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A PRELIMINARY REPORT ON THE SIMULATION OF
PROPOSED ATC PROCEDURES FOR CIVIL JET AIRCRAFT*

SUMMARY

This report describes an extensive simulation program which was conducted by the
CAA Techmical Development Center to study operational requirements and control techmques
for handling civil jet aiarcraft in present and future air traffic control systems Starting with
a brief review of current symulation methods, the report discusses the special problems
asgociated with the control of civil jet aircraft

A sigmificant development which emerged from the simulation tests was the paradox
that, in high-density terminal operations, an over-all fuel saving would result if low-ailhtude
holding procedures were used instead of the hugh-altitude procedures formerly considered
essential. It was found that the reduction of delays, made possible by the higher efficiencies
of approach systems utilizing low-altitude holding procedures, would more than compensate
for the increased fuel-flow rates of jet aircraft at the lower altitudes

The simulation tests explored a number of concepts 1n the field of arrival scheduling
control, including the use of velocity control, en route delay patterns, and various methods
for sequencing arriving aircraft Itis expected that much of this work can be applied in the
development of operational philosophy and equapment design for future air traffic control
gystems

SIMULATION METHODS

Simulation has been used for a number of years in the study of air traffic control (ATC)
problems The result of earlier work led to the establishment of the dynamic ATC simulator
at the CAA Technical Development Center {TDC) 1n 1950 The use of this facilaity has led to
a number of improvements in the present ATC system, as well as a number of new concepts
which are expected to have applhication in future systems The application of earlier simu-
lation studies to the operating ATC system has produced sufficient field data to evaluate their
effechhveneas Comparison of the simulation results with actual field data has andicated
extremely close correlatton This has led to an increased demand for the expansion of
simulation activities

Fresent simulation technigques include graphical, dynamic, and fast-time methods
Graphical analysis 13 a paper-and-pencil technique Fast and cheap, this method of simu-
lation 15 used to determine the effect of varying certain system parameters It also is used
to determine the 1deal performance of a specific ATC system for comparison with the results
obtained from dynamic simulation tests Graphical plots include altitude-time, altatude-
digtance, fuel-distance, space-time, and aircraft-time presentations.

Dynamae simulation 15 a real-time simulation technique which enables certain portions
of the ATC system to be tested in a realistic control environment using human controllers
who are confronted with the same workloads and decisions that they would have to face in the
actual operation of the system under study

The ATC system 15 a highly complex, large-scale, information-handling system
Figure 118 a2 diagram of the basic control function showing the general flow of information
around the loop In the dynamic simmulator, the aireraft, radars, and radio channels are re-
placed with more economical and easily managed substitutes, as shown in Fig 2 However,
human beings are retained in the controllers' and pilots' positions and the total flow of
information around the loop duplicates the flow 1n the actual system

Figure 3 shows the servo-controlled projectors which move spots of light across a
large movie screen to simulate the movement of individual aircraft an the system FEach
projector 15 manned separately in order to provide the real-time communications workload

#*Reprinted for general distribution from a Limited distribution report dated May 1958
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Fig 1 Functicnal Diagram of ATC System

and the aircraft characteristice affechng the control problem. Due to space limitations in
the projection room, the pilot consoles for some of the projectors are located in anothar
room, as shown in Fig 4 Two television cameras, shown near the center of Fig 3, televige
the resulting traffic situation on the screen for presgentation as radar data on different types
of displays Fifteen interphone channels simulate air/ground/air and landline communi -
cations facilithes Figure 5 shows a typical terminal-area equpment layout and Fig 6 shows
an arrangement of two new bright tube displays in the en route traffic control room

Figure 7 shows the role of graphic and dynamic simulation in the ATC development
cycle The various phases follow an ascending cost scale, with the cheaper processes used
fairst This sequence tends to reduce research costs by providing a maxmmurn opportunity to
weed out or revige impractical solutions before a large amount of money has been spent on
their evaluation

Perhaps the most obvious justification for the use of dynamic simulation is that 1t
provides a means of measuring, or at least incorporating, the effects of human factors in the
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Fig 3 Pilot Conscles, Target Projectors, and Television Equipment

operation of the system under test However, the feedback loops at the right of Fig 7 show
a very important by-product of the development program, namely, the generation of new
1deas and the refinement of old ones as a direct result of the program Dynamic simulation,
which usually provides the first look at the operation of a new syatem, has proved to be a
potent stimulus for new 1deas and improvements

Fig 4 Remote Pilot Conscle Positions



Fig 5 Terminal Area Control Room Layout

Fast-time simulation 1s a relatively new techmique which utilizes a digital computer
in nonreal-time operation Unfortunately, the title presently applhies only to the problem
running time, and not to the tame required to set up the imitial program. The advantages of
this method include rapid runming of extremely large traffic samples, low error rates, and
the automatic collection and processing of test data Disadvantages include the complex

Fig o En Route Control Room Layout
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Fig 7 Normal Development Cycle for ATC Systermn Improvements

programming operation and the inability to incorporate human factors The capabilities of
fast-time simulation relate 1t more closgely to graphical, rather than dynamic, simulation
Actually, these various simulation methods complement each other and a complete simulation
study facility will use all three methods in 2 coordinated and cooperative manner When de-
tailed human behavior data are cbtained through actual operational or dynamic simulation
tests, they can be applied to the graphical and fast-time methods to gain the benefits of
these methods

In terms of results, flight tests of ATC systems inherently are slow, awkward, and
expensive Since actual facality installations are involved, developmental and modification
phases require lengthy periods of time Comparative performance measurements are almost
unpossible to achieve, due to the difficulty of duplicating the original traffic input and flight
conditions on any subsequent testa In additom, 1t is difficult to get the weather to "cooperate"
for the required test condiions Unless the test operations can be isolated from other air
traffic, safety considerations usually prohibit complete tests under high-density traffic loads

Although live flight-testing 18 necessary to provide final proof that the aystem
operates patisfactorily as installed, a large part of the eystem design and operational testing
during the developmental phase can be handled through the use of simulation techniques

In preparation for the advent of civil jet operations, thousands of simulated jet
operations were flown through many different arrangements of routes and traffic patterns,
under high-density traffic condihons representative of those forecast for the next five years
A pecullar advantage of simulation 1n this case was the fact that the required numbers of
actual aircraft of this type were not 1n existence at the time

PROBLEMS OF SPEED, MANEUVERABILITY, CLIMB AND DESCENT

Ae a clags, the new farnily of civil jet transports will be larger, heavier, and more
powerful than the commercial aircraft they replace As shown in Fig 8, they wall fly hagher
and faster than any other type of cival aircraft Dymamic simulation tests indicate that their
higher speeds will present 2 problem to controllers who are not experienced in handling et
operations, This problem results not only from the higher rates of closure with other air-
craft, but also because passenger comfort at these speeds reqmres the use of low turning
rates This combination greatly increases the amount of Hme and airspace necessary for any
maneuver, requiring controllers to make decisione a long way ahead of the aircraft It alse
makes impractical the old procedure of specifying certain turne for radar identification
Implementation of the ATC radar beacon system should elitminate the need for this procedure
Simulation tests show that the job of becoming adjusted to the increased operating tempo, to
"stay ahead of the aircraft,' 18 one of the most important factors which the controller wall
need to learn in handling the cival jet

Figure 9 shows the extensive distances which will be covered by jet aircraft in
climbs and descents. As altitude separation cannot be used where one aircraft 1s crossing
the altitude level of anather, the long climb and descent distances of jet aircraft will increase
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greatly the area in which lateral separation muat be provided, either by radar coverage or
perhaps, someday, by the use of 2 navigation system which can provide passing lanes
Although the climb and descent rates of Jet aircraft normally will be higher than those
of other civil aircraft, their forward speeds also will be correspondingly higher As shown
in Fig 9, the lower porbons of their climb and descent paths often will coincide with those
of other aircraft In such cases, a severe overtaking problem will occur unless lateral
separation can be used
Figure 9 shows the wide variation in climb distances of the civil jet For example,
although some aircraft will reach 20,000 feet only 30 miles out, others may require 100 miles
to get this high There are three reascns for this variation

1 Fully loaded, some of the new jets can carry as much as 40 per cent of their weight in
fuel ILaghtly loaded short-haul aircraft will have a much higher rate of climb than heawvily
loaded long-haul aircraft

2 The thrust output of turbojet engines 15 extremely sensitive to air temperature Higher
temperatures result in less thrust and lower climb rates

3 Figure 9 represents the composite performance of various types of airframe/engine
combinations For example, aircraft with the large J75 engines will tend to have better
climbing performance than the same type of aircrait equipped with the lower-thrust J57
engines
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Fig 10 Jet Blast Effect During Ground Operations

GRCUND OPERATIONS

Figure 10 indicates jet blast velocities at various distances behind a typical jet engine
Thie effect, with i{s attendant heat and fumes, will require other aircraft to rmaintain a con-
siderable distance behind jet aircraft operating on the ground The underslung jet pods,
characteristic of the present generation of American jet transports, introduce another
problem--the ingestion of debris and foreign matter which may be picked up by preceding
aircraft and gucked into the intakes of the jet engines For thia reason, jet aircraft should
not be taxied closely behind other aarcraft

Figure 11 shows the sea-level fuel flow of a typical jet engine It will be noted that a
four-engine transport, taxung at 50 per cent rpm, will burn 4 times 35, or 140 pounds of fuel
per minute A half-rminute runup at 100 per cent rpm would coat 1/2 times 4 times 117, or
234 pounds of fuel

The high rate of fuel flow probably will make it desirable for pilots to complete thear
pretakeoff cockpit checks before starting engines For the same reason, it may become
common practice for )et pilots to secure their ATC clearances before leaving the ramp
Once under way, it would be desirable for the jet to be able to continue uminterrupted to the
takeoff position, since a hugh rpm 18 required to place the aircraft in motion agaln af it 18
stopped en route
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Fig 11 Typical Single-Engine Fuel Flow at Sea Level
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Turbo)et engines do not require the warmup period characteristic of piston engine
operations. Therefore, jet aircraft often will be ready for takeoff hefore other aircraft
which have taxied out firet For this reason, 1t will be particularly desirable for jet airports
to be equipped with bypass taxawaya, as shown i1n Fig. 12, so that departures can take off in
the order 1in which they are ready to fly, rather than in the order in which they taxi out.

Once 1n takeoff position, jets will requare about 10 seconds for a static thrust check at
100 per cent rpm before the pilot releases the brakes for takeoff. From the aircraft oper-
ator's point of view, 1t 18 desirable to perform this check on the runway to avoid the extra
fuel cost of "revving up" the engines beforehand. Simulation tests indicate that the adverse
effects of this runway occupancy tame can be mirumized by clearing the jet into takeoff
position before the runway has been fully vacated by a preceding aircraft

CLIMB RESTRIC TIONS

Basically, the jet airplane 15 a high-altitude, high-speed machine When operated at
either low altitude or low speed, 1ts fuel mileage is reduced considerably. In order to spend
as little time at low altatude as possible, i1t would be desirable for the jet airplane to be able
to climb to its cruising altitude immedlately after takeoff However, many large terminal
airports are surrounded by other airports, airways, restricted areas, or terrain obstructions
which will preclude the use of unrestricted climbs directly on course In many cases, it will
be necessary to either tunnel the aircraft at low altitude until it is clear of the restrictions
or climb 1t out 1n some other direction before proceeding on couree to destination,

Figure 13 showa the effect of several ATC departure restrictions on flight time and
fuel requirements Although these comparative results may not always hold true throughout
the range of variables which may occur, it 16 indicated that

1 In cases where a choice can be made between a certain length of tunnel versus a
detour of comparative length to obtain an unrestricted climb, the tunnel should be less
expensive in terms of flight ime and fuel
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Fig 13 Effect of Certain ATC RestricHons on a Typical Jet Departure

2 Tunnel altitude should be as high as poesible, and the length of tunnel as short as
possible

3 Detours represent wasted mileage, with corresponding penalties in both fuel and
flight time

CRUISE FROBLEMS

Economic Significance

From the operator's standpoint, the dispatching of civil jet aircraft will he an
extremely important operation, since the economic penalties of a poor choice or decision
will be much higher than corresponding penalties have been 1n the past Because many inter-
acting variables are involved, flight planning for civil jets will be an extremely complex job,
requiring close attention to details and the use of accurate forecasting techniques for wind,
temperature, loading, and traffic conditions From the economic standpoint, one of the most
important problems of jet operations hies in the choice, and the ultimate assignment, of
cruising altitudes Some of the most important factors in this problem will he explained
below

Characteristic Flight-Plan Profiles

For a given air temperature and aircraft weight, there 1s a definite altitude, known as
the optimum altitude, at which a glven alrcraft will be able to operate at its lowest fuel con-
sumption in pounds of fuel per mile This optimum altitude increases with a decrease in
either the temperature or the alreraft weight Because the weight of the aircraft decreases
steadily during flight, due to fuel burnoff, the optimum altitude gradually increases Ideally,
the aarcraft should climb immediately to the optunum altitude, and then be allowed to climb
gradually {(about 40 feet per minute) to coincide with the rising optimum altitude If wind
were not a factor, the use of this drift-up cruise procedure, which 1s shown as Track A in
Fig. 14, would result in the lowest fuel consumption per maile, and thus the greatest range
with a given load of fuel

From the air traffic control standpoint, however, the use of drift-up cruising
procedures would be quite expensive in terms of airspace, as i1t would practically rule out
the use of altitude separation between aircraft in this stratum Thus, at least for domestic
operations where maximurn range 1s not critical, 1t 1s expected that aircraft will be required
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to conform to constant cruising altitudes, either in step climbs, as shown in Tracks B and C
of Fig 14, or in single-level cruise, as shown in Track D of the same 1llustration

Figure 14 also shows the comparative time and fuel requirements of these flight paths
Within this range of cruising altitudes, 1t will be noted that a decrease in altitude results in a
small increase 1n cruising speed {shown by a decrease 1n block tirne) and a large increase in
fuel consumption

Speed Larmitations

The operating speeds of present civil jet transports are limited by both structural and
aerodynamic restrictions, as shown in Fig 15 The normal operating velocity (Vno) of the
aircraft in this example 1s limited to about 350 knots equivalent airspeed (EAS) in order to
maintaln a conservative safety margin below the never-exceed velocity {Vne) of 383 knots,
which 18 a structural Iimaitation At higher equivalent airspeeds, gust loads could result in
damage to the structure

The decrease of air density with altitude allows the true airspeed (TAS) for any given
EAS to increase at the rate of about 2 per cent per thousand feet of altitude In Fig 15, the
TAS corresponding to the 350-knot Vno increases to approximately 500 knots at 21,000 feet, a
speed which corresponds to Mach 0 82 (82 per cent of the speed of sound, at this altitude)
Here the aircraft finds itself on the threshold of an aerodynamac limitation, associated with
compressibility Beyond this speed, the drag of the aircraft ancreases sharply At ahbout
Mach 0 88 the aircraft in this example would be on the threshold of buffeting, instability, and
flutter problems

Pounds Per Hour Versus Pounds Per Mile

Jet engines operate most efficiently at high rpm Thear fuel consumption, 1n pounds
per hour at normal cruising rpm, decreases gradually with increasing altitude In level
flight at altitudes below 21,000 feet, the engines must be throttled back to prevent the aircraft
from exceeding the structural hirmatation shown in Fig 15 Thus, at low altitudes, the fuel
consumption in both pounds per hour and pounds per mile 15 very high

At the maximum Vno altitude, around 21,000 feet, fuel consumption 1n pounds per hour
still 15 quite high, so that the consumption in pounds per mile still 15 rather high

In the normal cruising range of the civil jets, between 21,000 feet and the optimum
altitude, the speed of the aircraft 1s reduced slowly with increased altitude, due to the aero-
dynamic himitation shown in Fig 15 However, the fuel cousumption in pounds per hour
decreases at an even greater rate, resulting in a gradudl increase 1n pounds per mile until
the optimum altitude 1s reached

At altitudes above the optimmum, the cruising speed drops off rapidly due to reduced
thrust Although the fuel consumption :n pounds per hour still 13 decreasing, the net result
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Fig 15 Speed lLamitations of a Typical Civil Jet Transport

15 a higher consumption 1n pounds per mile For this reason, civil jets normally will not be
operated above their optimum altitude However, because of the relatively low fuel con-
sumpticn 1n pounda per hour, operation in thig stratum sometimes would be advantageous 1n
losing time en route for traffic control purposes, or in waiting cut a weather delay at the
destination

Wind and Other Factors.,

It must be emphasized that the foregoing explanation does not take into account the
effects of wind in the choice of cruising altitude Occasionally, a relatively more favorable
wind at some other altitude will provide an over-all gain in ground speed which will produce
a net reduction in pounds of fuel per mile

It also should be noted that fuel cost, while large, 15 only one of the economic factors
involved in aircraft operation. When maximum range 1a not critical, the higher operating
speeds possible with lower-than-optimum crws:ing altitudes tend to reduce the number of
crew hours and increase the number of miles per aircraft overhaul, thus offsetting part of
the cost of the extra fuel required From the air traffic standpoint, this type of operation
also should tend to relieve some of the congestion at the higher optimum altitude levels

System Lamitations

The capacity of an air traffic lane can be expressed in siumple form by the formula
N = V/S, where N = number of aircraft per hour, V = average velocity of aircraft in knots,
and S = average separation between aircraft in nautical miles Inspection of this formula
will show that the capacity can be increased if either the velocity 15 increased or the sepa-
ration 18 reduced If we assume that these two quantities are fixed, the total capacity of an
airway system depends ultimately on the number of independent traffic lanes which can be
operated sumultaneously This leads to what may be the most serious problem in the
economical cperation of jet aircraft, namely, the scarcity of desirable operating lanes
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The number of desirable crwising lanes for long-range operations 18 reduced first by
the sensitivity of the specific fuel consumption to any deviation from the optimum cruising
altitude A second lumaitation is caused by the inherent errore in certain types of alhmeters
presently in use At the present time, these errors dictate the use of 2,000-foot vertical
separation at altitudes above 29,000 feet mean sea level (MSL) This restriction imposes a
50 per cent reduction on the number of cruising levels available 1n the desirable jet
operating reglon above this level

A further limitation in the number of independent flight paths 18 caused by azimuth
errors in the VOR and TACAN navigation systems In order to straighten high-altitude
routes and reduce the number of navigation alds which must be tuned 1n by pilots flying at
high speed, certain facilities spaced up to 360 miles apart have been designated to form a
network of high-altitude airways However, because of the increased magmtude of the navi-
gation errors possible between stations thie far apart, the width of such airways must be in-
creased proportionately with distance, up to 40 rules This will seriously limit the
possibility of providing switable parallel lanes to separate the civil jets from each other and
from the extensive amount of military traffic which already uses this airspace

The economic penalties of off-optimum operations due to basic ATC system
limitations will be most pronounced under conditions where takeoff welght becomes a critical
factor To load the additional fuel necessary to cops with a lower assigned altitude or a
severe climb restriction may require, 1n many cases, the reduction of payload (passengers
and cargo) in order to stay within the maximum allowable takeoff weight for the runway and
temperature conditiona existing at departure time Even when takeoff weight 13 not critical,
the policy of always carrying a large excess of fuel for such contingencies ig 1n iteelf quite
expensive For example, referring to Fig. 13, suppose the aircraft is loaded wath an addi-
tional 10,000 pounds of fuel, tc take care of an unfavorable altitude assignment or other ATC
restriction Even though no ATC restriction materializes, the additional fuel consumption
caused by the increased gross weight will use up 2,000 pounds of this additional load in
carrying the remaining 8,000 pounds from coast to coast

APPROACH SYSTEMS

Functions

In common with other forms of traffic, air traffic has an inherently random
characteristic, normally, aircraft tend to arrive in bunches, rather than at equally spaced
intervals Even though each aircraft in any given airway lane 18 spaced properly from pre-
ceding aircraft in the lane, the total input of aircraft from all lanes 1nto an approach system
follows what the statisticians call a Peoisson distribution This implies that there are many
more smaller intervals than larger ones

The function of an approach system 18 to accept thisa input of random types of aircraft,
from random routes and altitudes, at random times, and accomplish the following

1 Meter or regulate the flow of traffic to avold overloading the approach path

2 Establish an optimum arrival sequence, arranging the landing order in such a fashion
that each aircraft in the group will have a landing time as close as possible to the tarne at
which 1t would have been able to land had 1t been the only aircraft in the aar

3 Descend each aircraft from its entry altitude to an altdtude at which it can intercept the
glide slope for an approach

4 Space each aircraft properly behind the one ahead on the common path to the runway

5 Guide each aircraft to a point where 1t can intercept the appreach course and proceed
inbound toward the runway

6 Separate every aircraft properly from every other aircraft during this entire
operation This implies the use of at least 3 miles' horizontal or 1,000 feet verhical
geparation at all times

The ultimate objective of the approach control system 1s to adjust the arrival time of
each aircraft so that 1t meshes smoothly 1nto the stream of arriving traffic i1n an orderly
landing sequence There are four basic techniques for adjusting the arrival time of aircraft

1 Holding
2 Path-stretching
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Fig 16 Holding Speeds of a Typical Civil Jet Aircraft

3 YVelocity control
4 Preagsigned departure time

The first two have been utilized for several years Although the last two are pot in
general use at this time, simulation tests indicate that they wall offer certain advantages in
the operation of future systems All four techniques have been studied in connection with
their application to the control of jet aircraft The highlights of these studies are reviewed
in the followang paragraphs

Present Approach Techniques
Holding

Where jet aircraft are concerned, the use of holding patterns to absorb delay presents
a number of closely interrelated probleme Figure 16 indicates the holding speeds of a typ-
1cal cavil jet transport. Each curve defines what actually 15 a constant equivalent airspeed
for a certain aircraft weight condition Here again the decrease of air density with altitude
causes the true airspeed to increase at the rate of about Z per cent per thousand feet of
altitude, with the result that high holding alfitudes dictate the use of high holding speeds

The airlines have indicated that, for passenger comfort, they do not want their jet
aircraft to exceed a 30" bank angle at any time As shown in Fig 17, this himitation wiall
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prevent the use of standard-rate {3°-per-second) turne at speeds above 210 knots The high
hoilding speeds characteristic of high-altitude holding operations will result in the use of
half standard-rate {1 5*-per-second} turns, thue increasing the turning radius, as shown in
Fig 18

Present holding area standards reserve an area of approximately 132 square miles for
an aircraft in a 1-minute, low-alttude holding pattern The TSO holding area dimensions are
doubled above 19,000 feet and tripled above 29,000 feet 1n order to compensate for the hagher
true airspeeds at the higher alttudes As a resgult, the present 2-minute holding pattern at
30,000 feet uses an area of 1,245 square miles, which 18 jJust 3 equare mailes less than the
area of the State of Rhode Island

Actual radar checks of military jet holding operations indicate that, although most
aircraft stay well within the length of the present kolding airspace reservations, some of
them get outeide laterally, particularly in overshooting the holding area on their original
entry from certain directions

Already the airspace reserved for holding operations puts a severe restriction on
airway operations in the vicinity of complex terminal areas From the ATC viewpoint, these
areas can hardly afford to be increased 1n size A better approach to this problem would be
to develop new flight techniques to permit the pattern size to be reduced. Figure 19 illus-
trates a DME navigation technique, which has worked out well 1n simulation, to reduce the
amount of airspace requred for holding It appears that such procedures will becorne more
necessary with the advent of civil jet aircraft.

Figure 20 shows the fuel consumption of a typical jet transport when holding at
different altitudes and weight conditions It will be noted that the fuel consumption for any
weight condition increases as the aircraft reaches lower alitudes For this reason, it
formerly was considered essential that all jet holding be accomplished at an altitude of
20,000 feet or above However, dynamic simulation tests have brought out an extremely
important fact--that alrport acceptance rates can be increased considerably if jet holding
altitudes at the feeder fixes are reduced Using a twin-stack system, a 100 per cent sample
of jet aircraft was fed to an airport from heolding altitudes of 20,000, 10,000, and 4,000 feet.
Figure 21 shows the results of these tests

The increase 1n acceptance rates, as holding altitudes are reduced, 18 due to several
factors. One lmportant consideration 18 that the maxumum descent rates of passenger-
carrying civil jets will be limlted to about 3,000 feet per minute. Assuming that the deecent
rate 158 fixed, the tirne required to complete an approach from the feeding fix to the alrport
13 a function of the amount of altaitude which must be lost, and the length of the shortest ap-
proach path which can be employed 18 a function of approach tirne and the average speed on
this path To descend through 20,000 feet of altitude, the typical civil jet requires an
approach path 40 to 50 miles long
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As shown 1n Fig 22, long approach paths tie up 2 large amount of maneuvering
airspace, and require a large number of aircraft to be on approach simultaneously in order
to keep the approach lane operating at full capacity Tests show that the more aircraft there
are in the approach pattern, the higher the communications workload and the more 1naccurate
1% the controller's final approach spacing This is because the controller's attention 16 divi-
ded between a larger number of aircraft so that he hag less tirne to do a precise spacing job
In addition, longer approach paths increazse the opportunity for deviations in speed to affect
the spacing between successive aircraft

The normal variation in true airspeed during descent at a constant indicated airspeed
18 intensified by the use of high approach altitudes This factor makes prediction and spacing
operahions extremely difficult for the radar controller Simulation tests show that all of
these problems can be reduced by having aircraft leave the holding fix at low altitudes where
normally they already will be slowed almost to approach speed

To conserve fuel during unusually long delays, such as those due to communications
failure, lost alrcraft, a blocked runway, or weather temporarily below landing limits, 1t stall
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will be advantageous to hold jet aircraft at high altaitudes, preferably at fixes about 50 miles
away from the destination airport To maintain a high acceptance rate when normal operations
are resumed, such aircraft should be recleared to the feeder {ix and descended en route to
enter the terrminal area at about the same altitude as other types of civil transport aircraft
In most cases, the use of en route descent procedures will require radar coverage of the
descent area

Figure 23 shows the amportance of a relatively small change 1n airpori acceptance rate
on aircraft delays under saturated traffic conditions Under heavy traffic conditions, the de-
creased delays made possible by reducing the holding altitude of jet aircraft will more than
compensate for the increased fuel consumption of such aircraft while at lower altitudes

A potential disadvantage of low-altitude holding is the additional fuel cost (or loss 1n
range} 1n case the aircraft gets down to low altitude and then has to divert to its alternate
airport. Typical penalties caused by diversions from different altitudes are compared i1n
Fig 24 If diversion becomes necessary, 1t will be advantageous for the pilot to make his
decision as early as poasible, and to cruise as high as possible to his alternate airport
However, high-altitude holding does not eliminate the risk of a possible low-altitude diver-
sion, since the weather still can go below landing limits during the 8 minutes or so which 18
requiTed to make an unrestricted descent from 20,000 feet,

In Fig 23, the number of aircraft which are being delayed at any timme can be
determined by counting the number of horizontal delay bars which are crossed by a vertical
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Fig 22 Effect of Holding Altitude on Size and Population of Radar
Approach Pattern
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line at any particular tlme in question This feature makes it possible to analyze the effects
of a sudden closing of the airport on the various aircraft involved

Suppose, for example, that 30 aircraft, including a goodly proportion of jets, expect to
arrive at the airport within the next hour The weather conditions are deteriorating, and are
forecast to go below authorized landing lamits within the hour Should the jets be held at hagh
altitude, restricting the acceptance rate to about 24 aircraft per hour, or should they be de-
scended en route to feed off the holding patterns at low altitude and thus maintain a hagh
acceptance rate?

Assume that the airport finally goes below limits at 47 manutes after the hour, and that
all aircraft which have not landed by that time must be diverted to their alternate airports
The effects of thas situation on the aircraft concerned are listed in Table I

In any case, the pilot should decide, before he leaves 20,000 feet, whether or not he has
enough fuel to risk a possible diversion from low altitude in case the weather closes in before
his landing I the low-altitude holding procedure 1s 1n use, this decision must be made 10 to
15 minutes earlier than necessary with the high-altitude procedure However, once the deca-
sion to descend below 20,000 feet 158 made, the probabality of holding i1n vain and then having to
divert 18 greatly reduced if the low-altitude procedure 15 adopted Therefore, this strategy
appears rmuch more desirable from the probability of successful flight completion, as well as
for purely economic reasons 1n mimimizing delays to all aircraft using the approach system
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TABLE T
AIRCRAFT DELAYS AND DIVERSIONS
{See Fig 23)
Jet Holding Procedure
High Altitude Low Altitude ‘
A  Acceptance rate, aircraft/hour 24 ag ‘
B  Number of aircraft landed before 47 18 23
C Number of aircraft diverted to
alternate airport 12 7
!
D Total delay to all aircraft before f
47, mainutes 199 96
E Number of aircraft which held but
did not complete approach 7 2
F  Total holding time of aircraft in
Lne E, minutes 65 10
G. Maximum delay to any aircraft in
line E, munutes 13 7
Path-Stretching

The technique of controlling the length of a flight path, through the 1ssuance of heading
instructions to the aircraft, 1s known as path-stretching Used in conjunction with a properly
arranged feeding system, this useful radar techmique permits the controller to adjust the
spacing between successive aircraft with a high degree of precision

Figure 25 shows a few of the approach system configurations which have been tested
during the jet simulation study The overhead pattern shown on the left 18 an 1mprovement
over the conventional military jet teardrop penetration pattern Although the teardrop pat- \
tern works satisfactorily for 1solated aircraft, it 18 poorly adapted to high-density approach
operations, since it provides no room for adjusting the spacing of a jet aircraft behind a
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preceding aircraft Simulation tests show conclusively that the provision of a base leg (a
segment of the approach path approximately 90° from the final approach) 18 essential for the
attainment of precision in manual radar approach-spacing operations.

The double overhead pattern shown in Fig 25 permits the segregation of jet and
piston-engine approaches on opposite sides of the final approach course This feature simpli-
fies control operations somewhat by mimimizing overtaking problems in the maneuvering area.
However, the double-L and the trombone patterns shown in Fig, 25 have been developed to a
higher degree of refinement during the past several years of simulation, and have been found
to be well adapted for the control of jJet aircraft

In general, simulation tests have shown that holding fixes and appreach paths should be
80 arranged as to permut easy transition to the final approach course, adequate room for de-
scent, and space for a base leg for precise path-stretching operations To reduce the effects
of speed differences between successive aircraft, the final approach path should be as short
as possible, consistent with the ease of obtaining proper alignment of the alrcraft on the
final approach course The use of a twin-feed arrangement permits the workload to be
shared by two radar contreollers and also cuts delays due to aircraft descent tirne

During the course of the simulation program, spacing tables, such as that shown in
Fig 26, have been developed as a guide to the radar controller 1n path-stretching operations
These tables show the amount of separation which must be provided at the beginning of the
final approach path to insure a positlve separation of 3 miles all the way down the final ap-
proach The table compensates for the effect of deviatons 1n speed between aircraft of the
same type, 2o well as differences in speed between aircraft of different types Figure 27
shows how the desired separation can be achieved by path-stretching techmques, using a
series of circular reference lines marked on the radar display

Sirmulation tests indicate that the use of 1.5°-per-~second {half-rate) turne by jet
aircraft in the approach pattern has a detrimental effect on path-stretching operations The
relative lack of maneuverability of aircraft turming at this rate forces the controller to use
much more epace for path-stretchung operations, and forces him to peel aircraft off the
holding pattern earlier to make sure they will be 1n a position for radar spacing operations
at the proper time This forces the controller to use much more space for path-stretching
operations and also requires him to commit himself earlier on every decision he has to
make

In addition, the increased length of the approach pattern requires more aircraft to be
in the pattern simultanecusly in order to keep the finzl approach path operating at full capac-
ity The additional aircraft increase the radar vectoring and commumecations workload and
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divide his attention further As a result, the spacing accuracy possible with path-stretching
techniques 1s reduced, and the acceptance rate suffers accordingly

Tests show that the entire approach-spacing operation can be simplified :mmensely af
the aircraft in the approach pattern can be slowed to 2 speed at which they can make
standard-rate, 3°-per-second turns

Future Approach Techniques
Velocity Control
Whenever the traffic input exceeds the acceptance rate, delay 1s inevitable From the
ATC standpoint, holding stacks form a convenlent reservoir of excess aircraft requiring no
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navigational guidance by the controller, and very little controller effort to maintain
separation from each other However, holding stacks sometimes tie up valuable airspace
within the terminal area, particularly in cases where the holding airspace extends outside
the boundary of the associated airway, Ap a possible means of mimmizing low-altitude
holding 1n congested terminal areas, considerable simulation work has been devoted recently
to an approach system incorporating preassigned landing reservations, and utilizing velocity
control during the last 100 mailes or so of the flight to absorb most of the delay.

A special shhde-rule computer known as ASCON (arrival scheduling confrol) 1a used in
the simulation of this system Starting with the optimum speed and deceleration program for
each aircraft, ASCON computes the time the aircraft would arrive if i1t were the only aircraft
in the area In determining this theoretical arrival time, the computer also takes into con-
sideration the altitude and allowable descent rate of the aircraft, in order to insure that 1t
will have adequate time to descend to the airport Starting with the theoretical arrival time,
the controller then checks the hiet of landing reservations and reserves the first available
tuime slot. The computer then indicates what ground speed should be made good by the air-
craft in order to arrive on its aesigned schedule, taking into consideration the normal speed
and descent capabilities of the aircraft

Further progress reports can be inserted into the computer to provide speed
adjustrnents for greater precision In cases where the aircraft cannot fly slowly encugh to
absorb all the delay en route, the computer indicates the need for an en route delay maneu-
ver, or determines the time at which the aircraft should leave any holding fix on the way in
order to meet the assigned delivery time.

Simulation tests show that the establishment of a definite landing reservation for each
aircraft dees not, in i1tself, increase the airport acceptance rate However, it 15 apparent
that the '"derandomization" of arriving traffic sxmphfies the approach control operation 1m-
mensely by metering the flow of arrivals to a steady rate which can be accommeodated easily
by the radar approach system

Tests indicate that the precision possible with velocity control alone 18 not as high as
that attainable by path-stretching. This 15 because the effectiveness of velocity control de-
creages progressively as the aircraft approaches the destination, while the usefulness of
path-stretching 18 maintained right up to the approach gate For this reason, it appears that
the use of offset approach courses, with the ability to make last-mainute path-stretching ad-
Justments if necessary, still will be desirable even 1n a system which utilizes velocity
control as a primary concept

As previously discussed, the decrease of air density with altitude increases the true
airspeed which 15 necessary to maintain a given equivalent speed This factor increases the
manimum usable speed and thus reduces the range of speeds which can be employed for any
aircraft at higher altitudes The decreased range of usable speeds reduces the effectiveness
of velocity control by reducing the amount of delay which can be absorbed during high-altitude
en route flight on any specific segment of the airway For example, slowing a jet aircraft
down to 1ts mimimumm operating speed at a high altitude, 80 miles from touchdown, delays 1ts
landing time only about 4 minutes

The shortest conventional holding pattern 1s a 360* turn whach, if made at high altitude
at the rate of 1 1/2° per second, delays the aircraft approximately 4 minutes To provide ad-
ditional flexability 1n adjusting the arrival times of jet aircraft, a series of delay patterns,
shown in Fig 2B, hag been develocped These patterns allow the aircraft to absorb various
amounts of delay in 1/2Z-minute increments Normally, these patterns would be used only at
mimmum operating speed, to absorb small amounts of delay in excess of that which could be
absorbed by slowdown alone The amount of excess delay in this case would be computed by
the ASCON and 1ssued to the pilot, who first would slow the aircraft and then fly the
appropriate delay pattern

Neormally, delay patterns would be made to the right unless otherwise advised by the
controller I the excess delay were more than 3 1/2 minutes, some combination of 180° or
360° turns would be used instead to reduce the amount pf airspace required for the delay
maneuver Preliminary tests indicate that the delay patterns are easy to calculate and fly

Test regults show that the use of preassigned landing reservations produces a very
orderly flow of inbound traffic and drastically reduces the amount of holding operations
within the termanal area In high-density simulation tests, many jets are able to make prac-
tically unrestricted descents from 20,000 feet, without degrading the acceptance rate of the
approach system

It should be pointed out that these tests were made primarily to observe the concept of
arrival scheduling control 1n operation and to determine the system requirements for such an
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operation The actual design of an operational system with enough information-handling
capacity to do this job properly will require additional research and development in the
fields of automatic tracking, computers, and data links Meanwhile, the general idea looks
very promising

Preassigned Departure Time

If the concept of setting up a definite landing reservation for each aircraft is
considered, and the scheduling control 18 carried back farther and farther from the desti-
nation airport, ultimately the stage 15 reached where the departure tarne 18 controlled in order
to make good a defimite landing reservation

In view of the limited amount of information storage and processing capacity in the
present manually controlled ATC systemn, the 1dea of preassigning departure times 1n order
to mastermind the entire flow of traffic in advance may seem far-fetched at this time
However, with a general trend toward shorter elapsed times and higher operating costs, the
ability to absorb most traffic delay on the ground, prior to takeoff, someday may become a
very attractive proposition for large jet aircraft wath direct operating costs approaching
1,000 dollars per hour. The realization of such a concept would, of course, depend upon the
development of a highly complex tracking, computing, and data-processing system

Sequencing Procedures,

In operating present radar approach systems without defimite landing reservations, the
sequencing or arrangement of the landing order of the individual aircraft is not planned very
far 1n advance Instead, i1t 1s worked out by the approach controllers as required, usually on
a firgt-come, first-served basis, depending on the positions of the various aircraft with re-
spect to the approach gate Since the input to the terminal area in such systems is unached-
uled, the flexability provided by this arrangement 1s desirable, in that the controllers do not
have to commt the aircraft to a defimte landing order until the situation has developed to the
point where the proper order 18 quite easy to determine and control

In simulating the operation of advanced approach systems utilizing a predetermined
landing reservatlon for each aircraft, 1t was found that the procedure used in obtaining these
Teservations had a decided effect on the diatribution of delaya to the various types of aircraft
using the systern For this reason, a number of different methods of sequencing aircraft
were explored, to determine their relative advantages as well as their applicability to future
approach systems using digatal computers Comparative tests were made of three widely
different procedures in which landing reservations for individual aircraft were assigned on
the followiag bases

1 First-come, first-served on arrival at outer check point.

2 First-come, first-served at touchdown, based on best possible estinated arrival fime
of each aircraft

3 Controlled priority

The sigmificant differences in the operation of these procedures, and their effects on
the distribution of aircraft delays, are detailed below Results are listed 1in Table II.
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TABLE II

EFFECT OF VARIOUS SEQUENCING PROCEDURES
ON DISTRIBUTION OF AIRCRAFT DELAYS

Per Cent of Total Delay by Class

Sequencing Method Jet Fast Medium Slow
1 Fairst-come, firat-gerved at
80 miles from touchdown 44 35 18 3
2 First-come, firat-served at
touchdown (based on ETA) 26 29 23 22

3. Priority for jets, other aircraft
firet-come, first-served at
touchdown (based on ETA). 2 35 33 30

Input -~ 30 aircraft per hour, total 200
Equal number in each speed class
Random distribution of entry times and speed classes

Note Total delay remained the same 1n each case

l. When aircraft were sequenced on the basis of first-come, firgt-served at reporting
points about 80 mules from touchdown, there was a large disparity between the delay to
various types of aircraft, with faster aircraft consistently receiving longer delays than the
slower types Analysis showed that this was caused by the fact that slower aircraft checked
into the system farther ahead of their estimated arrival time at the airport than did the
faster aircraft Thus, many of the landing slots already were reserved when the faster air-
craft checked in at the same check points, so that these alrcraft received proportionately
longer delays.

2 When the landing sequence was preplanned on the order of first-come, farst-served at
touchdown, based on the eatimated arrival time of each aircraft, it was found that the delays
were much more evenly distributed This procedure produced a much more democratic ar-
rangement, much better for the jet aircraft than the results of procedure 1, and relatively
straightforward and easy to program on an approach computer

3 DBased on the premise that it may not always be in the best public interest to
distribute delays equitably arnong all types of aircraft, another procedure was tried in which
Jet aircraft received first priority and all other aircraft were handled on the basis of first-
come, firgt-served at touchdown This procedure expedited the arrival of the jet aircraft at
the expense of somewhat longer delays to the other aircraft using the systemn

Dual-Lane Approach Systems

Figure 29 points up the extremely great increase in spacing accuracy which 18
required to increase the acceptance rate of an approach system This imphes that the de-
g1gn of lugh-capacity systemas can be simplified by the use of multiple appreach lanes wath
relatively low spacing accuracy, rather than by the use of a single approach lane with
extremely high accuracy.

To achieve an acceptance rate of 60 landings per hour, using one runway and a reduced
separabon standard of 2 miles, a system accuracy of plua or minus 4 seconds at the delivery
point would be necessary Such accuracy 18 far beyond the capability of present manual ap-
proach systems, and probably would be extremely difficult to achieve 1n automatic or semai-
agtornatic systems, 1nasmuch as 1t must embrace the errors of all the elements of the
control loop shown in F1g 1

The addition of 2 second approach lane would enable the system to handle the total
demand rate by landing 30 aircraft per hour on each runway. With the same separation
standard, the system accuracy could be relaxed to plusg or minue 33 seconds, a value well
within the capability of human controllers By increasing the spacing between aircraft in the
same approach lane, 1t also would tend to reduce the effects of turbulence behind large jet
aircraft Although these effects are not clearly defined at the present tume, recent studies
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in England indicate that such turbulence persists over a period of at least 2 minutes and,
under certain conditiona, can form a hazard to the operation of smaller aircraft following
closely in the same lane,

It 18 true that a2 dual approach system would require relatively high navigational
accuracy to prevent interference between aircraft in opposite approach lanes However,
exlensive simulation tests of dual-approach systems, backed by flight tests of approaches
into parallel lanes about 6,000 feet apart at Chicago Q'Hare Airport, andicate that the turn-on
is potentially the most hazardous part of the procedure, that once the aircraft are established
on their respective ILS courses, with adequate monitoring by radar, there is little possibihty
of interference between aircraft in opposite lanes Tests indicated that any hazard due to
over-shooting the turn-on can be eliminated by placing the turn-on points opposite to each
other, and far enough away from the approach gate so that aircraft turning into opposite lanes
can have altitude separation from each other until they are established on their respective
ILS courses

CONC LUSIONS

During the past few years, the philosophy regarding the integration of civil jet aircraft
into the ATC system has ranged all the way from the idea that jet aircraft should receive
special priority to the idea that such aircraft should be handled in precisely the same manner
as other alrcraft Rewviewing these philosophies 1n the hight of TDC simulation studies up to
this time, 1t appears that the civil turbojet transport can be handled most expeditiously,
safely, and efficiently through the use of procedures similar to those now used in controlling
other civil transport aircraft

In cases where jets cannot be cleared for unrestricted climbs on course, the use of
tunnels should be preferable to detours. The higher and shorter the tunnel, the smaller the
penalty 1n jet fuel and flight time

If it becomes neceepary to conserve fuel while waiting out long delays, jets should hold
at high alttudes However, the use of high-altitude heolding patterns to feed present types of
civil jet aircraft into an approach lane results 1n an extremely long, inefficient approach pat-
tern Reducing jet holding altitudes at the feeding fix results 1n considerably shorter approach
patterns, leading to higher acceptance rates In high-density approach operations, this re-
duces arrival delays to override the effects of increased low-altitude fuel flow, and thus
produce an over-all saving in fuel

Many of the problems asegociated with high-altitude feedng systems could be alleviated
by the development of jet aircraft with the ability to descend at extremely high vertical rates
but relatively low forward speeda. This combination of flight characteristics would decrease
the length of the approach path and enable the aircraft to make approach from high altitudes

without reducing the over-all acceptance rate
5
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The development of advanced approach systems using preassigned lapding
reservations will greatly reduce the amount of low-altitude holding by present typea of jet
aircraft without reducing the acceptance rate of the approach system.

Path-stretching 15 the most precise method of adjusting approach intervals, and
probably still wiall be required in future types of approach systems which utilize velocity con
trol as a primary concept The precision, and therefore the acceptance rate, of approach-
spacing operations can be improved if the civil jets can be glowed to a speed at which they
can make standard-rate turns

To insure the safe, efficient integration of civil jet aircraft into the present ATC
system, it 15 desirable that operations personnel understand the special characteristice and
limitations of such aircraft, Although the material 1n this report 18 correlated into the broad
context of systems engineering, the authors have made a specizl effort to present these data
in a form which can be used readily by operations personnel, as well as by persons engaged
in systermns design or other planning activitiea
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