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Abstract—We present one approach to achieve safe navigation
in an indoor dynamic environment. So far, there have been various
useful collision avoidance algorithms and path planning schemes.
However, those algorithms possess fundamental limitations in that
the robot can avoid only “visible” ones among surrounded ob-
stacles. In a real environment, it is not possible to detect all the
dynamic obstacles around the robot. There are many occluded
regions due to the limited field of view. In order to avoid collisions,
it is desirable to exploit visibility information. This paper pro-
poses a safe navigation scheme to reduce collision risk considering
occluded dynamic obstacles. The robot’s motion is controlled by
the hybrid control scheme. The possibility of collision is dually
reflected to path planning and speed control. The proposed scheme
clearly indicates the structural procedure on how to model and to
exploit the risk of navigation. The proposed scheme is experimen-
tally tested in a real office building. The experimental results show
that the robot moves along the safe path to obtain sufficient field
of view. In addition, safe speed constraints are applied in motion
control. It is experimentally verified that a robot safely navi-
gates in dynamic indoor environment by adopting the proposed
scheme.

Index Terms—Mobile robot navigation, obstacle avoidance,
path planning, speed control.

I. INTRODUCTION

FROM THE viewpoint of autonomous navigation, safety in
a human coexisting environment is an essential problem.

On the other hand, high-speed navigation is preferable in order
to increase service efficiency. In order to achieve high-speed
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navigation, some limitations should be taken into account as
follows:

1) dynamic and mechanical limitations;
2) control and computational limitations;
3) unexpected dynamic change of environment.

The first problem implies wheel slippage or rollover when a
robot makes a sharp cornering or an emergency stop. In practi-
cal applications, the first problem is rarely considered because
other problems cause more strict limitations on the maximum
speed of the mobile robot.

The second problem can be interpreted as a real-time obsta-
cle avoidance problem. Navigation speed is limited by sensing
accuracy, processing speed, computational cost, and motion
control response. Kanayama et al. proposed a trajectory track-
ing algorithm of two wheel differential mobile robots in [1]
which guarantees the exponential convergence. Macek et al.
proposed a control method for stable and smooth path following
algorithm in [2] based on the Virtual Vehicle Approach [3].
Fox et al. proposed the dynamic window approach (DWA) in
[4] based on the curvature velocity method [5]. The DWA is
particularly useful when the robot navigates in dynamic obsta-
cle environment. Seder and Petrovic [6] proposed the modified
DWA algorithm based on the integration of focused D∗ search
algorithm in [7] considering moving obstacles. Their work
showed improved obstacle avoidance performance by predict-
ing the obstacle motions. Minguez et al. proposed the nearness
diagram (ND) approach in [8]. ND shows superior performance
particularly in a highly cluttered environment. Quinlan [9] pro-
posed path deformation technique that works in real time
when obstacles block the original path. Montesano et al. ad-
dressed the problem of modeling obstacles, and integration
of obstacle information in a local motion planning in [10]. A
mobile robot can avoid “visible” obstacles by adopting existing
technologies.

Our major scope in this paper is to solve the third problem
addressed above. Suppose that a person drives along a narrow
road without any traffic signals. He may reduce speed when
approaching a junction. It is natural to assume that there might
be dynamic obstacles in occluded regions. Sometimes a driver
chooses a detour path to obtain sufficient field of view. The
purpose of this paper is to derive the risk of potential collision
with occluded dynamic obstacles, and to establish a general
control scheme to cope with the risk.

There have been some works to deal with unexpected col-
lision and visibility problems. Sadou et al. [11] focused on
the occluded obstacles. The scope of unexpected obstacles is
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limited to the occluded obstacles on the path, and the path is
always fixed. Another approach is to utilize navigation expe-
riences to predict the human walking pattern in [12]. It was
shown that the robot can provide appropriate mobile services
by monitoring and utilizing patterns of people. The work in
[12] shows an example to deal with environmental changes.
Krishna et al. [13] computed the safe velocity profile along
the path and modified the path near the occluded region. The
work also shows a speed control strategy for safety. However,
it is required to develop a general approach to combine the path
planning and the speed control to cope with occluded dynamic
obstacles. Another example of speed control can be found in
[14]. Well-defined speed constraints are established considering
vehicle features in [14]. However, there is no scheme for path
modification. The major advantage of this paper is to suggest
a generalized procedure to deal with both path planning and
speed control.

In this paper, we establish a safe navigation scheme from two
aspects. The first aspect is path planning. Most of the existing
path planners only focus on detectable obstacles. In addition,
the optimality is defined in terms of moving distance in conven-
tional planners. However, the shortest path is not necessarily
safe in many cases. It will be shown that the path planner
should reflect the risk of possible collision with occluded
obstacles. The collision risk is quantitatively modeled through
the intrinsic cost of the gradient method, which was introduced
in [15].

The second aspect is deriving speed constraints. Once a
robot’s path is given, allowable maximum speed can be explic-
itly derived. The speed constraint is applied through the DWA
in [4]. The specific criterion on deciding maximum velocity
was an open problem in [4]. This paper derives an explicit
condition on the maximum speed in order to avoid collision.
A part of this paper was introduced in [16]. Related navigation
issues including localization and control architecture design
can be seen in [17]–[19]. In those works, development of the
multifunctional mobile service robot was presented. The inte-
grated localization strategy was developed based on laser range
finder readings. The architecture is a hybrid reactive-deliberate
scheme including the Petri Net-based behavior selection con-
trol scheme. Some recent robotic applications can be found
in [22]–[24].

In this paper, we propose a structural navigation scheme
importing the potential collision risks by considering the vis-
ibility information without loss of generality. Previous obstacle
avoidance techniques deal with detected moving obstacles. The
idea of this paper is that it is worth considering the field of
view limitations of sensors and the collision risk by occluded
moving obstacles. In this paper, we quantitatively derive the
collision risk and establish path optimization and speed con-
trol strategies. The proposed scheme will be experimentally
verified.

This paper is organized as follows. Section II describes
how to compute occluded regions and the risk of unexpected
collision. Then, we propose path planning and motion control
schemes to achieve safe navigation. Simulations and experi-
mental verifications are made in Section III. Some concluding
remarks are given in Section IV.

Fig. 1. Occluded reachable regions and a dynamic obstacle.

II. NAVIGATION RISK MODELING

CONSIDERING VISIBILITY

A. Collision Risk Due to Occlusion

Once we have an environmental map, we can find the region
where the field of view is geometrically obstructed. Con-
sidering the dynamic capacity of a robot and the speed of a
dynamic obstacle, the collision distance can be computed as the
following:

ddelay = tdelay × (vr + vobs) (1)

dbreak = v2
r /(2 × arobot) (2)

dobs = vobs × vr/arobot (3)

dcollision = ddelay + dbreak + dobs. (4)

The collision distance dcollision implies the minimum clear-
ance which should be guaranteed to avoid collision with a
dynamic obstacle. The robot should be able to make a complete
emergency stop in the range of dcollision. ddelay is caused by
the time delay of sensors and controllers after detecting an
obstacle around the robot. dbreak is a breaking distance of a
robot, and it is determined by the dynamic control performance
of a robot. dobs is the moving distance of the obstacle during
the deceleration time of a robot before making a complete stop.
Fig. 1 shows the conceptual illustration of dcollision. vr, vobs,
and arobot are the speed of a robot, the speed of an obstacle,
and the acceleration of a robot, respectively.

Fig. 1 shows the risk of potential collision with dynamic
obstacles from occluded regions when a robot approaches a
junction. Fig. 1 also shows a reachable region of a robot when
vr = 1 m/s and vobs = 4 m/s. Since the exact computation of
nonholonomic robot’s reachable region is computationally ex-
pensive, we have adopted the wavefront propagation algorithm
in [20] for approximate computation of reachable regions.

The occluded area is defined as the difference between the
reachable area and the visible area. The reachable area is the
robot’s neighborhood considering dcollision. The visible area is
computed by the ray tracing method. The occluded reachable
region of a robot can be considered as a risky area. The risky
position is calculated from the collision distance dcollision using
(4). In most cases, arobot and tdelay can be assumed to be
constants. Therefore, the risky area is dependent on vr and vobs.

The existence of occluded regions over the entire workspace
can be easily obtained. When the occluded area exists, the robot



CHUNG et al.: SAFE NAVIGATION OF MOBILE ROBOT CONSIDERING VISIBILITY OF ENVIRONMENT 3943

Fig. 2. Computation of regional risk due to potential collision. (a) Real
environment. (b) Computed risky area due to occlusion.

position is registered as a risky position. Therefore, the set of
risky positions is registered to a map. This step corresponds to
a preprocessing step to model the risk of collision.

Fig. 2(a) shows real environment in a conventional office
building. Fig. 2(b) shows the computed risky regions. It is
clear that the risky regions are located around the corner or a
pillar. The computational result matches well with our daily
experience on the risky area, where unexpected collisions might
take place.

B. Speed Constraints

Real environments are mostly polygonal, and there are
some particular points which limit visibility. More specifically,
convex edges are extreme points which limit field of view, as
shown in Fig. 1(a). With the environmental map, convex edges
can be easily extracted.

Fig. 3 shows the convex edges. One of the most dangerous
cases is that the dynamic obstacle directly moves to the robot
from the occluded area. The convex edge is the closest point
of the occluded region from a robot. The robot is collision-free
when the robot stands far away from the convex edge than the
collision distance. A similar motion model of obstacles can be
found in [13]. In [13], under the assumption that collision takes
place at the intersection of the circle and the path, a safe speed

Fig. 3. Convex edges and collision distance.

Fig. 4. dcollision versus maximum safe speed of a robot.

is derived. In this paper, considering more conservative case,
the distance from a robot to a convex edge is taken into account
to define a safe speed.

Fig. 4 shows the relationship between the clearance to the
convex edge and the robot’s maximum speed. The convex edge
is considered to be the starting position of a dynamic obstacle.
The sampling rate of a control loop is about 0.2 s. We assumed
that the obstacle speed is 2 m/s, ddelay is about 0.4 m when the
robot speed is zero. This result is shown in Fig. 4. When we
want to drive a robot faster than 0.3 m/s, we can conclude that
the clearance should be always greater than 1.35 m from Fig. 4.
Therefore, dcollision can be understood as the distance margin
before collision.

The computational result of safe speed from all convex edges
is shown in Fig. 5. The environment is identical with the
environment in Fig. 2. The result shows that a robot should
move slowly near the convex edge. If the robot moves far away
from convex edges of the environment, the robot can speed up
to its mechanical limit.

C. Risky Regions With Speed Constraints

After deriving the risky regions and speed constraints, that
information should be merged by taking the intersection. The
maximum speed condition at the risky area shows quantitative
risk of collision.
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Fig. 5. Computed maximum speed to guarantee safety (in meters per second).

Fig. 6. Risky area with safe speed constraint.

The computational result of association is shown in Fig. 6.
In general, the close neighborhood of the convex edge is dan-
gerous. However, there are some safe zones around the convex
edge, as shown in Fig. 6, because the field of view is not limited.

D. Path Planning and Motion Control

There are some possible alternatives to reflect environment
risks. First, collision risk can be considered in path planning.
Second, the distance margin can be used in motion control as a
maximum speed limitation. Our navigation strategy is a hybrid
approach to combine path planning and reactive control, as in
[21]. The path planner is designed based on the gradient method
in [15]. The reactive motion controller is the DWA in [4].

The gradient method path planning [15] generates a mini-
mum distance path without local minima. Path cost F (P ) is
computed as the sum of intrinsic cost and adjacency cost as a
following equation:

F (P ) =
∑

i

I(Pi) +
∑

i

A(Pi, Pi+1). (5)

Pi indicates grids in unoccupied free space. Intrinsic cost at Pi,
I(Pi) can be assigned high near an obstacle or slippery region.
Adjacency cost A(Pi, Pi+1) is proportional to moving distance.

Our approach is to use the distance margin and the visibility
information in the gradient method. The gradient method pro-
vides a general framework to model risks through the intrinsic
cost. Therefore, the distance margin is mapped into the intrinsic
cost. In this paper, the intrinsic cost is proportional to the recip-
rocal of the maximum speed. As a result, the minimum time

Fig. 7. Algorithmic flow to compute the risk of grids.

path can be obtained. There are some possible indices for path
optimization. Performance indices can be minimum energy,
minimum distance, or minimum time. We adopt the minimum
time criterion in order to increase the service efficiency of a
robot under the condition that safety is always guaranteed.

The procedure to model regional risks of navigation is sum-
marized in Fig. 7. Since the environment is described by a grid
map, collision risk is iteratively computed for each grid. For
grid i, the field of view limitation is computed first. If there is
any occluded region, then grid i is registered as a risky area.
The next step is to derive maximum speed constraint by using
(1)–(4). When the speed constraints are derived, the intrinsic
cost of the gradient path planner is given by the reciprocal of
the maximum speed. Finally, the optimal path can be obtained
by applying the gradient path planner.

Our collision-free navigation scheme is designed based on
global DWA in [21]. In DWA, the performance measure func-
tion is composed of three criteria. One of the criteria is the speed
object, which encourages fast movement of the robot. The
distance margin can be mapped into the speed object through
the maximum speed.

III. SIMULATION AND EXPERIMENT RESULTS

A. Collision Risk Index and Experimental Conditions

It is necessary to define a performance measure to eval-
uate the safety during navigation. We define collision risk
Icollision as

Icollision =
Acollision

Acollision + Asafe
. (6)

All areas are defined in the dynamic window. Acollision and
Asafe indicate the area of collision and the area of admissible
velocity, respectively. Icollision varies from zero to one when
the admissible collision-free velocity area becomes small. If
Icollision is close to one, most of the velocities in the dynamic
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Fig. 8. Experiment to compute collision risk index Icollision. (a) Range
sensor image. (b) Clearance object. (c) Robot’s situation. (d) Collision velocity
in the dynamic window.

window result in collision. Therefore, the navigation control
scheme should be modified when Icollision becomes close to
one. For example, the cruising speed of a robot should be
reduced. Icollision is used to monitor the risk of collision in
dynamic obstacle environment. It is desirable that Icollision is
close to zero for safe navigation.

Fig. 8 shows the collision risk of unexpected dynamic obsta-
cle. Fig. 8(a) shows the sensor data when a dynamic obstacle
exists in front of a robot. The clearance object in dynamic
window is shown in Fig. 8(b). If the clearance object is smaller
than the threshold 0.2, it is classified into the collision velocity
region. Fig. 8(c) shows current locations of a robot and an
obstacle. Collision velocity area is shown in Fig. 8(d). From
Fig. 8(d), it is clear that the robot should turn right by accel-
erating the left wheel in order to avoid the obstacle. Collision

velocity area is quite large and Icollision is 0.78. Therefore, we
can conclude that the robot is in a dangerous situation.

Experiments were carried out in an office building. Maxi-
mum speed of the robot was 0.5 m/s. Maximum acceleration of
the robot was 0.8 m/s2. Sampling time of the laser range finder
was 0.2 s. Dynamic obstacles are mostly walking people. In
general, the human’s maximum walking speed is about 1 m/s
in indoor environment. In order to allow some safety margin,
the speed of dynamic obstacle was assumed to be 1.5–3 m/s in
experiments. Experiments were carried out with three different
boundary conditions: Hair-pin navigation, doorway navigation,
and narrow area passing.

Three control schemes were applied for each experiment.
One is the conventional gradient method combined with the
conventional DWA. Therefore, the first controller does not con-
sider the collision risk due to occlusion. The second controller
is to add safe speed constraint along the conventional gradient
path. Therefore, path modification for safety is not allowed. The
third controller is the proposed path planner combined with safe
speed constraints.

In experiments, a dynamic obstacle interrupts the robot’s
movement. A dynamic obstacle is another mobile robot. The
obstacle starts from an occluded region and moves across the
robot path.

We use a grid map for environmental representation. Since it
is difficult to model the stairs automatically, the map for path
planning was manually modified by setting the stairs as the
obstacle region.

B. Experiment 1: Hair-Pin Navigation

The first experiment is hair-pin navigation, and the exper-
imental condition is shown in Fig. 9(a). In this experiment,
the dynamic obstacle moves from A to B in 3 m/s. Fig. 9(b)
shows the resultant trajectories. The conventional gradient path
is represented by a solid line. Although the conventional path is
the shortest one, the path passes through a close neighborhood
of a wall. In case of the speed control, the robot moved along
the generated gradient path under the proposed safe speed
constraint. The robot stopped near the corner due to the speed
limitation. Since the robot passed through highly risky area, the
maximum speed reached zero. As a result, the robot stopped be-
fore reaching a goal. Therefore, the robot failed to accomplish
the navigation task when speed constraints are applied to the
conventional path.

Fig. 10 shows the speed and Icollision during experiment 1.
From Fig. 10(a), travel time using gradient method is 20.8 s
and it is the fastest. However, Icollision jumped when a robot en-
countered a dynamic obstacle around 8 s, as shown in
Fig. 10(a). Therefore, it is clear that the conventional gradient
path cannot guarantee collision safety in dynamic environment.
The conventional gradient path should not be used in practical
applications. Fig. 10(b) shows the resultant speed of a robot
under the safe speed constraint. It is clear that Icollision main-
tains zero owing to the slow speed. However, the robot failed
to reach the goal due to stopping. Fig. 10(c) shows speed and
Icollision by the proposed method. As shown in Fig. 9(b), the
path makes a detour to achieve sufficient field of view. Icollision
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Fig. 9. Experiment 1: Hair-pin navigation. (a) Experimental environment and
condition for experiment 1. (b) Resultant trajectories.

instantaneously increased to 0.42 around 31 s due to the dy-
namic obstacle. The robot could avoid an obstacle successfully,
and the collision risk was low enough (Icollision,max = 0.42)
during the entire movement. In addition, the robot moved faster
because the robot moved along the safe path. Although the
travel time was over 40 s, it can be considered as the minimum
time solution which satisfies safety. In Fig. 10(c), it is shown
that the robot velocity fluctuates locally. The feasible maximum
acceleration of a robot is 0.8 m/s2 when we consider me-
chanical and dynamic properties of a robot. It is assumed that
the autonomous robot independently moves without frequent
human interaction. As a result, it is desirable to use maxi-
mum acceleration in order to increase the dynamic obstacle
avoidance capability. Therefore, it is acceptable to show jerky
velocity profiles locally.

C. Experiment 2: Doorway Navigation

Experiment 2 is to pass through a doorway. In experiment 2,
the dynamic obstacle moves from A to B in 1.5 m/s, as shown
in Fig. 11(a). In Fig. 11(a), there is not much space for path
deformation. Therefore, speed constraints play a dominant role
to avoid collision. It is common to reduce robot’s speed heuris-
tically when a robot passes through the doorway. However,

Fig. 10. Velocity and collision risk index during experiment 1. (a) Velocity
and collision risk index along the conventional gradient path without consider-
ing collision risk. (b) Velocity and collision risk index along the conventional
gradient path with the safe speed constraint. (c) Velocity and collision risk index
along the proposed path with the safe speed constraint.
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Fig. 11. Experiment 2: Doorway navigation. (a) Experimental environment
and condition for experiment 2. (b) Resultant trajectories.

the robot speed is appropriately controlled with the proposed
scheme without adding any heuristics, owing to the generality
of the proposed scheme.

Fig. 11 shows the result that the proposed path is close to the
conventional path. However, it is clear that a robot slowed down
before entering the doorway due to the speed constraint.

Fig. 12(a) shows the velocity of a robot and Icollision us-
ing the conventional gradient method. The Icollision abruptly
increases and the speed of a robot decreases when the robot
encounters the dynamic obstacle around 6 s. The configurations
of a robot and an obstacle around 6 s are shown in Fig. 6(b).
The laser range data at the moment is shown in Fig. 6(c).
Therefore, it is dangerous to adopt the conventional method
in practical applications. Fig. 12(d) shows the velocity profile
using the proposed method. When a robot moves in the outside
of the risky area from 0 to 4 s, the speed is about 0.5 m/s.
A robot passed through the doorway with reduced speed about
0.1 m/s due to the field of view limitation. The speed of
the dynamic obstacle was assumed to be quite fast (1.5 m/s).
Icollision,max was 0.08 throughout the experiment. This fact
implies that safe navigation can be achieved by speed control
only. This result coincides with our daily experiences. If a car
is parked at a narrow parking lot, a driver should be extremely
careful and should reduce the speed in dynamic situations.

Fig. 12. Gradient velocity and collision risk index during experiment 2.
(a) Velocity and collision risk index along the conventional gradient path
without considering collision risk. Collision occurred around 6 s. (b) Robot is in
collision with an obstacle by applying the conventional scheme. Icollision = 1
around 6 s. (c) Laser range data around 6 s. (d) Translational velocity of a robot
by applying the proposed control scheme.
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Fig. 13. Experiment 3: Passing through narrow area. (a) Experimental envi-
ronment and condition for experiment 3. (b) Resultant trajectories.

D. Experiment 3: Passing Through Narrow Area

Most of the conventional path planner provides the shortest
path. However, the highest priority should be given to safety
rather than the distance of travel. Fig. 13 shows the gradient
path, which passes through the narrow area between a wall and
a pillar. In experiment 3, the dynamic obstacle moves from A
to B, as shown in Fig. 13(a). From Fig. 14(a), it is clear that the
gradient path is dangerous because collision risk index reaches
1 around 11 s due to the dynamic obstacle. A robot stopped
before entering the narrow area under the safe speed constraint,
which is obvious from Fig. 14(b). Detoured paths are obtained
when we apply the proposed method. If the robot tries to go
through the narrow region, the robot speed decreases a lot, in
order to prevent possible collision. Therefore, the shortest path
requires longer travel time for a safe navigation. As a result,
a detour path is safe and fast. It is clear that a robot moves
fast along the detour path from Figs. 13(b) and 14(c). With
the proposed controllers, Icollision,max was 0.48 throughout the
experiment.

Table I summarizes experimental results. As shown in
Table I, the conventional gradient path shows the shortest
total travel time. However, the conventional approach is not
applicable because the peak collision risk is 1.0, which implies

Fig. 14. Velocity and collision risk index during experiment 3. (a) Velocity
and collision risk index along the conventional gradient path without consid-
ering collision risk. (b) Velocity along the gradient path with the safe speed
constraint. (c) Velocity along the proposed path with the safe speed constraint.

TABLE I
EXPERIMENTAL RESULTS

collision situation. Although it is safe to apply speed constraint
along the conventional gradient path, the robot could not reach
the goal because the available speed was almost zero. The
robot could reach the goal safely when the proposed scheme
was applied even though a dynamic obstacle disturbed robot’s
movement. Therefore, it can be concluded that it is safe to apply
the proposed scheme.
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IV. CONCLUSION

This paper presented a navigation scheme by considering
the visibility information for safe and fast navigation. The
environmental risks were quantitatively derived to deal with
collision with occluded dynamic obstacles. The collision risk
was quantitatively derived, and it was exploited both for path
planning and the speed control in a structural way. The pre-
sented simulations and experimental results clearly showed that
the proposed navigation scheme is an efficient and safe solution
for indoor mobile robots.
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