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Abstract

A Flexible Simulation Model of Airport Airside Operations

by
dohn Philip Nordin

Submitted to the Departhent of Civil Engineering on
August 22, 1980 in partial fulfillment of the
requirements for the degree of Doctor of Philosophy

The expanding problem of airport congestion emphasizes
the need for general purpose models of airport performance.
Previous- efforts to develop simulations that could analyze a
wide range of airport geometries have not been entirely
satisfactory. The resulting models could not treat
significant problems in airport analysis. . This work
develops, from a new foundation, a flexible simulation model
of airport operations. A number of contributions are maie
to modeling of airport performance. A new method for
describving the demand for service 1is developed which avoids
a significant ©bias of existinz methods. A procedure for
modeling landing operations permits analysis of the effect
of exit location on overall airport congestion. Methods for
separating aircraft are developed which can describe the
actual behavior of the airport with greater accuracy than
previous models and methods for modeling changes 1in
operating policies in response to weather and congestion
also are developed. Numerous additional optional provisions
and the overall design of the model offer flexibility to the
- analyst and improve computational efficiency. These
expanded capabilities permit +the wide use of the model not
only in analyzingz existing conditions but also in studies of
optimal design of airports. Tests of the model against
several other airport models show this wmodel to Dbe
satisfactory. This study of airport operations and modeling
techniques has also resulted in +the 1identification of a
number of important topics for future research. '

Thesis Supervisor: Amedeo R Odoni

Title: Professor in Aerd & Astro
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I INTRODIJCTION
A THE PROBLEM OF HMODELING AIRPORT OPERATIONS

In the 1late 1960's severe congestion problems at
several major air carrier airports attracted national
attention. This probler eventually receded 4due, in part, %o
wide-body jets reducing the number oI flights needed and to
the economic slowdown of the wmid-1370's. Following the
demand surge of 1973, hcwever, reports are being heard with
increasing fregquency and from a growing number of locations
of a rising incidence of congestion and delay (LEF &80). For
example, delays of 30 minutes or more increzased 300% at Los
Angeles from the firat half of 1977 +to the first half of
1978 (SWE 79 p.1-1). Delays of 30 minutes or more increased
from 3 to 5 per thousand operations over the entire United
States airport system from 1978 +to 1979 (ATS 1980). The
prevalence of delays is cited as one restraint on airline
growth (SWE 79 p.1-1). The increass of zairline fuel costs
by 83% from December 1973 +to December 1979 (ATW 80) raises
significantly the cost of forcing aircraft to fly holding
patterns while waiting to land.

The significance of the problem of airport congestion
makes apparent the- necessity for modeling airpert
performance as a function of demand for service and

capabilities of airport facilities. Del2y ani congestion,
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of course, are caused by manﬁ different factors, and it will
require action on several fronis to control them. However,
any significant cihange in the airport environment will have
to be assesgsed =2s to its impact on airport performance
before implementation. Because of the complex nature of

airports and thz amount of resources necessary o implement

Q

211 but the most modest change, it would seem obvious that
careful mathamatical modeling of the consequences 0of each
prorosed changs would be necessary.

The modeling of airport performance poses an
interesting challenge to traasportation analysts. Airports,
like other complex transportation facilities, do not always
behave in simple or intuitively obvious ways under
fluctuating loads. The fact that each airport is different
despite being made up of tne same generic components and is
gubject to different loads, complicates the analysis. Flows
of aircraft intersect which makes it 4ifficult to accurately
analyze portions of the airport independently. Increasing
the capacity of one flow of aircraft may have the effect of
restricting other flows that must be fitted between aircraft
of the first flow.

Analysis can not be confinel +to predictions of steady-
sﬁate results but must model the dynamic aspects of the
airport. Demand for service is strongly time-varying. The
characteristics of aircraft using the airport may also vary

significantly over the course of a day.
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Another level of analytical probleams is 1introduced by
the fact that the rules under which airports operate can
change during a day. Priorities of various operations,
runways in use, and minimum separations permitted between
aircraft can vary in response to weather, congestion or
equipment failures.

While the airport must be modeled in its entirety and
with attention to its dynamic environment, information is
ne2ded not only about overall results but about performance
during each +time period and at each major facility of the
airporst. The need is for analytical tools that predict the
performance of an airport (average delay, peak deléy,
average number of aircraft waiting +to takeoff and 1land,
number of operations) under a variety of 1loads (aircraft
flow rates, ﬁypes of aircraft) as well as estimate the
change in performance dque to altering the number or type of

facilities or the rules for the use of.facilities.
B APPROACHES TO MODZLING AIRPORT OEERATIONS

A number of approaches have beeh taken to the problem
of predicting the performance of the airside of airports.
These approaches have included analytical capacity and dglay
formulas, special purpose simulations +tailored to one
particular airport and general purpose simulations. We term

an airfield simulation, "general purpose", or "flexible" if
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it can model a wide range of airport geometries, operating
rules and services patterns.

Of the tnaree approaches, a general purpose simulation
has the widest potential usefulness. The tradeoffs vetween
gsimulation and analytical models are well established (TEf
66 p.T724, 3HA 75 pp.10-13, PIS 73 p.4-5). One of the amajor
advantages of a simulation over analytical models is the
capability of 2 simulation to model the transient conditions
and changss in operating rules that are an inherent part of
the questions to be analyzed at airports. A simulation can
also accurately model special situations that can only be
approximated by analytical approaches. A general purpose
simulation would also imply significant cost savings
compared to a series of special purpose simulations that
together amight provide the same capability as +the general
purpose simulation. The widespreal desire 1in airport
analysis for answers to performance related questions
insures that a general purpose aodel would have extensive
application.

Efforts to develop a model flesxible enough to analyzes a
wide range of airport geometries and operating policies have
been only partially sucessful. Only one modzl developed by
Peat, Marwick, Mitchell and Company for the PFPAA was intended
to be truly general purpose (HOC 77, PMM 77, BAL 76). .
This wmodel is commonly referred tb as the airfield

simulation =model or ASM. Unfortunat=ly, %this m2odel, an
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evolutionary Jescendant of a model first developed more than
ten years agc, wzs designed to examine only a limnited range
of operating policies. I%¥ reguires nuch important analysis
to be performed externally to +the model. Because of its
fundamental design, using ths AS¥ mcodel imposes large time
and cost requirsmsnts on the user (NO0R 78 pp-34-60). ha2
specific features of the ASd model +that support this

conclusion are discussed in detail in chapter II below.

C CONTRIBUTIONS 0P THIS WORK T0O MODELING AIRPORT OPERATIONS

This work develops a fiexible %ool for general use in
analyzing performance related issues at airports. It is
directed towards meeting fhe needs of airport analysis and
overcoming the serious limitations of existing models.

The model follows the mnovement of aircraft from <the
start of final approach through landing and ground mcvements
then to the point of clearing the runway on takeoff. For
convenience it is referred to in this document as FLAPS, for
FPlexible AirPort Simulation. Thz objective of this work was
to strive for significant advances 1in the modeling of
airport operations in order to achisve a comprehensive modesl
that is both theoretically correct and economical enough to
reduce the cost of such analysis to feasible levels..

The model that was developed, implemented and validated

here extends %he modeling of airport operations to incluie
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o
0]

for the first time in a general purpose simulation modzl

following aspects of the dynanics of airport opsration:

1) The effect of changzes of the runways used for operations
over the course of 2a 1ay. This includes being able %o
switch direction of operation on any given runway. Previcus
nmodels were not z=ble 5o represanit an entire day’'s operation
during thes course of a single run because of I1imited

capabilities in %tnis area (see section II.F).

2) The impact of changes in exit location, exit type and
additions of new exits on runway performance of landing
aircraft. Previous models reguired tnat this analysis be
performed externally to the model ani the resulting

performance to be an inpat for use in the z2nerai purpose

model. (See section II.D.)

3) The impact of dynamiczlly changing operating rules to
mininize delay. Aircraft are often given runway asslignments
to balance queue lengths. The relative priorities of
conflicting aircraft moveaments are often altered by air
traffic controllers over the course of a day in order to
eliminate 1long qusues and take advantage of gaps in the
flows of aircraft. Previous models require such rules to be

held constant over the duration of =2 run.
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4) The effect of wind speed and direction and rainfall on

aircraft performance. Jeather has a aa

)

o]

=]

3 impact on both
the rules of operation of airports and the performance of
aircraft but it has not been explicitly modeled. bs in (2)
above, +the analysis had %o be performed externally to the

model and input.

5) The interaction of aircraft performance and separation
logic. Previous models did not accurately handle casss
involving aircraft on two different runways where the air

traffic control separation is bas2d on aircraft clearing an

intersection or exiting from the runway. {See a3ection
II.E.)

6) Bxpanded techniques for generation or aircraft
schedules. Included in FLAPS are botan the standard

technique of using a base schedule and a new probabilistic
way of generating schedules. As explained in section 1II.C,
the two techniques have different uaderlying assumptions.
The base schedule methecd is suitable for short term analysis
whereas the probabilistic method 1is more suited for 1lcng
term prediction. The inclusion of the second method expands
the type of problems that can be analysed. This new method
facilitates analysis of the effect of changes in the type of
aircraft using the =2irport over the course of a day. This

capability permits the analysis of operating policies such
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as restrictions on g3general aviation aircraft at peak

periods.

7) Proposition of a simple method of modeling ground
operations of aircraft. This method zan approximate the
actual taxiing dJdelay without detailed modeling of such
movements. Previous models usedi an =sxtremnely zomplex method

of modeling taxiinz operations.

8) Collection and coaputation of a full set of necessary
outputs to suppors statistical testing of various
hypotheses. This includes disaggregabe as well as summary

9

statistics and time ssries oubputbs.

The inclusion in a 3Zensr2l purpose model of the
dynamics indicated above results in an enhanceaent of the
precision of the overall estimates of performance 2and in a
significant expansion in ths types of policies +that can be
analyzed compared to previous models. The aggregate effect
of points (1) to (8) above is that a model is now available
that can be used, not only for cverall capacity and delay-
studies, but to assess various Jdynanic strategies for
managinz congzestion at the airport.

The wmodel has Dbeen implemented as an event based
simulation. The increased capabilities of this model did

not result in an increzse in the rescurces rejuired to use
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the model coapared to previous models. New technigues for
specifying airfield geometry =2lements were developed (see
section II.B) that result in 2 reduction of about 75% in

resources required to prepare and use the simulation.

D OVERVIEW OF CHAPTERS II THROUGH V

Chapter II contains a detailed discussion of the

various problems in the analysis o¢f airport operations.

Because the set of issues that arise in modeling airports is

large, chapter I 1is organized on =2 ‘%topic-by-topic basis.
Thus there is no separate review of previous work. Rather,
this wmaterial, primarily +the existing ASM model, is

discussed irn parallel with the presentation of the new
model. After thes problems associated with a particular
topic are reviewed, the portion of PFLAPS dealing with that
topic is describei.

A satisfactory degree of confidence 1in the validity of
FLAPS was achieved by several approaches. The validity of
the assumptions wused in FLAPS 1is defended as +they are
introduced. The important landing performance sub-section
was tested 1independently on two sets of data and found to
give good results. Estimates of capacity and delay froam
FLAPS were compared to estimates from other models and to
observed data. These tests are reported in chapter III. A
variety of te2sts with data from two airvorts show that FLAPS

can model airport performance acceptably.
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To illustrate thne scope of thz capabilities of FLAPS,
chapter IV presents 2an example of tha use of FLAPS to
analyze airport performance. A zomviete description of the
selection and derivation of input parameters 1is given.
Capacity and delay esstimates are made for several runway
configurations. Several runs are mnade to demonstirate
various capabilitiss of the model.

In the course of conducting tne sgtudy necessary for
developing this model, a number of %opics for further work
were identified. These are discuss=2d4 in chapter V. Studies
of landingz operations are needed <+O collect a coaprehensive
data set. Very few studies cof any btyps oa t2keoff movements
have besn found. Collection of accurate delay statistics is
still in 1its infancy. Work is hampered by the <fact that
much research on airport performance is not publisned in a
conveniently available form but circulates as memcerandunms,
unpublished papers and the liks.

There are a number of areas of study in which FLAP3 can
ba directly used. Capacity estimates are needed

periodically by most airport autheorities, as is detailed

study of any comtemnplated change. Several research
possibilities usinz FLAPS can be suggested. These includs
experiments on how changes in 1landing performance, exit

location, 2anl1 separation standards affect overall airport
performance, and assessingz the optimality of the various

control strateszies us=21 by =zontrollers to aanage congestion
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and delay at +the airport. Several models of fterminal
airspace andl of groundside operaticns nave Dbeen developed.
These could be c¢perated in tandem with FLAPS +to assess the
interaction of opsrations in each ar=a.

There are a number of logical extensions to FLAPS, also
described in chapter V, that could enhance its usefulness.
The extension with the highest priority 1is probably the
implementation of the methecd of modeling ground operations,

suggested in secvion I1I.3B.
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This chapter describes in detail th2 major conceptual
components of aircraft opesrations a2t airports. Current
metnods of wmodeling each  compom2at ars discussed and
evaluated. Waners adequate methods =2xist, they ars described
and incorporated into FLAPS. Wasre no adequate aethods
currently exist, a new methodology is developsd. Validation
of the individual features of PLAPS i3z described. 42 begin
by describing wnhat tne major coaponents of aircraft
operations at airports are and how fthz2y relate to =2ach other

and tn ths analysis problem.
A MAJOR IS3UE3

Modeling airport operations regquiras 2nalysis of aany
Subjects. This section pres=nts a brisf overview of the
scope of modeling issuss addressa2d in depth in the following
sections of chapter II.

First of all, if the model is to be abie %o analyﬁe 3
variety of airports, a method of specifying thz positions of
airport facilities 1is nesded. Prasent methods accomplisnh
this, but at significant cost. A new mwethod is proposed
that can accoaplish th2  same task at much lower cost.
Aircraft to be modelel can flow over a large number of paths

between runways and gates. Modeling this process is desired



24

to assess taxiway constraints for delay analysis or for
taxiway 1esizn probleas. Present manual enumeration
techniques prohibit path switching to avoid zongesticn and
are 4difficult to use. The 4difficulties asscciated with
~automatic gensration of paths are discusssi and a comproamise
procadurs ig proposad (but not implemantad) +that limits tae
effort requirsd to model taxiing and provides an approximate
means to analyzes taxiway systsam problens. These topics are
discussed in ssction II.B.

The characteristics of ths various aircraft using thz
airport greatly influsnce the capacity and the delay
experienced during operation. Any restiméte of present
conditions and especially any forzcast of future demandis for
gservice involve uncertainties as to number, type and %timing
of the aircraft that will use the airport. Section II.C
iiscusses now present methods of translating these 2stimates
into . a schedule of operations in the 3imulation
systematically wundersstimate +the uacertaiaty, with the
consequ=ance of underastimating the expected 3delay in the
given 3ituation. A new demandi gaeneration techaique is
developed to avoid this problen.

It is recognized that thz operation of runways is thsz
major determinant ofﬁthe capacity of the airport. Sections
II.D and II.E address this topic. Modeling of runways
involves the analysis of both the factors influencing tha
performancs of aircraft and the rules governing the

geparation of aircraft moveaeats.
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landing aircraft. This study aas be2n partially metivated
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in a number of factors such a3 tane location zanl +typs of
exits.

The rats at waich airecrafs 3$n w32 ths runway is alsa
limited Dy the separations imaposad baztweea air:raft.
Modeling separation rules is complex, dues to thz variety of
ways in waicn aircraft can interact and becauss tn2 rules
vary in respons2 to weathsr. Significant work has been done
on analysis of single ruaway separations {both aircraft on
the same ruaway). Analysis »f depsnlent ruaway separations
(aircraft on differeat ruaways) has not prograssadi as far as
th2 single ruaway cass. Currant asthods of specifying these
3eparations 3llow only approximate solution to szveral
inter2sting cases. Parther, 1t will Dbe seen that currzant

methods r2ly on the analyst to asses3s any interaction

between separations and aircraft performance. This makes
certain cases iifficult to analyz=. We develop separation
logic to modiel this interacticn directly.
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Airports operate 1in 2 dyananic environmant. Szction
II.P will discuss thes intsractions betwsen the airport ani
its environaent. deather and congestion can produce a
complex set of changes in operating policies, demand for
service, and aircraft performaance. Becaus2 airports ssldon
operate witn ths sane ruanway configuration and -air traffic
control rules for an entire day, it is 1important to model
the impact of such changes. Existing models, however, have
almost no ability to do this. We will develop an extensive
capability for FLAPS to model changes in operating policies.

Many stabtistical issuss underlie a simulation model.
Unfortunately, they are not often sufficiently appreciated
by applications oriented analysts. The proper construction
of random number gensrators and the analysis of simulation
outputs will be discussed. We will discuss the sslection

and design of the various statistics computed by FLAPS.
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1 Introduction

This section deals with the closely related issues of
how the zeometry of the airport and the routes aircraft take
in moving over the airport are rapres=ntsl in the model. W=
need to modzsl the location and atiributes of airport
facilities to provide 2 frameworx for nodeling =ircraft

movements between runways and aprons.

+

ho

u
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In this section we examine and =valuate the ae?

<

currently us=2d1 to model both airport zsom
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try 2and aircraft
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taxiing operations. e will sees that nese methods are

)]

unsatisfactory both in terms of the restrictions they placs

cn aralysis and in the time and cost resquirenents they placa

We then review 2 method of modzling airfieid geometiry
proposed in an earlier work by this author (YOR 78). This
is a satisfactory a=sans of reprasenting airfield gsomestry
and has been inplemented in PLAPS. It reduces the
difficulty of specifying taxiing routes bdut, for reasons
described below, does not revresent 2 complete solution to
the problen.

Finally, we propose a modificatiocon of this method that

provides grezter flexibility. Due to constrzints on both
time and cost tne m=2fnod was aot implenented in FLAPS.
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We first discuss geometry representation, then describe

taxiway modeling.
2 Description of Airfield Geometry

The ASM model represents the airfield as a set of
modules where a module consists of any one aircraft capacity
element. Typical elements are runways, intersections,

. taxiway segments and runway crossing links.* Each taxiway
segment has a length and a taxiing speed associated with it.
Figure II-1 shows a map of La Guardia and figure II-2
presents the airport geometry as described by ASM.

This representation if airfield geometry is accurate but
demanding. Taxiway links are so short that any airport large
enough to be of interest in this study is very difficult to
describe and prepare as an input to the model. For the model
of O'Hare (BAL 76 p. 94—i03), perhaps the mcst complex site,
545 links were defined, each associated with a length and
taxiing speed. The model of La Guardia (PMM 77 p. 50-3)
required 230 taxiway links,

Describing the airport geometry through this
methodology also 1leads to very high costs in running the
model. The model maintains an events list of up to 200
aircraftvwhich must be scanned after every event to find the
next event. Links range from 260 to 400 feet 1in length

with an average of 300 feet and taxiing speeds range from 10

*taxiway segments that cross a runway.
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to 30 mph with 20 beinz the average. Short 1links, not
surprisinziy, tend to be associated with slower ‘taxiing
speeds so that travel +time across 3 link runs around 10

econds. A taxiing aircraft thus reaguires updating and an

events 1list scan of approximately &6 times per simulated

minute.
A procedure makinz congiderably 1less demands on
regources was 1developed in NOR 73. The procedure was based

on the realization that the airfield is a networx with nodes
and links. The links are the airport facilities 2and the
nodes are ths places where facilities join or intersect. A
minimum  set of modules %o represent ths 1links {(ruaway,
apron, interssction and taxiway) and a s2t of keypcints
(with X and Y coordinates) to represent thes nodes was
defined. The keypoints provids thne information necessary to
locate the modules and =2ach module provides th2 attributes
of the facility to which it corresponds.

This procedure is implemented 1in FLAPS through the
preparation of two files: 1) The keypoint file and 2) the
module file.

The keypoint file consists of a 1l1list of Xxeypoint
numbers and the X and Y coordinates of each keypoint
relative to a user defined origin. A keypoint i3 located at
every point on the airfield where two or more streams of
aircraft cross, for exaaple: runwvay endpcints and exits,

taxiway intersections and runway intersections. S2e the
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examples for New York La Guardia (figure III-1) and Boston
Logan (figure IV-1 and IV-2) for maps of airport and ﬁodel
gecmetry. Table IV-1 shows the keypoint file for Beston
Logan.

The module file consists of a list of runways to be
used in the module. Associated with each runway is a set of
parameters specifying what keypoints define its 1linits
(runway end points), what keypoints are located at exits and
parameters defining exit velocities and +the length of the
final approach for the runway (see section II.D for
descriptions of these parameters).

The model processes the airport geometry information %o
derive additional information about each type of module.
For example, the compass orientation of the runway and the
distance of each exit and intersection from the ends of the
runway are derived from the runway information rather than

being separate inputs.
3 Ground Operations

3.a Existing approaches

Aircraft ground nmovements between funways and aprons
are provided for in the ASHM model by a set of user-specified
aircraft paths. One path is required. between évery
combination of runway exits and each gate and between every

combination of runway 2endpoints {where takeoffs begin) and
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each gate. A path consists of an ordered list of the links,
intersections, and runway crossing elements that an aircraft
will traverse while taxiing. Only one path Yetween each
origin-destination pair is permitted and can not be modified
during a run. This procedure was evaluated in an earlier
work (NOR 78) which identified two major weaknasses.

First the method, while permitting modeling of many
situations, imposes a significan% burden in time and cost on
the user. Azain wusing the O'Hare example, 1293 aircrafst
paths with an average length of 20 links (BAL 76 p. 154) are
required to permit landings on & exits of 2 runways and
permit taksoffs at one end of a third runway. A full set of
paths allowing landings at 37 exits and +takeoffs froam both
ends of 7 ruaways would consist of about 5500 paths. La
Guardia Airport requires 372 paths with an average length of
14 links (PMM 77 p. 125). Once an airport has been set up
for simulation it can, of course, be used as often as one
wishes with nc additional preparation. However alterations
in airport geometry could ©pose significant problems. Even
adding a single taxiway would alter several hundred paths.
Testing alternative taxiing routes would be a very time
consuming task.

The second and more fundamental criticism of the ASH
model is that iw does“not permit path switching %to avoid
congestion. A controller, when routing aircraft through the

airport's taxiway systen juring a period of heavy




34

conzestion, would be likely to divert aircraft to new routes
that are 1less congested. Confining aircraft to a single
pre-specified path will likely concentrate aircraft
movements and exagzgerate estimates of taxiway congestion.
Having made this criticisn, it must Dbe pointed out that
devising a flexible, simﬁle alternative turns out to Dbe

difficult.

3.b Discussion of possible alternatives

In this section we discuss the possibility of devising
automated methods of aircraft path generation with <The
objective of reducing the input requirements and enhancing
flexibility by peraitting multiple routes. We concluds that
no perfectly satisfactory (both economical and efficient)
soiution can be achieved and that a range of options and

levels of modeling detail might be the best choice in this

If the ASY model, with one user-defined, wunalterable
aircraft path between runway exit and gate, represents one
extreme, then perhaps the other extreme wculd be to have the
simulation select the best path for each aircraft to follow
every time an aircraft reachess an intersection. To use this
method a criterion for deciding which prospective path is
best and a function or procedure for calculating the value
of +this criterion for each link would need to Dbe

establishe=d. The usual gituation is to naave minimum ftravel



time be the criterion and %o define a supply function giving
link travel time as s function of link volume and 1link
characteristics. The well-known shortest path algorithm of
Dijkstra (DIJ 59) could be used tc determine which path
between the aircraft's current location and its destination

),

traverses 1links with the 1lowest sum of values for the
criterion chosen. If our criterion, for example, ware
travel time, the Dijkstra algerithm would find the minimum
travel time path.

There are, uafortunately, a number of serious
gnortcomings to such a schene. The airport retwork differs
from conventional traffic networks in +that wmost taxiway
delay to aircraft is likely to occur in trying to cross busy
intersections or in waiting for an aircraft moving in the
oprosite direction to clear a link rather than from
interference with other aircraft on the same link. To deal
with this problem, the expected delay offerel by crossing an
intersection will have to be explicitly modeled, perhaps as
a function of the utilization rate of the intersection.

An additional problem is that taxiways are one-way-at-
a-time links rather than either two-way routes or ons-way
routes in any single direction. This means that, if
aircraft are to be assigned to conflicting routes, some
method =must be developed +to preven; or resoclve such
conflicts. This problem was not adequately dealt with in

NOR 78. The suzzested asthod did prevent certain sypss of




conflicts, for example,

intersections.

or prevent otner conflicts,

taxiing aircraft have
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collisions at taxiway

However, the method was not able to resolve

such as those occuring when

"proceeding in opposite
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hundreds of vehicles are on
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length of  time one vehicle
characteristics and
Neither

remain stable.

Flow rates are

considered

traffic may change significantly Jduring the

aove over the network.

time as a

best path criterion may be misleading.

The conclusions

~drawn from the

difficulties described

above is that any automated dynamic routing procedure would

be very difficult to

believed to be the major

situations,
accurave model of
agreed,

important problem at all.
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this would provide

ground operations.
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significant in particular locations of an airport but only
very rarely is ground delay a 2najor problem over an entire
taxiing systen. The operation of airports 1is so
idiosyncratic and future aircraft flows arnd routings so
easily shifted that it is not clear what significance an
"exact" estimate of ground delay would have. Tha analyst is
mpuch more likely to =28k questions such as "Can the taxiway
handle a demand increase of 30%?" and look for answers such
as "Yes - with no problems", "Yes - with some trouble spots
that may require redesigning" or "No- it causes airport-wide
problems." So while ground 3delay is not often a significant
part of total delay, it is very important that ths analyst
be able to prove this for any given airport configuration.

Therefore, we cannot simply abandon the modeling of ground

operations. We do, however, need a more flexible modeling
technique. The following technique is propos=2d as a
solution. We will explain the method by showing how it

would be used in the analysis of an airport.

3.c Proposed solution

The following discussion assumes the geometry input
described in part 3a. The method is basically iterative.
In the first pass through the process the analyst prepares a
set of aircraft paths, one for each origin-destination pair
over which aircraft will travel. Bach path consists of the

list of keypoints, 1in orider, on the route taken by the
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aircraft. When the model is run, thzs length of each path is
calculated Dby summing the distance between each pair of
keypoints on the path. As each aircraft moves onto a path a
taxiing speed is determined (from user-supplied inputs) and
the taxiing time over the path calculated. BEach aircraft is
then made %o move without interference from any other
aircraft, even aircraft moving in opposite dirsctions. This
procedure will result in no ground deiay being recorded by
the simulation.

An additional provisioﬁ in- the model provides an
indicatien of how much taxiway delay would have Dbeen
recorded with a complete modeling of interssctions. Each
time an aircraft crosses a keypoint the time and direction
of the crossing is noted. At the end of the run the average
number of times that two aircraft cross a keypoint within a
specified interval of time is displayed for each keypoint.
A separate (presumably larger) interval is used for aircraft
moving in opposite directions across the keypoint to pick up
head-on encounters. This. output enables the analyst +to
assess the magnitude ani location of the congestion problem.
For example, if the results indicated that two aircraft came
within 20 seconds of each other at %eypoint X an average of
three times during the course of the day, +then it is clear
that even if the most sophisticated intersection module were
to be usesd to model this 1intersection there would be no

discernible impact on overall airport performance. I this




is the situation at all keypoints, then the analyst will be
satisfied that ground operations do not encounter serious
delays and turn to other aspects of the analysis without
proceeding any further. Conversely, 1if the averagze nunber
of close encounters is very large at a significant number of
keypoints, thean the analyst knows that serious probleas
exist and that somes action will be n=scessary in order to
expedite the aircraft flow on the ground.

Intermediate cases will r2quire a revised approach. If
a number of 1intersections are showing severe ccngestion,
then the analyst may =2sither try to redesign the aircraft
patns toc reduce the problem at these locations or may elect
to place intersection modules at the nost congested
intersections and run the model again. An intersection
module would be designed +to permit passage of only one
aircraft at a time across an intersection. An intersection
module at a keypoint would hold aircraft if necessary to
prevent two aircraft from "colliding" at the interssction.
If the outputs of this case reveal no remaining
intersections with serious congestion problems then the
results may be taken as accurate. The same can be said if
some congestion sxists but overall delay figures are largely
unchanged from the first iteration. If, however, the
original case had many intersections with severe délay or if

the addition of a few intersesction modules nas caused the

taxiway capacity to be reduced so0 that the congestion has
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propagated to other intersections, then the analyst has
several options. A new set of paths a@ay be designed or
additional intersection modules =may be installed toc see if
significant adiitional delay will resulit.

As more and mcre intersection modules are added, two
problems can occur. TFirst fhe simple "low level” control of -
conflicting movements via individual intersection modules
wiil not prevent or resclve hesal-on conflicts Dbetween
aircraft. Secondly the danger arises that ground delay aay
be increased over the resal world situation because the model
has only one path betwesen sach origin and destination. If
this limits the analysis, fhen the user may wish to fake

advantage of +the model’ controller module to design and

0]

implement a path switching mzchanisa. This would involve
developing a "high 1level" control strategy that could
oversee the entire state of the airport's zround operations.
Any path switching mechanisam could be as simple or complex
as desired and anay be tailored to the specific airport or be
a general procedure. No such mechanism is ©proposed here.
The point is that, while it is very difficult to anticipate
all of ths options that may be nzeded to model operations at
any airport, 2 procedure can be provided for ailowing
airport specific changes within the overall model.

An additional benefit of thes time of crossing record is
that it enables checking of the very important runway logzic.

The intersection of two runways is a keypoint. Thus ths



average numdber 0f near-collision
runway interssection as well. Thi
a model developmeant tool and as

that the runway =2nd sevparation

degsired.

41

cgan be reccried for =ach

would o2 valudable both

as

oroo? in productionn runs
lozic 1ig vperforming as



42

C DEMAND FOR SERVICE
1 Introduction

The previous section of this chapter described +the

characteristics of the airport, +the supply side of the

model. This section considers the aspects of the model that
are related tc the generation of demand for service. This
involves modeling how many =2ircraft use the airport at what
times of +the day, i.e., the level of demand. It also

involves +the  specification of +the attributes of the

aircraft. By attributes we mean any aspect of an aircraft

(such as class) that could affect +the manner in which it
uses the airport. This section of the model produces a
gchedule of the operations +that will take place at the
airport during a given replicaticn of the model. Contéined
in the schedule are those attributes of aircraft that are
exogenous to the airport.

Three modeling issues are significant in the
constrﬁction of aircraft schedules. 1) What aircraft
characteristics or attributes are in fact external <to the
airport, and what attributes are determined dynamically by
conditions at +the airport?  2) Onece the correct set of
attributes has been chosen for inclusion in the schedule,
what relationships (correlatigns or logical dependencies)

exist among the attributes? 3) What method should be used

e



43

to gensrate the number and times of entry of aircraft that
are to be modeled? |

We will first describe and briefly evaluate the
schedule algorithm used in the ASH mod=l. This procedure
reads a schedule prepared externally to the wmodel and
shuffles the aircraft in tﬁe schedule for each replication.
We term this a "base schedule" procedures. Evaluation of the
assumptions of this procédure (in section 5 Dbelow) shows
that while it permits analysis of a number of situations,
gsignificant improvements are needed with respect to 21l
three of the modeling issues in order to correctly simulate
all the situations of interest.

We will +then discuss in detail each of the three
modeling issuss raised above 2nd propose a negw procsiure for
generating aircraft schedules. This new procedure is termed
a "probabilistic schedule."” In this methcd, interarrival
and interdeparture +times are drawn from =z probability
distribution, wusually an exponential distributicn with a
time varying rate. Other aircraft attributes are drawn from
other appropriate probability distributions. Each-
replication +%thus wuses a schedule independeat of other
replications. This wmethod expands the capability of the
present schedule generation techniquz to permit the .use of
FLAPS for forecasting future airport performance. FLAPS
provides for the generation of schedules using either a base

schedule procelure or a probabilistis achedule procsiure.
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2 Present Scheduie Algoritanms

2.a Description

The schedule generation method used in the ASM model
consists simply of preparing a schedule as an input to the
main simulation. The schedule contains one record <for each
aircfaft to be modeled, including

1) Airline name (UA, EA, AA etc.)

2) Flight number

3) Gate

4) Flight type code ({(originating, terminating,
through, turnaround, touch § go¥*)

5) Aircraft class (category of aircraft, i.e.,
heavy, medium, light)

6) Arrival time at threshold of landing runway
7) Departure time from the gate
8) Approach fix
9) Landing runway
10) Takeoff runway
11} Departure fix
In each replication of the model the schedule is used
to control the insertion of aircraft into the simulation.
In each replication the arrival and departure times are
perturbed by the addition of a random "lateness

distribution™ (which may include negative values) to

* Intended for modeling GA training maneuvers. It
is not intended to model missed approaches induced by
separation violations
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simulate the day-to-day varissicas in +time of +the arrival
and departure of the aircraft. Thz number of aircraft and
the set of ttrioutes for 22ch aircraft 40 not change from
replication to replication. The attributes are used as taey
are specified in the schedule because there 1is no internal
mecnanism in the model logic for altering attributes during
ths simulation. Por example, runway assignments cannot be
. varied +to ainimize 4delay or to avoid weather problems.
Because the original input scredule is wused as a Ybase for
future schedules, this method w#ill be referred to as a “base

schezdule” method.

2.b Evaluation

In this section we will briefly present some
observations about the ASM schedule procedure. In sections
3 and 4 below we will examine in mor2 detz2il the modeling
impiications of %tais method.

The most obvious point to aake about the ASA Dbase

1,

schedule procsdure 1is the amount of information that the
analyst wmust know in crder to prepare a schnedule. ?or
example, not only the distribution of +4he <classes of
aircraft must be known (e.g. 5% of class 1, 20% of class 2,
etc.) but the exact sequencs is also regquired: class 1
foliowed by class 3 follow=d by class 2. The relationship

among various attributes is nesded ({the class 2 aircraft at

3:15 used runway 3). Collation of OAZ entries will provide
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the analyst with much of this information but only for
existing airports andi only for past or present situations.
For analysis of new =irports or forecasting studies of

existing airports the analyst will have to create this

}_J

information outside the ASY model. In any c¢ase, arriva
fix, departure fix, and funway assignmsnt will have to be
supplied by the analyst.

The second point that should be -made is that regardless
of the sourcz of schedule information, the base schedule
technique 1imposes certain restricticons on the gituations

that can he correctly mnodeled. The use 0of the same set of

V]

aircraft in each replication eliminates th possibpility of
accurate analysis of situations where only an approxinmate
estimate of some schedule parameter is available. Thus,this

approach implies, in effect, that information about aircraft

ct

is deterministic, not stochastic. Usinz the same aircraf
in each replicaticn 1in analyzing coperations at some future
date implies more exact knowledge about the future than it
seems reasonable 10 assume. Once we have developed the
probabilistic schedule method this point will Dbe discussed‘
in depth in scsction 5 below.

A third difficulty with +the AS# model's schedule
generation procedure is in the choice of aircraft attributes
that are included in the schedule. As mentioned, for
example, runway assignments are among the attributes

inzludzd4 in the schedule and cannot be altsred. If we wish
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to model ths dynasice oI airport oparation, this capability
will have to 2e zr=2ated.
In sunmary, ¢the 9pazic provlsa with the ASYT amethod is

that tne analysis o7 now schediules affzct pesrforaznce is, in

effect, <forced outsils the ma2in modszsl. One cannot easily
stuly the =2ffact of uncertainty in the prediction of
airaraft flows, nor the =2Ifect of wvarying the amount of
uncertainty in the scheduls. Since it 1is reasonable %o

(]

expect that this xind of sinulation will Ybe used primarily

1

ni
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or forecasting congestion problens, schedule procedure

Y

is a serious deficizncy of the ASI

=)

odel. In the following

two sections we develop an alternative schedule generation

methodology that 1s m1cre responzive to the types of
guestions an analyst will be likely to ask. Th2 new netnoed

is explicitly orientel toward acdsling the uncertainity

inherent in the forecasting process.

)
pete
"3
0]

In this section we takz up the v twe modeling

issuzs posed in the introduction.

3.2 Implications for analysis
Briefly stated the schedule should contain that
information 2bout the aircraft which is known before 1its

arrival =2t the airvort. It should not include information
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which is in fact determinel during the simulation, such as
~ runway assignment or specific path over the airport surface.
This distinction is an important one. If a given aircraft
attribute, which in the real airport is determined during
the course of operations and can be altered 1in reaction to
developments (i.e. the landing ruanway used by aﬁ aircraft),
weré to be specified in the mbdel as 2n input, fixed before
'the simulation run, then the potential arises for misieading
results. It may very well be that for a base or test case,
data about the giﬁen attribute can be obtained and used as
input to the model. This information will enable the model
to produce accurate results for th2 base case since the
input data were <collected for that particular case.
However, when the model is wused to analyze a different
situation, a case for which no data exist on the given
attribute, one of two situations may occur. The user may
continue to use the base case data on the new case. This
will create misleading results as the real airport would not
exhibit the same pattern of the given attribute in the new
gituation as it did in the base case. - Alternatively the
user may estimate the attribute <from the user's expectation
of what it should be for the new case. Such estimated data
may turn out to be very accurate or may be quite different
from what the airport would actually be like.

The point is that in the example just'described, the

attribute 1is not really =an independent variable dbut 1is
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dependent on what is occurring on the airpors, and thus

should be modeled as such. In fact

e
L

cne expands the

Y

3cope of alrport analysis sufTiciently, only ths

{

distribution of aircraft classss will remain fixed - under
severe condiitions even the apron ar2a used, direction of

takeoff and tne

W)
Fy
ct
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approach to the runways, path taker

number of movements can change. Ths course taken in this

VIS

work is dictated by the primary opurpose of the model
developed here, wanican 1is to analyscs jquestions of capacity
and delay on the airport 2and how the number of movements
accommodated can vary Dby changes in the opz2rating rules of
the airport. Thus the items 1in the schedule for TFLAPS
should reflect tais crientation in Shat they include those
attributes of aircraft that are not altered except in

extreme situations.

3.b Selection of attributes
A wide wvariety of attributes could potentially bte in
the schedule, inciuding:
1) Entry attributes
arrival time, departure tinme
type of operation - arrival, departure, throuzh
2) Routing attributes
arrival fix, departsure fix,
arrival ruaway, tak=0ff runway
ate

apron area or

P4
o]

Z) Performance attributes
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Class,% loaded or landing weight, noise, fuel

U

consumption rate
4) Identifyiagz attributes
airline, flight aumber,
index number (1, 2, 3, etc., i. e. a set of
numbers identifying aircraft which would be

without significance outside the model.)

We coasider each of +these attribute categories in

turn.

Entry attributes

Entry attributes describe when, and by implication,
where aircraft enter the simulation. There are basically

three ways an aircraft may use an airport: 1) as an arrival
- that 1is tne aircraft eanters the terminal area, lands,
taxies to a gate and +then either stays there for the
remainder of the day or some +time later 1is removed to a
hangar. 2) As a departure - an aircraft that is on the
airfield at the ©bveginning ¢f the 43y and at some point
leaves a gate, taxies to ths end of a runway, »takes off aﬁd
leaves the airport. 3) As a through aircraft, one that both
arrives, lands, taxies to a2 gate, and later taxies out and
takes off. Touch-andfgo operations, simulated by the AS{
simulation are not modeled in FLAPS as they constitute a
negligible fraction of operatibns at major air-carrier

airports.
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P-4

The point of entry is’ 1ifferent Tfor arrivals and
through aircraft on one nand 2anl departures on the other.
It would reduce +the vossibilivizs ¢f confusion if these
point of entry times ccould be 3defined to correspond both to
a field-observable event and be measured at some ccnvenient
point.

The choice of how %o define +the point of entry for

arrivals and for through airecraft turns out tc be very

D

difficult. The ASY simulation uses time over thes landing
runway thresnold for arrivals. - A pfoblem arises because
this is not a field-observable event. The observed
threshold arrival tire, obtained <{rom watcning aircraft
land, already includes any delay the aircraft hnas

experienced due to runway and airspace congestion. Tni

w

[$7]

delay is what the airport medel should be trying to predict.
If observed +thresnold times were used for point of entry,
the model night give excellent results when simnulating tne
existing conditions that produced the observed threshold
times but would be very misleading when run for diffsrent
conditions. The actual runway delay would be different for
the new cass but the input data would implicitly assume the
0ld delays. This would cause the misspecification discussead
in section 3.a above.

If the base schedule is ob%ained from the 0AG listings

an additional error may exist. "In this case, a natural

course of 2action would be to simulate scheduled threshold
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time by subtracting some constant time from each of the
scheduled gate arrival <*imes in the 0AG. The time
subtracted would be intended to regvesent the time an
aircraft required to 1land and taxi to the gate. T™his
procedure, however, would also be 1incorrect since it is
widely known that airlines add expected de=lay to trip times
when computing scheduled arrival times. Thus, uncritical
‘use of the OAG information will, %o some extent, - smooth ou?t
the arrival pattern.

However, there is unlikely %o be any field-observable
time ~that corresponds to an undelaysd entry. This 1is
because under extreme delays aircraft will Dbe delayed at
great distances from the destination airport. In fact,
aircraft wmay be held at thz departure gate of their
originating airport rather than circle above ths destination
airport. Therefore the point of measursaent of arrival time
should be chosen at the point whare the model actually
begins to follow +the movement of aircraft. The use of
threshold time in the ASH model 1is in slight wviolation of
this idea as the ASM model does follow the final approach
phase of operations to the extent of imposing minimum
arrival/arrival separations on the ianding aircraft. The
arrival time for PLAPS is chosen to be at the top of the
common approacﬁ path since FLAPS does completely model the

final approach phase of laniing (see section D.2).
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For departiny airvcralt thaerz i3 2n obvious event to
use: 3scnedulel time 50 leave the gats. This value 1is bothn
observable and zn=2 point wnure w2 37ars madeling departures.

Tarough aircraft use ths same 2ntry time as arrivals.

(o] P

Departure time for +these aircraft =zannot bes generated

directly as the time an aircraf leaves ths gate 15 a
function of the time the zirecraft enters the gate and a
certain minimum on-gate tine. An  aircraft has 2 scheduled
departure time and will not 1leave bafore this tinme. There

is also some minimum time that the aircraft must be av a

gate in order +to complete the boarding of passenzers,

refueling, 2%tz2. If an aircraft arrives at 1ts gate late, 1%

may still leave a%t the scheduled 1izparture time but it must
s

stay at the gate for ths miniaum lengtn of tine. Ther=fore

two 3ets of mean valuss and standard d=2viations are required

n

)

per aircraft class. The first is used %o 32t the scheduled
stay at the zg2te and the secoad to draw ths ainimum time the
aircraft must stay 2t the zate. Once the arrival time is
determined, the sum of the arrival tiae and a time drawn
from the first distribution is used as scheduled departure
time. Note that the first distribution should include an
estimate of time the aircraft requires for 1landing ani
taxiing to its gate. Wn2n the aircraft actually arrives at
the gzate the maximum of 1) the scheduled departure time and
2) the sum of the arrival time at the zate and the minumunm

on-gate tine {drawn from the second distribution) is thne
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actual departure tine. The ASY model wuses a similar
procedure save that the scheduled departure time is supplied
to the model by thz2 exbtarnal schedule.

Given the inclusion of an arrival +time and a departure
time it is r=dundant to input a separate cods for the type
of operation {arrival, depafture or tanrough aircraft). This
information aay be easily coded in the arrival and departure
times A negative arrival time may signify a departing
aircraft. A departure time of infinity may signify an
arrival. In summary, entry attributes included in the FLAPS
schedule are 1) an arrival time at the head of the ccmmon

approach path and 2) a departure time from ths zate.

Routing attributes

Some information must be provided as to ths route
aircraft taks over the airport. As the ASA model provides
no mechanisms for dynamically assigning aircraft to routes a
full set of information must be provided to that model. As
will be discussed in detail in section II.F below, it is
inportant to bhe able to simtulate the Jdynamic assignment of
aircraft to runways and routes. Therefore, we must try to
pre-specify in the FLAPS schedule only thoss routing
attributes that do not change as conditions change on the
airport. Of the five attributes used in the ASM simulation
(numbers 3, 8, 9, 10 and 11 in the table 1in section 2.a
above) the two that define runway use should be removed. As

has been discussed above, runway assignmant is no%

V)¢ ]
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predetéerminad. Tha runways in i3z ch over the course of

W
v
‘.
Uty
17

the day and runway assizazents to aircraft are made
dynamically based on tne ciass of the aircraft, runways in
use, aircraft currently waiting to takeoff at each runway
and, perhaps, destinaticn of the aircraft.

The choice of apron area should, however, remain a-
decision independent of airport cconditions. Thz usual cass

is for an airline to occupy a fixed area and have all of its

flights use the same set of gates. If this inflexibility
turned ocut to be =a problem in a particular situation, a
special controller nodule could be designed to alter apron
agsignanent.

The role of arrival and departure fix information in
the ASY model is rathef obscure. Documentation implies that
sircraft actually arrive at this point and are "vectored or
put in holding patterns” (P44 77 p.4). However, examination
of the aztual program code does not snow any such use of the
fix information save as a way of partitioning total arrival
delay among several categories of aircraft.

Fix information Mas a much more important potential
use. Aircraft that arrive from different directions may be
put on different runways to sasgregate aircraft streans.
Por departures the 1information 1is m=ore crucial in that
aircraft that depart on the same route must be separated by

larger distances than successive departures that follow

5]

diverzingz courses {(FAA 78 paracg. 340). Devarture fix can
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2paration 1is required.
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provide information to deci
Departure fixes may also be used =23 a proxy for destination
if it is desired to assign aircraft to runways on this
basis.

Performance attributes

There is wide variation in the verformance of aircraft
in a anumber of respects. These include: speed on landing,
exit selection, ruaway occupancy time, - geparation rules
us=2d, noise 1levels, number of passengers or quantity of
carzo, wake vortex generation, taxiing speeds, fusl
consumption rates, time on gate. If oné were to use all of
these it would result in a very coaplex and unwieldy model.
Fortunately, the physical size of the aircraft is well
correiated with most other performance characteristics.
Thus we include only aircraft class as an indication cf the
performance of each aircraft generated. Tne class of an
aircraft is $hen uszd internzlly in the model as an input
parameter to wvarious functions to specify the necessary
additional perforamance attributess.

Usually five classes are distinguisaed:

1) "Heavy" jets (B747, DC10, L1011)

2) "Large" jets (3707, DC8)

3) "Medium" jets (B727, B737, DC9, BAC111)

4) Large propeller aircraft (DC6, Convair 3580)

5) General aviation
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Class 5 aircraft may b2 1ivided into a4 2lass 5 and class 5
for high perfornzancs zsasral  aviation and small
aviation aircraf®t. it should e =2mphasizzd that the
association of class categories to size of aircraft, while
an obvious andi uszful proczedure, is not rzquireqd. if

desired, the class paramet

-
i3
Q‘\

<«
o
)

us2d tc  analyze any
problem where it 1is ussfull %o sezment the inout streanm
accordinz to some criterion. For exaample, each class might
represent aircraft froa a2 1iffersnt airline if this was falt
to ©te the m@major performance-related difference among

aircraft.

Identifying attributses

N

The ASHA simulation modsl requires that each aircraft be
1

identified by airline nazame and £

difficulties with usinz this procedure for the nrobabilistic
schedule. First, when the number of aircrafi varies across
replications tnen there 13 no unaabiguous way to identify
the same aircraft from replication to replication.
Secondly, this level of identificaticn is probably

neaningless for any uss of ths model in medium or long tera
forecasting given the rapid rate at which flights are
revisad by airlines. Note that the airline to which the
aircraft belongs can Dbe taken into account through the way
apron areas are assizned. Airlines usually bccupy one (or
gsometimes two) apron arsas. The different aircraft fleets

of a larzge airline flyinz mostly mediun and larze jets and a
> ] > 2 (¥}
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small airline <flying mostly propeller aircraft with a feﬁ
med ium jets can be modeled oy =assigning different
percentages of the varicus classes to each apron.

There is a second dimension to identifying aircraft and
“that 1is whether +the identity of each aireraft should be
" retained during one replicétion. " In other words, when an
aircraft completes a takeoff, is it important to know the
histor& of this aircraft; i. e. what apron it camé from or
how much delay it experienced on landing? ihis'does turn
out to be necessary for PLAPS as we want +to prepare
aggregate statistics about the aircraft. As this 1is the
only function of aircraft identification in PLAPS, this
number is assigned internally by the mocdel and need not be a

concern of the analyst.

3.c Relationship among attributes

The question of the relationship among aircraft
attributes does not arise when a Dbase schedule method is
used. This is because any such relationship is determined
by whatever  procedure is used <to create the external
schedule. In the schedule procedure being developed here
the schedule is created internally by the model. Thus it is
necessary to c¢onsider the relationships among the aircraft
attributes.

Four aircraft attributes must be set: class, arrival

fix, apron area andi departure fix. The obvious procedure
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would be to define four multinoamial distributions and select
each atirivute independently. This procedure, nowever,
would vrestrict <the ranze of situations that could be

modeled. It may be the case that we would want to model

situations where certain types cf airecraft (e. g. general

aviation) were restricted froam operating at certain periods
or siftuations where certain apron areas cannot accommodate

certain aircraft types {(e. g. 211 jusmbc jets must use one of
the aprons or there is 2 GA nangar that only GA aircreraft
use) . In order to handle <these and similar situations two

first order interactions are @modeled among th2 parameters:

A9

1) aircraft class as a function of time period; and 2) aproa

o

area as a function of aircraft class. These are gset by two

ot

matrices of parameters. The first is a s2t of multincaial
< Lol ) “+ 3 43 4 3 . by 3 3 ]
parameters, one g2t for each ‘tHime period, winich zive

P(aircraft class|{ time period) - prebaoility of a particular

aircraft class given a2 time period. The second is a set of
multinomial parameters, one set for gach aircraft class,

which zive P(apron area| zaircraft class) - probability of a

ir

W
Q

given apron area given raft class. Used sequentially
the two generate aircraft class ani apron area. Arrival and
departure fixes are selected from simple m@multinoamial

distributions. See figure II-3 for a 3chematic of how

aircraft attrivutes ars selected.
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Multinomial Aircraft

Parameters Attributes
random

P(arrival fix) : arrival fix
draw
random

P(departure £ix) departure fix
draw

arrival time*

used as parameter

random
P(class/time periocd) w» aircraft class
draw
used as parameter
random
P(apron area/class) apron area
draw

¥ From arrival rate function

FIGURE I1-3. Selection of Aircraft Attributes.
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4 Modeling tne Lsvel of Demand

This section discusses how the number and entry tiames
of each aircraft are determined, +$he third modeling issus

raigsed in the introduction.

4.2 Probabilistic schedule paramsters
A number of paraaneters need to be specifiedi %o

schedule. The

—ty

completely define thes probavilistiz type o
number of aircraft &to be simul=stea 1is controlledi by
specifying two time-varying rate functions, one for aircraft
that arrive and for throuzh aircraft, and asne for aircrafs
that only depart. The rate functions could be specified in

complicated ways: stepwise

<
(¢}

<.

constant, piecewise linear, or second or nigher order curve.
The data that 1s typically available on airport demand is
heur by nour flow rates. This would seem to argue for using
a Stepwise constant function. But flow rates are very
unlikely to jump suddenly from one value to ths nsxt and
then reanain constant for an hour. Using a piecewise linear
function will ensure that flow rates in the simulation build

1

up and decline gradually. We thus assume that a piecewise

linear function provides an adeguate approximation to any

o

gziven denand profile. {322 fizure II-4 for details.) As
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//underlying rate function

piecewise linear
function

X

flow rate

Time period

FIGURE II-4. Rate function.



will be exolain=2d4 below, wus2 of the piecewise 1linesr

function results in 3 vVery aimple procedure for

With =2ach of the rate functions a type of probability

pecifiel that will control the

8
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dansity function
distribution of inter-aircraft times. An obvicus assumption
would be to use the exponsntial function. Data froam Logan
Airport tends to support ths validity of this assumption.
One additional bincomial paramnster is nzeded to set the
percentage of arrival aircraft that are through zircrafst.
Whather each particular arrival aircraft departs is thus
determined randomiy using this paramebter to set thes odds.

4.b Method Ior generating a time-varying stochastic pre¢

o
(@]
[0
)]
(6]

In tnis section* we discuss how inter-aircraft %i

o
3
[0
63}

are generated. To 3implify amatters #e will confine our
discussion to generating interarrival times for aircraft
that arrive and for through aircraft. The same procedure is
used independently to gensrate Adsparture times for aircraft
that only depart.

Tne basic procedurs usel is to start at the begining of
the time to be simulatsd, A4draw an interarrival time t(1)

from a distribution, place the first arrival at time t(1),

* The author wisnes to acknowledge the assistance of
Pr. William Dunsnmuir, Dept. of Mathematics, WIT
with this section.
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draw =2 second interarrival hime t(2), place ths second

arrival at time t{1) + %{(2), and procz22ed in 1ix=2 aanner
until the sum of (i) is zreater taaa the end tims to e

modeled. A problem arises, however, because we wish the

IH)

rate of arrivals t¢ vary over tine. ¥e will first consider
thz common case wWhere interarrival %imes are assuned to be
Poisson distributed and than consider sxtensions o the non-
Poisson case.

Two Dbasic methods exist for generating samples from

nonhomogeneous Poisson processes (LEV 73): The rejectiocon
method and the time-scale transformation aethed. The
rejection mathod invoives 4generating samples froa a

1

homogenzous process with rate equal to the maximum rate of

the time-varying process =2and then accepting or r=2jecting

< = D

Uq

each point of the homogensous process based on 2 random draw
with the probability of acceptance equal to thz ratio of the
rate of the time-varying vrocess at that point over the rate
of the uniform process. For many of the cases of interest
to airport analysts, with significant variation between ths
occasional maximum rate of 30-35 aircraft per lnour and the
more common off-peak rate of 10 to 20 aircraft per hour,
this method would entail generation of a large number of
points which would be rejected. This method 1is certainly
feasible, howe;er, w2 prefer the time-scale transformation
method for this application as it enables the

straizhtforward generation of th2 sampls.
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The time-scale transforamzation n2tnod is "a direct
analogue of the inverse probability integral transformation
methéd for genzrating (continuous) nonuniform random
numbers." (LEW¥ 73 3.2) The msthod 1is thus analogous to the
way uniform random numbers in the range of 0 to 1 are mappéd
into negative 2xvponentially distributed random numbers. The
method 1is implemented 1in the followinz way (figure II-5
should be consulted in  parallel with  the foliowing
discussion). Samples from a negative exponentially
distributed random variable of mean 1 are generated starting
at zero and zontinuing until the sum of the sample values
that are generated has a value greater than the total nuaber
of expected arrivals in the course of the run. This process
is represented in the figure as x(1) to x(I}. Note that the
nunber of points, I, in the process x{i) will vary froa
replication to replication and will be distributed according
to the Poisson probability distribution with 2 mean value-
equal to the total number of expected arrivals for the case
being considered. °~ The lower graph in Pigure II-5 indicates
the érrival rate function in terms of aircraft per time
period. The uppér graph is +the integrated rate function
which is merely thes intezgral of the lower function. The
value of the integrated rate function at any time 1is the
nunber of aircraft expected to have arrived by that time in
the simulation. This function is used to map the process

x(i) onto the procass 5(i). The procezss x(i) which sxtenis

(¢4}
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from zero to total number of expected arrivals in the
dimension of cumulative expected arrivals 1is thus mapped
onto the dimension of time, producing the process t(i)
extending from :zero to the time 1length of the run being
considered. This set of values t(i) <constitutes the times
aircraft will enter the siﬁulation. It is hoped that the
intuitiveness of this method will be enhanced by
consideration of the following derivation of the equations
and numerical results for the type of cases in which we are
interested.

We will derive results for the case where the arrival
rate function 1is assumed to be piecewise 1linear. Figure
II-6 gives the nomenclature used in this derivation. Our
objective is to derive an expression fcr L{t), the integrail
of the arrival rate function. We can simplify this integral

by defining:

nP
C(n) = L{nP) = V/P i(s)ds (1)

o)

It is apparent that:

C(o) =0
C(1) = [R(1) + R{0)]*P/2
C(2) = [R(2)+R(1)1#P/2 + [R(1)+R(0)]1*P/2
= [R(2)+2R(1)+R(0)]*P/2
and that »
n-1
C(n) = P[R(n)/2 + R(0)/2 + % R(3) 1<n <N (2
5 -



Let:

1(t)

t - time

N - number of periods of process
P - length of period

s - time from start of period n
n - current period

R

We assume 1{(t) 2 0 at all values of t

R S
2
1t) Ry 7 AN
N
Rs
0 P 2P 3P
n-= 1 2 3
Further let:
L(t) - integrated rate function
t .
L(t) E.J/ﬁ 1(s)ds
o}

FIGURE II-6. Summary of Nomenclature.
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arrival rate function (aircraft/unit time)

1(nP) rate at junction of periods n and n+l

NP



The above
C(n)
Thus:
L(t)
but
1(t)
So
L(t)
L(t)
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may alsc be written as:

C(n-1) + [R(n)+R(N-1)]P/2 i<n <N (3)

C(n-1) + [R(n-1)+1(t)]s/2

[WAN
ct
IA

(1-s/p)R(n-1) + R(n)s/P (n-1)P

npP

C(n-1) + [R(n-1)+(1-s/p)R{n-1)+R(n)s/P]s/2
= C(n-1) + [2*R(n-1)+(R(n)-R(n-1))s/Pls/2

= C(n-1) + R(n-1)*s + (R(n)-R(n-1))#*s°/(2%P)  (4)

We generate points x(1) to x(I) along the dimensions of L{t)

and we wa

gives the

nt to map them onto the dimension of time. x(i)

value of L{t) but we want to know the value of t

(or equivalency, n and s) for which L(t) = x{(i). Therefore

(4) must
between C
value of
set of C(
a simple
0 =

Applying

be sclved for s and n. The value of L(t) must lie
(n-1) and C(n) when t is in pericd n, so for a
L{t), n can be determined from examination of the
n), With n fixed, (4) may be written and solved as
quadratic.

[R(n)-R(n-1)*s%/(2P) + R(n-1)s + C(n-1) - L(t)

the standard formula we obtain:
-PR(n-1)/w

t(P/w)*SQRT[R(n-l)2.+ 2w(L(t)-C(n-1))/P] (5)
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where w = R(n) - R(n-1)

This is a well-behaved equation. The positive root is
always the desired one. The negative root represents a time
beyond one end of the period in question when the projection
of 1(t) based on R(n-1) and R(n) alone has a negative value
such that the total area of the projected 1(t) from the
beginning of the period up to the value of the root is equal
to 1(t). See the numerical example in the following figure
for an illustration of this.

The discriminant can be shown to be always greater than
or equal to zero. We will prove that the following
inequality is true:

R(n-1)2 + 2{R(n)-R(n-1)] (L(t)-C(n-1))/P < 0 (6)

Proof

As 0 € C(n-1) € L(t) £ C(n), R(n) 2 0 and P 2 0
only the term R(n) - R(n-1) can be less than 0. The left
side of tﬁ) would be smallest when R(n) - R(n-1) < 0 and
L(t) - C(n-1) is largest, that is when L(t) = C(n). But
from (3) it is known that:

C¢n) - C(n-1) = [R(n)+R(n-1)]P/2
so (6) may be written as:

R(n-1)% + (2/P) [R(n)-R(n-1)] (R(n)+R(n-1)) (P/2) 2 0
Simplifying:

R(n-1) + (R(n)2-R(n-1)%) 2 0

R(m)% 2 0
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As the above must be true we have established that (6) is
true.

One other case must be considered, namely, R(n) =
R(n-1). In this case (4) becomes

L(t) = C(n-1) * R(n-1)t M
Thus |

t = [L(t)-C(n-1)]/R(n-1) (n-1)P < t < nP (8)
Note that should R(n) = R(n-1) = 0 then

C(n)

C(n-1) + [R(n)+R(n-1)1P/2

1]

C(n) C(n-1)

and no points of the process x(i) (and thus no values of

L {t}) will appear on this portion of the interval so neither
(5) or (8) will ever be used in this situation. Figure II-7

presents a specific numerical example for this case.

Extension to non-Poisson processes

Although the above method was presented in terms of
Poisson processes the derivation is not dependent on this
assumption. Tests of the method with other distribution
functions (normal, k order Erlang) show correct results
using the algorithm in 4.c below. The only caution is that
some probability density functions permit negative inter-
aircraft times and this must be accounted for in the

implementation of the process.

4.c Algorithm for generated schedules
Step 1) input P, R{n), N

Step 2) Use (3) to find the set of C(n)
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Let Ry = 5 aircraft/period
R; =10 aircraft/period
= 1 hour
From (3) Cy = 0 C, = (5 +10)% = 7.5
As R, # Rl (5) applies w=10 -5 =75
= -(1)(5) 1 2, (2)(5) ) -
. 1/
s = -1 & §‘/ 25 + 10L(t)
For various values of Xi = L(t) this equation gives
i L(t) S Posjtive Root tp{i) Negative Root tn(i)
1 0 -11 .0 -2
2 2.5 -1+7 414 -2.414
3 3.125 -1#£1.5 .5 -2.5
4 7.5 - =122 1 -3

tn (4) /

FIGURE II-7. Numerical Example.
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Step 3) Set 1 = 1, x(2) =9

Step 4) Generate X froam the chosan distribution function

Step 7) Locate n suzh that C(n-1) < x{(i) < C(n)

Step 3) Jse (5) or (8) to find 5 using x(i) for L(t)

sr 3chedulaz

iy

If 1 > size of storage provided
then issue warning anil stop

Step 11) Go to 3tep 4.
5 Comparison of the Methods of Demand Genzration

The two methods of demnand gener=2tion discuss=2d4 here,
the A3l base schedule and the probabilistic schedul
not equivalent even if the parameters of the two methods are
matched. The probabilistic schedule will exhibit
considerably greater wvariability than the base schedule
method.  For example, in the base schedule the number of
aircraft will be held constant in allk replications whereas
that number will véry in the probabilistic schedule. The

distributicon of aircraft attributes «#ill remain constant
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over all replications 1in the Dbase schedule whereas the
distribution will vary in thz probabilistic schedules. For
example, if the base schedule contains 7% heavy jets, then
all replications wusing this scheduls will have exactly 7%
heavy jets. = The set of probabilistic .= schedules will
-average 7% heavy jets but the percentage will 'vary across
replications. The probabilistic schedule has additional
variability by comparison %o the base 'schedule 1in that the
_ distribution of aircraft attributes can vary over time
within a replication. . To continue tha-previous example, two
replications of a probabilistic schedule might both coatain
7% heavy Jjets but differ zgreatly with rezgard to +the time
these heavy jets appeared. In the base schedule aicraft
times can be altered only via the lateness distribution
which would mean for most situations that reordering of
aircraft yquld be limited %o moving aircraft one or two
positions up or down in the schedule. Increasing the
variance of ths lateness distribution would increase the
size of the sort. In fact, two replications of the base
schedule method might contain periods 1in which identical
sequences of aircraft types appear. This difference with
the probabilisﬁic schedule is of gréater conseguance where
the demand pattern has significant peaks, since performance
at peak demand is affeéted a1ore by such shifts in the order
of aircraft arrival than is performance in the off—péak

period.
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ABC D B R G
132 3%30.8 394.35 4 2
233 361.0 39.3 32
32 2 364.2 400.§ 21
4 2 2 365.5 383.5 5 1
521 367.3 392.6 4 2
6 %2 367.9 417.7 11
723 372.4 419.8 3 2
83 2 375.5 424.1 2 2
931 376.5 451.3 2 2
10 4 1 373.1 432.8 1 2
11 41 3388.2 433.7 41
12 3 3 389.1 432.3 2 2
131 3 392.6 452.7 41
14 23 393.5 424.3 4 2
15 3 3 396.1 424.7 21
16 43 3%336.8 421.5 5 2
17 3 2 403.1 453.6 4 1
182 1 408.9 444.1 21
191 1 409.1 4228.3 2 1
20 2 1 412.3 445.5 2 2
21 2 2 413.3 471.5 2 2
22 31 414.5 439.6 2 1
2% 4 3 417.8 454.2 21
Replication 1

A - Index number
B - Aircraft class {1 =t
C - Arrival fix number

D - Arrival tims

E - Departure time

P - Apron anumber

G - Departure fix nuaber

Table II-1: Probabilistically Generated Schedules
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A BC D B PG 4 B C D 3 P
132 3561.1  394.3 4 2 132 361.6 394.4 4
2 33 3563.3 39.3 3 2 23 7% 361.8 392.3 3
522 374.2 403.9 2 14 32 2 363.9 400.9 2
4 A2 363.0 332.5 51 4 4 2 376.2 333.5 5
521 356.9 3%92.56 4 2 521 370.2 392.56 4
o 32 374.6 417.7 A1 532 375.3 417.7 1
T 23 380.5 419.83 35 2 72 3 370.5 412.3 3
332 334.0 424.17 2 2 83% 2 385.3 424.1 2
9 31 382.1 451.3 2 2 931 381.1 451.3 2
10 41 373.7 432.3 1 2 1041 375.4 432.3 1
11 41 383.3 433.7 41 i1 41 392.2 433.7 4
12 33 392.5 432.3 2 2 12 3 3 400.2 43%2.3 2
1213 393.3 4%52.7 41 131 3 399.4 A59-7 4
14 23 393.2 424.3 4 2 14 2 3 3992.0 424.3 4
15 33 403.8 424.7 21 19 3 3 399.7 4z24.7 2
16 43 4351.9 421.5 5 2 16 4 3 426.9 421.5 5
17 32 410.1 4532.6 4 1 17 3 2 405.0 453.5 4
18 21 411.4 444010 21 18 2 1 420.86 444.% 2
1911 414.3 423.9 2 1 191 1 415.7 428.5 2
20 21 412.9 445.5 2 2 20 2 1 412.1 445.5 2
21 22 414.9 47.5 2 2 21 2 2 413.3 471.5 2
22 31 415.3 432.6 2 1 22 31 415.7 439.5 2
23 43 424.2 154.2 21 2% 4 3 421.5 454.2 2
Replication 1 Replicaticn 2

- Index number

- Aircraft class

- Arrival fix nuanber
Arrival time

- Departure tine

- Apron number

-~ Departure fix nuscer

QRO Qo>
I

Table II-2: Base Method Schedules

o
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aircraft but the order in which the aircraft enter the
simulation has been shuffled.

The likely consequences of the additional variability
of the probabilistic schedule include both a larger variance
in performance estimates produced by the model and a higher
level of delay. The increased variance of mocdel outputs is
an intuitivelv obvious consequence cf increased variation of
the inputs. The higher level of delay comes from the
general observation that systems operating in very sto-
chastic environments do not perform as well as similar
systems in less stochastic environments.

Consider, for example, the family of single-server
queues that are Ek/M/1 (interarrival times are Erlang of
order k). This family includes M/M/1 (k = 1) and D/M/1
(k = =) queues as special cases., The variance of inter-
arrival times declines as k increases. It has been shown
(FIC 74) that the total expected waiting time decreases
monotonically as k increases. For systems with u = 1, for
example, waiting time decreases 28% moving from k = 1 to k =
2 atr*= .9, 39% at r = .5, and 73% at r = .1 (FIC 74
pp. 901-2).

Further confirmation of this point is provided by a
comparison between the two methods on a test case. A 6 hour
simulation of a one runway airport was performed using

FLAPS. All aircraft were through aircraft. Fifty

r - utilization rate
u - arrival rate
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replications were performed. The arrival rate function in
figure II-8 was used. The onliy difference in the two runs
was the schedule generation method. fach method scheduled

the same average number of aircraft into the airport in each
period. The results in table II-3 show a halving of landing
delay when the base schedule method is used. Variances are
60% to 90% Jlower in the base schedule method.

The different underlying structure of the probabilistic
and base scheduies and their different effects suggest
different applications for each method., The base schedule
is an appropriate model for analysis of near term changes in
the airport environment such as the addition of several new
flights or the opening of several new gates in one apron
area, or for any case where current, exactly known
conditions are to be altered 1in some precisely known way.
The base schedule method also permits simulation of any very
unusual demand situations that cannot be described
statistically. The probabiiistic schedule method is
appropriate for longer term situations where the parameters
are not as well known or when the effects of some change
should be studied over a variety of demand patterns.
Situations in this category include all forecasts of more
than a year or two into the future or analysis of situations
involving major changes in the aifport environment (new
runways, new aircraft types, large demand shifts) where the
demand rate and pattern will be substantially different from

the present.
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FIGURE II-3. Comparison of Schedule Generation Methods;
Parameters. '
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Landing Delay:
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Takeoff delay:
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Table

~ maan
- s. d
- c, i
- min.
- max.

max . -

Probabilistic Base
Schadule Schedule
153.1 152.8
. 9.3 0.9
. 2.8 0.3
136 150
173 154
10.2 4.5
. 5.1 0.8
. 1.5 0.2
2.7 2.8
25.6 6.2
f perioa 3:
11.3 5.5
. 6.1 1.7
. 1.7 0.5
2 2
24 10
127.3 134.7
. 7.9 2.5
. 2.2 0.7
111 125
145 138
19.7 17.83
. 9.2 5.3
. 2.6 1.5
1.3 9.7
41.9 33.8
Standardl deviation

95% confidence intasrval of the mean
Lowest and highest values observed in

any one of tn:=

replications.

II-3: Comparison of Schedule Generation

HAethod:

Results

Inits

aircrafst

minutes

airerafs
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Using one type of schedule in 2 situation intended for
the other constitutes 2 misspecifizcation of +the model
because of the different assuaptions iaplicit in each
schedule type.- Using the base schedule implies that the
user knows exactly the aircraft aix, nuﬁber of aircraft and
time-of-day  distribution of aircraft paramneters, an
inappropriate assumption for many situétions;"

Because of the difference between +ths two types of
schedules the mocdel allows use of both the base schedule
method (with the actual base schelule obtained externally to
the model) and the probabilistic schedule method. A tnird
option is permitted: the base schedule method may be used
with the base schedule being created by using the zalgoritua
normally used to create oprcbabilistic schedules. This

method w23 used to 4o the schedule comparison given above.

o~



D RUNWAY OPERATIONS
i Introduction
The purpose cf this ssction 1is to analyze the movement

of aircraft on ruaways and formulase a model of +these

activities. Thz scope of runway operations is different for

(9]

andings and for Sakeoffs, as shown in fizure II-9. TLanding
operations are followed from +the start of the common
approach path, typically 5 or & miles out, thrbugh touchdown
on the rﬁnway, braking ani exiting from the ruanway. Cnce a
landing aircraft clears the runway becomes a zrouad

operation and its movements are discussed in section P

below. Aircraft takeoffs are considered runway

O

peration

V)]

from the moment they taxi into position on the runway for
their takeoff roll. Their movement is followed until they
pass over the far end of the runway.

There are two major aspects of modeling runway
movements: 1) the performance of aircraft, i.e. how lonz an
aircraft occupies the runway and what exit an aircraft uses.
As 1landings and takesoffs have very different performance
characteristics, they are discussed separately below. 2)
The .separations between Successive z2ircraft that use the
runway. This topic is discussed in part 4 below for all

types of aircraft movements.
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FIGURE II-9. Runway Operations.
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2 Aircraft Performance oan Landing

We will first review two methods that have been used to
model the movement of landing aircrait and the advantagzes

and disadvantazes of each method. Ir response to th

]

problems of existing methods, we will discuss an alternative
approach to modeling landing performance. This new method
was tested with two sets of data and the resulis of the

validation are discussed.

2.2 Methods ¢f representing aircraft performance

We are interested in modeling %wo k2y aspectes  of the
performance of landing aircraft: ruaway occuvancy time and
choice of exit. If only on2 runway i3 to Dbe used for

landings tazn, ths obvious way to proceed is merely to input
=2 x v

the appropriate data directly. For =2ach exit the

probability of =xit, average time <tc exit and standard

deviation of time to exit woull ©Dbe provided, probably as 2

function of aircraft class. This procedure w23 used in the
MITASIA airport simulation (NOX 79). This procedure has
several advantages. It can provide the exact behavior

desired and it is easy and fast to programn and use. If more
than one landing runway were to0 be used, then additional
sets of informatiod for each runway would ne=d *to Dbe
prepar2d and input. Note that if one runway 1s used in both

directions, two =se=ts of information nmust be provided as



travel time to a given =2xit from one ond of the runway will
not be equal to +travel time %o the same exit from the
opposite end of the runway;

The problem with this direct input method is that it is
not behavioral. Th=2 user is required to specify as an inputb
an aspect of parformance (exit selection) which is really a
result of bvoth aircraft and runway characteristics. The
~method impiicitly assumes that exit use, . occupancy time,
exit location and exit type are all independent of each
other. If the approach speed . of a landing aircraft changes
or the exit location changes, then, in reality, runway
occupancy time and exit choice are also affected but unless
the user specifically alters them they will nct change in
the model.

A second method which avoids soms of these problems is
to input two functions for each aircraft class: 1) ruaway
occupancy time a3 a function of exit distance, and 2)
probability of exit as a function of exit distance. This
method, using piecewise linear functions, was employed in
the ASM airpért simulation (P4 77). In this procedure, the
average occupancy time and probability of exit are both
determined <from %as input functions depending on the
distance of the exit from the runway thresnold. The rﬁnway
occupancy time 1is used Jdirectly in the model. The
probability cf ekit obtained 1in this way is used as the
parameter in 4 binomi=zl idraw to'ietermine if the aircraft

actually exits at this point.
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The procedure will result in different aircraft
performance if exits are moved, since the functions use
distance of exit to derive occupancy time and exiting
probabilities. However, changing approach speeds does not
change aircraft performance since the functions do not use
approach speed to derive runway performance. Additionally,
the procedure as implemented does not allow performance to
be affected by exit type (90 degree, angle®*, high speed) but
could easily do so by providing one function for each type
of exit. The input requirements of this method are greater
than the first method discussed, though the absolute amount
is not a major burden.

The more significant problem with this method is that
it is still the "inputting of conclusions'. If the effect
of exit location on runway performance is one of the
questions to be answered by using the model, then the
results cannct be an input. Having runway performance as an
input requires that a separate, external model of aircraft
performance be used to generate this data for use in the
airport model. The method proposed in the next section is

an attempt to solve this problem.

2.b Landing performance logic
In this section we start with the physical description
of the basic, well-known procedure used by landing aircraft

and derive the underlying equations and parameters of the

® Exits with an angle to the runway of 45 to 75 degr=ees.
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process.

The relevant literaturs 1as besn reviewed for data on
the values of the parametars. It is unfortunzte that many
aspects of this procedurs have not been researched, at least
in ways thatvt are aelpful for our objective of comprehensive
model building.

Data regarding runway occupancy &times and related
analyses are r=2latively scarce. Almost 21l work -
to date has focuse2d on relationships of optimal
performance characteristics of specific aircrafi
types ani/or the placemnent and design of
individual exits. This emparasis tends to
disregari the operatioaal need for consistent,
sufficiently low runway cccupancy times. . . .
While <few question the fact there exists a
disparity betwesen opftimal and  presently obsarved
runway occupancy times, 1ittle attention has been
directed towards reasons for these differences as
they reiate to airline, exit, aircraft, runwzay and
airport. (KO 78 p.1-1).

The published literature tends to supply primarily =i-
noc estimates of mean values oI critical parameters. Some

information 1s available on variances and still less on

distributions of parameters. Little work has neen reported
on the relationship among parameters. This scarcity of
information forces wus into developing a wmodel of landing
performance that cannot be wvalidated in a precise

statistical sense. Nor are we always able to test
alternative specifications of the model. ¥hat we must do
instead is to derive a structure of the model from what
seems most likely to be the case and limit the paramete}s in
use to reasonable values. Despite this disappointing
situation, it is possible to derive a fully behavioral model

of landing performanc2 that produces acceptable results.
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Aircraft landing movements ars aodeled in five sezments
(see figure II-10): 1) final appreaza, 2) float, including
flare ani transition, 3) deceleration, 4) coasting to =xit,

5) exiting. Each of the five ohasss will be considered in
= . -

-
]

turn. For 2ach phase we will counsider informatica in the

-
e

literature relevant to this aspect of landing and derive the
logic for that phase.

Pinal Approach

The final approach phass refers to the section of
landing from the beginning of the common approach path until
tha aircraft 1is over the runway threshold. The standard
method of modeling thas final approach phase is 1o assume
that zach aircraft flies at a constant velocity over a final
approach of about 5 miles 1in length. This assumption is
apparently adequats, =2s little discussion of this panase uas
been found in the literature. An important observation is
that care must be used in specifying approach speasis.
Minimum values, obtained from aircraft performance data are
probably lower than speeds typically flown. The average
value of approach wvelocity is clearly a funcition of aircraft
type, varying from 140kts. for aircraft such as the B747 to
115%xts. <for a DCS. Thus a set of average approach speeis,
Va(i), is specified for each aircraft class, i, to use the
model. The standard deviation of approach speed, Vas(i),
among aircraft in any one class is approximately 4kts. A

triangular vprobability density function is often usad to
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FIGURE II-10. Landing Aircraft Profile.
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draw v{i), th2 actual z2pproach  velosity for a particular
aircraft i, from vali) and Yas{i). Once v(i) has been
determined for 2 given aircraft, +then the time the aircraft
requires to £ly the approash path is Z/v(i), whzare C is the
length o the .common approacn path.

In summary tae parameters neesdszd  to model this phase

1) Va{i) - mean approach speed, for each .aircraft
class {knots)
2) Vas{i) -  standard deviation of approach speed
(knots)
3) type of probability density functicn - usad to
draw samples fronm Va(i) and Vas{i)
4) C - lenzth of common approach path (miles)
Float
The float 7pnase refers to airceraft acvement from the
runway threshold to the point on the runway when all laniing
gear have made firm contact with the runway and braking may
begin. This phase includes the flare and <transition
nmaneuvers. Transition is the period from the point of first
toucndown of thsz main gear until the 203e wheel has
contacted the runway.
The typical transport aircraft is 1intending to come
over the ruanway threshold at an altitude of 50 fee%, flare
and touch down on the main gzear some distance down the

to

in

rceraft then takes sesveral seconi

J=de

TUNWay. The a
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transition, i.e., to have the nose gear touchdown
(HOR 75 p. 226, KOE 73 p.4-1).
Review of +the literature shows that the mechanics of

this process are very subtle. Table II-4 1lists the

Parameters:

Df - Actual distance used by 2 given aircraft from

runway thresnold to the end of the float phase
(feet).

A - -~ < Deceleraticn rate in air during the float
phase (fest/s/s).

V£ ~ = Total velocity drop during float phasse
(knots).

v(i) =~ Approach speed of aircraft i (knotsj.

Va{i) - Average approach speed of aircraft class i
(knots).

Vas(i) - Standard deviation of approach speed of
aircraft of class i (knots).

Xf(i) =~ Mean float distance of all class i aircraft
. (feet). '
Xfs(i) - Standsrd deviation of float distance of all
class i aircraft {feet).

Table II-4: Float Phase Paramefers

parameters for this phase and defines additional quantities
"used in the derivations in this section.

Despite the <critical nature of this process, 1little
comprehensi%e analysis of it seems %o have been doﬁe.
Various authors provide data on one or more parameters and
occasionally on the ranges of the parameters. Horonjeff

indicates (HOR 75 p.223) that the floating distance is 1500
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ft. for <transport aircraft and 1000 fs. for twin-engine
general aviation aircraft. Swedish measured this distance
at the Boston and Atlanta airports (3WE 72) and found values
of 1360 feest (standari 1esviation 469 f+t.) for DCI aircrafst
and 1509 feet (standard deviation 453 ft.) for BT727
aircraft. Larges aircraft (DC8, B747) had averages of 1650
feet. Convair 580's averagsd 3930 ft. Swedish also provides
selected graphs of the distribution of touclidown distances-
which indicate that this parameter is uighly variable. It
seens important therefore, to model this variation.
Horonjeff indicates that tne in-air deceleration rate
is about 2.5 f/s/s. He also indicates total velocity drop
is about 5 to B3kts (40R 75 p.229) as does Boeing

icated by

u

(BOE 69 p.3-164). Time through this phase is in
Boeing to be 7 to 11 seconds. Aporoach 3speeds have bean
discussed above.

In addition to the param=sters, we zlso n=ed to consider
the equaticns that govern this process. In the absence of
more detailed information we assume that the standard
equations for movement of a body under constant acceleration
are sufficiently accurate.

V = A*t + Vo (9)

X = A%t %/2 + Vo*t . | (10)

Equations (9) and (10) state the time-distance-decelaration
relationship for 2 general acceleration, A, distance, X,

initial velocity, Vo, and %time, t. These two equations will
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be applied at several points in this section to various
runway performance calculations.

Applying thase - egquations using the flo=at phase
parameters given above reveals the unfortunate fact that the
various given values are not exactly compatible. See figﬁre
II-11 for the grapn of the parameter space for an aircraft
with a Va of 120kts, a +typical value for aircraft like the
B727. Pigure II-12 shows how the parameter space moves with
differing values of Va. Matching the given values of float
distance will result in =2ither a very low deceleration or a
very nigh V. Reiucing the distanCe_brings the time in this
phase ©below the wvalues in the litesrature. Some of the
problem may be due to th= omission of the transition phase
in the touchdown dsta. Swedisn's data apparently doces not
include transition distance. Koenig 1indicates that sone
deceleration occurs 1in the transition. (KOS 78 p.4-3). It
would seem. unlikely that this- ieceleratibﬁ“‘iis VETY
significant, since transition takes only <two or three
seconds. If we assume that Vf is somewhat higher (say
8kts.), tﬁen deceleration rates will be within reason but
still low. Logically float distance should be increased (to
around 1800ft) to include +the transition phase but this
‘turns out to cause problems. In the course of testing the
model it was‘ determined +that 1longer float distanées
necessitated higher braking rates to achieve the correct

exit selection vrobabilities. This rapid deceleration
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resulted in unacceptably lLo¥ runway occupancy times. It
would be possible to reduce the significance of this problem
by increasing V€ still further to reduce +ths amount of
braking needed. Unfortunately a VI of 3kts is already at
the nigh end of ths reported range. The author has
discussed this problem with individual pilots and has read a
nunber of operations oriented articles for private pilots.
These sources indicate that»aircraft fly the final approach

at 1.7 times the stalling speed and touch down at or near

3talling speed. Por typical air %ransport aircrafs this
would involve a velocity drop of 30 knots. If all of this

velocity drop were taken after the threshold was c¢rosssd 1%
would result in unacceptably 1large deceleration rates. %

may be then that some deceleration occurs prior to crossiy

I}

L5

ths threshold. W2 chose ¢ resclve +this problem in the
direction of 1leaving float distance at 1500ft. and Vf at
B8kts. Rigorous resolution of this problem nmust await the
availability of better data. Studies are needed which
measure all reievant parameters for each aircraft in order
to permit study of the interaction of paramneters.

No information has besn found on how Va 1is related to
float distance. It would seem logical that aircraft with
fast approach speeds (for their class) would tend to float a

longer distance down the runway than aircraft of the same

type with slower approach spzedis. On fthe othsr hand, the
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correlation between the two is most unlikey to be perfect.
Therefore the following compromise procsdure is used, in
lieu of data describing the correlation. A mean float
distance (Xf(i)) and standard deviation of float distance
(Xfs(1i)) are specified for each aircraft class. The actual
distance (Df) that any giﬁen aircraft takes to float and to
transition are drawa according to ths following equation:

Df = X + B(v - Va)/Vas . (11)
where Vas is the standard deviation of Va and v is the
actual approach speed of the aircraft. We have_omitted the
subscript 1 on v(i) and Va(i) in the equation andlfollowing
discussion for clarity. The intent of the chosen equation
'is to have actual‘ float distance be an equal function of
actual approach speed and a random component. The first
term, X, 1is intended to represent this random component and
the second term, V(v - Va)/Vas, is intended to ripresent the
contribution of approach speed to determiﬁing actual floasg
distance. X 1is assumed = to be drawn from a normal
distribution with:

E(X) = A VAR(X) = C

where E(X) is the expected value of X and VAR(X) is the
variance of X. We wish to select A,B ani C so that

E(Df) = Xf, V(Df) = Xfs®

a2nd the contributions to the
variance of the two terms are equal. Taking expected
values:

E(Df) E(X) + E(B*(v - Va))/Vas

A <+ (B/Vas)*(E(v) - B(Va))
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but as tnes sxpected value of v is Va
E(Df) = A
Thus A snould ejual the sxpected value of Df which is Xf.

Taking variances:

VAR(DE) = VAR(X) + (B/Vas)® % VAR(v - Va)

)2 ﬂ\Z

4
= VAR(X) + (B/Vas * VAR(v) + (B/Vas) * VAR (Va)

But VAR(Va) is zero ani
VAR(v) = Vas?
so

VAR(DE) = VAR(X) + 3°

IT we wisa th= two paris to have equal weight then
VAR(X) = VARIDL)/2
or

VAR(X) = %fs®/z
and

VAR(Df)/2 = B
or

B = Xfs/SQRT(2)

where SQRT(2) is the sguare root of 2.
Tc summarize:

X is normal with mean Xf and standard deviation ¥Xfs/SQRT(2)

and

Df = Xfs*{v - Va)/(Vas#*3QRT(2)) (12)
The application of this formula can be iliuatrated by

the following example. Suppose taat an aircraft class aad

[¢¥)

an average approacn 3p2ed of 120kts., 2 standard deviation
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of approach speed of 4kts3., a mean float distance of 1500ft.
and a standard deviation of float distance of 500ft. Then
2ll the air;raft of this class that were modeled as having
an apéroach speed of 124kts. (1 standard deviation over the

mean) would have a float distance (Df) described by

Df = C + 500(124-120)/(4%3QRT(2)) -

Simplfying |

Df = X + 355

Fast aircraft of 'a given class are therefore modeled as
- taking a longer disvance to flare and to transition than
slower aircraft of the same class. Wnen -~implementing the
model v is first chosen randomly from Va and Vas. Then X is
chosen randoaly from Xf(i)  and Xfs(i). X 2nd v are used to
determine Df. Then, assuning Vf = 8%ts., we sol#e for %
using equations (9) and (10) with v in place of Vo and v - 8
in place of V. The resulting value of + is time in the
float phase.

Deceleration and coasting

Deceleration and coasting is the phase of laniing from
the begining of braking to the moment of exit from the
Trunway.

It appears that 1little attention has been given to
measuring actual deceleration rates for transport aircraft.
Boeing does present (BOE 69 p.3.60) a very complete equation
for acceleration and Jdeceleration ¢f an’' aircraft on the

runway as a function of tarust, drag, 1lift, velocity,



braking and ruaway 3.0p2 but 4023 not zive valuss for the

various coastants in tas 2quation.  Horoanjeff (HIR 75 p.223)

33 ~ 3 ~ N - -~ - 7 ~
indicatzss that deceleration AVaSrag=3 2 -/’5/’3- inls rigure

alrcraft types likes the 2737 and DC9 that are degigned %o

oparate from short fields and thus =ight have faigher

deceleration ratss. doronjsff does not indicate how hHhis
value mizht vary frcon aircraft  to aircraft. Koeniz ztates

(K02 72 p.4-1} +tha%t deceleration variss froa 5.58/s5/s to

10f/s/s depending on whatazsr moderate or hard brakinz is

-

azed anid indicates that from his data, moderate braking is

mere typical. Ho information is »provicéded in =ither source
on how this wnuld vary over airecrafi class. it wouldi alsc

se=zm lozical that deceleration woula be lowsr on  wat
comparel to dry runways, but no information a5 to the

magnituls of tae chanzge has veen founi.

Tne information that is usually collectsd is  {not
surprisingly since it is reailily observable) runway

occupancy btime. In tine next section w2 use this inforaation
to calibrate the2 landing performance model, and we find that
using mean values in <the range of 5.25 fto 5.75 <feet per
second sguarsd with a standiard deviation of 0.75 f/s/s gives
acceptable resulis across all aircraft classes and runways.
Little inforaation #a3 found avbout now aircraft
deceleratvion rates vary during ths time when an aircraft is

on the runway. It se2ms logical that aireraft maintain full

U
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deceleration down to some safe speed and then coast (at a
low deceleration rate) until'they are near the exit to be
taken in order to minimize time on the runway. It would
also Seem logicalvthat this would occur at a higher speed
than aircraft taxi which is 10 to 20 kts. In the validation
it was found that a coasﬁing speed of 25 knots gave good
results. For simplicity, we assume that the coasting phase
is. conducted at constant speed.

Exiting from the runway

~ There are various types of exits from runways. These
vary from high-speed exits to sharp 90 degree turns (and
sometimeé even greater than 90 degree exits). The speed at
which aircraft may clear the runway will vary depending on
“the type of exit. To use the modél, an exit speed, Ve, is
specified for each exit. Suggested values for Ve are zero
kts. for 90 degree exits, 10 kts. for angle exits and Ve = 30
for high speed exits.*

An important question is Whetﬁer there is any
interaction between deceleration rate and exit 1location.
One possibility is that pilots would try to leave the runway
closer to their intended terminal gates. Koenig divided his
data between '"motivated carrieré" who had an incentive to
exit early and other carriers, who did not. On a majority
of runways examined motivated carriers had runway occupancy
times of 4 to 6 seconds less than the remaining carriers

(KOE 78 p. 343). On several other runways there was no

* Conversation with Professor Odoni, MIT,
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significant 1iffarsncs. This benavior was not modeled. The

e

data availavlse d4o2s no of 2 model of

this process, since Xoesnig does not report which airlines

[}

were motivat=s1 fto =2xit z2arly for =22ch runway. However, ths

basic framework does =sxist in FLAPS for implemeating such a

3

model, sincz 2acn particular aircraft is tracksd throughout

the simulatiocn. herefore, %She azround destination (apron
area) of each aircraft is %Xnown at the time the aircraft
begins to lani. An  extensicn of TFTLAPS cculd model this
interaction.

Because of the data limitations, a seccnd, more limited

interaction betwean decsleration rates and exit location,

dspendent oniy on ruaway conditions, was developed. it was
found tc be us=2ful in =2anancing the performance of thz model

across several runwayz. It is based on the idea that pilots
woull like to avoid long periods of coasting on the runway
caused by narrowly w@issing an 2x1it. If an aircrafsc using
normal braking «will miss an exit Dby 1sss than some critical

lose" and there

amount {(sc that the mniss is perceived as "c

[N

ig no close subsesquent exiyt thus necessitating a 1lonsg
D =

e

rollout, it is assumed tne

F
W
rd

ilots will employ harder braking
to make the =2arlier exit. This is conditional on the haarder
braking being within the performance capabilities of the
aircraft. Conversely, if a2 long rollout is inevitable given
tne placement of exits, it is assumed that a pilot will

v

elect lighter btraging fo relucs runway occupancy tine.




104

Experimentation with this model showed that wusing
600ft. 2as the definition »f "near miss" and as the lower
bound on "long roll" narroweld the divergence Dbetween
predicted and actual performancs. Aircraft deceleration
rates were aljusted only if thay were on the "wrong" side of
average braking rates, that is, naarder braking was =mployed
on those aircraft that Just missed exits only if theair
original braking rate was bhelow -average for that aircraft
class. Aircraft with long rollouts were Adecelerated more
slowly only if their original- braking rate was above
average.

Because the deceleravicn, coasting and exit phases are
closely related, we summarize them together.

Once all of the landing gear have made solid contact
with the runway, the deceleration phass bagins. Aircraft
are assumed to decelerate at a ~onstant rate, Ar, that is
drawn from a class specific msan and standard deviation.
Por each exit, n, on the ruaway an exit velocity, Ve(n), is
specifiei. Ve(n) is the maximum speed at which aircraft can
negotiate exit n. Note that Ve(n) is direction specific. A
high speed exit in one direction is a very sharp exit in the
other direction. It is assumed that aircraft will take the
first exit for which the aircraft can decelerate to a speed
fe(n) or less for that exit. The deceleration rate can be
adjusted either up or down %to minimize near misses of exits

and the runway oczuvdancy time for airecraft on long rollouts.
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This determines where aircraft ciear the landing runway.
The aircraft is assumed to 2ctuzxlly brake from the speed it
had when enterinz this phazs (Va - 3%ts) to a coasting speed
Ve, which is a specified value constant across 2all aircraft
types. The aircraft coasts until it is near the place where
it will clear the runway when it rzsumes decelerating at ths
previous rates to arrive at ths chosen =xit with spe=2d e2qual

to Ve(n).

2.c Validation

Both Swedish and Koenig report dazata on runway occupancy

(21

times for a number of zirperts, runways and aircrafis types.

<
o]

The landing performanc2 nodel described above was checked

D

against this data for four airports. Tne model was run for
two Boston runways {(data from SWE 72) and for one runway
from New York LaGuardia, Los Angeles and Buffalo (data from
Y08 73). Por the Boston airport three differsnt casas were
run for each runway, on2 for each cf three aircraft ncdels.
The Koenig data 1is for "class 3" aircraft which 1include
BAC111, DCY9 and B727 types. Note that the only change of
parameters to amodel tnes= cases was to change =zpproach spe=d
and the airport specific parameters of exit distance and

exit speed. An  adjustment bebtween th

W

Koenig and Swedish
data sets had +to bz made as the two sets of data are
incompatible. Koenig reports consistently earlisr exits

than 3wzdish. mis Jdiscrepancy was resolved by using the




106

specific float distances repori

ot
©
da
(&3
]
€3]
]
oD
fa?)
[N
[4)]
a3

to fit +thne
Swedish cases and the specific deceleration rates rsported
by Koenig when fitting the Xoenig data. Swedish does not
report deceleration rates nor does Xoenig ,repoft float
distance.. A . longer float distance and 1lower deceleration

rate was used on the -Koenig data. Table II-5 describes -ths

Value used for

Parameter = Swedish data Koenig data Units
Deceleration rate: ‘ )
mean - 6.00 5.25 - f/s/s
standard deviation .75 « 15
p. 4. f. noraal normal
Ploating distance: :
mean {DC9,3727,8707) 1500 (not used) feet
mean {(class 3) -~ (not used) 2000 :
standarl d=viation 450 450
Approach speed:
mezan DCY 15 knots
mean B727 125
mean BT707 , . 140 . .
mean class 3 120
standard deviation 4 4
Coasting speed: : 25 knots
Velocity drop in float phase: 8 knots
Near miss cutoff*: 600 , -~ feet
Critical coasting distance*: 600 feet
Increment on deceleration rate*: 1.0 s. d.
p. d. £f. -~ probability Jensity function
s. d. - standard deviation

*see text for details

Table II-5: Landing Model Validation:
Common Paramsters
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common: assumptions usei for each case. The specific runways

Runway Exit Distance Type Va
Boston E 4500. feet High Speed = 30 knots
Logan 3 7000 30 degree 0
27 o
Boston F 1150 feet Hign Speed 30 knots
Lozan d 5220 Angls 10
33L 2 6800 - Angle - 10
North 7650 dide 9C d=g. 10
New York 6 3673 feet 90 degree 0 knots
La Guardia -7 4189 90 degree 0
22 8 4955 High Speed 320
9 5169 30 degree o}
10 6233 90 degree 0
Los 31 4136 feet 90 degre= 0 knots
Angeles 32 4666 45 degree 15
25R 33 5515 45 degree 15
34 6737 - 45 degree 15
35 7424 45 degree 15
Buffalo 6 4768 fezt 45 dezree 15 knots
7 5178 90 degree 0
3 62073 45 degree 15
10 - 7997 90 degree. 0]

Table II-6: Landing Mod=zl Validation:
Case Description

used for the validation are described in table II-Gi
The procedure used to validate thne model was to try to
find a set of parameters (A, V£, Ve, D, Ar, Ve) that would
roduce acceptable results across several runways and
aircraft types without 1) straying beyond reasonable values

for the parameters, aad 2) without sxtensive alteration of
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values over the cases beil

=

12 considersd. The pressntation of

(

the model in thz section above discusssed a number of these

..—l
1)
H
4
i
-3

tradeoffs.  Tab presents the results for the final
model specification.
The model matches the two Logan runways quite well.

The major Jdiiscrepancy is for B707 aircraft on runway 33L.

Two factors snould Tbe consider=4. first, note the saall

sample size of the existing data - only 2 or 3 aircraft per
exit. 50 exit distributions could 1in truth be quite
different from those reported. Secondly, Swedish reports

exit by exit runway occupancy times (SWE 72 ».89). For =xit’
T, 6800 feet down, B707's exit in 51 seconds. For exit

"North"™, 7650

Hh

eet down BT707's exit in 33.7 seconds. This

32 second additional runway occupancy timsz when using the

further exit compares %o 4 and 12 second reductions in

occupancy time reportsd for DCY and 3727 using the further
exit on the same runway. So it may very well be that were
more data taken, BT707 average runway occupancy tinmes would
decline from 55 seconds.

The model's performance on the Koenig data is close but
not generally as good as on tne Logan data. The model tends
to spread aircraft out over the exits more than the data
indicate should happen. Model runway occupancy times tend
to be low. Sample size is not a2 problem hers.

A number of changes could be 2xplored in the model
parameters to bring the predicted performance into closer

Y




Aircraft Exit numbar
type 1 2 3 4

Boston Logun runway 27:

DCS Actunl: .80 .20
Aod=1: .8% .17

B727 64 .36
.55 .44
3707 .50 .50
A5 .85

Boston Logan runway 33L:

DCQ Actual: .74 .16

3727 410200 320 .07
.33 .46 .16 .00
3707 .2 3 .2 .3
.06 .33 .54 .06

New York La Guardia runway 22:

Cla

O]

s 3
Azctual: .01 07 .53 .06
Model: .02 .07 .40 .00
Adjustel
model: .01 .09 .5% .C0

Los Angeles ruaway 253:
Class 3
Actual: .02 .14 .55 .25
Aodel: .06 .19 .41 .25
Buffalo runway 235:
Class 3

Actual: L15 10 .72
Modal: 26 .20 .43

=0
-5

¢ .
1N
— O\

\H
-3

05
.08

50.
47.

43.
53.

55.
60.

43.
47.

4.

52.
48.

55.
50.
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Table IT-7: Landing Model Validation: Results
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agreement with {tn

4%}

1ata. The obvious solution, of reducing

the variance 1

o

tn2 randca variables, is nard to evaluate as

ct

on the varianzes of a nunber of the

=
=

[

so few data

(]

X

parameters. Variance in aporoach sjsed and float distance

4

account for most of the variance in performance, but thsse

1

values are =2also the Dbest documentsd and thus thz most

h
difficult %o justify altering. On

e

possible change in
parameter values is presented in table II-7 for La Guardia
under the title of "Adjusted HMod=s1". This 1is intended to

Rl
4

show -that ths degrese

o]

discrepancy in the model is in line

with ths uncertainty in the parameters. The adjusted nodel
o J

.

for La Cuardia differs from th2 original model in 4hat 1)

=]
.
Ul

the standard deviation of flcat distance is reduced fro:
to 300 feet, and 2) average deceleration rate is increaszed
from 5.25 to 5.75 f£/s/s. These changes ©bring the results
into line with observed data. Ths same changes on the other
test airports, however, do not produce similar improvements.
Extensive model fitting and sensitivity analysis 1is beyond
the scope of this work and was not done.

It is worth eamphasizing again that no attempt was nade
to fine +tune the model <for runway specific behavior.
Obviously such tuning of decesleration rates, coasting
speeds, floating 4distzances and exit velocities could causa
an exact match of ﬁredicued to actual benavior as tae model
has many more parameters than thare are independent data

points. Doing this, howsver, woull negate the value of the
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exercise as a validation. This is because ths objective of
the text 1is to answer ths gquestion: ecan this form of the
model accurately represant the major mnedes of behavior of
landing aircraft or is a more detailed aodel necessary? It
appears from tne results given above %that the present model

is quite satisfactory.

5 Aircraft Performance on Takeoff

The principal issus in modeling departure meovements on

runways is to determine how long each aircraft will occupy

the runway. Much less analysis of this issus has been done
for takecffs than for landings. There are no 3studies »7

takeoffs equivalent to the landing stulies review=d above.
The only information available 1is runway occupancy time
dzta. This is somewhat surprising since 5he determination
.0of the minimum required length of runways 1is set primarily
by the regquirements for takeoffs (HOR 75 pp.65-78).

There are a number of reasons that may account for thse
absence of analysis in this area. First the question of
proper location of exits does not arise <for +takeoffs.
Whereas landing runway occupancy time can be ainimized by
accurate placement and 1location of exits, there 1is little
the airport designer can 1o to affect takzoff performance
other than changing the grade and orientation of the ruaway.

Secondly, a3 #ill be s:2e2a in the next s=ction, %he minimun
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separation hetween tak20ffs is both simpler and shorter than
between landings. Pinally, the dynamics of takeoffs are
1

" simpler and less wvariable - than for landings. The

ccmbination of these. factors may account for the comparative

neglect of analysis of takeoffs.

K]

In view of tinis situation thnere-is 1ittle that can be
done to represent this operation other than to adopt a
simple model using runway occupancy %time as the primary
variéble. _A meaﬁ and standard deviation of runway occupancy
time for each class of airecraft are used as inputs to FLAPS.
Each aircrafi's .actual -runway occupancy time is drawn from
this distribution.

The primary use in FLAPS of runway occupancy time is to
determine the time =ach aircraft needs to cross taxiways and

nt

[ and

(O]

rsecting ruaways while occupying the runway. This is
needed to assess proper separation for conflicting
movements.  To derive intermediate times we assume that
‘aircraft accelerate uniforaly. To =a2adjust for different
runway lengths, runway occupancy times are defined as tinme
from a standing start at the end of the runway to a point
6060 feet down the runway. Then time to any intermédiate
point from the start can be found as.follows:

If X is distance, t time andi a accsleration, then from

(9) and (10):

X = (a/2)8%

and

t = SQRT(2X/=z)
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Let T be time to 6000 feet

T = SQRT(2%6000/a)
or
2/a = T°/6000
SO
t = SQRT((T%/60600)X)
orTr
t = T*SQRT(X/6000) 7 ‘ (13)

4 Separation of Aircraft Movements

4.2 Introduction

The separations imposed Detween aircraft are both a
major factor in determining the capacity of a2 runway and a
major area of work for improving capacity (SIN 75 p. 3-1).
This section discusses tine prccedures and rules by which
aircraft are separated on a runway that is being used either
for landings, or for takeoffs or both. A discussion of
separations involving operations on parallel or intersecting
runways 1is presented in section II.E. We will first
introduce the framework necessary to discuss this topic.
Each type of potential conflict will then be analyzed and
the appropraite rules translated into consistent minimum

separation formulas.
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4.2 Conceptuzl PFramework

Separations are requiredl <+to maintain the safety of
operations which are potentially in conflict with each.
other. They are intended not bnly to prevent collisions but
also to eliminate the hazard to aircraft of encountering the
wake turbulence of large aircraft.

Obviously the céncept of a separation involves a pair
of aircraft. As there are two types' of runway movements,
landings and +takeoffs, there are thus four categories of
separations fof é runway: |
1) Arrival/Arrival (A/A) Arrival movement followed by

another arrival.
2) Arrival/Departure (A/D) Arrival followed by a departure.
3) Departure/Arrival (D/A) Departure followed by zan arrival.
4) Departure/Departure (D/D) Departure followed by another
departure.
The Tirst term of the pair refers to the type of movement
that has already begun its operation. The sgecond of the
pair refers to the operation being scheduled.

Some separations are logically specified in terms of
times Dbetwsen crossing some reference point, others as
distances. FLAPS allows all separation types to Dbe input
either 2s a %time or as a distance ani converts each
internally to a time for use during the run. Because of the
wake turbulence 1issue and the different Gtimes aircraft

require %o cover the same distancs, the majority of
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separation types involve 2 mairix of values, one for each
possible pair of aircraft classes.

Aircraft wundertaking runway operations 'are at -some
point "cleared" by air traffic control to proceed through to
completion of the desired movement. Beyond this clearance
point the aircraft is <committed and is not diverted or
delayed, ‘save in the case where an actual collision becoaes
a real danger. For - takeoff movements this point of
commnitment clearly occurs when  the controller gives
-permiésion to Dbegin the takeoff roll. For landings the
point is less clear as aircraft are funneled into the final
approacn pattern while spacing and sequencing hnas already
been accomplisned %o a large extent wupstream froa the
runway. The close coopesration among various controllers
means that tne point of transition from terminal airspace to
the landing runway is Dblurred. However, at some point
aircraft converge ontc a common final approzch path, usually
5 or 6 miles from the runway threshold. This. as will be
discussed, is the portion of flight where the £final
interarrival separations are applied, so the point of
convergence to the final approach path makes a convenisnt
point at which to assume that landings are first committed.
The point of commitment is significant to the issue of
aircraft separations because the separations are checked and
enforced when an aircraft is first eligible to be committed

to a runway operation. The separations ars applied azainst
. £ 2
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aircraft that ars already occocmmitted. If the miniaun
vseparation requirement is met, +the aircraft proceeds %o
execute the runway operation in’ accordance with - the
performance rulss discuss=4 in ths previous sections. If
the minimum separatioas are not met, the aircraft is held
until the first ©{ime wh2n the sa2parations are nmet. Wnere

more than one sz2paration ty

o)

e applies, all nust be met
before the aircraft can te committed. This means that the.
1ongest applicable  separation contrpls the releases of the
~aircraft.

The entire set of separations do net apply to each
aircrafst. On a runway us=2d Jjust for arrivals tns

arrival/arrival separation will be +the only type that is

used. On a departures cnly runway, only tne
departure/departure ssparation is relavant. To discuss the

situation for runways using nixed operations, that is
> ~ ?

runways used for both arrivals 2nd iepartures at the

@

ame
time, it is nzcessary to anticipate scaewhat ths discussion
of airport control below in section II.F. Discussions with
airport personnsl and controllers indicate that runwayé used
for mixed operations are oparated in one of three ways (Also
see WEI 80 p.37).

1) Arrival priority. In this scheme arrivals are given
priority over departures. Arrivals thus ne=ed only be-

scheduled to meet adeguate separation on final approach

using the A/A 3eparation without consideration of
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departures. Departures are fitted in between arrivals
whenever the space between arrivals permifs. The
arrival/departure separation 1is thus wused (in addition to
‘D/D separations) for departures, but the departure/arrival
separation is nost used for scheduling of arrivals.
Departures can only go if adequate time exists before the
next arriwval. D/A separations are used to assess this, as
explained in the operations section below.

Occasionally in the literature this amode of operation
is. incorrectly referr i to as a "preemptive priority"
-gystem. It is actually 2 non-przemptive priority system, as
once a departure operation (thz lower priority) is committed
to a takeoff roll, ths appearance of a2 higher vpriority
arrival does not cause the takeoff vo abort its roll.

2) Alﬁernating operations. Here, added spacing is usei
between arrivals, when necessary, to insure that at least
one departure can be released between successive arrivals.
Implementation of this oprocedure requires that all four
separations be used.

3) Departures only. In this method, used only when many
departures have gueued up for takeoff, 1landings are "turned
off" until the departurs quesue nas been worked down to some
acceptable level. This method differs from ths case of a
departures only runway in that here, arrivals continue to be
assigned to the runway and form a qusue waiting for +the

runway to open again for landings. This m2thod will nsed
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only the D/D - separations whenever it is in effect. There
Wwill be a transition. period during which arrivals already
committed to 1land complete their operations. A/D
separations will be needed for thislcase.

Throughout the remainder of this work we will refer to
the three operating schemes 2s "modes of operation” for
runways. = Our attention #will be primarily directed to tne

first two modes.

4.c Arrival/Arrival separations

ArrivaI/Afrival separations have probably bzen the most
carefully analyzed in the 1literature. There is now a
generally accepted procedure for studying this case. See

HOR 75 p.140-5, JEI 80 pp.45-9 among others. We wil

r_l

briefly outline the technique, the . details of which are in
the cited references. We will then explain why this method
must be revised slightly for use in FLAPS and then derive
the specific formulas for the revised procedure.

The method begins with a matrix of minimum separations
for each possible combination of 1leading and trailingv
aircraft classes. These separations are stated as the
minimum allowable distance between the given pair of
aircraft at any point after both are on final approach.
‘These distance separations are then translated into time
separations for use in FLAPS. "It is assumed that each

aircraft in a class maintains the same, constant spsed,
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Va(i) during final approach. As the minimum separation is
applied at the point of closest approach between the two
aircraft, two casés must be considered: 1) Lead aircraft
faster than trail aircraft - opening case, and 2) Trail
aircraft faster than lead - ciosing case. The situation in
which lead and trail aircraft are of the same class and thus
have the same speed may be included in either case. Once
these time separations are determined a buffef is added to
each time to allow for the imprecision in aircraft

- positiong at the approach gate. This resulting separation
can. then be combined with informatiorn on the mix of aircraft
classes to derive the capacity of the funway.

One modification is necessary tc wuse this system 1in
FLAPS. In the standard presentation of the technique the
point of reference is the runway threshold. For analyfical
work this poses no difficulties. Directly translated into
the simulation structure it would imply that aircraft are
scheduled only upon arrival at the threshold. Even thcugh
this is not what in fact happens, it will not cause
inaccurate results in a simulation as 1long as the actual
position of an aircraft on final approach is not needed in
the simulation. However, since it is our.desire here to be
able to mcdel dependent runway operations and apply
separations that depend on the distance of aircraft from the
runwa& threshold*, we must change the point of application

of the A/A separatiomns from the threshold to the beginning

* One example of this would arise when deciding to release
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of the common approach path. This will ensure that any
delay of landing operations due to congestion of ths runway
will be applied before the calculation of the time of
arrival atl the thresnold is performed. - Thus the actual
position of the aircraft on final is available to be used in
the simulation. . .Simulations, like +the ASM model, that
impose A/A separations at the threshcld restrict ths analyst

to. specifying time separations for thase cases.

Closing case

Figure.II—13 presents the time—diétance diagram for the
ciosing-.case. Table II-8  defines common terms used
throughout -the separation d4iscussion.

As this is a closing case, Va(j) > Va(i), the minimum
separation applies when aircraft i is at the threshold. The
resulting time separation at the approach gate (Saa(i,j)) is
the time i takes to fly the final approach (C/Va(i)) 1less
the tiﬁe j requires to fly down to Raa(i,j) miles from the
threshold.

In addition, a buffer is needed due tc the inevitable
errors in timing the arrival of aircraft at ths approach
gate. It is convenient to parameterize the buffer so as to
control directly the <Zraction of aircraft that violate the
separation. If an average buffer size (B) of Zaa*Bsaa is
chosen with Zaza = 1.65, for eiample, then 5% of the aircraft

will violate +the separation. In summary we impose a

departures on a runway that intersects with an arrival
runway. '
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FIGURE II-13. Arrival/Arrival Separations: Closing Case.
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A number of these
figures II-13 and

Table II-3:

122

Length of the common approach path

(miles).
Average
(k¥nots).

nsed on final approach for class i

Standardi deviation of speed on final approach

for class i (knots).

Actual speed oa final apo“oach for aircraft i

(knots).

Jininum distance required on final zapprcach
between class 1 in lead and claas j following

(miles).

Yinimum time separation to be imposed on class j
at the approszch gate when class j follows

class i on final-

approach in order %o insure

that Raa is met (minutes)

tandard deviation of error in arrival posit
at approach gate (seconds).
Number of standard deviations of the arrival

error distribut
buffer length
Average buffer length
Actual buffer length

(seconds).

Time that zircraft i

(minutes).

Time that aircraft i

(minutes) .

Time that aircraft i

(minutes).

Normal distribution,

be used in setting

{dimensionless).

seconds).
impcsed on 2 given aircrafs

crosses the approach gate
crosses the threshold
2lears the runway

truncated at plus or ainus

2 standard deviations with mean of 2, staadard

deviation of b.

terms are shown graphically in

14.

Terms used in derivation of separations



FIGURE II-14.
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Arrival/Arrival Separations: Opening Case.
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separation of:

Saa(i,j) + b (14)
whare |

Saa(i,j) = ¢/Va(i) - (C-Raa(i,j))/Va(j) - (15)

and b is drawn from a normal distribution with a mean of

Zaa*Bsaa and a standard deviation of ZBEsaa.

Opening case

Figure II-14 pfesents the case whare Va(i) > Va(j).
The same terms are used‘here as in the closing case. Here
Raa(i,j) applies when ftrailing aircraft J reaches the
approach gate. The +time separation is merely +the time it
takes the first landing, j, to fly Raa(i,j)  miles. A
buffer, b, is added as before. The separation is:

Saa(i,j) + b
where
Saa(i,j) = Raa(i,j)/Va(i) (16)

Note that shouli Va(i) = Va(j), the separation apolies
at all points when both aircraft are on final and (15)
reduces to (16).

Once the appropriate Saa(i,j) + b is drawn for a given
pair of aircraft the second aircraft, j, 1is not allowed to
begin its descent from the approach gate until the
separation is amet. Once an aircraft is permitted to
proceed, an actual approach speed, v(i), 1is drawn using
Va(i) and Vas(i). This actual speed is used to determine

the time needed to fly from approach gate to threshold.
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Numerical wvalues

Raa(i,j) - Jnder instrument flight rules (ITR)
conditions Raa is 3 wmiles except for situations in which
wake turbulence must be considered. For visual flight rules
(VFR) conditions no formal standards exist but a set of
values has come to be recognized as typical of actual
et

operating conditions. Ths %two

w
[}
D

are ziven in table II-9.

6]

Buffer - Thz most often used values for the buffer size
are Zaa = 1.55 and Bsaa = 13 seconds (SIN 75 p. 4-1, 6-1).

If we assume Va(i) = 140, = 120, 110kts. for i =1
(heavy), 2 (large), 3 (small), respectively, then the set of
time separations at ths outsr marxer (Saa) that result are
those shown in the lower part of table II-2. Ncte that the

upper right eiements in each matrix are opening cases, the

e

lower left elements are closing cases.

Analysis of the procsdure

3

A question may arise as. to the validity of the
separation procedure described sbove, since the separation
formulas for Saa(i,j) assume that each aircraft in a class
has the same approach veloeity, Va(i), whereas it is Xnown
that approach speeds vary among aircraft of a given class.
We can calculate thz actuil separation that results when the
aircraft separations are determined under the assumption of
fixed Va(i). e let R iﬂdicate the actual closest
separation Dbetween two arrivals +that results when a
5 <

separation of 3aa(i,j) + b 1is imposed on aircraft with




Minimum Separations (miles):

IFR Rules
Trailing
Class - - i 2 3
Lead Class - 1 4.0 5.0 5.0
2 3.0 3.0 4.0
3 3.0 3.0 3.0
Derived Time Separaticns, ainutes (32a(i,j)
IPR Rules
Trailing
Class =~ - 1 2 3
Lead Class - 1 1.99 2.36. 2.73%
2 1.99 1.80 2.24
3 2.10 1.92 1.86
Class 1 is heavy jets, class 2 larze jets,
Minimum Separation data froa HAI 73 p. 3-3,

alsc see WEI 80 pp. 36-3.

Table II-9: Arrival/Arrival Separations:

actual approach speeds v(i) and v(j).

more complicatsd closing case.

The desired minimum distance sevaration, Raa(i,j),
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VPR Rules

1 2 3
2.7 3.6 4.5
1.9 1.9 2.7
109 109 109

+ B):

VFR Rules

1 2 3
1.5 1.84 2.13
1.53 1.33% 1.67
1.692 1.44 1.36

class 3 small jets

Typical Values

We examine only the

is

used to derive a time separation,

marker. The same foraula (13)

given an Saa(i,j), what separation R in
the aircraft fly the final approach

M,
18

but at v(i) and v(j)?

Saali, i),

not at Va(i)

at the outer

can be used in "reverse":

fact results when

and Va(j)

actuzl separation is given Ddy:
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Saa(i,j) + o = ¢/v(i) - (C-R)/v(j)
Solving for R:
R =20 + v(j)*(32a(i,j) + b - ¢/v{i)) (17)
Inserting Sa2(i,j) from (15):
R =2C +
v(i)*(c/Va(i) - (C-%aa(i,j))/Va(j) + b - ¢/v(i)] (18)
This describes the actual separation.
Taking expected values:
E(R) = C + C/Va(i)*3(v(]j)) - (C-Raa(i,3))/Va(i)*3(v(j)) +

B(b*v(j)) - c*2({v(j)/v{1))

Simplifying
E(R) = Raa{i,j) + C*V=a(j)/Vali) + 2{p*v{j)) - o*B{v{j)/v(i))
As b and v(j) are uncorr=latsai

B(p*v(j)) = B{(b)*B(v{j))

=i
o’
E'S
<
P
[
1]

B*Va(j) = Zaa*Bsaa*Va(j)
The remaining teram B(v(j)/v(i)) cannot be evaluated exactly,
unless the probability listributions of the v{i) for all

aircraft are xnown.

Fi

classes o
As v(i) and v(j) are uncorrelatedi it is %xnown that:

E(v(§)/v(1))

E(v(i)*=(t/v(i))

e}
—~
<
Py
[
p Nt
~
<
—
[
g
g
|

= Va(j)*3s(1 /v(i))
The expected value of 1/v(i) is not known. However, in the
cases of interest v(i) 1is on the order of 120kts. with a

standard deviation of 4kts. Because the mean of v(i) is

N

large relative %o the spreal of v(i), we assume that
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E(1/v{(i)) can be adequately approximated by 1/Va(i), and
therefore

R =. Raa(i,j) + Va(j)*Zaa*Bsaa

proving that the average error due t0 the assumption of

fixed arrival speeds is insignificant.

O]

Note +that the seco

+3

d term above, Va(j)*Zaa*Bsaa,
represents the contribution of the buffer to increasing the
average separation. Using the typical values, as indicated
above (Va(j)=120 xts., Zaa=1.65, Bsaa=18 seconds), this term

has a value in practice of approximately 1 nautical mile,.

4.4 Departure/Departure separations

The procedurs for D/D separations 1is much siunpler than
for the A/A case. Separations are directly specified by PaAA
regulations as minimum time between departures, S0 no
conversionhiS~ necessary (FAA 79 para. 340, WEL 80 p.33).
Additionally the trailingz departure remains statioazry at
the end of the takeoff runway until clearance is given, so
any error in beginning the roll is usually nezlected. Thus,
no buffer 1is needed. As with A/A separation there 1is a
standard minimum, supplemented to avoid wake vortex problems
behind heavy aircraft. Typical D/D separation values are
given in table II—103

The separation between departures is also a function of

the route aircraft use. Shorter D/D separations are
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: IFR Rules VFR Rules
Trailing ,
Class - - 1 2 3 : 1 2 3
Leading class - 1 90 120 120 90 120 120
2 60 60 60 60 59 50
3 60 60 60 - 50 45 35

Llass 1 is heavy jets.
Data from HAI 73 p. 3-5 (values in ssconds)

Table II-10: Departure/Departure Separations:
Typical Values

permitted between aircraft on divergent routes (ATC ». 95).
FLAPS therefore allows +the submittal of two sets of D/D
separations: one for use whan successive departures fly on
the same course (as indicated by having' the same departure

fix number) and one when successive departures have

diverging courses (different fix nuambers).

4.e Mixed Operatiqns

Mixed operation separations are by far the most
complicated of single runway separations. There are two
problems to be considered: 1) The rules governing the
release of one or more departures betwesen landings. 2 ) The
spacing of arrivals to pernit at least one departure to
leave Dbetween successive landings. Figure II-15 is <%the

basic time/distance diagram for this case. Several terms
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-used in thz derivations of aixei operation 3separations ars

Rm(k, j) - Ta=z closest distanzz $o the thr asqoli an
arrival of class j nay be when a departurs
of class k begins a tak:0ff roll (miles).
Used to detsrainz if a tak=20ff may roll aai
to set 31a(k,3).

Sda(k,j) = Ths maximua interval allowei between tha
bzginaiag of final approaza of arrival
vlass j ani tha= bezinning of 2 takeoff
roll of ¢la3s3s k. Derived from Rm(k,j).
Appli=d c¢cnly #nen 3schziuling arrivals
winzn the ruaway 13 oparated in alternatiag
mode using o lcalztai D/A separations.

Sxda(i,j) - Taz miniaum time separatioa imocsed on 2lass j

1pproa;n gate when class 3

aircrafs fol
only when ta:

i 21a3S l,achrth. Apnlied
way is opsrated in alternating
: node usiang so izd1 s=z2parations.
Zxda - Number of sta 1 deviation of tnz arrival
error df tribu t1 n ussd to set th2 length of
buffer associatedl wita Sxda(i,j)

&
aircraft at th

1

2

el 3 ox
m ]
s B )

".J (I)

Baxda - Standard deviatioan of error in arrival
no"‘floﬁ at approaczh z2at2 associatzl with
3xdaf L,} (scﬁoqi%;.

Te(i) - Time %hat landing aircraft i clears tha raaway

(clock time).

Table II-11: Terms Jssil for Mixel Operation
Ssparations

defin=d in table II-11.

Release of departurs

Any time a2 runway is being used for both arrivals and
departures, tnes taksoffs on thz runway auast not interfere
with any arrivals that have alr2ady Dbegun th=ir Jdesczant.
Thas, this type of separaticn zust be met regardiless of ths
operating wmode for this  runway (i.e. arrival opriority,

alternating, ieparture only).
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The basic rule governing takxeoffs in this situation is
(HOR 75 p. 145=T7) that a taksoff cannot bezin A& roll unless
1) +there are no aircraft on the runway, and 2) +the next

arrival is farther from +the threshold +than some critical

d

distance. We refer to this minimum critical distance as

U,

Rm(k,j), where j is the ciass of the next aircraft to land
and k refers %o the class of the next takeoff. Rm{k,j) is
typically 2 nautical miles for all k and j, however we allow
the case where Rh(k,j) varies across aircraft classes.

Spacing of arrivals

The normal A/A separation often allows sufficient time
between successive 1andings that one, and sometimes more
than one, departurs can takeoff Dbetween +the landinzgs.
However, this is not the case for all A/A pairs and 1is a
particular problem” aunder VEFR conditions wnere A/A
separations are shorter than under IPR rules. To rectify
the imbalance in capacity between iandings and takeoffs and
attendant accumulation of departures gqu=suing for ‘takeoff,
runways are often operated to allow at least one departurs
between every pair of landings (WEI 82 p.61-7). This is
accomplished by applying an 2additional separation between
arrivals. Some pairs of landings will not 'be affscted by
this, a3 the A/A separation is already adequate for a
departure to roll.

In the standard treatment of this problem (used, for

example in ths AS# model), arrivals are scheduled when they
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reach the threshold. Thus, in rder to calculate the
earliest time that ths arrival could cross the threshold, a
ninimum tine separatign.nay be directly applied from the
time the prefious departure began its roll. This time is
marked as St(k,j) 1in the figure for mixed operations. The
set of St(k,j) is genérally referred to as the D/A
separations. This separation would probably have been
originally stated as a iistance, Rmn(k,j), =2and coaverted to
St{k,j) by the formula:

St(ky:}) = Rm(kvj)/vaij)

However, FLAPS does not schedule arrivals at the
threshold but at the approach gate -~ closer to where they
are in fact sequenced. One aspect of this change‘is thav
now aircraft aré no longer scheduled in the gsqusance they
'will use the runway. An arrival is scheduled and has
separations applied to it before the takeolf is scheduled -
even thougn the. takeoff will use £the runway before the
‘arrival. The mixed operatidns figure (II-15) shows this.
This means that any separation intended to 2allow alternation
- of landings with takeoffs cannot be applied when the arrivall
reaches the threshold. Rather we must work backwards from
St{k,j) or from Rm(k;j) to find a separation that can be
applied at the approach gate. W2 continue to term this
- derived separation a D/A separation, at'the risk of some
confusion with conventiol nomenclature, because its use is

the same 2as the standard D/A separation: to separate an
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arrival from a previous takeoff when an alternating
operations mode is being used.

'Ob#iously, no aore spacing should be added than is
necessary.  Any additional spacing Dbeyond the ninimum
requirement is wasted time.  Therefore, it would seem that
'tﬁ? model should calculafe the D/A separation based on
Ru(k,j), so ‘that -whe'n the first 1landing of the pair clears
the runway, the éecond landing .will just.be Ru{k,j) miles
~out and the intervening takeoff .can begin its roll.
However, runways  are  not alﬁays opverated: in such an
efficient manner. OCften the "gap stretching" procedure is a

blanket increase of the shorter A/A separations from 3 miles

to some longer distance. Therefore PLAPS allows %he D/A
separations to be specified 1in sither of two ways: 1)

Specified D/A = the D/A separation is given directly and is

applied in the same manner as the A/A s2paration. 2)
‘Calculated D/A - the model calculates thz aininum. tinme
internélly based on Rm(k,j). The specified D/A saparation

is given as'Sxda(i,j in the figure. It may have its own
buffer, 'b, to be drawn from the truncated normal_
distribution Nt(Zxda*Bxda, Bxda), where Zxda and Bxda are
analogous to Zaa.and Bsaa. it may appear contradictory to
label a separation applied between two arrivals a "D/A
separation". We label it Sdax(i,j) because of its function:
to delay an arrival a sufficient time behind the previous

landing to allow a departure to leave between landings.
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The calculated separation is repreéented by 3da(k,j) in
the figzure. Note that neither %he subscripts nor thz point
of refersnce of 3da are the samnz as for Sxda.  The best way
to understani the Sda(k,j) may be to state the resulting
rule for scheduling of arrivals and then explain how it is
derived.

Rule: Under alternating opsrations using calculated D/A
separations, landing aircraft (j) may begin a descent oaly
after Te(i) - 3da(k,j) + b, where Te(i) is the time ths
previous landing aircraft (i) clears the runway and b is the
buffer associated with this case. In the mixed opsrations
figure (II-15) ths small x denotes this time.

The rule is derived in the following way. The sarlisst
time that a takeoff wmay roll 1is the time the previcus
landiing clears the runway, Te(i). If % is to depart, the
subsegquent landing, j, must be at least Rm(k,j) miles out on
final approach. If +the length of ths final approach is C
miles, +this implies +hat landing j cannot have flown more
than ¢ - Ra(k,j) miles on final at Te(i). The time that
aircraft j uses to fly this distance 1is (C-Ra(k,j))/v(j).
Thus, it would seem that aircraft j cannot be allowed to
start down the final approach within (C-Rm(k,j))/v(j) of
Te(i).

Howevef, this %ime cannot be used as just stated.' At

the +time +the controller is positioning +the arrival of

aircraft j at the approach gate, the controller does not yet
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know the exact speed that the aircraft will fly on final.
The controller only Xnows the typical speed of the aircraft.
That is, v(j) is unknown but Va(j) and Vas(j) are known.
Therefore it would Dbe erroneous to projsct ahead in the
model and take advantaze of the exact apoproach speed to
schedule 'the landing oprecisaly. A more valid procedure
would be to scheduls aircraft j according to a2 worst case
rule - 2llow j to 30 only when it cannot violate Rm(k,j)
regardless of v(j). Pigure II-15 snows the "cone" of
possible flizht paths for an aircraft that leaves at btine w.
Prom this it can be seen that, if ws chose w so that the

fastest possible j arrives at the point Ra(k,j) miles out

fu

from the runway thresaol

0

just at Tecl{i), then slower
airceraft that began their descent at w will be even farther

aresaolid at Te(i). Thersfore, ths tinme

<t
Iy

away from tns
Te(i) - w = Sda(%,j) should b

3da(k,3) = (C - Ralk, 3))/(Va(j) +'Zt*VaS(j)); (19)
whsre 72t 1is 2 tolerance value 1indicating how safe the

separation should be. Table IT-12 summarizes the scheduling

rules for the mixed operations case.
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Rule - commit if.and only

if the following are met:

D/D separation met

Yo aircraft on runway

Next landing is at least
Rm(kx,j) miles from threshold

A/A separations met

A/A separations met

Time is after

Te(i) - Sia(k,j) + b

where Sda is found from (19)

A/A separations met

time since last committment
of a landing is greater
then Sxda(i,j)

Table II-12: Mixed Operations: Summary of Rules
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" E DEPENDENT RUNWAY OPERATIONS
1 Introduction

This section discusses how aircraft separation
movements on dependent runways are modeled. The procedures
that are used are similar to those discussed above in

section D for the single runway case, but there are a number

of complications when the two operations beihg separated are

on different runways. The same %basic types of cpnflicts
occur - A/A, A/D, D/A, D/D - but the values of the
separations and the pecint of application vary. Where
parallels to the single runway analysis exist, the procedure
for dependent runways is not rereated, rather the single
runway procedure is referenced.

There are several ways}that two runways may depend on
each other. They may 1) be physically intersecting, 2) be
parallel or 3) intersect along the projection of the runway
centerlines. We will discuss the first two cases in detail
‘as they represent the bulk of airport conditions. The third
case will be discussed only briefly. We will show that a
number of configurations can be reduced to one of the first
two cases, but we will not attempt to show that all possible
configurations can be so modeled.

Table II-13 gives nomenclature used in this section.
Some items are repeated from the tatle giving single runway

nomenclature (Table II-8).



Raat(i,j)

Saat(i,j)

Sadt(k,j)

Tég(i)

Pi(i,1)

Te(i)
Rmt(k, j)

Zt

Va(i)
Vas(1i)
Tto(i)
Ttos(i)

Xi(1l,m)

Table II-13:
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Length of common approach path of the
runway used for arrivals (miles).

Parallel runways used for arrivals are

assumed to have common approach paths

of equal length.

Minimum dlstanﬁe separation imposed between
a landing of class 1 and a following
landing of cless j on a parallel runway
(m11e¢§

Minimum time separation to be imposed on
class j aircraft at the anproach gata

when a class j follows class i on final
approach tc a different runway (minutes).
Maximum interval prior to a takeoff of
class k clearing the intersection with

‘the arrival runway that the next arrival
- of class 2 is allowed

to begin firal
approach (minutes). May be specified
directly.or derived from Rmt(k,j).

Time when aircraft i crosses the approach
gate (minutes).

Minimum of the time when alrcraft i
clears the runway or crosses the
intersection with runway 1 (minutes).

If aircraft i is a takeoftf, Ti is always
the intersection crossing time.

Time when aircraft i clears the runway-
(minutes).

The closest to the runway threshold an arrival
of class j can be when a takeoff cf class
k clears the intersection or takes off on
a different runway (miles).

A measure of tolerance for the "worst
case" situation (number of standard
deviations).

Average approach speed, class 1 aircraft
(knots).

Standard deviation of approach speed,
class i aircraft (knots?.

Average takeoff roll time to 6000 feet
for a takeoff of class i (seconds).
Standard deviation of tekeoff roll

time to 60C0O feet for an aircraft of
class i (seconds).

The distance from the threshold of runway
1 to the intersection of runway m (feet).

Dependent Ruaway Nomenclature
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Each type o¢f operation and geometry 1is discussed
independently. It must be remembered that, as in the single
© runway case, a number of separation types may be applicable
to the given situation and they must all be met ©before an

oreration may be committed.
2 Intersecting Runways

Almost every major airport in the United States
operates some cr most of the time with intersecting runway
movenments. Boston Logan Airport (see Chapter IV) and New
York ‘La Guardia Airport ({see chapter III.B) are ITwc

examples.

2.a Arrival/Arrival separations

As far as can be determined, zairports are not currently
operated with arrivals on two intersecting runways. This
could only be done if controllers could project the position
of aircraft accurately enough to. ensure separation at the
intersection. Evidently this ability does not yet exist.
Although counterexamples to the statement above could be
cited, it turns out that, on closer lcok, our statement is
still true. Consider, for instance, Dulles airport in
Washington, " figure II-16. Although it might appear
initially that two runways are operated there simultaneously

for landings, this 1s not really true as landings are not
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PN

secondary arrival runway

x\\

=

N primary arrival runway

The taxiway system has been simplified

FIGURE II-16. Dulles Internationazl Airport, Washington D.C.
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assigned to the secondary runway unless the pilot can assuré
the controller that the aircraft will stop short of the

© primary runway. This is a "hold short" situation and will
be analyzed in part 6 below. As‘expiained there, no real
separation is . imposed between the two operations. Given
- that landings on the secondary runway hold short, these are
de facto two independent runways. Accurate modeling of this
case would depend on correétly estimating the percentage of
. aircraft {primarily general aviation at Dulles) assigned to
the secondary runway. The same situation occurs at Bostbn
Logan airport as at Dulles znd is modeled in chapter IV
below.

Since A/A separations will be needed for the parallel
runway case, it is simple to extend the same capability to
the intersecting runways case. This is accomplished by
imposing a time separation using the same procedure
described below for the parallel runway case. It may be
that arrivals on intersecting runways could be studied in
this way with a proper selection of separations, but since
no data exist for this case, it is not possible to confirm

2.b Departure/Departure separations
The basic rule for the intersecting case (FAA 79 para.
1111, 1121) is thaf aircraft may not begin a departure if

there is a takeoff rolling on the other runway but not yet
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across the intersection. Effectively, the area marked "a"
in figure II-17 is viewed as having a single aircraft
occupancy rule. As the two runways peint in different
directions there is no need for any in-trail separation of
the kind used when both coperations were using the same

runway.

2.¢ Mixed operations

Separation of landings and takeoffs from each other
‘when they are on different runways inveclves the same two
problems as the single runway case: release of a departure
and gap stretching for arrivals t5 allow departures. Agzin
these separations are-considered independently of any other
separations needed such as is required, for example, if the
landing runway is also used for takeoffs.

Release of departures

Pigure II-18 gives the time-distance diagram for this
case. Aircraft 1in part a of the figure is the first to
land. When this aircraft clears the intersection of the two
runways at time Ti(i,m), a decision is made whether or not
to release a takeoff. Takeoff k is able to go if the next
landing, j, is at least Rmt(k,j) miles out on final and will
be so when the takeoff k crosses the intersection. Note
that should landing i exit the runway prior to crossing the
intersection, the departure may roll =s soon as the landing

clears the runway. For simplicity we use Ti(i,m) as the
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FIGURE II-17. Intersecting Runway Departure Operations.




145

Tag (i) _ Tunway m

time l \\\\\
//Path of landing
. aircraft i

> Ti(i,1)
Tag(3) —T\i Ay Tc (i)
Sdat(k,j)i ™ \
3 O Nmaen| Ti (k,m)
N .
N N Te

N

a) Time - Distance Diagram

hh_;ffff_i__,ﬁ— runway 1 (departures)
Rmt (k,j) | ,aircraft i
—— } _ . TUNWaY m
S cC 3 (arrivals)
¢ i

aircraft j area;?

l

a

b) Position of Aircraft at
Time = Ti(i,l)
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For clarity, buffer is omitted

FIGURE II-18. Mixed Operations on Intersectiong Runways.
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minimum of the +time across the intersection or the time to
clear the runway of aircraft i. Figure II-18b shows the
- position of all active aircraft at time Ti(i,m).  The rule
" used for releasing takeoffs means that the area marked "4"
must not contain any aircraft at any time while the
departure is in the area marked "e".

This procedure is complicated in practice'by the fact
that thé future poéition 6f aircraft must be - estimated in
order to determine the. adequacy of separation. The
controller cannot know exactly how long ‘it will take the
'takebff to roll down to the intersection. The ceontroller
nust estimate the distance from the threshold of the landing
when the takeoff reaches the intersection. As before, we
assume a worst case procedure is used.

If, for instance, the departure has a takeoff runway
occupancy time of 34 seconds (5 seconds standard deviation)
to reach 6000 feet then, using equation (13), its time %o
reach an intersection 3000 feet down will be 24 seconds with
a standard deviation of 3.5 seconds. The uncertainty in the
position of the arrival is much less than for the takeoff,
even if it is assumed that the only information the
controller has is Va(i), Vas(i) and the present position. A
120 knot arrival with a standard deviation of 4 kts.
currently 3 miles out will reach a point 2 miles out in 26
seconds with a standard deviation of 1 second. The

uncertainty which exigts in the landing's time to travel a
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given distance is probably 1essv than the controller is able
to estimate but the major uncertainty is still with the
tékeoff. Thus we neglect any e¢ffect of the ‘variation in
arrival speéds and assume that the pesition of the arrival
20 to 30 seconds ahead can be estimated accurately enough to
decide if the separation is met. We then compensate for
this by using a more generous estimate for the value of 7%,
the "worst case™ parameter, when computing how'iong the
takeoff will need to get to the intersection. A mcre
detailed study of this case should also consider how
precisely controllers judge the 2 mile cutoff (Rmt). In
other words, will they prohitit a takeoff if the arrival is
projected tc be 1.98 miles out when the takeoff crosses the
intersection? The procedure for releasing s departure is
then merely to check the location of arrivals and insure
that the separation is met and will be met before allowing a
takeoffrto roll. The rule is: do not release a departure on
runway 1 unless the next landing, j, on runway m will be at
least Rmt(k,j) miles out at a time
T = (Tto(k) + Zt*Ztos(k))*SQRT(Xi(m,1)/6000) (20)
from the present, where 2t should probably be 1.65 or more.
Providing space between arrivais to allow alternating
takeoffs and landings is accomplished by the same general
procedure as with the single runway case; We permit both
the calculated and the specified gap stretching procedure.

The specified separation is, as in the single runway case,
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merely a second time separation imposed between arrivals.
The maximum of the two separations 1is used to centrol
arrival/arrival spacing.

The calculated separation for intersecting runways is
more complicated than fér single runways because the point
of reference is changed. Using the notation intfoduced.in
the last section, aircraft j on runway m must be at least
Rmt(k,j) miles out on final at-Ti(k,m). - This means that it
cannot have f16wn_more then  C - Rmt(k,j) ‘miles by Si(k,m).
However, Ti(k,m) will be in the future -at the time aircraft
j is being scheduled. Thus, * we:. use the same "worst case"
formula +to estimate Ti(k,m) as we did in studying the
procedures for the release of takeoffs.

The time that aircraft j will take to fly C - Rmt(k,3):
miles was given in the single runway case. In the notation
for the intersecting case, this is ncw:

Sdat(k,j) = (C - Rmt(k,j))/(Va(j) + Zt*Vas(j)) (21)

The complete rule is therefore: . Under alternating
operation mode (calculated separaticn) with intersecting
runways do not release a landing j until the time:

Te(i) + T - Sdat{k,j) + b (22)
when i is the previous landing on this runway and where T is
given by (20), Sdat(k,j) by (21) and b is the buffer

associated with this case.
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3 Parallel Runways

The air traffic control rules for parallel runways are
very complicated and not easily codified. The air traffic
control handbook (FAA 79) does nct discuss rules for
parallels in any one ©place or in a unified framework but
presents the rules in several contexts. Two summaries of
rules available tc the author are neither complete nor
entirely in agreement (HOR 75 p.96-7, KAY 79). The
appropriate separation -can be affected by not merely the
distance -separating - the two runways and - the -weather
conditions (IFR or VFR) but by the amount of offset of the
two thresholids and the degree of divergence in the missed
approach paths of the two runways (FAA 79 para. 744).
Further complications are induced by the fact that 1local
controllers use "marginal weather" rules for situations
between IFR and VFR that are not official rules, 1let alone
published cr even consistent from airport to airport. Ve
will briefly outline the range of possible dependencies and
then consider in detail the rules necessary to support the
analysis of all of the possibilities. The primary variable
affecting the degree of dependence is distance separating
the two runways:

4300 feet or more

Runways that are separated by this distance or more are
completely inderendent under 2all operating conditions

(FAA 78 para. 1103c).
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2500 to 4300 feet

In this situation the runways are independent under VFR
conditions. . Under  IFR arrival/arrival separations are
imposed. Departures are indepéndent from cperations on the
other runway (SIN 79 p.4-6).

700 to 2500 feet

Under VPR conditions the runways are dependent to the
extent that an arrival on one runway nust be over .the
* threshold before a departure may be released on the other
runwvay. Under IFR conditions the runways are essentiélly a
single runway in. terms of separations: operations on one

runway must clear operations on the other runway by the same
amount they would have to clear the operation if it were on
.the same runway.

‘Less than 700 feet

The two runways are essentially a single runway under
all conditions.

There are =additional breakpoints at various distances
where the type of dependence does not change but the value
.of the separation imposed does (MAY 79 pp. 4-7). In view of
the number of ways that +two parallel runways can be
dependent and of the fact that the type of separation (not
merely the length of the separation) can vary, it would be
very difficult to construct a model that, -on the one hand
automatically imposed the correct set of separations while,

on the other hand, vas flexible enough to permit
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experimentation. Instead we will establish a procedure that

can model the possibilities mentioned above.

3.a Arrival/Arrival separation

The only +two possibilities mentioned in the available
literature for A/A sepsrations on parallel runways are 1) no
dependency and 2] & mininum time between arrivals on
ad jacent runways. ““hus, this case can be mcdeled by having
the user designate whether two parsllel runways have an A/A
separation imposed or no%t. If they do, +then we impose an
A/A separatior that is calculated and appiied in the same
menrer as the A/A separation used when the two arrivals were
on the same runway. May indicates that the value of this
separation will vary from the standard values given above in
table II-Q to a simple 2 mile separation hetween all pairs
of arrivals dependirng on distance (MAY 79 p.6). HNote that
the "single runway" case can be modeled by imposing the
identical A/A separation on both 1) arrivals on the same
runway and 2) arrivals on different parallel runways. If
the separation is specified in units of distance
(Raat(i,j)), then this procedure assumes that the iength of
the common approach paths (C) are equal. If the separation
is specified as a time (Saat(i,j)), +then the length of the

approach paths may te unequzl.




152

3.0 Départure/Deﬁarture.separafions

Departures on parallel ‘runways are either 1)
independent or 2) have a time separation between successive
~operations. The only example cf the latter (MAY 79 p.5)
used the same values of D/D separations as given in tabie
II-10 for single runway separations. As  with A/A
gseparations these cases are modeled by providing a flag to
indicate if a D/D separation is to be applied, and, if so,

it is imposed in the manner of the single runway case.

3.c Mixed operations

Mixed overations on dependent parellels are the most
complicated situation, as there are three types of
dependencies that can exist. In addition, there are %wo
types of priorities tc be mcdeled (arrival priority and
alternating operations). The possible cases of dependency
are 1) nc dependency, 2) sirgle runway case and 3) touchdown
by the arrival necessary before release of +the takeoff
allowed.

The first situation, of course, poses no problen. The
second case is functionally identical to the =single runway
case and the analysis and formulas used there apply
directly. The third case requires an additional rule but is
actually simple to analyze. This case 1is 1limited tﬁ
conditions when the controller is 2ble to see that the

arrivel has touched dcwn in order to rermit the relerce cof
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the departure. This occurs primerily with VFR rules, but it
can happen ﬁnder IFR rules with a léw ceiling but gocd
visibility at ground level. Inder existing rules, all VFR
A/A separations are 1.9 miles or more and =211 IFR A/A
separations are 3 miles or more. Wnen the buffer is added
-t0 these values, it méans that the second landing of a pair
will be at least 2 miles out on final when the first landing
touches down. Therefore, under existing rules, it would be
redundant +to check the position of the next arrivai.
Despite this fact, the mechanism for checking is included in
the model to permit the analysis of closer A/A separations
should they be used in the future.

The ©procedure used for alternating operations on
parallel runways .is exactly the same as for the single
runway case. Additional separation is provided either by
applying a user specified separstion or by calculating
additional spacing needs, as in the single runway case.

Should the arrival/departure dependency be of the third
form mentioned above (departure masy leave when the next
arrival is over the threshold) then, as explained, under
current rules adequate spacing zlready exists to alternate -
cperations. Were shorter A/A separations to be used, it
would be stréightforward to provide for alternating
operations. The analyst can use the specified D/A
separation and set the values for 2all closing cases equal to
Rmt used in this case. This will insure that arrivsls are

at least Rmt miles apart at the threshold.
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4 Projected Intersecting Runways

A number of airports have runways that are not parallel
but do not intersect physically. Wichita, Ks., Kansas City,
‘Mo., and Chicago O'Hare are three examples. - A number of
these situations can be modeied- by the procedures discussed
in the +two sections above.  When the two runways diverge
. 8lightly (see figure II-19a, Wichita) they are independent
under - certain operating conditions: 1) arrivals on  one
runway, departures on the second; 2) mixed operations on one
and departures on the second.  If the runways are-operated
in the converging direction they may be modeled as if they
did intersect. This may be valid as a departure on one, for
example, may be held until the departure on the other runway
flew past the projebted intersection point. This procedure
would be more 1likely to be true when the projected
intersection point is close to the real ends of the runway,
as it is at Kansas City (see part b of the figure) than when
the intersection is far from the runway end.

In other situations it may be more appropriate +to
regard the two runways as if they were parallel. An arrival
on one may have to have cleared the runway before a
departure could be released on the second.

When the projected intersection is beyond the end of
one runway but on the other runway (see O'Hare example in

part c of the figure, as well as the Dulles geomeiry
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a) Wichita, Kansas b) Kansas City, Missouri
Airport Airport

>

N/

N

AN

c) Chicago O'Hare Airport

FIGURE II-19. Airports with Projected Intersecting Runways.
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referred tO"abové), then a "hold short" situation may be in
effect and the two runways are independent.

It may not ~be possible to model ~all projected
intersecting runways in the manner outlined above. However,
it is clear from this discussion that in the overwhelmiﬁg
majority of cases with projected intersécting runways, the
interéecting or parallel models discussed above can be
brought to bear by making the appropriate adjustments in the

model's parameters.
" 5 Assignment of Aircraft to Runways

5.a Discussion

Whenever more than one runway is in use for eithér
landings or takeoffs, aircraft must be assigned to one of
the active runways. In the demand section (II.C) reference
was made to runway assignment as being made dynamically and
the FAA model was criticized for prespecifying runway
assignments. Consideration of airport operations shows that
~there are several factors that c¢an influence runway
‘assignments. Therefore, FLAPS provides several modes of
runway assignment from which one of +the modes may be
selected as appropriate for a given case. After these modes
are identified, several problems in modeling runway

assignment will te discussed.
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Direction ¢f arproach cor departure

When runways are available for operation  in different
directions, then the choice of runway may be determined by
the direction from which - the aircraft approaches +the
airport(for landings) or the direction in which the aircraft
wishes to depart (for takeoffs).  Chicago C'Hare is often
operated as z North airport and a South airport, each with
landing and departure runways. Traffic is routed on to one
or the other half of O'Hare in order to avoid intersections
with traffic coming from the opposite direction.

Arrival and departure fixes rrovide the directional
information in FLAPS. We model this type of assignment by
providing two two-dimensional matrices, one for lendings and
one for takeoffs. Each matrix provides a set of muitinomial
prcbebilities giving the probsbility of wusing 2 runway,
conditional on the relevant type of fix {(arrival fix for
landings, departure fix for takeoffs). When an sircraft
becomes eligible for a runway operation, the appropriate set
of multinomial probabilities is sampled to obtain the runway
to be used.

As an example of how this}procedure would be wused,
consider the followinrg example. Suppose there are three
arrival runways A, B and C and two approach fixes 1 and 2.
All arrivals from fix 1 will use runway A. Half of fix 2

arrivals use A, 20% B and 30% C. In order to affect this in
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FLAFS the follwing matrix, X{(f,r) would be specified:

‘T - runway

A B C
f - fix t 1.0 .0 ' .0
2. 7.5 '2 03

Then egch aircraft that arrived wouldlfirst ha&e an arrival
fix, f, assigned to it. Then row £ of theé above matrix
would be wused to set the odds in & multinomial draw which
will randomly determine runway assignment.

Aprcn arezs

As the direction out of the airport from the runways
can influence runway selection, so too can the destination
within the airport; Pilots may choose between runways based
on their intended apron to avoid excessive taxiing. This is
a less significant factor than the others mentioned here and
was"not needed for any of the validation or application
runs. Therefore this oprtion was not modeled. If necessary,
it could be added by providing a metrix of probzbilities of
runway assignment as a function of apron area for landings
and takeoffs.

" Aircraft requirements

Aircraft vary greatly in their performance and runways
vary in the}r length. Not all of the largest aircraft can
use all runways that might be available. To model this

FLAPS allows a runway assignment mode based on the class of
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the aircraft. This operates in an analogous fashion to the
fix-based esssignment above. For each aircraft class a seﬁ
of probabilities giving runway to be wused 2s a function of
aircraft class is given.

Noise abatement

In order tc reduce the impact of noise on residents

under the flightpaths, aircraft may be directed away from
"noise-serisitive" runways. An attempt may also be made to
"balance" orperations to exgpose residential areas more
equitably to noise. This could ©be modeled wusing the
aircraft class mode. Noisy jets, for instance, wmight be

assigned entirely +to a runway which avoids extensive
exposure of people to noise. " All classes may be given
assignment percentages to balence the number of aircraft
‘going to any ore runway.

A second assignment mode is provided by FLAFS and mey
also be wuseful here. This is =2 simple multinomial
assignment. If three runways are =21itible for a particulsr
operation, then a2 draw from a set of three multinomial
probabilities can be made to determine the runway to be
used.

Cperational considerations

If airports are %o utilize their limited runway
capacity in an efficient manner, then it would seem that
traffic should ©be assigned to runways as to fully utilize

them. In particular, if one runway has aircraft waiting to
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move and another runway is vacant, then any new aircratt
should be sent to the empty runway. 7o model this procedure
FLAPS has '2 runway -assignment mode that directs each
aircraft to the runway with the shortest queue waiting to
use the runway.

The shortest queue assignment procedure is likely to be
combined with some limitations on the ability of aircraft to
use runways. Assignment may be tc the runway with the
shortest queue of any of the runways which a particular
aircraft cless may wuse. - Therefore, the shortest queue
assignment is implemented in FLAPS Dby specifying for each
class of aircraft a set of flags indicating which runways
that class of aircraft may uvse. = Tnen, when the aircrafi
becomes eligible for a runway oreration, the model scans the
set of runways that are both i) active and 2) usable for
this class of aircraft. The aireraft is assigred ‘1o the
runway with the smallest queue of aircraft awaiting service.

In summery, FLAPS allows four modes of runwvay
assignment. Landings and takeoffs are considered separately
and mey use different modes for assignment. The mcdes
allowed are:

1) Multinomial assignment

2) Multinomial as a function of aircraft class

3) Multinomiel as a function of fix

4) Shortest queue of acceptable runways where runway

acceptability is a function of aircraft class.
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These capabilities represent an advancement in the
modeling of airport operations over the prespecified
assignment method wused by the ASM model. They. permit a
wider range of real-world situations to be modeled. HMode 4,'
in particular, makes it possible for the.airpcrt planner to
evaluate and investigate  alternative runway assignment

policies with respect to their impacts on airport delays.

5.b Sequencing'of operations

As discussed in the . previous parts of this section,
once aircraft are assigned to a runway they-do not move onto
the runway until all " reievant air traffic control
gseparations are met. If these separations invelve aircraft
on runways cther than <the runway of the aircraft being
scheduled (i.e., when two or more runways are dependent),
then a problem 1in properly sequencing or alternating these
orerations can arise.

We illustrate the potential difficulty through the
following example. Suppose arrivals are being fed +to
dependent parsllel runways. An arrival of class 3 (small
jet) hes begun landing on runway 1. A class 1 (heavy jet)
arrives and wishes to land on runway 2. Because class 1 is
the fastest class of aircraft, all separations with it és a
trailing aircraft are imposed 2t the threshold. Thus its
needed approach gate separation is relatively 1large. If

another, non-class 1 aireraft arrives on the first runway,
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its required A/A separation is smaller than that of -ther
class 1 aircraft, so it becomes eligible tq land and begins
“its operation. . Now the class 1 aircraft must be separated
"from this new landing on runway 1 and its landing is
deferred again. In fact, should there be a continuous
stream of arrivals on runway 1, - the aircraft on runway .2
needing a'long.separatiop will not be allowed to land until
an arrival appears on runway 1 which requires.an even longer
A/A separation.

This is not a realistic pattern of use. Runways when
buey are much more often operated in an explicitly
alternating mode. In order to <force this to ococur a-
mechanism - ie included in FLAPS which does not allow two
successive landings to begin on a giver runway unless no
other runway has aircraft waiting to land.

The same difficulty 1ogicé11y exists for two dependent
- takeoff runways but 1is not often a problem in practice and
so no specific mechanism for alternating takeoffs is
included.  The reason it is not a problem is that seldom are
there two dependent runways used only for takeoffs. Usually
one or both of the runways will have landings as well. The
presence of landings and the attendant separation
requirements (A/D) act +to -prevent the lockup described

above.
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6 Special Problems

This section considers three special situations that
can arise and how they are mcdeled within the framework that
has been set up for runway operations. They are covered
here because they involve both aircraft performance and air

traffic control procedures.

6.a Displaced runway threshold

A runway may be operated with a displaced threshold,
that is, the aiming point for landings is moved in from the
physical end of +the runway. See figure II-2C0 for a
description. This technique may be used to raise the flight
path of landings for noise abatement. The full length cf
the runway is available for takeoff rolls from thst end of
the runway. Occasionzlly the threshold for takeoffs is
moved in as well. Operations in the other direction may
also use the full 1length out to the physical end of the
runvay. Arrivals may exit beyond the far threshold (if an
exit is located there). Departures may "use" the full
length of the runway in the sense that the entire length is
used in the calculation of whether the runway is long enough
to be safe Tfor this kind of aircraft. Logan airport (see
chapter IV) has several runways with displaced thresholds,
including some with displaced thresholds on both ends of the

runway.
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FIGURE I1-20. Displaced Runway Thresholds.
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This feature can be modeled by the procedures described
~in this section. If the  threshold for takeoffs has also
- been movsd'in (to Y), then the runway can be modeled as if
it actually .began at Y rather than X by placing the runway
end keypoint at Y. When. the runway is modeled in the other
direction (direction 2 in the figure,) znd if it is necessary
to use the full distance for 1landings, an exit may be
located in the area-beyénd fhe end of the runwvay.

If the landing and takeoff +thresholds are in different
places, then the analyst can model the situation by viewing
the one real runway as two runways, . one for landing 2nd one
for takeoffs. The .runway is described to the model as two
runeay modules. Fach module is on the same centerline but
shifted (part b of the figure) sc that one wmodule ends where
takeoffs btegin and the other ends where the thresholid is.
The two are operated as dependent rarallels. The
separations imposed are those described in part 3 (parailel
runways) so as to make the two modules a single runway
operationally. This procedure will result 1in correct
behavior. Before a departure can roll on the takeoff runway
module any arrival must have cleared or be at least Rmt(k,j)
miles away from the threshold.. If alternating operations
are in effect, the procedures described in part 4 will allow
space for departures. By describing  the one runway as two
mecdules, the performance of aircraft will be correctly

modeled. - Landings will touch down in the correct place on
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the runway and roll across intersections at the appropriate
time. The shifted takeoff roll vpoint will ensure that
takeoffs will ©be modeled as-taking the correct amount of
time to cress various ‘intersections. Whnen operating the
runway in the other direction both 1lendings and takeoffs
"shculd be directed onto whichever " of the two runways 1is
pleced in the right position.

Should it be the case that both ends of the runway have
displaced thresholds, the runway may still be modeled by the
split runway procedure. The opposite ends of the two runway
modules should be "positioned to have one runway module end
where tzkeoffs begin in the second direction and the cther
runway mcdule end where landings touch down in the second

direction.

€. EHold short arrivals

A held short arrival procedure is a situation vwhere
arrivals are directed onto &8 runway under the restrictiocon
-that they be able to "hold short" of scme point, usually the
intersection with another active runway. FSee figure II-23
for an example. This is done to increase capacity by opening
up another runway. "This procedure is wused at Dulles
(discussed above) and at Iogan (see chapter IV). This
situation is trivial tc model as the result is two
independent runways for arrivals. As an arrival on one

runway is assumed to stop short of the intersection, the
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operation on the other runway proceeds independently of the
firet arrival. Correct modeling involves assigning arrivals
‘to the proper runway in a correct manner.

- The runways will not ©be independent for takeoff
operations. Using the example of the figure, departures on
2 must clear departures on‘i, and departures on 1 must clear
arrivals and departures on 2. These particular separations
- are the same as the ordinary dependent runway separations
discussed above.

This hold short procedure is sometimes used on a
conditional basis.” In other words, not 211 +the arrivals
will be able to hold short. This 1is the case in the Logan
example below. Small aircraft hold short, bdut large jets
nzed the full 1length of the runway and thus interfere with
operationé on the other runway. In the figure example
heavies on 1 may not be able to stop short of runway 2.

This can be modeled in an approximate way by imposing
‘an arrival separation on the two runways. The value of the
separation will te zero for all pairs of arrivals which will
not conflict Dbecause the arrival on the hold short runway
does hold short. The value of the separation will be
greater than zero for those pairs of aircraft where the
arrival on the hold short runway does not stcp short of the
intersection. For the example of the figure, the table
below demonstrates how this would work. The +two matrices

are the arrival/arrival separation imposed on each landing.
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The entries merked X in the table are set to an appropriate
value greater than zero. £ landing on runway 2 (top metrix)
will ignore orperetions on runwey !,unliess the landing on

runway 1 is

sy
G
et
V)
G
[02]
—

and thus wiil not stop before the
intersection. - If the runway 1 landing is a c¢lass 1, the
non-zero seraraticn provides adequate seraration from other

aircraft crossing the intersecticn.

Class
Treiling a.c. on runway 2: 1 2 3
Lead 2.c. on runway 1: 1 X ©0 0
2 X 0 0
3 X 0 ¢©

Treiling a.c. orn runway t: 1 2 3
Lead a.c. on runvay 2: 1 ¥y X X
z 0 0 0
Z 0 0 0

(o)
Q

Intersectionr derartures

Runways fcr commercizsl Jet departures usually need to
e 7000 or more feet in length. Aircraft used for business
or private flying need only a2 small portion of this distance
tc takeoff. If they start in tne same 1location ag larger

aircraft, then they will take

[}

lorg vime to fly down the
length of the runway, Dblocking other movements. To reduce

the runway occurancy time con tekeoff, smsll aircraft n

W

y
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depart at some intermediate point a good distance down the
departure runway.

This can be modeled in FLAPS as an extreme case of the
displaced threshold. In this case'thé second runway is much
shorter and begins at the point from which the departure

will roll.
7 Comparison of separation methodologies

Consideration of the methods used in the ASM model for
separating aircraft was deferred ~until after the completion
of the analysis of aircraft movements on runways and
separation procedures between conflicting operations. This
was dcone - because proper comparison of ASM and TFILAPS
procedures involives the issues of aircraft performance and,
in particular, dependent runway separaticn rules. Now that
this has been presented, the methods used by ASM to separate
aircraft will be described. The reasons why the ASM method
cannot accurately represent certain cases modeled by FLAES
are discussed. |

The method used by ASM to separate aircreft relies on
two principles: 1) single runway occupancy rule and 2)
separations imrosed as a minimum.time_between crogsings of
the runway thresholds. The first point simply means that no
more than one aircraft is ever allowed to occupy any one of

the runways. Crossing a runway does not count as occupying




it. The second point is implemented in the follcwing way:
f operation Y is to be separated from a previous operation -
X by an interval +t or more, the procedure is to hold Y at
its runway threshold until t seconds =2ftér X has crossed its
runway's threshold. This procedure is used Dbetween
landings, takeoffs and Between operations of different
types. It is used when the two operatioﬁs are on the same
or on different runways. The result is that each possible
combination of a lead operation type (landing, +takeoff), a
trail operation type, a lead operation runway, and a trail
operation runway is consgidered s different type of
separation. Each of these separation tyres is specified oy
a matrix of ceparation walues {times or distances) ~for each
combination ¢f lead aircraft clase and trail aircraft classe.
For example, &2 matrix of geparations could be specified 2s
applying between & leading arrival on runway 1 followed by a
departure on runway 2. An independent set of separations
could ke <specified to apply between arrivals on runway 2
that are followed by departures on runway 3.

The ASM procedure has certain strong points. It is
easy to describe and permits modeling of a wide range of
situations in a unified framework. The defect of this
procedure relative to the methods discussed above feor FLAPS
is that, as is the case with many other aspects of the ASM
model, it sometimes ignores important interactions between
the vz -.us parameters of the airprort. As 2 result of this,

certair cases can cnly be approximately mcdeled by ASM.
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One such situation 1involves the separation of
departures on one runway from arrivals on an intersecting
runway. As has been stated; the rule is that the departure’
must be held wuntil the arrival "has either <crossed the
intersection or exited, whichever occurs first. This 1is
modeled in ASM by the analyst calculating the average time
each class of arrivals will need to travel fr5m the
threshcld to the intersection and using this time as the A/D
separation.

We refer to this average time to the intersection as
S*. This will be applied in the model as follows: When a
departure is to be scheduled, it will not be allowed to
begin uhtil a time S after the previcus arrival has crossed
its runways' threshold. This differs from the actual rule
of holding the departure until affer the minimum of when the
arrival crosses the intersection or clears the arrival
runway. If  most or all arrivais exit after the
intersection, then the -error introduced is, in practice,
insignificant. The error would only be the absolute value
of the difference between the actual time to crossing and
average time to crossing for the landing, perhaps 3 or 4

seconds.

* S is actually a function of the arrival «class. The
following discussion does mnot depend on this, so, for
simplicity we assume S is independent of the arrival
class.
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The difficulty with the ASM procedure comes when a
significant <£fraction af arrivals exit before the
intersection, If S, as defin=d above, 1is used as the A/D
separation, then sefious errors will result. When an
arrival exits early, before the interséction, the aepartﬁre
will continue to be held for the full time S after the
arrival crosses the thfeshold. ' This error could be 15 of 20
seconds and, in somé situations, could be -enough to mean
that there will not be sﬁfficient time between arrivals to
permit a takeoff. In this situation the analyst could elect
to reduce S +to the average time the arrival will block the
departure. That is, S would now be set to the probability
that the arrival wouid CToSss ﬁhe iﬁtersecticn fimes the
average time to :ﬁe intersection pius the probability that
the arrival would exit early times the average 1length of
time the arrival would be on the runway given that it exited
early.*

This value for S may also cause erroneous behavior. It
is true that this method will delay, .on the average, each
departure the correct interval after the arrival touches
‘down, Nonetheless, this method may introduce a significant
bias to the results. Under the arrival priority mode of
operations, some departures ﬁill be able to go while others
will not have sufficient time between arrivals to do so.

This decision will often depend on whether the arrival exits

* The latter term might itself be a weighted average of
times to several exits before the intersection
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early or late. Taking the average arrival time on the
runway may significantly change the fraction of interarrival
gaps thatrcan accommodaté a departure;

For exémple, suppose_that the time between the
touchdown of a class 3 arrival and a class 4 arrival is 30
seconds and that the average time the class 3 arrival blocks
the departure is 45 seconds if‘the afrival crosses the
intersection gnd 30 seconds if it does not. Then,vif the
féquirement for releasing a departure is that there be 50
secends from the moment the takeoff begins to roll until the
next arrival touches down, the actual behavior will be to
allow the departure to go almost everytime the first arrival
exits early (as 90-30 > 50) but almost never® when the
arrival exits late and crosses the intersection (as 90-45 <
50). If the average time for the arrival to block the

runway turns out to be below 40 seconds, then usin the

0Q

average will bias results tcwards 1letting more departures
takeoff. If this average is over 40 seconds, then using ths
average time will bias results towards letting fewer
departures takeoff.
This same problem occurs with parallel runways. When

parallel runways are used with the separation requirement
that a departure must hold until the arrival exits, the
identical difficulty with wusing average arrival runway

occupancy time will occur,

* The exact fraction would depend on the standard deviations
of buffers and approach speeds and related factors.
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-An additional probler can occur when the analyst is
interested in studying the effects of changes in aircraft
performénce Oor new runway exits on delayﬂ and capacity.
Changing runway occupancy times changes the separations
iﬁposed in the cases described above. In the ASM model this
interaction can be modeled only by thenanalyst.reéalculating
the average runway occcupancy times. The intersction bhetween
aircraft verformance or ~ type of exits on delay and
congestion can tske ©place, for the cases described, only
outside the model with analyst intervention. This is =
problem not'ohly for fhe cases descrited, Tut aleo in other
situations where the separation depends on runway occupancy
time. In the intersecting rurways cease, D/A sepzarations
will be specified to prevent an arrival from being too close
to the threshold whern a dsparture crosses the intersection.
This time will be specified as a minimum between the time
when the departure leaves its threshold and when the arrvival
crosses its threshold. Thus, it is based, in part, on the
time the arrival needs to cross the intersection with thne
arrival runway. '

The separation methodclogy described in this and the
previous sections does not suffer from these problems.
FIAPS uses the exact time an arrival crosses the

intersection or clears the runway, as appropriate, to

control the release of derartures. This prevents any

t-h

biesing of results and also explicitly couples aircreaft

47}
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performance to the determination of separations. This
procedure will facilitate experimentation with FLAPS %o
assess the significance of proposed changes in runway exits
on aircraft performance. A further =eadvantage of the
procedure in FLAPS derives from the inclusion of the landing
performance model of sectibn - I1.C. This méans that the
entire set of responses induced by, for example, changing a
90 degree exit (exit velocity.O kts.) to a high speed exit
(exit velocity 30 kts.) can be tracked by changing one
parameter, rather than by first manually recsalculating
runway occupancy times and then manually recalculating

' separations.
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F CONTRCL OF THE AIRPORT
1 Introduction

The previous sections of this chapter have examined how
the various portions of én airport oﬁerate. At Several
pcints we have seen how a given airport facility can bhe
operated inr a2 number of different modes. For example,
runways may be in an alternating»briority mcde or an arrival
priority mode. We did not consider at length the
metivations forchanging *these policies.

The purpose of this section is to analyze the causes of
changes in the way airports are opercted. The fregquencies
of changes will also be examined. QOur methecd of apprcach is
to identify the major causes of changes and the resul¥ing
effects. We term these causes of change "factcrs" and the
set of possible parameters they can alter the "operating
rolicies" of the airport. We will see that two majer
factors (weather and congestion) =and some minor factors can
cause a complex set of responses in operating relicies.
These policies include runway assignment, aircraft
performance, and sir traffic control separations.

The frequency with which changes in cperating policies
occur means that models for analyzing airport operations
shculé have e dynamic dapability to follow changes in

operating roliicies. Correct medeling of the transitions
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from c¢ne set of operating rules to another will be
discussed.

It will be shown that the restricted ability of
existing models +to analyze situations involving changes in
operating rules limits their applicability and increases the
difficulty of their velidation.

We will propose capabilities that are a significent
“advance cver present models. We will show that the type of
changes in operating policies encountered in practice can be
descrived as ore of twe kinds -~ changes triggered at a
certain time and changes triggered in response to a certain
cornditicn on the airport. We develop ecach of these specific
procedures in response to a specific factor and then
generalize them for use in modeling changes caused ty cther

factors.

2 VWeather

2.2 Summary of effects

Weather conditions have a prefound effect on the
" operation of =an airport, changing 2 number of operating
policies.

Separaticns

As indicated in section II.C, different separations
apply under VFR and under IFR conditicns for arrival/arrival

spacing. The difference in capacity and. therefore, delay
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is significant. A typical reduction in landing capacity

would be from 40 landings per hour in VFR conditions to 30

per hour 1in ITR conditicns. Transiticn tetween +types of
separations can _probatly be modeled as occuring
instantanecusly. That 1is, the <first aircraft +te Dbe

scheduled after the +time of the transition merely uses the
new separation.

Dependencies among runways

As seen in  section II.D (slsc see chapter IV)
reductions in visibtility and ceiling can meke & pair of
previously independent. parallel .runways inter-dependent.
Thie will &lso reduce the cepacity of the eairport and
increase delays. As with separatiomns, charnges iun depéndency
can probabtly bé considered instantaneous. 2he full impact
of these changes will require severzl minutes to take effect
and will not do so until all aircraft scheduled wunder the

0ld procedures have cleared the runway.

Runway configuration in use

By runway configuration we mean the choice ¢f which of
the airport's runways are active (have traffic assigned to
them), for which operations they are active (landings,
takeoffs or mixed operations) and in which direction they
are to be operated.

Aircraft must land into the wind and the.direction and
velocity of the wind can dictate which runways are usable.
The runway configuration in use often changes several times

during the course of a2 day at =2 typicael airport.
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Information on configurations in use at La Guerdia for
one - week in ~Decembef, 1978, was made available toc the
~ author. During seven days an average of 2.4 changes in
configuration were made each day between 7 A.M. and'10 P.M.
On no day was the airport operated entirely with one
configuration.

A second way that weather affects runway use 1is that
during 1ow'§isibility'a nunber - of 1ighting;and landing aids
(visual a?proach’slope indicator, instrument landing system)
may become required for landing. Each runway -is equipped
with verious combinations of these éids, and this can govern
which runways are cpen for use.

Transition ©betveen runwéy configurations 1is fairly
complex and cannot be considered to take rlace
instantaneously. Cnce 2 change 1is decided upon, aircraft.
nust begin +to be directed to the new runways to be used.
For landings thisfméy mean that, for some time, aircraft may
continue to orerate on the cld runways, as they may bve oo
close to the approach gate to be diverted. Any departure
that has begun to taxi to a takeoff runway or is at the
runvay endpoint ‘will often be allowed tc continue to the
runway and takeoff. Once no more aircraft remain to use the
old configuration, operations will Dbegin to use the new
cdhfiguration. Separations can be provided in the manner
described earlier in this section. If the direction of use

of a particuler runway has changed then, at a minimum, =2all
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aircraft on +the runway will have +tc vte <cleared before
overations can begin in the orposite direction. This would
mean that any takeoff operating under the old regime would
have to have climbed out befeore 2ny landings could use the
runway in the new direction. There would likely be a delay
of several minutes between the last takeoff in one direction
and the first landirg in the other direction.

Te model the tresnsiticn the following procedure - is

used. At the desigrated time ¢f the changeover the runway

Ui

igament procedure is changed o assign any new departures
from the zpren to the new runways. At changeover plus Cx

minutes the runway assignment rrocedure is changed to =zss=i

418}

n

any new arrivels to the new arrival runways. Operations are

scheduled to meet any relevant separation, the user heaving
pecified proper separation between the o014 2nd new sets of

0

ful

runways. If a landing on 2 runway will use the runway in a
different direction frem the previous landing, then it is
not allowed to begin its descent from the approach gate
until Ca minutes after the previous takeoff has cleared the
runway. If a takeoff on a runway will use the runway in a
different directicn from the previcus takeoff, then it is
not allowed to begin its operatién until all aircraft

currently on the runway have cleared. Times Cx and Ca are

set by the analyst.
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Aircraft mix

Landings in bad weather also require both specific
pilot skills and on-board navigation aids. Pilots who might

be permitted-to takeoff may still cancel their flights due

to bad weather in surrounding area. Smell sircraft tend to

have limited capabilities for tad weather operations and to
be flown more often by pilots without the +training for bad
weather,fly1ng. . Therefore, 1light aircraft will probsbly
constitute a smaller_ percentage of the mix during bad
weather. Procedures for changing the aircraft mix over time
were given in the demand section, II.€, above.

Runway =zssignment -

The result of the last several factore will be shifts
in the overall runway assignment for landings and
departures. This may imply either changes in the percentage
assignment or a change to a new mode of operations.

Aircraft performance

Rain can reduce the effectiveness of braking and change
exit selection for lendings. Taxiing speeds are probezbly

lower in bad weather, as pilots tend to be more cauticus.

2.bp Implications for analysis

Being able to follow changes 1in weather is a necessary
capability for airport models.. This 1is because weather
conditions can «change in several different ways over the

course of a day. Charnges in visibility mey mendate a change
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in flight rules (VFR to IFR or reverse). Low vigibility is
often but not always associzted with rain cr esnow. Wind
direction can <change several +times a2 day in any kind of
weather. The result is that it ‘is rare tc find an airport
operating in the sazme configuration, using the. same rules
for an entire day.

If we wish to fully analyze how airpert coperations, our
models must have an' ability to alter the conditions in
- effect during the course of a run and 10 model the

transition from one configuration to the next.

2.¢c ©t©valueation of existing models

The ASM airfield model has a very limited ability to
follow weather-induced changes in operating policies. No
chenges in separations, dependencies or aircraft performance
are allowed. One change in the aciive runways is allnowed
during any run. However, this is done at the expense of
hglving the number of runways that may be active at any one
time. Because of the schedule techniques used by the ASM
model, changes in aircraft mix and minor changes in runway
assignment (i. e. relative provatbilities of assignment) can
be simulated bty the user suitably constructing the Dbase
schedule. The MITASIM model has no ability 1to model this
type of changes.

The limitations on the ability of existing models to

analyze this <yps of cheange result in 2z significant
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constraint on the data that can be used +to validate the
models.

A natural procedure for validating such a model would
be to take measurements of flow rates. ~deley, aircraft
characteristics, etc. at an airport for one or two weeks,
such as was done at G'Hare in the summer of 1977. This
récord will tyﬁically show some change in operating policies
every 2 to 4 hours. If a capacity analysis is being done

one may combine the records of a given .configuration if it
appears more than once during the study period. Any
comprehensive validation will involve a sequence of
comparisons between the model and data obtained under esach
operating policy.

Analysis of the models' performance is foreclosed 2s a
practical matter by the existirg models' lack of ability teo
simulate alterations in operating rules. If matching of
delay performance is desired, no combination of data from
different periods with constant operating rypolicies is
appropreate due to the difference in initial conditions fer
each period.
| Mo&eling of changes asr a sequgncé of simulations of
successive time periods would be ‘difficult. An example
cffers +the best explanation of why this is +the case.
Suppose an airport uses one set of éperating rules before 12
noon, and 2 sécond from noon onward. Assuming the airport

was essentially empiy at scme early morning time, the period
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before nocr can be simulated without difficulty. Simulation
of +the pericd =zfter noon cannot ©be performed accurately
~unless 1) the condition of the airport at ncon can be used
to start the second .run of the model and 2) transition
between the <first and seccnd operating rules can bYe
represented. The first problem may be approximated by
meking the second run of the model with a warmup period.
The demand rates in this warmup pericd would. be adjﬁsted
until the set of conditions a2t nroon in the second run
closely approximate +the model generated conditicons at noon
at the end of the first run. The more congested the asirport
really was at noon, the more important is this metching.
The seccond problem, +fransition time, msy or may not Yve
significant depending on the *type of change in cpereting
pclicy being wede. The luil in operations. caused by changes
in runwvay configurations will be hard to model.

The problems just discussed in terms of validestion also
appear vhen existing models are used for airport analysis.
Investigaticns of the effecis of changes in operating
rolicies 1is an important issue for controllers. These

effects cannot be analyzed using existing models.

2.4 Modeling of policy changes
Changes 'in weather conditions are external to the
airport. They occur at a certain time, rather than being

dependent on certain airport conditions. In order to mcdel
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them, we need a procedure to permit arbitrary changes in
operating rules at any desired time. This turns out to be
very easy to do. FLAPS allows the‘ input of a file of
orders, each consisting of a time andva set of  parameter
names and valﬁes. >During each replication* of a run each
order is read at 1its épecified time, and the changes in
parameter values are implemented. Mest policy changes

involve simple changes in command valuecs. Changes in runway
configurations involve a set of orders to implement the

change. See chapter IV for several examples.
3 Congestion

3.a Summary of impacts

The buildup‘in the number of ailrcraft waiting to land
or takeoff can trigger éhanges in operating policies. The
most obvious way that this occurs is in a switch f£from an
arrival priority mode to an alternating priority mode for a
mixed operations runway when the queue of departures Trises
above some critical value. The alternating mode 1is then
maintained until the number of aircraft in the departure
queue has been reduced to some acceptable value.
| There are a number of possible ''second order" policy
shifts that could occur as a reaction to congestiocn. First,
if the departure queue continues to grow despite the

imposition of alternating priority rules, then the

* See secticn II.G for definition.
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controller ma2y elect to change to the departure only mode by
halting all arrival operations on the runway.

A shift might bYe msde to an entirely new runway
configuraticn. Airports . are normally run using the
configuration with the highest capacity that wesather
conditions meke available. Fowever, if, due to noise
abatement cdn&iderations, for example, a lower capacity
configuration is being wused,- then congestion may induce a
change to increasge cepacity.

Even more subtle changes in operating policies =zre
poasible if controllers can anticipate the traffic demands
immediaztely ahead. Then, for example, they mey elect not to

change operating policies if they expect & lull in the flow

jo]

of srrivais. It may be that éome responsges to cengestio
are best descrived as changes in runway assignmént. There
may be a runway noninally in use but, durinrg severe
congestion some aircraft may be directed from it to another
TUNWaYy. Congestion may induce changes in aircraft
performance, as controllers urge prilots tc expedite their
movenents. The extent to which such procedures are used is
unxnown.

A wide range cof capabilities <o alter operating
policies in response to congestion is necessary for studying
which peclicies are most effective. It may te that certain

commonly used policies are nct optimal.
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3. Evaluation. of existing zodels

Both the ASM model and the MITASIN model (NOR 79) have
- a capabiliity tc automatically alter the cperating mode for a
mixng'qperations - runway. .mhe ASH model does this Dby
specifying =2 critical queue length and a time intervel.
Then, each time an arrival is scheduled, the departure queue
for the runway is checked. If it 1is above the critical
value, then the specified time intervsl is added to. the A/A
separation. _

The MITASIM .model employed. 2 methcd that improves on
the ASM . procedure in- two respects. - First, two critical.
queue lengths  are specified: one for the transition "up“
from arrivel priority +toc alternating priority and s sscond
i to

for +the +transition "down" from &glfernating rio

e}

ct
<

a3

arrival pricrity. "By specifying the latter alue to be
several sircraft 1lower than the first, rapid slternation
between the pricorities is prevented. The second change is
in the manner in which the amount of extra space btetween
arrivals is provided. MITASIM uses the "calculated
separétion" procedure described in section II.D. Neither
model permits the more complicated changes discussed above.
Lack of more qomplicated policy.altération .options reduces
the ability " of the mocdels to %te used to explore opfimal

pelicies.
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3.c Modeling of congestion induced changes

Changes caused by congestion cannot be modeled through
the same procedures used for weather-induced changes. This
is -because the triggering factor is not external to the
airgort (weather) but 1is one aspect of how the airport is
operating. What is extérnal is tﬁe definition of the
condition. That is, the exact situation that causes the
changes, queue length, for example.

Modeling of these changes is done in FLAPS by defining
a set of conditions (such as takeoff queue on runway 3
greater than ¥ aircraft) that will trigger an event. The
analyst designates what conditions are to be set and a2t what
velue (X). When they ocecur, a 1list of parameters is
aﬁtcﬁatically fead and changes are made. Currently FLAPS
allows only two generalrtypes of conditions: 1) +takeoff
gueue on runway X has wore that Y aircréft, and 2) takeoff
queue on runway X has less than Y aircraft.

There are no restraints on what changes in parameters
can be made when the conditicn is true. Each time the
takeoff queue is added to (condition 1) or subtracted from
(condition 2), the relevant condition 1is checked and
triggered if true.

Extensions to TFLAPE cean be made to enlarge the atove

set of conditions.
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4 Other factors

A numbef of additional factors may occur that result in
changes in operating policies. Certain ruﬁways mey be-
subject to a curfew to control noise exposure. Accidents
may block a runway. Perhéps an extreme example is preovided
by Logan Airport where several runways overfly shipping
lanes. When a iigquid natural gas (LNG) tarnker enters or
leaves Boston Harbor, it may not be overflown. While the

ING ship makes ite transit, several runways are rendered

inactive for intervels of 10 to 20 minutes at a time. The

entire process may take several hours. Fortunetely, this
does not occur often enough tc bYe a mejor issue to vbe
anaelyzed, but it doesg illustrate the limitinrg case.

Whatever motivates the changes in operating policies,
the two procedures described sbove provide a wide ranging
capability to model them. As long as the instigaticn of the
chenge can be described as occuring at a specific time or
under a specific set of airport conditiéns, and the desired
policy <change is describable in terms of the runway and
aircraft paremeters specified so far, then the procedures

set up above can be used to model it.
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G STATISTICAL ISSUES IN MODELING AIRPORT CPERATIONS
1 Introduction

Tnis section wiil discuss statistical considerations
which are pertinent +to thé analysis of airport operations.
FPLAPS is impiemented as an eventvpacea digital simulation,
and we will first bdbriefly survey the current state of
statistical analysis of such simulations. Certain aspects
of current werk relate directly to the type of situation we

wish to analyze, but the airpert environment pcses & number

)

of significant problems for the statistician. In each area

we Qraw conclusions sbout The statistical features relevant

[

for airpert simulation. The ASM model is brief

¥y evaluated
, We will

with respect to each of these topics. Secondly
consider what output statistics are required by the cases we

wish to analyze with FLAPS.
2 Survey of Statistical Issuzss Kelevaat %o Simulation

2.a DSimulation context

In order to understand the application of what follows,
it 1is neccessary to discuss the basic concept of a
simulation from a statistical point of view.

A simulation such as FLAPS is based on a stoqhastic

description ¢f how the 2irport operates. The computers used
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" to implement simulations are completely deterministic.

Thus, some way nust be found to simulate randomness. This- - .

" topic is discussed below under section 2.b.

This probabilistic base tb-'simulation'means that the
outputs of a simulation are random variables znd must be
analyzed as such. Fach "fripﬁ'through the simulation is but
cne :ealization or repliqation éf the simulation. Running
the identical case with dQifferent random numbers will
produce a different realization. - Methods of reducing the
significance of variation among replications are discused in
section 2.c |

O0f major significance to the analysis of simulation is
that. its - outputs are inherently autocorrelated. For
example, if the zirport is- #ery congested, then the deiay
experienced by a typical aircraft is likely to be large. It

is very likely +that the delay experienced by <following

~aircraft will also be large. This® autocorrelastion
complicates application of estimation procedures
considerably.

There are two fundamental approaches that are used to
obtain the true average' behavior ir the presence of
autocorrelation. One approach is to run the simulation for
an extended period of time. Average behavior is obtained by
computing estimatcrs éver the entire duration of‘ the run.‘
The second procedure 1is to make many shorter replications,

each starting a2t some initial condition (usually empty and
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idle). Average behavior is obtained by computing estimates
~across the several replications. There are a numbef of
statistical tradeoffs between the two methods. Each method
creates certain problems for the analyst.. Some of the more

significant issues are reviewed below in section 2.4d.

2.b Random number genera*tion

The subject of how to generate randem numbers is vast
and complicated. Fishmaﬁ cites (FIS 78 pp.350) a 1972
bibliography with 491 entries on this subject. The pace of
deyelopments_is. such that much of the best worx from i972
and before has becn surpassed. It 1is not our purpose to
attempt to coniribute wvo Athe theory of random number
generators (RNG), but aryons whe constructs a simulstion
must be sensitive to the wajs the use of ar RNG affects thé
nodel. |

Choice c¢f random aumber genserator

Much has been written (Fis 78 pp. 345-91) on the
correct choice of RNGs. This choice poses difficulties for
the analyst, as RNGs may be machine dependent, are usually
written in assembler language and exceed the abilities of
most application oriented users to meaningfully test them.
For example; even the GPSS simulation language package
employs a RNG with so many problems that it leads Fishman to
this conclusion: ™"Anyone who contemplates using GPSS‘cannot
expect to defend his results successfully on a truly

scientific basis."” (FIS 78 p. 166)




The majority of RNGs in wuse today are multiplicative
congruential (MC) generators. vhich generate a stream of .
“numbers, Z{i),  which are uniform on the interval from O to
the largest integer capable of being stored in the machine.
The Z(i) are divided by this maximum size to obtain r(i), a
number unifermly distributed on the interval 0 to 1. The
formula used by all MC generatérs is of the form:

Z(i) = A * z{i=1} (modylo M)-
The user supplies a starting seed for Z(O) and fhe' REG -
recursively generates the series Z(i).

The ASHM model'usés én undocumented Mngenerator with A
= 2051 and M = 4194304 = 222, This form restricts the
initial seed Z(0) to odd numbers, and the FAA routine has =
mechanism to insure that, if the user inputs an even seéd,
it is "bumped™ by 1 unit to the next odd velue.* This
provision is valuable as the sample inputs given (PMM 77
p.-87)  include 10 ‘random number seeds (for .use. in . 10
replications), the numbers 1001 to 100 inclusive. It may
therefore be the case that sample cutputs and validation

runs reported by the FAA are really based cn 6 different
Vreplications, not 10. ~ Four replications may be doubled,
those rerlications beginning ‘with the seeds (1002,1003),
(1004,1005), (1006,1007) and (1008,1009) being the same.

* These observations are based on a listing of the code
of the ASM model,
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The routine wused in FLAPS was developed by Lewis
(LEV €9). It was wused in ‘the TFORTRAN IMSL statistical
package. It uses A = 16807 and M = 2147483647 = 23t .
This is a2 variety of MC generator known as . & prime modulus
multiplicative congruential generator. Pishman applies a
large number of tests to several generators of this form and
his conclusicn is that this one is acceptable (FIS 78 p.%€9,
382). . Users concerned sbout the guality of the RNG_may
elect to change A to one. of the other values that Fishman
tests which pefform somewhat-better. | |

-Use of random rnumber generators

Several authors (FIS 78 pp.35-€, SCE 74 pp. 144-7)
-enphasize that the correct use of a RNG in a simulation
involves not only choosing 2n acceptable algorithm, tut also
1) having =ach process in the mocdel use ifs own independent
stream of random numbers and 2) explicit identification in
the sipnulaticn cutputs of the first and last seed used. The
first point allows for more reproducible experinmenss. The
user may change one process in the simulaticn, without
disturbing the sequence of random nunbers used in the other
processes. - This allows a clearer examination of the effects
of the change in the outputs than would be the case where
all the random number streams were changed. Seeing the final
seed used allows the analyst to prove that two cases used
exsctly the same random -variables except for the process

that was ltered. This @8also allows the running of
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inderendent experiments by using the last seeé in the first
experiment as the first seed in the s=scond.

The ASM model provides neither of these procedures.
_FLAPS allows the printing of beginning and ending seeds if
the analyst so requests. FLAPS uses three streams of random
numbers, one for calculation of separations, one for the
generation of schedules znd cne for géneral use. The user
may specify any seeds for these streams, but default values

are provided from the table in FIS 78.p. 486 to be i million

)

apart in the sequence generated by this NG. Preliminary

2 called on the

&

runs of FLAPS indicate that each strezm may

crder of 100,000 times in a "moderately large” run.

Genersticn of nen-unifcerp nurbers

(o1
}-‘ .

There are needs for rardom numbers with distributions

[ 7)

other than uriform. There are a wide variety of techniques
catalogued for generating & wide variety c¢f rprobability
density functions. See, for exesmple, FIS 78 pp. 392-48&C.
FLAPS allows the user a <choice of six ©probsbility density

function forms whenever a random variable ig to be u=ed:

) Deterministic
) Normal - using the central limit theorem with user
specified truncaticn :
) Normal - uging a formule from Box & Muller
(BOX 58, also see FIS 78 p. 41C)
) Triangle - convolution of two uniform numbers
) Erlang - with user contrclled order (k)
) ( k =1 is negative exponential )

o U~ A" N -

Uniforn
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This allows the user to experiment with the sensitivity of
results ~ to different probabiiity density function forms.
This may prove useful in view of the scarcity of information
abcut the exact probabilistic form of many key aifport

parameters.

2.c Variance reductiorn techniques

There has been donsidérable interest in develoring ways
to control stochasticity in simulations in order to ob%ain
more accurate estimates of gimulaticn outputs (XLE 74
pp.105-2&7,  FIS 78 pp.114-126). - Technigues such as
stratified sanpling, control variates and importance
sempling are not directly applicahle for use ir a simulation
that has boﬁh multiple inputs and multiple outputs, as is
the case here.

Cne method which mey be applied 1is *the technigue of
antithetic variates. The basic idea is that the variance of
the simulation outputs may be reduced ty having each pair of

replications wuse streams of random numbers that are

[0]

negatively correlated. One way' to achieve this i as
follows: If replication 1 uses a stream of C to 1 random
variables r(3), then replication i + 1 should use stream
s{j), where s(j) =1 - r(j). For replication i+2 the
procedure is started again with a new seed for the stream

r(j). With the MC type'of random number generator, this

method proves easy tc implement. It hag been shown (KLE 74
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'Pp.254-6) that -streams r(j) and s(j) will have this property
if the seeds. used to start the second stream s(j) is.
M - 2(0), where Z(0) 1is the seed used to start the first
process and M is the modulus of the RNG, as indicated“abdve;

When analyzing = the outputs'from-this situation, each
replication can no 1longer ©be considered zs independent.
Howevef, each 'paierf replications‘ can be so considered.
Thus,  the dégrees of freedom 'in any averége across n
replications is no longer n - 1 but n/2 - t. The source of
this technique (XLE 74 p. 199) also>reports its successful
application to a number of simulations.

The procedure was not included in FLAPS bdbut could be

easily added as an extension %o the mcdel.

2.d Output analysis

There is much work reported on snalysis of the outputs
of a simulatiorn.. However, few advances have been made .in
analysis of the particular type of simulation represented by
FLAPS. We will first discuss why FLAPS must be run as =z
multiple replication type of simulation and how estimators
are produced for this situation. We will then discuss a
number of problems and techniques uéed toc analyze this type
of simulation.

Overview of analytical fremework

The basic complicating factor in analyzing simulation

outputs is the presence of autocorrelation. There are two
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distinct arpprcaches %o - dealing with this problem. One
method operates the simulation a2as  a cgingle long replication
but atiempts to manipulete the outputs to extract meaningful
estimetors. Aralysis focuses or initial condition bias,
final conditior bias and veriocus methods of estimating mean
values fron autocorrelated data. Among the latter

techniques are skipping deta peints or blocks ¢f date, using

w

the regenerative nature of gueueing systems nd performing

)‘:J
—f
2
=l

time series analysis (GCR 6% pp.277-95, 1, KLE 74
pp.87-90, FIS 78 pp.219-273).

Implicit ir all cf these vprocedures,. however, ig the
assumption trat the system being wnoleled i3 in &  steady
state condition. Since = significant reason for
constructing an airpert simulation in the first place is the
fact that the zirport is seldom 1in steady state we cznnot
use a single long experiment for cur analysis. I accurate
estimates of the perfcrrence of an =airport under tine
varying 1lcads is to be obtained then the mocdel must Dbe
formulated and run to mske multiple replicetions of the same
time reriod. Only in this way can the average performsance
and the range of typical performsnces be determined.
Unfortunately, little analysis has been done on the multiple
replication case. Even the infrequent parer studying of the
multiple replication case, such as TUR 176, is often

concerned with steady state situations.
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The standard treatment for multiple replication
simulations is to assume that _eaﬁh replication is
iﬁdeﬁéndéht>and 'thét’any'setﬂ of Bbservations of an outpdt
across replications Qill bé.norﬁally distribﬁtéd, permitting
use of the"claséiéal estimation proéess"tKLE 74 ﬁ.'85j6)ﬂ
For example, if X(i,j) is scme perfcrmance statistic, suéh
as average delay to all ianding‘ aircrafi in pefiod j of
replication i; and I is the number of replications to be
rﬁn, then the estimaté‘of the irue avefage laﬁding delay iﬁ‘
pefiddvj would be:

XG) = /D 5 x(i,5) | - (23)

o ' i=1 " : ‘
the standard deviation of x(i,j) would ber

Xs(j) = (1/(1-1))*i§1X(i,j)2

| - 2
C-@/D*L T x(3,5)10
i=1

~
™~
&
Vo

Finally, the 95% confidence. interval of the mesan would
. extend from X(j) - Xc(j) to X(j) + Xc(j) where:

Xc(j) = Xs(j)*t(.025,I-1)/SQRT(i) | (25)
The term t(.025, n) represents the t statistic for a 95% two

tail confidence interval with n degrees of freedom.

Assumption'g£ normality

An- assumption of the classical estimators given above
is that the underlying process, X(i,j), is normally
distributed. The question naturally arises of whether this
model will generate normally distributed data, and if it

does not, how dependent our estimators are on the assumption

of normality.
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The central limit theorem is general enough that it is
not implausivle that estimators across replications would be
normally distributed. Kleijnen discusses (KLE 74 p. 87,
454-T7, alsc see GOR 69 ?. 280) a ferm of the central limit
theorem called the "stationary r-dependent central 1limit
theorem” which applies specifically to the case of interest
to ué, where we want to compute.estimates of X(j) and the
individual “terms x(i,3) | are -~ themselves averages of
successive points of a time series. The ccnclusion is that
the distribution of X(j) is asymptotically normal. The only
" caveats would be +that the -theorem applies to staticnary
processes ané that we have no ides how fast it converges.

Reports on the distributional form of data generated
from actual simulations aré rare. FLAPS 3uprorts
investigation of the question cf distributicnal forms of the
simulation outrut by printing replication by  replication
values, should the analyst so elect, for the majeority of the
statistics that are collected. We report here results for
cne such case as a gpreliminary investigation into the
question of normzlity. Thorcugh investigation of this torpic
would be a major research undertaking.

The case that was used is described in section III.B as
a part of the New Yerk La Guardia airport capacity runs. We
use the single runway configuration. The IFR capacity was
found bty FULAP3 to be approximately 26.8 arrivals and 26.8

departures rper hour. Fer the tests of nermality this
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configuration was run for 50 replications of 4 hours. Both

the arrival and departure streams had an average demand rate

of C.8%26.8 = 21.4 aircraft per hour. Note that due to gaps

in the arrivel process, the departure process is operating

at less than 80% of capacity.

Tatle II-14 presents summary 'statistics for +the run.

The normality of 3 variables was investigated: -
1) Total average landing delay '
2) Total average takeoff delay

~3) Number of landings in the 2nd period

Pericd - Landings Landing Takeoffs Takeoff -
Delay - Delay
1:00 21.0 4.1 21.9 3.2
to (4.2) (4.9) (4.1) (2.5)
2:00 1.2 1.4 1.2 0.7
Entire 82.4 4.5 83.9 3.2
run (7.7) (2.9) (9.5) (1.5)
2.2 0.8 2.7 0.4
Results given as: : mean

(standard deviation)
half width of 95% confidence intervel

Arrival and departure flows:
Negative exronential interaircraft times
Average of 21.4 operations/hour

Remaining parameters:
Described in section B.1 c¢f chapter III

Table II-14: Normality Test: Summarj Results
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The test Tfor normality used was the Shapiro-Wilk test
(SHA 65), described as among the most sensitive for a number
of different types of departures from ncrmality (FIS 78
p-72).  The Shapiro-Wilk test statistic varies from O (all
data grouped at one point) - to 1 (perfectly normal data).

For n=50 as used here, criticel points (FIS 78 p.319) are:

Level Criticel Value of W
. Ot . 920
.10 - 955
.50 : : <974
.90 o .985
.95 . 988

Tigures I1I-22 and II-23 present graphs of the
statistics and the values  of the Shapiro-Wilk test
statistic, W50, for each one.

The interarrivael process to this sirulation has the
time between aircraft earrivals distributed  negative
exponentially. The service time distributicn, as contrclled
by the distribution of the buffer on A/A serarations, is
normal. Therefore, we wcuid expect the distribution of
landing delays to be somewhere petween thcse two
distributions. =~ Takeoffs 'are also generated with negative
exponential interdeparture times. -However, the service time
function cannot ©be characterized in any direct way. D/D
separations are deterministic for any single combination of
aircraft classes but take on several values across various

combinations of classes. The arrival process interferes
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with the landing process, further complicating  the
digtribution. The sum of all these factors might be
expected to . reéult in a more normal-like distribution for
takeoff delay than iesnding delay.

The ééatistic,for $verégé lénding delay to all aifcraft
is graphed in.figure I1-23.2. There 1is much less'than one
‘chance in "2 hundred that the underlying process could be
normal andigenerate this  distribution of results. The
distribution prcduced could be better descfibed as gamma
than Gauésian. The'distributioﬁ of éverage takeoff delay,
in part b of the same‘figure; is closer to being symmetrical
than lending delay- The value of the test statistic, .899,
is still ©below the .01 possibility of being generated by
sampies from a normal population. It is unclear whether
takeoff delay apvears mecre nermel than lending delay because
the Tfundamental process is more normal, or because +the -
average value of takeoff delay 1is lower than landing delay.
The lower overall average may mean that the taksoff delay
distribution_produced here 1is merely a scaled down version
of the landing delsy distribution.

Delay to an aircrafi cannot, of course, be negative..
It may be that at low values of average delay this fact will
lezd naturally to the one-tailed form of delay distributions
we seé here. Higher avérage delay values might result in

the distribution converging tc a more Gaussian form.
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Only one distribution of the number of orperestions was
plotted. The one chosen was the distridution of the number
of landings in period 2, shown . in figure II-23. In spite of
the fact that the underlying distribution for this statistic
is discrete and that the Shapiro-Wiik test is the second
most sensitive among tests for normélity for +this specific
problem (FIS 78 p. 73), the distribuiion is the most normel
of the three. We can reject the null  anypothnesis of
normal ity st a very low significancé level {between .10 and
.50). However, the fact that this test covers only one
reriod, eas »opposed to the £ril Iength of the simulation,
while scoring higher con W50, may te taken to indicate that
this process 1s more normal than either delay prccess.

The tentative conclusion which emerges from this
preliminary analysis is that more attentior should be given
to the question of the distributional ferm of outputs of
complex simulations.  The assumption of normality may not
alwvays be justified.

In view ¢f the non-normality of these outputs, it is
reassuring that the classic estimators for Xs and ZXc turn
out to be robust under departures from nofmality. Non-
normality does not bias the estimate of Xs, nor does the
test using the +t statistic depend on nermality, so the
estimate of Xc may be used as presented (BOX 53, SCH 59
r.335, 346). Both the cited authors mske the pcint that the

same is not +true for any inferences =z2bcut the distribution




of ¥s. Were confidence intervals for Xs to te calculated,
~their validity would depend criticazlly on the underlying
X(3) being normal. In summary, it can be concluded that we
may use the procedure of eguations (23) to (25).

Time series analysis

Time series analysis was mentioned as 2 techhique
appropriéie fér single simulation experiments. However, it
may also have'utility as a way of vaiidating oufputs 6f a
multiple replication simulation. 'Using the earlier examplé,
the set of X(j) would be considered a time series and
.compared with +the time series of real world observations,
¥(j), of the performence measure.  The reason for

considering such a test is, again, the high probability thst

adjacent elements of ‘both of thes series are
autocorrelated. The procedure would be to fit = Box &

Jenkins moving average, autoregressive model to both X(3)
end Y(j) and examine the resulting models for differences.
Fishman was zan early advocate ¢f the use of time series and
spectral analysis procedures (FIS 67). EHsu and Hunter have
recently (HSU 77) performed such a comparison of actual znd
estimated time series on a model of air traffic control
communications. They derive an estimator for evaluating the
comparison.

Time series analysis is conceptually“very appealing as
a method of examining simulation outputs. Hdowever, there

are 2 number of difficulties with applying it to the airport



problem. First of all, it does assume the underlying system
is eovariance staﬁienary;-i. e. -in steady state. - If there
is any trend or cycle in the original data, it must be
removed. The demand function driving the simulaticn may
provide one possible estimate of the *trend +to wuse in
extracting the steady state time series. A more serious
problem is +the short 1length of anj time series td be
compared. Even if the X(j) and Y(j} are sampled as
freguently as éﬁery 15 minutes, a 12 hour simulétion will
produce only 48 data ©points, insufficient for reliable

£

estimates. Further limitations on the use of time geries

methods arise from +the fact that dstz on the overall

jay
R

.-’
[

rte

verformance cf airports is, as we will see in c . 1%,
both rare arnd unreliable; It is unusual énough to find meen
values of performance measures, let =alone time series of
such measures for an entire day. So, while the method is
undoubtedly applicable +tc this case, there are severe

practical limits on itse usefulness.
3 Selectiorn of Simulatiorn Outputs

An important design issue for FIAPS is whast outputs the
model shculd produce. We need tc consider btoth what actual
performance measures Should be calculated =and also how they

should be aggregrated over time =znd space.
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3.2 -Statistics for capacity and delay

. We have often referred to the model as one goriented to
capacity and deliay issues. At the heart cf the outputs afe
- the estimates of delay to aircraft and the number of
" movements that také place.
Capacity is assesed by counting the number of aircraft

movements. Three measures are often suggested for zssessing

- delay: 1) ‘the average delay, 2) +the fraction of aircraft

delayed more than some value and %) the length of the queue
of aireraft waiting to use the runway.

To enable analysis of transieant conditicns, - each

statistic must be measured over smaller periods. of the. run.

in addition to averages being computed for the entire run.
As mentioned in the demand generation section II.C above,
the model divides the run intc a series of equal length +time
periods. Bach capacity and delay statistic is measured for
each time period.

Additional brezkdowns are needed to assess performarce.

Each runway's activities are reported separately as well as

the entire airport's. Landings and takeoffs are tabulated
separately.

ignificance of delay statistics

To accurately interpret the outputs, it is important to
understand exactly when and what is being measured. Fach
time an aircraft begins a landing or a takeoff movement, +the

difference in time between the scheduled and actual start of
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the movement is counted 2s "the delzy experienced by the
aircraft. This measure corresponds to Wg, waiting time in:
the queue in queueing notation. The period in which the

aircraft is counted is the period in which it completes the

runway operation.

The meaning of this délay measure for landing aircraft
nay be'questioned as, in fact, zircraft do not queue upAat
the approach gate. Any arrivel ‘delay encountered is
probably taken in vectering or 1in holding stacks many miles

from the runway. The point,  however, is that this delsay

cceurs because of the limitations on the acceptance rate of

the runway. To the extent that FLAPS correctly models this
process, it correctliy measurez the delay induced by it. An

]

additional peint about the collection of average del

(&)
Rt

statistics &ill be made below after the diccussion of
extreme delay statistics.

Analysts are often interested in +the fraction of
aircraft that experience extreme deiay, where the defirnition
of extreme may be set by the user. An coften used value is
20 minutes. We must consider carefully the construction of
'this statistic. One method would be merely to meintain a
running count for each period, runway and type of oreration
cf the total number of operations and of the number
experiencing extreme delay. At the end c¢f the set of
replications the ratio of the two wculd be sn estimate of

the true prorortion.
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The only_difficulty with the procedure is that each
replication'wiliuhave:differehf"numbere of operations. We‘
would expect that repllcatlons with more operatlons will
-tend to have a 1gher proporflon w1th extreme delays This
moreover, might be reversed for operatlons of low pr10r1ty in
the model where high congestlon mlght actually mean fewer
operatlons of low prlorlty The procedure suggested above
- would tend to give greater we1ght in the overall average to
replications Wlth higher flow rates. | Yet each repllcatlon
in some sense, is an equally plausible realization of the
system. Therefore | there seeﬁs no reason why “each
‘repllcatlon should count dlfferently in ehe f1na1 average.
| The follow1ng measure is propcsed for .a551gn1ng equal
weight to each replicatien. For each replicaﬁion o a
proportion, p(i)*, | of aircraft delayed more than the
critical amount is calculated. Then, after the simulation
is over, the average of p(i), standard deviation of p(i) and
confidence interval of the average of p(i) is calculated in
the same manner ae X, Xs and Xc are calculated. The enly
difference is that no observation of p(i) 1is collected for
any replication where no operations took place. The
aesumptien.that the ; »statistic mar ' be used on this'
proeedure can be defended_. on the grounds that the
distribution of p(i) is binomial (with a change of scale)

and that the binomial distribution converges to the mnormal

® p(i) "will have other dimensions for period, runway and
type of operation, hLere omitted for clar1ty



as the number of cbservations increases.

The same peoint about the weight given to .each
replication meade in connection to extreme delay measures
applies to average delay. Average delzys are estimated in
the same manner. After each replication an estimate is made
of average delay by dividing total minutes of delaj by
number 'of oprerations. This is theﬁ averaged acrces
replications to givé the final estimate. As with extreme
delay, the possibility exists for biac in eivher direction,
if each replication is not given equal weight-.

The queue of aircreft weiting to lard and takeoff on

-3
s
e
t
P ¥
4]

each runway is measured a2t the end o7 each reriod.

not an actual average of the queue length during the pericd

(5

by
s

but a "snapshot" of  the queue 1length at the end of e

)

C

pericd. This is much easier %o calculate than the svere

it

e
gueue length during the period. The M"srnzoshot" procedurs
will have a larger variance then the period average messure.
Finding the average gueue length requires than an
observation ofthe queue be taken every time an aircraft
enters or leaves z queue. However, the "snapshot" procedure

provides an unbiased estimate of the +*rue length st the end

of the period.

3.b Landing perfcrmance statistices
In the landing aircraft performance section, I1.D.3

above, a number of modeling issues were raised regarding the
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"use aircraft meke of runways. ‘As discussed, we may want to-
assess the impact of new exits or .new aircraft on .thé~
distribution of gxits used or on runway occupancy time. In
order to do this, statistics on landing,performénce are
 needed. Because of the natufe of takeoff operations (see
I1.D.4) no statistics on takeoff performance are collected.
Eéch time an zircraft exits a 1andiﬁg runwéy the runway
'dccupanéj time and exit used aré recorded. = Average rﬁnway
occupancy time and percentage'use :of each exit fer each
class of aircraft and each runway are calculated.r* A runway
used in toth directions ﬁas .data.bol1ected separéfely for
each direction. As the performarice of _each airecreft is-
independent of the ' performance cf other aircraft and
independent of the amount of delay at the airport, there is
no need to obtain statistical estimetes on a replication by

replication basis, zs was done with delay and extreme delay.
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IIT MODEL VALIDATION

This chapter discusses the question of how a large-
scale complex »odel such as FLAPS is validated. We will see
that validation involves a number of different tests,
including, but not limited to, comparisons between outputs

Y,

t his chapter presents

3

of the model 2nd observed d

4]
AV

several such coupsrisong of FLAPE to beth obrerved data and

the results of other models. However, the scarcity of

reliable data and the incompletensss of other models mesns

-

that confidence in the wvalidity of TFLAPS cannot res?®

r

entirely, or even primerily, on such tests.

A THE PROBLEM OF VALIDATION

This section discusses hcw large-scalz models czn be

[ )
e
[N

velidated. The concept of "“validation" has been descriued
as the one majer remaining methodological problem in
simulation (NAY 67 pB-92). A major reascn for this is that
validation "involves a host of practical, theoretical,

statisticazl, and even philosophical compiexities." (NA” 71

4% its most fundamental level, validsetion invcives

N
-

P-

unresolved epistemological questions of how we can "know™
something to be true. In the context of complex mcdels,: a.

nurber of conclusions have come %to be generally accepted.

We review them here.
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A consensus seems to be emerging +to divide what has so
far been 1loosely called validation intc three stages (NAY
67, LAW 80, GAS 80):

1) Verification - establishing the extent to

which a computer implementation of the model is
is equal to the description of it in fcrmulas,
on paper or in the analyst's mind,

2) Validation proper - establishing the extent to
which a model description, such as chapter II of
this work, is in fact an accurate representation

- of how the real world functions, sand

3) Certification - establishing that the éodel is
appropriate to answer the questions being studied.

Speaking colloquially, verification is proving that you
did what you thought you did, validation is proving that the
world operates the way you think it does, and certification
is proving that you are studying the right thing to begin
with.

Verification involves techniques such as modular design
of the computer program, detailed walk-throughs of outputs,
deterministic runs, runs equivalent to simple queueing
systems, and so forth. Much.verification work was done for
FLAPS, but it is a separate issue from the concern of'this
chapter and is not descfibed here. |

Certification involves tcpics such as identifying

critical Questions about the real world system and finding



217

future problem areas. The work that was done in this area
for FLAPS is contained at various points in Chapter II where
the importance of analyzing capacity and related questions
for airports is established. The criticism of the ASM
model's attention to ground operaticns at the expense cof
runway operations, its schedule generation methodology and
its inability to model zhanges 1in operating rules are
primarily criticisms of its appropriateness as an analytical
tool. The _ develcpment of FLAPS +to overcome these
limitations 1is an attempt to create a more arppropriate
analyticai tool. The results presented in Chapter IV alsc
demonstrate the appropriateness of the model for studying
airport cperations.

We turn now to the consideration of valideticn as
defined narrowly in point 2 above.

First, validation is a question of degree =and not an
absolute yes or no decision. The more tests performed, the
more confidence one can have in the model, but it is neither
cost effective nor possible tc pursue complete validation
(NAY 67 p.B-93, IAW 79 p.8). If complete and toizal
validaticn cculd te achieved, there would in fact be little
purpose to building a simulation, as no uncertainiy in
knowiedge cf +the real world syster would remain to be
investigated with the model (CON 59 p.104).

A nupber of approaches to validation were identified by

Naylcer znd Finger in their paper {(NAY 67). These were: 1)
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Rationalism, +that views models as built up logicelly from =
set of axioms +that are themselves not subject to proof.
Verification is here seen as "the problem of searching for a
set of basic assumptions underlying the Dbehavior of the
system of interest" (NAY 67 p. B-93). 2) Empiricism, where
each of the assumptions of a model must be supported by
experimental evidence and 3) The methods of Positive
Economics where ability to predict correctly is the sole
indicator of validity. It is claimed that each approach is
by itself sufficient %o establish a model’s validity, but
Naylcr and Finger'contend~that, when operatving as we usually
are, with a scarcity cf information, we cannot completely
verify a mcdel with any one methoed and must use any of the
three approaches as appropriate to the information we do
have. Thus, we might eapirically test & uniform randonm
nunber generator to see if it produces well distributad
nunbers, rationally argue that certain mathematical
transformations on these uniform numbers will produce random
numbers with other desired probability density functions and
test an entire model by having it predict a certain case for
which we do have data.

A recent survey of validation techniques (LAW 80)
develops the philosophies identified by Naylbr to catalogue

possible tests for validity into three general techniques.
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(LAW 80 p.10-14):

1) Pace velidity - how reasoanable are the assumptions

2) Tests of assunmptions

3) Tests of results

All three methods may be used to assess the degree of
validity of FLAPS. The reasonableness of the assumptions
was defended as they were developed in Chapter II. Tests. of
agssumptions were  performed for the impertent landing
performance model in section II.D. At a number o¢f points
FLAPS uses methods and/or data that have gained general
acceptance smong airport analysts.

Validation of results poses its own difficulties. Both
Naylor and Law point out (NAY 67 p.B-93, ILAW 80 p.10,15)
that the interpretation of 2 result of a statistical test on
a simulation can be ambiguous. A test which results in a
rejection will be taken to mean that there Is something
wrong -with the model. A test which does not result in a
rejection is, of course, preferable, and taken as
confirmation of the accuracy of the mcdel, but of what is it
a confirmation? How much does it enhance our confidence in
the model? Obviously answers to these questions will depend
on the difficulty of the test, how much is being tested, and
the possibility of offsetting errors among other factors.
Resolving these questions is a much more subjective process

than a statistical test.
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There are other problems in testing results of
simulations in general and c¢f an airport eimulation in
particuiar. We have seen (secticn II.G} that simulations
pose a considerable sirain on . the classic theory of
hypothesis testing. This is exacerbated by the scarcity of
reliable data on evenis &%t airgports. Pata on delay are
collected on ar ongoing basis by a number of airlines and,
tc some extent, by the TAA. cuch data can Dbe helpful in
naking general assessments o¢f delay conditions but are not
sufficiently accurate and detailed %o be used to validate a
model. Delay data are typically collected by pilots (for
airlines) or by controllers (for the FAA}. Both groups are
very busy with other duties and tendé to 100k upon recording

delay as 2 secondary ‘task. Delays are usuelly iven in

n

multiples of 5 or 15 minutes. Most importantly such data
rarely include information on conditions in effect at the
airport at tne time the data are collected.

The result of 31l of these prcblems is that few classic
statistical tests will te rperformed and tresented in the
sections TDelow. Instead, we will ypresent a number of
comparisons involving a variety of models and airports. The
intent is to establish that the model described in Chapter
IT gives reasonable results over a range of conditiorns, and
it provides options and insights that othsr models cannot

match.
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B TEST CASE: LA GUARDIA

La Guardia airpert in New York (see figure II-1) has
been the subject of a number of studies in the past. This
section reports a series of comparisons between FLAPS and
other repcrted results on La Guardia. The geometrical
information was assembled as described in section II.B.
Figure III-1 shows the airport geometry elements for Ia
Guardia used in FLAPS.

L]

it Comparison to FAA capacity analysis

1.a Introduction

A =study has been conducted by the TFaAA (FAA 77),
estimeting capacities for four La Guardia runway
configurations. The study used & capacity model developed
by Peat, Marwick and Mitchell*. Two of the four
configurations were run on FLAPS, using the same values of
parameters which were reported in the FAA study and assuming
standard values for the parameters not reported bty *the FAA.
FIAPS was found to exhibit slightly lower capacities for

reasons probably related to A/D separations.

* Different from the airfield simulation model developed

by PMM which has been reviewed in this werk.
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FIGURE III-1. La Guardia: LAPS Geometry Representation.
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1.t Case descrirption

The study (FAA 77) gives the aircraft mix end
errival/arrival separations that were used. The values are
shown in table III-1. Other separations (A/D, D/D) were not
supplied. Values assumed‘for FLAPS were thouse presented in
section II.D as %typical. Aircraft performance informaticn
was not specified in the study, however, the aircraft mix
percentages are given in terms of four classes and the size
of each class is given. They correspond closely to classes
1 to 4 as described in II.D, ané the aircraft performance
parameters described there were used.

Two configurations were used as shown in figure III-2.
The first configuration is a single runway which represents
the actual use at La Guardia of three different single
runways, as listed in the figure. This csse was also used

in the +test of normality presented in section II.G.

e

Configuration 2 1is an ntersecting runways case with the
intersection 1located close to ‘the start of the arrival
runway. There are two ways in which such a configuration
can be used: 1) arrivals on 22, departures on 31; 2)
arrivals or 13, departures on 4. Each case was run for both

IFR and VFR separations with aircraft mixes varying slightly

under IFR and VFR conditions.




Configuration 1

Configuration 2.a

u’\l‘\
/

Configuration 2.b

FIGURE III-2. La Guardie Configurations.
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Aircraft mix:
Class: D C B A
VFPR: .C3 .72 .15 .10
IFR: .03 .75 .16 .05
Arrival/Arrival Separestions:
(miles at threshold)
IFR:
Trailing Aircraft Class- D C 2 A
Leading Aircraft Class- D 4.5 6.0 7.3 8.4
cC 3.2 3.2 4.9 6.1
B 4.2 7.0 3.2 3.5
A 3.0 5.0 3.2 3.5
VFR:
Leading Aircraft Class- D 4.1 5.1 5.6 5.0
c 3.1 3.0 3.6 3.7
B 2.5 2.3 1.1 1.5
A 2.5 2.3 1.0 0.8
Data from FAA 77 p. AM-16

Table III-1: La Guardia Validation: Capacity Parametsrs

1.c Discussion of results

Table I1I~-2 presents the results f the runs. The TAA
results, as given in FAA 77, do not distinguish among the
three single runway situations or between the two

i-2

-

intersecting cases. The FAA results shown in table I
are the capacities for 50% arrivals. FLAPS results come
from a run in which the runways were saturated with
aircraft. Ten replications of four hcurs each were run, and
the results shown are the averages of the last three hcours
of each replication. Confidence intervals at the 95% level
on the FLAPS estimates vary among the cases from plus or

minus 1 to 2 aircrafy.
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IFR VFR
A D T A D 7
Configuration 1: .
FAA : 26.2 . 26.2 52.5 28.3 28.3 56.7
FLAPS (AP): 26.8 26.8 53.6 31.0 21.9 52.9

FLAPS({Alt): o 28.5 30.3 658.8

Configuration 2: '

__ 37.6 75.2
FLAPS(2.a,Rmt=2.0): 26.8 3C.9 57.7  31.2 33.6 64.8
FLAPS(2.a,Rmt=1.0): - 31.3 38.5 69.8
FIAPS(2.b,Rmt=2.0)r  26.9 33.6 60.5  31.3 37.5 68.6
FIAPS(2.b,Rmt=1.0): | 31.8 42.9 T4.9

FAA results from FAA 77
FLAPS results from run of 10 replications for 4 hours,
average of last three hours. '

A - Arrivals

D - Departures

T - Total Operations
AP - Arrival Priority
Alt -

Alternating Mode

Table ITII-2: La Guardia Validation: Capacity results

The single runway results (configuration 1) of the two
models are very close for IFR. ﬁnder VPR the arrivsl
priority scheme reduces takeoffs more +than arrivals are
increased. The alternating mode produces a more egqual split
between arrivals and departures and an overall capacity very
close to the FAA results.

FLAPS results for configuration 2 show. somewhat lower
numbers of operations per hour than the FAA figures. he
FAA numbers imply a significantly higher number of arrivals

than for configuration 1. However, this appears unrealistic
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as the same A/A rules apply to doth cases. FLAPS arrival
capacities, on the other nand, are the same Ior sll cases.
The increment in capacity by going <from IFR to VFR is seven
aircraft/hour for FLAPS (8 in configuration 2.b), the same
as the  increment given in the FAA results. As mentioned
previously, several parameters are unspecified in the FAA
report and, therefore, may not coincide with the
corresponding parameter values used in the FLAPS runs. One
particularly significant parameter is the minimum distance
tc the threshold of an arrival when a departure rolils acroés
the threshold. This parameter was termed BRmt in section
II.E. Two miles is the standard value for this parameter.
However, La Guardia is ncted for its tightly run prccedures,
and this value may well be relaxed. FLAPS applies Rmt, as
was discussed in II.E, when the departure crosses the
intersection of +the runways. If +this separation were
assumed to apply only when the departure begins tc roll or.
if it were 1less than 2 miles, it would raise czpacity
significantly. Results are shown in Table III-2 for the VFR
cases with an Rmt of one mile. Note that a value of 1.0
mile applied when the departure crosses the intersection, as
in FLAPS, is roughly equivalent to an Rmt of 2.0 miles
applied when the departure begins to roll. This is because
a departure takes approximately 30 seconds to travel to the

intersection in this case, and an arrival will travel s=bout

i mile on finel in 30 seconds. An arrival that was two
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miles out on final when the departure begins to roll will be
approximately 1 mile away from the runway threshold when the
departure crosses in front of it. This single change allows
an-additional 5 departures per hour under VFR ccnditions.

It was mentioned that the FAA capacity figures in FAA
77 do not distinguish between the +two possible run&ay
alignments for éonfiguration 2. As expected FLAPS produces
higher capacity estimates for 2.b +than for 2.a. ‘The two
cases, while very similar, are not identical since the
intersection is closer to the arrival end ¢f +the runway in
2.b than in 2.a. This means ' that an  arrival blocks a
departure for- al shorter period in 2.% than in 2.a.
Additionally, the intersection is closer %o the departure
end of the runway in 2.b than in 2.a.  This means that =z
departure needs a shorter gap (see Section II.E) between
arrivals to depart in 2.b than in 2.a. - The net effect of
the difference is 4 additional departures per hour.

I+ 1is important +to emphasize +that the results for
configuraticns 1, 2a, and 2t were obtained by FLAPS without
any modifications %o program inputs, once the La Guardia
geometry was provided (Figure II1I-1). The only change in
parameters for the two cases (2.a, ~2.b) was a change in
runway assignment pblicies to redirect operaticns. The two
cases of configuration 2 could be rui on the ASM model as
well, but the analyst would Dbe reguired %o recalculate the

separations for ezch case. As discussed in part E.T in
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chapter II, ASM applies separations as a time Dbetween
threshold crossings. . There are no internalized rules (i.e.
"hold arrivels until departure crosses the intersection®”) in

ASM, as tliere are in FLAPS. Thus, tc run these cases on ASM

the analyst would have to explicitly calculate the time -

required for each class of arrival tc cross the intersection
and submit these as inputs. These separations are different

for the two cases of configuration 2.
2 Comparison with ASM and MITASIM

2.a PRackground to the comparison

As part of the validation process that was conducted
for the ASM model during the period 1977-78, MHITRE/Metrak
proposed a series of sensitivity runs to be made, using La
Guardia Airport as a test case- A szt of 14 runs was
suggested using the data bhase supplied 1in the PMM users’
manual (PMM 77), see KUL 78b, p.2~1 to 4-1. Several of
those cases have been run and results reported in XUL 782
and KUL 78b*.  The MITASIM airport simulatior (NOR 79) was
developed, in part,as a way of testing the ASM model on
these cases. A number of sensitivity cases were run on

MITASIM in late 1978.

* Note that only the cases labeled ''revised sensitivity"”
Tuns in the cited documents are from the 14 cases.




In this part of the validation we wused FLAPS +to
replicate those sensitivity runs. Comparisons are made
among ASM, MITASIM and FLAPS for 3 cases and between MITASIN
and FLAPS for 2 cthers. .?In several cases ASM's performance’
was‘in substantial disagreement with FLAPS and MITASIM, due,
we suspect, to partially incorrect separations. TFLAPS and
MITASIM‘are in general agreement. MITASiM tends %o give
slightly lower délay estimates, due to different procedures
used to define--séparations on intersecting runways and

different D/D separations.

2.b Case description

Bach of +the 14 sensitivity cases invelives rurning La
Guardia.with landings on runway 3! and departufes on runwaj
4. The 1landing runway hes two exits prior to the
intersection and one exit after it.Arriving aireraft land
and taxi across the depariure runway to a geate. Through
aircraft spend no time at the gate, bPut begin zn immediate
taxi out to the departure runwvay where they queue for
takeoff. The schedule for all cases uses the base schedule
method without any lateness distribution ©being applied
before the schedule's use in each replication. The schedule
consists of 208 aircraft. Almost all of the aircraft are
Athrough' aircraft. There are four classes of aircraft,
corresponding to those used in the capacity studies in part

1 above, save that the approach speed of the cless 4




aircraft is set at 110 kts. As will be seen, all cases have
an oversaturated arrivel process. All cases are run for
four hours snd each ocf the tnree models used 10
replicatiohs. - | |

As the entire set of inputs for the base case has been

published elsewhere (XUL 78t Appendix B), we will report

only these Inpute that vary acrcss the cases of interest or
are of special interest in coumparing results. Table III-3
lists these parameters. The five czses chosen for arnalysis

are listed below. We follow the numbering of the cases and
the names for the separaticns given in XUL 78a and XUL 78b.
1A) Base Case - IFR separaticne, departure trigger
at 12 (Q=12)

2A) Group 2 IFR separations, Q=12

N

Q
3A) Group 4 IFR separations, Q=1:
7A) IFR separations, (=24
8A) IFR separations, Q=1

The three sets of separations (IFR, Group 2 IFE, Grouy 4
IFR) involve changes in both A/A and D/D separations. They
are given 1in table III-3. The various values of +the
departure queue trigger refer to the size of the departure
queue at which a changeover from arrival priority +to
alternating operations mode is made. Thus, Case 8A is
effectively always in alternating operations mode. This

type of procedure was discussed in section II.F above.




The inputs are defined in XUL 78b in terms of runway
occupancy time to an exit and "specific exit probabilities.

Note, however, that these inputs to ASM and MITASIM are in

Replications: 10

Hours: 4

"Closest arrivel allowsd when departure crosses
intersection, Rmt: O miles.

Separations (at threshold, minutes):

MK D/D
(miles) (minutes)
1 2 3 4 1 2 3 4
I¥R: '
1 5 6 T 7 1.5 2 2 2
2 4 5 5 5 1 1 1 i
3 4 4 4 4 i 1 1 i
4 -4 4 4 4 1 1 1 i
Group 2 IFR:
1 4 5 6 6 1 1.5 1.5 1
2 3 4 4.5 4.5 1 1 i 1
3 3 3 3 3 1 1 1 1
4 3 3 3 3 1 1 1 1
Group 4 IFR:
1 3.5 4 5 5 i 1 1 1
2 3 3 3.5 3.5 i 1 1 1
3 3 3 3 3 1 1 1 1
4 3 3 3 3 1 1 1 1
‘Table III-3: Sensitivity runs: Parameters
fact computed as results in FLAPS,. The results were

duplicatéd in FLAPS by ad justing exit locations,
deceleration speeds and other parameters until the detailed
output of lznding statistics showed sgreement between FLAPS'

performance and the inputs tc the other models,
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2.c Discussion of resuilts

Summary statistics for the five «cases are presented in
table IIT-4. Graphs of the landing and takeoff delay for
the cases are given in figures III-% through III-T7.

The base cese, 1A, results are very similar among the

1

three models. In each case the ASM +takeoff delay result:

s

ct

are much lower than the other twe models. Based on all

available- information, it is the opinion of the author ithat

the apparent reascn for this difference 1s the improper

fication of A/D separaticn and some
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nternal probliems

in the ASM model concerning applicaticn of +the additicnal
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elternating operations mode. "he valusz of A/D
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separaticns invelving a class 4 aircraft as  the

3

.
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~

specified &s zero (P¥i 77 p. 88,KUL 78bh p. B-2 Ris

.

[4

2
implies that, if a departure is ready to take off when s
class 4 aircraft is on final, then the departurs will not te

held until the arrival «clears the landing runway. Thi

ul

reans that ASM is =2dding zbout 30 secoands {(the arrival

runway occupancy time of a class 4 arrival) to the "window"

lor 4

that the departure ccould use for taking off. Similerly D/A
separatvions with an arrival of class 4 are zero. This

impiies that an arrival of class 4 may cross the landing

runway threshold simultaneously with a departure beginning

to roll. Returning to A/D separations, <+here are other
suspect values in ASM. An arrival of class 2 or 3 crossing

by

the threchold can te followeé by a departure of any class =zs
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Average sverage
Landing Takecoff
Case Model Lendings Delay Takecffs Delay
1A FLAFS(2) 88.7 57.4 16205 12.9
Base MITASIM &3.8 57.4 142.6 11.3
ASH 83* 126
2A FLAPS ¢1.0 5C.1 139.¢€ 23.8
Group 2 MITASIM 1Q07.8 45.8 155.4 iC.z2
' ASHM 84 % 12C
34 FLAPS 108.8 45.8 1%32.0 30.5
Group 4 MITASIM 131.0 22.8 155.4 29.8
ASHM 107* 141
TA FLAPS 83.6 57.3% 142.0 12.4
Q = 24 MITASIM 4305.0 47.7 152.2 10.3
8A FLAPS 88.5 57.73 142.4 13.8

-y Y
on.Ly,

o

e

* ASM results from KUL 78b p. C-1 for first three hours
No results have been reported for ASM on cases TA and BA.

Table IITI-4: Sensitivity Runs: Summary Statistics

soon as 20 seconds later, This is 2 much smaller time than
the arrival will 1in fac®t reguire te cross the intersection
or exit the landing runway. The net effect of these changes
is to greatly increase the departure capabity by eliminating
a significant degree of interaction between arrivails and
takeoffs. This problemr was noted in KUL 78b. As both
MITASIM and FLAPS have internal lcgic to hold departures

until an arrival either <clears the runway or crosses the
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intersection {(whichever comes first), these errors cannot be
duplicated to see if they account for the difference in
results. |

The disagreement of FLAPS and MITASIM is probébly due
to several minor differences in the way the models treat
separations. FLAPS applies the M"worst case" analysis to
separations (as described in section II.D) more consistently
than does MITASIM. The MITASIM run was also made with D/D
separations smaller than the standard case. = FLAPS was run
once again using the D/D separations used by MITASIM and the
result is shown in figure III-3 as FLAPS(2). This is much
closer to the MITASIM values in fhe second half of the run.
Despite the disagreement in lefel of delay, here is
excellent agreement ‘between the two in the pattern of
results.

The set of cases involving changes in separations {1A:
Base, 2A: Group 2, 3A: | Group 4) <shows considerable
differences in the response of thé rodels. Differences in
separations may account for a significant fraction o¢f the
differences in results. With 211 models there is a generail
trend toward reducing landing deley and increasing tekeoff
delay as A/A and D/D separations are reduced. For average
landing delay this is 57.4, 50.1, and 45.8 minutes for FLAPS
(case 14, 2A, and 3A respectively), and for MITASIM 77.7,
45.8, and 22.8 minutes. The trend on takeoff delays is
again more consistent (12.9, 23.8, 20.5 minutes) for FIAPS

than for MITASIM (10.3%, 10.2, 29.8 minutes).




241

Part of the explenztion may 1lie in the different,
smaller D/D separations used by MITASIM. This a2llows more
instances o¢f 2 c¢r more departures Dbetween earrivals if
interarrival geps permit. The -departure queue length in
case 2A is essentially unchanged from case 1A in MITASIM.
This is unlike csse A, where the departure queuve length is
coensiderably above 12 for almost the entire run of MITASIM.
The gap provided for departures to leave hetween arrivals is
only made long enough for one departure. The subseguent

takeoff must therefore wsit for the next landing before it

can btakeoff. As  this will be on the order c¢f 1.5 minutes

X

later, ©D/D separations will not apply in this cese. Thus

-

for case 3, MITASIM and FLAPS agrees closely orn  takeof?
delay, despite having different D/D separa*tions, The
difference in lerding delay 1is harder to explain, but
MITASIM's abrupt reduction in landing delay from csse 24 tc
%24 is harder to explein than FLAPS' more even reduction.

The t

rs

res queue trigger cases (8A: Q =1, 1A: Q = 12,
7A: Q = 24) each have the same basic pattern of results.
The three models are in close zagreement in regard to landing
delay. Takeoff delay results vary significantly, but the
ordering of the models is constant. ASM always has very low
takeoff delays, while MITASIM and FLAPS are 1in reasonabtle
agreement, with FLAPS showing +the higher values. Tatle
III-5 shecws the departure gqueue length results for each half

hour in TFLAPS and MITASIM. This information is not
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available for ASM, but the very low takeoff delays imply
that queue lengths were not significant.

The most apparent point is the small impact a change in

“Case

8A(Q = 1) § 1A(Q = 12) i TA(Q = 24)
Time |FLAPS MITASIM|FLAPS FILAPS(2) MITASIM!FILAPS - MITASIM
16:30} 10.4 7.0 ) 10.6 10.4 7.2 | 10.5 7.2
17:00} 8.0 1.3 | 8.0 8.0 1.5V 7.7 1.5
17:30] 8.9* 2.7 | 8.T7* 7.5 2.7 8.2% 2.7
18:00! 15.7* 11.1%] 14.5% 13.4% 11.5% 14,1% 11,5%
18:30! 13.9% 9.9*%! 12.6% 11.4* 10.2%] 12.3% 10.2*%
19:00!) 11.5% = 6.3 | 10.4% 8.8% 6.7 | 10.2% 6.7
19:30} 5.5 2.3 | 4.3 2.3 3.6 | 4.7 3.6
2o:co§ 2.0 0.6 ; 1.7 1.6 C.8 3- 1.9 0.8

] i |

c. I.\" 1.2 1.0} 1.4 1.6 1.0 ] 1.5 1.2

C.I. - Average half width of 95% confidence interval on
half-hour estimate of gqueue length.

* Maximum observed queue length equaled or exceeded 12 in
one or more replication.

Table ITII-5: Average Departure Queue Length Statistics

the value of Q has on the results. This is primarily due to
the use of large A/A separations (4 miles and above) which
means that, most of the time, sufficient space is provided
already by the A/A separation to allow one or more
departures between 1landings. Thus, when both PIAPS and
MITASIM calculate D/A separations, this does not result in
any additional constraint on arrivals. The ASM model
procedure . of adding a uniforﬁ interval to each A/A

separation, when the departure queue 1is .above the critical
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value, ordinarily results in more responsiveress to changes
in the trigger value. However, the suspected mistake in A/D
separations probably means that the takeoff queue did not
reach either 12 or 24 %o trigger the changeover in the ASM
model runs. This is speculation, since no results for cases

TA and 8A have been repcrted for ASM.
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C TEST CASE: BROMMA AIRPORT
1 Case Descripticn

1.a Introduction

Bromma =zirport in Stockholm was ~the subject of an
extensive analysis of 'delajS'undér current and yprojected
demands in 1979 (0DC 79). FLAPS .was compared with the
results in ODO 79 fer 3 cases. There was very good

agreement between the two studies.

1.p Aircraft Separations

Bromme airport has a single runway that is used for
both takeoffs =and landingé. Odoni {(in GDO 79) did not
employ the standardé separations bhetween aircraft classes
which have been used for various analyses' in this chapter.
Nor did Odoni use one 'set c¢f operating rules for all
aircraft. Under VPR weather zonditioncg, there are instead
some aircraft which wuse IFR separation standards and octher
aircraft which use VFR separation standards. A1l IFR
operations use the same set of separations and a2ll VFR
operations use a different set of»séparationsq Operations
of the two types are intermixed. All separations apply at
the runway threshold and are deterministic, i.e., all buffer
widths are assumed zeroc. Table III-6 gives the complete set

of separations. which were modeled in FLAPS by treating
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each type of operation as a class. Class I represents IFR

Leading a/c ! Trailing a/c ! Average
Arriving | Departing ! Arriving | Departing | separation
(=]
: ? i . (sec)
IFR | | IFR ! 1 120
| | VFR | 45
i | ! IFR L 45
' { ! VFR | 60
| IFR i IFR : i 105
| !  VFR | ! 60
i %  IFR ! 120
| | i VFR i 55
VFR ; i IFR | | 45
| | VPR | 45
! | { IFR i 45
! : } VPR L 45
i VFR i IFR ! y  6C
i i VFR | . 45
| | i IFR 60
: : i VFR i 45

From ODC 79 p. C-2. Incorporates changes described
in text of ODO T79.

Table III-6: Practical Separation Minima at
Bromma Airport

movements; class V represents VFR movements. Separations
wvere derived from those listed in table III-6 and are given
in table III-7.

To model A/A separations, both classes were given
deterministic approach speeds of 120 kts.* Then the A/A

separations, specified =s times, can be taken directly from




table III-6. They were 1impossd at the approach gate but,

Arrival/Arrivel Separaztione (seconds):
Trailing Class - I v
Leading Class - I 120 45

v 45 45

Departure/Departure Separations (seccnde):
Trailing Class - I v
Leading Class - 1 120 55
v 60 45

Arrival/Departure Separations (sezonds):
Iffective Lead Aircraft
Class Arrival FRunway

Trailing Class -~ I v Occupancy Tine
Leading Class - 45 60 52.5
v 45 45 45
Departure/Arrival Separaticns (seconds):
Trailing Class - I v
Leading Class - 1 105 650

v 60 45

Corverted Departure/Arrival Separation (miles):

Prailing Arrivel(j) - I v
Lead Takeoff(k) - I 3.5 2
v 2 1.75

Table III-7: FLAPY Equivalent Separations

because approach speeds ar

D
(V]

the same for sach class, the
same sepzration also held at the threshold.
Departure/Departure separations can be taken directly from
table III-6

Time values for A/D separations are taken from the
Bromma values and presented in matrix form in table III-T.

Since the only A/D separation logic in FLAPS is to hold

* However, any other approacn speed could also have been
used.
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departgres until the arrival clears the runway, ﬁhese
separztions were simulated by adjiusting arrivel runway
occupancy times {a.r.o.t.). Cne exit was defined on the
runway and a deterministic set of landing aircraft
performance parameters was chosen to result in a 45 second
a.r.0o.t. for class V aircraft. Class I sircraft were given
a 52.5 second eo.r.o.t., mnidway between the two separation
values.* Tnhis 1is the only arpprcximstion to the published
separations needed to prepare inputs for FLATFS.
Departure/Arrival separaticns are given in matrix form
in tabhle III-7. Given the 120kt. approach speed, these can
be converted directly intc miles and used as the values of

Em(k, j), prezerted at the bottom of the tatble.

1.c Demand

A number of daily demand procfiles were tabulated and
regerted for Bromma in QDO  79. The "weekday" demand
function was chosen for the c¢cmparison. A separate demand
profile is given for lendings and for takeoffs for each of
the following: 1) Linjeflyg (LIN) Airline IFR operations; 2)
general aviation flights under IFR operations;and 3) general
aviation flights under VFR rules. These were converted to
meet FLAPS' requirements by the following prccedure. Figure
III-8 gives a -schematic of the process. Fifty per cent of

IFR flights were LIN flights, as used in 0DO 79. The

P

* The cases we examine have a 50% VFR, 50% IFR mix, see
below.
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FIGURE III-8. Bromma Demand Profile.
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average of (1) 2nd (2) =zbove was taken to obtain an overall
IFR profile for becth landings ané takeoffs. ODO 79 reports

delays for a number of different IPR/VFR splits. This

r

1 profile and

example used 507 IFR flights. The overall

P'(J

(3) above were averaged to obtain 2w arrivsl rate function
and a departure rate function. These rate functions were
used‘to control a2 generated schedule rprocedure (see section
IT1.C) with all aircraft as either arrivals or departures
(i.e., no through aircraft). Interaircraft times were
distributed negative exponentially. Fer both arrivals and
departures, a mix percentage was created 23 a function of
the period c¢f time involved. The mix percenvage for cliass ¥

was taken from the ratio of VFR operations +to total

operations for each period. The resulting demand profiles
are given in figure III-9. The rates in the figure zre
given as "fraction of landings (takeoffs) per hour". This

fraction is multiplied by total lzndings (takeoffs) desired
over the entire run to obtain arrivel (departure) rates per
hour. T