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SECTION 1

INTRODUCTION AND OVERV IEW

A brief introduction to the problem, including on historical overview of
airport modeling development, is presented in this section. A description of the format
and content of this report is also included.

1.1 INTRODUCTION

Recent airport capacity studies (e.g., References 1 and 2) have indicated
that there is on imbalance in airport landside and oirside planning at many major air-
ports. As used here, “landside ” refers to that portion of the airport property not utilized
by aircraft. Traditionally, the emphasis has been on airside development and analysis.
Although there is no generally accepted method to quantitatively assess the odequacy
of the airport landside, several studies have been conducted on the airport londside
problem. Examples include airline studies (References 3, 4, and 5), general planning
guidelines (References 6 through 9) and airport simulation models (References 10 through
13) . Such studies are particularly important since in many cases around the world,
some o~~ects of londside operations have become major congestion problems as the
number of air passengers continues to increase.

The purpose of this study is to develop a tool in the form of computer imple-
mented analytic models which will assist in the quantitative assessment of the adequacy
of the airport landside. The primary measures of adequacy ore passenger delay and
passenger processing time. Detailed analytic models have been derived for those air-
port landside components Which ore essential to passenger processing. Also, a method-
ology has been developed to quanHfy airport landside delay and copacity; this method-
ology has been applied to the exhflng and planned facilities at the large hub air
carrier airports and a large data base has been created. The results of this study should
assist airport operators and planners in determining the requirements of landsids improve-
ments.
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1.2 POSSIBLE TYPES OF AIRPORT LANDSIDE MODELS

The aims of this study can be put into better perspective by reviewing briefly
the possible types of airport landside models. It will be assumed that the purpose of these
models Is twofold: first, to provide the means for evaluating the level of service offered
by existing facilities and, .~s a consequence, to assist In determining the need for -- and
potential benefits that would result from -— expansion of these facilities; and, second, to
serve as tools in setting the design specifications for new terminal (and, in general,
groundside) facilities.

Classification of model types will be made with respect to the extent to which
these models recognize and deal explicitly with the two essential characteristics of airport
landside demand: time—variation and stochasticity. Concerning time—variation, it is
well known that demand for the use of the various components of an airport’s landside
system is strongly dependent on the time of’ the day (and is also influenced by day of the
week and by seasonal factors). As to the stochostic ity, it is also clear that, in addition
to time—variations In the demand rates, there are also random fluctuations in airport
demand from day to day and from hour to hour. In summary, demand for use of airport
landside facilities is both probabilistic and time—varying.

At the simplest level of modeling (“level I” models) neither of these two
characteristics of airport demand is explicitly taken into account. Level I models
generally consider only the peak hour demand (in terms of the appropriate units, e.g.,
number of passengers or number of pieces of luggage or number of cars, etc .) at each
part of the airport landside. This peak hour demand thus serves as the basic design Input
for each component of the landside system: the airport planner, designer or administrator
attempts to provide sufficient service capacity at each of these components to be able to

satisfy this maximum demand rate. Obviously, level I models are of little help In
evaluating the level of service provided by existing fac ilities and the need for facility
expansion: with no random fluctuations In demand and with the service capacity assumed
to be always In excess of even the maximum demand rate, delays for access to the
various services ore equal to zero.

Level I models are typically those used by architects and civil engineers In the
design of new terminals and grounds de facilities. The airpor t Is designed for some future
peak hour on the basis of such models and of some empirical formulae. Unfortunately,
these designers do not often recognize the fact that serious groundside congestion
problems (du. to time variations and randomness of the demand and service times)

1 — 2



may be present even when the average demand rates are well below the design capacities
of their buildings and serv ce facilities.

A more sophisticated type of model (“leve l II” model) is the one that considen
explicitly the time—variations in the average demand rate at an airport . As a result,
ii is recognized that whenever the average demand rate at a given component of the
Iandside system exceeds the maximum service rate for that component, a queue (or
queues) wi ll be created and delays will be incurred.

Several Investigators (e.g., References 14 and 15) have presented such
level II models since the mid—1960s, including a recent effort (Reference 16) to
consider all terminal buflding services from this point of view . Unfortunately, it is
obvious that level II models are deficient in the following respect~ as long as the

4 average demand rate is below the maximum service capacity at a component of the airport
complex, these models estimate no delays or congestion at the airport, even when the
average demand is just below the maximum service capacity . However, as is we ll
known from queuing theory, whenever random fluctuations ore present either in the
arrival process or fo the service times at a service facility, considerable and often
unacceptable delays may occur even when, on the average, demand is we ll below the
maximum service capacity.

Levels Ill and IV models would account for such situations by considering
explicitly the probabilistic aspects of airport demand and airport service rates . We
define a level Ill model as one which is based on steady-state queuing analysis. In
other words such a model assumes that: 1) for any given period of time, the avei age
rate of demand at each airport landside component and the average rate of service at
each component remains constant, but with random fluctuations described by probabilistic
processes, and 2) each time period Is long enough so that statistical equilibrium
(steady—state ) can be reached at the londs de system component of interest.

By contrast, a level IV model Is defined as one for which the demand arrival
process and the service process can both be: 1) probabtlistk; and 2) time—varying (In
the sense that the average rate of demand and the average rate of service at each
component of the tandside system can be explicit functions of time). Obviously, level IV
models can be said to be at the highest theoretical level of sophistication possible, but
It is on Inappropriate and impractica l leve l for current londside modeling programs.
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The work presented in this report Is aimed at developing level Ill models for
all the components of the airport landside complex. Thus, these models atte mpt to
consider explicitly the probabilistic properties and random fluctuations of the demand
arrival process and of the service processes at the major airports . The models use the
tools of queuing theory to obtain estimates of the delays that air passengers and airport
visitors suffer due t~

, these fluctuations.

In addition, the models use a simple, stra ightforward approximation formula
(see Subsection 3.3.1) for estimating delays for those periods of time when the average
demand rate exceeds the maximum service rote at any given component of the landside
system. Consequently, the approach taken here also incorporates the analytical potentia l
provided by the level II models that were described above .

To the best of the authors ’ knowledge, this is only the second effort to
develop such level Ill models for the entire airport landside complex (the first being the
very recent work of Parroras, Reference 17, which, however, dealt with the terminal
buildings only and had somewhat different objectives than the present study). Since the
project team was working In what is in effect a vacuum of earlier work (for many of the
components of the airport) some of the models developed can be considered only as
“first cuts” at obtaining initial approximations for quantities of interest (i.e., level-of—
service characteristics) , It is bel ieved, however, that the overall structure of the
ana lysis, and especially the network framework within which It was placed (see
Subsection 3.4), is a sound one and can provide the “building base ” for further develop-
ment. It is , therefore, hoped that other Investigators wi ll have an opportunity to
continue this work, particularly wit h respect to strengthening some of the queuing
models. As will be explained in Section 4, the computer programs ore written
In a modular way that facilitates substitution of a queuing model for any given Iandside
component by a superior one, whenever such a model becomes available.

Consideration was also given to making an attempt to develop level IV models
for the airport landside. Such a model was f rst presented for the airport airside in
1972 (Reference 18) and was considerably general ized and subsequently strengthened
(References 19 and 20). Unfortunately, th, airport landside problem is considerably
more compl.x than the airslde one due to: 1) the large number of system “components”
(e.g., roadway, parking, curbside, ticket counters, secur Ity processing, seat assignment,
etc .); 2) the much larger number of units (i.e., people, cars, pieces of luggage) that
must be processed. The latter number is of the order of thousands per hour (as opposed
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to the 50 to 150 aircraft that are processed per hour at the airside of a typical major
airport). Because of these two difficulties, it was deemed that the present sta te—of—the—
art in analytica l techniques for time-dependent queuing systems made it infeasible to
develop (within the time and budgeting constraints of this study) any level IV models
at this stage.

1 .3 REPORT FORMAT

The previous subsections have presented an introduction and historical back-
ground and overview of airport landside studies . Section 2 continues with a description
of the approach used in this study. Included is a more detailed specification of the
problem, the major assumptions, data requirements and the specific methodology used.
The theoretica l development is contained in Section 3, in which the equations and
algorithms used in the programs for the models are presented. A flow description and
sample outputs of the program are contained in Section 4. Section 5 presents a summary
of the study and recommendations for future analyses.

1 - 5



SE CTI ON 2

STUD Y APPROACH

A description of the study and analysis techniques is inc luded in th is section.
First , the specification of the problem and the general approach taken are described.
The major assumptions and approximations are a lso noted . The landside elements of
interest in this study are described together with the network identification techniques .
The specif ic approaches developed and implemented in the computer programs are also
out lined.

2 .1 PROBLEM SPECIFICATION

An airport serves as an interface between ground transportation and air
transportation . As shown in Figure 2— 1 , the airport system naturally divides into three
major sections: airside, termina ls, and groundside . Each section is characterized by a
different type of f low . The airside is the section of the airport used by aircraft . The
terminal is that part of the airport characterized by the flow of passengers (and baggage);
the groundside is described primari ly by vehicle flow s. For this study the terminal and
groundside sections of the airport are referred to together as the airport “landside.”

LAN D SIDE

• 
‘1 IE;e 

~
Eft

Groundside I Terminals I Airside
V L_. a..

FIGURE 2— 1 . AIRPORT SYSTEM FLOWS.
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The airpor t landside con be further divided into components , with each
component associated with a particu lar passenger service, such as check —in and baggage

cla im. Furthermore , these components fa ll into two major categories. First , there are

those items such as auto parking, check— in and security inspection which are essential

items for passenger processing . Second , there is ci c lass of services which is a
necessary part of the airport system, but which is not essential for passenger processing .
Examples of these components are restrooms , te lephones and concessions. Only the
services whic h are essential for passenger processing are of interest in this study.

A sample airport groundside network which identifies severa l of the components
of interest is shown in Figure 2—2 . A simi lar diagram of the terminal components is
shown in Figure 2—3 . These figures serve the dual purpose of identifying typica l
components in the airport landside and specifying the branch flows and flow rates which
are required. Note that the particular components which apply and the network linking
the components will most likely vary from airport to airport . This applies bath to the
groundside w here the network is described primar ily by the roadway system , and to the
termina l where the network is usually associated with the terminal geometry (location
and number of concourse s , security checkpoints, etc.). Thus the problem of determining
passenger de lays in the airport landside divides into 1) specifying the particular
landside components which apply, and 2) identify ing the network and network flows
which link the components.

The groundside network shown in Figure 2—2 typically has three major com-
ponents: roadway , parking, and curbside . Eac h major component may be further
divided as appropriate at each airport into several minor components as noted in
Table 2— 1 . The roadway component model may be repeated at several points depend-
ing upon factors such as changes in the number of lanes and intersection congestion .
A simi lar summary for the terminal components is shown in Table 2—2 . The major
parameters which affect the performance and capacity of each component are also noted
in these tables.

A literature search was undertaken to determine the nature and extent of
previous related studies . Included at the end of this report is a bibliography that in-
c ludes a number of airport landside model development efforts which have been
identified . These include programs by Batte lle , TAMS , Bechte l, MIT , and others.
The applicability of those models to this study is minima l, however , for the following
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FIGURE 2—2 . TYPICAL AIRPORT GROUNDSIDE NETWORK .

reasons. First , most of the above models have been developed for a particular airport
or airport concept; in this study a genera l model , applicable to any air carrier airport
is desired. A lso, most of the models are simulation programs which use random number
generators in a “Monte Carlo” approach to system studies; in this study analytic models
are desired which eliminate the need for multiple computer runs. A search was also
made in the various operations research and technical journals for studies on develop-
ment of particular landside component models. Several articles have been located, and
ore inc luded in the bibliography. These artic les have been particularly useful in the
component model development, as noted in Section 3.

2 .2 GENERA L APPROACH

The methods which are used to quantify airport landside capacity and delay
are discussed in this section . First , the ma jor objectives of the study are resta ted and
the main program assumptions, inputs, output and control variables ore specified.

2 - 3
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TABLE 2— 1 . AIRPORT GROUNDSIDE COMPONENTS.

Major Subcomponen ts Major ParametersComponent

Roadway — Number of Lanes
Average Speed
Intersections
Vehicle Mix
Passengers per Vehicle
Length of Roadway

Parking Long Term Spaces Available
Average Length of Stay in Lot

Short Term Spaces Available
Average Length of Stay in Lot

Rental Car Number of Servers
Service Time, Discipline
Transportaflon Mode to Terminal

Curbside Enplaning Curb Length
(vehicle) Number of Terminal Doors

Number of Lanes
Vehicle Mix
Passenger,/Visitor Ratio
Number of Bags/~ossenger
Share with Deplaning (Yes/ho)
Passenger Per Vehicle Type

Depla&ng Curb Length
Number of Terminal Doors
Number of Lanes
Vehicle Mix
Passenger/Visitor Ratio
Number of Bag s/Passenger
Share with Enplaning (Yes,k.lo)
Passenger Per Vehicle Type

2 — 5



TABLE 2—2 . AIRPORT TERMINAL COMPONEN TS.

Major Subcomponents Maior ParametersLomponent

Curbside — Enplan ing/teplan ing Separate (Yes,4.Jo)
(passenger) Number of Doors

Bogs/Passenger

Ticketing Full Service Number of Servers
Information Only Service Time/Discipline
Baggage Check-In Number of Bags
Seat Assignment Service Used

Skycops, Assistants (Yes,/No)

Security - Manual or X-Ray
Carry-on Bags/Passenger
Series Servers (Yes/No)
Number of Servers
Passenger/Visitor Ratio

Seat Assignment Boarding Pass Number of Check—In Servers
Seating Assignment Geometry

Baggage Claim - Equipment Type/Capacity
Bags/Passenger
Number of Units
Positive Claim (Yes,4~.1o)
Distance from Arrival Gate

Federal Customs Number of Servers
Inspection Health Bags/Passenger

Immigration Service Time Discipline
Series Servers (Yes/No)

Rental Car — Number of Servers
Reserved Car (Percent)
Manual/Machine
Transportation Type to Ready Car/

Drop-off Area
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Throughout this study, the passenger delay time refers to the excess time
spent in the system due to congestion, waiting in line, etc. The service time is the
time spent at a faci lity regardless of any delay. At ticketing, it would represent the
time spent checking in baggage, for example, once at the head of the line. The travel
time is the time spent walking or driving between service facilities. It is a function
mainly of the distance between the facilities and the overage traveling speed.

Broadly stated, the goal of this study is to develop a tool to quantitatively
assess the level of service for the airport landside . The level of service is measured
primarily by passenger delays and passenger processing times . The “tool” consists of
a set of computer routines which analytically models each component or subcomponent of
the airpor t Iandside and a program and methodology for linking the routines as appropriate
for any air carrier airport to compute the level of service . The primary input
variable is the number of peak hour (or any design hour) enplaning and deplaning
passengers.

Other input variables include passenger modal split, bags per passenger,
percentage of connecting passengers, and passengers per vehicle type. A summary
of the basic approach and program inputs and outputs is presented in Table 2—3.
Thus, the program will be able to address such questions as the following: How will
Iandside congestion and delay change if the passenger modal split varies? If a policy
Is implemented to discourage carry-on baggage how much will this affect ticket counter
and security checkpoint congestion? Will a particular redesign or expansion of the
terminal building or roadway network significantly affect the airport landside? How
will the capacity and delay change as the number or type of passengers change? Where
are the landside bottlenecks, if any?

Since many factors such as quality and comfort are not easily quantified, the
program cannot completely answer all of these questions . It should, however, be of
considerable aid to their understanding. Also, other studies can be initiated using this
program, such as determin ing the relative efficiencies of terminal types (e.g., linear,
pier , satell ite) for different airport categories (connecting, International, short/long
haul, etc .).

2.3 MAJOR ASSUMPTIONS

Th. basic approach used In th is anal ysis is noted in Table 2—3. An under-
standing of the major assumptions, however , Is required to fully appr.clat. the
capabilities and limitations of the programs.
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TABLE 2-3. STUDY APPROACH AND PROGRAM INPUT/OUTPUT.

Basic Approach

• Analytic models of each landside component will be used.

• De’ay, congestion and capacity will be determined for the Peak Hour
(or any design hour).

• Steady—State queuing theory will be used whenever possible. (Time of
day variations will not be included.)

• Annual Passenoer Delay will be estimated from the number of peak
hours in a day and the number of such days each year (rather than
through an hour by hour simulation).

Exogenous Inputs

• Annual passenger enplanements.

• Peak or design hour passengers (primary input).

• Passenger modal split.

• Percentage of connecting passengers.

• Baggage carried per passenger.

• Aircraft fleet mix , load factor and operations.

• Passengers/vehicle by vehicle type.

Airport Inputs

• Physica l - numbers and sizes of components, geometry of terminal ,
location of elements, distances between components.

• Passenger Ratios — connecting/originating, domesti cAnternational,
passenger/visitor.

Proçom Outputs (Airpor t Total and Component)

• Delays.

• Service times.

• Travel (walking , driving) times .

• Passenger and vehicle flow rates .

• Saturation points and congestion locations .

2 - 8
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The most important simplifying assumption is that steady—state conditions are
ac hieved during the peak (or design) hour . As a result, time— Invariant equations can be
used for the component models, which simplifies the analysis procedure immensely. At
most airports under normal circums tances, this assumption would seem to be valid, but
during times when the demand is near or over capacity (saturation) the steady-state
assumption is questionable. Also, the airport landside is a flexible, dynamic system in
which the capacities and service rates are continually changeable. The service capacity
of a ticket counter, for example, depends largely on the number of agents serving the
passengers. This number can and does change considerably as the passenger demand
varies . Because the numbers can change frequently, the steady-state assumption is
not always ideal . Nevertheless, the steady—state assumption is necessa ry for
workable models, and is generally realist ic.

The second major assumption used in the analysis is that the passenger (and
roadway vehicle) arriva l rates can be accurately described by the Poisson process. * From
the literature surveyed it seems that this is a generally accepted assumption for enplaning
passengers. For deplaning passengers, the aircraft arrivals may be modeled as Poisson,
but certainly the arrival of passengers within each aircraft is not . There ore Iwo
comments to be made regarding this phenomenon. First , the equations can be written
in terms of Poisson batch arrivals. For this case, each arrival (i.e., aircraft) is Poisson
and consists of a batch or group of elements (i.e., passengers) . Second, it can be argued
that although the exit of passengers from the airc raft is not Poisson, passenger arrivals at
the end of the concourse may be Poisson. This is because passengers mix with others
from different flights, the walking speed of each passenger varies considerably (thus the
concourse spreads them out randomly), time may be spent at restrooms, on telephones,
at concessions, or with greeters, whkh tend to “randomize” the passenger arrivals , etc .
Nevertheless, it is assumed in the analysis that all arrivals are Poisson.

A third major assumption is that the passenger arrival rate at one service
component (say, security) is not dependent upon the service or congestion at any other
component (say, curbs ide). More specifically, the probability distribution of the

*Heuristically, this distribution is appropriate when it is as likely that a random event
occur s (like the arrival of a passenger) at one time as at any other time; also that the
occurrence of on event has no effect on whether or not another occurs. More details of
random processes and queuing systems are presented in Section 3.
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arrivals is unchanged although the demand level may vary. This is partially a consequence
of the first two assumptions of steady state conditions and Poisson arrival, but mainly
this assumption is based upon the wide variation in passenger characteristics. As noted
above, the distance between service elements, varying walking speeds, t m e  spent at
concessions, telephones, restrooms and with Visitor s, tends to spread the distribution of
passengers. Thus, although severe delay (or lack thereof) at a service facility may
alter the arrival patterns at a subsequent facility, this dependence is not explicitly in-

cluded in the models.

Other assumptions have been made in the development of the analysis.
Many of them are made in deriving the component models and are discussed in SectIon 3.
Others were mode out of necessity for lack of more accurate information and can be
relaxed or replaced whenever desired. For example, the percentage of peak hour
passengers using a particular concourse is assumed to be equal to the percentage of
passengers who fly the airlines located on that concourse. Thus, if Eastern Air Lines, soy,
handles 20 percent of the annual passenger traffic at the airport , then it is assumed they
also have 20 percent of the peak hour passengers.

2.4 SPECIFIC APPROACH

An examination of Figures 2-2 and 2—3 and Tobles 2—~ and 2-2 reveals that
the problem of determining landside delays and service times can be very complex . This
is especially true for multi—terminal airports where several sets of networks (Figures 2—2
and 2—3) may be necessary to adequately describe the airport . It is critical , therefore,
to develop a procedure whereby the landside is analyzed in an orderly, effic ient
manner . Thus the approach outlined in Table 2—4 has been selected for this airport
landside analysis.

The first matter for consideration in the analysis is to specify the airport
landside networks of interest . These networks, simi lar to Figures 2—2 and 2—3 , will
vary among airports and even among terminals within an airport. Specifica lly, what

is required is the following:

• Identif y the passenger service components of interest in the system.

• Indicate the possible paths through the network by linking the com-
ponents, and the length (distance) of each link .

• Determine the flow splits along each branch point (e.g., the percentage
going directly to security versus those using the ticket counter first).

• Determine the values of the major parameters of each component used
in the networks (i.e., Tables 2—1 and 2—2) .
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TABLE 2-4. AIRPORT LANDSIDE ANALYSIS--SPECIFIC APPROACH.

• Specify the landside networks.

• Specify the major control inputs (for example , annual enplane-
ments , fleet mix , modal split) .

• Do a flow analysis for the network .

• Determine the per passenger delay at each network element.

• Compute the passenger accumulated times (delay, service ,
travel) in the network .

• Extrapolate results for annual estimates; print results .

Clearly, a vast amount of data is required even for a single terminal within an airport .
Compared to the airside, the landside system of an airport is much more complex , with
more permissible variations in passenger routes through the network and more services
involved.

The next step in the analysis is to specify the major control inputs to the
system. These, as shown in Table 2—3 , include the peak (or design) hour passengers,
percentage of transfers or connecting passengers, and modal split. These in a sense are
the “driving” inputs to the system. Next, a flow analysis is done for the network.
Given, for example, that 1000 passengers enter the system during the peak hour and 3(
percent proceed directly to ticketing, then the arrival rate at ticketing is 300 in the
peak hour. Since the system is assumed to be in a steady—state , the output rate at each
unsaturated component equals the input rate . W hen the arrival rate exceeds the service
capacity, the output rate equals the service rate . In this manner a flow analysis for the
entire network is performed.

Once the flow analysis is complete and the arrival rates are known, the per
passenger de lays at each network component can be calculated through the queuing
equations for each model (Subsection 3.2). Then the passenger accumulated times,
including total travel and service time as well as delay time, can be determined
using the network analys is methods described in Subsection 3.3. Finall y, the results
are extrapolated as indicated in Subsection 3.1 to estimate annual passenger delay times.
This approach is very general and flexible enough to be used for a very wide variety of
networ ks and analytic queui ng models.
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2. 5 DMFA REQUIREMENTS

The data used as inputs to the models are critical elements in the assessment
of airpor t landside capacity . As indicated above , a large amount of data are required
for any airport . Clearl y, the accuracy of the output cannot be better than the accuracy
of the data inputs . A lthough comprehensive surveys can be performed at each airport of
interest , there are several existing data sources . For this study, it was assumed that the
service times for the individua l components depend only on the service disci p line , the
service rendered , and perhaps geometry, but otherwise ore airport independent . For
examp le, the processing time at baggage c laim or secur ity checkpoint is assumed to be
the some for a ll airports which use similar equipment and procedures. Thus, service
times for component models will not in general have to be surveyed at each airport.

Other important parameters appear to be very airport specific . Traffic flows ,
both vehicle flows at the groundside and peop le flows in the terminal , depend heavily
upon modal splits and passenger types. Furthermor e, the variation of a parameter may be
very great wit hin any given airport . For examp le , a traffi c survey (Reference 21) at
Detroit Metropolitan Ai rport (DTW ) showed a large (but expected) variation in the number
of ‘vehicles per passenger ” at different sections of the entrance roadway, as shown in
Figure 2—4 . ThIs emphasizes the importance of carefull y defining the airport parameters
both in terms of what is measured and where it is measured .

The Federal Aviation Administration and the Civil Aeronautics Board publish
extensive airport data on a regular basis . These Include airport activity statistics ,
passenger demand profi les, and passenger forecasts , as discussed in References 22 , 23
and 24, respective ly. A recent study (Reference 1) has compiled a comprehensive data
book of airport terminal and roadway faci lities . Other ma jor data sources are included
in the bibliography.
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FIGURE 2—4 . VARIATION IN VEHICLES PER PASSENGER AT
DETROIT METROPOLITA N AIRPORT.
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SECTION 3

THEORETICAL DEVELOPMENT

In this section the models and equations used in the londside analysis program
are discussed. First an overview of queuing theory is presented followed by a description
of the major parameters used to control the landside computer programs. This includes
the techniques which ore used to estimate annual delay from the design hour calculation
and to determine the effects of modal splits and connecting passengers. Next the specific
analytic models used to repre sent the various airport components for the groundside and
the terminal are described . Finall y the network analysis techniques are derived.

3.1 QUEUING THEORY OVERVIEW

The analytic models used in the landside analysis program are largely based
upon the concept s and techniques of c lassical queuing theory . Volumes have been
written on probability theory, random processes, and queuing theory. The intention of
this section is to introduce the concepts and define the terminology which is used
throughout this report .

Queuing theory involve s the mathematical study of “queues” or waiting
lines. Decisions regarding the amount of capacity to provide must be made frequently
at airports and elsewhere . However, since it is frequent ly impossible to predict pre-
cise ly when people will arrive to seek service and how much time will be required to
provide that service , these decisions often are difficult ones. Providing too much ser-
vice would involve excessive costs. Not providing enough service capacity would cause
the waiting line to become excessive ly long. Therefore , the ultimate goal is to achieve
an economic balance between the cost of service and the cost associate d with waiting
for that service . Queuing theory itse lf doe s not directly solve this problem . However ,
it does contribute vital information required for such a decision by predicting various
characteristics of the waiting line, such as the average waiting time .

Queuing theory provides a large number of alternative mathematical models
for describing a waiting line situation. Mathematical results predicting some of the
characteristics of the waiting line often are available for these models. The basic
process assumed by the queuing models used in this analysi s is the following. Units re-
quiring service arrive over time and are refe rred to as calling units. These units enter
the queuing system and join a queue . At certain points in time , a member of the queue
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is se lected for service by some rule known as the service discipline . The required ser-
vice is then performed for the unit by the service mechanism , after which the unit
leaves the queuing system . This process is dep icted be low in Figure 3— 1.

served units

~ 

queuing system

queue
ca lling I .~ C C C C C C C

C S ser\
~
i?e

units 
C ~ 

racili ty

L ~ 
served units

FI GURE 3-1. AN ELEMENTARY QUEUING SYSTEM .

For the airport landside system the calling units are vehicles and passengers.
The queues are the lines which form at the various service facilities such as curbs and
tic ket counters. The service discipline unless noted otherwise is always a “first come—
first served” disc ipline . The service mechanism consists of ~ne or more service faci lities ,
each of which contains one or more “parallel service channels” (servers) . If there is
more than one serv ce facility, the calling unit may receive service from a sequence of
these (“service channels in series”). At a given faci lity, the unit enters one of the
parallel service channels and is completel y serviced by that server. A queuing model
must specify the arrangement of the facilities and the number of servers (parallel chan-
nels) at each one .

The time elapsed from the commencement of service to its completio n for a
unit at a service faci lity is referred to as the service time . A queuing model must
specif y the probability distribution of serv ice times for each server . Al so, the probability
distri bution which describes the rate of arrival of the calling units must be specified.

Unless otherwise noted, the following standard terminology and notation is
used in this report:

k = number of servers (parallel service channels) in the queuing system;
X = mean arrival rate (expected number of arrivals per unit time) of new

calling units;

mean service rate (expected number of units completing service per
unit time).
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Wit h these definitions, 1/x and 1/~ are the expected time between arrivals and the ex-
pected service time , respectively. A lso , p = X/i~ is the utilization factor for the service
faci lity, i.e •,  the expected fraction of time the servers are busy.

The most often used probability distribution functions in queuing theory are
the Poisson distribution and the exponential distribution . Another, the Erlang distribu-
tion , is also very common but is not used in this study.

A random variable X is said to have a Poisson distribution if its probability
distribution can be written as

k —x
P (k) = X e
X k!

where X is a positive constant and k is any non—negative integer. In operations research,
the Poisson distribution is often used. Heuristicall y speaking, this distribution is appro-
priate in many situations where an “event ” occurs over a period of time , like the arrival
of a customer; when it is as like ly that this “event ” wi ll occur in one interval as in any
other; a’ so the occurrence of an event has no effect on whether or not another occurs.
Then the number of customer arrivals in a fixed time is ofte n assumed to have a Poisson
distribution .

A continuous random variable , x, w hose probability distribution is given by

for y �0
f (y) =

X 

~ o, for y< 0

is known as an exponentially distr ibuted random variable. The exponential distribution
is a function of the single parameter ~~, where ~ is any positive constant . The exponen-
tia l density function is thown in Figure 3-2.

One of the aspects of choosing the proper queuing model for a given system
involves selecting the appropriate probability distribution for the pattern of arrivals and
for the service times. If the queuing system is already in operation in some form, statis-
tica l theory may be used to hel p make these decisions. One would need to collect stati s-
tica l data over time regarding the number of arrivals within time intervals of fixed size (or
the time between arrivals) and the service times. Assuming that the mean arrival rate
and the mean service time do not change while the data are collected (which may be
tested statistica lly), the arrival and service time distributions could be estimated in a
strai ghtforward manner.
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FIGURE 3-2 . DENSITY FUNCTION OF THE EXPONENTIAL.

If the arrival of calling units occurs comp lete ly at random (at some

fixed mean rate), where future arrivals are independent of the pattern of past
arriva ls , then the input is a Poisson process . It is reasonable to say that many actual

queuing systems have a Poisson —like input. Even when an attempt is made to schedule
the arriva ls to maintai n a constant arrival rate , it is frequently observed that unavoid-

able deviations from the schedule result in the input still being approximately Poisson.

On the other hand, actual queuing systems may often have a service—time
distribution other than exponential. In fact , the exponential distribution has two proper-
ties which make it inappropriate for many service situations. One of these properties

is that the probability density function is strictly decreasing (as shown in Figure 3—2) .

Thus, if a random variable has an exponential distribution, the maximum probability
is at zero; it is not only possible but relativel y likel y that the random variable wi lt
take on a va lue near zero . Whether this is reasonable for the serv ice—time distribution
depends on the nature of the service involved.

The second property of the exponential distribution that deserves special
attention is its “ lock of memory. ” In particular , if the random variable is the time a
process continues before a service completion, then the process essentially “forgets”
how long it has been going. Therefore , an exponential service-time distribution im—

plies that the probability distribution of the time remaining until service is completed
is always the same, regardless of how long the calling unit has already been in service.
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This may not be realistic in a situation where the some fixed sequence of service opera-
tions is performed for each calling unit. In this case , if considerable service time has
elapse d, then it is likel y that the initial service operations are already completed so
that the conditional expected service time for the remaining service operations iS less
than 1/u.

Since there ore three major parameters which describe a queuing system
(arrival process, service process , and number of parallel servers) a convenient notation
has been developed . This notation refers to a queuing system with three letters such as
M/GA , where the first letter , in this case M, re fers to the arrival process , the second,
G, the service process, and the third, k , the number of parallel servers. Furthermore,
the letter M is conventionall y used to refe r to ei ther the Poisson or exponential process
and G is used to refer to ony non—standard or general process. This notation is used
throughout this report in the above manner to describe many queuing system models.

3.2 AIRPORT CONTROL PARAMETERS

The number of peak hour enplaning and deplaning passengers is the major in-
put to the landside analytic program. Actually any design hour demand, regardless of
whether it is peak hour, can be used to exercise the programs. From the hourly demand
rate and the network specifications, all of the delays, travel times and other outputs
are ca lculated.

The hourly passenger demand is usually specified as the total of enp laning and
deplaning passengers. In the program, the enp lan ing and deplan ing demands are separatel y
required. Typ icall y the peak total demand does not coi ncide with either the peak enp lon—
ng or the peak deplaning demand . Consider Figure 3—3 which is taken from Reference 23.

There the enplaning and deplaning peaks do not coincide; the total peak hour passengers
(not shown in F gure 3—3) would have a distribution other than either the enpianing or de-
planing charts. An examination of figures in Reference 23 seems to indicate that the en—
planing and deplaning peaks are each approximatel y two—thirds to three—fourths of the
tota l peak. When the separate enplon ing and deplaning passenger f lows are required,
the lands de anal ysis program assumes the ratio is three—fourths of the total peak demand.
Any other, preferred ratio can be incorporated into the program .

Many other parameters can be specified to exercise the program; the imple-
mentation of these is discussed in this section. Perhaps the most commonly available param—
ete r k the number of annual passenger enplanements at the airport. A method has been de-
ve loped to estimate the peak hour passengers from the annual enplanements and the airport
acfivity descriptors.
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An item of great interest at major commercia l airports is the profile of air-
craft demand over the 24 hours of a typ ica l day at these airports. A “demand profi le ”
is an hour-by-hour count of the number of operations (landings and takeoffs ) scheduled
to take place at the airport. The two main descriptors of demand profiles ore : 1) the
number of daily peaks in demand, and 2) the peak hour operations as a percentage of
total daily operations. This classif ication scheme has been deve loped in Reference 20.

Four separate c lasses can be identified with respect to the number of daily
peaks* (descriptor 1):

a. Single peak demand profi les: these profiles exhibit a sing le, distinct ,
more severe and rather prolonged peak period (usually lasting five or
six hours). Such a peaking pattern may be due to special circum-
stances , most often heavy internationa l traffic (e .g., JFK A rport in
New York), or geographical location, or heavy pleasur e traffic (e .g.,
Miami Airport).

b. Double peak demand profi les: these profiles exhibit the classical
“text book ” pattern of demand with two quite similar peak demand
periods, one associated wi th the morning peak period and the other
with that of the evening.

c~ No peak demand profiles: in these cases the number of operations
remains practically constant throughout most of the normal activity
hours. The uniformity of demand in these cases is often largely due
to capacity problems that force rationing of runway slots (“quota”).

d. Multi—peak demand profi les: in a few instances, the demand profi le
does not fall into any of the categories (a) through (c) above, but
exhibits several (three or more) wide fluctuations in the course of a
day . This is due to local factors (e.g., Atlanta is the airport where
two major airlines base their operations and the major passenger trans-
fer point for these two airlines), or to the lack of any appreciable
number of scheduled fli ghts (in which case the distribution of the
sma ll number of flights during the day can take odd shapes) .

The second descriptor of demand profi les , i.e., the peak hour operations as
a percentage of tota l daily operations, is a rough indicator of the sharpness of the

“peaks and valleys ” in the demand profi le. Typ ical ly, this percentage ranges from
12 percent (for airports where peak hour flight frequencies are much higher than in the
off-peak hours) to 7 percent (for airports with no peak demand profiles) .

*A “peak hour ” is a re lative , not an absolute term . An airpor t may have several busy
hours, each of which may be referred to as a “peak hour.” The handling of a s tuo—
tion with many peak hours is discussed in this section, (see especic~ lv Equation (3—6)).
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The demand profi le descriptions of major air carrier airports presented in
Table 3-1 ore based on the demand profi les shown in the FAA publications (see References
23 and 25) issued by the Aviation Forecast Division at six—month intervals . The partic-
ular profiles reviewed were from the report issued in March 1974 and referred to opera-
tions on November 2, 1973. Inspection of two subsequent reports showed few differences
wi th these earlier profiles. The November 1973 data were , in any event , preferred as
more re liable because they were taken just before the “energy crisis. ” They are there-
fore free of the transient effects that initial airline reactions to fuel shortages or price
increases may have caused to demand profi les measured later (during 1974).

The standard definition of the design hour or peak hour passengers, PH , is
the number of passengers enploning during the peak hour of the average day of the peak
month (Reference 6). The number of peak hour enplonements is estimated from the
annual enplanements , AE , and the airport activity descriptors as follows:

PH = D2 . AE/(7)(30) (3—1 )

where D2 refers to the second of the airport activity descriptors; name ly, the percentage
of the day ’s operations occurring in the peak hour .

Equation (3-1) implies that the average “peak” month has 30 days and about
14 percent (1/7) of the year ’s activi ty . In the absence of other data, this seems to be
a reasonable approximation . Equation (3—1) has been developed by AS) and checked by
comparing the results with actual numbers from airport master plans and yie lds acceptable
results. Note, however, that the peak hour figure can always be input directl y into the

computer on an airport specific bask. The above formulotion is simply the default used
when the operator chooses not to specify the peak hour passengers. This is input not as a
percentage figure but OS: 1) either the peak hour passenger figure alone, or 2) as both
peak hour and annual passenger figures.

The aircraft fleet mix , FM, has a significant influence on the airport activity.
As used here the fleet mix is defined as the percentage of wide-bodied passenger aircraft
using the airport during the peak hour . Although the quantitative description of the
effects of wide bodies on demand profi les is extreme ly dif ficult unless an arrival and
departure schedule is also specified , a crude approximation can be mode . First , the
assumption is made that varying the percentage of wide bodies (i.e ., fleet mix) does
not in itself change the leve l of annual enpianements. Thus for a given nt.~mber of
erplanements , it is assumed that an increase in the number of wide bodies would tend to
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TABLE 3—1 . AIRSIDE DEMAND PROFILE DESCRIPTORS.

Peak Hour
Air Carr ier Airports Description Op:rations, Remarks

(descriptor 1) (descriptor 2)

1 . At lanta, GA
ATL Multi 7.0 Very unusual profi le with

large fluctuations
2. Birmingham, AL

BHM Multi 10.1 Few commercial operations
3. Boston, MA

BOS Double 7.3
4. Chicago, IL

MDW Double 12.0 Mostly GA
ORD None 6.8

5. Cincinnati , OH
CVG Double 9.5

6. Cleveland, OH
CLE Double 10.7

7. Dallas/Ft . Wor th, TX
DAL Double 7.4

8. Detroit, Ml
D1W Double 7.8

9. Honolulu, HW
HNL Double 9.5

10. Houston, TX
IAH Double 7.6

11. Indianapolis, IN
IND Double 8.5

12. Kansas City, MO
MCI Double 9.2

13. Las Vegas, NV
LAS Single 8.8

14. Los Angeles , CA
BUR Multi 9.1 Mostly GA
LAX Single 7.4
ONT Double 11 .6 Mostly GA
SNA Multi 10.6 Mostly GA

15. Miami/pt. Lauderdale, FL
FLL Multi 9.3
MIA Single 10.1
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TABLE 3—1 . AIRSIDE DEMAND PROFILE DESCRIPTORS (CONTINUED).

Peak Peak Hour

Air Carrier Airports DesCnPtlon 
~~ cent ’ Remark s

p (descriptor 2)

16. Minneapolis/St. Paul , MN
MSP Single 8.2

17. New Orleans, LA
MSY Double 10.9

18. New York/Newark , NY/NJ
EWR Double 9.0
JFK Single 7.7
LGA None 7,7

19. Philadelphia , PA
PHL Double 7.2

20. Phoenix, AZ
PHX Double 7.9

21. Pittsburgh, PA
PIT Double 8.2

22. Portland, OR
PDX Single 7.8

23. San Antonio, TX
SAT None 8.3 Few commercial operations

24. Son Diego, CA
SAN Double 8.2

25. Son Francisco/Oakland, CA
OAK Multi 11 .0 Mostly GA
SiC Multi 12.3 Mostly GA
SF0 Double 7.4

26. Seattle/racoma, WA
SEA Double 7.9

27. St. Louis, MO
STL Double 7.6

28. Washington/baltimore, DC/MD
ML Double 10.2
DCA None 6.8
lAD Double 10.0
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increase the number of passengers in the peak hour . An examination of the airport
activity profiles seems to indicate that there is a correlation between percentage of wide —
bodied aircraft and percentage of passengers arriving in the peak hour . Many other
factors appear to inf luence this relationship, inc luding the number of peaks in the day,
and a complete description is beyond the scope of this study. For the landside program
the following relationsh ip is assumed to calculate D2 only when D2 is not otherwise
ava ilable or to predict a change in D2 from a change in the fleet mix:

D2 = (FM)(0 .15) + (0.07) (3—2 )

Thus, for a f leet mix of wide bodies between 0 and 33 percent (the current maximum
range), the percentage of passengers in the peak hour will vary between 7 and 12 percent
(the current max imum range). Thus, varying the fleet mix will vary the hourly demand
through Equations (3—1 ) and (3—2).

The hourly passenger demand can also be estimated from the airside demand
profi le. Here the fleet mix , FM, average aircraft load factor , LF, and peak hour air-
craft operations, OPS, are combined to estimate the passenger hour ly demand, PH, as

fo llows:

PH = OPS . (250 . FM + 100(1 — FM) LF (3—3)

Equation (3—3 ) assumes that a wide -bodied aircraft has on average of 250 passenger
seats and the average seating for all other aircraft is 100 passengers . Thus , mult iplying
the percentage w ide bodies, FM, by 250 and the percentage non—wide bodies by 100,
and this sum by the average load factor , LF, resu lts in an estimate of the number of
passengers aboard a typica l aircraft at the airport . Multiplying this by the number of
peak hour aircraft operations results in an estimate of the peak hour passengers.
Although simp le, this technique yields estimates which are quite accurate .

The number of peak hour passengers input to the programs is the tota l number
of peak hour passengers, enplaning and deplaning. Thus, the connecting passengers
are already accounted for inside the terminal. For this study it is assumed that all
connecting passengers remain inside the termina l complex (i.e ., they do not rent cars
or otherwise use the roadway). Then the major effect of connecting passengers is their
effect on the roadway system. For exam ple , if an airport has no connecting passengers
and a peak hour level of 5000 enplan ing passengers, then all 5000 enp lan ing passengers
arrive via the roadway. For the same leve l of activity a 50 percent connecting passen-
ger fraction implies that only 2500 arrive from the roadway . Hence , the roadway demand
is 2500 passengers/hour and the terminal demand is 5000 passengers/ hour . Thus
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(Roadway Passenger Demand) (100 Percent ~~nnecting)(PH) (3.4)

(Te~mino l Passenger Demand) = PH (3—5)

The crfect on groundside (roadway) congestion of the passenger modal split is
quite dramatic. The techniques for handling this problem are discussed in Subsection 3.3.3.

Another prob lem encountered in the study is to estimate the annual delays from

the peak hour de lays (and similarl y for service times , etc.). Again the airport activity
profile is the key piece of information required. It is assumed that the delays occur only

during the peak hours . Thus, if the profile of operations is double peak and 7.2 percent ,

for example, then the daily delay is twice the peak hour delay . The annual cumulative

de lay, AD , is estimated in a manner simi lar to that in which the peak hour demand is

estimate d from the annua l enplanements (Equation 3— 1). Thus

AD = (7)(30)(HD)(D1) (3-6)

where HD = Tota l delay in peak hour (program output)
Dl = Number of peak hours in the day

The passenger cumulative trave l time , AT, and service time , AS , are assumed to be inde-
pendent of the delay (and the peak hour) and are the same for all passengers. Thus

AT = (AE) (TVL) (3—7)
AS = (AE) (SVC) (3-8)

where AE is the level of arrival enplanements and the following are program outputs:

TVL per passenger average travel time (i.e •, time needed
to wa lk to/from the gate , etc .) in system

SVC = per passenger average service time in system

The tota l time , ATT , spent by passengers in the airport landside during one year is then

AlT = AD + AT + AS (3—9)

3.3 COMPONENT MODELS

A description of the analytic models used in the analysis is presented here .
First a general discussion of queuing model selection is presented which includes the

M/M11 and M/G/1 models often used in the analysis . This is fo llowed by a description
of the termina l component models (characterized by passenger and baggage flow) and
groundside component models (characterized by vehicle flow).
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Unless otherwise specified by the operator of this program, a model used for
one component in the system is used for that some component throughout the airpor t,
though the numer ical parameters within each model may change . This insures con-
sistency within the program regarding the relative sizes of the delays , service times , etc.

3.3. 1 Queuing Model Selections

The M/M/k and M/G/k Models

A fter an exhaustive search through previous related study efforts, and data—
surveying efforts at various air ports , it was decided that two major types of models could
be accurately used for the majority of the landside components: an M/M/k and an
M/G/ k queuing model. (Many variations and refinements have been made as appropriate
and are described subsequently.) As discussed earlier , the notat ion indicates that the
queuing system has an arriva l process which is M (i.e., Poisson), a service process
which is M or G (General), and k independent service channels, The solution of the

M/M/k problem is welt known , and has been programmed for use in this study. The
M/G/k problem , which has only recent ly been approximate ly so lved analytica lly, is
also a key port of the ana lysis .

The M/M/k routine computes the average per passenger delay (and other
parameters as noted below) for a queuing system where: 1) the arrivals are random and
characterized ~y a Poisson process , 2) the service rate is random and characterized as
exponential, and 3) there are k independent parallel service channels . The equat ions
for this process are well known and can be found, for example , in Reference 26:

Define

X = arriva l rate (users/minute)
service rate (users/minute)

k = number of para llel servers
L = expected line length (including those in service)
W = expected waiting time (including service time)
L~ expected queue length

W q = expected waiting time (excluding service)

and an internal variable

= probability that system is in sta te n (n = number in line plus
number in service) . Also , therefore, P0 is the probability
that there is no queue (n = 0).
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Then the stead y—state system equations ore given by

p0 
= _____ + (1 - p~~1~ (3— 10)

Lq 
= P0 (X/~ )k 

~/1d (1 — 
~
)2 (3— 11)

L = Lq + ~~ 
(3—12 )

Wq = Lq/
X (3—13)

W = Wq ÷ i/~ 
(3—14)

where p = x/~ (3—15)

is the utilization factor discussed earlier and is the expected fraction of time the servers
are busy . The above are subject to the following conditions:

X < ~.k (3— 16)

k � 1  (3—17)

For the landside anal ys is program the key item of interest is the expected waiting time ,

Wq~ given by Equation (3—14) . The inputs ore the expected mean arriva l rate , service
rate , and service channe ls (X , .. , and k , respective ly).

The M/G/k routine computes the approximate averag e per passenger delay

(and other parameters as noted below ) for a queuing system wher e 1) the arrivals are
random and characterized by a Poisson process , 2) the service rate is a comp letely
general random variable characterized by its mean and its variance , and 3) there are
k independent parallel service channels. Closed form , approximate solutions for some
quantities of interest related to this queuing system have only recentl y been obta ined
in a paper by Nozack i and Ross (Reference 27) .

The parameters are the same as for the M/M/~ routine noted above except

5 = average service time
s2 = second moment of service time .
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Then, for

A ~ ~k = k/s (3— 18)

k � 1 (3—19)

the expected waiting ti m e is approxima tel y

k - i  1
W (x k k  1 ) / 2(k - 1)! ~ - A ) 2 ~~~ (A )n (

~ S)
k

~ =o  ri’ ( k_ 1) ! (k _ X!)I
(3-~20)

and

L W X  (3—21)q q

W = Wq + s (3-22)

L = (3—23)

Note tha t the expfession for Wqi Equation (3—20) , reduces to the same expression for an

M/M4 system when the service time is exponential , i.e., when 2s2 =

Saturation

The equations used in the subroutines for determining the average per passenger
de lay assume that steady state conditions exist . There are two major problems which
arise from this assumption . First , and most importantly, the inputs to the models are the
hourly demands. This hourly demand may not be a long enough time to full y reach steady
state throughout the airport. The arr ival rate s may , in fact , fluctuate within the hour.
However, most of the delay incurred at an airport occurs during the peak hour and it is
appropriate to concentra te the study efforts on this time .

The second difficulty arises when the arrival rate exceeds the total service
rate at a facility (saturation occursI. This situation is very common at certain compo-
nents during the peak hour (roadway and security, for examp le) and is tolerated because
these excess demand conditions are usually transient. However , steady state queuing
equations by definition do not consider transient conditions.
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One common deterministic way to overcome this problem is to estimate the

total passenger de lay incurred as a result of the excess demand and then find the ap-
prox imate per passenger delay by dividing by the number of passengers. For examp le ,
assume the average arrival rate , A , at a facility exceeds the tota l service ra te , ~k,
as thown in Fi gure 3—4 for a time interval T. Note that only this time interval is ex-
amined, and the arriva l rote at other time s is assumed to be zero. (In practice , the
e~

tect of subsequent arrivals can be similarl y determined and the total delays approximated

through superposition.)

i 

±-.

_ _ _ _ _ _ _  _ _ _ _ _ _ _  _________

Time

FIGUR E 3-4. PROFILE OF EXCESS ARRIVAL RATE .

Fi gure 3—4 illustrate s the situation in which passengers are arriving on the
average foster than the facility can process them, vIz., A> pk. What happens here is
that the passenger queue will continue to increase as long as this condition holds. In
Fi gure 3-4, A remains greater than ~k for a period of time T . After this time the arrival
rote is assumed to be zero and the servers at the facility now “catc h up” and handle
those passengers still in the queue. The servers will process these passengers at the total
service rate of i~k.

In Figure 3— 5 the excess demand is plotted as a function of time for this situ—
ati on . Since the tota l service rate is .&k, the excess demand builds up a rate of (A — p.k).
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FIGURE 3-5. BUILDUP AND REDUCTION OF QUEUE
DUE TO EXCESS DEMAND.

The ordinate indicate s the buildup of the queue (in passengers) for the first T time units

and the reduction of this queue at a rate ~ after the arrivals cease. The area under this
curve represents the approximate excess passenger—hours of delay as a result of the excess
capacity . Mathematically this can be represented , after some simplification, as

(Tota l Excess Delay) xT 2(x  
~~ (3-24)

Since during the time T a total of T passengers arrived, the approximate excess per pas-
senger delay is found from Equation (3—24) as simply

(Average Excess Per Passenger Delay) ~ T ( X —  ~k)/2 pk (3—25)

Although this is a deterministic approximation of a complex process, the results obtained
by using Equation (3—2 5) are generall y quite reasonable. * In fact , this method has been
used extensive ly wit h only minor modification in many similar studies (for examp le , Refer-
ence 28).

* Note that this is the extra delay due to the saturation and that the nominal delay due
to the queuing (for A < ~k) must be added to this. Also note that the delay is time de-
pendent. That is, it varies linearly with the length of time during which saturat ion
occurs. For the programs used in this study this time is an input variable nominally set
at less than one hour.
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3.3.2 Terminal Component Models

The equations and algorithms which are used to model the passenger terminal

components are described in this subsection . Each of these terminal components can be
characterized by a people and/or baggage flow . Also , the components can be adequatel y
modeled with var ations of the M/M/k or M/G/1 routines .

Passenger Curbside

The passenger curbside is the passenger entrance to the terminal. Although
this is not expected to be a congestion point (as opposed to the vehicle curbside), it is a

part of the termina l comp lex and represents a convenient starting point for computing
travel and service times. The passenger curbside is included primaril y for reasons of

model comp leteness and is modeled as an M/M/k queuing system . The arrival rate is

the number of design hour passengers entering the particular terminal zone . The service

time is the length of time required to pass from the vehicle curbside into the terminal

lobby. The number of “servers ” is equal to the number of terminal doorways or entrances.

Figure 3—6 illustrates the difference between the passenger curbside and the vehicular
curbside used in the groundside modeling .

Ticket Counters

A key terminal service component is the ticket counter . The term ticket
counter as used here refers to any of a wide variety of services from a full service counter
inc luding baggage check —in and seat assignments, to information —onl y counters . The
t icket counter queuing system has been extensivel y studied, especiall y by the airlines

(e .g., References 3, 4, 5 and 29). The most common ly used model is the M/M/k model
with the service time dependent upon the type of service offered . For examp le, the

serv ice rate for baggage check—in only, would be considerably less than that for inter-
national flight ticketing with passport checking . The number of servers , k , is the num-
ber of stations avai lable for ticketing (alternatel y, it can easi ly be set to represent the

number of counters actually in use during the hour considered).

Securit y Inspection

Observations during the data collection phase of a recent report (Reference
30) and the subsequent analysis of the data , indicate that equipment configuration, con-

veyor belt speeds, and passenger wa lking distance through the security areas were im-

portant parameters that influenced the processing time . Five different systems were

studied inc luding manual baggage searc h, series and para llel automatic systems . For
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Vehicular Curbside

/ 1—Passenger Curbside

I I I - ~( Terminal I
Il I I Entrance

I ’i i
— — ____ _ _

Roadway Vehicle Passenger Terminal
Curb

FIGURE 3-6. ILLUSTRATION OF DIFFERENCE BETWEEN VEHICULAR AND
PASSENGER CURBSIDE AS DEFINED AND MODELED IN THE
LANDSIDE ANALYSI S PROGRAM.
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the londside analysis program an M,/G/k model is used, where k refers to the number

of independent channels or queues at each location . The mean and variance of the
service depend upon the system used and, when applicable , are taken from Reference

30.

Seat Assignment

The boarding lounge area is ofte n where passenger tickets are exchanged
for boarding passes and a seat assignment; this is defined here as the seat assignment
component. Currently many air lines issue boarding passe s at the ticket counter in
the main lobby and thus this queue may be circumvented. This behavior is taken into
account by appropriately constructing the network connecting the components so

that there is a path from security directly to the aircraft gate . The seat assignment

component is modeled as an M/M/1 system with an average service time of 40.0
seconds per passenger (Reference 31).

Gate

The passenger gate component is used to represent the area where the
passengers leave the terminal to board the aircraft (or vise versa). As with the pas-
senger curbside mode l, it also offers a convenient location to mark the end (or be-

ginning) of the travel in the terminal . An Pv~/Wvl syste m is also used here , where

k re fers to the number of gates (passenger exits) in the modeled area .

Baggage Claim

An expre ssion for the passenger delay in the baggage claim are a is de-
ve loped here . Assume a passenger leaves the aircraft and proceeds direct ly to the
baggage claim area. Passengers without checked baggage are not considered. If

all of the passenger’s checked bags are already at the claim area when he arrives

there, then the perce ived delay is zero . Otherwise, the delay time is the time the

passenger waits , starting from his arrival at the claim area, until the last piece of
checked baggage is retrieved .

Define the following variables:

= time it takes the passenger to leave the aircraft and walk to the
claim area

= N (m1, ~~~~~ 
[Normal random variable with mean m 1 and variance a 1

2)
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= time elapsed sinc~ leaving the aircraft until the first piece
of baggage arrives at the claim area

= N (m2, a2)

= time since t2 for the ith piece of baggage for a particular
passenger to arrive

= uniformly distributed from t
2 to t2 +

where I = length of time from the arrival of the first bag until the last
piece of baggage is delivered to the claim area

n = number of bags per passenger

Figure 3—7 illustrates the relationships among these variables and should facilitate their
understanding.

time

— — 0 aircraft arrives at gate .

- . t
1 arriva l of passenger at cla ims are a.

passenger . t
2 baggage begins to arrive at claims area .

delay td
- x~ passenger ’s ith piece of baggage arr ives. *
— x passenger ’s last (nth) piece of baggage arrives . *

— - t2 + I baggage stops arriving at claims area . (Tota l time
duration of baggage arriva ls is T .)

*Note: The times , x
~
, are measured as time since t2.

t ime

FIGURE 3-7. SEQUENCE OF EVENTS IN BAGGAGE ARRIVA L PROCESS.
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The delay, td, is defined as

td = t
2 + Max (x 1, x2, ... x~) — t

1 (3—26)

From the above expression the expected value of the delay is found as

EL tdi = EL t2 J — E[ r u + E[Max(x 1, X2, ... x ) j  (3—27)

The probability density function of the Max (x 1, ... x,,) function can be shown
to be

n
~~

n_ l 
0 � t  � T

= T” 0 0 (3—28)
0 otherwise

Therefore

E[Max (x1, x2, X n) I = f  toP
~
(to) dt0

= j  nt0 dt0

= (3-29)
n + 1

Thus

E[tdj =E1t 2 ) + 
nT 

— E1t 1 J (3—30)
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The preceding expression applies only for va lues of td greater than zero; otherwise, the
delay is zero . The above expression is used to determine the expected delay as a func-
t ion of n, I, E[t 11, and E[t 21.

The final items required are expre ssions for the expected values for t 1 and
as well as a method to determine T. Since t 1 is the passenger walking time to baggage
claim it can be estimated accurate ly as proportional to the distance from the aircraft
gate to the claim area. A nominal walking time of 2 or 3 feet per second can be used
as the average walk ing time . The times t2 and I are large ly dependent upon the bag-
gage handling equipment types and procedures as we ll as the efficiency of the ground
support crews. They are likely to vary among airports and within airports by airline.

Rental Car Area

The rental car area, both check—in and check —out , can be accuratel y
modeled in the same manner as the ticket counters, however , w ith a different service
time . An M/M/k model is used with the mean and variance of the service time taken
from the literature (Reference 31).

Federa l Inspection Servi ce s

The federa l inspection services, i.e., passport control and customs are also
very simi lar to ticket counters and an M/G/1 model is used. (Note, however , that the
assumption of individual Poisson arrivals may be seriously questioned.) A much longer
mean service time is usually experienced.

3.3 .3 Groundside Modeling

As discussed in Section 2, the groundside of an airport is defined as the part
of the airport in which the ground vehicles (buses, autos, etc .) trave l. Since the
major items of interest are possenger delays and service times, the vehicular delays must
be converted into equivalent passenger delays through vehicle—to—passenger ratios. Be-
cause the groundside network s are typically much more complex than the terminal network s,
additional discussion ~ the grounciside models is required . In this section , the models for the
three primary groundside components: parking, roadway, and curbside, are first presented,
followed by the calculations pertaining specifically to the groundside network . As with
the terminal component models, the groundside models are modular and can be easily
replaced. The general network analysis techniques used in both the groundside and
termina l areas are presented in Subsection 3.3.4.
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Parking Lot

A model has been developed for parking lots with the following basic assump-

tions about arrival and service patterns:

• Poisson arrivals of cars for park ng, i.e., the number of cars arriving
in time interval I will be equal to k with probability

p(k , 1) = 
(AT) ke~~

T 
k =0 , 1, 2, 3, ... (3-31)

• A general distribution for the duration of parking, i.e., a car w ill
be parked at a given parking space for a time period s described by
a general proba~ility distribution function f5(s0) w ith El si = 1/~and Var(s) = a

• An infinite number of servers (i.e., of parking spaces) . In other
words it is initially assumed that the airport never runs out of car
parking spaces.

The parking lot is thus an M/G/a type of queuing model. It turns out that
some powerful results exist for W~/G/co queues (see, for example, Reference 32). The
most fundamental one of these results is that the probability P(n) that exactly n parking
spaces are occupied at a random instant when the system is in steady—state is given by:

, ,~ n —X/1j . n — p
P(n) = ~X/t .~J e 

= 
p e n =0, 1, 2, ... (3—32)

ni nl

where p 4 -~~~~
. Th is result holds independently of the form of f5(s0).

Th. above form for P(n) is just the form for the probability function of a
Poisson process. This permits the following inferences about the parking lot model .
The average number of parking spaces occupied (in steady-stat.) is:

E[nJ = p = 1  (3—33)
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Assume now that the parking lot has a finite capacity of M parking spaces . Then, if M
is a sufficient ly large number (as it actuall y is) the probability, R, that a car wil l  be

“rejected” (i .e., that a passenger wishing to pork his car will find the lot full) can
be very well approximated by using

R = 

~~~ ~n 
p’~e~~ (3 34)

n=M+ 1 n M+1 ~

Thus, for any size lot , Equation (3—34) computes the probability of finding a full lot
and, converse ly, given a desired probability of rejection (say R = 2%) finds how many
parking spaces are needed.

The computation of R, in the above form, is not convenient . Fortunately,
since p ,  the average number of parking spaces , is a large number , the normal approxi-
mat ion to the Poisson distribution can be used here . In fact , p is so large for any
sizable airport and parking lot , that it is even unnecessary to worry about the fact
that the number of parking spaces is an integer number, i.e., we con treat the size
of the parking lot as a continuous number .

The normal approximation to the Poisson distribution results in

R = = • 
M — 

~~ (3 35)
n M+1 p 

/

where

• (x)  = cumulative of a standardized normal variable

= — e  dt (3—36 )
J sJ ~.

-
~-

~~~

To understand Equation (3—35) remember that for the Poisson distribution
given by Equation (3—3 2), E( nJ = p and a~ 

= p.

Finally, consider the expected amount of time it will take for a passenger
wishing to park his car to find an empty space in the park ing lot . Here, unfortunately,
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much depends on the specifi c geometry of the case at hand. Do people pork at the
first empty space that they find or do they prefer particular locations? Are new arrivals

sent direct ly to a location, e.g., a specific level on a multi—level parking garage
where they ore likely to find an empty space , or do they search in an “ex haustive way ”
for a place to park?

For these reasons, it is possible to give only a genera l upper bound on the
approximate time it will take the average “customer ” to find an empty space . This

bound is:

D = t0 +~~E[ n]  = t0 + o p  (3...37)

where to is the processing time needed to enter the parking lot (e.g., punching a time

stamp , etc.) and a~ is the time needed to pass by an occupied parking space.

Numerical Examp les for Long—Term Parking

To better illustrate the above expressions , it is instructive to examine a
numerica l examp le. For the peak days of the year let X = 3,000 long-term parkers

arriving per day . A lso let the average time a car is parked at the lot be equal to 1 .5

days.

Then, the average number of cars parked is

o = X = (3 ,000)(L5) = 4,500 (3-38)

The number of spaces required to assure a probability of only 1 percent that
the lot w ill be full on a peak day is found by solving

0.01 = 1 • 
M - 4 ,500

~~~5O0

or

, ( M-4 1500
\ 0.99 (3.39)

67.08 )
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or

M - 4,500 (67.08)(2 .33) (from Tables of Normal Areas) (3- 40)

or

M 4,667 parking spaces (3—41)

This is an interesting resu lt which reports that even though the expected number of cars in
the lot is 4,500, if there are only 4,667 tota l spaces in the lot then there is only a
‘I percent probability that a random user wil l  find the lot full .

If a prospective parker travels through the park ing lot at, soy, 12 mph and
if a parking space is 8.5 feet wide, assuming that t0 = 1 minute, an upper bound on
the length of time to find a parking space is given by:

(8.5)(4 500)D = t -s-o p = l m,n +max (12)(5, 280 ft per mi le)

= 1 mm + (0.604) hours = 37 minutes (3—42)

Clearly, Dmax is a very loose upper bound in this case since it is very
unlikel y that the 4,700 or so parking spaces are all in a sing le giant parking lot.
However, a reasonable estimate of the delay incurred in finding a parking space can
be found from this expression. Equation (3—37) gives the time spent searching for a
space if a ll occupied spaces were adjacent and encountered before the first empty space
was found and used. It seems reasonable that in fact the cars are parked a bit more
randomly in the lot. In particular , assume that a fraction p of all spaces ore occup ied
and that the occup .—’1 spaces are completel y randomly distributed in the parking lot.
Then ,since the probability of finding a random empty parking space is now 1 — p, the
expected de lay until an empty space is found is given by

D=cr ~ (3 43)
I- p

As a rough check for reasonableness , by considering smaller and smalk parking lots ,
where the 4,500 average parked cars represented a larger fraction of the total (i.e.,
as o -, 1), then the delays, as expected , increase substantia lly.
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Roadway Delay

The purpose here is to determine on expression for the average delay encoun-
tered on the roadway system due to roadway congestion. Here we define the delay as
the excess time required to travel a section of road. Thus, w hen there is no congestion
the nominal travel time is simp ly

= D/~’ (3-44)

where D is the distance traveled , and V0 is the unimpeded driving speed which is assumed
to be the posted speed limit . The actual average speed in traffic s similarl y defined as

I = D/V (3—45)

where Vr is the reduced speed due to roadway congestion . Therefor e, the de lay is
found as

T de lay = I - TN (W’v’r) — (D/V0)

= 2~(V0/\’ -1) (3-46 )
S

Before proceeding, it is necessary to determine the reduced speed, Vr• For

this, the Highway Capacity Manual (Reference 33) is an excellent source . There, in
discussing the relationship between speed, f low , and density, it is noted that the
“operat ing speed” (Si ) is very nearly linear ly proportional to average lane volume
(cars/hour). This relationship varies with the nominal roadway speed, but the basic

pattern is a decrease in speed as the flow rate increases up to a maximum flow rate ,
then a decrease in flow rate as well as speed until , of course, there is a zero flow rate
at zero ve locity. As a consequence , there are two stable operating speeds obtainable
for a given flow rate less than the maximum as shown in Figure 3—7.

The ve hicle flow rate illustrated in Figure 3 7  k the flow rate actuall y occur-
ring on the roadway and not necessaril y the vehicle arrival rate . Thus, for the landside
analysis program, the problem is restated such that the reduced (operating) speed is found
by first specifying the input arrival rate and then using a relationship such as Figure 3—7
to find the operating speed. Thus, a model is needed which unambiguously relate s the
arrival rate , X, to the reduced speed, Vr~ 

Then, the delay is given from Equation (3—46).
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Flow Rate X ma

FIGLRE 3—8 . OPERATING SPEED VERSUS VEHICLE FLOW RATE .

Since the vehicular arriva l rate , A , is determined from the demand at the
airport and not from the existing congestion, it is accurate to consider the upper portion
of Figure 3—3 as determining the accurate operating speed. For example, if the arriva l
rate is near zero (A ~ 0), then the operating speed is near the speed limit (i .e., V0)
and not near zero . The values of V0, X max~ 

and the slope of the curve in Figure 3—8
are determined by existing roadway conditions.

A re lationship for the demand rate and operating speed is presented in
Figure 3-9. Note that for A less than A max Fi gure 3-9 is identical to the upper part of
Fi gure 3—8 as desired. For a demand rate , A , greater than X max~ 

the operating speed
drops off sharply to ref lect the substantial reduction in operating speed due to the ex-
cessive demand. Thus, Equation (3—46) together with Figure 3—9 determines the delay
per lane over a roadway section of length , D, where the demand per lane is given by X .

Vehicular Curbside

The third component of the airpor t groundside to be modeled is the vehicular
curbside . The arrival and distribution of vehicles coupled with the interactions of
passengers, baggage and vehicles make this the most complex of systems in the airport .
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Demand Rate (veh,4ir)

FIGURE 3—9. OPERATING SPEED VERSUS VEHICLE DEMAND RATE .

Several o~~ r efforts have been made to model the curbside including Bein (References
34 and 35), and more recent ly Pararas (Re ference 17). Also , several rule-of—thumb
guidelines have been prepared, such as the recent Parsons study (Reference 6). The
model used in the Iandside analysis program is basica lly an expansion of the standard
M/M/k queuing model. Although it may not be as sophisticated as other existing models
(whic h are largel y untested), it is felt that this model gives a reasonable indication of
the delays incurred at the curbside .

The curbside model for the landside analysis program incorporates the number
of curbside lanes and the length of curb frontage into the algorithm to estimate the
number of usable service (loading/unloading) slots available. Assuming that the average
car occupies 25 feet/slot and a bus 50 feet/slot, then the number of park ing slots

required at the curb is approximate ly

(N) (LXf 0/25 + f1,/50) (3—47)

where N number of slots available

L curb length

f fraction of eutomobiles
= fraction of buses
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A recent study (Reference 36) indicates that curb frontage is only about 70 percent
effective . That is , out of every ten spaces actuall y ava ilable only seven can be effe c-
tive ly used . This is due to many factors , the primary ones being that vehic les are not
spaced as c lose ly as in a parking lot and that they tend to be parked as close to a
term inal entrance as possible , regar dless of available space farther away from an en-
trance . Thus , the model in the landside program uses a 70 percen t efficienty factor for
the first curb lane:

N = 0.70 N (3-48)

where N is the effective number of curb slots . Based upon the results presente d in
Reference 36, adjacent curb lanes are assumed to be only hal f as efficient as the first
lane ,* thus ,

N .  = (O .5O)~~
1 (0 .70) N (3—49)

is the expression used For the number of slots in the ith lane away from the terminal curb .
Then the tota l number of slots available is given by

K N (3-50)
= number of lanes

The service time of a vehicle occupy ing a curb slot is  proportional to the number of bags
per passenger . A lso , the dep laning curb dwell time is noticeabl y longer than the enp lan—
ing dwe ll time . From an examination of other studies (e .g., Re ferences 21 , 32, and 36)
the fo llowing relationshi ps have been developed for the average enp laning, t

e l and
deplan ing, td, curb times for each piece of baggage .

te = 80 sec/bag (3—5 1)

td 120 sec/bog (3—52)

Thus , the curbside model uses the total curb frontage , ve hicle mix , and
number of lanes to determine the effect ive parking s lots available through E quation (3—50 )
and the number of bogs per passenger , p lus Equations (3—51) and (3—52) to determine the
expected average service times . Then the M/M/k subroutine is used to estimate the
approximate average passenger delay time .

*~f additiona l, more accurate data becomes avai lable, this eff iciency factor con
be easil y changed in the program .
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Groundside Area Network s

For this study, the entire airport roadway system can be broken into several
smaller systems re ferred to as ‘ term inal-roadway units. ” As discussed subsequently, the
network for each such unit can contain up to eight components, including, for example ,
parking lot , enplan ing curb, main roadway in, and terminal roadway out . Each terminal—
roadway unit serves one terminal building which may inc lude more than one terminal
zone; large terminals housing several airlines are divided into separate zones to facilitate
the network anal ys is . The result ing airpor t groundside network is thus much more
manageable without sacrificing accuracy. For example, Fi gure 3— 10 shows the roadway
network breakdown used in analyz ing Boston Logan airport . Four terminal roadway units
are formed by combining each circled area w ith a main roadway in and main roadway out
component . Figure 3—10 itself represents the entire groundside system .

Vehicle arrivals into each groundside terminal unit are assumed to be pro-
portional to the amount of passenger tra ffic handled by the a irlines in that terminal . In
order to determine the flows between components within the grounds de, it is necessary
to know the vehicle modal breakdown of the traffic flow . This is also used to compute
rea listic per passenger delays at each component . For examp le , only private autos wi ll
reach the parking lot , whereas the curbside will be shared by autos , taxis and buses.
The per vehicle delays are converted to per passenger delays using values for passenger/
vehicle—b y—type . The vehicle modal split is computed from the passenger modal split
and the passenger per vehicle ratios . First note that (pox passenger , veh vehicle):

veh/pax Tota l number vehicles all t ’pes (3.53)
Total enplanements

and

Tota l number vehicles al l types Pox arriving by auto

pox/auto

+ 
Pox arriving by taxi Pax arriving by bus

pox/tax i pox/bus

Pox arriving by rail
+ 

. (3-54)pox/rail
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For each vehic le type , say autos ,

Pox arriving by auto Pax modal split for auto x tota l pox

Considering peak hour as the time period here for delay computations , the

above equations can be rewritten as

veh/pax % pox by auto 
+ 

% pox by taxi 
+ 

% pox by bus
pox/auto pox/tax i pox/bus

+ 
% pox by rail

(3—55)pox/rail

Note that the “autos” inc lude non-passenger vehicles carry ing emp loyees, visitors , etc.
Available data on the veh/pax ratios among 15 large hub airports were averaged to
y e ld a veh/pox value of 1 .0. This is used in the program unless more accurate data
are provided by the user . In the absence of documented values for the four pax/
veh -by—type ratios , default values are set at:

pox/taxi = 1.7

pox/bus 10.0

pox/roil = 10.0

These default values and the passenger modal splits for the sample of 15 airports resulted
in a consistent pox/auto value of 0.8. Using typical passenger modal sp lits for the

largest a irports in Equations (3—53) and (3—55) indicate a surprising lack of sensitivity

to the pox/vek ratio for buses and taxis. This s good since occupancy figures for

these vehicles are rarel y provided. The landside analysis program allows all the dependent
to be input when the data are available. It also provides the options of using available
input data and three default values for pax/veh by type together with Equation (3 55)

to determine the remaining pax/veh by type . Generally, pox/auto wil l  be the dependent

variable. Once values for pox/auto, pox/taxi , pox/bus, and pox/rail are determined,
Equation (3—54) can be used to obtain the total number of vehicles as well as the break-
down by type .

Once the vehicle modal split is obtained for the airport roadway, the transi-
tions between components in the terminal roadway area can be calculated . The vehicle
split into the terminal roadway is the same as the total passenger split into the terminal
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zones served by the terminal-roadway unit . The documented data (Reference 21) on
Detroit Metropolitan Airport (D1W) were used for determining splits within the roadway
complex , s ince the roadway survey token at Detroit is the most comp lete survey available
which is applicable to this study and is believed to be typ ical of all major airports. The
following data were obtained from Detroit on passengers arriving and leaving the term inal

curb areas :

Enplanements Deplanements

55.0% from parking lot (autos) 73.2% to parking lot (autos)
32.8% from autos (at curb) 14.2% to autos (at curb)

1 .6% from taxis 3.2% to taxis
10.6% from buses, limos 9.4% to buses , limos

The following assumptions are also used:

• The flow of vehicles entering the terminal roadway comp lex equals
the vehicle flow out s

• 90 percent of autos at deplaning curb arrive there from parking lot;
10 percent come direct ly from outside the airport .

• 75 percent of autos with enplaning passengers go to parking lot ,
ei ther directly or via enplaning curb; the remaining 25 percent
leave the airport.

The result ing vehicle movements in the groundside terminal—unit are listed in Table 3—2 .

TABLE 3-2 . MOVEMENT OF ENTERING VEHICLES.

Autos: 80% to parking lot
19% to enplan ing curb
1% to deplaning curb

7% to deplaning curb from parking lot
6.5% to parking lot from enplan ing curb

Tax is: 33% to enplan ing curb
67% to deplan ing curb

Buses: 5O% to enp laning curb
50% to dep lan ing curb

Rail: 50% tc e p lon ing curb
50% to deplaning curb

Note: IF separate curbs are not available for
enploning and deplaning vehicles , figures
for the one curb are the sum of the enplaning
and deplan ing figures shown.
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An examination of major air carrier airports indicates that the airport ground-

side network can usually be modeled as a combination of one of two basic configurations:

1) w;th separate enplaning and deplaning curbs (Figure 3—10) , and 2) with a single curb

for both enplaning and deplaning passengers (Figure 3—11). The flow splits within each

groundside system and the conversion from vehicle delays to passenger delays is accom-
plished as follows . The notation used and illustrated in Figures 3-1 1 and 3-12 and Tables

3—3 and 3—4 is given here:

• Vehicle Modal Split = (v 1, v2, v3, v4)= (% auto, % taxi , % bus,
% roi l)

• Roadway Splits = 

~~~ ~~ 
= fraction of vehicles traveling

roadway segment

• Vehicle mix arriving at enplan ing curb = (e1, e2, e3, e4) = (% auto,
/o taxi, /o bus, b roil)

The values for the cr~’s into each component are used to derive the vehicle mix

for that state . For example , i f  a’ = 0.01v1 + 0.67v2 + 0.5v3 + 0.5v4 into the E (enplan-
ing) curb, then the expression for (e1, e2, e3, e4) is given by (0.O1v 1/a’, 0.67v2/a’,

O.Svy/
~, 0.5v4/o!) and thus

Delay/pox Delay/vehicle (3—56)

[2~~~
(ei) +E2~ (e2) + E~~ (e3)+  2~~ (e4)]auto taxi bus rail

Once the per passenger delay has been computed for each groundside component , an

expected va lue of delay for the ent ire groundside network is obtained as described for

the terminal building example in Subsection 3.3.4.

3.4 NETWORK ANALYSIS

As previously discussed in Section 2, the airport landside analysis involves
two ma jor areas: (1) component identification and modeling, and 2) network analysis.
Examples of the networks of interest have been presented in Figures 2—2 and 2—3 , and
some of the specific analyses required for the groundside analysis have been d scussed
in Subsection 3.3. In this section, the techniques used in the network analyses ore

developed. These methods are very general and are used For both the groundside and
term inal networks.

_ _ _ _ _ _  - 
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FIGURE 3— 11 . VEHICLE FLOW — SEPARATE CURBS, CASE 1.

TABLE 3—3 . EXPRESSIONS FOR ROADWAY SPLITS FOR CA SE 1.

a’
1 

= 0.01v 1 + 0.67v2 +O.5v 3 +0.5v4 a’
6 

= 1 -
~~~~~~

a’
2 

= 0 19v 1 +O.33v2 +O . 5v3 +0 .5v4 = 1

= 0.8v 1 a’
8 

= 1.0

= O.065v 1/a’2 = 0.17 (ifrecirculotion
rood avai labl.)

a’
5 

= O.O7v 1/a3

___________ -—________________________________________________________________________________
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FIGURE 3—12 . VEHICLE FLOW — COMBINED CURB, CASE 2.

TABLE 3—4 . EXPRESSIONS FOR ROADWAY SPLITS FOR CASE 2.

a 1 = 0.2v 1 +v 2 +v 3 +v 4

= 0.8v1

= 0.065v 1/a1

a4 = 0.07v1/or2

a5 
= 1 -a4

= I 0’3

a7 = 0.17 (if recirculation road available)
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The parameters of most interest in the landside analysis program are the

overage passenger time spent in the system , including delay time . This is not a simple
ca lculation since there ore, in general , many poss ible paths through the system (or network)
and different percentages of passengers travel each link in the network . The method of
effectivel y determining a ll of the different paths and the fraction traveling each one is
the subject of the following discussions. First , a simp le example of the technique is
presented which clearly illustrates the fundamental concepts. This is Followed by a more
theoret ical development of the equations involved.

Network Analysis Example

Following is an example which illustrates the technique used in the network
analys is for this study. The examp le as illustrated in Figure 3—13 is a hypothetical case
involving one airline with “regular ” and “shuttle ” fUghts. Regular passengers depart from
Gate 1 and all use the seat assignment queue; shuttle passengers do not receive seat

assignments although they and the regular passengers may use the ticket counter . The
problem s to develop an efficient method for computing the average total time per
passenger spent in the system. This will be a sum of the average per passenger delay,
travel time , and processing time.

1 rtL!ithi~\
States: 1 2 3 4 5 6

FIGUR E 3—13. AIRPORT TERMINAL NETWORK (EXAMPL E 1).
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From Figure 3— 13 the sta te probabiflty transition matrix , P, is constructed.
Each component in the network is reFerred to as a state . Each element of the matrix,

is the probability of passengers traveling directly from state i to  state j. The
transition matrix for Figure 3—1 3 is shown below .

C T X S G1 G2

C 0 a1 a’
2 

0 0 0

T 0 0 1 0 0 0

X 0 0 0 0

S 0 0 0 0 1 0
G1 0 0 0 0 0 0

0 0 0 0 0 0

Transition Matrix P for Figure 3—1 3.

Note that 0 
~ ~~ 

< 1 and 
~~ 

p~ 
= 1 for all rows, i, except the final states , G1 and

G2. Thus, 
~~ 

can be equivalently regarded as the fraction of people traveling direct ly
from state i to state j. The fraction of peop~e moving from state i to state j in exactl y
n steps , p..(n) is the ijth entry of matrix P(n) where P(n) = pn~ It con be shown that
calculating P(n) for all n, I n ~ (number of states — 1),will give the percentages
associated with all possible ways of traveling from any state i to  any state j. For this
example the routes and Fractions of peop le travel ing the routes between the curb and
each of the gates , G1 and G2, are of particular interest. It is necessary to keep track
of the route itself as well as the fraction of people it represents. To do this conveniently,
the matr ix P is ‘ tagged’ by multiply ing each row by the symbol for that state as follows:

C I X S G1 G2

C 0 a’1C a’2C 0 0 0

T 0 0  T 0 0 0

X 0 0 0 ~~X 0
P = P ( 1 ) = 1 2

5 0 0 0 0 S 0

0 0 0 0 0 0

G2 0 0 0 0 0 0 
- 

(3.57)
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A fter calculating the P(n), the and 
~CG elements of each transition matrix are

examined. For this examp le they ore:

= 0 
~CG2~

1
~ 

= 0

= 0 
~CG2~

2
~ 

= (a’2~2)CX G2

= (a2~ 1)CXSG 1 ~CG2~
3
~ 

= (a’1s 2)CTXG 2

= (a’1e 1)CTXSG 1 ~CG2~~
>3

~ 
= 0

~CG (n >4) = 0

Notice, for examp le, that 
~CG (4) = (a’18 1)CTXSG 1. This can be interpreted to mean

that a (a’
1~~1

) fraction of the peo~Ie moved from the Curb (C) to Gate 1(G 1) in exact ly
4 steps via the states: Curb (C) to Tickets (I) to Security (X) and Seats (S) and then to

the gate (G1). Thus

~~~~~ 

= 
All routes between the curb and Gate 1 and

PCG1
(rI) fraction of peop le traveling each route .

Thus, the routes to be considered in this examp le are given by:

ECG 1J = (a2~ 1)CXSG 1 + (a’1s 1)CTX SG 1 (3—58)

[CG 2 J (a2e 2)CXG2 -4- (a182)CTX G2 (3—59)

Each symbol used in a route indicates that that service was used and hence
involved the associated delay and service time , as we ll as a travel time between states .
For this example, a queuing model For each state has been selected and the per passenger
service times and delays have been calculated . The average times spent traveling
between states in the routes in the network are arbitrarily selected as:

CT = 2 mm XG2 = 2m m

CX = 3m m xs = 1 mm

TX = 2 mm SG 1 1 m m
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Passenger flow splits ore selected Os:
X = 56.0 passengers/minute 

~ 
= 0.50

= 0.25 
~2 

= 0.50

a
2 

= 0.75

The hypothetical data which were selected to generate numerical results ore shown in
Table 3—5 . Table 3—6 gives the resulting tabulations. Note that for the numerical
example presented there is very little delay time per passenger.

This procedure provides a convenient , efficient techni que for computing all

of the parameters of interest: passenger processing time (walking or travel time and
service time) and passenger delay time . These parameters can be computed for each
type of passenger or for each gate or concourse or for each airline . The critical areas
(greatest delay) are readil y identifiable. Also , this method can be easil y imp lemented

in the computer .

Network Analysis

The computer networ k anal ysis routines compute the per passenger expected
va lues of time (service , trave l and delay) accumulated in a system with n linked queuing
systems (components). The primary outputs of the program are four n x n matrices in

which the mean accumulate d service , delay , trave l and total times are contained . The

entry ( ,  j) of each matrix is interpreted as the expected value of time accrued by a
passenger moving from state I to state j, r ~gardless of the path taken from i to j. As

TABLE 3-5. HYPOTHETICAL DATA FOR NETWORK EXAMPLE.

State Curb Tickets Security Seats Gate 1 Gate 2

Mode I M/M/6 M/M/1 0 M/M/1 M/M/5 M/M/1 M/M/i

Arrivals (pox/mm ) 56(x ) 14(a 1 X) 56(x) 28(s
~ 

x ) 28(
~i ~ 28(B2 x)

Service ,.(pax/min) 360 2 100 10 100 100

x/~k 0 .03 0.70 0.56 0.56 0. 28 0.28

Delay (min/pox) 8.22x 10 12 3.69x10 2 1.27x1 0
_2 

8 .61x 10 3 3.89x 10 3 3.89x 10 3

Service (mm /pox) 0.003 0. 50 0.01 0.10
__- 

0.01 0.01
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before , a state in this analysis is a component in the network . Inputs are the ex-

pecte d delay and service times per passenger for each state i, the matr ix of trave l

t imes for route (I , j), and P. the probability transition matrix ,

The imp lemente d algor ithm can be derived as follows: Define (I , j, k) as a

route from state i to j in k steps . It can be shown that P and its powers contain the

probabilities for all routes , 1 S i , j Sn ;  I ~~k; that is , the (i , j)t h entry of ~k denoted p
~m (k),

is the probability of moving from i to j in exactl y k steps.

For the londside anal ysis , when there are no internal “feedback ” loops, it

can be shown that the only cases of interest are for 1 5 k S n — 1 . Thus , the entries

of ~k over all k are the probabilities of the elements of the samp le space

Su = [all routes (i,j,k), 1 Si , j S  n, 1 5k Sn  — 1  3 (3—60)

Define a set of samp le spaces { 5~~, 1 Si , j, Sn ~ such that for a given I, J

51J 
= tall routes (I , j , k),  for any k , 1 Sk Sn — 1) (3—61)

Note that

n

U (S ) = S  (3—62 )
1=1 lJ u
J=1

where the symbol U refers to the “un ion ” or collect ion of the set of samp le spaces.

Given I and J, each element of 5lJ is a probability which is defined as

s..(k) = Pr.~route (I, ~, k) given that a move from i t o  j~ (3 3)
II ( does occur eventua lly

This car be calculated using the rules for conditional probability with the following
definition

Pu = 
~~~ Pm 1 (k) (3 4)

where p~ is the probabi lity that a move From i to j does eventually occur . That is ,
the probability of a move from i to j is the sum of the probabilities of all the mutually
exclusive routes for diFFerent k from i to j. Now apply the conditional probability

definition to obtain
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pm.(k )
s..(k) = I (3.../~5)

pm

For a given i and i ’ every element of ~~ has a time (e.g. , delay) associ-
ated with the route (I, j); th is is the time accumulated in moving from i to j in exactl y
k steps , and has probability s

~1
(k). For each i, j, define the event space of times

= 

~
tk, k = 1 , 2, ... , n — 1} (3—66)

and the random variable X.. with domain I.. such that
II It

Px (tk) Pr IX.. tk~ ~~~~ 
(3 67)

For our problem the tk ’s are the times of interest——travel time , delay time , and serv ice
t ime——and PX (t k ) is the fraction of passengers (probability) who incur that amount of

t ime . Note tha’t

~~~

~~ 
Px (tk ) = ~~~s..(k) = 

k 
= 1 (3—68)

The expected value of X for ~ g iven i and j is obtained by

E(X) = 
~~~

tk PX m I
(tk )

= 

~~~
tk .s . ( k )

k

~~~
tk Pi~(k)

= 
k (3 9)

Pu

This is the value calculated in the program for all i, j, 1 ~ i, j ~ n, and for service,
delay, and trave l time random variables . At each step k , the values (tk . p~1

(k)) are
computed and summed with previous (i , j) th entry of the appropriate matrix. The final

step is to divide each ( ,  j)t h entry by p
~ 

so that each matrix element is an expected
value of time obtained over that portion of the population that traveled from i to j.
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SECTION 4

PROGRAM DESCRIPTION

A genera l descript ion of the landside analysis program is presented in this
sect ion. Included is an overview of the program flow and control followed by an
annotated ~imple output. Finally, a descript ion of the airport data base developed
under this study is presented.

4.1 PROGRAM FLOW AND CONTROL

For most airports of interest, the number of landside components required in the
model is very large (over 100). It is computationally more efficient and the output is more
understandable if the problem is divided into parts. The approach taken to a’~alyze the
airport landside system first divk~ s the landside system as follows:

• The airport landside is separated into one or more terminal units
according to the physical and functional division of the roadway
network.

• Each terminal unit is further separated into termina l zones according
to the physical and functional division of the passenger terminals.

• Each terminal zone is separated into an enp laning and deplaning
passenger flow .

For the demand and control parameters spec ified, the airport landside is analyzed by
reversing the above development. The enplaning and deplaning flows for each zone
are analyzed by the methods described in Section 3. The results for each zone within
an area are combined and the groundside networks for each zone are analyzed. Fina ll y,
the terminal units are combined to obtain results for the entire airport landside . This
method is illustrated by considering as on examp le Boston Logan Airport. As outlined

above, the landside is first mapped as a combination of (groundside) terminal units as
shown in Figure 4—1 according to the roadway system . Next , each term inal unit is
divided into terminal zone s as shown in Figure 4—2. Finally, each term inal zone is
divided into an enp laning and deplaning flow as shown in Figure 4—3 .

An examination of Fi gures 4—1 , 4—2, and 4—3 indicates the amount of informa—

tion required at a large hub airport . The details of each component must be specified
(number of ticket counters, baggage claim devices, etc.), as well as all the possible links
between the components (the network ), the distances along each link and the fraction of
passengers traveling each link. In addition , on the roadway , the vehicle modal splits at
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each point are required . This specifies the airport landside system; to determine the de-
lays, the i nput demands must be determ ined (number of passengers, modal split , etc.,

as indicated in Subsection 3.2). For a typical large hub airport, the number of data

items required can easi ly exceed 1,000.

4.2 AIR POR T LAN DS IDE DA TA BAS E

As port of the effort performed under this study, a data base of airport landside
elements has been compiled for the large hub airports. The information For each airport
is in a format compatible with the landside analysis computer programs . Six of the large
hub airports are modeled in extensive detail to obtain maximum accuracy from the
analysis; the remaining airport data is compiled from readily available documents

primarily References 1, 22 , 23 and 25) and should be considered as conceptuall y operable
but not analytica lly precise . A list of the airports included in the data base is presented
in Table 4— 1 .

TABLE 4— 1 . AIRPORTS INCLUDED IN AIRPORT LANDSIDE
DATA BASE.

Atlanta (ATL) New Orleans (MSY)

Boston ~ Q5)* New York—Kennedy (JFK)

Chicago O’Hare (ORD) New York—LaGuardia (LGA)*
Cleveland (CLE) Newark (EWR)

Dallas—Ft. Worth (DFW) Philadelphia (PHI)

Denver (DEN)* Phoenix (PHX)
Detroit (DTW)* Pittsburgh (PIT)
Houston (IAH) St. Louis (SIL)
Kansas City (MCI) San Francisco (SFO)*

Las Vegas (LAS) Seattle (SEA)

Los Angeles (LAX ) Tampa (TPA)

Miami (MIA)* Washington—National (DCA)

Minneapolis (MSP) Washington—Dulles (lAD)

*Airport landside modeled in extensive detail.
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Except for the airports modeled in detail , most of the data are taken From Ref-

erence 1. The other sources are used only when the required information is not included in
Reference 1. Plans of the airports are also used primari ly for determining the roadway dis-
tances and in some cases the curb lengths. The geometry of the terminal is, of course , an

important item in determinin g the division into termina l units and zones. As a rule , when

severa l separate terminals make up the landside of an airport (for example , New York—

Kennedy), each one is modeled separately. When, on the other hand, there is one main

terminal , each pier or satellite is usually treated as a separate terminal unit. Special con-

sideration is given to international traffic. In almost all case s, the enp laning and deplaning
of international passengers is assumed to take place in a separate terminal.

One assumption in the development of the data base is that the distances between
various components inside the terminal do not vary significantly from one airport to the other.
There are two reasons for this simp lif ication . First , except for the airports for which very de-
tailed floor plans of the terminals are available , and on—site inspections were made , these

distances are not available. Second, even if detailed plans are used to est imate the dis-
tances, some approximations must still be made . For example, since there are numerous

physical routes for passengers to take within any given area, this usually entails representing

several paths with one or two simp ler “average” routes. However, even though walking

distances account for a substantial port of the time and inconvenience of passengers in air-
ports, they do not contribute to the delays caused by congestion .

A final source of error is introduced when data on some aspect of the landside

operation are missing completely. In such cases (a good examp le of which is the average
time in the parking lot) some nationwide average number is used.

Overall , the data base developed i s a reasonable representation oF the airport
l andside, especially for the six airports modeled in detail. As noted in Subsection 4.1, the
complete specifi cation of the landside of a particular air carrier airport requires several
hundred data items. Nevertheless, it is believed that the information included in the

data base will yield acceptabl y accurate results.

4.3 SAMPLE OUT PUT

A samp le of the landside analysis program computer ou tput is presented as Fig-
ure 4—4 and s discussed in this subsection. The first items output are the airport name ,
dates of the data, and the airport control parameters. As discussed in Subsection 3.2,
there are several ways to derive the hourly demand used by the program; the one selected
by the user is indicated as noted in Figure 4—4.

4 - 6



Also indicated on the first page ore the number of terminal units and terminal
zones (Subsection 4 .1) and the passenger splits at each terminal zone. The average
number of passengers per vehicle , number of bags carried per passenger , the tota l length
of curb frontage , roadway capacity , and number of public parking spaces are all listed
as we ll.

For each terminal zone, the enplon ing and deplaning passenger flows are
analyzed . As shown in Figure 4—4, this consists of first printing the major airlines within
the zone . Next, a table is output which represents the results of the fl ow analysis. The
first column of the table identifies each state in the network; a state is a component in the
system . For examp le, in Figure 4—3, the American/National terminal zone is modeled
with twelve enplan ing states and eight deplaning states. The second column indicates
the particular model (see Subsection 3.3 ) implemented to represent each state . This is
followed by the number of servers at each state according to the model used . Next the
passenger arrival rate is noted; this is determined from the airport hourly demand total ,
the fraction of passengers using the terminal unit , and the flow analysis of the network .
The total service capacity of the facility is then indicated. This is the average service
rate per server t imes the number of independent servers at the facility.

The utilization factor is the ratio of the total arrival rate to the tota l service
rate . A number greater than one indicates that passengers are arriving at a rate greater
than the handling capacity of the facility . For these saturated component states an asterisk
is printed to indicate the situation and to note that the excess delay is estimated by the
technique presented in Subsection 3.2. Al so, the output rate of passengers at these
facilities can, of course, be no greater than the total service rate . This implies that the

input rate at a subsequent facility is less than if there was no saturotion~
The per passenger delay is the primary output of each of the component

models as discussed in Subsection 3. 3. The total peak hour delay is the r~ r passenger
delay multiplied by the hourly expected arrival rate of passengers at each facility.

Fo llowing this table, a summary of the analysis of each network system is

presented as shown in Figure 4—4. The passenger processing times (delay, service,
travel , and total ) are printed for the peak hours as well as the cumulative passenger
t imes for this peak hour period. These are the times incurred in proceeding through the
ent ire network system . These cumulat ive passenger times are the per passenger times
multiplied by the total number of passengers expected during this hour . The annual times
are est imated from the hourly times by the methods indicated in Subsection 3.2.
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It is important to note that the passenger processing times listed in this sub-
section are not the simp le sums of the times for each component listed in the preceding
table. For examp le , even if the per passenger delay at a ticket counter is two minutes,
the average per passenger delay through that terminal zone may be less than two minutes
if only a small fraction of the total passengers use that ticket counter. The analysi s
used to determine these figures is relatively complex and is developed in Subsection 3.4.

Following this analysis, results for first the deplaning then the enplan ing
f lows for each terminal zone within a terminal unit are presented. Then the groundside
analysis of the terminal unit is conducted. As shown in Figure 4—4 , the output format
is very similar to the passenger analysis output and thus largely self-exp lanatory. The
groundside analysis is somewhat different than the terminal analysis since flows are in
terms of vehicles . The special methods used are noted in Subsection 3.3.3.

The final page of output is the airport summary . Here the delays and total
times (Including delays) for each terminal unit in the airport are repeated. An overall
airport average is computed and printed as well; this average is wei ghted by the per-

centage of passengers using each terminal unit ,
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FIGURE 4-4

SAMPL E LANDS ID E A NAL YSIS PR OGRAM OU T PUT -

BOSTON LOGAN AIRPORT
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LOGAN INTERNATIONAL AIRFOR r ---BOS-- ‘76— ’??’ DATA

A .  A NNUAL . F ASSEN GER ENPLANEMENTS(000) :  5250 .
B. PEAK HOUR PAssENGERs: 5000.
C. FL[E.. T M Ix : 10% WIDE-BoDIES
[I . A I R F TJR T ~criv irv t’Ir, t R IPTORS:  2 PEAK 7.3
E. CONNECL (NO PAx: 15%
F. PEAK HOUR AIRCRAFT oPERATIoNs: 70
13. AVERAGE AIRCRAF T LOAD FACTOR : 50%

AUTO T A X I  BUS RAIL
H. PASSENGER MODAL sFLI1: (0,82,0,06,0.01,0.11)

***1HE PRIMARY CONTROL PARAMEtER FOR THIS RUN IS B***

N U M B E R  OF T E RM INAL u~~xTs: 4

NUMBER OF TERMINAL ZOi~ES: 5
PASSENGER SPLIT AT EACH: 0.26

0.18
0.15
0,35
0.06

AVERAGE NUMBER OF PAX PER VEHICLE: 1.0
AVERAGE NUMBER O f BAGS PER FAx: 1.5
TOTAL AIR PORT CURB FRoNTAGE : 5585 .
AIRPORT ROADWAY C A F A C I T Y (V E H / H R )  3600.
T O T A L  NU MBE R 0l~ PARKING SPACES: 7777.
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P E A K  HOUR PASSENGERS (MIN)

t’EP[ANING PAX ENPLANIN (3 PAX

DELAY TOTAL DELAY TOTAL

TERMINAL UNIT * 1 ( 26%) 16.7 23,0 23.4 30.5
T E R M I N A L  U N I T  1 2 ( 33% ) 17.7 24.3 21.1 29.2
T E R M I N A L  U N I T  4 3 ( 35%) 36.5 43,7 32.3 40.7
TERMINAL UNIT * 4 ( 6% ) 12.9 21.2 5.3.9  62.3

AIRPORT AVERAGE 23.7 30.6 27.6 35.5
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***** ******************* ~ **** ** ** ********* ********* ** ** *************** ****** ** **T IATA FOR TERMINAL UNiT 1 1

~~ u RN,NCk i H141 ORIENT AIRLINES - - i’E:FI .ANJ NC

S T A l l  MOUEL NUMBER A R R I V A L S  T O T A L  U TJ L IZ .  F ER  PAX T O T A L  PEAK

OF •
~~~ [~ 

C;~ .: 
~ SERVICE FACT OR hELm’ HOUR DELAY

SERVERS PER SEC (SEC) (FAX -MIN )

GATE MMK 6 0.14 6.00 0.02 0. 0.0
GATE MMK 6 0.14 6.00 0.02 0. 0.0
BAUS BAI;S 5 0.16 1.50 0.11 965. 15681.2
RENT MGK 4 0,02 0.03 0.74 37. 606.7
~~~~NT MGK 4 0 . 0 2  0 . 0 3  0 .74  37. 6 0 6 . 7

CURB MGK 7 0.27 0 . 4 7  0 . 5 8  0 .  7 . 5

F E A K  HOUR AN N UAL
DELAY TIME : 9.7 MIN 9505. PAX—MIN 13972048. MIN
SE RVI LL TIME : 0.7 MIN 648. PAX-MIN 3403977, MIN
TRAVE L TIMI : 3.4 MIN 3296. FAX -MI N 17301376. MIN
FOTAL T1ML : 13.8 MIN 1 3 4 4 9 .  P A X— M IN  3 4 67 7 4 0 4 .  MIN
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EA ~~TERN, NORrHWEST ORIEN1 AIRLINE ; - —— LNF L.A NING

STATE MULIEL NUME~ER A R R I VA L S  T O T  AL LIT II.. I / . E F A X  r O T A L  FLAK
OF I I  K SEC SE Ky i C E ~ L I OK Iii A ? H(J IJk DELAY

SERVERS PLK SEC ~~~~~~~~~~~~~~~~~~~~~~~ ( l A /-M1N)

CURB MGK 6 0.27 0 .40 0.68 1. 2 3 . 6
T T X  MMK 2 0.00 0.03 0.10 1. 12.4
T 1 X MMK 13 0.08 0.17 0 . 4 :,  0. 1.3

- _XRAY _~ MGK — 
1 0.14 0 .06  2 .3  1012. 1 6 4 4 5 .7

S E A T  MMK 12 0 .04  0 . 3 0  0.15 0.  0 .3
O ’ ~ T L  MMK 6 0 .06  6 . 0 0  0,01  0. 0 .0

SEAT MMK 12 0 . 0 4  0 . 3 0  0 .12  0. 0 .0

XRA Y MGI\ 1 0.10 0.06  1.66  * 72:3 . 1 1754 .4
(ATE 

— - 
MMK 6 0.06 6.00 0.01 0. 0.0

FL ~I\ HIIIJR ANNUAL ..
DELAY TIME : 14.9 MIN I4~ 04. FAX -M IN 2 1 3 . 1 4 3 6 .  M:L N
OERVIC E I iMi  : 1 • 4 MIN i.326. FAX -M1 N 6962175. MIN

- IR A VEL 1i ~L1 3,.S MIN 34p5 J::~~~~~~~~~~~~j~~4 _J Z 22~~.
T O T A L  T I M E : 19.7 MIN 19236. F A X MIN 46161580. MIN
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E A S T E R N ,  N ( . I K T i I L ~J L O T ORIENT A i R L I N E  ; —

AU I US TAX!  S 0 LA1L

F ASSF NGER MEniAl .. SPLIF : 0.82 0,06 0.01 0.11
—- UH-fl i:l 1 Mflh i r ~ I ~ VI  T T I  — 0.9.~ 0.04 0.00 O.~~1

PAX PER V LH IL l I - B Y — T Y P E :  0 ,9 1.7 10.0 10.0

[‘EF LANINU CURB ERQN rAci~,: 
78() • Fr

ENI:LANING CURB FRoNTAGE : 672. I T

STA [F: MOI:EL. RATE IN [orAL 11 111 IZAT I ON Fl: 1< FA X T O T A l . .. FAXH IK
(VEH/HR.L~ SERVICE I O L IO K  DELAY OF L’ELEi (

VEH/HR ) C SEE:) C FE AR HOu R

RLIWY IN ROAD 4973. 3600. 1 .4 * 94.7 29 ,05
TMI < L’  IN ROAD 1294. 1600. 0.7 . . . 3.0 0.91

RNTI. [‘El MUK 172. 240. 2.8 * 1360.8 4 19,2:
BE CURS ~~~~~~~ 144. 640.  0.2 0 .0  0.00
EN— CURB LIJId: 262. 1340 • 0.3 0 • 0
F~~RK1N13 I- AR K 1066~ 2022. 0.5 .3L~~,2
ThRB O U T  ROAD 1294. :1 1300. 0.7 3.0 0.91
RLIWY OUT RDE~1’. 4973. 3600 . 1.4 * . :L48.7 . 45.6.6. .~.

- ~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ :UIMMAKY-- -- • - - • - - • - • • • • - -• -- -- - -  -

F :1 0 K HOUR ANN TJAI

L’LLAY l I M E :  7.2 M1 N . 1. 00, F A X  F U~: . 14o2111. -IRE
F RV ICE TIM E : 2.7 MIN 37, i~~ x FIRS 2 3 0 .  HKS

IIJIA L LIME : _ 9.9 MIN ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ HRS

— -- —--E NFLANIN (3 I;: I.IALIWAY SUMMAl :~Y 

________ f:EA1~ HOUR ANNU A L - - ____

DELAY I MC: 9,4 MIN 130. 10 / I IKO 19 14 2 ’ . 111 :0
SLRVILL TIML : .3.0 MIN 42. F A X- H R E  2~~ó. Hi d;
TOT A l TIM E : 12,0 MIN 172. l o x  1R~; 191.693 . fIRS

FEAK HOUR T OTALS FOR TE RM I NAL  UNII I 1 Ch IN)

Lil t LA NINO Ax I.. NI I.. (~N I N i ;  t m

_iu L~.~~ LLlJ~~~ . ~~~~~~~~~~~ ._IU I ‘iL

t f f r ’ I I N A  9.7 14.2 :14.9 19.7
7.2 9.’I 9.4 12,5

ltlt N F Ii 15.9 22.~ 22.9 30 .3
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* * ** *** **  *~i~*** ****** *********** *** ******** ** ******* *** ** **** ***** ***** ** ** ******
L’i~iTA Li.FR iLLM1NAL liNE 1 2 ~~~~~~ . ~~~ -. ______________ __________

** * * ** * * * ** * ** * ** ** ** * * * ** ** * ** ** * * ** *** ** * ** **4 * *  4 * * * * ** * ** * * * * * * ** * *4 * * * **4 ~***

A ME R iCA N A i F : L L N I :  S. N A T i O N A L .  A I I : l .  INFO IEf LA NIN(3 - - -- -

.~~~~~ IA II: NOL’i:.L~ N1.J?1D LR ARRIVALS 10 [AL . UTILIZ . EEL 1 AX TOTA L. LEAN
(II I I  K O i l  SERVII F FACTOR (‘H AY HOOF I’I I A?

01 1 01 RE F Lb O i l  (O i l ) ( I  AX M J N )

GAFF MM1\ 2 0,06 2 ,00 0.03 
— 

0. 
- 

0.0
GATE MMI\ 4 0.11 4.00 0.03 0. 0.0
GATE MMK 1 0,01 1.00 0.0:1 0. 0.2
BAGS BAGS - 

4 0.10 1.20 0.09 /86. 81943.9
BAIT S BAGS 2 0,01 0.60 0 .02  372. 4179 .4
RENT M I l  8 0.Q3 0.05 0.01 

— 
1. — 

10 .1

CURB M E l , 0 0.16 0.33 0.48 0. 4.7
C U R B  ~~~~~~~~~~ 0 0.03 0.33 0.013 0. 0.0

FEAR HOOK . — — . ANNUAL
1 1  LAY I IML : ‘7 .0  M E N  0089. f A X ’  M N  748044 1 • MIN

- LRV ILE ,IML , 0 1 I-TiN ~~~~~~ J~~~~~jjI N  2~~06606 MIN

TRAVEL. TIME : 3,4 MIN 221:10, l A X  Mi N .1:1967777. MIN
TO lAL T IM I : 11.6 MIN 781/. FAX M E N  21804824.  MIN
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A MERIl A N A I R L I NES .  N A T I O N A L  AIRLINES -—--- -ENFLANIN I;

S T A l L  MODEL NUMBER ARRIVA LS ‘~O~ AL UTILIZ. [~ER FA X TOTAL F~~AN
(TI PER OF 1.~ SERVICE FACTOR LIE I. . AX  HOUR DELAY

_________ F i~~ ~~ fl (O LE)  C FA Y — M I~~

Fu RS MUK 9 0.19 0.60 0.31. 0. 0,0
T 1X MIlK 8 0,00 0.11 0.03 0. 0 .0
T 1X  MMiX 16 0.00 0.22 0 .24  0. 0.0

~[AT MIlK 2 0.01 0.05 0.23 2. 25 .7
XEA ~ MOl\ 1 0.11 0.06 1.91 * 836. 9405 .4
SLAT MIlK 4 0~~0S 0.10 0 .4 6  2, 26 .0
X RA Y MCI 1 0.01. 0.06 0.25 3. 32.3
SEAT Milk 0.04 0.20 0.20 (�~. - Q~~0 . -

X RAY MGK 1 0.06 0.06 0.99 * 422. 4748 ,9
L~A I E  MMK 0.01 1.00 0.01 U. — 02
GATE MIlls 4 0.06 4 .00 0.01 0. 0.0
GATE ~ hh 2 0.06 2.00 0.03 0. 0.0

PEA K HOUR ANNUAL
T ’ E . LAY l IME : 10.7 MIE N 7202 . F AX - M I N  10~T86818. MIE N
ELESVILL IiflL~ 1 ,4  MIN 941. FAX MIN 4937679.. 11Th

I T I M E : 4 . 5  MIN 3021. • F A X -  M .l. N 1.5i3627~. ó .  MIN
TOTAL  h IlL; 1o.E filM 11164. FA X MIN 31387254, HIM
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ALLEGHENY A IKI . INH;  ‘

S T A T E  MODEL NUMBER ARRIVALS FI l IAL  UTILI?. PER F A X  TOTAL FEA K
oF FE:R CI II SERV :1. CI. F ACTOR [‘C LAY HOUR SI. I A X

SERVERS F E:R EEC (S EC)  ( F A X -  MiN.  
——

GATE MIlK 4 0 .06 4 .00  0,02 0. 0 .0
GATE MMK 6 0.09 6.00 0 .O~. 0. , 0.0
BAGS BAGS 2 0.09 0.60 0.16 12 3 6 .  1101114.0
RENT MUK 6 0.02 0 .04  0 .5 /  0, 46 .3
CURB MGK 4 0.16 0 . 27  0.09 2. :14.3

PEAK HOu R ANNUAL
DELAY TIME : 12.4 MIN 6971. FAX- -M I N 10248032. MIN
SERVI CE TIME. : 0.7 MIN 374 .  F A X -MIN 1963833. MIN
TRAVEL T IME:  5.8 HIM 3277. PAX-M IN 17201954 . MIN
TOTAL TIME : 18.9 MIN 10622. PAX M:E N 29413820.  MIN
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AL l  I ( j I l l . NY ’ A1’RL.tNi1 ‘ - E. NFL A N I N G - — — - - —

S T A l E  MUDEL NUMBER AR RIVALS I L I I A L  UTIL1L. ILK AX TOTAL I~EAN
OF I F  K OLE SERVII ; I  F A C T O R  [‘I. L A Y  HOUR [tEl l_ A?

c~~~y~~~~ L i~~ cl. ! - (R~ I~ ( L A~ 
.

CURB MGK 4 0.16 o.::.’/ 0.59 2. 14.3
LIX MilK 20 0.04 0.27 0.16 . 0~~ 

0 ,0
X R A r  MLTK 1 0,14 0.06 2.36 * 1040. 9751.5
~~~~~ MMK _ 4 0.02 0.10 0 .24  0. 2.1
S E A l  MMI 6 0,04 0.10 0.24 0. 0,3
X RA Y fiLL 1 0.02 0.06 0.26 — 3.  20 .5

GATE MMI\ 4 0.02 4.00 0.01 0. 0,0
GAI L MMIX .6 0 .04  6 . 00 0.01. . 0. 0.0 —
GAlE MIlK 1 0.02 1.00 0.02 0. 0.1

F EAK HC.IIJR ANNUAL
DELAY riME ; 15.6 11Th 8794.  I:.AX . .M 1N 129277(33 . hIM -—
Ci R9ICE i i~o : 1.5 TI lE N 833. FAX MIN 4374962. I-UN
RAOEL TitlE : !~ .3 M. 1N ~0U2_ PAY M IN U~.2 A 2:~0;. MTN

TOTAL TIME : 22.0 MIN 12630 . F A X  ‘Mll . N 33065052. MIN
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ONE RICAN. N A T IO N A L , ALLEGHENY AIRLINES - ---— R O A D W A Y — - - - -  
-

~~~~

AU lOS ‘T AXIS ~ UEES 

I A F NI I F MOI’AI ‘H iT 0 82 0 06 0 01 0 11
U1LLLL

~

MULIAL S I-ElI: O,9~ 0,04 0.00 0.01
I I I  ~I F l ( C I . E B Y iYPE 0.9 1.7 10,0 10.0

SF E LAN 1N L. Cu RB FR” ONrAGE: , 990 • F 1’ 
- — --

I NF l. ANI NI ; CURB Fl:uIN TAGE 853. FT

S T A T E  MODEL R A T E  IN  T O T A L  
- 

UTILIZATION PER PAX TOTAL PAX—HR
( c F H / H R )  SERVIC:E . - FACTOR DELAY OF DELAY

(V EH/HR)  (SEC)  (PEAK HOUR)

RL’WY IN ROAD 4973. 3600. 1.4 * 118.3 46.10
TIlki’ IN ROAD 1643. 2700. 0.6 4.8 1.86

RNTL [‘El MGK 219. 240. 2.8 * 1365,8 532.08
LIE-CURB CURB 183. 960. 0.2 0.0 0.00
EN— CURB CURB 333. 1230. 0.3 0.0 0.00
PARKING FARK 135:3. 2566 . 0.5 400.1 155.88

1MRL’ OUT ROAD 1643. 2700. 0.6 4.8 1.86
bLIWY OUT ROAD 49/3 .  3600 . 1.4 * 131.8 51.36 

- - — - -  - -  - - - -  LIEFLANINO ROADWAY S UM MARY - - - - - - - - -~~— - - - — - — -  

PEAK HOu R ANNUAL
DELAY TIME : 8.4 MIN 148. PAX-HRS 217444. HRS
SERVICE l I M E : 2.4 MIN 43. FAX-HRS 212. HRS
TOTAL TI M I :  10.9 MIN 190. PAX—HRS 217656. HRS 

-. - ENPLANING R O A D W A Y  S U M M A RY — - - - - - - - — - - ’ - - ’ - -- - - - — - - - -- -- -

FEAR HOUR ANNUAL
(‘F I AY TIME : 8.8 MIN 154. PAX—HRS 226732. HRS
SERVICE TIME: 3.1 MIN 54. FAX — HRS ;!;2. H~~~
TOTAL TIME : 11.9 MIN 209. FAX-FIRS 22/004. HRS

**~ **~
_

~~

_

~

_

~ *********** ***** ************ ******** ****** ******************* *****
FEAI -~ HOUR TOTALS FOR TERMINAL UNIT $ 2 ~MIN) - - .

DEPLANING F A X  ENFLANING F A X

___________ DELAY TOTAL DELAY TOTAL

T ERMINAl . 9.7 14 ,9 12.9 19.2
ROA L’WA Y 8 .4  10,9 8,8 il.9
COMBINED 1’,,9 24.1 20.4 29.3
*** 4’**********I******************** *****************************************
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-- .fl~0.1..A ~ Lli ILhtlJlliOL UN it  1 1 — - ____________________ _______________________

TWA~ T I l L [A .  U NI I L I  A IRL INES — ( ‘ 1 1 : 1 1  A N I NI 

S T A T E  MIiOF L NUMBER f,kI’:1’~’A E S 111161 1 1 1 1 1  1 / .  P F K  F A X  111101 PFAls’
UI:: PER SEC CI::I.:o:LCE F A C T O R  DELAY IIIU If [iEE. AY

SERVERS ILL  SEC ( EEL)  (FAX-HIM )

GA I l.l MMK 7 0.08 7.00 0.01 0. 0.0

~~~~~~ GM L  MMK 10 0.20 1Q Q___
~ I~~~ - , 0~

_ _ ~~~ 0.0
GATE MMR 2 0.08 2.00 0.04 0. 0.0
BAG O L’ A L,E 2 0.05 0.60  0.08 /00 .  15305.7
BAGS 1<000 1 0.12 0 .30  0 . 4 1  328:1’ . 71804.7
BAGS DAL E 2 0.05 0.60 0.06 700. 15305 .7
RENT NI l’ 13 0.05 0.09 0.61 1. 25.5
CU R b  ~~~5j  , 3 0.34 0.20 1.fl2 ~ ~ 30. .~~~~ JIOF11.i

j :~~ HOUR ANNUAL - —

D E L A Y  T I M I ” : 30.3 MEN 39/5(3 . F’ A X ’ MIN 013444 1. 24.  MIN
iERV1CE~~~~~~F~~~~ 0.? hIM 8/~~.fAX MIN 45L1727R. M E N
[RAVEl... TIME : 5.5 MIN /20.1 • l AX --M IN 37807256. MIE N
IUIAL rIME : 3~~.4 HIM 4/1132. l AX--HIM 100033664. I-tiN

4 - 20 

—--



TWA , L~l I IA . UNiTED AIRL I NES — — — —  ENFl _ANIN I3— - - 
—

GI AT E MODEl... NUMBER ARRIVALS TO T A L  UT J I . iz .  F ER ~~~ TOIAL PEAK
OF EE.R SI: C SERVICE: . FAC FOR DELAY HOUR LIE:LAY

______ SERVERS - -- ~~~~~~~~~~ FER SEC (SEE ) 
- 

( FAX - MIN )

L U RI -t Ml I , 0 36 0 33 1 09 * 140 3068 6
J I X  liNk 10 0.02 0.13 0.12 0. 0.0
l i x  MIl l 10 0.06 0.13 0.42  0. 3.5
T l . X IlMl\ 8 0.02 0.11 0.22 0. 0.1

XRA Y il1;K 1 0.11 0.06 1.87 * 1319. 17909,3
XRAY MGI- 1 0.22 0.06 3.73 * 1655. 36210.8

T I ~ MIlK 1 0.00 0.01 0.27 27. 588.9
Cl AT MMI\ 14 0.03 0,35 0.08 

- 
0. 0.0 

SEAT MMK 4 0.01 0.10 0.14 0. 0.7
SEAT MMK 16 0.03 0.40 0.0/ 0. 0.0
SEAT MIlK 4 0.01 0.10 0.14 0. 0.6
GAT E IlMi’ 7 0.04 7.00 - 0,01 - . 0 
GA TE MIlI\ 2 0.02 2,00 0.01 0. 0.0
GATE M Ill’ 8 0.04 8.00 0.00 0. 0,0
(3011 . liME 2 0.02 2.00 0.01 0. 0.0

F E A R  HOUR 
— 

ANN (JAL
( ‘ F L A Y  T i t l I  : 2 .  .3 I-UN 33179. FAX-M IN  487735(30. LIIN 
Cl. E V I I l . I ME : 1.4 MIN 1832. FAX —M IN 9616266. MIN
IRAV EL u1liL _______ ~~.€I fIN 7568. FAX-MIN :39730152. MIN
T O T A L  r IM E. :  :32.4 MIN 42579. FA X MIN 9(3120000. MIN

~

: :2 :



T W A .  III T A ,  UNIT EI III A TI RI . NI 2 ‘ I : I 1 A D W A Y

AUTOS TAXiS DUSES kilL

FA SSENL . F R  MODAl . SFL I I~ 0.1:1:) 0.06 0,01 0.11
.~ L11ij J F MUTIAL EEl 1L~~~~~~~ 0.95 0 0 4  0.00 ~~~~~~~~~ —

FAX F’ER VEHIIIL1:. - h r — l Y l E. : 0.9 1.7 10.0 10,0

LEFLAN ING CURB FRONTAGE: 1050. Fl
I NI LAN I NI CURB F RUN T AGE: 905 • FT

S T A T E  MOI’EL. RATE iN T O T  AL UTIL IZAT ION F I R  F A X  TOTAL PAX-- HR
(V LH ’HR ) ~IEhVILL I A C T O R  LJLLA Y Of L’LLAY

(01:11/HR ) (CI: I .)  (PEAK HOUR)

RIrWY IN ROAD 4973. 3600. 1,4 * 13u,2 55.87
TMRL’ IN ROAD 1489. 1800. 0.0 2.4 . 0.99

RNTL OF F MGi . 2 3 2 .  240.  2 ,8 * 1:365.0 564.33
DF -LUkB CURB 166. (380. 0.2 0.0 0.00
EN--CURB CURB 302. (110. 0.3 0.0 0.00
P A R K I N G  PARK 1226. 2/22 .  0 .0  310.0 . 128.09

fMl ’[~ OUT ROAD 1489. 1(300. 0,8 7.4 0.99
RL’W~ OUT ROAD 4913. 3600. 1.4 * 100.2 44.70.

fliT-I ANIN1~ RUATII?~~~~~ S l l M M A F ~~~~~~~~~~~~ 

I- EAR HOIJK ANNIJAL
DELAY rIHE 6 .7  fIN 124, FA X -  (IRS 1~~2202 . FIRS
S E R V I C E  T 1MEI : 1.9 MIN 34,  FA X - H R S  167. FIRS
TOTAL LThLI 8.5 J u N  I5a~j-.AX HRS 182361. HRS

lINl L ANIN (3 ROADWAY SUMMA RY-- --—•-— ————— -- -

__________________ PEAK HLIJIR ANNu Al ____________

DEL AY lIM E : 7.4 MIN 137, FAX -MRS 201631, IlLS
ELKYICE TIML .3.0 HiM 56. FAX HRS 263 . FIRS
TOTAL rIME : 10.4 fIN 193, FAX -FiRS 201894. HRS

* ****** ** *** * * ~

_

* 4 * * * *~~ ~~~~~ ************************* *************************
l EAK HOUR T O T A L S  I OF T LKMINAL UNI T 1 3 (I-tIN)

L’LFLANING fAx LN1 LANINL; l’ AX

____-- D~~IA Y  TflTAI .. ii ~~~ AY TOTAl

T E R M I N A l .  30 .3  36 .4  :‘o ~ 32.4
RO A L’WA ( 6.1 8.5 7.4 i0 .4
COMBINED 36.0 43.7 31.5 41 .3
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S f 4 4  f *  f + 4  f ~********* ** ** * * **** ** ~~**********IJ& LJ.l1~~LLti~ikNAL IJN1T 1 4 
- . ‘ ________________________

INTERNATIONA L .. TERMINAL . t ’ EFLA NINI3-— - - -  
—___________ __________

STATE MODEL NUMBER ARRIVALS TOTAL UTIL1Z . FEl L POX TOT A L PEAK
OF I- ER SEC SEIRV ICE FAll: [OR D E L A Y  HOUR t’EI.. A Y

S E R V E R S  
— 

F ER SEC (CE C )  (I AX N I N )

GATE MIlK 
— 

9 0.06 9.00 0.01 ‘ . 

0. 
— 

0.0
BAGS BAGS 3 0.06 0.90 0,0/ 5138. 2203.1

FIS MGK 5 0.06 0.08 0.15 55. 2 07 .8
RENT MGK 10 0.01 0,07 0.14 , 0. 0.0
CURB MGI- 10 0,06 0.67 0.09 0. 0.0

PEAK HOUR ANNUAL
DELAY T IME : 10.7 MuM 2411. PAX--MIN 3544067. fIN
SERVICE TIM E : 1. ’? MIN 3132. F A X - M I N  2004844. MIE N
TRAVEL T1ML 

- 6.7 fIN :1500. FAX-MIN 7875000. MIE N
TOTAL rIME : 19.1 f IN 4293. l A Y M E N  13423911. MIN 

—
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1Nli KNAT IUNA I II E:MIN(, I I NI LANT NL ’;

s i A IL  ‘IEIDEL NUMBER A lWi )A iJ3  T O T A L  UT1LIZ. I’LL lA X  T U I A I . I LAL
OF’ l i  I’~ SEC; 91:1.1* 11.11 : I (1L’I l I R I ’ i . ll.AY FlOUR I’L L A Y

______ ~~~~~~~~~~~ _
~~~~~~~~~~~~~~~~LUL $U _________________ (CI I (FA ~~— M ’IP J)

CURB MGN 10 0.06 0.67 0.0~? 0. 
- 
0.0

lix MIlK 23 .0,06 0.22 0,29 0. - 0.0

XRAY M CI- 1 0.06 0.02 2.76 * 2960. 11100.8

GAT E I-thR 9 0.02 9.00 0.00 0. 0.0

F EAR HOUR ANNUAL
DELAY TIME : 49.3 MIN 11101. l A X — f I N  163181. 133. M III N
i~~~ RUEr:f TiM~~: 2f1 HIM / 2 4 .  I-AX - MTN :~~77 4 0 :~~t~~ HIM

TRAVEL T I M I  : 0.8 MIE N 131 3. POX-MIE N 6890625. MIN
TOTAL TIME: 07.9 fIN 13037. FA X-MIN 26482040. HIM — -
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I N T E R N A T I O N A L  ~[ RMINAI. . - -  - - R 0 0 0 W A Y

A U T O S  TAXIE S ( ‘ USE S LA ( I

1 0591 MCI R MODAL S I - I . ir :  0,82 0 .06  0.0:1. 0,11
VLI1JU I.L  MODAL S F i J ! ~ 0,95 0,04 0.00 

________________

PAX F I R  V E H I C L E  DY l r I E 0.9 1.7 :L0.0 10 .0

UMIi .1 NELl CURB I- RO N I ALI t . 1(30 . F T

STA ~E MODEL LA T I ~ IN TO TAL U 1 1 . 1. .1 /03 iON I:. l: ’ l.~ F A X  T O  I ( I I A X  — I I I ’ :
(VIa H/FiR) SE:RVICII .. I Al T IiF ~ I’L l (iT III 1.1 1 1  AX

VEH/HR ) (SEC ) (I 1 Al~ HOUR

RLIWY IN . ROAII’ 4973, 3600 . 1.4 * 140.? 10.04
TMRD IN ROOt’ 255. 1(300. 0.1. 1.4 0.10

RNT L . [JEF MGl\ 40. 240.  2 ,8 * 1 34 0 . 8  96.74
12MB-CURB CURl’ 80. 140. 0,6 ’ 8,7 0.913
PARKING f AR1\ 210, 467. 0.5 53,1 3.76

TMRL’ OUT ROAr’ 209. 1800. 0.1 1,4 0.10
RL’WY OUT ROAL’ 4973 , 2700 . 1,8 * 105.0 7 .4 4

- - - - - - DEPLANING ROA I: ’WAY S IIMMARY

FEAR HOI.IR ANNUAL
( ‘ E L A Y  TIME . : 7,6  f IN 8. F A X  1-11:1 .; 12179. FIRS
SERV I C EI TI N I : 1.9 MIN 6. F: C,X .

~
. i~I l/S 1166 . FILE;

TOTAL TIME : 4.5 I-UN 14. FAX -FiRS 1:1340. MRS

- - ‘ - -  L NFL.AN1N(3 R O A D W A Y  SUMMARY

PEAK HOUR A NNI.JA L.
DELAY TI ME : 4 .5  MIN 14. L A X  FIRS 21116. FiRS
SE~.VICE IIML 2 7 fIN 9 l AX  UES 23, lIRE.
TOTAL I TIl E : 7.2 MIN 73. FA X  FIRS ::.‘i:s03. MRS

FLA K HOUR T O T A L S  F O R  ‘ TE R MINAL . .  t I N ]  1 4 I l l S’  
_____________________

LI EFLAN I NG PAX ENFLANING F A X

t ’LLAY T O T A L  I I  l A Y  TOTAL.

TERMiNAL. 
- 

10.7 19.1 49 . 3  57.9
ROADWAY 2.6 4 .5 4 , 5 7,7
III IM S IN I ii 12.9 72.9 03 .2 64.1
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SECTION 5
SUMMARY AND RECOMMENDATIONS

In this study an airport landside analys is program was developed and a data

base compiled for the United States large hub airports. The airport is treated as con-

sisting of three areas , each identified w t h  a different type of flow:

• Groundside: the roadway system of the airport with a vehicle flow

• Terminal: the passenger flow section of the airpor t

• Airside: the part of the airport utilized by aircra ft and with on
aircra ft flow

The first two areas of the airport , groundside and terminal , are collect ivel y re ferred to
as the landside and are of primary interest in this study.

Anal yt ic queuing models are used to represent the airpor t landside . This is

a ma jor distinction between this study and the majority of other airport londside studies ,
which rel y primaril y on simulation or rule-of—thumb analysis techni ques (References 6,
10 , 11 , 12 , and 13). The major assumptions employed in this study include the

following :

• The flows , demands , and services are in steady state

• The demand distribution at each airport service (ticketing , secur ity,
etc .) can be represented as Poisson

• The arrival rate at each service is independent of the dynamics of any
preceding service

Severa l other assumptions and approximations were necessary in the development of the
analysis (including a method to estimate the extra delay at a service facility which has
on excess demand). These assumptions are discussed in detail in the body of this report.

The major control inputs to the program are as follows:

• Annual passenger enplanements

• Peak hour enploning and dep laning passengers

• Passenger modal split

• Percentage of connecting passengers

• Aircraft fleet mix , load factor , peak hour operations

5 - 1



Other airport information data items are specified in this report and include the number
and type of each landside facility (ticket counters , baggage claim devices , etc .); for a
large hub airport , severa l hundreds of data items may be required for a comp lete spec i-
fication of the airpor t . In v iew of this , and to alleviate the burden of imp lementing the
program , a data base for the large hub airports has been developed as part of this study.
Except for six airports modeled in detail by on—site visits (Boston , New York-LaGuardia,
Miami , Denver , San Francisco and Detroit), the airport data base is conceptuall y

operable but not analyt icall y prec ise . That is , the basic airport data are included but
not to a fine level of detail. The data base is constructed , however , such that the
data can be modified or additional data inpu t in a relatively straightforward manner .

The major outputs of this program are as follows:

• T~ per passenger processing times (travel , service , delay, and total)
at each landside service facility

• The per passenger processing times and cumulative processing times
at each term inal unit and groundside area in the airport for both
‘nploning and deplan ing passengers

• A summary of the delay and total process ing times at the airport by
terminal and for the entire airport.

Other outputs ore also generated by the program; for examp le , the level of usage of
each service facility is noted, and saturated faci lities are flagged. Many other items
are computed internall y as discussed in Subsection 3 .4, and if desired can be output
without significant program modification .

This study demonstra tes the Feasibility of a concept , and should not be
interpreted as the final assessment of airpor t landside congestion . II is believed that
a major contr ibution has been mode in this area . Even so, further development is
required, particularl y in the development of component models and overall program
cal ibration and validation , before this program accuratel y assesses the &rport landside
congest ion problem . On the basis of the research per formed herein, the following
recommendations ore mode for future study directl y applicable to this program:

• Model Development . There are many interactions which complicate
the descr iption of any landside service , Additional effort in tHs
area, particular ly for deplaning passengers, could be direcfly app lied
to the existing program.
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• Passenger Flow Study. A key element in this program is the specifica-
tion of the passenger routes (e.g., percent who use ticketing). Although
the flows used herein are generally accepted averages, a detailed
examination of actual passenger behavior at each airport would be
beneficial.

• Survey Additional Airports. The current airport data base should be
expanded by surveying the large hub airports not already surveyed to
ensure the accuracy of the results . The computer ou tput , of course,
can be no more accurate than the data input .

The following items are suggestions for uses of the landside analysis program:

• Determination of the passenger delays and total processing times at
any airport for each terminal unit as a function of the forecasted
enplonements. Identification of the molor congestion areas and the
demand level at which they become saturated. Investigation of the
effects of al leviating the congestion through capital improvements
and policy alternatives.

• Continuation of the above analysis by formulating a cost function
which is a weighted sum of passenger delay ($/1~r), capital improve-
ment cost , and perhaps other variables. Determination of the
alternatives which minimize this cost function.

• Comparison of the londside passenger delays with the airside delays
experienced at large hub airports. Identification of airports where
airside delays are less than, equal to, or greater than landside delays.
Determination of a possible quantitative relationship between airside
and landside delays at a particular airport or class of airports (soy,
by terminal type, runway configuration, etc .). Use of an oirs de
delay model is required.

• Comparison of the results at the delays predicted by this program with
the landside delays predicted by other methods (e.g., the Parson
study (Ref.rence 6) or the currently available Bechtel model
(Reference 13)).

• Determination of the passenger delay as a function of time of day at a
particular airport (or airports). This con be done by exercising the
program for each separate hourly demand l.vel . Quantitative deter-
minat ion of the delay level changes over time.

As discussed in Subsection 1 .2, the landsid. analysis program is a third level
delay model (steady-state demand); current airside delay models are fourth l.v.l (tim.-
varying demand). A valid long-term goal Is to develop a fourth leve l landside delay
model to raise the landside state of the art to the alrs d. modeling level .

5 - 3
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