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Abstra ct

“
~rhe stud y estimates airc raft and passenger delays that will be encountered
at 30 large terminals during the period 1976 through 2000 . Delay estimates1

‘are prepared for two scenarios--( 1) no change in existing runway capacity
and (2) changes in future runway capacity resulting f rom the int r oduction of
the Upgraded Third Generation Air Traffic Control System (U 03RD) . Delay
estimates/were obtained from application of a deterministic, steady state
runway queuing model. Results of this research were incorporated in a
cost-benefit analysis of the UG3RD ATC system.
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USUIIMARY j

The purpose of the study described herein was to estimate aircraft
and passenger delay savings associated with UG3RD introduction . The study
scope included the 30 largest airports and the time span 1975 through 2000 .
The study is an integra l part of a complex program of research tasks having
the common goal of assembling data and information on costs and benefits of
the UG3RD at both ind ividual component and system levels. Delay reduction
is , of course , an important benefit category .

The approach to this study is summarized in the following steps:

(1) A set of UG3RD implementation scenarios was postulated
and analyzed. These scenarios had to do with the
timing by which UG3RD component s were emplaced. One
was selected as the basis for estimating delays.

(2) A set of five UG3RD component/siting configurations
was defined and f i t ted to the scenario in (1) . This
set was the basis for forecasting runway capacities
of the 30 airports unde r various operational condi-
tions .

(3) A methodology for calculating delay was developed and
utilized . The resulting delay data were subjected to
a battery of sensitivity checks .

SCENARIO

Three basic scenarios were examined: (1) do-nothing, (2) UG3RD
capital action , and (3) UG3RD cap ital and noncapital action. Capital action
implies the investment in UG3RD facilities and hardware . Noncapital action
involves the adoption of policies or procedures that would reduce congestion
and de1~ r (e.g., reducing general aviation activity) at the study airports.
It was decided to utilize the do-nothing scenario as a baseline case and to
concentrate on the UG3RD scenario for delay reduction estimates in this study.
The third scenario is the subject of a separate, parallel part of the cost- =
benefit support program. .

CONF IGURATIONS

Table i displays the five component/siting combinations selected
for study in the cost-benefit support program. The configurations span a
range of potential system cost and benefit levels. From the standpoint of
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delay reduction; however, Configurations 2 through 5 are essentially identical--
their variations imp inge on othe r benefit characteristics--so they are treated
as a single entity in the calculations that follow .

DELAY ESTIMATE S

The delay estimation methodology consisted of a series of steps
summarized below .

(1) Determine runway acceptance rates (operations/hour)
for each airport for each defined UG3RD configura-
tion and for a selected variety of operating con-
ditions

(2) Utilizing a normalized delay curve representing
average delay per aircraft as a function of the
ratio annual operations to runway acceptance rate,
find the average delay expected for each configura-
tion/operating condition.

(3) Combine the average delays from (2) into a single
average delay per operation for each airport
utilizing combining functions which comprehend the
fraction of time each condition exists, on the
average

(4) Generate passenger total annual delay and aircraft
total annual delay as products of average delay per operation

• and annual passenger demand and annual aircraft
operations, respectively.

Summary results of the delay calculations are shown in Tables ii
through iv. The three data sets are concerned with average aircraft delay ,
total annual aircraft delay, and total annual passenger delay. They are
structured to show the magnitude of delay increase forecast in the base case
(do-nothing scenario) between 1975 and 2000. Delay data forecast for the
year 2000 for the two UG3RD configurations considered are shown for direct
comparison with the base case.

Averaze Aircraft Delay

Results shown in Table ii indicate that each successive group of
TJG3RD components can reduce average delays significantly below the base case
projection. However, even for the maximum-capability configuration assumption,
average delays in the year 2000 would still be considerably above the levels
estimated for 1975. A total of 13 airports would experience average delays

~~ in excess of 6 minutes in the year 2000 with the maximum-capability system.

iii
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TABLE ii. COMPARISON OP AVE RAGE AIRCRAFT DELAY
PER OPERATION - MINUTES

Terminal Base Case — 
Config. 1 - Config. 2-5

Designator 1975 2000 2000 2000

ATh 3.76 17.78 12.96 5.18
~LE 3.26 9.52 7.23 4.35

• CVG 1.06 27.95 16.71 10.13
DALI 1.59 5.20 4.30 2.84
DFW 1.28 5.68 4.99 3.85

D1W 1.09 2.03 1.18 1.26
EWR 2.58 36.79 26.94 12.05
RNL 5.33 2.73 2.46 1.97
tAR 0.85 7.97 6.57 3.90

• IND 1.35 65.09 48.48 21.82

LAS 1.56 10.11 8.24 4.31
LAX 2.15 5.67 4.33 2.08
MCI 0.79 7.82 6.51 5.19

0.93 5.06 4.36 3.43
MIA 1.74 5.15 4.53 3.54

- 

1.66 35.96 2.5.47 11.71
1.19 50.39 36.11 13.74

• PilL 4.56 77.17 54.98 16.64
2.80 12.74 10.69 7.29

PIT 1.72 9.45 8.10 5.67

SEA 1.24 8.39 6.20 3.26
STL 4.99 116.58 85.27 30.34
TPA 0.68 9.91 8.25 5.42
BOS 2.66 24.96 19.16 9.15
DCA 4.78 5.19 4.49 3.42

DEN 5.75 14.99 11.83 4.76
JVK 6.48 134.07 96.07 24.84
LGA 6.32 25.12 17.90 9.73
olD 8.65 23.88 16.87 6.99
870 5.82 112.95 88.57 33.13

~ 
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TABLE iii. COMPARISON S OF TOTAL ANNUAL AIRC RAFT DELAY -

MILLIONS OP M INUTE S

Terminal Base Case Config. 1 Config . 2-5
Designator 1975 2000 2000 2000

• ATh 1.89 13.24 9.66 3.86
~LE 0.84 3.09 2.35 1.41
CVG 0.16 14.61 6.43 3.90
DALI 0.41 1.95 1.61 1.07
DFW 0.44 3.45 3.03 2.34
D’IW 0.28 0.75 0.66 0.47
EWR 0.57 15.08 10.63 4•94
HNL 1.63 1.12 1.01 0.81
LAB 0.16 3.59 2.96 1.75
IND 0.27 33.19 24.73 11.13

LAS 0.40 4.55 3.71 1.94
LAX 1.00 3.40 2.60 1.25
MCI 0.14 3.52 2.93 2.34

0.27 3.04 2.62 2.06
MIA 0.57 2.57 2.27 1.77

MSP 
- 0.41 19.42 13.75 6.33

MSY 0.19 21.16 15.16 5.77
PilL 1.44 38.59 27.49 8.32-
P~VC 1.22 8.41 7.06 4.81
PIT 0.50 4.72 4.05 2.83

SEA 0.19 2.52 1.86 0.98
STL 1.67 62.95 16.38
TPA 0.13 5.95 4,95 3.25
BOS 0.79 IQ.48 8.05 3.85
DCA 1.55 1.50 1.35 1.02

DEN 2.18 7.19 5.68 2.29
jyy~ 2.33 80.44 

~~~~~ 14.91
LG,& 2.14 10.05 7.16 3.89

i; ’ . •
‘ 5.89 18.17 12.08 5.32

svo 1.91 .62.12 .18.22

V
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TABLE iv. COMPARISONS OF TOTAL ANNUAL PASSENGE R DELAY -

MILLIONS OF MINUTES

Terminal Base Case Config. 1 Config. 2-5
Designator 1975 2000 - 2000 2000

ATh 89.06 1231.52 898.10 358.69
19.69 168.15 127.77 76.78

CYG 3.08 318.82 140.39 85.06
DALI 10.90 29.06 24.03 15.89
DFW - 9.86 166.83 146.66 113.26

DIW 9.11 50.26 43.89 31.15
EWR 19.16 822.58 579.94 269.53
RUT.. 48.33 75.14 67.65 54.22
LAN 4.58 136.76 112.76 66.82

3.65 579.91 431.97 194.38

LAS 8.15 156.32 127.34 66.56
LAX 52.00 241.48 184.32 88.57
MCI 3j34 183.43 127.79 101.89

340 54.06 46.61 36.60
MIA 20.01 184.48 162.38 126.87

i~ p 
. 

10.24 653.08 462.51 212.71
MSY 5.62 720.07 515.96 196.31
PilL 36.97 2074.37 1477.93 447.27
PIVC 11.26 152.99 128.43 87.51
PIT 13.38 228.38 195.90 136.99

SEA 6.47 131.18 96.95 50.94
STh 36.83 3717.58 2719.36 967.52
TPA 3.33 152.55 127.01 83.37
BOS 27.47 829.31 636.80 304.22
DCA 57.07 164.15 141.94 108.02

DEN 60.18 467.54 369.00 148.56
Jp1~ 

139.91 6136.34 4351.49 11.37.08
ICA 98.59 917.66 653.88 355.37

283.49 1829.84 1216.23 535.74
3,0 92.54 5229.69 4100.71 1533.94

a.

vi



- On the other hand, the improvement over base case performance
achieved by the UG3RD system configuration is highly significant. Configura-
tion 1 scores reductions by factors of 1.5 to 2.0 and the higher order
configurations by factors ranging from 3 to 4.

Total Annual Aircraft Delay

Results shown in Tables iii and iv indicate similar trends as to
the effectiveness of the UG3RD components. These data on annual delay
estimates provide better measures of the nationwide value of UG3RD implementa-

- tion than do the average delay estimates.
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FINAL REPORT

V on

ESTIMATION OF UG3RD DELAY REDUCTION

by

V Robert A. Rogers , Vincent J. Drago,
and Ed S. Cheaney

1.0 INTRODUCTION

The project reported on herein was part of a team effort led by
the Federal Aviation Administration (FAA) to assemble data and informa tion
suppo rting technical and cost benefit analyses of the UG3RD*. This part was
concerned with the effect on delay reduction of implementing various combina-

tions o~ UG3RD components.

1.1 BACKGROUND

In 1974, the Office of the Secretary of Transportation (OST) con-
ducted a staff study of the nine-component engineering and development program

creating operational designs for the UG3RD. In its study report, 051 recom-

mended continuation of this E&D work but added that FAA should conduct fur-

ther economic studies on technical and operational solutions to future air

traffic control (ATC) problems . Specific study requests included investiga-
h’. tion of future airport/airway scenarios involving various imp lementation

assumptions for UG3RD components , cost-benefit analyses at component and
system levels, and various policy impact studies.

The FAA , in response to these recommendations, prepared and imple-

inented a six-part research program plan. This plan included, as a discrete

part, establishing and exercising a practical methodology for calculating

the impact of various UG3RD implementation scenarios on aircraft/passenger

- • 

* Upgraded Third Generation Air Traffic Control System.

- ~~~-J~ L~ 
VI
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1-2

delay. The basic guidelines for this portion of the program were specified

originally by the FAA ’s Mr. John Rodgers in a planning docuulent* covering

the methodological approach, organization, and schedule for the results

presented in this Final Report.

1.2 OBJECTIVE

The objective of this study was to estimate systematically the

aircraft and passenger delay savings associated with UG3RD introduction.

This objective involves the creative development of a methodology for making

such estimates and its application to calculating delays at the thirty larg-

est U. S. hub airports for various, ATC system scenarios between the years

1975 and 2000, inclusively.

1.3 APP ROACH

- 

V 

The approach to this study involved the postulating of realistic

implementation scenarios, selection of a set of representative equiptnent/

siting options, and development of a methodology for delay calculation that

would comprehend this set of variables.

1.3.1 Scenarios

Three sets of scenarios for future ATC system changes were postu-

lated and examined: (1) do-nothing baseline, (2) UG3RD capital action, and

(3) capital/noncapital action combinations.

The do-nothing baseline scenario provides a necessary baseline for

making estimates of the range of adverse consequences to be avoided through

implementation of FAA-selected systems involving UG3RD benefits. The
scenario assumes a continuation of the present Third-Generation ATC system
in essentially its present form so that the national aviation system con-

tinues to operate much the same way it does today. No further FAA capital

expenditures beyond the present Third-Generation configuration ar e aas~~~d

* “UG3RD Cost Benefit Analysis, Draft Interim Report”, FAA, Office of
Aviation Policy, Pol icy Analysis Division (AVP-2l0), July, 1975.

‘

V
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to occur except for the addition of a certain amount of “more-of- the-same”
where applicable. Unconstrained aircraft and passenger demand forecasts

• provided by FAA were used without alteration in the development of this

scenario.

The UG3RD capital-action scenario assumes the installation of
various mixes of UG3RD components at the 30 study airports over a practical

implementation time schedule. The component mixes and related runway

capacity-increase capabilities were assumed one-at-atime for each airport.

Also, each component was assumed to be installed on the same date at all 30

airports. It was assumed that the physical installation of the components

would be completed during the 1975-1980 period so the delay impacts (de-

partures from do-nothing baseline delays) would manifest themselves after

1980. Mo adaptivity, i.e., capital investment responsiveness to buildups

in experienced delay to hold delay to some predetermined maximum was assumed

in this scenario.
V 

The capital/noncapital action scenario assumes that in addition to

the scheduled capital actions described above, various noncapital actions--
(V 

operating policies and procedures--complimentary to the UG3RD and providing
• further reduction of delay are taken. The actions considered involve setting

policie s that would (1) allocate scarce airport capacity and redistribute
the t ime pattern of airport usage through the use of pricing or administra-
tive options, (2) relieve congestion at major airports through diversion of

• traffic to secondary or satellite airports, and (3) impose limits on general

aviation activity at major airports. In developing this scenario, a respon-

sive or evolutionary function can be logically included. That is, various

noucapital actions can be assumed to be invoked whenever delays rise to an

unacceptable level at any one of the study terminals. Note that there is

imp licitly present, in this scenario set, another baseline, different from

th. do-nothing baseline described above, wherein noncapital actions are

invoked as necessary but no capital investments in UG3RD configurations are
made . 

~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



- 
-- — - -  — -- ~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

1-4

1.3.2 Eaui~ment/Sitin~ Options

A total of five equipment/siting options were postulated for the
UG3RD and were considered in the various studies supporting FAA ’s cost-benefit

analysis. Table 1-1 delineates these options. The configurations span a

range of potential system cost and benefit levels.

1.3.3 Delay Estimating Procedure

The procedure used in irking the delay estimates consisted of

selecting the scenario and option sets to be examined and then developing

and exercising the calculation methodology.

It was decided to utilize, in this study, the scenario termed

“UG3RD Capital Action” in the descriptions above. This scenario and the “do-

nothing” scenario are identical through 1980, since the effects of implement-

Lug any UG3RD features cannot be felt in the aviation system until then. The

capital action scenario was chosen for this study since it was desired to

isolate the effects on delay of the UG3RD system components independent of

other considerations. The third scenario involving exploration of noncapital

actions was investigated in a parallel study reported separately from this

one.

The UG3RD component options considered are delineated in Table 1-I

as previously discussed. From the standpoint of delay reduction, Conf igura-
tions 2 through 5 are essentially identical--their variations impinge on

other benefit characteristics, such as capacity or controller productivity--

so they are treated as a single group in the analyses to follow.

The calculation methodology consisted of a series of steps sum-

marized below. A more detailed description of this methodology is presented 
V

in Section 2.0.

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ T T ~~
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1-6

(1) Determine runway acceptance rates (operations/hour)
for each airport for each defined UG3 RD configura-

-
. tion and for a selected variety of operating con-

ditions .

(2) Utilizing a normalized delay curve rep resenting
average delay per aircraft as a function of the
ratio annual operations to runway acceptance rate ,
find the average delay expected for each configura-
tion/operating condition.

(3) Combine the average delays from (2) into a single
average delay per operation for each airport
utilizing combining functions which comprehend the
fraction of time each condition exists, on the
average .

(4) Generate passenger total annual delay and aircraft
- • total annual delay as products of average delay per operation

and annual passenger demand and annual aircraft
• operations , respectively.

1.4 ORGANIZATION OF THE REMAINDER OF
- • THIS REPORT

Section 2.0 describes the delay estimation methodology setting
forth the queuing theory on which it is based and the approximations utilized

• in the actual calculations. The latter part of the section covers the

development of input data on runway capacity and terminal area characteristics.

Section 3.0 presents the results of the delay calculations. In Section 4.0,

a brief examination of the sensitivity of the results to different assumptions

is described.
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2.0 DELAY ESTIMATION ~~ThODOL0GY

2.1 JJN~JAY/GATE QUE UE-LENGTH AND DELAY

Queueing models are used in the airs ide cap acity portion of the
Airport Integrated Design System (AIDs) (a) . The mathematical structure of
these models is developed in this section. The terminology used here is the

one which is common in queueing analyses: the facility providing the service

is called a “server” and the entity receiving the service is called the
“customer”. In the airside capacity analysis psrtion of AIDS , the customers
are aircraft and the server is a runway.

2.1.1 Statement of the Problem

The customers are assumed to enter the system singly , and at

Poisson-distributed instants of t ime . The probabi l i ty -of  a customer

V entering during a small time increment A t is xt , where ~ can be a s lowly-

varying function of  t , and events in any time interval are independent of

• events in any non-overlapping interval .
It is easily shown that the probability of k arrival s during a

time interval of length ~ isr
k

• P r (k  arrivals in ~j ~ T _ e
_
~L T

There are c ident ical independent servers . The probabil i ty den-

sity function service time for each is

I ~ie~~~ t � 0 -

f(t) — S 0 t < 0
where ~ may also be a slowly var~ji ng funct ion  of time .

If , when a customer enters the system , there is a server f rce ,

the customer goes ii~t~edia te ly  to a f ree server , and st ar t s  being served .

If  there is no f ree  server , he jo ins  a s ingle queue . When a server becomes

~~ (a) The A IDS mathematical models and interactive graphic computer techniques
are fu l ly  documented in: Bat t e l le  Co lumbus Laboratories , “Computer
Program Description : Airport Demand/Capacity Analysis ~tethods ” , Addendum
to Final Report DOT—TSC-FAA-AVP-75-1 , September 20, 1974.

- ~~~~~~~~~~~~ _ _ _  
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free , the longest-waiting custome r is assigned to the server , and the queue

shortens by one unit.

If , when a customer enr2rs the system , the queue length is N, it
is assumed that he is turned away. 

- 
V

The principal objectives are three: 1) determine the

probabi l i ty  of queues of various lengths ; 2) determine a measure of how

l ikely turning customers away migh t be; and 3) determine the pdf(a) of delay
time for a customer enterin g the system.

2 .1.2 pueue-Length Eguations

In the following, k will refer to the number of customers in the

system, i.e., the number who have entered , but not yet completed service.

t will refer to time of day. p(k,t) is the probability that there are k

customers in the system at time t.

- V The Case k < c. If k < c, there is at least one free server.

This means that, when a customer enters the system, he is immediately

assigned to a server, and his only delay is the service time. To derive

the equations for p (k,t), we examine the situation at a time t +A t , and

relate it to the situation at time t.

If there are k customers in the system at t + ~~t , there are four

and only four ways this could have come about

(1) there were k at t , no arr ival s, no comp letions of service
(2) there were k + 1 at t , no arr ivals, one service completion
(3) there were k - 1 at t , one arr ival, no service completion
(4) there were k at t , one arrival , one service completion .

It is assumed that V t is small enough that the probabi lity of two arrival s

or two service co~’plctions is negligible. The probability of having k in

the system at t + ~.t is

~a) pdf denotes probability density function.

- — _ _ _ _ _
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p(k,t +At) p(k,t) Pr [no arrivals, no comp letions]

+ p(k + l,t) Pr [no arrivals, one completion]
+ p(k — l,t) Pr [one arrival , no completioni
+ p(k,t) Pr tone arrival, one comp letion] . (1)

The probability of an arrival during A t is simply ~~~~ The

probability of a completion is more involved. If there are k customers

• being served (by k servers , k < c), each one has a prob ability of 1~.At of

completing service during At. There are k ways of having one service

completion . Each has the probability ~~t, so the total probability is k~j.At.
Using these results , Equation (1) becomes

p(k ,t + At)  p(k , t ) ( L  — XAt)(l — I%~.At)  
V

+ p(k + 1,t)(1. — X~ t) (k + l)~ At (2)
+ p(k - l,t) ~~t (1 — (k — l)pAt)

+ p(k ,t)AAt k,~~t

Rearr anging this V

p(jc1 t + ~~t) - ~,(1c,t) — p(k,t)1-~- ~~At + p.(k + 1, t) (k + ~~~
+ p(k — l,t) )~ + 0(A t)

Taking the limit as ~~t

~(k ,t) - -~~~~+ ~~)p (k ,t) + (k + l)~ p(k + l,t)
V 

+~~p(k — l,t) . k < C

A special case arises if k — 0, however. The third of the
optLous is not possible. In this even t , we have

~(0,t) —~p(O ,t) +~~p(l ,t)

The Case c < Ic <N. Here there is no server free, and a customer

entering the system goes into a queue to wait his turn for service. In
outl ine, the analysis of this case is like the foregoing, except in respect

to the probability of completing service. For all k 
~ 
c, there are c

servers in operation, so the probability of a service completion during ~t
is C~ At. The analog of Equation (2) is

V -~~~~~ 
i-ZTT ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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p(k ,t + At )  p(k,t) (1 — XA t)  (1. — C~~At )

+ p(k + 1, t )( l -

+ ~ (k - I,t)XA t (1 - C~~At )

+ p(k ,t) ~At k~1~ t ,

so the differential equation for p is 
V

j,(k,t) .(
~ + c~ )p(k , t) + c~ p(k + l ,t) + ~ p (k — l , t). (3) -

The Case k — N. If the queue is at its maximum length, the second
option is not available, and we have

~ (N ,t) — — c.,~, p(N , t) +Xp(N — l,t)

If the queue is at maximum length , there can be no arrivals . The prob-
ability of no arrivals is unity.

Sunznary of the Queue—Length Equations. The complete set of differ—
ential equations for the p(k , t) are collected here

- j(O,t) -~p(O,t) +~~p( l ,t), K — 0

~(k,t) -(x + Ic,~,)p(k,t) + (k + 1)12.p(k + l,t)

o < k < c
= (x + c~.)p (k , t) + c~ p(k + l,t)

•
1 + X p(k - l,t), c~~~k <N (3)

j,(N,t) -c~p(N,t) +~~p(N-l,t) , K — N

Once x(t) and , . ( t) ,  and the ini t ia l  conditions are given , these equations
• un iqu ely determine p (k ,t), N 

~ 
k 
~ 

0 , t � 0. This satisfies the first

objective stated abcwe.

These equations agree with those of Lee(a) , p 47~

2.1.3 Expected Number of Customers Turned Away

In order for  a customer to be
V 

turned away he must arrive durin g a

period in which th o queue length is N. Let R ( t )  be the expected number of

customers turned away in the interva l from zero to t.

(a) Alec M. Lee , A~olied Queueing Theory, London , MacMillan , 1966.

_______________ ________________ - V - - -  — - • V~~~~~~~~~ V V V
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R(t + Ac) — R(c) + E f no. turned away during Ac~
— R( t) +

Rearranging , and taktng the l ir eLr QS At —~~0,

it — p (N , t)~~(t )

The quantity R(t) will, provide a running check of the effect of truncating

the queue. This meets the second objective.

2.1. 4 The Delay Probability Density Function

Now we wish to answer the following question . If a customer
ar r ives at time t, what is the pdf of the time ,• required before he leaves
the system? Again this divides into two cases.

The Case k < c. If Ic < c, there is a free server and the customer
begins service i ediately. His only delay is the service time delay

( -j .& t i - > 0  
-

< c) 1• < 0 (4) -

The Case k ~ c. Here there is no server free , and the customer

joins a queue waiting for assignment to a server. If there are k people in

the system when he arrives , there will be k - c in the queue. There would
have to be Ic — c + I “move up” actions before the customer is assigned a

server. His delay then has two parts: (1) the time required to move up
Ic — c + I slots in the queue, and (2) the service time itself. Each of these

delays has its own pdf. It is necessary to derive them, and combine them,

into the overall delay pdf.

The pdf of the time required to move up one slot in the queue is

-c.’ 1.
f (.r) = c.,, e — 

(3’
~

-~~ since there ar~ c servers , operat ing independently.  If . T L~ ~ 
— 1,2 -- L arc

independent rando m var i ables , all  wi th  the pdf of Equation (5) , then the general

problem is to f ind  the pdf of V



~~~I_ V V 
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1~
•£

The Laplace transform of f is

F (S) Se
51~~e~~1d1 

~
The Laplace transform of the sum of L such random variables is (a)

L
P1(S) 

~ 
)

The inverse transform gives the desired pdf. Churchill (b)

- ~~~ L (L 
1 

1) 
L le~~~T . -

So the pdf of time required to move up k - c + I. slots is

k - c + l  I.
(Ic — c)~ ~ 

e

After the cus tomer reaches the server , the time required to move out of the
system has the pdf

f2(~r) 
— p,e~~

T

The total time necessary to move through the system has d pdf which is
obtained by combining those two

f(1.) — J f 1(1.1)f 2 (~- 11)d1.1
Since both f 1 and f

2 vanish for negative values of their arguments, this may
be written

f(1) = 1 f 1(1.1
) f
2(1. 

- 1.1
)d11 . 

- 

_

~~~~
)

(a) See any standard text on probability , e.g., Samuel S. Wilks , Mathematic al
S tat i s t i c s,  N . Y . ,  Wiley 1962 , p 205 . In many works , a two—sided transfo~~is used , ra ther  than Laplace, but in essence the operations are the same .

~~ (b) Ruel V. Churchil l , Op erat ion al  M a t h e m at i c s ,  New York , McGraw—Hill , 195 8,
p 324 , eqn. 10.

- - - - - ~~~~~~~~ - — — - — ~~~~~ 
_ _ V  —~~ V - ---- - -  —----—-- ---

~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — —---—----—-V - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~



- 
- - _ ----V-

~~~~~~~ 
-

-

2—7

In the special case c — 1, the service time has the same distribution as the

time between moves in the queue. In this case, we can obtain f ( r )  from Equation (3)
by adding one more “slot” to the queue. In the single—server case, then

k + l
fli’) — k~ 

k -~1. (7)

Returning now to Equation (6) in the case c � 2,
1’

f(1.,tjk � c) f (
~~)k - C + 1  k - c~ -c..~1 1 ~ e~~~~~~l~d.r 1

a (k - c)~ 
-

(8)
(~~)k - c +~~~ 

e~~ T$ 
Ic - c~~~~(c -

(k — c) 1 
~l

Again, it can be seen that, when c — 1, the form of the integral simp lifies

greatly, a nd in fact , reduces to (7). Ia the case c � 2, however, it is
necessarj to evaluate

h(1) $
k - c~~~(c - l)1~ d1

To aid in the computatton , l e t k - c —  C �O ;~~, , ( c - t ) a 8 > O .  The
problem is, then, to evaluate

II - 
-

I ~~— 5r V

h(T) ~,J •
~~ 

e 
~ . 

d1.
1

This integral may be evaluated , using standard techniques , with the result

B
0’

~~ [~. — e~~’ — ~~~ 
~~~~ ~~~~~~~~~ ] ~ ~ 

1

• j—l

Subst i tu t ing  for the definitions of ~ and 3

I — ~~~~ — 
1)1.

— 1)
k - c

- c)! IL — 
-~,(c—l)~ —,..(c - 1~)~ ‘r ’~

k - c + 1 .  e - e
— lfl — 1

. k - c � l

1~~~ 1_iT ~T~I T E ~~~~~~~
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Using this in equation (8)

c) — 
u 

~ 
— e ’

~~’J . (9)

f( 11 t Ik � c + 1) 
- 

~~ + ~ 
{ e~~1

(1- —)

-

. 
~e~~C1(l 

k-c 
(~~ (c -  l)L~~

) -. (10)

- 
- 

Combination of the Separate Cases. If Ic < c, the pdf is given
by equation (4). If Ic ~ c, and c — 1, it is given by equation (7). For
Ic 
~ 

c, c 
~ 
2, it is given by equations (9) or (10). Each is a conditional

density function, based on the value of Ic. To get the total density func-
tion, the conditionals must be multiplied by the probabilities of encountering
the various values of k and summed. If c = 1, the result is

N-i k + l  k
f(1,t) = p(0,t),..e’~

”T f.~~ p(k,t) Ic’ r e~’~ - . (11)
k—I

In the multiple-server case c 
~ 

2, it is

c-iS _u,1.
f(’r,t) =~~e -  z p(k,t)

k=0

- + p(c , t)— u 
~ 

(e~~~ - e~~~~)

V (12)

+ ~~~~~k,t) 
(1 - 1)k-c+L~~ 

- e~~~ ’(l +
‘~~ f~ -(c- 1)_1_~L )

which are the desired results.

_ _  —



2.1.5 Average Delays

The averagr ~, or expect ’-~’ value of delay can be computed from
the foregoing. The average delay is V

V(t) — I 1.f(1.,t)d1.

If c = 1, substituting the density from equation (11) gives

1 N— ].
— [p (0,t) + ~ (Ic + 1)p(k , t) ]  c = I . (13)

- k=l

If c 
~ 

2, substituting the density from equation (12) gives
1

~~~(t)  = 
c;

i 
p(k,t) + ~~~~~~~~ C p(c,t)

~~k=O

~ :~:+~ 
P (k t) 

l k.
c+4 

- 

~2 ~~ + i)( l - !)
i} ~ 

(lt~)

2.1.6 Average Number in Service

For the multip le—server problem, we need an expression for the
• expected number in service. The rule is that  the number in service equals

the number in the system if the number in the system is less than or equal

to c. If the number in the system is greater than c, the number in service
is c. The expected number is , then

‘V c N
* ~ 

k p(k,t) + c ~ p(k , t)
kal c+l

2.1.7 Average Queue Length

~~ For the same case, we wan t to know the average number of customers
in the queue itself. There will be no queue if k < c. If Ic > c , the

number in the queue is k - c. Thc• expected number wiLl be , then

I’ V

&

_ _ _ _  
_ _ _ _ _ _  - -- — —— ----- --
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N
Q(t)  — 

~~~ 
(k - c)p(k , t)

k c+1

2. 1.8 Average Number in System

- The total number of customers in the system at time t , including

those in service and those waiting in the queue, is given by

N
• N(t) E k p(k,t)

kwI

2.1.9 Daily Average Delay

-
, The average delay experienced by a customer entering the system

at time t is given in equations (13) and (14). As an overall figure of merit,

it is of interest to know the average delay experienced by all customers
during an entire 24 hour service period. This is

24
• i(t)d~ 

-
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V 
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2.2 ABBREVIATED ESTIMATION PROCEDURE

The preceding section presented a description of the runway delay
V model used in AIDS. It was intended at the outset of this study to use AIDS

to calculate the aircraft delays for each case of interest. After several

test runs, it was concluded that it would be beyond the resources of this

project to make a separate AIDS run for each airport, year , and scenario of
interest. Therefore, AIDS was used to develop an abbreviated estimation
procedure. This procedure was based on a generalized computer mathodology

which could be easily applied to the cases of interest. This .sthodology

is discussed below . It must be realized that the method dev.loped will yield
only approximate delay estimates and its results should be considered in

V 

this light. Section 2.2.3 contains a discussion of the effect various method-

ology and input data assumptions may have on the exactness of the delay esti-
V mates which have been calculated.

2.2.1 Aircraft Runway Delays

A similar approach was taken for both the Baseline and each UG3RD
Group. The annua l FAA forecasts of aircraft demand in the September, 1975,

Terminal Area Forecast were applied directly in each case.

The runway system accep tance rates were determined by the MITRE
- 

V 

Corporation. For each airport for each year , it was possible to have as many

as 8 different acceptance rates as shown in Table 2-1. Based upon the air-
- - 

port in question, one of two methods was used to calculate runway system

aircraft delays.

TABLE 2-1. ACCEPTANCE RATES ASSOCIATED WITH THE
VARIOUS CASES CONSIDERED

‘V

lYR VFR
- - - - V WVAS WVAS WVAS WVAS

in Use Not in Use in Use Not in Use

Configuration 1 A/R #1 A/R #3 A/R #5 A/R #7
Configuration 2 A/R #2 A/R #4 AIR #6 A/ft #8

-L
:-::-- --- :_~I
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2.2 .1.1 Method No. I

This method was used to calculate aircraft runway delay at the fol-

lowing seven hub airports included in this study:

• Chicago O’Hare (ORD)

• Denver Stapleton (DEN)

S New York Kennedy (JFK)

• New York LaGuardia (LGA)

• Boston Logan (BOS )

• Washington National (DCA)

• San Francisco Internationa l (SF0) .

AIDS was used to generate two generalized delay curves. Each curve
represented the average delay per aircraft operation as a function of the

ratio , annual operations to runway acceptance rate. One curve represented

an airport with a low diurnal pattern peaking factor of 6.0 percent while
V the other curve represented an airport with a high diurnal pattern peaking
factor of 10.7 percent. These two delay curves are shown in Figure 2-1.

Each of these curves was formulated under the assumption that the typical
number of operations per day was the same for either a weekday or a weekend.

Knowing the annual aircraft demand , the delay per operation asso-
ciated with each accep tance rate listed in Table 2-1 was found from Figure
2-1 by interpolating between the L~~ curve and the HIGH curve on the basis
of each airport ’s diurnal pattern peaking factor. Therefore , eigh t values
of delay were calculated for each of the seven airports in this group for

each year. These eight values were combined into a single average delay per

V 
operation as follows:

‘V
V .

____ - — - ~~~~~~~~~~~ 
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V 
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‘V
2 . 2 . 1 . 2  ~.tho d ~o. 2

This method was used for the remainin g 23 study airpo r t s. The
primary difference bet lese this method and Method No. I is that the eight
possibl , acceptance rates listed in Table 2-1. were reduced to four acceptance
rates as shove in Table 22. This was done by taking the arithmetic means of

the Configuration I and Configuration 2 acceptance races where

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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TABLE 2-2. ACCZI’TANCE RATES ASSOCIATED WITH
~~ TROD NO . 2

IFR - VFR
WVAS WVAS UVAS WVAS
in Use Not in Use in Use Not in Use

A/R #A A/R #B A/ft #C A/R #D

A/ft #A - (A/R #1 + AIR #2)/2
A/ft #B — (A/ft #3 + A/ft #4) /2
A/R #C - (A/R #3 + AIR #6)12

A/R #D — (AIR #7 + A/R #8)/2

Knowing the annual aircraft demand, the delay per operation asso-

ciated with each acceptance rate listed, in Table 2-2 was found from Figure 2-1
by interpolating between the L(~J curve and the HIGH curve on the basis of
each airport ’s diurnal pattern peaking factor. Therefore, as many as four

values of delay were calculated for each of the 23 airports in this group for
each year. These four values were combined into a single average delay per

operation as follows:

1%of ttme 1 r 7 . o f time) IITR Delay - WAS x Delay #AJ + WAS not x Delay #BI
~. 

in use J L in use j j

r 
~ • of time~ 1 1’?. of time’

~ 1
VFR Delay — WAS x Delay #C + J WVAS not x Delay #Dj

in use J J L~ in use ) j

‘ ‘V

Average Delay [f~~~
’
~~
’
a~her) 

x Ifl DelaY] + [f a ter x VTR DelaY~
j

1ii

~ 
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2.2.1.3 General Aviation Considerations

The air carrier (AC , air taxi (AT), and general aviation (GA) opera-

tions are forecast by the FAA in terms of annual averages. It is a well-known

fact that considerably more GA aircraft fly in VFR conditions : therefore , the

- forecast average total annual demand had to be adjusted to account for weather

variations. This was done as follows:

tFR Annual Demand (average total annual demand) - (0.75 x annual GA demand)
VFR Annual Demand — (average total annual demand) + ((0.75 x annual GA demand)

x (annua l 7. IFR weather) 1.

It was the IFR and VFR annual demands which were used with Figure 2-1 to
estimate aircraft delay per operation.

The diurnal peaking factors were calculated from the November, 1974,

- 
scheduled air carrier plus air taxi diurnal patterns contained in Reference A. *

The data contained in Reference A had to be adjusted to take into account GA
V operations. The diurnal pattern peaking factor was calculated as follows:

- Peak Hour Schedule Air Carrier OosPeaking Factor — 
Total Daily rotal Daily
Scheduled Air + General Aviation
Carrier Ops Operations

Since the number of GA operations are different in IFR conditions
compared to VFR conditions, two peaking factors were calculated for each

• airport. It should be noted that as the delays calcu lated for each acceptance

‘V rate rose above 6 minutes , the peaking factor was reduced (in 17. increments)
until the delay fell below 6 minutes, or the peaking factor reached a minimum

• 
- value of 67.--whichever occurred first.

2 .2 .2  Passenger Runwa7 Delay s
•1;

For each case investigated , the annual passenger delay was calcu-
lated by multiplying the forecast number of annual passenger movements times

~~ average delay per aircraft operation. For the Baseline and each UG3RD group ,

the forecast of annual passenger movements was used directly.

* Reference A. DOT/FAA , “Profiles of Scheduled Air Carrier Airport Operations :
- Top 100 U. S. Airports” , January , 1975.

•-
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2.2.3 The Effects of Various Assumptions
on the Exactness of the Delay Estimates

AIDS was used as a tool to develop a generalized computer method-
ology which could easily be applied to calculate delays in the wide range of

cases of interest in this study. Because of the generalized nature of this

approach, the methodology, as well as the input data used, contain many

underlying assumptions which cause the results to be only approximate in

nature. Some insight into the impact that these underlying assumptions will

have on the exactness of the delay estimates is contained below.

2.2.3.1 Methodology Assumptions

Generalized Delay Curves. The generalized delay curves shown in

Figure 2-1 were used for the entire range of runway acceptance rates of
interest in this study. Comparing the aircraft delays obtained in using

these curves to several cases which were calculated using AIDS directly, the

following observations were made:

a Letting — 
Generalize Cur~r; Delay , ~ was found

that ~ was always greater than unity, i.e., the
delays predicted by the generalized curves are always
greater than or equal to the delays predicted by AIDS .

S For a given AIDS delay level , ~ will increase as the
runway acceptance rate (AIR) increases. For example,
one comparison showed that for an AIDS delay level of
8 minutes ,

— 1.00 when A/R 50 ops/hr
1.75 when A/R 100 ops/hr

— 2.10 when A/ft 150 ops/hr.

• For a given acceptance rate, ~ will approach unity as
the AIDS delay level increases. For example, one com- 

V

parison showed that for a runway acceptance rate equal
to 100 operations/hour,

— 1.78 when AIDS Delay Level 7.8 minutes
1.40 when AIDS Delay Level 22.8 minutes

— 1.03 when AIDS Delay Level 168.5 minutes.

I
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Diurnal Pattern. The average daily aircraft delay at a particular

airport is directly related to the size and shape of the diurnal pattern of
operations at that airport. One characteristic of a diurnal pattern which

appears to relate directly to aircraft delays is the peaking factor. However,

the peaking factor isn ’t the only characteristic which affects delays. Assum-

ing everything else to be equal, two airports with identical peaking fa.tors

may experience different average daily aircraft delays if the shape of their

diurnal patterns is different.

The HIGH and LOW curves depicted in Figure 2-1 were each developed

using a specific diurnal pattern . The diurnal pattern of each airport of

interest was related to the diurnal patterns used to generate the HIGH and

LOW curves solely o~ the basis of each airport’s peaking factor. ~Therefore,

one might find that if the diurnal pattern of each . individual airport could

have been used in calculating aircraft delays (as is done when AIDS is used

directly to calculate delays), these delays might be different than those
obtained by interpolating between the HIGH and the LOW curves solely on the

basis of peaking factor.

Reducing Peaking Factor to 6 Percent. As noted earlier (Section
2.2.1.3), whenever the delays calculated for each acceptance rate rose above

6 minutes, the peaking factor was reduced (in 1 percent increments) until

the delay fell below 6 minutes, or the peaking factor reached a minimum

value of 6 percent--whichever occurred first. If this procedure was not

taken and the peaking factors were left at their original value, then the

delays experienced in many of the cases considered would have been larger

than those which have been estimated by using this procedure.

2.2.3.2 Input Assumptions

General Aviation Adlustments to Peaking Factors. As noted in

r Section 2.2.1.3, the diurnal patterns contained in Reference A had to be

adjusted to take into account GA operations. This adjustment assumed that

there would be no GA operations during hours of peak traffic. If GA opera-

tions had been assumed to occur during hours of peak traffic, the peaking

factors used, and therefore the delays for certain cases would have been higher.

- 
V 
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General Aviation Aircraft not Included in Fleet Mix. When MITRE

calculated the runway acceptance rates used in this study, it excluded GA

aircraft from the fleet mixes considered. Had GA aircraft been included in

the fleet mix--lower acceptance rates and, therefore, higher delays would

have resulted in most of the cases considered.

Unbalanced Arrival/Departure Scheme. For a number of the cases

considered, MITRE calculated the runway acceptance rate based upon an un-

balanced arrival/departure scheme, i.e., more departure than arrivals. In

some cases, the ratio of departures to arrivals was as great as 3:1. Had a

balanced arrival/departure rate scheme been used for these cases-- lower

acceptance rates and , therefore , higher delays would have resulted in most

resulted in most of the cases considered.

2.2.3.3 Summary

The preceding sections examined the independent effects which

certain methodology and input assumptions will have on the exactness of the

delay estimates . These effects are su arized in Figure 2-2.

2.3 INPUT DATA

Two main kinds of input data are required to carry out the method-

ology described above: runway capacity data and terminal area characteristics

data .

2.3 .1 Runway Canacity Data

Runway capacities under various assumptions as to UG3RD itnplementa-

tion were calculated by MITRE Corporation as a parallel effort to this one.

The methodology and full data sets are to be covered in a comparison document

to this one “Estimation of UG3RD Capacity Impacts” published by FAA. Tables

2-3 and 2-4 are examples of runway capacity data used as inputs in this study.

These capacity forecasts show that, with the exception of five hub airports, 

- 
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TABLE 2-3. RUNWAY ACCEPTANCE RATES- -VFR CONDITI~~S

Terminal Acceptance Rates/Operations/Hour
Designator 1975 1980 1985 1990 1995 2000

*A~~ 130 128 143 141 138 134
CLE 73 73 72 70 69 68
CVG 67 67 66 65 64 60
DAL 92 92 91 90 87 85

145 145 144 142 141 139
*~y~j  117 128 125 125 124 122
EWR 69 69 68 68 68 68
“~1NL 66 113 113 113 113 113
*ZA~Ø 97 96 94 93 92 91

77 77 76 76 74 73
- - - 91 91 90 89 86 84

LAX 167 166 164 162 158 - 157
MCI 101 102 101 99 98 97

142 141 139 138 137 136
MI.A 116 115 115 114 114 114

89 88 87 87 86 86
65 65 64 62 63 62

PIlL 73 74 73 72 71 70
118 118 118 117 116 116

PIT 101 101 100 99 99 98

SEA 68 67 67 66 66 64
STL 73 73 73 72 70 69

H TPA 118 117 116 115 115 114
- - 

V BOS 92 90 90 88 88 85
DCA 62 60 59 59 58 58

60 94 92 90 88 86
81 81 60 79 78 78
73 71 70 68 67 66

137 135 133 130 127 125
svo 77 76 76 76 74 73

Source: MITRE , “Transmittal of Runway Capacities for the Top 30 Airports
for UG3RD Cost/Benefit Study”, July 31, 1975.

- * Denotes airports where new runways are scheduled for completion.

V - 1. :...i~. ~~~~~~~~~~~~~~
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TABLE 2-4 . RUNWAY ACCEPTANCE RATES--lift CONDITIONS

Terminal Acceotance Rates. Operations/Hour
Designator 1975 1.980 1985 1990 1995 2000

*ATh 108 107 113 111 109 107
CLE 62 61 61 61 61 60
CVG 55 54 54 54 53 53
DAL 68 68 67 66 65 64

130 130 129 128 127 125

79 105 105 104 103 102 -

EWR 54 53 53 52 51 52
*RNL 52 94 94 94 93 92
*~~R 83 82 80 80 77 76

V 

IND 62 62 61 60 59 58

LAS 81 - 80 80 78 76 74

• LAX 107 106 105 105 104 103
MCI 89 88 86 85 83 83

93 92 9]. 90 89 88
MIA 101 101 101 100 100 100

88 87 86 85 85 84
86 86 86 85 84 84

pu~ 67 67 67 67 66 65
p~ c 59 59 58 57 56 55
PIT 88 87 86 85 84 83

SEA 54 54 54 53 53 52
STL 59 59 58 57 56 55
TPA 82 80 78 77 76 75
BOS 52 51 51 51 51 50
DCA 54 53 52 52 51 51

*D~ j 52 68 67 66 66 64
JFK 59 59 58 57 57 56
LGA 58 57 56 56 55 54

102 101 101 100 100 100
SF0 62 62 62 62 61 61.

Source: MITRE, “Transmittal of Runway Capacities for the Top 30 Airports 
—

for UG3RD Cost/Benefit Study”, July 31, 1975.
* Denotes airports where new runways are scheduled for completion.
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slight continuing decreases in runway acceptance rate are expected, due

primarily to the continuing increase in the percent of “heavy” aircraft.

Scheduled runway additions at five of the hub airports result in significant

airport-specific runway system capacity increases in the 1980-1990 time

period.

V 2.3.2 Terminal Area characteristics

-- 
Input data related to the characteristics of the terminals involved

- 

V the use of several types of demand information for the 30 study airports
covering the period 1975-2000, inclusively.

- 
- S Scheduled aircr~~t and unscheduled general aviation

-
: aircraft operation forecasts

V S Scheduled aircraft fleet mix forecasts by “heavy”
- and “light” designation

• a Daily pattern of scheduled aircraft operations

• Annual percentage of VFR weather

• Scheduled passenger movement f o recas t s .

These sets of data were provided by the FAA ’s Office of Aviation

Policy for use in this study. They are displayed in Tables 2-5 through 2-9.

The thrust of all the demand forecasts is a significant increase in traffic -

- volume at all hub airports between 1975 and 2000. Scheduled air traffic

volume is forecast to increase at all hub airports. In some cases, General
Aviation operations will decrease to zero before 2000, and, in all other

cases, General Aviation activity is expected to steadily increase along with

scheduled operations.

4? - 
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TABLE 2-5. ANNUAL AIRCRAFT OPERATION FORECASTS
(Thousands of Operations Per Year)

Hub Aircraft
Airport Type 1975 1980 1985 1990 1995 2000

Scheduled 440 538 595 642 699 745
General Aviation(G.A.) 62 52 45 3 21 0

Total 502 590 640 645 720 745

cLE
V - Scheduled 145 177 202 226 250 275

V G.A. 111 138 118 99 75 50
- Total 256 315 320 325 325 325

CVG -

Scheduled 95 116 142 169 196 223
G.A. 56 84 113 131 159 162

Total 151. 200 255 300 355 3R5

- 
- DAL

Scheduled 24 30 37 44 50 56
G.A. 232 330 338 331 325 31.9

Total 256 360 375 375 375 375

DFW
Scheduled 328 397 451 502 554 607

- - G.A. 18 25 30 30 30 0

Total 346 422 481 532 584 607

D’IW
Scheduled 184 224 254 284 314 342

-; G.A. 73 89 86 66 46 28

Total 257 313 340 350 360 370

Ewa
Scheduled 174 2].]. 242 274 309 344
G.A. 49 68 66 76 ~~~

Total 220 260 310 340 385 410

NNL
Scheduled 146 180 206 229 249 270
G.A. 159 160 164 161 151 140

- - 
- Total 305 340 370 390 400 410

V 
— ~~~~ 
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TABLE 2-5. (Continued )

Hub Aircraf t
Airport Type 1975 1980 1.985 1990 1995 2000

Wi
Scheduled 155 193 227 266 294 323
G.A. 35 57 73 84 1.06 127

V Total 190 250 300 350 400 450

IND
Scheduled 1.02 124 150 176 204 233

- C .A. 95 146 199 ~~~ 267 ~~~
Total 197 270 349 408 471 510

lAS
Scheduled 102 130 151 174 197 220

• G.A. 153 200 219 226 233 230

Total 255 330 370 400 430 450

LAX
Scheduled 405 503 527 540 548 556
C.A. 61 12 12 32 42 44

Total 466 515 539 572 590 600

MCI
Scheduled 147 189 223 258 286 31.0
G.A. 29 47 78 112 154 140

Total 176 236 
• 

301 370 440 450

M~ f -
Scheduled 134 164 201 235 271 301
G.A. 158 213 259 315 304 299

Tota l 292 377 460 550 575 600

MIA
- 4~V • Scheduled 255 311 358 405 449 495

G.A. 72 52 44 42 27 5
Total 327 363 402 447 476 500

“ISP
Scheduled 147 180 208 237 269 304

IV 
G.A.

Total 244 349 440 480 510 540

~~~~~~~~



TABLE 25 . (Continued)

Hub Aircraf t
Airport Type 1975 1980 1985 1990 1995 2000

Scheduled 1.13 140 162 183 206 230
G.A. 43 83 123 157 204 190

Total 1.56 223 285 340 410 420

Scheduled 226 283 316 348 377 408
G.A. 90 1.10 99 102 98 92

Total 316 393 415 450 475 500

Plix
V 

Scheduled 98 116 153 176 199 222
GA. 336 406 422 444 441 438

V 
Total 434 522 575 620 640 660

PIT
V Scheduled 225 280 327 382 420 460

G.A. 63 80 78 68 55 40
Total 288 360 405 450 475 500

SEA
Scheduled 133 167 196 228 261 295
G.A. 23 18 5 2 4 5

Total 156 185 201 230 265 300

• 
• SIt

Scheduled 1.98 246 282 323 361 390
G.A. j~~ .L~~ .i~Z .~ Q

- Total 334 399 448 488 528 540

TPA
Scheduled 117 147 170 198 226 254
G.A. .2i i~2 ~~! ~.22 ~~~ ?~~

Total 194 277 391. 497 580 600

Scheduled 250 294 333 360 391 420
G.A. •

Total 295 349 370 380 391 420

~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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TABLE 2-5. (Concluded)

Hub Aircraf t
Airport Type 1975 1980 1985 1990 1995 2000

V 
-V 

DCA
Scheduled 247 253 263 268 273 278

V 

G.A. 79 58 37 19 21 22

Total 326 311 300 287 294 300

DEN
Scheduled 211 270 309 351. 391 442
C .A. ]

~~ ~~ .111 J2 ~~2 _.
~!

Total 379 401 420 440 460 480

JFK
Scheduled 336 416 473 509 539 560
G.A. 24 18 12 16 26 .40

Total 360 434 485 525 565 600

LGA
Scheduled 280 321 330 . 339 349 357
C.A. 59 39 50 51 46 43

Total 339 360 380 390 395 400

H

Scheduled 632 735 743 750 757 761
G.A. 

~~~ ~~~ 9 Q Q
Total 681 735 743 750 757 761

SF0
Scheduled 291 365 417 476 499 522
G.A. 31. fl

Total 338 407 442 500 530 550

Source: DOT/PA.A/Office of Aviation Policy, “Transmittals from
Mr. John Rod gers ” , September , 1975. .
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V 

TABLE 2-6. ALL SCENARIOS
(Percentage of Heavy Aircraft in Mix)

1975 1980 1985 1990 l99~, 2 000

AT L 11. 16. 21. 26. 31. 36.
CLE 5. 8. 13. 18. 23. 28.
CV * 5. 8. 13. 18. 23. 28.
DAL 15. 19. 23. 27. 31. 35.
L)Fw 15. 19. 23. 27. 31. 3~~.

UTw 12. 14. lb. 19. 21. 24.
EeM 15. 19. 23. 27. 31. 35.
rfN L 45. 46. ~ 0. 5..  5~~. 62.
IAP4 17. 21. 26. 31. .36. ‘1.
Lt’~O 5. 8. 13. IA. 23. ~8.

LAS 18. 21. 26. 31. 3o. 41.
LAX 44. 46. 50. 5~~. 58. 62.
MCI 5. 8.  13. 18. 23. 28.
ME~4 5. b . 13. 18. 23. 29.
MIA 17. 21. 26. 31. 36. 41.

M$P~ 18. 21. 26. 31. 36. 41.
b. 8. 13. 18. 23. 28.

P~iL 18. 21. 2b. 31. 36. 41..
~~‘X 41. 42. 45. 48. 52. 55.
,
~1T 5. 8. 1.3. 18. 23. 28.

V ~~A 40. 42. 45. 4~s. 52. 55.
• STL 5. 8. 13. 18. 23. 28.

TPA 15. 19. ~3. 27. 31. 35.
hO~ 17. 21. 26. 31. 3f .  41.
OCA 11. 16. 21. 26. 31. 36.

OEM 12. 14. 16. 19. 21. 24.
JFIc 45• 46. 4~~. 51. 53. 5~~• 

- V

LGA 5. S. 13. 1~~. 23.. 28.
UP~0 15. 21. 31. 41. 51. 61.
~~U 40. 42. 45. 48. 52. 55.

Source : DOT/FAA/Off ice of Aviation Policy, “Data in Support
V of Terminal Area Forecasts”, July, 1.975.
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TABLE 2-7. DAILY SCh EDULED OPERATION
PEAKiNG FACTORS, FRIDAY,
NOVEMBER 1, 1974

(Peak Hour as Percent of Daily Total)

Peaking Peaking
Factor, Factor,

Hub Airport perc~ it Hub Airport percent

AlL 7.5 MSP 8.5
~LE 11.5 MSY 7.9
CVG 8.5 Ps.. 7.7
DAL 7.5 PHX 7.7
DFW 8.1 PIT 7.8

D’IW 8.0 SEA 8.0
EWR 8.6 ST!.1 8.4
HNL 8.6 TPA 9.0

V lAB 7.0 BUS 8.1
IND 8.8 V DCA 7.2

LAS 8.7 DEN 9.5
LAX 9.7 JFK 7.8
MCI 9.6 LGA 7.9
ME4 11.3 ORD 6.8
MIA 8.9 SF0 8.6

Source: DOT/FAA, “Profiles of Scheduled Air Carrier
- 4 Airport Operations: Top 100 U. S. Airports”,

J anuary, 1975.
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TABLE 2-8. ANNUAL PERCENT OF VFR. ¶~EAT1IER.

- -~ Percent Percent
Rub Airport VFR Hub Airport VFR

AlL 90 MSP 88
85 MSY 89

V CVG 86 P~ . 85
DAL 91 P1CC 100
DTW 91 PIT 83

-
~ 

V DTW 86 SEA 84
EWR 85 SIt 88

- HNL 99 IPA 93
LAB 85 BOS 84

V 85 DCA 88

LAS 98 DEN 95
LAX 75 JF K 85
XCI 90 LGA 85
MDI 91 ORD 85
MIA 99 SF0 90

• Source: MITRE, “Transmittal of Runway Capacities for the
Top 30 Airports for UG3R.D Cost/Benefit Stud y” ,
July 31, 1975.
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TABLE 2-9 . ALL SCENARIOS--ANNUAL PASSENGE R MOVE~~NTS

(Millions of Passengers/Year) (a)

j975 l~ 80 1~ 85 19Q0 19~~ 2000

£TL 24. 32. 40. 50. 59 , 69.
CLE 6. 8. 10. 13. 15. 18.
CVG 3. 4. 5. 3. 7. 8.
OAL - 7. 2. 3. ‘5. 6.

8. 18. 21. 2’. 26. d9.

01W 8. 11 . 14. 1~~4. 21. 25.
7. 10. 13. 1~~. 

1Q . 22. V

9. 12. 1~~. 19. 23. 28.
tAr’ 6. 7. 10. 12. 15. 17.

3. ‘. S. b .  7~ 9 • V

LAS 5. 7. 9. 11. 13. 15.
LAX 24 . 33. 3~ . 3~ . 40. “3.
MCI 4.. 7. w , 13. 16. 20.
MEM 4 . 5. b. ~~. 9. 11.
M IA 11. lb . 20. 2 5 .  30 .  36.

6. 8. 10. 13. lb. 1R.
MSY 5. h. ~~. 10. 12. 1”.
?PiL 8. 11. 1’~. 18. 23. 27.

4 , 5. ~~ . 0 . 10. 12.

~1T ~~~. 11. U. 17. 21. 24.

~EA 5. 7. 9. 11. 13. ii’.
SIL 7. ii. 15. 21. 26. 32.
IP A 5. 7. 8. 11. 1.3. 1~’.
~~~t)S 10. 15. 19. 2’.. 2~~. 33 

V

OCA 12. lb. 20. 2’.. 28. 32.

UtN 10. 1’. lii . 22. 27. 31.

~!F~ 22. 29. 33. 3M . 42. ~b.LGA lo. 21. 25. 2’~. 33. 37.
OMO 33. ‘1. 49. S~ . 67. 77.
SFu 16. 21. 27. 3.3. 60. 46.

ty

Annual Passenger Movements 2 x Annua l Passenger Enp1at~emen~~!oreCaStT

Terminal Area Forecas ts”, July, 1975.
I1~ ~ Source: DOT/FAA/Office of Aviation Policy, ~wDaca in Fuppor~ o~

.i~
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3.0 PRESENTATION OF RESULTS

The results of the delay calculations are presented below in three

categories: (1) average aircraft delay in minutes per operation, (2) total

annual aircraft delay in millions of minutes, and (3) total annual passenger
delay in millions of minutes. Data are presented for each of the study air-

ports.

The delay tstimates are presented as they relate to the Base Case

and to five differ ent UG3RD configurations as discussed previously. Within

this array of different configurations, three cases are distinguished for

delay calculation purposes.

• ~~jj...Q~~j--no action is taken to improve capacity or
reduce delay at the 30 study airports. V

• Configuration 1--the implementation, over a practical
time period, of the most basic, synergistic system of
UG3RD components: manual WVAS; automated, basic M&S:
and data distribution.

• Configurations 2 Through 5--the implementation , in each
of these configurations, of a system embodying the
highest envisioned level of airport and airway capacity
improvement consisting of: automated WVAS ; automated,
advanced M&S; automated conflict resolution; and DABS.

3.1 AVERAGE AIRCRAFT DELAY

The average delay calculated results for the three cases are shown

in Tables 3-1 through 3-3.

Considering the results of implementing Configuration I, it can be

seen from Table 3-1 that average aircraft delay is contained below 100 minutes

at all study airports through the year 2000. Furthermore , only 8 of the 30

have average aircraft delays greater than 25 minutes. This is an improvement

over the Base Case where the maximum average delay is 134 minutes (JFK) and

10 airports have delays greater than 25. Configuration 1 delays range between

60 and 80 percent of Base Case delays.

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~
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TABLE 3-1. AVERAGE AIRCRAFT DELAY/OPERATI ON FOR THE BASE CASE

Terminal De1av/O~eration in Minutes
• Designator 1975 1980 1985 1990 1995 2000

AlL 3.76 6.34 6.04 8.79 13.11 17.78
ISLE 3.26 5.77 6.43 7.61. 8.39 9.52
CVG 1.06 1.89 3.45 6.18 12.38 27.95
DAL 1.59 3.42 3.93 4.29 4.65 5.20
DFW 1.28 2.04 2.87 3.82 4.87 5.68 

V

D’N 1.09 1.26 1.53 1.67 1.84 2.03
EWR 2.58 3.84 6.89 11.09 27.32 36.79
HNL 5.33 1.82 2.19 2.46 2.68 2.73
IAH 0.85 1.40 2.14 3.10 4.61 7.97
IND 1.35 2.69 6.26 12.14 38.35 65.09 V

LAS 1.56 2.78 3.69 4.96 7.63 10.11
V 

LAX 2.15 3.21 3.91 4.70 5.24 5.67
V MCI 0.79 1.28 2.43 4.40 6.69 7.82

0.93 1.61 2.41 3.70 4.23 5.06
MI.A 1.74 2.26 2.92 3.81 4.47 5.15

1.66 3.77 9.08 13.26 22.25 35.96
1.19 2.53 4.88 11.99 41.18 50.39

PHL 4.56 11.48 16.69 32.35 51.38 77.17
2.80 4.24 6.69 9.47 11.02 12.74

PIT 1.72 2.88 3.93 5.57 7.32 9.45

SEA 1.24 1.86 2.32 3.35 4.94 8.39
Sm 4.99 10.57 24.73 50.83 91.45 11.6.58
TPA 0.68 1.17 2.45 4.42 8.58 9.91.
BOS 2.66 5.10 8.41 11.91 18.71 24.96
DCA 4.78 4.68 4.69 4.33 4.78 5.19

DEN 5.75 3.52 4.53 6.55 9.66 14.99
JFK 6.48 18.87 36.87 63 .58 94.32 134.07
LGA 6.32 9.51 13.46 17.16 20.65 25.12
ORD 8.65 13.86 15.16 17.09 20.27 23.88
SF0 5.82 16.54 27.09 62.54 89.38 112.95
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TABLE 3-2. AVERAGE AIRCRAFT DELAY/OPERATION FOR CONFIGURATION I

Terminal Delay/Operation in Minutes
Designator 1.975 1980 1985 1990 1995 2000

AlL 3.76 6.34 4.87 5.84 9.70 12.96
CLE 3.26 5.77 5.07 6.81 6.40 7.23
CVG 1.06 1.89 3.11 5.11 10.38 16.71
DAL 1.59 3.42 3.68 3. 73 3.96 4.30

1.28 2.04 2.60 3.43 4.38 4.99
DTW 1.09 1.26 1.36 1.48 1.62 1.78
EWR 2.58 3.84 5.60 8.93 19.42 26 .94

5.33 1.82 1.95 2.20 2.32 2.46
lAB 0.55 1.40 1.93 2.80 3.97 6.57

1.35 2.59 5.11 10.03 27.24 48.48

LAS 1.66 2.78 3.35 4.24 6.24 8.24
LAX 2.15 3.21 3.12 3.68 4.05 4.33
MCI 0.79 1.28 2.22 3.99 5.56 6.51

0.93 1.61 2.23 3.40 3.86 4.36
MIA 1.74 2.26 2.62 3.41 4.00 4.53

MSP 1.66 3.77 7.59 11.02 15.41 25.47
• MSY 1.19- 2.53 4.03 8.71 28.94 36.11

PHL 4.56 11.48 12.19 21.34 35.60 54.98
PIDC 2.80 4.24 5.61 7.95 9.27 10.69

V PIT 1.72 2.88 3.64 4.87 6.28 8.10

SEA 1.24 1.86 1.97 2.83 4.10 6.20
sm 4.99 10.57 16.30 36.60 66.32 85.27
TPA 0.68 1.17 2.22 3,86 7.11 8.25
BOS 2.66 . 5.10 6.49 9.04 12.75 19.16
DCA 4.78 4.68 4.07 3.79 4.15 4.49
DEN 5.76 3.52 4.05 5.40 7.77 11.83
JFK 6.48 18.87 25.88 43.66 66.15 96.07

V LGA 6.32 9.51 10.72 13.47 15.41 17.90
ORD 8.65 13.86 11.78 13.20 14.54 16.87
SF0 5.82 16.54 21.21 46 .82 68.85 88.57

I’
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TABLE 3-3. AVE RAGE AIRCRAFT DE LAY PER OPERATION FOR V

CONFIGURATIONS 2 THROUGH 5

Terminal Delay/Operation in Minutes
Designator 1975 1980 1985 1990 1995 2000

AlL 3.76 6.34 4.15 3.40 4.57 5.18

~LE 3.26 3.77 4.60 3.97 4.02 4.35
CVG 1.06 1.89 2.98 3.87 7.10 10.13
DAL 1.59 3.42 3.05 2.77 2.80 2.84

1.28 2.04 2.39 2.72 3.46 3.85
V 

1.09 1.26 1.22 1.11 1.18 1.26
EWR 2.58 3.84 4.93 5.07 9.47 12.05
HNL 5.33 1.82 1.80 1.76 1.86 1.97
lAB 0.55 1.40 1.73 2.12 2.90 3.90
END 1.35 2.69 4.77 6.48 11.80 21.82

V LAS 1.56 2.78 2.82 3.05 3.69 4.31
LAX 2.15 3.21 1.96 1.89 2.01 2.08
MCI 0.79 1.28 2.10 3.14 5.04 5.19

0.93 1.31. 2.10 2.76 3.08 3.43
MIA 1.74 2.26 2.41 2.68 3.13 3.54

1.66 3.77 6.62 7.25 9.31 11.71
1.19 2.53 3.70 5.38 12.~9 1.3.74

p~jj, 4.56 11.48 9.69 9.28 11.91 16.64
2.80 4.24 5.17 5.50 6.34 7.29

PIT 1.72 2.88 3.50 3.98 4.56 5.67

SEA 1.24 1.86 1.56 1.71 2.42 3 .26
STh 4.99 10.57 12.33 12.94 24.37 30.34
TPA 0.68 1.17 2.06 3.07 4.67 5.42
SOS 2.66 5.10 4.79 4.68 6.38 9.15
DCA 4.78 4.68 3.87 2.98 3.20 3.42

DEN 5.75 3.52 3.19 3.31 3.86 4.76
JFK 6.48 18.87 12.83 13.00 18.75 24 .84
LGA 6.32 9.51. 9.36 7.94 8.73 9.73
ORD 8.65 13.86 8.75 6.33 6.73 6.99
SF0 5.82 16.54 15.48 18.52 25.75 33.13
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Imp lementing one of the higher order configurations would result

in larger delay improvements. The max imum delay is only 33 minutes (SF0)

and the delay values range between 20 and 50 percent of Base Case delays.

Note that the greatest proportionate improvement trends to be experienced

at the airports with large values of Base Case delays in year 2000, i.e.,

JFK moves from a year 2000 Base Case delay of 134.07 minutes to 24.84
minutes (18.5 percent) with one of the higher order configurations.

3.2 TOTAL AIRCRAFT DELAY

Total annual aircraft delay is obtained as the product of average
V delay per operation and the annual operations (from Table 2-5). Tables 3-4

through 3-6 give total aircraft delay data for the Base Case and the two con-
figu ration options . The trends of the results are similar to those in the
average aircraft delay calculations with significant improvements being

achieved by Configuration 1 and markedly greater ones by the higher order

V 

V • , configurations.

3 .3 TOTAL PASSENGER DELAY

Total annual passenger delay is obtained as the product of average

delay per operation and total annual passenger movements (from Table 2-9).

Table 3-7 gives total passenger delay data for the Base Case and the two

configuration options. Improvement trends are similar to the previous cases.

“.4
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TABLE 3-4. TOTAL ANNUAL A IRCRAFT DELAY FOR THE BASE CASE

Terminal Total Aircraft Delay--Millions of Minutes
Designator 1975 1980 1985 1990 1995 2000

- AlL 1.89 3.74 3.86 4.38 9.44 13.24
CLE 0.84 1.82 2.06 2.47 2.73 3.09
CVG 0.16 0.38 0.88 1.85 4.39 14.61
DAt. 0.41 1.23 1.47 1.61 1.74 1.95

0.44 0.86 1.38 2.03 2.85 3.45

DTW 0.28 0.39 0.82 0.58 0.66 0.75
EWR 0.57 1.00 2. 1.4 3.77 10.71 15.08
HNL 1.63 0.62 0.81 0.96 1.03 1.12
lAB 0.16 - 0.35 0.64 1.08 1.84 3.59
IND 0.27 0.73 2.18 4.95 18.06 33.19
LAS 0.40 0.92 1.87 1.98 3.28 4.55
LAX 1.00 1.65 2.11 2.69 3.09 3.40
MCI 0.14 0.30 0.73 1.63 2.94 3.52

0.27 0.57 1.11 2.04 2.43 3.04
MIA 0.57 0.82 1.18 1.71 2.13 2.57

0.41 1.82 3.99 5.37 11.35 19.42
V 0.19 0.55 1.39 4.18 18.89 21.16

- 
-

• 

PUt 1.44 4.31 6.47 14.56 24.40 38.59
PWC 1.22 2.21 3.86 5.87 7.05 8.41
PIT 0.50 1.04 1.69 2.80 3.48 4.72
SEA 0.19 0.34 0.47 0.77 1.31 2.52
SlL 1.67 4.22 11.08 24.81 48.28 62.95
TPA 0.13 0.32 0.96 2.19 4.91 5.95
SOS 0.79 1.78 3.1]. 4.53 6.54 1Q .48

• DCA 1.55 1.45 1.88 1.24 1.40 1.50

DEN 2.18 1.41 1.90 2.88 4.44 7.19
JFK 2.33 8.19 17.64 33.38 • 53 .29 80.4.4
LCA 2.14 3.42 5.12 6.69 8.16 10.05 -

ORD 5.89 10.19 11.26 12.81 16.34 18.17
SF0 1.91 6.73 11.97 31.27 47.37 .62.12

1~

V~
V
~
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TABLE 3-5. TOTAL ANNUAL AIRCRAF T DELAY FOR CONFIGURATION 1

Terminal Total Aircraft Delay--Millions of Minutes
Designator 1975 1980 1985 1990 1995 2000

AlL 1.89 3.74 3.12 3.44 6.99 9.66
cLE 0.84 1.82 1.62 1.89 2.08 2.35
CVG 0.16 0.38 0.79 1.53 3.68 6.43
DAt 0.41 1.23 1.34 1.40 1.48 1.61

0.44 0.86 1.25 1.83 2.36 3.03

0.28 0.39 0.46 0.52 0.58 0.66
EWR 0.37 1.00 1.71 3.04 7.48 10.63
HNL 1.63 0.62 0.72 0.86 0.93 1.01
lAB 0.16 0.35 0.58 0.98 1.59 2.96
IND 0.27 0.73 1.78 4.09 12.83 24.73

LAS 0.40 0.92 1.24 1.70 2.68 3.71
LAX 1.00 1.65 1.68 2.10 2.39 2.60
MCI 0.14 0.30 0.67 1.48 2.45 2.93

0.27 0.57 1.02 1.87 2.22 2.62
MI.A 0.57 0.82 1.05 1.52 1.90 2.27

MSP 0.41 1.82 3.34 5.29 7.86 13.75
MSY 0.19 0.55 1.15 2.96 11.87 15.16
pilL 1.44 4.31 5.06 9.60 16.86 27.49

1.22 2.21 3.22 4.93 5.93 7.06
PIT 0.30 1.04 1.48 2.19 2.98 4.05

SEA 0.19 0.34 0.40 0.65 1.09 1.86
sri. 1.67 4.22 7.30 35.02 46.05
TPA 0.13 0.32 0.87 1.92 4.12 4.95
BOS 0.79 1.78 2.40 3.44 4.98 &.05
DCA 1.55 1.45 1.22 1.09 1.22 1.35

DEN 2.18 1.41 1.70 2.38 3.57 5.68
V JFK 2.33 8.19 12.55 22.92 37.37 57 .04

WA 2.14 3.42 4.08 5.25 6.09 7.16 -

ORD 5.89 10.19 8.76 9.90 11.00 12.08
SF0 1.91 6.73 9.37 23.41 36.49 48.71

p.
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TABLE 3-6. TOTAL ANNUAL AIRCRAFT DELAY FOR
CONFIGURATIONS 2 THROUGH 5

Terminal Total Aircraft Delay--Millions of Minutes
Designator 1975 1.980 1985 1990 1995 2000

AlL 1.89 3.74 2.65 2.19 3.29 3.86
OLE 0.84 1.82 1.47 1.29 1.31 1.41
CVG 0.16 0.38 0.76 1.16 2.52 3.90
DAt 0.41 1.23 1.14 1.04 1.05 1.07

0.44 0.86 1.15 1.45 2.02 2.34

D1W 
V 

0.28 0.39 0.41 0.39 0.42 0.47
EWR 0.57 1.00 1.53 1.72 3.65 4.94
HNL 1.63 0.62 0.66 0.69 0.75 0.81
Wi 0.16 0.35 0.52 0.74 1.16 1.75
IND 0.27 0.73 1.66 2.64 5.56 11.13

LAS 0.40 0.92 1.04 1.22 1.59 1.94
LAX 1.00 1.65 1.06 1.08 1.19 1.25
MCI 0.14 0.30 0.63 1.16 2.22 2.34

V 

~~~ 0.27 0.57 0.97 1.52 1.77 2.06
MIA 0.57 0.82 0.97 1.20 1.49 1.77

MSP 0.41 1.82 2.91 3.48 4.75 6.33
MSY 0.19 0.55 1.05 1.83 5.29 5.77
PEt 1.44 4.51 4.02 4.18 5.66 8.32

V PHX 1.22 2.21 2.97 3.41 4.06 4.81
PIT 0.50 1.04 1.42 1.79 2.17 2.83

SEA 0.19 0.34 0.31 0.39 0.64 0.98
- 
. 

Sri. 1.67 4.22 5.53 6.31 - 12.87 16.38
TPA 0.13 0.32 0.80 1.53 2.71 3.25

V BOS 0.79 1.78 1.77 1.78 2.50 3.85
DCA 1.55 1.45 1.16 0.86 0.94 1.02

DEN 2.18 1.41 1.34 1.46 1.78 2.29
JFK 2.33 8.19 6.22 6.83 10.60 14.91
WA 2.14 3.42 3.56 3.10 3.45 3.89 -

Ow 5.89 10.19 6.60 4.75 5.10 5.32
SF0 1.91 6.73 6.84 9.26 13.65 18.22

1!
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TABLE 3-7. TOTAL ANNUAL PASSENGER RUNWAY DELAY FOR THE BASE CASE

Terminal Passenger Delay--Millions of Minutes
Designator 1975 1980 1985 1990 1995 2000

AlL 89.06 202.14 241.89 336.85 779.33 1231.52
~LE 19.69 46.88 65.09 96.08 127.10 168.15
CVG 3.08 7.89 16.89 18.73 89.35 318.82
DAt 10.90 6.12 9.75 14.93 21.06 29.06

9.86 36.79 59.29 89.79 128.91 166.83

D1’W 9.1]. 14.14 21.66 29.34 38.89 50.26
EWR 19.16 38.61 87.63 176.70 531.28 822.58
HNL 48.33 22.30 33.99 47.76 60.63 75.14
lAB 4.58 10.50 20.41 37.16 67.15 136.76
IND 3.65 V 9.88 29.67 73.78 287.21 579.91

LAS 8.15 19.52 32.69 54.59 101.00 156.32
V LAX 52.00 104.39 140.61 179.31 211.59 241.48

MCI 3.13 8.60 22.30 55.25 107.50 183.43
3.40 7.45 14.95 28.32 38.76 54.06

MI.A 20.01 35.28 58.10 95.52 136.03 184.48

MSP 10.24 31.29 94.88 171.90 346.22 653.08
MSY 5.62 16.18 39.51 119.28 502.45 720.07
PilL 36.97 127.38 223.49 594.91 1162.65 2074.37
P~ c 11.26 23.04 39.23 80.75 113.20 152.99

- - 
PIT 13 .38 30.42 52.87 94.13 150.45 228.38

SEA 6.47 13.14 20.65 37.19 66.03 131.18
V Sri. 36.83 117.66 378.11 1049.14 2402.35 3717.58

TPA 3.33 7.79 20.80 47.34 111.25 ~~ . • . 152.55
V BOS 27.47 77.73 161.14 282.82 476.18 ‘-~~29.3l

DCA 57.07 75.02 89.89 101.91 131.62 164.15
DEN 60.18 49.77 80.75 146.20 257.87 467.54
JFK 139.91 550.05 1215.59 2390.05 3931.32 6136.34
WA 98.59 200.60 335.95 493.21 674.09 917.66
Ow 283.49 568.24 739.03 988.77 1362.84 1829.84
si’o 92.54 353.95 727.93 2076.29 3552.67 5229.69

V V. V V VT~~ 1 ~~~~~~~ V~~~~V . . V -  T~~~~~~~ V T T~~~~~~~~~~ V~I - ~~~~~~~~~V TI ~~~~~~1~~~~~~ T1~~~TT~
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TABLE 3-8. TOTAL ANNUAL PASSENGER RUNWAY DELAY FOR CONFIGURATION 1

V Terminal Passenger Delay--Millions of Minutes
Designator 1975 1980 1985 1990 1995 2000

-
- 

AlL 89.06 202.14 195.32 264.62 576.69 898.10
OLE 19.69 46.88 51.35 73.42 96.95 127.77
CVG 3.08 7.89 15.19 15.47 74.91 140.39
DAt 10.90 6.12 8.88 12.99 17.94 24.03

9.86 36.79 53.70 80.73 115.87 146.66

DTW 9.11 14.14 19.33 26.04 34.22 43.89
EWR 19.16 38.61 69.95 141.46 370.98 579.94
HNL 48.33 22.30 30.38 42.69 54.62 67.65
lAB 4.58 10.50 18.42 33.65 57.80 112.76
END 3.65 9.88 24.20 60.99 203.99 431.97

LAS 8.15 19.52 29.72 46.70 82.66 127.34
LAX 52.00 104.39 112.26 140.29 163.47 184.32
MCI 3.13 8.60 20.42 50.15 89.48 127.79

3.40 7.45 13.78 25.98 35.40 46.61
MIA 20.01 35.28 51.99 85.31 121.74 162.38

MSP 10.24 31.29 79.29 142.78 239.79 462.51
MSY 5.62 16.18 32.58 86.67 353.07 515.96
PUt 36.97 127.38 174.83 392.48 803.46 1477.93
PBX 1.1.26 23.04 32.86 67.83 95.20 128.43
PIT 13.88 30.42 48.97 82.29 129.06 195.90

SEA 6.47 13.14 17.57 31.35 54.82 96.95
- -: Sri. 36.83 117.66 249.28 734.72 1742.16 2719.36

TPA 3.33 7.79 18.84 41.41 92.21 127.01
SOS 27.47 77.73 124.39 214.69 363.16 636.80
DCA 57.07 75.02 79.61 89.19 114.45 141.94

DEN 60.18 49.77 72.19 119.&2 207.28 369.00
JFK 139.91 550.05 865.07 1641.28 2757.03 4351.49
WA 98.59 200.60 267.58 387.10 503.11 653.88
ORD 283.49 568.24 574.62 764.06 977.35 1216.23
SF0 92.54 353.95 569.89 1554.55 2736.76 4100.71

r
p.
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TABLE 3-9. TOTAL ANNUAL PASSENGER RUNWAY DELAY FOR
CONFIGURATIONS 2 THROUGH 5

Terminal Passenger Delay--Millions of Minutes
Designator 1975 1980 1985 1990 1995 2000

AlL 89.06 202.14 166.24 168.59 271.67 358.69
19.69 46 .88 46 .62 50.14 60.85 76.78

CVG 3.08 7.89 14.56 11.72 51.25 85.06
DIAL 10.90 6.12 7.55 9.65 12.69 15.89

9.86 36.79 49.24 63.94 91.47 113.26

• DTW 9.11 14.14 17.26 19.47 24.96 31.15
EWR 19.16 38.61 62.72 80.36 180.89 269.53
liNt. 48.33 22.30 27.94 34.22 43.78 54.22
LAB 4.58 10.50 16.61 25.42 42.30 66.82

3.65 9.88 22.61 39.37 88.39 194.38

LAS 8.15 19.52 24.99 33.63 48.83 66.56 V

LAX 52.00 104.39 70.40 .72.21 81.22 88.57
MCI 3.13 8.60 19.38 39.41 81.05 101.89

3.40 7.45 13.01 21.13 28.26 36.60

L 
MLA 20.01 35.28 47.80 67.03 95.26 126.87

10.24 31.29 69.16 94.01 144.84 212.71
5.62 1.6.18 29.90 53.49 137.30 196.31

V pm~ 36.97 127.38 138.92 170.70 269.44 447 .27
L .  p

~~ 
11.26 23.04 30.30 46.88 65.1.1 87.51

PIT 13.38 30.42 47.05 67.23 93.80 136.99

SEA 6.47 13.14 13.92 18.97 32.29 50.94
sIt 36.83 117 .66 188.60 267.05 640.15 967.52
TPA 3.33 7.79 17.47 32.90 60.60 83.37

V SOS 27.47 77.73 91.84 111.09 181.83 304.22
- 

~V
V 

DCA 57.07 75.02 75.70 70.16 88.27 108.02

DEN 60.18 49.77 56.83 73.38 103.16 148.56
- 

- JFK 139.91 550.05 428.81 488.84 781.71 1137.08
WA 98.59 200.60 233.43 228.24 286.11 355.37
ow 283.49 568.24 426.86 366.36 452.64 535.74
SF0 92.54 353.95 415.84 614.96 1023.61. 1533.94

V — - - 

—



4.0 SENSITIVITY OF RESULTS

The sensitivity of the delay estimates to the following impact

parameters was examined: V

• Aircraft operation levels

• Aircraft mix assumptions

• WVAS effectiveness.

The following sections describe how these parameters were varied —

V and lists the resultant new delay estimates which were obtained. The sensi-

tivity of the delay estimates to the variation in the input parameters can

be ascertained by comparing the results presented here to those presented in
Section 3.0. The following sensitivity analysis was performed for three

V airports: MST , SOS, and JFK.

4.1 SENSITIVITY TO AIRCRAFT OPERATION LEVELS

In order to examine the sensitivity of the delays to aircraft opera-

tion levels, FAA forecasts of aircraft demand were reduced to one-half their
normal growth rate. The results are presented in Tables 4-1 through 4-6.

4.2 SENSITIVITY TO AIRCRAFT MIX ASSUMPTIONS

The sensitivity of the delays to the aircraft fleet mixes assumed
in this study was examined by varying the nix for the cases of interest. The

new fleet mixes and resultan t acceptanc e rates are presented in Tables 4-7
through 4-9. The resultant delay estimates are presented in Tables 4-10

IV  through 4-15.

4.3 SENSITIVITY TO WVAS EFFECTIVENESS

The sensitivity of the delays to WVAS effectiveness was examined by
varying the precentage of time that the WVAS system was assumed to be effec-

4-16 along with the percentages which were assume d during the course of th is
- ~~ tive. The percentages assumed for the sensitivity runs are listed in Table

1’;
_ _ _ _  __________ — -- -V ~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - ~~~~~~~ ~~ ~_ VV ~~~~~~~~~~~~~~~~~~~~ -~__ ~__ V ~V~ V ~~~~~~~ — --——:1
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TABLE 4-4. CONFIGURATION 1 - AIRCRAFT OPERATION LEVELS SENSITIVITY RUN -
ANNUAL PASSENGER RUNWAY DELAYS (Millions of Minutes

Termina l
Designator 1975 1980 1985 1990 1995 2000

MSY 5.52 11.24 17.96 29.66 52.30 68.33
SOS 27.47 57.27 71.73 102.25 145.25 228.43
JFK 139.91 340.05 411.10 620.63 850.93 1270.54

- TABLE 4-5 . CONF IGURATIONS 2 THROUGH 5 - AIRCRAFT OPERATION LEVELS
SENSITIVITY RUN - ANNUAL AIRCRAFT DELAYS (Millions of ~1inutes)

Terminal
Designator V 1975 1980 1985 1990 1995 2000

V 

0.19 0.33 0.45 0.57 0.89 0.94
- BOS 0.79 1.21 1.01 0.92 1.03 1.24 V

JFK 2.33 4.63 2.85 2.78 3.40 3.67

- - 
TABLE 4-6. CONFIGURATIONS 2 THROUGH 5 - AIRCRAFT OPERATICN LEVELS

SENS ITIVITY RUN - ANNUAL PASSENGER RUNWAY DELAYS
(Millions of Minutes)

Terminal
Designator 1975 1980 1985 1990 1995 2000

I V

MST 5.52 11.24 16.66 22.67 38.53 46.60
‘ ‘i  30$ 27.47 57.27 58.27 64.61 85.76 115.32

JFK 139.91 340.05 225.82 236.30 306.74 349.54

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~t~~
_
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TABLE 4-7 . MSY - NEW FLEET MIXES AND RESULTANT ACCEPTANCE RATES
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TJ~3LE 4-10. BASE CASE - AIRCRAFT MIX SENSITIVITY RUN -
ANNUAL AIRCRAFT DELAYS (Millions of Minutes)

Terminal
Designator 1975 1980 1985 1990 1995 2000

MSY 0.19 0.56 1.27 3.22 13.56 17.02
BOS 0.79 1.66 2.76 4.03 3.81 9.12
JFK 2.33 7.50 13.66 28.30 47.05 68.28

TABEL 4-11. BASE CASE - AIRCRAFT MIX SENSITIVITY RUN - ANNUAL
PASSENGER RUNWAY DELAYS (Millions of Minutes) -

Terminal
Designator 1975 1980 1985 1990 1995 2000

MSY 3.62 15.94 36.03 94.14 403 .60 579.24
BOS 27.47 72 .51  

- 143.11 251.50 423.41 721.35
139.91 503.70 1079.41 2026.09 3470.74 5208.48

TABLE 4-12. CONFIGU RATION I - AIRCRAFT MIX SENSITIVITY RUN -
ANNUAL AIRCRAFT DELAYS (Millions of Minutes)

Te rmina l
Designator 1975 1980 1985 1990 1995 2000

• MSY 0.19 0.56 1.09 2.66 9.63 12.24
BOS 0.79 1.66 2. 19 3.12 4.52 7.16
JFK 2.33 7.50 11.26 19.51 32.08 49.60

~ 
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TABLE 4-13. CONFIGURATION 1. - AIRCRAFT MIX SENSITIVITY RUN - ANNUAL
PASS ENGER RUN~JAY DELAYS (Millions of Minutes)

Terminal -

Designator 1975 1980 1985 1990 1995 2000

MSY 5.62 15.94 30.98 77.96 286.65 416.61
BOS 27.47 72.51 113.66 194.64 329.53 566.21
JFK 139.91 503 .70 776.15 1397 .19 2366.60 3783.88

TABLE 4-14. CONFIGURATIONS 2 T}IROUCB 5 - AIRC RAFT MIX SENSITIVITY RUN -
ANNUAL AIRCRAFT DELAYS (Millions of Minutes)

Terminal
Designator 1975 1980 1985 1990 1995 2000

MSY 0.19 0.36 1.03 1.75 4.52 5.51
BOS 0.79 1.66 1.74 1.75 2.46 3.79
JFK 2.33 7.50 6.09 7.14 11.03 15.92

TABLE 4-15. CONFIGURATIONS 2 THROUGR 5 - AIRCRAFT MIX SENS ITIVITY RUN -ANNUAL PASSENGER RUNWAY DELAYS (Millions of Minutes)

Terminal
Designator 1975 1980 1985 1990 1995 2000

MSY 5.62 15.94 29.34 51.10 134.58 187.52
BOS 

- 

27.47 72.51 90.22 109.23 179.09 299.87
139.91 503.70 419.48 511.06 813.36 1214.39

-5
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TABLE 4-16. ASSUMED PERCENTAGE S OF WVAS EFFECTIVENESS

Percent of Time WVAS is Effective
Study Sensitivity Run

Scenario Values Values

UG3RD - Group 2 40 MSY/51, BOS/7€ , JFK/79

UG3RD - Group 3 75 85

UG3RD - Group 4 75 85

study. The delays which resulted from these new percentages of WVAS effec-

tiveness are presented in Tables 4-17 through 4-20.

— TABLE 4-17. CONFIGURATION 1 - WVAS SENSITIVITY RUN - ANNUAL
AIRCRAFT DELAYS (Millions of Minutes)

Terminal
Designator 1975 1980 1985 1990 1995 2000

MSY -- -- 1.14 2.92 11.51 
- 

14.64
BOS —— -— 2.14 2.97 4.29 6.83
JFK -— -— 9.87 16.53 27.25 41.46

TABLE 4-18. CONFIGURATION I - WVAS SENSITIVITY RUN - ANNUAL
PASSENGER RUNWAY DELAYS (Millions of Minutes)

Terminal 
-

Designator 1975 1980 1985 1990 1995 2000
‘ S

MSY -— -— 32.26 85.31 324.44 498.20
-~~~~ BOS -— -- 110.99 185.65 312.28 540 .23

JFK -— -— 680 .13 1183.70 2010.16 3162.39 

—-~~~~~~~~~~ •~~~ _ _ _



4-10

TABLE 4-19. CONFIGURATIONS 2 THROUGH 5 - WVAS SENSITIVITY RUN -
ANNUAL AIRCRAFT DELAYS (Millions of Minutes)

Terminal
Designator 1975 1980 1985 1990 1995 2000

MSY -- -- 1.05 1.80 5.03 5.56
BOS -- -- 1.74 1.74 2.44 3.74
JFK -— -- 5.93 6.32 9.76 13.52

TABLE 4-20. CONFIGURATIONS 2 THROUGH 5 - WVAS SENSITIVITY RUN -
ANNUAL PASSENGER RUNWAY DELAYS (Millions of Minutes)

Terminal
Designator 1975 1980 1985 1990 1995 2000

MSY -— -— 29.77 52.68 149.78 189.04
• BOS -— -- 90.32 108.65 178.12 296.20

JFK -— -— 408 .58 452 .24 719.76 1031.56

5’ 
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