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Abstract

As the importance of reducing dependency on fossil fuels increases, the use of bicycles
and electric bicycles {bikes) can provide a sustainable and viable alternative for single
passenger commut er s .relu€ténedo aasitienrtoadikes andlpkesis,ant i on 6 s
part, due to safety concerasd general mobilityHowever, by designing, modeling, and testing
solutionsaimed at reducingreaknesses inherent to cycling, perhaps these fears can be lessened.
This thesis descrilserisks currently involved with cycling and supplies potential solutions in the
form of blindspot and road surface monitorjrag well as modeling the body forces and the
power consumption of arleke in motion.

Chapter 1 introduces the inherent dandacsg bikes and-bikes when compared to
vehicles and discusses methods for improving their safety. Additionally, it highlights the
difference between and benefits of preventative safety features for use with cycling.
Furthermore, this chapter introdudbs use of lidaalong withits further use and potentitr
transportation uses.

In Chapter2, ebike blindspot monitoring is designed and tested using adosttwo-
dimensionalidar system. It describes improvements made from previous veedmmgwith the
hardware, software, and capabilities of the design. Testing shows its ability to determine
distances to objectshile alering the rider as well as identifyingpotentialimprovementgor
future systems.

Chapter 3 describes the hardware and sovef a handheld, portable, lowcostthree
dimensional 3-D) lidar system designed for road surface monitorifigprough testing shows
the | idar syst e mdpaintdohd rdcredtign ofta pothole iethetraad. & alsd

identifies improverants made from a previous version and veegmentationshould be made



in future systems. Additionally, this chaptecludes a comparisao commercially available
lidar systems.

Chapter 4 describes the theoretical equations used to model the motyfgroed
power consumptio, and batterycapacityof an ebike while in use. Furthermore, by knowing
road and weather conditionsbie design, combined weight and size of the rider abiftes the
model can predict battery pack behavior and state of eharg

Chapter 5 details experimental testing of the theoretical model descriGbédpterd. By
estimatingphysicalproperties from available literature and thoroughly measurpigeemotion,
wind conditions, and route, the model can be compared to the actual battery Waltagas
recorded throughout the tested routes. Additional modifications are made to theovaambelunt
for discretization of measured data and the state of health of the battety patter reflect the

collected data.
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Chapter 1  Introduction

Methods of trasportation can vary for individuals depending on weather, destination,
purpose, or other factors. Some might use public transit, personal vehicles, bicycles, or walking
as their preferred mode of transportation. Unfortunately, this wide variance of opiibns
disparate speeds results in a complex environment with vehicular collisions accounting for a
guarter (24.9%) of all accidental deaths in the United States in[2D18nderstandably, safety
is a major concern for most commuters and, while the number of accidents has decreased in the
past, there has been a recent rise since [A)14

There are many factors contributing to the popularity of each method of transit. Personal
characteristics partially affect travel belayfor example, aged or childless people are more
willing to walk or bike rather than dri8]. Moreover, eternal factors contribute to a general
utilization of one type of transportation over others. In specific, convenient public transportation
leads to a decrease in drivers, pleasant and convenient routes or few available parking places will
increase bicyctig and walking, and the perception of danger and physical exertion involved with
biking or walking increases the numbers of drij8s4]. Furthermore, when envirorental
conditions (e.g., weather or scenery) are less accommodating for biking or willsnmgsults
in more drivers. However, when those same conditions improve, an increase in bicyclists and
pedestrians is far less substanigl

In general, the inherent aspects of biking and walking including physical activity and
greater safetyisks are primary deterrents to using r@hicular modes of transportation. While
the pleasantness and convenience of pedestrian routes can be improved relatively easily by

communities, safety and manual effort are mostly left to the individual, particior bicycling.

Here, cycling requires physical exertion that



surroundings and leads to fatigue. As a result, this might lead to poor decisions, subsequently
making riders more prone to mistakes aod@ents. Hence, reducing the physical effort required
while enhancing the awareness of the surroundings should promote bicycle usage for urban
environments.

One methodology to make biking easier is to use an electric bicyblkgk i.e., adding
an eletric motor and battery pack to a pedaled bicycle to assist the ritékeE require less
physical work from the rider, making them more accessible to the greater populace. For instance,
elderly, disabled, sedentary travelers, and people traveling akemmutes who would
normally drive a single passenger vehicle can now ridelakee Moreover, one factor
preventing commuters from using bicycles to travel to work is the need to shower after the effort
required in riding a bicycle. Here;likes can geatly reduce the need to shower over the same
route. Furthermore, they still promote physical exercise and can reduce pollution if used instead
of driving or bus riding5]. In fact, after accounting for both manufacturing and recharging
emissions, dikes produce significantly less pollutanwWwhen comparing carbon dioxjde
hydrocarbonand fine particulate matter emissiondilkes are comparable to busses per person
per mile; whereas, they are between two and ten times better than motorcycles, gasoline, diesel,
and electric cars. In addim, nitrogen oxide emissions foibé&kes are comparable to the most
efficient gasoline cars and far better than all other vehicle options per passenger and[pgr mile
However, even if the physical activity aspect of bicycling to work usibikes carbe
alleviated, there is still a significant safety concern.

Historically, technology has helped to improve safety and save lives in motor vehicle
crashes. In a National Highwayaffic Safety Administration (NHTA) study of the

effectiveness of 26 different safety technologies (e.g., seat belts, air bags, shatter resistant



windows, roof crush resistance), the majority of safety features exist to protect the occupants of
the vehicle during and after the impact afrash[7]. While these and other safety measures have
been able to decrease the rate of fatalities @@ntllion vehicle miles traveledver the past
several decades and save 30,000 lives annually, no comparable safety measures have been
created to protect cyclisfg-9]. Now, while the number of fatalities and injuries are lower for
cyclists than for drivers, cars can transport more passengers at one time and travel a significantly
greater distance than bicycles each year. After accounting for the distanteargpbrtation
option travels, the difference in safety becomes apparent. For each mile traveled, a cyclist is
around ten times more likely to be involved in a fatal accident and fifty times more likely to be
injured than a vehicle passendt0].

Most bike faalities and injuries occur in urban areas, during rush hours, and while
movingat an intersection. This, along with data showing bikes involved in fatal, siagiele
crashes impact mostly the front of vehicles, implies most bikes are involved inschasiagise a
car came from behind while both were in motjf]. In general, the NHT& says the best way
to keep bicyclists safe is to prevent crashes with vehicles altogéf#tfjeHowever, for all the
advances in vehicle sajeand protection, bicycle protection has remained largely the same (i.e.,
helmet and other padded protective gear). Many vehicle safety features, such as seat belts,
airbags, and crumple zones, cannot be applied to bicycles. Of importance, while almost all
serious vehicles crashes are a result of human error, vehicle automation, even partially, has the
potential to remove this error and reduce the number of cris3lesor example, forward
collision warning and prevention systems can avert 1.2 million crashes ar{adallyut these

systems are not feasible for babgs. In specific, use of an object detection sensor and an

intervening braking system that engages faste



new danger to the rider if they are not prepared or balanced to come to a sudden stop. However,
this distancing sensor feature of collision warning and prevention systems can still be applied to
bicycles without potentially adding a new source of hazatte rider.

A primary safety concern for both vehicles and bicycles is the existence of blind spots.
Typically, rear and sidgiew mirrors help drivers monitor the area behind them and while
additional mirrors are suggested to completely eliminate blind spots, watching multiple mirrors
will sl ow dr i [ Theréfore, ¢is peferalolento nonitorehe area surrounding
the vehicle or bicycle via another systéfiere, a detection system to alert drivers, visually or
audibly, would help improve reaction time while potentially providing more consistent benefit
than mirrors alone. In addition, a secondary safety issue plaguing motorists includes the
condition of theroad. In specific, inadequate road infrastructure is listed as a frequent cause of
singlevehicular mishaps, especially raiVer accident§l6, 17] With the United States
infrastructure currently in poor condition, having a detection system monitor road conditions in
addition to blind spots would result in a significant opportunity to improve sgféty

Light detection and ranging (lidar) is one remote sensing method that can facilitate an
effective monitoring of both safety concerns. Brieflgali works similar to radar systems by
using near visible light waves instead of radio waves and can map the surrounding environment
in threedimensions (&) [19]. By emitting a pulse of light and measuring the time until the
reflected beam is detected in the receiver, the lidar sensonajathe distance to an object with
a high accuracy. By knowing the absolute position of the sensor, the time delay between light
pulse and reflected pulse, and the angle the pulse was sent, the lidar system can create detailed
maps of objects or surfacd%e data is collected in a point cloud data file, typically a .las file,

and then modeled using a comptaéted design (CAD) or geographic information system



program[20]. Current applications for lidar systems generally involve aerial platforms and rely
on accurate Global Piti®ning System (GPBand inertial measuring units track where the
lidar system is when it collects each data point. For example, airborne lidar systems are used for
forest mapping to track growth and model forest fire behaviors, classifying land and
ervironmental types, monitoring changes in coastlines, and charting various other environments
for a variety of purposg20-24].

With respect to the safety issues plaguing motorists, grbasdd mobile lidar can
identify various road types and identify defects in their respective sufiglesn addition, lidar
systems can monitor the environment surrounding roads for potential dangers. In areas where
valleys and other steep slopes are adjacent to roads, rail lines, and canals, landslides are
detriment&to transportation and infrastructure. Therefore, lidar systems can be used to monitor
surface material and identify changes and patterns that preclude rock or larj@élides

Whil e these applications illustrate |lidaro
representations, it is often costly to collecs thata while respectively difficult to analytee
resultingpoint cloud. Here, while commercial lidar systems are highly capable, they might be
excessive for numerous vehigigounted systems. For instance, a vehicular system does not have
to scan wide areas of land at a time, only the immediate tyidirthere is a targeted goal in
mind (e.g., road conditions versus automated driving). Hence, designing and testing an
inexpensive and small lidar system to identify vehicle proximity and road defects could
significantly benefit transportation safety Whproviding for widespread implementation.

As a result, this work will build upon two previous attempts to construct &ésivlidar
system while designing and building a consufniendly e-bike. Both versions of the prior lidar

systems used the LIDARIte v3 module made by Garmin (range of 40 m and is accurate to +/



2.5 cm[27]). The first design was constructed primarily to prove the validity of the system and
the second systemdés design was based on the f
expensive. Using an Intémtegrated Circuit fiC) architecture ins@ad of serial connections
between the lidarangefindeand the microcontroller was found to provide faster and more
reliable data transfer. The second lidar system was designed more purposefully, with the goals of
making it smaller, lightweight, relativeinexpensive, and generating fast, complete, and reliable
data. It utilized stackable Adafruit Feather System boards to save space and because they are
compatible with Arduino programming. These boards controlled the GPS tracking, lidar
rangefinderdatalogging, stepper motor, and allowed external battery charging along with a
Universal Serial Bus (USB) connectif#8]. Additionally, each system was equipped with a
Raspberry Pi camera to have a visual record of the area scanned by the lidar. Itis a low
resolution camera that saved on processing power and wasdisiince high resolution was not
needed to identify objects in the path of the
weight comes from the battery pack holding eight AA batteries with@t3lirect current
(VDC) socket connector.

The secad system was tested on its ability to identify vehicles and other objects and
their distance from the system while in motion. This required the use of Open Source Computer
Vision (OpenCV) software to run while the lidar and video cameras collected deitaage
classifier was trained using thousands of samples of vehicles anehimtes so the video
camera system could correctly identify the difference between a car and other obstacles like
bushes or lamp posts. The raw data collected from theréadgefindermeasured the distance to
the detected object and, when combined with the angle the stepper motor when that data sample

was collected, was used to model the data indintensional (2D) space. Next, MatLab was



used to model the data and compate imeasured distance and angle the object is from the lidar
sensor. During testing, the lidar system was able to correctly identify the center of vehicles with
82.3% accuracy and its position relative to the system with 96.7% ac¢R&.cy

However, there were several issues identified with the second |stensyThe first is
that the entire system swayed and tilted with the bicycle and, as a result, the Raspberry Pi camera
did not identify all vehicles due to limitations in its learning capabilities. In addition, the video
camera took a photo at instancesinme; however, the lidarangefindemust sweep through the
field of view, during which time the distance to surrounding objects changes. As a result, the
data collected from the videmmeraand lidarrangefindedid not perfectly match. Moreover,
therewas also a significant issue with the data rate collected by both the Raspberry Pi and
Garmin lidarrangefindersPotentially, any vehicle travelling over 19 m/s (42.5 mph) can pass
through the field of view without being caught by the system. Furtherthaepmbination of
thevideocameraand lidarrangefindeiput a strain on the memory and processing power of the
entire system; hence, limiting how often data samples could be taken and processed with enough
time to provide warnings to the rider with desime to react. Finally, the lidaangefindemlso
identified any object within its field of vision, vehicle or not, making identifying cars moving
near the bike difficul{28].

As a result, this effort describes the design of a more accessible lidar system and the
potential impact it can have for transportatsafiety. This will include the design and testing of a
costeffective, 2D lidar system mounted on arbée to monitor blinespots and alert riders
when a car is approaching. addition, this effort describes3aD lidar systenthatcan be used to
monitar road conditions and identify damage. Furthermore, this thesis will work to improve,

monitor, and model a battery pack used to power an electric bicycle:[ike esed for testing



is the second design made for loaatlurban commuting. However, littlesearch was done into
the reliability of the electric motor and battery pacidtheinfluencethey would have on the

rider behaviof29]. Therefore, modeling-bike behavior and rangean help improve rider safety
and trust in electric bicycles specific, modelinghe total force of the-bike at any given

moment, in conjunction with a lidar rangefinder, can alert a ndenthe necessary stopping
distance is farther than the closest obstacle. Additionally, by creating a more detailed estimation
of how the route rad environment affect the state of charge (SOC) of the battery pack, riders will
know when to charge the batteag well as how the route will affect the power draw. If a rider is
planning on a mostly uphill ride, the model can show a larger drop impeltarge than a return

trip downhill. This modelcanalsoestimate ae-b i k e 6 s and alevbcommiuteryto
determine if it is a suitable alternative to a vehicle given their own lifestifde it may be
impossible to prevent all accidents and figs, increasing detection capabilitigkile alerting

ridersto hazardous situatiorshould help commuters and drivers avoid collisions with unseen

vehicles, bicycles, pedestrians, amaferoad conditions.



Chapter 2  Third Generation -D Lidar System

2.1 System Hedware

The third generation-P lidar system uses a different lidar rangefinder from the previous
versions described in Blankenau, ef28]. In specific, this new system uses a Terabee Evo 60
m single point lidar rangefindeFigure2.1) . Her e, the Ter abeeds most
over the Garmin Lite v3 lidar rangefinder is its detection range. While the Garmin has a
maximum range of 40 m, the Terabee Evo 60 m has a maximum range ¢28030, 31] For
the purpose of moving vehicle detection, a farther detection range increases the likelihood of
sensing incoming vehicles and gives the rider a longer reaction time. In addition, the Terabee
was desiged for drone applications; hence, it is smaller, costs marginally less, and weighs half
as much as the Garmin lidar version. Furthermore, the Terabee does not require external circuitry
to be controlled by an Arduino microcontrol[@7, 30} The Terab& Evo 60m sensor uses the
I2C/Universal Asynchronous Receiver/Transmitter (UART) backbtmaodnnect ta

microcontroller using only two communication wires without extra circyi@éy 31]

.
= .
s

Figure 2.1 Terabee 60 m Evo lidar distance seri8aj.




Figure 2.2 Arduino Mega 2560 microcontroll¢B82].

The Terabee lidar sensor, along with the rest of the system, is connected and controlled
by an Arduino Mega 2560 microcontrolldtfigure2.2). The Arduino range of microcontrollers
was preferable to other brands due to its extensive online documentatiosoopes software,
and ease of learnabilityvhile the Mega 2560 is larger than other Arduino microcontroliers,
has 54 digital input/aput pins that facilitate communication with the lidar rangefinder, stepper
motor, micro Secure Digital (SD) card breakout board,ligd-emitting diodes(EDs) [32].
Additionally, the Mega256& powered by a 9 VDC battery while operating and supplying a

nominal 5 VDC necessary to power the various aspects of the entire siygjane2.3) [33].
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Figure 2.3 Third-generation 2D lidar systenctircuit diagram

The microcontroller is connected directly to a QSH2818 stepper ntaguré2.4)
through four digital output pins withotlie need for an external motor driver board to
complicate the circuit or programming. The bipolar stepper motor is rated for 3.8 VDC to 6.2
VDC and has &lational Electrical Manufacturers AssociatiocdEMA) 11 construction. Bipolar
stepper motors have only folead wires compared to unipolar stepper motors that have either
five or six; hence, this results in a simplercirggd). Thi s mot or 6s smal |
ideal for the goals of the mobile lidar system. Additionally, the maximum torque output of the
motor is only 0.07 Kn, yet the lidar rangefirer only weighs 12 grams; therefore, a large torque

capability is not a priority31, 35]
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Figure 2.4 Bipolar stepper motor used in théd2idar systeni35].

As a stepper motor turns, it does so in discrete inengsrthat allows the lidar
rangefinder to remain at a fixed position during each data sample. The motor chosen has 200
distinct steps per revolution; therefore, each step angle is 1.8° in rg&gjokVhile stepper
motors with smaller step angles exist, for the purposes of eathétection, an average vehicle
would have to be just over 60 m away from the lidar system for the change in motor angle to
miss the vehicle entirely. Given this information and, as previously mentioned, the lidar
rangefinder will have a maximum distanciragnge of 60 m under ideal conditions, a smaller step
angle was determined to be unnecesgz8}) Fi nal | y, -siddd shafneosuresrtheé s f | at
lidarr a n g e f mouanting wilbtarn with the motor without slippi{§5].

The final component powered anchtlled by the microcontroller is the Adafruit micro
SD breakout board=(gure2.5). While the Mega 2560 microcontroller can store variables and
code sript, it cannot store large amounts of data. Typically, it is connected to a computer
through thédJSB port and the computer stores the data. However, to keep the system tmebile,
micro SD breakout board can readily store large data files and is cahteette Arduino board

through one of the haircuit serial programming (ICSP) pif37]. While the micro SD board
12



runs on a nominal voltage of 3.3 VDC, it also has a 5 VDC pin connected to an onboard fixed
output voltage regulator to lower the voltage and increase the current throughout thi8®joard

The micro SD board runs at a relatively high current of 100 mA, twice as much as the Mega
2560 is capable of supphgrthrough the 3.3 VDC power output g8, 37] To make certain

the micro SD board wilhlways have the required current, it must be powered by a 5 VDC power
output pin by the Arduino microcontroller. In addition, this removable data card allows access to

the saved data file without disturbing the rest of the lidar system.
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Figure 2.5 Adafruit micro SD card breakout bogi@l].

As previously mentioned, the entird2lidar system is powered by a single 9 VDC
rechargeable battery. Here, the Arduino microcontroller requires an input voltage between 7
VDC and 12 VDC to adequately supply either 5 VDC at 20 mA or 3.3 VDC at 5@raRtérnal
component$32]. There are three pins available to output 5 VDC to the micro SD card board and
the lidar rangefinderThisprevens current from being divided between the compondnts.
addition, digitaloutput pins power the stepper motor and blind spot LE&®added to alert the
rider.In general, Arduinanicrocontrollers are designed to run their program if they are properly
powered. Therefore, a singb®le singlethrow (SPST) orff switch was installed between the 9

VDC battery and the power supply pin on the Mega 2560 microcontroller. When off, the
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battery's positive line is not connected to the Arduino microcontroller. Once the switch is turned
on, the battery is connected, tinécrocontroller receives adequate power and runs thoaded
program from the beginning continuously until the switch is turned off.

Housing and mounting components wetB Brinted using CAD software as illustrated
in Figure2.6. There were several requirements for the housing: it must allow easy access to the
circuitry and have holes for the power switch, motor shaft, lidar rangefinder, and ldincE€p
wires. Moreover, it must keep out dirt and watet might beencounteedwhile on the back of
an ebike. The largest component, the Arduino Mega 2560 microcontroller, determined the size
and shape of the housing box. The microcontroller fits along the back side of the housing wall,
facing the removable front wall to readily mtor pin connections. The power switch is mounted
to the left side, the motor shaft goes through the top, and LED wires are fed through the
housing's right side. Additionally, a slip ring is installed on the top of the housing, connecting the
lidar rangeinder to the microcontroller, allowing tlmangefindetto turn freely without twisting
wires. The front wall is recessed from the rest of the housing to allow a joining slot and can be
removed when lifted. This provides access to the microcontrollergosgeamming throughout
testing along with access to the battery for charging, as well as the micro SD card for retrieving

data.
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Figure 2.6 Main housing box model for-B lidar system (left) and removable from wall (right)

Due to the housingb6s height, the sstha#dpper
theshaftcanreach through the top. The finaCBcomponent firmly connects thiear
rangefinder to the motor shaft such that it will turn with the motor and not lift off or jostle when

the ebike hits a bump in the roa#igure2.7).

Figure 2.7 Model of block stand for motor (left) and lideangefindemount (right)
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The housings require 16.5 cubic inches-® Brinting plastic. The entire system is just
over 4 inches tall, 5 in long, and 3.85 in wide. When assembled, the lidar system weighs roughly

1 pound. Additionallythe system costs roughly $320 excludinD printing costs Figure2.8).

Figure 2.8 Assembled 2D lidar system, closed (top left), wall removed (top right), and interior

(bottom).

2.2 System Software
The Arduino microcontroller uses C++ programming (.ino files) and there are extensive
opensource libraries and coding examples available online, as well as wiring connections

between the Mega 2560 and each component. In combination, there are coltdatamiag
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functions via libraries (.h files) that serve complementary purposes. For example, the SD library
has several functions that work to communicate with an SD card connected to the
microcontroller. These functions write data, read data, openiltstaaind erase data files from
SD cards. In general, libraries allow a program to replace dozens of lines of code with one
function to accomplish the same task. For tfi2 [Rlar system, only three libraries were
required. The Wire.h library allows fof@ communication along Serial Data Line (SDA) and
Serial Clock Line (SCL) options used on the Terabee lidar rangefi8@et0] The SD.h library
will, among other things, write and save data to the micro SD[8@rdl0] Findly, the
Stepper.h library dramatically simplifies commands for the stepper {35040}

All Arduino program codes have three main sectidigure2.9). The first section loads
and initializes the libraries and sets up tonstants and variables that will be used in the code,
as well as their data types. These data types include flgating numbers (decimal values),
integers (whole values), unsigned (value magnitudes), byte storage (any sized object in bytes),
and chaacters (readable letters and worfds)]. The next section of code is the setup and
includes items the program only needs to run once upon startup. This section begins the
communication between the Arduino and external components indterg\creates data files,
and defines pins as output or input signals. The final section of code is the loop that repeats until
the code reaches some stall condition or the power supply is disconnected. This section is
typically where most of the programmg takes place and can involve smaller conditional loops,

variable calculations, library functions, and responses to various input J¢add |
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File Edit Sketch Tools Help

QO BEA

sketch_jan13a §

// initialize code here, to run once:

void setup() {
// put your setup code here, to run once:

}

void loop () {

// put your main code here, to run repeatedly:

Figure 2.9 Empty sections of Arduino C++ code.

Here, the setup section opexmsnmunication over’C to the lidar rangefinder. Next, it
identifies the blind spot LED pins and declares them as output signals. Then, it creates, sets up,
and saves the data file onto the SD card. Finally, the setup section moves the stepper motor into
its starting position. The loop section begins by collecting theolireeght distance reading from
the lidar rangefinder and converts that information, along with the motor position, to Cartesian
distance$39]. Next, the time, sweep count, motor angle,-tiisight distance, and blind spot
LEDs statuse are saved to a text file on the micro SD card. Then, the program compaces the
andy distances to prset conditions to determine if there is a vehicle approachingliiieen
that direction. These conditions are as follows: (1) was an object detected by the lidar
rangefinder, (2) it is closer than 30 meters to tike, and (3) is itlose enough to the previous
data point to be an incoming vehicle. If these conditions are all met, the program will turn on the
LED that corresponds to the lane the data indicates, either the right, center, or Igfigare
2.10). The LED will remain on until the rangefinder returns to that point in space and no data
fitting a vehiclebs criteria occu,themotoAfter th
turns one step either clockwiseamunterclockwiseThe motor sweeps an area of roughly 100°
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starting at 40° from perpendicular to the direction of tinke. At this point, the program loops
back to take another data point from the lidagedimder and repeats the process until the power

switch is turned off AppendixA).

Figure 2.10 Blind spot LEDs mounted orleke handlebars to identify obstacles in left, center,

and right lanes.

2.3 Stationary Data Collection

While the lidar system was designed for mobile use, it is simpler to fix bugs and make
functional changes before installing the system onhi&e Here, several safety conditions
were identified as requirements and measurements of success at thaestirigp A typical
reaction time of 2 seconds was determined to be the minimum time needed for a bicycle rider to
react to an upcoming vehidié2]. Assuming, when in motion, upcomimghicles are moving 20
miles per hour (mph) faster than the electric bicycle. This is a reasonable assumption for urban
and suburban areas as it is unlikely drkee would ride along faster roads, such as highways

and freeways. Given the reaction time apéded difference, the critical distance from theke
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is 58.7 ft (17.9 m). This is the minimum distance behind thi&e the lidar system must identify
a vehicle to signal the rider with enough time to react safely.

A second system requirement is teegp three lanes behind the bicycle fast enough so a
vehicle moving 20 mph faster than theike does not have time to pass the bicycle before the
system can identify it. To do so, the lidar rangefinder must sweep from the starting angle through
the sweeprea of 100° and back within the amount of time it would take a vehicle to drive
through the critical distance of 58.7 ft and pass the bike. This results in a minimum motor speed
of 16.667 revolutions per minute (rpm) or 1.745 radians per second (rad/s).

The final criterion for success is to distinguish approaching vehicles from stationary or
nonvehicle obstacles. Due to the wide variety of vehicle sizes and potential varying speeds
between them and the lidar system, this is a more difficult criteriqndotify. Using the
minimum step angle possible and the minimum calculated motor speed, the time between each
data sample is 0.018 seconds. Assuming an average vehicle speed 20 mph faster-thike the e
and a step angle of 1.8°, the lidar system will tegcally collect between three and six data
points per vehicle depending on vehicle $#& 44] To account for a vehicle closing the
distance to the lidar system at a maximum of 30 mph faster than the lidar system if travelling, a
point would be at most 2 ft closer than the previously collected data point 0.018 seconds before.
If the lidar rangefinder is pointed at the side of the vehicle and turning opposite to the direction
of the vehicleds mot i on , modtrtowghlyslg ftfarthed awdydfrona poi n

the lidar system than the previous data point.
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Figure 2.11 Image of initial 2D lidar system test area.
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Figure 2.12 Two sweeps of the-P lidar system during initial stationary testing.

After determining the appropriate criteria, the initial stationary tests had the sole purpose
of verifying the functionalityand accuracy of the lidar system. While held still at roughly 2 feet
above the ground, the lidar system was aimed at static cars in a parkifiguoe2.11).

Overall, the system was successfully able to map the area accurately and showed two cars were
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in front of the wall of the buildingRigure2.12). However, some inaccuracies can be noted in the
model recreation of the parking lot. Primarily the data points vary slightly between each sweep
of the lidar system. Additionally, the model has a curve to the data and has difficulty showing the
differencebetween the side and rear of the car on the left.

The second stationary testing effort was largely unsuccessful. While on the sidewalk, the
lidar system was pointed toward oncoming traffic with a speed limit of 30 Fghre2.13). It
is noteworthy that most vehicles slowed as they neared the system possibly out of curiosity or
safety concerns. Despite the potentially lower vehicle speed, the lidamsgshost never
collected data points of these vehicles. The time stamp for each data sample showed the lidar
system took 1.9 seconds to turn 100° when it should take a maximum of 1 second. Additionally,

the blind spot LEDs cannot accurately distinguistnvieen moving vehicles and empty space.

O lidar data

7r LED on

dist [m]
Figure 2.13 Only lidar data registered during stationary test is afat¢sitive of the road

divider, visual (left), data model (right).

The micr oc o miasadjubteditotddress draavinmnheblind spot LEDs. It
was discoverethatthe center LED wouldlwaysremain on due to the lidaangefindeisignal.

If the lidarrangefinderdetects no object, the signal received is a measurement of 1.0. This is read
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by the microcontroller as an object one meter away from the system, which results in a
permanent object in the center lane. By filtering these data points, the centeabhtih on
and off as actual objects entbeview. Furthermore, the stepper motor speedspecified to be
16.667 rpm to sweep 100° in one second.

With these coding changes, the next stationary test had limited suctteiselidar
system turned tdirectly face oncoming trafficigure2.14). Out of six passing cars, only one
turned on theorrect LED Additionally, the LED remaiedon for the next three paing
vehicles despite the lidaangefindercollecting no data. Furthermore, there are instances when

the lidarrangefinder detecteah object which seemihgshould trigger an LEDut didnot.

O lidar data
[ JLEDon

4 -2 0 2 4 6
dist [m]

Figure 2.14 Stationary testing with moving vehicles in 30 mph speed [roite(left) and lit

right lane LED with resulting model of snapshot (right).

Two potential issues are mostly likely to blame for the performance in the stationary test.

The first is the eleation of the lidar system. During the tests, the systasresting on the

sidewalk andnight only haveinteracedwith the wheel®of the vehicleand not the bumpers.
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The second issue ikat thesweep time of the lidar systewasstill too slow and sesral vehicles
wereable to pass though the field of view before the lrdagefindeiturned in their direction.

The slow rotatioal speed is affected by the time the system takes to save data to the SD
card between each data sample. On avedageline of code running the lidar system takes 0.3
milliseconds (ms), but the singular line of cabatsaves data onto the micro SD card takes 1.2
ms. Despite best efforts, the code cannot run any faster without risking data corruption. As the
lidar system can be turned off at any moment, the system must save each data point as it is
collected or risk corrupting the entire data set. Therefore, the microcontroller must save each data
point before turning the stepper motor and collecting the next data plowever, the time

required for the single line of code to save the data file is four times the amount of time as other

|l ines of code. Additionally, the amount of ti

code limits the speed of steppeotor rotation. The optimized code will always tdk621
seconds to run between each data pmtiectedresulting in the lidar system operating slower
than the programmed stepper motor speed.

To decrease the time between each data poltgcted the notor speedvasincreased
from 16.667 rpm to the maximum usable speed of 50 Tjpns.increased motor speed decreased
the time between each data point from 2.1667 s to Hbwever, due to the small turning
increment, this speed increase is unable to theet s sweep time requirememable2.1).
Overall, themost effective way to decrease the time taken for the lidar system to sweep 100° is
to increasehe step angle between each data sample. By doubling the steps between each data
point from 1.8° to 3.6°, the amount of data collected is halved and the lidar system does not
spend as much time saving ddtereby meeting the previous overall 16.667 rgmeshold.

The system, in theory, will always detect a vehicle travelling under 20 mph.
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Step Angle and Moto| Motor Turning Time | Data Collection Time
Total Sweep Time [s]
Speed per Step Angle [s] [s]
1.8° and 16.667 rpm 0.018 0.039 2.1667
1.8° and 50 rpm 0.006 0.021 1.5000
3.6° and 50 rpm 0.012 0.033 0.9167

Table 2.1 Lidar system timing conditions with a 100° sweep angle and optimized software

running time 010.021 s.

Subsequently, the final stationagsting effort was more focused. This involved driving
one car at 10, 15, 18, and 20 mph towards the lidar system positioned 1.5 ft above the ground on
a sunny day. Here, one must take a step back and review the operating principles of lidar. In
general,idar operates via the same fundamentals as radar. A signal is emitted, bounces off a
target object, and then is received by the system. The distance to the target is determined from
the time delay between emitting and receiving the signal. However, due tature of lidar
technology, these detection ranges are readily affected by external conditions like infrared (IR)
l ighting and refl ect i[86] Fugthemnbre, lidarraggefindess operate f a c e
using IR light to bounce ofi target object and, as a result, any ambient IR light, typically from
sunlight, can interfere with these data. Consequently, using lidar systems on sunny days can
dramatically reduce the accuracy and range of the sg8&jor

As a result, due tausny weather conditions during the final stationary tests, the lidar
detection distance was reduced and more prone to vehicle detection error. In specific, the
maximum vehicle approach speed registered was 15 mph and it was only represented by four

data pants in the lidar syster{Figure2.15). At higher vehicle speeds, the car passed through the
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shortened range of detection faster than the lidar systeakhle to rotate. Therefore, to capture
vehicles moving at higher speeds, the lidar rangefinder would have to sweep the area faster or
operate under more favorable weather conditions to extend the detection range and increase the
time a vehicle would beaticeable. Unfortunately, the only way to augment the lidar rangefinder
speed without altering hardware or electronics is to again to increase the step angle and lose data
density. This would not be beneficial since having data points wider apart wotrddsache

likelihood of missing a passing vehicle and/or it would have too few data points for the system to
recognize a vehicle. Furthermore, the weather conditions are outside the possibility of control

and as such, the lidar system must be able toifgemthicles in most every situation. This is

particularly true for weather conditions favorable for bicycle riding; i.e., bright and sunny days.

O lidar distance

[ JLEDon

dist [m]
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Figure 2.15 Visual of car ébov@ registered at a maximuspeed of 15 mpltbglow).
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To balance the speed of rotation of the lidar rangefinder and the density of data points
collected, the motor speed was kept at its maximum speed of 50 rpm and the step angle was set
at 3.6°. While faster stepper motors would éase the time turning the motor, the code
processing time is the |imiting factor for th
1.8° step between data points will not meet the previously calculated system rotation speed due
to code processingdrinally, any step greater than 3.6° risks too much space between data points
for a vehicle to be missed or not register enough data points to be recognized as a potential

vehicle.

2.4 Mobile Data Collection

With the lidar system operating at the best®tapabilities, it was mounted onto the
back of an electric bicycld-{gure2.16) designed and built by previous students at the University
of KansaqKU) [29]. This ebike was also used to test the prior vehicle detection lidar system
[28]. A large bracket was installed onto thbike to hold the lidr system at a suitable height
above the ground to better reflect the signal off the front bumper of the car. In specific, the front
bumper has a perpendicular angle of incidence to the lidar signal and is a more reliable part of
the vehicle to detect. Wiei the windshield offers a larger target, they are slanted and made of

glass which offers poor reflection capabilities.
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Figure 2.16 Completed 2D lidar system mounted on the back of the electric bicycle.

The lidar system was installed on the bracket of thike and had blind spot monitoring
LEDs connected to the Arduino microcontroller through a hole in the side ofDheridted

housing, subsequently attached to the front of thike at the handlebsrThe LED states are

recorded in the data .txt file along with the lidar distance measurements and motor sweep count.

When a blinl spot LED turns on, it is motdzl with the lidar data by showing that lane in green.

251
O lidar distance
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dist [m] ‘
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Figure 2.17 Typical visual behind-bike (left) and sweep data (right) from first mobile test with

downward lidar angle.
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To protect the lidar system from the motions and jostling of thike (found in the prior

effort to impact the accuracy the system), a block of insulating foam was attached to the shelf

of the bracket under the system. However, after the first mobile test, the lidar system had a slight

downward angle which affected the results. As a result, the system wouldeak@resignals
reflected from the ground roughly 7 m (20 ft) behind theke (Figure2.17). To correct the

angle of the lidar system, the insulating foam was carved at an angle so lidarreystened

parallel tothe road surface.

O lidar distance
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Figure 2.18 Example of successful data collection and blind spot monitoring of stationary

vehicles during a mobile test: visual camera (left) and lidar modeling (right).

After fixing the angle of the lidar system, a mobile test oezlithat involved riding the

e-bike around a parking lot next to parked cars, shewing cars, and bushes at the edge of the

pavement. Throughout this test, the lidar system was powered on and collected lidar data, motor

angles, and the states of the blgmbt LEDs. In addition, a video camera was set up to record the

area behind the-kike to match the lidar data to specific objects.
This mobile testing demonstrated several promising results. The lidar system was able

detect stationar{Figure2.18) and slowmoving vehiclesKFigure2.19) in a parking lot at
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accurate distances and positions relative to tb&e However, moving vehicles were more

likely to be missed as they typically do not register as many data points using the lidar sensor.
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Figure 2.19 Example of successful data collection and blind spot monitoring of moving vehicle

during a mobile test: visual camera (left) and lidar modeling (right).
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Figure 2.20 Skewed data caused by rapid turning-bilee during data collection: visual camera

(left) and lidar modeling (right).

Unfortunately, the lidar system is not able to account for every condition. During mobile

testing, the dike turns slightly while in mtion. Therefore, it is not always oriented in the same
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direction throughout a single sweep. This can lead to data points appearing behind other data
points along with other skewed data resufigire2.20). Additionally, when the -bike tilts on

its side while turning, the lidar system is momentarily pointed at the ground on one side and
cannot distinguish these data points from actual obstacles otegefigure2.21). However,

these false positives occur nearly every time thé&e turns; thus, making them predictable.
Here, adding another criterida the microcontroller code to ignore lidar data too close to the

lidar system would eliminate these false positives but might result in an increased risk to the

rider due to close vehicles.

25
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Figure 2.21 Leaning while turning the-bike causes a falgeositive result: visual camera (left)

and lidar modeling (right).

Finally, the lidar system is sensitive to jostling. Sharp vertical motion, caused by a
pothole or large crack in the pavement, can causenaemt@ary loss of power to the system. As a
result, the program restarts after the bump and the motor turns as if it is at the start of a sweep.
This can cause the lidar system to only scan on one side ebtke. & herefore, all mobile

testing must be dancautiously and at a slower speed to minimize the impact to the system. The
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best potential solution here is to create a more secure connection between the microcontroller

and the rest of the lidar system and implement a better shock absorbing syst&rarthan

2.5 System Diagnosis

This third generation of aP lidar systenmnvolvedseveral changes from the previous
final version in the Blankenau et al. paper. This new system more closely resemhitss-the
generatiorsystem discussed as it is simpler in construction. Arduino microcontrollers are more
multi-purpose, easier to learn, and adaptable with circuitry design changes than the Raspberry Pi
and Adafruit Feather stackable system used in the second generatieydigai28]. However,
this ease of use and design comes wiower processing speeds. The Raspberry Pi Model B
microcontroller operates atGHz compared to the Arduino Mega 2560 atM!8z. It would
improve performance of the lidar system to return to the faster Raspberry Pi and Adafruit Feather
circuitry to dramatically reduce the time required between each data point collection.

A Terabee lidarangefindeiis used on the new lidar system because it lygisaerrange
of 60 mata comparable size and weight. This lidamgefinderalso does not require an extal
capacitor between the connection to the microcontrfigr31] Additionally, the new lidar
system does not include a visual camera as the previous lidar system. This camera, while
important for a visual record of testiatso uses OpenCV vehicle recognition software to
visually distinguish between cars and other objects. This software requires a large adtabase
known vehicles and newehicle images to compare to data. This is not necessary for another
lidar system as @dds more circuitry and slows data processing. Therefore, the new lidar system

does not include an integrated visual camera system.

32



The majority of the previous |idar systemb
eight AA batteries. The new kd system requires only one/®C battery. Additionally, the new
system is more usériendly. It includes a single on/off switch, and markings on the housing to
show the lidar a n g e f stariny @asiios. Furthermore, all circuitis/contained insidéhe
relatively weatherprod3-D printed housing. The addition of a slip ring allows the lidar
rangefindeto turn freely without twisting or pulling on the wires connected to the
microcontroller. Finally, this new system includes LEDs and coding to attezhjrle
recognition solely from lidar data.

Any future lidar systems based on this or previous systems should include faster
microcontrollers. The Raspberry Pi used in Blankenau et al. is a better choice than the Arduino
Mega 2560 and the Terabee 60m Hdar rangefindeihas a better range and simpler operation
than the Garmin LIDARLite v3. Additionally, the compact structure and direct soldering
connections on the Blankenau et al. lidar system should reduce potential wiring issues if the
system is josed. Furthermore, a-B accelerometer could add another source of informatiain
could tell when the-bike is turning or leaning, and potentially adjust for skewed whti®
ignoringfalse-positive results from the ground.

Lidar systems will alwaysuffer from temperamental operation. Weather conditions will
continue to affect ranging distances, and surface reflectivity, opacity, and angle of incidence can
alter a lidar reading. Additionally, true vehicle identification may never be possible usyn2r on
D lidar as a grouping of data points rougimigicatesan obj ect 6 s wi dt h. The d
affecting how a vehicle or other objeqiproachea lidar system means it is nearly impossible to
account for every situation with a single mod&erdl, more work is needed to provide

repeatable data suited for various traffic and weather conditions.
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Chapter 3  Second GeneratiddD Lidar System
3.1 First Generatiorsystem

An undergraduate team at tki&J) was prior tasked with designing, building, and testing a
small and inexpensive lidar system to scan-i [35]. Here, a portable and accurat®3idar
system has numerous potential applications for transportation safety including blind spot
monitoring and road surfa@@nditions. The final design of this previous effodludedan
Arduino Mega 2560 microcontroller, a Garmin Lidar k4@ rangefinder, two stepper motors,
two stepper motor controllers, a 5 VDC power supply, and a USB connection to a laptop or
desktop corputer.Overall, this systemcould produce detailed point cloud models at a
reasonable price bwtasneither lightweight nor easily portable.

Three 3D printed plastic housings were designed and made to hold the stepper motor
controllers along with the haontally positioned stepper motor, the vertical stepper, and the
lidar rangefinderkigure3.1). These housings were designed to keep the lidar rangefind
stationary at a fixed point in space while rotating around that pidirg.reduced potential error
caused by the lidar rangefinder moving and altering the captured distance with respect to its

surroundings.

Rangefinder-

Figure 3.1 Isometric Sbdworks CAD model of housing configuration (left) and assembled

components (righty5].
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This 3D lidar system required several components to work properly. An external 5 VDC
power supply, connected to a wall outlet supplied power to the stepper motor controllers, lidar
rangefinde, and microcontroller at the same time. The USB connection between the laptop
computer and the Arduino microcontroller serveddadthe data to a separate serial monitor
program as well as supply supplemental power to the microcontidltdr Without boththe
power supply and computer USB connection, the lidar system would not have the required
power to functionSincethe power supply must be plugged into a wall outlet, the system was
usable only in specific locations.

To achieve detailed point cloud neld with this system, the stepper motors turned one
step (0.088°) between data points. Therefore, the resulting point clouds had hundreds of
thousands of data points. Subsequentlecteddata files requiredroundone to two hours to
gather informaton depending on the size of the object.
X, Y, andz-coordinates and modeled using-8 3catter plot in MatLabRigure3.2). While the
lidar system was able to collect accurate data and produce respectively clean models, the system
was unsuitable for mobile u§¢5]. Here, this chapter describes the changes to a subsequent
version of this @ lidar system with the goal of being Spbweredandmobilewhile havingthe

ability to save data withoutserialmonitor connection.

Figure 3.2 Scanned Formula SAE car and resulting m@4g].

35



3.2 Second Generatiddystem Hardware

A second version of theB lidar system improves on some of the previous design flaws,
decreases the size and weight, and improves mobility. This second version keeps the system
circuitry and electrical components as similar as possible while allowing these improvements.
The Garmin liéir rangefinder, Arduino microcontroller, motors, and motor housings are the
same as the first version to lessen the potential for electrical problems. However, the motor
controller circuit boards, capacitor for the lidar rangefinder, and connections méuke o
breadboard are soldered directly onto stackable protoboard shields. Additionally, the sBcond 3
lidar system includes a satbntained, battery power supply, data storage, and a power switch

(Figure3.3).
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Figure 3.3 3-D lidar version 2 circuit diagram.
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The major issue with the first system is the necessary connections to both a relatively
large power supply connected to a wall outlet and a computer to both supply power and collect
data in reatime. The goal here is to make the secoidl [Rlar system cmpletely portable and
respectively easy to transport and use. Therefore, the power supply mustdoaitsetfed in the
system. This power is divided between two battery packs located at the bottom of the system.
The voltage of the first battery pack i¥®C and supplies power to the Arduino microcontroller
through the power switatonnected to the inlet voltag@ed ground pinf46]. However, this
battery pack does not provide enough power for every component of the lidar system ttmeough
microcontroller. Specifically, the two stepper motors require more current than the Arduino itself
can supply, which causes a rapid voltage drop and results in the system turning itself off for
protection. Therefore, a second 6 VDC battery pack sugppbever directly to the stepper motors
through the same power switch as before; however, without running current through the
microcontroller. It is important to note that the stepper motors are still controlled by the Arduino
microcontroller.

A second issel with the initial 3D lidar system was its inability to save data onboard the
system. The data points were collected through the serial readout on a connected laptop
computer and manually saved to a .txt file once data collection was finished. The 3&ond
lidar system addresses this issue by including a SD card. This SD card connection is pre
mounted on a data logging shield that has an area for direct soldering of circuitry to the board
[47]. The Adafruit data logging shiel&igure3.4) is the same size as an Arduino Uno
microcontroller and is smaller than the Mega 2560 microcontroller used in this system. However,
the two boards are still stackable, with the Mega 2560 extending past the end of the data logging

shield. This top shielddids the doublgole, singlethrow (DPST) power switch and lidar
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capacitoras well as connecting the data storage lines through the ICSP connections to the
necessary pins on the Arduino microcontroller. Furthermore, because this shield does not have
obstuctions to tangle wires as they move, the lidar rangefind€'arid power lines are

connected to the microcontroller though the corresponding pins on this shield.
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Figure 3.4 Adafruit data logger shiel@t7].

In addition, stackable shields allow the Arduino Mega 2560 microcontroller to expand
the number of possible connections and #éyw for circuit connections directly on the board
without the need fatheless permanent breadboard connections used prittresystem. The
second shield included is an Arduino Mega Proto Shield RegBre3.5). It is the same size as
the Mega 2560 and is a printed citdobard (PCBJ48]. Here, the circuitry needed to power and
control the stepper motors and the SD card are soldered onto this shield. To save space, the
motor controller boards in the first dgs were eliminated and recreated with the same
transistors on this proto shield with the stepper motor pins connected directly to thi$4djield
Additionally, the ICSP lines from the top data logging shield are connected to the

microcontroller through this protoboard shield.
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https://learn.adafruit.com/assets/58610

Figure 3.5 Arduino Mega proto shield Rev, the second stackable shield used wthds3

system[48].

The stepper motors and their corresponding housings are unchanged from the first 3
lidar systemAs before, the horizontal motor turns the vertical motor and its housing, and the
vertical motor turns the lidar rangefinder. However, as previously indicated, the motor controller
boards were eliminated and replaced with their primary components ergedbnd protoboard
shield in the new-® lidar system. Each motor controller board consisted of pin connections to
the motor and the Arduino microcontroller, a ULN 2003a Darlington transistor, power supply
connections, and indicator LEDs to show the statbe motor at any given time. As the LEDs
are not necessary for proper motor function, they are not included in the new system hardware.

The two components from the motor controller boards necessary to include are the
Darlington transistors and femagle connectors. The transistors send the control signals from
the microcontrollers to the motors while supplying each motor with power. Each female pin
connector fits the male connector of the corresponding motor to ensure connptQivityhile

Darlington transistar are relativel short and readily fit beneath the data logger shield installed
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above the protoboard shield, the femaleéan@in connectors are too tall and are instead
mounted in the area not covered by the smaller data logger shield.

As previously mentioned, the Garmin lidar rangefinder is the same version used in the
prior 3-D lidar system. Therefore, the correct conreectis bet ween the rangefir
capacitor, and microcontroller pins are already known. The Garmin Lidar Lite v3 rangefinder is
connected to through the top data logger shield to allow freedom of motion as the rangefinder
rotates during data collectiohhis rangefinder has several different modes of operation suitable
for dissimilar purposes ranging from long and sfttistance measurements, high speed and high
accuracy, and a general balance of data collection.

Assembled, the newDB lidar system is &action of the size and weight of the previous
system Figure3.6). In addition, the new system is entirely sahtained and portable. It does

not need to be connected to a power outlet or computer to receive power or save data.

Proto Shield
DPST Switch

Vertical Motor

Lidar Rangefinder.

Horizontal Motor DatalLogger Shield

Power Supplies SD Card

Microcontroller

Figure 3.6 Second version of-B lidar system
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3.3 Second Generation Systesoftware

The program code has undergone several alterations from the first version-of thiaB
system. First, the new code for the lidar system includes the Stepper.h library to simplify control
of the motors. Without the library, the eight possible input combinations of the motors' pins must
be explicitly detailed at the start of the code. In tee nersion, the library reduces the
initialization down to one line of code and performs the same fundtattirns the motors as
needed. In general, the horizontal motor will turn one step after every data point until it reaches
the end of its sweep gle at which point it turns the opposite way. When the horizontal motor
changes direction, the vertical motor turns one step upwards. As a result, the lidar rangefinder
covers a & space and never collects the same data point twice.

The second major chga from the first program is the inclusion of the SD.h library. Since
the first 3D lidar system did not utilizamemory card, there was no need to use this library. As
mentioned in the-D lidar section, the SD library allows the system to communicate with,
access information, create, edit, and save data files onto an S2@arthe data saved to the
SD card is a .txt file consisting of the horizontal motor's angle (azimuth), the vertialsno
angle (elevation), and the lidar distance measurement.

The system is programmed to save as each data point is added to the data file and will end
the program once the entire set area has been mapped. The data file is then uploaded to a
computer to benodeled using MatLab. This MatLab code converts the azimuth, elevation, and
distance values to corresponding Cartesian points, filters out extraneous or flawed data points,

and creates a scatter plot of the data.
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3.4 Data Collection

The initial performanceéest run with the ungraded3 lidar system included modeling a
portion of a room. This served to identify potential issues with the system while providing a
performance comparison with the previoud 3ystem. As with the-P lidar system, the lidar
dataand motor positions are saved to a data file and modeled as a point cloud in MatLab. The
initial positions of both motors and the syst
factors will affect the accuracy of the computer model.

The portion of the room in the initial test covered an upper corner, windows, and an
exterior wall visible through the windows. Theb3lidar system scanned 90° horizontally and
45° vertically resulting in over 123,000 data points and took nearly an hour. Overall, t

resulting model is relatively accuratédure3.7).

Radial Distance [m]

Figure 3.7 Corner of room scanned for initiad[3 lidar testing (left) and point cloud model of

room corner (right).

However, the point cloud model is less accurate around the windows and the recessed

lighting in the ceiling. Specifically, the model shows largeamegular recesses in the ceiling
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where lighting is located. Here, this could be possibly due to the corrugated texture of the
lighting panels or that using lidar to directly scan a source of near infrared light interferes with its
distance calculations.

Furthermore, the-® lidar system can detect the exterior wall visible through the
windows. This is not surprising as infrared light has a wavelength near visible light and will
behave similarly. As the wall can be seen through the glass by the humdree3®, lidar
system can also detect its presence. As seen, the data collected is not perfect through glass as this
material will diffract the signal and skew the outptigtre3.7).

Secondary testing was then accomplished to better understand ho® tidaBsystem
behaves modeling different materials. The most commoropaque material it might encounter
outside is water. As such, the test includedieting an empty beaker, a beaker filled with clean
water, and a beaker filled with dirty water. The lidar rangefinder was set on a table facing the

beakersKigure3.8) and the results are shownHigure3.9.

Figure 3.8 Setup of beaker testing
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Figure 3.9 Models of empty beaker (left), beaker filled with clean water (center), and beaker

filled with dirty water (right).

As expected, the empty beaker did not interact with the lidar system as ae opgpi
would. Instead, both the empty and clean water beakers reflected the lidar signal at the curved
edges of the beaker, where the lidar signal would pass through the most amount of solid glass. At
a more perpendicular angle, the glass and clean aiédered the signal to pass straight through
and the system only detected the wall behind the beaker. The beaker filled with dirty water was
able to interact with the lidar signal somewhat, but still did not result in a model showing a
beaker shape.

Sincea potential use for this-B lidar system is to model road conditions and map
potholes in the surface. The nexb3idar system test involved capturing potholes while
stationaryDue to the housing design, the lidar rangefinder is unable to point &pa ste
downward angle. Therefore, to map a pothole, the lidar system must either be placed further
away from the pothole, or the system can be turned on its side such that the housing no longer

inhibits the motion of the lidar rangefinder. Therefore, to irsadata point density and limit the
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possibility of external interference, the lidar system was situated near the potholes and oriented
sideways.

The system was positioned, turned on, and left alone until it completed scanning the
pothole and its surrounaty road surface. Then, as before, the lidar distance and motor position
data, along with the orientation of the system were modeled in MatLab to produce a rendering of
the potholgFigure3.10). The model of this pothole shows the lower parts in the darker areas.
The single straight edge on the left side of the pothole can also be seen on the left side of the
model inFigure3.10. However the pothole is shallow, and lacks hard edges. Therefore, the rest

of the model is difficult to match to the pothole.

Vertical Distance [m]
0.5 045 0.4 -0.35 0.3

Figure 3.10 Scanned pothole, with offeot reference (left) and modeled pothole (right).

The second pothole modeled had a smooth bowl shape in the pavement. While this
pothole is deeper than the first, it still lacks definite edges. As a result, the model of the second

pothole shows the dramatic change in pavement surface closer to thgdtdar. However,
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further away, the changes in the surface become less apparent as the lidar signal interacts with

the pavement at a shallower andteg(re3.11).
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Figure 3.11 Second scanned pothole with eioet reference (left) and modeled pothole (right).

Several issues prevented modeling a clear and distinct pothole. The first potholes tested are
either shallow (one to two inches deep) or have smooth sides without clear edge definitions. In
addition, the scale of the models, as calculated from the lidagraf i nder 6 s out put
shows 2 m long potholes between 10 and 20 cm deep. While these tests show the lidar system
can highlight the comparative differences in surface elevation, a deeper pothole with clear edges
would result in cleaner model®f note, the lidar system was setup between two and four feet
away from the pothole at a height of 15 inches so it would not be in a location where a vehicle
could hit the system. However, this hindered detailed data as the shallow incident angle to the

pavement surface and the inherent inaccuracies of the lidar rangefinder results in scattered data.
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Any data point could be closer or farther than the model indicates, hiding some details of the

pothole.

3.5 Performance Optimization

To create a cleaner moddlapothole, several aspects of the lidar system and testing
proceduresvereadjusted. The first alteratiomasto the data acquisition setting of the Garmin
lidar rangefinder. The optimum setting will provide the most precise set of data at a distance
betveen one and two feet. There are six operational settingg@geammed into the Garmin
Lidar Lite v3 Arduino library. These configurations alter the maximum number of signal
acquisitions during measurement, the data acquisition mode, and the deteesbalthfor a
valid measuremerj2?7, 50] The previous models were created with configuration one as it is
suited for short range data collection. To determine the optimum performance settings for the
lidar system in a closeange situatin, all six settings were used to model the same portion of a
wall. While no configuration can provide perfect data, the optimum setting will most closely
create a model of a single, smooth, and thin surface with a minimal scattering of data points

(Figure3.12).
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Figure 3.12 Configuration 0: Default isometric view (left), top view (right) of test wall
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The default configuration was designed for a balanced performance and all the following
settings have only one difference in programming from the default. Configuration one is for
short range, and higépeed performance. Configuration two can switch betwlee default
setting and operating faster at close distances but sacrifices accuracy. Maximum range is the goal
for configuration three. Configurations four and five are set for high and low sensitivity,
respectively.

Overall, the results show that capdration four had the thinnest wall surfaégg(re
3.13). When viewed from above, the models have nearly identical data point spreads. However,
the difference between each configuration becomes apparent when comparing the spread of data
along they-axis. Configuration four has data ranging from 75 to 80 cm alongralxes, but all
the other configurations are spread over about 10 cm. In addition tderelamore compact and
less scattered in configuration four when compared to the other settings. The first four tests
resuledin anearly identical scattering of data points and all $etthe detection threshold to
zero. According to the operatiaimanual for the Garmin Lidar Lite v3, the detection threshold
bypass level refers to the amount a signal must peak above the noise floor to be considered a
valid measuremerj27]. Configurations four and five use the default values for data acquisition
count and the collection modeutare the only configuratiorthat increas¢he threshold bypass
level from zero. This reduced sensitivity results in the rangefinder ignoring weaker return signals
while focusingon stronger, clearer, and unambiguous measuref@&hts0} This more
sensitive configuration shoulzk able to better detect the surface differences in and around a

pothole.
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(d) (€) ()
Figure 3.13 Top view of test wall model with configuration zero/default (a), one/short range (b),
two/switching modes, (c), three/maximum range (d), four/high sensitivity (e), and five/low

sensitivity (f)

Given the most precise lidar rangefinder configuration,riespectively easier to
determine any necessary distance correction calculations. The lidar rangefinder is supposed to
give the measured distance in centimeters, but the previous pothole models show that the scale
was too large. A simple test of the lidangefindeishowedhow the measurements relate to
actual distances and if the angle of incidence has a significant influence. The lidar system was set
at 14, 18, 22, and 26 inches away from a wall at incident angles of 0, 10, 20, 30, and 40°. At
these clos distances, the lidar rangefinder is consistently adding almost 10 cm to the actual
distance Table3.1). Therefore, the lidar data can be readily atted with a linear adjustment
without the need to account for the angle of incidence. The linear regression resulted in a nearly
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