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ABSTRACT
High resolution population data have proven useful as inputs to studies relating to environmental, public health, and disaster events.  But these data, as yet, do not incorporate business and leisure traveler patterns.  This paper presents a methodology for estimating passenger populations in airport terminals at a high temporal resolution which can be incorporated into existing population distribution models.  The methodology is based on approaches described in the airport simulation literature but utilizes a novel data source of flight activity from internet websites which are updated in near real-time.  The methodology is scalable with rapid implementation for large collections of airports on a national scale and the results suggest reasonable accuracy in the estimated passenger traffic.  By incorporating airport population dynamics at high temporal resolutions into population distribution models we hope to improve the estimates of populations exposed to or at risk to disasters, thereby improving emergency planning and response, and leading to more informed policy decisions.
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INTRODUCTION
Airports and air travel have been popular subjects for study to researchers in a variety of areas, from economics and planning to operations research, systems modelers and, more recently, security studies.  Airports serve as a vital link in the global economy, and major terminals are also a significant concentration of population.  For example, Atlanta’s Hartsfield-Jackson airport handled 90,039,280 passenger arrivals and departures in 2008, or 246,683 on average per day (Hartsfield-Jackson Atlanta International Airport, 2008).
Simply averaging monthly or annual passenger traffic statistics cannot truly capture the variability in the number of passengers at airports on a daily or hourly basis, especially when delayed flights are considered.  Populations of travelers in airports are constantly changing as passengers arrive and depart, yet, in the terminal, passenger mobility is limited and delays in the carefully balanced flight schedule can cause overcrowding.  Moreover, the high level of passenger interconnectivity at airports has been shown to have contributed to the spread of infectious diseases (Colizza et al. 2006) and is a major concern for future pandemics (Hufnagel et al. 2004).  
An airport’s unique location, population, and passenger interactions pose distinctive security challenges in the terminal (Boswell and Gwynne 2007).  Adequate preparation and response to emergencies at airport terminals, and future research into other events at airport terminals can be improved with timely access to accurate estimates of the passenger traffic.
Estimating traveler populations at airport terminals in high spatial and temporal resolutions has an established body of work in the modeling and simulation literature.  The most common method of estimating the number of travelers uses a discrete-event simulation built around the arrival and departure of aircraft, combined with information on passenger arrival and movement behavior (Robertson et al. 2002; Verbraeck and Velentin 2002; Rauch and Kljajić 2006).  Despite the growing concern for public health and disasters (Tekeli-Yeşil, 2006), these simulation studies have typically been developed to improve operational efficiency or to plan space requirements for the airport terminal (Gatersleben and van der Weij 1999).  Other such simulation studies have been applied to only a small portion of the terminal such as the security lines as seen in work by Cao, Nsakanda, and Pressman (2003), Joustra and Van Dijk (2001), and Pedergraft, Robertson, and Shrader (2004).  These simulation models found in the literature produce very detailed and comprehensive models of passenger movement down to the length of queues, but they require close collaboration with airlines and airport authorities to collect data for parameterization and validation.  This data collection step is extremely time-consuming as seen in the implementation of the AirSim model described by Fayez, Kaylani, Cope, Rychlik, and Mollaghasemi (2008, sec. 4) which can take at minimum two weeks of data collection per airport, limiting the models’ usefulness on a wide scale implementation.  These previous studies, however, provide a well-tested methodological framework on which to build a more general and scalable method of airport population dynamics estimation at coarser spatial resolutions.
There have been other considerable studies done to understand human mobility and improve the spatial resolution of static population counts through the use of census data (Dobson et al. 2000, Bhaduri et al. 2007).  Any estimate of populations impacted or exposed must consider that census data, as collected by the US Census Bureau, represent nighttime residential locations and are not accurate for daytime population estimation.  By estimating daytime location and disaggregating census blocks for accurate population location, high-resolution population data have already been proven to be vital tools in research and planning for environmental, public health, and disaster concerns (Dobson et al. 2000; Bhaduri et al. 2007).  LandScan USA, a population distribution model created by Oak Ridge National Laboratory, seeks to overcome the limitations of aggregated and static population counts by estimating high spatial resolution population locations for both night and day.  However, transitional populations, a term introduced by Bhaduri et al. (2007), which includes business and leisure travelers at airports and other population attractors, are not accounted for in any census or journey to work data, nor in the population distribution models cited above.  Therefore, the static population models and census counts can benefit from the inclusion of population dynamics as captured in the modeling and simulation literature.  The work described in this paper is a part of ongoing research and development to incorporate transitional populations of business and leisure travelers for the entire country into LandScan USA (Bhaduri et al., 2007).  
OBJECTIVES
The goal of this work is to create a scalable model able to produce reasonable estimates of traveler populations in airport terminals for regional or national collections of airports at high temporal resolutions.  The modeling approach was guided by three parameters: 1) The model should operate in near real-time by incorporating delay events, as well as in the recent past using records of flight activity, or for the near future using scheduled operations to develop realistic estimates of typical traveler populations throughout a twenty-four hour period.  2) The model should produce estimates on a national scale, in keeping with the LandScan USA framework.  Therefore, the model should be designed to use only public data or widely-available commercial data with categories of variables that are standard measures of airport activity.  3) The model should also be flexible enough that where and when airport-specific parameters exist (as collected through field observations or more detailed airport reports), those values can be used to enhance the model output. Using these three goals as a guide, the methodology presented here was developed to be a stand-alone procedure with a numerical output for easy integration into population models or other analyses.  
Understanding the population dynamics at airport terminals, especially when incorporated into established population distribution models, will hopefully allow for detailed investigations of populations impacted by or exposed to natural and manmade disasters and, subsequently, could lead to more appropriate emergency planning and response, and better informed policy decisions.
MODEL DESCRIPTION
Airports are typically divided into airside and landside areas of operation for study purposes with the landside consisting of all terminal facilities for enplaning and deplaning passengers, including the check-in, security, and gate area; while the airside is the flight operations area for take-offs, landings and the associated runway infrastructure.  This method considers passengers only while they are part of the landside operations.  Passengers within aircraft, but still remaining on the ground due to delays or taxiing are considered to be part of the airside and are not included in the total population estimate.  Once a traveler enters the terminal they become of interest to our estimation purposes.  However, this model does not differentiate passengers who are in specific locations within the landside.  The total traveler population in a terminal at any given time is considered to be made up of passengers who are waiting for their departing flights, passengers whose flights have been delayed and remain in the terminal, and those passengers deplaned from arriving flights and moving through baggage claim and exiting the terminal (Figure 1).
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Figure 1: Components of landside passenger populations.  The model estimates the total population within the terminal (illustrated as the area enclosed by the dashed lines) at any given time based on arrival and departure patterns of aircraft on the airside.

The population variation within the terminal is linked to the airside operations as flights move passengers in and out of the airport.  Passengers also plan their arrival to the terminal based in part on their departing flight schedule (Robertson et al. 2002).  The flight operations on the airside have the benefit of centralized statistics and reporting to airport authorities and the Federal Aviation Administration (FAA).  Many simulation models have implemented this move from airside flight operations to landside populations and it has been well-described by Robertson et al. (2002) and Verbraeck and Valentin (2002).
Accurate and up-to-date flight schedules are crucial because they serve as the basis for the methodology.  There are numerous sources for flight schedule data covering US national and international scheduled commercial flights, including products from the Official Airline Guide (OAG) and Sabre Airline Solutions.  Recently, internet sites have been created to help passengers schedule travel and to provide information on flight delays which passengers can use to plan their arrival to the terminal.  Sites such as FlightAware (http://www.flightaware.com) and FlightStats (http://www.flightstats.com) are examples of websites that combine data from the FAA’s Aircraft Situation Display to Industry (ASDI) feed with published commercial flight schedules and other data sources.  For security purposes the FAA delays the ASDI feed slightly to non-airline-industry users (http://www.fly.faa.gov/ASDI/asdi.html).  These data sources used by travel web sites cover the majority of commercial flights and are therefore appropriate for capturing the flight activity and delays at major airports.  These web sites also provide near-real-time updates on flight activity as well as historical flight activity accessed through an XML web service that provides an easy interface to the model.
The flight schedules provide estimated and actual gate departure and arrival times as well as the type of aircraft.  The actual gate time is defined in the model as when passengers exit the terminal to departing flights or enter the terminal from arriving flights.  The arriving and departing flights are aggregated to fifteen minute blocks.  Typical seating configurations for plane types were collected from manufacturers’ and airlines’ information to give total available seating for each plane type.  The percentage of those available seats filled is the passenger load factor, reported by origin/destination airport in the US Department of Transportation, Bureau of Transportation Statistics (DOT BTS) Form T-100 on a monthly basis.  Using these three pieces of information, the total number of passengers enplaning or deplaning at the terminal is calculated for each fifteen minute block of time.  

Passengers do not enter the terminal at one time and certainly not at their exact gate departure time.  Although there is randomness in the arrival pattern, it is predictable that a passenger arrives at the terminal for their departing flight based on the scheduled or estimated time of departure (Robertson et al. 2002).  There is evidence to suggest that this arrival behavior varies based on access time to the airport (Kim et al. 2004) as well as for categories of travelers: business versus leisure passengers, international versus domestic flights, and early morning compared to late afternoon departure times (Robertson et al. 2002; Cao et al. 2003).  Robertson et al. (2002) reported a mean arrival time of 50 minutes before scheduled departure time for morning flights and 144 minutes for afternoon flights.  A general passenger arrival pattern has also been reported by the International Air Transport Association (IATA) (figure reprinted in Rauch and Kljajić 2006) showing most passengers arriving approximately 70 minutes prior to departure.  For the methodology presented here, a general, cumulative passenger arrival curve was produced similar to that shown in Fig. 2.  It represents the percentage of passengers on departing flights expected from a given time block in the near future to have arrived based on the time before their scheduled departure.  
The cumulative arrival distribution is applied by looking at least two and a half hours before the scheduled departure time block.  A gradually larger percentage of the scheduled passengers are assumed to arrive as the departure time approaches.  The fractions of the scheduled departing passengers are summed together to be the early arriving passengers at a given time block.  Connecting or transfer passengers who arrive on one flight and depart the same day without exiting the terminal are assumed to be included in the cumulative distribution function of arriving passengers.
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Figure 2: Passenger arrival distribution.  The curve is a generalized example of accumulated passenger arrivals based on the time before their scheduled departure.
Deplaning passengers, entering the terminal from arriving flights, in each fifteen minute time block are calculated using airplane seating capacity and load factor as before, but without applying the cumulative arrival distribution.  The actual gate arrival time, rather than the scheduled time, is used to account for delays in arriving flights.
Delayed departing flights can cause major changes in terminal populations as passengers continue to arrive for scheduled flight times and then wait in the terminal, compounding overcrowding.  While passenger arrival is based on scheduled or estimated departure time, the actual number of passengers departing in each time block may vary from the schedule because of delayed flights.  The actual departing passengers for each time block are calculated using the same procedure of aircraft type, seating capacity and load factor except now using the actual gate departure time reported to aggregate the flights to fifteen minute blocks.  The actual number of departing passengers is compared to the scheduled number of passengers departing for each time block.  Any differences are considered to be delayed passengers who remain in the terminal until the next time step when the actual and scheduled departing passengers are recalculated and the comparison is repeated.  In the event that a flight leaves before its scheduled time block, the delayed passenger variable could theoretically hold a negative value which in the next time step will reduce the total population in the terminal, accurately showing that those passengers have already departed.

Therefore, by stepping through the scheduled and actual arriving and departing flight times, the population (in passengers or “pax”) in the airport terminal at any given fifteen minute time block t can be represented as:
Equation 1:


[image: image3.wmf]t

t

t

t

t

ax

DeplaningP

ingPax

EarlyArriv

DelayedPax

tingPax

SchedDepar

AirportPop

+

+

+

=

-

1



where,

Equation 2:
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CASE STUDY IMPLEMENTATION
The model was tested at four airports, using four different months in 2007.  The airports were selected to have a variety of traffic, ranging from very large hubs to smaller regional airports.  Daily flight schedules for the entire month were collected for each airport using FlightStats’ XML web service.  The model was run for each day and the total enplaning and deplaning passengers were summed to estimate the monthly totals and compared to each airport authority’s published totals.  Most airport authorities publish monthly or annual passenger traffic statistics reported to them by the airlines. 
	Airport
	Month
	Reported Total Passengers
	Model Total Passengers
	% Difference

	Hartsfield-Jackson Atlanta International (ATL)
	July
	8,464,419
	8,364,067
	-1.2

	Ronald Reagan Washington National (DCA)
	November
	1,518,237
	1,607,201
	5.9

	Dallas Love Field (DAL)
	March
	705,156
	712,243
	1.0

	McGhee Tyson (TYS)
	May
	164,926
	156,979
	-4.8


Table1: Results of the four-airport/four-month test comparing reported and modeled passenger traffic.  The model was applied to the daily flight operations as reported by FlightStats (http://www.flightstats.com) using average seating capacities of aircraft types and monthly load factors reported by the US DOT Form T-100.

The first test, at all four airports, used average seating configurations for aircraft equipment and the monthly BTS load factors for each airport.  A second test was conducted on one airport to see if the population estimate could be improved with airline-specific seating information and load factors. 
Finally, the model was tested on a single weekday to demonstrate the potential for higher temporal resolution analyses involving delayed flights.  This test was conducted on Reagan National (DCA) Airport using a portion of a selected weekday’s activity.
RESULTS
The four-airport/four-month test, produced estimates of total passengers that differed from the reported totals by 1.2% to almost 6%.  There did not appear to be any correlation between airport size or traffic volume and the accuracy of the estimate.  The results are summarized in Table 1.

The estimate for McGhee Tyson airport was repeated using annual airline-specific load factors (Source: Beth Baker, McGhee Tyson Airport, Personal Communication, June 12, 2008) and seating configurations.  The additional data was found to make the estimate worse with a larger underestimate.  This surprising result may be caused by annual rather than monthly load factors being used due to availability, and that there was, in fact, very little difference found in the seating configurations reported by the manufacturers compared with the information from the airlines.

Finally, the single-day test at fifteen minute blocks demonstrates the model’s potential to estimate the variation of population throughout the day at high temporal resolution.  The results depicted in Fig. 3 show a high level of variation throughout the day with a growing population of delayed passengers.  This snapshot of the population dynamics at 3:00 PM EST also shows the remaining scheduled passenger operations and the current passenger populations in the categories as calculated in Equation 1. The single-day test suggests that the majority of passengers within the terminal are in some process (check-in, security, etc.) of waiting for their departure.
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Figure 3: Airport population categories at higher-temporal resolution.  A demonstration of higher temporal resolution analyses of population dynamics in Reagan National (DCA) Airport using a portion of a single weekday's flight activity until 3:00 PM EST shows the contribution of each category to the total population in the airport terminal as calculated in Equation 1.

In general, the implementation was easy to accomplish.  Analyses in this study were conducted using database and spreadsheet applications with downloaded XML data.  Current improvements have coupled the airport model with a geographic information system to automate collecting and processing multiple airports and providing a user interface for rapid querying and generating reports of airport population.
DISCUSSIONS AND CONCLUSIONS
The results of the model tests are generally favorable.  Using a collection of daily flight activity for an entire month and general parameters for load factor and seating capacities on aircraft, the model was able to produce reasonable estimates of the total passenger traffic at four different airports.  The single-day, high temporal resolution demonstration incorporating actual delay events in near-real-time was also shown to be possible.  However there remain opportunities for improvement especially at the higher temporal resolution of fifteen minute blocks where slight variations in the arrival distribution curve can significantly change the early arriving population.    More work could be done to develop cumulative passenger arrival curves for specific periods of the day that can be applied to most airports in order to more accurately predict the early arriving passengers.  
This model is not meant to replace the detailed, airport-specific simulations that have already been developed.  Instead the advantages of this model, as demonstrated in the test cases, are its rapid deployment with accuracy to estimate the variation in passenger populations at airports on a national scale while remaining flexible enough to incorporate site-specific data to enhance its output on a local scale for detailed scenarios.  
There seems to be a general consensus in the simulation literature about the methodology for estimating passengers in the airport terminal.  By utilizing a novel data source of flight activity and near-real-time updates, the work presented here demonstrates the potential for simulations to move beyond site-specific analyses and enhance our understanding of population location and dynamics on a large scale and thereby improve on established population distribution models.
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