Proceedings of the EuroGNC 2013, 2nd CEAS Specialist Conference ThAT2.4
on Guidance, Navigation & Control, Delft University of Technology,
Delft, The Netherlands, April 10-12, 2013

Cooperative Autonomous Collision Avoidance
System for Unmanned Aerial Vehicle

Y azdi Ibrahim Jenie, Erik-Jan van Kampen, Bart Remes

Abstract Autonomous collision avoidance system (ACAS) wafinge and in-
vestigated in this paper to support UAVs integratio the national airspace sys-
tem. This includes not only UAVs on-board systemt, &lso the definition of re-
quirements, collision avoidance structure, and dkieidance rules. This paper
focuses on the cooperative avoidance, where UAVYsafly aircraft) involved
avoid each other using rules previously agreed rwplved parties. A novel
algorithm of avoidance was developed, named asctBaeVelocity Obstacle
(SVO) method. Several simulations were conductetistnow satisfying result on
how well the algorithm work to avoid separation lat@ns. In the end of the
paper, using Monte Carlo simulation, violation pabbities were derived for three
setups. These simulations shows the performantieeofieveloped algorithm for
cooperative ACAS, and suggesting the need to desiveew parameter the
minimum required turning rate of avoidance.

1 Introduction

Like other technologies which were first startec ailitary base, UAVs will start
affecting civilian live in just a couple years framw. Several industries even has
been erected and commercially provides low end Uf¢hnologies for various
non-military purpose, most of them are recreaticanad remote-controlled toys
and fly in a secluded area with minimum impact be &irspace. However, with
the fast advancement of technology, Civilian-UAMg &ot just toys anymore.
The variation of mission that a UAV could handled&me large, that government
department like Police and Fire Brigade began tantathe possibility of
deploying UAVs more often, in a non-secluded af@aGarmo and Nelson [4]
give several predictions on what will become of UAM the future that affects
civilians life, each of them will exposed a certénel of danger. The discussion
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of UAVs (or UAS in wider term) being used by nonlitary purposes become a
topic of integrating UAS into the National Airspasgstem (NAS).

In order to be used widely in the National Airsp&estem, Unmanned Aircraft
System required to be able to demonstrate an dquivéevel of safety. This
includes a solid definition of its Collision Avoidee System, which should be
applicable not only between UAVSs, but also take iatcount the already-settled
manned aircraft traffic. To simplify the problerhetsystem could be divided into
two parts based on how the UAVs reacts when theye&sibility of collisions,
which are cooperative and non-cooperative collisigoidance system.

Fig. 1 DeGarmo and Nelson [4] predictions
on what will become of UAVs in the future
that affects civilians’ life.

Thus, the research presented in this paper tomgfine and investigate the
collision avoidance system for UAVS, in context of integrating UAVs into the
National Airspace System. This includes not only the UAVs on-board system,
but also the definition of requirements, collisiamoidance structure, and the
avoidance rules. A mathematical model also beingeldped to simulate the
capability of the defined system, along with selgrarameter derivations that
described the systems level of safety. It will raeoclear in chapter 2 that there
will be two main part of the collision avoidanceusture, the cooperative and
non-cooperative avoidance. This paper, howevery docussed on global
structure and the cooperative part of the systdm. dther part will be included in
the continuation of this research.

This paper presents the research as follows. Affierintroduction, the second
chapter discuss the derivation of collision avomastructure designed for UAVs
to integrate with the national airspace system.otder to accommodate the
cooperative avoidance, chapter three would defieertiles of avoidance, based
on the right-of-way rules that applied in the madflght. The On Board
Collision System for UAVs would be proposed in deapfour, along with the
algorithms that define the avoidance criteria. Thenapter five presents the
simulation on avoidance using the structure, rales on-board system defined in
the previous three chapters. A mathematical modsl developed for this purpose
and explained briefly also in chapter five. UsingpMe Carlo method, safety
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parameters are investigated in chapter six, andttie paper ends with some con-
conclusions and suggestions in chapter seven.

2 Defining UAVs Collision Avoidance System Structure

Manned flight established its collision avoidangstem in several layers of
safety. Dalamagkidis, et al., [3] described thelapers of safety that are available
in manned civil flight, shown in Figure 2. The grasea highlights the techniques
to ensure separation, rather than to avoid possitllsions. The remaining three
layers are system available at the current timavimd collision between aircraft
which lost it separation.
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Fig. 2 Collision Avoidance System Structure for mannegh.

On Cooperative and Coordinated layer, the avoidasystem designed to
handle collision-probable scenario where all aftcravolved follows a same
consensuses rule. On manned flight, the Right-ofrW#es were commonly
applied [10]. This rule state that when an aitgiaéised on its condition, get the
right-of-way, it have privilege to continue its asa, while other that do not, have
to conduct necessary avoidance manoeuvre. Pilatsainmed flight were directed
by ADSB or TCAS to follow those rules. Since the &B will dominated the
navigations in the near future [11], TCAS layemigrged into the Cooperative
layer.

For non-cooperative layer, the avoidance systenuimed| to handle more
complex scenarios. These include static obstadleraét that follows different
rules; aircraft that does not follow any rules kf(lmgue); and moreover, objects
with violent intentions (aim to collide). On manngidht, there is still no specific
system to provide avoidance in this layer, excaptuse their own pilots’
judgements.

In the context of integrating UAVs flight into thdational Airspace system,
UAVSs required also to avoid collision with the ady established manned-flight,
besides avoiding collision between each otherdtipathose manned-flight layers
of safety directly. However, due to many differesttaracteristics in UAVS,
compares to manned flight, several adjustmentseapgred.
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Unlike manned aircraft, which have limited manufmets and operators,
UAVs could be produced anywhere from a small scal@apany, and operated by
almost anyone. Handling all those UAVs traffic gsiarea-based ATM system
appears to be unpractical. It is more reasonabl®daos the design of UAVs
collision avoidance system in the last two layenstibe safety layer shown in
Figure 2, the See and Avoid.

Barfield [1] designed a comprehensive structure derrequirements for an
autonomous collision avoidance system (ACAS). Theucture divided the
avoidance into two sphere, named de-confliction amldance sphere. In the de-
confliction sphere, an aircraft could avoid an abkt while still maintaining its
original path, while in the avoidance sphere; Adftishould solely escape as fast
as possible.

Barfield’s de-confliction and avoidance sphere dopé treated as cooperative
and non-cooperative layer of safety, respectivEhis will imply the followings:

1. The cooperative avoidance will be conducted indtoe de-confliction
sphere. The non-cooperative avoidance is conduntde the avoidance
sphere.

2. The cooperative avoidance will incorporate the cammdata of
neighbouring vehicle in the area (from broadcaisterground surveillance
or GPS) and apply the Right-of Way rule (also ajdgor UAVs later in
chapter 3). The non-cooperative avoidance showd ase any on-board
sensor available and avoid the non-cooperativeclehising somewhat
more loose rules.

3. The cooperative avoidance is a de-confliction mamoe that still takes
into account the original flight path, with the pbto start the manoeuvre
could take place anywhere in the de-confliction esph The non-
cooperative avoidance is an aggressive manoeuwie silely to escape as
fast/soon as possible and neglects its originghflpath

4. The cooperative avoidance manoeuvre should in ase cavoid the
violation of the avoidance sphere. The non-cooperavoidance should
in any case avoid collision with obstacle. Turneraequirements for
avoidance could be set base on this.

Although is not explicitly described, Barfield chkei of 25 second for de-
confliction sphere might derived from manned flgMCAS. Therefore, as shown
in Figure 3, the Traffic Warning sphere is introdde which span until the 40
second distance. This sphere is where the Colligieoidance system should
begin to give warning to operators about the ttadfiead.

These (1) Traffic Warning, (2) De-confliction, arf@) Avoidance -Sphere
define a novel structure of Collision Avoidance teys for UAVSs, in the context
of integration to the National Airspace System. sTistructure should work
seamlessly with the manned-flight, since it uses ¢hme parameters they have
already established.
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Fig. 3 Concept of Collision Avoidance System StructurdJ#\Vs

3 UAVs Cooper ative Avoidance Rules

As explained in the introduction, this paper witepent the cooperative part off
UAVs avoidance system, where the avoidance manesuare based on a
common consensuses rule. Similar with the avoidatieesture described in the
previous chapter, it is best to start defining thie from the already established
Right-of-way rule in the manned flight, stated ¥0]. The following subchapter
will describe the suggested rule of cooperativeidesace in two parts, the
category priorities and the situational priorities.

3.2 Category Prioritiesfor UAVs

With the large variation of UAVS, it's only logicab set some category priorities
for them. Many documents have presented classiitatof UAVS, especially
based on its dimension (size) or weight, e.g. CAP[B].

Quite different, on the category priorities, manfieght use the performance of
aircraft category; aircraft that have slower or dovperformance in manoeuvring
will get the right of way [10]. Based on this, UAWeed to be categorised based
on performance. Furthermore, since the Collisiomidance structure defines in
the last chapter is based on time-described disganelocity would be a good
parameter for the categorization.

Spreading out the CAP 722 classification that basedeights, it appears that
UAVs could easily be categorized by its cruise e#lo The new classification
that based on velocity is listed in Table 1. Tresslon the upper row will always
have right of way (priority) to the lower rows.
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Using the velocities limits, the structure of csitin avoidance system could be
easily defined for each categories, or for betweategories. Derivation of the
spheres radius (when each category meets an assstatéd object) could be
observed also in Table 1.

Table 1. UAVs classifications, base on Velocity

CAP 722 Velocity Velocity Velocity Sphere Radius [m]
Classifications Classifications [km/h] [m/s] (in collision with Static Object)
1.5s 25s 40s
Small UAVs  Small Slow UAVs <50 <13.89 20.83 347.22 556
Small Fast UAVs <100 <27.78 41.67 694.44 1111.11
Light UAVs Light UAVs <250 <69.44 104.17 1736.11 2718
Large UAVs  Large Slow UAVs <500 <138.89 208.33  3222. 5555.56
Large Fast UAVs >500 >138.89 416.67 6944.44 11111.11

In scenario when a UAV from one category meetstaratategory UAVSs (i.e.
A Small-Slow UAVs face a Light UAVs), the sphereadius will change
according to the relative velocity limit of both WA. Table 2 shows calculation
result for the avoidance sphere radius, in caseravbach category meets one
another. Some shaded column indicates the unlilkehappen scenario due to
difference on operation altitudes. On the continoit this research, analysis will
be extensively focused on the Small Slow UAVSs, ey to plan the real-world
experiments on the avoidance concepts.

Another priority that needs to be defined is théeraction with manned
aircraft. Barfield proposed UAVs to follows Asimavthree robotic laws [1]. In
short, UAVs should always give the right of wayn@mnned aircraft, regardless
their velocity or weight.

Table 2. Avoidance sphere radius for each categories emeoun

Avoidance Sphere Radius [m]

Static Small Slow Small Fast Light Large Slow Large Fas

Object UAVs UAVs UAVs UAVs UAVs
Small Slow UAVs 20.83 41.67 62.50 125.0 229.17 437.5
Small Fast UAVs 41.67 62.5 83.33 145.8  250.0 458.33
Light UAVs 104.17 125.00 145.83 208.3: 3125 520.83

Large Slow UAVs  208.33 229.17 250.00 312.5 416.67 625.00
Large Fast UAVs  416.67 437.5 458.33 520.83 625.00 833.33
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3.3 Situational Prioritiesfor UAVsS

The situational priorities in UAVs flight could esbe adopted from the manned-
flight. This is true especially for the cooperatiwellision avoidance. The
summary of these rule listed as follows:

1. On converging encounter, the one on the right leave the right of way

2. On head-on encounter, both aircraft should movbédaight side

3. The one that are about to be taken over have ghe af way

4. Avoidance should not go over or under, or in frohbther aircraft that

have right of way, except when it is clear

For UAVs system, the converging, head-on, anchtakiver encounter need to
be defined quantitatively. One way to define thisdo use the definition of
crossing, opposite and same flight path for mantligtit Air Traffic control,
stated in [12] which are described in the Figure 4.

Fig. 4 Flight path definitions for manned air o
traffic control, adapted from [12]. R N 135

Left Converging
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- )180
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The adaptation of those definitions in the UAVs A& described thoroughly
in the next chapter.

For non-cooperative avoidance, on the other haefihitons of its situational
priorities will not be discussed further in thispgs; instead it will be investigate
on the continuation of this research.

4 Defining the On-board Collision Avoidance System for UAVs

Based on the collision avoidance structure andsyubn on-board collision
avoidance system functional concept is derivedis thapter. The design where
influence by the twelve requirements set by Badlf[&l.
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4.1 System Functional Concept

An autonomous system for collision avoidance (ACA&s highly suggested for
UAVs applications, including in [1], since the tagskavoidance in UAVs could
not be handled only by pilot/operators. This is thefact that the UAVs operator
will only manage the UAVs flight to finish it missn autonomously, and even if
there are such ground pilots controlling the UA¥&yY do not have the required
awareness of the surroundings.

Nuisance free is another requirement that needetdulfiled by the UAVs
ACAS. This means that the ACAS should be separfited the normal control
system that is operating the UAVs, and only intex$ewhen it's needed. Interrupt
and restore criteria should be defined for thisppse. In accordance to this,
warning cues to the pilot when the system detaeffids are also required. In
Figure 5, these concept where compactly drawn, algh highligthed the used of
ADS-B.
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Environment Data of
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Fig. 5 Cooperative ACAS system concept, integrated with ilbrmal mission controller of a
UAVs

4.2 Avoidance Algorithms: Selective Velocity Obstacle Method

A method called the Velocity Obstacle (VO) Methd@j6]7,8], or sometime the
Forbidden Zone Beam Method [5], is used to defingidance criteria. The VO-
method was chosen due to its simple implementaton geometrically
understandable. A complete explanation of the wailgivO-method could be
found in [6]. To be suitable for the implementatisnUAVs ACAS, including
adopting the rules described in previous chapexeml modifications were made,
producing a new branch of the Velocity Obstacle iddt which from this point,
will be referred to the Selective Velocity Obstaklethod (SVO).
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4.2.1 Velocity Obstacles (Original) in UAVs collision avoidance system

This section presented the explanation of the waigi/O [6] in context for
UAVs ACAS applications, explained in previous claapt Since the focus is to set
an algorithm in each UAVs separately, the own UAStsould-avoid) and obstacle
are treat differently. This original VO will be exfed as OVO.

Fig. 6 VO cone definition in the original concept, adapfenn [6]

First we designatedy and A to symbolized the should-avoid agent and the
obstacle agent, respectively. L8f be the avoidance sphere, with centred by the
A positionX; , and moving with constant velochy. Let X  be the position of
A, moving with constant velocity/, . According to OVO method, to decide if

these two agents are on a collision course, itficgent to consider their current
positions together with their relative velocity=V, -V, . If one elongate th&/,
from X_ by a sufficient positive scaling (symbolized)qs;{ X, + NV | = 0} ),
it is clear that the two agent are on a collisiourse, if and only ifA; cuts the
areas, or formally,S, n A; #0. The set ofA; that cutsS, is called collision cone
CC, .
To be able to decide directly whethéywill collide or not, it was suggested to
define the so called velocity obstacle set/con&gfrom X, , as:

Vo, ={V, |V, -V,)OCC,} (1)

Or,

VO, =V, +CC, )
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Thus, forA,, any velocityV, VO, from X, ,will lead to a violation onsS, ,

and any velocityv, OVO,, will avoid those violations, in scenario where thigial
position whereX, and X; respectively.

In reality, it might happen tha#, was confronted with more than one obstacle.
In this general cases, Let=12,3,...n, the number of obstacle under
consideration. The velocity obstacle thgtneed to defined for all the obstacle is
simply the union of each velocity obstacle,

VO=U\VO,, i=123.n 3)

For any velocity V, OVOfromX_ , A will not violate any S,, where

i=12,3,..n.

Figure 6 also shows another area named the VO gingrarea, VO, . This
area defined as one of two areas separated byfihée elongation of vectoW,
through X, ,that does not contain any set of VO. Fiorinni #ileady define this
area as a set of vector thajcould chose to diverge completely from the obstacle

However, this area has not been employed in anyQprevious research. It will
become clear tha¥Q,,, could set a handy definition on the avoidance mawnee

On the OVO, a simple navigation scheme based orchmnelocity could be
chosen to ensure no collision is used. The posé#mhvelocity of each agent were
continuously tracked, and all information was usedipdaté/,. The velocity is

chosen based on the goals of the agents, for eratophvoid while still in the
same path, or taking its maximum velocity to aveédth other.

4.2.2 Selective Velocity Obstacle (SVO)

SVO was designed to accommodate rules and requitsna the UAVs
ACAS system. The idea is to selectively use any &f€a developed around the
velocity vectorV,, based on the position of each VO position froK), . Using

this, the algorithm will select which VO should aeoided, and which VO could
be ignored. Several area definitions arouxig are added to the OVO, and extend

the criteria on whichA should take a manoeuvre. These area, different ¥@mn
relate to the obstacle velocity shaddvfrom X, or, the origin of each VO. The

additional areas explained here were meant to septethe rules described in
chapter 3, however, could easily be modified fdreotrule schemes.
First we define two circle centred By, S, ,andS,,, with radius o¥,,and

V,. a respectively.V_,is the velocity limit of a UAV category explained i
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section 3.2, which for the Slow-Small UAVs, is 13.8/s. Next, usingA, motion
axis (or wind-axis) as the frame of reference (vehéyis pointing up), we divide

S, into four equal set of velocity vector coming frofp, nameds,, S, , Sand
S, as shown in Figure 7. Notice that this represémsflight path definitions

r

explained in section 3.3.

X
T

(@ (b)

Fig. 7 Selection Circle on SVO (a) Area definition; 0 (and VO,,,) implemented

Lastly, we define three points that will set théesia, ¢, ,c, and ¢, . ¢, is
simply the end ofV, vector from X, and ¢, is the end point of the shadow of the

obstacle velocityV, from X, or simply, the origin of the Velocity ObstackoO .
Cy is the intersection point 0¥O axis with the edge of5,,,. This last point not

really necessary, and could be replace by thepesition of the obstacleX, .
However, it is added for a compact figure and exalins.

Next section will describe how the additional ar@aye used to selectively
treat the Velocity Obstacles.

4.2.3 Algorithm for the Selective Velocity Obstacle

With those setups, we could finally define the aifpon required, to
accommodate all rules into the UAVs ACAS via thegtive Velocity Obstacle
Method. As mentioned before, the algorithm is destyto still give UAVs
freedom to choose their own avoidance manoeuvréoras as they follows the
rules, explained in chapter 3. Generally, therélvd three main manoeuvre type
that UAVs ACAS need to handle, which are (1) Avofd) Maintain, and (3)
Restore, denoted gs, 0,, and g,, respectively. Restore here means that the

ACAS give back the control to the original conteolpilot so the UAVs could
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continue its mission. The ACAS itself need onlydefine what manoeuvre it
should take for the Maintain and Avoid.

Thus, the avoidance rules for the SVO for coopesadivoidance of UAVs, for
category one (Slow-Small UAVS) are mathematicaltydelled as follows:

G if Cvo Dvooi DCvi Dscaun(srsljsmm(srlnS/O))
q,, if ¢ OVO, OVO, Og, 0S,,
g,, otherwise

(4)

Here, the velocity obstacle only need to be avoidhdn the origin of any VO
(¢, ) lies insideS,, representing head-on encounter, inSde representing

right-encounter, or inside§;n S, , which simply represent a take-over

manoeuvre of a slower vehicle in the same pathicHdhat these algorithms only
activated wheu, is insideS,,,, interrupting the normal controller. In case @f

already escape¥0, but still not inside theVQ,, , the system treat it as not safe

enough to give back the control to the originaltoglier, instead it maintain its
course and wait for any event that still could reppncluding being back again
inside VO, . Only when ¢, is inside VO,,, should the restoration maneuver

happen.

As it might have been notice, SVO also discardsthieof reachable velocities
that originaly used in the OVO [6]. The main reasbithis is the fact that UAVs
commonly use rotation as the control input for nenaing, instead of arbitrary
velocity vectors. Thus, SVO describe a minimum ingates ¢, ) required for

avoidance manoeuvre, which will depend on velogitiistances and positions.
This turning rate will be derived on the continoatof this research.

5 Implementations

Using the defined collision avoidance structurelapter two, the cooperative
avoidance rule in chapter three, and the on-bo#@ 4% system and algorithms in
chapter four, several computer simulation were ootetl. A MATLAB program
was developed and designed to be highly custonthhteit could accommodate
any initial positions and velocities, avoidanceeruland algorithms used, the
UAVs involved dynamics, normal control systems, amny more. This
MATLAB program is still on-going development andIwalso be used in the
continuation of the research.
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5.1 Mathematical Model and Simulation Setup

Since it will be applied in a relatively large ares could treat vehicles involved
as a point mass, eliminating the need to model edntraft dynamics. The
mathematical model of each aircraft motion wasdmeiscrete and single phased,
focusing more on the development of the right athor to accommodate
avoidance. Position and velocity data of each afrovere broadcasted between
each other in same time step, simulating the us@D$B that support this
cooperative avoidance.

Depends on how many agents involved in a scendm@MATLAB program
first generate them as an object that embeddee fivesar discrete equation that
describe each agent propagations through the siionila

x(k +1) = Ax(K)

X 1 0 At 0 .
w,,, g
X= v A= 010 A w=< 0; i
Ak 100 1 -—ant]’ _%’.ifqzorq
oal ? ini
Vy 0 0 it 1 3 ! (5)

Inputs for the equation were highly depends orréisalt from SVO algorithm,
explained before q,q,, org,). q,is simply the initial setup before any
detection of obstacles. In the conducted simulatibase values are simply the
direction to each agent original end poiab.denotes the modes turning rates,
where it is thew,,, 0, w,,0on modeq,,q,, and q,, respectively. w,, was

avo

assumed to be 5 deg/s (0.0873 rad/s) for everytagey, obtained from any

normal controller that is used, that guides the U#a¢k to its original mission. In
this researchey,, simply direct each UAV to its original waypoints.

Unit time step (At = 1 second) was used for every simulation, in agsiom it
also match the ADSB update rates. For simplificatn these preliminary
simulations, all avoidance happens on the edge-afafliction sphere. Lastly, all
agent considered is a Category 1 UAVSs, the SlowiSd#Vs (see section 3.2).

5.2 Simulation results

There are unlimited collision scenarios which cobé&ltested, even though only
working on one UAV category. A few important scdoarwere presented in this
paper, selected according to the converging, headiod same path areas
described before in chapter 3. The entire resuétpeesented using agent position
time-captures from above (top view) on four impottpositions. The arrow on
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each agent represents the velocity vector. Nokiaéthe entire rules described in
chapter 3 were fulfilled for each avoidance.
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Fig. 8 Simulation on converging encounter scena(a); two-agents, 90encounter from the
right, (b) eight-agents, symetrical circle encounters.
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Fig. 10 Simulation Take-Over scenaria) two-agents, same path) four-agents, 30 ¢° and -
30° encounter from behind

On Head-On encounter (Figure 9), since both agaetsivoiding each other to
the right, the course deviation is not as largehasconverging case (Figure 8).
Interesting to observe in Figure 10-b that the ad¢ading to the right did not
conduct any avoidance; instead, it goes straightsasriginal course. Analysis
revealed that this happens because the otherdlgezgs on the opposite are closer
to each other, and start avoiding each other sodiferse manoeuvres create a
situation where the one agent heading to the rigilhhot collide at all, and hence
it keeps it original flight path.

On Figure 10, to be able to simulate a taking osecounter, a different
velocity is required. Therefore, one agent, which be taken over, has 8 m/s
velocity, as opposed to other agents behind it tsat 12 m/s. In the end, all
taking-over where successfully conducted, even wihemne are more than one
agent are taking over.

6 Violation Probability (using Monte Carlo Simulations)

The entire simulations in chapter 5 were conducstbothly without any
avoidance sphere violations. However, these reswdtsnecessarily mean the
avoidance system and algorithm guaranteed to wdoks every scenario.
Therefore, this chapter will present a Monte Casimulation where a large
number of random scenarios were tested, in ordéndothe violation probability
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of the avoidance. The derivations were conductedvim, three, four and five
UAVs (agents). Similar with the simulations in cltap 5, this violation
probability derivation in this paper will only digsses the first category of UAVSs.

The derivation of violation probability shows hovelivthe performance of the
algorithms developed, and even, act as a toolni diny scenario that make the
algorithm fail. In accordance to the Equivalent ékwf Safety (ELOS), this
violation probability needs to be zero. ELOS arsdghon the failure of the system
due to time. The algorithm itself should be guasedtto solve any scenario
possible.

6.1 Monte Carlo Simulation Setup

To assess the performance of both system architeahd the proposed algorithm
(and rules), several parameters were introducede Tthoperative ACAS
performance were measured using the probabilityepfration violantionsP,, ,

formulated as:

N..

Rio =—
N, (6)

Where N,,and N,,. denotes number of scenario that collision happeh a

number of Monte Carlo samples, respectively. Thieevaf P, will fluctuated

io
with N, , and asN,,. become larger, it should converge to a certainesaihich
define as the final value.

Other parameter to set up the Monte Carlo simulatie the selected area of
interest, A, , the area of separations,,,, and the area density, , formulated

as:

Pa, = A (7)

Where N denotes the number of agents involved. Notice thgt is a circle

area with radius of half of the de-confliction spheconserving the total de-
confliction distance.

The position &,,y,) of each agent is randomized on the X-Y planes|ewh
keeping no violation in the beginning of simulatiohe x_,Yy, position is

assumed to be spread randomly in a square, instéad circle area, for
simplifications. As can be observed in Table 3,pbsition range is set according
to the number of agents, and the radius of Tr&fpbere used (the 40s sphere, see
section 2), which have radiug, . Consequentlyd, and p, also depends on this

sphere, whereo, becomes constant for every number of agents indolset at
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0.3. Two other initial parameters were randomizedvall, the headingsy, ) and
the velocity magnitudesV ), detailed in Table 3 Using these setup, it issfis

to have a scenario where the agents are not bauwidlate each other, and thus
make it possible also to derived the violation @dobty where no ACAS is im-
plemented.

Fig. 11 Random scenario of encounters (e.g. 5%
agents involved) for Monte Carlo simulation ;
setup 10003

500{--

-500]--+

-1000]--:

-1500] -

-1500  -1000 -500 0 500 1000 1500

All avoidance manoeuvre used the same turningafitesoidance ) of 5

deg/s ~ 0.0873 rad/s. Furthermore, all avoidanasisgy point take place on the
edge of the de-confliction sphere (25s sphere)uasittyy the same turning rate.

Table 3. Ranges of randomized parameters for Monte Canlalations

Variable Range

Positions ., Y, ) [-3Nxr, ANxr,] [m]
Velocity Magnitude )  [8,13 [m/s]
Heading(¢,) [-71,7] [rad]
Avoidance Point D, ) M[L]; @01 [-]
Monte-Carlo Samples fo samples

Results of this Monte-Carlo simulation (coded ‘MQOAre presented in the
next section (Figure 12 and 13). Those results,evew neglect the freedom that
each cooperative agent should have, to choose dhairavoidance manoeuvre.
Consequently, another Monte-Carlo simulation wasdoected (coded ‘MC02’),
with one more randomized variabl®, , which denote the ratio of avoidance

starting point with the de-confliction sphere radilihe turning rate of avoidance (
w,, ), however, was still assumed to be 5 degree/s.
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6.2 Results and Analysis

Figure 12 shows the results &, versus the number of Monte-Carlo samples.

The figures compiles results from both Monte-Casimulations (MCO1 and
MCO02), with addition of the calculation result wheno ACAS is used (coded
MCO00). It could be observed that the Monte Carloudation produced conver-
gent results on number of samples of, ¥6r each agent number configurations.
Figure 13 shows the final violations probabilityr feach number of involved
agents, for MC00, MCO1 and MCO02.

0.06

- : —MCO0, N=5
: MCO0, N=4
MCO0, N=3
MCO0, MN=2

MC02, N=5
MCOZ, N=4
MC02, N=3
MC02, N=2

I I i I i I i | MCO1,
3 4 5 B 7 [ 9 o WNE3AS
Mumber of Samples (random scenarios) M ‘HJS

Fig. 12 Monte Carlo simulation convergence results on Rilias of Separation Violation for
two-, three-, four- and five- agents, on MC00, MCaad MCO02.

Several analyses were made based on the Monte §arldation. First one is
regarding the Area Density parameter . Evidently, this parameter is less domi-
nant than the number of agents involved; even thahg area of interestA,,)
enlarged as more agents involved, violation prdbgl{iP, ) still become larger.

This may be caused by the enconters combinatiomgeba agents in the area.
MCO1 results was satisfying, resulting zero viaat for every number of
agents scenario. MC02, however, only shows viataticeductions that is stilll
unacceptable. On observations on those failed casesas concluded that
distance might be the problem, since every faihappen at Avoidance Point (
D,,) lower than 0.5. This also explain why MCO1 resuero violation; MCO1
only useD,,, = 1. Observation on those failed scenario alsoalevhat agents are
indeed avoiding, however, the distances were tosegland the avoidance is not
fast enough. This suggest the need to adjust tb&ance turning ratec,, )
according toD,, . If the adjustment oty,, could be derived, it coud be set as a

requirements for thes cooperative avoidance betwgdwvs, the minimum
required turning rateg), ., . This derivation, however, will not be discussedhiis

paper.
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Fig. 13. Collision Probabilities comparison 006
with the use of cooperative ACAS (MCO01 and
MCO02) and without (MCO0O0). - 1
004 : /;
/, )
S mcoo
u‘g o003} o
002 ok
F Mco2
0.01 i 4
AS—— -+
______ —pmmmmm =TT mco1
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$ g
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7 Conclusions

Several concluding remarks could be summarized tbisresearch, including

as follows:

1. In order for UAVs to be integrated to the natioambpace system, a com-
plete collision avoidance system was investigafdds include not only
the system on-board a UAV, but also the structackrales that could de-
fine a common guideline for UAVs avoidance.

2. The structure of the collision avoidance systemU#s is then divided
into two main parts, the cooperative part, whiclswaaccordance to a de-
conflicting manoeuvre, and the non-cooperative,pattich will use an
aggressive avoidance manoeuvre. This paper, howewgr continue to
focus only on the cooperative collision avoidangstem.

3. To support the Cooperative Collision Avoidance, esal/ ground rules
were defined based on the rules of the air in mefiight.

4. Finally, a functional concept for the onboard systevas defined,
incorporating several requirements. A Novel aldortfor cooperative
ACAS for UAVs, named Selective Velocity Obstacle/(3 method, was
introduced.

5. A MATLAB program was created as a tool to simuladeious scenario of
collision. All simulation of the selected scenariagere conducted
smoothly and the use of designed cooperative AChHigleatly could
prevent separation violations.

6. To quantitize the probability of violations, ancethstate the performance
of the designed cooperative ACAS, a Monte Carloutations were
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conducted. The results suggest the need to dermvi@ienum requirements
for avoidance turning ratey, ., , base on distances of avoidance.
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