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1. Executive Summary

Building on the success of developing a UAV based unpaved road assessment system in Phase I, the

project team was awarded a Phase Il project by the USDOT to focus on outreanplang:ntation.

The project team added Valerie Lefler of Integrated Global Dimensions (IGD) who is an outreach

specialist, and Woolpert Inc. which is an architecture, engineering, and geospatial services firm to assist

in the second phase. As part of tleav focus on outreach and implementation, the original Phase | name

for the system, URCAS (Unpaved Roads Condition Assessment System), was changed to AURA (Aerial
Unpaved Road Assessment) after input from the pro

The first objective of the project team was to review and update the requirements, sensors and platforms.
Since it had been over three years between defining these parameters and the start of Phase I, the project
team needed to+&valuate the AURA systeas technology is quickly advancing. Through a brief

investigation, the results were published through Deliveralle 5 " Revi ew anAMJRAUpdate on
[URCAYRequi rements, Sensors, and Platformsdo. The pr
and NikonD800 components selected in Phasetestill the preferred components for the AURA

system due to their flexibility, low cost, and high resolution.

The use of fixeaving UAVs as an alternative to using muiitor systems was also investigated. Fixed

wing UAV data was provided by Jarlath O'NBilinne of the University of Vermont. All imagery was

collected using a Sensefly eBee which carries a point and shoot camera. The imagery and was processed
through commercial Structure from Motion (SfM) software aodhpared to previous results obtained

from the Bergen Hexacopter carrying a Nikon D800. Figuteshows and example comparison of the
hillshades of the 3D models generamme same scale
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Figure 1-1: A comparison between the levedf detail between DEMs generated from the Bergen
hexacopterbased system and an eBdsased data collection system. Both hillshade representations
are at the same scale and the pothole pointed out in the eBee hillshade is 67cm in width.

Imagery collectedrbm the eBeavith its builtin camerehad a lower resolution than imagery collected

from the Hexacoptewith the attached Nikon D800 cameFar conducting detailed condition

assessments of unpaved roads as defined in Deliverdble 1 i Re qu i r eoteeSertsisg f or Rem
Assessment of Unpayv e drot® eyateim carnyingd inighiresalusoo DSLR is thmeu | t i
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only system capable of providing the resolution required. Fiiad UAVs are better suited to long
duration collects and for collecting imagdoy visual inspection.

A major component of Phase Il was two field demonstrations, building from aegellved technical

demo in Phase | held in Sioux Falls, SD. The feshnical demonstration in Phasevls in Salina,

Kansas on June 10, 2015 at the University of KanSadina and the second demonstration was held in

Rapid City, South Dakota on October 20, 2015 as part @&atteRegional Local Roadso@ference

hosted by the North Dakota Local Technigabistance Program (LTAPJThese were focused on

bringing together local transportation officials and companies to demonstrate the AURA system
developed by the project team as well as demonstrate the usefulness of UAVs for the asset management.
Figure 12 shows the project team demonstrating a data collection of an unpaved road using the AURA
system in Rapid City, SD.

=

Figure 1-2: Field demonstration in Rapid City, SDas part of a preconference workshop for the 30
Regional Local Roads Conference

Important software updates were made to the Remote Sensing Processing System (RSPS) developed in
Phase | of the project. One update included a blurred image filter which removes blurred imagery before
being processed for 3D reconstruction, improving the 3putujuality. Another was the ability to run

the distress detection part independently of the 3D processing. The separation of the two components of
RSPS was done in response to commercialization discussions with companies which already have their
own 3D pocessing software and some UAVs (especially fiviay UAVS) have 3D processing software
included in their purchase. By separating the two components, the user is able to input their own 3D point
cloud to RSPS and the same distress detections arfaldsa mp e r e p outputs aregbhlerated as

in the original version.

Using new imagery from SEMCOG, the project team updated the unpaved roads inventory maps from
Phase I|. The original imagery used was collected in 2010 and the latest imagery analyzeldoted irol
2015. By adapting the algorithm used previously, updated maps were generated for the SEMCOG
counties using the updated imagery, and compared to PASER data. These updated maps show that the
unpaved roads inventory algorithm can be rapidly appiiegenerate the basemap needed to know where
paved vs. unpaved roads are located. A-pedgewed article describing this algorithm has been submitted
to Photogrammetric Engineering and Remote Sensing and has been resubmitted for publication after
incorporting reviewing comments.

As part of Phase Il, commercialization discussions were held with severalifiolugling one interested

in offering AURA system analysis of unpaved roads to end users through an onlibaseebprocessing
system The market fohighresolution, UAVfenabled sensing of unpaved road condition is still
developing. The technical capability has been demonstrated through this project that meets all
requirements defined by the Technical Advisory Committee. A mandate to colldackubsolution
assessment of all unpaved roads in a state or the country does not yet exist. Nonetheless, several firms
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expressed strong interesting in working with the Michigan Tech team on using the AURA system
commercially, especially for assessment ofrshoe r i h a u | roadso that must
condition for goods such as mining and dairy products to reach markets along these rural, typically
unpaved roads. The project team is continuing to search for U.S. and international opportunities for the
AURA system to reach dayp-day usage for unpaved road assessment, and is committed to doing so
beyond the formal conclusion of the project. The technology has reached the stage of being
implementation ready the right opportunities just need to be apglfor, won, and completed.
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2. Introduction

This report reviews the second phase of the AChar
Use of Remote Sensingod, which was focused on i mpl
Unpaved Road Assessment (AURA) systeimder the leadership of Principal Investigator (PI) Colin

Brooks, through the efforts of the research team, and with guidance of U.S. Department of Transportation
(USDOT) program manager Caesar Siaghd t he proj ectdos TethdAURAal Advi
system is now commercially ready for rapid, repeatable assessment of unpaved road condition in an asset
management environment.

The second phase builds from a 2014 effort that included describing the state of unpaved road
assessment technologies,atatining needed resolution and functionality through the help of a Technical
Advisory Committee (TAC), testing two unmanned aerial vehicle platforms, comparing to manned fixed
wing options, applying a higresolution digital camera, and developing an-erend software system to
create the needed thrdanensional (3D) data and detected road distresses. Associate Pl Tim Colling
provided indepth expertise on gravel road assessment, and the capability to integrate road distress data
into a decision suppo#sset management environment. Associate Pl Chris Roussi provided the
engineering, hardware testing, and software development capabilities necessary to develop a successful
AURA system. A peereviewed Transportation Research Record paper (Dobson et 4).d&2@tviewing

the Phase | analysis and accomplishments was submitted and accepted for publication.

In Phase I, project efforts resulted in commercialization discussionsawdgncompanies in the U.S.

and one in South America who expressed interesfféning AURA services for unpaved road

assessment on a commercial basis. The project team is looking with the most interested companies in
opportunities to bid AURA system capabilities for a paid project. Haul road monitoring at mining sites
and assessin@ads along potential pipeline projects have emerged as two of the main commercial
opportunities. The project team is committed to continuing commercialization efforts, as sufficient
momentum has been builhd ceasing efforist the end of Phase 1l woutat seem sensibleésecond

Phase partners Woolpert Incorporated of Dayton, Ohio proved a valuable addition through their help in
arranging a test of AURA system capabilities at a working gravel mining site in Ohio. This helped
demonstrate that the AURA ggs can provide the data to assess haul road sites. The attribute of haul
roads that lends itself to the AURA system is that frequent assessmeaticbnditionis neededo see

if roadsare passablfor the miningprodués t ransport aklThenAYRASHSEmr oad net w
producesentimeteiresolution 3D models of road surfaces with automated detection and severity rating
of ruts, potholes, and washboarding, plus calculation of percent crown. In the U.S., a requirement to
produce this level of data fonpaved roads does not yet exist in most localities. Howmagor unpaved
roads such asaul roadsnust remairopen, and the AURA system can produce the data needed to
monitorroadcondition and suitability for traffic.

An outreach professional, Valeliefler of Integrated Global Dimensions, was added to the team for the
second phase to help improve and extend the proje
the project by producing outreach videos, helping organize demonstration &naekiag down and

communicating with potential commercialization partners, and helping generate new flyers to share with
interested companies and agencies.

This second phase report starts with an overview of Phase |, then has summaries of all sevaneteliver
created for Phase II, continues with an update on applying the unpaved roads inventory algorithm, and
then describes improvements made to the processing software. All of these milestones, outcomes, and
deliverables have helped improve the capalsliied commercial readiness of the AURA system. With
UAYV technology developing rapidly, and newer more flexible rules on UAV operations coming out of the
federal government, the AURA system is ready to help assess unpaved roads in the U.S. and beyond.

Deliverable 8D - Final Report 1



Summary of Phase |

During the initial threek ear Phase 1 assessment of this analysis
and test the ability of a UAV and remote sensing to assess, identify, and quantify unpaved road distresses
(such as potholes, rutsydawashboarding). This goal was accomplished through the development of the

Aerial Unpaved Road Assessment (AURA) system, which contained five major components including 1.

data collection, 2. thredimensional data processing, 3. distress detection #igw;j 4. extensible

markup language (XML) distress data, and 5. a decision support system Hifsi&Z-1). The initial

step in development of the AURA systémiludedan indepthreviewinto current unpaved road

assessment techniques, including thoagitivolve visual, a combination of visual and direct

measurements, or indirect measurements (e.g. remote sensing methods and technologies). The Pavement
Surface Evaluation and Rating (PASER) system (a visual method) allows road managers to quickly and
cod-effectively assess road conditions that can guide road maintenance decision and classifies a

pavement into numerically labeled categories based on the type, extent, and severity of distresses and
includes assessment of road attributes such as drainafgEesmaterial makeup, and ride. Additionally,

PASER data for the seven counties that compose the Southeast Michigan Council of Governments was
used ast Mgtrlibnadlata for the Unpaved Roads I nventor
Road Conditia Index (URCI) (a combination of visual and direct measurements medwvatbped by

the U.S. Army was used as the basis for assigning distresses into category bins based on each distress
featureds severity for AURA.hod) was wsédyas therbasismaofthie s ensi
project.

Saneon Roadsoft GIS
, Support
: System
XML
Da_ta : 3D Data Distress Detection Road Dis-
Collection ; Processing Algorithms tress
~ Data
RSPS - REMOTE SENSING PROCESSING SYSTEM Other
GIS
(ArcGIS, Etc.)

Figure 2-1: The flexible, modular components of AURAdeveloped as a working prototype for this
project.

In order to assess roads via indirect methods, a Bergen Hexacopter UAV was selected as the primary data
collection platform Figure2-2) after an initial test with a singi®tor UAV. This platform was chosen

due to ease of control, simple maintenance, its ability to collect up to 20 minutes of data peitHight

DSLR camera loadairly compact size witfolding arms for easy packing, ability to quickly transfer

from one data collection location to the next, cagpfoximately $300, U.S-made status, and ability

for safe and efficient flights that follow FAA rules and guidelirigssed on defined reqements (such

as the sensor had to be remote controllable and contain a certainffigdav, focal length, resolution,

and frame ratethe 36megapixel Nikon D800 was selected as the optical sensor with a 50 mm /1.4
prime lens. Through the use of these select sensor and lens, the project was capable of collecting aerial
imagery of 1cm resolution from 30m altitude for multiple unpaved egments located for study and
demonstration sites in southeast Michigan, lowa, Nebraska, and South [FagotaZ-3).
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Figure 2-3: High resolution imagery collect fromapproximately 30m.

Overlapping aerial imagery collected by the UAV were processed by a software toolset called the Remote
Sensing Processing System (RSPS) consisting of both custom developed and existing open source tools
and scripts, allowing the overlapping stereo imggerbe reconstructed into a point cloud, digital

elevation model (DEM), and eventually a thaddmensional model of the unpaved road segment, in

which the density and severity of road distresses could be quantifidiinaued (Figure2-4).

Categorizatiorof distress features such as potholes and road crown were most effectively identified, with
ruts and washboarding also being detected, but requiring further accuracy improvements. Quantified
distress data were integrated into the RoadSoft GIS DSS tamhmercially ready software that
transportation agencies could choose to use with this newly available unpaved road asset management
data(Figure2-5).
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Figure2-4:A3-D point c¢cloud generated through the projec

height map where potholes and their depths can be seen.
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Figure 2-5: Assigning road sampling locations to a network of representative roads in the DSS.

Additionally, as part of Phase 1, an algorithm that automatically classifies paved vs. unpaved roads from
aerial imagery was developed and implemented on the SEMCOG region, including Livingston, Macomb,
Monroe, Oakland, St. Clair, Washtenaw, and Wayne t@@siriThe benefits of conducting this analysis
wastwofold and included developing the ability to assess the mileage and condition of unpaved roads on
a comprehensive, repeatable and-effgctive manner for road commissions and to automatically define
where unpaved roads that can be assessed by AURA are located. Using one foot (30cm) resolution four
band aerial imagery provide by SEMCOG, the Michigan Framework Roads network (bufferdi /by 30
9.1m), and an algorithm created within eCognition, the cayegfaload (paved vs. unpaved) was

assigned to every road segment (with a National Functional Classification (NFC) of 4 (Minor Arterials), 5
(Major Collectors), 6 (Minor Collectors) and 7 (Local)) within each county. Additional categories such as
shadow andegetation were also used in this analysis as both occur either withirfte/f3ér. The

sections that were classified as unpaved are exported and merged together to create a data layer for use
within GIS software. Ground truth PASER data was then tesedrify if the classified unpaved road
segments are actually unpaved. Lastly, based on error matrices generated for different automated
unpaved road detection percentages, countg maps with each road being labeled as paved or unpaved
were generatefFigure2-6). The percentage that matched the PASER data most closely was selected as
the overall value.
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Figure 2-6: Map of unpaved roads (represented in green) in the Livingston County Ml road
network and its accuracy assessment based on 2010 SEMC@&ial imagery.

Reports describe all details of the Phase | part of this project have been posted to the project web page at
www.mtri.org/unpaved
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3. Summary of Deliverables

The purpose of this sectiontis briefly review each of the deliverable reports created for this project. All
reports are available on the project websiteny. mtri.org/unpave)ibut are also included here with links
to the full reports.

Chapter 1: Review and Update on AURA Requirements, Sensors, and Platforms

Deliverable 5B is available for download at:
http://geodjango.mtri.org/unpaved/media/doc/deliverable_Del 5B _URCASupdate requirementssensorspl
atforms_Final.pdf

Deliverable 5B Supplemental is available for download at:
http://geodjango.mtri.org/unpaved/media/doc/deliverable Del 5B_Supplemental FixedWingEval_Fin.pd
f

During Phase | of the project, four deliverables were published to define the requirements for the AURA
system to assess unpavedds. These deliverables are requirements definition (Deliverable 1
assessment methods (Deliverabld)2sensor selection report (Deliverabld}i and candidate and
recommended remote sensing platforms (Deliveraifie B\l of these deliverables we submitted from

2011- 2012 and with the availability of newer and more advanced sensors and platforms by 2014, it was
necessary to revisit the initial analysis for the system. This deliverable reported on these technology
advances and made recommendatia how the project team should proceed in Phase II.

The requirements of the system remained mostly the same from Phase | of the project as outlined in
Deliverable 1A. Table 31 shows a summary of the updated requirements for a successful unpaved roads
data collection. The new table now includes platform and sensor specific details which include flying
altitude, resolution, field of view, and image capture speed. These were determined in Delivedables 4
and 5A and tested in Phase | of the project.

Table 3-1: Updated Summary of requirements for unpaved roads collection.

Number Name Type Definition
1 Data Collection Rate | Sensor The systems must collect data at a rate that is
competitive with current practice (to be determine
TBD)
2 Data Output Rate System Processed outputs from the system will be availak

no later than 5 days after collection

3 Sensor Operation Sensor feasyo, little trainin
4 Platform Operation Platform Training needed TBD, based on platform choice
5 Reporting Segment System <100ft x 70ft, with location precision of 10ft. Map

position accuracy +/A40ft
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6 Sample locations System Specified by the user a map waypoints

7 Inventory System A classified inventory of road types is required pri
to system operation. This witlbnsist of 3 classes:
Paved, Gravel, Unimproved Earth

8 Surface Width System This is part of the inventory, and may also be
estimated by the system measured every 10ft,
precision of +/4 0

9 Cross Section Distress Esti mate every ZElevatbn a
change in 96, from cen

10 Potholes Distress Detect hol e wi dtoh, >h6odl,e
>4 0, pr2oi siRepo+t i n2&,
2836, >36

11 Ruts Distress Detect >50 wide x20L06

12 Corrugptions Distress Detect spacing perpendicular to direction of travel
>8x400, amplitude >10-
30, >30. Report total
segment exhibiting these features

13 Roadside Drainage Distress Det ect danpavement Baitom, precision
+-20, every 10ft. Sense
elevation precision+2 6, wi dt h-4pr e

14 Loose Aggregate Distress Detect berms in lessaveled part of lane, elevation
precision+2 6, widadt h +/

15 Dust Distress Optionali measure opacity and settling time of
plume generated by pilot vehicle

16 Flight Altitude Platform ~4006 ( max)

17 Field-of- View Sensor 11 degrees

18 Resolution Sensor 0.50, (4 MP pixels for

19 Image Capture Speed | Sensor 2.25 frames per second
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Since the system requirements did not change, the resolution requirements for the sensor remained the
same. The project team chose the Nikon D800 which is a 36.3 MP DSLR camera during Phase |. With

that sensor resolution the resolution of the collectedi@mafrom 25m flying altitude is 0.4cm. After

processing the imagery through SfM algorithms, the resulting point cloud has a resolution of 0.9cm
(roughly 1/3in). This is wel/ bel ow to the requir
Deliverable 4A.

A review of potential multrotor platforms other than the Bergen Hexacopter was conducted for
Deliverable 5B. This included other mutiotor configurations, shown in Figurel3 as well as different
manufacturers. After review of these systems & determined that multbtor platforms from Bergen

RC were preferred as the manufacturer based on performance, price, and outstanding customer support.
The Bergen Hexacopter remained at the preferred choice for a platform, but a new Berg8m@iad

heavier lift capabilities would also be a good potential option. This platform is slightly larger than the
Hexacopter but its advantages include greater redundancy in case of motor failure, heavier lift payload,
and longer flight times when carrying the sgmagload as the Hexacopter.
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Figure 3-1: Possible multirotor prop configurations.

The Nikon D800 is the camera that was chosen as the sensor to be used during the first phase of this
project. This was done bec au dehighestdigital singlalenseflex f r am
(DSLR) camera resolution (36.3MP) at that time. It is capable of being remotely triggered as well as

having an internal interval timer to continuously capture imagery at user defined rate. Through testing of
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the camerdt was determined that the interval timer on the camera allowed for a maximum frame rate of 1
fps while an external controller enabled up to 2 fps. While the camera is rated from up to 4 fps continuous
shooting, the camera ran into buffer issues wheedallg unpaved road data at 3 to 4 fps.

For deployment to collect unpaved roads imagery a 50mm prime lens was attached in order to achieve the
desired FOV. The total weight of the camera and lens is 1.2kg which the Bergen hexacopter platform is
more than apable of carrying. For the first phase of the unpaved roads project, this camera was proven to
be able to collect the necessary resolution and quality of imagery needed for the 3D models and distress
detection.

Since choosing the Nikon D800 to be the sefigr the system in early in the Unpaved Roads project,
Nikon has introduced an upgraded version named the D810 (see http://www.nikonusa.com/en/Nikon
Products/Product/dsttameras/D810.html), also at the $3k price point. This camera has the same
resolution of 36.3MP as the D800 but is capable faster continuous shooting which would allow for faster
collection speeds. The new camera is now also 20g lighter than the D800 which would help slightly with
increasing flight times for the UAV platform.

Fixed-wing UAV Evaluation

The supplemental report was focused on evaluating-fiad UAVs for assessing unpaved roads. This
report reviewed and compared the practicality of using fixed) UAVS but more importantly it
evaluated unpaved road imagery collected froesé platforms and compared the results to those from
the Hexacopter platform recommended by the project team.

Fixedwing UAVs are available in a variety of sizes and capabilities. These range in size from small hand
launched varieties like the eBee to thmger catapult launched types. For rapid deployment assessment of
unpaved roads and for operating in smaller areas, hand launched UAVs were focused on. Due to their
small size and payload capability these UAVs are generally restricted to carrying iomlgrmbshoot

cameras with lower resolution sensors and smaller lenses.

The major advantage of fixed wing UAVs is that they have longer flight time when compared to multi
rotor systems. They are usually powered by a single motor as opposed to four on mmié-rotors.

They are also more efficient in with respect to staying aloft. Mattr systems have to be continuously
creating downforce greater than their weight through their propellers to maintain flightvinged

UAVs only have to create enoufirce to push it through the air while the wings create the lift. This
requires significantly less power to accomplish and therefore greater flying times with smaller batteries.
The project team evaluated two fixedhg UAVs, the Lehmann P60 and the Seefly eBee.

The Lehman LP60 is a fixeewing UAV owned by Michigan Tech with a flying wing design and has a
wingspan of 1m and 0.5m long (3ft and 1.5ft respectively) and weighs 1250gtodfddwith a camera
(Figure 32 ) . Dependi ng ispurchasedwith (Buehxat exteadadltteries), it costs
approximately $10,000 (the base kit is currea8990 or about $7940 at current exchange rates from its
European manufacturer). It has an endurance of up to 25 minutes and can fly in winds up to 25kt
(29mph). It is designed to carrynr@aximum payload capacity is 350g (120z) which Lehmann
recommends as Sony point and shoot cameras or a GoPro. The camera is triggered-Bgthasitie

an infrared (IR) remote mounted over the cameras sensor and capagesy at one frame per second.
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Figure 3-2: Lehman LP-960 wing and ground control station.

The UAV is hand launched (Figure33 and can be remotely piloted or fly ggeogrammed GP$ased
waypoints. During takeoff the B60 needs roughly 30m / 10®fom the launch point to stabilize and
ascend to an altitude which is over nearby trees or other obstacles which could be near the launch site.
When using the waypoint capability, after launch thedb® ascends to the desired altitude and then flies
to the starting waypoint. After the mission is complete, the9bB flies to towards the designated landing
point. The motor shuts off manually which initiates a landing in which the UAV would glide in to land. A
clearing which is at least 90m / 300ft long eeded for landing safely.

Figure 3-3: Lehmann LP-960 being hand launched and manually controlled.
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The LR960 is designed to carry Sony point and shoot cameras such as the Scty MEK a 16MP
resolution, Sony a6000 with a 24MP sensor, and the CanearBbot S110 with a 12MP sensor (the
Michigan Tech team has the Sony NEBX, which Lehmann Aviation described as their preferred

sensor). The highest image ground piexel resolution possible at an altitude of 55m / 180ft by the Sony
NEX-5T is 1.3cm, the Sgna6000 is estimated to be less than 0.9cm and the Canon PowerShot S110 is
2cm. Actual resolution will depend on the ability of the UAV to maintain its altitude as wind will impact
its flying characteristics and quality of the imagery. The Digital Elenddodel (DEM) derived using

the RSPS typically has a maximum resolution of twice the resolution of the input (i.e., images with 2 cm
ground pixel resolution have the possibility of being turned into a 3D DEM model with 4 cm Xx,y,z
resolution). This is donas a method to minimize processing time while still achieving accurate models of
the road surface, and not exceeding the resolution capabilities of the collected imagery.

The waypoint capabiHel awndscbl metedetheamgaaoh emowThi s
designates an area to be surveyed and the OperationCenter software (that comes with the LP960)
calculates the flight path needed to complete the survey with overlapping imagery (Figukdyghg

altitude is determined by the software lthea an imagery resolution selection and type of camera flown.

In the example below the camera is a Sony NH)Xset to a 16mm focal length and a desired ground

pixel resolution of 1.6cm. The flying altitude for this collection would be roughly 55m / TI8tHt.

collection area is set to a wide area over the unpaved road since the software is using Google Earth for the
background i magery, and the georeferencing of Goo
Michigan Tech team has seen Google Earth @nabe displaced from its true location by 10m / 33ft in

some locations). This wider area but still focused collection area enables full collection of the road while
allowing for some error in the Google imagery as well as some inaccuracy from the GrRSJ#WVt

itself.

Beyond 1250 m

Figure 3-4: Final flightpath for the proposed collect of Piotter Hwy near Britton, MI.

The Sensefly eBee is a flying wing design similar to the Lehmar@a0RFigure 3&b). Sensefly is

another European company and part of the Parrot gholigs a 1m wingspan and weighs 730g (1.61bs).

It has an endurance of up to 40 minutes and can fly in winds up to 24kt (28mph or 44kph). It is designed
to carry point and shoot cameras and can operate with the Sony WX220 (18MP) or the Canon PowerShot
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S110(12MP). An option for the eBee is RTK (Real Titdmematig GPS capability for increased
positional accuracy of imagery location tagging. The cost of an eBee RTK is $51,000 with 3D processing
software.

Figure 3-5: Sensefly eBee (Photo Courtesy of JarkatO'Neil-Dunne, University of Vermont)

Like the Lehmann, the eBee is hand launched and comes with its own mission planning software. They
are both light weight systems, but to launch the Lehmann the operator needs to do a short run and throw it
upward intathe air. The eBee is a slightly lighter system and is launched with a quick throw from a
standing position. The eBee flight panning software called eMotion. Similar to the OperationCenter
software, eMotion allows the user to select the area to be mappeatgsired resolution and the takeoff

and landing points of the UAV. Google Earth imagery is also used as the base map within the software to
aid in visualizing the data collection. This software also allows the operator to make changes to the flight
planwhile the eBee is flying.

Both fixedwing platforms are capable of carrying the same type of camera in a similar fashion.-A point
andshoot camera is mounted inside the UAV. This is different than the Bergen Hexacopter where the
cameras mountedto and sabilizedby a twaeaxis gimbal. The gimbal counters roll and pitch movements

of the hexacopter while in flight so that the camera is always pointed at nadir. The hexacopter itself is
stabilized through a GPS IMU (Internal Measurement Unit). The GPSigusedh ol d t he UAVO6s
z position when there is an absence of inputs given by the controller, as well as to fly programmed
waypoints. The IMU keeps the hexacopter level while in flight and provides input for the gimbal. As a
mission is being flown, imd gust will tend to push the hexacopter off course and the GPS IMU will

correct this action by changing the roll orientation to maintain a straight flight path. This action is

corrected by the gimbal to keep the camera pointed at nadir.

Fixedwing UAVs like the eBee also have a GPS IMU but they do not have a gimbal to stabilize the
camera. Like the muHiotor systems, the eBee will automatically adjust its orientation to maintain the

flight path programmed by the operator. As the UAV is being buffetmehdrby gusting winds and

correcting for those actions, the camera is moving with the aircraft without any correction. Depending on
the severity of the wind gust, the camera is sometimes quickly jerked while a picture is being taken. Since
it is not mountd to a gimbal this could cause motion blurring is some frames.

The type of camera used on the UAV also makes a difference in the quality of imagery. Larger multi
rotor systems like the Bergen Hexacopter can carry a DSLR while the eBee is restrictetetopemal

and shoot cameras. There are differences in sensor and lens quality as well as operational differences
between the two camera types. The Nikon D800 currently used on the AURA allows for full manual
operation. Prior to a collect, the operator nalyusets the camera shutter speed, aperture and focus to
ensure properly exposed imagery while minimizing motion blur with the lighting conditions during the
flight. Some point and shoot cameras have limited capability with full manual settings as sedtinas

the focus. Point and shoot cameras on fiw@ty systems typically are set to shutter priority and auto
focus. This could lead to image blurring issues as light conditions change leading to the aperture
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changing, leading to changes in depftfield. The auto focus feature could cause blurring issues as it

will tend to focus on larger objects such as tree tops, buildings or other parts of the image area and not
always the road surface. Depending on the defpffeld and where the camera is focugin the field of

view, the road surface may be atifocus and therefore blurred.

Most fixedwing UAVs are also sold with SfM software and cannot be purchased separately. This
significantly adds to the cost of the UAV. By comparison a Bergen Hexaceptdy to fly costs $5,400,

while an eBee RTK system cost $51,000. The RSPS already contains SfM algorithms which generate the
3D point cloud and therefore it is not necessary to purchase it with a UAV. However, the project team
recognized that many compasigat might offer unpaved road assessment using the AURA system

might already have their own SfM software and may prefer to continue using that.

Imagery was collected from an eBee by Jarlath O‘Naiine from the University of Vermont and sent to

the progct team to assist with this report. The imagery was processed through Pix4D to assess image and
3D model quality. Figure-8 shows example output from the processing of eBee imagery. Three large
potholes are clearly seen in the orthoimage (mosaiced aathteorrected image from the collected

imagery), but only one is seen in the Digital Elevation Model (DEM) or the Hillshade representation of

the DEM. This pothole is 67cm / 26in diameter and 10cm / 4in deep.

V

‘: " il Hlllshade_
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Figure 3-6: Detail of potholes on an unpavé road in Shelburne, VT. The orthoimage and DEM
were generated in Pix4D and the hillshade was generated in ArcGIS from the DEM. Both the
orthoimage and DEM are processed to a resolution of 3.3cm.
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Based on these results, the project team determined tltiale&bility of the eBee system and compared

it to the Hexacopter based system and compared them in FablEh& table illustrates that fixesling
system, which use small point and shoot cameras, are not capable of capturing the high resolution
imageryneeded to meet the unpaved road assessment resolution requirements defined earlier in the
project. Fixedwing systems do offer an advantage in longer duration flight and therefore would be more
useful in collecting large sections of road and using thgémyefor visual inspection purposes.

Table 3-2: Comparison of Detection ability between the eBee and Hexacopter systems.

Distress Hexacopter | eBee Comments
(cm) (cm)
Crown 1 10 z-axis
Pothole Diameter 3 67 x and y axis
Pothole Depth 1 10 z-axis
Rutting Diameter 3 67 x and y axis
Rutting Depth 1 10 Z-axis
Corrugation 1 10 Z-axis

Form this analysis of the highest resolution DEM which was processed to the resolution of the input
imagery (3.3cm) the smallest sized pothole that can be detected from imagery collected from an eBee is
67cm in diameter and 10cm deep. There were otheolgstshown in the orthoimage but could not be
differentiated from the road surface in the DEM. Figgigshows a comparison of the hillshade

Figure 3-7: A comparison between the levelfaletail between DEMs generated from the Bergen
hexacopterbased system and an eBd®ased data collection system. Both hillshade representations
are at the same scale and the pothole pointed out in the eBee hillshade is 67cm in width.
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While current FAA reglations restrict UAVs to within line of sight operation, this could be taken
advantage of in the future when longkstance styles of collection are offeréuls could be done
throughthe newAA waiver processAn alternative to the eBee fixeding sysgem is the Tempest fixed
wing UAV aircraft from UASUSA littp://www.uasusa.com/produetsrvices/aircraft/théempest.html

It has the capability to fly a 4.5kg (10 Ibs) paadl for up to 1.5 hours. While larger than the eBee (3m or
9.8ft wingspan), it is still easily transported with removable wings and is stilllaandhed. The major
advantage of this system is that it is capable of carrying therbggiution Nikon D80@ayload that is
currently used by the AURA system to evaluate-isich road distresses. This would allow for centimeter
/ subinch 3D reconstructions of the unpaved roads from a fixied UAV. This ability would be
extremely useful when new regulationt®al for beyond line of sight operations as it could collect high
resolution imagery over several miles of road in a single flight; a linear data collection distance of at least
40 miles / 64 km has been estimated, with 60 miles / 97 km possible.
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Chapter 2: Extension of GIS DSS Tools to a Nationwide Assessment Tool for Unpaved
Roads

Deliverable 6_D is ailable for download at:
http://geodjangantri.org/unpaved/media/doc/deliverable DE&6ExtensionofGISDSSTools fin.pdf

Duringthe Phase demonstration flightghere was a considerable amounintérestfrom the
participantsHowever, the interest to collect further data or to use the datmjanction with the

Decision Support Syste(DSS software did not materialize as well as the project team had originally
hoped. Anecdotal information from interacting with agencies at field demonstration sites revealed that,
while unmanned aerial vehic{g AV) technology was interesting and alluring to participants, many
agencies were still struggling with the concept of asset management for unpaved roads. Conversations
with agency staff revealed that few, if any, participating agencies have businessspsogset up to use
condition data in their decisiamaking process for unpaved roads but, rather, relied on professional
judgment to drive decisions. The idea of dataven decisions appeared to be a new concept for most of
the demonstration participesat our various field efforts.

From these interactions the project team developed a webinar to introduce the concepts of asset
management and how a DSS could be usehé. droject team developed and presented ehtvuo

introductory webinar on asset maragent concepts in light of the capabilities of the AURA system. This
webinar intended to raise the awareness of the benefits for using asset management systems and the
associated data gathering, helping to create demand for AURA system capabilitiesbifiae weuld

also then be available to help with outreach to any future groups interested in how road asset management
and the AURA system fit together to meet their unpaved road data needs.

The project team developed a webinar with five learning objectives

1) Participants will be able to outline the three phases and six steps of a general asset management
process.

2) Participants will be able to relate asset management core concepts to everyday activities.

3) Participants will be able to articulate the six usesaoffidition data for asset management
purposes.

4) Participants will be able to describe the applications of the AURA systems to their peers.

5) Participants will be able to articulate the differences between the Mimsstrategies for project
selection versua mixof-fixes asset management strategy.

Advertising for the webinar relied on a targeted electronic mailing campaign. Participants who had

provided their contact information at an AURA system field demonstration received the advertisement for

the webinavia email. A second mailing advertising the webinar included contacts from the Michigan

Local Technical Assistance Program (LTAP) mailingdistl a third marketing effort involved
advertising the webinarintherea i | newsl etter, owTramwhp arht atsi ¢am eBhd
distributed by Valerie Lefler of Integrated Global Dimensions (IGD) and is produced by Integrated

Global Dimensions. This newsletter is distributed to over 20,000 transportation professionals worldwide.

The webinar was held on Jai2, 2016 and presented by-Deestigator Tim Colling and project Pl Colin
Brooks using Adobe Connect web conferencing system. There were 26 participants who attended the
webinar, of which, 85% of them were from Michigan. Tabl& shows a list of attende by state. During
the two hour webinar, the participants were also given multiple feedback quizzes to foster interactivity
between the audience and instructors while collecting data for the project.

Deliverable 8D - Final Report 16


http://geodjango.mtri.org/unpaved/media/doc/deliverable_Del6-D_ExtensionofGISDSSTools_fin.pdf

Table 3-3: Webinar attendees by home state.

Registrant Home State

Registrants

Percent of Total

Alabama 0 0%
Arkansas 1 4%
Connecticut 1 4%
Kentucky 0 0%
Michigan 22 85%
Montana 0 0%
Nebraska 2 8%
North Dakota 0 0%
South Dakota 0 0%
Total 26 100%

The presentation first introduced the audience to the concept of asset management and its importance
before discussing the capabilities of the AURA system and then how a DSS could help in road
management planning. Throughout the presentation, particyvargsasked questions to foster

interactivity between the audience and instructors while collecting data for the project. The questions
were focused on determining the types of positions and familiarity with asset management as well as how
asset managememay be used in their agency. These results are summarized in DeliveEabli&é

webinar is available to help interested parties in learning more about the need for asset management and
decision support for unpaved road$itp://mtu.adobeconnect.com/p8czppjifaad is also linked to

through thevww.mtri.org/unpaveavebsite.
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Chapter 3: AURA Remote Sensing Processing System Software Adaptation for
Commercial Readiness

Deliverable 6E is available for download at:
http://geodjango.mtri.org/unpaved/media/doc/deliverable Del 6E AURA Softwapestida. pdf

The AURA systemds Remot eRSBJprowdestie capabibtiesdosimgestn g Sy st e
process, and analyze input images to create 3D road reconstructions that are automatically analyzed for
unpaved road distress density and sevdritprovements were made to RSPS which included automated
screening for poorly focused images and automated removal of these images from the processing stream,
therefore improving the overall 3D reconstruction. In addition, the RSPS software was packaged for

delivery and availability to commercialization partners.

Blurred Image Removal

The images collected from our airborne systems sometimes exhibit degradations due to collection
artifacts. Blurring is the most common image artifact, and can be causedrgtibes of the aircraft or
camerastabilization system, camera rfiicecus, or a combination of those. In preparing for a collection,

an attempt is made to select parameters that minimize these errors (e.g. slow flight velocities, selecting a
large deptkof-field, and short exposure times), but sometimes wgusts, equipment errors, or other

effects can still result in image blurring (Figur&3

Figure 3-8: Sample images from Petersburg Rd collect, showing varying amounts of motion blur.

The blurring aflects the featureletection step of the 3D reconstruction, either changing the locations of
the image features (in the presence of slight blurring), or completely destroying them (in severe cases).
These features are used in calculating the camera losatial trajectory, and in determining the 3D
locations of features in the scene. When these features are incorrect, the 3flopdiig incorrect;
measurements of road distresses can only be as accurate as the starting 3D reconstruction.

For the detectio of blurred imagery, the Vollath Correlation metric was selected as it measures local

pixel correlation. In an image with increased blurring neighboring pixels become highly correlated and
therefore there is less difference to distinguish them apartrd=8fishows the histogram generated from

the Vollath Correlation of 200 images. Qualitatively, images with a VC >20 appear to have small enough
motion effects that they can be used in the reconstruction. This value also happens to be near the peak in
thedistribution.
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Figure 3-9: Histogram showing distribution of Vollath Correlation metric on Petersburg Rd data

Example 3D reconstructions using this metric and various threshold values are shown i8-E@une

this case, 16 images (without regardheit focus) were used to reconstruct a small section of road (left).

Then, a reconstruction spanning the same section of road was formed in which images with VC<20 were
excluded (4 images excluded, rightote that the image on the left (16 images useahesof them

blurred) tends to show, qualitatively, more surfa
reconstruction. The image on the right (12 i mage
but has gaps where the excluded insafigéled to fill in surface detail. In general, though, using fewer (but
Afbettero) i mages produces a qualitatively better

Figure 3-10: Dense point clouds reconstructed from & sequential images (left) and 2 images with
VC>20 (right).
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Theaddition of the blurred image filter greatly improved the 3D point cloud generation within RSPS and
resulted in improved distress detection. For a comparison, FigltesBows a comparison of height

maps generated from processing all of the imagery jpssepl to removing blurred imagery first. The

height field which results from all of the imagery being processed contains substantial (and unrealistic)
height variation, as well as no detected potholes (even though there was-deEpcpothole in the

sceng. Using only images that were deemed properly focused (VC>20) for reconstruction, the segmented
road surface was much larger and more uniform. The pothole detection locations and sizes are indicated
with circles. The largest pothole was combined duritng@ssing with a nearby pothole and measured
slightly larger than actual size, although the declared depth (14cm) was accurate.

Figure 3-11: Comparison of height maps of segmented road surface usingll images(left) and after
removing blurred imagesfor reconstruction.

Examples of the road cross sections are shown in Figlige [& the cross section of the height field from
all of the imagery, it is difficult to distinguish the edges of the road. The pothole in which the cross
section goes through is gridcm deep when ground truth data recorded it to be 15cm. With the blurred
images removed the quality of the height field is improved and shows clearly the road crown, and the
pothole depth (14cm at this point, versus 3cm in the original measurement),isviviach closer to the
true value.

Deliverable 8D - Final Report 20















































































































