependencies on arrivals and departures, which are

eliminated in the other configurations.
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Asdiscussed in Sedion 2.1,the concept of unconstrained cgpadty represents the
maximum possble caacity of a given runway configuration. Figure 18 shows the dsolute

values of this measure & determined for each of the scenarios evaluated here.

Figure 18: All: Asy

From thisfigure it is obvious that the best candidate for implementationis either the
Diagonal-1 or the Parall el-1 layout. However, from the analysis presented in Sedion 5.2.3 s€ing
Figure 16, the Parall€l-1 layout is the worst with regard to design efficiency in terms of taxiing
and gpte usage. Unlessthe taxiway and terminal/apron designs are changed, the Parall el-1 would
nat be agood option despite it deli vering the maximum attainable caacity among the layouts
evauated. The point hereisthat the ratio analyses dore in this gudy use theoreticad concepts
such as unconstrained capadty to evaluate the practicd viabili ty of the layouts. Considered in
isolation, eat of the cgadty measures determined here could passbly portray an incomplete

picture of the relative performance of the layouts being evaluated.
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6. CONCLUSIONS

This dudy leadsto conclusionsin the spedfic context of PHL aswell as on amore
generic scde. With respect to Philadelphia International Airport, the main conclusionisthat, the
best expansion alternative based onthe aspeds dudied here, liesin the Diagonal concept.
Between the two full build Diagonal layouts evaluated, the Diagonal-1 configuration with the
four parallel runways would be more preferable for two reasons. First, the extrarunway in this
layout provides more ésolute cgacity. Second,the four parall el runway configuration d
Diagonal-1 all ows runways to be dedicated to either arrivals or departures and povides for a
smoath flow of traffic.

On amore generic scae, this gudy indicates that the dependenciesimposed on alayout
by a aosswind runway render it more sensiti ve to reductions in airborne separation between
aircraft. Anather important conclusion may be made from the viewpaint of taxiway and terminal
design. A symmetric design seemsto ease the flow of traffic onthe ground in a considerable
manner. Also alayout design that eliminates or at least minimizes runway crossng has a positive

impad on bdh taxiing as well as onrunway throughpu as discussed in Sedion 5.2.3.
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7. SCOPE FOR FUTURE WORK

Building onthe discussonsin Sedions 1.1 and 5,reliable samples of TAAM simulation
outputs may be generated by using discrete sets of inpus. For example, aset of discrete traffic
schedules may be used to generate asample of TAAM outputs. Using the same set of traffic
schedules for the diff erent alternatives being evaluated would provide comparable samples, asa
set of discrete andtions would have been repli cated for eadh scenario. Other inpus guch asthe
routes, waypoints, airports, etc. may also be varied based onrealistic or theoreticd predictions of
the future of these. Generating discrete inpusto TAAM isatime consuming propasition and hes
been excluded from the scope of this gudy. This may be undertaken as a separate study and
might provide more insight into the impada of different airport layout designsand ATM

tedindogies and procedures.
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APPENDI X A
Scenario: Basdline

1. Fully Constrained Capacity (As1)

a Arrivals
TAAM Report: KPHL Movements: Basdline
All Categories, All Market Segments, Arrivals
. Widebody | Narrowbody |, . Piston All
Time Jets Jets Light Jets| Turboprops Engine|Categories
9:00-10:00 0 2 0 2 0 4
10:00-11:00 7 25 1 19 4 56
11:00-12:00 5 20 5 18 3 51
12:00-13:.00 4 26 0 19 5 54
13:00-14:00 6 9 0 4 2 21
Tota 22 82 6 62 14 186
b. Departures
TAAM Report: KPHL Movements: Baseline
All Categories, All Market Segments, Departures
. Widebody | Narrowbody |, . Piston All

Time Jets Jets Light Jets| Turboprops Engine| Categories
10:00-11:00 7 22 6 26 0 61
11:00-12:00 11 20 8 17 0 56
12:00-13:00 2 35 9 7 0 53
13:00-14:00 0 1 4 0 0 5
Total 20 78 27 50 0 175




c. All Movements

TAAM Report: KPHL Movements: Basdline
All Categories, All Market Segments, All Movements
. Widebody | Narrowbody |, . Piston All
Time Jets Jets Light Jets| Turboprops Engine| Categories
9:00-10:.00 0 2 0 2 0 4
10:00-11:00 14 47 7 45 4 117
11:00-12:00 16 40 13 35 3 107
12:.00-13:00 6 61 9 26 5 107
13:00-14:00 6 10 4 4 2 26
Tota 42 160 33 112 14 361
2. Semi Constrained Capacity (Asp)
a. Arrivals
TAAM Report: KPHL Movements. Baseline
All Categaries, All Market Segments, Arrivals
. Widebody | Narrowbody |, . Piston All
Time Jets Jets Light Jets| Turboprops Engine| Categories
9:00-10:00 0 2 0 4 0 6
10:00-11:00 8 29 3 23 6 69
11:00-12:00 6 30 3 29 6 74
12:00-13.00 8 21 0 6 2 37
Tota 22 82 6 62 14 186
b. Departures
TAAM Report: KPHL Movements. Baseline
All Categaries, All Market Segments, Departures
. Widebody | Narrowbody |, . Piston All
Time Jets Jets Light Jets| Turboprops Engine| Categories
10:00-11:00 7 24 6 24 0 61
11:00-12.00 12 23 4 10 0 49
12:00-13:.00 1 27 17 14 0 59
13:00-14:00 0 4 0 2 0 6
Tota 20 78 27 50 0 175

52



c. All Movements

TAAM Report: KPHL Movements. Basdline

All Categories, All Market Segments, All Movements

. Widebody | Narrowbody |, . Piston All
Time Jets Jets Light Jets| Turboprops Engine| Categories
9:00-10:00 0 2 0 4 0 6
10:00-11:00 15 53 9 47 6 130
11:00-12.00 18 53 7 39 6 123
12:00-13.00 9 48 17 20 2 96
13:00-14:00 0 4 0 2 0 6
Tota 42 160 33 112 14 361

3. Unconstrained Capadty (Asy)
a Arrivals
TAAM Report: KPHL Movements. Baseline
All Categaries, All Market Segments, Arrivals

. Widebody | Narrowbody |, . Piston All
Time Jets Jets Light Jets| Turboprops Engine| Categories
9:00-10:00 0 0 0 1 0 1
10:00-11:00 8 30 2 25 4 69
11:00-12:.00 5 24 4 20 5 58
12:00-13:.00 9 28 0 16 5 58
Tota 22 82 6 62 14 186

b. Departures
TAAM Report: KPHL Movements: Baseline
All Categaries, All Market Segments, Departures

. Widebody | Narrowbody |, . Piston All
Time Jets Jets Light Jets| Turboprops Engine| Categories
10:00-11:00 6 35 4 22 0 67
11:00-12.00 8 16 21 20 0 65
12:00-13.00 6 26 2 8 0 42
Tota 20 77 27 50 0 174
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c. All Movements
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TAAM Report: KPHL Movements: Basdline
All Categories, All Market Segments, All Movements
. Widebody | Narrowbody |, . Piston All
Time Jets Jets Light Jets| Turboprops Engine| Categories
9:00-10:00 0 0 0 1 0 1
10:00-11:00 14 65 6 47 4 136
11:00-12.00 13 40 25 40 5 123
12:00-13:.00 15 54 2 24 5 100
Total 42 159 33 112 14 360
Scenario: Parallel-1
1. Fully Constrained Capacity (Asy)
a Arrivals
TAAM Report: KPHL Movements: Parallel-1
All Categories, All Market Segments, Arrivals
. Widebody | Narrowbody |, . Piston All
Time Jets Jets Light Jets| Turboprops Engine|Categories
9:00-10:00 0 0 0 1 1 2
10:00-11:00 8 31 2 30 5 76
11:00-12.00 6 42 4 21 4 77
12:00-13:.00 8 9 0 10 4 31
Total 22 82 6 62 14 186
b. Departures
TAAM Report: KPHL Movements. Parallel-1
All Categories, All Market Segments, Departures
. Widebody | Narrowbody |, . Piston All
Time Jets Jets Light Jets| Turboprops Engine| Categories
10:00-11:00 9 33 5 22 0 69
11:00-12:00 11 14 1 4 0 30
12:00-13.00 0 7 8 12 0 27
13:00-14:00 0 22 13 11 0 46
Tota 20 76 27 49 0 172




c. All Movements

TAAM Report: KPHL Movements: Parallel-1
All Categories, All Market Segments, All Movements
. Widebody | Narrowbody |, . Piston All
Time Jets Jets Light Jets| Turboprops Engine| Categories
9:00-10:.00 0 0 0 1 1 2
10:00-11:00 17 64 7 52 5 145
11:00-12:00 17 56 5 25 4 107
12:.00-13:00 8 16 8 22 4 58
13:00-14:00 0 22 13 11 0 46
Tota 42 158 33 111 14 358
2. Semi Constrained Capaaty (As2)
a. Arrivals
TAAM Report: KPHL Movements: Parallel-1
All Categaries, All Market Segments, Arrivals
. Widebody | Narrowbody |, . Piston All
Time Jets Jets Light Jets| Turboprops Engine| Categories
9:00-10:00 1 1 0 3 1 6
10:00-11:00 7 37 2 31 5 82
11:00-12:.00 6 41 4 21 6 78
12:00-13.00 8 3 0 7 2 20
Tota 22 82 6 62 14 186
b. Departures
TAAM Report: KPHL Movements: Parallel-1
All Categaries, All Market Segments, Departures
. Widebody | Narrowbody |, . Piston All
Time Jets Jets Light Jets| Turboprops Engine| Categories
10:00-11:00 12 33 6 22 0 73
11:00-12.00 7 26 4 7 0 44
12:00-13:00 1 19 14 17 0 51
13:00-14:00 0 0 2 4 0 6
Tota 20 78 26 50 0 174
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c. All Movements

TAAM Report: KPHL Movements: Parallel-1

All Categories, All Market Segments, All Movements

. Widebody | Narrowbody |, . Piston All
Time Jets Jets Light Jets| Turboprops Engine| Categories
9:00-10:00 1 1 0 3 1 6
10:00-11:00 19 70 8 53 5 155
11:00-12.00 13 67 8 28 6 122
12:00-13.00 9 22 14 24 2 71
13:00-14:00 0 0 2 4 0 6
Total 42 160 32 112 14 360

3. Unconstrained Capacity (Asu)
a Arrivals
TAAM Report: KPHL Movements:. Parallel-1
All Categaries, All Market Segments, Arrivals

. Widebody | Narrowbody |, . Piston All
Time Jets Jets Light Jets| Turboprops Engine| Categories
9:00-10:00 0 0 0 1 1 2
10:00-11:00 6 37 2 31 5 81
11:00-12:.00 8 40 4 19 5 76
12:00-13:.00 8 5 0 11 3 27
Tota 22 82 6 62 14 186

b. Departures
TAAM Report: KPHL Movements: Parallel-1
All Categaries, All Market Segments, Departures

. Widebody | Narrowbody |, . Piston All
Time Jets Jets Light Jets| Turboprops Engine| Categories
10:00-11:00 12 49 10 24 0 95
11:00-12.00 8 20 12 14 0 54
12:00-13:.00 0 9 5 12 0 26
Tota 20 78 27 50 0 175
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c. All Movements
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TAAM Report: KPHL Movements: Parallel-1
All Categories, All Market Segments, All Movements
. Widebody | Narrowbody |, . Piston All
Time Jets Jets Light Jets| Turboprops Engine| Categories
9:00-10:00 0 0 0 1 1 2
10:00-11:00 18 86 12 55 5 176
11:00-12.00 16 60 16 33 5 130
12:00-13:.00 8 14 5 23 3 53
Total 42 160 33 112 14 361
Scenario: Parallel-2
1. Fully Constrained Capacity (Asy)
a Arrivals
TAAM Report: KPHL Movements: Parallel-2
All Categories, All Market Segments, Arrivals
. Widebody | Narrowbody |, . Piston All
Time Jets Jets Light Jets| Turboprops Engine|Categories
9:00-10:00 0 1 0 5 1 7
10:00-11:00 1 36 7 30 3 77
11:00-12.00 4 36 1 8 4 53
12:00-13:.00 7 19 2 4 5 37
13:00-14:00 3 6 0 3 1 13
Total 15 98 10 50 14 187
b. Departures
TAAM Report: KPHL Movements: Parallel-2
All Categories, All Market Segments, Departures
. Widebody | Narrowbody |, . Piston All
Time Jets Jets Light Jets| Turboprops Engine| Categories
10:00-11:00 6 34 16 13 0 69
11:00-12:00 6 29 25 15 0 75
12:00-13.00 8 15 4 0 0 27
13:00-14:00 0 0 0 4 0 4
Total 20 78 45 32 0 175




c. All Movements

TAAM Report: KPHL Movements: Parallel-2
All Categories, All Market Segments, All Movements
. Widebody | Narrowbody |, . Piston All
Time Jets Jets Lignt Jets| Turboprops Engine| Categories
9:00-10:00 0 1 0 5 1 7
10:00-11:00 7 70 23 43 3 146
11:00-12:00 10 65 26 23 4 128
12:.00-13:00 15 34 6 4 5 64
13:00-14:00 3 6 0 7 1 17
Total 35 176 55 82 14 362
2. Semi Constrained Capacity (Asp)
a. Arrivals
TAAM Report: KPHL Movements: Parallel-2
All Categaries, All Market Segments, Arrivals
. Widebody | Narrowbody |, . Piston All
Time Jets Jets Light Jets| Turboprops Engine| Categories
9:00-10:00 0 1 0 6 0 7
10:00-11:00 1 36 7 31 5 80
11:00-12.00 4 38 1 10 3 56
12:.00-13.00 9 23 2 2 5 41
13:00-14:00 1 0 0 1 1 3
Tota 15 98 10 50 14 187
b. Departures
TAAM Report: KPHL Movements:. Parallel-2
All Categaries, All Market Segments, Departures
. Widebody | Narrowbody |, . Piston All
Time Jets Jets Light Jets| Turboprops Engine| Categories
10:00-11:00 5 33 20 12 0 70
11:00-12.00 7 31 25 14 0 77
12:00-13.00 8 14 0 5 0 27
13:00-14:00 0 0 0 1 0 1
Tota 20 78 45 32 0 175
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c. All Movements

TAAM Report: KPHL Movements: Parallel-2

All Categories, All Market Segments, All Movements

. Widebody | Narrowbody |, . Piston All
Time Jets Jets Light Jets| Turboprops Engine| Categories
9:00-10:00 0 1 0 6 0 7
10:00-11:00 6 69 27 43 5 150
11:00-12.00 11 69 26 24 3 133
12:00-13.00 17 37 2 7 5 68
13:00-14:00 1 0 0 2 1 4
Tota 35 176 55 82 14 362

2. Unconstrained Capacity (Asy)
a Arrivals
TAAM Report: KPHL Movements:. Parallel-2
All Categaries, All Market Segments, Arrivals

. Widebody | Narrowbody |, . Piston All
Time Jets Jets Light Jets| Turboprops Engine| Categories
9:00-10:00 0 1 0 6 0 7
10:00-11:00 1 36 7 31 5 80
11:00-12.00 4 38 1 10 3 56
12:.00-13.00 9 23 2 2 5 41
13:00-14:00 1 0 0 1 1 3
Total 15 98 10 50 14 187

b. Departures
TAAM Report: KPHL Movements:. Parallel-2
All Categories, All Market Segments, Departures

. Widebody | Narrowbody |, . Piston All
Time Jets Jets Light Jets| Turboprops Engine| Categories
10:00-11:00 9 39 18 16 0 82
11:00-12:.00 8 30 22 11 0 71
12:00-13.00 3 9 5 5 0 22
Total 20 78 45 32 0 175
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c. All Movements

TAAM Report: KPHL Movements: Parallel-2
All Categories, All Market Segments, All Movements
. Widebody | Narrowbody |, . Piston All
Time Jets Jets Light Jets| Turboprops Engine| Categories
9:00-10:00 0 1 0 6 0 7
10:00-11:00 10 75 25 47 5 162
11:00-12.00 12 68 23 21 3 127
12:00-13:.00 12 32 7 7 5 63
13:00-14:00 1 0 0 1 1 3
Tota 35 176 55 82 14 362
Scenario: Diagonal-1
1. Fully Constrained Capacity (As1)
a. Arrivals
TAAM Report: KPHL Movements: Diagonal-1
All Categories, All Market Segments, Arrivals
. Widebody | Narrowbody |, . Piston All
Time Jets Jets Light Jets| Turboprops Engine|Categories
9:00-10:00 0 0 0 2 0 2
10:00-11:00 8 32 3 25 5 73
11:00-12:00 8 34 3 27 5 77
12:00-13.00 6 16 0 8 4 34
Total 22 82 6 62 14 186
b. Departures
TAAM Report: KPHL Movements: Diagonal-1
All Categories, All Market Segments, Departures
. Widebody | Narrowbody |, . Piston All
Time Jets Jets Light Jets| Turboprops Engine| Categories
10:00-11:00 9 35 5 17 0 66
11:00-12:00 5 39 14 28 0 86
12:00-13.00 6 3 8 5 0 22
Total 20 77 27 50 0 174
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c. All Movements

TAAM Report: KPHL Movements: Diagonal-1
All Categories, All Market Segments, All Movements
. Widebody | Narrowbody |, . Piston All
Time Jets Jets Lignt Jets| Turboprops Engine| Categories
9:00-10:00 0 0 0 2 0 2
10:00-11:00 17 67 8 42 5 139
11:00-1200 13 73 17 55 5 163
12:.00-13:00 12 19 8 13 4 56
Tota 42 159 33 112 14 360
2. Semi Constrained Capacity (Asp)
a Arrivals
TAAM Report: KPHL Movements: Diagonal-1
All Categories, All Market Segments, Arrivals
. Widebody | Narrowbody |, . Piston All
Time Jets Jets Light Jets| Turboprops Engine| Categories
9:00-10:00 1 1 0 3 0 5
10:00-11:00 9 32 4 32 5 82
11:00-12:00 10 39 2 24 9 84
12:00-13:.00 2 10 0 3 0 15
Tota 22 82 6 62 14 186
b. Departures
TAAM Report: KPHL Movements: Diagonal-1
All Categories, All Market Segments, Arrivals
. Widebody | Narrowbody |, . Piston All
Time Jets Jets Light Jets| Turboprops Engine| Categories
10:00-11:00 11 32 4 20 0 67
11:00-12:00 7 38 16 27 0 88
12:00-13:.00 2 8 6 2 0 18
Total 20 78 26 49 0 173
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c. All Movements

TAAM Report: KPHL Movements: Diagonal-1
All Categories, All Market Segments, Arrivals
. Widebody | Narrowbody |, . Piston All
Time Jets Jets Light Jets| Turboprops Engine| Categories
9:00-10:00 1 1 0 3 0 5
10:00-11:00 20 64 8 52 5 149
11:00-12:00 17 77 18 51 9 172
12:00-13:.00 4 18 6 5 0 33
Total 42 160 32 111 14 359
3. Unconstrained Capacity (Asy)
a. Arrivals
TAAM Report: KPHL Movements: Diagonal-1
All Categories, All Market Segments, Arrivals
. Widebody | Narrowbody |, . Piston All
Time Jets Jets Light Jets| Turboprops Engine| Categories
9:00-10:00 1 2 0 3 0 6
10:00-11:00 10 34 4 31 5 84
11:00-12.00 9 37 2 26 9 83
12:00-13:.00 2 9 0 2 0 13
Total 22 82 6 62 14 186
b. Departures
TAAM Report: KPHL Movements: Diagonal-1
All Categaries, All Market Segments, Departures
. Widebody | Narrowbody |, . Piston All
Time Jets Jets Light Jets| Turboprops Engine| Categories
10:00-11:00 10 43 7 30 0 90
11:00-12:00 10 28 18 20 0 76
12:00-13.00 0 7 2 0 0 9
Tota 20 78 27 50 0 175
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c. All Movements

TAAM Report: KPHL Movements: Diagonal-1
All Categories, All Market Segments, All Movements
. Widebody | Narrowbody |, . Piston All
Time Jets Jets Light Jets| Turboprops Engine| Categories
9:00-10:00 1 2 0 3 0 6
10:00-11:00 20 77 11 61 5 174
11:00-12.00 19 65 20 46 9 159
12:00-13:.00 2 16 2 2 0 22
Total 42 160 33 112 14 361
Scenario: Diagonal-2
1. Fully Constrained Capacity (Asy)
a Arrivals
TAAM Report: KPHL Movements: Diagonal-2
All Categories, All Market Segments, Arrivals
. Widebody | Narrowbody |, . Piston All
Time Jets Jets Light Jets| Turboprops Engine|Categories
8:00- 9:00 0 0 0 4 0 4
9:00-10:00 3 39 3 22 5 72
10:00-11:00 4 40 4 21 6 75
11:00-12:00 8 19 3 3 3 36
Total 15 98 10 50 14 187
b. Departures
TAAM Report: KPHL Movements. Diagonal-2
All Categories, All Market Segments, Departures
. Widebody | Narrowbody |, . Piston All
Time Jets Jets Light Jets| Turboprops Engine| Categories
9:00-10:00 4 29 18 6 0 57
10:00-11:00 3 29 18 12 0 62
11:00-12:00 13 13 9 11 0 46
12:00-13.00 0 1 0 0 0 1
Tota 20 72 45 29 0 166

63



c. All Movements

TAAM Report: KPHL Movements: Diagonal-2
All Categories, All Market Segments, All Movements
. Widebody | Narrowbody |, . Piston All
Time Jets Jets Lignt Jets| Turboprops Engine| Categories
8:00- 9:00 0 0 0 4 0 4
9:00-10:00 7 68 21 28 5 129
10:00-11:00 7 69 22 33 6 137
11:00-12:00 21 32 12 14 3 82
12:00-13.00 0 1 0 0 0 1
Tota 35 170 55 79 14 353
2. Semi Corstrained Capacity (Asp)
a. Arrivals
TAAM Report: KPHL Movements: Diagonal-2
All Categaries, All Market Segments, Arrivals
. Widebody | Narrowbody |, . Piston All
Time Jets Jets Light Jets| Turboprops Engine| Categories
8:00- 9:00 0 1 0 3 0 4
9:00-10:00 2 44 3 24 4 77
10:00-11:00 7 38 6 20 7 78
11:00-12.00 6 15 1 3 3 28
Tota 15 98 10 50 14 187
b. Departures
TAAM Report: KPHL Movements: Diagonal-2
All Categaries, All Market Segments, Departures
. Widebody | Narrowbody |, . Piston All
Time Jets Jets Light Jets| Turboprops Engine| Categories
9:00-10:00 4 27 13 9 0 53
10:00-11:00 4 26 26 9 0 65
11:00-12:00 12 24 5 10 0 51
Total 20 77 44 28 0 169
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c. All Movements

TAAM Report: KPHL Movements: Diagonal-2

All Categories, All Market Segments, All Movements

. Widebody | Narrowbody |, . Piston All
Time Jets Jets Light Jets| Turboprops Engine| Categories
8:00- 9:00 0 1 0 3 0 4
9:00-10:00 6 71 16 33 4 130
10:00-11:00 11 64 32 29 7 143
11:00-12:00 18 39 6 13 3 79
Total 35 175 54 78 14 356

3. Unconstrained Capacity (Asy)
a. Arrivals
TAAM Report: KPHL Movements: Diagonal-2
All Categories, All Market Segments, Arrivals

. Widebody | Narrowbody |, . Piston All
Time Jets Jets Light Jets| Turboprops Engine| Categories
8:00- 9:00 0 1 0 3 0 4
9:00-10:00 2 44 3 24 4 77
10:00-11:00 7 38 6 20 7 78
11:00-12:00 6 15 1 3 3 28
Total 15 98 10 50 14 187

b. Departures
TAAM Report: KPHL Movements: Diagonal-2
All Categaries, All Market Segments, Departures

. Widebody | Narrowbody |, . Piston All
Time Jets Jets Light Jets| Turboprops Engine| Categories
9:00-10:00 8 28 16 7 0 59
10:00-11:00 5 32 12 20 0 69
11:00-12.00 7 18 17 5 0 47
Tota 20 78 45 32 0 175
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c. All Movements

TAAM Report: KPHL Movements: Diagonal-2

All Categories, All Market Segments, All Movements

. Widebody | Narrowbody |, . Piston All
Time Jets Y Jets Y Light Jets| Turboprops Engine| Categories
8:00- 9:00 0 1 0 3 0 4
9:00-10:00 10 72 19 31 4 136
10:00-11:00 12 70 18 40 7 147
11:00-12:00 13 33 18 8 3 75
Total 35 176 55 82 14 362
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APPENDIX B

All theinpusto the TAAM simulations have been provided in the gtached CD-ROM.

Listed below are the file names of the individual inpus that are provided separately in the CD-

ROM. Besides these, the projed fil es of eat of the scenarios smulated are also provided. Note,

these projeds can only run onamacdine that has an adive TAAM license.

Inpus:

1.

2.

Traffic Schedule: Thesis.ACF

Routes: ThesisRTS

Airports: Thesis.APT

Waypoaints: Thesis WPT

Wake Turbulence Charaderistics: wake turb.data

Separation Standards: sep_stand.chta

. Randamization: randamization.cdat

Projeds:

1.

Baseline:
i. base fullyconstrained.pxj
ii. base semiconstrained.prj

iii. base_unconstrained.prj



. Pardlel-1:

i. P1_fullyconstrained.prj
ii. P1_semiconstrained.prj

iii. P1_urconstrained.prj

. Paralle-2:

i. P2_fullyconstrained.prj
ii. P2_semiconstrained.prj
iii. P2_urconstrained.pxj

. Diagonal-1:

i. D1_fullyconstrained.prj
ii. D1_semiconstrained.prj
iii. D1_urconstrained.prj
. Diagonal-1:

i. D2_fullyconstrained.prj
ii. D2_semiconstrained.pxj

iii. D2_urconstrained.prj
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APPENDIX C

This dudy has been accepted for puldi shing in the Proceedings of the 2002 Winter
Smulation Conference, E. Yucesan, C.-H. Chen, J. L. Snowdon,and J. M. Charnes, eds. The
study will be presented in San Diego, California between the 8" and 11" of December 2002.

Following is the email recaved from WSC confirming acceptance of the paper for presentation.

————— Original Message

From: wscO02@ku.edu [mailto: wsc02@ku.edu ]
Sent: Friday, June 14, 2002 10:23 AM

To: bazargam@erau.edu

Subject: Paper Status for WSC 2002

Title: A SIMULATION STUDY TO INVESTIGATE RUNWAY CAPACITY USING TAAM

Paper ID: bazarganm -1

Congratulations!! Your paper titled above has been accepted for presentation

at the 2002 Winter Simulation Conference (WSC'02) to be held in San Diego,
CA, USA, December 8 - 11. Included with this message are the reviewers’

comments and suggested changes, if any.

To complete the final submission of your paper for presentation at

WSC'02, you must submit an electronic ver sion of the paper in the native word
processor (Microsoft Word or LaTex) format. We would like to receive your

paper by July 8, and absolutely no later than July 15, 2002. In preparing

your final paper, we encourage you to use the templates and checklist

provided in the author kit on the Winter Simulation Conference website,
www.wintersim.org. Papers not conforming to the WSC specifications will be

returned to the author for modification.

Your final paper will be submitted via the conference website,
www.wintersim.org. The native word processor electronic file (Microsoft
Word or LaTex) is required for your paper to be included in WSC'02
Proceedings. Please also submit a PDF file, which will be used to aid the
Proceedings editors in their work.

Atthet ime of submittal, you will also fill out forms to provide author
contact information and paper title and abstract. The final conference
program and abstract book will be prepared using the information on the
website.



If you have any questions regarding ¢ ompleting your WSC'02 submission, please
contact one of the Proceedings Editors, Enver Yucesan
(enver.yucesan@insead.e du) or Chun - Hung Chen ( cchen9@gmu.edu ).

Thank you for your contribution to the conference. | look forward to seeing
you at W SC'02.

John Charnes
Program Chair, WSC'02
wsc02@ku.edu
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