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ABSTRACT

Haptic Collision Avoidance for a Remotely Operated Quadrotor

UAYV in Indoor Environments

Adam M. Brandt
Department of Mechanical Engineering

Master of Science

A quadrotor is an omnidirectional unmanned air vehicle that is suitable for indoor flight
because of its ability to hover and maneuver in confined spaces. The remote operation of this
type of vehicle is difficult due to a lack of sensory perception; typically, the view from the
onboard camera is the only information transmitted to the pilot. This thesis proposes using force
feedback exerted by the command input device on the hand of the pilot to assist in avoiding
collisions while navigating in indoor environments.

Five candidate algorithms are presented for calculating the forces to be felt by the pilot based on
the quadrotor’s position and velocity in the indoor environment. The candidates include a
parametric algorithm based on the dynamics of the quadrotor, two time-to-impact algorithms,
and two algorithms that employ virtual springs between the quadrotor and obstacles. A method
of incorporating the position of the command input device to improve the usability and
effectiveness of the algorithms is also presented.

A framework for simulating the quadrotor dynamics, indoor environment, and force
feedback algorithms is described. In the simulation, the pilot commands a simulated quadrotor,
using a commercial haptic interface, as it flies in an indoor environment. The pilot receives force
feedback cues as the quadrotor navigates around obstacles. Two methods of control were used
for the simulation. In the first method, displacements of the haptic interface correspond to
velocity commands to the quadrotor. In the second method, displacements of the input
correspond to desired roll and pitch commands.

Two user study experiments, one for each control method, were performed to compare
the force feedback algorithms in simulation. The results of the velocity control experiment
suggest that higher force levels help to avoid collisions and that the time to impact algorithm
results in fewer collisions than having no force, but is not significantly better than the other
algorithms. The results of the angle control experiment suggest that the time to impact algorithm






is clearly the best in terms of hits and hit length and has no disadvantages compared to the other
algorithms.

Finally, to demonstrate the force feedback algorithms and software in a real-world
environment, the system was interfaced with a physical quadrotor. The quadrotor system is
described and the results of the tests are presented.

Keywords: Adam Brandt, haptic, quadrotor, UAV, collision avoidance, force feedback
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1 Introduction

Quadrotors are a type of rotorcraft that employ four coplanar rotors to generate thrust for
hovering and maneuvering. The rotors are typically positioned symmetrically about a central
body, which houses the battery, autopilot and other computing hardware. A camera can be
placed on the quadrotor to send live video to the pilot for remote operations. Figure 1-1 shows a

typical quadrotor.

Figure 1-1: A typical quadrotor with four coplanar rotors around the main body that
houses the battery and computing hardware. This quadrotor does not have a camera.



Quadrotors have two primary advantages over fixed-wing aircraft for certain unmanned
aerial vehicle (UAV) applications.  First, they have the ability to hover, which is beneficial
when it is desired to remain stationary, as in certain reconnaissance and search and rescue
missions.  Second, quadrotors are omni-directional, allowing them to move freely in any
direction. This is typically not true for fixed-wing aircraft because they generally require a
forward velocity to create lift. The hover and omni-directional capabilities of quadrotors make
them a popular choice for applications in indoor environments.

Because the quadrotor can hover and even rotate in place, it has the ability to scan a room
or hallway. The fact that it can move in any direction makes it well suited for navigating tight
areas and avoiding obstacles. At the same time, the ability to move in any direction means that it
can move in directions that are not within the camera’s field of view. This makes the quadrotor
susceptible to collisions.

The purpose of this thesis is to explore one possible solution to this problem: the use of
force feedback to give the pilot haptic (touch) information about the quadrotor’s environment.
The objective of force feedback is to provide additional information to a remote pilot via the
sense of touch to assist in obstacle avoidance in indoor environments. When the quadrotor
sensors indicate that it is approaching an obstacle the input device exerts appropriate forces on

the hand of the pilot to help him or her to avoid a collision.

1.1 Motivation

Operating a vehicle from a remote location is desirable for many reasons. First, the

vehicle can be smaller, lighter, and more discreet because it does not require a human occupant.



This generally makes the vehicle less expensive as well. Second, when the vehicle must pass
through dangerous or hazardous areas, there is no possibility for harm to the operator.

One example of a situation in which remote operation of a vehicle would be appropriate
is in a search and rescue application. For example, a remote vehicle could search a building that
has been damaged in a natural disaster or where hazardous material has been spilt. The vehicle
could be used to search for survivors in the building, to evaluate the condition of the building, to

create a plan for recovery, or to determine if the building is safe for people to enter.

1.1.1 Quadrotors

The two possible vehicle types that could be used for searching a building are ground
vehicles and air vehicles. A ground vehicle may work well for searching buildings in which the
floors are level and free from debris. However, in the presence of obstacles, debris, or stairs, a
ground vehicle may be less effective than an air vehicle. For indoor flight, rotorcraft are the most
appropriate type of air vehicle because of their ability to hover and make sharp turns. Because
fixed-wing aircraft require airspeed to maintain lift, they do not have these same abilities. For
the present work, a quadrotor was chosen over a helicopter as the rotorcraft of choice because of

the simpler design, dynamics, and control.

1.1.2 Force Feedback

One of the most important problems with the remote operation of vehicles is that sensory
perception is lost. In most cases the only information that is transmitted to the remote pilot from
the vehicle is a video feed from a camera placed on the vehicle. Outdoor vehicles also have the
ability to use and provide position information through GPS, but this is not possible in indoor

environments.



The visibility from a remote camera has been described as “looking at the world through
a soda straw” [1]. This makes it difficult for the operator to obtain sufficient knowledge of the
surrounding of the quadrotor. This decrease in situational awareness could result in an increased
time to complete a task, increased workload on the human operator, decreased mission
effectiveness, or collisions with obstacles within the environment. One potential solution is to
rotate the entire vehicle to allow the operator to view the entire environment, but this is
inconvenient and inefficient, and other views are lost while rotating. Another option is to have a
gimbaled camera, but this adds complexity and weight to the quadrotor, as well as requiring
more power and cost. Instead, there could be multiple cameras, but this also adds complexity
and possible bandwidth issues, and the remote pilot would have to take in multiple views. It is
important for the remote operator of a quadrotor to know if there are potential hazards to the
sides or behind of the vehicle, or even above and below it, because it has the capability to move
in all those directions.

Force feedback, given through the controller to the hand of the user, would give the
operator information about the environment surrounding the quadrotor naturally, through the
sense of touch. As a remotely operated vehicle travels toward an obstacle or wall, the controller
exerts forces on the pilot’s hand in a direction away from the obstacle or wall. This force would
not overpower the user, but serve as a warning to help avoid hitting the obstacle. This is the

proposed method for this thesis to give the pilot more sensory information and avoid collisions.

1.2 Related Work

Force feedback has been explored by other researchers to assist in collision avoidance

and in other guidance applications. These applications include direct vehicle operation,



teleoperation of robot manipulators, remote operation of ground robots, and remote operation of

UAVS.

1.2.1 Vehicle Operation

The use of haptic guidance for vehicle operation is different from the other uses that will
be discussed because the driver is inside the vehicle and not remotely operating it. Although in
this case the purpose of force feedback is not to make up for the loss of sensory perception, it is
still similar in the fact that the forces are there to assist the driver to achieve a goal.

Two types of haptic feedback for vehicle operation have been explored. The first is
haptic feedback on the gas pedal to assist drivers in keeping safe distances when following other
cars. Mulder et al. [2] have done extensive research in this area, finding that, depending on the
type of feedback, haptic feedback was successful in increasing car-following performance and
allowing the driver to have more time for other processes. The second application of haptic
feedback for vehicle operation is feedback on the steering wheel to support steering tasks. This
work was also accomplished by Mulder et al. [3], who performed experiments with drivers
navigating turns with and without haptic feedback. These experiments found that haptic
feedback significantly improved the safety boundaries and made steering activity smoother and
less active. Both of the applications showed that haptic feedback is promising in assisting

drivers who are directly operating vehicles.

1.2.2 Robot Manipulators

Haptic feedback to assist in operation of robot manipulators is also different from the
work presented in this thesis in that the operator is not guiding a moving vehicle, but rather a
robot arm on a remote stationary platform. One example of this is attributed to Yano et al. [4]

5



who used haptic feedback to assist crane operators. A special joystick was used to send
suggestive information to the operator using haptic feedback. This gave information such as
gravity compensation and restriction on the crane’s velocity, as well as collision avoidance
feedback. They found through experimentation that their system did allow an operator to
transfer a load quickly without hitting obstacles. Another example of this is research by Frey et
al. [5] on using a full arm force feedback device to help users move a simulated robot arm to a
desired position and apply a force. They performed a user study which suggested that the force
feedback allowed users to reach the desired position more quickly and more easily generate the
required forces.

Another application of haptic feedback for robot manipulators is research on control of a
dual arm humanoid robot done by Charoenseang et al. [6]. The authors here used an inexpensive
commercial joystick to control the arms of robot in simulation. The system was designed for
robot teleassistance applications. In their experiments, the users received visual information as
well as the force feedback information. When the simulator detected a possible collision it
would send haptic feedback to the user through the joystick. To detect collisions the authors
created three virtual spheres around the elbow, wrist, and end-effector of the robot arm. They
found that this was a simple and effective way to help the robot to avoid collisions with other

objects and with its other arm.

1.2.3  Ground Robots

Most research on haptic collision avoidance has been related to unmanned ground
vehicles (UGVs), which are remotely controlled or autonomous mobile robots. Borenstein and
Koren [7] used a vector field histogram (VFH) method to compute forces to help the user avoid

collisions, while at the same time guiding the vehicle towards a target. They found that their

6



VHF method was robust and allowed fast movement of the robot without it stopping in front of
obstacles. Similarly, Lee et al. [8] performed a user study with ground robots using sensors to
find range information and converting the range information into forces displayed to the user
through a haptic device. Their user study found that the haptic feedback increased operator
performance and reduced collisions without significantly increasing navigation time.

Hong et al. [9] demonstrated the use of haptic feedback with a robot capable of climbing
stairs. The haptic feedback not only assisted in collision avoidance, but also in stair climbing as
the forces helped the user to feel when a leg would touch the ground. Barnes and Counsell [10]
explored haptic feedback collision avoidance, with the user having full control of the ground
robot as well as the robot having semi-autonomous control. The results of their user study
showed that operator performance improved when haptic information was given when the user

had full control, but it was inconclusive in the semi-autonomous control mode.

124 UAVs

UAVs differ from UGVs in certain key areas. First, UAVs have a greater number of
degrees of freedom, thus requiring more control and more possibility for collisions. Second, the
load-bearing capabilities of UAVs are much lower, and the amount of equipment and
computational power is therefore correspondingly decreased. As a result, the sensing capabilities
of UAVs are, in general, also more restricted. Previous work with UGVs often made use of
systems with multiple sensors, which is not realistic for most small air vehicles. Decreased
sensing capabilities results in a lower-fidelity model of the robot’s surroundings, making it more
challenging to generate feedback forces for the pilot.

Much of the work done in haptic collision avoidance for UAVs has been done by Lam,

Mulder, and van Paassen at the Delft University of Technology in the Netherlands. Their earlier
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research focused on development of artificial risk fields used to calculate the forces felt by the
operator when approaching potential hazards. More recently they have researched how to deal
with time delays [11] and degraded visual interfaces [12].

In 2004 Boschloo et al. [13] published an article that reviewed two types of risk fields
with two types of force vector calculations applied to each. They tested a basic risk field, which
has forces increasing exponentially as the vehicle approaches an obstacle, and a parametric risk
field, where the forces increase according to a more complex function in zones that are
determined by different parameters, using radial and normal risk vectors. The simulation was
done in two dimensions with no hardware or human in the loop. They found that the parametric
risk field with radial risk vectors produced the fewest collisions in the simulations.

This research was continued by Lam et al. [14], who performed a user study on the two
risk fields. In this simulation the user had a three dimensional view of the world, but motion was
limited to translation in two dimensions. The force feedback was provided by an electro-
hydraulic side-stick and the simulation was done in a fixed-base part-task simulator. The results
of the experiment were quantified by number of collisions, elapsed time, average speed,
workload using NASA-TLX [15], and a user questionnaire. The experiment showed that the
haptic feedback did help to avoid collisions, but sometimes required a higher workload when the

repulsive forces from the haptic control device required counteracting forces from the operator.

1.3 Contributions

This thesis adds to work done previously by developing and testing new algorithms,
employing new concepts on which the algorithms are based. Also, the algorithms are developed

for three dimensions and the simulation is extended into three dimensions by using a haptic



device that is capable of giving force feedback in three dimensions. Another aspect of the
simulation that contributes to this research is that the force feedback is based off of limited range
information, as if from real sensors placed on the quadrotor, rather than a perfect knowledge of
the surroundings. The system and algorithms are demonstrated by piloting a real UAV in an

indoor environment, which takes the work beyond the simulations presented in previous work.

1.4 Thesis Overview

This thesis will present novel force feedback algorithms designed to assist a pilot in
maneuvering a quadrotor through an indoor environment. The simulation that was used to test
the algorithms in a virtual environment will be described, along with the haptic interface used by
the pilot to generate command inputs and receive force feedback cues from the simulation. Two
human subject experiments to test the effectiveness of these algorithms will be described.
Application of force feedback with a real quadrotor will be demonstrated. Finally, conclusions

will be made about the effectiveness of the system and possible future work and applications.
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2 Force Feedback Algorithms

Force feedback can help a remote pilot to avoid collisions, but if the forces are not
properly designed they can be at best unhelpful, and possibly even harmful. Five candidate force
feedback algorithms were developed for comparison against each other and against no force
feedback. This section describes the algorithms, which include:

e Dynamic Parametric Field
e Time to Impact

e Modified Time to Impact
e Spring Algorithm

e Spring Algorithm with velocity dependence

2.1 Dynamic Parametric Field

The Dynamic Parametric Field (DPF) is modeled after the concept of the parameterized
risk field, developed by Boschloo et al. [13], of having different zones defined by calculated
distances. Their field uses a minimum stopping distance calculated from the velocity and the
maximum deceleration of the vehicle. This distance defines the critical region where the risk is
greatest. Another distance defines the beginning of the risk field which is calculated by
multiplying the velocity by a time constant. The problem with using these calculations to define

the distances is that the quadrotor does not instantly reach its maximum deceleration and hold
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that deceleration until it stops. Also, there is no signal for the user to tell the difference between
the normal risk area and the critical area. The Dynamic Parametric Field uses different
calculations to determine distances of the zones and has differently defined zones.

The dynamic capabilities of the quadrotor were accounted for when developing the
distances in the Dynamic Parametric Field. As the quadrotor approaches an obstacle, it passes
through four zones that are used to determine the forces applied to the pilot’s hand, as shown in
Figure 2-1. In this figure, d is the distance of the quadrotor from the wall. The distance from the
wall that forces begin to be felt is dmax, dgesired 1S the desired stopping distance for a given
velocity, dmig IS the beginning of the transition zone, and dpn is the minimum required stopping
distance for a given velocity. Two of the distances, dmin and dgesired, Were determined by
simulating the autopilot and quadrotor dynamics with initial velocities and constant desired
velocity inputs. The other distances are tuned by the user. A less experienced user may choose
higher values for the parameters to give longer warning distances and more force, whereas a
more experienced user may choose lower values for the parameters to receive less force feedback

assistance. A description of the various zones in Figure 2-1 will now be presented.

Transition
Zone Waming Zone v
| e SR
Collision zone | J | Safe Zone |
% i — r i .
in
_,ﬂ
-
; Clia
= dclssmed
dma::
<

Figure 2-1: Dynamic parametric field schematic
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2.1.1 Collision Zone

The collision zone is defined as the area between the wall and dpyin, which is the
quadrotor’s minimum stopping distance. When in this region, a collision with the wall is
unavoidable. The width of the zone is a function of the quadrotor’s approach velocity because
the minimum stopping distance is dependent on the velocity. The minimum stopping distances
for various initial approach velocities were found through simulation. The simulation was
performed for two control modes, which will be described in Chapter 3. For the velocity control
mode, a maximum velocity command was given in the opposite direction and the required
stopping distances were recorded. For the angle control mode, a maximum angle command was
given. A polynomial regression was done on the results of these simulations to create a
predictive equation for the minimum stopping distance with a given initial velocity. Simulation
results for the velocity control mode are shown in Figure 2-2.  As seen in the figure, the
stopping distance is a parabolic function of initial approach velocity. When the quadrotor is
within the collision zone the force output is set to the maximum value to help minimize the

collision speed.

2.1.2 Transition Zone

The transition zone provides a final warning before the quadrotor enters the collision
zone, after which a collision is unavoidable. When the quadrotor enters this zone there is a jump
in force output from the output in thr previous zone, and then the force increases asymptotically
to the maximum value as the quadrotor penetrates further, until the force reaches the maximum
value at the border of the collision zone. It has been observed that, without the transition zone, it

is difficult for the user to discern when the collision zone is about to be reached.
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Figure 2-2: Minimum stopping distance (dnin) as a function of initial approach velocity
(v) for the velocity control mode.

The distance from the obstacle that defines the beginning of this zone is dpig, and is
proportional to dmin. For example, dmig could be set to 1.25dmin, resulting in a transition zone that
is 25% of the size of the collision zone. dpig is made a function of dmin, rather than just being a
constant value, to give the user the same amount of reaction time; if dmig were a constant
distance, the time taken to travel through the transition zone would decrease as the velocity

increases.

2.1.3 Warning Zone

The warning zone is defined by two distances, dgesired aNd dmax. The desired stopping
distance is dgesiress Which is a subjective comfortable stopping distance, and was determined
through simulation with various initial approach velocities. In the simulation, a zero-velocity
command was applied and the required stopping distances required were recorded. A linear

regression was performed to determine the desired stopping distance for a given velocity. In the
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case of the angle control mode, a command was given to put the quadrotor at half the maximum

angle and a polynomial regression was performed on the results.

velocity control mode are shown in Figure 2-3.

Simulation results for the

Stopping Distance X-Dir

y = 1.6882x - 0.0034

ddesired

B O P N W AU O N O ©

Figure 2-3: Predictive equation for desired stopping distance

The distance dmax IS equal to dgesired PlUS @ constant value. This constant was added so

that even when the quadrotor has little or no velocity, there will still be a buffer between it and

an obstacle. All of the other distances are velocity dependent, so when the velocity is low they

will have little effect. The purpose of this buffer is to prevent the quadrotor from slowly drifting

into obstacles.

dmax defines the beginning of the warning zone.

Before the warning zone, in the safe

zone, no force is output to the user. In the warning zone, the forces increase linearly from 0% to

60% of the maximum force. When the quadrotor reaches dmig the forces jump up to 80% and

then increase up to 100% of the maximum force when dyn is reached. The force output with

respect to velocity and distance is shown in Figure 2-4.
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Figure 2-4: Force output as a function of velocity and distance for the Dynamic

Parametric Field

The forces for the dynamic parametric algorithm are

F(d) =

d>d
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where d is the distance to the wall and v is the velocity, and

dmax = ddesired + Xbuffer Xbuffer = constant (2-2)
(2-3) d,. . (v)=1.6882v—0.0034
dmid =dmin'c 1<C<1-5
(2-4)

(2-5) d_. (v)=0.1414v? +0.4869v — 0.0253.

2.2 Time to Impact

The time to impact (TTI) algorithm is based on work by others, such as Balas [16], who
have used inverse time to collision to assist drivers in maintaining safe distances while following
other cars. As the TTI decreases the haptic force increases. The TTI is calculated from the

current velocity v and distance d to the obstacle as

d
(2-6) TTlI =—.

<

The force is inversely proportional to the time to impact

(2-7) F=—r1o,

where k appropriately scales the forces. The time to impact is a measure of the time remaining (if
the velocity does not change) before collision will occur, which is why the forces are inversely

proportional. As time decreases, the force increases. Because the inverse TTI approaches
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infinity as the vehicle approaches an obstacle, the force level is saturated at the maximum force

level. The output force with respect to the velocity and the distances is shown in Figure 2-5.

Forcews: Distance & Velooty for Timerto Imygact

Finormalizad)

Figure 2-5: Force output as a function of velocity and distance for the time to impact
algorithm

Two TTI algorithms were created. The first implements (2-6) and (2-7) directly. The
second includes two modifications and the output force is shown in Figure 2-6. The first
modification is that there is a TT1 above which no forces are felt. This adds a safe zone in which

the user will feel no forces. The other modification is that there is a minimum TTI at which the

force jumps to the maximum allowable value Fax

TTI>3 0
Folsstnist. KL

TTI

TTI <t F
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(2-8)

Forcevs: Distance & Weloeity for Time to Impact Modified

F (nommalized)

Figure 2-6: Force output as a function of velocity and distance for the modified time to
impact algorithm

This minimum time ty, was found by using the dmi, equation from the dynamic parametric

algorithm and dividing both sides by the velocity as

0.0253
—

(2-9) t,.i, (V) =0.1414v +0.4869 —
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2.3 Spring Algorithm

The basic spring algorithm is based on the quadrotor’s distance from obstacles, whereas
the previous algorithms are functions of distance and velocity. In this algorithm, a virtual spring
is connected between the quadrotor and the obstacle. As the quadrotor approaches the obstacle,
the force increases linearly from zero at the outer limit of the spring region (which may be at the
center of a hallway, for example) to the maximum force at the obstacle as shown in Figure 2-7.
In many cases it may be desirable for the quadrotor to move away from the center of the hallway
without a force being felt by the user. To make this possible, the spring force can be modified so

that the spring region begins a distance dspring away from the obstacle

F dspring —d .

_ F=
(2-10) max g

spring
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Figure 2-7: Force output as a function of distance for the spring algorithm

In a modification to the basic spring algorithm, the force multiplier is made to be
dependent on the velocity of the quadrotor. The output force for this algorithm is shown in
Figure 2-8. This does not change the dependence on dspring, but only the magnitude of the forces
felt within the spring area. The force multiplier increases as the speed of the quadrotor increases.
The force goes from half of the maximum force to the full maximum force, by scaling the

velocity with the maximum possible velocity

V+V d spring d
(2-11) F=|Fou max |28
2V d spring

max
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Fores va. Distance & Melocity for Spring Algorithm with velocity dependance

Fnomalized)

Figure 2-8: Force output as a function of velocity and distance for the spring algorithm
with velocity dependence

2.4 Input Device Position Dependency

The force feedback algorithms described in the previous sections apply forces that help
the pilot to avoid obstacles, but the forces were sometimes harmful. Because of the dynamics of
the quadrotor, by the time the obstacle avoidance forces subside, the quadrotor accelerates away
from the obstacle, resulting in an unintended velocity in this direction. In some cases, where
obstacles are close together, the forces cause instabilities and collisions. To address this issue,
another dependency was added to all of the algorithms: the position of the input device.

In each algorithm, the output is scaled between zero and one and then multiplied by the

maximum force. With input device position dependency, instead of multiplying this output by
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the maximum force, it is multiplied by 50 to get a desired input device position pgesireq DECAUSE
the input device area is limited to 50 mm in each direction, making the entire input device area
100x100x100 mm. For example, for the basic spring algorithm the desired input device position
IS given by

spring

d
(2_12) pdesired =50 d )

spring

A force output of zero corresponds to the desired input device position at the zero
position, and an output at the maximum corresponds to a desired input device position of 50.
The actual position p of the input device is compared to the desired position and divided by 100,
which is the maximum possible difference in positions. This scales the output between zero and

one so it can be multiplied by the maximum force to get the force output to the haptic interface

P - Paesi
(2-13) F=Fo (P Poesrs ) . (‘)’Bs”ed )

This is analogous to having a spring connected to the input device with the zero position
of the spring changing according to the output from the force feedback algorithm. It rewards the
user for doing the correct action. If the user moves the input device in the direction necessary to
avoid a collision, the force decreases. However, if the user does not move it in the correct
direction the forces increase.

The force output as a function of the input device position and the desired input device
position is shown in Figure 2-9. When the desired position is 50, meaning the algorithm wants
the input device to be all the way forward, and the input device is at -50, meaning that it is all the

way back, the output is the maximum force. If instead the input device were at 0 or 50, the

output would be half the maximum force or 0, respectively. When the desired position is at 0
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and the input device is at -50, the output would be half the maximum force, and if the input

device were at 0, there would be no force output.

Forcevs: Position & Desired Pasition
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Figure 2-9: Force output as a function of position and desired position output from the
force feedback algorithms

Figure 2-10 illustrates an example of how the input device position dependency works.
In this figure, each box represents the X-Y plane of the input device workspace, the blue circle

represents the current position of the input device, and the red diamond represents the desired

position as dictated by the force feedback algorithms.
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D

Figure 2-10: Example of the forces changing as a function of the position of the input
device and the desired position output by the force feedback algorithms

In Figure 2-10 (A), the input device is commanding forward motion and the quadrotor is
near an obstacle to the front, causing the feedback algorithm to give a desired position where the
diamond is. The spring between the two represents the force pulling the input device to the
desired position. In (B) the input device has not been moved and the quadrotor has gotten closer
to the obstacle. The desired position has moved further back and the effective spring force
pulling the input device has increased. Now the input device is pulled back and is closer to the
desired position and the force is decreased as shown in (C). In (D) the position of the input
device is the same as the desired position and there is no force pulling the input device in either

direction.
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2.5 Algorithm Summary

Five force feedback algorithms were developed to determine the forces output to the pilot
through the force feedback device. The dynamic parametric field is based on the dynamics of
the quadrotor and has different zones that determine how the forces are output. Two algorithms
are based on the time remaining before the quadrotor comes into contact with an obstacle. The
last two algorithms are based on the idea of a virtual spring between the wall and the quadrotor.
Input device position dependency was added to all of the algorithms to prevent the force

feedback from causing instabilities and collisions.
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3 Simulation System

Force feedback algorithms for control of quadrotors were described in Chapter 2. In this
chapter the hardware and software for simulating the force feedback algorithms and quadrotor
dynamics are described. The simulation was built using Simulink, a graphical simulation
environment within MATLAB. Simulink was used to model the quadrotor dynamics and the
autopilot functions, and the SensAble PHANTOM was used to command the simulated
quadrotor and provide force feedback to the user. An overview of the system is shown in Figure

3-1.

3.1 System Overview

The position values of the PHANTOM are read in through the Force function shown in
Figure 3-1 and then passed to the Autopilot function. The autopilot interprets the positions as
either desired velocities or desired angle states, depending on the application.  The autopilot
receives the states of the quadrotor from the Quadrotor Dynamics function to be used in the
control loops and then calculates the voltages to be sent to the motors on the quadrotor. The
Quadrotor Dynamics function turns these voltages into force values from each rotor and then
calculates the states of the quadrotor at the next time step. These states are sent back to the force
function which gives a graphical display of the quadrotor in a hallway as if looking through a

camera on the quadrotor. The force function also uses the states of the quadrotor as well as the
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positions of the phantom to calculate appropriate forces according to a force feedback algorithm.
These forces are then sent to the PHANTOM to be felt by the hand of the user. The individual

components will now be described.
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Figure 3-1: Overview of the main components and functions involved in the quadrotor
simulation
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3.2 Control Modes

Two types of simulation systems were developed. In velocity control mode, the forward
and lateral displacements of the input device correspond to velocity commands in the body-
fixed forward and lateral directions, respectively. In angle control mode, the displacement of
the input device corresponds to pitch and roll angle commands. In both modes a vertical input
displacement corresponds to a vertical velocity command and a rotational displacement of the
input device corresponds to a yaw angle rate command. In velocity control mode, velocity
commands were chosen because they make the quadrotor more intuitive to control compared to
commands. When the input device is moved forward the quadrotor moves forward, when the
input is brought to the center of the workspace the quadrotor comes to a stop, and when the
input is move backwards the quadrotor moves backwards. The problem with velocity control
mode is that it requires accurate velocity estimates to be used in the control loop. An onboard
system to determine velocities accurately in indoor environments has not yet been developed.
Also, the quadrotor used for flight testing, as described in Chapter 6, does not have the
capability to do velocity control. The quadrotor used in this study accepts either angle or
angular rate commands. A simulation was also made to take angle commands to simulate the
control system that is used for flight testing. Angle commands were chosen instead of angle rate

commands because commanding angles was found to be more intuitive and easy to control.

3.3 SensAble PHANTOM

The SensAble PHANTOM (Figure 3-2) is a commercial haptic device with 6 degrees of

freedom (DOF) sensing capabilities: x, y, and z positions, and roll, pitch, and yaw angles. The
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PHANTOM also has three force degrees of freedom, allowing it to generate forces in the X, v,
and z directions. The maximum force output in each direction is 8.5 N [17]

The PHANTOM provides an intuitive interface for commanding a quadrotor, since the
six sensing degrees of freedom of the PHANTOM may be mapped onto the six motion degrees-
of-freedom of the quadrotor. For a quadrotor, the pitch and forward translation degrees of
freedom are coupled. Similarly, roll and lateral motion are coupled. As a result of these coupled
degrees of freedom, only four independent command variables are required to control the
quadrotor: forward translation or pitch, lateral translation or roll, vertical translation, and yaw

angle.

Figure 3-2: The SensAble PHANTOM Premium 1.5 used to control the quadrotor

For this thesis, displacements of the PHANTOM handle in the x, y, and z directions are

mapped into velocity commands in the forward, lateral, and vertical quadrotor directions,
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respectively, for velocity control mode. They are mapped in to the pitch angle, roll, angle, and
velocity in the vertical direction, respectively, for angle control mode. The horizontal rotational
angle of the handle is mapped into desired quadrotor yaw rate.

The PHANTOM connects to the computer through the parallel port and can communicate
with the computer through a C++ library created by SensAble. It is able to communicate with
Matlab through a DLL library that was created for this thesis. Five Matlab functions were
created: an initialization function, a shutdown function, a function to read in the x, y, and z
positions, a function to read in the three gimbal encoder angles, and a function to apply forces in
the x, y, and z directions. These five functions give Matlab the functionality necessary to be the

platform for this simulation.

3.4 Simulink Model

The commands generated by the user using the PHANTOM are read into a Simulink
model that simulates the quadrotor dynamics and autopilot, calculates feedback forces based on
the algorithms described previously, and generates the graphics for a simulated indoor
environment. The highest level of the Simulink model is shown in Figure 3-3. The PHANTOM
commands are read in the Force/Plotting block. These commands are passed to the Autopilot
function where commands to the individual quadrotor motors are generated. The Dynamics
block simulates the complex quadrotor equations of motion in response to the motor commands.
The states of the quadrotor are sent to the Force/Plotting block, where feedback forces are
computed, based on the force feedback algorithms described in Chapter 2, and sent to the
PHANTOM. The loop rate of the Simulink model was found to be about 30 Hz. The

Force/Plotting, Autopilot, and Dynamics blocks will be described in more detail below. The
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other blocks shown in Figure 3-3 are for handling input parameters, data collection, and timing

functions, and will not be described in further detail.
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Figure 3-3: The Simulink block diagram used to simulate the quadrotor with haptic
feedback

3.4.1 Autopilot Function

The autopilot function was developed by Dr. Randal Beard, a professor in the Electrical
Engineering Department at Brigham Young University, but modified by changing some control
loops and gains for this application. It receives the velocity or angle rate commands and
quadrotor states, and generates quadrotor motor commands. In the velocity command mode, the
actually velocity is compared to the desired velocity and then, using a PD control loop, it
calculates a desired roll or pitch angle in the case of x and y directions. In the case of the z
direction, the loop outputs a thrust force. The desired roll and pitch angles are compared to the
actual angles and then sent through another PD control loop that calculates the torques about the
body x and y axes. For the yaw rate, the desired and actual rates are compared and sent through
one PD control loop to calculate a z axis torque. The thrust and torques are then multiplied by

known parameters of the quadrotor, such as mass and moments of inertia, to determine motor
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commands to be sent to the quadrotor. In angle command mode, the first control loops, in which

the velocities in he x and y directions are compared, are not used.

3.4.2 Quadrotor Dynamics Function
The motor commands are received by the quadrotor dynamics function and used to
calculate the torques and forces that act on the quadrotor body. These forces and torques are

used as inputs to the quadrotor equations of motion given by

Pn| (CY Sy —Cdsy Cosly +Sgsy
Pe |=| CBY  Sgsbsy —ChCy  CgsEsy +Sgcy | v

3-1)
h so —sgcd —cgco W
u rv—qw f,
(3-2) V|=| pw-—ru +H f,
W qu — pv f,
(3:3) ¢ 1 singtand cos@tand | p
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7 sing  cosg |
cosé cosé
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where
pn = the inertial north position
Pe = the inertial east position
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h = the altitude of the quadrotor

u = the body frame forward velocity

v = the body frame lateral velocity

w = the body frame vertical velocity

@ = the roll angle measured in the vehicle 2 frame
6 = the pitch angle measure in the vehicle 1 frame
w = the yaw angle measure in the vehicle frame

p = the roll rate measured in the body frame

g = the pitch rate measured in the body frame

r = the yaw rate measured in the body frame.
These equations were derived by Dr. Randal Beard [18] and are used with Simulink’s built in

ODE solver, which calculates updated state variables at each time step.

3.4.3 Force/Plotting Function

In this block, the feedback forces are calculated as a function of the quadrotor states and
the quadrotor’s relationship to the simulated indoor environment. The quadrotor states are also
used to generate the appropriate camera view in the simulated environment.

To determine the forces to feed back to the user via the PHANTOM, the X, y, and z
positions of the quadrotor are compared with the known location of the nearest obstacles in the
world frame. This means that the distances are calculated in the world frame, whereas the
distances on the real quadrotor will be found in the body frame. It can be shown that the force
output will be the same in either case. An example is given in Figure 3-4 using the time to

impact algorithm. Depending on the force feedback algorithm (see Chapter 2), the distances are
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either used with only the position of the PHANTOM or both in combination with the Cartesian

velocities to calculate the forces that will be applied to the hand of the user.
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Figure 3-4: Example of how forces are the same whether distances are found in the
world frame or the body frame

The force function is also used to make the quadrotor feel like a traditional joystick.
First, a spring force is used to help bring the PHANTOM back to its zero position. This is done
by exerting a force proportional and opposite to the displacement of the PHANTOM. This

centering force is included because it is difficult for a user to know where the zero position is
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without looking at the controller. It is important that this force is smaller than the collision
avoidance forces, so as not overpower them.

Another force that is added is a controller area limiting force. The workspace of the
PHANTOM is very large and not symmetrical. This force limits the workspace of the phantom
to about a six inch cube. It is implemented by simulating a very stiff spring when the
displacement of the PHANTOM exceeds a certain value. This keeps the controller within the
range specified and its feel is significantly different from the collision avoidance forces so the

two are not confused.

3.5 The Indoor Environment

The purpose of this thesis is to explore force feedback for piloting quadrotors in indoor
environments. A simulated indoor course was created to enable testing and refinement of the
force feedback algorithms presented previously. The simulation course consists of a hallway
with two turns and various other obstacles, as shown in Figure 3-5.

The width and height of the hallway is 10 times the width of the quadrotor. The
quadrotor begins the course in the middle of the hallway where it is pictured in Figure 3-5. In
Zone 1, outlined by the dashed red lines, there is wind that pushes to the left. This is to see if the
force feedback algorithms are robust against wind and also to move the quadrotor out of the
middle of the hallway to make the doorway (Obstacle 2) more difficult to pass through. Obstacle
3 is a curved wall to test the effects of the algorithms against non-straight surfaces. The
quadrotor must then traverse over Obstacle 4 and under Obstacle 5. Obstacle 6 is an area of

almost total darkness to test the effect of having very little visual information. Obstacle 7 is a
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pillar placed in the middle of the hallway. After the pillar, the user goes toward the end wall and

the simulation stops automatically when within a certain distance of this wall.

Figure 3-5: Overhead view of the hallway course

During the simulation, the hallway and obstacles are plotted using the patch function in
Matlab which creates 2 dimensional patches in the 3D world. The view of the camera is placed
at the x, y, z location of the quadrotor and oriented using the rotational states of the quadrotor. At
each time step, the camera is moved to the current x, y, z coordinate and rotation, which creates
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the impression of a continuously running camera. Three sample views created in this way are

shown in Figures 3-6 through 3-8.

Figure 3-6: Camera view at the course beginning

Figure 3-7: Camera view from the quadrotor after making the first turn
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Figure 3-8: Camera view from the quadrotor looking at the pillar after the dark area

3.6 Other Simulation Features

The simulation is controlled using a graphical user interface shown in Figure 3-9. On the
left in the Force Algorithm box are buttons that allow the user to choose which algorithm to use
for the force feedback. The buttons in the Simulation Mode box switch between training and
testing mode. In training mode, all parameters can be chosen freely and in testing mode the
parameters are pre-programmed and the user is not shown what the parameters are. This is for
statistical testing to prevent bias in the experiment. The other parameters that can be changed
(from left to right along the bottom) are the force level, whether there are forces or not, the
controller sensitivity (identified as Maximum Velocity), overhead view or camera view, and

black area or no black area. The auto centering button was for a feature that is no longer used.
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Figure 3-9: GUI used to control the quadrotor simulation

Above the start button in the bottom left corner is a box for the name of the current user.
When the user enters a name, a file is created to store simulation data about that user’s runs.
During the simulation, data are stored in temporary files. These data include all states, force
information, where hits occur, etc. After the simulation ends, a function is called that creates and
saves a plot of the quadrotor path and calculates and saves statistical data about the runs. These
statistics will be discussed in Chapter 4. On the plot of the quadrotor path, the collisions are
highlighted by large red dots, from which the number of times the user hit can be counted. An

example of this is shown in Figure 3-10.
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Figure 3-10: An example output path for a user showing the hits in red and the time
taken to complete the course

3.7  Summary

A simulation was created using Simulink to simulate a quadrotor flying through an
indoor environment. It is interfaced with a human operator using the SensAble PHANTOM
commercial haptic device. The simulation uses an autopilot function that sends commands to a
dynamics function that uses the equations of motion of a quadrotor to calculate the states at each
time-step of the simulation. A force function uses the states of the quadrotor along with the

positions of the PHANTOM to calculate the feedback forces and send them to the PHANTOM.
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An indoor environment is created with several obstacles. A GUI allows the user to change
parameters and begin the simulation, and information about each run is recorded when the

simulation ends.
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4 Human Subject Experiment 1 — Velocity Control

An experiment involving human subjects was conducted to test the force feedback
algorithms using velocity control of a simulated quadrotor. The purpose of the experiment was
to determine if force feedback helps pilots in the remote operation of a quadrotor and, if so,
which algorithm is the most beneficial. Another purpose was to find if the level of force has an

effect on the operation and find out which force level is most beneficial.

4.1 Factors and Factor Levels

Two factors were chosen for testing: force feedback algorithm and force level. There are
many other factors that may affect the control of quadrotors in indoor environments, but because
the purpose of this thesis is to explore the effects of force feedback only, no other factors were
considered.

For the force feedback algorithm factor, five levels were tested. The five levels are the
five feedback algorithms discussed in Chapter 2: (1) dynamic parametric field, (2) time to
impact, (3) time to impact with a no-force zone and minimum time, (4) spring algorithm, and (5)
spring algorithm with a velocity-dependent time constant. The second factor, force level, is the
tunable maximum force parameter in the algorithms listed above. The PHANTOM interface has
a constant force output range of 0 to 8.5 N, so three levels within that range were tested: 3, 5, and

7 N. Testing at these three force levels adequately spans the force range.
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To determine if piloting a quadrotor with force feedback is superior to piloting without
force feedback, runs with no force feedback were added to the experiment. This is an additional
level of the feedback algorithm factor, but because it cannot be tested at different force levels it

is treated as a separate factor.

4.2 Experiment Design

4.2.1 Experimental Setup

Typical statistical Design of Experiments (DOE) methods of having a number of factors
each with a number of levels could not be employed because the experimental runs without force
feedback do not fit in as a level of either factor. The experiments were designed in consultation
with the BYU Center for Collaborative Research and Statistical Consulting. The experiment was
set up to have fifteen users that complete six runs each. Five of the runs were a random subset of
the five algorithms/three force level combinations. Another run that has no force feedback was
placed randomly within that subset. Between all fifteen users, each combination was tested 5
times and the no-force case was tested 15 times. The resulting experiment design is an
incomplete block partially confounded factorial. The reason it is incomplete is because each
subject’s block of runs does not span all possible combinations. The experiment is partially
confounded because one run (no force feedback) is tested more than the others. An experiment

that is not confounded would have all combinations tested an equal number of times.

4.2.2  Testing Procedure
All of the experiments were performed under Brigham Young University IRB protocol

01-0170 and all volunteers were given adequate time to read and sign a consent form before
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participating in the experiment. The volunteer was then brought to the simulator station and was
given instructions. First, the user was told what a quadrotor is and was made aware of its omni-
directional capabilities. The force feedback capabilities of the PHANTOM were then explained
and the user was shown how to guide the quadrotor and given an example by the test
administrator. The objective was explained as completing the simulated indoor course without
any collisions and as quickly as possible. Both goals were given equal weighting for this
experiment. The user was told that the force feedback algorithms would change for each run, but
they would not be told which algorithm it was, and they would not be able to see any results until
all of the runs were completed.

All subjects had never used the simulator, nor seen it used prior to the experiment. Each
was given two practice runs with the objective of familiarizing themselves with the simulator.
After the practice runs, they were asked to complete six consecutive experimental runs. After
each run the user would fill out a form to measure their workload. When all six runs were
completed, they would fill out a questionnaire to asses the overall experience. All users were
treated equally and precautions were made to remove all possible bias from the experiment, such

as randomizing the runs and giving equal treatment to the volunteers.

4.3 Measures

Several measures, or outcomes, were chosen to assess the effectiveness of the force
feedback algorithms. They are divided into two categories, direct and indirect measures. The
direct measures indicate whether the force feedback prevented costly collisions and if it helped

or hindered the pilot in efficiently completing the tasks. The indirect measures do not tell how
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well a force feedback algorithm performed, but are possible indicators as to why an algorithm
performed better or worse. The direct measures are outlined as follows:
= Number of Hits — This measures how many times the quadrotor hits an obstacle. Because
it is possible to scrape along obstacles, each continuous length of hit is recorded as one
hit.
= Length of Hits — This measures the length of each hit using the Euclidean distance
between hit points at each time step in the simulation and adds them together.
=  Workload — The overall workload of user for each run, measured by the user with the
NASA Task Load Index (TLX) developed by Hart and Staveland. [15]
= Time - The total time to complete the course.
The indirect measures are:
= Average Velocity — The average overall velocity of the quadrotor throughout the entire
run.
= Standard Deviation of Velocity — The standard deviation of the velocity of the quadrotor
throughout the run.
= Path Length — The entire distance travelled by the quadrotor for the run.
The following measures were recorded for each direction, x, y, and z, independently, as well as
the Euclidean average of the three directions.
= Average Force — The average force (in Newtons) that the force feedback algorithm output
to the haptic device during the entire run. Forces are output and recorded when the
quadrotor hits an obstacle, even in the case of no force feedback.
= Standard Deviation of Force — The standard deviation of the force that the force feedback

algorithm output to the haptic device.
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= |nput Device Command Average — The average distance (in mm) of the input device
from its zero position.
= |nput Device Command Standard Deviation — The standard deviation of the distance of

the input device from its zero position.

4.4 Results and Analysis

The analysis of this experiment was done in two parts due to the complexity of the
design. First, the sixteen possible runs were analyzed as separate treatments. Second, the no-
force runs were ignored and the experiment was analyzed as if it were a 3x5 factorial, meaning
that there is one factor with three levels and one factor with five levels. Both were analyzed
using a mixed-model analysis of variance (ANOVA), treating the block as a random variable to
take into account differences between users.

An ANOVA uses the variance of an outcome, or measure, to determine statistical
differences between the means of that outcome of the different factor levels. It does this by
using the variance of the measure to create normal probability distributions around the mean of
each factor level. The farther away one level’s mean is from another, the less probable it is that
the means are equal and the variation is due to noise within the data. The probability of the
means being equal is determined by the variance of the data. The output of the ANOVA is a
probability that the two means are equal. If the probability falls below .05 than it is considered
statistically significant that there is a difference in the means.

Using the mixed-model analysis allows the differences between users, such as one user
performing much better or worse than another, to be accounted for and equalized when doing the

ANOVA. This is because it allows analysis of fixed-effects, such as the changes in the factors,
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along with the analysis of random effects, such as different people performing the experiment.
By treating the different users as a random effect, the variance of each user and the variance
between users can be accounted for to reduce the variance used in the ANOVA calculations, thus
giving more power to discern differences between means. This equalizing is done because the
experiment is seeking to find the differences between the factor levels, regardless of the user

performing the experiment.

4.4.1 16 Treatment Analysis

To determine if any of the combinations were different from having no force feedback, a
mixed-model ANOVA was done while treating each of the fifteen combinations and the no force
runs as different factors, or treatments, instead of levels of two factors. If there was greater than
a 95% confidence level that there was a difference for a measure, then each of the fifteen
combinations were compared with the no force runs using the Dunnett simultaneous test [19].
This test uses one control variable, no-force, and compares it to all of the other treatments to
determine which combinations were different and whether they are statistically higher or lower
than no-force. It takes each treatment and calculates a test statistic that it compares to a critical
value that is taken from a Dunnett table to determine the significance. The critical value depends
on the number of samples in the treatment and the number of treatments being compared.

The measures that were significantly different (95% confidence level) were hits, hit
length, workload, completion time, average velocity, standard deviation of the z command, and
all of the force measures. The significance of the force measures is trivial since they are being
compared to having no force, so those results were not analyzed further. The other results were
compared using the Dunnett tests. For hits and hit length, it was found that only the time to

impact algorithm at the highest force level was significantly different than having no force
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feedback and that it reduced both. Only the spring algorithm with the velocity dependence at
force level 7 N significantly increased the workload compared to having no force feedback. The
spring algorithm at a force level of 5 N was the only algorithm to significantly increase
completion time.

The results of the average velocity comparison showed that the time to impact algorithm
at the 5 and 7 N force levels and the spring algorithm with the velocity-dependence at the 5 N
level decreased the average velocity. It is possible that the lower average velocity of the spring
algorithm is the reason that it had a higher time to completion. However, it is inconclusive
because the time to impact algorithms did not show significantly higher completion times,
despite the lower average velocity. The parametric algorithm at the highest force level had a

lower standard deviation in the z command, from which no conclusions are apparent.

4.4.2 3 x5 Analysis

For this analysis, the no-force runs were ignored and the data was analyzed as if the
experiment were a 3x5 full factorial. Again, the ANOVA was done for each measure. If
significance was found, an effects plot was created for the main effect or interaction to determine
where the significance was. The outcomes that were found to be significant were hit length,
workload, average and standard deviation in the z command, and all of the force measures.

The significance in the hit length and number of hits was found to be in the force level.
From the main effects plot shown in Figure 4-1 it can be seen that increasing the force level from
3 to 5 N significantly decreased the hit length. The dashed line in each figure represents the
overall data mean. For workload, the significance was in the algorithm and the interaction.
These are shown in Figures 4-2 and 4-3. The main effects plot shows that the spring algorithms

with the velocity dependence resulted in a higher workload than all of the other algorithms. The

o1



interaction plot shows that at the lowest force level the workload was similar to that of the other

algorithms, but at the higher force levels the workload significantly increased.

Main Effects Plot - Data Means for Hit Length
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Figure 4-1: Main effects plot of hit length vs. force level for the 3 x 5 analysis of
experiment 1
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Main Effects Plot - Data Means for Workload
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Figure 4-2: Main effects plot of workload vs. algorithm for the 3 x 5 analysis of
expereriment 1
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Figure 4-3: Interaction plot for workload, force, and algorithm
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The force level had a significant effect on both the average and the standard deviation of
the z command. This is shown in Figures 4-4 and 4-5. These plots indicate that the average and
standard deviation of the z command decreased between 3 and 5 N but did not have a significant
change between 5 and 7 N. This is most likely due to the centering force of the controller. The
higher forces made the centering force higher, which reduced movement in the z direction. It is
possible that because the higher centering forces caused a significant effect, they may also have
some influence on how well the force feedback algorithms performed. This is something that

could be investigated further in the future.
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Figure 4-4: Main effect plot of the average commanded velocity in the z direction vs.
force level
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Figure 4-5: Main effect plot of the standard deviation of the zcommand direction vs.
force level

The results of the force measures showed that higher force levels created higher average
forces and greater standard deviations of forces, which again is a trivial outcome. The results
also showed that the time to impact algorithm at the higher force levels had significantly larger
force output than the other algorithms as shown in Figure 4-6. This figure indicates that the time
to impact algorithm at the highest force level had the highest average force output. This is the
same algorithm that showed a significantly lower hit length and the higher forces could be the
cause. The results of the force measures in the separate directions will not be discussed because

they are similar to the results for the composite forces.
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Figure 4-6: Interaction plot for average force output, algorithm, and force level

443

All of the users for this experiment were current students at Brigham Young University.
The average age was 23.67 years, ranging from 18 to 29. Twelve of the students were male and

three female. Thirteen were right handed and two were left handed and all used their dominant

hand for the experiment.

experience with joysticks and flight simulators, some indicated moderate experience, and two

indicated that they were very experienced.

After the experiment was completed, the users were asked to give subjective analysis of

some of the aspects of the experiment. Each question was given a rating scale from one to five

User Statistics and Post Experiment Questionnaire

The majority of the volunteers indicated that they had little or no

in increments of one. The results of the questionnaire will be briefly discussed.
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When asked how much the force feedback influenced their flying, users responded with
an average of 3.2, meaning it did influence them some, but not completely. They gave an
average rating of 3.3 when asked how helpful the force feedback was and an average of 2.95
when asked if they felt more confident. More users could tell that there were different
algorithms, with an average rating of 3.8, and users thought that the course was fairly hard, but
not too hard, with an average rating of 3. The subjects indicated that the runs were mentally
challenging, with an average rating of 4.1, and said that they would want force feedback to help

them to fly a real quadrotor in which they had invested money, with an average rating of 3.8.

4.5 Experiment Conclusions

From the analysis of this experiment it can be concluded that higher forces resulted in
fewer hits and that the time to impact algorithm at the highest force level was the only
combination of factors that significantly reduced the hits when compared to having no force
feedback, however it was not significantly better than any of the other combinations. None of
the algorithms improved the time to completion, and the spring algorithms with velocity
dependence created higher workload for users. These results indicate that, when commanding
velocity, the time to impact algorithm is most likely the best and that the second spring algorithm
is not desirable since it increases workload.

While the results of this experiment give some information about the effectiveness of the
algorithms, they are not strongly compelling. The lack of significance between algorithms is
likely due to high variation in the measures. It was observed that during the runs, users favored
one objective (speed of completion or obstacle avoidance) over the other. This is one major

source of variation that may have caused bias in the experiment.
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5 Human Subject Experiment 2 — Angle Control

A second experiment was designed to test the effects of the force feedback algorithms as
a pilot guides a quadrotor using angle commands from the controller, rather than velocity
commands. As in the first experiment, the goal is to determine whether the algorithms are better

than having no force feedback, and which algorithm is most beneficial.

5.1 Factors and Factor Levels

Information from the previous experiment was used in designing the second experiment.
First, it was determined that the force level did not have a significant effect for forces greater
than 5 N. For this reason, force level was not included as a factor in the experiment and the force
was held constant for all runs. Secondly, it was decided to not include the spring algorithm with
the velocity dependence because of its poor performance in the previous test. The time to impact
algorithm with the no force zone was also not included as a factor level, not because it performed
poorly, but because the original time to impact algorithm did very well and it was determined to
be unnecessary to test more than one version of this algorithm.

A DOE was created with one factor, the force feedback algorithm, with four levels
corresponding to (1) the dynamic parametric field, (2) time to impact, (3) basic spring algorithm,

and (4) no force.
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5.2 Design of Experiments

Because force level was not being tested as a factor for this experiment, the DOE setup
was much simpler. The experiment was one factor with four levels. Each person who
volunteered for the experiment completed one block of eight runs. Each algorithm was tested
twice within the eight runs in random order. Eight people completed the experiment resulting in
each algorithm being tested sixteen times.

The testing procedure was the same as the first experiment except that each person
completed eight runs instead of six, after the two practice runs. Also, before the experimental
runs the users were told that the primary objective was to get through the course without any
collisions and the secondary objective was to do it quickly. This was changed from the previous
experiment because controlling the quadrotor was more difficult in general with angle control.
Also, in the previous experiment it was noted that not all users gave equal weighting to both

objectives, which may have caused greater differences between users.

5.3 Results and Analysis

The measures for this experiment were the same as the previous experiment and were
again analyzed using ANOVA with the block as a random variable. The ANOVA only indicates
if there is a difference between the levels for a measure. When a measure was found to be
significant, the algorithms were compared using a Tukey pairwise comparison test [19]. This
test compares each level with all of the other factor levels to find out where differences occurred
and whether they are statistically higher or lower. It is similar to the Dunnett test except that it

compares all possible pairs of means to determine differences and uses a different calculation to
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determine the test statistic and a different critical value for comparison. The results here are

divided into direct and indirect measures, as described in Section 4.3.

5.3.1 Direct Measure Results

For the number of hits, the time to impact algorithm had significantly fewer hits than the
other algorithms and no-force. No differences between the other algorithms were significant
relative to the number of hits. For the length of hits, the time to impact algorithm was
significantly lower than the spring algorithm and no-force. The parametric algorithm and no-
force were lower than the spring algorithm. The box plot in Figure 5-1 shows the 95%
confidence intervals for the different algorithms. In all of the figures in this section, 1 is the

parametric algorithm, 2 is time to impact, 3 is the spring algorithm and 4 is no-force.
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Figure 5-1: Boxplot for hit length.
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No statistical difference was found for the amount of time taken to complete the course.
This means that none of the algorithms decreased the time taken, but also that none of them
increased the time. For workload, the spring algorithm caused a significant increase when

compared to the parametric algorithm and time to impact. This is illustrated in Figure 5-2.
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Figure 5-2: Boxplot for workload.

5.3.2 Indirect Measure Results

The indirect measures that are significant are the length, the average and standard
deviation of velocity, and all of the force measures. None of the command measures had
significant differences. The spring algorithm caused a significant increase in the path length
when compared to the time to impact algorithm and no-force. For the average and standard
deviation of velocity, both the parametric algorithm and time to impact showed significant

decreases compared to the spring algorithm and no-force. The results for path length and
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average velocity are shown in Figures 5-3 and 5-4. The fact that the parametric algorithm and
time to impact both had lower average and standard deviation of velocity and performed better
when comparing hits and hit length suggests that the lower velocity may help the quadrotor to

avoid obstacles.
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Figure 5-3: Boxplot for path length.
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Figure 5-4: Boxplot for average velocity.
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All of the force measures were significant. However, all of the results were similar for
the separate directions, and so only the overall average will be discussed. All the algorithms
naturally had a higher average force than no-force. The parametric algorithm had a lower
average force than the spring algorithm and time to impact, and time to impact had a greater
average force than the spring algorithm. This is shown in Figure 5-5. The reason no-force is not
zero in this figure is because forces were still applied and recorded when an obstacle was hit. It
IS interesting to note that although the parametric algorithm and time to impact performed well in
the hits measures, they had significantly different average force outputs. This means that it is not

necessarily how much force is applied that causes fewer hits, but how the forces are applied.
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Figure 5-5: Boxplot for average force output
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5.4 Experiment Conclusions

The experimental results suggest that the time to impact algorithm is the most useful to
help pilots avoid collisions. It proved to be better than all the other algorithms in the number of
hits and better than the spring algorithm and no-force in hit length. The parametric algorithm
was better than the spring algorithm in hit length, but not better than having no force. Despite
performing better in several key measures, the time to impact algorithm did not significantly
increase workload or time to completion compared to the other algorithms. The spring algorithm
is the worst, as it increased the hit length compared to no-force and increased the workload and
path length.

To determine if piloting in velocity control or angle control was statistically better,
identical runs (the same algorithm at the same force level) were taken from both human subject
experiments and compared as if there was only one factor, the control mode, and two levels,
velocity control and angle control. It was found that there are no significant differences for any
of the direct measures, and the only indirect measures that are significantly different are the input
device command average and standard deviation. These measures should be different because
the control mode is different, with displacements of the input device corresponding to different
commands to the quadrotor. This indicates that, although it is more intuitive, velocity control
does not help users to avoid obstacles, do the task more quickly, or relieve the mental workload
more than angle control. It was initially hypothesized that the lack of clear results in the velocity
control mode may be due to the fact that it is a more natural and effective control mode, and
therefore force feedback was unhelpful in successfully completing the course. The comparison
of the two control modes suggests that this is not the case, since both control modes yielded

similar direct measures.
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6 Flight Tests

An experiment was conducted to demonstrate the use of the force feedback algorithms
and software in piloting an actual quadrotor UAV in an indoor environment. In this experiment,
the PHANTOM was used as the input and force feedback device, and ultrasonic sensors on the
quadrotor provided information on the distance of the quadrotor from obstacles. The system is
shown in Figure 6-1.

The PHANTOM positions are read into the ground station computer and converted into
commands for the quadrotor. The program on the ground station computer is in MATLAB
which communicates with an XBee radio over the serial port. These commands are sent to the
autopilot on the quadrotor through an XBee radio that is mounted on the quadrotor. The
autopilot sends its telemetry data back to the computer through the XBee radio. Simultaneously,
the ultrasonic sensors read in range data and send them to the ground station computer through
the XBee. The program on the ground station computer uses range information, telemetry
information, and PHANTOM positions to calculate feedback forces, which are then applied to

the pilot via the PHANTOM.
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Figure 6-1: Overview of the main components and functions in the quadrotor system

6.1 The Hummingbird

The quadrotor used for testing is the Hummingbird developed by Ascending
Technologies (Figure 6-2). The Hummingbird includes a central control unit, an autopilot, motor
controllers and motors. The autopilot has two different control modes [20]. In one mode the
autopilot controls the pitch and roll rates and in the other it controls the pitch and roll angles. In
both modes the autopilot controls the yaw rate. When in angle control mode, the autopilot also
has two modes for the height control. In one mode the autopilot controls the thrust and in the

other mode it controls the rise and fall rates.

68



Figure 6-2: The Hummingbird by Ascending Technologies

6.2 Sensors and Communication

The sensors used to find distances of obstacles around the quadrotor are the MaxBotix
LV-MaxSonar-EZ4 ultrasonic range finders. These range finders can detect objects at a distance
of 0 to 254 inches with one inch resolution [21]. The EZ4 was chosen because it has the most
narrow beam width of the EZ series. Three of these sensors were used for the testing; one
pointing out the front of the quadrotor and one pointing out either side. The sensors sample
every 50 ms and are sent as analog signals to the XBee radio, which converts them to digital
signals for transmission to the ground station computer.

The XBee is a radio modem that operates at a 2.4 GHz frequency and has an indoor range

of 100 ft and 300 ft for the XBee and the XBee-Pro, respectively [21]. An XBee-Pro is mounted
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on the quadrotor and the range data from the ultrasonic sensors are sent to its analog-to-digital
pins. The telemetry data from the quadrotor are sent to the digital out pin and the commands
from the computer are sent to the digital in pin. All of this information is transmitted back and
forth to an XBee connected to the serial communication port of the ground station computer.

The information is read in and sent out of the serial port using Matlab.

6.3 Flight Testing

Flight tests were performed in a rectangular room without clutter using the system
described and the time to impact algorithm. The tests were done with the autopilot in angle
control and thrust control modes. During flight, the inputs from the PHANTOM controlled the
pitch and roll angles, which allowed the pilot to control forward and lateral motion. The thrust
and yaw angle were controlled independently to maintain a constant heading and altitude.
Information was sent between the computer and the quadrotor at a rate of about 28 Hz. Each
time data was sent, the commands from the phantom were sent to the quadrotor. However, only
one packet of either the range information or the telemetry data could be sent to the computer.
The packets were alternated so the information update rate in the computer program was about
half the transfer rate. The pilot was in the room and had a clear view of the quadrotor at all
times. The quadrotor was flown for several minutes and was purposefully brought close to the
walls several times to generate large feedback forces. The quadrotor in flight is shown in

Figures 6-3 and 6-4.
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Figure 6-3: The quadrotor in flight with ultrasonic sensors and XBee radio mounted
onboard

Figure 6-4: The quadrotor in flight near a wall to generate large feedback forces
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6.4 Results

During each flight, the distance, velocity, and force information were recorded. Figure 6-
5 shows a sample of the distance, velocity, and force for the forward direction for a portion of a
flight. A negative value on the force plot corresponds to the PHANTOM generating a force in
the backward direction to assist the pilot in avoiding the wall in front of the quadrotor. Because
the force is dependent on both the velocity and the distance from the wall, the spikes in force
output do not always occur when the quadrotor is close to a wall. In Figure 6-5 at around 3600
cycles, it can be seen that the force increase is caused by the distance coming close to zero.

However, around 3850 cycles, the distance is not small, but there is a large increase in velocity.
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Figure 6-5: Distance, velocity, and force for the forward direction during a flight test
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This can also be seen in Figure 6-6. This figure shows the flight path of the quadrotor as
recorded from the forward and left side sensors. The arrows on the figure show the direction and
magnitude of the force output at certain key points during the flight. The arrows near the top of
the figure correspond to the output at cycle 3600, when the quadrotor is near the wall, but not
moving very quickly. The arrows near the bottom of the figure correspond to the output at cycle
3850, when the quadrotor is not near the wall but was moving very quickly toward the wall. The
arrows toward the left of the figure show a large force output in the lateral direction when the

quadrotor was close to a wall on its left.
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Figure 6-6: Flight path of the quadrotor in the room with arrows showing the direction
and magnitude of the output forces at key points
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The results from the flight tests show that the quadrotor was able to be controlled using
the PHANTOM and that the forces were correctly generated as the quadrotor flew in an indoor
environment. No quantitative measurements were made as to how well the forces worked, and
different algorithms were not compared. The pilot noticed that appropriate forces were felt at
certain times, but it was unclear if they helped to avoid hitting the walls. The tests only showed

that correct forces were generated and that the pilot could feel and understand the forces.
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7 Conclusions

In this thesis, force feedback was explored as a way to help pilots of remotely operated
quadrotor unmanned aerial vehicles to avoid collisions while flying in indoor environments.
Five force feedback algorithms were developed and tested in simulation with the PHANTOM
haptic device, and user studies were done to compare the effectiveness of the algorithms at
various maximum force levels. The system was also tested using an actual quadrotor flying in a

rectangle room to demonstrate the functionality of the system.

7.1 User Studies

The results of the user studies suggest that some force feedback algorithms help pilots to
avoid collision, whereas certain algorithms do not help, and others increase the number of
collisions compared to no force feedback. The conclusions that are gained from the user studies
are outlined as follows:

e In velocity control mode the time to impact algorithm significantly reduced the amount of
collisions compared to having no force feedback. Although it was not statistically better
than the other feedback algorithms, it may still be considered the best algorithm because
the other algorithms were not statistically better than the no force feedback case.
However, the results are not strongly compelling. The lack of significance between the

algorithms is likely due to high variances in the measures, which make differences
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difficult to discern. Furthermore, it was observed that users chose to favor one objective
(speed of completion or obstacle avoidance) above the other, despite being instructed to
give each objective equal weight. This may be an additional contributor to the high
variability in the measures.

In angle control mode, the time to impact algorithm is significantly better than other
algorithms and the no force feedback case. The time to impact algorithm significantly
reduced the number of collisions compared to all other algorithms without increasing the
time taken to complete the task or the workload on the pilot.

The time to impact algorithm performed best in both control modes and so it could be
applied whichever mode is used in the future.

There were no statistical differences between the control modes for the direct measures.
This means that, although velocity control was thought to be more intuitive, it is not
necessarily the preferred method of control. Angle control may actually be preferred
because it requires simpler sensing capabilities and computation than velocity control and
does not reduce the performance of pilots.

Higher forces are typically more effective in decreasing the number of collisions

compared to lower forces for the algorithms presented in this thesis.

7.2 Flight Tests

The flight tests described in this thesis demonstrate that the force feedback system may

be used effectively to control the quadrotor with the PHANTOM, and that the system is capable

of generating appropriate feedback forces. When the quadrotor was flown near walls or toward

walls at high velocities, appropriate forces were output by the haptic device to suggest to the
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pilot to slow the quadrotor or guide it away from the walls. The hardware developed for this
work, including the wireless communication, ground station, sonar sensors, and haptic interface,
were integrated and shown to meet the needs of a force feedback control system for quadrotor

UAVS.

7.3 Future Work

In this thesis, multiple algorithms were developed and tested in simulation with user
studies. Flight tests were performed with a physical quadrotor, and it was shown that this
hardware system worked correctly. While the time to impact algorithm did help users to avoid
collisions in simulation and the hardware system presented in this thesis did work for concept
testing, there may better algorithms and systems that could be developed. This thesis is only a
first step toward using force feedback to help the pilots of UAVs. There are several areas in
which work should be pursued, including algorithms, experiments, hardware, and control.
Future work could include:

e Develop and test additional force feedback algorithms. Time to impact proved to work
well, but there are still other possibilities. Other algorithms might include vibration
feedback or periodic force feedback. Also, other methods could be explored for
eliminating instabilities caused by the algorithms instead of input device position
dependency.

e Explore algorithms that use a combination of autonomous control and manual control.
One possibility is to have mostly autonomous control with motion suggestions given by

the pilot. Another possibility is to give most of the control to the pilot, and allow the
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autonomous control to take over when danger is present to eliminate the possibility of
collisions.

Conduct user studies to compare control modes. Information was taken from the two
user studies done for this thesis to compare control modes, but a user study should be
designed specifically to test the differences between the modes.

Conduct user studies using a physical quadrotor in an indoor course, rather than in
simulation. When the hardware has been developed more an indoor course with safety
precautions, such as nets or pads, could be created to do a user study.

Investigate other commercial quadrotor platforms. The Hummingbird quadrotor used for
this thesis is only one of many available commercial quadrotors. Others could have
better computing, sensing, or payload carrying capabilities and should be explored.
Explore the use of other force feedback devices (haptic interfaces, joysticks) to control
the quadrotor. The PHANTOM worked well for this thesis, but it is an expensive device.
There are a number of other commercial haptic devices available that could be used.
Examine different sensors and different sensor layouts to gain range information.
Ultrasonic sensors are cheap and light, but are not the most accurate or consistent range
sensors available. Other instruments for finding range information could be explored as
well as how the range finders could be placed on the quadrotor to give the most
information.

Develop accurate velocity estimates for use in velocity control mode. If velocity control
is desired, accurate velocity estimates would be needed for use in the control loops. A
good method for finding velocities would not only help the work in this thesis, but also

other work dealing with UAV's
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Incorporate human sensing thresholds to determine optimal force feedback levels.
Humans can only sense force above a certain threshold, and can only detect differences in
forces with a certain resolution. This information could be studied to determine how to
best apply force feedback.

Develop a combined haptic/graphical interface to supply information to pilot in multiple
modes, including visual indicators of obstacle vicinity. Haptics are not the only way to
supply additional information to a pilot. Visual cues could be used as well, such as a red

light on the screen, to warn pilots of close obstacles.
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