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ANALYTICAL AND SIMULATION STUDIES
OF SEVERAL RADAR-VECTORING PROCEDURES
IN THE WASHINGTON, D C , TERMINAL AREA

FOREWORD

The Air Navigation Development Board (ANDB) was established by the Departments of
Defense and Commerce 1n 1948 to carry out a unified development program aimed at meeting
the stated operational requirements of the cornmon military/civil air navigation and traffic
control systemn This project, sponsored and financed by the ANDB, 15 a part of that program
The ANDB 1s located within the administrative framework of the Civil Aeronautics Admin-
1stration for housekeeping purposes only Persons desiring to commumecate with ANDB should
address the Executive Secretary, Air Navigation Development Board, Civil Aeronautics
Admunmistration, W-9, Washington 25, D C

SUMMARY

This report summmarizes the comparative evaluations of three promising trafiic control
configurations for the Washington National Airport terminal area, which 1s approximately 40
miles 1n diameter This 40-mile diameter represents the expected surveillance-radar cover-
age Each of the three configurations, identified as phases 2, 6, and 7, uses within this 40-mile
area two essentially independent control sectors {East and West), twin stacks to feed the ap-
proach gate, and radar-vectoring techniques The three phases differed only in layout of
facilities, 1n twin stacks, 1n clearance limits, and 1n procedures A further description of these
factors 15 given in Appendix A

These three phases were analyzed comparatively by the use of three simulative screening
techmques 1deal, graphical space-time (s-T)}, and dynamic simulation using the TDEC dynamac
simulator Agreement in trends and i1n the order of magmtude of delays between these three
methods for the three phases are shown to be very good The correlation coefficient between
the average delays per 15-minute period of the graphical and of the dynamic simulation 15 0 98
This means that (0 98)2, or 96 per cent of the variation 1n delays between one 15-minute period
and the next on the TDEC dynamic simulator can be conclusively predicted from the graphical-
sirmulation results A statistical analysis of the aircraft delays shows, however, that there 1s
hittle sigmficant difference between phases This analysis included the powerful analysis=-of=
variance test The simple and straightforward radar-vectoring procedures permait the random,
high traffic rates which are employed to be handled 1n the terminal area with a relatively low
work load and with a mimmum of delays, and hittle {low control en route had to be exercised If
the radars are reliable, any reasonable twin-stack system of radar-vectoring control can handle
peak instrument-flight-rule (IFR) arrival and departure traffic on a single properly designed
runway at a rate of about 50 operations per hour Use of intersecting runways would increase
this rate to about 60 to 70 operations per hour

Three random-traffic samples of 2 1/2 to 3 hours in duration were used They are based
on a recent traffic survey at Washington National Airport and are considered to be typical of
anticipated peak arrival and departure traffic, including aircraft type distributions and rates
anticipated for three to five years hence

On the basis of available IFR data on the random spreads of the approach speeds and on
the runway performances of different aircraft, it was evident that the use of a standard three-
mile radar separation and the use of the present layout of Washington National Airport instru-
ment runway No 36 without some degree of speed contrel would result in an intolerably high
percentage of wave-offs Accordingly, analytical means were used to determine the optimum
combination of cuter-marker separations and runway-exit modifications which would be consis=
tent with the maximum acceptance rate and traffic This was done for a 1 per cent maximum
probability of wave-offs on either the glide slope or the runway The results showed that without
some small degree of speed control, nonuniform {called optimum) mimimum separations aver-
aging about four miles for each sequence of arrivals at the outer marker would be desirable
Use of these optimmum separations produces a theoretical maximum acceptance rate of about
36 arrivals per hour, an average interval of 1 minute 40 seconds between successive approaches
The resulis showed further the urpent need for a high-speed turnoff located at 3400 feet from the
threshold to runway 36 to serve landing traffic 1n either direction



INTRODUCTION

Previous work 1,2 by The Franklin Institute Laboratories (FIL) and by the Techmical
Development and Evaluation Center of the Civil Aeronautics Adminmistration 3>*4has demon-
strated that sirnulation 1s a safe, accessible, and 1nexpensave tool for conducting experiments
in air traffic contrel, which experiments 1nvolve controlled flights of groups of aircraft and
also involve the operation of exasting or of proposed equipment An appreciation of the scale
of the simulation tests conducted i1n the evaluations described herein may be gleaned from the
fact that, in pust the 54 runs on the dynamic simulator at TDEC, over 5000 simulated flights
were flown through the various systems Like any other tool, however, simulation 15 what 1ts
user makes 1t Properly applied, 1t can be a powerful aid to the skillful worker Improperly
applied, 1t can result 1n meaningless or even erroneous conclusions It has been shown that
analytical and simplified simulation techmques such as the FIL graphical methods (see Ap-
pendix C of this report) are extremely useful and relatively inexpensive means of evaluating
and screening on a preliminary basis the many situations, samples, procedures, ranges of
variables, and other factors to be investigated However, since 1t 15 believed that future =ir
traffic control systems will include human beings momtored by machines or vice versa, 1t1s
umportant that means be employed for realistically representing the rather complex response
of the human to his particular situation The response and the duties of the human 1n air traf-
fic control are mainly functional, attempts to represent him statistically, as a timme delay with
a normal distribution of delay times about a measured average, for example, are usually weak
and unrealisfic 5

The TDEC dynamic simulator™ 1s more expensive and more complex fo operate than the
graphical simulator However, it has a distinct advantage over the graphical simulator in that
the human element 1s introduced into both the air and the ground portions of the simulated sys-
tern This 15 done by putting human beings 1nto the system (controllers for controllers and
console operators for pilots), giving them proper operational stimuli and equipment, furmsh-
ing thern with a realistic form of operational tools for their response, and conducting the ex-
periments as they might actually occur on a one-to-one time basis It must be realized,
however, that a small nurmnber of human beings used 1n a limited number of situations and ex-
periments does not completely represent the population from which the eventual systern
operators will be drawn Consequently, care must be taken 1n properly designing the
experiments

The Air Navigation Development Board established at TDEC Project 6 7, the simulation
and evaluation of air traffic control Because of the importance of properly designing, con-
ducting, and analyzing the simulation experiments 1t was realized that there were many traffic
samples, situations, procedures, and rules requiring a preliminary screenng, a relatively
expensive and time-consuming investigation if performed with the TDEC dynamic symulator
Under Contract No Cl3ca-412 with TDEC, the FIL performed a co-ordinated prograrm 1n
which the capabilities of both simulators, the FIL graphical and the TDEC dynamic, were 1n-
tegrated into a logical concerted effort The work performed under this contract was con-
cerned with preliminary evaluations of proposed radar-vectoring techniques at Washington
National Airport (WNA), with analysis of the optimum rules for maximum traffic flow and for
airport acceptance rates, and with design of the assoclated experiments This 1s allied with
the general evaluation reguirements of ANDB Project 6 7, which specifies a simulation pro-

gram for deterrmiming

lSarnuel M Berkowitz, "Analysis of a Fixed-Block Terrminal Area Air Traffic Control
Systemn,' Franklin Institute Laboratories Report No F-2164-2, May 1951

2'Samu.el M Berkowitz and Ruth R Doering, "Comparative Analysis of Terminal Area
Air Traffic Control Systems — A Fixed Block System and a Moving Block System," Franklin
Institute Laboratories Report No F=-2256, October 1951

3R1 chard E Baker, Arthur L. Grant, and Tirey K Vickers, '"Development of a Dynamic
Air Traffic Control Simulator," CAA Techmcal Development Report No 191, October 1953

4 € M Anderson and T K Vickers, "Application of Simulation Techrniques 1n the Study
of Terminal-Area Traffic Control Problems,'" CAA Technical Development Report No 19

November,1953

5
Baker, Grant, and Vickers, op 23



"1 11 The factors which influence the acceptance rate of a terminal area

1 12 The quantitative effect of each of these factors and different combinations of
these factors on the acceptance rate 'Factors'in the above means both the
physical environment {aircraft characteristics, airport characteristics,
demand rates, etc ) and operating environment "

The more specific problems {mainly operational on control functions, work loads, controller
aids, and so forth} of ANDB Project 6 7 are described in a related Technical Development
report

The preliminary investigations of the working period of this contract have demonstrated
that this co-ordinated effort and, as such, the order of the screening steps yield a proper
perspective to the logical use of simulation 1n the evaluation of air traffic control Further-
more, the work conducted to date 1s considered to be primanly of a preliminary-calibration
nature and to have laid 1n it a firm foundation for further and more conclusive study of many
other promising fundamental systems and procedures, both en route and terminal-area

CBJECTIVES

As a part of one of a series of related studies imtrated by the ANDB to provide basic
information for planming a Common System of Air Navigation and Traffic Control, this
investigation was performed under Contract C13ca-412 with TDEC This contract states

"Purpose

The general purpose of this coniract 15 to formulate and perform a co-ordinated
program 1n which the capabilities of the FIL graphical-sirmulation techmaques for
analyzing pertinent air traffic contrel situations are co-ordinated with the cor-
responding capabilities and experience gained from the TDEC dynamic simulator

The Franklin Institute shall undertake the following three tasks
Task |

Formulate a detailed program within the broad framework and objectives of the
TDEC program for simulation and evaluation of air traffic control (ANDB Pro-
Ject 6 7) for the purpose of evaluating immediate improvements that can be made
in airport acceptance rates, at an airport such as Washington National, through
the use of new control techniques and methodology applied to existing traffic
control aids

Task 2

Perform the symulative analyses as recommended by Task 1, utilizaing the graph-
ical technique and including as inputs several combinations of acceptance rates,
arrival rates and distributions The results will be used as the yardstick for
determiming the ultimate that could be achieved under 1deal (ultimate) conditions
and will also be used as the basis for recommending the follow-up 1investigations
to be conducted as the next step on the TDEC dynamic simulator

Task 3

Provide engineering services and recommendations to TDEC on ANDB Project 6 7
concerning

a Establishment of the sirulation experiments, especially as to theoretical and
statistical problems

6Ib1d



''b Measurements (and conduct) during the simulation experiments

Analysis and interpretation of the results

d Improvements in the operational performance and capabilities of the dynarmic
simulator !

0o

ROLE AND INTERPRETATION OF ANALYSIS, SIMULATION, AND STATISTICS

In air traffic control and navigation, 1t fakes about 5 to 10 years from the conception of
an 1dea or of a piece of equipment until 1ts final adoption and operational use How best to
shorten and bridge this gap and how best to integrate new 1deas and equipment without their
usual inherent disadvantages 1nto the rapidly changing requirements warrant more thancasual
study and top-level commuttee decisions The manner 1n which ultimate goals 1n complex
systems can be approached most efficiently can be derived from so-called '"systems analysis"
in which simulators and properly applied statistical and mathematical techniques are useful
aids

To yield the proper perspective while always considering the purposes intended, a
systems study should include the fellowing steps

1 Description of system i1nputs (trafﬁc samples, rates, population, and such factors)
Preliminary design

Component analysis and operational data

System analysis

System simulation

Amnalysis of results and modifications toward an optimum system by repeating steps 2
through 5 1if found desirable

Step 1, the statement of system 1nputs 1s worth more thought than most designers and
planners assign to 1t Certainly the resulis are no more valid than the input Too often a
systemn finally selected operates best only for inputs which rarely or perhaps never occur in
practice Several questions arise, therefore

o W

1 What are the relative merits of simulating air-traffic problems with traffic samples
adjusted to conform to a normal cycle of peak traffic rates, as compared with the
method of running through several separate problems at various constant average
arrival rates {as 15 done 1n delay theory)?

2 1f a number of peak-traffic samples are chosen by using different parts of a random-
nurmnber table for each day, how many samples would be required and how would the
results of the analysis vary for different days? In other words, are one-, two-, or
three-day peak random samples so small statistically that they cause a large variation
in day-to-day results?

3 If the one-day peak sample 15 the preferable input, 1s 1t possible to pick a particular
random day out of a large number of days and to use only this day to study the effects
of varying the significant parameters of the systems? If so, what 15 the most desirable
means for picking the standard sample day? Furthermore, what precautions should be
taken 1f this method 1s adopted?

Unless reasonable answers to the above questions can be found, the validity of the simu-
lation results will be doubtful Traffic-sample inputs should be Tepresentative enocugh, large
enough, and numerous enough statistically but should be consistent with the conditions and with
the situations to be evaluated i1n order to ensure that the results will not be influenced by the
samples chosen Thus, there will be obtained reasonably reliable measures of the parameters
being evaluated and not merely the variable characteristics of the iraffic samples chosen

There are many peculiar circumstances and interrelated variables in this business of
air traffic control In view of the preliminary state of the art of symulation of air traffic, the
experiences of others in somewhat parallel analyses of telephone traffic problems were
examined, and the best answers to the foregoing questions appeared to be

1 "'nless the response to a transient of a traffic-control system under study 1s known
beforehand, it will be better to conduct first a number of runs using the one-day
peak=cycle inputs Further, 1t 15 not safe to assume that the response from one
step will settie down before the next step i1s applied, particularly during the more
important periods near the traffic peak Under these conditions, 1t would be risky to
atternpt to draw conclusions from the steady-state response to several average
arrival rates



2 A one-day peak sample picked at random probably 1s not large enough to obtain
results completely suitable for the design of a traffic-control system or for a
conclusive evaluation of various rules or other systems It appears that it wall
be necessary to run through a number of daily peaks with other randomly se-
lected distributions of entry intervals, sequences of intervals, and sequences of
aircraft types It will then be possible to assess the sigmficance that can he
attached to the resulis for any single day

3 However, for rough qualitative comparisons of traffic-conirol systems or for
first roupgh approximations of the effects of varying certain parameters, 1t 1s
probably satisfactory to pick a particular typical day and to use 1t as a con-
stant input For the actual design of a system, 1t was felf desirable to run
through a number of days and to get at least a rough 1dea of the distribution of
the ymportant evaluation characteristics as they vary from day to day

This corresponds to the method the Bell Telephone Laboratories uses 1n sirulating and
in validating telephone traffic problems In their case, they are not nearly so much concerned
with the frans:ent nature of the daily cycle, even for a short period of peak loading, the tran-
sient response settles down rather quickly, and the system assurnes statistically a new steady
state However, they do not consider 1t satisfactory to cbtain one figure for average delays or
for any other pertinent characteristic at a certain loading by extending the time interval so
that the result becomes independent of further extension Rather, they take a number of short
intervals and derive the distribution of average delays for intervals of the chosen duration
The design for the system i1s based on some arbitrary point on this distribution curve

It was felt that, for any one step in the daily cycle of air traffic, the day-to-day samples
for that step would correspond to the short intervals which are studied by the Bell Telephone
Laboratories Thus, it was recommended that a number of transient peak periods sufficient
to obtain a fairly smooth distribution of the day~to-day results be analyzed For rough com-
parative studies of other systems, 1t will probably be satisfactory to pick a particular day's peak
from these results and to use 1t as a constant input Later, 1f 1t 15 desired to study the effect
of desi1gn refinements or of different rules of a particular traffic-control system, 1t would be
preferable to use enough different days to show again the distribution of each of the important
charactenistics

Accordingly, three typical random-traffic samples, representative of anticipated peak
3-hour traffic at Washington National Airport several vyears hence, were selected In
order to approach the variability in actual practice of the pilots and controllers in complex
situations and 1in order to average out these variations for comparative purposes, each of the
three traffic samples was run three times i1n the TDEC dynamic simulator The experiments
were controlled to insure that the 1inputs were i1dentical 1n the repeat runs Controllers and
airplane-console operators were rotated from phase to phase and from run to run in order to
eliminate learning and thus to be more representative

Step 2, preliminary design, requires little discussion except to state that experienced
working-level personnel should have an important role in the setting up of the many problems
This step wll glean from their knowledge rational procedures and reasonably valid simphiying
assumptions

Step 3, component analysis and operational data, lopically comes next The tools here
are mainly mathematical Rough comparative measures of performance, the output, are then
obtained by re-examining the imitial preliminary simphfying assumptions, the input Too
often 1n the course of analysis, sufficient operational data are laclang While 1t 15 very
worthwhile to draw on the knowledge of others, an experimental or operational research
program may be required

Step 4, system analysis, follows Here analyhcal and statistical means or sumple
analogous solutions can be used to eliminate obviously poor system sethps and to indicate
regions 1n which further investigation would be desirable

With all this done, the system must be tried and the degree of correlation between
reality and the analytical and analogous-solution techniques established This 1s necessary in
establishing a calibration factor which will be useful in extending and extrapolating the results
to other situations and 1n gaiming a further insight into rational methods for integrating new
1deas and systems into the over-all scheme of things to come These fairm foundations are es-
sential for further and more conclusive studies of the many proposed systems, procedures,
and facilihies 1n air traffic control

Step 5 TFor reasons of safety and economy, no complex operating system should be
built, tried, and discarded Here 15 where simulation 15 advantageous The system and all 1ts



attendant variables can be tried at a large reduction 1h time and cost over other methods On
the other hand, there 1s no final substitute for the construction and testing of the actual sys-
tem That system which 1s finally selected from the many others 1s tested under conditions
as they actually are or as they will occur This 15 the end result which must be further eval-
uated to yi1eld the degree of validity of the prior steps to lay the firm foundation for other
evaluations

In summary, 1t can be said that simulation permits the cut-and-try examination of the
mathematical representation of a system In the selection of a simulation techmque, logical
assessment of other means of evaluation should also be considered and should always take
into account the purposes intended For some cases which appear to be complex but which
are really relatively simple when their fundamentals are studied, analysis and experience can
be meaningful and even conclusive When growing complications in the form of nonlinearities,
discontinmities, large numbers of interrelated variables, and human beings are somewhere 1n
the system. analytical and statistical techmques can produce only tedious though inexpensive
rough apprommations It 1s not intended to imply, however, that analytical and statistical
methods serve no useful purpose On the contrary, such methods are exiremely useful and
sometimes vital in exploring the many situations, conditions, and variables to be studied by
simulation, provided their degree of validity and of correlation with reality 1s known In pro-
portion to the realism of the simulation, the simulator can then further evaluate those i1tems
previously screened It can also provide the data for determining the interrelated contributions
of the many variables, including the human

With reference to comparative validity and realism, 1t 1s often necessary to put real
human beings 1nto the system being simulated Several levels of realism must be distin-
guished For those systems in which decision-making 15 the hurnan's function, 1t may be sat-
1isfactory to represent his response by a time delay However, 1t 15 1llogical for the analyst to
anticipate what a controller maght do 1n particular complex situations that require snap judge-
ment On the other hand, the response of a pilot to a voiced 1nstruction involves some delay
In this case, then, a normal distribution of delay times about a measured average may be
adequate However, if the pilots’ and controllers' responses are functional as they usually
are, the problem becomes difficult, and attempts to represent them statistically are usually
weak and unrealistic

This requires putting the human into the simulated system, giving him the proper oper-
ational stirmuli, and furmishing him with operational controls for his response Unfortunately, a
few human beings 1n a limited number of situations and experiments do not represent com-~
pletely the population from which the eventual system operators will be drawn or the condi-
tions which may be encountered Here 15 a problem in the logical design of the experiments
and in the interpretation of the results for both the human enpgineer and the statistician

The preliminary joint FIL-TDEC simulation program follows this proper order of de-
sign and screemng steps The results indicate that a firm foundation and perspective are being
laid for more extensive simulation work on some of the more fundamental aspects of air
traffic control, as described 1n the following sections of this report

CONDITIONS STUDIED AND METHODS OF EVALUATION

Construction of Traffic Samples
Three random traffic samples of arrival and departure aircraft were employed 1n the

analysis The characteristu:,? of these samples were based on a recent survey of traffic at
Washington National Airport, ' wath the traffic arbitrarily increased by 15 per cent to account
for increased aircraft operations with no jets included for a few years hence Peak periods
of three typical hours were selected so that two dynarmic-simulator runs could be completed
in an B-hour working day The typical 3-hour peak period included sufficient aircraft to make
the comparative results conclusive Each 3-hour-period sample consisted of 73 arrival and
68 departure aircraft

The characteristics for the three random samples of arrival aircraft are gaven in Tables

I, II, and III

?Samuel M Berkowitz and Shirley D Gahuse, "Preliminary Survey of Traffic at Wash-
ington National Airport,” Franklin Institute Laboratories Working Paper No 1 of Project
2269-1 (Unpublished), October 1951



TABLE I

DISTRIBUTION OF ARRIVALS ACCORDING TO SPEED CLASS AND ENTRY ROUTE

Entry Route (See Fig 1) Number of Aircraft and Speed Type

Slow (5) Medium (M) Fast (F) Total
A (Lisbon to Riverdale) 6 & 5 17
B (Belisville to Riverdale) 5 7 4 16
C (Dover to Andrews) 5 2 2 9
E (Doncaster to Mt Vernon) 5 4 2 11
F (Elluns to Springfield) 3 2 1 6
G (Arcola to Springfield) 7 3 4 14
TOTALS 31 24 18 73

TABLE 11

DISTRIBUTION OF ARRIVALS
ACCORDING TO SPEED CLASS AND TYPE OF OPERATION

Type of Number of Aircraft and Speed Type
Operation
S M F T otal
Scheduled 14 18 15 47
Civil-Itinerant 7 4 1 12
Military 10 2 2 14
TOQTALS 31 24 18 73
TABLE III

ARRIVAL RATES PER HALF-HOUR PERIOD

*Includaing 14 military

Half-Hour Total Number of Arrivals
Period

Oto1/2 7

1/2t0 1 11

lto11/2 15

11/2t02 20

2to21/2 12

21/2t03 8

TOTAL FOR 3 HOURS 73k

A lhisting of the three random samples of arrival aircraft 15 given 1n Appendix B, show-
ing for each aircraft the time of arrival at Gy (any point of entry to the terminalarea and 20
flying miles from the outer marker), the speed class (Slow = §, Medium = M, or Fast = F),
the route on which it enters, and whether or not 1t 1s a malitary aircraft (hereafter described
as 'type') DC-3%, C-46, and twin-Beech classes are considered to be slow aircraft, DC-4,
Martin, and Convair aircraft ar'medxums, fast include Constellations, DC-6's, and

Stratocruisers
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Fig 1 Terminal Area, Entry Airways, and Routes to Quter Marker
for Washington National Airport

On the basis of the half-hourly arrival rates shown in Table III, the random times of ar-
rival at G were determined by use of the Poisson formula, with exponential distribution and
random sequencing of the time 1ntervals This mﬁtsoflohff been well validated in surveys con-
ducted 1n the past by FIL and other invesfigators “'"*" " For large numbers of aircraft, the
probability Pp{m) that 1, 2, 3, or n aircraft will appear 1n a given interval 1s given by the
Poisson formula-

P_(m) = (m%™) )

n
Where
m = average number of aircraft arriving during the interval,
n = any number from zero to infimty,
P = probahility,
e = exponential

If over a sufficiently long period of time the average rate of arrivals is m, the probability
of one arriving between time t and t + dt 18 mdt The probability of no aircraft arriving in a
time t1s e™™* If an aircraft arrives at time t = 0, the probability of the next one arriving
between time t and t + dt is

mt

P =me  dt, (2)

]ibid

Ntna

10]E: G Bowen and T Pearcey, "Delays in the Flow of Air Traffic," Journal of the Royal
Aeronautical Society, April 1948

11D E. Olshevsky, "Airport Time Utilization Equipmegt, Phase 1 — Systems Engineering
Study,' Cornell Aeronautical Laboratories Report No JA-627-P=1, March 1950



Where

P = the probability of an interval of t seconds ( t = 10, 30, 50, seconds) between
aircraft arriving at GO'

dt

the differential of tirne,

the number of aircraft arriving during the period, divided by the length of the period (here
the length of the period is 1800 seconds, 30 minutes)

m

Equation (2) produces a plot of the frequency of occurrence of intervals between successive
arrivals, and the plot 15 exponential in form This means the most probable intervals are small
ones, and there 15 a tendency for random arrivals to appear 1n pairs or 1n groups more often
than expected

Once the probabilities of the possible intervals were computed from Equation (2}, the
random sequence 1n which these intervals occur was deterrmined by using Tippetts’' Tables of
Random Numbers 1¢ When this sequence was determined, the time an aircraft arrived at G0
was found

The other characteristics of speed class, route, and type were assigned by again using
Tippetts' Takles of Random Numbers, the probability of occurrence here being merely the
percentage of cases having the desired characteristics These percentages were based on the
data given in Tables I and II The speed class and the route were assigned first, in one opera-
fion, then the type was assigned in three steps, first to the slow aircraft, then to the medium
aircraft, and finally to the fast aijrcraft

A listing of the three samples of departing aircraft 15 also given in Appendix B The
over-all characteristics of these samples, also based on the traffic survey made at the Wash-
ington National Airport and arbitrarily increased by 15 per cent, are shown in Table IV

TABLE LV

DEPARTURE RATES PER HALF-HQOUR PERIOD

Period of Total Number of Departures
Operation

{hour)
0tol/2 5 {including 1 military)
1/2tol 8 (including 1 military)
lto11/2 11 (including 2 rmlitary)
11/2to0 2 14 (including 3 military)
2io0 21/2 17 {including 4 mailitary)
21/2t03 13 (including 2 malitary
3to31/2 8 (including 2 military

The extra half-hour period of departures 15 given to unload the system, since arrival aircraft
of the third hour might well be delayed into the fourth hour The i1ntervals between departing
aircraft were drawn from the Poisson distribution, using the data given in Table IV, in the same
manner as were the intervals between arrival aircraft The type was assigned randomly
according to the percentage of military and nonmilitary types shown

After a number of trial runs were made at TDEC, 1t was decided to eliminate the first
half hour It was found that the elapsed tame for running three-hour samples (including briefing,
setup, and maintenance tarne) was such that 1t was extremely difficult to get in two runs per
8-hour work day without loss of continuity, and further, 1t was too fatiguing for the simulator
controllers and the aircraft-console operators It was also found that, since there are so few
aircraft 1n this period, the dropping of the first half hour had little or no effect on the over-all

12See the 1ntroduction to these tables for detailed instructions for their use
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results Accordingly, the traffic sarnples finally employed dropped the first half hour and
started with arrival No 8 and departure No &, a total 2 1/2-hour traffic sample which 1ncluded
66 arrivals and 63 departures, of which 53 are arrivals for Washington National Airport and 51
are departures from 1t The other operations were 1n or out of Bolling or Anacostia fields

Conditions Investigated and Traffic Rules

A Conditions Investigated

Imitially, 1t was planned to investigate the following twelve combinations of traffic
samples, wind conditions, and arrival and departure traffic

For Zero Wand For 20-MPH Headwaind.
1 Sample No 1, arrivals only 7 Sample No 1, arrivals only
2 Sample No 2,arrivals only B8 Sample No 2arrivals only
3 Sample No 3, arrivals only 9 Sample No 3, arrivals only
4 Sample No 1, arrivals and departures 10 Sample No 1, arrivals and departures
5 Sample No 2, arrivals and departures 11 Sample No 2, arrivals and departures
6 Sample No 3, arrivals and departures 12 Sample No 3, arrivals and departures

Because of delays in the construction of the apparatus needed to simulate a 20-mph headwind
and because of other higher priority work, the analysis of the 20-mph-headwind conditions on
the TDEC sirmulator was postponed beyond the term of this contract The results of the 1deal
analysis for all conditions are included later i1n this report

For the purposes of the 1deal analysis of the zero-wind conditions, it 15 immaterial what
routes, patterns, or rules other than the rule requiring specified outer-marker separations air-
craft follow For the 20-mph-headwind conditons, in addition to the cuter-marker separations
1t 15 only necessary to know what are the shortest paths on each of the Tgutes in order to
determine the length of time it takes to traverse these shortest routes

In the graphical-sirnulation analysis, however, 1t 1s necessary to know the routes and
patterns the aircraft follow and to have and follow rules which apply all the way from the 20-
mile point of entry to the terminal area G to the outer marker G; In this report, three traffic-
control configurations for the Washington National Airport terminal area are considered
These configurations, referred to as Phases 2, 6, and 7, are described 1n Appendix A, and the
particular rules which apply te each phase are included there

Graphically, each of the three phases for the Washington National Airport was analyzed for
each of the six afore-mentioned zero-wind conditions, making eighteen combinations Each of
these eighteen combinations was run three times (54 runs) with the TDEC simulator, and the
controllers and the console operators were rotated from run to run in order to eliminate some
of the variations due to the human factors

B Traffic Assumptions and Rules

These rules are based on available data applicable to these purposes and on certain ari-
trary sumplifying assumptions necessary for the meamingful comparative evaluations The
average true air speeds for the distance Gy to the runway and assumed for the three aircraft
speed classes are listed in Table V

TABLE V
AVERAGE TRUE AIR SPEEDS
Aircraft Averapge True Air Speeds
Speed 10-Mile E-Mile 5-Mile 5 3-Mile
Type Cruising Zone Intermediate Zone Approach Zone Final Approach
{mph) {mph) (mph) {mph)
¥ 290 220 150 150
M 240 190 140 140
S 180 150 120 120

Based on the average speeds shown in Table V, the undelayed tumnes to traverse the 20 fly-
ing miles from Gg to Gy 1n zero wind are for fast, 326 seconds, for medium, 373 seconds, and
for slow, 470 seconds

13;Fm' a description of the 1deal analysis, see Appendix C of this report
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With a 20-mph headwind on runway 36 and with the assumption that there 1s no drift due to
the cross=-wind components, the undelayed ttmes to traverse the 20 flying miles from G, to G
{outer marker) along each of the six designated Washington National Airport entry routes, Fig 1,
are presented i1n Table V]

All military operations will land or take off from either Bolling Field or Anacostia Naval
Aar Station It is presurned, therefore, that military arrivals will be controlled the same as
Washington National Airport cormnmercial arrivals until they pass the outer marker. They wall
then depart from the final-approach path and will no longer be accounted far Military
departures are ignored

TABLE VI
UNDELAYED FLYING TIMES FROM GU TO Gl
Aircraft Route A Route B Route C Route E Route F Route G
Type {seconds) (seconds) {seconds) (seconds) {seconds) (seconds)
F 306 308 336 356 326 319
M 346 346 384 411 374 364
s 427 427 485 531 471 454

The minimum ocuter-marker separations finally are prescribed and yield the maximum
theoretical acceptance rate for a minimum probability of wave-offs on the glide path (no more
than 1 per cent due to any traffic rules and no pilot errors as such) These are listed later in
Table XVIII and are hereinafter referred to as oplamum separations at the outer marker The
discussion of the derivation of these separations and the considerations leading to their a
acceptance are contained in a later section of this report

All operations are for Washington National Airport instrument runway 36

An arrival delay 15 defined as any additional time required to traverse the 20 flylng miles

from GO to G1 in conforming to the outer-marker separations or to any other rules specified

Traffic Rules, Single Runway

A In Zero Wind
1 For a Washington National Airport take~-off followed by a Washington National Airport
landing an average of 30 seconds 15 assumed for the time taken by a departure of any
type to (a) proceed from its ground checkout peint at 100 feet from the live runway, 1f
the ground pre-take-off check 1s completed, (b) reach the runway, (¢} line up, (d) stop,
{e) rev up, and (f) barely start rolling at the release of 1ts brakes This 30 seconds 15
called "Iine-up time "

The next landing aircraft should be no closer than approxumately 3 3/4 miles from
the threshold of the runway {that 1s, no more than approxmately 1 1/2 miles past the
outer marker) at the tume the preceding take-off aircraft Just starts 1ts 30-second
line-up This will ensure that in the worst possible case the next landing aircraft wall
be no closer than 2 1/2 rles from the runway at the time the take-off aircraft just
starts 1ts take-off roll (This conclusion is based on calculations using the average ap-
proach speeds with no speed control ) Thereiore, the next landing aircraft cannot be
past the outer marker by more than the number of seconds indicated 1n Table VII prior

to or after the 30-second line-up
TABLE VII

MINIMUM TIME SEPARATIONS FOR LANDING AIRCRAFT
WHEN INTERMIXED WITH TAKE-OFFS UNDER ZERO-WIND CONDITIONS

Aarcraft Time Past Quter Marker Time Past Outer Marker
Type Prior to 30-Second Line-Up at Time Take-Off Aircraft Starts Roll
(seconds) {seconds)
F 36 66
M 42 72
S 54 84

2 For a Washington National Airport take-off followed by a Washington National Airport
take-off, a minimum separation of 55 seconds at take-off clearance 1s required

3 For a Washington National Airport landing followed by a Washington National Aarport
take -off, the take-off aircraft cannot start its take-off roll until 60 seconds after the

preceding landing aircraft bas passed the runway threshold
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4 For a Washington National Airport take-off followed by a military arrival, the Washing-
ton National Airport take-off 15 clear to go at any time

5 For a Washington National Airport take-off followed by a military take-off, the Wash-
ington National Airport take-off 15 clear to go at any time

6 For any sequences involving rilitary take-offs and military arrivals (that 1s, a mali-
tary take-off followed by a military take-off, a military take-off followed by a rmlitary
arrival, and vice versa), neglect the military take-off

B Ina 20-mph Headwind

1 For a Washington National Airport take-off followed by a Washington National Airport
landing, the succeeding landing aircraft should be no closer than approximately 3 1/2
miles from the runway threshold at the time the preceding take-off aircraft starts 1ts
30-second line-up Therefore, prior to or after the 30-second line-up time, this suc-
ceeding landing aircraft cannot be past the outer marker by more than the number of
seconds shown in Table VIII

TABLE VIII

MINIMUM TIME SEPARATIONS FOR LANDING AIRCRAFT
WHEN INTERMIXED WITH TAKE-QOFFS DURING 20-MPH HEADWIND

Aarcraft Time Past Quter Marker Time Past Outer Marker
Type Prior to 30-Second Line-Up at Timme Take-0Off Aircraft Starts Roll
(seconds) (seconds)
F 49 79
M 53 83
S 71 101

2 For a Washington National Airport take-off followed by a Washington National Airport
take-off, a mumimum separation of 60 seconds at take-off clearance 1s required

3} For a Washington National Airport landing followed by a Washington National Airport
take-off, the take-off aircraft cannot start i1ts roll until 65 seconds after the preceding
landing aircraft has passed the runway threshold

4 For combinations of Washington National Airport and military arrivals and departures,
the procedures are the same as 1n rules 5 and 6 for Zero Wind

ANALYSIS OF PROBABLE GLIDE-SLOPE AND RUNWAY WAVE-OFFS

Method of Analysis

The method used in this analysis generally followed the method outlined by L R Philpott
1in ANDB Technical Memo No 314 and summarized as follows (1} all the aircraft in a sample
are divided 1into successive pairs, {(2) the time at which each aircraft reaches various locations
along the glide path and on the runway 1s computed, (3) the deterrmination of whether the second
aircraft of each pair 15 at a safe distance from the first or of whether 1t should be waved off 1s
made from the computations of step 2 Some modifications, considered to be less general and
accordingly more realistic, were made 1n the Philpott method These modifications include
(1) probable aircraft-performance variations gathered from available IFR operational data,
{2) the subjugation of certain variables to others, {3) the use of present mimmum separations
consistent with safety and with typical random traffic samples, (4) actual rather than 1dealized
glide-path and runway configurations for Washington National Airport, shown in Fig 2

Only those elements associated with the type of IFR traffic represented by the three traf-
fic samples, with the physical layout of the ghde path and the runway, with the previously de-
scribed rules, and with probable aircraft performance variations were considered in the analy-
s1s No attempt was made to take pilot errors into consideration, nor was any speed control
assumed All variations in speed were variations chosen at random from given distributions

The samples used were the 2 1/2-hour Washington National Airport traffic samples which
are discussed previously and are given in Appendix B The particular approach-gate (outer
marker Gj) arrival sequence and arrival times, along with pertinent departure times, were
obtained from the data of the i1deal analysis

The variables used in this analysis were presumed to follow a normal distribution, and
their sequence was selected at random In those cases where the distributions were not sym-
metrical about the rnean, those parts of the distribution on either side of the mean were con-
sidered normal All variables were considered to be independent of the particular randem

1‘I'L::L\ferne R Philpott, "The External Acceptance Rate of an Airport, An Analysis,” ANDB

Technical Memo No 3, June 22, 1351
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selection of the other variables with the exception of the touchdown point, the probability of
which was assumed to be a function of the touchdown speed These variables include the error
1 arrival time at the approach gate, Gj, the average approach speed from Gj to the wave-off
point, the touchdown speed, the touchdown point, and the deceleration rate on the runway

Data on the ghide-slope and runway performance distributions were obtained from pub-
lished and unpublished CAA stop-watch, photo-recorded, and National Advisory Commttee for
Aeronautics (NACA) type V-G~-H recorder data obtained under a wide variety of IFR conditions
at many busy airports, including Washington National Approach-speed data, for instance, were
based on V-G-H records of 1170 Martin 2-0-2's, 163 Convair-240's, 131 Douglas DC-6's, and
176 Boeing Stratocruisers Factual data on aircraft-landing and runway performances were ob-
tained from CAA raw data from the stop-watch records of 996 landings of all aircraft types
under both IFR and visual-flight-rule (VFR) conditions at Washington National, LaGuardia,
Chicago Midway, Willow Run, and Cleveland airports With the use of these data where appli-
cable, the random performance distributions used for the previously mentioned variables are
shown in Table IX The first number given 1s one extreme of the normal distributioh cut off at
one 0 01 probability level, the second 15 the mean, and the third number 1s the other extreme
cut off at the other 0 0] probability level (that 1s, the first and third numbers represent 2 1/2
standard deviations, 2 1/2 o, below and above the mean)

TFARLE IX
DISTRIRUTION OF PERFORMANCE VARIABLES
Alreraft | Error in 0 Wind 20-MPH Headwinpd

Tyre Time of Approach | Touchdown | Toushdovn Runvay Approach | Touchdown | Touchdown Runway
Arrival Ground Ground Foint Degeleration Oround Groupd Point Deceleration

st Gy Spaed Spmed {Punctioo Rate Sp=ed Speed (Function Rate

{neccndte) (mgh) (mph) (teet) (s*s) {mgh) (mph) {feet) (a's)

s -5 95 79 500 0 oko 75 59 500 0 oko

0 120 82 1000 0 165 100 &2 1000 0 145

5 1ks 88 2000 0 290 125 78 2000 D 290

M -5 110 92 500 a olo 90 12 500 0 0ko

o} 1Lo 95 1000 0 215 120 5 1000 0 215

5 170 102 2000 0 330 150 ] 2000 0 3%0

F -5 us 98 500 0 o710 99 78 500 0 a70

a 150 102 1000 0 235 130 g2 1000 0235

5 182 109 2000 0 Loo 162 83 2000 0 Loa

VA + ‘nm

The average ground speed fram Wave-off to touchdown is8 = 7 miles per hour

The Washington National Airport instrument-landing-system (ILS) glide-siope and runway
No 36 configuration are shown in Fig 2 The final-approach, landing, runway, and runway=-ext
sequences are broken down into seven stages

Stage 1 Approach gate G| to wave-off, variable
Stage 2 Wave-off to touchdown, variable
Stage 3 Touchdown to start of braking and reverse thrust, constant at five seconds for all
types and conditions
Stage 4 Start of braking to release of brakes at the particular tax1 speeds, variable
Stage 5 Taxl interval on the runway, dependent on runway exit available for the particular
exat speed
Stage 6 Process of leaving the runway,
Use constant 8 seconds for exit from GN and GN for all types
0 1
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Fig 2 7-Stage Breakdown of Approach to Runway 36 at Washington National Airport

Use constant 12 seconds for exmt from Gy, for all types
Use constant 5 seconds for emat from Gpy, and Gpg for all types
Use constant 10 seconds for exat from GN4 for all types

Stage 7 Report and observation of an aircraft clear of the active runway and 1ssuance of
clearance to the next operation, constant at 6 seconds for all exits and all aircraft

Rules Assumed for the Experiment
The following rules are pertinent to this analysis

a2 The wave=-off point 1s 1000 feet from the runway threshold and 2000 feet from normal
touchdown Overshoots up to 200 feet beyond the wave-off point will be permissible

b  Runway-exit overshoots up to 50 feet are permissible except 1n the cases of those air-
craft using the exats designated at GN3 and GNP- where 100=-foot overshoots are
permissible

¢ Runway exats are located as indicated in Table X, with maximum runway exit speeds as
shown

d Where a runway exit can be made where the maxmum runway-ext speed 18 5, 10, 15, or
20 mph, the minimum taxa speed 1s 20 mph for all types

¢ Where a runway exit can be made where the mazamum runway-exit speed is 30 mph, the
mimmurm taxa speed is 30 mph

f Aircraft with less than 2 1/2 mles of separation from the preceding aircraft on the ILS
glide slope will be waved off (glide-slope wave-off} Two and one-half miles 1s
approximately half the distance from the outer marker to the wave-off point

g€ Only one aircraft at a time is permitted to cccupy the block between the wave-off point
and the runway exit, including aircraft being observed or those reported clear of the
active runway A violation of this rule will probably result in a runway wave-off

h For analytical and computational purposeg, waved-off aircraft will be reintroduced into
the system by executing a 180" turn at the wave-off point, climbing back to 1500 feet of
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TABLE X
LOCATIONS OF RUNWAY EXITS
Runway Exit Distance From Exat Speed
Normal Touchdown F M 5
(feet) {(mph) (mph) (mph)

GN 970 15 15 15
0

GN 1260 15 15 15
1

GN 2900 5 5 5
2

GN 4000 30 30 20
3

Gy 5650 10 10 10
4 L]

GN {proposed) 3400 30 30 20
P

altitude for approximately 51 miles at their average approach speed, and executing another 180"
turn back to G; On the basis of first-come, first-served arrangements at the outer marker,
either the re1n]troduced wave-off aircraft or succeeding aircraft may be delayed to swit the
prescribed outer-marker minimum separation for that particular sequence

Results

In order to explore the effects of the use of the present CAA umiform minimum radar-
separation rule of three miles, an analysis was made of the probable wave-offs due to the glhide-
slope and runway-block-occupancy rules previously specified It utilized the three random 2 1/2-
hour samples of arrivals only for the condition of no wind The three-mile umiform-separation
rule establishes at the cuter marker separations sufficiently large to ensure that at all times all
aircraft have a mimmum separation, based on their average approach speeds, of three miles
between the outer marker and the runway, thus, faster aircraft following slower aircraft re-
quire more than three miles of separation at the outer marker, and slower aircraft following
faster aircraft require a mumimum of three miles of separation at the outer marker The three=
mile, umiform, minimum separations used for the nine sequences of slow, medium, and fast air-
craft are given 1n Table XI On the basis of the distribution of the three aircraft types (42 per
cent slow, 33 per cent medium, 25 per cent fast) and on condition that there are no wave-ofis,
this gives a computed maximum acceptance rate of 41 3 aircraft per hour, an average interval
between aircraft of 1 minute 27 seconds It should also be noted that the proposed exit, Gyp.»
was not considered in this or 1n the immediately following analyses The use of this exat 1s
discussed later

The total number of probable wave-offs out of the 198 landing aircraft of the three samples,
including those wave-offs reintroduced into the arrival traffic samples, was 75, as summarized
1n Table XJI Because this was a prohibitively high percentage of wave-offs, the three arrival
samples were analyzed for four-mile, uniform, minimum separations as shown in Table XIII
The maximum theoretical acceptance rate was 31 9 aircraft per hour, an average interval
between aircraft of 1 minute 53 seconds

The results showed no glide-slope wave-offs, however, there were 42 total runway
wave-offs, as summarized 1n Table XIV

In order to obtain the maximum theoretical acceptance rate and still conform to the pre-
scribed ghde-slope 2 1/2-mile mimimum-separation rule, a 3 1/2-rmle umform minimum
separation was explored It was found that the probability of ghide-slope wave~offs was still
too high, being approxamately 10 out of the 198 landings Therefore, 1n an effort to obtain the
maximurn glide-slope acceptance rate for a wave-off probability of no greater than one per cent,
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TABLE XI
QUTER-MARKER 3-MILE UNIFORM MINIMUM SEPARATIONS WITH ZERO WIND
Sequence™* Time Separation Distance Separation
at Outer Marker*¥ at Quter Marker
(seconds) (muiles)

FF 72 30
MM 77 30
55 90 30
MF 81 34
SM 100 39
SF 104 43
FM 77 3o
FS 90 30
MS 90 30

Average 33

* MF means Medium followed by fast, SM means slow followed by medium, 5SS means slow
followed by slow, etc

**Based on average approach speeds of 150, 140, and 120 mph for F, M, and S, respectively

TABLE XII
TOTAL PROBABLE WAVE-OFFS FOR 3-MILE UNIFORM-SEPARATION RULE
Aircraft Number of Wave-Offs Number of Wave ~Offs Total Total
Speed Due to 2 1/2-Mile Due to Number Number
Class Glide-5lope Minmima Runway-Occupancy of of
Rule Arrivals Landing
Aircraft
F 5 19
M 10 31
S5 2 8
Total 17 58 273* 19 8%

* This 1ne ludes those wave-offs reintroduced (198 + 58 + 17)
*¥[ncluding 40 military

TABLE XIII

OUTER-MARKER 4-MILE UNIFORM MINIMUM SEPARATIONS WITH ZERO WIND

Sequence Time Separation Distance Separation
at Quter Marker at Outer Marker
{seconds) (mules)

FF 96 4.0

MM 103 40

55 120 40

MF 105 44

SM 126 49

SF 128 53 .

FM 103 40

FS 120 40

MS 120 40
Average 43
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Fig 3 Delay as a Function of Loading

TABLE XIV
TOTAL PROBABLE WAVE-OFFS FOR 4-MILE UNIFORM-SEPARATION RULE
Aixrcraft | Number of Wave-Offs| Number of Wave-Offs Total Number| Total Number of
Speed Due to 2 1/2-Mile Due to of Arrivals | Landing Aircraft
Class Glide=-Slope Minima | Runway-Occupancy Rule
F o 10
M 0 25
5 0 7
Total 0 42 240% 19 8%=*

#* 240 = 198 landings + 42 wave~offs reintroduced
**kIncluding 40 military

TABLE XV
OPTIMUM OUTER-MARKER MINIMUM SEPARATIONS WITH ZERQO WIND
Sequence Time Separation Distance Separation
at Outer Marker at Outer Marker
(seconds) (miles)

FF 97 40
MM 104 40
55 122 41
MF 108 45
SM 130 51
SF 131 57
FM 92 36
FS a3 28
MS 94 31
Average 41

a theoretical probabilistic analysis was undertaken using a theoretically infimite sample of arriv-
als to determine optimnum nonumform outer-rmarker mummum separations for each 6f the nine
sequences of slow, medium, and fast aircraft

This analysis assumed that aircraft were being fed through the outer marker as fast as
prescribed mimmum-distance separations would permit Then, for each of the mine possible
sequences of slow, medium, and fast aircraft all possible combinations of the performance
variables with their associated probabilities were examined for ghde-slope wave-offs This
process was repeated for each sequence until the minimum ocuter-marker separation which
yvlelded closest to 1 per cent wave-offs was found

On the assumption that all arrivals including the military land at Washington National Air-
port, ophmum minimum separations at the outer marker were determined as shown in Tahle XV
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Fig 4 Acceptance Rate as a Function of Separation

The maximum theoretical acceptance rate using these optimum zero-wind, outer-marker
separations 1s 33 8 aircraft per hour, as compared with 31 9 per hour for the 4-mile uniform-
separation rule

It may be argued that such an increase of approximately two aircraft per hour in the
acceptance rate 1s insignificant when the mental gymnastics required of the controllers in
properly vectoring aircraft (while remembering the separations for the nine sequences of S5, M,
and F aircraft among the many other interrelated functions of the controllers) 1s compared
with the relatively simpler task of maintaining the uniform 4-mile minimum separations How-
ever, 1t will be recalled that traffic inputs which are of appreciable duration and which approach
or exceed a loading of 100 per cent (loading = arrival rate divided by the acceptance rate) can
result in intolerable delays which approach infimity, as shown in Fig 3 It should be pointed out
that 1n actual operational practice the delays would be even worse since 1t 1s physically impos-
sible for the controllers and the pilots to approach the degree of perfection of the analytical
studies For a given arrival rate, the lower the acceptance rate 1s, the higher will be the
loading, and the higher the acceptance rate, the lower the loading Consequently, as small a
decrease as two aircraft per hour in the acceptance rate could result in a significant increase
1n delays 1f the traffic rates were lmghly saturated and were of appreciable duration This con~
dition 15 further 1llustrated qualitatively as points A and B 1n Fig 3 Such a condition 15 most
undesirable from the standpoint of maximumn utilization consistent with the rules and safety
criteria, of both the facilities and the airspace

[t could be argued that the maximum acceptance rate should be determined on the basis of
the maximum number of successful landings per hour, regardless of the number of probable
wave-offs Fig 4, although out of scale, 1s presented for discussion purposes

The shaded portion of Fig 4 denotes probable wave-offs and the unshaded portion the suc-
cessful landings It 1s apparent that the greatest number of successful landings per hour, and
therefore the maximum external accepiance rate, 1s obtained at point A However, this 1s
accomplished by "force feeding'' and results 1n an intolerably high percentage of wave-oifs
These wave-offs are chargeable to the traffic control system itself and do not include the
probable wave-offs caused by lack of pilot proficiency These probable pilot wave-ofis,
although not analyzed here, must also be reintroduced They thus cause a further backing up
of the already saturated loading parameter and consequently introduce a further chain reaction
of lmigher delays Certainly, these additional delays and the high percentage of wave-offs are
intolerable 1n actual civil operations, although military operations might tolerate them,
depending on the type of operation and the calculated risk

The next step concerned the use of the zero-wind optimum outer-marker separations
of Table XV to determine for the same three 2 1/2-hour sarnples of arrival-only traffic the
probable wave-offs due to the runway block-occupancy rule The zero-wind resuits are given
in Table XVI
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TABLE XVI
PROBABLE WAVE-OFFS FOR QPTIMUM OQUTER-MARKER SEPARATIONS WITH ZERG WIND
Arrival | Number of Wave-Offs Number of Wave-0Offs Total Number | Total Number of
Sample Due to 2 1/2-Mile Due to of Arrivals* | Landing Aircraft
Glide-Slope Minima Runway-Occupancy Rule

1 0 8 74 66 {incl 13 mil )

2 0 12 78 66 (1ncl 14 il

3 0 11 77 66 (1nel 13 mal
1+2+3 0 31 229 198 (1ncl 40 mal )

¥Includes wave-offs reintroduced (229 = 198 ¢+ 31, etc )

Although the total of 31 runway wave-offs for the three arrival samples 15 significantly
less than the 42 runway wave-offs computed for the 4-male uruform-separation rule, 1t 15 st1ll
intolerably high Accordingly, the resulting runway-time and -distance distributions were
exarmined, and 1t becamne evident that the exats to Washington National Airport runway 36 were
poorly angled and located Further, 1t was seen that this runway bottleneck could be alleviated
simply by adding a high-speed exii at 3400 feet, shown on F1g 2 as GNP This exat could serve
both runways 36 and 18 and could accommodate approxmately 70 per cent of the landing air-
craft on an over-all probability basis Figs 5 through 8 show these theoretical runway-time and
-distance distributions Note on Figs 6 and 8 the excellent agreement between the CAA
stop-watch operational data and the corresponding average results obtained from the probability
analyses

The next, and more conclusive step in the analysis involved the use of these optimum
outer-marker mimimum separations for zero wind, a theoretically infinite saturated sample of
arrival-only traffic {consisting of 42 per cent slow, 33 per cent medium, and 25 per cent fast
aircraft), the assumption that all aircraft including military land at Washington National Airport,
the previously prescribed rules and variables, and the assumption that the afore-mentioned
3400-foot runway exit exists in calculating the probability of runway wave~offs The results are
shown 1n Table XVII

Although the 3 3 per cent total probability of runway wave-offs and glide-slope wave-ofis
1s now greater than the originally prescribed 1 per cent and 1n view of the assumption that the
traffic sample 1s infimtely saturated (and actual traffic samples are most decidedly not), the
assumption that the mihitary aircraft land at Washington National Airport (when 1n reality all
but the most important personages land at Bolling or Anacostia), the fact that some of the
probable runway wave-offs were caused by a matter of a few seconds (mathematical analyses
make no provision for exercising judgment as in actual practice), this 3 3 per cent wave-off
figure is believed acceptable for the analytical purposes intended

On the basis of the 1 per cent maximurn probability of glide~slope wave-offs, optimum
outer-marker mimmum separations were also computed for the 20-mph~headwind conditions
Further, since the rules previously outlined specified that all military arrivals land at either
Bolling or Anacostia, 3-tmile rather than optimurmn separations were established for all
sequences 1nvolving military arrivals Table XVIII summarizes the outer-marker separations
for all possible sequences of aircraft arrivals under both the zerc and 20-mph wind conditions
Note that the weighted acceptance rate 15 36 1 arrivals per hour for zero wind with an average
interval of 1 minute 40 seconds and 1s only 29 B per hour for the 20-mph wind condifion because
of the additional time involved in traversing the 5 3-mile glide slepe This implies that higher
acceptance rates can be achieved with shorter glide slopes, a fact borne out by simple
arithmetic

Accordingly, with the utilization of the stated optimum separations and of the assumed
3400-foot runway exit, the wave-off probahilities for the three 2 1/2-hour traffic samples were
analyzed for the rules and for the twelve conditions outlined previously The results are shown
in Table XIX It will be noted that the only probable wave-off occurred in Sample No 2 for the
zero-wind condition This was due to the Tunway-occupancy rule
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TABLE XVIIL

SUMMARY OF PROBABLE WAVE-OFFS*

Probability of Wave-Offs —1

Sequence | Optimum Outer-Marker | Probability of Wave-Cffs
Mimimum Separation on Glide Slope Due to Runway-Occupancy Rule
{seconds) {per cent) {per cent)
55 122 918 029
SM 130 014 061
SF 131 010 0 65
MS 94 014 013
MM 104 011 020
MF 108 0 08 022
Fs 83 011 0 04
FM 92 008 009
FF 97 0 07 010
Per Cent Total Probability 101 2 33

*Test Conditions

Theoretically infimte sample

of arrivals, zero wind, all WNA landings,

optimum outer-marker separations, and 3400-foot exat assumed on WNA runway 36

TABLE XVIII

SUMMARY OF THE OPTIMUM CUTER-MARKER MINIMUM SEPARATIONS

FOR ZERQ AND 20-MPH HEADWIND

Note SF means slow WNA arrival followed by a [ast WNA arrival S FM
military arrival S5F,, _ slow WNA arrival followed by a fast mnldhtar

[ollowed by a [ast W arrival etc
The weighted acceptance rate for the zero-wind condition = 36 | per hour with an average interval of 1 minute
40 seconds for a 20-mph headwind, 29 8 per hour wilh an average inlerval of 2 minutes

Sequence 0 Wind 20-MPH Wind Sequence 0 Wind 20-MPH Wind
Dislance Time Distance Time Distance Time Distance Time
Separation [Separation | Separation|Separation Separation| Separation| Separation| Separation

(miles) (seconds) | {miles) (seconds) {miles) {seconds) | {mules) {seconds)

S5F 5 b6 131 6 37 163 FMMM 30 77 jo 90

MF 4 50 108 4 B4 134 FMM 30 7 3o 90

S5M 510 130 570 165 FMM 3o 77 30 20

FM 356 92 375 113

FS 276 a3 2172 97 Fadm 30 90 E1 108

MS 312 94 313 113 Fiy 3o 90 3o 108

FF 4 04 97 4 25 118 Fud 30 90 30 108

MM 4 03 104 428 124

55 4 06 122 4 30 155 MMSM 30 90 o 108

MS 30 90 3o 108

SpiF ar 433 104 457 127 v, ¥ 30 90 10 108

SF‘M io 72 ER] 83

SMF 3 72 30 83 FMFM 30 72 30 43

FF 3 72 3o a3

My eF g i 27 81 342 35 FoufF 30 72 3o a3

MFM 30 72 30 83

M, F 30 72 30 83 MMMM 3o T 3o 90

MMM 30 7 3o 90

SMMM 3 89 100 4 06 122 MMM 3o 77 3o g0

SMM 30 77 30 90

M 3o 77 io 90 SMSM ig 90 3o 108
55 30 0 10 108
SMS 30 g0 io 108

— slow malitary arrival followed by a {ast
y arrival SMF _ slow rmalitary arrival
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TABLE XIX
SUMMARY OF PROBABLE WAVE-QFFS FOR 2 1/2-HOUR TRAFFIC SAMPLES
Sample Wind Arrivals Only Arrivals and Departures
Number Number of Number of Number of Number of
Glide-~-S5lope | Runway-Occupancy Glide-Slope | Runway=-Occupancy
Wave-0Offs Wave-Offs Wave-Offs Wave-Offs
(mph)

1 0 0 0 0 0

20 o 0 0 0

2 0 o 1 0 1

20 0 0 0 0

3 0 Q 0 0 0

20 0 0 0 0

Test Conditions Optimum outer-marker muinimurm separations and 3400-foot exit assumed on
WNA Runway 36 Each arrival sample consisted of a total of 66 aircraft, each departure sample
consisted of a total of 63 aircraft

TARLE XX

SWMARY OF ARRIVAL DELAYS FOR IDEAL ANALYSIS#
ARD WITH OPTIMIM OUTER-MARKER MINIMUM SEPARATIONS

¥Samples of Arrivals Only

Period of Total | Semple 0 Wind 20-MPE Wind
Operations Number | Number | Average Amovmt Maximum Average Amount Maximum
of Delay Delgyed Delay Delay Delayed Delay
Arrivals per per
Alreraft Alroraft
(hour) (minutes) | {(per cent)| (minutes) | (minutes) | (per cent) | (minutea)
1to2 35 1 3.05 9L.% 8.77 6.39 9k.3 15.93
2 2.82 ol. 4 6.27 6.07 97.1 11.62
3 3.19 9.4 8.71 6.01 9.k 17.38
Average| 3.02 gl.L 6.1 ok.3
1to21/2 b7 1 2.47 80.9 8.77 7.16 95.7 15.93
2 2.23 80.9 6.27 5.65 97.9 11.62
3 k.02 89,k 10,65 8.91 93.6 22,05
Average| 2,91 83.7 T.2k 95.7
1/2 to 3 66 1 1,94 4,2 8.7 S5eTh Bé.h 15.93
2 1.9 Th.2 6.27 h,94 92,k 11.62
3 2.95 1.2 10.65 6.75 87.9 22,05
A.“m 2.27 73.2 6."8 88-9




TABLE XX

SOMMARY OF DELATS USINQ ARRIVALS PLIE DEPARTURES FOR IDEAL ARALTSIS
UNDER CORDITIORE OF OPTIMUM OUTER-MAREER MINIMUM SEFPARATIONS AND ZERO WIND

Period of Tatal WNA | Sample Arrival Delays Departure Delays Operations Delays
Operations|Arrivals| Depar- Numbsr | Averags Amount Maximnm Average Amount Marimum Average Amomt Maximum
tures Delay per| Dalayed Delay Delay per| Delayed Delay Delay per | Delaymd Delay
Alrcraft Alrcraft Alrcrart
(nour) (minutes) |(per cent) |{minutea) | (minutes) |(per cent}| (minutes) |(minutes) ({per cent)|(minutes)
lto2 35 20 1 %18 gh 3 9 85 L 50 90 0 10 30 b3 92 7 10 3
2 b b6 o 3 10 38 513 90 o 917 b7 92 7 10 b
3 3 9 gl & 1 47 3 2% 85 0 918 37 Ba 1 ns
Average 419 93 3 k 29 88 3 L2 915
1lto21f2 L7 33 1 L a 957 9 94 5 78 93 9 10 32 51 95 0 10 3
2 h 00 95 7 1o 38 5 7h 939 1 g b7 90 nme
3 5 85 93 6 15 43 T %0 9 16 33 65 925 16 3
lAverage 82 950 €3 92 g 5 b gk 2
1/2 ta 3 (3 s1 1 3 61 a8 2 98 L 57 8L 3 10.32 Lo 84 6 103
2 3 38 89 b 1o 38 L oo 9 2 1 92 jg9 20 6 11 9
3 b 25 758 15 143 5.81 86 3 16 33 49 80 4 16 3
lAverage 3T B33 5 02 81 6 b3 85 2
15

DISCUSSION OF THE RESULTS

Ideal Analysis With Zero- And 20-Mph Headwind

Highlights of the 1deal analysis of the three traffic samples of arrivals only and the three
samples of arrivals plus departures are shown in Tables XX, XXI, and XXII A delay is defined
as any additional taitne required to meet the specified outer-marker or runway separations be-
yond the time normally required with no other traffic involved An operation 1s defined as either
an arrival or a deparfure Table XX lists the ideal-analysis delays for the samples of arrivals
only under the conditions of both zero wind and 20-mph headwind Tables XXI and XXII list the
1ideal delays for the samples of arrivals plus departures for the zero-wind condition and the
20-mph wind, respectively .

Note the large variations between samples when like conditions are compared, note also
that sample No 3 had the highest delays in practically every period except 1in a few cases during
the hour 1 to 2 When this occurred, the delays backed up appreciably and consistently into the
next half-hour period where the traffic input was less This 15 evidence of the caution that must
be exercised 1n making comparisons when using only one random-traffic sample

It 15 also seen that the delays for the condition of 2 20-mph headwind are about double the
corresponding delays for the zero-wind condition The maximum theoretical acceptance rates
are 29 8 per hour and 36 1 per hour for 20-rmph wind and for zero wind, respectively, a differ-
ence of about 20 per cent The 22- and 25-minute maxmum delays incurred during the 20-mph
headwind conditions are of special interest, since 1t 1s expected that in actual practice these
delays will be at least twice again as large This further bears out the impertance of keeping
the acceptance rates as high as possible and the work load as low as possible Related to the
acceptance rate, of course, 1s the controllers' work load and proficiency Uncertainties, strain,
and such conditions result in conservatism, thus decreasing the operational acceptance rate and
baclang up delays

Graphical Analysis of Washington Nahonal Airport Phases 2, 6, and 7 at Zero Wind

The three Washington National Airport twin-stack phases 2, 6, and 7 described 1in Appen-
dix A were graphically analyzed for the three traffic samples of arrivals only and for the three
traffic samples of arrivals plus departures Because of a shortage of time, only the zero-wind
condition was investigated The pertnent results are tabulated as absclute and system delays
on Tables XXIII through XXVIII Comparisons of the absolute delays of the three phases are

15The average delay per aircraft throughout this reportis calculated on the basis of the
average for all aircraft, including those not delayed



TAHLE IEII

STMMARY OF DELATS USING ARRIVALS FLUS DEPARTURES POH IDEAL ANALTAIS
ORNER CORDITIONS OF OFTIMOM OUTER-MAREER MINIMIM SEPARATIONG ARD 20-MPH WIND

Pariod of Total WRA | Ssmple Arrival Dalays Departure Delayw Oparaticns Delays
Operations | Arrivals| Depar+d Fuxmber [ Average Amoumnt Meximim Averags Amoumt Maxioum Avarage Amount Maximem
tured Delay par| Delayed Delay Delay per| Delayed Delay Dalay per | Delayed Dalay
Afrcraft Aireraft Alroraft
{bour} (minutes)|(per cent)){minutes) | (minutea) |(per cent)|{minutas) | (minutes) |(per cent}|(minutms)
lta2 35 -] 1 663 ok 3 15 93 4 90 950 13 93 [ ) gh 6 15 9
a 8 88 a7 1 17 52 733 95 0 15 58 83 963 17 5
3 6 52 9% 3 18 32 El: 3 %0 10 of 513 w7 183
jprerage T35 95 2 510 9313 £5 5
1ta21lf2 [y 33 1 8 37 o5 T 15 o5 803 g7 0 18 g2 B2 o6 2 189
2 0 a7 a9 17 52 10 92 I 18 58 10 4 a5 18 6
3 9 gk 957 25 25 9 8 LA 25 13 35 950 253
lverage 9 L 96 4 9 & 98 0 95 96 2
1/2 to 3 & a1 725 g2k | 1695 78 o 1 18 2 76 981 [ 183
2 913 g1 o 7 52 11 05 98 0 18 =8 01 9T b 18 6
3 - - 9 9 25 25 9 56 94 1 2513 g8 %3 253
Averags &z 9k 9 53 95 4 88 54 3

TARLE IXITI

STIMMARY OF ABSCLUTE DELATS FOR GHAPETCAL ARALYSTS OF PHASES 2, 6, ARD 7
BING ARRIVALS ONLY TNDER CONDITIONS OF ZERO WIND AND OPTIMIM OUTER-MAREER SEPARATIONS®

Period of | Total |Samplas Fhase 2 Fhage 6 Phage T
Qperations| Number | fumber| Avarage | Number Maximm Avarnge | Eumber Maxisnm Average | Fumber Maximm
of Delay per|Alrceaft Delay Delay per|Aircraft Dalay Delay per|Aircraft Deley
Arrivels Adrcraft| Delaysd Aircraft| Delayed Afreraft| Delayed
{bour} (minuter)| (por cent)| (mimstes) | (minutes)| (per cent)|(mimutes)| (minutas)|(per cent}|(minutes)
lte2 35 1 6 52 gk 3 13 68 5T 9k 3 16 55 7 68 9l 3 17 25
2 L =3 oL & 1o 18 5 66 94 3 12 13 L3 8a 6 10 98
3 L 05 829 n 9 L sy 88 6 14 =57 b 76 85 7 15 08
1te 212 b7 1 718 95 7 15 68 6 06 95 7 16 =5 & 52 95 7 20 25
2 L2z 96 10 78 575 957 12 13 4 22 Bg.h 10 58
3 5 67 a7 2 15 &7 6 47 a5 17 17 € 90 Bo & 18.67
1/2 to 3 &6 1 5 5k &9 4 15 &8 Yo7 B9 & 16 55 € 72 89 4 20 25
2 339 86 4 19 78 4.8 %0 9 1213 3 a2 B3 3 10 98
3 b 23 7 3 15 &7 4 84 B3 3 17 17 5 1B 78 8 18 &7

#ibacluie delays ere total delays

illustrated in Figs 9 through 12 An absolute delay 1s the total delay, 1t represents the total
time 1n excess of that for the shortest route with no other traffic Systern delay 1s defined as
the delay attributable to the system and 15 the absolute delay minus the 1deal delay, in other
words, system delay 15 the delay due to the entire system of traffic, routes, rules, configuration,
and so forth, 1n excess of the 1deal delay

Table XXIII lists the absolute d elays of the phases for the three different traffic samples
of arrivals only In Table XXIV, the three samples are averaged and the phases are compared
on the basis of absolute delays and system delays Figs 9 and 10 show comparisons of the ab-
solute average and maximum delays for the average of the three traffic samples of arrivals
only Fig 10 1s presented in the form of a time series of average delays for arrivals in each
successive 15-minute period Phase 2 appears to be the most efficient on the basis of average
delay per arrival as examples, when comparing absolute delays, phase 2 15 more efficient than
phase 7 by about 14 per cent whereas when comparing system delays, phase 2 1s more efficient
than phase 7 by about 29 per cent

When the average delays of Table XXIII are compared with the corresponding 1deal delays
of Table XX, 1t is seen that the magnitudes of the delays differ markedly between samples
However, there 1s no correlation between the 1deal and the graphical insofar as the order of
rankang 15 concerned, i1n the ideal the order is 3> 2> 1, whereas 1in the graphical it was usually

1>35>2
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TABLE XXIV

SUMMARY OF ABSOLUTE ARND SYSTEM ARRIVAL DELAYS FQR GRAPHICAL ANALYSIS OF PHASES 2, 6, AND 7
USING SAMFLES OF ARRIVALS ORLY ARD UNDER CONDITONS OF ZERC WIND
AND OQPTIMUM OUIER=-MAREER MINIMUM SEPARATIONS

Period of Number Phase Absclute Delays System Deleys
Operations of Number | Average | Number Meximm Average | Number Meximum
Arrivals Delay per of Delay Delsy per of Deley
Alrcraft|Aireraft Alrereft|Aircraft
* Delayed*® * Delayed*
(hour) (minutes)| (per cent)| (minutes) (minutes) [ (per cent)} (minutes)
1to2 35 2 5.03 89.5 15.68 2.01 - 1.9 6.91
6 5,40 g2.h 16.55 2.38 1.0 T.78
7 5.58 89.5 17.25 2.56 - 1.9 8.h8
1 to21/2 b7 2 5.69 92,2 15.68 2.78 8.5 5.03
6 6.09 k.3 17.17 3,18 10.6 6,52
T 6.55 91.5 20.25 3.6k 7.8 9.60
1/2 to 3 66 2 k.39 (T 15,68 2.12 n.7 5.03
6 .81 87.9 17.17 2.54 15,2 6.52
T 5.11 83.8 20.25 2.8k 11.1 9.60

*Averege of 3 esamples.

NOTE- Absolute delays = total delay, System deley = abaclute minus ideal deley.
TABLE XXV
SUMMARY OF ABSCLUTE ARRIVAL DELAYS PCR GRAPRICAL ARALYSIS OF PHASES 2, 6, AND 7
GING SAMPLES OF ARRTVALS PLIE DEPARTURES UNIER CORDITIONS OF ZERO WDND AND OPTIMIM OUTER-MARKER SEPARATIONS
Period of ! Number | Sample Thage 2 Fhase & Phase 7T
Cperatiane of Rumber | Avarage | Number Maximm Average | Number Maximum Average| Rumber Maxizmm |
Arrivald Delay of Delay Delay ot Delay Delay of Delay
per Aireraft per Adreraft per Alrcraft
Alrcraft | Delayed Alreraft | Delayed Alrcrart| Delayed
{bour) {minutes)| (per cent)|{minutes) (minutas]l(per cent) | (minutea)|{minutes) [{per cent) | (minutes)
1
1to2 35 1 6 =2 o4 3 15 &8 5T oh 3 16 55 T68 9.3 17 25
2 b =53 Gl b 10 78 5 96 9 3 12 13 431 836 10 %
3 Lo5 82 g 11 %0 L 54 88 & 1k 57 4 16 8s 7 15 08
Average | 5 03 89 5 5 4o [ 5.58 89 5
1to21/2 Yt 1 7 18 95 7 15 68 6 o6 95 7 1€ 55 8 52 o5 7 20 25
2 y 22 93 6 10 78 575 95 7 12 13 h 22 89 4 10 98
3 = 67 87 2 15 &7 6 it 91 5 17 17 6 % 89 4 14 67
)Avnrage 5 69 s 2 € 09 gt 3 6 55 915
1/2 to 3 64 1 5 54 B9 4 15 68 YT 89 b 16 55 6 72 89 & 20,25
2 3 39 86 4 10 78 ) 90 9 12 13 3 L2 833 10 98
La L 23 T 3 15.67 L 8y 83 3 17.17 5,18 76.8 18 &7
verage L 39 el i 4 B B7 9 511 83 8
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TAELE IXVI

SMMARY OF ARSQLUTE DEFARTURE DELAYS FOR GHAPHICAL ARALYSIS OF FBASES 2, 6, AND 7
TEING SAMPLES OF ARRIVALS FLIE DEPARTURES WHLER CONDITIOSRY QF ZERO WIND AND OPTIMUM OUTER-MAREER SEPARATICORS

Pericd of Kunbex| Semple Phage 2 Fhase 6 Phase 7
Operaticna of | Bumber| Average Bugber Maximum Average Number Mazimm Average Fumber Macrimum
Depar 4 Dalay of Delay Delay of Delay Dalay of Delay
tures per Alroraft per Aldreraft per Airoraft
Adrerart | Delayed Alroraft |  Delayed Aircraft | Delayed
(hour) (minutea)| (per cent)| (minutss) |{minutes) | (per cent)| (minmutes)|(minutes) | (per cent)| {mimtes)
1 to 2 20 1 160 700 8 L7 163 80,0 7 80 1 &% a i
2 29 Bo0.0 8.92 1,99 850 L. 88 373 Boo 9135
3 164 8s,0 b TT 205 800 5 35 1.45 65.0 632
iverage| 2 O7 783 189 75 0 2 28 750
1te21/2 13 1 2 96 g8 B 70 302 75 8 7 80 2 50 8.8 7 58
2 3.57 & 9 10 03 2.k &7 9 L 88 4,32 679 9.35
3 5 3k % 9 14 97 350 & 9 19 33 2.5T 758 9.98
jrarage 3% 85 9 2 98 83 9 iy 62.8
1/2 to 3 51 1 2l 78.4 a.7o0 26 76.5 7 80 2,05 B2 4 7.58
2 3lo B2 & 10,03 2 80 a8 2 10 3% 3.69 B2 & 9,35
3 k.55 90,2 1k 97 307 853 10.35 2 5% 8.4 9 6
Average 3.35 837 2,83 B3 7 2.7 1,1
NOTE!
ARRIVALS ONLY
OPTIMUM QUTER-MARKER SEPARATIONS AND ZERQO WIND
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Fig 10 Average Absolute Delays Per Arrival {Graphical Analysis)

Figs 11 and 12 show the comparisons between phases of the absclute delays per opera-
tion for the average of the three samples of arrivals plus departures Tables XXV, XXVI, and
XXVII list for each sample and for the average of the three samples the delays of the arrivals,
the delays of the departures, and the weighted averages of the arrivals and departures (opera-
tions) for the samplec of arrivals plus departures Table XXVIII lists the absolute and system
delays for the averages of the three traffic samples by operations, 1t shows little choice
between phases

Arrival absolute delays on Table XXV {samples of arrivals plus departures) are shown
to be i1dentical to the arrival absolute delays on Tables XXIII and XXIV Tiis 1s because, 1n the
graphical analysis, perfect knowledge and perfect execution, including the probable aircraft per=-
formance on the glide slope and on the runway, are assumed Therefore, 1n conformance with
the departure and arrival separations defined in the previous section of this report, arrivals
were accepted at the outer marker just as in the case of arrivals only and, when necessary,
departures were held on the gound until a sufficiently long gap of time appeared between
arrivals, then the departures were 1nterspersed to suit

The resulting departure delays are relatively small, as seen in Table XXVI This inser-
tion technique therefore offers attractive possibilities from the standpoint of over=all safety,
economy, and efficiency If, as in the present operational practice, arrival separations were
increased to allow more frequent interspersion of departures on single runways, the departure
delays would decrease However, the over-all delays would back up and tend to pyramid be-
cause the acceptance rate would essentially be decreased Furthermore, delays in the air cost
much more 1n decreased safety and economy than delays on the ground There are several
possible methods of achieving 1n practice this technique of interspersing departures The
simplest 1s to cut down the spreads of aircraft performance, perhaps by some form of speed
control such as an automatic or semiautomatic approach coupler Another method could be by
use of a type of rate-of-closure, speed-indicating, and approach-sequencing PAR radar

Comgparison of Tables XXV, XXVI, XXVII, and XXVIII (graphical results) with Table XXI
(1aeal results) shows that the departure delays in the graphical analysis are much less than
those 1n the 1deal analysis Accordingly, the delays per operation are less graphically than
1deally, as shown 1n Figs 21 through 23 This condition results from the fact that the i1deal
analysis as described 1n Appendix C explicitly follows the priorities and separations, based on
average aircraft performance and discussed 1n the previous section, arrivals or departures are
delayed accordingly, therefore As discussed previously, the principle of perfect knowledge
and perfect execution in the graphical analysis permits enough flexability to intersperse these
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TAELE XXIVII

STMMARY OF ARSOLUTE OPERATIONS IELAYS F(R GRAPHICAL ANALYSIS OF PBASES 2, 6, AND 7
OSING SAMPFLES OF ARRIVALY PLUS DEPARTURES UNDER CONDITIORS OF ZERQ WISD AND OPTIMWM OQUIER-MARKER SEPARATIONS

Period of | Rumber| Sample Fhese 2 Fhage 6 Phage T
Operatiops of Fumbar | Average Fumher Maximm Average Tumber Maximm Average Rumbar Maximum
Opera- Delay of Delay Delay of Delay Delay of Delay
tlops® per Alrcraft per Adreraft e Alreraft
Alrcrart | Delayed Alreraft | Delayed Alreraft | Delayed
(hour) (minutas ) ((par cent) | (mimutas) |(minutas) | (per cemt)|{minutea)| (minutes) | (per cent) |(minutes}
1102 55 1 b,73 855 15 &8 b 22 88 16,55 5.49 891 17 25
2 3.96 87 3 10 78 L 52 %0 9 1213 4 1o 85.5 16.98
3 317 83 6 11 90 3 &4 855 1l s7 3 56 78.2 15,08
Average 3o a5 5 L 13 851 4 38 o3
lto21lf2 go 1 5 Li 90 0 15 68 484 &7 5 16 55 6 ol 9,3 20 25
2 395 9.0 10 78 b 38 25 12,13 L 26 88 8 10,98
3 5.54 858 15 67 5 24 90 0 17 17 511 g3 8 1B 67
Average 4,98 89 & L 81 90 0 5 1k B8 o
1/2 %0 3 117 1 b7 a4 & 15 68 3183 838 16 55 L &8 86 3 20 25
2 3 26 8k.6 10.76 393 89 7 12 13 3 54 829 10.98
3 4 37 82 9 15 67 L o7 Bt 6 17 17 L,0h 786 18 67
Average is B4 0 3 g4 86 0 4 o5 B2 6
A0peraticne w arrivals mnd departurea averaged
NOTE:
ARAIVALS PLUS DEPARTURES
OPTIMUM OUTER-MARKER SEPARATIONS AND ZERC WIND
PHASES
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TABLE IXVIII

SUMMARY OF ABSOLUTE AND SYSTEM OFERATIONS DELAYS FCOR GRAPHICAL ARALYSIS
OF PHASES 2, 6, ARD 7 USING SAMPLES OF ARRIVALS PLUS DEFPARTURES
UNDER CONDITIONS OF ZERO WIND AND OPTIMIM OUTER-MARKER SEPARATICNS

Period of Rumber Fhaee Absolute Delays System Delays
Operstlons of Number | Average Number Meximum Average | Fumber Maximum
Opera- Delay of Delay Delay of Deley
tiona per Aireraft per Alrcraft
Alreraft®| Delayed#® Alreraft¥ Delayed#*
(hour) (minutes) | (per cent)| (minutes) (minutes) [(per cent)|{minutes)
1 to 2 55 2 3.95 85.5 15,68 =0,25 - 6.0 L.18
6 k13 86.1 16.55 -0.07 - 5.4 5.05
7 L.38 84,3 17.25 0.18 - 7.2 5.75
1Lto21/2 80 2 4.08 89.6 15.68 -0.42 - 4.6 - 0.62
6 e 90.0 17.17 -0.59 - h2 0.50
T 5.4 88.0 20.25 -0.26 - 6,2 3.95
1/2 to 3 17 2 3.93 8h.o 15.68 -0.36 - 1.2 -0.62
6 3.94 86.0 17.17 -0.36 0.8 0.80
T 4,09 82.6 20.25 -0.21 - 2.6 3.95

¥iverage of 3 ssmples

departures more efficiently without being penalized by a separation large enough to take care of
the worst case, as in the 1deal To a lirnited degree, this flexability 15 also found in actual
practice

It must be remembered that the ideal-analysis techmique 15 meant to be merely a convenm -
ent and simple mathematical tool for exploring the thecretical effects of randomness, the con-
struction of typical peak-pericd traffic samples, various traffic rates, separation rules, and
other such factors The only 1deal criterion 1s that random arrivals and depariures are some-
how delayed an amount just sufficient to meet the outer-marker and runway mimma and to be
consistent with the specified priority rules In the graphical analysis, the steps required to
meet these rules are followed realistically, just as they mmght occur 1n actual praciice or in
simulation airways are followed, descent rules and distances to descend are computed, altitude
and distance separations are observed, finmite staclkang times and fimes to complete 360" turns
are accounted for where required, imits of turning and of vectoring are established, and so
forth

Apain upon reference to Tables XXJII, XXV, XXVI, and XXVII, the differences in delays
between traffic samples will be noted even though these samples are 1dentical in construction
and differ only 1n the internal randomness 1n the sequencing of the exponential time intervals,
of the aircraft types, and of the entry points Several glaring examples are evident In Table
XXIII (arrivals only), the average absolute delay per arrival for sample No 2 in phase 2 for
the period 1 to 2 1/2 hours 1s 4 22 minutes The corresponding delay for sample No 1 in phase
715 8 52 minutes This would mean that phase 2 1s better than phase 7 by more than two to one
On the other hand, comparison of the 4 23-minute average delay of sample No 2 for phase 7
with the 7 18-minute average delay of sample No 1 of phase 2 shows that phase 7 1s now the
most efficient by about 70 per cent As a matter of fact, the averages for the three traffic
samples for the period of 1 to 2 1/2 hours show an absolute delay of 6 55 minutes per arrival
in phase 7 and 5 69 minutes for phase 2, a difference of only 15 per cent, a percentage which s
statistically insignificant Comparisons of phases even by like samples also show such incon-
si1stencies, although to a lesser degree This fact further emphasizes the cauhion that must
be exercised in malung comparative evaluations with single, though relatively large, random
samples

In comparison of the delays of operations (arrivals plus departures) in Table XXVIII with
the corresponding i1deal delays on Table XXI , 1t 18 again poted that there 1s no correlation in

—
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order of rank between samples In some cases the average delays follow 1> 2> 3, then 3>23 1,
and so on 1n both the 1deal and graphical analyses and with no consistent agreement

Dynamic-Simulator Results for Washington National Airport Phases 2, 6, and 7 With Zero Wind

A Delays.

Each traffic sample was run three tairnes 1n the dynamic simulator, making a total of nine
Tuns per phase Twenty-seven runs were made using the three samples of arrivals only, and
twenty-seven were run using the three samples of arrivals plus departures

Tabulations and 1llustrations of the more pertinent results are given 1n Tables XXIX
through XXXIV and in Figs 13 through 23 Table XXIX lists, for the samples of arrivals only,
the absolute delays on each i1ndividual run and the averages of the three runs per sample ac-
cording to the particular phase The variahons between repeat runs and samples are again
evidenced, thus re-emphasizing the danger of assessing results on the basis of single runs or
on the basis of averages of single Iike or unlike random samples or both

Table XXX summarizes the data of Table XXIX by averaging the results of all runs and
samples per phase and by then comparing the three phases through the listing of the absolute
delays, the system delays, and the differences between dynamic-simulator and graphical-
siumulator delays Casual observation of the data indicates that there are sigmficant differences
in the magnitudes of the average delays for the three phases However, on aD absolute-delay
basis these differences are less than 8 per cent This amount 15 1insigmficant since 1t 15 prob-
ably less than can be attributed to chance when the variable contributions of the humans in the
system and the effects of the random, though relatively large, traffic samples are considered
Further comparison of the phases on the basis of system delays shows phase 2 to be most
efficient by about 13 per cent Further checking with the comparable graphical results shows
reasonably good agreement However, whether these differences are sigmficant or not remains
questionable at this time

In Table XXX, the differences between the dynamic-simulator and the graphical results can
be considered to be criteria or indices of merit in assessing the work load and the allity oi the
controllers and pilots in actually handling traffic 1n each particular phase or method of control-
ling traffic This means that the larger the differences are, the more difficult the traffic 1s to
handle, since in the graphical analysis perfect knowledge, perfect execution, and unhmited time
to make the best decision 1n each instance dictate that the graphical delays are the lowest pos-
sible that are consistent with the particular rules, samples, and conditions being used It would
be premature in this preliminary work to attempt to calibrate these ctiteria for comparative-
evaluation purposes However, for reference purposes it is noted that by comparing the dynamic
graphmcal simulator differences in average delays per arrival for the period 1/2 to 3 hours, for
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TABLE IXIX

SIMMARY OF ABSOLUTE ARRIVAL DELAYS FOR INDIVIDUAL RUNS AND AVERAGES OF RURS ON DYRAMIC SIMULATCR
UNDER CONDITIONS OF ZERQO WIND ARD OFTIMUM OUTER-MAREER SEPARATIONS

Period| Mumber Em‘p].e Run Phase 2 Fhase & Phass T
of of umber] Numben Average Numbar Maximum Average Rumber Maxinum Average Number Max{grm
Opera- Arrivale1 Delay of Delay Dwlay of Dalay Delay of Delay
tions par Alroraft paT Alroraft por Adreraf't
Alreraft Delayed Alreraft Delayed Aircraft Delayed
(hour) (minutes) | (por cent) | (minutee)| (minutes)|(per cent)|(minutes)| (mimutes)]{per cent)| (minutes)
1l to 2 35 1 1 B 68 ol 3 21 2 & b7 o4 3 20 7 T.59 100 205
2 6 &2 971 23 0 7.13 grl 17 2 8 b7 gr 1 221
3 - 97 1 18.3 8.85 160 19.1 10 20 ol,3 23.8
Wverage [ 7 39 9 2 815 97.1 815 g7l
2 k 7 86 971 17.9 7 80 100 15 8 b.13 94.3 129
5 5 32 100 13.6 50 100 15.0 5 66 g7 1 15,0
6 T 53 100 171 910 100 20.7 10,33 100 2y 2
Wverage 6.90 99 0 7.6 100 693 7.1
3 7 6.62 g1l 22,0 6.54 100 16 3 6 58 71 16.8
8 635 gr 1l 17 5 6.66 100 18 5 G.% 100 16 7
9 6.30 100 16.3 7.3k 97 1 20.3 531 gri 15 3
Pverage 6.h2 98 1 6 85 99.0 6,14 98 1
1 to 47 1 1 97T 95 7 21.9 9 L1 ™7 207 8 29 100 205
21/2 2 & 85 gr 9 230 T.13 g7 9 17 2 S a7 97 9 221
3 6 ho g9 18 3 8 &7 100 19 1 11,18 95T 238
hrerage 770 gr 2 8 42 97 9 93 97.2
2 [ & 12 97 9 17 9 T 52 100 15 8 L s 93.6 12,9
5 k.53 g7 9 136 5 61 100 15 0 5 45 g7 9 150
6 8 oo 100 17 9 9 41 100 22 9 10 72 100 2k 2
fveraze 6 88 98 6 751 160 6 90 gr 2
3 T 9 29 a1 9 2k 0 T12 100 18 8 A 20 97 9 168
B T8 gr 9 191 8 és 100 20 0 A 28 100 191
[} 8 34 100 18 4 9 82 a7 9 22 b 6 29 a9 15 3
kverase 8 53 986 873 99 3 7 59 8.6
i/2 &6 1 1 7 61 2 4 21 9 T 939 207 7 06 85 5
to 3 2 557 55 230 6 o2 gr o 17 2 T4 939 22 1
5 27 95 5 183 TO08 g7 0 191 g3 73 9 23 8
Average 615 gk 5 T 00 9 0 T 95 5.k
2 L T 00 97 0 17 9 6 22 %85 15 8 3 82 85 b 12 g
5 376 % b 13 6 L,69 95 5 150 bl 92 h 15 o
6 678 g7 0 17 9 7 86 %85 22 9 8 89 g o 24 2
pveraga 5,85 95 5 6.26 95 570 91 9
3 T 715 97 0 2h 0 & 02 97 O 188 6 24 g7 0 16 8
3] 613 92 L 191 6 Th N 9 200 6 29 95 5 19.1
9 6 ks gr o 18 4 7 70 g0 22,4 - 98 5 15.3
pversgs | 678 %5 5 82 9.0 5 82 gr o
NOTE Samples of arrivals only
1 87

example, phase 7 was easier to handle than phase 2 by T ° 1 35, or 35 per cent On the other

hand, comparison of the absclute average delays shown on Table XXX for the same period shows
phase 2 to be more efficient than phase 7 on an over-all-delay basis by -g-g-g-: 1 035, or 31/2
per cent Further comparison of system {absolute rinus 1deal) delays shows phase 2 to be more
efficient than phase 7 by ;—;;- =1 06, or 6 per cent Comparisons of the ratios of the average
delays of all the dynamc-simulator results with the graphical results for the average of all
periods and all phases show that the dynamic simulator approached about 75 per cent of the de-
gree of perfection of the graphical, phases 2 and 6 rated 72 per cent, and phase 7 rated best,
79 per cent

Certainly much more experimental data must be obtained before any simulation, analytical,
and statistical tools can be properly calibrated with a reasonable degree of validity Meanwhile,
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TAHLE XEX

SIMMARY OF AHRIVAL TOELAYS MR DINAMIC-SDMULATOR ROUNS URIER COMDITIONS OF ZERC WIRD ARD OPTIMIM OUTER-MARKER SEPARATIORS

|
Pericd of | Mumber | FPhase Absolute Delays System Delays Difference Between
Operations of Rumber Dynemic and Graphicel Delays
Arrivals Average | Number Maximnm Avernge Rumber Maximm Averags | Number Maximum
Delay of Delay Delny of Delay Delay of Delay
per Alreraft per Alrcraft per Alrcraft
Alreraft | Delayed Aireraft Delayed Alrcraft | Delayed
hour ) (minutes }{per cent)|(minutea)| {minutes) | (per cent) | (minuctes)|(minutes) |[(per cent} | (minutes)
1to 2 35 2 6 9% g7 B ) j B8 6L 1k 2 1 57 83 T3
6 - 98 7 20 7 452 73 ug 21k 63 41
7 727 97 & 24 2 L a5 &0 15 & 169 79 69
1to21/2] 47 2 770 98 3 24 L 79 14 6 13.3 201 61 83
[3 B 2 99 1 29 531 15 b 12 2 213 48 57
7 6 o0 97 9 2k 2 5 09 14 2 13 5 145 6 b 19
1/2 t0 3 66 2 6 26 95 2 2k o 399 20 13 3 1 87 108 83 c
[ 6 69 9 5 2 9 4 L2 23 3 12 2 188 86 57T |
7 6 4y Su B 2L 2 422 2l 6 35 136 1o 39 |
]

NOTE Samples of arrivals only
The ayetem delay is the absolute delay minpus the ideal delmy It is the entire aystem of traffic, rules, human factors,
layout, and so forth in exrcess of that required for the shortest route with no traffic

results must be interpreted cautiously There are many more conditions and ranges of vari-
ables to be investigaged Hasty misuse and misinterpretation of preliminary data can result
in erroneous conclusions

Tables XXXI and XXXII list for the samples of arrivals plus departures the arrival-and-
departure absolute delays for each individual run and the averages of the runs according to the
particular phase In Table XXXIII, the data of Tables XXXI and XXX]II are summarized by aver-
aging the results of all samples and runs according to the different phases, these data are pre-
sented 1n the form of absolute and system delays for the arrivals and departures separately
The fact that the departure-system delays are negative is attributable io the fact that the 1deal
analysis followed explicat and inflexable rules, as discussed previously

The same differences between individual runs, like and unlike samples, and other varia-
tions discussed 1n the foregoing for the samples of arrivals only also exist yn these arrival-
Plus-departure data and will not be discussed further However, when corresponding graphical
results are compared with the dynamic-simulator results, 1t 1s noted that the arrival delays
went up appreciably in the dynamic-simulator runs where arrival delays were held constant by
using the departure-interspersion technique in the graphical analysis At the same time, the
dynamic-simulator departure delays were usually less than those in the graphical analysis
This difference resulted from the fact that TDEC controllers used the usual degree of conserva-
tism 1n providing larger arrival separations than those used for arrivals only Such conservatism
is typical of present-day, sinple-runway practice where large variations in probable perform-
ance must be taken inte account 1f wave-offs are to be mimumized However, 1t decreases the
acceptance rate and causes the arrival delays to increase more than the decrease 1n departure
delays This condition 15 undesirable

A more meaningful comparison of the resulis for the samples of arrivals plus departures
15 shown in Table XXXIV in the form of delays per operation Iti1s seen that where a lhittle
choice between phases was implied for the case of arrivals only, there was even less choice on
the basis of operations in the samples of arrivals plus departures Even the differences between
the graphical and dynamic=-simulator results remain fairly constant

The over-all ratio of dynamic to graphical average delays per operation for all periods
showed the dynamic sumulator approached the degree of perfection of the graphical by about 66
per cent, phase 2 rated 65 per cent, phase 6 rated 63 per cent, and phase 7 rated best at 69 per
cent

Further 1llustrations of the dynamic-simulator over-all results and comparisons with
graphical and 1deal data are shown in Figs 13 through 23 Figs 13 and 14 are bar graphs of
the comparison between the three phases of the dynamic~simulator absolute average and maxi-
mum delays averaged out for all runs and samples Figs 15 through 23 show the comparisons
of the average absolute delays between phases, between corresponding graphical, dynamic, and
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1deal delays, and so forth, all 1n the form of tirne series of average delays per arrival or per
operation 1n each successive 15-rminute period The agreement between the graphical and the
dynamic-simulator results, the differences, and the index of merit discussed previcusly should
all be noted These time-series presertations show how the delays in the system bwld up and
back up with the particular time and traffic rates They also show that appreclable differences
exist between phases for short saturated periods of 15 or 30 minutes, even though the delay
data averaged out for periods of one or more hours show relatively little difference Whether
or not these 15- or 30~-minute periods are of any sigmificance 1s beyond the scope of this work
However, the delays occurring during these short periods of rather 1nfrequent occurrences are
somewhat sitn-lar to those which the Bell Telephone Laboratories classify as ''grade-of-
servirc Are short periods, or infrequent occurrences, qr both, the conditions for which the
system should be designed? If so, what grade of service 1s acceptable for other conditions or
periods? The answers to such questions are quite controversial and should be judged at much
higher levels

B Commumcations
Pertinent data on communications densities per channel, average communications time
per aircraft, average message length, and average number of messages per aircraft for the
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variwous phases and channels are given in Tables XXXV and XXXV and 1n Fags 24 through 28
Table XXXV and Figs 24 and 25 are for the samples of arrivals only Table XXXVI and Figs
26, 27, and 28 are for the samples of arrivals plus departures Fig 28 1s presented as the com-
bined density of the east and west approach-control sectors {channels 1 and 3) 1n the form of the
time series discussed previously, the build-up of communication densities per phase with time
and traffic rates can be followed and further correlated with the time series of delays per
phase shown i1n Figs 16 and 17

Four communication channels were simulated, east-sector approach contreol, west-sector
approach control, airport ground control, and a channel for center-~to-tower transition 1In addi-
tion, 1n place of the usual flight-progress boards and strips, a two-digit limted-data~transfer
device was used between the center and the tower and between east and west approach-control
sectors 1n the tower

As 1n the case of delays, the communications data show that there 15 little or no differ-
ence between phases The small differences that do occur are no greater than should be
expected by chance

Examination of the data reveals the following interesting facts The air-borne personnel
talk about 70 to B0 per cent as much as those at the ground station There 1s a difference be-
tween samples 1n the amount of communications sample 2 carries far less communications
than the other two samples in the west sector and far more than the other two 1n the east sector
when both air and ground during all phases and runs are considered There i1s an apparent dif-
ference between phases in ground commumcations, with phase 7 having the most live fime 1n the
west sector This was caused by several irregular circumstances During all three runs of
sample No 1 during phase 7, departure control was handled on the same channel as the west
sector, and during run 18 of phase 7, the air traffic control channel broke down and was combined
with this same ground channel in the west sector With these irregularities accounted for, there
was no signmiicant difference between phases

Further examination of the data shows an apparent difference 1n the amount of talking, that
1s, there appears to have been less talking when both arrivals and departures were handled than
there was when only arrivals were involved This was due to the fact that during the runs invol-
ving only arrivals, there were more airplane consoles available than during the runs involving
both arrivals and departures, therefore 1t was possible to start the arrival aircraft further out
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TABLE IXXI

SUMMARY OF ABSALUTE ARAIVAL DELAYS FOR INDIVIDUAL RURS AND AVERAGES OF RURS ON DYNAMIC SIMULATOR
USING ARRIVALS FLUE DEPARTURES TUNDER CONDITIONS OF ZERO WIND AND OPTIMUM OUTER-MAREER SEPARATIONS

#Aums 13 and 14 of phase 2 were not included because they were run under adverae gonditions

Period| Number |Sample( Run Fhase 2 Fheae & Fhase 7
of of Nupter| Number | Average RNumber Maximum Average Rumber Maximuem Average Rumber Max {mum
Opera=-|Arrivals Delay of Delay Delay of Delay Daley of Delay
tions per Alreraft per Alrcraft =T Alrcrart
hireraft Dalayed Alreraft Delayed Aircraft Delayed
(hour) minutee) | {per cent)|(minutes} | (minutes)|(per cent)|({mioutes) | (minutes)| (per cent)| (minutea)
1lto2 35 1 10 12 4 ok 3 24 & 121 g7 1 301 15 3 100 58
11 10 9 g7 1 2Tl 12 9 ok 3 29 8 1 8 91 L 32 4
12 11 3 ol L 331 13 2 97 1 313 10 6 100 23.3
Averagel 11 5 oL 3 12 4 96 2 12 6 g7 1
2 13 * . - 12 7 100 2 2 10 5 g7 1 228
1L * . . 1 8 100 35 8 131 b4 100 29 5
15 g8 100 20 4 97 g7 1 229 B o 100 20 2
Average| 37 8 100 11 & 99 0 107 59 0
3 16 65 100 21 3 68 100 20 7 75 100 20 0
17 95 100 309 10 3 100 25 5 60 97 1 171
18 B 7 100 261 87 100 20 6 7.9 97 1 20 8
Average| 82 100 93 100 71 98 1
1 to L7 1 10 13 8 95 7 24 6 14 3 97 9 301 18 3 100 35 5
21/2 1 131 97 9 271 115 T 29 8 13 9 93 6 32 b
12 13 b 936 331 14 9 g7 9 313 1 5 100 231 3
Average| 13 b BT 1} 2 g1 2 1 4 g7 9
2 13 * * * 135 loo 22 6 12 4 I 9 22 8
14 * * * 1k 0 100 35 8 15 5 100 328
15 10 8 100 20 % 17 g7 9 35 2 a2 100 20 2
Averang 10 8 100 131 99 3 21 99 3
3 16 91 100 29 15 100 28 0 97 100 21 7
17 14 1 100 37T 4 13 8 100 29 1 81 97 9 19 5
18 14 100 26 3 17 100 ol 11 ¢ 97 9 241
Averagﬂ 11 5 100 12 3 100 96 93 6
1/2 65 1 10 11 b 35 5 24 6 12 2 gr 0 c1l 15 6 100 35 8
to 3 11 11 7 98 5 27 1 11 1 55 b 29 8 12 0 95 b 32 b
17 11 8 95 5 331 12 6 97 0 33 9L grc 21 3
AveragJ 11 6 9 5 12 0 96 8 12 3 q5
o 13 * * . 11 9 100 22 5 1L 985 2z 8
1k L * * 12 9 100 5 B 14 2 100 357
15 10 6 100 20 6 11 5 o8 5 15 2 73 7 20 2
Average 10 6 100 121 99 5 11 0 %8 5
3 16 T2 100 27 9 27 100 28 0 76 100 21 7
17 12 5 100 37 b 1 2 100 29 1 68 37 Q 19 5
138 95 98 5 26 3 95 100 jol 92 ol 5 24 1
Averagd 9 6 99 5 101 100 T7 9% 5

in the problem and thus have them under actual simnulated control for a longer time
Consequently this added to the total amount of communications

In summary, over-all examination of the communications data shows that use of the

Limited-data-transfer device between the center and the tower and between sector controllers
1n the tower, plus some form of sector-control radar-vectoring procedures in the terminal area,
results 1n simple communications which can be handled for a good number of years to come with
low density and work load on only a few channels and with present equuprment The implication
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TABLE IXXTI

SUMMAAY OF ABSOLUTE DEPARTURE DELAYS F(OR INDIVIDUAL RUNS ARD AVERAGES OF ROUNS QN DYRAMIC SIMOLATOR
USING ARRIVALS PLIS DEPARTUHES UNDER CONDITIORE OF ZERQ WIND AND OPTIMIM OUTER-MAREER SEPARATIORS

PtericaclT Number | Sample| Run Phase 2 Fhase 6 Phase 7T
of of Fumber |mber | Average Number Maximum Average Number Maximm Average Rumbe - Maximum
Qpera- | Depar- Delay of Delay Delay of Delay Delay of Delay
tiona tures per Alrcraft per Alrcraft per Alrcraft
Bireraft Delayed Aircraft Delnyed Alrcraft Delayed
{hour) [minutes)|{per cent)|(minutes) | {minutes)| (per cent) |{minutes) | (minutes)](per cent)|(minutes)
1 ta 2 20 1 10 100 85 0 54 1 80 95 0 B3 114 750 je
11 110 a5 o 35 077 25 0 31 1 50 B0 o L5
12 20 90 0 87 079 55 0 36 1 60 90 © 92
Aversge| 1 & B6 T 11 a7 1k BL 7
2 13 * * ] 11 75 0 b2 170 $2 0 59
14 » » - 0179 0 26 1 60 95 0 b9
15 a 20 85 0 53 Q72 750 28 2 00 95 0 6.1
Average| 2 20 85 0 09 50 94 0
3 16 078 80 0 24 0 & 95 0 32 0 89 as o0 24
17 190 100 58 0 36 700 15 L 00 95 0 37
18 1 o4 90 0 16 0 60 &5 0 26 o 97 90 0 2 h
Averagel 1 2 S0 0 06 7T 10 90 0
1 to 33 1 10 170 91 0 5 4 15 gr o 873 1.1 78 8 e
2 1/2 11 130 90 9 b1 103 gro 31 1680 aL 8 51
12 30 sk o 87 08 66 1 16 350 93.9 92
Awveragel 2 0 20 86 9 21 85.0
2 13 * * = 130 788 5 2 2 30 93 0 78
1% » . S 0 9 78 8 3l 140 8 8 kg
15 210 9L O 61 o 72 T2 17 29 1 gk o 61
Average 2 1 910 10 76 8 1 B3 &
3 16 11D a8 30 130 of O 37 150 BT 9 56
17 2 30 100 B1 o0 57 78 8 22 1 60 0 9 66
18 135 90 9 50 (-1 72 7 je 110 90 9 31
Average 1 6 91 9 09 B2 8 1k Bg 9
1/z 51 1 10 1 40 86.3 54 13 90 2 83 095 76 & je2
to 3 11 110 86 3 L1 0 9 98 o 31 1 30 725 51
12 210 86 3 87 o &4 58 & 36 2 50 92 2 g2
Averagel 1 5 86 3 10 8z 3 16 610
Z 13 s * * 12 T35 52 21 920 T8
1L * * * o Bl 725 b2 13 Bo 4 Lo
15 190 o0 2 61 079 T4 5 3.8 11 96 0 6.1
Averags 1 9 90 2 9 735 17 89.5
3 16 100 82 3 L5 130 96 1 Lo 130 90 2 56
17 2 10 o o a1 085 80 4 51 1 4o 92 2 66
18 113 68 2 50 110 Th 5 Ly 13 22 k6
Averagel 1 4 B9 5 11 BT 13 915

s 13 and 1§ of Phase 2 vere not included bacause they were run under sdwerase conditians

15 apparent The effect of simplifying procedures (assurming ne attendant decrease in safety)
can oftern alieviate and sometimes eliminate many barriers, some of which are usually inherent
because of unorgamzed attempts to alleviate some other deficiency In the studies described
in this report, there was little flow control exercised or necessary in feeding aircraft into the
terminal area The simple, straightiorward, direct-control procedures allowed the random
high traffic rates employed to be absorbed wn the terminal area with a relatively low work load
and with a rmmimum of delays



TABLE XXXIII

SUMMARY OF ABSOLUTE AND SYSTEM ARRIVAL AND DEPARTURE DELAYS FOR DYNAMIC-SIMULATCR RUNS UNDER CONDITIONS OF ZERC WIND' AND OPTIMUM OUTER-MAREER SEPARATIONS

Period of | Number |Number| Fhase Absolute Delays System Deleys
Operations of of |Number Arrivals Departures Arrivals Departures
prrivalse|Depar- Aversage Number Max imum Average Number Maximum Average Rumber Maximum Aversge Number |Meximum
tures Deley of Delny Delay of Delay Celny of Delay Delay of Lelay
per Alrcraft per Alrcraft per Alrcraft per Aircraft
Afrcraft*| Delayedx Alreraft¥#| Delayed® Alreraft¥*| Delayed® Ajreraft® | Delayed®
{hour) (minutea) |(per cent}|(minutes) |(minutes) |(per cent)| (minutes)| (minutes)|(per cemt)|(minutes) | (minutes) | (per cent)|(mirutes)
1te 2 35 20 2 98 %81 31 1k 67 2 87 56 L8 2L 6 -2 9 ~11 -lo
6 no 98 & i5 8 09 7 8 83 68 51 2h 3 =34 -lo s 20
7 01 o8 1 is 8 1k 88.6 92 59 L8 2k 3 -2 13 +03 -11
1 to 2@/2 U7 33 2 12 2 98 6 Tk 18 98 3 87 Th 36 22 0 -h 5 +56 -7 E
6 13 2 98 8 35 8 10 B2 2 813 8L 3.8 20.4 =513 -10 = 80
T 121 98 6 358 18 881 9z 713 3.6 20 4 -k 5 -hE -71
1/2 to 3 66 51 2 107 98 7 37 b 15 88,7 a7 69 15 b 220 -15 +11 -7 &
[ 11 4 98,8 35 8 10 798 63 16 15 5 20 & -k o -78 8o
7 10.3 9.2 58 15 87 5 92 6.5 1h 9 20 U -3 5 -0 =71

#iverages of all runs and samples except runs 13 and 14 of Phase 2, which are pot included,
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IDEAL ANALYSIS OF USE OF 3-MILE SEPARATION

Without a fine degree of speed control, use of the three-mile uniform separations from the
outer marker to the runway yielded an abnormally high percentage of probable wave-offs For
purposes of reference and for setting up the proper order, sequence, and outer-marker arrival
times 1n the wave~-off analysis 1t was necessary to analyze the 3-mile rule 1deally At the time
this was done, the entire 3-hour sampleof traffic were used, none of the probable wave-offs
were reiniroduced The mimmum separations for the zero-wind condition were given in Table
Xi, the mumumum separations during the 20-mph headwind are shown 1n Table XXXVI

Use of the 3~mile separation rule yields a thecretical maximum acceptance rate of 41 3
aircraft per hour in zero wind and 35 0 aircraft per hour in a 20-mph headwind, 1f 1t 15 assumed
that there are no wave-offs A summary of the arrival delays using the three 3-hour samples
of arrivals only and samples of arrivals plus departures 1s shown 1n Tables XXXVIII and XXXIX
Both the zero-wind and 20-mph-headwind conditions are included, and no wave-offs were reintro-
duced Previously described rules for the intermixing of departures were used All mihitary
operations were presumed to land or to take off at Bolling or at Anacostia Again it should be
noted that the arrival delays for the 20-mph-headwind condition are more than double those of
the zero-wind condition Further comparisons of the samples of arrivals aonly with the samples
of arrivals plus departures show that single-runway interspersion of departures increases the
delay of the arrivals by about another 50 to 60 per cent

GRAPHICAL ANALYSIS OF MODIFIED PHASE-2 PROCEDURES

Phases 2, 6, and 7, are essentially moving-block systerns where aircraft are '"vectored”
(controlled by radar) when necessary all the way from the rim of the 40-mile diameter to the
inner twin stacks and to the airport Although moving-block systems produce smaller delays
than other systems, at least on an analytical basis, they can impose severe work loads on the
humans in the system when some practical type of computing and when flight-path planming
devices are not available In addition, when the performance of both controllers and pilots 15 not
up to the usual high standards, the number of commumcations, repeats, and other factors might
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TABLE XXXTV

STMMART OF OPERATTONS LELAYS FOR DYNAMIC SIMULATOR UNDER CONLITIONS OF ZER0O WIND AND OPTIMIM OUTER-MAREER SEPARATIONRS

Period of | Nurber (Nummber| Phase Absolute Delays Syaten Delay Nifference Between
Operatian of of |Humber Graphical and Dynamic Delays
lArrivals | Depar- Average Rumber Marimum | Aversge Rumber Maxizm | Average Eumber Maximum
tures Deley of Delay Delay af Delay Delay of Delay
per Alreraft per Alrcraft per Afreraft
Alrereft®| Delaymaw Alrcraft®| Delaysd® Alrcraft® | Dalayed®
{minutes ) | (per cent)|(minutee)|(minutes)|(per cent)|{minutes)| (minutes) | (per cent}|(minutes)
lto2 is 20 2 613 9 6 331 21 23 o § 23 a1 17 b
6 648 %00 35 8 26 -13 24 3 2T 39 19 2
7 65 o 3 58 23 jo 24 3 21 100 18 5
1t021/d & 33 2 73 98 5 T 4 15 by 211 23 89 217
[ Th 91 0 35 8 1.6 -3 1 195 26 10 18 6
T 72 66 358 14 -0 5 15 5 21 56 155
1/2 to 3 66 it 2 62 93 8 37 4 15 aL 211 23 98 27
6 613 89 7 358 16 43 19 5 24 3T 18 6
7 60 930 358 113 76 1g 5 19 - 155
sAvernge of all ruos and semples except rme 13 arpd 1b of Fhasa 2
TARLE XXXV
COMPARISON OF ARRIVAL COMMUNICATIONS DATA FOR DYNAMIC-SIMILATCOR RUNS
UNDER COMDITIORS OF ZERO WIRD FOR OPERATIONS DURING HOURS 1/2 TO 3
Sample | Phase Towver and Alr Total Center and Tower Total
Number [Rumber Channel 1, Weat Sector Chennel 3j, East Sector Channel 6,
Center-to-Towver Transition
Density | Aversge Average Density | Average Average Density | Average Average
of Mesgege |Communieatioma of Measage Commmications of Mespage |Commumnicationa
Live Length Time Live Length T Lme Live Length Time
Time per Alreraft Time par Alreraft Time paer Alreraft
(per cent)|(eeconds)| (seconds) |(per cent}|(seconds)| (seconds) |(per cent)|(seccmds)| (seconds)
1 2 29 0 39 91 3 35.0 36 797 120 28 16 6
6 29 0 3 Bl 7 b1, ; il a8 12 0 27 16 4
T 2 0 33 gz 1 350 i6 8 2 13 0 24 191
2 2 23 0 34 69 4 37.0 33 86 3 120 25 15 8
6 31,0 3a 103 3 3% 0 28 Bs5.0 16,0 23 221
T 24,0 jz 7313 ko 33 Bo 8 1B o 31l 2,2
3 2 29 0 30 881 310 a7 TT 2 12 0 23 157
é 29 0 31 8g b 350 31 8L 9 13 0 3.1 17 8
T 25 0 313 76 9 j1,0 29 T7 9 150 2.7 208
Averagd 2 27 0 3.4 8i 9 340 ja 811 120 25 61
[ 300 31 9225 370 jo 87 2 14 0 27 18 8
T 24 0 33 77 5 3o 33 80 6 15 0 27 21.h

All values are for an average of 3 runs per sample

Breakdown of tower-and-air data not available Runs used samples of arrivals only

affect the over-all results by offsetting the benefits derived from the most efficient systems

In order to reach some compromise, the relative merits of a system with both fixed and movang
blocks were 1nvestigated graphically It was believed that such a system would reduce the work
load and thus maintain top efficliency without additional personnel and unproven equipment, at
the same time maintaiming or betftering safety standards

In this fixed-moving-block system, it 1s assumed that the portion of the terminal area up

to and including the twin feeder stacks and holding patterns would be operated somewhat as a
fixed-block system The portion between the twin stacks, the outer marker, and the airport
would operate as a moving-block system and would use the optimum and minimum radar

separations described previously

QPO 800136-5
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TABLE XXXVI

COMFARISON OF COMMUNICATIONS DATA FQR DYNAMIC-SIMULATOR RUNS USING ARRIVALS PLUS DEPARTURES AT ZERQ WIND

Period of |Chan-|See-| Phaee [Sample Tower to Alr Alr to Tower Tover and Alr Total
Operation) nel |tor |Num- |Number | Density | Average | Average Density | Average | Avorage Denaity | Average | Average
Num- bar Live Length | Commun- Live Length | Commun- Live Length | Commun-
ber Time of jecation Time of ication Time of ication
Message |[Time per Mesoage [Time per Megeage Time per
JAlrcraft Alrcraft Alrcralt
(hour) (par cent)|(seconds)(epecands )| (per cent)|(seconde)(seconds) | {per cent)(sacconds)j(aeconds)
1l %o 2 1 |West| 2 1 13 10 23
2 11 8 19
3 16 12 a8
Average, 13 10 23
6 1 18 12 30
2 10 7 17
3 1y 10 2h
Averags| 1L 9 23
7 1 23 1k 37
2 1Q 8 18
3 20 12 32
Average| 18 11 29
1to2 31 |East| 2 1 15 12 27
2 20 16 36
3 19 1k 33
Average( 18 14 32
6 1 16 11 27
2 2k 18 k2
3 14 13 3l
Average| 19 1k 3
7 1 13 12 25
2 21 16 i7
3 16 12 2
Average| 18 13 30
lte21/3 1 |West| 2 1 13 11 24
2 13 10 23
3 18 13 3
Average| 15 11 26
-] 1 16 11 27
2 13 10 23
3 15 10 a5
Average| 15 10 a5
7 1 25 15 ko
2 12 9 2
3 20 12 32
Average| 19 12 1
3 |Emst| 2 1 16 13 29
2 19 15 34
3 18 14 32
Averege| 18 1L 32
& 1 18 13 K)o
2 22 16 38
3 17 2 29
Average| 19 14 33
7 1 15 13 28
2 19 15 34
3 15 12 7
Average 16 13 29

NOTE This table uses an average of three runs per sample, nine runs per phaae
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TABLE IXXVI (Continued)

COMPARTSON OF COMMUNICATIONS DATA FCR DYRAMIC -SIMILAT(H RUNS TBEING ARRIVALS FLUS DEPARTUHES AT ZERC WIND

¥ Channals 1 and 5 cambined,
Hot avmilable.

—
Period of| Chan- (Sec- |Phase|Sample Tower to Alr Alr to Tower Tower and Air Total
Operation| nel tor | Num=|Number [ Density | Average | Average Density | Average Average| Denslty [Average [Average |

Hum- ber Live Length | Commun= Live Le: Commun- Live Length  [Commbun-
bar Tima of ication Time of ication Time of ication
Mepoege [Tima per Meamage| Time per Messege |Time per
Aireraft Aircraft Alrcraft
{hour) (per cent)(eeconds )(seconde)|(per cent){seconds)fsaconda) |{per cent)(eeconde )(seconda)
1/2t0 3| 1 |West] 2 1 12 i1 FT3F] 10 25 38 2 22 28 ay
2 13 3L 50 3 10 25 39.3 23 30 82 6
3 15 3L 5 & u 25 39.8 26 30 ok 3
Average| 13 3.3 50.3 10 25 3g 1l 23 29 as
6 1 15 37 54 9 9 22 3k 1 2k 3o Bg o
2 13 35 50 G 10 24 36 5 a3 jo B& 3
3 13 35 6 L 9 23 317 22 29 78 0
Average| 14 36 50 L 9 213 b1 23 ja 8L 4
T 1 21 ko T5 2 14 2y 8 4 35 j2 123 é=
2 12 35 k5 6 9 25 334 a jo 79 0
3 1k 15 53 2 10 24 36 3 2k 30 89 5
Average| 16 37 58 0 11 24 39 b 7 31 ar 4
3 nst [ 2 1 15 32 L1 0 13 25 351 28 28 76 0
2 17 33 W1 6 13 2l 365 30 28 B4 1
3 19 3 b %9 13 23 361 32 29 BT 1
Average| L7 33 4 5 13 alh B9 30 28 8z i
6 1 18 3k 50 Q 13 22 35 6 kil 28 85 b
2 13 35 37 13 2.2 36 0 32 29 89 6
3 7 3.3 L6 2 13 24 6 30 29 80 8
Average| 18 3L 500 13 23 35.4 3 2.9 85 3
7 1 15 2.8 97 12 21 32 6 7 2s 721
2 16 3 b 4s s 12 213 T 28 28 71
3 15 31 L1 3 12 23 s 7 2.7 T2 8
Average| 15 31 ki 12 22 319 b d 0| 27 Th.0
5 ond| 2 1 18 ik 36.1
Cen- 2 1% 3.4 T b
trol 3 15 36 256
lAvarage 16 3.5 29 7
6 1 13 34 L)
2 19 249 33 2
3 15 3.1 29.7
Averagn 18 31 33.9
T 1 - i e
2 13 31 30.6
3 1h 3.2 16.5
jAverage 15 3.2 23.5
6 |otr| 2 1 8 28 12,7
to 2 8 27 13 8
™G 3 ] 2.7 16 6
|JAveTags g8 2.7 1y 4
6 1 9 3.0 1h.2
2 8 29 16.5
3 8 28 12k
Average 8 2.9 T
7 1 9 2.7 1.5
2 10 2.7 162
3 8 2,4 211
Average 2 2.6 17.3




TABLE XXXVII NOTE
ARRIVALS PLUS DEPARTURES
OPTIMUM QUTER-MARKER SEPARATIONS AND ZERO WIND

OUTER-MARKER MINIMUM SEPARATIONS NUMEBER OF

USING 3-MILE UNIFORM RULE armivacs 1|3 2T B0 848
WITH 20-MPH HEADWIND NUMBER OF R I O I O I I I
DEPARTURES
Sequence |Time Separation|Distance Separation |o( =T _T-
{seconds) (miles) . / \ i_
IDEAL \
FF 83 30 G 8 | ANA A
il TDEC DYNAMIC ’l \ \
MM 90 30 82 7 —1 —1 ] T
s GRAPHICAL
ss 108 30 £Z g —N \ ,
-
MF 95 34 23 s X / ‘\ ;
SM 122 41 N - ‘Y‘\
a /
SF 127 46 §° 3 Y i \ !
$g /N V7
FM 90 jo To 2 ; N Y
=T v
N Zam i .
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M5 la8 30 00 115 030045 100 (15 130 145200 215 2 30245 300
TIME T ComcaTER ChaEn
Average 33 s

Fig 23 Average Absolute Delays Per Operation
Pbase 7 (Ideal, Graphical, and
TDEC Dynamic Simulator)

Where holding fixes lie relatively close to the mimmum path of aircrait entering a system
from any direction, mimimum delays will occur Therefore, no excessive detours and the con-
sequent curmnulative backing up of delays to aircraft from opposite directions will result when 1t
1s necessary to royte traffic to the twin stacks as clearance limits for possible holding Since
the A and B twin stacks of phase 2 lie closer to the mimirnum paths than those of the other two
phases, 1t was selected as the best configuration for the partial-fixed-block and partial-moving-
block procedures See Fig 33 1n Appendix A Furthermore, 1t was felt that symmeirically
located stacks suimplified handling procedures Also, the less the distance to be vectored, the
less the variability Although the distance from the A and B stacks to the outer marker 1s rela-
tively small, 1t was felt that there was st1ll a sufficlent degree of flexability to put the random
arrivals of a fixed-block system into a sequence, even during peak congestion periods

Table XL summnarizes the pertinent delayresults of the graphical analysis For purposes
of 1dentification, the fixed-moving-block systermn 1s called phase 2 (a). Only the zero-wind con-
dition was analyzed, and the related results of the original moving-block graphical analysis of
Phase 2 are repeated for purposes of convenient comparison Figs 29 and 30 show the time-
series comparisons for the samples of arrivals only and for the samples of arrivals plus
departures Optimum ocuterm-marker minimum separations were employed

The results show that from the standpoint of delays to arrivals only, phase 2 is more
efficient than phase 2 (a) by about 30 per cent, on the basis of delays per operation, phase 2 1s
better by only 8 per cent Again, the caution that must be exercised 1n judging the merits of a
gystem by using only one traffic sample, even though it is a relatively large one, should be borne
in mind For example, comparison of the average delays per operation for the period 1 to 2 1/2
hours shows 5 5 minutes for phase 2 when sample No 3 is used and 5 2 minutes for phase 2 (a)
when sample No 215 used This comparison indicates that phase 2 (a) is superior to phase 2 by

per cent, contrary to the over-all comparison which averaged out all samples and periods

Whern 1t 1s considered that the delay per operation provides a more realistic criterion
for comparing single-runway (or possibly intersecting-runway) operation at Washington National
Airport, the 8-per cent penalty of phase 2 (a) appears to be neghgible in view of 1ts potential
simplicity of operation The over-all efficiency with live controllers and pilote may more than
offset this 8 per cent, which after all is indicative only of the relative merits of the phases on an
analytical and not on an over=-all-system basis Further study of some practical aspecis of the
use of a moving-block sysiem between the inner twin stacks and the outer marker reveal that-
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NOTE NOTE!
ARRIVALS ONLY, TIME O:30 TO 300, IERQ WIND ARRIVALS ONLY TIME O:30 TO 3100, 1ERO WIND
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Fig 24 Average Communication Live Time Fig 25 Average Channel Densities and Message

and Number of Messages Per Alrcraft Length Per Aircraft, Arrivals Only
{IDEC Dynamic Simulator) (TDEC Dynamic Simulator)
a Separation between aircraft can be effected by using graduated serles of fixed tracks

between the feeder stacks and the outer marker This device 15 called a multitrack
system By means of a sumple computing device, the controller can compute gate times
at the outer marker and can select the particular approach track for each aircraft to
enable 1t to arrive over the approach gate with the proper separation from other air~
crafi The fixed and relatively short and simple approach tracks make it possible for
controllers and aircraft to achieve this gate fime within a small tolerance, the controller
need only learn from the computer which fixed track is to be followed He would then
simply transmit these heading instructions to the aircraft irom a radarscope overlay
without the usual mental calculations and resulting conservatism
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NOTE! NOTE
ARRIVALS PLUS DEPARTURES, TIME O30 TO 3 00 ZERO WIND ARRIVALS PLUS DEPARTURES, TIME 030 TOD 3 00, ZERD WIND
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b Aurborne pictorial displays showing the various approach tracks could further reduce
the over-all work load and the amount of air/ ground commumcations required The
controller, having determined the proper track from the computer, would assign the
track to be followed The pilots could then navigate their own way along the assigned
tracks In this way, the controller would function mainly as a monitor and would stand
ready to override the system at any time if necessary Since the lowest altitude 1s 2500
feet at the holding fixes and 1500 feet at the outer marker, an aircraft with unsafe
separation can always be turned back to 150( feet at one of the holding fixes

Preliminary tests of a system sirmilar to that of phase 2 (a) have been conducted at TDEC,
and the results were quite satisfactory TDEG personnel have also integrated into the system
an apparently smooth and efficient method of commbimng Jet-typelguth conventional propeller-
type aircraft The details and results are published elsewhere

16

Anderson and Vickers, op cit
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STATISTICAL AND THECORETICAL ASPECTS

Significance of the Delay Parameters, Traffic Samples, and Delay Theory

The preceding data show that the numnber and the magmtude of the variations between the
average delays per aircraft for the various traffic samples indicate an acceptably good repre-
sentation of the random variations anticipated in day-to-day air traffic The backing up of de-
lays from the peak hourl to 2 to the next half-hour period for certain samples and conditions
should alsc be considered, along with the fact that little or no correlation exusts between the
average delay per aircraft and the maximum delay or the percentage of aircraft delayed Ewven
in the 1deal analysis, almost all of the aircraft operations are delayed because the traffic-loading
rates are high, 1n cases of hagh traffic rates, the use of the percentage of aircraft delayed
therefore becomes meaningless for indicating trends The maximum delays depend more upon
the positioming of large time intervals within the random samples, and although they are of
operational interest they cannot be used as a meaningful basis for comparative-evaluation
purposes

The results of the 1ideal analysis show that for the samples of arrivals only the average
delays for the 20-mph-headwind condition (maxmum acceptance rate = 29 8 per hour) are more
than double those for the zero-wind condition (maximum acceptance rate = 36 1 per hour) For
the samples of arrivals plus departures, the corresponding delays are nearly double For the
traffic samples, rules, and procedures outlined 1n this report 1t can be expected that 1o actual
operation the delays will be twice again as large

It was previously stated that different systemns of air traffic control do not always react
proportionally to different random samples of traffic Thus, 1t is risky to use one representa~
tive random-traffic sample to determine the relative merits of any given air traffic conirol
system The gquestion arises whether the three random-traffic sarmples previously outlined were
sufficient to ensure that they would y1eld an acceptable degree of statistical stability A plot of
average delays versus loading {the arrival rate divided by the acceptance rate) for each particu-
lar sample showed great variation between samples and showed dispersal within samples How-
ever, a suimilar plot averaging the delays of the arrivals of the peak hour 1l to 2 for the three
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TARLE XXXVITI

SUMMARY OF ARRIVAL IELAYS FOR IDEAL ANALYSIS USING ARRIVAL TRAFFIC ONLY
UNDER CONDITIONS COF 3-MILE UNIFORM SEPARATION AT ZERO- AND 20-MPH WIND

Period of Yumber | Sample Zero Wind 20-MFH Wind
Operations of Number Average Number Maximum Average Number Meximum
Arrivals Delay of Delay Deley of Delay
Der Alreraft per Alrcraft
Alrcraft | Delayed Alrcraft | Delayed
{hour) (minutes) [(per cent) |(minutes) | (minutes) |(per cent)|(minutes)
lto?2 35 1 2.16 8z2.9 6.60 L.k 88.6 11.48
2 1.54 80.0 k.42 2.98 91.4 6 ST
3 2.0k 85.7 6.58 3.60 88.6 10.20
Average 191 82.9 5.87 3.64 89.5 9.42
1/2 to 58 1 1.51 65.5 6.60 3.29 8L,5 11.48
21/2 2 1.13 70.7 L2 2,19 82.8 6.57
3 1.65 69.0 6.58 3.69 82.8 11.05
Average 1.h4 68,4 5.87 3.06 83.k 9.70
0to3 73 1 1.30 61.6 6,60 2.74 75.3 11,48
2 0.93 60.3 L, b2 1.77 69.9 6.57
3 1.0 60.3 6.58 3.02 Tl.2 11.05
Average 1.2 60.7 5.67 2.51 72.1 9.70

NOTE  The arrival delays for the 20-mph condjtlon are about double those for the zero-wind
condition even though the theoretical acceptance ratesof 41.3 per hour for zero wind
and 35 per hour for 20-mph headwlnd were not appreciably lowered.

samples of arrivals only or of arrivals plus departures for the two wind conditions and for
both the 3-mile-umform anpd the optimum-mimmum separations at the outer marker produces

a smooth curve, as shown i1n Fig 31

Thus, not only are the three traffic samples sufficient to

represent day-to-day variations but they are also sufficient to reduce the influence of random-

ness on the validity of the subsequent evaluations

The sharp increase 1n slope with loading

in Fig 31 1s also worthy of being noticed At this one-hour peak arrival rate of 35 aircraft
per hour, increasing the loading from 80 to 100 per cent doubled the delays

As a measure of the effect of using operational vectoring procedures with laive controllers
and pilots, the average of the results for zero-wind phases 2, 6, and 7 (7 24 minutes, more than

double again that of the ideal) on the TDEC dynamic simnulator 1s also plotted in Fag 31

Also

shown are the corresponding graphical-analysis delays for the average (5 3 minutes) of all

samples and all phases

Until further runs planned for future programs are made for the

conditions of higher and lower acceptance rates, the trend and the calibration factor cannot be
determined conclusively
The correlation coefficient between corresponding graphical and dynamic=-simulator
average delays for each 15-minute period i1n any phasefor an average of three samples is 0 98
This means that the observed data confirm the validity of the following linear relationships
This high correlation holds for both the delays per arrival in the samples of arrivals only and
the delay- per operation in the samples of arrivals plus departures

For Arrivals Only

Dynamic=-Siumulator Average Delays

For Arrivals Plus Departures

Dynamic-Simulator Average Delays =

112+111 xgraphical

088+ 142 x graphacal
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TABLE XXXIX

SUMMARY OF ARRIVAL DELAYS FOR IDEAL ARALYSIS USING 3-MILE UNIFORM-SEPARATION RULE
UNDER CONDITIONS OF ZERQO- AND 20-MPH WIND WITH ARRIVAL-FLUS-DEPARTURE TRAFFIC

Period of | Number |Number|Sample Zero Wind 20-MFH Wind
Operations of of |Number| Average Rumber Maximum | Average Number Mazimum
Arrivels|Depar= Delay of Delay Delay of Delay

tTures per Alrcraft per Alreraft

Alircraft Delayed Axrcraft Delayed
{hour) (minutes )| (per cent)| (minutes)| (minutes) | (per cent)| (minutes)
1to2 35 25 1 2.6 85.7 6.82 5.11 91,k 12,18
2 2.57 9L.k 6.17 4.20 9.3 9.37
3 2.70 88.6 8.60 L67 91,4 1k, 72
Average 2.58 88.6 T.20 k.66 2.4 12,09
1/2 o 58 50 1 2.3h 81.0 6.82 5.97 89.7 16,52
21/2 2 1.82 82.8 6.17 3.75 94,8 9.37
3 3.1k T5.9 10.4%0 6. 06 87,3 21,08
Average 2.43 T9.9 7.80 5.26 90,8 15,66
0 to 3 73 68 1 1,98 Th.0 6,082 5.43 86.3 16.52
2 1.48 71.2 6.17 3.15 86.3 9.37
3 2.% 65-8 lo.ll'o 5!38 8316 21.08
Average 2,01 T0.3 7.80 4.65 as.4 15,66

.

The foregoing empirical relationships yield an accurate estimate for any loading except
extremely low ones, which are umimportant

When the average delays for 15-minute periods are being predicted, the standard errorin
estimating dynamic-simulator results from graphical results 1s only 43 seconds for the samples
of arrivals only, for the samples of arrivals plus departures, the standard error or deviation 1s
61 seconds When estimated on an hourly basis, the results are even better

When peak arrival rates persist for long periods such as five hours or more, the system
will start to break down This 1s evident from delay theory,l7- 18 as shown in Fig 32 In delay
theory, 1t 15 assumed that traffic samples are infinite and have Poisson-distributed average ar-
rival rates The system theoretically starts to saturate at a loading of about 90 per cent or
more Certainly, 1n operational practice this saturation will occur at a much lower loading
Again, determination of the calibration factors awaits further testing on the dynamic and graphi~
cal simulators No cross plotting of the 1deal-analysis of Fig 31 and of the corresponding
graphical- and dynamic-simulator results 1s made with the delay-theory data of Fig 32, because
they are not comparable The results of the simulation work described 1n this report are for
finite and more realistic transient traffic samples of relatively short duration and with the usual
building up to a peak and a subsequent dropping off While traffic 1s building up, the system 1s
Just starfing to approach some degree of stability with delays for this short period distributed
exponentially as expected However, in the latter part of the runs, the traffic begins to saturate
the system, levels off, and then drops off to almost nothing Since this behavior s typical of
present and possibly of future peak-traffic rates, the system will never be 1n a steady state
This means that delay theory cannot be used without some empirical modification Study of the
frequency distribution of the simulation-delay results shows that these delays do not follow the
Poisson law Further examination of these distributions points up why the delays do not follow
the thearetical delay curves, the delays come from at least two different populations

1

TBowen and Pearcey, op cit

18'T Pearcey, "Delays 1n the Landing of Air Traffic," Journal of the Royal Aeronautical

Society, December 1948
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Intervals Between Successive Operations

Data on the average intervals between successive operations were compiled from the
dynarnic-simulator runs Only a one-hour period 1n which there was always an availability of
aircraft was used For the samples of arrivals only, the average interval between successive
approaches on the dynamic simulator was 1 minute 53 seconds for phase 2, 1 minute 56 seconds
for phase 6 and 2minutes 1 second for phase 7 Corresponding graphical-simulator data showed
no significant difference between phases and averaged about 1 minute 45 seconds

For sarmnples of arrivals plus departures in the dynamic simulator, 52 operations per hour
were handled for the average of all phase 2 runs, 51 3 per hour for phase 6 runs, and 50 per
hour for phase 7 runs Corresponding graphical results again showed no appreciable difference
between phases and averaged about 56 operalions per hour on the single runway

In the dynamic-simulator runs with arrival and departure aircraft intermixed on the single
runway No 36 the average time for two successive landings was 128 seconds When a take-off
was lnterspersed between arrivals, the average interval between the two approach aircraft was
144 seconds The average time between successive take-offs was 65seconds On the basis of
these figures, a take-off adds only 16 seconds if inserted between two landings but adds 65
seconds if one take-off follows another Therefore,it can be concluded that when a backlog of
arrivals and departures exists, by far the most efficient handling 1s to alternate landings with
take-offs rather than to handle a few landings and then a few take-offs

Conduct of the Dynamic-Simulator Experimenis

In order to uncover possible clues about variations between repeat runs, an examination of
aircraft separations was made Table XVII listed the mimirnum time separations at the outer
marker for the various arrival sequences of 5, M, and F aircraft as based on average approach
speeds of 120, 130, and 150 mph, respectively Data on the outer-marker arrival himes were
checked for simulator time intervals smaller than these assigned mimma., Such intervals were
defined as TILTAM's, or Time Intervals Less Than Assigned Minima Only those of 15 seconds
or more and of 25 seconds or more were tabulated as being sigmficant Fifteen seconds repre-
sents approximately one-half mile and 25 seconds slightly less than one mile of separation at the
average approach speeds given

TABLE XL

COMPARISUN OF ABSCLUTE ARRIVAL DELAYS FOR GRAFHICAL ANALYSIS OF PEASES 2 AND 2(A)
USING ARRIVAL-FLUS~DEPARTIRE TRAFFIC UNDER CORDITIONS OF ZERO WIKD
AND OPTIMUM OUTER-MAREER SEPARATIQNS

Period of | Number | Sample Fhese 2 Phase 2(A)
Operations of Number Averege Number Meximum | Average Number Maximum
Arrivala Delay of Delay Delay of Deley
per Alrcraft per Alrcraft
ireraf't Delayed Alrcraft Delayed
{hour) (minutee) | (per cent)| (minutes))(minutes)|(per cent)|(minutea)
1l+to2 35 1 6.52 94.3 15.68 6.78 Sh.3 15.85
2 k.53 9l.k 10.78 7.27 97.1 1L.67
3 1‘-05 82-9 u-90 5-87 91-!]' 15‘13
Average 5.03 89.5 6.64 k.3
lto21/2 by 1 7.18 95.7 15,68 7.39 95.7 15.85
2 4,22 3.6 10.78 T.23 97.9 14,67
3 5.67 87.2 15.67 T.46 83.6 16.75
Average| 5.69 92.2 .36 95.7
1/2 to 3 66 1 5.54 8oL 15.68 5.80 87.9 15.85
2 3.39 B6.4 10.78 5.92 92.k 14,67
3 L.23 77.3 15.67 5.81 86.4 16.75
Averege k.39 Bh. 4 5.87 88.9
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TABLE ZLI

COMPARISON OF ABSOLUIE DEPARTURE DELAYS FOR GRAPHICAL ANALYSTS OF PHASES 2 AND 2(A)

USING ARRIVAL-PLUS-DEPARTURE TRAFFIC UNDER CONDITIONS OF ZERQ WIND

AND OPTIMOM OUTER-MARKER SEPARATIONS

rPeriod of | Number| Sample Phase 2 Fhase 2(A)
Operations of Number | Averege Number Maximm | Average Number Meximum
Depar- Delay of Delay Delay of Delay
tures per Aircraft per Aircraft
Alreraft Delayed Alreraft Delayed.
{hour) {minutes)| (per cent)|(minutes)| (Minutes)|(per cent)| (minutes)
1 to 2 20 1 1.60 70.0 8.47 2.01 70.0 8.67
2 2.97 80.0 d.92 1.78 85.0 5,92
3 1.64 85.0 b7 1.43 80.0 3.53
Average 2.07 78.3 .74 78.3
1to21/2] 33 1 2.96 8.8 8.70 3.25 81.8 8.88
2 3.57 8L.9 10.03 2.4 87.9 7.63
3 5.3k 90.9 14,97 3.07 87.9 12.45
Average 3.96 85.9 2.91 85.9
1/2 to 3 51 1 2.h1 8.4 8,70 2.32 Th.5 8.88
2 3.10 82.4 10.03 2.23 86.3 7.63
3 b.55 90.2 14.97 2.78 8o,k 12.45
Average 3.35 83,7 2,44 8o.%

The results are shown in Tables XLIII and XLIV for the 2 1/2-hour samples of arrivals
only and for samples of arrivals plus departures The corresponding average delays per air-
craft for the period of hours 1/2 to 3 are shown for comparison, It1is seen that the number of
TILTAM's during the runs 1nvolving both arrivals and departures were much less than those
for the samples of arrivals only This was due to learming, to better discipline, and to the
larger arrival separations employed by TDEC controllers in interspersing departures However,
no sigmficant relationship exasts between the number of TILTAM's and the average delays
Furthermore, the number and magnitude of the TILTAM's had hittle effect on the over-all
resulis

Since the controllers were rotated from run to run, an examination was made of the
delays of those aircraft handled by each controller, but no statistical relationship between
delays and controllers was found The effect of rotating the console operators was examined,
again with negligible effect on the over-all results

Relationship Between Average Delay and Communication Density 1n Dynamic-Simulator Runs

An analysis of variance was performed on the delays of arrival aircraft By this method
the variation caused by any of the sigmficant variables such as controllers, phases, and traffic
samples 15 1solated and can be compared with the randomn residual error The results show
that the variations in delays between repeat runs and between traffic samples overwhelm any
effects of changing the phases It 1s concluded, therefore, that the changes 1n samples and the
particular moods of the controllers (as during repeat runs)affected the delays more than the
location of the twin stacks or the procedures associated with each sample In fact, the over-all
differences between phases are no more than should be expected by chance

However, TDEC controllers had often rermnarked that there were significant differences
in their work load for the various phases Since these differences might show up 1n the com-
munications data, the commumcations densities for the peak hour were compared No consis=-
tent relationships between delays and cornmmumcations load were found A comparison between
the average delay per arrival and the densities of communications per phase for the average of
all runs of the samples of arrivals plus departures 15 shown 1n Table XLV as an example
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General Impressions and Conclusions

Aar traffic control simulation programs can be set up for either one or both of two basic
reasons (a) for comparing different methods of control and the effectiveness of new equipment,
iechniques, and the like, or (b) for making estimates of what a given method or piece of
equipment will do in actual operational practice

In either case, some sort of validation 1s necessary Without proper validation, the results
may be meaningless The TDEC dynamuc simulator and the FIL graphical simnulator are very
useful for making comparisons, but more intensive programs and comparisons using actual
operation are necessary in order for the results to be more rehable Comparisons of the
average delays for all runs, samples, phases, and periods show that the dynamic-simulator
results for the samples of arrivals only approached those of the graphical by about 75 per cent,
for the samples of arrivals plus departures this ratio was about 66 per cent, on the basis of
average delays per operation

Two types of traffic samples should be used in the dynamic simmulator The first has a
short, saturated period, and the second 1s a longer, more realistic sample with a build-up, a
peak, and a leveling-off period The type of sample depends on the simulation objective For
approximative comparison purposes, the short, heavily loaded sample should suffice For
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TABLE XLII

COMPARISON OF ABSOLUTE OFERATIONS DELAYS FCOR GRAPHICAL ANALYSIS OF PHASES 2 AND 2(A)
IBING ARRIVAL-FPLUS-DEPARTURE TRAFFIC UNDER CONDITIONS OF ZERO WIND
AND OPTIMUM OQUTER-MARKER SEPARATIONS

Period of |Number of |Semple Phase 2 Thase 2(A)
Operations [Operations| Number |Average Delay Number of Average Delay Number of
prer Ailreraft | Aircraft Delayed per Alrecraft | Aircraft Delayed

(hour) (minutes) (per cent) {minutes) {per cent)

L to? 55 1 L,7 85.5 5.0 85.5

2 h.0 87.3 3 5.3 92,7

3 3.2 83.6 L.3 87.3

Average Lo 85.5 k.o 88.5

1to21/e 80 1 5.k 90,0 5.7 $0.0

2 4.0 %0.0 5.2 93.8

3 5.5 838.8 5.6 9l.2

Average 5,0 89.6 5.5 ol.7

1/2 to 3 117 1 4,2 84,6 L.3 82.1

2 3.3 84,6 4.3 89.7

3 LLk B2.9 k.5 83.8

Average k.o 84,0 L.L 85.2

estimates of reality (especially in terrminal-area systems using radar-vectoring), the onger,
more realistic samples should be used This longer sample should include a quick build-up
of traffic, followed by an hour or s¢ of operations at the maximum rate anticipated for the
future, as was done 1n the experiments described 1n this report However, the resulis of the
dynarmic=-siumulator runs show that the total lengths of the traffic samples can be cut to two
hours without any sacrifice 1n statistical sigmificance
The present method of using three similar, but random, samples with three runs per sam-
ple seems adequate It permts the measurement by statistical tools not only of the differences
between methods of control, but also of the effects of day-to-day variations 1n traffic (samples)
and of different controllers and pilots, or of differing moods of the controllers and pilots (runs)
The main criteria for determining differences between traffic systems, equipment, and
other variants are
Ea The average delay and distribution of delays, for sigmficant periods
b) The time under control per aircraft
{c) The commumication density or control density {communication live time per aircraft
divided by time under control)
(d) Number of controllers and controller work load
Delays for the period 1 to 2 1/2 hours are greater than for the period 1 to 2 hours,
although the arrival rate 1s about 31 per hour for the period 1 to 2 1/2 hours and about 35 per
hour for the hour 1 to 2 This difference 1n delays 1s due to the peak hourly traffic backing up
into the next half hour where the arrival rate 1s appreciably less than the maximum theoretical
acceptance rate of 36 aircraft per hour However, 1n comparing delays between samples,
phases, and runms, 1t 15 noted that the average delays and variations between runs are just about
the same comparatively, so that either length of period 15 adequate for evaluation purposes
The airborne traffic talks about 70 to 80 per cent as much as the ground Because this
figure 15 almost the same as most comnmumncations data obtained from nonradar operations, 1t
appears that radar control should not change the communication picture as drastically as some
private line (ATCSS) exponents believe In the future, however, the content of simulator
comrmunications should be examined for realism
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TARLE ILIIT

ABSOLUTZ DELAYS VERSUS TILTAMS® FCH DYNAMIC SIMULATION
USING ARAIVAL SAMPLES URDER CORDITIONS OF ZERQ WIND AND OPTIMUM OUTER-MAREER MINIMMM SEPARATIONS
FOR OFERATION DIRING HOURS 1/2 TO 3

Semple Run Phege 2 Phaze 6 Phase 7
Number | Number ( Average Numper of Tiltams Average Number of Tiltama Averege Number of Tiltame
Deley per |15 Seconds | 25 Seconda | Delay per | 15 Seconds | 25 Seconds | Delay per | 15 Seconda [ 25 Secandas
ArTivel or More or Mpre Arrival or More or More ArTival or More or More
(minutes} (minutes) (minutes )
1 1 76 13 T T9 9 7 71 9 6
2 586 9 7 60 10 7 75 8 6
3 53 16 10 71 10 8 93 8 6
2 h 70 9 7 62 | 2 18 11 5
5 38 10 7 b 1 5 bb 13 9
6 68 5 L 79 1k 9 8o 13 6
3 T T8 9 3 60 8 1 62 12 10
8 61 9 6 67 6 2 63 10 5
g 65 2 1 TT 5 3 L 13 5

#A T1ltem is defined as the time Iinterval leses than the mssigned minimum

TABLE ILIV

ABSOLUTE DELAYS VERSTS TILTAMS FGR DYNAMIC SIMULATION
WSING ARRIVAL-PLIS-DEPARTURE SAMPLES UNDER CONDITIONS OF ZERQ WIRD AND OPTIMOM OUIER-MAREER MINIMUM SEPARATIONS
FOR OPERATION DURING HOWRS 1/2 TO 3

Sample Run Fhage 2 Fhaae 6 Phese 7
Fumber |Humber | Average Number of Tiltems Average Number of Tiltama Average Number of Tiltama
Deley per |15 Seconds | 25 Seconds | Delay per | 15 Seconds | 25 Seconds | Delay per | 15 Seconds | 25 Seconda
Alrereft | or More or More Alrcraft | or More or More Alrcraft | or Mare or More
(minutes) (minutes) (minutes)

1 10 11 & 2 1 12 2 L 3 15 6 2 4]

11 117 5 2 111 3 L 12 0 3 1

12 118 5 1 12 6 3 5 9.k 5 3

2 13 - 2 4] 11 ¢ 2 1 1 & T 5

14 -- 2 o 12 9 1 1 2 3 1

15 106 5 1 115 6 2 73 12 T

3 16 T2 I 2 97 o o 76 é 2

17 12 5 1 4] 11 2 3 2 62 10 2

18 95 L 2 95 6 3 g2 2 0

NOTE No relationship exists between Tiltams and delays except that two cmaes of average delays over 1k minutes had lesa
than 4 Tiltems and two cases of more than 8 Tiltams had delmys of lees than B minutes

CONCLUSIONS AND RECOMMENDATIONS

Review of the Besults

With prolonged peak traffic and present semiarbitary safety rules, use of the CAA
umiorm-radar-separation rule of three miles will result in an abnormally high percentage of
probable wave-offs both on the glide slope and on runway No 36 at Washington National Airport
unless some jurm of speed control 1s used Use of the optimum minimum separations averaging
about tour rmiles at the outer marker, described previously 1n this report, will reduce the prob-
ability of a ghde-slope wave-off to less than 1 per cent However, even with these optimum
separations, the present layout of instrument runway No 36 is such that the number of wave-offs
due to the runway-occupancy rule will still be too high at appromamately 16 per cent An addilion-
al high-speed exit located at 3400 feet from the runway threshold 1s recommended This exit
could serve both directions of this 6800-foot runway and would reduce the probable number of
runway wave-offs to 2 per cent
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The implications are evident Large random spreads of aircraft performance in the air
and on the ground contribute sigmficantly to the large mimmum separations required of a safe
traffic control system The use of some form or degree of speed control, the use of zero
readers, or the use of some type of display or computer aids and momtors will reduce these
spreads It is also possible that semiautomatic or fully automatic pilots and approach couplers
might reduce these spreads to almost nothing Then traffic controllers could reduce their
guesswork and conservatism in properly handling traffic 1n heavy IFR weather and could accord-
1ngly increase the acceptance rate The manner in which the magnitude of delays 1s affected by
a small change in the acceptance rate during peak loading should be recalled However, a further
analysis of the runway problem would be necessary to efiect these larger accepiance rates The
increased 1nput rate from the glide slope to the runway would then require an even more judicious
location and spacing of runway exits

When a backlog of arrivals and departures exists, the most efficient handling on a single
runway 18 the alternation of landings with take-offs rather than the handling of first a few landings
and then a few take-offs

Delays and commumcations loads for the three Washington National Airport phases 2, 6,
and 7 were relatively low While some runs differed widely from others, the averages for the
three runs and the three samples were stable Furthermore, there was little choice between
phases except during small saturated pericds where phase 6 was slightly less efficient than the
other two Itis concluded that any reasonable type of twin-stack terminal-area vector control
sumilar to the phase 2, phase 6, or phase 7 configurations can handle peak hours of traffic
averaging about 50 operations per hour on a single runway for several years to come, 1f the
radar 1s always reliable This statement implies that lattle flow control 1s necessary, most
rearrangement 1nto sequence can be accomplished i1n the terminal area A configuration sima-
lar to phase 2, with feeder fixes located close to the mummum flight paths and with a
combination of fixed blocks up teo and including the feeder fixes and moving blocks thereafter,
shows promise for reducing the work lead

Development of Mathematical Techniques

Because these simulation processes are slow and laborious, 1t 1s important that the traf-
fic designs are planned to produce the maximum of information from each run At the same
time, the statistical analysis of each run and of the variations between runs should be as thorough
as possible and should use the most powerful techniques available If air-traffic enpineering is
to become or 1s to approach a science, attempts should be made to set up mathematical descrip-
tions or analogues of the interactions of the many variables involved Although completely
rational formulae do not seemn to be immediately forthcormng, the development of sermempirical
relationships would be valuable, short extrapclations beyond the few quantitative values thus far
determined by simulation could be made with the use of well-validated calibration factors

The development of mathematical formulae to describe air-traffic flow 1s not easy Laitera-
ture on the subject includes the works of Bell, Bowen, Pearcey, Palm, Crommelin, Pollaczek,
Erlang, Fry, and Riordan Unfortunately, the treatises on the subject are too 1dealized, and
extensions of these studies are required to comprehend the many situations and the short, fimte,
peak periods of mixed traffic peculiar to air-traffic flow and control In the development of
these mathematical formulae, close checks should be made so that theory will not stray too far
from realism Moreover, checks should be made against actual flight results in order to vahidate
both simulation and theory Certainly the problems are challenging ones for which there 1s
immediate need for solution

Future Sirnulation Activities

Properly used, sumulation 1s a safe and useful substitute for conducting experiments 1n
air traffic control, which experiments involve contreolled flights of aircraft and involve the
operation of equipment which may or may not already exist It has been shown that analytical
and simplified simulation techniques such as the FIL graphical simulation are extremely useful and
are 1nexpensive means of evaluating and screemung on a prelirinary basis the many situations
procedures, ranges of variables, and other factors to be explored

The prelirinary investigations to date demonstrate that the joint TDEC-FIL simulation
activities yield a proper perspective 1n the assessment of the relative merits of proposed systems
of traffic control This work was of a preliminary nature, however; and 1nit 2 firm foundation
was laid for further and more conclusive evaluations of many other fundamental systems and
procedures Although the carrelations between the 1deal, graphical-, and dynamic-simulator
results are consistently good, the calibration factor for extending these results to other situations

QGFPO EO9186-3
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and procedures 1s not considered conclusive enough as yet Itis therefore recommended that
subsequent programs be undertaken to evaluate the effects of

The i1ntroduction of jet aircraft
The 1ntroduction of slower aircraft, to be designated V5 for very slow
The 1ntroduction of helicopters
The use of outer-marker separations smaller than the presently used optimum and with
some degree of speed control
Higher traffic rates of longer duration
Changes 1n the descent rules of 500 fpm and 1000 fpm
Downwind approaches
Conditions of headwand
Terminal-area en route and departure conirol

10 Airport-surface control

11 Combination fixed- and moving-block systems

12 Airport shutdown and gradual decrease or i1ncrease 1n acceptance rate with weather

13 Use of intersecting runways for landings and take-offs

The assumed aircraft performances and random distributions used 1n this analysis were
based on data available at the time of writing Some of these data were extensive and others
were limited for these particular purposes, because a wide variety of conditions were lumped
together Also, data are meager on the actual behavior of aircraft during periods of IFR 1n com-
Plex situations and when under radar-vectoring control Itis strongly urged that a program he
undertaken for obtaining these operational data at an airport such as Washington National where
certain radar-control procedures are 1n actual operational use The validity of the results of
the analyses 15 no better than the imitial assumptions These data are vital, therefore, prior
to any large -scale expansion of these analyfical and simulation activities
Certain long-range fundamental investigations should be undertaken using a more flexible

type of dynamic simulator to evaluate the contribution to the system of various situations,
techniques, and devices such as radar traffic displays, clutter on radar scopes, 1ts occurrence,
degree, and other conditions, DME, transponders, all equipped or pariially equipped, colors for
identification, data-transfer equipment, direct-view storage-display tubes, bright-tube displays,
personnel requirements in towers and centers, pictorial computers, commumcations techmques,
and computers for controllers

W G P

Doo=3n

The foregoing 1s a partial list of the many situations, techmques, and variables to be ex-
plored in any logical assessment and planming of things to come It is evident that they fall into
two general categories (1) procedures and systems of the present and the near future, some
with loral or lirmated application and others with more general application, and (2) certain funda-
mental investigations of technmiques and equipment applicable, for the most part, to a common
systemn five to ten years hence

The task of carrying out the two proposed types of simulation programs, plus certain other
local simulation evaluations for CAA Office of Federal Airways , 1s a rather imposing one which
cannot be undertaken with the present dynamic simulator at TDEC First, the present dynamic
simulator should be modified and supplemented to

Provide at least twelve consoles for terminal-area problems,

Provide at least twenty-four consoles for en route problems,

Increase the accuracies of the computing devices,

Provide for turns other than standard-rate turns,

Provide means for degrading the scope to simulate clutter, preciptation, and other
interferences,

Provide means for pilots to determine their position other than by viewing the screen,
Provide random generating devices to automatically feed representative normal
distributions of speed, rates of descent, and other variables into the computers,

8 w©r_vide means for simulating the airport proper

o L Do~
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Second, steps should be taken to study and to prepare specifications for the design and
procurement of ancther simulator to evaluate the more fundamental aspects of future air-
traffic control In studying and preparing these specifications, consideration should be given to
the means for evaluating the many proposed techniques and equipment, which 1include those out-
lined in the foregoing, and to consider
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1 The capabilities of evaluating traffic congestion, both en route and in the terminal area,
and to consider the flexability required in the types of displays,
2 The abilaty to evaluate a multiplhicity of paths, talang full advantage of the actual paths
available, wath the aid of a2 computer type of path selector,
3 Color-TV projection techmaques,
4 Design with regard to the statistical parameters and their sigmficance, autornatic data
recording and processing,
5 Ranges of radar safety beacons at 20, 50, 100 miles, and so forth
6 PBeacons which reply only on request instead of having confanuous response,
7 Altitude coverapge using radars with elevation information, also the value of range and
altitude information with or without elevation data,
8 Radar safety beacons with altitude 1nformation,
3 Fundamental air-to-ground information and comrnunications such as aural versus visual,
10 Party-line versus private-line commumcations,
11 Pictorial R-0 computers,
12 Others, as the need arises

APPENDIX A

DESCRIFPTION OF PHASES 2, 6, AND 7

General Description and Procedures

Phases 2, 6, and 7 are three twin-stack configurations which had been proposed for the
Washington National Airport terminal area They are essentially moving-block systems within
a terrminal area approxamately 40 miles in diameter. Each configuration consists of a two-
sector division of control {east and west) with twin 1nner feeding stacks for holding and feeding
inbound aircraft to the outer marker when necessary during heavy-traific conditions Consis-
tent with the separation rules (essentially 3-mile, or optimum mimmum radar separations, or
1000 feet altitude), aircraft are radar-vectored to the outer marker either directly via mim-
mum flight paths, via the prescribed airways, via the inner feeding stacks, or by any combina-
tion to suit No two aircraft in the same sector and en route to the inner fixes are permitted
to occupy the same altitude at the same time

The three phases differed only in layout of the inner feeding stacks and 1n their associated
procedures The two control sectors are operated independently of each other by a controller
until such time as co-ordination 1s required to arrange arrivals in sequence and to space them
1o the outer marker Ths sector division and layout of facilities are shownin Fig 1 and in
Figs 33, 34, and 35

It was assumed that all military arrivals would complete their approaches at either
Bolling or Anacostia after having passed the Washington National Airport outer marker Arriv-
al routes, altitudes, and holding patterns were arranged to permit use of standard missed-
approach procedures and proper, nonconflicting, departure routes and altitudes Mimmum
entry altitudes were 3500 feet in the east sector {routes A, B, and C) and 3000 feet 1n the west
sector (routes E, F, and G)

Medium and slow aircraft descend at an average rate of 500 fpm and fast aircraft at
1000 fprn  Where a fast aircraft 13 following a medium or a slow one on the same route or at
the same holding fix, the fast aircraft descends at 500 fpm Fast aircraft can descent at their
1000-fpm rate at all times between the inner holding fixes and the outer marker All arrival
aircraft must be at 1500 feet altitude when they reach the cuter magker

Phase 2 Twin-Stack Configuration
It was assumed that two symmetrically located low-power VOR's were 1nstalled in the

vicimty of the outer marker, as shown in Fig 33, to be used as final ARTC clearance limits
One LVOR was located 4 miles east and 1 1/2 miles south of the outer marker and was desig-
pated as Fix A The other LYOR was located 4 miles west and 1 1/2 miles south of the outer
marker and was designated as Fix B Arrival aircraft entering on routes A and B could not
descend below 3500 feet until they passed Riverdale (RVD) Aircrafi entering on route C main-
tained at least 3500 feet altitude until they passed Andrews Radio (ADW) Aurcraft entering



59

ROUTE A

ROUTE G

ROUTE F

ROUTE C

ROUTE E
LEGEND

STANDARD AIRWAY PATHS
————— MINIMUM FLIGHT PATHS

7 APPROX|IMATE VECTORING AREA BETWEEN
oA, INNER FIXES AND QUTER MARKER “iﬁn’.'fu‘.‘vmmm

Fig 33 Phase 2 Conflguration

on routes F and G maintained at least 3500 feet until they passed Springfield (SRI} Aircraft on
route E could descendto 2500 feet beficre reaching Mount Vernon (MTV%

Minimum altitudes at the A and B twin stacks were 2500 feet Normally, aircraft arriving
over Riverdale and Andrews were cleared via direct routes to Fix A, aircraft arrivaing over
Mt Vernon and Springfield were cleared via direct routes to Fix B Occasionally aircraft could
be cross-fed from Riverdale direct to Fix B and from Mt Vernon to Fix A, if necessary

Phase 6 Twin-Stack Configuration

It was assumed that the Springfield and Riverdale markers would be used as final clearance
limits Locaton of fixes and normal flight patterns are shown on Fig 34 Aarcraft arrivang
over Andrews followed a direct automatic-darection-finder {(ADF) course toward Riverdale until
contact was established, at which time they were turned into the down-wind leg of the pattern
If radar contact was established before they left the Andrews range, these aircraft were vectored
to suit proper separatione and required altitude let~downs and were then turned on the base leg
Whenever posesible, aircraft approaching Mt Vernon from Doncaster were vectored toward the
final-approach course on an easterly heading Aircraft arriving over Springfield were vectored
on a southeasterly heading prior to being turned on the downwind leg

The minimum altitude for alrcraft on routes A and B was 3500 feet until they passed River-
dale; for alrcraft on route C, it was 3500 feet until they passed Andrews, and for aircraft on
routes F and G, it wag 3000 feet until past Springfield Aircraft on route E may descend to 2500
feet before reaching Mt. Vernon Aircraft on routes C or E to Riverdale or Springfleld could not



60

ROUTE 4

SECTOR B

ROUTE ¢

LEGEND
STANDARD AIRWAY PATHS LEGEND
----- MINIMUM FLIGHT PATHS STANDARD AIRWAY PATHS
DEVELDPUENT —~—-~ MINIMUM FLIGHT RATHS
[Z277] APPRGAIMATE VECTORING AREA " cannow cniee
e inaRARaLlS MO ATA 7z777] APPROXIMATE VECTORING AREa BETWEEN

INNER FIXES AND OUTER MARKER

A4 TECHNICAL DEVELOFMENT
. ANG EVALUATHIN CENTER
INDIANAFDLIS DPUDIANA

Fig 34 Phase 6 Configuration Fi1g 35 Phase 7 Configuration

descend below the minimum altitudes for these fixes until past them

Phase 7 Twin-5tack Configuration

It was assumed that an LVOR was 1nstalled in the vicimty of Piscataway (P I §) as shown
in Fig 35 Ths installation, together with the one at Mt Vernon, formed a syrnmetrical twin-
stack systerm These two fixes were used as final-clearance lirmits Aircraft over Riverdale or
Andrews normally proceeded to Piscataway on direct ADF courses Aarcraft from Springfield
went to Mt Vernon on a direct ADF course All rules were siumilar to those of phase 2, except
for the substitution of the phase 7 Mt Vernon and Piscataway 1nner fixes for the B and A inner
fixes of phase 2

APPENDIX B

LISTING OF TRAFFIC SAMPLES

Tables XLVI, XLVII, and XLVIII list the thtee random-arrival samples and Tableg XLIX, L,
and LI Iist the three random-deparfure samples used in these simulation studies Their over-
all characteristics were given under "Conditions Studied and Methods of Evaluation’ of this
report Sample No 1 of arrivals was used with sample No 1 of deparitres, and so on

The routes designated as A, B, C, E, F, and G in thq arrival listings were shown in Fi1g 1
Speed classes are shown as 5, slow, surmlar to DC-3, M, medium, similar to Convair or
Martin, and F, fast, similar to DC-6 or Constellation GO was defined as any point in the
terminal area 20 flying miles from the outer marker
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TABLE ILY

COMPARTSON OF AVERAGE AFRTVAL DELAYS WITH COMMUNICATION DERSITY
FOR DINAMIC SIMOLATCR
Conditions of Testing:*
Arrivels plus departures, zero wind; hour of operation 1 to 2,

Semple Phage Average Camunication Denslty Communicatlon Density
Number* | Number Absolute Delay Channel 3 East Sector Channel 1 West Sector
Per Arrival
{minutes) {per cent) {per cent)
1 2 11.5 27 23
6 12,k 27 30
7 12.6 25 37
e 2 9.8 36 13
6 11.k 42 17
7 10.7 37 18
3 2 8.2 33 28
6 9.3 31 24
7 7.1l 28 32
Average 2 2,8 32 23
6 1.0 33 23
T 10.1 30 29

*The figures for each semple are the average of three rune.

APPENDIX C
IDEAL AND GRAPHICAL METHODS OF ANALYSIS *

In the ideal analysis, 1t 1s presumed that random traffic can be controlled ideally by
effecting specific delayswhererequired These delays are based on perfect knowledge and
perfect execution 1n the handling of arrival and departure traffic while conforming with the pre-
scribed mimimum separation and first-come, first-served rules The assurned average-
performance data are used throughout In the case of arrival traffic, the first aircraft due to
arrive at the outer marker will be the first to land, regardiess of entry altitude, entry point,
and tume of arrival at the boundary of the terminal area The boundary in this investigation 1s
considered to be 20 flying miles from the outer marker and 15 designated as Gg No speed-ups
are used to close gaps 1n arrival times

An out-of-scale s-T praphical 1llustration of the method involved in the 1deal analysis of
a hypothetical sample of arrivals only 1s shown on Fig 36 The solid s-T lines represent the
unaltered, undelayed 5-T traverse over the 20 flying rmles from Gy, entry to the terminal area,
to G1, the outer marker The dashed lines representi the delays devised for each case and
necessary to meet the prescribed separation minima at G| for the particular sequences of 5,
M, or F aircraft on the basis of the first due to arrive at Gl will be first to be brought i1n for
landing It should be noted here that an i1deal analysis need not be done graphically Fig 361s
presented for purposes of i1llustration only As an example, an 1deal analysis for a particular
random-traffic sample of arrivals only 1s performed with simple arithematic by

*Detailed descriptions of the methods can be found 1n Franklin Institute Laboratories
Reports Nos F-2164-2 and F-2256
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IDEAL DELAY JUSBT SUFFICIENT

ARRIVALS OMNLY TO MEET MINIMUM SEPARATIONS
LESS THAMN THE LESS THaN LESS THAN
PRESCRIBED MINIMUM THE MINIMUM THE MINIMUM
FOR MEDIUM FAST FOR FAST SLOW FOR SLOW FAST

LANDING NUMBER —=| 2 r3 4 %1 s 7 réq
] ] [ | ]

G, rdl

QUTER

MARKER

20 My
60

)
ENTRY NUMBER FQR RANDOM TIME OF G, ARRIVAL

LEGEND
UN‘LTERED :Almm!ﬁL’ﬂT
e DELAYED, IDEAL a0 EVALIATER T

Fig 36 Graphical Illustration of Acceptance Order and Delays at Quter Marker
(Arrivals Only)

TAHELE XLVI
SAMFIE NMBER 1 OF ARRIVAL AIRCRAFT

Period of Arrival|Route|Speed| Time of || Period of 1val|Routs |Speed | Time of || Period of prrival| Route(Speed | Time of
Operation | Rumber Cless | Arrival || Operation | Number Class | arrival || Operation | Number Clmss | ArTival

at Gy at G, at Gy
(hour) {seconds) {hour) {seconds ) (hour) {seconds)

0 to 12 1 G 5 230 [[1 e 11/ 25 A F 570 || 1 1/2 to 8 50 C 3 6760

2 A M 260 26 B M Ls80 51 E § 7170

*| F ] 570 212 | E M L590 soE [ a 5 7180

3 c 5 960 28 G F L800 53# c s 7190

5 @ F 130 29 B M La870

[ E M 1160 3o | E 8 3o || 2 to 2 1/9 b B M 7220

ki A F 1790 3l c 3 4530 55 E 5 7250

32 A s 4980 566 | a s T80

1/2to 1 8 A b/ 20ko 33 4 M 5390 57 A F 7870

9 C M 2130 58 B 5 7920

0% | A G 2140 ([ 11/f2tod 3b E 3 shao 59 A M A150

11 A 8 2250 35 [c} s 5510 60 G M 8300

12 G F 23Lo 36 F ] 5620 61 F F 8330

13 c r 2470 37 | G 5 s&70 62 c F B360

14 F M 2480 18 B F 5ThO &3 F M 8550

15 B 8 2610 ag E F 5790 &h F 5 8920

16 B F 2860 Lo G F 58h0 E5# B F 8990

17 B M 3210 Liw G s 5890

18 C M 3580 L2 c ¥ 5950 || 21/2 to 3| 66 G M goko

k3 B 5 6070 67 B M 9070

ltell/d 19 E 5 3850 I B 8 6080 68 A M 9uLo

20 B F 39ho 45 E M 6090 69 B M 1oa70

21 E M 3990 L6 A 5 6160 70 B M 10360

22 C 5 Loko i7 G 5 8290 e E F 10470

23 B s L3710 Lo A F 6300 T2 A M 10720

2k* | @ 5 k380 Lo | A 8 6750 Tk | A M 10790

#Hilitary
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TABLE XLVI1

SAMFLE WUMBER 2 OF ARRIVAL AIRCRAFT

Peried of ivel|Boute!Speed! Time of || Peried of dval| Route| Speed | Time of )| Period of prrival) Route|Speed| Time of
Operation | Number Cless| Arrivel || Operetion | Number Clese | Arrival |l Operetlon | Number| Clase | Arrival
at Gy at Gy at Go
{hour) {seconds {nour) (seconda) (hour) (seconds )
0tolf2 1 B 7 9% [1te11/4 25 A M k2o [11/2te 3 S50 E M &880
2 5 F 100 26 A F L520 51% 4 M 6510
3 E 5 190 27 B ] 4530 52 E g 6540
L A S 420 28+ | E & 4740 53, € S 7150
5 B F 1090 29 G 5 4790
& B F 1140 30 A M 504Q Zto 21/2 Sb E 5 Thkq
7 A M 1750 3l A L 5150 55% G 5 7670
32 A P 5220 56 F F 7860
1/2 to 1 g B M 1820 33 B ] 5390 5T* E 5 7930
9 ¥ M 1910 54 A ] 8080
10 G 5 2000 || 1 1/2 to é 34 A M ShE0 59 c 5 aro
11 g ) 2010 35 B 5 5Log 60 C M 8220
12 A S 2040 36 c 3 5520 (51 G 5 8350
13 B S 2250 a7 c 5 5630 ] £ M B7k0
1k G M 2360 18 B 5 5700 63 A M 88z0
15 B M 2610 39 G ¥ 5730 &L E M B9&0
16 A F 2660 Lo A F 5500 65 A 5 B8990
17 | C s 2670 i} B M &oTo
10 | 3 s 3580 e | F 5 61k [[21/2to 3 66 c F 2280
13 G M 6150 &7 B F 9330
1tw11/4 19 B M 3890 Ly c F 6360 65 F M 9540
20 B M 3540 L5 C M &0 &g E F 9650
21 o M 3050 L6 B M 460 Jo% | E M 9760
22 ¢ F 3960 Yy7e o 5] 6hoo Tl* F s 10070
23% G F W7o 45 G S 6780 TR E F 10520
al A 5 Lpeo Lg B M 6870 3 E 8 Lo790

"Milltary

(1) Noting the times of arrival at G

(2} Adding the average 20-mule traverse times for the particular aircraft type

(3; Accepting the unaltered order of arrival at G

{4) Determiming what delay times, if any, are necessary to meet the corresponding
outer-marker time mimma

Fig 36 indicates that inadequate separation at G| would result, according to the GO entry
times for No 2 M and No 3 F aircraft i1f these aircraft retained their respective comparative
speeds and positions, therefore, No 3 F 1s delayed by an amount just sufficient to meet the
particular outer-marker fime rminumum Entry No 4 S 1s fifth to land at G| and entry No 5 F
1s fourth to land, because No 5 F, a faster aircraft, 1s scheduled to arrive at G) before No 45,
a slower aircraft However, because 1nadequate time separation at G would exst for this order
of arrival and for the resulting sequence of F'S at G, entry No 5 F 1s unaltered but entry No 48
1s delayed to smit Further, 1t should be pointed out that should the delaying of entry No 3 F
result 1n 1nadequate separation at G between No 3 F and No 5 F, No 5 F would also have been
delayed to swt but would still be No 4 to land However, this would result in an even larger
delay of entry No 4 5, which 1s still No 5 to land For purposes of clarity, this case 1s not
shown in F1g 36

An out-of-z_ale s-T graphical 1llustration of the method 1involved in the 1deal analysis and
of the order of runway acceptance of a hypothetical sample of arrivals and departures from the
outer marker, Gj, up t0 and including the runway, 15 shown in Fig 37 Average performance
data and rules, as outlined 1n a previous section, are used throughout

It 1s seen that No ! arrival, a fast aircraft, arrived at the outer marker at a time less
than 36 seconds before No 1 departure was scheduled to start its 30-second hine-up tuime No 1
departure 18 cleared as No 1 runway operation and departs accordingly, and No 1 arrival
comes 1n next as No 2 runway operation Since the No 2 departure is scheduled to start its
Line-up at a tune less than 30 seconds after the preceding No 2 arrival has crossed the runway
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TAHLE XLVIIT

SAMFLE NIMBER 3 OF ARRIVAL AIRCRAFT

Period of [Arrival|Route{ Speed| Time of || Period of 1val |Routa|Speed | Time of || Period of Arrdival|Rowte|Speed | Time of
operation | Number Class | Arrival || Operation | Number Class | Arrival ([ Operation | Number Arrival
at G at G at Ggy
(hour) (aecung.a) {hour) (aeconga) {hour) (aeconda
0 to 1/2 1 A F 10 [1te11/d 25 B M I290 [[11/2te d =0 G [ 6680
2 [ F 1E0 26 A M 1360 5L B M 7110
3 A 8 350 27 G F 4390 52 A M T180
L A M k2o 28 E M Isho 53 B M 7100
5 G F TL0 29% | A F L=50
6 B F 1480 30 F : 5100 || 2 te 21/2 sk A 8 7320
™| G F 1720 n A F 5250 55 E 5 7350
32 F 3 5300 56 F 5 Theo
1/2 to 1 a B M 1820 33 B M 5350 57 [ M 7430
o B 8 1870 58 ] 5 T800
10 A 8 1980 || 11/2t0d 34 B B 5700 59 ¢ 5 7990
n c F 2230 35 E M 5890 60® | 4 8 8000
12# A 5 2240 36 G M 5000 61% B 5 8130
13 v} [ 2330 37 c ) s970 62 G ¥ 8180
1L F M 2620 38 | E M 6020 63 G M 6190
15 B F 2710 39 A F 6110 6L E M 8860
16 A M 3020 Lo C 5 6150 65 A M Bggo
17 A s 3090 s | E s &h50
18 A M 3580 42 F M G460 | 21f2 to 3 6o* | E [ [ %3]
k3 | @ 8 6510 &7 E 5 9670
ltollf2 19 B F 1850 4 B F 6520 68 E F 9680
2o | G 8 3780 ks B M 6530 69 | C s 9930
21 ] 5 3790 L6 [} s 6540 70 B ) 9960
22 E 5 hooo LT F F 6610 TL ¢ 5 10270
23 A F Lo1o b8 E F 6640 T2 c | 10380
22 | B 5 Lauo kg B M 6770 T3 c M 10790
#ilitary
TARLE ILIX

S5AMFLE NUMBER 1 OF TAEE-OFF AIRCRAFT

Feriod of Departure| Desired || Period of peparturs| Desired || Pericd of [Departure( Desired ([ Period of Departure/ Desired
Operation | NMumber | Time of || Operation | Number | Time of || Operatiom | Number | Time of | Operation | Fumber | Time of
Teke-0ff Take-Off Taka -0Ff Take-OfT
‘hour {aeconds) {hour) (seconds } {hour) (seconds) {howr) {seconds
0tolf2 1 3% | 1tell/d 22 Léoo ewu/i l3= 7690 21fzte 3y €5 lokio
2 800 23 5010 Lh 7860 66 10700
3 £10 2u= 5360 Ls 7890 &7 10750
4 1220 19 8020 63 10760
5* 1790 [[11/2 to a5% 5450 W7 8070
26 5660 L8 8400 3 to 3 1/2 &9 11050
1/2to1 6 1860 27 5650 Ly 8530 70 11120
L 2190 28s 5760 50 8580 714 1270
a 2320 g 5930 5 8590 T2 11660
9 2510 30 é100 52 6760 73 19N
10 2720 31 6250 53% 8870 Th 12320
11 2990 32 6420 5la 89ko 5 12330
12 33k0 33 6630 bl 8990 764 12580
13 3570 3k 6960
35 T15%0 2 1/2 to 3 58 9080 31f2te i T 126T0
1tol 1/ 13 3660 36 T160 51 9130 8% 13j2¢0
15 3790 37 7170 58 9380 79 13230
16 3680 38 7180 59 9570 8o 13620
17 3950 & 96h0 a 13630
18 3960 [ 2to21/d 39 7350 61= 9710 a2 13680
1g% kolo ko T400 (54 10080 83 13710
20 4100 L1 TU50 é3= | 10110 8l 14380
21 3o L2 7660 2N 10220 85 1k390
#military
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Fig 37 Graphical Illustration of Acceptance Order and Delays (Arrivals Plus Departures)

threshold, 1t 18 delayed an amount just sufficient to meet the 30-second rule and thus becomes
No 3 runway operation Proceeding, No 2 arrival (medium) arrives at the outer marker at
such a time that the scheduled line-up time of No 3 departure would be greater than 42 seconds
later Therefore, No 2 arrival i1s given clearance to land as No 4 runway operation, apd No 3
departure 1s delayed an amount sufficient to start its take-off at just 60 seconds after this pre-
ceding arrival has crossed the runway threshold No 3 departure then becomes No 5 runway
operation

It 1s next seen that No 3 arrival (slow) would arrive at the cuter marker more than 54
seconds before No 3 departure starts its delayed line-up tirne No 3 arrival is delayed to
exactly suit the 54-second interval and becomes No 6 runway operation It should be pointed
out that 1f No 3 departure's line-up time were scheduled instead of delayed, the No 3 arrival
would have been accepted first, and no delay would have been impoesed on it However, becauee
the No 3 departure's originally scheduled line-up time occurred before the outer-marker time of
No 3 arrival, No 3 departure 15 first served

The scheduled line-up time of No 4 departure occurs at more than 30 seconds after the
preceding delayed arrival No 3 crosses the runway threshold. Thersfore, No 4 departure ie
clear to go and becomes runway operation No 7 Since more than 55 seconds exists between
the scheduled undelayed line-up time of No 4 and No 5 departures, No 5 departure is then
cleared as runway operation No 8

The ideal analysis differs from the theoretical analysis used by other investigators in the
past in that 1t considers representative random samples of {raffic as they might occur from day
to day and not a theoretically infinlte average traffic rate It also considers differences in air-
craft speeds and in separation requirements by accepting aircraft landing sequences according
to the particular timees of arrival of the alrcraft at the cuter merker and by subsequent delayingof
the aircraft to suit As such, the ideal analysis has been demonstrated in previous investigations
for ANDB to be a more realigtic and, consequently, a more conclusive criterion for evaluation
purposes in the determination ef significant trends. This is especially important in the
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TABLE L

SAMFLE BUMEEH 2 OF TAKE-OFF ATRCRAFT

Pericd of peparture| Desired (| Period of Peparture| Deeired | Period of Peparture| Desired | Period of peparture| Desired
Operetian | Bumber | Time of || Operation | Rumber Time of Operation | Number | Time of || Operation | Number | Time of
Take ~off Take-Off Take -Off Take-0fT
_{hour) {oecendn) (hour) {secands) {nour) {seconds) (hour) {seconds)
0 to 1/2 1 330 [1to11/d 2o 2t 21f 3% 7010 [[21/24 3 65 10690
2 800 23 k130 ﬁ hh 7860 66 10720
3 1030 2hs 5360 Lse 7870 67+ 10750
bt 1120 L4 7880 6= 10780
5 1790 11/2td 25 5410 L Bot0
268 =hlo 45 120 | 3to31/d 69 11090
1/2t01 o= 2280 27 5750 ko 8250 O 11450
T 2350 28 6080 50 &280 T1* 11650
B 2360 29 150 51 8310 T2 11700
9 2850 30 6280 52 320 73 11810
1o 3120 Il 6530 53= asto T4 12220
11 3370 32 6660 5k 8800 75 12510
12 3hho 33 6770 55 B8990 76 12580
13 3510 3k 6920
35 6970 21/2to3l s6 9120 [|[31/2t0l{ 7T 12810
1tel1/3 1k 3620 36 T00 57 9370 78 13020
15 3690 37 TLTO 58 okoo 79 13030
16 3720 35+ T80 59 9710 8o 13040
17 Logo 60 99ho 31 13350
18 bs6o F 2w z21/d 39 7250 &1 10050 g2 137k
19 450 Lo 7280 62 10060 83 14030
20 Le0o L1 7650 63 10090 Shs 14160
21 h&10 L2 740 64 1oLoo 85 14370
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SAMPLE NUMEER 3 OF TAKE-OFF AIRCRAFT
Feriod of peparture] Desired || Pariocd of Peparture| Desired |[ Paried of peparturs| Desired || Feriod of peparture| Desired
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Take-0ff Takn-0Off Take-Off Take-0ff
{hour (seconds ) (hour) (secands) (hour) (secanda) (hour) (saconds )
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5 1790 |[r11/2¢ 4 =25 5510 7= Bk3o
268 5540 48 BLEo |[3 to 3 1/2 5] 11030
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12 160 13 6330 i 8990 i 12380
13s 3550 3k 67100
5 7o 21/2t0y =6 380 |[31/ete ) TT 12650
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15 3730 7 7070 = 9500 79 13110
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19 kh70 Lo 7300 & 10240 83 139%0
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determination of the swmitability of one, two, three, or more representative random-traffic
samples for proper use in the preliminary design of a traffic control system or for a reasonably
conclusive preliminary evaluation of various proposed procedures, rules, or other systems

In the graphical method of analysis, perfect knowledge and perfect execution 1s assumed
This includes the probable variations 1n performance on both the glide slope and the runway
However, contrary to the 1ideal method, the procedures required to meet altitude, lateral, outer-
marker, runway, and other separations are followed step by step as they might occur in the
dynamic simulator and 1n actual practice Laimits of turmng, finite stacking times, times to
turn and to vector, and so forth are followed by projecting the x and y flight co-ordinates of the
aircraft with time The human element 15 1gnored except in cases of previously described
constant time delays which are assumed for observations, time for malung decisions, and time
for reaction

Graphical analysis 1s basically the plotting on a grid of which the ordinate s 1s the pro-
Jected distance and the abscissa T 1s the time of the path of an aircraft as it travels through
certain airways and paths of a given traffic-control configuration and system This method gives
a continuous physical picture of the procedures followed and of the decisions made to meet the
particular rules and layout Where the path 1s on a specific airway, the slope of the s-T curve
1s the projected speed of the aircraft at that point A constant slope indicates constant velocity
Where an aircraft must delay, a wavelike trage (sinusoidal if the aircraft circles) is shown on
the s-T grid Colors are used to 1dentify different airways and entry paths, and various dashed,
solid, and broken lines 1dentify altitudes
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