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1 Overview

There are currently two types of unmanned aerial vehicles (UAVs): autonomous aircrafts and
remotely piloted aircrafts. Remotely piloted aircrafts are tough to control using handheld
remotes. We propose an intuitive approach to controlling these UAVs, using hand gestures
rather than remotes.

Our project allows a user to control a quadcopter (a type of UAV) using hand gestures. The
operator can make these gestures in front of a Microsoft Kinect device, which can sense
both colored light and depth of field. Using a Kinect allows us to define more complex
gestures that take advantage of the distance of the operator’s hands from the camera.
Furthermore, they may allow us to discard the typical colored gloves usually worn by 6.111
students that enable easy hand-tracking by color matching.

When an operator makes a correct gesture, the FPGA will classify it, and send the
appropriate signal to the quadcopter’s remote controller, which will then send an infrared
signal to the quadcopter commanding it to perform a particular action.

Due to time constraints, we chose to limit the number of ways the user can control the
quadcopter. Manually holding a quadcopter’s altitude constant without complicated controls
and avionics is a challenge on its own. Therefore, we decided it is best to only allow the user
to turn the quadcopter on and off and control its elevation, as well as turn left or right.

2 Design

The system is composed of a six parts. The first part is the Kinect, which is responsible for
capturing the hand gestures of the users. The Kinect is connected to a PC and on the PC,
we have drivers that are able to detect the 3D coordinates of the hands. These coordinates
are then communicated to the FPGA using a USB Adapter. The FPGA has a gesture state
machine that uses the data of the hand coordinates to determine what gesture was indicated
and converts this gesture to an 8 bit signal. This 8 bit signal is passed to the controller of the
drone as well as to a display. This pipeline is shown in figure 1.

Ben was responsible for the first three parts of the pipeline and Lee was responsible for the
last three parts. Although we were each responsible for different parts, we spent a lot of time
debugging together. We also did the integration together.
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Figure 1 displays the system diagram and shows where each module is located.

2.1 Kinect Camera

We are using a Kinect camera to capture the user’s hand gestures. The Kinect camera
affords us a 3D representation of the space: it provides us with an RGB image stream as well
as a depth stream.

The Kinect camera is connected to a PC and a few computations (discussed in section 2.1.2)
will also be computed on the PC so that we can can use less bandwidth when sending data
to the FPGA. See figure 2 for a block diagram view of this part of the system.

PrimeSense Hand Coordinates
NITE Hand to Serial Port

Kinect OpenNI

Camera Drivers Tracker Program

Figure 2 displays the subsystem from the Kinect camera to the USB output of hand
coordinates from the PC.

2.2 Hand Detector

The hand detector takes the raw RGB and Infrared data from the Kinect and outputs 3D
coordinates of the hands in space. Since our project is focused on the hardware component,
we tried to leverage existing tools for the hand detection portion of the project. The hand



detector is composed of open source libraries (OpenNI Drivers) that are able to interpret the
raw input streams from the Kinect. Once these raw input streams are interpreted, we use an
open source hand tracker algorithm to output the hand coordinates. The only part that we
implemented ourselves is software that sends the hand coordinates data to a serial port. A
detailed diagram of the hand detector component is shown in figure 2.

When we send data to the serial port, we send an entire 13-byte hand coordinate. In doing
so, we speed up the throughput of the USB-to-FIFO chip. It operates much faster when data
is sent in chunks up to 128 bytes, the size of its internal buffer.

2.1.3 USB Adapter

This module is located on the FPGA and it receives data from the kinect-connected PC.
There are two layers. The first is a low-level module taken from the course website that
translates 8-bit data from the USB-to-FIFO chip into usable form on the FPGA. On top of
that, we built a module that parses the 8-bit data into a set of 13 byte hand coordinates that
get saved into special purpose registers on the FPGA. The key feature of this module is the
encoding of a “start” symbol to mark where hand coordinates begin. The PC serializes hand
coordinate data into a set of 13 8-bit values, all encoded in ASCII. The first symbol
corresponds to the “S” ASCII character. When the FPGA sees this symbol, it begins saving a
new hand coordinate. The next character it reads corresponds to the higher-order bits of the
first 16-bit x-coordinate corresponding to a particular hand. The subsequent character
corresponds to the lower-order bits of this coordinate,the next character corresponds to the
higher-order bits of the first y-coordinate, and so on. In total, we send 6 16-bit integers: x1,
y1, z1, X2, y2, z2. The verilog code for this state machine is shown in the appendix.

2.1.4 Gesture State Machine

The gesture state machine is responsible for converting 3D coordinates of two hands in
space into 8 bit signals. The state machine has two states: on or off. When the state machine
is off, no signals get sent to the controller. When the state machine is on, we send three
different signals: hover, pitch and roll (corresponding to the different degrees of freedom with
which we can control the quadcopter). We also indicate a “dead zone” for the user’s
convenience. If any of the hands is in the dead zone, no signal is sent to the controller.

2.1.4.1 On/Off Gesture

To turn the the drone on and off, we have a simple state machine that looks for the hands to
follow a particular pattern. If the hands follow that pattern, we invert the state (if the state
was on, then turn it off and if it was off, turn it on). The pattern we were looking for is shown
in figure 3. It looks at the right hand and checks if it went from the center to the right most
square and then back to the center. It also checks if the left hand started in the center and
then went to the left most block and then returned to the center. If either of the hands is able
to complete the gesture, it signals the system to invert the on-state.



The system starts in the Idle state and at each clock cycle, checks if one of the hands is in
the center. If one of them is in the center, the state machine of that hand moves to ‘STEPQ’,
indicating that the we’re ready to start our hand gestures. If the hand goes anywhere but into
the second square, the system goes back to ‘IDLE’. However, if the corresponding hand
steps into square 1, the state machine moves to ‘STEP1’. We then follow this pattern and
look to see if the hand moves to square 2, back to 1 and finally back to the center. Each time
it passes the next square, it moves to that state. At any given point, if the hand steps into a
square that is not the current square or the next square, the system goes to ‘IDLE’. The
verilog code for this state machine is shown in the appendix.

Note that these squares are all within the bottom one third of the screen. This is the dead
zone and was an intentional choice. We made this decision because when the hands are
above the dead zone and the state is on, the quadcopter receives a signal to hover. We
wanted to make sure that when a user tries to turn the quadcopter on and off, they don’t
finish in a state where the drone immediately starts to fly.

=00

Figure 3 displays the gesture that controls turning the system on and off. Each circle
represents a hand and the arrows represent the motion of the hands. The block diagram is a
high level representation of the state machine blocks.

2.1.4.2 Hover

The hover signal converts the vertical position of the hands into an 8 bit signal to the
controller. For the hover signal, the user can choose whether they want to fly the drone using
two hands or one. If the user uses two hands, we use the average of the vertical values.



Alternatively, if the user only uses one of the hands, we only consider the vertical value of the
hand that is displayed on the screen. If the state is off or if either of the hands is in the
bottom one third of the screen, we don’t send a signal.

If the average of the hands is in the top two thirds of the screen, we send a signal between
0% to 45%. 0% means that the drone is not hovering and 45% is 45% of the max propeller
spin rate, translating into slower vertical acceleration than 100%. We capped the maximum
height at 45% for usability reasons. Any higher speed crashed the drone into the ceiling. A
45% signal is converted to a digital value of 116 (out of 256) to be output from this module.
The signal sent is explained further in section 2.1.4.5.

2.1.4.3 Roll

The roll signal converts the vertical position of the hands into an 8 bit signal to the controller.
The roll signal requires both hands to be on the screen and takes the difference between
their vertical values. If the left hand is above the right hand, the drone will fly right. If the right
hand is above the left hand, the drone will fly left. We allow the user some wiggle room and
instruct the drone to stay in place if the difference between the hands is below some
threshold. If the difference is above the threshold, we signal the drone to either move left or
right. Specifically, we send values ranging between 0 to 256 where 128 corresponds to
staying in place, anything below 128 corresponds to moving to the left and anything above
128 corresponds to moving to the right.

2.1.4.4 Pitch

The pitch signal converts the depth position of the hands into an 8 bit signal to the controller
indicating if the drone should fly forward, back or remain in place. Just like the hover signal,
we average both pitch values of the hands and use that as our signal. Unlike the roll and
hover signals, the pitch signal is computed with buckets. We predefined three buckets, the
forward bucket, the center bucket and the back bucket, corresponding to how far away in
space the hands are from the Kinect camera. We send a signal corresponding to the bucket
in which the average value of the hands fall. So if the average value is in the forward bucket,
we send a value of 192, if the average value is in the back bucket, we send a value of 64,
and if the average value is in the center bucket, we send a value of 128 (128 is no
forward/backward pitch because it’s half of the max value of 256). We chose to use the
bucket method and not send a gradual increase in the forward/backwards signal because it
provided a better user experience.

2.1.5 Digital to Analog Converter

The digital to analog converter (DAC) takes an 8 bit value and converts it into an analog
signal that we send to the controller of the drone. The 8 bit value it takes as an input
represent a fraction where the denominator is 256 and the numerator is the 8 bit input value.
This fraction corresponds to the percent of the max voltage value we want to pass to the
quadcopter controller. We pass the DAC a reference voltage of 3.3V so the 8 bit value we



give it represent some percentage of 3.3 Volts. For example, an input of 128 means that we
will output a value of (128/256)*3.3Volts = 1.65V.

2.1.6 Controller

The controller is the physical piece that sends signals to the quadcopter. Instead of replacing
the stock controller, we took apart the casing the controller came in and tested sending
voltage values to particular joints to see if we could control the drone that way. Fortunately,
all we needed to do was remove the on-board joysticks and solder wires in their place to
connect to the DAC on the labkit. Sending analog voltage values to these wires allowed us to
simulate the operator-controlled joysticks.

2.1.7 Display

The display is a module that shows the user where their hands are at any given time relative
to the dead zone and other buckets. It is shown in figure 4. The top right square indicates
that the system is in the on state. When the system is off, the square disappears. The other
two square represent the hands. The color of the hands represents the pitch value of that
specific hand. Section 2.1.4.4 mentions that there are three buckets that the depth value of
the hands falls between. The colors here represent which bucket each of the hands is
currently in. White represents the center bucket, blue represents the forward bucket and red
represents the back bucket. This means that if both hands are red, the drone should move
backward. If both are white, the drone should stay in place, and if both are blue, it should
move forward. If the hands differ in color, the average of the hands will still fall into one of the
two buckets, and that bucket will be used to control the drone.




Figure 4 shows the display. The red and white squares show the hands. Red indicates that
the left hand is in the backward bucket (for pitch) and the white hand indicates that the right
hand is in the center bucket. The yellow square at the top of the screen indicates that we are
in the on state.

2.1.8 Initializing the controller

We included a module that sent signals to the control unit to initialize it. When the controller

is powered on, it does not immediately start sending signals to the quadcopter. Instead, the

operator has to power the throttle (“hover”) to 100% and back to 0% before it starts sending

any signals. Our module sends a pulse of 100% when it is initially programmed or reset on
the lab kit, in order to initialize the remote.

3 Implementation Process

Figure 5 shows the project in action.

We started out implementing the two end-components first: the kinect/hand recognition and
the controller of the drone. We chose to do this because those were the riskiest parts of the



project and determined the scope of the remaining modules. We were able to interface with
both of these without too much trouble.

Next Ben worked on the USB Adapter module and Lee worked on the gesture state
machine. We then tested each component individually and then tried to integrate the USB
Adapter with the Hand Location module. Because of the complexity of integration, we
worked on it together. This part of our project took was one of the hardest parts because it
was the least transparent. It was tough to debug and to see what was actually going on,
since there were so many independent interacting components. Every piece had to sync up
with every other piece. The moment we received hand coordinates on the FPGA’s hex
display we were confident that the rest of the project would be possible.

Once we integrated the first three components, we tried to integrate it with the hand
gestures state machine but that proved to be difficult. In order to have a more accurate
representation of what was happening, we first built the display module so that we could
debug the gesture state machine more easily. This enabled us to visually see where the
FPGA thought the hand coordinates were, to determine what state it was in. Finally, when we
were able to integrate all the pieces, we tested our system by flying the drone. At that point,
we made a couple of user interaction changes. We made our system more strict in terms of
when it was sending hover signals to the controller. We wanted to make sure that if a user is
distracted or is trying to stop, any time he has one of his hands below the deadzone line, the
drone will not fly.

There were a few pieces we wanted to include but did not end up getting to work effectively
due to time constraints. These attempted modules are detailed below.

3.1 Additional Display Components

Lee attempted to show small level meters in the corner of the display that would indicate
what values are currently being sent to the drone control unit. Nothing stopped us from
implementing this besides time. A mockup is show below in figure 6.



Figure 6 shows potential additions to the display. Levels correspond to percentage voltage
values output to the controller. Text would be difficult, and not necessary, but nice to have.

Additionally, we attempted to connect the power switch from the drone to the FPGA in order
to enable a gesture to physically turn on and off the control unit. In order for this to work, we
needed to siphon off a significant amount of current from the remote control to ground. To
make this work, a large transistor would have been needed, larger than those stored in the
lab. We were working on this a day before the project was due, and so did not have time to
pick up one of these transistors. However, we did test that our logic worked correctly. We
were able to send signals from the on gesture to a small transistor, and we saw the voltage
pulled to ground on the oscilloscope.

3 Testing Process

Whenever we wrote a Verilog module, we wrote an associated test module to see if it did
what we expected it to do. This is standard practice, and was not a challenging nor key
aspect to our system because of all the interconnecting components. The tools most
important to our debugging process were the hex display on the labkit, and the vga display
sent from the labkit to a PC monitor. Using values sent to these systems, we were able to
see how the labkit responded to the external systems (USB-to-FIFO device & Kinect/PC, and
the quadcopter control unit). We used the hex display to show the values we were reading in
from the PC as hand coordinates, for instance. We used the display as a way to test what
state the Gesture FSM was currently in, and whether we were calculating the dead zone or
buckets correctly.



Our project was fortunate too in that the output of the system was physical, and we could tell
whether it worked based on whether the quadcopter was actually flying correctly. One way
to debug was to actually attempt to fly the machine.

5 Review and Recommendations

The hardest parts for us to debug were the interconnects of the system. We dealt with many
different digital systems that all had to work together, and even though we thought that
connecting them together could prove challenging, we still underestimated how much work it
actually involved. If we were to do it again, we might allocate more time to these critical
sections.

Additionally, we purchased a cheap plastic quadcopter, which served its purpose and
allowed us to crash it many times without much consequence. However, its quality severely
limited our ability to control and fly it. Storing in the lab lockers warped it more and more
throughout the project, which caused it to veer to different directions in flight. Furthermore, it
had almost no onboard stabilization mechanism, making it harder still to control. If we
continue this project, a first step will be to use a higher quality quadcopter.

One amazing property we found is that the weakest link of the whole system is the open
source software on the PC that tracks the operator’s hands. We used this software
unmodified, and it did a particularly poor job at recognizing multiple hands at once. Hands
were constantly being erroneously dropped, and very regularly the tracking mechanism
would glitch and track different parts of the body. We thought of two solutions to improve
this aspect of the system.

The first is to try to upgrade to the newest Kinect model, which provides a much more
accurate depth image. We assume tracking hands would be much easier with this upgraded
sensor.

The other would be to do away with cameras and instead wear a tracking wrist band, which
sends signals wirelessly to the PC or even straight to the FPGA. These would send a much
more constant stream of data, and would enable better precision flight.

6 Conclusion

The system as a unit works consistently now, and we achieved our goal of controlling a
quadcopter using gestures. We implemented four gestures. One gesture turns on and off the
quadcopter, and the other three send control signals instructing it how to fly. None of the
potential risks we identified early on were too large to overcome.

However, the quality and precision of flight were less ideal than anticipated. Because the
open source software we used to track hands was not as accurate as we expected, we
could never pilot the aircraft for more than 30 seconds at one time. This could have been



increased by simply flying the craft outside instead of in the cramped lab environment, but
still reflects a less-than-ideal hand tracking system.

An incredible success though, was the level of intuitiveness of the system. When we initially
bought the quadcopter, we experimented by flying it with the remote control provided. This
was a difficult task, and neither of us were able to fly it very well, even after spending a good
hour or so attempting to learn. In the new system we built, we invited a friend to test it out.
He had no prior experience with quadcopter, and was immediately able to fly it better than
we were able to, with only the simplest of instructions. While this does not constitute a
scientifically significant study, it does suggest that the potential value of switching to
gesture-based control for quadcopter pilots is significant, and may make piloting these crafts
much easier to learn.

7 Appendix

7.1 Glossary

Quadcopter: unmanned aircraft that achieves flight using 4 symmetric rotors

Quadcopter controller: the system that sends radio-frequency signals to the quadcopter
instructing it to fly a particular way with a particular intensity

Kinect: hardware device made by Microsoft that uses both standard and infrared cameras to
sense both color images as well as distance from the camera.

FPGA: field programmable gate array. Hardware device that can emulate any other hardware
device within certain bounds set by internal memory limits.

Hand Detector: open-source software program running on a PC that finds and tracks the
location of a user’s hands in space. This program is part of the NITE open-source library,
which uses OpenNI.

OpenNI: open-source software program used in the Hand Detector

Hover: term describing how fast the quadcopter spins its rotors, which translates into vertical
acceleration

Roll: term describing sideways motion of the quadcopter

Pitch: term describing forward/backward motion of the quadcopter
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L P\ FEBFRXQMU!
HOH Z WMBMI QDO
JHABRXW
JHABVHBFW
HQG
HOH LL A\ FBBFRXQMU
L P\ FEBFRXQMU!
HOH Z WMBMI QDO
JHBRW WR® @
JHABVHBFW
HQG
HOHL P FOBFRXQMU
L P\ FEBFRXQMU!
HOH Z WMBMI QDO
JHABRXAW KRYHP @
JHABVHBFW
HQG
HOH EHIIQ
L P\ FEBFRXQMU!
HOH Z WMBMI QDO
JHABRXAW S\ @
JHABVHBFW

HG

[YIDY

EHIIOQ
P\ FEBFRXQMU

EHIIOQ
P\ FBBFRXQMU

EHIIOQ
P\ FBBFRXQMU

P\ FBBFRXQMU

Z MBI QDO

Z MBI QDO

Z MBI QDO

Z MBI QDO



IURP FRXUH Z HEVIW
P RGX®I[ YID ICEXWFEBFN

RABXWH) >  @FRXQN  SI[ HOQXP EHURQ FXUHQMIH
RABXWH] >  @FRXQW @H QXP EHU

RAGXWHI YWA GF KA GF EOQN

KRU RQEO SI[ HY \RBO
QAVSO\ S HY SHUGH

UH) KEOQN YEOQN

Z IWH K\t QFRQ KV QFRII KUVHVKEDQNRQ
DAWIQKEDQNRQ  KFRXQW
DWIQKW GFRQ  KFRXQW
DAWMIQKW QFRI KFRXQW
DAWLIQKUHVHW  KFRXQW/

YHWDO — @QHV\REO
AsdD  @HV

Z IH YV, FRQYM GFRII YUVHWEDQNRQ
DMIQYEDQNRQ  KUMVHW  YFRXQW
DAMIQYW GFRQ  KUMVHW  YFRXQW

DAMIQYW GFRI KUVHW  YFRXQW

DAWIQYUHMVHW KUVHW  YFRXQW

W QF DQG EOQNQ]
Z ILH QH \BKEOQN QH \BYEOQN

DWIIQCH \BKEDQN  KUHVHW KEQDQN\RQ"
DWMIQCH \BYEOON YUHWHW  YEDQNRQ"

DZD V# SRMHGIHYFEAN EHIIQ
KFRXQNV  KUMVHW  KFRXQW
KEOQN  QH \BKEOQN

KEOQN
YEOQN

KMQF KAQRRQ" KWGQRI" KW@ DAWH®GZ

YFRXQN  KUMHW YUVHW  YFRXQW
YEON  QH \BYEOQN

YFRXQW

WEF WERY" WGQRI" WG DANHEZ

EOQN  CH \BYEOQN_ QH \BKEOON aKUHVHW

HQG
HQGP RGX®!



