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ABSTRACT

The purpose of this paper is to present a design concept for the dynamic control of aircraft in the
near terminal area. An arbitrary se: of nominal air routes, with possible multiple merging points, all
leading to a single runway is consjdered.

The systenm allows for the autcmated determination of acceleraticn/deceleration of aircraft 2long the
nominal air routes, as well as for the autcmated determination of path-stretching delay maneuvers.

In addition to norrmal operating conditions the system accomodates

(a) wvariable cormanded separations over the outer marker (to allow for takeoffs
between successive landings)

(b) emergency conditicns (in the sense that an aircraft is given partial or com=
plete priority for landing).

The systerm design (s based upon the corbination of three distinct optimal contreol preblems: (a) a standard
linear-quadratic preblem, (b) a parameter optimization problem, and (¢) a minimum-time rendezvous problem.

Simulation results involving twelve aircraft under both norral and emergency conditions will also be
pres: ‘ed,

I. INTRODUCTION

This paper censiders a class of precblems encountered in air traffic control. Specifically, we examine
the problem of coordinating the flight trajectories of jet aircraft in the vicinity of an airvort. it is
assured that the aircrart enter the HIA (near terminal area), properly séparated by th2 cn-route ATT centars,
and, they all desire to land in a single runway. Furthermore, it is assumed that the sare runway is to b
used for both takeoffs and landings., Special erphasis is focused upcn heavy traffic conditions, which im-
ply that some aircraft rust undergo path-stretching and holding maneuvers while awaiting landing.

) o
" or

The motivation fer this research was provided by system delays ercountered in the current operation
of the ATC systers during heavy traffic conditions. At present, there are small time delays which are as-
sociated with "unstacking” the aircraft, since the iircraft at the bottom of the stack may have the wrong
heading at the tirve of the corrand to "leave the stack”. These small tim: delays can, however, becore sig-
nificant when miny aircraft are holding; hence, this contributes to an effective reduction in the landing
gate. These accurulated Jdelays cannot be blamed upon the air traffic controllers since, in heavy traffic
conditions, they cannot menitor the detailed trajuctory of each aircraft that is holding. Rather, it is
the result of overall system uncoordination due to the many decisions that must be carried out continuously
by the human controllers.

This lack of system coordination is also exhibited when:'a particular aircraft in a queue develops an
emergency. In such cases, it is often desirable to have this aircraft land first and this necessitates
the reordering cof the aircraft which were suppcsed to land before the troubled one. The determination of
the proper trajectories fcr all aircraft concerned is a complex task which, in heavy traffic conditiens,
can tax the ability of the meost capable human.

Similar situations arise when a sudden wind shift requires a change in the landing runway. Once more,
the rescheduling of the aircraft is a ccmplex decision task,

The ever increcasing demand for air travel has motivated the defirition of required changes in the cur-
rent and conterplated ATC system. 7The so-called "Alexander Peport” (see reference l) contains a description
of the short-term and leong-torm preblers in ATC. It also contains a discussion of the gradual changes that
must be carried out to improve

(a) airpert runwuy design

(b) irproved ground and airberne instrurentation and displays

{e) irproved landirqg aids (e.g., scanning microwave landing systems)

(d) svstenm automaticn
There is very little doubt, that digital computers will find an ever increasing role in air traffic control.
In fact, the Alexander keport (ref. 1, p. €4) concluded that the total computational demands can be met by

currently availibls digital corputers. ilowever, it points out that research is needed to define in what
precise form the cerputer can be used to alleviate the load on the huran ATC controller.
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Prom a conceptual viewpoint, there is no reason why the A™C system cannct be corpletely automated,
One can envision an automated set of command and contrel systems in which digital ccrputers cbtain all the
information from the growund and alrborn sensors, srcoth the data, compute traitectories for all aircrafe,
and transait the appropriate corrmands to the autopilot of each and every aircraft.
.

Nowever, such a cerpletely autorated system neglects the economic and political constraints that axist.
It takes many years to develop and test any new equipment and even more time to negotiate and change all
internatiocnal agreerents that exist, Hence, it is safe %o assume that such a completely autcrated system
even if develcped now will not take effect for at least 20«30 years. Thus, any proposed innovations must
take into account the need for gradual evolution and the fact that man-machine interaction will be an es-
sential part of the ATC system for many years to come.

II. THE ROLE CF THE COMPUTER AS A DECISION MAXING TCOL

It is the contention of this paper that the digital corputer can be used as an effective tool that
carries out routine decisicns and advises the human of suggested courses of actiocn via a display. It is
sost important, however, that the basis for the automated suggyested decisions are such that as technological
advances in displavs, { urentation, and autcpilots are gradually incorporated intc the ATC system, that
these changes 42 not necessitate drastic changes in the way that the decisicns are being made, For exarple,
Af irproved accuracies in locating the aircraft beccre possible by advanced sensors, and this can be used
to reduce the safe separation distance, this should not require a corpletely new conceptual and algorithmic
package for system coordination, .

There are many system studies for improved scheduling and trajectory control (see reference 2 for typ~
ical proposals). However, rcst of the sugsested approaches basically attempt to have the digital corsuter
gxecute decisiens i- esserczially the sare ranrer that a hu~an does., This introduces an artifical element
of ecrplexity in the algeritnms because the huran basic decision rules cannot be defined precisely and are
modulated to a large extent by past rules, regulations, constraints,® and "we always did it this way" doc-
trines. Even if such computaticnal algorithms cculd be develcped, then they would not necessarily be in
tune with the future automatic control capabilities that can be realized by hardware advances.

The approach taken in this paper is to attack the problem of automated decision making by the digital
computer essentially as though all decisicns could be imnlermanted co-pletely autormatically. This would
define the "best possible” way that the aircraft cculd be controlled. Howaver, tnese autorated decisions
are only presented as suggestions, via displays, to the human controller, and eventually the pilot. The
human essentially can follow the suggested actions or he can ignore thea. The decision making algorithm
should be a general one; yet have free parameters that can be adjusted by having realistic man-machine
simulaticn experirents. In this manner, at any phase of implementaticn, one would be able to “"tune" the
algorithm parareters to be in phase with the human constraints. On the other hand, as more and rmore true
autoratisn i3 intrcdused in the system, this would only necessitate changes in certain algorithm parameters
rather than a corpletr overhaul of the decision making algorithe,

I1XI. STRUCTURE OF THIS PAPER

The general ideas presented in the previous section will be examined in detail for a specific sub-
problem in air traffic control. 1In Section 1V we define the problem considered in the NTA as well as the
assurptions. In Section V we deduce the index of the aircraft as a function of their desired order of
landing (under normal and erergency conditions). In Section VI we formulate the basic decisicns that must
be executed, Saction VII summarizes the method of approach which is based upon the solution of three de-
terministic optimal control preblems, and develops the quantitative fcrmulation, Sections VIII, IX, and
X contain a discussion of the algorithm and its possible gradual irplementation into the current and con-
templated ATC system. Section XI discusses the simulation results.

IV. PROBLEM DEFINITION

The system to be considered is concerned with the trajectory control of aircraft in a region of air-
space (e.g., 50-75 miles radius) in the vicinity cf an airport called the NTA region. In this paper we
assume that a sinole runway has been selected to handle takeoffs and landings. We also assume that there
is a point in the airspace, the guter rarker, which defines the point at which all aircraft that rmust land
have to arrive. We shall not be concerned with the aircraft motion between the outer rarker and the run~
way. Thus, once an aircraft passes over the outer rarker, it is remcved from the NTA control center.

It is assumed that aircraft enter the NTA rejion ~* specific points along its boundary; prior te that,
they are being contrelled by the appropriate o.-rgut ;enter.

4.1 Nominal Air Poute Structure

Pigure 1 illustrates the NTA region. As shown in Figure 1, we assume that there is a well defined set
of nominal :ir-roures which ~unnect each entry point at the boundary of the NTA region to the outer marker.
It is possible tc have two or wore air-routes merge at a node point in this tree like structure.

The air routes are trajectories in three dimensicnal space. Hence, a particular air route may involve
altitude changes. Also, the air routes may be made out of curved trajectories rather than straight lines.
This is important because the rotential scanning-beam microwave sys:em can be used to define curved tra-
jectories.

*The state of the art of "arti‘'ical intelligence” in computer scier-: fs far away from being able tc have
a digital computer duplicate corplex human decision elerments.
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T™he nominal air route tree structure should be interpreted as the flight path that would be followed
by an aircraft if there was no other traffic. It is then tacitly assumed that the aircraft should stay on
their nominal ai~ route unless it is imperative to leave it for path-stretching and/or holding maneuvers.

4.2 Adrcraft Characteristics

In this paper we shall only consider aircraft with similar flight characteristics. For example, only
cosmercial jets (DC-@'s, 707's, 727's, OC~9's, ete.). The proeblem of mixed aircraft population (e.qg., jets,
4 propeller, 2 propeller, 1 prepeller) will rnot be covered here (see references (1C) and 12).

This single population assumption implies that all aircraft under consideration have similar speed
and maneuverability characteristics,.

4.3 MWirimum-Separation

We shall assume that all aircraft must be mutually separated by at least nm.i.n distance units for safety

reasons. We assurw that the enroute centers deliver aircraft to the NTA region properly separted. It is
the task of the NTA cinter to keep them properly separated subsequently.

4.4 Desired speed

Por reascns that will become apparent later _on, and for the sake of overall system coordination, we
shall establish a single desired constant speed v, (¢.¢., 160 knots). The speed v should be substantially
higher than the stall velocity and landing velocity. It is assumed that speed reduction from V is possible
between the outer rarker and the runway. We remark that all aircraft will be controlled such that all

speed deviations from V are nulled cut.

The extensiocn of these ideas to the multiple speed problem, using altitude separation, has been brief-
ly considered in references 10 and 12,

4.5 Maneuverability Constraints

In heavy traffic conditions, cne would expect that some of the aircraft will have to undergo path
stretching and/or holding trajectories which will take them temporarily away from its nominal air route,
Rence, we must take into account constraints on the aircraft mareuverability. For this reason, we assume

that a minimum turn radius, L be defined for each aircraft phich establishes the tightest circular

trajectory that the aircraft can execute at or near the speed Y. The minirum turn radius is not necessar-
ily the one that can be physically attained by the aircraft; it should be construed as the cne that con-
firms with FAA regulations as well as passenger comfort.

4.6 Further Assurctions

It is assumed that, at any instant of time, the NTA control center knows
a) the identity of each aircraft
b) its true position and velocity
€) its nominal future air route
v. IDENTITY AND LANDING INDICES

We commence our quantitative development by considering a simple scheme that determines the landing
order of the aircraft.

5.1 Identity Incex

Let t denote the current instant of time, Let N denote.the number of aircraft in the NTA regicn (the
number N chances with time; it is increased by one every time a new aircraft enters the NTA region).

Let k = 1, 2,..., N be an arbitrary identity index. For example, k = 4 means TWA 43,

5.2 Positions and Velocities

Let 5(:) denote the distance-to-g0, along the nominal air route, to the outer marker., Since we as-

sumed that we knew the identity of each aircraft, its nominal air route and its location, :k(t) can be
readily corputed (see Figure 2).

Let vk!tl denote the actual speed of the k-th aircraft at time t along the air route.

To be notationally consistent, we agree to measure distances-to-go as being positive and speeds as
being positive. In this case, a higher speed would decrease the distance-to-go faster. Hence, the precise
relaticnship between zku:) and vk(t) is

d
FTy :k(t) . -Vk(t) (1)

2+3 Landing Sequence Index

]
We next define -no:herimdex i=1, 2,,.., N that : .:xes the aircraft according to their landing crder,
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(Pirst to land, second to land, third to land, etec.)
We shall distinguish two landing sequences
a) The natural landing sequence
B) The emergency landing sequence. p

In the natural landing sequence, the planes that can land first, do land first. In an emergency landing
sequence, we assured that an aircraft (say the k one) develops an ermergency condition. In this case, we
may wish to clear its air route, and have it land first; the remaining N-l aircraft land after k in their
natural landing sequence. Under different circumstances the plane under emergency conditicns may be given
partial priority. For exugple, under a natural landing sequence, the plane in question might have been
6th in line, and we may advance it to be Jrd in line,

The determination ~f the natural landing sequence is simple, once we have assumed that all aircraft

will be controlled so tnat their speed is reduced to ¥V, Since zk(t! is the actual distance to go for the

k=th aircraft, and since v is its desired speed along the air route, one can corpute the estimated time of
arrival to the outer marker ?k by

. ()
r.--ﬁf—,n-x, Konoss B (2)
v

The plane with the smallest ik is indexed by { = 1, the plane with the next smallest ik is indexed by 1 = 2,

etc. This can be used to define the natural landing sequence; in case of emergency, the plane K is indexed
by { = j and the rest by the natural landing sequence,

80 we shall let { = 1, 2,..., M index the desired landing sequence (natural or not). Thus, the i-th
and i + l-st planes pass successively over the outer merker and land (first i, then i + 1),

Prom now on, the aircraft will be indexed by their desirel! landing index i rather than by their iden-
tity index k.

Vi. THE BASIC CECISION AND CONTROL PROBLEM

Up to this point, we have established a desired landing crder. We have not specified what should be
the desired separation (in time cor distance) between two planes that land successively.

6.1 Desired Future Separaticns

The desired separation between successive aircraft pairs would depend on the demands for takeoffs on
the same runway. If the runway is used exclusively for landings, then the desired separaticn over the
outer marker of two successive aircraft should be Smin (the minimum desired separaticon). On the other

hand, if one wishes to interject one or more takeoffs, after the i~th plane hus landed, and before the
i+l=-st plane lands, then the desired separation of the i-th and i+l-st planes in the vicinity of the outer
marker must be much greater than D 2
min
Por this reascn, we assume a cocperative system at the airport that will coordinate takeoffs and
landings. As far as the NTA control center is concerned, we shall assume that it is given* a set of de-
sired smaparations.

‘1' "2""' dn-l ) (3
with
d‘:D-m;i-I., issss W=l (4)

which specify the desired distance separacions between successive aircraft, near the vicinity of the outer
marker. Thus, the n.urber 4, specifies the desired separation of the i-th and i+l-st aircraft at the outer

marker. Of course, if no takeoffs are ccntemplated then
BasnSs

dt = Dnln for all i . (5)

6.2 The Basic Decision and Control Problem

We now surmarize the variables and parareters assumed known to the NTA ATC center and the basic ques-
tions that arise.

Given:

a) The number N of aircraft in the NTA region that must land

*of course, this can be accomplished by having the NTA center transmit to the airport center the estimated

times of arrival 'rk of the N aircraf*
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b) The landing order index { = 1, 2,..., N 5
e) The distances-to-go 2 (v), '2"""" 8“(!)

d) The velocities vl(t). Valt)suans vylt)

@) The desired constant speed v (a parareter)

f) The future desired separations (pararmeters)
‘13 ‘2'“" d“_lld‘ 2 nl.l.l'l)

g) The minimum separation distance D-.tn (a parameter)

rind:
The commands to be transmitted to each aircraft such that
a) welocity deviaticns from v are nulled out

b) The desired separations d
6.3 Constraints

Some position control can be exercised by changing the acceleraticn and, hence, the velocity of the
alrcraft along the air route. However, large position changes cannot be accomplished by having the air-
eraft stay on its assigned air route; in particu’ excessive slow down iv impossible by severe decelera-
tions since stall velocity constraints must be observed. Hence, only minor positicn control can ke executed
by aircraft that stay on the air route. This implies, that in a heavy traffic environment, certain air-
craft must execute path-stretching or holding~type maneuvers. These aircraft must then temporarily leave
their nominal air route "to waste time".

6.4 Basic Questions

In view of the above discussion, it follows that the NTA-ATC center must determine the answers to the
following fundamental questions:

y are eventually attained.

1. Which aircraft must stay on their nominal air route and which must leave it?

2., If a particular aircraft stays on its air route, what acceleraticon/deceleration
. should it undergo to null out velocity errors and to start correcting now for
future separation errors?

3. 1If a particular aircraft rust temporarily leave its air route, what should it
d0? How are path stretching trajectories obtained so that they do not violate
the minimum tum radius constraint? How long does the aircraft have to stay
away from its nominal air route? When and where does it return?

4. How can we guarantee that the aircraft are always separated by at least 1:-“
units of distance?

The approach to the develcopment of a decisicn and control algorithm is outlined in the following section.

We use the theory cof cptirmal control to develop this algorithm. Then we corment on its possible imple-

mentation in the current and evolutionary ATC systems.

VII. THE OPTIMIZATICN ALGORITHMS

In this section we develop the basic algorithrms that provide in a relatively simple and automated
way the answers to the basic questicns that would define the strategies to be employed by the NTA=-ATC
center.

The particular formulation employed has been the outgrowth of rore of five years of investigations,
Technically, the algorithm is the combination of the solution of three distinct cptimizaticn problems.
The formulation of the ontimization problems has been subjectively selected so as to lead to as sirple an
implementaticn as possible, Soma of the technical details and derivations can be found in references 3,
4, 5, 6 and 8. In this paper, only the prcblem formulation, soluticn statement, and pessible implementation
is stressed. ‘leedless to say, the validity of both the assumptions and of the formulation can only be
datermined by simulaticns and man-machine studies.

The algorithm essentially proceeds in two steps.

Step 1.

The determination of which aircraft should stay on their noeminal air routes and
wvhich must leave them is obtained from the solution of a standard "linear-suadratic”
(reference 13) cptimal control provlem coupled tugether with an optimization of
part of the initial state vector. The solution to this problem establishes the
ideal motion and positions of all aircraft along their nominal air routes, and
provides us with the means of obtaining the desired acceleration/deceleration
commands for tiie aircraft that do stay on their air routes.




Step 2.

By cormparing the actual positions of the aircraft with their desired ones, one
Can readily deduce which airecraft must undergo severe position corrections and
heance must leave the air route, The ideal aircraft motion, determi=ed in ftep 1
48 used to forrula.e a minimum=tire rendezvous prehlem, The solution to this
time-optimal problem, yields simple (turn and straight line) trajectcries to be
followed by the aircratt in guestion,

7.1 Linearized Dynamics Aleng Air Routes
_—

We shall use the landing order index 1l = 1, 2,..., N to keep track of the aircraft. For each aircraft,
we define the following variables:

l‘{tll distance-to-go of the i-th aircraft at time t to the outer marker

vttt): instantaneous velocity of the i-th aircraft at time t, along the
air-route

gt mass of i-th aircraft (assumed constant)

"(v‘(t)}: drag force acting on i=-th aircraft, a nonlinear function of the
velocity (effect of altitude is neglected)

!‘Itla thrust force applied %o i-th aircraft along air route only

ul(t): net acceleration or deceleration commanded to i-th aircraft along
air route

From the assumed polarity convention on the position and velocity variables (see eq. (1l1)) we have

d
% :‘(ti - -vL(t) (6)
and from Newton's Law
4
n, TV (P - -qitvi(t)) + tiit) . (7

It has been stresicd that all aircraft will be controlled such that any speed deviations from the desired
constant gpeed v will be nulled out. So let

6vt(t) - v‘(t) -y (8)

denote the velccity error of the i-th aircraft.

The drag force qitv (t)) is the net effect of the natural drag and of any wind that produces a force.
A

i
The drag at the desired velocity v is simply qi(v;. Hence, a nonzerc thrust fi B gl(v) is required to keep

the i-th aircraft flying at the constant speed V. In order to accelerate, fi(t} must be larger than ?;'

To decelerate fx(t} must be smaller than f We remark that the necessary adjustments to ?L can be rade

i’
to account for mean wind variations.

By linearizing the drag force at the desired ve'ocity ¥ we can appreximate equation (7) by the linear
equation

<
T - W 1
" oA (v + ﬁvt(tl) = 'qL‘V)“ s;: s Gvilt) + fi + miui(t) (9)
where we have introduced the acceleration u‘(t) by defining
git) 87 +mu (v (10)
i i ¢ bl §

3q | P
The quantity scl = is sirply the slope of the drag force at the velocity v. Figure 3 shows this curve
for the XC-135 (military version of the Bocing 707). MNote that the drag force is essentially linear in the
region ¥ = 160 knots over a relatively wide range of speeds. This indicates thi\.t. the linear equaticn (9)

is an excellent approximation to the norlinear equation (7) in the vicinity of v.

- A - 1
Since 11 = gx(v}, then equation (9) can be written as

= STreR e
ac le(t) N .vim . “xm (11)
where the constant Ei is defined by
3q
4 1 i
 — = [ ]
81 m, 5v_ v - 12
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Remark: Different set aircraft (e.q9., stretched UC-8§ va, DC-9) are characterized by different values of

§ However, it appears that for all currently available jets, their corresponding values of :‘ are

roughly the same, The reason is that laiger aircraft have a bigger drag reference area and, hence, larger
draq coefficient

Ig‘

AL (1
i

However, larger aircraft hive alsc a larger mass .. This is the reason that one would expect

lt:!m 3l 4w 8 Bisiss B (14)

If (14) is indeed true, this has a marked influence on t! » amount of on-line computation that must
be carried out. We shall discuss this point in more detail in Section X.

In summary, the rotion of each aircraft, indexed by i, along its nominal air route. is characterized
by the pair of linear constant coefficient differential equations

a -
at 2 (t) = - v -dvtit) (1%)
N Sv, (t) = =8 &y (t) + u, (t)

dt 3’ 1 4 i

Consider the i-th and { + l-st airsraft. As before we denote their current distance-to=-go by z‘(t)

and '101("' Pecall that these two aircraft should be separated by a specified distance d& in the vicinity

of the outer marker.

We define the current seraration distance error Sl‘tt) as follows:

4
ds‘(:l -2 ) z (tl-dx (16)

1t i

The value f:x(t) represents, at the present time t, %2hx deviation of the i=th and i+l-st aircraft from their
seventual desired separation ji' b4 4 f:i(t? > 0, thi: means that the aircraft are "too far apart”™ while if
Ga‘(t) < 0, then the aircraft are "too close together”. We remark that these errors do not pertain to the

actual current separation of the aircraft in the NTA region. Rather, it is the current error, from a future
desired value, measured aleng the nominal air routes (at the present time, the two aircraft may be in com-
plately different air routes as illustrated in Figure 4).

The advantage of having a currert value for the sevaration distance error, Ezi(t!. is that appro-
priate corrective action can be taken early, so that by the time the aircraft are indeed near the outer
marker, then they will be separated by the desired distance dx.

Prom egs. (16' and (15) we can cerplete the time rate of change of the position errors

a £ .
13 61‘(t) - ‘vilt) v, . (t) (an

i+l

since v and d1 are constants. Eq. (17) shows the way that yelocity errors contribute to the time rate of

change of position errors for the i-th and j+l-st aircraft,

7.3 TheSystem Error Dyranmics

We have now defined a position error f:L(t) for each pair of aircraft, and a velocity error Evk(t)
for each and every aircraft. For any given set of accelerations utltl. i=1, 2,.:4, N, we can cormpute

the dynamic propagation of the position and velocity errors by means of the following set of 2N-1 simultane-
ous differentinl equations

d
a ézl(t) " Evl(t) - Evz(t)

82,000 = Suy(t) = Bv, () .
(position error equations)

R )

gl

-" -
B2, (8) = 8w, (&) = B (v)

N
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9... - £y * .

a !vllvl d‘ v () o 3y (8
4. v (t) = = B, fv_ (%) + u ()
. 2 2 2 2

(velocity error equations)

R N

4 eafd ) ' %
& Gvult) Blv (t) & u (v) (18)

N
This set of equaticns can be written in vector form a¢ llows, Define the position error vector fz2(t),
the wloecity error vector &vit) and the Acselrration v otor uit) bys
p-a - l-5 - — -
8, (¢t v, (t) u, (t)
T 1 )

& lu,(t) (19)

\
S2(v) & |ea 0 |i dwin £ [ 4w, 0 1 ult) 3

‘ 2

e w e e

8z, .(¢) GVN(tI \M{tl

= - - - - -

Also define the constant ratrices

-
5‘,9 L 8 B we® 8l eeEesis (20)

0 1 =1 0 ...0 O

0 0 1 <1 ..0 @0

P

0 90 €@ .0l =)
— -

o
1
-

N x N matrix (21)

»
L)
L |
m
o
.

.

[=]

0 0 ... =B

— -

Using this notation the set of equations (18) can be written in vector form as follows:

Sx(e) & ' Al saw 0
d
e |ena]l » . % = —— 22
3 : + ult) (22)
Sv(v) 2 1Ay, l_f;”t’ i
':_,_,._. — 4—-:- i — - ——
x(t) A x(t) B u(t)
which is of the standard state variable form
x(t) = A x(t) + By (t) (23)

The above developrent indicates that the propagation of the position and velocity errors as a function of
the accelerations, is governed by linear time-invariant differential equaticns.

7.4 The System Quadratic Index of Performance

Let us azsure for *he time being that all aircraft are const.airned to move along their nominal air
goutes. Thus, we assure that all | ition and velecity errors are small. 7This mecans that all aircraft

at the present tire ¢t are flying with espeeds near ¥ and that they are alrmost properly separated. Then by
adjusting the corpcnents of the acceleration vector u(t), we can expect to be able to make the required
sdnor corrections in speed and pesition so that the position error vector £2(T) and velocity error vector
é_\!l'.), I>t, are almnest zero; this can be accomplished without leaving the :;r routes,

An extrerely sirple and rdinated way of deducing the required acceleration vector u(t) as a functier
of the actual errors t) & ({t), at each and every instant of time, is by sclving { } as the
solution of a st \ro lineaz=quadratic imal ntrol proeblem (reference (7], wpter 9 or ferernce 11)
over an infinite tirme ; arval. & s f lincar quadratic probler tor crall error regula n has beq

ven succescful in many applicat s. Its main advantage from an irplemcntation viewpoir t
celerat or ult) can be deterrmined using constant gain fcedback fronm the measured ¢ veetors
§z(t) and dvit),
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The standard quadratic cost functional, J, penalizes the system for all position and veloelity
errore, and for excesnive use of acceleratior by the following scalar Andex of performance

- "'..: N, N H
J = / i\ 8 '!zi (1) » }_ Py 5v’(!l . \ -J’l'.‘l -1
! =1 ’ &)

vhere t is the gpresent tirm and the constant weightings 4, and Py are all pesitive,

If we define the welghting ratzices

@ 0.0 0 ] o, © ... 0] g 12
2l
z 8 BL 5
§ flo a0 |0 ¥ g0y gl - (29)
0 - I [¢] O .eep
L Bl E J
then the quadratic cost functicnal J cen be written as
-
3. f (82' (1) § s2(m) + 8v' (1) E &w(t) + g'(1) w(n} ar (26)
¢ -

7.5 7The Optimal Corntrol Problem and its Solution

The precise staterent of the optimal contr ' problem is:

Given the system (22) and the cost functional (26), Find

< !lt), t€T <™, such that J is rinirired.

It is well known (see, for exarple, reference [7], Chapter 9) that the solution to this linear-quadratic
optimal control problem is obtained as follows:

Step 1r Let ¥ be a (IN-1)x(2N-1) constant patrix. Form the algebraic matrix Riccati equation
Q=EASA KeQ-KEBRE (27

where A and D are defined in eq. (22) and Q in eq. (25).

Step 2: Deterrire the (unique) syrrmetric positive definite sclution matrix of (27) using one of
the standard nurericu. technigues (sce, for exarple, reference [11]).

Next, decorpose the (2N-1)x(2N-1) solution matrix ¥ inte

2 Ko
K = IS 1 5-11 = (N=1)x(N=1); 5_22 = NxN (z28)
=12 =22

Then, the optimal acceleration vector at any time T > t i{s given by

8lt) = = K, S2(1) - K,

Svi(r) (29)
where £2(7) and £v(T) are the actual (measured) position and velocity error vectors at time t.

This scheme provides us with the means for coemputing acceleration cormands for the aircraft provided
the system errcrs are "small" so that it is not necessary for any aircraft to leave its nominal air route.
We shall see Section B what happens if the errors are large so that path stretching maneuvers are required.

7.6 The Minimum Value of the Quadratic Cost

Another key property of the linear-quadratic optima' centrol problem is that one can readily corpute
the value of J in eq. (46), provided that the coptimal acceleration (29) is utilized., It is well known
that the minimum value of J at tire t (prescnt) is given by

Jw bzt (UK, Sz(e) ¢ 2 L2 () K ofvie) ¢ fut(RIK, Tv(t) (30)

where Sz(r) and fv(t) are the present position and valocity error vectors, and the rmatrices 511' !f_u. 5:2

23]

are dofined by eq. (2

The quadratic nature of the ninimum cost (20) is essential for the simple development of the coordi-

nation strategy of the propesed ATC algorithms,
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VIII. TekAL ALRCEAES LASATIONS AMD MORIGMS ALLNG AYR WOUTES

In this becticn we ohall ude the reoulen of the salution of the llnear=quadratic eptimizatien preblom
and start tro devclopront of thie algirithm that will culminate in the sverall roans of schoduling and go=
ordlnating all the adrerafe,

The bosic quasticn that will ¢ answercd in thip soetlon ini

Under hoawy teyffie ccpdirinne, whilnh alpepafe rugt leave
thotr romtnal auk poute 68 £ (SHwOIREOFERLN | FpnEVOLS T

8,1 Thae Impertapce of tha Minirem Yalua of the Cont

Lat us exanine carcfully the equasion of the minimum cost J glven by eq. (30), Since tha K. patrix is
positive dofinite, the value of 3 wiil always be non negative) in rfact,

3 = 0 4f and only 1f Sx(t) = 9, dv(t) = O (31)

which caii ¢nly happon 1f at the presest time all airerafe travel at exiagely ¥ {fv(t) = 0} and are preperly
separated (fz(e} = €1, Under thege cenditlons tho eptiral aceeleratien is (seo og. (29))

uit) = 9 {32)
and this results in
uft) = 8, &2(1) w 0, Suit) = 0 for all 7>t {33}

Thus, all aircraft should continue to travel along their air routes at v and, as they pass ovar the outer
parker, they will ke separated exastly by the dealred separations dl’ dyperes Gy

In general, the walve of the peslcive nurbor J in eq. (22) {s a measure of the dagree of systom un-
coordination, For exerple, suppese that all airerafe ac time t travel at v (i.e., 4vit) » 0) but seppose
that dus to heavy takesff derands all the position errors 6:1(:) ara negative, which means that all aip-

craft are too claese to cash othor (see Sectlion 7.2}, The effect of this Is that J is a large nunker, since
when Svit) = ¢ then J = S2'(2)g,, S2tEl,  The larger in magnitude the positicn errors, tha larger the valua

of the guadrabic cost J, In this situntien, whas chanld have haemoped in that the 2nd, Jrd,..., !th alee
crafet should hawe been furthor pach als.g tholr reonective nsminal ALY rouren,

8,2 Ideal Afreraft Poplsien Errcr Vactor

This traln of thought leads to the follow.ag questicn:

Suprosn that one could arbitrarily place esach alroraft
at pore maint on thelr neminal air routa 4t tirs £ whare
ghould cach airsrafs Be slasad?

For each airéraft indoxed by i, we have fts actual distance-to-go 2&(t) at the present time t. We define
zi'(t) fo be the ideoal distanze-to-oe aleng the air reuie. We can then define (compare with eq. (16)),

the ideal pesition errex 621'(t) butwean the i-th and i+l-st aireraft by

52,4 (z) 820 (o - I

i+l i

and the ideal position error vector fz*lt} .

'ézlttca"
N LERI (25)
8ze(t) =
fzﬁ_ltﬁl

Once pore suppose that $v(t) = 0 (no spedd whatssever). Then, the ideal position error voector Szt (t} is
clearly £z%{t} = O, because frem time t on the airevaft would continue to travel at Vv and end-up properly
separated. Hote that, Lf Sw(t) = O, then €x4(t) = 0 corresponds to the absolute minimum (2ero) of the cost
functicnal (32,

However, the deberninasion of the ideal positicn error vector éEf(t) iz not as eaay_whcn ég(t) 79
{nome alreraft go teo faut, oihers teo olow)., In this case, the Ldea position of cach alreraft depends on
the veloeity errors since it would vake gem: time te correct thess veloeity arrors.

what we seek L a systeratie and sizple wiy to determine the ldeal position error vecter Sz*(t}. 1In
the prepooed algarlthi the fellowing philacephy Lo adepred:

Suppese we arve given Svit), sineze the magnitude of J in Bq.

(22) &5 a reoggen of the deoves of awarem uncoordination,




deflnq_ég?KtI_Q@"k@ the wicter that lealy te the s=allest

possthin value ~f 1,

In other wor's, S20(t) lu dufined by

8200 tegy dav (o) + 20zer (nip, Sute) & Syt (eI Buic)

g,ég'ttigllégﬁt) + 23z (e IByq Zuie) + AR P RIS , {36
Clearly, we can rind 42%{t) as the root of the veeter equatien
37 "
ﬁr}- 511 éi(u} + K GV!t, {37,
or
82808} m -KTT e Svin) (38)

By By 22
{a) 5;1 exists, bocause ¥ {s pesitlve definite

{b) when u(t), = 0, then dat{t) = 0 am commented above, and as is
intuitively chvicus,

{c) The ideal position error vector 4:‘(:) depends on all velocity
error woetors,

(d) The on=line cerputatignal reguirerants of (38) are small once X

E;i and K havu been ecrputed,

B.3 Cormputatien of Idsal Plane Losariens

Equatlen 'a e fines the ideal posltien errer vester £z¢{t) given the actual veloglty error vector
Swit). Thiy ¢y me. onough to opectfy the decired afrcrag: Tozations ~'(t) on theiy alr route,

In Cage of relatively large velecity rusmateh one would expect that seme afreraft chould have koen
Fahead of themdelves” while othors "in back of thesselves™. For the plares that should have been “akead
of iherselves” vary little can ke dene i€ one wishes to avoid severc aceelerationc, decclerasicns, and
speed changes oy cutting acress air reubes. On tha other hand, £ 4 plane should ke "in back of itself",
then such a plane can terporapily waste time by leaving tho alr route for an appropriate time and their
returning to it (how thic is Jdone exactly will be discusced in Secetlon 9).

This phliloscphy can be uzed to develep the following algerithm which deflnes which planes can stay or
thelr nemdnal alr route and which rugst leave it te Weste tise.

Planas 1 and 2 (iwl}

Lot 1«1, Consider the lead plane and 1ts true distance-to-go zltt). We assume that the £irst planc
to land should net usdergs any pathestretehing mancuvers so we st

El‘(t) " zl(t) {39)

(L.e., th, desired location of the lead plasne coincides with fs actual current location).

Row consider the psecond plane (indazed by iml), Given dy El'tt} from eq. {39), and 6:1'(t) from eqg.
{38}, we can see that eq. {34} ylelds

2,0 {t) = 6:1'(t) + El'(t) +q {40}

Hote that zz'(t) i the ideal distange-to<ao for the tecond-in~line plane. Comparing it with its aetual
distance-to-go, z,{t) we corpute

3 8 .. .
xz(t) =z, (e} - uztt) {41)

Caga 1t If x,(t) < 0, this eeans that the sccend afrcraft should have been ahead of ftaelf; in this case,
there 15 no reason fer it to leave its wominal alr-reute basavse we cannot pessibly place it at z.*{v), s59
we set iz'(t) = zzft) and we procecd with investigating planes 2 and ).

Cane 21 IF x,(b) > ¢, thig reans that the second plane should have been behind ftself. In this case,

plane 2 {u eceipagded ta loave its pondnal alr reute, and its desbired locaticn 52'tt) iz that found in (42},
i.e,.,

Ezt{t) - :2'(:) (42)
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In elther case, wo have & valie for Ez‘tt) and we proceed ts exominge plane 3,
Planes 2 and 3 (la?

We have 52'(LJ found akaver dz' tha desired sgeparation botween planes 2 and J; and, 6zz'tt) from e,
{38). From B3, {34) we find the ideal locatien z,t(t) ef the 3zd plane,

2,0{t) = z,01e) + Ez'm +d, {43
From zJ'(t) and tho astual distance-to-go =3(t} wa copputo
A
xa(t) - za'(t} - zatt) (44)

Case 11 If z,(t) €90, then plana 3 stays in itg air route and wo met £3°(t) T

Cage 2t 1If xJ(t), plane 3 should ke behind itself; it is copmanded to leave its alr route and its ideal

Iy

position 2,%(t) iz that of eq. (42}, i.e.,
B0 () = 24t (45)

This algorithm can be used until all ¥ alreraft have heen tested, Figure 5 shows this part of the
algorithm, 7his sirple algorithm {inds

(8} which planes stay on their air route
{when x, {t) = z *(c) - =i(t) <0

() which planes must léave the alr route
(when xi(t) - zi'(t) - zi(t) > 0)

8.4 Corputaticn of ldeal Marion along Alr Routes

’,
The preceeding algorithm has established the desired locatlon of eash and every alrcraft, as defined
by the desired distance~to-go E,*(t), as the prasent time t. The *subsequent desired motion of the afr-
craft for T2t can alse be found by using the opeimal ssceleration cormand ule), determined in Section 7.5
from the solutisn of the linear-quadratic cptimal contrel preblem.

Ir we substitute eg. (29) into eg. (22) we find that the position and veleclty eiror vectors, £z(T)
and ﬁ!‘T)' are defined by means of the clesed-lgop differential equation.

N D E P

tmint {46)
ac . .. o N .
Ls‘.'-«(" ["*‘iz 1 2227Kpp J sviehy o
h——-.p————’
i
et 5c1 denote the (20-1)x(2l-1) closed loop bystem matrix defined by (46); note that it is5 a constant
matrix.

The algorithm of Section 8.3 has defined an ideal distance-to~go for each alrcraft, Ei*(t}. This can
be used to compute a desired positien errvor between aireraft i1 and i+l by

LY '(t) w 2% _{t) - zi'fb) - di (47

141
and hence, a desired position error voctor ﬁg*(t).

The desired rotien of the aircraft aleng their air routes can now be found from the solution of eq.
(46) for any tipo 12t

LFATRS) §z* ()
] me T . ;) (48)
' §o0 (1) - By (t)

Fnowledge of §8#(7} can ke once more translated lnto distance-to-go information. The overall cemputation
ig indicated In the flew chart of Figure 6.

8,5 Posuibile Utilizaticn of the Fosults up o Now

Thuse rezults can be utilized in the current ATC system in the following way. (At the present tive,
tyie ground controller chaerves the actual sotion of the alrcraft on his radarscepe.)

A dlgltal corsuter program o be deviged using the informatlon contained in the flow churts of
Figures 5 and 6, The outcome of the digital computer g Jram can be used to superimpose oh the current

N

- R - T L
- i * T L
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radarscope display (perhaps using a different color)

a) The desired ‘ccatien of each aircraft at the present time ¢,

fronm knowledge of the desired distances to go i"lt)

) The desired future motion of each alrcraf’ at any tirme ™e
in the future, from knowledge of the t"( ') distances.

The huran ground controller can then maonitor the actual and desired rotion of the aircraft aleng the air
goutas sirultanesusly. HMe can tranemit appropriate voice cormands to the pilots so that their actual
soticn eventually coincides with the desired rotion. We shall see in Section 9, how this task can be aided
for the a.rcraft that should have been behind therselves and which, therefore, must undergo path stretching
or holding type maneuvers.

This corputer=aided decinion system is also cormpatiblc with a possible evolutionary ATC system currente
Ly under investigaticn at M.I.7. (see for exarple ref, 9). In this envisicned system, the current woather
radar display will ke rodified so that one can transmit frem the ground, and display te the pilet, the
loca‘l't of his atrcraft and of the neighborine cnes. In this ranner, it is hoped that each pilet can do

his "own air traffic cormsral”, In sush a system, one can trassrit to the pilot not only the actual situa-
tion but also the ired situaticn. Cach pilot could be then given the responsibility of matching th
sotien of hiec own asireraft o2 the Ausired era and exacuting these maneuvers in & safe ranner. Figure 7

.
play inforraticn that can be provided, In addition, fast prediction capability
4

41lustrates the type cf 4
« ¢ each aircraft should be in a fixed time in the future (e.g., 30 second

can be used to indica
prediction).

Additional rermarks about the corputaticnal regquirements will be given at the end of the paper.
IX. DETEPMINATICN OF PATIH STRETCHING/HOLDING TRAJECTCRIES

The algorithm presented up %o now simply deterrines the desired locations of the aircraft aleng the
nominal air routes. As discussed before, el"ecxalls in heavy traffic situations, it is reascnable %o
expect that rany aircraft should have been further tack aleng their nominal air routes. In view of veloc~
ity limitatiens, there aircraft then rust 'E"'xll!i!f leave their air route, waste tire “y some sort of
paneuver, and then reenter =heir nominal air route a. some future time when it is possible that their
actual potion coincides with the desired one. (see Figure 8)

This problem can be viewad as requiring each aircraft to “"rendezvous" (more or less) with its desired
moving lecaticn aleng the noranal air route. Although cne can rely on the ground controller and/or pilot
to figure out the appropriate trajectories to accomplishi this rendezvous, it is clear that any computer
aided decisicn rules and suggestions will be welcomed for the execution of these tasks.

This secticn presents such an algorithm that autcratically gererates nominal time-wasting trajectories.
Once more these traiectories can be displayed on the ground ATC display and, perhaps, on future airborme
displays.

9.1 philoscphy

Consider an aircraft whose actuai distance-to-go, z(t), is smaller than its desired distance-to-go,
£%(t), so that (see Section £.1)

x(t) 4 gt (t) - z(t) >0
Ev(t) = z*(t) (49)
which peans that this aircraft must temporarily leave its néminal air route.

As discussed befcre, this aircraft must return to the nominal air route at some future time T>t. At
that time, it is necessary to have

(1) = 2(1) (50)
which lrplies that the actual location of the aircraft coincides with its desired location. The key
question is: hew this con be acgorplished in a rmanner that the recuired trajectories are easy to irplement
in rcal time, and ¢ tent w=.th LY pstraints cn the motion ¢i the ircraft.

The first assurmption that cne can nake is that:

The rendezvous should be accorplished in minimum time

One can defend this assumption on the grounds that:

(a) Nominal air routes are oftan established because the pilot has
the mpst accur i n; hence, minimizing the
tire !“.!.t away frot
the navigation a

igaticn inforrmat

AT route is satisl

(b} In the vicinity of an airport, pilots dislike the execution of
too nany mansuvers unless avsolutely neccssary; for any given

traffic conditionsg, ki ledse that the time required to exocute
path stretching *ral ri¢ is minimum can be corforting to
the pilot and passengors, especially in bad weather conditions,
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The second point to be kept in mind is that this problem should only reduce nominal flight paths to
aid the human; henou, exact

gendezvous 18 not abeolutely necessary. As long as the aircraft returns to
the air route in the vicinity of its desired locaticn, ore can ro.y on the ability of the feedback system
to make a certain amount ©f correcticns along the alr route. This philosophy, and the desire to cbtain

8 sieple algorithm lead us to the second an.-pr.x.n

Both the aircraft and its desired roving {rmage are moving
gt the constant .__-_._" recall that all ajreraft will be
gontrolled to rove at v.)

.

In practice, velocities will be somewhat different than V. This will cause some misratch in the rendezvous
(some aircraft will return slightly atead and sorw slightly behird their desired location on the nominal
alr route.)

Even under these assumptions, there are many questions that remain:

1. How long should the aircraft stay away from its nominal air route
(What is the minimum value of 1-t?)

2. At what locaticn does the aircraft return to its norminal air route?

3. Mow are radius-of-turn (maneuverability) lirmitations taken into
account?

4. Are the path stretching or holding trajectories easy to fly?
S. Are the turning comnands easy to understand and implement?

All these questions will be answered by selving a minimum time nonlinear rendezvous problenm,

9.2 Flight Dynanics

We shall assurme that path stretching maneuvers will be executed at a plane defined by the nominal air
route. TFigure 9 shows the suggested coordinate system; the negative x-axis coincides with the air route
and the y-axis is along the local "horizontal” plane defined by the air route.

The motion of the ur:rnf: in the x-y plane is rcdelled as the motion of a constant speed (9 particle.
It chances _".'r-:'*‘* by eonteslling the rate of change of the headiny angle 2(t). In problems of this type
grort temm aircraft cynarics and use the tollowing set of equations to describe the
aircraft roticn; (these egjuations have ’near. used many times in a variety of aerospace applications to
ebtain nominal trajectories):

L]
R SRR v
\ a §(t) = ¥ sind(t)
L\
$(t) = w(t) (51)

Thus, z(t), y(t), and ¢(t) are the state variables, w(t) the control variable, and ¥ a constant parameter,

We assume that (near v) the aircraft raneuverability is censtrained by a minimum turn radius R

min’
This can then be expressed as the following constraint on the control variable «(t) in eg. (51):
-i-!- S wit) € RL (52)
min min

9.3 Formulaticn of the Minimum Tire Fendeszvous Problem

At the initial time, t (= present time), the aircraft flies along its nominal air route hence, the
initial conditicns are

y(t) = 0
$(t) =0 (53)
and z(t) is the actual distance-to-go.

Also at the initial tire, we know the desired distance-to-go z*(t) > z(t). The desired rotion of
the aircraft is along the air route. Our assumption that the desired motion is with a speed v allows us
to write

£o(1) = E%(r) = ¥ (1-t); > (54)
Hence the precise formulation of the minimum time problem is:

Find the control w(C), ¢ £ 3 < 1%, that satisfies the constraints (52), such that
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2(1*) = i‘(!']\

yl(t*) = 0

$(1%) = 0 ? (s%)
and

T* & minirun )

9.4 Bolution of the Minimum Tire Fendegzvous Problem

The above optirmizaticn problem can be readily solved using the maximum principle. The details of the
derivaticn can be found in the thesis by Porter, reference [8]. Only the soluticn to the problem is in-
cluded here.

The optimal trajectories are made up of

(a) straight lires ard/or

(b) eircles vhose radius iz the minimum turning radius, l-in

Hence, the tire-optimal rendezvous trajectories are extremely sirple and easy to execute as far as a pilot
is concerned,

There are three types of trajectories that arise in this problem depending on the difference x(t)
between ideal dictance-to-go of the aircraft 2*(t) (found in Section 8.3) and its actual distance-to-go
s(t) at the procent tize t, i.e.,

x(t) = 8%(t) - z(t) (56)

Case I: Oscillatien Tvype Maneuwver

This case occurs when

0 < x(t) < 27R (57)

min .

wvhich occurs when the ideal locaticn of the alrcraft is not too far behind itself. In this case, the
optimal strategy is dete.rined as follews., From the actual value of the distance x(t) find the angle a,
0 £ a < 180°, which is the root of the equation
Al
a= sina = x(t (58)

‘ern

Then, the required path stretching strategy is

(a) turn hard left for 2 dagrees (or agnin/; seconds), then

(b) turn hard right for 2a degrees (or 2aR n/? seconds, then

mi

(e) turn hard left for a deqrces'(or aﬁmin/; seconds) ,

The type of the resultant trajectory is shown in Figure 10; it consists of three circular arcs executed at
the minimum turn radius (egually well one could execute a right-left-right turn policy).

In this type of maneuver the (minimum) time (* at which the aircraft returns to its air route is given

by
4aRr
"=t + B8 econds (59)
v
where a is the solution of eq. (58).
Case I1: Circular Maneuwver
This case occurs when
R (60)
x(t) = 2 e
The optimal strategy in this case for the aircraft to undergo a 160* degree left (or right) hard turn at the
minimum turn radius, The (minimum) tire 1% at which the maneuver is completed is gqiven by
2nR_.
1% & ——" gaconds (61)
v

Figure 11 shows this type of trajectory.
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Case ITI: Fly=Around “Maneuver

This case occurs when

x(t) » ”Rmn (62)

L.0., when the aircraft should be significantly behind itself, In this case, the cptimal strategy is

(a) turn hard left for 180° degrees (or 'men/v seconds) , then

(b) fly straight for a distance of x(t) = 2*Rmin {antiparallel

to the air route) or for a tise (x(t) = Z'Rninl/zv seconds,
then

(e) turn hard left for 180° degrees (or ﬂanlnfv secends)

This holding-type trajectory is illustrated in Figure 12, The rmaneuver is finished at the (minimum) time

of
R x(t)=27R
et 4+ -Mrn * — min (63
v 2v

Of course, if the distance that should be flown antiparallel to the air route is very large one can
execute cne of rore circular raneuvers, provided that no aircraft wider emergency status utilizes the
same portion of the air route during the maneuver,

FPigure 1) surmarizes this information for a ¥C-115 at 160 knots. The minimum turn radius is

$.313

n‘m =- -—z—— N.M. (64)
v

which correspords to a 2 minute :360° turn., It is interesting to ncte the discontinuity of the minimum
required raneuver time at the criticaldistance Z*Rmin (it takes less time if the error in desired locatien
is 6 N.M. than say 5 N.M

9.5 Discussion

mple maneuvers can of course be ccrputed extremely rapidly by a digital computer

These exceedingly sirp
illustrated by the flow diagram of Figure 14.

algorithm. This is

The cormmands and suggested traject crirs can be introduced to the display of the ground centroller,
once rore to aid his decisicn = ¢ He can then communicate to the pilot the sirple turn=-turn-turn or
turn straight- g ! “o ;3ssxhlo evolutiorary ATC system, these commands and trajectories
can also be tran tted iiplay in the cockpit. Eventually, all of these commands can be introduced

directly to the aircraft autopilot.
X. PURTHER DISCUSSIC!
The essential computational algorithm has been presented in the preceeding two sections. In this

section we elaborate upen its usage, ';.1_;.4 rrﬂh&!"ﬁtnt!. as well as the type of research that is still
needed, before these ideas can be fully irmplermented,

10.1 The Choice of the Weighting Constants

In Equation (24), the quadratic cost functional J contains the positive constants Tuv Agrever Ty g0

which are used to penalize position errors, and pl. p,.....p , which are used to penalize for velocity

N-1
errors. In general, velecity errors should be penalized much mor2 heavily than position errors so that
the essential assurption that all planes fly at ¥V is justified, and since severe position errors can be
alleviated by path stretching maneuvers.

It is suggested that the same weight should be assigned to all velocity errors, i.e., one should use
Pl'Pz"”"P“'P iss)

By the same token, cone could usze th
In gener:l positionerrcrs are more
means that they i

be used in th

same weight to all position errors. HMHowever, this is not advisable.
ritical for the planes that are to land carlier than others, which
mall values of the landing index i. Thus, the following relation should

n o

i
Q2L 2, (66)
Since velocity errors are the most important ones we should also have
p> 9 (67)

R R R R R O R IR R N IR T T R R R R j-——
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(A ratio of 22 to 1 is suggested). .
Of course all these suggestions are tentative Fosearch is underway to deterrine the proper values of
these constants by conducting ran-rachine simulation experiments; in essence, these nusbers should be

deternined by the ability of the human pilot to be able to follow the suggested motion.

10.2 Corputaticn of the Riceati Sslution Matrix

Once the weights Py and q have been selected, the patrix Q in Eq. (27) {s deternined. The B.rmatrix,

see eq. (22), depends only on the nurler N of the aircraft. The A matrix, see eqs. (22), (20), and (21),
depends on the nutter N of the aircraft and on the physical identity of the jets. The reason is that the
542 submatrix in Eq. (21) depends on the drag coefficient-to-rass ratio E‘. If indeed the :l'u are drasti-

cally different in value, then the Riccati equation must be solved again
(a) every time a new air~:aft enters the NTA region, or
(b) every time an aircraft crosses the outer marker

On the other hand, Lif assurpticn (14) is true, which reans that all the 2 are essentially the same, then
the A and B ratrices depend only on the number N of aircraft and not on th‘iz physical identity,

In this case, one can precc—oute and store the salution of the Riccati equation (27) fer all reasen-
able values of N that cne ray anticipate. Hence, at each instant of time by counting the alrcraft one can
pull out of the corputer rermory or tipe the appropriate ! matrix.

In fact, one can precoroute and gstore:

(a) The key matrix =¥ 'lx‘ that according to eq. (38) defines the ideal

=11 =12
position error vector £2°(t) in terms of the actual velocity errcr

sv(t)

() The gain matrices -Kiz and 512 that generate the optimal acceleration
vector u(T) according to eq. (29).
chtt-t)
{e) The closed loop ratrix exponential e for several values »f

the prediction tine Tt (e.g., T~t = 15 secs., T~t = 10 secs., etc.)

Under these assurpticns then, the most time consuming digital computer calculations do not have to be done
on=1line. The rerainder of the logic and calculations are extrermely trivial and can be done by simple and
cheap digital corputers.

10.3 Updating the Alcorithm

As menticned before, the nurber !N of aircraft changes with tirme, Every time a new aircraft enters the
region N is increased by one; every time an aircraft flies over the outer marker, N is decreased by cne,

Let us suppose that the algerithm has been working for a while and let us suppose that at the present
time t a new aircraft enters or leaves so that N must be updated. At this instant of time, some of the
existing aircraft are on their nominal air routes while cthers are undergoing path stretching maneuvers,
Ideally (and this is a subject for future research) the desired positions of all aircraft should be
updated. However, this would require the piling up of extra raneuvers for the aircraft that are currently
*holding”.

For this reason, whenever a new aircraft enters the region, (indexed by N+l) it is reasonable to
compute its desired location cnly with respect to the previously last plane (indexed by N). This scheme
would then utilize the previously corputed desired position E"(t) of the last aircraft to determine the
action required on the Ne+l=-st aircraft, :

Similarly, when an aircraft passes the outer marker, it is suggested that only a simple re-indexing
takes place rather than a corplete reevaluation of all desired positions.

This course of action, although subeptimal, has the advantage that each aircraft would undergo at
most a single path stretching raneuver under normal conditions. It is only during an emergency or change

This then susgests ancther possibility for future research. Namely, to modify the proposed algorithm
so as to handle the N aircraft in interlaced substring centrol for ground vehicles discussed in reference

[4).

It should be stressed that additional research and extensive simulation studies are necessary to
evaluate the potential urefu ss of *he sugrested algorithm, The advantage of the algorithm essentially
1ies in its sirplicity from viewpoint of orn-line cornutation and its flexibility in being adapted to
an increasingly automated ATC systonm.

XI. Simulaticn Eecults
In this section we present some simulation results for twelve aircraft using the following assurptions,

All aircraft are identi=al (Poring 707-320B Pax version) with empty operating weight of 138,321 1bs,

“
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The desired speed was ¥V = 160 knots. For this casa, E* = 2 and
B = 0,05167 sac

All position and velocity weights were selected equal. Thus, in the quadratic co;t functional listed
4
q *q=0.018
2
PgF" 0.058
which was found to give satisfactory control.

Alsc, we set

“ - D-*n = 3 n.m.

4.0., no takeoffs were allowed between landings,

11.1 Normal Landing Case

The initial configuration of the aircraft is shown in Fig. 15, enly ten out of the twelve aircraft
are shown. At tire t=0 the locations and speeds of the aircraft are swmarized in Table I.

Alrcraft

awbes b8 2 3 “ S 6 7 e 9 10 11 12

Initial
Velocities| 163 162 163 166 166 169 172 |12 163 178 178 190
(knots)

Initial

positions 3 6.1 8.8 10.5 12 20 23.1 29 1 6 41 S0
(n.m.)

I1deal

positions 3 6.1 9.15 ] 12.5 15,15 20 23.1 29 32,05 3% 43 50
(n.m.)

Table I Actual and ideal situation for a normal landing procedure

Figures 16 to 18 show the response of the aircraft every twenty seconds. Both the actual locaticns of the
sizcraft (dencted by crosses) and their desiread images on the air routes (denoted by circles).

In Pig. 15 we surmmarize the situaticn at time t=0. The nurbers indicate the natural landing sequence.
The primed nurbers denote the desired location of the aircraft along the air route, next to the circles,
Note that aircraft 1 and 4 were closer thaa 3 n,m. so that they have to be separated. This requires air-
craft 5 to waste time so that no conflict at merging will occur. The slight delay required by aircraft 9
is to avoid conflict with aircraft @ at "i.e merging node.

Pigure 16 illustrates what happens curing the first minute. Once more, we display both the desired
motion (circles) and the actual moticn of the alrcraft (crosses) every twenty seconds. l!ote that aircrafe
3, 4, 5, and 9 have to execute cscillati n maneuvers. Only aircraft ) completes its maneuver at the end
of the first minute and it is now correc.!y separated from aircraft 2.

Figure 17 illustrates the motion during the second minute, ‘lote that aircraft 4 and 9 complete their
oscillaticn raneuvers and they are correcily scparated (4 with respect to 3, and 9 with respect to 8).
Adrcraft 5 still undergoes its cscaillation maneuver to avoid conflict with aircraft 4 at the rerging ncde.

Figure 18 illustrates the rmotion during the third minute., Alircraft S5 has completed its oscillation
maneuver, and is correctly separated from aircraft 4. 1In the abscnce of any subsequent changes, the air-
eraft will proceed aleng their neminal air routes, accomplishing all subsequent merging safely, and will
pass over the outer marker correctly separated by 3 n.m.

11.2 Emergency Case

In this case we assumed that the aircraft which would norrally would have been fifth in natural
landing crder (sce Table I) develops a minor erergency and is recassigned a new landing priority, i®3. The
initial conditicns are now summarized in Table II.



oy }*-‘: ,l[ "N K H«)“‘I Y \ ( ."+"|'~ ]”UA‘.[ PA( 't

Alrcratt
nurler

Initial
velocitien| 16) 162 166 16) 166 169 172 172 161 175 178 190
(knots)

Initial
positions 1 6.1 12 8.8 10.5% 20 23.2 9 1n 3% 4] S0
(n.m.)

1deal
positicng 3 6.1 12 15.01 18.08 | 21.01) 24.01 29 32,08 36 43 50
(n.m.)

Table II Actual and ideal positions when No. J is ir emergency

Note that this creates a "squecze” on aircraft #4 and #5, The responses are sumrarized in Figures 19 to
22.

The sinulation results indicate that the total propagaticn of the adverse situation created by the
emergency is localized easily, since the trajectories of aircraft @ to 12 are rot significantly changed
from their norval cperation. This, we feel, illustrates the efficiency of this method.

Consultation with some experts in ATC has produced an opinion that if this emergency situation occurred
in zeal life the human controller would tend to corpletely direct aircraft 4 and 5. This then would have
created a redusticn in the capacity, because there is quite a bit of space unused between aircraft 3 and
6. This method of solutien illustrates that although aircraft 4 and 5 have to undergo flyaround maneuvers,
only minor cscillation raneuvers have to be undertaken by aircraft é and 7 (as compared to the normal case).
Due to the existir =apacity aircraft 8 to 12 are not affected. Once more note that in spite of the major
perturbation creat ., all rergings are accomplished safely.

XII. CONCLUSIONS

A sirple corputer~aided decision algerithm has been proposed for the ATC problem in the near terrminal
area. The algorithm arpears to be practical frem a computaticnal standpoint and adaptable to evoluticnary
ATC changes. Additicnal research and simulations is required to prove its potential usefulness, through
conduct of pilot acceptance experimernts, and incorpocrating major stochastic effects.
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