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Abstract

eration has been used in simulated environments for learning the capabilities of operators, as well as for training them
to perform specific tasks [10]. Computer simulated environments also allow one to easily evaluate different visual
interfaces [11].

The utilization of robots in hazardous environments for
tasks that require high safety and/or precision is significantly increasing. In this work, we consider scenarios
where kinematically redundant manipulators are teleoperated to complete tasks specified by point-to-point motion.
Teleoperator performance is evaluated based on several different criteria. We build upon previous work on the performance of human/robotic systems by studying the effects of
two different visual interfaces. Namely, we compare a world
view with an eye-in-hand view and evaluate how these two
different visual interfaces affect human performance and
task completion.

1

There are numerous methods to present the user with an
accurate representation of the telerobotic system as well as
the task. These representations can positively or adversely
affect performance, and must take into consideration the
robotic manipulator, constraints imposed by the environment as well as the manipulator itself, and tasks to be completed. In many cases, an overall world view of the given
workspace of the robotic manipulator, as well as the task at
hand, is provided for the user. In many instances however,
such as collision or obstacle avoidance, scenarios may arise
where the user has commanded the manipulator into a position where the world view has been obstructed by either
the robot or another object in the workspace. An alternate
method is to provide a view of the workspace as seen by the
robotic manipulator’s end effector, i.e., an eye in hand view.

Introduction

Teleoperation has become more widely researched in
the last several decades and has been continually improved since its inception [1]. Specifically, teleoperated
human/robotic systems have been applied in space exploration [2, 3], underwater navigation [4], and surgical operations [5,6]. In all cases that use telerobotics, there is always
the issue of providing an effective human-robot interface
to ensure optimal human performance and successful task
completion.
Previous work on teleoperated sytems has explored human robot interaction (HRI) and the flow of information
between the operator and manipulator [7]. Several issues
have been addressed including how to deal with such issues as time delay [8], translation of human movement to
robotic movement [5], and transparency of the telerobotic
system [9]. Because there are so many different factors that
may affect human performance in task achievement, teleop-

In [11], Magenes et al. investigate human strategies in
teleoperated systems by presenting operators with different
visual frames of reference. The manipulator used in [11]
had three degrees of freedom (DOF) and the user was given
tasks that required maneuvering the end-effector through
three-dimensional space to reach a desired location while
avoiding known obstacles. If a manipulator has more DOF
than the task requires, the manipulator is said to be kinematically redundant. For kinematically redundant manipulators, there is typically more than one solution to satisfy
a given task, i.e., the manipulator may be able to reach a
particular workspace location from many different orientations. In each task developed in [11], the DOF of the manipulator and the DOF required to complete the task were
equivalent, i.e. the manipulator offered no additional DOF
and as such was not redundant. As a result, [11] also explored the case where each task had a predetermined trajec-
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where J(q) ∈ Rm×n is the manipulator Jacobian, which
is a linearization of the forward mapping f (q) evaluated at
the configuration defined by q. As long as the joint velocities remain “small”, this linear approximation remains
valid. The inverse problem can then be defined as

tory that the user had to track to accomplish the task while
avoiding obstacles.
In the work presented here we build upon [11] by focusing our attention on the comparison of two different visual
interfaces and use a redundant manipulator with a single
degree of redundancy. The manipulator’s workspace is constrained by its physical joint limits. Using a redundant manipulator allows the operator to complete a given task from
many different configurations within the workspace while
coping with the imposed joint constraints. We then evaluate
how both interfaces affect human performance.
The remainder of this paper is organized as follows: In
Section 2, we discuss the mathematical framework used to
control the kinematically redundant manipulator in the teleoperation environment. In Section 3 a description of the experimental test bed and protocol is explained. In Section 4,
an evaluation of the two different interfaces is discussed and
an analysis of the results are given. Conclusions and future
work are outlined in Section 5.

2

q̇ = J + (q)ẋ + αn̂J (q)

where, for nonsingular J, J + (q) = J T (q)(J(q)J T (q))−1
is the pseudo-inverse solution of the manipulator Jacobian,
n̂J (q) is the null space vector of the manipulator Jacobian
(assuming a single degree of redundancy), and the scalar α
is chosen to accomplish some secondary task. Some common uses of n̂J (q) have been failure tolerance, obstacle
avoidance, and dexterity optimization [12–15].
In the current work, we use the addition of the null space
vector to help compensate for restricted motion due to a
joint limit. When the manipulator’s joints are all operating within their pre-defined operating range, the manipulator is free to move in the unconstrained workspace. The
joint space velocities in this case are computed using (4)
with α = 0 and q̇ = J + (q)ẋ, which minimizes the norm
of the joint velocity. Unfortunately, when α = 0, neither (2)
or (4) take into consideration the possibility that a joint has
reached its limit. In this case, α is chosen so that (4) compensates for the restricted motion.

Mathematical Framework

Let the kinematic function mapping the joint space C ⊂
Rn to the workspace W ⊂ Rm be denoted by f : C → W
where m and n are the dimensions of the workspace and
joint space respectively. The location of the manipulator’s
end-effector is related to its configuration by
x = f (q)

3 Description of Experement

(1)

3.1

where x ∈ W is the position of the end-effector, q ∈ C
is the vector of joint variables, and f (q) is defined by the
forward kinematics of the manipulator. In point-to-point
(PTP) tasks, xs and xg would represent the start location and
goal location of the manipulator’s end-effector respectively.
The inverse kinematic relationship is then defined by
q = f −1 (x)

(4)

Experimental Testbed

The manipulator used in the experimental study consists of a three-dimensional (3-D) computer graphic model
of a three-DOF planar system. The computer graphic
model is based on the Mitsubishi PA-10-7c industrial robot.
The manipulator geometry consists of three links of length
L = [0.45, 0.5, 0.5] meters. Unlike the actual PA-10, however, the graphical model is restricted to operate in a plane
whereas the physical system is a fully spatial seven-DOF
manipulator. The joint limits of the computer graphic model
are [±91, ±137, ±161] degrees that correspond to joints 2,4
and 6 of the PA-10.
In the experimental set-up, velocity control is used to
command the manipulator’s end-effector to a desired location in the workspace. The robotic manipulator is commanded via user input through a two-dimensional (2-D)
joystick. The joystick used in all experiments is a standard commercial self-centering joystick. The joystick input represents a command in end-effector velocity, i.e., ẋ
in (4) that is proportional to the joystick’s displacement.
All graphic models and simulations were performed using
M ATLAB /S IMULINK on a standard Dell Pentium D computer running Windows XP.

(2)

which determines the joint configurations required for the
manipulator to reach a specified location in the workspace.
If a manipulator’s joint space is larger than its workspace,
i.e., n > m, the manipulator is said to be redundant. In
redundant manipulators, the number of DOF of the manipulator is larger than the task requires. As a result, (2) may
have an infinite number of solutions. Furthermore, because
the kinematic mapping f (q) is nonlinear, there is typically
no closed form solution to the inverse problem f −1 (x). As
a result, it is common to use velocity (rather than position)
based control for teleoperation where the user input is the
commanded end-effector velocity.
The relationship between the velocity of the manipulator’s end-effector ẋ due to a set of joint velocities q̇ is given
by
ẋ = J(q)q̇
(3)
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3.2

Task Specification

by the user from a viewpoint perpendicular to the plane of
the robot’s operation. The second visual interface consisted
of an eye-in-hand view in which the user sees the goal location as seen from a camera mounted near the end effector.
This view also provided a cross hair which has the interpretation of the manipulator’s end-effector. Both visual interfaces are depicted in Figure 1. The interface on the left
of Figure 1 is a depiction of the world view, and the interface on the right is the eye-in-hand view. The world view
and the eye-in-hand view are referred to as a stationary environment (SE) and a moving environment (ME), respectively as in [11]. It is important to note, that when using the
two different visual interfaces, the perceived motion of the
end-effector is different. For the SE interface, the perceived
motion is from the manipulator’s end-effector to the desired
goal, whereas for the ME interface, the cross hairs appear
to remain stationary and the perceived motion is the goal
moving toward the end-effector.

One can classify tasks in several different ways. In some
cases, a pre-defined trajectory is necessary for task completion, e.g., robotic welding or automated spray painting. In
other cases, only the start and goal position are important,
e.g., pick-and-place tasks [16], where an object is grasped
and moved from one set location to the next specified position. This may require maneuvering around objects within
the environment to avoid collisions [17]. For this study, we
focus on PTP motion, where the robot moves from an initial
position to a final position in the workspace.
The tasks used here were derived from a subset of the
tasks developed in [18]. Unfortunately, the manipulator
used in [18] had a slightly different geometry, as well as
an unconstrained workspace. As a result, some of the tasks
defined in [18] had to be modified slightly for to guarantee
that both the start and goal location are within the reachable workspace. The effect of the joint limit constraints has
significant implications on the users ability to reach the desired goal. One such implication is that some tasks defined
in [19] which could be completed using a straight line trajectory are no longer achievable (without deviation from the
straight line). Another is that fact that even though all goal
positions are within the reachable workspace, they are typically not reachable from an arbitrary orientation.

3.3

4
4.1

Evaluation of Interfaces and Results
Measures of Performance

To compare the two different visual interfaces, we use
a subset of the performance measures outlined in [18, 19].
The measures pertaining to end-effector velocity error defined in [18, 19] were eliminated in this study because they
were motivated by the effects of joint failures which were
not considered in this work. Each of these measures is outlined in Table 1. As a means of evaluating the overall performance of a given subject, or the performance of all subject
completing a given task, a cumulative performance measure
(CPM) is defined as

Testing Procedure

In this study, a group of 12 subjects was tested. The
group was comprised of subjects varying in gender, ethnicity, age, and technical background. Because the technical
background of all individuals varied, is was assumed that
none of the subjects had prior experience using teleoperation. As a result, the subjects were all trained to a specified level of proficiency in using both visual interfaces.
The training consisted of tasks in which the user was instructed to command the end-effector from a start location
to a goal location using both of the visual interfaces. After
the subject was able to complete 5 successive tasks (tasks
not used in the experiment) using each interface within a
pre-determined time limit, they were deemed proficient in
commanding the robot to a specified target. Once a user
was deemed proficient, an experimental test task was presented to the subject, and upon completion, the task was
rated by the user as to the perceived level of difficulty.
The experiment called for each subject to completed 24
tasks twice, one set of 24 tasks for each of the two different
interfaces. The tasks were presented to the user in sequential order, but the first task seen by each user was varied in
order to reduce the effect of learning. The first visual interface evaluated in this study consisted of a world view in
which the entire workspace, manipulator, and task is seen

CPM =

8
X
i=1

Mi
,
max(MiME , MiSE )

(5)

where max(MiME , MiSE ) corresponds to the maximum value
for measure i in both views [19].

4.2

Results

Each of the 12 subjects were capable of completing all
24 tasks in both of the views presented to them. After completing the given tasks, each of the performance measures
outlined in Table 1 was computed for each subject in the
experiment. The CPM was then computed for each subject
as a means of quantifying their performance for a given task
using a given visual interface.
Figure 2 shows a plot of the median CPM values for each
view sorted by task. This figure illustrates a measure of task
difficulty for each view as computed by the CPM. Some key
things to note are that some tasks appear to be easier for the
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Figure 1. The SE interface is depicted on the left, and the ME interface is depicted on the right. The
goal and start locations are labeled as xg and xs respectively. Note that when using the SE interface
the user sees the end-effector move toward the goal position, however, when using the ME interface
the goal is perceived to move toward the end-effector (indicated by the cross hairs).

users to complete depending on the visual interface used.
Specifically, subjects performed very poorly on task 23 using the SE interface, however using the ME interface, subjects performed significantly better. The converse of this

is also true for task 1 where on average, the subjects performed much better using the SE interface as opposed to
the ME interface. The figure also depicts that certain tasks
exist in which performance is comparable using either of
the two visual interfaces, e.g. tasks 4 and 21.
A linear regression was also performed on the data in
Figure 2 shown as the solid line. The regression showed
that for a similar correlation coefficient (0.9733 for the SE
interface and 0.9744 for the ME interface), the slope for the
linear fit of the SE data (mSE = 0.095) was higher than that
for the ME data (mME = 0.065) where mi corresponds to
the slope for interface i. This shows that in general, the SE
interface tends to accentuate the difference between easy
and difficult tasks, whereas the ME interface tends to even
out the relative difficulty between tasks.

Table 1. This table gives a brief description
of the performance measures used in this experimental study.

Measure
M1

M2
M3

M4

M5

M6

M7

M8

Description
Task Completion Time (cycles)(TCTcyc ): Computed in
terms of the number of controller cycles rather than in
elapsed time. Allows control schemes to be evaluated
independent of the underlying computational cost.
Task Completion Time (seconds)(TCTsec ): Computed in
terms of actual elapsed time.
Total Path Length (meters)(TPLm ): Total length of endeffector trajectory. Provides measure of total deviation
of actual trajectory from ideal straight-line path.
Peak Trajectory Deviation (mag)(PTDmag ): Maximum
displacement of end effector from desired straight-line
trajectory. Measured over entire task.
Peak Trajectory Deviation (ang)(PTDang ): Maximum
angular deviation of end effector from desired straightline trajectory.
Number of Trajectory Corrections (NTC): Corrections
made by the operator/computer to compensate for an increase in position error of end effector.
Excursion of Input Device/Master (EIP): Specific to
teleoperation, reflects total effort by an operator while
commanding joystick to perform the task.
Subjective Operator Assessment (SOA): Operator is required to rate the task difficulty with a numeric value
from 1-4.

An alternate comparison of both visual interfaces based
on the measures outlined in Table 1, is to evaluate the ratio
of CPM data for one interface versus the other. Figure 3
shows the ratio of the median of the CPM data calculated
for each visual interface. In the top plot of Figure 3, the
median is taken across all subjects and sorted according to
the magnitude of the ratio for each task. In the bottom plot,
the median is taken across all tasks and is sorted according
to the magnitude of the ratio for each subject. The solid line
represents a “break even” point in which according to the
performance measures, both visual interfaces are equivalent. A value greater than one indicates that users performed
better using the ME interface as opposed to the SE interface.
In general, neither interface results in optimal performance
for all tasks or for all operators. However, it is obvious that
certain tasks are more easily performed with a given interface, e.g., tasks 1 and 23. Likewise, there are operators who
perform better given a particular interface, e.g., operator 2
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Figure 2. The median CPM value was taken
across all 12 subjects for each of the 24 tasks
and both views. The tasks are sorted by the
task difficulty as measured by the CPM. The
solid line shows the linear fit of the data with
the slope for each line shown in the legend.

Figure 3. The median CPM value for each
view was taken across all 24 tasks [top] and
all 12 subjects [bottom]. The horizontal line
corresponds to a task/subject in which the
performance as measured by the CPM is
equivalent for both views.

and 10.
Similar to comparing ratios of CPM data, a subjective
assessment can be performed by comparing a ratio of the
SOA data for each view. Figure 4 shows the ratio of the
median of the SOA data collected for each visual interface.
Again, in the top plot of Figure 4, the median is taken across
all subjects and sorted according to the magnitude of the
ratio for each task. In the bottom plot, the median is taken
across all tasks and is sorted according to the magnitude of
the ratio for each subject. The solid line in these figures
also represent a “break even” point in which subjectively,
users felt that they performed equivalently using both visual
interfaces. A value greater than one in this figure indicates
that users preferred the ME interface as opposed to the SE
interface. Note that there is a clear preference for the ME
interface in almost all cases.
The contrast between the actual performance of users
quantified in Figure 3 as compared to their perception of
task difficulty quantified in Figure 4 leads to several interesting observations. One is that although users may prefer
one interface over the other, they don’t always perform better using their preference. Therefore, it is not always optimal to allow the user to decide which interface they wish to
use for teleoperation. A specific example of this is operator
number 7 who clearly prefers the ME interface, however he
performed significantly better using the SE interface. This
is also evident from the top plots of Figures 3 and 4 in which
some tasks appeared to the user to be easier using the ME
interface, however according to the performance measures,

Figure 4. The ratio of the median subjective
operator assessment (SOA) value for each
view was taken across all 24 tasks [top] and
all 12 subjects [bottom]. The horizontal line
corresponds to a task/subject in which subjectively, they prefer both views equally.

users actually did better using the SE interface. A specific
example of this is task 4.
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This experimental study has presented an evaluation of
the effects of offering an operator two different visual interfaces for point-to-point teleoperated tasks. The two visual
interfaces used in this study were a world view, SE interface, and an eye-in-hand view, ME interface. The study
consisted of 12 subjects performing 24 tasks using each
visual interface. We have illustrated that levels of performance are co-dependent upon subjects and tasks. Specifically, some users may have performed very well for a given
task using one interface and poorly using the other. Conversely, there are also tasks in which operator performance
appears to be independent of interface. While some operators may prefer using one interface rather than the other,
operator perception is often not an accurate way of ensuring
the best performance in a given task. In addition, operator
preference cannot be related to how well one will perform
in either of the visual interfaces. We conclude that there is
no way to classify one interface as better than the other for
all tasks. However, we find advantages and disadvantages
between the two visual interfaces that are task-dependent.
We also found that manipulator joint limits play a significant role in the user’s ability to perform the task within the
constrained workspaces. Considering these findings, future
work will focus on validating our results on a physical system, as well as providing the user with visual cues indicating the workspace boundary.
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