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Abstract 

 For decades, the pavement engineering community has continued to drive 

improvements in accuracy and repeatability of terrain measurement systems. Traditional 

terrain measurement systems are tailored for a measuring a specific scale and resolution 

and hence application scope.  These systems tend to focus on surface roughness alone 

and reject either fine macrotexture or large-scale global features.   This work proposes a 

novel improvement to the terrain measurement system, by increasing the capability to 

measure the terrain surface at a variety of scales.  By increasing the scales of 

measurement, desired aspects of the terrain profile can be accurately obtained for a wide 

variety of applications without having to omit large-scale features or macrotexture. 

 In addition to increasing the capabilities of the traditional terrain measurement 

system, methods for addressing and minimizing sources of error within the system are 

developed.  Major sources of error in terrain measurement systems, which compromise 

the accuracy and repeatability of the resulting measured terrain, include scanning laser 

uncertainty, inertial navigation system (INS) uncertainty and drift, triggering and time 

synchronization, system misalignment, and post-processing errors.  These errors are 

addressed, and an improved Vehicle Terrain Measurement System (VTMS) is proposed.  

A triggering and time synchronization system is developed and insight into the 

development of this system for a terrain measurement system is gained.  All three 

scanning lasers are individually assessed for linearity, with sample profiles analyzed for 

agreement. The improved VTMS represents a significant development in terrain 

measurement systems. 
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1. Introduction 

 The  primary excitation of the vehicle is through the interaction with the terrain and 

affects its performance in terms of ride, handling, durability, and mobility.  Terrain features such 

as global trends, roughness, and texture impact the evaluation of these performance metrics.     

The terrain measurement system is a critical tool when it is desirable to simulate the vehicle’s 

behavior as it traverses the terrain in simulation.  The type of terrain features capable of being 

measured by a system is primarily limited by the type of scanning laser used, however the total 

accuracy of the system is also affected by a number of sources.  Therefore, most terrain 

measurement systems are tailored for a single aspect of the terrain.  If, after measuring a sample 

of terrain, the engineer determines that the resolution, scale, or range is not appropriate for the 

given application, the terrain must be measured again with another system.  

 A measured terrain profile or surface is a realization of the terrain, describing heights 

sampled at a finite set of known locations - whether equidistant points along a line or points in 

three-dimensional space.  Terrain features represented in the measured profile are limited by the 

capabilities of the terrain measurement system.  The "true profile", as described by Karamihas 

[1], contains a wide range of feature content: hills and grades, small bumps and cracks, and 

surface texture.  A true profile can be described as having infinite granularity or resolution. 

However, computational and storage expense limit the ability to both measure and process 

information at this level of detail while retaining global terrain features from large samples of 

terrain.  Due to this limitation, conventional terrain measurement systems are designed to 

measure a specific range of feature content, such as roughness or friction, but rarely both.  

Karamihas concludes, therefore, that no single terrain measurement system is the optimal system 

for every possible application of measured terrain. 

 While the true profile contains enough detail to describe all aspects of the terrain,  a 

sample of the true profile appropriate for a given application may still reject fine details in the 

interest of computational efficiency.   However, other applications may require these fine details, 

utilizing them to make conclusions about the surface characteristics beyond what is possible by 

using a simpler profile.  The purpose of this work is to propose a terrain measurement system 
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capable of economically measuring wide ranging aspects of the true terrain profile or surface by 

providing a means to accurately and repeatedly measure detailed texture measurements while 

still maintaining information about global terrain features. This system, having the ability to 

measure a wider range of terrain features, represents a significant development in terrain 

measurement system design. 

 The proposed system, building upon the Vehicle Terrain Measurement System (VTMS), 

developed by the Vehicle Terrain Performance Laboratory (VTPL) at Virginia Tech, is an 

improvement over conventional terrain measurement systems in that it can simultaneously 

measure global features, roughness, and macrotexture.  Among many possible sources of error in 

terrain measurement systems is time synchronization of all measurement subsystems.  A novel 

system is designed such that triggering and time synchronization are unified in a common 

architecture.  This system is designed to improve agreement in a measured terrain profile 

between different scanning lasers to the extent possible given the accuracy and precision 

associated with each scanning laser.  In addition, the system is also constructed to accommodate 

additional instrumentation with minimal issues. 

 

In summary, the primary contributions of this work are as follows: 

 

1) This work provides a comprehensive review of scanning laser and terrain measurement 

system technology including error analysis, and demonstrates that no conventional terrain 

measurement system utilizing a single scanning laser is capable of capturing enough information 

to accurately describe all aspects of the terrain from global features to texture.  

 

2) This work proposes a novel improvement to terrain measurement systems: integrating two 

independent scanning lasers capable of simultaneously measuring terrain data suitable for 

describing global terrain features, roughness, and macrotexture.  A triggering and time 

synchronization system is proposed and implemented and insight into the development of such a 

system is gained. . 
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3) This work demonstrates the improved system's capability and accuracy through a set of 

experiments including: tests for accuracy and repeatability, and measurement agreement between 

different scanning lasers. 

 

 This work documents recent developments in terrain measurement with emphasis on the 

selection and implementation of various measurement systems used to acquire these 

measurements.  Throughout the course of this work, a terrain profile is defined as a longitudinal 

measurement in two-dimensions (2D) and a terrain surface is defined as a three-dimensional 

(3D) terrain measurement.  The remainder of this work is developed as follows.  Chapter 2 

presents the development of terrain measurement systems, identifies sources of error inherent to 

terrain measurement systems, and identifies road surface characteristics of interest to the vehicle 

and pavement engineering disciplines.  Chapter 3 presents a novel improvement to the terrain 

measurement system.  This new system is capable of simultaneously measuring terrain features 

of various scales appropriate to describe a variety of terrain surface characteristics.  Chapter 4 

develops a triggering and time synchronization system for the improved terrain measurement 

system.  This system addresses a primary source of uncertainty with terrain measurement 

systems.   Chapter 5 presents a series of test cases demonstrating uncertainty associated with 

each scanning laser and compares profiles measured with two scanning laser subsystems 

simultaneously, the mid- and fine-scale scanning lasers, followed by concluding remarks. 
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2. Background 

2.1 Development of Terrain Measurement Systems 

 It is clear that the main excitation to the chassis is the terrain [2].  Non-deformable terrain 

imposes a unilateral geometric boundary constraint on rolling tires to which the chassis responds 

by generating loads, moments, motions, deformations, etc.   Clearly then, accurate simulations 

require accurate excitations. 

2.1.1 2D Terrain Profile Measurement 

 The technology developed to measure terrain has progressed from vehicle-response 

systems [3, 4] to the measurement of various types of terrain using vehicle-independent systems 

[5-9].  Vehicle-response systems estimate the terrain surface based on vehicle responses such as 

spindle accelerations and loads.  The accuracy of the resulting effective terrain profile relies on 

the fidelity of the vehicle and tire models.  There are numerous modeling difficulties in this 

process (e.g., the enveloping property of tires precludes capturing the sharpness of terrain 

events).  Vehicle-response measurements should only be used, therefore, to describe the terrain’s 

influence on the host vehicle or making general statements about terrain roughness. 

 

 A better method is direct measurement of terrain.  General Motors Research (GMR) 

developed a high-speed inertial profiler in the 1960s [10].  This profiler used a road-following 

wheel that extended below the body of either a vehicle or trailer to measure the relative distance 

between the body and the road surface.  An accelerometer was attached to the body and, having 

integrated the signal twice, measured the absolute vertical position of the body.  The resulting 

road profile is then the difference in the signals.   

 

 In 1987, The Australian Road Research Board (ARRB) substituted a laser for the road-

following wheel [11].  In this system, the terrain is sampled optically, rather than mechanically 

as had been the standard practice.  Although advances were made because of this fundamental 

change, considerable research is required to understand the implications of this shift.  For 

example, the laser has a much finer resolution than the tire contact patch.  This fine resolution 
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fundamentally differed from that of a tire.  The lasers were capable of detecting small localized 

disturbances that would be enveloped or bridged by the tire of a typical passenger vehicle; this 

problem had not surfaced previously because the tire in vehicle-response systems had acted as a 

mechanical filter between the terrain surface and vehicle chassis.   

2.1.2 3D Terrain Surface Measurement  

 Recent optical and computational advances have produced pavement profiling scanners 

[12] which can obtain millimeter precision across a wide transverse path.  These 3D scanners are 

capable of differentiating between small localized disturbances and disturbances that will excite 

the vehicle chassis, but validating the accuracy of these profiles is still an ongoing research 

subject[13].  This problem is exacerbated by the fact few of these systems currently exist, 

limiting the availability of data.   

 3D terrain surface measurement systems consist of a scanning laser and some 

combination of an inertial navigation system (INS), accelerometers, a distance measurement 

instrument, and inclinometers to track the position and orientation of the scanning laser in space.  

The 3D terrain measurement system, known as the Vehicle Terrain Measurement System 

(VTMS), used to acquire data for this work can be seen in Figure 1.  The scanning laser is 

affixed to the mounting structure at the rear of the vehicle.  The width of the measured path 

recorded by the scanning laser is 4 meters, and both tire paths are included in each scan.   
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Figure 1. Vehicle Terrain Measurement System (3D) 

 Belgian Block terrain presents significant problems for a single-point laser.  As the host 

vehicle yaws, the point laser will sporadically wander in and out of cracks, which will in turn 

lead to an artificially rough terrain profile measurement.  For this reason, Belgian Block was 

selected to demonstrate the method developed in this work.  The left image in Figure 2 is a 

digital photo of the test terrain and the right rendering was produced with the VTMS.  This 

system can readily identify the geometry and placement of each block throughout the surface. 

 

 

 

 

 

 

 

 

 
Figure 2. Terrain Photo and Corresponding 3D Terrain Rendering 
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2.2 Review of Road Surface Characteristics 

2.2.1 Texture Definitions 

Vehicle performance in terms of ride, handling, mobility, and durability is described in 

terms of the interaction between the vehicle and the terrain.  Considering the terrain profile 

described in 2.1 as a set of equally-spaced points describing the height of the terrain along an 

imaginary line, the terrain can be categorized by the amplitude and wavelength of features in that 

profile.  This categorization, reported in Table 1, was described by the National Cooperative 

Highway Research Program [14] in an effort to help pavement engineers better understand the 

types of terrain that influence road surface friction properties. However, Karamihas notes that 

terrain features up to 30 m in wavelength can affect vehicle performance in terms of ride quality.  

Therefore, for this work, roughness is classified as terrain features up to 30 m in wavelength. 

Terrain texture classification falls into four major groups, with associated application and 

wavelength.  These groups include microtexture, focusing on friction properties, macrotexture, 

focusing on noise properties, megatexture, focusing on tire damage and roughness, focusing on 

rolling resistance. 

 

Table 1. Road Surface Feature Classification 

Texture Classification Application Feature Wavelength Range 

Microtexture Friction, Tire Wear 0.001 mm - 0.1 mm 

Macrotexture Noise, Splash and Spray 0.1 mm - 10 mm 

Megatexture Tire Damage 10 mm - 100 mm 

Roughness Rolling Resistance 100 mm - 30 m 

 

The range of terrain features that can be captured by a given terrain measurement system 

are constrained by the choice of scanning laser and associated instrumentation.  Example systems 

oriented around a specific terrain type along with industry standard indices are presented in the 

proceeding sections. 
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2.2.2 Descriptions of Global Terrain Features 

All classes of terrain significantly impact the design of a vehicle and tire.  However, 

terrain features having a wavelength in excess of 30m could be considered global terrain 

features, which is not correlated to road roughness.  These features are still applicable to the 

vehicle engineering community.  For example, a simple real-world fuel economy simulation may 

consider the grade progression of a long section of terrain.   The engineer could optimize 

powertrain calibration for drivability and fuel economy before traveling to the actual road for 

verification [15].  Road topology such as banking and median departure angles is also considered 

global terrain features. 

A terrain measurement system proposed by Vemulapalli is designed to specifically study 

global terrain features [16].  This system incorporates a large-scale light detection and ranging 

(LIDAR) scanning laser mounted onboard a host vehicle to study the median departure angle of 

5000 miles of US highway road.  The results of this study are used to provide design 

recommendations to highway authorities in the interest of improving safety by reducing the 

likelihood of vehicles crossing over the road median.  While it has proven successful in this 

application of measured terrain, the system is unable to discern other terrain features such as 

roughness or texture. 

2.2.3 Descriptions of Surface Roughness 

Surface roughness is characterized by terrain features ranging in wavelength from 100 

mm to 30 m.  Typical terrain features in this category include bumps, potholes, and pavement 

transitions. Vehicle ride quality is directly related to its response over terrain features of this 

range of wavelength.  This range correlates to that considered for estimating the International 

Roughness Index (IRI), where terrain profiles are typically sampled at 25mm [1].  For the IRI 

calculation, shorter wavelength terrain features are rejected using a moving average filter.  While 

these features are of particular interest for pavement health monitoring [1], they are also useful 

for studying vehicle durability [17].    

With the popularity of the IRI as a pavement auditing tool, significant efforts have been 

made to develop terrain measurement systems capable of accurately and repeatedly estimatign 

the IRI for a wide variety of road surfaces.  Perera, et. al. evaluated 38 such terrain measurement 

systems as part of a Federal Highway Administration (FHWA) Study [18].   Terrain 

measurement systems in this study utilized a range of technologies from scanning lasers to 
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optical measurement tools.  The American Society of Testing and Materials (ASTM) has also 

produced numerous standards classifying terrain measurement systems according to their ability 

to measure surface roughness [19] .  

2.2.4 Descriptions of Surface Macro and Micro Texture 

Macro and micro texture describe terrain features having a wavelength less than 10mm.  

The friction related properties of a road surface are directly related to its micro and macrotexture 

properties [20].  While IRI describes the surface roughness, surface friction properties are 

described by the International Friction Index (IFI).  This index, codified as an ASTM standard 

[21], consists of two parameters: the mean profile depth of a measured terrain sample, and a 

direct measurement of friction level through physical testing.  The mean profile depth, arising 

from the macrotexture and microtexture properties, is used to calculate a slip speed correction 

factor.   

The accepted practice for measuring road surface friction from macro and microtexture 

combines a scanning laser with a physical measurement [21].  A terrain measurement system 

proposed by the Florida Department of Transportation incorporates a scanning laser with a 

rolling tire test apparatus to measure the necessary parameters for the IFI calculation [22].   

A method proposed by Ergun, et. al., estimates the road surface friction properties from 

microtexture and macrotexture measurements alone [20].  They utilized a terrain measurement 

system for macrotexture measurements, and a laboratory-based optical measurement system to 

measure the surface microtexture.  Their proposed solution relates slip, mean profile depth, and 

average microtexture wavelength to friction force.  While this solution eliminates the need for 

physical testing, the detail required to measure the microtexture exceeds the capabilities of most 

terrain measurement systems.  In addition, the sensitivity of different types of tire compounds 

and constructions to the force-slip relationship was not explored.   

Several attempts have been made to continuously estimate road surface properties from 

the vehicle’s response to the road.  Wang proposed a system that relies on longitudinal 

measurements resulting from acceleration and braking to predict the coefficient of friction of the 

road [23].  He achieved reasonable estimates of surface friction coefficient for a wide variety of 

slip ratios.  On the other hand, Pasterkamp proposed combining the brush tire model with a 

neural network to infer the surface friction coefficient [24].  In this approach, the estimation of 

friction occurs primarily during events where the vehicle is subject to lateral forces (i.e. 
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cornering).  Hsu developed yet a different method to estimate the road surface friction and tire 

slip angle by observing steering torque [25].  This work was also validated over a variety of 

surface types from dry, flat road to loose gravel.  All three of these approaches provide useful 

information to a vehicle safety system in terms of what type of road surface the vehicle is 

presently encountering. 

2.3 Review of Scanning Laser Technology 

Scanning lasers employed in terrain measurement can be divided into two groups.  The 

first group concerns scanning lasers that measure the "time of flight" of a laser beam between the 

laser and the ground.  The second group utilizes optical laser triangulation to estimate surface 

height with a camera observing a laser projected on the surface.  

2.3.1 Time-of-Flight Measurement 

The most popular time-of-flight based scanning laser system for terrain measurement is 

the LIDAR. With a large range of measurement, these systems are used extensively aboard aerial 

platforms for surveying of large samples of terrain [26]. It is also popular among autonomous 

vehicle development teams, such as those participating in the Defense Advanced Research 

Projects Agency (DARPA) Grand Challenge [27]. Four variants of LIDAR-based scanning lasers 

exist: oscillating scanner, rotating polygon scanner, fabric scanner, and palmer scanner [28]. 

Regardless of variant, the scanning laser's operating principle is to estimate the relative distance 

by measuring the time of flight for a laser pulse transmitted and received by the device [29].  The 

relative distance of a given point in space from the LIDAR is directly proportional to the time 

required for the pulse to travel to and from the target.  In the case of a rotating polygon scanner, a 

rotating mirror deflects the laser radially outward from the device, allowing it to measure 

distances along a 180 degree swath.  For example, the SICK LMS-291 scanning laser is 

configured to emit a laser pulse every 0.5 degrees, producing 360 data points per 180 degree 

sweep [29].  Due to a large laser spot size, each measurement is subject to approximately 25% 

overlap from adjacent measurements over the entire range of measurement. 

Wu identified four sources of error present in LIDAR scanning laser measurements [28].   

Three of these sources pertain to the scanning laser itself, while one concerns system 

construction and alignment.  Issues unique to LIDAR-based scanning lasers include: timing 

errors due to low sampling rate and clock drift, poor estimation of mirror angle for rotating 
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mirror scanners, and error due to scanner torsional oscillations for oscillating scanners.  Timing 

mismatches and incorrect mirror angle estimates impact measurement uncertainty in that the 

scanning laser is measuring two different points in space while reporting those values as 

describing the same point.    

These sources of error are also described by Habib as angular and range error [30].  

Range error impacts uncertainty in vertical height estimate dependent on look angle, the angle 

from which the laser pulse is emitted from the scanning laser, but is independent of the sensor's 

relative height.  Angular error is analogous to poor estimation of mirror angle for rotating-mirror 

LIDAR devices, and is dependent on the scanning laser's relative height.  The most effective 

method of minimizing the error in LIDAR-based terrain measurement systems is proper 

calibration to reduce bias and noise rejection to reduce uncertainty errors [30].  

A novel scanning laser system developed by Herr operates on a similar principle as the 

LIDAR, but uses a radially deflected continuous beam as opposed to laser pulses [12].  Internal 

signal processing circuitry estimates terrain heights of 941 transverse points sampled from -45 to 

+45 degrees to the vertical.  The laser spot size is approximately 1.5 mm transverse x 10 mm 

longitudinal at the surface [31], and there is no overlap between measured points as with the 

LIDAR.  Measured terrain points are reported with millimeter precision.  This scanning laser has 

been in service onboard the VTMS since 2006 [9]. 

2.3.2 Optical Laser Triangulation 

 Scanning lasers employing optical triangulation are popular in industry where the 

application requires sub-millimeter accuracy and high-speed data acquisition [32].  These 

scanning lasers project a line across a surface and estimate the relative distance between laser 

and the object using a camera mounted rigidly inside the scanning laser. The camera identifies 

the Gaussian peak of the laser spot and estimates a relative height for that point.   

 This scanning laser technology provides the ability to capture data at a rate exceeding 

other scanning laser systems [32].  As a result, this scanning laser technology is often selected 

for terrain measurement systems designed to estimate surface friction levels [22].  However, due 

to the placement and orientation of the sensor and laser, large objects could occlude the scan, 

resulting in an inaccurate measurement of the surface.  This limits the application scope of 

terrain to relatively smooth paved roads. 
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The primary uncertainty inherent in measurements from an optical triangulation scanning 

laser is non-linearity due to relative distance between the scanning laser and the surface of 

interest [33].  Murakami found the linearity error to be 0.1% over the entire measurement range 

for a white ceramic surface. For rougher surfaces, such as a road surface, the nonlinearity is more 

pronounced.  Clarke identified sources of error both internal and external to the scanning laser 

[32].  Internal errors originate from the camera system, and concern temperature sensitivity and 

the ability of the camera to accurately identify the Gaussian peak of the laser spot.  The scanning 

laser is also sensitive to external environmental factors such as ambient temperature, pressure, 

and humidity, which can refract the path of laser light from the surface of interest to the camera.  

Error arising from environmental conditions can be estimated using Snell's Law [32].  Clarke 

reported that for one optical triangulation scanning laser the standard deviation of the total 

random error arising from atmospheric, surface, and non-linearity to be 0.31mm, and up to 12.8 

mm systematic error [32]. All of these error sources should be considered when planning a 

terrain measurement exercise. 

2.4 Sources of Error in Terrain Measurement Systems 

Terrain measurement systems have evolved from measuring system response as an 

approximation of the terrain profile to direct measurement of the terrain with a scanning laser.  

The majority of terrain measurement systems in use today utilize a scanning laser combined with 

a separate subsystem to measure host vehicle motion.  This section addresses the most significant 

sources of error inherent in this approach arising from individual subsystem uncertainty, system 

construction, test execution, and post-processing. Subsequent chapters will address how the 

improved terrain measurement system accounts for these sources of error. 

2.4.1 Uncertainty in Scanning Laser Measurements 

The primary factor for classifying any terrain measurement system is the scanning laser 

selected to acquire data, and the uncertainty inherent with any scanning laser should  be 

considered in the development of a terrain measurement system. This classification also 

determines the application scope of the terrain measurement system. According to ASTM E950, 

terrain measurement systems are classified according to the resolution and sample rate of the 

resulting profile [19].  Terrain measurement systems constructed for estimating the IRI are 

classified as Class 1 through 4, with strict requirements on resolution and accuracy. The required 
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system resolution varies based on the terrain surface of interest [34], so one system that is valid 

for measuring profiles for estimating IRI of rough terrain may not be appropriate for smoother 

terrain.   

For systems designed to measure the mean profile depth (MPD) as part of the 

determination of the IFI, ASTM E1960 requires the scanning laser to have a vertical resolution 

of 0.5 mm and a vertical non-linearity error of 2% over the total range [35].  In addition, the 

maximum spot size of the scanning laser is limited to 1mm.  Sampling intervals are limited to 1 

mm, which coincides with the range of feature wavelengths necessary to describe macrotexture 

[14].   If the scanning laser selected for the terrain measurement system does not meet these 

requirements, the validity of profile statistics computed from measured terrain is compromised. 

For the case of the IRI and IFI estimation, uncertainty of the scanning laser used to measure the 

road profile is critical to the validity of the resulting profile statistics. 

2.4.2 Uncertainty in Inertial Navigation System Measurements 

A strong effort has been made to characterize the GPS and INS errors by categorizing the 

errors based on the error origin.  Specifically, several techniques have been used to estimate 

instrumental biases.  One of the first proposed techniques, from preoperational GPS systems in 

the 1990’s, applies the least squares method to estimate the coefficients of a two-dimensional 

quadratic model for vertical total electron count (TEC) from a single GPS receiver.  TEC is 

defined as the number of electrons in a column 1 m
2
 square extending from the base station to 

the satellite with unites of e/m
2
 [36].  Coco et al. applied Lanyi and Roth’s technique to study the 

variability of the GPS instrumental biases [36].   

As technology advanced, ionospheric delay was investigated through the development of 

ionospheric maps.  The ionosphere acts as a dispersive medium to GPS signals, thus ionospheric 

propagation delays can be removed by the use of two frequencies- L1 and L2 [36].  The bias for 

the two GPS frequencies (L1=1575.42 MHz and L2=1227.60 MHz) and their difference, is 

referred to as differential instrumental bias and will produce systematic errors in the estimates of 

the ionospheric delays [37].  Ionospheric delays are vertical delay estimates at specified 

ionospheric grid points (IGPs).  Estimation of the IGP delay is limited by instrumental biases.  

Instrumental biases are the difference of the propagation paths of L1 and L2 signals and is 

directly due to the circuitry in the GPS satellite and receiver hardware [38].  Wilson and 
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Mannucci applied two techniques based on surface harmonics and triangular interpolation for the 

development of global/regional ionospheric maps [39].   

When GPS became completely operational in the mid-1990’s, regional and global TEC 

maps were developed to improve the overall accuracy of the GPS system.  These operational 

systems implement the dual frequencies, L1 and L2, which were previously introduced.  A better 

technique for estimating instrumental biases and TEC was proposed by Sardon through modeling 

stochastic parameters of the GPS errors with a Kalman filter [40].  Sardon does not explicitly 

identify noise, multipath, differential delay between L1 and L2 antenna phase centers or selective 

availability in his stochastic model, rather he lumps the errors into one term.  More recently, 

Sarma et al. applies singular value decomposition (SVD) algorithm to estimate the instrumental 

biases from data for several dual frequency GPS receivers [38]. 

The accuracy of GPS and INS is improved using a differential GPS, where a fixed base 

station acts as a reference point for estimating uncertainty due to ionospheric delays [41].  

However, there remains a system drift, shown in Figure 3, on the order of 10mm which impacts 

run-to-run variation for terrain measurement systems.  Chemistruck, et.al. proposed a method to 

remove INS system drift by characterizing this drift as a random walk process and identifying 

the basis vectors of the drift using singular value decomposition [42]. 

 

Figure 3. Sample from GPS static test results over the course of 5 days 
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2.4.3 Uncertainty from system construction 

The first error source attributed to system construction of terrain measurement systems is 

misalignment between the inertial measurement unit (IMU) and scanning laser.  This arises from 

poor measurement of the distance between the scanning laser and the IMU.  Inaccurate lever-arm 

measurements between scanning laser and IMU compromise the ability to remove host vehicle 

motion in post-processing. 

Instrumentation placement, specifically IMU placement, also has been shown to impact 

the resulting measured terrain.  Vemulapalli demonstrated the error in measured terrain data 

resulting from a non-rigid connection between the IMU and scanning laser [16].  On the VTMS, 

the IMU is rigidly connected to the scanning laser mounting structure so that the motion of the 

scanning laser is easily related to the IMU motion [43].  For high-accuracy terrain measurement 

systems, the IMU must be installed in an appropriate location where relative motion between the 

scanning laser and IMU is minimized. 

Typical terrain measurement systems combine a variety of instrumentation including 

scanning lasers, analog-to-digital converters, and inertial navigation systems [9].  Wagner 

identified signal synchronization to be a primary system integration challenge [8].  

Synchronization can be described in terms of two separate signals:  a triggering signal and a time 

synchronization pulse.  It was determined that in the case of the VTMS, significant latencies 

existed resulting in mismatches in the starting times (and ending times) of data collection for 

individual instruments [8].    

2.4.4 Uncertainty during data acquisition 

In addition to sources of error arising from individual subsystems, such as scanning lasers 

and INS, care should be taken to minimize the influence of the operator on the results of data 

acquisition.  Systems dependent on GPS coverage are particularly sensitive to errors resulting 

from poor GPS satellite coverage.  The INS utilized onboard the VTMS includes an IMU, which 

assists the GPS in estimating the system's position when satellite coverage is poor [9].  For 

extended GPS outages, horizontal and vertical position errors can exceed 1m and 0.5m, 

respectively [41].  Therefore, it is advisable to select a test site with continuous adequate satellite 

coverage to minimize position error arising from the INS. 

Another technique utilized by aerial survey groups is the placement of reference markers 

or checkpoints on the ground [30].  These markers are designed to be clearly identifiable in the 
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post-processed measured terrain.  The American Society of Photogrammetry and Remote 

Sensing recommends the extensive use of checkpoints for accuracy and verification testing of 

aerial LIDAR data [44].  The VTPL utilized a similar technique to accurately measure a single 

profile repeatedly as part of a FHWA study to improve the quality of pavement profile 

measurement [45].  A photo showing this reference marker is shown in Figure 4.  A corner of a 

plate placed on each end of the section of interest was identified in post-processing and used as a 

reference point for establishing a profile line common to each individual measurement.  The 

resulting profiles, shown in Figure 5, exhibited agreed within 1 mm when INS system drift was 

removed [42]. 

 

 

Figure 4.  VTMS using reference marker for terrain measurement 
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Figure 5. Profiles of test section using reference markers and INS drift removed 

 

2.4.5 Uncertainty during post-processing of measured terrain 

Measurement data from scanning lasers, INS, and analog signals are combined in post-

processing to produce a vehicle-independent representation of the terrain.  Uncertainty in 

measurements from all systems is combined in the transformation of measured terrain data from 

a laser-oriented local coordinate system to a base station-oriented global coordinate system.  If 

this transformation is not completed correctly, significant error could result.  Dembski proposed 

a terrain measurement system utilizing a set of single point scanning lasers and INS [46].  While 

the development of equations presents a valid method of correcting for vertical scanning laser 

motion due to vehicle response, the equations fail to take into account the effects of body roll on 

the transverse motion of the scanning laser point.  As a result, the reported profile is not parallel 

to the path of the host vehicle.  Post-processing code developed by the VTPL considers roll, 

pitch, and yaw in a rotation matrix to execute the coordinate transformation [8]. 
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Following initial post-processing, the measured terrain is represented as a set of 

irregularly spaced three-dimensional points.  While it is possible to use these data in simulation, 

it may be desirable to map the resulting unstructured point cloud to a regularly spaced grid.  A 

regularly spaced grid can be described by a reference line through a sample of measured terrain 

accompanied by a set of transverse locations from which profiles parallel to the reference line are 

defined.  This form of a regularly spaced grid is convenient for processing into the curved 

regular grid format (CRG) [47].    Proper interpolation techniques must be considered to 

accurately estimate regular grid height values based on an unstructured cloud.  Detweiler 

reviewed interpolation techniques based on intended application and sensitivity to outliers [48].  

For rough terrain having significant sharp discontinuities, the interpolation could reject localized 

roughness and act as a low-pass filter on the terrain sample.  It is important to consider the 

impact of grid spacing and interpolation method when mapping to a regular grid.   
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3. Development of an Improved Terrain Measurement 

System 

3.1 Chapter 3 Introduction 

 This chapter describes the enhancement of the terrain measurement system developed by 

Kern, Wagner, and Ferris.  Scanning lasers of diverse resolution and range provide the capability 

to measure terrain in parallel at multiple scales.  By capturing terrain details in multiple scales, 

both vehicle engineers and pavement engineers can concurrently study both sub-millimeter 

texture measurements and meter-scale terrain features. One benefit of the techniques developed 

in this chapter is the ability to tailor  data required to represent the measured terrain topology to a 

particular application. For example, accurate vehicle simulation requires consideration of tire 

bridging and envelopment, in which the vehicle responses will not be affected by narrow dips 

and small stones in the terrain surface [34].  While current terrain measurement systems acquire 

approximately one million data points per second, the actual required data resolution varies 

according to application.  The multi-scale terrain measurement system described here 

accommodates the diverse needs of the automotive and pavement engineering communities. 

3.2 System Description 

The multi-scale terrain measurement system described in this paper builds upon the work done 

by Kern and Ferris and is shown in Figure 1. In this system, a single laser scanner records a four 

meter wide path behind the host vehicle. Both host vehicle tire paths are included in this 

measurement. The rigidly-connected INS describes low-frequency host-vehicle body motion as it 

traverses the terrain.  Co-planar accelerometers provide high-frequency body motion information 

and combine with the INS information to describe the host vehicle motion across a wide 

spectrum of frequencies. 

 

 For this work, the existing Phoenix Scientific Incorporated Pavement Profile Scanner 

(PSI PPS) laser scanner system is considered to represent a mid-scale measurement device.  This 

laser samples terrain at five millimeter transverse spacing with millimetre precision.  It measures 
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one thousand scans per second, equating to five millimeter longitudinal spacing at 5 

meters/second.  At this speed, measured terrain data from this scanning laser is appropriate for 

describing megatexture (10mm - 100mm) and roughness (100mm - 10 m).  The stated accuracy 

of this scanning laser is approximately one millimeter. If all other sources of error are identified 

and eliminated, terrain measurement systems utilizing this scanning laser meet the requirements 

of ASTM E950 for a Class 1 profiler [19].  The two additional laser scanners considered for this 

work include: a low-resolution scanner with a precision of five centimeter, and a high-resolution 

scanner with sub-millimeter precision.   

3.2.1 Large-Scale Scanning Laser 

 The SICK LMS291 LIDAR, shown in Figure 6, is selected as a low-resolution, long-

range scanner to complement the existing millimeter-scale laser scanner.   This LIDAR consists 

of a laser deflected by a rotating mirror.  It is capable of measuring 360 points about a 180 

degree field of view at a range from 0 to 30 m.  The scanning laser stated accuracy is +/- 35mm, 

making it unsuitable for characterizing surface roughness. Laser spot size is 25 mm when 

measuring objects 30m away.   The LIDAR scans at a 75 Hz rate, resulting in a 67 mm 

longitudinal spacing when measuring the terrain at 5 m/s.  The coarse measured terrain data is 

appropriate for describing global terrain features.  In addition, the range of this scanning laser 

permits measurement of multiple lanes on a road surface in addition to objects far beyond the 

vehicle path. 
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Figure 6. Large-scale scanning laser - SICK LMS291 

 Unlike the current millimeter-scale laser scanner mounted on the rear of the vehicle 

facing downward, the SICK LIDAR faces forward and pitched downward at a 10 degree angle to 

the horizontal.  The scanner rigidly mounts to the existing frame structure, ensuring negligible 

relative motion between the scanner and the IMU.  In terms of power and communications, the 

scanner requires a 24V power supply, and interfaces to instrumentation via RS-232/422 DB9 

connection. 

 Currently, National Instruments LabVIEW is selected as the interface and data 

acquisition environment for the SICK LIDAR.  While providing a comprehensive suite of data 

acquisition tools, NI also provides a toolkit for communicating with the LIDAR.  Per the 

requirements for a laser scanner outlined earlier in this section, the laser data file should include 

the synchronization pulse and run switch information.  LabVIEW accepts the run marker and 

synchronization pulse, allowing the laser measurement and host vehicle motion to be 

synchronized in time during post-processing. 
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3.2.2 Fine-Scale Scanning Laser 

 Both mid and large-scale scanning lasers sufficiently capture global terrain features, 

surface roughness, and megatexture.  However, higher resolution measured terrain is just as 

important for vehicle simulation and pavement health monitoring.  It is computationally 

impractical to store sub-millimetre terrain data spanning the entire vehicle path.  Additionally, 

few, if any, high-resolution laser systems measure a path wider than that covered by a vehicle 

tire.  As such, the LMI Selcom RoLine 1130 was selected to provide sub-millimiter scale terrain 

measurement.  This laser, shown in Figure 7, operates in pairs – one at each wheel path.  

 

 

Figure 7. Fine-scale scanning laser - LMI Selcom RoLine 1130 

 The RoLine laser measures 160 points across a 100mm wide scan of terrain with an 

average transverse spacing of 0.625mm.  The scanning laser emits a beam in the visible 

spectrum, evidenced by the red line on the paved surface in Figure 7.  Terrain is measured at 

3000 scans per second.  At 5 m/s, the longitudinal spacing of measured terrain is approximately 

1.7 mm.  This is suitable for estimating surface macrotexture (1 mm - 10mm) properties.    
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 Unlike the SICK and current PSI laser system, which can be mounted on top of the host 

vehicle, the RoLine requires 200mm average vertical clearance.  Packaging and interference with 

other systems prohibits installation on the rear of the host vehicle.  Therefore, each RoLine is 

installed on the front of the host vehicle.  Each bracket, which aligns one laser with each wheel 

path, is rigidly connected to the vehicle frame rails.  These brackets are shown with scanning 

laser installed on the host vehicle in Figure 8. 

 

 

Figure 8.  Fine-scale scanning lasers mounted at wheelpaths 

 The laser in Figure 7 interfaces with instrumentation with two separate cables.  The first, 

known as a Firesync cable, is responsible for power and data interface between the laser and PC 

via Category 5 Ethernet.  The second CameraSync cable carries a 3 kHz pulse signal enabling 

synchronization between the laser and external instrumentation in post-processing.  For the 

improved VTMS, these signals are read by the existing analog-to-digital converter, where they 

are easily synchronized to the triggering and time synchronization signals.  Additionally, the 

pulse signal, according to manufacturer documentation, provides diagnostic information about 

whether to accept or reject scans. With a synchronization pulse emitted from the device, the 
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signal from each device is combined with the INS synchronization pulse and run trigger in the 

IOTech WaveBook A/D system sampling at 12 kHz.   Terrain data is then recorded separately 

using a program developed from an LMI-provided C toolkit. 

3.3 Chapter 3 Discussion 

 By integrating the mid- and fine-scale scanning lasers to the existing system, shown in 

Figure 9, the improved VTMS is capable of measuring terrain at scales necessary to describe 

global surface roughness, megatexture, and macrotexture. While the large-scale scanning laser 

was installed and operated independently of the mid- and fine-scale scanning lasers, it was not 

tested simultaneously with the other two scanning laser systems.  The improved VTMS is now 

capable of measuring terrain suitable for calculation of the IRI and IFI.  Measured terrain from 

this system can be used to study noise, splash and spray, tire damage, durability, and rolling 

resistance. 

 

Figure 9. Improved Vehicle Terrain Measurement System 
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 The mid and fine-scale scanning lasers measure at resolutions of 0.01mm and 1mm, 

respectively.  For estimation of simple measures of road-surface characteristics such as IRI, it is 

possible to low-pass filter and downsample the fine-scale terrain data to a scale and resolution 

appropriate for estimating roughness.  Implicit in the calculation of simple statistics such as the 

IRI, however, is the assumption that the terrain surface is homogeneous and insensitive to 

different measurement paths.  The ability to understand the variation in simple roughness 

measures (and therefore the confidence in that measure) is limited by simply low-pass filtering 

and downsampling the fine-scale terrain data.  Also, there is a fundamental difference in the 

method by which the systems sample the terrain surface that must be addressed since the fine-

scale scanning laser utilizes optical laser triangulation, terrain height measurement is made by an 

off-axis camera.   When the laser enters a deep crack or becomes obstructed from the camera 

view, no data is recorded.  Roughness estimates derived from filtered fine-scale scanning laser 

data could lead to under-prediction of roughness values as pothole edges, expansion joints, and 

other discontinuities would not be measured.  Many of these features would be too fine to 

measure with the large scale scanning laser as well.  Therefore, it is inadvisable to eliminate the 

mid-scale scanning laser without compromising the system's ability to measure a comprehensive 

variety of terrain features. 

 Measured terrain in multiple scales also provides a basis for studying the ARIMA 

modeling techniques used for generating terrain based on a set of input coefficients [49].  With 

the improved VTMS, it is possible to study the ARIMA model’s ability to accurately model 

terrain features of varying scales for a given terrain type such as asphalt, concrete, or off-road. 

Specifically, the stability of the residual process when modeling terrain has only been verified 

for U.S. Highway roads.  The impact of harsh terrain, such as off-road environments, on the 

stability of the residual process has not been studied. 

   

3.4 Chapter 3 Conclusions 

 The multi-scale terrain measurement system described in this work is intended to capture 

terrain features in scales ranging from large-scale global terrain features to sub-millimetre 

macrotexture.  It was expected that both SICK (large-scale) and RoLine laser (fine-scale) 

systems were to be added and integrated into the data acquisition system, with attention given to 
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the synchronization of these new devices to the INS provided in Chapter 4. However, only the 

fine-scale scanning lasers were successfully integrated.  Integration of the scanning lasers into 

the terrain measurement system is improved through the development of custom software to 

communicate with each scanning laser, recording data simultaneously.  A complete system 

enables the end-user to better tailor terrain measurement activities to the application 

requirements.  In addition, terrain modelling techniques can be validated and studied in a broader 

spectrum of scales to ensure synthetic modelled terrain samples best represent the road surface of 

interest. The presented system is one method to incorporate scanning lasers of differing 

resolution and range onboard the same platform. 
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4. Robust Triggering for a Terrain Measurement System 

4.1 Chapter 4 Introduction  

Measured terrain data is susceptible to significant error if the terrain measurement system 

does not effectively address the sources of error. As mentioned previously, the major sources of 

error in terrain measurement systems include scanning laser uncertainty, misalignment between 

scanning lasers and the INS, INS uncertainty and drift, operator error, and time synchronization.  

For the VTMS, most of these sources of error have been identified and addressed.  Wagner 

identified triggering and time synchronization as the primary source of error resulting in timing 

mismatches between subsystems aboard the VTMS [8]. With the improved VTMS, this issue 

remains.  Therefore, the purpose of this chapter is to develop a high performance triggering 

scheme capable of activating a wide variety of subsystems simultaneously, yet have the 

flexibility to support a wide variety of triggering schemes.  This triggering scheme addresses the 

remaining major source of error present in the VTMS. 

The remainder of this chapter is developed as follows.  Background on the target 

application, a terrain measurement system integrating three scanning laser subsystems, is 

presented.  The specific design issues are defined and a set of design goals for the 

instrumentation triggering scheme are established.  Candidate triggering schemes satisfying these 

design goals are developed and modeled.  One triggering scheme is selected and implemented in 

hardware to demonstrate the advantages.  Results of this work and future applications are 

discussed, followed by concluding remarks. 

4.2 Chapter 4 Background 

 A toggle switch is used to indicate the beginning and end of a typical data acquisition 

run.  The toggle switch is in series with a triggering voltage source, so that when the switch is 

closed, the subsystems are triggered and begin acquiring data.  Once a data acquisition run is 

complete, the switch is opened and the subsystems stop recording.  An example of such an 

unconditioned trigger signal is shown in Figure 10, where the high and low trigger voltages are 

appropriate for devices that accept Transistor-Transistor Logic (TTL)-compliant signals.  The 
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settling time is approximately 0.005 s, however, and the exact moment the data collection should 

begin and end is uncertain.  This uncertainty is exacerbated by the variety of sampling rates each 

subsystem may employ (ranging from a few Hertz to several kHz) as well as each device’s 

minimum external trigger threshold voltage.  In addition, oscillations due to switch debounce 

may cause false triggering leading to corrupted data acquisition.   

 

 

Figure 10.  Original trigger signal behavior of VTMS 

4.2.1 Triggering Methods 

 One approach to triggering instrumentation with an analog signal is by using a simple 

comparator circuit, typically including an op-amp [50].  However, this approach suffers from two 

drawbacks.  The first issue is that the output signal is susceptible to toggling when the input 

voltage remains at a level near the reference or switching voltage.  Second, the slew rate, the rate 

at which the voltage rises to the desired level, of this circuit is relatively slow.   Since these 

drawbacks are the same two issues evident in the original triggering signal, the comparator by 

itself is not a sufficient solution. 
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 The performance of the comparator is significantly improved by adding a positive 

feedback from the output.  This circuit is known as a Schmitt trigger and is widely used as a 

trigger circuit for many applications [50].  It is a high-performance, robust switching circuit that 

offers high slew rates, noise reduction, and reduced occurrence of switch debounce. The Schmitt 

trigger circuit offers these benefits by exhibiting the behavior represented graphically in Figure 

11.  As the input voltage, Vin, exceeds a threshold level in excess of the reference voltage Vref,  

the output, Vout, transitions from Vlo to Vhi.  Likewise, as the input voltage decreases below the 

lower threshold level, the output voltage returns to Vlo.  Each voltage level is described in the 

Appendix.  The difference between the two threshold levels creates a hysteretic loop.  Strategic 

selection of threshold levels creates an output signal that is more resistant to toggling due to 

noise or, in the case of this application, switch debounce. 

 

 

Figure 11.  Hysteretic behavior of the Schmitt Trigger 

 Several versions of the Schmitt trigger exist on the market.  The traditional Schmitt 

Trigger circuit utilizes an operation amplifier [50].   High-performance low-power Schmitt 

triggers packaged in an integrated circuit (IC) are also available with propagation delays of on 

the order of 1ns [51]. The packaged Schmitt trigger differs from the op-amp equivalent in that 

switching thresholds are set by the manufacturer.  Both approaches are valid for constructing a 
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Schmitt trigger and satisfy the design requirements for the robust triggering system developed in 

this work.  Direct performance comparisons between different versions of the Schmitt trigger are 

beyond the scope of this work. 

 

4.3 Proposed Design 

4.3.1 Design Objectives 

 An intermediate circuit is developed capable of maintaining TTL-compliant switching 

signal voltage levels with significantly faster slew rate and protection against switch bounce.  

There are two primary signals for the case study presented in this work: the switching signal 

denoting the start and end of data acquisition and a pulse signal used for synchronizing all 

instrumentation in time.  All other signals produced from this system are derived from these two 

fundamental signals.  The following signal requirements are established for this system: 

 

 The triggering signal should be reasonably free of noise, such that the precise moment the 

system became active can be easily discerned after the analog signal has been digitized. 

For the TTL-compliant triggering signal having a noise-margin, the largest acceptable 

noise level before the signal can be considered invalid, of 0.8V,  and nominal values of 

either 0 or 5V, the minimum signal-to-noise ratio calculated from the amplitude of the 

signal and noise components of the output signal is 15.9 dB.   Based on these TTL 

requirements and with consideration to the possible voltage drops across connectors, the 

specifications set for the required for the triggering signal are 0V (+/- 0.5V) indicating 

that the logic level is low and 5V (+/- 0.5) indicating that the logic level is high. 

 Switching signal with a settling time on both leading and trailing edges of less than 100 

ns. A logic high signal denotes the system is currently acquiring data. 

 A functionally equivalent signal to a mechanical switch where its state is determined by 

an external signal.  The circuit is closed when the system is active and open otherwise. 

 A triggering signal having logic levels suitable for interfacing with the serial RS-232 port 

on a personal computer (PC).  The signal should meet the requirements of the RS-232 

standard where voltage levels below -3V denote data acquisition is active and voltage 
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levels above +3V denote data acquisition inactive [52].   Signal voltage levels may be as 

high as +15V or as low as -15V, but voltage levels within +3V and -3V are not valid. 

 An amplified TTL-compliant pulse train signal for synchronizing time-based 

instrumentation.  This signal must be isolated such that the signal is not affected by the 

input impedances of the receiving instrumentation and the pulse magnitude must be 5 V 

(+/- 0.5V) and settle to 0V (+/-0.5V), and have a settling time on both leading and trailing 

edges of less than 100 ns.  

 

In addition to signal requirements, the system must meet the following design criteria in terms of 

design and fabrication: 

 

 System design insensitive to manufacturing tolerances of the discrete components used in 

the system fabrication.  Typical resistor tolerances range from less than 1% to 5%.   

 Triggering to each subsystem must be decoupled from each other, minimizing cross-talk.  

In addition, ground levels for different instruments should be isolated to eliminate the 

presence of ground loops. 

 Modular design allows quick replacement of a signal board in the case of failure.   

4.3.2 Design Assumptions 

 Data collection is assumed to commence when the leading edge of the triggering output 

signal transitions from logic-low to logic-high.  Likewise, the end of data collection is assumed 

to occur at the trailing edge of the output signal's transition back to logic-low.   A single pole, 

changeover (SPCO) switch allows the user to manually trigger the system.   The closed switch 

connects the battery or power supply to the signal input.  This signal, when conditioned properly, 

then serves as the input to various circuits designed to trigger instrumentation in a variety of 

methods as shown in Figure 12.  A properly conditioned TTL trigger signal attains correct 

voltage levels corresponding to high and low logic levels and transitions quickly enough to 

eliminate uncertainty across a wide variety of instrumentation.  The five triggering signals 

addressed in this work include: simple TTL-compliant logic levels, RS-232 compliant logic 

levels, open/close for devices with their own switch circuitry, continuous pulse trains, and 

modulated pulse trains. 
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 In addition, it is assumed that the total current draw from the instrument receiving the 

triggering signals does not exceed 100mA for each output.  With higher current draws, it is 

possible that the operational amplifiers driving the output can drop voltage levels with high 

current draws. Typical instrumentation triggering current draw rarely exceeds 1mA, so higher 

current draws may indicate a problem with the instrument.   

 

4.4 Circuit Design 

 A diagram detailing the high-level layout of the triggering system is shown in Figure 12.  

An external switch produces a TTL-compliant switch signal corresponding to the switch state.   

Individual "signal boards" are supplied power, the switch signal, and the pulse signal described 

in the design objectives.  Each signal board contains a complete set of circuits capable of 

producing all five triggering signals so that virtually any subsystem can be effectively triggered 

simultaneously.   

 

 

Figure 12. Triggering System Design 
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 A successful triggering solution supplies the equivalent triggering signal to each 

instrument at the same point in time.   One method to ensure the triggering solution is able to 

accommodate a wide variety of instruments is adopting standardized signals.  For this 

implementation, the two standard signals considered are TTL and RS-232.  These signals only 

differ in the voltage levels corresponding to logic levels.  Instruments utilizing a built-in 

hardware switch are integrated with a switch circuit that replicates hardware switch behavior.  

Finally, a pulse signal is amplified and rebroadcast in two different forms, continuous and 

modulated, allowing the complete system to allow any measurement subsystem to be triggered 

and time-synchronized. 

4.4.1 Devices using TTL Logic 

 In general, valid TTL voltage levels are considered to be at least 2 V for logic-high and 0 

V to 0.8V for logic-low [53].  A packaged Schmitt trigger is chosen as it has been shown to 

reliably produce a signal with voltage levels coincident with TTL voltage level requirements.  

The voltage levels in this integrated circuit are determined primarily through the selection of 

supply voltage.  In this case, the supply voltage is 5V. Therefore, the package will output either 

0V or 5V, depending on state.  While many devices and standards set strict requirements for 

voltage corresponding to logic levels, signal level requirements are not as strict for generic 

analog to digital (A/D) converters.  For simplicity, the same TTL-compliant trigger signal 

described previously is suitable for use by an A/D converter. Second, for input signals operating 

at higher frequencies, the sampling rate at which the trigger signal is recorded should be 

considered [54].   

 A variant of the TTL-compliant trigger signal is also provided for devices triggered by a 

signal leading edge to both start and end of data collection.  When data acquisition begins and 

ends, a pulse is broadcast where the leading edge is coincident with the leading and trailing edge 

of the original TTL logic signal.  In the VTMS, this signal is utilized by the INS to designate the 

beginning and end of data collection in GPS time [55].  To ensure the signal remains TTL-

compliant, the voltage is broadcast referenced to the INS system ground. This is accomplished 

using a differential operational amplifier circuit with unity closed-loop gain.  This circuit 

amplifies the difference between two voltage levels with the output voltage referenced to the 

operational amplifier ground [50].   
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4.4.2 Serial/RS-232 Devices 

 In some instances, it is desirable to read a trigger signal directly into a PC for data 

logging.  The RS-232 standard is one method among many that can be used to interface 

instrumentation with the PC.   The minimum voltage for logic-high is +3V and the maximum 

voltage is -3V for logic-low, which is significantly different than TTL.  For systems powered by 

a single supply having a common ground, no negative voltage sources exist onboard.  To achieve 

these voltage levels, an RS-232 driver is often utilized.  This circuit translates TTL-compliant 

logic levels to the equivalent RS-232 logic level.   

 Given the simple nature of this signal, it is not necessary to send the logic state as a 

packet as is commonly utilized in basic serial communication.  Instead, the switch signal can be 

sent over one of the many status pins on a standard serial port.  In this case, the PC receives the 

trigger signal and interpreted as 1 or 0.  A PC data acquisition system, reading the serial port 

status alone, can then use this value to start or end data collection. 

4.4.3 External Switch (Closed/Open Circuit) 

 Some individual instruments come delivered with a hardware switch for triggering.  It is 

impossible for the operator to simultaneously trigger all systems by hand, so the hardware switch 

must be integrated into the triggering scheme.  Since it is assumed the subsystem produces its 

own switching signal, a comprehensive triggering scheme need only emulate a hardware switch 

by opening or closing that circuit.  In this configuration, logic-high is denoted as "closed" and 

logic-low as "open". 

4.4.4 Continuous Pulse Train 

 The triggering system conditions (isolates and amplifies as appropriate), and re-

broadcasts the pulse provided to the triggering system by the INS.  This pulse signal is active 

regardless of switch state.  The continuous pulse train is isolated by means of a differential 

amplifier circuit, which amplifies the difference between two voltage levels with an output 

relative to the negative supply voltage [50].  Systems that are triggered by a Distance 

Measurement Instrument (DMI) would use such a signal. 
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4.4.5 Modulated Pulse Train 

 The triggering system conditions (isolates and amplifies as appropriate) the pulse 

received from the INS.  This pulse is then rebroadcast only when the switch input to the 

triggering system is high.  In this way the pulse is modulated by the switch signal.  This signal is 

produced using a MOSFET as a switch to enable or disable re-broadcasting of the pulse signal.   

Systems such as an external camera would use such a trigger. 

 

4.4.6 Modeling and Simulation 

 Each circuit is modeled in LTSpice to analyze performance and functionality with two 

examples of interest shown.  All operational amplifiers are modeled as the ideal equivalent 

provided by the simulation package, with very high input impedances (500 MΩ) and negligible 

offset voltage.  For the Schmitt trigger circuit, a simulated switch input voltage rises from ground 

to supply voltage level (assumed to be 12 VDC) in 0.005s. This approximates the behavior of the 

switch shown in Figure 10.   The open/close switch circuit and RS-232 driver are not modeled, 

as they are not available in the simulation package.  The simulated response of the op-amp 

circuit in Figure 13 shows that the output voltage (shown in blue) increases significantly faster 

than the input voltage (shown in green), on the order of 1 ms.   
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Figure 13. Simulated response of triggering circuit to 0.005 ms ramp input signal 

 In Figure 13, the switching behavior of the trigger circuitry clearly shows a performance 

improvement in terms of switching speed.  By limiting the output voltage of the switch circuit, 

the high and low levels maintain compliance with TTL logic levels.  This signal is now useful for 

driving a variety of instrumentation.  One example of this benefit is controlling the output of the 

pulse signal discussed previously.  It may be desirable to trigger instrumentation with a pulse 

signal only when the data acquisition system is active.  For this case, the modulated pulse train 

shown in Figure 14 is modeled with the MOSFET switch, allowing the enabling and disabling of 

the pulse.  When the switch is off, no rise in output voltage due to the pulse is expected.  

However, when the switch is on, the original low-voltage pulse signal is amplified to TTL levels 

and re-broadcast.   
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Figure 14.  Simulated behavior of combined pulse and trigger signals 

4.5 Proof of Concept 

 The improved VTMS, developed by the Vehicle Terrain Performance Laboratory is 

presented as a proof of concept.  This system, shown in Figure 9, utilizes a variety of instruments 

to construct an accurate representation of the terrain surface: scanning lasers, an inertial 

navigation system (INS), and an accelerometer system with A/D converter.   

 Each subsystem is intended to connect to an individual signal board, reducing the 

likelihood that low impedance from one instrument would affect the triggering signal voltage 

sent to the remaining instruments.  The configuration is pictured in Figure 15.  The connectors at 

the bottom of the figure (front of the rack) are the three input signals referenced in Figure 3: 

switch, 12 Volt power, and pulse.  Each of the eight boards within the rack is intended to 

generate  the required triggering signals from a common set of inputs.  It is convenient, however, 

to provide different physical connectors as outputs, so the connectors at the top of the figure 

(back of the rack) are of different types, RS-232, LEMO, BNC, etc. If every instrument were to 

share a single triggering circuit, the varying impedances could influence the signal voltage 
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levels. If the voltage levels were distorted enough, the system reliability and performance in 

terms of triggering and time synchronization could be compromised. 

 

 

Figure 15. Triggering rack installed on board improved VTMS 

 A diagram outlining the candidate design of the triggering system is shown in Figure 16.  

The Schmitt trigger dramatically improves the input switch signal, toggling the voltage level 

with switch debounce protection and minimal settling time.  The TTL-compliant output signal 

then provides logic inputs for the switch circuit and RS-232 driver.  The pulse signal is intended 

to be broadcast in two ways: one is conditioned (isolated and amplified as required) and re-

broadcast continuously while the other is intended to be conditioned and re-broadcast only when 

the TTL trigger signal registers a logic-high value.  While the modulated pulse was found to 

broadcast correctly in testing, the continuous pulse was unable to be broadcast when 

implemented into the hardware.  This issue is discussed in Section 4.6.   
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Figure 16. Functional diagram of triggering subsystem 

 A test was devised to verify the performance of the triggering system.  For this test, the 

TTL trigger output signal was measured at 6kHz.   A simple toggle switch provided either 0 or 

+12V input signal with equivalent characteristic to the signal shown in Figure 10.  A successful 

triggering signal has a response time less than 1/2 of the smallest sampling period with output 

levels between 0 and +5V.  Since the response time was verified at 6kHz, a sampling rate of up 

to 3kHz has been verified for the data acquisition system.  Instrumentation sampling this signal 

at up to 3 kHz for triggering purposes will not record an intermediate voltage level between 0V 

and 5V, reducing ambiguity as to the moment data acquisition started.   For signal processing 

applications, no intermediate voltage levels between 0 and +5V would be measured, providing 

clear indication as to what point in time the triggering signal became active.  The measured 

signal is shown in .   Approximately 0.01V of noise is observed in the output triggering signal, 

resulting in a signal-to-noise ratio of 53.8 dB.  This level meets the design requirement discussed 

previously. 

 



 40 

 

Figure 17. Measured triggering and pulse train signal behavior 

4.6 Chapter 4 Discussion 

 While the proposed system design functioned as expected during initial development, the 

triggering system did not perform as expected when placed into service in the improved VTMS.  

First, the pulse train was broadcast with pulses at 0.1V instead of consistent 5V pulses.  In 

addition, the TTL leading edge trigger signal discussed in Section 4.4.1 was reported at a 

constant 3.17V regardless of state.  Without these signals, triggering and time synchronization of 

all instrumentation is not possible.  A comparison between expected values in simulation and 

observed values from in-vehicle testing are presented in Table 2.  
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Table 2. Comparison of simulation and experimental results for triggering system 

Signal Simulated 

"Low" Output 

Simulated 

"High" Output 

Experimental 

"Low" Output 

Experimental "High" 

Output 

TTL Trigger 0 V 5 V 0 V 5V 

TTL Leading Edge 

Trigger 

0 V 5 V 3.17 V 3.17 V 

Isolated Pulse Train 0 V 5V ~0 V ~0.1 V 

 

 Both pulse train and leading edge trigger circuits are broadcast relative to common and 

INS system ground, respectively, using differential operational amplifier circuits.  Probe testing 

of the operational amplifier integrated circuit (JRC NJU7031D) used to produce the isolated 

pulse train signal while unpowered showed that the resistance between the non-inverting (V-) 

input and ground to be approximately 50 kΩ, as opposed to the manufacturer stated input 

impedance of 1 TΩ, which is indicative of damage to the operational amplifier [56]. 

 Jung states that an operational amplifier can become damaged when the input voltages 

exceed a marginal value beyond the supply, or rail, voltages, which is typically 0.3V [57]. Input 

voltages to the differential operational amplifier circuit can be clamped to a specified level using 

diodes configured as shown in Figure 18. In this circuit, two zener diodes limit the input voltage 

Vin2 to a level between Vz1 and -Vz2 relative to common ground. 
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Figure 18. Differential operational amplifier circuit with diode voltage clamp 

 The only effort to protect the operational amplifier in the current trigger circuit design 

was through the use of large resistors to limit current.  However, Mancini cautions the use of 

large resistors in operational amplifier circuits as it exacerbates amplifier instability due to 

capacitance, especially input capacitance, in the circuit [58].  It is recommended to install small 

feedback capacitors in parallel with the feedback resistor.  Therefore, to improve the reliability of 

this circuit design while avoiding stability issues, it is prudent to investigate both voltage 

protection and operational amplifier stabilization strategies. 

  

 

4.7 Chapter 4 Conclusions 

 The triggering scheme presented in this chapter attempted to address the remaining major 

source of error in the improved VTMS.  It was expected that the simulation performance and 

implemented circuit performance would match, producing the signals required to trigger and 

synchronize instrumentation aboard the improved VTMS: a TTL-compliant trigger signal, an 

RS-232 compliant trigger signal, a circuit emulating a mechanical open/close switch, a 
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continuous pulse train, and a modulated pulse train.  While the system broadcasts a TTL-

compliant trigger signal in agreement with simulation results, the pulse train signals and TTL 

leading edge trigger, once fully implemented in the vehicle, do not match simulation results.    

 To rectify issues with the triggering scheme, further study is necessary to protect the 

differential operational amplifier circuits: mitigating noise and protecting the operational 

amplifier circuits from excessive voltage levels.  Noise is mitigated through resistor selection and 

the use of capacitors in parallel with the feedback resistor.  Input voltage protection is 

accomplished using back-to-back zener diodes tied to common ground on the inputs.     
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5. Validation and Verification of an Improved Terrain 

Measurement System 

5.1 Chapter 5 Introduction  

Two test cases are presented to demonstrate the terrain measurement capabilities of the 

improved VTMS.  Coleman categorized measurement error into two groups: bias error and 

uncertainty error [59].  The first test case is intended to demonstrate the measurement uncertainty 

of each scanning laser.  If all other sources of error are identified and controlled, then the 

scanning laser measurement uncertainty remains the dominant source of error.  The second test 

case considers a section of paved road measured with both mid and fine-scale scanning lasers.  

The purpose of this test is to assess profile agreement between two independent scanning lasers.  

Profile agreement is sufficient only if the combined error arising from INS uncertainty, system 

construction, and post-processing is minimized. 

5.2 Test Case 1: Uncertainty Analysis of Terrain Measurement System 

The improved VTMS is tested in a static condition to eliminate influence of body motion 

on the scanning laser measurement.  Each scanning laser is tested individually, with at least 

10000 scans recorded.  This ensures a statistically significant number of points are measured at 

each location in the transverse profile. Test durations are minimized to negate effects due to 

changes in environmental properties. The test surface is a relatively smooth concrete floor.  The 

first test places the vehicle at its static height - leveled with a floor jack to ensure the maximum 

amount of laser energy is reflected back to the scanning laser for height estimation.  For 

evaluation of linearity, the vehicle is elevated approximately 10mm, creating a longer relative 

distance between the scanning laser and the ground. 

5.2.1 PSI Scanning Laser 

The PSI PPS is a time-of-flight scanning laser [12], with a design similar to that of a 

LIDAR, but it employs a continuous laser instead of emitting laser pulses.   With minimal error 

analysis conducted on this scanning laser technology, the uncertainty of measurements taken 

with this scanning laser is relatively unknown.  LIDAR scanning lasers are susceptible both 
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range and angular bias with particular sensitivity to look angle and relative height.  Therefore, 

the simple static test is critical to establishing accuracy and bias of this scanning laser. 

Measured surface data from the PSI scanning laser is transformed from a polar coordinate 

system, reporting distances from a center polygon to the surface, to a cartesian coordinate 

system.  Values measured at the ends of the field-of-view (-45 - +45 degrees to the center) with 

variance propagates to variance in both transverse location and relative height when transforming 

to cartesian coordinates.  Therefore, each scan is binned at every 2 mm transverse location to 

ensure that each measured point from each scan is captured for this study.  The variance at each 

transverse location for both static and raised height is plotted in Figure 19. 

 

Figure 19. Measurement variance for PSI PPS scanning laser 

Results from this test in Figure 19 show that the PSI scanning laser exhibits minimal linearity 

error, where the variance at each location does not change with an increase in scanning laser 

relative height.   However, there is a slight increase in variance further out from the centerline of 

the scan.  Significant spikes in variation can be attributed to random noise in the scanning laser 

measurement.   However, this test shows that for measurements taken up to 1.75 m away from 
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the centerline of the host vehicle, the typical random error in measured terrain data captured with 

this scanning laser is 0.5 mm at most. 

5.2.2 RoLine Scanning Lasers 

RoLine scanning lasers operate on a different principle than both the LIDAR and PSI 

PPS system.  The use of a camera to optically triangulate the laser projection on the terrain has 

been shown to be highly accurate.  However, researchers have extensively discussed the linearity 

error associated with this technology.  To assess this, static tests were performed on a single 

RoLine scanning laser.  The scanning laser was evaluated at static height and 10mm above static 

height, with the variance in measured data at each height plotted in Figure 20   

 

Figure 20. Measurement variance for LMI Selcom RoLine 1130 scanning laser 

 Results of the test in Figure 20 show that a 10mm increase in laser height above the static 

height decreases the variance in the measured data.  The overall variation in standard deviation in 

measured height illustrates that as a laser such as the RoLine travels through space while 

measuring terrain that the expected measurement uncertainty associated with that scanning laser 

alone is not constant.  This would specifically impact texture measurements of extremely rough 

roads, where the laser may exhibit significant motion.  It is likely that there is some optimum 
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laser relative height that minimizes measurement uncertainty, and the limited valid vertical 

measurement range of the scanning laser would limit the maximum measurement uncertainty.  

Further work should be conducted to investigate measurement uncertainty at the limits of the 

lasers' vertical measurement range.    

5.2.3 SICK LIDAR Scanning Laser 

LIDAR scanning lasers are susceptible to numerous sources of error.  While these errors 

can be accounted for in developing new systems, the SICK LMS is a sealed unit.  It is therefore 

difficult, if not impossible, to assess individual sources of error that result from the sensor 

hardware design, such as angularity error.  The manufacturer specifies a systematic error or 

accuracy of 35mm and statistical or noise of +/- 10mm [29].  Like the PSI and RoLine scanning 

lasers, the SICK LMS is tested in a static condition to verify the stated accuracy.   

For the initial test, the scanning laser is mounted aboard the host vehicle and moved to a 

location facing a wall.  The wall is intended to emulate a relatively flat surface.  To assess 

linearity error, the LIDAR is first positioned to measure the relative distance between itself and 

the wall and then repeated by moving the scanning laser approximately 1m further away.   

Repeated measurements of the wall from each location are shown in Figure 21.  While 

performing this test, an insect was observed flying through the path of the scan.  As a result, a 

clear anomaly exists, where a measured point registers within 2m from the scanning laser.  The 

orientation of the LIDAR on the improved VTMS eliminates the possibility of measuring real 

terrain this close to the scanning laser.  This highlights an additional source of error: the presence 

of foreign objects interfering with the terrain measurement.  Given the short relative distance, 

this point could easily be rejected in post-processing, but rejection becomes more difficult when 

the object in question is closer to the terrain.   However, the influence of foreign objects should 

be considered when using scanning lasers having large measuring ranges such as the SICK 

LIDAR. 
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Figure 21.  Measured values of wall surface obscured by foreign object 

To eliminate the influence of foreign objects on the resulting terrain measurement, the 

LIDAR is removed from the host vehicle and tested in a controlled environment.  As in the first 

test, two separate measurements are taken, where the scanning laser is placed approximately 1m 

closer to the surface of interest for the second test than the first.  The resulting measurement of 

this environment is shown in Figure 22.  Special interest is paid to the wall approximately 5-6 m 

away from the scanning laser, since this represents a flat surface used when testing the other 

scanning lasers. 
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Figure 22. Measured values of controlled environment for SICK LIDAR 

 The cumulative distribution function of a set of measurements of the same point in space 

from the LIDAR exhibits a uniform distribution.  The standard deviation is selected as the metric 

from which to demonstrate measurement uncertainty, and this trend is plotted in Figure 23.  

Since the LIDAR reports measured values in terms of radial distance from the scanning laser, 

measurement uncertainty is plotted as a function of look angle.  The scanning laser uncertainty 

error is insensitive to relative distance, and rarely exceeds 1cm.   Excluding bias error, 

uncertainty in terrain data measured with this scanning laser should not exceed 1 cm, making it 

suitable for measuring global terrain features.   
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Figure 23. Measurement variation for SICK LIDAR 

5.3 Test Case 2: Profile Agreement 

5.3.1 Case Study Description 

    

As a proof-of-concept, only mid- and fine-scale scanning lasers were employed in this 

terrain measurement example.  The test described in this section is intended to provide insight 

into testing relevant to validating the improved terrain measurement system utilizing multiple 

scanning lasers.    It is first important to utilize a system where sources of error are understood 

and addressed.  Since the triggering and time synchronization system presented in Chapter 4 did 

not successfully produce the required signals to synchronize the entire terrain measurement 

system, the results of this section serve to illustrate the steps required to study agreement 

between samples of measured terrain.  

The parking lot of the Institute for Advanced Learning and Research, home to the VTPL, 

was chosen as a preliminary test case for profile agreement.  The parking lot surface is relatively 

smooth asphalt with few discontinuities.  A photograph of the test area is shown in Figure 24.  
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The terrain measurement system is driven to the test section and data collected by driving the 

vehicle over the road surface at a constant speed of approximately 10 mph.  To minimize the 

effects of INS drift on global position, the parking lot surface was measured once. 

 

 

Figure 24. Parking lot test section 

5.3.2 Post-processing 

 

Both mid- and fine-scale scanning laser measured terrain was first post-processed 

according to the methods presented in Wagner [8].  These techniques transform the measured 

terrain data from the laser-oriented local reference frame to a fixed reference frame positioned at 

the GPS base station location and oriented along the earth's coordinate system.  After initial post-

processing, the data is stored as a set of points in three-dimensional space known as a "point 

cloud".  This data may now be visually inspected.  In Figure 25, a rendered sample of measured 

terrain acquired with the mid-scale scanning laser describing the IALR parking lot surface is 

shown.  At this scale, the rendered terrain surface appears relatively smooth excluding the 

drainage gutter in the center of the scan.   
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Figure 25. Rendered Mid-Scale Measured Terrain of IALR Parking Lot 

Fine-scale scanning laser data from the driver-side wheel path is likewise rendered for 

visual inspection.  With a robust triggering system ensuring consistent triggering and time 

synchronization, direct comparison with rendered mid-scale scanning laser data is possible by 

overlaying the two surfaces on a common grid.   In Figure 26, both mid- and fine-scale 

renderings reveal a 0.5 m  offset in absolute height between the two surfaces.  This vertical 

disagreement is likely due to incorrect lever-arm distance measurement between the IMU, which 

represents the origin of the vehicle-centered reference frame, and the individual scanning laser.  

This distance was verified, and the data re-processed.  As a result, the two scans rendered in 

Figure 27 show significantly better agreement. 
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Figure 26. Rendered Mid-Scale and Fine-Scale Measured Terrain of IALR Parking Lot 

 

In Figure 27, the rendered fine-scale measured terrain surface extends beyond the mid-

scale surface.  This is due to the placement of the scanning laser on the front of the vehicle.  

While both scanning lasers were intended to be triggered at the same moment in time, their 

installation location on the host location results in an offset in terms of what terrain is actually 

measured by each scanning laser.  This fact should be considered in test planning to ensure the 

terrain of interest is measured by all scanning laser subsystems.   
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Figure 27. Rendered Mid-Scale and Fine-Scale Measured Terrain 

Visual inspection provides a convenient, albeit subjective means of verifying 

measurement agreement for different samples of measured terrain.  One objective method of 

assessing profile and surface measurement agreement is to extract profiles from the surfaces for 

direct comparison.  To ensure the most accurate and direct comparison between profiles from 

two different scanning laser measurements, an equally spaced grid is constructed containing 

longitudinal profiles common to both measured terrain samples.  The profile location is 

illustrated in Figure 28, where the mid-scale measured terrain data encompasses the area in blue, 

the fine-scale measured terrain data in red, and the common profile in green.   
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Figure 28.  Common Longitudinal Profile for Measured Terrain 

 Both samples of measured terrain are mapped to a grid having common longitudinal 

profiles, but different longitudinal spacing.  This is to account for the difference in measurement 

scale.  For example, the mid-scale measured terrain is mapped to a grid having 25 mm 

longitudinal spacing, which is commonly used for generating profiles used to describe surface 

roughness.  The high measurement rate of the fine-scale scanning laser permits finer grid spacing 

while still maintaining a statistically significant number of samples to estimate the height of each 

grid location.  Therefore, the fine-scale measured terrain is mapped to a grid having 1mm 

longitudinal spacing.  

 After mapping each point in the "point cloud” to a grid location, the grid location height 

must be estimated.  Detweiler explored the implications of terrain height interpolation methods 

on both global features and localized roughness [60].  However, for this example, the trimmed 

mean statistic is utilized due to its simplicity and insensitivity to outliers.  Profiles derived from 

both mid- and fine-scale measured terrain are plotted in Figure 29.  It is clear from an enlarged 

section of Figure 29 shown in Figure 30 that the fine-scale profile contains higher-frequency 

information not captured in the mid-scale profile.  
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Figure 29. Mid-scale and Fine-scale Longitudinal Profiles 

 

Figure 30. Mid-scale and Fine-scale Longitudinal Profiles (Zoom) 
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 In Figure 29, the two profiles show reasonable agreement, but a small offset remains.   

This can be attributed to lever-arm measurement uncertainty for both mid- and fine-scale 

scanning lasers, but errors in the horizontal location of terrain features may also be due to errors 

resulting from insufficient synchronization of the instrumentation.  The spatial interpolation 

method, as discussed by Detweiler, can affect overall accuracy in the final extracted profiles.  

The fine-scale scanning lasers are particularly sensitive to uncertainty in longitudinal offset, as 

the scanning laser is fixed a significant distance from the IMU.  An inaccurate measurement of 

this value results in significant error as the host vehicle pitches due to its interaction with the 

terrain. With a correct measurement of the lever-arm, not only in terms of position but also 

orientation of the scanning lasers, the two profiles in Figure 29 should have better agreement.  

This plot serves to illustrate the importance of minimizing error arising from system construction 

specifically relating to the placement of scanning lasers onboard the vehicle. 

 

5.4 Chapter 5 Discussion 

The validation study conducted in this chapter represents a preliminary analysis on the 

ability of the improved VTMS to measure terrain at multiple scales.  It also serves as an 

assessment of the uncertainty associated with each scanning laser in the improved VTMS.  Each 

scanning laser demonstrates clear differentiation of measurement uncertainty, which emphasizes 

the application scope of each individual scanning laser.   

Two significant studies should be conducted for further validation.  The first study would 

assess not only profile agreement, but also profile statistic agreement.  For example, a road 

surface with known IRI and IFI values such as the Virginia Tech Transportation Institute in 

Blacksburg, VA or the MnRoad Test Facility in Monticello, MN should be measured with the 

improved VTMS.  Measurements from these roads can provide significant insight into the 

system's overall accuracy compared to external sources. 

A third test for accuracy for this system would be to assess measurement bias error by 

repeating the test procedure proposed by Smith [61] for the other scanning laser subsystems.  

However, calibration surfaces should be tailored to each scanning laser.  For example, the 

calibration surface for validating the PSI scanning laser contains elements that exceed the 
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RoLine scanning laser's field of view, which will produce invalid measurements.  The magnitude 

of calibration surface elements should be reduced for this scanning laser.  In accordance with 

Smith's recommendations, the machined tolerance of a calibration surface should exceed the 

scanning laser's uncertainty error.  Therefore, a RoLine calibration surface should be machined 

to a tolerance of less than 0.01 mm. 

The existing calibration surface for the PSI scanning laser is also not suitable for the 

LIDAR.   Elements within the calibration surface approximately 1 cm high are within the 

uncertainty error of the scanning laser, so it is difficult to assess whether differences between the 

measured value and dimensioned value are a product of bias error or uncertainty error.  A 

calibration surface having clearly distinguished large features should be designed and 

constructed for assessing bias error with the LIDAR. 

5.5 Chapter 5 Conclusions 

 Accuracy validation test results presented in this chapter show that the uncertainty error 

associated with each scanning laser is clearly differentiated.  A comparison between two profiles 

show that the proper measurement of the distance between the scanning lasers and IMU remains 

an outstanding source of error.  However, if this is addressed and all other sources of error are 

accounted for, then measured terrain acquired with the SICK LMS, PSI PPS, and LMI Selcom 

RoLine scanning lasers would be considered valid for measuring global terrain features, 

roughness, and macrotexture.  The improved terrain measurement system, measuring the terrain 

with all scanning lasers simultaneously, would satisfy the requirements of both ASTM E1960 for 

estimating the mean profile depth [21] and ASTM E950 for a Class 1 profiler [19].   
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6. Conclusions 

 The improved terrain measurement system is a novel development that addresses the 

need to tailor measured terrain to a specific application while not rejecting fine-scale texture or 

large-scale global terrain features such as grades. The specific novel contributions from this work 

include: 

 

1. A comprehensive review of error sources present in terrain measurement systems that 

utilize a combination of a scanning laser and in INS for measuring host vehicle motion. 

2. A novel improvement to the terrain measurement system, integrating multiple scanning 

lasers capable of simultaneous terrain measurement. 

3. Insight into the design considerations and implementation of a triggering system used to 

synchronize various instrumentation varying requirements is gained.  

 

 Unlike current terrain measurement systems, which are suited to individual applications, 

the improved terrain measurement system is suited to many aspects of pavement and vehicle 

engineering. For this reason, the improved VTMS serves as a platform to further improve the 

study of terrain measurement and terrain modeling.  

  



 60 

References 

1. Karamihas, The Little Book of Profiling. 1998, Ann Arbor, MI: University of Michigan. 

102. 

2. Aurell, J. and S. Edlund. Operating Severity Distribution - A Base for Vehicle 

Optimization. in 11th International Association of Vehicle System Dynamics. 1989. 

3. Gillespie, T.D., M.W. Sayers, and L. Segel, Calibration of Response-Type Road 

Roughness Measuring Systems. 1980: United States. p. 91p. 

4. Hveem, F.N., Devices for Recording and Evaluating Pavement Roughness. 1960, 

Highway Research Board Bulletin 264. p. 1-26. 

5. Liu, F., et al. A Kalman-filter based multi-sensor terrain profile measurement system: 

Principle, implementation and validation. 2008. Bellingham WA, WA 98227-0010, 

United States: SPIE. 

6. Dembski, N., G. Rizzoni, and A. Soliman. Development of a terrain severity 

measurement system utilizing optical lasers. 2006. Bellingham WA, WA 98227-0010, 

United States: International Society for Optical Engineering. 

7. Dembski, N., et al. The development of a terrain severity measurement system. 2006. 

New York, NY 10016-5990, United States: American Society of Mechanical Engineers. 

8. Wagner, S.M., et al. Development of a 3D Vehicle-Terrain Measurement System Part II: 

Signal Processing and Validation. 2007. Fairbanks, Alaska: Proceedings of the Joint 

North America, Asia-Pacific ISTVS Conference and Annual Meeting of the Japanese 

Society for Terramechanics. 

9. Kern, J.V. and J.B. Ferris. Development of a 3D Vehicle-Terrain Measurement System 

Part I: Equipment Setup. in Proceedings of the Joint North America, Asia-Pacific ISTVS 

Conference. 2007. Fairbanks. 

10. Spangler, E.B. and W.J. Kelly, GMR Road Profilometer-A Method for Measuring Road 

Profile. 1966, Highway Research Board 121. p. 27-54. 

11. Prem, H. A Laser Based highway Speed Road Profile Measuring System. 1987. Prague, 

Czechoslovakia: Proc. 10th International Association for Vehicle System Dynamics 

(IAVSD 1987). 

12. Herr, W.J., Highway Profile Measuring System. 1996: United States of America. 

13. Smith, H. and J.B. Ferris. Excitation Event Design and Accuracy Verification Procedure 

for High Fidelity Terrain Measurement Systems. in Submitted to the SPIE. 2009. 

Orlando, FL. 

14. Henry, J.J., Evaluation of pavement friction characteristics. 2000: Springfield, VA. p. 78. 

15. Zhang, C., et al., Role of terrain preview in energy management of hybrid electric 

vehicles. IEEE Transactions on Vehicular Technology, 2010. 59(Compendex): p. 1139-

1147. 

16. Vemulapalli, P., Brennan, S., Design and Testing of a Terrain Mapping System for 

Median Slope Measurement. Transportation Research Record, 2008. 3545: p. 15. 

17. Howe, J.G., et al., Quarter car model stress analysis for terrain/road profile ratings. 

International Journal of Vehicle Design, 2004. 36(Compendex): p. 248-269. 

18. Perera, R.W., S.D. Kohn, and S. Bemanian, Comparison of road profilers. Transportation 

Research Record, 1996(Compendex): p. 117-124. 



 61 

19. ASTM, Standard Test Method for Measuring the Longitudinal Profile of Traveled 

Surfaces with an Accelerometer Established Inertial Profiling Reference. 1994, ASTM 

International: Conshohocken, PA. 

20. Ergun, M., S. Iyinam, and A.F. Iyinam, Prediction of road surface friction coefficient 

using only macro- and microtexture measurements. Journal of Transportation 

Engineering, 2005. 131(Compendex): p. 311-319. 

21. ASTM, Standard Practice for Calculating the International Friction Index of a Pavement 

Surface. 1960, ASTM: West Conshohocken, PA. 

22. Jackson, N.M., et al. Measuring pavement friction characteristics at variable speeds for 

added safety. in Pavement Surface Condition/Performance Assessment: Reliability and 

Relevancy of Procedures and Technologies, December 7, 2004 - December 8, 2004. 

2007. Washington, DC, United states: American Society for Testing and Materials. 

23. Wang, J., Friction estimation on highway vehicles using longitudinal measurements. 

Journal of Dynamic Systems, Measurement, and Control, 2004. 126(2): p. 11. 

24. Pasterkamp, W.R.e.a., The Tyre as a Sensor to Estimate Friction. Vehicle System 

Dynamics, 1997. 27(5). 

25. Hsu, e.a., Estimation of Tire Slip Angle and Friction Limits Using 

Steering Torque. IEEE Transactions on Control Systems Technology, 2009. 

26. Reutebuch, S.E., H.-E. Andersen, and R.J. McGaughey, Light detection and ranging 

(LIDAR): An emerging tool for multiple resource inventory. Journal of Forestry, 2005. 

103(Compendex): p. 286-292. 

27. Bacha, A., et al. The DARPA Grand Challenge: overview of the Virginia Tech vehicle 

and experience. in Intelligent Transportation Systems, 2004. Proceedings. The 7th 

International IEEE Conference on. 2004. 

28. Jianwei, W., et al. Error analysis on laser measurement device of airborne LIDAR. in 

MIPPR 2007: Automatic Target Recognition and Image Analysis; and Multispectral 

Image Acquisition, November 15, 2007 - November 17, 2007. 2007. Wuhan, China: SPIE. 

29. SICK, I., LMS200/211/221/291 

Laser Measurement Systems. 2006, SICK, Inc.: Germany. p. 48. 

30. Shan, J., Topographic laser ranging and scanning : principles and processing. 2009, 

Boca Raton, FL: CRC Press/Taylor & Francis Group. 

31. Herr, B., PPS-2005 Pavement Profile Scanner Specification Sheet. 2004: San Marcos, 

CA. p. 2. 

32. Clarke, T.A., K.T.V. Grattan, and N.E. Lindsey. Laser-based triangulation techniques in 

optical inspection of industrial structures. 1991. San Diego, CA, USA: SPIE. 

33. Murakami, F. Accuracy assessment of a laser triangulation sensor. in Instrumentation 

and Measurement Technology Conference, 1994. IMTC/94. Conference Proceedings. 

10th Anniversary. Advanced Technologies in I & M., 1994 IEEE. 1994. 

34. Karamihas, S.M., Critical Profiler Accuracy Requirements. 2005: United States. p. 130p. 

35. Materials, A.S.o.T.a., Standard Practice for Calculating the International Friction Index 

of a Pavement Surface. 1960, ASTM: West Conshohocken, PA. 

36. Coco, D.S., et al., Variability of GPS satellite differential group delay biases. IEEE 

Transactions on Aerospace and Electronic Systems, 1991. 27(6): p. 931-938. 

37. Sardon, E. and N. Zarraoa, Estimation of total electron content using GPS data: How 

stable are differential satellite and receiver instrumental biases? Radio Science, 1997. 

32(5): p. 1899-1910. 



 62 

38. Sarma, A.D.S.R., G.; Somasekhar Rao, P.V.D.; Ramalingam, K., GPS Satellite and 

Receiver Instrumental Biases Estimation using SVD Algorithm. IEEE Transactions on 

Aerospace and Electronic Systems, 2008. 44(4): p. 1560-1566. 

39. Mannucci, A.J., et al. GPS-based remote sensing of the geospace environment: 

Horizontal and vertical structure of the ionosphere and plasmasphere. 2004. Honolulu, 

HI, United states: SPIE. 

40. Sardon, E., A. Rius, and N. Zarraoa, Estimation of the transmitter and receiver 

differential biases and the ionospheric total electron content from Global Positioning 

System observations. Radio Science, 1994. 29(3): p. 577-586. 

41. Kennedy, S., J. Hamilton, and H. Martell. Architecture and system performance of SPAN-

NovAtel's GPS/INS solution. 2006. Piscataway, NJ 08855-1331, United States: Institute 

of Electrical and Electronics Engineers Inc. 

42. Chemistruck, H., R. Binns, et. al., Correcting INS Drift in Terrain Measurements. 

Submitted to Journal of Dynamic Systems, Measurement, and Control, 2010. 

43. Smith, H., Post Processing Techniques to Correct Inertial Errors in High Fidelity 

Terrain Topology Measurements, in 16th International Conference of the International 

Society for Terrain-Vehicle Systems. 2008, ISTVS: Turin, IT. 

44. Flood, M., Vertical Accuracy Reporting for Lidar Data in ASPRS Guidelines. 2004, 

American Society of Photogrammetry and Remote Sensing: Bethesda, MD. 

45. Drewry, A., TPF 5(063) Pooled Fund Study: Improving the Quality of Pavement Profiler 

Measurement, F.H. Administration, Editor. 2007: Washington, D.C. 

46. Dembski, N., G. Rizzoni, and A. Soliman. Development of a terrain severity 

measurement system utilizing optical lasers. in Modeling and Simulation for Military 

Applications, April 18, 2006 - April 21, 2006. 2006. Kissimmee, FL, United states: SPIE. 

47. Rauh, J., OpenCRG: A unified approach to represent 3D road data in tyre simulation. 

2008, Daimler AG: Sindelfingen. 

48. Detweiler, Uniform Grid Spacing for Three Dimensional High Fidelity Terrain Profiles, 

in 16th International Conference of the International Society for Terrain-Vehicle 

Systems. 2008: Turin, IT. 

49. Wagner, S.M. and J.B. Ferris. A polynomial chaos approach to ARIMA modeling and 

terrain characterization. 2007. Bellingham WA, WA 98227-0010, United States: SPIE. 

50. Rizzoni, G., Principles and Applications of Electrical Engineering. Fourth ed. 2003, New 

York: McGraw Hill. 

51. Barna, A., NANOSECOND TRIGGER CIRCUITS. IEEE Transactions on Nuclear 

Science, 1973. NS-20(Compendex): p. 17-21. 

52. Axelson, J., Serial Port Complete: Programming and Circuits for RS-232 and RS-485 

Links and Networks. 2000, Madison, WI: Lakeview Research. 

53. Incorporated, T.I., The TTL Data Book. Vol. 2. 1984, Dallas, TX: Texas Instruments. 

54. Jerri, A.J., SHANNON SAMPLING THEOREM - ITS VARIOUS EXTENSIONS AND 

APPLICATIONS: A TUTORIAL REVIEW. Proceedings of the IEEE, 1977. 

65(Compendex): p. 1565-1596. 

55. NovAtel, Inertial Explorer User Manual. 2 ed. 2006, Calgary, AB, CA: NovAtel Corp. 

56. NJU 7031/7032/7034 Low Voltage C-MOS Operational Amplifier Specification Sheet, 

New Japan Radio Company, Ltd.: Tokyo, Japan. 

57. Jung, W., Op Amp Applications Handbook. 2006, Burlington, MA: Newnes. 



 63 

58. Mancini, R., Op amp stability and input capacitance, in Analog and Mixed-Signal 

Products. 2004, Texas Instruments Incorporated: Dallas, Texas. 

59. Coleman, H., Experimentation and Uncertainty Analysis for Engineers. 2nd ed. 1999, 

New York: Wiley-Interscience. 

60. Detweiler, Techniques for Using 3D Terrain Surface Measurements for Vehicular 

Simulations, in Mechanical Engineering. 2009, Virginia Tech: Blacksburg, VA. p. 82. 

61. Smith, H. and J.B. Ferris, Calibration Surface Design and Validation for Terrain 

Measurement Systems. Journal of Testing and Evaluation, 2010. 38(Copyright 2010, The 

Institution of Engineering and Technology): p. JTE102513 (8 pp.). 

 

 

  



 64 

Appendix A - Schmitt Trigger Terminology 

 

Table 3. Schmitt Trigger Terminology 

Symbol Description 

Vin Schmitt trigger circuit input voltage. 

Vout Schmitt trigger output voltage 

Vref Schmitt trigger  reference voltage.  Triggering 

thresholds are a specified margin above and 

below this reference voltage level. 

Vhi High output voltage.  The output voltage is 

equal to Vhi when the input voltage exceeds 

the high triggering threshold and remains 

above the low triggering threshold.  

Vlo Low output voltage.  The output voltage is 

equal to Vlo when the low triggering threshold 

exceeds the input voltage.  In addition, the 

output voltage remains equal to Vlo while Vin 

remains below the high triggering threshold. 

 


