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ABSTRACT 
 
Highway corridor surveys are becoming more and more difficult and expensive to carry out because of the need to minimize 
lane closures, traffic disruptions and safety hazards posed to the surveyors as well as the public. Roadway workers and 
surveyors are at risk, whether in vehicles or not, when working in the traffic corridor if they can’t move with the flow of 
traffic. Safety for the travelling public is also a major problem when lanes are closed, or blocked by slow moving vehicles. 
Working on the edge of the corridor and having to enter and exit traffic flow can also be dangerous to the highway worker as 
well. Costs for the placement of safety trucks and pylons to protect the survey crew can in some instances be greater than the 
cost of the survey work itself.  In order to mitigate these problems, a survey data acquisition tool is needed that can collect 
detailed topographic and infrastructure information without requiring traffic management, lane closures or even a disruption 
in traffic flow.  Terrapoint (www.terrapoint.com) has developed a novel kinematic terrestrial based laser scanning system that 
can be deployed on a passenger vehicle or small watercraft.  LIDAR (Light Detection And Ranging), digital imagery and 
digital video are collected from the survey platform while it is moving at speeds up to 100 km/h.  The system is 
georeferenced using a high accuracy GPS/INS system.  Terrapoint’s mobile color LiDAR scanner has successfully been used 
as a stealth survey tool on existing highway corridors in California, Washington, Ontario, British Columbia, and Texas. It has 
also proven to be accurate enough to scan airport runway surfaces in order to predict areas where water will pool, an 
application that could be used in a similar manner on road surfaces. Traveling with the traffic flow and not requiring an 
escort, the system scans a 360 degree swath that includes the pavement surface as well as objects to the sides and above the 
survey vehicle. 
 
TERRESTRIAL LIDAR BACKGROUND AND SYSTEM DESCRIPTION  
 
The origins of Terrapoint’s kinematic terrerstrial LIDAR system (called TITAN®) dates to early 2002 when Terrapoint 
(formerly Mosaic Mapping Systems) was developing a helicopter based low-level, high accuracy LIDAR system.  Terrapoint 
engineers developed a mounting mechanism to attach the helicopter LIDAR system to a truck for testing during design and 
development.  The truck mount allowed kinematic testing of the system without the high hourly cost of renting a helicopter.  
Once the airborne system was operational, the truck mount was not commercially developed, but was used only as a testing 
and calibration platform. 
However, in mid 2003, Terrapoint was approached by a US Engineering firm to perform a helicopter LIDAR survey of 
Highway 1 in Afghanistan between Herat and Kandahar.  After much searching, a suitable helicopter for LIDAR surveying 
could not be found in Afghanistan and additionally, an airborne approach had far too many safety concerns. As a result, the 
truck mounted system was resurrected.  Operationally, the road between Heart and Kandahar (approximately 400 km in 
length) was an ideal place for a first kinematic terrestrial survey because of the lack of vegetation and other significant 
obstructions to GPS along the route.  Details of the Afghanistan survey can be found in [1].  Based on the success of the 
system in Afghanistan, and subsequent expressions of interest and successful demonstrations for customers in North 
America, Terrapoint decided to build a next generation kinematic terrestrial LIDAR system.  The first generation terrestrial 
system, used in Afghanistan, was essentially an airborne system, turned on its side and mounted on a vehicle.  The system 
therefore had a number of shortcomings for terrestrial applications, namely: 
 

·  Limited field of view of 60 degrees, requiring multiple passes for complete coverage 
·  Tactical Grade IMU (Honeywell HG1700) which was dependent upon a good GPS solution with minimum 

obstructions for highest accuracy 
·  Limited digital image integration 
·  Fixed mounting frame not easily transferable between vehicles. 

 
The next generation system was designed and built in order to reduce or eliminate the shortcomings found in the first 
generation terrestrial system.  It was therefore built with an array of LIDAR sensors which provide a 360 degree field of 
view, a high accuracy navigation grade IMU, up to 4 integrated digital video or digital frame cameras, and a flexible 
mounting assembly which allows it to be deployed on a variety of mid-size trucks and boat platforms.  A block diagram of 
the system’s major hardware components is given in Figure 1, and a picture of the system mounted on a truck 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 designed so that all components could be operated and monitored from within the 
vehicle.  The equipment pod (containing lasers, IMU, GPS and digital video) is mounted on the end of a hydraulic lift which 
can raise and lower the instrument pod between 2 and 4 meters above the pavement.  An umbilical cord connects the pod to 
the data logging computers and power module contained within the truck cab.  All equipment is powered by the 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 dynamically, the overall accuracy of the generated point cloud is directly limited by 
the underlying accuracy of the GPS/INS navigation trajectory.  The generation of an accurate trajectory is often a fairly 
difficult problem, especially in urban areas due to the unreliability of obtaining a strong GPS positioning solution.  To 
provide the most reliable and robust solution for terrestrial navigation it is clear that a tightly integrated GPS/INS Kalman 
filter is the best processing strategy, see [2].  Terrapoint uses it’s own GPS/INS post-processing package, CAPTIN 
(Computation of Attitude and Position for Terrestrial Inertial Navigation) to process the GPS/INS data.  Owning the software 
for post-processing has allowed Terrapoint to optimize the performance of the Kalman filter for our specific terrestrial 
navigation needs.  It has also allowed us to take advantage of the extra geometric data provided by the LIDAR scanners to be 
able to enter some non-standard inputs into the Kalman filter, such as the location of external reflective targets.  This has 
helped improve the accuracy and reliability of the underlying vehicle navigation solution. 
  
EXPECTED SYSTEM PERFORMANCE 
 
The accuracy requirements for a kinematic terrestrial LIDAR system are quite stringent, because in the majority of 
applications the system will be competing against traditional survey techniques (GPS, total station) and/or static tripod 
mounting scanners.  Therefore, before final assembly of the system, a detailed error analysis was undertaken in order to 
understand the overall system error budget, along with the contributions of the individual system components to this overall 
error budget.  Details of this error analysis for mobile terrestrial and airborne LIDAR systems can be found in [3].  The 
results of the analysis for the mobile terrestrial system are displayed graphically in Figures 3 and 4.  Figure 3 shows expected 
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horizontal and vertical accuracy of the system versus range to target, Figure 4 details the contribution to the system’s overall 
error budget from each individual system component or unknown parameter set.  It should be noted that in both Figures 3 and 
4, the effect of overall positioning error of the system has been neglected.  This is deliberate, as positioning errors are 
normally survey site specific and depend upon characteristics that degrade the GPS solution such as baseline length, 
atmospheric activity, line of sight obstructions (e.g. vegetation and buildings) multipath and satellite geometry. As a result, 
positioning errors for the system are difficult to quantify and do not lend themselves easily to estimation using a generic error 
model.  However, at best, relative kinematic DGPS/INS positioning is at the level of 2cm + 1ppm, so this number could be 
used to determine optimum system performance.  In practice, when system performance for a specific mission is 
independently determined (i.e. by comparing the LIDAR to dense GPS/total station ground control), it can be compared to 
expected system accuracy by using the post-processed estimate of position accuracy that is available from the GPS/INS 
Kalman filter.  As a side benefit, the GPS/INS Kalman filter can also be tuned by matching expected mission accuracy with 
the actual accuracy results obtained by comparison of the LIDAR data to existing ground control.  Finally, the analysis also 
neglects the effect of incidence angle of the laser beam on the measured target.  High angles of incidence can have a 
detrimental effect on overall accuracy, however, since this is a survey point specific error and impossible to quantify on a 
global basis it is not included in the overall system error analysis.  For a discussion on the effect of incidence angle in LIDAR 
surveys, the interested reader is referred to [4] and [5]. 
 

 
TITAN - Expected Error (minus GPS)
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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 Contribution by Percentage of Total, [2] 

 
Figure 3 shows that with an optimum GPS/INS solution (eg. 2cm + 1ppm), vertical accuracy of the system should be at the 3 
to 4 cm level, and horizontal accuracy should be under 6 cm for shorter (< 25 m) ranges to target, which are observed in the 
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majority of mobile roadway surveys.  By examining Figure 4, it is evident that the majority (>50%, not including absolute 
positioning error) of the current system error is a result of ranging and pointing errors from the laser scanner assembly itself.  
Therefore, improvements in system performance can most easily be realized by upgrading the laser scanner sub-assembly. 
 
OBSERVED SYSTEM PERFORMANCE 
 
In order to validate the expected system accuracy model detailed above, and to give an independent assessment of achievable 
accuracy with a mobile system, it is desirable to independently check overall system performance.  This can be done in a 
number of different ways.  Herein, observed performance will be detailed in two different ways: by analyzing repeatability of 
results between data collections, and by comparisons of mobile LIDAR data with dense GPS/total station ground control.  
The results from these analyses will be compared with expected system performance to further validate the expected accuracy 
model and to also provide a firm basis for actual system performance. 
 
To examine measurement repeatability of the mobile LIDAR system two separate missions collected on different days along 
different sections of roadway were examined.  For each mission, the road was driven multiple times (in the same and 
opposing directions) which allows multiple comparisons between different passes.  To derive and estimate of repeatability, 
roadway profiles along a common location were generated from the point cloud for each separate pass.  These profiles were 
each 300 meters in length.  Given that the collection vehicle was traveling at approximately 75 km/h during data collection, 
this represents a comparison over approximately 15 seconds of data collection from each pass.  The differences between the 
profiles generated for each pass was then examined.  This process was repeated 7 times for each mission to generate 14 
separate comparisons.  The results of each vertical comparison 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 Profiles Between Separate Passes (All values in meters) 
 
It should be noted that for both missions detailed above there were significant periods of time where the number of available 
satellites was less than four due to obstructions such as overpasses and vegetation.  However, despite the significant 
degradation of GPS, the results displayed in Table 1 are very encouraging, and in fact better than the a priori expected system 
performance.  Even more encouraging is that in most cases the majority of the RMS difference in Table 1 is the result of a 
small bias between passes.  The actual standard deviation of the differences is only 9 millimeters.  This would suggest that 
the additional information obtained from overlapping passes may be used to eliminate the bias and reduce the overall RMSE 
of the mobile point clouds. 
 
Secondly, as an independent means of determining the mobile LIDAR system’s accuracy, a dense network of ground survey 
points were collected using DGPS and a total station.  After adjustment, the observed survey points were shown to have an 
estimated accuracy (horizontally and vertically) of approximately 5 millimeters, which is much better than the expected 
performance and thus should provide for a good independent basis for accuracy determination.  Ground survey features were 
chosen that could also be easily identifiable in the LIDAR point cloud.  Each individual survey feature in the point cloud was 
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digitized by an operator, and the digitized location was then compared to the actual ground survey location.  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 Station Ground Survey 
 
Overall, the comparison results given in Table 2 are quite encouraging, and yet again are slightly better than the a priori 
expected system accuracy.  It should be noted that the LIDAR data collection over the ground survey point location had a 
very solid GPS/INS solution (always > 6 SV), with a Kalman filter estimated position accuracy of 2 cm for most of the 
mission.  In addition, the range to target for all point cloud features was less than 10 meters.  Thus the results in Table 3 
should be considered expected mobile LIDAR performance under ideal observational conditions. 
 
EXTERNAL ACCURACY AUDITS 
 
Case 1 – NGS Airport Survey 
 
On December 11, 2007, the National Geodetic Survey (NGS) conducted an independent investigation of mobile LIDAR.  
Terrapoint performed a mobile survey of the runway at Suffolk Municipal Airport, near Suffolk, Virginia.  The NGS test 
runway is covered with a grid of permanent points (1204 total) highlighted by paint in a circle around each point. These 
points have been surveyed by NGS for vertical using digital levels and for horizontal and vertical using GPS RTK.  This 
would give the check points an estimated vertical accuracy of 2 millimeters, and a estimated horizontal accuracy of 2 
centimeters.  Terrapoint, using base station control provided by NGS, scanned the test runway using their TITAN® 3-D 
mobile scanning system. Terrapoint carried out their usual ground truth survey to blunder-check the mobile LIDAR data. The 
LiDAR GPS-Inertial position data was processed with Terrapoint’s CAPTIN processor using the NGS base station 
coordinates. Overlapping scans down the runway were checked for overlap agreement and point density. On average there 
were around 600 points per square meter collected over a period of about 1 hour, with up to 1200 points per square meter 
where there was overlap.  The goal of this exercise was twofold: to check the accuracy of the mobile LIDAR system when 
compared to the surveyed NGS test points, and, to show that the system’s LIDAR data could be used to precisely map the 
runway surface including the identification of local depressions in the surface where water pooling might occur.  There is 
more than one way to check the accuracy of the LIDAR data in this situation: 
 

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

 
The first possibility was discarded because identifying the points in the intensity data has several disadvantages including not 
providing a check on the horizontal accuracy of the LIDAR data, and it would be quite time consuming to mark the points 
manually.  Therefore the second method was chosen. The NGS provided to Terrapoint, on the same local datum as their 
ground truth data, X and Y coordinates for each of their 1204 test points. The Z values were not provided, making this a blind 
test. The XY for each point was fed into Terrapoint’s LIDAR GIS analysis software where a TIN was established in a 1 
meter area surrounding that coordinate in the LIDAR data. Given that the LIDAR point density was so high, with a point at 
least every 3 or 4 centimeters, the size of the triangles were very small. The vertical value was then picked off the surface of 
the triangle in the TIN which covered the given XY of the NGS test point. In this way, Terrapoint interpolated the best Z 
value from the LIDAR data that corresponded to the XY coordinates provided by NGS.  The results of this comparison are 
given in Table 3. 
 

(meters) All Points 

Mean -0.005 
RMSE 0.009 

ssss    0.008 
Table 3: Vertical Comparison of Mobile LIDAR versus NGS Levelled Control Points 
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To check the horizontal accuracy, the XY points were fed into the GIS system and overlaid as red dots on the LIDAR 
intensity plot. This makes it fast and easy to do a spot check on the horizontal accuracy because one can see that the red dots 
perfectly overlay the white marks in the intensity data which resulted from the paint marks reflecting the laser shots.  An 
example of the overlay is depicted in Figure 5. 

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

 
Case 2 – Washington Department of Transporations 
 
The Washington Department of Transportation (WashDOT) contracted with an engineering firm to provide Design and Build 
services for a four mile section of Interstate 405 near the Seattle-Tacoma International Airport.  However, at the time of 
contract award, WashDOT was very reluctant to allow the engineering firm to temporarily close any lanes on I-405 for 
survey work, because ongoing construction work on the major north/south artery through Seattle (Interstate 5) had already 
had a significant negative impact on traffic flow in the greater Seattle area.  WashDOT wanted to minimize other closures in 
order to not aggrevate the traffic problem.  Therefore, the I-405 corridor seemed to be an ideal situation to utilize mobile 
LIDAR surveying.  On August 21, 2007 from 10 to 11:30 pm local time, Terrapoint’s mobile system collected multiple 
passes of LIDAR data along the I-405 corridor.  No lanes were closed, and the survey vehicle collected data at normal traffic 
speeds, providing no disruption to traffic flow. 
 
Prior to the LIDAR survey, the engineering firm had already begun to survey the I-405 corridor using a tripod mounted laser 
scanning system (Leica HDS 3000).  The specifications for the HDS 3000 scanner state that scanner point positional 
accuracy (3D 1 sigma) are from 6 to 10 millimeters.  Therefore, for comparison, 5 sites along the corridor were selected 
where the existing tripod scans overlapped with Terrapoint’s mobile LIDAR data.  An example of one of the test locations is 
shown in Figure 6.  The red boxes overlaid on the laser data show the area where comparison was undertaken.  It should be 
noted that this is a hard surface only (i.e. lanes of travel) comparison between the two datasets. 
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Figure 6: Leica HDS 300 Tripod LIDAR Data (Top View) and Mobile LIDAR Data for Comparison Area #1 

 
In order to compare the hard surface data from the Tripod scanner and the mobile system, a TIN from the raw points from 
each sensor was created and then gridded/interpolated at even 1 foot intervals.  The elevations of the grid points from the 
tripod data was then compared to the corresponding grid point for the mobile system.  Approximately 20000 points were 
compared at each test site (which each measured approximately 50 feet by 350 feet), for a total comparison sample size of 
92,970 grid nodes.  The overall mean difference between the DTMs was 0.032 feet (1 cm), with a standard deviation of 0.024 
feet (0.75 cm).  A histogram of the residual differences between the DTMs is shown in Figure 7. 
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Figure 7: Histogram of Residuals Between Leica HDS 3000 Tripod LIDAR 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 Transportation (MTO) contracted Terrapoint to survey a 6 kilometer stretch 
of Highway 11, near North Bay, Ontario, Canada.  The purpose of the survey was for the MTO to evaluate the accuracy of 
mobile LIDAR for highway mapping.  MTO had already performed a detailed DGPS and total station survey of the right of 
way, collecting 386 features for comparison.  In addition, they had also contracted photogrammetric mapping for the same 
right of way.  The results of the vertical comparison of the mobile system to the ground survey are detailed in Table 4, and a 
histogram of the residuals is shown in Figure 8.  It should be noted that the same elevation comparison methodology detailed 
in Case 1 (NGS Airport Survey) was used to compute the differences given below. 
 

(meters)  All Points  Hard Surface Only  

Mean 0.026 0.017 
RMSE 0.047 0.035 

ssss    0.039 0.030 

Table 4: Vertical Comparison of Mobile LIDAR versus MTO RTK Check Points 
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MTO - TITAN v Ground Survey Residual Histograms
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Figure 8: Histogram of Residuals Between Mobile LIDAR System and MTO RTK Check Points 
 
An examination of the MTO audit results reveals two interesting items.  First, there is a definite bias between the MTO check 
points and the LIDAR data.  Post acquisition, it was discovered that the audit points and LIDAR data were acquired using 
two different GPS control points, which may explain the vertical bias.  Secondly, the histogram in Figure 8 doesn’t appear 
normally distributed and is skewed toward the positive difference side.  A preliminary analysis indicates that this skew may 
be the result of a horizontal shift between the LIDAR point cloud and the MTO control points.  This however, has not yet 
been field verified but is planned to be investigated further. 
 
Case 4 – British Columbia Ministry of Transport 
 
In September of 2007, the British Columbia Ministry of Transport (BCMOT) conducted their own accuracy assessment of 
the mobile LIDAR system.  Terrapoint undertook a survey of the 97/97C interchange area near Peachland, British Columbia, 
Canada.  The BCMOT collected 212 RTK GPS points of features of interest along the road corridor for comparison with the 
LIDAR data.  The results of their comparison are presented in Table 5.  Again, the elevation comparison methodology 
detailed in Case 1 was used. 
 

(meters)  All Points 

Mean 0.018 
RMSE 0.027 

ssss    0.028 
Table 5: Vertical Comparison of LIDAR versus BC MOT RTK Check Points 

 
CONCLUSIONS 
 
The mobile LIDAR system that has been developed by Terrapoint was introduced and described.  A theoretical accuracy 
analysis of mobile LIDAR was detailed, to show the expected level of performance from the dynamic scanning platform.  
The theoretical analysis was then compared to internal accuracy audits that Terrapoint has carried out on their mobile system.  
Finally, 4 independent external accuracy investigations of Terrapoint’s mobile LIDAR system were presented.  To date, all 
investigations have given results which met or greatly exceeded our expectations for absolute horizontal and vertical 
accuracy. 
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