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Abstract. Recently, appearance-based approaches have attracted the interests of 
computer vision researchers. Based on this idea, an appearance-based naviga-
tion method using the View-Sequenced Route-Representation model is pro-
posed. A couple of parallel cameras is used to take low-resolution fontal images 
along the route to follow. Then, zero mean cross correlation is used as image 
comparison criterion to perform auto-location and control of the robot using 
only visual information. Besides, a sensibility analysis of the navigation pa-
rameters has been carried out to try to optimize the accuracy and the speed in 
route following. An exhaustive number of experiments using a 4-wheel drive 
robot with synchronous drive kinematics have been carried out. 

1   Introduction 

There are three families of techniques to carry out the navigation of a mobile robot in 
indoor environments and without a previous map: model-based techniques [3], [4], 
appearance-based techniques [8] and optical flow-based techniques [11]. Optical-flow 
based techniques take into account the relative movement of the scene elements to 
calculate the control law for the robot. Model-based techniques use natural or artifi-
cial landmarks from the scene as references to guide the robot through the desired 
route. The recognition of patterns is achieved comparing features of the input image 
with features that have been previously stored. These techniques suppose high com-
plexity due to the difficulty in the features extraction and the comparison of patterns 
in realistic and changing environments. At last, appearance-based techniques use the 
appearance of the whole scene. This approach consist on two phases, the learning one, 
where the robot stores general visual information from several points of view along 
the route to follow, and the autonomous navigation, where the robot follows the route 
comparing the current visual information with the stored one. The main disadvantage 
of these techniques is that they require huge amounts of memory and they suppose 
high computational cost to model the route and make the necessary comparisons dur-
ing the autonomous navigation.  

In structured environments, auto-location can be performed distinguishing land-
marks inside the scene, so we can use model-based techniques. As an example, [12] 
presents the application of the visual servoing approach to a mobile robot. The robot 
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is controlled according to the position of some features in an image and obstacle de-
tection is outperformed throughout a combination of vision and ultrasonic sensors. 
Nevertheless, precision in the navigation will depend on the ability to recognize this 
set of features, what may become very difficult in most situations. Besides, additional 
problems may arise in non-structured environments, where artificial landmarks cannot 
be allocated or there are no natural landmarks that could be segmented with precision. 
In this case, using the properties of global appearance of the images could result more 
adequate. Also, due to the constant improvement of computer technology, appear-
ance-based approaches have become a feasible technique despite its computational 
cost. Anyway, the key points to carry out a successful navigation with these methods 
reside on the quantity of information to store and in how to make the comparison 
between the current view and the stored information to reduce the computing time. 

Researchers have proposed several methods to outperform auto-location and navi-
gation based on global appearance. Matsumoto et al. [7], [8] addressed the VSRR 
method, consisting on the direct comparison of low-resolution images. Jones et al. [2] 
proposed a method based on the same concept but using a couple of cameras and 
odometer information to carry out navigation. Other approach makes use of the color 
histogram to perform auto-location. The problem is that the histogram does not con-
tain any spatial information, so it is necessary to extract other features, as texture, 
density of edges, etc., as in [13], [15]. Regini et al. [10] proposed a method that calcu-
lates spatial relationships between the regions of color. Also, the complexity of the 
problem can be reduced working in the PCA space as in [1], [6], or trying to extract 
the regions of the image that contain the most significant information as in [14]. 

The approach addressed in this paper is based on the VSRR model with a couple of 
cameras, but with the objective of following pre-recorded routes using only visual 
information, with no odometer information. New control laws for the linear and steer-
ing velocities are proposed and it is also carried out a study of the parameters that 
affect the navigation to optimize the accuracy and speed in the route following. 

The paper is organized as follows. Section 2 describes the key points of the devel-
oped application. Section 3 studies several parameters that have influence over the 
robot navigation and their optimization. Finally, section 4 exposes the conclusions 
and the future work that can be developed to improve navigation. 

2   Visual Navigation Using Appearance Features 

To develop the application, the B21r mobile robot has been used. This robot has 4-
wheel drive with synchronous drive kinematics. It means that the four wheels can spin 
around the vertical axis which passes through their centers, remaining parallel all 
time. The separation between the driving and the steering systems makes possible to 
control independently the linear velocity v  (robot advance) and the steering velocity 
ω  (robot direction). These two variables will be used to control the robot movement.  

On the top of the robot, there is a pan-tilt unit with a couple of Sony XC999 cam-
eras with their optical axis aligned. The maximum resolution of these cameras is 
640x480 pixels but an image server that provides images of less resolution has been 
added. The simultaneous use of two cameras will make our method more robust. 
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Fig. 1. Material used to develop the application. B21r Robot and Sony XC999 cameras. 

The proposed approach is based on the VSRR model [4]. This model solves the 
problem of the huge memories using low resolution images to model the route.  

With the purpose of following pre-recorded routes two phases need to be accom-
plished: a learning phase in which some visual information about the route is stored 
and an autonomous navigation phase, in which the current position of the robot must 
be estimated to drive it through the learnt route. To avoid the vulnerability to envi-
ronment changes such as unknown obstacles, walking persons and cast shadows, a 
new phase is being implemented, to detect obstacles using just the two cameras to 
sense the environment. 

2.1   Learning Phase  

Firstly, the route is decomposed in straight segments, and the robot is guided in a 
teleoperated way through these segments, taking images simultaneously with both 
cameras in several points of the route. In these points, it is also stored, in a qualitative 
way, the next action the robot must take to follow the route. This action is stored as ‘f’ 
when the robot has to drive forward, ‘r’ when the robot has to stop and turn right, ‘l’ 
when it has to turn left or ‘s’ when the end of the route has been reached and the robot 
must stop. All this information (images and actions) is stored in text files. In the turn-
ing points, just two pairs of views are stored, one at the beginning and one at the end 
of the turn. 

Fig. 2. Form of the database created during the learning phase 

2.2   Autonomous Navigation 

During the autonomous navigation, the robot is located in a point near the learnt 
route. Then, it has to recognize which of the stored positions is the nearest to the  
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current and drive to tend to the route, following it till the end. To do this, two proc-
esses, that are executed successively, have been implemented: auto-location and 
autonomous navigation. The robot will drive forward in the straight segments with a 
correcting turning speed to tend to the route, and it will have a pure rotation move-
ment in turning points.  

Auto-location. To carry out auto-location, the current entire images are compared 
with all those previously stored in the database (the current left image with all stored 
left images, and the same with the right image). The adopted comparison criterion is 
the zero mean cross correlation: 
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I and A are the two images to compare, whose average values are AI ,  and whose 

energies are EI, EA. Although this is a computationally demanding way of doing im-
age matching, it has been chosen because of its insensibility to the scene illumination 
and input noise [5], comparing to other criteria such as the direct difference of the 
images. The average and the energy of the stored images can be calculated in an off-
line process, what can save computational cost during navigation. As in each point we 
have two images, to obtain a general data of comparison we use the arithmetic aver-
age of the correlations: ( ) .2rightleftav γγγ +=

At the beginning of the navigation, the current images need to be compared with 
all the stored ones, recognizing the nearest position by means of the average correla-
tion. In the next iterations, it is necessary to compare the current image only with the 
previously matched and the following one, because navigation is continuous and 
robot has to pass through all pre-recorded points successively. Then, once the robot 
has started navigation, the time of processing is independent of the database size, and 
so, of the length of the route to be followed. Besides, we can take points frequently 
during learning step to get more accuracy without increasing computational cost. 

Control. In this task, we have to correct the robot steering to make it tend to the route 
and follow it to the end. The behavior of the robot depends on the action that the 
currently matched images have got associated in the database. 

If the associated action is ‘f’ (go forward), we have to correct the small fluctuations 
that the robot position may suffer respect the route to follow. To do this, the current 
images are compared continuously with the previously matched and the next ones 
(Fig. 3: Auto-location). Once we have a new matching, we take a sub-window in the 
left matched image and track it on the right matched image, identifying the sub-
window of the right image that better correlates with the left one (Fig. 3: Control,  
step 1. This can be done off-line). As the optical axes are parallel, the vertical offset 
of the right sub-window respect the left one must be zero. Then, the same process is 
carried out between the left matched image sub-window and the left current image 
(Fig. 3: Control, step 2), and finally, between the right images (Fig 3: Control, step 3). 
The horizontal offsets x1 (between the left sub-windows) and x2 (between the right  
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sub-windows) allow calculating the necessary steering velocity to tend to the route. 
The linear velocity will be proportional to the average correlation, what means that 
when we are far from the route, the linear velocity will be low to allow the robot cor-
rect its trajectory, but when we are following the route quite good, the robot goes 
quicker. Then, the proposed control law is: 
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Being ki three constants whose value will be studied in the next section. 

Fig. 3. Tasks performed during autonomous navigation when the action is ‘f’. First one, the 
robot makes auto-location, comparing current images with the previously matched and the next 
ones. Once we have a match we calculate the linear and steering speeds based on the global 
correlation and the horizontal displacement of a template. 

If the associated action is ‘r’ or ‘l’ (turning right or left), the robot keeps going 
forward according to equation (2), until the average correlation has arrived to a maxi-
mum and decreases a 10% respect to this maximum. This is to avoid the fact that the 
robot begins turning too soon. In this point, the robot stops and begins turning, com-
paring the current images with the following stored. The steering velocity is inverse 
proportional to global correlation. When it begins turning, correlation is low, so the 
robot turns quickly, and as we go closer the final position, correlation increases, so the 
speed decreases. This supposes a compromise between speed and accuracy.  
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3   Analysis of the Navigation Parameters 

In this section we study the influence of the parameters previously presented in the 
behavior of the robot. To carry out this analysis the effects of the linear speed, shape 
and size of the comparison template and steering speed have been studied separately. 
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In all the shown experiments, the learnt route, is composed by 16 couples of simul-
taneous images along a total length of about 8 meters, with two turning points, one to 
the left and the other one to the right. A resolution of 32x32 pixels has been chosen to 
capture the images. This allows a top speed of about 1 m/s. Lower resolutions do not 
provide information enough so the robot gets lost often. Higher resolutions suppose 
an important increment of calculations at each iteration so the robot speed has to de-
crease in the same proportion. As an example, a 64x64 resolution allows a top speed 
of only about 0.3 m/s.  

3.1   Influence of the Advance Speed 

During the navigation, the advance speed of the robot is a linear function of the global 
correlation, according to (2). So the advance speed can be modified simply changing 
the value of the constant k3. Fig. 4 shows the value of the average correlation during 
all navigation (average for all the current images during the navigation) for different 
values of k3, This value is taken as a measure of the following accuracy, so the accu-
racy in the following of the learnt route decreases as the speed is higher. Then, we 
will have to arrive to an agreement between speed and accuracy, depending on the 
application. For values higher than 0.8, the navigation is not possible. In this case, the 
robot runs a too long distance with the same control action so, when it is updated, the 
robot is already lost. 

Fig. 4. Results of the navigation accuracy for different linear speeds 

3.2   Shape and Size of the Comparison Template 

The control during navigation is based on the continuous comparison of a template 
that is taken on the matched stored images over the current images. So, shape and size 
of the template result to be parameters of great importance, in part, due to the fact that 
the computational cost depends directly on the size of this template (for example, 
using a 24x10 template instead of 16x16 saves a 33% of operations). Exhaustive ex-
perimentation makes us arrive to the following conclusions. 

The optimal size is the one that has about the half of rows and columns of the com-
plete images. For bigger sizes, the error in the route following increases quickly. In 
this case, if the deviation respect the learned route is high, part of the template will 
not appear in the current image. As shown in fig. 5, navigation may become impossi-
ble in spite of the fact that the time per iteration is quite low. At last, templates with 
higher number of rows than columns present worse results.  
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Fig. 5. Results of the correlation and time per iteration for different sizes and shapes of the 
comparison template. A zero correlation means that navigation has not been possible. 

3.3   Influence of the Steering Velocity 

The corrections on the robot trajectory so that it follows the learnt route are calculated 
as a steering velocity that depends on the horizontal offsets between the current im-
ages and the sub-windows on the stored ones. Taking into account this fact, the effect 
of varying the turning speed can be appreciated changing the values of the constants 
k1 and k2. The experiments show that the navigation is very little sensitive to the 
variation of these parameters. When they take values in [0.001, 0.040], the changes of 
these parameters do not affect the global error in a noticeable way. 

4   Conclusions and Future Work 

In this work, new control laws for appearance based navigation with two cameras 
have been proposed and tested, carrying out a sensibility analysis of the navigation 
parameters to try to optimize the accuracy and the speed in the task of following pre-
recorded routes. With these laws, the robot is able to find itself and follow the route in 
a band of about 2 meters around it. It can be done although the scene suffers changes 
(illumination, position of some objects…). There are some future works that could 
improve our navigation system, such as the automation of the learning phase and the 
implementation of continuous navigation. An automated learning phase would imply 
the robot should just be driven along the desired route, but the image acquisition 
would be carried out automatically, when the correlation of the current image respect 
to the last one stored would go down a threshold. On the other hand, the continuous 
navigation would allow navigation in any route, without decomposing it in straight 
segments, so, no information about the action that the robot takes during learning 
must be stored. That would suppose an important change in the control law. 
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