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Abstract: Micro Aerial Vehicles(MAVs) have been seen rapid progress in the indoor entertaining, security monitoring, as well 
as search and rescue activities. Localization capability is one of the basis of MAVs autonomous movement and path planning. 
This paper proposes a novel indoor localization algorithm using a prior map for the mini MAVs with a sparse sonar array. Four 
mutually perpendicular installed ultrasonic sensors provide distances of each directions. An improved multiple rays model is 
constructed to approximate the detection range of the ultrasonic sensor. Then a maximum a posteriori (MAP) estimation of the 
MAV’s location is accomplished using a Gaussian distribution prior and a Gaussian likelihood function. The proposed algorithm 
is valid on a test platform and the results indicate good localization performance and robustness against compass measurement 
noise. 
Key Words: Indoor localization, MAV, ultrasonic sensor model, maximum a posterior estimation 
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1 Introduction 
Indoor MAVs have wide industry applications and have 

been seen rapid progress in recent years [1] [2] . In the narrow 
indoor environment with obstacles, mini MAV can take full 
advantages of its agile characteristics to avoid the obstacles, 
perform rescue and mapping tasks[2], etc.  

One of the keys that MAVs can move independently and 
complete their missions is the autonomous localization 
ability. GPS is commonly used for outdoor localization, 
while indoor environment is lack of GPS signals. Thus 
localization approaches based on GPS cannot be used in 
indoor environment. At present, indoor localization can 
utilize sensors like inertial measurement unit (IMU)[3], 
ranging sensors [4], cameras [5], Wi-Fi [6]  and ZigBee [7] , etc.  

For a mini indoor MAV, constraints of the MAV size, load 
capacity and battery power should be considered. Laser 
rangefinders have high accuracy, but are not suitable for 
MAV because of the large size and power consumption. 
Cameras, especially small monocular ones, can meet the size 
requirements and get much more information than ultrasonic 
and laser rangefinders. However, the computational cost for 
image processing and storage is a challenge to the MAV. 
Ultrasonic rangefinders are smaller and lighter than laser 
rangefinders and cameras, and also has a lower price. So it is 
consistent with the requirements of the MAV in size and load 
capacity. But there are some shortcomings of ultrasonic 
sensor that cannot be ignored, such as the measurement 
range limitation, multi-lobe distribution and the poor angle 
resolution. 

Based on the above analyses, an indoor localization 
approach combining an IMU and an array of ultrasonic 
rangefinders under a prior map is adopted in this paper. 

Research of ultrasonic indoor localization has been 
carried out for many years. In [8], the ultrasonic 
characteristics and the distribution of the lobes were 

                                                           
 

analyzed in detail. The boundary and angle of ultrasonic 
lobes were measured by moving an obstacle and reading the 
sensor values. Finally, an accurate mathematical model was 
established.  

A cone model with a probability distribution is also used 
for describing the ultrasonic characteristics. The sensor 
heading is set as the origin and the ultrasonic multi-lobe 
distribution is assumed to be a cone. When the obstacle is 
close to the ultrasonic central axis, the probability of the 
measured value is high, when away from the central axis, the 
probability of the measured value is low. In [9], “occupancy 

probabilities” was used to describe the result of obstacle 
detection. When the ultrasonic sensor received the measured 
signal, the product of a distance probability and an angle 
probability was taken as the probability of the obstacle 
location. In [10], based on the cone model, a Triangulation 
Based Fusion (TBF) algorithm was proposed to extract 
features from the measured values for building 
environmental map and achieving the localization estimation. 
In [11], 16 ultrasonic sensors were used to extract landmarks 
and match the map for estimating the location. The result 
showed an accuracy of 5-15cm. TBF algorithm is also 
investigated in [12] and [13]. In [12], a robot pose tracking 
algorithm based on the TBF was experimented in a 
large-scale indoor environment. In [13], a TBF algorithm 
with added line feature extraction was used for extracting 
intersections based on 12 ultrasonic sensors surrounded the 
mobile robot. In [14], firstly, the data of eight frontal 
ultrasonic sensors was obtained based on evidence grids, 
then fast Fourier transform was used to filter out the noise for 
the obstacle contours and finally the short feature vectors 
were obtained based on principal components analysis 
(PCA). In [15], a novel data fusion localization algorithm 
was proposed and applied to the framework which is based 
on the extended Kalman filter (EKF). In [16], the results of 
the ultrasonic occupancy grids based on Bayesian, 
Dempster-Shafer evidence theory and fuzzy set theory were 
analyzed and compared. In [17], the ultrasonic data 
acquisition was divided into two steps: Firstly, combine 
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travelling and stopping. Secondly, rotate the angle. The 
mathematical model was made up of the directional 
probability and the measured value estimation. The average 
and least squares method were used to fit, then the local map 
and global map were established. In [18], TBF, Hough 
transform (HT) and sonar salient (SS) feature algorithms 
were combined to extract the features.  

Compared with the above literatures, the main 
contributions of this paper are concentrated as the following 
two aspects: 

Firstly, apart from [8], the ultrasonic models in the other 
literatures are improved based on the cone model. The cone 
model is poor in distinguishing the angle of obstacles. The 
conical approximation to the real distribution of ultrasonic 
lobes can also exhibit large errors. In this paper, the 
measurement boundary of the ultrasonic sensor is measured, 
and a "polygon" model is established precisely, which 
reflects the actual ranging boundary of the used ultrasonic 
sensor. 

Secondly, for most of MAVs and mobile robots which use 
ultrasonic sensors, some use a single ultrasonic sensor, and 
some use multiple ultrasonic sensors aligned on a circle with 
equal spaces. A single ultrasonic sensor provides limited 
information while too many ultrasonic sensors are not 
suitable for MAV due to its load capacity and power 
consumption. In this paper, the MAV is equipped with four 
ultrasonic sensors aligned at right angles for a balance 
between information acquisition and the limitation of the 
MAV platform. 

The framework of this paper is organized as follows: the  
ultrasonic mathematical model is established in the second 
section; indoor localization is discussed in detail in the third 
section; in the fourth section, an experiment is carried out in 
an indoor environment with no obstacles. Robustness is also 
tested under compass measurement noise. 

2 Ultrasonic Measurement Model 
The ultrasonic sensor used in this paper is a single 

transducer ultrasonic rangefinder named SRF01[19].The net 
weight of SRF01 is 3g and its diameter is about 1.6cm. The 
official datasheet indicates that the measurement distance is 
18cm to 600cm in standard mode. The minimum 
measurement distance in advanced mode can be reduced to 
0cm. Furthermore, the minimum measurement time interval 
is least 70ms. Summarizing the above features of SRF01, it’s 

suitable for the MAV platform. 
Fig.1 shows the original detection range of SRF01. It is 

obtained by placing and measuring an obstacle in the 
positions of a predefined grid points in front of the ultrasonic 
sensor. 

Fig.1 SRF01 contour model (without cloth tube) 

Fig.1 shows that SRF01 measurement range is a polygon. 
The left and right boundaries exceed 50 cm at 300 cm 
distance, showing its poor angle resolution for localization. 

To improve the angle resolution of the SRF01 model, the 
side lobes are suppressed by a 0.5cm cloth tube. The axial 
cross section of the SRF01 measurement range with cloth 
tubes is shown in Fig.2. 

Fig.2 SRF01 contour model (with cloth tube) 
Fig.2 shows that the detection boundary is significantly 

concentrated and the maximum width of the lobe is less than 
20cm, which improves the angle resolution. 

Based on the ultrasonic contour model, a SRF01 multiple 
rays model in Fig.3 is obtained by connecting the sensor 
heading to the points of the contour model detection 
boundary. 

Fig.3 SRF01 multiple rays model (with cloth tube) 
The multiple rays model will be applied to the ultrasonic 

estimation algorithm in the third section.  
The ultrasonic multiple rays model is expressed as: 
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where 	 is the angle of ultrasonic central axis, jd is the 

length of the thj ray, j
 is the angle of the thj ray relative to 
the central axis. The estimated measurement of the ultrasonic 
multiple rays model is 

� �1 0 2 0 02 2 2
min , lu � � � �q s q s q sq sl � , (2) 

where � �,
T

j j j
x y�q is the intersection of the external 

environment and the thj ray. 
Compared to the contour model, multiple rays model 

needs less computing resource in the localization estimation. 
However, the multiple rays model also brings localization 
errors. The model resolution and the maximum measurement 
error are analyzed in the following part. 

When the obstacle is between two adjacent rays and the 
radius is less than a certain value, the obstacle will not be 
detected by the ray model. Let the radius of the obstacle 
is r when the edge of the obstacle is tangent to the two 
adjacent rays, we can get the resolution 
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sin
2or d

�

� � , (3) 

where od is the distance from the center of the obstacle to the 

ultrasonic sensor and 1= j j
 
 
�� � . 
 When the obstacle is just on the contour, we can get the 
maximum measurement error 

1= j jd d d�� � , (4) 

where jd is the length of the thj ray. 
 When the obstacle is inside the ultrasonic contour, the 
multiple rays model error is related to the angle of the wall 
and the ultrasonic central axis. 
 Let the angle between the wall and the ultrasonic central 
axis is� , the maximum error is 

= (1 sin( ))error juu � 
� � , (5) 

where j represents the thj ray that minimizes Eq.(2) . 

3 Indoor Localization Algorithm 
Based on the multiple rays model, a maximum a-posteriori 

(MAP) algorithm is used to estimate the MAV location. 
MAP is based on the observed data x so that the posterior 

probability density function of ( )f x� reaches the 
maximum value. 

After taking the logarithm according to the Bayesian 
equation, we can get 

1 2
ˆ arg min log log( ) ( ) ( )MAP f fx x

�
� � �� �� �� � . (6)

Specific to the localization algorithm, the detection 
interval of ultrasonic sensors is 0.1s and the moving distance 
of MAV is short in 0.1s. Based on the above assumption, the 
present location is regarded as a Gaussian distribution 
centered on the previous location, i.e., 1 ( )f � represents the 
Gaussian distribution of the estimated location. Similarly, 
the actual readings are regarded as Gaussian distributions 
centered on the theoretical readings, i.e., 2 ( )f x �  represents 
the Gaussian distribution of the actual ultrasonic sensor 
readings.  

So 1 ( )f � and 2 ( )f x � can be written as follows 
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 In Eq.(7) and Eq.(8), the k is the sampling time, 
2 N��M R represents the environment and consists of 

N environment corner locations in counterclockwise 
direction from the origin. 2( )k �v R is the location of MAV 

and 2
ˆ ( )k �v R is the estimated location. 4( )m k �u R  is the 

measurement vector of the four ultrasonic sensors and 

4( )k �u R is the estimation of ( )m ku . 1Σ and 2Σ are 
covariance matrices and we assume that each element of 

( )ku and ( )kv  is independent of each other and has the 

same variance, i.e. 1Σ and 2Σ are unit diagonal matrices. 
 Substituting Eq. (7) and Eq. (8) into Eq. (6) yields the 
optimization function 
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  Since the constant term in Eq.(9) does not affect the 
optimization result, we can rewrite optimization function as 
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The constraint of Eq.(10) is that ( )kv must be within the 
map defined by M . 

( )ku can be written as 
� �( )= ( ), ( ), ,k g k k	u v M S , (11) 

where ( )k	 is the MAV yaw angle obtained from the 
magnetic compass. 
 We can obtain ( )ku  from the following algorithm. 
Algorithm 1 g function algorithm 
Inputs: ( )kv , ( )k	 , M , S  

Process: � �( )= ( ), ( ), ,k g k k	u v M S  
1:  if ( )kv  is within M then 
2:  Initialize the intersection of S and M  
3: Get the rotation matrix ( )k	 of four ultrasonic sensors  

� �1 2 3 4( ) ( ) ( ) ( ) ( ) Tk k k k k	 	 	 	 	#  
4:  for 1 4i � # do 
5:    for 1j l� #  do 
6:          Based on ( )kv and ( )k	 , the intersection  of M and 

the thj  ray: 2( ) l

j k ��q R  
7:    end 
8: � � � � � �� �1 0 2 0 02 2 2min , ( )lk k k k� � � #q s q s q s u�k��k���k�k�  
9: end  
Output: ( )ku   

The flow chart of the proposed indoor localization 
algorithm is shown in Fig.4. 
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Fig.4 The flow chart of indoor localization algorithm  

4 The Experimental Results 

An experimental platform is made before installing the 
ultrasonic sensors on MAV. The four mutually 
perpendicular ultrasonic sensors are numbered from 1 to 4 in 
clockwise, which is shown in Fig.5 and Fig.6. 

 
Fig.5 The mobile experimental platform (without cloth tube) 

Fig.6 The mobile experimental platform (with cloth tube) 
An indoor space without obstacles is selected as the 

experimental area, and the trajectory and direction of the 
MAV are set as shown in Fig.7.  

Fig.7 Experimental environment and MAV trajectory 
The blue border represents walls in the experimental 

environment, the blue circles represent the sampling 
locations of the ultrasonic sensors, and the red arrows 
represent the directions of the MAV yaw at the sampling 
locations. 

The initial location of the MAV is  (0.8m, 1.5m) the yaw 
angle (0)	  is 0. 1 is set as 0.2, 2 is set as 0.8 and the 
maximum number of iterations is set as 10. The localization 
algorithm is applied to the MAV platform for real-time 
testing and the estimated locations are shown in Fig.8. 

 
Fig.8 The result of MAV real-time localization estimation 

Fig.8 shows the estimated location calculated by the 
proposed ultrasonic multiple rays model and the localization 
algorithm.  

Fig.9 Localization estimation error (without Gaussian noise) 
Fig.9 shows the result of the location errors without 

Gaussian noise. We can see that the error of the initial point 
is the largest, and the errors of the other points are mostly 
within 0.1m. The average error of the estimated distance is 
0.0835m, which indicates that the localization algorithm is 
effective. 

In actual measurement, there is an error between the value 
of magnetic compass and the real MAV yaw angle. To verify 
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the robustness of the localization algorithm, a certain 
intensity of Gaussian noise is added to ( )k	 . 

When adding Gaussian noise with mean 0 and standard 
deviation of 5o, we get a set of location errors as follows: 

Fig.10 Localization estimation error (with Gaussian noise) 
The result shows that the localization errors don’t change 

significantly with Gaussian noise. The average error of all 
measurement points is 0.1030m, which reflects the good 
robustness of the localization algorithm. 

5 Conclusion 
In this paper, a multiple rays model of the ultrasonic 

sensor SRF01 is established and the angular resolution of the 
ultrasonic sensor is improved by a cloth tube. Based on the 
improved ultrasonic model and a prior map of the 
environment, an indoor MAV localization algorithm is 
designed. Under the condition of a prior map, the array of 
four mutually perpendicular ultrasonic sensors and the yaw 
angle data, MAV localization algorithm is carried out. The 
results verified the accuracy of localization. In addition, 
Gaussian noise is added to the yaw angle and the result 
shows that the localization algorithm has good robustness. 
The next step is to integrate the proposed algorithm with 
other type of sensors such as small monocular camera.  
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