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Page 16: Table 3, 40 mph column, line I-3, from 38,92 to 48,92,

Table 4:

Change

Page Column Limne From To
18 il -45 1-exit wave-off 27.42 27.24
18 II ~45 1-exat location 6460 4195
18 II -45 3-exit location (1) 4900 2890
18 I-49 2-ex1t location (1) 2760 2706
18 I0-55 2-ex1it arrival rate 65, 55 65,45
18 -55 2-exit wave—off rate 0.22 0.02
18 mM-70 2-exat location (1) (b) (c)
18 m-70 2-exit location (2) (b) (c)
19 1 =55 l-exat, q; 9.989 0,999
19 I -73 3-exit acceptance rate 38,92 48,92
19 I -55 2-exat, g 9.851 0.851
19 a-70 3-exit wave-off rate 9,24 0.94
19 I-40 2-exit acceptance rate 86,97 76,97
20 1I-2.75 2-exit location (1) 6390 5390
29 -4 1-exat location (b} (c)

Page 24. Table 5, Column 1 heading, from I to 1,
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Preface

Concern lest the runway be a linmiting factor in the traffic handling capacity of the airport-
airways system prompted the Operations Research Branch of the Airways Modernization Board
to enter into a contract with the Umiversity of Califormia’s Institute of Transportation and Traffic
Engineering to determine the operational feasibility of high-speed exit taxiways as a possible
means of increasing the acceptance rates of runways A report covering the findings of this
research was submitted to the Board 1n the summer of 1958 The research showed that, from
an operating standpoint, high-speed exit taxiways were feasible, at least for speeds up to 60
mph, but the research did not show the effectiveness of these taxiways in terms of runway ac-
ceptance The Operations Analysis Directorate, Bureau of Research and Development, Federal
Aviation Agency thus extended the original contract in order that a method of determining the
effectiveness of exit taxiways could be formulated This report covers this latter phase of the
problem

At the University of California, Berkeley, Professors Robert Horonjeff, of the Institute staff,
and R C Grassi, of the Industrial Engmeering Department, were joinily responsible for the
plapming, analysis, and supervision of the project as a whole Dr Robert R Read, was re-
sponsible for model formulation and mathematical analysis Mr James D Cumming was in
charge of developing the computational procedures for machine calculations Messrs Ernest
F Bisbee and Tadao Yoshikawa assisted in the formulation of the model and in the development
of the computational procedures Mr Gale Ahlborn investigated the operational feasibility of
turn-ons and assisted in the analysis of the results from the operation of the model Mr Frank
S Henyey performed the programmung for the computer, and Mr Derek Woolfall assisted in
program debugging and operated the computer
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Summary

An earlier project established the feasibility of lhigh-speed exit taxiways and zet out certain
guide lines for their configuration * The purpose of the present project was to formulate and
test a mathematical model for determining the exit locations that will enable the runway to ac-
cept the greatest number of aircraft per hour within specified limits of percent wave-offs The
model can also be used to compute, for an existing airport where runways are already fixed,
the aveérage acceptance rates and percent wave-offs for various conditions

A mathematical model was developed for a single runway used exclusively for landing The
meodel makes 1t possible to determine the taxiway locations that will yieid the highest runway
acceptance rates, and corresponding wave-off rates, taking mnto account (1) number of exits,
(2) exit speed, (3) aircraft arrival rates at runway threshold, (4) aircraft population (1 e , a
specified mixture of aircraft types), (5) pilot variability, and {6) meteorological and geographi
cal conditions

In regard to item (3) the model was developed to take as inputs arrival rates based either on
fixed intervals of time or distance or on mtervals of time equal to the runway occupancy of
the preceding aircraft These schemes assume a degree of control greater than being exer-
cised today The arrivals are not treated as a statistical distribution because the mformation
applicable to the three assumed arrival schemes was not available

Airrcrait population, 1tem (4) enters the mathematical model i the form of a statement as to
the time and distance to reach exit speed, recognizing that for each aircraft these times and
distances will vary from landing to landing accordmng to some statistical disbribution, as a re-
sult of environmental changes and pilot variahlity, 1items (5) and (6) Some deceleration data
were obtamed 1n flight tesis conducted at Wright-Patierson Air Force Base 1 connection with
the previous project * But netther this information nor that available irom other sources was
sufficient to establish a distribution It was therefore assumed that a normal distribution
would apply and that environmental changes and pilot variability could be accounted for in this
statistical distribution

It was necessary to make a general assumption concerning the manner 1n which runway oc-
cupancy would delay the landing of subsequent air¢raft The assumption made was that an air-
crait not clearing the runway 1n time would cause the first following aireraft to be waved off
(not permaitted to land) but would in no case cause the second following aircraft to be waved off
Some other assumptions of lesser importance also had to be made It is important that the
assumptions be kept i1n mind when evaluating outputs from the model

To demonstrate the use of the model, optimum exit taxiway locations and average acceptance
rates have been computed for (1) exit speeds of 40 and 60 mph, (2) three different aircraft
populations, (3) one, two, and three exit taxiways and (4) arrival rates corresponding to vari-
ous fixed intervals of {(a} time and (b} distance The aircraft populations (item 2) were selected
S0 as to be reasonably representative of 1, a very large airport having practically no general
aviation activity, I, an airport having a mixture of large turbo-jet transports, propeller-driven
transports, and small general aviation aircraft, and 1II, an airport having a predominance of
small general aviation aircraft

The results show that the optimum locations and the corresponding average acceptance rates
are quite sensitive to aircraft population, exit speed, and number of exits Furthermore, if
the number of exits and intervals of time between aircraft arriving over threshold are fixed,
the optimum locations of the exits vary considerably for each aircraft population Again, the
specific results should be interpreted in the light of the assumptions

*Reference 1,page 2
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A secondary objective of this project was to examine the feasibility of turn-ons as a means of
increasing the capacity of a runway used both for landings and take-offs A turn-on is defined
as a taxiway leading from the run-up pad to the take-off end of the runway It was thought that
the possibility of such turn-ons might be examined for speeds varying from 15 mph to possibly
as high as 60 mph

After reviewing the problem, it was found that the data available were so meager that it was
not possible, within the time perlod of the contract, to formulate a mathematical analysis which
would be meaningful The several reasons for this are set forth in Section 7



1. Introduction

Current forecasts indicate that the next decade will bring a rapid expansion of air transport
In this country and abroad If the predicied increases 1n traffic take place there 15 every ndi-
cation that the traffic handling capacities of many airports will have to be increased to meet the
expanded aircraft activity While there are many aspects of airport design and operation which
have an mfluence on airport capacity, one factor of importance is the aircraft acceptance rate
of a runway

Objeciive

The primary objective 1n this project was to formulate a mathematical procedure or model
which could be used to determine the effectiveness of exit tamiways, effectiveness being meas-
ured in terms of acceptance rate the average number of aircraft landings per hour which the
runway can accommodate More specifically, 1t was contemplated that the model would beable
to show the influence of number and location of exit taxiways on the acceptance rate of a single
runway used exclusively for landing The choice of acceptance rate as a measure of effective-
ness was based primarily on the fact that this index might be more meaningful to planners and
designers of airports since the demand for aiwrport facilities is normally expressed in terms of
aircraft movements

A secondary objective was to examine the feasibility of turn-ons as a means of increasing the
capacity of a runway used both for landings and take-offs, a turn-on being defined as a taxiway
leading to the end of the runway for use n take-offs

Factors Affecting Exit Taxiway Location

The important factors mfluencing the loeation of exit taxiways are (1} the number of exits,
(2) exit speed, (3) the manner 1n which aircraft arrive at runway threshold, (4) aircrafi popu-
lation, (5) meteorological and geographical environment at the airport, and (6) pilot variability

The 1mportant parameters affected by items (5) and (6) are the time and distance re-
quired by a landing aircraft to reach exit speed These two parameters are mainly dependent
on the speed (relative to the ground) of the aircraft at the runway threshold These speeds
vary conswderably among the different types of aircraft The important metecrological and
geographical environment at the airport affecting these parameters are airport elevation, tem-
perature, and wind Haigh airport elevation or high temperatures mmcrease the speeds over run-
way threshold The higher the speed the longer the distance and time to reach exit speed
Headwinds reduce the speed of the aircraft relative to the ground and tailwinds increase it

Pilot variability m landing technigues has an influence on the parameters; and arises both
through the mndividual pilot's manner of reacting to the environmental conditions and through
his particular flying technique

Considerations in Developing The Medel

A mathematical model could possibly be developed to accommeodate all the foregomng vari-
ables as separate inputs Such a model would, however, be extremely complex TFor this
reason 1t was felt that initially 1t would be better to develop a model which was simphified so
as to be operationally practicable and yet reasonably descriptive of the system Analysis of
the results from such a model could then be used to determine whether refinements were
justified Another guiding consideration in the development of the model was that 1t should be



able to accommodate, as mput information, data describing various operational procedures for
the control of landing aircraft for the purposes both of determining exit locations suitable to
future techniques and of evaluating the techniques with respect to established locations

In devising the mathematical statements of the above variables, it was necessary to make a
number of assumptions These are discussed 1n Section 2

information Obtained from The Model

Although the model was developed for determining the number and location of exit taxiways
and their effect on runway acceptance rate for any specific airport location, 1t was deemed de-
sirable to prepare generalized solutions which would show the influence on runway acceptance
rate when the following conditions were varied

1 Number of exits

2 Exit speed

3  Arreraft population (whether a mixture of pure jets, propeller driven transports, and small
general aviation aircraft or some other combination)

4 Manner in which aiwrcraft arrive at the runway threshold (separated at runway threshold
either by fixed time intervals or fixed distance mtervals)

For a given set of these conditions, exit locations resulting i the highest average runway
acceptance rates were calculated These resulls are discussed 1n Section 4

It is important to point out that one of the principal limitations of these results arises from
lack of sufficient data on the distances and times required by aircraft to decelerate from speed
over threshold to speed for which a turn-off 1s designed, expressed as joint statistical distri-
butions The only such landing characteristics that were available at the time this project was
undertaken were for those aircraft used 1n the previous exit taxiway investigation L' These were
confined to (1) aircraft types KC-135 (Boemng 707), C-121 (Convair 340), C-121 (Super Con-
stellation), L.-27 (Cessna 310), F-100, B-47 and B-52, (2) the meteorological conditions which
prevailed at the time the aircraft were test flown (VFR conditions, dry concrete pavements,
temperatures ranging mostly between 50°F and 60°F, airport elevation 800 ft MSL}, and (3) ten
landings with the same pilot for each aircraft type

Another important limitation 1s the assumption on how aircraft arrive over runway threshold
The model 18 able to take as input, arrivals based on (1) fixed mtervals of time, (2) fixed mn-
tervals of distance, and {3} variable intervals of time {(based on the runway occupancy time of
each type of aircraft) Because of the limitation in contract time the model was operated only
on the basis of fixed intervals of time and distance No statistical distribution was applied to
the arrivals since no data applicable to the assumed schemes were available It 15 recognized
that under current procedures arrivals at threshold do not fit any of the three schemes precise-
ly but fall somewhere 1n between However, we have assumed that arrival procedures will
improve 1 the future (greater degree of control will be excercised), consequently the model
indicates what could be achieved under more controlled conditions This assumption was in
part based on analytic and simulation studies of terminal-area traffic control prepared for the
Air Navigation Development Board2 which indicated that a greater degree of control in the land-
ing is necessary if significant gains are to be achieved by the construction of high speed exit
taxiways

1 Horonjeff, Robert, Finch, Dan M , Belmont, Daniel M , and Ahlborn, Gale Exit Taxiway Location
and Design  Berkeley, Califormia Institute of Transportation and Traffic Engineering, University of
California, 1958

2 Berkowitz, Samuel M and Fritz, Edward L. _Analytical and Simulation Studies of Terminal-Area Air
Traffic Control Indlanapolis U 8 Civil Aeronautics Admimstration, Technical Development and
Evaluzation Center, 1255 (Technical Development Report No 251)




Form of This Report

This report is in seven sections Following this introduction, Section 2 describes the de-
velopment of the model 1n general terms and the assumptions underlying its development
Section 3 sets forth the conditions assumed for the operation of the model, and Section 4 dis-
cusses the results obtained in this "pilot" operation. Sections § and 6 give the explicit mathe-
matical deseriptions of the mode! itsel (Section 5) and of the procedures for the machine com-
putation (Section 8) Supporting mathematical material 18 given in the appendices Section 7
discusses the subject of turn-ons



2. Development of The Model

In order to develop a workable model, certain assumptions had to be made concerning the

variables which would enter into 1ts formulation Following are the assumptions and the con-
slderations underlying them

Assumptions

1
2

Storage on the exit taxiways It was assumed that storage capacity for aircraft on the exit

taxiways is large enough that acceptance rate will not be affected

Manner of processing arrivals It was felt that in future years, especially at high-traffic-
density airporis, the degree of control of arrivals would be higher than at present For
this reason 1t was assumed that arrivals would take place in a2 manner approaching elther
(a) fixed time intervals or (b) fixed distance intervals It was realized that variations in
these wtervals would be bound to occur but such consideration was eliminated The main
reason for this elimination was to permit the immediate development of a relatively simple
model to which refinements could be added later if necessary Also, the nature of the
variation cannot be determined at the present time

Arrival of ailrcraft by type The order of aircraft arrival by type (whether, for example, a
jet transport follows another jet transport or follows a propeller-driven craft) was con-
sidered as random, on the grounds that present procedures are on a first-come first-
served basis

Distribution of aircraft in the population It was assumed that the arriving population of

aircraft would consist of known percentages of each type of aircraft and that these percent-
ages would not change during the arrival period being studied

Runway occupancy The rule was adopted that the runway would be considered occupied
from the time an aireraft was over the runway threshold until it was off the runway and that
only one aircraft could occupy the runway at a time It 1s recognized that this rule may not
correspond with the actual case, since runway occupancy, from the standpoint of practical
operations, in all probability begins when the arriving aircraft is still some distance ahead
of the runway threshold It is also realized that this real-life distance will vary among the
different types of aircraft It s felt, however, that the rule adopted is entirely adequate to
the purpose.

Exit speed It was assumed that an aircraft decelerates to exit velocity and then maintains
exit velocity until 1t clears the runway It was further assumed that an aireraft cannot
turn-off via an exit unless it has decelerated to exit velocity Thus, if an exit taxiway were
designed for 50 mph an aireraft arriving at the powmt of turn-off at 51 mph would miss the
exit This assumption 15 not entirely valid since the geometric configuration of the taxaway
permits a certain amount of leeway 1n speed But the assumption appears usable as this
leeway is probably not more than 5 mph

Consecutive wave-offs It was assumed that an arrival immedately following a wave-

off would be accepted (in other words, that there would not be two-consecutive wave-offs)
This assumption was based on a study of decelerating characteristics available for the
types of aircraft included 1n this study and on an assumed average runway length of 10, 000
ft Thus, if an accepted aircraft fails to achieve the last high-speed exit, 1t must go to the
end of the runway but the total occupancy time will not be so great as to cause two con-
secutive wave-offs This assumption permits the model to be independent of the particular
runway characteristics and of the particular operations chosen by the pilot to clear the
runway
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8 Accudents It was assumed that no accidents would occur

9 Metecrological conditions at the airport It was assumed that there will be no change 1n
surface temperature and wind conditions at the airport during the pericd of arrival being
studied

Model Resume

In accordance with the foregoing a model has been developed which has the property of being
closely representative of the real system while being expressed in mathematical notation and
susceptible of numerical treatment The development of the model will be discussed here only
1 terms of 1ts physical significance, leaving the detailed mathematical development for
Sectfion 5

With the aid of the model, the rate at which aircraft land can be related to the rate at which
aircraft arrive over threshold by modifying the arrival rate by a correction factor, that ts

Acceptance Rate = Arrival Rate x Correction Factor

The number and location of gh-speed exit taxmiways enter into the computation through the
correction factor That 1s to say, for a given set of conditions, the number and location of the
taxiways determunes the average probability that a landing aircraft will cause the following
awrcraft to be waved off The value of the correction factor depends entirely on this probability
Calling this average probability g, the correction factor 1s 1/(1 + ¢) With the probability ¢
having a range from 0 to +1, the corresponding limits of the correction factor are 1 and 1/2
Thus the upper limit of the acceptance rate, obviously, 1s the arrival rate, and the lower limit
of the acceptance rate 1s half the arrival rate (deriving from the assumptiion that only the first
following aircraft can be caused to wave-off)

The probability that an aircraft will miss its "natural™ exit, 1 e , that the aircraft will be
exceeding exit design speed at the first exit for which 1t has a positive probability of attain-
ment, and the probability that the aiwrcraft will take a greater time on the runway to turn off at
its "natural” exit than the interval of time between arriving aircraft will obyiously depend upon
the location of the exits

The probablity ¢ 1s a function of exit location and separation time between aircraft over
threshold (reciprocal of arrival rate} The objective 15 for fixed separation parameter, tofind
the mmmum ¢ so as to produce the maximum correction factor, thus bringing the acceptance



rate as close as possible to the arrival rate The model can, for example, be operated so that
the exit location corresponding to mmmal ¢ can be found

For a given arrival rate (time or distance} and a single exit, the acceptance rate may be ex-
pected to vary as a function of exit location as shown in Fig 1 It may be noted that the
function is continuous with a distinet maximum If the separation time were made larger, the
curve would shift to the right and down, and the maximum would become flatter and less sensi-
tive to the exit location This figure represents a homogeneous population of aircraft The
more general situation 1s illustrated in Fig 2, where the eifects of a composite population may
be seen The location of a single exit for a given separation time 1s in this case more compli-
cated because the different performance characteristics of the aireraft will produce more than
one local maximum Therefore sufficient calculations must be made to insure the inclusion of
all local maxima in order that these maxima may be compared and the largest acceptance rate
found



3. Input Data for Operation of The Model

In order to obtain a general indication of how the number and location of exit taxiways may
affect the aceeptance rate of a runway used exclugively for landing, solutions were obtained
from the model using as inputs the information and assumptions deacribed below

Aircraft types The only pertinent landing data available were for those aireraft included in
the previous project * They covered both military and civil aircraft, but in the present project
computitions were made only for the civil types, these being

KC-135 (representing a Boeing 707-120 jet transport)
C-121 (Super Constellation)

C-131 (Convair 340)

L-27 {Cessna 310)

The C-121, C-121, and KC-135 represent a wide range of civil transports Simtilarly, the
L-27 is representative of small general aviation aircraft

Alrcraft populations It was decided that three types of population would be used. They were
selected after reviewing forecasts as to the types of traffic the nation's alrports will be han-
dling, obtaining some notion of the percentage distribution by types through study of airline
schedules and routes, and consulting with airlines as to the type of equipment which will be
flown over these routes in the future In addition, existing information on the traffic pattern at
New York's airports were reviewed, and observations were made at San Francisco International
Airport and at Sacramento and Stockion airports The following populations were selected

I A mixture of large turbo-jets, large prop-driven transports, medium prop-driven
transports and small general aviation type aircraft in the following proportions

KC-135 33%
Cc-121 25%
C-131 21%
L-27 21%

This population represents the type of activity that occurs at many of the natlon's large
airports

II. A mixture of large turbo-jets and prop-driven transports with no small general aviation
type aircraft in the following proportions

KC-135 50%
C-121 30%
C-131 20%

This population represents traffic at the highest-traffic-density commercial airports,
such as New York and Chicago, where small general aviation activity is practically nil

*Reference 1, page 2



III A mixture of propeller-driven aircraft and small general aviation aircraft with no large
Jets 1n the following proportions

c-121 6%
C-131 10%
L-27 84%

This population represents the type of traffic at small city airports with some airline
service, but where the traffic 1s mainly general aviation

It must be recognized that the landing characteristics of awrcraft that the airlines expect to
operate 1n the future do not exactly correspond with those of the aircraft in¢luded 1n the popu-
lations above It was concluded, however, that the landing characteristics of the above air-
craft would be enough like those of their successors to yield indicative outputs from the model

One population which has not been included is a mixture of civil and mihitary aircraft This
type of activity occurs at jownt-use airports such as Salt Lake City, Utah This omission as
well as the omission of purely military aircraft does not infer that these populations should not
be studied

Exit speeds Two exit speeds were analyzed, namely 40 and 60 mph The 60-mph speed
represents a sort of upper limit of turn-off speed, and 40 mph is an intermediate speed

TABLE 1 — CONDITIONS PREVAILING DURING FLIGHT TESTS

Air temperature Barometer Headwind
Aircraft Weight (lb) degree F (in, ) (knots}
KC-135 156,000-179, 000 51-53 28 92-28 93 calm
C-121 93,200-105, 000 46-53 29 04-29 06 calm
C-131 45,990-48,190 51-52 28 92 calm
L-27 4,472,586 30 29 14-29 16 11-15

TABLE 2 — SUMMARY OF THE PARAMETERS OF THE JOINT DISTRIBUTIONS
OF (d,,{), TAKEN FROM BASIC DATA*

Parameter values for the condition

Hem KC-135%* c-121 C-131 L-27

Symbol | Description 60 mph | 40 mph | 60 mph | 40 mph | 60 mph | 40 mph | 40 mph
If(d\) Average distance required

to reach exit veloeity 5502 6153 3428 3762 3726 4084 2372
a{d,) Standard deviation of 444 4 476 7 393 8 367 8 200 0 205.2 237 6
E(f,) Average time required to

reach exit velocity 35 2 42 8 22 3 27.1 25 6 30,1 20.8
o(t,)  Standard deviation of 2 20 2 78 279 an 1 65 1,91 1,55
- Correlation coefficient of

the normalized variables
d, and !, (See Section 5) 0 762 ¢ 131 0 849 0 818 0 693 0 851 0 621

Ty Turn-off time 91 101 g9 99 85 9.3 8 4

* Baslc data from Appendix '"D", A Research Report concerning Exit Taxiway Location and Design,

**Ragic data for the KC-135 was revised by adjusting the threshold speeds to conform more closely to the
Boelng 707-120 operation



previously suggested in airport design literature.* However, it 18 assumed that the upper limit
of exit speed for the L-27 is 40 mph Therefore in this analysis the exit speed for the L-27 is
always 40 mph

Manner of processing arrivals The manner of processing arrivals has already been touched
upon inSection 2 Inthe operation of the model the following arrival procedures were assumed
regardless of the type of aircraft

1 Arrivals are separated at intervals of from 40 to over 100 seconds
2 Arrivals are separated at intervals of 2, 3, and 4 miles

Airport meteorological and geographical canditions  The landing characteristics of the air-
craft included in the previous project were used here Ten landings were made with each air-
craft The tests were made at Wright-Patterson Air Force Base, Dayton, Ohio in good visi-
bility conditions The elevation of the Base 1s approximately 800 ft, m s 1 The conditions
shown in Table 1 prevailed during the test period

A summary of the pertinent test data concerned with time and distance to reach exit speeds
for the above aircraft and conditions 18 presented in Table 2,

Number of exits  One, two, and three exits were used

The analysis of the data from the operation of the model is contained in Section 4

*Reference 2, page 2

e el ‘
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4, Presentation and Analysis of Results

For purposes of this study, the following definitions have been adopted

Arrival rate The number of aircraft passing over the runway threshold per hour It 1s to
be emphasized that an aircraft reachmg the vicinity of the airport but not passing over the
threshold on the final approach path to the runway 1s not regarded as an arrival

Average acceptance rate  The number of landings completed per hour for a given set of con-
ditions, ncluding given exit locations, but not optimum locations

Maximum average acceptance rate The average acceptance rate for a given set of con-
ditions with optimum taxiway location

Optimum taxiway location The location or locations of one or more exit taxiways which re-
sult 1n the highest average acceptance rate on the runway for a given set of conditions

Wave-off An arrival which does not become a completed landing

Arrival Rate vs. Acceptance Rate

The general relation between arrival and acceptance rates for a given set of conditions 1s
shown m Fig 3 The straight line indicates the situation that would prevail on an ideal runway
capable of accepting all arriving aiwrcraft Cal-
culated acceptance rates for any set of condi-
tions will, at any given arrival rate, be less
Arrival rate than the 1deal This is so, even at very low
arrival rates, because theoretically there will
always be some chance of a wave-off inasmuch
e rfs as the distances and times for aircraft to reach
\jﬁ}_ exit speed are assumed to follow normal distri-
Balance | butions As a practical matter, however, the
: difference between calculated and 1deal values
I 18 50 small over a considerable range of arrival
Accepran;?e rates that the two lines may be regarded as
!
|
\
|
J
[
|
|
|
I

Average Accepfonce Rate

rate comciding up to some value where the calculated
"real" rate begins to break sharply away from
the 1deal After the two lines diverge, the or-
dinate to the calculated line 1s the average ac-
ceptance rate, and the ordinate from the calcu-
lated line to the 1deal line 1s the wave-off rate,
X A as wndicated in the figure by the example for ar-
— rival rate xp,
Arrival Rate In operating the mathematical model, it 1s
possible, for a fixed set of conditions (to de-
Fig 3 — General relation of average accept- termine an acceptance rate which corresponds
ance rate and arrival rate to a selected percent wave-oif), such as the
pownt lying above x5
From a practical pomt of view, the designer would probably consider as acceptable some
range of percent wave-offs between specified limits In this study the limits were arbitrarily
chosen as 0 5% and 1% wave-offs, and the region between these limits 15 referred to as the
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balance region Most of the comparisons made are for values obtained n this balance region
The balance region 15 of special interest to the designer because it in effect represents
situations where the runway 1s loaded to capacity That is, at lower arrival rates the runway
_____ N | . 1. |___ hem e e d ~Affr T

18 able to accept virtually all arrivals, but at higher arrival rates the percent wave-ofis be-
come objectionably high

Optimum Exit Locations

e e Fs Ry szrhic ol o d T

lllU IIIUUH[ pEfﬂlll..‘:l uBVBlUpmt.‘ﬂl. Ul. a curve blIIll.l.d.I LU that in F lg a, 1 wWhicn !;‘AJ.I. w-..a-.iﬁn is
the variable, all other conditions being fixed, the curve then representing a series of optimum
exit locations, each corresponding to a given arrival rate Other curves of the same sort can
be developed for other given conditions The point here 1s that optimum location 18 not some-
thing that can be categomcally stated There 15 an optimum for each condition The quantita-
tive effecis of cnanglng conditions on opumum locations are discussed below

Obviously, the designer's problem, 1s to arrive at an optimum location which 1s the best
compromise among the conditions he foresees and the practical sifuations he has to face Un-
doubtedly, minimizing wave-offs as much as practicable will always be a leading consideration,
and 1t 1s for this reason that data lying in the balance region will be of speclal interest Com-

Uy, Ty T —— PO P P N T 1o om

parisons made laier i this section generally refer to acceptance rates in this balance region

Results

Results from the operatlons of the model are tabulated in Table 4 and Figs 4-6 They are
t..umputeu for the three aircrafi pruld.[lCﬂS described on pages 7 and 8

For each population maximum average acceptance rates and the correspondmng optimum lo-
cations for one, two, and three exits have been computed for two exit speeds,40 and 60 mph,
and for two schemes of arrivals one based on fixed intervals of time and another on fixed 1n-
tervals of distance

All of the computations are summarized in Table 4 The table shows the arrival ra
acceptance rates, the wave-off rates, and the optimum locations of the exit taxaways In
addition, the probablities ¢, g3, ¢+, ¢ that specific aircraft in the population will cause an 1m-
mediately following atrcraft to be waved-off are tabulated, as well as the weighted probability
q of the entire population The exit locations corresponding to acceptance rates in the
Udld.ll(.-u region nave been DI‘d.LKetECI IOI' easier lClEIlLllica,l.lUl'l I‘Ul' Ux&ﬁ_lpl.l:.', in the case Ul.
Population I, with two exits and arrivals based on fixed mtervals of time, the optimum exit
locations are 4, 125 ft and 6, 861 ft from runway threshold With these locations and an arrival
rate of 51 43 aircraft per hour (70-sec separation) the expected maximum average acceptance
rate 15 51 33 aiwrcraft, and the weighted probablllty, g, that any aircraft in the populatlon will
cause a wave-off of the aircrafi following it 15 0 002 If the arrival interval is reduced to 45
seconds the acceptance rate 1s larger (59 47) but ¢ 15 mereased to 0 345

In a number of instances the letter ¢ appears as a notation 1n the columns hsting the lo-
cation of exit taxiways (See Population I, 70-sec mterval of arrival, and 3 exits) The no-
tation was used for the followmg reasons The arrival rate (51 43} 15 less than the arrival
rate corresponding io the balance region {606 00) In other words the arrival rate is to the
left of x (See Fig 3) If this occurs there are a number of choices of exit locations which
will accepi nearly all the arriving aircraft Also, 1t was found that if the exits were located on
the basis of an arrival rate nearly in balance with the acceptance rate, the taxiways were able
to accept smaller rates with neghglble probability of wave-off In the example cited this would
mean that if the designer located the three exits at 3500, 0659, and 6760 ft from runway thres-
hold, the taxiways at these locations could accept nearly all aireraft arriving at rates less
than 60 per hour

The data tabulated in Table 4 are presented graphically on Figs 4-& Two scales have been
placed on the abscissa of the charts One 1s the arrival rate 1n aircraft per hour and the other
13 the equivalent in terms of fixed time or fixed distance separation \ulstance given m statute

miles) The computed points (from Table 4) have been joined by dotted lines This has been
done merely tp mndicate general trends since there are, in most cases, an wnsufficient number
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of computed points to obtain an accurate continuous plot of acceptance rate vs arrival rate

It will be noted that the computed points do not result in a smocth line  This can be explamed
in a simphfied way as follows According to the model there are two ways 1n which an air-
craft can cause a wave-off First, the aircraft may mss the exit normally assigned to it be-
cause it 15 gomg too fast and takes too much time to reach the next exit, and second, the air-
craft may take too much time to reach the exit normally assigned to 1t As the arrival separ-
atwon interval is varied these two effects do not change at the same rate and hence the average
acceptance rate curve cannot be expected to vary smoothly

It will also be noted that for exactly the same arrival rate the two procedures of processing
arrivals (fixed time and fixed distance} yield different average acceptance rates The reason
for this is that in the case of the fixed time separation i1t 15 assumed that the aircraft arrive
over the threshold at fixed mtervals of time regardless of their individual approach speeds
Thus a separation of 60 seconds means that 60 aircraft arrive over the threshold in one hour
In the case of the fixed distance separation, the mntervals of time at which aireraft arrive over
threshold are different and depend on the approach speeds of the individual aircraft in the popu-
lation Thus a separation of 3 miles at threshold may yield on the average, 60 aircraft per
hour but they are arriving at different time 1ntervals The calculations are sensitive to this
duiference

Analysis of Results

Effect of Number of Exits The effect of number of exits can best be 1llustrated by referring
to Table 4 for Population T with arrivals based on fixed intervals of time If a near balance
between arrivals and acceptance {in the region of 1% chance of wave-ofis) is desired, the maxi-
mum average acceptance rate with one exit 1s 33 57, with two exits 51 33 and with three extts
59 87. Thus the acceptance rate 1s increased considerably when the number of exits is in-
creased from one to two (about 50%) but the increase 1s not as large when a third exit is added
{another 28%) The example just cited should not be consirued as a general trend since the
magnitude of the gains achieved by addmng additional exits depends a great deal on the amrcraft
population and the exit speed Ths 1s shown graphicaily in Fig 17

Another use of the charts can be 1illustrated by reference to the previous example, (see
Fig 4a) Suppose it 15 desiwrable to provide exits so the runway could accept about 60 aircraft
per hour In terms of acceptance rate, two exits would practically do the job (55 73 aircraift)
A third exat increases the acceptance rate to 59. 87 aircraft, a gain of only 4 aircraft If the
designer based his decision strictly from the viewpolnt of acceptance, the addition of a third
exit might be difficult to justify If, however, the percentage of wave-offs 1s considered, the
picture 1s somewhat different For three exits, the percentage of wave-offs is considerably
lower than for two exits This points to the fact that 2 prime justification for an additional
taxiway may not be to increase the acceptance rate but to decrease wave-offs

Effect of Awrcraft Population The effect of aireraft population 1s illustrated in Fig 7 The
plotted points represent near balance between arrivals and aceceptance and were obtained from
Table 4 While the results represent a very hhmited study of aircraft population, 1t 15 clear
that this factor has a distinct influence on acceptance rate Note that when the small general
aviation aircraft (L-27) are removed from a population consisting of a mixture of large turbo-
jet transports, and large and medium propeller driven transports (Popuiation I}, the accept-
ance rate of the runway 1s increased This 1s 1llustrated by comparing the acceptance rates
for Population II with Population I for an exit speed of 60 mph (F1g 7a) Likewise if small
general aviation aircraft are predominant in the population {Population III) the acceptance rates
can be quite high as 1llustrated on this figure The reader 1s cautioned, however, not to con-
sider these results as a general trend for all conditions, for in examming Fig 7b, which 15
the same comparison based on40-mph exit speed, it will be noted that there 1s very little daf-
ference 1n average accepiance rates between Populations I and II

In order to show the effect that arrcraft population has on exit location, a chart has been
prepared (Fig 8) which shows how the optimum locations 1n the balance region change as the
aircraft population changes This chart has been drawn 1n an attempt to portray pictorially the
manner in which the locations shift as the aircraft population changes
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TABLE 3 — EFFECT OF EXIT SPEED ON AVERAGE ACCEPTANCE RATE

Average acceptance rate*

Number of exits 40 mph 60 mph Percent Increase
POPULATION I
1 29 B3 33.517 13
2 42 90 51.33 20
3 38 92 59. 87 22
POPULATION II
1 33 24 48 32 45
2 43 98 59.51 as
3 49 b4 684 70 a1
POPULATION III
1 48 81 53 17 9
2 590 64 74 29 25
3 60 82 79 72 14

*Dbtained in the region of balance

Effect of Exit Speed. The effect of exit speed can be shown quantitatively by comparing the
average acceptance rates (in the balance region) for Populations I, II, and III using an arrival
based on fixed time interval The data were obtained from Table 4 and are summarized in
Table 3.

From the summary it is clear that the mapnitude of the gains achieved from a higher exit
speed are influenced materially by aircraft population

Eifect of Different Procedures of Arrival. It is very difficult to find a basis for comparing
the arrivals based on fixed intervals of time with those based on fixed intervals of distance
because the latter is an arrival scheme which corresponds to a variable time-interval separ-
ation If a comparison is made in the balance region, then by reference to Table 4 a com-
parison of acceptance rates can be made for Population I, 80 mph, and 2 exits For an arrival
based on fixed time interval, the average acceptance rate is 51. 33 {interval of time, 70 sec),

8
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and for an arrival based on a fixed distance separation, the average acceptance rate is 43 95
(interval of distance, 3 statute miles) But also note that the optimum locations of the exits
are nearly the same for the two arrival separation schemes

It will also be noted from the charts that for corresponding average arrival rates the accept-
ance rate for arrivals based on fixed time separation are generally greater than those for the
fixed distance separation

Effect of Exit Location To indicate how the analysis can be used to determine the effect of
alternate locations of exit taxiways on runway acceptance rate, acceptance rates were calcu-
lated for Population I, 60-mph exit speed, one exit, arrival interval 106 sec, with the exit
shifted in 200-ft intervals from 5,000 to 7,000 ft The results of these calculations are shown
graphically in Fig & The peak of the acceptance rate graph 15 what has been defined in this
report as the maximum average accepiance rate. The corresponding exit location has been
defined as the optimum location For 1llustrative purposes the percentage of wave-offs for
each location has also been shown

Another way the model can be operated to demonstrate the effect of exit location is shown
graphically on Fig 10 1In this example the location of the two exits have been placed arbi-
trarily (1 e , not optimum) at 4, 000 ft and 6,500 ft, and 4, 500 ft and 7, 000 ft assutning that
these are alternate choices which are the subject of study at a particular ailrport The chart
(Fig 10} shows the average acceptance rates for these locations of the two exit taxiways, as
the arrival interval 15 varied These average acceptance rates can be compared with the max:-
mum average acceptance rates shown in Fig 4 (for two exits, Population I). The important
distinction between Figs 4 and 10 1s that in the former the exit locations are not fixed and
change with each arrival interval while for the latter the locations are fixed
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TABLE 4 (Continued) FIXED TIME SEPARATION - 40 MPH EXITS
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a  Aircraft perhour b Feet trom rumway threshold ¢ These exits do not have an exact locaton, d KC-136 C=121 C-131 L-2T *Probability that a landing aircraft :rlll oause the following aircraft to be waved
Fopulation | ia 35% 25% 2% 2% q__

Population I [s 509, 0% 20% u 9T the probabulity thal an arriving alrerafl will be wavéd off 1a
Population I 18 0 6% L% 4%

l+q

61



TABLE 4 {Continued) FIXED DISTANCE SEPARATION - 60 MPH EXTTS

Average rates exit locatione and probabilides when the aircrait separntions {in miles) are
2 26 27 3 It 48 5 2 2 55 PED a 34 4 2 3 4
Item POPULATEN 1 POPULATION 1% POPULATION Ind
ONE EXIT
Arrival rate® 66 44 - - 430 33 22 27 68 26 68 75 18 - - 50 61 14 66 37 16 49 77 a1 18 24 88
Acceptance rate® 48 19 - - 36 47 29 88 27 31 26 43 49 81 - - 48 56 4“4 37 96 45 18 33 18 24 88
Wave-aff raie® 18 24 - - 783 33 097 01§ 25 38 - - 566 028 - 458 o 02 0 00
Exi location® 4117 - - 810l 6234 5430 8600 4151 - - 46 50 7384 W04 4394 (b
q, KC-135)" 1 000 - - 0 100 o oM 0 030 0 0z o BB - - 0 i o 008 a 000 - -
g5 (C-t21)= a 067 - - D 033 o 000 o 000 o 000 0 068 - - 0 076 o 007 o ooo 0113 0 00T -
gy (C-13)* o 028 - - 0 012 o 000 0 000 o 000 o 018 - - 0 016 o 000 0 000 0 187 0 000 -
q (L-2T* o 733 - - q 769 0 416 o o8 o 00T - - - - - - o 991 0 000 -
q* 0 504 - - 0215 0 112 0 oLt o 005 0 524 - - 0 078 0 007 0 000 0 102 0 000 -
TWO EXITE
Arrival nﬁea a6 # - - 44 30 a3 23 - - 75 19 - 5% 21 BD 61 37 18 48 1T 33 18 -
Acceptance Tae” 48 68 - - 43 85 - - - 51T - 54 713 50 59 - - 18 T 33 18 -
Wava-off rate® 17 78 - - - - 21 02 - 048 002 - - 0 04 0 o0 -
Exit locations” 4078 - - ) - - 4138 - &390 5630 - {e) 3003 o) -
6048 - - © - - 5839 - 8820 7080 - {©} 14930 ®) -
g, (KC-13sy* 0 597 - - - - - 0 758 - o 0l4 D 000 - - - - -
q, (C-121)" 0 045 - - o oo - - - 0 080 - o 005 0 000 - - 0 004 - -
q, (C-131)" 0 030 - 0 005 - - - o 018 - o 000 0 000 - - 0 o0 - -
q (L-2Tp o Ti8 - - 0 008 - - - - - - - - - 0 0oL - -
q* o 365 - - o 008 - - - 0 402 - o 009 o 000 - - o ool - -
THHEE EXITS
Arrival rae® 66 44 51 11 48 22 a0 - - - 15 19 59 5 - 50 61 - - . - -
Acceptancs rute® 50 07 50 89 49 00 “ 24 - - - 56 26 59 06 - 50 80 - - - - -
Wave-off rata® 16 37 072 [ 00 - - - 18 93 048 ool - - - - -
Exit locations” 4030 B0 30 3090 - - - 4138 4540 - 4500 - - - - -
5840 5430 5570 5000 - - - 5520 5860 - 5630 - - - - -
a500 8460 6635 §800 - - - 5890 6640 - 100 - - - - -
q, KC-138)" v 488 0035 ¢ o1l 0 004 - - - 0 536 0 015 - 0 00t - - - - -
q, (C-121)" 0 044 0 0oL o 000 0 000 - - - o 059 0 00z - o 000 - - - - -
q4 (€121)" 0 037 0 007 0 002 9 000 - - - o 01a 0 000 - 0 000 - - - - -
a, (L-27) o 688 0 003 0 001 a 000 - - - - - - - - - . - -
q" o az7 00 00 0 001 - - - 0 340 o 008 - 0 000 - - - - -
4 Alreraft par hour b Feel irom runway threshold ¢ These exite do oot have an exsst location d KC-1365 C-121 C€-131 L-27
*Probabllity that & landing aircraft will cunse the followmg airoraft io be waved off the probability o T s S B+ S
that an arriving aireraft will be waved off is T—1— Population M 18 © 6% 0% M%

q

1074
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5. The Mathematical Model

Since the effectiveness of the number and location of exit taxiways was to be measured in
terms of average acceptance rate for a piven population of aircraft and a given arrival scheme,
an equation for mean acceptance rate was required The relationship of average acceptance
rate with the average arrival separation can be expressed in terms of the average probability
that a landing aircraft will cause the aireraft following to be waved off

The calculation of this average probability requires that formulae be developed which would
express the runway occupancy time of the variwous types of aircraft in terms of the statistical
properties of these types The occupaney times also depend upon the number and location of
the high-speed exits Having developed such expressions, the exit locations for agivennumber
of exits can be determined by maximizing the average acceptance rate

In this section of the report the mathematical notation and formulation are presented The
expression used for average acceptance rate, the random variable representing occupancy time,
and the equations whose solutions result in the exit locations are given The derivations of the
equations appear in the appendices The assumptions listed 1n Section 2 serve as the basis for
the development of the mathematical formulae

Notalion
q = Mocan probability that o Lindimg areraft will cause a wave off of the followmg
arcraft
E(#) = Mcean tume scparation between armvals

1, = Arnval rate (wreraft/hour)

A, = Aceeptance rate (areraft/hon)
n = Number of types of areradt

¢ = Index dependent on areraft type e = 1, 2, )
p. = Propmtion of the i-th type of aireraft in the population
7. = Runway occupancy time for an arcraft of +-th type

8, It speed of an areraft of o-th type
(d, ) = Bivanate random variable representing the distance and time an areraft of
type ¢ takes to decelerate to exit speed from threshold
7. = Turm-off time of aireraft of «-th type
Number of exit taxiways

-
=
=

7 = Indexes the exit taxiwaysy = 1, 2, ,m
D, = Istanee fiom threshold to 3-th exat taviway (note D, < I2)
B, = Hualf-open mterval (D,_y, D,], (3 = 1, ,ym 4+ 1) Dy = 0, Duys = end of
rutw Ay
In,(d) = Defined as umity if d, 15 10 the interval 2, and zeto otherwise
E( )} = Mathematical expectation of the enclosed quantity
e( ) = Standard deviation of the enclosed quantity
{1, y) = Covanance of the enclosed pair
A = Asagned fixed fime separation
b = Asugned fixed distance separation

Average ghde path ground speed of an aneiaft of the e-th type, 1e, o value
such that A, = b/p, 15 the time separation of arivals when the suceeeding air-
craft 1 of the -th type

"y
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The average acceptance rate can be approximated by the expression

1 1

which is approximately the inverse of the average arrival separation time multiplied by a cor-
rection factor for wave-offs The quantity K(5) 15 the average arrival separation time, and g is
the probability that a landing aircraft will cause the following aircraft to be waved off Equa-
tion (5 1) 1s derived in detail 1n Appendix A

The average arrival separation J¥(4) 15 dependent upon the separation scheme considered
Specific average arrival separation terms (for fixed time A and fixed distance b respectively,)
are developed in Appendix B for the two separation schemes

The quantity ¢ may be expressed as the weighted sum

q = E Pl (52)

where ¢, is the probability that an aircraft of the :-th type will occupy the runway longer than the
arrival separation time §, 1 e

q. =P, |7 > 3§ (53)

Thus 1t becomes necessary to determine the runway occupancy time of an aircraft of the :-th
type The runway is considered to be occupied from the time the aireraft is over runway thres-
hold until 1t has cleared the runway Based on the assumption 6 of Section 2, 7', can be ex-
pressed as follows

Time Requued Additional Time to Reach Time to Turn-
T, = |To Decclerate | 4+ |1irst Avallable Exit Taxi-| -+ { off Into Exit (54)
To Exit Speed way or Conventional Exit Taxiway

w04 {3 (B0 1) + guest@dTaans@) | + 357 a0

Jm] [

where (-Il’f—‘-i—!) is the additional time required to reach the ;-th exit taxiway assuming the

aircraft maintains the exit speed, and gn.i(d.) is the additional time required for an aircraft to
clear the runway in those cases that the m-(h exit taxiway 15 missed This latter time is always
chosen so that two consecutive wave-offs are not possible Note that for a single landing of an
aireraft, «, can be in only one of the sets B,, and the indicator function [, (d,) serves as a
selector for the particular exitused The time, r, (considered non-random} is the time required
for an aircraft of the i-th type to complete the turn-off once 1t has been initiated The detailed
development of expressions for ¢ may be found in Appendix C

Thus, the relationship between the number and location of exit taxiways and the average ac-
ceptance rate has been established It remains to indicate the procedure for optimizing the
average acceptance rate in terms of the exit locations The average acceptance rate 18 maxi-
mized by minimizing its reciprocal which 1s @ = K(5)(l + ¢) Assuming that () is a differ-
entiable function of /2,, and assuming that  is tixed, the minimization will be accomplished by

taking the partial derivatives of () with respect to the variables I}, 1),, , D, equating them
to zero, and solving for the D, , Dn,
Since //(3) is independent of locations 7, for the arrival separation schemes considered, it
follows that .
aQ i}
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and hence one need only solve the system of equations

0
a—Dq:=0 forr=1,+-+ ,m (5 6)

Upon substituting the expression for ¢ from equation (5 2) the expression (5 6) may be written

ZP-%QD'_“—‘O for r =1, “,m 57

and by equation (5. 3) the following system results
Zp.%?r[T,>6]=O r=1, ,m (5 8)

Upon substituting for 7', from (5 4), the system may be rewritten as

Zpi %— Pr{t. + E (&_s:—d_‘ + T,) IB:(d1) + gnai(d) Ip,. (d)} > 6} =0

=1

for r =1, R s m GRY)]

The system of equations (5 9) 1s non linear and difficult to solve, therefore machine computa-
tion procedures were used The numerical analysis and the computational procedures used are
presented 1n Section 6 Explicit expressions for the system (5 9) are developed in Appendices
CandD

For each separation scheme the optimum values 1), , I}, thus determined result in
specific values of ¢ 1In the charts and tables presented, the listed values of ¢ are those that
correspond to optimum exit locations, given the separation parameter
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6. Mathematical and Computational Methods

The computations necessary for obtaining the resulis presented in this report are developed
in two parts The first part is the determination of the exitlocations for m = 1, 2, and 4 exats, for
each of the three populations, two exit speeds, and two (arrival) schemes as functions of the
separating parameters A und b The second partis the evaluation of theacceptance rate correspond-
ing to each of the location solutions

Most of the inputs necessary to accomplish these computations have been described in
Section 3. Some additional remarks concerning the inputs follow Given a population of aircraft

types, the proportion p. of alrcraft of the :-th type is the
TABLE 5 ~ REPRESENTATIVE GLIDE  probability that an arriving aircraft will be of the :-th

PATH GROUND SPEEDS type, and these probabilities are independent from arri-
val to arrival Exit velocities are expressed in feet per
1 Type Bpeed second Arrival separation times are in seconds Vari-
1 KC-136 146 knots ous seemingly irregular values of the arrival separation
2 C-121 130 lmots parameter were used in order to search out the balance
3 C-131 110 knot8  region The fixed distance arrival separation scheme
4 L-27 82 6 knots

results in time separations which are not uniform but de-
pendent upon the type of the succeeding aircraft The
glide path ground speeds used to compute these time separations appear in Table § The speeds
listed are recommended approach speeds Except for the L-27, they were obtained by con-
tacting the users of these types of aircraft For the L-27 the recommended speed was obtained
from the C-310 owner's manual

The pair (d,!) has been assumed to have a bivariate normal distribution with parameters
given in Table 2 For mathematical purposes it is desirable to make the change of variable

U, = t: - dl/Si
and work with the pair (., »,) which will also have a bivariate normal distribution with para-
meters, for the aircraft types and exit speeds considered, given in Table 6.
The parameters in Tables 2 and 6 were estimated from the basic data given in a previous

TABLE 6 — SUMMARY OF THE PARAMETERS OF THE JOINT DISTRIBUTION OF («/,, u,)

Parameter values

Item i=1 (KC-136) 1=2 (C-121) i=3 (C-131) [i=4 (L-27)
Symbol | Description 60 mph |40 mph |80 mph | 40 mph | 60 mph [ 40 mph | 40 mph
E{d,) Average distance required to
reach exit velocity 5592 6153 3428 3762 3726 4084 2372
o{d,} Standard deviation of d, 444.4 476,7 393 B8 367 8 2000 2062 237.6

Ii(u,) Averagevalueofu, ={, —d,/s, 283 -621 -167 -37.0 -18.7 -39 5 -19.6
o(u,) Standard deviation of %, 3.66 6.38 258 4.15 164 718 3,32

pi Correlation coefficient for the
pair (d,, u,) - 9214 -,9548 - 8172 - 9007 -.6896 -,8408 -,9305
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reference * The means, standard deviations and correlation coefficients were estimated using

the appropriate functions of unbiased sample moments

Since two arrival separation schemes are considered and the equations for one parallel those
of the other, the two are treated simultanegusly Under the foregoing assumption of bivariate
normal distribution for the pair (¢.%.), equation (5.2) may be written explicity as follows

For Scheme 1 (fixed time parameter A)

@ uD"B(di)
n m+l (de)
g=2p X dx dy ¢4z, )

=l g=1 A~y Dytei—E(ug)} Dy —Ed:)
olu,) w(do)
For Scheme 2 (fixed distance parameter b)
- Di—E{di)
n m+l = S j\ eidi)
= : dx dy &,
! 'El =1 *‘lppk Ay—re=Dyfe"E(ei) D, .~Eds) yeé (27, y)
ain,) «di)
where
1 - 1 " (z¥-2p;zy+yt)
¢.(I’ y) = {1-p,7)
2""":%\/1 - P-ﬁ
A {2
o{u.)
— dl —_ E(dt)
Y= T )

These equations can be presented more compactly by letting

_ D.r - E(dl)
dv =77
Cop = A — 1, — D,/s, — E(u,)

olu,)
@(A) = _I__IA e—h. dr
AV

- A— 7, —D,Js, — Eu,)
C” 0'(“!)

and then equations (6 1} and (6 2) can be expressed, respectively
For fixed A

n m+l = Ay
g = E . E L L ¢1(.’17, y) dydx
[¥} T1—1

ywal =1

*Reference 1, page 2

(61)

62)

(6 3)
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For fixed b

'E im’x f f A:__ (z, ¥) dydz (6 4)

I—] =] kel

The integral over the semi-infinite strip in equations (6 3) and (6.4) may be found by taking the
difference of two semi-infinite quarter planes as follows

For tixed A

T 0 o N S e S N L L

For fixed b

mn+l

2 & lp-m{ L.,. Au«b-(-'c. ) dydz +f J;m bz, y)dydx} (6 6)

For computational purposes, it is desirable to transform these double integrals to a sum of
single integrals by means of the transformation

- %

MM K, o) =1 — -;-q)(h) - %q: (K) - T (h, _K:i) -T (K, _ﬁ_‘_P.’L) ©.7)
h/1—p K+/1-p!
p P

IfAK >0 orif hK =0 and horK >0 orf both = 0
K- h—pK
M(h,K,p)-%—%@(h)—é@(K)"T(h.—-—-—"ZL)—T(K,—i—) ©8)
hAv1—pt KA/1-p?
ifAK <0 orif hK =0 end hor KX <@

where

0, K, 0 = [ [ 60, 1) ey (6 9)

and

1 a _—Jhitladn)

wd, 1ra @ 6 10)

Th, a) =

Then the expressions for q, (6 3) and (6 4), may be written as follows
For Scheme 1 (fixed A)

7o+l

q = E 2:111- {_M(C'J‘) 4a,, Pl) + M(C.j, Ay, Pl)} 6 11)

gl e

3 The Bivariate Normal Probability Distribution, D B Owen, Sandia Corporation, March 1957, SC 3831
(TR)



For Scheme 2 (fixed b)

% m+l n

=2 X Zp-m [—M(C.y Aiyj ) + M(Cisty Arjos, 0} (6 12)

toal  pma

Similarly, the system of equations (5 9) whose solution gives location becomes:
For Scheme 1 (fixed A)

A=r ~Djsfai"E(uy)
_ o - K,
0 Zpl G'(d) S d1‘¢ (

™1 A=ri~D fa—KMm) G(dl)
aini)
p,-ked,)
1 j o) ( A— 7, — Dy, — E(u.))
o) Joymwan W\ o(d) (6 13)
aldq)

7= 1r y M
For Scheme 2 (fixed b)

wdeTr, Db e E(uy)

LICTR] Al
D, — b(d.))
lz-:l k; p pL {d’(d )JA;‘Y.-*D”“'E('HJ dx ¢‘ (x’ U(“!)

afur)

i“EW)

o(di) — - —-F
—L__ dy ¢ (A‘ : a&)/& M“'),y)} (6 14)

8, 0(":) D,_,~EW,)
ofdi) j = 1, , m
Using the simpler notation these become

For Scheme 1 {fixed A)

1 Cij+a 1 Ayt }
'Z_;;o {a(d.) fC” ¢.x, A,,)dz + s,a(u.)L“_. $.(y, Cipdy (6 15)

=1, M
For Scheme 2 (fixed 1)
{ l fcu+|k 1 “'l }
0 T ' AI dx 1 4 d
'z“:l ép Pk (d,) ook ¢ (17, J) + s, a(u') Aty ¢ (C ks y) )
J=1 y m {6 16)
The ntegral formula used 1n obtaining the expressions (6 15) and {6 16} is the following
B-cpy
1 # A | .
— ) dle,dy = —— " _e"“ du
2rv'1 — p.? 4 Vor —i—__f”-‘ vVor
l-pit
= Lo @) - a(a) ©17)

Vo
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where
A = A —epy
‘\/l - Pl’
B’ = B —e¢p,
\/1 - Pl’

For computational purposes the system can now be expressed as'
For Scheme 1 (fixed A)

-

0= F::l P %{:};S [cp (C-!—%_f‘l::’-) e (C’.;l—_A;‘;’p-)J

y -

R [ o (M) —® (ﬁ:ﬁ.'_:ﬁ)]} 6 18)
ﬂiﬂ(ui') \/1 — p‘l M
J=1, ym

For Scheme 2 (fixed b)

0- £ B2l [ () - c5zt2)]
X

S&E s V1 — pt? V1= pd
N e_c.m; I:q: (ﬂ__c"_"ﬂ) - & (-A"—"——_(_"__'—’-"ﬂ)]} (6 19)
8, o(ug 1=~ pd8 V1=l
J t— 1, ! m

These expressions contain only the univariate normal distribution function

Each of the ahove, 1 ¢ (6 18) and (6. 19), 1s a system of m transcendentzl equations The
solution of such systems usually requires successive approximation methods, and various such
methods were applied to the present systems depending upon the number m of exits, Initially,
graphic search methods for roots were used by computing the partial derivatives and plotting.
This process was suitable for one and two variables (i e ,m = 1 and 2) but couldnot be efficient-
ly used for three variables While in two variables an exhaustive search was carried out over
the entire surface, seeking to determine whether some general statement might be made con-
cerning the number of possible solutions (1 e , local minima) in m-dimensions The result of
this effort was that although the number of solutions can be bracketed it cannot be exactly pre-
dicted The obvious restriction D, < D; < < D, offers considerable simplification in
searching for roots .

For dimensionality greater than 2 one of two alternative methods 1s used, 1 e the method of
steepest descent, and a method of successive approximation along segments parallel to the co-
ordmate axes, following the variable for which the function has the largest gradient

The computer used m the evaluation of these expressions was an LGP-30, 4096-word memory,
digital computer with basic machme cycle measured in milhiseconds The input and output is
by typewriter at the rate of ten alpha-numeric characters per second with mternal machine
language 1n bmary

The use of the computer chosen enabled certain exploratory calculations to be made readily
during the development of the final computation forms of the equations These trials in fact
winfluenced the final form of the computations since they gave advance information on the feasi-
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bility and the necessity of any particular line of attack A Iarge number of calculations were
made efficiently and with a minimum of laborious advance preparation of the type common to
large-scale computers

Certain approximations were made in order to enable numerical solution of the equations
The systems (6. 18) and (6 19) are quite similar and contain two expressions which cannot be
evaluated directly, namely the exponential function and the normal probability integral These
functions were approximated with rational functions obtained, with minor modification, from
Hastings 4 This reference also contains a plot of the error function for each approximation

The computation of (6 11) and (6 12) requres the function 7'(h, @) of (6 10), Substituting

2
b = zin that equation results in

2
- a -z
- e e
T(v/33, a) = 2;1; G 6 20)
and expanding the integrand, rearranging terms and wtegrating leads to the expression
-2 n n 2m—1
= e ] m &
T(\/2z, @) = o ,E}nf (arctan a +m§ (-0 5 — 1) (6 21)

Equation (6 21) was found suitable for computation for values of 0 < e < land1 <% <475
For other values of a and h the computations were made with the aid of the following transform-

ations
J)a>1
T(h, o) = 5 9(h) + % B(ah) — (k) Bah) — T (ah, i)
2)h <0
T(—h, a) = T(h, a)
da<0
T(h, —a) = ~T(k, a)
4Ja = o

Th, =) = 51 — (k)

S [

5la=10
T(h, 0) = 0
6)h =0

(0, a) = arctan ¢

2

These approximations were chosen smnce their use 15 much more efficient than the use of
tables of functions stored in memory

The computational approximations indicated in this section are quite good Let ¢, be the
magnitude of error in the final answer of the calculation of any partial derivative of type d¢/8D,,
and let ¢y, 2, ¢4 be the magnitude of error in the approximations of the probability integral, the
exponential function, and the T'(h, a) function respectively The error ¢, may be computed from
the following formula

'?L(u‘) + U(d1)
e = 2e,(1 4 2es) sww) ald) @ ) (6 22)

4 Approximations for Digital Computers, Cecil Hastings, Princeton University Prass, 1956,
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Upon substituting values which would lead to the largest possible €y
e, < (39)107° (6 23)
Similarly if the magnitude of error in the final answer of the calculation of ¢ is ¢, then,
e, = 4dmes + ey, {6 24)

and for the largest m,

e, = (73)107° (6.25)
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7. Runway Turn-Ons

Runway turn-ons have been proposed as a means of increasing the capacity of a runway used
for both landings and take-offs by large transport awrcraft The runway turn-on, of a design
similar to that of a taxiway, would be placed at the end of a runway where aircraft start their
take-off The thought behind this initial proposal i1s that aircraft could start the take-off run on
the turn-on, accelerate so as to enter the runway at ground speeds higher than now used, and
continue the take-off without stopping

In this evaluation 1t was to be assumed that aircraft are able to enter the runway at speeds
ranging from normal tax speeds to about 60 knots The scope did not include an 1nvestigation
of the feasibility of turn-ons from the standpoint of aircraft operation Without actual field
test of aircraft, 1t ts not known what the maximum turn-on design speed should be, but 1t was
felt that for the purpose of a preliminary evaluation, lacking operational data, a theoretical
treatment up to 60 knots would be in order to indicate if there were any gains to be achieved up
to this speed

The use of a runway turn-on appears to offer three possible advantages (1) the length of
runway avallable 15 increased by the length of the turn-on if aircraft are allowed to use the
turn-on for accelerating with take-off power, (2) the capacity of a runway 1n terms of landings
and take-offs possibly could be mcreased by using turn-ons, and (3) the turn-on would permit a
smoother operation for take-off aircrait

Operational Feasibility

As stated previously, the geometric design of a curved turn-on for entering aircraft onto the
runway at speeds on the order of 30 to 60 knots would have to be investigated by field tests with
awrcraft Aircraft operational factors would have to be given consideration 1n developing a
geometric design Discussions with aircraft operators and manufacturers focus attention on
the following 1tems which must be included 1n an evaluation of the operational feasility of
high-speed runway turn-ons

1 Using a curved turn-on with a full load of fuel in the wing tanks, there 12 a possibility of
losing fuel through the aircraft fuel vent system

2 Ona curved turn-on there could be some loss of steering ability with the nose gear when
utihzing high-thrust settings on the engines Such settings do cause a definite transfer of
weight from the nose gear on aircraft that have a low thrust line with respect to the center
of gravity

3 Accelerating on a curved turn-on using high-thrust settings on the engines, provides very
little opportunity to make proper visual checks of engine operation and to make a good com-
pass check A precise compass check would be difficult because the aircraft would not be
properly aligned with the runway until a fairly high speed was achieved, at which time the
pilot would be deeply involved with the more important operational problems of performing
a smooth and safe take-off

4 On a curved turn-on utilizing high-thrust settings on the engines, the loss of an engine
might pose a difficult steering problem, especially with a marginal pavement condition
(wet or snow-covered) This problem associated with the loss of an engme, especlally an
outboard engine, would apply also to a narrow, straight-in type of accelerating strip Waith
the higher-thrust type of engines being installed on the new transport-type aircraft, safe
operation on a narrow accelerating strip, with high-thrust settings and with sudden loss of
an outboard engine, appears very doubtful It is felt that with & narrow, taxiway type of
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turn-on the aircraft could easily be partially off the load-bearing pavement before direc-
tional control could be recovered

5 The weight of large turbo-jet transports is distributed over a large area, consequently, on
a curved furn-on there mighi be probiems in being able to have the aircrait properiy de-
velop a turn during a high-thrust acceleration

The possible problems of operating aircraft on a2 turn-on as outlined above demonsirate that
field tests with actual aircraft are absolutely necessary before determining that the turn-ons
are operationally feasible

Theoretical Considerations

A theoretical analysis of the effectiveness of turn-ons was not accomplished during the con-
tract period The effectiveness of turn-ons depends aimost entirely on traffic operating rules.
More information on these rules and how they might be applied to turn-ons is necessary De-
talled data on runway usage is also required

Runway usage by take-off aircraft may be divided into two operating parts as follows

Part 1 From the time that an aircraft enters and aligns with the runway until the actual take-
off is started This may be further subdivided as

a Alilrcraft enters the runway, aligns with the runway and comes to a full stop prior
to starting the actual take-off roll,

b Aircraft enters the runway, aligns and starts the take-off roill, all in one con-
tinuous operation (rolling take-off) Discusslons with several aircraft operators
concerning take-off operations on the runway indicate that some operators have
procedures that require an aircraft to come to a full stop on the runway before
starting a take-off For this reason the two methods of entering the runway for
take-off should be considered

Part 2 From the time that an aircraft starts the take-off until it is clear of the runway

Dota Required

During the conduct of this project a part of the data outlined below was being gathered at
several airports 1n the United States under FAA sponsorship, but it was not available in time
to make a real effort in formulating a mathematical model for turn-ons

The types of data needed are as follows

1 The times required by various types of aireraft to accomplish a Part 1a turn-on from a
right-angle taxiway entrance and from an angled entrance Also required is the elapsed
time between the time aircraft position themselves on the runway for take-off and the time
when take-off power is applied These elapsed times should be free of air-traffic-control
delays

The times required to accomplish a Part 1b turn-on.

The minimum practicable time intervals between departing aircraft (referenced to the ap-
plication of take-off power) These times will be governed by separation rules and should
reflect not only what is gomg on today but what may be expected in the future These mini-
mum intervals can be considered as runway occupancy time for take-off aircraft Con-
trolling factors limiting these times are minimum separation rules on airways, distur-
bance due to wing tip vortices, etc

[0 ]
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Appendix A. Development of The Mean Acceptance Rate

It is mathematically most convenient to consider a fixed number R of arrivals over threshold
and express the acceptance rate as the number of aircraft accepted by the runway divided by the
time required to process (accept or wave-off) the Il arrivals, thus

number of arnvals accepted A1)
total time required for R arrivals

¢ =

where

J:

A random vanable defined as J, = 1.1f the r-th aruval 1s aecepted, and J, = 0
if the 7-th arrival 1s waved off r = 1, , I
6, = Time separation between r-th and (r + 1)-st arnvals

The mean value can be approximated by,

R ¥4
2. 2 a
E(A)=E | = ! (A 2)
R R
gl‘, 3, r_Z])E(a,)

where

a. = F(J,) the probabihty that the r-th arriving areraft 1s accepted

The accuracy of the approximation in equation (A 2) can be checked by considering the following

If ¥ 15 a random variable which ¢an be expanded in a Taylor's series about its mean, then

1 1
F =5~ mp B+ S (O EO» ()

and the ratio of two random variables %{ can be expressed as,

X _EX) _ _EQX
EY) " EOP

(Y — E(Y) + E(—lﬂ (X — E(X)

+ B S G (V= By + (X —BOO) 5 glim (Y —B» (A9
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and the mean value of —}}g is equal to

Xy _EX) | <~ (=1 oy -
E (?) =5+ Ly kY - BOOY X) (A 5)

Since the approximation used is the first term of the above series, its appropriateness can be
examined by looking at the remainder term which depends upon the behavior of the ratio

E[(Y —E(¥YN"X
A a0

Calculations show that these quantities are negligible, being of the order of cne one-hundredth
and less Note that for separation Scheme 1 (fixed time separation), the approximation 1s ex-
act, since the denominator is non-random

The numerator of expression (A 2), ;1 %ris evaluated as follows Note that a- may be
expressed as,

a,=1—Pr{J, =0} (A7)

¥rom the assumption that an accepted aircraft will not cause two successive wave-offs, it
follows that the probability that the r-th arrival is not accepted is equal to the probability that
the (r — 1)-st arrival is accepted and occupies the runway too long, 1t e.

a, = 1 — Pr {J,., = 1 and the occupancy time of the (r— 1)-st arnval > 8._;}
=1—a.19, (A8)

where

g = le. Pr (T, > §,.1) (A 9)

For the fixed time arrival separation scheme, §,_, = A for all r and hence equation (A. 8) be-
comes,

g = 2 p. PriT, > A} (A 10)
=l

For fixed distance arrival separation, the time §,_, is dependent upon the aircraft type of the
r-tharrival, and thus

Pril. > &1} = Do pv Pr{’l'. > vﬁ} (A 11)
(3

kml

so that equation (A B) becomes, for fixed b

=2 2 pp Pr{?'. > ﬁ} (A 12)

=] 3

Hence, for the two separation schemes considered, the quantity q 1s independent of »
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Assume the first arrival is accepted, 1 e.,
oy = 1 (A.13)

It follows that

a,=1—ga|'=1"'q,
as=1—gu=1—¢gl—g@=1—qg+ ¢,

a=l-g+g—¢+- +(-9",

and hence
_14+ (=9 A 14
o = (A 14)
Then the numerator of (A 2) becomes
R _ 1 { 1 + (_ )R+I}
;:a,_l_l_qR—l———L—l_'_q (A 15)

Now the denominator of equation (A 2) can be evaluated as

4
E (); a,) ~ RE(5,) (A 16)
and thus equation {A 2) becomes
(%)
B o R4l
= 1 1 JR-1, 14 (=9 }
N\ { E TRIT ¢ A 17)

P()E s,) “EG) 1+ ¢

The mean acceptance rate equation becomes the following in the limitas KR — «

1 1

E(A°)=E(6_,)'__l+q

(A 18)
Therefore the mean acceptance rate is approximately the inverse of the mean separation time
multiplied by a correction factor for wave-offs The approximation is very good, even for
small R and moderately large g, as may be seen by examining equation (A 17)
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Appendix B. Determination of Mean Separation Time

For Scheme 1 (fixed time Interval separation) §,1s constant and equal to A. Hence
E(s,) = A (B 1)

For Scheme 2 (fixed distance separation) determine the time A required for the plane of the
+-th type to reach threshold from the fixed distance b There exlsts a velocity value »; such
that

A =2 (B 2)
L]

Then the expected separation time between the r-th and(r + 1)-st arrival is

E6F=Z")|Am.-b}:"ﬁ (B 3)

=l Uy

In both cases E(3,) = (5) is independent of r
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Appendix C. Formulation of the Probability
Of Causing Wave-Off

For fixed time arrival separation define a quantity g, by

and note that

m+l

Pri7.> A} = D Pr{T,> Aandd, e RB,) (C2)
J=1

Substituting from the previously defined expression for occupancy time, equation (5 4), results
in the following

Pr{T, > A} = E Pr{t. + ]—)‘s;ﬁ +r.>Aand D, <d, = D,}

=l 1

+ Pr {t. + gm.i(d) > Aand D, < d,) (C3)

It 15 assumed that the additional time allowed for clearing the runway if the last exit is missed,
gm+1{d,) ,is a fixed amount of time This allowed time is determined so that the assumption of
no two consecutive wave-offs 1s not violated

Equation (C 3) may be written

m+1l

Pr[T.>A}=ZPr{t.—%>A—f.—&mdd.eB,} (C4)

Ju=l [

Letu, = {, — % and equation {(C 4) may be written,

m1

pPr T, > A] = Z Pr{u. >A—r1, —~ %‘and d, eB,} (C 5)

=t

The joint distribution of u, and d, 1s bivariate normal with

Ew) = E(t) — ::E(d.) (C6)
o) = oty + (1) o) = 2t 0) 7
clud) = olt,, d) = T od) ©8)
g, = ol di) (C 9)

o{u,) ald,)
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If ¢4z, y) s the bivariate normal density function of the normalized «, and d; with correlation
coefficient p; then equation (C 5) may be expressed as,

Dy-Ew)
l E * eldy)
Pl' Ti > A = d.'l: d ‘x .l
’ Jm) JA—v;-D;ta;-E(n;) Dic - Kidi) I!¢( Fy) (C O)

oluy) edy)

For the fixed distance arrival separation scheme, the quantity q: may be expressed as

g = ;lm Pr (T, > &]r + 1'' arnval 15 of kth type)

- k):lp,, Pr (7, > Al (C 11)

L] , 2
ﬁpﬁ Pr{?. > Uk}

The quantity Pr {T; > vk} can be calculated from the preceding equations (1 e. (C 3) and its
®

succeSsors) upon replacing A with b/y,



Appendix D. Expressions for Minimizing the Probability
Of Causing Wave-Off

In Section 5 equation (5 9) an expression 1s given which represents a system of equations
which are to be solved for values of D, D, They require the partial derivatives of g,
with respect to the D, If ¢, 18 written in the form developed 1 Appendix C, equation {C 10),
the partial derivative may be taken as follows

D)

mtl m e(dd}
qo= 2 dz dy ¢z, ) @1
=1 _JA-r -D,fe,~E(n ) Dy~ E(d,)

o(u,) ol{di)

A~ =Dy fa,-E(uy)
LICTS — R
)

aD; —ry—D /8, ~F (u, U(d1) D’(d,)
o(u,)
Dy-Fdy)
1 j s (A — 7, — D,/s, — Eu) )
L |3 1 D 2
+ s, cr(u,) D,—,—F () d?/ é G'(da) Y ( )

o{d,)

Equations (D 1) and (D 2) are directly applicable for the fixed time arrival separation
scheme They may be modified for the fixed distance arrival separation scheme by replacing
A with b/v, , multiplying the right hand side of each equation by p, and summing over
h=1, JH
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SUFPLEMENT TC THE REPORT: A MATHEMATICAL MODEL FOR LOCATING EXIT TAXTWAYS

Optimum Locations of Exit Taxiways snd Corresponding
Acceptonce Rates for Exit Speed of 15 mph

The Imstitute of Transportation end Traffic Engineering
and
The Department of Imdustrial Engineering
University of California
Berkeley, California, December 1959

Qge

This supplement presents computations of acceptance rates and related
information for an exit speed of 15 mph, which is rerresentative of the average
turn-off speed on 90-deg taxiways, the type used almost exclusively in recent
years. Such computations permit comparison with the data for high-speed exit
taxivays presented in the basic report and thus provide some indication of the
advantages to be galined from high-speed exits.

Basis for Analysis

Computations herein ere mede with the mathematical model described in the
basle report. Particular attention is called to Section 2 of that report, which
covers the assumptions on which the model waa developed.

Limitations of Results

Results presented herein are probably less representative of "resl life"
than those for the higher~speed exits presented in the basic report. This is
because of the assumption that if an aircraft misses its normal exit, 1t will
continue to the next exit at exit speed. While the assumption appears reasonsble
for high speeds, i1t does not appear applicable to 15 mph -- aircraft would probably
maintain their higher speed or even accelerate, thus railsing the averege speed
between exits, egpecially in the case of small aircraft, and especially if the
second exit was some distance awany.

There 1s also the question of whether 1t is reamscnable to suppose that an
aireraft would actually miss a 15-mph exit. An exit reasonably located for such
a speed would probebly not be missed by aireraft reaching it at & scmewhat high-
er speed, because at this low absolute value the excess speed would seldom be
ceraitacal.

The net result of the foregoing considerations is that the results herein
probably show acceptance rates lower than those for "real life" and thus suggest
advantages for high-speed exits that are greater than would actually be the case.

——

i B



TABLE 1 - DATA FOR POPULATION I, 15-MPH EXITS

Average rates, exit locations and probabilities when the aircraft separations {1n sec.) are:
Item B0 90 100 110 112 120 130 132 150 150 160
TWO EXITS
Arrival Rate 45,00 40,00 36.00 32.73 - 30.00 27.69 - 25.71 24.00 22.50
Acceptance Rate 29.60 28.17 26.70 25.20 - 24,37 2h,51 - 24,20 23.37 22.26
Wave-off Rate 15.40 11.83 9.30 7.53 - 5.63 3.18 - 1.51 0.63 0.24
Exat Locations 4615 4700 4785 4870 - 4535 4580 - 4675 4780 4895
6685 6320 6945 7070 - 7185 7305 - Th25 7540 7655
q; (KC-135) 0.680 0.512 0.367 0,252 - 0.164 0.102 - 0.060 0.033  0.017
ap (C-121) 0.268 0.133 0.057 0.022 - 0.105 0.081 - 0.044 0,021  0.008
q3(C-131) 0.090 0.038 0.01k 0.005 - 0,161 0.1k - 0.049 0.015 0,003
a), (L~27) 1.000 1.000 1,000 0.997 - 0.555 0,248 - 0.102 0.035 0.011
a 0.520 0,420 0.349 0.299 - 0.231 0.130 - 0.063 0.027  0.011
THREE EXITS
Arrival Rate 45,00 40,00 36.00 32,73 - 30.00 27.69 27.27 25.71
Acceptance Rate  31.24 30.21 28.60 26.67 - 25.43 27.32 27.01 25.67
Wave-off Rete 13.76 9.79 T.40 6.06 - h.57 0.37 0.26 0.04
Exit Locations 4610 4700 4785 4870 - 4535 4250 4270 4310
6495 6550 6605 6645 - 6675 6000 6055 6245
6905 7120 T345 7555 - T760 Th70 7540 7810
91 EKC-135) 0.438 0.221 0.095 0,034 - 0.010 0.031  ©.0p2 0.004
c-121) 0.265 0,133 0.057 0.022 ~ 0.104 0.002  0.002 0.000
q3 (C-131) 0.093 0,038 0.014 0.005 - 0.161 0.000  0.000 0.000
aj, (I~27) 1.000 1.000 1.000 0.997 - 0.555 0.013  0.010 0.001
q 0. 0.324 0.259 0.227 ~ 0.180 0.01%  0.010 0.002
FOUR EXITS
Arrival Rate - 32.73 32,1% 30.00

32.33 31.84 29.93
0.40 0.30 0.07

3685 3720 3660
S0LO 5110 5L00
6630 6650 6740
7540 7595 7810

0.034 0.026 0.006
0.003 0.001 0.000
0.000 0.000 0.000
0.002 0.002 0.001
0.012 0.010 0.002

Acceptance Rate
Wave-off Rate

Exit Locetions

[
1
n
-]
T
| B I I |



TABLE 2 - DATA FOR POPULATION IT, 15-MPH EXITS

[ Average rates, exit locations and probasbiliiies when the aircraft separations (in sec.) are-
____Ttem 80 0 100 106 110 118 120 130 140 149 150
TWO EXITS
Arrival Rate 45.00 40,00 36.00 - 32.73 - 30.00 27.69 25.71 2h.20 24,00
Acceptance Rate 31.29 30.69 29.91 - 286.88 - 27.67 26.35 25.06 23.93 23.80
Wave-off Rate 13.71 9.31 6.09 - 3.85 - 2.33 1.34 0.65 0.27 0.20
Ex1t Locations 4600 4685 4780 - 4880 - 4990 5145 5550 5685 5700
6685 6820 6945 - 7070 - 7188 7305 435 1 7625 7650
q; (KC-135) 0.680 0.512 0.367 - 0.252 - 0.164 0.100 0.043 0.01k 0.013
(C-121) 0.260 0.128 0.057 - 0.022 - 0.008  0.003  0.01k 0.008  0.007
a3 Ec-13%) 0,101 0.0kk 0.015 - 0.00k - . 0.001 0.000 0.000 0.000 0.000
q}, (L-27 - - - - - - - - - - - -
qIJL 0,438 0.303 0.204 - 0.133 - 0.08k 0.051 0.026 0.010 0.008
THREE EXITS
Arrival Rate 45,00 40 .00 36.00 - 32.73 30.50 30.00
Acceptance Rate  34.16 34,54 33.73 - 31.94% 30.22 29.78
Wave-off Rate 10.84 546 2.27 - 0.79 0.28 0.22
Ex1t Locations U600 4690 4780 - 4880 k965 4990
6490 6545 6600 - €640 6660 6665
6900 7120 T340 - 7550 7710 (%0
qy (KC-135) 0.438 0.221 0.095 - 0.034 0.013 0.010
c-121) 0.260 0.130 0.057 - 0.022 0.009 0.007
g3 (C-131) 0.101 0.042 0.015 - 0.00%  0.001 0.001
ah (L-27) - - - - - - ~
q 0,317 0.153 0.067 - 0.025 0.010 0.007
FOUR EXITS
Arrival Rate - - 36.00 33.96 32.73
Acceptance Rate - - 34,95 33.61 32,59
Wave-off Rate - - 1.05 0.35 0.1%
Exit Locations 4780 L775 L4690

6305 6000 9950
7015 6900 6910
T660 7670 150

d3 EKC-135) - - 0.020 0.013  0.007
gz (C-121) - - 0.056 0,014  0.002
a3 (C-131) - - 0.015 0.000 0,000

qlf- (L-27) - = - - -
q - - 0.030 0.011 0.004




Analysis of Results

The results obtained from the operation of the model are showmm in Tables
1 and 2. (Comparsble with Table 4 of the basic report.) Fig. 1 shows
acceptance rateg for fixed-time arxraival separations for 2, 3, snd 4 exats.
Fig. 2 compares the acceptance rates cbtained with 15-, 40-, and 60-mph exits.
The data from which Fig. 2 was drawn are shown in Table 3.

TABLE 3 - EFFECT OF EXIT SPEED ON AVERAGE ACCEPTANCE RATE

Average acceptance rate¥ for exit of:

Pareput inereese,
Number of exits 15 mph 4O mph** | 60 mph¥¥ 15 mph to €0 mph

Population I:
2 20.26 ho.90 51.33 130
3 27.01 18,92 59,87 121

Population II:

23.93 43.98 59,51 149
3 30.22 Lo, 54 64,70 115

*  Obtained in the region of balance (aircraft per hour)
*¥¥ From Table 3 of basic report

An interesting cbservation is the arrivel time separation corresponding
with & balance between arrival rates and acceptance rate. The deta for Popula-
tion I and two exites are as follows:

Averege
Exit speed, mph Arrival interval, sec acceptance rate

15 160 22.26
Lo 83 42.90
60 70 51.33

This clearly shows that as the exit epeed is increased the arrival seperation
interval must be reduced if the higher acceptance egpability of the high-speed
exits is to be taken advantage of,

The trend in optimum locations of exits for the above example 1s also of
interest. The data for Population I, and two exits are as follows:
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Exit speed, mph Optimum locations (2 exits), £t¥*
15 4895, 7655
4o 4396, 7120
60 L1o5, 6861

% Distence from runway threshold.
In region of balance.

Thus as the exit speed 13 decreased, the taxiways are shifted farther
and farther down the runway.
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