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Abstract: Several methods have been investigated to increase the efficiency of the operator in teleoperation, but
remote devices still cannot be operated efficiently in the presence of the obstacle. In this study, a virtual link and
virtual joints were created within the end-effector of the slave robot, and a shared controller was designed to im-
plement an effective obstacle avoidance algorithm for the remote control system. Teleoperation experiments were
conducted to verify the algorithm. Completion time and the NASA Task Load Index (NASA-TLX) were measured
to evaluate the improvement of teleoperator work efficiency. When the obstacle avoidance algorithm was used,
completion time decreased by 8.64 %, and the average NASA-TLX decreased by 30.33 % as compared without
the algorithm. Our method effectively improved completion time and NASA-TLX scores for both skilled and non-
skilled human-operators.
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1. INTRODUCTION

In master-slave teleoperation, the operator controls the
master device in a constrained environment where the tele-
operator cannot see the slave robot directly. Depending on
the number of cameras installed and the angles involved,
operators may not get sufficient on-site information, so as
many as 30-50 % of the direct manipulation results are
adversely affected [1]. To overcome limited visibility and
improve teleoperation task efficiency, haptic interaction is
typically introduced into a teleoperation control system
[1–3]. However, when there is an obstacle within the slave
robot workspace, the constraints of teleoperation make it
difficult for the operator to accurately perceive the dis-
tance between the obstacle and the slave robot. Therefore,
control of the slave robot can impose a heavy workload on
the teleoperator. In the worst case, when the obstacle is not
visible on the camera screen, the slave robot may collide
with the obstacle.

Many obstacle avoidance algorithms have been devel-
oped. The potential field is widely used as a method for
avoiding obstacles [4–6]. Repulsive potential fields near
the obstacle and attractive potential fields near the target
are generated. Potential fields given by the sum of repul-

sive and attractive fields are used for path planning from
the initial position to the goal position. Furthermore, a
model predictive control has been used to overcome dis-
advantages of potential field [7–10]. However, such path
planning is not possible in a remote-control system as the
desired position of the slave robot changes in real time
with the movement of the master device.

Virtual fixtures can help the teleoperator guide the slave
robot towards a goal position [11–16]. The virtual fix-
ture is applied to the master device with hybrid position-
velocity control to assist the operator in avoiding colli-
sion with an obstacle and the calculated singularity [12].
The virtual fixture is obtained by summing up attractive
and repulsive potential fields, and it guides the user along
the path while preserving a safe distance from the obsta-
cle [13]. Thus, the virtual fixture helps the teleoperator
work safely and comfortably. However, if additional force
generated by contact with the external environment of the
slave robot is combined with the virtual fixture, this indi-
vidual force cannot be distinguished. The virtual fixture
cannot be used as a master device when it is incapable of
providing the force.

The null space projection matrix allows a kinematically
redundant manipulator to do the primary task, moving
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to the desired position, while performing the secondary
task of avoiding an obstacle [17–20]. A three-axis redun-
dant planar robot avoids the obstacle based on the redun-
dancy resolution at the velocity level [21]. The method
of damped-least-squares formulation of the configuration
control is used to avoid obstacles [22]. An improved ob-
stacle avoidance strategy has been developed for teleoper-
ation systems based on the joint space redundancy of the
manipulation [23]. However, if there is an obstacle in the
vicinity of the robot end-effector, the null space projection
method is ineffective: the robot cannot avoid the obstacle
since the end-effector follows the obstructed path.

Obstacle avoidance requires both detecting an obstacle
and calculating its position. YOLO v2 architecture is em-
ployed to detect a soccer robot in [24]. The robot’s 3D po-
sition is determined by obtaining the center position of the
bounding box upon detection. If the center position box
does not have depth information, a small offset is added
to the center. However, the center position can be affected
by error in the detection. Also, characteristics of infrared
(IR) sensors may prevent the extraction of the depth data
of a center point of the box.

We have previously discussed in brief the concept of
an obstacle avoidance algorithm briefly [25]. This paper
proposes an obstacle avoidance algorithm to reduce the
completion time and workload for both skilled and non-
skilled teleoperators. To avoid an obstacle in the teleop-
eration system, the end-effector is augmented with virtual
joints and a virtual link, and a shared controller guides the
operation of the robot. The orientation of the slave robot
is always kept constant to prevent distortion between the
hand-eye camera screen and the slave robot motion. We
use YOLO v2 architecture [26], which is both fast and ac-
curate to detect an object. To obtain the 3D position of
the obstacle, we use the K-means algorithm [27] to clus-
ter the results of the object detection, and categorize it as
obstacle or non-obstacle. The position of the obstacle is
approximated by calculating the center of gravity of the
clustered object.

The NASA-TLX assessment [28], which serve as a sub-
jective evaluation tool for mental workload in teleopera-
tion experiments [29–33], and the task completion time
were measured to verify the obstacle avoidance algorithm
developed in this study.

The paper is organized as follows: In Section 2, the
obstacle avoidance algorithm and the controller for tele-
operation are described. Section 3 presents the method
to obtain the position of the obstacle in real time. The
schematic and experimental setup for the tele-experiment
are described in Section 4. Section 5 provides the experi-
mental results and Section 6 presents our conclusion.

2. THEORY

Normally, a general joint space controller is used for the
teleoperation.

q̇ = J∗KẋM. (1)

q̇ is the joint velocity of the slave robot, K ∈ R6×6 is the
positive definite (diagonal) matrix that adjusts the scale
of the joint velocities and ẋM is the output velocity of the
master device. We use the damped least-squares inverse
technique method (J∗ = JT (JJT +λ 2I)−1 ∈ Rm×6, where
λ > 0 is a damping factor) to be robust near singular con-
figurations.

2.1. Obstacle avoidance algorithm
When the distance between the slave robot and the ob-

stacle meets the predefined threshold value, the obstacle
avoidance algorithm is activated by augmenting three vir-
tual joints and a virtual link at the end-effector. Since the
minimum number of degrees of freedom for controlling
the virtual end-effector in Cartesian space is three, we aug-
mented three virtual joints as shown in Fig. 1. The length
of the virtual link is set to the threshold value. The desired
position of the virtual end-effector is set to the position
of the obstacle. The robot can be modeled as q̇o ∈ R(m+3)

where q̇o is the joint velocity of the slave robot and m is
the number of joints.

q̇o = J∗Kẋv +(Io− J∗o Jo)∆H. (2)

Io ∈ R(m+3)×(m+3) is the identity matrix, and Jo ∈ R(m+3)×6.
J∗o = JT

o (JoJT
o +λ 2Io)

−1 is the damped least-square inverse

Fig. 1. Augmentation of virtual joints and a virtual link at
the end-effector.
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of the Jacobian. (Io−J∗o Jo) is the null space projection ma-
trix. Cost function H is used for the generating the null
space motions of the structure that do not alter the task
space configuration but allow the manipulator to reach
postures which more dexterous for the execution of the
given task.

q̇o = (Io− J∗o Jo)∆H. (3)

Because the position of the virtual end-effector is fixed
to the obstacle position (ẋv = 0), the particular solution
in (2) is removed and only the homogeneous solution is
remained (3). In order to avoid the obstacle, the function
H is designed to follow the desired joint, H = qd .

∆H = M
(

∂qd

∂q

)T

= Mq̇d

= MJ∗KẋM. (4)

Equation (1) is substituted into qd in (4). The matrix
M ∈ R(m+3)×m is used for matching the size of the matrix
as well as for scaling the joint velocity. Finally, we derive
the following to model our proposed shared controller for
obstacle avoidance.

q̇o = (Io− J∗o Jo)MJ∗KẋM. (5)

The virtual link keeps the distance between the real end-
effector and the obstacle greater than the predetermined
threshold value. Even, if the slave robot is operated in
the direction of the obstacle, the shared controller pro-
duces self-motion to avoid the obstacle while following
the movement of the master device as much as possible.

2.2. Force feedback
Force feedback is provided when the distance between

the slave robot and the obstacle is less than the predeter-
mined threshold value.

Fm =−Km(ẋM). (6)

Km ∈ R3×6 is the feedback gain, which is the positive defi-
nite (diagonal) matrix and Fm ∈ R3×1 is the damper force.
To avoid the obstacle under shared control (5), the slave
robot can decouple its movement from that of the master
device. The remote operator is informed by the damper
force (6) when an obstacle exists near the slave robot. The
operator can feel the different movement introduced by
the obstacle avoidance algorithm. Therefore, the damping
force is used as the haptic rendering to inform the state
that the robot is close to the obstacle and is automatically
being avoided.

3. OBSTACLE DETECTION

We have developed an algorithm that recognizes the lo-
cation of the obstacle. The obstacle is detected by using a

Fig. 2. Result of obstacle detection.

YOLO v2 system [26]. The 3D position data of the obsta-
cle in the robot coordinate system are obtained from the
results of detection. The blue ball in Fig. 2 represents an
obstacle.

3.1. Deep learning architecture for obstacle detection

In order to detect the position of the obstacle in real-
time in our system, we use YOLO v2 architecture, which
has a fast recognition speed due to its simultaneous com-
putation of classification and position detection [34].

The RGB image is used as the input. The outputs con-
tain width (w), height (h), the center point (x, y), the label
of class (c), and the probability (p). Fig. 2 illustrates the
result of object detection using YOLO v2 architecture.

3.2. Clustering

3D data are clustered to obtain the obstacle’s position
using the result of the deep learning network. The position
can be determined using the depth data corresponding to
the center of the bounding box. However, recognition er-
ror for the obstacle can introduce error to the estimate of
the bounding box. To address this problem, the area of
obstacle clustering is classified into two sets. If the obsta-
cle is contained in the bounding box, the obstacle position
can be correctly determined regardless of the position er-
ror of the bounding box. As shown in Fig. 3, bounding
box areas are cropped and depth data corresponding to the
cropped area are extracted. The extracted depth data are
classified into obstacle area and non-obstacle area using
the K-means algorithm. In Fig. 4, the clustering values
1 and 2 denote the positions of the centers of gravity in
the obstacle and non-obstacle areas in the camera coor-
dinate system, respectively. The 3D position data for clus-
tering value 1 are converted to the robot coordinate system
(Fig. 5).
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Fig. 3. Extraction of depth data from the image.

Fig. 4. Classification of clustering data.

Fig. 5. The result of obstacle detection.

4. EXPERIMENTS

4.1. Hardware and schematic description

Force Dimension’s Omega7 was utilized as the master
device and the KUKA LBR iiwa R820 was operated as
the slave robot. We used a simple two-channel architec-
ture for teleoperation (Fig. 6). All the PCs communicated
by TCP/IP protocol. The master PC acted as the server,
and the slave PC and the detection PC acted as clients. The
master PC thread calculated the velocity of the master de-
vice and the desired joint values for the slave robot based
on the obstacle’s position. A Kinect2 was used to detect
the obstacle. Then the obstacle’s position was calculated

Fig. 6. Schematic diagram for teleoperation.

Fig. 7. Experimental setup: The slave robot should be di-
rected from the initial position (yellow ball) to the
randomly selected goal position (red, yellow or
the white ball) without colliding the obstacle (blue
ball).

by the detection PC.

4.2. Experimental setup
The scenario was to remotely operate a robot from its

initial position to a goal position while avoiding an exist-
ing obstacle Fig. 7. Avoiding the obstacle was challenging
because it was not visible on the hand-eye camera screen
in the initial position of the slave robot. Movement of the
slave robot from the initial position had a high probabil-
ity of collision with the obstacle. The experiments were
performed both with and without application of the obsta-
cle avoidance algorithm. A total of eight healthy persons
ranging from 26 to 37 years old (7 male and 1 female) par-
ticipated in the experiment. Four individuals were skilled
and the others were unfamiliar with the teleoperation sys-
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Fig. 8. Experimental environment for the teleoperation ex-
periment. The teleoperator could not see the actual
robot directly while operating on the desk.

tem. As shown in Fig. 8, they performed teleoperation ex-
periments while viewing only three camera screens (two
hand eye-cameras attached to the slave robot end-effector,
and one global camera). Before, subjects were instructed
that the slave robot should reach the goal position (the red,
yellow, or white ball) without colliding with the obstacle
(blue ball). The target position and the order of the ex-
periments were randomly assigned to minimize learning
effects during execution of the experimental tasks. Be-
fore beginning the experiment, the participants were given
time to get used to the teleoperation system. The teleop-
eration task was terminated when the slave robot reached
the goal position. The predetermined threshold value was
set to 0.175 meters to preserve a safe distance between the
slave robot and the obstacle when the obstacle avoidance
algorithm was used. Completion times and NASA-TLX
scores were recorded to analyze effects on task-efficiency
and teleoperator workload, respectively.

5. RESULTS

5.1. Trajectories of the slave robot
The experiment participants could not accurately de-

termine the distance between the obstacle and the slave
robot. Some experimenters did in fact experience colli-
sion of the slave robot with the obstacle when the ob-
stacle avoidance algorithm was not used (magenta line in
Fig. 9(a)). In contrast, the slave robot avoided the obsta-
cle and reached the goal position when the obstacle avoid-
ance algorithm was applied, even though the master device
was operated roughly in the direction of the target (green
line in Fig. 9(a)). The collision of the slave robot was
avoided for both skilled and non-skilled operators when
the obstacle avoidance algorithm was active. Frequencies
of collision for non-skilled operators were dramatically
higher when the obstacle avoidance algorithm was not
used (Fig. 9(b)). Our results demonstrate that the obstacle
avoidance algorithm is useful for moving the slave robot

(a) Trajectories of the slave robot (the blue ball represents an
obstacle and the red ball is the goal position. The green and
magenta lines represent the paths of the slave robot when the
obstacle avoidance algorithm is applied and not applied, re-
spectively.

(b) Estimated marginal means of collision counts for skilled
(blue) and non-skilled (green) operators.

Fig. 9. Trajectories of the slave robot.

without collision regardless of the proficiency of opera-
tors.

5.2. Completion time

Mean task completion time was 46.27 s and 50.64 s,
with and without the obstacle avoidance algorithm, re-
spectively (Fig. 10(a)). That is, the completion time de-
creased by 8.64% when the algorithm achieved a similar
rate of improvement in completion time for skilled and
non-skilled operators (Fig. 10(b)). The obstacle avoidance
algorithm can play an important role in saving time even
with the non-skilled operators.
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(a) Decrease of completion time by obstacle avoidance algo-
rithm.

(b) Estimated marginal means of completion time for skilled
(blue) and non-skilled (green) operators.

Fig. 10. Analysis of completion time.

5.3. NASA task load index (NASA-TLX)

The NASA-TLX score was used to measure workload
during teleoperation experiments. At the end of each test,
subjects scored their qualitative experience of mental de-
mand, physical demand, temporal demand, performance,
effort, and frustration, on a scale from 0 to 100, with 100
being the most demanding. As shown in Fig. 11(a), all the
average scores were lower for the obstacle avoidance algo-
rithm tests compared with the non-use case. In particular,
the avoidance algorithm significantly reduced the frustra-
tion of experimenters. Taken together, overall workload
(OW) [28] was reduced from 38.86 to 27.08 (Fig. 11(b)).
Thus, the average of weighted rating of NASA-TLX de-
creased significantly by 30.33% (p < 0.001) when the ob-
stacle algorithm was used. In other words, the subjects’

(a) Average rating of each source of workload for skilled
(green) and non-skilled (magenta) operators.

(b) Average of weighted NASA-TLX ratings.

(c) Estimated marginal means of NASA-TLX for skilled
(blue) and non-skilled (green) operators.

Fig. 11. Results of the NASA-TLX.
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knowledge that the slave robot would never crash the ob-
stacle thanks to the obstacle avoidance algorithm had a
great influence on the NASA-TLX. Also, average NASA-
TLX was greatly reduced in both skilled and non-skilled
operators (Fig. 11(c)).

6. CONCLUSIONS

We propose a new obstacle avoidance algorithm that
improves work efficiency in teleoperation systems regard-
less of the proficiency of operators. In order to recognize
the position of an obstacle, YOLO v2 architecture was
used to detect the obstacle, and 3D data of the obstacle
were acquired in real-time using a Kinect2. A damped
least-squares inverse technique was employed when no
obstacle was in proximity to the slave robot. However,
for obstacles near the slave robot, the proposed obstacle
avoidance algorithm was implemented by augmenting the
system with a virtual link and joints. We designed using
the idea that if the length of the virtual link is long enough,
the actual end-effector would never bump into obstacle.
The proposed shared controller enabled the slave robot to
detour the obstacle even if the operator controls the slave
robot in the direction of the obstacle.

Because the subjects avoided the obstacle by only look-
ing at the 2D camera screen, even experienced subjects
were occasionally hit the robot with obstacles. Although
the experimental environment was not a complex environ-
ment, it was dangerous to work without obstacle depth in-
formation. Awareness that the system is designed to pre-
vent collision of the robot with the obstacle reduced the
task completion time and workload for operators. In con-
clusion, operator work efficiency can be greatly improved
in teleoperation environment where the slave robot is ob-
structed by some obstacle, regardless of the skill level
of the operator. To expand future applications of our ap-
proach, new algorithms should be developed for avoiding
multiple or dynamic obstacles.
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