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Robot coverage algorithm under rectangular decomposition environment
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Abstract: The environment modeling algorithm named
rectangular decomposition, which is composed of cellular nodes
and interleaving networks, is proposed. The principle of
environment modeling is to divide the environment into
individual square sub-areas. Each sub-area is orientated by the
central point of the sub-areas called a node. The rectangular map
based on the square map can enlarge the square area side size to
increase the coverage efficiency in the case of there being an
adjacent obstacle. Based on this algorithm, a new coverage
algorithm, which includes global path planning and local path
planning, is introduced. In the global path planning, uncovered
subspaces are found by using a special rule. A one-dimensional
array P, which is used to obtain the searching priority of node in
every direction, is defined as the search rule. The array P includes
the condition of coverage towards the adjacent cells, the condition
of connectivity and the priorities defined by the user in all eight
directions. In the local path planning, every sub-area is covered
by using template models according to the shape of the
environment. The simulation experiments show that the coverage
algorithm is simple, efficient and adapted for complex two-
dimensional environments.

Key words: path planning;
rectangular decomposition

complete coverage algorithm;

omplete coverage path planning is based on optimiza-
C tion of some characters, to find a continuous path from
the first point to the end in a special area'™. This path
should cover everywhere that can be reached. Complete cov-
erage path planning as a special path planning problem, at-
tracts many people to study it. At present, there are many ro-
bot appliances based on these theories, such as cleaning ro-
bots, autonomic croppers, underwater robots and so on”™.
Presently, research on these algorithms is on the exploration
stage. For example, the efficiency of path planning is too
low, and some appliances can only carry out simple random
searches to implement coverage'’”. In this paper, an algo-
rithm based on rectangle decomposition for complete cover-
age is presented.

1 Environment Modeling

The principle of environment modeling is to divide the
environment into individual sub-areas. Each area is presented
by a special point called a node. The line through the nodes
stands for the connectible relationships between each cellular
node. The nodes and the lines construct the whole interactive
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network.

The first step in rectangular environment modeling is to
establish square models. It is the base for rectangular model-
ing. The following are the definitions of the square environ-
ment modeling:

e Node: The point serves as the central point for each cel-
lular area that is divided from the whole environment in the
same scale.

o Connectible or disconnectible paths between nodes: If
there is a line that can connect two nodes without passing
any obstacle, the connection between the two nodes is de-
fined as a connectable path; otherwise, the connection is a
disconnectible path.

e Virtual and real node: If the area is covered by obsta-
cles, the node in this area is defined as a virtual node; other-
wise, it is defined as a real node.

Square environment modeling divides the environment in-
to square areas in the same scale. Every central point of a
square area is defined as a node. The information of each
square map includes three aspects of elemental information:
the square size, the node and the relationships among the ad-
jacent nodes. The information on a square size is the side
length of each square cell. We define the size of a square
side as a unit length. The information on a node contains the
attribute of virtual or real, the relative coordinates and the
absolute coordinates. In Fig. 1, node 2, node 5 and node 11
are regarded as virtual nodes, and the other nodes are regar-
ded as real nodes. Fig. 2 shows that the robot moves along
with the border of the environment led by the manipulator.
The geomagnetic field sensor corrects the orientation of the
robot and the pulse coder gives absolute coordinates. From
the nodes around the unknown environment, we obtain the
initial information of other nodes. Integrating all the nodes’
information, we can establish an electro-map of the environ-
ment and update some data. The electro-map is made up of a
vector network. The network represents a real physical area
and contains data which can be used to describe the attrib-
utes of the coverage area, such as the number of cells, the
area, covered or not, the size of area and the adjacent areas,
connectible or not.
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Fig.1 Square environment modeling
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Fig.2 Side border learning

The rectangular map based on the square map can enlarge
square area side size to increase the coverage efficiency in
the case of there being an adjacent obstacle. In a certain real
node square area, we should judge its relationship with sur-
rounding cells first. To test whether it can connect to the
four adjacent nodes on the left, right, upward and/or down-
ward. If the adjacent nodes cannot connect to the real node,
the square border in that direction must offset a distance. In
Fig. 3, node 7 cannot connect to node 2. So, we choose the
maximal values of three sensors in the downward direction
and compare them with the sides of the square. If the maxi-
mal value is greater than a square side 1 unit, one and half a
square side length will be taken as the distance between node
7 and the new rectangle downward border. In Fig. 4, we can
obtain the rectangle model map of the environment by trans-
forming all the square areas that contain real nodes in the
whole environment.
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Fig.4 Rectangle environment

2 Robot Coverage Algorithm

In fact, the rectangle environmental modeling algorithm is
one of the cellular decomposition algorithms. The entire en-
vironment is divided into several cells by using cellular de-
composition. Different from other cellular decompositions,
the rectangle environmental modeling algorithm establishes
the information on nodes and interleaving networks, as well
as every rectangle area corresponding to the only node. To
search for nodes on the interleaving network, until every

node is found, the whole environment is covered. Therefore,
complete coverage task is transformed as searching for a
path to cover all the nodes on the interleaving network of
rectangle environment modeling.

Based on rectangle decomposition, we propose a new cov-
erage algorithm, which includes global path planning and lo-
cal path planning(see Fig.5). The global path planning acts
on the interleaving network of rectangle environment model-
ing and completes the coverage of all the nodes by the rule
that has been confirmed beforehand. Moreover, in the local
path planning a right coverage established template is chosen
by studying the surrounding environment, and the robot
completes the coverage in the local area. The global path
planning is put into effect between nodes, but the local path
planning is carried out in a rectangle area. Each local path
planning starts from the node and ends at the node; that is,
local coverage starts from the node of the local area and
ends at the node of the area after it has covered the area. The
global path planning and the local path planning act in turns
and finally fulfill the coverage of the whole environment.
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Fig.5 Complete coverage path planning

To search for the next node, first we should search for it
in adjacent rectangle areas, which are not covered in eight
directions, then search for it in the local areas that are not
covered. The target of the searching rule is to look for the
next target in the surrounding nodes. If there is no target
node in the surrounding environment, this is a “dead node”
problem, and we will discuss it in the next section.

From the former section, we know that the distance be-
tween adjacent nodes is related to the space location of
nodes. The space location of nodes can be obtained from the
electron map of environment modeling. So, in fact, it is only
necessary for the searching rule to confirm the direction rela-
tionship between the next node and the current node. The
next adjacent target node must meet three conditions: 1) The
node should be near the current node; 2) The area that the
node lies on is not covered; 3) The node can connect to the
current node. The nodes that meet the three conditions are
more than one. So, how to pick out the appropriate node is
the problem for the searching rule to resolve. Therefore, we
prescribe eight direction priorities and each direction has a
different priority. In Fig. 6, we can see that the starting node
is node 1 and the trend of the whole coverage is from down-
ward to upward. In the course of the coverage, it is better to
look for a node along the axes of X and Y. In this way, most
of the appearances of “missing areas” and “dead node areas”
can be avoided. Furthermore, the priority of each direction is
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different. Based on the reasons above, a numerical value of
the coverage direction priorities is confirmed ( see Fig. 7).
Except for the direction’ s priorities, the searching rule is re-
lated to whether the adjacent areas have been covered and
there is connectivity between areas. So the coverage com-
plexion of nearby areas, the connectivity between nearby
areas and the direction’s priorities are three factors of the
searching rule.
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Fig. 6 Moving direction between nodes
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Fig.7 Priorities of coverage directions

Therefore, we define a one-dimensional array P[8], which
is used to obtain the searching priorities of nodes in every
direction. P, P,, P,, P,, P,, P,, P,, P, represent the priority
that the mobile robots move towards the regions of A, B, C,
D, E, F, H (see Fig. 6). The one-dimensional array C[8] re-
presents the condition of coverage towards the adjacent re-
gions of A, B, C, D, E, F, G, H; value 0 represents “cover-
age” and value 1 represents ‘“non-coverage”. The one-di-
mensional array 78] represents the conditions of connectiv-
ity in A, B, C, D, E, F, G, H directions, value 1 represents
“connectible” and value O represents “disconnectable”. The
one-dimensional array L[8](0.3<L[i] <1,i=0,1,...,7)
represents priorities. Direction F(see Fig.7) has the top pri-
ority; that is to say, L[5] =1. Direction priorities:

Pli] =C[i] xT[i] xL[i] i=0,1,..,7 ()

According to Eq. (1), we can obtain the searching priori-
ties of the eight directions, and we can also obtain the maxi-
mal value of the priorities and the directions with maximal
coverage priority.

P =max(P,, P, P,, P, P, Ps, P, P)) (2)

D,=i P,=P,;0<i<] (3)

max >

According to Eq. (3), we can obtain the direction with the
maximal priority. Along with this direction, we can calculate
the distance, and then move this distance to find the next tar-
get node. Obviously, the searching rule is setting the direc-
tion with the maximal priority as the searching direction.

Continuous searching for the uncovered nodes with this
searching rule, we will eventually cover all the nodes.

We will probably encounter a “dead node” when search-
ing for the next target node. The encountered “dead node”
means that all the nearby nodes around the current node
have been covered, but still there are nodes that have not
been covered in the environment. In order to achieve com-
plete coverage, we have to find a path to the nearest “dead
node”. The anti-gradient principle is a kind of path planning
algorithm, which is utilized to obtain the shortest path!”™.
According to this algorithm, we can divide the environment
into several grids, and calculate the nearest distance from ev-
ery grid to the target node. The existing target node is
marked O in the grid, while other grids are initialized with
greater values. The arithmetic starts from the target node and
covers all the cells adjoining it, repeating this approach con-
tinuously. If the state P, + 1 which is near state P, is located
in the obstacle, its value is initialized as o ; otherwise, V( P,
+1) =min(V(P;) +1, V(P, +1)). During the course of
complete coverage, we may often encounter a “dead node”.
The solution is: First, we manage to find out the nearest un-
covered area according to the electron map; then we calcu-
late the distance from the current area to all the uncovered
areas( special distances), and then we find out the nearest
uncovered area as the next target area. Finally, the robot dis-
covers the path to the nearest uncovered area with the anti-
gradient principle.

The algorithm defines three kinds of basic coverage tem-
plates( spiral motion, horizontal reciprocating motion, verti-
cal reciprocating motion) in local coverage path planning.
The coverage template choice depends on the shape of the
environment, and the shape of the environment can be ob-
tained by environmental study. The spiral motion template is
usually utilized in the situation that there is no obstacle in
the surrounding rectangle area, and the latter two templates
are utilized in the situation that there is an obstacle nearby.

3 Simulation Experiments

According to the algorithm of complete coverage path
planning, we have done many simulation experiments. Figs.
8(a) to (f) show the results of local rectangle area cover-
age. Fig. 9 shows complete coverage path planning and lines
represent complete path planning.

Coverage ratios and repetitious ratios are different on dif-
ferent maps. Lots of simulation results indicate that the algo-
rithm of coverage achieves more than 90% of coverage
ratio, some even higher than 95%, and the repetitious ratio
is below 10% . As a result, for the most of the maps, the al-
gorithm is highly efficient, practical and adaptive.

4 Conclusion

The complete coverage process is carried out by the robot
we developed. The algorithm we proposed is highly real
time and has less information to deal with. The system has
few missing areas after coverage searching. But sometimes,
it is hard to avoid recovered areas nearby the obstacle. How-
ever, it is a great improvement on the previous algorithms.
Optimization of the rectangle modeling for complex environ-
ments is the next subject to be studied.
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