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1. INTRODUCTION

1.1 Background

In 1969 the FAA asked the National Bureau of Standards (NBS) to
review its Airport Capacity Handbook, developed by Airborne Instruments
Laboratory (AIL) in June 1963, and to evaluate the possibility of
reapplying or extending that Handbook's airport capacilty model so as
to account for new alrcraft types and mixes of aircraft types. The
documentation proved Iinsufficient to permit reconstructing the AIL
model, which in effect had been '"lost" during the intervening years.
Consequently NBS developed an analytical model, for the simple case of
a single runway handling landings only, and documented it in [4] and
[7]. See also [8] and [9] for similar recults. Subsequently NBS extended

the analytical model to dual-use runways and multi-runway configurations,
in [5] and [6].

In the process of carrying out the extension, it became evident that
the analysis for complex configurations was very difficult, and there
was a possibility the analytical expressions would prove intractable.
To ensure ability to handle a large range of configurations despite
possible difficulties in the analytical modeling, it was decided to develop
concurrently a simulation model. The DELCAP model, documented in [1],
was the result of thils effort. 1Its design principle, described in the
first chapter of that documentation, is the '"model as little as you can'
philosophy under which only those system elements with direct influence
on stipulated output measures are included in the model. This philosophy
assumes a well-defined set of applications for which a model is to be
designed, and recognizes that the resultant model may thus be unsuited
for other applications. Specifically, DELCAP was designed to calculate

average maximum throughputs and delays resulting from airport airside
operations in a terminal area.

. Input parameters which were included in the model, and therefore
may be varied, include:

separation rulegi

aircraft type mix,

characteristics of each aircraft type,
traffic levels,

airport runway configuration,
operating policy.

.DELCAP was commissioned as a planning tool, and so major criteria in its
design were that it be easy to use, have a short computer running time,
and be economical enough to encourage its use to answer a variety of
"what 1f" questions concerning airport capacities and airside delays.

* The non-metric units, nautical miles, knots, feet and pounds, used

in this report are those customarily employed in aviation.



The design and development of DELCAP were completed in this first effort,
2. . the documentation was issued in May 1971. However, only illustrative
"y~ designed to demonstrate its versatility and scope were made at that

“ ume.

In early 1974 the FAA's Air Traffic Service requested that the DELCAP
-1 be reactivated, some modifications be made in it, and that it be
ve . '_ced for use in their Engineered Performance Standards (EPS) program
f. ' calculating target throughput levels at busy airports. This report
- .culents that effort. An interim report [2] described the validation of
t ighput output from DELCAP; the results reported there have been incor
', 2d in the present document to make it self-contained.

1

One caveat should be noted at the outset. The validation exercises
r ,.:ted here are aimed at assessing validity of DELCAP for a specific
¢f Lcation, ti. . of setting ATC system perfo . mance standards. The
Teonk auges, configuratic 3, and operat.. polic..s involved in the
» _1ses a.e those to be found in that application. Therefore, althou_
v 1. sdity of DELCAP has been established for input wvalues in the
> "7 required by this one app. .cation, validity has not been established
. all possible inputs and scenarios. The context of EPS presented 4 w: le
..~ 2 of configurations and operating policies, so that our validation
_'cises do cover most of today's busy airport scenarios, indicating
e model's usefulness in estimating throughputs at these facilities.
3+111, caution must be exercised if the DELCAP model is to be applied
{. other contexts, since validity has been established only in the
"rited sense noted above.

DELCAP is now operating both at NBS on the UNIVAC 1108 computer and
» a CDC computer chosen by, and accessible to, the FAA. On both systems
< 7 be operated remotely from a teletype terminal, which allows the
yst to use the model at his desk as '"what-if'" questions occur. The
« :1 has been used as a tool by FAA analysts in establishing EPS's,
b o is, traffic levels which a facility should be able to handle during
hiw~s, under a particular configuration and operating policy, with
. m < of aircraft types and a given arrival/departure ratio.
B - ~ns which formerly had to be performed by hand (by FAA anaiysts)
¢ 2 ~ow done by DELCAP, which, because it is inexpensive, quick and easy
o use, can help investigate a wider variety of configurations and
- ‘ating policies. Runs typically require 15 to 20 seconds to simulate

0 . .azy'. traffic. This speed and flexibility allow the analyst to set
;. 7 -mance standards for conditions which occur less frequently as well
¢ Zo1 ..e normal situation, since a large number of alternatives can

-..1ly be tried.



1.2 The Validation Process

Once a mathematical model has reached operational status, there
is a natural temptation to put it directly to practical use, skipping
over any substantial effort to verify that the model does in fact do
what it was designed to do. Such an omission, however, courts disaster,
since a model which has not been exercised on a variety of data (and
had its outputs compared with what is actually observed in the situation
being modeled) may contain unsuspected anomalies likely to exhibit them-
selves at embarrassing moments or (even worse) to remain undetected. To
guard responsibly against this, it is necessary to subject the model to
a pre-use validation and preliminary sensitivity analysis.

Validation involves two types of analysis. The first is an inde-
pendent assessment of the appropriateness of the structure and methods
used. A second element of validity checking is the comparison of model
outputs with what 1s actually observed in specific instances of .V : ty
of slituation being modeled. Comparison of model performance with th- .
of other models which are well~based and accepted, for cases to which
apply, could also be part of this type of analysis. Absolute assurance
of validity for all possible future uses is, of course, impossible. Re-
plication of reality for a few test cases can only insure that in these
particular examples, the model performs as it should, but if the test
cases were chosen carefully to be representative of the spectrum of situ. :ions
to which the model is expected to be applied, then increased confidence 1n
model validity can be obtained.

Beyond the basic validity testing described above, some preliminc .y
sensitivity analyses should be conducted--to identify those parameters
having most critical (most sensitive) effect on model outputs, and to
ascertain the degree to which model outputs can be expected to vary with
input variations. Such sensitivity analyses should also help to determine
the limits beyond which application of the model is inappropriate.

1.3 Description of DELCAP

DELCAP is a simulation model, written in the SIMSCRIPT 1.5 computer
language, of the alrport terminal area including terminal airside operations
and those ground operations occurring on the runway surface. DELCAP was
designed to focus on operations in the terminal area and to measure
throughputs and delays associated with this subsegment of the whole Air
Traffic Control (ATC) System. Its output consists of throughput and delay
figures. Input includes traffic levels (or the explicit schedules of
traffic, or both), the mix and characteristics of aircraft types, tha
separation rules which apply, the airport runway configuration and its runway
operating policies.

In accordance with the modeling philosophy under which DELCAP was
designed, in which ease of use is a major criterion, a FORTRAN preprocessing
program has been written to allow users to provide inputs in a format less



rigid than that required by SIMSCRIPT programs and to provide a set of
r ~ Zaal 1nput values. The user specifies values for only those input
neters which are to differ from their nominal values. As noted in
1 2x A, procedures for selection and values of these nominal inputs
ve been changed to those most useful for the EPS program.

Figure 1.1 displays the terminal area as seen by the DELCAP model.
» aircraft denoted by capital letters are landings; those designated
rer case letters are takeoffs. The landing and takeoff streams
_sttered in reverse order of their entrance to the model. (The
r 1:lcular configuration and operating policy shown--a palr of inter-
« >ting runways, one handling only takeoffs, the other only landings--
illustrative and ¢’ ould 1. be taken as a model restriction. Runway
¢ figuration 1s a model ir ut; as will be shown by the exercises reported

Chapters 2 and 3, a wide variety of such configurations can be handled
1 DELCAP.)

It is convenient to describe DELCAP's treatment of la~.ing .nd take-

- If ctreams s dar ewy, s. ¢ DELCAP 1s an ev rrented m lel (time is
: M 1t the ne t " 1 ical event," rath_ - 1an stepped along at
I .. E v wals) . ea. cit: i event in an aircraft's path anticipates

rmext o & a.ong th © r th. Landings enter the simulation at handoff to
-~ g .ch ¢ ntrol (A in Figure 1.1). The next critical point along a
- “a p.ch s _he outer marker. DELCAP requires that at least a preset
taimum .aoe Interval ensue between handoff and the landing's passage of
. outer marker. However, the presence of other aircraft in front of A
the 7 .ding stream may necessitate that it be placed in a holding
"¢ -ern or that it fly a longer path to the outer marker, either of which
"~ i.d ‘equire extra time. DELCAP does not-model the actual route flown
but this extra time requirement is Imposed by the modeling device

g1 5 up' the outer marker, i.e., prohibiting A from passing it,

_. a 1L those in front ' _ve done so.

B's final aporoach can be scheduled once the aircraft in front of B

‘~ 4{n t . “igure) 1s pas: 3:d the outer marker. B must remain separated
noT e _2d . - - 't (presently 3 miles if C is not a heavy
a ¢ - 4 .i"2s f bot. 7 and B are heavies and 5 miles if C is a heavy

: i1 .-, long the who'e final approach path. DELCAP employs the
~..zation of constant final approach speeds (dependent on aircraft type),
~ ¢ so the acutal separat .on required between C and B when B crosses the

¢ _.er ~ er is ~ her (i  C is faster) the minimum required spacing between
_ sge ali: -f- or (if B is faster) a spacing such that when C touches down
® 4. be . - the required minimum separation distance from the end of the

- “r.*% s landing leaves the simulation when it turns off the runway.

Of cmurse D cannot land as long as E is on the runway surface. That is,
“+ ¢ ditimn to the airborme separation requirements, runway occupancy time
", ~ can affect the prescribed separation between D and E. DELCAP includes
~ ~ 'Lying up" effects of runway occupancy, though in practice, it is
1lly the ¢ -~borne separation which is critical.
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Takeoffs enter the simulation about 15 minutes before scheduled

departure time. A minimum taxi time between gate and runway is

jecified. Since in Figure 1.1, landing E has passed the runway inter-
section, takeoff ¢ can be cleared to start its roll, if takeoff d had
¢« flicient separation from takeoff c¢; thise presently is 2 minutes after

~:ls ¢.t if d is a heavy and ¢ is not, and is a shorter, constant time
o terv.. pproximated as .7 seconds after liftoff-~-for all other aircraft-
t» : combinations.

Figure 1.2 is a flowchart of the simulation. The bottom box, 'choose
: operation," represents the implementation of the runway operating
72 lcy which determines the sequence of land.ngs and takeoffs on each
reaway. The two boy 's refe.ing to '"'mainta. . separation" are implemented
it the model by "'tying up" critical points -_.a the landing and takeoff paths:
. ¢ po.nt at which a takeoff starts its roll, the outer marker, and the
.1 7 at aich a landing touclt 3 dovr. A lariing or takeoff can be scheduled

tal @ ° -2 when no crit’ ¢ . oint will be tled up when the aircraft
s

e ILCAP model ™ 5 bee designed to provide output of two quantities,
a2 ., curot thu it (the number of operations handled by the facility per
| - 'loc) an- delay. Application of DELCAP is envisaged under two
d: “fere * scenarios. The first is one in which a realistic demand level
st. buirated and DELCAP output yields resulting delays and throughputs.
1 toc g8econd s marilo, DELCAP is run with high demand levels to estimate
1.r & sport's maximum throughput (capacity).

1.4 Validating DELCAP

V iu vic of ma. mum throughput estimates is reported below in

. : :¢ 1lng was concentrated on this case, since the main application
R :ion effort suports operates in the second scenario.
*..lic :ion is the comput: :: »n of EPS's, throughputs which are achievable

-7t ffic codizicis, for several of the nation's busiest airports

" . un °r a vi zety of possible configurations and operating policies.

Thar _er 3 recounis an attempt, using currently available data, to
i.ate LILC..>'s delay . tput. This effort, which had to be abandoned for
- present because empirical delay figures for that portion of the ATC

b oo modeled by DELCAP were lacking, is reported here as an example of

a model ¢ ~ise, ocowing the model's versatility and ability to represent

- tr ffic toge her with artificially generated traffic. The exercise
> .. trat- the problems caused by multiple definitions of delay.
do '“scruii ' (at the end of the chapter) the data collection effort re-
to support a delay-figure validation analysis.

In Chapter 2, validation exercises employed to test DELCAP under the
or scenirlo above are described in detail, and their results are

p -ed wi_n values obtained from FAA's Air Traffic Service. These
ate .re designed in consultation with R. Scott of FAA's System Research



FIGURE 1.2

Flowchart of the DELCAP Simulation
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¢ .3 Development Service and R. Woods and R. Tobiason of the Air Traffic

Service, to cover that set of configurations most representative of

. yse encountered at major U.S. terminals, including a single runway,

t ~ intersecting runway configurations (differing in the placement

¢ the intersection), a pair of close parallel runways, and a pair of

~ ~se parallels with a third runway crossing the pair. Wide parallels

*» not included since they can be modeled as two separate single
jays. A variety of operating policies were chosen to approximate

those used under different traffic situations: when landings balance

t keoffs, when landings predominate, and when takeoffs predominate.

"~ .3 diversity also allows comparison of results, to evaluate the sen-

sitivity of DELCAP throughputs to operating policy. The exercises

included different mixes of aircraft types, focusing primarily on the

fraction of heavy aircraft in the mix since different, larger separations

- e required behind heavies because of wake turbulence. Other model

‘ts (such as aircraft characteristics or the length of the final

. ~ocr path) could also have be~:. varied, but preliminary tests have

1~ -  to believe that the three factors mentioned--configuration,
Ser-titg policy, and aircraic vype mix--are the ones most critically
fecting differences in throughput at major U.S. terminals.

-

ur pter 3 -eports the results of an exercise of the model using

. ."..al schedulec traffic data from LaGuardia Airport (LGA) for October

27 1974, plus general aviation traffic generated in a stochastic
maer 1er, Simulated delays were compared with the ''real” delays experienced
"y the scheduled aircraft--calculated as the difference between the

2 ual arrival or departure and the corresponding scheduled time. This
¢ parison proved on closer comsideration to be improper, 'real' delays
. nessc '1ly belng much greater than the simulated ones because they
include the effects of interruptions or slow-ups attributable to other
p¢ “s of the system (not in the LGA terminal area) and to other sources
gt :l. as equipment - or crew-induced delays. Simulated delays did, however,
agree quite well with the delay level reported by the facility, and the
shapes of the distributions, '"real" and simulated, were very similar.
h.pter 3 also contains a discussion of the data required to do a proper
A L. r—-figui » validation, and suggests methods of acquiring these data.

C wprer 4 contains a conclusion and summary of the report. Appendices

A through E document in detail the current version of the DELCAP model

and its preprocessor. Appendix A includes a discussion of changes made

to the model since its original documentation [1]., Flowcharts and

desc. .Zi. s of all the simulation routines are included in Appendix B.

" .~ .1 T I1.sts the variables and arrays used in DELCAP, and Appendix D

~. 'es Jer instructions for preparing preprocessor input. Listings of

«>h p1 -ams appear in Appendix E. Appendix F includes a description

of “he LGA data, together with a discussion of problems encountered in

=¢. cll: z t o data sources for the LGA input.



2. VALIDATION OF DELCAP THROUGHPUT ESTIMATFS

2.1 General Description

This chapter documents runs of the DELCAP model designed to test
the validity of its throughput calculations under a variety of conditions.
The characteristics attributed during these runs to each of three aircrafet
types--heavy aircraft (over 300,000 lbs. gross welght), small aircraft
(nmost single- and two-engine craft), and medium and larger craft (larger
piston alrcraft and most jets) -- are described in Table 2.1. These
values were obtained from data collected by the Air Traffic Service at
O'Hare International Airport (ORD).

Five different runway configurations, representative of those most
often encountered and described in greater detail below, were investigated:
a single runway, two runways intersecting so as to form a V, two runways
intersecting to form an X, a set of close parallels (3000 to 4300 feet
apart), and a set of close parallels with a crossing runway. Configurations
involving wide parallels are not included in this analysis since the DELCAP
model treats wide parallels as two completely separate runways, and as a
result, the maximum throughput of a pair of wide parallels is just the sum
of the throughputs available from them independently.

For each configuration, operating policies (displayed in Table 2.3)
were chosen as most reasonable for each of three arrival/departure mixes:
arrivals balancing departures, departures dominant, and arrivals dominant.
Each configuration and operating policy was investigated for three aircraft-
type mixes, ldentified by the percentage of heavy aircraft in the mix and
described more fully in Table 2.2.

For each configuration, operating policy and aircraft-type mix, the
model was run to simulate 20 hours of traffic. The average hourly
throughputs (averaged over the sample of 20 hours) of landings, takeoffs
and all operations were recorded for each runway and totaled for all
runways to permit comparisons among policies, type mixes and configurations.

In Section 2.2 the model's outputs for these cases are described, and
evaluated, including the testing of agreement with analytical models (where
available) and with ATC experience about how throughput depends on the
factors varied. In Section 2.3, the outputs are compared with FAA-supplied data.

2.2 Validation OQutput

2.2.1 SINGLE RUNWAY

*
The single runway case has been studied extensively , and admits
analytical expressions for capacity. Two such expressions, one for

* See for example [4], [5], and [6]. Similar formulas to those appearing
below appear in these publications, but are derived here again for
completeness.

- 9 _



TABLE 2.1

Aircraft Characteristics for Validation Runs

Type Type Speeds (Knots) Runway Occupancy (Sec)
Number Description Landing Liftoff Landing Takeoff

1 Heavy A/C 124 120 55 33

2 Small A/C 119 90 40 27

3 Category IIIl's 120 120 50 32

(Larger A/C)

TABLE 2.2

Three Aircraft-Type Mixes Used

Hix I - 5% Heavies iMix IT - 15% Heavies Mix ITI - 50% Heavies
Type % in Mix Type % in Mix Type 4 in Mix

1 % 1 15% 1 507%

2 17% 2 15% 2 9%

3 78% 3 70% 3 41%

- 10 -
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TABLE 2.3

Configurations and Operating Policies for Validation Runs

Arrival/ Arrivals = Departures Departures Predominate Arrivals Predominate
Departure Mix .

7 Heavies 5% 15% 507% 5% 15% 50% 5% 15% 50%
Configuration

Single runway

Alternate Two departures between Two arrivals between
//,//////// each pair of arrivals each pair of departures
Intersecting 1. Arrivals on one, Alternate on one, Alternate on one,
Departures on the other Departures on the other Arrivals on the other

Alternate on both

Intersecting 1. Arrivals on one, Alternate on one, Alternate on one,
Departures on the other Departures on the other Arrivals on the other
Alternate on both

)

' 1. Arrivals on one,
Farallel Departures on the other Alternate on one, Alternate on one,
Alternate on both Departures on the other Arrivals on the other

\

Parallel + Arrivals on one parallel, Departures on one parallel, Arrivals on one parallel,
Intersecting Departures on the other, Alternate on the other twa - Alternate on the other two
Alternate on crossing runvay  rypgays rumvavs

X



]

i

a runway handling iakgoffs only and the other for the same runway handling
landings only, are’/derived below. As will be seen, DELCAP outputs for
these single—runway_situations conform clcselv (as they should) to these
theoretical formulas.

To calculate the expected value of the maximum throughput for a
single runway handling takeoffs only, under the assumption of a continuous
stream of departures in which heavy aircraft appear randomly and constitute
a known fraction of all takeoffs, let

number of takeoffs per hour,

= fraction of takeoffs which are heavies,

= runway occupancy time (hrs.) for heavies,

average time (hrs.) between takeoffs for non-heavies

= average time (hrs.) between takeoffs of two successive heavies
(Note that separation rules require a non-heavy to

wait 2 minutes after a preceding heavy liftoff before
starting its roll.)

1t

o >R U
|

Then it follows that:

1. The time between takeoff of a heavy and that of a
following non-heavy is r' = r + 2/60, the time between
takeoffs of heavies is &, and the time between takeoff
of non-heavies is A.

2. A fraction p of aircraft following a heavy are heavies;
(1 - p) are non-heavies.
3. The expected number of hourly takeoffs by heavies is pN;
for non-heavies it is (1-p)N.
Thus the following equation (between numbers of hours) holds:
pNip§ + (1-p)(r')] + (1-p)Na=1
or

N = l/[p26+p(1—p)r' + (1-p)A].

For r = 33 seconds, A = 54 seconds, and 8§ = 90 seconds for example,
the values in Table 2.1 yield

2
N = 3600/{-64p +99p+54].
This is plotted as the upper curve in Figure 2.1. The two circled points,
at 20 and 30 percent heavies, give the results of actual DELCAP runs and
agree well with the corresponding values from the preceding formula.
Similarly, to calculate the expected throughput for a single runway

handling landings only, under the further assumption that landing speeds
for all aircraft types are equal, let

- 12 -
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FIGURE 2.1
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N = number of landings per hour,

fraction of landings which are heavies,

s = the landing speed (in knots) for all aircraft types.
(Although landing speed does varv among aircraft types,
the figures in Table 2.1 indicate that using one value
is not a great deviation from reality. More complicated
formulas can be derived for the case in which speed depends
on aircraft type.)

gl
]

Then it follows (cf. the separation criteria given in section 1.3) that:

1. The time between the landings of two heavies is 4/s,
between a heavy and a following non-heavy is 5/s, and
between a non-heavy and a following aircraft is 3/s.

2. A fraction p of the aircraft following a heavy are heavies,
a fraction (l-p) are non-heavies.

3. The expected number of hourly landings by heavies is pN;
for non-heavies it is (1-p)N.

Thus the following equation holds:

pN[p(4/s) + (1-p)(5/s)] + (1-p)N(3/s)=1

or
2
N = s/(3+2p~p7).
For s = 125 knots, for example,
N = 125/(3+2p—p2),

which is plotted on the lower curve in Figure 2.1. The four circled
paints, output from the DELCAP simulation, agree very well with the
expected throughputs.

Analytical expressions can be and have been derived for more
complicated operating policies involving dual operations (both landings
and takeoffs),* but are much more complex since for some landing aircraft
the minimum allowable spacing can be determined by the separation from a
vreceding landing, rather than the separation from a takeoff occuring
botween the two landings. In this case, the takeoff is in some sense a
“free" contribution to throughput since it does not require an extra
ir. orruption in the flow.

* See for example [6].

- 14 -



As part of our validation analysis, three operating policles for

a dual use single runway were run using DELCAP, The output from these
runs is displayed in Table 2.4. For time periods in which the numbers

of arrivals and departures are approximately equal, the operating policy
chosen for the single runway seeks to alternate landings and takeoffs.
During departure-dominant periods, landings are spaced far enough ape-t

to allow two takeoffs between each pair of landings. For arrival-dom: iant
periods, takeoffs are permitted only between every other pailr of lanaings.

As can be seen by comparing Table 2.4 with Figure 2.1, dual usage of
tae si: zle runway decreases the takeoff throughput greatly (by abo . a
factor of two). The reason is that land ngs requ re more time t :tween
opera_ions and dual usage forces some takeoffs to wait for 1 din:~ ‘
the other hand, landing throughput is not as greatly degraded v ‘ur-
sing takeoffs among the landings. Alternation of landings and ta eoifs

dec.eased ] ding throughput by . t most 30% from the pure landing or ~~-t’ a.
and 11..e...ed total ° ._ughput by 40-60%Z. This ag z2es well with orz- =. |
experi.: ce: in the ¢ ie2nce of stringent takeoff-ul space r:estrict.o:
takeoffs are rarely tb imiting throughput fac* . On the other ™

¢~~cin; betw’ :m landi is is critical, and direct -“ns such as "m¢ . n

¢, ~ed" sometiies hav: co be given by controllers to arriving - .craft .u
ord- * to ens th+t minimum spacing is attained.

Voowtatre | fo -t tie sivgle-ruaway case was carried out because it is
often an 1m,. :tant component of more complicated configurations. W.'e
parallels may be regarded as two single runways in throughput calculatiors,
for instance. Also, some airports may be reduced to essentially the si., .-
runway configuration during IFR weather or outages. Still, the primary
advant: 2 of DELu/. lies 1n its applicabilicy to more complex rur 1y
situations for which analytic expressions are much more difficulc¢ to obi: i

2.2.2 INTERSECTING RUNWAYS

Two different configurations consisting of a pair of interser :ing
runways were investigated: one with the intersection 2000 feet from ti :
ends of each of the runways (representing the near-intersection or v
case), the second with the intersectic. 4000 feet from the ends of eac i
runway (a conf., iration shaped like an "X'").

During periods in which arrivals and departures are roughly balanced,
t - diff- ‘cnt opescting policies were chosen as reasonable: the first of
them . - -~t- 1la J.ngs and takeoffs on both runways, while ‘.2 seco
reserv- : “ue r -  fo- aidings only and the other just for : _«epffs.
(The = -c¢ id policy can result in lower capacity, but is easiur for t .
controi_er and probably more representative of actual practice.) Yor
departur _ -dominant periods, one of the runways handles takeoffs only,
with © 1 .ngs and takeoffs alternated on the other. Simi.arly, ".-
arriva. -dominant periods, one runway is set aside for landings only,

while . .adings and takeoffs alternate on the other.

ical Center
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TABLE 2.4

Single Runway Throughput (per Hour)

5% HEAVIES 157 HEAVIES 507 HEAVIES

OPERATING POLICY LAND TAKEOFF TOTAL | LAND TAKEOFF TOTAL LAND TAKEOFF TOTAL
ARRIVALS =
DEPARTURES: 28.2 28.2 56.4 |27.3 27.3 54.6 26.3 26.3 52.6
ALTERNATE
DEPARTURES
PREDOMINATE:
TWO TAKEOFFS BETWEEN 19.6 39.2 58.9 [18.6 37.2 55.4 17.2 34.4 51.6

EACH PAIR OF LANDINGS

ARRIVALS PREDOMINATE:
TWO LANDINGS BETWEEN 32.8 16.4 49.3 (31.7 15.8 47.5 29.2 14.5 43.7
EACH PAIR OF TAKEOFFS




Each intersecti g- naway configuratiuvn was run both with and wi. »ut

t.>2 reqx'remex: that operations on one runnay be separated from those

L L., woewr. in in= less . estrictive cac the only interaction lmposed
r . waat a lz Jing's touchlo nooa takeofﬁ s start-of-roll on one ruv . ay
could not occur in the period between a landing or start-of-roll of an
srcraft on the otli»r runway and -he time that aircraft passed the nter-
section. In the other case, in addition to the preceding prohibition,
landings o one runway had to be separated by the required 3, 4 or 5
m*les from landings on the other and also by 2 miles from preceding

tickeoi. 5 on the ¢ .uer. ™ o sepa. e tables are given for each of the
V and X .. . ers_:t on cases (c- ''~les 2.5-2.8), one including the seconq
sep: ac.r re . _reme - (described as 'with interference') and one ..
The 2. orence re uirement reduces throughput by 3 to 45 ¢ & .3,
v .th t+¥ 1. 2ar reduction . ~curring when takeoffs are allowed on cnliy o
o VI S the midd.. two .~e iting policies in the Tables). .: is
p~> o - yunus: _fo . .- d » to be al .. ed on both ru~ ys ‘& =
‘i~ . o~ I fact, the - wwnis on one, takeoffs 1 - owuin
¢ * 5y 1 *he e m¢ it often ¢y yed in pract: e for a: inter ec* .
r-i: £ tt . runw-s ¢ 0 D¢ “wle ' h. " a o-e is lo ~e:
tie ot 2:. then se . 2 1 1 by - rcraft type, - . r a1 by spe oo
;- oft. picy, -~ , - - s =2thiy ; appr« ¢ "ig the poilcy of 27 tome
op.. 1t 1s m: ,. : be acv . 2d. In th.s case segregat.or by .yp : “ara Dy
by laaa: , sp... ' t.c ten! to i e:xrease actial interit ~ ng separaliir
{(by .2dur. ; o pS . . to a s.ow . .ae following a faster one), resu. o ~
"+ gl iy ~"gher ti..oughputs tuan those given in Tables 2.5-2.8. . .t
i~ rf ~e, the i ¢ w _number of landings -- which occu s for the n' r
int (cec:ion for tu2 pc 1 .- allowing one runway to handle onaly landings
d cl tl - « _ tal:offs, d - :curs for the far intersection for the
] dcy al sw:-_ l¢é dngs on ' sth runways with takeoffs interspersed on
o.e -—— 5 _tui: y - out the same as the number of landings on the ™ < ngs-
Ty o1 . ¢ ne _'nde- the same pol :les) when there is o interf -_  _.
Lw a "f_ ence between 5 a ' 50 L. cent heavies the - « - ft type
m ' le s o a cec ease of 6 to ¢4 perc . 1in total t gl v.t, with .-
. rge. « .fe_ el tes ,.nerally occ . ing for the policy having only land. ugs
Or. or2 1. vay and -7y takeoffs on the other. To explain this, rute rat
wi'h © < r- spac: =t 5 miles (as for a non-heavy aircraft following a
h v Y a taleuif ca occu be :en the two landings without affecting
ei t - The pur . ing/; ir takeoff policy does not exploit this, s
' ke £ 117 0 -0 50w Increased sepc catic . s felt. Polic: e
o ', s &l - ° _gay i e 1. a bette. posit on to util)ze = 2se
toeTa =D “S.
* N7 - . the "pure ar..val pure departure' case in Tables 2.5

thr _1 2.9 differs from that reported in [2] because of an inter-
ve . _ model modification allowing policies which coordinate
ope ons on different ~ ways.
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TABLE 2.

2

Hourly Throughput for Near Intersection (V) With Interference

5% HEAVIES 15% HEAVIES S50%HEAVIES
OPERATING POLICY RUNWAY LAND  TAKEOFF  TOTAL | LAND TAKEOFF  TOTAL LAND  TAKEOFF  TOTAL
ARRIVALS =
DEPARTURES 1 16.3 16.3 32.6 15.7 15.7 31.5 14.4 14.5 28.9
ALTERNATE ON BOTH 2 16.3 16.3 32.6 15.7 15.7 31.4 14.5 14.5 29.0
TOTAL 32.6 32.6 65.3 31.5 31.4 62.9 28.9 29.0 57.9
ARRIVALS =
DEPARTURES 1 0.0 37.4 37.4 0.0 34.3 34.3 0.0 30.1 30.1
RUNWAY 1-TAKEOFFS 2 37.4 0.0 37.4 34.4 0.0 34.4 30.1 0.0 30.1
ONLY
RUNWAY 2-LANDINGS TOTAL 37.4 37.4 74.8 34.4 34.3 68.7 30.1 30.1 60.2
ONLY
DEPARTURES
PREDOMINATE 1 0.0 44.4 44 .4 0.0 41.4 41.4 0.0 37.8 37.8
RUNWAY 1-TAKEOFFS 2 22.4 22.4 44.9 22.1 22.0 44.1 21.7 21.6 43.3
ONLY
RUNWAY 2-ALTERNATE | TOTAL 22.4 66.8 89.3 22.1 63.4 85.5 21.7 59.4 81.1
ARRIVALS
PREDOMINATE 1 21.6 0.0 21.6 20.3 0.0 20.3 18.2 0.0 18.2
RUNWAY 1-LANDINGS 2 14.7 14.7 29.4 14.0 14.0 28.0 13.1 13.1 26.3
ONLY
RUNWAY 2-ALTERNATE |TOTAL 36.3 14.7 51.0 34.3 14.0 48.3 31.4 13.1 44.5
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TABLE 2.6

Hourly Throughput for Near Intersection (V) Without Interference

5% HEAVIES 15% HEAVIES 50% HEAVIES
OPERATING POLICY RUNWAY LAND TAKEOFF  TOTAL LAND  TAKEOFF  TOTAL LAND  TAKEOFF TOTAL
ARRIVALS =
DEPARTURES 1 28.1 28.1 56.2 27.1 27.1 54.3 26.2 26.2 52.4
ALTERNATE ON BOTH 2 28.0 28.1 56.1 27.2 27.2 54.5 26.1 26.1 52.3
TOTAL 56.2 56.2 112.4 54.4 54.4 108.8 8Z.3 52.4 104.7
ARRIVALS =
DEPARTURES 1 0.0 38.6 38.6 0.0 36.5 36.5 0.0 32.0 32.0
RUNWAY 1-TAKEOFFS 2 38.6 0.0 38.6 36.5 0.0 36.5 32.0 0.0 32.0
ONLY
RUNWAY 2Z-LANDINGS TOTAL 38.6 38.6 77.2 36.5 36.5 73.1 32.0 32.0 64.0
ONLY
DEPARTURES
PREDOMINATE 1 0.0 £3.8 63.8 0.0 54.7 54.7 0.0 46.7 46.7
RUNWAY 1-TAKEOFFS 2 27.9 28.0 55.9 27.1 27.1 54.3 26.1 26.1 52.3
ONLY
RUNWAY 2-ALTERNATE | TOTAL 27.9 91.8 119.8 27.1 81.8 119.0 26.1 72.9 99.0
ARRIVALS
PREDOMINATE 1 38.1 0.0 38.1 35.9 0.0 35.9 31.6 0.0 31.6
RUNWAY 1-LANDINGS 2 28.0 28.0 56.0 27.1 27.1 54.2 26.1 26.1 52.2
ONLY
RUNWAY 2-ALTERNATE | TOTAL 66.1 28.0 94.1 63.1 27.1 90.2 57.7 26.1 83.8
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TABLE 2.7

Hourly Throughput for Far Intersection (X) With Interference

5% HEAVIES 15% HEAVIES 50% HEAVIES
OPERATING POLICY RUNWAY LAND TAKEOFF  TOTAL LAND  TAKEOFF  TOTAL | LAND TAKEOFF  TQOTAL
ARRIVALS =
DEPARTURES 1 15.8 15.8 31.6 15.3 15.3 in.7 14.1 14.1 28.3
ALTERNATE ON BOTH 2 15.8 15.8 31.6 15.3 15.3 30.6 14.2 14.1 28.3
TOTAL 31.6 31.6 63.2 30.6 30.7 61.3 28.3 28.3 56.6
ARRIVALS =
DEPARTURES 1 0.0 33.6 33.6 0.0 31.6 31.6 0.0 28.7 28.7
RUNWAY 1-TAKEOFFS 2 33.6 0.0 33.6 31.5 0.0 31.6 28.7 0.0 28.7
ONLY
RUNWAY 2-LANDINGS TOTAL 33.6 33.6 67.3 31.5 31.6 63.1 28.7 28.7 57.4
ONLY
DEPARTURES
PREDOMINATE 1 0.0 42.7 42.7 0.0 40.0 40.0 0.0 36.8 36.8
RUNWAY 1-TAKEOFFS 2 21.5 21.5 43.1 21.4 21.4 42.8 21.3 21.3 42.7
ONLY
RUNWAY 2-ALTERNATE | TOTAL 21.5 64,2 85.8 21.4 61.4 82.8 21.3 58.1 79.5
ARRIVALS
PREDOMINATE 1 21.2 0.0 21.2 20.0 0.0 20.0 18.0 0.0 18.0
RUNWAY 1-LANDINGS 2 14.2 14.2 28.4 13.7 13.7 27.4 12.9 12.9 25.8
ONLY
RUNWAY 2-ALTERNATE | TOTAL 35.4 14.2 49.6 33.7 13.7 47.4 30.9 12.9 43.8




TABLE 2.R

Hourly Throughput for Far Intersection (X) Without Interference

5% HEAVIES ' 15% HEAVIES 507 HEAVIES

OPERATING POLICY RUNWAY | LAND TAKEOFF _TOTAL| LAND TAKEOFF _ TOTAL| LAND TAKEOFF _ TOTAL

ARRIVALS = !

DEPARTURES 1 27.2 27.2  54.5 | 26.3  26.2 52.5 | 25.4 25.4  50.9

l
ALTERNATE ON BOTH 2 27.2 27.3 54, 26.4  26.4 52.8 || 25.5 25.4  50.9
TOTAL | 54.5 54.5  109. 52.7  52.7  105.4 | 50.9 50.9  101.8

ARRIVALS =

DEPARTURES 1 0.0 37.7 37, 0.0  34.9 34.9 0.0 30.6  30.6

RUNWAY 1-TAKEOFFS 2 37.8 0.0  37. 34.9 0.0 346.9 | 30.7 0.0  30.7
ONLY

RUNWAY 2-LANDINGS | TOTAL | 37.8 37.7 75, 34.9  34.9 69.8 | 30.7 30.6  61.3
ONLY

DEPARTURES

PREDOMINATE 1 0.0 58.0  58. 0.0  51.7 51.7 0.0 44.9  44.9

RUNWAY 1-TAKEOFFS 2 27.4 27.3 5S4, 26.6  26.6 53.3 | 25.6 25.6  51.2
ONLY

RUNWAY 2-ALTERNATE : TOTAL | 27.4 85.3  112. 26.6  78.4  105.0 | 25.6 70.5  96.1

ARRIVALS

PREDOMINATE 1 38.0 0.0  38. 35.3 0.0 35.3 | 30.8 0.0  30.8

RUNWAY 1-LANDINGS ‘ 2 26.3 26.4  52.7 | 26.1  26.0 52.1 | 25.5 25.5  51.0
ONLY

RUNWAY 2-ALTERNATE  TOTAL | 64.3 26.4  90. 61.4  26.0 87.4 | 56.3 25.5  81.8

J.




The location of the intersection, far rather than near, causes a
iLeater reduction in takeoff throughput than in landing throughput.
o 1s to be expected, since runway occupancy time is not a critical
Z..r in Interlanding spacing, but plays a much greater role in
rs:raining takeoffs. The intersection's location, however, has much
i .5 effrrt than does operating policy.

1 5 mmary, the simulated behavior of a pair of intersecting runways
iy v- v much as one would expect from logic and real-world experience.
4~ : rnghput levels produced by DELCAP may be higher than those usually
«..2.vz1 bec se two of the four operating policies simulated allow
.. dings on both runways, a situation atypical in practice. Thus the
r. .dicted tairoughputs for the pure-landing/pure-takeoff strategy perhaps
Yo .ser e most re..istic estimates.

2.7 .3 CLOSE PARALLELS

A .. " 1l -+ con _u  :ion was run under the ‘¢ . ___-.on 1 .t
i LT . . rur. " . __ be separated by 3, 4 . - 5 m.les from la .. s
D © _dby 2 r” 5 fr: preceding taken fs on tre .._her. (Iaiis
o7 Zooonllo zly afp.--.i .. parallels wlose c¢. -er .i.. : are +at
- e Z.et.. T e ._..tg are given in Table 2.

-~ periods when the numbers of arrivals and departures are about

5a. € 1e operating policies of choice are either to alternate landings
= _x fs ¢ both runways or to reserve one runway exclusively for
“r + a rrz second just for takeoffs, alternating operations on the two.
D —¢d... 25 dominate, one runway is reserved exclusively fer them, while
’ 3 ¢ . raleoffs alternate on the other runway. For periods in which
< . t._..ainate, one runway is restricted to landings only, while
ST " ikeoffs alternate on the other.
«. a’. * . with Table 2.6 shows that the performance of a pair of
‘~se ] a.: rum ys very closely resembles that of a "V'" intersection
1 e e, and »« 1 of the remarks made for that earlier case

1

y h 2. . 1 ru way occupancy time is not a critical factor

7 - ..t 1 - spacing and since the required separations between landings
5> ;. ways are the same as for one runway, the maximum landing
it for a set of parallels is not much larger than that for a

L ela r. ., with two landings between each pair of takeoffs (see Table

.
o

<4, "“tarnatlng landings and takeoffs on both runways yields about a 16
) t * srovement ove. the single runway, gained presumably because
1 . v v:iL ey time h.o no effect on the other runway's operations.

“"ien :» ‘offs predominate, landings are spaced far enough apart to
¢ 'Hw e i takeoffs on the other runway, and a comparison with Figure
2.1 ~v w~ - the nuru-  of takeoffs is at most 11 percent less than
a =: [  runway handling only takeoffs. Coordinating operations on the

o rv- "ays, so that a landing on one alternates with a takeoff on the
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TABLE 2.9

Hourly Throughput for Close Parallels

15% HEAVIES 50% HEAVIES
OPERATING POLICY RUNWAY| LAND TAKEOFF  TOTAL| LAND  TAKEOFF TOTAL | LAND TAKEOFF  TOTAL
ARRIVALS =
DEPARTURES 1 16.3 16.4 32.7 15.7 15.7 31.5 14.5 14.5 29.0
ALTERNATE ON BOTH 2 16.3 16.3 32.7 15.7 15.7 31.5 14,5 14.5 29.0
RUNWAYS
TOTAL 32.7 32.7 65.4 31.5 31.5 63.0 29.0 29.0 58.0
ARRIVALS = 1 0.0 37.6 37.6 0.0 34.7 34.7 0.0 30.5 30.5
DEPARTURES
ALTERNATE LANDING 2 37.6 0.0 37.6 34.7 0.0 34.7 30.5 0.0 30.5
ON RUNWAY 2 WITH
TAKEOFF ON rRUNwaY 1| TOTAL 37.6 37.6 75.3 34.7 34.7 69.5 30.5 30.5 61.0
- DEPARTURES - _

PREDOMINATE L 0.0 54.0 54.0 0.0 49.0 49.0 0.0 42.3 42.3
RUNWAY 1-TAKEOFFS 2 27.5 0.0 27.5 26.2 0.0 26.2 23.9 0.0 23.9

ONLY
RUNWAY 2-LANDINGS

ONLY TOTAL 27.5 54.0 81.6 26.2 49.0 75.2 23.9 42.3 66.2
ARRIVALS
PREDOMINATE i 16.5 16.5 33.1 16.0 16.0 32.0 13.8 13.8 27.6
RUNWAY 1-ALTERNATE 2 21.0 0.0 21.0 20.0 0.0 20.0 18.7 0.0 18.7
RUNWAY 2-LANDINGS

ONLY TOTAL 37.7 16.5 54.2 36.1 16.0 52.1 32.5 13.8 46.3




5. er, results in a decrease of only 8 percent im total throughput but

‘- 1ncrease of 28 to 37 percent in the number of landings. In fact

¢ 1e gecc  polilcy, lnvolving cooperating pure operations, suffers only

a . to 8 j_rcent reduction in the number of landings from the number

{ w..i’'wr . a single runway handling landings only. The addition of

" . secr 1 of a close parallel palr of runways thus buys some additional
thput, 16 to 34 percent for periods when the numbers of arrivals

i «epartures balance ar. 37 percent when departures dominate. During

i .. 1 3l-dominated periods, however, only 9 percent increase in total
‘ouguput 1s observed.

2.2.4 CLOSE PAR, .LELS WITH AN INTERSECTING RUNWAY

". - runway configuration for these rumns is pictured in Figure 2.2,
© 7 . periods 1n which arrivals and departures are balanced, the

| NUURI ry chosen :i.serves - of tle pa. t..ol Tunways (1) for
T T, teotl o r.7 2l (L) . . lan: s :d alternates landings
won Tfg tt . crou. T o (Y. fe. . _artur: dominant
0T »: the para’.el . {  1is reserved for takeoffs and landings
o fs ¢ e alt-ur 1. t  « .ner two runways. For arrival-
er: 3 one of 2> parallels (1) is reserved for landings,

“ngs ¢ 1 takeoffs are alternated on the other two. These last
»t. = 25 __e probably - realistically complicated for a real control
" 1, but have been s: ilated to show possible throughput advantages
" .1 operations.

FIGUE 2.2

Close Parallels with an Intersecting Runway

6000




, Tables 2.10 and 2.11 summarize the results of these runms.
Separation requirements for aircraft u.. the two parallels are those
described in Section 2.2.3 for c¢l. = parallels. For the runs reported
in Table 2.10, no interference requirements were put on the intersecting
Yunway, so that takeoffs and landings on it were restricted only by
Tunway occupancy on the ott .r runways. This, of course, does not
represent the real re .lrem .t “._n all runways are operated under IFR
conditions, but may be more reflective of actual operating practice
if the crossing runway 1s used primarily for smaller VFR aircraft.
-The runs reported in Table 2.11 =ad all interference restrictions in
force.

Without the i t2 ‘er 1 2 re uirement in effect, the tI - v ay
increases landing tt -ughput by 5u to 79 percent and take r: tk . »>ut
by 13 to 33 percent over the levels reported in Table 2.9 for par. el

runways operated in :he p .: landing/pure takeoff mode. This i...._ase
does not accrue whea the .. "~:ference requirement is in f .ce, .I _.

as noted ear. ‘er, t Leyllrement me: i tl t maximum "= 1 ng L. “
is effectively that of a sir .: rur y.

The three diffe t operating ;olicies chosen differ 17 to 34

percent in landing ! ~ _ ~ut, but by a factor of almost 3 ir . ¢ Lff
. througl ut, again demons* -ating *i -t meeting takeoff demand *- . ss
difficu™: ar less c.1:ic 1 th.n meeting landing demand, a fa_.: . ._"-
recognized by con’® __ler This 1s shown even more dramatic .’ly by the

observation that the f r¢ ™ and second policies displayed in Table 2.1._
differ only in that :h: f.rst one restricts runway 2 to landings only
(rather than dual use), but the landing throughput is almost the same
in the two cases.

2.2.5 ANALYSIS OF RESULTS

T- * preceding se tion < 3¢ .bed output from applications of t -
DELCAP model to a variety - com on runway configurations, demonstizting
the mod_t's versatility and its ability to represent those airport
facilitlas for who.” r.. . _. r..erized throughput analysis 1s des.. .
DELCAP 1as also been run on the Chicago O'Hare (ORD) configur: :ion
depicted in Figure | . T-. addition, the model is capable of handling
even more compl’ : «. figu-a:1 3 than this, with many more - inways and
more comp’' :ated Interacti: s among them.
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Table 2.10

Hourly Throughput for Close Parallels Plus an Intersecting
Runway Without Interference

5% HEAVIES 15% HEAVIES 507% HEAVIES .
OPERATING POLICY RUNWAY LAND TAKEOFF TOTAL LAND TAKEOFF  TOTAL | LAND TAKEOFF TOTAL

ARRIVALS =
DEPARTURES 1 0.0 40.3 40.3 0.0 36.6 36.6 0.0 34.0 34.9
RUNWAY 1-TAKEOFFS 2 21.2 0.0 21.2 21.3 0.0 21.3 21.6 0.0 21.6
ONLY
RUNWAY 2-LANDINGS 3 20.9 20.9 41.8 20.8 20.8 41.6 21.0 21.0 42.1
ONLY
RUNWAY 3-ALTERNATE| TOTAL 42,2 61.2 103.4 42.1 57.5 99.6 42.6 56.0 98.7
DEPARTURES
PREDOMINATE 1 0.0 43.2 43.2 0.0 39.3 39.3 0.0 35.6 35.6
. RUNWAY 1-TAKEOFFS 2 21.5 21.4 42.9 20.6 20.6 41.2 20.2 20.1 40.3
ONLY
RUNWAY 2-ALTERNATE 3 22.8 22.8 45.6 22.9 22.9 45.8 22.0 22.0 44.0
RUNWAY 3-ALTERNATE
TOTAL | 44.3 87.5 131.8 43.5 82.8 126.3 42.2 77.7 119.9
-ARRIVALS
PREDOMINATE 1 19.3 0.0 19.3 17.9 0.0 17.9 16.5 0.0 16.5
RUNWAY 1-LANDINGS 2 14,7 14.7 26.5 14.4 14.4 28.9 12.9 13.0 25.9
ONLY
RUNWAY 2-ALTERNATE 3 15.2 15.2 30.4 15.3 15.3 30.7 14.5 14.5 29.0

RUNWAY 3-ALTERNATE
TOTAL 49.3 29.9 79.2 47.7 29.8 77.5 43.9 27.5 71.5




- L7 -

TABLE 2,11

Hourly Throughput for Close Parallels Plus an Intersecting

Runway With Interference

5% HEAVIES 15% HEAVIES 50% HEAVIES
OPERATING POLICY RUNWAY LAND TAKEOFF TOTAL LAND TAKEOFF TOTAL LAND TAKEOFF TOTAL
ARRIVALS =
DEPARTURES 1 0.0 26.0  26.0 0.0 25.3  25.3 0.0 24.0  24.0
RUNWAY 1-TAKEOFFS 2 14.0 0.0  14.0 | 14.6 0.0  14.6 | 14.0 0.0  14.4
ONLY
RUNWAY 2-LANDINGS 3 12.5 12.5  25.1 | 12.0 12.0  24.0 | 11.4 11.4  22.8
ONLY
RUNWAY 3-ALTERNATE | TOTAL | 26.5 38.6  65.1 | 26.7 37.3  64.0 | 25.8 35.4  61.3
DEPARTURES
PREDOMINATE 1 0.0 30.4  30.4 0.0 26.1  26.1 0.0 24.6  24.6
RUNWAY 1-TAKEOFFS 2 12.7 12,7  25.4 | 11.9 11.8  23.7 | 11.6 11.5  23.1
ONLY
| RUNWAY 2-ALTERNATE | 3 12.7 12.7  25.4 | 11.8 11.8  23.7 | 11.5 11.5  23.0
RUNWAY 3-ALTERNATE
TOTAL | 25.4 55.8  81.3 | 23.7 49.8  73.5 | 23.1 47.7  70.8
ARRIVALS
PREDOMINATE 1 15.3 0.0 15.3 | 14.3 0.0 14.3 | 12.6 0.0  12.6
RUNWAY 1-LANDINGS 2 9.4 9.4  18.9 9.5 9.4  18.9 9.0 9.0  18.1
ONLY
RUNWAY 2-ALTERNATE [ 3 9.4 9.4  18.9 9.4 9.4  18.8 8.9 8.9  17.8
RUNWAY 3~ALTERNATE
TOTAL | 34.2 18.9  53.1 | 33.2 18.8  52.0 | 30.5 17.9  48.5




FIGURE 2.3

O'Hare Four—Runway Configuration
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In the analyses reported above, the model was also exercised under
. .. f went aircraft-type mixes and different arrival/departure ratios to
- amonstrate 1its ability to model these variations successfully. Changing
the r.action of heavy aircraft from 5 to 50 percent decreases landing
tt oughput (per runway per hour) by from O to 20 percent with an average
w .ease of about 12 percent, representing from 0 to 8 landings per run-
and averaging about 4. Hourly takeoff throughput per runway is
. acreased more severely - from 0 to 28 percent, averaging 12 percent
sr © representing a decrease of from 0 to 19 takecffs (averaging 7).

As noted above, operating policy has almost as great an effect on
g" put as does runway configuration. The influence of policy, a
c..t'cal factor in actual operations, is probably somewhat exaggerated
.7 the simulation when used to estimate maximum throughputs. In the
8% . .. tion, operating policy is rigidly imposed. Whereas in a real
si " ition a controller might run overflow takeoffs on a runway normally
N Ting landings only, or divert a landing to a runway generally
e cvad for takeoffs, the simulation does not have this flexibility.
1+ cice, the controller's extra leeway should allow him to exceed
*« ~2..y levels predicted by the model and therefore should allow
Lo :ingencles unforeseen by model assumptions, such as more serious
t rcr g of zrrivals and departures, or gaps caused by pilot decisions
“11ch the ATC system has little control. The comparative rigidity
¢” the DELCAP model's handling of operating policy should not seriously
‘ect its usefulness as a tool In establishing EPS's, if care is taken
in its application to ensure the most appropriate policy is chosen for
- .1wlation.
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The DELCAP simulation as now constltuted assumes Interlanding
spacings of exactly 3, 4 or 5 mlles as well as fixed and constant
runway occupancy times, assumptions which are unrealistic. However,
since real separations and runway occupancies may be either less or
greater than the nominal values, 1t i1s unclear in which direction or
to what extent these assumptlons bias the resultant throughput values.
Although it would be a relatively simple matter to represent these
factors in a stochastic manner, it is not at all clear that much
additional accuracy in throughput calculations would be gained,part-
icularly since results are averaged over a period of 20 hours.

Throughputs calculated by DELCAP vary with operating policy,
configuration and mix in the expected direction and agree quite well
in magnitude with observed levels. (A more complete demonstration of
this last point follows in the next secticn.) There are, however, a
number of instances in which model outputs are higher than those actually
attained at most installations. These involved the simulation of operating
policies more comple ¢ in the_ control requirements than the policuius in
pregsent use, so that empirical data with which to compare these ou:puts
are lacking. For example, it would be unusual for a pair of intersect:.z
or close parallel runways to be operated for any prolonged time with
landings on both, unless one runway handled primarily smaller aircraft
making visual approaches. This also holds true for the ''parallels with
crossing runwayv' configuration; most airports with such a confipuration
would use the parallels for landings and takeoffs (on separate runways)
of larger aircraft, with the crossing runway allocated to lighter aircraft
as required. The DELCAP throughputs reported above, therefore, in part
require demand levels and controller capabilities which are unlikely to
be sustained over long periods. More practical capacity levels are
associated with those policles which reserve main runways for pure
operations and shorter crossing runways for mixed operations of lighter
aircraft.

2.3 Comparisons of Model Qutput With Available Data

Table 2.12 reports IFR throughput figures for a variety of runway
configurations at several airports, as computed by a theoretical
procedure now under development by the FAA Air Traffic Service, as
estimated by staff at the facility, and finally, as found using a version
of the theoretical procedure devised by the FAA to account for local
variations. The figures vary from facility to facility for the same
configuration because of differences in aircraft-type mix and in other
special characteristics such as air space restrictions (at JFK, for
example). Differences between the theoretical and the modified standard
values range from 4 to 19 percent and average 1l percent, so that one
can regard as acceptable similar differences b@tweeﬁ these values and
those produced by the model.

- 29 -



TABLE 2.12

Throughput for Several Configurations at Selected Airports

Configuration Theoretical Facility Modified
Class Estimates Standard

Wide Parallels

*
JFK TFR-Pure 74 70 71
MIA - Mixed 106 75 100
ATL - Mixed 114 : 91 98
ORD - Mixed 104 90 92

Close Parallels

JFK IFR~Pure 60 50 52
PHL - Pure 68 52 57

4 R/W's ORD

2 Pure Approach
2 Pure Departure 152 135 137

* A "pure' operation is one handling only takeoffs or only landings.
Parallels operated in a pure policy have one runway only for
landings and a second for takeoffs only. ''Mixed" operations refers
to a policy allowing both landings and takeoffs on a runway.

[n comparing the figures in Table 2.12 with DELCAP outputs, we
have modified the latter to take into account the fact that takeoff
capacity 1s rarely restricted and that the numbers in Table 2.12
are those sustainable over an extended period of time during which
the total numbers of arrivals and departures are approximately equal.
Whenever simulated takeoffs substantially outnumber landings, the
maximum total throughput as calculated by DELCAP does not correspond
to such a sustailnable situation, and a better approximation to
realistic total throughput is twice the calculated landing throughput.
Table 2.13 reports throughputs thus obtained from DELCAP for configurations
similar to those in Table 2.12. (Most of these numbers are taken
directly from tables in the previous sections.) Throughput for the
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TABLE 2.13

Sustuinable Throughput Estimated by DELCAF

5% HEAVIES 15% HEAVIES 567 HEAVIFS

Crn P InURATION LD TARKLULE ToTal SUSTAIN LAND TAKEOFF TOTAL SUSTAILX AR TAKEOFF TOTAL SUSTATY

- I¢

WiDE PARALLELS (28.8 61.3 100.1 77.6 36.8 53.9 0.7 73.6 32.3 45.7 78.0 64.6
PERE
) 36.4 56.4 112.8 112.8 54.6 54.6 109.2 109.2 52.6 52.6 105.2 105.2
et
CI0sT PARALLELS |37.0 37.6 75,3 75.3 34.7 34,7 69.5 69.5 30.5 30.5 61.0 61.0
PURE
2 WIDE PARALLELY
{ORD) PURE 76.4 73.3 152.7 152.7 71.4 71.4 142.9 142.9 62.7 62.7 125.3 125.3
TABLE 2.14
Corparison of 1a4 Theoretical lhrouphput Estimarces With
Those Calculated By JLLCAP
Configuraticn Theoretical NEI.CA®
Class
Wide Parallels
JFK IFR—Furv* 74 78
MIA-Mixed 106 113
ATL~Mixed 114 113
ORD~Y Ixed 104 109
Close Parallels
JFK IFR-Purc 60 61
PHL~Yure 68 5
4 R/W's ORD
2 Pure Approach

[¥]

2 Pare Departure 15 143




£

le parallels with pure operations is calculated by adding the through-

- for a single runway with only landings, to that for a single runway

_h only takeoffs.* Throughput for wide parallels used in mixed operations

calcu’ ited as twice the throughput for a single runway serving alternating

"ngs and takeoffs. Throughput for the ORD 4-parallels case pictured in

2.3 1s estimated as the sum of throughputs for a near-intersection

“y, co liguration and a far intersection pair of runways (both pairs
v _.iout .nterference). The FAA theoretical values are compared with the DELCAP
~es for the app 'wp:iate aircraft type mixes in Table 2.1l4.

x|

¥

Differences in th.oughput among airpcrts depend in part on the
. . -aft-type mix. The mix at JFK contains approximately 43 percent
‘es, wh.le that at the other alrports is much lower. (At ORD, for
.+, t{ber . are about ~6 percent heavies.) For most of the alrports
f ¢ ncern he.:, small aircraft account for a relatively small proportion
fic (e- 2 * for ... where they account for about 40 percent).

£ . for ~: = rports the th oughput figures are more like those
£ 5 ad Pesr he -es.
. case of i~ -1 L ~'s and pure . ~rations, va- vas in the
ZT> es . 2 .qQu.i. ‘1. Wh- :as the " 1ec -~:ical _.lue of 74
J - ... . T . ac.r a,r .es exactly with the DELCAP value for 15 percent
2e3. cee « .o ue of b fr | DELCAP for 50 percent heavies is more
£ opr ..ce s8i.ce JFK has over 40 percent heavies. Linear inter-
; ac.ua (of ©0 percent b ien 15 and 50 percent) yields aboul 68,
" ;htl, lower than the final figure of 71 (surprisingly, since one
d oay will .y en 2ct the model, requiring perfect controllability, to
ti-ate t z-2r than actual values), but still within 5 or 6 percent
" -~e ~"*fled performs-:e standard.
In .° : case of v .de paraitels under mixed operations, DELCAP

.mum .1 .t ut v oues v y from 105 for 50 percent heavies to 113
- ! v _cert r_avies, ¢ .eeing very well with the 104 to 114 theoretical
.te feoro t. . three .. orts using this operating policy. The most
. e woLLCAP values ¢ 'e fu © the 5 to 15 percent heavies for these
©3 pNl S mear 1g at DELCAP estimates are 5 to 7 operations

oL (A v miIn (-c. al) and ORD (Chicago O'Hare International),
: itio | f-r ATL «.__ .anta), but still within 5 to 6 percent
the t - :tical vi ues determined by the FAA.

[ 1CAP values agre. very we 1 with the theoretical values for close
c.x-.2i. ".e DELCAP th1 ghput of 61 operations at 50 percent heavies
.....es ¢ cae y the the . etical va.ue of 60 for JFK, which has a large
i eemd oF 10 vies in Is mi.  The PHL theoretical value of 68 is
¢ sely av.oximated by the DELCAP-computed value of 69.5 for 15 percent
e I .ch cases the DELCA? values are slightly high (1 or 2
¢ <) but tt : fraction of heavies at PHL is probably closer to the

e vmt lev... in whi.' case the DELCAP figure is 10 percent high.

Th - numbers in Table 2.13 for this case are obtained from runs not
included among those reported earlier.
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Throughput calculated by DELCAP for the 4-runway ORD case lies
between the modified standard and the theoretical value in Table 3.2.
Note that the DELCAP throughputs uged for this analysis are those
without interference. (If values from runs with interference were
used, the DELCAP estimates would be somewhat lower.) Discussions
with FAA personne” familiar with the ORD operation indicate that the
two sets of par l_=21ls are treated almost as two independent sets of
intersecting runways. For the pure operating policy, takeoffs are
cleared once a landing passes the intersection, and occur in such a way
that the two mile departure/arrival separation does not limlt operatio
In this operating si..ation the "without interference' policy m...

closely describes the actual situation and ther fore is . ieel the un
appropriate policy ¢ e for compari:t . p..pos s.

The exercises described above have incorporated some prei i J
investigation of model throughput sensitivity to aircraft wmi.: . oo
runway ope...ring r.licy. Throt ¢! nut decreases, fi 1. to 33 .  :nt
(averaging abou. L7, .. tt: pe.._...af . of heavy a.icr .. » & mi:
increases t..m 5 .o &7 percent. Of much g. .ater effect on . = /. _
are two ot. - fae: .s: runway « erating pol cy, . the i+ f el ..
requiremer .s. The ! . :er are determined by ATC .ules, but o'ly avi .y
to IFR traffic. If -ome cross 1g rur 1iys are us 1 primarily by .°?
aircraft, or if w~.y ail .raft . e able to ' 1irn off before an 1. : - :ction,
then throughput ‘ained from DELCAP runs 'thout Interference - *s in
effect would more closely repres . the actual situation. As has been
noted above, ¢ e : ist be taken in defining the operating polic,.
Throughput for a m_x containing 5 percent heavies for wide p 1.8 with
alte_nati. 3 o raticas on both runways is 113, while that for wide
parallels haldiing v..2 operations is 78. Depending on the acti:z.

sequencing of .... tions on the two runways, almost any value betieen
these two extremes can be obtained. Therefore it is necessary to .e ery
careful in defini. , "». . rating policy to insure that the DELCAP .. ‘s
model the particu.ar sltuation desired, and it 1s strongly advisable

to try a variety of policies if there is any question as to which is

most applicable. '

The DELCAP s: w._ztion as now constituted assumes inter "anding spaci. gs
of at least 3, 4 or 5 mi.es as well as fixed and constant ru ay occ.p ¥y
times, assumptions wb .:h are unrealistic. However, the validation
indic: tes that not much additional accuracy in throughput calcu. cions
would be gailned ‘rom *th. very easy-to-implement step of) represen . ag
these factors 1t a stoc. itic manner.

The exercises reported in this chapter hav:s increased o confic » :e
in DELCAP's validity for use as a tool in setting engineered performa: ce
standards. T t 2 cases discussed above DELCAP's throughputs agreazd
very well w_ . © 2 tt »>r. :dcal va . es cailculated, using a marnual process,
by the FAA's A_. “raffic Service. These thaoretical values are the ( =g
with which we wou'd expect greatest agreement, since they are arriv « at,
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in the simplest cases, in much the same way as DELCAP simulates events.
It was hoped that the validated DELCAP would be able to take over this
... ~ulation chore, thus avoiding time-consuming and cumbersome hand
oer tions. These validation exercises have established DELCAP's ability
* handle that task. The differences between the theoretical and modified
1 d values highlight the fact that DELCAP (or any model, for that
:er) 1s only a tool to aid in developing the standards. Other factors
ot included specifically in the model, such as airport noise restrictions,
.2lal approach or departure route requirements, ground configurations,
. usual bunching of the traffic distribution, may further limit the
21igtalnable traffic levels, so that two facilities with the same traffic
.x, configuration and operating policy may not be able to sustain the
2~ throughput levels even though the model would output them the same.
« * model outputs without careful scrutiny is never advised in any
-~ 1lcation, but the validation results reported above indicate that
« © outputs of the DELCAP model will fit will into the philosophy and

- .88 already adopted t, the FAA for settring engineered performance
v ds.

£
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3. VALIDATION OF MODEL'S DELAY ESTIMATES

3.1 General Background

In the previous section we reported a successful effort establis-
the validation of DELCAP's throughput results., This section will ¢ c t
an effort designed to aid in establishin: the validity of DELCAP's de’ .y
outputs. Because of problems in the def i1ition of delay and in avea.. Lle
data, the approach reported below was unsuccessful. It is described he.:z
to provide a further example of the operation of the DELCAP model, as 211
as a '"lesson” in how not to attempt valid. :ion of delay output.

Although the eff :rt was unable to establish the validity of

delay output, it did illustrate how the model can be run with a m: = £
scheduled traffic entered explicitly and general aviation traffic ge -~ -~
in a Poisson manr . 1ereas model-cc Hut de 3y« were not ¢ L

with actual recor 2. celay ‘u_sured using the . ifference betwe P

and ¢ thed 2d -, - dion L. .Y, the mod.l-computed delay fiy .:3s ol -
well with f: :11ity estimates of the de.ays attr ..table to fartl’' Lo
on t' . day to wh.c. the data apply. .n . iditi~,, ~C shapes ~ t .-a_ ,
curves 1n these two cases as they vary du. . g the ~yareve y ¢ all -, = »
peaks occt . * at abc : the same times. This sect 2n ends with =u =

for future “-lay validation efforts, which oui. involve the e
special data refe.  ng to that portion of delay attributable to : .r
control procedures in the the terminal areas.

Problems associated with the definitions of capmacitv and «:ley w.:

discussed for example in [4]. Intuitively. the definition of "de. ;"
seems clear —— to retard. to slow down. to detain —-- but the crux of _ e
problem lies in the question -- retard, slow down. detain relative to “

Presumably there is a faster way to accomplish the activity in g - esti- -
and delay is expe ~enced because of not being able to do it th % «
The commercial - ' passenger believes he is delayed only if he ar = -
later than his sche.i ed arrival time. The pilot may perceive 1l
whenever he has to waic in a queue on the ground or in a hold |, 1 =“t...
The ATC syst g<.. | to measure ATC delays, those resulting *. . ..
procedures« < unfortunately 1t is diffi_.ilt to separate clem £ .
regulting .~ . s~.32 e b oz 1g. The 2 T system does not count . .
delays occurring on e ; .ound because of airline p~- .edures, * =z =7
those resulting from gr*e assigrment v ems or from rew or e, | -
shortages. P:* stretc 1 : [ »e 1 28 are 1ct nc a i1lly cor ‘de

ATC system ) gene 2 "_ .ay" bu. may be so considered by othe s.

Thus each party of the air transport system has a differe ¢ pz t of e
total delay in mind when speaking of delay. The approach to delay calcul.. . -
also matters, since whether delay occurs only during specific manc
only because of a particular time difference (e.g. actual versus sci a2
arrival times) affects the way it shouid be measured and calculated. 1 e
problems arising becs e « © different definitions of delay are f+ (] co -
plic-ted by the need to ascri’ e portions of delay to different 1 :s ~°
system. ATC delay must be se,.rated from total delay and then e apoe .
to the fac.lities involved.

- s
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L. ™' . .« ed exc sl 21y to the effects of terminal-area ATC,
e 1ls ‘:xercisec ov ¢ each aircraft are necessitated pre-
1y the presence of o ier aircraft in the environment. Therefore,
o ‘nition adopted for del. 1in DELCAP is the difference between the
tc <~ 2 a maneuver 1in - 2 presence of other aircraft and a
-+~ t : to execute that maneuver with no other aircraft
A ... . . DELCA -¢-  ‘teu 2lay includes only that portion of an
.. "ft's t:_al delay oc:urring while under control of the terminal
" .7 v being modeled. I : inclides delay caused by airside operations,
.. n. . by ¢ ...nd operations, with the exception of those occurring on
v T 8L Tac. The ;e resty :L ~ns ensure t ¢ DELC.l-c. puted delay
. .« +1ly that part of the ..IC system, the terminal area, for which
- is des. -ed. '

(o]

-~ t.s de: 1iti  1: a quite straightfor =d v~ to 1- el de' ;,
A T TR : "2~ .ds correc. to e "tc._' -_ area
Lol oo Eeal,s s 1. T TELC'P v as - ' 3.onea .. .oes not
N.ooTS T oan ov ot ope ticaal d.olaailil .aus, . . crder to
T A, .u.'s . ay f. res .o .. 1 be ..z 3. tom 1t a SP>C.
. € 1u Trt. | 1e ¢t racteristics of such an effort are de-

sc. Y i ction *.6.

. 3 - ilzed ear v in the DELCAP-delay validation work (and
. -+ .=~ =31~ when describing future work in [1]) that there would
R i compar? ig the data on delay available from the sScheduled
a ...t “ner t_on times with the delays measured by DELCAP. Despite
t" . . ..lin ._Zed problems, it was decided jointly with the FAA to continue
) ..  as much as ' ss >le using these data, which were the
"1 s avilable in time without a special data collection effort.
if 1 7 1lysis of delay output showed inconsistencies, the exercise
tu ’ 3t:ng DELCAP ina mode discussed previously but not actually
! L1 € uled and ¢ el -tic types of traffic input.

e pas ., JELCAP - s been run on a variety of runway configurations
oo Lt se __w. of the nat’ .n's busiest airports, but each of these
" <d ~raffic deeer .cion. concocted from general knowledge of the
« % 2% "8 er =cted a* the “icility. The exercise described below
o .+ t - fic for Lawcardia Airport (LGA) for Friday, October 25, 1974.
‘c: - .. reported good ~ather conditions that day and "mo delays" (i.e.
€% ¢ w1y 1 v ore than 15 minutes). This includes only delays
L T R & holding pattern or a ground departure
. LT o_.atrll 7 g to passenger-experienced longer trips,
zq ¢ ..~8tretchl -, alte. ate routing, airline gate delavs, or equip-
Lo "e, 3, are not 1 :.adec¢ In such estimates. Some of these factors, in par-
’ .h-s_.ret ~hing, . , con .ibute to the DELCAP-computed delay figures.
.. ""raaiily repor > . i1ly de.ays occurring while the arriving or
u . " ag airc-1ft are under its control, specifically while they are in
- .. .ity's holding pattern or queues.
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LGA handled 939 operations, of which 715 were air carrier operat....
and the rest were mainly general aviation, with a few non-scheduled

suburban carriers included. The runwav conficeuration for LGA is - ni-ted
in Fileure 3.1.

31

FIGURE 3.1

Runway Configuration for LGA

Most of the time the airport is operated with landings on one of
the runways and takeoffs on the other, with runway-directions dependi—- -
wind direction. A more detailed description of the input data for _a=
DELCAP run of LGA is given below.

3.2 Traffic TIdput Data

Traffic data for LGA are available from two sources: schedus
operations from the Official Airline Guide [3] and actual operatiois f_om
CATER* data. .. Airli. . Guide schedule data were provided to us ./
the FAA from a printout of the FAA's Airport Information Retrieval Syste
(AIRS) program, which extracted the data in a form convenient to isa ..
this effort. A sample of this data appears in Figure 3.2. Arriva s .
departures were listed separateby, sorted by departure or ar.” al : e.
Ten minutes had been subtracted from arrival time (added to depi ~ 2
to allow for the difference between gate time and touchdown (start
The data include the flight identification, the operation time {(toucl lc
or start-of-roll), the aircraft type, and additional data giving o.

*CATER, Collection and Analysis of Terminal Records, has been ins_. .
the three large New York airports (LaGuardia, Kennedy and Newark), an

it data are relayed to Washington concerning each operation at any of = .
airports as well ‘as meteorological conditiouns.
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FIGURE 3.2

Sample Schedule Data

Tun AN/C 20 G/t f
N N1ans Tann TF b7 n1n: Zhiw
AAT RN 1hnn 172% nnRg 70
SGnn7n tuna  ghice N Z0C
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FAanas o 1Tupn J72S Ny ZMA
Mw i 14240 N n1ra ZAL)
TwR1 1u27 NG nrup AL
A Onu D 1H3A J702S n1nx
MNw(iinoe .- 1uin J72 7 n21nN ZMF
AT 140 N N15A/ 2k C
Alnyng1D 1L} J72. nN1u3 Z N
FANTNAC taax  (Ihas noux 21w
TJe ST 140y JhCQ ke 70K
N 7o 1407 7R noya 200
Twho7D 1400 J702S N2 . ZkC
MC O s 150 JD oS RN ZAU
FANDLR< 1uhn  Jhaos nss. 20)C
FAOQ- 115 148 J72 7 1068, ZJx
Al N LoD 105 Uk n-.Heeozels
VIO B3un 1o ()78 n149 Z01?
1900 A/C 21 G/A 4
Annn2an 1504 J727 01K Q1+
At 150 J72 7/ OuXxS 200
LIANOL S 1517 N n~1 - ZMP
A N2 I51A J72S " 0aue Z0C
A NDOA e 152 - U7°% 014 ZME
Mt 7,0 1tho0 Jes, N2 6A Zhw
(RAYARER NIRE 1823 JDve s 1R ZMA
EARRRICR Y 1820 J7.°¢ N1n ZAL
UAN O o 1830 U725 s ZAL
LRSI PR 1638 J72 n 53
N N TR 18un Jeg Go-n VaRY'
Yo NI J7po77 n11s5 ZOR
0000 A 10,41 JDOs g2 2DC
Twen 1on 1006 707 Nl 210
rl AP TR0 ToNVSs a2 700
AN HD LN T LN W SALN N1uk Z N
FAN: 74 151 JHhQs h2unn ZMA
FAn: 1 .2 PR oS s 270
FANDPLIOKL 1800 UDeS naha o ZDC
MAG DA 1900 U725 nonte Z0C
FAN = 60 1600 J72 [ARESEY 71
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nating (or terminating) air route control center and flieght time. Flisht
ID's with the symbol < as final character belong to Eastern Airline's
shuttle flights and may represent several actual aircraft for each flight
because of extra sections. Aircraft types represented in the example

in Figure 3.2 include Fokker Friendship Turbo-prop F-227 (TFH7), Boeing
727 and Stretch 727 (J727 and J72S), Douglas DC9 and Stretch DC9 (JIDCY and
JDSS), Boeing 737 (J737), BAC 111 (JBll), Douglas DC10 (JD10), and . e
Convair 580 Turbo-prop (TCJ5). All of these, with the exception of .=
DC10 (a heavy aircraft), are "category 3" aircraft types.

A sample of the CATER data on actual flight operations at LGA app..rs
in Figure 3.3. These data are taken from flight strips # 4 transi.cced
daily via teletvpe from New York to Washinzton. Touchdown o d st . -¢f-roll
tilmes are recorded for all operations at tne three New York airports  CA4),
JFK and EWR). Data recorded include the date and time of each operat”- .
the flight identification, the aircraft type, the user c.:egory (Alv c¢ 1 e.
General aviation, or Suburban), arrival or departure designator, IFR or .Fr

distinction, the r. wi r o which the operation occurre. and gate de; . ‘e
time for takeoffs. 1 addition to these traffic data, the CATER pr i.o r
also indicates operating policy and changes in policy as well as we: - :r

conditions ‘primarily visibility ange and wind direction and speed’

The traffic recc ued in the CATER data includes helicopter operatio s,
designated by aircraft type HELO and an H associated with the user o /pe

(AH is air carrier helicopter, for example), but only fixed-wing oper .tior:
were included in the simulation input.

Input from the two sources, scheduled operations and actual operatio .,
was matched and discrepancies noted. The discrepancies and efforts to
reconcile them are discussed in greater detail in Appendix F, which also
contains a listing of the actual traffic input to the model.

3.3 Delay Analysis of the Input Data

For each of the 702 flights for which the data contained both a
scheduled operation (landing or takeoff) time and an actual operation time,
"delay" was computed as the difference between the two times. Figure 3.4
records for each hour the number of aircraft whose delay fell into each
delay category ( -minute intervals ranging from no-delay to over one
hour's delay). 7- addition to the hourly delay profile for all ai .craft,
Figure 3.4 also contains separate profiles for landings and ta :eoffs. 7
each case 26-27 precent of all operations are delayed more tha: 30 r° - -es
and 8-9 percent are delayed over an hour. Since the facility repor__.
good weather with "no delays', these long delays must be the resul: c.
problems occuring elsewhere in the air traffic control system. This
indicates the difficulties, to be described below, in attempting to use
this delay profile for validating DELCAP-computed delays. DELCAP models
only the LGA terminal area, and can thus estimate only that subtotal = *' o
the total delay which occurs within that terminal area. The delays reported
in Figure 3.4, representing the difference between the actual and scheduled
operation times, include many delay factors not attributable to cond: ::ons
in the LGA terminal area. Even departures from LGA can be delayed by 1 -
arrival of equipment from elsewhere.
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FIGURE 3.3

Sample of Actual Traffic Data
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FIGURE 3.4

Delay Profiles Using LGA Input Data
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FIGURE 3.4

Delay Profiles (Cont'd)
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Long delays are reported in hours 22 to 24 and 1 to 3 (or 2100 to 300
GM: which is 5~11 p.m. local time), with about two thirds of the departures
. &« 1" percent of the arrivals scheduled for that period delayed more
than 1alf an hour. About 46 percent of all scheduled flights are delayed
more than 15 minutes. On the other hand about 15 percent of the opera-
ti- s were early: 11 percent of the departures and 20 percent of the arrivals.
Sirce no scheduled air carrier can depart early, presumably the early
T rtures occur in the data because of the adjustment of gate time to
o0 1 time. Since this adjustment involved a single time increment added
. gate time, whereas actual taxiing time depends on gate and taxiway
“o.1tior actual time may vary from the single nominal value by several
‘L.t ... This could cause an ’“rcraft to be listed as departing early if
chat aircraft actually requirec less taxiing time than the nominal figure.

3.  DELCA .ir--%

7 wation to o ) 1" oaffie ir, - to DEL * 4 A A L
F. == 1 7 _uon o e ..s also ".:xau .. T. _ 3.1 disslays the
v ogerer !l i 2de o ffi: _eve 3 acrally maintained - . Oc.. _ . 25.

R T : ‘ic was suptp i.da to the model directly as an exoge wous* ut
. .. 7  excgenous event ro tine XGEN, while a representation of general
T oFr., trylfic was gene ... :d randomly by event routine GEN according to

Foo e .o & rloutions with the hourly operation rates from Table 3.1 as

5. A.. general aviation traffic was assumed to be aircraft type 2
«.._at a :craf .

Th rinway configuration for LGA is shown in Figure 3.1. Figure 3.5
- s t! o Zoprocessor output resulting from the LGA input. "Runway 1" is
)ay 2.,  tur 4y 2" 1s runway 13, "runway 3" is runway 22, and "runway 4"
sor 3], ' a initial operating policy allows landings and takeoffs to
Faov g on y 3 (22). Changes in policy are input exogenously through
€ te ~ . event routine CHGOP. The operating policies used during the run
« gl nin Te ':. 3.2. The change at 1920 -- from alternating on 3 and
L -.ng on 3 ar 4 -- involves a direction change (runway 2 to
.,- as ¢ es _ . c_ ange at 0250 from 3 and 4 to 1.

41t simulations u. re two ways of initiating events, exogenously
e ¢ 21 usly. Endogent ‘s events are those initiated by other events
i _.  while exog- cus events are initiated by user-supplied input
. ©x ", flights may be generated by either of these mechanisms:
£ st zalliy by event GEN which schedules the arrival to the system of
= _ xt _..g. : after the previous stochastically-generated one has arrived,
Oor <..2 a "y by XGEN in which the user inputs the system arrival time of
« 'h £, ~ . and the characteristics of that flight.

oA
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TABLE 3.1

LGA General Aviation Traffic Levels By Hour

Hour Landings Takeoffs Total
1 4 4 8
2 3 3 6
3 2 7 9
4 3 2 5
5 15 4 19
6 2 12 14
7 0 0 0
8 0 0 0
9 0 0 0

10 0 0 0
11 2 2 A
12 7 5 12
13 10 8 18
14 7 12 19
15 8 9 17
16 3 7 10
17 4 6 10
18 7 4 11
19 4 9 13
20 7 6 13
21 9 15 14
22 7 6 13
23 7 12 19
24 6 7 13
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FIGURE 3.5

Preprocessor Output

" STMULATION RUNS FROM 7,00 TO 7,00

ATRCRAFT DESCRIPTTION

SPEEDS ' 'NO''S) CUNWAY OCCUPANCY (SF O, ”
LANDING L I'TOFF ANDING TAKET'. - :
1 124, 120, 55 33,
2 1190 QO. QUo 270
3 120. 120, 50, 3z,

TRAFFIC DESCRIPTION

T 2E LANDING  TAKEOQFF
MTX MIX®
1 0. 0.
Lle 1000
! 00 0.
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FIGURE 3.5

Preprocessor Output (Cont'd)

"AIRPORT CONFIGURATTON

NUMBER OF RUNWAYS = 4

RUNWAY 1 ( 4 ) NO POLICY PROVIDFD/ MOT USFD INITTALLY

RUNWAY 2 (13 ) NO POLICY PROVIDFD/ NOT USED INITIALLY

RUNWAY 3 (22 ) DUAL JSE+» ALTERNATTING OPERATIONS

~
]

RUNWAY 4 (31 NO POLICY PROVIDFD/ NOT USFD TINITIALLY

RUNWAYS 4 AND 13 INTERGECT AT A POINT 4900, FEFT  n
END OF RUNWAY 4 AND 1050, FEET FePOM THE END OF R* 1

RUNWAYS 4 AND 31 INTERSECT AT A POINT 4900, FEFT FROM
END OF RUNWAY 4 AND 5950. FEFET FRO™ THF FND OF RUNWAY 31

RUNWAYS 13 AND 22 INTERSECT AT A POTMT 1050, FEFT FROM THF
END OF RUNWAY 13 AMD 2100, FEET FrROM THF END OF RUNWAY 22

RUNWAYS 22 AND 31 INTERSECT AT A POINT 2100. FEET FROM THF
END OF RUNWAY 2~ A, J50. FEET FRC . THE ENN OF RUNWAY 31

RUNWAYS 4 AND 13 ARE SEMI=DEPFENPENT
SIMULTANFOUS ARRIVALS ARE PROHIBITFD

RUNWAYS & AND 31  ARE SEMI=DEPFNRENT
SI! . _TANFOUS ARRIVALS ARE PROHIBITED

RUNWAYS 13 AND 22 ARE SEMI=DEPENNENT
SIMULTANEOUS ARRIVALS ARE PROHIBITFD

RUNWAYS 22 AND 31 ARE SEMI=DEPENNENT
SIMULTANFOUS ARRIVALS ARE PROHIBITED
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FIGURE 3.5

Preprocessor Output (Cont'd)

FRACTION OF LANDINGS OF EACH TYPE ONM FACH RINWAY

- RUNIWAY 1 ¢4 ) 2 (13 ) 3 (22 ) b=y
TYPE
1 »0000 .0no0n 1,0000 .0000
2 «0000 .0Nn00 1.0000 .0000
3 .0000 .000N 1.0000 .00nonN

FRACTION OF TAKEOFFS OF EACH TYPE OM FACH nUMWAY

RUMaAY 1L Cu ) 2 (13 ) 3 (22 ) 4 (1
TYPE
1 .0000 LLL 1.0000 0000
2 <0000 .0n00 1,0000 0000
3 <0000 .NN0N 1.0000 .0N0N
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Time

0400-1025

1025-1920

1920-0250

0250-0400

TABLE 3.2

Operating Policies for LGA, by Hour

- 49 -

Policy
Alternate landings and takeoffs
on runway 3(22).

Alternate a landing on 3(22)
with a takeoff on 2(13).

Alternate a landing on 3(22)
with a takeoff on 4(31).

Alternate landings and takeoffs
on 1(04).



Standard aircraft~type data as shown in Figure 3.5 were used, with
2> 1 being heavy jets, type 2 being light aircraft, and type 3 being
c: -ory 3 aircraft, i.e. medium size jets and large propeller aircraft,

3.5 DELCAP Output

xy output from the DELCAP run of the LGA data is shown in
Fi_ire 3.6. Since the general aviation traffic was entered stochastically,
*_. is not surprising that the DELCAP traffic total (934) is slightly lower,
about (0.5%, than the actual total (939). Each average hourly throughput
"n . 1s obtained by dividing total throughput for t it runway and operation

Jpe .7 the time within the hour during which the run. .y accepts that opera-

_-m. .. the time period 1s not a busy one or if it includes a long time
S TMiich no operations occu.. e average hourly throughput may differ

.« fro tI t for » - ..:al hour with more t+ ffic. The a .r.ze

=t com L ar y, by di 0 > 1@ siu oo the « :lays

~ °f .y a.l ai>»~~ £ - F Y appr _ i :(_=zviion ty 2 1 the rul ay
1 "~ 'nm y = =t erf ¢y over whic*® v at ru- ay acc( sts that operation.
» ., is s ¢ tl r 1 rly average of a. . the : rcraft delays for air-
oo . 2t 1i ~_ed .. ;- & arted to roll) in the time period In question.

—~-. a8y 1s rechr._.d _. to.cndown or start of roll, so that a delay which

axti. Ly oc. :red bef_._ a change of policy may be recorded after the

C. f€.)

ELC. . de’_  pr- lle 1s given 1n Figure 3.7. This also is

¢ Jlarl U7 I._ cuvrput Jher..ver the delay output option 1s selected. Only
9 lewwal, alcul 7 peo2ent of all operations, had delays of more than
Y ites, whi 1 agrees fairly well with the facility estimate of
T {since t e facllity records only delays of more than fifteen
vl 3). 0Ov . half of all operations {57 percent) suffered less than
5 - : - :lay. Pe w delays occurred during hours 15 (10-11 a.m.) and
tz ¢ . . _ iet a__ees well with the peak traffic hours of 14 and 23.

'_'__1, -GA 3s 1t _s operated during busy periods as a pair of V-shaped
oo iys, operated with landings on one and takeoffs on the

oo » capacity of the a.rport should be about 75 operations per
‘ c 1 Tao.e 7.2, Thus the highest traffic input (69 operations in
', xc le * than t.e ..pdrt capacity, but some delay results none-
e’ st 0 tim © : which aircraft desire service are bunched
. ‘ K 2. r 5 ¢ .« |l. For instance, 42 percent (8 out of 22)
i . Les ot : 1 are scheduled to depart at exactly 0000,
' T, ac ~ion - - . 'g de’ay inevitable. Arrivals to the terminal area
S..t & .a1w¢' 1 as depa.t _-es, and even when several have the same
SC u .- ¢ vival t. 2, the.. prior processing by the air traffic control
.te. ten”. tO ip. .o . em apart more than the schedule would indicate.
~  mé er..ln L. part why average takeoff delay per aircraft in Figure 3.6
is -« t .. than the average landing delay, even when the number of landings

exceeds the number of takeoffs.
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FIGURE 3.6
DELCAP Summary Output

HOURLY TrH2-QainyT HOITY LAY O AT AT
HoR RUMu Y LAMDIMNGS TAKULOFFTS  ToTAl EArTr e TaK e e "
1 J. o n n. -,
° U ‘ 0 . ", N
3 U o fi M, (. e
4 U 0 N ~. .
1 0 . ) i
2 U | “ . o, N,
3 () - b n, N,
4 0 ' “ ", t. .
1 1 U » 0 . " ‘e
2 0 (i ! " . L
3 0 ) f Y. . ",
4 ) ) . 1. .
1 1 N i | o N e
2 f} B e i T
3 1 ! ; ~, (A
4 ] 0 e (AN
1 J Il (ia 1, N
2 0 2 ~ . - Y.
Y 1y 1 [ n, n,
4 3 ! Y L .
I, 1 ] 1 R o, n,
2 0 fe R Je eh ,
3 X1 1 y, n, "
4 {) ; f o, o, %
L 1 V] 1 I 1, n,
Q Jd ’ 7 J. rtr.n L
3 ) AR h," Y. I
4 U n ", r. N
1, 1 0 1) A N, n,
2 0 AN ! e 120 12,
3 23 o3 1P " Te”
4 0 ; ( 0 N N,
1. 1 U v (1s " .
2 U > A n. Lo 2,0
3 ?1 ‘ 21 Jo7 . T.
4 0 - N N. o, 1.
17/ 1 1 N N ‘. N
2 ) 2 xd D AL,0 .
3 24 24 24 N, 2
" 0 ! n e r. V.
1 1 0 | 0 0. A e
2 n e a6 (1 SRS D
3 o7 n7 1.7 T L
4 0 0 1, n,
] 1 0 i n (AN Ve .
2 U 21 21 0 T T
3 21 21 3.5 ! .
4 0 ) . . “
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FIGURE 3.6
DELCAP Summary Qutput (Cont'd)

e

C oauw

15

15

e
[

-

C

~ ¢ I%d

¢c ccrrccocomMrcCccocoCcoccococc

-—

. 17.7
O.

14

1lu

ﬂ-

<

O.

f

—

cr C C C

6.’4

OI

37

D

SO N0 D THD D

”

"3

S AM T~ NI AN

21

vy

9.1

xq

-

30

TN

U

n
?'O
O.
()a
rl
2.%

[ O IR S

-~

oo o oo

M

< =
s o o o

U Cc cCcuw

l.}'
0.
[}
5

,

0

oD T o

T N0

a7

on

Py

0

g

{
&
b
Il
n

o lien I 8 BEEs Bien B @]

SN T N

Ned

11

11

o

Q

.1

NOD T O

LSRN i IVl o]

- ® 9 o
c ocCc o
- Cc o7

DOoOON

T - N

¢ o o o o
o Do Cco
T C D O

DT OO0

TN T

FIrtAL RAND.M NUMBE® SEFD 302301346072

- 52 -



FIGURE 3.6
DELCAP Summary Output (Cont'd)
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Table 3.3 gives a detailed trace of the various events in the
operation of several aircraft. During this time period, landings on
runway 3(22) were alternated with takeoffs on runway 2(13) whenever
possible. An option in the DELCAP model has been developed which prints
out the times of various events in a slightly different format, arranged
by time of occurrence rather than flight, and with an internal flight
identification number instead of the actual flight number. In Table 3.3
we have arbitrarily assigned the general aviation flights tail numbers
NOOO1l to NOOO5 for convenience. Figure 3.8 displays the same output
(with two additional flights at the end) directly as it comes rom t%2
computer. It should be noted that in the computer output flight i~ ti-
fication numbers may be repeated after an aircraft lands or takes o 1,
although at any one time the number refers to only one aircraft.* Examp. 3
are flight ID's 18199 and 18203 1in Figure 3.8. It will also be noted that
because of roundoff procedures the times at which flights enter the
simulation mav be printed. as.far instance, 15.09.59 rather th: . 15.10.

These detailed printouts can be used to aid in eval » ting the delays
given by the DELCAP delay profile as well as to ascertain how t: e model
actually treats the various operations. Such analysis of e i+~ 'L
procedures of the model 1g itself a valuatle step in establishi -~ model
validation.

One comparison of the distribution of "total delay'" as actually
occurring (from Figure 3.4) with DELCAP-computed delay (from Figure 3.7)
is given graphically in Figure 3.9, which shows the cumulative frequency
distribution for the two sets of '"delay" figures. Only a quarter of
actual operations experience either no delay or delays of less than 5
minutes, while well over half (57 percent) of the simulated operations
fall into this category. All simulated aircraft experience less than
25 minutes delay while only 68 percent of the actual operations do so.
Thus there is very little agreement between simulated and actual delays.

This discrepancy can mean one of two things: either the model does
not correctly model delay and is erroneous, or else the data are inappro-
priate for this particular analysis. Even before the simulation was run,
analysis of the input data delay profile in Figure 3.4 indicated diffi-
culties in using the actual versus schedule operation time data as a
basis for terminal delay estimates. The LGA tower facility had reported
"no delays'" on a day in which over one quarter of the operations were
actually delayed more than half an hour, with 8 to 9 percent delayed more
than an hour. Clearly this is possible only if the delays occurred else-
where. The 59 operations delayed over an hour would certainly have com-
plained about incurring such delays at a facility having no problems
with runways, weather or unusually high traffic levels, lending further
credibility to the supposition that most of this delay did not occur at LGA.

*This 1is done for efficlent computer storage of flight information.
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TABLE 3.3

Example. of the Detailed Trace of

Simulated Operations

LANDING TIMES TAKEOFF TIMES

FLT 1D RW TYPE TIME OUTER TOUCHDOWN TURNOFF ROLL LIFTOFF

ENTERS MARKER
NO0O1 3 2 1508.11%* 1512.30 1515.22 1516.02 - -
UA0450 3 3 1510.00 1518.14 1521.05 1521.55 - -
AA0221 3 3 1511.00 1519.44 1522.35 1523.25 - -
DL1904 2 3 1512.00 - - 1519.49 1520.21
N0002 3 2 1512.45 1521.15 1524.07 1524.47 - -
AA0606 3 3 1515.00 1526.30 1529.21 1530.11 -— -
DL0709 3 3 1515.00 1528.00 1530.51 1531.41 -— -
NO0O3 3 2 1517.38 1529.31 1532.23 1533.03 -= -
NO004 2 2 1520.13 - - - 1528.03 1528.30
NO0O5 2 2 1520.42 - - - 1529.32 1529.59
AALL2 2 3 1522.00 - - - 1531.02 1531.34
TW0314 3 3 1522.00 1531.02 1533.53 1534.43 -- --
*Time appears as hour, minutes and seconds, so that, for example,

1508.

11 is 8 minutes and 11 seconds after 1500 hours.
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The long delays occ late in the day and landing delay peaks bef.
takeoff delay, lead.ng one to speculate that the takeoff delays a »
caused 1n part by delayed arrivals of an aircraft needed for a lez e
departure. Arrival delay, computed as scheduled . ‘aus actual ai .ival t. e,
clearly includes all delays occurring during the ¢ .e flight, whe ' er
caused by air traffic control (ATC) factors or something else (equipment
malfunction, for example). Takeoff delay will not conta’n A.] delays
frrom other sectors for this flight, but may be affected by d..ays ™ an
earlier flight using the same aircraft, and may also include (n¢ VD)
delays due to equipment, crew a*. gate problems Thus even | f ‘e !
simulatlion was r 1, *' :re was ucubt as to the kel: of - -
of the actual delays : .th the r acrt . of ~ut delays, —cich =z -
ATC delays only in the LGA terminal area. ( ce t': s: ulation ¢ tp :
became available, these fears were realized as . ~played in Fi -~ e 3.9.

A7 rough the 21lay ; files were qui 2 « .ffer I, wwir oo o
ajpear similar; th.r : :, as ] © ries o the cay t 2 ¢ .
tne LI .CAP-con_ute. "ei.., i peak r . . at e s : t nes. :
hypet. s8is, i.e. - : the distriwt: s . -: the same ~ = ° o :
number of L . _ s ~ aal'r ¢ . 1 excessively each uour are . mar
Table 3.4 wui: D7 cozes v g - owner S Ofli, - with © essi o owoc
computed delc, . : ti 2 act - 4 delay dat: excessive delay is t ":n 3
mean 1ore thi . ' auces; for the sir "atad flig. s delc,. of 5 m. s
or more were :onsi ‘ed ext ..3ive s’ v _ few “lights wei. . delayed in . .C'' |
more than 17 m: 1 es. Observations in toe two columns .. e ranked sepsc = =~ .y,
aad tlese rank: » ;s compal :d by hour usf .g the Spearman ru ~. ¢ . ‘&
coeff.cient,* who,: value was .725, signific: : at the .001 < _i. T.
means that t. : p -~hebility of getting suc: agreement of two <ings by
chance alon~ I+ . :5¢ *#-~n .7"", Clearly some correlat: ' 2 veen the
distributions ‘- to be : . =2cted since they both depend on t-: si -
traffic 1nput, b it 1 1e level of significance is high enough to : 1 -=e
greater agree - . 'an « e wo 1ld expect from this fact alone.

Although, as the dis ussion above indicates, the L~ .. . ..se has
shown the inadequacy of the particular data base used, it has he . .~
in this rep : because that type of i~ta base 1s the v @ most oft: *
suggested for _:lay val -ation 'nd *“ie one most obvious ) those ot
Llecty in e . modesing. E. i _dation of the prol .ems as_: : 1ited
with | .. 5 af oac. .1i.. pe.haps a | others 11 o .1 in g lar ef: " it
provi.ing a cc crete examp.e ¢ the c.fficultri 3. CiTuw: tie "sck=Tul g
versus actual o crat.o. ..me' data base is “radequate to ~alf ™= . = .
DELCAP delay ca.c' @ o  we .. 1 include jelor a descr:r ion of a ...
base, toget: . wich directions for its collec. 7n, whi-. believe -~ .

*For a further expl. ation of this statistic and its use see Sic e, F.ac...
Nonparametric Stat - ics for the Behavioral Sciences, M- " a. 117 .
1956, pp. 202-213.
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TABLE 3.4

Number of Flights Delayed Excessively in Each Hour

NUMBER NUMBER
HOUR ACTUALLY DELAYED DELAYED IN DELCAP

1 47 25

2 47 20

3 18 1
4 1 0
5 4

6 1 s

7 0 0
8 1

9 0 0
10 0

11 0 0
12 0 12
13 3 28
14 16 50
15 15 33
16 3 13
17 6 11
18 7 5
19 7 6
20 11 30
21 20 57
22 34 68
23 37 31
24 44 17
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be adequate for that task. The internal trace output can be used to
better understand the internal operation of DELCAP, and thus acts as a
beginning delay validation, but in the absence of the type of data base
described below the validity of delays calculated by DELCAP is not yet
demonstrated. It should be remembered, hcwever, that DELCAP throughr .
output has been validated for use in setting engineered performance s
dards by the exercises reported above 1n Section 2.

3.6 Data Required for DELCAP Delay Validation

The delay measured by the DELCAP model includes (as intendeu; & .,
that delay incurred by an aircraft in the terminal area being m. eled
incurred because of separations re . red betwet¢ 1 aircraft. The d .
calculated as the difference betwer- the ninim 1 time for an a: . . -

execute the maneuver in question ,“ly from handoff to the oute r~ N

make its final approach, land, and exit the runway -- or request cle ..
exit from the gate, taxl to the dep: :ture =~ ray, s.art "ts v R T
and the time it actuval.y ' "~ 28 1 “te presence .. o..er a. craf-

Instead of scheduled arrival and departure times, the model needs
actual handoff and departure-request times. Using these will o, c
the problem of inc’ I[1.1g delays occurring elsewhere, by capturing j -
that portion of = flight arising within the terminal area in questio .
.actual handoff t_mes will spread out the arrivals from the art: I :ia .|
bunched scheduled arrival times, thus reflecting the effect of t’ . L.
system in smooth. ., out schedule bunching. The use of gate-depirture
request time will avoid contaminating the andlysis with the results of
‘late equipment arrivals, equipment problems and other non- 'C ~eus 1
delay factors causing late departure requests.

The actua. handoff ¢ - gate request times could be obtaine- by stcu. 1-
ing =ople t'a -_rer and 1 _aitoring th- appropriate positic : .
the times and flight numbers. It would :.so be necessary to .ecord -~ "
‘touchdown and start-of-roll times for each flight. These data c .11 be

o

obtained in a-similar manner from the tower in good weather, "f r .o to .r
is situated so that the runway is visible. . ., itori.~ the = ., opr.: v
approach or departure position would provide *, fligh 1ID, .t vi .
recordi-7 of touchdown and start-of-roll time wc' .. | be requil ed. rare

data co' d in 1 cine’_ " e be ob:ained as part of some other airr ¢ -~*%a
collsciion effort.

Such data would allow an analysis of term.ual--area ATC-srecific de 3,
and comparison of the delays output by the mi ~ 1 with actual del .y of . _
type the outputs are supposed to represent. (However, one ma’.C T .
discrepancy remains. Path-stretching procedures may be used » fac Tit.:z:s
without the additional flying time contributing to facility iputed < 1,
while that time would contribute to DELCAP-calculated delays. We el he 2z
again the necessity for comparisons based on the same definition -~ . -~ . :

of "delay".)
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The analysis would focus on the comparison of DELCAP delays with

.. 78 calculated as the difference between the actual opera:zion time
"u.«off to touchdown, or departure-request to roll) and a minimum

e for that operation. Ideally, this input data set would allow a
"'_ t-by-flight comparison (using DELCAP's detailed trace procedure) of
tusr  and simulated events. In addition, comparison of delay profiles
~l be - -d to assess overall performance. It 1s this latrer that 1is
d>¢ . cr .ticayr for future application of the model, and discrepancles :@ -
1. ¢ivid .1 flight behavior are less important than is absence of overall

-~ or other systematic errors.

-

.. DELCAP~computed delays are to be used in further analyses of t.e
A" system, there seems no choice but to evaluate these delay outputs using
ti obtained in the manner outlined above. Such a procedure 1s not

e -~ _ for furtt - use of t e model's thrc ighput values, rince e
~ s reported . . Sec: . | have demens &~ .d .a: validity of t it
.. use 1n the e.." ... . ,erformance stan .rl program.,
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4. CONCLUSIONS

The DELCAP simulation model 1s an existing analysis tool which has
proven useful in aiding the setting of engineered performance standards.
It has been operated both on the UNIVAC 1108 at NBS and on a CDC computer
chosen by the FAA, and has been run both by 1its designers at NBS and by
FAA personnel.

We have reported in Section 2 the results of a validation of DELCAP-
produced throughput levels for use in FAA's EPS program. This analysis
included an examination of DELCAP outputs for five differe t « fig =
{a single runway, two pairs of intersecting runways with ¢ fferent f_ace
ments of the intersection, a pair of close parallel runways, and close
parallels with a crossing runway) representative of the configurationrs
most commonly fou.d at major terminals*, and for three or four or .. tir-
policies for ee~. configuration. The tests included three arrival’'de . ‘e
mixes, and the ~r rating policies were chosen to apply to the ¢ = ~xia..:
mixes. Each corfiguration and policy was run on each of thre iffe;
aircraft-type mixes, distinguished primarily by the fraction ¢ . he ¥
alrcraft in the mix and ranging from 5 percent to 50 percent 1 - vies.
Comparison of the model results with FAA-computed values at 5 airp -ts,
covering 7 configuration/policy combinations,was carried out. The T ELCAP
values were within 5 to 6 percent of the FAA-computed values ! all cases
but one, and were within 10 percent in that case. Thus the DELCAP mo.el
has been accepted as a good substitute for the manual procedure develo -d
by the FAA, and because of its ease of use and flexibility, it can ext -d
and enhance the FAA's analyses in the program.

The LGA exercise reported in Sectlon 3 demonstrated the model's
ability to simulate actual scheduled traffic together with randomly gener-
ated general aviation traffic and to measure delays from these operatlic ..
Inasmuch as the data presently available are insufficient to isolate Ade. .
occurring in the portion of the ATC system DELCAP was designed to 1 ~ .,
we are unable to validate DELCAP's delay outputs without a fur “w. ua. .
collection effort. Such an effort, involving collection in a termin: '
.area of handoff and request-to-depart times as well as actual operation
times, is described in Section 3. The "delay validation" exercise has
highlighted the importance of insuring that definitions of delay are ¢ .
same, since there are many different definitions of this complex concep:.
Although DELCAP's < _.ay values could not be validated because of these
data problems, model output agreed well with facility estimations of delay
and the time distributions of delay (actual versus DELCAP) were similar.
These results give a preliminary indicaticen that DELCAP-computed delays
may indeed be useful for analyses, an indication which can only be checked
‘by further efforts.

The exercises reported in Section 2 indicate that the DELCAP model
‘18 most sensitive to operating policies. Since different operating policies
are optimal for different arrival/departure ratios, this factor also
greatly affects model output. The model is also quite sensitive to = n .y

*We note again that wide parallels are effectively two independent single
runways.
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f*_ ration, particularly to the number and the independence (or inter-
1€ e _mci.) of the runways, but the location of an intersectlon and the
' erence between close parallels and an intersecting pair of runways
.ly minor effect on throu 'put. Airceraft-type mix has less effect
" r o " out than do operatl i policy and major configuration differences,
still an important tactor. Separations, too, have an effect
roa ‘oughput, but re« .tlon of all separations to three miles or
1eo3 (for a dual-use single runway) has less effect than one might expect.
-~ite the reduction in minimum inter-landing separation, landing air-
1 v must be separated by more than three miles in order for takeoffs
- ¢ wr between landings.) Other factors affecting sensitivity include
... speeds and runway occupancy times, but for the ranges occurring

"= busiler airports, the model is less sensitive to these than to the
. J.<ctors given al |, =,

"

v

w P 1s a tecol v > : us:f+ ess and = .ty vel ::nde = : e
"L ~tion in the ] _ineered . .rformanc : andards P.. >ram. It

‘e e useful .or other a .yse ut cs e st 11d be 2rc sed
tel Is apc- :late : 1 that the ° -lidati- s like those « ‘ibed

3 re ort be pe-ioried ¢ _ include the types of scenarilos to be
~ sent_ 1 “or that app 'catic . In order to use the delay figures output

' - ?y .w.. her validation —- requiring a special data collection

such as that suggested in Section 3.6 -- will be necessary. Pre-

<y in .fcations from the LGA exercise reported above, suggest that
1an  fc ' wou be successful.
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APPENDIX A

CHANGES AND ADDITIONS TO DELCAP

L 'dng ' ae course of the validation effort reported in this document,
L .2lons v .re made to DELCAP an . its preprocessor in several areas:
“pu. sepa...ion criteria, random number generator, operating policies,
...... ges in operating policy, and standard preprocessor inputs. Several
c1 ..eria were used in deciding which of a number of plausible changes
l.. be » _ . -ented, and first aming these was the preservation of the
' deaign philosc, v the mc :1 she .4 iln easy and 1nexpen-
to operate. A second factor was the benefit expected to accrue and
» orlority of need for that change in the Engineeréed Perforr ince Stz -
.. .rcrr . Ti- ' anges ct . - for imple wt. _. . are ' :scilbed he_c .

[~

A.l 1, 1fdici v ons in Jutn

DE . 1s exje.cc to ¢+ e under two scen:rlos: one Lo com ©

éfﬁ‘ort - Aximum throughput (capacity) and the second to compute delay

-~ 'ti g from a particular demand profile. Since delay output would
.2 2. ingless under the first scenario, the user now has the option
-7 ¢ ippressing delay output for runs under this scenario. Current
.  t formats have been modified so that the number of characters
r2r line is less than 72, permitting output to fit on most terminals.
vdtput now consists of actual throughputs and average delay per
aircraft for each hour, separately for landings, takeoffs and total
«, ratic , separately by runway. Summary statistics at the end of a

1 ;o ~ide for each runway -- separately for landings, takeoffs and

“al - eratio s -- the total throughput for the run, average hourly
o T ., ...2rage total hourly delay, and the delay profile. Illustrative
.~2p. - .380r and simulation outputs are shown in Figures A.l and A.Z.

v 1 1% " n o« :hroughput and delay information, DELCAP prints the
M -~ lom umber seed for use in subsequent runs. (See below for a
.e ¢~ . e description of the random number generation process.)

Average hourly statistics (throughput or delay) are computed for
. ... r. 1y based on the time period within that hour during which the
r ¢ »-ating policy »andles the operation in questi: 1. It shoul. be

t° : when periods of .ow traffic levels are averaged with busy periods,
¢ . = rhroughput levels may appear much lower t un customary throughput
< ,els. . this case, hourly throughputs may be mo: appropriate an. the
ar »» sh to cory 't: (sff-1line) separate average throughput lev:.- for
SLe t: 2 periods. The delay profile appears at %tiiz2 end of simulation
“uzn :  henever del. , output is called for. The profile shows the number

c_ alrcraft in each delay interval for each hour of the day. Delay is
.or ird for each landing at touchdown and for each takeoff at start

.. toll, so that the delay recorded to aircraft in a particular hour may

inc. .de delays occurring in a previous hour. The figures thus describe
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FIGURE A.1l
Semple Preprocessor Qutput

THIS SIMULATION RUNS FROM 2,00 TO 22.00

AIRCRAFT DESCRIPTION

TYPE _ SPEEDS (KNOTS) RUNWAY OCCUPANCY (SFECONDS)
LANDING LIFTOFF LANDING TAKEOFF
1 124, 120. 55. 33,
2 119, 90. 40. 27.
3 12Q. 120. 50. 32,

TRAFFIC DESCRIPTION

TYPE LANDING TAKEOFF
MIX MIX
1 5. 5.
2 17. 17.
3 78, 78.

AIRPORT CONFIGURATION

NUMBER OF RUNWAYS = 2

RUNWAY 1 (15 ) = OPERATED WITH RUNWAYS 2
OPERATION SEQUENCE
DEPART ON 1 ARRIVE ON 2

RUNWAY 2 (18 ) = OPERATED WITH RUNWAYS 1
OPERATION SEQUENCE
DEPART ON 1 ARRIVE ON 2

RUNWAYS 15 AND 18 INTERSECT AT A POINT 2000. FEET FROM THE
END OF RUNWAY 15 AND 2000. FEET FROM THE END OF RUNWAY 18 ,

RUNWAYS 15 AND 18 ARE SEMI=DEPENDENT =
SIMULTANEOUS ARRIVALS ARE PROHIRITED
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FIGURE A.1l

Sample Preprocessoy Output (Cont'd)

FRACTION OF [LAHDINGS OF FACH TYPE Otp FACH pUHMAY

PN NY 1 (1% ) 2 (1R )
Ty
1 L0000 La 01y
e L0000 l.001m
z L0000 1.0n0¢

FEACTLON OF TAKEGFFS OF FACH TYRE 0N EACH pytiaY

U AY 1 (1% ) 2 (11 )
TYPL
1 1.0000 . INON
2 1.0000 LD00N
5 1.0000 + 000D
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HOUR

3

4

10

11

13
14
15
16
17
18
19
20
21

22

RUNWAY

AS IR ol A VI SR e S i e S e N R e e N AL AC Il (SR R DIl U S DI OO Sl S (VI SR ol DR

FIGURE A.2 _
Sample Simulation Output

HOURLY THROUGHPUT
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FINAL RANDOM NUMBER SEED 360575540052
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FIGURE A.?
Sample Simulation Output (Cont'd)

Si" *  RF *RT FOR TH1™ RUN

TOTAL THR" 7L 7

poJr Y OPERATIONS F RFOL... D
L JL!‘«IGS TAKF‘_\. -FS F: AL
1 0 6. . 690
2 677 | o
Y- 6”.J 6 -
A E. _E HC.OL 07 TUGHFL
R N T TIONS Foo - LU
... TA... TC B
1 O 34,5 37,5
2 34,5 0. 4.5
TOTAL 34.5 34,5 9,

AVERAGE HOURLY DELAY

RUNWAY DELAY (MINMUTES)
LANDINGS TAKEOFFS TOTAL
1 0. UB .4 QU6 . 4
2 374.4 " 0. 374, 4
TC W L el 9464 1320.8
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FIGURE A.2

Sample Simulation Output (Cont't)

NELAY PROFILE = MUMRSER OF ATRCRAFT I!' EACH NFLAY CATERCRY BY HOUR

MINUTES DFLAYFD
HOUR 1.0 DELAY 00-0% 05-1n0 17-15 15-20 20=25 25-3n 3n=35 35=40 u4n-u5 4%5=50 5n-55 55«60 OVFP 60

1 C 0 0 0 0 n 0 0 0 0 0 n n n
2 0 0 n 0 N n 0 0 0 0 0 0 a 0
3 52 21 0 0 0 0 0 o f 0 0 0 n n
4 33 15 12 0 0 n -0 0 0 0 0 0 0 n
5 u4s 29 1 0 0 n 0 Q 0 0 0 0 n a
6 25 10 1% 8 6 0 0 0 0 n 0 0 0 n
7 20 9 0 3 ] 3 3 [ 3 n 0 0 n 0
8 18 18 n 0 0 n 0 3 13 21 n 0 n 0
9 15 6 lu 0 0 n 3 12 9 11 0 0 n 0
10 16 18 3 ¢ 2 7 13 15 0 3] n 0 n n
11 14 11 1 0 4 21 4 0 0 1 0 ] n n
12 20 11 ) 0 C n 1 10 13 7 n 0 n n
13 0 5 13 13 0 n 0 0 a 23 R 0 n n
1y 0 0 1 16 15 s 0 4 12 20 1 0 n 0
15 0 0 N 0 11 25 22 1 1 1 1n 2 n n
16 0 0 1 19 16 : 14 24 0 0 0 0 n n
17 n 0 0 20 19 ? 22 15 f 0 8] 0 0 n
18 13 1 9 9 21 1= 3 0 0 0 n 0 n n
19 7 16 1n 1 & 1l 14 18 2 & 0 g n n
20 9 10 1k 13 3 ir 9 0 n 0 0 0 n n
21 3 26 22 18 n n C 0 N 0 0 0 0 n
22 29 7 é 13 Ly n 0 0 o n n 0 n n
23 0 n n 0 0 n 0 0 it ¢ 0 0 n n
24 0 n 0 Q Q 0 0 0 n 0 n 0 0 n
TOTAL 319 214 124 134 110 Ae 108 110 61 R1 10 2 n "



c1 2 del.v experienced by operationsoccurring (touching down or starting
L 1) the stated hour, not the delay actually experienced _-hat hour
« . the ¢ .ay experienced by aircraft scheduled to land or - ke off that hour.

A.2 Changes in Separation C__:er 1

b the advent of heavy aircraft (greater than 300,000 1bs.
¢ '05. welg.t), wake turbulence problems have led to the imposition of
sepa’ “*1lon rules requiring 5 mile separation for all non-heavy air-
- .* lawaur ¢ folll 1ing a heavy, and 4 mile separation for a heavy
f-1i0 5 a heavy. All other aircraft combinations must be separated

a

o, 2 miles. Any non-heavy taking off behind a heavy must wait for

1y . a2s _f_. . the heavy lifts off. Other takeoff sepa ._lo . a::
¢v ... ted "y T _CAP by re o7 Chat tlhe s~ 1 oacte it owalt 2
- .+ w.er “he first 11 'zs clf. This eli °~ "~ g a’, .friia.cs
o + ¢ alrcraft diverge or =ot and all ne. .. .ur L oo
] v+ s, Loter landing < d talk ff - e ot s Ay 2 Twaet
if .+ s s» des _ed, but the . :v sed DELCAP a.’- separ: I -~ . :nd

the tr-es of airc~ 'L : involved.

A.3 Improved Random Number Cenerator

: :ly test runs of DELCAP indicated that the random number generator
« rax 1ble . the SIMSCRIPT system did not produce a sequence of

1 " 2is wh'lcu were statistically "random' to a satisfactory degree.
" '¢ -~ nen 1 edied with the inclusion of a random number generator

- == 1 frc1 the NBS Statistical Engineering Laboretory. This generator
.e3 a starting value (referred to as the '"seed"), which is modified
- 1¢’ ime a random number is calculated. The final seed is printed out
' DE \P ard can be used to start other runs. The sequence of random
- prc iced depends entirely on the seed, so that runs can be
" I 4.y s..g the same seed and on the other hand different
c 8¢ _ .3 can be obtained by usi: 3 different seeds. The seed is
|l -ty = as a 12 digit octal number.

A.4 Jodifications in Operating Policy

"o Y Tt:a” - . .3 .0on of DELCAP allowed 4 dil"erent operating policies:
oY a:y, tak fs only, mixed operations hi¢ e landinge take
) ..~ and mixed operations in which landings and takeoffs altermate.
‘o T voa e fle ‘ble sequencing procedure DELCAP '~ modified to
ts¢. 1. -~ * the desired operation sequence., The usc . may pro-
. -, sequence of operations (of length up to 27%. and this sequence
.-~ . . repeated for the duration of the run,
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In the earlier versions of the DELCAP model, operating policies were
strategles for operating a single runway only. In the course of the " * - gh-
put validation" effort, it became evident [2] that allowing independent
sequencing and generation of aircraft on close parallels or intersecting
runways unduly favored takeoffs over landings, since the average minimum
time between takeoffs is less than that between landings. This led to un-
realistically high takeoff throughputs and also to a degradation of t’
landing throughput, because of the interference by takeoffs with the land’rgs.
In discussing these problems with knowledgeable authorities at the FAA,
it became clear that in most control situations a pa: : of clor -ara s
¢r intersecting runways would be operated cooperatively, witi a Loe e
cf operations applying to the pair. The most common example invol :s
either parallels or intersecting runways, operated with one of the piir
reserved exclusively for landings and the second for takeoffs., =~ v '+~
periods when the number of desired arrivals and J.partures crce o .. v~ Ly
equal and traffic is heavy, landings will be spaced far enough ap .. _u
allow a takeoff to occur in between successive landings. In p.«t :ice
this means landings are spaced only slightly furth: : apart thai: the
Takeoffs will be alternated with landings by clearing an air :t £~
takeoff as soon as the previous landing has passed the intersection (. =2
the runways intersect) or as soon as the landing touches down (for cl-se
parallels). To accoumodate a higher volume of takeoffs than 1 dii-s,
landings are spaced far enough apart that two (or more) takeoffs coutrd
occur between successive landings.

The DELCAP model has been modified to accommodate such policies.
(See Appendix B for a description of the new version of event NXTOP,
in which the bulk of the modifications occur.) In earlier DELCAP versio -,
a policvy was specified for each runway by indicating the operation seq .z.1C -
for that runwav. The modified version now requires that the user specify
the number of the policy applicable to that runway. Then he must spec 'fy
separately the policy itself in the form of two sequences, the first giving
the operation sequence and the second giving the associated runway sequsnce.
Therefore the i-th entry in the first sequence is the i-th operation a . the

i~th entry in the second sequence is the runway on which that perat: . 1is
to occur. The number of operating policies provided may not eq -1 the
number of runways; 1t may be less if one policy applies to several 1 — 1ys;

it may be more if policies are changed during the course of a run.

An example of the four policies used in the LaGuardia run reported
in Section 3 is given in Table A.l. Policies 1 and 4 use only one runway,
on which operations are alternated. Policies 2 and 3 both use two single-
operation runways, with an operation on one alternating with an operation
on the second. For instance for policy 3, takeoffs (operation 1) on runway 4
alternate with landings (operations) on runway 3.
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TABLE A.1l

Sample Operating Policiles

POLICY SEQUENCE OF
NL “* "R OPERATIONS AND RUNWAYS
1 1 2
3 3
1 2
2 3
3 1 2
4 3
4 1 2
1 1

With the inclusion of this additional flexibility of operating

. _-.v, the user is now required to specify completely the set of policies.
7 a 7 run, including the trivial sequence of operations having a single 1
- t. .eoffs only or a single 2 for landings only, together with the

way (uence whether or not only one runway 1s involved. This additional

: requir: rent is a comparatively small price to pay for the extra

;;ibility and realism conferred by the more general operating policy

ach. The preprocessor checks that the policy, specified in its input

. 7ing to a given runway, can properly apply to it. It will not

- ¢  .ever, that another policy also affects this runway, since this

y open whe:. policies change. Neither will it check that policy changes
.2 Ch. Initial policies) correctly apply to the runway they are associated

- <5 ¢ ... ¢ :k is not made because the preprocessor does not

5, te aouts the ' .licy changes associated with each runway,
> suc: 2!« 'ges are tr:ated by the simulation as exogenous events.* Care
~efc ~ be exercised by -he user to ensure consistency for his

- .t polici 3 and policy changes initiated during a run.

* . al native is to complicate _ie simulation itself by adding con-
an. Ul 2c 1g to the simulation code.
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A.5 Changing Operating Policy During a Computer Run

In earlier versions of the DELCAP simulation, operating policies
specified at the start of the run for each runway remained in force through-
out the entire run. This approach was unacceptable for the LaGuardia
exercise described in Section 3, since the operating policy in force
changed several times during the day, and it was desired to include the
effects of such changes on aircraft delay.

The main difficulty in incorporating the ability to change operating
policy during a run lay in deciding how best to represent such changes.
They can be classified into 3 categories:

1. wuse a runway surface not now being used,

2. change the sequence of operations on a runway now being used,

3. change the direction of operation of a runway now being used.
Any combination of these can also occur as a policy change.

In the first two cases little additional delay results from the change,
unless 1t must be made so suddenly that established queues must be moved.
it 1s assumed by the model that changes are not of this sudden type.
Operations will occur on a new runway as soon as the first operation
designated for that runway can take place under proper separation rules.
Policy shifts involving sequence changes (including those from pure operations
-- of landings or takeoffs only -- to mixed operations, or the reverse)
are allowed to occur as soon as the last of the operations waiting (in
queues) at the time the change is called-for has occurred. This is done
to avoid difficulties arising because a policy may affect more than one
runway. In practice, since operations are generated some time before their
occurrence (touchdown or roll) on the runway, this extra time period
required before effecting a policy change results in very little delay.

Additional delay does occur, however, for case 3 above. Whenever the
runway whose direction is changed previously handled takeoffs, and is to
handle landings after the direction change (it may or may not handle
landings before and/or takeoffs after), it will be necessary to clear the
takeoff queue before effecting the policy change, and also to allow additional
time for the last takeoff to clear the final approach path before the first
landing under the new policy can even start its approach. Since any runway-
direction change may require moving queues around and establishing new
approach patterns, an arbitrary time delay is required before initiation
of a policy change whenever a change of runway direction is involved, and the
model thus requires a fixed (input) time period between the last operation
" under the old policy and the first under the new.

Each policy change necessitates also that the distribution of traffic
by runway be changed to agree with the new operating policies. (The
program does not check that the two agree, so the user must be careful
in providing input.) Policy change is handled by the DELCAP model as an
exogenous event CHGOP, which reads the new policy number for each runway
and the new traffic distribution by runway. The user must also specify
for each runway whether or not the new policy involves a direction change
on that runway. All policies themselves are input at the beginning of the
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-ther Iooa L. o0 ct a1ge, and the user is responsible for consis-
>, r ‘e i.s80. .olicy ct ..ge 1s accomplished in CHGOP, whenever the
"¢, o nge can occur immediet<ly. In cases which require a delay,

e .~ . <. ar « rations waltin~ or previou ly scheduled for the runway,
~. to effect a chan~: of directlor the policy change occurs in CDIR.
' _a. t'ons of t ~g: vouti ~~ given - ‘ppendix B, and input formats
vl a1, ire’ fo a policy change appear in Appendix D.
A6 ¥ .aprocessor "~ 0 e Tat

The preprocessor program has been designed to provide stand :d input
1 ~g for each of s« dr_ -t cate_ ries. The user may elsct to - ‘ovide

o C & or to _eet - dax? w2l o A Fed-eroiz o els.

[ S U U O Y e i f e s%: - is -~ verv.2 . pD " -
oo foad 0 ) 2T Cess ., T “ter - T {

P . Tor T - call ., “e [ ix - for s @ Lat). 2L

o: LT " - .. de L SRR B BN s

sl waa T oo ooy 0 T 1 THroairn S T - T U

. 1w to i the roper a ~ ,r..dard Z,put : r . ¢ led internaliy

; the use of the DATA st: :ement.

. :andard input f¢ ¢ ta gr» o, 1, alr ft type data, is shown at the

~ the Sample Preprocessor Out: ¢t in F - e A.1l. The three standard
ot oy g o

=, e . raircrfc

7, 1li at “pis:ion T.oratc
' MZu . & .or . It: .arg r piston airc 1ft and most jets.
S - S - for 1 v 2, aircraft type mix, appears below the
. -2 -v vy 2 ¢ aacterie+® ;. !, Figure A.l. Standard input for data
o !¢ s ~rexte ce and v ocival rntes, is set at 200 takeoffs per hour
o4 and: - pr a0t . v s .ch wio'1 saturate IFR operations at
L e k. 7 ~2se 23 ‘re thus - prosriate for throv_naput
‘ P T v lien Teliczie  :lay estimates, .ne ullC
J T, .lst’ . ™ —w . L2vels.
Looode o L gy di u cwp by te O s v g g+ .:d by FAA
e . L les :hi.d - - -7 2y, 4 miles f~1 a .eavy bel d a heavy,
o es i Be Y € ¢ a heavy for 1i ings; - = for takeoffs 20
e . 7t oty oy eyt « *~dan " h  y, 2w 1tes
a . 3Bl Y are y, a 2 minutes plus .1 » runway occupancy time
tar Coruov 2 a 2. (The takeoff ° 1 - separations are :po>roxi-
: "n.1iv 1g several con ... ..ng rul_.s. * . tandard input for - :a
+ D t e v roanc operacl.., 3licy cvita. < ecifies a single runway
. w nlan . s d ..ceofls alterna.z2d. . .e distance to the outer
S miles a d the times to fly from ~ loff to ti = outer n -ker are

13, ¢v4 10 minutes f- * * e * ee aircraft types respectively. The
ii " amy o data for d-+- group 6, the distribution of . ~ y usage,
*ir :raft us‘ g the single runway.



The changes described above have enhanced model capability and allowed
it to reflect more accurately the sitatuion being simulated, without
changing the basic philosophy of the DELCAP model. DELCAP was designed
to be limited in scope to the calculation of airport runway throughput and
the delays caused by terminal airside traffic. The design concentrated
particularly on enabling the user to describe those elements of the terminal
area which have primary impact on capacity and delay, without requiring
him to provide excessive detail in input data. To ensure that DELCAP
remains an easily used, convenient planning tool, candidate changes have
all been examined against these criteria and only those meeting them have
been implemented.
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APPENDIX B

DESCRIPTIONS AND FLOWCHARTS OF SIMULATION EVENTS

‘e B.1 gives a general "flowchart' of the DELCAP simulation
.l -~ :ines. The word "flowchart" is somewhat of a misnomer in the
¢ -~2xt of a SIMSCRIPT model. The dlagram indicates which event routines
. L3 result of which other routines, but it does not give the order
S . L. ey are actually executed, since this is chronological.

Er ‘s GEN and EXGEN create flights, which are the units that move
v, the various events in the n-~del. EXGEN is an exogenous event which
¢ "ug at times designated for the arrival into the system of specific

R GEN creates flights in a stochastic manner. Stochastically
f1 ts are asc'gr “ - - -craft =oe ta la- |7 | -~ t keoff
.o £t s L oL, I .42y, I ghts ¢ . ¢ .8z =
. e . 27 Lo & s ar: Jitro. iy el o les o
- . F outse [ ace Trtoa L. el "¢ Cue nerr
DT LT 0 (if -y e ‘=7 or EXGEN 5 ., .ys ¢ x le. Ny Lt
2 5 < tt op-~rat'’ -+ ( .anding or takeoff) v ..ch is to occu.
ca pt 1 ir runway. It is scheduled in one of two cases: (1) if the
¢ eu~ is € >ty v en the cv -ent f. .ght is filed in it, or (2) when the current
©. ' *.: has - :ter begun ' .1y - 2 final approach path to land or has left
1.. gare to e off. Zondition (1) is detected in GEN or EXGEN, and

2.7om (2, in LAl L or TOFF. NXTOP ther. schedules the next LAND or
T iF .. ..e time the rurway and/or final-approach path is free, as determined

"

o~ rniact’on TWIER. [ lnce t.ere is a time gap between NXTOP and TOFF
¢ L 4 g 4hieh landings or takeoffs on other runways may have created
r "2+ for ‘¢hii” ruv ay, LAND and TOFF again determine ihe first time

oA
1

£ J s free (from FREER . Then the flight may land or depart, which
o thr TEIL ™ model impl: :s ty .13 up the appropriate points for a period

“t1 2 s _ficiant to mair ain trz required separations. LAND or TOFF then

c—— 1Les D ATC T oY tT . oyel continues. When a tieup is no longer in
: -7 . routine . ..TUP « sty re it,

N ol ot ez d t _ear in this list, '~ ~e they do not affect
eac + £, | +. The BEGIN event (¢« :e Figure B.2) st: :'ts the simulation,
a i 2 ~les % : event L 'S which prints the simulation output and stops

‘2 on. ™ ¢ dine C JJR (see Figure. B.3) updates the current hour

! ¢ ot of delay and throug 1t, and reschedules GEN for the Poisson

~ .~ Z >~ the ne” hov:. T = routine PRINT records the delay and
RO . 1ation #° “suc ovm for landings, and at start-of-roll for

e ex¢ ;eno s event CHGOP reads the charac. :ristics of a new policy
& 1 ;. ~tes the changeover if that can occur immediately. Otherw. “e CI
or . _ur initiates CDIR when the changeover shoul t occur. CDIR also hand. »
the . ange of direction of a runvay. The following sections will include
“iwger1 ..ons of t e events in F_gure B.1l, as well as CHGOP and CDIR.

L]
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Flights

EXGEN GEN

PTYPE

PRWAY

pd N

— NXTOP ”
] J/

Y
TOFF > FREER LAND
\ Y
= FTIUP <
FIGURE B.1

Flowchart of the DELCAP Simulation Routines
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X
‘ FOR EACH OPERATION ¢ ’
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4 ) _/ -
. \
/
SCHTT J % GEN
| FOR ¢
’ 2 .. NO }
~ e ‘
YES
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SCHE, ,. I ENDS
AT TEND
| I

€.r _JLE ""OUR

N

FIGU'E B.2

Flowchart of Ever . BEGIN
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ol

THOUR = IHOUR +1

THOUR YES
< 24
NO

IHOUR = 1

é@ \

RESCHEDULE
EACH GEN FOR
NEW LAMBDA

FIGURE B.3

Flowchart of Event CHOUR
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B.1 Event EXGEN

L3 €. t 7 "eates exo' ~ously-determined flights prov’ ‘2d by the user.
Ty . stochastic ,2ner.tion process or both, may be used for a

1 2l 4« «<a.l. When ructi: > O 2 Information for the rout ~e EXGEN, the
neer 1 . s ..y for each f£f1 ht: the hour, minute, and secound of entrance
icto « e sy item, whet ~, +F.3 flight is a t-:eoff or a landu._, ¢:2 ° -v7ay

used * . take ..~ or landi g- and the aircraft type. The SIMSCRIPT system
pro- ;:a - read these flight; one a“ a time at the proper simulated time.

_refore, there is no limit 1. _.e Zctal number ¢ fliel:s z ong as the
1. der : 'mu2- 1eously . _iive .Incl ling both tt :se generated by EXGEN
and thc o pro’iced 1y F11) ", s fficlently sm=,1 to “it .. core. (For a
sim : ~"on i with .o v ways, )0 ¢ L craft types, 24 10 de; rture paths,
t .e "~ . be about 6,. . fl _ s £~ e at ary . t . Tis, 1.
ifg ¢ ¢ 2d .« the -~~~ del, is far -~ L e ¢otac bty X
: g « L Ort to ey .
K - oo nLlo & . A .9y .. an e, T.:ra
. O T. s ¢ “he ' m. - o .o oIligat o711 T te
2 nonl o TRV ful ot Lw the ¢ o1 oer after Llyl.g foom
I y £k, L te ~ I fl: :ht plan ~¢ es active Huuce 13 to 15
"beir e its sc 1wt~ - aire. In t e model this ' ‘me 7e..od is
tx o2 0 sy v 2t g0 "+ . takeoffs ¢ - schedu 2d al- * t - same
* 3 o - szt of 10ll - lar .  are before to cide . The first of
oo ose, ents (¢t w1 .nutes), which may be t! ~ught of as represen-
=7 - 1. een u .e . _.ght plan becomes act .ve and when the
. e s li_wve o 1 ave .ts gi e, is adced to the current time and
Lo T TS Jh2 L ¢ d . ., w | about 5 .iinutes, may be thought of
L VR LSRN S lme ir € . . betw >n when the aircraft is .. 1y to leave
s ot e b0 ccLs siart L.s roll down the runway; w. will be
ccier ed . ae n dete 1 in the section on the TOFF routine.)

L7 culating t  aporop. ite TIN, the EXGEN routine files the
Y - tacted o 00t o 0 £ 2 ar topriate queue. There are tiw ¢ _ues
-~ . :hn R IV ~.ng _..craft, the other for takeoffs. The

.3 : iz . “'.st | first-out .1lanner. This means the . is

$ c e L lelaals type: O a slow a .c1 .ft prece 2s a fiste: one,
‘t . ig ot pe ...+ 1 to ov take the f .ier, even if it co.ld reach
L B e ~ 2r first -  out thereby delay? . the slower piane.
] £ st in © e - ~ue i1 its T [. Filing flights
S 28 0 210 ‘utes “ef: ‘e they could actu L'y c1 ss the
2 a .. le..e = 5 "e pit.vi'es a means for " ler iy ~g the airc . “t
e n. 2 fi7ght .o fol ows the current {i.ght. This a 2o s calc__ation
~T " .. ryg . tin to e. re that two alrcraft remain sep.rz_ed by
t e s u | d ta -e. i, Aie 4 pend o the speeds of bot. aircrart
ETRS so ¢ not e 1 -uiated until the v,. of . e secr | ple 2
> determine '
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/!

|
CREATE FLT;

RIZAD OPERATION,

RUNWAY, TYPE

, ~ TANDING

TIN(FLT) = ,TAKEOFF oR LANDING . PTINCEFLTY =
\

TIME + CALIN TAKEOFF

TIME + FLYOM

\
7
o SCHEDULE
F%ghQFLT NXTOP AT
TIN(FLT)
FIGURE B.4

Flowchart of Lvent KXGIEN
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" f t 2 queue 1s >mpty before the present flight was added to 1t, the
Lo . t:r 7 : scheduled to occur at TIN, which is the first instant
W t s 1. _ht cot .d be removed from its queue. The NXTOP routine,
" . » -~~.ules the next operation (landing - @ takeoff) for a particular
: occurs 1u one of two ¢ rcumstances: either (1) a landing

. o .f o 2 just occu__-d, or t2) the run._y has been idle but there
- a ». flight & 112t e fc _.. Case .) will be described later in
Ny .. 'ern. wia the NXTOP, LAND and TOFF routines. 1In case (2), which is
Toaeet s EXGEN routine, the appropriate queue will have been empty
v2fo-. o fli; 1t was filed in it. Therefore the NXTOP routine is scheduled
~ w v wre folght is first avai Jl2 to land ¢ take off. However, an
=. 1 “TOP may have been scheduled in LAND or TOFF, since the other
€ = 3y oo .~ e wy. Tttt s Ztuation, NXTOP is scheduled, but when
. ('cr s .. 2 mnex. operat_w 7 . _ a.ready be ¢_f .. 1 ([EXT # ., a the
N n..re L. be te.» wl. Thismeans t t ?7U0. = L xrle”
often t.. necessa., 'y -ogram "Nz . .Le ot o.uo - 20 Twe o0’ a
A . compllcated set of t« *< ro e ro AT ,0 is sche W o Ly
agsavn 7. oL rem rrante | in vie, of o lack ~.oer e
et re * vob e 5 and the log: * . sim, icity of ¢ irrent test.
B.2 Event GEN
s L . .. generates flights 1. a Poisson manner. Landings and takeoffs
e ¢ . ted separately, tf om two different sets of Poisson parameters.
P .t .ne .. first scheduled by the BEGIN routine. BEGIN schedules
s« «_ one to create a landing flight and one to create a takeoff. From
«c o ftle ™ rot :: 1e schedules the next occurrence of itself. There-

e, siun s we wish to sample from the Poisson distribution to reschedule

“E. ‘or the next entry (“arrival) of another aircraft into the simulated
gys em.

«-cdure ue 1 : the computer for samp.. g from a . stribution
is “as _ on vae fact that the range of any cumulative distribution is
die o b’ . over the interval [0,1]. In the case here, we have
s 7 s0m ge ati- -, so the probability of an arrival in a time
d of [ :r¢ - dt is udt (plus comparatively infinitesimal terms), where
e nooe - _er of ar ivals per unit of time. Then the probability
Lol ne “crivel .11 occur in at most T units of time is

q(T) = prob (£t <T) =1 - T

2 is a ¢ wu.adacaive disti bution, its range is uniformly distributed
¢ -+ d1n* rval " 1]. We therefore employ a standard computer subroutine

« 1 - - - random number R from this uniform distribution, and then find
> T L - "7 q’™ =R, namely
T = -x 1n (L-R)
w-e- A =1/u. The next instance of GEN is scheduled to occur in T time
4 2. _lote tfk~* our time unit for the simulation is the hour, so XA is
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the reciprocal of the number of arrivals per hour.) Input to the simu-
lation contains two sets of values for XA for each hour of the day, one

for landings and one for takeoffs. As noted earlier, on the hour, each

hour, the next GENs, one for a landing and one for a takeoff, are resqheduled
according to the X for the appropriate hour.

In the event EXGEN, the type and the runway are provided as part
of the input. In the stochastic version GEN, however, these three items
are obtained by sampling from the appropriate distributions. The simulation
is provided (by the preprocessor) with the cumulative distributions of
(1) type of aircraft, one for landings and one for departures, : .. (2)
runway use by each type of aircraft for landings and also for de - r _s.
The two functlons PTYPE and PRWAY perform the sampling processes.

Figure B.5 provides a flowchart of the GEN routine. After resc ivu:~_
the GEN routine for the next landing or next departure {(depending on e
current operation), and sampling to obtain a type and runway for rhe cu _ "t
flight, the remainder of the routine 1is the same as for the EXGEN r¢ t_ _.
The apr. v riate value of TIN is calculated, the flight is filed in ==
Prof.. queue, and if the queue was empty before this flight was filec ..
it then the NXTOP routine is scheduled at TIN.

B.3 Event NXTOP

This event finds the next operation, landing or takeoff, which will
be scheduled to occur on a runway. Figure B.6 is a flowchart of this
routine. Because of the new more sophisticated operating policies to be
simulated, this routine has required significant changes from the original
version of DELCAP. A search is made, starting with the next position
(stored in LAST) in the policy sequence applying to this runway, for the
first flight which can be scheduled immediately under this policy. If no
flight can occur immediately, the search continues through the pc. ic,
to determine the flight which will be available soonest, and LAND or TOFT
is scheduled for that flight. In addition to determining the next o 'rati 1
to be scheduled under the policy, the NXTOP routine also recognizes when
a change in policy, which is not initiated by CHGOP, must occur. If the
next flight to be scheduled is the last flight in the queue at the time
the policy change was requested in CHGOP (i.e. if the current flight
FLT = QF(k,1)), then the QF's for the other runway, operation combinations
for this policy are checked. 1If all QF's are zero, the policy changeuve:
is scheduled to occur when the current flight either starts its approach
or leaves its gate. This is accomplished by scheduling CDIR at the (same)
time for which the LAND or TOFF routine was scheduled.
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FIGURE B.5

Flowchart of Event GEN
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Flowchart of Event NXTOP
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- "F -5 “.Zne is scheduled in one of two ..._.tances: (1) the
4 o WJFF Lo tine has occurred, or (2) a queue was empty and a new
£ 4gt | 12 Spcr been filed. In the second instance, NXTOP is scheu ed
e : e TIN at which <he flight could first be scheduled. 1 )wever,
o - other que - .or . = -ay need not be empty or a LAND ¢ TOFF
; e, .8t L. 2cCc > e an _her N" 0P may alread  .e scheculed
Lot —,. T3 wroid ersor because of ..uving sevo. =l t.{__..s schoo. led
e, an ...ay NF.T" wi b (1 entry “or each r wav has heen intr( .cec
¢« L. i zer 21. uhan a oxt operation 7 a rur 'y has been
Jo A G T g .ot > 1 (for a r eoff) or 2 [ a1l P
‘ PRI ad -kt ¢+ D T 7 rouw, ie. 1 ve: - EXT *s5 ion-
o ’ v w ow ur T r'F is scheduled ' it has no et occu -
i L s to find a n L operation for a runway only if NEXT for at
zero. . s co” 1:ic. 1is tested at 1 . egit ~ - I ot

- 1

| SRR N SR SR K- oLl e e T

- f

t . 1f ing i 1e separaticn rules. FREER is first called
S N ST o ~hich the LAND or ™ FF routine should be

"~ f ¢ .0 fin'- v '.ost time a voouu o EMY DomEn -
]

..o L ag . 26, Lo cime the "™¥1_P routine ¢ "ct 's ar e
t: T2, P oeceas, 1 . whica other fld, ".rs might .- new tieuds
S | 2 . of the operation in que: :ion. 7 ~ ‘ore FREER
> 'n T L4 - Tt ..'y to dete~1! .e "ien t*2 lanc r; or te .ol
T o occ o, ‘521 7 o tains a ¢ c.2l - > of the ¢ -ction FREER.
: T 2 fe 3t idin - toe zoper ¥ I . side to takeoffs
... cortion of -ne chi :t vo both. T is the maximum of TIN .  the
[ VU DU TR S - - t £i r examir z.on o1 .y thot . tieups ..fecting

’

- L . o .r 0 L er ot i Wt T
ec e uz & T 111 s 1ot . o 2 in force, & J is a count
-

W ey T 2 T~ -

gs, both . 2 set of tieivps (OMTI) associated v :h the outer
> 1 72 7 - . all) associ .ted w.th the ru jay thres ol. are examined.
- _ of t. s i .TI 13~ ns. ted to t!_ o er mc.l 2r py subtracting

nt .f t: 2 it Lu... the ct ‘rent fl1 "t to fiy fr.. the outer

Do to b Loy talo ! t .eflecls tie fact t = he runway
‘ v owaly f ee .5 < Cucene floght pete t 2.e, not :fore,
- fs, 0 Tyt 2 e, cfF ten s WTL, 4. .l .ed ththo e T T U2
e b oad. .1 of t ese is tra slated = the ga by s -

Ty , Ny, & 1 2 - ‘fs are scheduled bef~+e they leave = .

CT - the : n y.

“* . ..reno e "3 aff--:ing the ¢ - :ent flight (i.e. J = 0), FREER
5 . .0 1 07, :f only o tieup affects the current flight (i.e., J = 1),
T e, AT Coali Lo tie .ame at which thal tieup will no longer impede
CLs L O take ff .oceu =2, and so FREER is set equal to
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FIGURE B.7

Flowchart of Function FREER




11 se ~val t: n - affe~c the current flight, FREER 1is set equal to

- u. mof . TR's
It s . . . 2ar 7 the previous descri .i. that this routine
8 .« _~ ae = it to fit a 1. :ht in between two ot. :s, even 1f the gap
Lok .~ dis 'ude e s h. To do so wo 'd require a great deal more
L : N S TR T e fficult 1. how wide a "a- is _ide eno -1".
42t 28 ocu .., as a res. .t of :zhe insertel fl._'h. mtst not afec:
- st .ad £ t. This means that all the ... ps whicl
1 T 7 Lald c.eal2 m £ be exami ad to see 1f T iy rounl 7 ertare
dhra . irzoE Tt Tro Ted or v L oisE ho v o " e
to = Tco ) Eo:ow a T ‘ ;= TOFF - >yt -2, end .rvi.or2s *le
14> t3ai v . 2n of doae o flight “~2 - is being ' .cerfered th.
. is -+ .- iger just the f/ ¢ : “‘n a queue.) Therefore the .. wpler oo =2dv -,
TooTeoat v ttloev o o L is no _onger .. .. ce, was v . =~ I B
U S R § < N
diff -7 0o - S G LT s Ll
. ‘ P T ] ‘P o s : F e
e s B 2 1 S T S P R SRRV
L . v e tozn, ¢ ice o B~ oat e T paic- in tun at
T oat o rof 17,0 Y wever, ' the .1g 1is sl -y enough
- o2z se £°1:n e earlier, and “ne takeoff would s 11l
b B . 2o .- '._lning the ' 2 (red sepatr. :ion. Zn: 2fore,
z T ~- " “oms on L.e . .1ay . . S2a .. z2o0ff T 11 ed
. N 3, tna ac ar . 7 reoll es nould rea’ly 2 LANL followern 1y
ST “s dl i ler T r - " x> resolved, t.o T, ne « Jwu,zing ..as
L L w oy o' o % _i the time, a d added only ¢ ut ) seconds
. -t SIEATUR 2. Therefore it ° :s * t seem to - fect the
L v Ve o 0T L D ame .
-.5 rvent LAND
- N oo .o, 0 b the LAND awu TV 'F 0 ucnes © to " N
: o s~ ©+< e .ure th~: f~ oving f7 s 1+ 2
g € oLy 2 .. .=ndi-g or *al-~°f, Fig .e B.8 .s a
o £ LN Lew D o -0 5 the £: st fl:51 : - 1 the 1. wiig  1ern
- i« bt arie e cunway. Then i~ calls FREER t- [ 1! hen the =1 2y
T - .7 .o¢." pa 1 are fi " free so tt > ris fl:g..t may cross the
L C -1 1 ' 1~ r.,al 7. Fooot o dmplowoL LD
F ‘ @t v oc ™ the same .1 "1y at t . sce time.
. .~ :wl e 2d - %y —g i 21e runway *' -eshold (for landings)
: io0of .- ey v o eaffs) for the t© e v-e ¢ <rent landi
- BY ., the v ay
J - 4 iige m . e sepe  ad by a mir”’ distance (c¢ .led
L. T, de - e jon “he ¢ ¢ 1:raft types invo’l.2x ., We

v s ui Tl ina fir I apr .ach speed, depending on a1l .. ift type.
oo, ¢ 0 sat o . .~ J ndings are +.u .3t while always main-
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Flowchart of the Event LAND
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asswaii +ub .ec yed e 2tion depends on the relative speeds of the
oo P, ag.  f tl . first (of aircraft type i) is faster, they will be
c.usest tle I f . st crosses :he outer marker. In this case the outer

i cker ¢t »+ for the time . will take the second (of aircraft type j)
to cta: Lo(GL,2)y. If :he seco ? 1s fas. -, the two planes will be closest
-~ the {irs- just tov. - - - In this case t .- runway threshold is
ced up I 22 tov- "> f t"2 first until that t: e plus the ‘Ime for the
secy. 1 to fiy C_PLn .,j'-
" AL 1 , nest e ¢« parated from a preceding takeoff by a required

Gl ae 2 d $P L. LTTT,. The tan.ar” »y : 2t ve e for I ?TL
w2 L As noted 2!, > k2 £ 7 appry ¢ so2d 1s t..~ted as r nstar

C. "2r the .~ = .on of a single constant acceleration for a tak  »ff -
:~ -1 a “ the vicinity of the airport, the distance the landing must

2 | e :0ff - ¢ i I T starts T s _ is
c o+ 0= v2 : Ll
.V oL, th. ¢ w1 of o VoS5 0 0 Lit oy osper T oL O SRS S
L - T r. cooer o o ney e for o S i A Y ¢ la
is e H o X R E T Y L2 et oof L ~y * _ut efc -e
o7y £ ¢ s tf 2 Ye . dr p passes this - 1 t u o1l t _chdo n time.
Ty, N ¢ ol ed the sim Jat > by .rveating a
roC ,oe by 0 ad a TOZUP, v th attrib ~=2s TMIN, the time the tieup
3. . lo.cc, and T . (.e time the tieup is no .onger .n force. ..e
T s frTld Lo of e sets OMTI, THTI, or ERTI, wh :h are scanned
R ¢ Wi 2w 2 "he . ay and final approach path airspace are free.
[ Y S R (I e ) . 1. "~rce, it is removed by the FTIUP routine
! oo : i as the " EUP is reated.
. : to , - v points on the same runway, points on inter-
- e <% e ti up "wo arrays .7T and TPT < " rol these in-
wo_ 1 the .7 . . lat’ . For eacl. mir y and I r_rference,
T . i 7t _fered with, anc .PT cor.c .ins the
LT LT e ) -+ e . types of 7 :terference:
1 31 ¢ Lu y ~.be ~ _ -ed £ >« landings on the
UL v y | El .., depending « 1 the ' irc It types involved.
2 L o *12 0 =z "t -ay must be sz=p: ated from preceding
L s '~ - -~ ru. ay _- the sz e manner as that described
oa
3 L “fs ¢ 1 o 2711 , m - be sepa _zed f_. m following
T .. so e i sc. oo dn (3, 07 e
t . otfs o, 7 L oo . must : sepi -ated from takeoffs
n ' ¢ e . oy 'y the same :paration as . weoffs on the
:our v,
5 .a ffs ¢ © :he t > run ss are sepal :d .y the t. =s in the
iy SE
6 T . U J&,8 I .0 " sgect.
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Types 1, 2, and 6 apply to landings. Tieups for interference
types 1 and 2 are computed in a manner similar to (2) and (3) above.
For intersecting runways, a takeoff or landing on another runway may not
be on the runway between the time the current landing touches down and
the time 1t passes the intersection or turns off, whichever occurs first.
The time for an aircraft to travel from tcuchdown to an intersection a
distance D from the end of the runway is

(1/A) (v + v2 + 2AD)

where v is the landing speed and A is the acceleration of the 1 _a.
We assume A is constant, so

A = (vl - v)/ROTL < O,
where vy 1s the turnoff speed of the landing, v 1s the final = .. a-
speed. and ROTL is the runway occupancy time. This formila is « ~ =

Apper. 1x G of (4’

The RPT and TPT lists are sci “ued, aird appropr . » t. ..of are

initiated to maintain required separation between the c¢ .rer . . din
and operations on other runways. As each tieup 1s created, ‘' is f Led
into the set for the point being tied up. At this same time, -~ FT .

1s scheduled to destroy the tieup once it is no longer in fo e.

Once all the necessary tieups have been created, the LAND rout_ne __Is
NEXT = 0 and schedules NXTOP for the time the current landing crosses
the outer marker. Then the delay to this flight is calculated as the
difference between the time it crosses the outer marker, and T, #hich
is the first time it could cross the outer marker were thore no ochrer
aircraft present). The PRINT routine is scheduled at the touchdown time
for this landing. PRINT adds the delay to this flight to the to. . delc,
and increments the number of landings for the correct hour. S* ce all
tieups to maintain separation from this landing have been cieated
since the delay for this flight has been calculated, the flight is _ .
longer needed, so it is destroyed. This completes our description of
the landing routine. The takeoff routine performs similar tasks related to
takeoffs,

B.6 Event TOFF

Figure B.9 is a flowchart of the TOFF routine. Much of it is similar
to the LAND subroutine. The first flight is removed from the landing
queue and FREER is called to ascertain the first time the flight can
taxi to takeoff. Tieups are created to maintain separation, both o. t'e
same runway and on others where there is interference. NXTOP s sc. dv.led
for the time specified by FREER, the delay is calculated, and t 2 fl ,ht
is destroyed. Thus the overall structure of TOFF is similar to tt : of
LAND.
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Takeoffs, however, are special in one way. They enter the system
several minutes before scheduled takeoff and the TOFF routine occurs
later still before takeoff. The reason for this early scheduling of
takeoffs can best be described here, in the context of the TOFF routine.
Takeoffs are scheduled early so that their scheduling can be compatible
with that of landings. Landings need to be scheduled before touchdown,
since they must be properly separated from other operations alorg the
whole of the final approach path. If takeoffs were scheduled or ; at
start-of-roll, a following landing could be schec .led . earlic. t! 2
that start-of-roll. In other words, the following landing c.uld &
cross the outer marker until the preceding takeoff had started its roll
It would greatly complicate the model if landings and takeoffs f~r one
runway were scheduled in an order different from that in which '  r
in LAND and TOFF. By scheduling takeoffs early, landir' ; and ts' fs
can be treated in the same manner. As noted above, tt! —e is st 1. ¢ _2
difficulty whe a very slow landing follows a fast tateoff, . =~ ..~ 1.
most part, schediling takeoffs early permits proper sequencing .nd
scheduling on a dn2 ~use runway.

One may still ask, "Why generate takeoffs so early?" It is necess. . -
to generate takeoffs at least 3 to 5 minutes (depending on the separa- .on
rules) before they are scheduled by TOFF. When calculating the tie
duration needed to maintain separation from following aircraft, ir is
necessary to know the type of the following aircraft. Therefo1 : takeoffs
have to be generated as far ahead (in time) of scheduling in TL.F as L. .
greatest time separation required between aircraft.

The careful reader may wish to inquire whether this procedure is
indeed not too artificial. We note in response that these time intervals
can be interpreted in terms of real events. The time between flight genera-
tion and scheduling of TOFF may be thought of as the minimum time : . ead
of departure at wh” :h a flight plan can be filed. Such a minimum t.me is
in fact required at the more congested airports, and as more term. als
become congested this practice will become more widespread. A~ o, wit the
addition of com :er processing of flight plans, a minimum f: - g ti . s
quite likely. The time between scheduling and start-of-roll may be thought
of as the time for the aircraft to leave its gate, taxi to the runway,
and complete final checkout. In the model, queuing for takeoff would
then occur before leaving the gate, although at most terminals gate space
is limited and there are parking ramps for waiting. This is . other
instance of a situation in which we are interested in the len th of a c¢.
interval but not in where the aircraft is during that interval. We would
be interested in where the aircraft actually is only if this were to affect
whether the aircraft could turn onto the runway when the runway is free.
The DELCAP model does not include any ground operations, and therefo.. .
the delay figures do not include delays incurred during ground operatic s.
Future model modifications might address this additional source of deic,
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To return to our discussion of the TOFF routine, we will now describe

the sc> . :ion a1 s zoplying to a takeoff, and their implementation.
“., No two aircraft may simultaneously occupy the same runway.
T -L” . 's implemented in the same manner as it was in LAND. The runway

zshe” I a .. the end of the runway are tied up from start-of-roll to
C Tfroff.
(2) Separation ~tw :. departing aircraft depends on the types
of aircra : involved, s: ce under current rules extra time is required
“a:. craft dc- -ting bei* d a heavy, and this time is less if the following
¢t is alsy a he: y “an if it is not. Separation times are stored
-~ 2 arvay SEPL.. + ‘“ch is a two-dimensional array depending on the
airc :uft types inve. =2d.
(3) A takeoff must be separated from a succeeding landing. The process
2 114 ?F 1s sii'i ar to . t described for c-sarati . 2 of LAND.
» Tunway tr "esh~'y o~ o °d -~ from start of -». % - (il that time r

7 ™ L+ 0.5 v2 RO" T/S)

w .. la L1g ¢ ced, S is [ 2 liftoff spec. of the takeoff, aud
N T njay -tp <y time cf the takeoff,.
Ez - - eup created is filed in the appropriate set ERTI, for the
of t-e - -, or 1, ’T £ : the runway threshold. Along with each
s e __u ine FTIUP is s:i eduled for when .he tieup is no longer in
".J also ties up pc nts on interfering runways in order to ensure
he .o, i . e_pi 5 c.on from the current takeoff is maintained. Of
the - _ ¢y s I interf-re..2 [ .sted in the description of the LAND routine,
v~ per - 1. to takeoffs:
3. ''~:eoffs on ‘- 1e ' way must be separated from following landings
12 0IR2T .1 U1y,
4, '~ eoffs on one runway must be separated from takeoffs on the
- 2r . . r .y the same time as takeoffs on the same runway.

Ta :eoffs on the two runways must be separated by the times in the

T
T I A runways . .ersect.

Tieups for types 3 and 4 for different runways are computed in the
n-er as separ " tons (3) and (2) above for one runway. Tieups

© typ . S 2 comp. e” in a . 2ar similar to that of separation (2) above,
e - . . secor. a-_& ' SEPZ 1s used instead of SEPTT. SEP2 contains
tLae . . .5 .equire. betv. .. aircraft on different runways. Type 6
ic © . 2d fu. - ecv.ls in the . ne manner as for landings. The threshold
e un s ~F Tagece 1 rur ay = tied up from the time the takeoff starts
3 tl until it has passed the intersection.

The _emainder of the takeoff routine is the same as the landing routine.
a _ _'_.. are scheduled, delay is calculated, and the flight is destroyed.

LN
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B.7 Event FTIUP

This event destroys a tieup as soon as it is no longer in force.
A flow chart appears as Figure B.10. These ''erasures’ free computer
storage for new flights and tieups, and make searching the sets in FREER
easier. Since the sets OMTI, THTI, and ERTI are ordered by TMAX (the time
the tieup is no longer in force), FTIUP only needs to remove and destroy
the first tieup in the appropriate set.

B.8 Event CHGOP

This event, whose flowchart appears as Figure B.ll, reads the new
policy to be used for each runway together with the new runway i-ige,
distributions, and initiates policy changeovers whenever the cha > over
can occur immediately. The array QF(k,i) indicates for each —.ut n r a
operation the st: us of the rw -ay for changing policy. CHGO :cets u:

QF so that QF = Q0 if either the queue for that runway and operatioar s
empty or if the runway was not used under the previous set of pol__:ies.

If, on the other hand, the runway was previously used and has aircraft in
its queue, QF for that runway and operation is set equal to the last flight
in that queue.

The old policy for a runway 1s stored in the array INDX and the new
policy in TNDX. Changing the policy consists of replacing INDX with
TNDX and setting TNDX to be zero. The change can occur only when all the
QF's for all runway/operation combinations in the policy are zero. However,
if the policy change involves a change in direction of a runway, it cannot
be initiated immediately, and in this case the routine CDIR which handles
runway direction changes 1s scheduled at the current time. If any QF's
are non-zero then the policy change 1s initiated by NXTOP, which detects
when the next aircraft scheduled is the flight stored in QF, and calls
CDIR to initiate the policy chaunge.

B.9 Event CDIR

Figure B.12 is a flowchart of event CDIR. This event also initiates
policy changes, and can be scheduled either from CHGOP or NXTOP. It
first tests if a runway-direction change is involved in the policy change.
If that is so, the changeover must be deferred for a time (AFIN(k)). To
accomplish this, CDIR is rescheduled after a lapse of AFIN, and CHGD is
zeroed so that when CDIR is next entered the change will not be further
deferred. When CHGD is zero, CDIR changes INDX to be TNDX and zeroes
TNDX, thus actuating the changeover.
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FIGURE B.11
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Flowchart of Event CHGOP
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- RESCHEDULE CDIR
(—_IHSB . NO AT TIME + AFIN,
AND SET CHGD = O
LY )
1
|
r UPDATE ~  7T0 RE
TNDX FOR ALL
. JNWAYS FECT. o
, Bl T+ X LCLICY, v

AND ZE.O L.

FIGURE B. 12

Flowchart of Event CDIR
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APPENDIX C

MODEL ELEMENTS: ROUTINES, VARIABLES
AND ARRAYS, ENTITIES, AND SETS

This appendix is divided Into two parts. The first lists each of the
model's routines, corresponding to events and functions, and provides a
phrase describing what each does. The second section lists the names and
descriptions of variables used in the model. The variables are listed under
the STIMSCRIPT headings of: entities, arrays, attributes of event notices,
temporary entities, attributes of temporary entities, and sets.

C.1 Routines
Exogenous Events
1. BEGIN - starts the simulation
2. EXGEN - creates explicitly generated flights
3. CHGOP - 1initiates an operating policy change

Endogenous Events

1. GEN - creates flights in a Poisson manner
2. NXTOP - finds the next operation (landing or takeoff) for a runway
3. LAND - creates tieups resulting from a landing
4. TOFF - creates tieups resulting from a takeoff
5. FTIUP - destroys tieups no longer in force
6. ENDS - prints final output
7. CHOUR - updates current hour
8. PRINT - records delay and throughput
9. CDIR - accomplishes policy changes, taking into account runway-
direction changes
Functions

1. PTYPE - picks an aircraft type
2. PRWAY - picks a runway
3. FREER - finds the first time the current operation can proceed

C.2 Variables

Entities
1. 0 - operation (1) takeoff, (2) landing
2. RW - runway
3. TYP - aircraft type
4. DX - operating policy
5. H - hour
6. SLOT - positions for printing the delay profile
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27.

28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42.
43.
44,
45,
46.

47.
48.

49.

50.
51.
52.
53.

SEP2(TYP;, TYP:) - similar to SEPTT for a takeoff on one runway
following a taﬂeoff on another runway

IHOUR -~ current hour

NARR(H) - number of landings generated

NDEP(H) - number of takeoffs generated

NLAND(H) - number of landings performed

NTOFF (H) - number of takeoffs performed

DELT(H) - total takeoff delay

DELL(H) -~ total landing delay

TBEG - time the accounting for delay starts

TEND - time the simulation ends

GENN(0) - the identity of the GEN currently scheduled for operation 0
TDRW(RW,0) - total delay for operation type O on runway RW

HDRW(RW,0) - hourly delay for operation type 0 on runway RW
TNRW(RW,0) - total number of operations of type O on runway RW
HNRW(RW,0) - hourly number of operations of type 0 on runway RW

INITR - random number seed

CAP - is 0O for only throughput printout, 1 for both delay and throughput
INDX(RW) - policy used for runway RW

TNDX (RW) policy RW will use as socn as the changeover can be effected
CHGD(RW) - is 1 if the new policy for RW involved a change in direction
from the previous policy, 0 if not

AFIN(RW) - the time required for a runway direction change

QF (RW,0) - used when a policy is being changed; 1s 0 1f this runway
can accept a new policy, and otherwise 1s the last FLT, in the queue
for operation 0 on runway RW, which is to occur before the policy
change

NDLAY (H,SLOT) - the number of aircraft in hour H delayed between
SLOT*# (INC-2) and SLOT*(INC-1) minutes. (The last position contains
all delayed over (NSLOT-2)*INC minutes, and the first position all
occurring early or on time.)

INC - interval-length for the delay profile

IDT(SLOT) - daily totals of NDLAY

DTIM - time of latest policy change

TIM(RW,0) - length of time period during which runway RW handled
operation Q.

Attributes of Event Notices

1.
2.
3.

4,

RWAY - runway

OP - operation

PT - point tied up

(1) outer marker

(2) runway threshold

(3) end of the runway

DLAY - delay for the current flight

Temporary Entities

1.
2.

FLT - flight
TIEUP
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Attributes of Temporary Entities

1.
2.
3.
4,

Sets

[

TYPE(FLT) - aircraft type

TIN(FLT) - first time FLT can cross outer marker or leave its gate
TMIN(TIEUP) - beginning of tieup interval

TMAX(TIEUP) - end of tieup interval

Q(RW,0) - landing and takeoff queues

OMTI(RW) - tieups in force at the outer marker
THTI(RW) - tieups in force at the runway threshold
ERTI(RW) - tieups in force at the end of the runway
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APPENDIX D

REVISED INPUT FORMATS

D.1 Revised Preprocessor Input Formats

Card Column No. Decimal FORTRAN
No. Nos. Variable Places Format
1 1 7 TBEG - beginning of 2 F7.2
simulation
8 14 TEND - end of simulation 2 F7.2
2 1 18 INPUT (1 - 6), 3 columns - 6A3
19 print indicator - Il
(0 = throughput,
1 = both delay and
throughput)
20 31 random number seed - 012
GROUP 1
one per 1 3 number of type ( < 10) 0 13
type
4 10 aver. landing speed (knots) 2 F7.2
11 17 aver. takeoff speed (knots) 2 F7.2
18 24 aver. runway occupancy 2 F7.2
time - landing - (seconds)
25 31 aver. runway occupancy 2 F7.2
time - takeoff - (seconds)
ffeypes + 1 end-of-file
fftypes + 2 1 7 aver. turn-off speed, 2 F7.2

all types
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Card Column No. Decimal TﬁfFORTRAN
No. Nos. Variable Places Format
GROUP II
1 6 per decimal fraction of take- 4 12F6.4
type "7 m_t¢ of each type
2 same dec. frac. of landing mix 4 12F6.4
of each type
GROUP III
1,2 6 wer ~€ ~lanes taking 1 12F6 L
ho. - ! o1
3,4 same # . =2s 1 - 1 per 1 12F¢ .
k r
« gp T
1 1 -7 required separation 2 F7.2
between an arrival and
a departure (naut. mi.)
2 t° >ugh T per = wired separaticn 2 10F7.2
NTY > TYP type betweer landing
10 pair aircraft (naut. mi)
) @xt 7 per required separation 2 10F7.2
. 4 r oe between takeoffs on
o pair the same runway (min.)
Coa 7 per requ. red separation 2 10F7.2
NTYPx! .YP type t :ween takeoffs on
0 pair different runways (min.)
UP V
e e 1 - 2 . =2t of runways 0 12
woay (Lt - 9
3 - 6 heading of runway 0 14
7 - 8 left/right designation - A2
9 - 12 policy to be used 0 14

by this runway
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Caxd Column No. Decimal FORTRAN
No. Nos. Variable Places Format
13 - 19 distance to outer marker 2 F7.2
(naut. miles)
frwtl end-of-file
two per 1 - 3 policy number 0 I3
policy
4 - 6 operation code: l-takeoffs 0 I3
only, 2-landings only,
3-both, alternating
4-both, landings preferred
5-both, sequence provided
6-both, sequence provided
for several runways
7- 9 number of operations 0 I3
in sequence
3 per operation sequence 0 2013
operation
in sequence
(second card|1l - 3 policy number 0 I3
of policy
pair)
4 - 9 blank
3 per runway on which operation 0 2013
operation is to occur
in sequence
2*policies end-of-file
+1
one per 7 per time, In minutes, for 2 10F7.2
runway type each type to fly from
handoff to outer marker
one per 1 - 2 first runway number 0 12
inter-
section
3~ 4 second runway number 0 I2
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Card Column No. Decimal | FORTRAN
Nos. Nos. Variable Places Format
5~ 12 distance from end of 0 F8.0
first RW to intersection
(feet)
13 - 20 distance from end of C F8.0
second RW to inter-
section (feet)
fiinter- end-of-file
sections +]
one per 1 - 2 first runway 0 12
inter-
ference
3 - 4 second runway 0 I2
5 - 6 interference code: 0 12
1 - simultaneous
departures
are permitted, given
divergence, but arr/arr
is prohibited, 2 - all
simultaneous operations
prohibited.
# inter-
ferences +1 end-of-file
GROUP VI
one per 6 per decimal fraction of all 4 12F6.4
type runway takeoffs of type which use

each runway, followed by
decimal fraction of

all landings of type which
use each runway
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D.2 Revised Input Formats for Exogenous Events

D.2.1 FLIGHT GENERATION

CARD
NO. COLUMNS CONTAIN
1 3 the number 2
6 7 the hour the flight enters
the system
9 10 the minute of that hour
11 12 the second of that minute
13 14 1 if flight is a takeoff,
2 if a landing
15 16 the runway to be used by
this flight
17 18 the aircraft type for this

flight
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D.2.2 POLICY CHANGE

CARD
NO. COLUMNS CONTAIN
1 3 the number 3
6 - 7 the hour the policy change
is to be initiated
9 - 10 the minute of that hour
11 - 12 the second of that minute
for each 3 - 4 new policy number to be used
runway
5- 6 1 if the runway direction is
changed, 0 otherwise
for each 5 - 11 CRWYT
runway (4 decimal places)
and type
12 - 18 CRWYL
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APPENDIX E
PROGRAM LISTINGS

E.1 Listing of the Preprocessor

THIG PROGRAM IS A PRFPROCESSOR WHICH RFANS YA THE NATA AMD

PUTS 1T IHNTN PROPFR FOPM FOP |SF BY THF STMIN ATION PROGRAM,

PARAMETFR KRWZ2(L K TYPZIN KSFNZ2N KOZ2 v KTPT=20,KNDX=20

INTFARER OPER(KNDX) o PRPT(KRW eV TPT) »y TPT(KRWeKTPT)

) SOOP(KMDX s KSEQ) s SORPWIKNMDX y KSFO)Y s RW(KRY) p TNDX (KRVI)

QEAL LAMRND(KO»24)

NIMEMGTON DOMIKRW) o HPT(KPW) Y FL YOMIKTYPyKRW) s VLANDIKTYPRP)Y yROTIIKTY)
1o VTOFF(KTYP) yROTTUKTYP) yPTYPF (KN KTYP) yPRWYT(KTYP :KRW) sl AST(WRW])}
2 PRWYLIKTYP s KRW) P NSOQOR (KRW) o DTINMT(UPW W PW) » THPUT(A) s TODMIN(KPW) ¢
TOEPP(KTYPIKTYR) s SFPTT(KTYPoKTYP) s INTFRIKRW yKPW) s CALIN(KPW) sFIL1INNY,
b THEAD(KRW) » ILRIKRW) s AF TN {(KDPW)

CIMPHSYNN SEPLL(KTYPWKTYP)

TIAFG, T} ARE TIMES OF AFGIMNINA AND FEND OF SIMULATION

FXAMPLES ADF 0,00 FOR MINNIGHT ANMD 17.30 FORP 5,30 P.M,

DEAN(R, TOS)TAF Gy TFMN

FORMAT (10F742)

KRITE (AR BNN) TREG, TEAN

TORVAT(TITHIS SIMUILATION RUNE FROMIFA 29" TO'FRH2///)

THEGZATMT(TANG) + (THEG=ATMT(TREN) ) /60,

TENNZATIT{TFUDY+{TFID=AIMNT(TFHND) Y /60,

IF (TPTRA.6T«N¢) GO TO 1

TIF AZTOERE2Y,

TEMOSTI N+ 24,

IF (TEO G LT GTRFG)Y TENMNDZTENN4D4,

TWFCZTAFG=1,

THOURZ s INFEGY24) +1

THZTFMO)=TEF G4+ ,99

n=-1

TE (MU TLa4) GO TO 2

11=)

JJd=2uy

50 TG 4

TI=TH0 IR

[FONZT1N=4 1

JUSENO(TFRMD 24 ) +1

IF (JJLTL.T1T)Y mMO=JJ

INPUT(T) = LFAVE HBHLAMK TF TTH DATA AGRAP WITL RF SUPPLTIFN RY USFR

ANYTHING FLGF WTILL CAUGF PPOGRAM TN SLIPPLY STAMNARD NATHA

GATA GPNTIPS ARPE = 1) NUMRER AND NESCRIPTTINN NF ATRCPAFT TYPES

2) MIX OF AJRCRAFT TYFFS
Iy LANDOINA A0D TAKFOFF RATES, 1Y HOUP
HY QFPARATYINE DPEFRIITRFMINTC
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i i AT J K

)'"Jll(T)OQOTT(T)'Tzlix)/
"QO.'Qﬂ."?o'120-"2”.'500'3?1/
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OO OO OO0 G

OO DO,

31

DO MDY O

)

¢

T DY v Oy

-

710 EOPNIAT(1I2F6,4)
16 CONTINUFE
O 25 I=z1»2
NG 20 JZ22MNTYPF
20 PTYPE(T v J)ZPTYPF (T o U=1)4PTYPF(T14,))
IFCINTU(PTYPFLTI»MNTYPE )+, NI F1N0,.) NELIDMWRTITE(AReAND) T
00 FORMAT (Y WARMIMNG = PRONMANILITIES OF ALL TYPFS EOR ORPFRATION®» ]2
1Y (1=LAMDINGY 2=TAKFOFF) UO NOT SUM TQ ONF )
P25 COMTIMIF

AR T e T S YRR,
»* IMPUT DATA GROUP 3 *
S 23 T3 3333332233253 7%

AMRDA(1» T) = AVFRAGE MNUMARER OF TAKFNAFFS NHRTRE TTH PIONIR AF THE NAY
LAMRND (2, 1) = SANT FOR LLANMDTINGS
A0 IF(THPLITIR) o500, ! Y)G0 TO XS
ST INARY BEDALTURE ANMD ARRIVAL RATEFS ARFE 200 AMD 1NN PFR HOUIP
AFSPECTIVELY (FOR USF TN CAPACTTY PIINS)
) 1 T=1e 24
LA (1,1)=21./200.
LANDOD D, )T, /100,
ConT I
~OOTO un
36 TR i T, NN T 27
OO0 T,
EAD (S, 7220 (L AME DT o D) » JTITH 000
7o0 FORCATIIPEALY)
N ‘(,) ]:1 ';\”
TFUA (T ) F Y00 TO XY
LA (T s J) S o /LAMID (T )
() Ty R
ThU LA S (T ) =000
L CORT TR
S ToonN
1700 R0 T2
CEANIS, 70 CLAMPD T » JY » JZIHNUR 20 » () AMRND (T 5 )Y p JZT1 9N
LS T VAR - R B2 R
IFQ A= (Ter ) LT W0} E0 T A
LAMEE UT )L /LAMBEN (T J)
S TO g2
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X2 XA RAS2E TS 22
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APPENDIX F

PROCESSING THE LGA TRAFFIC INPUT DATA
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CA ER data and NE in the schedule data,

CATER and DD in the other, and Cats ...l Al
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Figure F.l records
. 21.-encies and mismatches which were for -

All times
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. reconciling the two data sets were er coun-
T e sche.. e data, being computer output, had a
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‘2. In addition, ai‘'.ine identit.ers f¢ .
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FIGURE F.1

Inconsistencies in Two Data Sources

VOECJLED TRAFFEIC T1PUT DATA ARE STARRFED

¥ K 130n " x
#OCK 1655 A
* . pCw 1430 n 1
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_ 1335 1320 N 3(2) 13
I § w22 1400 0 SRS 13

SrHEDULE:: OPERATIONG REA) OF wHICH 30 WERE NOT MATCHFD
*\T, OPLRATIONS OF »HICH 13 wERF NOT MATCHFD
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.. conslstencies in Two Data Sources (Cont'd)
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i+ other difference between the two sets concerns the designation
« Eastern Air Shuttle flights. Each such flight appeared in the

o2 .e data once with the symbol < as the final character in the ID.
:ars in the CATER data as many times as there were sections of the
‘> . . There were different numbering schemes in use for the shuttle

In the two data bases, which required further hand reconciliation.

L. r. trese discrepancies were identified and standard formats decided

Jng the two-letter airline code from the schedule data and a
sgit, right-justified numeric flight code. Additional sections

f the air shuttle were included as scheduled when they actually occurred.

fe Jg shuttle numbering schemes were eliminated by an arbitrary choice

- F -+ coherent scheme. The result of these efforts is the list of 702
flights in Figure F.2.

'
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FIGURE F.2
LGA Scheduled Flights Input to DELCAP

L~ . ED FLIGHT OQUTPUT
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