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An Experimental Study of
Performance and Fault—Tolerance
of a Hybrid Free—Flight Control
Scheme

Antonio Bicchi

Interdept. Research Centre “E. Piaggio”, Universita di Pisa, via Diotisalvi, 2,
56125 Pisa, [talia

Abstract. In this paper we first describe an optilgﬂlal coor(;:]linatted cc::ﬁ;cltz. emf?lr;i
implified del of air traffic, tending to m
agement scheme for a simplified mo . i T ' !
cﬁnsumption while puaranteeing safety against collzsmfns. A decent;agz;a;l Clérrll[t;:):zl
i i introduced, and its features as a hybr

mentation of such a scheme is then in s

scheme are described. Finally, we discuss the tradeoff bet\-wveen perfnrrlnan?e a?;l
fault tolerance that goes with decentralization, and assess it by extensive simu

tion trials.

1 Introduction

In this paper, we investigate the advantages and disa.dva:ntage‘s of a pro;;toiifi
decentralized Air Traffic Management (ATM) systfam, in Wl,':lch aflla:‘c;z” e
allowed a larger degree of autonomy in deciding their route.{ free flight”) ]Et
stead of following prespecified "sky freeways”. A c_lecentrahzed managerlr;eh-
scheme is described, which incorporates a hybrid cgntrol system swi ::}
ing among different optimal control solutions according to changes in Z.)(;
information structure between agents. The perforr;m'ncelatr?.d ri}:;ﬁ;m:iz °
i izati i d by means of simulation trials, -
this decentralization scheme is assesse . _ : _
ing that, whereas optimality of plans is strictly nonlr(l;rea.zmg, ré?)us;tsmiais
: 1 an
i is li i e. This work (based on
to system failures is likely to improwv ; o 2
3 ds the design and implemen
tended as a prepaparatdry study towar ‘ : i
i ' rt of an Air Traffic Manage
of a Flight Munagement System (FMS) as pa n A lunay
ment (gTM) system architecture allowing for multi-aircraft coordination
i G be safe.
aneuvers, which are guaranteed to o )
" A numt;er of issues should be considered when degdmg on the apprtl)t;')n
ate level of centralization. An obvious one is the a;t{hm&hiy of t}flie refs:u iﬁi
design. Even though optimality criteria may behdllf;r"}(:ﬁlt 1‘;;:;1 dflae 51:1 Oc;‘rcen
i . it i inciple, the higher the -
air trafic problem it seems that, in principle, . .
tralization the closer one can get to the globally optimal solution. However,
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the complexity of the problem also increases in the process; to implement a
centralized design one has to solve a small number of complex problems as
opposed to large number of simple ones. As g consequence the implemen-
tation of a centralized solution requires a greater effort on the part of the
designer to produce control algorithms and greater computational power to
execute them. Another issue that needs to be considered s fault tolerance
. The greater the responeibility assigned to a central controller the more
dramatic are likely to be the consequences if this controller fails. In this

airport. Similarly, a distributed System is better suited to handling increas-
ing numbers of aircraft, since each new aircrafi can easily be added to the
System, its own computer contributing to the overall computational power.
Finally, the issue of flexibility should also be taken into account. A decen-
tralized system will be more fexible from the point of view of the agents, in
this case the pilots and airlines. This may be advantageous for example in
avoiding turbulence or taking advantage of favorable winds, as the aircraft
will not have to wait for clearance from ATC to change course in response
to such transients or local phenomena.

2 Decentralized ATMS

In order to quantitatively evaluate the effects of decentralization on perfor-
mance and robustness, we introdyce a much simplified, yet significant model
of the air traffic control problem. -Consider the problem of steering v agents
{aircraft) among 2N given via-points (see Figure 1), Aircraft are assumed
t0 move on a planar trajectory (in fact, all fly within a given altitude layer),

and their craise speed is constant. The kinematic motion of the i-th aircraft
is modeled as

&y cosf; v,
ﬂ,‘ = | sin 9,’ g (1)
91' Ly

where & = [m,—,y,-,ﬁi]T is the state vector (comprised of &,y position and
heading angle 4), u; = constant is the cruise speed. Start and goal via-
points are ¢ , and §i,9, respectively. We assume for simplicity that motions
are synchronized, i.e. all aircraft are at the start via-point at the same time,
and denote by T} the time at which the the ¢~th aircraft reaches its goal.
The cost to be minimized in choosing the control inputs (yaw rates) wy is

the total time~-to—goal, or equivalently the total path length (proportional
to fuel consumption),

N N
J= dt=5"T1 2
g[o > @
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Fig. 1. Three aircraft with initial and final viapoints assigned.

Limitations of feasible yaw rates for practical airplanes are incorporated in
this model by setting

wy & ["‘-Qz': nl]

. . ints
Besides the initial and final state constraints, and bthe ;nputdcoTr;s;;rs;Ey
i isi lutions must be enforced. ,
a constraint of no-collision along so : ' ‘ .
F(:i)c,h a constraint is emhodied by non intersect:grn ‘_\?f 1safety discs of ra.dnis tJD1
iti e lities on states

centered at the aircraft positions, namely by *Lwlz inequali

(3)

of type o
: 2
Vis(€i, &) = (=i — 2 + (i —93)" = Df 2 0

| It should be noted that, although the Euclidean di;tatn:t:e used 1nnt :EZ
iti i ot appear to take into accou ‘
above definition of the constraint dm.es not a the
fact that the nonholonomic kinematics (1) induce a more complgx) rrzz)rlis
on the space (compare work of Lanmond and co-workers, [11], [61),
ical in current ATC systems. _
EYDJI(:I aH::entralized ATMS, the above optimal control pfroblemiwm;%]da;)!:
- ir Traffic Control, using one of several avai ;
solved by ground-based Air ; e ao s
i iqg i t, even in this simplified setup, ineq
numerical technigues. Notice that, thied setup, ineduaity
i ' i i ints may generate difficulties
traints on states at interior poin . '
icr?t,rflasg;atioa In our simulations, we adopt the suboptimal strategy introduced
. i i detail.
in {2], and described below in some ‘ .
- {131, decentralized ATMS schemes, each agent {alrcraft_) is a.l}oml;?d ts ézlccﬁ
decisions autonomously, based on the information that is available a
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time. Several models of decentralized ATC are conceivable, which may differ
in the degree of cooperative/competitive behaviour of the agents, and in
the information structure. For instance, a noncooperative, zerc-sum game
of the agents is a conservative (worst-case) approach to guarantee safety of
solutions, and as such it has been studied e.g. in [13], {10), [14]. In this paper,
we consider a cooperative scheme which falls within the scope of the theory
of teams (cf. e.g. [9], [1]). In particular, we consider a scheme in which

e The i-th agent has information on the state and goals of all other agents
which are at a distance less than an “alert” radijus R > Dy

* Each agent plans its flight according to an optimal strategy which con-
sists in minimizing the sum of the time-to-goals of all pertinent aircraft,

Let S;(7) denote the set of indices of aircraft within distance R; from
the i~th aircraft at time T, i.e. aircraft 7 such that

Ci (&, &) = (z; — z;)% + (y; — v;)? —R? <.

The goal of the i-th agent at time v with information S; is therefore to
minimize

Ty
Lsn =Y [ a (5)

JES:

under the constraints
Vis(€,6;) > 0, ¥i € §;. (6)

Obviousty, when ail R; are large w.r.t. the dimension of the considered flight
area, each agent solves the same problem the centralized controller would
solve, and the resulting performance would be equal {albeit with N-fold
computational redundancy).

When, during execution of flight maneuvers planned based on a certain
information structure J = (S1,...,.5N), an aircraft { with & S; gets at dis-
tance R; from aircraft 7, the information structure is updated, and optimal
paths are replanned according to the new cost and constraints for aireraft
J. We assume that structure updates and replanring are done in real time
by agents.

The system resulting from the above decentralized ATMS scheme is de-
scribed by a set of continuous variables &,w;, i = 1,., -, and a set of
variables S; that take values over discrete sets. To each different informa-
tion structure I, there corresponds a working mode for the system, i.e.
dynamics (1) driven by controls Wi, which optimize Ji,s, under constraints
Vis > 0,7 € 8. The resulting hybrid system is composed of a finite-state
machine and of associated continuous-time dynamic systems, transitions
among states being triggered by conditions on the continuous variables,
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Fig. 2. A decentralized ATMS with three aircraft ha.\;;ng eq?a!. azzr?:nri;ll;usagenm,
e i i t costs and constraints i
i e graph corresponds to differen : '
nof' : latut stiierfngy;mblem. Optimizing controllers for such problems cagse&l;[%‘e:::d
opnlrirxlmons time dynamics at each node. S“lritching between ril;)desi és ' C}%inges
Cohen an airplane enters or exits the alert neighborhood of another (T,
W,

sign).

= ight
i i ith N = 3, Ry = Ha = Rj, there are eig
For instance, in the case with ) ; : : o
possible states (;nodes of operation), corresponding to different informatio
es Iy, (see Figure 2), ' i
Strug;:narlt Eﬁ.t every state transition, each agefn': evaluates in Erafes,i i?sr;f
the optimal steering control from the current posumg.n to %}Qfsggiphes el
ircraft within its alert radius.
as well as for all other aircra X e aly
i i i t position and goal ¢
ed information consists of presen : . ny
:E:rcontrol policy evaluated by an agent for itself is then e‘xecutec‘il, e;)sle e
one calculated for others may ignore part of the. mfc:rmam;m Tl?l : e Lo
them (as e.g. it happens in states Is, s, and I in Figure 2}. D

= B
policies coincide for large K;’s.

3 Shortest multi—agent collision—free paths

. .. “th comn-
The algorithm introduced in [2], tending to optimize prtik})lleml ii)ngmzncd -
straints (1), (3) and {4), will be considere('i for use by' Zp o res,pect s
inctly described below. The algorithm is first described w S
Saur(::ecrllr'zsalized implementation, and then adapted to the decentralize
A i i has
(5),”{(‘h23 gimplified airplane model given by (1}, (3) 13.equnlraler}ls1 tol 1?9};22111@
become the well-known “Ihibins’ car” in robot motion planning ,



454 Antonio Bicchi

i.e. a vehicle which only goes forward and hag bounded curvature, The 80~
lution of the shortest path among two via-poiats for such system {when a
single airplane ig considered) has been obtained first by Dubins (18]), who
showed that optimal paths are made of concatenations of segments, either
circular withk minimal radius (“C”-segment), or linear (“S"-segment), and
that a shortest path can always be found among § candidates of type “CC-
C” or type “CSC” only. Notice that computation of optimal Dubing’ paths
is an extremely cemputationally—efficient procedure. Subsequently, [12] and
{5] reinterpreted this result. ag an application of Pontryagin’s maximum ptrin-
ciple. The latter framework is instrumental to developments presented here.

When multiple airplanes are considered, the sum of al) lengths of Dubins’
paths disregarding (4) is clearly a lower bound to cost (2), and one which
is attained if, and only if, the unconstrained Dubins’ solutions happen not
to collide,

If unconstraineq Dubins’ solutions collide, then from the 'theory of opti-
mal control with path constraints (see e.g. [7], and [4] for an application to
mobile robaot planning) we know that the optimal solytion will be-comprised
of a concatenation of free and constrained arcs, i.e., arcs where Vig > 0,¥4, 5
and arcs where 3, 5) - Vi; =0, respectively. Along constrainsd arcs, at
least two airplanes fly keeping their distance exactly equal to their safety
limit.

Along free arcs, however, constraints are not active, hence their La-
grangian multipliers are all zero in the system Hamiltonian, and the prob-
lem can be reduced to N decoupled optimization problem for each airplane,
whose solution ig again given by paths of Dubins type.

A characterization of constrained arcs can be obtained by differentiating
the constraint, (4), and implies that only two types of such arcs are possible
(type a and b, see Figure 3). Along arcs of type a}, the velocities of the two
airplanes must be parallel, and the line Jjoining the two airplanes can only
transtate. Along ares of type b), the velocities of the aircraft are symmetric
with respect to the line Joining the aircrafts. Two typical circular trajectories
are-shown (by dotted circles) in Figure 3 for type a) and b). In both cases,
the constrained arc may have zerp length, which we will call ag) and bg)
such as depicted in Figure 4. A constrained arc of type a) or b) must also
be a path minimizing solution for the “tandem?” System comprised of the
two airplanes moving in contact with either parallel or symmetric velocities.
[n case a), tandem arcs will be again of Dubins type.

Consider now the case of two airplanes flying in shared airspace, such
that their unconstrained Dubins’ paths collide (see Tigure 5). A solution
of this problem with gz single constrained zero— length arc of either type
aa) or by}, would be comprised of four Pubins paths D;;.i =1, %5 =1,2,
with D; 1 joining the initial configuration of agent i with its configuration
on the constrained arc, and Dy joining the latter with the final configi-
ration of the same agent. The sef of all such paths for constrained arcs of
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o) bo)

Fig. 4. Zerc-length constrained arcs for two airplanes

in R 1 x 5 (e.g.,
type a) and b) can be parametrized by a qua,dru.ple ;n iRofih.S'e h):l fjoi(niig
osition and velocity direction of agent 1, and .dlrec 1(:;] the line Joining
fhe planes}. Further, the constraint on the set of paths ma b be enforwec
that the constrained arc is hit simultaneously by the two agents, i.
length( Dy} = length(D1). . . .
g’j[‘h(e optimal solution within each case can be_ Obtam:'{i el;y :j:llguz:géon
several available numerical constrained optn:mzatlon 1:0}{11 i H;ade putation
is sped up considerably by using very efficient algorithms
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Fig. 5. Configurations of two airplanes for which unconstrajned Dubins" sclution

collide, The dashed circle represents the safety disc; solid circles indicate maximum
curvature bounds.

for evaluating Dubins’ paths (I6]). A solution is guaranteed to exist for
bath cases. We will refer to the shortest one as to the two-agent, single-
constrained zero-length arc, optimal conflict management path (OCMP21,
for short). The OCMP21 solution for the example of Figure 5 is reported in
Figure 6. Solutions of the two-agent problem with constrained arcs of non—
zero length, or with multiple constrained arcs, are also possible in principle.
An optimal sclution for these cases should be searched in a larger space.
However, solutions have to comply with additional requirements on lengths
of intermediate free arcs, and seem to be somewhat non-generic. Further
theoretical work is currently being devoted to understanding under what
conditions non zero-length, and/or multiple constrained arcs may occur in
an optimal multi-agent path. In principle, it may even happen that the
optimal path is made by concatenating an infinite number of free and con-
strained arcs (cf. the Fuller's phenomenon in optimal control)

In the present version of our planner; we do not search for solutions with
maltiple and/or non zero-length constrained arcs, trading optimality for
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Fig. 6. The centralized QCMP21 solution of problem in 5. T1.1e totaltlix:ig:h ;:
92 2-5 (the unconstrained Dubins total length is 88.75). Safety discs contacting

the constrained arc of type bo) are shown {dashed).

H i“ L. L} H
efficiency. Another motivation for such limitation is that ‘acro.batmfﬁﬂlghts
in tandem configuration do not sem to suit well con.lmerm?.l air traﬂ_ f .

If three airplanes fly in a shared workspace, their possible conflicts ¢
be managed with the following multilevel policy:

Level 0 Consider the unconstrained Dubins paths of all :genﬁts (S:fﬁih ninaiy
i — ined arc, optimal ¢ -
ded as single—agent, zero—constraine , .
Ze;r?liiz Saths orgOCMPI[’)). If no collision occurs, the global olptn;mm
2 i )
isgachieved, and the algorithm stopped. Otherwise, go to next level;

8 ir of agents. If at least
Level 1 Consider the (2) = 3 OCMP21 for each pair of ag

one path is collision free, choose the shortest path and stop. Otherwise,
Levgecl) t20 Si};z,ilc(l%;:lt;he three—agent, I;iloublg éﬁ;\raol;lszngzgn(;?sr;?;rgai;:]e(sieic;,h ?rf;
i i roblem , '
21?1831dci?::;g;ﬁorrlna?l;iiir;egg I:Iiar.a:;ec;ce;s ;i%nzi}fliirgiz};; ﬁcrj;nl S(;?Zi‘izzlr;eri
2?&52?26 5&322‘;’33‘;@??62 and £, with & and & € {ao,bo}; ivi, K
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and £ € {1,2,3},i # 4 ' ion i
, : { ; hi# jk # £ A solution is guaranteed to exist for all
9 9) = 1| = 54 cases; the shortest solution is OCMP32.

A three airplane conflict ma i
e ail _ nagemendt solution at level two (OCMP32)
reported in Figure 7. When the number of airplanes increase ( o

s, the number

Fig. 7. An OCMP32 solution. The total len
totfil length is 140.0). The first constraine
while the second involves 1 and 2. Boths

gth is 151.2 (the unconstrained Dubins

d arc invelves agents 2 and 3 {from left)
arcs are of type hg). ’

of optimization problems to be solved grows combinatorially. However, in
- +

practice, it is hardly to be ex i
: pected that conflicts
airplanes at a time have to be managed, petmeet more than a fw

3.1 Decentralized implementation

The algorithin described above can be applied in a decentralized manner by

simply having each agent a i ing i
pply its steps taking in consi ii
other agents that are within their alert disc. ¥ wderation only those
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The online solutions of the two—agent conflict management problem in-
troduced in Figure 5 and Figure 6, are reported in Figure 8. It can be ob-
served that the two aircraft initially follow their unconstrained Dubins path,
until they enter each other’s alert zone {this happens roughly at the third
step after the start in Figure 8). At this moment, an QOCMP21 is obtained
by both decentralized planners. Notice that, in this two—agent problem with
equal alert radius, the same problem is solved by both, although this does
not hold in general. Aircrafts start following their modified paths, which
differ from both the unconstarined Dubins paths and the centralized opti-
mal paths of Figure 6. The total length of decentralized solution is 93.85.

Fig. 8. Decentralized solution of the two—agent conflick management problem (tra-
jectories traced by small circles). Alert dises are drawn in solid lines around the
initia] and final configurations of agents. The unconstrained Dubins’ paths are
superimposed for reference.
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4 Decentralization: Performance and Fault Tolerance

In order to assess the effects of increasin
performed a number of simulations whose

In particular, we experimentally comp
tralized planner with those achieved by several decentralized planners, with
decreasing alert zone radius. The alert zone radiug can be regarded as an
inverse measure of the degree of centralization for an information structure
such as that introduced in the section abo

ve,
The first set of simulations concerns performance evaluation. The per-

formance measure, i.e. the total length cumulatively flown by all airplanes,
for the problem described in Figure 9 has been caleulated for three different
values of the safety radiys. Results of simulations are reported in Figure 10,

g decentralization in ATMS, we
results are reported below.
ared results obtained by a cen-

Fig. 9. Air traffic management problem simulated for performance evaluation

and show that the increase
decrease of the total length
local minima in the
decrease monotonically
To assess fault toler
algorithms under degr.

of the alert zone radius entails a rather smooth
flown by aircraft. As an effect of the presence
merical optimization process, the length does not
as it should be expected.

ance, we simulated the same scenario and planning
aded control conditions. In particular, some of the

ed to fail during flight. Controllers affected by failures
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;.gf”;vé’;wéltance =4 @ safe distance =5 Osafe distance =6

L.ength
=l
N
o

% il
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Alert radius

Fig. 10. Total length flown by aircraft at varying the alert zone radius.

ith via-
compute their optimal plans according to the same si(:iratj:&gi,h zu;nglzi; Vi
ints and information structure randomly perturbed. . o of sueh
. trollers are supposed to access correct data again, an ph.le
necont 'Cor} 1‘OTh crisis duration is constant for all simulation runs, w 1d
accordmlgjry;it ra(;dom time. For centralized ATMS, all aircraft all'.e a;su}&l\eé
tgez’e;):iie random flight directions fr‘om ATC. UndeF derclfcr:;;a, ;;e; repim;
other agents are able to maintain thglr coa:;zct; oif;;legt; mod ,to[e;ance "
o FEizlgl tikrlnfn:s) E‘g'czﬁgidi‘iotfl(je?ihn?gﬁsof accidents for 109 crisi.s sitga,tic;n;.
ggsidltssifesimt;lations, relative to the same initial scenario as in Figure 9,
are reported in Figure 11.
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