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SUMMARY

Today, numerous alternative modes of mobility are emerging to provide a
solution to the problems created by the automobildis research envisions a future
wheretransportation in urban areas will be dominatedimall personal mobility devices
(PMDy) instead ofautomobiles. This Intelligent Mobility SysteniiMS) would be a car
free zonewhere people travel by a sharsegstem of PMDsroviding levels of mobility
greater than walki but less than a cafThis research effort focuses on the operational
aspects of this future systdm studying PMD performance characteristissinputs for a
computer simulation modeff an IMS environment.

Therefore, the primary obgtive of this research is to evaluate dperationsof
PMDs that are currently used in a variety of setting&”S recorders are used |ty
speed andocation data each second of pedestrian, bicycle, Segway, and electric cart
trips. From this data, tyipal speed and acceleration profiles are derived fer lase in a
simulation model.This research also analyzes the results of a Segway test where a group
of six Georgia Tech researchers and a guide completed a Segway trip of approximately 8
miles in Afanta. Segway speednd acceleratiorare analyzed using three factors,
sidewalk width, surface quality, and pedestrian densitstudytheir effect on Segway
speed.

Pedestrians va the lowest mean speed and the most narrow speed distribution.
Segways bicycles and electric cartisave increasingly faster mean speeds and wider
speed distributions, respectivelySegways and bicycles were found to have similar
acceleration distributions.Segways seem to provide a level of speed and mobility
between that fopedestrians and cyclistsiearing that Segwaysnight capture new users
by providing a level of mobility and convenience previously unseen.

Narrow sidewalk widths, poor sidewalk quality, and heavy pedestrian density all

decreased Segway speedsrenif therewasample sidewalk space and the surface is of

Xix



excellent quality, speedserestill low if there are heavy pedestrian densities. Similarly,
if there are no pedestrians but the surfaceery rough, Segway speeds wolikely be
constrained. The rearchers suspect thaurface gqality is likely an independent
constaint for Segway speed and that sidewalikitiv andpedestriandensity interact to
limit Segway speeds under certain condition$his research concludes that these
external factorgnay affect PMD speed and should be considered when analyzing PMD

mobility, especially in an IMS setting.
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CHAPTER 1

INTRODUCTION

The transportation system in the United States and much of the developed world
is carcentric Today, numerous alternative modesrafbility are emerging to provide a
solution to the problemgcongestion, high resource consumption, safety, etc.) often
associated with thautomobile. Segways, scootemicro-vehicles, electric carts, and
even traditional bicycles are designed to éfitly move humans with little or no cargo
and without the added bulk of traditional automobiles. Compact,-wegight, and
powered by clean energy, these hursaaled personal mobility devices (PMDs) could
provide one aspect of theolution to thechallenges associated with traditional vehicle
travel

This research envisions a future where transportation in urban areas will be
dominated byPMDs instead ofautomobiles. Bsearchers at Georgia Tech dhaik an
Intelligent Mobility SysteriIMS). An IMS would be a cafree zonevhere people travel
by a sharegystem of PMDswith autonomous operation capabilitie®Vithin the IMS
zone, PMDs would provide levels pérsonaimobility greater than walking but less than
that of a car. PMDs with autonomous opiera capability are interconnected via
wireless communications allowing them it@lependentlypick up system users at their
location and drop them off at their destinationAutomobiles and transit can make
connections at the céirce IMS zone boundary. ransit stations within or neghe IMS
zone boundary provideegional connections to home, work, airports, train, other IMS
zones, or car parkingUltimately, IMS zonesmay provide a solution tomany of the
problems caused by traditional automobiles whili providing a similaror better level
of mobility.

This researchn this thesisfocuses on the operational aspects of this future

system. If IMS zones were to existpw would the system operate Eventually, a



computer simulation model would be thest way to evaluate the operation of this
proposed system.In order to create this model, research is needed to analyze the
performance characteristicsBMDswhich will be needed amodel inputs.

Therefore, the primary objective of this research igvaluate the performance
characteristics ofPMDs that are currently used in a variety of settings. This is
accomplished by placing Global Positioning System (GPS) data record@®iDsa to
log speed andbcation data each second of the trip. From this,dgpical speed and
acceleration profiles are derived fatdr use in a simulation model. This research
analyzes the speed and acceleration characteristics of pedestrians, bicycles, Segways, and
electric carts.

This research also analyz#se results ba Segvay test where a group of six
Georgia Tech researchers and a guide completed a Segway trip of approximately 8 miles
in the city of Atlanta. Segway speed was analyzed udimgee factors, sidewalk width,
surface quality, and pedestrian densitevaluatetheir effect on Segway speed.

As society pursues more sustainable modes of transportatibe future it will
be important to understand PMD operations and behavior as well as the factors that
influence them. While this research has many limitats, it is a first step towards

Intelligent Mobility Systes)a sustainable transportation solutifmn the future.



CHAPTER 2

BACKGROUND

This chapter describes the underlying concepts and factors pertinent to this
project. This chapter first describdgetcurrent state of our eaentric transportation
system, and outlines a possilalkernativein the form of a future transportation system
populated by masses of humsealed personal mobility devicéBMDs). The chapter
goes on taliscussPMDs in detal, investigats current simulation modelanddescribes

the data that would be neededcreate a model populated by PMDs

2.1 Our Car-Centric World

There are strong argumest for decreamg car use in favor of safer, more
sustainable and more equitabl®des. Today, there are over one billion cars Barth
(Sperling, 2009 Over 52 million cars were produced in 2009. Currently three new cars
are built every two seconds, one for every three babies Barldwide notor vehicle
accidents killed 1.2 milbn people in 2009 and injured 50 million m¢Richards, 201pD
Automobile emissions increasingly create air quality problems in urban amdare
responsible for more than 25% of all greenhouse egassions in the United States
(EPA, 2006. Wide boulevards and freeways sever communities by inhibiting social
interactions and pedestrian travel, and while few of the very poor own vehicles
throughout the wadd, they often receive the brunt of the negative impacta@tased
car ownership and trav@Wright, 20®).

Traditionally, the approach to mitigate the adverse effects of mass car thee in
United St&es has been toereaseautomobile fuel efficiency, improve emission controls,
and attempt todecrease travel demand. While this has greatly reduced emissions per
vehicle, national vehiclaniles traveled (VMT) has not decreased dramatically.

Strategiessuch astraffic calming, carpooling, virtual commuting, and others are



Aapproachi ng t h eReutter & Rauttet, 59960 A poterftidl altermativg  (
to address these challenggeso reduce ar use by either removing them from parts of the
transportation system and/oy Weplacing car trips withmore sustainablenodes of

transportation.

2.1.1 Thinking Car -free

There are many benefits to removing cars from a central business district (CBD)
or aher type of urban environmest One of the most obvious benefits of-&@e zones
is the increase in pedestrian safety. Without the presenehimlies the only accidents
that could occur are between pedestrians andsjoeed ehicleslike bicycles. These
incidents ardar less frequent and much less se&@kaheer& Rodier, 2008) With the
creation of a walkable environment free from cdtse people living, working, or
shopping in the cafree area walk more anchildren are safer in or near tlstreet.
Walkability, noise reductiomir quality improvementsand safe streets are some of the
strongest attractions of ciree zonesNobis, 2003.

Reductions in road capagitand the implementationfocar restrictions in
neighborhoods have shown to be effective ways of reducing car trips and VMT
(Goodwin, 1998; Nobis, 2003 Reductions in VMT directlyshould increaseenergy
security by decreasing reliance on foreign.oilWith fewer automobiles opetag in
urban centers, the local air quality would greatly improve. VMT reductigpisally
result in carbordioxide andozone reductionthroughout the area influenced by the-car
free zone, anthereductions in fine particulate emissions immediatelhinithe caifree
zone would be substantial. Also, de¥e households have substantially lower
environmentalimpacts from their ground transportation and energy use in general

(Ornetzedeet al, 2008.



2.1.2 Getting Back to the Human Scale

Until recent history, humansave never moved much faster than walking speed
Presently carshaveincreasd human mobility beyond the speed limits of human ability
to perceive and react to the natural environmeFherefore, complex structured human
environments have been created around théocsafely accommodate increased human
mobility. Freewaysarterials and their surrounding environmesate made for drivers to

navigatethemat high-speed, often negleng the pedestrian or cyclié¢anderbilt, 2008

Mobility

Even though most of our cities have been constructed around céneisgerage
vehicularspeed on these roads are often equal to or leas tither alternative modes
heavily congested citiesA study of a bikeshare program in Lyon, France showed that
the averagerigin to destinatiorbicycle trip speed was 13.5 km/8 ihph) while average
car speeds in downtown European cities vary baivigekm/h (6 mph) and 15 km/h (9
mph). The Lyon study also found that bicycle trips were often shorter than car trips
because bicyclists could take shorter rouiesg bicycle or pedestriannfrastructure
(Jensen et 3l201Q. PreviouslyLiu and Parthasarathy (2008phalyzed regional travel
household survey data from the New York Metropolitan Transportation Council and
estimated that 27% afips within Manhattan were suitable for Segway use basedipn t
lengths and travel timeAll of this means that aignificantportion of urban car trips
could be replaced by loapeed modes that are more energy and space efficient while
maintaining a similar or better level of personal mohilgégpecially when gpopriate

infrastructure is available

Energy
Vehicles are designddr a myriadtrip purposesbut mostehicletrips aresingle

occupant vehicleJOV) trips with little or no cargo. In 2000, over 75% w¢hicletrips



were SOV trips and this figure hadikely only rosesince then(Pisarski, 2006 The
averageautonobile weighs over 4000 Ibs and the averageerican personweighs
approximately 80 Ibs; henceover 95% of the energy used durin@@V trip is used to

move the automobile itself and less than 5% of the energy is used to move the actual
person(EPA, 2009 Ogden et al.2004). This means that 95%f the energyf SOV trips

is spentmoving the vehicle weight rather that the persongcomparison to onlg7% of

the energy used in a Segway trip is spent moving the Segwigble 1 shows
transportation vehicles, their averageeight, and the percentage wfasted energy

considering a single passenger weighting 180 Ibs.

Table 1. Wasted Energy perMode

Weight[os] | Deadweigh

Car 4000 96% (EPA, 2009

1000 85% (MIT, 2012

Scooter(50cc) 220 55% (LancePowersports, 2032
105 37% (Segway, 201p
30 17% Estimate

*Note: Each vehicle type is defined and discussed in Section 2.3

Urban Space

Many would agree that much of our natio
and roadways, but little is actuallyn@wn regarding thdrue percentage. 12005,
Manville and Shoupthe author of the popular bodkThe Hi gh Cost of Fr
analyzed the effects of parking and parking regulations on the urban form. Using Los
Angeles as their case study for a-dagpendent urban area, Manville and Shoup traced
claims about the amount of land in Los Angeles dedicated to the car back to a 1966 study
prepared for a large number of urban areas in which the study concluded that 35% of land
area was dedicated to streetsd @v% was dedicated to parkir(@Vilbur Smith &
Associates, 1966Manville, 2005. Southworth and Bedoseph(2003) subsequently

concluded that thautomobile consumes close to half of the land area of U.S. cities, and



in Los Angeles the figurenay approach twehirds Davisand hercolleaguegecently
studied the parking lot footprint of the Great Lakes Region. Using a sample of 30 zip
codes acrosfur states, Davis estimated that there were more than 2.5 parking spaces per
registered vehicléDavis, Pijanowski, Robinson, & Kidwell, 201.0

With all the urban space currently dedicated #ehicles PMDs have a
tremendous potential to reduce the footprint of the transportation system, especially
through parking demands. Researchers at MIT estimate that the savuagkingy space
for the MIT CityCar, a micrevehicle (seeSection 2.3.4)could free up eftire blocks of
parking(MIT, 2012). Figurel shows aypical car parking lot and the space required for
the same number of parking spaces for the MIT CityC@rther researchers hav
estimated that three Segways could travel-byside within a single car land.i(l &
Parthasarathy, 2003 Therefore,using smakr, humarscaled modes of transportation

would alleviatetraffic congestiorand improve urban spaces
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Figure 1. A Typical Car Parking Lot (Left) vs.
Parking for the MIT CityCar (right) ( MIT, 2012)



2.2  Intelligent Mobility Systems

Removingcars from the transportation system in favor of lighter, smaller, more
efficient, humanscaled personal mbility devices PMDs) powered by clean energy
would provide the solution tmanyof the aforementioned problems caused by traditional
automobiles Combinng PMDswith mass transit (potentially capable of accommodating
PMDs) or traditional vehiclased failities (for longer trips) would allow PMDs to
providea similar orbetter level of mobilityto that of cars in many situation$n order to
provide society with a sustainable transportation system, this research envisions a future
transportation systerfull of PMDs instead of traditionalehicles This system that
researchers at Georgia Tech callatelligent Mobility SystenfiMS) would be a cafree
zone where people travel by a shared system of autonomously operable PMDs. IMS

zones have four keyeshents as shown Figure2.

Intelligent Mobility Systems
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Figure 2. An Overview of IMS Elements



The four key elements of IMS are Mobility, Operations, Modes, and Regional
Connections. They adescribed in more detail in the folng:

1 Mobility i Humanscaled PMDs provide levels of mobility greater than walking
but less than that of a car. Lespeed, humascaled mobility allows safer
interaction between vehicles and pedestrians while still providing mobility and
access necessdaxy meet travel demands withemd aroundhe IMS zone.

1 Operationsi Automobiles and transit can make connections at thérearlMS
zone boundary. PMDs with autonomous operation capability are interconnected
via wireless communications allowing them t@kpup system users at their
location. After completing the trip, the PMD can return tdadien to await the
next trip.

1 Modesi IMS zones will support only the use of PMDs within the-ftae zone.
PMDs could be bicycles, scooters, Segways, mietudes, or any of the types
of devices described iBection 2.3 and PMDs could operaia and aroundan
IMS zone. These PMDs can be a part of the automated shaedystem or
individuals can use their own PMD devices not integrated into the automated
shaeduse system.

1 Regional Connectionsi Transit stations within or neaghe IMS zone boundary
provide regional connections to home, work, airports, trstations other IMS

zones, or car parking.

Ultimately this research effort focuses on the operationgleets of this future
system. Analysis of potential benefits requires an understanding of how an IMS zone
would operate. Eventually, a computer simulation model would be the best way to
evaluate the operation of this proposed systémorder to createhis model, research is

needed to analyze the performance characteristied@fsas model inputs.



2.3  Human-scaledPersonal Mobility Devices

Humanscaled personal mobility devices (PMDs) are transportation alternatives to
the car that are designed to afiatly carry one or two humans with little or no cargo,
provide increased mobility to that of a pedestrian, maneuver easily among other devices
and pedestrians in an undefined traffic stream, and safely interact with a myriad of other
transportation modescluding pedestriansWhile the Segway is the curteRMD most
fitting of this IMS vision, this section discusségcycles (Section 2.3.1), scooters (Section
2.3.2), Segways (Section 2.3.3), misehicles (Section 2.3.4), electric carts (Section
2.3.5),and other PMDs (Section 2.3.6)

2.3.1 Bicycles

Other than walking, the bicycle is the most notable mobility alternative to the car.
However, only 1% of all trips in the United States are made via bicycle, among the
lowest rates in the industrialized war{fPucher, 2008 Comparedto some European
countries where cycling rates are hi¢dng. The Netherlandshas 25% bicycle mode
shar@, Americans see cycling as inconvenient, unprofessional, and an unsdéeaihn
transportation Pucher, 2008 Also, bicycles are often difficult if not impossible for the
elderly, disabled or small childto ride as a means of transportatiorif PMDs can
provide similar mobity options to bicycleswithout their perceived inconvenienche
likelihood of IMS zones being a success in the Un8ates would increase greatly.

The American Association of State Highway Transportation Officials (AASHTO)
publication, Guide to the [@velopment of Bicycle Facilitiescontains operational
characteristics of bicycles for the purpose of infrastructure design. AASHTO defines
parameters for several Design Bicycles. This research will focus on the most common,
Design Bicycle A, which is #typical upright adult bicycle. The bicycle is typically 70
inches in length and requires a horizontal lane width ¢éast 48 inches6Q inches is

preferreJ. Cyclist speed varies based on age, skill, infrastructure, and weather
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conditions. Typicaladult cyclist speeds range from18 mph on paved level terrain
while experienced physically fit riders can exceed speeds of 30 mph under ideal cycling
conditions while travelling downhill. AASHTO states that a design speed of at least 18
mph should be dficient for use on relatively level terrainAASHTO also specifies
typical cyclist acceleration and deceleration rates of 5.%/s* (1 3.4mph/9 and 16.0
ft/s> (11 mph/9, respectively Deceleration rates for wet conditions are i8.00.0 ft/$
(5.571 6.8 mph/9 (AASHTO, 2013 While the Guide to the Bvelopment of Bicycle
Facilities devotes a chapter to shared use trails that are free from cars, much of the book
is focused around orienting eaentic infrastructure around the bicycle as the exception.

In 2004 the Federal Highway Administration (FHWAjudied the characteristics
of emerging road and trail users. Using 21 data collection stations at threest®red
paths across the United StatE$]WA studied the physical dimensions and operational
characteristics of nemotorized trail and roadway devices including:

1 Bicycles

Electric bicycles
In-line skates

Scooters

= =2 =2 =2

Skateboards

1 Segways
This study found that onlgnepercent of bicyclists actuallgxceeded the 20 mph design
speedhat is often used p&ASHTO? $999recommendatioand that the 85percentile
speed for bicyclists was 14 mphThe study found that the mean and"ggercentile
deceleration rate to be 2.3 M(5.1 mph/sand 3.3 m/5(7.4 mph/syespectively (andis
et al, 2009.
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2.3.2 Scooters

The term scooter can refer to a number of-iweeleddevices ridderby one or
two people, andteere using handlebarsScooters can be nmized or noAmotorized,

and even nomotorized scooters can have small motors added for propulsion.

Non-motorized Scooters

Nonrmot ori zed scooters, al so called ndkick
on which the user stands between two small wheE® user then kicks one foot on the
ground while keeping the other on the scooter to propel forward. A vertical bar rising up
from the front wheels to a pair of seeandl e

Figure3).

Figure 3. Non-motorized ScooterqdBelize Bicycle, 2012)

During the Emerging Trail Users Study, FHWA found the mean travel speed to be
12 km/hr (7.5 mph) and the 8%ercentile and 1% percentile speeds to be 15 km/h (9
mph)and 9 km/h (5.5 mph) respectively. The study also found kick scooters to have a
mean deceleration rate of 2.4 m(5.4 mph/9 and an 8% percentile deceleration rate of
2.6 m/$ (5.8mph/9. The mean and 85percentile braking disteeswere 4.9 m 16 ft)
and 8.9 m29 ft) respectivelyl(andis et al., 2004
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Motorized Scooters

Motorized €ooters are degined to have the driver sittingith their legs directly
in front of them and feet flat on the floof the scooter bodgather than straddling like a
motorcycle. Scooters also have much smaller wheels than motorcycles. Traditionally,
mopeds are motorized bicycles that can be powered using either a motor or pedals for
propulsion.

Laws regarding the usef scooters are written and enforced at the state
government level in the United States. For most states, if the scooter has an engine less
than 50ccin size and travelsnomorethan3® mph, it i s consi der ec
This means that no spatilicense is equired for operation and, oftenvehicle
registrations n ot necessary. is tpicellg Nmited to rdadways e d 0 U
with speed limits of 35 mph or less. Scooters with enginesc®® greater in sizare
usually subject to theasne laws as motorcycle®NV.org, 2013. Figure 4 shows

examples of a moped and a motor scooter.

Figure 4. Examples of a Moped (left) and aotor Scoder (right)

(Lance Powersports, 2012MRA, 2012)

Scooters are essentially motorcycles with smaller wheels and a slightly different

body. Thereforethey operate similarly to motorcycles. Scooters also operate in the

13



same traffic stream as automobileIhus their operational characteristics are likely
similar up to a certain speed. Mopeds and small scooters may operate more like bicycles
at low spgeeds, displaying similar maneuverabilitynfortunately this thesis was unable

to collect speed or acceleratiodata from scooters. However, scooters are worth
mentioning here because they would likely have a large mode share in future IMS

settings.

2.33 The Segway

Segway Personal Transporter (PT) is by tfee most populamnovative PMD,
excludingthe traditional bicycle or scooter. Invented by D&amen the Segway PT is
designed to Al ook, a c t Heilenmanng 20@)Le €hke originak e a
Segway Human Transporter (HTiptroduced in 2001, has beeeplaced by the new
model Segway PTs. For simplicity, this paper will refer to boggvgy HTs and
Segway PTs aafi Se g.woa y

The Segways a twewheeled, batterpowered device that is operated by the user
who stands on a platform between the two wheels. The Segway uses a sophisticated
system of sensors and controls that-balinces the device. While the user stands on the
platform béween the two wheels, the Segway balances itself by moving either forward or
backward to compensate for the movement of the user. This enables the user to control
the device by shifting their body weight and leaning slightly forward or backward. If the
user leans forward, the device accelerates in the forward direction. If the user leans
backward, the device accelerates in the reverse direction. To turn, the Segwaghas a
of handlebars that projeapward infront of the user. These handlebars p&athe base
of the platform on which the user stands. The user simply shifts the handlebars to the left
or right to turn in the desired direction.

There are two product models offered by Segway, the i2 and the x2. Each is

customizable with accessories fvarious applications. The i2 is the Segway designed
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for the urban/suburban domain amant to be driven primarily on paved surfaces. The

x2 has a more rugged frame with wider wheel base, larger tires and greater ground
clearance since it is designéat off-road terrain. Since this research focused\d@
zonesthe i2 is the most applicable Segway model for further discussigure5 shows

a rider on a Segway i2.

Figure 5. Rider on a Segway iZPhoto Credit: Lance Ballard)

The i2 footprint is 19 iohesby 25 irches weighs 105 Ibs, and has a zelegree
turning radius meaning thait can turn in place The i2 can travel 24 miles or up to 480

city blocks on a single charge with a total loadazay of 260 Ibs. It has a top speed of
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12.5 mph, but has an additional setting that can limit speeds to 8 mph for beginner use
(Segway, 201p

Currently, 44 states have passed legislation legalianttdefining the operation
of Segways and similar devices while the otherstates have nlaw addressing Segway
use GHSA, 2012. Segways are used by hundreds of police forces and numerous
warehouses and indtrial sites. Many tourism companies offer Segway tours of popular
tour destinations across the globe. While the use of Segways is still fairly novel, it is the
current PMDwhich most fitsthe vision for this researdnd offers the mobility, range,
andsize necessary for the demands of this research. Therefore, Segways are the primary

PMD used in this study.

Previous Studies

There have been a number of previous studies al®egway operational
characteristics and behavioral usésu and Parthasarathi2003) explored the potential
benefits and challenges to Segway use. Due to the small size of the device relative to the
car, they speculate that three Segway lanes could be built in a typical 12 ft traffic lane.
This creates great potential to alleeidraffic congestion through mass Segway use.
and Parthasarathglso state that Segway use would reduce the consumption of gasoline
and decrease the amount of pollutants emitted into the atmosphkne. and
Parthasarathy go on targue that Segwaysould provide a connectivity solution for
intermodal transportation. They also claim that if Segways were utilized to their full
potential in the urban setting, the result will be an increase in ruigedhighdensity
neighborhoods. However, the cost o Segway is significantly more than a bicycle
(Segway PTretail priceis over $6,000)making itan expensivalternative

Shaheen and Rodier (2008)t udi ed t he wuse of Segways
connectivity solutiono & (BARTH statioa in Bha $an Ar e a

Francisco Bay area. The project introduced shasedelectric bicycles, nemotorized
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bicycles, and Segways to employment centers in and around Bst&ifions.
Unexpectedly, th&egways were used more often for shaut tfips(e.g.lunch, business
meetings, errands) than as part of commutes, and of day trips. Segways had the highest
program mode share (52%) relative to the electric bicycle (36%) and bicycle (12%)
modes. The results of the study also indicated a net reductiehicle travel among
participants. The authors also conducted qualitative surveys of bystanders onusenulti

trail that often encountered the Segway users. Of the 109 respondents, the greatest
concern was accidents, but only 20% indicated theydvosgé the trail less if the Segway

or electric bike were commonly usenthe trail. When asked about what Segway users
should be required to do, the most common response (25%) was that Segway users
should be required to follow the same rules as bicydiésny respondents indicated that
special lanes should be provided for the Segways (32%), and some also reported that
these modes should be allowed on miwee trails (23%), streets (18%), and sidewalks
(15%). Overall, this study showed that Segwaysuld provide a solutiontor ansi t 6 s
Alanst e problemd and that the gener al publ |
into the transportation system.

As a part of the FHWACharacteristics of Emerging Road and Traisersstudy;,
Segwayriderswere videoaped as they rode through a defined course. The results of the
Segway user performance are presentedlable 2. Speed was defined as the normal
cruising speed of users on a flat, smooth section of a shaeetcility. The perception
reaction time was defined as the duration between the researchers commencement of the
stop signal until the initiation of the braking action by the u3ére study also found that

the highest acceleration rates for Segways Béis’ (2 mph/s) (andis et al., 2004
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Table 2. Segway HTCharacteristics (Landis et al., 2003

Length (inches) 22.00 22.00
Width (inches) 25.00 25.00
Sweep width (ft) 3.44 3.49
Three-point turn (inches) ALY 39.40
Eye height (inches) 73.90 70.60
Speed (mph) 9.46 10.29
Response time (seconds) i Eels) 1.52
Braking distance (ft) 8.80 10.20

In June 2010, FHWA published a new report discussing the results of research
conducted using the Segway HT, the predecessor to the i2, on a closed course under
controlled conditions. The researchers found the following re@dilier et al., 2010:

1 Experienced riders traveled at a mean speé&d7df mphand 11.2 mph for

the8 mphand 12 mph speed keys respectively.

1 Novice and experienced riders approached obstacles at speeds ranging

from 2.7 mph to 6.8 mpWwith a mean of 4.5 mph.

1 Experienced riders passed obstacles faster than novice riders by an
average of 1.9 mph.

1 Novice and experienced riders passed moving pedestrians at an average
speed of 5 mph and average clearance of 36 inches.

1 Novice and experiencetters passed obstacles by 0.5 mph slower and 18

inches closeron narrow sidewalks (4.4 ft wide) as opposed to wide

sidewalks (10.2 ft wide).

1 Experienced riders made planned stops in a mean time of about 2.4

seconds and a mean distance ranging from & I6tft with a mean of 10

ft.
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T Experienced ridersd mean response ti
seconds with a mean stopping sight distance of 14.5 ft, taking a total of
2.31 seconds including response time.

1 Experienced riders stopped at a mean distah8e7 ftand 14.7 ft for each
speed key.

1 Novice and experienced riders passed objects with a mean clearance of

14.5 inches with a range from 3.3 to 43.2 inches

Unfortunately, there have been no studies about the operation of Segways within
an unrestri@d environment filled with pedestrians, bicycles, and other modes of
transportation More research is needed to understand how Segways and their users
interact with dynamic surroundings and Segway performance characteristics in a real

world setting. In part, his study aims ttelpfill this needin Chapter 4

2.3.4 Micro-Vehicles

While cars create numerous problems for societgny of these problems are
attributed tovehicle size, speed, fuel, and emissions. Currently, alternatives to the
traditional @r are being developed to maintain the comfort and mobility of a car while
making them smaller and safer to operate in a complex urban environment. There are
numerous types of small car alternatives in development and production. For simplicity,
thisreearch refers to-vtehhe xd eBRMBDs as fAmicro

Micro-vehicles are usually electrically powered and designed to oagygr two
passengers with smatlargo (2535 mile rangeand 2030 mph top speeds).These
devices all have lower top speeds-@@mph) ad ranges (2380 miles)than trat of a
traditional automobile. This section presents a few examples of the most prominent

micro-vehicles currently in development.
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GM EN-V

In a joint venture General Motors (GM) and Segway Irseveloped a project
namedPUMA (Personal Urban Mobility and Accessibility). The PUMA project resulted
in the creation of a prototypeicro-vehicle that could carry two passengers using the
Segway PT base and battery powered propulsion system. Using the sabaaseihg
technobgy, this PUMA vehicle operates on two wheels. It can travel between 25 and 35
mph with a range of approximately 30 miles on one charge. Progressing with this
concept, GM unveiled the EM concept vehiclan 2010. The GM EN/ (Electric
NetworkedVehicle) uses the PUMAowetrain and chassis but boasts the capability of
being operated at varying levels of autonomy using GPS, sophisticated sensory
technology, vehicldo-vehicle (V2V), and vehicko-infrastrucure (V2I) communication

(GM, 2010.

XPERINENTAL

Figure 6. Segway PUMA (left) and GM ENYV (right)

(Segway 2012;GM, 2010

20



MIT CityCar

In 2003, researchers at the Massachusetts Institute of Technology (MIT) began
developing a new concepardesignedor urban mobility, called the CityCar. Designed
around the idea of moving people efficiently within an urban environment, the CityCar is
electrically poweredhighly maneuverable, and folds up to save space when parked.
Four independentlyacnt r ol | ed A Robot Whe edegréetugiingge t he
radius. When extended for driving, the CityCar is a little &&1in length, but folds to a
length of5 ft when parked.Considering the average parking space is 20 ft long in the
United Sates, four CityCars couléit into the length of a single parking spac&he
CityCar has a top speed of 50 km/hr (30 mph), a range of 120 km (75 miles), and can be
fastcharged in 15 minute€{ancy, 201}

Figure 7. MIT CityCar in Both Driving (left) and Parked (right) Configurations
(MIT, 2012)
In early 2012, Hiko Driving Mobility, a Spanish company, announced the
beginning of poduction on the Hikird=old, a small electric vehicle based on the MIT

CityCar. Scheduled to go on sale in 2013 for the price of $16,000, Hikiro plans to
promote the cars in European-stiaring programaVi T, 2012.
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2.35 Electric Carts

Electric carts are used for a variety of purposes. The two most popular uses are as
golf carts and small utility vehicles. Electric carts can be designed to carry two to six
people and can have a cargo bed allowing fortrdwesport of equipment or other cargo.

While some can be gasoline powered, this study will focus on electric carts because they
operate at a | ower speed and better fit th

Small electric carts are most commonly used for edye and utility purposes.

Golf courses use electric carts for the players to travel the course during play. Electric
carts are also used as utility vehicles to transport maintenance personnel, tools, and
equipment around large properties and facilitieSigure 8 shows an example of a

common electric cart used for recreational use.

Figure 8. A Common Electric Cart (Club Car, 2012

While small electriccarts ardypicallynoti s t-F egal , 0 recentl vy, G
Mot ors ( GEM), a Subsidiary of Pol-aegal & ndt
electric carts. GEM makes numerous models of its electric carts for various purposes.
The GEM e2 idesigned to carry two passengers and can have a small cargo attachment

in the rear Figure9). The GEM e2 has two speed modes, low and high, with top speeds
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of 15 mph and 25 mph respectively. With a wheel base of 72 incheSEtkee2 has a
turning radius of 12 feetThe GEM batteries provide a range of up to 30 miles at 72°F.
At lower temperatures, the range could be as low abliles. The actual range varies

depending on road conditions, temraveather, and driving bés (GEM, 201).

Figure 9. GEM Car (GEM, 2012

Some communities use electric carts as a primary mode of transportation for short
trips. Peachtree City, Georgia is such an example. Peachtree City has a large system of
paved sharedse paths on which electric carts are permitted to operate. Often running
parallel to city streets, these paths allow community members to travel formtbome
school, work, stores, and other locations within the city using electric carts as opposed to
a car (sed-igure 10). Peachtree City requires drivers of electric carts on to have an

aut omobi |l e dHolisy2608.6s | i cense (
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Figure 10. Peachtree City Electric Cart on Separated PathHollis, 2008

There has been no research about electric cart periocemzharacteristics, and
GEM cars and other types of electric carts are the PMBisttost resemble micro
vehicles Therefae, electric carts arencludedin this study. While microvehicles will
likely operate differently within an IMS zone than they darently on roadways and
shareduse paths, the speed and acceleration characteogtstsctric carts in this study

should closely resemble those expected of a miefocle.

2.3.6 Other PMDs

There are many other humanaled PMDs that are not mentidner studied in
this research. Some notable exclusions are motorcycles and disability scooters/powered
wheelchairs. Motorcycles travel at speeds exceeding the limitations for safe operation
within IMS zones and would likely be restricted from the IM$ie® along with cars.
While components of any IMS zone disability scooters or powered wheéb,
extremely important and vital for the mobility of their users, these devicasnékely
candidates fomass scale IMS zone operationdhe following seabn describes a few of

the other more notable PMDs that are currently in use.
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T31 Electric Staneup Vehicle

An alternative that is similar to the Segway PT is the T3 Electric Sipnd
Vehicle. Currently marketed exclusively to law enforcement, secuaniiy,government
agencies, the T3 is a three wheeled vehicle that resembles a chariot. The T3 has a
capacity of 450 Ibs, a top speed ranging from 12 mph to 25 mph, and a range @ 15
miles per charge depending on the battery option chosen. It rechar8es hours.
Compared to the Segway PT, the T3 is much larger, heavier, and more expensive

(T3Motion, 2012.

Figure 11. T3 Electric Stand-up Vehicle (T3Motion, 2012
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RYNO Micro-Cycle

The RYNO MicreCycle is a onavheeled motorcycle powered by battery. It
stabilizes itself during use, but does not stand upright under its own power when
stationary. The RYNO propulsion ser y si mil ar to a SegwayeE
motorcycle with handlebars and lateral weight shift of the rider. The RYNO can travel at

speeds up to 20 mph for a range of 30 miles on one c(R¥¢O Motors, 2012.

Figure 12. RYNO Micro-cycle RYNOmotors, 20129
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YikeBike

In 2009, an inventor in New Zealand developed the YikeBike. The YikeBike is
an unconventional bicyelthat is battery powered and can be folded down into a compact
form that is easily carried. Resembling the old penny farthing style bicycles with a large
wheel in the front followed by a much smaller trailing wheel used for steering in the rear,
the YikeBike is little like a conventional bicycle. However, the YikeBike has a range
varying from 6 to 18 miles depending on the battery pack and a top speed of nearly 15
mph. The YikeBike costs between $2,000 and $4,000 depending on (Wdasike,

2012,.

Figure 13. YikeBike (YikeBike, 2012
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2.4  Simulation Modeling of IMS

The goal of this research is to provide the perfarteacharacteristics necessary
to populate a simulation model with humsealed personal mobility devices. There are
two types of simulation models commonly used in traffic operatilims:basedmodels
and agentbasedmodels While link-basedmodelsareideal for simulating automobile
traffic, pedestrians areften better represented usirggentbased models Without
further analysis, it is unclear whighor if either, model is well suited for simulating
humanscaled personal mobility device operatioriherefore, both types of models are

discussed in this section.

2.4.1 Link -BasedModels

Most automobile traffic simulation models aessentiallylink-basedmodels.
VISSIM, Paramic, and SimTraffic are a few of the most commonly used traffic
simulation moels of this type. Link-basedmodels consist of a fixemhfrastructure
environment(i.e. roadways, intersections, interchanges, ethére simulated vehicles
can travel in pralefinedlanes andlirections. Vehicles argypically generated at the
model baindariesor internal sources and sinks. Thegvel through the modedither
accordingo assignedouting decisionsor a decision process at each intersectibraffic
flow models may be fairly simple toather complicated algorithms attempting to
accuately capture the cdollowing nature ofvehicles In stochastic modelsahicles are
assignedvalues for characteristics such ,agar Pllowing parameters, acceleration
capabilities, desired speedriver aggressivenessggesirable and max deceleraticatc.
Models tend to have varying levelsa#libraton capabilities.

For example, most simulation models use proprietaryfatlmwing models
(Olstam & Tapani, 2004 Generally, fithere are no other vatlesimmediatelyin front
of a vehicle within the simulation, the simulategehicle travels at its assigned desired

speed. Once the simulatedhicleapproaches the rear of a slower traveling automobile,
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it then travelsdifferently according to a predefe car-following model. The car
following model specifies how the car reacts to the car it is following. Taking into
account reaction time, travel speed, and acceleration characteristics of each vehicle, the
carfollowing model defines the distance angbeed a car will travel when following
another slowemoving car.

One way to model an IMS zoneay be to use a followingobased model and
populate it with humaiscaled personal mobility devices as separate vehicle types. By
defining a new vehicle type farach type or class #tMD, the speed and acceleration
characteristics can be changed to match those documented by this study. Then, a
simulation model could be populated WRMDs

However,PMDsdo not airrently, nor will they likely,operate under theame set
of operational rules and standards as automobiles do today. The strictly defined rules of
the road allow for the simulation of automobile traffic using followiraged models, but
PMDs can accelerate quickly both in terms of speed and direc#ddsn, PMDs are not
confined to fixed outes or lanes like automobiles, and attempting to model the complex,

dynamic proposed IMS environment using a hetwork model wouttifffoeult.

2.4.2 Agent-Based Models

Agentbased models may provide a better solufmmsimulating the operations
of PMDs Agentbased modelsare a more directly capability of simulating an
environment open for free maneuvering with user defined boundaries. Each agent
occupies a #fAcell o or Dblock of (Diggraetal, wit hi
2000. The agent then makes its own travel decisions to move to any adjacent cell based
on userdefined agent characteristics and movement constrainfis includes
interactions withother pedestrians and obstacles within the simulated environment
(Kukla et al, 2001 Ronald, 200Y. Agentbased modelprovide the flexibility to better

simulate the complex movements and behaviors of pedestrians
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The PMD operating task is likely more similar to that of pedestrian wayfinding
and behavior than that of the driving task becaifst@e high maneuverability oPMDs
and their dynamicinteraction with a nonuniform environment. In order to simulate
PMDs within an agerbased modelamong many areasesearch is needed define
typical speed and acceleration distributions and how the range of possible accelerations

and turning movements vary Wwispeed.

2.5 Vehicle Performance Characteristics

A future simulation model of an IMS zoneegardless of being a link based or
agent based natureyould require PMD operational constraints. One of the main
operational characteristics gossible speed anaccelerations for each type BMMD.

This range of pogble speed and accelerations aasily obtained from manufacturer
specifications or simple data collection procedures. However, the simulation model
would also requirgoint probability distributionsof likely speed and accelerations for
each type ofPMD. Typically, vehicle erformance characteristics areadyzed
graphically using thredimensional Watson plotéMilkins, 1983. This thesis uses a
modified two-dimensionalrepresentationof a Watson plot that allows for plotting

multiple groups of data at the same time.
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CHAPTER 3

METHODOLOGY

This chapter outlines the research objectives of thigepr and describes the
methodology used to achieve those objective$o evaluate humascaled PMD
performance characteristics, the research team first validated the accutheyG#S
recordersusedto observe PMD operations. GPS recorders were thed tas collect
speed and acceleration data from pedestrians, Segways, bicycles, and electric carts. The
research team also conducted a Segway test route to become more familiar with PMD

operations and analyze the effeceafernal factoren PMD operation

3.1 Objective

To enable future research about IMS, this research aimedatoate human
scaled PMD performance characteristics More knowledge is needed about the
operation of PMDs. Acceleration characteristics, typical travel speeds, functional
capalilities, ranges, andehavioral characteristiagnust be more completely understood
to successfully model simulated PMD operations and to incorporate these devices into the
transportation system.Therefore, the objectivef this researchis to evaluate trse
performance characteristics with the goal of creating model inputs for simulating IMS
environments. This was accomplished by collecting speed and location data from PMD

trips using GPS recorders.

3.2 Data Collection Method

A low-cost and accurate mesanf measuring PMD speeadhsrequired to collect
PMD speed and acceleration datBhis section describes tltata collection equipment

used for this studgnd the data filtering process.
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3.2.1 GPS Data Recorders

Global Positioning Systes{GPS)use a comination of satellites and receivers
triangulate their location on the surface of the Eakfhen the GPS receiver is moving,
it will read a slightly different signal frequency from the satellite due to the Doppler
Effect. This difference between thedwn satellite signal frequency and the frequency
observed by the GPS receiver is known as Doppler shift, and it is directly proportional to
the relative velocity between the signal source and receiver. Thisczaroeptis used
by RADAR and LIDAR guns tadetect velocity of cars traveling down the road or a
baseball pitch.Using multiple seellites, the GPS receiver can estimbaggh itsposition,
velocity and headingghalco, 200Y.

For this study, the smarch team used QSTARZ BJLO0OXT and BTQ100EX
data logging GPS receiver8oth have similar technology, accuracy, and operatkeor.
simplicity, any data | ogging GPS receiver
r e ¢ o r Figerel4 siowsa photograph of one of the GPS recorders used in this study.
These small, lowcost GPS recorders are capable of logging data atspseified time
intervals. They have a battery life of approximatelyhd8irs with a good signdbck
(QSTARZ, 2012.

Figure 14. GPS Recorder QSTARZ, 2012
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3.2.2 GPS Data Filtering and Smoothing

GPS recorders are prone to errors like every ingnim The manufacturer
specifies the GPS recorders to be accurate withinf@rtocationand0.1 m/s for speed
respectively(QSTARZ, 2012) However, the GPS recorders are still prone to random
errors due to poor satellite lock or coverage, obstruaifoime satellite signal, or other
factors. So, the GPS recorders use proprietary algorithms to filter and smooth the data
points that exceed expected variances based on past and current cordigienst @,

2002 Ogle, 200%. While this mechanism within the device works to correct the data,
random errors still exist in the GPS recorder output.

Previously, Jun & Guensler observed that the accuracy of @&l end location
measurements were affected by the number of satellites (nSat) used for the measurement.
This also #ects the Positional Dilution of Precision (PDOP). They found that
measurements with nSat less tlianr and PDOP greater than eigire erroneous and
needed to be filtered differ edunl&Guenstkeen ot I
then developed a modified version of a popular mathematical filter to smooth GPS data
(Jun et al., 2006 This filter and the modified version of this filter are described in the

following.

The Kalman Filter

The Kalman Filter was originally developed by Kalman in 1960. The Kalman
filter is a recursive mathematical process that estimates the state ofra syg@cess in
a way that minimizes the mean of the squared einel¢h & Bishop, 200L This
method of filtering data involves two steps. The first step, known a®ribdiction
Process uses the currg and previous measurements to predict the next measurement.
The second step, tHeorrection Processcorrects this predicted measurement based on

the actual observed measuremdgalnan, 1969 This pocess is shown iRigure15.
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Prediction Process
(Time Update)

Correction Process
(Measurement Update)

Figure 15. The Kalman Filter Cycle

The time update equations for the Prediction Process are
®w ow 00
0 oL 0
Wherek is the tme step X1 andPy.; are the initial predictor and the initial error noise,
respectively,ux is an additional knowimput parameterW is the prediction error
variance, andh andB are the time transition matrices for the prediction pro¢gsaon,
200% Welch & Bishop, 2001
The measurement update equations are
O 00000 w
w ®w UL g Ow
0 O 000
WhereK is the Kalman gain matrixl is the time transition matrix for the observation
processz is the observed dat®,is the modified error variance in the Kalman filter, and

V is the measurement error varian&ngon, 2001 Welch & Bishop, 2001

The Modified Kalman Filter

Previously, a research team at Georgia Tech developed a modified version of the

Kalman Filter specifically for GPS speed and location data from automobile lups{

al.,, 200§. This Modified Kalman Fitewas a Kal man Fil ter that
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data differently than Agoodo GPS data bas

Position Dilution of Precision (PDOP). Any data point wiaBat less than four or PDOP
greater thare i g ht was c o nlkei researcieets médbied dhe @onventional
discrete Kalman filter by using two measurement errors based on the GPS quality criteria,
one for good GPS data and one for bad GPS data.

In that previous study, the Georgia Tech research team compared threleiisgnoo
methods designed to minimize the impact of GPS random error on travel distance, speed,
and acceleration profile estimates. They found that the Modified Kalman Filter was the
most effective smoothing method and recommended the use of the ModifiedrKal
Filter for smoothing GPS speed and location data ¢t al., 2006

Previous studies suggest using the square of the mean error from the GPS
recorder specifications for the Kalman filter measuremenen@isnon, 2001 Welch &
Bishop, 200). Process noise is simply the data capture rate multiplied by the
measurement noise. Therefore, when data are ailextta rate of 1 Hz, the process

noise is the same as the measurement nausedt al., 2006

Filtering PMD Data

All of the GPS datdor this study were smoothed using tmedified version of
the Kalman Rter. This filter was used to remove random errors that still exist in the data
even after the proprietary GPS filterf-or this study, GPS location and speed data were
collected at a rate of 1 Hz which is one measurement per second. Therefore, the time
transition matrix,A, is one second. Also, this application of the Kalman filter is one
dimensional since the location and speed data are filtered separately. This means that
becomes zero, simplifying the time update equations to

W
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Similarly, the measurement update equations also reduce to
b 0 0
®w O U §d w
0 OO0 0
whereK is the Kalman gain matrix is the corrected measurement,is the original
measurement, anB is the modified error variance used for the next step of the filter
process.
Previously, researchers at Georgia Tech using this modified Kalman filter derived
a GPS measurement error of 0.2fph based on previous mean delta speeds. This
research used the same value. Since the data capture rate for the GPS recorder was 1 Hz,
both the process noise and measurement noise weré €e6¢hd x 0.5mph) Qun et al.,
2009.
Accelerations were not observed directly from the GPS recorders. Rather, the
acceleration for each second of the trips was calculated based on the filtered speeds for

each device and the tindéference betweenach filtered speediata point.

Trip Parsing

The software used with the GPS recorders (QTrawgbnaatically parsed each
trip. However, tlis researchwasnot interested in the speed and acceleration data when
the PMD wasidle, even during the trip, because the goal waanalyze performance
characteristicsspecificaly speed and acceleratiorTherefore, to separate the idle data
from the mobile part of each trip, any segment of data where the speed was |&a® than
miles per houfor at least 10 seconds was labeleddde. i Two miles per hour was used
in order to remove any residual GPS noise that was not removed during the Kalman
filtering process. Theresulting datasets then contained only speed and acceleration data
from when the PMD was movingp that speed and aderation distributions were not

skewed by observations that occurred while idling.
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3.3 Data Collection Method Validation Testing

This research used GPS recorders to collect location, speed, and heading data
from PMD trips. However, the lowcost GPS recders used in this study nestto be
verified for accuracy and reliability at low speeds. An augmented-laiggang
cyclometer was used as ground truth to comgaeeds and acceleratiodsring low
speed PMD tripsbserved by the GPS data recorders.

Idedly, these tests would have been conducted on Segways. However, due to
limited Segway availability, the research team conducted threedesisbicycle that
recorded speed using both the cyclometer and a GPS recorder. The filshlieBes)
was condated on a straigHtne, marked path of a known length thawisible in aerial
photography, thus visible to GPS satellitd$e second tesField Tes) consistedf five
bicycle trips under reakorld conditions. Finally, the third tedtdérd Accelerdion Tes)
used hard accelerations and decelerations to observe the ability of the GPS recorders to
accurately capture extreme acceleration events. Each of the three validation tests used

the same bicycle, cyclometer, and rider.

3.3.1 Cyclometer

A cyclomeer is a device that most often is usednonitorthe speed of a bicycle
by measuring the time it takes per wheel revolution. A cyclometer consists of three
components: a computer, a reed switch, and a magnet. The magnet is placed on the
wheel of the liycle and the reed switch is placed on the fork of the bicycle such that the
magnet passes across the reed switch once every wheel revolution. The computer sends a
small direct current (DCgignalto the reed switch. When there is no magnet present, the
reed switch is open, and no current passes through the switch back to the computer.
When the magnet passes in front of the reed switch, the reed switch closes allowing
current to pass through the switch and back to the computer. This change in cwtrent an

voltage is recognized by the computer as the completion of one wheel revolution.
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Knowing the circumference of the wheel, the computer can calculate the velocity of the
device based on the time between two contact/switch closufggire 16 shows the
inside of a reed switch, arfeigure 17 shows the reed switch and computer unit of the
cyclometer used in this study, aRtjure 18 shows a diagram of a cyclometer installed

on a bcycle.

Figure 16. A Reed Switch Wikipedia, 2012

Figure 17. Cyclometer Reed Switch (left) and Computer Unit (right)

(Sigma Sport, 2012
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Figure 18. Diagram of Cyclometer Installed on a Bicycle (Credit: Lance Ballard)

Previous Studies

In 2004,Witte and Wilson used a cyclometer to analyze the accuracy e¢dstv
GPSrecorders to record speed underwatld conditions. Their research was interested
in GPS recorders to observe the speed of horses as they traveled over ground. For their
study, they used a bicycle with a cyclometer and GPS recorder to record spegd du
trips around a cycle track and along a straight path. The cyclist rode at speeds ranging
from 157 35 km/h (9.3 21.7 mph).

Thelow-costGPS recordeused by Witte and Wilsowas accuratgithin 0.2 m/s
(0.45 mph) of the true speed measured for 46f4he values and within 0.4 m/6.9
mph) for 64% of the values. The effect of PDOP on speed accuracy was not significant.
Although the speed error increased when the number of satellites used decreased, the
median absolute error was less than 0.5 m/&2(mph) even when only three satellites
were used While the GPS data followed acceleration and deceleration reasonably well,

it lagged behindduring transitionsfrom acceleration to deceleratioreffectively
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