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SLAM (Simultaneous Localization And Mapping) a-pproaches are used simultaneously with classic exploration
algorithms [11]. However, the result obtained by the SLAM algorithm strongly depends on the trajectories per-
formed by the robots. Classic exploration algorithms do not take localization uncertainty into account, when
the robots travel through unknown environments, the uncertainty over their position increases and the con-
struction of the map becomes difficult. Consequently, the result could be a useless and inaccurate map. With
the integrated exploration or SPLAM (simultaneous planning localization and mapping), the robot explores the
environment efficiently and also considers the requisites of the SLAM algorithm [5, 8].

An integrated exploration method is introduced in [8] to achieve the balance of speed of exploration and
accuracy of the map using a single robot [8]. Freda et al. [5] use a sensor-based random tree (SRT). The
tree is expanded as new candidate destinations near the frontiers of the sensor coverage are selected. These
candidate destinations are evaluated considering the reliability of the expected observable features from that
points. The tree is used to navigate back to past nodes with frontiers when no frontiers are present in the
current sensor coverage. Recently, a novel laser data based SLAM algorithm using B-Spline as features has
been developed in [9]. EKF is used in the proposed BS-SLAM algorithm and the state vector contains the
current robot pose1 together with the control points of the splines. The observation model used for the EKF
update is the intersections of the laser beams with the splines contained in the map. In our proposal, we did
not use the EKF, we use an integrated exploration feature-based approach.

 
   

   

The basics of the B-splines are briefly presented in Section  
 The proposed approach to solve the kidnapping problem is detailed
in Section    Simulation results are discussed in Section
  Finally, conclusion and future work are detailed in
Section    

*              
**                       


1One can distinguish between the robot position which is a 2-tuple (x, y), and the robot pose, which includes the orientation thus being a
3-tuple, (x, y, θ).
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Let U be a set of m + 1 non-decreasing numbers,
u0 ≤ u2 ≤ u3 ≤ . . . ≤ um. The ui’s are called knots, the set
U the knot vector, and the half-open interval [ui, ui+1)
the i-th knot span. Note that since some ui’s may be
equal, some knot spans may not exist. If a knot ui ap-
pears k times (i.e., ui = ui+1 = . . . = ui+k−1, where k > 1,ui is
a multiple knot of multiplicity k, written as ui(k). Oth-
erwise, if ui appears only once, it is a simple knot. If
the knots are equally spaced (i.e., ui+1 − ui is a constant
for 0 ≤ i ≤ m−1), the knot vector or the knot sequence is
said uniform; otherwise, it is non-uniform. The knots
can be considered as division points that subdivide
the interval [u0, um] into knot spans. All B-spline ba-
sis functions are supposed to have their domain on
[u0, um]. To define B-spline basis functions, we need
one more parameter, the degree of these basis func-
tions, p. The i-th B-spline basis function of degree p,
written as Ni,p(u), is defined recursively as follows:

Ni,0(u) =


1, if ui ≤ u ≤ ui+1;
0, otherwise.

Ni,p(u) = u−ui
ui+p−ui

Ni,p−1(u) + ui+p+1−u
ui+p+1−ui+1

Ni+1,p−1(u)

(1)

The above equation is usually referred to as the
Cox-de Boor recursion formula [1]. Given n + 1 control
points P0, P1, ..., Pn and a knot vector U = u0, u1, ..., um,
the B-spline curve of degree p defined by these control
points and knot vector U is

C(u) =
n

i=0

Ni,p(u)Pi (2)

where Ni,p(u)’s are B-spline functions of degree p.
The form of a B-spline curve is very similar to that of
a Bézier curve [10].

  

The strategy adopted to make the exploration process
is named SRT, which is based on the construction of
a data structure called Sensor-based Random Tree
(SRT) that represents the roadmap of the explored
area with a safe region associated (SR); each node of
the tree (T ) consists of a position of the robot and its
associated local safe region (LSR) constructed by the
perception system of the robot. A continuous local-
ization process is performed using a newly developed
method based on the comparison of environmental
characteristics such as turns and curves compared
with the new environmental curves extracted from the
LSR current position. In each iteration, the algorithm
first gets the LSR associated with the current config-
uration of the robot, qcurr. Once obtained, the function

EXTEND_TREE will be responsible for updating the
tree by adding the new node and its LSR. Besides, the
vector representing the curves that constitutes the
environment will be updated by adding new curves
drawn from the LSR that are not still part of it. The
next step is to process the local frontier F , where ob-
stacles and free areas are identified.

Generally, F is a collection of discrete arcs. After
obtaining these boundaries and if there are still free
zones, the procedure RANDOM_DIR generates ran-
dom directions in order to get one within the free arc.
Then a qcand configuration is generated, giving a step
in the direction θrand. The step size is chosen as a fixed
fraction of the radius of the LSR in that particular
direction. Consequently qcand will be collision-free due
to the shape of S . If no free boundary arc is found, the
robot will go back to the position of the parent node,
qcurr and the exploration cycle will begin again.

Once the configuration qcand is obtained, the proce-
dure VALID_CONF will make sure that this new con-
figuration is valid, i.e. that this new position is outside
the LSR’s of other nodes in the tree. If this new config-
uration is valid, it will be the new target configuration
qdest for the robot, however, if after a maximum num-
ber of attempts it is not possible to find a configuration
qcand, the parent node qcand will be the new qdest config-
uration and the robot will go back to the its parent
configuration. Once the configuration qdest is obtained,
the function MOVE_TO(qcurr, qdest) will move the robot
to this configuration as follows : First, it will look in
a previously defined list of control inputs (list_U), an
entry that approximates the robot’s position to the po-
sition qdest from the position qcurr, named ucontrol. Once
obtained, ucontrol will be applied to the robot, resulting
in the displacement of the robot near to the goal. At
this point, the odometric position stored in the mem-
ory of the robot and the increase in x, y and θ between
the old and the current odometric position (x, y, θ) will
be obtained again. This information, reported by the
robot will be essential to get the position detected by
the feature-based localization method with B-splines
proposed in [12]. The algorithm will be repeated until
qcurr and qdest configurations are the same. This local-
ization procedure uses B-spline curves to represent
the frontiers between the free regions and the obsta-
cles of a complex environment. It obtains in the first
instance the estimated position of the robot, adding
to the last position the position increments x,y and
θ made by the robot from the previous odometric po-
sition to the current odometric one; then the estima-
tion of the surrounding environment captured by the
sensor is obtained and the robot is located in the esti-
mated position in the space, see [12] for more details.
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The localization capability of a mobile robot is central
to basic navigation and map building tasks. The two
main instances of mobile robot localization problem
are the continuous pose maintenance problem and
the global localization also known as the ‘robot kid-
napping’ problem. Global position estimation is the
ability to determine the robot’s position in an a pri-
ori or previously learned map, given no information
other than that the robot is somewhere in the region
represented by the map. Once a robot’s position has
been found in the map, local tracking is the problem of
keeping track of that position over time. While existing
approaches to position tracking are able to estimate
a robot’s position efficiently and accurately, they typ-
ically fail to globally localize a robot from scratch or
to recover from localization failure. Global localization
methods are less accurate and often require substan-
tially more computational power.

Next, we will describe our approach to solve the
global localization problem. The most important pro-
cess for any kidnapping method is the collection and
treaty of certain characteristic marks that would help
the system to relocate the robot once it has been
kidnapped. Initially when performing the task of ex-
ploration, this is exploited to find distinctive features
of the environment and store them in a list, to be pre-
treated to acquire a format that in our case is easily
recognizable. First we get the distances of these points
found in qcurr position; these distances are sorted in
ascending order, while we take the longest distance
that is not repeated and turn the other features so
that the points that make this distance are in an an-
gle of 0 degrees. Then we get the angles between the
marks. If two different distances between two differ-
ent characteristics have the same length, they will be
ordered according to the angles obtained, hence the
importance of the rotation made by taking a no re-
peated distance, see figure 1.

Finally, all distances and angles data will be used
to build a code that will be useful in the searching
process. It will contain the number of landmarks in-
volved N, the ordered distances Dn, the angles of each
of the lines connecting the landmarks An and their
position on the map being built (Xi, Yi, i = 1, ..., n). The
code or signature generated with the described pro-
cess is [N Dn An Xi Yi].

An important part of the kidnapping approach, is
the exact knowledge of when the robot was moved
from the last position to an unknown localization.
This is possible because an inherent feature of our

exploration method, the local security region (LSR).
If at any time during the exploration and localization
processes, the robot is unable to associate any of the
curves in its current LSR with those obtained in the
qcurr position, it means that the robot has been kid-
napped. At this point, it will enter into a kidnapping
state, and the system will try to find and connect any
of the features stored in the memory with the features
in the new environment.

  .          
               

To maximize information and minimize the search-
ing time, an auxiliary structure is created to store the
environment that had been built up to that point and
restart construction of the environment starting again
from the position (0, 0, 0). It means that no matter what
position in the former map the robot is believed to be;
after identifying the kidnapping, the system will reset
its position to the coordinates (0, 0, 0) to start again. As
mentioned, the former map will not be wasted, it will
be stored with the hope of finding a known area, and
adjust the map currently being built at this position
and merge the two structures into one. It is important
to know that if any characteristic or high information
content areas are detected before the kidnapping, the
system will not be able to relocate the robot in the
map being created and therefore the kidnapping may
not be resolved. In this case the previous map will
be discarded and it will be considered that there is
no kidnapping to solve. On the contrary, if at the mo-
ment in which the robot is kidnapped there are several
codes or signatures of the areas, the process will nor-
mally continue, with the construction of a new map,
until it finds distinctive zone that enforces the follow-
ing procedure:
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• It will create a digital signature of the zone, following
the steps mentioned above.

• It will verify the stored list to see if any of the codes
contain the same number of landmarks than the land-
marks found.

• If this number matches, the elements corresponding to
the distances and the angles will be taken to find any
code that contains similar data with epsilon of 0.01 m
for distances and 0.01 radians for angles.

At this point, if there is already a candidate, we will obtain
the coordinates of the stored landmarks and analyze the cor-
respondence between the stored and the new found land-
marks using the cross-reference. The ordered list that con-
tains the stored and new landmarks of every distance has
two options for relating the new landmarks in the list for ev-
ery stored node. This can be seen in figure 2.

  .           

  .      

Once the relationship matrix is obtained, it will be sorted
according to the first column that corresponds to the nodes of
the stored list. Once ordered, the similar elements of the first
column will be extracted and checked to see which element
is N − 1 times in columns 2 and 3, with N as the number of

landmarks in the code. Finally this element
will be the landmark corresponding to the
stored landmark. This method will be repeated
for all the different elements in the first column.

After applying the above method we already
know exactly which node of the area currently
seen corresponds to the node in the storage
area, and we have the following:

  .        

With the area found and the nodes connected,
the next step is to perform a kind of correction
consisting in finding the angle and the displace-
ment X, Y to match the area found in the kid-
napping procedure with the area stored, i.e. the
rotation and the translation processes will be
performed on the map that is being created so
that it can merge with the map saved at the time
of the kidnapping. This correction is similar to
the correction in the location method. First, a
complete graph with the marks will be made,
since the relationship between the nodes of the
two graphs is known. Subsequently, the task is
to find the difference of angles between them to
perform angular adjustment with the equation
used in the localization phase:

e∗θ = arg mineθ

Na
i=1

Na
j=i+1

ci j(α
re f
i j − αcurr

i j )2 (3)

Where α
re f
i j is the angle formed with the nodes i j

in the graph that will be used to perform the
correction and αcurr

i j is the angle formed with
the nodes i j in the graph that is being cor-
rected. The weight ci j depends on the segment’s
length (the orientation of shorter segments is
more sensitive to dislocations of the endpoints).
After the angular correction e∗θ is obtained, the
translation adjustments ex and ey are processed
using again the complete characteristics graph
generated before. The generic segment’s mid-
point corresponding to the characteristics
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graph stored in the list is denoted by
Mre f

i j = (xre f
i j , y

re f
i j ), and the corresponding

midpoint in the characteristics graph
found in the kidnapping is denoted by
Mcurr

i j = (xcurr
i j , y

curr
i j ).

Clearly, for any eθ given, the coordinates
(xcurr

i j , y
curr
i j ) depend only on ex and ey respec-

tively. Therefore, the optimal estimation of
the translation adjustments can be obtained
with:

e∗x = arg minex

Na
i=1

Na
j=i+1

ci j(xre f
i j − xcurr

i j )2 (4)

e∗y = arg miney

Na
i=1

Na
j=i+1

ci j(y
re f
i j − ycurr

i j )2 (5)

Once obtained, the angular and translation
adjustments will be applied to the tree built
during the kidnapping. Later, to ensure a
good fit, a global positioning final step is
performed adjusting the curves segments of
the new environment that are sufficiently
close to the stored in the old map. If this
condition between the maps exists, the lo-
calization process is carried out. Finally and
in order to keep only one structure corre-
sponding to the complete map during the
merger, the new environment nodes that are
closer than a certain threshold of saved map
nodes will be discarded as they will be con-
sidered as a repetition of the stored. Sim-
ilarly, the nodes above this threshold but
which are within the LSR of any node will
be added as child nodes of the owner of the
LSR. The exploration will continue in the leaf
nodes of the new structure.

 

For our experiments we are using both
simulated and real Pioneer P3DX robot
equipped with front and rear bumper ar-
rays, a ring of eight forward ultrasonic
transducer sensors (range-finding sonar)
and a Hokuyo URG-04Lx laser range finder.
The Pioneer P3DX robot is an unicycle robot.
The LIRMMa environment was used in the
experimental and simulation tests (the en-
vironment contains several corridors). Fig-
ure 5 show the two final maps: at the left,
the obtained map without localization (only
with odometric estimates); at the right, the
obtained map with the proposed approach.
If we compare the two final maps, one can

aLaboratoire d’Informatique de Robotique et de Mi-
croélectronique de Montpellier, France

mention that when the robot does not use the localization
process, it collides frequently with the obstacles as can be
appreciated in the left image.

For the association process, the basic procedure proposed in [9]
was retaken, but with a new functionality derived from the prop-
erties of the B-splines, i.e., we ensure that these new curves and
those belonging to the environment have the same lengths. This
new feature enabled better and more accurate association of the
data collected by the sensor than the association obtained with
the basic method originally proposed in the approach presented
in [9]. The updating of the environment is not performed in ev-
ery robot’s movement, but when a new position in the frontier
between the known and the unknown environment is reached,
because the LSR contains the necessary information for the lo-
calization process, saving processing time while exploring. Next
figures show the kidnapping process proposed in this work[12].

  .            

The geometric properties of the ends of the curves was also
considered, i.e., one can make a final check of the association
taking the distances between the ends of the curves of the
environment and the ends of the curves corresponding to the
estimated position and verify their similitude. This exhaustive
verification is necessary because the nature of the proposed
localization method. It can be said that the approach presented
made a good use of the parametric representation of the envi-
ronment characteristics at the time of the data association.

Due to the exploration system used, in which each node in the
exploration tree contained a robot position with its associated
LSR, and the features of the localization method, the map up-
dating is performed every time a new LSR is obtained, unlike
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the approach presented in [9]. The updating of the environment
is not performed in every robot’s movement, but when a new
position in the frontier between the known and the unknown
environment is reached, because the LSR contains the necessary
information for the localization process, saving processing time
while exploring. Next figures show the kidnapping process pro-
posed in this work.

In the first instance, the solution provided to this problem is in fact
very simple, if the robot is not able to recognize the local safe region
on which it is working, then one can consider that the robot is in
the kidnapping state. The problem with this first solution resides
in the fact to consider that if the robot explores in a corridor-like
zone and it is kidnapped and placed in a similar zone. In this
case the robot will not have an idea of its current situation and it
will continue with the exploration task, the final result will be a
completely erroneous map.

  .         

  .                    
   

Taking this possible scene, one second
solution was considered, which consists
of taking advantage of the natural back-
tracking process of the SRT method [3].
If the robot returns to a parent node
and it is incapable to reach it; the node
is inaccessible by the presence of the
obstacles. Then the algorithm will enter
to the kidnapping phase and the current
branch in which it arose the problem
will comprise the obstacles that they will
have to be relocated when this phase is
solved. Here, the new root node will be
the node son since this node could not
be connected; all the structure will be
displaced and then the new root has the
coordinates (0,0,0).

   

Ever since SLAM was firstly introduced,
many approaches have been investigated.
Most of the early SLAM work was point-
feature based. The main drawback with
point-feature based SLAM is that mea-
surements acquired from typical sensors
did not correspond to point feature in the
environment. After the raw sensor data is
acquired, post processing is required to
extract point features. This process may
potentially introduce information loss
and data association error. Further more,
in some situation, the environment does
not have enough significant structure to
enable point features to be robustly ex-
tracted from them. We can mention that
we have developed a robust SLAM tool
that is not limited to environments with
linear features. The localization method
is perfectly suited for new curves that
can be increasingly seen in everyday’s
life. The theory and implementation of
the B-splines was a powerful tool in our
approach, and can be adapted to environ-
ments where the previous methods only
considered simple descriptions.

As future work we have considered a great
challenge: the extension of our proposal
to the case of integrated exploration with
multiple robots, which will take to us to
the search of a solution to the multi-robot
localization problem.
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