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ABSTRACT

Highway corridor surveys are becoming more and rddfieult and expensive to carry out because efrteed to minimize
lane closures, traffic disruptions and safety hdzgiosed to the surveyors as well as the publiadRay workers and
surveyors are at risk, whether in vehicles or wign working in the traffic corridor if they canitove with the flow of
traffic. Safety for the travelling public is alsavajor problem when lanes are closed, or blockesldy moving vehicles.
Working on the edge of the corridor and havingriteeand exit traffic flow can also be dangerouthhighway worker as
well. Costs for the placement of safety trucks pyldns to protect the survey crew can in some int&a be greater than the
cost of the survey work itself. In order to mitigahese problems, a survey data acquisition tonéeded that can collect
detailed topographic and infrastructure informatiathout requiring traffic management, lane closuoe even a disruption
in traffic flow. Terrapoint Wwww.terrapoint.corjnhas developed a novel kinematic terrestrial bdeset scanning system that
can be deployed on a passenger vehicle or smadrevaft. LIDAR (Light Detection And Ranging), digl imagery and
digital video are collected from the survey platfiowhile it is moving at speeds up to 100 km/h. $hstem is
georeferenced using a high accuracy GPS/INS sysTarrapoint’s mobile color LIDAR scanner has sesfelly been used
as a stealth survey tool on existing highway camsdn California, Washington, Ontario, British Qpibia, and Texas. It has
also proven to be accurate enough to scan airpoway surfaces in order to predict areas whererwétiepool, an
application that could be used in a similar marareroad surfaces. Traveling with the traffic flomdanot requiring an
escort, the system scans a 360 degree swath thad@s the pavement surface as well as objectetsitles and above the
survey vehicle.

TERRESTRIAL LIDAR BACKGROUND AND SYSTEM DESCRIPTION

The origins of Terrapoint’s kinematic terrerstridDAR system (called TITAN) dates to early 2002 when Terrapoint
(formerly Mosaic Mapping Systems) was developittehcopter based low-level, high accuracy LIDARteys. Terrapoint
engineers developed a mounting mechanism to attechelicopter LIDAR system to a truck for testiigring design and
development. The truck mount allowed kinematitingsof the system without the high hourly costrefiting a helicopter.
Once the airborne system was operational, the tmumknt was not commercially developed, but was ws#yg as a testing
and calibration platform.

However, in mid 2003, Terrapoint was approachedablyS Engineering firm to perform a helicopter LIDASrvey of
Highway 1 in Afghanistan between Herat and Kandah&iter much searching, a suitable helicopterlfi)AR surveying
could not be found in Afghanistan and additiona#iy, airborne approach had far too many safety cascés a result, the
truck mounted system was resurrected. Operatigntie road between Heart and Kandahar (approxiynd@0 km in
length) was an ideal place for a first kinematirdstrial survey because of the lack of vegetatod other significant
obstructions to GPS along the route. Details ef Alighanistan survey can be found in [1]. Basedtmnsuccess of the
system in Afghanistan, and subsequent expressiéristerest and successful demonstrations for custenin North
America, Terrapoint decided to build a next genenakinematic terrestrial LIDAR system. The figgneration terrestrial
system, used in Afghanistan, was essentially dvogie system, turned on its side and mounted oshicke. The system
therefore had a number of shortcomings for terissipplications, namely:

Limited field of view of 60 degrees, requiring mple passes for complete coverage

Tactical Grade IMU (Honeywell HG1700) which was degent upon a good GPS solution with minimum
obstructions for highest accuracy

Limited digital image integration

Fixed mounting frame not easily transferable betweshicles.

The next generation system was designed and buidtrder to reduce or eliminate the shortcomingsndoin the first
generation terrestrial system. It was thereforit biith an array of LIDAR sensors which provide3&0 degree field of
view, a high accuracy navigation grade IMU, up tontegrated digital video or digital frame camerasd a flexible
mounting assembly which allows it to be deployedaovariety of mid-size trucks and boat platforn#s block diagram of
the system’s major hardware components is givefigare 1, and a picture of the system mounted tnuck is given in
Figure 2.
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Figure 1: Block Diagram of Mobile Scanning System

The truck mount displayed in Figure 2 was desiggwthat all components could be operated and nreditvom within the
vehicle. The equipment pod (containing lasers, IMBPS and digital video) is mounted on the end lojdraulic lift which
can raise and lower the instrument pod betweend24ameters above the pavement. An umbilical carthects the pod to
the data logging computers and power module coediaithin the truck cab. All equipment is powelsdthe truck with an
additional fully redundant battery back-up.

Figure 2: Mobile Scanner Mounted on Truck and a Hi-Rail
POST-PROCESSING OF NAVIGATION DATA

Because the mobile scanner collects data dynamith# overall accuracy of the generated pointatlsudirectly limited by

the underlying accuracy of the GPS/INS navigati@jettory. The generation of an accurate trajgcteroften a fairly

difficult problem, especially in urban areas duethe unreliability of obtaining a strong GPS pasithg solution. To

provide the most reliable and robust solution fardstrial navigation it is clear that a tightlyagrated GPS/INS Kalman
filter is the best processing strategy, see [2]errdpoint uses it's own GPS/INS post-processingkage, CAPTIN

(Computation ofAttitude andPosition forTerrestriall nertialNavigation) to process the GPS/INS data. Owningstifavare

for post-processing has allowed Terrapoint to ojzeénthe performance of the Kalman filter for ouresific terrestrial

navigation needs. It has also allowed us to takmuatage of the extra geometric data provided byLtDAR scanners to be
able to enter some non-standard inputs into thenKalfilter, such as the location of external reflectargets. This has
helped improve the accuracy and reliability of timelerlying vehicle navigation solution.

EXPECTED SYSTEM PERFORMANCE

The accuracy requirements for a kinematic tersitiDAR system are quite stringent, because in th&jority of
applications the system will be competing againatlitional survey techniques (GPS, total stationdl/ar static tripod
mounting scanners. Therefore, before final assgrobthe system, a detailed error analysis was makien in order to
understand the overall system error budget, aloitiy tive contributions of the individual system camgpnts to this overall
error budget. Details of this error analysis foohite terrestrial and airborne LIDAR systems canftuend in [3]. The
results of the analysis for the mobile terrestsi@tem are displayed graphically in Figures 3 andrigure 3 shows expected
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horizontal and vertical accuracy of the systemw®range to target, Figure 4 details the contrimuto the system’s overall
error budget from each individual system compoentnknown parameter set. It should be notedithloth Figures 3 and
4, the effect of overall positioning error of thgeseem has been neglected. This is deliberate,oagigning errors are
normally survey site specific and depend upon charsstics that degrade the GPS solution such agliba length,
atmospheric activity, line of sight obstructionsg(evegetation and buildings) multipath and satelljieometry. As a result,
positioning errors for the system are difficultqantify and do not lend themselves easily to edton using a generic error
model. However, at best, relative kinematic DGRS/positioning is at the level of 2cm + 1ppm, sis tiumber could be
used to determine optimum system performance. rhctige, when system performance for a specificsiois is
independently determined (i.e. by comparing the ARDto dense GPS/total station ground control) ait e compared to
expected system accuracy by using the post-protesstémate of position accuracy that is availabtenf the GPS/INS
Kalman filter. As a side benefit, the GPS/INS Kahfilter can also be tuned by matching expectezbion accuracy with
the actual accuracy results obtained by compadédhe LIDAR data to existing ground control. Higathe analysis also
neglects the effect of incidence angle of the ldsm on the measured target. High angles of énciel can have a
detrimental effect on overall accuracy, howevengsithis is a survey point specific error and ingilile to quantify on a
global basis it is not included in the overall gysterror analysis. For a discussion on the effettcidence angle in LIDAR
surveys, the interested reader is referred torjd][&].
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Figure 3: Mobile Terrestrial System, Expected Accuracy

TITAN - Component Error Contribution by Percentage (minus GPS)
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Figure 4: Mobile Terrestrial System, Component Error Conttitou by Percentage of Total, [2]

Figure 3 shows that with an optimum GPS/INS sotufieg. 2cm + 1ppm), vertical accuracy of the systbould be at the 3
to 4 cm level, and horizontal accuracy should baeurs cm for shorter (< 25 m) ranges to targetchlsire observed in the
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majority of mobile roadway surveys. By examininiglfe 4, it is evident that the majority (>50%, matluding absolute
positioning error) of the current system error igsult of ranging and pointing errors from theelascanner assembly itself.
Therefore, improvements in system performance cast masily be realized by upgrading the laser srasub-assembly.

OBSERVED SYSTEM PERFORMANCE

In order to validate the expected system accuraayetdetailed above, and to give an independepsas®ent of achievable
accuracy with a mobile system, it is desirablentependently check overall system performance.s €an be done in a
number of different ways. Herein, observed perfomoe will be detailed in two different ways: by Buing repeatability of
results between data collections, and by compasigdmmobile LIDAR data with dense GPS/total statground control.
The results from these analyses will be comparek @dpected system performance to further valittegeexpected accuracy
model and to also provide a firm basis for actyatem performance.

To examine measurement repeatability of the mdbIIAR system two separate missions collected ofedéht days along

different sections of roadway were examined. Fachemission, the road was driven multiple timestfia same and
opposing directions) which allows multiple comparis between different passes. To derive and estinfarepeatability,

roadway profiles along a common location were gateer from the point cloud for each separate pasese profiles were
each 300 meters in length. Given that the cobectiehicle was traveling at approximately 75 kmiing data collection,

this represents a comparison over approximatelget®nds of data collection from each pass. THerdiices between the
profiles generated for each pass was then examifiétds process was repeated 7 times for each migsi@yenerate 14
separate comparisons. The results of each veciecaparison are presented in Table 1.

Profile # RMS Mean
1 0.013 0.007 0.011
2 0.015 0.012 0.009
3 0.015 0.005 0.014
4 0.020 0.019 0.008
5 0.012 0.008 0.008
6 0.009 -0.003 0.009
7 0.038 -0.037 0.008
8 0.020 -0.018 0.008
9 0.015 -0.013 0.008
10 0.046 -0.045 0.008
11 0.009 -0.004 0.008
12 0.008 0.002 0.008
13 0.019 -0.007 0.017
14 0.012 0.010 0.008

Overall 0.018 -0.005 0.009

Table 1: System Vertical Repeatability. Comparison of PesfBetween Separate Passes (All values in meters)

It should be noted that for both missions detaslbdve there were significant periods of time wheeenumber of available
satellites was less than four due to obstructiamsh sas overpasses and vegetation. However, de@tesignificant
degradation of GPS, the results displayed in Tatdee very encouraging, and in fact better tharatheori expected system
performance. Even more encouraging is that in roasés the majority of the RMS difference in Tablis the result of a
small bias between passes. The actual standardtidevof the differences is only 9 millimeters.hi§ would suggest that
the additional information obtained from overlapgpimasses may be used to eliminate the bias andedte overall RMSE
of the mobile point clouds.

Secondly, as an independent means of determinmgnthbile LIDAR system’s accuracy, a dense netwdrground survey
points were collected using DGPS and a total statidfter adjustment, the observed survey pointsevediown to have an
estimated accuracy (horizontally and vertically) agfproximately 5 millimeters, which is much bettkan the expected
performance and thus should provide for a goodpaddent basis for accuracy determination. Groumdey features were
chosen that could also be easily identifiable stlDAR point cloud. Each individual survey featun the point cloud was
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digitized by an operator, and the digitized locatieas then compared to the actual ground survegtimt The comparison
results are detailed in Table 2.

Horizontal Vertical

# of Obs 85 101
RMSE (m) 0.041 0.028
MEAN (m) -0.008 0.002

Table 2: Comparison of Mobile LIDAR versus GPS/Total Stat®round Survey

Overall, the comparison results given in Table € @uite encouraging, and yet again are slightlyebghan the a priori
expected system accuracy. It should be notedthieat IDAR data collection over the ground surveynpdocation had a
very solid GPS/INS solution (always > 6 SV), wittKalman filter estimated position accuracy of 2 fon most of the
mission. In addition, the range to target forpdint cloud features was less than 10 meters. Tnisesults in Table 3
should be considered expected mobile LIDAR perfereeaunder ideal observational conditions.

EXTERNAL ACCURACY AUDITS
Case 1 — NGS Airport Survey

On December 11, 2007, the National Geodetic SUM&S) conducted an independent investigation ofiledBDAR.
Terrapoint performed a mobile survey of the runaaguffolk Municipal Airport, near Suffolk, Virgiai The NGS test
runway is covered with a grid of permanent poid®04 total) highlighted by paint in a circle arowath point. These
points have been surveyed by NGS for vertical udiggal levels and for horizontal and verticalngiGPS RTK. This
would give the check points an estimated verticalieacy of 2 millimeters, and a estimated horizbatauracy of 2
centimeters. Terrapoint, using base station coptavided by NGS, scanned the test runway usieg tHTAN® 3-D
mobile scanning system. Terrapoint carried outrtheiial ground truth survey to blunder-check thdiled_ IDAR data. The
LiDAR GPS-Inertial position data was processed Wigirapoint's CAPTIN processor using the NGS baston
coordinates. Overlapping scans down the runway wleeeked for overlap agreement and point densityag@rage there
were around 600 points per square meter collectedaperiod of about 1 hour, with up to 1200 pojmr square meter
where there was overlap. The goal of this exenvise twofold: to check the accuracy of the mobiBAR system when
compared to the surveyed NGS test points, andhdw shat the system’s LIDAR data could be usedrézisely map the
runway surface including the identification of Ibdapressions in the surface where water poolirghtroccur. There is
more than one way to check the accuracy of the IR@Hta in this situation:

identify the painted test points in the LIDAR insitly data and extract the corresponding vertichles or
using horizontal data provided by NGS, extractesponding vertical values from the LIDAR data.

The first possibility was discarded because idgimif the points in the intensity data has seveisddlantages including not
providing a check on the horizontal accuracy ofltH2AR data, and it would be quite time consumingiark the points
manually. Therefore the second method was chddenNGS provided to Terrapoint, on the same loatdith as their
ground truth data, X and Y coordinates for eactheir 1204 test points. The Z values were not mtedj making this a blind
test. The XY for each point was fed into TerrapsibiDAR GIS analysis software where a TIN was bithed ina 1

meter area surrounding that coordinate in the LIDfs®a. Given that the LIDAR point density was sghhiwith a point at
least every 3 or 4 centimeters, the size of tlamglies were very small. The vertical value was thieked off the surface of
the triangle in the TIN which covered the given Xirtthe NGS test point. In this way, Terrapoint ipated the best Z
value from the LIDAR data that corresponded toXlvecoordinates provided by NGS. The results of ¢tomparison are
given in Table 3.

(meters) All Points
Mean -0.005
RMSE 0.009

S 0.008

Table 3: Vertical Comparison of Mobile LIDAR versus NGS Ldled Control Points
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To check the horizontal accuracy, the XY pointserMed into the GIS system and overlaid as red dothe LIDAR
intensity plot. This makes it fast and easy to dpat check on the horizontal accuracy becauseamaee that the red dots
perfectly overlay the white marks in the intensigta which resulted from the paint marks reflectimglaser shots. An
example of the overlay is depicted in Figure 5.

Figure 5: Runway LIDAR Intensity Image (Left), and Intensitpage Overlaid with NGS Permanent Point Locatidriglit
in Red)

Case 2 — Washington Department of Transporations

The Washington Department of Transportation (Washpéntracted with an engineering firm to providesigyn and Build
services for a four mile section of Interstate 4@&ar the Seattle-Tacoma International Airport. ldeer, at the time of
contract award, WashDOT was very reluctant to altber engineering firm to temporarily close any &rma [-405 for
survey work, because ongoing construction worktenrhajor north/south artery through Seattle (Inétes5) had already
had a significant negative impact on traffic flowthe greater Seattle area. WashDOT wanted tamigaiother closures in
order to not aggrevate the traffic problem. Therefthe 1-405 corridor seemed to be an ideal titonao utilize mobile
LIDAR surveying. On August 21, 2007 from 10 to 3d:pm local time, Terrapoint's mobile system cakec multiple
passes of LIDAR data along the 1-405 corridor. |Ales were closed, and the survey vehicle colledted at normal traffic
speeds, providing no disruption to traffic flow.

Prior to the LIDAR survey, the engineering firm heldeady begun to survey the 1-405 corridor usinigpad mounted laser
scanning system (Leica HDS 3000). The specifioatior the HDS 3000 scanner state that scannet pogitional
accuracy (3D 1 sigma) are from 6 to 10 millimeteféerefore, for comparison, 5 sites along theidorrwere selected
where the existing tripod scans overlapped withrdpaint's mobile LIDAR data. An example of onetbé test locations is
shown in Figure 6. The red boxes overlaid on #iserd data show the area where comparison was akdert It should be
noted that this is a hard surface only (i.e. lavfdsavel) comparison between the two datasets.
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Figure 6: Leica HDS 300 Tripod LIDAR Data (Top View) and MébLIDAR Data for Comparison Area #1

In order to compare the hard surface data fronTtimod scanner and the mobile system, a TIN froenrtw points from
each sensor was created and then gridded/integgladditeven 1 foot intervals. The elevations ofgtie points from the
tripod data was then compared to the corresporgtidgpoint for the mobile system. Approximately020 points were
compared at each test site (which each measured>amately 50 feet by 350 feet), for a total conipan sample size of
92,970 grid nodes. The overall mean differenceveen the DTMs was 0.032 feet (1 cm), with a stashdi@viation of 0.024
feet (0.75 cm). A histogram of the residual diéfieces between the DTMs is shown in Figure 7.
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Figure 7: Histogram of Residuals Between Leica HDS 3000 TiptibAR Data DTM and Mobile LIDAR Data DTM for
All Five Comparison Sites Combined

Case 3 —Ontario Ministry of Transporation

In the summer of 2007, The Ontario Ministry of Tspartation (MTO) contracted Terrapoint to survey kilometer stretch
of Highway 11, near North Bay, Ontario, Canada.e phrpose of the survey was for the MTO to evaltiageaccuracy of
mobile LIDAR for highway mapping. MTO had alreaggrformed a detailed DGPS and total station suofdhe right of
way, collecting 386 features for comparison. ldiidn, they had also contracted photogrammetrippingg for the same
right of way. The results of the vertical companf the mobile system to the ground survey ateiléd in Table 4, and a
histogram of the residuals is shown in Figure 8shbuld be noted that the same elevation companssthodology detailed
in Case 1 (NGS Airport Survey) was used to comgtheaalifferences given below.

(meters) All Points Hard Surface Only
Mean 0.026 0.017
RMSE 0.047 0.035

s 0.039 0.030

Table 4: Vertical Comparison of Mobile LIDAR versus MTO RTBheck Points
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Figure 8: Histogram of Residuals Between Mobile LIDAR Systand MTO RTK Check Points

An examination of the MTO audit results reveals tmteresting items. First, there is a definitesdi@tween the MTO check
points and the LIDAR data. Post acquisition, itsveiscovered that the audit points and LIDAR datmenacquired using
two different GPS control points, which may expl#ie vertical bias. Secondly, the histogram inuFég8 doesn’t appear
normally distributed and is skewed toward the pesitifference side. A preliminary analysis indesathat this skew may
be the result of a horizontal shift between the ARDpoint cloud and the MTO control points. Thisweyver, has not yet
been field verified but is planned to be investghfurther.

Case 4 — British Columbia Ministry of Transport

In September of 2007, the British Columbia MinistfyTransport (BCMOT) conducted their own accurasgessment of
the mobile LIDAR system. Terrapoint undertook avey of the 97/97C interchange area near PeachBrititsh Columbia,

Canada. The BCMOT collected 212 RTK GPS pointieafures of interest along the road corridor famparison with the
LIDAR data. The results of their comparison aresgnted in Table 5. Again, the elevation comparis®thodology
detailed in Case 1 was used.

(meters) All Points
Mean 0.018
RMSE 0.027

S 0.028

Table 5: Vertical Comparison of LIDAR versus BC MOT RTK Cheoints

CONCLUSIONS

The mobile LIDAR system that has been developed éyapoint was introduced and described. A thé&mketaccuracy
analysis of mobile LIDAR was detailed, to show theected level of performance from the dynamic stanplatform.

The theoretical analysis was then compared toriatezccuracy audits that Terrapoint has carriecbauheir mobile system.
Finally, 4 independent external accuracy invesibget of Terrapoint’s mobile LIDAR system were pretegl. To date, all
investigations have given results which met or tyeaxceeded our expectations for absolute horeoand vertical
accuracy.
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