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ABSTRACT 

ASSESSING THE POTENTIAL FOR BICYCLE-ASSISTED CROSS-SLOPE 
ESTIMATION 

Andrew Nault, M.S. 

George Mason University, 2017 

Thesis Director: Dr. Matthew Rice 

 

The objective of this thesis is to assess the suitability of using both raw and 

processed USGS LiDAR data to determine walkway cross-slope using. Areas with 

greater than 2% cross-slope exceed the accessibility design guidelines for sidewalk cross-

slope published as a part of the Americans with Disabilities Act (ADA). A GIS 

(Geographic Information System) algorithm to produce cross-slopes from LiDAR (Light 

Imaging, Detection, And Ranging) derived DEMs (Digital Elevation Maps) was utilized 

for this work, and its accuracy was compared to ground-truth cross-slope from individual 

LiDAR pules as well as readings from a hand-held digital inclinometer. A secondary 

objective is to utilize image recognition analysis to identify different the types of 

walkway surface material used along the surveyed walkway. A tertiary objective is to use 

a bicycle mounted GoPro camera system capture mono and stereo imagery in conjunction 

with an iPad or Android-GPS-cellphone used to capture position. In a MATLAB 
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processing environment, GoPro imagery was corrected for lens distortion in both the 

stereo and mono versions. Imagery location was determined by assigning individual 

GoPro images (or stereo-pairs) to GPS points in ArcGIS using time as the primary table 

key. Analyst-derived edge detection was used to find width and then find cross-slope (for 

the stereo-pairs only) from the 3D stereo-pair point clouds.  In addition to building a 

georeferernced library of images for assessment of walkway condition,  

There were multiple technical results from this thesis research. It was found that 

the accuracy of the GPS receiver telemetry was dependent on the presence or absence of 

cellular-network-geopositional accuracy enhancement subroutines as well as vegetative 

canopy cover. In terms of cross-slope results it was found that in the context of Fairfax 

County’s Accotink multi-use trail, there was a greater overall incidence of > 2% cross-

slope than Poquoson’s Tidewater, marsh-based sidewalk network. DEM accuracy was 

assessed with two methodologies, with digital inclinometer and by picking out individual 

LiDAR transect points from a raw point-cloud and using the slope intercept formula. It 

was found that LiDAR based DEMS underestimated slope as compared to the two 

ground-truthing methods. The surface classification methods were effective in 

determining gravel and concrete but less effective in determining the presence of other 

surface types.  

This thesis consisted of three phases and occurred in two geographic locations. 

Phase one and two occurred in Fairfax County’s Accotink Creek multi-use trail. Phase 

two utilized a cell-network accuracy assisted GPS while phase two did not. The third 

phase occurred on walkways in the city of Poquoson, Virginia.  
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CHAPTER ONE - INTRODUCTION 

 It is the function of Public Works to construct and maintain infrastructure that is 

to be made available to residents for the purpose of promoting the public good. The idea 

behind this thesis saw its genesis in accomplishing the objective of finding a cost-

effective method for updating the walkway condition inventory for Fairfax County 

(FFX). While high cost methods certainly exist, a low-cost method is to be preferentially 

sought after to reduce the burden on tax-payers and to facilitate savings that could be 

used for other public works activities.  Additionally, low-cost methods are more easily 

adapted to crowdsourcing and citizen science efforts, which are being adopted by local 

governments for some data collection activities. Further, the maintenance of sidewalks is 

considered by many experts to have a significant impact on the livability and quality of 

life of a city.   

Jacobs (1961) writes about the significant connection between the reduced quality 

of life in a New York neighborhood and the loss of sidewalks due to street expansion.  

Local walkability and real estate expert Christopher Lienberger cites the strong 

connection between sidewalks and the economic vitality of a city, citing survey results of 

prospective home buyers and the dramatic transformation of areas such as the Ballston 

corridor in Arlington, Virginia, where “obsolete strip commercial and car dealers” has 

developed into “millions of square feet of high-density office, hotel, residential, and retail 

development . . . all within walking distance of the Metro station” (Leinberger, 2008, p. 

154). As a suburban transition zone between Washington, D.C., and the rural Virginia 



4 
 

countryside, Fairfax County has a mix of walkable and less walkable areas, with rapid 

changes happening in areas such as Tysons Corner, in the past known as so unfriendly to 

pedestrians that it was featured as a central example of poor urban design (Garreau, 

1991).  Tyson’s Corner has received substantial investment to improve walkability, as 

have many other core areas within Fairfax County, Virginia.  Continued investment, in 

the form of pedestrian walkway maintenance, is another key for urban vitality, and is a 

major responsibility of the Fairfax County Maintenance and Stormwater Management 

Division (MSMD).    

This thesis presents research on the design, deployment, and testing of a cost-

effective method for re-assessing conditions pursuant to the December 2012 Rinker 

Design Associates (RDA) walkway condition assessment for Fairfax County (Nault, 

Galloway, & Appler, 2015).  This research effort is referred to as the Bicycle Walkway 

Assessment Program.  A cost-efficient walkway condition assessment is crucial to long-

term the Maintenance and Stormwater Management Division’s (MSMD) financial health 

because Fairfax County is tasked with the maintenance of $220,000,000 in walkway 

assets while only receiving $3,125,689 in maintenance and new construction funding 

from 4/2016 to 6/2017 (see Fig. 1). Additionally, Public Works handles the maintenance 

of approximately $300,000,000 of County road infrastructure, so the possibility certainly 

exists for future employment in road condition assessments.  

Prior to the secondary objective of the bicycle field data collection, LiDAR data 

was used to calculate cross-slope for walkways in a small study area, and determine 

whether the walkway meets the ADA compliance guidelines for cross slope, which is 
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specified with a maximum of 2%.  The following sections outline the key research 

components in the bicycle walkway assessment program. The pilot program developed 

through this thesis research uses a bicycle-mounted sensor platform (GoPro), both in a 

mono- and stereo-configuration to capture data for a walkway inventory. The basic layout 

for the mobile collection system, with hardware mounts, can be seen in Figures 2, 3, 4, 5, 

6, and 7.  The GoPro system was used for extensive field data collection activities 

presented in this thesis. 

 
Figure 1. 2017 Fairfax County Maintenance Budget for non-VDOT Roads and Trails 
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Figure 2. Bicycle Equipment Configuration 
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Figure 3. Front View of Bicycle 
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Figure 4. Rear View of Bicycle 
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Figure 5. GoPro Clamps and R/L GoPros 
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Figure 6. Thule, Central Mono Mount 

 
 
 

 
Figure 7. Left and Right Handlebar Mount used for Stereo, Phase III  
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Figure 8. GoPro Weatherproof Case

1.1	ADA	Compliance	Cross-slope	Inventory	(ACCI)		

A GIS algorithm was utilized to create datasets that were compatible with 

comparison to programmatically derived, cross-slope calculation-ready, stereoscopic 

differencing 3D point-clouds. The main objective of this research was to determine where 

cross-slopes greater than 2% exists, which indicates non-compliance of the walkway with 

the design guidelines of Americans with Disabilities Act (ADA). Past research has been 

done with running slopes (Rodgers, 2015) but finding cross-slopes is an area of current 

research concern. A forward-looking camera (GoPro) attached to an Android device 

connected to a laptop were utilized for the inventory and geometry assessment.  Surface 

anomalies that indicate poor conditions can be captured via a manually triggered system 

reviewed at a later time to determine walkway condition for a given segment. 
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The assessment locations were chosen based on surface profile and access 

availability. The geographic scope for this research consisted of a walkway section along 

the Accotink Creek multi-use trail in Fairfax County and City for the first and second 

assessment field transects (Figure 10). The third, and final field assessment transect 

occurred in the City of Poquoson, Virginia (Figure 11). The field work described in this 

thesis was conducted between June and August 2016, during the early morning and late 

evening hours.   

LiDAR has been increasingly utilized for producing slope-based road network 

geomatics because of its great capability in capturing vertical elevation with high 

accuracy. LiDAR data is useful for this purpose because transportation network 

infrastructure datasets have gradient attributes as a requirement. For the computation of 

gradient (both through-slope and cross-slope) it is necessary to have high vertical and 

horizontal positional accuracy which LiDAR provides. LiDAR is also useful in that it can 

provide information through leaf-on vegetation as well as allowing for the digitization of 

urban and transportation infrastructure features such as walkways.  
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Figure 9. Fairfax County General Area of Operations for Phase I, II Going from Lake Accotink Park to Army 

Navy Club 
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Figure 10. Phase III Route, Poquoson Virginia. “mult_to_single” Indicates the LiDAR Ground Truth Transects 

(bottom right) 

The objective of this research is to understand and help inform civil planners in 

operating and maintaining walkway network inventories without resorting to high capital 
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cost survey operations. The bicycle, simple Android phone, and off-the-shelf GoPro 

cameras indicate a go-anywhere and low cost operation. Significant sidewalk cross-slope 

negatively impacts residents with mobility impairment. This research develops a method 

for finding the segments with problematic cross slope, and adds this information to the 

larger assessment and data generated from the assessment. This research address the 

following question: Is it possible to provide a low-cost, and accurate methodology for 

assessing conditions and slopes of walkways using bicycles, GoPros, Androids, ArcGIS, 

USGS data and limited manpower?  Further research detailing different methodological 

components of the walkway inventory assessment are explained in the forthcoming 

chapters, along with data, results, and conclusions which affirmatively answer the 

question posed above.  An off-the-shelf, low-cost approach for a bicycle walkway 

assessment program can be used to generate compelling geo-referenced image libraries, 

sidewalk geometry, and slope information. Chapter two presents background literature 

and a conceptual framework for this thesis, and is followed the data, results, conclusions, 

and suggestions for future work.  

1.2	Walkway	Condition	Inventory	(WCI)	and	Geometry	Constraints	
 

A forward-looking camera (GoPro) attached to an Android phone connected to a 

desktop computer was utilized for this phase of research. The laptop was not connected to 

other components during bicycle operation nor were the phone and camera system 

connected to each other. Each component was self-contained in terms of operation, and 

data processing was done within an office setting after survey operations ceased. Surface 

anomalies that indicated poor conditions were captured manually, with post-collection 
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review of imagery by the system operator.  Tools under development to augment this data 

collection process include georeferenced voice recording. This system has an operator 

review one in every ten still-images to determine walkway condition for a given segment.  

The mensuration walkway cross-slope was a product of slope datasets created 

from mosaicked LiDAR point-cloud to DEM to TIN conversions in ArcGIS. The LiDAR 

point-clouds were obtained from the USGS LiDAR point-clouds were fine grained 

enough at their .35 and 1m resolution to create data points for walkway cross-slope based 

on the general vertical terrain relief. The spatial accuracy standards were a reported 

maximum vertical accuracy of 10 centimeters (USGS, 2014). This rating is for USGS 

QL0 which is the highest possible vertical accuracy rating (see figure 9). LiDAR pulse 

density, and its consequent spatial resolution, is instrumental in affecting stereoscopic-

cross slope accuracy. Further, the USGS provided LiDAR point-cloud data had a mean 

nominal pulse separation distance of 0.35 meters (2014). The impact on this thesis was 

area depend data at smaller than .35 meters could not be relied upon as accurate because, 

inductively, actual spatial resolution cannot exceed collection resolution. The quality 

levels present in Fig. 9 are for the pre-rendered USGS DEMs from the National Map 

Viewer. The DEMs produced by this thesis should be considered at least QL1 because 

there were enough sampled enough points to produce GIS DEM datasets with .35m 

resolution when, comparatively, the pre-rendered USGS DEMs were only 1m. Higher 

error rates (as measured by RMSE) impacted the LiDAR derived slope by imposing less 

precise results.  
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Figure 11. Vertical Accuracy (USGS, 2014) 

The research workflow for the Walkway Condition Inventory also gathered X/Y 

data and had as input five megapixel still-images. Images were collected at the full five-

megapixel resolution which necessitated an image distortion correction processing 

operation prior to analysis. These were georeferenced through matching, synchronizing, 

and interpolating the image collection time and the GPS data stream. Pattern recognition 

was employed to test the possibility of unsupervised walkway surface categorization, 

using five categories. The purpose of surface categorization is twofold: first, to provide 

detailed data to sight and mobility impaired individuals as to what surface is being used 

in walkway construction as they are sensitive to changes in surface (noted in Rice et al. 

2013a, 2014, 2015), and second, to allow for efficient repair and replacement cost 

estimates, which vary dramatically by surface type. 
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The research conducted in this thesis, and referred to as the Walkway Condition 

Inventory, has the potential to advise a pilot program for the eventual employment of a 

bicycle-based employee for the purposes of walkway condition assessment. For example, 

non-dedicated local government employees could easily complete the capture of the 650 

miles of Fairfax County walkways during a single summer using the protocols that 

developed through this thesis research. The data collection research in this thesis 

demonstrates a way for MSMD to employ a cost-effective way to target limited 

maintenance funds where they are needed most, and keep the significant RDA 

assessment up to date. 
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CHAPTER TWO – LITERATURE REVIEW 

The maintenance of a pedestrian network is just one of many responsibilities of a 

public works department, which typically performs its duties with a budget that is a very 

small fraction of the actual value of the infrastructure it maintains.  Innovative methods 

for accomplishing tasks are welcomed, particularly when they save money.  Geospatial 

technology is perceived to be a significant means of streamlining and making many 

workflows more efficient. This thesis reviews several research efforts that accomplish 

this goal, and present them along with a conceptual framework for this work. 

The first and second literature review topics are reviews of GMU thesis research 

on 3D geometry obtained from a kite-mounted GoPro (Resig 2014), and running slope 

accuracy analysis from LiDAR and DEMs (Rodgers 2015). The third topic is a broad 

review of slope derivation. The fourth topic is finding best management practices for 

specifically using GoPros for 3D surface reconstruction and the fifth topic is a broad 

review of autonomous road mapping, which offers insights to a bicycle walkway 

assessment program. While the implication of this thesis is that cross-slope has a 

significant impact on ADA related mobility, this view is not necessary universal with 

(Rice et al., 2014) noting it as a major factor cited by mobility-impaired individuals using 

wheel chairs, contrasting with the position of some in the construction industry who have 

found that narrow ADA-specified design constraints for cross-slope are very difficult to 

achieve and may be unnecessary  (Malisch & Suprenant, 2011). 
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2.1	How	LiDAR	and	Slope	Derivations	Work	
 
 LiDAR has been provided free at point of contact by the USGS for much of the 

United States. This thesis will report how LiDAR is provided, what has been done with 

the data in current literature, and how this thesis’ research was impacted. The USGS 

LiDAR program is officially referred to as “3DEP” (3D Elevation Program). The two 

main products available are point-clouds and DEMs (Lukas & Carswell, 2016). The data 

quality standard for 3DEP is 10 cm vertical resolution (ibid.). These are available for the 

continental US but for Alaska there is only interferometric synthetic aperture radar 

(ifSAR). The main benefits of the 3DEP are large size making data acquisition cost 

effective, a predictable accounts deliverables format for LiDAR data subcontractor 

providers, and consistent quality (ibid.). Public private cooperative enterprises are already 

using LiDAR data in websites such as showing the ability for a particular roof orientation 

and grade to produce solar power (MWCG & GMU, 2016). 

The 3DEP was forecasted to provide up to 13 billion dollars in terms of added 

economic activity (Lukas & Carswell, 2016). Some of the major jobs that LiDAR helps 

fuel are grade maps along routes and line-of-sights, identifying restrictive terrain features, 

catastrophic dam/levee models, municipal constructing permits, vegetation status 

classification, and finally commercial operations that use DEM for value added 

geospatial map products (ibid.). Commercial concerns are not the only demand for high 

quality vertical data. The EPA, CDC, State of Alaska, State of Illinois have all 

specifically expressed their desire to using the 3DEP program for their various elevation 

tasks (Snyder, 2012).   
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Additional research has shown that LiDAR can be used as “ground truth” control 

points as a cost effective replacement for physical benchmarks (James, et al., 2006; Liu et 

al., 2007). The results here are of equivalent accuracy of GPS ground control point 

production. Other research on DEMs has found that total number and spread of points 

limits accuracy and that using a “local polynomial approximation” (weighted averages) 

provides better accuracy than the use of simple trigonometry (Warren et al., 2004). This 

thesis utilized the ground truth ability of LiDAR when it used actual LAS (file format) 

multi-points to construct a slope transect which was then compared with the 1m and .35m 

DEM based slope maps.  

 In the field of forestry transportation engineering, LiDAR has been used to 

estimate road centerlines with a RMSE (Root Mean Square Error) of only 0.28 m 

(vertically) and 1.21 m (horizontally) through dense canopy cover (Craven & Wing, 

2014). The researchers found the centerlines through post-processing analyst-based 

digitization of the point cloud products (ibid.). 

LiDAR is useful in forested terrain because it can penetrate leaf-on vegetation, 

whereas frame-camera produced photogrammetry products cannot (Craven & Wing, 

2014). Part of LiDAR’s penetration ability in this regard is from its “hundreds of 

thousands” of pulses every second that can oftentimes receive up to four separate 

elevation data inputs per pulse (ibid., 175). This is useful because it allows moving 

objects such as drones or bicycles to ability to successfully employ these types of sensors. 

In terms of slope, Craven and Wing were able to find road gradation values within 1% 

(avg. of .57%) of ground-truth and estimate the size of curves with a variance of 3.17 
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(ibid.). The centerline segmentations for through-slope were approximately 7.52 m apart, 

on average (ibid.). The researchers found, overall, that the airborne application of LiDAR 

was acceptably accurate for road centerlines and gradations but that when measuring the 

size of road curves on steep terrain it is advisable to have additional ground-truth because 

those mensurations tended to be less accurate. Similar to the ground-truth/LiDAR 

comparison results of this thesis that showed an overall LiDAR underestimation of slope, 

the forest researchers found that their LiDAR based data underestimated road elevation 

from -0.07 to -0.02 m (ibid.). The EPA used LiDAR data for climate change vulnerability 

impact assessments, and the CDC uses it for highway construction deaths related to 

slope. Alaska has many poorly mapped mountainous aviation hazards that benefit from 

elevation data, and Illinois wants 3DEP for agriculture mapping which covers 2/3s of the 

state’s surface area (ibid.).  

The U.S. National 3DEP effort is also the face of emerging trends in LiDAR 

technology. Sigma Space trialed sophisticated single photon LiDAR emitter in the 

context 3DEP USGS sponsored technology trial (“Sigma Space Corporation…", 2015). 

This new kind of emitter is special because instead of hundreds of thousands of photonic 

energy emissions from conventional LiDAR arrays, the single photon array uses, as the 

name suggests, very discrete bursts of light (ibid.). It is also notable for being fully 

operational in daylight with additional bathymetric capabilities when compared to regular 

LiDAR (ibid.).  

An overall assessment of the nationwide USGS dataset was forthcoming in 

current literature. In the context of low-lying coastal arears researchers have 
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quantitatively measured and qualitatively described that USGS 1 m DEMs are superior to 

legacy 3 m, 10 m and 30 m elevation maps in terms of vertical accuracy (Witt III, 2015). 

Witt found that withen the range of sea-level to 10 ft. (3m) the new 3DEP data was more 

accurate than legacy elevation products also noting that I could be possible to resample 

the legacy data to a higher standard (ibid.). 

Holgado-Barco et al. (2014) surveyed LiDAR’s impact on elevation derived 

through and cross-slope for roads in Spain, with heterogeneous underlying terrain. The 

goal of their research was to extract geometric attributes of roads from a mobile LiDAR-

truck. They measured through-slope, cross-slope through-slope. A disadvantage they 

found with previous LiDAR studies was that there were not enough ground truthing 

undertaken to make compelling quantitative arguments for accuracy (ibid.). In that 

dataset, there were 33 million segments that were artificially created in order to measure 

cross-slope perpendiculars spaced approximately every 1 meter (ibid.). The study found 

LiDAR suitable for creating “as-built” quality road slope infrastructure datasets within 

3.5% (ibid., 36) and recommended the process as an “complete tool for road maintenance 

and quality control” (ibid.).  

Grohmann, (2015) found that averaging values in high resolution DEMS to find 

data in a regional scale (small cartographic scale) has less accurate results than 

resampling such data at a coarser resolution by taking few points into consideration for 

elevation calculation This thesis created a .35 (high resolution) sampled DEM and 

downloaded 1m USGIS DEM. This thesis was informed by Grohmann’s research 
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because this thesis did not average the higher sampled .35m DEM to create a “regional” 

1m DEM. 

White et al. (2010) found that LiDAR can be useful for forested terrain where the 

slope changes at a fast rate. This research insight is useful for this research’s walkways 

that are in forested parcels. The processes reported in White (2010) were able to obtain 

cross-slope, grade and through-slope. Routes were gathered via digitization from areal 

imagery just as this thesis created its routes. The study found that despite 94% of the laser 

bursts emitted being blocked by vegetation there still was enough valid datum points to 

support a DEM of 1m accuracy. With the stated 1m DEM the scientists could derive 

“road segment slopes” with an average difference of only .53% as well as length 

measures even more accurate at .2%. Having less than 1% differences is highly accurate 

so clearly a 1m DEMs is adequate when developing road segment slope datasets. White’s 

work indicates that even in areas of high forestation (such as the Accotink Creek Multi-

Use Trail) LiDAR could still be relied upon to create accurate elevation maps because 

enough of the laser bursts could make it through the tree canopy.  

Other knowledge base inquiries into remote sensing science have found that 

LiDAR can be used to detect building boundaries with 91% overall accuracy and 

accuracy to .8m for boundaries and roof slope accuracy of .14m (Chen et al., 2006), 

which provides support for LiDAR’s potential usability in determining walkway slope. In 

addition to LiDAR, we can use remote sensing science to identify the surface type, 

originally researched for the purpose of determining soil permeability (Kampouraki et al., 

2008). The image classification methods used here (ibid.) were based on multi-pixel 
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supervised classifications instead of pixel based unsupervised classifications as was used 

for this thesis. Having edges defined based on detected objects could help with edge 

detection on the walkway survey. The software used for boundary delineation in (ibid.) 

was “eCognition”, the drawback being that, unlike a human classifier, the software 

sometimes detects “objects” that are spectral artifacts instead of actual image feature 

boundaries. Similar to the approach in (ibid.), this thesis could have used a high spatial 

accuracy DEM to detect surface types adjacent to walkways, providing useful data. 

Unfortunately, when this was attempted through visual analysis, the .35m DEM was not 

accurate enough to allow for cross-slope identification of the narrow walkway surfaces.   

 

2.2	Open	Source,	3-D	scene	reconstruction	using	Structure	from	Motion	
(SfM)	

  
In his thesis, “A Working Demonstration Of Rapid 3D Scene Reconstruction 

From Aerial Imagery Using Open Source Structure From Motion”, GMU student 

Michael Resig found that there were various software packages that assisted, in different 

ways, the construction of 3D landscapes from GoPro imagery (Resig, 2014). The primary 

software that Resig used was “VisualSfM” (structure from motion) which is digital 

photogrammetry software suite for use on video. This software was found to be useful 

because it provided an output and explained what equations were used to process the 

software. Resig compared them to other software that operated from a black box 

standpoint (such as with Microsoft’s Photosynth and Autodesk’s 123D). Specific 

software was found to be useful because they produced an explanation or metadata about 
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any 3D point system and this allowed the user to determine if that specific system of 

processing equations produced a desired result.  

 Resig found that average land cover was a key parameter because of the wide 

variety of building and plant types found in the study area, i.e. large commercial 

structures, industry, houses and forest (ibid.). He also found that the area of interest was 

best cited based on the delivery method of the imagery equipment itself. He found that 

for his delivery method (kite) he needed an open area that had good wind patterns 

overtop the reconnaissance zone.  

This overall workflow consisted of a “data capture” phase, software processing 

phase (to “point cloud”), and finally a point cloud processing phase to make the actual 3D 

schematic (using MeshLab software). Resig found that GoPros have a multitude of useful 

settings and, in real-world constraints, time-lapse photos every “1 to 3 seconds” worked 

best with the relative low data throughputs present in the experiment. After the photos are 

taken they needed to be corrected for their lens distortion and he used the GNU Image 

Manipulation Program (GIMP) for this purpose. The open-source and low-cost (free) 

nature of GIMP is consistent with Resig’s goal of conducting his scene reconstruction 

research with low-cost, open-source, and off-the-shelf materials. Importantly, Resig 

found that while images could be processed at 12 megapixels for lens distortion they 

needed no processing at 7 megapixels. This was because they were no longer wide-angle. 

Some of the low-cost platforms for gathering Ground Control Points (GCPs) for SfM 

(Structure from Motion)  mentioned in the literature were kites, blimps and small drones 

(Carrivick, Smith, Quincey, & Carver, 2013). By adding to cost and complexity, there are 
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models of commercial drones that have directional and altitudinal parameters in addition 

to the surveillance aspect shared with less expensive models. Datum points captured from 

these vehicles created the ability for more precise georeferencing limited only by the 

researchers’ financial constraints.  

Resig, being forced to tailor his survey area because of the transportation 

modality of the GoPro (kites need open fields of high wind), informed this thesis’ 

decision to use well-traveled walkways that could be safely traversed bicycle. Resig’s 

data capture model of capture, pre-processing and finally assessment informed the 

decision to have this research data process architecture follow a similar process: bicycle 

survey (data capture), GPS/GoPro georeferencing (preprocessing), lens distortion and 

stereo-pair differencing analyses (preprocessing), creating LiDAR DEMs 

(preprocessing), and finding and assessing slopes (assessment). Finally, Resig 

demonstrated low cost programs (besides student ArcGIS) could be used for GIS based 

research projects. Resig’s GIMP utilization inspired this thesis’ use of the free to use 

ImageSorter to classify the walkway surfaces. 

2.3	Deriving	Sidewalk	Slope	from	Digital	Elevation	Models	(DEMs)	
 

In the 2015 thesis, “A Statistical Comparison of Sidewalk Slopes Derived from 

Multi-Resolution Digital Elevation Models in Support of Accessibility”, GMU student 

Robin Rodgers conducted an analysis of sidewalk running slope from DEMs, (similar to 

the goals of this thesis) and the use of LiDAR for determining sidewalk cross-slope. Her 

thesis involved sidewalk running slope and various means of calculating it (Rodgers, 

2015). Of interest is the way she validated her 1m spatial resolution “ground truth” DEM 
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by comparing the slopes calculated to the USGS benchmarks. It was found that slope is 

best projected again every sixth-tenths of a meter, or every two feet. Also, regarding 

slope, she found that the steepest slope in a calculated segment should be used rather than 

the average because a wheelchair would be limited by the former rather than the later. 

The coordinate system and project used are important and she used a State Plan 

Coordinate System (based on the NAD 83 geographic coordinate system). Rogers notes 

the problems with calculations done with digital degrees or angle measures / arc sections 

for horizontal units while using feet in the vertical domain.  This thesis attempted to 

minimize similar computational problems, and used NAD 83 with a Lambert conformal 

conic projection, which is used in the Virginia state plane system, and by most of the data 

for the region produced by the Virginia Geographic Information Network (VGIN), 

accessed through ArcGIS Online.  

Calculating slope is an important aspect of this research just as it was for 

Rodger’s thesis. She used the rise over run with run-length segments of the pedestrian 

network used as x1, y1 and x2, y2. In contrast, terrain slope without regard to walkway 

cross-section orientation directionality was calculated in this thesis. In other words, a 

general and aggregated overall slope choropleth map was generated from the DEM data. 

The slope maps were calculated from USGS LiDAR and then their data was “intersected” 

onto the geolocated GoPro imagery to give a rough estimate of slope. Additionally, this 

thesis was informed by Rodgers determination that the most severe slope calculated 

should be the one assigned as an attribute because that would be the limiting factor in 

restricting mobility.  
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2.4	Using	GoPro	and	3D	Surface	Construction	
 
 Importantly, there are many methods for producing 3D imagery with a GoPro. In 

this section are many ways and methods that GoPro (or GoPro like) imagery is processed 

to yield three dimensional results. This thesis research could potentially produce 

coordinates for a 3D point cloud from the MATLAB depth finding stereo vision process. 

These point-clouds have surficial information present but only as unaggregated points 

with x, y, and z values. They were not able to output as a geometric surface (connect the 

dots with geometric planes) because of a lack of high-level programming expertise.  

 Various mathematical methods are used for imagery surface reconstruction, one 

being the use of a simulated ball within a generated triangular mesh. Researchers have 

been able to approximate a 3D surface (Bernardini et al., 1999). This algorithm is called 

the “Ball Pivoting Algorithm” or BPA. A sample of the BPA can be seen in Figure 9 

Bernardini et al. found that this boundary finding algorithm is “intuitive” because people 

can visualize a rolling ball along an edge quite easily. The BPA was also able to be 

applied to diffuse situations, had good economy on memory use and was quite robust as it 

could work on 3D objects that were complex as well as on messy, real world datasets 

(ibid.).   
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Figure 12. BPA Example, (Bernardini et al., 1999)

In addition to BPA there have been insights into “power crust, unions of balls, and 

the medial axis transform” which are the geometrical conceptions powering surface 

construction from points (Amenta, et al., 2001). These surface reconstructions have 

gained prominence with the popularity of LiDAR. The algorithm used to reconstruct a 

surface in this previous research specifically used a Medial Axis Transform (MAT). A 

MAT is when an “infinite union” of balls are used to approximate a surface from inside a 

figure (Figure 10).  
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Figure 13. Example of how an Infinite Union of Balls Forms a Power Crust in Two Dimensions, (Amenta et al., 

2001) 

In an older work, Lorensen (1987) introduced the concept of “marching cubes” to 

image points. This algorithm was originally conceived to be used to assist physicians in 

their use of MRI machines. It is called marching cubes because a series of cubes a 

constructed by using the point clouds from which a series of triangles are constructed 

inside and ping around finding the edges of the point cloud shape surface (like a human 

skull in the original usage).  

By using Poisson surface reconstruction, we can make out surfaces from bundles 

of points (Kazhdan, Bolitho, & Hoppe, 2006). Poisson in this usage simply signifies that 
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all points at one time are considered instead of a heuristic that approximates them. Not 

using approximate measures is important because it prevents over- or under-fitting the 

data to a surface position. The researchers extended the surface reconstruction procedures 

to points that were not uniformly sampled by using an indicator function to show where 

the surface begins.   

 Tight cocones can also be used for point-based surface reconstruction (Dey & 

Goswami, 2003). Cocones in this usage are an algorithm component for surface 

reconstruction from noisy datasets of point data. The cocone produced is notable because 

it produces “watertight” surface reconstruction without the addition of newly created 

points (the results produced become a “subcomplex” of Delaunay triangulation). One 

drawback of this process is that it is unable to reproduce internal holes that are supposed 

to be there but this was not a problem because internal voids are not an issue for the 

surfaces that need to be captured along the walkways that were surveyed for this thesis.  

 Other than simple point cloud there has been advances in making surfaces from 

motion-video captures similar to the time-lapse captures that were employed in this thesis 

(Crandall et al., 2013; Fonstad et al., 2013; Mouragnon et al., 2009; Wu, 2013). The 

algorithm used by these scientists choose local bundles of points from motion-capture 

data and then proceeded to create 3D surfaces. The procedure needed at least three 

connected image stills and had fast processing time compared to other similar surface 

reconstruction techniques and can be ported from one camera type to another. Within this 

thesis, GPS position and the geometry created from this process (centerlines and average 

width).  
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In the field of computer science there has been insights into using image features 

that are resistant to scale change to match objects from different images (Lowe, 2004). 

The reason why these invariant features are useful is because they can be selected from a 

large array of differing camera positions to produce geometry. Rotation, scale, “affine 

distortion, addition of noise” and differing light levels are the parameters that this process 

can correct the distortions from the above. Another feature of why this process is useful is 

because sometimes when an object is present it can be occluded in several frames and be 

also be visible in several other frames. The mathematical process used by the researchers 

included, “approximate nearest-neighbor lookup, a Hough transform… [and] least-

squares pose determination” (ibid., p. 25). It was also noted that “local texture mappers” 

could improve the invariant feature recognition. While 3D coordinates (x, y, z) were 

obtained from the MATLAB stereoscopic imagery differencing the use of the 3D surface 

creation models detailed here was not necessary. This was because the complexity of 

stereo-surface generation resulted in a determination that it would be included in a future 

project. Further research, will however, benefit from the ability to model georeferenced 

stereo-pair derived surface models because of cost effectiveness that has been 

demonstrated here. 

 

2.5	Autonomous	Road	Mapping	

 To use 3D surface reconstruction, we need to have a system of road mapping in 

place to facilitate dataset capture. This section will go over that process with selected 
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academic literature. This process will mostly include road and path mapping technology 

reviews.  

 Papers have been written on using camera and sensor technology similar to GoPro 

on moving platforms to map road surface features. The methods presented through these 

papers, notably (Han et al.  2015), will be useful to this thesis. The process in Han et al. 

(2015) utilizes “Canny edge detection technique[s]” and the 3D coordinates are achieved 

using onboard capabilities of the imaging systems. While this thesis must combine the 

geospatial position (GPS receiver) and the images the principle remains similar. The 

paper’s concluding remarks say that this process was good for mono-camera 

configurations with fast post processing. 

 This literature review looked at both single camera systems (e.g., Resig 2014) as 

well as dual or stereo camera systems. Scientists have also used stereo-pair cameras, like 

those used in this thesis’s phase III survey in Poquoson Virginia. Kheyrollahi and 

Breckon (2010) and Soheilian et al. (2010) found that to overcome the problem of debris 

occlusions, different paint markings, and cars moving operating conditions special 

attention had to be paid to providing a model for producing high-fidelity 3D surfaces. 

Another constraint was that the datasets created had to be useful and accurate enough for 

transportation databases. By using stereo-pairs the researchers could interpolate occluded 

paint markings as well as define and distinguish traffic lanes. This last finding indicates 

the ability to find walkway width without manual input.  

 The imagery from cameras is only useful for precision geometry if the image 

distortion can be calibrated. Research has been documented on making the calibration 
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process automatic (Goeman et al.  2012). Georeferencing was done on 2MP images and 

with a range calibration feature (range pillar). Accuracy is so high that each pixel can be 

given a coordinate in geographic space of comparable quality to manual calibration even 

when accounting for jpeg compression, different levels of lighting and other 

“aberrations”.     

 Lastly, some accounting must be given to route selection in the context of mobile 

imagery gathering platforms. Pingel (2010) studied how route selection varied with slope. 

This paper found that route selection is not equally in favor of route use cost and that 

“Tobler’s hiking function” did not correctly predict routes used because of how humans 

perceive slope steepness. People rate steep routes as high-cost even if they are shorter in 

length than gentler sloped routes. Dijkstra’s algorithm was, however, used to some effect 

when predicting the route usage (Dijkstra et al., 1983). Pingel’s research informed this 

thesis in its route selection by engaging a process for limited slope. In this case, it was 

done to help model the most likely selected transportation routes for people with 

disabilities.  

This research demonstrates that it is possible to provide a low-cost, and accurate 

methodology for assessing conditions and slopes of walkways using bicycles, GoPros, 

Androids, ArcGIS, USGS data and limited manpower. My literature review has shown 

that this thesis will have to take into consideration terrain features when outfitting the 

transportation modality, based in findings in Resig (2014). In order to maintain cost 

effectiveness a bicycle would be better than a helicopter or drone for the accessible 

walkway work done in this thesis. The second main point that can be taken from Resig is 
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the data work flow from capture to product. Finally, Resig made excellent use of free and 

open source software which showed that not everything needed to be programed from 

scratch, or purchased. Rogers (2015) presented a computationally efficient way to find 

slope, i.e. rise over run, additionally, that maximum severity of slope, instead of average, 

should define slope for accessibility purposes. Research using LiDAR showed that 

individual point clouds could be used as ground truth, in addition to the usage of a digital 

inclinometer. Additionally, the warning that Grohmann issued regarding down-sampling 

large scale DEMS into small scale DEMS was heeded when this thesis used pre-

processed USGS 1m DEMS instead of down-sampling the host .35m DEMS. White et al. 

showed that LiDAR would be well suited to the geographic extents of this thesis that 

were in forested parcels. Lastly, research into route selection via autonomous vehicles 

presented the opportunity for this thesis to inductively reason that steep slopes should be 

avoided from the hazard they pose to vehicles options with high centers of gravity. 

Complex routing algorithms have been studied by Curtin et al. (2014), and Rice et al. 

(2015) include an example of preferential routing for tree-canopy coverage.  Future 

development of routing with autonomous vehicles will likely incorporate complex 

routing, user preference, and detailed slope information (for achieving efficiency).   
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CHAPTER THREE – METHODOLOGY: BWAP WCI & ACCI 

The primary goal of this thesis was the creation and implementation of a 

workable, cost-effective, LiDAR based walkway cross-slope categorization system 

deployable with the help of a bicycle. There were also other secondary objectives related 

to imagery and surface type collection. This chapter will go over the methodology of 

these goals and objectives to allow for repetition of results.   

The six main methods used in this thesis will be presented along with the specific 

application within research phases I, II and III. For all three phases, data capture with a 

GPS (iPad for phase I, Galaxy S4 for phase II & III) and GoPro (stereo-pair for phase III) 

in their various mountings (Figure 2-8) was completed. The stereo mounts were placed 

on the right and left handlebars, approximately 8.5” apart and 46” above the walkway 

surface. The handle-bar mount bore-sights were aligned with dead-reckoning and the use 

of a carpenter’s digital angle measuring tool. The specific estimated angles of overlap as 

well as the endurance of data storage and batteries can be seen in the appendix or figure 

14. Approximately 10% of total onboard GoPro memory and 50% of Galaxy S4 battery 

charge was used for every 100% of every GoPro battery charge. This is to say, the 

primary constraint on data collection was battery life of the individual GoPro and not the 

storage of the actual data collected. This could be ameliorated through solar collection 

(USB solar panels) to help supply auxiliary power to the cameras.  The GoPro, used in 

the manner described in this chapter, allows for 130 minutes of continuous collection 

(Figure 14). External factors impacting battery life, including ambient temperature and 
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camera shutter frequency, were not studied in this research, but may be a subject of future 

exploration.  

 
Figure 14. Memory and Battery Endurance of Collection System 

After gathering the imagery and GPS points, the path of the route taken was 

digitized. Next, the GPX GPS dataset was imported. Following this step, outlier points 

for phase II were deleted and the near tool was used to find the X/Y points closest to the 

route taken. As a note, phase I was not accurate enough to detect outliers and phase III 

did not have any. For phase I & II only the points that were on the return trip was used 

because having points with differing temporal attributes and similar spatial attributes 

caused unnecessary redundancy. For phase III cell-network assisted points were used in 

conjunction with excellent GPS reception. In all three phases, GPS points that were 
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placed on top of each other were manually separated, and temporally-displaced points 

were also reordered.  

3.1	Creating	LiDAR	Cross-slope	.35m	and	1m	

Both course grain 1m and .35 spatial resolution DEMs were derived for the 

purposes of checking slope along walkways. A differing resolution was needed for 

comparison to ascertain which level was better in determining walkway cross-slope. For 

the .35m data, ArcMap was utilized to interpolate a raster using inverse distance 

weighting to make a DEM. This was done for both the Poquoson and Fairfax County raw 

LAS point-cloud USGS datasets. The cell-size selected for spatial resolution was .35 m 

as this was highest spatial resolution that the raw LAS LiDAR datasets could support 

with the .35m nominal average pulse distance. After creating the raster, a DEM (using 

inverse distance weighting) was interpolated and a TIN was created from the raster cells. 

Both TINs were converted into slope maps and, with the intersect tool, were inputted into 

the attribute tables of both phase I and II imagery/GPS-combo datasets. 

The most accurate data source for the Lidar Cross-slope shared by both Poquoson 

and Fairfax County was the USGS 1-meter DEMs. These were composed of subsets 

which had to be stitched together in ArcMap 10.4 using the “mosaic to new raster” tool.   

After stitching, a cubic interpolation was used to reproject the image to match existing 

data. Next, a TIN was calculated and used to generate a slope map. The non-directional 

potential cross-slope of each point was found by using the “intersect” operation. 

Importantly, the “point-slope” shows maximum slope, which is consistent with 
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accessibility logic articulated by Rodgers (2015), and the general exploratory nature of 

this thesis. 

 
Figure 15. (.35m) DEM Interpolation Method 
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Figure 16. Fairfax (.35m) IDW DEM 
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Figure 17. Fairfax (.35m) TIN overlain VBMP Imagery Underlay 
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Figure 18. Poquoson (.35m) Slope-Map with VBMP Imagery Underlay 

Figure 19. Overhead Imagery of Phase III Extent 
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Figure 20. USGS DEM of Poquoson, Phase III (1m) 

 
Figure 21. Poquoson, Phase III TIN (1m) 
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Figure 22. Poquoson, Phase III Slope of TIN (1m) 

3.2.1	Using	MATLAB	to	Correct	for	Lens	Distortion	

The methodology that was utilized for the mono-GoPro lens distortion correction 

(“undistortImage”) was a multi-step process that involved the programming language of 

MATLAB while utilizing the Camera Calibration app which was component of the 

Computer Vision System Toolbox. The purpose of this programing was to take fish-eye 

distortion of my images (intrinsic camera parameters) due to the wide-angle of my 

camera lens. The first step was to print and then photograph a checkerboard of known 

dimensions (1’x1’) from different angles (Figures 15, 16). The next step was for the 

image calibrator app to use a specified number of mathematical transformation 
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coefficients to estimate the pattern of distortion. In this case, the two-coefficient option 

was chosen over the three-coefficient option, because within the MATLAB programming 

environment, the three-coefficient option did not allow for the classification of pixel 

validity. The option to discard outlier images which was declined because including them 

did not result in a deterioration of image quality. The third and last step was to use the 

gathered parameters in the “undistortImage” system function. A batch process was 

programed to streamline this image processing step. MATLAB functionality did not 

allow easy reading and writing of EXIF metadata, which necessitated metadata being 

written in the filename of the corrected image. See figure 15 for the detection results of 

the calibration toolbox.  

Figure 23. Statistics of Checkerboard Images Used for Mono-Camera “undistortImage” Function Calibration  



47

 
Figure 24. Example of Distorted Checkerboard Pre- “undistortImage” 

3.2.2	Assigning	Imagery	to	GPS	points	

One of the main tasks for this thesis was finding the spatial coordinates of the 

GoPro imagery. The way this was done was by pairing GPS time with GoPro capture 

time. While it sounds simple it was an involved process. A semi-automated/scripted 

system was used that could be fully automated should the occasion arise.  

The system used to pair the temporal and spatial data types required human 

input, combined with four small programs that were written to speed things up. Because 

MATLAB’s native EXIF/image-metadata reading/editing abilities were found to be 
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inadequate it was decided to write a program that instead read the image capture date and 

wrote it as the image file name. The ability to count total seconds elapsed was also 

written and it was found that this ability was useful. The next step was creating and 

populating a standalone GDB table with the filenames as attributes, using Python and 

Arcpy. This process did not require the importation of a featureless GPS point feature 

class because GPX format is readily convertible in ArcMap as a point geometry type. 

After creating the GoPro time table, the field was converted into the proper date data type 

as well as adjusted for incorrect time zones. This required some syntax correction, with 

VB Script in the field calculator. Because the stereo imagery (which were two images 

taken at the same time) metadata only indicated a one second or less maximum temporal 

differential for the two cameras the time reading for the right camera was used for both. 

This was corrected by determining which time series was more accurate and using that 

information for both cameras. A Bluetooth device was available for syncing the cameras 

but it was found to be non-functional and unneeded as both buttons could be pressed 

simultaneously.  

After a time-table for images and GPS was produced, the closest GPS point to 

each GoPro image’s temporal record was matched. This required a novel solution, 

namely there could not be a typical join because not all the times matched exactly. This 

was solved by giving the two tables an arbitrarily y spatial value of 1 and a x value of the 

time converted to a double data type. The results were then plotted and a spatial join was 

done resulting in GoPro/GPS point feature class. Put simply, the time data points were 

joined via a “Spatial Join” operation because they had been plotted as x/y data. Temporal 
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accuracy was determined by finding the absolute value difference between GPS time and 

GoPro capture time. Interestingly, ArcMap showed time difference as 12:00 AM + time 

difference (e.g. 12:01 AM).  

The feature class was converted to a shapefile so that the records in MATLAB 

could more readily be accessed when further image processing was done. After this 

attachment table was created, hyperlinks were formed using Python and VB script, which 

allowed the image to be accessed with simply a single mouse clock. The very last step 

was a data cleaning process to remove overlapping transect waypoints.  

3.3	Edge	Detection	and	Stereoscopic	Cross-slope	Calculation	
Preparation	

 
 The next area of work was to create 3D point clouds from the stereoscopic images 

as well as delineating Walkway edges and trail boundaries. The objective in this thesis 

was to determine the boundaries so that the endpoints for cross-slope could be 

determined. To calibrate the images, photos needed to be taken from multiple angles of a 

checkerboard image like figure 16 but with two cameras set up. Because having the 

cameras still attached to the bicycle was cumbersome a pole mount was constructed that 

could be maneuvered around the checkerboard. The cameras were placed at a similar 

angle with respect to each other and the 8.5” separation was carefully maintained, though 

it was difficult to reproduce the exact relative angle the cameras had on the bicycle, due 

to a lack of measuring sights on the GoPro cameras. The calibration errors were further 

compounded by the shaking of the bicycle sensor platform under normal operation. The 
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contribution of these errors to the analysis in this thesis will be discussed briefly in the 

following chapter, and in a summary of future work.  

 Much like the (single) MATLAB camera calibration app, a stereoscopic 

MATLAB app was used to discover the intrinsic lens distortion parameters. Unlike the 

single-camera app, image-difference-data in the stereo app could be used by MATLAB to 

deduce 3D position. The app allowed for the selection of images to determine if they 

were to be discarded as outliers, similar to the procedure for the mono camera calibration 

app.  

 Because the camera app relied upon matching pairs of images, a batch rename 

script was written that to rename and place image pairs in temporal order, in order to 

establish matched pairs and link to a corresponding file geodatabase point feature class 

used for linking camera time with GPS position. After renaming the stereo pairs, the 

sequence of data pre-processing occurred in three steps as detailed below. 

 In step one, a script that made use of MATLAB’s “rectifyStereoImages” 

command was programed. This was for creating two lens-corrected images for the left 

and right cameras that use the same y values so that they are parallel. In step two it 

created a difference map that calculated pixel disparity. It used the “disparityMap” 

function in MATLAB in the form of a custom program. In the third step, 

“reconstructScene” was employed to draw 3D points from the “disparityMap” PNG files. 

These were saved as 3D arrays in the MAT workspace for later use.  

 In this thesis, the stereoscopic cross-slope ready dataset was created by taking the 

3D array output of the “reconstructScene” MATLAB and outputting it to a MATLAB 
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workspace. The “reconstructScene” application created an array storing 3D points which 

were then saved as cell matrices which allowed for the creation of 3D surfaces. The 

principal investigator was able to generate a 3D point cloud, but was not able to calculate 

cross-slope or perform edge detection due to the complexity of the MATLAB programing 

requirements of mathematical surface creation from variable point-clouds. In order to 

create these surfaces, this thesis would need to calculate the average numerical gradient 

along the surface of each photo-pair’s 3D array point-cloud. Of positive note, however, 

point cloud corresponding to each photo-pair’s geometry was successfully calculated.  

The discussion of computational needs and shortfalls within this thesis will be discussed 

in the final chapter of this thesis. 

3.4	Surface	Type	Identification	Process	
 
 A MATLAB script was used to crop the images to just the walkway. A portion of 

the image that cropped out the forward bicycle tire and any area along the x and y axis 

that would consist of areas outside of the path or of the horizon (sky) was chosen.   

The number of images selected for software processing was 302. This number 

was used because although there were thousands of images in phase I and II there were 

only 302 images in phase III. Each phase was given 302 images for consideration so not 

to give undue weight to any one phase’s result. 

A MATLAB script was also used to randomly select images from phase I and II. 

The random selection script assigned a random large digit number to each photo and then 

then phots were arranged from largest number to smallest number and the largest 302 

were selected. Because these filename numbers were combinations and not permutations 
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each batch process had to be monitored to ensure that the number of files read into the 

random number filename folder was equal to the number read in. The cropped images 

with the largest number filename were selected if the bicycle tire was not visible through 

vibrational camera error. The analyst manually took these corrupted images out. 

Additionally, for phase III, this thesis only used the left camera for classification 

purposes because only one image series was necessary and both cameras produced 

similar imagery. 

ImageSorter v 4.3.1 Beta was utilized as an unsupervised software classifier. It 

looked for hue, lightness, and chroma based on a color that was from a selectable 

dialogue box. The software then went and pulled images that most closely matched the 

user inputted color option choice, in batches of 50. The primary investigator then went 

though and identified which images did not belong and recorded the results in the 

confusion tables in the next chapter. 
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CHAPTER FOUR – RESULTS AND DISCUSSION 

In this thesis chapter, the results of my Bicycle Walkways Assessment Program’s 

and Walkway Condition Inventory will be presented.  The general research literature 

(discussed in Chapter 2) provided a basis for methodology (discussed in Chapter 3) and 

the results presented here.  Issues related to GPS accuracy (a primary factor in analyzing 

the feasibility of a bicycle walkway assessment) is presented, followed by a presentation 

of results for cross-slope and surface texture and material.   

4.1	Accuracy	of	GPS	
In general terms, phase I (without cellular accuracy enhancement) contained large 

positional error (yellow points, Figure 26, average error =102.39m), phase II had 

relatively low positional errors, despite being in the woods (green points, Figures 18 and 

19, average error = 6.58m) and phase III had the lowest positional errors (Figure 20, 

average error = 4.08m), due primarily to the lack of tree canopy and unobstructed 

overhead view, which is known to improve GPS accuracy.  Some of these GPS-related 

accuracy issues are addressed in Rice et al. (2015). Phase I also had problems with 

spatiotemporal accuracy, i.e., the displacement of time-ordered points, while phase II & 

III (cell-assisted GPS) were correctly time-ordered in nearly every case.  Based on a 

random sample of points from each of the three data collection phases, estimates of 

horizontal positional accuracy were derived (Figure 17), with phase II and III being 

similar (6.58m, 4.08m) and phase I being significantly higher (102.39m). In Phase I, tree 
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canopy and lack of cellular network accuracy enhancement significantly reduced 

positional accuracy. 

 
Figure 25. Accuracy Statistics for Geolocation of GoPro Imagery 

This thesis also found in all the phases that the slower the sensor platform moved, 

the greater the spatial accuracy but the poorer the temporal order accuracy, as the speed 

was not great enough to overcome the circular error probability. In other words, points 

could appear in the wrong order if the bicycle was stationary but if moving, this was less 

of a problem even though they were recorded as meters away from their actual position. 

 
Figure 26. Unassisted GPS Accuracy of Phase I (Yellow) Compared to GPS Accuracy Assisted Phase I (Green) 

Phase Count	GoPro	Images Average	Error	(m) Min Max Std.
I	Fairfax	(lacks	cellular	accuracy	assistance) 615 102.39 0.01 282.12 64.27
II	Fairfax	(with	cellular	accuracy	assistance) 3861 6.58 0 27.9 4.78
III	Poquoson	(with	cellular	accuracy	assistance)	 302 4.08 0.06 11.4 2.59
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Figure 27. Cell-Assisted Accuracy of Phase II (Green) Visualized Separately

 
Figure 28. Cell-Assisted Accuracy of Phase III 
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4.2		Detecting	Greater	than	2%	and	Cross-Slope	Results	

 Figures 17, 18, 19, and 20 from Chapter 3 show the DEM and slope map 

generation methodology and settings and preliminary results, used as input for the 

interpolation input settings.  Based on analysis with these elevation data sources, Table 1 

shows that a large proportion of image pairs have greater than 2% cross slope. For this 

thesis, cross-slopes were determined for every geolocated image. This slope 

determination was made based off of a generalized, overall topographic slope generated 

from the 1 m and .35 m DEM datasets.  

The relevant slope categories were selected from the ArcGIS table view. For 

phase I mono (Fairfax) 484/615 (79%) were at least 3% slope. In the phase II there was a 

3049/3859 or 79%. In Poquoson-stereo (phase III) I had 5/302 or about 2%. These 

findings indicate that Poquoson has a better walkway cross-slope compliance. This was 

likely not because Poquoson is better at Civil Engineering in the context walkway ADA 

compliance. Instead, it is because Poquoson is extremely flat and located in Virginia’s 

Tidewater geographic area while Fairfax City/County is located in the Piedmont.  

 

 
Table 1. Summary of Cross-Slope Results for .35m DEM 

 

#	Points cross-slope	%	over	2
Phase	I	(Fairfax	County) 615 82.6
Phase	II	(Fairfax	County) 3861 86.8
Phase	III	(Poquoson	City) 302 65.6
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Figure 29. Phase II Cross-Slope Percent Slope Distribution 

 
Figure 30. Phase III Cross-Slope Percent Slope Distribution 
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4.3	Comparing	LiDAR	Cross-Slope	to	Hand	Measured	“Ground-Truth”	
Cross-Slope	

 
 The figures below (Figures 29 and 30) show the approximate area that a hand-tool 

mensuration of cross-slope took place. Three points were selected to have cross-slope 

measured from a digital inclinometer as well LiDAR transect slope to be used to compare 

against the .35m and 1m DEM cross-slope accuracies. The findings can be found in Table 

2. The surveyed trio consisted of multiple entrances and had a wide variety of ground-

truth slope. This thesis calculated transect slope by using two points and a length 

measurement. The findings indicated that the LiDAR DEM methods underestimated 

localized slope values for these three transects. 

  It can be determined from these results that hand surveying is not the only cost-

effective solution to finding ground slope. Individual LiDAR points can be selected, 

either manually or programmatically to find slope-intercept cross-slope. One, equally 

spaced, LiDAR cross section, or hand inclinometer cross section, could be measured for 

every 50 georeferenced GoPro images. This could be increased or decreased depending 

on the desired level of accuracy validation. 
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Figure 31. Cross-Slope Accuracy Comparison Study Area Endpoints (LiDAR Points, Inclinometer Hand-Tool 

and DEM Slope) 
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Figure 32. (.35m) Spatial Analyst Phase II Slope Map (Boat View) 

	 Ground-Truth	
Inclinometer	
Percent	Slope	

Ground-Truth	
LiDAR	Transect	
Percent	Slope	

.35m	DEM	
Percent	Slope	

1m	DEM	
Percent	Slope	

Top	Point 4.80 3.77 3.59 1.94
Middle	Point	 12.20	 9.97	 3.72	 3.04	
Bottom	Point 1.61 2.67 6.27 4.16

Table 2. Slope Accuracy Results for Specific Transect Produced via ArcGIS Spatial Analyst 
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Figure 33. LiDAR Points Selected for Slope Transect 

4.4 Surface	Classification	Results

An important component of the walkway condition inventory (WCI) is the 

determination of the walkway material type. As noted previously, transitions between 
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surface types (i.e., asphalt to concrete) are important indicators to blind, visually-

impaired, and mobility-impaired individuals, and pedestrian-oriented accessibility 

systems are being constructed with surface types and other relevant data in mind (Rice et 

al. 2011, 2013a, 2014, 2015) The categories of “Green Vegetation”, “Mulch”, “Asphalt”, 

“Gravel”, “Concrete” were used. The vegetation was included as a surface category 

because some of the paths used in the Accotink Creek Multiuse trail were primarily grass. 

Below each figure of the color used for the classification there is the related confusion 

matrix. Images were verified by close visual analysis. An image was considered of a 

certain class if it was over half of that class. An output class of the most likely 50 was 

produced for each category. The image sorter software simply picked the closest 50 

closest input images to the user-selected hue/chroma input parameter. In other words, an 

unsupervised classification was created from RGB in the electromagnetic spectrum. The 

results of surface classification tests are in the figures below. The first confusion matrix is 

Phase I, next Phase II, and last Phase III. Surface category classification refers to the 

process of putting walkway images into categories based on what their imagery reveals 

their composition to be. This process was able to identify gravel and concrete with nearly 

complete accuracy. As these are the majority of most walkways in Fairfax County this 

would be a valid program for walkway identification. 
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n	10	(random)	 Gravel		 Mulch	 Asphalt	 Grass	 Concrete	 Total	
Gravel	 9	 3	 6	 6	 3	 27	
Mulch	 0	 1	 0	 0	 0	 1	
Asphalt	 1	 5	 0	 1	 0	 7	
Grass	 0	 0	 2	 2	 0	 4	
Concrete	 0	 1	 2	 1	 7	 11	
Total	 10	 10	 10	 10	 10	 50	
phase	I	 	      

Table 3. Phase I Confusion Matrix 
 
 
	

n	10	(random)	 	 Gravel		 Mulch	 Asphalt	 Grass	 Concrete	 Total	
Gravel	 	 9	 3	 6	 4	 3	 25	
Mulch	 	 0	 1	 0	 1	 0	 2	
Asphalt	 	 1	 5	 0	 1	 1	 8	
Grass	 	 0	 0	 2	 3	 0	 5	
Concrete	 	 0	 1	 2	 1	 6	 10	
Total	 	 10	 10	 10	 10	 10	 	
phase	II	 	 	      

Table 4. Phase II Confusion Matrix 
 
 

	

n	10	(random)	 Gravel		 Mulch	 Asphalt	 Grass	 Concrete	 Total	
Gravel	 0	 0	 0	 0	 0	 0	
Mulch	 0	 0	 0	 0	 1	 1	
Asphalt	 0	 0	 6	 0	 0	 6	
Grass	 0	 0	 0	 10	 0	 10	
Concrete	 10	 10	 4	 0	 9	 33	
Total	 10	 10	 10	 10	 10	 50	
phase	III	 	      

Table 5. Phase III Confusion Matrix 
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Figure 34. Color Selected for Green Vegetation 
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Figure 35. Color Selected for Mulch 
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Figure 36. Color Selected for Asphalt 
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Figure 37. Color Selected for Gravel 
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Figure 38. Color Selected for Concrete 

4.5	Sample	of	Image	Processing	Operation	and	Hyperlinked	Data	

This thesis had a complex processing workflow with multiple steps. In the 

following figures the reader can see images as they taken from raw to processed. The 

steps are raw, lens corrected, stereo disparity map, and finally, cropped (Fig. 45). This 

thesis will finish with the prospective utility to a survey operation in chapter 5.  

This thesis started out with numbered images which were then renamed according 

to temporal attributes (for joining to GPS data) and saved in the uncorrected image sub-

directory (Fig. 46). The next step was to produce an image corrected for lens distortion. 
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These images were then linked to GPS points and were hyperlinked to the undistorted 

images (Fig. 47) with a VB script so that the user could click the GPS points and produce 

an image at a given point (Fig. 51 & 54). At this point it was possible for a user to 

determine type and deterioration status of a given walkway. For the stereo-pair imagery a 

difference estimate script was run from MATLAB to estimate depth from the lens focal 

point, and this can be seen in figure 48. The image produced in the last step was an 

intermediate result that needed to be converted from the image brightness values to x, y, 

and z spatial coordinates. To refine the intermediate, result this thesis used a MATLAB 

script to write the image brightness values to a 3D-matrix workspace-variable was then 

accessible as TXT file for the greatest cross-application accessibility (Fig. 49). The last 

step was to use MATLAB to programmatically crop out the bicycle wheelbase as well as 

any areas outside of the walkways using a crop-box whose image coordinates were found 

through trial and error (Fig. 52 & 53). 

 
Figure 39. Data Model 
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Figure 40. Uncorrected 
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Figure 41. Corrected 
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Figure 42. Disparity Map (Shows Z data) 
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Figure 43. TXT Based X, Y, Z Point-Cloud Output (Meters) 

Figure 44. Hyperlinked-Data Example 
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Figure 45. Uncropped (Corrected) 
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Figure 46. Cropped Image Example 
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Figure 47. Hyperlink Scripted Imagery 
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CHAPTER FIVE –CONCLUSION AND FUTURE WORK  

This thesis was motivated by the need for a practical, cost-effective method for 

sidewalk condition inventory primarily from LiDAR, as well as a continuation of topics 

explored by Resig (2014) and Rodgers (2015), who conducted research into the 

determination of slope for accessibility purposes. This thesis research is oriented to a 

Public Works condition inventory and measures cross slope, which imposes certain 

expectations from a design and build perspective, and from a usability perspective, 

addressed in Rice et al. (2014, 2015) and Rodgers (2015).     

Some of the challenges in this thesis were the inability to write a program to 

transform the successfully created stereo-pair based 3D points into geometric surfaces. 

With the addition of compass bearing data from a simple Raspberry Pi device those 

surfaces could have been georeferenced and would represent an additional point of 

comparison to the LiDAR slope maps and various ground truthing that occurred. Another 

challenge was mounting, and keeping mounted, the GoPro cameras in a consistent 

manner with a fixed mounting device. Had the 3D surfaces been created they would have 

had reduced vertical and horizontal accuracy because of the shifting of the devices from 

non-consistent mounting and kinetic vibrations. A lesson learned was that a cost-effective 

solution was found for a manpower efficient categorization of walkway slope from free-

to-use LiDAR with the addition of a 3D hyperlinked and georeferenced image database. 

In an ideal setting this thesis would have had a part-time geospatial programming familiar 

with MATLAB and Arcpy who could have created the surfaces from the 3D points. 
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Another ideal scenario would be a stable, professional-fabricated vibration resistant 

mount that could toggle to different view angles for the GoPros. 

In terms of the stereo-produced 3D coordinate-values’ utility in a bicycle 

walkways assessment program, there are multiple possibilities. The TXT file produced 

from the 3D stereo-pair coordinates could be read into an as yet to be created surface 

creation script and together with time (and simple-to-add bearing data) could be 

geolocated using the GPS point dataset similar to the process used with the mono and 

stereo GoPro imagery. To reduce temporal uncertainty a flashing Blue LED visible to the 

GoPros so the single-frame video imagery could be synchronized to GPS time more 

precisely. The geolocated surface transects would be valuable on their own as a sort of 

low cost LiDAR, but combined with analyst digitized walkway boundaries they could be 

used to produce cross-slopes. 

 

5.1.	The	Feasibility	and	Constraints	in	a	Bicycle	Walkway	Assessment	
Program	

 
The scientific problem statement posed at the start of this thesis was:  Is it 

possible to provide a low-cost, and accurate methodology for assessing conditions and 

slopes of walkways using bicycles, GoPros, Androids, ArcGIS, USGS data and limited 

manpower?, Alternatively, can a cost-effective method be developed and implemented to 

survey walkways for cross-slope and surface material composition? The answer was a 

partial affirmative. 
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The method of using a cellular-network enhanced GPS receiver combined with 

time-stamp geolocated GoPro imagery was a success with one second or less time 

discrepancy which could be improved even further with an inexpensive blue LED used 

for synchronization, as described above. Usage of USGS pre-made and user-derived 

DEMs did succeed in producing an average of topographic slope. This can be evaluated 

as an area that has room for improvement, in that cross-slope from digitized walkway 

boundary polygons could be used for finer grained results. The DEM derived slopes had 

decreased readings as compared with the ground truth survey that was undertaken for 

phase III. Having underestimated LiDAR DEM cross-slopes demonstrates the need for 

sampling with ground truth inclinometer and individual LiDAR point cross-slope, so that 

potentially erroneous results are not taken to be true. Surface composition detection was a 

mixed result with concrete and gravel achieving up to 80% and 88% successful 

identification based on analyst accuracy survey of the automatic-software 

hue/chroma/lightness matching of a sample image. A more in-depth investigation 

providing additional parameters might allow for even more accurate results. Such 

parameters might include other electromagnetic spectrum data as well as texture.  

In the future, mobile walkway assessment platforms may utilize hyperspectral 

imagery to aid in topographic surface classification and other data gathering duties. 

Hyperspectral imagery has been used in the field of autonomous vehicle navigation to tell 

the vehicle where hard and soft debris are to keep it from getting stuck by allowing it to 

classify materials into natural and man-made categories (Fogler, 2003). Infrared indices 

such as NDVI could be used based on this research and alongside with pre-captured 
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centerline data could indicate where vegetation had overtaken the walkway. Fogler 

concluded that the presented research could be used to identify plant species (ibid.). In 

the context of walkways survey, potential invasive species could be catalogued allowing 

for easy removal. Water content of bio-mass (peat) has already been quantified with 

small mobile-platform hyperspectral frame-cameras (E. Honkavaara et al., 2016) and in 

the municipal context this ability could be used to asses imagery that contains 

waterlogged sections of walkway.  In many of these applications, the library of 

georeferenced images, produced from cameras on a bicycle, could serve as a source of 

ground truth. 

5.2	Comparing	LiDAR	Cross-slope	to	Stereoscopic	Cross-	
 
 This section could not be completed because the stereoscopic derived cross-slope 

surfaces were not constructed from the 3D point-clouds. Because the 3D point-clouds 

were created, all that would have been necessary would be for greater analyst skill in 

computer science to create the program to create surfaces and then measure cross-slope. 

The only process for which greater expertise was needed was creating geometric 3D 

surfaces from the point-clouds and from that programmatically deriving cross-slope. 

Time data would be used for geolocation and bearing data from any number of cell-phone 

apps could be used to orient the surface.  

5.3	Surface	Anomaly	Recording	
 

 The hypothetical walkway surface anomaly recording procedure would entail that 

the participant record a voice impression upon reaching said features. This could be as 
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simply as a Bluetooth recording device affixed to the bicycle frame. It was deemed not 

necessary to complete this step because it would entail a simple audio recording device 

whose use is trivial. The reporting of surface anomaly information and other 

infrastructure conditions are the subject of other crowdsourcing research (Rice et al.  

2011, 2012, 2013b, 2016). This paradigm of web-enabled data collection, reporting, and 

sharing (Goodchiuld et al. 2005) is an efficient way to gather simple geographical 

information and a likely part of future maintenance and condition reporting systems.   

5.4	Automatic	Programming	Approach	and	the	Mensuration	Processes	
 

The general benefits for a bicycle-borne LiDAR-based cross-slope and GoPro 

based condition assessment are as follows: 1) It is inexpensive in terms of manpower and 

capital costs because the relevant data is free of charge from USGS and the vehicle used 

is a bicycle. The manpower costs are not excessive because anyone can be trained to ride 

a bike and the “press start” on the programmatic pre- and post-processing codebase. 2) 

The idea behind georeferenced imagery is that condition assessment becomes easier 

because conditions are inventoried in the 4th dimension (time). 3) Additions to the 

assessment methodology are modular. One improvement would be mounting rear facing 

cameras on a small trailer with a strobe synced to GPS time for added precession. 

Additionally, GoPros can be set to capture video, and by enabling this along with the 

strobe there would be no questing of syncing to a wrong time because all necessary 

frames would be captured. Another improvement could be a custom fabricated mount 

with specific field of view toggles in degrees for x and y (eg. 15, 30, 45, 90, etc.). 
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In the future, it is hopeful that an automatic process could be used to combine all 

of the processes together, after or even during a single transect with an instrumented 

bicycle. The steps a municipality could use to implement the findings of this thesis’ 

research are detailed below as a summary.  

The first step is for a public works administration to delineate an area of walkway 

that needs to be monitored for maintenance purposes. The second step is to send an 

individual on a bicycle equipped with an inexpensive digital camera and GPS to collect 

imagery and geospatial reference points. While this is happening, the imagery is 

referenced by time in Python and joined to a table of GPS points in ArcGIS using a 

python Script Tool. The third step, when the technician is finished operating the bicycle 

and is back at the maintenance depot, is for that individual to use MATLAB to correct the 

stereo-imagery for distortion and find x y z coordinates using the stereo-pair image 

differencing app. This 3D information is written to a shape file and uses the image 

filename to join to the imagery/GPS table from the Python Script Tool. This gives the 

analyst 3D information from which a cross-slope can be obtained and assigned geospatial 

position. In the fourth step, after the geospatially referenced cross-slope is obtained, that 

shapefile is uploaded into ArcGIS online and a second analyst can compare that cross-

slope data to USGIS LiDAR data. This can be either run as a script automatically or on 

demand to guard against excess processor loading. With accuracy of the stereoscopic 

cross-slope verified, the fifth step can commence. This step consists of using 

ImageSorterV4 to recognize surface categories and assign confusion matrices via newly 

created cell matrices that will be spawned from a MATLAB running process that 
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monitors the ImageSorter output. The fifth step requires the analyst to select colors and 

intensities based on which is most frequent in the selected test group in order to output 

within proper margins of error.  
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APPENDIX 

Programming	Scripts	Download	

Code for this thesis is available at 

http://geo.gmu.edu/archive/NAULT_GEOINT_MS_THESIS_CODE_BASE.zip	    

FFX	Job	Hazard	Analysis	(JHA)	

Training qualifications, operational objectives, health and fitness, maintenance, 

and equipment specifications inherent in the operation of bicycles for risk analysis and 

mitigation are necessary definitions to a functional Public Works program. In this thesis’ 

appendix you will find this document. It is an extensively modified adaptation of 

pertinent sections in the SPD manual (Seattle Police Department, 2002) as they are 

applied to the utilization of mountain bikes. It my goal to provide a framework for 

maximum employee safety.  

 

1. Training Qualifications 

a. An MSMD employee or contractor acting their behalf will be required to complete the free online portion of the 

“Traffic Skills 101 Course” [Link]. 

b. Supervisors assigned to the BWA program will insure employees have kept their bicycle safety and operation 

skills current. To this end, with the cooperation of the MSMD safety section there will be the designation of 

additional supplemental bicycle training workshops when necessary. 

c. A master list of employees that are qualified to operate bicycles under the aegis of the BWA will be kept by 

MSMD Human Resources.  

2. Operational Objectives 

a. Bicycle mounted sensors can be used for the condition assessment of a variety of items. In our case we will be 

updating records in a previously established geospatial walkway condition assessment database.  
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b. Bicycles are unique in that like pedestrians they are able to travel on automobile-inaccessible trails while at the 

same time maintaining some the benefits of automobiles such as having a relatively high rate of travel which 

allows for fast paced assessing.  

c. Having public works employees wearing county uniforms in a friendly, community-accessible manner also 

presents the taxpayer with an example of their tax dollars hard at work.  

d. Operationally, the BWA program will be weather dependent as determined by supervisors involved. The pilot 

program will occur during the winter while any following operations during primary deployment will occur 

during the summer when snow and ice are less of a concern. 

e. Special case walkways occurring at some distance from bicycle dispatch locations may necessitate 

transportation via motor vehicle of the bicycle to the vicinity of trails at the discretion of assigned supervisors. 

f. Employees assigned to the BWA program will not be deployed directly from MSMD call center dispatches but 

will instead follow a pre-approved itinerary. 

g. According to the state code for the commonwealth of Virginia bicycles may be ridden on sidewalks unless 

prohibited by local ordinance or signage. The code also stipulates that when on roads they have the same 

responsibilities and privileges of automobiles and when on sidewalks they have the same responsibilities of 

pedestrians (Virginia Department of Transportation, 2015). According to section 82-9-6 of the Fairfax County 

code bicycles are specifically prohibited only where conspicuous signage indicates such prohibitions (Fairfax 

County, n.d.-b). Of special interest to the pilot program, bicycles are permitted on sidewalks in Fairfax City 

(Fairfax City, n.d.). We will not be seeking a blanket exemption from sidewalk bicycle prohibition signage from 

FCPD (Fairfax City Police Department) for the initial pilot program but we will if the program is fully 

devolved. 

3. Health and Fitness 

a. Because of the relatively intense cardiovascular demands that will be made of employees in the BWA program 

a DPWES approved physical will be required prior to any duties. Supervisors assigned to the program will 

ensue that necessary fitness is maintained by all subordinate employees. 

b. The MSMD safety section will undertake training sessions for cold/hot weather injury prevention to minimize 

work injury incidents. 

4. Maintenance 

a. Supervisors shall maintain a log of BWA program assets and their condition upon assignment and return. 

Employees assigned to the program will be tasked with reporting any mechanical issues to their supervisors and 

will be trained by the MSMD safety section on basic emergency bicycle repair. This will allow employees the 

ability to maintain routes even after non-critical equipment malfunctions. 

5. Equipment 
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a. Bicycle safety helmet. 

b. MSMD issue safety glasses 

c. MSMD issue raingear/winter coat 

d. Whistle or bell for warning pedestrians. 

e. A head and tail-lamp device compliant with Fairfax County code, “the bicycle must have a red reflector 

mounted on the rear visible for at least 600 feet. 

Additionally, on roads with a posted speed of 35 mph or higher, the bicycle must be equipped with at least one 

red taillight visible for at least 500 feet. Taillights may be steady or flashing, are allowed under all conditions 

and may be attached to either the cycle or rider” (Fairfax County, n.d.-a). 

f. MSMD BWA bicycles will be equipped with weather proofed saddle-bags and sensor-mounts for a Go-Pro 

and/or LiDAR equipment. A bicycle locking device will be issued to employees. Inertial position calibration 

equipment will be acquired for sensor rectification. 

g. Miscellaneous equipment including but not limited to: 

i. Bicycle: Electra Townie Original 7D. 

ii. Thule pack and ride handlebar mount. 

iii. Bicycle rack. 

iv. Locking mechanism. 

v. Basic VDOT approved headlamp and taillamp. 

vi. Bicycle helmet. 

vii. Water bottle cage holder, metal not plastic. 

viii. Water bottle(s). 

ix. Spoke-mounted reflectors, if not already included on tires. 

x. Rear-view mirror mounted onto handlebar, or its grips. 

xi. Kickstand, unless already included with bike. 

xii. Cable for bike lock, unless already included with it. 

xiii. Reflective ankle straps, to tie back pants cuffs while biking. In expectation that long trousers will 

always be worn, and possibly loose-cut. 

xiv. Biking gloves, to protect palm of hands in case of a fall. 

xv. County phone. 

xvi. Tire repair kit and inflation cartridges. 

xvii. Orange spray-paint can, for marking hazards if found on walkway. 

xviii. First-aid kit. 
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h. A bicycle carrier will be deployed should the situation arise where walkway deployment zones are not within 

reasonable riding range of West Drive. 

Any damage to the bicycle or accessories will be reported to relevant supervisors 

Figure 48. BWAP Requirements. 

 
Phase	II

Date Start	Time End	Time Duration	 Km/Miles	Traveled GPS	Speed Number	of	GPS	Points	Taken Angle	of	GoPro	Normal	of	Thule	Mount	and	Left	and	Right	(handelbar	stereo) Number	of	Photos	Taken Photo	Speed Start	Camera	Digital	Storage	(58.2	gb)	Percent	Used End	Camera	Digital	Storage	(58.2	gb)	Percent	Used Total	Digital	Storage	Used	(gb)	for	Photos Start	Android	Galaxy	S4	Battery End	Android	Galaxy	S4	Battery Start	GoPro	Hero	3	White	BatteryEnd	GoProHero	3	White	Batte

42,490 2:58	P.M. 5:09	P.M. 2h11m	 25.6/15.9 <1	second 274500% -45°	z-axis	(approx	20°	y-axis	[Lefthandel	bar	camera]	and	-20°	y-axis	[Right	handelbar	camera]	for	stereo)	 562200% 1	second 0% 9.60% 5.6 100% 62% 100% 0%

Time	(minutes) Distance	(km) Distance	(mi) Galaxy	S4	Battery	Life GoPro	Hero	3	White	Battery	Life GoPro	Hero	3	White	Memory	Usage Column1 Column2 Column3 Column4 Column5 Column6 Column7 Column8 Column9 Column10 Column11
1 0.195 0.121 99.71 99.237 0.073
2 0.39 0.242 99.42 98.474 0.146
3 0.585 0.363 99.13 97.711 0.219
4 0.78 0.484 98.84 96.948 0.292
5 0.975 0.605 98.55 96.185 0.365
6 1.17 0.726 98.26 95.422 0.438
7 1.365 0.847 97.97 94.659 0.511
8 1.56 0.968 97.68 93.896 0.584
9 1.755 1.089 97.39 93.133 0.657

10 1.95 1.21 97.1 92.37 0.73
11 2.145 1.331 96.81 91.607 0.803
12 2.34 1.452 96.52 90.844 0.876
13 2.535 1.573 96.23 90.081 0.949
14 2.73 1.694 95.94 89.318 1.022
15 2.925 1.815 95.65 88.555 1.095
16 3.12 1.936 95.36 87.792 1.168
17 3.315 2.057 95.07 87.029 1.241
18 3.51 2.178 94.78 86.266 1.314
19 3.705 2.299 94.49 85.503 1.387
20 3.9 2.42 94.2 84.74 1.46
21 4.095 2.541 93.91 83.977 1.533
22 4.29 2.662 93.62 83.214 1.606
23 4.485 2.783 93.33 82.451 1.679
24 4.68 2.904 93.04 81.688 1.752
25 4.875 3.025 92.75 80.925 1.825
26 5.07 3.146 92.46 80.162 1.898
27 5.265 3.267 92.17 79.399 1.971
28 5.46 3.388 91.88 78.636 2.044
29 5.655 3.509 91.59 77.873 2.117
30 5.85 3.63 91.3 77.11 2.19
31 6.045 3.751 91.01 76.347 2.263
32 6.24 3.872 90.72 75.584 2.336
33 6.435 3.993 90.43 74.821 2.409
34 6.63 4.114 90.14 74.058 2.482
35 6.825 4.235 89.85 73.295 2.555
36 7.02 4.356 89.56 72.532 2.628
37 7.215 4.477 89.27 71.769 2.701
38 7.41 4.598 88.98 71.006 2.774
39 7.605 4.719 88.69 70.243 2.847
40 7.8 4.84 88.4 69.48 2.92
41 7.995 4.961 88.11 68.717 2.993
42 8.19 5.082 87.82 67.954 3.066
43 8.385 5.203 87.53 67.191 3.139
44 8.58 5.324 87.24 66.428 3.212
45 8.775 5.445 86.95 65.665 3.285
46 8.97 5.566 86.66 64.902 3.358
47 9.165 5.687 86.37 64.139 3.431
48 9.36 5.808 86.08 63.376 3.504
49 9.555 5.929 85.79 62.613 3.577
50 9.75 6.05 85.5 61.85 3.65
51 9.945 6.171 85.21 61.087 3.723
52 10.14 6.292 84.92 60.324 3.796
53 10.335 6.413 84.63 59.561 3.869
54 10.53 6.534 84.34 58.798 3.942
55 10.725 6.655 84.05 58.035 4.015
56 10.92 6.776 83.76 57.272 4.088
57 11.115 6.897 83.47 56.509 4.161
58 11.31 7.018 83.18 55.746 4.234
59 11.505 7.139 82.89 54.983 4.307
60 11.7 7.26 82.6 54.22 4.38
61 11.895 7.381 82.31 53.457 4.453
62 12.09 7.502 82.02 52.694 4.526
63 12.285 7.623 81.73 51.931 4.599
64 12.48 7.744 81.44 51.168 4.672
65 12.675 7.865 81.15 50.405 4.745
66 12.87 7.986 80.86 49.642 4.818
67 13.065 8.107 80.57 48.879 4.891
68 13.26 8.228 80.28 48.116 4.964
69 13.455 8.349 79.99 47.353 5.037
70 13.65 8.47 79.7 46.59 5.11
71 13.845 8.591 79.41 45.827 5.183
72 14.04 8.712 79.12 45.064 5.256
73 14.235 8.833 78.83 44.301 5.329
74 14.43 8.954 78.54 43.538 5.402
75 14.625 9.075 78.25 42.775 5.475
76 14.82 9.196 77.96 42.012 5.548
77 15.015 9.317 77.67 41.249 5.621
78 15.21 9.438 77.38 40.486 5.694
79 15.405 9.559 77.09 39.723 5.767
80 15.6 9.68 76.8 38.96 5.84
81 15.795 9.801 76.51 38.197 5.913
82 15.99 9.922 76.22 37.434 5.986
83 16.185 10.043 75.93 36.671 6.059
84 16.38 10.164 75.64 35.908 6.132
85 16.575 10.285 75.35 35.145 6.205
86 16.77 10.406 75.06 34.382 6.278
87 16.965 10.527 74.77 33.619 6.351
88 17.16 10.648 74.48 32.856 6.424
89 17.355 10.769 74.19 32.093 6.497
90 17.55 10.89 73.9 31.33 6.57
91 17.745 11.011 73.61 30.567 6.643
92 17.94 11.132 73.32 29.804 6.716
93 18.135 11.253 73.03 29.041 6.789
94 18.33 11.374 72.74 28.278 6.862
95 18.525 11.495 72.45 27.515 6.935
96 18.72 11.616 72.16 26.752 7.008
97 18.915 11.737 71.87 25.989 7.081
98 19.11 11.858 71.58 25.226 7.154
99 19.305 11.979 71.29 24.463 7.227

100 19.5 12.1 71 23.7 7.3
101 19.695 12.221 70.71 22.937 7.373
102 19.89 12.342 70.42 22.174 7.446
103 20.085 12.463 70.13 21.411 7.519
104 20.28 12.584 69.84 20.648 7.592
105 20.475 12.705 69.55 19.885 7.665
106 20.67 12.826 69.26 19.122 7.738
107 20.865 12.947 68.97 18.359 7.811
108 21.06 13.068 68.68 17.596 7.884
109 21.255 13.189 68.39 16.833 7.957
110 21.45 13.31 68.1 16.07 8.03
111 21.645 13.431 67.81 15.307 8.103
112 21.84 13.552 67.52 14.544 8.176
113 22.035 13.673 67.23 13.781 8.249
114 22.23 13.794 66.94 13.018 8.322
115 22.425 13.915 66.65 12.255 8.395
116 22.62 14.036 66.36 11.492 8.468
117 22.815 14.157 66.07 10.729 8.541
118 23.01 14.278 65.78 9.966 8.614
119 23.205 14.399 65.49 9.203 8.687
120 23.4 14.52 65.2 8.44 8.76
121 23.595 14.641 64.91 7.677 8.833
122 23.79 14.762 64.62 6.914 8.906
123 23.985 14.883 64.33 6.151 8.979
124 24.18 15.004 64.04 5.388 9.052
125 24.375 15.125 63.75 4.625 9.125
126 24.57 15.246 63.46 3.862 9.198
127 24.765 15.367 63.17 3.099 9.271
128 24.96 15.488 62.88 2.336 9.344
129 25.155 15.609 62.59 1.573 9.417
130 25.35 15.73 62.3 0.81 9.49
131 25.545 15.851 62 0 9.6

 
Figure 49. Excel Equipment Endurance and Specifications (double click and copy all to a new sheet to properly 

view) or see GMU Website 
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