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APPLICATION OF SIMULATION TECHNIQUES IN THE STUDY OF
TERMINAL-AREA AIR TRAFFIC CONTROL PROBLEMS

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 ammed at meeting the stated operational re-
guirements of the common military/civi]l air navigation
and traffic control system This project, sponsored and
financed by the ANDB, 13 a part of that program The
ANDB 15 located within the administrative framework
of the Civil Aeronautics Administration for house-
keeping purposes only Persons desiring to communi-
cate with ANDB should address the Executive
Secretary, Air Navigation Development Board, Crvu
%erconauhcs Admmistration, W-9, Washington 25,

SUMMARY

This 1s an interim report summarizing the work
which has been completed to Qctober 1252 1n the
study, through the use of simulation techmiques, of
air traffic control problems The objectives of this
study, conducted at the Technical Development and
Evaluation Center of the Civil Aeronautieczs Adminis-
tration, were to evaluate improvements of the present
system, to explore new methods of control, and to
minimize the time lag between the imitial concept and
the operational use of new developments in control
procedures and equipment

Simulation processes 1ncluded both graphical
methods, developed by Franklin Institute Laboratories,
and test runs on the dynamuc air traffic control simu-
lator installed at this Center Because of hmitations
1n the present capacity oi this simulator, most of the
tests run on 1t have been concerned with the study of
terminal-area, rather than with en route, traffic prob-
lems Simulation has proved to be a safe, fast, mex-
pensive, and accurate method of investigating the
effect of such basie factors as aircraft characteristics,
arport characteristics, navigational aids, and human
reactions on the capacity or acceptance rate of a
terminal area, the comparative air-traffic-flow charac-
teristics of various proposed layouts of nawvigational
aids for specific terminal areas, and the operational
requirements and procedures for new types of air traf-
fic control equipment such as automatic data-transfer
systems and approach computers

A by-product of the dynamic-simulation program
has been the development of mmproved control tech-
niquez This work has been directed toward the twin
objectives of increasing traffic capacity while decreas-
mg the actusnl work load involved mn the control of
mdividual aircraft 1in the system

INTRODUCTION

Graphical Simulation

The development of sumulation techmques has
greatly acecelerated the study snd analysis of air traffic
control systems Prior to 1949 the testing of any new
gystem of traffic control required the use of actual
aircraft, as wel]l as the use of actual navigation and
commumeation facilittes This method was inflexible,
glow, and very expensive

In the spring of 1949, a form of graphical simu-
lation was developed mm connection with a study by
the CAA of the effects of communication delays on
the acceptance rate of approach control systems
Throogh the use of this techmique, which was essen-
tially a emmple plot of altitude versus time certain
laws concerning air-traflic-flow characteristics were
determined The immediate result of this study was the

justification for direct very-high-frequency {(VHF)
air/ground communications facilities for Air Route
Traffic Control (ARTC) Centers' In addition, eertaimn
control procedures were modified 1n order to take
advantage of the principles discovered for maintaining
steady traffic flows from approach control systems

Shortly afterwards, the Franklin Institute under-
took g study of the feasibility of analyzing air traffic
systems by smmulation techmques® This study was
sponsored by the Air Navigation Development Board
Electronic and electromechamical simulators were first
contemplated but were finally shelved in favor of the
simpler and more economical techniques of graphical
gimulatton The application of graphical techniques,
with particular emphasis on space-time {S-t) curves,
was subsequently developed to a high degree by
Franklin Institute persennel *

The S-t curve 1= a graphieal plot in which the
ordinate S 15 the projected distance of the fight path
and the abscissa t 18 time A separate curve is drawn
for each mircraft 1n the traffic situation Alhtude data
may be entered at appropriate peints on the curves
in order to give a running picture of the progress of
each aircraft through the traffic system A section of
a typical S-t curve 1s shown m Fig

The altitude-time (A-t) curve 13 a graphical plot
i which the ordinate A 1= altitude and the abseissa
1s time This type of curve has a useful appheation in
showing the effect of commumications delays on the
operation of certain portions of the air trafic control
system A section of a typies]l A-t curve appears In
Fig 2

Graphical simulation 1s mmexpensive, fast, and ver-
satile It 15 especially useful in studying the effects
of various separation standards or of other operating
restrictions on the flow of air traffic It 1= valueble as
a means of setting up 8 standard of comparison when
evaluating the humaen factor 1 dynamic-simulation
tests or 1n actusl traffic control operationa The most
obvious himitation of graphical simulation 18 the fact
that four-dimensional traffic problems can be drawn
simultaneously in only two dimensions However, this
hmitation can be alleviated in many cases through the
addition of supplemental data directly on the curves
Color coding can also be used to clarify the gresenta-
tion when a number of different routes must be shown
at the same time

Dynamic Simulation

The dynamic stmulator 18 a laboratery device
which provides in air traffic control research a funection
analogous to that which the wind tunnel provides in
aerodynamic research This device furnishes means of
simulating, to a high degree, actual fights of mircraft
through any specific area During this operafion, the
traffic situation 18 controlled through the use of stand-
ard clearance instructions which sre issued to the
gimulated plots” by regular air trafic controllers
Various control procedures and techniques can be

"Perminal Area Time Study,” CAA Office of
Federal Airways, July 22, 19849

:g M Berkowitz, W W Felton, R 8 Grubmeyer,
and R R Reid, “The Applicabiity of Simulation to
the Investigation of Air Traffic Control Problems,”
Frankln Inetitute Final Report No F-2130-1,
Fhiladelphia, Pa , March 17, 1860

°5 M Berkowitz and Ruth R Doering, ‘Analyti-
cal and Synulation Studies of Several Radar-Vectoring
Procedures in the Washington, D C, Terminal Areas,”
CAA Techmical Development Report No 222, a8 yet
unpublished
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tested and compared In addition, various arrange-
ments of eir navigation facilities and contrel equip-
ment can be tested 1n order to determine which setup
provides the most efficient traffic flow

A detailed description of the dynamic simulator
appears in another publication' It can be described
briefly as a combination of optical, mechanical, ana
electromic equipment including a large screen upon
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‘Richard E Baker, Arthur L Grant, and Tirey K
Vickers, ‘‘Development of A Dynamic Air Traffic
Control Simulator,” CAA Technical Development
Report No 191, October 1853
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which a2 map of a specific area 18 projected Control-
lable spots of light are projected on this screen to
indicate the position of aircraft in the traffic situation
These spothght projecters are remotely controlled
from pilot consoles Each pilot can control the speed
and the hemding of one spot of light on the screen
to correspond to the movement of an arcraft through
the area Standerd-rate turns are made by the equip-
ment when the direction of target travel i1z changed
The pilots are alzo equipped with simulated altimeters,
so that descents and elimbs may be made at rates real-
istic for the types of aircraft being simulated The
entire display on the screen 15 televised and 18 pre-
sented to the controllers at the control positions as a
surveillance radar display A number of interphone
channels connect the pilot consoles wath the control
positions to simulate air/ground radie channels An
ARTC Center position 13 set up to simulate the ARTC
function 1n feeding the terminal mrea Tests can be
made with or without the radar display

Up to the present time, most of the work wath
the dynamic simulator has been concerned wnth the
terminal phase, rather than with the en route phase,
of the air traffic control system This wes necessary
for two reasons

1 At the time the simuletor was commissioned,
terminal-ares problems conatituted the greateat single
barrier to mcreased capacity of the mir trafic control
gystem and therefore justified first consideration

2 During the period covered by this report, the
capacity of the dynamie simulator was hmited to a
maximum of eight aircraft targets available for simul-
taneous use This number, while adequate for the
simulation of traffic flow 1n smaell terminal areas, was
inadequate to produce a sufficient density of traffic
for studies of larger geographical areas such as com-
plete en route trafflc control sectors Present plana
call for an increase 1n capacity of the present simulator
to a total of 1B individual targets It 1s expectad that
this number will be sufficient for a study of many
broblems of en route traffic control



In air traffic control research, dynamic simulation
can provide the following

1 The effects of the human factor can be ob-
served and assessed directly Controller performance
can be compared with 1dealized standards obtaimned
f:otrin graphical analysis of the traffic problem undei
study

2 Actual control procedures can be used to feed
awreraft through the system This 15 a valuable aid In
the develepment of adequate procedures to handle
traffic operations of the type simulated

3 Complete communications procedures are
utithized Detalled measurements of this function are
thereby possible

4 Actual traffic patterns are displayed mn plam
view This representation of the traffic situation 13
valuable 1n deterrming the amount or adequacy of
the airspace used for the operation and in determining
the flow characteristics of the system

In many cases the potential bottlenecks of a
traffic control system can be discovered during the
imtial test of the system This feature makes possible
rapid improvements 1n the procedures or in the facility
layout

The hmitations of dynamic simulation are those
mmposed by economie, rather than by techmieal, con-
siderations For example, 1t would be possible from
a technical standpoint to design a simulator capable
of simultaneously reproducing all aircraft movements
m the northeastern quadrant of the United States
However, 1t 1s hkely that the tremendous costs of
building, maintaining, and staffing such an installation
would far outweigh the possible technical advantages
which might be obtained through a simulation program
on so grand a scale This consideration 1s discussed 1n
another report’

FACTORS AFFECTING TERMINAL-AREA
TRAFFIC FLOW

One of the primary objectives of the simulation
program was to determine the effects of the various
factors which influence the acceptance rates of a ter-
minal area These factors may be grouped under the
followng general! headings

Arrcraft Characteristics
Arrangement of Facihities
Separation Standards
Control Procedures
Human Reactions
Weather

*Ibid

FAST-FAST

SEQUENCE AND INTERVALQ 72 SEC

The followmng discussion describes the results of this
study Certain of the principles evaluated have an
immediate application 1n the development and
mplementation of air traffic -~ontrol procedures and
facilities

Aircraft Characteriatics

In an activity such as air traffic control where the
start of a specific operation 18 dependent on the com-
pletion of a preceding operation, the most obwvicus
method of increasing the capacity of the system 18 to
reduce the amount of taime required for each individual
operation Because of this relationship between time,
rate, and capacity, the acceptance rate of a terminal
area 15 directly related to the characteristics of the
aircraft usmg the system

When a specified amount of longitudinal separa-
tion 15 employed, the maximum acceptance rate 1s
himited by the speed of the mircraft concerned This
15 1llusirated by the simple formula for the maximnm
capacity of a single trafiic lane

v (1)
C = -
8
where
C = capacity, 1n aircraft per hour,
V = average ground speed of aircraft, in miles per
hour,
S = average separation employed between aircraft,
m mles

For example, if V 1s 120 mph and S 15 5 miles, then
the capacity 15 24 awrcraft per hour

In order to mamtam a specified mmimum amount
of longitudinal separation throughout a common ap-
proach course, 1t 15 necessary to establish additionsl
separation when a faster arcraft 1s turned on to the
approach behind a slower one This separation will
decrease as they proceed down the course When a
slower aireraft 1s turned on to the approach with a
specified mimimum amount of separation behind a
faster one, the separation will increase as they proceed
down the course These effects are shown 1 Fig 3

When gltitude separation 18 being employed be-
tween aircraft, the maximum capacity 18 limited by
their altitude-change (climb or descent) characteris-
tics Thig 18 1ltustrated by the formula for the
maximum theoretical capacity of s single-stack
approach control system

60

C=g—
= + L (2)
R
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Fig 4 Characteristics of Standard Rate (3° per Second) Turns in Still Air

where

C = capacity, 1n aircraft per hour,

8 = sltitude separation, 1n feet,

R = average descent rate, mn feet per minute (fpm),
L = communication lag (average time 1nterval

between issuances of deacent clearances to
suecessive aircraft), 1n minutes

Nonpressurized passenger aircraft are usually
limited to a descent rate of 600 feet per minute,
pressurized amircraft to 1060 feet per minute If an
average communications lag of one-half minute 1s
assumed, the maximum theoretical capacity of a
single-stack approach control system with either type
of awreraft would be
For pressurized aircraft if S — 1000 feet, R = 1000
fpm, and L. = % mnute, then C = 40 amrcraft per
hour
For nonpressurized aircraft 1f S — 1000 feet, R =
500 fpm, and L = % mnute, then C = 24 aircraft
per hour

Where both pressurized and nonpressurized air-
creft enter the system at random, the capacity 18 still
very closely related to the rates for nonpressurized
alreraft mince a pressurlzed aircraft which maintains
pltitude separation sbove a nonpressurized one ulti-
mately becomes hmited to the descent rate of the
nonpressurized craft

Average maneuverability characteristics affect the
amount of fexibility which the controller can utiize
1n path-stretching operations for the purpose of estab-
Mshing precise spacing between aircraft in an approach
fgyatem From the standpoint of terminal-area traflie
control, maneuverability refers to aircraft turming
characteristics These are nffected by three factors
inertis, or the lag of the aircraft in responding to the
controls: the turning rate desired by the mlot, and
the airapeed.

Inertia has the effect of slowing the response of
the aircraft while starting or stopping a turn From
the control standpoint it 13 more noticeable n the
case of large awrcraft, and allowance should therefore
be made 1n the 1ssuance of heading 1nstructions

During instrument flight, the turming rate of an
sircraft 13 normally held to a standard rate of 3° per
second As shown in Fig 4, this produces in sti)] arwr
a turn of theoretical diameter equivalent to 39 seconds
of straight flight at the same air speed The turnmimg
radius 13 thus a direct function of the air speed In
order to mnimize acceleration forces at high awr
speeds, turns made during mmstrument flight at speeds
above 1B0 mph are usually limited to half of the
standard rate, or 1% ° per second This produces in
still air a turn of thecretical diameter equivalent to
T8 seconds of straight flight at the air speed concerned
and limits a great deal the fAexability which mey be
employed by the controller in stretching flight paths
to space aircraft precisely 1n an approach sequence

Aircraft acceleration and deceleration character-
13tics directly affect runway-occupancy times and thus
have an important effect on the acceptance rate The
use of nosewheel steering, antiskid braking, and re-
vergible-pitech propellers tends to reduce runway-
occupancy times and thereby increases acceptance
rates

Arrangement of Facilities

Extensive tests made on the dynamie simulator
mdicate that the arrangement of terminel airports and
their associated nawigational faclhities has a marked
effect on the trafic-Aow characteristies and on the
acceptance rate of the terminal area Some of the
most 1mportant considerations which have been
brought out by the simulation tests are discussed i
the following gections



Alrports

Aurport location is dictated by such considerations
as terrain, cost, and convenience to the metropolitan
area When more than one major airport must be lo-
cated within & terminal area, extensive study should
be given to the provision of ample separation between
thern This 18 necessary 1n order to mimmze inter-
ference between the arrival routes, the holding
patterns, and the departure routes serving the different
eirporte

Simulation tests indicate that 1f more than one
ma)or airport 18 necessary in a terminal area, every
effort should be made in the selection of sites and in
the alignment of facilities to create, mmsofar as pos-
sible, en independent aystem of trafflc flow for each
airport Tests indicate that, 1n order to provide rela-
tively independent operations mmto and out of two
high-cepacity terminal airporis, these airports should
be at leaat 16 mles mpart This represents a rathel
great increase over the separation deemed satisfactory
in the past

Ag 13 true 1n programs of thig type, mnor 1n-
creases 1n traffic flow which are gamed through the

PRy .
1 ALTERNATE
1 EXIT
: EXIT SPEED
1 {5 MPH
[
1
I J 4.0
g
NORMAL
EXIT

RUNWAY

WAVEOFF ) , . .
POINT o 30 60 a0 120
TIME IN SECONDS

CONVENTIONAL EXIT DESIGN

X - RUNWAY OCCUPANCY TIME
Y= MINIMUNM ALLOWABLE APPROACH INTERVAL

WAVEOFF , ! .
150 POINT o 30 €0 90
TIME IN SECONDS

times 18 shown in Fig 6 In order to retain the ad-
vantages of high-speed turn-offs during the houra of
darkness, it 13 essential that such exits be well marked
and well highted

Runway-occupancy times of departing aircraft
may be minimized through the provimon of adequate
taxi strips with engine run-up areas located near the
ends of the runways and with lgh-speed entrances
to the runway take-off positions, as shown in Fig 6
Because of traffic restrictions and because of delays
in completing eockpit checks, aircraft cannot always
take off 1n the same order in which they taxi away
from the ramp To provide better utilization of air-
space a8 well s to avoid awrport congestion and long
departure delays, 1t 13 essential that adequate pave-
ment width be provided in the run-up area so that
any aircraft ean proceed directly from this point to
take-off position without having to wait for preceding
arcraft to take off firat

A great amount of simulation work has been
conducted on the problem of imereasing runway capac-
ity through the use of additional traffic lanes Basically,
any gamn over the capacity of s single-lane system
must be due to the fact that more than one operation
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Fig b5 S-t Curves Showing Functional Advantages of High-Speed Runway Ext

ehmination of one bottleneck often serve to uncover
the exstence of another at some other point in the
system If this process 1s carried far enough, the final
hmiting factor in the capacity of the terminal area
often turns out to be the airport itself

Two methods are available for increasing ihe
capacity of a runway system, these are the reduction
In runway-occupency times and the provision of addi-
tional mndependent traffic lanes A very effective means
of reducing the runway-occupancy times of arrving
arrcraft 15 the provision of adequate high-speed turn-
offs, so designed and located that they can be used
by arnving sircraft to vacate the landing runway
while the craft 1s still rolling at a speed of 20 to 30
mph * The effect of thia faeility on runway-occupancy

sipreliminary Report on Aarport Configuration
Studies,” CAA Amrport Engmneering Bulletin No 1,
CAA Ofice of Airports, June 1961

can be conducted simultaneously Therefore, 1t 13 es-
sential that various lanes be as independent of each
other as possible Fig 7 shows one of the most prom-
1sing of the high-capacity, dual-lane, approach systems
which has been developed 1n the simulation program
Such a system would probably be justified only for
arports having a demand rate exceeding 40 landings
per hour Fig 8 shows three possible dual-runway
layouts designed for segregated operations with
take-offs on one runway and landings on the other
Approach Path

The ahgnment of the instrument runway 18 dic-
tated by such considerations as the prevailing wind,
the land available for mirport use, the surrounding
terrain, congested areas, and obstructions It 18 ap-
parent that possible restrictions due to nearby airports,
danger areas, or higher terramn should be carefully
considered, since such factors have s critical effect
on the acceptance rate of the approach system
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Ag previously indicated, the establishment of ad-
ditional airports 1n & terminal area tends to complicate
the trafic flow For this remson, the addition of a
second alrport in a terminal area seldom doubles the
original ecceptence rate If the approach paths to the
two mirports intersect, the resulting acceptance rate
for the two sirports may actually be lower than the
acceptance rate for one airport alone

The location of the approech gate has an impor-
tant bearing on the acceptance rate of the approdch
system The term “approach gate” refers to a point,
on the final-approach path, from which all approaches
sre commenced Experience gained in thousands of
approaches during the simulation program has pointed
to the desirabiity of keeping the common approach
path as short as practicable By mimmizing the effect
of speed differences between successive sircraft, a
relatively short common finel-approach path makes
possible the closer spacing of awrcraft on approach
and enables the systern to operate at s higher pesk
of efficiency This principle 18 shown mm F 9 A
close-in approach gate tends to shorten the fight paths
of aircraft maling undelayed approaches This, in
turn, tends to reduce the delays of subsequent aircraft
n the approach sequence

There 1= a practical mimmmum common final-
approach distance which can be utilized At present,
thiIs minimum 1z based on the premise that the ap-
proach should be made straight 1n from the mmmum
holding altitude In most ceses, this requires a common
final-approach path at least six miles long The de-
velopment of approach-coupling equipment, such as
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the Sperry Inatrument Compeny Zero Reader, should
tend to make final approaches of this length
unnecessary from B navigational standpoint

In order to investigate the poasibilities of shorter
common approach paths, considerable symulation work
has been completed in the development of the
tengential-approach system This 13 a8 semautomatic,
radar, approach-coupling device which Bl}'owdes an
imfinite number of curved approach paths These paths
all spiral gently into the desired final-approach path
at s specific approach gate Simulation tests 1ndicate
that the approach gate for this system could be placed
as close as one mile from the airport for approach
operations down to present range-approach mmima
The tangential-approach principle, which 18 illustrated
m Fig 10, 13 described 1n detail in another report'

Feeding Systems

As far as sirport acceptance rate and controller
work load are concerned, one of the most important
factors 1n terminel-ares design 1s the layout of the
feeding system The term ‘‘feeding system" refers to
the holding facihities and the arrival routes The feed-
g system normally imcludes one or more holding
fecilities These function as reservoirs for the con-
venient holding of mbound awrrcraft during periods

'C M Anderson, N R Smith, T K Vickers, and
M H Yost, “A Preliminary Investigation of the Ap-
pheation of the Tangential Appreach Principle to Air
Traffic Control,” CAA Technical Development Report
No 149, October 1951
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when the traffic 1nput exceeds the airport acceptance

rate The simplest feeding arrangement is the single-

stack system, 1lluatrated in Fig 11 This arrangement

utihzes one primary, or inner, holding fix and may

glso mclude one or more secondary, or outer, holding
Xes

During the early days of approach control, cer-
taln mngle-stack approach systems exhibited a peculiar
trafic-flow characteristic. Under saturated-traffic con-
ditions when there waa a continuous supply of aircraft,
successive approaches would occur in groups followed
by excessively long intervals between groups The lo
intervals at the end of each cycle lowered the over-al
acceptance rate to s great extent

A mumulation study of this situation revealed that
the eyche phenomenon was eaused by pemodic starva-
tion of the inner stack due to an insufficlent number
of holding altitudes available at the inner holding fix
Graphical mimulation established the validity of the
relationship

F (3)

N:T-

where

N = number of holding gltitudes necessary at the
primary holding fix to mamtain a continuous
flow of traffic,

F = flying time, In minutes, between the secondary
heolding fix and the primary one,
T = time, In minutes, required for awrcraft to descend

from one assigned altitude level to the next one
Thie factor i1ncludes communications delays
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The provision of sufficient holding altitudes at the
mner fix or the reduction of interfix flying time ehm-
mates the cyclic characteristic of the single-atack op-
eration and provides a continuous supply of aireraft
at the approach gate The single-stack system has the
advantage of requiring only a relatively narrow air-
space for its operation The use of this system 13
sometimes dictated 1n congested areas where lateral
restrictions prevent the use of a dual-stack system

Simulation tests made with mixed types of traflic
mdicate that 1t 18 very difficult to exceed an acceptance
rate of 20 approaches per hour with a single-stack
aystem Basically, this restriction 18 due to the low
descent rate of the nonpressurized aircraft in the
system

If the expected demand rate of a terminal airport
exceeds 20 approaches per hour, 1t becomes desirable
to estabhish a twin-stack feeding system This type
of system, as illustrated 1n Fig 10, has three functional
advantages over the single-stack type

1 TUse of two independent holding systems makea
possible the simultaneous descent of aircraft in two
stacks Theoretically, this halves the restrictive effects
of descent time and of communications lag However,
no appreciable reduction 1n approach intervals can be
obtained unless radar separation 15 used to space air-
craft on the common approach path Without radar,
the system would have to utilize timed-approach
procedures The altitude separation inherent in these
procedures would sti1ll limit the capacity of the
twin-stack system to that of a single-stack layout

2 Use of two primary stacks 1mnatead of one tends
to keep holding altitudes at a mimimum at &ll times
and thus makes more altitude levels available for
nonlanding traffic

3 A properly designed twin-stack system provides
the opportunity to spht the terminal area cleanly into
two approach sectors This enables two controllers lo
share the total work load

During the dynamic-simulation program, more
than 10,000 approaches have been conducted on var-
wous twin-stack systems This work has uncovered
several important facts regarding the effect of sysfem
layout on traffic-flow characteristics and on controller
work load

Comparative tests of symmetrical and asymmetri-
cal twin-stack feedmmg systems show that the sym-
metrical systern with one holding fix located on either
side of the final-approach course provides far more
efficient traffiec-flow characteristics. The symmetrical
feedlng system permits direct access to the final-
approach course by mircraft commng mm from either
gtaek Flight patterns are short, simple, and relatively
easy to follow on the radar display By using the
final-approach course as the boundary lme of demar-
cation between the dual approach-control sectors,
opportunities for conflicts between sireraft or for
confusion regarding sector jurisdiction are reduced
to a minimum Consequently, traffiec can be fed smooth-
ly from either holding fix to the approach gate with
mimmum delay, minimum air/ground communications,
and mimmmum co-ordination between controllers

The actual location of the holding fixes 1n relation
to the approach gate has a critical effect on the
controller work load Siumulation has shown the desir-
ability of establishing the holding patterns sufficiently
clear of the final approach so that no disruption of
the normal holding procedure need be made 1n order
to accommodate a )et approach or an emergency de-
scent through the holding altitudes Holding fixes
should be located far enough away from the approach
gate to provide sufficient room for adjustment of
approach 1ntervals and to allow aircraft to make easy
transitions to the final-approach course without
overshooting

The distance between the holding fixes and the
approach gate has a direct effect on the radsr navi-
gational work load, since 1t determmes the number
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of areraft which have to be en route simultaneously
between the holding fixes and the approach gate in
order to keep the final approach full of arcraft at
the desired spacing This symple relatlonship 18
expreased by the following formula

D (4)
- 8

where

N = number of aircraft required,

D = distance between holding fizes and approach
gate, 1n miles,
S = desired spacing between aircraft at approach

gate, i miles

Thus, for eny desired spacing between aircraft, a
greater distance between the holdmg fixes and the
approach gate will require a larger nomber of awrcraft
to be en route simultanecusly m this FPortlon of the
system Thia principle 18 1llustrated 1n Fig 12
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Fig 12 Effect of Distance Between Approach
Gate and Holding Fixes

Dynamic-simulation tests with present types of
areraft indicate that there 1s no advantage mn placing
the primary holding fixes more than eight miles from
the approach gate Locating them within this range
offers the following advantages

1 With present standards, 2 total of no more
than three aircraft need ever be simultaneously en
route between the holding fixes and the approach gate,
and the controller need make critical mavigational
decismions on only a small number of aircraft This
keeps the radar-vectoriig work load low and tends
to sumplify communications operations

2 Since the controller 1s eritically eoncerned with
the positive 1dentification of only a small number of
arrcraft and since these aircraft are all located m a
small sector of the scope well within the coverage of
the radar, the radar identification problem becomes
very simple



8 With only a few aireraft simultaneously under
navigational control, the controller can devoete a
greater percentage of his time and attention to the
path and progress of each one For this reason, he can
do a much better job of spacing them properly in the
approach sequence This tends to eliminate pull-outs,
to minimize approach mtervals, and to keep the system
operating smoothly and safely at a high acceptance
rate

4 Because the number of aircraft off the holding
fixes 18 kept at 8 minimum, jet approaches or priority
or emergency descents can be accommodated with a
minimum of confusion Less advance notice 13 neces-
sary for controllers to be able to reserve & space for
such aircraft i the final-approach sequence

6 Close-in holding fixes save airspace This fea-
ture 18 particularly advantageous when there 18 more
than one major awrport 1n a terminal area In addition,
& close-ln arrangement tends to produce s minimum
amount of detours or complications 1n the routing of
departing aircraft.

Arrival and Departure Routes

The layout of arrival and departure routes has a
critical effect on the treffic-flow characteristics and,
consequently, on the aeceptance rate of a terminal
area Kach area presents 1ts own special problems
When more than one ma)or airport exists 1n a terminal
area, the problem can become quite complex In such
cases, 1t 15 seldom that & completely 1deal solution can
be worked out The result 13 usually a carefully
balanced compromise between several desired
objectives

1 Routes should be rs ghort as practicable This
objective 1s in line with the concept of absolute delay
bemng any increase in time above that which would be
necessary to complete the operation 1f no other trailic
were 1nvolved

2 Various traffic routes should be as independent
of each other as poassible This 15 one of the most
important factors in the achievement of a high ac-
ceptance rate It alzo has a profound effect on control-
ler work load and fatigue Every point of conflict
built mnto a system brings with 1t additional eontroller
work load in the form of additional air/ground com-
munieations, additional mntercontroller co-ordination,
and additional attention required to guard against the
possibility of making a mistake and creating a hazard-
ous situation In designing a layout of navigational
facihities for a terminal area, it 13 desirable to keep
the inbound routes separate from the outhound 1if
possible Where 1nevitable erossovers oceur, 1t 18 usuai-
ly possible to reserve certain altitudes for certain
directions of traffic s0 that no co-ordination will be
necessary between earrival and departure controllers
in order to feed aircraft across this point The estab-
lishment of these blocked altitudes requires care to
insure that outhound amircraft will not have fo climb
at an excessively high rate to cross the fix at the
specified level and to insure that inbound awrcraft will
not have to cross a close-in fix at an excessively high
altitude and mmcur a delay because of the time required
for descent beyond this point,

3 The system should provide flexibmlity in order
to accommeoedate different distributions and densities
of traffic To avoid surges of traffic entering one stack
of a twin-stack system, a very simple provision can
be made for diverting excess traffic into the opposite
stack, as shown m Fig 13 Ths feature equalizes the
work load of the two sector controllers and provides
better utilization of availlable altitudes and
communications channels

Delays during low-density traffic operations ean be
minmmized by the provision of short-eut direct courses
which can be utilized under such conditions This fea-
ture contributed to the very efficient operational
characteristics of 8 proposed VOR navigation layout
tested for the Norfolk terminal area
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As n the evaluation of any imprevements 1n air
traffic control, the advantages to be gmined by the
provision of any specific feature muat be carefully
welghed 1n terms of the costs involved A particular
gdvantage of dynamic simulation 18 that 1t provides
a means of comparing the relative efficiency of vanous
apecific configurationa of navigationel aids

)
NEWARK
AIRPORT @
é,o
Q
" Q
NOTE T~ d
TRAFFIC FROM BELLE MEADE &
AND CASSVILLE GAN BE &
ROUTED TO EITHER HOLDING louTer MARKER
FIX IN ORDER TO EQUALIZE
WORKLOAD AND PERMIT USE
OF LOWER ALTITUDE LEVELS
|
MENLO
PARK

ILs
S 15 L0CALIZER counse
I
\ 2
@
o
<
—@
—

JE—

MATAWAN

|

/NEW ZIGFIELD
BRUNSWIGK

/

\

CAA TECHNICAL DEVELOFMENT
AND EVA UATION CENTER
INDIANAPCLIS INDIANA

FROM
CASSY)L g™

Fig 13 Flexible Feeding System Tested for
Newark Awrport

Separation Standards

Since the mimimuom spacing which may be em-
ploved between aircraft is governed by the restrnictive
effects of Lhe current separation standards, these
standards place an ultimate limit on the acceptance
rate of any traffic system Therefore, 1n the explora-
tion of possible methods of inereasing the effimency
of ar traffic control, a great amount of thought has
been given to the effect of possible changes 1n them

All separation standards are based on the use
of amounts of separation in exceas of any deviations
which are likely to occur in the operation of the
system In other words, an excess of separation is
mmposed wmitially in order to insure that some will
always remain m spite of any navigational or contrel
errors which may oceur

Vertical Separation

At the present time, 1,000 feet 18 the standard
amount of vertical separation employed 1 the CAA
air traffic control system It 18 clear that the accept-
ance rate of a single-stack approach control system
could be increased 1f this standard were reduced It
also appears that the aimr-route system could accom-
modate a greater number of aircraft through the pro-
vision of more fhght levels 1n a given volume of amr
space However, because of the possible altitude de-



viations caused by turbulence, altimeter errors, or
shight changes 1n the trim of high-speed aircraft, it
appears very unhkely that the aviation industry wiil
consent to a reduction 1n the 1,000-foot standard
within the foreseeable future

Lateral Separation

The VHF ommirenge theoretically offers possibil-
ities for more efficient rearrangement of arriving air-
craft and for reduced delays of departing aircraft
through the prowvision of multiple diverging courses
which can be used to provide separation between air-
craft during descent and chmb The capacity of this
feature, 1n terms of the number of radial courses
which can be used simultanecusly, depends on the
accuracy with which assigned courses can be flown
This factor 13 largely dependent on the degree of
accuracy with which the airborne recerving equipment
1s cahbrated

Longitudingl (Time) Separation

The present longitudinal-separation standards are
based on navigation and traffic control in a system
where the exact position of aireraft 1s known only
when sueh aircraft are directly over widely spaced
radio fixes As long as this system 1s used, separation
standards must remain large and extravagantly waste-
ful of awrspace 1 order to exceed the possible errors
which may accrue Tt 1s believed that the development
and adoption of VOR-DME computor navigation will
make possible much more precize navigation and re-
porting procedures, so that reduced longitudinal-
separation standeards may be employed with safety
This would tend to reduce traffic delays by enabling
the system to accommodate more mircraft 1n a given
volume of airspace

Radar Separation
When radar 18 used to provide separation between
aiwrcraft operating in terminal areas under 1nstrument-

12

fught-rule (JFR) conditions, present standards require
that a mimimum of three miles of separation be
mamtained between such aireraft The three-mile
standard appears necessary since existing air traffic
control radars do not continuously display positive
aireraft returns and since very little speed control 1s
exercised 1 traffie control operations

It 15 believed that improvement in radar designs,
supplemented by the development of satisfactory air-
borne transponders, will reduce the effecta of precipi-
tation, ground clutter, antenna-pattern nulls, and
moving-target-indication (MTI) fedeouts and will pro-
vide a radar display which can be depended upon for
showing all of the aircraft all of the time

If no attempt 13 made to control the speed of
sircraft for air traffic contrel purposes, the pilot is
free to select any speed within the available operating
range Extensive photographic messurements made by
the CAA indicate that air speed during the last 1,000
feet of the mmstrument-approach path varies from 1 2
to 19 times the stalling speed of the aircraft Even
for different mircraft of the same type, the spread 1s
only shghtly less This characteristic was taken into
account 1n dynaemic-simulator tests through the as-
signment of random approach speeds to the varioua
aircraft 1n the traffic sample These speeds were
assigned 1n accordance with the mormal distribution
of speeds which had been observed m actual approach
operations

To operate an approach system safely, the con-
troller must make allowance for the widest variations
which are likely to occur in approach speeds As shown
mm Fig 14, this consideration requires the use of
greater separation between successive arcraft at the
approach gate to make sure that sufficient separation
will still exist at the end of the runway This 1nerease
lowera the actual acceptance rate

What 13 needed 1s not necessarily some standard
approach speed but only the assurance by the pilot
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that some approach speed designated by him will be
malntained within a small tolerance such as = 10
mph Fig 14 also shows the theoretical reduction in
separation which would be possible through the use
of more closely controlled approach speeds Provided
the radar display and the communications procedures
are dependable, i1t mppears that thia system should
make possible a reduction to perhaps two miles 1n final-
approach separation in order to take full advantage
of high-speed, Tunway turn-off facilities

Control Procedures

Radar has a very important application in ihe
operation of terminal-area approach systems, ance 1t
provides continuous-fix information of the position of
all mireraft 1n the systemn The Ground-Controlled Ap-
proach (GCA) system, which 13 the present standaid
approach aystem of the mbitary services, utilizes
radar information as the basis for marshalling and
spacing awrcraft in the landing sequence and also for
the actual navigational guidance of aircraft down the
final-approach path

Becnuse of the latter function, an imdividual GCA
controller usually needs to give his entire attention
to a single awrcraft during the final approach Thus, 1t
18 difficult for a single GCA final-control position to
achieve an acceptance rate higher than 12 aircraft
per hour during low-ceiing and low-visibility condi-
tions However, if additional sets of controllers, scopes,
and communications channels are available, successive
arcraft can be assighed to different control positions
i sequence The acceptance rate of a multiple-GCA
gystem of this type should equal the acceptance rate
of any other type of manuvally operated approach
system

From the mulhitary standpoint, the GCA system
has the advantage of requiring less pilot proficiency
end less airborne equiptnent than that needed m utiliz-
mg any other type of approach system However, GCA
has the disadvantage of requiring a large amcunt of
eommunications per aircraft and, consequently, a large
number of control personnel te achieve a high
acceptance rate

Simulation tests indicate that, for high-capaeity
terminal-area operations, 1t 1s preferable to utilize
radar primarily for the aircraft-marshalling and spac-
ing function and to utihize instrument landing system
(ILS) or VHF omnirange (VOR) as the primary aid
for navigational guidance down the final-approach
path This preference 13 dictated by the sheer volume
of communications which would be required to provide
precision-radar approach guidance to every aircraft
1 a high-capacity GCA system The preferred system
makes full use of radar 1n keeping the approach path
full of aircraft at mumimum spacing In addition, com-
munication time 15 saved and navigational control of
the aireraft on final approach 1s returned to the pilot
The precision appreach radar (PAR) 1n this system
15 used primarily as a safety check in momtoring
approaches It also functions as a primary-approach
aid 1 cese of ILS or VOR failure or for occasional
aircraft which do not have functiommng ILS or VOR
recelving equipment

For economic reasons, most major airporis are
equipped for mstrument approaches to one runwav
only When the wind 1s such that landings cannot be
made straight-in on the mmstrument runwey, the usuoal
procedure 1s for pilots to descend on the mstrument-
approach system to visual contact with the ground
and then to circle the field mn order to line up visually
for the runwav most nearly aligned into the wind

Simce the latter portion of this type of approach
mnvolves low-speed turning flight at low altitude, 1t
19 much less desirable than other types of instrument
approaches In addition, 1f the landing 13 to be made
m 2 direction toward the instrument-approach path,
the acceptance rate of the system 1s greatly reduced
In order to guard against a eollision in case the first
alrcraft misses 1ts approach, the second awrcraft s
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not cleared below mmtial-approach altitude until the
first one reaches & point where 1ts landing 18 asaured
Because of the additional time required %y each air-
craft to complete 1ts approach to this point, the
mterval between approanches becomes excessively long
It 18 daffienlt to achieve an aecceptance rate of more
than 12 approaches per hour under such conditions

Some of the worst traffic delays encountered at
any of our major airports occur under conditions 1n
which the wind 1s such that take-offs have to be made
toward the direction of the final-approach path The
landing sequence has to be imterrupted before any
take-off cean be permmtted The acceptance rate thua
reaches a low ebb These conditions ean be greatly
mproved through the use of plan position indieator
{PPI) radar approaches to the runway 1n use This
procedure requires somewhat higher weather minima
than do either IL.8 or GCA approaches Because of the
additional radar guidance required on each descent
from the inmtial-approach altitude te the point where
the pilot has the field in sight, commumeations are
greatly increased over the amount required to operate
a radar-fed ILS or VOR approach system

Owing to mncreased communications, the interval
between successive approaches will in most cases be
shghtly longer than the time required to bring one
aircraft from the imitiel-approach altitude down to
visual contact Simulation tests indicate that an sme-
ceptance rate of 20 approaches per hour 13 possible
with this system An additionsl advantage 1n the use
of this type of approach procedure 15 the fact that
take-offs Bre not made 1 a direction toward the
arriving aircraft Therefore, 1t 15 seldom neceasary to
interrupt the landing sequence to permmt departure
operations

Human Reactions

Significance of Test Results

Dynamie simulation offers the opportumty to ob-
serve the performance and reactions of traffic con-
trollers under the stress of handling realistic,
controlled traffic imputs The performance of the con-
trollers can be measured and assessed through the
analysis of control errorz and through a graphic
comparison of theoretical delays versus actual delays
encountered by the vailous aireraft 1 the traffic
sample

It has been found, however that the type of
guantitative data obtained so far in the course of the
sumulation program does not necessarily give a direct
mndex of the relative difficulty encountered by the
controllers 1n feeding traffic through different traffic
systems It 1s believed that this inequality 18 due to the
adaptability of the controllers themselves, by sheer
concentration, a good controller can shoulder the added
mental work load of an awkward traffic system and
can turn 1 a performance surprisingly cloge to that
obtaimned with an easily worked traffic system. Thus,
differences in the relative difficulty encommtered in
handiing wdely different traffic systems show up on
the test results as comparatively small differences 1n
average approach intervals or mn awreraft delays

The characteristically different mental work loads
entalled by various traffie systems produce differences
in controller fatigue However, up to the present time
mental work load and controller fatigue remam 1n-
tangibles which cannot be measured quantrtatively
For ths reason, it has been necessary to adopt as a
qualitative index the personal opinions of the con-
trollers who have participated in the various test runs
Much validity has been placed on these controller
observations regarding the relative difficulty
encountered 1n feeding traffic through the wvarious
systems

It 1s quite possible that there would appear
greater quantitative varations in aircraft delays and
m control errors encountered with different systems
1f the tests were extended to the point where controller



fatigue became a definite factor in the breakdown in
the system From results obtamned so far, it 15 belheved
that such tests would have to continue for several
hours under peak traffic loads before noticeable breal.-
down would oceur from this cause Because such op-
erating conditions are extremely rare in actual practice
and because the bult-in bottienecks of a specific
system can be revealed by much shorter tests, no
workable termmal-area traffic control system has ever
been tested to the controller-breakdown point

Importance of the Human Factor

The present control system depends on the ability
of human controllers to make satisfactory decisions
regarding the disposition of individual aireraft in the
traffic situation These decisions are made on the basis
of flight iInformation supphed by other humans Con-
trol 1nstructions based on these decisions must be
formulated and transmitted to human pilots, who must
comprehend and apply these i1nstructions 1n the
subsequent control of the individual aircraft

The art of guiding two or more aircraft into a
final-approach path and of simultaneously establishing
proper spacing between them 1s a faseinating naviga-
tional operation which requires a considerable degree
of skill and judgment on the part of the radar
controller It 1s believed that personnel should be
carefully screened for this job, mince the operation
requires the ability to visualize spatial relationships
and the imagination to project flight paths ahead, as
well as the ability to integrate information from
several different sources and to make rapid decisions
with regard to a constantly changing traffic situation

Tests showed that controller performance 13 a
widely variable factor which can have a profound
effect on the performance of any approach system As
would be expected, tramning and experience can rase
the average to a higher level Although not designed
specifically as a tramming device, the dynamic simulator
has proved to be an extremely effective aid in 1mprov-
g the performance of control personnel! in the use
of radar traffic-control procedures

Becruse of the critical importance of the human
element of air traffic control, much work 1n the
dynamic-sumulation program has been devoted to an
analysia of the job of the terminal-area controller
One pomnt brought out 1n this study 18 that certain
mental and physical limitations exist, an 1ndividual
controller can be expected to see and do only so much
durmg a specified mmerement of time Where the system
requires that this capacity be exceeded, two alterna-
tives are open One 13 to add additional control
personnel The other 18 to find ways of simplifying
the job of the controller to the point where he can
control a higher traffic load

The addition of control personnel 13 a solution
which has often been used in the past to meet -
creased traffic loads However, this procedure has two
disadvantages First, the provision of even one extra
control position on an around-the-clock basis repre-
sents & vast increase m operating costs In addition,
each subdivision of the total work load by a greater
number of control positions brings with 1t an increased
amount of intercontroller co-ordination At some point,
the co-ordination work load becomes so complex that
it becomes a barrer to any further merease in the
capacity of the syastem

Observation of simulated high-density traffic op-
erations has revealed many opportunties to simphfy
the job of controlling terminal-area trafic Some of
the more important findings are discussed 1n the
followming section

Aids to Controller Judgment

Because terminal-area traffic problems change
rather fast, the controller must think ahead and make
his decisions on the basis of current information plus
& knowledge of projected flight paths of the aireraft
mvolved Observations made during high-density-traffic
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simulation tests 1ndicate that average judgment must
be considered as a residual element after the mental
energy utihized in thinking about other things has been
deducted For example, if the attention of the con-
troller 1s concerned with estabhshing and mamtaining
positive 1dentification of a comparatively larze number
of aircraft, he will have less time for making critical
decisions regarding the spacing of aircraft

When the controller must work under conditions
which require a high mental work load, s spacing of
aircraft on the final-approach path will become less
accurate In order to make sure that adequate separa-
tion will be mamntained at all times, the controller will
usually tend to use more spacing than would be re-
quired 1f he had time to give more mndividual attention
to the progress of each aireraft under his control
This point was brought out during comparative work-
load tests of a saturated radar-vectoring problem In
one phase, individual controllers had a2 maximum of
four aireraft under sunultaneous radar-vectoring con-
trol In the other phase, each controller had a
maximum of six sireraft under simultaneous radar-
vectoring control Aireraft delays were 12 to 20 per
cent higher 1n the latter phase This indicated that
s1x aireraft 1s too large a number for one controller
to handle simultaneously under present manual
radar-vectoring procedures

These results led to the development of terminal-
area 9ystems which could continuously funetion at
top capacity without ever requiring a single controller
to have more than three aircraft under simultaneous
radar-vectoring control Observations showed that such
systems were far less fatiguing to handle over long
periods Since 1 almost every human activity there
13 8 causal relationship between fatigue and rate of
error, the simpler eontrol systems tend to be safer
}Jhaél thoze which require & high radar-vectoring work
oa

A traffic-control system cannot work at top effi-
ciency 1f one man becomes overloaded In order to
alleviate such a condition and 1n order to provide a
more efficient utihization of manpower end of com-
munications channels, 1t was found desirable to provide
a means for equahizing the work load of the various
control positions One method which worked ocut very
well 1n simulation tests of twin-stack systems was the
flexible feeding arrangement shown mn Fig 13 In the
operation of this system, both sectors carried theun
share of the work load Besides elimmating heavy
surges of traflic into a single sector, this flexible
arrangement tended to keep holding sltitudes at a
mimmumn at all times

It was found that the establishment of clean-cut
Jurisdiction between control sectors constituted an ex-
tremely umportant method of reducing controller work
load This simphfied the traffic picture, reduced
the time spent i1n 1ntersector co-ordinstion, and
tended to eliminate jurisdictional confurions and
misunderstandings

Another way of reducing work load was the ehm-
mnation of conflicts between traffic patterns by means
of the relocation of certain routes or by means of the
establishment of blocked eltitudes for certain direc-
tions of traffic flow This simplified the operation by
providing automatic separation and by reducing the
number of eritical decisions which the controller hed
to meke In many cases, it expedited departures by
eliminating the need for prior co-ordimation between
controllers

Observations showed that mental work load could
be reduced and the accuracy of spacing aircraft on the
final approach could be increased through the use of
a simple spacing reference on the map overlay This
reference conesisted of three concentric arcs spaced
on radu of 3, 4, and 5 miles from the approach gate
These ares functioned as a ready reference for the
controller in establishing optimum spacing of aircraft
on the floal-approach path



Since present rules require that a departure be
held on the ground 1f an arrival on instrument ap-
proach 13 wathin two miles of the runway, an additional
reference hne was established across the approacn
path two miles from the end of the runway This line
served as & go or no-go gage 1n the job of co-ordineting
departures with arrivals Although the spacing refer-
ence lines, as shown 1n Fig 15, constituted a ver;

AIRPORT
RUNWAY

TAKEOFF REFERENCE LINE\-

APPACACH GATE

\‘J

APPROACH BPACING
REFERENCE LINES

CAA TECHNICAL DEVELOPHMENT
AND EVALUATION CENTER
INDIANAPOLIS INDIANR

FINAL APPROACH COURAE

Fig 15 Reference Lines for Scope Overlay

simple feature, they greatly decreased the work load
in maling critical decisions and thus produced safer,
more efficient, and more positive control

It was found that for the controller one of the
most 1mportant aids 1 making rapd decisions 1n
heavy traffic conditions 1s an understanding of which
factors are important to the immediate situation and
which factors may be ignored, or at least deferred
temporanly, without affecting the safety or the
efficiency of the system

An example of this principle oceurs 1n the opera-
tion of an approach system under saturated conditions
Although the radar display of the holding area may
appear very confusing because of the large number
of aireraft circhng the holding pattern, the experienced
controller learns to disregard the exact positions of
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the arrcraft at the higher levels and to concentrate
on the 1dentifications and spacing of only the two
lowest amrcraft, namely, the awrcraft which has been
cleared for approach and the one which will follow
1t down the final-approach path As long as the other
aircraft 1n the holding pattern have altitude separation
from each other and also remain 1n the desired vicimty
of the holding fix, their exact radar identity and
positions are not criticel to the operation of the ap-
proach system Thus, the controller can be tramed to
disregard the confusing deteils of this picture and to
give more attention to the two amircraft which are at
critical positions 1n the approach sequence

Simphfication of Voice Communications

In an asynchronous activity such es air traffic
control where the start of one operation must wait
for the completion of a preceding operation, rapid de-
pendeble communications become & neceasity This
fact was brought out mn a foregoing section which
analyzed the effect of communications lag on the ap-
proach interval of a fixed-block system Rapid, depend-
able communications are even more important 1o &
radar-vectoring approach system, where a delay 1n
recelving desired headings may cause a pilot to end
up with too much or too little separation behind the
pircraft ahead or may ecause him to wander into a
position from which he cannot complete his approach

The time spent i1n communications details reduces
the time 1 which the controller can be planning his
handling of the traffic situation It can alao become &
Iimiting factor to the number of aircraft he can con-
trol simultaneously Therefore, 1t 13 essentiel 1n the
operation of a high-capacity traffic-control system that
the communications time per eircraft be kept as low
aa possible

Several methods of reducing communications time
have become aepparent during simulation tests It 1s
beheved that a number of communications items which
are now considered standard could be eliminated if
they were to be publicized and made mmto a standard
operating procedure Control could then be predicated
on therr use without specific reference to them on
communications channels These 1tems include radio-
failure instructions (IF NO INSTRUCTIONS ARE
RECEIVED FOR A PERIOD OF ONE MINUTE PRO-
CEED TO AT LAST ASSIGNED ALTITUDE
AND ADVISE) and cockpit mstruections (CHECK
GYRO AND DO NOT RESET FOR REMAINDEL
OF APPROACH) (PERFORM LANDING COCKFIT
CHECK), (WHEELS DOWN AND LOCKED) It 1s
beheved that ceilling and visibility information could
be eliminated when both items are zbove the limits
published 1n the Flight Information Manual It 1s
also believed that the phrase DESCEND TO AND
MAINTAIN (altitude) could be shortened to DE-
SCEND TO (altitude) with no detrimental effects on
safety
- A time-saving procedure which has become neces-
sary 1n saturated-trafic simulation problems 13 the
issuance of weather and runway information to groups
of aircraft on the same channel sumultaneously rather
than separately to each individual awreraft This pro-
cedure 13 recommended for sectusl traffic operations
provided that some check 1s employed to 1nsure that
each pilot receives the desired information

Use of Visual Information Displays

The job of the air traffic controller 15 made up of
an almost continuous series of decisions or choices of
action which must be made on the basis of available
fight information and data This information may be
classed 1n two different categories, status information
and transient mformation

Status mformation 1s that data which does not
change rapidly but which remains relatively fixed and
up-to-date for long periods Under this classification
come geographical layout, arrangement and charac-
teristics of radio facilities, mimimum saltitudes, and



other data regarding control procedures Much of this
Information can be memorized by the controller How-
ever, observetions indicate that 1if there 18 any possi-
bility that confuslon or misquotation of such data
could lead to s critical traffic situation, 1t 18 very
depirable to have the items posted for rapid reference
by control personnel

Transient information contains data which may
change rapidly This type of information requires dis-
plays capable of indicating moment-to-moment
changea Such displays may be sgmbollc. pictonal, or
& combinetion of the two types Symbolic displays in-
elude flight-progress boards or other types of gquickly
changed tabulations of flight data Pictorial displays
melude radar scopes or plotting boards which show 1n
effect s pieture of the aircraft in the traffic mituation

One promismng method of reducing controller work
load 13 to reduce the number of 1tems which the con-
troller must observe 1n normal traffic operations. This
jdea i= based on the concept that the fewer the
observations the controller must make to arrive at a
satisfactory decision, the fewer opportunities will there
be for him to feil to observe some critical 1tem There-
fore, 1t appears desirable to limit the number of
displayed items to those which are actually eritical
to the decisions at hand

Because the pictorial display supplements and
sugmenta the symbohe display, observations made dur-
mg simulation tesis show that considerably fewer
items of symbolie information are required when a
combination display 13 available In connection with
the development of autometic data-transfer equipment,
1t was found that with a positive and dependable
pictorial dieplay the terminal-area controllers needed
only tabulated information on the 1dentification, speed,
gltitude, and clearance limit or destination of each
aircraft These 1tems sufficed for high-density arrival
and departure radar operations In case of failure of
the pictorial display, the control system reverted to
timed-approach procedures and additional items re-
garding expected epproach-clearance times and
proposed and actual fix-departure times were posted

The time and effort required for the actual op-
peration of the symbolic display has been given a great
amount of thought Where flight information has to
be transferred between control agencies or control
positions by interphone, 1t 15 important that the data
be so arranged that 1t can be transeribed with the least
amount of effort, confusion, and time The adoption
of a straight left-to-nght sequence 1n the arrangement
of transcribed data offers much 1mprovement over old
systems which required the writer to transeribe
suecessive flight-progress-strip items m an 1rregular
order

The pictorial display furmished by the dynamic
simulator 1s the equivalent of an airport surveillance
ragar with video mapping It 1s presented on 12-inch
scopes by means of a rotating sweep The map range
normsally covers s radius of 20 or 30 miles, depending
on the type of system being investigated Tests showed
the superiomty of large-scale displays over small-scale
ones 1n helping controllers to space aircraft precisely
on final approach Approach intervals were consistently
less when the pictoral display was expanded to a
larger scale There were also fewer aborted approaches
due to 1nsufficient separation between alrcrafpt

Each aircraft target normally appears on the
simulator screen as a smgle spot of hight without
identification Some tests were made with larger tar-
gets which consisted of a ring with a single numeral
mside One result of this test was that approach in-
tervals immereased when the larger targets were used
This mdicated that controllers engaged i1n spacing
operations were concentrating on the spaces between
the targets rather than directly on the targets them-
gelves In attempting to keep adequate space between
targets, they actually increased the spacings between
target centers when the large targets were used
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During the course of the sumulation studies, 1t was
found possible to design terminal-area control systema
which never required & single comtroller to know the
exact 1dentity of more than three radar targets simul-
tanecusly The use of such a system mnimzes the
need for separate target 1dentifications 1n the terminal
area These tests show that s trammed controller has
little difficulty 1n keeping straight the i1dentities of cne
to three targets mn an approach pattern, provided that
he can see them continuously

These findings 1mply that for properly designed
terminal-area layouts, 1t 18 far more mmportent to
provide & positive, continuous display of aircraft posi-
tions than to provide a display capable of showing
dlffterent identifications for different targets in the
pattern

For a long time, certain authorities have felt that
traffic control radars required a relatively high rota-
tion rate 1n order to be effective 1n guiding amrcraft
on approach courses Several thousand dynamie-
simulator approaches made at a simulated scanning
rate of 12 rpm, together with more than 300 ecompara-
tive tests made at various antenna rates with actual
radar equipment and aircraft, showed conclusively
that a high rotation rate 1s not necessary for terminaj-
area traffic-spacing operations or for precise PPI
approach guidance The results of the actual radar
tests are detailed in another report'

From the standpoint of controller work load, 1t
18 very desirable that the radar display be able to
maintain continuity 1n the display of each target track
Comparative simulation tests made with and without
radar traills showed that the presence of trails 13 a
distinet advantage to the controller for the following
reasons

1 Tralls can aid in the identification of specific
targets when these targets have been assigned different
headings

2 Trals give a very good indication of speed,
wind dnift, and relative motion

3 Trails help maintain a semblance of continuty
in the traffic picture under conditions where targets
cannot be eontinuously observed

4 Examination of traills gives the controller an
early indication whether or not certain instructions
are being followed by the pilot

One subject which cannot be overemphasized 1s
the 1mportance of positive radar identification of all
areraft which are under radar navigational guidance
Misidentification of a single target can lead to an
extremely hazardous trafic or flight situation and
thereby destroy publhie confidence in the radar traffic
control system The use of turnms to specified headings
for the radar identification of individual aircraft 13
a procedure which consumes considerable time and
adds to the communications work load Simulation tests
indicate the following methods of obtaiming radar
1dentification will be preferable, when available

1 Use of a postion report from a pilot leaving
a suitable terminal-area radio fix on a specified
heading

2 Use of a VHF-ADF bearing by the radar
controller

3 Use of a bloomer aireraft safety beacon code,
on request of the controller

4 TUse of a pilot position report determined from
an airborne pictorial display

Simphfication of information displays has been
mentioned as one method of reducing controller work
load A further step 1s to 1nerease the ease of observa-
tion of the remaining factors Under this category
come such factors as arrangement, hghting, and leg-

*C M Anderson, N R Smith, T K Viekers, and
M H Yost, “Effects of Vamous Antenna Rotational
Rates on a Type ASR-1 Radar,”’ CAA Technical
Development Report No 182, September 1952



bility of displays Simulation tests show the importance
of Leeping the pictoral and symhohe displays adjacent
to each other in order to present a complete picture
of the traffic situation end 1n order to eliminate
possible confusion

Use of present radar scopes in control operations
presents a lighting problem, since stray hght 1 the
control room can oblhiterate the radar picture Three
methods were tried on the simulator to furnish sufh-
cient illumination for the control desk and for the
symbolic display without mterfering with the pictorial
display on the radar scopes

The first system utilized amber filters over the
radar scopes and e blue-filtered hght on the control
desk The combination yellow-blue filtering system
eliminated stray reflections on the scope face, but the
blue ambient light gave a peculiar color to other
objects mm the room Thia effect was shghtly discon-
certing at first but became unnoticeable after a long
time

The second method utilized short metal shields
over the scope faces and a red-filtered hght on the
control desk The red light maintained the dark adap-
tation of the controllers’ vision, while the hoods shaded
the scope faces from the red hight source

The third system utilized a combination of three
colored fluorescent lamps-— red, blue, and green —
which provided an apparently white ambient hight 1n
the room This hght orpgpinated from an indireet-
hghting fixture mounted behind the scope cabinets,
and it was reflected off the white ceihing of the control
room to flood the working space Short hoods were
provided over the scope faces to reduce direct reflec-
tiong from the ceilling, and the scopes were equpped
with amber filters Because the illurination was ae-
tually defiment 1n the yellow-orange portion of the
spectrum, the amber filters preserved the picture con-
trast on the scope faces

Controllers who worked with ell three systems
preferred the third systemm This one apparently re-
duced eyestrain by providing a8 not-too-unnatural form
of ambient Iighting in the area surrounding the radar
acopes

Weather

As yet, a detalled study of the effects of ceilling
and visibility on awrport acceptance rates has not been
made 1n connection with the simulation program How-
ever, several other weather effects are already known
A head wimd on the final-approach path has the effecl
of reducing the acceptance rate by decreasing the
average ground speed of the aireraft concerned This
effect 18 shown mn Fig 16 BSurface winds of low
velocity offer a greater freedom of take-off and land-
ing directions than do winds of gh velocity If
diverging runways are available, low winds usually
permit a higher take-off rate than do high winds Pre-
cipitation tends to reduce wvisibility and often has a
detrimental effect on the displays of present awr-traffic-
control radar equipment The deterioration 18 due
mainly to the addition of scope clutter which may mask
the awrcraft targets completely or, at least, may make
the targets difficult to follow Improvements in the
design of ground radar and airborne safety-beacon
equipment may alleviate these effeets The detrimental
effects of precipitation on runway braking conditions
tend to reduce the acceptance rate by increasing
runway-cccupancy times of landing aircraft

RADAR TRAFFIC-CONTROL TECHNIQUES

The simulation program has presented the oppor-
tunity to try out and to observe, under loading condi-
tions much higher than those normally encountered
in present terminal-area operations, the operation of
many types of traffic-contrel procedures Following 13
a description of the traffic-control techmiques which
have proved most effective during the thousands of
mumulated terminal-area flight operations completed
during this program
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Fig 16 Effect of Headwind on Separation
Required Between Aireraft on ILS Approach
at Washington National Airport

Arnival Control

Aiwrcraft Entry

The funetion of terminal-area arrival control 1s
to assume control of inbound aireraft entering the
terminal area and to feed them into the final-approach
gate 1n an orderly, efficient sequence with proper
separation between aiwrcraft and on paths which will
enable each aireraft to cross the approach gate inbound
at the final-approach altitude

Normally, armving sircraft enter the termmal
area at times which are egsentially random Each air-
craft is cleared by the ARTC Center to an appropriste
holding fix in the terminal area While en route to the
fix, each aireraft has alfitude separation from all other
aircraft cleared to the same fix Whenever possible,
entry altitudes are so arranged that the first aircraft
will arrive at the holding fix at the lowest altitude,
with successive alrcraft at successively higher altitudes
Each aireraft 15 released to termineal-ares control at
an appropriate time, place, or altitude at which 1t 3
expected to be clear of all other traffic except that
which 18 bound for the same terminal area

Establishment of Approach Sequence

Whenever the terminal-area treffic input exceeds
the acceptance rate, the traffic-control system will have
to delay one or more awrcraft in order to feed a



methodical sequence of properly spaced awreraft into
the final-approach path Several methods are available
for adjusting these delays Coarse adjustments are
made by holding techniques, and fine adjustments are
made by velocity eontrol or by path stretching

Holding patterns form convenient reservoirs for
excess traffic which canhot be accommodated m the
approach paths Aircraft holding at established radio
fixes remain under -the navigational control of their
pilots Therefore, they require less attention from the
controller than airecraft which are under radar navi-
gational guidance For this reason, the judicious use
of holding patterns under heavy-traffic conditions 1s
a very mmportant means of keeping the radar
navigational work lead at a mmimum

As long as aircraft enter the terminal area 1n
the proper altitude sequence, the establishment of the
landing sequence can be made on a simple first-come,
first-served basis, sinee the mitial aireraft will be at
the lower altitude and can be directed on the shortest
practicable path to the approach gate Subsequent
aircraft are cleared down to lower altitude levels as
soon as such levels become available

Simulation tests indicate that the easiest and
safest method of handling this operation 18 to rTun
the terminal-area arrival routes and holding patterns
as a fixed-block system employing altitude separation
between all awrcraft cleared to the same holding fix
Altitude separation need not be employed between
aircraft which have left the holding fixes and are in-
bound toward the airport, provided such aireraft have
enough longitudmal separation that they could con-
tinue their approaches to the airport safely mn the
event of radar failure

Because of awr-route traffic bottlenecks, inade-
quate airway communications facilities, or terran-
clearance restrictions on certamn routes, 1t 15 not
always possible for ARTC to clear arriving aircraft
mt6 the terminal area 1m an optimum altitude se-
quence Thus, reverse-stacking conditions sometimes
develop With radar, 1t 1s often possible to unscramble
a reverse-stacking situation and to maintamn a first-
come, first-served landing sequence even though the
mitizl entry altitudes may be out of the desired se-
quence Before using this procedure, however, the
controller must take into consideration the time and
flight distance which will be required by an aircraft
deseending through the altitude of a lower aircraft
In many cases, the additional time and space required
for the descent may nullify any gains which would
be expected by clearing 1n the higher, earhier-arnving
aircraft ahead of the lower, late-arriving one

Because the amount of longitudinal seﬂarauon
required between two successive aircraft on the final-
approach path depends on the relative speeds of the
sircraft 1nvolved, 1t 18 necessary for the controller to
know the speed classification of the preceding aircraft
In the operation of a twin-stack approach system, this
information 1s co-ordinated between controllers when-
ever an aircraft from one sector will follow an aircraft
from the other sector

Simulation tests show that the establishment of
the landing sequence from a twin-stack feeding system
becomes a relatively simple matter 1f both radar con-
trollers follow the rule that isolated mircraft will be
landed 1in the same order in which they are ready to
leave the holding fixes

When the approach system becomes saturated and
two or more aircraft are holding 1n each stack, 1t 1s
more advantageous to clear two aircraft from one
sector followed by two mireraft from the other sector
This procedure reduces the amount of co-ordination
required between controllers The job of setting up the
landing sequence 15 changed mto a type of cyclic
operation 1n which each controller gets a short breath-
g spell while the other controller 1s feeding aircraft
into the final-approach path Controller observations
show that, over long periods, this two-and-twe
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alternating work cycle 1s less fatiguing than a
first-come, first served system

Velocity Control

Control of aiwrcraft velocity has not been much
exercised by aiwr traffic eontrol in the past, since 1t
appeared to encroach somewhat on the pilot’s pre-
rogative and since the specification of & speed too low
for the prevailing flight conditions could lead to a
hazardous situation However, simulation tests of high-
density traffic operations indicate that, under certain
conditions, the use of a limited degree of wvelocity
control 15 desirable 1 order to simphfy the trafic flow
and in order to reduce the work load of the terminal-
area controller For example, 1f two aircraft with
similar speed characteristics are making straight-in
approaches 1n trail toward the approach gate and the
first one decelerates to approach speed, the second
awrcraft will bepgin to overtake the first unless the
controller takes immediate action One method of
maintaimng separation between these aircraft would
be through the assignment of S-turns to the second
aircraft, but a simpler and more desirable method
would be to advise the pilot of this awrcraft to slow
to approach speed

Asg shown 1n Table I, an aireraft ecan descend on
a steeper path without mncreasing the descent rate if
the forward veloeity 15 reduced In many cases, an
aircraft entering the terminel ares at a relatively high
altitude will be able to make a straight-in descent to
the approach gate 1f 1t can be slowed down to inter-
mediate or approach speed soon enough Otherwise,

TABLE 1

FLIGHT DISTANCE REQUIRED
FOR 1,000-FOOT CHANGE OF ALTITUDE

Ground Rate of Altitude Change
Speed
500 fpm 1,000 fpm
{mph) (miles) {miles)
120 4 2.0
150 5 2.5
180 6 30
240 8 4 0
300 10 50

TABLE I FLIGHT DISTANCE REQUIRED
FOR 1,000-FT CHANGE OF ALTITUDE

if 1t continues at crmsng speed until 1t reaches the
holding fix, 1t may not have time to lose 1ts excess
altitude before 1t remches the approach gate unless
the controller assigns some holding or other path-
stretching maneuver Therefore, when a controller sees
this type of situstion coming up, it 18 usually desirable
that he advise the pilot to slow down early in the
approach

As 1llustrated in Fig 4, the radius of a standard-
rate turn is a function of the speed of the aircraft.
Most holding patlerns are based on the use of timed
straightaways, the length of which 13 also a function
of speed Therefore, the use of reduced speeds 1n
holding patterns enables mircraft to utilize less arr



space and to remain closer to the desired holding fix
at all times

Smmulatron Lests, as well as hundreds of actual
radar approaches, show that 1t 18 much easier to ahgn
an aireraft precisely on a desired final-approach course
if the rate of closure with the desired course 1s re-
duced One method of reducmg the rate of closure 1
by the use of small angles of interception Another
method 15 by the reduction of the forward speed of
the aireraft

Occaswonally a sitnation arises wheremn 1t 13 ap-
parent that a large gap followed by a heavy tralhe
demand rate will develop 1n the approach sequence
In such a case, 1t appears desirable to advise an air-
craft to increase speed slightly in order to reduce an
excessive 1nterval behind the aircraft ahead Since
changes 1n speed usually result 1n changes in aireraft
trim, as well as 1n other increases 1n the work load
of the pilot, this procedure should be used with dis-
cretion It 1s not recommended for use after an aircraft
15 within two miles of the approach gate

Path Stretching

Path stretching 1s probably the most useful of
radar control procedures It may be defined as the
control of the length of a flight path by means of the
1ssuance of heading mstructions to the pilot In most
cases, this procedure 15 utihized to enable an arrcrafi
to lose time 1 order to establish separation behund a
preceding awrcraft or to lose altitude before crossing
a specific fix The actual stretching operation 15 usually
combined with the operation of guiding the aireraft
to a desired course or approach gate At the start of
an approach sequence, arriving aireraft can enter the
approach paths without any holding 1f the number of
aircraft m the area between the holding fixes and the
approach gate does not exceed the optimum capacity

In establishing proper separation between such
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sirecraft, the aircraft at the lowest altitude 13 assigned
the most direct path to the approach gate while suc-
cessively higher ones are fanned out on successively
longer courses as necessary to place them 1n the proper
sequence with proper separation and at the proper
altitude as they cross the approach gate Excess air-
craft are cleared to the appropriate holding pattern
They are cleared 1n succession off the bottom of the
holding pattern as necessary to keep the approach area
operating at its optimum capacity When holding pat-
terns are arranged as shown m Fig 17A, amrcraft
leave the holding pattern on the downwind leg of the
approach pattern For radar identification, pilots are
requested to report when leaving the holding fix out-
bound The course 15 extended as necessary to secure
proper separation frem the preceding aircraft in the
approach sequence The arrcraft 1s then turned onte
the base leg of the pattern, at which time a further
spacing adjustment may be made Because of the re-
semblance of this spacmg method to the action of a
well-known musical instrument, this type of approach
layout 1s called a trombone system

The job of spacing aircraft properly on the final-
approach path can be facihtated through the use oi
a spacing table posted at each arrival radar control
position A typieal table 1s shown in Fig 18 Ths
table 15 based on a munimum separation of three miles
hetween any two airborne awrcraft For cases where
a faster aircraft follows a slower aireraft down the
final-approach path, the three-mile standard 1s 1n-
creased by an allowance for the speed differential
involved A further allowance 1s made 1n all cases ilo
compensate for the normal distribution of speed wvar-
ations from the desired air speeds The ultimate pur-

ose of spacing tables 1s to set up enough separation
Eehween successive alreraft at the approach pate so
that the first aircraft will always have time fo vacate
the arrport runway before the second mircraft reaches
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Fig 18 Typical Spacing Table

the wave-off point Design considerations for spacing
tables are digcussed m detail In 8 companion report’

As previpusly indicated, simulation tests have
shown the desirability of keeping the final-approach
path short and the maneuvering area confined to a
relatively small sector well within the expected cover-
age of the radar Therefore, when 1t becomes apparent
that an sircraft on the downwind leg of the approach
pattern 1s going to require a delay of two minutes or
more to secure proper spacing behind other traffic 1n
the landing sequence, 1t 1s often preferable to have
an aircraft lose time 1n a 360° turn 1nstead of allowing
1t to continue on a long, outbound pattern As shown
i Fig 19, a 360° turn away from the final-approach
ecourse permits much greater flexibility 1n path stretch-
ing than s turn toward the final-approach course Be-
cause of the precise approach spacing which this
maneuver permits, the 360° turn away from the final-
approgch course 1s a very useful control procedure
Simulation tests 1ndicate that when assigning this
maneuver, 1t 1s usually advantageous for the controller
to mstruct the prlot to report when passing through
certain epecified headings or when completing the 360°
turn Under heavy-traffic conditions, these reports
serve as & useful reminder to the controller that it 1s
time to consider further action regarding the flight
of the cirching aircraft

When holding patterns are arranged as shown 1n
Fig 16B, aireraft may be cleared to leave the pattern
in either of the ways that are illustrated Usually, the
pilot is instructed to leave the pattern on a specified
heading and 18 requested to report upon resching this
heading In many ceses, this report servea as a means
of radar identification, as we]l as & reminder to the
controller that the aircraft 18 approaching a key

osﬂ:mé\ where an additional spacing adjustment can
e made

An opportunity of decisive importance for the
precise edjustment of the approach interval oceurs

‘Berkowitz and Doering, op cit
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when the aircraft 15 on the base leg of the approach
path, as shown 1n Fig 20 If the controller can size up
the situation quickly when the aircraft reaches this
key position, he usually has the opportumity to n-
crease, maintain, or decrease the current separation
between this aiwrcraft and the onle ahead This adjust-
ment 15 made by turming the second aircraft to a
heading which will either shorten or lengthen 1ts
normal path, so that it will be able to reach the
approach gate with the desired separation behind the
first aircraft

The controller must be conscious of the relative
speeds of the two aircraft, the effects of the prevailling
wind conditions, the turning radu of the awreraft, and
the amount of separation which will be required be-
tween the aircraft when the first one 15 over the
approach gate As previously stated, the desired sep-
aration at the approach gate 15 a function of the
speeds of the two aircraft, as well as of the distance
between the approach gate and the aimrport Fortu-
nately, the effect of the speed differential between
successive alrcraft 15 minimized when the final-
approach path 13 kept short Therefore, the use of
relatively short final-approach paths simplifies the job
of judgmg the amount of spacing required between
successive aircraft

Fig 21 shows a common 1llusion which can lead
to msuffient separation between amrcraft at the ap-
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Fig 19 Path-Stretching Flexibility Posaible After
Starting 360° Turn Away From Course
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Fig 20 Typical Base-Leg Spacing Adjustments
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Fig 21 Operational Illusion
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proach gate 1f the controller fails to consider the
projected distance of the first aireraft from the gate
when he turns the second aircraft toward the gate
The effective separation between the two aircraft, in
terms of their relative distance from the approach
gate, 15 much less than theirr apparent separation from
each other

When 1t becomes evident that an aircraft on the
final-approach path will not be able to maintamn suffi-
cient separation behind the one ahead, the controller
should take immediate corrective action If the over-
taking aircraft has already slowed to approach speed,
the only appropriate action will be some form of
path-stretchmng

If the overtalking aircraft 1s still a rather long
distance from the approach gate, an S-turn may be
assigned, as shown in Fig 22 The mitial turn should
be at least 60" off course Smmulation tests show that
turns of less than this amount do not produce encugh
path stretchmg 1n the short distance available for the
maneuver to make their use of any practical value
As soon as 1t becomes apparent that adequate final-
approach separation has been re-established, the con-
troller should turn the aircraft back to imntercept the
final-approach course as soon as possible Before
assigning an S-turn maneuver, the controller should
make sure that encugh space will be availabla for the
maneuvering aircraft to become re-established on the
final-approach course before 1t reaches the approach
gate If adequate air space for the maneuver does not
exist, the next best alternative 15 to direct the aireraft
mnto a 360° turn This maneuver will delay the aircraft
at least two minutes, producmng a large gap 1n the
approach sequence

If the overtaking aircraft 18 being followed by
another aircraft 1in the approach sequence, a 360°
turn may not be desirable, because 1t may return the
cireling arcraft to the final-approach path with -
sufficzenl separation from the other traffic In such
cases, i1t 1s usually better to remove the overtaking
aircraft from the approach sequence and to feed 1t
back into the first available gap 1n the landing
sequence

Simulation tests of twin-stack systems indicate
that te avoid unnecessary co-ordination, complication,
and )urisdictional confusion 1t 1s desirable that all
path-stretching operations be conducted in the control
sector ot the eontroller who 18 directing the maneuver
For example, if i1t 13 necessary for the west-sector
controller to direct one of his aireraft into an S-turn
off the final approach, 1t 18 desirable that the turn be
made toward the west sector rather than toward the
eagt-zector traffic

Orbiting Technique

As shown 1n Fag 23, the use of concentric spacing
lines on the radar scope makes possible a very simple
technique for obtamming accurate spacing of sircraft
at the approach gate For path adjustment, the second
aircraft 18 turned on & course which 13 essentially
tangentiel to the approach gate This orbiting tech-
nique keeps the aircraft at an almost constant distance
from the approach gate while the flrst aircraft s
proceeding toward the gate on final approach The
moment sufficient separation exists between the two
mircraft, the second one 13 headed directly toward the
turn-on point of the final-approach course With a
relatively small amount of prectice 1m using this
method, controllers can space aircraft precigely on the
final-approach course

Interception of Final-Approach Course

It 18 importani that each aircraft become ahgned
on the Anal-approach course before it crosses the ap-
Eroach gate As shown in Fig 24, the radar trail may

e projected mhead to determine whether a specific
heading will enable the aircraft to intercept the course
at the desired location
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Fig 22 Use of S-Turn for Path-Stretching Qperations
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Fig 24 Use of Projected Radar Trails

Aireraft fly a curved course 1m making a transi-
tion from one heading to another In guiding an air-
craft mmto a desmired track, the radar controller must
make allowance for the radius of the required turn
As mdicated 1n 1g 26, the amount of this allowance
or lead depends on the amount of angular change
required It 15 also affected by the air speed, the rale
of turn, and the wind A}l these effects decrease as
the angle of mterception 1s reduced For this reason,
1t becomes relatively easy to turn an aircraft precisely
on a final-approach course when the angle of
mterception 18 low

In vectoring an aircraft toward a localhizer course
for a aubsequent ILS approach by the pilot, 1t usually
18 not necessary for the controller to align the amrcraft
on the localizer course 1f the interception angle 15 not
greater than 20° Simulation tests indicate that it 1s
desirable 1 handiing this procedure to utilize the
capitalized phraseology of the following example

{Identification) TURN left, HEADING zero-two-

Zero,

YOUR POSITION, two mles southwest of outer

marker,

TAKE OVER FOR ILS APPROACH,

TRAFFIC four miles AHEAD

Missed-Approach Procedures

A mssed approach can be an awkward, if not a
critical, traffic problem when radar procedures are not
used However, simulation tests show that a missed
approach becomes a very minor problem when ade-
quate radar coverage 15 available Usually the aircraft
183 1mmediately returned to the jurisdiction of the
arrival controller and 13 taken back to a safe maneunv-
ering altitude which, 1n most cases, will be the mim-
mum 1mtial-appreach attitude If the pilot desires to
try another approach, the awrcraft 13 fed back mto
the first available gap 1n the landing sequence and 1s
simply handled as another arriving aircraft

Departure Control
The function of terminal-area departure control
13 to assign and to momtor flight paths which will
allow outbound aircraft to depart 1n an orderly, effi-
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cient sequence with proper separation between them
and on paths which will enable esch one to continue
into the ARTC area 1n accordance with specific ARTC
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Fig 26 Effect of Angular Change of Heading ¢
on Amount of Lead (L) Requred
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clearance instructions Departure trafic usually has
diverging, rather than converging, flow characteristics
For this reason, it generally produces less of a control
problem than arrival traffic Therefore, 1t 1s often
possible for a single departure controller to momtor
safely the paths of as many as six aircraft
simultaneously

Simulation tests indicate that one of the most
important aids to inereased departure flow 1s the estab-
hshment 1n the terminal area of specific departure
routes completely mdependent of the arrival routes
With such a system as shown 1 Fig 286, co-ordination
between arrival and departure controllers 1s completely

eliminated The only terrminal-area restrictions to de- ; LOWEST ENROUTE
parture flow are the take-off 1estrictions imposed by ALTITUDE AT THIS
landing traffic at the amrport 1tself These restrictions 7 POINT USED EX—
may be further reauced through the use of multiple SIELLE;TEG;E;GR

runways laid out as shown 1 Fig 27

Prior to an sircraft take-off on IFR flight plan,
an ARTC traffic clearance 1s relayed to the pilot At

locations where direct ARTC ar/ground communica- L

tons will be available after the aircraft 1s airborne, LOWEST ENROUTE "

the mmitial ARTC clearance need include only a clear- ALTITUDE AT THIS

ance limit and an assigned altitude In most cases, the PGINT USED EX- RADAR SPACING

clearance limit 15 a radio fix located near the boundary GLUSIVELY FOR AREA LEGEND

of the termunal area Occasionally, to 1msure that the DEPARTURES EZ> DEPARTURE ROUTES

aircraft will be able to reach the assigned altitude
before 1t passes out of radar coverage, 1t may be
necessary for the terminal-area departure controller
to direct the pilot to make a 360° chimbing turn As
soon as the departing aireraft reports at the assigned
altitude and 18 observed to be on course and clear of

[ ARRIVAL ROUTES

CAA TECHNCAL DEVELOFMENT

all other terminal-area traffic, control of the aircraft 'ND_ EVALUATION CENTER

15 transferred to ARTC As soon as ARTC establishes (HDIANAPOLIS INDIANA
communication with the aircraft, the remainder of

the awr-route clearance 1s 1ssued to the pilot Fig 26 Example of Independent Departure Routes
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Because of the modern trend toward single-
direction awrports, considerable simulation work has
been devoted to the problem of securing maximum
utilization from a smingle runway used for both arrval
and departure operations One of the first questions
was whether 1t was more efficient to run traffie 1n
groups of successive arrivels and successive departures
or to mix the two types of traffic with alternate
arrivals and departures As shown in Fig 28, a
higher utilization 13 posstble when take-offs and land-
ings are alternated This procedure has several other
operational advantages

1 A good airport-utilization rate can be achieved
even though the arrival system may have a relatively
low acceptance rate, since the interval between
successive approaches 1s ntilized for departure
operations

2 DBecause the desired separation between sue-
cessive arrivals 18 seldom less than =ix miles, the
arrival controller works under very little strain or

anxiety regarding the maintenance of adequate radar
separation between aireraft on the final approach

3 Since the separation between successive de-
partures 13 seldomn less than six miles, the departure
radar controller has plenty of time 1n which to estab-
lish radar 1dentification and radie communication with
each departure before the next one 1s airborne This
procedure 15 known as the ‘'sandwich system," since
individual departures are sandwiched between succes-
sive arrivals The procedure operates in the following
manner

a When departures are imminent, arrivals are
deliberately spaced a distance of about six miles
apart at the approach gate More separation 1s
used 1f braking conditions are bad or if the
runway 1s not equipped with high-speed turn-offs

b If an arnval 18 within two miles of the air-
port, the departure is held in run-up position 200
feet off the active runway

CONDITIONS

SPACING BETWEEN ARRIVALS 3 MILES MINIMUM
SPACING BETWEEN DEPARTURES | MINUTE MINIMUM
GROUND SPEED OF ARRIVALS 120 MILES PER HMOUR
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| —
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¢ As soon as the arrival passes the take-off
position, the departure 1s cleared into take-off
position on the runway

d The departure, ready for take-off, pulls mnto
take-off position while the arrival 1s deceleratmg
on the runway

e As soon as the arrival 1s clear of the runway,
the departure 1s cleared for immediate take-off,
provided that the next arrival 13 still more than
two miles from the arrport and that adequate
lateral separation will exist in the event of a
missed approach

f In the rare cases where the provisions of
Item e cannot be met, the departure 15 taxied
back off the runway to make room for the arriving
arcraft
When the runway 1s equipped with a high-speed
entrance, as shown 1n Fig 6D, the departure may be
held 200 feet clear of the runway until the first ar-
rival 15 off the runway If the provisions of Item e
can be met, the departure 1s cleared for immediate
take-off The take-off roll can be started from the
run-up position This procedure saves at least one
radio contact per departure and avoids the necessity
of ever having to tax: tte departure off the runwajy
because of insufficient separation from the next arrival

Integration of Jet Operations

A great amount of simulation work has been de-
voted to the problem of integrating the operation of
1et aircraft into the aiwr traffic control system Although
several basic principles have been learned, much work
has yet to be done on this subject

The development of the gas turbine has made
possible much mgher power and hence higher speed for
modern aircraft Unfortunately, this performance 1s
obtained with a very high fuel consumption This
characteristic places a critical importance on the time
factor which dominates every aspect of present jJet
operations

A jet arcraft requires little warm-up time, but
during ground operations 1t burns about five times as
much fuel per minute as an equivalent piston-engine
aircraft doezs For this reason, it 1s desirable that
departure clearances be available before, or 1mmedi-
ately after, the time the mireraft leaves the parking
ramp The provision of high-speed taxi strips ana
unrestricted runway entrances becomes even more
valuable when jet aircraft are concerned

Because of theiwr generally high wing loadings and
characteristically low propulsive efficiencies at low
speeds, jet aircraft usually require a long runway
distance for take-off In many cases this requirement
may limit the take-off direction te the longest runway
avallable Surface temperature has a critical effect on
the distance 1equired for take-off High temperatures
greatly 1mcrease the length of the take-off Tun, as well
as the amount of fuel required for this operation
After accelerating to climbing speed, jet aircraft usu-
ally chimb at forward speeds and climbing rates higher
than those of piston-engine aircraft

The most important en route characteristic of jet
aircraft 13 that, for effiment operation, they must be
flown at thewr optimum altitudes, which are much
higher than those of piston-engine aireraft For ex-
ample, a typical jet aireraft has a maximum range of
1890 miles at 30,000 feet This range drops to 1080
miles 1f the airereft must cruise at 10,000 feet If
held to near sea-level altitudes, the range with the
same load of fuel 13 reduced to 820 miles Thus, to
avoid serlously deecreasing the range of jet amrcraft,
1t becomes important that the air traffic control system
be able to permit unrestricted chimbs to optimum
altitudes This requirement emphasizes the 1mportance
of providing multilane departure routes for congested
terminal areag It appears that the use of surveillance
radar and the further implementation of TVOR
facilities will do much toward solving this part of the
problem
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The optimum altitude of a jet aircraft gradusally
mcreases as the weight progressively deereases because
of the consumption of fuel during fight For maximum
range, the optimum jet flight plan does not utilize a
constant cruising altitude Instead 1t 1s made up of a
fast e¢limb to optimum &eltitude, a gradual erwising
chimb as the optimum altitude increases, and a fast
descent to the destination If followed, the erusing-
climb precedure would limit the use of altitude separa-
tion between jet awrcraft during cruising flight Thus
some form of lateral separation, through use of
multiple navigational tracks or of en route radar
survelllance, would be desirable for opetations of thig
nature

Present regulations require that aireraft depart-
ing on IFR flight plans carry enough fuel to proceed
to the destination, thence to the alternate aimrport,
plus 45 minutes reserve The reserve fuel requirement
assumes critical importance 1 jet operations because
reserve-fuel weights for a jet are always large com-
pared to the weight of the atrcraft itself They are
extremely large compared to the weights of reserve
fuel for piston-engine aircraft

Owing to increased fuel consumption by jet air-
craft at low altitudes, 1t was formerly econsidered
essential that all holding of such aircraft be accom-
plhished at an altitude of 20,000 feet or above and that
they be 1ssued irrevocable landing-sequence numbers
before leaving that altitude Actual experience with
later types of jets indicates that holding at lower levels
13 permissible for moderate lengths of time However,
the potential diversion range 1s seriously reduced as
altitude 1s lost It appears that the mam penalty in
low-altitude holding 1s not the additional fuel consump-
tion during the holding operation but the reduction in
available diversion range should the weather drop
below landing minima before the approach 1s
completed *°

Recent British experience mn the operation of jet
transports 1ndicates that mn many cases 1t will be
possible to handle such aireraft in the normal holding
seguence with piston-engine aircraft However, jet
arrcraft can descend at rates much greater than those
now customary for piston-engine aireraft This charac-
teristic constitutes a very important air traffic control
adventage which can be fully exploited only 1f jets
are fed into the approach system from an independent
feeding system Whether or not this factor offers
enough gams 1 safety and efficiency to justify the
additional facilities and air space required for 1its
mmplementation 15 an important subject for future
simulation

Most of the jet awreraft handled in TDEC simula-
tion runs were assumed to be tactical types with
average descent rates of 3,000 feet per minute and
descent speeds of 300 mph, slowng to 180 mph for
the last ten miles of the approach The great difference
between the speeds of such aircraft and the speeds of
other aircraft 1n the approach system has given con-
trollers a difficult problem mn establishing radar separ-
ation on the final approach As a result, controllers
consistently allowed far too much separation when
such amwcraft were conterned The biggest improve-
ment n the reduction 1n approach i1ntervals and
consequently 1n aircraft delay came when the separa-
tion table, as shown 1n Fig 1B, was extended to include
sequences involving jet arcraft

Completed simulation tests show that jet mircraft
can be integrated 1nto an approach sequence with more
safety, less controller work load, and less delay for all
aireraft concerned 1f the holding patterns for other
awrcraft are offset from the final-approach course If
other aircraft are held on the final-approach course,
jet aircraft are faced with a much longer descent

"Captam A M A Majend, “Ciwvil Jet Opers-
tions,” Journal of the Royal Aeronautteal Society, Vol
67, No 618, p 539, September 1953



path and with a long drag-in at low altitude 1n order
to tunnel under the holding stack For this reason,
offset stacks are preferable for any approach system
which will have to accommodate jet traffic

Jet interceptors characteristically produce poor
radar targets because of their sleek configuration and
their lack of rotating propellers It has been estimated
that a typical jet fighter has about one-sixth the re-
flecting area of the F-51 mston-engine fighter * These
factors make the use of radar safety heacons especially
desirable for terminal-area traffic control operations
when jet awrcraft are concerned Because of their lack
of drag-producing propellers, jet aircraft normally de-
celerate slowly from therr rather high landing speeds
Thus landing distances and runway-occupancy times
are likely to be lugh for jet awrcraft Here, again, the
provision of suitably placed, high-speed runway exits
15 expected to greatly improve the situation

It 15 quite possible that within a few years over-ail
improvements 1 aircraft and engme design will re-
lieve some of the more critical limitations which are
characteristic of present jet operations Meanwhile,
an 1mportant objective of the simulation program 1s
to develop a tiaffic control system that will be able
to accommodate increasing numbers of jet aircraft
n orderly, democratic sequence, without the need of
priorities or of specral privileges for any specific type
of aircraft, jet or otherwise

Multitrack Approach System

Some of the most advanced simulation work com-
pleted to date was in connection with the development
of the multitrack approach system This system com-
bined a number of new 1deas in the operation of
flight-path computers, pictorial computers, sutomatic
data transfer, and simplified radic communications 1t
also provided a smooth, efficient method of
co-ordineting jet traffic with econventional aircraft in
the terminal area

Cad TECHMCAL DEVELOPMENT
AND EVALUATION CENTER
IMOVANAPOLIS MHODJANS

Fig 20 Multitrack Approach System

#4Jet Fhght Planning,” USAF Instrument Pilot
School, U S Air Force Aircraft Accident and
Maintenance Review, Vol VII, No 5, p 12, May 18562
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The multitrack approach system, illustrated 1n
Fig 29, was a twin-stack layout which fed a single
approach lane from two close-in holding fixes A num-
ber of standardized, predetermined, approach tracks
of various lengths were provided between each holding
fix and the outer marker That portion of the terminal
area en route to and mcluding the holding patterns
was operated as a fixed-block system The portion
between the holding markers and the airport operated
as a moving-block system Separation between aircraflt
on final approach was provided by a computing device
which computed gate times at the outer marker and
selected the approach track for each amrcraft to enable
it to arrive over the approach gate with the desired sep-
aration from other aircraft Thus, each awrcraft had a
guaranteed gate time at the outer marker before 1t
left the holding fix The relatively short and simple
approach tracks made 1t possible for amrcraft to
achieve this gate time within a small tolerance Since
the amount of tolerance increased the size of the
airspace block which was assigned to each aircraft on
the final approach, it was essential that these toler-
ances be kept small 1n order to mantamn short approach
mtervals and a high acceptance rate

Because of the fact that detailled traffic samples
had already been established for the Washington ter-
minal area, i1t was decided to use this area for the
simulation tests In the mtial layout, four helding
fixes were established Because these fixes were at
considerable distances from the outer marker, aircraft
normally departed theze points at cruising speed and
gradually decelerated to approach speed en route to
the marker This procedure mtroduced considerable
error 1n computed gate times because of the 1nabihty
of the piots to adhere to a standard deceleration
program while flying through the approach patterns
In addition, several potentially dangerous traffic con-
flicts were caused by fasl awrcraft overtalung slower
aircraft 1n the outer converging areas of the patterns

To elimmnate these disadvantages, 1t was decided
to reduce the number of holding fixes to two and to re-
duee track lengths by establishing these fixes relatively
close to the outer marker Pilots were instructed to
leave the holding fixes at approach speed This proced-
ure eliminated computation errors due to deceleration
problems However, tests showed that computed gate
times often were 1n error, particularly when the longer
tracks were assigned

In order to reduce the magmtude of these errors
which were caused by slight variations 1n the approach
gpeeds of the various aircraft, 1t was decitded to elimi-
nate as many of the longer tracks as possible and to
retain only enough of the shorter tracks to msure con-
tinuous smooth operation of the approach system It
was found that the total range of track lengths {(from
the shortest to the longest) need not exceed the dis-
tance traveled by the fastest aireraft using the system
while flying a 360° holding pattern at the cuter fix
Since a 360° turn normally takes two minutes and
since the fastest aircraft using this system had an
approach speed of 150 mph (2% miles per minute), the
total range of track lengths needed was b miles

This range of track lengths would permit a pilot
who Just missed being able to take the longest track
to make a 360° turn at the holding fix and to pick up
a shorter track when agan over the fix without causing
any bieek in the approach sequence With & mimmumnm
track of 8 miles and a range of b miles, the longesl
approach track required for this system was only 11
miles long Theoretically, greater operational flexi-
bility could be attrined 1f a large number of successive
tracks were established in the range between the
longest and shortest tracks However, to avold possible
confusion 1n follownng n selected track on the display,
1t was decided to use only a small number of tracks,
widely spaced for easy reference To cover the re-
quired range using 2-mile increments between tracks,
the systemn was set up with track lengths of 6, B, 10,
and 12 miles



In order to \ntegrate the operation of jet aircraft
in the approach system, a jet letdown path was added
The configuration of this path was based on the
following tentative requirements

1 Jets would eross the approach fix at 20,000
feet and would descend at an average rate of
approximately 3,000 feet per minute

2 Descent would be made at an indicated air
speed of 300 mph, slowing to 180 mph for the last
stage of the appreoach

3 Turns would be made at one-half standard rate,
or 1% *° per second

4 The straight-in finel-approach path would be
at least 15 miles long

An additional radio fix was established on the
localizer course 12 miles from the outer marker to
provide the following

1 An amid to jet pilots 1n 1ntercepting the
final-approach course

2 A check point for radar identification of et
aircraft

3 A close-in check point for obtaining additional
accuracy ln computing gate times of jet aireraft

The method of integrating jet and piston-engine
aircraft worked =atisfactorily as long as the proportion
of jet aircraft in the system remained small Isolated
Jet arcraft could be fed into the approach system with
minimum mterruption in the regular landing sequence
of piston-engine alrcraft However since there was
only one track available for jet awrcraft, time separa-
tion had to be used between successive jet approaches
In most cases 1t was possible to sandwich one or two
piston-engine approaches between the jet approaches,
so that very little time was lost from this lack of
flexibility 1n the system However, this hmitation could
become serious if a higher proportion of jet aircraft
had to be accommodated

As a result, the layout has recently been changed
to a triple-stack system using a separate holding fix
for jet mircraft Jets leave this fix at about 8,000 feet
for approaches on one of four available tracks selected
by the computer Tests indicate that this layout 15 able
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to integrate jet and piston-engine arcraft 1m any
desired landing order

In the mmtial teats of the multitrack approach
system, & special 10-inch circular slide rule known as
a track selector was used to select tracks and to com-
pute gate times A functional diagram of this device
18 shown 1mm Fig 30 The circular shde rule, while
simple and cheap, had the disadvantage of requiring
several seconds to select an approach track Because
the principles of the multitrack system show such
promise as a future aid to traffic control, an electronic
digital computer has been built for this operation The
digital computer offers these advantages

1 It permits extremely fast push-button
operation

2 1t ean compensate for various wind conditions

3 Tt should provide a means of coupling the
computer function with the automatic data-transfer
system by automatically displaying track-number and
gate-time data on the flight-data board

4 Because the landinpg sequence 18 actually based
on the chronological sequence of computed gate times
of successive aircraft, the coupling function of the
computer can transfer flight data in proper order from
multiple-approach eontrol displays to a single PAR
display

In the mmtial tests of the multitrack approach
system, 1t was assumed that all aircraft were equipped
with some type of pictorial display to indicate to the
pilot the actual position of the aireraft When 1t was
also assumed that the map on each pictorial display
showed the various designated approach trecks, com-
munications were reduced to a mimimum since pilots
could navigate their own way around the assigned
approach tracks

Actually, the operation of a multitrack approach
system does not necessarilly require pictorial displays
n the aimrcraft, since the approach tracks would also
be shown on the radar overlay In handling aircraft
not equipped with a pictorial display, the controller
uses the computer to select the most efficient track
and then guides the amweraft around the selected track
by means of radar-vectoring nstructions

ouTPUT

1%

TRACK LENGTHS

USE N SEQUENCE
STARTING WTH TRaCK
SHORTEST 1A FLYING
TIME

OUTER

MARRER
ALTITUDE ;

GAGUND
SPEEDR ab
AP PROACH

TOTAL
DESCENT
ON TRACK

ALTITUDE
LEAYING
HOLDING

FiX

DESCENT

8 TIME

DESCENT
RATE

HOLDWNG
FIK

FUNCTIONS

o

IF LONGEST
TRACK NOT
SATISFACTORY
INDICATE

Y

NO TRACK
AWAILABLE

PILOT ADYISED
TO FLY HOLDING

e

PATTERN AND

REPORT AGAIN

OVER HOLNNG
FIX

IF o>C
TRY NEXT

LONGER

TRACK

@ SUBTRACT

TENTATIVE
GaTE
TIME

1

DEPARTURE
TIME

DE SIRED
SEPRRATION
INTERMAL

@ DIVIDE
@ COMPARE

®

3

SELECTED
TRACK
NUMBER

SELECT
LARGER VALUE

4

EAALIEST

o ALLOWSBLE IF c2o

DISPLAY

z“-
GATE TIME

OF PAEVIOUS

GATE
TIME

ouTPUT

SN

AIRCREFT

(STORE FOR NEKT AIACRAFT)

COMPUTED
GATE
TIME

€A TECHMICAL OEVELUPMENT
AND EYALUATION CENTER
WOANAFOLS INDIAHA

Fig 30 Functional Diagram of Track Selector



In the normal operation of this system most de-
cisions are made by the computer, and the controller
functions mainly as a momtor to insure that pilots
are staymg on their assigned tracks and that adequate
separation 15 being maintained between all awrcraft
The controller stands ready to override the system at
any time that an emergency occurs or that 1t becomes
apparent that one aircraft 1s approaching too close
to a preceding aircraft In this connection, 1t 15 1nler-
esting to note that the present layout provides twao
simple missed-approach paths to take care of this
contingency Since the lowest altitude used by holding
aircraft at the two holding fixes 1s 2,500 feet and the
final-approach altitude over the outer marker 1s 1,500
feet 1t 15 possible for a controller to turn an aircratt
back to either of the helding fixes at 1,500 feet 1f
it becomes apparent that the aircraft does not
have safe separation behind the one ahead In such a
case, the aircraft can usually be given a new track
assignment as soon as 1t rezches the holding fix

CONCLUSIONS

1 The development of simulation technigques of-
fers an opportunity to place the planning of air
navigation and traffic control facilities on a scientific
basis Through systematic research, the simulation
program has enabled many of the general principles
which govern air traffic flow to be determined Some
of these principles have an immediate apphecation to-
ward 1ncreasing the capacity of terminal-area traffic
systems With simulation, detalled measurements of
traffic flow 1 specific systems can quickly and easily
be determined Many of these measurements would be
impossible to obtain by any other means They form
an equitable, valid method of comparing one traffic
system against another Thus, simulation makes pos-
sible the rapid development of optimum arrangements
of facilities for g specific area or purpose

2 The dynamic simulator was not originally de-
signed or intended for use as a traiming device How-
ever, because of 1ts realism and 1ts ability to present
a controlled traffic input with no risk to actual aircraft,
1t has proved to be an extremely effective device for
traming control personnel i the application of radai
control procedures 1n terminal-area traffic operations

3 Simulation tests indicate that the type of
terminal-area control system with the highest capacity
per controller would be a system in which mbound
pilots could navignte thewr way to the holding fixes
unassisted and could complete their approaches un-
assisted after being turned on to the final-approach
course In this type of system, radar would be used to
establish and maintain separation between aircraft
en route from the holding fixes to the approach gate
Qutbound pilots could navigate thewr own courses to
the teiminal-area boundary, radar would be used to
provide separation between outbound aircraft until
such aireraft were established on course with ANC
separation from all others The philosephy behind this
system places on the pilot a maximum of responsibility
for the actual navigation of the aircraft It enables
control personnel to concentrate their efforts on the
establishment and mamntenance of radar separation
between aircraft i those portions of the terminal
area where 1t 18 functionally more efficient to use
radar separation instead of standard ANC separation

4 The provision of arrport improvements as de-
tailled 1n this report offers a relatively cheap methoa
of providing gains 1n airport capacity that could other-
wise be attained only by the construction of new
runways at much higher cost

5 Tests indicate that the need for separate 1den-
tification codes for airborne transponders may not be
important for terminal-area traffic control operations,
because 1t 15 possible to design high-capacity control
systems which never require a controller to keep track
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of the identity of more than three aircraft simulta-
nepusly In such a system, 1t appears that a simple
bloomer code which could be displayed on request
would be sufficient for all practical purposes

6 The mauguration of jet IFR operations pre-
sents few fundamentally new traffic control problems
However, the critical importance of the time factor
1n jet operations places a far greater emphasis on the
need for unmterrupted elimb and descent patns as
well as on the need for mimimizing traffic delays both
in flight and on the ground It appears that several
of the procedures developed 1n connection with the
simulation program will assist 1n solving these prob-
letns, not only for jet aircraft but for other aireraft
as well

7 The work completed to date indicates that new
approaches to the en route traffic control problems
are required It 1s necessary to congsder in closer
detall how the arrangement 1n sequence ¢f aircraft
en route affects the terminal-area problems

RECOMMENDATIONS

1 Many of the improvements in amrports or in
facility layouts which have been developed 1n connec-
tion with the simulation program have an immediate
appheation toward increasing traffic capacity It 1s
recommended that these features be studied carefully
by groups responsible for airport planning and airway
operations to determme which features can be utihzed
immediately to 1ncrease the capacity of existing or
proposed terminal-area facihties

2 In the past, radar traimng programs for control
personnel have consisted mamnly of radar-alignment
procedures as well as of metheds for conducting PPI
and PAR approaches Little emphasis has been placed
on the most important application of terminal-area
radar, 1ts use mn the proper spacmg of amweraft n
high-density approach and departure patterns There-
fore, 1t 1s recommended that radar trainmg programs
be augmented to msure that all radar control personnel
learn the most effective methods of applymng radar
i the actual control of air traffic Simulation, both
graphie and dynamic, would be a valuable aid m the
conduct of such trammg The establishment of a
dynamie simulator for exclusive use as a training de-
vice 18 recommended as a promising means of raising
the performance level of radar contrcl personnel The
explanatory material in this report may also be utilized
in a tramming manual for this purpose Such trammng
shculd provide an opportumty for control personnel
to take advantage of the many principles which have
been learned during the conduct of thousands of
terminal-area operations 1n the simulation program

3 Simulation tests indicate that the most funda-
mental requirement for radar traffic control 15 &
positive, dependable radar display Without 1t, the
acceptance rate will suffer and the controller work
load per aircraft will be high Therefore, 1t 15 recom-
mended that full emphasis be given to the development
and procurement of radar equipment capable of giving
solid, dependable coverage of aircraft in the terminal-
area traffic patterns, particularly during bad weather
when the display 1s most needed It 15 recommended
that the specifications for awrport surveillance radar
be re-examined with regard to the actual character-
1stics required to meet the operational requirements
m use and those proposed for the near future

4 To take full advantage of the principles which
have been discovered for imncreasmng the traffic-handling
capaclity of terminal areas, 1t will be necessary 1n many
cases to modify the adjacent air-route navigation and
traffic control system to make 1t capable of handling
the increased capacity of the terminal areas Tt 1s
therefore recommended that the facihities of the simu-
lation program be extended 1n order to study methods
of 1mproving the operation of air route iraffic control



