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Abstract 
 
This paper addresses an obstacle avoidance problem for a mobile robot in indoor environment. The collision avoidance algorithm util-

izes a region partition scheme to analyze the three forward sensory regions of the robot, then to calculate the minimum distances from the 
center of mass of the robot to the obstacles, respectively, and ultimately to find a navigable region. The supervisor inside the controller 
receives a series of obstacle avoidance behaviors and makes a decision that allows the robot to successfully navigate in a cluttered envi-
ronment. In addition, experimental results to illustrate the proposed obstacle avoidance algorithm for the mobile robot in navigation are 
also presented.  
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1. Introduction 

In order for mobile robots to be truly versatile, they have to 
perform given tasks autonomously in unknown, unstructured, 
unpredicted and dynamic environments. Under these situa-
tions, an obstacle avoidance algorithm driven by sensory in-
formation must generate the robot motions. In closed-loop 
control, the obstacle avoidance algorithm should be able to 
regenerate a collision-free path towards a given target position. 
The robot moves recursively under the guidance of the per-
ception-action loop (see Fig. 1). This paper focuses on a colli-
sion avoidance strategy using only sonar sensors in indoor 
environments (for the purpose of cost reduction). 

The movement of a robot between locations while avoiding 
collision in real time has been a widely studied subject. The 
Bug algorithm [1] follows the contour of each obstacle in the 
robot’s way and makes the robot circumnavigate it. The po-
tential field methods (PFM) and their inherent limitation are 
introduced in [2]. A known problem of the PFM is that the 
robot gets easily trapped in a U-shape structure. The vector 
field histogram (VFH) [3] is an obstacle avoidance method 
that selects a motion direction from a pre-calculated set of 
solutions (valleys), switching among three different situations: 
wide-valley situation, narrow-valley situation, and the situa-
tion that the robot faces into the target direction. This set of 
solutions is obtained based on an empirical threshold. The 

turning of the robot should be different when the robot navi-
gates from very dense environments to less dense ones. The 
VFH+ is also presented in [4], which is an improved version 
of VFH with additional considerations of threshold hysteresis, 
the robot’s size, and masking blocked sectors. Another obsta-
cle avoidance technique is the dynamic window approach [5]. 
The motion commands (translational and rotational velocities 
of the robot) are carried out directly in the velocity space. An 
objective function, which includes the heading to the target, 
the robot’s forward velocities and obstacle clearance, is con-
sidered, and the motion commands are computed by optimiz-
ing the objective function. Other notable results include an 
interactive multiple model algorithm [6], a three-layer control 
architecture (deliberative, sequencing, reflexive) [7], a colli-
sion-free motion coordination for multiple heterogeneous 
robots [8], a predictive navigation approach with non-
holonomic and minimum turning radius constraints [9], a 
time-varying feedback control via the chained form [10], and 
others [11-14]. 

In this paper, a strategy to avoid obstacles is carried out by 
using a region partition. First, a threshold is set up to ignore 
objects somewhat far away from the robot, and only objects 
within this threshold are considered; second, to ensure the 
safety of the robot, a security zone around the robot is set; and 
third, the measurement range is partitioned into three regions 
of 60 degrees (see Fig. 6). Analyzing the measured data, we 
can determine which region among the three would be the best 
navigable region for the planned motion of the robot. The 
supervisor module (see Fig. 1) calculates motion suitability 
and sends the motion commands (translational and rotational 
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velocities) to the low-level driver modules through a serial 
port. This process is repeated under a perception-action loop. 
The outcome is a chain of online command motions that drive 
the robot to intermediate positions while avoiding collision. 

Contributions of this paper are an efficient combination of 
geometric analysis and decision making, and this combination 
allows the robot to use an array of sonars to successfully navi-
gate in indoor cluttered environment. The conditions that al-
low the robot to navigate forward safely are considered. The 
width of the robot is also taken into account while it is ignored 
in the VFH [3] and in the fuzzy logic methods [15, 16]. In 
addition, the accurate computation of the translational and 
rotational velocities ( , )v ω  based on circular motion and the 
direction solution received from the obstacle avoidance mod-
ule is performed, and the algorithms presented in [2-5] use an 
assumption that the robot makes a circular path.  

One approach to autonomous navigation is the wall follow-
ing method [17-19]. However, robot navigation by the wall 
following method is less versatile and the robot collides with 
walls [18] or sometimes the robot cannot reach to the target. In 
our work, the experimental results will demonstrate that the 
obstacle avoidance algorithm can be carried out completely 
for mobile robot navigation in a disordered environment. 
Moreover, the algorithm does not require an accurate analyti-
cal model of the environment, allows the robot to navigate in a 
narrow way easily, and takes less computation. This algorithm 
can be extended to 360-degree visibility and can be used for 
multiple mobile robots. 

This paper is organized as follows. The kinematic model of 
a wheeled robot is overviewed briefly, and obstacle detection 
using a sonar array is considered in Section 2. In Section 3, the 
obstacle avoidance algorithm based on a region partition and 
sensory measurements is discussed in detail. Furthermore, 
velocity design strategy is also presented. Experimental results 
that illustrate the performance of the obstacle avoidance algo-
rithm applied to a mobile robot are provided in Section 4. 
Finally, conclusions are drawn in Section 5. 

 
2. Kinematics and obstacle detection 

2.1 Kinematics 

We consider a wheeled mobile robot moving on a flat sur-
face under the classical hypothesis “rolling without slipping” 
between the wheels and the ground. A schematic of such a 
robot of rectangular shape is shown in Fig. 3: 1l  is the length, 

2l  is the width, and wl  is the distance between the two rear 
wheels. Let O X Y− −  and o x y− −  be the global coordi-
nate frame and the body coordinate frame attached to the ro-
bot, respectively, and (X, Y) denote the coordinate of the cen-
tre of the robot in the global frame. Let θ  denote the rota-
tional angle of the x-axis with respect to the X-axis. The body 
coordinate frame o x y− −  is established in such a way that 
the origin of the frame is located at the mid point of the rear 
axle, and the x-axis coincides with the main axis of the robot. 
The pose (configuration) of the robot is given by (X, Y, θ).  

Table 1. Configuration of sonar sensors in the local reference frame. 
 

Order 
[i] 

ix  
[m] 

iy  
[m] 

Height 
[m] 

iδ  
[rad] 

0 0.069 0.136 0.215 1.571 

1 0.114 0.119 0.215 0.873 

2 0.148 0.078 0.215 0.524 

3 0.166 0.027 0.215 0.175 

4 0.166 -0.027 0.215 -0.175 

5 0.148 -0.078 0.215 -0.524 

6 0.114 -0.119 0.215 -0.873 

7 0.069 -0.136 0.215 -1.571 

 
 

 
 
Fig. 1. Control architecture: perception-action loop. 

 
 

Due to the no-slippage assumption, a nonholonomic constraint 
holds as follows: 

 
sin cosX Yθ θ= .  (1) 

 
Under this constraint, the robot motion can be described by 
only two motion commands (v, ω) as follows: 

 
cos 0
sin 0

0 1

X
v

Y
θ
θ

ω
θ

⎡ ⎤ ⎡ ⎤
⎡ ⎤⎢ ⎥ ⎢ ⎥= ⎢ ⎥⎢ ⎥ ⎢ ⎥ ⎣ ⎦⎢ ⎥ ⎢ ⎥⎣ ⎦⎣ ⎦

  (2) 

 
where v is the translational velocity of the robot along the x-
axis and ω is the rotational velocity of the robot. Also, 

maxv v≤  and maxω ω≤  are assumed, where maxv  and maxω  
are their maximum values, respectively. 
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(a) Distribution of eight sonar sensors. 

 

 
(b) Example of sonar data: the robot’s origin is (0, 0). 

 

 
(c) Pioneer P3-DX. 

 
Fig. 2. Sonar array and an example of sonar data. 

 
2.2 Obstacle detection using sonar sensors 

Eight sonar sensors were attached around the robot at the 
height of 0.215 m, namely, one in right- and left-side of the 
robot, respectively, and six in the forward-side at 20-degree 
intervals, see Fig. 2(a). Their locations are fixed. Fig. 2(b) 
shows captured sonar data, where [i] indicates the i-th sonar in 
the array, i = 0,..,7. Table 1 shows the location data of the 
sensors in the robot coordinate frame. 

In Fig. 4, let ( , , )i i iX Y α and ( , , )i i ix y δ  be the arrange-
ment of the i-th sonar in the global and local coordinate 
frames, respectively, where ( , )i iX Y  and ( , )i ix y  are the 
coordinates of the i-th sonar sensor in the inertia and body 
coordinate frames, respectively, and iα  and iδ  are the an-
gles that the sonar ray makes with the X-axis and the x-axis, 
respectively. Let id  be the measured distance from the i-th 
sonar sensor to the obstacle, in which iP  is assumed to be the 
contact point of the sonar ray on the obstacle. Let iD  be the 

distance from the center of the robot to iP . Since there are 
eight sonar sensors, eight object coordinates are obtained: 
They are, ( , )p p

i iX Y  and ( , )p p
i ix y , 0, ,7i =  in the global 

and local coordinate frames, respectively. 
The coordinate of an i-th object point iP  in the local 

coordinate is calculated as follows: 
 

cosp
i i i ix x d δ= + ,  

sinp
i i i iy y d δ= + .    (3) 

 
Thus, Di can be calculated as 
  

2 2 2( ) ( )p p
i i iD x y= + .  (4) 

 
Substituting (3) into (4) yields 
 

2 2 2 2 ( cos sin )i i i i i i i i iD d x y d x yδ δ= + + + + .  (5) 

 
On the other hand, the global sensor position is calculated by a 
matrix equation of the form 
 

cos sin 0
sin cos 0

0 0 1

i i

i i

i i

X X x
Y Y y

θ θ
θ θ

α θ δ

−⎡ ⎤ ⎡ ⎤ ⎡ ⎤ ⎡ ⎤
⎢ ⎥ ⎢ ⎥ ⎢ ⎥ ⎢ ⎥= +⎢ ⎥ ⎢ ⎥ ⎢ ⎥ ⎢ ⎥
⎢ ⎥ ⎢ ⎥ ⎢ ⎥ ⎢ ⎥⎣ ⎦ ⎣ ⎦ ⎣ ⎦ ⎣ ⎦

.           (6) 

 
Finally, using the robot pose ( , , )X Y θ  and the sensor data 
( , )p p

i ix y , the coordinate of the i-th obstacle iP  in the global 
reference frame is given as follows: 
 

cos sinp p p
i i iX X x yθ θ= + − ,  

sin cosp p p
i i iY Y x yθ θ= + + .                (7) 

 
3. Obstacle avoidance algorithm 

In this section, a methodology of avoiding obstacles using 
sonar sensors is discussed. A moving direction dφ  is deter-
mined based on a region partition and geometrical analysis. 
Then, motion commands ( , )v ω  are archived based on the 
hypothesis that the robot movement is a circular motion. 

 
3.1 Determining moving direction 

Consider a situation that the robot is approaching to a point 
F (Fig. 5). Let the distance from the robot to point F be ρ  
and the angle between the X-axis and the line that joins the 
center of the robot and point F be γ , respectively. Then, they 
are obtained as follows. 

 
2 2( ) ( )F FX X Y Yρ = − + − ,  

atan2( , )F FY Y X Xγ = − − ,  (8) 
 

where ( , )F FX Y  is the position of point F in the global coor-
dinate. The distance ρ  is reduced and becomes to zero when 



368 T. T. Q. Bui and K.-S. Hong / Journal of Mechanical Science and Technology 24 (2010) 365~372 
 

 

the robot approaches to F. Our goal is to control the robot in 
the presence of obstacles while approaching to a goal point. 
The moving direction equals the difference angle ξ γ θ= −  
when the robot navigates in a free obstacle environment. The 
determination of moving direction is discussed as follows. 

Unfortunately, sonar sensors cannot detect the shape of an 
obstacle(s) exactly because only finite number of sensors is 
used and discrete data are provided. Also, shape detection 
becomes more difficult in a cluttered environment. Therefore, 
the nearness diagram algorithm [20] and its extended method 
[21] will not work efficiently in this case. In this paper, we 
propose a scheme of splitting the forward range (180 degrees) 
into three regions of 60 degrees (see Fig. 6). In Fig. 6, R de-
notes the radius of the minimum circle that contains the robot 
(0.22 m in this paper), and sD  is the security distance (0.1 m 
has been set). Upon the calculation of iD , the obstacle avoid-
ance algorithm scrutinizes the three forward regions to pick 
the best one with respect to passableness for the robot’s for-
ward movement. Let thR  be the threshold distance for detect-
ing obstacles (4 m was set); that is, objects beyond thR  are 
ignored (in programming, i thD R=  if i thD R≥ ). Let min

LD , 
min
CD , and min

RD  denote the minimum distances to the obsta-
cles in the left, center, and right regions, respectively, and 

minD be the minimum of the three, as follows: 
 

 
 
Fig. 3. Nonholonomic robot differentially driven by two rear wheels. 

 

 
 
Fig. 4. Global and local coordinates of the i-th sonar sensor. 

min min{ : 0,1, 2}L
ii

D D i= = ,  

min min{ : 2, 3, 4, 5}C
ii

D D i= = ,  

min min{ : 5, 6, 7}R
ii

D D i= = , and  

min min{ : 0, ,7}ii
D D i= = .  (9) 

 
In Fig. 6, let iP  be the intersection point of the i-th sonar 

ray with the line(s) that is parallel to the x-axis, which is tan-
gent with the circle of radius ( )sR D+  in the left and right 
side, respectively. Let 1d  and 2d  be the measured distance 
from the first and the second sonar to 1P  and 2P , respec-
tively. Then, due to the symmetry of the sensor arrangement, 
we have 

 
1

1
1sin

sR D yd
δ

+ −
=  ( 6

6sin
sR D y
δ

+ +
=

−
),  

2
2

2sin
sR D yd
δ

+ −
=  ( 5

5sin
sR D y
δ

+ +
=

−
).     (10) 

 
From (9), the distances 1oP  and 2oP  are obtained as fol-
lows: 
 

 
 
Fig. 5. A situation that the robot is reaching to a point F. 

 

 
 
Fig. 6. Partition into three regions and the security zone for safety. 
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2 2 2
1 1 1 1 1 1 1 1 12 ( cos sin )oP d x y d x yδ δ= + + + + ,  

2 2 2
2 2 2 2 2 2 2 2 22 ( cos sin )oP d x y d x yδ δ= + + + + ,    (11) 

 
From the geometry in Fig. 6, it is clear that the robot can move 
forward if there is no obstacle inside the rectangle made by 

0 2 5 7P P P P . The conditions that allow the robot to move for-
ward are min 2

CD oP≥ , 1 1D oP≥ , and 6 1D oP≥ . If there is any 
obstacle inside the security zone, an emergency is called, and 
the Pause state is sent immediately to the robot. At the Pause 
state, the motion commands are ( , )v ω = (0, 0). Otherwise, a 
navigable region is specified. 

A series of obstacle avoidance motions are executed using a 
set of if-then rules as follows:  

 
If( min( )sD R D< + || ( 0ρ ≈≈ )) state = Pause; 
else{ 
  If 1 6 1min( , )D D oP≥ { 
     If  min

CD  ≥ 2oP  {// Option 1 
       If min min 2min( , )L RD D oP> { 
         If min min min min(( ) & &( ))L R C RD D D D D< < −  
            state = TurnRight; 
         else if min min min min(( ) & &( ))L R C LD D D D D> < −  
            state = TurnLeft; 
         else state = Forward; 
       } 
       else state = Forward; 
     } 
     else{//Option 2 
          if min min( )C RD D D< −  state = TurnRight; 
          else state = TurnLeft; 
     } 
 else{//Option 3 
    if min 1 min 1(( ) & &( ))L RD oP D oP< >  
          state = TurnRight; 
    else if min 1 min 1(( ) & &( ))L RD oP D oP> <  
          state = TurnLeft; 
    else state = Backward; 
  } 
} 
 
In Option 1, if min min 2min( , )L RD D oP≤ , the controller puts a 

top priority to the forward movement. If 
min min 2min( , )L RD D oP> , there are three possibilities: first, if 

min min
L RD D> and min min

C LD D D< − (where D  is a threshold 
value, thD R< ), the left region is selected as a navigable re-
gion, and thus the robot will turn left; second, if min min

L RD D<  
and min min

C RD D D< − , the robot will turn right; otherwise, the 
center region will be the last accessible region for the robot to 
move forward. 

In Option 2, the robot cannot move forward because 
min 2
CD oP< . Thus, the algorithm should consider either to a 

turn to the left or a turn to the right. If min min
L RD D D< − , the 

right region becomes a passable region; thus, the robot will 
turn right. If min min

R LD D D< − , the robot will turn left. 

In Option 3, the given conditions do not allow the robot to 
move forward, so turning left or right needs to be considered. 
If min 1

RD oP<  and min 1
LD oP>  (or min 1

RD oP>  and min 1
LD oP< ), 

the robot has to turn left (or right). If both conditions are not 
satisfied, then the robot has to move backward until it escapes 
from the deadlock. 
 
3.2 Designing velocities 

This subsection discusses a scheme for determining the ro-
bot’s velocities according to the solution to motion direction 
obtained from the obstacle avoidance algorithm. During the 
execution of motions, the velocities remain constant in each 
loop-time. At constant velocities, the robot moves in a circular 
path or a straight line. Note that a straight motion and a pure 
rotation are both circular paths with infinity and zero radii, 
respectively.  

The relationship between the translational and rotational ve-
locities is given by v rω= , where r is the radius of circular 
motion. Since the velocities must satisfy the conditions 

maxv v≤  and maxω ω≤ , respectively, the following angle is 
introduced. 

 
max

0
max

atan
v
ωφ = . (12) 

 
Assume that, at a given time instant k, the controller gives 

motion commands ( , )v ω that makes the robot pass a point 
( , )k kx y  by circular motion. Then, the radius of a circle r  
and the moving direction [ , ]dφ π π∈ −  are given by 

 
2 2

2
k k

k

x yr
y
+

= ,  (13) 

atan2( , ) if 0
atan2( , ) otherwise

k k k
d

k k

x r y y
x y r

φ
− ≥⎧

= ⎨− −⎩
  (14)   

 
respectively, since the robot has to satisfy the circular motion 
of 2 2 2( )k kx y r r+ − = (see [20]). 

The robot moves at its maximum velocities if obstacles are 
far away from the robot. However, if obstacles appear within a 
predetermined range, the velocities will become proportional 
to the remaining distance between the robot and the obstacle.  

Let µ  be a coefficient (a weighting factor) defined by 
 

min

min

1,

, otherwise

obs

obs

d d

d
d

µ
⎧ ≥
⎪= ⎨
⎪
⎩

  (15) 

 
where mind  is the prearranged threshold distance used to 
check whether the maximum velocity maxv  should be used or 
not (in this paper, mind = 4 m) and obsd  is the distance from 
the robot to the closest obstacle. Finally, the following control 
laws are proposed in (16). The sign preserves the “forward” 
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and “backward” motion. If 0dφ =  or π , tan 0dφ = , then 
the robot motion is a straight forward or backward motion, 
respectively. Similarly, if / 2dφ π=  or / 2π− , the robot 
motion is pure rotation to the left or right, respectively. 

 
4. Experimental results 

4.1 Mobile robot platform and settings 

The collision avoidance algorithm was tested on a Pioneer 
P3-DX mobile base, a nonholonomic vehicle equipped with a 
sonar array (8 sonar sensors in the front) with dimensions of 

1l  = 0.44 m and 2l  = 0.38 m. Because the robot moves in an 
indoor environment with highly dense obstacles, the safety of 
the humans around the robot must be preserved. The maxi-
mum translational and rotational velocities were set to maxv  = 
0.5 m/s and maxω = 0.523 rad/s, respectively. Other parameter 
values were set as follows: R = 0.22 m, sD  = 0.1 m, thR  = 
4.0 m, and D = 0.3 m. All the calculations of the algorithm 
were implemented in the C++ program language on a Win-
dows operating system. The control loop time was 100 ms. 

 
4.2 Experiment 

A challenge was that the robot must search a target auto-
matically during its navigation in an unknown and dynamic 
scenarios (the robot knows only the position of the target). Fig. 
7 shows experimental data, in which the feasibility of the col-
lision avoidance algorithm was demonstrated. The target posi-
tion was (5.5, 3.5). The robot’s pose (position and orientation) 
at time t = 0 was (0, 0, 0). The initial and goal locations of the 
robot and their intermediate points were denoted as A-E. Four 
different zones were tested as follows: 

- A to B: a sparse zone (less dense), 
- B to C: a densely cluttered zone, 
- C to D: a narrow passage, 
- D to E: a zone in which the target is surrounded by obsta-

cles. 
 
The target position with respect to the robot position has 

been updated in the control loop. By using the distance ρ , 
the angle ξ , and sonar data as inputs, the controller directed 
the robot’s motion toward the target. The trajectory of the 
robot and the sonar points collected in the experiment are 
shown in Fig. 7(a). The heading angle, the linear velocity, and 
the angular velocity of the robot are depicted in Fig. 7(b) and 
Fig. 7(c), respectively. From A to B, the robot was able to 
move on a straight line because there was no obstacle. After 
that, the robot had to search for a movable direction in the 
presence of scattered obstacles (B to D). Fig. 7(d) shows the 
overall experimental environment (left) and a snapshot of the  

 
(a) The path executed by the robot (dots are sonar points). 

 

 
(b) Heading angle of the robot. 

 

 
(c) Linear and angular velocities. 

 

 
(d) The overall experimental environment (left) and the robot passing 
through a narrow passage (right). 
 
Fig. 7. Experiment: navigation from A to E. 

( , )v ω =

max max

max d max

max max

max d max

( , tan ),
( |cot |, sgn( )),

( , tan(sgn( ) ) ),
( |cot(sgn( ) ) |, sgn( )),

d

d

d d

d d

v v

v v

µ µ φ
µω φ µω φ
µ µ φ π φ
µω φ π φ µω φ

⎧
⎪
⎪
⎨ − −⎪
⎪ − −⎩

0 0

0 0

0 0

[ , ]
{[ / 2, ) ( , / 2]}
{[ , ] [ , ]}

otherwise.

d

d

d

φ φ φ
φ π φ φ π
φ π π φ π φ π

∈ −
∈ − − ∩
∈ − − + ∩ −

 (16)



 T. T. Q. Bui and K.-S. Hong / Journal of Mechanical Science and Technology 24 (2010) 365~372 371 
 

  

robot passing through a narrow passage at D. At the goal point, 
the robot’s pose was (5.466, 3.496, 3.066). This experiment 
took 72 s. In our experiment, only the forward zone of the 
mobile robot was considered, hence, the moving direction is 

[ / 2, / 2]dϕ π π∈ − . For a narrow passage, the robot could 
move through the passageway by reducing sD  to a small 
value. 

 
5. Conclusions 

An obstacle avoidance methodology using ultrasonic sen-
sors for the mobile robot was presented. The velocity genera-
tion strategy is based on the elementary circular path to the 
direction solution of motion. Moreover, the obstacle avoid-
ance method does not require a precise analytical model of the 
environment and gives another insight on the effective use of a 
sonar array in obstacle avoidance for the mobile robot. The 
experiment results obtained also showed that the robot navi-
gated in an unknown, complex environment as well as in nar-
row passage easily. The algorithm can be extended to 360-
degree visibility and applied to many types of mobile robot 
platforms as an approach well-suited for robot navigation in 
unknown, cluttered environments. 
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