BUREAU OF
RESEARCH AND DEVELOPMENT

EEY
- " i
N
R
; , i “’\" ‘&:‘\}:W‘&Q" -, W’
S e e s 22 = e e 7y K2 .
AL, e o Ly et h

AIRPORT RUNWAY AND TAXIWAY DESIGN

REPORT NO 7601-1
JULY 1960

Prepared by

AIRBORNE INSTRUMENTS LABORATO

A Division of CUTLER-HAMMER. Inc

DEER PARK, LONG ISLAND, NEW YORK




€
I =

AIRPORT RUNWAY AND TAXIWAY DESIGN

by
M A Warskow E N Hooton
H P Galliher P H Stafford
K. G Grossman R C Wheeler

This report has heen approved hy the Director,
Bureau of Research and Development, Federal Aviation
Agency Since this is a technical information report
the contents do not necessarily reflect the official FAA
policy 1n all respects, and 18 intended only for distri-
bution within the Federal Aviation Agency

games L Anast

Dhrector
Bureau of Research and Development
Federal Aviation Agency

REPORT NO 7601-1
Contract FAA/BRD-136
July 1960

Prepared in Cooperation with
PORTER & (O’BRIEN

by

AIRBORNE INSTRUMENTS LABORATORY
A DIVISION OF CUTLER-HAMMER, INC

Deer Park, Long Island, New York



Page

A-1

A-9
A-24
A-U3
C-T7

ERRATA

Plea.e make the following changes in Report No 7601-1

Line

2

29
14
6

13

M

Change "Sections VII and X" to "Sections VIII
and XIT"

Change "Appendix C" to "Supplement II"
Change "Section X" to "Section XIT"
Change "Appendix B" to "Supplement III"

Change "Figures 9-10, ¢-11, and 9-12" to
"Figures 9-12 through 9-20"

Change "Section IX" to "Section X"




IT.

ITI.

Iv.

TABLE OF CONTENTS

Foreword
Abstract
Introduction

Summary
Previous Work

Observation of Airport Operations
Mathematical Technigues

Airport Design Criteria

Typlilcal Configurations
Application of Mathematical Models

H H O Q o

Conclusions

A, Practical Capacities

B. Effectiveness of Mathematical Formulas
Analysis of Typicecal Runway Conflgurations
and Factors Affecting Airport Capacilty

A Effect of Alircraft Population

B. Effect of Arrival-to-Departure Ratio

c Effect of Turn-Off Layout
D.

Parallel Runways of Unequal Lengths
(Continental Airport)

E. Parallel Runways of Equal Lengths
(Continental Alrport)

Parallel Runways (Trunk Airport)
Intersecting Runways

L B

H. Open-Vee Runways
1. Other Configurations

O~ 1 U oEeEW W W

=
'_J

15
17
17
20

21

25
27
27
30



Page

J . IFR Cperation 32
K. Taxiways, Parking, and Holding Areas 34

L. Factors to Consider in Determining Alrport 35
Alrport Design and Capaclty

V. Recommended Deslgn Criteria 37
A Basic Criteria 37
B Separation of Parallel Runways 41
C High-Speed Exit Taxiways 43
D. Holding Aprons 48
E High-Speed Take-0ff Taxlways 54
B Analysis of Accident Probabllity with 56
Respect to Runway and Taxiway Separa-
tion
VI. Typical Alrport Design Configurations 59
A. Introduction 59
B. Typical Layouts 61
VII. Optimizing Design by Economic Analysis T3
Jig FPactors to be Used in Economle Analysis 76
B. Examples of Economic Analysis 88
C. Conclusion 101
VIIT. Determining Practical Operating Rates for 105
Specaific Airport Designs
A Selection of Model to Fit Alrport 105
Problem
B. Operational Basis for and Computatlons 106
with First-Come, First-Served Queuing
Model
C. Operational Basis for and Computations 110
with Pre-Emptive Spaced Arrivals Mocdel
D. Operational Basis for and Computations 113
with Pre-Emptive Poisson Arrivals Model
E. Interpretation of Delay and Operatlonal 115

Rates at Airports

11



IX. Results Obtained from Observations of
Airport Operations
A Technigues Used to Gather Data
B. Data Analysis
c Testing Observed Data fcr Mathematlcal-
Model Application
D. Results of Model Testing
X. Time-Dependent Delay
Bulldup of Delay wlth Time for
Constant Mcvement Rate
XI. Distribution of Sample Averages
XII. Deriving Mathematical Formulas
A. Departure Delays 1n Mixed Operation
on Single Runway
B Departure Delays and Capacifties on
Departures-Only Runway
C. Arrival Patterns, Delays, and Capacities
XI1T. Recommendations
Appendices--

A. Basic Data Useful in Selecting Values
for Elements of Analytic Delay Models

B. Analysis of Accident Prcbability and
Runway and Taxiway Separation

C. Test for Randem Dastributicn

D. Mathematical Formulation of Tlime-
Dependent, First-Come, Fairst-Served
Model with Constant Service Time

E. Numeraical Computaticn of Time-Dependent
Pelay for Variable Service Time Using
Discrete Trials

F. Simulation Model to Obtaln Dastribution
of Sample Averages

123
129
135
150

159
159

173

183
183

202

212
223

1i%



£ £ A

NEWS

OFFICE OF PUBLIC AFFAIRS

WASHINGTON 25, DC

!

FAA- {4

FOR IMMEDIATE RELEASE WOrth 7-3801

SPECIAL STUDY ON AIRPORT CAPACITY AND GROUND
TRAFFIC CONTROL PROBLEMS CONCILUDED BY FAA

A ycar-long study to provide a lechnique that permits forecastiny airport
capacity and analyzing ground traffic control problems has been concluded
under auspices of the Federal Aviation Agency,

James L. Anast, Direclor of the FAA Bureau of Research and Development,
loday reported that as a result of the extensive project, airport owners and
airline operators will have sufficient tools with which to develop economaic
analyses,

"They not only offer a basis for which business-like decisions can be
made about airport improvements,' he stated, 'butl traffic control management
can analyze the effect on acceplance rate of procedural changes or changing
aircraft populations, "

Conducted by Airborne Instruments Laboratory at Deer Park, L. L,
New York, in cooperation with Porter and O'Brien, consulting engineers,
the study covers observations made at 14 airports of all classes, sizes and
shapes throughout the country.

At each airport the resecarchers observed operations and interviewed
controllers, operators and airport managers, Detailed measurements
were made 1n some i1nstances by recording over-threshold, off-runway,
clear to take-off, start-roll and other pertinent data,

This tnformation formed a statistical basis for forecasting actual
arrport capacity,

The project team was able to document what 15 called the "pressure
factor' -- meaning that as the load on an airport increases, the efficiency
of pilots and controllers improve, This actual data makes 1t possible to

develop the spacing factors that are inputs to the mmathematical models.

{more)
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Charts and figures used in connection with the study show the average
delay resulting from a given movement rate during visual fiight rule (VFR)
conditions,

They also indicate the effect of jet transports on airrport capacity, as
well as that of runway turn-off design capacity. On one type of runway the
capacity was found to vary from 36 to 54 movements per hour, depending on
the turn-off layout used.

The report likewise cites that the delay resulting from various
operating rates can be used to determine whether an improvement can be
made economically.

One figure shows that operating costs for aircraft vary from $15 a
mzinute for the large jet transports to as low as 25 cents per minute for small
single-engine craft,

By applying such costs to the delay values forecast for various operating
rates and comparing them with the expense of building runways and taxiways,
additjonal economics of these construction costs can be further evaluated,

The lengthy volume contains a number of conclusions and recommendations
dealing with runway and taxiway design that will be of special interest to
both airport and airline officials.

As soon as possible, copies of the report will be printed by the
Government for public distribution

SRR S

For Further Information:
Eual Thornton 1-11-61



LIST CF ILLUSTRATIONS

Typical Runway Conflguratlions

Effect of Jet Transports on Delay

Effect of Arrival-fto-Departure Ratio

Effect of Turn~0ff Layout

Analysls of Parallel Runways of Unequal

Length (Continental Pcpulation)
Analysis of Parallel RunwWays

Analysls of T7000-Foot 3ingle Runway
Analysis of Parallel Runways of Uneqgual

Length (Trunk Population)
Analysis of Intersecting Runways
Analysis of Open-Vee Runways

Deceleration Chart

30-Degree High-Speed Turn-Off (FAA)

Multicentered Curve (Exit Taxiway)

750-Foot Centerline-to-Centerline

High-Speed

Exit {Taxi in Opposite Direction to Landing)

750-Foot Centerllne-to-Centerline
(Tax1i in Direction of Landing)

45C-Foot Centerline-to-Centerline
450-Foot Centerliine-to-Centerline
350-Foot Centerline-to-Centerline
250-Foot Centerline-to-Centerline
Intercontinental Holding Apron

450-Foot Centeriine-to-Centerline
Helding Apron

350-Foot Centerliine-to-Centerline
Holding Apron

250-Foot Centerline-to-Centerline
Holding Apron

60-mph Exi1t

60-mph Exat
4LC-mph Exit
4O-mph Exat
4O-mph Exit

Continental
Trunk

Local

Probabillity of Walting 1n Take-0ff Queue

Page

12
16
18
19
22

23
26
28

29
31
I
45
45
47

4y

49
49
50
50
52
52

53
53

55



Filgure
6-1

6-2
6-3
6-4
6-5
6-6
6-7
6-8
6-9
6-10
6-11

6-12

vi

Local Airport with Low Volume
(1962 Population)

Local Alrport wlth High Volume
(1975 Population)

Trunk Alrport with Hligh Volume
(1962 Pcpulation)

Trunk Alrpcrt Surface Restrictlons
(1962 Population)

Trunk Alrport wlth Low Volume
(1962 Population)

Trunk Airport wlth High Volume and High
Percent of Light Alrcraft (1962 Population)

Continental Ailrport wlth High Volume
(1962 Population)

Continental Alrport Surface Restricticns
(1962 Population)

Continental Alrport with Low Volume
(1962 Population)

Intercontinental Airport with Low Velume
(1962 Population)

Intercontinental Airport Surface Restrictions
(1962 Population)

Intercontinental Alrport with High Volume
(1975 Population)

Hourly Distribution of Movements for

Alr Carrier Operaticns

Hourly Distribution of Air Carrier Movements
by Percentage

Typical Hourly Distribution for Total
Operations

Composite Continental Airport with Additional
Taxiways

Terminal Relocation of Composite Airport
Trunk

Capacity of Single Runway with Limited
Taxlway

Benefit-Cost Analysis of Parallel Taxiway
Benefit-Cost Analysls of Parallel Runway

Page
64

64
66
66
67
67
69
69
70
70
72
72
78
79
80
90
90
95

29
102



Flgure Page

8-1 Application of Mathematical Models to 107
Arrivals and Departures

g8-2 Application of Mathematical Models to 108
Taxlway Problems

8-3 Spacing Factors for Pre-Emptlve Spaced 111
Arrivals Model (SAM)

8-4 Practical Capaclty of Single Runway 117

8-5 Distribution of Departure Delay at 119
Miami Alrport

8-6 Distribution of Departure Delay at 120
LaGuardla Airport

8-7 Distribution of Arrival Delay at 121
Midway Alrport

9-1 Intercontinental Airports 124

9-2 Continental Airports 125

9-3 Trunk Alrports 126

9-4 Local Airports 127

g-5 Example of Runway Operation Plot 129

9-6 VFR Spacing for Arrival Followed by Arrival 131

9-7 VFR Spacing for Departure Followed by 132
Departure

9-8 VFR Spacing for Departure Followed by 133
Arraival

9-9 VFR Spacing for Arrival Followed by Departure 134

9-10 Cumulative Input Distribution for LaGuardia 136
Departures (13 November 1959)

9-11 Cumulative Input Distribution for Idlewild 137
Departures (4 April 1958)

9-12 Cumulative Inter-Output Distribution for 140
LaGuardia Arrivals (13 November 1959)

9-13 Cumulative Inter-OQutput Distribution for 141
LaGuardia Arrivals (4 September 1959)

g-14 Cumulative Inter-Output Distraibution for 142
Miami Arrivals (4 December 1959)

9-15 Cumulative Inter-Output Distribution for 143

LaGuardia Departures (13 November 1959)

vii



Figure
9-16

9-17

9-18
9-19
g-20

9-21
g-22

9-23

10-1

10-2

10-3

11-1

11-2

11-3

11-4

11-5

viia

Cumulative Inter-Output Distribution for
Idlewild Departures (4 April 1958)

Cumulative Inter-Output Distribution for
Simulated LaGuardia Arrivals
(13 November 1959)

Cumulative Inter-Output Distributions for
Spaced LaGuardia Arrivals (13 Ncvember 1959)

Cumulative Inter-0Output Distributions for
Spaced LaGuardia Arrivals (4 September 1959)

Cumulative Inter-Qutput Distributlons for
Spaced Miami Arrivals (4 December 1959)

Definition of Departure Delay

Definition of Inputs for Filrst-Come, First-
Served Model (FIM)

Definition of Inputs for Pre-Emptlve Spaced
Arrivals Mcdel (SAM)

Tilme Dependent Average Delay for First-Come,
First-Served Constant Service Queue

Tlme Dependent Average Delay Shown as
Fracticon of Steady-Sftate Value

Average Delay as Functicn of Utilization

Time Dependent Distribution of Delays for
First-Come, First-Served Queue

Distrlibution of 500 Sample Averages for
First-Come, First-Served Constant Service
Queue {Utailization 0.5)

Distraibution of 500 Sample Avergges for
First-Come, First-Served Constant Service
Queue (Utilization 0.7)

Distribution of 1000 Sample Averages for
First-Come, First-Served Constant Service
Queue (Utilization C 9)

Distribution of 500 Sample Averages for
Spaced Arrivals on Typical 9000-Foot Runway

Distribution of 500 Sample Averages for
Spaced Arrivals for Miami Airport

147
148
149

151
152

153

161
163

164
165

175

176

177

179

180



Flgure

A-1

A-5

A-6
A-T7

Effect of Runway Length and Movement Rate
on Time and Distance to 60 mph

Plot of 9000-Foot Runway Performance for
Class A at hl = 30

Final Computation of Runway Time of All
Classes on 9000-Foot Runway wilith 1000-Foot
Turn-0ffs at kl = 30

Runway Time for all Classes on 9000-Foot
Runway with 1000-Foot Turn-0ffs and
Continental Airport Population at Varylng
Arrival Rate

Replot of 3000-Foot Runway (2) Performance
wilth 1000-FPoot Turn-0ffs for Class A at

A, = 30

Take-0ff Performance

Taxl Speeds Measured on Unobstructed Taxiway
at New York International Alrport

Alrport Accldent Termlnation Points

Page

A-8

A-10

A-11

A-12

A-14

A-44
A-54

ix



Table

5-1
5-II
7-1
7-1I
7-111

7-IV

=V
T-VI

9-1
9-1II

12-I

A-T

A-IT
A-TIT
A-TV
A-V
A-VI
A-VII
A-VIIT

LIST OF TABLES

Recommended Design Criteris
Analysis of Runway and Taxiway Separations

Typlecal Traffic Dlstributions by Hours
Exit Performance on 3000-Foot Runway

Determination of Aircraft Operating Costs
per Unit Time

Determlnation of Operating Costs for
ProJected Peopulatlion

Taxl Time Saved for Landing Runway 12-30
Total Savings 1n Taxl Time

Model Tests

Runway Crossing Delays
Average Tolerated Loads
Basic Runway Performance for B8000-Foot
Runway

QT-0T Spacing

SR-TO-SR Spacing

C-TO-8 Spacing

SR-0T Spacing

Minimum S11

Inputs

Runway Crossing Observations

92
93

155
156

204

A-5

A-18
A-27
A-33
A-35
A-42
A-51
A-55

K1



ACKNOWLEDGMENTS

This study extended from July 1959 to July 1960.
During that time numercus individuals have helped us obftain
data, reviewed our efferts, and lent their assistance. These
persons include many withain the Federal Aviation Agency Bureau
of Research and Development, alr controllers at 14 airports,
airport and airline officials at these airports, pilets, alr-
port engineers, and other contractors. We appreciate their
assistance in this work, which we belleve 1s a necessary con-
tribution to the orderly development of a most vital but much
neglected fundamental of aviation--the airport.



FOREWORD

This report contalns the results of a study pro-
gram on alrport runway and taxiway design. The complete
report i1s published under the title:

"Airport Runway and Taxiway Design"

That portlon of principal concern to alrport plan-
ners has been 1ssued separately under the title and subtltle:
"Adrport Runway and Taxlway Design Excerpts on
Typlcal Confilguratlons--Capacltles--Evaluation of
Designs"
Additional reference sources can be found 1in the
bibliography that 1s i1ssued as Supplement I to thls report:

"Bibliography of Source Material on Alrport Deslgn
and Applicable Methods of Theoretical Analysis'

The two other supplements are

II. "Use of Exat Taxiways at New York Inter-
national Airport"

III. "Take-Off Performance of Selected Piston-
Engine Aircraft in Routine Operation'

X111



ABSTRACT

Alrport operations at numerous cilvil airports have
been observed and measured. The data have been analyzed to
ldentify the elements important to alrport capacity and that
cause delay to operations, and to ldentify and evaluate air-
craft spacing intervals.

A particularly lnterestling result of the fleld
cbservations was the abllity to document the so-called
"pressure factor"--that factor that evidences itself in
higher efficiency at higher operating rates. Controllers
and pllots, sensltive to the tempo of the operation, reduce
the spaclngs and react more promptly to traffic control.
Thus, as the alrport operating rate lncreases, the delay
bulld-up 1s less prconounced than the lncrease in the oper-
ating rate would 1indicate.

It has been found useful to study airports by
analyzing the delay to cperations that results from various
movement rates rather fthan maxlmum capacity ratings since,
from a practical standpoint, operatlicns at maximum capacity
are not observable, Mathematlcal formulas have been devised
and tested that use ohserved operating data in relating delay
to movement rates for runway operations, and analyzing taxi-
ways and holding aprons. These formulas have been used in
typical alrport operatlng problems to demonstrate and analyze
airport configurations. These studles have demonstrated the
Importance and effect upon operating rates of various air-
craft populations, runway lengths, runway turn-off layouts,
runway layouts wlth respect to other runways, and the ratio
of arrivals to departures.
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The multiplicity of airport designs around the
country have been examined to determine which are typilcal.
The mathematlcal formulas developed have been applled to
alrport conflgurations to determine which are typlcal and
will best satlsfy general alrport needs. A procedure has
been suggested for making economlc analyses of proposed alr-
port improvements using the delay predictlons obtained with
the mathematical formulas. In thils procedure, an eccnomlc
value 1s placed on delay. The change in delay between the
configurations belng compared 1s then determined and con-
verted into dollars.

A guide for the applicatlon of the mathematilcal
formulas 1s provlded that indlicates how the operational ele-
ments are selected and how computations are made. The mathe-
matical formulas can be applled to many alrport problems,
including runway operatlng rates with VFR and IFR, taxlway
Intersection, runway crossling, alrcraft holding areas, and
the stagling of alrport construction.

xvl



I. INTRODUCTION

The most recent official airport design guide is
the CAA booklet, "Alrport Design."* Although portions of
thls booklet have been revised from time to time by the
lssuance of airport englneering bulletins, there 1s a need
to update information on configurations to adapt airport
deslgn to new aircraft types and to 1lncorporate features
that have been found desirable in airport construction.
This report presents methods of analyzing alrport improve-
ments that can provide a logical basis for evaluatlng pro-

posed changes in design.

In addition to the need for re-examination of air-
port conflgurations, a method 1s needed for accurately asses-
sing the capacity of airport runways. The report on "Modern-
izing the National System of Aviation Facilitiles"** presents
typical airport configurations and places capacity ratings on
each of these designs. The report states, however, that
"determination, simulatlon, and flight tests should be extended
to determine more accurately maximum runway capaclty and a min-
imum spacing of aircraft to the runway. It 1s vital that we
determine ultimate runway capaclty to more accurately plan for
long-range development of adequate airport facilities on a
schedule which wlll meet the projected Increase 1n traffic.

* "pirport Design," U. S. Department of Commerce, U. 3. Govern-
ment Printing Office, January 1949.

** "Modernizing the National System of Aviation Facilitles,"
Office of Aviation Facllitles Plianning, The White House,
U. S. Government Printing Office, May 1G57.



At least five years headway must be provided in planning to
construct a new alrport and equlp 1t for operation."

In the past, alrport construction and improvements
for runways and taxiways could not easily be evaluated from
an eccnomle standpoint for lack of a reasonable means of

analysis.

Many different airport layouts exlst around the
country. This fact, together with the growth of air traffic
and the increase 1in operations at these airports, regulres
more uniform design criteria and meore preclse economlc meas-
ures for alrport lmprovements. In thils way we can measure
more accurately the improvement in delay or capaclty obtain-
able with a given alrport deslgn and judge whether or not
improvements should proceed, based on thelr economic benefit.

The results of this study can be used to meet these
needs in airport planning and design.



IT. SUMMARY

The contract required that we 1lnvestigate previous
work done in airport design, obtain an up-to-date plcture of
actual current operations and practlces, apply new mathemati-
cal and analytical techniques to airport operations, and make
practical application of these factors to the development of
deslgn criteria and airport conflgurations.

A. PREVIOUS WORK

In reviewing the previous work done In this fleld,
we have prepared a bibllography that willl be 1ssued as a sup-
plement: "Bibliography of Socurce Materlal on Alrport Design
and Applicable Methods of Theoretical Analysis."

B. OBSERVATION OF AIRPCRT CPERATIONS

We have analyzed appllcable data avallable from the
earlier FAA terminal area studies and have visited 14 airports
to observe operations at first hand. At several alrports, we
recorded detalled data on VFR runway operations. To obtain
valld operating data, and evaluate 1t with minlimum manpower,
requires the use of economlcal but effective techniques that
are described in this report. No IFR data were taken under
thils contract, but data available from allled work done by
AIL have been used 1n this report. Analysis of the data
obtained from the airport visits gave a good insight into
the requirements for the design of the mathematilical models.

C. MATHEMATICAL TECHNIQUES

Prior to the alrport visits, and while these visits
were under way, mathematical models or formulas were developed
that could be used in forecasting operating rates of runways



and taxiways wlth assoclated delays. Development of these
models was the responsibility of Dr. H. P. Galliher, Deputy
Director, Operations Research Center, Massachusetts Insti-

tute of Technology, who served as consultant to AIL on this
project. An original mathematlical model was devised covering
delays under priority-type operations (typical in runway oper-
ations). This mathematical model, together with an available
gueuing model, was found to have many applications 1in analyzing
airport problems.

A3 our observatlons progressed, these models were
tested to deftermine their applicabllify. Thls testing ensured
that the three mathematlical models that were developed represented
cperatlng conditlions and thus made accurate prediction of oper-
ating rates practical. This procedure--checklng analytical work
agalnst actual observed data while the study progressed--proved
a productlive method for arriving at valld conclusions.

D. AIRPCORT DESIGN CRITERTA

Minimum clearance standards had previously been deter-
mined and published in alrport design and alrport engineering
bulletins. It was desired that these bulletins be reviewed using
new technigues devised as part of this contract. The most
logical approach was the probablllty analysis of accldent data
on clvll alrports. These data were analyzed and the physleal
dimensions of alrcraft were reviewed to determlne desirable min-
imum clearance standards.

E. TYPICAL CONFIGURATIONS

The configurations existing at airports around the
country were grouped into categories using the mathematical
models together with the observed data. The configurations
were individually analyzed to compare thelir relative merits.
Following this analysis, typlcal configurations were developed



to satisf'y assumed population and traffic volume character-
1s€ics. These configurations can be useful 1n deciding on
the conflguration best suifed to a particular site.

A procedure was developed for maklng economic evalu-
ations of airport runway and taxiway improvements. This 1s,
we feel, a baslc necessity in establlshling airport design on
a more rational long-term basis.

F. APPLICATION OF MATHEMATICAL MODELS

The inputs to the mathematical models are described,
together with preliminary data, to ald in selectlng values for
the elements. Thus, i1f the airport designer wishes to evalu-
ate a specific configuration, he can use the procedure, data,
and techniques in this report to develop the detalled analysis.

The airport planner and airport designer 1s thus
provided with a tool with which he can analyze the operational
merits of alrport design, and then make an economic evaluation
of that design.



ITT. CONCLUSIONS

A.  PRACTICAL CAPACITIES

It does not appear that there will be any major
improvement in runway operations or design (beyond deslgn
criterla now available) that willl substantlally increase
VFR runway capaclty, though IFR runway capacity can still
be 1ncreased. Consequently, the most effectlve way to
increase airport capaclty 18 to construct parallel runways.

Parallel runways of unequal length, designed sc that
the shorter runway is sultable only for light ailrcraft, reach
maximum use when the air traffilc population 1s such that the
number of light-alrcraft movements 1s consliderably greater
than the number of heavy-alrcraft movements--usually about
2 to 1, but dependent upon the total alrcraft populatlion.

The need to control taxling alrcraft crossing active
runways, so often required in parallel-runway operations,
increases the workload of the "loeal" controller and thereby
reduces airport capacity. Because of thls problem, nct more
than two parallel runways should be bullt on the same side of
the alrcraft terminal ramp.

When ailrport site restrictlions do not permit use of
parallel runways, intersecting runways--1if wind conditions
permit their use--can provide a substantial 1lncrease 1in
capacity. The maximum increase in capaclty with intersecting
runways, when the intersection is near the downwlnd end of the
runway, would be perhaps 65 percent. This could diminish to
about single runway capacilty if the intersection occurs near
the upwind end of the runway.



Runway operations of large Jet alrcraft like the
Boelng 707 considerably reduce avallable runway capacity.
This 1s due to the particular aircraft characteristics, such
as longer engine warm-up on the runway and longer runways
requlred for both landing and take-off.

The periodic revislon of the standards for airport
runways to increase their length frequently causes changes in
alrport master plans that are detrimental to their operational
efficlency. Standards of runway length should be stabilized
to permit orderly planning, to obtaln maximum operational effi-
clency, and to avold makling essentlal airport sites obsolete.

Optimum runway turn-offs can increase runway capacilty
perhaps b0 percent over minimum turn-off desligns.

Runway turn-on deslgns need accommodate only normal
taxl speeds, but they should not require an aircraft to turn
downwind on the runway to get to the end of the runway.

Although basic design criteria can be developed
that have general applicatlon, there 18 no single alrport
deslgn that is optlimum and that will satlsfy all desired
conditicns. In addition, even for a glven type of alrport,
such as the continental alrport, there 1s no "best" design
because of local site and alrspace problems.

Wilth modern Jet alrcraft, the cost of taxiway delays
or delays 1n walting for a gate, approaches the cost of delays
in the alr. Consequently, efflclency 1s essential at all oper-
atlonal areas of the alrport as well as on the runways.

B. EFFECTIVENESS OF MATHEMATICAL FORMULAS

Using delay predictions for alrport operations
enables the economic analysis of specific alrport designs.
Techniques have been suggested for accomplishing this

economic analysis.



Analytical models have been developed that can be
used to relate operating rates on runways and taxiways to the
resulting delay in a realistic manner. The results of these
analyses are consldered superior to those obtained 1In the past
by any other means.

The analytical models can also be used to develop
basic airport design criterla from factual data.

A technigue to estlmate delay durlng a peak or over-
loaded perlcd has been developed and 1is described.

The operating efflclency of pllots and controllers
durling landings and take-offs 1ncreases as the landing rate
increases. This "pressure factor" must be recognized 1in pre-
dicting airport capacitles.

Additional data that are needed for adequate evalu-
atlon of runway configurations include measurement of the
intervals between successive landings on a runway eguipped
with high-speed turn-cffs at high traffilc loads when pllots
are well acquainted with the layout of the high-speed turn-
off. The data available thus far 1indlicates that there 1s
good reason to doubt that the time saved on the runway will
be fully used to reduce the spacing between arrlvals and
thus increase runway capaclty to maxlimum potential.

The 1input times for departures (ready to go) were
found to have a Polsson distribution. The output times for
departures (start roll) were found to meet the conditions of

Poisson input wlth Erlang service.

The theoretical variations of the average delay of
a sample queuing operation appear so large that 1t seems
unlikely that ailrport operations rigidly conform to any simple
dqueulng model.




Delay predicted by steady-state models, when applied
to airport operations with heavy traffic, must be carefully
Interpreted since 1t may take hundreds or even thousands of
operations to achieve steady-state conditions.

The analytleal models can be improved in two ways.

1. More comprehensive data on actual airport oper-
ations, particularly IFR, would improve the
quality of the 1nputs.

2. Further ftesting and modificatlon with respect
to intersecting and parallel runways would make
thelr use more unilversal.
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IV, ANALYSIS OF TYPICAL RUNWAY CONFIGURATIONS AND
FACTORS AFFECTING ATIRPCORT CAPACITY

The many runway configurations in exlstence or pro-
posed have been examlned, and representatlve configurations
have been studied to determine the relative merits of each
from the standpoint of runway capacity. The runway configura-
tlons studled are shown in Figure 4-1.

To make it possible to compare one configuration with
another, commeon aircraft populations have been assumed for con-
tinental and trunk alrports as follows.

Percentage of
Aircraft Populatilon

Class Type Continental Trunk
A Large turbo Jet aircraft 20 -
B Four-engine propeller transports, 30 30

including turboprops, and heavy
two-englne transports (CV440)

c Two-engine transports (8000 to 20 30
36,000 pounds)
D Two-engine alrcraft (2800 to 10 20

8000 pounds) and high-performance
single-engine alrcraft

E Single-engine aircraft below 20 20
2800 pounds

The runway length chosen for analysis for the contl-
nental airport population was 9000 feet because Jet alrcraft
were included in the analysis. For the trunk alrport popula-
tlon, a 7000-foot runway has been assumed.

11
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The runway layouts have been analyzed from the stand-
polnt of capaclty by developing a curve of the operatlng rates
of landings and take-offs and the corresponding delay to depar-
tures that will result for a particular operating rate. The
fechniques used to relate the operating rate to the correspond-
ing delay are described 1n Section VIII, which also discusses
the meaning of the predicted delay so that 1t can be interpreted
properly when analyzing an airport configuration. In these con-
figurations, where one layout 1s compared with another, we have
gselected one value for the delay and compared configurations
using that value.

We have selected the 6-minute average delay value
as our basis for comparing the configurations in the remalnder
of thls chapter. The meaning of the average delay 1ls discussed
in detail in Section VIII. Brilefly, however, the 6-minute delay
value 1s the result of consldering such factors as the distribu-
tion of delay, thils average 1ncludes alrcraft that have no delay
and aircraft that will occaslonally encounter a 30-minute delay.
The economic value of the delay to alrcraft is appreciable. In
the continental airport populatlion that i1s used extensively in
this report, the cost of the delay averaged over the operating
aircraft types is $5.55 per minute. In a normal VFR operation
this could total $750 per hour per runway in delay costs.
Also, an alrport operating at a rate that produces a 6-minute
average delay 1s operatling at a relatively high utlllzation,
temporary overloads wlll socn saturate the operatlon and result
in abnormal delays. Thus, a 6-minute delay represents a some-

what conservative average figure.

The delay curves presented represent what might be
called the situatlon on an average peak day. We belleve that
the results are on the conservatlve side, but this 1s desirable.
If the analysis 18 accomplished for an average peak day, there
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willl be days when traffic volume wlll exceed that on which
the analysils 1s based, and a conservative rating 1s therefore
deslirable.

The delay curves utilize the results of extensive
field observations. The field observations included periods
when landing and departure rates were so high that wave-offs
and turbulence due to sllpstream were evident. The capacity
ratings indicated here have been selected fo avoid these con-
ditions, if the rates shown here are exceeded to any extent for
a lengthy period, wave-offs will probably occur and slipstream
turbulence wilill be evlident on occasion.

The delay curves presented can be used with con-
fidence if it is applied specifically to the configuration
and aircraft population for which i1t has been prepared. When
practical operating rates for other configurations or other
populations are desired, they should be recomputed. The fol-
lowing pages will show the pronounced effect these two items
have on runway capsacity.

In normal VFR operation, little delay to arrivals
occurs, and 1n general they are given prlority to use the
runway. In the delay curves shown, this normal mode of oper-
ation has been agsumed and only the delay to departures has
been predicted.

In many of the conflgurations studled, a runway
using right-angle turn-offs has been the basls for comparil-
son. The reason for thls 1s that a runway layout wlth right-
angle turn-offs gives a relatively high operating rate for
minimum delay. Thils does not mean that a runway with high-
speed turn-offs would not provide higher operating rates,
because analysls shows that high-speed turn-coffs do increase
the operating rate. However, the fleld data avallable has
been based almost completely on right-angle turn-off operations.

14



It has not been possible to obtaln adequate observatlons of
the operation of high-speed turn-offs in the field. Thus,
the selection of a runway with right-angle turn-offs as a
basls for comparison was a matter of using the best data
avallable, rather than indicating a preference

A. EFFECT OF AIRCRAFT PQPULATION

Flgure 4-2 indicates the effect that alrcraft popu-
lation has on VFR ailrport capacity. Note that the basic dif-
ference 1n population 1s that the 1962 population includes
20 percent large Jet zlrecraft, whereas the 1958 population
includes only piston-engine alrcraft. Significantly, the Jet
alrcraft reduce the runway capacity, 1n actual movements the
reduction 1s from 54 to 46 movements per hour--a reductilon of
15 percent., 1In some of the succeedlng graphs, a greater propor-
tion of light aircraft will be included, and it will be shown
that the capacity 1s substantially lncreased over that avall-
gble wlth heavier alreraft. Thus, 1t 1s essential to care-
fully descrlbe the population for an alrport in developlng
planning information on alrport capaclty.

Qf 1nterest here 1s the ailrport situation where
weekend traffic may be substantially different from the
routine trafflc during the week. Some alrports may have a
high proportion of airline-type traffic and a low volume of
light alrcraft during the week. The weekend traffic, however,
may Involve a substantlal portion of light aircraft and pos-
sibly military Jet alrcraft. The airport capaclity may be quilte
different for the two conditions. If this is the case and will
be so0 over a long-range period, 1t would appear advisable to
analyze alrport capacity for the different conditions fto deter-
mine the most critical perlods of operation.
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B. EFFECT OF ARRIVAL-TO-DEPARTURE RATIO

Figure 4-3 analyzes a continental airport runway and
shows the effect of various arrival-to-departure ratios during
VFR operations., It can be seen that for the aircraft popula-
fion chosen, the highest practical operating rate 1s obtained
when the departure rate is high and the arrival rate 1s low.
Conversely, the lowest practical operating rate results when
the landing rate is high and the departure rate 18 low. The
reduction is from 50 movements per hour to 43 movements per

hour--a decrease of 14 percent.

Therefore, the alrport arrival and departure distrl-
butlon must be studled to determine this ratioc 1f an accurate
predlction of ailrport capacity is to be made.

C. EFFECT OF TURN-OFF LAYQUT

Figure 4-4 indicates the effect of the spacing of
turn-offs on VFR capacity. Layouts 1, 2, and 3 assume right-
angle turn-offs at the spacings shown. Layouts 4 and 5 assume
high-speed turn-offs as shown* wlth layout 5 1ncluding a turn-
off for light alrcraft.

The relatlve practlical operating rate for each of
these layouts is

Turn-0ffs Movements per Hour
3000-foot 35
1500-foot L
1000-foot 46

3 high-speed 48 to 53

* R. Horonjeff, G Ahlborn, and R. Read, "Exit Taxiway Loca-
tions," Institute of Transportation and Traffic Engineeraing,
Univer'sity of California, 1960.
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The preceding analysls 1s based on our observatlon
that the average time between arrivals for a given population
at nigh movement rates remains relatively constant unless the
runway turn-off layout 1s very poor. Thus, in the analysis of
right-angle turn-offs, arrival times are the same except for
the 3000-foct spacing when the average arrival time 18 increased

The capacity of the layouts with high-speed turn-
offs 1s given as a range. Note that layout 5 includes a turn-
off for light aircraft. Fleld observations are needed of
spacings between arrivals on a runway equipped for high-speed
turn-offs when the runway i1s operating at a high rate. I% is
not yet certain that the reduced runway time available with
hlgh-speed turn-offs will be used in closing up the spacing
between landing alrcraft. There is no doubt that this shortened
runway time can be used in the mixed operation for take-offs,
but as 1i1ndicated previously our observations make us doubt
that full advantage of this feature will be taken on landings,
particularly at the higher operating rates. For example, the
higher rates that we have observed at airports like LaGuardia
have already reduced spacing in the air to the point where
wave-offs cccurred and light aircraft were being subjected
to undesirable slipstream effects. In such cases the spacing
in the air will probably not be reduced any further. It 1=
interesting that using our data and assuming that the landing
interval is decreased results in a slight increase in delay--
compare curve 5A with curve 5., Agaln, 1t 1s emphasized that

additional field experience 1s required.

D PARALLEL RUNWAYS OF UNEQUAL LENGTHS (CONTINENTAL AIRPCRT)

"Modernizing the National System of Aviation Facili-
ties,"* suggests the use of parallel runways with a short

* "Modernlzing the Natlonal System of Aviatlon Facllities,"
Office of Aviation Facilities Planning, The White House,
U. 8. Government Printing 0ffice, May 1957.
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runway sultable for light alrcraft and a longer runway sult-
able for heavy alrcraft. Much interest has been shown in
this configuration; 1ts analysis for VFR operatlons is shown
in Figure 4-5. It 1s Interesting to note the marked effect
of runway lengths and aircraft population on runway capacity.
The 5000-foot runway in this analysls has mixed operations,
but only with large jet aircraft and four-engine turboprop or
plston-engine aircraft. Thils runway reaches i1ts practical
operating rate at 6-minute delays with a landing and depar-
ture rate of only 35 movements per hour.

The shorter, 5000-foot runway for the twin-engine
transports and light aircraft reaches 1ts practical operating
capaclty at 65 movements per hour, or almost twlce the oper-
ating rate of the long runway wlth heavy alrcraft. Thus, a
parzllel runway layout would have optimum usage when the light
glrceraft comprise about two-thilrds of the fotal ailrport traf-
fle. The analysls 1s made on the basls that the runways are
operating Independently and wlith thelr own traffic patterns
whlch do not interfere with one ancther. This should gen-
erally be practical.

E. PARALLEL RUNWAYS OF EQUAL LENGTHS (CONTINENTAL AIRPORT)

Figure 4-6 is a composlte of various configurations
for VFR conditions. A basic curve 1 shows mlxed operation on a
runway wlth 1000-foot turn-offs and shows 1ts capacity as helng
46 movements per hour at a 6-minute delay point.

Curve 2, a composite of toftal runway capacity, was
obtained by totaling the movements shown on the two curves of
Flgure 4-5 for a 9000-foot and a 5000-foot parallel runway
layout. The composite has been developed by finding the
average delay of the corresponding total movement rate of
the two runways. Thus, at 30 movements per hour the delay
is 3.6 minutes on the long runway compared with 0.65 minute
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on the short runway. The average delay for the total move-
ment rate of the two runways of 60 movements per hour 1s

3.6 + 0.65 _

= = 2 12 minutes.

The curve 1s qulte hypothetlcal because 1t does not
make optimum use of the short runway that 1s lilghtly loaded.
Further, operations on the long runway will be conducted with
a high average delay compared wlth that on the short runway.

A much better use of thls conflguration would be at an alrport
where the population was about one-third Classes A and B traffic,
and two-thirds Classes C, D, and E traffic. For this comblina-
tion, curve 2 would move to the right of 1ts positlon shown 1in
Figure 4-6.

Curve 3 forecasts the movement rate that can be
expected on parallel runways 9000 feet 1n length, and sep-
arated by about 700 feet, so that in VFR weather they can
be operated independently of one another with mixed opera-
tions on both runways. This combilnation is guite practical

and will become more common 1n the future.

Curve 3 indicates that 92 movements per hour can be
accomplished with a 6-minute delay. With such operating rates,
it is important to carefully analyze the airspace situation at
the airport involved. A feeding system to the airport must be
available that will provide aircraft at this rate over an
extended period. Further, the runway crossing problem should
be evaluated (Section VIII) as thils may limit capacity.

Like curve 3, curve 4 considers two runways, except
that now they are operating with landings only on one and
departures only on the other. The high movement rates shown,
when compared with curve 3, 1lndicate that this 1s an optimum
situation. However, this curve can be misinterpreted. Wilth

24



other curves, it has been assumed that delays to arrivals are
practically nonexistent. In curve 4, delay to arrivals does
occur because of the very high movement rate. Scme ldea of
the runway capacity with arrival delay limited, as 1n the
other curves, 1s given by curve 44, which starts at the point
where the arrival delay reaches an average of 1 minute, the
landing rate on the landing-only runway also remains at this
level, and excess arrivals are handled on the departures-only
runway. In everyday operatlon 1t would be difficult to con-
duct an operation that would result 1n the condltion shown by
curve 4A because the controller could not easily accomplish
the diversion Just as indicated. However, i1t does 1indicate
that the practical capacity will probably lie well below

curve 4 and toward curve 4A.

Our field observations indicate that the mixed
operation shown in curve 3, for propeller alrcraft, 1s an
optimum operating situation, particularly where the runways
nave enough separaticn for independent operatlon and yet are
close enough to permit a "common gueue'" for arrivals and
departures. This study does not assume a common gueue because
there 15 no mathematical technigque to analyze this compleX
situation. In such a case, either runway can be used for
arrival or departure and delay is minimized. However, the
aircraft populatilion used 1ln this study 1ncludes jet alr-
craft--which, because of engine run-up on the runway, appear
to be best handled on a take-off only runway. Thus the choice
of a mode of operation for parallel runways will be influenced

by the alrcraft population.

F. PARALLEL RUNWAYS (TRUNK AIRPORT)

In Figure 4-7, the ailrcraft population assumed 1s
sultable for operation at a trunk airport (as shown in the
beginning of this section) and includes only Classes B, C,
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D, and E aircraft. The practical VFR capacity for a 6-minute
average delay is shown to be 59 movements per hour

In Faigure 4-8, the trunk aircraft population hasg
been divided so that the larger aircraft are assigned to the
7000~fooct runway, and the smaller aircraft to the 4000-foot
runway. The VFR operating rates for a H-minute delay are

Runway (feet) Movements per Hour
7000 56
4000 91

The analysis of this runway layout is saimilar to
that 1n Figure 4-5. For optimum use of this layout, the per-
centage of aircraft in a population that can use the shorter
runway should be substantially higher (almost 2 to 1) than
the percentage of aircraft that must use the longer runway.

G. INTERSECTING RUNWAYS

Figure 4-9 shows how intersecting runways can
increase VFR airport capacity If wind conditions permit
a cross-runway operation, substantial benefits can be
realized that approach the operating rates of parallel run-
ways (Flgure 4-6), However, if winds are variable, airport
capaclty will vary with the direction of operation because
of the effect of the intersection locatlon on capacity. Note
that the positlon of the intersection causes the operating
rate at a 6-minute delay to vary from 78 to 47 movements
per hour--the latter being about that of single-runway oper-

ation.

H. OPEN-VEE RUNWAYS

The open-vee runway layout has often been suggested.
Under optimum wind conditions, and when approach and departure

paths do not intersect, the open-vee layout provides a capacity
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similar to that for a parallel runway, and possgsibly more
because the departure path and missed approach path diverge.
However, one runway must be used for landings only and the
other for departures only to avold conflicting approach paths
on both runways. When the wind indicates use of intersecting
paths, the capaclity 1s reduced (Figure 4-10). The hourly VFR
operating rates at a 6-minute delay are,

Movements per Hour

Optimum conditlons 1086%
Crossing conditions A5 to Tgx*

In the cressing operation, the separation provided between a
mlissed approach and departures is conservative and may be more
than is actually necessary.

The lower rating curve asgsumes that a take-off must
be at the upwind end of the runway befcre a landing can be
cleared, the higher rating curve assumes that a landing can
be ecleared when the take-off has proceeded halfway down the
runway. The actual operating rules will no doubt depend on
the dlstance to the projected intersection point.

I. OTHER CONFIGURATIONS

The possibility of using a layout such as number ¢
in Figure 4-1 has been analyzed from a runway crossing stand-
point. The number of parallel runways on one side of the

* Note This 1s based on letting arrival delay on the
arrivals-only runway bulld up to a 3-minute average
delay--a somewhat questilionable procedure. At 2~ and
l-minute delays, the operating rates are 100 and
82 movements, respectlvely.

** A spread 1s shown that reflects the effect of varying the
operating rules for a possible missed approach.
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terminal should not exceed two because the ground control
problem and crossing delay become too great with three or

more parallel runways.

Tangential configuration 10 in Figure 4-1 uses all
the alrspace surrounding the airport. Independent approaches
and departures are theoretically possible, but it 18 not known
how much coordination must be accomplished because of converg-
1ng paths of missed approaches and departures. The mathemati-
cal techniques used in this study can approximate capacaty 1T
assumptions are made regarding the operational uncertainties.
A large capital ainvestment 1s requared for land for the multiple-
runway layout and the necessary airspace reservation.

Configuration 11 in Fagure 4-1 18 & theoretical con-
figuration that is simllar to the tangential, with two pairs of
nearly parallel runways offset and on opposite sides of the
terminal area. These adjacent runways converge near the termi-
nal area at an angle of 10 to 20 degrees, with their ends sep-
arated by possibly 2000 feet. Landings are on coverging paths,
and take-coffs on diverging paths. This configuration has been
proposed wlth the suggestion that, since the convergence on
appreach is so small, procedures can be established to make
simultanecus approaches possible. If so, the configuration
would have the capacity of two independent landing runways,
and two independent departure runways 1n VFR and IFR.

J. IFR OPERATION

In current operations, runway capacities are sub-
stantially less durling IFR than during VFR. Thils results pri-
marily from the IFR spacing criteria and the long, straight-in
approaches that are necessary. It may also be partially due
to a change in aircraft population since the volume of light
alrcraft will diminlsh.
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The same mathematical techniques used in the previ-
ous capacity analyses apply to IFR operations since the spacing
factors used can be adjusted for the IIFR condition However,
there 18 not sufficient observed data available to determine
the actual spacings that occur in routine IFR cperations.
Without such observed data, capacity analyses will not be too
practical Theoretical spacings to meet IFR criteria can be
computed, but we must know the actual spacings achieved as
compared with the theoretical spacings before attempting to
relate operating rate to delay.

From other work accomplished by AIL, limited IFKFR
actual spacing data are available. These have been applied
to a 6500-foot runway to show the variation between VFR and
IFR operations The operating rates for a 6-minute average
departure delay are

Hourly Operating Percentage of Aircraft Pcpulation

Rate Transport General Aviation
VIR 56 40 60
IFR 36 82 18

For comparison, a parallel runway of the same length
was assumed with about 700 feet separaticn, requiring coordi-
nation between arrivals and departures in IFR With arrivals
on one runway and departures cn the cther runway-

Hourly operating rate with 6-minute average

departure delay in IFR 52

Parallel runways with a separation adequate to per-
m1t independent operations (Section V) would have about twice
the capacity of a single runway, depending on whether landings
and take-offs are segregated or mixed.

The difference 1n operating rates during VFR and IFR

w1ll degrease as IFR control techniques are improved. An
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analysls of airport capacity should consider this disparity
as well as the change 1n alrcraft population and demand.

An 1tem of alrport layout that will affect IFR air-
port capacity is the wind coverage afforded by the runway with
the instrument landing system (ILS). To keep the airport cpen
the maximum amount of time may require the capabllity of
straight-in 1nstrument approach in two directions (180 degrees
apart). Otherwise, the airport IFR capacity willl be reduced
substantially or the airport will be closed whenever the wind
does not permit use of the one IL3 approach.

Jelecting an airport site free from alr traffic
complexities is a basic requirement in an airport design.
This factor can become so predominant that 1t may make 1t
impossible to operate an airport at any reasonable IFR rate.
Well-known examples can be clted, such as the Washington
National Airport, Bolling Fleld, and Anacostia Naval Ailr
Station complexes. These can operate satisfactorily in VFR
weather by proper allocation of alrspace and approach direc-
tions. In IFR, however, the whole complex has the capacity
of but one airport. Another example 1s the Newark-Teterboro
complex 1n New Jersey. These alrports can also operate to
maximum capacity in VFR weather withcut interference with
each other. Yet they sericusly handicap one another in IFR
condltions, even though the airports are about 12 milles apart.
Their location, with respect to other New York alr traffic
problems of arriving and departing aircraft, 1s such that it
is unlikely that the IFR capaclty can be improved considerably.

X. TAXIWAYS, PARKING, AND HOLDING AREAS

The taxlway system between runway, ferminal, and
hangar areas generally has 1lttle effect on runway capaclty.
However, any unnecessary time used in taxiing is delay to an
aircraft, just as much as that incurred when walting to land
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or take off. Consequently, the taxiway circulation system
must be reasonably efficient.

The design for run-up aprons at the ends of the
take-of f runway should be studied to make certain that they
are large enough to accommodate (1) the queue build-up due
to the variations in engine run-up and cockplt check times,
and (2) the aircraft awalting IFR take-off clearance prior
to departing. At a busy airport, several alrcraft may be
waiting and they should be positlicned so that other aircraft
can bypass them for take-off. The capaclty of the runway 1is
affected by this factor only when take-off alrcraft are unable
to reach the take-off runway because alrcraft positioned ahead
but not "ready to go" are blocking access to the take-off run-
way.

The aircraft lcading position layout should have
adequate apron space to reasonably match the capacity of the
alrport runway layout. Wailting to obtain gate space is agaln
a delay to air operatlons that is as important to the passenger
as any other delay Furthermore, a delay awailting a gate often
will cause taxiway congestion that may affect airport capacity.

L. FACTORS TO CONSTDER IN DETERMINING AIRPORT DESIGN AND
CAPACITY

In selecting and evaluating airport designs, the
alrport planner and designer must consider many factors. It
18 difficult to develop a precise relative rating of the impor-
tance of these factors because their effect on capacity 1s not
always direct or measurable. Further, their importance will
vary from site to site. However, in the following discussion,
the factors have been llsted in the order of Importance 1ndi-
cated by the preceding analysis
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Adrspace alr traffic consideratlons,

. Number of parallel runways on the alrport,
The layout of the runways within the airport,
The celling and visibllity conditions,

The traffic control rules and procedures,

(o)XY ) B i W R \U R o

. The navigational aids provided for instrument
weather operations,

The exlt taxiway layout for the runways,
Pilot and controller "pressure factor,"

O

The mixture of traffic as to types of alrcraft,

10. The hourly distribution of arrivals and depar-
tures (dlscussed more completely 1n Sections VII
and VIII),

11. The variability of wind condlitions,

12. Holding apron capaclty and bypass provisions
at the runway ends,

13. The capaclity of the gate positions,

14, The layout of the taxlway system between run-
ways and gates.

Note* Items 2, 3, 6, 7, 9, 11, 12, 13, and 14 are of direct
concern in airport surface design.
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V., RECOMMENDED DESIGN CRITERIA

A, BASIC CRITERTA

The deslgn criteria given in Table 5-1 are based on
the definitions in TSC N-6b* that establish the four types of
service.

1 Local --Alrports to serve on local service
routes providing service in the short-haul
category, normally not exceeding 500 miles

2. Trunk.--Airports to serve on airline trunk
routes and engage 1n intermediate length
hauls, normally not exceeding 1000 miles.

3. Continental.--Alrports to serve on long
nonstop flights, exclusive of coast to
coast, normally entirely within the contai-
nental United States These alrports serve
nonstop flights up to 2000 miles.

4, Intercontinental.--Alrports to serve the
Llongest-range nonstop flights 1n the trans-
continental, transoceanic, and intercontil-
nental categories.

These appear to be very logical classifilcations to fit traffac
flows and air carrier operations.

Local servlice 1s being provided in the United States
at about 400 airports, trunk service at about 90, continental
service at about 40; and intercontinental service at about 20
Trafflc volume as well as airecraft size will usually 1ncrease
with the type of service from local to Intercontinental How-
ever, the addition of general aviation aircraft will influence

* "Runway Strength and Dimensional Standards for Alr Carrier
Operations,”" TS0 N-6b, Civlil Aercnautics Administration,
3 October 1958.
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TABLE 5-I
RECOMMENDED DESIGN CRITERIA#*

Runway Taxliway Runway Taxlway Taxiway Runway

Basic Run- Taxa- Centerline Centerline Centerline Center- Centerline C(Centerline

Runway way way to Taxiway to Taxiway to Runway 1line to to to Bullding
Airport Length Width Width Centerline Centerline Centerline Apron Obstruction Line
Local 5000*% 100 50 250 200 500 150%* 100 500*+#
Trunk 6000 150 5 350 250%*% 500 200%* las** 750
Contl- 7500 150 5 L50*x 300 700 250%* 150** 750
nental
Intercon- 9500** 150 75 450 300** TOO 250%* 150%* 750
tlnental

* These criterla are hased on our review of alrcraft dimensions, accident probabilities,
observations of alrport operations, and present design criteria and are recommended
for future use. All dimenslons are given in feet.

%% These dimensions differ from those 1n "Alrport Engineering Data Sheet," Item No. 24,
Federal Aviation Agency, 17 August 1959.



this volume greatly, partlcularly at the trunk and continental
alrports. In the few instances where multiple ailrports exist
for air carrier use, they influence traffic volume by segre-
gating types of traffic.

The smallest alrport for regular alr carrier service
is the local airport. These serve cities of 15,000 to 75,000
innabitants with 1500 tc 10,000 scheduled operations of twiln-
englne aircraft annually. Normally, the total cperations at
these alrports include sufficlent general aviatlon aircraft
to make the total annual traffic 15,000 to 75,000 operatlons.
At present, only about 10 percent have FAA control towers.
Although the general aviation traffic may include occasional
four-engine aircraft, the operating conditions are usually
such that scheduled service determines alrport deslign. Most
of the scheduled service 1s now provided by ailrcraft such as
the Douglas DC-3, Falrchilld F-27, and Convalr types. Only
the Falirchild F-27 twin-englne turboprop was deslgned for this
service. The Douglas DC-3, which 1s still the most common air-
craft, 1s slowly being replaced by the Fairchild F-27 and Con-
valr twin-engine aircraft. Some of the Convair ailrcraft are
being refiltted with turboprop engines.

The baslc runway length for local service is con-
sidered to be 5000 feet. Many of the 400 locations are shown
in the Natlonal Alrport Plan* as reqguliring trunk ailrports
because TSO N-6b gives a maximum length of 4200 feet for
local service (except on ILS runways).

Because of the low traffic volume and small 1income
from such airports, lmprovements must be kept to the minimum

* "National Airport Plan - 1959," Bureau of Facilities, Air-
ports Dlvision, Federal Aviatlion Agency, 1959.
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required for safety in thls type of operation. A runway width
of 100 feet and a taxiway width of 50 feet have proved adequate.
Since it has been shown in paragraph D, Section IX that there 1s
practically no chance of cellision between an aircraft operating
on the runway and one on the taxlway waith thls traffic volume,

a2 minimum spacing cf 250 feet between the centerline of the
taxiway and the runway is recommended. Thls spacing does not
permlt the use of high-speed exits, which generally cannct be
economically Justified by the volume of traffic.

Trunk service will be provided largely by four-
engine turboprop aircraft and short-range Jjet aircraft. These
aircraft indlicate an increase 1in taxiway and runway width, with
a corresponding increase 1n minimum taxiway to runway spacing
to 350 feet. Where the traffic volume Justifiies high-speed
exits, this minimum must be Increased to 450 or 750 feet.
Usually, it 1s necegsary to make a 180-degree turn from run-
way to parallel taxiway, this would require a separation of
450 feet for a 40-mph exlt, and 750 feet for a 60-mph exit.

Continental and intercontinental airports will handle
the same baglc types of large Jet and, ultimately, supersonlc alir-
craft The only difference will be that maximum flight distances
require longer runways for intercontinental traffic. The volume
of traffic at these airports can generally be expected to warrant
high-speed exits (see Section IV for thelr effect on capaclity)
with taxiway to runway separations of 450 feet for 40-mph exits
and 750 feet for 60-mph exlts.

Other clearances are based on ailrcraft having these
maximum wingspreads.

Feet
T0CAL v & v ¢ o v 4 4 s e w4 s s o« . 125
Trunk e e e e e e e e e e 4 150
Continental and intercontinental. . 175
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Overall maxlmum lengtha for alrcraft are assumed as

Feet
Local . . « v v v v v o v & v« « & « . 125
Trunk . . . . v e O L0
Continental and intercontinental. . 200

Because of the probable future use of all runways
in low-vislbility conditions, 1% 1s desirable to uge the same
clearances for all runways. A mlnimum distance te the bulld-
ing line of 500 feet seems adequate for local service, the
current 750 feeft 1s adequate for all larger alrports.

In addition to makling the runway length for local
service 5000 feet, 1t 1is desirable to establish & standard
runway length for all types of service. OQur airport visits
indicated the undesirable results of continually lnereasing
runway lengths. Master plans prepared on the basis of TSO N-6
or TSO N-6a must be distorted to accommodate the new runway
lengths of TSC N-6b (or to meet airline requlrements). This
generally results in reducing the operatlional efficilency of
the master plan layout. Therefore, we have used 9500 feet as
the baslc runway length. From reported performance data, 1t
appears that the correction of 7 percent for each 1000 feet
above gea level 1s adegquate for current alrcraft types. The
correctlon of 20 percent for each 1 percent of runway gradient
1s high and should be reviewed.

B. SEPARATION OF PARALLEL RUNWAYS

The probabllity analysis of accident data (para-
graph F following) and actual operating experlence indicates
that a spacing of 500 feet between parallel runways l1s ade-
quate for VPR operations on local and trunk airports with
alrcraft that operate from 5000- and 6000-foot runways. With
the higher volume of traffic and the larger alrcraft at conti-
nental and intercontinental airports, a minimum of 700 feet 1is
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recommended for VFR operations. A spacing of 1000 feet will
permit a better design of high-speed exlt taxiways and
increase operating time conly slightly. Greater spacing

tends to lower efflclency for VFR operations since: (1) land-
ing alrcraft cannot be readily directed to elther runway on
final approach, and (2) departing alrcraft cannot be directed
to elther runway from the holding aprons.

Since the rate of landings under IFR condltions is
often the controlling factor for heavlly scheduled operations,
the separaticon distance for simultaneous landings becomes very
important. Hesearch on actual simulfaneous landing operations
on parallel runways in IFR condltions 1s limited. However,
FAA has made a probabllity analysls of flight paths of actual
operaticons. Thils analysls 1ndlicates minlmum spacings of
3800 feet for entry to gllde slopes at the same altitude,
and 2700 feet for entry to glide slopes separated by 500 feet
vertically. These figures are tentatlve, they have yet to be
validated by actual flight testing.

Many problems of operations are best solved by
having parallel runways cn cpposite sides of the bulldang
area. For a major airport, this requlres a separation of
at least 5000 feet to glve adequate space for taxiways and
other terminal activities

Until actual operatlons establish a better filgure,
1t 1s recommended that 5000 feet be used as the minimum sep-
aration of parallel runways for simultaneous instrument land-
1ngs when the runways can be located on opposite sides of the

termlinal area

Scome advantage may be gained 1in Instrument opera-
tions by having parallel runways separated suffleciently to
permit simultaneous or independent landlngs on one runway
and take-offs on the other (see Section IV for this analysis).
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With no restrictlons on departures because of missed approach
turns on the landing runway, thls can be accompllished with a
spacing of about 3000 feet. At spacings of 700 to 1000 feet,
departures must be coordinated with landings--that 1s, depar-
tures must not be cleared until the landing alrcraft 1s com-
mitted to landing. This sclutlicn may be Jjustified where the
operating rate 1s critically high and runways on opposite
sldes of the terminal or dlvergling departures are impractil-
cable. Diverging runways may give a better solution where
parallel runways separated by at least 5000 feet are not
feasible.

c. HIGH-SPEED EXIT TAXIWAYS

For some time, the FAA has been engaged 1n research
on high-speed exit taxiways to reduce the runway occupancy
time of landing aircraft and thereby increase the alrport
acceptance rate or capaclty. Under a research contract, the
Unlversity of California has developed criteria for the con-
figuration of hilgh-speed exlts and the locations along the
runway for varlous aircraft populations.* Thls study has not
extended to the incorporation of exlts into the taxlway sys-
tem and alrport configurations.

Flgure 5-1 1s a deceleration chart based on laws of
physlcs that can be used to determline the relatlonshlp between
velocity, deceleration, and dlsplacement. Filgure 5-2 shows the
basic configuration for a 30-degree exlt developed from the
University of California study.

* R Horonjeff, D. Finch, D. Belmont, and G Ahlborn, "A
Research ProjJect Concerning Exlt Taxaway Locatiocn and
eslgn," Institute of Transportation and Traffic Engineering,
Universaity of California, August 1958,
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For many alrport configurations where hlgh-speed
taxlways may be advantageous, the relatlve locations of the
runways, taxiway systems, and terminal will require the ailr-
craft landing in one direction to turn and taxl on a parallel
taxiway in the opposlte directlicon to reach the terminal area.
There 1s the advantage of decreased taxl distance (and taxl
time) 1f the dilstance from the beginning of the exit from the
runway centerline to a polnt on the parallel taxiway opposite
thls beglnning measured along the taxiway can be kept to a
minimum. This can be accompllished most efficiently by the
use of & contlnucus multlicentered curve that approximates =&
cyclold curve. Such a design requires braking on the curve
8o that the centrifugal force at any point does not exceed
a gafe and comfortable value., Filgure 5-3 shows a deslgn for
a 60-mph exl1lt wilth a constant deceleration value of 3.3 feet
per second2 and a lateral force of 0.14 g, which appear to
e reascnable design figures.

Because of the foreshortened appearance of such a
curve and a preference by pilots to do heavy braking only on
a straight section, the exit taxiway design shown in Figure 5-4
may be preferable--even though a longer route 1s required and
two separate turns must be made. This design permits a small
(EO-degree) turn with 11tftle or no braking and a 750-foot
straight portlon where the aircraft can be decelerated from
60 to 20 mph at a rate of 4.5 feet per seconde. If moderate
braking 18 done on the turn, the maximum rate of deceleration
can be reduced.

The turn of 20 degrees 1is more satisfactory than a
greater angle since the pllot has a much better view when
starting the turn and a greater length of stralight taxiway
with a spacing of 750 feet between the runway and parallel
taxiway centerlines. The width of fthe exat throat and the
amount of paving required ls about the same for a 20-degree
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turn as for a 30-degree turn. Wildening of the taxiway at the
throat of the stralght portion 1s provided on the inside of

the turn, which is normal pracftlce in highway design because

of the tendency of vehicles to cuf inside a turn. Additional
wldening is provilided on the outside of the turn to reduce the
optical effect when turning from a 150-foot runway to a 75-foot
taxiway. PFigures 5-5 and 5-C show the variations availlable

to cover other departure directions from the exlt taxiway.

High-speed exlts are generally not feasible where
the distance between the runway and parallel taxiway center-
lines is less than 450 feet unless the aircraft is able %o
continue 1n the same directlon. Suggested layouts for 40-mph
exits are shown in Figures 5-7, 5-8, and 5-9 for spacings of
250, 350, and 450 feet, respectively.

Using the procedures outlined in Section VII, the
desirabillty of constructing hilgh-speed exits can be deter-

mined by economic analysis.

D. HOLDING APRONS3

A holding apron 1s provided at the ftake-off end of
the runway to permlt two or more alrcraft to complete engine
run-up chnecks or awalt en route fllight-plan clearance while
permitting a followlng alrcraft that 1s ready to go to pass
and enter the runway. Obvlously, the need for thege aprons
increases with the volume of trafflec and particularly alr
carrier trafflec. Usually, these facllitles are not required
unless the air carrier trafflc exceeds 20,000 operations or
the total traffic exceeds 75,000 operations annually.

The number of positions requlred on the apron willl
vary with the types of aircraft as well as the volume ang
hourly distributlon. Four-engine pilston alrcraft require
a long engine check time, turbine engines redqulre none. Air-

way copngestion may require more time for clearances at certain
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airports. This 1s an increasing need because of the tendency
to use IFR flight plans in VFR weather. The need at a par-
tlcular location can be estimated by survey or by use of the
nathematical solution presented in later paragraphs, after
the pertinent input data are determined. Normally, two to
four spaces for holding azrcraft are suffilcilent, thus making
1t possible for any one of three to five aircraft to enter
The runway without interference.

The holding apron will bhe most efficient if the
aircraft can be positioned with a minlmum of maneuvering and
can go i1nto take-off position quickly. Aircraft in warm-up
positions should direct their englihe blast clear of other
alrcraft and the bypass taxiway. 3uggested layouts for
warmn-up aprons are shown 1ln Figures 5-10, 5-11, 5-12, and
5-13.

In additien to the holding apron, major alirports
need rocm aleng the taxiway for alrcraft to walt for take-off
in a queue, At many existing airports, the queue blocks other
taxiways or apron space and delays other operations. This is
most criltical where take-off positions are adjacent to the
terminal or maintenance area.

Since local service alrports will have limited air
carrler traffic and since close spacing of parallel taxlways
does not permit a normal apron, only a bypass taxiway should
be provided to permlt small alrcraft to bypass multl-englne
alrcraft. Such a bypass can also be used to prevent delays
in flight training at these airports.

The mathematical solutlon that follows 1s used to
determine the number of alrecraft that can be accommodated 1n
a holding apron. If 1t i1s understood that sufficlent capacity
willl be provided on the holding apron to prevent delays--such
as blocking by an alreraft ahead requlring engine warm-up time,
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or possibly waltling to obtalin an IFR clearance--then the
amount of capaclity required can be readlly computed.

A conservative approach 1s to determine the average
departure movement rate hw’ at 1ts peak during the day, of
those alrcraft that require {ime only to warm up englnes
(or awalt clearance). The average warm-up or walting time
T, for such alrcraft 1s then determined. Thus, assuming
gufficlent capaclty, the probabillty that the number of alr-
craft engaged in warm-up at any moment will be n is

where p = kw T,

This probability 1s the Poisson formula, tables using thils
formula can be found in many statistlcal books.* A plot of
these probakilities for various values of Py is given in Flg-
ure 5-14. The required capacity can be determined by choosing
n large encugh that the probability of more than n alircraff
being engaged i1n warm-up is gquite small--about 1 percent.

This value can then be converted into area requilred by multi-
plying by the area required per alircraft.

E. HIGH-SPEED TAKE-OFF TAXIWAYS

It has been suggested that operations mlght be expe-
dited by high-speed entrance taxlways such as those used to
connect "alert" hangars of the Alr Defense Command to the
take~off end of the runway. Since none of these are availl-
able for use, an evaluation must be made by theoretical

¥ See for example, R. 3. Burrlngton and D. . May, Jr.,
"Handbook of Probabllity and Statistics with Tables,"
Handbook Publishers, Inc , Sandusky, Ohlo, 13853.

54



MAXIMUM NUMBER (N} OF AIRCRAFT THAT CAN BE ACCOMODATED

% T T T T )
S -
g Pw a Pw /
P(>N) =

J=n+| . //
5 pd
2

L~ A
e P
e -~
// L~
20 / /
f/ P
CAPACITY EXCEEDED d el
| PERCENT OF TIME [~ ¥ P
> L~
15
/ I~
i A _CAPACITY EXCEEDED
P 5 PERCENT OF TIME
10 )
/ pd
il -
”d
//
5 A X
//
e
o
0 5 10 15 20

AVERAGE NUMBER OF AIRCRAFT WAITING (P,

FIGURE 5-14 PROBABILITY OF WAITING IN TAKE-OFF QUEUE



analysis of the steps involved. The effect on operations
would be to clear alrcraft for take-off from a position on
the entrance taxiway rather than from a position on the run-
way.

If a departure 1s to follow a departure, there 1is
vsually sufficient time for the succeeding alrcraft to move
on the runway intoe take-off position and be ready to go as
scon as the first aircraft has cleared the boundary. A sim-
1lar situation exlsts for a departure fellowlng a landing on
the same runway. The taxiway access to the runway end must,
however, be laid ocut to permit an easy turn into take-off
position and not require backtracking downwind before turning
upwind. Where intersecting runways are used for segregated
operations, the departing aircraft can be in posltlion whille
a preceding alrcraft is landing. The only long walt (rela-
tively) in take-off position is with turbojet ailrcraft, par-
ticularly those using water 1nJjectlon. The procedure 1s to
run up to full power and balance the engines before releasing
the brakes; this requires 20 to 40 seconds. A hlgh-speed
entrance could help thils situatlon only i1f the pllots were
willling to make the necessary turns with full power; this
does not seem desirable., It 1s hoped that more turbocjet
experience, the elimlination of water 1injectlon, and the use
of engines with more fake-off thrust will reduce or elliminate
thils run-up time on the runway.

F. ANALYSIS OF ACCIDENT PROBABILITY WITH RESPECT TO RUNWAY
AND TAXIWAY SEPARATION

If an accident should occur elther during landing
or take-off, 1t is possible that the damaged alrcraft will
leave the runway. It was important to find the probability
that a damaged aircraft would affect operatlons on a parallel
taxiway or runway as part of the crlterla for defermining

separaticn.
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The analysis Included in Appendix B indicates that
the probabillty of colllision between landing and taxling ailr-
craft, or between landing aircraft on adjacent runways, 1s
very iow for all separations analyzed--and some cof fhese sep-
aratlons are less than separatlions in use today. Table 5-II
summarlzes this analysis.
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TABLE 5-IT
ANALYSIS OF RUNWAY AND TAXIWAY SEPARATIONS

Runway-Taxlway

or Runway-
Runway Separa-
tlons (feet) I I IIT
200 209 282 71
225 239 323 81
250 254 342 86
275 280 377 95
300 377 508 127
325 39S 539 135
350 439 592 148
375 472 634 159
4oo 574 772 193
Lon 628 846 212
450 694 935 234
475 737 988 247
500 940 1270 318
750 1312 1588 397
1000 1474 1970 493

Column I 1s the probablllty 1ln years that the damaged air-
craft may collide wilith an aircraft on a parallel
taxiway when the alrport is operating at about
250,000 operations per year.

Column IT is the probablliity 1n years that the damaged air-
craft may colllide wlth an aircraft on a parallel
runway when the alrport is operating at about
250,000 operations per year.

Column ITII 1s the same as Column II but for 400,000 operations
per year.
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VI. TYPICAL AIRPORT DESIGN CONFIGURATIONS

A. INTRODUCTION

The alrport provides the connectlon between ground
vehicles and airborne traffic. Ita purpose 1s to effect this
interchange of persons and property with the minimum delay,
expense, and inconvenience conslstent with safety. 1In this
study, we are concerned with the operatlions from the comple-
tion of the loading of the departing alircraft to the start
of unloading of the arriving aircraft--the block-te-block
phase as affected by alrport design. The en route portion
of the trip i1s considered only wlth respect to its effect on
the timing of arrivals to the alrport area.

To focus the study on the individual airports, it
is best to consider the separate alrcraft operating segments
at the alrport approach, landing, taxilng to gate position,
taxling from gate to runway, run-up, and take-off. We are,
therefore, concerned with the efflclency of the alrport in
accommodating these movements.

The design of the airport can affect the time
reguired for all operations in thls cycle. Since any unnec-
essary time spent 1n these operatlions represents additlonal
costs to the ailrcraft operator and hls customers, investments
required to reduce these losses can be compared and the best
solution determined.

As discussed 1in Section IV, there are so many vari-
ables-~aireraft types, trafflc volumeg, weather, and topog-
raphy--that each solutlon can cover only one alrport. How-
ever, many of the principles and baslc design criteria will
apply to all alrports.
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The first operation at the ailrport 1s the approach--
from the time the alrcraft leaves the en route path until 1t
crosses the threshold. Multiple directions of runways appear
to use all alrspace around the airport and permit more direct
approaches. However, potential conflicts at intersections,
in the air or on the ground, complicate traffic procedures
when the rate of operations 1s high (even in VFR conditions).
This 1s often accentuated by varying preferences of pilots for
a particular runway. In IFR operations, the air route patterns
and the limitations of navigational alds restrict the number of
feasible directions. Qreatest efficiency ls usually obtailned
at hlgh operating rates when all approaches and departures are
parallel. Complete navigational aids for instrument landing
are usually available In only one directlon, or one direction

and the reverse heading on the same runway.

These limitations make it deslirable to have one run-
way direction with a second cross-runway direction to be added
only if wind condltions require. If a lesser capaclty is pro-
vided in the second directilion, greater delays may be expected
at those times when the controller or pilots chcose to use
that direction.

The landing operatlon beglns when the aircraft has
crossed the runway threshold and continues untll the alrcraft
has taxied off to clear the runway edge by 100 feet. The run-
way occupancy time 1s thus affected by the location and con-
figuration of the exit taxiway. Exit taxlways can Jolin the
runway at right angles (requlring slow turning movements by
alreraft) or at large-radil curves (permltting turning move-
ments at speeds of about 90 feet per second). Exit taxiways
should be located at points consistent with the class of the
ailrport and the alrcraft population. For operations from both
ends of the runway, a symmetrical ftaxiway layout 1ls indicated.
Section IV has shown the effect of the lccation and tvpe of
turn-off on runway operations.
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The most efflclent route from the exlt taxiway to
the runway to the terminal ramp and to the assigned gate posi-
tion 1s the most direct straight-line distance wilth a minimum
of turns consistent with the surface limitations of the alr-
port and the cost of construction. Unidirectional taxlways
with a minimum of active taxiway crossings willl provide for
taxling at the highest speed consistent wlth required man-
euvers and the least delay at crossings when holding for other

alrcraft movements.

Since taxl speed on the active terminal apron, even
on marked taxi lanes, 1s usually very low compared with taxl
speeds on taxiways, taxl time can be reduced by providing
bypass taxlways that wlll enable alrcraft to reach the assigned
gate posltion on the apron without taxling along the edge of
the apron. In this way, the taxl distance on the apron to the
gate 1s kept to & minlmum.

The operation in reverse, from the gate position to
the queue, 1s also dependent upon the taxl route. These con-
slderations apply equally to the route to the queue or to the
take-off holding apron. In additlon, the conflguration at the
holding apron on large airports should provide for those air-
craft on the apron awalting approval for take-off (generally,
three or four) and a bypass taxlway for those alrcraf{ in the
gueue that receive clearance prior to the first aircraft in
the queue. The delay time whille holdlng in the gueue and
prior to movement down the runway for take-off 1s considered
to be part of thils operation. The take-off operation includes
the alrcraft take-off ground roll and continues until the air-
craft has cleared the boundary or far end of the runway.

B. TYPICAL LAYQUTS

Each airport must be designed to fit the particular
conditions of traffilc, topography, meteorology, etc. Reasonable
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standardization of baslic elements and layouts 1s desirable.
Optimlzation for a specific site should begin by determining
the general type of layout to be used and modlfying it for
the specific location.

As a gulde to 1nitiating the layout for a particular
locatlon, 12 typlcal layouts are shown.

Local airport with low volume,

Local airport wilth high velume,

Trunk airport A with high volume,

Trunk airport surface restrictions,
Trunk alrport with low volume,

Trunk airport B with high volume,
Continental alrport with high volume,
Continental airport surface restrictions,

W o~ OoOvu =W

Continental airport wlth low volume,

=
Q

Intercontinental alrport with low volume,

[
|

Intercontinental airport surface restrictions,

=
3%

Intercontinental airport with high volume.

These are not optimum layouts unless every condition
that affects the various elements of deslign 1s met by the lay-
out discussed. Such a situation 1s unllkely and these layouts
must not be considered 1ldeal. Comments on the relative effi-
clency of runway layouts are based on the analysis in Sec-
tion IV, where the operating effliclency of varlous runway lay-
outs 1s covered in detail.

Efficlency of alrport operations 1s often reduced
by deslgn features that cause pllots to request the use of a
different runway from that planned by the controller. The
outstanding factor causing this 1s a configuration with dif-
ferent runway lengths. Under the same conditions--similar
alrcraft and constant wind--different pilots willl request
different runways. For example, one pilot will request a
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shorter runway into the wind and another pilot will request
a longer runway with a cross wind. Thils situatlion exists if
three or four runway directions are available. In general,

the greatest efflciency is obtained with a minimum of runway

directions, all runways of equal length, and all runways usable
in both directions.

1 LOCAL ATRPORT WITH LCW VOLUME (FIGURE 6-1)

A single-runway airport is efflclent until the vol-
ume of traffic or tne cross-wind limitation justifies a second
runway. Alr carrier traffic must be able to land on 0.6 of
fhe runway length and will generally be able to exlt near the
midpoint of the runway. For the local alrport with a high per-
centage of single-engine general-aviation alrcraft, the holding
areas at the end of the runway can best be divided into two con-
necting taxlways, since the predominant movement 1s the bypass
rather than the usual holding of larger aircraft for englne
run-up or IFR clearance. A low volume of traffic willl not pro-
vlide enough saving in time to pay for high-speed exits. For
a slngle-runway alrport, the most efflclent operations are
ocbtalned where the terminal area is parallel to the runway and
near the center of the runway length 1f the two directlions are
used about equally, or toward the downwind end for the prevaill-
ing wind, with all general-avilatlion alrcraft located between the
alr carrler terminal and the downwind end of the runway.

2. LOCAL ATIRPORT WITH HIGH VOLUME (FIGURE 6-2)

High-volume operation wilith alrcraf{ requiring only
local runway criteria can use to advantage a conflguration
that places parallel runways on opposite sides of the termi-
nal area exactly symmetrical to each other with both runways
used for landings and take-offs. This layout requlres less
land area than one wlth offset parallel runways and has greater
flexibility since simultaneous landings or take-offs can be
accomplished. It also affords greater flexlbllity when one
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of the runways 1s closed for snow removal, repailrs, or con-
structfion. One right-hand and one left-hand air trafflic pat-
tern make excellent use of availlable alrspace.

3. TRUNK ATRPCRT A WITH HIGH VOLUME (FIGURE 6-3)

Where the prevailing wind and strong wind or low
visibilaity approach requires two runways for greater coverage,
the open-vee layout can effect & high traffic capacity. Max-
imum capacity is obtalned by segregated operations with one
runway for landing and the other for take-off.

b, TRUNK AIRPORT SURFACE RESTRICTIONS (FIGURE 6-4)

Surface restrictions that prohibit the use of opti-
mum configurations require some compromlse of runway laycut,
terminal lcocation, or taxlway routes. WILith reference to two
runway layouts, surface restrictlons may require overlapping
of runways. <Crossing of runways by alrcraft landing, taking
off, or taxiing will cause some delay. A terminal location
determined by surface restrictions may cause a substantilal
increase in taxi time over the minlmum tlme obtainable at the
most efficient location.

5. TRUNK AIRPORT WITH LOW VOLUME (FIGURE 6-5)

As for other low-volume traffiec, the single runway
1s all that 1s required if proper wind coverage 1s obtainable.
Larger alrcraft will require longer runways and usually a
larger terminal area. The holding apron at the ends of the
runway must be adequate for run-up and holding of larger alr
carrier alrcraft.

6. TRUNK ATRPORT B WITH HIGH VOLUME (FIGURE 6-6)

A hlgh percentage of llght general-aviation alrcraft
requlring increased alrport capaclty can be served by adding
& runway that will accommodate the large populatlon of small
alrcraft, Where wind conditions permlt, advantages are pro-
vided by parallel symmetrical runways at a minimum centerline-
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to-centerline spacing of runways consistent with the require-
ments of the alr carrier terminal and other operations for
general-aviation alrcraft, Where segregated operations of

fhis type are possible, pavement areas for the general-aviation
operatlon can be kept to a minimum by use of runways 75 feet
wlde and taxliways 50 feet wide, thus saving conslderable
development expense.

T CONTINENTAL AIRPORT WITH HIGH VOLUME (FIGURE 6-7)

Where the prevalling wind and the strong wind are
at right angles, an alrport can use ftwo parallel prevailling-
wind runways, separated by the terminal area, with a single
runway allgned 1nto strong wind. The runways can be posl-
tioned so that when landings are made intc sftrong wind, one
or both of the other runways can be used for concurrent but
independent departures.

8. CONTINENTAL AIRPORT SURFACE RESTRICTIONS (FIGURE 6-8)

Where limited land area or other restrictions do not
permit long runways to be constructed exactly opposite to each
other at spacings of 5000 feet or more, the runways can be off-
set by varying amounts toc fit the area availlable

9. CONTINENTAL AIRPORT WITH LOW VOLUME (FIGURE 6-9)

With a continental population and low volume, the
single runway 1s all that 1s needed, provided that adverse
winds do not i1ndicate other requirements. Larger alrcraft
w1ll require larger runways and usually a larger terminal area
to 1nerease the number of gate positions. Where a system other
than the frontal terminal is advantageous, certain modifications
of the taxiway configurations will be required. IEconomic anal-
yvs1s willl show whether high-speed exits and a correspondingly
greater separation of parallel taxiways are justifled.

10. INTERCONTINENTAL AIRPORT WITH LOW VOLUME (FIGURE 6-10)

With a low traffic volume, a single runway 1s most
efficient if 1t can be aligned with the strong wind Operatlions
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are thus simplified and protection 1s required for only two
approaches

Alr carrier landings will require about half the
runrway length. Therefore, the terminal area should be oppo-
site the center of the runway. O0Only one parallel taxiway is
required for through movements In addition, extra taxiways
may be required to serve maintenance areas.

11.  INTERCONTINENTAL AIRPORT SURFACE RESTRICTIONS
(FIGURE 6-11)

Surface restrictions that prohibit aligning a single
runway into the wind may require two runways placed at an angle
of 60 to 90 degrees. If these restrictions do not permit non-
intersecting runways, the terminal can be placed so that land-
ing alrcraft will go directly from the exit taxiway to the
terminal area, and then to the take-off runway without cross-
ing either runway and with a short taxi distance for pre-
valling wind.

12 INTERCONTINENTAL AIRPORT WITH HIGE VOLUME
(FIGURE 6-12)

For maximum traffic-handling capability, an airport
should have four parallel runways, two on each slde of the
terminal. All runways should be capable of accommodating
regular landings or take-cffs in elther dlrection. A capac-
1ty analysis for the projJected alrcraft population may indi-
cate that 1t 1s desirable tc assign runways for landing only
and take-off only, but past experience has shown that mixed
cperatlions are preferable At times, the two palrs of run-
ways may be used for traffic in opposing directions to per-
mit a maximum of stralght-in approaches and departures.
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VII. OPTIMIZING DESIGN BY ECONOMIC ANALYSIS

An optimum airport configuration 1s applicable only
to a specilflc site at a speclflic time., Therefore, this sec-
tlon willl preovaide guldance to assist in the selection of an
optimum design for particular situations.

It 1s obvious that a parallel runway system wilth a
capacity of 400,000 operations per year--an optimum design for
some locations--18 not a sound investment for a local service
alrport with only 40,000 annual operations. In addition to
volume of trafflc, many other factors that Influence the
services to be provided as well as the cost of providing
these services must be ccnsidered in developing the airport
facilities.

The only common denominator for a comparison of alr-
port services and develcpment 1s money. The value cof the
services can be estlimated and compared wilith the costs of fur-
nishing facilities, to determine the economic feaslibllity of
propoesed improvements

The opflimum design 1s that whilich wlll return the
greatest net benefit to the user. It 1s posslble to evaluate
alrport user beneflts in much the same manner as 1n other
comparative economle studles. The relationship of user bene-
fit to cost provlides the basis for evaluatlion. The maximum
ratio rather than the maxlmum net benefit 1s often consildered
optimum, but any analysis should consider both. As in other
flelds of transportatlion, the comparatlive economic evaluation
can be used for programmlng constructlon from the 1initial
requirement to the ultimate master plan. In master planning,
the optimum layout for the estimated ultimate use should be
developed and stages of constructlon defined for optimum
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return at various steps 1In traffic growth. ProJects with a
benefit-cost ratio of less than one should not be undertaken
and those projects with the highest ratio should be given
priority for construction.

In ali cases, design standards for runway length,
width, lightlng equipment, and approaches must be followed
to ensure proper safety. User beneflts are measured by
comparatlve operatling costs. Any change that reduces alr-
craft delay or operating time will result 1n a definite saving
to the operator.

These direct benefits to the alrcraft operators can
be paid to the alrport owner in fees to cover the costs of
lmprovements. Thils 1s now done at many alrports. The surplus,
and any indirect benefits, are distrlbuted by natural economic
processes to the owner of the alrport, aircraft operators, pas-
gsengers, alrport custcomers, and the general public.

If the airport slte has not been selected, prelimil-
nary studles for a particular location will include economlc
analysis of the maJor factors that affect site selection.
Economlc analysis of user benefits for the ground transporta-
tlon access to the airport 1s one lmportant study that can be
included. User benefits in thls study, as in highway beneflt-
cost analyses, can include direct transportatlen costs plus
time savings for the individual passengers. Indirect benefits
may include greater utllity of the airport and its related
faclllities,

Airport development and coperations can be restricted
at specific locatlons by the topography of the site, topography
at approaches or turning areas, and the limltation of usable
alrspace by other alrports. Nolse abatement 1s a current but,
hopefully, temporary alrspace problem that should be corrected
by means other than limiltations on alrspace usage.
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Ideally, a site wilith restrictlons should not be
selected since thils lowers the efficiency of coperatlons. How-
ever, this willl not be true when the optimum alrport for a
particular locatlon can accept certaln 1lnefficlenclies 80 as
not to lncur excessive develcpment costs or an unreasonable
ground travel distance The effeet of restrictlons and the
cost of reducing the extent of limitatlons must be fully

explored by economic analysis

Site limltation may dlctate a less efflclent layout,
such as intersectlng runways, closely spaced parallel runways,
or less efficilent placement of terminal area. Restricted
approaches are usually more important 1n instrument operations
where certain approaches are unusable or where turns are
restricted. Many sites will have comblnatlions of topography
and alrspace restrictions. In additlon, natlcnal planning
and control of alrspace assignments has been too long delayed.

The standards of deslign, the consideration of any
surface restrictions, and the determination of a preliminary
runway layout wlll provide the Inltial typlcal configuratlon
for which an economic evaluatlon can be made. The optlmum
design then 1s determined by the economlc analysls of the
factors that affect alrport operations. In thls analysils,
direct beneflts are limited to savings 1n alrcraft operating
costs.

The mathematical models developed and the procedures
set forth in Sectlon IV can be used to determline antlclpated
delays caused by runway operatlons. In other operatlons
(excluding terminal servicing), taxiing, taxl routes, and
taxl times are important and wili partly determlne the extent
of delay.

Taxling times can be computed simply by using average
speeds for different sections and average delays for polnts of
confliet. Preliminary studies such as those used 1n thls report
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can be based on welghted average figures. A more exact
analysils can be made of a speclfic configuration 1f the
respective portions that make up the aircraft population are
handled separately in all calculations. To obtain a more
accurate analyslis we can make use of exlt taxlways selected
by alrcraft type, taxl routes at probable taxl speeds of

designated aircraft types,

probable assigned gate posltlons,
£ L= L) T .-

a particular set of conditions, and the discusslion 1n Sec-
tions V and VI, point out many of the factors to be consldered
In the selecticon of a layout, Similarly, many design features
requlre detalled analysis to obtain an cptimum confilguratlon.
Thils sectlon willl point out examples of the methods by which
specific items can be studied

A. FACTCRS TO BE USED IN ECONOMIC ANALYSILS

Alrcraft populaticn 1s one of the basic factors
that influence zairport deslgn and must he forecast through
the antlcipated perlod of alrport use., Ordlnarily, this pop-
ulation cannot be controlled except through the provision of

aal1lt Af 11
CowWL v Ul

airport services. Forecasting is very important, but obvlously
1t cannot be highly accurate because of unexpected technological
developmente and changlng economilce condltlons., It is, of course,
not feasible to break the population down into a great number of
alrcraft types. As a practical standpolnt, three to six cate-
gories should be sufficient to estimate alrport performance and
permit reasonable forecasting by categories. The classlfica-
tlons glven 1n Sectlon IV willl suffice for the studles of
optimum design. The tabulatlion used 1n thils report follows

(The actual or proJected population should be used to study

any specific location.)
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Suggested 1962 Population by Class

Alrport (1n percent)
_A B £ L B
Intercontinental 40 30 10 10 10
Continental 20 30 20 10 20
Trunk 0 30 30 20 20
Local Q 0 30 20 50

Scheduled traffic 1s quite uniform wilth a typlcal
hourly pattern repeating dally. These patterns vary in num-
ber and 1in time of peaks depending upon the type of traffic
and the flight times to princlpal intermediate polnts or to
final destinations. GQGenerally, the periods of hlgh activity
for light alrcraft and air carrler transports are the same,
but the peak hours do not coinclde. It has been found that
when the hourly rates are plotted 1n order of magnitude, the
patterns are very uniform (Figures 7-1, 7-2, and 7-3). For
reasonably high volumes there is a stralght-line distribution
of air carriler traffic wilth a maximum of 8 to 10 percent of
daily operatlion 1n the busy hcur.

At busler airports (more than 200,000 annual move-
ments), the hours of operatlon are usually extended, at alr-
ports with less than 100,000 movements, the hours are concen-
trated over shorter periods. The distributlon has a great
effect on the delays from landlngs and take-offs, but has
much less effect on time used for long taxl routes and for

taxlway 1ntersections.

To simplify computations, the "design day" for
scheduled trafflc 1s taken as having a straight-line distri-
butlion over 13, 19, or 24 hours, wlth a maximum of 16, 10,
or 8 percent in the highest hour and handling 1/360 of the
annual traffic. Slince we are most interested In locations
where trafflc records are avallable, modificatlions can be
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made where the daily distributicon 1s atypical. The design
day 1s defined differently than the "average peak day"
discussed in Section IV. Similarly, the deflniticon of a
design day differs from the 'peak day" commonly used 1in
reports of traffic and in forecasts. Therefore, the design
day, rather than either of these two, will be used in design
analyses

The distribution 1s much more variable for general
aviation than for scheduled alrcraft. A loglcal assumption
for the design day 1s a 10-hour strailght-line dlstributlon
with a 20-percent daily peak and 1s made on the basils of
1/300 of the annual movements. General aviatlon aircraft are
largely operated under VFR and can be consldered only for a
VFR design day.

Typlcal distributions of traffic (hours) in order
of magnitude are gilven in Table 7-I by percentage of design-
day volume.

TABLE 7-I
TYPICAL TRAFFIC DISTRIBUTIONS BY HOURS

Alr Carrler General Aviation
Hour Low Medium High All Alrports
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mized deslgn.

The percentage of aircraft exiting at individual
faxiways 18 another factor that can be considered in opti-

by the various alrcraft.

the runway performance analyses 1in Section IV.

This data establishes the taxl routes taken

The percentages in Table 7-I1 have been determined
from analyses of actual performance, and are the basis for

TABLE 7-II

EXIT PERFORMANCE ON 9000-FOOT RUNWAY

Right-Angle Exits Every 1000 Feet

1

82

30

Alrcraft Percent Exlting*
Class A =10 A =
A - 9.5
7.0 50.0

39.0 36.5
41.0 4.0

13.0 -
B - 13.0
11.5 53.0

38.5 34.0

39 5 -

10.5 -
C 6.5 40.0
47.5 56.0
41.5 4.0

4.5 -
D 5.0 17.5
32.5 59.0
46.5 23.5

16.0 -

E - 5.0
31.0 £6.5

58.5 28.5

10 5 -

* A, 1s the arrival rate per hour.

Exit

from

Distance
Threshold

4000
5000
6000
7000
8000

3000
1000
5000
6000
7000

3000
1000
5000
6000

2000
3000
4000
5000

1000
2000
3000
1000



Right-Angle Exits Every 1500 Feet

Alrcraft Percent Exiting* Exit Distance
Class Ay = 10 A1 = 30 from Threshold

A - 29.5 4500
39.0 66.5 6000

55.0 4.0 7500

6.0 - 3000

B - 13.0 3000
28.5 76.0 4500

61. 11.0 6000

10.0 - 7500

C 6.5 bo.5 3000
75.0 59.5 4500

18.5 - 6000

D - 4.5 1500
38.5 72.5 3000

57.0 23.0 4500

4.5 - 60GC0

E 38.5 31.0 1500
57.0 69.9 3000

10.0 - 4500

Rlght-Angle Exlts Every 3000 Feet

A 2G9.0 96.0 6000
61.0 4.0 9000
B - 13.0 3000
0.0 87.0 6000
10.0 - 3000
C 6.5 40.5 3000
83.5 59.5 6000
D 38.5 77.0 3000
1.5 23.0 6000
E a0 0 100.0 3000
10.0 - 6000

* kl is the arrival rate per hour.
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High-3Speed Exlts at 2550, 3950, and 5950 Feet#*

Adrecraft Percent Exitling¥** Exit Distance

Class A = 10 AL = 30 from Threshold
A 41.0 3950
59.0 5950
B 22.0 2550
69.5 3950
8.5 5950
C 69.5 2550
30.5 3950
D 90.0 2550
10 0 3950
E 100.0 2550

High-Speed Exits at 1700, 2550, 3850, and 5950 Feet*

A 41.0 3950
59.0 5950

B 22 0 2550
69.5 3950

8.5 59850

c 69.5 2550
30.5 3950

D 25.0 1700
66.0 2550

9.0 3950

E 82.0 1700
18.0 2550

* Rl 1s assumed to have no effect on runway performance.

®¥ kl is the arrival rate per hour.
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Taxl speeds are assumed that represent normal maxi-
mum speeds. These speeds were confirmed by fileld observations.
It was found that the major factor in taxl speed 1s the length
of the section of taxlway between turns or intersections.
Typlcal observed sSpeeds are shown in Appendix A. In the

economlc analysis that follows (paragraph C}, the following
flgures were used.

Assumed taxl speeds for varlous stralght dlstances:

Distance Speed
(feet) (fps)
0 to 1000 25
1000 to 1500 30
1500 to 2000 4o
2000 to 2500 50
over 2500 60

Maximum taxi speeds for varilous alrcraft:

Aircraft Speed

Class (fps)
A 60
B 60
C 60
i) =0
E 40

User benefits 1n these analyses are measured by
estimated savings 1n aircraft operating costs. The values
used were developed from data recently reported to the Civil
Aeronautlcs Board (CAB) by the various alrlines. These data
can be properly welghted by types of alrcraft for the airport
populatlion at a speciflc time to determine aircraft operating
cost per minute for an alrport (Tables 7-III and 7-IV).
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TABLE 7-III
DETERMINATION OF AIRCRAFT OPERATING COSTS PER UNIT TIME

Alrcraft Cost
Type Class Projected per Minute
Boeing 707, Douglas A 1975 $15.00
DC-8
Medium Jet B 1975 10 OO0
Electra B 1962 7.00
Four-Engine Piston B 1962 6.00
Viscount B 1962 4,00
Average B 1962 6.00
Average B 14975 7.00
Fairchild ¥-27 C 1962 3.00
Twin-Engine Piston, D 1962 1.00
Executilve
Single Engine E 1962 0.25
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TABLE 7-IV

DETERMINATION OF OPERATING COSTS FOR PROJECTED POPULATION

Frojected

1975

1962

1962

1962

1962

1975

Airport

Interceonti-
nental

Intercontl-~
nental

Continental

Trunk

Local

Local

Alrerait Per- Total
Class Cost cent per Minute
X%  Assume 10 $2.00

$20.00

A 15 00 40 6.00
B 7.00 20 1 40
C 3.00 10 0 30
D 1.00 10 0.10
E 0.25 10 0.03

Total 100 $9.83
A $15.00 Lo $6.00
B ©.00 30 1.80
C 3.00 10 0.30
D 1.00 10 0.10
E 0.25 10 0.03

Total 100 $6.23
A $15.00 20 $3.00
B 6.00 30 1 80
C 3 00 20 0.60
D 1.00 10 0 10
E 0.25 20 0.05

Total 1Q0 $5.55
B $ 6.00 20 $1 20
C 3.00 30 0.90
D 1.00 20 0.20
E 0.25 30 0.08

Total 100 $2.38
C $ 3.00 30 $0.90
D 1.00 20 0.20
E 0.25 50 0.13

Total 100 81 23
C $ 3.00 10 $0.30
D 1 00 30 0 30
E 0.25 60 0.15

Total 100 $0 75

Encompasses all supersonic alrcraft.
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Construction, amortization, and maintenance costs
can be estimated to a degree of accuracy conslstent with the
purpose of the study. In this report, however, only the baslc
cost factors have been consldered. Construction costs are
estimated at cost per square yard for pavement, lighting, ete.,

and grading, drainage, etc. The figures used are-

Cost in Doilars
per Square Yard

Pavement, lighting, etc.

Intercontinental 8.00
Continental 7.00
Trunk 6.00
Local 5.00

Grading, dralnage, etc.
All airports 2.00

Annual cost of construction, lncluding amortization
of capltal expenditure, 15 assumed to be 1/15 of the total cost
of construction.

Annual cost of malntenance, includlng repairs and
replacement, is assumed to be another 1/15 of the total cost

(or equal to the annual cost of construction).

Total annual cost 1s, therefore, 2/15 of the total

cost of construction.

B EXAMPLES OF ECONCMIC ANALYSIS

The method of evaluating varilous portions of an air-
port design by economlc analysis is shown 1n the examples to
follow. The procedure can be extended to an entire alrport
wherever the input data are avallable.

Comparative evaluatlons can be made of varilous lay-
outs for alrport taxiway routes. Thls method of analysis is
equally applicable to studles of proposed improvements of
existing alrports. These alirports have been grouped together
into several composlite layouts.

88



Taxiing times are largely determined by the distance
traveled. The benefits derived from improved taxiway routes
are almost directly propcrticnal to the volume of traffic.
Therefore, the "break-even volume" for benefit-cost ratioc =1
can be determined for any layouts involving new taxiways.
Typical examples of such layouts follow

1. TAYIWAY CONSTRUCTION AT COMPOSITE CONTINENTAL ATRPORT

Wlth a ftriangular intersecting runway system {Flg-
ure 7-4), new taxiways to the take-off holding apron are
studled to determline the break-even volume, with savings in
taxl time for take-off only. Average taxi speeds, taxaiway and
runway crossing delays, composite population, wind rose runway

utillization, and construction costs are assumed.
A summary of results gave the following.

Average gaving for each
take-off alrcraft: 4% seconds

User benefit or estimated
savings per operation for b5
1962 continental population $5.55 X 5 = 4,16 per take-
off aircraft (or
$2.08 per opera-

tion)
Cost of constructlon $2,156,000
Annual cost of construction 144,000
Annual cost of maintenance 144,000
Total annual cost: 288,000
Benefit cost ratio per 100,000 operations = 2.08 X 100,000 =
0.72
. 288,000 _
Break-even volume for benefit-cost ratio =1 = 4—§f68— =
139,000 coperatlions
per year

Additional taxiways to improve landing cperatlons
can be evaluated separately or combined with this study.
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2. TERMINAL RELOCATION AT CCMPOSITE TRUNK AIRPORT

A further example demonstrates how the introductilon
of addltilonal factors affects the eccnomic evaluation of fer-
minal relocation at a composite trunk airport (Figure T7-5).
The object 1s to determine if 1%{ is ecconomical to relocate
the alrport terminal and to consider the break-even volume
required with taxl time savings only. "The development of the
new terminal area 18 exeluded. Thus, only the taxlway devel-
opment and operatlonal savings 1n alrecraft taxling are con-
sldered.

Average taxl speeds, taxlway and runway crossing
delays, composite population, and construction costs are
assumed. The following percent utllization of runways is

also assumed.

Runway Utilization
Preference Landing Take-of f (percent)
Comblnatlon A 12 10 35
Combination B 19 30 20
Combination C 30 1C 15
Combination D 10 30 5
Single Runway 12 12 10
Single Runway 30 30 5
Single Runway 10 10 5
Single Runway 19 19 5

The airecraft populating exlting from the landing
runway at varlous exits from the threshold 1s assumed.

Exit Number (percent)
Landing Runway 1 2 3 4 5 6

12-30, 30-12 0 10 30 30 20 10
19-01 0 20 30 4o 10 -
01-19 0 10 40 4o 10 -

Table 7-V 1s a sample calculation of taxl time and
taxl time saved for landing runway 12-30,.
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TABLE T-V
TAXI TIME SAVED FOR LANDING RUNWAY 12-30

0ld Taxi Time New Taxi Tlme
Exit (feet) (fps) (seconds) (feet) (fps) (seconds)
2 500 25 20 - - 20
3000 60 50 2000 40 50
300 30 10 300 25 12
(turn)
2000 40 50 300 30 10
(turn)
Runway Delay 25 - - -
400 25 16 - - -
Taxiway Delay 5 - - -
1300 40 32 1300 40 32
208 124
Saving 84 seconds (10 percent)
3 -3000 60 -50 -2000 40 -50
42000 ho +50 +1000 25 +40
208 <10
114
Saving 94 seconds (30 percent)
4 -2000 40 -50 -1000 25 =40
+1000 25 +40 Taxlway Delay + 5
-10 =35
198 £9
Saving 129 seconds (30 percent)
5 Recaleculate 20 - - 20
2000 4o 50 1200 2b 48
Runway 25 - - -
400 25 16 - - -
Taxiway 5 - - 5
1300 4o 32 800 25 32
148 105
Saving 43 seconds (20 percent)
& End 20 - - 20
800 25 32 - - 32
Taxiway 5 - - 5
1000 25 40 - - -
Runway 25 - - -
400 25 16 - - -
Taxiway 5 - - -
1300 40 32 - - 32
175 39

Saving 86 seconds (10 percent)



On the basis of those assumpfions, the total =saving

in taxi time feor aircraft landing on runway 12-30 can be deter-

mined.

Exit

2

Oy \J1 &= W

(end)

Time
(seconds)  (percent)
84 10
o4 30
129 30
43 20
86 10

Saving
(seconds)

8 4

28 2
38.7
8.6

8 6

92.5
(use 92)

Table 7-VI glves the total savings 1n taxi time for
all aircraft operations at the airport for all runways.

Runway
Freference

Comblnation
Combinatlon
Combination
Comblnation

Single Run-
way 12-30
Single Run-
way 30-12
Single Run-
way 10-19

Single Run-
way 19-10

* Landing aircraft 61.5 seconds.

0O a o o=

TOTAL SAVINGS IN TAXI TIME*

TABLE 7-VI

Savlings 1in Seconds

Utilization Landing Aircraft

(percent)  Alrcraft Total Take-off  Total
35 a2 32.2 -16 -5.6
20 10 20 65 13.0
15 83 12 5 -16 -2.4
5 10 0.5 65 3.3
10 92 9 2 82 8.2
> 83 41 65 3.3
5 10 0.5 -16 -0.8
5 10 0.5 1 -

Take-off aircraft 19.0 seconds.
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The user beneflt or estimated operating saving can

be determined on the baslis of the crilteria mentioned. The
average saving per operation 1s.

A summary of the costs of the new taxiways, holding

aprons, etc., exclusive of the termlnal area development, 18
as follows.

Cost of construction of parallel

taxiway for runway 10-19 . . . . . . . . . . $685,000

Cost of construction of connecting

taxiways for runway 10-19 to new
terminal area . . . . e e .« . . . $492,000

Cost of construction of connecting

taxiway fer runway 12-30 to new

terminal area . . . . v 4 4 4 e s - o+ . . . . $210,000

Total cost of construction, excluding
new terminal area {(bullding, gate

positions, ramp) . . . . e e e v s e o+ . . $1,387,000
Annual cost of construction . . . . . . . . . . $93,000
Annual cost of malntenance . . . . . . . . . $093,000
Total annual coSt + . + + « v « 4 + « + 4+ .« . . $186,000

On the basis of this and the taxi time savings, the

break-even volume 1s

3.

lﬁéA%%g = 116,000 total, operatlons per year.

L.

STAGING CF TAXIWAY CONSTRUCTION AT LOCAL ATIRPORT

The beneflit-cost analysis can be used to determine

at what stage 1in sirport development addltional constructlon

1s warranted by 1increased traffic. As an example, a local

alrport with a single-runway confilguration (Figure 7-6) might
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be constructed with a 5000 by 100 foot runway, and apron area
wlth connecting taxlways direct to the runway. The 1nitial
phase of construction would cost about $1,006,000 (or a total
annual cost of $134,000). Phase I would be adeguate for a
practical operating rate of 45 movements per hour.

It would be most economlcal to begin the second
phase of alrport construction at some point below the rate
of 45 movements per hour and 6-minute average delay. Phase II
might include the additilon of a parallel taxiway from the down-
wind end of the runway to the apron.

Phase II construction costs would be.

Cost of construction . . . . $131,000
Annual cost of con-

struetion . . . .« . . . . . $9,000
Annual cost of main-

tenance . . . . e e e . $9,000
Total annual cost . . . . . $18,000

To determine the break-even volume for Phase II con-
struction, conslder the completed runway-taxiway system. It
can be seen that taxl time, excluding delays, will not be
appreclably different after construction The change 1in
delay versus the movements per hour 1s determined from the
curves in Filgure 7-6.

The prevliocusly discussed factoras of time distribu-
tlon of traffic, typlcal populatlon, percentage of aircraft
exiting at various turn-offs, and cost data are all considered.
The followlng 1s a tabulation of the difference in delay for
the two layouts and the tlme saved after completion of Phase II
construction.
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Design day assumed to be 100 movements per day.

Per- Saving 1n Delay per Saving per
Hour cent Movements Departure (sec) Day {sec)
Busy 20 20 16 160
2-3 16 16 8 128
h_5 11 11 2 22
6-7 7 7 N.C.
Total 310
§£9¥%6§99-= 1550 minutes per year
Deslgn day assumed to be 150 movements per day.
Per- Saving 1n Delay per Saving per
Hour cent Movements Departure (sec) Day (sec)
Busy 20 30 66 3g0
2-3 16 24 30 720
L4-5 11 16.5 10 165
6-7 7 10 5 2 21
8-9 4 6 N C
10-11 2 3 -
Total 1896
189663 300 _ 9480 minutes per year
Design day assumed to be 175 movements per day.
Per- Saving 1n Delay per Saving per
Hour cent Movements Departure (sec Day (sec)
Busy 20 35 107 1890
2-3 16 28 52 1456
4-5 11 19.2 14 279
6-7 7 12.2 4 49
8-9 4 T N.C _
10-11 2 3.5 -
Total 3674
367462 300 _ 18,370 minutes per year.
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Savings in dollars to break even would equal $18,000--
the fotal annual cost of the improvement. The cost per mlnute
for this population is $1.23. Minutes saved per year to break
even equal l%fg%%‘= 14,625 minutes. Filgure 7-7 indicates the
intersection of the total annual cost wlth the curve drawn
through various polnts determined by the annual benefif repre-

sentlng the time saving to the alrcraft operators.

Break-even traffic in Figure 7-7 1s thus 166 move-
ments per deslign day, which represents the total annual oper-
atlons of 49,800 uovements for the one direction of operation
and a savings per year of 14,625 minutes. The total airport
operations can be found by including the effect of the other
operating directions. If the prevalling-wind direction repre-
sents 70 percent of total wind, then the break-even volume for
this construction would be 71,000 operations per year for the
alrport. The break-even volume for the same limprovement at
the other end of the runway, which accommodates oniy 30 per-
cent of the operation, would be 166,000 operations per year
for the airport.

4, PARALLEL RUNWAY AT CONTINENTAL AIRPORT

Another example of the benefit-cost analysis is the
determination of the stage 1n alrport development at which addi-
tlonal runways are warranted by the increasing traffic. Con-
slder, for example, a continental airport with a slingle G000
by 150 foot runway, parallel taxiway, exit taxiways every
1000 feet, and terminal apron area. The 1inltial stage of
construction would be adeqguate for a practlcal operating rate
of 46 movements per hour (curve 4 in Figure 4-6).

Tc increase the capaclty of the alrport beyond
46 movements per hour at the anticlpated 6-minute average
delay to all departing alrcraft, 1t would be necessary to
beglin the second phase of construction. Phase II construc-
tlon might include the additlon of a parallel runway system
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complete with parallel taxiways, exlt turn-offs every 1000 feet,
and connecting taxiways to the terminal.

Phase II constructlon costs would be

Cost of construction . . . . . . . . . $4,145,000
Annual cost of construction . . . . . . . $276,000
Annual cost of mailntenance . . . . . . . $276,000
Total annual cost . . . . . . . « . . . . $552,000

In determining the break-even volume for Phase II
construction, consider the completed runway-taxiway system.
The change in delay for each number of movements per hour can
be determined as the difference between curves 1 and 4 in Fig-
ure 4-6.

The previously discussed factors of time distribu-
tlon of traffic, typlcal population, percent of aircraft
exiting at varlous turn-offs, and cost data are all con-
sldered The fellowing 1s a tabulatlon of the difference
in delay for the two layouts and the time saved after com-
pletion of Phase II constructilon.

Design day assumed to be 200 movements per day.

Movements Saving in
Alr General Departure Saving per
Hour  Carrier Aviation  Total Delay (sec) Day (sec)
70% = 140 30% = 60
Busy 14 12 26 60 780
2 12.6 9.6 22.2 e 985
4 11 2 6.6 17.8 32 570
6 9.8 4,2 14.0 24 336
8 8.4 2.4 10 8 18 194
10 7 1.2 8.2 12 98
12 5.6 0 5.6 8 45
14 4,2 ~ - 6 25
16 2.8 - - I 14
18 1.4 - - 2 3
20 0 - - - -
Tctal 3050
305063 300 = 15,300 minutes per year.
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By similar computation, other design days will show
savings in time as follows

Movements per Day (assumed) Minutes per Year
300 48,600
350 90,800
375 134,600

Savings 1in dollars to break even would equal
$552,000--the total annual cost of the improvement. The cost
per minute for this populatlon is $5.55. Minutes saved per
year to break even would equal 552,000 =+ 5.55 = G3,600 minutes.
This relation 1s shown 1in Flgure 7-8, which indicates the
intersection of the curve for the total annual cost with the
curve drawn through variocus polnts determined by the annual
benefit representing the time saving to the aircraft opera-
tors. The break-even volume in Figure 7-8 is thus 352 move-
ments per design day. Thils represents a cotal annual opera-
tion of 105,600 movements.

This method of analysis 1s equally applicable to
intercontinental and other airports. With fthe appropriate
change in values and/or the addition of other factors under
consideration, the analysis can be extended over a wlde range.

c. CONCLUSION

Comparative evaluations of various configurations
become the basis for trial configurations to be evaluated at
specific s1tes. In general, the runway with entrances and
exits can be optimized for specific traffic conditions. The
time spent by the alrcraft between the runway and the polnt
of orlgin or destination on the airport should be held to a
minimum. Thls can be achleved by designing a runway pattern
and a system of taxiways that conforms wilth the flow patterns
necegsitated by these points of origin and destination. This
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goal 1s difficult to achleve because the number of possible
destinations desilred increases in proportion to the volume
of traffic handled. To some extent, this can be Influenced
by the choice of terminal bullding design--that is, whether
frontal, fingers, unit termlnals, or mobile lounges.

For a free-flcowing taxliway system, the travel should
be direct without sharp furns, with a minimum of intersections
wlth other taxiways, and wilthout crossing an active runway.

In evaluating an alrport layout, the time spent in taxliing
can be the most Important element in unproductlve alreraft
time.

Except for those airports where the cress-wind
limitation must be considered, single or parallel runways
offer the greatest advantages and highest efficiency.

Multiple runways increase capaclfy and reduce
delays only when two or more are used concurrently. If
a number of runways are used separately that only permit
operations into the wind, then the greater the number of
runways, the more delays that will be occasioned by changlng
trafflic from one runway to another This can also become a
serious matter if the runways are unequal in length or daf-
fer in approach condiflons since pilots may request a runway
other than the one currently in use. This will tend to,cause
delays. Sltuatlons may arlse at an alrport limited to a single
runway when certaln traffic, particularly light aircraft, are
restricted from operating. Thils 1s not as insubstantial as
1t might appear for high wind conditicns wlll frequently
ground such operatlions though a number of runway dilrections

are available.

A second runway directicn can show a direct benefit
in propoertion to the additional traffic that could not use the
primary runway. A secondary benefit may result from improved
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reliability of service Since this additional traffie will
normally be only 1 to 5 percent of the total, and since the
alrport is often closed for a much greater time for other
weather conditlons, this secondary benefit should not exceed
the direct benefit.

To compute the benefi1t of a cross runway, the per-
centage of additlonal traffic by types should be determined
and doubled to 1nclude indirect benefits. The benefit will
be a percentage of the income of the airport. It may also
be estimated that 1f such a rumway 1lncreases utillzation by
5 percent, thils will Justify a capital expenditure of 10 per-
cent of the total airport development cost. If such a cross
runway can make savings in operational times, these savings
ghould also be included as venefits. Tt must be remembered
that the simultaneous use of two runways 1s undesirable with-

out a traffiec control tower.
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VIII. DETERMINING PRACTICAL OPERATING RATES
FOR SPECIFIC AIRPORT DESIGNS

The methods developed to predict practical operating
rates for various runway configurations use mathematical models
(formulas) that predict the delays that will result for various
cperating rates. The practical operating rate is then selected,
based upon the amount of delay acceptable for the operation.
This study has verified that these models can be applied to
analyze numerous problems of the airport surface.

The mathematical theory and the derivation c¢f the
mathematical mocdels 18 developed in Section XII of this repcrt.
Here we wi1ll describe briefly the operational basis for each
model, show examples of how the models can be used, and give

guidance for their application.

Some care must be used 1n selecting the proper rormula
to be applied to a particular type of conflict since the

formulas make very specific assumptions about

1 The time pattern with which requests for use
of the facility occur

2 The lengths of time consumed by the users of
the facility.

3 The order or priorlity assigned to the user

Moreover, a great deal of care must be used an
determining the i1dentity and the numerical values of the

elements to be substituted into the formulas.

A. SELECTION OF MODEL TO FIT AIRPORT FROBLEM

Three models are suggested for the analysis of air-
port problems Known by the names of

1 First-Come, First-Served Model (FIM)
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Pre-emptive Spaced Arrivals Model (SAM)
3. Pre-emptive Polsson Arrivals Model (PAM)

Flgures 8-1 and 8-2 1llustrate specific problems
for which traffic flow ratings can be found with a correspond-

ing probakble delay using the mathematical models.

B. OPERATIONAL BASIS FOR AND COMPUTATIONS WITH FIRST-CCME,
FIRST-SERVED QUEUING MODEL

The first-come, first-served queuing model 15 one
of the simpler (yet frequently applicable) queuing models.
Its simplicity, however, does not 1n any way reduce the effec-
tiveness of this tool It is useful and entirely suitable in
several airrport problems Such problems include the delay to
arrivals or departures con parallel runways where the runways
are operated 1ndependently, one for arrivals and the other for
departures. It also applies to two classes of customers
(taxiing aircraft passing through a common intersectlon), each
wlth an independent movement rate and service characteristic
using a common facillty

This model 18 based upon a simple concept. The
customers (arriving or departing aircraft or both) that require
the use of a facility (runway or taxiway) are given the use of
the facility in the order in which they regquest such use All
customers (whether arriving or departing aircraft) are treated
with equal praiority. In normal operaticn, runways handling
landings cnly or departures cnly will use this concept of

operations.

If the case under study 1is arrivals only, the formula

and elements are
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RUNWAY OPERATIONS WHERE ARRIVALS AND DEPARTURES ARE INTERDEPENDENT

ARRIVAL DEPARTURE
IFR OR VFR
ARRIVAL
—e] ]
IFR
[ | —
DEPARTURE

DEPARTURE

\ARRIVAL

IFR OR VFR

A  PRE-EMPTIVE SPACED ARRI/VALS MODEL (SAM)

RUNWAY OPERATIONS WHERE ARRIVALS AND DEPARTURES ARE INDEPENDENT

ARRIVAL

—=| }

l l—-

DEPARTURE

IFR OR VFR

ARRIVAL

— |

l J—

DEPARTURE

VFR

8 FIRST-COME, FIRST-SERVED MOODEL (FiM)

FIGURE 8-1 APPLICATION OF MATHEMATICAL MODELS TO ARRIVALS AND

DEPARTURES
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CONFLICTS FROM TAXIWAY
AND ACTIVE RUNWAY
INTERSECTIONS

' DEPARTURES
- I
ARRIVALS /
— e[ ]

A PRE-EMPTIVE POISSON ARRIVALS MODEL (PAM)

CONFLICTS FROM
TAXIWAY |[NTERSECTIONS

g FIRST—COME, FIRST-SERVED MODEL (FIM)

STAGING OF TAXIWAY CONSTRUCTION

WHEN DOES DELAY BECOME GREAT ENOQUGH THAT CONSTRUCTION OF AN
ADDITIONAL PARALLEL TAXIWAY IS JUSTIFIED ?

HANGAR AREA

-

c FIRST-COME, FIRST-SERVED MODEL (FIM)

FIGURE 8-2 APPLICATION OF MATHEMATICAL MODELS TO TAXIWAY PROBLEMS
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where
Wy o= steady-~-state average delay for arrivals,
A, = arrival rate,
817 = first moment (mean) of arrival service time,

S,, = second moment (mean square) of arrival service
time

where S is the individual service time

Appendix A contains data for selection of values of

these elements.

When a runway 1s used for departures only, the

corresponding formula is

M5
2 = 2(T - A, 5,7

where
Wo = steady-state average delay for departures,
Ag = departure rate,
821 = first moment (mean) of departure service time,

S, = second moment (mean square) of departure service
time

Sometimes, arrivals and departures share a common

path--such as a taxaiway or taxiway crossing--+41th equal priority
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In these cases, the first-come, first-served model i1s quilte
applicable with the following formula

" - Rl S
=21 -

12 t A Spp
1 511 - Ao Soq)

The symbols would be defined as above, except that
w 1s the steady-state average delay for all users (departures
or arrivals).

C OPERATIONAL BASIS FOR AND COMPUTATIONS WITH PRE-EMPTIVE
SPACED ARRIVALS MODEL

This model 18 a complex analytilical expresslon that
can be used for forecasting operating rates and delays for
mixed runway operations. In mlxed runway operations, the
normal procedure i8 that landlngs are glven priority and
departures awalt a gap 1n the landing sequence before they
can be cleared for take-off. In the most sericus cases of
congestion, the controllers willl vary thils dlsecipline and ask
pllcts to delay to permit them to handle departures, however,
this 1s the exceptilonal case Thus, the pre-emptlve spaced
arrlivals model 18 based con the general case where landing air-
craft will be given priority over departing alrcraff.

As in the simpler first-come, first-served queuing
model already discussed, the choice of the elements used in
applylng the pre-emptive renewal model are very lmportant.
These elements are sclected to include the various spacing
factors that exist i1n day-to-day operations and which can be
adjusted for VFR or IFR conditions The factors are shown
schematically in Figure 8-3. Those elements of the model
that must be determined and supplied as inputs are then
described as.

A, = arrival rate of landings (high-priority
units) per hour,
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SPACING FACTORS MEASURED N TIME UNITS

PRECISE DEFINITIONS OF SPACING FACTORS ARE
INCLUDED iN APPENDIX A

wrﬁ )

AtRCRAFT (D HAS LANDED, AND CLEARED RUNWAY
@ /5 READY TO GO ANG (B /5 CLEARED TO LAND

'-—c

—_—

~

AIRCRAFT (D HAS TAKkEN OFF AND ® IS CLEARED
7O LAND

AIRCRAFT () HAS TAKEN OFF AND () /S CLEARED
TO TAKE OFF

FIGURE 8-3 SPACING FACTORS FOR PRE-EMPTIVE SPACED ARRIVALS
MODEL (SAM)
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r, = mean runway time of landings (high-~
pricrity units) in seconds,

¢, = mean spacing factor for landings from
wave-off to runway threshold in seconds,

A, = arrival rate of take-offs (low-priority
unlts) per hour,

S11 = mean service time for take-off when next
user 1s landing (in seconds),

82 = mean service time for take-cff when next
user 15 take-off {(in seconds),

o(R + C) = standard deviation of R + C = o(CT - OT)
minimum.
Appendix A contains data for selection of values
for these elements

The output of the spaced arrivals model 18 the
steady-state average delay for the departures (low-priority
users) .

It is practical to solve airport problems by use of
the pre-emptive spaced arrivals model with manual computation.
However, when many answers are needed for developlng curves
(see Section IV), a computer 1s most efficient and a relatively
simple computer program is required. However, where manual
computation can be used, there are definite steps involved in
the computation. The teotal delay W can be computed from these
steps as follows

. 3600
1 _'—XI_
2 g1 =28 -9 - ¢
2 2

3 a, =g +a) +o0 (R + C)

1
4 g = -

&1
5. 81 =557 - %
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1
6 Tl = e
_SSE
7 T2 = e
8 T3 =1 - T2

We can now compute, from the previous eight steps,

the following

1. W21 = al {Tl ~ 1} - Sl
2 Jl = alTlTB
Jo 32T3

3 = dlpy v Ty ) - a8ty
AEJI

4 Ty = 3650 - utilization for departures
Jo o

>+ Mo =2 3800 (2 - 1)
a
=

& W = Za, ~ %1

7. W = W21 + wl + wo

D. CPERATIONAL BASIS FOR AND COMPUTATIONS WITH FPRE-
EMPTIVE POISSON ARRIVALS MODEL

The pre-emptive Poisson arrivals model, like the
spaced arrivals model, assumes that one group cf aircraft
being handled has a prioraity. However, the basis for the
mathematical treatment i1s somewhat different than the spaced
arrivals model since 1t assumes arrivals have a Poisson input
distribution This pre-emptive model applies, for example,
to taxiing aircraft waiting fo cross an active runway In
those cases where an aircraft lands on a runway away from the
terminal and then must cross a runway uged for departures to

get to the terminal, the pre-emptive queuling model can be used

113



to forecast the delay encountered by the taxiing aircraft

Since, of course, the alrcraft on the runway will have priority.
The cholce of elements for use in this model is also critical,
and they are

hl arrival rate per hour for nigh-priocrity user,

by P R | e T = J e L uptpu JuyUpupia J SN vy
1\2 = 4adal'l"'iLval abc el JLOWD 1ol low-prioulluy uUsel,
S11 = mean Service tlme (seconds) of high-priority user,

S

12 mean sguare service time of high-pricrity user

where

A S e Avia ]l aoVItFY N o
Jllalviddgl ool vieo

[4H
Il

821 = mean service time (seconds) of low-priority user

Appendix A contains data useful in selecting values
for the elements of this model.

The step-by-step computation is as follows

R
1 Ty = 3500
T.5
1521
2 82(—K1) = e
2T 8
1521
8,(-27) = e
T.S
C ) - e o 1721
Sp =) = -5y
5 Too 2
2 = 3600
& P1 = T1511
5 T3 =1-p
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T
8. 4 o
1
I [2(—2}\1; - J+ m!—slgae s *;ﬁﬂT =8 (-))
a, 2 ™
a4 L J {?3 21 J 1
ThJ T.8
_ 3 2ve 1712
10 W, = delay in seconds = J; - Spp * 57T - TEJl) + o 5
3

To obtain a more precise answer 1in step 2, the follow-

ing should be used

\
S (-n,) = = (A ) t
2 1 n - e*"1/3600 1
1=1
tl are the sample
> low-priority service
5. (-27,) = X K?ﬂ (2A )t times (seconds) for
277N T /0 et /36000 M1 VR AR e
1=1 1= 12 =n
- 1h
s, (-M) = -5 214 b 9(11/3600) )

A brief discussion of average delay follows to
as8s13t i1in making practical interpretations of the results
obtained ~#1th the models A mcre thorough treatment of delay

and 1ts variaticns can be found 1n Section X

E. INTERPRETATION OF DELAY AND OPERATIONAL RATES AT
AIRPORTS

The mathematical formulas discussed, when used to
evaluate airport configuraticns, produce an average delay for
the selected operating rates It 1s i1mportant to realize the

meaning of this average delay 1in order to make proper use of 1t
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1. BUILD-UP OF DELAY WITH MOVEMENT RATE

In a typical analysls of runway operations, the

T —t

T amAmaoan - S T,
1€ NJNoer o

4 [P | - - £ L £
L wlll JlIHOCI'CaeC 1l Ll L

average delay
landings and take-offs per hour are lncreased. This is
11lustrated in Figure 8-4 for a sample configuration. This
shows the 1lncrease in steady-state average delay that occurs
as operating rates are increased for a single runway having
mixed operations. Because of this builld-up in average delay
when cperational rates are increased, and other conslderations
of delay in the following text, the practical operating rate
for thls runway confilguratiocn was considered t¢ be about

59 mcovements per hour, which 1s Iindicated wlth a resulting
Steady-state average delay of 6 minutes.

2. VARIATION OF AVERAGE DELAY

The average delay produced by the mathematlcal
formula 1s what 1s known as the steady-state average delay
and 1s fo be interpreted as the average delay that would be
expected after a lengthy perlicd of operatlon at the selected
operating rate. If you were to keep observing the cumulatlve
average delay value for an operatlion at a glven hourly rate
as 1t progressed, for example, after every 25 operations, you
would find that the average delay varies conslderably though
as the operation contlnues and the sample slze becomes 1ncreas-
ingly larger, the cumulative average delay willl gradually
gettle down tc the sfeady-state avers
operation at the same rate, the varlation of delay with
increasing sample size may be conslderably different from the
previous day's record, but if the sample size were agaln large
enough, the cumulative average delay would settle down to the
same steady-state average as was obtalned for the previous day.

This subject 1s treated more thoroughly in Sectlion X
and quantitative examples are presented.
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AVERAGE DELAY TO DEPARTURES IN MINUTES

ARRIVAL RATE ()\1) = DEPARTLRE
RATL ()\2)

VFR SPACING
TRUNK ATRPORT POPULATION

L | | | | ] ] ]

|-—-l—|ooo FT

TO00 FT

TOTAL MOVEMENTS PER HOUR (k‘ + )\z}

|
’J'

CONSIDERED TQ BE =4

MAXIMUM PRACTICAL

OPERATING RATE ri
V4
4

-
L]
-
pr—
o] 10 20 30 40 50 60 T0

FIGURE 8-4 PRACTICAL CAPACITY OF SINGLE RUNWAY
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Thus, 1in observing actual operaticns and determining
the average delay, 1t is important to realize that one can
cbserve considerable variation and stz211 not exceed the
practical operating rate confeorming to the steady-state average
delay This alsc indicates that if one selects too high a
value for the steady-state average delay, undesirable operating
conditicns would frequently result

3. VARTATION OF INDIVIDUAL DELAY

Thne individual delay that each movement encounters,
and that 1s totaled to develop the sample average delay, varies
considerably in daily operations~-even for the same operating
rate. To understand this variation, several cases have been
analyzed and three of these are shown in Figures 8-5, 8-6,
and 8-7. Figures 8-5 and 8-6 apply to departure delay during
VFR weather, Figure 8-7 shows arrival delay during IFR weather
These three cases indicate that a tremendous variation is
possible for operations at different times with the same air-
craft populations and cperating rates.

4, SELECTION OF STEADY-STATE AVERAGE DELAY VAILUE

The value of steady-state delay to be selected for
evaluation of an airport wlll depend upon realization of the
information already indicated, as well as the following

The delay distribution acceptable at one airport,
say a short-haul airport, may be different from that acceptable
at another airport, such as a long-haul alrport. The delay
at a short-haul alrport should generally be minimized to retain
the time advantage that air travel develops A longer delay
may be acceptable for longer trips. Similarly, the type of
airceraft inveolved willl influence the tolerable delay--for
example, the new turbojet alrcraft generally require an
efficient operation because of fuel consumption This will
become even more critical when supersonic transports come

intoc operation.
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AVERAGE DELAY = 2 8 MINUTES

4 DECEMBER 1959 WITH 79 ARRIVAIS

VFR PERICD FROM 1420 TO 1730 HOURS
AND 77 DEPARTURES

MAXIMUM DELAY = 14 4 MINUTES
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FIGURE 8-5 DISTRIBUTION OF DEPARTURE DELAY AT MIAMI AIRPORT
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AVERAGE DELAY = 1o 5 MINUTES

VOL II, COOK RESEARCH LABORA-

“CHICAGO AREA AIR TRAFFIC
TORIES, SEPTEMBER 1959

FLOW AND DELAY ANALYSIS,"

IFR WEATHER CONDITIONS WITH
279 ARRIVALS FOR 27 APRIL 1959

MAXIMUM DELAY = 80 to 89 MINUTES
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FIGURE 8-7 DISTRIBUTION OF ARRIVAL DELAY AT MIDWAY AIRPORT
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A complete delay analysls must include analysis of
the delay build-up as the operating rate increases to corre-
spond to a typlcal distribution of dally operations by hours
(see Figure 7-3)} The bulld-up in delay may be such that an
alrport can be temporarily overloaded without exceeding accept-
able delay criterla, particularly if the increase in movement
rate to the overloaded hour is abrupt. On the other hand,
when the practical operating rates are exceeded for any length
of time, the delay bullds up very rapidly and an intolerable
delay situation can very easlly develop Thais, of course,
can be made still worse by equlpment failures that temporarily
reduce the airport operating capacilty. Thus, the higher the
alrport utllization, the more dependable should be the eguap-

ment used for control procedures.

Delay that occurs elther to landings or departures
i1s very expensive to the alrcraft operators. With an average
delay of 6 minutes as shown 1in Figure 4-2 and using the
continental population and operating at the rate of 46 move-
ments per nour, the cost to the alrcraft operators would be
approximately $750 per hour. This cost does not include any
consideration of the delay to any passenger that might be
aboard the alrcraft However, thlis operating cosft does i1ndicate
the important economical considerations involved. These
costs are discussed further in Section VII.
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IX. RESULTS OBTAINED FROM OBSERVATIONS CF
AIRPORT OPERATIONS

During the project, airports were visited to observe
operations, dlscuss operating problems with local personnel,
and gather data as needed. The airports visited were New York
International, LaGuardia, Newark, Pittsburgh, Wichita, Midway,
O'Hare, Cleveland, San Francisco, Oakland, Atlanta, Miami,
Braistel, and Utica. Thelr layouts are shown in Figures 9-1,
9-2, 9-3, and 9-4.

A. TECHNIQUES USED TC GATHER DATA

The only usable data available from previous efforts
was that contained in the FAA reports of ferminal area studies.*
Not all of the airport data were useful because of proplems in
alrport procedures, or lack of operating situaticns with delay.
We did obtain Information on runway operations at Atlanta, Mid-
way, Newark, and New York International airports, with corre-
sponding delay information. Since more data were desired on
cperating rates with delay, particularly at nhigher capacities,
it was necessary to obtain data while on the field trips to

the variocus airports.

An efficient data-taking and recording system was
therefore developed that may be of interest in similar

studies.

* "Terminal Area and Airport Surface Traffilc, New York, Winter
1957-1958," Report No. 4851-1, Airborne Instruments Laboratory,
November 1558, "Chicago Area Air Traffic Flow and Delay Analy-
s1s," Vol II, Cook Research Laboratories, September 1959,
"Atlanta Area Alr Traffic Analysils, Spring 1959," Franklin
Institute and Fhilco Corp., October 1959.
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1. RECORDING DATA IN CONTROL TOWERS

It was found that a most efficient and practical
technigque for gathering data 1n the control towers was to
use two observers trained 1n control tower and airport oper-
atlens. The observers are both equipped wilith microphones con-
nected to a tape recorder. One observer also had earpnhnones to
hear the local control frequency. The two observers were
located in the control tower or at a proper vantage polnt
to observe alrport operatlons, and a clock with a sweep sec-
ond hand was placed in view of both observers. Observer 1,
equlpped with earphones to monltor the local control frequency,
tape recorded the times of signifilcant calls for ready to go,
clear to take-off, and alrcraft 1ldentification. He would llke-
wise verbally record other significant movement times--for
example, enter active runway. The second observer would
record the preclse tlmes needed--such as over threshold, off
runway, and clear boundary. Occaslonally, the preclse time
1s recorded as a reference that can be used to correlate the
local control tape 1n later analyses. A second recorder was
used to record the local control frequency for later analyses
of the ready to go and clear to take-off tlimes.

This technique can be expanded to gather more data
by recording the ASDE and ASR radars at the same time. How-
ever, deriving 211 the data avallable in the recording is &
rather difflcult data reduction program.

2, PLOTTING OF OBSERVED DATA

Reducing the fileld data intoc useful inputs for the
models 1s a rather lengthy task and requires techniques that
adequately display the data to properly interpret 1t. The
teennique shown in Flgure 9-5 gave an excellent display.

Color was used to differentiate operaticns on the original
plot. With these plots, the personnel reducing the data could
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graphically display all operatlons and thereby determine
whether they had correctly Interpreted the data on each air-
craft. Those using the data could easily read off the values
desired and could quickly see areas of majJor delay. In addi-
tion, 1t provided a permanent record that was found invaluable
as work progressed, for we were constantly seeking new inter-
pretations of the data not thought necessary upon earlier
investigations.

B. DATA ANALYSIS

In reducing the data for use as inputs to the models,
it was helpful to group the data for analysis as follows

1 An arrival followed by an arrival when an air-
craft was ready to go and belng delayed by the
arrival

2. An arrival followed by a departure when the

departure was ready to go before the arrival
crossed the runway threshold.

3. A departure followed by a deparfure when the
second departure was ready to go before the
first aircraft started its take-off roll.

4, A departure foliowed by an arrival when a

second departure was ready to go before the

first departure started 1ts take-off roll.

From this analysis it was possible to document the
pressure factor that 1s evident at airports when the opera-
tional rate i1ncreases Qur field cbservations had indicated
£o us, 1n a qualitative sense, that both pilots and control-
lers operated more efficiently at higher operatlng rates,
since they seemed to sense the urgency and reacted to 1it.

In fact, operations at the same airport--observed on dif-
ferent days and at different operating rates--showed a dif-
ference in runway use time An indication of this effect is
shown in Figures 9-6 through 9-3 where each figure corresponds
to one of the operational grouplings tabulated previously.
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DATA OBTAINED FROM CBSERVATIONS

AT NAMED AIRPORTS
ONE STANDARD DEVIATION ABOVE AND
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These figures indicate that the time between opera-
tlons gradually diminishes as the movement rate increases.
These data need further amplification and verification to
determine the preclse slope of the curve for each operational
combination However, the trend certalinly ls evident, even
when one considers the difference in the runway layouts and
alrcraft types that are included in the okservation data, for
1t must be realized that the slopes can be much Influenced by
runway length and aircraft population.

C. TESTING OBSERVED DATA FOR MATHEMATICAL-MODEL APPLICATION

The various mathematical models make certain assuap-
tions about the arrival distributions of the aircraft. All
take-offs are assumed to have Poisson distributions wlth a
constant parameter A. With some models, this 1s also the
assumption required for landings. In all cases of 1lnterest,

the inter-arrival time is8 a2 random variable.

When these models are compared wlth observed data,
1t is necessary to test the data to determine i1f they statis-
tically satisfy the assumptions of the particular model.

Appendix C glves details of the tests that were
used to determine if a distribution 1s random, steady state,

or Polsson wlth a constant parameter A,

The ready-to-go times for departures or departure-
input times were tested and were found fo be 1n statlstical
agreement with a random Polsson input. These test results
are shown 1in Figures 9-10 and 9-11. The ainput times for
arrivals, however, are not dilrectly observable. Therefore,

they cannot be tested directly.

If the arrivals can be imlitated by a queuling proc-
ess, then they necessarily must have an input distrilbution
and a service-time distributlon. Furthermore, since the
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TEST FOR POISSON INPUT
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TEST FOR POISSON INPUT

INTERVALS BETWLEN SUCCESSIVE DEPARTURES
MEASURED WHEN PILOT IS READY TO GO

RUNWAY 13R WITH DEPARTURES ONLY
SAMPLE SIZE 158

NUMBER OF INTERVALS (5 = T)

200 P E u 4 e 4 [ Fa M e
: 114 . ! . o~
B | IR |
——r L i i o —f—t — ﬂ‘—ﬂ—iu
! i T
- 1 :
i 114 Lt f : ]
FT 1 I RN
i X AN
T e e T o e A, el i M ==
EEEEECa==— oy =h JREnE EERAE
SIGNIFICANCE LEVEL T ———~==]
e EEEERE T aEERs = S
R S === ENBESSoog = o
fa — - i e -
] B i ;;. ! 3 =13 :r ]
oot s : i
7 THEORETICAL s
- I Jl_ A— I L |: — 'r
— - T = P 5 e R R e e, PO Sy ERE
2 R e e
H : AR — i -
20 ] . S i i i = i
. ~t 1 N i N T
. 1 — 1 I‘!‘-‘ T — = . T T T ;
1 —1 T R 7 OBSERVED —
! i ! N ]
4 : . AY] ] ™ | 7 1
, N T | 1
Pl 1 1 ;1_ !
10 | HEETEE N AN R
= = == ==== =
8 E X — = ==
a Y= =5
R — : N 7
T o 4 A
o I —|= X T N~
- n Y — = =
l 1
K 4 i 1 1 1—
| 1 ] 1 —
4 . 2 . T ] H
1 T =
—* == =
=) ——
I 1 —_— T T T
I h H 1 I 1 T
2 L . H I
s ~ -
1] : .
N | T i ” i !
i i I : 1 : T'f I
L) ‘\ | i . L L1l ]
I T } BEREE ; | S /AR HEEREN
o] 100 200 300 400 300 800 700

TIME IN SECONDS

FIGURE 9-11, CUMULATIVE INPUT DISTRIBUTION FOR IDLEWILD DEPARTURES
(4 APRIL 1958)

137



arrivals must obviously gueue up while 1in the air, the time
that they reach the runway threshold would represent the time
the arrivals are discharged from the gqueue. Thus, the differ-
ence between successive threshold times can be called the
inter-output times, and these times are directly observable
and measurable.

To test a measured inter-output distribution against
a fTheoretical one, the service-time distribution must be speci-
fied, since the distribution of service times affects the irter
output dastribution. The first and second moments (mean and
mean square) of arrival service were estimated from the meas-
ured inter-cgutput times 1in the following way

First, consider the 1list of measured inter-output
times to be sorted and ranked from lowest to highest IT tre
arrivals form a gueue in the alr, the inter-output times under
queue conditions represent true service times, since successive
discharge intervals from a queue are actually a definition of
service time. Such minimum-separation times represent the true
service times we are seeking and they are found near the top
of our ranked list. The questlion 1s how to select the gapless
inter-output times and obtaln samples of true gervice times

The selectlon was made for VFR mixed runway opera
tions by arbitrarily selecting only those inter-cutput times
that occurred when a departure was waiting to go during the
entire Iinter-ocutput interval. Since the controller did not
release the departure, such Inter-ouftput intervals are assumed
to be of the minlmum variety and thus represent a sample of

arrlival service times.

Since the distribution of the samples of arrival
service times cbtained did not appear partilicularly constant,
a simple distribution function was needed to describe 1t.
Perhaps the simplest type of distribution between a constant
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and a pure random (exponentlal) distributlon is the Erlang.

The Erlang distribution has an assoclated parameter k that is
defined as the square of the ratic of the mean to the stand-

ard deviation For constant service time, k becomes infinite,
whereas for exponential service time, k becomes 1. The arrival
service times obtained from ailrpert data had values of k ranging
from about 6 to 16.

1. TEST FOR POISSON ARRIVALS

The theoretical, cumulative inter-output distribu-
ticon for Polisson input with Erlang service, is given as

- m[i_it]n -
m m m rl m
5 8 1 % s i
p)t—(l—ﬁ;}(l-m) e T e
n=i«

where

%__%_t
E 1

prokability of obtalning an inter-cutput time
greater than €,

il

p>t
m, = mean service time,

, = mean input separatlon = 1/n,

k = Erlang factor = (mean/standard dev1atlon)2

Theoretical inter-cutput curves were computed using
4 &s obtained from the data. The
Kolmogorov-Smirnov test (Appendix C) was applied and the

values of k, mg and m

results are shown in Figures 9-12 through 9-16. The cumula-
tive plots all fall well withan the 5-percent significance
level except the plot of Figure 9-13, which 1s a plot for
LaGuardia on a day of unusually heavy trafflc. Figure 9-17
shows three simulaticn runs using the appropriate Erlang k
and mean value cobtalned from observed data to demonstrate

that a good fit results. Other cases were also ftested.
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TEST FOR POISSON INPUT AND ERLANG SERVICE
INTERVALS BETWEEN SUCCESSIVE ARRIVALS

-
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TEST FOR POISSON INPUT AND ERLANG SERVICE
INTERVALS BETWEEN SUCCESSIVE ARRIVALS
MEASURED FROM OVER-THRESHOLD TO OVER-

THRESHOLD
RUNWAY 13 WITH MIXED QPERATIONS
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TEST FOR POISSON INPUT AND ERLANG SERVICE

INTERVALS BETWEEN SUCCESSIVE ARRIVALS
MEASURED FROM OVER-THRESHOLD TO OVER-
THRESHOLD

RUNWAY 35 WITH MIXED OPERATIONS
SAMPLE SIZE 76
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INTERVAILS BETWEEN SUCCESSIVE DEPARTURES
MEASURED FROM START-ROLL TO START-ROLL

RUNWAY 22 WITH MIXED OPERATIONS

TEST FOR POISSON INPUT AND ERLANG SERVICE
SAMPLE SIZE 91
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TEST FOR POISSON INPUT AND LRLANG SERVICE

INTERVALS BETWEEN SUCCESSIVE DEPARTURES
MEASURED FROM START-ROLL TO START-ROLL

RUNWAY 13R WITH DEPARTURES ONLY
SAMP LE SIZE 158
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NUMBER OF INTERVALS (32 T)

TEST FOR POISSON INPUT AND ERLANG SERVICE

INTERVALS BETWEEN SUCCESSIVE ARRIVALS
MEASURED FROM OVER-THRESHOLD TO OVER-
THRESHOLD

RUNWAY 22 WITH MIXED OPERATIONS
SAMPLE SIZE 81
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2 TEST FOR SPACED ARR1VALS

The arrival process 1n mixed operations may not be
a queuing process at all. During VFR operations, arrival
queues are typically nct present or cbeservable even with high
movement rates An alternative form of input for arrivals 18
a pre-emptive spaced arrivals input, where the arraival service
times are considered independent and the gap between arrivals
18 exponentially distributed Detalls of this model are
developed 1in Section XIT.

The thecretical inter-output distribution for the

spaced arrivals model 18 given ag

== k-1
5 . " k e_gt B C .\ alle~2
b b - g 1l n.
n= =0
whers
_ 1 _ 1
& = Tean gap m; - ms’
_k
LL—“m—;

¢ = (L - g)t provided that u > g,
Ht.

m
Il

Theoretical inter-output curves were computed, again

using values of k, Mg, T, and the results are shown 1n Fig-
ures 9-18, 9-19, and 9-20 Notice that in Flgure 9-1%, where
the observed data fell outside the significance level in the
Poisson case, 1t now falls nicely within the significance
level for spaced arrivals. On the cther hand, Figure 9-20
satisfies the Poisson c¢criterion nicely, but fails the spaced
arraivals significance test. Thus, both types of inpuft may Dbe

inferred from these inter-output tests.
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NUMBER OF INTERVALS (5 2

TEST FOR SPACED ARRIVALS INPUT

INTERVALS BETWEEN SUCCESSIVE ARRIVALS
MEASURED FROM OVER-THRESHOLD TO
OVER-THRESHOLD

RUNWAY 22 WITH MIXED OPERATIONS
SAMPLE SIZE 81
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INTERVALS BETWEEN SUCCESSIVE ARRIVALS
MEASURED FROM OVCR-THRESHOLD TO

OVER-THRESHOLD
RUNWAY 13 WITH MIXED OPERATIONS

TEST FOR SPACED ARRIVALS INPUT
SAMPLE SIZE 156
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INTERVALS BETWEEN SUCCESSIVE ARRIVALS
MEASURED FROM OVER-THRESHOLD TO

TEST FOR SPACED ARRIVALS INPUT
COVER-THRESHOLD

RUNWAY 35 WITH MIXED OPERATIONS

SAMPLE SIZE 76
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D. RESULTS OF MODEL TESTING

Shortly after the start of our project, testing of
the mathematical models against observed data was begun and
continued throughout the project. The testing program proved
1nvaluable in helping us to define elements of the delay models
and then observe the varlatlon between actual and computed
delay obtalined by using such elements. The definitions of
model elements and the method of defining the delay changed
several times during this project.

The key results of this testing program are tabulated
and daiscussed 1n this section as a guide to understanding the
derivation of the models, and for future reference in similar
programs

The delay observed and computed 1s normally a
departure delay Thus, 1t would Include, as a general defini-
tion, the time a departure 1s delayed after 1t reports ready
to go until take-off 18 started Other delays, such as delay
while awaiting IFR clearance, would not be predicted by these
mocdels.

The definifticons of delay for departures, and the
definitions of the Inputs to the first-come, first-served
model and to the pre-emptive spaced arrivals model, are shown
in Figures 9-21, G-22, and 9-23. These dlagrams use the same
basic plot (position versus time) that is shown in Figure 9-5.

It was necesgary to be preclse i1in these deflnitions
and to assume that only one aircraft can be 1n service at any
one time, even if two or three alrcraft are physically occupy-
ing the runway.

Examples of undelayed and delayed departures are
ghown in PFigure 9-21. Note that the interval Kd
from undelayed departures but 1s used in determining the delay

15 determined

for delayed departures
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LNDELAYED DEPARTURE

CB
> =1
RGl = CB1 1 or

RG 2 O0R
1 1 -

IF CTO OCCURS BEFORE EA, THEN
K = (EA, - RG)

RG[

DELAYED DEPARTURE CB
RG1 < CB1 -1 or

RG1< OR1 -

DELAY OF 1™ AIRCRAFT = (CTO -RG) - Ky,
WHERE Ky IS DETERMINED FROM
UNDELAYED DEPARTURES

RG

Q@& >

IF RG OCCURS WHILE AIRCRAFT (TURBO-
JET OR TURBOPROP) IS STILL TAXIING,
DELAY IS COMPUTED FROM @ TIME

ALSO, IF CTO QCCURS BEFORE AIRCRAFT
ENTERS ACTIVE RUNWAY (EA), DELAY IS
COMPUTED BY (EA - RG) - K

EA
CB
CTO
OR
RG
SR
oT
M

ENTER ACTIVE RLNWAY
CLEAR BOUNDARY
CLEAR TO TAKE-OFF
OFF RUNWAY

READY TO GO

START ROLL

OVER THRESHOLD
MOVE FROM QUEUE
ENTER RUN-UP QUEUE

FIGURE 9-21 DEFINITION OF DEPARTURE DELAY
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OR CR cB

S]_1 ARRIVAL SERVICE TIME

S, =0T - OT  WHERE DEPARTURE IS
11 141 1

RG< OT1 BUT NOT RELEASED

oT

RG

821 DEPARTURE SERVICE TIME

521 = CTO1 " CTOi WHERE SBECOND
DEPARTURE RG< SRl

RG

EA ENTER ACTIVE RUNWAY
CE CLEAR BOUNDARY
CTO CLEAR TO TAKE-OFF
OR OFF RUNWAY
RG READY TO GO
SR START ROLL
OT OVER THRESHOLD
M MOVE FROM QUERUE
& ENTER RUN-UP QUEUE

FIGURE 9-22 DEFINITION OF INPUTS FOR FIRST-COME, FIRST-SERVED
MODEL (FIM)

152



S11 ce o cB

Syy = (CTO, - OT, ., ) - C; WHERE A
SECOND DEPARTURE IS RG < SR OF
FIRST DEPARTURE, BUT NOT

RELEASED |

EA

Ry = OT - OR, AND C; = OR, - OT, ,
WHERE DEPARTURE 18 RG < OT,
BUT NOT RELEASED

1

S, IS THE SAME AS S37 FOR FIRST- oT
COME, FIRST-SERVED MODEL (FIM)

oT SR

R I

EA ENTER ACTIVE RUNWAY
CB CLEAR BOUNDARY
CTO CLEAR TO TAKE-OFF
OR OFF RUNWAY
RG READY TO GO
SR START ROLL
OT OVER THRESHOLD
M MOVE FROM QUEUE
Q@ ENTER RUN-UP QUEUE

FIGURE 9-23 DEFINITION OF INPUTS FOR PRE-EMPTIVE SPACED ARRIVALS
MODEL (SAM)
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Table 9-1 shows the results of some cof the final
tests wlth the values of the parameters used to cbtain them.
The results of testing the spaced arrivals model are considered
quite satisfactory Similarly, the testing of Idlewi1ld data
for departures only, using the first-come, first-served model,
indicates reasonable agreement with the actual test data.

These mcdels have been selected for use 1n analyzing airport
runway operations Their use 1n many runway analyses have

produced results that appear very practical.

Qur field cbservations, and the simulatiocn and
analytical work done as part of the project, make 1t apparent
that we cannot expect precise agreement between observed data
and computed data The reasgon for this 1s the ftremendous
variation that can occur for a given operating rate. The
average delay of a sample number of operations has a distribu-
tion spread that can be quite sizable for even a sghort period
of operation, and this distributicon spread gradually diminishes
as the number of operations i1ncreases and the average delay
approaches a steady-state delay This 1s discussed more
theorcughly 1n Section XTI

1 RUNWAY CROSSING PROBLEMS

Although the principal i1tem of concern in airport
design 1s the ability to analyze runway operatlons, an allied
problem that can affect runway cagpacity 1s the problem cof
taxiing aircraft crossing an active runway, particularly with
parallel runways both on the same side of the terminal building
In this casge, all aircraft using the outer runway must cross
the inner runway to come to the terminal. If the delay for
this activity becomes too serious, the controller will slow
down use c¢f the inner runway to clear up the crossing situation
Often, the local controller who handles all landings and take-
offs will also conftrol the runway crossings, thus the workload
1tself can be a limiting condition.
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GGt

AlrEort*

Idlewald
(Departures
only)

L April 1958

Newark A
Newark B

Wichita
22 September 1959

LaGuardaia
4 September 1959

LaGuardia
13 November 1959

Miamy
4 December 1959

9
13
14

31

22

25

o

15

10
20
12

35

24

25

TABLE 9-1
MODEL TESTS

Fre-emptive Spaced Arrivals

Actual Computed

Average | Average

Delay Delay Sll 52 Rl Cl
(min) {min) (sec) (sec) (sec) (sec)
1.26 -- -— -- - -
1.21 1 00 803 67 626 3hu
192 2 17 6h b 709 582 305
0 24 0 55 b 8 509 396 24
L 5 4 39 356 W76 3¢.8 213
2.20 177 4b,,3 583 Lio 29k
2 79 L g7 Le.s 604 Lh o 208

1316
1126
909

617
1086

Lol

|=

16 9

197
6.9

12 6
17 8

16.4

First-Come, First-Served

Computed

Average
Delay 821 822
(min) (sec) (sec)
1.5k 108.0 14510

* Newark A includes 0800 to 1815 hours, 27 March 1958, Newark B includes 1530 to 1815 hours, 27 March 1958



The pre-emptive Poisson arrivals model that 1s
developed and discugsed in this report provides a tool for
analyzing this problem. The computations made and actual data
analyzed are summarized 1in Table 9-1I1 The model will also
predlct the gueue length for the crossing aircraft.

TABLE 9-1T
RUNWAY CROSSING DELAYS

Number of Aircraft per Hour 16 14 5
Crossing Runway 7

Number of Aircraft per Hour 31 24 24
Operating on Runway 7

Observed Delay 1n Minutes 0.6% 0.5* O 3x*
Theoretical Delay in Minutes 1.07 0.61 0.75

* Taxlway F.
** Taxiway 31R

These delays apply to New York Internaticnal Airport
with landings on runway 4R and departures on runway 7

In this ccmparison all computed walt times are
higher than observed, but there 1s an indication of agreement
With other model ftraals, it becomes evident that the number
of take-offs and the time required by each are the ccntrolling
elements 1in predicting delay In general, the model may predict
delays somewhat on the high side because the delay with the
model is predicted on the basis of a strict discipline of no
crossings after an aircraft is cleared for take-off, and the
crossing cannot be started until the take-coff aircralft passes
the taxiway where the crossing aircraft is waiting. In actual
practice, however, it 1s likely that the discipline will be
more relaxed and the controller and pllot will work together
for higher efficiency and rezduce somewhat fhe chserved delay
over that which would be computed.

The data used for computing delay has been based on
runway crossing observations made at Midway Airport in Chicago.
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These data are included in Appendix A for general application,
Additicnal data should be gathered as time permits. It appears,
however, from limited observatlon, that the runway crossing
times of larger alrcrafi that are not i1in operation at Midway
are about the same as those observed at Midway, and the use

of the Midway data will give reasonable answers when using

the delay model.

2. TAXIWAY PROBLEMS

Delay occurring at busy taxliway intersections has
not been documented with field data since time has not per-
mitted this. However, based on kncowledge of ground traffic
flow, use of the first-come, first-served model to analyze
such cases 1s reasoconable To use this model would requilre
field observatlions or examination of aircraft operating data
to develop the service times needed for crossing typical

Intersections.

3. STAGING OF TAXIWAY CONSTRUCTION

The first-come, first-served model 18 recommended
for determining the staging of construction--for example,
parallel taxiways Here, again, time has not permitted actual
f'ield observations or testing Such testing would be difficult
because one could not easily cbserve the situation with and
then without parallel taxiways However, experience With the
first-come, first-served queuing mcdel 1ndicates 1t 18 an
obvious applicaticn and its usefulness would depend principally
onn the proper selection of the service times for the taxiing

aircraft

Section VII includes an analysis of the need for a
taxiway paralleling a runway The pre-emptive spaced arrivals
model was used to predict operating rates and delay with and
without the taxiway, thus providing a means of deciding when
the parallel taxiway should bhe built.



X TIME-DEFENDENT DELAY

BUILDUP OF DELAY WITH TIME FOR CCNSTANT MOVEMENT RATE

The principal mathematlcal models used 1n this
study are steady-state or stationary models because the
steady-state concepts generally meet the requirements of ailr-
port design and analysls. However, certaln assoclated prob-
lems cannot be handled adequately wilith steady-state concepts.
Among these 1is the problem of estimating delay during periods
of high utilizatlon or during overloaded periods.

It 15 well-known that steady-state formulas faill
completely for overloaded condltlons because a steady state 1s
never attained (that 1s, the average delay continues toc rise
with time indefinately). At high utilizaticns (slightly less
than 1), the steady-state average delay obtained may not apply
to alrport operaticns since the steady-state condition is
likely to take many more operations to achleve than are encoun-
tered in daily airport traffic. Thils is one reason why, when
very high average delays are predicted for airports by steady-
state models, such delays are not generally found The num-
ber of operations in a day is insufficient to bulld up to the
steady-state conditaion

Thus it 1s important to determine exactly what is
meant by high utilization, how fast will delays bulld up under
these conditions and under overlcaded conditions, and how to

estimate delay when the steady-state methods do not apply

To examine the gquantitative nature of delays as a
function of time, a time-dependent analytlical model with Polsson
input was developed for a first-come, first-served discipline
with constant service time. Details of the mathematical devel-
opment of this model are found in Appendix D. (The mathematlical
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approach discussed 1n Appendlx E was reviewed before devel-
opment of the model in Appendlx D, and though not used, 1t

1s included as & matter of information.) Thls model was used
because the delay can be normalized and reduced to dependence
upon a single parameter {(utillzatlon). Other models, such as
the pre-emptive spaced arrival cr the pre-emptive Polsson,
require several parameters to speclfy the models. Thus, for
the first-come, first-served model, a general famlly of curves

can be develcped that apply to many speclific situatlons.

The service time used 1n the analytical model was
taken as constant. One reason for the selectlon of constant
service was that the measured service times for departures
revealed that the measured distributions have an Erlang k
factor ranging from 6 to 33 (Flgure 9-7). Since the steady-
state average delay for the Erlang service with Polsson input

1s K ; 1

steady-state average delay, for the most variable service-
time distribution k = 6, 1s but 7/6 of the constant service

case (only 17 percent more). Thus, for departure operations,

times the average delay for constant service, the

the selection of constant service for an analysis of delay

buildup appears reasonable.

Figure 1C-1 shows how the average delay bullds up
as a function of time for a variety of different utlllzations.*

* Curves of thils type are presented in S. M. Berkowltz and
E L. Fritz, "Analytical and Simulation Studles of Termlnal-
Area Ailr Traffic Control," Franklln Institute Laboratories,
Technlcal Development Report No 251, May 1955. Thelr curves
were prepared by extrapolation and did not cover the range of
interest of the present analysls or furnlsh any information
on the distributlion of delays.
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The horilzontal time axis 1s a logarithmlec scale 1n
units ranging from 1 to 1000 service times, The vertical
scale, also logarithmlic, gives the average delay in service-
time units for an alrcraft arriving at time t. Individual

curves 1n Flgure 10-1 are for constant utilization.

The assumption underlylng thls family of curves 1s
that the system 1s initially empty. Thus, at time t = 10
service times, the delay given 1s Iinterpreted as the average
delay (or expected delay) to an alrcraft deslring to use the
runway 10 service times after the runway has been opened for
traffic

Notice that for utillzations considerably less
than 1, the average delay curves qulckly level ocut to thelr
steady-state values. However, for the higher utllizatlons
such as 0.9, many servlce times are required to achleve the
steady-state value In fact, for utilizatlions of 0.95, the
steady state 1s not resched 1n 1000 service times. PFlg-
ure 10-2 shows Just how long 1t takes to achleve a given
fraction of the steady-state value for varlcus utilizations.
This 1s one reason why steady-state models are always 1n error
on the high side when used for relatively short perilods of
time to approximate delays In alrport gqueues.

With utilizations of 1 and greater, the curves 1in
Flgure 10-1 do not level out at any steady-state value but
keep rising indefinitely. However, for relatively short
periods of time, accumulated average delay may not become

excesslve.

Figure 10-3 shows how the average delay varles as
a function of utlilizatlon at glven times after the runway has
cpened for traffic. This famlly of curves 1s also useful for
interpolating the values of utlllzation plotted in Flgure 10-1.

The time-dependent distributlons of delays are shown
in Figure 10-4, 1In some filgures where the higher percentiles
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(75, 90, and 99 percent) appear to be missing, it 1s because
they fall below 0.1 service time. It will be noticed from
this famlly of curves that the percentlles appear to bulld up
at about the same rate as the average delay.

Thus, we have found the distribution and average
values of delay for Pcisson 1lnput, constant movement rate,
and constant service as a function of time, measured from

when the airport runway opens for traffiec.

One application of the family of curves in Fig-
ure 10-1 1s estimation of delay at the end of a given hour.
To do this, cone must know the average delay at the beglnnlng
of the given hour, and the utilization during that hour If
the average delay at the beginning of the glven hour 1s 0,
then the curves in PFlgure 10-1 apply directly. The utilliza-
tlon may be computed from the wmovement rate during the given
hour and the runway capacity (both assumed to be known) by
dividing the first quantity by the second. Since the runway
capaclity 21s the number of szervlce times per hour, Flgure 10-1
1s entered using thls number of service times, and the average

delay 1is obtailned from the corresponding utilization curve.

The average delay in service times thus obtalned can
be used as a starting value to estimate the average delay at
the end of the next hour provided that the utillzation during
the next hour 1s at least as hlgh as that of the given hour,
To do this, one simply finds (using the curve for the next
hour's utilization) the time corresponding to the average
delay 1n service times obtalned for the given hour. Adding
the number of service times per hour te thils time, we obtain
the correspondlng average delay for the end of the next hour.

In this way, hour-by-hour steps may be taken as long
as the utilization does not decrease. This approximate graphil-
cal technlque furnlshes estimates of delay at the end of peak

hours, whether overloaded or not. For example, suppose the

170



service time were assumed to be 1 minute, then, 1 hour would
represent 60 service times. Suppose the alrport opens up and
the traffic during the filrst hour has a utillizatlon of 0.5,
the second hour 0.8, and 1s overloaded durlng the thilrd hour
wilth a utilization of 1.2. At the end of the filrst hour, at
60 service times, the average delay for 0 5 utilizatlon is
0.5 service time. Thils delay 1lntersects the 0.8 utilization
curve at about t = 1 service time. Adding 60 to thls, and
using the 0.8 curve, the average delay correspondlng to

61 service times 1s about 1.9 service times. This delay
intersects the 1 2 curve at about 4 service times, so the
average delay at the end of the peak hour (using t = 64) with
utilization 1.2, is about 15 service times (or 15 minutes).

This type of step-by-step analysis has been tested
and agrees quite closely with the actual computation., 1In a
previous paper by Galllher and Wheeler,* a nonstatlonary
analysls was applied using first-come, filrst-served constant
service queulng. Applylng these approximate step-by-step
relations to the exact programming used for that effort showed
that the agreement in average delay was wlthin 2 percent of the
peak-hour value.

* H, P. Galliher and R. C. Wheeler, Jr., "Nonstatlonary Queulng
Probabilitles for Landing Congestion of Alrcraft,"” Operations
Research, Vol 6, No. 2, p 264, March-April 1958.
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XI. DISTRIBUTION OF SAMPLE AVERAGES

A person who wanted to measure the delay experlenced
by departing alrcraft might go to the airport and, starting at
a convenlent idle period, observe and record the times when
departures informed the controller they were ready for take-
off and the times when the controller cleared the departures
for take-off. The observer might continue to do thils for sev-
eral hours of operation during wnich time the number of depar-
fures may have accumulated to & sample size cf 50 or 100. The
observer could then total the 1ndlvidual delays obtained for
each alrcraft of the sample, divide the total by the number
of departures 1n the sample, and thus cbtailn a sample average
delay. The average movement rate can be estimated from the
elapsed time, and other parameters such as runway tlme or
start-roll to start-roll t¢ime, can be recorded. Using this
Information, the parameters for the steady-state models can
be determined, and the steady-state average delay can bhe cal-
culated.

The measured sample average may agree or dlsagree
with the answer obtalned from the model. 1In elther case, 1t
1s natural to ask whether the dlfference hetween the model
answer and the measured sample average 1is significant. In
other words, how much variation can be expected 1n a sample
average 1f the sampling experlment 1s repeated on successive
days”?

To obtain this wvarlablllity of a given sample aver-
age, an investigation was made to see 1f the distribution of
sample averages could be determined analytically. The ana-
lytical approacn proved to be rather formidable, so the
desired distributions were obtained by simulatlon technlqgues.

173



Accordingly, a simulation program was developed for
the spaced arrivals model with the first-come, first-served
queuing model as a speclal case. Detalls of thls program are
glven 1n Appendlx F. For the rirst-come, first-served queuling
model, constant service ftime was used and three utllizations
were selected 0.5, 0.7, and 0.9. In a slngle run, cumulative
sample averages were recorded for 29 different sample slzes,
ranging from 1 to 1000. The number of runs per case was gern-
erally 50Q For each sample size, the 500 sample means were
sorted and ranked and the percentlles were obtained. The mean
and standard deviation (of the 500 sample means) were also cal-
culated for each sample slze. The percentiles, the mean, and
the standard deviation thus obtailned are shown in Figures 11-1,
11-2, and 11-3. These curves are all normalized to the steady-
state value for each utilization, so that one unit on the ver-

tical scale represents the steady-state value.

Several interesting points will be noted about these
families of curves Flrst, when rlotfed in the normalilzed
units, the families for the different utilizations appear quite
simllar, with the principal difference beilng the locatlon of
the peaks. The irregularitles 1In the curves are due to the
finite number of simulatlon runs (generally 500) and would
smooth out 1f the number of runs were increased.

With a sample size of 1, of course, all the per-
centiles, the average delay, and the standard deviation are
ldentically O, since 1t was assumed that the sampling process
starts with an empty system. Therefore, the first aircraft
always has O delay. As the sample size increases, the stand-
ard deviation is seen to rise to a peak and then drop agaln.
The locataion of the standard-deviation peak occurs 1n dif-
ferent places--for a utilizatlon of 0.5, the peak occurs at
a sample size of about 13, for 0.9 utillzation, the sample
size 1s about 200. The reason for a peak, of course, 1s that
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for a sample slze of 1, the standard deviation is necessaraly O,
and as the sample size Increases without bound, the standard
deviatlon again fends to become O since the difference between
sample means as the sample slze increases indefinitely, asymp-
totically approcaches O for all dastributions.

The peak of the 5 percentile 15 seen to vary from
about 1.7 to 1.9 tlmes the steady-state average. This means
that for 5 percent of the time (or 1 chance an 20), one can
obtalin a single sample average greater than 1.7 times fthe
steady-state average. The sample slze would be only 13 for
a utiiization of 0.5, but 500 for a utilization cf 0.9
Using the G5-percent curves to obtain the lower limits, we
see that the g0-percent middle range contains a 4 toc 1 range
of gample average for 0.9 utilization, and a 14 to 1 range
for 0.5 utilization. This is, of course, a rather remarkable
spread, and, as we shall soon see, tles in directly with the
problem of correlating data with model.

Two cases were gselected for the spaced arrival
gimulation models. One was for the 9000-foot runway conti-
nental alrport with 1000-foot turn-offs (Figure 11-4). The
other used parameters obtalned from measured data taken at
Miami Airport on 4 December 1959 because data from this par-
ticular airport had what seemed like the poorest agreement
in average delay between the spaced arrivals model theory
and the observed data (Filgure 11-5). The steady-state spaced
arrivals model in Figure 11-5 indicated a steady-state delay
for departures of 274 seconds. The measured delay was 167 sec-
onds (for a sample size of 82), which is only about 60 percent
of the steady-state value. Thls seemingly large discrepancy
can be explained directly by means of these curves. For
example, in Figure 11-5 for sample size 82, sample averages
can be expected to fall within the interval from 156 to
210 seconds or 25 percent of the time. Moreover, 50 percent
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of the sample averages can be expected to fall between 156
and 277 seconds, and 90 percent between 110 and 416 seconds.
Thus, the measured delay agrees statistically with the spaced
arrivals model. To disagree (at the 5-percent significance
level), the measured sample mean would have to be below

110 seconds or above 416 seconds.

This analysis of the distributlion of sample averages
may not have been made before. A very important conclusion to
be drawn from this analysls is that cueulng operations (either
8imple queues like first-come, flrst-served with constant serv-
lce, or involved models 1llke spaced arrivals) may have sample
averages with such a broad distributlion that tests of a queulng
model with sample averages of delay from observed data must be
treated wilith extreme caution before any conclusions can be made
regarding the valldity of the model.

What does all this mean as far as airport operatlons
are concerned? TPFirst, 1t indicates that if the airport opera-
tion follows perfectly the rules of the spaced arrivals model
for mixed operations on a silngle runway, sample average delays
gshould fall withain the large ranges described. However, such
wide varlations in sample averages are not likely to be found

at airports. There are three principal reasons for this.

Local pressure factors are used.
Model 1s neot rigidly followed.
Steady-state conditlons have not been reached

Any particular sample of alrport operatlons consists,
as we have seen, of busy pericds and slack pericds. Durlng the
busy periods, the airport controllers can be expected to react
to the pressure factor that reduces delay, during the slack
periods this pressure factor is relaxed. The simulation model,
however, used constant factors for all perliods--busy and slack--
that were determined from busy-period data. Thus, the variation
in pressure facfor by the controllers could be expected to reduce
the spread of sample average delay.
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The high sample averages that the curves indicate
as occurring quite frequently must involve large departure
gueues so that the sample mean achieves a high value How-
ever, 1t is a fact that whenever a local busy period for
departures occurs, the controllers may occasionally delay
arrivals (for example, by path stretching) to get departures
off, thus reducing their delay. This changling of fthe rules
does not happen 1n the rigid simulation model. Thus, in
practice, the occasional delay to arrlvals tends to reduce
the long delays that would be expected to happen to depar-
ftures Such action by controllers hag been observed at sev-
eral airports.

As was shown i1h this section, perhaps hundreds of
operatlons are required to achleve a steady state &t the
higher utilizations The simulation model for Miaml shows
that for a sample size of 82, the average delay to be expected
is 230 seconds, not the steady-state answer of 274 seconds.
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XI¥Y., DERIVING MATHEMATICAL FORMULAS

Thigs section presents the mathematlcal derivations
of the formulas Their applicaticn has been discussed 1n

previocus sections
The discussion i1s prezented i1n three parts

a Departure Delays i1n Mixed Operation on
Single Runway

B. Departure Delays and Capacities on
Departures-0Only Runway

ies

C Arrival Patterns, Delays, and Capacl

. kgt ¥ o < ER S 3] o LY Sy

A, DEPARTURE DELAYS IN MIXED OPERATION ON SINGLE RUNWAY

This section presents two sets of formulas for
delays encountered by departures when landings are using the
same runway and are being glven complete priority over depar-
tures. One set of formulas i1is for when arrivaing aircrafts
are spaced in a certain fashion, the other set 1s for when
arriving airecraft are tightly sequenced in queues. Although
the formulas describe the distrlbution of delay, only the
average delay 1s explicitly derived--and this only for sus-
tained operation at an average rate below operational

capacity.

1. GENERAIL. CONSIDERATIONS

In mixed operations (landings and take-offs) on a
single runway, landings are normally given ccmplete praiority
for use of the runway Departures must thus be released 1n
the i1ntervals between landings, where the pattern of such
intervals 18 determined by the sequenceg of landing aircraft

g2 1f rnna dernartiirea weres nrecont ATtk ok M1ty o
Go 44 L0 UCpal Lul'cb woil'C plrcoCilu S bllUURND ol pOLUL Uy Lo
ocecasionally withdrawn to permit the release of an excessive

183



departure queue, we shall in the following analysis lghore
this occasional procedure, Indeed, with the 1nerease in use
of radar approach control, the natural tendency i1is to use
approach control to achieve a wider spacing of approaching
landings and 1ntervals of sufficient size to release waiting
departures. This way of spacing landings 1s very important
in making the most efficient use of the runway, that is, 1n
minimizling the average delay to both landing and departing

aircraft,

a. TIME INTERVALS BETWEEN LANDING ATIRCRAFT

We must thus focus attentlcn on the time intervals
between landing aircraft. A convenient reference point is the
approach threshold of the runway. When a landing passes over
this threshold (OT designates "over threshold"), there begins
an interval R {runway cccupancy time of the alircraft) that
terminates when the aircraft turns off the runway (OR). This
1s followed by a time interval G (possibly C in 1ength), com-
mencing at that instant and terminating when the next airceraft
approaching to land is committed to land, This time of com-~
mitment 1s evidently not a completely precise moment, even for
a single alrcraft, since at z potential exchange of safety, an
airecraft may be viewed as committed sooner or later., Plots of
time i1ntervals befween landing aircraft that were actually
observed exhibif{ such commitment intervals C. This interval
begins sometime prior to the time that the aircraft crosses
the threshold and terminates at OT It is typically short for
light or highly maneuverable aircraft, longer for less maneu-
verable aircraft (older piston-engine commerclal carriers),

and qulte long for large Jjets

If we denote by A the tetal time interval between
runway threshold crossing by two successive landing aircraft,
then A 18 the sum of the intervals R, G, and C,

A=R+ G+ C,
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Although the fthreshold 1s the natural reference point
for describing these intervals, for purposes of analysis, it
1s more natural to shift the origin to the time that the air-

craft turns off the runway
A =G+ C+ R,

The primary reason for this 1s that neither durlng
the Iinterval C nor durlng the interval R can a departure be
gafely released, Generally, we need not even consider C and
R as separate intervals as far as departure release 18 con-

cerned Accordingly, we shall denote the sum of C and R by 3,

B=C+ R
so that
A= 3+ B,

Plots of the intervals A are shown in Flgures G-12,
9-13, and 9-1i4. Purther discusslon of the nature of the inter-
vals A will be found in paragrapvh C of this section As we
know, the i1nterval G ls the most difficult to account for ade-
quately, or it contalns the effects of several factors
1. The minimal separaticn, in addition to C,

required between two arriving aircraft when
the following alrcraft 1s on final approach.

2. The effect of deliberate spacing of aircraft
by apprcach control (particularly under IFR
conditions) and by pilots.

3. The basic time pattern of demand fer landlng
clearance i1s acted on by appreoach control and
final separation requirements to produce the
intervals A
Departure delays are alsc sensitive to the nature cf
the intervals G, since departures cannot be released safely 1n

intervals G that are too short

b TWO TYPES OF INTERVAL &

The formulas for departure delays developed in fthils
section apply when the intervals G are of eilther but not both
of two types
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(1) POISSON DEMAND FOR LANDING CLEARANCE
WITH NO DEPARTURES RELEASED IN FRONT
OF DELAYED ARRIVALS

In this case, G = 0 when 2 landing aircraft has been
delayed by a landing azrcraft ahead. Otherwise G has an
exponential distribution with & mean equal to the average time
interval between arrivals The interval C may be enlarged to
include the total separaticn between two landing aircraft when
the second isg delayed by the first,

(2) BSPACED ARRIVAL AT THE THRESHOLD G OF
EXPONENTIAL DISTRIBUTION

This 18 a form of separation in addition to C where
the intervals A are assumed statistically independent. The
general effect 1s to produce a mcre regular pattern of arri-
vals at the threshold than in case 1, and lower departure
delays. Data from observaticns made of current operations at
alrports suggest that case 1 characterizes actual landing pat-
terns, but that case 2 gives better agreement between observed
delays and those predicted by the formula developed below,

The reason for this anomaly may be that the intervals G are of
neither type, or that, though case 1 1s correct, the steady-
state conditions assumed by the formulas were not achieved

during the actual operations observed

Mathematically, case 1 18 a special case of 2
Accordingly, the discussion will now proceed for case 2. At
the end of the discussicn the solution for case 1 is easily

derived as a special case

c REQUIREMENTS FOR DEPARTURE RELEASE

In addition to the obvious reguirement that the run-
way be clear of aircraft, there are definite requirements that
must be fulfilled before a waiting departure can be released
One 1s that sufficlent time clearance exlsts before the next
oncoming landing is committed toc land.
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This clearance, which we call "departure to landing

clearance,"

1ls required to achieve communlcation of release
between the controller and the departing aircraft, but mostly
fo allow the departing aircraft time either to clear the far
end of the runway or to be at least sufficiently airborne that
1t is no longer committed to the runway. Obviously, safety is
an impertant factor 1in determining the value of this clearance
a3 1s controller skill. We denote thils required time ciear-
ance by Sl' Sinece no departure 1ls released in the interval B,

the release requilrement for departure to landing clearance is
G > Sl‘

When, as often happens, more than one departure is
reieased in a single Interval G, the second departure is
released in some remainder of the orliginal full interval .
We shall for simplicity refer tc any such remaining residual
of a full infterval G as also an interval G.

The interval Sl can vary depending upon the type of
departing aircraft and 1s guite long for large Jets and aircraft
requlring long runway ocecupancy time prior to the beginning of
their roll In the following analysis, provision 1is made for
such variation among aircraft of the departure pcpulaticn

Numerical determination of Sl is described 1n Appendlx A.¥

d. DEPARTURE TQ DEPARTURE CLEARANCE

Before departure clearance there must exist a suf-
ficient time separaticn 82 since release cof the last departure.
The value of 82 may depend upcn the i1dentity of both the last
departing aircraft and the one to be released, particularly
where the chief purpose is to prevent post take-off route con-

*¥ In Appendix A the gquantity Sj11 1s calculated to satisfy the
requirement G + ¢ > S31 ¢r G » 817 - c¢. In the above text
G > 51, Sl can be approximated from Appendix A by the rela-
ticnship Sl = S11 - C.
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Tlicts between aircraft of very different veloclties How-
ever, the value of S2 usually may be made to depend primarily
upon the identity of the aircraft to be released We assume
this in the following analysis

With respect to both of the clearance requirements
discussed, nocte that in practice they will not necessarily
be met as precisely as the statement of them might imply
The departure to landing clearance 1n particular i1s often esti-
mated by controliers in terms of distances or positions of
approaching landings rather than times However, the experil-
enced controller probably learns what time intervals go with
what positions, especlally since times are of essential impor-
tance from the standpolint of real safety The clearance
requirements stated here are poslted as ncrms and are consls-
tent with safety and other operating requlirements.

e. DEPARTURE INPUT

By "departure input" we mean the set of times at
whlch departing alrcraft report themselves ready to go. This
means that 1f the alreraft azre immediately cleared for depar-
ture, they will take off lmmediately These times show a caon-
slderable fluctuation desplte any regularizing effects of
scheduling departures because cf guch factors as lateness of
commercial flights, variation 1In time used 1in getting to the
warm-up pad check-out ftime, and nonscheduled aircraft in the
departure population Measurements of actual ready-to-gc
tlmes display a perfectly random set of the familiar Poisson

type.
T. MEANING OF DEPARTURE DELAY

The basic noticon of runway delay for a departure is
the time spent waltlng once the departure has requested run-
way clearance for take-off., Sometimes this delay is expended
entirely while the departure 1s walting coff the runway. In
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Finally, the method of analysis may also be uged %o
calculate delays even under sustalned overlcads though no

equations or numerical values are glven

2. QUANTITATIVE ANALYSIS OF DEPARTURE DELAY

ILet us trace what happens to a departure that becomes
ready to go (RG) at some time ¢t We can simplify this by
noting that when any departure 1s released, nc further depar-
ture can be cleared until a special interval K(Sl’ 82) has
elapsed-

a If So terminates in an interval G, then
K(s1, Sz) = 32,

b. If 82 terminates in an interval B, then
K(S1, S2) = 82 + the remaining time to
the end of this interval B

We can now define the time spent by a departure that

bhecomes ready to go at some time t as follows,

a. A wait Wp occurs until the end of the
interval K(Si, Sp) of the last of all
preceding departures Wo may be O.
We shall use wp(x, t) as the density
distribution of values of Wg = C.

b If Wo = 0, a wait Wi untll a first inter-
val G ccecurs Wy and Wg may both bhe 0.
We denote this probability by p(t). We
shall use wi(x, t) for the density distri-
bution of values of Wi = 0. The exastence
of any such value automatically implies
that Wop = O

c, When both waits Wp and W) have been endured,
the controller may entertain release of our
departure There now begins a further wait
We(Sy ) until an interval G = 31 first occurs,
at which time Wo (81 ) terminates. Wo(S7)
may of course be 0. We shall use WQ%KIS )
for the distribution function of Wp (87) and
Wo(x|81) for the density distributlon of
positive values.

d. Once release occurs, the interval K(Si, Sp)
is determlined for this departure We shall
use KEXISl, Sgg for its distribution function
and k(x|31, S2) for the density distrlbution
of positive values
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Clearly the total walt of departure w(tlsl) is the
sum of the filrst three walts; fthat 1s,

w(t[sl) = W, (t) + W (t) + Wy(s).

We shall find separately each of the terms 1in this
sum. It 1s most convenlent to beglin with Wg(Sl), take up the
interval K(Sl’ 82), and then compute wo(t) and wl(t). The
interval J(Sl, 82) = we(sl) + K(Sl, 82) is of special signifi-
cance since 1t 1s the nearest thing to a service time for a
departure.

The remainder of thls paragraph 1s wrltten for the
mathematlcal reader and may be omitted by those not famlliar
with the termlinology.

a. NOTATION FOR POPULATION CHARACTERISTICS

We use the following notations throughout

A(t) = probabllity (A = t),

e-8t = probability (G =t),

B(t) = probability (B =1t),
fé; = average arrival rate of landing alrcraft,
A2 = average departure rate,.

b.  INTERVAL Wo (S1)

This interval always beglns 1n an Interval & and
ends in the first interval G (possibly the same one), which

is = 3 Hence,

1-
= 1
we(olsl) e
and for t=0.

n

w2(t|sl)

S

- 1 -

e~851 E JQ ge 8 bt - x)
n:
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These relationships are conveniently summarized in
Laplace transforms. If we let

o0
wy(8l8, ) = jo‘ ™% aw,(x),

then
5 -g5 -(g + 8)81 -
wg(elsl) =e &2l 11 - (1 -e } a(§)
We use the followlng notaticnal conventions through-
out:
For any function F(. x .. ), (.. .8 L)
denotes fo-o o~ Ox dr( . x .)
o
For any function Fl( b I fln(. . )
(o 4]
denotes J° %" dFi( e X e )
o)

Thus, W21(31)’ the average value of Wg(Sl)’ 1s:

- g31 _ -
WEl(Sl) = a; [e 1] 54

When S1 varles among the departure populatlon, we
denote by W, the expected interval WB(Sl)’ the expectation
being taken over the distribution of S

also have an average numerical value W

In that case, we

7
o1 of the interval w2.
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c. INTERVAL K(Sl, 82)

Actual observations as well as general considerations
indicate that ordinarily in single runway operatlon

B + Sl== 82.
As a consequence,
K(x; 51> 82) = 0 for x = S,
) _ -g(82 - 581)
K(SE’ Sl’ 82) e

and for £t = SE:

min [t - 5, *+ 8,, 8 ] _ gS
k(elsy, 8,0 = S 20 L R e ¢y S x)ax e T

5)

If we let
- _ o0 _-Bx
k(GISl, S,) = .g e dK(xISl, S5 )5

then
-83 - -
k(éISl, 5)) = e 1 [?(9) ‘e (g + 8)(8, - 5)) [1 i a(§ﬂ]

g. INTERVAL J(Sl, 82)

If we denote the density and the distrilibutlion func-
tions of

J(8y, 8,) = Wo(8,) + K(8;, 8,)
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by j(xlsl, 82) and J(xISl, SE), respectively, and 1f we let

then

J(8]sy, S5) = Wy(8l8;) k(BIs,, S,).
For average total delay, the following are needed:-

&8 |
(=4

» { o n\=‘_ 1_4_g82_|
5y (8, Syl =ape T |l-e 7

108, 8,) ay gsl[ —gS] (8, - 8;)
H2rm1r T2l 2 _ 2] _ 2 1
jl(sl, SE) wEl{sl) +==e Ll e | a;S.e

e INTERVAL J

When Sl and 82 vary congiderably among the alrcraft
of the departure population, 1t can become i1mportant to aver-
age the 1nterval J(Sl, SE) over the population of values of

5; and 85. If U(Sl, 82) denotes the Joilnt distribution fune-

ticon of Sl and 82 among departures, we then write formally:

3(x) = 4 o Iy, 8p) auls,, 8y).
1’ 72

In practice, alrcraft that require an abnormally
large value of 82 wlll probably require a larger than average

value of S1
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f.  INTERVAL Wy {t)

The denslty wl(x; t) will be found to satisfy the
foliowlng differential egquatlon:

x + dt, t){1 - Rgdt) + p(t) g dB(x)

wlfx, t + dt) = wl(

For large t thls approaches
0 = ag-wl(x) - ngl(x) + g p bi{x)
which 1s
0=1(6-n) wi(B)+ A W,-gp [1 - b(éd]
From this we find two results that wlll be useful

AW, = gb P - Wpg

AW

oWip = 8byp - 2W

11

. MAXTMUM UTILIZATION

As a necessary condition for wl(t) not to become
large without bound as t becomes large, we find by direct
analysis that

A < 1

2d1

Thus, h,J; can be termed the departure traffic load (or utili-

zation).
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h. TOTAL WAIT W OF DEPARTURE

Az the length t of operatlon becomes large, the
walt W(tlSlJ has a limlting value W when k2j1<= 1. Denotlng
by W{x) the dlstributlon functlon of w(tlsl) averaged over

values of S wWe have

1.’

w(e) = {p +w (e) + wo(e)J Wy(8).

Consequently, the average total walt W, of a depar-

1
ture ls given by

Wy = Wyp + Wyy F Wpy

ApJo bo

3 POISSON ARRIVALS

Farlier we stated that from thils solution we can
obtain, as a special case, the delay when the demand for
landing clearance is Polsson and no departures are released
in front of delayed arrivals. We now consider thls case.

Ignoring departures, the arrival operation becomes
a simple single-server queulng operation The 1nterval C + R
can be taken as the total time separation at the threshold
between two successlve landings when the second landing is
delayed by the preceding alrcraft For reasons that will soon
be clear, we prefer tc denote the interval C + R by H, and
1ts nth moment by h .

The landing arrival rate will be denoted by hl, since
the interval a; of case 2 (discussed earlier) will receive a

different interpretation
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The arrival operation now divides 1tself into an
alternation between 1dle and busy periods. An i1dle perlod I
begins when an arriving aircraft turns off the runway 1f the
next arrival 1s not delayed. The i1dle period ends when the
next arrival reaches a time H prior to turning cff the run-
way (that 1s, enters service). A busy period begins at the
end of an 1dle period I and ferminates at the beginning of
the next 1dle period I. Thus, a busy pericd ccngists of a
sequence of one or more landings each of which {except the

first) 1s delayed by the preceding landing.

We may now choose the interval B cf case 2 as such
a busy period--that 1s, as a gequence of intervals H--since
no departure 1s released between twe landing alrcraft, the
second of which 1s delayed, Conseguently, the interval A of

case 2 must be taken as

An 1dle periocd I has an exponential probability
distribution with an average length a4 Busy periods B have,
however, dlstinctive distributions that can he derived from
the distrabution of H. It may be shown from queuing theory
that

b(3) = fome‘ (9 * [l - b@]) x dH(x)

where H(x) 1s the probability (H = x).
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As a consequence 1t may be verified that

1 1 -p

(1 - p,)3

where Py = thl 1s the landing utllizatilon.

Accordingly, we may stlll use the formulas derlved
in paragraph B for case 2 1f we also substitute hl for g in

addition to the above changes for bl and b2.

This lmplles that now

1T T a1 - oe1)

2a n o
= b, +—== 2 +

g (1-p3)3 22(1-0pp)

The expressions for W,, (Sl), 34 (Sl’ 82),

do (s

—= S2) and W, become

lJ

S
s ]

(L - pp) B

Wa (8)) =

NS -718
o [, | e

(1l - p1)

3,(8y,8,) ==



?\EJECSI’ 82) 7\1 1’12

+
1 21 2 1 - A 515 5,) o(1 - 91)2

231 (31,
To apply these formulas to taxiing aircraft crossing
an actlve runway, We use tne pre-emptive Polsson arrivals
model by letting Sl = 82,
service time with Sg (and moments 821, 522) and the high-

and .dentifying the low-priority

priority service time U with S, (and moments S,.s 812), we

cbtaln, after averaging over Sg(t),

Wo(8y) = hl(I - pl) - Spq
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B. DEPARTURE DELAYS AND CAPACITIES ON
DEPARTURES-ONLY RUNWAY

1. AVERAGE DELAY UNDER CONSTANT TRAFFIC LOAD

When a single runway 1s belng used for departures
only, a fairly simple formula results for average delay when
operating conditions remain at a constant average traffic
locad below the capacity of fhe runway. Under such conditions

the average delay W. per aircraft departing, expressed in

D
units of the average minimal departure separation time, may

be estimated by.

Wd = average departure delay =

(1a)

2(1 - p) [1 + 02] separation times

where p = utilization = (rate at which aircraft depart) x
average mlinimal tlime separation between two departing alir-
craft = A8
separations 821 allowable between releases of departing air-
craft, that i1s, C = U(S)/Sl.

517 C = goefficient of varlation of the minimal time

Ancther way of expressing the variability of the
service time S21 1s in terms of the Erlang K factor where

K= gstandard deviation

5112 1
“le(2) =—E§

(mean gservice time )2
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The expression for average departure delay in this

575 f ) (1 +-i%) service times. {1b)

Whern the minimal time separations S are constant
for all departing arrcraft, ofS) = O and, therefore,
C =0 and K =00, Thus the delay 18 less than when differences
1n c¢haracteristic c¢laimb-path velocities, runway occupancy
times, or other reasons vary the values of S considerably
among pairs of departures Tne measured valus of Cg 18 8¢el-
dom greater than C.17 for typical mixtures pregent at air-

worts.

An alternative form of equation la glves the delay

directly in time units

2e
W, =7 (1c)
d 2(¢ 7\821)

S
Here 822 1s tne average value ol the square of the

minimum departure to departure separation times

In formulas la and 1lb, the utilization p 1is

expressed as a fracticn of capacity. That 1s,

p = utilization = 1
(2)
1
capacity = 3 alrcraft
21

2. MODERATE SURGES IN THRAFFIC LOAD

Most airports encounter periods when the traffac

load p 18 typacally greater than at other periods i1in the day.
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Aithcough formulas la, 1b, and lc¢ may not then cor-
rectly predict delays to aircraft, they nevertheless aflord
a sound basis for determining requirements for runway capacity,
This 18 particularly true for long-range planning, since there
18 econcmic pressure on commercial air traffic to aveid sched-
uleg producing severe peaks 1n the traffic lcad. An altera-
tion of only a few minuftes 1n departure schedules reduces

these peaks,

The formula 1tself (and other average delay for-
mulas 1n this report) allow for considerable fluctuation in
short pericds of the actual lcad because the ready-to-go-
times of departures have a Poisson distraikbution., Table 12-1
1llustrates magnitudes of fluctuations from average load

tolerated by the above formula.

TABLE 12-T
AVERAGE TOLERATED LOADS

Actual Number cf Departure

Ao = Average Number Requests per Hour

of Departure Requests Middle Middle
per Hour 50 Percent Range 90 Percent Range
10 8 to 12 6 to 16
20 17 to 23 14 to 28
3¢ 26 to 34 21 to 39
40 36 to 44 30 to 50
50 45 to 55 39 to 61
60 K5 to 65 48 to 72
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A 10-hour periocd, during which a total of 10 RQ alr-
craft depart, might easily consist of the following hourly

number of departures occurring 1n any single hour

Departures by Hour

10 A, 1 2 3 4 5 & 7 8 9 10
100 17 11 6 7 10 5 9 12 13 9
300 34 24 19 32 27 29 36 42 28 29

Such patterns of variation are incorporated in the
derivation of the above delay formula as long as the average

load p 18 less than 1.

3. DETATLED ANALYSIS OF VARYING LOAD

When the traffic load varies greatly with the time
of day, rising to a high peak (several times the average load)
at certain typical hours, and perhaps exceeding the capacity
of the runway, then tne above formula for delay may noet be
gufficiently informative. In that case 1t may be necessary
to fermulate in complete detail equations for the probabili-
ti1es of delay of all magnitudes. These eguaticns are presented
nocw, beginning with a mathematical account The disinterested
reader may omit this and skip from here to Praimary Effect of

Overloading.

4, DEFINITIONS AND ASSUMPTIONS

We divide the pcocpulation of departing aircraft intoc
those classes that generate very different departure-to-
departure minimal tolerable separation times (for example,
large gets versus light aircraft, classes determined by length
of common clzmb path, or post take-off route differences).
Denoting these classes by L1, J, ete., let S1J denote the
minimal separation time allowable when an aircraft of type

follows an aircraft of type 1 Thase time separations SlJ
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th

are measured from start-roll of the = aircraft to start-

r0ll of the 3% aircrart

It 18 mathematically convenisnt and not unrealistic
to assume That SlJ varlies from one individual pair of air-
craft to ancther i1n the sare 1 and Jg classes, Moreover, we
muist recognize the possibility that SlJ depends upon the time
t at wnich the ;th aircraft becomes ready to start-roll sc as
to cover the pressure factor change in SlJ with change 1n the
departure movement rate. Therefors, we replace SlJ by SLJ(t)
to denocte this time dependence, and for faxed 1 and ] we
treat Slj(t) as a randor variable  Accordingly, we let

S (x,t) = prooability {S (£) = X}. (3a)

1o 12

L)

A1l values of SlJ(t) are assumea to be statistically
incependent. For mathematical convenience we shall, however,

work with the "imputed” density function

le(x,t) = probable aensity {SlJ(t) = x} (3b)

which may contain integrable 1wrpulses at jumps of Sl“(x,t)
J

The rate at which departures of type 1 become ready

to start-roll at tzmre t will be denoted by

average departure demand rate for aircraft of type 1,

(3¢)

=
e
ct
e
Il

>
—
ot
~—
Ik

average departure demand rate of all aircraft.

This 1s assumed to be & Poilisson process for air-
craft of each type and for azrcraft of all types (not neces-
sarily stationary) tnus, for example, the number N(tl,tg) of
all types of departures beccming ready to start-roll between

tl and t2 nag the probability
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If we let

and

these equations are summarlzed as

st(e,t) = [e -a(t)+ A(t) S(§;t)] w(€,t)- 6 Wlo,t) (8)

Equation 7 constitutes a scheme that can be solved
for specified value of W(x,o0) recursively in t by numerical
computation A detaxled procedure for dolng this on a high-
speed computer 1g included a2t the end of this sectlon The
golutlicon permits tabulation of waiting-time probabilities at
any time t¥

6 PRIMARY EFFECT OF OVERLOADING

By direct inspection of equation 7 we may find the
primary effect of overloading

let wl(
arriving at time t. Then

t ) be the average delay of an alrcraft

%Ewl(t) = p(t) - 1 + W(o,t) (9)

* The special case when all S(t) have the same value was com-

puted for typlcal overloads, and is repcrted by H. P Galliher

and R, C Wheeler, "Nonstatlonary Queulng Probabilitles for
Landing Congestion of Aircraft," Operations Research,
March-April 1958.
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p(t) = Mt} x (average minimal separation time at ¢)

traffliec load at time t

]

When the typical overload occursg sharply and 1s sus-
tained at a constant rate above capacity, the average delay
tends tc lncrease in time at a rate which, though initially
larger than the excess load by W(O;t), finally equals the
excess locad. Since W(0,t) decays rapidly with high overload,
its effect may be lgnored for such approximate arguments,

For example, 1f the average delay was 2 minutes Just
prior to a peak hour, the average delay at a peak-hour utilil-
zation of 1.2 will increase about 0.2 X 60 = 12 mlnutes per
hour, reachlng an average of 14 minutes delay at the end of
an hour., For time-dependent delay, this approximation 1is
quite close to the exact increase in delay presented.

Denoting the varlance of W, by de(wt), we find that
2 2 2
Se o (W) = A(t) ;c [S(t)] + 8,°(¢t) ‘- 2W(0,t ). (10)

Thus, as W(0,t)—0, the variance of the wait

Inecreases without bound.

The effectiverness of compresgsing separation times
can alsc be geen 1n equataon § If an increase 1n
AMt) to A*(t) 1s matched by a change in S(x;t) to 3$*(x,t) then

A(t) 1 - 3%(6,t) = r(t) 1 - S(e,t) . (1la)

The delay will nct be affected by the increase 1in
r(t). Another requirement implied for S*(x,t) i1s that

il
>
—
Py
p—l
]
-
t
S~

A*(t) S*(t)
1.e., p*(t)

(11b)

i
J
——

[
p
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This requlirement cannot, however, usually be met for high
overloads,

7 SUSTAINED OPERATION

When At ) can be approximated by a constant A,
and Sij(t) by random variable SiJ that does not vary in time,
the asymptotlc solutlon (for large t) of equation 8 becomes

1l -p
e - A 1-s(e)]

(12)

w(g) =[

By algebraic analysis we find that

AS

2
W. = average delay = ——m——r
and
AS
2 _ _ 2 3
04 = variance of delay = wd + gfi—:—gj—
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c. ARRTVAL PATTERNES, DELAYS, AND CAPACITIES

Twe theories are presented and discussed Polsson
arrivals and spaced arrivals

1. CONCEFT OI' ARRTIVAL DELAY

To give meaning to the term "delay,"

it is necessary
to establish what would be the arrival times of aircraft if
delay did not cccur. Delay is then the difference between
gsuch potential arrival times and the actual arrival {ime.

For departures, the potential departure taimes can be quite
accurately determined from the Times at which requests for
take-off c¢learance occur. For arrivals, however, no such
determination can be made. Furthermore, delay itself cannot
be readily computed, since 1t 18 usually consumed 1n maneuvers,

and sometimes at a considerable distance from the airport.

We are thus forced to establish potential arrival
flmes by theoretical argument which limits us to deducing the
amount of delay. These deducticons can be checked against com-
mon experience grossly, and the theory can be checked Tor time
patterns in which arriving aircraft pass a fixed polnt such as
the runway tThreshold, etc

2. POTENTIAL LANDING TIMES UNDER AMPLE EN ROUTE CAPACITY

When the volume of air traffic between alirports does
not seriously strain the capacity of the en route alrspace or
approach zone, 1t would appear quite safe to assume that poten-
tial landing times are Poisson (with possibly a time-varying
average rate). As long as sufficient altitude assignments
are avallable to accommodate aircralt traveling on identical
lanes, the many altitudes, the many remote orilgins, and the
variable departure times and en route fimes make the potential

arrival times independent and produce a Poisgson pattern.
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3. ACTUAL LANDING TIMES

Delay occurs only because the potential landing
time of one aircraft is too close to that of another. The
trailing alrcraft must establish a separation in time from
the aircraft it is follcowing. This separation time extends
In front of the trailing aircraft and is analogous to serv-
lce tlme 1n queuing operations. It also limits runway
access to any third tralling aircraft A third aircraft
must establish, in turn, a separation time behind the sec-
ond.,

Thus, actual seguences of over-threshold times Ly
successlve alrcraft will cconslst of a set of times for an
aircraft gueue, all but the flrst of which has been delayed
by the alrcraft ahead, and a passage time of an aircraft
that has not been delayed--that is, whose potential landing
time was later than the over-threshold time of the last pre-
vious alrcraft by more than minimal separation time

If the inter-threshold time separatlicns are governed
by regulrements of separation beyond the threshold (for exam-
ple, on the runway), then passing the threshold is analogous
to start of service 1n a queue. However, 1f requirements of
separation on final approach dominate, then the over-threshold
fimes are analogous to the service times for completion cof a

queue

This report shows plots of the time intervals of
successive aircraft 1n passing the threshold, these data
ware observed at a number of airports The plots 1ndlcate
that the tlme patterns observed are very similar tc those
for completion of service The following are formulas for
such service times in the ideal case of a Poisson-fed queue

with indepsndent service times
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L, INTER-QUTPUT AND INTER-START SERVICE TIMES IN
POISSON-FED QUEUE

a. INTER-OUTPUT INTERVALS

Suppcse a single-server gueuing operation is fed by
Pcisson arrivals with mean rate A, and that service-time B 1s
statistically independent with probability-density b{t) and
nth moment bn' The tilme-interval I begins when one unit
finishes service and ends when the next unit finishes serv-
ice. This interval is the inter-output interval. As inter-
val I beglns, either of two sltuations arises

1. Another unit i1s waiting to pe served. The

probabllity of this we denote by p (in this
case the interval I is & service-time B).

2. No unit 1s waiting to be served. The prob-
ability of this 18 1 - p and the interval T
exceeds a service time by an interval G (the
next unit arriving at the end of G).

If we denote by f(t) the probability-density func-

~tlon of interval I, fthen

Imposing the requirement that the average value of
interval I be equal to the average interval 1/A between
arrivals, we find that

P = Rbl = p = utdlization.

A more useful formula 1s

G(t) = prob (I < t)
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and this will be found to bhe
£

G{t) = ,[ b(x)dx + (1 - p) et Jr X b(x)dx.
t

0

Crdinarily, B has some maximum value Bmax (particu-
larly in thas appllcatlon to aircraft). Consequently, for

t> Bmax’

Wwhere

¢ = (1 - p) jre%x b(x)dx.
0

If we were to plot observed values of G(t) on semi-
logarithm paper, we would find that for values cf © > Bmax’
G(t) 1s 1deally a straight line, with a slcpe equal to the
arrival rate (This linearity also occurs when the inter-

vals B are of exponential distribution.)

b. ERLANG TIMES B

When the service-times B can be approximated as
Erlang intervals, G{t) takes on a form that can be tabulated
numerically. When

b(t) = uf e¥ e - 1)
_k
by =7
G(t) takes the form

k-1

-a -At &= -a

G{t) = E: ai e l/Jl + U_-p)—iiu——jz z: ag e %/Jl

j‘:O [l—p/k] 'j__-k
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where

a; = ut and a2, = (4 - At

For Erlang intervals B note that e¢< 1. This is
displayed in the graphs, for

&0

/ e*® p(x)ax = (W - V¥ = (1 - p/k) K< (1 - p)t
G

We shall return to thls polnt later.

c. INTER-START SERVICE INTERVALS

Consider the interval Il that begins when one unilt
begins service and ends when the next unlt htegilns service.
As Il begins, let g denote the probabllity that in addition
to the unlt beginning service, still ancther unit is walting.
If we let e(t) denote the probability-density function of Il,
we then find that

t
a b(t)+ (1-a){(1-eP) b(t)-+jrb(x) e X e ME-X) gyl -
O

e(t)

I

t
+ (1 - q) he T Jr b(x)dx

0

=b(t){1 - (1 - q) e

When we requlre Il to have an average value of 1/A,

4
(L -q) =(1-p er MKy ix)dx < 1
Q
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If we denote by H(t) the probability that 1% > t,
we find that

o 4

H(t) =_/‘ b(x)dx + (1 - q) e_%th/k b(x)dx

t (o)

For t > Bmax’

H(t) = (L - q) e ¢

that 1s, lilnearity on a semilogarithm plot.

d. ARRIVAL DELAYS

When arrivals at a single runway are Polsson, the
delay may be computed exactly as it is for departures. Since
the inter-output curves for arrivals (Section IX) agree with
the hypothesis of Poisson input, thils can be an effective
method for estimating arrival delay. Therefore, the reader
18 referred to paragraph B of thls sectilon.

5. SPACED ARRIVALS (RENEWAL INPUT WITH EXPONENTIAL GAPS)

Tne theory of Polgson queulng of arrlvals assumes
that the runway 1s the first polnt at which arriving aircraft
conflict with each cother. That is, it assumes that the flow
of alrcraft toward the point where final apprcach begins 1s
essentially uncongested flow

Projected increases 1n traffic volume will make thls
assumption less valid 1n the future. Moreover, 1t is nct so
true today of IFR operatlon, in which traffic backs up beyond
the approach =zone Flnally, increased use of apprcach control
wlll tend to dlscourage sharp gqueulng before landing.

Consequently, 1t was thought desirable to develop
an alternative theory of arrivals with a scmewhat greater
regularlty of arrival flow to the threshold. During high
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movement rates, such a theory i1s particularly necessary to
avold the excessively high delays encountered by departures
when arrivals occur in Polisson gueues. Even 1n cperations

at present-day rates, when an excessive number of departures
are waiting, there 1is a tendency to space arrivals to release

departure congestlon.

The theory that we now present has already been
used 1n thils report to compute projected capacities for var-
ious ailrport configurations and aircraft populations. It is
not a theory of arrival delays, though it does provlide a basis
(not @eveloped in this report) for evaluating the net capaclties:
of the airway-approach-alirport complex to move alrcraft. It
also provides a means of evaluating the airport's contribu-
tion to such delay--that 1s, the landing runway, when the
runway 1s studled 1n conjunction wlth approach and en route
control. Such a study was beyond the scope of this project.

Finally, the theory to be presented affords a basls
for predicting departure delays and capacities that have
proved qulte satiafactory.

a INTER-THRESHOLD TIMES

We assume that the interval A hetween the passage
of the threshold by one alrcraft and the next such passage 1s
the sum of two intervals B and G.

where B exceeds the time R from threshold to turn-off by an
interval C, and where G has an exponentlal distributilon.

The interval C may ordlnarlly correspond to the
normal minimum commitment time of the aircraft that 1s to
land next. The interval G is essentilally an error-type inter-
val, which includes the effects of all other varilables, such
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as potential landing times, lagging of delayed aircraft by
pi1lots, effects of apprcach contrel, etc.

Values of R, C, and G are assumed to be statistically
independent, and for pericds of time they are assumed to have a
common distraibutlion. During such periods of time

1 1
Ez-_ average vailue of & - average arrlval rate

1s assumed to be constant. Such an assumption wilill not tol-

erate as wide a varlation from the average of the actual num-
ber of arrivals durlng sub-intervals of the period as 1s tol-
erable under the assumption of Polsson arrivals. The reason

for this 1s that interval B produces a regularlzing effect.

b. CAPACITIES

The response of B to pressure has been noted. As
al decreases, the average value bl of B decreases. HExcept
for this response, all of the decrease 1n a4 would have to
be accomplished as a decrease in l/g (the average length of

the interval G).

However, 1t is likely that there are limits as to
how much decrease in @ can be achieved., Consequently, l/bl
should not be considered the ultlmate capacity.

For example, in automobhile trafflc this renewal
model fits the observed traffic flow, but the same warnings
about capacity are substantiated. In a single-exXpressway
13 3 seconds. Theoreti-

lane, b, 1s about 1 second when a

cally, %hls implies a lane capa01%y of 3600 vehicles per hour,
whereas flows of 1800 vehicles per hour are exceptionally high
in practice. This suggests that l/g has a minimum achievable
value of about 1 second--about equal to bl' As higher vehicu-
lar flows are attempted, there 1s a ftendency for the flow to

break down from a smccoth flow to shockwaves.
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c. PRCBABILITY DISTRIBUTION OF INTER-THRESHOLD
TIMES

Denoting the probabllity densities of A, B, and G,
respectively, by a(t), b(t), and ge-gt,

a(t) =d[
0

The more convenlent equation 1s that used for
Q(t) = the probability that A > t. This 1s

ge_g(t_x) b(x)dx

o t
Q(t) =‘/H b(x)dx + e'gt_/" e®* b(x)ax.
t

G

Agaln we note that, for t > Bhax’

Q(t) > r e Bt (linear or semilogarithmic)

Wwhere
o0

r =Jr e®* pix)ax > 1.
)

In ecntrast to the Polsson arrivals, the asymptote
of G(t) plotted on semllogarithm paper Intercepts the top
axis [G(t) = l] to the right of the origin t = 0; whereas
in the Poisscn casge for Erlang intervals B, the asymptote
intercepts the axis to the left of t = 0.

d. ERLANG INTERVALS B

When the 1ntervals B have an Erlang prcbabllity
distribution of a type described earlier--that is,

p(t) = w¥ 8L e o1y
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we may develop Q(t) in a form for computation, provided that
L > g,

WM.H Je 1 A o I
QL) = gd e /g0 o4 — —— al e /11
uHO * ﬁu.lm\t.vvn uMF 2
where

m.HHtldu

m.m = ﬁt.lmvd.
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XITI. RECOMMENDATIONS

The analytical models devised 1n this report should
be further tested in additional operational situations to
determline how they conform toc actual situations. This should
be done on a broader basls than has thus far been possible.
As thls work progressed, the analytical models would be
reflned when necessary to make thelr application more univer-
sally useful for all airport configurations and operating
sltuations.

Comprehensive IFR operating data should be obtalned
to properly apply the analytical techniques in IFR. Before
undertaking such a program, the elements to be observed shcould
be carefully designed to provide the proper inputs for the
models,

Future data taken on alrport operations (such as
the FAA terminal area studles) should lnclude data collection
that would apply directly to the analytical technlques devel-
oped in this report.

Similar analytical techniques should be devised for
the analysis of operations and space layout involved in the
loading, unloading, and servlcing of alrcraft.
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APPENDIX A
BASIC DATA USEFUL IN SELECTING VALUES FOR
ELEMENTS OF ANALYTIC DELAY MODELS

Three mathematical models were evolved during this
contract, and they are described completely 1in Secticns VII
and X. Each 18 suitable fcr specified uses in computing

average delay to aircraft at an airport

In this secticn the inputs and the methods used in

their derlvation are described

Pre-emptive Spaced Arrivals Model (SAM) --This

model 1is used fcr mixed coperatlons on single, cross, open vee,

or 1nterdependent paraliel runways Inputs are hl, ke, Sll’
82, Rl’ K, Cl’ Cg, and, 1n addition--for other than single

runways, R2 Output is average delay tc all departures. Note
that K, Rl’ Cl,
in a computer program. For manual computation, K and 02 are

replaced by J(R + €) (Section VIII).

and C2 are all interrelated and were used here

First-Come, First-Served Model (FIM).--This model

18 used for computing the average delay to departures on a

departures-only runway, the average delay to arrivals cn an
arrivals-only runway, the average delay to aircraft at a
taxiway intersection, and other taxiway problems., For
departures, the inputs are %2, 521, and 822. For arrivals,

512
and 822——the latter having more inputs

the inputs are hl, S For taxiways, the inputs are

11’
Aps Ros Sq9s S1p0 5oy
than the first because two separate streams of traffic are

considered.

Pre-emptive Poisson Arrivals (PAM).--This model 1s
suggested for use in the computation of the average delay to




all aircraft on a taxiway crossing a llve runway. The inputs

are A A ) S and S

1> 22 =117 712 21

It must be emphasized that for each specific use of
each model the inputs are not necessarily directly related--
for example, Sll 1n the pre-emptive gpaced arrivals model 18
entirely different from the Sll used in the first-come, first-
served model as applied to a ftaxiway intersection. DBecause of
this fhe 1nputs to each model will be described separately
under ftheir respective headings.

Throughcut certain abbreviations will be used to
simplify the text

Arrivals

kl arrival rate - aircraft per hour

0T over threshold of runway

OR off runway, or tail cleared
Departures

32 departure rate - aircraft per hour

RG ready to go, normally, cn piston and turbo-
prop aircraft,RG occurs off the runway at end
of engine run-up (if any)

CTO clear to take-off (controller's call)
SR start roll of take-off
X cross time for either arrivals or departures
at Intersections
The spacing intervals and times required as inputs
£o the mathematical models are fairly straightforward How-
ever, 1t should be stressed that great care was required in

their compilation

The person making up the inputs for such work should
be familiar with total airport operations, because 1%t 18
generally true that the 1nputs are, or should be the actual
regults of pilots and ~ontrollers actions at an airport



To use the various mathematical models for projected
airports and mixtures of alrcraft, 1t 1s necessary to extract
certain spacing intervals and times from the observed data or,
where observed data are not available or unsuitable, generate
new data that shouid be checksd as much as practical against

observed data.

As described 1n Section IX, with very few exceptions,
1 and/or A,.
In addition, the runway time for arrivals (OT to OR) depends

all the model time inputs vary inversely with A

upcn the design of the runway and turn-offs, as well as the
length of the runway Also, many of the inputs are inter-
dependent, sco that any errors in compilation will have a

cumulative effect

A PRE-EMPTIVE SPACED ARRIVALS MODEL (SAM)

The pre-emptive gpaced arrivals model can be used
for the evaluaticn cf either VFR or IFR operating conditions
However, since only VFR data are available, only VFR opera-
tiong are discussed We can visualize the modifications to
the several model elements for IFR by comparing VIFR and IFR
operating rules. The following i1inputs are required

1. RUNWAY TIME, ARRIVALS (Rl)

This 18 the mean O0T-to-0R time for any given mixture

of alrcralt on a predetermined runway design

it 18 a direct input and the standard deviation 1s
required, though the latter in ifself 18 not a direct input

R, depends upon

1

a. Arrival rate hl,

Total length of the runway,
Number, position, and type of turn-offs,

o o o

Aircraft types
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In additlon to these factors, Rl may be affected by
the departure rate AE’ the use of ILS or GCA (affecting poant
of touchdown), and the position of the terminal-gate area
relative to the runway At low movement rates 1t has been
observed that 1f the gate area 18 at the far end of the run-
way from touchdown, pilcocts prefer fo keep taxiing straight
ahead on the runway. 1In compiling Rl these factors have been
> and GCA/ILS have a very
small effect. At the higher movement rates, the effect of

r1gnored as 1t was considered that A

gate position 18 also reduced to the point where 1t 1is

negligible

To the compilation of Rl, we must know the runway
performance of aircraft types involved This basic performance
consi18ts of the mean time and distance to 60 mph (or 46 mph

for very light aircraft) and the respective standard deviations
In addition, the deceleration rates below 60 mph must bhe known,
as well as fthe time and distance regquired for the actual turn-

of f

With the exception of the turn-off data, which was
obtained 1n part from a Franklin Institute Report,* the run-
way performance was available i1n AIL Report No. 5791-15 T Nct
all the types required were covered by these reports, thus,
where necessary, estimates were made cn the basis of our air-

port ckservations (Thig information 1s presented 1n Table A-T.

* A A JeSchonek, "Radar Measurements of Approach and Landing
Characteristics of Transport Aircraft,'" Report No. I-2185-3,
Franklin Institute Laboratories, 31 December 1952

T "Runway Characteristicg and Performance of Jet Transports
in Routine Operation,'" Repcrt No 5791-1%, Vel 1 and 2,
Airborne Instruments Laboratory, March 1960, "Runway Char-
acteristics and Performance of Selected Propeller-Driven
Aircraft in Routine Operation,'" Airborne Instruments
Laboratory, April 1560
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TABLT A-T

BASIC RUNWAY PERFORMANCE FOR E00C-FOOT RUNWAY

Time to Distance to'

60/mph £0/mph Deteleration Right-Angle Turn-Off

A = 10 A =10 Below 60 rph Startirg at 27 mpr

(seconds ) (feat) ) {fps) O Time Dletance

mean J mean o A 10} x =30 {seconds) {feet}
RBoeing 707 336 k3 5610 805 34 5 6 90 200
no-8 3hh 27 5180  6Lo 3 4 56 g0 200
Convalr 880% L 27 5180 &40 3k 56 90 200
Convair 600% 335 47 Loty 620 34 s 6 9 0 200
CaravelleX 313 37 L4000 630 3k 56 90 200
Dc-6, BC-T, Connie 300 65 L1fo 1000 26 5 5 ) 150
Electrs, pH2 32 3750 560 36 | 65 70 150
Viscount 208 27 4060 380 ! 25 L 5 70 150
Convair/Martin 2h 0 b6 3290 sBo ) | 60 70 150
DC-3 22 8 35 2750  Loo 23 ' oa4g 70 150
Beech 18 200 20 2360 300 ’ 38 ; L5 {0 150
F-2T* 27 6 ko 3o 500 3k o5 70 150
Lodestar® 315 40 4oL 500 3L / L s T0 150
Gul fetrean* 237 30 2930 340 3k "5 T 0 150
Apache b L5 1460 500 29 | Lsg 60 125
Travelair¥ 168 Lo 1750 500 32 b5 &0 123
A Commancer¥ 2L o 30 1810 Ls0 38 L s &0 125
Twin Cessna* 191 35 2200 420 36 L5 60 125
Twin Donanza* 226 35 2770 450 36 L s 60 125
Queen Air¥ 208 20 2460 300 38 Loz 60 125
AztecH 186 30 2080 350 36 45 60 125
Bonanza¥* 166 50 1670 500 20 I & a 125

* Estimated
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TABLE A-1 {cont)

Time to Distance to
46 mph L& mph Deceleration Turn-0f'f
» o= 10 A = 10 Below 46 mph Starting at 20 rph
{seccnds ) (Teet) (ipe) Time iatance
mearn ¢ mean g kl = 10 Xl = 30 (seconds ) (feet)
Light Aircraft 174 61 1550 560 29 L 5 & 0 75
Class EB¥
Including Cessna
150-210,
Fiper Series
ete

* Bstimated,



The data avallagble from AIL Heport No. 5791-15 was
collected at Idlewild. At this airport all runways have a
length 1n excess of 8000 feet In addition, the data were
taken generally at periods of fairly low movement rates
(about A
1t 18 necessary to compensate for these two factorg. After

= 10) Since both A, and runway length affect Ry,

a consliderable amount of checking and testing against observed
runway times at various axrports, suitable reduction factors
were chtained These reduction factors (Figure A-1) are
applied to both the means and the standard deviations of time

and distance to 60 mph as required.

In obtaining Rl for the configurations described in
this report, the various typesg of aircraft were grouped into
classes (Section IV) Thege classes had to be further sub-
divided to make use of Table A-I. For example, at a continental
alrport, Class A was made up of Boeing 707 (25 percent), DC-8
(25 percent), Convair 880 (20 percent), Ccnvair 600 (20 percent),
and Caravelie (10 percent).

Thug, Class A has a time and distance to 60 mph of
33 7 seconds (03 8) and 5125 feet (o810) at A, = 10, while at
A, = 30 these figures are reduced to 26.9 seconds (o3 0) and
4100 feet (0650)

To obtain the complete runway time, it 1s best to
first plot this data con a scale drawing of the runway (complete
with turn-offs) This will include two standard deviations
on either side of the mean, thus encompassing 96 percent of the
population For all practical purposes, i1t was assumed that
this was the equivalent of 100 percent. The calculation of
time from 60 mph to off runway is somewhat complex, but 1t can
be descrlbed briefly.

The deceleration rate for each class 1s known at

Al = 106 and %1 = 30 The opfimum performance for each turn-off
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RUNWAY TIME AND REDUCTION FACTOR (APPLY TO
BASIC RUNWAY PERFORMANGCE IN TABLE A-1)

IT IS ASSUMED THAT RUNWAY HAS ADEQUATE
RIGHT-ANGLE TURN-OFFS (AT LEAST 3)

12
A= 10
| O
X, =30
08
06
04
oz
0
3000 4000 5000 6000 7000 BOOO 8000 10,000 11,000

RUNWAY LENGTH IN FEET

FIGURE A-1 EFFECT OF RUNWAY LENGTH AND MOVEMENT RATE ON
TIME AND DISTANCE TO 60 MPH

A-8
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13 used to calculate distance traveled and Time elapsed from

60 mph This information 1s then used to subdivide the run-

way 60-mph plot into percentages cof ailrcraft using the respective
turn-cffs The mean time 18 calculated from the average of the
"begt" and the "worst" performance of each block of aircraft,

the spread being the standard deviation This prccedure,

applied to Class A on & S000-foot runway at Al = 30, 18 shown

1n Figure A-2

By taking each class 1t 1s possible to arrive at a
complete picture of runway performance (Figure A-3). Using
the weighted means of all classes, a final mean and standard
deviation of the time OT-0R at %l = 10 and hl = 30 can he
determined At most airports, the runway time reaches a minimum
at an arraval rate slightly in excess of ll = 30. Plotted
graphically (Flgure A—M), a shallow curve joining Al = 10 to
%1 = 30 and flattening out beyond Kl = 30, gave Rl at 1nter-

mediate movement rates.

Although this 1s apparently an approximate method
of determining Rl’ 1t does work well and bears a very close
relationship to the performance of aircraft on known runways

with right-angle turn-offs

To obtain Hl for runways having high-speed turn-offs,
a different procedure was required It was assumed that, in
general, pilots would match their runway performance to the
fturn-offs This is the intention of the designers of the
turn-offs. Therefore, the known runway performance between
A, = 10 and A

1 1
appropriate turn-off was taken. Data taken at Idlewild

= 30 was examined, and the best it to the

(Append1x C) indicated that 1f aircraft missed their optimum
furn-off, they reduced speed down the runway to the next turn.
17 and the

= 10 are used, since 1t was observed

Thais 18 taken into account i1n our computations of R
deceleration figures at Al
that generally the decelerations were fairly low
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MPAad TIMT FROM QVFR THRFSIIOID
TO OFF RUNWAY FOR CLABE A IS

52 2 PECONDS o 70

ALL TIMIS MFASULRED FROM OVEFR
THRFSHOLD {t = 0 3T COND)

Q — 29Q00 FT
1

— 7500 FT

40 PERCENT —_—
64 6 SECONDS p EXIT G — 7000 FT
a 08 =]

— 6500 F7

36 5 PERCENT —
55 3 SECONDS  EXIT F — 6000 FT

o 55

TIME AND DISTANCE TO

60 MPH CLASS 4

(SEE TABLE A | AND

FIGURE A-1) — 5500 FT

32 9 SECONDS (+2 &)
T st U}TOEXITG
=4 | 32 2 SECONDS 3
50 O PERCENT _
50 7 SECONDS }EXIT E — 5000 FT
o -55 -]
—f=] 299 SECONDS (+1 o} } TO EXIT F
— 4500 FT
== | 27 4 SECONDS 3
9 5 PERCENT —1—| 26 5 SECONDS [MEAN)
43 2 SECONDS  EXIT D — 4000 FT
g -26 =]
TOEXIT E
— 3500 FT
—t—| 23 9 SECONDS (-1 o)
<+ | 22 0 SECONDS 2
EXIT C + TO EXITD — 300C FT
== | 20 9 SECONDS [ 7 &)
s — 2500 FT

FIGURE A-~2 PLOT OF 900C -FOOT RUNWAY PERFORMANCE FOR CLABS A
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AT )\1 30



CLASS E

A 4

28 5 PERCENT
49 0 SECONDS

CLASS SECOMNDS
A 52 2
B 44 4
[ 44 4
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F 39 2

LLARS D

v

23 5 PERCENT
47 b SECONDS
o =34

59 O PERCENT
3% 5 SECONDS

oc-29 g .43
66 5 PERCENT 17 5 PERCENT
38 3 SECONDS 3! | SECONDS
o 50 F - 29
5 O PERCENT
2| 4 SECONDS
o "]
FIGURE A-3

70 20
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83 20

CLASS €

v
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g PERCENT

44 47 SLCONDS
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TFHRESHOLD (t = & SFCONIDY
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v
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43 2 SECONDS
o =45

13 O PERCENT

34 6 SECONDS
o=25

CLASS A

4 0 PERCENT
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38 5 PERCENT
55 3 SECONDS
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50 O PERCENT
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T =55
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FINAL COMPUT2 TION OF RUNWAY TIME OF ALL CLASSES ON

9000-FOOT RUNWAY WITH 1000-FOOT TURN-OFFS AT )\1 =30
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IN SECONDS

MEAN TIME FROM OVER THRESHOLD TO OFF RUNWAY

100
80
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70
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~— /
* \\ /
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o]

5 10 18 20 25 30 35 40

Xl = ARRIVALS PER HOUR

FIGURE A-4 RUNWAY TIME FOR ALL CLASSES ON 9000-FOOT RUNWAY
WITH 1000-FOOT TURN-OFFS AND CONTINENTAL AIRPORT

POPULATION AT VARYING ARRIVAL RATE



In the agbsence of actual airport observations on the
high-speed turn-offs {positioned according to recommendations*
the computations used are realistic
1 will not affect
since the position of the high-speed turn-offs and the

and used 1n computing Rl)’
though not perfect It will be noticed that A
Rl,
aircraf't types are the governing factors

2 RUNWAY TIME, ARRIVALS (RE)

This 18 the mean over-threshold to cross time for
intersecting runways. It 18 also used 1n other applicatiounus,
such as the open vee layout (with landings and take-cffs
toward the apex) and IFR operation of close interdependent
parallel runway operaticns where a take-off cannot be released
until a previous arrival has covered a cerfain distance or
the other runway--that 1s, definitely committed to the landing
roll

To determine R 1t 15 necessary to know the runway

2}
performance of each class of aircraft, the percentage using
each exit, and their respectaive times. This data 1s already

available as the result of the computation of R However,

to compute RQ we must replot the data graphlcal%y A typical
example 1s shown i1n Figure A-5, which 18 a replect of Figure A-2
using the means and standard deviation of taime to 60 mph, start
of turn-off, and off runway as the points on the graph. A
welghted mean of the respective cross times at any desired

point will give R2 for that class of aircraft

Similar graphs must be made up for each class at

Kl = 10 and Kl = 30, and the cross times weighted to give the

* R. Horongeff, G Ahlborn, and R Read, "Exit Taxiway Loca-
tions," Institute of Transportation and Traffic Engineeraing,
University of California
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TIME FROM OVER THRESHOLD TO OFF RUNWAY [N SECONDS

5 | I
TIME FROM OVER THRESHOLD TO
INTERSECTION AT 2000 FEET
SECONDS PERCENT
70
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10,6 500
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72 40 }G
60
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EXIT G, 40 PERCENT
EXIT
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RUNWAY LENGTH IN FEET

FIGURE A-5 REPLOT OF 9000-FOOT RUNWAY (2) PERFORMANCE WITH

1000-FOOT TURN-OFFS FOR CLASS A AT \, = 30
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final average Ry, In certain configurations of cross runways
i1t 15 possible that a certain percentage cof arrivals do not

in fact go across the intersecticn but turn off before 1t

At these airports the contrcller waxted until the arrzval had
clearly slowed down and was about to start his turn-off before

releasing a departure on the other runway

To obtain R2 for this percentage of aircraft, the
turn-off time (Table A-I) is subtracted from OT-OR time of
the noncrossing aircraft., Nelther the second mement nor the

standard deviation 1s reguired

3 MINIMAL ARRIVAL SPACING (OT-OT)

This 15 the average minimum sSpacing between two
arrivals on the same runway It 18 not a direct input, but
together witn the standard deviation 18 required for the

17 Cav
18 not used and manual computation i1s made, K and 02 may be

computation of C and X (If, however, a computer program
omitted and the standard deviation used as a direct input--
Section VIII.) It 18 measured from OT of the first air-

craft to the 0T of the second aircraft, when the spacing 1is

at a8 minimum
OT-0T spacing 18 affected by

a Mixture of aircraft types,

b Arrival rate Al

It may also be affected by the circuit pattern and
contrel prcceaures 1n use at any given airport, and also by
very pocr runway turn-off facilities The latter 1s discussed
in Section IV, and 1ts application under C1 of this appendix.
The effect of the circuit pattern is very dafficult to put
inte figures Therefore, some averaging must be made The
control procedures vary considerably between IFR and VFR, but

only VFR 15 considered here
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A detailed analysis of the observed data was made
to extract the minimum OT-to-0T times. Generally, this time
was measured when two arrivals occurred and a departure was
RG before OT of the first arrival, and the departure was
not released between the two arrivals Also some data were
collected at LaGuardia when the average hl over & SH-hour pericd
averaged hl = 30 When these data were taken, a complete
record of the number of aircraft on final approcacn had been
taken, and it was quite easy to obtain the minimum sSpacings
These spacings ccorresponded very closely with those taken on
the same day when a departure was RG (but not released) before
0T of the first arrival.

As a result of this and other data, 1t was possible
to make up tables showing the variance of OT-0T time with Al

and type of aircraft. Four basic types of aircraft were used

Jet . Class A
Heavy Class B
Medium . . Class C
Laight . . . . Classes D and E

Breaking down these types into their combainations
gives a total of 16--that 1s, light followed by light, light

followed by medium, etc,

In some cases there was a scarcity of data at the
lower movement rates, but the figures presented in Table A-IT
are considered to be very realistic indications of pilots’

performance, particularly at fthe higher movement rates.

To use the tables, 1t 185 necessary to know the
percentages of aircraft types at a given airport From this
the probability of each segquence occurring can be detsrmined,
The sum of the individual prokabilities mulitiplied by thelr
indaividual times gives the mean O0T-0T time for a given %1

Obtaining the standard devliation is also comparatively simple

(continued on page A-22)

A-16



KEY TO TERMINOLCGY USED IN
TABLE A-IT

A, = arrival rate (aircraft per hour),

he = total runway movement rate cof arrivals and
departures (aircraft per hour),

2y

05}
=
I

2
second moment (mean” + o

All times are given 1in seconds

The fterms "Light," "Heavy," etc , refer
to the following classes of aircraft.

Jet . e e e . Class A
Heavy . . . . . . Class B
Medaium . . . . . . Class C
Light e e . . Classes D and E



TABLE A-II
OT-OT SPACING*

Light Followed by Light Light Follcwed by Medium
Al Mean g SM Mean o SM
10 57 © 21 0 3690 66.0 23 5 4897
15 51 5 19.0 3013 58.5 20 © 3822
20 b6 0 17.0 2L05 52 5 16 5 3029
25 41,0 15.0 1906 47 0 13.5 2385
30 35 5 13 5 1436 43.5 11 O 2013
35 31.5 11 5 1119 A1 0 g 5 1767
4o 29 0 9.5 912 39.5 8.5 1629
45+ 28.0 85 856 39 5 8 5 1629

Light Followed by Heavy ILight Follcowed by Jet
hl Mean o 3M Mean g SM
10 88 5 24.5 8433 86.5 24 5 8433
15 77 © 20 0 6329 77 O 20.0 6329
20 66 5 16 0 4678 66 5 16.0 4678
25 57 5 i2 5 3463 58.5 12 5 3422
30 51.5 10 5 2658 53.0 10 5 2925
35 49 0 95 2491 50 5 9.5 2641,
40 48 5 9.5 24473 5C.0 9.5 2590
45+ 48.5 g 5 2443 50 © 9.5 2530

* Average minimal spaclng between successive arrivals at
increasing arrival rate,
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TABLE A-II {cont)

Medium Followed by ILight

M

10
15
20
25
30
35
40

454

Mean

98.

81
69

58.
i,

53
23
53

27 .

24
22
20
19
18
17
17

)

O\

oo O O 1\

Medium Followed by

M

10
15
20
25
30
35
Lo
L5

Mean

78
70

64.

h9
54
52
50
49

0

5

o Cc

1

18.

16

14.
12.

10.

a

S

oo g g a1 O

SM
10507
7259
5256
3843
3331
3213
3115
3115

Heavy
SM
6084
5226
4356
3637
3080
2704
2581
2531

Medaium Followed by Medium

Mean

75

70.

65
61

59.
58.

57
57

Medium Followsed

.0

9]

0

< O

Mean

78
71
66
63
60
60

60.

&0

O

0
5

o U

0]
18.5
16 5
14 0
11
10
10

9
9

[ L S & TS L S

g
18 5
16
14

Q

12
10.
S
9

9 0O

o g g O

SM

5977
5172
4414
3853
3481
3464
3249
3249

by Jet
SM
6426
5297
4618
4125
3770
3690
3681
3681



TABLE A-II {(coit)

Heavy Followed by Light Heavy Followed by Medium
Al Mean o SM Mean of oM
10 90 © 28 0 8503 98 5 22.5 10209
15 80 0 24 0 6976 88.0 17.0 8033
20 715 19 5 5493 79 5 13.5 6456
25 64 5 16 0 Li16 74.0 11 © 5597
30 60 0 14.5 3810 70.5 10 5 5081
35 57.5 14.0 3502 69.0 10.5 4871
4o 56 5 13.5 3375 68.5 10.0 4792
45+ 56.0 13 5 3318 68.5 10.0 4792

Heavy Followed by Heavy Heavy Followed by Jet
hl Mean o SM Mean ol SM
10 68.0 21.0 10045 98 0 21 0 10045
15 87 5 17.0 7937 87.5 17 © 1937
20 79.5 13.5 6496 79.5 13.5 6496
25 74 5 11.5 5683 4.5 11.5 5683
30 71.5 11 O 5233 71.5 11.0 5233
35 70 O 10.5 5010 70 0 10 5 5010
40 69.0 10.0 4861 63.0 10.0 4861
45+ 69 0 10.0 4861 69.0 10.0 4861
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M
10
15
20
25
30
35
40

L5+

10
15
20
25
30
35
40
45+

TABLE A-II (coot)

Jet Followed by Light

Mean

102
92
24
76

72.

69

68.
68.

0
9]

0

o

A\

L2 BN

28
24
19
16
14
14

g

13.

13

oW O

SM

11202
040
7436
6108
5394
5026
4875
4875

Jet Followed by Heavy

Mean

103

g2.

84
80
77

5.

T

T4,

0

5
2
0

o

21

17

13.
11.

11

10

10.

10.

(SIS ) B & Y |

<

SM
11050
8837
7316
6532
6050
5735
5576
5576

Jet Followed by Medium

Mean

106

95

87.

81

78.
76 .
76.

76

0]

D

oo O

e}

Jet

Mean

103

g2.
84,
80,
7T
75,
TH.

h

0

o O U1

a

22,

17.

13
11

10

10.

10

10

O

o\

o C g\

SM
11742
9409
TTH5
6682
6194
5963
5876
5876

Follcwed by Jet

o)

2l

.0

1i7.

13

11.

11.

10.

10

10

o O g O AN

SM
11050
8837
7316
6532
6050
5735
5576
5576



by multiplying the individual probability by the second moment
at the Ay required The square rcot of the sum cof these minus

the mean© 1s the standard deviation.

For the pre-emptive spaced arrivals model the mean

and second moment are used to compute K, Cl’ and C2

4 K (ERLANG) FACTOR

Input te the pre-emptive 8paced arravals model only
when a computer program 1s used QE%QE 2 calculated for the

appropriate kl

5. COMMITMENT INTERVAL C4

This time, referred to 1n Section VIII as the
"Commitment Interval,'" 18 the result of OT to OT minus Ry
That 18, OT to OT, or the term B, 18 equal to R, + C both

1)‘
Rl and C

1

7 being direct inputs

Because 1% has been found that there 18 no dependence
of C, on R, (B, or OT to OT, being the gcverning factor), C,

1 1
fcr the computer program 18 calculated from the equaticn

However, 1t must be noted that under certain condi-

tions C1 could go to O or even negative--that i1s, 1f R

became excessive due to lack of turn-offs

1

Although this has not been cbserved (on an average
basis) at any of the airports visited, it 18 felt that such
a condition would not be tolerated over a period of time Tao
compensate for this, a simple rule of thumb 18 used. For
Class E, the average minimum Cl 18 considered tc be O second,
Class D, 5 seconds, Class C, 7 5 seconds, Class B, 10 seconds,
and Class A, 20 seconds For a continental population (see

Sectlon-IVL this would gilive a minimum acceptable Cl of 9 seconds.
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If, for example, in the prccess of computation, any
vaglue of C1 less than 9 seconds cccurs (this would normally
occur at a relatively high movement rate), C1 must be increased
and maintained at 9 seconds. At the same time, B (0T to QT)
must be i1ncreased tc maintain B = R, + C The standard

1 1

deviation of C. (C 15 obtalned by using the standard devia-

1
tions of B and Rl

B has no effect on the standard deviation

o)
as before, assuming that the alteration to

Having placed a restriction on the minimum value of

C 1t 1s necessary to place a maximum value on this factor.

1’
Generally, the need for restricting Cl between the
maximum and the minimum does not arisge. Most runway configura-
tions are such that C; (OT to OT minus R ) does not lie outside
the limits. Some runway designs, however, result In such a
short Rl (for example, very short runways with excellent turn-
of f faci1lities at high movement rates) that Cl becomes excessive
Therefore, for each test of runway capacility the
maximum and minimum value must be ccmputed The maximum value

varies with A, and the 0T-to-0T spacing, thus we can extract

1
the following from observed data

Reduction Factor
Applied to OT-to-0T Spacing

hl to Obtain C1

10¢ 0.53

15 ¢ 50

20 0 47

25 0 43

3G 0 40

35+ 0.39

In an actual application this would be used as

follows
A, = 20 aircraft per hour (reduction factor = O 47),

1
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R

1 34 seconds,

OT-0T = 67 seconds,
Therefore, C,max = 67 x 0.47 = 31.5 seconds

In this example, with no limitation, C1 would have

been 33 seconds, but 1t has now been reduced to 31.5 seconds

It 18 s8%t11]1 necessary, however, to ensure that
Rl + C1 = OT-0T With the new lower value for Cl’ thi1s becomes
34 + 31.5 = 65.5 seconds

The new OT-to-0T time 18 now lower than the previously
uged figure This does not imply that the aircraft will
actually reduce their spacing, but that their effectfive spacing
nas been reduced by 1 5 seconds--the 1.5 seconds becoming an
unused time interval or gap. (An explanation of this gap 1s
given 1n Section X.)

Note that 1f the 0T-to-0T spacing is reduced, a

new vaiue for K must be derived.

6. DEPARTURE SFACING S2

This 1s the average minimum spacing between CTO of

the first departure and CTO of the second On an average hasis
thi1ig 1s the same as SR to SR and was extracted from the data as
a minimum where the second departure was RG before SR of the first.

82 depends upon
a. At A, (total movement rate),
b. aircraft types

As in OT to OT, the ccntrol procedures can affect
82 Again only VFR 18 considered. All the data used for the
compilation of 82 were faken under VFR conditions at airports
having entrance taxiways at the runway threshold. Under these
conditions the second departure ncormally has time to enter and

line up con the runway before the first aircraft has completed
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the take-coff maneuver At airports where 1%f 18 necessary to
backtrack down the runway befare take ~ff, S2 can be altered
considerably. Such cases must be treated indavidually and
minimum spacing data taken for the i1ndividual configuration

at various movement rates

A8 In OT to OT, 16 combinations of aircraft types
were considered.

Tc obtain 82 f'or any given Kl + Ag, Table A-ITITI 18
used. By using the probtabilities cf the 16 combinations with
the means of 82 and their respective standard deviations, a
final average value cof 32 is computed Note that for the
pre-emptive spaced arrivals model only 32 15 regquired, with no
standard deviation.

7. DEPARTURE RELEASE TIME S11

This 15 the average minimun time required to release

and service a departure between the sequence of an arrivail

Tollowed by an arrival or a departure followed by an arraval.

Of all the inputs to the spaced arrival model, 1t
18 the most diffacult to define and therefeore requires the

most careful attention in 1ts formation

Saince most runways possess good entrance taxiways,
a departure can normally be on the runway and ready to go
before the previous arrival or departure has completed 1ts
11 clearly starts at CTO of the
departure. The time at which 3

maneuvers Therefore, 3
11 ends obvicusly cannot be in
excess of the time 0T of the subsequent arrival.

In a gense, 8 18 the taime interval that a controller

11
must allow for a departure in the gap that may exist between
an arrival or departure and a subsequent arrival. In the
observed data, the time from CTO of the departure to 0T of

the arrival 18 not, 1in 1tself, a perfect measure of Sll‘

(continued on page A-31)

A-25



KEY TO TERMINOLOGY USED IN
TABELE A-IIT

A, = arrival rate (aircraft per hour),

A+ AE = total runway movement rate of arrivals and
departures (aircraft per hour),

SM = second moment (mean2 + 02).

Al]l times are given 1n seconds.

The terms '"Laght," "Heavy,'" etc., refer

to the following classes of aircraft

Jet . . . Class A
Heavy . . . Clasg B
Medium . . .. . Class C
Light . . » Classes D and K
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TABLE A-III
SR-T0-3R SPACING*

Light Followed by Laight Light Followed by Medium

hl + kg Mean g SM Mean c SM
20 46.0 15 5 2356 61 5 13.0 3951
30 42.5 14.5 2017 59 0 12 © 3625
40 39 O 13.5 1703 56.0 10 5 3246
50 35 5 12 5 1417 53 5 10.0C 2962
60 32 0 11.5 1156 50.5 8.0 2614
70 29.0 11 0 962 48.0 7.0 2353
80 25.5 11 © 771 46 0O 70 2165
90+ 25 0 10 5 735 46.0 7.0 2165
Light Followed by Heavy Light Followed by Jet

hl + lg Mean a SM Mean o] SM
20 61.5 12,0 3926 87 0 15.0 7794
30 59.5 11.0 3661 85 © 14 © 7421
40 57.0 10.0 3349 84 © 13.5 7238
50 55 0 3 0 3106 §2.0 13.0 6893
60 52 5 G 0 2837 81 0 12.5 6717
70 51 O 70 2650 80.0 11 5 6532
80 50.5 7 G 2599 80 O 11 0 6521
GO+ 50 0 6 5 2542 80 © 11 0 6521

* Average minimal spacing between two successive departures
at 1ncreasing movement rate.



TABLE A~1II {cont)

Medaium Followed by Light Medium Followed by Medium
Kl + hg Mean o SM Mean o} SM
20 4.5 9.0 2061 £8.0 18 5 4966
30 43 0 9 0 1930 64.0 17 5 L4402
40 41 5 8.5 1795 53 0 15.0 3706
50 40.0C 8.0 1664 53.5 12 5 3019
60 39.0 8.0 1585 L8.0 9.0 2385
70 37 5 7 5 1463 43 ¢ 70 1898
80 36.0 7.5 1352 4o 5 7.0 1689
S0+ 34.5 7.5 1247 4o o 7.0 1649
Medium Followed by Heavy Medium Followed by Jet
kl + Ay Mean g SM Mean G SM
20 70.5 16.5 5243 93.0 18.5 8991
30 69 O 14.5 4971 92.0 17 5 8770
40 65.0 12.0 4369 89.0 15.5 8161
50 58 0 10 © 3464 83 0 14.0 7085
60 48.0 10.0 2404 T4.0 14.0 5672
70 42.5 7.0 1855 69.5 12.0 LoTk
80 42,0 70 1813 69.5 11.5 4963
90+ 42 © 7 0 1813 69.5 11 5 4963
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TABLE A-IIT (con °

Heavy Followed by Light Heavy Followed by Medium
Kl + Ag Mean of SM Mean o} SM
20 68 0 16 5 4896 72.0 18 5 5526
30 63 0 15.0 4194 67.0 17 5 4795
40 58 0 13 © 3533 62 5 16.5 4179
50 52.5 11 5 2869 58 0 15.0 3589
60 48 0 10.0 2loh 53.5 14.0 3058
70 43.5 8 5 1965 49.5 13.0 2619
80 h2.0 8 0 1828 b7 o 12 © 2353
90+ 41 5 8 0 1786 46 5 12.0 2306
Heavy PFollowed by Heavy Heavy Follcwed by Jet
hl + AE Mean g SM Mean o SM
20 83 5 24.0 7548 103 5 25.5 11363
30 76 5 21.0 6293 97 © 23.5 9961
40 69.5 18.0 5154 91.0 21.0 8722
50 62 5 15 0 4131 85.0 19.0 7586
60 59 0 12.5 3637 82 0 15.5 6964
70 57 0 10.5 3359 81.5 13.5 6825
80 56 5 10.5 3303 81 5 13 5 6825
90+ 56 0 10.0 3236 8l 5 13.5 6825



TABLE A-III (cont)

Jet Followed by ILaght Jet Followed by Medium
%l + %2 Mean o SM Mean o} S
20 80.5 16.5 6753 79.5 18 5 6663
30 75 0 15.0 5850 75 0O 17 5 5931
Lo 70 5 13 0 5139 71 0 16.5 5313
50 65.5 11.5 Lhz3 66.5 15 0 4ei7
60 64 © 10.0 4196 62.5 14.0 4102
70 63 5 8.5 4105 £0 O 13 © 3769
80 63 5 8 0 4096 56 0 12.0 3625
90+ 63 5 8.0 Log6 59.0 12 0 3625
Jet Followed by Heavy Jet Followed by Jet
hl + Ay Mean g SM Mean a SM
20 96.0 24.0 9792 98 5 25 5 10353
30 87 5 21.0 8097 92 0 23.5 9016
40 /95 18 0 6644 B6 G 21,0 T837
50 /25 15 0 5481 80.0 19 © 6761
60 68 0 12 5 4780 T7.5 15.5 62kt
70 65.0 10 5 4335 76 5 13.5 6035
80 64 5 10 5 hatl 76.5 13 5 6035
90+ 64,0 10 0 4196 76.5 13 0 6021
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This time wi1ill be 1n excessg of the actual time regquired to

service the departure for a variety of reasonsg

Cne reason why OT is nhot the end of S11 18 illus-
tratea by a laight aircraft that calls for departure when
ancther alrcraft of the same class 18 1n the process of
arrival At LaGuardia, when Kl + Ag = 65, the average minimum
SR to OT (CTO to SR being very small i1n this case) for the
light aircraft was measured at 58 seconds At Zahn's Airport,
at a slightly higher mcvement rate, the average minimum was
only 28.5 seconds The reascon for the discrepancy lies 1in
the type of circuit pattern i1in use at the two airpcrts AT
LaGuardia, the heavy aircraft (DC-6, Constellation, etec.)
dictate the circuat patftern, so that even though the SR to OT of
the light aircraft 18 measured at a minimum, 1t 18 a compar-
atively long interval since the arrival cannct close the gap
because the circuit pattern does net permit this. At the same
time 1t 1s apparent that the laght aircraft does not on
departure require the full 58 seconds for the maneuver., At
Zahn's, the circuit pattern 1s very much tighter because the
majority of the aircraft 1s light aircraft The average
minimum SR to OT measured at this airport 1s therefore a much

more realistic direct value of S11

After considerable checking and testing against
measured data, 1t was possible to obtain a very close approx-

imaticn of the S11 required

This input 18 a combination of two easily measured
factors--the interval CTO to SR plus the interval SR to OT
(measured at the average minimum value), minus C, measured at

the same ), . (However, the resulting S11 must always be

greater than C This 1s discussed more fully later )

1-

varlies with A, + AE and with aircraft types.

S
11 1
For a light aircraft followed by & light aircraft 1t will

depend upon the clrcuit pattern The circult pattern may
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possibly affect some of the other combinations of 3SR to 0T,
but it i1s extremely difficult to detect and may be ignored
here,

To determine Sll’ 1t 18 necessary to build up the
regpective Iintervals step by step.

First, we must consider the interval CT0 to SE.
For aircraft other than jet transports, this interval 1s
inversgely proporticnal to Al + hg. However, for jet trans-
ports, the interval CTO to SR constitutes the run-up time.
A large proporticn of the Jet transports i1n service reguire
a period of time after CTO to bring engines up to full power
to check and synchronize them. On some aircraft, water injec-
ticn 18 applied at this time The average run-up time has
been measured at 25 seconds, but there 18 considerable variance
of this value--scme axrcraft taking as long as 45 seconds.
This variance causes some difficulty to tower controllers in
eatimating S11 of Jet aircraft. Thus, the controllers allow
for the posslbility of the long run-up time rather than the

average. In computing the CTO-to-SR segment of S 40 seconds

have been used for the Jet aircraft, as an averagélmax1mum.
By kncowing the percentage of Jet and other aircrarlt
types (Classes B to E) at an airport, a weighted mean of
CTO to SR can bhs cbtained Table A-IV shows the CT0-tc-SR
times for the two types as a function of Kl + AE'
For the portion SR to 0T, a procedure similar to
that used for computing 82 and B (OT to OT) 1s used. The
16 type combinations and their probabilities are used in
conjunction with Table A-V Note that 1f the model 18 belng
used to determine capacity of a small airport, where no heavy
aircraft (Classes A and B) exist, the appropriate table must

e used

(continued on page A-40)
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Jet Aircraft (Class 4)

Movement rate has no ef'fect on this time interval

Average maximum value* 40 seconds.

Piston and turboprop aircraft (Class B to E)

Mcvement Rate

Al + %2 Average Time
0 - 20 10 0

30 9.2

40 8.3

50 7.5

60 6 7

70 5 8

80+ 50

* The average time interval befween take-off clearance
(tower controller) and start roll for any one departure.
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KEY TO TERMINOLCGY USED IN
TABLE A-V

Kl = arrival rate (aircraft per hour),

Rl + AE = total runway movement rate of arrivals and
departures {aircraft per hour),

SM = second moment (mean2 + 02).
All fimes are glven 1n seconds.

The terms "Light," "Heavy," etc., refer
to the following classes of aircraft

Jet . . « . . Class &
Heavy « e . . . Class B
Medium . . . . Class C
Light . e e e e . Classes D and E
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TABLE A-V
SR-0T SPACING*

ILight Fcllowed by Light Li1ght Followed by Light

(Small Airport-- (Large Airport

No Heavy Traffac) with Heavy Traffic)
kl + kg Mean Mean

20 63.5 65 0

30 55 5 63.5

40 48 0 62 ©

50 41 5 60 5

60 36 0 59 0

70 32.0 57.5

60 29.5 56 0

90+ 28.5 54 5
Light Followed by Medium Light Followed by Heavy
Al + Ag Mean Mean

20 68 5 81 0

30 61.0 67 0

40 55.0 57 O

50 50 C 4g ©

60 47.0 4y 5

70 45.5 43 0

80 45.0 Lz 5

90+ 45.0 42 5

* Average minimal spacing between a departure followed by an
arrival at increasing movement rate.
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TABLE A-V (cont,

Light Followed by Jet Medium Fcllcowed by Light
Al + AQ Mean Mean

20 86.0 55 0

30 4 0 47 5

Lo 6L.0 42 5

50 56 O 4o.o

&0 51 5 38.5

70 50.0 38 0

80 4g.5 38 ¢

90+ 4o 5 38 0
Medium Followed by Medium Med2um Followed by Heavy
kl + A Mean NMean

20 g2 0O 109.0

30 75.5 94.5

40 70 O 80.0

50 65 O 65 ©

60 61.0 51.0

70 58.0 43.5

8o 55 5 40.5

90+ 54.0 39.0
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TABLE A-V (cont)

Medium Followed by Jet Heavy Followed by Light
Al + KE Mean Mean

20 10G.0 2.5

36 96 5 66.0

40 84.0 61.5

50 71 0 58.5

60 59.0 57 0

70 50 C 55.5

80 7.0 55.0

90+ 46 5 55.0
Heavy Followed by Medium Heavy Followed by Heavy
Rl + AE Mean Mean

20 92.0 108.0

30 74 5 94.0

40 65 5 81.0

50 57.5 69.0

60 51 5 59.0

70 46.0 51.0

80 43.0 46.0

90+ 42.0 L4 .G
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Heavy Pollowed by Jet

Ay + A

1 2

20
30
40
5C
60
70
80

90+

Jet Followed by Medium

Rl + RE
20
30
40
50
60
70
80

90+
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TABLE A-V (cont)

Mean

108.

94
81

51
46
L

0
.0
69.0
59.

0

Mean

92.

76

68.

62

58.

55

52.

51

0

C

0

o\

wmoow O

Jet Followed by Light

Mean

82.
76.
T1.
69.
67.
65.
65.

65

o O W O o WO

Jet Followed

Mean

108

94

81.

TO.
61.

56
53

51.

0

.0

O

O

by Heavy



TABLE A-V (cont)

Jet Followed by Jet

kl + he Mean
20 108.0
30 94,0
40 81.0
50 70.0
60 61.5
70C 56.0
80 53.0
90+ 51.5
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When the final mean of SR to OT has been obtained,
it 18 added to the CTO-to-8FK interval After this, we sub-

tract Cl’ this value having already been obtained.

At an ailrport serving a mixture of Jjet, heavy,

medium, and light aircraft, C, 1s normally 1in excess of

1
about 9 seconds and affords gulte a reduction in the CTO-to-
QT interval to glve Sll' This, therefore, compensates for

the larger interval for a light aircraft followed by a light

alrcraft at such an alrport

For a runway handling light aircraft only, C1 will
normally come very close to O at the higher movement rates,
therefore, reducaing CTO fto SE by a very small amcunt--which

18 conslstent with the comments already expressed.

The gubtraction cf Cl from the CTO-tc-0T 1nterval

1s presently the only methcd available for determining Sll'
When testlng certaln runway conflgurations, 1t may happen

that C1 is a2t 1ts maximum value, Thils can result 1n a tco
small value for Sll' Tc prevent this possibility, a minimum
value for Sll must be determined. After some detalled analysis
of the observed data these minimum values were obtalned and

are presented in Table A-VI.

To determine the average minimum Sll for any given
runway, the prcbabilities of each sequence of classes must
be determined. Multiplying the Individual times by their

probabilities gives the minimum Sll

Iff, upon comparison with the S 1 previocusly obtained,

1
the minimum S11 18 higher, then this higher value must be
used. Because S11 decreases with an increase of A, + Ay, 1T
w1ll normally only be necessary to apply the cutoff at the

higher movement rates,.

For cross-runway and open "V" confaigurations, the

method ¢f obtaining S differs from the foregoing. For

11
(continued on page A-43)
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KEY TC TERMINOLOGY USED IN
TABLE A-VI

A, = arrlval rate (aircraft per hour),

Ag = total runway movement rate of arrivals and
departures (aircraft per hour),

SM = second moment (mean2 + 02).
A1l times are glven 1n seconds.

The terms "Light," "Heavy," etc., refer
to the folleowing classes of alrcraft

Jet . « + « + . Class A
Heavy . . . . . . . . . . Class B
Medium . . . . . . . . . Class C
Light . . . . . « . . . . Classes D and E
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A

Light Fecllowed by Light

30

TABLE A-V1

MINIMUM Sll*

Light Followed by Medaium

35

Light Followed by Heavy
4o

Light Followed by Jet
45

Medium Followed by Light
40

Medium Followed by Medium

35

Medium Followed by Heavy
38

Medaium Followed by Jet
h5

Heavy Followed by Laght
U4

Heavy Followed by Medium
36

Heavy Followed by Heavy
36

Heavy Followed by Jet
40

Jet Followed by Light

74

Jet Followed by Medium

69

Jet Followed by Heavy
66

Jet Followed by Jet
66

* This 18 the minimum time interval in which a departure can be released for

take-off 1in front of an i1ncoming arrival.

This interval 1s compared with

the computed value of Sll (after the subtraction of C1 from that value).



crosg runways with departures on one runway and arrivals on
the other, S]1
of the departure. The interval CTO to SR 18 computed as before
and the time from SR to X can be derived (by class) from

Figure A-6. Figure A-6 was derived from our alirport observa-

18 now the average interval CTO tc cross time (X)

tions and not from Appendix B, which was completed only toward
the end of this project. However, for the jJet aircraft,

ATL Report No. 5791-15 was used Class A 1n this example
consists of Beelng 707 (25 percent), DC-8 (25 percent),
Convair 880 (20 percent), Convair 600 (20 percent), and
Caravelle {10 percent)

For a cross-runway continental alrport configuration,
where the take-off runway crosses the landing runway between
4500 feet and the far end, the times from Figure A-6 can be
ugsed directly. If, however, on this type of airport, the
intersection cccurs at less than 4500 feet on both the landling
and take-off runway, the cross time at 4500 feet appears to
represent the minimum S11 that can be accepted at that airport,
This 1s tecause pilcts and controllers desire adequate separa-

ti1on between crossing aircraft.

For open "V" configurations with take-offs and
landings toward the apex, a value of S11 must ke chosen fo
allow sufficient clearance between a take-off and an arrival
which has waved off. As no operations of this kind ~ere
cbserved during this project, no general rule 18 stated for
the determination of Sll under these conditicns. It will be
governed by the types of aircraft using the airport, the
position of the intersection beyond the airport, and the

contrel procedures,

Thus, for special cases such as those already
mentioned, each airport must be treated individually, and
operating data at varicus movement rates obtained from

observations.

(centinued on page A-49)
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When finally applying S11 £o the mathematical model,
it must be noted that Sll
this condition 1s net fulfilled, the final figure of average
delay wi1ll be 1n error It has been found in practice that

must always be greater than Cl‘ Ir

this occurs in a very few cases,.

8. PROCEDURE FOR CBTAINING INPUTS FOR SPACED ARRIVALS
MODEL FOR SINGLE RUNWAY (MIXED OPERATION)

a. SPECIFY RUNWAY DESIGN

1 Length

e Number, type, and position of turn-
offs.

b SPECIFY MIXTURE OF ATRCRAFRT

1 Percentages of Classes A, B, C, D,
and E

2. Compute probabilities of class
seguences.,

c.  CALCULATE RUNWAY TIME OT TO OR (Ry)

1 Calculate average Ry and standard
deviation for each class at Ay = 10
and A = 30.

2. Using percentages cof each class (from
step b above) calculate mean Ry and o
at A = 10 and M = 30.

3 Draw up graph of Ry against %1.

d. CALCULATE OT-TO-0T TIME

1 Using Table A-II, calculate mean and
standard deviation at increasing A;.
Commence at Ay = 10 and increase 1n
increments of h.

2. Draw up grapn of OT to OT against N

e CALCULATE MINIMUM Cl AND MAXIMUM Cl

1. Maxaimum Cy will vary with A

2. Flot both minimum Cl and maximum Cj
against ll
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A-50

CALCULATE Cq

5w e

OT to OT minus Rl'
Plot on same graph as step e above.

Check that C; does not go above or
below the limits.

If this 1s the case, adjust OT to OT
accordingly

CALCULATE Cp

012 + [GE(OT-OT) - cz(Rlﬂ

CALCULATE K

0T-0T |°
g

CALCULATE MINIMUM S 1

11

1.

2

CALCULATE Sl

Use Table A-VI (does not vary with
}ul + ?\2).

Plot cn graph against A + Ao

1L

1.

5

6.

Compute run-up time, CTO to SE, from
Table A-IV.

Compute SR-to-0T time from Table A-V.
Add steps 1 and 2 above.

Subtract Cy appropriate to each incre-
ment of A + As.

Plot on same graph as step 1 above.
Check minimum limit

CALCULATE S,

1
2

Use Table A-III.
Ploct on graph against kl + Ag.

INSERT MODEL INPUTS IN COMPUTER PROGRAM

Using the graphs obtained in steps c,
d, £, J, and k above, the final inputs
may be derived against any movement
rate desired.



Table A-VII shows the final inputs necesgsary for
the pre-emptive spaced arrivals model actually calculated for
the 9000-foot single runway (turn-offs every 1000 feet) with
a continental airport population (Section IV).

TABLE A-VII
INPUTS

Moo Liéi ) (iic) Lz_é_ci (sél gi:i_g X

9 9 71 0 T4.5 36.0 1927 55.0 11.4
12 12 67.5 72.0 31.0 1490 53.5 11.4
15 15 65 0 69.5 27 © 1189 51.5 11.2
18 18 62.5 67 O 23.5 924 50 O 11.7
21 21 60.C 64.5 21 0 735 48 5 12.7
24 24 57 5 61.5 18.5 581 br.o 13.2
27 27 55 5 59 0 17.0 514 hg 5 12.7

B. FIRST-COME, FIRST-SERVED MODEL

1. DEPARTURES-ONLY RUNWAY

RE 18 simply the departure rate 1n aircraft per hcur,

measured at their respective E times

821 18 the mean of the departure service ftimes,
measured at the average minimum from CTO of the farst departure
to CTO of the second. In this respect, 821 is derived in
exactly the same manner as 52 in the pre-emptive spaced
arrivals model, and the remarks concerning S2 apply to 821

here.

522 1s the second moment of 821 and can bz derived

using Table A-III. The aircraft population of the runway
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under study must be divided intc the various classes (jet,
heavy, medium, and light) and used to compute the probabilities
of each sequence occurring--that i1s, light aircraft followed
by a light alrcraft, ete. By multiplying the various proba-
bilities by the second moments of each spacing at each move-

ment rate, a final figure of S is derilved,.

22
2. ARRIVALS-ONLY RUNWAY

hl 18 the arrival rate in aircraft per hour
demanding service.

S11 18 the mean of the arrlval service times, measured
at the average minimum, from OT of the flrst arrival tec 0T of
the second. It 18 therefcre ldentical to the minimal OT tc OT
(cr B) of the pre-emptive spaced arrlvals model and can there-

fore be derived 1in exactly the same manner,
812 1s the second mcment of 8 Because the second

moment 18 mean2 + 02, S

11

12 can be derived from Table A-II 1n &
similar manner to that used for deraiving the standard deviation

of OT to OT 1n the spaced arrivals model

3. TAXTWAY TNTERSECTION

In the simple case 1t may be assumed that the rate,
population, and time fc¢ cross are identical for each stream
cof traffac In this case, Kl = %2, Sll = 821, and 812 = 822,

where Al 18 the traffic rate per hour, Sll is the mean of the

cross time, and 812 158 the second moment of the ¢ross time,

In a more ccuplex situation--for example, heavy
airceraft crossing a light aircraft taxlway in the terminal
area--the respective rates and cross times might well be
different.

To use thls model tc determine the need for a
parallel taxiway (Figure 8-2), the service times will also

involve the taime to taxi: the distances involved
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4, ATRCRAFT TAXT SPEEDS

Some typaical taxi speeds were obtained frem the
extensive film library compiled as part of the project
degcribed i1in AIL Report No 5791-15 By use of this film
and succegsive plots of aircraft position, taxi speeds were
obtained in an area con the airport where moderate speeds
might be expected--since the taxiway was relatively clear and
uncbstructed, but not too distant from the terminal apron area.
The measured speeds are plotted in Fagure A-7.

C. PRE-EMPTTVE POISSON ARRIVALS MODEL

1. RUNWAY-TAXTWAY TNTERSECTION

kl 18 the movement rate of the runway aircraft

per hour.
Ag 18 the movement rate of the taxiway alrcraft
ber hour.

Sll 18 the mean service time of the runway aircraft.
If, for example, the runway aircraft were all departures, the
combined service time (CTO to intersection) can be obtained

by the use of Figure A-6 and Table A-TV.

812 ig the second moment of Sll'

321 18 the mean service time of the crossing time

of the taxiway aircraft from Clear to Taxi to off runway.

2 RUNWAY CROSSING TIME OBSERVATIONS

To develop service times for the above application,
some useful data was taken at Midway on 13 October 1959 durlng
daylight with a 2300-foot ceiling, 6-mile visibility, and on
runways 175 feet wide. From spot checks at other airports,
1t appears tc be quite representative.

The data in Table A-VIII were taken when either
runways 31R and L were being used, or when runways 4R and L
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TABLE A-VIII
RUNWAY CROSSING OBSERVATIONS

Viscount DC-3 Convalr Convalr 240 DC-6 DC-7 202 Electra Agigggft
19 27 23 18 27 31 24 29 15
29 23 22 25 20 30 27 18 16
25 22 25 25 22 32
30 20 29 22 20
20 16 31 29 23
19 22 30 30
29 9 19
18 19
23
20
20
22
19
23
Means 24,4 20.3 4.7 23.8 23.5 30.5 24.3 23.5 22.6

Mean for 49 samples 1s 23.2 seconds.
Standard deviation 1s 4 899.

CG-¥



were beling used. The time 1s tabulated in the seconds reguired
for an aircraft to cross a runway when starting from standstill,
It 18 measured from the time a local controller cleared the

aircraft for the runway crcesing until the aircraft taill was
clear of the runway.

A-56



APPENDIX B

ANALYSTS OF ACCIDENT PROBABILITY
AND
RUNWAY AND TAXIWAY SEPARATION

If an accident occurs durlng landing or take-off,
i1t 18 possikble that the damaged aircraft will leave the run-

way. It was considered useful to find the probability that
damaged aircraft would affect operations ¢n a parallel taxiway

or runway.

The accident data used 1n the analysis was cbtalned
1n nine years (1950-1958) of commercial aviation operations.
In this period there were 50,000,000 operations (landing or
take-off). The number of accidents occurring during landing
or take-off that terminated adjacent to the runway was 63.
During this period there were about 46,200,000 general avia-
ticn operations Since the accident data available did not
glive adequate information on aircraft position, this latter

class of avliation 1s nct included i1n the analysis.

Figure B-1 1indicates the termination polnt of the
accidents with respect to a runway centerline. The distribu-
tion of the lateral separation of the terminal position of
the accident from the centerline of the runway 1is given in
Table B-I. The separatlons are measured from the midpoint
of the alrcraft. Table B-I does not distingulsh among

accidents terminating on either side of the runway.

The following quantities wlll be of 1nterest in
the analysils.
Probabilaty of an accldent during landing

or take-off = 1 26 x 10_6
Distance runway centerline tc midpolnt

o
Il

o
Il

injured aircraft.
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FIGURE B-1 AIRPORT ACCIDENT TERMINATION POINTS




Lateral Separation
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525
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1375
1775
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125
150
175
200
225
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300
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350
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TABLE B-I
ACCIDENT TERMINATION POINTS

Number of
Aircraft

8

3
5

=
no

N
UU'-F:"—‘I—‘R)I—'}—‘UJI—'-.EH[\JI‘DU'II\DLUM

Cumulative Number of
Ailrcraft

55
52
A7
35
33
30
28
23
21
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p(d) = Probability thet the terminal position
of an accildent 13 greater than 4 feet
from the centerline of the runway.

g = Probability that a glven rate of alrcraft
moving at uniform velocity will be
passing over a parfticular position on a

taxiway or runway.

p(d)g = Probability that an accident due tc a
landing or a take-off will cause an
aceldent to an alreraft passing over a
particular pesition on a parallel
taxiway or runway.

N = Number of years necessary to achleve
one collisicn of an aircraft, as a
result of either a landing or a take-
off with an aircraft on a parallel
taxiway or runway. The rate of aircraft
and 1ts velocity will be the same as
given in the definition of g

r = Yearly movement rate of alrcraft on
either a taXiway or a runway.

1+s = Length plus wingspread of aircraft
involved,

v = Uniform (average) velocity of alrcraft

on a parallel runway or taxiway.

One of the considerations 1n airport design 1s the
separation dlstance between an active runway and a parallel
taxiway or a parallel active runway. This separatlon should
be large enough to minimize the number of possible collisions
of an alrcraft that has become disabled on an active runway
with an aircraft that 1s using an adjacent taxiway or runway.
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One possibality is to make all separa *on distances so large
that a chance collisicn 18 impossible or ilmprobable. However,

a collisicon 1nvolves two aircraft, and 1f the number of operations
on the adjJacent taxiway or runway is few, then the probability
of a collision will sti1ll be small even with smaller separaticns.
This situation 18 given by p(d)g. Tables B-IT and B-III give
thls probability for various separations d for taxiway and
runway, respectively. Such a collislion wlll occur when either
the length or wingspread of one alrcraft (1+s) can occupy the
same space as the cther. This cecllision alsc depends on the
uniform veloclty v and the average rate r of the aircralft on

the adjacent taxiway or runway.

Given 1l+4s, r, and v, the following quantities may

be computed-

p(d) = cumulative probability as gaven in
Table B-TI

g = 5 x (1+s) 1

365 v ol x 3600 N

time required for alrcraft to move (1+s)
average separation time between alircraft

number aircraft X

time (seconds) required for aircraft to move through (l+s) feet
time (seconds) in day

1
V= pajgxr
Because d 1s the distance from the centerline of the
runway to the midpcint of the injured aircraft, the centerline-
to-centerline distance between the runway and taxiway (or runway

and runway) has been assumed as i%i .
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Runway-
Taxlway
Separation

200
225
250
275
300
325
350
375
400
4os
450
475
500
750
1000

B-6

TABLE B-TII
PROBABILITY OF TAXIWAY COLLISION

Lateral Number
Separation Areraft

d >d

75 63 12
100 55 11
125 52 10
150 by 9
175 35 7
200 33 5
225 30 6
250 28 5
275 23 L
300 21 4
325 19 3
350 18 3
375 14 2
625 10 2
875 9 1

r = 83,750 (comparable
1+3 = 250 feet

v = 10 feet

q = 4.52674 x 1072

CDOODO\.CDT\)G\O\OO\OJ':-I:‘OO\

p(d) rl(d)a N
x 1070 570 x 100° 209
% 1077 5,98 x 1078 439
x 10T b7lx108 5y
x 1077 4,26 x 1078 280
«10T 317 x10% 37
X 1077 2 99 x 10'8 399
10T 272 %1070 439
x 1077 2 53 X 1078 W7o
x 1077 208 %108 57y
x 1077 1.90 x 1078 68
x 1077 172 x 1078 6oy
x 1077 162x108 37
x 1077 127 x 1078 940
x 1077 051 x 108 1312
« 10T 08 x107%  1uqy

to LaGuardia)



TABLE B-III

PROEABILITY OF RUNWAY COLLISION
Runway- Lateral
Runway Separation Number
Separation d >d p(d) p{d)q
200 75 63 12.6 x 1077 1 42 x 1075
225 100 55 11 0x 107  1.s4 x 10708
250 125 52 10.4 x 107 1,17 x 1078
275 150 by 9.4 x 1077 1,06 x 1078
300 175 35 7.0 x 1077 7 88 x 1077
325 200 33 6.6 x 1071 T7.43 x 1077
350 225 30 6.0 x 1077 6 76 x 1079
375 250 28 5.6 x 1077 6.31 x 1077
400 275 23 46 %1077 518 x 1079
425 300 o1 L2 x 1077 4,73 x 1072
450 325 19 38 x 1077 4,28 x 1077
475 350 18 3.6 x 10°7  4.05 x 102
500 375 14 28x10 7 3,15 x 1077
750 5 10 2 0x10 7 2.50 x 1079
1000 875 9 1.8 x 1077 2 03 x 1077
1+8 = 250 feet
v = 60 feet
r = 125,000 (LaGuardia), 250,000 (Midway)
a=1126 x 1072, 2.252 x 1072

The computation of N includes the interactlon of

both runways

282
323
340
377
508
539
592
634
772
846
935
988
1270
1588
1970

Loni i £ IR SRV T |V

Py
O

= MOy 00D e

p{d)q

L84 x
A48 x

U oW
-~ N
X X

nn w
O\ AR

4=
o
X X X X X X % X X %X %

.04

B-T7

N

71

81

86

95
127
135
148
159
193
212
234
247
318
397
493



In Table B-III the value »f N takes into considera-
tion the fact that either r.anway cou. 1 affect the other.

The rates r that were used in Tables B-TII and B-IIT
are roughly comparable to rates at LaGuardla and Midway,
where the rates are 250,000 and 400,000 operations per year,
regpectively, The lower rate of 250,000 would correspond to
the current activity level at LaGuardia. The higher rate of
500,000 would be about the maximum number of annual movements
that can be anticlipated in the near future.

Note that the expressions for N are conservative
since not all accildents will terminate on the same side of
the runway,

The analysls indicates that the preobability of
colllision between landing and taxiing aireraft (or landings

on adjacent runways) 1s very low for all separations
analyzed--some of which are less than the actual separation

criteria in use today.
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APPENDIX C
TEST FOR RANDOM DISTRIBUTIONS

A. TESTS FOR RANDOMNESS

A sequence of numbers (ti), i=1, N

t T

10 b t3, N P R (1)
is random 1f knowledge of ti does not 1mply precise knowledge
of any tE where £ > 1. The serial correlation test can be
applied tToc sequence 1 to determlne 1f the sequence 1s random.
In the application of these tests, Anderson* assumes that the
distraibution of sequence 1 1s normal. However, Wald*¥* makes
ne assumption about this distributlon. Both Anderson and Wald
use the "clrcular" definition of the serial correlatlon-
coefflcient, and since this is easier to apply than the def1-
nition gilven by Kendall,¥**¥ g descripfion of Kendall's test as

omitted.

* R. L. Anderson, "Distributicn of the Serial Correlatiocn
Coeffiecient," Vol 13, p 1, Annals of Mathematical Sta-
tistics, 1942,

*¥*¥ A, Wald and F. Wolfowitz, "An Exact Test for Randomness
in the Non-Parametric Case Based on Serial Correlation,"
Vol 14, p 378, Annals of Mathematical Statistics, 1943.

#%% M, G. Kendall, "The Advanced Theory of Statistics,”" Vol 2,
Hafner Publishing Co., 1851.



From 1, the followlng guantities are computed

N
Sp = th (2)

=1
where r = 1, 2, 3, 4
2
S - 8
1~ *R
g 2
2 1Y (N - 2
“A(R):(SQ‘T) N - 132 (4)
s2 -5, s¥ - us®s. +us.s, +82 -2 2 :
2(R) =2 LI S G- 153 T8 - By |51 - 5,
W N2 (N - 1) (N - 2) N - 1
(5)
N
R, = Z :titl+h (6)
1=1

when 1+h > N, replace 24h by 1+h - N.

If 1 15 a random seguence, the expected value of Rh
is E(R). Tne variance of R 1is given by Anderson in 4 and
Wald 1in 5. For this test, h and N must have no common factors
Tf the distribution of 1 is normal, the variance in 4 may be
used. However, when the distribution of 1 18 unknown, the
variance in 5 should be used.

To apply the test, form a normalized variable



where o 1s cbtained from either 4 or 5. Depending upon the
significance level deslred, the acceptance or rejection of the
assumption that 1 1s a random sequence 1s determined by a. For
95-percent 1llmits, the assumption 1s accepted if |a[£_l.96,

and for 99-percent limits, if |al[g 1.99.

A summary of the sequences tested 1s given 1in
Takhle C-I.

It is possible for a sequence of "randem" numbers
to fall the test. Four sets of sequences were obtained from
the exponential distributicon by solving

-AL r, a random number
e = (8)
0 <« ri S_l

for A = 10, 25, 50, 100. TFor each A, the seguence ti passed
the serial correlation test. However, when the four were
grouped to form one sequence, the new sequence falled the

test hecause it exhibited a trend effect.

B TESTS FOR POISSCON DISTRIBUTION

Epstein* describtes many ftests that can be used 1f
the underlying distribution of life is exponential His
tegt 3 can be applled to seguence 1 to determine 1f its dis-
tribution is Poisson with a constant parameter A. In this

* B. Epstein, "Tests for the Validity that the Underlying
Distribution of Life 1s Exponential, Part I," Vol 2, p 83,
Technometrics, 1960.
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=D

Alrport

LaGuardia--November

Newark--A11 Day
st

nd
st

Newark--1
Newark--2
Wilehlta--1
Wichita--2"¢

Mlami--December 3
Miami--December 4

LaGuardla--November
lst

nd

Newark--
Newark--2
Mlaml--December 3
Wichita--15%
Wichita--279
Mlami--December 4
Newark--All Day

TABLE C-I
RANDOM DISTRIBUTIONS

Sample

Size Function E(R)
gl R 2,038,556
106 R 12,452,603
49 R 1,462,017
46 R 1,542,965
28 R 3,271,830
53 R 3,829,019
47 R 2,454,312
73 T 1,281,843
79 T 2,222,971
53 T 11,100,100
31 T 2,366,621
43 T 3,176,672
43 T 1,745,886
41 T 4,247,775
76 T 1,600,103
e T 14,239,520

oW

——

185,991

152,612
595,437
404,338
580,259
93,916
129,914
2,702,724
184,840
326,792
278,717
651,800
155,963
2,477,779

7K

510,805
1,250,951
2,827,807

164,021

664,005

440,730

621,172

102,074

135,741

R

867,006
15,942,425
13,804,956

1,442,990
3,743,568
4,050,424
1,891,544
1,288,724
2,211,997
10,609,730
2,675,695
3,556,918
1,579,993
4,766,810
1,808,727
14,564,230

-0.655
0.792
0 547

-0.970
0.073

-0 085
-0,181
1.661
1.164

~0 595
0 796
1.338
0 131

R 18 the sequence formed by the time dlfferences of the ready-to-go times of successlive departing

alrcraft.

T 13 the gequence formed by the time differences of the over-threshold tTimes of succesglive landing

alreraft.



case, ti can be interpreted as the elapsed ftime between twc

events (for example, the ready-to-go time of a departure).
If we form

1 1
T2 = Tl + t2
(9)
Ty =T+t

-AtL
where the probability (t > to) = e © A constant, then the

distribution Ti’ when the Tl are considersd as unordered, 1is

rectangular over (0,T If we form

)
n-1

T= ) T, (10)
{=1

the expected value and variance of T 18

E(T) = _(%1_) T, (11)
and
o2 (1) = 1) 2 (12)

To use thils test, we again form a normalized variable

- Lo (13)

¢ a(T)
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and the assumption that sequence in 1 1s Polisson with constant
parameter A, at some level of significance is accepted or
rejected if (a) 1s less than or exceeds that level, as
described before

The results of this test are given in Table C-II.

TABLE C-IT
POISSON DISTRIBUTIONS

Sample Func-

Airport Size  tilon T E(T) o(T) o
Wichita--2"9 53 R 106.193 103.711 8.3 0.298
Wwichita--15% 28 R 34.940  36.5 4 06 -0.39
Newark--24 49 R 52.975  56.613 4.718 -0 771
Miami-- L7 R 80 715 69.900 5.950 1.8175

December 3

LaGuardia-- gl R 183.46 171.099 10.413 1.187
November 13

Miami-- 76 R 90.203 g7.19 6.613 -1.057
December 4

Newark-- 106 R 608.3861 532.437 29.999 2 5317
A11 Day

Newark--15° g R 172.001 36.76  3.063 44.148

R i1s the seqguence formed by the time differences of the ready-
to~go times of successive departing alrcraft.

A further test using the cumulative frequency dis-
tribution is the Kolmogorov-Smirnov test.* If F(x) is the

* ®, J Massey, Jr., "The Kolmogorov-Smirnov Test for Good-
ness of 7it," Vol U6, p 68, Journal of the American Sta-
tistical Associatlon, 1951
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assumed cumulative frequericy distribution and SN(x) 1s the
observed cumulative frequency distribution of sample slze N,

the following function can be formed.

max
X

F(x) - SN(X) (14)

The distribution of d is independent of F(x) if F(x) is con-
tinuous, which is the case for an assumed exponential distri-
bution. If d exceeds some cratical value da(N) where a is
the level of significance, then F(x) 18 rejected as the
assumed distributilon.

Draw the function F(x) and then the two functions

F(x) + da(N). If at any point x, SN(X) extends beyond

F(x) + d,(N), then F(x) 1s rejected at the level o as the
assumed curve. Applications of this test are given in Fig-
ures 9-10, 9-11, and 9-12.
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APPENDIX D

MATHEMATICAL FORMULATION OF TIME~-DEPENDENT,
FIRST-COVE, FIRST-SERVED MODEL WITH CONSTANT SERVICE TIME

This section gives the esquations for the time-

dependent, first-come, first-served model wlth constant

service time. These equatlons were used to develop the

expected delay for several system loadings (Section IX)

by writing a Fortran program and using an IBM 709 Computer

1 NOTATION AND

DEFINITIONS

Service time

At

w(mn,1)

G(n,1)

constant = 1 unit

% = 1ncrements of unit time at which

delay 18 computed

probability of delay of nat units at
time 1At. n=0,1, 2, 3, « . .,
1=1, 2,

oo
Y w(k,1) = cumulative probability
k=n

of delay of nAt units or more at
time 1At. n =0, 1, 2, 3, R
l=112131

probability of n alrcraft arriving
in time AT

Y a(k) = cumulatlve probability of
K=n
n or more alrcraflt arriving in time At

rate at which alreraft arrive
o

Y k"a(k) = nth moment of a(n)
k=0

(o0
Z: (k)™ (k,1) = nth moment of w(n,1)
k=0

£im w(n,1)
1 —oee



G(n) = £im G(n,1)
1 —>0oo

W, = Zim W_ (1)
Il 1——>016

2. MODEL AND DISCTIPLINE

The model has a constant service time with a first-
come, first-served dilscipline. The alrcraf't arrive, begin, and
end service only at times nAt The technicgue permits a general
statlonary independent arrival dastribution a(n). Thils will
later be speclalized into a Poisson distribution with a param-
eter A. Since this model is dilscrete, the delay probabilities
w{n,1) may be in error when compared with a continuous model.

The error decreases for At — O,

3. DERIVATION OF EQUATIONS FCR GENERAL ARRIVAL DISTRIBUTION

The delay at time (1 +1)At depends upon the delay
at tlme 1At and the arrival distribution a(n).

The equations of delay are

=
o
=
+
'_]
I

a(0)[w(0, 1) + w(1, i)]
w(l, 1 + 1) = a(0) w(2, 1)

w(2, 2 +1) = a(0) w(3, 1)

w(im-1, 1+1) = a(0) w(m, 1)

wim, 1 + 1) = a(0) wim+1,2 + a(l)[w(o, 1) + w(l, iﬂ

w{m+1, 1+1) =a(0) wim + 2, i) + a(l) w(2, 1)



w({2m - 1, 2 + 1)

wi{2m, 1 + 1)

Il

w(lm + 1, 1 + 1) =

G(em - 1,
G(2m,

G(2m + 1,

The equations

‘._|

a(0) w(2m, 1) + a(1l) w{m, 1)
a(0) w(em + 1, 1) + a(l) w(m + 1, 1) +
a(E)[w(O, 1)+ w(l, 1ﬂ

a(0) w(2m + 2, 1) + a(l) w(m + 2, 1) +

L

of cumulative delay are.

=1
= a(0) (2, 1) + A(L)

= a(0) (3, 1) + A(1)

—_—— e e —— — e ———

G{m, 1) + A(1)
Glm + 1, 1) + A(1)

G(m + 2, 1) +a(l) G(2, 1) + A(2)

G(2m, 1) + a(l) G(m, 1) + A(2)
G(2m+1, 1) + a(l) G(m + 1, 2) + A

G({em + 2, 1) + a(l) G(m + 2, 1) +

g(2, 1) + A(3)

pa—

___________ (2)
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In general, let n = km + p m>p>0

Gn, 1 + 1) =a(0) G(n +1, 1) +a(l) ¢(n+1 -m, i) +
a{2) Gn +1 - 2m, 1) + .+

a(k - 1) 6[n+1 - (k-1)m, 1] L F (3)

where

F=a(k) gn+1 «km, 1) + &(k + 1) p>0

A(k) p=20

If we let G(1) be the column vector of cumulative
delay at tame (1), equation 3 may be represented by the matrix
equation of the form.

_Er-o 0 0 0 --0 E(o;

0O 0 a(0) O 0 --0 A(1)

O ¢ O a(0) 0 --0 A(1)

s 0o 0 0 0 a(0) O = A1)
G(L + 1) =] -—=-----mmmmmmmm o g(i) + | -

0 0 afl) 0 a(0) 0 0 A(2)

0O 0 O a(l) 0 --0 a{l) O A(2)

Since ¢(0, 1) = 1, the first row and column may be
deleted from the scheme.

By multiplying the n° equation 1 by
kn(k =0, 1, 2, 3, . .) and summing, the expressions for
the moments Wk(l) can be obtained. By summing the right side
in terms of the columns, we have (for n = 1)
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[(341) = a(0) ) (k- 1) Wik, 1) + a(1) (k+m-1) w(k, 1)
k=1 k=1

'L.\‘I'

k=0
+a(l) W, () + (m - 1) G(1, 1)
8 7
+a(2)|w (2) + (2m-1) G(1, )|+ + mw(0, i) A,
L o .
=wlh)+Gﬂ,JJ{Z:(km—l)a@ﬂ}4mﬂ0,1)Al
k=0

= Wl(i)+-mAl G(1, 2) -~ G(1, 1) + mw(0, 1) Ay

= wl(l) + mA; - G(1, 1)

By a simllar technique, the second and third moments
can be obftained We summarize
- a(1, 1) (5)

W 1+1)=w1(1)+mA

l( 1

we(l + 1) = W2(1) + mEA2 + 2W1(1)[%A1 - } + G(1, 1) @ - 2mA%}(6)

i+1) = w3(1) + m3A3 + 3w2(1) {mAl - 1}+ 3w1(1) [mEAE - 2mA, + 1]
(7)

w3(

- G6(1, 1){1 - 3mA; + 3m2A2]
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If there is a steady-state solution, we can obtain
(for »—=> ©9) the following from eguations 5, 6, and 7

G(1) = mpy, = probability of delay (8)
m2A + mA, - 2m2A 2
1 2(1 - mA, ) 7

m3A3 + 3w1[#2A2 - 2mA, + J - mAl‘; - 3mi; + 3m2A2] (10)
3(1 - mA) '

The limit distrabution of G(n, 1) from equation 4
can be cbtained in a similar manner.

These results have been obtained with a general
arrival distribution a{n), and with an arbitrary interval size
At=-%a Note that equaticns 5, 6,and 7 are expressions in terms of
At, and can be written 1n terms of unit service time (unity)
by dividing them respectively by m, m2, m3. Note further
that equations 8, 9, and 10 are now in this form.

4. SPECTALTZATION OF POISSON ARRIVAL DISTRIBUTION

n_-»/m
Let a(n) = Q/mr?lle z
then
A
Mo m
2
A A
%=ﬁ)+ﬁ
3 2
A A A
s <)+ sh )
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Equations 8, 9, and 10 can now be rewritten as

G(1) = A = probabilaty of delay (11)
 A— o (12)
1~ 2(1 ~ Ay T 2m
e A+ A° A

W

A
2733 - m t 21 - N2 a2 tEm - om (13)

The continuocus, steady-state values (as m—> o0) are

G(1) = A = probability cf delay (14)
W) = ST (15)
1 2(1 - A
2
W A A (16)

= +

2 3(1 - A) 2(1 - A)Q
The probability of delay in equation 11 does not
depend on m, and equations 12 and 13 exceed the steady-state

values by expressions of the order %, If we consider

(k - )™ wik, 1) (17)

iR

W
ng

we can obtain, for wnq, expressions analogous to eguations 12
and 13, that is,

(1) =wy (1) - a(1, 1) (18)

(1) = wWy(2) - 2w (1) + a(1, 1) (19)
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and in the 1lim:2t for 1— oo

A
Wy =W - & (20)
W
B 1 A
Wog = W2 - 2F * 3 (21)

If we form a linear ccmbination of equaticns 12,
13, and 20. Then expressions can be derived that agree
with equation 15 and differ from eguation 16 by the order

1
Of-g

m

The correct linear combination 18 one-half of each,
that i1s,

1 lg A
2 =201 - A (22)
W, + W 2 2
2 2q A A A+ A
= + + (23)
2 30 -2 T o - 0% 6w

Expressicns 5 and € should be modified to

W+ 1) -y (a) -G 1t 3) (24)
We(l + 1) = Wz(l) —‘Wl(i + 1) (25)

If the values 24 and 25 are used, «e obtaln expressions

for the first and second moments of delay that depend least

upon the interval At.
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5. COMPARISON WITH WOEK OF GALLIHER AND WHEELER*

A study similar to the present one has been made
by Galliher and Wheeler. Both models assume that the arraival
distribution 1s Poisson and the service time is constant.

The final cutput of each model 18 the average delay or wait,

Although the format of the eguations 1s the same,
the equations i1n this mcdel are i1nterpreted as equations of
delay, wheresas irn the Galliher and Wheeler model, the equa-
tions are equations of state (or the number of units present
1n the system). They show how the average delay may be
derived from the state equations, whereas, i1n the present work,

the moments of delay are computed directly

By treating the eguations as equations of delay, the
delay at time i1intervals less than the service-time interval
can be computed in a direct fashaion In this way, the effect
of 1nterval size on the distribution and moments of delay can
be studied.

* H P Galliher and R C Wheeler, Jr , "Nonstationary Queulng
Probabilities for Landing Congestion of Alrcraft," Vol 6,
p 264, Operations Research, March-April 1958.
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APPENDIX E

NUMERICAL COMPUTATION OF TIME-DEPENDENT DELAY
FOR VARIABLE SERVICE TIME
USING DISCRETE TRIALS

The following technique can be used to compute the
probability of delay and the average delay for a first-come,
first-served model when both the service time and the arraival

distribution vary as functions of time.

A. NONSTATIONARY BERNOULLI ARRIVALS

Arrivals are a Berrnoull: process with a nonstatlon-
ary success probabillity. That is, a sequence of trilals num-
bered 1 = 1,2, . with the 1th trial occurring at time t(i),
and wlith the trials separated in time. For arrivals, there

are only two possible outcomes of a trial:

Probablility of Belng the

Qutcome Outcome of the 1th Trial
1 arrival p(1)
0 arrivals 1 - p(i)

Nonstationarity of arrivals thus means that the
value of p{i1) 1s not a constant, independent of the value
of 1, but depends upon the value of 1.

B NONSTATTIONARY DISCRETE SERVICE TIMES

Service tlmes begin and end only as outcomes of the
same dlscrete set of the above trials 1 = 1,2, . . That 1is,
a service time that begins as an outcome of a trial 1 wlll end
as an outcome of some later trial J > 1 (J = 1 will not be
allowed). Such a service time will have a duration of ] - 1
trials, and a length in time equal to t(J) - t(i) > 0.



For each service time that bhegins as an outcome
of some trlal 1, assume a probabllity s(n,i) that the
servicing has a duration o¢f n trials. For any given n,
s(n,1) may vary with 1  Therefore, the service-time distri-

butlon 1s nonstationary Of course, for each 1,

We also need the complementary distribution func-
tion K(n,1), defined by

K(n,1) = Y s(i,1).
Jj=n+1

C MULTIPLE QUTCOMES OF TRIAL

Both an arrival and a completion of service can ke
simultaneocus outcomes of a trial. Obvlously, we want no delay
iIn start of service. Thus, 1f a unlt arriving as the outcome
of a trial finds the server 1dle as the ocutcome of that trial,
1ts service tlme begins as an outccme of that same trial The
same applies tc a unit that has been forced to walt for service,
1ts service begins as the outcome of the same trlal as an out-
come of which the server has completed the service of all units
gserved before the walting unit.

b WAITING TIME TF SERVICE IS ARRIVAL

Suppose that a unlt arrives as an outcome of some
trial 1 If 1ts service time begins as an outcome of trial
J > 1, then 1ts wailt has by delfinition a duratlon of j - 1
trials, and a time-length equal to t(J) - t(i}.

ILet w{n,1) be the probabllity that a unit arriving

as an outcome of trlal 1 has a duration of walt equal to

n trials. If we consider the actual outcome of the ith trial,



we can write the fcollowing recursive relatlon.

w(0,1 + 1) = p(1)w(0,1)s(1,1) + [1 - p(1)] [w(0,1) + w(l,1)]
n

win,i + 1) = p(1) [w(0,1i)s(n + 1,1) + Y w(k,1)s(n + 1 - K, 1+ k)l
k-1

+ [1 - p(1)] win + 1,1)

We can verify that the sum of w(n,1) equals the sum
of w(n,0)., Thus, we need only make the latter sum equal to 1
as an inltial constraint. The recurslon would presumably
start by setting i1 = 0, so that the specifilc values of w(n,0)

would be assumed

E COMPUTATION

To compute the mean duratlon of walt

and also the probabilities

(2]

G(n,2) = ¥ w(d,1)

J=n+1

that the wait has a duration greater than n 1ntervals, 1t 1s
more convenient to work from equatlons especlally derived for
this purpose. Moreover, 1if the arrival probabilities and
service-time distributions are piecewise-stationary (that is,
do not change wlth every value of 1, and preferably only from
time to time), then further advantages are obtalned by using
equations especzally adapted for that purpose.
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COMPUTATION IN PIECEWISE-STATIONARY CASE

u(k)
v{k)

We make the following assumptions

The intervals 1 are equally spaced 1n time.
Thils assumption 1s not always necessary, but
ellminates consideration of the function t(i1),
the duration of walt provides for measurement

The value of p(i1) changes on a set i of values
of 1, h = 1, 2, . . .,H. A table a(h) of the
values 1) 1s assumed avallable, with a(l) = O

A table p(h) of values then provides values of
p(1) The value of h corresponding to 1 at any
stage in the computatlons 1s understood to be
the largest value of h, so that a(h) < 1.

The values s(n,1l) change for some n on a set 1
of values, with k = 1,2, . .,K. A table b(k%
of the values 1, 1s assumed avallable, with

b(l) = 0. A table s(n,k) provides values of
s(n,1). The value of k corresponding to a value
of 1 1s understood to be the largest value of k,
so that b(k) < 1.

We assume further that the foilowlng tables are
also provided
maximum value of n for which s{n,k) > 0.

minimum value of n (1t must be > 1) for which
s(n,k) > 0.

u(k)
% ns(n,k) = mean service-times

v(k)

u(k)

s(J,k), for 0 <n < u(k) -1

o

.

+ +

N =



Wlth the above functions avallable as a result of
preliminary tabulation, we c¢an then arrange the computation.
We can validate the equations that follow.

G. MEAN WAIT

K-1
T(L o+ 1) = wil) - G{o,1) + p(h) E: awM)[MMT)—bi —GMW+1}-1JJ-1+§WJ+&W¢}
m=g+1

It 1s assumed tacltly that GIb(K) - 1,i] = ¢. The value of
b(K) must be large enough to ensure this. In practice this
is done by the use of the guantity e(i) (defined below).

H PROBABILITY THAT WAIT EXCEEDS n INTERVALS

B{n,k)
Kn + 1,k) + g 5(J,k) G(n + 1 - J,1)
J=A(n,k,1)

i
d
juy
—

G(n,1 + 1)

-1 D{m,n,k,1)
+ EE (a(y - 1,1) -a(j,1)) d(n + 1 - J,m,k)

m=lk+1 J+C{m,n,k)

+ [1 - p{h)] G(n + 1,1)
where
A(n,k,1) = max [v(k), n+ 2 - e(1)]
B(n,k) = min {n + 1, u(k)]
C(m,n,k) = max [b(m) - 1, n + 2 - g(m,k)]
D(m,n,k,1) = min [n,b(m+ 1) -1 -1, n+ 1 - £(m,k) e(1)]
e(i) = the least value of n for which G(n,1) = O.
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APPENDIX F

SIMULATION MODEL TO OBTAIN DISTRIBUTION OF
SAMPLE AVERAGES

A computer program has been developed to simulate a
simplified version of either the pre-emptive spaced arrivals
model or the first-come, first-served queuing model. Both
models are incorporated into the same program, the first-

come, flrst-served model can be obtalined from the renewal

model by the deletion of a few steps Because of this the
spaced arrivals model will be discussed first. In both cases
program output 1is a distribution of average delay as a func-

tion of sample size.

A. STMULATION SPACED ARRIVALS MODEL

The random variables that expllicitly enter the
spaced arrivals mcdel are R, C, Sl’ and S2 (Section X).
However, for simplicity in the model, the above quantities
3

¢ 1
bee
d

b
Tm oy

T m v e e P - By [l o~ o
licl ¥

w1ill be constant--as determined by their means ry
ter the parameters A and Ay (Section X)
O

1’ 1’
521 A e n
specafied, the spaced arraivals model will be completely deter-

mined.

The random elements of the model are the inter-
arrival times for departures and the random varlable G for
landings. Now (Section X),

_ 3600
g1 —-—XI— -ry - ¢y Parameters Units
ST ailrecraft/hour
ry, ¢4, 8, 8econds
t, Sll’ 821 seconds



then, prob (G > t) = e_t/gl. The cumulative "arrival” dis-

tribution for departures 1is e_kgt/36oo

B. TECONIQUE OF SIMULATION

To describe the logic used in the simulation pro-
gram, the followlng notations are made.
2 = random number drawn from pseudo-randeom number

generator, where the set (@) has a rectangular
distributlon. All @ are positive and less than 1

RTGL = ready-to-go time (cumulative) of the last

departure
RTGN = ready-to-go time (cumulative) of the next
departure
OTN = over-threshold time {cumulative) of the next
landing

TC = latest time (cumulative) that a departure has
either cleared the boundary or a landing has
turned off the runway

TEMP = femporary value used for 1ntermediate computation
DT = delay te this departure

Assuming that a departure has Just cleared the
boundary, the delay (1f any) to the next departure can be
obtained from the following steps.

3600

—7359 log a

1. RTGN RTGL -

P RTGL = RTGN
. TEMP = Max (RTGN, TC)

If TEMP + S1]1 < OTN proceed to step 5, other-
wise a landing will take place next (step 8)

. DT = TEMP ~ RTGN

TC TEMP + 521

Exit from this routine

TC = OTN + rl

OTN = TC + ¢, + (—gl) log a

10. Return to step 3

oW

il

W o~ v\



C. LOGIC USED IN SIMULATION

The spaced arrivals mcdel assumes that landing air-
craft are never impeded by departing aircraft. Moreover, in
the interval between over threshold of two successive landings,
there are three elements--R, ¢, and C (Section XII). If a depar-
ture 1s released between twc successive landings, 1t may be
released only 1n an 1interval G. Moreover, the departure must
finish S11
and 4. If a departure cannot complete Sll before the expira-

in time G + C This reguirement 1s given In steps 3

tion of G + C, then he must wailt until the off-runway time of
the next landing (step 8), and the departure must now be con-
sldered again 1f the interval G + C 1s sufflcient for his
release (steps 9, 3, 4). After a departure has finally been
released, 1ts delay 1s computed. The delay 1s defined as the
daifference 1n times between the time the departure was able
to iInitiate service and the time service was desired (RTGN).

D. PROGRAM OUTPUT

As a result cof the nth departure, the output is the

average total delay for the first n departures--that i1s, af

di is the delay tc the 1th departure, the output for the r1th

departure 1s

5 [
'_I-
1=
[}
l_\-

If many replications are taken, the final output of
the program is the distribution of these averages for certain

values of n.

E. FIRST-COME, FIRST-SERVED MODEL

This model 1s obtalned by deleting step 4 in the
loglc used for the renewal model The final output 1s al=o
a distribution of the average delay.
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