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Abstract: FACES is an autonamous and coordinated embarked (on bard) confli ct
solver for FreeFlight airspace It solves conflict by computing simple manoeuvres that
guarantees cortflict freetrgjedories for the next 5 minutes (min). Coordinationis ensured
by giving sequential manoeuvres to aircraft with atoken al ocaion strategy. FACES can
be implemented with the aurrent pasitioning, broadcasting and fli ght management
tecdhndogy. Moreover, it isrobust to communicaion a system failure for time upto ore
or two minutes. FACES was tested with atraffic simulator on busy traffic days over
France Airspaceover level 320was considered as FreeFlight. 638 ot of 641 conflicts
were solved withou using verticad manoeuvres. The 3 remaining conflicts could easily be
solved with verticd manoeuvres. The mean delay was lessthan 30seaonds by aircraft
manoeuvred, with amax delay of 150semnds. An airborne implementation o this
algorithm can be seriously considered.

I ntroduction

We have dl experienced at least once alongwait in an overcrowded air terminal. Reading magaznes distributed by
airlines during these long hours, we often found that they consider air traffic control as one of the major cause for
delays. And it istruethat the dr traffic control system is becoming saturated. But, if delays due to overloaded
airports are eay to understand, it is much harder to comprehend delays due to the en route wntrol system. In fad, if
we ask a mathematician to analyzethe system in cold bood it can be proved that the wlli sion probability over flight
level 320isvery low for aircraft flying dired routes, espedally if some dementary precaitions are taken regarding
faceto faceor overtaking conflicts. So, en route mntrol could be mnsidered as expensive (en route charges),
inefficient (delays induced) and statisticdly of very littl e use.

However, if the FreeRoute and FreeFlight concepts are dtradive, espedally to airlines, we still must consider
safety asthe first priority, and design rew algorithms and systems for these new airspaces(airspace &dove flight level
320without control).

The most well known readive lli sion avoidance oncept is certainly the ACAS/TCAS system. It isavery short
term colli sion avoidance system (lessthan 60 seconds) that is the last safety filter of an ATC system. Experiments
with TCAS to control aircraft on simulated traffic have shown that poar coordination could lead to disastrous
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situations, espedally when more than 2 aircraft are simultaneoudly involved [1]. Other simple techniques using
repulsive forces [2, 3] have dso been investigated but drawbadks remain [1].

This paper presents an algorithm for autonomous embarked conflict resolution with a coordination mechanism.
Moreover, it isrobust to communication or system fail ure for times up to one or two minutes. This algorithm could
be implemented with current technology (GPS, FM 'S, ADS-B) at low cost.

First sedion dedswith hypothesis we made and the modelli ng chosen. The second sedion presents the ordering
strategy. In the third sedtion , the A" algorithm used to optimize a onflict freetrajedory for one arcraft is detail ed.
In fourth sedion , the basic dgorithm istested with the ar traffic smulator CATS [6] on a heavily loaded traffic day
in the French airspaceover flight level® 320, Experimental results led us to introduce slight improvements to the
basic dgorithm aso presented in the fourth sedion ; then we finally discussresults of simulations on the enhanced
agorithm.

1 Modédling
1.1 Hypothesis

Theideaisto huild an embarked—that is, an on-board—solver able to compute amanoeuvre eat time a onflict is
deteded with another aircraft in adefined detedion area aound the arcraft. This slver should continuously (every
minute’ ) guarantee a5* minute @nflict freetrajedory to ead aircraft. This 5 minute cnflict freeperiod guarantees
that atransient fail ure of communicaions would not have adisastrous effed: the system could still restart later on;
resolutions would be lessoptimal, more verticd manoeuvres could be necessary to solve dl conflicts, as anticipation
would be shorter, but the risk of colli sion would remain close to zero.

Manoeuvres suggested have to be simple to understand and to exeaute. No manoeuvre can be given during the first
minute (cdl ed the quiescent period) in order to give exoughtime to the solver to compute asolution and inform the
pilot (or diredly program the FMS). Moreover, only one manoeuvre can be given to one arcraft duringa 5 minute
time window, and no manoeuvre can start aslong as the previous oneis not finished.

The dgorithm enforces a global resolution order between conflicting aircraft. The general principle is as foll ows: the
aircraft which isfirst chooses its trgjedory without considering other aircraft. Then, the next aircraft in the priority
queue takes this trgjedory into acount, and computes its own, and so on (seethe second sedion).

Airspaceover flight level® 320is considered as a FreeFlight airspace This areais not aso low density areg
espedaly in France So it isan excdlent test zone for a FreeFlight solver. All aircraft entering this airspace ae
suppaosed to be separated for 5 minutes when entering the FreeFlight zone, and are sent badk separated for the next 5
minutes when leaving it. All aircraft entering this airspacehave to be FreeFlight compliant, i.e.:

» they all have synchronous clocks;

e they are aleto recave dl broadcast information from other aircraft which are within a 90 nmi zone aound

them (see part threein this ®dion);
» they are dl equipped with the FACES solver;
e they are ale eab minute & the same time to compute, and store their current paosition, their FreeFlight
airspace it point and their predicted trgjedory for the next 5 minutes,

» they are aleto reliably broadcast the latter information as son asit has been computed.
Thisinformation consists of 20 3D-points, one every 15 seaonds (in fad, only 16 are needed, those beginning at t=1
min). Extrainformation is added to the predicted pcsition that indicates its acarracy (the uncertainty model is
detailed in the third part in this dion). Of course, the more acairate the information, the more dficient detedion
and resolution. This prediction hasto be contractual, i.e. as 0on as an aircraft has broadcast the information, it has
to keep to thistrajedory for the next 5 minutes as long as the solver does not give amanoeuvre. It must be noticed
that on exceptional occasions, one drcraft can modify thistrajecory, or aircraft not equipped for FreeFlight can be
acceted in the FreeFlight zone. This can also take into acount exceptional events auch as the fail ure of one drcraft
conflict solver. These drcraft will be given the highest priority number (seesecnd part) and al other aircraft will
build their trajedory in order to avoid them. This $ould be alast resort, as the dgorithm might fail i f two such
aircraft are present at the same time in the same zone.

* These parameters can be modified. Thisfirst study does not discussthe opportunity of increasing or decreasing these values.



1.2 Manoeuvre modelling

As gated above, time is discretized into 15seconds’ time steps. As manoeuvres must remain simple to understand
and exeaute, the turning point modelli ngis chosen in the horizontal plane (seeFigure 1). In thisarticle, no
manoeuvre is given in the vertica plane® .

Figure 1: Turning point modelli ng.

As down on Figure 1, amanoeuvre is a heading change of 10, 20 a 30 degreesright or left, it starts at timeto, and
ends at timet; on the original path. As gated above, t, (and t;) are dways larger than 1 minute.

1.3 Uncertainty modelling and 1-to-1 conflict detedion

A very simplefilter isfirst applied: only aircraft within a 90 nmi zone ae mnsidered as being potential threas. This
radiusis such that 2 aircraft fadng ead other at 500kn cannot be in conflict’ during the next 5 minutes if they are
not in the detedion zone of the gproaching aircraft.

We then asaume that there is an error about the arcraft's future location becaise of ground speed prediction
uncertainties® . Uncertainties on climbing and descending rates are even more important® . Uncertainties on the future
pasitions of aircraft are dl the more important becaise the prediction is faraway. A 5% of uncertainty on ground
sped for an aircraft flying at 480kn represents 2 nauticad miles 5 minutes ahead, and about 6 nauticd miles 15
minutes aheal. In the verticd plane, 20% of uncertainty for an aircraft climbing at 2000fed (ft) per minute
represents 2000ft 5 minutes ahead and 6000ft 15 minutes ahead.

In the verticd plane, we use a ¢lindricd modelli ng (Figure 2). Each aircraft has a maximal altitude and a minimal
atitude. To ched if two aircraft are in conflict, the minimal altitude of the higher aircraft is compared to the
maximal altitude of the lower aircraft.

® Thisvalueis not chosen at random. With 15stime steps, detection can be made only on these points (and rot on the segments between these
points) with the guaranty that two aircraft can not crosseach other without noticing a serious conflict.

® Verticd manoeuvres were put aside on pupose. They are more difficult to execute, and lesscomfortable for both pilots and passengers. Results
of thefourth part show that they should only be used as a last resort, on the very rare occasions where the solver fails.

"Inthisarticlethe separation standards are 6 nmi in the horizontal plane and 1000ft in the verticd plane.

8 Uncertainties on groundtradk will not be considered, as they do not increase with time and will beincluded in the separation standard.

® The eror percentages on verticd and horizontal speed are specific to each aircraft. For example, aircraft with very acarate FMS will have very
low percentages.
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Figure 2: Modelli ng of speal urcertainties.

In the horizontal plane, an aircraft is represented by a point at the initial time. The point becomes a line segment in
the uncertainty diredion (the speed dredion here, seeFigure 2). Thefirst point of the line “flies" at the maximum
possble spedl, and the last point at the minimum posdble spead. When changing diredion (t=4), the segment
beomes a parall elogram that increases in the speed diredion. When changing a second time diredion (t=7), the
parall elogram beames a hexagon that increases in the new speed dredion. To ched the separation standard at time
t, we compute the distance between the two pdygons modelli ng the drcraft positions and compare it to the
separation standard at ead time step of the simulation. It must be noticed that, as only one manoeuvre can be given
in a5 minutes time window, and as no manoeuvre can start aslong as the previous one is not finished, the cnvex
can only be aline, a parallelogram or an hexagon.

A clasdcd problemin 1to 1conflict detedionis symmetry. If aircraft A considersit isin conflict with aircraft B,
then B must consider A as a mnflicting aircraft. In FACES, broadcasting of positi ons guarantees that two aircraft that
can deted ead other share exadly the same information regarding their positions. As detedion algorithms are
identicd, 1to 1 dcetedion will always be symmetricd.

2 Ordering strategy

2.1 Thecoordination problem

Centrali zed automatic solvers as described by N. Durand[4] find a global solution to clusters involving many aircraft.
Manoeuvres are then gven to aircraft simultaneously. An on board solver cannot be based on the same principle:
aircraft do not share the same information, as they do not have the same detedion zone (limited to 90Nmi). A
coordination problem appeas and must be solved.

The FreeR [5] projed uses extended flight rulesto solve this problem. The TCAS system uses the transponder code
to dedde which aircraft has to manoeuvre; giving resolution priorities to aircraft is away often adopted for solving
the coordination problem.
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B Figure 3: 3 aircraft conflict.

g A resolution priority order'® hasto be total if we want ead aircraft to solve dl
conflicts when there is more than 2 aircraft. For example, the Visual Flight Rule

that gives priority to the arcraft coming from the right does not define aglobal
order if there ae more than 2 aircraft simultaneously in conflict. Figure 3 gives
c an example of conflict involving 3 aircraft for which this priority resolution rule

does not define an order because transitivity is not ensured.

Moreover, as aircraft do not share the same information, defining which aircraft will be the first to choose its
trajedory is not obvious, even if we have atotal priority order. Let's take an example.

is in conflict with
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On Figure 4, four aircraft
arein conflict. Aircraft 1
isin conflict with aircraft
2 whichisin conflict
with aircraft 3 whichis
in conflict with aircraft
4. However, aircraft 1
can only deted aircraft 2
which deteds aircraft 1
and 3. Aircraft 3 deteds
aircraft 2 and 4which
detedsaircraft 3. Let'suse asimple priority order between these 4 aircraft as for example (1>2>3>4). In conflict
(1,2), aircraft 2 will have to manoeuvre. In conflict (2,3), aircraft 3 will have to manoeuvre and in conflict (3,4),
aircraft 4 will have to manoeuvre. However, aircraft 4 does not deted aircraft 2. Consequently, it can not know that
aircraft 3 has to manoeuvre before it can manoeuvre itself. Furthermore, aircraft 3 does not deted aircraft 1 and can
not know that aircraft 2 has to manoeuvre before it can manoeuvre itself. New trajedories computed independently
can then beinconsistent at the end of the resolution step. So, it is not possble to dredly derive the resolution order
from asimple priority order based only on transponder code for example.

2.2 Building a dobal resolution order

2.2.1 A token all ocation strategy
We have to define aglobal resolution order such so that ead aircraft can know when it can start to build a conflict
freetrajedory and which aircraft it hasto avoid.

We first suppose that atotal priority order relation exists on the arcraft population. We can use the smple order
based on transponder numbers discussed above (but more daborate orderswill be discussd later). At eah

10 An order refation must be anti-symmetricd and transitive. An order relation istotal if every pair of individuals can be compared.



resolution step, we build a global resolution order from this priority order with the foll owing strategy:

1. Firgt, every aircraft sends its predicted tragjedory to its neighbours. Each aircraft is then able to know
whether it is conflicting with another aircraft or not for the next five minutes.

2. Ead aircraft recaves atoken from every conflicting aircraft that has a higher priority in its detedion zone.
Aircraft that are not in conflict never receve aiy token. In the example of Figure 4, aircraft 2 receéves a
token from aircraft 1, aircraft 3 recaves atoken from aircraft 2 and aircraft 4 receves atoken from aircraft
3.

3. Then, eadt conflicting aircraft with no token solves conflicts with every aircraft in its detedion zone that
has no token. It does not take into acaunt aircraft that have one or more tokens.

4. Whenthistrajedory has been computed, the drcraft broadcastsits new trajedory; al aircraft which have
receved atoken from this aircraft take this new trajedory into account, and cancd the token receved from
this aircraft.

5. Steps2 and 3arerepeaed urtil no token remains.

On Figure 4, aircraft 1 dees not change itstrgjedory asit has no zero token aircraft in its detedion zone. It
broadcasts its new (unmodified) trajedory. So aircraft 2 takes this trajedory into acount and cancds the token
receved from aircraft 1. Then aircraft 2 solvesits conflict with aircraft 1 asaircraft 1 isin its detedion zone and has
no token. Aircraft 3 takes thistrajedory into acount, cancds token from aircraft 2 and solves the anflict with
aircraft 2. Aircraft 4 then appli es the same procedure.

2.2.2 Detailed example

The foll owing example has been observed in the simulations that will be presented later. Eight aircraft belong to the
same duster (Figure 5). The detedion areaof eadt aircraft is given on the figure.

Aircraft A7 deteds every other aircraft. A8 deteds A5, A6 and A7. A4 deteds Al, A2 and A7. A6 deteds A2, A3,
A7 and A8. A2 deteds Al, A3, A4, A6 and A7. A3 deteds A2, A6 and A7. Al deteds A2, Ad and A7. A5 deteds
A7 and A8. Conflicting aircraft are A1-A2, A1-A4, A2-A3, A2-A7, A3-A6, A5-A7 and A5-A8. Aircraft that has the
highest priority is A1 and the lowest priority order isA8 (A1 > A2 > A3 > A4 > A6 >A7 > A8).
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Tokens are dlocaed
asfollows:

e Algivesa
tokento: A2,
A4, AT,

e A2givesa
tokento: A3,
A4, A6, A7,

« A3givesa
token to: A6,
A7;

e Adgivesa
tokento: A7,

« Abgivesa
tokento: A7,
AS8;

e A6givesa
tokento: A7,
A8

e A7givesa

token to: A8;
e AB8givesno token.

»

Step
A7
A8
A4
A6
A2
A3
Al
A5

Table 1: Token alocaion at the diff erent steps of resolution
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Table 1 givesthe token all ocation at the diff erent steps of the resolution.

During step 1, A1 and A5 (O tokens) choaose their trajedories without considering other aircraft in their detedion
area(those that have & least 1 token). Then, they broadcast their unmodified trajedories and all aircraft that have
receved atoken from them cancd it. A2, A4, and A7 cancd the tokens ent by A1. A7 and A8 cancd the tokens
sent by A5. During step 2, A2 (0 token) has no token and modifiesits trajedory to solve cnflict with A1 (0 token).
A3, A4, A6, and A7 cancd the tokens ent by A2. During step 3, A3 (0 token) modifiesitstrajedory to solve
conflict with A2 (0 token), A4 (0 token) modifiesits trgjedory to solve anflict with A1 (0 token); the new trgjecory
must not interfere with A2 (0 token). A6 cancds one token sent by A3 and A7 cancds two tokens ent by A3 and
A4. During step 4, A6 (0 token) modifiesitstrajedory to solve anflict with A3 (0 token), the new trgjectory must
not interfere with A2 (0 token). A7 and A8 cancd one token sent by A6. During step 5, A7 (0 token) modifiesits
trajedory to solve conflict with A2 (0 token) and A5 (0 token); the new trajedory must not interfere with A1 (0
token), A3 (0 token), A4 (0 token) and A6 (O token). A8 cancds the token sent by A7. During step 6, A8 (0 token)
modifiesits trgjedory to solve anflict with 5 (0 token); the new trajecory must no interfere with A6 (0 token) and
A7 (0 token).



2.3 Provability

The dlocation-resolution method described above canot lead to situations where dl aircraft would have & least one
token or situations where two aircraft deteding ead other without any token would have to solve simultaneously.
Thisisguaranteed by the use of atotal priority order on aircraft. At ead step, an aircraft with no token cannot have
any other conflictingaircraft (that has not already solved) with no token in its detedion area In such a case, one of
these two aircraft would have given atoken to the other. At ead step, among the conflicting aircraft that have not
aready solved, there is one that has the highest priority. This aircraft cannot have ay token. It can solve and get
bad its tokens. The dgorithm can be mathematicdly proved.

2.4 Communications

The token all ocation method gives a mental picture of how aircraft coordinate themselves. Pradicdly, as gated
ealier, no hilateral communicaion is necessary. If aircraft clocks are synchronous, with the information broadcasted,
every aircraft can know how many tokens it has and know its neighbour's trgjedories. When an aircraft ends a
resolution, it broadcasts its new trajedory. Aircraft that have (virtualy) receved atoken can then cancd it.

It isinterestingto give aroughestimate of the cgadty needed for the communicaion channel. As gated previoudly,
16 “poaints' are broadcast. Each point can be & complex as aregular hexagon (seeuncertainty modelli ng), with a
lower and a higher altitude. A regular hexagon can be defined by only 4 (x,y) paints; if we consider a GPS resolution
of 100 meters, given that the eath circumferenceis 40000km, x or y value can be aded with 20 hts. For the sake of
simplicity, we will also assume that z values are coded on 20 Lts. So, a predicted trgjedory will consist of at most 16
_ (4 _2+2) _ 20=3200bits. Some other information hasto be broadcast, such as the transponder code, the Free
Flight zone eit point, etc. This gives a maximum of 3500 lts.

To implement such a system, the ADS-B messages would have to be extended to include trgjedory broadcast. But
both STDMA and mode-S would provide enoughbandwidth. The 1 Mbits/s cagpadty of mode-S, even divided by 10,
would enable enoughre-emissons of messages to guarantee ahighlevel of reliability. Regarding STDMA, it solves
the garbling problem and the 4000slots of 150 btsin 1 minute would give 4 dots of 3000 htsin 1 minute to 50
aircraft in the same zone, twicethe cgadty needed. Of course, afine modelli ng of these systemsis required to
corredly estimate reliability and avail abilit y.

3 TheA algorithm

As 2o0n as the resolution order is chosen, the problem isto solve al to n conflict problem: we have to find the
minimum length trajedory for an aircraft avoiding n alrealy fixed aircraft trgjedories, that can be wnsidered as
obstades. Thisisa dasscd robdics problem, therefore a ¢asscd A™ algorithm (see [9]) isused. The A" algorithm
finds the shortest path in atreg given aninitial state and a set of final states. It usesa ™~ best first" strategy to develop
ead node. The best node is the one that provides the lowest expeded cost.

Touse an A" algorithm we need:

* Uy theinitial state;

e T: the set of terminal states;

*  PuP2..Pn the set of rules used to huild aled from anode; (v P u) meansthat vis built from u using the
rule p;;

e k(uv): if uand v aretwo nodes, k isthe st of the ac (u,v). Thetotal cost of a state is the sum of the sts
of the acs used to conned the initial state to the arrent state. In this application, the wst of an arc isthe
corresponding trgjedory length;

e h(u): if uisanode, hisaheuristic that estimates the minimal necessry cost to conned the arrent state to
the final state.

The dficiency of the A" algorithm depends on h. For a state u, h(u) tries to approadh:

h*(u) = Min(y, v, vp) [ KUVDHKO Vo). 4k (Vo U]



with u; aterminal state.

A heurigtic is perfea if:
Ou,v, h(u)=h) < h'(u)=h'(v)

A heuristic is underestimating if:
Ou, h(u)<h'(u)

The performance of the dgorithm strongy depends on the quality of the heuristic chosen. With a perfed heuristic,
the first path developed isthe optimal path; a underestimating heuristic guarantees that the dgorithm always
converges to the best solution.

In the present application, theinitial state isthe state of the solving aircraft at t=1 minute. The terminal states are the
possble states of the solving aircraft after 5 minutes of flight or when they have readed their destination.

Each branch of the treerepresents a posgble trajedory of the solving aircraft. Fortunately, the heuristic function is
used to only develop asmall part of the tree

The st of apath isthe trajedory length described by this path. Before starting a manoeuvre, an aircraft isin §
state. At ead time step, eat §, state generates 6 S, states corresponding to the 6 posgble deviations of the trajecory
(10, 20, 30 cegreesright or left), and 1 S, state (the drcraft is not manoeuvred). At ead time step, ead S, state
generates one S, state (the manoeuvre is extended) and one S, state (the drcraft is ent bad to its FreeFlight zone
exit point). Every state generates aterminal S; state dter 5 minutes or if the drcraft has readed its destination.

The st function k(u,v) measures the distance between the positi on of the drcraft at node u (time step ty,, state S)
and the position of the drcraft at node v (time step t,,, state S;). If a conflict occurs between node u and node v, the
value k(u,v) iswidely increased so that the mrresponding branch is no longer developed.

The heurigtic function h(u) is here the dired distance between node u and the FreeFlight exit point (destination) of
the solving aircraft. This heuristic is clealy a underestimating one, which guarantees that the optimal solution will
always be found.



S1 +30°
130

S1 +20°
120

S1+10°
110

100

S1-10°
110

S1-20°
120

S1-30°
130

S1 +30°

1130

S1 +20°

1120

S1+10°

1110

SO
1000

S1-10°
1110

Figure 6: Example of manoeuvre optimization.
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Figure 6 detail s an example of asearch in atree In this example, the solving aircraft has no manoeuvre & timet=1
minute (t=1 minute mrresponds to the beginning of the optimizaion), it isin § state. The first node chosen isthe
node that has the lowest estimated cost (h+k). In the example, the lowest estimated cost (100) isfound if no
manoeuvre is chosen at time 1 minute (step 1). At time 1:15 the lowest estimated cost is gill 100if no manoeuvreis
chosen (step 2). At time step 1:30the lowest estimated cost is 1000 kecaise of a anflict occurring between 1:30 and

1:45 whatever the manoeuvre chosen is. Consequently the branch that has the lowest estimated cost is then

developed. Here, at time 1:15 a manoeuvre of 30 degrees |eft gives an estimated cost of 105 (step 3). The solving
aircraft ismoved to S, state. At the next step, the lowest estimated cost is found if the manoeuvre is extended (107).
The dternative choice (S, state: turn badk to the destination) generates a wnflict (step 4). At time 1:45, the lowest
estimated cost is found if the drcraft turns badk to the destination (S, state, step 5). At t=2:00, only one state (S;) can
be generated and its estimated cost is gill the lowest (step 6).

Generally, many different paths are developed and the depth of the treeis 16 (4 minutes). In this applicaions, the

solution isgiven in lessthan 5 seconds on a Pentium II 300, even for the biggest 1-to-35 conflict.

4 Experimental results and improvements



4.1 The CATSsimulator

The dgorithm was tested on the CATS [6] simulator. The mre of the CATS system is an en route traffic simulation
engine. It is based on a discrete, fixed time dice exeaution model: the position and speed of aircraft are computed at
fixed time steps, usualy every 5, 10 a 15 seconds.

Aircraft performances are in tabulated form describing ground speed, verticd speed, and fuel burn as a function of
dtitude, aircraft type and flight segment (cruise, climb or descent.) Two main datasets for aircraft flight performance
are used:

« CAUTRA / ENAC aircraft performancetables, extraded from the French flight data processng system;

e Baseof aircraft data (BADA) performance summary tables derived from the total energy model of
EUROCONTROL. 69 dfferent aircraft types are described. Synonym aircraft are used to model the rest of
the fled. The Airbus A320(EA32) is used as default aircraft.

In the further applications, aircraft use dired routes to their destination. The separation standard used is 6 nauticd
miles in the horizontal plane and 1000ft verticaly™ . Conflicts were not solved under flight level 320, and adelay t.
was added when necessary for aircraft entering the FreeFlight zone in order to separate them on entry paints.
Uncertainties on spedl (either verticd or horizontal) were set to minimal values.

4.2 Resultsusing an arbitrary order

Results presented in this part are obtained with the 6381flight plans of the 21% of June 1996with no regulation. The
FreeFlight zone defined isthe drspace &oveflight level 320. The dl ocaion-resolution strategy described ealier is
repeded every minute and the trgjedory prediction is done on the next 5 minutes.

2763aircraft enter the FreeFlight zone. 641 conflicts are deteded in this zone during the day.

The dgorithm requires the definition of atotal order among aircraft. The simplest order that can be chosenis an
arbitrary order based on the CAUTRA number of ead aircraft. Thiskind of order isarealy used in the TCAS
system.

The A" algorithm is caled 2781times, which represents amean of 4 times per conflict. At the end of the simulation,
104 conflicts remain. The simulations lasts only afew minutes.

The faili ng cases were investigated and most of the time the foll owing situation appeaed: an aircraft that has alow
priority order starts a manoeuvre. A few minutes later, this aircraft isinvolved in a new conflict whil e its manoeuvre
isnot finished. Asit still hasalow priority order (its CAUTRA number has not changed), it has to solve the conflict.
It cannot find a aonfli ct freemanoeuvre because the started manoeuvre can not be cdled into question.

This stuation led to the foll owing conclusion: an aircraft that has already started a manoeuvre should have ahigher
priority order than an aircraft that has not started any manoeuvre. This rule was added to the previous order
definition and the simulation was exeauted again.

4.3 Manoeuvre free priority order

The new total priority order defined in this dion isthe following: an aircraft that is manoeuvre freehas a lower
priority order than an aircraft that has already started a manoeuvre. The CAUTRA number is used to compare two
manoeuvre free drcraft or two manoeuvred aircraft.

With this new priority order, the A" agorithmis caled 2654times. At the end of the simulation, 29 conflicts remain.

Most of the remaining conflicts are due to the horizon effea? already observed by N. Durand in [7]. The aiteria
optimized by the A" isthe trajectory length between the initial state and the terminal state & the end of the time
window (5 minutes). For converging aircraft, the aiteriais very often minimized by postponing the anflict out of
the time window instead of solvingit. Therefore, the solving aircraft is given a heading that tries to move it away

M The 6 Nmi valueis certai nly quite high for an embarked solver. We do think that it could seriously be reduced, regarding GPSand FMS
precision. Thiswould even improve airspace cgpadty and resolution efficiency.
12 This effect has been observed and dscussd for years now in other treesearch algorithms: game algorithms.



from the other aircraft. Figure 7 gives an example of such a conflict: aircraft 3467isfirst turned left to move avay
from aircraft 3660 1 minute later, aircraft 3660 kecomes the solving aircraft and turns right to move awvay from
aircraft 3467 1 minute later, as both aircraft are not manoeuvre freg the conflict can not be solved.

| \\\

~3§87 191
330= 470

— -

3660 160
330= 480

Figure 7: Secondstep: aircraft 3660turns right

To solve this problem the @st criteriaused by the A" algorithm rust be dhanged to take into acaurt the dficiency
of amanoeuvre. Therefore, when two aircraft must cross the manoeuvre that enforces crossng must have alower
cost than the manoeuvre that postpones the aossng. This new criteriaisincluded inthe A agorithm.

4.4 Manoeuvre efficiency criteria

In this dion, the order previoudly defined is used and the st function is modified to take into acount the
efficiency of the manoeuvre & defined above. The simulation is exeauted once gyain. Three onflictsremain
unsolved, but they can easily be solved by a very simple verticd manoeuvre.

4.5 Delays

897 manoeuvres are given during the day to 367aircraft (2.44 manoeuvres per aircraft). 13.28% of the arcraft flying
in the FreeFlight zone ae manoeuvred.

73 aircraft are delayed when entering the FreeFlight zone, because they are not conflict-free & that moment (that is
2.64% of thetraffic in the FreeHight zone).



Delays are given in table 2.

Mean delay Mean delay per Max
Per aircraft delayed aircraft delay
Delayed 2s 1min 14s 3min
Manoeuvred 3.6s 274s 40s
Table 2: Delays

The maximum manoeuvre lasts 2:30 minutes.

Table 3 gives the number of steps aircraft have to wait becaise they have been gven tokens. In the most complex
conflict, one arcraft has to wait for 7 resolutions before it can choose itstrgjedory.

Number of Waiting Percentage

Steps Aircraft  of Total
1 1516 76,6%
2 253 12,78%
3 162 8,19%%
4 27 1,36%
5 17 0,86%
6 3 0,16%
7 1 0,05%

Table 3: Number of waiting aircraft.

So, regarding delays, the performance of the dgorithm is very good

4.6 Unsolved conflictsand priority order

There ae 3 aircraft in ead remaining ursolved conflict. These cnflicts appea because the order between aircraft is
not well chosen. F. Médioni [8] in his PhD thesis showed that a very good solution or no solution at al could be
found for asimple cnflict involving only 3 aircraft, depending on the order chosen. This stuation is described in
Figures 8, 9 and 10. Moreover, it looks extremely difficult to devise an agorithm that would find the best posshble
order without seriously increasing the complexity of the global algorithm and the necessary cegpadty of the
communication medium. Embarked conflict solvers which have only a partia information on the global situation will
amost certainly remain suboptimal, whil e centrali zed conflict solvers are ale to find the global optimal solutions.



50

40 -

30 -

20 -

10 -

T
avionl ----
avion3 —
avion2 ----

|
|
|
24 |
|
\ s
\ .
\ e
N .
\ Pid
N .
N .
\ P
N
N LT
x
AR
JESEAN
¢ \
. N
- \
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, N
: N
// N
. N
.7 N
. N
e \
. N
i N
. \
// N
. /
. ,
e 7
P /
P ’
. /
7 ’
// /
. /
.7 /
. ,
/
,
/
,
,
/
/
,
/
| | | | | | |

50

-30 -20 -10 0 10 20 30 40

Figure 8: order (1,2,3, optimal solution
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Figure 10: order (2,1,3), no solution.

However, thismay not be atoo serious concern in the upper airspace the simulation above shows that this algorithm
isalmost always able to solve anflicts, even with situations as complex as the one presented on on Figure 11 where

35aircraft are involved, whil e delays remain small .
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Figure 11: 35aircraft in the detedion zone.

5 Conclusion

We have demonstrated in this paper that an efficient on board agorithm for FreeFlight conflict resolution can be
designed and implemented. This algorithm has the foll owing advantages:

Compared to a centralized automated system, the devel opment of such a system could be relatively low
cost. Most assumptions are quite weak: synchronous clocks are drealy avail able with GPS, FM S are now
elaborate enoughto provide the information needed for trajedory prediction in the next 5 minutes, ADS-B,
or even better STDM A, provides aufficient cagpadty for communicaions; the 1 to n resolution algorithm is
simple to implement and has already been widely used for similar problems in robaics; computing power
needed fitsin a standard PC computer.

Compared to rule based systems, the dgorithm is mathematicdly provable, and the simulation above shows
that it would be dficient in upper airspace even when the density is quite high, and even with quite alarge
separation standard: without verticd manoeuvres, only 3 conflicts out of 641 remain. 13% of the drcraft are
manoeuvred and the mean delay is 27 seconds by aircraft eff edively manoeuvred, with a maximum delay of
150semnds.

Compared to purely readive systems [2], which usually require cnstant changesin headings, the
manoeuvre modd is classcd and easy to implement. Further, and thisisthe main point to stress as
trajedories are guaranteed conflict freefor at least 5 minutes, atransient fail ure of communicaions would



not have adisastrous effed: the system could still restart later on; resolutions would be lessoptimal, more
vertica manoeuvres could be necessary to solve dl conflicts, as anticipation would be shorter, but the risk
of colli sion would remain insignificant.
¢ The system could be progressvely put into serviceby first defining FreeFlight airspaceover oceanic aess,
and gradualy extending them. Thiswould help in solving the dassca transition problem from the arrent
system to a partialy automated one.
The main issue that has to be refined is the value of the quiescent time window (set to one minute in our simulation).
During this period, ead aircraft has to build its predicted trgjedory and broadcast it. Then the whole loop d the
agorithm hasto be exeauted, with resolutions, new trajedories broadcast, etc. It is gill unclea if one minute will be
enough Simulations $ow that one minuteis a wrred value when communications are instantaneous. A fine
modelli ng*® of the dmmunication medium is needed to confirm or deny this value. However, simulations could be
conducted with larger values to test the behaviour of the dgorithm.

Simulations have dso to be mnducted using larger uncertainty parameters. Astrgjedory prediction is done for the
next 5 minutes only, results $ould not be very different. We will also test the solver with higher traffic to find out its
limits regarding density. Verticd manoeuvres will be alded as last resort to corredly complete the resolution step.

We ae anscious that the whole system depends on the reli abilit y and avail abilit y of transmissons. Requirements on
the bandwidth are low enoughto enable multiple emissons of messages. But error correlations would have to be
considered. Spedfic data and results on these issues do not appea to be presently avail able. However, we believe
that an airborne implementation of this algorithm can be seriously considered.

13 This modelli ng would also be very useful to find out the exad availability, capadty and error rate of the channel.
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Acronyms

ACAS: Airborne Colli sion Avoidance System

ADS-B : Automatic Dependent Surveill ance - Broadcest
ATC : Air Traffic Control

BADA : Base of Aircraft DAta

CAUTRA : Coordinateur Automatique du TRafic Aérien
CATS: Complete Air Traffic Simulator

CENA : Centre d’ Etude de la Navigation Aérienne

ENAC : Ecole Nationale de I’ Aviation Civile

FACES: Freeflight Autonomous Coordinated Embarked Solver
FL : Flight Level

FMS : Flight Managment System

GPS : Global Positionning System

STDMA : Self organising Time Division Multiple Access
TCAS: Traffic dert and Colli sion Avoidance System

Symbols

nmi : nauticd miles
ft: fed

min : minutes

kn : knot

s: seoond

km : kilometer



