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Abstract— The purpose of this paper isto present the shortest path algorithm for Quadrotor to make a formation quickly and avoid
obstacles in an unknown area. There are three algorithms proposed in this paper namely; fuzzy, cell decomposition, and potential
field algorithms. Cell decomposition algorithm is an algorithm derived from graph theory used to create maps of robot formations. A
Fuzzy algorithm is an artificial intelligence control algorithm used for robot navigation. The merger of these two algorithms is not
able to form an optimum for mation because some Quadr otor s which have been hovering should wait for the other Quadrotors which
are unable to find the shortest distance to reach the formation quickly. The problem is that the longer time the multi Quadrotors
taking to make a formation, the more energy they use. It can be overcome by adding potential field algorithm. The algorithm is used
to give values of weight to the path planning taken by the Quadrotors. The proposed algorithms show that multi Quadrotors can
quickly make a formation because they can avoid various obstacles and find the shortest path so that the time required to get to the
goal position isfast.

Keywords— multi-quadrotor; fuzzy; formation pattern; cell decomposition

Witkowski's algorithm that creates a new algorithm for path
I. INTRODUCTION planning. Witkowski's algorithm uses two processes namely

Multiple Quadrotors are a set of centrally controlled fOfWWd and baCka’%fd process to be use_d in_ search
Quadrotor cooperating to carry out a work [1]. To form a algorithms. ”_1 the tr_|al, the algorithm can identify the
formation pattern, a UAV requires path planning algorithm shortest path in a static environment. .
such as of Teaching-Learning-Based Optimization (TLBO) A parallel algorithm for polygor_1 building construction
algorithm presented under the inspiration of teaching ang@nd grap_h theory are used _by Sridharan & Priya for pa_th
learning behavior in the classroom [2]. The algorithm is Pl2nning in an unknown environment to be implemented in
applied to design a path with search and distance angles, i he FPGA that serves to connect the Ie_gs between
which the higher the speed of the convergence, the bette£OMPONENts [5]. The study uses a parallel glgorlthm to detect
path, and the shorter route can be identified. Finally, thethe tip ends 9f obstacles by reconstructing th? ObStaCI?S'
result of the comparative experiment shows that the TLBO With the algorithm, an eIectrc_)nllc_ pomponent envw_onment IS
algorithm is a feasible and effective method for UAV path formed. Based on this, the visibility graph theory is used to
planning applied in a static environment. create a path planning to avoid obstacles in the form of

The other path planning algorithm such as the Polygon. The algonth_m has been proven successfully in
Pythagorean hodograph curve is used by Yi et al. for UAV creating a path _plannlng for a robot to move to the_ 90‘?"
path planning in a three-dimensional environment [3]. When position and _av0|d obstacles. The algorithm is not applied in
a UAV detects an obstacle, the obstacle positions in the patlgygim'c elznw_r c;]nments. died b . h
are recalculated, and the path between the obstacles and the '€ algorithms _ studie Yy previous researchers are
goal position is replanned. The algorithm will form applied to static environments so that they are not able to
Curvature Constraint and .Torsion constraint for the detect moving obstacles in dynamic environments. Based on
Quadrotor to be able to avoid obstacles and reach the goal iﬁhe probler_ns, some research.ers have conducte_d studies to
a static environment. detect moving obstacles by using local path planning method

A graph-search algorithm such as the two-way D* to detect obstacles including Petillot et al. [6]. Multi-beam
(TWD*) algorithm is used by Dakulovi & Petrovi for path sonar image sensor is _USEd to detect_ obstac;les applied in
planning [4]. The algorithm is a merge of D* algorithm and underwater path planning. Constructive solid geometry
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(CSG) algorithm is used to form the obstacle that has been The agent used in this paper is rotary wing Quadrotor that

detected by the sensor. Gaussian and median filters are usdd a type of UAV that uses the thrust of four motors placed at

to filter noise on the sensor, and then the noise is filtered bythe end of a Quadrotor frame [8]. The Quadrotor used in this

the threshold to obtain the original image. The result of the paper has the model of plus form belong to Peter Corke as

simulation shows that the underwater path planning canshown in Fig.1 [9]. It shows that the Quadrotor can perform

move the robot to the goal position and avoid many vertical take-off and landing which works by using four

obstacles. thrust obtained from four motors which have the same
Detecting and avoiding obstacles can be conducted byrotation speed [10].

using the global method of path planning practiced by Wang gy decreasing the speed of the motgyor by decreasing

et al. who used radar to detect obstacles in an unknown area

[7]. Cell decomposition graph theory is used to create a mapthe speed of the motay, , the Quadrotor moves forward

by dividing the environment into small grids, and then a few gnd backward. It decreases the motor speedo move to

lines are used to connect the A* algorithm, and the fuzzy .

algorithm is used to create a path planning. In the the right and decreases the motor spagdto move to the

experiments, the algorithm is proven to be able to avoidleft [11]. The Quadrotor has twelve states consisting of six

static obstacles. attitude states in which there are three states for Euler angles
From the researchers mentioned earlier, cell

decomposition algorithm merged with fuzzy algorithm have Lo n

been applied to dynamic environments, so that the algorithmfor angular velocity name@t =[¢ o 41/] . The six other

can be applied to the formation pattern of Multi Quadrotor. N 4= [x y Z]T o

The problem is that they are not able to find the shortest patHStates are positions oft and the derivative

Therefore, the paper presents an algorithm to be added t(ﬂ)ositions of the stat@ =[k I m]T [12], [13]. Based on the

give values of weight to the environment map that is description mentioned above, the non-linear model of the

potential field algorithm. P i ; ; .
This study focuses on finding the shortest path to the Quadrotor used in this paper is as the following [11]:

formation of quadrotors in an unknown environment. By %=k

_ T
namely roll, pitch, yawgz ‘[¢’ ¢ ’/’] and three states

getting the shortest path, the formation can be made quickly. @)
To get the shortest path, quadrotor gets some problems such ]
as avoiding obstacles in the form of static or dynamic y=I (2)
obstacles. The purpose of this study is to find the shortest
path to the formation quickly presented in the research Z=m 3)
method in section Il. In this section modeling agent, robot
formations, environmental models, and path planning are -
described. The depiction of the analysis of the results of the $= p+S¢t9q+C¢,t9I’ ()
study is described in Section lll. The depiction of the
conclusions of the analysis of this study is described in d=c qa-sf (5)
Section V. ¢

| [I. MATERIAL AN-D METHOD _ e iq + &r ©6)

This paper presents a Multi Quadrotor path planning for Cy Cy

the robots to reach the goal and avoid obstacles with a global

view by using fuzzy and cell decomposition algorithms. . 1

Research methods used in this paper are a modeling agent, k = __T(Cazsecw + S¢Sz//) (7)
generating a map, path planning for the robots, m

implementing algorithms and giving potential values on the

. 1
map. =—_T7 - 8
F r, m (Ccasesw Sacw) (®)
) 0: 2 . 1
;J m=g-=T(c,c,) ©
b z
New AE p==(af + ek - af )~ —Lar 1o
b
D :—( +a)j—wf—a)22)— X_Zpr(11)
Fig. 1 Quadrotor modeling with a plus form belongs to peter corke Iy y

A. Agent Modelling
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B. Robot Formation
Robot Formation is a collection of several robots

cooperating to perform tasks. There are three robot agents
presented in this paper so that to reach the goal position an

avoid obstacles, a formation control for multi-robot path
planning is necessary. A triangular formation in the multi-
robot path planning as studied by Liu et al. by using a

Euclidean distance of Cartesian coordinate vector algorithm

to form the triangular formation applied to a wheeled robot
controlled by the robot leader is needed [14].

This paper presents the V pattern formation formed by
using the theory of Euclidean distance of Cartesian
coordinate vector algorithm to form a robot formation

pattern as shown in Fig. 2. It is seen that formation has an

agent leader located in the middle of two agent followers.

The distance between each Quadrotor is identical denoted as

D, and the pattern orientation is denoted as thkta

Obstacle
\

Y {meter)

70 80

0 I L I I
40

L L L |
50 60 90 100
X(meter)

Fig. 2 V formation modeling

The position of the leader is (X, y, and z). The position of
the followers is()(iL , yiL) on the left side of the leader, and

the position of the followers i iR, yiR) on the right side of

the leader for i = 1, 2, 3, n. The position equation for V
formation for each of the agents:

y- = y+iD' cod4d,) (13)
xt = x+iD\ sin(6,) (14)
yR = y+iDcod8,) (15)
y- = y+iD' cod4d,) (16)

Where (X, y) is the position of the robot Ieade(ﬁl) is
the angle forming first branching to robot followers
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positioned on the left side(ﬁz) is the angle forming first

branching to robot followers positioned on the right side, and
D=D} =D is the distance between the followers to the

leader.

C. Environment Modeling

Approximate Cell Decomposition is one of the methods in

graph theory used by Katevas et al. to create a two-
dimensional environment map by global sensing that divides
the environment into small grids with identical size to create

a path planning [15]. The path for the robots to move to the
goal position and avoid obstacles is created by using the
grids.

100

Meter

Mater
Fig. 3 The environment model

This study uses approximate cell decomposition algorithm
to create a multi Quadrotor path planning map using a global
view shown in Fig. 3 [16], [11]. It is seen that there are three
robots forming a triangular formation in an unknown

environment positioned i(lXRl, le) , (XRZ, sz) , and
(Xra, yr3), there is a static obstacle in a position of (Xo, Yo)

and there are three goal positions. By using these data, the
environment map by using the source code as shown in Fig.
4 is obtained.

Fig. 4 shows tha(xm,xm) is the position of robot 1,
(XRZ,XRZ) is the position of robot Z(XRS,Xm) is the position
of robot 3,(X,Yy) is the goal position of robot {X.,,Y,,)
is the goal position of robot 2, ar{i, Y, is the goal
position of robot 3.5, is the formula for the distance
between the position of robot 1 and Goal g, is the

formula for the distance between the position of robot 2 and
goal 2, andg, is the formula for the distance between the

position of the robot 3 and the goal §,,,S,, is the
distance between robot 3 and robot 1 an&g2,, S, ; are the

distance between robot 2 and robot 1 and 3,3nd S; is
the distance between the robot 1 and a robot 2 and 3, and
R, is the formula for the distance between the position of



robot and the obstacleR; AndR, are further summed up to  constant for the goal position of robot 8;, is the

be a value for the environment matrix. Path Planning. attraction constant for the goal position of robot 2, &g
tor I=fig:h is the attraction constant for the goal position of robot 3.
for J=f:g:h Multi-robot Path Planning in this study uses the
g = 1 : decentralized control in which each agent has a path
S xSV T el planning algorithm with updated environment map which
ST ST can renew the obstacle and the robot position data in real
. . ] ; : time as shown in Fig. 6.
§ =
= - LY s L ¥
E Ty for I=f:g:h
10 10) 10 10,
) for =f:g:h
5= i
fi_-"'-,, -‘I-_Iz__:,., Y E; = B _\_ﬂ..l__ —
10 10) \10 1o, I xa ) (¥
5o 1 A0 10/ 10 10,
B = =
\rf‘—r_l—a I-—'zi—‘!_‘*’ | Y o= o=
l10 10) \1o0 10, = (1 5V (e
P e N \de 10, (10 10,
““i10 10) |10 1o,
_ £ o= =
rox. v * R . -2
0F = L—;:—:i—h:-: |-r_:'-,. |_|"ir_:,. i
|10 10| |10 10| 10 5 10
pro L %) LI E) 5, = 2
'-,.m 1'3,' "1'3 1 ) If’;r_i‘l- _Ifi_-f_aﬂl-
Ul J)=8,+ 5, +5, +5; 10 10) (10 10,
UNIJ)=DF+5.+5,,+5, ~ 3 W e
r .: _ ) I; ar '-'".:: | I-"'"ir :".:: |
USLJ)=Dy + 8,455 8 Sa=lbyll=—=| *l=- :
HUYT,JT) =300, UYIJT)= 300 end A0 o) 1o 1
HU2(1,J)> 300, UAIJ )= 300 end
U731, J )= 300, U3 )= 300 end ST T
R R D=k - _cof |
and T [ BN B
end ',‘_lﬂ 1 ) I-,.IE 1 )
Fig. 4 Environment matrix formed by source code
i . w2
Iswanto et al. have investigated the basic behavior of path prep . | L Zex| |4 Y= |
planning using cell decomposition algorithm such as go-to- : =241 10 (10 10|
goal. [16] Implementing it to a Quadrotor. In this behavior, a - T :
robot is searching for the smallest value of the grid and o e aE
following it to reach goal position. Cell decomposition UNLJ )= 5z, 45, +55 +55;
algorithm is a path planning algorithm in thel® VAL )= 5e:7 5o =5, =8
environment while Quadrotor position is in thiel 3 _53:_{:-3}'_=5:.-—5¢ ‘_5.-._‘5:;2
environment. In the simulation, Quadrotor path planning H7YI,J)» 300, UYIJ =300 end
used a fuzzy algorithm fof]1* environment position by 721, J) =300, UYIJ =300 end
giving a constant value at a certain height so that the HI73(1,J0 )= 300, U3,J)=300 end
Quadrotor was controlled by a reference value of grid and o
spacing obtained from the fuzzy [17], [18], [19] algorithm. and

The algorithm has been modified by adding the potential [20] —
value on the cell decomposition grids as shown in Fig. 5.

It is seen in Fig. Five thakp, is the repulsion constant There are three algorithms forming environment matrixes
for robot 1, robot 2 and robot three as seen Fig. 6. With the
matrix environment on each agent, they will move to follow
is the repulsion constant for robot 3, alg is the repulsion  the robot leader to reach the goal position. When the robot
leader identifies the path that has several obstacles, the

Fig. 5 Environment matrix formed by source code
for robot 1,K, is the repulsion constant for robot Rg,

constant for the static obstacl&,, Is the attraction
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followers will be controlled decentralized to be able to avoid I1l. RESULTS ANDDISCUSSION

obstacles and find a path to get to the position of the leader In the experiment presented in this paper, Matlab is used

for I=f:g:h as the software. By using Matlab, Quadrotor design
for J=j:g:h modeling and algorithm design could be created, and the
o = g _ path planning algorithm could be simulated. Matrix
s NV :,._;f: environment has been created to simulate the robot type.
\(_ﬁ'l_'ﬁ- 110 There were two experiments conducted to assess the
’ b ’ modified algorithms; the first experiments used a static
Sm = —— = obstacle and a dynamic obstacle and the second experiment
J!;r—x“ | o L _Zm used a static obstacle and a lot of dynamic obstacles. The
\10 1'31 1010, simulation is to compare Modified Cell Decomposition
Sa= "o _. Algorithm and Fuzzy Artificial Potential Field (FCDAPF)
J.’i_x_g".'_.”i_::_g".' with Fuzzy algorithm cell decomposition.
10 10) (10 10)
= T 00 - ———————— — - - - ————————— -
s =k L Za| (] _¥al |
"5'-_"1{10 10) (10 10)° i I
UNLJ)=55+ 55+ 50+ 5p; wroor
HU(I,J7)> 300, U(1J)=300 end of - -1
end ol L
end I
50~ — — L — —
G |
40
for I=f:g:h
for J=f:g:h %0
¢ - kg, ] 20
S x{/ T x:-_ﬂl: (J :’IR:-\l: : 10
10 10} |10 10 ol
s = £3
- (I oxp (T we
10 10/ |10 10
5o = aZi
T w VT wa
J.ﬁ_ﬁ Tl10 10
s, er J Ll Fal (] _Fa|
# "l 1w L 1o,
U2IJ)=5,+5,+5,+5,
HU(IJ)> 300, U2(1,J)=300 end
end
and
(b)
for I=f:g:h
for J=1:g:h
Sp = = = (b)
\r%_%—‘f _'/%_%T Fig. 7 Comparison FCD and FCDAPF algorithms in static environments
s - Kgy : In the first experiment tested the algorithm in an unknown
TV I oz (T wat environment contained static obstacles like Fig. 7. The figure
\Io” 10 T\To o) shows that the static obstacles located at the point (25.20)
e _ kg _ and point (80.20). While the starting point is at a point
- TN quadrotor (10,10) for quadrotor yellow, points (95, 10) for
J-hﬁ_ﬁ; Tl 10 quadrotor blue and points (25.95) for quadrotor green color.
TR IR There are three points of interest quadrotor that point (70.40)
o=k .ﬁ_l_E —_ﬁ—ﬁ ; for quadrotor blue dot (50.40) for quadrotor yellow, and
L‘fx‘!.i‘:-=55,.—5ﬂ s s (50,50) for quad_rotor _colored green. Multi quadrotor will
ifL"fu".r:'.r':u}'sacc: UY(1.7)= 300, end form a V formation with green guadrotor as Ieade_rs and
omd o others as followers. The environment was tested with two
end algorithms for the Fuzzy cell decomposition algorithm (FCD)
© shown in Fig. 7(a) and Fuzzy Potential Field Artificial cell
Fig. 6 Source code momentum matrix Ling Kung-an ROBOT 3 decomposition in Fig. 7(b). From Fig. 7(a) shows that the

multi quadrotor forms a pattern formation faster than in Fig.
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7(b). This is because of multi quadrotor of Fig. 7(a) using a
modified algorithm FCD, while multi quadrotor in Fig. 7(b)
shows that the long form multi quadrotor pattern formation
because they do not find the shortest path.

100

920

80

70

60

50

40

30

20

Fig. 8 Comparison of FCD and FCD madifications algorithms to form a V
formation

In the second experiment, the algorithm is assessed in an

unknown environment with four static obstacles as shown in

Fig. 6. The figure shows that the static obstacles are located

at the position of (25.20), (80.25), (50.80) and (40.80). The
initial position for blue Quadrotor is (10, 10), for yellow
Quadrotor is (95, 10), and for green Quadrotor is (25.95).
The goal positions of the Quadrotor is (70.40) for blue
Quadrotor, (50.40) for yellow Quadrotor and (50,50) for
green Quadrotor. Multi Quadrotors form a V formation with

green Quadrotor as the leader and the two others as the

followers. The environment is assessed by using two
algorithms that are the Fuzzy cell decomposition algorithm
(FCD) as shown in Fig. 6(a) and Fuzzy Potential Field
Artificial cell decomposition as shown in Fig. 6(b). Fig. 6(a)

shows that the multi Quadrotors form a pattern formation
more quickly than that shown in Fig. 6(b). This is because
the former multi Quadrotors applies the modified algorithm

and dynamic obstacles moving from the starting point (50.90)
heading to point (50.10). While the starting point is at a
point quadrotor (10,10) for quadrotor yellow, points (95, 10)
for quadrotor blue and points (15.95) for quadrotor green
color. There are three points of interest quadrotor that point
(70.50) for quadrotor blue, points (50,50) for quadrotor
yellow, and (60.60) for quadrotor colored green. Multi
quadrotor will form a V formation with green quadrotor as
leaders and others as followers. The environment was tested
with two algorithms for the Fuzzy cell decomposition
algorithm (FCD) shown in Fig. 8(a) and Fuzzy Potential
Field Artificial cell decomposition in Fig. 8(b). From Fig.
8(a) shows that the multi quadrotor forms a pattern
formation faster than in Fig. 7(b). This is because of multi
quadrotor of Fig. 7(a) using a modified algorithm FCD,
while multi quadrotor in Fig. 7(b) shows that the long form
multi quadrotor pattern formation because they do not find
the shortest path.

100
90
80
70
60
50

40

30

— 1 _

20

10

.
sL_oa_ -
o

.
5L -
=]

(b)

Fig. 9 Comparison FCD and FCDAPF algorithms in dynamic environments

IV. CONCLUSIONS

The paper presents an algorithm to form a robot formation
pattern quickly by the modification of fuzzy cell

FCD. The latter multi Quadrotors shows that they take adecomposition algorithm. The cell decomposition algorithm
longer time to form the formation because they are not ableis frequently used in robot path planning to create maps of

to find the shortest path.
In the third experiment tested the algorithm in an

unknown environments with a global view, while the fuzzy
algorithm is frequently used in robot path planning for

unknown environment that there are two obstacles static anchavigation using either the global or local view. By using the

dynamic obstacles like Fig. 7. The figure shows that the

two algorithms, multi Quadrotors slowly form a pattern

static obstacles located at the point (25.20) and point (80.25formation because the Quadrotors in a hover position will
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wait for the other Quadrotors to perform the formation.

Based on the problem, it is necessary to conduct an
algorithm maodification. The modification is conducted by

adding a potential field to provide weight values on the map.
With the modification, each Quadrotor can move quickly to

the goal position to form a pattern formation.

NOMENCLATURE
¢ Euler angles namely roll rad
6 Euler angles namely pitch rad
¥ Euler angles namely yaw rad
4 Angular velocity namely roll rad/s
g Angular velocity namely pitch rad/s
¥ Angular velocity namely yaw rad/s
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