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Abstract:

This paper presents a new solution in the roughness
description based on 2,5D map. Three parameters for
rough surface description were proposed. The research
was performed to verify which parameter provides the
best combination of time calculation and accuracy of
the terrain roughness reconstruction. Prepared map
may be used for mobile robot path planning.
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1. Introduction

Mobile robots are used in wide range of tasks.
Robots which deserve a particular attention are the-
se ones which operate in the rough terrain, for ex-
ample exploration robots or robots used by army.

The mobile robots navigation problem involves
several aspects. The localization is to find the posi-
tion and orientation of the robot in the workspace in
relation to the map of the robot [15]. The path plan-
ning includes finding the optimal path from the start
to the goal position in relation to applied criteria.
The next step, robot follows generated trajectory and
collects the information about the environment
which is used to update the map.

The map of the environment has a big impact on
the accuracy of reaching the goal position as well as
the possibility of passing generated path. The issue
of the path planning process is very often considered
by the scientists. There are several types of ap-
proaches which may be divided into two groups.

Roadmap methods are to create a net of roads
where robot may move without any collision. This
leads to the creation of graph which afterwards is
searched to find an optimal path. Roads net may be
created with the use of different methods. In visibil-
ity graph method a graph is created by connecting
vertices of obstacles. In the Voronoi diagram method
roads are created by pointing out the paths whose
distances to two neighboring obstacles are equal
Graph vertices are placed in the points where
3 paths connect [9].

The created graph may be searched with the use
of different algorithms, e.g. the depth first algorithm,
Dijkstra’s algorithm and A* algorithm. The last one is
very common. Many modifications of this algorithm
were performed for implementing it in various ap-
plications (e.g. for fast replanning - [6] and [7]).

Another type of path planning methods are po-
tential methods [9]. They used a potential field cre-

ated with the use of the start and the goal position
and the positions and shapes of obstacles. The main
problem in these methods are the local minima
which exists in potential fields. They prevent the goal
position from being achieved. There are several
ways of avoiding of the local minima ([10]).

There is a wide range of relatively novel algo-
rithms for path planning, e.g. genetic algorithms,
memetic algorithms ([12]) and probabilistic meth-
ods ([13] and [14]).

There are several types of maps used for the mo-
bile robots. The most common are the 2D cell maps
with the status (free, occupied or unknown) assigned
to each cell. This approach cannot be applied for the
mobile robots that operate in an open environment
with a high roughness level. The cell description as
free or occupied is not enough because some obsta-
cles may be overcome with higher energy consump-
tion, some of them may be overcome only in one way
(e.g- moving down the hill may be possible in con-
trast to moving up). Except that there some obstacles
occurs, like small water tanks, sandy areas or small
plants which robot may also overcome but with lim-
ited velocity. The environment like this makes that
for the effective path planning there is a need of ap-
propriate terrain description in the workspace map.

Maps commonly used in mobile robots systems
may be divided in three groups [1], [2]:

— the occupancy grids - the 2D cell maps
(square, rectangular, hexagonal) with status
assigned to each cell; the distance between
two cells represents real distance between
two points,

— the topological maps - the graph structured
maps which show connections between the
most important elements of the environment;
the distance between two elements of the map
does not correspond to the distance between
them in the real environment,

— the hybrid maps - the topological-metric
maps which are built as the system of local oc-
cupancy grids which are the graph nodes in
the global topological map.

Maps which are used for the mobile robots which
operate in rough terrain are most commonly 2,5D
maps ([3],[4],[5]). They are an expansion of standard
2D maps. Each cell may store a number of parame-
ters for appropriate terrain description.

There are also some combined approaches. In [11]
a 2D map each cell is subdivided in 16x16 2,5D maps
with height parameter, roughness parameter and slope
parameter. All of these parameters are used to compute
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the traversability index gathering the information
about the ease-of-traverse of the terrain.

In some cases 2,5D map is not enough and then
3D maps are used. They are mainly used when robot
operates in 3D environment (e.g. underwater mobile
robots or air mobile robots). They are rarely pro-
posed for land mobile robots due to high number of
empty cells.

In [15] a new method for 3D map building is pro-
posed. It uses the stereo vision for gathering the
information about the terrain height. It does not
need the disparity map and that is why it reduces the
computation cost and can be used in the real-time
systems.

2. Information gathering

In this paper an attempt was made to find a set of
parameters describing the rough surface for mobile
robot navigation. This paper deals with gathering
information by the robot and does not take into
account the localization process of mobile robot.

The parameters required for rough surface de-
scription from the point of view of path planning are
mentioned below:

— the altitude parameter;

— the small roughness description parameter;

— the information confidence parameter.

Research scene was the point cloud of rough sur-
face terrain received from 3D laser scan. The most
common laser scanners are:

— the triangulation scanners - provide the in-
formation about the distance with the use of
the angle of reflection;

— the time reflection scanners - measure the
time between stream emission and detection;

— the phase shift scanners - similar to the time
reflection scanners; they provide higher accu-
racy thanks to phase shift measurement.

The measurement error is an integral part of each
measurement. In the laser scanners, particularly
these scanners which are installed on the mobile
robots, the error is caused by inaccurate positioning
of the scanner in relation to robot. It is also caused
by the errors in the robot localization process [16].
The point coordinates obtained by the scanner in
global map coordinates system may be noted:

Tpo = Tor* Trs Tps (1)

where: rp,, - the P point position in the base coordi-
nates system, T,y - the transformation matrix from
the base coordinates system to the mobile robot
coordinates system, Ty s - the transformation matrix
from the robot coordinates system to the scanner
coordinates system, rps - the P point position in the
scanner coordinates system.

Due to errors mentioned above, the point obtained
from the scanner is not described by 3 coordinates in
base coordinates system but it is a sphere with a range
where its coordinates may vary. This may be shown as
an ellipsoid where the coordinates of the obtained point
may occur with highest probability (Fig. 1).

On the basis of laser scans of the rough surface
terrain several tests were performed in order to
verify which parameters should be used to describe
the mobile robot environment in 2,5D map.

The parameters which were taken into consider-
ation were:

Fig. 1. The error of the point coordinates calculation
by the laser scanner

— the parameter describing altitude - average
height, maximum height and mean range
height (definitions below) from each cell,

— the roughness index - standard deviation and
range in each cell,

— the confidence level index - confidence level
and confidence factor.

The view of one of the tested areas is shown in the
Fig. 2.

3 Y '-- 1
Fig. 2. View of tested area

3. The altitude description

The cell altitude was described in 3 ways:
— the average height - equation (2),

— the mean range height - equation (3),
— the maximum height - equation (4).

1 n 2
heen = ;Z__lhi (2)
h — h,;
heeu = hmin + w (3)
heen = hmax (4)

where: hen - cell altitude, h; — point height, n - num-
ber of points in the cell, hmax - maximum height of
point in the cell, Amin - minimum height of point in
the cell.

Results of the average height computation de-
pending on the cell dimensions were shown in Fig. 3
as an example. When cell dimensions decrease the
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precision of description of the environment in the
map increases.
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Fig. 3a. Terrain description with the use of average
height (cell 100x100 mm)
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Fig. 3b. Terrain description with the use of average
height (cell 200x200 mm)
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Fig. 3c. Terrain description with the use of average
height (cell 500x500 mm)

Fig. 3d. View of tested area

Parameters describing the average height were
tested for different cell dimensions. Time calculation
for the whole map, as well as one-point-adding to the
map, were verified. Two algorithms were imple-
mented in cell heights calculation process for the
whole map. First one was to assign each point to its
cell, and then to calculate an average value in each
cell (dividing and calculating algorithm). The second
algorithm was calculating average value point-by-
point. Each point was added to its cell and then the
average value in the cell was updated (point-by-
point updating algorithm).

The map dividing and average height calculating
algorithm has the O(n?) time complexity. The point-
by-point calculation algorithm has the O(n) time
complexity.
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Fig. 4. Average height calculation time for the whole
map with 100x100 mm cells with the use of dividing
and calculating algorithm
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Fig. 5. Average height calculation time for the whole
map with 100x100 mm cells with the use of point-by-
point updating algorithm
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Fig. 6. Average height calculation time for the whole
map consisted of ~17000 points with the use of divid-
ing and calculating algorithm
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Fig. 7. Average height calculation time for the whole
map consisted of ~64000 points with the use of point-
by-point updating algorithm

Comparison of these 2 algorithms for the average
value calculation was shown in Figs. 4 and 5. It con-
firms the time complexity of these two methods.

When cell dimensions increase, time calculation de-
creases while using the first algorithm (Fig. 6). When
alternative algorithm was used, time calculation was
constant while increasing the cell dimensions (Fig. 7).

Cell dimensions (map granularity) should be com-
bined with the dimensions of the robot. Because of the
calculation time, big dimensions of cell are demand.
However, due to the precision of the terrain description
smaller cells are more suitable (10-30% of the robot
width).

In the mobile robots applications more important
than calculating the heights for the whole map (map
preparation for navigation) may be map updating
with the use of the information from the sensors. It
takes into consideration adding single points to the
map obtained from the laser scanner. Updating the
new average value requires the use of the formula:

hcell ‘n+ hnew
n+1 (5)

hcell_new -

where: heennew - Updated cell average height value,
hnew - height value for new point, n - number of
points in the cell.

Every time when a new point is obtained by the scan-
ner, average value in one (or more) cells should be updat-
ed. Whereas using other cell height parameters (e.g. maxi-
mum height or mean range value) cell height value may be
updated only when new point has higher value than maxi-
mum in the cell or lower than minimum.

Comparison of these three parameters as a cell
height value was shown in Tab. 1.

Tab. 1. Cell height value calculation after single point
adding

calculation time for add-

parameter ing of 1000 new points to
the map [ms]
average height 0,042
mean range height 0,034
maximum height 0,028

Results of the single point adding allow to sample
new points from the terrain with the frequency

of MHz. It is more than typical laser scanners (up to
100 kHz) offer. However, results shown in Tab. 1
may be far from single point adding in real mobile
robot system due to mobile robot localization time
consumption but it is out of scope of this paper. Ac-
cording to the obtained results, calculation time
should not be factor which can be used to decide
which parameter may be used to describe the rough
surface. The average height value was chosen be-
cause it provides the best accuracy. In proposed
solution terrain slope will be described by the cell
heights differences.

4. Roughness Index

The roughness index is the parameter which de-
scribes the height differences in each cell. The aver-
age height provides the information about the differ-
ences in the height of the cells and the roughness
index is used to inform the path planner how the
terrain height may vary in the cell. The average
height smoothes the information about the terrain
height and that is why the use of the parameter for
roughness is also important. It provides the infor-
mation about sudden jumps, big slopes and other
vertical obstacles (e.g. walls). The roughness index
will not need to be used, if the cell dimensions are
small enough to provide the information about the
vertical obstacles but it is connected with longer
computation time.

The roughness may be described as the local dif-
ference in the terrain height. Cell height difference
may provide good results only when cell dimensions
are small enough. In other case there should be
a parameter that shows the level of roughness in
each cell. This parameter can be:

— the standard deviation of height in each cell:

Z?:l(hcell - hi)z

Secett = n—1 (6)

— the height range in each cell:

Rcell = hmax - hmin (7)

The range calculation time is much shorter and
does not require conversion the heights to real type.
Evaluation of the new range in the cell after adding
new point to the cell is also much faster. Calculating
the new standard deviation after adding new point
to the map requires the use of the formula:

1 2 2
Scell_new = [E ((n = DScen” + nheey
-(n+ 1)hcell_neW2

0,5
+ hnewz)]

(8)

where: Scennew - new standard deviation, Scp
- standard deviation before adding new point, hcn -
average height before adding new point, hceiinew -
average height after adding the new point, hpew -
height of new point, n - number of points in the cell
(before adding new point).
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Comparison of the range and standard deviation
calculation was shown in Tab. 2.

Tab. 2. Cell roughness index calculation after single
point adding

calculation time for add-
parameter ing of 1000 new points to
the map [ms]
range 0,078
standard deviation 0,030

Results shown in Tab. 2 also allows for sampling
the environment with higher frequency than typical
laser scanners provides. Because range calculating is
much shorter and does not require using real num-
bers format, this parameter was chosen to describe
the roughness in each cell.

5. Confidence Factor

The confidence level of the gathered data may be
described using the statistical definition of the confi-
dence level. Because of evaluating the cell height
value with average height value, the expected value
of height in the cell u..; may vary with the confidence
level 1-a between:

S I S 1
hcell — Ug/2 % < Ueett hcell + Ug/2 % (9)

where uq/2 - a/2-quantile of N(0,1) normal distribu-
tion.

Assuming the applied value of the permissible var-
iability of p..;; confidence level may be calculated as:
dvn

2Scell
1
1l—a=— j e~05%% gy
2n
—-dVn

2Scell

(10)

where: d — the permissible variability of .y

It can be graphically shown as the field below the
probability density of the normal distribution chart

(Fig. 8).
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Fig. 8. Confidence level

Equation (10) may be also written with use of the
distribution function F of the N(0,1) distribution:

1—a’=2F<d\/ﬁ>—1 (11

2Scell

The confidence level calculated this way requires
also calculating the standard deviation. It also does
not take into consideration errors of each point co-
ordinates evaluation by the laser scanner.

Due to these errors each point may belong to
more than one cell and the probability that point
belongs to the cell may be calculated geometrically
(Fig. 9) according to equation:

A
Prew = :lrrncell (12)
error

where: ppew - probability of point belonging to the
cell, Aerror — total area of an error ellipsoid projected
to the (xy) plane, Aerrncer — intersection area of an
error ellipsoid projected to the (x,y) plane with the
area of cell.
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Fig. 9. The probability of belonging to the cell

Assumption that the point errors are an ellipsoid
may be too complex due to Aerncenr calculation prob-
lems. It may be easier to assume that the point errors
are cuboid or cube.

Considering the point as a volume of points caus-
es the need of modification of equation (5) to the
form:

_ Reew * W + Ruew * Whew
W+ Wyew (13)

hcell_new -

where: w - total weight of all points in the cell cur-
rently, wp.w - weight of new point which is being
added to the map in current step.

Proposed wyew calculation is based on ry, ry, 1,
point errors and prew probability of point belonging
to the cell:

W _ Prew * Q@
new TeyTs (14)

where: a - length of the side of each cell.

The cell dimension a which appears in equation
(14) does not have an impact on the calculated aver-
age value but it has an impact on the value of confi-
dence factor according to equation (15).

According to the requirements mentioned below
a new confidence factor CF was proposed:
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— CF has non-negative values, it increases when
the information confidence becomes lower;

— CF decreases while increasing the number of
points in the cell;

— when the number of points is big, adding
a new point to the cell does not have a big im-
pact at the CF factor.

Proposed equation for calculating the confidence

factor was shown below:

1
n Wi
i=1 ;2
d;

CF =
(15)

where: w; - weight of the point, d; - distance between
the point height value and the current average height
value in the cell (in the case when it is equal to zero,
there is a need to evaluate d; as a sufficiently small
number to avoid dividing by zero).

When updating the map point-by-point another
formula may be used:

1
Chiew =
1 w,
—— + e 16
CF dnewz ( )

where: CF - confidence factor from previous step,
CF,ew - updated confidence factor, wyew — weight of
new point, currently being added to the map, dnew -
distance between new point height and updated
average height.

Charts from Fig. 10 to Fig. 13 shows changes of
confidence factor depending on changes of other
elements of CF equation.
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Fig. 10. Relation of confidence factor and number of
points in the cell for different values of points proba-
bilities (a, h;, r,, r,, r, where the same for each point)
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Fig. 11. Relation of confidence factor and number of
points in the cell for different point errors values (a, h,
p; where the same for each point)
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Fig. 13. Relation of confidence factor and r, error of
the point for different values of points probabilities (a,
h,, r,, r, where the same for each point).

6. Conclusions

In the 2,5D map used for description of the rough
terrain for mobile robot navigation there is a prob-
lem of selecting appropriate parameters to describe
height, slope, roughness and information confidence.
As it was shown calculating height in each cell after
adding new point to the map does not need large
computational requirements (for each of selected
parameters). For sure, the robot localization prob-
lem has an impact on the calculation time while add-
ing a new point to the map from the laser scanner
measurements. However it was out of scope of this
paper. The main advantage of proposed solution of
2,5D map building was distinction of the height and
slope description from the roughness description
and the confidence level description.

Further research will focus on the path planning
algorithms with use of the proposed 2,5D map and
the development of proposed rough terrain descrip-
tion system.
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