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ABSTRACT

The purpose of this paper is to demonstrate theragdges of using multiple sensor platforms to inaprthe
absolute accuracy of Airborne Laser System (ALS) Mobile Laser System (MLS) data sets. Terrestrader
Scanners (TLS) are capable of superior point mositg accuracies compared to ALS or MLS Systemshis
research we utilized high precision - high resolutjeo-referenced TLS scans as a platform to amalyd improve
the positioning of geo-referenced ALS scan data. i@search demonstrated an improvement in bottstragjon
and statistical analysis of ALS data.
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INTRODUCTION

Current methods that are used to determineatiseracy of ALS data employ comparison of isolageound
control points to triangulated meshes (DEM-DigEvation Model) generated from ALS data. The cowgerary
method leverages a small number of isolated pamtgualify millions of airborne/mobile LIDAR pointavhich
results in a less accurate registration process.riBw procedure utilizes millions of high precisibbS points to
create a triangulated mesh and perform a leastras@ljustment of a triangulated mesh produced b$ and
MLS systems. This yields a significant improvemiarébsolute accuracy and traceability to surveytrabn

This procedure introduces ground based LiDAadvhich requires an additional amount of acquoisitime.
The exponential increase of common points resaltister and more accurate calculation of the Isgsare fit
solution. This increase in calculation efficienaables faster confirmation of results and greadefidence in data,
while maintaining traceability to the control pant

BACKGROUND

The contemporary method of assessing Airb@iBAR quality data is to leverage a minimum of Zolated
ground control points (GCP) at strategically impattlocations throughout a project. Statisticalhd practically
this method shows great weakness due to the hifimeoof airborne points (in certain cases billiohging
adjusted en masse based solely on a confidenaar fdetived from the relationship between a DEM &udated
GCP. In addition to the statistical disadvantagethef method, itcan be extremely difficult to determine the
correlation between a single GCP and ALS pointsdahawithin close proximity of it.

Typical correlation methods utilize a plandosest triangle method to determine vertical effbis method is as
follows: The ALS Point Cloud is meshed to creatangles between all ground points. The closeshgt@to the
control point is utilized to adjust the ALS data
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Figure 1. Closest Triangle ALS Vertical Adjustment / Assesatridethod.

The weakness of this method is immediatelgeni when examining a triangular mesh. Typical pepacing
runs between 0.25 to 1.5 meters along any axis ddmnfines horizontal accuracy reporting of ALSad@at no better
than 0.125-0.75 meters; because it is statistioatiyound to assume better than the greatest uimtgria any
calculation. In this example, the greatest uncetyafor ALS data with horizontal point spacing o286 meters
would be 0.125 m (1/2 the shortest leg of any giaror this assessment mesh would be 0.125m). Wahworld
horizontal positioning of ALS points ranging fronfew mm to beyond a meter, the horizontal positignérror of
each ALS point becomes vastly more important bezaady a few of the ALS points are used to defihe t
positioning for the entire dataset. In reality sthieans that the only practical adjustment whichlmachieved by
this method can be seen in the example shown graphin Figure 1. When the triangles formed frone tALS
points vary by decimeters, the vertical adjustmamd accuracy assessment should not be stated tar Hedn
decimeter level. Using the contemporary isolatedP@@ethodology it is possible to state positionalusacies
which do not meet positional precisions. In otherds, the spatial frequency is higher than theedtptecision. An
appropriate example for comparison is the Nyquasting theorem for frequency determination in #ignal
processing field. As a grossly simplified approxiia of this application, the Nyquest theorem maesaa
sampling rate of roughly four times the ALS spafrauency must be taken. For ALS data, this won&hn that
accuracies should not be stated unless a pointitdesfsfour times the ALS data is used for assesgme&his
introduces the need for a more advanced, improwetiod of ALS adjustment and accuracy reporting.

The new concept for ALS data adjustment amdii@cy reporting should be both statistically stedohd sound in
practice. To fully assess the spatial aspect of A& sets consisting of large amount of pointsinalar dataset
should be used as a platform for comparison. Theawncept proposes to use TLS in tandem with 2fated GCP
to produce a high-accuracy geo-referenced TLS rfurdlse as a platform to analyze an ALS mesh agains
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Figure2. ALS to TLS mesh Positioning Adjustment.

High-accuracy TLS points are used to cregtecaise three dimensional template that ALS datarmpared to.
The template provides better statistical assessfoespatial accuracy, Boresight quality, and otistaefinition.

AIRBORNE LiDAR SYSTEM

Airborne LIDAR Remote Sensing Platforms have beemmercially used since the mid 1990s. Over thesyear
Airborne Laser Scanning has matured and evolvedleWtoALS is capable of producing higher point deéesiand
higher accuracies. Today Airborne LIDAR Scanningnig of the most effective and reliable means whie data
collection.

An Airborne LIDAR System is typically comprideof three major components: a LIDAR instrument, S5\
receiver, and Inertial Measurement Unit (IMU). TLiBAR instrument captures ranging information whishtthen
combined with IMU and GPS trajectory data. The egiilt is an organized, geo-referenced point cloud.

The quality of the point cloud data producedAlLS depends on several factors: GPS and IMU aagr
LIDAR ranging and angular accuracy, system levan arecision, extended GPS base lines and boresight
calibration. All of the above biases must be tailkém account when processing airborne data. Sydiefnases can
be eliminated by carefully planning flight missionkere PDOP Satellite, atmospheric conditions, @adimity of
base stations to a project.
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Figure 3. Boresite Flight Lines and Trajectory Visualization.

TERRESTRIAL LiDAR SYSTEM

Terrestrial Laser Scanners are comprised $yfnghesis of technologies. They are the composiramd pulse
lasers, precisely calibrated receivers, precisimmt, high-speed micro controlled motors, and @eenirrors and
advanced computing capabilities. With this assegwlaf technology comes advancement to methods tblogy
developed over the last few millennia. Along withe timprovement of angle measurement, the fundamenta
component of a TLS, is its ability to transmit areteive light. Advancement in echo digitizatiom,veaveform
processing, becomes critical to time of flight (TIQ#DAR accuracy. The Riegl VZ-400 terrestrial snanexecutes
online processing of full waveform data, which nmaides ranging accuracy and minimizes waveform msiog
labor. This enabled the scanner to be locatedfficdt positions with low angles of incidence (® Hegrees) to the
objective while maintaining optimum point positiogi
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Equipment List

Table 1. Key specifications of the Riegl VZ-400 and LM S-Q680i scanners.

Parameter VZ-400 LMS-Q680i Parameter VZ-400 LMS-Q680i
Effective
Measurement 125 000 meas. per 266 000 meas per
Rate second sec
100 degrees FOV 60 degrees FOV
- Scan Range (adjustable) (adjustable)
e 3 lines/s to 10 Iir_les.-’s to 200
4 Scan Speed 120 lines/s lines/s
!. | Synchronization
: (2D line scan Integrated GPS Extemal GPS
30m - 3000m at - N
e mode) synchronization synchronization
Measurement target reflectivity
R o 180mm x 308mm 480mm x 212mm
ange 1m - 500m | of 60% . . 5
Ranging Size (diameter x length) x 230mm
Accuracy Smm 20mm Weight 9.8kg (21.6 1b) 17.5kg(38.61b)

Additional Equipment:

INS/GPS:
Aircraft:
GPS Base Stations:

Applanix POS AV510
Cessna 206

(3) Topcon Hiper GD
(2) Trimble 5800
(1) Leica Smart Rover
Software:
Riegl RiScan PRO
Riegl Airborne Software Suite
GNSS Solutions 3.1
Leica GeoOffice Combined 7.0
Trimble Utilities
Topcon PC-CDU

Experiment M ethodology

Ground Control

To perform the experiment a location with closexmmoty to NGS control and minimum GNSS obstacle
interference was selected. Once a suitable siteest@blished, (Kissimmee, FL, US) site geometry esiablished
by flight line patterns so that each flight lineveced no less than 2 sites. This overlap in sites fight lines
ensured that no single line would be adjusted witledundancy to control. To ensure this redunda@cjtes were
selected with 5 control points planned at each.rJgampletion of the planning stage, the processstablish TLS
base template was used.

1) Plan locations and schedule of acquisition faSAGCP and TLS data.

2) Monument and establish position for 25 GCPtatyigally placed to enable utilization by a TLStsys for
positioning.

3) Scan Area of Interest (AOI) to be used as a latmpor ALS adjustment.

4) Geo-reference ALS data by utilizing establiskcP.

5) Acquire ALS data for project and specific AOI.

6) Post Process ALS trajectory and waveform data.

7) Merge ALS data with TLS data

8) Adjust ALS data with respect to TLS templates@t sites.

9) Export ALS data in final deliverable format.

ASPRS 2011 Annual Conference
Milwaukee, Wisconsirm May 1-5, 2011



Detailed Procedure

The initial process in any survey is to estdiba plan for the survey work to be performed. Tits action taken
in this process was recovering NGS published beacksn A .kml plugin for Google Earth written by Milat
TSQMadness.com to visually display all benchmarksliphed by the National Geodetic Survey (NGS) used in
the experiment. Using this utility, initial planigjrwas executed with the assumption that all bencksraanned for
would be recovered. The initial plan was to recamed occupy three second order or better horizamdlvertical
NGS control points. All site control points (30) wd be tied directly to these three NGS marks. proximity of
the benchmarks would allow elimination of a timexsoming step in the NGS-59 specification: monuntentaof
Secondary Benchmarks. However, once reconnaisssindiéS control points in the area was completedyds
discovered that nearly 60% of all published benatiman the area had been either disturbed or desirby recent
construction.

This change in the field conditions mandatexdhange in the initial plan. Two NGS points werealted within 3
miles of the project but the third was located hefive miles from the project. This meant thatabrSecondary
Benchmarks would now need to be set and static €2B8Sions would need to be observed to meet th@eatpnts
of NGS-59. To meet this change, three Secondaryr@loRoints were monumented within the project atesch
secondary control point was monumented with a 4" 2 foot precast concrete monument with a PK Narker
set into its top. As time and manpower were limitagdes were chosen which would facilitate statiPSG
occupations without direct supervision by one of firoject crewmembers. This particular securityitition
confined the available locations to those selec@te monumented, the three secondary control paeiste all
within 3 miles of every TLS site.

Each TLS site required a minimum of three poio accurately geo-reference the TLS data acdjuire ensure
redundant checks for maximum accuracy, five corgoohts were set at each site for a total of 38 ciintrol points
at six sites. These five control points were lodatethe most advantageous geometry allowable éyabal terrain.
The site control was monumented with a combinatibtwo foot lengths of 5/8" rebar with unmarkedgtia caps,
magnetic PK nails, and in one instance, a recovexastey mark. Obstacles such as continuously moving
recreational vehicles at a dealership, trafficerat and parking lots were taken into account duestablishment of
all control.

Once all project control was established,is@PS occupations were carefully planned. As pathe process,
factors such as monument occupation times, ocaupatindows, Geometric Dilution of Precision (GDOP),
weather patterns and atmospheric conditions altlesgdo be accounted for. Planning was carefullycetes to
account for these critical factors and to coordinatcrew of three people and six GPS base stathd8&-59
mandates that redundant static sessions must bervels during windows oBubstantially different satellite
geometry. Due to these requirements the planningimasulted in multiple observations late intee thight and
early morning. In the end, all observations weriézetl and superseded the minimum specification®NGS-59
except one base observation which, due to humaor, elecorded 20 minutes less than the required Hioar
minimum.

During static observation sessions atmosphefiermation including atmospheric pressure, hutyidand
temperature were observed three separate timexhtsite. The atmospheric conditions were recotliezb times
at each site at start of the occupation, at thallaidf the occupation and at the end of the ocdéoipat

The final step in the control establishmenigess was completed by occupying the site contitg. Each of
the 6 sites contained 5 control points for a cortitotal of 30 site control points. Two forty miaugtatic sessions
were recorded for every site control point in tandeith two Project or NGS control points. This me#rat every
site control points was observed with 4 unique less

All raw observable files were converted to fRimex 2.0 format and uploaded to the NGS OPUS iteeligr
analysis before utilization in the network adjustidJpon successful completion of the OPUS inspecRinex
files were imported into Ashtec's GNSS Solutionsividr post-processing and adjustment. In total5Z2+ hour
static Figure 3. Aerial View of Site 4 Control obgstions and 84 40+ minute observations were inggbtd GNSS
Solutions for processing. This resulted in well 080 baseline calculations.
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The procedures used to process the observatsmiifies were
taken from NGS-59 as well. In unity with this guide a single
CORS station KSME was held constant and all otletions

0.020m in error were removed from the pool of obsgons.
Although the five baselines which exceeded thigeghold of §
+0.020m peaked at 0.025m gross error, they werevedr The
observed elevation of mark AK5362 was consisteftlynd to
be 0.024m above the NGS published elevation. Wit
exceptions of AK5362, all other observed positionst the
NGS published values to within 0.011m Northing, tifs and
Elevation. All horizontal positions easily met thequired
+0.020m tolerance.

While NGS-59 requires that marks exceeding 12
difference from observed position to published at®n be
eliminated from the process, there was not a deitalternative
for AK5362. Therefore, a correction of -0.020m veguplied to |
the published elevation of AK5362 and that elevatias used S
for the remainder of the project.

All NGS Benchmarks were held fixed when thg Bour observations taken on the newly monumentepbgt
marks were adjusted to NGS benchmarks. In allyés@&luals from three unique occupations windowsevisstter
than £0.010m horizontal and +0.015m vertical foemvbaseline. With establishment of the new cowtdis on the
project benchmarks, two redundant 45 minute océmpsiton each individual site benchmarks were piseaaks
Following NGS-59 as closely as possible, two propEmchmarks were recorded and the five site beadksrwere
adjusted. In total, 84 unique baselines were oleskeon site control points.

Terrestrial Data Acquisition

The next step in the process involved scanpinthe six sites with the Riegl VZ-400 terrestdaser scanner.
Each individual site presented unique challengesraquired a different approach. Site one was twaogrounds
which required express written consent for ingeass egress. Once the logistics hurdles were clettredarge size
of the school building demanded a unique methagtah data registration
The scans were registered to site control poiritegue following method:

Cylindrical targets were located on the fivie £ontrol points. Each target was fastened toxedfheight rod
which was plumbed over the control points. Sinoe skhool building became an obstruction, scannihfjva
control targets from each scan position would rpbssible. Therefore, additional feducial targetse placed in a
manner which allowed adjacent scans to be registereach other with a minimum of five common tasgdhese
additional targets, or feducials, optimized thensttascan registration. The feducial targets wesneed with TLS
and the least squares resection method was usegjiier TLS scans to each other. With residuggafly less
than 0.0045m for each position, a total site preni®f less than 0.012m was realized for all stessi With all six
scans registered together to form a tight netwdnk, nodes of the network were adjusted with a lsgsres
solution to fit the site control points.

The result is a group of scans all registeoggther with high precision and geo-referencedh Wit accuracy of
the site control. The Least Squared network adjestnof the feducials to entire project control giedd greater
accuracy than utilizing the control points indepemitly for each scan position.

Once scanning and registration of all sites w@mplete, all data acquired on the rooftop sedagas extracted.
This eliminated noise from vegetation and redutedsurface area utilized for adjustment. If allibontal surfaces
were included an accurate assessment of the aglata would not be as precise, as the horizoatal would in
essence, dilute the sloped data from the roofs vah&andard deviation of matching surfaces wasutabkd for the
airborne LIiDAR data.
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ALSand TLS Data Fusion

As a preliminary step, the Airborne datases$ wdjusted to the 30 site control points (GCP) eldiithout the
possibility of a true horizontal accuracy repohng only possible analysis that could be done wathewertical, or
Z component. The standard deviation of error fag #ujustment was 0.0420m.

Once the rooftop surfaces we
extracted the TLS data was merged
create a single data platform to compa
the ALS data to both datasets were thg
triangulated to utilize an iterative
closest point algorithm of plana
matching. The ALS mesh was the
compared adjusted to the TLS mes
The preliminary single sigma standar,
deviation result was 0.008m with mor
than 68,000 matching triangles. Ng
only did this result seem too optimistig
but the single sigma parameter was n
sufficient to justify an entire ALS
dataset. As a second attempt to prod
a more data representative result, t
parameters for the iterative closest poi
algorithm were expanded to includ®
triangles within a 10cm radius. This Figure 4. Results after adjustment of ALS to TLS.
yielded a result of 0.0142m with
150,000matchingtriangles.This more reliable result was confirmed through phnecess of manually checking
cross-sections of roof surfaces with both ALS ah& Bata combined.
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Figure5. Cross Section of Merged ALS and TLS datasets.
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CONCLUSION

The ability to utilize TLS scan data for thealysis and
adjustment of ALS datasets is not readily paraile@he Registration Method o (m)
following statistics give a clear example of a Waplatform
for error analysis and adjustment: 960 unique GPG&cles

recorded for the establishment of each site copwait, 3,000 TLS to TLS 0.0045
TLS measurements recorded on each establishedasiteol

point, and 150,000+ matching surfaces between ALBTA.S TLS to GPS 0.0057
datasets on the rooftops alone. A brief examinatbrthe  ALS to GPS 0.0420
residuals from each step in the process revealsrpertance ALS to TLS 0.0142

of utilizing a TLS data Table 2. Comparison of Reés
framework when assessing ALS data quality (see€r2pl

With an improvement of nearly 3cm over the tradiibmethod of adjustment, the results of this expent pave
the way for high-precision airborne datasets toelséed and verified rapidly and confidently. Witsdid statistical
foundation, the accuracies and errors can be eagilyrted and corrected. Both the performanceegitborne and
terrestrial systems play a part in the advancemsérdaccuracies in mapping. Utilizing the proven aecy of
terrestrial scanners in tandem with the reliabitifyfixed-earth objects such as rooftops has shimare a powerful
tool in adjusting and analyzing airborne datasitsalculation of the time spent acquiring TLS daidl show that
the costs involved are surpassed by the benefitloeving accurately constrained and reportabbmoaie data.
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