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This study investigates the use of haptic feedback to support the teleoperation of an uninhabited aerial vehicle with
time delay. Two means of supplying the haptic feedback are investigated: first, an additional force on the control
inceptor, and second, an additional force combined with an increased stiffness of the control inceptor. The advantage
of combining the force feedback with stiffness feedback, over force feedback alone, is that the additional stiffness of
the control inceptor increases the authority of the haptic feedback system in critical situations. The goal of this study
is to increase the safety of teleoperation while reducing operator workload. A theoretical analysis shows that force—
stiffness feedback improves the stability in the human control loop while allowing for lower force-feedback gain
settings as compared with force feedback alone, which indicates that this could contribute to reducing operator
workload. In an experiment, the two haptic feedback conditions were compared with a baseline condition without
haptic feedback. The fidelity of the experiment was improved over an earlier experiment by introducing a time
penalty for collisions. The number of collisions was different for all three conditions, with the lowest number for
the force-stiffness condition and the highest number for the baseline condition. Both haptic feedback conditions
were rated equally on subjective workload metrics and scored better than the baseline. This finding is in contrast
with results from earlier experiments, which indicated a higher workload with haptic feedback, and shows the impor-
tance of creating realistic test conditions when using subjective workload ratings.

Nomenclature
B = damping coefficient, N - m - s/rad
b = characteristic wave impedance, N - s/m
F = force, N
I = moment of inertia, kg - m>
K =  spring constant, N - m/rad
k =  spring constant, N/m
M = moment, N-m
m = mass, kg
T = time,s
X =  position, m
) = stick deflection, rad
1) = stick deflection rate, rad/s
T = time delay, s
Subscripts
c = commanded
ext = external
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I. Introduction

N THE teleoperation of an uninhabited aerial vehicle (UAV), the

operator is physically separated from the vehicle. Information for
controlling the UAV, provided at the ground station, is usually
visual. Images from cameras mounted on the vehicle are limited in
resolution, dynamic range, and field of view. Teleoperators also lack
other sensory information that pilots of a manned aircraft normally
have, such as sounds, vibration, and physical motion. Additionally,
the communication between the UAV and the ground station may
have considerable time delays, for instance, when satellite
communications are required. All these may contribute to poor
situation awareness, poor efficiency, and potentially unsafe
teleoperation [1-4].

To improve this situation, the operator will require information
from sensors that can measure the distance to objects surrounding
the UAV. Such information could be presented on a visual display;
however, this would add to the already high workload on the opera-
tor’s visual channel. Another option would be to add automation
that modifies the operator’s inputs to prevent collision. However, the
drawback of this solution would be a decrease in situation aware-
ness. The solution investigated here supports the human operator by
means of haptic feedback, that is, through the sense of touch, on the
control device. Previous studies have shown that haptic feedback
can complement the visual information and increase teleoperation
safety and efficiency [5-11]. For collision avoidance in UAV
teleoperation, the focus of our study, Lam et al. [12] investigated the
application of force offset, that is, the addition of an external force
on the control device, in haptic feedback to assist operators in
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controlling the UAV through an obstacle-laden environment.
Virtual repulsive stick forces, generated by an artificial force field
(or risk field) [13], are introduced on the control device. This
provides operators with information about the environment and
allows them to adapt their control input to avoid collisions. The
effects of time delays, a well-known problem in teleoperation
[2,14,15], were successfully countered by combining the force
feedback with the wave variable transformation [16] developed by
Niemeyer and Slotine [17,18]. All our investigations [12,16,19]
showed that, with haptic feedback, the number of collisions
decreased significantly, at the cost, however, of higher subjective
workload ratings as compared with the situation without haptic
feedback.

These higher ratings warrant an improved design and better tuning
of the haptic feedback. In haptic feedback conditions, large varia-
tions in the force feedback and high stick deflection rates were
found to contribute to physical workload, the dominant factor in
the subjective ratings [12,16,19]. Although these effects could, in
principle, be reduced quite easily, for example, by decreasing the
force-feedback gain, this would make the haptic interface less
effective, as the assisting forces become smaller. To overcome this
problem, Abbink and Mulder [20] introduced the concept of “stiff-
ness feedback,” that is, changing the stiffness of the control device
in conjunction with a well-tuned force feedback. This force—stiffness
feedback was applied successfully in a haptic driver assistance
system [21]. A first implementation of the novel feedback was
tested in the context of UAV teleoperation, however, still without
considering time delays in communication links and with a trial and
error approach to the tuning [19]. Therefore, the first goal of this
paper is to increase the safety of teleoperation and reduce operator
workload by using a well-tuned combination of force feedback and
stiffness feedback in UAV teleoperation with signal transmission
time delays.

The higher workload ratings with haptic feedback might have
been caused by something other than a nonoptimal tuning. In all our
experiments conducted so far [12,16,19], the number of collisions
indeed reduced considerably with haptic feedback (in some cases
up to 80-90%), but workload still increased. Thus, although haptic
feedback helped operators to significantly improve their perform-
ance, in their judgment of workload, the higher physical workload
with haptic feedback dominated over all other workload causes.
However, a common problem in these experiments was that there
was no penalty at all when the UAV collided with an obstacle, a case
that clearly does not approximate an operational setting. To increase
the validity of the experiment, such a penalty was added by freezing
the experiment for a minute every time a collision occurred. Hence,
the second goal of this paper is to investigate whether introducing
such a collision penalty would indeed lead to different subjective
workload ratings as compared with the findings in our previous
experiments [12,16,19].

This paper is structured as follows. The first part consists of a
theoretical investigation of the use of combinations of force feedback
and stiffness feedback. In Sec. II, four possible representations of
haptic feedback are introduced. Because a haptic interface interacts
with the operator through the neuromuscular system (NMS), a model
of the NMS is described in Sec. III. This model is used in Sec. IV, in
which the results of offline simulations that were conducted to
tune the force feedback and force—stiffness feedback configurations
for UAV collision avoidance are discussed. In the second part of
this section, the force—stiffness feedback is evaluated in a human-in-
the-loop experiment, introducing the penalty described earlier. The
experiment is described in Sec. V. In Sec. VI, the results, focusing on
the effectiveness of using force—stiffness feedback for UAV collision
avoidance, regarding safety, performance, control activity, and
workload are discussed. The paper ends with a discussion and final
conclusions in Secs. VII and VIII, respectively.

II. Haptic Feedback Configurations

In this design of a haptic feedback system, we will explore haptic
feedback by 1) increasing the force on the manipulator, 2) increasing

the stiffness of the manipulator, and 3) two combinations thereof.
Thus, four possible haptic feedback representations are discussed
that all provide repulsive forces on a control device (here, a side stick)
given a feedback variable that one wants to “display” through the
device. Generally speaking, the haptic feedback has four
requirements. First, in situations in which the operator removes his
or her hand from the stick, the stick should actively deflect away from
the direction of potential collisions, resulting in a safe evasive
maneuver. Second, to increase the effectivity of the system, the
feedback should be presented in such a way that operators are
tempted to follow the force-feedback command as closely as
possible. Third, the operator workload should be limited. Fourth, the
safety of operation and operator performance should increase,
leading to an increase in the number of successful teleoperation
missions.

A. Force Feedback

In force feedback, a force offset F, applied to the control
manipulator is used to guide the operator. The total force that the
operator perceives is the sum of the reaction force from the stick
dynamics, F;, and the external force offset. Assume that the stick is
displaced to a certain position, xy. Then the force exerted by the
operator, that is, the force on the hand, F), is written as

Fh(xsh l) = Fst(xst) + Ff(l)
Fh(xslv l) = kslxsl + Fj(l) (1)

Here Fg(x) is the force in the manipulator as function of the
position, which, in this case, is defined by a constant spring constant,
k. F(i) the reaction force from the control device, which is a
function of the haptic feedback information, i. Note that the stick
deflection acts as the input to the system to be controlled, in this case,
the UAV.

Figure 1 shows that, due to the haptic feedback force, the stick
will have a nonzero neutral position (A), that is, the position at which
the stick is in equilibrium in the absence of external forces. When
the stick is released, F)(xy,i) =0, due to the haptic feedback
force the stick will actively deflect, resulting in xq = —F/(i)/ky.
This active deflection with hands off can be considered an “auto-
nomous collision avoidance” function. In fact, the force feedback
can be regarded as yielding a commanded stick deflection that the
operator should follow as much as possible. That is, when yielding to
the forces applied on the hand, the operator deflects the stick in a way
that satisfies the collision avoidance function. Because a control
device is typically limited in its deflections, there is a limit to the
amplitude of the force feedback, resulting in a constraint on the
force-feedback gain.

In previous studies, Lam et al. [12,16,19] found that the
amplitudes of stick motions due to neutral position changes may
contribute to workload. In particular, when flying through a narrow
corridor or when moving along multiple smaller and closely spaced
obstacles, the force offsets may vary continuously. If the operator is
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not able to follow the force feedback accurately, overshoots and
control oscillations occur.

A possible solution would be to reduce the force offset magnitude,
that is, decrease the force-feedback gain. This, however, may result
in repulsive forces that are too small, in particular, for operators who
adopt a high neuromuscular stiffness. It reduces the effectivity of
the collision avoidance command function and limits the haptic
presentation of information regarding a potential collision. Clearly,
tuning the force-feedback magnitude needs a compromise between,
on the one hand, the effectivity of the haptic interface and, on the
other hand, the workload it imposes on the operator.

B. Stiffness Feedback

Stiffness feedback involves the addition of an extra spring load,
k, (i), as function of haptic feedback information, i, to the nominal
stick dynamics’ spring constant, k. Instead of having a force offset,
the stick becomes stiffer when in the presence of an obstacle, that is,
the extra stiffness provides an impedance, resulting in an extra force
that depends on the deflection of the stick by the operator. When the
stick is released, it will not actively deflect away from a possible
collision, as is the case when using force feedback, but it will return to
the neutral position. Hence, stiffness feedback alone is not suitable
for implementing autonomous collision avoidance. The total force
that an operator perceives in this situation can be written as

Fh(xsu l) = Fs(xsls l) + Fsl(xsl)
F(xg, ) = ko (D) xg + kX 2

where F(xy, i) is the force due to an extra spring load &, (7). Figure 2
shows that the slope of the force-excursion relation increases due to
the extra spring load. The line rotates around the origin; therefore,
a zero displacement leads to zero repulsive force. Because small
displacements result in relatively small repulsive forces, human
operators may not even perceive sufficient information when using
only small stick displacements. With a zero stick displacement, the
operator will not be provided with any haptic feedback. In a case in
which the UAV has moved very close to the obstacle, such as drift
due to wind, the stiffness feedback would have become so large that
the stick cannot be moved at all.

Clearly, providing only stiffness feedback is not a workable
solution. The haptic device should be capable of actively deflecting
the stick away from a possible collision, preferably with only a small
overshoot from the zero displacement to not introduce control
problems. It could be helpful, however, for the haptic device to be
able to provide large resistance when the stick is deflected in the
wrong direction, that is, with high risk of collision. Hence, when
combining the force feedback with stiffness feedback, these two
properties of haptic feedback can be achieved. Two possible
combinations will be discussed next.

C. Stiffness—Force Feedback

The lack of active repulsive deflections of the control device with
stiffness feedback can be resolved by combining it with force
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feedback. The first possible combination, which is simply combining
the force feedback and the stiffness feedback from previous sections,
is referred to as stiffness—force feedback. In this case the total exerted
force by the human operator is defined as

Fh(xsts l) = Fst(xst) + Fs(xsts l) + Ff(l)

3)
Fh (xst’ l) = kstxst + ks(i)xst + Fj(l)
Figure 3 shows the force-excursion relation of the stiffness—force
feedback, a haptic configuration that was tested by Lam et al. [19].
The drawback of this configuration is that, due to the increase in
stiffness, the desired offset of the neutral position (A) commanded by
the force feedback will decrease, which results in (B). In the hands-
off case, F),(xy, ) =0, the stick deflection x, becomes equal to
—F(i)/ (kg + k,(i)), that is, the stiffness feedback actually reduces
the effects of the force feedback. Although this may have a positive
effect on operator workload, as was indeed reported by Lam et al.
[19], areduction of the force offset inevitably leads to a less-effective
collision avoidance. As a matter of fact, the number of collisions
found by Lam et al. [19] was, albeit not significantly, considerably
larger with the stiffness—force feedback than with force feedback
alone.

D. Force-Stiffness Feedback

From the aforementioned findings, it is clear that the desired
property of force feedback, that is, a nonzero neutral position shift
that, in the hands-off situation, actively deflects the stick away to
avoid a possible collision, must be maintained. To this end, the offset
force should be compensated for the additional stiffness introduced
by the stiffness feedback, as was first proposed by Abbink and
Mulder [20]. The result is a configuration with the same neutral point
shift as the force feedback, but in which the stiffness also varies
with force feedback. Deviations from the “commanded” force
are communicated through the stiffness feedback, motivating the
operator to more accurately follow up on it. In the following, this
combination of force and stiffness feedback will be referred to as
force—stiffness feedback. The total exerted force can be written as

Fy(xg 1) = Fo(xg) + (Fy(xg. i) + Fi(D) + F (i) (4)

where F'; (i) represents the extra force offset needed to account for the
effect of stiffness feedback to maintain the same neutral position
offset (A). Figure 4 illustrates that this extra force offset can be
calculated using the force feedback F (i), the extra spring load k, (i),
and the control device spring constant k:F(i) = (k(i)/ky) F £ (i).
In the hands-off situation, the active stick deflection remains

The force—stiffness feedback configuration combines the best of
both options: the force feedback actively guides the UAV away from
apossible danger and the stiffness feedback informs operators about
undesired stick deflections and restricts them from deviating the stick
too much from the guidance provided by the force feedback. The
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stiffness feedback can be considered as a haptic display that informs
the operator of the urgency of the situation. When the gain of the
stiffness feedback increases, the operator is less able to overrule the
haptic feedback and the system becomes more and more autonomous
[20].

When considering this property of force—stiffness feedback from
another perspective, making the force feedback more compulsive
would, in principle, allow for lower force-feedback gains. Because
the force feedback adds to the physical workload, as concluded from
previous experiments [12,16,19], this may yield a lower operator
workload. With force feedback alone, reducing the force-feedback
gain would result in smaller repulsive forces, rendering the haptic
system less effective. However, the addition of stiffness restores the
authority of the haptic feedback, enabling effective haptic feedback
at a lower force-feedback gain. Hence, this system is hypothesized to
further improve haptic feedback for collision avoidance in UAV
teleoperation while reducing workload and improving acceptance.

Before evaluating the force—stiffness feedback configuration in a
human-in-the-loop experiment, the main characteristics of the novel
feedback will be investigated and the tuning will be verified using
offline computer simulations. In these simulations, a model of the
human teleoperator is needed and, because operators interact with the
haptic interface via their neuromuscular system, a model of the
human NMS is first described.

III. Neuromuscular Model

The haptic side stick used in this study has two axes, roll (left/right)
and pitch (forward/backward). As only the planar, horizontal
movements of the UAV are considered, the repulsive forces by haptic
feedback result in stick motions in two dimensions.

A. Force, Position, and Relax Tasks

With an operator holding the stick, the effects of haptic feedback
depend on the NMS dynamics of the arm and hand, which may
include adaptive reflexive behavior [22,23]. For instance, the
neuromuscular stiffness is not fixed, but changes due to the settings
of the reflexive feedback gains, the characteristics of which in turn
depend on, among others, the bandwidth of external disturbances on
the control device.

The NMS dynamics also depend on the task. When it is desirable
that the operator follow the movement of the control device, it is
required that the exerted force on the device is kept constant. This is
called a force task, and the operator will select a setting for the NMS
that will produce a large endpoint admittance. When it is desirable to
keep the position of the control device constant, suppressing external
disturbances, the NMS has a low endpoint admittance and the task
is referred to as a position task. Between the force and position
tasks, one can identify the relax task, in which reflexive feedback is
suppressed. In that case, reflexes play no role and the intrinsic
properties of the muscle and limb define the NMS dynamics.

The adaptive, reflexive behavior of the NMS makes it difficult to
find an optimal setting for the haptic interface. For each setting, the
operator consciously or subconsciously adapts the NMS character-
istics to perform well. The design point for the haptic feedback is
chosen to match the NMS model without reflexive feedback, that is,
as measured in the relax task. The rationale of this choice is that, for a
relax task, the reflexes play no role and the physical work of the
operator is minimal.

B. Neuromuscular System Model

Figure 5 shows a schematic representation of the NMS model used
in this study. The model contains activation dynamics, force
feedback from the Golgi tendon organs (GTO), arm inertia, intrinsic
muscle damping and stiffness, reflexive feedback of the muscle
length and velocity from the muscle spindles, and grip dynamics.

The GTO and muscle spindle feedback enable an operator to
modify the effective properties (impedance) of the limb. This makes
the performance of the combined system insensitive to the tuning of
the force and stiffness feedback; if a nonoptimal tuning is applied, the
human operator will correct for this by selecting a different
impedance for the neuromuscular system. However, a nonoptimal
setting will have a negative influence on operator workload and
comfort. For the gains for the force and stiffness feedback system, we
therefore aim to design for a condition in which the operator does not
need the reflexive feedback paths. This corresponds to the
neuromuscular system properties as measured in a relax task.

In that case, both the GTO force feedback as well as the reflexive
feedback of the muscle spindles can be neglected and, as a con-
sequence, the gains K, K, and K, are all assumed to be zero. The
remaining parameters for the arm intrinsic properties and the grip
dynamics were identified for a two-dimensional NMS model [24],
using the two-axis side stick as used by Lam et al. [12,19,25], the
same stick that is used here. The NMS parameters adopted here
correspond to those obtained for a representative subject.

The activation dynamics generate muscle forces based on the
activation signal U that originates from the human cognitive control
behavior, in this study the primary feedback based on what the
operator perceives visually from the environment. Activation
dynamics are modeled by a second-order system [22,26,27], with a
natural frequency of w, = 2xf, (f, = 2.2 Hz [22]) and a damping
of B = 2/2.

The inertia matrix /; in Newton meter second squared per radian,
the damping coefficient matrix B; in Newton meter second per
radian, and the spring constant matrix K; in Newton meters per radian
are

;= I 1,-”, _10.0077 0.0003 )
i I,-N Ii,,,, ~10.0003 0.0147
_[Bi B, ]_[00574 0.0277 ©)
"~ | B, B, | 00277 0.5052
neuromuscular system
Xt
R
grip dynamics
Bes+ K, .@Q
human i
control inertia control
behavior device

+
S

intrinsic feedback

Bis+ K; Ry

reflexive feedback

(K,s+ Kp)e 7 (]

Fig. 5 Model of the human neuromuscular arm interacting with
environment, adopted from De Vlugt [23].
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and

K K
K,:[ ]:[ 1.2050 o

—0.8436
—0.8436

i i 9.2034
These matrices describe the two-dimensional intrinsic properties
of the NMS; the subscripts » and p represent the lateral (roll) and
longitudinal (pitch) directions, respectively.

The diagonal elements in the NMS model show larger inertia,
viscosity, and stiffness properties in the longitudinal direction as
compared with the lateral direction. This indicates that, with this
particular control device, the operator can provide more resistance
to disturbances in the pitch than in the roll. Moreover, the NMS
principal axes do not necessarily align with those of the control
device and, as a result, the lateral and longitudinal NMS dynamics,
when defined in the control device reference frame such as here,
are coupled. For example, in K; the negative value for K i indicates
that a negative displacement in the pitch direction contributes to
the stiffness in the roll direction.

A rotation of the side-stick axes could remove this cross coupling;
however, this rotation would have to be defined and changed for
each subject individually. It was chosen here to keep the stick axes’
orientation fixed, although it is recommended for a final design that
an optimal orientation for the stick axes is investigated.

The effects of the tissue between the hand (position x,) and the
control device (position x,;) are modeled by the grip dynamics that
yield an exerted force on the hand, F),. The damping coefficient
matrix B, in Newton meter second per radian and the spring constant
matrix K, in Newton meters per radian are

_[Bs, Bg, | _[20268 0
Bg_[Bg,,, Bg,,j_[ 0 2.5046] ®)

and

K - [Kg” Kg] _ [163.2491 0 ] ©)

This NMS model will be used in the offline simulations discussed in
Sec. IV.

IV. Offline Simulations

The haptic feedback is based on the force field elaborated by and
studied in Boschloo et al. [13]. In that study, the feedback from
the force field was added directly to the control input of the UAV.
Here, a model of the NMS is used to study the differences between
force feedback and force—stiffness feedback using two kinds of
simulations. First, a step response of the closed-loop system will be
analyzed, with the vehicle position used for haptic feedback. Second,
a UAV teleoperation simulation will be described, using a repre-
sentative artificial force field to generate haptic feedback for collision
avoidance [19].

A. Step Response

To illustrate the effect of using an extra spring load in a force—
stiffness feedback system, a step response of the closed-loop
operator/UAV system along 1 degree of freedom is investigated.
A unit step input (U = 1) is applied to the neuromuscular activation
dynamics, representing a voluntary input by an operator.

Figure 6a shows a schematic representation of the closed-loop
system; Fig. 6b zooms in on the haptic interface implementation.
The vehicle dynamics response, Hy,y, is modeled with the transfer
function 2/ (s 4 2) between the stick displacement, x,;, representing
a velocity command, and the UAV velocity. The UAV lateral
position, x, is used for haptic feedback. For force feedback, the
feedback gains are G, =4 N/m and G, =0 N/m?; for force—
stiffness feedback, the gains are G; = 4 N/m and G, = 4 N/m?.

The step response (Fig. 7) shows that, when using force—stiffness
feedback, the vehicle steady-state position deviation is smaller and
has less oscillations. Likewise, the stick displacement has less
oscillations and smaller amplitudes (Fig. 7b). These results illustrate
the property of force—stiffness feedback, that is, with increasing
stiffness it reduces the ability of the human operator to (inadver-

¢ K, K, 0 298.4789 tently) control the UAV away from the optimal path [20].
Xt
haptic interface
S
- - X -
step U ———»! NMS 7, H i X, Hyay >
visual t
' haptic ||
feedback haptic feedback

a) Closed-loop operator/vehicle system with UAV position x serving as haptic feedback
information and x, representing stick deflection. U and F, are visual step input and hand
force, respectively

haptic interface

-

b) The haptic interface in detail with F;, and x, serving as input and output of the control
device, respectively. The UAV position x serves as input to the haptic interface

Fig. 6 Scheme of the operator/vehicle system and the haptic interface.
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B. UAY Teleoperation

With force—stiffness feedback, the operator is expected to be better
able to follow the haptic feedback information. It is important,
however, that the guidance provided by the force feedback is well
tuned. This means that the performance of the joint system must be
acceptable and that the setting of the operator’s NMS reflexes
must be a comfortable one. This subsection describes computer
simulations that show the application of force—stiffness feedback in
UAV teleoperation. The settings for the relax task are used here for
the NMS. The simulations should demonstrate that gains for the
haptic force and stiffness feedback lead to acceptable joint system
performance.

1. Setup of the Closed-Loop Operator/UAV System

Figure 8 shows a schematic representation of the closed-loop
model. The model contains an operator model with a neuromuscular
system, a stick control device, a UAV, and an artificial force field.
The components of the model will be described in more detail next.

The human operator is modeled as a proportional controller, acting
on the position error (gain P1) and heading error (gain P2) with
respect to a fixed two-dimensional target position. The output of the
pilot, U, will activate the neuromuscular system to exert a moment
input, M., on the haptic control device, a two-axis side stick.

The stick, Hg;, is modeled as a mass-spring-damper system that
has identical properties in the lateral and longitudinal directions with
a moment of inertia of I, = 0.01 kg - m?, a damping coefficient of
B, =0.2 N-m- s/rad, and a spring constant of K; =2 N - m/rad.
(Note that here the human-—stick interaction is defined using mo-
ments and rotations rather than forces and displacements.) The stick
deflection, §., serves as a rate command for the UAV model.
Maximum stick deflections, §,,,,, are £0.35 and £0.40 rad in the
longitudinal and lateral directions, respectively.

The UAV, Hy,v, is assumed to be a control-augmented helicopter
[28]. A longitudinal stick deflection represents a velocity command
in the longitudinal direction, with second-order dynamics,
1/((0.3s 4+ 1)(0.18s + 1)). A lateral stick deflection represents a
yaw-rate command with first-order dynamics, 1/(0.2s 4+ 1). The

human operator

UAYV has amaximum velocity of 5 m/s and a maximum acceleration
of 1 m/s%.

The artificial force field (AFF) is used to map obstacles to
repulsive forces. An integrated sensor is simulated that is able to do a
360 deg scan of the environment, with an angular resolution of 3 deg
[29]. The sensor range is 50 m. The repulsive force vectors, generated
by the AFF, point along the sensor radial lines. The parametric risk
field from Lam et al. [29] is used, with parameters of d,;, = 1.5 m
and f,.,q =2 s. (For a detailed description of this AFF and its
parameters, the reader is referred to Lam et al. [29].) The AFF output
in both the longitudinal and lateral directions is a dimensionless risk
value, ranging between O (no risk) and 1 (highest risk), which is
converted to a force offset and extra spring load using gains G,
and G, respectively.

The control input and haptic feedback are subjected to a fixed
transmission time delay of 7=0.2's, simulating a satellite
communication link between the UAV and ground control station.
For haptic feedback, wave variables are used with wave impedance,
b =0.3 N-s/m, to reduce time delay effects [16,30]. The visual
feedback (x, y, and ¥) is subjected to the same time delay; as
customary, no wave variables are applied here.

2. Haptic Feedback Configurations

Three conditions are evaluated. First, force feedback with G =
1.5 N - m is simulated, a representative case when considering an
operator’s exerted moment, pushing the stick to the limited
deflection. With the spring constant K set at 2 N-m/rad, the
maximum repulsive force of 1.5 N - m results in a maximum neutral
position change of 0.75 rad, which exceeds the deflection limits, §,,,,
in both directions.

Assuming that physical load is contributed by large neutral
position changes, a straightforward solution would be to reduce
force feedback. With reduced force feedback, G, =0.45 N-m
(a reduction to 30%), our second condition, the maximum neutral
position change would be 0.225 rad, which is still within the
deflection limitations. It is questionable, however, whether the
reduced force feedback will be sufficient to control the UAV through
various environments without collision.

operator control

haptic
control device
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Fig. 8 Schematic representation of the closed-loop operator/UAYV system with haptic feedback.
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The third condition involves force—stiffness feedback, augment-
ing the reduced force feedback with stiffness feedback. Note that
when G, is setto 1.5/8,,,« N - m/rad in the force—stiffness feedback
condition, the maximum repulsive force generated by the extra
spring load with maximum deflection, §,,,,, would be 1.5 N - m.
With the addition of the reduced force offset, the total repulsive force
with force—stiffness feedback will then be larger than 1.5 N - m, the
maximum value of force feedback alone. This requires the stick to
be fully deflected with maximum risk value; however, this is some-
thing that will only very rarely occur as operators will use smaller
deflections and the UAV velocity will decrease (smaller size of AFF)
when haptic feedback is active and perceived.

The stiffness gains G, and G, for the force-stiffness feedback
are tuned to each of the trajectories. This resulted in the values given
in the right half of Table 1. The left part of this table shows the gains
for the pilot model used. These were tuned to the trajectory and kept
constant for all haptic feedback conditions.

3. Environment

The same trajectories were used as in Lam et al. [19]; they are
shown in Fig. 9. The start and target positions are represented by
the circle and star symbols, respectively. The dashed circles indicate
the UAV position, whereas the arrows show the magnitudes and
directions of the repulsive forces, all with a 1 s interval. Represen-
tative maneuvers, such as making a sharp turn (A), a passage through
a narrow corridor (B), stopping before a dead-end (C), and moving
through a passage with irregularities in the wall (D), were used to test
the effectiveness of the three haptic feedback configurations.

4. Results and Discussion

Figure 9a illustrates that, with force feedback alone, our baseline,
the UAV reaches all targets without collisions. The reduced force-
feedback condition leads to collisions in trajectories B, C, and D; see
Fig. 9b, indicating that, apparently, the feedback provided is
insufficient to safely guide the UAV through these scenarios. When
adding stiffness feedback to the reduced force feedback, the UAV is
once again able to safely move through the environment; see Fig. 9c.

In the simulations, the operator model is a simple proportional
controller [31] with the UAV position and heading errors as
inputs. For this comparison, the gains for this controller were taken as
equal for the three haptic feedback conditions. The pilot does not
have any visual feedback of the environment constraints, however,
and “blindly” flies toward the target. For collision avoidance, the
model fully relies on the guidance provided by the haptic feedback.
It is clear that the reduced force feedback alone is insufficient for
collision avoidance, but that the reduced feedback in combi-
nation with the stiffness feedback performs as well as the base
condition.

In reality, operators are provided with limited visual information
about the environment constraints, and combine the visual and haptic
information to determine an appropriate control signal. Reduced
force feedback would lead to the perception of small forces or no
perception of forces at all, and operators may dominantly rely on the
visual information. Then again, a high risk of collision still exists, as
the visual information, often provided by cameras mounted on the
vehicle, is limited in field of view and resolution.
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Force—stiffness feedback enables smaller force-feedback gains,
that is, smaller force offsets, while still providing sufficient repulsive
force magnitudes due to the addition of extra spring load. Smaller
force offsets are desired in a flight through a narrow corridor or
between closely spaced obstacles (e.g., trajectory B). The resulting
stick deflections are large enough to avoid collision with an obstacle,
as the stiffness feedback drives the operator to more consistently
yield to the force-feedback command, and limits overshoots that may
lead to collisions with obstacles during the avoidance maneuver.
Based on the outcomes of our previous experiments [12,16,25], this
may all be expected to result in lower operator workload. It can be
concluded that force—stiffness feedback with small force-feedback
gain can yield the same performance as with force feedback alone,
without suffering from poor perception of repulsive forces.

Note, however, that although the force offset changes may be
lower with force—stiffness feedback, the perceived repulsive forces
that are partly caused by the addition of stiffness feedback may also
be experienced as too large, again contributing to workload. In fact,
with very high stiffness-feedback gains the operator has no
alternative but to rapidly follow the commands generated by the
force feedback. Obviously, the proper tuning of the force feedback
and stiffness-feedback gains needs to be evaluated using a human-in-
the-loop experiment, the subject of the remainder of this paper. As a
basis for the tuning in that experiment, the stiffness values optimized
for trajectory D were chosen, because it is expected that these will
result in a relatively mild haptic feedback that would function well
enough, considering that human subjects, unlike the model here,
would plan conflict-free paths.

V. Experiment

An experiment was conducted to investigate the effects of using
force—stiffness feedback as an alternative to haptic feedback based on
force offsets alone in UAV teleoperation. The investigation focused
on collision avoidance effectiveness, operator performance, control
activity, and workload. The experiment setup was similar to the ones
used and reported in earlier studies [12,16,19].

One aspect of the setup was changed, however. In the cited studies,
experimental subjects could continue their flight in spite of a
collision and were not provided with any information about whether
or not a collision had occurred. As recommended by Lam et al. [16],
it would be interesting to investigate the effects of introducing a
penalty for collisions, for instance, by pausing the experiment for a
few minutes every time a collision occurred. Tentatively, this could
result in more frustration on the part of the operators, increasing
their workload, in particular, for the configurations in which
collisions are likely to occur. It will also force operators to act more
cautiously. It can be hypothesized that operators become more
appreciative of the haptic feedback when it helps them to prevent
collisions and allows them to perform their task quicker. Therefore,
in the current experiment a penalty for each collision was given, as
will be elaborated.

A. Method
1. Subjects and Instructions to Subjects
Eleven subjects, aged between 23 and 27 years, with no previous

flight experience, participated in the experiment. A reconnaissance

Table 1 Operator model proportional gains, force—stiffness feedback force gains, and
optimized stiffness gains, where subscripts p and r represent the roll and pitch directions,

respectively
Trajectory  Visual feedback Force—stiffness feedback
Lateral Longitudinal
Pl,rad/m P2 G;,N-m G;,N-m/rad G’;N,N-m Gjp,N-m/rad

A 0.09 23 0.45 6.38 0.45 7.29

B 0.05 1.7 0.45 15.00 0.45 17.14

C 0.02 9.0 0.45 — 0.45 4.71

D 0.02 0.9 0.45 3.38 0.45 429

*Omitted, because case C is symmetric.
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Fig. 9 Simulation results of the closed-loop operator/UAYV system.

or surveillance task in a hazardous environment was simulated. The
subjects’ main task was to fly a UAV through an environment with
various buildings from waypoint to waypoint. They were instructed
to fly as fast as possible and to aim for flying through the center of
each waypoint as accurately as they could, but to avoid collisions.

The waypoints were marked by smoke plumes located in the
vicinity of the buildings. When a collision occurred, subjects were
notified by aloud beep and were given a penalty of 60 s, during which
they could not fly. After the 60 s, the UAV was reset to the reset initial
position as defined in Sec. V.A 4.

After each run, subjects were asked to rate their workload
using the NASA Task Load Index (TLX) rating scale [32]. The
TLX assumes that operator workload is caused by six sources:
mental load, physical load, temporal load, performance, effort,
and frustration level. First, subjects needed to choose from each
paired combination (15 in total) of the six sources which one
contributed most to their workload, yielding the TLX weights.
Second, each source was given a rating using a scale ranging
from low to high (except for the performance, which was rated
using a scale ranging from good to bad), yielding the TLX
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a) 2-dimensional navigation display

ratings. The total TLX workload is then computed as per the
procedure in [32].

2. Apparatus

The experiment was conducted in a fixed-base flight simulator.
Subjects were seated on an aircraft chair in front of an 18 in. screen
projecting a navigation display, as shown in Fig. 10a. The image
from a simulated onboard camera, as shown in Fig. 10b, was
projected on a wall at a distance of 2.9 m from the operator. The width
and height of the projected image were 1.05 and 0.75 m, respectively,
resulting in a field of view of 20 deg horizontally and 15 deg
vertically. The display presented a camera view of with a field of
view of 60 by 45 deg.

On the right-hand side of the chair, an electrohydraulic side stick
was mounted, which was used as the haptic control device. Linear
mass-spring-damper dynamics were simulated with an inertia of
I, = 0.01 kg - m?, adamping coefficient of B, = 0.2 N-m - s/rad,
and a spring constant of K = 2 N - m/rad. The position of the hand
contact point was located at approximately 0.09 m above the axes of
rotation. Identical stick dynamics were simulated in the pitch and roll
axes; maximum deflections were 0.40 and 0.35 rad, respectively.

Both the visual and haptic channels had a fixed time delay of
7=0.2 s, simulating a delayed communication link between the
UAYV and the operator ground control station. Note that both the side-
stick settings as well as the time delay used were the same as in the
offline simulations discussed in Sec. [V.B.

3. UAV Model

A control-augmented UAV helicopter model was used, with
identical dynamics as used in the offline simulations discussed in
Sec. IV.B. A longitudinal stick deflection represented a velocity
command V, whereas a lateral stick deflection generated a yaw-rate
rotation along the z axis ¢, both with respect to a rotating Geodetic
axis system (Fig. 11).

The helicopter model had a maximum velocity of 5 m/s and a
maximum acceleration of 1 m/s?. The altitude was automatically
kept constant at 3.5 m. The UAV had a circular protection zone with a
radius of 1.6 m. The intersection of any object with this zone was
considered a collision and caused the simulation to freeze for 60 s.

4. Independent Variables
Two independent variables were defined.

N o el

b) 3-dimensional camera display
Fig. 10 Navigation and camera display.

First, there were three control configurations (CF): 1) no haptic
feedback (NF), the baseline condition; 2) force feedback (FF)
with G, = Gy = 1.5 N - m and wave variables (b = 0.3 N - s/m);
and 3) force—stiffness feedback (FSF) with G, = G £, = 0.45 N-m,
G,, =3.75 N-m/rad, G,, = 4.29 N-m/rad and wave variables
b=03N-s/m

These settings were the same as used in the full-force feedback and
reduced-force feedback with stiffness-feedback conditions reported
in Sec. IV for trajectory D.

Second, six subtasks (ST) were defined that involved different
scenarios, each requiring a specific maneuver that may lead to control
difficulties; they are illustrated in Fig. 12. Here, an arrow shows
the flight direction starting from the reset initial position. When a
collision occurred, the UAV was positioned and oriented at this
location. The stars indicate the locations of smoke plumes, which
in some cases doubled as waypoints. The secondary purpose of the
smoke was to reduce the visibility of the boundaries of obstacles
located in the vicinity.

1) In this subtask, the helicopter had to round the corner of a
building, making a 90 deg turn (Fig. 12a). Before the turn, the UAV
had to approach the first waypoint, forcing the UAV to fly closely
along the corner. The second waypoint was located closely after the
corner, to motivate subjects to make as sharp a turn as possible.

2) Here, the helicopter was to fly through a narrow gate with the
pillars serving as two closely spaced, small obstacles. Figure 12b
shows a cross section of the gate. The three smoke locations reduced
the visibility of the passage and the pillar boundaries, making it more
difficult to fly through the gate. The smoke plumes did not serve as
waypoints in this subtask.

3) This subtask demanded a special task during hover. Once the
UAV reached the diamond, it was supposed to rotate to the right and
then move backward toward the building until the operator could see

a) Rotating geodetic b) Helicopter commands
axis frame

Fig. 11 Reference frame of the UAV model.
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Fig. 12 Six subtasks used in the experiment.

a stop sign that was located below the UAV and fixed in the world
(at the asterisk), as shown in Fig. 12c. During this maneuver, the
camera did not point in the direction of motion and it was expected
that haptic feedback would become very useful. Smoke appearing
from the top of the building reduced the visibility of the building
edges. Again, the smoke plume did not serve as a waypoint.

4) This scenario consisted of a building with a discrete change in
the shape of the wall. The first waypoint was located before this
change and would force the UAV to approach the wall, followed by
an escape maneuver to avoid collision with the extension of the wall
(Fig. 12d). The second waypoint was placed to force the UAV to stay
close to the building during the escape maneuver.

5) Two buildings with discrete changes in opposite directions
could lead to stick oscillations and considerable control difficulties.
The first waypoint, located on the right, would force the UAV to
make a sharp turn, whereas the second waypoint, located on the left,
would force the UAV to make an escape maneuver (Fig. 12e).

6) In this subtask, the turn radius with haptic feedback would be
limited due to the obstacles in front and on the left-hand side. It was
expected that this subtask would lead to control difficulties when
approached with a high velocity. The first waypoint on the left would
force the UAV to approach the side of the left building, whereas the
second waypoint would force the UAV to make a quick turn to fly
closely along the corner of the right building. The third waypoint
forced the UAV to approach another wall after the turn (Fig. 12f).

5. Trajectory

The trajectories (scenarios) were the same as those used by Lam
et al. [12,16,19]. To simplify navigation, the subtask areas were
marked with a darker background color on the navigation display
(Fig. 10a). To prevent boredom, six trajectories were designed, each
containing three different sectors [12]. In turn, each sector contained
the six subtasks in a randomized order.

Table 2 shows the sectors and the corresponding subtask order.
A trajectory contained three repetitions of each subtask and was
flown once for each of the three control configurations. Each subject
flew 3 x 6 =18 runs. A typical run, without collisions, lasted
approximately 6 min. An example trajectory can be found in earlier
publications by Lam et al. [12,16].

6. Experiment Procedure

Before the actual experiment, the subjects familiarized themselves
with the three control configurations in several training runs. Then,

each subject flew the 18 experiment runs in one of three randomized
orders. Subjects were not informed beforehand about what control
configuration they flew during the measurement runs.

7. Dependent Measures

Control activity was represented by the standard deviation and
the mean of the total exerted moment by the hand (o}, , M,) and the
standard deviation of the stick deflection rate (USM ). (Here, total refers
to the fact that the stick roll and pitch dimensions were summed vec-
torially.) Haptic activity was represented by the standard deviation
and the mean of the total external moment exerted by the haptic
device (oy_, M,,).

Operation efficiency was represented by the standard deviation of
the UAV velocity and the elapsed time (o, ,7,;). Operator per-
formance was expressed as the minimum distance between the
waypoint location and the center of the UAV protection zone (D, ).
The level of safety was determined from the number of collisions
and the minimum distance between the obstacle and the boundary of
the UAV protection zone (D).

The workload was measured after each run using the NASA TLX
rating scale [32].

B. Hypotheses

Our first two hypotheses were based on results from earlier
experiments [12,16].

1) Haptic feedback leads to a higher level of safety as com-
pared with the condition without haptic feedback, expressed by
a lower number of collisions and a larger distance to obstacles.
This safety benefit is accompanied by, on average, a larger
elapsed time.
2) Haptic feedback comes with an increase in operator
subjective workload. That s, we expect that, despite the fact that
the introduction of a time penalty will increase operators’

Table 2 Order of subtasks inside
each sector used in the trajectories

Subtask order
Sector 1 1-2-3-4-6-5
Sector 2 3-1-4-5-6-2
Sector 3 4-1-5-3-2-6
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Table 3 Results of a full-factorial ANOVA of the main dependent measures, where xx and * represent chance levels of p < 0.01,
0.01, 0.01 <p < 0.05, and 0.05 < p < 0.10, respectively, and - indicates not significant.

Dependent measure ~ Control activity

Haptic activity Minimum distance UAV velocity Elapsed time Approach performance

Om, Mh 65.0. M, Mexl Dmin Oy Te/ pr
Main effects
CF Kk kK kx >k >k *x * Kk * *
ST *k  kk kk * Kk * Kk * Kk * Kk
Two-way interactions
CF x ST *k kK Kk * % * % * % ** *x

frustration level, the higher physical workload associated with
haptic feedback is hypothesized to still dominate the final
workload rating.

3) We hypothesized that workload will be lower with the
force—stiffness feedback as compared with the force-feedback
configuration. The force-feedback gains are smaller when stiff-
ness is added, resulting in less variable neutral position changes.
Control activity and haptic activity is hypothesized to be lower
with the force—stiffness feedback.

4) The safety will further improve with the use of force—stiffness
feedback, as operators more consistently yield to the guidance
provided by the collision avoidance function.

VI. Results

Except when the total number of collisions is discussed, note that
in the analysis of all other dependent measures only the runs without
collisions were used.

A full-factorial within-subjects ANOVA was applied, using a
Student-Newman—Keuls (SNK, o =0.05) post hoc analysis.
Table 3 summarizes the ANOVA results. The number of collisions
and the TLX workload ratings were analyzed using Kruskal-Wallis
tests, followed by Mann—Whitney tests.

Figure 13 shows the number of collisions. The means and 95%
confidence intervals of all other dependent measures are shown in
Figs. 14 and 15. Here, the white, dark gray, and lighter gray bars
represent the three control configurations NF, FF, and FSF,
respectively. The numbers 1-6 on the horizontal axis correspond
to the subtask numbers.

A. Objective Data
1. Number of Collisions

Figure 13 shows that, independent of the subtask, the number of
collisions was largest without haptic feedback. A Kruskal-Wallis
test revealed a highly significant effect of control configuration
(x> =96.103, p < 0.01). Force-stiffness feedback resulted in a
significantly smaller number of collisions as compared with the con-
dition with force feedback alone (Mann—Whitney, Z = —2.058,
p = 0.040). These results are in support of hypotheses 1 and 4.

The figure further shows that subtask 5 resulted in by far the largest
number of collisions (134), followed by subtasks 3 (63) and 6 (47).

The smallest number of collisions occurred in subtasks 2 (15), 1 (18),
and 4 (31), which were all expected to be relatively simple tasks.
In subtasks 3 and 5, both with closely spaced obstacles
surrounding the UAV on both sides, the largest difference in the
number of collisions was found between the conditions with and
without haptic feedback. Particularly in subtask 5, the force—stiffness
feedback resulted in a significantly smaller number of collisions than
with the force-feedback condition (Mann—Whitney, Z = —4.044,
p =< 0.01); this subtask was reported by subjects to be the most
difficult one. Note that here the potential for oscillatory stick motions
to occur was largest, and apparently the stiffness feedback effectively
reduced the chance of collisions, as expected. In all other subtasks,
the differences between the two haptic configurations were minor.

2. Control Activity

The standard deviation of the total moment on the stick, exerted by
the operator, 0y, , is shown in Fig. 14a. On average, o), was largest
for the force—stiffness feedback conditions and smallest for the
baseline condition, a highly significant effect (CF: F, 5o = 24.454,
p < 0.01). Exceptions were subtasks 3 and 4, in which differences
between control configurations were small, resulting in a highly sig-
nificant two-way interaction (CF x ST: Fyj o9 = 7.693, p < 0.01).
Regarding the dependency on the ST, subtask 2 resulted in the
smallest moment variations, subtask 3 in the largest variations,
resulting in a highly significant effect of subtask (Fsso = 19.619,
p <0.01).

The mean of the moment exerted by the operator, M/, illustrated in
Fig. 14b, was much higher for the two haptic feedback conditions, a
highly significant effect (CF: F,,, = 72.398, p < 0.01). Although
the differences between the two haptic conditions were small,
a post hoc analysis revealed that force—stiffness feedback resulted in
the largest mean exerted moment. In subtask 3, the mean exerted
moment was smallest, resulting in a highly significant effect of
subtask (F5so = 28.189, p < 0.01). Here, the differences between
haptic feedback and the baseline condition were much smaller,
resulting in a significant two-way interaction (CF x ST: Fg 1g0=
16.244, p < 0.01).

Control activity in terms of the variations in the stick deflection
rate, 0; , shown in Fig. 14c, was lowest with the baseline condition
and highest with the force-feedback condition, a highly significant
effect (CF: F,,, = 8.558, p < 0.01). In subtasks 1 and 4, with an

250
209
o 200 J
C
K=}
K]
3 150 4
[&]
©
é 100 83 J
3 Al 53
S 50 38 39 h
13 13 21 12 | #1110
o £128 |1t 2.8 | [18.4 5 | o
NF FF FSF NF FF FSF NF FF FSF NF FF FSF NF FF FSF NF FF FSF NF FF FSF
all subtasks subtask 1 subtask 2 subtask 3 subtask 4 subtask 5 subtask 6

Fig. 13 Total number of collisions (all subjects).
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obstacle located at one side of the UAV, the baseline condition
did not result in the smallest o; , however, resulting in a highly
significant two-way interaction (CF x ST: Fyj 90 = 9.082,
p <0.01). In subtask 2, which required a relatively simple
maneuver, g; ~ was smallest, whereas in subtask 5, involving a
difficult approach and avoidance maneuver, o5 Was largest, ahighly
significant subtask effect (F5 5, = 29.251, p < 0.01).

3. Haptic Activity

Here, obviously, the baseline condition was not considered.
Figure 14d shows that, generally, the variations in the external
moment, 0y, were largest with force—stiffness feedback, a highly
significant effect (CF: F| ;, =53.909, p < 0.01). In subtasks 1
and 3, the standard deviation of the external moment was smallest,
whereas it was largest in subtask 5, a highly significant effect
(ST: Fs559=36.421, p <0.01). In subtask 3, the difference be-
tween force feedback and force—stiffness feedback was very small,
resulting in a highly significant two-way interaction (CF x ST:
Fss50=11.573, p < 0.01).

The mean external moment, M., illustrated in Fig. 14e, shows
very similar trends. Overall, it was smallest with the force feedback
(CF: Fy 10 =90.891, p <0.01), except for subtask 3, in which it
was smallest with the force—stiffness feedback (CF x ST: F5 o=
22.003, p < 0.01), and it differed significantly for subtasks (smallest
in subtask 3, largest in subtask 5; ST: F5 s, = 45.818, p < 0.01).

These results, and also those regarding control activity, do not
support hypothesis 3.

4.  Minimum Distance

The minimum distance, D,;, (Fig. 15a) was largest with the haptic
configurations, a highly significant effect (CF: F,,, = 72.091,
p < 0.01). Although the distance is, on average, smaller with the
force—stiffness feedback, when compared with the force feedback
alone, this difference was not significant (SNK, o« = 0.05). In
subtask 3, the minimum distance was smallest, followed by
subtask 5, which required a difficult maneuver and, indeed, resulted

in the highest number of collisions. Subtask 1 resulted in the lar-
gest minimum distance, followed by subtask 4; both subtasks had
an obstacle at only one side of the UAV (ST: Fs sy = 28.026,
p <0.01). In subtask 1, no differences between the control
configurations were found at all, resulting in a highly significant
two-way interaction (CF x ST: Fyj oo = 10.404, p < 0.01). These
results are in line with hypothesis 1.

5. UAV Velocity

The standard deviation of the total UAV velocity, o, , shown in
Fig. 15b, was smallest without haptic feedback, a highly signifi-
cant effect (CF: F, ) = 14.287, p < 0.01). Subtask 2 resulted in the
smallest velocity variations and subtask 3 in the largest variations,
which was expected as here the UAV had to move backward toward
a building; hence, the subtask resulted in a highly significant effect
(F550 =48.567, p < 0.01). A post hoc analysis revealed the largest
velocity variations with force—stiffness feedback, but only for sub-
tasks 2 and 4, resulting in a highly significant two-way interaction
(CF x ST: Fyg 190 = 4.857, p < 0.01).

6. Elapsed Time

The elapsed time, T,;, with no haptic feedback was significantly
smaller than with haptic feedback (CF: F,,, = 5.391, p = 0.013);
see Fig. 15c. Recall that the situations in which collisions occurred
were excluded from the analysis. For the elapsed time, no com-
parison was made between subtasks due to differences in trajectory
length. However, a comparison of configurations within each
subtask could still be done to investigate a possible two-way inter-
action. In subtasks 1, 2, 4, and 5, the elapsed time was smallest
without haptic feedback, supporting hypothesis 1. In subtask 3,
force—stiffness feedback resulted in the smallest elapsed time, which
resulted in a highly significant two-way interaction (CF x ST:

Fi9100 = 4.108, p < 0.01). The visual information is very limited
in subtask 3, as here the UAV is moving backward toward a building,
and, unlike in the other subtasks, the operators almost completely
relied on the haptic support.
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Fig. 15 Means and 95% confidence intervals of the safety, efficiency,
and performance measures. The white, dark gray, and lighter gray bars
represent the three control configurations NF, FF and FSF, respectively.
Numbers 1-6 on the horizontal axis correspond to the subtask numbers.
Subtasks 2 and 3 did not have smoke plumes serving as waypoints and
are therefore not shown.

7. Approach Performance

When studying performance in terms of the minimum distance
between the UAV and the waypoint, D,,,, subtasks 2 and 3 were not
considered, because here the smoke only served as “noise” in the
visual information of the obstacle boundaries rather than as a
waypoint. Figure 15d shows that, on average, the distance was the
same for all control configurations. Hence, the UAV passed the
waypoints at equal distances for all control configurations and all
subtasks, indicating that the subjects’ interpretation of their task was
the same for all conditions. The only exception occurs in subtask 4;
here, the distance was smaller without haptic feedback, resulting in a
significant control configuration effect (F,,y = 3.765, p = 0.041).
Note that many more collisions indeed occurred than with haptic
feedback; see Sec. VL.A.1.

B. Subjective Data
1. Total Workload

Workload was measured after a whole run and can therefore not
be analyzed for each individual subtask. Figure 16a shows the TLX
rating of the total workload. In contrast to the findings in earlier

833

experiments, the operators rated their workload to be the lowest with
haptic feedback, a significant effect (x> = 14.248, p < 0.01). No
significant difference was found between the force-feedback and
force—stiffness feedback conditions. Hypotheses 2 and 3 must
therefore both be rejected.

2. Sources for Workload

In the NASA TLX, operator workload consists of six sources:
mental load (ML), physical load, temporal load, performance (PE),
effort (EF), and frustration level (FL).

Figure 16 shows that haptic feedback resulted in the lowest mental
load, a better judgment of own performance, and lower effort
and frustration levels, all significant effects (ML: x*> = 25.863,
p <0.01;PE: x> =27.455,p < 0.01;EF: x> =10.299, p < 0.01;
FL: x> =26.783, p < 0.01). As was expected, the baseline con-
dition resulted in the lowest physical load (x> = 28.574, p < 0.01).
Introducing the time penalty in the present experiment led subjects to
weigh other causes for workload over the physical load. No
significant differences between force feedback and force—stiffness
feedback were found.

VIL

In our previous research on teleoperating a UAV in the presence of
communication delays, it was found that haptic feedback (using
force offset alone) resulted in higher levels of safety, but at the cost,
however, of increased workload [16,30]. The goal of the current
investigation was to improve haptic feedback using a novel force—
stiffness combination.

The higher workload with conventional force feedback was
hypothesized to be due to the physical workload associated with the
feedback forces. Reducing the haptic feedback, for instance, through
decreasing the force-feedback gain, could result in insufficient
feedback for the collision avoidance function to be effective. The
theoretical analysis, using offline computer simulations with a model
of a typical operator’s neuromuscular system, showed that a reduc-
tion of force feedback alone indeed leads to insufficient guidance
information to avoid collisions. The combination of force feedback
with an increased stiffness restored the collision avoidance perfor-
mance. With force—stiffness feedback, the operator is forced to more
consistently yield to the force-feedback command when close to an
obstacle, and the increased stiffness also yields improved stability
and less control signal oscillations [20], as can be concluded from the
model analysis.

Human-in-the-loop experimental data show that, although control
activity increased with haptic feedback, the number of collisions and
operator workload both decreased significantly with respect to the
baseline condition. Approach performance and efficiency, measured
by the elapsed time and variations in velocity, also decreased with
haptic feedback. However, these reductions were small in com-
parison with the significant increase in safety. The force—stiffness
feedback did not significantly reduce operator workload with respect
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to the force-feedback condition; control activity and haptic activity
did not reduce with force—stiffness feedback. It did result, however,
in a significantly smaller number of collisions with equivalent
workload when compared with force feedback alone.

The decrease in workload with respect to the “no haptic feedback”
condition is in sharp contrast to the findings in previous research, in
which workload was always rated highest with haptic feedback
[12,16,19]. In those studies, no penalties or even indications were
given, however, to subjects in the case of a collision. In the current
experiment, each collision caused a penalty freeze of 60 s; this made
subjects much more aware of their performance in all conditions and,
in particular, in the situations without haptic feedback, as in those
cases the number of collisions was relatively large. Because of the
limited camera field of view, typical for many UAV teleoperation
tasks, the operator in some cases, for example, when making a sharp
turn around a corner, simply could not see whether a collision
occurred or not. Thus, although physical load was rated lower
without haptic feedback, as was expected, subjects apparently
became more frustrated about their lack of performance and the high
number of collisions. And as a result, they became more appreciative
of the haptic feedback, as it helped them to significantly improve
their collision avoidance performance, and they took the extra
physical activity in stride. This result stresses the importance of
creating realistic test conditions when using subjective workload
ratings, such as the NASA TLX scale used in this study.

Although the force gain in the force—stiffness feedback was
reduced, with the aim to decrease workload with respect to force
feedback, experimental results did not yield a workload reduction.
This could be attributed to the large variations and higher average of
the external moment when flying with the force—stiffness feedback.
The level of safety still further increased, however. The large external
moments and variations of the force—stiffness feedback with respect
to the force feedback offers the possibility of searching for a further
reduction of the force—stiffness-feedback gains. It is very likely,
however, that a tradeoff must be made between safety and workload.
In that case, this study indicates that it might be more relevant to aim
for higher levels of safety with the same workload, than to search for
settings that yield lower workload with the same level of safety.

Additionally, it should be noted that the results also showed that, in
spite of the larger repulsive moments produced by force—stiffness
feedback, workload did not increase with respect to force feedback
alone. Note that, although the repulsive moments were larger, the
variations in the stick deflection rate were lower with respect to force
feedback. Hence, variations in stick motions, particularly during
difficult maneuvers between closely spaced obstacles, may con-
tribute more to workload than the repulsive force amplitudes
themselves.

The use of force—stiffness feedback in UAV teleoperation with
time delays offers more potential to reduce operator workload than
using force feedback alone. A compromise must be found between
the gains of the force feedback and the stiffness feedback, and our
first recommendation would be to search for better tuning settings.
A second recommendation is to explore the benefits of using other
variables to feed back through the control device’s stiffness. In this
study, both the force feedback as well as the stiffness feedback where
coupled to the same artificial force field. It could well be that the
stiffness feedback can be used to communicate other environmental
variables to the human teleoperator, such as the relative distance to
an obstacle, offering another degree of freedom in optimizing the
haptic system.

Relatively straightforward adaptations to the stick for providing
haptic feedback were considered here: an additional force and an
increasing stiffness. One could also consider nonlinear adaptations
with, for example, the application of different force gradients in the
stick.

VIII. Conclusions

Haptic feedback was found to significantly increase the safety of
teleoperating a UAV with time delays typical of a satellite
communications link. In contrast to previous studies, subjective

workload decreased with haptic feedback. Even though the haptic
feedback conditions resulted in the highest physical load, subjects
accepted this load, as the feedback allowed them to considerably
improve their performance, reducing frustration, effort, and mental
load.

With force—stiffness feedback, subjects are forced to yield more to
the haptic feedback command, improving their performance in terms
of safety, as compared with the situation with force feedback alone.

Although the current setting of the force—stiffness feedback
allowed for smaller force-feedback gains, it did not result in a
lower workload compared with force feedback alone. The force—
stiffness feedback is a relatively simple design, and its tuning
requires only two parameters, the design stiffness of the neuro-
muscular system and the stiffness gain. It was only evaluated for
one combination of force offset gain and stiffness gain; it is
recommended to further tune the feedback gains and explore other
ways to manipulate the stiffness feedback, for example, by
introducing nonlinear haptic feedback.
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