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Abstract

Service robots are expected to work in real world scenarios which are dynamic in nature.
The traversable and non-traversable passages of the environment might change at different
times. For example, it is common for some of the passages or areas in the map to be inac-
cessible due to cleaning, repair works, or other reasons. On the other hand, some passages
in the environment could have a high congestion of people compared to other passages.
This requires a feature to alter the path of the robots to address these dynamic changes,
instead of only relying on the shortest paths criterion. To this end, this paper proposes
Transient Virtual Obstacles (TVO): a method to actively block desired paths by using vir-
tual obstacles. The virtual obstacles can be placed or removed by a user anywhere in the
map for programmable intervals. The robot’s plan their paths considering the virtual obsta-
cles, thereby blocking certain paths, and planning the desired trajectories through specific
paths. Another major advantage of the proposed TVO algorithm is that the existing robot
path planner does not needs to be modified. The proposed TVO is tested in both simulation
and real environments and results are discussed highlighting the merits of safe mobile robot
navigation.

Keywords: Path Planning, Robot Navigation, Virtual Obstacles.

1 Introduction

Service mobile robots are expected to work in human-centric environments to replace the
dull (ex. cleaning), dangerous (ex. handling toxic materials), and demanding (ex. lifting
heavy items) tasks. Navigation is a critical component of such service mobile robots. Unlike
well-controlled research environments and simple areas, real-world scenarios are dynamic
in nature. For example, passages of the environment are routinely blocked for cleaning.
During this time, mobile robots cannot traverse the passage and must re-plan an alternate
route to the goal. The passages may also be blocked for other purposes. Moreover, it is
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common for some of the passages to have high congestion at specific times. For example,
passages around cafeteria in universities are generally congested during lunch hours. Mo-
bile robots are equipped with path planners which generally plan trajectories based on the
shortest path criteria. Unlike people, robots do not have access to the information about the
blocked paths or congested areas. If the shortest path planned by the robot happens to pass
through the blocked passages of the map, the robot must re-plan its path towards the goal.
On the other hand, if the path planned by the robot passes through the congested areas of
the map, a robot will have to avoid many dynamic obstacles for which it be stopping several
times adversely affecting the quality of service (QoS) by taking longer time in navigation.
Considering the weight and speed of the robot, mobile robot navigation through congested
passages could be dangerous as there is a risk of dashing into people or accidents due to
sudden stops to avoid collision. Similarly, forceful navigation through blocked passages is
unsafe.

To this end, this paper proposes Transient Virtual Obstacles (TVO), a method to ac-
tively block desired paths by using virtual obstacles. The virtual obstacles can be placed or
removed by a user anywhere in the map for desired intervals. For example, users can block
certain paths around the cafeteria only during the lunch hours forcing the robot to plan paths
through less congested passages. The robot’s plan their paths considering the virtual obsta-
cles, thereby blocking certain paths, and planning the desired trajectories through specific
paths. Another major advantage of the proposed TVO algorithm is that the existing robot
path planner does not need to be modified. Since the dynamic scenarios are easily compre-
hended by humans, the proposed method actively blocks certain areas of the map through
virtual obstacles so that the global path planner of the mobile robot automatically generates
a safer path. A virtual obstacle is not a real obstacle in the map. Moreover, it is transient
and does not alter the actual map used by the robot.

2 State of the Art

Mobile robot path planning is a well studied problem. An extensive review of various path
planning techniques can be found in [1]. Path planning is generally done in two stages.
First, is the ‘global planning’ stage, in which, a path is searched from the start to the goal
location considering only the static obstacles in the map. Once the robot starts navigation
on the global path, the second stage of ‘local planning’ comes into picture, in which, kine-
matically feasible and smooth [2] trajectories for local collision with dynamic entities like
moving people and other robots are generated in real-time. At the global stage, criteria like
shortest paths is generally emphasized. At the local planning stage, the emphasis is mainly
on collision avoidance[3, 4] cases. It is assumed that robots have a Simultaneous Localiza-
tion and Mapping (SLAM) module to build a map and localize themselves in it [5, 6, 7].
The case of multi-robot navigation has been extensively discussed in [8, 9, 10, 11, 12].
Some researchers have focussed on realizing a robot that acquires logical recognition of
space [13]. A number of path planning algorithms have been proposed, and a detailed
summary of those algorithms can be found in [14], [15], and [16]. Among these, Ax
algorithm [17], D* algorithm [18], probabilistic roadmap planner (PRM) [19], rapidly
exploring random tree (RRT) [20], and potential fields [21] algorithms are the most
widely used techniques today.

Many practical works which use virtual obstacles have been proposed in the state-of-
the-art. Vision based collision avoidance by plotting a virtual obstacle on depth map has
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Algorithm 1: Grid-map Generation
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been proposed in [22]. In [23], authors have proposed to integrate virtual obstacle concept
with a potential-field-based method to maneuver cylindrical mobile robots in unknown or
unstructured environments. In [24], a safety aware robot coverage motion planning with
virtual-obstacle-based navigation has been proposed. In [25], authors have tacked the path-
switching problem using virtual obstacles.

3 Virtual Obstacles in Map

This section explains the addition and removal of virtual obstacles in the map. Since this
process is based on changing the values of certain areas of the map to values representing
the obstacle values, we first discuss the grid-map generation which facilitates this task.

3.1 Grid-map Generation

A grid-map quantizes the world into equally sized partitions called cells (m;). A cell can be
free p(m;) = 0, occupied p(m;) = 1, or unknown p(m;) = 0.5. A static map is assumed in
which all the cells are independent. The probability distribution of the map is given by the
product over the cells, p(m) = []; p(m;). If sensor data z;.,, and the poses x;.; of the sensor
are given, the aim is to estimate the map, p(m|zi.r,x1:) = [1; p(milz14,%1:)-

The pseudo-code of grid mapping is shown in Algorithm 1. An inverse measurement
model (Algo.1, Line 7) is used for robots equipped with range finders. Assuming the robot’s
pose to be (x,y,0)T, lines 7 to 16 calculates the inverse model [26, 27]. The inverse model
first determines the beam index k and the range r for the center-of-mass of the cell m;. In
programming, log-odds ratio /, ; and [y are used and defined as, [, ; = log%, and

p(mi=0) p(mi)
p(m;=1) 1—p(m;) "
In Algorithm 1, the thickness of obstacles, and the width of a sensor beam are repre-

sented as M and I, repsectively. Many algorithms for grid mapping have been proposed
[26, 27] and other cost-map based mapping algorithms can also be used [26, 27].

lo = log =log
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Algorithm 2: Adding a Virtual Obstacle in the Map

1 Function virtual_obs_add(M, (x1,y1), (x2,¥2),Gm, T)
2 T < current timestamp

3 =y, j=x

4 while i <y, do

5 while j < x; do

6 MIi[j] 1

7 Guli[j] « 1

8 j—j+1

9 i+i+1

3.2 Addition and Removal of Virtual Obstacles

As explained in the previous section, a grid-map represents obstacles with a value 1, and
free space as 0. The entire map is realized as a matrix M of size W x H, where W and H are
the width and height of the map, respectively. It is assumed that the top-most coordinate
of the map is (0,0) with height increasing in the bottom direction, and width increasing in
the right direction. The addition of a virtual obstacle between (top-left) coordinates (xj,y)
and bottom-right coordinates (x7,y>) to the map is accomplished by setting the appropriate
values of the matrix with obstacle value of 1. This is shown in Algorithm 2. The input
to the function are the current map M, the top-left and bottom-right coordinates where
the virtual obstacle has to be placed, a tracker map Gy, and a timestamp 7. The tracker
matrix Gy, keeps a track of all the addition and removal of virtual obstacles in the map,
and has the same dimension as the matrix M. The timestamp 7" keeps a track of when the
virtual obstacle was added. The procedure of removing the obstacle is similar by setting
appropriate values of the matrix to value of free-space i.e. 0.

3.3 Affect of Virtual Obstacles on Global Path

The addition of virtual obstacles in the map affects the global path generation. The virtual
obstacles can be added manually over certain areas of the map with high influx of people, or
closed passages. Detection of people congestion in passages can be done by using external
cameras or other sensors. Any global planner can be employed and it will automatically
exclude path generation through the virtual obstacles. Our implementation uses A* [17]
which is a famous algorithm for path planning. Let G = (V, E) is a graph with non-negative
edge distances, and h is an admissible heuristic. Let S be the start location and G be the
goal node of the . If d(v) is the shortest distance from S to v seen so far, then d(v) +h(v)
gives an estimate of the distance from S to v, and similarly from v to G. The queue of nodes
Q= (Va1,Var,- -+ ,Van) sorted by d(v) +h(v) is the A* path from S to G.

To facilitate virtual obstacle addition in certain passages, the timestamp 7 value can
be used. First, the virtual obstacle is added in the map using Algorithm 2. Next, a check
is performed if desired time ‘¢’ has passed since the addition of the virtual obstacle, after
which, the obstacle is removed by setting the value to free-space value again. Using the
same feature, obstacles can be added for certain time periods.
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Figure 1: Robots used in the experiment, and their motion model. (a) Pioneer P3DX robot,
(b) Turtlebot robot, (c) Motion Model.

4 Experiments and Results

Two experiments were carried in real environment to test the influence of virtual obstacles
in path planning. We used Pioneer P3DX robot (Fig.1(a)) and Turtlebot robot (Fig.1(b)).
Both the robots were equipped with distance sensors (RGBD sensor and UHG-08LX laser
range sensor). The distance sensor is accurate within 30 mm within 1 m, and within 3%
of the detected distance between 1 and 8 m. The angular resolution is approximately 0.36
degrees.

4.1 Motion Model

We first describe the motion model of the robots. Both robots are differential drive robots.
The distance between the left and the right wheel is W,, and the robot state at position P is
given as [x,y, 0]. From Figure 1(c), turning angle 3 and the radius of turn R is calculated
as,
r—1
r=B-(R+W,),l=B-R, -.B= ,
W,

, (1

B

The coordinates of the center of rotation (C, in Figure 1(c)), and new heading 6’ are calcu-

lated as,
Cx X W, sin@
6] =B () [ ) g

0’ = (6 + B)mod27, 3)

R=

from which the coordinates of the new position P’ are calculated as

x Cx W, sin@’
-G e
If r =1, i.e., if the robot motion is straight, the state parameters are given as 8’ = 0,
and,
X x cosO
=B (e o= ®

Copyright © by IIAI. Unauthorized reproduction of this article is prohibited.

63



A. Ravankar, A. A. Ravankar, Y. Hoshino, M. Watanabe, A. Rawankar

17|50

L ] 26 < =
e e—— EN
Goal
L5 97
I R ]
— ) Start
(a) (b) (©) (Y]

Figure 2: Experiment-1. (a) Gridmap, (b) Map dimensions, (c) Path planning with TVO at
t =5 min. The shortest path is planned avoiding the virtual obstacle. (d) Path planning with
TVO at ¢+ = 25 min. The transient virtual obstacle was effective only during time period
(t = 0 min to r = 20) min. Hence, the path is planned without the virtual obstacle.

Figure 3: Navigation of P3DX robot considering TVO shown in Fig.2(c) in successive time
(a) to (n). The robot avoids shorter path on the left as virtual obstacle was effective.

4.2 Experiment 1

This section explains the first experiment conducted to test the proposed TVO algorithm.
Figure 2 shows the setup of the experiment. Figure 2(a) shows the gridmap of the test envi-
ronment used to test the proposed TVO. The dimensions of the map are 444 x 490 pixels.
The white portions of the map represents open space, whereas the black grids represents
the obstacles. The dimensions of the map are given in Fig.2(b).

The start and goal locations of the robot are marked in Fig.2(d) in green and blue color,
respectively. The top-left corner of the map in Fig.2(d) is marked (0,0). Pioneer P3DX
robot (Fig.1(a)) was used in this experiment, and its start location was set to (64,435)
whereas the goal location was set to (66,240). A* algorithm [17] was chosen for path
planning, however, any other algorithm can also be chosen. The grid based navigation had
one unit cost for forward, back, left, and right movement, whereas, for diagonal movement
the cost was V2 units.

At the start of the experiment virtual obstacle was placed in the map between the lo-
cations x = 15,y = 328 (top-left) and x = 75,y = 345 (bottom-right). The dimensions of
the virtual obstacle was 60 x 17. The virtual obstacle is shown as a red block in Fig.2(c).
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Figure 4: Experiment-2. (a) Gridmap of the environment. ‘S’ and ‘G’ are the start and
goal locations, respectively. The locations of cafeteria and virtual obstacle are marked. (b)
Section of environment showing a section of passage.

The obstacle was placed for a duration of 7 = 20 min. The robot was programmed to start
5 min after the induction of virtual obstacle at # = 5 min. Figure 2(c) shows the planned
path of the robot from start to the goal location in purple color. It is clear that the path is
generated considering the virtual obstacle in the map. It is also the shortest path considering
the virtual obstacle.

Figure 2(d) shows the results of path planning at # = 25 min. The transient virtual
obstacle was effective only during time period (t = O min to t = 20) min. Hence, the path
shown in black color is planned without the virtual obstacle this time.

Figure 3 shows the navigation of P3DX robot considering TVO shown in Fig.2(c). Fig-
ure 3(a) shows the start location of the robot, and Fig.3(b) to Fig.3(m) shows the snapshots
at different times until the robot reaches its goal location shown in Fig.3(n). The robot
avoids shorter path on the left as virtual obstacle was effective at the time of navigation.
Further, once the paths have been planned and virtual obstacle still exists, cache based ap-
proaches [28] can be used for efficiency.

4.3 Experiment 2

The second experiment was conducted in a more realistic scenario of the engineering build-
ing of Hokkaido University. This building has a cafeteria, and there are many students
accessing the cafeteria during the lunch time of of the university (around 12:00 PM). This
causes more congestion along the passage (Fig.4(b)) on which the cafeteria is located. The
aim of this experiment was to block the passage along the cafeteria during the peak lunch
time of the university, so that the robot goes through free passages. We used Turtlebot robot
shown in Fig.1(b). This is also a differential drive robot, and its motion model is same as
given in Section 4.1.

The grid-map of the building environment with turn-nodes ny, - - - ,ns is shown in Fig.4(a).
Robot’s start (S), and goal (G) locations are marked along with the cafeteria. The exper-
iment was conducted during the peak lunch-time of university (11:30-13:30) to test path
planning in congestion. Similar to Experiment 1 shown in Section 4.2, A* algorithm [17]
was chosen for path planning.

The total size of the grid-map in Fig.4(a) was (1279 x 1327) pixels. A virtual obstacle
was added between top-left coordinates (576,1161) and bottom-left coordinates (596,1214).
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Figure 5: Congestion in the passage marked n;n; in Fig.4(a).

Table 1: Generated Paths With and Without Transient Virtual Obstacles.

Method Path (Refer Fig.4(a)) Path Length
Without Virtual Obstacle S—ns—>n —n—G 2038
With Virtual Obstacle S—ns—>ng—n3—>n—G 2450

This obstacle was added to prevent robot path generation through the passage near the cafe-
teria which generally has high congestion of people. The path planned without the proposed
TVO was: { S — ns — n; — np — G}. Notice that this passes through the congested pas-
sage njny. On the other hand, the path planned by the robot considering the virtual obstacle
using the proposed TVO was: { S — ns — ng — n3 — n, — G}. Figure 5 shows the timely
snapshots of congestion on the passage along the cafeteria. The path planned by the robot
using the proposed TVO method clearly avoids this congested passage njn, on which the
virtual obstacle was placed.

As summarized in Table 1, the shortest path length without considering the virtual ob-
stacle was 2038 units. Whereas, the path length while considering virtual obstacles was
2450 units. Notice that, this path is longer than the shortest path. However, the virtual
obstacle was placed to avoid path generation through crowded passage. Hence, it was safer
than the path planned by the traditional method.

5 Conclusion

This paper presented transient virtual obstacles. The method induces virtual obstacles to
alter the paths of the robots. Virtual obstacles can be placed at places which are either
blocked or risky due to high traffic of people. We proposed a way to add and remove the
virtual obstacles in the map. The virtual obstacles are transient. For this, a timestamp fea-
ture enables automatic removal of the virtual obstacle after certain time, allowing blocking
a certain path for certain time period only. Any global path planner can be used and it auto-
matically generates a global path avoiding the virtual obstacles. Thus, relatively safe paths
can be generated for mobile robots easily. The advantages of the proposed method were
verified with two experiments in different scenarios.

6 Discussion

Several approaches for mobile robot navigation have been proposed. Most of these algo-
rithms assume a static environment. However, real-world scenarios are dynamic in nature.
Therefore, there are scenarios in which some of the paths needs to be actively blocked for
safety of mobile navigation. To this end, this paper proposed using virtual obstacles which
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are transient in nature, and can be programmed easily. A major advantage of the proposed
method is that the path planner does not need to be altered as virtual obstacles are added
and removed in the map. This enables a powerful feature to block or guide robots through
specific passages without using actual obstacles, altering path planners, or reprogramming.
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