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1. INTRODUCTION

The rete of growth of the volume of air tmffic .operations has
been, for the last decade, larger than anticipated. As a result the
existing ATC system is often unable to effectively cope W1th the demand
for landings and take- offs.

The ways that can improve air transportatxon eff1c1ency and
capacity are: _ '

(1) Improve the ATC system presently a'vaileble";

(2) Provide more runways at every airport. o

(3) Build more airports.

The difficulties of implementing the latter two suggestions are very large

due to the small availability of extra land to existing airports, and vigorous

"protests of political and environmental groups. However, research, e.g.,

[1] -[4), has shown that increased efficiency of the ATC system can delay

the need to build 'mo're airports for at least two decades. It is to this
problem that this paper is addressed. . o

The present ATC system, both en oute and termmal, is manual.
Ekperienced controllers, aided by radar, monitor the aircraft and guide
them via voice oornmand's, out of the airport's neéar terminal area (NTA),
through the various sectors the national airspace is divided in, and
finally to the’ru'hway of the destination airport. This system works
eff1c1ently when the airspace is not congested However, when there are
many aircraft demandmg simultaneous service, it breaks down. The
results have made national headlines in the form of long delays in take-_-'
offs and landings. ' |

Automation is the educated answer to congestmn ARTS III, a
semiautomated terminal ATC system, is at the developmental stage [5].
This systern will automate many routine and time cons:uming functions of
the controller, nevertheless, will ke;ep the controlle-r' aLs‘the main decision

P

element. v _ .
Complefe automation with a'compu‘ger a’:s'. the 'r.pa:in decision maker

has been thought of in [ 3] as the ultimate ATC system. :_ l—Iowever, little

research in this area has been carried out. Some contribthions toward

complete automation have been recently reported:‘utili,zling modern control
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theoretic concepts. The schemes of Porter [6], and Atha_.ns and Porter

[71 ernploy the theory of optirnai control of linear syst_éms with quadratie
criteria, to d.i‘ctvate precise aircraft trajectories along .ﬁreSpe_cified routes.
‘Tl‘ue'me.thodsof Téison [8] and Erzberger and Lee [9] and Pecsvaradi [10)
dictate m1n1mum time tra_]ectones to the outer marker for all aircraft. V
The main simplification of the above methods is that they assume that

~all aircraft have the same speed inside the NTA. In this report we
present a related scheme for terminal air traffic control that lifts thi's'.
assumption.

. Any proposed ''paper design'' of a large scale system involves

a host of assumptions and sirnplifications. Needless to say this is the
approach taken in this paper. The assumptions and sim;}lifications made -
-were th_e'resu'ltvof: attempting to preserve some sort of freedom of choice
for the pilot, as long as safety was not compromised.. Also, many of the
assumptions can only be justiﬁéd by considering the mimerical values for
certain key parameters; the ones selected were éonsistent with the current
ATC system and current aircraft characteristics.

A full discussion of the interplay between assumptions,' model
- specifications, design philosophy, mathematical aevelopment cannot be
preSentéd here; the interested reader can consult the SM thesis [12]
of the first author. We shall only present an outline of the ideas involved
. so as to explain the major contribution of this paper, namely the dig'ital
computer ATC élgdrithm summarized in Figs. 18—2'0.:'Also, we shall
explain the interplay between the adopted ATC philosophy and the design
of the airspa.ce in the near terminal area. _.

It should be stressed that this is an "op'én-.'loop' I type determi-
nistic design.. It provides for a gross subdivision of the airspace and the
determination of trajectory profiles as a function of tlre intanteneous
demand. The stochastic aspects of the problem," e. g , ermors in position
and velocity, w1nd d1sturbances, pilot errors, etc.,. are not considered.
These are more appropriate handled by an on- -lirie stochastic feedback
control system designed especially so that the sta_t1st1ca1 fluctuations of

the underlying random and unpredictable quantifies are taken into account.

i
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However, stat_e-of-the out limitations preclude the de'sign of such a
system right from the start. Hence, e'determiniétié ATC control concept
of the type presented is this paper would serve as the one that determines
on-line the nominal trajec‘tories and speed profiles, while the stochastic
feedback syétefn would null deviations from the nomin'al.:l__ Quantities.

‘The structure of the paper is as follows. Seoti'o.n 2 discusses
the assumptions, the ranges of certain ke-y- variables-:-(e. g , speeds, decel-
eration constraints) and the general structure of the NTA airspace. In
Section 3 we present the aircraft trajectory computations and the times
required to accomplish certain trajectories and delay maneuvers. In
Section 4 we d1scuss the determlnatmn of geometrical constants, e.g.,
altitude levels, length of the various NTA regions etc. Section 5 sum-
marizes the overall system algorithm, the sequence of events that take
place, and the key calculations that must be executed by the digital com-

~puter. The paper concludes with a discussion of the results

. 2. THE PROPOSED ATC SYSTEM

" The probierh that is tackled is the following. Given random
arrivals of alrcraft to the boundary of the NTA f1nd a wa.y to guide the
pilots to the outer marker (OM) ' '

(l) Safely o
(2) Eff1c:1ent1y (Faster aircraft have priorit'y over slower ones).
(3) Decision making is carried out mainly by a control

tower based computer :

The method of approach used here is,

(1) Define geometry in the NTA airspace‘fsueh”that

(a) Aircraft trajectories are simple enough to fly,
and for computer on-line implementation.

(b) Safe separation between mergirig‘aircraft is ensured.

(2) Choose traJectones and types of delay Mmaneuvers
of the aircraft in the NTA.
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(3) Dev1se algorithms for sequencmg, scheduhng and

delay assignment.

(4) Base design on a worst case approach.

A. - Assumptions
1. The identify of each aircraft is known.
2. The true position and velocity of each aircraft ‘is known.
3. Every aircraft has a minimum turn radius (not the same for
all aircraft).
4. Only jets are cons1dered
5. The landing speed of any landing aircraft is in the range
: . [100, 150] knots (see Appendix A). :
6. Only one runway is considered.
No other airport's airspace interferes with the NTA at hand.
Aircraft enter the NTA with speeds in “the range [ZOO 300]
. knots.
9. Aircraft inside the NTA must be longltudmally separated by
at least d min’ For numerical evaluatlons here d min -
2. 5 n.miles. . v
10. When an aircraft descends or turns the -groundspeed is
kept constant. .
11. The maximum permissible descent rate is'A. Here
= 1000 ft/min.
12. The maximum permissible deceleratmn 1s B. Here
' B = 1 knot/sec. L
13. At any instant of time at most one of three tasks, descending,
turning or decelerating will be executed.
14. Wind speed is zero. No variation of speed occurs with
- changes in altitude and temperature (1 ey groundspeed =
airspeed).
B. "The 'Cr'eo'metry

The NTA will be divided in three main regions description of

which is shown in Figs. 1 and 2. Automatic control will start as soon

as an aircraft enters the buffer zone.
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While the a1rcraft is in the buffer zone (BZ), the ground com-
puter sequences it, schedules it, and assigns to it a delay, if necessary.

The m1ddle reglon called the outer merging space (OMS) ‘will be the-

delaymg area, 'while the inner most region <alled 1nner mergmg space

(IMS) will be the critical zone where aircraft descend toward the OM and
decelerate to the landing speed. - :

‘ While in the BZ and OMS the aircraft will be.‘-c_ol-l-strained to fly
on a discrete humber of altitude .levels. On each altitude.,level traffic of
only one speed will be allowed; for noise (and other) considerations higher
levels will carry traffic of higher speeds. At each altitude level the OMS
"intersec_ts the IMS in a circular boundary, whose radius projected on the
x,yvpla.ne does not have to be the same for all levels (see Fig. 2).

The problem of merging aircraft of diverse 1and1ng speeds in

the IMS will . be solved by the following convention. No matter from what

" altitude level an aircraft enters the IMS, and no matter what its landing

speed is, it will have to traverse the IMS in a time interval To’. which is

the same for all a1rcraft

Traffic w1ll enter the NTA from fixed points d1str1buted along
the NTA bounda_r1es for each altitude level. These will be called traffic

source points. The distance, along the NTA circular'bo_undary, between

traffic source points will be chosen so that aircraft c-ente_ring from two
adjacent points will not interfere during their flight through the BZ and
-OMS. Beyond-the NTA, air routes are fixed. Inside the NTA, however,
the aircraft will perform trajectories dictated by a computer

The delaying procedure will be different than the conventional
stacking A1rcraft will perform delay maneuvers on the same altitude
level they enter the NTA Delays will be performed in'region called
delay slots and 1llustrated in Fig.' 3. Each delay slot will be large enough
to accomodate safely the maximum delay maneuver necessary.

The choice of the magnitudes of the various geometrical

constants will be discussed in the sequel.
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C. - The Control Process

The fu_hctional description of the control algorithm is illustrated
in Fig. 4. The blocks indicate the functions that are faerformed by the -
computer while the aircraft is in the NTA. The last checkpoint is the |
point where the aircraft enters the IMS — wh1ch is on. the circular
IMS boundary but is different for every a1rcraft If the aircraft has
arrived too early or too late at the IMS boundary a correction is possible,
in the form of a new descent and deceleration pi'ofile in the IMS. Auto-

matic control stops at this point.

3. AIRCRAFT TRAJECTORIES

Before we. discuss the specification of the system geometry it is

essent1a1 that we understand the trajectories that a1rcraft will follow inside

the NTA.

A, Trajeétories in the BZ and the OMS

It seefns i‘eas:onable to design the system so that if no other
traffic interferes with an 'aircra_ft, this should reach _'the"IMS'boundary in

the shortest possible time. In the BZ and OMS regidns the flight is on a -

plane and with constant speed The problem which is illustrated in Figs.

7 and 8 thus becomes.

Given the state equations for one aircraft.

§<(t) = vcos¢(t) : (1)
ir_(t) = v sine(t) : ' o (2)
- _ gltane(t)] A _u(t) o
o(t) ~ s - , (3)
‘with initial éondition-s | S
[x(0), 7(0), ¢ (O)) = [, 75:0,)0cp +y5 = RY) (4)

final conditions

x2(T) +y2(T) = LP (5)
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tan<l>(T) y(T)/x(T) | _‘ (6)

Find the control u[O T] such that |u(t)| < A and such that the cost

J =f a0 o S | 7)
o | -

The maximum value of the control is determiine_d by the maximum

functional

. is minimized.’
allowable bank:ang‘le o(t) which currently is 30°. Thus.

A = gtan-?)"— = gf 3 | : . (8).

where g is the acceleration of gravity. ' ’

The solutmn to the above problem was found by apphcatmn of the
' m1n1mum principle of Pontryagm {11]. A simplifying as_sumptlon was
that the d1fference Ry~ L is larger than 2R where R i,s}:thé_ minimum turn
radius, and L is the IMS radius. This assumption holds in the proposed
system because we are dealing mainly with jets. The -p.‘r,bblem becomes
much more complicatedl if the assumption does not ho_'ld,» as the case
might be with STO'L traffic, and can only be solved nﬁrh,erically.

The detailed solution can be found in [1 1] . Here we only present
the final answers. )

(1) If the aircraft's bearing (azimuth) with reSpect to the OM
at time t = 0 is zero, then the optimal control law is _u(;) = 0. The air-

craft flies in a straight line until it reaches the IMS boundary in time

~ R, - L .
R S )

min v
(2) If the é,ircraft at time t = 0, has a counterclockwise bearing
with respect to the OM, then the optlmal control law 1s u® = [-A, 0]. The

aircraft turns "hard right'" for time t g1ven by:

e LY | . &
t = Ll ;'tan-l Yo A %% - sin_1 — .A A
s Al7o 2 -2 2 :
‘ x  + ——sino ' iy -Y_cose )2+(x +Y-—sin¢0)2] 1/2
o A o Mo A o o A

(10)
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. Then it continues on a straight line until it reaches the IIMS boundary.

The value of the minimum time is:"

-2 2
. 1/2

)y e 2L o

Trnin = v . L ’ (11)
where: '
' . 2 2_, L :
x(.)(t) é X +_%A—sin¢° - —‘A—sin(q;o - é—t) - _ (12)
N 2 2 . . .

y-o(t) é Yo -%—cos¢o +.XKC°S(¢0 -’—‘%—t)_ _ (13) -

(3) If the aircraft at time t = O has la cloékwiée ‘bearing with
res'péct to the OM, then the optimal control law is u® = [A, 0]. The

aircraft turns "hard left" for time t! given by: -

v

o v_ - ~_
v |- Yot A C08% -1 ' A
tt = -¢ _ +tan . ~- 8sln - -
s A o] 2 2 2
- “_siné [ (y + Tcoso )2+(x -Y _sing ')2]1/2-
o A7 o Ao o A o
(14)

Then it continues on a straight line until it reaches the boundary of the IMS.

The value of the minimum time is:

.2 2
T e ) RN A (15)
min _ v
- where:

o 'vz. v2 A S
x (t) = xo - —K.S:lnd)o +. —A—Sln(Qo +';—t) | (16)

2 2 : '

oy 2 sl .Y 3 ,
Cy (t) = Yo + 2 Coso, - ¢ cos(<1>o + Vt) (17)
B. Delay Maneuvers

The delay maneuvers adopted are with minor variations the same

as the ones described in [6] - [8] . We state them I’le:ef.for completeness.



Let D =
Let"t'D be the time by which the aircraft,mqsfc be delayed,

.full circle.
then:

(1)

2)

(3)

(4)

(5)

be the time required by the aircraft to complete a.

27 R
v

If tD < D, the delay is ‘affected by an osc111at10n or o

rﬁan_euver (see Fig. 7). The magn1tude of e is calculated by

. _ 4R .
tD = = (6-sing).

If tD’ = D, then the maneuver is a full circle of radius R
(see Fig. 8a). :

If D <t < 2D, the maneuver is a fly-around one

D
(see Fig. 8b). For this maneuver
- (tD—D)V B
g = S+2R :4——?—-———+2R (18)

The'.-rhaxirn'umu,g occurs :when tD = 2D

If 2D < tg < 3D, the maneuver will be a c‘.;l'z_'cle followed
by a fly-around one as described in (3).

If 3D < ty thenty = k2D +t; (k= 1,2,,..) where

D < t < 3D. The delay maneuver is then k fly-around
maneuvers of the "maximum racetrack' type, described

in (2‘) followed by a maneuver as described in part (4).

Notice that none of the delay maneuvers on'a particular altitude’

level requires length more than ¢ max’ The delay maneuvers will be

initiated only when the aircraft is flying on the stralght port1on of its

minimum time trajectory.

C. Tra‘jéctories Inside the IMS

While inside the IMS each aircraft must accomphsh the following

two obJectlves in time’ T .

(1)

Decelerate from its entrance speed to the NTA v
to its desired landing speed Vi
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(2) Descend from its altitude level in the OMS

to the level of the OM.

Each aircraft enters the IMS with heading tov?rai‘d the OM. We
shall assume for simplicity that the flight continues along this headmg,
until the OM. Ideally the aircraft should reach the OM with heading
‘along the x-axis, i.e., toward the runway. For the dlstan_ces involved-
(to be found shortly) the error incurred by assﬁming*'the. above heading
ivs small, but the analysis greatly simplified. A:v

Let the IMS radius be L(v) for the particular aititude level that
carries speed v (From now on we shall denote by IMS_redius, the radius
of the circular projection on the (x, y) plane of the IMS beﬁndary; e.g.,
A-OM in Fig. 2) The velocity profile in the IMS will be of the type shown
in Fig. 9, i.e., only one deceleration at the maximum perm1551b1e rate.

Durmg the remaining time T - (v - VL)/B the aircraft must

descend to the OM. Given that T, - (v vL)/B > (H /)\), where H is the
elevation above the OM of the altltude level at hand, and ) is the maximum
descent rate, there is an infinite range of possible descent profiles. We
shall not specify_'a precise descent profile (although we c'euld)_. Instead
we shall communicate to the pilot the latest time he cen start descending,
so that if he descends from then on at the maximum rate he will arrive

at the OM in time To.' This time, t , is tr1v1a11y found as

descent

V-V, o
) e 1. Hv . )
tdescent = To "~ B Y ‘ (20)

Thus a'typical trajectory of an appmachmg a1rcraft would look

as in Fig. 10.
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4. GEOMETRY SPECIFICATION

- The geometrical constants that have to be speC1f1ed to define
the geometry are:
(1) T, = Common time available to -all aircraft
at all altitude levels, to cross the IMS

(2) 'L!v) = Radius of the circular projection to the
(x,y) plane of the IMS boundary at the altitude
level H .

(3) H, = Altltude, above the level of the OM, of the
' altitude level carrying speed v

(4) Length of a Delay Slot
o (5) Léngth of OMS at each altitude level
(6) Lehgth of Buffer Zone _
(7) Dijstance between Traffic Source Points '
(8) Radius of the NTA, the same for all altitude levels.

We shall try to determine the minimum allowable magnitudes
for these quantities, because we want to keep the NTA region as small

as possible so-as to avoid simultaneous control of too - many aircraft.

A. ~ Choice of T,

T, is common for all aircraft. For each pair”o'f entering and

landing speeds (v, vL) it must be true ‘that

4 > . = V-
T + to(v., VL) (21)
Since higher alti_tﬁde levels carry higher speed traffic the maximum value

of to(v,vL) for YE-'[VI’VZ] and»vLe[Vle, VL?.] knots,,.'..wh"e_re ViV, VLI,

L2
Thus if

\

A\’ = 200, 3QO, 100, 150 kpots respectively, occurvs_, at '\Ar"v=‘ VZ’ Vi, = VLl

T_ > + =t o (22)
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then we are assured that no matter from what altitude .ie{(el an aircraft

is entering the IMS, and no matter what its landing speed is, it can

- accomphsh the descent and deceleration obJectlves

It will be seen that the upper limit HV ‘will be left to be Speleled

by the designer. For HVZ 6000 ft ¥ is a.bout 10 minutes.

B. Choice of Li{v)
Instead of providing lengthy motivation (can see [12] for this),

we present the result and then explain it.

_Propo sition: Suppose there is only one altitude level carrylng traffic

at speed v. Let To be fixed (e.g., =t ) Then if
L(V) Z_ -lToV = ——Z—B-——' = ‘ L (V) e : , » (23)
there is no ché._nce ‘for a near miss in the IMS, be-tweeneircraft entering

the IMS from this particular altitude level H_.

Proof: Since' all aircraft must traverse the IMS in time T, they must
enter the IMS seperated in time by their scheduled temporal separation
T over the OM. For mixed landing speeds traffic the minimum T is

1 minute (see [2] for a detailed discussion). _

The range of speed profiles in the IMS, d1ctated by L (v), is
shown in Fig. 11. It is noticeable that the deceleration is delayed very
close to the end of the interval To for all choices of Vit Consider now two
cases of two successive aircraft entering the IMS withvi_.n ‘one minute of
each other. » _

(1) First a>ircr‘aft-:has lower landing speed than ‘t-h:e, second, i.e.,

< v Their speed profiles are shown in F1g 12, Neglecting

tlfe1 fact iiat the aircraft might have entered the IMS from different

points in the.c1rcu1ar boundary, we consider their longitudinal separation
as if they entered from the same poiht (clearly this is the worst case).
Their initial separation is ABCD. Their smalles't"se_pa_ration occurs

over the OM and is (ABCD) - (EFGHJ), which is a desirable situation.
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(2) First a1rcraft has h1gher landing speed than the second, i.e.,

> v ..
zl £2
the minimum longitudinal separation occurs over the OM

The respective speed profiles are shown in F1g 13. Again

Thus for all possible cases the minimum long1tud1na1 separatlon
~in the IMS between successwe aircraft occurs over the OM Had we
chosen L(v) smaller than L (v) the minimum would occur at same point
inside the IMS. This minimum, however could be much smaller than
min (see Fig. 14). ,
For the speed ranges considered and T = 10 min. typical
values of L (v) are from 32 to 45 nm. o

Cc. - Choice of' Hy,

The rule by which the minimum altitude separatmn between

successive levels should be chosen by the de51gner 1s

(1) Choose the speed Yo of the highest level and H ,
the altitude of this level ' ' Yo
(2) Choose Vl’ the speed of traffic flying on the level

immediately below H
Yo

(3) Choose the IMS radii for the two 1evels by Eq 23
(i.e., L{vy) = L¥*(vy))

(4) Consider the "worst'' situation, i.e., an -alrcraft
entering the IMS from the top level followed closely
(~ 1 min) by an aircraft entering the IMS from the
level below. Assume the aircraft are on the same
vertical plane. :

(5) Find d(0), the longitudinal separatlon at. the time
" the second a1rcraft enters.

- (6) If 4(0) > d_._ = 2.5n.miles then choose
'/~ “min .

Hv& - I—IVl = AH; = minimum FAA :,.
" vertical separation standard (~1000 ft) (24)

(7) If 4(0) < d min then set

CAH = At +t (25)

1 sf)
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where

‘ d . - d(0) -
" _ min | (26)

st Vo™V

and ’c's = minim\;m allowable temporal funway separation' (~ 1 min).

The above rule ensures that there is no interference in the
IMS between traffic of two altitude leveis. Typical descent profiles are
illustrated in Fig. 15. | !

D. Length of a Delay Slot

We will choose the length-of a dela.y_slot LDS; ‘so as to ac-

comodate with safety margin the largest possible delay maneuver.

Lpg = 4. +d . = (W+2)R(v) +d_. (27)

It is true that the length of a delay slot is different for different

altitude levels. Typically L.~ 10 nm.

DS

E. ~ OMS Length

- The length of the OMS now can be chosen for each altitude level,

as an integral number of delay slots. Thus
Loms(v) = a(v)Lpglv) - (28)

The number n(v) will typically be the same for all altitude levels.

F. Buffer Zone Length and NTA Radius

For the top level the smallest BZ length is chosen so that all
aircraft will enter the OMS while they are flying on féhe straight portion
of their minimum time trajectory. The limiting case is shown in Fig. 16.

In this case

L;Z(Q) = (AD) = R + (BD) = R + (B0) - (D.Oi);:».'_R + (BO) - (CO)

SO

2] 1/2 _ LOMS _ LV (29)

ES ’ ‘ 2 ‘
Lgz(v) = R+ [R%+(Lgp e+ L)
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The minimum NTA radius now is completely Spec1f1ed via

. R_N L¥(v,) +n(y, o) Lpsta) * Lz (%) - (30)

The BZ length for the lower levels is specified by
LBZ(Vk) = R = L (Vk) - n(vk)L S(vk) > L Z(Vk) o (31)
v Typ1ca11y, for 2 dela.y slots, We find that for v = 230 knots, Ry = 55.4 nm

w1th LBZ = 1.4 1hm, for v = 270 knots, N 651 nm, LBZ 2.1 nm,

values which are reasonable.

G. Distance Between Traffic Source Points

Referr"ing to Fig. 17, we would like to choose the minimum
distance between two trafflc source points so that in the "worst" situation

illustrated in Fig. 17, the distance GH is safe i.e.,

‘GH > 3.4R +d_. : (32)

where 3.4 R re_fei‘__s to the maximum oscillation maneuver (see Fig. 7b).

The equations applicable then are:

- (AB) = 2Ry sin(¢+w) ) (33)
sing = —m——x— R (34)
Ry-R _

. ' 3.4R +d__. ‘ '
sine = (GH) - v N (35)

A typical value for Ry ='70 . nm, v = 250. knots, d ip =25 nm,
L= 39 nm is- (AB) =~ 17 ‘nm-
We can see now the delay capabilities of the_.p_l':o'posed system.

' S _ ZTrRN T A '
At each level there can be at most arc (AB) ~tra_ff1e source points.

For Ry ~ 70 . nm, we can have about 25 source po:i'nts.;at each level.

ki

[ ] denotes the largest integer function.
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If the OMS length is 2 delay slots, then each level can delay S1mu1taneously

50 aircraft.

5. THE SYSTEM ALGORITHM

‘Now we are ready to describe the automatic ﬁature of the'system.
Figure 18 indicates the functions that are to be performed by the pilot and
the computer during the landing phase. o

As soon as the pilot enters the NTA be radioes to ground, air-

“craft identification, position, heading, time of entrane’e, speed v (com-
mensui‘ate with altitude level), and desired landing sPeed:vL.

The first task of the computer is to calculate the minimum time
trajectory and heﬁc‘e the expected time of arrival (ETA,)‘e;f the aircraft.
This is done by cvalling the subroutine ETA-MTT, whi"c"h essentially does
the calculations described in the sectien on aircraft tfa.j-ectories in the
BZ and OMS.

The next task is to sequence and schedule th'e.. aircraft. This is
done by calling the subroutine SEQ-SCHED (see Fig. 1 9). This subroutine
considers the ETA'S of all the aircraft that are still in the BZ. It com-
pares the ETA of the newly arrived aircraft to the rest of the ETA's
The rule that is adopted for landing order is that the only time a later
arriving aircraft will supercede an earlier one, is when the former by

so doing does not oblige the latter to delay. Specifically only if
ETA(m) < ETA(m-k) - At(m, m-k) (36)

will a1rcraft m be scheduled to land before m-k. Here At(m m-k) is the
minimum allowable temporal separation over the OM between the two
aircraft (typically 1 min). '

Next the algorith a.ssigns a delay slot to the aircraft where a’
delay fnaneliirér will be performed if necessary. :This is done by calling
the delay asSighment subroutine DAA (see Fig. 20).. This subroutine
first calls on DELAY-TYPE to calculate the type-of maneuver to be per-
formed, via the rules _previously established. 'I?h'erl;"i-zf scans all the slots

for the particular source point of the new aircraft and sees which ones
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are 'filled up'.' and which ones are not. It then assig"ns_‘ a slot and dictates
to the pilot the exact time T(Q) where he should leave the straight flight
and start performing the maneuvers. The block labeled" ",’Aircraft ID(Q)
should not enter OMS'" is entered when all the slots are e.lready occupied.
The resolution of this dead end conflict, lies in appropfiate metering so
that e.g.,not move than 4-5 aircraft per hour enter the NTA from a
particular source point.. | e

Fmally the algorithm calls on the IMS- NOMmal trajectory sub-
routine which simply calculates the time the pilot should start decel-
erating (TDECEL), and the latest time the pilot can sfai't descending
(TDESCENT). -

If there is an error in arrival time the IMS- NOM subroutine is
called again to update TDESCENT and TDECEL. Flow charts for the

less important subroutines can be found in [12].

6. CONCLUSIONS -

We saw that it is possible, by appropriate deﬁhition of the air-
space geometry in the NTA, to design a determ‘inisti‘c” terminal control
system. The system proposed here is an open loop au}to‘r.hatic' control
system that dictates, for each aircraft, nominai: trajectories in the NTA.

The main advantage of such a system is that it frees the controller
from routine decision making. He can now act as an‘ult’vi‘mate decision
maker, correcting for errors that might occur, and téking-charge in case
of an emergency.' In other words the controller would be the element in
the feedback loop of the closed loop control system. . '

This bt'ype of a system offers possibilities for solutions to the
problem of automatic control with multiple runways, and.overlapping
airspaces. The idea would be to assign some altitude levels to traffic
landing to one runway (or airport), and other levels to traffic utilizing
a different runway (or airport). \ v

Scheduling take-offs is not a problem because as soon as there

is a demand for a take-off the system algorithm could schedule it in a
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''gap' between two scheduled landings. The details of thlS procedure
have been considered in [12]. C

" Routing of take -offs through the NTA is ano'th‘ér:problem that
should be considered. This one could be tackled by chahging some .
traffic sourée points to traffic ''exit'' points, thus o’penihgicorridors
for departing aircraft. It should be noted that the sub_sét'bf the NTA
assigned to takeoff trajectories can be incorporated as a state variable
constraint in the minimum time problem desvcribed in Section 2, so that
the aircraft reaches the boundary of the IMS in minirﬁum- time without
entering any forbi_ciden airspace. Regions of severe torbulence that
should be avoided can be handled in a'nv_ana.logou‘s mahnér. Since the
basic computationé to be carﬁed out are simple, frequént updating (as
weather conditions change, landing Vand takeoff dema_'n:ds IVary) is possible.
Additional research and simulation studies are necessary to examine
whether or not rapid updating is feasible to correct for stochastic errors

that will arise. -
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- APPENDIX A

App‘roach Airspeed in Knots

~Jet Type Operating , - 60% Load -~ Maximum
‘ Empty Weight ~ Factor Loading Weight
737-100 | . 100 Knots 130 Knots . 138 Knots
737-200 | 103 125 o 133 v
DC-9-30 105 " 125 128 "
DC-9-40 106 " 125 128
727-100 95 v 122 1 130 v
727-200 102 122 v 133
707-120 118 142 " 146
707-120B 115 v 135 140 v
720 102 123 " 1 128 n
707-320 I o117 o 140 " 143 v
707-320B 103 v 122 v | 127 v
DC-8-61 o118 v 137 143w
DC-8-62 108 135 140 v
DC-8-63 115 v 137 " 141 "
DC-10-10 112 v 133 v . 137 v
DC-10-20 B S S AL 135 140 v
747 115 " 140 v 144 v

* we would like to thank Prof. A. Odoni of M.I.T. for this table.
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Lav) |:

' [ SUBROUTINE DAA (SOURCE-PT, v, DE

-

Q = Number of Aircraft in OMS, at Time t”, -
That Have Entered NTA ftom'S_bUR'CvE-PT

M =

Number of Delay Slots at OMS of Level H - ’

[ S = Length of OMS ] .

“Assign Slot 41 to | ~
Aircraft 1D{Q) .

Aircraft 1D(Q)
Should not
Enter OMS.

T, > T(@-1)'+ DEL@\?‘(lb(gil))

no N yes.

S-k-L

no'. -

a_-_;t"*' v el N

Assign Slot fk+]
‘o ID(Q) ¢ -

.YES;.
Assign Slot
# k to- 1D(R)

o S-(k-1)L_,
T{Q) =t +f_‘—‘-,‘—.-s—l°'t

. . RETURN

RETURN -




