Collision Avoidance Method for Mobile Robot
Considering Motion and Personal Spaces of Evacuees

Takeshi OHKI, Keiji NAGATANI and Kazuya YOSHIDA

Abstract—In the case of disasters such as earthquakes
or Nuclear/Biological/Chemical(NBC) terrorist attacks, mobile
robots, called “rescue robots,” that can work in dangerous
environments instead of rescue crews in rescue missions, can be -
of great help. However, realizing such robot systems requires
many types of technologies. In particular, path planning is
an important technology that provides a mobile robot with
autonomous navigation to a target destination with collision
avoidance. To avoid evacuees, the robot should consider the .\
motion of people in the near future. In this research, we robot \‘\
propose a collision avoidance method that estimates the motions X
and personal spaces of the evacuees. The method consists of
three steps: “estimation,” “conversion,” and “planning.” In the Y |
estimation step, the future positions of evacuees are estimated
by considering their planned motions and personal spaces.
Then, in the conversion step, a time axis is added to construct a Fig. 1. Flat underground walkway environment
3D time-space coordinate system. Finally, in the planning step,
a distance-time transform is applied to plan a safe 3D path from

the robot's current position to the desired goal. The proposed operators of teleoperated mobile robots may be in short
method has been implemented on our rescue robot simulator, g5y in the case of a wide area disaster. In the case of NBC
and some simulation experiments were conducted to verify its : .
usefulness. terrorist attacks, a robot may come across evacuees when it
explores the target environment. In such a case, the robot

I. INTRODUCTION should have a function that allows it to autonomously avoid
moving obstacles(evacuees) and prevent collision. It is called

_ the “collision avoidance problem in dynamic environments”.
In the case of disasters, such as earthquakes or NBC

terrorist attacks, it is very dangerous for rescue crews - Research Purpose

search for victims at disaster sites that have the potential for One of the basic methods of solving the above collision
secondary disasters. In such a situation, remote controllegoidance problem is to repeat path planning in a static
mobile robots, called “rescue robots” can be of great helpnvironment based on sensing data in short cycles. This is a
when searching inside collapsed buildings, taking the plaagry simple and effective method. However, it is obvious that
of the rescue crews. On the basis of such social demandsis strategy generates redundant and unnecessary paths for a
research and development activities on rescue robots hawebile robot, and in the worst case, it collides with moving
increased all over the world. Our research group has alsbstacles (we reenacted in our mobile robot simulator).
been developing rescue robots, called “Kenaf”, to explorgherefore, it is important to foresee the motion of obstacles
underground malls in an NBC terrorist attack scenario [1]. Tin the near future to plan the robot's path. Therefore, in this
undertake searching missions in the above scenario, we aesearch, we aim to propose a collision avoidance method
currently researching on teleoperation methods, commurthat estimates the motion of moving obstacles.

cations, locomotion methods on rough terrains, 3D mapping To estimate the motion of moving obstacles, it is very
technologies, and autonomous navigation methods, using tlisportant to determine the type of moving obstacle. Many
robots as a research platform. One of the most importarésearches on the collision avoidance problem in dynamic
technologies involves autonomous navigation because skilledvironments assume that the orientation and velocity of

, , , ) obstacles remain constant. However, in the case of evacuees
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A. Background



along the walkway in the opposite direction. Therefore, it is
necessary for the robot to avoid evacuees.

In order to realize the above objective, we propose a
collision avoidance method that estimates the motions and |
personal spaces of the evacuees. This method consists of e
three steps: “estimation,” “conversion,” and “planning”. In
the estimation step, it estimates the future positions of
evacuees by considering their planned motions and personal  avoidance
spaces. Then, in the conversion step, a time axis is added to behavior
construct a 3D time-space coordinate system. Therefore, the
2D obstacle avoidance problem is converted to a 3D path Fig. 2. Collision of personal spaces
planning problem. Finally, in the planning step, a distance-
time transform is applied to plan a safe 3D path from the
robot’s current position to the desired goal. environment. The following assumptions are made in this

To evaluate the validity of the above method, in thigesearch.
research, we implemented it on our rescue robot simulator. In1) The target environment is a flat underground walkway.
this paper, we would like to introduce our collision avoidance 2) A robot moves from one end of the walkway to the
method, and show some simulation results using the rescue other, and evacuees move in the opposite direction.

collision of personal space

/ cvacuce @

personal space (WD

robot simulator. 3) The robot can obtain accurate motion vectors for
obstacles using its onboard sensors.
C. Related Works 4) The robot can follow the planned path accurately.

A large number of studies have been conducted on col- Based on the above assumptions, in this research, we
lision avoidance for mobile robots. Therefore, we introduc@ropose a collision avoidance method that consists of three
some works that are closely related to our study. steps: estimation, conversion, and planning. By periodically

Tsubouchi, et al. [2] defined a “3D XYT space” torepeating the above three steps and executing the planned
represent 2D obstacle motions with a time axis for motiofnotion, the robot performs collision avoidance motion.
planning to avoid CO||IS,I0nS'In dynamic enwronmgnt. TheyA_ Estimation
assumed all obstacles’ motions to be uniformed linear mo- ] o -
tions. Thus, polygonal obstacles were represented by tilted The first step “estimation” calculates the future position
polygonal prisms. They verified the validity of their method®f each obstacle from_ its pagt motion. The features of this
by a simple simulation. method are that (1) it considers not only the movement

Gupta and Jarvis [3] also used a 3D XYT space anyectors of the obstacles but their planned motion to avoid
their planning method used a distance transform [4]. 1golliding with other obstacles, and (2) it consid_ers the_
estimate the motions of moving obstacles, they used a Gaf@NCcept of personal space of each obstacle. Details of this
sian distribution to handle the uncertainty of the obstacleSteP aré explained in section |II.
motions. They verified a validity of their method by a simpleg  cgnversion

simulation. L .
The second step conversion is to construct the a 3D time-

Basically, in this research, we use a 3D XYT space to dinat ¢ ¢ the obstacles’ i
represent the obstacles’ motions, the same as the above t?‘%j\ce coordinate system 1o express the obstacles motion

ideas. A feature of our method is to estimate the obstaclet omztge iDtpl?nar spglce by adtz)llng altlme aX|stTaThfrefo;%
motions by the motion planning of each obstacle considerin eth | obstacle EL\TO' ance Ero em 1S (;pnwle\r/e into a
their personal space, instead of linear or Gaussian assu 5‘ planning problem, as shown n section V.

tion. o _ C. 3D Planner
The concept of the personal space is widely used in studlesIn the third step, planning, a 3D path is planned in the

in the field of psychology, civil engineering and constructlongD time-space coordinate system. To plan the path, we

and rOb.Ot'CS (.g. [5],[6]). Itis a useful model for est|m_a_t|n Eply the distance-time transform method. The planned path
the motion of people, and some researches have verified !

validity [7]. Each pedestrian has a single personal space equivalent to the planned robot’s motion, including its
y L/l P gie p Pace, Ssition and time. The details of this step are explained in

the extended ego. In this model, in a case where a perso .

. o sa%ctlon V.

space is invaded, the individual feels uncomfortable an

changes his motion to maintain his personal space, as shown [1l. ESTIMATION

in Fig. 2. In the first step, estimation, our method estimates the

future positions of moving obstacles while considering their
personal spaces.

Firstly, we introduce an overview of our novel collision A personal space is generally defined as an oval figure,
avoidance method to avoid evacuees in a 2D walkwayith the space in front of a person larger than the rear

Il. OVERVIEW OF COLLISION AVOIDANCE METHOD
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IV. CONVERSION

In the second step, conversion, our method constructs a 3D
time-space coordinate system from the estimated motions of
the obstacles shown in section Il

At the beginning of this step, we definegaid layer, as
shown in Fig. 3. In this layer, a 2D environment that is
defined by theX andY axis, is represented by grids. Each
grid has a property, namesfart grid Gstart, goal grid Gyoa,
obstacle occupied grid &cupiedOr free grid Grree that is not
occupied. In addition, there are two types@fee, that are
free-reachable grid Gee_reach that a robot can reach at the
grid layer, andfree-unreachable grid Gee unreach that the
robot cannot reach.

Each grid layer is an expression of the 2D environment
at certain times, because each grid layer has a time width
Twid (sec). These layers are stacked along the vertical axis
based on the passage of time, as shown in Fig. 4, and called
a grid stack The bottom layerlayer[0]) represents the 2D
environment from the present time (t=0 (sec))Tigq (sec)
later of it. Likewise,layer[n] represents the 2D environment
from tmin(N) to tmax(n) wheretmin(n) = Tyig X N andtmax(n) =
Twia X (n+1). The total stacking number of grid layers is
represented asayer.

The occupied grids are defined by considering the personal
spaces of all the obstacles in each layer, or each time period.
Based on the above, the 3D time-space coordinate system is
constructed by a voxel representation. Therefore, a@tiads
three parametersy, yg andty. Thexy andygy are parameters
that specify the position of the grid in X-Y surface, and the
ty is a parameter to specifies the number of the grid layer that
include itself. From now on, it should be kept in mind that a

space [6]. The personal space concept is based on majid that has a property is represented &g (Xg, Yo, tg)- In

complex rules, and its shape and size are affected by sevegalition, a set 06 (Xg, Yg, tg) in the grid layer is represented
factors such as gender, age, and social position. However,49Set, (ty),

simplify our method, we set the personal space as a constant

rectangular in shape, and the front length, rear length and
width are 1.5 (m), 0.4 (m), and 0.4 (m), respectively.

V. 3D PATH PLANNING

In the third step, planning, a 3D path is planned in the 3D

_In our assumption, all the obstacles move in the sam@ine-space coordinate system shown in section V. Basically,
direction at different speeds. Therefore, a slow obstacle {3 plan a path, we apply the distance transform algorithm

the front should be passed by a fast obstacle in the rear. jpoposed by Prof. Jarvis [4]. To apply it to our method, we
this case, in our method, the fast obstacle in the rear changggended the algorithm, as shown in the following.

its path to avoid colliding with the slow obstacle in the front.
This is because the slow obstacle in the front cannot see the Basic Distance Transform

fast obstacle in the rear.

First, we would like to explain a basic distance transform

The specific rules used in the motion estimation fog|gorithm. A brief illustration of the idea is shown in Fig.

obstacles are as follows:

1) In case that a personal space of an obstacle is nd
violated, the motion of the obstacle is uniform linear

motion.

2) In case that the personal space of obstacle is violat
the obstacle moves to the direction of the side of th8
obstacle to decrease the violation of its personal spa

until the personal space is not violated.

5. It is a grid based method where occupied grids and free
Eids are assumed to be predefined in advance.

In the first half of the algorithm, a distance field is
generated by a distance function (Fig. 6). The value of the

eofart grid is set to 0, and the values of the grids without

bstacle occupied grids are calculated by a distance function,
égcursively, from the grids adjacent to the start grid. There-
ore, after recursive calculations, each grid stores a grid-
based distance from the start point to form the distance field.

By imaginarily moving obstacles based on the above ruleglthough the distance function typically uses an approximate
a robot estimates future positions of obstacles.

Euclidean distance, as shown in Fig. 6 (a), sometimes, for
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simplicity, an city block distance is used, as shown in Fig.  fayer[l] ©
6 (b). Fig. 5,Fig. 7 and Fig. 8 show the latter example.
In the second half of the algorithm, a path is determined .,
by descending the distance field from the goal grid. It is CO(Xe>VesD~ 3/3/3 \
executed by successively moving to the grid that has the Se7,..(1) 2 Ei 213 T
minimum distance value among the adjacent grids, from the Y 2223 Y |
goal grid to the start. In Fig. 5, , the pink grids represent the Xthoh ‘
planned path from the start to the goal. layer|0] © "OD 1N
B. Extension of Path Search Algorithm ’x:(' | |
There is a problem with the original distance transform G(x' ' 0) j!
. . g2/ g2V /
algorithm. In the second half of the algorithm, there are S 0 ST
only 8 next grid candidates (Fig. 7-(a)). This means that Cym— )'55761 Val, (0)=2
the minimum angular resolution of the robot is 45 degrees. Y

Furthermore the algorithm tends to choose diagonal grids
from the goal grid, because its decreasing difference is larger
than the horizontal and vertical differences. Therefore, it does
not derive the geometrical shortest path. ) )
To solve this problem, we improved the second half of° the future. In the_ 3D coordinate system, a grid Iay_er
the search algorithm to enhance the angle resolution of tﬁ%p_resents the positions of obstacles and “?b‘?t gt t_he time
path search. Fig. 7 introduces our basic idea. The idea is t§"10d- Therefore, a set of free reachable grid is limited by
the next grid candidates are not adjacent grids shown in Fi € speed and current position 9“ the robot. ]
7-(a), but grids that centers of the grids are located on the The DTT repeats a subroutine that consists of three

Fig. 8. The example of distance time transform

search disc, shown in Fig. 7-(b). processes: “selecting,” “applying” and “copying.” Concretely,
The angle resolution of the path search is greatly affectefe execute as below. N
by the internal radiu&.; and external radiuBey of the disc. ~ Atfirst, we focus orlayer(Q] that represent the positions of

A larger radius contributes a finer angle resolution to th@bstacles and the robot frofiin(0) to Tmax(0). Initially, the

path. However, it also increases the possibility of generatif§@Pot locates aBsiar. The robot can reach to free grids that

redundant path, because the length of each segment unitSiRCircleGstar, that areSetree—reacn(0). In a case where there

the path becomes larger. In a case where the environmé€ No obstacles in the grid layer, the shap8effee_reacn(0)

is not very complicated, we assign a value of 3.5 (grid) tés nearly a circle, and the size of the circle is determined by

Rt and a value of 4.5(grid) t®ey in this research, based the speed of the robot.

on our experience. We call this algorithm 2B disc search ~ We perform a distance transform Betree reacn(0), and

algorithm each grid of Sekree_reach(0) Stores a value of distance,
called distance value. Then, a maximum distance value in

C. Distanc Time Transform and Extended 3D Path Searchset . caci(0), calledValnay(0), is selected.

1) Distance Time Transformin the first half of the Next, a distance value of the grid5(xy,yg,0) in
algorithm, in order to perform the distance transform algoSefee reach(0) is given to the gri(ﬁ(xé,)/g,l) if G(xé,yé,l)
rithm in the 3D time-space coordinate system, we proposs not an obstacle occupied grid. After the all grids in
a distance time transform (DTT). The DTT is a procedur&etee_reach(0) are copied by the above process, the distance
that discretely repeats distance transform from a present tinmalues of the all grids inayer[1] are changed t&¥alnax(0)



as shown in section 1V, is 10 (m) in length (8 (m) in the

front and 2 (m) in the rear) and 8 (m) in width (4 (m)
on the left and 4 (m) on the right). The area of each grid
is 10 (cm) square. To form the 3D time-space coordinate

system, the time interval between adjacent lay&gerval,

is set to 3 (sec), and the number of layengye, is set
to 10. The robot’s maximum velocitymax is set to 400
(mm/sec). Therefore, the robot can reach 12000 (mm) (
Tinterval X Miayer X Vmay). The planning loop of the proposed
method is conducted in every 1 (sec).

C. Condition of Moving Obstacles

Fig. 9. Conditions for experiment in our simulator Fig. 9 shows a virtual walkway environment in the mobile

robot simulator. The width of the walkway is 8 (m). We

for the initialization of performing a distance transform ind€fined four moving obstacles in the simulator, represented
layer[1]. A set of grids that stor&/alma,(0) called already by hexagonal cyIerrs, that move toward the robot along
distance transformed grids Sgfshed(L). the walkway. The sizes of all the obstacles are the same, 30

Now, we focus orlayer[1], and selecBet e reacn(1) that (cm) |n diam_eter. However, different values are used for the
encirclesSetinshed1). We also perform the distance trans-velocities, with obstacles A, B, C, and D moving at 20, 30,
form, and copy the distance values layer[1] in the same 40, and 50 (cm/sec), respe_c'uvely. The motion rules for gach
way as inlayer[0]. The DTT repeats the above subroutiné)bStaCIe are as foIIowsE 1) it moves forward when.the.re is no
until the number of focusing grid layer reaches the value dfterference in front of it, and (2) it evades a certain distance
(Nayer-1). when there are slower obstacles in front of it. The goal of

2)5 Extended 3D Path Searchn the second half of the the robot is located at the behind of the moving obstacles.
algorithm, to derive a 3D path in distance time transformeg ;. ati

. ) ; . ulation Result
grid stack, we extend th2D disc search algorithnto the 3D ) ) . ) o
space, named 8D disc search algorithmFirst, we select e conducted several simulations using different initial
layerm] that includesGgoa in Setree_reah(m). The path POsitions for the obstacles. In some simulations, the robot
is determined by descending the discrete 3D distance fiefyoided all the obstacles by estimating their movements.
from Gyoq in layerm. It is executed by moving to the grid Figs.10 (a)-(c) show a good example where the proposed
successively that has the minimum distance value in the di§eethod worked well. In this figure, the red dots showed
of the 2D disc search algorithnin the grid layerlayer]k] the planned path at the last time of the each figures with
(wherek = m—1). In a case where there are no grids to pdime width, the overlapping robots and obstacles show their
moved inlayer]k], it is executed in same grid laytayer]m respective trajectories that indicate their motions, the green

in the same way as i@D disc search algorithm boxes show the areas of each grid stack, and the white
arrows on the obstacles’ trajectories show their motions. The
VI. SIMULATION STuDY robot estimated the motion of obstacle D in advance; thus,

A. Mobile Robot Simulator it generated a detour path to avoid it.

To confirm the applicability of the proposed method, we T_o_evaluat_e our method, we implemented a conventiqnal
use the mobile robot simulator that we developed. A featurePllision avoidance method. Almost of all the path planning
of this simulator is that a navigation program that works ifhethod is the same, but it does not estimate the future posi-
the simulator is source-level compatible with our real robofions of moving obstacles while considering their personal
Kenaf. Therefore, we can confirm our navigation program@Paces. Instead, it assumes that the obstacles move with
beforehand, but it does not guarantee the same motion YRiform linear motion. In this method, obstacles may be
the real world because it does not consider the dynamics Bfaginary overlapped (of course, this does not happen in
mobile robots. Another feature of the simulator is that wdhe real world), but the robot does not consider it. Figs.10
can set not only static obstacles, but also moving obstacld8)-(f) show the simulation results. The robot tried to move
The obstacles’ information can be obtained by the simulatd@ the side of obstacle B, but later it collided with obstacle
2D-LIDAR (Laser Imaging Detection and Ranging) systenf While trying to evade obstacle B.
mounted on the simulated mobile robot. However, in this In this simulation, we did not consider occlusion of sen-
simulation, the motion vectors of the obstacles are obtainé&®rs- Furthermore, it is impossible to accurately estimate the
from the simulator directly. Fig. 9 shows an example imaggbstacles’ motions. Therefore, it is impossible to guarantee

from the simulator. the effectiveness of the proposed method in the real world.
) However, the simulation results at least proved that the
B. Implementation Parameters estimation of obstacle motions based on personal space

We implemented our collision avoidance method as worked reasonably well in comparison with the principle of
navigation program of the robot Kenaf. Each grid layeruniform linear motion.



obst.D [i]

obst.C

obstB EiJ

obst.A@

obst.C )
i

obst,B L’ij
obst.A [i]

@dt=0 ) t=0tot=7 ft=10tot =15

Fig. 10. Simulation results: ((a)-(c) results of our proposed method and (d)-(f) failure result of conventional method)

VIl. CONCLUSION multiple mobile robots conducted in an underground mah,”Field

Wi d thod f th ol . ithout collisi and Service Robotic2009.
€ proposed a methoa tor path planning without collisio T. Tsubouchi, T. Naniwa, and S. Arimoto, “Planning and navigation by

considering the motion of evacuees. The proposed method a mobile robot in the presence of multiple moving obstacles and their
was implemented as the navigation program for a mobile Velocities,”Journal of Robotics and Mechatronic996.

bot d llisi id . lati . {g O. K. Gupta and R. A. Jarvis, “Optimal global path planning in time
robot, and some collision avoidance simulation experimen varying environments based on a cost evaluation functionProt. of

were conducted to verify its usefulness. the 21st Australasian Joint Conf. on Artifi-cial Intelligence: Advances
. , . . . . r#] R. Jarvis and J. C. Byrne, “Robot navigation: Touching, seeing and
1) Separating the obstacles’ motion estimation algorith knowing,” in Proc. of 1st Australian Conference on Artificial Intelli-
from the obstacles’ motion decision algorithm gence 1986.
; ; 5] R. Kirby, R. Simmons, and J. Forlizzi, “Companion: A constraint-
2) Cons!derat!on of the personal _space of a robot ) optimizi)rqg method for person-acceptable navigaﬁion,“rhe 18th IEEE
3) Consideration of complex motion rules of obstacles International Symposium on Robot and Human Interactive Communi-

4) Realization of real machine experiments (we have been cation pp. 607 —612, 27 2009-oct. 2 2009.

developing a high speed 3D sensor that is able to detdft T. Amaoka, H. Laga, and M. Nakajima, “Modeling the personal space
of virtual agents for behavior simulationfhternational Conf. on

3D obstacles.) Cyberworlds vol. 0, pp. 364—370, 2000.
R [7] T. Osaragi, “Modeling of pedestrian behavior and its applications to
EFERENCES spatial evaluation,” inAAMAS '04: Proc. of the Third International
[1] T. Yoshida, K. Nagatani, E. Koyanagi, Y. Hada, K. Ohno, S. Maeyama, Joint Conf. on Autonomous Agents and Multiagent Systeot#.
H. Akiyama, K. Yoshida, and S. Tadokoro, “Field experiment on



